Numerical Simulations Concerning the
Propagation of Protostellar Jets

A thesis submitted for the degree of
Doctor of Philosophy

by

Anthony Moraghan

School of Physics

University of Dublin
Trinity College
Dublin 2
Ireland

March 2008












Dedicated to my parents,
Noreen and Freddie






Acknowledgements

Firstly | am very grateful to Prof. Mark Bailey for selecting me as a PhD student
and thus allowing me to come and experience the excellent, wan and friendly family-
like research institution of Armagh Observatory. Though forever busy keeping the
Observatory open and running smoothly, he was always availle to provide assistance
and support whenever | needed it.

| wish to thank my primary supervisor, Prof. Michael Smith, f or his guidance, sup-
port, encouragement, long working hours and easy-going aitiude during my PhD. |
have learned a lot and de nitely would never have made it this far without him. The
cooking wasn't too bad either!

| also wish to thank my secondary supervisor Prof. Tom Ray in DOAS for his help
and support over the last few years.

| am very grateful to Armagh Observatory and DIAS for bestowing me the honour
of holding the rst Lindsay Scholarship.

| acknowledge Prof. Lunney, Dr. McMurry, Dr. Espey, Dr. Finch and John Kelly for
their assistance down in the School of Physics and the Schooi general for additional
nancial support.

Very special thanks go to the entire international community of sta and students
at Armagh Observatory, both past and present, who have in uenced my life, some
more than others, but still in some way nonetheless. It is ony fair to proceed in
alphabetical order so as to not to hold one persons friendshiover another. Thanks
Abhishek, Aileen, Alex, Alison, Amir, Ana, Barry, Bebe, Bernard, Caroline, Chia-
Hsien, Chris, Colin, David A, David M, David P-S, Dipanker, E amon, Eoghan, Gavin,
Geo, Georgi, Gerry, Ignacio, lgor, John B, John McF, Jonathan, Jorick, Lawarence,
Margaret, Martin, Miruna, Natalie, Olena, Pat, Prakash, Ra m, Rhona, Shane, Simon,
Sri, Timur, Toby, Tolis, Tony, Tom, and Youra. | have made some very good friends
in that list and hope that we will be able to keep in touch in the future.

| was lucky enough to spend a short time at other institutions and wish to thank
the people there. At DIAS there was Andy, Eileen, Emma, Deirde, Gareth, Fabio,
Jonathan, JDbse, Paul and Philippe. At CAPS in Canterbury th ere was Dirk and
Jonathan.

My only regret is that my time at Armagh went by so fast. One thi ng is for certain,
whatever the future holds, | will always have fond memories ® Armagh Observatory.






Summary

A protostellar jet is a highly supersonic stream of materialwhich heralds the birth of a
star while it is still deeply embedded, out-of-sight within a molecular cloud core. The
jet entrains and accelerates ambient cloud material to forman out ow which emits

profusely in molecular lines. These regions of emission werrst detected in the 1950s
and catalogued as Herbig-Haro objects. Today, the study ofgts from young stars is a
maturing subject with modern detectors regularly revealing magni cent manifestations

of jets and bipolar out ows.

Observational and numerical studies have revealed that jet and out ows play a
crucial role in the star formation process. In order to reguhte the rotating collapse
of a star forming cloud into a young star, an out ow of material is required to expel
excess angular momentum from the system. The out ow may alsglay a double role of
controlling star formation rates on the larger molecular cloud scales through the supply
of turbulent energy.

Numerical simulations combine the physics of hydrodynamis, magnetohydrody-
namics and molecular chemistry and can e ectively create ad evolve protostellar jets
and out ows over thousands of years compared to the brief snpshots in time provided
by observations.

The properties of bipolar out ows depend on the nature of thejet and the structure
of the ambient environment. In this thesis we perform a study of both aspects via
numerical simulations using the prominent xed{grid Euler ian astrophysical uid dy-
namics code, ZEUS-3D, which has been expanded upon to incappate robust molecular
cooling and chemistry routines. Links to observations are made through the plotting
of mass-velocity relationships from our simulated data.

Firstly, the scene will be set through a brief review of the plysics and principles
behind the star formation process and the protostellar jet fhenomenon, before moving
on to a description of numerical aspects, including the germal operation of hydro-
dynamical codes and the algorithms employed by ZEUS-3D forhe investigations to
follow.



Vi

We then proceed to look at the nature of the jet and ask if the ou ow properties
may be related to the speed of the jets. To test this, we build pon previous studies
by injecting molecular and atomic jets with a wide range of sgeeds, between 50 and
300 km s 1, into both molecular and atomic media. We show that the high llimation
of out ows driven by molecular jets holds for all jet speeds. At the higher speeds, we nd
that the jet Mach number is the critical parameter which determines the shape of the
cavity and the cavity is lled with atomic gas. However, at lo w speeds the jet material
is the key factor with atomic jets producing much wider cavities while molecular jets
produce narrow cool molecular sheaths. A Mach disk is assaied with the leading
edge of the atomic simulations while oblique shocks, whicheafocus the jet, are found
in molecular ows. By examining the mass spectra of these simlations, we generally
nd quite shallow relationships for all jet speeds (i.e.the index is typically 1{2).
Steep molecular mass spectra are, however, associated withe atomic{jet/molecular{
medium combination. We conclude that the properties of bipdar out ows possess
signatures related to the jet speed but are probably more sesitive to other factors.

Finally, we investigate the ambient environment and progress from simulations which
typically model only a uniform ambient medium by creating more realistic ambient
environments for the jet to propagate through. Axisymmetric hydrodynamic simula-
tions are are then performed by injecting continuous atomicjets into molecular media
with density gradients (protostellar cores) and density discontinuities (thick swept-up
sheets). Again, the approach is quanti ed using mass spec# for comparison with ob-
servationally determined values. We uncover a sequence fmo clump entrainment in
the anks to bow shock sweeping as the density pro le steepes. We also nd that
the dense, highly supersonic out ows remain collimated butcan become turbulent af-
ter passing through a shell. The mass spectra vary substardily in time, especially
at radial speeds exceeding 15 km &. The mass spectra also vary according to the
conditions in that both envelope-type density distributio ns and the passage through
dense sheets generate considerably steeper mass spectrartta uniform medium. The
simulations suggest that observed out ows penetrate highy non-uniform media.

