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Abstract

While the process of low mass (LM) star formation is a well studied area of astrophysics,
the formation of high mass (HM) stars is much more complicated. The study of intermediate
mass (IM) star formation is expected to shed some light on the clustered high mass regime. In
this thesis, observations of 6 intermediate mass star formation regions were obtained with the
Heterodyne Instrument for the Far Infrared (HIFI) aboard the Herschel Space Observatory (HSO)
as part of the Water In Star-Forming regions with Herschel (WISH) project. Observations of all
regions were decomposed into Gaussian components. NGC 7129 FIRS 2 is the main focus for this
thesis as water observations for this source also include Hi%O. This isotopologue in conjunction
with H3®O allow for tighter constraints to be placed on the star formation regions.

Modelling of the emission components corresponding to the IM YSO envelope was conducted
with a radiative transfer program called RATRAN. This program allows for constraints to be
placed on the chemical and physical parameters of the star formation region and the determination
of the abundance of H1¥O and H3®O present. The best-fit RATRAN models assume a freeze-out
temperature of 100 K and a free-fall infall velocity towards a central mass of 1.1Mg. Three
different power-law density profiles are considered with indices of & = 1.4, a = 1.5, and a hybrid
of the two.

The narrow —7.8 km s~! component of the 547 GHz (119-101) H32O ortho line was determined
to have an outer envelope abundance of 3.5+0.3 x 10! with respect to Hy and an outer turbulent
velocity of 2.25 km s™! for the o = 1.4 density profile. The inner envelope Hi*O abundance and
turbulent velocity could not be constrained due to a larger optical depth (greater than 1.0) in
this region. The higher energy state Hi%O lines (995 GHz/2p2-111 and 1096 GHz/315-303) were
not detected; this was confirmed by RATRAN modelling. The H%0 ortho outer abundance was
determined to be Xy = 1.5 + 0.5 x 1078 for the hybrid density profile, and the para outer
abundance was determined to be X = 4.5 & 0.3 x 1077, This yields a total H%ﬁO abundance
of 1.95 &+ 1.0 x 1078, The water abundance value is consistent with that of the low-mass and
high-mass WISH teams (~ 10~%), and the turbulent velocity is consistent with that of the high-
mass WISH team (2.0-2.5 km s~!). The water abundances derived for the other density profiles
are also consistent with this conclusion. This analysis determined an abundance ratio consistent
with that of Herpin et al. (2016) (a HM study). The least useful molecular lines proved to be the
ortho and para Hi%0 ground state lines; these are not suggested as ideal probes of star formation
regions. That being said, the most useful lines proved to be the HI*O ground state ortho 547
GHz line and the H%0 para 988 GHz line.

This study of water in intermediate mass star formation regions is to be considered alongside
studies in the low and high mass regimes; this will allow for increased understanding of the overall
star formation process.
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- T.S Eliot, A Little Gidding

We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.
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Chapter 1

Introduction

Stars are beautifully luminous, large gravitationally bound spheres of gas existing at tem-
peratures high enough to sustain fusion reactions. They are one of the fundamental objects
of astrophysics as they are ubiquitous in the universe and constitute one of the most basic
building blocks of galaxies, to which they provide most of the luminous energy. Their
luminosity is responsible for illuminating the Milky Way as well as other galaxies. We are
able to study other galaxies because stars light up the overall structure and highlight less
luminous features (i.e large molecular clouds). Stars allow us to generate a more complete
picture of how gravity acts on large scales and some may also have ideal conditions to host
habitable and life-sustaining planets.

Giant molecular clouds (GMC) act as stellar nurseries. Forces within the cloud engage
in a balancing act, internal pressures supporting the cloud and gravitational forces causing
collapse. Once this balance becomes unstable, the GMC collapses isothermally, radiating
energy until the density is so large that the cloud becomes optically thick. Collapse is then
slowed, the region halts the release of heat via radiation, and thus becomes more adiabatic
and therefore increases in temperature. That is, less heat and matter are exchanged with
the environment. At this point the condensed material, known as the core, is still able
to radiate energy; this allows the interior to cool and collapse further. Meanwhile, the
exterior matter continues infall and accretion onto the core, acting as a “lid” containing the
core’s radiation. The phase of star-formation where this accretion dominates the observed
luminosity is known as a protostar, or a pre-main-sequence star. Once the core density
is high enough to ignite nuclear fusion within the core (now known as a main-sequence
(MS) star) and has generated enough radiation, the pressure is strong enough to break-out
and overcome accretion. For higher mass stars, this outflow of radiation blows away and
disperses the remaining dusty gaseous envelope, revealing the final stellar object.



The study of star-formation is important to the astronomical community for many
reasons. Two of the main observable differences between low and high-mass stars are
the presence of outflows and circumstellar disks in LM YSOs. It is possible that planets
may form from the disks; modelling the environment and determining the physical and
chemical conditions required for planet formation could give researchers an idea of what
to look for when searching for exoplanets. Another reason why the study of star-formation
is so important is the determination of a dependence on the metallicity and radiation field
could allow us further insight into our galactic history.

Our knowledge of the low-mass (< 2M,) star formation process is much more developed
than that of their high-mass counterparts ( > 10Mg). Low-mass stars are seen to form in
groups or in isolation all over the universe, including nearby Earth. Additionally, the time
scales for low-mass stellar evolution are much longer. Because of this, higher resolution
observations are obtainable. Researchers are able to study low-mass star formation more
thoroughly as low-mass stars at various stages of evolution are available. High-mass stars,
while much more luminous, are seen to form in clusters at much further distance from
the Earth, thus the spatial resolution is poorer. Currently, two ideas of high-mass star-
formation have been made popular: the first being the method of faster clumpy accretion,
the second being the merger of multiple high-mass cores. Observations of high-mass stars
up to masses of >50 M, have been discovered; that being said, the method of single core
accretion has an upper limit of ~ 11 My due to fragmentation and radiation pressure from
the protostar. It is clear that further investigation is required to complete the picture
of high-mass star-formation. One approach to this is looking into the intermediate-mass
regime (2-10M).

This thesis is an investigation into the physical and chemical properties of NGC 7129
FIRS 2. This object is one of six candidates included in the Water In Star-forming regions
with Herschel (WISH) Intermediate Mass program. Molecular line emission of the H}%O
and H°0O water molecules were measured using the Herschel Space Observatory (HSO).
Radiative transfer models were used to simulate the emission lines observed. The goal is to
use the models and observational data to constrain physical parameters such as the velocity
field of the molecular cloud and chemical properties including the molecular abundances
throughout the region. An attempt will be made to constrain additional chemical properties
such as the Hy'%0 to Hy'®0O abundance ratio and the ratio of ortho to para water, the two
spectroscopic forms of the molecule. Ortho and para water will be defined in §1.4.



1.1 Star Formation

As mentioned, the study of star-formation can be broken up into three mass regimes; while
low-mass (LM) stars are fairly abundant in the local universe, intermediate-mass (IM) and
high-mass (HM) stars are more scarce locally. We are able to study non-local HM stars
mostly due to their high luminosity, with the trade-off being poorer resolution. Because
of the scarcity of IM stars, the study of this mass regime is still in its infancy. IM stars
are much less common than LM stars but also much less luminous than HM stars. This
combination makes them rare and very few are known.

Star formation processes begin in dusty and gaseous giant molecular clouds (GMC),
which are gravitationally bound objects with a complex substructure. Internal forces such
as radiation pressure (turbulence, magnetic support) balance the inward pull of gravita-
tional forces. The Virial Theorem, presented below, determines when this balance is upset
and when subsequent near-isothermal cloud collapse occurs.

A general star-formation overview will be given and the differences in stellar mass
regimes will be discussed.

1.1.1 Giant Molecular Cloud Substructure

Most star-formation actively takes place within giant molecular clouds (GMC) (Zucker-
man & Palmer, 1974; Burton, 1976), which usually contain a molecular mass between 10°
and 3 x 10° My, and a size on the order of 10 parsecs (Solomon, Sanders, & Scoville,
1979). Spectral observations, primarily of the CO molecule, have shown that GMCs have
substructure clumping with clump masses ranging from ~ 10% to 10* Mg, sizes from 2 to
5 parsecs, densities of ng ~ 10*% cm™3, and temperatures around 10 K (Sargent, 1977;
Evans, 1978; Blitz, 1978; Rowan-Robinson, 1979) (see Figure 1.1 for an example of GMC
substructure clumping). Cores are deeply embedded within these clumps; as such, proto-
star identification is conducted via infrared (IR) spectral energy distributions (Adams &
Shu, 1986; Adams, Lada, & Shu, 1987; Myers et al. 1987) as optical light absorbed by the
surrounding dust is re-radiated in the sub-mm and IR.
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Figure 1.1: Molecular cloud clumping substructure observed in ?CO within the Rosette
Nebula. A hot core as been identified at the position of the cross. (From Blitz & Thaddeus,
1980).

Initial collapse in these clumps occurs when the supporting forces, turbulence and
magnetic support, give way to the gravitational forces. The Virial Theorem can be used to
ascertain when the cloud will become gravitationally unstable. Molecular cooling (energy
removed from the system via de-excitation radiation) then allows for further collapse.

1.1.2 Turbulence

Giant molecular clouds have intrinsic instabilities, interpreted as turbulence (Bonnell et
al. 2006). The dimensionless Reynolds number, referred to as R., plays a prominent role
in foreseeing turbulence patterns in a fluid. Specifically, R, is the ratio of the inertial
to the viscous forces. Turbulence can condense material to form “knots” of large mass
and is usually generated if the Reynolds number (Equation 1.1), R,, is greater than some
critical value (depends on the situation, but usually a few tens of thousands). Here, v =
typical velocity, L = typical length, v,,= molecular viscosity, C'; = sound speed, and o,, =
particle scattering cross-section (~ 107! cm? for neutral particles). For a molecular cloud,
Re,cloud > Re,crit'

B E _ vL  vLnoy,

Re= =~ G,

(1.1)



While turbulence acts to condense cloud material, when coupled with magnetic fields, it also
acts as the main support for GMCs, as long as they have sufficient strength (Gritschneder
et al. 2009; Bodenheimer, 2011; Takahira, Tasker, & Habe, 2014; Christie, Wu, & Tan,
2017). Turbulence usually decays after a certain length of time and thus has to be driven by
some mechanism, such as SN or outflows, to maintain support (Gritschneder et al. 2009).
Defining the turbulence amplitude as o7, or the velocity dispersion, it can be related to
the shock Mach number through M = o7 /C;, where Cj is the sound speed.

Takahira, Tasker, & Habe (2014) determined that when turbulence is present, clouds
remain in a static position for a relatively short amount of time because the cloud is sup-
ported against cooling. Their simulations showed turbulence causes pre-shocked cloud gas
to have a filamentary structure, causing the shock propagation to become more compli-
cated. The filaments then create thin shell instabilities, generating ripples that fragment
into multiple cores. Without turbulence, the cloud is condensed by the shock force and by
its own gravity, generating a single core.

Although usually a method of support, complicated shock waves due to turbulence
randomly generate highly compressed regions. If these regions last long enough, they can
trigger star-formation (Bodenheimer, 2011). Turbulence is included as a parameter in the
radiative transfer models of water line emission produced in this thesis.

1.1.3 Ambipolar Diffusion

As mentioned in §1.1.1, magnetic support of GMCs is one of the mechanisms that resists
infall or collapse. The measure of support provided by the magnetic field is given by the
mass to flux ratio p (Equation 1.2), where ® is the magnetic flux, M is the mass, and G
is the gravitational constant. A ratio value of ;1 = 1.0 usually represents the critical value
(Christie, Wu, & Tan, 2017), where p < 1 is the condition for stability against collapse
(Mouschovias & Spitzer, 1976).

p M/ (1.2)
1/V63G

One of the ways this support breaks down is through ambipolar diffusion (Shu, Adams,
& Lizano, 1987; Vanhala & Cameron, 1998; Stahler & Palla, 2005; Christie, Wu, & Tan,
2017), which is the ion dispersion out of a GMC due to the interactions with magnetic and
electric fields. This sets the timescale for contraction since gravity is allowed to compress
the gas without overbearing opposing magnetic forces (Stahler & Palla, 2005).



Christie, Wu, & Tan (2017) showed a stronger magnetic field has a greater effect on
ambipolar diffusion, and thus the star-formation rate since the surface density becomes
more dense along the collision front. The neutral particles are left to condense onto the
central core, which will grow until it becomes gravitationally unstable and collapses inside-
out under its own self-gravity (Shu, Adams, & Lizano, 1987; Stahler & Palla, 2005).

1.1.4 Collapse Criterion

The simplest way to approximate when the gravitational instability and subsequent cloud
collapse occurs is using the Virial Theorem. This states that a system’s time averaged
kinetic energy, K, would be equal to half of the potential energy of the force acting upon
it, —U/2 (Carroll & Ostlie, 2007). The cloud would be gravitationally stable if U +2K = 0,
where K is the internal kinetic energy and U is the gravitational potential. If this relation
were to become less than zero, the particles within the system would not have enough
kinetic energy to support against the gravitational potential; cloud collapse would occur
(i.e, loss of energy due to radiative cooling). The virial theorem is given by
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Simplifying this version of the virial theorem by ignoring surface integrals, including one

representing the effect of any external pressure:

1021
g = 2T H2U W+ M (1.4)

where I resembles the moment of inertia, and is defined as

]E/p|r|2d3x (1.5)

where p is density and r is radius. Looking at the right-hand terms of Equation 1.4, T,
the total kinetic energy in bulk motion 7 is defined as:

1
Tz§/mwfx (1.6)
where wu is the fluid velocity. U is the energy contained in random thermal motion:
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where n is the number of particles, kg is the Boltzmann constant, and 7' is temperature.
W is the gravitational potential energy:

1
= §/p<bgd3x (1.8)
where @, is the gravitational potential, and finally, M is the magnetic field energy:

1
= — [ |B]*d® 1.
& [ 1Br (19

where B is the magnetic field. Integrals for U, M, and T are all positive while the integral
for W is negative. If none of the positive terms balance W, then a typical GMC would be
in a state of gravitational collapse (Stahler & Palla, 2005).

Jeans Mass

In 1902, James Jeans considered the conditions required for an interstellar gas cloud to col-
lapse and form stars. His derivation does not consider effects such as rotation, turbulence,
external pressure, or magnetic fields, but focuses on thermodynamics and gravitation. Al-
though his treatment of collapse is overly simplified, it provides useful insight into the
development of protostars. To derive the Jeans mass, we begin with considering a uniform
density cloud. The gravitational potential W is defined as:
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and the kinetic energy is defined as:
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where G is the gravitational constant, M is the enclosed mass, R is the cloud radius,
pmy is the mass of Hydrogen, T is the temperature, and kg is the Boltzmann constant.
Considering now the Virial Theorem to determine collapse, where R = (3M /47 py)*/3:
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Arriving at the Jeans mass M :
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Free-Fall Time

In order for a region to collapse and form a star, the gravitational potential must greatly
exceed the cloud-supporting forces. At this point, Equation 1.3 can be reduced to

1P GM?

202" R

(1.14)

where R is the radius or a cloud of mass M, and G is the gravitational constant. If [ is
further approximated as M R?, the free fall time ¢ is given as approximately

R3 1/2

Or, more conventionally, the collapse time for a homogeneous sphere with zero internal
pressure (Stahler & Palla, 2005).

3 1/2
trr = (32Gp) (1.16)



1.1.5 Heating & Cooling

As mentioned previously, for cloud collapse to occur the mass must be close to or exceeding
the Jeans mass, a shock must be in the proper velocity range, and the cooling must be
effective. Cooling is a required condition of star-formation collapse (Boss et al. 2008; Boss
et al. 2010; Bodenheimer, 2011; Gritschneder et al. 2012; Dale & Bonnell, 2012; Zhou et
al. 2015) and is usually caused by the rotational and vibrational transitions of optically
thin, warm molecular gas (i.e., HyO, CO, Hy, C*, O) (Boss et al. 2010; Bodenheimer,
2011). Molecules have more energy levels available (as compared to atoms) because they
also have rotational and vibrational energy transitions; specifically, the big advantage of
molecules is that the rotational energy transitions are so low that they are in the same
range as the temperatures of the interstellar medium. Therefore, there is enough energy in
collisions to excite the non-vibrational rotation lines, allowing them to be ideal probes of
these low temperatures. The effective cooling of molecules results in nearly isothermal free-
fall collapse. It has been suggested that an inability to cool may lead to a higher internal
temperature and a higher Bonnor-Ebert core mass (Zhou et al. 2015). The dominant
cooling processes include:

1. collisional excitation of atoms, molecules, electrons, etc.; then rapid decay and release
of photon.

2. dust grain cooling - colliding with grains transfers energy from the gas and heats the
grains; this results in a loss of thermal energy from the gas, effectively cooling it.

The dominant heating sources include:

1. photodissociation of Hy by interstellar photons
2. photoionization of C by interstellar radiation
3. ionization of H and Hy by low energy cosmic rays

4. production of photoelectrons liberated from grains by UV photons.



1.1.6 From GMC to Protostar

Stars actively form in giant molecular clouds (GMC). Once the molecular cloud has reached
the Jeans mass limit by one form or another and begins collapse, the density climbs until the
cloud becomes too optically thick to its own cooling radiation. This shifts the system into
an adiabatic phase (Tielens, 2005; Carroll & Ostlie, 2007). The internal pressure increases,
slowing down infall. The accreted material releases energy by radiating in the infrared
(IR), effectively cooling itself and building up onto the core until it reaches hydrostatic
equilibrium. This allows a release of internal energy from the core, causing further con-
densation and core mass gain while rising in temperature. Once the temperature reaches
2000 K, molecular hydrogen dissociation occurs. The temperature continues to slowly rise
past this point until most of the molecular hydrogen in the core is dissociated. Further
gravitational collapse can then occur. The central object at this stage is known as the
protostar (Stahler & Palla, 2005) - this is the stage of star-formation that this thesis will
be focusing on.While the deeply embedded protostar is forming within the cloud of dust
and molecules, matter from the parent cloud is still accreting. The central temperature
continues to rise until about 10° K, when nuclear fusion commences. At this point, the star
will begin to produce a radiation pressure strong enough to disperse all of the surrounding
material and halt accretion. The final pre-main sequence star will then be visible (Stahler
& Palla, 2005; Carroll & Ostlie, 2007).

Identifying the stage of stellar evolution is difficult. Dust and gas within the cloud
absorb optical light emitted by the protostar and accretion. This light is re-emitted at much
longer wavelengths (mm - IR). Observing at these wavelengths is key to understanding YSO
evolution.

Class 0 stars like that studied in this thesis are identified as very red deeply embedded
sources and are considered to represent an earlier phase of protostellar evolution (Stahler
& Palla, 2005). In terms of the structure, this protostar is surrounded by a nebular disk,
which in turn is encompassed by a spherical envelope. When the protostellar radiation
pressure is strong enough against the pressure generated by the infalling material, outflows
will be present as well. This structure is discussed further in the next section.
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1.1.7 Star Formation Overview

Figure 1.2: The four stages of star-formation, from Shu, Adams, & Lizano (1987).
(a) Formation of cores within molecular clouds as a result of loss of support.

(b) Protostar and surrounding nebular disk forms at collapsing cloud center (LM stars).
(c) Stellar wind break-out into bipolar outflow.

(d) Termination of infall, leaving newly formed star with circumstellar disk.

As described in Shu, Adams, & Lizano (1987), stars follow the same overall formation
process, with a few differences across the mass regimes (see Figure 1.2 for schematic of this
process):

1. Slowly rotating cloud core: Low-mass cloud envelopes experience a slow leakage
of support. High-mass envelopes may also fragment during contraction.

2. Inside out collapse: The contracting cloud reaches a point of instability; the in-
nermost envelope radii begin to collapse, with the outermost following suit in a
domino-like manner. The material falling onto the embedded protostar will pass
through an accretion shock, generating a considerable amount of the observed lumi-
nosity. Ram pressure of the infalling material onto the protostellar surface acts as a
“lid”, containing the stellar wind. Eventually, a sizable amount of infalling material
will accrete onto the disk instead of the protostellar surface, weakening this lid at the
rotational poles and allowing for a stellar wind to breakout, thus forming collimated
jets or bipolar outflows.
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3. Bipolar outflows: The bipolar outflows eventually sweep out over all 47 steradians.

4. YSO: The previous stage allows for the reveal of a young stellar object (YSO) and
its remnant nebular disk (in the low-mass case). High-mass YSO’s sometimes have
disks as well.

5. Disk disappearance: Nebular disk disappears, forming into planets or stellar com-
panions. At this point, LM YSO’s enter pre-main sequence phase, while HM YSO’s
join the main sequence during the accretion phase.

The above seems like quite a generalization of star-formation; while it may be an adequate
generalization for LM star-formation, in reality HM star-formation is fairly complicated.
Masses exceeding 8 M, produce a radiative pressure that is far greater than the gravita-
tional pressure, which should effectively halt the accretion process. This clearly isn’t the
case as stellar masses as great as >50 Mg have been discovered. This suggests that HM
star-formation is not a simple gravitationally driven process (Crimier et al. 2010). Clearly,
other mechanisms are at play.

High-mass star-formation has been observed in tight clusters (Hillenbrand & Hartmann,
1998), while LM stars are able to form in isolation or loose groups (i.e., few objects per cubic
parsec) (Gomez et al. 1993). Intermediate-mass star-formation has also been observed in
clusters (Testi & Sargent, 1999; Neri et al. 2007; Fuente et al. 2007); stars around 3.5 Mg
are seen to form in loose clusters, indicating a smooth transition from LM to HM (Testi
& Sargent, 1999). Crimier et al. (2010) find physical characteristic evidence of a smooth
transition across all three mass regimes, indicating consistent trigger sources and formation
processes. Further study of IM star-formation, including that of this work, is expected to
help clarify some of the complicated grey areas across the mass regimes (Crimier et al.
2010; Fich et al. 2010; Johnstone et al. 2010).

1.1.8 Stellar Mass

In this work, the different masses of Young Stellar Objects (YSOs) are classified by lumi-
nosity since this can be directly measured. The standard delineation of mass ranges follows
from a variety of models of the star-formation process: Low-Mass (LM) < 100 L, 100 L,
< Intermediate-Mass (IM) < 10* L, (corresponding to 2 - 8 M), and High-Mass (HM)
> 10* Ly. The spectral line profiles for each of the mass regimes have similar features:
broad components (~ 20 km s™!) corresponding to stellar outflows, medium components
(~ 5 - 20 km s™!) corresponding to jets or the protostar itself, and narrow components
(< 5 km s7!) corresponding to protostellar envelopes. Sometimes absorption features are
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seen, which are attributed to the absorption by the outer envelope. Due to the similar na-
ture of these components, it has been assumed that the processes by which these features
interact with the environment is similar across a wide range of luminosity and mass. It
has been seen that outflows dominate in the low and intermediate-mass regimes; envelope
contributions are more prominent for HM.

Low-mass stars have been found forming in isolation and in loose groups of a few objects
per cubic parsec (Gomez et al. (1993)). This mass regime is well studied thanks to the
large number of LM stars in the local galaxy. Some examples of LM Class 0 studies include
Jorgensen et al. (2002) (7 YSOs) and Shirley et al. (2002) (11 YSOs). Intermediate-mass
stars have often been found in clustered environments (similar to HM) (e.g. Testi &
Sargent, 1998; Neri et al. 2007; Fuente et al. 2007) with a smooth transition towards the
loose LM regime for stellar masses of ~ 3.5M, (Testi et al. 1999). These stars are located
locally, making them observable on a similar scale like the LM regime (Fuente et al. 2012).
It has been seen that IM stars are also dominant sources of FUV field (e.g., Habing, 1968,
Gondhalekar & Wilson, 1975). This FUV field regulates phases in the galactic ISM and
therefore the overall galactic star-formation and history (Crimier et al. 2010). Studies of
IM stars are performed to bridge the understanding between mass regimes. Some examples
of studies conducted on IM star-formation include Hogerheijde et al. (1999), Schreyer et
al. (2002), Fuente et al. (2007), Neri et al. (2007), Crimier et al. (2010), Fich et al. (2010),
Johnstone et al. (2010), and Tisi (2013). High-mass stars are usually found to form in
tight clusters (e.g. Hillenbrand & Hartmann, 1998). Their mass accretion rates are seen to
be orders of magnitude greater than that of their low-mass counterparts (Stahler & Palla,
2005). This requires a higher sound speed Cy and temperature. Higher densities may
also be required. HM stars are scarcer and are located at further distances from Earth;
this makes them difficult to observe at high spatial resolution. Adding to the difficulties,
HM stars quickly disperse their surroundings once formed, hindering the study of their
environment. Some examples of HM protostellar studies include Mueller et al. (2002) (31
YSOs), Hatchell & van der Tak (2003) (10 YSOs), Williams et al. (2005) (32 YSOs), and
van der Tak (2000) (9 YSOs).

Considering the above studies, we see a luminosity range of 1 < Lo < 22 and 1x10% <
Lo < 2 x 10%, and thus a luminosity and knowledge gap between 22 < Lo < 1 x 10?
(Crimier et al. 2010). IM observations are necessary as they provide a link between LM
and HM (Di Francesco et al. 1997; Mannings & Sargent, 1997, 2000). Although highly
important in regards to connecting the low and high stellar mass regimes, the overall study
of IM star-formation is still very much in its infancy.
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1.2 Herschel Space Observatory & HIFI

The Herschel Space Observatory launched May 14, 2009 with the purpose of learning more
about the physics and processes governing the interstellar medium (Pilbratt et al. 2010).
Three instruments on board the 3.5 m Cassegrain telescope operating in the 55 - 672
micron range (Ott et al. 2010) (0.45 - 5.4 THz or 15-180 cm™!; van Dishoeck et al. 2011)
include the Heterodyne Instrument for the Far Infrared (HIFI) (de Graauw et al. 2010),
the Photodetector Array Camera and Spectrometer (PACS) (Poglitsch et al. 2010) and
the Spectral and Photometric Imaging Receiver (SPIRE) (Griffin et al. 2010).

The HIFT instrument provides many observational benefits, including resolving power
of R = A\/AX > 107 (where \ is wavelength), high spectral resolution (0.03 — 300 km
s71) over a wide range of frequencies (480 — 1250 GHz and 1410 — 1910 GHz), using a
combination of the heterodyne radio technique and near quantum-noise limited sensitivity.
Amongst other benefits, HIFI is specially optimized for observations of water lines. (de
Graauw et al. 2010).

The instrument offers four observing modes, a.) dual beam switch (DBS), b.) fre-
quency switch (FS), c¢.) load chop (LC), and d.) position switch (PS). As explained in
de Graauw et al. (2010) and Roelfsema et al. (2012), the DBS observing mode moves an
internal mirror that in turn moves the light beam to a reference OFF-target position on
the sky, but still within 3 arcminutes of the ON-target position. This mode runs the risk
of incurring standing waves. The FS observing mode allows for observation by shifting the
local oscillator frequency a few (90 - 300) MHz to keep the lines of interest observable.
This mode is beneficial as it reduces baseline ripples. The LC observing mode uses the
HIFI internal cold source as a reference and the chopping mirror bounces between the tar-
get on the sky and the internal load. This mode is useful when non-emission-free regions
pollute the target area. The final PS mode bounces between a target position and at a
reference position, where the reference position is typically chosen to be nearby and devoid
of emission in the employed band.

The majority of the water observations used in this work are obtained in DBS observing
mode; a few are obtained using load chop, and the remainder use position or frequency
switch. This is outlined in Table 2.1.

Spectral observations made with the HSO would have poor spatial resolution; multiple
line emissions used together with radiative transfer analysis is required for understanding
physical and chemical processes in the star-formation region (Tisi, 2013; van Dishoeck et
al. 2011; Hillier, 2008; van der Tak et al. 2005).
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1.3 WISH Team

Water plays an important role in star-formation as it is an abundant molecule with multiple
observed rotational transition spectral lines. The Water In Star-Forming regions with
Herschel (WISH) program (van Dishoeck et al. 2011) is a key program on the Herschel
Space Observatory, designed to probe the physical and chemical dynamics of star-formation
regions using gas-phase water and related molecules. This program also follows the water
abundance throughout different phases of star-formation. Approximately 80 sources (disks,
pre-stellar cores, LM YSOs, IM YSOs, HM YSOs) with luminosities ranging from <1 Lg
to >10° L, were targeted; these include candidates studied by the intermediate-mass YSO
team: NGC 7129 FIRS 2, NGC 2071 IR (IRAS 08448-4343), VelalRS17 (IRAS 08470-
4321), VelalRS19, L1641 S3MMS 1, AFGL 490). These, and briefly one HM candidate
(NGC 6334) are studied in this work, with a focus on NGC 7129 FIRS 2. These observations
were obtained with HIFT.

Of the six IM YSO’s studied by the IM team, Crimier et al. (2010) and Johnstone
et al. (2010) presented preliminary results for NGC 7129 FIRS 2. IM YSO candidates
Vela IRS 17 and Vela IRS 19 were rigorously studied by Tisi (2013). See §1.7 for further
information regarding NGC 7129 FIRS 2.

1.3.1 Spectral Line Profile

Spectral lines show a multitude of features. Molecular lines must have emission or absorp-
tion features appearing against the continuum. The continuum represents a collection of
indistinguishable interactions between many atoms, ions, or molecules spread out across the
spectrum. Sources of continuum may include a hot core or dust emission. Spectral obser-
vations of star-formation regions show similar features corresponding to different processes
involved (see Figure 1.3): broad components (~ 20 km s™!) corresponding to strong out-
flows, medium components (~ 5 - 20 km s™!) corresponding to jets or the protostar itself,
and narrow components (< 5 km s™1) corresponding to protostellar envelopes. Sometimes
absorption features are seen, which are attributed to the absorption by the outer envelope.
If additional absorption features are seen at a velocity away from the associated Vi gg, the
presence of a foreground cloud is possible.

The shape of the spectral line profile may reveal a great deal about the dynamics of the
star-formation region. Beals (1953) studied the spectra of the P Cygni stars and stressed
their similarity to Novae and Wolf-Rayet stars, attributing their similar features to ejec-
tion of stellar material (panel I of Figure 1.4). Today the P-Cygni profile is attributed to
line profiles that have strong emission lines towards the line center with a corresponding
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blueshifted absorption. Sometimes a double peak structure is created when the absorption
is superimposed on a broad symmetric emission line. The latter is produced by material
moving away from the interior star and toward Earth, while the emission comes from other
parts of the expanding envelope, or stellar outflow. An inverse P-Cygni profile is char-
acterized by an inversion of the line profile about the V;gg; i.e, instead of a redshifted
asymmetry (panel IIT of Figure 1.4), a blueshifted asymmetry is present. This profile is
attributed to cold protostellar envelope (absorption) infalling towards a central core (emis-
sion). The velocity of the free-fall region vs; can be derived from invoking conservation of
energy such that the kinetic energy gained by the infalling mass m is equal to the change
in gravitational potential energy:

mv?  GMm
2 T
2GM
v = = (1.17)
rm
2G' M,
Vi = r

or, alternatively:

V=1kms"’ [(j\‘j@) (mogAU)rﬁ (1.18)

Asymmetry due to infall becomes more pronounced as optical depth and infall speed in-
crease (Myers et al. 1996). This information will be considered during the radiative transfer
modelling of the Herschel HIFT line spectra.
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7 = bow shock

UV-heated
cavity walls

Figure 1.3: Illustration of a protostellar envelope with the different physical components
and their nomenclature indicated. ITWS stands for internal working surfaces. The indi-
cated scale is appropriate for a low-mass YSO. On this scale, the ~100 AU radius disk
surrounding the protostar is not visible. From van Dishoeck et al. (2011).
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Figure 1.4: Spectra of P-Cygni stars obtained by Beals (1953).

1.4 Water

Water and its isotopolgues (different versions of water with heavier oxygen atoms, 17O and
180) are nearly-impossible to observe from ground-based instruments due to the absorption
by the Earth’s atmosphere. The first detection of water was made by Cheung, Rank,
& Townes in 1969 with the twenty foot radio telescope at the Hat Creek Observatory;
they observed the 22 GHz 614 - 593 transition from the directions of Sgr B2, the Orion
Nebula and the W49 source. While this line can be used to trace areas of high excitation
around star-formation regions, not much information about water and its role in these
environments can be obtained from this line at large spatial scales (Cernicharo & Crovisier,
2005). Alternatively, lower transition water lines can have significant advantages in the
study of protostellar environments (see Cernicharo & Crovisier, 2005 and Melnick, 2009
for reviews). These lines can be used as unique diagnostics of molecular gas clouds due to
high variability in abundance across large temperature ranges. Water acts as a marker of
star-formation similar to the 22 GHz line as this molecule in a gaseous state is sensitive to
energy deposited in the region around it. Water is an ideal tracer compared to CO; it has
a large dipole moment of 1.85 D, nearly 20 times larger than that of CO (Stahler & Palla,
2005). Because of this large dipole moment (measure of system’s polarity), water has high
A rotation constants (A = h*/2I; I = moment of inertia, i = h/27); thus, the energy
spacing between lower levels is larger than that for heavier molecules like CO (Takahashi
et al. 1983; van Dishoeck et al. 2011. Additionally, water has a plethora of observed
transitions due to its hyperfine structure (discussed below), and is optically thinner.
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The formation of water occurs through many chemical processes (Stahler & Palla, 2004;
van der Tak et al. 2005; Hillier, 2008; van Dishoeck et al. 2011). Neutral reactions occur
in hot environments, while ion-molecule reactions occur in cooler environments. At ~ 250
K, gaseous oxygen is driven into water by reactions of oxygen and OH with hydrogen. The
reaction in Equation 1.19 is endoergic (absorbs energy) by 2000 K (Elitzur & Watson, 1978;
Charnley, 1997) and the reaction in Equation 1.20 is exothermic with an energy barrier
of ~ 2100 K (Atkinson et al. 2004). This temperature range is representative of shocked
cloud regions. The major sequence is

OH + Hy — HyO + H (1.20)

These neutral-neutral reactions don’t occur within cold (~ 10 K), dark clouds. Here, ion-
molecule reactions dominate. Oxygen and hydrogen combine on dust grains to form ice
that evaporates around ~ 100 K. The formation of water in this environment involves the
chain

Hf +0 — Hy,+OH" (1.21)

OH" +Hy, = OHy + H (1.22)

OHy + Hy — H30" + H (1.23)

HO"+e — HO+ H (1.24)
The last reaction proceeds very quickly given an adequate supply of free electrons.

Oxygen (O) is the most abundant element in the universe after hydrogen (H) and
helium (He). The cosmic abundance of O relative to H is ~ 5.6 x 10™* (Neufeld, Lepp,
& Melnick, 1995; Pinsonneault & Delahaye, 2009). If all available oxygen is converted
into water, we obtain an upper limit of HyO/H, of 2 x 5.6x10~%. If only the reaction in
Equation 1.20 drives all available gaseous O into water, we receive an upper limit of 3 x
10~* (van Dishoeck et al. 2011). Of course, not all oxygen is converted into water; some
of the oxygen can be in other forms like CO. Three-micron absorption spectroscopy of
solid water towards YSOs indicates that iced water abundances can be as high as ~ 1074,
much higher than results from freeze-out of gas phase water (i.e, Whittet et al. 1988;
Pontoppidan et al. 2004). Near protostars, grain temperatures rise above ~ 100 K; all iced
water thermally desorbs on very short timescales (Fraser et al. 2001). This leads to an
upper limit of gaseous water abundance as high as the ice abundances (van Dishoeck et al.
2011). In short, the upper limit of water should be more like ~ 10~* for a temperature of ~
100 K, and 3 x 10~ for a temperature of > 250 K. Gas phase chemical model predictions
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Figure 1.5: Gas phase chemical model predictions of O, O, and H,O as a function of gas
temperature for n(Hy) = 10° cm? (after Neufeld, Lepp & Melnick, 1995)

of O, Oy, and H,0 as a function of gas temperature are given in Figure 1.5 for a molecular
hydrogen density of 10° cm®. Pure gas phase chemistry gives a lower limit of ~ 107, but
effects of dust-grain freeze-out allows for a much lower abundance relative to Hy, since Hy
does not freeze-out (van Dishoeck et al. 2011). The modelling procedure outlined later in
this thesis considers these upper and lower limits.

The excitation of the rotational energy levels of water and the eventual radiative decay
allows the molecule to act as a coolant for shock-heated clouds, thereby playing a critical
role in the evolution of warm molcular clouds (Neufeld & Kaufman, 1993; Neufeld, Lepp,
& Melnick, 1995; Melnick, 2009; van Dishoeck et al. 2011). The molecule heats through
infrared (IR) absorption and relaxes through collisional and radiative de-excitation (van
Dishoeck et al. 2011). The most important colliders in these reactions are ortho- and
para-Ho.

Water is an asymmetric top molecule; this rotates differently than more simple molecules
such as CO. It has three unequal moments of inertia along its principle axes. The com-
plexity of its rotation allows for many different transitions between rotational states. This
complexity is further increased by the hyperfine structure of water. The magnetic mo-
ments of the protons around H-atoms could be aligned/parallel (ortho-hydrogen) or anti-
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Figure 1.6: Figure 1 from van Dishoeck et al. (2011). Energy levels of ortho- and para-
H20, with HIFI transitions (in gigahertz) and PACS transitions (in microns) observed in
WISH indicated.

aligned/anti-parallel (para-hydrogen). (Stahler & Palla, 2005). This means that water
has two sets of rotational state lines and that there are numerous rotational energy levels
available. The rotational states for water are labelled with three numbers in the form Jgc.
Ortho-water states can be distinguished from the Jxc nomenclature when the sum of K
and C equal an odd number; an even sum of K and C corresponds to para states of water.
The rotational energy transitions for water observed with Herschel HIFI can be seen in
Figure 1.6; these observations will be studied in this thesis. Each rotational state has a
number of sublevels equal in energy corresponding to the spins of the 2 hydrogen nuclei.
This degeneracy is three times greater for ortho than para (hence, an expected ortho to
para ratio of 3:1). (Stahler & Palla, 2005). Transitions cannot occur across the ortho-para
ladders except through chemical reactions that exchange a hydrogen nucleus.

Water has high line opacities due to high transition frequencies and its large dipole
moment (van Dishoeck et al. 2011). For example, considering the ground state ortho-
HI%0 110-1¢1 (557 GHz) line, 7 = 2.0 x 10" N,(H,O)AV where N, ~ 0H,0 column density
and AV = FWHM (van Dishoeck et al. 2011). Because of this large optical depth, its
heavier isotopologue H¥O makes a great alternative for studying the physics and chemistry
of star-formation regions. This molecule is of particular interest as it is 200-500 times less
abundant than regular water (therefore having a much smaller optical depth).The frequency
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coverage (0.45 - 5.4 THz) of Hershel allows for both high and low excitations of H}%0 and
Hi%0 to be observed. Studies on H*O in relation to star-formation are limited, making
this an exciting thesis topic.

1.5 Radiative Transfer

Analysis of star-formation regions that determines the density, temperature, velocity, etc.,
must take into account the absorption and reemission of photons by atoms, molecules, and
dust grains (Spitzer, 1978). The change in specific intensity I, resulting from interaction
with matter is governed by the equation of transfer, derived by considering the flow of
energy in and out of a cylinder of length ds and the absorption and emission coefficients
a,, and j,, where v is the photon frequency. Assuming photons travel in straight lines, the
change in specific intensity along distance ds then corresponds to:

dl,

ds
or equivalently with dr, = «,ds (Spitzer, 1978; Hogerheijde & van der Tak, 2000; Hillier,
2008; Tisi, 2013), where 7, = 0 at the observer and increases towards the star-formation
region

— —a,I, +j, (1.25)

dl,
dr,

The above expressions have the following units: a, iin cm~! and j, in erg s~% ecm™3 Hz !
st~!. From Equation 1.26, we can define the source function S,= j,/a,. Both molecules
and dust particles will be considered as sources of emission and absorption during the
radiative transfer modelling process, found later in this thesis:

——I,+8S, (1.26)

jl/ = ju(dUSt) + j,,(gas)

1.27
a, = a,(dust) + a, (gas) (1.27)
The dust components are given by:
Ju(dust) = a, (dust) B, (Tust) (1.28)
o, (dust) = Ky Pdust (1.29)
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where B, (Tyust) is the Planck function at the dust temperature

2 ehv/kT _ 1 (1.30)

Pdust is the density of the dust, s, is the dust opacity in cm™2 per unit dust mass, h is
the Planck Constant, kp is the Boltzmann constant, and c is the speed of light. The
opacity used in the radiative transfer program RATRAN (Hogerheijde & van der Tak,
2000), discussed later in this work, was the program default “jena,thin,e6”, corresponding
to the Jena dust models (Ossenkopf & Henning, 1994) with thin mantles and 10° years of
coagulation.

The gas components depend on the rotational transitions:

h
7' (gas) = ﬁnuAu@(v) (1.31)
ay!(gas) = %(nszu —n,Bu)o(v) (1.32)

where u and [ correspond to the upper and lower states, respectively, and ¢ accounts for
Doppler turbulent broadening, assumed to be Gaussian:

é(v) = — exp ( - M) (1.33)

by v3b?
where ¢ is the speed of light and b is broadening parameter in km s, related to the full
width at half maxiumum (FWHM) by

b 1

FWHM  2v/In2

The Einstein coefficients A,;, By, and B,,; are the probabilities for spontaneous emission and
absorption and stimulated emission, respectively. These are dependent on the molecule,
and are discussed further in Section §3.1, along with population level densities n, and n;.

= 0.60 (1.34)

The local mean intensity of the radiation field is given as

1
L_E/Lm (1.35)

where J, is the average intensity received from all solid angles df2, and I, is the solution
of Equation 1.25. The spectral intensity (Spitzer, 1978), can be defined as

XA
/ oy = "X Au (1.36)
4m
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where v, is the frequency at the line center, the quantity n, (X)) is the particle density
for molecules of species X, ionized r times and in the energy level u. Further derivations
and numerical testing are conducted in Chapter 3.

1.6 Modelling Overview

Before modelling can take place, the observations obtained with Herschel HIFI need to be
downloaded from the observatory’s archive via the Herschel Interactive Processing Envi-
ronment (HIPE, version 15.0). The observational data for NGC 7129 FIRS 2, NGC 2071
IR, Vela IRS17, Vela IRS19, L1641 SMMS3 1, and AFGL 490 will be obtained using ob-
servation IDs, outlined later in this thesis (Chapter 2). This data will then be processed
such that any standing waves will be removed, the baseline will be removed, and the fre-
quency scale will be converted to a velocity scale relative to the IM YSO’s Vi gr. Because
the spectral line profiles we are modelling are the result of emission and absorption from
many features in the star-formation region, we will apply Gaussian fitting in attempt to
disentangle the origins. Gaussian line profiles will be applied to the molecular lines of
each IM YSO candidate; among these include a broad, medium, and narrow contribution.
It is expected that the narrow contribution is attributed to the envelope as these regions
shouldn’t have a large radial velocity, if any at all. This narrow component will be the
focus of the modelling procedure outlined below.

To model the emission spectra obtained with Herschel HIFI, radiative processes through-
out the dusty and molecular envelope must be calculated. An isothermal density and
temperature profile has an index of @ = 1.5. An H, density and temperature profile is
calculated by Crimier et al. (2010) with a program called DUSTY. They use a power-law
index « = 1.4. The DUSTY program solves the radiative transfer equations defined in
§1.5 and §3 through a spherically symmetric dust cloud and returns the temperature pro-
file. The DUSTY modelling allows for fitting of physical parameters such a size, density;,
and optical depth of the cloud. These two density profiles, and a hybrid density profile
combining the density profile of @ = 1.4 and the temperature profile of « = 1.5, are used
in this work. These structural envelope models (including oHy density, pHs density, and
temperature profile) are input into an accelerated Monte Carlo radiative transfer program
called RATRAN (Hogerheijde & van der Tak, 2000) for spectral line modelling.

RATRAN models line emission spectra through a spherical region. As such, we will only
be modelling the envelope contribution of the star formation region. Other components
such as the outflow are not spherical in nature and might be better modelled with a
program that handles the proper geometry, such as RADEX (van der Tak et al. 2007).
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RATRAN assumes a 1D geometry along the line of sight due to the symmetry of the
spherical environment. A dust to gas ratio of 100:1 and a shared profile are assumed.
The program takes as input a signal-to-noise ratio (SNR), an initial number of photons,
dust emissivity (in this case, Jena dust models; Ossenkopf & Henning, 1994), molecular
data and collisional rate coefficients [HoO; Daniel et al. 2011], and a source model. This
model consists of the Crimier density and temperature profile, collider density (ortho and
para Hy), target molecule density (H}0O and H3?O), and a velocity field (turbulent and
infall /expanse velocity). Turbulent velocity is input in the form of the Doppler broadening
parameter, which is related to the width of the envelope contribution to the spectral line
by Equation 1.34. If modelling the envelope (or a portion of the envelope) in free-fall, the
radial velocity is defined as Equation 1.17. The density of water is calculated by taking the
sum of the oHy and pHy density, and dividing by some value within the upper and lower
limits defined in Section §1.4. This value is the abundance of the molecule with respect
to Hy. In short, population densities of rotational energy levels are calculated with the
RATRAN sub-program AMC and are then used to produce emission spectra via ray tracing
with a second sub-program SKY. The details of the RATRAN code will be elaborated in
a later chapter.

In the source model for NGC 7129 FIRS 2, the spherical envelope is broken up into
regions of nested shells, ranging in distance from the core between 1.496 x 10 m (100
AU) to 2.69 x 10" m (18000 AU), and in temperature from 288.5 K to 15.8 K. A freeze-
out radius is assumed at T ~ 100 K; out to this radius water is gaseous, beyond this it is
frozen onto dust grains (van Dishoeck et al. 2011). The inner region is defined as the radii
interior to the freeze-out radius (<5.4 x10' m), and the outer region is defined as the radii
exterior(>5.4 x10'® m). The outer envelope is much larger in size compared to the inner
envelope and is expected to contribute the majority of the emission/absorption features
observed due to the optical depth of Hi°0O and the low abundance of H{*O. DUSTY and
RATRAN are the tools we use with the Herschel HIFI data to place constraints on the
size, density, velocity field, and the abundance of H®O and HI®O relative to Hy in the
inner and outer regions of the NGC 7129 FIRS 2 envelope.

1.7 Previous Studies: NGC 7129 FIRS 2

This thesis focuses on the IM star formation region NGC 7129, selected for this work as
observations for both HI0 and H1%O are available, the additional molecule allowing for
tighter constraints on radiative transfer models of the region. NGC 7129 is a reflection
nebula located in a complex and active molecular cloud (Hartigan & Lada, 1985; Miranda
et al. 1993) and possibly the youngest IM object known at present, NGC 7129 FIRS 2
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(Crimier et al. 2010). The region contains several Herbig AeBe stars; these are responsible
for the nebula illumination (Crimier et al. 2010).

NGC 7129 was first detected by Bechis et al. (1978) and Harvey et al. (1984) in the
FIR; it is not seen in the optical or NIR wavelengths. Edwards & Snell (1983) detected a
bipolar outflow with CO observations. This was confirmed by Fuente et al. (2001), where
the morphology of the outflow was determined to be quadrapolar - a configuration of 2
outflows (FIRS 2-out 1 and FIRS 2-out 2). Eiroa et al. (1998) classified NGC 7129 FIRS
2 as an IM Class 0.

Shevchenko & Yakubov (1989) estimated a distance to NGC 7129 of d ~ 1250 +
50 pc from the sun by measuring BV photometry and 1D visually determined spectral
classification. Straizys et al. (2014) determined this same measurement to be d ~ 1150 £ 80
pc by measuring 7-colour photometry for 159 stars in a 13 arcminute by 13 arcminute region
focused on NGC 7129. They determined this measurement by analyzing the extinction Ay,
due to dust, deduced the distance to the dust cloud TGU H645 P2, and inferred this as
the distance to NGC 7129. This thesis will use the former as the distance to NGC 7129
FIRS 2 in order to maintain consistency with Crimier et al. (2010).

Since then, lots of exciting work has been conducted on the IM YSO candidate NGC
7129 FIRS 2. Looking back nearly a decade and a half ago, Fuente et al. (2005) compared
NGC 7129 FIRS 2 to the Type I Herbig Be star LkHa 234 using the IRAM 30m telescope.
These stellar objects are located in the same molecular cloud and have similar luminosities;
any physical or chemical difference between the two should only be due to evolutionary
phase. Their results suggested two ideas: 1.) As a YSO becomes visible, the protostellar
envelope is dispersed and heated; and, 2.) bipolar outflows eventually fade or disappear
before the YSO even becomes visible. Most importantly, Fuente et al. (2005) presented
the first detections of a hot core in any IM YSO. They deduced the size of this hot core to
be roughly 600 AU by 800 AU.

Crimier et al. (2010) examined 5 different IM YSO’s including NGC 7129 FIRS 2.
The observations were obtained with the Long Wavelength Spectrometer (LWS) aboard
the Infrared Space Observatory (ISO) (45 micron - 200 micron range). Additional LWS
grating spectra were obtained from the ISO data archive. These authors used 450 pm,

850 pum and 1300 pgm continuum emission maps to obtain brightness profiles and Spectral
Energy Distributions (SED) for NGC 7129 FIRS 2; these maps are given in Figure 1.7.

The comparison between the computed and observed 450 pm, 850 um and 1300 pm
brightness profiles (specifically the brightness versus the distance from the centre of the
envelope) and SED allows one to constrain the density profile and the temperature profile
of the envelope. The envelope density and temperature profile is derived by giving input
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Figure 1.7: Continuum Emission maps around NGC 7129 FIRS 2 at 24 pum (upper left),
70 pm (upper right), 450 pym (middle left), 850 pm (middle right), and 1300 pm (below
center). Grey contours mark the continuum flux from 10% to 90% peak emission, in 20%

increments. Taken from Crimier et al. (2010).
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as the temperature, size of the central object, and dust density profile to the 1D radiative
transfer code DUSTY. They used their results to compare the density profile power law
index, size, mass, average density, density (1000 AU), and density (10 K) of the IM YSO
envelopes to that of LM and HM. They deduced that the parameter transition appears
smooth across all 3 mass regimes, suggesting that formation processes and triggers do not
substantially differ. This thesis uses the Crimier density and temperature profile for NGC
7129 FIRS 2. The best-fit model has an envelope mass of 50 My, an optical depth at 100
pm of 2.3, an inner radius of 100 AU and an outer radius of 18,600 AU. The temperature
at the inner radius is 300 K and this falls to 100 K at a radius of 373 AU where the H,
density is 4.4x107 cm 3. The density varies as a power-law with index 1.4.

Shortly after, Fich et al. (2010) used Herschel PACS to study NGC 7129 FIRS 2. They
obtained 26 good detections of H,O, CO, OH, O I, and C II. They noted that most of the
lines are substantially stronger than predicted by the spherical envelope models, typically
by orders of magnitude. They chose to focus on CO; studies of the highest energy CO lines
should reveal more about the warmest innermost regions. The authors use RATRAN to
estimate the strength of CO emission by using a Crimier density and temperature profile for
CO. Simply modelling the envelope contribution falls below the low to mid-J CO observed
emission. The authors then use a second, more general radiative transfer program RADEX
(van der Tak et al. 2007) to model the CO emitting slabs. This extends the line profile
into the higher-J CO lines, and the emission begins to fit the observations with increasing
energy. The unexpected line strength of high-J CO lines requires high temperature and
relatively high densities immediately surrounding FIRS 2. The slab model fits the high-J
CO lines, but a more complex model is required to fit all lines simultaneously.

Johnstone et al. (2010) examined the HO and H?O lines obtained with Herschel HIFI
(the same observations as studied in this thesis). The authors noted that the molecular lines
of each molecule share the same morphology: a narrow ~ 6 km s~! component slightly
redshifted and a blueshifted much broader ~ 25 km s~! component. They suggest the
former component is caused by the envelope surrounding the IM YSO, while the latter
component is likely associated with powerful outflows, and the self absorption is likely
caused by cold water in the envelope. Johnstone et al. (2010) used the one-dimensional
radiative transfer code RATRAN to model the observed line emission and scaled the Green
et al. (1993) H,O-He collisional cross-sections by 1.348 for collisions with Hy. They
assumed an ortho to para ratio of 3 and assumed the Crimier density and temperature
profile for NGC 7129 FIRS 2. They assumed a freeze-out temperature of 100 K. The final
constraints were deduced as follows: turbulent velocity of 2 km s~!, an infall radial velocity
of V = /2G M, /R where M, = 1.1M,, an outer envelope ortho-H}*O abundance of 3 + 1
x1071% and an inner envelope ortho-H}*O abundance of 3x 10" — 1x 1075. An abundance
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ratio of HI°O/HI®O was assumed to be 550. Ultimately, the majority of the line profile
shapes were not reproduced by modelling the envelope alone.

Fuente et al. (2012) models C**O and HDO lines in NGC 7129 FIRS 2. These authors
focused on C'80 3 — 2 (observed with JCMT) and HDO 315 - 25; (observed with IRAM
30m) lines, hoping to constrain the abundance in the protostellar envelope and in the hot
core. Using the radiative transfer code DATACUBE, these authors placed the following
constraints on the IM YSO: radial infall velocity of V = 41.8R(AU)~%® km s™!, turbulent
velocity of 1.2 km s~!, HDO abundance of ~ 0.4 — 1 x10~7 in the hot core (similar to
NGC 1333 IRAS 2A), and C'®0 abundance ~ 1.6 x107%. The latter value is a factor of
10 lower than the reference value.

Shortly after, Fuente et al. (2014) aimed to determine the chemical composition of the
IM hot core within NGC 7129 FIRS 2. Using radiative transfer and molecular excitation
code MADEX (Cernicharo, 2012), they modelled a total of ~ 300 spectral lines, obtained
with the IRAM Plateau de Bure Interferometer (PdBI) between 218200 MHz and 221 800
MHz. Interestingly in the context of this thesis, their rotational diagrams (Figure 1.8)
indicate excitation temperatures for the hot core that are similar to the innermost radius
of our density and temperature model for the envelope of NGC 7129 FIRS 2 (i.e, center
panels indicating T,,; = 265739 K (A- and E-CH;OCHO) and T,,; = 26072 K (HNCO)).

Lastly, this thesis also models the HM YSO NGC 6334 I(N) in effort to gain confidence
in the modelling procedure. This YSO was previously studied by van der Tak et al. (2013),
and 3 years later by Herpin et al. (2016). The velocity profiles of the low-excitation H20
lines toward a HM sample of YSOs have been presented by van der Tak et al. (2013),
without detailed modelling. They decomposed HIFI water line spectra into three distinct
physical components: (i) dense cores (protostellar envelopes) usually seen as medium or
narrow absorption/emission; (ii) outflows seen as broader features; and (iii) absorptions by
foreground clouds along the line of sight. Similar to this thesis, Herpin et al. (2016) focuses
on the analysis of the water observations toward the mid-IR quiet massive protostars
of the WISH sample. Using the HIFI instrument they studied molecular gas dynamics,
estimated infall and turbulent velocities present in the protostellar envelopes, and derived
H,O abundances in these YSOs. As in this thesis, these authors also used RATRAN and
the Daniel et al. (2011) water collisional cross-sections, and comparison of our NGC 6334
I(N) radiative transfer models with theirs should supply confidence in the integrity of our
models. This is expanded in §4.4.
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Figure 1.8: Rotational diagrams for the NGC 7129 FIRS 2 hot core. Figure extracted from
Fuente et al. (2014). Rotational excitation temperatures ranging from T,,; = 145757 K to
Tyor = 9057320 K.

1.8 Thesis Outline

The goal of this thesis is to place tighter constraints on the physical and chemical parame-
ters of the IM YSO NGC 7129 FIRS 2 using Herschel HIFT observations of H3*0O and H3°O.
This thesis will use the up-to-date collisional cross-sections of Daniel et al. (2011) and an
updated version of the radiative transfer code RATRAN to model spectral line emission
for this IM YSO. The chemical and physical parameters include the envelope abundance,
turbulent velocity, radial infall, H}*O/H1%O abundance ratio, freeze-out temperature, and
the HyO ortho-to-para ratio. These parameters have been previously constrained, but the
derived values are not consistent with that of the low- and high-mass regimes. This thesis
aims to bring the intermediate-mass parameter values into harmony with that of the other
mass regimes.

Herschel HIFI Observations and data reduction techniques are discussed in Chapter
2. Radiative transfer equations are further outlined and tested in Chapter 3. Chapter
4 discusses the modelling techniques involving radiative transfer program RATRAN and
Chapter 5 discusses the same for the radiative transfer program RADEX. Modelling results
are also discussed in both of these chapters. A discussion is given in Chapter 6, Conclusions
are given in Chapter 7, and Future Work is outlined in Chapter 8.
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Chapter 2

Observations

This chapter presents molecular line emission observations of 6 intermediate-mass star
formation regions and one high-mass star formation region. All observations were obtained
under the WISH program. The single HM region, NGC 6334 I(N), has already been studied
by van der Tak et al. (2013) and Herpin et al. (2016). We include this HM region in our
studies to ensure our radiative transfer modelling outputs are consistent with their findings,
allowing confidence in the modelling of intermediate-mass sources. This will be explained
further in §4.4.

Fifty water spectral observations were obtained with Herschel HIFI (de Graauw et al.
2010). The descriptions of each observing mode are given in Section §1.2; these modes
along with the observation IDs (obsids) are outlined in Table 2.1 for each of the studied
spectra. Physical properties of the WISH targets, such as the mass regime, location, and
Visr, are outlined in Table 2.2 and a summary of the NGC 7129 FIRS 2 water transitions
studied in this work is given in Table 2.3. See Appendix A, Other IM WISH Candidates,
for the other IM WISH candidate parameters. There, a water observation summary is
given in Table A.2 and A.3, baseline removed observations are shown in Figures A.1 -
A.6, Gaussian fit parameters are given in Tables A.4 - A.8, and the corresponding fits
are plotted in Figures A.7 - A.15. These sources are excluded from the main study as
HI®O observations are either non-detections, weren’t observed, or time constraints wouldn’t
allow it. Acquiring this data and subsequent reduction was carried out with the Herschel
Interactive Processing Environment (HIPE). In short, HIPE was used to convert the wave
scale, remove the baseline and any standing waves, convert to ASCII, and fit Gaussians.
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Table 2.1: Observation ID and Observing Mode: Intermediate, High, and Low Mass YSOs. Boldface =
Load Chop, Italic = Frequency Shift, Plainfont = DBS, Typewriter = Position Switch. “OTF” = On the

fly.

Source NGC 7129 NGC 2071 VelaIRS17 VelalRS19 L1641 AFGL490 NGC 6334 NGC 1333

FIRS 2 IR (IRAS (IRAS S3MMS1 I(N) IRAS2A
08448-4343) 08470-4321)
Transition Observation 1D

Hy'%0 110-1g1 1342198329 1342205274 1342198316 1342198314 1342203754 1342214346 13422052820TF 1342202067
HoBO 110-1g1 1342192362 1342194490 1342198317 1342198315 1342203755 1342214347 1342205282°TF 1342192207
Hy0 111-0g9 134219176 1342194790 1342197984 1342197985 1342206122 1342217724 1342206383
Hy%0 209-111 1342191613 1342204503 1342197951 1342197952 1342203147 1342204511 1342204519
Hy0 211-200 1342191747 1342194682 1342201541 1342201540 1342203220 1342217717 1342205847
Hy'®0 315-251 1342198347 1342206128 1342198357 1342198358 1342203260 1342217731
& CO (10-9)
Hy'0 2p9-117 1342191614 1342204518
Hy'%0 319-303 1342191677 1342206384
Hy'80 315-303 1342227393 1342227395 1342206384




€e

Table 2.2: WISH Target Information: Intermediate and High Mass YSOs.

Source/ NGC 7129 NGC 2071 VelalRS 17 VelalRS 19 L1641 AFGL 490 NGC 6334
Property FIRS 2 IR S3MMS1 I(N)
Regime IM IM IM IM IM IM HM
RA (h m s) 21 43 01.7 05 47 04.4 08 46 34.7 08 48 48.5 0539559 0327384 17 20 55.2
dec (°77) +66 03 23.6  +00 21 49.0 -43 54 30.5 -45 32 29.0 -07 30 28.0 +58 47 08.0 -35 45 04
Visr (kms™!) -9.8 9.6 3.9 12.2 5.3 -13.5 =17
Ly (L) 430 520 715 776 70 2000 1.1 x 10°
d (pc) 1250 422 700 700 465 1000 1700
Outflow B(+60, +60), PO(+32, +63), - - - - -
R(+60,-60) P5(-128, -97)
Reference =5 ’

Table 2.3: List of NGC 7129 FIRS 2 Observed Water Lines. Beamsize calculated using Equation 3.18
(Roelfsema et al. (2011)).

Molecule Transition Line v E.,, Band Integration Resolution Date Oveam,
(GHz)  (K) (5 (MHz) (")
o-H1%0 110-101 o001  556.936  61.0 la 405 1.022 15-06-10 38.074
p-H1%O 111-090 p001 1113.343 53.4 4b 2431 1.135 05-03-10  19.046
p-H0 200-111 p002  987.927 100.8 4a 1271 1.022 03-03-10 21.464
p-H1%O 211-202 p004  752.033 136.9 2b 922 1.139 07-03-10  28.197
o-H1%0 312-291 0006 1153.127 2494 Ha 598 1.020 15-06-10  18.389
p-H1%O 312-303 0007 1097.365 249.4 4b 1803 1.018 05-03-10  19.323
o-H}2O 110-101 o001  547.676  61.0 la 3599 1.139 20-03-10 38.718
p-H2O 202-111 p002  994.675 100.8 4a 2265 1.022 03-03-10  21.318

o-H}*O

312-303 o007 1095.627 2494 4b 6495 1.119 25-08-11 19.354




2.1 Data Reduction

2.1.1 HIPE

The Herschel Interactive Processing Environment (HIPE) was created as a user friendly
version of the Herschel Data Processing System (Ott, 2010). The benefit of HIPE is that
the environment is more concerned with the data as opposed to the language, thus allowing
Java-inexperienced users ease of access. Observations obtained by Herschel are processed
into data products of different reduction levels through pipelines on the European Space
Astronomy Centre (ESAC) computing grid (Ott, 2010). These levels include:

e Level 0 products: Raw telemetry data as measured by the instrument. Potential of
minimal formatting.

e Level 1 products: Detector readouts calibrated and converted to physical units,
within principle instrument. Observatory independent.

e Level 2 products: Level-1 data products further processed to absolutely calibrated
images, spectral cubes and spectra such that scientific analysis can be performed.

These data products are then input into the Herschel Science Archive (HSA), where they
can be retrieved via HIPE. The spectral observations included in this thesis were ob-
tained from the HSA with HIPE 15.0.0 using their observation IDs and the following input
prompts:

HIPE > obsid = 1342198329
HIPE > data = getObservation(obsid = obsid, useHsa = True)

Using HIPE’s Observation Viewer the level 2.0 data products were then selected for base-
line removal. Standing waves and spurs were observed through the ground state o-H%O
110-1p1 spectral lines of AFGL 490 and Vela IRS 19. These observations were discarded

upon unsuccessful standing wave removal (HIPE routine fitHifiFringe).

The minor HIPE tasks such as converting to ASCII formatting or changing the wavescale
are carried out within the spectrum toolbox. The former task is labelled ExportSpectrumtoAscii
and the latter is labelled ConvertWavescale.
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Baseline Removal
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Figure 2.1: NGC 7129 FIRS 2 Observations. System Vigsgr located at -9.8 km s—1 (red
dashed line). Absorption feature near the system Vigg tends to lessen with increased
transition energy, indicating the absorption feature occurs due to a colder region. The
OH%‘SO 006 312-29; line is quite noisy as this dataset also observed a much more intense
CO 10-9 line. The oH®O excited lines are considered non-detections. H*O ground state
emission peak ~ 0.02 K, H%0 ground state emission peak ~ 0.3 K.

HIPE 15.0.0 was used to remove the baselines from the observations; linear baselines were
removed for the majority of the data, although some second order polynomials and higher
were required for baseline correction. The input prompts for this are as follows:

HIPE > sds_out = fitBaseline(data = sds_in)

where sds_in is the path of the level 2 data product (data > level 2 > WBS_H_USB
> box_001 > 0001).
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Several issues were encountered during baseline removal. Spurs were present in the
ground state ortho-water lines of Vela IRS19 and AFGL 490, resulting in their removal
from further analysis. Spurs were also present in the ground state ortho HO and H*O
L1641 S3MMSI lines, but in the preceeding sub-band (redshifted from Visg by ~ 200 —
800 km s™1). The Hi*O spur had amplitudes of T4 ~ 1000 K, making the entire spectra
unusable for further analysis. Finally, the H%0 2p,-1;; p002 line and 2;1-2¢2 p004 line for
all 6 IM WISH candidates were located between two sub-bands. These data were stitched
and averaged prior to baseline removal. The results of the baseline removal can be seen in
Figures 2.1a,b. See Appendix A for other 5 IM WISH candidate baseline removal.

Gaussian Spectral Fitting

Gaussians are fit to spectral line data so that it is possible to assess different physical
components of star formation region. A narrow Gaussian component (< 5 km s7!) is
thought to be produced by a heated envelope with very little turbulence. A medium
Gaussian component is thought to be related to turbulent regions in the mid-range of the
envelope, while a broad Gaussian component (> 20 km s™1) is associated with high velocity
outflow from the embedded protostar, with emission originating from shocks along cavity
walls (Tisi, 2013).

HIPE 15.0.1 was used to fit the spectral lines with Gaussians. Once the baselines were
removed from the datasets and the spectra were stitched together, the Spectrum Fitter
GUI was used to fit the IM WISH candidate spectral lines. The automatic fitting routines
employed by HIPE enable multiple simultaneous fits. For NGC 7129 FIRS 2, four different
Gaussian components were initially applied. The errors associated with the total fit were
too great and the data didn’t support the fourth component, a narrow absorption, at -
10 km/s, even considering the residuals of NGC 7129 FIRS 2 0-H3%0 14-1g; and p-H3°0
111-00o (see residuals in Figure 2.2). When fine-tuning this absorption component, the
HIPE automatic spectral fitting routines alternately increased the amplitude of a nearby
overlapping emission component, then the absorption component, to the point where the
two essentially cancelled. Three components were used instead (Figure 2.2), omitting the -
10 km /s narrow absorption; the three component associated errors were in better agreement
with the data. It must be emphasized that once an acceptable fit had been made to the
ground state H%0 149-1¢; lines of each IM candidate with the automatic fitter GUI, the
positions were made constant for the following excitation lines. It is expected that if star
formation region features contribute to all the spectral lines included in our data set, they
should appear in each line at the same velocity.

The fitted Gaussian parameters for each of the three components are listed in Table 2.4
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for each of the studied water transitions. Listed here are the transition lines, RMS noise
orMms, the ID used during the Gaussian fitting process, the line colour in Figures 2.2 and 2.3,
the component classification (broad, medium, or narrow), the Vsg of the component, the
width of the component, the peak antenna temperature, the velocity integrated intensity,
and the FWHM. Gaussian parameters fit to the other 5 IM WISH candidates, Vela IRS
17, Vela IRS 19, L1641 S3MMS 1, and AFGL 490 can be found in Appendix A.

Noise

Following the Gaussian fitting in HIPE, the residual spectrum and the noise associated
with this residual was determined at the 3o level with Python. The noise was determined
from the following equations and is indicated at the 3¢ level in Figures 2.2 - 2.4 for each
of the IM WISH candidates.

Calculation of the mean p, where the antenna temperature 74 is summed and divided
by the length for a specific velocity range:

2T (2.1)

n

u =
The variance o2 is calculated using this mean:
= 2
T, —
n
The root mean square noise ogrysg is then the square-root of the variance.

ORMS — \/Of2 (23)

The expected noise Tgyss for each spectra can be determined by:

T - Tsys
RMS =

VAUt
where Ty, is the the temperature sum of the sky and the receiver, Av is the frequency

resolution of the receiver (~1.1 x 10° Hz for HIFI, see Table 2.5), and ¢ is the integration
time in seconds.

(2.4)
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Table 2.4: Spectral Fits to Water Data: NGC 7129 FIRS 2

Transition ogrye ID Colour  Component Visr Width Ta [ Tadv FWHM
(K) (km s7')  (km s7!) (K) (K km s7!) (km s™1)
o-HI*O  0.02 G1 Green Broad -19.7 9.0 £ 0.5 0.1 £0.003 2.2+ 0.66 21.17
110-101 G2 Red Narrow -7.8 24+£03 0.1 £0.007 0.8+£0.06 5.68
G3 Cyan Narrow -3.6 1.0+ 0.08 0.240.02 0.6 & 0.06 2.46
p-HXO  0.04 G1 Green Medium-Broad -19.7 77403 01+0004 264010 18.05
111-000 G2 Red Medium -7.8 3.2 £ 0.09 0.3 2.1 7.631
G3 Cyan Narrow -3.6 0.9 + 0.03 0.3 0.8 2.141
p-H¥O  0.02 G1 Green Narrow -19.7 8.1+0.3 0.24££0.004 3.0=£0.06 1.908
202-111 G2 Red Medium -7.8 54+ 0.2 0.2+£0.006 2.6=+0.08 12.81
G3 Cyan Medium -3.6 2.7+0.09 0.3 £0.007 1.8+£0.04 6.307
p-HXO  0.02 G1 Green Broad -19.7 11.6 £ 0.6 0.08 £ 0.003 2.2 4+ 0.08 27.50
211-2092 G2 Red Medium -7.8 5.5 +04 0.084+0.007 1.1 +£0.1 12.95
G3 Cyan Medium -3.6 27+0.2 0.1 £0.007 9.1 +0.64 6.264
o-H*O  0.02 G1 Green Medium -19.7 6.7+19 0.1x+0.02 19+0.38 15.86
312-291 G2 Red Medium -7.8 43+15 01+£004 114044 10.12
G3 Cyan Medium -3.6 40+£1.1 02+£0.05 1.5£0.37 9.377
o-HI*O  0.09 G1 Green Broad -19.7 9.3+ 0.6 0.07 4+ 0.004 1.7+0.1 21.95
312-303 G2 Red Medium -7.8 6.6 £ 0.7 0.05 £0.008 0.8 £0.13 15.64
G3 Cyan Medium -3.6 39+0.2 0.2+£0.007 1.5+£0.05 9.275
o-H®O 0.004 G2 Red Narrow -34+0.1 0.6 +£0.1 0.01+£0.002 0.02 4 0.004 1.31
110-101 G3 Cyan Narrow-Medium -8.6 + 0.21 1.9 + 0.2 0.01 £ 0.001 0.06 £ 0.006  4.38
pHIBO 002 - - ; ; ; ; ;
200-11 - - - - - - -
oHBO 001 - - ; ; . - :

312-303




Tsys can be obtained for each sub-band from
data > trendAnalysis > Tsys > TsysTrendTable.

The median T, for concatenated sub-bands is obtainable from the meta data for the level
2.0 data product. The noise values for NGC 7129 FIRS 2 can be found in Table 2.5 and
plotted in Figure 2.5. Generally it is observed in this work that the actual noise calculated
for these lines is greater than the expected noise by on average a factor of ~ 2.0. The
outlier with noise ratio ~ 0.3 corresponds to the 1153 GHz line.

Compared to noise calculations of the same data in Johnstone et al. (2010), those in
this work are slightly larger (Table 2.6). For example, the H®O p002 2¢,-1;; observation
has a calculated noise of 0.023 K, while Johnstone et al. (2010) calculates 0.020 K. The
larger result in this work is likely due to a wider velocity range; Johnstone et al. (2010)
uses a velocity range of 1 km s™!, while this work uses a range from —60 km s™! to +60
km s~ with respect to the YSO Vsr. The larger velocity range is likely causing a larger
calculated noise as it might be considering some real emission as noise. In hindsight, this
velocity range should have been moved to [—120, —60] km s~!; this would ensure that none
of the actual signal is included in the noise calculation.

2.1.2 Spectral Smoothing

During the radiative transfer modelling process, it is imperative that fits are only made to
the contributions made by water molecules and not to noise. To aid this effort, the spectra
was smoothed using astropy.convolution.Box1DKernel in Python. Boxcar smoothing
is equivalent to converting the T4 signal into a new signal T, where each new data point
is the average of w adjacent data points. In this thesis (seen plotted in Figure 2.6), a width
of w = 11 has been used, but as an example, for T7%[13] with a width of 5,

TA[ll] + TA[IQ] + TA[IS] + TA[14] + TA[15]

T[13] =
3013 :

(2.5)
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Figure 2.2: NGC 7129 FIRS 2: HI0 Gaussian Fits contrasted with H}O HIFI data.
Medium feature located at —19.7 km s~ (blue), narrow feature at —3.6 km s™* (green),
and second medium feature at —7.8 km s~! (red). The total fit is outlined in black.
Gaussians are fit at the same position in each transition, but at varying widths. See Table
2.4 for further details. Local Vigr = —9.8 km s~!. Gaussian fits are subtracted from
the HIFT data, yielding the residuals in the bottom panels. The 30 boundaries around
the residuals represent the goodness of fit of the Gaussians. The majority of fits are well
encased by these boundaries; the para and ortho ground state lines appear to have some
unfitted features. The absorptions seen in this data were not fit. Some lines are scaled by
0.5: p001, p002, and 0006.
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Figure 2.3: NGC 7129 FIRS 2 H80 Gaussian Fits, contrasted with Hi*O and H°O HIFI
data (reduced to 10 % for ground state line 0001). Medium feature located at —8.6 km
s7! (green) and narrow feature at —3.4 km s (red). The total fit is outlined in black.
Gaussians are fit for the ground state line, while the excited lines appear to be non-
detections. See Table 2.4 for further details. The —3.4 feature is likely to be a non-
associated feature, such as a foreground cloud. The ground state line is shown in the
following Figure 2.4. Local Visr = —9.8 km s™!. Gaussian fits are subtracted from the
HIFT data, yielding the residuals in the bottom panels. The 30 boundaries around the
residuals represent the goodness of fit of the Gaussians. The majority of fits are well

encased by these boundaries.
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Figure 2.4: NGC 7129 FIRS 2 fits, contrasted with HI30 and H°O HIFI data (reduced to
10 %). Medium feature located at —8.6 km s™! (cyan) and narrow feature at —3.4 km s™!
(red). The total fit is outlined in black. The —3.4 feature is likely to be a non-associated

feature, such as a foreground cloud. Local Vg = —9.8 km s~ 1.
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Figure 2.5: Calculated vs. Expected RMS Noise for NGC 7129 FIRS 2 Water Transitions.
Generally it is observed in this work that the actual noise calculated is greater than the
expected noise by a factor of ~ 2.0. The outlier with noise ratio ~ 0.3 corresponds to the
1153 GHz line.
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Table 2.5: NGC 7129 FIRS 2 RMS noise: comparing observed noise (obs) to noise expected (exp) by receiver
for each of the observed water lines.

obs exp
Molecule Transition Line Line v  Integration Teys Resolution T 30 Tims Obs/exp
(GHz)  (s) (K) (M) (mK) (mK) (mK)
o-H1°0O 110-101 0001  556.936 138.2 69.33 1.022 21 63 5.8 3.62
p-Hi%0 111-0g0 p001 1113.343  1100.16 380.95 1.135 44 130 11 4.04
p-H0 200-111 p002  987.927 550.08 290.82 1.022 23 70 12 1.91
p-H50 211-202 p004  752.033 423.36 202.31 1.139 23 70 9.2 2.55
o-HiO 312-291 0006 1153.127 266.4 721.59 1.020 88 264 44 0.368
o-H1°0 312-303 0007 1097.365 806.4 321.86 1.018 23 69 11 2.04
o-H1%0 110-101 0001  547.676 1657.6 65.147 1.139 3.5 11 1.5 2.34
p-HI80O 200-111 p002  994.675 1036.8 285.854 1.022 16 50 8.8 1.83
o-Hi*O 312-303 0007 1095.627 2900.8 351.790 1.119 16 49 6.2 2.11

Table 2.6: Comparing ogys as derived by this work and Johnstone et al. (2010)

Molecule Transition Line J(2010) This Work
H%ﬁo 111—000 p001 16 44
H%6O 202—111 p002 20 23
H%ﬁo 312-303 0007 16 23
H%SO 110—101 0001 5} 3.5
H%SO 202—111 p002 5 16




2.1.3 Observations: Summary

The study of molecular emission lines is very useful in the investigation of star formation.
This chapter presented molecular line emission observations of 6 intermediate-mass star
formation regions and one high-mass star formation region. Reduced data was presented
for NGC 7129 FIRS 2, as well as the corresponding Gaussian fits.

The spectral lines show a self-absorption by the envelope, seen in the ortho and para
ground state lines. The residuals of these lines show similarities to P-Cygni profiles, indi-
cating expansion. The 557, 752, 988, 1097, and 1113 GHz lines appear quite similar when
ignoring absorption features; in terms of width, the 557, 752, and 1097 GHz lines appear
to be similar while the 988 and 1113 GHz lines are slightly broader. Additionally, The 752
and 988 GHz line are found to be identical when multiplied by a scaling factor. The 1153
GHz line while similar in shape displays high noise, a consequence of the observational
set-up.

Three Gaussians were fit, a narrow component (<5 km s™!) corresponding to the enve-
lope contribution, a medium component corresponding to the hot core and/or collimated
jets, and a broad component (>20 km s™1) associated with out-flowing gas. The positions
of these remain constant ( —7.8, —3.6, —19.7, respectively), while the velocity widths and
intensities are allowed to vary. Of these, our focus will be on the narrow component as the
radiative transfer program used in the following chapter, RATRAN (Hogerheijde & van
der Tak, 2000), models only the emission contribution of the envelope.

Once the baselines were removed and Gaussians were fit, the noise was measured across
a velocity range of [—60, 60] km s™'. It was ensured that no additional spectral features
were included in this velocity range. Comparing these calculated RMS noise values to those
derived for the same spectral dataset by Johnstone et al. (2010) we see a slight increase in
our measurements. The main difference between the two is that Johnstone et al. (2010)
used a much smaller velocity range of 1 km s™! vs. 120 km s™! (as mentioned in §2.1.1).
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Figure 2.6: NGC 7129 FIRS 2 H0 and H1%O observations obtained with Herschel HIFTI,
overlaid by spectra smoothed with a Boxcar convolution with width 11 (black). Visgr =

—9.8 km s™! (black dashed line), velocity of secondary emission feature is ~3.0 km s~

1

(red dashed line). The H®O (green) spectra are scaled larger to enhance emission features

for better comparison with H3%0 (blue).
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Chapter 3

Overview of Model Techniques

Modelling the radiative transfer expected in molecular clouds allows insight into the dynam-
ics and properties of star formation regions. This chapter presents the radiative transfer
equations employed in the modelling codes RATRAN and RADEX. These equations are
outlined and manually tested, the results of which are then compared to RADEX output
in order to gain confidence in the model calculation results.

3.1 Radiative Transfer Equations:
Testing Model Results

Input parameters for both radiative transfer codes can be found in Appendix B and C.
These combined with the constants in Table D.1 and the equations seen in this section
(§ 3.1) make up the total code input. A variety of useful information specific to the line
transitions of a given molecule (i.e. Hy'%0 and H,'®0) is then output. RATRAN outputs
the expected brightness temperature, which is then convolved with HIFI beam sizes to
obtain spectral line profiles. RADEX outputs numerical line information including the
transition (Jx, ko u-Jx,k00), the upper state energy, the line frequency, level populations,
the excitation temperature, the optical depth, and the expected flux. RADEX output is
manually confirmed using the following calculations and Python 2.7 prior to modelling.
Some of these equations have been seen already in the introduction section §1.5.
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Three different ideal molecule systems are considered when verifying energy level pop-
ulations output by RADEX:

e a 2-level energy system,
e a 3-level restricted energy system (levels 2 and 3 non-interacting),

e and a 3-level semi-restricted energy system (levels 2 and 3 only interacting collision-
ally)

Where the collision rates C; for transitions between levels 1-3 are defined as:

_ g1 AFEsy
021 = 01292 exp |: T :| (31)
and
g1 AV
_ J1 2
Ca 01393 €xp [ LT } (3 )

where g is the statistical weight of the quantum level, AE,, is the change in energy between
states, k is the Boltzmann constant, and T is temperature.

3.1.1 Determining Population: Overview

To calculate the quantum state populations, the radiative and collisional probabilities
of idealized molecules must be determined, then the simultaneous equations solved on a
computer (Spitzer, 1978). We can calculate the statistical equilibrium, or the balance of
molecules moving in and out of each state collisionally and radiatively, with the following
state equation:

n; [Z(HCC]]@ + Bijy) + Z A]k:| = Z nk(nchj + Bijl,> + Z nkAkj (33)
k

k k<j k>j

where n; is the population in state j, n. is the population of the collider, Cj;, is the collision
rate for a transition from j to k, Bjj, is the simulated emission coefficient, U, is the radiant
energy density (U, = ¢! [ [,dw), and Aj; is the spontaneous emission coefficient. For
the purpose of the following sections, the simulated emission terms (B;;U,) are omitted.
These state equations are then used as a system of linear equations solved with Python
2.7 using various methods. These methods include substitution, non-square left-inverse,
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and square inverse with NumPy (Damgaard et al. 1992). The matrix methods derive the
inverse in the following manner:

a b ] . [AaBC" | [ADG
A= ;l N T |n U T (5 E Y
where:
Table 3.1: Matrix Determinant
A= (ei-th) B= -(di-fg)
C= (dh-eg) D= -(bi-ch)

E= (ai-cg) F= —_(ah - bg)
G= (bf-ce) H= -(af-cd)
(ae- bd)

and det(A) = aA 4+ bB +cC

2 - Level Energy System

We consider the simplest energy system with molecules entering and exiting only two
energy states. If we assume statistical equilibrium, the number entering must equal the
number exiting for each state. It is reasonable to assume statistical equilibrium for this
system as the number of particles are not drastically changing over time.