Overall, although we wish to learn about the forming protostar at the source, out-
ows are strongly in uenced by their environment, renderin g a precise interpretation
quite di cult. However, the dynamical relationships uncov ered here suggests that one
can employ out ows to constrain the nature of both the protostar and the environment.
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Chapter 1

Star Formation and Protostellar

Jets: An introduction

1.1 Overview of star formation

This chapter will begin by brie y describing the processes nvolved during star for-
mation with the view to identifying the conditions that lead to protostellar jets and
out ows. Some observational examples of jets and out ows wi be introduced before
interpreting the physical principles at work there. As we shall see, protostellar jets and
out ows are intrinsically linked to star formation and they have proved to be a valuable

aid in understanding key stages of the star formation proces.

Star formation is a very complex process, one which astronoars have worked to-
wards understanding for centuries. Today, thanks to the conbination of observations,
theories and numerical simulations we have a broad understading of the general overall

process, yet there are still many questions in the ne detai$ that need to be addressed.

It is human nature to bring order to chaos and hence Figure 1.1is an attempt to
simplify and divide the low-mass star formation process inb seven distinct stages.

(High mass stars with M, > 8M are believed to form in a fundamentally di erent

1



2 Chapter 1

manner, see Sectionl.5).

The initial stage is the Molecular Cloud, the reservoir containing all the raw material
for the star, (Section1.1.1). Turbulence disrupts the clow into progressively smaller
units. The smallest unit, the prestellar core, slowly contracts under its own gravity,
(Section 1.1.2). Molecular chemistry is important to lower the thermal energy in the
system. The buildup of material onto the central object is then carefully regulated by
magnetic elds, di erential rotation and protostellar out ows. If it were not for these
mechanisms, the increase of angular momentum as the systenomtracts would reach
too high a value for a compact central object to form, (Sectim1.1.3 t01.1.6). The nal
stage is a young star at the Zero Age Main Sequence stage whemaclear fusion ignites

in its core, (Section1.1.7).

The timescale from stage 1 to 7 is of the order of 10years. This is only a fraction
of a star's Main Sequence lifetime. A 1 M star, like our Sun, is believed to have a

Main Sequence lifetime of 1€° years.

1.1.1 Stage 1. Molecular Clouds

Stars form within massive clouds of gas and dust known as Motlar Clouds. Figure 1.2
displays a typical star forming cloud. Star formation is ongoing within the cloud but
hidden from optical view by the presence of the dust and gas. Me apparent cloud
surface is only visible by the illumination of nearby stars which are actively “eroding'

the surface layers away by photo-ionisation.

Molecular clouds exist in a hierarchical manner ranging fron the largest Giant
Molecular Clouds with masses of the order 1M and diameters up to 250 pc, down
to the smallest star forming clouds popularly referred to as'Bok Globules' (Bok &
Reilly, 1947). Bok Globules have typical masses on the ordeof 0.1 { 50M , diameters

a few tenths of a parsec and average temperatures about 10K @son & Langer, 1999).
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3

Figure 1.1 : A pictorial representation of star formation divided into seven stages. 1.
Molecular Cloud, 2. Fragmentation, 3. Prestellar core, 4. Qass 0, 5. Class |, 6. Class

I, 7. Class Ill.

The average density of molecular clouds is 10 kgm 3. This is extremely tenuous
compared to average density of the Earth's atmosphere (1.2 kgm 3), yet it is still

denser than the average Interstellar Medium (ISM) by a facta of 1,000.

The development of sensitive infrared and mm detectors haveevealed a host of
complex molecular chemistry occurring in these regions. Ahough molecular hydrogen
is the most abundant molecule, it is di cult to detect at the | ow temperatures at which
molecular clouds typically exist. Molecular clouds are usally discovered at the 2.6 mm
wavelength transitions of the 12C180 molecule (2.6 mm corresponds to a frequency of

115 GHz). As '2C160 is often optically thick, the 3C®0 isomer is frequently used
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Figure 1.2 : An infrared image of M16 molecular cloud or the 'Eagle Nebwd'. The
colour image was created by combining three publicly availale IRAC band images
from the Spitzer Space Telescope archive. 8.0n emission is presented as red, 4.5n
as green and 3.6m as blue.

instead to probe the cloud's interior. As is it less abundantand hence possesses a lower
column density. To estimate the total masses of molecular duds an abundance ratio
fraction between H, and CO is typically assumed to be% 10 4 (van Dishoeck
et al., 1992). Combining observations of multiple molecule can provide a much fuller
picture. For example, H, emission delineates high temperature regions such as loganhs

of passing shocks while CO emission traces cool gas.

Intricate chemical reactions occur to create molecules of mch greater complexity

than H, and CO. To date, 140 di erent molecular species have been dimvered. The

1For an an updated database of new discoveries sedttp://www.cdms.de
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longest chain molecule to be discovered is Cyanodecapentay containing 13 atoms with
the chemical composition HG 1N (Bell et al., 1997). Some examples of the most recent
discoveries are Acetamide, CHCONH,, which possesses a peptide bond that occurs in
amino acids (Hollis et al., 2006), Phosphaethyne, HCP (Agndez et al., 2007), Methyl-
triacetylene, CH3CgH (Remijan et al., 2006) and Propylene, CHCHCH3 (Marcelino

et al., 2007).

Theoretical line pro les computed from atomic physics and lkaboratory experiments
have aided astronomers in observing the complex con guratin of lines which identify
large molecules. The theoretical line pro les are becomingncreasingly important as
most astrophysical transitions are “forbidden' (see Sectin 1.4.6) meaning they can occur
but only at extremely low densities which can not be replicaked in even the best arti cial

vacuum on Earth.

The reaction probability in such low densities is increasedby “dust' which behaves
as a catalyst and consists of solid particles, mainly silico and carbon compounds. In
the early Universe (redshifts greater than 6) the majority of the dust is believed to
have been formed from condensations of Type Il Super Novae &) explosions (Dwek
et al., 2007). In the present day Universe, the main generatois believed to be the
cool expanding atmospheres of asymptotic giant branch (AGB stars. AGB stars can
expel up to 80% of their initial mass during their lifetime at rates of up 10 M yr 1!

(Lagadec et al., 2008).

Probing emission from dust grains in the millimeter and submillimeter wavelengths
has been another method of mapping molecular cloud structug. As an example, Mitchell
et al. (2001) obtained 850 m maps of the Orion B molecular cloud with the Sub-
Millimeter Common-User Bolometer Array (SCUBA) instrument on the James Clerke
Maxwell Telescope (JCMT). Studying the alignment or polarisation of the dust grains
can also provide information about the global magnetic eld structures of the clouds (Bethell

et al., 2007).