Table 3.2: Balancing molecules entering and molecules exiting each state.

State Entering Exiting
Ground n1n.Cla ngAs1 + non.Coy
2nd n2n6021 + ngAgl nlncClg

The total number of molecules in each state:

n=mni+ ns (3.4)
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First considering these equations in matrix form with A='x = B:

-1

nl n.Cha —(Ag1 + n.Co) 0
= | (Ag1 +n.Co) —(n:Ci2) 0

n2
1 1 n

Immediately it is evident that to include all relevant equations, the coefficient matrix will
be non-square. Due to this shape, two different methods were used to deduce the inverse
matrix:

e The left inverse matrix A~'A = I was determined with Python 2.7,

e One of the state equations was removed, thus forcing the shape to become square.
With a square matrix, manual hand calculations can be carried out, or NumPy can
be employed to speed up the process. (See Damgaard, et al. 1992)

These two methods were compared; the results were consistent within 5 decimal places. The
system of linear equations can also be solved algebraically with the method of substitution.

3 - Energy Level Restricted System

We now consider molecules entering and exiting three levels, with the second and third
non-interacting:

Table 3.3: 3-State System - Balancing molecules entering and molecules exiting each state.

State Entering Exiting
Ground nn.Cis +nin.Ciz noAs + non.Coy + n3Asz; + n3n.Csy

2nd non.Cor + noAsy n1n.Cla

3rd n3n.Csi + n3As nin.Cis

The total number of molecules in each state:

n=mn;+ng+ns (35)
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Considering these equations in matrix form A~z = B:

ne(Cra + Ci3) —(Aar +ncCo1) —(As1 + n.Csy)

1 0
22 _ (A1 4+ nCo) —(n.C12) 0 0
n3 (As1 +n.Cs) 0 —(n.Ch3) n

1 1 1

Due to the non-square shape of the coefficient matrix, the same methods as the 2-level
system were used to deduce the inverse matrix.

3 - Energy Level Semi-Restricted System
We again consider molecules entering and exiting each level, the second and third now

interacting only collisionally (no radiative transfer between states 2 and 3). Considering
this, the spontaneous emission terms between levels 2 and 3 will be zero:

Table 3.4: 3-State System - Balancing molecules entering and molecules exiting each state.

State Entering Exiting
Ground n1n.Cra + nin.Cis noAg1 + non.Cor + n3Asy + nzn.Csy
2nd  non.Ch + noAay + nan Chs + ngAgs n1n.Cra + n3nCsy + nzAszy
3rd n3n.Cs1 + n3Aszr + nzn.Css + nzAss n11.Crz + naneCaz + na Ass

The total number of molecules in each state:
n=mni+ns + ns (3.6)

Considering these equations in matrix form A™'z = B:

-1

ne(Cra + Ci3) —(Aar +ncCo1) —(As1 +n.Csy)

1 0
22 (A1 4+ nCo) —(n.C12) n.Csa 0
n3 (As1 4+ n.Cs) n.Cas —(n.Ci3) n

1 1 1

Results from the 2 methods produced results in agreement.
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Statistical Equilibrium Results

The results from these systems can be found in Table 3.5. Here, the kinetic temperature
was taken as 25.0 K. At this temperature Ay = 3. 458><1O_3 1 As = 5.593x1072 71,
ortho Cio = 2.97x1071° cm?3 s7!, Cy3 = 1.19x1071° cm? s~ 023 = 1.17x1071° cm? s_l,
para Cip = 3.33x107 cm? s 1, Ci3 = 3.41x107" em? s 1, Cog = 1.62x107 " em? s71,
corresponding to energies of E; = 23.794 eV, Ey = 42.371 eV, and E3 = 79.496 eV. It is
apparent from the values listed that for a high Hs collider density the population ratios
approach those seen in Local Thermodynamic Equilibrium (LTE). This is due to the fact
that at this point collisional de-excitation dominates over radiative de-excitation (Spitzer
1978). Population results as derived by RADEX will be compared to that computed by
the AMC sub-program of RATRAN in Section §5.4.

Table 3.5: Comparing 2 and 3 Level Radiative Transfer Systems: Water population levels
from the above idealized systems.

Model ny / ng ng / my
2 - Level Para  0.34332794 -
Ortho 0.34332794 -
3 - Level Restricted Para  0.34331978  0.06756116
Ortho 0.34332702  0.06756472
3 - Level Unrestricted Para  0.34331762  0.06756157
Ortho 0.343327644 0.06756501
Boltzmann (LTE) 0.34332794  0.06756615

3.1.2 Other Radiative Transfer Equations

In addition to the state equations solved above, the radiative transfer codes consider the
following equations in its calculations (Hogerheijde & van der Tak, 2000; van der Tak et
al. 2007):

Excitation Temperature T, :

—kp foo\17"
T, = [EQ m( MQ)] (3.7)
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where f; = n;/n, the fractional state population, and g, and g, correspond to the statistical
weights. Optical Depth 7:

. Ag N 92
707 8 1.OG5AY {f gy 4 2} (3:8)

wherer is the wavenumber, N is the column density, and AV is the linewidth. Antenna
Temperature Tg:

Tpr=T(1—e™)+The ™ (3.9)

where 7, is the optical depth and T, is the temperature of the background radiation. De-
riving Brightness Temperature T beginning with the integrated intensity (Spitzer 1978):

/ Ldv = / %ds (3.10)
T
where
n _ nuHZO nHQOn
UHy0 N0 T, Hy
(nu) (3.11)
= e .)(TLH2
"/ mo

substituting to give:

/ Ly = TAuhv (_) P / nads (3.12)
47 " /) g0

where n is the number density of molecules in the indicated state, h is the Planck constant,
v is the frequency, X is the abundance with respect to Hs, ny, is the density of Hs, and
ds is the distance taken along the line of sight. Here,

dv = dv% (3.13)

where v is velocity and c is the speed of light.
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From the Rayleigh-Jeans Approximation,

2kTg
I = 2 (3.14)
Letting Eq. 3.12 = Eq. 3.14 and rearranging for the brightness temperature 7's:
N Ayhvy (1 c 1
Tp="—"""2—=2 XN g, —— 3.15
b 8kp (n)H2O 2 Av (315)

where N is the column density of Hy. To accurately determine antenna temperature with
either radiative transfer program (RADEX or RATRAN), we need to know if the considered
source would fill the beam (the telescopes field of view). To confirm, we must consider the
angular diameter of the region as well as the angular resolution. For NGC 7129 FIRS 2,
the diameter of cloud is dgouq ~ 37200 AU, and the distance to the cloud is D p,q = 1250
+ 50 pc = 2.58x10% £+ 1.03 x 10" AU (Shevchenko & Yakubov, 1989). Where D > d, the
angular diameter of the region 6y, is defined as:

9 o dcloud
src — 1~
Dcloud

=144 x 1074 +2.89 x 107°
= 29.76 + 5.96"

(3.16)

Now estimating angular resolution 6., considering the diameter of the Herschel Telescope
(3.28 m) and a wavelength of 538.3 microns (557 GHz, ground state line frequency of Hi%O):

A
Oream = 1.225

— 92,00 x 104 (3.17)
_ 41.98"

From Roelfsema et al. (2011), the beamwidth for Herschel HIFI is more precisely calculated
with

2 A
Obcam.r = — (1.6 + 0.0217,) =
™ D

= 38.074"

(3.18)
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where T, = 7.94 4+ 0.82 is the measured edge taper, D (Herschel) = 3.28 m, and A is the
wavelength in m. Considering the above equations and solutions showing .. > Gpeam, our
source would not fill the beam completely for the ortho ground state line (119 - 1g1, 0001).

The antenna temperature would therefore not be equivalent to the brightness temperature
output by RATRAN and RADEX, and must be calculated for this line. Convolving the
brightness temperature Tz to obtain antenna temperature, T 4:

Ty = (L)TB
Q2+
2
_ (G_S)TB (3.19)
VoE+6;

= ATg

where (2, is the solid angle of the source, €2, is the solid angle of the beam, and 6 is the
angular resolution. This convolution assumes a Gaussian source and Gaussian beam. We
will let A = 0%2/,/60% + 0} for simplicity. This value is calculated for each of the water
lines included in this work and tabulated in Table 3.6, alongside calculated beamwidths
of both Equations 3.17 and 3.18. Considering this with RATRAN, once the ray-tracing
sub-program SKY is executed, the output brightness temperature is convolved to obtain
spectra in terms of antenna temperature. During this process, the continuum generated by
hot dust temperatures in the model file is removed by averaging the first and last channels,
then subtracting this value from each of the channels. The baseline value removed for each
water line is also tabulated in Table 3.6.

Finally, the RADEX program defines Flux (F) (ergs/cm?/s) as:

F = 1.0645 - 8tk AvTi* (3.20)

and flux in terms of K km/s:

F=1.0645 - AVT, (3.21)
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The goodness of fit of the final RATRAN modelling results will be calculated using the
chi-squared test y*:

(T -T
Z AHIFI; 2A RATRAN,)" (3.22)
=1
while the reduced chi-square y% can be calculated from:
2
X
X =" (3.23)

where v is the degrees of freedom, equal to the number of evaluated points minus the
number of varied parameters. Seen later, chi-square grid models alter 2 parameters while
holding the others constant. The standard deviation ¢ is taken as the HIFI RMS noise.
A statistical probability parameter p called the p-value will then be computationally de-
termined. The p-value is used to determine the confidence of the model; a small p-value
(typically < 0.05) indicates strong evidence against the null hypothesis, so it is ruled out.
A large p-value (> 0.05) indicates weak evidence against the null hypothesis, so you fail to
reject the null hypothesis. In other words, the p-value gives the significance of the reduced
chi-squared.

3.2 Results

A comparison was made between the manual calculations above and RADEX output; the
RADEX input used can be found in Table 3.7 and the output can be found in Table
3.8. These results use an Hy ortho-to-para ratio that is built-in to the code; this takes
the form of the LTE ortho-to-para ratio seen plotted in Figure 4.34 later in this work. A
summary of the numerical comparison can be found in Table 3.9. The majority of calculated
parameters are remarkably in agreement, save for the upper and lower populations. The
manual calculations were carried out with non-square idealized systems of equations, so
the differences of 7.5% (upper population) and 3.5% (lower population) are acceptable.
Additionally, population levels in the manual calculations are very approximate since it is
assumed that there are only a few possible levels; a perfect match is not expected.
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Table 3.6: Herschel HIFI beamwidths for various water lines. Classically derived Opeqn,
given in radians and arcseconds, Roelfsema et al. (2011) 6peem r given in arcseconds.
Whether the source fills the beam for each water line is indicated by (Y /N) under 'Fill’. A
is the convolution factor between brightness temperature and antenna temperature, using
the Roelfsema beamwidths. The continuum baseline removed from the RATRAN antenna
temperature after convolution is also listed.

Molecule Line v A Oveam Oveam  Obeam.Rr Fill A RATRAN
(GHz) (10=*m) (107* rad) @ @ (Y/N) Baseline (K)

0001 557 5.38 2.00 41.276  38.074 N 0121 2871x1072

0006 1153 2.59 0.96 19.871  18.389 Y 0465 1.616x107!

HIO 0007 1097 2.73 1.02 20.945  19.323 Y 0427 1.484x107!
p001 1113 2.69 1.00 20.638  19.046 Y 0437 1.522x107!

p002 988 3.03 1.13 23.246  21.464 Y 0358 1.221x107!

p004 752 3.98 1.48 30.535  28.197 Y 0217 6.643x1072

0001 547 5.47 2.03 41.966  38.718 N 0117 2.784x1072

HI®O  p002 996 3.01 1.12 23.093  21.318 Y 0.362 1.479x10~*
0007 1095 2.73 1.02 20.945  19.354 Y 0427 1.235x107!

Table 3.7: Example Input Variables used with RADEX

Variable Label Value

Kinetic Temperature Trin 25.0 K

Depth into Molecular Cloud ds 1.496x10'° cm
Abundance of Water X 1078

Number Density of Water ng,o 1.0

Column Density of Water Nm,o 1.496x10'% cm™2

Number Density of Collider H, ng, 108

Column Density of Collider Hy Npg 1.496x10%?% cm—2
Wavelength A 0.05 cm

Line Width AV 1.00 km s~!
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Table 3.8: RADEX Output using Input from Table 3.7

Variable Label Value

Line Transition 1o - 1oy

Line Upper Level Energy  E,, 61.0 K
Frequency v 556.9361 GHz
Wavelength A 538.2888 pm
Excitation Temperature Tes 2.419x10' K
Optical Depth T 1.451x10?

Radiation Temperature Tr 1.323x10' K
Population in Upper Level n,, 2.382x107!

Population in Lower Level 1y,  7.191x107!

Flux F 1.409x10' K km/s
Flux F 3.134Ex107° erg/cm? /s

Table 3.9: Summary of Radex Calculations vs. Manual Calculations. From this table it is
seen that the values are mostly in agreement.

Parameter | RADEX Manual

T,, 2.419x10'K 2.419%10' K

T 1.451x10? 1.450% 102

Tr 1.323x10!' K 1.373x10' K

Popu, 2.382x 107! Ortho: 2.556x 107!
Para: 2.556x1071

PODiow 7191x10°! Ortho: 7.444x10~!
Para: 7.444x107!

Flux 1.409%10' K km/s 1.408x10' K km/s

Flux 3.134x107° erg/cm?/s  3.133x107° erg/cm?/s
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Chapter 4

RATRAN Modelling

We learn a great deal about star formation regions from their molecular line spectra. The
1D Monte Carlo radiative transfer code RATRAN (Hogerheijde & van der Tak, 2000) was
developed to model the line spectra of the dense and cool interstellar medium via rotational
radiative transfer (see Chapter §3) and molecular excitation calculations. This code is only
capable of modelling protostellar envelopes - the outflow is not taken into consideration.
As such, models produced by RATRAN can be compared to the envelope contribution
of an observed spectral line (usually in the form of a Gaussian spectral fit). Deductions
about the physical parameters of the envelope can be made from the best fit model; if a
single model fits multiple radiative transitions of a molecule, in this case HXO or H®O,
constraints can be placed on these parameters. This is the ultimate goal.

Section §4.1 outlines how this radiative transfer program works, the limitations of
RATRAN are given in §4.2, and the RATRAN modelling approach is detailed in §4.3.
Finally, the RATRAN modelling results for NGC 6334 I(N) and NGC 7129 FIRS 2 can be
found in §4.4 and §4.5 respectively. Modelling of NGC 6334 I(N) is conducted in order to
solidify confidence in the RATRAN results of NGC 7129 FIRS 2.

4.1 How does RATRAN work?

RATRAN input models vary parameters in a spherical shell manner. The number of spher-
ical shells may be altered; this work generally uses 22 shells, but also briefly investigates
the effects of increasing to 42 and 62 shells. The optimal number of shells has been in-
vestigated by Hillier (2008); he suggested that while increasing the number of spherical
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shells increases the precision of the resultant spectral line, the time required to run a sin-
gle model also increases. The number 22 was selected as it optimizes both precision and
computational time. Refer to Section §4.5.7 for further details on shell number.

Within RATRAN model shells, the following parameters are varied: the density of an
exciting collider (ng,, ortho and para Hy), the density of a modelled species (ng,o, HY¥O
and Hi%0), dust temperature (7}), kinetic temperature of both colliders (7},), turbulent
velocity (in the form of the Doppler broadening parameter b), and lastly the radial velocity
(vr).

Collision rates obtained from Daniel et al. (2011) work together with the above RA-
TRAN input to generate energy level populations in each of the spherical shells through
the excitation solver Fortran program “AMC”. This is unlike the majority of the previ-
ous intermediate-mass studies; these instead scaled helium collision rates from Green et
al. (1993) to model collisions with HyO. Refer to Section §4.5.9 for more on the effects
of Collision Rates on spectral line modelling. AMC runs through the radiative transfer
calculations given in §1.5 and §3. As so eloquently explained in Tisi (2013), this pro-
gram initially estimates the level populations based on the input, then randomly assigns
N number of photons to each radial shell. The photons are given a random frequency v,
as |vg — | < 4.3b, where b is the turbulent velocity defined above. A mean radiation
field J, is calculated for each shell by summing attenuated rays along the shell boundaries,
where ds is the distance from the origin of a ray to the shell boundary. These rays change
direction randomly with each new shell. The mean radiation field is then used to calculate
shell population. This changes emission and absorption rates and how rays are attenuated
along the path to the next shell. The program alternates between J, and level population
until the population difference between iterations is < 1076, This process is repeated until
the level populations converge to a user-defined accuracy. In this process, both molecules
and dust particles are considered as sources of emission and absorption, but scattering is
ignored.

An example population output from AMC for n =1, 2, 3, and 6 is plotted for both ortho
and para Hi®0 in Figure 4.1. Also plotted here is the freeze-out temperature, indicated
by the black vertical dashed line. Colder regions have a higher fractional population for
the ground state. As the temperature rises moving inward through the molecular cloud,
the excited states increase in population. At ~ 250 K, most of the plotted populations
sit around a fractional population of 0.1. Fractional population should always sum to 1.0;
thus, this plot indicates that water is in a state higher than those plotted here in the inner
envelope regions. This is the result of the final RATRAN model (a = 1.5) for H}?O.
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Figure 4.1: Fractional Population for HI*O as determined by RATRAN program AMC
(n =1, 2, 3, 6) for both ortho and para. n = 1 (blue), n = 2 (red), n = 3 (green),
n = 6 (magenta). Freeze-out temperature is indicated by the vertical black dashed line.
Colder regions (outer envelope) have a higher fractional population in the n = 1 ground
state. As the temperature rises, moving inward through the envelope, the excited states
increase in fractional population. By 250 K, most population levels plotted bounce around
a population level of 0.1. Fractional population should always sum to 1.0; thus, this plot
indicates that water is in a state other than those plotted here in the inner envelope
regions. This AMC output is taken as input for the ray-tracer RATRAN program SKY.
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The calculated AMC stellar envelope level populations are passed to the ray tracer
Fortran program “SKY”, which then produces line emission images based on input radia-
tive transitions. More specifically, SKY outputs the brightness temperatures at different
velocity slices into a FITS (Flexible Image Transfer System) image, containing 2 spatial
dimensions and 1 velocity dimension. The SKY output images are then convolved with
an additional program (written by Michel Fich) using HSO beamsizes (Roelfsema et al.
2012) for each respective transition. As previously mentioned, continuum baselines are
subtracted in this convolution routine and are given in Table 3.6 for each transition. The
resultant files are then passed to Python, where the simulated spectra are plotted.

4.1.1 Foundation RATRAN Models

In this particular work, a subset of the RATRAN input parameters are pre-defined and
held constant. For NGC 7129 FIRS 2, the H density (ong, and pny,) and temperature (T,
and T,) are obtained from a DUSTY model generated by Crimier et al. (2010) based on
SCUBA continuum observations. This yields a best fit density power law index of a = 1.4,
although some calculations in this thesis model @ = 1.5. See Figure 4.7 for the Crimier et
al. density and temperature model (o = 1.5) and section §4.1.2 for a detailed explanation
regarding the transition from DUSTY model to RATRAN model. For modelling of the
high-mass star formation region NGC 6334 I(N), the density and temperature profile is
extracted from van der Tak et al. (2013). The gas temperature 7}, is taken to equal the dust
temperature T, for both sources. It was recently suggested that a higher gas temperature
(perhaps 1.10 T,) could be possible. This is further investigated in Section §4.5.5.

4.1.2 DUSTY Model to RATRAN Model

The Crimier et al. (2010) spherical envelope model for NGC 7129 FIRS 2 is labelled in
this work as “B3”. This DUSTY model has an inner radius 7; = 1.496x 10" ¢cm (100 AU),
outer radius r, at 180 r;, optical depth of 7 = 2.3 at 100 microns, and a power-law index
a of 1.4. A power-law index of @ = 1.5 is also investigated; this is the isothermal model
that is often invoked. Alongside these values, a gas to dust ratio of 100 and an opacity
k of 86.5 cm?/g (100 um) are assumed. Densities for Hy can be calculated from DUSTY
model parameters for use in RATRAN, and are derived like so: assuming the density in a
spherical envelope follows a power law,

Pdust = pOT_a (41)
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Then the optical depth through the center of the spherical cloud is

To
Ty = / pdust'%l/dr

Ti

To
= / por” “k,dr
T

pratl Qe (4.2)
—a—+1

Ry Po 11—« 11—«
K;Vpo I:rl—a
a—1""

= Ry o [

Ti

where £, is the absorption coefficient; a typical value at 100 microns is 86.5 cm? g=!. The
final line in derivation 4.2 can then be used to extract the density power law py above.
Rearranging,

T,(a—1) 1

Ky 1% —rle

Po = (4.3)

The density profile for molecular hydrogen can then be obtained from assuming a constant
gas to dust mass density ratio, usually designated R and typically with a value of 100:

Phydrogen = deust (44)

Considering this, the molecular hydrogen density can be written as

Phydrogen
— [nyarogen 4.5
P 2mpy (45)

where my is the hydrogen mass (each molecule of Hy weighs 2my ). Substituting previous
Equations 4.4, 4.1, and 4.3, then simplifying, we derive an expression for py,:
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_ Phydrogen
N 277’LH
_ deust
N 2mH
_ Rpor~

= omy (4.6)

Rr—er1,(a—1) 1

2my K, 1% =7l

_ R 7,(a—1) roe (cm=)

2myg Ky, 1 —rlme

PH,

[0}

where as mentioned, R = 100, mg = 1.67 x 10** g, 7,(100um) = 2.3, a = 1.4, K, = 86.5
cm? g7! (100 um), r; = 1.496 x10' cm, r, = 180r;, and r is the shell radius.

The calculated radial number density is divided between ortho and para Hy depending
on the ortho-to-para ratio; in this work, it was usually taken as 3:1. A varying ortho-to-
para ratio is also considered. These ortho and para Hs radial number densities are taken
as RATRAN input. The number density of the modelled species, H}*O and Hi®O, are
taken as a fractional abundance of the total Hy density (sum of ortho and para), ranging
anywhere from 10™* — 10~"ny,. This will be described in §4.5. Lastly, the radial dust
and gas temperatures are taken directly from the B3 DUSTY model, and the velocity field
is user-defined. The RATRAN input column identifiers are summarized in Table C.1 of
Appendix C.

4.2 Limitations

While RATRAN is a helpful tool when studying star forming molecular clouds, it doesn’t
come without limitations. This radiative transfer code assumes spherical symmetry due to
its one-dimensional nature. It also assumes statistical equilibrium. This isn’t necessarily
applicable to all molecular clouds; depending on the stage of evolution, the cloud may be
expanding or contracting. The envelope region of the molecular cloud could be increasing
in temperature, or the local chemistry could be out of equilibrium. Additionally, the AMC
subroutine considers both molecules and dust particles as sources of emission and absorp-

tion, but ignores scattering. Finally, RATRAN does not account for external radiation
fields.

64



4.3 Modelling Approach: NGC 7129 FIRS 2

The RATRAN modelling process begins with the 547 GHz ground state ortho 1yg - 1¢; line
of HI*O. Considering the ratio of O'%/O' and the upper abundance limit of oxygen with
respect to Hy, we are able to make some initial water abundance estimates. An ortho to
para ratio of 3:1 is assumed for the most part, although a temperature dependent ratio is
also considered. Because of the relatively young age of the studied protostars, we expect
the cloud to be either completely or partially infalling, allowing an initial estimate for the
radial velocity to be a negative value ranging between 0 and the free-fall velocity towards
a central mass. We also estimate an initial value for the turbulent velocity based on the
width of the Gaussian fitted to the spectral line envelope component. Additionally, the
envelope is segmented into two regions by a freeze-out radius; we expect water to freeze-out
onto dust grains at 100 K. Radii interior to this radius is considered the “inner” envelope
and radii exterior are considered the “outer” envelope.

The derived H*O model is then applied to the ground state 119-1¢; 557 GHz line of
ortho-H°0 by multiplying the molecular density by an abundance ratio of 550 (or less if
deemed necessary by RATRAN modelling results). The additional water transitions are
modelled simultaneously with the ground state line for each molecule.

Within the above modelling process, specific input parameters are varied to determine
their effect. The abundance ratio is investigated in §4.5.2, the radial velocity is investigated
in §4.5.3, water abundance is detailed in §4.5.1, and the turbulent velocity is investigated
in §4.5.4. Additional RATRAN models are produced to test the effects of altering the dust
temperature (Crimier et al. 2010; §4.5.5), Freeze-out radius (§4.5.6), number of spherical
shells (Hillier 2008; §4.5.7), ortho-to-para ratio (§4.5.8), and finally the collision rates
(Daniel et al. 2011; §4.5.9).

Considering that multiple parameters contribute to the spectral line in the same man-
ner (i.e, both the abundance and the radial velocity increase or decrease the amplitude)
potential degeneracy in the models must be identified. To do this, hundreds of RATRAN
models are run in a grid manner, investigating 2 input parameters at a time. A chi-
squared test (Equation 4.7) is then applied to each model, measuring the goodness of fit
to the observational data.

N
Z (Tamrrr, — TaraTRAN,)?
=1

Here, T, 4tran is the antenna temperature modelled by RATRAN, T, is the antenna tem-
perature as measured by HIFI, v is the degrees of freedom (number of data points minus
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the number of varied parameters), and o is the noise as listed in Table 2.4. Grids are
typically created to aid the investigator in visualizing the results and making the depen-
dence of the fit on various parameter selections more obvious. This allows constraints to
be placed on the physical structure of the modelled molecular cloud.

Once an acceptable model is produced for Hi®O, it is applied to Hi®O by multiplying
by an abundance ratio. If the initial RATRAN result for H%0 isn’t a good enough fit, the
above parameters are adjusted until an acceptable fit is obtained. In order to achieve this,
the abundance ratio may have to be lowered from 550.

4.4 NGC 6334 I(N): a High-Mass Young Stellar Ob-
ject

Table 4.1: NGC 6334I(N) source data. Obtained from van der Tak et al. (2013), Herpin
et al. (2016), Sandell (2000), and Neckel (1978).

RA (J2000.0) (hms) | 17 20 55.2
Dec (°"7) -35 45 04
Visr (km 8_1) -3.3km s !
Lyl (LO®) 1.9 x103
Meny (M®) 3826
d (kpc) 1.7

Often in astronomy, one looks to literature for motivation and validation. For increased
confidence in the modelling process of this thesis, a literature review was conducted for
water in high mass protostars. Through this review, it was determined that Herpin et
al. (2016) also observed with the Heterodyne instrument for the Far-Infrared (HIFI) and
used the Daniel et al. (2011) collision rates with the 1D radiative transfer code RATRAN
(Hogerheijde & van der Tak, 2000). They also modelled both of the isotopologues studied
in this thesis, H*O and H1°O.

Herpin et al. (2016) studied many HM sources; of these, their RATRAN model for NGC
6334 I(N), a mid-IR quiet high mass protostellar object, is replicated in this thesis. The
main goal of this exercise is to reproduce the same emission features, absorption features,
and asymmetries seen in their molecular line observations of water. The source data is
given in Table 4.1, the transition lines studied are listed in Table 4.2, and the Gaussian
fits are listed in Table 4.3. Note that the authors do not supply Gaussian amplitudes.
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The Herpin et al. NGC 6334 I(N) envelope model is obtained via visual inspection of
van der Tak et al. (2013) Figure C3 (Figure 4.2 of this work). It must be emphasized
that this is done quite manually by visually extracting 22 values from the figure. Model
parameters can be found in Table 4.4, obtained from Herpin et al. (2016). The extracted
van der Tak NGC 6334 I(N) density and temperature model is plotted in Figure 4.3 and
Table 4.5. From the slope of the plotted line, the density power law is determined to have
an index of a = 1.3. Their resultant RATRAN models (with added outflow contribution)
are plotted in Figure 4.4. Here, the main isotopologue H1%0 is plotted in the right-side
panels and H?O is plotted in the bottom left-side panels. These authors also model a
third water isotopologue, Hi7O. The intensity and width measurements associated with
the Herpin et al. RATRAN model line spectra are listed in Table 4.6. These were obtained
via inspection.

Different to the methods in this work, Herpin et al. keep the continuum (although
they smooth to a factor of 0.2 and scale by 0.5) and add a outflow Gaussian contribution
to their RATRAN envelope model. Their outflow parameters (intensity and width) come
from the Gaussian fitting. Herpin et al. determined a best fit for the total line intensity by
adjusting a combination of the abundance, turbulence, and outflow parameters. Similar to
this thesis, their models assume an abundance jump at 100 K.

To begin the replication of their simulated spectral lines, the van der Tak envelope model
is input into AMC. The eventual output from SKY is convolved with the HIFI beamsizes
that were determined before launch. The final RATRAN results for this are plotted in
Figure 4.5. By inspection it is seen that these results are similar to that in Herpin et al.
(2016) (Figure 4.4). To go one step further, the same broad Gaussian components used
in Herpin et al. (2016) (Table 4.3) are then added to the RATRAN models to further
compare the two sets of results (Figures 4.6). The Gaussians are plotted with the supplied
full-width half-max (FWHM) values and their positions vy gg in the following manner:

F) = — exp{%l(x_u>2] (48)

o\ 2T o

where 0 ~ FWHM/2.355 and p = vrgr. This function was scaled for each water line to
match that plotted in Figure 4.4.
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Table 4.2: Herschel HIFI observed water line transitions in NGC 6334 I(N).

Molecule Line v Beam
(GHz) (")

HI°O  p 111-000 1113.343 21.7
0 110-101 556.936 43.5

p 202-111 987.927 24.5

0 212-101 1669.91 20.8

p 211-202 752.033 32.2

0 312-303 1097.37 22.1

HEO  p 111-000 1101.70 21.7
o0 110-101 547.676 43.5

p 202-111 994.675 24.5

0 312-303 1095.63 22.1

Table 4.3: NGC 6334 I(N) Gaussian Components from Herpin et al. (2016). V is the Gaus-
sian component peak velocity. AV is the velocity full width at half maximum (FWHM) of
the narrow, medium, and broad components.  indicates absorptions.

Line Voar AV oy Vined AV peq Viroad AViroad
pH%GO 111-000 -3.94+02* 6.1 +0.3 -3+ 2 30 £1
OHéﬁO 110-101 3.5 +£01% 58+02 -20+£0.2 26.1 +£0.6
pH%GO 202-111 -3.0 £0.1* 3.1 +£0.1 -3.0 4+ 0.2* 10.0 &+ 0.3 -5.7+ 0.2 29.6 &+ 0.5
OH%6O 212-101 -3.94+02* 6.8+04
pH%GO 211-202 3.2+01* 73+£03 -444+02 2944+ 0.7
oH160 312-303 1.9+ 01% 96+03 -6.1+ 0.3 27.6 + 0.6
pH%BO 111-000 -2.9 £ 0.2 4.5+ 0.2
oH%SO 110-101 -3.8 & 0.4¢ 6+t1
OH%SO 312-303 3.9+04 6+1
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Figure 4.2: Figure C3 from van der Tak et al. (2013). Continuum model for NGC6334I(N).
Top left: Spectral energy distribution. Top right: sub-millimeter image with 30 contour
marked in white and usable map sectors marked in black. Bottom left: Temperature
and density structure as a function of radius. Bottom right: sub-millimeter emission
profiles. The numbers in the top left panel are the modelled envelope mass, the modelled
luminosity, the adopted envelope size, and the adopted distance. Values for the density
and temperature with respect to radius were extracted from the bottom left manually.
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Figure 4.3: NGC 6334 I(N): RATRAN Density & Temperature Profile, obtained by eye
from Figure 4.2. From the slope of the density line, o = 1.3.

70



Table 4.4: NGC 6334I(N) Model Parameters from Herpin et al. (2016)

Model Parameter Value
Infall Velocity -0.7
Turbulent Velocity 2.5 km s™!
Inner Xg,0 0.4E-5
Outer Xy,0 2.3E-8

Table 4.5: NGC 6334I(N) temperature and density profile from van der Tak et al. (2013)
and turbulent velocity from Herpin et al (2016). Derived H3O and H*O abundances
(n(H3*O) = n(H3%0)/550). Used as RATRAN input.

Radius T Ny, Vturb HH2180 HH2160
m)  (K) (m®) (kms )| (em®) (cm?)
2.992E12 1.7E3 8.0E9 2.0 0.92E3  3.26E6
7.480E12 1.2E3 4.0E9 2.0 2.86E3 1.57E6
1.496E13 6.0E2 1.0E9 2.0 1.80E3  9.90Eb5
2.244FK13 55E2 T7.0E8 2.0 7.31E2  4.02E5
2.992E13 5.1E2 6.8E8 2.0 4.31E2  2.37E)
4.488E13 3.5E2  6.0E8 2.0 297E2  1.63EH
5.984E13 29E2 3.0E8 2.0 1.75E2  9.64E4
7.480E13 22E2 1.1E8 2.0 1.21E2  6.63E4
8.976E13 2.0E2 1.0E8 2.0 9.02E1 4.96E4
1.047TE14 1.9E2 9.0E7 2.0 7.11E1  3.91E4
1.197E14 1.7E2 8.0E7 2.0 0.82E1  3.20E4
2.992E14 8.0E1 5.0E7 2.0 4.89E1  2.69E4
4.488E14 6.0E1 2.0E7 2.5 8.55E-4 4.70E-1
7.480E14 4.0E1 1.0E7 3.0 5.0bE-4  2.78E-1
1.197E15 3.1E1 8.0E6 3.0 2.60E-4 1.43E-1
1.496E15 3.0E1 5.0E6 3.0 1.41E-4 7.76E-2
2.992E15 2.0E1 2.0E6 3.0 1.10E-4 5.80E-2
4.488E15 1.7E1  9.0E5 3.0 4.29E-5 2.36E-2
5.984E15 1.3E1 8.0E5 3.0 2.53E-5 1.39E-2
7.480E15 1.2E1 7.0E5 3.0 1.74E-5 9.57E-3
1.077E16 1.0E1 5.0E5 3.0 1.30E-5 7.16E-3
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Figure 4.4: Figure 2 from Herpin et al. (2016). NGC 6334I(N) HIFI Spectra of Hi7O and
H3?O (left) and Hi°O (right) in black with continuum. Red lines correspond to models with
constant parameters for infall and turbulent velocity = 2.5 km s~!, the former outlined in
Table 4.4. Blue lines correspond to models with varying turbulent velocities, outlined in
Table 4.4. It must be noted that the models also include derived outflow data, not included
in the scope of this thesis. Vertical dotted line indicates Vygr = -3.3 km s~!. Spectra have
been smoothed to 0.2 km s~ and the continuum divided by a factor of two. Evidence
of foreground cloud seen in pH2O 111-0gg, 0H2O 119-1p1, 0H20 215-1g1, and oHyO 251-215.
Ground state lines are deeply absorbed. Blue asymmetries (i.e, inverse P-cygni profiles)
seen in pHQO 202-111 and pHQO 211-202.
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Table 4.6: Herpin et al. (2016) RATRAN spectral fits - intensities and widths for ortho
and para H®0O and Hi°O, as determined by visual inspection. Asymmetry is listed as
‘B’ blueshifted or ‘R’ redshifted; those marked with * are just slight asymmetries. AT,
indicates the full absorption depth; in the case of asymmetries, depth with respect to each
emission peak is given.

Molecule Transition T,eq AV Asymmetry AT s

(K) (kms™) (K)

p 1y -0p 0.8 70 - 4.1

0lig-1ln 215 45 B* 3.15

p2s-1n 245 50 _ 3.15
HIO 02p-1p 125 30 - 4.25

P21 -20 35 50 B 1.4/0.2 (B/R)

021 -2, 025 15 _ 2.0

0312-35 145 50 B 0.5/0.1 (B/R)

p 1y -0 0.1 45 - 0.9
HIBO  o01y-1g 0.025 15 - 0.15

P20 - 1y 0.025 10 - -

0315 - 303 0.01 8 - 0.005
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Table 4.7: Herschel HIFI observed water line transitions in NGC 6334 I(N). Convolution
of RATRAN output with HIFI beam size uses the baseline removal seen below. Ray tracer
SKY yields the opacity 7 and line intensity before convolution.

Molecule Line v Beam Baseline 7  Intensity

(GHz) (") (K (K)

HI°O p 111-000 1113.343 21.7 1.8921 951.5  0.22
o 110-101 556.936 43.5 0.6015 399.2  1.17

p 202-111 987.927 24.5 1.6587 65.72  0.57

0 212-101 1669.91 20.8 1.9657 2.04  24.45

p 211-202 752.033 32.2 1.1084 37.46  3.96
0312-303 1097.37 22.1 1.8565 5.32  10.82

HI¥O  p 111-000 1101.70 21.7 1.8921 2.67 4.04
o 110-101 547.676 43.5 0.6015 1.21 9.08

p 202-111 994.675 24.5 1.6587 0.25  23.23
0312-303 1095.63 22.1 1.8565 0.46  22.23
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Figure 4.5: Reproduced RATRAN output for H3*O (left) and H3*O (right) in NGC
6334I(N). Vertical dotted line corresponds to Vysg = -3.3 km s™!. Similarities are seen

when compared to the same lines in Herpin et al. (2016) where outflow Gaussians are
added.
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Figure 4.6: Reproduced H3°O (left) and H3*O (right) RATRAN output for NGC 6334I(N)
with added Gaussian components. Gaussian parameters (o, p) were obtained from Herpin
et al. (2016) and can be found in Table 4.3, while the Gaussian amplitude was inferred by
inspection. Vertical dotted line corresponds to Vigr = -3.3 km s~*. Overall the total sum
of the model and Gaussian components is very similar to the same published by Herpin
et al. (2016), especially considering the NGC 6334I(N) RATRAN model was imprecisely
obtained by hand and/or eye.
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The para ground state line overall looks satisfactory. From Figure 4.6, Hi°O p-11;-
Ooo (panel 1), o-119-1¢; (panel 2), and p-292-117 (panel 3) show an absorption and a blue
asymmetry. Compared to the expected RATRAN lines, these are roughly the same line
shape, although the current models produce a stronger asymmetry. The modelled line
profile for 0-215-1; (panel 4) shows absorption like that in Herpin et al. | although it
appears to be missing an emission feature similar to that of an outflow. That being said,
this line did not have a broad emission Gaussian feature listed in Herpin et al. (2016).
Molecular line p-211-2p2 (panel 5) has a blue asymmetry and a slight absorption dip. The
shape is similar to the Herpin et al. shape, although their absorption appears to be stronger.
The 0-251-215 line (panel 6) has a slight blue asymmetry and an absorption; Herpin et al.
also has a slight emission feature with the absorption, but equal in intensity on both the
red and blue sides. This modelled line is consistent with the expected modelled line for
the most part. The 0-312-3¢3 line (panel 7) also has a blue asymmetry and a very slight
absorption, similar to that in seen in Panel 5. Herpin et al. also shows consistency between
these two lines.

From the right-side plot of Figure 4.6, H30, p-11;-0g (panel 1) and o-19-1¢; (panel 2)
appear in absorption like Herpin et al. (2016), with slight differences in the accompanying
emission features. The expected modelled lines for p-292-111 0-312-3¢3 are barely detectable,
while the current lines return in detectable emission.

From this qualitative review, the reproduced line shapes are mostly as expected. It
is also important to note that the linewidths of both sets of modelled water lines are
consistent. Quantitatively, the current models are presented in antenna temperature Ty,
while the Herpin et al. models are presented in main beam temperature Tj);5. The
conversion between these two values is as follows:

Ty = —Ty (4.9)
NnvmB

where 17, is the forward efficiency as defined in Roelfsema et al. (2012) and 75 is the
main beam efficiency. Refer to Table 4.8 for these values (Herpin et al. 2016). The peak
temperature Tp..x, total linewidth AV, and absorption depth (1500 — —Timin|) for the
current RATRAN models are also listed in this table for each water line. The temperature
values are tabulated in T along with the efficiency ratio and corresponding main beam
temperature conversion values. In the last two columns, a comparison is made between the
intensities of the current models and the Herpin et al. models (refer to Table 4.6). This is
carried out in the form of (T/Ty)pear and (AT /AT ) aps.
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Table 4.8: NGC 6334 I[(N) RATRAN spectral fits - intensities and widths for ortho and para H}¥O and H1°O,
as determined by visual inspection. Asymmetry is listed as ‘B’ blueshifted or ‘R’ redshifted. AT, indicates
the full absorption depth (|T4e — Timin|). Forward efficiency used in Herpin et al. to convert Ty to T, is 1

= 0.96. Tmb = (774 / ’f]mb) TA.