An important condition for the formation of molecules is for su cient shielding from
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ionising photons to be present. Such ionising photons actiely dissociate and destroy
molecules and are usually emitted at ultraviolet wavelenghs from nearby massive O
and B stars. Molecular clouds are naturally self shielding | optical depth e ects.
The outer layers of the cloud, known as the Photo-Dissociabn Region (PDR), pro-
gressively absorb the radiation from the highest dissocidate extreme ultraviolet (EUV)
radiation from hot O and B stars which creates a photoionisedatomic hydrogen bound-
ary layer. Slightly longer wavelength far-UV radiation wit h energy of 5{13.6 eV can
propagate further into the cloud and dissociate molecular lydrogen, molecules such as
CO, and can ionise carbon atoms. Further in, molecules are eopletely shielded and

can survive (Smith, 2004).

How do molecular clouds form? Large scale galactic maps shothat molecular
clouds appear to be distributed along the spiral arms of the @laxy. This supports
the theory of di erentially rotating density waves traveli ng through the galactic disk.
The waves sweep up material, mainly atomic hydrogen, in the glactic disk where it is

collected and compressed into molecular clouds.

How old are molecular clouds? A straightforward method is toassume the cloud is of
similar age to the estimated ages of the young stellar populéons within it. This would
imply cloud age estimations of 13 years for GMC's and less for smaller clouds, matching
the sound dynamical crossing time for clouds (Larson, 2003) Another method is by
measuring molecular abundances and noting that moleculesra not yet frozen onto
dust grains. These studies suggest clouds are no older thar0% years (Larson, 2003).
Overall the data suggests that clouds gather, immediately 6rm a generation of stars,

and then disperse.

1.1.2 Stage 2: Fragments

Itis believed that turbulence disrupts Molecular Clouds into random lamentary struc-

tures, ultimately leading to the creation of prestellar cores on the smallest scales (Mac
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Low & Klessen, 2004). Turbulence is a form of energy. It tranports kinetic energy
from a large scale to a small scale in three dimensions. Turbence is supersonic due to
the low sound speed (typically 0.2 kms ! in dense clouds) with Mach numbers between

3{5 (Larson, 2003) (see Section 1.4.4).

Recent observations have revealed direct proof of supersamturbulence in molecular
clouds (Heyer & Brunt, 2007). This has previously been suppded by 3D numerical
simulations showing the importance of supersonic turbulene in the star formation
process. For example, simulations performed by Pavlovskiteal. (2002) and Pavlovski
et al. (2006) found supersonic turbulence leads to the creain of laments, clumps and
di use regions in the cloud. Additionally the compressionsand expansions also aid the
formation and distribution of molecular species. The end rsult is that turbulence can

sweep up the gas into thin occulent layers leading to local énsity enhancements.

Supersonic turbulence is believed to arise from several smes such as galactic shear,
gravitational instabilities, winds from massive O and B stars, protostellar out ows and
supernova explosions (Mac Low & Klessen, 2004). Of these psibilities, it is supernovae
which are believed to deliver the most sustainable amount ofenergy to the ISM in
order to drive the turbulence. Based on the assumption of an gtimated average of 50
supernovae per year in our Galaxy and a total energy output ofL0®! erg per explosion,
the energy dissipation rate, e, is estimated to bee=3 10 ?® ergcm 3 s 1 (Mac Low
& Klessen, 2004). The next most abundant source of driving eargy are the jets and
out ows from within the molecular clouds. A current topic of study is the e ciency
of protostellar out ows at transferring energy and momentum to the ambient medium
(see Chapter4). An estimate of the energy dissipation ratedr jets and out ows is e =

2 10 2 ergcm 3 s 1 (Mac Low & Klessen, 2004).

On the smallest scales, small dense gravitationally boundlamps of diameters a few
tenths of a parsec may remain. Due to their high density, theg clumps exist below the
threshold to be disrupted by the cloud-wide e ects of supersnic turbulence. Now a

di erent physical process in the following stages will transform the clump into a young




8 Chapter 1

star.

1.1.3 Stage 3: Prestellar Phase

How does a clump undergo a change in density of 18 orders of maitude from a
typical clump density of 10 ’kgm 3 to 10°kgm 2 (the average density of the Sun)
and decrease its spatial volume by a factor of roughly one mlibn to become a star?
Here, mathematical theories and computer models have playka crucial role in gaining

an understanding of the complicated physics involved.

The most basic assumption is to imagine an undisturbed and stble spherical cloud
of gas and dust of radius,R, and a uniform density. Any slight instability will disturb
the equilibrium and lead to the onset of gravitational contraction. The instability may
arise from factors such as ambipolar di usion creating a slkghtly higher density in the

cloud centre or an external impact increasing the external pessure on the cloud.

Collapsing material would move under the gravitational in uence at the free-fall

velocity, Vs r

Vit - (1.2)

The dynamical timescale, or free-fall timescale,tss , would be similar to the sound

speed, g, of the cloud thus the timescale for the collapse would be

ti (1.2)

R
Cs
By replacing ¢cs with v¢ from Equation 1.1, we obtain the following expression for the

free-fall timescale in terms of massM, and radius, R

Of course, the above view is overly simpli ed. Many other fadors should be taken
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into account such as e ects of cloud rotation, non-uniformities, magnetic elds and

ambipolar di usion.

As the clump slowly contracts under its own gravity, gravitational energy is converted
to thermal energy which is freely radiated away into space bythe dust and molecular
material so that the collapsing fragment remains close to isthermal equilibrium with a
radial density distribution of / %. The core, having a higher density, has collapsed
faster than the rest of the clump leaving a core-halo like stucture. The core continues
to contract slowly, trapping most of its own thermal energy. The surrounding material

slowly infalls towards the higher density of the core.

When the central core density reaches a value about #&cm 3, the core becomes
opaque to the escaping radiation. The temperature begins taise and thus so does
the gas pressure. The core now behaves adiabatically. The ayitational contraction
halts and is balanced by the thermal pressure when the core exhes a density between
10'3{ 10%%cm 3. This temporary stability is referred to as the " rst hydros tatic core'.
The temperature continues to rise and when it reaches 2,000kthe molecular hydrogen
dissociates. This allows for a second collapse phase as thisgbciative cooling disturbs
the core equilibrium. The temperature continues to rise slavly until all the hydrogen
atoms become ionised. This occurs when the density reachedaut 1023cm 2 with a
temperature of 10*K. The contraction is halted again at what is known as the “seond
hydrostatic core' with a mass of only 0.001M and radius of 1R . The protostar has
formed and will now gather 99% of its nal mass from the surrounding envelope through

accretion (Smith, 2004).