Ty T
Molecule Transition | Tpear AV Asymm. ATups | p Me/Mmb Tpeak ATups | (T/TH)pear (AT /AT )aps
(K) (ks (K) K) (K)
P li1-0g| 24 70 B 54 [0.63 1.52 3.65 8.2 4.6 2.0
01lyg-1p1| 4.8 50 B 6.0 [0.62 155 744 9.3 3.5 3.0
P 202 - 111 | 3.75 50 B 50 [0.63 1.52 570 7.6 2.3 2.4
H%ﬁo 0219 - 1p1 | -3.3 20 - -3.3 10.58 1.66 -55 -5.5 1.25/-5.5 1.3
P211-200] 3.5 50 B 0.5 |0.64 150 525 0.75 1.5 0.5
0291 -212] 0.5 15 B 20 (058 166 083 3.3 3.3 1.7
0312-303] 1.5 50 B - 0.63 1.52 2.28 - 1.6 -
p 111 - Ogo | 0.05 12 B 0.7 [0.63 1.52 0.08 1.1 0.8 1.2
H%SO 01y~ 1p1 | 0.05 15 B 0.8 [0.62 1.55 0.08 1.2 3.2 8.0
D203 - 131 | 0.1 12 ; - o063 152 015 - 6.0 ;
0 319 - 3p3 | 0.03 15 - - 0.63 1.52 0.046 - 4.6 -




While the RATRAN results for NGC 6334 I(N) produced in this thesis appear to be
on average a few factors larger than that seen in Herpin et al. (2016), the similarities are
promising considering the rough nature of this exercise.

Tangential to the topic of this exercise and somewhat similar to this work in general,
Herpin et al. also employ RADEX to test physical parameters of NGC 6334 I(N). While
this radiative transfer code is also used in this thesis to compare RATRAN results of an
envelope, Herpin et al. use RADEX to roughly estimate the column density of water in
the outflow components of each of their sources. This assumes an isothermal homogeneous
material that shields envelope emission. They adopt ny, = 3x10* cm™ and T} =200 K,
like that in van der Tak et al. (2010), but also test neighbouring values. They determine
that in order to reproduce the observed intensities, a water column density of Ny,o = 107
is required for the NGC 6334 I(N) outflow. This is not modelled in this work.

Similarities and Differences with Herpin et al. (2016)

Table 4.9: Beamsizes used with NGC 6334 I(N) RATRAN models. Compared with those
used in Herpin et al. (2016).

Line This Work H(2016)

0001 435 37.1
0007 22.1 19.9
0009 20.8 12.6
0002 14.5 12.6
p001 21.7 19.7
p002 24.5 21.3
p004 32.2 28.0

Overall, the general water line shapes are consistent with what is expected. We usually see
absorptions and emissions where they should be. In contrast with Herpin et al., the same
program is used (RATRAN), same collision rates (Daniel et al. 2011), same freeze-out
radius (at 100 K), roughly same density and temperature profile (from van der Tak et al.
(2013)), and same Gaussian widths and locations (Herpin et al. 2016).

Most often, the largest modelled differences are the blueshifted asymmetries. While the
expected modelled lines show some of these asymmetries, they seem to occur in a majority
of the current models. Additionally, the temperature measurements do not seem to be
consistent. This is likely due to differences in beam size used during antenna temperature
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convolution. At the time of modelling this exercise, the beam sizes tabulated in Table 4.9
were used; these are the pre-launch beamsizes. Later in this work, Roelfsema et al. (2012)
beamsizes are used. The beam sizes used in this exercise are on average 1.17 times larger
than that used in Herpin et al. (2016). Beamsize is discussed again later in 4.5.10.

Another potential source of error is the visual extraction of values for the density and
temperature profile. The final extracted profile plotted in Figure 4.3 is not without flaws.
The line reflects the rough nature of its retrieval. The number of points extracted (22
points) corresponds to the number of shells used in the RATRAN model. Herpin et al.
(2016) did not define the number of shells used, presenting another potential source of
error. As mentioned, Herpin et al. also did not supply amplitudes for their Gaussian fits.
As such, these had to be visually estimated based on their final best fits to the water
observations.

Considering the above similarities even with the rough nature of this exercise, we are
now confident in moving forward with RATRAN modelling of this work’s focus, NGC 7129
FIRS 2.
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4.5 NGC 7129 FIRS 2:
Stellar Object

an Intermediate-Mass Young
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Figure 4.7: NGC 7129 FIRS 2: RATRAN Density & Temperature Profile, obtained from
Crimier et al. (2010). Hybrid profile: density profile of & = 1.5 and temperature profile

of @ = 1.5. Inmer radius r; (envelope)= 100 AU = 1.496x10"°.

Power law profile with

a = 1.4 (red), Hybrid (dashed green), and power law profile with a = 1.5 (yellow).

Following the overall successful RATRAN exercise with the high-mass YSO NGC 6334 I(N)
(§4.4), we are now confident in moving forward with modelling of intermediate-mass YSO
NGC 7129 FIRS 2. The density and temperature profile for the envelope of NGC 7129 FIRS
2 is obtained from Crimier et al. (2010) and is plotted in Figure 4.7 for a density power law
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index of @« = 1.4 and 1.5, and a hybrid profile using the density profile of @ = 1.5, and the
temperature profile of @ = 1.4. The majority of this thesis uses the hybrid model, unless
indicated otherwise. The radius, free-fall velocity, angular diameter, and beam dilution of
each RATRAN shell are given in Appendix E, Table E.1. The radiative transfer modelling
process with RATRAN begins with the ground state ortho 11 - 19; 547 GHz line of H8O.
Considering the ratio of O'%/0'® ~ 550, and the upper abundance limit of oxygen with
respect to Hy of ~ 107, we should expect an inner abundance of ~ 1075 or less. Because
of the age of the protostar, we also expect the cloud to be either completely or partially
infalling. This allows an initial estimate for the radial velocity of a negative value ranging
between 0 and the free-fall velocity towards a central mass of 1.1 M. We can also estimate
an initial value for the turbulent velocity based on the width of the Gaussian fitted to the
spectral line envelope component.

The following modelling analysis will investigate these input parameters to determine
their effect. The radial velocity is investigated in §4.5.3, the turbulent velocity is inves-
tigated in §4.5.4, the water abundance is detailed in §4.5.1, and the abundance ratio is
investigated in §4.5.2. Additional RATRAN models are produced to test the effects of
altering the dust temperature (Crimier et al. 2010; §4.5.5), Freeze-out radius (§4.5.6),
number of spherical shells (Hillier 2008; §4.5.7), ortho-to-para ratio (§4.5.8), and finally
the collision rates (Daniel et al. 2011; §4.5.9).

4.5.1 Water Abundance

The water abundance is a measure of the water density relative to the Hy density, thus
simply another way of expressing the molecular density within the star formation region.
As seen in 4.5.4, altering the abundance acts to alter the intensity T 4.

A grid model (P1 - P117) of ground state ortho (0001) Hi*O for a power law index
of a = 1.5 further investigates the effects on the spectral line due to the outer and inner
envelope abundance and attempts to constrain this value. The input parameter values can
be found in Table 4.10 and plotted in Figure 4.8. This grid model holds constant b = 2.0
km s~!, and v, = free-fall. The 95% and 90% confidence levels are indicated on the colour
plot, at x? = 0.593 and x? = 0.632, respectively. Both confidence level contours seem to
be well defined; with 95% confidence it can be said that the outer envelope abundance
for H3®O lies between 4.5 — 5.25x 107! for inner abundance > 1x107°, and between 5.25
— 6.0x107!! for inner abundance < 1x107°. This is confirmed in the traditional plot of
Figure 4.8. The tightest constraint this investigation makes for the outer abundance is
between 4.5 — 5.0 x107!, at confidence greater than or equal to 95%.
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Figure 4.8: Varying X;, and X,,; for 0001 H180. Left plot presents colour plot of X,
and X,.:. The 95% and 90% confidence levels are located at x? = 0.593 and x? = 0.632,
respectively. Right plot presents y? vs. Xout. Minima seen between 4.5-5.0x 107!,
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Table 4.10: Running a series of models comparing two parameters (X,,; vs. X;;,) for the purpose of analysing
their spectral fits via chi-sq tests. Models labelled P1 - P117. Plotted in Figure 4.8. b = 2.0 km s}, vr =
FF.

Kouwr (x107H) | 4.0 4.25 450 4.75 50 525 55 575 6.0 6.5 7.0 7.5 8.0
X = 1078 P1 P2 P3 P4 P> P46 P47 P48 P49 P82 P83 P84 P85
X = 1077 pP6 P7 P8 P9 P10 P50 P51 P52 P53 P8 P87 P88 P89
X =107 | P11 P12 P13 P14 P15 P54 P55 P56 P57 P90 P91 P92 P93
X, =107 | P16 P17 P18 P19 P20 P58 P59 P60 P61 P94 P95 P96 PI7
Xm =101 | P21 P22 P23 P24 P25 P62 P63 P64 P65 P98 P99 P100 P101
Xm =102 | P26 P27 P28 P29 P30 P66 P67 P68 P69 P102 P103 P104 P105
Xm =102 | P31 P32 P33 P34 P35 P70 P71 P72 P73 P106 P107 P108 P109
X = 1071 | P36 P37 P38 P39 P40 P74 P75 P76 P77 P110 P111 P112 P113
Xin =109 | P41 P42 P43 P44 P45 P78 P79 P8 P81 Pl114 P115 P116 P117

Table 4.11: RATRAN: SKY Output for Final Hi*O Envelope Model; statistics at line and source center, prior
to convolving with HIFI beamsizes.

Line  Opacity Intensity (K)
o001 3.275E-01  3.262E4-00
0006 8.386E-02  4.076E4-00
o007 7.699E-02  3.962E4-00
p001 2.956E-01  3.934E4-00
p002 6.711E-02  3.745E+00
p004 3.958E-02  2.797E+00




The final modelled spectral line is plotted in Figure 4.9. This RATRAN model used
an ortho H3*O inner abundance with respect to Hy of 1.0x 1077 (this is not a constrained
parameter), an outer abundance of 4.8x107 (constrained), a turbulent velocity of 2.25
km s~! (constrained for outer envelope), and free-fall velocity towards a central mass of
1.1 My, (not constrained). A para Hi®O inner abundance with respect to Hy of 3.3x1078
(this was not constrained by this model) and an outer abundance of 1.6x10~! was used.
The numerical output from SKY for this model is given in Table 4.11.
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Figure 4.9: Final RATRAN model for H}¥¥O NGC 7129 FIRS 2. HIFI spectral observations
(grey), fitted Gaussian for the envelope contribution (blue), and the RATRAN spectral
model (red). Spectral lines of all H¥O transitions appear to fit the data well.
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Figure 4.10: Final RATRAN model for H*0O NGC 7129 FIRS 2 with abundance multiplied
by 100. An ortho-to-para ratio of 1.75 is assumed. HIFI spectral observations (green),
fitted Gaussian for the envelope contribution (red), and the RATRAN spectral model
(blue). Spectral lines of excited H%O transitions appear to be more consistent with the
data than the ground state lines. Deep absorptions arising from the cold outer envelope.

This model abundance was multiplied by 100 (instead of the expected 550) for a model
of Hi%0, with a ortho-to-para ratio for water of 1.75. The resultant molecular line can
be found in Figure 4.10. The excited lines, while still falling short at this abundance, are
most consistent with the HIFI observations than the ground state lines. Deep absorptions
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occur, likely due to the colder outermost envelope.
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Summary: Water Abundance As seen in §4.5.4, altering the abundance increases or
decreases the intensity T 4. Through the grid models in this section, we constrain the H3O
outer abundance between 4.8 £+ 0.3 x107 !, at confidence greater than or equal to 95%.

4.5.2 Abundance Ratio X, ;,

Once an acceptable RATRAN model is fit to the envelope Gaussian of the Hi*O HIFIT
observational data, it is expected that this model should also apply to HO, but at an
abundance approximately 550 times greater. In theory, if NGC 7129 FIRS 2 has this
general abundance ratio, we should be able to simply multiply the molecular density of
HI®O by an abundance ratio (X, qs0= X0/ Xupso) of 550 and see a spectral line similar
in integrated line intensity to that of the HIFI observed spectral line. This does not occur
for the ground state lines; the modelling of H%O isn’t as straightforward as originally
expected. It is possible that the abundance ratio is less in NGC 7129 FIRS 2.

Table 4.12: NGC 7129 FIRS 2 RATRAN models. Varying abundance ratio (X,q0 =
X H150 /X H2180). The X, and X, tabulated are values of Hi*O. The abundance values for
Hi%0 equal the H®O values multiplied by the tabulated ratio. Plotted in Figures listed.
FF = Free-fall towards central mass of 1.1Mg,.

Date/ID Tested Xin Xout b vr Figure
Parameter (km s71) (km s1)
X, atio = 550 1x1076 5x10~11 2.5 FF 4.11
X,atio = 500 1x1076 5x10~11 2.5 FF 4.11
Xyatio = 450 1x107¢ 5x10~H 2.5 FF 4.11
Xyatio = 400 1x107% 5x10~ M 2.5 FF 4.11
Xyatio = 350 1x107% 5x10~ M 2.5 FF 4.11
Xyatio = 300 1x107¢ 5x10~1 2.5 FF 4.11

2018-01-06 X,qio = 250 1x1076 5x10~ 2.5 FF 4.11

OPQR16 X,atio = 200 1x107% 5x10~!! 2.5 FF 4.11
Xyatio = 150 1x107% 5x10~ M 2.5 FF 4.11
Xyatio = 100 1x107% 5x10~ 1 2.5 FF 4.11
Xyatio = 50 1x107% 5x 10~ 2.5 FF 4.11
Xpatio = 20 1x107% 5x10~1 2.5 FF 4.11
Xyatio = 10 1x107% 5x10~ 1 2.5 FF 4.11
Xyatio =5 1x1076 5x10711 2.5 FF 4.11
Xpatio = 2 1x107% 5x10~11 2.5 FF 4.11
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Models OPQR16 (Table 4.12) vary this abundance ratio from 2 to 550 at a constant
HI%0 inner abundance of 1x107°, outer abundance of 5x10~!!, turbulent velocity of 2.5
km s7!, and a free-fall infall velocity towards a central mass of 1.1M, for a power law
index of a = 1.5. The results of these models can be found in Figure 4.11. The ground
state ortho (0001) Hi°O envelope Gaussian component is shown in thick blue, the HIFI
observations are shown in faded black, and the local Vigr = -9.8 km s~! is shown in the
vertical dashed line. In terms of peak T4, an X, ., between 50 and 100 seem comparable
to the envelope Gaussian, although the radiative transfer model indicates we should be
expecting red-shifted self absorption and a blue asymmetry at this abundance. This is not
observed in the HIFI observational data, where the self absorption due to the envelope
falls on the blue side of the V;gr, and the emission is present in a red-shifted asymmetry.
This plot helps solidify the conclusion that the Hi®O ground state ortho emission line isn’t
a reliable probe of star formation regions.

Summary: Abundance Ratio For the hybrid density and temperature model for NGC
7129 FIRS 2, the abundance ratio between H0 and Hi®O appears to be closer to a value
of 100 as opposed to 550. This will be further constrained in Section §4.5.11

4.5.3 Radial Velocity v,

An extensive investigation into the effects of varying the infall velocity of the NG 7129
FIRS 2 envelope is conducted for the power law profile a = 1.5 while holding the other
parameters constants.

RATRAN models for a free-falling molecular cloud towards a central mass of 1.1Mg
are compared to those of a static and constant infall velocity (models F1-F6, Table 4.13).
The radial velocity v, is varied from 0.0 to -4.0 km s~! and compared to free-fall towards
1.1M,, (FF), turbulent velocity b is held constant at 2.1 km s™', inner abundance Xj,, is
held constant at 1x107°%, and the outer abundance X,,; is held constant at 5.25x1071%.
This is plotted in Figure 4.12. In terms of peak antenna temperature, the free-fall model
(red) and the -2.0 km s~! constant model (cyan) appear to fit the data the best, although
tweaking in the width would be required to make a solid model confirmation. As the
constant velocity models increase, the blueshifted emission tail increases in width. Thus,
we can rule out constant velocity models v, = -4.0 — -1.0 km s~!. Considering optical
depth later in this work, for both molecules, only the outer envelope is contributing to the
models. That being said, the velocity in the outer envelope ranges from ~ -2 to -0.34 km
s~!. Models with radial velocity in the lower range appear to fit the observational data
sufficiently well.
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Figure 4.11: Varying H*O/HI®0 X440 It is expected that X4, ~ 550. The ground state
ortho (0001) H3O envelope Gaussian component= thick blue, HIFT observations = faded
black, and Vzsr = -9.8 km s™! = vertical dashed line. An 0001 H80O inner abundance of
1x107% and an outer abundance of 5x107! is assumed. These values are multiplied by
the indicated X4, for 0001 H3O. b = 2.5 km s™! and a free fall infall velocity towards a
central 1.1 My mass are assumed. In terms of temperature amplitude, an X, ., between
50 and 100 would seem comparable to the envelope Gaussian.
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Because the ground state residuals of the Gaussian subtracted HIFI data appear to
be consistent with P-Cygni profiles (i.e., red asymmetry, Figures 6.2 and 6.3), possibly
indicating expansion, a second investigation into the behaviour of the radial velocity is
conducted. For both H30 and H0, the radial velocity is set to a constant +4.0 km s~
and a constant -4.0 km s~!. The V;gr = -9.8 km s~ for NGC 7129 FIRS 2.

Table 4.13: NGC 7129 FIRS 2 RATRAN models. Varying H}*O infall velocity.

Date/ID Tested Xin Xout b VT Figure
Parameter (km s71) (km s71)

vr 1x107% 5.25x10~ ! 2.1 FF 4.12

vr 1x1076 5.25x10~1! 2.1 0.0 4.12

2018-02-12 vr 1x1076 5.25x10~1 2.1 -0.5 4.12
F1-Fo vr 1x1076 5.25x10~!1 2.1 -1.0 4.12
VI 1x107% 5.25x1071 2.1 -2.0 4.12

VI 1x107% 5.25x1071 2.1 -3.0 4.12

vr 1x1076 5.25x10~1! 2.1 -4.0 4.12

For this second radial velocity investigation, X, is set to 4x107% (although this is
greater than the availability of oxygen, this does not effect the resultant spectral line due
to the thick optical depth) for H}*O, X, is set to 4.8x107'1 and b is set to 2.25 km
st The HIO spectral models are plotted in Figure 4.13. The +4.0 km s™! model is
plotted in blue, the -4.0 km s~! model is plotted in green, the HIFI spectral data is plotted
in red, and the envelope Gaussian contribution is plotted in cyan. The first interesting
effect noticed is the mirroring of the line about the envelope Vigg (-8.6 km s™! for H°O,
-7.8 km s7! for H}?O) with the changing of radial velocity sign from positive to negative.
Looking at the ortho ground state line in the top panel, the spectral line of the constant
expanding envelope (blue) appears to fit the HIFI data better than the infalling case
(green). Considering the minor differences in the plotted lines for Hi*O, both models still
fit the data well. No differences are seen in the excited p002 and 0007 lines, as expected.

For Hi%O, X, is again arbitrarily set to 4x107%, the X, is set to 4.8x107%, and b is
set to 2.25 km s™'. X(HO/HI®O) = 100 in this example. In the H}O Figure 4.14, the
colour scheme is the same as that in Figure 4.13. Looking at the ground state lines in
particular, the abundance ratio and/or the ortho-to-para ratio should be altered slightly
for ortho-water, and appears to be consistent in height for para-water.

The 0001 spectral data appears to be better fit by the infalling model if the central Vgr of
the RATRAN line is redshifted by ~ 2-3 km s~!; the redshifted tail seems to match the tail
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Figure 4.12: Radiative transfer models were run to test the effect of varying the infall ve-
locity. A free-fall velocity towards a central mass of 1.1 M, was considered (red), alongside
constant infall velocities ranging from -0.5 — -4.0 km s~! (green — magenta), and a static
model of 0.0 km s7! (yellow). b = 2.1 km s7!, X;, = 1x107%, and X;, = 5.25x107'1. In
terms of temperature amplitude, the free-fall model and the -2.0 km s~! constant model
appear to fit the data the best. The ground state ortho Hi®O envelope Gaussian compo-
nent = thick blue, HIFI observations = faded black, and Vygz = -9.8 km s~'= vertical
dashed line.
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in the HIFT spectral data. Considering this tail is already fit by a Gaussian representing
the outflow, this likely isn’t a good fit. Looking at the expanding model instead, the blue
“tail” aligns with the self absorption from the envelope. The para ground state line p001
shows a similar feature - the envelope contributes to the blueshifted absorption, and this
matches the HIFI spectral data. The excited lines aren’t greatly effected by the change in
radial velocity, as is expected. The H0, like the H®O spectral observations appear more
consistent with an expanding model than an infalling model, although the overall fit to the
observations is not consistent for a constant 4= 4.0 km s~! model. Considering this, and
due to the age of NGC 7129 FIRS 2 (Class 0), we don’t expect this to be an expanding
case. In addition to this, the poor spectral fits produced by the constant & 4.0 km s~!
indicates that the radial velocity is likely not constant throughout the entire envelope; the
infall velocity likely decreases with radius from the SFR center. This supports the claim
that a free-falling infall velocity might be the best fit.

With that, we consider lowering the radial velocity for the outer envelope. A constant
infalling -4.0 km s™' H0 model is compared to a model with radial infall velocity of
-4.0 km s (shell 1-9), -2.0 km s™! (shell 10-15), and -1.0 km s (shell 16-22), moving
from inner to outer envelope. These values are roughly similar to that of the free-fall infall
velocity towards a 1.1Mg core. X, is also reduced by a factor of 2 for both models in
attempt to better fit the peak antenna temperature. The result is seen in Figure 4.15,
where H°0 ortho X;, = 5x1074, para X;, = 2.5 x 1074, ortho X,,; = 2.4 x 107, para
Xowr = 8 x 1071% b = 2.25 km s72. By decreasing the constant radial velocity with
radius from the central YSO, the amplitude and width decreases, and the red-shifted tail
increases into a stronger emission feature. This generates a redshifted absorption dip at the
line center. It appears that as the radial infall velocity in the outer envelope decreases the
redshifted emission increases. Perhaps less inner material is absorbed by the envelope when
it is infalling slower. Both RATRAN models, the constant +4.0 km s~! and the constant
decreasing model, show complicated Hi50 structure from the envelope alone. This result
suggests the notion that it is difficult to place constraints on NGC 7129 FIRS 2 with this
molecule, however; some interesting effects are still being observed by manipulating these
RATRAN input variables.

Summary: Radial Velocity To summarize the above investigation on radial velocity
with respect to RATRAN modelling results, altering the model from an infalling cloud to an
expanding cloud mirrors the resultant molecular line about the envelope Vygsr. For a case
where the constant velocity is decreased for the outer-envelope, the redshifted emission
increases. Perhaps less inner material is absorbed by the envelope when it is infalling
slower. The constant infall models can likely be ruled out, supporting the suggestion that
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the envelope is collapsing under free-fall. These modelling results also contribute to the
notion that it is difficult to place constraints on NGC 7129 FIRS 2 with H3°0.
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Figure 4.13: RATRAN models of H®O, for a constant expanding velocity of +4.0 km s~
and constant infalling velocity of -4.0 km s=!. The X, = 4x10°, X, = 4.8x107, and b
= 2.25 km s~!. The 4+4.0 km s~ model = blue, the -4.0 km s~! model = green, the HIFI
spectral data = red, and the envelope Gaussian contribution= cyan.
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Figure 4.14: RATRAN models of HO, for a constant expanding velocity of +4.0 km s™*
(blue) and constant infalling velocity of -4.0 km s™! (green). The inner abundance was

set to 4x10%, the outer abundance was set to 4.8x107?, and the turbulent velocity was
set to 2.25 km s~!. The abundance ratio of HY¥*O/H1*O = 100 in this example. The HIFI

spectral data = red, and the envelope Gaussian = cyan.
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Figure 4.15: A constant infalling -4.0 km s™! H150 model was compared to a model with
radial infall velocity of -4.0 km s~ (shell 1-9), -2.0 km s™! (shell 10-15), and -1.0 km s™*
(shell 16-22), moving from inner to outer envelope. Ortho inner abundance = 5x10~%, outer
abundance = 2.4x107Y (a reduction of factor 2 from the previous models and Figure 4.14).
Para inner abundance = 2.5x107%, outer abundance = 8.0x10~!°. Turbulent velocity b =
2.25 km st

95



4.5.4 Doppler Broadening Parameter db

An extensive investigation into the effects of varying the turbulent velocity is conducted
for the power law profile @ = 1.5 while holding the other parameters constants. Only the
abundance is allowed to vary across model sets.

The radial velocity v, and the inner H%SO abundance X;, are held constant at -0.5
km s™! and 1x107% respectively for 24 RATRAN models (Table 4.14). In each of the 24
models, the turbulent velocity b is allowed to vary between 0.5 — 4.0 km s™!. In the first
8 (Models 9s), the outer Hi¥O abundance is held constant at 1x1071° (Figure 4.16); from
these, it is apparent that both the velocity width and the temperature peak are too large.
The outer abundance is then decreased to 1x107? (Models 10s) in attempt to lower the
width and height of the produced line (Figure 4.17). This results in the line being much
too weak. The last 8 models (Models 10.2s) hold the outer Hi*O abundance at a constant
1x107!" (Figure 4.18). The height and width of the RATRAN produced lines are more
consistent with the HIFT data at this outer abundance; further refinement of the turbulent
velocity and outer abundance is now required.

From here, 4 more RATRAN models are produced with more specific parameters based
on the findings of models 9s, 10s, and 10.2s. Labelled 025, P25, Q25, and R25 in Table
4.14, these models select X,y = 5x1071 and vary X, from 1x107% to 5x1077, and
turbulent velocity from 2.50 to 2.75 km s~!. The results of these models can be found
in Figure 4.19. All four of these models appear to fit the HIFI observational data well,
and model O25 (red line) seems to be the most consistent with the fitted Gaussian (thick
blue line). The higher excitation lines either see a very slight emission or a non-detection,
consistent with the HIFI observations.

A set of grid models, R1-R81 (Table 4.15), investigates the effects of varying the tur-
bulent velocity of the inner and outer envelope. The models R1-R25 were run first; the
rest were added for extra detail. The outer abundance is held constant at 4.8x 107! (just
deduced from Model O25), the inner abundance is held constant at 1x10~" (arbitrarily
selected), and the infall velocity is taken to be in free-fall towards a central mass of 1.1
Mg. The colour plot in Figure 4.20 compares the chi-squared values of these models for
ground state ortho (0001) H3*O. The 95% and 90% confidence levels are indicated on the
colour plot, at ¥ = 0.593 and x? = 0.632, respectively. The 95% confidence level indicates
that the best fit radiative transfer models occur for approximately 2.0 < b,,; < 2.5 km
s~!. The inner turbulent velocity does not seem to have an effect on the fit of the models.
The further addition of models between grid points would eliminate the triangular nature
of the confidence level contours.
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Table 4.14: NGC 7129 FIRS 2 Hi¥O RATRAN models. Varying turbulent velocity. Seen
plotted in Figures 4.16 - 4.18. FF = Free-fall towards central mass of 1.1M,.

Date/ID Tested Xin Xout b VT Figure
Parameter (km s7') (km s7!)

b 1x107% 1x10°™ 0.5 -0.5 4.16

b 1x107% 1x10719 1.0 -0.5 4.16

b 1x107% 1x10°19 1.5 -0.5 4.16

2017-12-18 b 1x107% 1x107' 2.0 -0.5 4.16

Model 9s b 1x1076 1x10710 2.5 -0.5 4.16

b 1x107% 1x107' 3.0 -0.5 4.16

b 1x107% 1x10° 3.5 -0.5 4.16

b 1x107% 1x10719 4.0 -0.5 4.16

b I1x107% 1x10° ™2 0.5 -0.5 4.17

b 1x107% 1x10° 12 1.0 -0.5 4.17

b 1x107% 1x107'2 1.5 -0.5 4.17

2017-12-30 b 1x1076 1x10712 2.0 -0.5 4.17

Model 10s b 1x1076 1x10°'2 2.5 -0.5 4.17

b 1x107% 1x10*2 3.0 -0.5 4.17

b 1x107% 1x10°12 3.5 -0.5 4.17

b 1x107% 1x107'2 4.0 -0.5 4.17

b 1x107% 1x10° M 0.5 -0.5 4.18

b 1x1076 1x10~ ™ 1.0 -0.5 4.18

b 1x107% 1x10~1! 1.5 -0.5 4.18

2017-12-31 b 1x1076 1x10~ M 2.0 -0.5 4.18

Model 10.2s b 1x107% 1x10~!" 2.5 -0.5 4.18

b 1x107% 1x10~!" 3.0 -0.5 4.18

b 1x1076 1x10~™ 3.5 -0.5 4.18

b 1x107% 1x10~1! 4.0 -0.5 4.18

b, X;n  1x107% 5x107% 2,50 FF 4.19

2018-01-03 b, X;n  1x107% 5x10°'"  2.75 FF 4.19

025,P25,Q25,R25 b, X;,  5x1077 5x107't  2.50 FF 4.19

b, X;n  5x1077 5x10°"  2.75 FF 4.19
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Figure 4.16: Radiative transfer models generated with RATRAN for H180, at 547 GHz,
995 GHz, and 1096 GHz. Outer abundance of X,,; = 1x107'°, Inner abundance of X,,
= 1x107°, infall velocity of -0.5 km s~!. Turbulent velocity at 0.5 (red), 1.0 (green), 1.5
(cyan), 2.0 (magenta), 2.5 (yellow), 3.0 (blue), 3.5 (black dashed), and 4.0 (red dashed)
km s~!. HIFI observations for each line seen in shaded black. Gaussian fit to the envelope
contribution given in thick blue. Local Visgr = -9.8 km s™! (vertical black dashed).
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Figure 4.17: Same as Figure 4.16, but for outer abundance of X,,; = 1x107*2. This outer
abundance is much too small as it is not consistent with the Gaussian fit to the HIFI data.
The non-detections in the excited lines are consistent with the data.
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Figure 4.18: Same as Figure 4.16, but for outer abundance of X,,, = 1x107!'. This
outer abundance is more consistent with the Gaussian fit to the HIFI data. The slight to
non-detections in the excited lines are consistent with the data.
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Figure 4.19: Considering the results from Figures 4.16 - 4.18. X,,; = 5x107!, vr = FF
(1 Mg). X, = 1x107% (red and green), and X;, = 5x1077 (cyan and yellow). b = 2.50
km s7! (red, cyan) and b = 2.75 km s™! (green, yellow). All 4 radiative transfer models
appear to fit the HIFI observational data quite well.
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Table 4.15: Running a series of models comparing two parameters (b, vs. by,) for the
purpose of analysing their spectral fits via chi-sq tests. Models labelled R1 - R81. Plotted
in Figures 4.20 - 4.21. Models R26 - R81 added for a more complete picture. Turbulent
velocity b units = km s7!. X;, = 1x1077, X,,,=4.8x107!!, vr = FF.

bin 05 07 10 15 20 25 30 35 40
bt =05 | R1 R26 R2 R27 R3 R28 R4 R29 RS
beut = 0.75 | R30 R31 R32 R33 R34 R35 R36 R37 R38
bowt =1.0 | R6 R39 R7 R40 R8 R41 R9 R42 RI0
beuwt = 1.5 | R43 R44 R45 R46 R47 R48 R49 R5H0 R51
bewt = 2.0 | R11 R52 R12 R53 R13 RH4 R14 R55 RI15
bewt = 2.5 | R56 R57 RH8 RHY R60 R61 R62 R63 R64
bewt = 3.0 | R16 R65 R17 R66 R18 R67 R19 R68 R20
bouwt = 3.5 | R69 R70 R71 R72 R73 R74 R75 R76 R77
bouwt = 4.0 | R21 R78 R22 R79 R23 R80 R24 RS81 R25

This information is plotted in a traditional manner in Figure 4.21. This version of the
plotted data emphasizes the minimization of the chi-squared values for radiative transfer
models that occur between approximately 2.0 < by, < 2.5 km s~1. From these plots, we
constrain the outer turbulent velocity between 2.0 < by, < 2.5 km s7* for H*O, with little
effect contributed by the inner turbulent velocity.

In attempt to further constrain the outer turbulent velocity, grid models X1-X25 in-
vestigate the outer turbulent velocity and the inner abundance of H3¥O. The idea behind
this is that compared to an unconstrainable parameter, we should be able to put tighter
constraints on b,,;. The grid model parameters are tabulated in Table 4.16 and plotted
in Figure 4.22 (colour plot) — 4.23 (traditional plot). For this grid of models, Xy =
4.8x107" v, = FF(1.1 Mg), and the outer b = 2.0 km s~*. The 95% and 90% confidence
levels are indicated on the colour plot, at x? = 0.593 and x? = 0.632, respectively. The
colour plot indicates a well defined constraint; there is a clear minimum y? value at ~ 2.25
km s~!, at confidence greater than 95%. The inner abundance does not seem to have an
effect on the models, as expected. This is confirmed by the traditional plot. This grid
model constrains the outer turbulent velocity b ~ 2.25 km s™! at confidence greater than
95%.
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Figure 4.20: Models R1-R81: Comparing inner and outer b for ground state ortho (0001)
H2O. X, = 4.8x1071 X, 1x1077, and vr = FF(1.1 Mg). The 95% and 90% confidence
levels are indicated on the colour plot, at x? = 0.593 and x? = 0.632, respectively. The 95%
confidence level indicates that the best fit radiative transfer models occur for approximately
2.0 < by < 2.5 km s~ L.
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Figure 4.21: Comparing inner and outer turbulent velocity for ground state ortho (0001)
Hi0. Same data presented as in Figure 4.20. The chi-squared values are minimized for
radiative transfer models that occur between approximately 2.0 < by < 2.5 km s7!, as
seen in the corresponding colour plot. The inner turbulent velocity does not seem to have
an effect on the fit of the models. The addition of models between 2.0 and 2.5 km s~!

would be beneficial.

Table 4.16: Grid models comparing two parameters (by,; vs. X;,) for the purpose of
analysing their spectral fits via chi-sq tests. Models labelled X1 - X24. Plotted in Figures
4.22 - 4.23. Xppy = 4.8x1071, b = 2.0 km s, vr = FF.

bout = 1.5 bowr = L.75 bour = 2.0 byus = 2.25  byus = 2.5
X = 1079 X1 X2 X3 X4 X5
X, = 1077 X6 X7 X8 X9 X10
X, = 1076 |  X11 X12 X13 X14 X15
X;, = 1077 |  X16 X17 X18 X19 X20
X, = 1074 | X21 X22 X23 X24 X25
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Figure 4.22: Chi-squared tests X1-X25. Comparing b,,; and X;, for ground state ortho
(0001) HIO. X, = 4.8x107H, vr = FF (1.1 Mg), bour = 2.0 km s™'. The 95% and
90% confidence levels are indicated on the colour plot, at x? = 0.593 and y? = 0.632,
respectively. This colour plot is well defined; there is a clear minimum x? value ~ 2.25 km
s~!, at confidence greater than 95%.
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Figure 4.23: Comparing outer turbulent velocity and inner abundance for ground state
ortho (0001) H¥O. Same as in Figure 4.22. The minimum x? is well defined; there is
a clear minimum x? value ~ 2.25 km s~!, at confidence greater than 95%, for an inner
abundance range of 1x1078 — 1x107%.

These model grids investigate the best fit for the H}®O Doppler broadening parameter,
with a result by, = 2.25 +0.25 km s~1. Applying this same fit to HO yields RATRAN
modelling results that are satisfactory for a majority of the lines, however; the Hi®O 315-3¢3
line would likely require a larger modelled turbulent velocity. Because we want to find a
consistent model across the lines, we consider the effect of a larger inner turbulent velocity
- 4.5 km s7! instead of 2.25 km s™!. From optical depth plots seen later, we know that
the inner envelope must not contribute much to the RATRAN spectral line, if at all, so
we expect minimal alterations to the produced spectral line. This is confirmed in Figure

106



0.24}

I bin = 457 bmzi =2.25 km 571 HQIGO OrthO 007

— b, =2.25,by =225 km 7! 1095 GHz
: E,, = 249.4 K
0.16! : Xin = 1E-7

X, = 1.8E-8
vr = FF (1 M)

0.08}

Ta (K)

0.00
—~0.08| 5

—15.0 —135 —12.0 —105 —-9.0 —75 —6.0 —45 —3.0
Visr (km s™t)

Figure 4.24: Doubling the Inner turbulent velocity b. The best fit model is plotted in blue,
the increased inner turbulent velocity model is plotted in red. The inner abundance is held
at X;, = 1x1077, the outer abundance is held at X,,; = 1.8x107%, and the radial velocity
is considered to be free-falling towards a 1.1Mg central mass. The vertical dashed line
indicates the vygr for NGC 7129 FIRS 2.

4.24; the best fit model is plotted in blue, the increased inner turbulent velocity model
is plotted in red. The inner abundance is held at X;, = 1x1077, the outer abundance is
held at X,,; = 1.8x1078, and the radial velocity is considered to be free-falling towards a
1.1Mg central mass.

Summary: Turbulent Velocity Altering the turbulent velocity b in RATRAN adjusts
the width of the resultant spectral line. For H}?O, it is determined at confidence greater
than 95% that with a power law density of a@ = 1.5, we expect an outer envelope best fit
of byt = 2.25 +0.25 km s~!. The turbulent velocity is expected to be the same for H°0.
The grid exercises presented in this section add to the notion that the inner envelope is
not contributing to the RATRAN spectral lines.
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Dust temperature T(K)
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Figure 4.25: NGC 7129 FIRS 2 dust temperature profile from the Crimier et al. (2010) best-
fit model. The dashed line represents the difference between the dust and gas temperature
derived using X(H,0)in = 1x107° and X(Hy0)out = 1x10~"(scale on right axis). From
Crimier et al. (2010), Figure Al3a.

4.5.5 Gas and Dust Temperature

Although the main parameters varied in the 1D radiative transfer code RATRAN haven’t
yet included gas and dust temperature in this work (since they were derived by Crimier et
al. (2010)), they can be altered. As mentioned in Crimier et al., it is possible that these
temperatures aren’t thermally coupled. These authors actually note for NGC 7129 FIRS 2,
the difference between dust and gas temperature can reach a maximum of 40 K. They also
note in the inner region of the envelope, the gas is colder than the dust in a small region
just where the icy mantles are predicted to sublimate. See the dashed line in Figure 4.25,
representing their derived dust to gas difference, corresponding to the right axis scale.

This thesis will briefly investigate the effects of increasing the gas temperature 10%
higher than the dust temperature on the successfully modelled H:¥O molecular line, as
well as decreasing the dust temperature by 10%. The effects of the temperature differences
as determined by Crimier et al. (2010) (Figure 4.26) will also be investigated and compared
to the thermally coupled H*O model already constrained. All of these temperature cases
can be found in Figure 4.27.
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For Hi®O, the increase in gas temperature 10% above the dust temperature results in
a molecular line intensity increase. Reproducing the Crimier et al. gas and dust temper-
ature model doesn’t have a large effect compared to the 7; = T}, case - these are nearly
identical. Lastly, the decrease in dust temperature 10% below the gas temperature results
in a molecular line intensity decrease. This decrease is greater than the increase of the
1.10T; model. The Crimier thermally decoupled model is in green, the equal temperature
model is in cyan, the 10% gas temperature increase model is in red, and the 10% dust
temperature decrease model is in yellow. In the latter figure, it is seen that the Crimier
et al. model is just slightly more intense than the thermally coupled model for H}*O. The
ratio of the 10% gas increase to the suggest Crimier et al. model is T 4(10%)/T 4(Crimier)
= 1.14.

40
300\

@, 2010 ~_Colder Gas |
E‘Ux
" 104
SN AN |
Warmer Gas
—10L ‘ :
10 103 10*

Radius (AU)

Figure 4.26: NGC 7129 FIRS 2: Tgys - Tges. Values extracted from Figure 4.25, used to
generate new RATRAN model.

From this short study, we can deduce that altering the gas temperature proportionally
alters the peak antenna temperature. For this particular model, the outermost shells
have the greatest effect on the lines due to the optical depth; thus, these shells are the
only ones contributing to this temperature study. The 10% increase line still fits the HIFI
observational data. That being said, if the gas temperature were to be increased by greater
than 10%, the peak antenna temperature would increase further and no longer fit.
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Figure 4.27: Results of varying gas temperature with respect to the dust temperature in
RATRAN. All other variables are held constant: X;, (H3*O) = 1x1077, X, (H}*O) =
4.8x107M, b = 2.25 km s7!, and vr = free-fall towards 1M central mass. The 10% gas
temperature increase = red, the Crimier et al. model = green, the thermally coupled model
= yellow, and 10% dust temperature decrease. T 4(red, 10%)/ T s(green, Crimier).

Summary: Gas and Dust Temperature In summary, altering the gas temperature
proportionally alters the peak antenna temperature (similar to the abundance and radial
velocity).