Rotation and magnetic elds will now begin to play an importa nt role in further
development. The rotation and angular momentum of the systen tends to direct ma-
terial into a thick disk perpendicular to the rotation axis, the “accretion disk' (see
Section 1.5). Magnetic elds will have in uence over the entire system but will domi-

nate in the densest regions, namely the protostar and the dis It is now believed that
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the magnetic eld regulates the transfer of angular momentun in the disk. It channels
material from the disk onto the star and also removes excessngular momentum by
channeling material away from the system through open magnic eld lines along the

rotation axis. This leads to the phenomenon of jets and out ows (see Section 1.7).

1.1.4 Stage 4: Class 0

The "Class' de nitions were an attempt to classify young praostars in terms of their
evolutionary stage. Historically, Class I, Il and Il were rst de ned. The addition of a
preceding "Class 0' classi cation was proposed by Andre etla(1993) when advances in
sub-millimeter telescope technology allowed for the disogery of previously undetectable
cool and low-luminosity cores. Class 0 protostars were inially only detectable at
sub-millimeter wavelengths as the radiation from the cental source is absorbed and
attenuated by the large amount of dust and gas in the surroundng cloud. Today,
some of the brighter Class 0 objects can be detected in Infrad by the Spitzer Space
Telescope, such as the Class 0 object, IRAS 23011+6126 detable at 3.5 m (Noriega-

Crespo et al., 2005) (see Figure 1.3).

In order to classify such deeply embedded objects, the “spieal energy distribution’
(SED) is used. It is de ned as the radiated power over a wavelegth range, S,
the infrared wavelength range (2 { 20 m) in this case. After the SED is obtained, the
"Bolometric temperature’, T, is measured. Bolometric temperature is de ned by Chen
et al. (1995) as the temperature of a blackbody having the sam mean frequency as the
observed continuum spectrum and where the ‘'mean frequencys the ratio of the rst
and zeroth order moments of the source spectra. It can be quained by the following

equation,
< >

Tb0| =1 :25710(13HZ

(2.4)

where < > is the mean frequency of the observed spectrum (Smith, 2004) Fig-

ure 1.4 shows the progression of the SED through the four Classtages and a simpli ed
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Figure 1.3 : An infrared image of the IRAS 23011+6216 created by combimg three
publicly available IRAC band images from the Spitzer Space Elescope archive. 8m

emission is presented as red, 4.5n as green and 5.8m as blue. The “green' nebulosity
is believed to be from Carbon Monoxide molecules excited byud ows. The data was

originally published by Noriega-Crespo et al. (2005).

illustration of how the system appears at each stage.

Using the SED method, Class 0 objects are de ned as having a bametric tem-
perature less than 70K (Tpg < 70K). The low temperature is consistent with Class 0
systems possessing a greater amount of mass in their disks cgaenvelopes than in the
central protostar (Meny > Msgiar + M gisk ). This explains the low Ty, as the central
core is deeply embedded and radiation is greatly redistribted through absorption and

scattering before escaping.

Despite their extremely low luminosity, the presence of Clas 0 objects is revealed

by powerful bipolar out ows and dense molecular jets emanaing from their vicinity.
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Figure 1.4 : A pictorial representation of Spectral Energy Distributi on (SED) evolution
of a typical protostar from Class 0 to Class Ill. Initially th e surrounding dust scatters
light from the protostar leading to spectra with a strong infrared excess. As the system
evolves, the volume of obscuring dust decreases and the Jidity of the central protostar
increases. The spectrum hence moves to shorter (hotter) walengths as it approaches
that of a black body. SED plots adapted from gures of Lada (1987) and Tachihara
et al. (2007).

These are believed to play a crucial role by removing excessigular momentum from the
system to enable the cloud to collapse into a star (see Sectidl.7). Close examination
reveals evidence of infalling envelopes (e.g. Myers et al1995). Both the in ow and

out ow are clear signs of a high rate of accretion onto the obsured central object. The

high accretion rate suggests a short lifetime during this sage on the order of 10 years
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and may in turn account for their rarity when compared to the abundance of the next

evolutionary stage, Class |I.

1.1.5 Stage 5: Class |

As the protostar's surrounding envelope thins by accretiononto the disc and through
dispersal by the out ows, it may become optically visible if viewed close to pole on.
There is still a substantial circumstellar disk present and accretion and out ows con-

tinue to remove excess spin angular momentum from the system

Class | can be technically de ned as having a bolometric lunmosity between 70K
and 650K (70K < Tpo < 650K). Similarly, we can say that the mass of the surrounding
envelope is less than the mass of the central protostar, My < Mggr. From Fig-
ure 1.4, we see that the blackbody curve has shifted to a shoet wavelength (higher
temperature), yet there is an additional large infrared exess present from heating of
the surrounding dust. The prominent absorption peak is beleved to be due to silicate

dust absorption at 10 m (Smith, 2004).

Molecular bipolar out ows persist but are less powerful with accretion rates of 10 °
M yr 1. These accretion rates suggest the Class | stage can last ohd order of 10

years.

1.1.6 Stage 6: Class Il

After further development, the surrounding envelope compétely disperses (but not the
circumstellar disk) and the star becomes optically visible Accretion continues but
at a slower rate from a starved accretion disk, which may alsde actively forming a
planetary system. The disk still has a slight infrared exces on the back of the stellar
blackbody spectrum (see Figure 1.4). The total mass of the awetion disk is now about

10° M . The lack of molecular gas present in the remainder of the suounding envelope
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for entrainment by the jets may make the out ow appear more atomic. The bolometric
temperature range for this class is de ned as between 650K t@880K (650K < Ty <
2880K). The estimated age at this stage is 1{4 10° years. In addition, an ultraviolet
excess may be visible which is believed to be where the matatiis accreting onto the

now exposed stellar surface (Smith, 2004).

Class Il objects also fall into an older category known as a “fassical T Tauri Stars'
(CTTS). This is another classi cation system based on the ogical spectrum of the
prototype star T Tauri(Joy, 1945). These stars had unusual pectra with strong H
emission lines which are now believed to be from either ciraustellar disks, accretion

columns or out ows.

1.1.7 Stage 7: Class lll

The circumstellar disk has all but dispersed leaving the spetrum as that of a stellar
blackbody (see Figure 1.4). The bolometric temperature is nw about 2880K (Tyg
> 2880K). A slight near-infrared excess compared to similar rain sequence stars may
sometimes be detectable suggesting the remains of debristine system (Gullbring et al.,

1998).

This class falls into a category known as "Weak T Tauri Stars'(WTTS). Initially
they were not thought to be young stars due to their lack of infrared excess emission.
Later it was understood that they are associated with star faming regions, slightly

more advanced that CTTS, yet no older than 20 10° years.

Accretion and out ows have now ceased and the star has reaclieits nal mass.
WTTS stars are typically faster rotators than CTTS as there is no longer a braking
e ect from the circumstellar disk and the rotation rate can i ncrease. CTTS may typ-
ically have a rotation period of 10 days whereas WTTS may may lave on average a
rotation period of 1-2 days (Marilli et al., 2005). The rotation periods of CTTS and

WTTS can generally be easily measured as both stages possestarspots'. These may
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be cold spots due to high level of surface magnetic activity o the young protostars or
hot spots at the base of accretion ows (Herbst et al., 1994).They can cover 3{20% of
the stellar surface. Observations of the light curves of sut stars can be seen to pos-
sess periodic oscillations directly providing the rotation period after assuming av sini

orientation to our line of sight.

1.2 The HR diagram

What is now referred to as the Hertzsprung-Russell diagram ws rst created by as-
tronomers Ejnar Hertzsprung and Henry Russell around 1910. They found that by
plotting the spectral type against absolute magnitude of mayy stars, clearly de ned
regions emerged. These regions were later realised to be ¢l that trace the gen-
eral evolution of stars. Today, Hertzsprung-Russell diagams are usually plotted as
luminosity against e ective temperature. These scales aresimilar to the original scales
as it is now known that spectral type is directly related to e ective temperature and
luminosity is proportional to the absolute magnitude. Pre-main sequence stars can
now be plotted on Hertzsprung-Russell diagrams, revealingnformation on protostellar

evolution.

On the Hertzsprung-Russell diagram, pre-main sequence sta occupy a region to

the lower right signifying low e ective temperatures and luminosities.

Fully developed stars on the Main Sequence operate partiallor entirely by radiative
di usion. Energy released in the nuclear fusion core is trasferred by radiative means
through their interior and, in the case of low mass stars, by onvection from the radiative
core to the surface. Young protostars are believed to trangfr heat from their interior to
their surface by convection processes alone as they contraon the Kelvin{Helmholtz
timescale. Convection processes are more e cient in theseases as young stars possess
large internal temperature gradients that easily carry the convection currents and their

high level of opaqueness limits radiative di usion.
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As the young star contracts, the surface temperature remais roughly constant but
the luminosity drops as L/ R? causing the evolution on the downward section of the
tracks known as Hayashi Tracks (Hayashi (1966)) (see Figuré.5). The decrease in
luminosity means the temperature gradient and opacity fall and radiative di usion
becomes the dominant process (Smith, 2004). A young star bemes a Main Sequence
star at the Zero Age Main Sequence (ZAMS) track which de nes he stage where nuclear

fusion in the core becomes the primary power source.

Figure 1.5 : A pre-main sequence Hurtzsprung{Russell diagram displayng the evolu-
tionary tracks of model stars between 6.0M to 0.1M The evolution begins from the
upper diagonal line (1 10° yr) and evolves to the lower diagonal line (1 10° yr) signi-
fying the ZAMS. The dotted lines represent isochrones. (Figire reproduced from Palla
& Stahler (1999))

From Figure 1.5 we see that low mass pre-main sequence starMi,r < 0.5 M )

descend vertically along the convective Hayashi Tracks andhitiate hydrogen fusion at
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the ZAMS track without previously obtaining a radiative cor e. Intermediate mass stars
(0.5 < Mgiar < 2 M ) possess convective cores which turn radiative before thenset
of hydrogen burning. Higher mass stars (M@ > 2 M ), have little or no convective
evolution and evolve horizontally to the ZAMS via radiative tracks referred to as Henyey
Tracks (Henyey et al., 1955). Very low mass stars (Mir < 0.08 M ) will never reach
the stage of hydrogen burning and become part of the populatin of objects known as

"Brown Dwarfs'.

The region before the 1 1®Pyr isochrone in Figure 1.5 is known as the “forbidden
zone'. Objects located here would be either very young colfasing protostars not yet
possessing a hydrostatic equilibrium, or stars heavily embdded in gas and dust thus

masking their true temperature and magnitude.

1.3 Jet observations

We have discussed the process that leads to the creation of piostellar jets. Now
we shall look at some observational data of well-known protstellar out ows before

examining the key physical principles at work.

1.3.1 HH 1/2

The rst jets and out ows were indirectly discovered by two a stronomers, George Her-
big and Guillermo Haro, who around 1950 independently catabgued mysterious small
nebulous-like patches radiating H emission within the Orion Molecular cloud (Herbig,
1951, 1950; Haro, 1952, 1953). Initially, the patches wereéhbught to be the actual sites
of star formation. Only much later, in 1975, were they undergood to be bow shocks
- molecular/atomic cloud material excited by passing shockfronts driven by stellar

winds (Schwartz, 1975).

HH 1 and 2 lie in the Orion A molecular cloud at a distance of 46@c. The distance
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between the two bow shocks covers 0.34pc. Figure 1.6 displsyan image of HH 1 and 2
taken by the Hubble Space Telescope. H emission at 6563\ is depicted as green and

[SI1] emission at 6716 and 673A is depicted as red.

The driving source of these out ows is the protostar known asVLAL. It is heavily
obscured and hence not optically visible but has been locatk by extrapolating the
out ow's proper motion back towards a central source, and ako detected at centimeter
wavelengths. Insu cient observational data exists on VLAL in order to provide a
full classi cation (Froebrich, 2005). Another source has keen found close by known as
VLAZ2, possibly a binary companion of VLAL with a projected separation of 1380AU.
It is believed to be driving the nearby HH 144/145 out ow (Rei purth et al., 1993).

Proper motions studies have found that parts of the HH1 bow slock are moving
at over 400 km s ! (Hester et al., 1998). The HH2 bow shock is moving slower with
velocities under 100 km s®. The HH1 jet velocities range from 255{355 km s* which
are on the order of 100 km s? less than the HH1 bow shock's peak-velocity suggesting
the driving source is now ejecting material at a slower rate. With these values, the
dynamical age of HH1 and HH2 is estimated to be about 450100yr (Bally et al.,
2002).

An image of HHL1 is displayed in the upper left of Figure 1.6 wit a close-up of the
bow shock in the top right inset. The point of bright emission visible in the top inset

is a Cohen-Schwartz (CS) star, unrelated with the out ow.

HH2 lies southeast of VLAL and is displayed in the lower left & Figure 1.6 with
a close-up of its bow shock in the bottom right inset. Unlike HH1, this bow shock
appears to have fragmented into a cluster of ‘mini-bows' or bullets'. The various
components possess a range of velocities between 130{390 knt (Bally et al., 2002).
Numerical simulations have shown that it is possible for bowshocks to break up in such
a way due to instabilities such as the Rayleigh-Taylor instaility (Blondin et al., 1990).
Recent 3D numerical simulations have also shown that both jebeam pulsation with

fast precession and rotating jets can lead to broad unstabléow shocks which develop
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Figure 1.6 : False colour composite image of HH1 and HH2 taken by the Huble Space
Telescope. [S Il] emission is represented as red, Hemission as green. The left hand-
side image, (@), is a spatial view of HH1 and HH2 system with tle location of the

driving source highlighted. The inset image, (b), shows a @se-up of the VLAL jet.