4.5.6 Freeze-out Temperature

At a specific region within the envelope of a star formation region, water is expected to
freeze out onto dust grains. This freeze-out region is included in RATRAN models by
lowering the abundance after 100 K. This divides the envelope into two regions, ‘inner’
and ‘outer’.
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Table 4.17: Running a series of models comparing two parameters (X,,; vs. Tro) for the
purpose of analysing their spectral fits via chi-sq tests. Models labelled W1 - W24. Plotted
in Figures 4.28 - 4.29. X;,, = 1E-7, b = 2.0 km s~ !, vi = FF. Parameters for models T1-T4
are also given in the bottom table segment.

Kot (x10711) 3 4 5 6 7 8
Tro = 65.5 W1 W2 W3 W4 W5 W6
Tro = 80.8 W7 W8 W9 W10 W11 W12
Tro = 101.3 W13 W14 W15 W16 W17 W18
Tro = 129.3 W19 W20 W21 W22 W23 W24
Date/ID Tested Xin Xout b vr Figure
Parameter (km s7!) (km s71!)

Tro = 80.8 K 1x10~7 48x101 225 FF  4.30

2018/03/26 |Tro = 101.3 K 1x1077 4.8x1071! 2.25 FF 4.30
T1-T4 Tro = 129.3 K 1x1077 4.8x10~ ! 2.25 FF 4.30
Tro = 655K 1x10°7 48x10°11 2925 FF  4.30

The model grid W1 - W24 is tabulated in Table 4.17 and investigates the best fit
model with respect to outer envelope abundance and freeze-out radius for ground state
ortho (0001) Hi%O. Tt is assumed that water freezes out onto dust grains at ~ 100 K;
but what if it doesn’t in NGC 7129 FIRS 27 For these models, freeze-out temperatures
are varied (65.5, 80.8, 101.3, 129.3 K), and the outer envelope abundance is varied from
3 — 8 x107. The inner abundance is held constant at 1x10~7, the infall velocity is
taken to be in free-fall towards a central mass of 1.1 Mg, and the turbulent velocity is
held constant at 2.0 km s~! for both inner and outer envelope. Chi-squared values are
calculated for the grid of models and presented in the colour plot in Figure 4.28. The
95% and 90% confidence levels are indicated on the colour plot, at x? = 0.593 and x? =
0.632, respectively. Both confidence level contours do not seem to be defined well enough;
this colour plot would benefit from additional models. That being said, the region most
requiring definition (between 85 — 110 K) falls between shells. In order to complete this
picture, the density and temperature model would need to be increased from 22 shells. No
constraints can be placed based on this information. This data is plotted in the traditional
manner in Figure 4.29. From these, it is seen that the chi-squared values are minimized
between outer abundances of 4 — 5 x 107!, although this depends on which freeze-out
temperature is associated. As freeze-out temperature increases, the outer abundance at
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which the chi-square is at a minimum increases. Again, this particular analysis would
benefit from additional models and additional shells; no constraints can be placed on the
freeze-out radius of NGC 7129 FIRS 2 by this particular analysis.

\
95% fidence

120

90% Confidence
110F

1.267
80

70

5 6 7 8
X,u(H,'*0) x 10711

Figure 4.28: W1-W24: Comparing X,,; and freeze-out temperature Tro for ground state
ortho (0001) Hi#O. X;, = 1x10771.1 M, and the turbulent velocity is held constant at 2.0
km s~! both inner and outer envelope. Freeze-out temperature = 65.5, 80.8, 101.3, 129.3
K. The 95% and 90% confidence levels are indicated on the colour plot, at ¥ = 0.593 and
x? = 0.632, respectively.

To actually see what the spectral differences are when increasing or reducing the freeze-
out temperature, and thus the region considered the “outer” envelope, a comparison of
these temperatures is made in radiative transfer models T1-T4 for ortho (0001) H}*O 547
GHz, described in Table 4.17 and plotted in Figure 4.30. These models hold constant
inner abundance X;, = 1x1077, outer abundance X,,; = 4.8 x 107!, b = 2.25 km s},
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and free-fall infall velocity. Freeze-out temperature is increased from 65.5, 80.8, 101.3,
and 129.3 K, effectively increasing the number of shells considered as outer envelope. An
increase in freeze-out temperature results in a decrease of amplitude; this means an increase
in outer-envelope region size decreases the emission contribution. This is consistent with
an increase in the colder outer envelope increasing the absorption of hotter inner region
molecules.

6 T T T 6 T T T T T
e——o Trp=655K H,%0 0001 | oo X, =3E-11
oo Tro=808K oo Xou=4E-11

=L : = S S i

Ile o Tpo=101.83K J o o X, =5E-11
o o Trp=1293K 3 . o o Xyu=6E-11

/| B /) I |e—o X,;=TE-11]]

HQI:BO 0001 : : © © )(ouf,:SE'll
5 5 3 N CERE SE s et ]
ol e S SO SO M
¢ o ‘ :
: e ‘ 4
0 ; i i i 0 ‘ ‘ ‘ ‘ ‘ ‘
3 4 5 6 7 8 60 70 8 90 100 110 120 130
Xout Xlo_u TFO (K)

Figure 4.29: X, vs. x?(left) and Freeze-out Temperature vs. x? (right). Comparing outer
abundance and freeze-out temperature for ground state ortho (0001) H3*O 547 GHz. The
chi-squared values are minimized between outer abundances of 4 — 5 x 107!, although
this depends on which freeze-out temperature is associated. As freeze-out temperature
increases, the outer abundance at which the chi-square is at a minimum increases. This
analysis would benefit from additional models. That being said, the region most requiring
definition (between 85 — 110 K) falls between shells. In order to complete this picture, the
density and temperature model would need to be increased from 22 shells.
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Figure 4.30: Varying the freeze-out temperature for radiative transfer models of ground
state ortho (0001) HO 547 GHz and excited states (p002, 0007) 995 GHz, 1095 GHz
respectively. Holding constant inner abundance X;, = 1x10~7, outer abundance X,,; =
4.8 x 107, b = 2.25 km s7!, and free-fall infall velocity. Freeze-out temperatures are
increased from 65.5, 80.8, 101.3, and 129.3 K, effectively increasing the number of shells
considered as ”outer envelope”. An increase in freeze-out temperature results in a decrease
of amplitude; this means an increase in outer-envelope region size decreases the emission
contribution.
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Another way to investigate the effects of altering the freeze-out radius is by looking
at the AMC output fractional populations. Figure 4.31 presents the fractional population
as a function of RATRAN shell for each of the varied freeze-out temperatures mentioned
(65.5, 80.8, 101.3, and 129.3 K) for the H}*O 547 GHz line. Overall, the curves follow a
similar trend throughout the inner envelope until their respective freeze-out temperatures,
diverge slightly, then converge again in the extremities of the outer envelope.

Each of the curves in the ground state (panel 1 - top left) begin at f; ~ 0.06 (omitting
the first 0-density shell), increase to f; ~ 0.2 at 65.5 K (shell 7), then increase to a steeper
slope in what is considered the “outer envelope” for each of the models. Moving the freeze-
out temperature inward causes the ground state fractional population to increase sooner.
The first excited state (panel 2 - top center) curves begin at fo ~ 0.065 (again omitting
the first O-density shell), increase to fo ~ 0.15 at 65.5 K (shell 7), then undergo a turning
point at their respective freeze-out temperatures. The curves then decrease to ~ 0.0 by
shell 22. Moving the freeze-out radius inwards causes f; to decrease sooner. The next
excited fractional population levels f3 - fg exhibit the same behaviour as fs, but vary in
beginning population, diverging population, and RATRAN shell where f, ~ 0.0. These
are tabulated in Table 4.18.

Table 4.18: Trends in population f,, as freeze-out radius is altered. The second column
outlines the beginning population level, the third column gives the population at 65.5
K (where curves begin to diverge), and the last column outlines when the curve reaches
minimal population. At shell 7, f; is already beginning to diverge.

n | f, (Shell 2) f, (Shell 7) Shell (f, ~ 0.0)
1] 0.065 0.18 -
2| 0.065 0.15 22
3| 0.091 0.16 22
4] 0.062 - 15
5| 0.094 0.12 15
6| 0077 0.078 14
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Figure 4.31: Population f,, trends with varying freeze-out temperature, shown as a function
of RATRAN shell. Blue = 65.5 K (shell 7), green = 80.8 K (shell 8), red = 101.3 K (shell
9), and cyan = 129.3 K (shell 10). Panel 1 (top-left) = fi, panel 2 (top-center) = fo,
panel 3 (top-right) = f3, panel 4 (bottom-left) = f;, panel 5 (bottom-center) = f5, panel 6
(bottom-right) = fs. Vertical dotted lines indicate the freeze-out location for each model
in the same colour-scheme.

Summary: Effect of Freeze-out Temperature This RATRAN grid model exercise
varied the location of the freeze-out radius within the envelope of NGC 7129 FIRS 2 for
the HI®O 547 GHz line. An increase in freeze-out temperature results in a decrease of
amplitude of the modelled spectral line. In other words, an increase in outer-envelope
region size decreases the emission contribution. This is consistent with an increase in the
colder outer envelope increasing the absorption of hotter inner region molecules. Looking
at the RATRAN output a little deeper, moving the freeze-out temperature inward causes
the ground state fractional population f; to increase sooner and excited f, to decrease
sooner. Numerically, a 25% increase in the freeze-out temperature resulted in a 25%
emission intensity reduction.
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4.5.7 mncell: Number of Spherical Shells

As mentioned in §4.1, the precision of RATRAN spectral line models increases with the
number of shells utilized, with the trade off being an increase in computation time. Three
different cases will be conducted in this thesis to demonstrate this: 1.) 11 vs. 22 shells, 2.)

22 vs. 42 shells, and 3.) 22 vs. 62 shells.

For the first case, the Herpin et al. (2016) density and temperature model is used to
demonstrate the effect of altering the number of shells on the resultant modelled spectral
line. RATRAN is executed for models with 11 and 22 shells for all water lines listed in §4.4

(Hi%0). As seen in Figure 4.32, increasing the number of shells exaggerates the absorption

and emission features slightly.

T4 (K)

Figure 4.32: RATRAN: Determining effect of altering number of spherical shells from 11
(solid) to 22 (dashed). Using Herpin et al. (2016) model as an example.
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Figure 4.33: RATRAN: Determining effect of altering number of spherical shells from
22 (red) to 42 (green) and 62(blue) shells. Increasing number of shells exaggerates the
emission and absorption features. Power law o = 1.4, X,y = 4.8x107°, b = 2.25 km s},
and v, = FF.

Comparing the 22 shell case to the 42 and 62 shell cases (Figure 4.33) for H°O 547
GHz, it is apparent that as the number of shells increases, the emission and absorption
features intensify. In terms of computation time for this particular case, the 22 shell model
took 15 minutes to run, the 42 shell model took 30 minutes, and the 62 shell model took
approximately 1 hour.

Summary: Effect of Varying ncell In the 11 shell vs. 22 shell comparison, the increase
to 22 shells exaggerates the emission and absorption features slightly (< 25%) for H3°0.
The comparison between the 22 shell model and the 42 and 62 shell models exhibited the
same behaviour, with intensity increases of <14% and <20%, respectively. Here, this is
simulated for H®O 547 GHz. Increasing from 42 to 62 shells sees an intensity increase of
<5%. As the shell number increases, the intensity increase percentage as compared to the
previously studied shell number decreases (i.e, 25%, 14%, 5%).

118



4.5.8 Ortho-to-Para Ratio

Recall from §1.4 that “ortho” refers to a hydrogen bearing species that exhibit aligned
proton spins, while “para” refers to anti-parallel proton spins. In order to transition across
the ortho-para ladders, a hydrogen nucleus must be exchanged. In colder gas (T < 100
K), the ortho-to-para conversions occur slowly through collisions with protons (Dalgarno,
Black, & Weisheit, 1973; Flower & Watt, 1984), where the principle collider is molecular
H,. Note here that ortho and para are referring to molecular Hy instead of water:

0H2+H+\:\pH2—|—H+ (410)

In warmer regions, reactive collisions with hydrogen atoms control the ortho-to-para con-
version (Martin & Mandy, 1993; Tiné et al. 1997):

oHy+ H = pHy + H (4.11)

0 50 100 150 200 250 300
Ty (K)

Figure 4.34: Hy Ortho-to-para ratio as a function of temperature (LTE OPRyr). Values
obtained from radiative transfer code RADEX. Markers indicate corresponding RATRAN
shell.
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Also note that the collision rates are different for all of these cases. When these reactions
are fast enough, these transition collisions with H or H* drive the ortho-to para ratio to
LTE (Sternberg & Neufeld, 1999). The LTE H, ortho-to-para ratio is plotted as a function
of temperature in Figure 4.34; values were obtained from RADEX models executed for
cach RATRAN shell examined above (see next chapter). Markers on curve indicate each
corresponding RATRAN shell.
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Figure 4.35: Varying the Hy ortho-to-para ratio (OPR) with temperature for HO ortho
110-1p1. Here, o = 1.4 is plotted in red, o = 1.4 is plotted in green, and the hybrid model
is plotted in cyan. The varying LTE OPR is plotted as solid lines while the constant 3:1
ortho-to-para ratio is plotted as dashed lines. The varying LTE OPR produces an intensity
approximately half of that for the constant 3:1 case.
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A RATRAN HI®0 model using this varying ortho-to-para Hy ratio, labelled as LTE
OPR(T), is investigated and compared to a model using a constant ortho-to-para ratio of
3:1. In both models, a = (1.4, 1.5, Hybrid), b = 2.25 km s™!, v, = free-fall, X;,, = 1x1077,
and X, = 4.8x1071 (Figure 4.35). In the figure, @ = 1.4 is plotted in red, o = 1.5 is
plotted in green, and the hybrid model is plotted in cyan. The varying LTE OPR(T) is
plotted as solid lines while the constant 3:1 ortho-to-para ratio is plotted as dashed lines.
From this plot, the varying LTE OPR(T) produces an intensity approximately half of that
for the constant 3:1 case. For this molecule, H}*O, the majority of the emission originates
from the outer envelope. At these temperatures, the LTE OPR(T) < 1.25, reaching values
of ~107* at the outer radius.
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Figure 4.36: Comparing ortho and para water collision rates with ortho and para Hs for
the 2-1 transition (ortho 1jp-1p1, para 111-0gg). Collision rates with ortho-Hy 0C' are seen
to be stronger than para-Hs, collision rates pCiy for both ortho and para water. Ortho
water collision rates appear to be stronger in general.

Because the total number of hydrogen atoms (which is used to deduce the water abun-
dance) remains the same regardless of which OPR is used, the differences seen plotted are
attributed to the change in collision rates with respect to Hy density. At the temperatures
mentioned, the ortho density is much less; because such a strong alteration is made in
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intensity of the produced spectral lines, the ortho collision rates must be stronger than
the para collision rates. The Daniel et al. (2011) ortho and para Hscollision rates for the
ground state ortho water transition 2-1 (blue line) is compared to that of the ground state
para water (red line) in Figure 4.36. This confirms that the ortho water collision rates are
stronger than that for para water.

Summary: Ortho-to-Para Ratio Varying the ortho-to-para ratio (OPR) with tem-
perature causes the line emission intensity to decrease for the HX¥O 547 GHz line (62.5%
line intensity reduction). The outer envelope has such low temperatures that here, the
OPR < 1.25, reaching a minimal value of ~ 10~% at the outermost edge.

4.5.9 Collision Rates
Collision Rate Evolution

As seen in Section §1.5 and Chapter §3, state-to-state collision rates are necessary to
gain new insight into the role of water in star formation regions via radiative transfer
calculations.

Tracing the study evolution of water collision rates begins with Green et al. (1993).
Originally, scaled Green et al. HoO-He quantum collision rates were used for HoO-H, col-
lisions and modelling molecular lines of water. Large differences were observed when these
rates were used compared to updated collision rates; line fluxes have been seen to increase
by a factor of ~ 10. (Faure et al. 2007). Phillips, Maluendes, and Green (1995) concluded
that H20-H, collisional cross-sections, especially ortho-Hs, cannot be adequately repre-
sented by the Green et al. water-helium collisions. One year later, Phillips et al. (1996),
using the same rotational energies and wavefunctions for water as Green et al. (1993),
obtained a rigid body 5D potential energy surface (PES) for the rotational excitations of
H50O-H,. Using this, they computed rate coefficients for rotational de-excitation among
the first 5 ortho and para levels of water with Hy for T = 20 — 140 K. Dubernet et al.
(2002) and Grosjean et al. (2003) extended these rate coefficients in temperature to T =
5 — 140 K. Shortly after, Faure et al. calculated a 9D PES. in 2005, used by Dubernet
et al. (2009). Dubernet et al. (2006) used a newly determined 5D PES and extended or
revised de-excitation collision rates for the lowest 10 rotational levels of ortho and para
water collisions with ortho and para H, for a temperature range of T = 5 — 20 K. Faure et
al. (2007) provided collisional rates for a temperature range of T = 20 — 2000 K, combin-
ing quantum calculations, the Dubernet et al. (2006) calculations, and scaled Green et al.
(1993) calculations for the weakest rates.
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Recalling the Faure et al. (2007) 9D PES, Dubernet et al. (2009) increased rate
coefficients by a factor of 4 at T = 5 K and by 75% at T = 20 K. They showed that the 9D
PES led to a significant re-evaluation of the collisional rates for HyO-pHs at temperatures
greater than 20 K. The Ho0O-0H; collisional rates also seemed to be effected, but to a max
difference of 40%. Most importantly, Dubernet et al. generated collision rates for 45 levels
of oHyO-pH,. Comparing to Phillips et al. (1996), the new rates experience a total increase
at T = 20 K of 185%. The impact of the 9D PES on both para and ortho Hy is expected
to become less significant at higher temperatures.

Finally, Daniel et al. (2010, 2011), using the 5D PES of Dubernet et al. (2006),
calculated state-to-state rate coefficients for 20 levels of pH>O, and completed the set with
oH50-0H,, respectively.

Collision Rates & RATRAN Modelling

Accurate state-to-state collision rates are necessary to gain new insight into the behaviour
and role of water in star formation regions (Cernicharo & Crovisier, 2005) and are essential
when describing energy exchange processes responsible for molecular line formation (Faure
et al. 2007). Water’s main collision partners include H, Hy, He, and e™, but Hs is the most
abundant (Hj is more abundant than He by a factor of 4-5; Phillips et al. 1994).

A numerical comparison is made in this work of the water collisional cross-sections
deduced by Daniel et al. (2010, 2011), Dubernet et al. (2009), Phillips (1994), and Faure
(2007). From Table 4.19, collision rates involving pHy as calculated by Phillips et al.
(1994) are a factor of ~ 2 lower than that calculated by Dubernet et al. (2009) and Daniel
et al. (2011). Collisions involving oHy are similar. See Daniel et al. (2012) for a more
extensive collision rate comparison (they compare Daniel et al. (2010, 2011) with Green
et al. (1993), Faure et al. (2007), and Dubernet et al. (2009)).

In short, Daniel et al. (2012) noted for oH,O-0Hj collisions, differences in line intensities
are modest as long as the water abundance is greater than 107%. Main differences are found
for ny, less than 107 and water abundance ~ 1078, For oH,O-pHj; collision rates, they
noted a maximum difference occurs at high temperatures and low Hy volume densities.
Larger differences occur at abundances around 1078,

While carrying out the comparisons above, it was noted that larger differences are
experienced at higher energies (Daniel et al. 2012; Faure et al. 2007). There was a
common conclusion amongst the comparison sources: oHs collision rates are greater than
that for pHs, and population of high energy levels through collisions with oH, are favoured.
In the absence of radiative pumping by dust photons, quantum and QCT sets relatively
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Table 4.19: Comparing Water Cross-sections from Different Authors. Molecular data
files obtained from BASECOL (Dubernet et al. 2013). D2011 = Daniel et al. (2011),
D2006 = Dubernet et al. (2006), P1996 = Phillips et al. (1996), P1994 = Phillips et al.
(1994), F2007 = Faure et al (2007), PES = potential energy surface, QCT = quasi-classical
trajectory.

Transition T (K) D2011 P1996 2007
[5D PES (D2006)] [5D PES (P1994)] [QCT]
oH,0 - oHs
2-1 20 2.884x10710 2.68x10710 2.9%x10710
40 3.098x 10710 2.86x 10710 -
100 3.074x10710 2.21x10710 1.2x10710
oH50 - pH,
2-1 20 3.35x1071! 1.17x10~ 1 3.4x1071
40 3.35x10~ 1 1.60x1071! -
100 4.05x107H 2.44x10711 5.4x10711
pH>0 - oH,
2-1 20 1.198x 10710 1.06x10710 1.2x10°1%0
40 1.295x1010 1.2x1071%0 -
100 1.471x 10710 1.41x1071%0 6.0x1071!
pH>0 - pHy
2-1 20 3.05x10~ 1 1.53x10~ 1 3.0x10~ 1
40 2.79x 1071 1.53x10~1 -
100 3.08x1071! 1.88x10~ 1 4.9x1071
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agree to the same order of magnitude. Finally, while excitation by pHs is similar to He
excitation (within factor of 1-3 larger), simply multiplying the Green et al. (1993) collision
rates by a scaling factor isn’t accurate enough.

This work carried out calculations using the combination of state-to-state rate coef-
ficients as determined by Dubernet et al. (2006), Dubernet et al. (2009), Daniel et al.
(2010), and Daniel et al. (2011).

To determine the sensitivity of RATRAN spectral modelling to the employed collision
rates, the Daniel et al. (2011) collisions rates are altered slightly and their effect on the
HI2O ground state 547 GHz line observed. Two approaches were taken for this exercise:
1.) increasing the 2-1 collisional cross section Cy; for T = 25.0 K by 10% and 2.) increasing
Cy; for all included T (from 0 — 1400 K) by 10%. The effects of this on the ortho Hi*O
ground state (2-1) transition are given in Figure 4.37. Here, the first collisional dataset is
labelled “fakedata.dat” (green) and the second is labelled “fakedata2.dat” (cyan). These
are contrasted with the unaltered Daniel et al. collisional rates (red), the HIFI observations
(faded black), and the fitted envelope Gaussian (blue). From this figure, it is clear that
the first dataset alteration does not have a large effect on the spectral line; in fact, it
has a spectral line intensity increase of a factor of 1.07. The second dataset on the other
hand sees an intensity increase of a factor of 4.58. This is likely attributed to the higher
temperatures being altered, and is consistent with the conclusion of Daniel et al. (2012)
and Faure et al. (2007).

Summary: Collision Rate Coefficients

During the comparisons carried out above, it was noted that larger differences between the
sets of collision rates are experienced at higher energies. Additionally, o-H, collision rates
are greater than that for pHs, and population of high energy levels through collisions with
oHjy are favoured. Increasing the collision rates by 10% increases the spectral line intensity
up to a factor of ~ 4.58 for ortho ground state Hi*O (547 GHz).

In the past, Johnstone et al. (2010) modelled NGC 7129 FIRS 2 with RATRAN and
scaled Green et al. (1993) H,O-He collision rates. They deduce an H°O outer abundance
of Xout ~ 1077, It will be seen later in §4.5.11 that this value is an order of magnitude
smaller than that calculated in this thesis. That being said, stronger collision rates seem
to require a lesser abundance in order for modelling results to be consistent with the
observational data. Introducing a stronger collision rate increases the amount of collisions,
and therefore increases the line intensity. This is consistent with the results of the 10%
collision rate (2-1) increase mentioned above.
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Figure 4.37: RATRAN: effects of altering collision rates. “fakedata.dat” = reduced 2-1
transition for T = 25.0 K ortho and para Hs-H5O collision rate by a factor of 10. “fake-
data2.dat” = reduced 2-1 transition for ortho and para Hy-H5O collision rates by a factor
of 10 for all included T (T = 0-1400 K).
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While excitation by pH, is similar to He excitation (within factor of 1-3 larger), simply
multiplying the Green et al. (1993) collision rates by a scaling factor isn’t accurate enough.
Excitation by oH, is significantly different (i.e, orders of magnitude larger than excitation
by He), and non-negligible differences occur for pHy at temperatures greater than 60 K
(Daniel et al. 2012). At this time, the Dubernet et al. (2006), Dubernet et al. (2009),
Daniel et al. (2010), and Daniel et al. (2011) collision rates are the most accurate and
up-to-date, and should be used instead of scaled He Green et al. (1993) rates.

4.5.10 Beamsize

A third program was written by Mike Fich to convert the SKY output brightness temper-
atures to antenna temperatures. SKY generates a .FITS file for each of the desired water
lines, which are then convolved with HSO beamsizes to produce antenna temperatures. A
baseline is then subtracted by taking the average of the first and last velocity channels,
then subtracting this value from each of the velocity channels.

If the beamsize is incorrectly input for whichever reason, this has an effect on the
spectral line. The following exercise determines how much of an effect a 10% beamsize
variance has on the modelled results of the Hi*O 547 GHz line. The beamsizes and the
corresponding baseline subtraction values are listed in Table 4.20. From this table, it is
seen that as the beamsize is increased by 10%, the baseline decreases. No patterns are
seen in the baseline decrease amount across transitions. In Figure 4.38, the quoted HIFI
beamsize convolved result is plotted in green and the 10% increase beamsize convolved
result is plotted in red. The HIPE Gaussian representing the envelope contribution is
plotted in dashed blue against the HIFI observational data in faded solid black. From this
figure, the 10% increase in beamsize reduces the intensity of the spectral line (by increasing
the subtracted baseline) by ~ 15%.

Table 4.20: The Roelfsema et al. (2012) beamsizes () compared to a 10% beamsize
increase (1.10 #). The baselines are subtracted during convolution of RATRAN results.

Transition 0 TA,baseline 1.10 6 TA,baseline
olip- 1pp | 38.718  0.0362 | 42.590  0.0233
P202 - 111 | 21.318  0.1550 | 23.450  0.1262
0312 - 303 | 19.354  0.1839 | 21.289  0.1051
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Figure 4.38: Determining the effect of convolving the brightness temperature with the
incorrect beamsize. Green = HIFI water beamsize, red = 10% beamsize increase, dashed
blue = HIPE envelope Gaussian, and faded black = HIFI observational data. Increasing
beamsize decreases intensity.

4.5.11 RATRAN Physical Structure of NGC 7129 FIRS 2

This work’s approach to modelling begins with fitting the H*O transition lines. Only the
ground state ortho line is seen in emission, the p-2p2-117 (p002) and 0-312-3p3 (0007) lines
are non-detections. This is confirmed by the RATRAN models. The excited H°O lines
P-202-111 (p002) and 0-312-3p3 (0007) are then fit by applying a similar RATRAN model as
that used for the Hi%O lines, while adjusting the abundance to obtain an optimal intensity
fit. The deduced Hi®O fit parameters for these two excited lines are then applied to the
remaining lines.

As seen in Sections 4.5.3 - 4.5.9, multiple input parameters are tested including the
radial velocity, Doppler broadening parameter, water abundance with respect to Hy, dust
and gas temperature, ortho-to-para ratio, and freeze-out temperature. While some param-
eters could not be constrained due to optical thickness in some of the lines (i.e, X;y,, b,
X, atio), Others are constrained very well.
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Figure 4.39: Fitting HiO 140-1¢; for o = 1.4 (red), 1.5 (dashed green) and hybrid (blue).
HIFI observations plotted in faded black. X,,; = 3.5, 4.8, and 5.2 x107!, respectively.

The RATRAN modelling results for each of the power laws studied (o = 1.4, 1.5 and
hybrid) are listed in Table 4.21 for a 3:1 ortho-to-para ratio (OPR) and Table 4.22 for an
OPR that varies with temperature. The final columns of both tables list the calculated
p-values, which give the significance of the reduced chi-squared. The null hypothesis is that
the models are consistent with the HIFI observations; the alternative hypothesis is that
they are not. For the perfect fit to astronomical observations, a reduced chi-square value of
X% ~ 1.0 is desired; values less than this are considered an “over-fit” while values greater
than this are considered an “under-fit” (Andrae, Schulze-Hartung,& Melchior, 2010). From
these tables, we see that the RATRAN model fits for both isotopologues have p-values
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much less than 0.05, indicating that the null hypothesis is rejected. The reduced chi-
squared values indicate Hi%O is overfit, while the ground-state lines for HO are underfit.
The reduced chi-squared is closest to 1.0 for the excited-state Hi°O lines. For the purposes
of this thesis, we are satisfied with the majority of the RATRAN model fit results; due
to the rigorous and in-depth treatment of the model fit optimization, we expect that the
goodness of fit has reached its maximum for these molecules. We are thus required to
make final physical and chemical parameter assumptions for NGC 7129 FIRS 2 from these
subpar fits.

Figure 4.39 presents the final RATRAN models for ground state H*O 1;5-1g; (0001).
The model employing a power law of o« = 1.4 is shown in red, 1.5 is shown in dashed
green, and the hybrid model is shown in blue, corresponding to outer abundances of X,,;
= 3.5, 5.2, and 4.8x107!! respectively. Each has input parameters b = 2.25 km s7!, X;,, =
1x10~7 (arbitrary), and v, = FF. All three modelled spectral lines are fairly close together
and have minimal reduced chi-square values between 0.54 and 0.57.

Final RATRAN model spectral lines for H®O 0001, p002, and o007 are plotted in
Figure 4.40. Here, the OPR = 3:1. The power law model o = 1.4 is plotted in green,
a = 1.5 is plotted in dashed cyan, and the hybrid model is plotted in dashed magenta.
The Gaussian subtracted H3*O HIFI observations are plotted in red; this subtracted line is
used to calculate the chi-square and reduced chi-square for Hi°O. The corresponding Hi3O
HIFT data is plotted in blue. The Gaussian attributed to the envelope is not subtracted
from the HIFI data and is indicated on the plot with a dashed black line. Finally, the
visgr is indicated by the vertical dashed line. Panel 1 depicts ground state ortho 119-1;
(0001), panel 2 depicts excited para 2g2-11; (p002), and panel 3 depicts excited ortho 315-303
(0007). As listed in Table 4.21, ortho-X,,; = 1.5, 1.8, 2.2 x107% and para-X,,; = 4.5, 4.9,
6.0 x107 for a = 1.4, hybrid, and 1.5, respectively. This gives a respective OPR(H,0) =
3.33:1, 3.66:1, and 3.66:1. While the fits for p002 and 0007 are acceptable, the 0001 fit is
clearly not.
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Table 4.21: RATRAN modelling final X,,; results with OPR = 3:1. (L) = left-tail distri-
bution. by, = 2.25 km s~!, v, = FF.

Molecule Line | Model Xout DoF X2 X% p
a =141 35£03)x1071 49.61  0.557 2.32x107* L
HEO 0001 | hybrid | 4.8 (& 0.3)x107 | 89 51.18  0.575 4.38x107* F
a=15]| 52(£0.3)x1071! 48.76  0.548 1.61x107* 7%
a=14|15(£05)x1078 18217.03 82.43 0
HIO 0001 | hybrid | 1.8(% 0.4)x107% | 221 11980.41 54.21 0
a=15]22(£06)x1078 11792.56 53.36 0
a=14| 45 (£05)x107° 4120.32  9.28 0
HO  p001 | hybrid | 4.9 (£ 0.3)x107° | 444  4120.32 9.28 0
a=15|6.0(£04)x107? 3636.36  8.19 0
a=141] 45 (£05)x107° 754.56  1.92  4.39x107%
HIO  p002 | hybrid | 4.9 (£ 0.3)x107% | 393 74277 1.89  7.46x107%
a=15|6.0(£0.6)x107° 805.65  2.05 1.21x107%
a=14|45(£05)x107? 379.73 127  1.07x107
HO  p004 | hybrid | 4.9 (£ 0.3)x107® | 299  379.73  1.27  1.07x1073
a=15|6.0(£04)x107? 346.84  1.16  2.95x1072
a=14] 15 (£05)x1078 578.34  1.26  1.25x107*
HO 0006 | hybrid | 1.8 (£ 0.4)x10~% | 459 57834 1.26  1.25x10~*
a=15|22(£06)x1078 569.16  1.24  3.35x107*
a=14|15(£05)x1078 1031.32 236  5.26x107%°
HIO 0007 | hybrid | 1.8 (£ 0.4)x107% | 437 1009.47 231 2.82x107*7
a=15]22(£06)x1078 965.77 221  5.94x107*?
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Figure 4.40: Final RATRAN model spectral lines for HX%0 0001, p002, and 0007. Ortho-to-para ratio (OPR)
= 3:1. Power law model a« = 1.4 is plotted in green, o = 1.5 is plotted in dashed cyan, and the hybrid
power law is plotted in dashed magenta. The Gaussian subtracted Hi®O HIFI observations are plotted in red
and the corresponding Hi30O HIFI data is plotted in blue. The Gaussian attributed to the envelope is not
subtracted from the HIFI data and is indicated on the plot with a dashed black line. The v gg is indicated
by the vertical dashed line. Panel 1 depicts ground state ortho 119-1g; (0001), panel 2 depicts excited para
202-111 (p002), and panel 3 depicts excited ortho 312-3p3 (0007). As listed in Table 4.21, ortho-X,,; =
1.8, 2.2 x1078 and para-X,,; = 4.5, 4.9, 6.0 x107? for o = 1.4, hybrid, and 1.5, respectively. This gives an
OPR(H,0) = 3.33:1, 3.66:1, and 3.66:1 respectively. While the fits for p002 and 0007 are acceptable, the
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Figure 4.41: Final RATRAN model spectral lines for 0007, p001, and p004. Same as Figure 4.39 except for
the fact that these lines do not have corresponding H%SO lines. Panel 1 depicts ground state para 1;1-Ogg
(p001), panel 2 depicts excited para 215-292 (p004), and panel 3 depicts excited ortho 312-29; (0007).



Final RATRAN model spectral lines for p001, p004, and 0006 are plotted in Figure
4.41. These models have the same assumptions and plot attributes as the previous figure,
except these lines do not have corresponding H3*O lines. Panel 1 depicts ground state para
111-0g9 (p001), panel 2 depicts excited para 219-292 (p004), and panel 3 depicts excited
ortho 315-29; (0006). These lines were assumed to have the same abundances as the other
ortho and para H°O lines. While the fits for p004 and 0006 are acceptable with reasonably
low chi-square values, the p001 line, similar to the 0001 line, is not.

Considering an OPR that varies with temperature (LTE OPRy, Figure 4.34), final
RATRAN model spectral lines for HX0 0001, p002, and o007 are plotted in Figure 4.42.
The colour scheme and plot descriptions are the same as Figure 4.40. As listed in Table
4.22, ortho-X,; = 4.29, 5.14, 6.29 x10~® and para-X,,; = 6.75, 7.35, 9.0 x107 for a =
1.4, hybrid, and 1.5, respectively. This gives a respective OPR(H,0) = 6.4:1, 7:1, and 7:1.
Like the OPRg3.; case, the fits for p002 and 0007 are acceptable, while the 0001 fit is not.
The line shapes are all generally the same as the OPRg.; lines, except the 0007 line in panel
3 shows more of a blue asymmetry. The main take-away is that with the varying OPR, the
required abundances are larger. Compared to the OPRg3.; case, the ortho outer abundances
are increased by a factor of 2.86, while the para outer abundances are increased by a factor
of 1.5. Taking the ratio of these two values yields

ortho (OPRy/OPR3,)  2.86
para (OPR7/OPRs.) 1.5

Final RATRAN model spectral lines for p001, p004, and 0006 are plotted in Figure 4.43
for LTE OPRy. This figure has the same colour scheme and description as that of Figure
4.41. While the fits for p004 and 0006 are acceptable with reasonably low chi-square values,
the ground state lines are still not reproduced. Different from the OPRs.; case, the 0006
modelled line has an intensity comparable to that of the envelope Gaussian, resulting in
a better x%. Overall, the LTE OPRy models have better y% values, indicating that these
are better fits. The water OPR is approximately doubled for the LTE OPRy case.

=1.91 (4.12)

Table 4.23 estimates an abundance ratio via measurements for the 0001 1;9-19; abun-
dance of both isotopologues, for both OPR models, and all power-law models. From this,
we see an abundance ratio ranging from 411 (£ 104) (Hybrid) to 429(£138) (o = 1.4) for
the varying LTE OPR case, and a range of 375 (£ 87) (Hybrid) to 428(£147) (o = 1.4) for
the OPR3.; case. For both OPR cases, the a = 1.4 power-law models possess uncertainty
values that place the upper limit above the expected X,.:, = 550. The other power-law
models yield abundance ratio results that fall just short of the expected value, even con-
sidering the upper uncertainty limit. With that being said, the H}*0O RATRAN models
produced terrible fits for the ground state ortho line. Excited H}®O lines would return
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a better constraint on the abundance ratio; unfortunately, the only other corresponding
HI2O spectral lines obtained by HIFT in this dataset were seen to be non-detections.

Considering this, another approach is taken in attempt to constrain the abundance
ratio. As seen in Figures 4.44 and 4.45, RATRAN models (Hybrid) are produced for
P-202-111 (p002) and 0-312-3p3 (0007), varying the outer abundance until the modelled
line appears to be a flat line with respect to the corresponding HIFI observations (i.e,
determining when the modelled line appears to produce a non-detection). For the former,
a number of RATRAN models are run with outer abundance beginning at 9.0x 107!, This
is incrementally reduced until the RATRAN modelled line appears to have an intensity
much less than that of the associated HIFT RMS noise 0. For H*O p-2go-111, 0 = 0.016 K;
thus, any X, < 1x1071° would appear as a non-detection, according to this method of
analysis. The modelled line appears completely flat at X,,; < 9x10712; this returns X4z
= 544 .4, within 1% of the expected value. The same method is applied to 0-312-303 (0007),
beginning with an abundance estimate of X,,; = 6.0x1071%, and incrementally reducing
until the line appears to be a non-detection with respect to the RMS noise. The associated
RMS noise for this line is also ¢ = 0.016 K. The outer abundance where this line appears
completely flat is ~ 3x 107!, This returns X, 410 = 600, within 10% of the expected value.

It’s possible that the above method of determining the abundance ratio allows for
bias to slowly seep into the non-detection abundance determination process. As a second
method, we begin with the expected ratio X,.;, = 550 and work backwards to determine
the required outer abundance for p-292-11; (p002) and 0-315-303 (0007) with respect to the
best fit HI®O outer abundances. Instead of computing the actual abundance ratio, we now
test the expected abundance ratio. The spectral lines are not plotted before goodness of fit
calculations so as to avoid any bias. The resultant abundance values are weak enough to be
considered non-detections. The chi-square, reduced chi-square, and p-value are calculated
for these fits and are found to be satisfactory. This analysis is located in Table 4.25.

Summary: NGC 7129 FIRS 2 RATRAN Model

Many learning points were acquired through this chapter’s analysis. In summary, we
learned that it is difficult to differentiate a free-fall infall velocity from a constant infall
velocity for Hi*O without further information regarding the inner envelope (§4.5.3). The
radial velocity analysis for Hi®O suggested a free-fall infall velocity is a better fit. Altering
this parameter acts to increase or decrease the emission intensity T4 as well as alter the
overall line-shape in the optically thick case. Also, changing the sign of the radial velocity
from negative to positive mirrors the resultant spectral line about the envelope Vi gg.
Ultimately, this parameter could not be constrained in this thesis, but it was assumed
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to be in free-fall towards a central mass of 1.1Mg. From Section §4.5.4, we learned that
altering the Doppler broadening parameter b affects the width of the resultant spectral
line; we constrained by, to 2.25 + 0.25 km s™! for HI*O. This b value was applied to
H1%0 as well. The grid exercise presented in this section suggests the notion that the inner
envelope is not contributing to the RATRAN spectral lines. Section §4.5.1 investigated the
effects of altering the water abundance. It was determined that altering the abundance in
turn alters the intensity T 4. The grid models presented in this section constrain the ortho
ground state H3*O outer abundance between 4.8 + 0.3 x10~!'! for the hybrid density and
temperature model. The inner abundance was not constrained due to the thick optical
depth.

In terms of indirect modelling parameters, from the abundance ratio study presented
in Section §4.5.2, it was initially suggested that the abundance ratio of H0/HI*O was
closer to a value of 100 as opposed to 550. That being said, these models use the ground
state ortho lines of both isotopologues for this deduction, which proved to be poor spectral
line reproductions for H3*O. (The models presented in Section §4.5.11 obtain a value closer
to 550). From Section §4.5.5 we learned that altering the gas and dust temperatures have
a significant effect on the resultant spectral line. Altering the gas temperature proportion-
ally alters the peak antenna temperature. Moving the freeze-out radius (Section §4.5.6)
inwards toward the protostar (i.e, increasing the freeze-out temperature) results in a de-
crease of spectral line intensity. In other words, increasing the size of the outer-envelope
decreases the emission contribution. This is consistent with an increase in absorption by
a larger outer envelope. In terms of the fractional state population, moving the freeze-out
temperature inward causes the ground state population f; to increase to 1.0 sooner, caus-
ing excited f, to decrease sooner. Increasing the number of cells (Section §4.5.7) results in
an exaggeration of the absorption and emission features, and also increases the RATRAN
model computational time.
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Table 4.22: RATRAN modelling final outer abundance results. Varying LTE ortho-to-para
ratio. (L) = left-tail distribution. by, = 2.25 km s, v, = FF.

Molecule Line | Model Xout DoF x> X% p
a=14| 1.0(£0.3)x10710 51.34  0.576 4.65x107* L
H30 0001 | hybrid | 1.25 (£ 0.3)x107'° | 89  50.67 0.569 3.58x107* 7
=15 146 (£0.3)x1071° 54.98  0.618 1.73x1072 %
a =141 429 (£ 0.5)x107® 7396.30 33.47 0
HXO 0001 | hybrid | 5.14 (+ 0.4)x107% | 221 6752.86 30.56 0
a=15]| 629 (+ 0.6)x107® 5647.51  25.55 0
a =141 6.75 (+ 0.5)x107° 3613.48 8.14 0
H°O  p001 | hybrid | 7.35 (& 0.3)x107° | 444 3613.48 8.14 0
a=15| 9.0 (£ 04)x107? 3108.54  7.00 0
a=14|6.75(£05)x107° 963.09 2.45  9.75x107°
HI°O  p002 | hybrid | 7.35 (& 0.3)x107° | 393 963.09 245 9.75x10~
a=15| 9.0 (£ 04)x107° 1016.46  2.59  9.20x107°7
a =14/ 6.75(+ 0.5)x107° 403.96  1.35  4.82x107°
HXO  p004 | hybrid | 7.35 (+ 0.3)x107° | 299  403.96 1.35  4.82x107°
a=15| 9.0 (£ 04)x107° 356.32  1.19  1.27x1072
a =14/ 429 (+0.5)x107® 524.79  1.14  1.80x1072
HXO 0006 | hybrid | 5.14 (& 0.4)x107% | 459 515.76 1.12  3.42x1072
a=15]| 629 (+ 0.6)x1078 513.08 1.12  4.08x1072
a=141] 429 (+ 0.5)x1078 78744 135  2.01x107%
HI°O 0007 | hybrid | 5.14 (& 0.4)x107% | 437 790.38 1.35 1.03x10~%
a=15]| 629 (+ 0.6)x107® 763.70  1.19  3.83x107%
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Figure 4.42: Final RATRAN model spectral lines for HXO 0001, p002, and 0007. Varying ortho-to-para ratio
as a function of temperature LTE OPR (T). Same as Figure 4.40. As listed in Table 4.22, ortho-X,,; = 4.29,
5.14, 6.29 x10~® and para-X,,; = 6.75, 7.35, 9.0 x10~? for a = 1.4, hybrid, and 1.5, respectively. This gives
an OPR(H,0) = 6.36:1, 7:1, and 7:1 respectively. Like the OPR = 3:1 case, the p002 and 0007 lines are
acceptable, and the 0001 fit is not. Overall similar line shape to the 3:1 case, although 0007 shows a blue
asymmetry in this case.
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Figure 4.43: Final RATRAN model spectral lines for 0007, p001, and p004 (OPR = LTE). Compared to

Figure 4.41, the 0006 line fits better. Overall similar line shape.




Table 4.23: Calculating the abundance ratio X4, = X(H10)/X(H*O) with 0001 19-1¢

OPR Power Line Xout Xout X ratio
Law (H1%0) (H2O)
a=14 129 (£0.5)x10°  1.00 (£0.3)x 1010 429(£138)
LTE Hybrid 0001 5.14 (£0.4)x10~% 1.25 (£0.3)x1071° 411(<104)
a=1.5 6.29 (£0.6)x1078  1.46 (£0.3)x10710  431(£98)
a=1.4 1.5 (£0.5)x10~° 3.5 (£0.3)x 1011 428(£147)
31 Hybrid 0001 1.8 (£0.4)x10~% 4.8 (£0.3)x10~11  375(%87)
a=1.5 2.2 (:I:O.6)><1O_8 5.2 (:I:O.3)><10_11 423(:&118)

Section 4.5.9 proves that the radiative transfer code is very sensitive to the collision
rates. Altering the collision rates for all temperatures of a single transition by 10% resulted
in a ~ 500% spectral line intensity increase. Using the most up-to-date collision rates
is vital for obtaining accurate spectral results with RATRAN. Employing an ortho to
para ratio that varies with temperature (§4.5.8) resulted in a decrease in line intensity.
Holding the water abundance constant between OPR models provides another collision
rate comparison, this time between the ortho and para collision rates. Considering these
spectral results with respect to those of the 3:1 OPR case, the varying LTE OPR; models
have better x% values when the outer abundance is raised in order to obtain a best fit.
This indicates that the OPR in the envelope of NGC 7129 FIRS 2 is not driven to LTE,
as expected. Along with using the most up-to-date collision rates, ensuring the correct
beamsizes are used during convolution is also vital to the success of the RATRAN model
(§4.5.10). Using a larger beamsize results in a reduced line emission.

The various power-laws studied in this thesis produced RATRAN spectral results that
were all very consistent (i.e, required abundances on the same order of magnitude). As
expected, the hybrid density and temperature model fell between the pure a = 1.4 and 1.5
models in terms of modelled intensity.

Considering all learning points of the above exercises, the H°O ortho and para ground
state spectral lines were not able to be reproduced for any of the power-law models. Con-
versely, RATRAN modelling of the remaining water transitions produced satisfactory re-
sults. The Hi®O water lines also produced spectral results consistent with the HIFT obser-
vational data. HoO abundance ratios ranged from ~ 375 — 600 depending on the method
of determination; the OPR for water also varied depending on the density profile. These
are listed in Table 4.24.
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Table 4.24: HyO Ortho to Para Ratio for all considered density profiles.

Model | OPR (Hy) | OPR (H,0)
a=14 3:1 3.3 £1.2
Hybrid 3:1 3.7+ 0.8
a=1.5 3:1 3.7+ 1.0
a=14 LTE 6.4+ 0.9
Hybrid LTE 7.0+ 0.6
a=1.5 LTE 7.0 £ 0.7
0.09H —— Xoup=1E-12 H,'®0 Para 002
_— Xout.p =3E-12 994 GHZ
---- X,u,=5E-12 E, =1008K
l| ==-- )(oul.p = 7TE-12 Xin = 1E_7
0.06 = Xou).p =9E-12 b = 2.25
Xoutp = 2E-11 vr = FF (1 M)
i Xout.p =4E-11
9 0.03’ Xaut.p =6E-11
z T Xaut.p=8E'11
B | —— X,.,=1E-10
0.00f| —— x,,,,=3E-10
Xaui.p =5E-10
b Xout.p = 7E-10
_0-037 e K}ut.szE'lo
—— HIFI observations !
—-25 =20 —-15 —-10 =5 0 D

Visg (km s™)

Figure 4.44: RATRAN: Placing upper limit on X,,; of Hi¥O p-2g2-1;;. Ranges in X, from
1x10712 to 9x1071%. The hybrid power-law and an OPR of 3:1 are assumed. Contrasted
against HIFI observations (faded black). Vertical dashed line corresponds to vigr = -9.8
km s~!. Appears to be a flat modelled line around X,,;< 9.0x107'2,
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=== Xou,=6E-10 a = hybrid H,0 Ortho 007
0.030} Xouo = 4E-10 o =0.016 1097 GHz
Kout.o = 2E-10 : E,, =2494K
- XKoo = 9E-11 X A Xin = 1E‘7
0.015} Koo = TE-11 : \\\ b =225
Koy, = 4.8E-11 | Tl vr = FF (1 M.)
o w1 AR W LT
<) 0.000¢ Kouto = 2.5E-11 “H\H‘ '\_‘.p‘ T 1 ( T HH \/‘\i\
X = 1B-11 AT (AN IR AT
& WV Y
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—0.015 Xt = 6E-12 ‘k w TR |V | ||
HIFI observations V \4“ U M‘ ‘\‘
—0.030¢ U |
—-25 =20 -—-15 -—10 0 5)

Visg (km s™)

Figure 4.45: RATRAN: Placing upper limit on X,,; of H}30 0-315-303. Ranges in X, from
6.0x10712 to 6x1071°. The hybrid power-law and an OPR of 3:1 are assumed. Contrasted
against HIFI observations (faded black). Vertical dashed line corresponds to vigr = -9.8
km s™1. Appears to be a flat modelled line around X,,; < 2.75x 1071,
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Table 4.25: Estimating H*O p002 and 0007 X,,; required for non-detection. X4, = 550,
degrees of freedom = 89, velocity range = [-13.0, -4.0] km s™!, b,y =

= FF. Xou (HO) = Xyati0 X Xou (HO)

2.25 km s7!, and v,

OPR Power Line Xout Xout x> % p
Law (Hi%0) (HI2O)

a=14 6.75(:&0.5)><10_9 1.23(:|:O.9)><1O_11 74.753 0.840 0.14
LTE Hybrid p002 7.35(£0.3)x1070 1.34(+0.6)x10~1' 74.715 0.839 0.14
a=15 9.0(£0.4)x107%  1.64(40.1)x1071  74.759 0.840 0.14
a=14 4.29(£0.5)x1078  7.80(£0.9)x10"™ 80.835 0.908 0.28
LTE Hybrid 0007 5.14(£0.4)x107% 9.35(£0.7)x10~* 80.824 0.908 0.28
a=15 6.29(£0.6)x 1078  1.14(£0.1)x 107 80.870 0.909 0.28
a=14 15(£05)x109  8.18(£0.9)x10" 2 74.667 0.839 0.14
3:1 Hybrid p002 4 9(:&0.3)><10_9 8.91(+0.6) x107'2 74.634 0.839 0.14
a=15 6.()(:|:O.4)><10_9 1.09(:|:0.1)><1O_11 74.676 0.839 0.14
a=14 1.5(£0.5)x107%  2.73(40.9)x107*  80.604 0.906 0.27
3:1  Hybrid 0007 1.8(£0.4)x1078 3.27(+0.7)x10~"" 80.612 0.906 0.27
a=15 2.2(£0.6)x107%  4.00(4£0.1)x1071*  80.618 0.906 0.27
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Chapter 5

RADEX Modelling

RADEX is a computer program, written originally by J. H. Black, that acts as a non-
LTE excitation and radiative transfer code. See van Langevelde & van der Tak (2008) for
the manual. The program considers collisional and radiative processes using the escape
probability method, which then assumes an isothermal, homogeneous medium without
large-scale velocity fields (van der Tak et al. 2007). The user can select from three geome-
tries: uniform sphere, Large Velocity Gradient (LVG) (expanding sphere), or plane parallel
slab, and can enter up to 7 collision partners. Assuming that the source fills the beam,
RADEX calculates intensities of atomic and molecular lines, then outputs the background
subtracted line intensity in terms of the radiation temperature Txr. This parameter can be
directly compared to the observed antenna temperature corrected for the optical efficiency
of the telescope (van der Tak et al. 2007). In the case that the source does not fill the
beam, the user has to correct for beam dilution or ensure the source is resolved.

This code decouples the radiation from the molecular excitation, therefore the back-
ground radiation can be included. The main background radiation contributor is the Cos-
mic Microwave Background where Topr = 2.725 £+ 0.001 K. Internal radiation also plays
a role in the chemistry of the interstellar medium (i.e re-absorption). At the frequencies
used in this thesis (i.e., 557 GHz for ground state HiO), the majority of the background
contribution necessary for calculations is CMB radiation.

The purpose of modelling with RADEX is to further solidify confidence in the derived
radiative transfer model. Code details are given in §5.1, limitations are given in §5.2,
and RATRAN vs. RADEX comparison results can be found in §5.4. Input and output
parameters are listed in Appendix B.
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5.1 How does RADEX work?

RADEX uses the escape probability method for an isothermal, homogeneous medium.
As explained in van der Tak et al. (2007), a first guess of the relative level populations
is produced for an optically thin case. The only radiation taken into account for this
estimation is the unshielded background radiation field. RADEX does not yet consider
internally produced radiation. Solving for the level populations then allows the optical
depth of each line to be derived, which in turn re-calculates the molecular excitation
using the equations listed in §1.5 and §3.1. The new optical depth calculations treat
the background radiation the same as the internally produced radiation. We can thus
iteratively find a consistent solution for the level populations and the radiation. RADEX
produces output and terminates once the optical depths of the lines with 7 > 1072 are
stable between iterations.

The RADEX paper (van der Tak et al. 2007) describes the ways in which RADEX can
be used to analyze molecular spectra. Most often, the modelled quantity is the velocity-
integrated line intensity [ Tsdv. In an ideal case, the temperature and density are known
from other observations and only the molecular column density needs to be varied to
achieve an agreeing result. The limited number of free parameters makes RADEX very
useful to rapidly analyze large datasets.

5.2 Limitations

RADEX does have a few drawbacks; only homogeneous mediums are considered, the pro-
gram doesn’t know anything about the geometry or velocity fields of the studied regions,
doesn’t know if the escape probability holds, cannot give flux or specific luminosity (only
intensities), assumes the source fills the beam, and causes the user to blindly trust built
in radiative and collisional transition rates. Self-absorbed lines cannot be modelled satis-
factorily with RADEX as the excitation derived is assumed to be independent of velocity.
RADEX can also only handle one molecule at a time, as such the effects of line overlap are
not taken into account. Finally, some molecules undergo population inversion under condi-
tions such as low density or a strong radiation field (masers); this would require non-local
treatment of radiative transfer. RADEX is not capable of handling this.

On the plus side, RADEX can handle different molecule orientations (linear, symmetric-
top and asymmetric-top molecules), and model up to seven different species. Additionally,
RADEX includes background radiation.
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5.3 How does RADEX apply?

In the context of this work, we are able to match the RADEX derived velocity integrated
intensity ([ Tadv), optical depth (7), fractional populations (f, or n;), and the antenna
temperature (T 4) with that of the observed spectra. Once these values are roughly equal,
we are given an idea of what to expect for the column density. Additionally, other RADEX
input and output can be compared with RATRAN models, such as the calculated optical
depth, the observed antenna temperature, and the fractional population levels.

That being said, this is approached with caution. As mentioned in §5.1, self-absorbed
lines cannot be modelled with RADEX to a high degree of satisfaction as the excitation
derived is assumed to be independent of velocity. The strongest lines in this thesis exhibit
self-absorption; RADEX is best-suited to simulating the expected column density for the
outflow contribution, although an attempt will be made to simulate the spherical envelope.

5.4 Results

This section presents RADEX results and a comparison with RATRAN input and output
parameters (hybrid power-law model, OPR = 3:1). Subsection 5.4.1 presents RADEX

results modelled for the HI®O foreground component at 0.6 km s~

5.4.1 HI®0O: Emission Components at 8.6 and 0.6 km s™!

Emission Component at 0.6 km s™!

In this subsection, RADEX results are compared to RATRAN model results for NGC 7129
FIRS 2 to obtain some sort of structural model for the foreground component seen in Hi*O
110-1¢1 spectra at 0.6 km s—*.

To begin, a quick example of a RADEX model for H}*O is calculated for a user defined
line frequency range 540 — 2000 GHz, kinetic temperature Ty, = 100 K, n(H80) = 1074
em 3 T(CMB) = 2.73 K, N(H,0) = 10" e¢m™2, and line width AV = 0.6 km s™!. A
screenshot of the output for this model is seen in Figure 5.1. Listing the columns from first
to last: quantum state transition (line), energy of the upper state (K), line frequency (GHz),
wavelength (um), excitation temperature (K), optical depth 7, antenna temperature (K),
upper state population, lower state population, flux (K km s7!), and flux (erg cm=2 s71).
For the supplied frequency range, 29 transition lines are returned in 30 iterations.

146



The HIFT observational data, the fitted envelope Gaussian, and the deduced RATRAN
model can be compared to these RADEX results via the velocity integrated line intensity
[ Trdv = 1.0645 TRAV. The foreground component in the HIFI 0001 H3*O 547 GHz line
has an observed integrated intensity of [Tadv = 0.02 K km s~ (see HIFI observations,
Figure 2.4). In this particular example, the source does not fill the beam and the radi-
ation temperature (Tx) must be convolved to obtain antenna temperature; as mentioned
in Table 3.6, this value is Agy; = 0.117 for H33O. Thus, the antenna temperature becomes
Abo01 XTR(0001) = 0.117 x 1.146 K = 0.13 K. The antenna temperature produced by
RADEX is an order of magnitude too large (0.013 K vs. 0.13 K), and the velocity inte-
grated intensity equals 1.0645 x 0.13 K x 0.6 km s™! = 0.09 K km s, also slightly too
large (a factor of 4.5). These parameters can be brought into harmony with the obser-
vations by decreasing the molecular column density. This leads to a grid-like analysis to
determine which column density will produce the desired velocity integrated intensity for
both emission features seen in the H3O spectral line.

A total of 40 additional models are run in a grid-like manner for the 0.6 km s~! emission
feature ranging in column density from 10* — 10'* ecm™2 and a gas temperature from 10 —
100 K. Parallel plane slab geometry was selected for this grid model. It will be seen later
(8§5.4.2) that the differences between the geometries are minimal to none for the ground
state ortho line. Gas vs. antenna temperature is plotted in Figure 5.2. For this emission
feature [ Trdv = 0.02 K km s™*, yielding an expected Tx = 0.031 K. This is indicated on
the plot with a black dotted line. The only column density that crosses the expected Tx line
is the red N = 10" cm™2 line, at a temperature of approximately Ty.s ~ 45 K. The cyan
line, one order of magnitude higher, might also fit this model, but at a gas temperature <
15 K. This data is plotted in a colour-plot manner in Figure 5.3, with Tj vs. Log (Nps0).
Here, models with [ Trdv between 0.001 and 0.05 are shown in colour; models with velocity
integrated intensity outside of these boundaries are indicated by the white regions. The
desired velocity integrated intensity [ Trdv ~ 0.02 is indicated on this plot by mint blue.
In terms of a best fit region, we see a decreasing then plateauing trend with increasing
temperature. This region is defined between column densities of 1.75x10'? and 10'. The
best fit of ~ 10" from the previous plot fits within these limits well, equalling [ Trdv =
0.02 K km s at Tyes ~ 40 K. Thus, the foreground cloud must be emitting around T qs
= 40-45 K, with a column density of ~ 103
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8¥1

* Radex version i 30nov2011
* Geometry : Plane parallel slab
* Molecular data file : /home2/meconrad/RadexMasters/Radex/data/oh2o@daniel.dat
* T(kin) [K]: 100.000
* Density of H2 [cm-3] 1.000E+04
* Density of pH2 [cm-3] 3.796E+03
* Density of oH2 [cm-3]: 6.204E+03
* T(background) [K]: 2.730
* Column density [cm-2] 1.000E+14
* Line width [km/s] 0.600
Calculation finished in 30 iterations
LINE E_UP FREQ WAVEL T_EX TAU T_R POP POP FLUX FLUX
(K) (GHz) (um) (K) (K) uP LOW (Kxkm/s) (erg/cm2/s)
110 - 1_0_1 61.0 556.9361 538.2888 8.379 3.089E+01 1.146E+00 3.948E-02 9.589E-01 7.321E-01 1.629E-06
2.1 2 —-—-1_0_1 114.4 1669.9050 179.5267 11.630 3.219E+01 8.159E-02 1.625E-03 9.589E-01 5.211E-02 3.125E-06
2.2.1 —2_12 194.1 1661.0080 180.4883 10.850 1.819E-02 9.267E-04 1.047E-06 1.625E-03 5.919E-04 3.493E-08
3.0.3 — 212 196.8 1716.7698 174.6259 12.079 3.806E-02 3.360E-03 2.482E-06 1.625E-03 2.146E-03 1.399E-07
3.1.2 — 221 249.4 1153.1268 259.9822 126.919 1.494E-06 1.513E-04 9.481E-07 1.047E-06 9.664E-05 1.908E-09
3.1.2 - 3.0_3 249.4 1097.3651 273.1930 54.725 3.211E-05 1.045E-03 9.481E-07 2.482E-06 6.676E-04 1.136E-08
3.2.1 —--3_12 305.3 1162.9119 257.7946 16.180 2.242E-05 4.105E-05 3.012E-08 9.481E-07 2.622E-05 5.310E-10
414 --3_21 323.5 380.1974 788.5179 -567.243 -1.157E-09 6.669E-07 3.999E-08 3.012E-08 4.259E-07 3.015E-13
4.2.3 --3_3_0 432.2 448.0012 669.1778 47.020 5.522E-10 2.@047E-08 9.695E-10 1.191E-09 1.308E-08 1.514E-14
4.3.2 --5_0_5 550.4 1713.8832 174.9200 52.784 1.076E-10 2.360E-09 3.443E-10 1.999E-09 1.507E-09 9.771E-14
5.2_.3 —-—4_3_2 642.4 1918.4857 156.2652 113.864 6.201E-10 4.587E-08 1.875E-10 3.443E-10 2.930E-08 2.664E-12
5.3.2 —-—4_4_1 732.1 620.7012 482.9900 95.808 1.913E-12 1.562E-10 7.191E-12 8.030E-12 9.978E-11 3.073E-16
523 —--5_14 642.4 1410.6182 212.5256 94.300 5.078E-09 3.274E-07 1.875E-10 3.843E-10 2.091E-07 7.559E-12
5.3 2 --5_2_3 732.1 1867.7487 160.5101 27.491 3.796E-09 1.357E-08 7.191E-12 1.875E-10 8.670E-09 7.275E-13
6_2.5 --5.32 795.5 1322.0650 226.7608 50.372 9.803E-12 2.464E-10 2.412E-12 7.191E-12 1.574E-10 4.684E-15
6.3 4 — 541 933.7 1158.3241 258.8157 95.085 5.904E-13 4.132E-11 5.162E-13 7.838E-13 2.639E-11 5.282E-16
6_4.3 --5510 1088.8 439.1509 682.6639 -29.270 -4.901E-15 2.006E-13 1.871E-14 7.705E-15 1.281E-13 1.398E-19
6_3.4 —7_0_7 933.7 1880.7526 159.4003 67.094 1.354E-13 4.302E-12 5.162E-13 2.287E-12 2.748E-12 2.354E-16
6_4.3 —-—-7_126 1088.8 1574.2323 190.4372 59.751 5.911E-15 1.749E-13 1.871E-14 7.644E-14 1.117E-13 5.614E-18
743 --6_5_2 1339.9 1278.2661 234.5306 -225.591 -3.012E-16 5.721E-14 1.113E-15 7.350E-16 3.654E-14 9.829E-19
7.5.2 —--6_6_1 1524.9 443.0184 676.7043 -17.374 -1.070E-17 0.000E+00 3.985E-17 1.016E-17 0.000E+00 ©0.000E+00
7.3_.4 --17_25 1212.0 1797.1590 166.8147 41.716 9.068E-13 1.133E-11 4.917E-15 3.888E-14 7.234E-12 5.408E-16
725 --8_1_8 1125.7 1146.6215 261.4572 123.347 2.274E-15 2.173E-13 3.888E-14 6.883E-14 1.388E-13 2.695E-18
8.2 7 - 7_3_4 1274.2 1296.4112 231.2480 50.806 2.893E-15 7.474E-14 1.638E-15 4.917E-15 4.774E-14 1.340E-18
8 .45 - 752 1615.4 1884.8882 159.0505 57.334 6.061E-17 2.613E-15 9.322E-18 3.985E-17 1.669E-15 1.439E-19
854 —-—7_6_1 1805.9 1168.3587 256.5928 -90.137 -8.048E-19 ©0.000E+00 1.980E-18 9.379E-19 0.000E+00 0.000E+00
845 —-—-9.1_8 1615.4 1307.9635 229.2055 60.823 3.060E-18 ©.000E+00 9.322E-18 2.924E-17 0.000E+00 0.000E+0Q0
854 —9.27 1805.9 1596.2527 187.8182 67.557 5.166E-19 ©.000E+00 1.980E-18 6.878E-18 0.000E+00 0.000E+0Q0
10_2_9 —— 9_3_6 1861.3 321.2257 933.2767 14.716 1.042E-19 0©.000E+00 2.203E-19 5.683E-19 0.000E+00 0.000E+0Q0

Figure 5.1: Screenshot of example RADEX output at user defined line frequency range 540 — 2000 GHz,
kinetic temperature Ty, = 100 K, n(H30) = 1074, T(CMB) = 2.73 K, N(H,0) = 10, and line width AV
= 0.6 km s™!. The columns are listed in text. 29 transition lines were returned in 30 iterations. For ground
state 547 GHz line (H}*O equivalent), the velocity integrated line intensity [ Tgrdv = 0.6876. The observed
0001 H3*O 547 GHz line has an observed integrated intensity of [ Tadv = 0.06 K km s~* (HIFI observations,
Figure 2.4).
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Figure 5.2: RADEX grid models for H*O 0.6 km s™! component, using Parallel Plane
Slab geometry. Gas vs. antenna temperature for varying column densities. [ Trdv = 0.02
K km s7%; for AV = 0.6 km s}, the expected Tr = 0.031 for a Gaussian (black dotted
line). The only N that crosses the expected Tx boundary is the red N = 10! cm™2 line.
The cyan line might also fit this model, but at Ty, < 15 K.

Emission Component at 8.6 km s™!

A grid of 80 RADEX models was generated for the main 1.9 km s™! emission feature
for column densities ranging from 10 — 10! ¢cm™2 and for gas temperatures ranging
from 10 — 100 K. Parallel plane slab geometry was selected for this as well. Gas vs.
antenna temperature is plotted in Figure 5.4; for this emission feature, [Trdv = 0.06 K
km s7!, yielding an expected Tx = 0.0297 K for a Gaussian. This is indicated on the plot
with a black dotted line. The only column density that crosses the expected Tj line is
the magenta N = 10 ¢cm™2 line at a temperature of approximately T, ~ 25 K. This
data is plotted in a colour-plot manner in Figure 5.5, with Ty vs. Log (Npisp). Here,
models with [ TRAV between 0.01 and 0.095 are shown in colour; models with velocity
integrated intensity outside of these boundaries are indicated by the white regions. The
desired velocity integrated intensity [ T AV ~ 0.06 is indicated on this plot by lime green.
In terms of a best fit region, we see a decreasing then plateauing trend with increasing
temperature. This region is defined between column densities 104 and 10, consistent
with the findings of the previous plot. This is greater than the foreground component by
a factor of 102
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Figure 5.3: Colour plot depicting RADEX grid models for H¥0O 0.6 km s™! foreground
component. Ranging in column density N from 10!
of 10 — 100 K. Models with fTRAV between 0.001 and 0.05 are shown in colour; models
with velocity integrated intensity outside of these boundaries are indicated by the white
regions. We see decreasing then plateauing trend with increasing temperature, similar to
that in Figure 5.2. For the 0.6 km s~! H}®O emission feature, we are aiming for [ TRAV ~
0.02, indicated on this plot by mint blue. This region is defined between column densities
of 1.75x10' and 10'* for a parallel plane slab geometry. This is less than the NGC 7129
FIRS 2 component by a factor of 102
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Figure 5.4: RADEX grid models for H}*O 1.9 km s~! component, using Parallel Plane Slab
geometry. Plotting gas temperature vs. antenna temperature for varying column densities.
The velocity integrated intensity [Trdv = 0.06 K km s7%; for a AV = 1.9 km s, the
expected Tr = 0.0315 for a Gaussian. This is indicated on the plot with a black dotted
line. The only column densities that cross the expected Ty line is the magenta N = 10
cm 2 line.
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Figure 5.5: Colour plot depicting RADEX grid models for H¥0O 1.9 km s™! component.
Ranging in column density N from 10 — 107, over gas temperature range of 10 — 100 K.
Models with [TrAV between 0.01 and 0.095 are shown in colour; models with velocity
integrated intensity outside of these boundaries are indicated by the white regions. We see
decreasing then plateauing trend with increasing temperature. For the 1.9 km s~! H%0
emission feature, we are aiming for [ TRAV ~ 0.06, indicated on this plot by lime green.
This region is defined between column densities of 2x 104 and 106 for a parallel plane slab
geometry.
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5.4.2 RATRAN vs. RADEX

Table 5.1: RADEX Input Parameters: 7, Ny, ng,- Hi%O.

o001 7=1.0 7 =0.23
0007 7=0.019 7=721x10"°
T, (K) 69.76 55.0
N(HEO) (em™2) | 1.25%10%  3.0x10'2
ng, (cm™3) 1.7x107 8.5x10°

In order to compare RATRAN modelling results with RADEX results, we must first extract
input variables that are consistent with both radiative transfer codes. This will be carried
out for the ground state H3O line, 0001 11p-1¢;, and an excited state Hi®O line, 0007
312-303. The optical depth through the modelled NGC 7129 FIRS 2 molecular cloud is
calculated with Equation 3.8. Optical depth figures can be found in Chapter 6. It is
determined that Hi¥O 0007 reaches 7 = 1.0 at T = 80.79 K, and has 7 ~ 7.2 x 107¢ at 25.0
K. When 0001 reaches 7 = 1.0 at 69.76 K, the optical depth of 0007 reaches 7 = 0.019.

Column density and gas temperature per RATRAN Shell for HI*O are plotted in Figure
5.6. The freeze-out radius is marked by a vertical black dashed line (shell 10). This plot was
used to extract column density values for optical depths of 7 = [1.0 (0001), 0.019 (0007)]
and [0.23 (0001), and 7.2 x 107% (0007)] corresponding to T}, = 70 and 25 K respectively.
At 70 K, the column density of H30 is 1.25x10'® cm™2, and at 25 K is 3.0x10'? cm—2.

Lastly, the density of Hy was determined at these temperatures (70, 25 K) with Figure
5.7, a plot of column density and Hy density per RATRAN shell. Using the same method
as above, the Hy densities were determined to be ng, (70 K) = 1.7x107 cm™3 and ng, (25
K) = 8.5x10° cm™3. See Table 5.1 for summary of all extracted values. In this figure, the
ny, appears to plateau in the inner and outermost regions; this isn’'t actually occurring,
the density profile is a power-law. This is simply a result of the shell spacing.

RADEX models for both 0001 and 0007 were produced for temperatures of 70 K and 25
K. The derived column and volume densities for a linewidth of 1.9 km s~! and background
temperature of 2.73 K will make up the RADEX input file. The RADEX results for the
two models can be found in Table 5.2. All three geometries were considered and compared
(uniform sphere, expanding sphere, and parallel plane slab). For both 0001 and 0007 lines,
it is seen that with the progression through the three geometries as listed, the following
parameters increase: iterations, T.,, Tr (T4), and n,. The lower population n; decreases
slightly with each geometry. All three geometries use the same ortho to para ratio which
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Figure 5.6: Column Density (blue) and Gas Temperature (red) per RATRAN Shell for
H18O. The freeze-out radius is marked by a black dashed line. This plot was used to
extract values of N for optical depths of 7 = 1.0 (green dashed) and 0.23 (magenta dashed),
corresponding to Ty ~ 70 (green dotted) and 25 K (magenta dotted) respectively, by
drawing lines through the corresponding shells (vertical green and magenta dashed lines).
It is seen at 70 K, the column density of H3*O is 1.25x 10" cm™2 (cyan dotted), and at 25
K is 3.0x10'? cm™2 (blue dotted).
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Figure 5.7: Column Density and Hy Density per RATRAN Shell for HI*O. The freeze-out
radius is marked by a black dashed line. This plot was used to extract values of ny, for
optical depths of 7 = 1.0 (green dashed) and 0.23 (magenta dashed), corresponding to T} ~
70 (green) and 25 K (magenta) respectively, by drawing lines through the corresponding
shells (vertical green and magenta dashed lines). It is seen in Figure 5.6 at 70 K, the
column density of H30 is 1.25x10' cm™ (cyan dashed), and at 25 K is 3.0x10'? ¢cm™2
(blue dashed). Using the same vertical dashed lines, ng, (70 K) = 1.7x 107 (horizontal green
dotted) and ng, (25 K) = 8.5x10° (horizontal magenta dotted). See Table 5.1 below for
summary of extracted values.
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is determined by RADEX (see Figure 4.34). The 0001 line uses o/p = 9.786x107% while
the 0007 line uses o/p = 0.780. The optical depth decreases for 0001 with the progression
in geometry, while increasing for 0007.

Considering the T = 25.0 K case (as this is likely representative of the outer NGC
7129 FIRS 2 envelope), the uniform sphere geometry yields results that are the most
consistent with the structural RATRAN model. The expected 0001 7 is on the same order
of magnitude as the RADEX values, but with a percentage difference of 37%. The same
for 0007 is not consistent with the expected value (much smaller than expected). From the
HIFT observations, the expected antenna temperature for 0001 H}*O is T4 = 0.012 K (1.9
km s7! feature). If T4 = Ty, the antenna temperature derived by RADEX for the T =
25 K case is on the same order of magnitude as that expected for 0001, but it is doubled.
If correcting for beam dilution and T4 = ATg where Agy; = 0.117 and Agy; = 0.427, the
resultant T4, would be a factor of ~ 4 too large. For the excited 0007 line, the antenna
temperature returned by RADEX would be undetectable on the current HIFI observing
scales. This is consistent with the data. As this is an ideal situation because the envelope
of NGC 7129 FIRS 2 is not uniform, the results from RADEX as compared to RATRAN
are considerably in agreement.

Comparing RATRAN and RADEX Population Levels n;

Another method of verifying the validity of the RATRAN models is by comparing the
population levels n; output by AMC with that of RADEX. The population is compared

for the uniform sphere geometry as well as the parallel plane slab geometry for ortho Hi*O
and HO.

In Figure 5.8, the populations are compared for HX0O using uniform sphere geometry.
The ratio R = n; gar/ni rap is plotted as a function of envelope shell; the boundary where
the RATRAN and RADEX populations are equal occurs at R = 1.0. This is indicated
by the horizontal black dashed line. The vertical red dashed line indicates the RATRAN
freeze-out radius, the blue line indicates the n; population ratio, and the green line indicates
the ny population ratio. The RATRAN population R,, becomes much greater (factor of <
50) in the outer envelope. This is likely because RADEX employs the LTE OPR, while the
RATRAN model used a constant 3:1 OPR. The RATRAN model also assumes a freeze-
out radius (red dashed line) at T, = 100 K; here the abundance drops, decreasing the
RATRAN n; below the RADEX n;. In addition to these suggestions, RADEX does not
consider the region in a manner of nested spherical shells like RATRAN, it only considers
the sphere as a single entity producing uniform emission.
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Table 5.2: Comparing RADEX geometries (Uniform Sphere (US), Expanding Sphere (ES), and Parallel Plane
Slab (PPS)) at 25.0 K. Modelling HI#O. Input: N = 3 x10'?, ng, = 8.5x10°, AV = 1.9 km s~!. Optical
depth at 25.0 K is ~ 0.23 for 0001 and 9.83x 107> for 0007, derived from RATRAN envelope model (5.6, 5.7,
and 6.4). Antenna temperature (Ty ~ ATy, where Agy; = 0.117 and Agg; = 0.427) for HI¥O is ~ 0.012 K.

LGT

Geometry US ES PPS
Line 0001 0007 0001 0007 0001 0007
State Transition 2-1 6-5 2-1 6-5 2-1 6-5
Frequency (GHz) 547 1095 547 1095 547 1095
7T=023T=25K
o/p ratio 9.786x1073
Iterations 15 15 16 16 16 16
Ter(K) 4.707 16.094 4.759 16.107 4.980 16.169
T 3.16x1071  8.77x107® | 3.16x10"! 8.78x107% | 3.15x107!  8.79x107®
Tr (K) 2.40x1072  1.82x1077 | 2.60x1072  1.83x1077 | 3.40x1072 1.85x107"
Ty 3.40x1073  1.74x1078 | 3.62x107%  4.60x1077 | 4.64x1073  1.78x1078
n 9.97x107!  4.60x1077 | 9.96x107'  4.60x1077 | 9.95x107t  4.61x107"
T=10,T=70K
o/p ratio 0.78012
Iterations 24 24 25 25 27 27
Ter(K) 22.484 60.364 23.513 61.778 27.073 61.967
T 6.916x1071  7.984x107% | 6.648x107! 8.012x107* | 5.822x1071 9.237x107*
Tr (K) 5.844x10°  3.018x107% | 6.132x10° 3.135x1072 | 7.004x10° 3.630x10~2
T 2.284x10""  6.938x10~* | 2.368x 10~  7.207x10~* | 2.607x10~" 8.346x10~*
n 7.498x1071  1.660x1073 | 7.381x107!  1.690x1072 | 6.996x10~1 1.952x1073
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Figure 5.8: Comparing n; of RATRAN and RADEX for Hi°O (uniform sphere geometry).
R = n; gpar/nirap vs. envelope shell. Values are equal at R = 1.0 (black dashed line). The
freeze-out radius = red dashed line, n; ratio = blue line, and ny ratio = green line. The
RATRAN population R,, becomes much greater (factor of < 50) in the outer envelope.
The abundance X,,; drops at the freeze-out radius, decreasing the RATRAN n; below the
RADEX n,

In terms of the goodness of fit between the population values of RATRAN and RADEX,
the reduced chi-square x% (n;) = 0.021 and x% (n2) = 0.028.

In Figure 5.9, the populations are compared for HX¥O using uniform sphere geometry.
The plotting attributes are the same as in Figure 5.8. The RATRAN population ny becomes
much greater (factor of < 100) in the outer envelope, similar to the HiO version of this
plot. Suggestions for this behaviour are the same as mentioned for H}O as the only
difference between these isotopologues is the water abundance with respect to Hy. That
being said, the ratio between RATRAN and RADEX populations has a larger deviation
from R = 1.0 for HI*O (i.e, < 100 vs. < 50). In terms of the goodness of fit between the
population values of RATRAN and RADEX, the reduced chi-square x% (n;) = 0.130 and
X% (n2) = 0.108. This is a factor of ~ 6 and 4 (respectively) times greater than that for
the H3%0.

In Figure 5.10, the populations are compared for HXO using parallel plane slab geom-
etry. The plotting attributes are the same as in Figure 5.8. The RATRAN population
ny becomes much greater (factor of < 30) in the outer envelope, similar to the spherical
geometry version of this plot. Suggestions for this behaviour are the same as mentioned.
In terms of the goodness of fit between the population values of RATRAN and RADEX,
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Figure 5.9: Comparing n; of RATRAN and RADEX for HI*O (uniform sphere geometry).
Same as Figure 5.8. The RATRAN population R,, becomes much greater (factor of <
100) in the outer envelope. The abundance X,,; drops at the freeze-out radius, causing a
slight decrease in R,,, at this shell.

the reduced chi-square x% (n;) = 0.0077 and x% (ny) = 0.0013. This is a factor of ~ 2.5
and 2.0 (respectively) times less than that for the spherical geometry.

Lastly, in Figure 5.11, the populations are compared for Hi*O using parallel plane slab
geometry. The plotting attributes are the same as in Figure 5.9. The RATRAN population
ny becomes much greater (factor of < 100) in the outer envelope, similar to the spherical
geometry version of this plot. Suggestions for this behaviour are the same as mentioned.
In terms of the goodness of fit between the population values of RATRAN and RADEX,
the reduced chi-square x% (n;) = 0.080 and x% (ng) = 0.075. This is a factor of ~ 1.6 and
1.4 (respectively) times less than that for the spherical geometry.

All calculated chi-square and reduced chi-squares using the right-tail distribution method
for the above RATRAN and RADEX population comparison are given in Table 5.3 for each
of the geometries. The p-values are all equal to 1.0; thus, we fail to reject the null hypoth-
esis that these values are consistent.
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Figure 5.11: Comparing n; of RATRAN and RADEX for HI®O (parallel plane slab geome-
try). Same as Figure 5.9. The RATRAN population R,, becomes much greater (factor of
< 100) in the outer envelope. The abundance X,,; drops at the freeze-out radius, causing
a slight decrease in I, at this shell.
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Table 5.3: RATRAN vs. RADEX: population x? comparison

Isotopologue Geometry mn; X2 X7 p

HIO US  ny 0446 0021 1.0
ny 0.596 0.028 1.0

PPS  m; 0.142 0.0077 1.0

ny 0.267 0.013 1.0

H120 US  my 2736 0130 1.0
ny 2270 0.108 1.0

PPS  n; 1.686 0.080 1.0

ny 1582 0.075 1.0

Comparing RATRAN and RADEX Optical Depths 7

The optical depths calculated from the RATRAN AMC population levels are compared
with RADEX output optical depths; these are calculated by RADEX using the same input
parameters as that for RATRAN. Unfortunately, these values are not often consistent. For
Hi°O, the optical depth calculated from RATRAN parameters for both the uniform sphere
(US) geometry (Figure 5.12) and parallel plane slab (PPS) geometry (5.14) are less than
the RADEX optical depth by a factor of ~ 0.4. In both figures, the equality boundary is
indicated by the black dashed line and the freeze-out radius is indicated by the red dashed
line. Both geometry R, appear to experience drastic dips at the freeze-out radius on this
scale; the PPS geometry also exhibits two peaks on either side of the freeze-out radius. It
was determined that these were not a result of typos in the RADEX input file.