Image (c) shows a close-up of the HH1 bow shock and (d) shows &ose-up of the HH2
bow shock. (Image reproduced from Hester et al. (1998).)
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into smaller bow features (Rosen & Smith, 2004a; Smith & Rose, 2007). The di erent
morphologies between HH1 and HH2 may be due to dierent ambiat environment

properties on the two sides of the driving source.

The key to HH objects is supersonic motion. Material traveling supersonically sud-
denly heats or “shocks' the nearby non- or slowly-moving madrial. The energy from
the sudden heating causes electron transitions within the 'foms and molecules present
which creates the emission that is detectable at Earth. The Bocks occur either within
the supersonic jet (internal working surfaces) or the end othe out ow where it ploughs

into undisturbed ambient medium (terminal working surface).

The central inset of Figure 1.6 shows the VLA1 jet, driving sairce of HH1. Despite
both components of the bipolar out ow being visible, only this single blueshifted jet is
visible. It is conceivable that the red shifted counterpart is too obscured behind cloud

material to be detectable.

Figure 1.7 : Contour plots of the HH1 jet clearly showing the “knotty' structure. The
co-ordinates are centered on the Cohen-Schwartz star in théop right of the plot at
position RA 05"36M21.5 and Dec.-06 45%36°°(2000). The contours display powers of
two times the standard deviation of the mean background leve Reproduced from
Figure 2 of Davis et al. (2000).
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Figure 1.7 shows a contour plot of K emission reproduced from Davis et al. (2000)
who took high-resolution H, and [Fell] images of the HH1 jet and bow shock. As
seen in Figure 1.6, the H map shows the “knotty' structure of the jet beam. Knots
are a commonly observed feature of protostellar jets and ardelieved to be created
by velocity variations in the jet beam caused by a variable orepisodic jet launching
mechanism (Raga et al., 1990). High velocity pulses overtak previously ejected slower

moving material leading to a string of shockwaves.

There are two emission regions north of the presumed jet beanaxis. The area
labelled U, Q, and Q; in Figure 1.7 is believed to be part of the HH1 bowshock and
area W, V,, V1 is likely to be part of a younger bowshock connecting to the enssion
knot labelled 7. The apparent one-sided eastern emission iregions labelled as W, \5,
V1 and U, Q,, Q1 are believed to be where bow shocks are colliding with a dense

ambient medium than on the western side (Davis et al., 2000).

1.3.2 HH 211

HH 211 is an ideal example of a highly collimated bipolar moleular out ow showing
the phenomena of re-collimation, knots and entrainment. It was discovered in the
Perseus Dark Cloud by McCaughrean et al. (1994) in the 2.122m line of H, and found
to be highly collimated with an aspect ratio of 15:1. The high level of collimation
and the fact that it is deeply embedded suggests it is a very yong out ow, on the
order of 1,000 years old. The out ow covers 1080on the sky and, assuming a distance
of 315pc to the Perseus Dark Cloud complex, the out ow has bee measured to be
0.16 pc in length (O'Connell et al., 2005). The driving protostar has been categorised
as Class 0 by Froebrich (2005) with the following parametersT po < 33K, Ly = 3.6L

submillimeter to bolometric luminosity ratio, L smm /L po = 0.046, and Mg, = 0.80M

A detection of near-infrared continuum emission was made byO'Connell et al.

(2005). The authors believe the continuum emission is cre&d by light from the proto-
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Figure 1.8 : A composite gure of the HH211 out ow showing contours of the red and
blue-shifted jet in SIO J = 5{4 emission taken by the Sub-Millimeter Array (SMA),
superimposed on H 1{0 S(1) 2.122 m emission taken by the Very Large Telescope
(VLT). Figure reproduced from Hirano et al. (2006).

star escaping through the jet beam cavity and scattering o denser material both along

the cavity wall and from other denser clumps of material.

SiO J=5{4 observations made by Hirano et al. (2006), and dispayed in Figure 1.8,
revealed the blueshifted and redshifted jet components. Thy found the blueshifted
velocities to range between -24 and -4 km s' and the redshifted velocities to range
between +4 and +32 km s 1 relative to V sg = 9.2 km s 1. The emission was found to
trace a narrow jet of width 0.8%( 250 AU) with the jet consisting of a series of knots
3{4%9( 1,000 AU) apart. The SiO emission does not trace as far as theobes seen in
H, emission. Either the density has become too low to excite theSiO, or all SiO has
become completely dissociated. The observed discrepancyetiveen the high density,
high velocity gas along the axis, and lower density away fronthe axis is consistent with
an X-Wind launching model (see Section 1.17) with a wide windopening angle (Hirano

et al., 2006).

Recent work by Lee et al. (2007) obtained estimates for the jeinclination angle, i,
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with the formula i = sin }(vm/v ), where vi, is the mean velocity of the SiO emission,
and v; is the assumed jet velocity between 100{200 km st. The inclination estimates
were -8.6 to -4.3 for the redshifted jet and -11.4 to 5.7 for the blueshifted component.
They also estimated the pulsation period from the inter-kna spacing. It was estimated
to be between 44{15 years assuming a jet velocity of 100{200rk s 1. A slight precession

was also detectable by Lee et al. (2007).

We shall now look closely at the physics behind supersonicis and out ows and show
that a combination of physical theories with simulations can lead to an explanation of

the observational features seen above.

1.4 The physics of jets and out ows

The output of a typical numerical jet simulation is displayed in Figure 1.9. It depicts the

front section of an adiabatic axisymmetric (2.5D) simulation. The displayed parameter
is the density on a logarithmic scale where lighter shading epresents higher density
and darker shading, lower density. The main jet features hae been labelled and will

be described below.

1.4.1 Jet beam

The jet beam is a supersonic ow of material which maintains hHgh collimation over
large distances. It is assumed to consist of excess accrationaterial channeled from
the vicinity of the central source and accretion disk, then ollimated and accelerated
away by a certain mechanism (see Section 1.7). Jets relatedtaccretion disks, be they
protostellar or extragalactic, are generally bi-polar, emanating from both poles of the

spin axis.

The dierence between jets and out ows should be noted. The gt is composed
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Figure 1.9 : The front section of a high resolution, 2.5D axisymmetric aliabatic jet

simulation with the characteristic jet features labelled. The simulation was performed
with the ZEUS-3D hydrodynamic code and the diagram depicts ansity in units of
gm/cm 3 displayed as a log scale where the brighter shading is highatensity and
darker shading is lower density. The jet beam is initially 10times denser than the am-
bient medium and traveling at 200 km s ! into a stationary uniform ambient medium.

In axisymmetric simulations, only half the jet beam is simulated, making use of the
assumption that most jets are cylindrical. In order to visualise them in two dimensions,
the other half is simply mirrored through the axis of symmetry.

exclusively of excess accretion material ejected directlfrom the protostellar system.
The out ow consists of both jet material surrounded by ambient material that has
been entrained by the jet. The entrainment mechanism can oaar either through bow
shocks (see Section 1.4.3) or along the jet beam by mixing timugh the Kelvin-Helmholtz
instability (see Section 1.4.2).

Numerical protostellar jet simulations typically come in two forms; jet launching
simulations and jet propagation simulations. The former orly concentrate on the re-
gion close to the protostar by modeling an accretion disk, aentral object, and magnetic
eld. The high resolution required limits the size of the computational domain to a
few AU around the star (e.g.Zanni et al. (2007) modeled a regin of 3.6 10%“%cm by
1.2 10*cm by 1.2 10%cm). On the other hand, jet propagation simulations (the
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type presented in this thesis) assume the jet has already beelaunched and collimated
somewhere o the grid by a certain process and only model the ppagation of the colli-
mated jet beam and its interaction with the ambient environment. Such an assumption
allows for much larger domains to be simulated (e.g. Keegan &ownes (2005) modeled

a region of 9.257 10cm by 9.257 10%cm).

Various jet beam properties can be quanti ed as presented bysmith (2004). In the

most basic form, two cylindrical jet beams would have a mass at ow rate, M j, of
Mj =217,y (1.5)

whererj, ; andv; are the jet beams radius, density and velocity respectively Applying
observationally constrained parameters, Class 0 mass oubw rates can be expressed as

2 n; Vi 1

| =1:3 10° '
M (Class 0) 500AU 10Pcm 3 100kms 1! Y

(1.6)

where n; is the hydrogen nucleon density, assuming a 10% helium aburashce.

Out ows from the more evolved Class Il sources di er as they ae associated with
higher velocities and lower densities

2 n; i 1

, =16 108 1.7
M (Class 1) =16 107 75000 1Fem ® 300kms I M V' (3.7)

Equations for the jet thrust, Fjer, and power or luminosity, Ljet, for Class O objects

can similarly be written as

- 4 Miet Vi 1, 1
Fi (class 9 =5 10 * 7551 yr T 100kms T M kms tyr (1.8)

and I

Mjet Vj 2
10 M yr 1 10kms 1 L (1.9)

Lj (Class 0) = 8:2

These equations show that jets from Class 0 sources are quiwerful and can contain
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a large fraction of the total radiative power of the protostar, 0.1{0.5 Ly (Smith, 2004).

1.4.2 Kelvin-Helmholtz discontinuity

The Kelvin-Helmholtz instability arises on considering the centrifugal force at the con-
tact region, or slip surface' between two uids of di erent densities and velocities, but
with a pressure equilibrium across the interface. Small ing&bilities can grow exponen-
tially leading to turbulent entrainment. It can destabilis e the collimation of the jet
beam over length scales of 10{20 VR; where M, is the Mach number of the jet and

R; is the radius of the jet (Smith, 2004).

In the case of protostellar jets, slip surfaces exist betwae the jet beam and the
processed cocoon material. This region is also known as theontact discontinuity’,
and labelled in Figure 1.9. The jet beam acts a resonant cawt for transverse sub-sonic
acoustic waves con ned within the interior of the beam. The &acoustic waves must
be sub-sonic otherwise they would create disruptive shock awves. Certain frequencies
or modes become amplied and can grow into Kelvin-Helmholtz instabilities (Stone,

1997).

1.4.3 Bow shock { Working surface { Mach disk

As mentioned previously, shocks and molecular emission arthe key to how out ows

reveal themselves to observers on Earth. The bow shock occairat the end of the
jet beam where the supersonic jet collides directly with thesubsonic ambient medium.
These collisions create the Herbig-Haro objects of Sectidh3.1. Smaller internal shocks
along the jet beam have been noted from observations of the jeknots' (Section 1.3.2)
and have been successfully modeled in simulations througlej beam velocity variations

e.g. Rosen & Smith (2003).

We shall now look at the basis of the physics behind shocks ancholecular emission.
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1.4.4 Shocks

At the front of any supersonic jet are two interfaces known by various names. They
are the "Bow shock' or "Forward shock' at the front and the "Mah disk’, “Jet shock'
or "Reverse shock' at the back. The bow shock pushes againshe accelerates the
undisturbed ambient medium, whereas the mach disk deceletas supersonic jet beam
material. Observations and simulations suggest that in some situations material that
has been highly collimated from the reverse shock is capablef overtaking the forward

shock leading to streams of bright emission (Smith et al., 207).

In Figure 1.10, a simpli ed depiction of the basic double shak structure is presented.

Region 1 of the diagram consists of jet material of density 1, moving at velocity

Figure 1.10 : A simple schematic diagram showing the densities and veldties in the
three regions of the double shock structure.

V1. It propagates into an ambient medium, Region 2, of density », and velocity V.
The formation of the interface region between the two shockds a consequence of any
supersonic ow. The "Working surface’ is a high pressure reign of Pygn in the diagram
and moving at velocity ,Vs, which is subsonic if viewed in the frame of reference of

the jet beam motion. The “Contact discontinuity' separates shocked jet beam material,
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which has passed through the Mach Disk, from shocked ambieninaterial, which has
passed through the bowshock. Although the temperature and dnsities di er on each
side of the contact discontinuity, the pressure is the same.This pressure equilibrium
prevents the material on each side of the discontinuity frommixing initially. 1t may

later mix through the Kelvin-Helmholtz instability.