For Hi®O, the optical depth calculated from RATRAN parameters for both the US
geometry (Figure 5.12) and PPS geometry (5.14) are greater than the RADEX optical
depth by a factor of ~ 12 - 50. Both geometry R, appear to experience drastic dips at the
freeze-out radius on this scale (down to R, = 0.25 and 0.4, respectively); both exhibit a
second dip in the outer envelope (~ shell 16).

Table 5.4 gives the y? and y% right tail distribution calculations for both uniform sphere
and parallel plane slab geometries for both isotopologues. The p-values are so low that we
reject the null hypothesis that these values are consistent.
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Figure 5.12: Comparing 7 for HXO, US geometry. R, vs. shell. Black dashed line: R, =
1.0, red dashed line: freeze-out radius, blue line: R..

Table 5.4: RATRAN vs. RADEX optical depth x? comparison

Isotopologue  Geometry x? X% p
H1%0 US 43565.21 2074.53 0
PPS 38203.77 1819.23 0

HI%O US 460.82  21.94 2.2x107%

PPS 464.40 22.11  4.0x107%

5.4.3 Summary: Validation of RATRAN Results with RADEX

1. Emission component at 0.6 km s™!: The foreground cloud (if accurately modelled
by a parallel plane slab), must emit around 7,,s = 40-45 K, with a column density
of ~ 10" to obtain a velocity integrated intensity ~ 0.02 K km s™! (from HIFI
observations).
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Figure 5.13: Comparing 7 for H}*O, US geometry. Same as Figure 5.12
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= 1.0, red dashed line: freeze-out radius, blue line: R..
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2. Emission component at 8.6 km s™!: The NGC 7129 FIRS 2 envelope, if consid-
ered as a parallel plane slab, has a RADEX velocity integrated intensity [ Tadv ~
0.06 K km s for column densities of 104 — 106, This is consistent with the column
densities seen in the RATRAN modelled outer envelope (Figure 5.6) and is greater
than the foreground component by a factor of 102

3. Comparing geometries: With progression through the RADEX geometries (US,
ES, PPS), the following parameters increase: iterations, T.,, Tr (T4), and n,. The
lower population n; decreases slightly with each geometry. All three geometries use
the same LTE ortho to para ratio. Lastly, the optical depth decreases for 0001 with
the progression in geometry, while increasing for 0007.

4. RADEX T = 25.0 K case: This RADEX model is likely well representative
of the outer NGC 7129 FIRS 2 envelope. Of the three RADEX geometries, the
uniform sphere yields results that are the most consistent with the RATRAN model.
The expected Hi¥O ground state line (0001) optical depth 7 is on the same order
of magnitude as the RADEX values, but with a percentage difference of 37%. The
same for 0007 is not consistent with the expected value (much smaller than expected).
From the HIFT observations, the expected antenna temperature for 0001 HO is T4
= 0.012 K (1.9 km s™! feature). If T4 = Ty, the antenna temperature derived
by RADEX is on the same order of magnitude, but it is doubled. If correcting for
beam dilution with T4 = AT, where Agg; = 0.117 and Agg; = 0.427, the resultant T 4
would be a factor of ~ 4 too large. For the excited 0007 line, the antenna temperature
returned by RADEX would be undetectable on the current HIFI observing scales.
This is consistent with the data. As this is an ideal situation because the envelope of
NGC 7129 FIRS 2 is not uniform, the results from RADEX as compared to RATRAN
are considerably in agreement.

5. Comparing Population: Comparing RATRAN and RADEX population results
(while also comparing RADEX geometries US and PPS) for both isotopologues allows
us to see that for Hi°O, the population results of both codes are consistent until
freeze-out occurs in RATRAN. At this point, the excited fractional population n,
drastically increases for RATRAN while the ground state population ny is still fairly
consistent. This observation is valid for both geometries. Hi3O population results
are less consistent, but still exhibit the same plotted effects as that of the H0. Of
this exercise, the RADEX model that returned the best chi-square result is the Hi°O
parallel plane geometry, with a reduced chi-square of x%(n1) = 0.0077 and x%(ng) =
0.013. The null hypothesis (RADEX validates RATRAN results) fails to reject for
the population comparison.
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6. Comparing Optical Depth: For Hi°0, the optical depth calculated from RA-
TRAN parameters for both the uniform sphere (US) and parallel plane slab (PPS)
geometry are less than the RADEX optical depth by a factor of ~ 0.4.

For H1%0O, the optical depth calculated from RATRAN parameters for both the US
and PPS geometry are greater than the RADEX optical depth by a factor of ~ 12 - 50.
For both geometries, the RATRAN to RADEX ratio R, appears to experience drastic
dips at the freeze-out radius on this scale (down to R, = 0.25 and 0.4, respectively);
both exhibit a second dip in the outer envelope (~ shell 16).

Differences in optical depth produced by the two radiative transfer codes are likely
due to the use of a freeze-out temperature in the RATRAN models. Additionally,
RADEX uses an LTE ortho to para ratio (OPR), while the RATRAN model used an
OPR of 3:1. Statistically, the null hypothesis (RADEX validates RATRAN results)

is rejected for the optical depth comparison.
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Chapter 6

Discussion

This chapter will present a discussion on the HIFT observations obtained and their respec-
tive line profiles, P-Cygni and inverse P-Cygni profiles, Gaussian component fits, optical
depth derivations, RATRAN sources of error, modelling results, and a comparison between
mass regimes.

6.1 Observations

Molecular emission lines are very useful in the study of star formation. A total of 9 spectral
water lines were observed for the IM YSO NGC 7129 FIRS 2, obtained under the WISH
program. These can be found in Figure 2.1.

The strongest lines in our Hi®O HIFT spectral dataset are the ground state ortho and
para lines, at 557 and 1113 GHz respectively, and the first excited para state at 988 GHz
(para 002). The ground state lines exhibit blueshifted absorptions with respect to the
Vi5sr. This absorption feature does not appear in the higher state lines. The 752 GHz
line (para 004) is similar in line shape to the 988 GHz, but reduced in intensity by a factor
of 2.5. The 1153 GHz line is a noisier line compared to the rest of the dataset. All lines
appear to exhibit line broadening. A wide outflow is present to some degree in all of the
lines; this feature is strongest in the aforementioned lines, appearing centered at -19.7 km
s~1. Visually extracting this component, the ground state lines appear to have a P-Cygni
profile. This will be discussed later.

The strongest line in the HI*O HIFT spectral dataset is the ground state ortho 547 GHz
line. The other observed spectral lines at 995 GHz (para 002) and 1096 GHz (ortho 007)
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appeared as non-detections. The ground state ortho line also has a second emission line at
~ -0.6 km s~!, perhaps attributed to a foreground cloud.

The HIFT observation RMS noise calculated in this thesis is compared to Johnstone et
al. (2010)’s calculations in Table 2.6. The values obtained in this work are slightly larger
(i.e, 0.023 K vs. 0.020 K). The larger result is likely a result of a wider velocity range and
updated beamsize; Johnstone et al. (2010) uses a velocity range of 1 km s™! while this
work uses a range from -60 to +60 km s~! with respect to the Vi gg.

6.1.1 P-Cygni and Inverse P-Cygni Profiles

As mentioned in the Introduction, an informative classification of molecular line features
in star formation regions is the P-Cygni (and inverse P-Cygni) profile. The qualitative
difference can be seen in the cartoon in Figure 6.1, extracted from Kristensen et al. (2012).

Inverse P-Cygni profiles are usually found associated with Class 0 YSOs and are typ-
ically caused by a velocity and excitation gradient in gas falling towards the central core
(Kristensen et al. 2012). As described in Kristensen et al., the narrow absorption feature
is seen redshifted with respect to the narrow emission; this absorption feature takes place
against both the outflow component and the continuum, indicating that the component is
located between the outflow and the envelope edge. The line profile shape is dominated by
the infall velocity vjy,r/Avg,p. If the entire envelope is in free-fall, the velocity approaches
that in Equation 1.17. Of the LM YSOs these authors studied, NGC 1333 IRAS 4A (dis-
cussed in §6.4) shows an inverse P-Cygni profile, confirmed by both interferomic and single
dish data of Di Francesco et al. (2001), Jgrgensen et al. (2007), Altard et al. (2009),
and Kristensen et al. (2010). They do not classify LM YSO NGC 1333 IRAS 2A (briefly
studied in this work) as either P-Cygni or inverse P-Cygni.

Regular P-Cygni profiles on the other hand are usually attributed to Class I YSOs.
These lines exhibit both absorption and emission features and assume a spherical envelope.
The other structures of the star-forming region (i.e. outflow) are non-spherical in nature.
The emission feature is due to a dense stellar wind near the YSO, while the blueshifted
absorption feature is generated by radiation passing through the outflow. It has been
suggested in Kristensen et al. (2012) that infall could persist while the outflow pushes
specific regions to expand (i.e., infall reversal).

Bringing the focus back to NGC 7129 FIRS 2, the ground state ortho and para lines
observed with Herschel HIFI show a distinct P-Cygni profile post-Gaussian subtraction
(Figures 6.2 and 6.3). The outflows associated with NGC 7129 FIRS 2 are bipolar, unlike
the spherically symmetric outflows of P-Cygni stars. The young stage of stellar evolution
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Figure 6.1: Cartoon showing the different dynamical and energetic components in pro-
tostars directly traced by water emission. Each panel shows a cartoon of a protostellar
system with a sample spectrum and a number of specific examples of objects in this cat-
egory. Note, the velocity scale of the inserted spectra change from the top left panel to
bottom right. Inverse P-Cygni and regular P-Cygni profiles have been abbreviated IPC
and RPC, respectively. The labels Class 0 and I refer to the Class where this type of profile
is typically found. From Kristensen et al. (2012), Figure 10.
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(Class 0) and the fact that the outflows are not directly aligned with the line of sight
suggest NGC 7129 FIRS 2 is likely not expanding.
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Figure 6.2: P-Cygni Profile of HX0O 19-19; 0001. Residual of subtracting Gaussian G1
and G2. Image produced with HIPE
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Figure 6.3: P-Cygni Profile of HX0O 1,;-0gg p001. Same as Figure 6.2
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6.2 Gaussian Decomposition of Observed Spectral Lines

Separating spectral lines into Gaussian components is useful for placing constraints on
physical components of star formation regions (Kristensen et al. 2010; Johnstone et al.
2010). HIPE 15.0.0 was used to fit Gaussian profiles to the HIFI spectral dataset while
minimizing the associated uncertainty. For the H°O spectral dataset, three Gaussians
were placed at -19.7, -7.8, and -3.6 km s~!; the second of which is expected to be the
envelope component (see Table 2.4 and Figure 2.2). When subtracted from the spectral
line, the residual is mostly within 3o for each of the spectral lines.

For the H1®O spectral dataset, two Gaussians were placed at -8.6 and -3.4 km s™};

the former is expected to be the envelope component while the latter is expected to be
a foreground component. When subtracted from the spectral line, the residual is mostly
within 3¢ for each of the spectral lines. The non-detection lines 995 GHz (p002) and 1095
GHz (0007) are also within 3¢ without any subtraction.

An important point to note is that these fits do not absolutely have to be Gaussian; the
spectral components could be another line shape altogether (i.e, Lorentzian). This was not
investigated in this thesis but is an interesting thought that might be worth investigating
in the future.

6.2.1 Other IM WISH Candidates

As mentioned, the IM-WISH candidates included more than just NGC 7129 FIRS 2. Ob-
servations for HY°0 and H3*O (where applicable) were obtained from HIPE 15.0.0 for each
of the following sources: NGC 2071 IR, Vela IRS 17, Vela IRS 19, AFGL 490, and L1641
S3MMSI1. The details of these observations are listed in Table A.2 and A.3. The molecular
emission lines are plotted in Figures A.1 - A.6. The Gaussian decompositions are listed in
Tables A.4 - A.8 and plotted in Figures A.8 - A.15.

NGC 2071 IR

To elaborate, NGC 2071 IR is the only other IM candidate that has Hi*O observations.
Like NGC 7129 FIRS 2, observations were obtained for the H*O 557 (0001), 1113 (p001),
988 (p002), 752 (p004), 1153 (0006) GHz lines, and the H}*O 547 (0001), and 1096 (0007)
GHz lines. As seen in Figure A.1, the ground state lines and the 988 GHz line are the
strongest. The ground state lines exhibit a double blueshifted absorption feature. Wide
components corresponding to the outflow are present in the 557, 1113, 988, and 752 GHz
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lines. The emission seen in NGC 2071 IR is a lot stronger than that seen in NGC 7129
FIRS 2; the H0O ground state emission has an intensity of ~ 2.0 K. Even the excited
1153 GHz line has a peak intensity of ~ 2.5 K. The strongest line is the 988 GHz line,
with an emission intensity of 2 3.0 K. The highest excitation lines of this dataset appear
very symmetrical about the Vygr = 9.6 km s~!; as such, these lines would likely be really
straight-forward to model with RATRAN. The absorption feature seen in the ground state
HI%0 lines is also observed in the HI*O 547 GHz line. This ground state line has an
emission intensity of roughly 0.075 K, greater than that of NGC 7129 FIRS 2 by a factor
of 6.25. The absorption has an intensity of -0.05 K. The excited 1096 GHz line appears as
though it might have a slight residual standing wave, and is also very noisy.

A total of five Gaussians were fit to the lines of both isotopologues (Table A.4). HIPE
deduced the 1096 GHz line was also a non-detection for this source. The Gaussian H3°O fits
are as follows: very-broad emission at 11.6 km s, broad emission at 10.6 km s~!, medium
emission at 11.6 km s™!, narrow absorption at -9.2 km s™!, and a narrow absorption at
4.2 km s7'. The Gaussian H}?O fits are as follows: broad emission at 10.6 km s, narrow
absorption at 11.6 km s~!, medium emission at 11.6 km s~!, narrow emission at -9.2 km

s~!, and a narrow absorption at -7.5 km s7.

The H390 residual fits (Figure A.7) show that the Gaussian fits aren’t quite perfect;
the residuals exceed 30 in some places, indicating either some actual features (vs. noise)
weren’t properly fit with either a Gaussian profile, or not enough Gaussians were added
during the HIPE optimization process. The H}*O residuals are nicely encased by the 3o
level boundaries (Figure A.8).

RATRAN would likely produce a model fitting the medium and narrow components,
as these appear to be associated with the envelope.

Vela IRS 17

Observations were obtained for the IM source Vela IRS 17 from HIPE 15.0.0; these include:
H1%0 557 (0001), 1113 (p001), 988 (p002), 752 (p004), 1153 (0006) GHz lines, and the HI*O
547 (0001), and lines. The H®O line was thrown out after Gaussian fitting due to spurs in
the data. As seen in Figure A.3, the ortho ground state line and the 988 GHz line are the
strongest. The ground state lines exhibit an absorption feature at the Vygz = 3.9 km s 1.
The emission seen in Vela IRS 17 is a more similar to NGC 7129 FIRS 2 than NGC 2071
IR; the Hi°O ground state emission has an intensity of ~ 0.6 K. The excited 1153 GHz
line is very noisy and appears to have a long standing wave. The highest excitation lines
of this dataset appear very symmetrical about the Vygg; as such, these lines would also
likely be really straight-forward to model with RATRAN. From the observed para lines,
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it also appears that the molecular spectra has a redshifted tail; i.e, the broad blueshifted
emission has been absorbed.

A total of four Gaussians were fit to the lines of H}0 (Table A.5: broad emission at
2.8 km s~!, medium emission at 1.1 km s~!, narrow emission at 1.5 km s~!, and narrow
emission at 6.5 km s™!. The Gaussian H®O fit is as follows: Medium emission at 6.5
km s7!. As seen in Figure A.9, the H°O residuals are nicely encased by the 3o level
boundaries. RATRAN would likely produce a molecular line that would fit the 6.5 km st
component; this component is likely associated with the envelope. The H3*O Gaussian fit
is plotted in Figure A.10. The residual for this line is also within 30, although this data

was discarded after Gaussian fitting due to a spur further down the molecular line.

Vela IRS 19

Observations were obtained for the deeply embedded IM source Vela IRS 19 from HIPE
15.0.0; these include: H3%°0 557 (0001), 1113 (p001), 988 (p002), 752 (p004), 1153 (0006)
GHz lines, and the H3*O 547 (0001), and lines. This H}*O 547 GHz and the H°O 1113
GHz lines were thrown out due to spurs in the data. As seen in Figure A.4, the excited
para state 988 and 752 GHz lines are the strongest. The ground state lines do not exhibit
absorption features, and are barely detected; the Hi®O ortho ground state emission has an
intensity of ~ 0.15 K. The excited 1153 GHz line appears very noisy for this source as well.
Because the lines are so weak, it is likely that the envelope is contributing to the majority
of the emission, thus making it straight-forward to model with RATRAN. From the ground
state lines and the observed excited para lines, this source also appears to have molecular
spectra with a redshifted tail; i.e, the broad blueshifted emission has been absorbed.

A total of four Gaussians were fit to the lines of H}O (Table A.6; the Gaussian fit
process for Vela IRS 19 was a little more difficult than the others due to the weak emission.
Out of the four Gaussians, each transition fits a combination of 2-3 of these 4. The first
component is located at 29.6 km s™! (ground-state ortho only), second component is at
18.4 km s~ (557, 988, 752 GHz), third component is at 11.9 km s~ (excited para lines),
and the fourth component is at 21.2 km s~ (752 and 1153 GHz). As seen in Figure A.12,
the H1%0 residuals are nicely encased by the 3¢ level boundaries. RATRAN would likely
produce a molecular line that would fit the 11.9 km s~! components of the 988 and 752
GHz lines; this component is likely associated with the envelope.

Modelling Water in Vela IRS 17 & 19 Tisi (2013) derived a density profile power-law
index of a = 1.35 for Vela IRS 17 and o = 1.5 for Vela IRS 19. The Gaussian components
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fit to the Herschel HIFI observations (same as that seen here) by Tisi are given in Figures
A.11 and A.13, respectively. The components for the most part are similar; Tisi optimized
his total fit with three, as opposed to the four of this work. Different from Tisi, this work
adds the 21.2 km s~! component, fitting to the absorption in the 1153 GHz line. The
envelopes of each were then modelled with RATRAN.

He deduced for both Vela IRS 17 and 19 that the 752 GHz line was the most useful in
providing constraints on the inner and outer abundances of H,O. Like this work, Tisi was
also unable to constrain the inner abundance of H,O. Ultimately, he suggested an outer
envelope water abundance of 6x1078 — 4x10~7. This value is larger than that seen in this
work for IM star formation by about a factor of 3 — 18. After private communication with
Tisi, this was determined to be the result of a difference in collision rates. Tisi (2013)
employed a scaled version of the Green et al. (1993) HyO-He collision rates, similar to
Johnstone et al. (2010). As mentioned, it was determined that these collision rates cause
non-negligible differences in the modelled line emission; the current HoO-Hy Daniel et al.
(2011) collision rates are the most up-to-date.

AFGL 490

Observations were obtained for AFGL 490 with HIPE for the HX°O 557 (0001), 1113 (p001),
988 (p002), 752 (p004), 1153 (0006) GHz lines, and the HI*O 547 (0001) GHz line. The
last line is thrown out due to bad data. As seen in Figure A.6, the ground state lines and
the para excited lines 988 GHz and 752 GHz are the strongest. The ground state lines
exhibit a redshifted absorption feature. The Hi®O ground state emission has an intensity
of ~ 0.2 K. The strongest line is the 988 GHz line, with an emission intensity of = 0.3 K.
The excited 1096 GHz line is also very noisy. Like the Vela IRS 17 and 19, the para 988
GHz line has a redshifted tail.

Like Vela IRS 19, A total of five Gaussians were fit to the Hi°O lines (Table A.8). Out
of the five Gaussians, each transition fits a combination of 3 of these 5 (the 1153 GHz line
fits only 1). The first component is located at -10.7km s (557, 1113, 988, 1153 GHz),
second component is at -10.8 km s™! (557 GHz), third component is at -11.2km s~ (557,
1113, 752 GHz), the fourth component is at -13.1 km s™! (988 and 752 GHz), and the
fifth component is at -31.0 km s™!. As seen in Figure A.15, the H°O residuals are nicely
encased by the 30 level boundaries. RATRAN would likely produce a molecular line that
would fit the -11.2 km s~ and -13.1 km s~! components of the 557, 988 and 752 GHz lines;
these component is likely associated with the envelope.
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L 1641 S3MMS1

Observations were obtained for L1641 S3MMS1 with HIPE for the H*O 557 (0001), 1113
(p001), 988 (p002), 752 (p004), 1153 (0006) GHz lines, and the HI*O 547 (0001) GHz line.
The last line is thrown out due to bad data. As seen in Figure A.5, all of the lines are
quite strong relative to each other; the 1153 line while still noisy definitely shows emission.
The ground state para line and the para excited line 988 GHz and ortho excited line 1153
GHz are the strongest. The ground state lines exhibit a both a blueshift, redshifted, and
V1SR absorption feature. The H°O ground state emission has an intensity of ~ 0.1 K. T

A total of two Gaussians were fit to the Hi®O lines (Table A.7). The first component
is located at 8.3 km s~! and the second absorption component is at 5.5 km s~!. As seen
in Figure A.14, the H}°O residuals are mostly encased by the 3o level boundaries. In
retrospect, the absorption Gaussians likely should have been divided into 3. RATRAN
would likely produce a molecular line that would fit the 5.5 km s™! components; this
component is likely associated with the envelope.

6.3 Optical Depths

Optical depth calculations were used as a diagnostic in this work once it became obvi-
ous that the H}0 557 GHz RATRAN molecular line models were a result of a robustly
complex structure. For Equation 3.8, repeated below, the Einstein coefficient A,; and the
statistical weight ¢ are listed in the Daniel et al. (2011) molecular data file, the wavenum-
ber 7 is calculated from the line frequency, the column density N is calculated from the
RATRAN model (i.e., each optical depth calculation is specific to each model), AV is the
linewidth, and the populations f; (lower state population) and f, (upper state population)
are obtainable from the AMC output file.

o Aul N Gu
T = 33 L.0GABAY (f : (E) f") o

Each of the transition specific parameters are listed in Table 6.1. The optical depth calcula-
tion results can be found in Figures 6.4 - 6.9, corresponding to each of the water transitions
discussed. All of these figures display a dashed line at 7 = 1.0, indicating the transition
from optically thin (below) to optically thick (above). In Figure 6.4, the H}¥O 0001 line is
optically thick in a small region just inside the freeze-out radius. The optical depth reaches
a maximum of 7 = 9.02. At this abundance, we expected to see only an outer envelope con-
tribution; this plot confirms that expectation. The same line for Hi®O becomes optically
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Table 6.1: NGC 7129 FIRS 2 Hi%0 and H®*O Optical Depth Calculation Parameters

Molecule Transition  Line v (GHz) 7 (ecm™') Ay (em™) g g

2-1 li0-1p1  556.936 19 3.458x1073 9.0 9.0
2-1 111-0g0  1113.343 37 1.842x107% 1.0 3.0
Hi%0 3-2 200-111  987.927 33 5.835x107% 3.0 5.0
4-3 211-292  752.033 25 7.062x107% 5.0 5.0
6-4 312-291  1153.127 38 2.634x1073 15.0 21.0
6-5 312-303  1097.365 37 1.648x1072 21.0 21.0
2-1 110-101*  547.676 18 3.458x1073 9.0  9.02
HI2O 3-2 200-111%  994.675 33 5.835x1073 3.0 5.0

6-5 312-303%  1095.627 37 1.648x107% 21.0 21.0

thick almost immediately (within the last two shells), reaching a maximum of 7 = 494.50.
This means RATRAN is only modelling the contribution from the two outermost shells for
H1%0; any photons originating from the inner envelope would be absorbed before reaching
the outer envelope. This is likely contributing to the large modelled self-absorptions in
Figure 4.10. The H°0 p001 line (Figure 6.5) also becomes optically thick quite quickly,
reaching a maximum of 7 = 493.53.

The rest of the H%O lines (Figures 6.6 - 6.9) transition to optically thick either at
freeze-out, or 2-4 shells outside of it. The exact transition shell is found in Table 6.2,
along with the corresponding maximum optical depth. The other Hi*O lines transition to
optically thick within the inner envelope (shells 7-9) (refer once again to Table 6.2). More
details about the optical depth of each transition are given below.

The first excited para state for H}%O, p002 (Figure 6.6), becomes optically thick outside
of the freeze-out zone at shell 14 and reaches a maximum of 7 = 204.23. Meanwhile, the
same line for HA0 is optically thin in the outer envelope, and inside of the freeze-out radius
(shell 7) treads the 7 = 1.0 line. The maximum optical depth H3®O reaches is 7 = 1.23.

This line would make an acceptable probe of the inner regions if it weren’t so rare (it was
found to be non-detected in this work). Referring back to Figure 4.10 for Hi*O now that
we’ve considered optical depth, the RATRAN modelled line p002 is in the right ballpark
in terms of antenna temperature and width, although it displays a slight blue-asymmetry.
The peak antenna temperature falls short of the observations. This RATRAN modelled
line is perhaps the only Hi%O line acceptable from this dataset.

The third excited para state, p004 (Figure 6.7) becomes optically thick at the 12th shell,
just outside of the freeze-out radius, reaching a maximum optical depth at 7 = 309.26.
This indicates the outer envelope is the only region contributing to the RATRAN spectral
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Figure 6.4: NGC 7129 FIRS 2 RATRAN Modelling: Ortho 001 (119-1p;): Optical Depth
plotted against RATRAN spherical shell. Dashed lines: red = Hi®O 7 per shell, blue =
HI%O 7 per shell, green = Freeze-out shell, black = 7 = 1.0. Solid lines: red = H*O
cumulative 7, blue = H%0O cumulative 7. The H*O 0001 line becomes optically thick just
inside the freeze-out radius (shell 9-10). The same line for H}0 becomes optically thick
almost immediately (shell 20-21). Maximum Optical Depth: H3%0, 7,,.. = 494.50, H®O,
Tnaz = 9.02.
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Table 6.2: Transition to 7 = 1.0 for each water line. O = outer envelope, F/O = freeze-out
radius, [ = inner envelope.

Molecule Line Shell (1 =1.0) Region T

HIO 0001 20-21 O 49450
p001 20-21 O 49353
p002 14 O  204.23
p004 12 O  309.26
0006 9-10 F/O 6171
0007 10 F/O  341.60

HISO 0001 9-10 F/O  9.02
p002 7 I 1.23
0007 9 I 4.16

model. Considering the RATRAN model for this line (Figure 4.10), the peak antenna
temperature falls short but the linewidth looks acceptable.

The HO ortho 0006 line (Figure 6.8) also becomes optically thick at the freeze-out
radius, reaching a maximum at 7 = 61.71. Considering the RATRAN model (Figure 4.10),
this line barely shows up as detectable, indicating the peak antenna temperature needs to
be greater. It is difficult to discern if the linewidth is acceptable.

Finally, the last ortho line, 0007 (Figure 6.9), becomes optically thick for Hi°O at the
freeze-out radius, reaching a maximum at 7 = 341.60. The H®O line becomes optically
thick one shell inside the freeze-out radius (shell 9), and reaches a maximum at 7 = 4.16.
The RATRAN model for H¥O shows a non-detection, as expected at this abundance, while
the H1%0 is very nearly in the right ball park, but needs to be wider and taller.

Summary: Optical Depth

In summary, the Hi%0 optical depth for the ground state lines is optically thick almost
immediately into the envelope, accounting for their lack of success with RATRAN mod-
elling. Therefore, this transition is likely not an ideal probe of the innermost star formation
region. This transition is likely better for modelling the NGC 7129 FIRS 2 outflow as it is
thinner relative to the dense inner envelope.

Excited H3°O lines and H3*O lines are the most useful lines for modelling as they are
optically thin until the freeze-out radius; this allows the majority of the outer envelope to
be modelled. The Hi¥O 995 GHz (p002) line is optically thin in the outer envelope, and
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Figure 6.5: NGC 7129 FIRS 2 RATRAN Modelling: Para 001 (11;-0q0): 7} vs RATRAN
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Figure 6.6: NGC 7129 FIRS 2 RATRAN Modelling: Para 002 (202-111): Optical Depth
plotted against RATRAN spherical shell. Same as Figure 6.4. HO: 7 = 1.0 at shell 14,
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reaches a modest maximum optical depth of 7 = 1.23. This transition was observed but
not detected in this work; since this transition becomes optically thick around RATRAN
shell 8, the photons that RATRAN is using to model with originate from shells 9-22. Here,
for this line, as seen in Table E.1 in Appendix E, the beam dilution ranges from 1.47x1073
— 1.84. The innermost, hotter regions have a greater effect of beam dilution due to their
smaller angular diameter. Considering for example an expected brightness temperature Tp
= 50 K, and we assume the average observed photon approaches from 7 < 1.0 (Shell 8), we
would actually measure T 4 ~ 0.037 K. Contrasting this value with the observations for this
line in Figure 2.1b, this value is a little bit larger than the maximum intensity observed.
The 995 GHz line could potentially be a decent probe into the innermost radii of star
formation regions, assuming longer integration times were possible. As for the other H®O
transitions, the optical depth calculations suggest the 0007 might also be a decent inner
envelope probe (with maximum 7 = 4.16, optically thick at shell ~ 9), although this line
has a higher excitation temperature of T., = 249.4 K. This indicates a greater dependence
on the inner environment compared to the p002 line. The optical depth calculations further
suggest that RATRAN is successfully modelling spectral contribution from the majority
of the outer envelope.

6.4 Modelling Results

RATRAN was used in attempt to reproduce the envelope Gaussian contributions; this in
turn constrains physical and chemical parameters of the star formation environment.

In terms of sources of error, the HIFI spectral dataset clearly has varying level of
associated noise. In addition to this, RATRAN assumes spherical symmetry and statistical
equilibrium throughout the envelope. It also does not consider any external radiation.
Additionally, while we assume RATRAN is modelling only the envelope component, it
could be possible that it is also modelling an associated medium component (Tisi, 2013).
If this were the case, the turbulent velocity would likely need to vary with radius. The
effects of this were not presented in this thesis, but would be interesting to look into in the
future.

To ensure the validity of the obtained RATRAN results, the models deduced by Herpin
et al. (2016) were reproduced in this thesis. Upon the successful comparison of the
Herpin et al. results with that of this work, we felt confident in moving forward with the
RATRAN modelling of NGC 7129 FIRS 2. Once an acceptable model had been obtained,
the radiative transfer code RADEX was employed to further validate the model parameters.
This comparison resulted in a solidified confidence in the model parameters.
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This thesis investigated the effects of altering the turbulent velocity, the water abun-
dance with respect to Hy, the radial infall velocity, the abundance ratio, the Hy ortho-to-
para ratio (OPR), the density profile index, the convolved beamsize, the collision rates, and
the freeze-out radius. Of these, constraints were placed on the turbulent velocity, b = 2.25
+ 0.25 km s7!, and the outer envelope Hi*O water abundance, X,,; (Hybrid, OPR = 3:1)
= 4.8 & 0.3 x107!. See Tables 4.21 and 4.22 for the results of the other density profiles
and the varying LTE OPR. The inner envelope water abundance and turbulent velocity
could not be constrained for either isotopologue, nor could the radial infall velocity. The
abundance ratio was determined to be within 375 — 431 (considering all density profiles).
When assuming an abundance ratio of 550 instead (and then dividing the Hi®O by this
ratio), the resultant excited H3*O lines would likely appear as non-detections, as observed.
However, the returned H3*O outer abundance values are less than the derived HO water
abundances (and less than the lower uncertainty limit). It was determined that the Hy
LTE OPR had minimal x% values compared to the Hy constant 3:1 OPR. The reduced
chi-square x% and p-values are not conclusive in terms of which density profile dominates;
the “best” profile varies between isotopologues and molecular lines. It was also determined
that increasing the beamsize decreases the produced molecular line, increasing the collision
rates increases the molecular line, and increasing the freeze-out temperature decreases the
spectral line. This last observation is consistent with that of Chavarria et al. (2010).

As mentioned in §4.5.9, Johnstone et al. (2010) modelled NGC 7129 FIRS 2 with RA-
TRAN and scaled Green et al. (1993) HoO-He collision rates. They deduce an H®O outer
abundance of X,,; ~ 10~7, approximately an order of magnitude lower than that calculated
in this thesis. That being said, stronger collision rates seem to require a lesser abundance
in order for modelling results to be consistent with the observational data. Introducing a
stronger collision rate increases the amount of collisions, and therefore increases the line
intensity.

A comparison of one of the final NGC 7129 FIRS 2 RATRAN models is made in Ta-
ble 6.3 to that of Kristensen et al. (2010) (NGC 1333 IRAS 2A, LM), Johnstone et al.
(2010) (NGC 7129 FIRS 2, IM), Chavarria et al. (W3 IRS5, 2010) (HM), and Herpin et al.
(NGC 6334 I(N)), 2016) (HM). All use RATRAN except for Kristensen et al., who uses the
3-dimensional radiative transfer code LIME (Brinch & Hogerheijde, 2010); an abundance
jump at T = 100 K is also assumed across all compared works. The compared models
range in density profile index between 1.2-1.5 (in no particular pattern) The turbulent
velocities b are consistent between IM and HM sources, ranging from 2.0-2.5 km s, while
the LM source has b = 0.8 km s™!. The H}O water abundances are all on the order of
Xout ~1078 except for Johnstone et al. (2010) who computes a value an order of mag-
nitude too large. This can likely be attributed to their use of scaled Green et al. (1993)
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He collisional cross-sections. That being said, a smooth transition in outer envelope water
abundance is seen across all three mass regimes. Lastly, the abundance ratio H°0O/ H3*O
of this work is consistent with that derived by Herpin et al. (2016) (<431 vs. 437). These
authors suggest that the abundance ratio varies with distance from the galactic center.
Kristensen et al. does not mention their measurement for an abundance ratio between
water isotopologues; the abundance ratios given in the other works are assumed to be 500-
550. The HIFT observations for these sources can be found plotted in Figures 6.10 and 6.11.

Another comparison between these sources is given in van Dishoeck et al. (2011), the
review paper of the WISH program. Figure 6.10 presents spectra of the lowest two p-H20
lines toward low-mass Class 0 NGC 1333 IRAS2A (Kristensen et al. 2010), intermediate-
mass class 0 YSO NGC 7129 FIRS2 (Fich et al. 2010; Johnstone et al. 2010), and high-
mass W3 IRS5 (Chavarria et al. 2010). The authors noted that the line profiles of NGC
7129 FIRS 2 are remarkably similar to those of the low-mass YSO NGC 1333 TRAS2A,
showing both a broad component (FWHM ~25 km s!) due to shocks along the outflow
cavity and a medium-broad component (FWHM ~6 km s™') associated with small-scale
shocks in the inner dense envelope. The high-mass YSO line components are also similar
their low- and intermediate-mass counterparts, but the profile of the ground-state line is
clearly more complex. Many absorptions are present in the HM lines at various velocities;
self-absorption and absorption of the cold envelope against the continuum are seen, as well
as absorptions due to fore-ground clouds lying along the line of sight. Additionally, weak
emission lines due to species other than H,O are detected in line-rich sources.

A third comparison is made across the mass regimes in (Figure 6.11), swapping out W3
IRS5 for NGC 6334 I(N). All spectra were positioned such that they align with 0 km s,
The Hi®0 observation for NGC 6334 I(N) shows evidence of absorption by a foreground
cloud (-3.3 +) 10 km s™! (see Emprechtinger et al. 2013 for more on this). From this figure,
it is very clear that the particular sources chosen for LM and IM are very similar. In the
top panel (H%0), they both exhibit P-Cygni profiles, have relatively similar peak antenna
temperatures, and have similar outflow components. The HM source is also similar, but
doesn’t exhibit the strong redshifted narrow emission associated with the envelope. The
absorption is also symmetrical about the local Vgr axis. Absorptions in both the LM
and HM (but not IM) are saturated (i.e, dip below the continuum and flatten).

The modelled abundance was consistent across the mass regimes; the LM and IM spec-
tral observations are consistent in terms of intensity (main effect of altering abundance),
while the HM is approximately a factor of 10 stronger (and more complex). Numerically,
the IM derived turbulent velocity (this work) is closer in value to that of the HM; the
width of the narrow envelope component appears to be consistent between IM and HM,
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Figure 6.10: HIFI spectra of the p-H20 1;,-0¢ (p001) 1113 GHz (left) and 2p2—11; (p002)
988 GHz (right) lines. From top to bottom: the high-mass YSO W3 IRS5 (L = 1.5 x 10°
L and d = 2.0 kpc) (Chavarria et al. 2010), the intermediate-mass YSO NGC 7129 FIRS2
(430 L and 1260 pc) (Johnstone et al. 2010), and the low-mass YSO NGC 1333 IRAS2A
(20 Ly and 235 pc) (Kristensen et al. 2010). All spectra have been shifted to a central
velocity of 0 km s™! . The red-shifted absorption features seen in the 1;;-0gy spectrum
toward W3 IRS5H are due to water in foreground clouds, whereas the small emission line
on the blue-shifted side can be ascribed to the SO 139 5-12g 4 transition. Figure extracted
from van Dishoeck et al. (2011).

while the width of that for the LM looks narrower. Thus, the numerical model results are
consistent with what is observed with Herschel HIFI.

This thesis, alongside the WISH-IM team, has placed constraints on the outer abun-
dance, turbulent velocity, abundance ratio, and water ortho-to-para ratio for the first time.
From the above, intermediate-mass star formation has a similar turbulent velocity to its
high-mass counterpart, but smoothly connects the outer envelope abundance across mass
regimes.
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631

Table 6.3: Comparing derived envelope parameters for HM, IM, LM YSOs. K(2010) = Kristensen et al.
(2010), J(2010) = Johnstone et al. (2010), C(2010) = Chavarria et al. (2010), H(2016) = Herpin et al.
(2016). (%) = Assumed. To compare H°O X,,; across mass regimes, take the sum of the ortho and para

components.
LM IM HM
Author K(2010) This Work J(2010) C(2010) H(2016)
Source | NGC 1333 IRAS 2A NGC 7129 FIRS 2 W3 IRS5 NGC 6334 I(N)
Code LIME RATRAN RATRAN RATRAN RATRAN
a 1.5 1.4 1.4 1.2 1.3
Uy Infalling Infalling Infalling Expanding Infalling
Tro 100 K 100 K 100 K 100-150 K 90-110 K
X atio - 375-431 550® 500 437
b (km s™!) 0.8 2.25 2.0 2.0 2.5
ortho: 1.540.5 x 1078  ortho: 3.0x10~"
H3%0 Xou ~ 1078 para: 4.540.5 x 1079 para: 3.0x1078 | ~ 10710 -1078 2.3x1078
SUM: 1.95+0.5 x 1078  SUM: 3.3x10~7
HBO Xou - ortho: 3.5£0.3x107  ortho: 3+1x10710 | ~ 10713 - 107! 5.3x10~ 1
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Figure 6.11: Comparing HO and Hi*O spectra of 3 different sources observed with HIFT:
a high-mass YSO NGC 6334 I(N) (Lyy = 1900 L, d = 1700 pc, visg = -3.3 km s7')
(Sandell 2000; Neckel 1978), an intermediate-mass YSO NGC 7129 FIRS 2 (Ly,= 430 L,
d = 1260 pc, visg = -9.8 km s'; Shevchenko & Yakubov, 1989; Johnstone et al. 2010),
and a low-mass YSO NGC 1333 IRAS 2A (Lyu= 20 Ly, d = 235 pc, visg = +7.5 km
s1 ) (Hirota et al. 2008; Kristensen et al. 2010). All spectra were positioned such that
they align with 0 km s™!. The H1°O observation for NGC 6334 I(N) shows evidence of
absorption by a foreground cloud (-3.3 +) 10 km s™! (see Emprechtinger et al. 2013 for
more on this.)
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Chapter 7

Conclusions

The processes of high-mass star formation are still not well understood. Intermediate-mass
star formation offers more opportunities for study as these YSOs are closer and available
in greater number. It is expected that intermediate-mass YSO observations are the key to
understanding the conditions required for high-mass star formation.

This thesis analysed Herschel HIFI spectroscopy of water (Hi*O and H%0) in the
vicinity of NGC 7129 FIRS 2. This appears to be one of the first thorough studies of the role
of H2O in intermediate-mass star formation regions. The Herschel Interactive Processing
Environment (HIPE) 15.0.0 was used acquire observations and to remove baselines and
standing waves. This program was also used to decompose the observations into Gaussians.
The line emission from the former isotopologue appears to be produced from two sources,
and three sources for the latter. The spectral lines were decomposed into their respective
components: [-8.6 & 0.21 km s~!(narrow) and -3.4 + 0.1 km s~ !(narrow foreground)], and
[-19.7 km s~!(broad), -7.8 km s~!(narrow), and -3.6 km s~!(medium)].

This HIPE process was also conducted for other IM-candidates of the WISH program:
NGC 2071 IR, Vela IRS 17, Vela IRS 19, AFGL 490, and L1641 S3MMS1. Of these, only
NGC 2071 IR has usable HI*O HIFI detections. Because of this, and because of time
constraints, NGC 7129 FIRS 2 was selected as the main focus of this thesis.

With RATRAN modelling (with the most up-to-date RATRAN version), the following
constraints were placed for a power-law density model of o = 1.4, assuming a molecular Hy
ortho-to-para ratio of 3:1, an abundance jump at 100 K, and a free-falling infall velocity
toward a central mass of 1.1M4:
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e ortho-H3}®*O Outer Abundance X,y = 3.5 + 0.3 x10~!1
e ortho-HO Outer Abundance X,,; = 1.5 £ 0.5 x10~®
e para-H°0O Outer Abundance X,,; = 4.5 + 0.5 x107°
e Total HX0O Outer Abundance X,,; = 1.95 + 0.5 x107®

e Turbulent Velocity b = 2.25 & 0.25 km s~ *

e Infall Velocity = Free-Fall towards 1.1Mg, or constant v,y = -0.5 km g1

e H,0O Ortho-to-Para Ratio ~ 3.3 4 1.2:1
e Abundance Ratio [H}0O/HI®O] ~ 428 (£ 147)

The parameters that could not be constrained by this analysis are listed below:

e Inner Abundance
e Inner Turbulent Velocity

e HI®*0O Excited Line Abundance Limits

The derivation of the above star forming environment parameters was also conducted
for a density profile power law index of a = 1.5, and a hybrid of the @« = 1.4 and 1.5
profiles. There wasn’t a consistent trend in terms of which profile offered the best model.
It was noticed that the radiative transfer code is highly sensitive to changes in the collision
rates. Increasing the Daniel et al. (2011) 2-1 transition collision rates for T = 0 — 1400
K by 10% resulted in the H}*O 547 GHz line intensity increasing by a factor of 4.58. This
helps explain the difference in outer abundance measured in this work as compared to
Johnstone et al (2010). They used the Green et al. (1993) HyO-He collision rates scaled by
a factor of 1.348 for a first order approximation for HyO-H, collisions. With these rates,
they deduced an H°O total outer abundance of X,,; = 3.3 x10~7, approximately an order
of magnitude too large. By updating the collision rates in this work, a lower abundance
was required to model line emission consistent with that of the HIFI data. This lower
abundance proved to be more consistent with that of the low and high-mass WISH teams.
Additionally, Johnstone et al. were also unable to place constraints on the inner envelope.
This inability to constrain the inner region is supported by the optical depth analysis of
both isotopologues which used the population output from RATRAN AMC to calculate
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the expected optical depth at each shell. From this, it was determined that HO is too
optically thick to probe the inner star formation region and Hi30O becomes optically thick
at, or just inside, the freeze-out radius.

The effects of altering the convolving beamsize were also investigated. Increasing the
convolving beamsize by 10% resulted in decrease of line intensity (for H*O 547 GHz)
by 15%. Moving the freeze-out temperature higher (i.e, 129 K vs. 100 K) resulted in a
reduction of spectral line emission. A 25% increase in freeze-out temperature resulted in a
~ 25% line intensity reduction. The number of shells used to divide the envelope was varied
(using HI®O 547 GHz as an example). From this, the increase in shell number resulted in
an increase in emission or absorption feature intensity. Increasing in shell number from 22
to 42 resulted in an emission intensity increase of a factor of 1.11; increasing from 22 to
62 resulted in an emission intensity increase of a factor of 1.18. However, the larger the
number of shells, the larger the computational time required to run the model. Lastly,
two different Hy ortho-to-para ratios (OPR) were investigated: a constant 3:1 OPR and
a varying with temperature (LTE) OPR. Because the LTE OPR varies with temperature
(equalling 3 at higher temperatures, <1 at colder temperatures), the cold outer envelope
had a much lower OPR than the inner envelope. Reducing the OPR(H;) reduced the
collision rates, resulting in a decrease in line intensity (approximately 62.5% for H3O 547
GHz).

In short, only the outer envelope was modelled with RATRAN; this was supported by
the optical depth analysis of both isotopologues. This analysis showed the spectral lines
with the highest potential for successfully probing the star formation region are the excited
HI2O lines, or the para-H°0 excited 988 GHz line (212-111). The latter spectral line is less
dependent on the inner hot regions for emission (E,, = 100.8 K) while the surrounding
envelope isn’t hot enough to absorb or emit at this frequency. This optical depth analysis
proved to be a really useful tool in the modelling process.

The deduced outer HIO abundance of ~ 1078 is consistent with numerical results of
the LM and HM WISH teams. The deduced turbulent velocity is more consistent with
that of the HM team. The derived abundance ratio of < 431 is consistent with the ratio ~
437 derived by Herpin et al. (2016). In terms of the spectral lines, the IM H°O appears
similar to both its LM and HM counterparts, but more closely resembles that of the LM.
The H1®O IM line also resembles the LM spectral line more than the HM.

The intermediate-mass star formation study presented in this thesis indicates smooth
transitions across physical and chemical parameters between mass regimes.
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Chapter 8

Future Work

While I'd like to be able to say I accomplished everything I set out to complete, there are
some ideas that could be expanded in the future in terms of new observations and new
modelling exercises. These ideas for future work are listed below.

Observations:

e Investigate NGC 7129 FIRS 2 with other low abundance molecules such as C!%0,
130180, etc. These are rare molecular lines but will likely be able to probe deeper
into the cloud, similar to H*O.

e Acquire additional observations of 988 GHz line (para-002, 2;5-11;), as mentioned,
this H1%0 line has a lesser dependence on the inner envelope and is less likely to be
absorbed or emitted in the colder outer envelope. It was shown in this thesis to have
a maximum optical depth of 7 = 1.23 near the freeze-out radius. This line is likely
a decent probe of star formation regions.

o Attempt to observe H3*O in the other 5 IM YSO candidates: NGC 2071 IR, Vela
IRS 17, Vela IRS 19, AFGL 490, and L 1641 S3MMSI.

e [t was mentioned in Chapter 6 that while this thesis fits Gaussians to the Herschel
HIFI observations, other line shapes might perhaps fit better (i.e, Lorentzian). This
was not investigated in this work, but is a worthwhile exercise to complete in the
future.
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e Obtain observations of water in NGC 7129 FIRS at higher T.,, perhaps ~ 3400 K.
At this temperature, it’s unlikely this line would be absorbed by the outer envelope.

Modelling;:

e Model other low abundance molecules such as C'80, B¥C®O, etc. with same RA-
TRAN model presented in this thesis.

e Model the suggested additional observations of 988 GHz line (para-002, 215-11).

e Model H3?O and Hi°O for the other 5 IM YSO candidates: NGC 2071 IR, Vela IRS
17, Vela IRS 19, AFGL 490, and L 1641 S3MMS1.

e Remodel NGC 7129 FIRS 2 HI®O 557 GHz line secondary emission feature at -3.6
km s™! with RATRAN (assuming spherical symmetry) to rule out YSO multiplicity
within the vicinity of FIRS 2 (in addition to FIRS 1). Add to the RATRAN model
of this work and consider results.

e Repeat the H*O and Hi°O models of this work with LIME, the 3-dimensional ra-
diative transfer code.

e Model NGC 7129 FIRS 2 outflows with RADEX.

e Conduct more modelling to investigate OPR as a function of temperature. Perhaps
try this with other H2180 lines - i.e, higher excitation lines. This exercise further
explores the collision rates.

e Investigate the effects of altering the turbulent velocity with radius. Tisi (2013)
suggested the medium component may also be modelled with RATRAN; if this is
the case, the turbulent velocity must be varied with radius.
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Appendix A

Other WISH IM Candidates

This appendix outlines the other 5 intermediate mass WISH candidates: NGC 2071 IR,
Vela IRS 17, Vela IRS 19, AFGL 490, and L 1641 S3MMS 1. The source properties in
Table 2.2 are reiterated below in Table A.1 for convenience. Tables A.2 and A.3 summarize
the water observations for each of the 5 sources. The Herschel HIFI molecular line emission
(Hi%0 and Hi®O where applicable) is plotted in Figures A.1 - A.6. The Gaussian fits to each
of these water transitions are outlined in Tables A.4 - A.8 respectively. These Gaussian
fits are plotted against the Hershel HIFI water observations in Figures A.7 - A.14.

Table A.1: Properties of other WISH IM YSOs

Source RA (J2000) dec (J2000) D Lo Visr M., References
(hms) (""") (pe) (Lo) (kms™') (Mg)

NGC 2071 IR 0547 04.4 400 21 49 422 520 9.6 30 64, 124
Vela IRS 17 08 46 34.7 -435430.5 700 715 3.9 6.4 47,70, 100
Vela IRS 19 08 48 485 -433229.0 700 776 12.2 3.5 70, 100

L1641 S3MMS1 0539559 -07 30 28.0 465 70 5.3 20.9 105, 124

AFGL 490 03 27 384 +58 47 04.0 1000 2000  -13.5 45 77,101
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Table A.2: Summary of water observations for other IM WISH candidates.

Object Transition Rest v Band Integration Resolution Date  @peam
(GHz) (s) (MHz) (")

NGC 2071 0-HI50 1,0-19; 556.936  1la 405 1.022  28-09-10 38.074

IR o-H2°0 140-19; 556.936 1la 405 1.022  31-08-10 38.074

p—H%GO 111-0gp 1113.343 4b 2431 1.135 17-04-10 19.046

p-HI6O 20-1;; 987.927 4a 1271 1.022  13-09-10 21.464

p-H0 2,1-2¢p 752.033 2b 922 1.139  13-04-10 28.197

o-H3%0 315-25; 1153.127 5a 598 1.020  01-10-10 18.389

o-H%0 1y0-19; 547.676 1la 3599 1.139  11-04-10 38.718

0-H180 315-393 1095.627 4b 6495 1.119  25-08-11 19.354

Vela IRS 17 0-HI%0 1,0-1; 556.936  1la 405 1.022  15-06-10 38.074

o-Hi%0 155-19; 556.936 1a 405 1.022  03-12-10 38.074

p-H3%0 1,1-0g9 1113.343 4b 2431 1.135  09-06-10 19.046

p-HI60 200-1;; 987.927  4a 1271 1.022  08-06-10 21.464

p-H0 2,;-29p 752.033 2b 922 1.139  17-07-10 28.197

o-Hi%0 315-25; 1153.127 5a 598 1.020  15-06-10 18.389

o-HI¥O 1y5-19; 547.676 1la 3599 1.139  15-06-10 38.718
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Table A.3: Continued Summary of water observations for other IM WISH candidates.

Object Transition Rest v Band Integration Resolution Date  @peam
(GHz) (s) (MHz) (")

Vela IRS 19 0-HI%0 1,0-19; 556.936  1la 405 1.022  15-06-10 38.074

o-H2°0 140-19; 556.936 1la 405 1.022  03-12-10 38.074

p-H3%0 1,1-0p9 1113.343 4b 2431 1.135  09-06-10 19.046

p—H%GO 200-111 987.927 4a 1271 1.022 08-06-10 21.464

p-H0 2,1-2¢p 752.033 2b 922 1.139  17-07-10 28.197

o-H3%0 315-25; 1153.127 5a 598 1.020  15-06-10 18.389

o-H%0 1y0-19; 547.676 1la 3599 1.139  15-06-10 38.718

L1641 o-Hi%0 155-19; 556.936 1la 405 1.022  31-08-10 38.074

S3MMS1  o-HI%O 145-1p; 556.936 1a 405 1.022  28-09-10 38.074

p-H50 11,-0g9 1113.343 4b 2431 1.135  30-09-10 19.046

p—H%GO 202-111 987.927  4a 1271 1.022 14-09-10 21.464

p-HI%0 211-2p2 752.033  2b 922 1.139  19-08-10 28.197

o-H1%0 315-25; 1153.127 5a 598 1.020  20-08-10 18.389

o-HI%O 145-19; 547.676 1la 3599 1.139  31-08-10 38.718

AFGL 490 o-HI%0 11p-19; 556.936 1la 405 1.022  16-02-10 38.074

o-H°0 1y0-19; 556.936 1la 405 1.022  02-04-10 38.074

p—H%GO 111-0gp 1113.343 4b 2431 1.135 01-04-10 19.046

p-HI6O 20-1;; 987.927 4a 1271 1.022  14-09-10 21.464

p-H0 2,1-29p 752.033 2b 922 1.139  01-04-10 28.197

0-H1°0 319-29; 1153.127 5a 598 1.020  01-04-10 18.389

o-H80 1y0-19; 547.676 1la 3599 1.139  16-02-10 38.718
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Figure A.1: NGC 2071 IR HI®O observations. System Visg located at +9.6 km s™!
(red dashed line). Double absorption feature present in ground state lines, blueshifted
absorption present still in Hi®O 988 GHz line. Wide wings indicative of strong outflows.
Blueshifted absorption feature also present in Hi*O ground state line. H}%0 ground state
emission peak ~ 2.0 K
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Figure A.2: NGC 2071 IR H®O observations. System Vigg located at +9.6 km s™! (red
dashed line). Standing wave seems to be present in 1096 GHz line. H®O ground state
emission peak ~ 0.075 K.
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Figure A.3: Vela IRS 17 Observations. System Vigr located at +3.9 km s™! (red dashed
line). Absorption feature present in ground state lines, resembling P-Cygni profiles. Wide
wings indicative of strong outflows. Hi°O ground state emission peak ~ 0.55 K.

215



2.5

T
|
16

H,'60 |

|

l
20 P WA =N %, VWV EIN YW /J\‘l‘\/\,\/‘\. AN N
WV M4 M W ) v WV ~ VoY

: 110-101 557 GHz

T4 (K)

312-221 1153 Hz

60 — A0 ~90 0 20 10 60
Visg (kms™!)

Figure A.4: Vela IRS 19 HI0 Observations. System Visg located at +12.2 km s (red
dashed line). H°O ground state emission peak ~ 0.2 K. Lack of structure seen in ground
state lines, emission redshifted. Higher transition lines p002 and p004 (988 GHz and 752
GHz respectively) approximately doubled in antenna temperature.
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Figure A.5: L1641 HIO Observations. System Vygr located at +5.3 km s™! (red dashed
line). o-H%O ground state emission peak ~ 0.25 K. Multiple absorption features seen
to the red and blue of the system Vigg. Absorption features not present in higher state
lines. Strong 1153 GHz line compared to other IM WISH candidates, potentially indicating
hotter central source.
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Figure A.6: AFGL 490 Hi°0O Observations. System Vigr located at -13.5 km s™! (red
dashed line). o-H1®O ground state emission peak ~ 0.25 K. Absorption features seen in
ortho ground state line, but not present in higher state lines. The blueshifted segment of
the para ground state spectra seems to have a baseline or instrument issue as this broad
absorption is not present in any other lines.
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Table A.4: Spectral Fits to Water Data: NGC 2071 IR

Transition orms 1D Colour Component Position Width Amplitude f Tadv FWHM
(km/s)  (km/s) (K) (K) (km/s)
o-H®O 119-1p1 0.06 G1  Green Broad 10.6 123+ 0.2 0.8+ 0.01 242 4+ 0.3  29.07
G2 Red Very-Broad 116 50.3+1.9 0.140.006 152+091 1185
G3  Cyan Medium 11.6 2.2+ 0.04 1.2+0.02 6.6 £0.11  5.115
G4 Magenta Narrow 9.2 1.3£002 -1.7+002 -58+£0.07 3.158
G5  Yellow Narrow 4.2 1.8 +£0.06 -0.7+0.02 -294+0.08 4.137
p-Hi%O 111-00p  0.07 G1  Green Medium 106 5.7+0.09 1.3+0.02 181 +0.28  13.52
G2 Red Broad 11.6 19.7£0.2 0.6 +0.01 31.6 £0.53  46.37
G3  Cyan Narrow 11.6 0.8+0.01 1.7+0.02 3.4 +0.04 1.909
G4 Magenta Medium 9.2 21+0.02 -24+0.02 -12940.11 5.044
G5  Yellow Narrow 4.2 1.7+£0.02 -15+001 -62=+0.04 3.895
p-Hi%0 2p2-1;7  0.07 G1  Green Broad 10.6 10.8 £0.2 1.1 +£0.02 29.1 £0.53  25.37
G2 Red Broad 11.6 288+ 0.7 04+0.02 30.2=+1.51 67.90
G3  Cyan Narrow 11.6 1.9+ 0.04 144 0.02 6.6 +0.09 4.347
G4 Magenta Narrow 9.2 1.2 4+£0.03 1.0 £+ 0.02 3.1 +0.06 2.861
p-Hi%0 211-20o  0.06 G1  Green Medium 106 2.3+0.04 1.0 £ 0.02 5.6 £0.11 5.455
G2 Red Very-Broad 116 304 +11 02+0.01 14.1 £0.71  71.68
G3  Cyan Broad 11.6 105 +0.3  05+0.01 1424028  24.76
0-H3%0 319-251 0.1 Gl  Green Broad 10.6 85+ 0.7 0.6+006 13.2+1.32 19.95
G2 Red Broad 116  269+1.0 04+003 27.8+2.09 63.33
G4 Magenta Medium 9.2 3.4 +0.2 1.1 + 0.07 9.4 +0.60 8.115
G5  Yellow Medium-Broad 4.2 82+ 0.6  0.3+0.03 6.5 +£0.65 19.30
o-H1%0 119-1p1 0.006 G1  Green Broad 10.6 9.0+ 0.8 0.02£0.003 0.4 +0.06 21.29
G2 Red Narrow 11.6 11+05 -0.03+0.03 -0.94090 2.674
G3  Cyan Medium 11.6 2.14+1.0 0.02+0.003 0.1+0.02 5.009
G4 Magenta Narrow 9.2 1.9+02 0.04+0.003 0.2+0.03 4.516
G7  Blue Narrow 7.5 0.8 + 0.06 -0.05 &+ 0.003 -0.1 £0.006  1.890
0-H380 315-3p3  0.02 - - - - - - - -
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Table A.5: Spectral Fits to Water Data: Vela IRS 17

Transition orms 1D Colour  Component  Position Width Amplitude f Tadv FWHM
(km/s)  (km/s) (K) (K) (km/s)
o-HI%0 110-1p1 0.02 G1 Red Narrow 6.5+ 0.08 1.64+0.1 05+0.04 20+0.16 3.893
G2  Green Broad 28 +0.5 175+0.5 0.1 £0.006 5.340.27 41.25
G3  Yellow Narrow 15401 18401 03+0009 1.4+004 4.245
G4 Cyan Medium 1.1+07 27405 01£001 914091 6254
p-H%0 171-000 0.04 G1 Red Medium 6.5 28+02 024002 1.6+0.16 6.494
G3  Yellow Narrow 1.5 1.7+04 0.07£0.02 0340.09 3.907
G4 Cyan Broad 1.1 11.24+ 04 02+0.007 2.740.1 26.47
G5 Magenta  Narrow  4.24+0.08 14401 -04+0.02 -1.3+0.07 3.249
p-Hi%0 2p0-1;7  0.03 GI Red Medium 6.5 39+03 02£002 15+015 9.140
G3  Yellow Medium 1.5 484+ 0.8 006+ 001 0.7+012 11.22
G4 Cyan Broad 1.1 13.94+ 0.6 0.01 £0.007 42+294 3280
G5 Magenta Narrow 4.2 1.6 £ 0.1 0.3 £ 0.02 1.1 + 0.07 3.786
p-H%0 251-20o  0.03 G1  Red Medium 6.5 25+04 0.07+£001 04+006 5883
G3  Yellow Medium 1.5 5.7+ 0.7 0.06 +£0.007 09+011 1335
G4  Cyan Broad 1.1 10.2 +£ 0.7 0.07 £0.005 2.0+ 0.14  25.45
G5 Magenta Narrow 4.2 1.4 £0.07 0.3 +£0.01 1.0 £ 0.03 3.341
o-H3%0 319-291  0.09 GI Red Medium 6.5 50+0.7 01£002 15+030 11.68
o-Hi%0 119-1p1 0.008 G4  Cyan Medium 1.1 3.1+ 11 0.01 £0.003 0.08=+0.02 7.342
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Table A.6: Spectral Fits to Water Data: Vela IRS 19

Transition oryms ID Colour Component — Position Width Amplitude [ Tadv FWHM
(ki/s)  (kmjs) (K) (K)  (km/s)
o-H°0 119-10; 0.02 G1  Red Very-Broad 29.6 + 2.6 30.04 2.6 0.034+ 0.002 2.0+0.13 70.70
G2 Green Medium 184 + 0.3 424 4+ 0.3 0.09 &£ 0.005 0.9 4+ 0.05 9.97
p-HI%0 2p5-1;;  0.02 G2 Green Broad 18.4 145+ 04 0.1 +£0003 43+013 34.19
G3  Yellow Narrow 119+01 15+£01 02+£000 0.6=x003 3515
p-H0 2,;-29o  0.03 G2 Green Very-Broad 18.4 81.7 £4.0 0.03 £0.001 6.2 40.21 1925
G3 Yellow  Medium 11.9 3.0+£0.2 0.1+£0.007 1.0=+0.07 7.17
G4 Cyan Medium  21.2 4+ 0.6 25 +£0.6 0.04 +£0.007 0.3 +0.056 5.862
0-H%0 315-25; 0.1  G3 Yellow Broad 11.9 158+ 1.8 0.094+0.01 3.7+041 3731
G4 Cyan Medium 21.2 35+1.0 -0.08+ 002 -0.74+0.18 8.180
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Table A.7: Spectral Fits to Water Data: L1641 S3MMS1

Transition orms 1D Colour Component Position Width Amplitude [ Tadv FWHM
(km/s)  (km/s) (K) (K)
0-H3%0 119-1p1 0.019 G1  Red Medium 83 +04 7.0+04 0.1+0.009 18+0.16 16.48
G2 Green Narrow 55+ 0.1 21402 -024+0.01 08=+0.04 4.827
p-HI%O 111-0pp  0.04 G1  Red Broad 8.3 914+0.3 0240009 53+024 21.53
G2 Green Narrow 5.5 2.0+ 007 -054+001 234005 4.646
p-H%0 202-137  0.03 Gl  Red Broad 8.3 11.0 + 04 0.2 4+ 0.008 4.4 4+ 0.17 25.96
G2  Red Medium 5.5 3.2+ 0.8 0.044+0.009 0.3+0.07 7.579
p-Hi%0 211-20o0  0.03 GI  Red Medium 8.3 79404 0.0940.006 1.8+0.12 18.68
G2 Green Narrow 5.5 1.8 +04 0.05 £ 0.009 0.2 +£0.04 4.135
o-H3%0 312-251 0.1 Gl  Red Medium 8.3 80+05 03+001 49+0.16 18.74
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Table A.8: Spectral Fits to Water Data: AFGL 490

Transition orms 1D Colour  Component Position Width Amplitude [ Tadv FWHM
(km/s) (km/s) (K) (K) (km/s)
o-HI0 110-1p1 0.02 Gl1 Red Medium 2107 £04 53+09 006+001 08=+0.13 12.52
G2  Green Broad 2108 £0.5 153+0.9 009+0.01 354039 36.07
G3  Yellow Narrow  -11.2+0.05 1.0+ 0.07 -0.2+0.01 -0.5=+0.03 2.302
p-Hi%0 111-009  0.04 GI Red Medium -10.7 44406 01+001 114011 10.46
G3  Yellow Narrow -11.2 0.8 +0.08 -02+002 -0.54+005 1.913
G6  Orange Broad 31.0+1.1 146+1.0 -0.14+0.004 -39+0.16 34.34
p-H%0 202-137  0.03  G1 Red Broad -10.7 16.2 + 0.7 0.09 +£0.004 3.6 +0.16  38.22
G4  Cyan Narrow  -13.1+0.09 2.1 4+0.1 0.2+0.008 1.14+0.04 4.891
G5 Magenta  Narrow -332+0.2 05402 006+0.02 0.07+002 1.098
p-Hi%O 211-20o  0.03 G3  Yellow Narrow -11.2 0.5+ 0.1 -0.08+0.02 -0.1+0.03 1.236
G4  Cyan Medium -13.1 2.6+ 0.09 0.240.007 1.4+005 6.041
G6  Orange Very-Broad -31.0 84.5 +2.9 0.04 +0.001 8.1 4+0.2 199.0
o-H3%0 319-251 0.1  GI Red Medium -10.7 40+11 0.074+002 07402 9.397
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Figure A.7: NGC 2071 IR Hi°0O Gaussian Fits. Up to 5 Gaussians were fit to these
transition lines. Gl is located at +10.6 km s™! (green), G2 at +11.6 km s™! (red), G3
at +11.6 km s™! (cyan), G4 at +9.2 km s~ (magenta), and G5 at +4.2 km s™! (yellow).
Gaussians are fit at the same position in each transition, but at varying widths. See Table
A 4 for further details. Local Vigr = +9.6 km s~!. Gaussian fits are subtracted from the
HIFT data, yielding the residuals in the bottom panels. The 30 boundaries around the
residuals (right panels) represent the goodness of fit of the Gaussians. The majority of fits
are well encased by these boundaries.

224



. . . ; . . . . ; . . .
0-20F H;/%0 0001 / H,'%0 0001 T ; H,'%0 0007
| |
54|7 GHz / 557 GHz : 1095 GHz
0.15F + ]
: E, =610K : E,=2494K
| |
0.10 | : :
| |
\ |
0.05} / |
DA
0.00 “".‘ o\ “M’A\ ‘Aﬁ!hi;s'-‘-".'."u'n‘ '
\ [
| ) | l
o ' 10-1 ! -3
é —0.05F i: : 10 : 011 i: : 2 : 03
g 0.20f : Residual T : Residual
| |
0.15+ : :
| |
| |
0.10 | : :
| |
| |
0.05} I eV __ 80
I |
___________ - _____.3a]
0.00 [ | ' |
___________ ---"-" - - - - - - - - |
| |
—0.05 | :. e it Rttt

~30 —20 10 0 10 20 30 40 50 —30 —20 —10 0 10 20 30 40 50
Visp (km s™1)

Figure A.8: NGC 2071 IR HI®O Gaussian fits contrasted with HI*O and Hi°O HIFT data
(reduced to 10 % for ground state line 0001). Five Gaussian fits were applied: medium
G1 at +10.6 km s™! (green), narrow G2 at 11.6 km s™! (red), narrow G3 at 11.6 km s !
(cyan), narrow G4 at 9.2 km s™! (magenta), and a medium G7 at -7.5 km s~ (blue). The
total fit is outlined in black. Gaussians are fit for the ground state line, while the excited
lines appear to be non-detections. See Table A.4 for further details. Excited 0007 line
considered non-detection. Local Vigr = +9.6 km s~!. Gaussian fits are subtracted from
the HIFI data, yielding the residuals in the bottom panels. The 30 boundaries around
the residuals represent the goodness of fit of the Gaussians. The majority of fits are well
encased by these boundaries.
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Figure A.9: Vela IRS 17 H}°O Gaussian Fits contrasted with Hi°O HIFI data. Medium
feature located at +2.8 km s™! (green), narrow feature at +6.5 km s™ (red), second narrow
feature at +1.5 km s™! (yellow), and third narrow feature at +1.1 km s~! (cyan). The
total fit is outlined in black. The 315-25; line only has the one component at +6.5 km s
(red). Gaussians are fit at the same position in each transition, but at varying widths. See
Table A.5 for further details. Local V; gz = +3.9 km s~'. Gaussian fits are subtracted from
the HIFI data, yielding the residuals in the bottom panels. The 30 boundaries around the
residuals (right panels) represent the goodness of fit of the Gaussians. The majority of fits
are well encased by these boundaries.
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Figure A.10: Vela IRS 17 H3®O Gaussian fits contrasted with H}¥O and HO HIFI data,
scaled to 10%. Narrow feature at +1.1 km s~'. The total fit is outlined in black. See Table
A5 for further details. Local Vigr = +3.9 km s~!. Gaussian fits are subtracted from the
HIFI data, yielding the residuals in the right panel. The 30 boundaries around the residual
represents the goodness of fit of the Gaussian. The fit is well encased by these boundary,
but this line looks like it could have some instrumental aberrations or too much noise.
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Figure A.12: Vela IRS 19 H%0 Gaussian fits contrasted with Hi*O HIFI data (0006 scaled
to 50%). This dataset was more difficult to fit. A total of 4 Gaussians were applied to
the entire dataset, but only 2-3 Gaussians per line are fit. G1 is a broad feature located
at +29.6 km s™! (red), G2 is a second medium - very broad feature located at +18.4 km
s (Green), G3 is a narrow - medium feature located at +11.9 km s™! (yellow), and G4
is a narrow feature located at +21.2 km s™! (cyan). The total fit is outlined in black.
Gaussians are fit at the same position in each transition the feature occurs in, but at
varying widths. See Table A.6 for further details. Local Vigr = +12.2 km s~!. Gaussian
fits are subtracted from the HIFI data, yielding the residuals in the bottom panels. The
30 boundaries around the residuals represent the goodness of fit of the Gaussians. The fits
are well encased by these boundaries.
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Figure A.13: Vela IRS 19 Gaussian components of various lines as fit by Tisi (2013). Figure
extracted from Tisi (2013)
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Figure A.14: L1641 S3MMS1 H1O Gaussian fits contrasted with H0O HIFI data (0006
scaled to 50%). A total of 2 Gaussians were applied to the entire dataset: G1 is a medium
feature located at +8.3 km s™! (red) and G2 is a narrow feature located at +5.5 km s™!
(Green). The total fit is outlined in black. Gaussians are fit at the same position in each
transition the feature occurs in, but at varying widths. See Table A.7 for further details.
Local Visg = +5.3 km s™!. Gaussian fits are subtracted from the HIFI data, yielding
the residuals in the bottom panels. The 30 boundaries around the residuals represent the
goodness of fit of the Gaussians. The fits are well encased by these boundaries.
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Figure A.15: AFGL 490 Hi°0O Gaussian fits contrasted with H*O HIFT data (0006 scaled
to 50%). A total of 6 Gaussians were applied to the entire dataset: G1 is a medium feature
located at -10.7 km s~! (red), G2 is a medium feature located at -10.8 km s=! (green),
G3 is a narrow feature located at -11.2 km s™! (yellow), G4 is a narrow feature located
at -13.1 km s™! (cyan), G5 is a narrow feature located at -33.2 km s~ (magenta, likely
not associated with the source, but interesting to fit nonetheless), and G6 is a very broad
feature located at -31.0 km s™! (orange). The total fit is outlined in black. Gaussians are
fit at the same position in each transition the feature occurs in, but at varying widths. See
Table A.8 for further details. Local V;gr =-13.5 km s~!. Gaussian fits are subtracted from
the HIFI data, yielding the residuals in the bottom panels. The 30 boundaries around the
residuals represent the goodness of fit of the Gaussians. The fits are well encased by these
boundaries.
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Appendix B

RADEX Input & Output Parameters

The RADEX program takes the following parameters as input:

1. Name of the molecular data file
2. Name of the output file

3. The frequency range for the output. This feature is merely to condense the output
to only desired lines as some molecules can generate a lengthly list - the code will
still run through all of the spectral lines.

4. The equivalent black body temperature of the background radiation field (usually
taken to be the microwave cosmic background field, Tepp = 2.73 K)

5. The molecular cloud kinetic temperature
6. The number and types of different colliders
7. The number density of the collider

8. The column density of the molecule: this is the parameter to vary to match the
output signal level

9. The width of the molecular lines, assumed the same for all lines (also known as the
Full-Width Half Maximum AV)
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The RADEX program outputs the following:

1. the quantum numbers of the upper and lower states
2. the upper state energy (K)
3. the line frequency (GHz)

4. the excitation temperature (K) of that line. Lines are thermalized if Tex = Tkin; all
lines are thermalized in the LTE case.

5. the optical depth at line center

6. Tr (K), the Rayleigh - Jeans equivalent of the intensity of the line minus the back-
ground intensity; this is also known as the antennae temperature, T 4

7. the line flux in both (K km/s)[Radio Astronomy] and (erg/cm?-s) [Infrared Astron-
omy]
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Appendix C

RATRAN Input & Output
Parameters

This appendix outlines the input and output parameters of the radiative transfer code
RATRAN. Table C.1 lists the RATRAN model file column identifiers, Table C.2 lists the
input specific to AMC, and Table C.3 lists the input specific to SKY.

Table C.1: RATRAN Input Model: column identifiers

Column ID  Description

id Shell Number

ra, rb Inner and Outer Shell Radius (m)

za, zb Lower and Upper Height (m) [2D ONLY]

nh Density of Main Collision Partner (cm™3) [p-Hy]
ne Density of 2nd Collision Partner (cm™3) [0-Hz]
nm Density of Molecule (cm™3)

tk Temperature of Main Collision Partner (K)

td Dust Temperature (K)

te Temperature of 2nd Collision Partner(K)

db Half-Width of Line Profile (Doppler b-Parameter) (km/s)
vr Radial Velocity (km/s)

\¢ Vertical Velocity (km/s) [2D ONLY]

vr Azimuthal Velocity (km/s) [2D ONLY]
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Some important things to note:

e rb must equal r(max) for the outermost cloud shell
e ra of the innermost shell must be zero

e b=06 x FWHM

Table C.2: Input to AMC (AMC.inp). (*) indicates mandatory keywords.

Input

Description

*Source_File.mdl
*Source_File.pop
*molecule.dat
*sor
*nphot
kappa
tnorm
velo

seed
minpop
fixset
trace=on
*00

*e
Source_File2.mdl
Source_File2.out
kappa

*g0

*k
Source_File3.mdl
Source_File3.pop
*g0

*q

File Containing Input Model

Output File

Molecular Data File

Requested Minimum Signal-to-Noise Ratio
Minimum Number of Photons per Cell
Opacity Model

Blackbody Temperature [K] of Intensity Normalization
Velocity Model

Random Number Seed

Minimum Population to Include in S/N Calculation
Convergence Requirement for First Stage
Write History Files to Monitor Convergence
Start Calculation

Make New Executable for Next Calculation
Next Input Model File

Next Output Model File

Change Opacity Model

Start Calculation

Continue with Same Executable

Next Input Model File

Next Output Model File

Start Calculation

Quit
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Details regarding the above table:

snr: Usually a signal-to-noise ratio of 10-20 is sufficient

nphot: an nphot of 1000 is usually appropriate for an snr of 10-20. Higher values of
nphot usually require higher values of snr; lower values of nphot are usually safer.

velo: Either the file name of a user-provided velocity model or ’grid’. If ’grid’ is
selected, the velocity vectors are read from the ’source’ input model, as seen above
in Table 1.1.

kappa: Either the file name of a user-provided description of the dust emissivity as
function of frequency and position or a standard defined model. Default (no kappa
defined) is no dust emission/absorption.

tnorm: Blackbody temperature of the normalization used internally for the radiation
field. tnorm is taken as t.,; or 2.735 K if no value is provided. A value usually
isn’t required unless at wavelengths shorter than approximately 15 microns; at this
wavelength, a high tnorm is required (i.e tnorm = 4000 K) such that the normalization
remains finite.

fixset: The relative accuracy of the populations after the first stage (with rays fixed).
The default value 1e-6 is usually OK; only very opaque problems may need lower
values.

237



Table C.3: SKY Input File (SKY.inp). (*) indicates mandatory keywords.

Identifier Description

Source_File.pop  Input Model; Output from AMC

format = fits Output Format

Source_File_ SKY Base-name for output (will have .fits extension)
trans Transition Numbers

pix Number of Pixels

chan Number of Channels and Width [km/s]

distance Distance to Source [pc]

incl Inclination [degrees] (2D = 90, i.e. edge on)

fg File with Table Describing Foreground

central Central Source Radius [arcsec] and Blackbody Temperature [K]
units = K Output Units

tnorm Blackbody Temperature of Normalization Scheme
*g0 Start Calculation

*c Continue with New Executable

*g0 Start Calculation

*k Continue with Same Executable

*g0 Start Calculation

*q Quit
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Appendix D

Constants

The following table outlines the constant values used in Chapter 3.

Table D.1: Constants used while verifying RADEX results - Ground State Water 557 GHz

Constant Symbol  Value
Background Temperature Tty 2.728 K

Ground Level Statistical Weight g1 9.0

2nd Level Statistical Weight g9 9.0

3rd Level Statistical Weight g3 15.0

Ground Level Energy E; 23.794356 cm !
2nd Level Energy Es 42.371741 cm ™!
3rd Level Energy Es 79.496382 cm ™!
Einstein Spontaneous Emission Coefficient (2 — 1) Aoy 3.458E-03 Hz
Einstein Spontaneous Emission Coefficient (3 — 1) Ag; 5.593E-02 Hz
Para-Water Collision Rate (1 — 2) Cyo 3.33e-11 cm? s~ 1
Para-Water Collision Rate (1 — 3) Cis 3.41E-11 cm? s71
Para-Water Collision Rate (2 — 3) Cos 1.62E-11cm3 571
Ortho-Water Collision Rate (1 — 2) Ci2 2.97E-10 cm? s~ !
Ortho-Water Collision Rate (1 — 3) Cis 1.19E-10 cm? s~ !
Ortho-Water Collision Rate (2 — 3) Cas 1.17E-10 cm? s~ !
Planck Constant h 6.62607E-27 erg/Hz
Boltzmann Constant kp 1.38065E-16 ergs K1
Speed of Light c 2.998E10 cm/s
Frequency v 556.93607 GHz
Mass of Water Molecule Mpgoiso 18.01528 amu
Mass of Water Isotope Mpgo0 20.01504 amu
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Appendix E

NGC 7129 FIRS 2 RATRAN Model

This section presents the NGC 7129 FIRS 2 RATRAN model radius, free-fall velocity,
angular diameter, and beam dilution for H*O 557 and 995 GHz lines. The angular diameter
is calculated with 0. = deoud/ Deioua Where d = diameter and D = distance to NGC 7129
FIRS 2. The beam dilution is calculated with (0../0peam)* Where Opeqm is considered as the
Roelfsema et al. (2012) calculated beamsizes. The RATRAN model has inner radius of 95
AU (1.421x10' m) and outer radius of 18000 AU (2.69x10' m). The free-fall velocity
ranges from -4.6 km s~! at the inner radius to -0.34 km s~! at the outer radius. The beam
dilution is the strongest in the inner envelope, and weakens in the outer envelope. The
beam dilution is also weaker for the 557 GHz line (ground-state ortho). Table E.1 lists
these parameters listed per RATRAN shell.
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Table E.1: RATRAN: NGC 7129 FIRS 2 RATRAN Model - Radius, Free-Fall Velocity,
Angular Diameter, and Beam Dilution (H3*O 0001 & p002). Bold font indicates the freeze-
out radius.

Shell Radius (10'® m) Velocity Oy (tad)  Ose(")  (Osre/Obeam)®  (Osre/Opeam)?
HIZO (0001) HIBO (p002)
1 1.421 -4.6 7.36x1077  0.152 1.54x107° 5.08x107°
2 1.496 -4.533 7.75%x1077  0.160 1.71x107° 5.63x107°
3 1.525 -4.418 8.07x107"  0.166 1.84x107° 6.06x107°
4 1.555 -4.374 8.53x10~"  0.176 2.07x107° 6.82x107°
5 1.646 -4.332 9.95x10~"  0.205 2.80x107° 9.25x107°
6 1.919 -4.212 1.40x107%  0.289 5.57x107° 1.84x1074
7 2.708 -3.900 1.98x107¢  0.408 1.11x107* 3.66x1073
8 3.822 -3.284 2.80x107%  0.578 2.23x1074 7.35%x1074
9 5.400 -2.764 3.96x107%  0.817 4.45x1074 1.47x1073
10 7.631 -2.325 5.59x10°%¢ 1.153 8.87x107* 2.93x10°3
11 10.786 -1.956 7.90x107%  1.629 1.77x1073 5.84x1073
12 15.244 -1.645 1.12x107° 2.31 3.56x1073 1.17x1072
13 21.557 -1.384 1.58x107° 3.25 7.05%x1073 3.23x1072
14 30.474 -1.164 2.23x107° 4.60 1.41x1072 4.60x1072
15 43.099 -0.979 3.16x107° 6.52 2.84x1072 9.35x1072
16 60.947 -0.823 4.47%x107° 9.22 5.67x1072 1.87x107!
17 86.185 -0.692 6.32x107° 13.04 1.13x107! 3.74x1071
18 121.864 -0.582 8.94x107° 18.44 2.27x1071 7.48x1071
19 172.354 -0.489 1.12x10~*  23.10 3.56x1071 1.17
20 243.713 -0.412 1.26x10™*  25.99 4.51x1071 1.49
21 256.130 -0.346 1.33x10™*  27.43 5.02x1071 1.66
22 269.295 -0.338 1.40x107°  28.88 5.56x 1071 1.84
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