In numerical simulations, it is common to de ne the input par ameters in a dimen-
sionless form. The ratio of the densities of the jet, jer, and ambient medium, amp,
is typically de ned as the parameter , ( = jet / amp). Similarly, the ratio of the
pressures of the jet,pjet, to ambient medium, pamp, is de ned by the parameter , (

= Pjet ! Pamb)-

Assuming the ambient medium is stationary (V2 = 0), the velocity of the working
surface, Vs, can be expressed in terms of the jet beam velocity, ¥, and the density
ratio, , as

p “V,
VWS = 1—+ﬁ—_ (110)

(Norman & Winkler, 1985). The above equation shows that if we have a ‘light' jet,
meaning the jet density is less than that of the ambient medium ( < 1), then V;
< Vws. This leads to a pronounced working surface which easily sveps up material
from the ambient medium (Region 2) leading to a large expandé cocoon. Such ’light'
jets are typically associated with extragalactic jets, e.gSutherland & Bicknell (2007).
Conversely, in the case of a "heavy' jet, > 1 then V; > V,s. The jet beam ploughs
ahead preventing the working surface from dominating and little ambient material is en-
trained leading to sharp diminished bow shocks. Heavy jets i@ usually associated with
protostellar out ows. HH211 was estimated to have a maximum of 20 (O'Connell

et al., 2005). In our simulations we x the initial value of  to 10.

What is the physical principle behind shock creation? Shock are a natural con-
sequence of supersonic motion which is de ned as the transmgion of information by

sound waves moving through a medium faster than the local saud speed of the medium.
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Shock waves were rst investigated experimentally around 886 by Ernst Mach who

derived the Mach angle equation,

sin(a) = % (1.11)
where v is the velocity of the object, ¢s is the ambient medium sound speed, andh is

the opening angle of the resulting bowshock (ifv > c).

A comprehensible understanding of shock waves is presentday Norman & Win-
kler (1985) and depicted in their Fig. A and Fig. B, reproduced here as the combined
Figure 1.11.

Figure 1.11 : Left: Diagram showing the creation of a shock-wave. Regios labelled
1, 2 and 3 correspond to the labelled positions on the Pressarversus 1/ plot, Right.
(Figure reproduced from Fig. A and Fig. B of Norman & Winkler, 1985.)

Figure 1.11(left), depicts an oscillating sound wave of amfitude 2 P . If the wave
were to move faster than the sound speed, the simple sinusatiwave pattern would be
destroyed leading to the creation of a discontinuity or a sh@akwave. Approaching waves

from the downstream direction are unaware of the sudden chage as information of the
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shock properties can not be transmitted downstream in time. An analogous situation
can be seen with ocean waves. As the depth of the water decress approaching the
shore, the energy is con ned to a narrower region. The amplitide increases leading to

the “breaking' phenomenon depicted in Figure 1.11(left).

Figure 1.11(right), shows a plot of pressure versus the inuse of density. The inverse
density is also proportional to the volume. Sound waves propgating through the uid
or gas cause the properties of the medium to move back and fdntalong the lower line
signifying an adiabat (an isentropic process). As the preasre increases, the volume of
the gas decreases. Similarly, as the pressure decreasese tolume increases keeping
temperature constant. With the passage of a shock front, theparticles suddenly receive
thermal energy. This heating causes the system to rise to andiabat of higher energy.
Although the gas can relax again to the previous pre-shock mssure, the temperature
and volume are irreversibly changed, i.e. the entropy has ioreased (Norman & Winkler,

1985).

Two types of interstellar shocks have been identi ed: JumpShocks, or “J-Shocks',
and Continuous shocks, or "C-Shocks'. J-Shocks are charactsed by two components,
a sharp increase in temperature followed by a long cooling gion. C-Shocks display a

wide weak excitation zone, with ambipolar di usion softening the shock (Smith, 2004).

1.4.5 Molecular chemistry

Molecules are a crucial component of star formation. They acas coolants which allow
core collapse to occur by allowing the released gravitatioal energy to be radiated
away. The emitted radiation is at low-energy (infra-red to radio wavelengths) allowing

observers to probe the relatively cool molecular clouds.

The most abundant molecule is the simplest, namely moleculahydrogen, H,, con-
sisting of two protons and two electrons. To form H,, two hydrogen atoms must collide

and combine through the negative energy anti-parallel eleiron spin singlet state, * .
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The usual formation method of molecules on Earth is through ahree-body collision
where two atoms combine in the presence of a third atom to carr away excess binding
energy in the form of kinetic energy. This reaction mechanim only has a high prob-
ability in high densities of 10*?cm 2 so does not occur in molecular clouds. Another
possible mechanism, through a radiative transition from the 3 to the 1 state, can
not occur through the quantum mechanical selection rules de to the symmetry of the
H, molecule. In molecular clouds, H forms through grain surface reactions where the
dust grains behave as a catalyst (Hollenbach et al., 1971). ylrogen atoms e ectively
stick to the grains and the grains behave as the third body in tie three-body reaction

scenario.

H+ H+ grain! H, + grain
H,+ H! 3H (1.12)

Ho+ Hy! 2H+ H»

Once H, forms, it is the building block of heavier molecules such as O and H,O, which
can dynamically form and be destroyed with the passage of stokwaves. For example,

the reaction path for the creation of H,O through ion-molecule reactions is as follows,

Ho+cri! Hj +e
Hy + Hy! H; +H
Hi + O! Ha+ OH'
(1.13)
OH" + Hy! OH; + H
OH; + Hy! H30+ + H

HsO" +e ! HO+H

where, c.r. represents a cosmic raye is an electron, species superscripted with “+'

represent intermediate positive ions (Stahler & Palla, 20®).
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1.4.6 Molecular emission

Here we shall take a closer look at the physics behind molecall emission. Molecular
emission is similar to the process of atomic emission. Atonsi emission occurs when
bound electrons make transitions between quantised energlgvels through the absorp-
tion and emission of photons at certain wavelengths as detenined by the quantum
mechanical selection e ects. The formation of a molecule itroduces rotational and
vibrational transitions, which are of lower energy than atomic transitions, but still

controlled by quantum mechanical selection e ects.

The simplest molecules are diatomic and we can imagine two hund nuclei orbiting
each other about their common centre of mass. The total energcan be calculated
from the angular momentum, J = | ! , and the kinetic energy, K = % | 1 2, When

combined, they give the total energy of the system as
E= (1.14)

where J is the angular momentum and| is the moment of inertia.

Angular momentum is quantised so thatJ? = j(j +1)~? wherej is the rotational
guantum number, j = 0;1;2;3:::, and ~ is the Dirac Constant based on the Planck

Constant, h, through the relation ~= 21

The nal equation for the rotational energy levels is

2
Erot = ] +1) 5 (1.15)

Rotational levels have been assigned the following labelig scheme. J = -2, -1, 0,

+1, +2 corresponds to O, P, Q, R and S branches respectively.

In addition, the two nuclei may oscillate or vibrate as if connected by a spring. The
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resulting vibrational energy is given as
1
E=(v+ §)~! (1.16)

wherev is the vibrational quantum number, v=0;1;2;3::: (Stahler & Palla, 2005).

The ratio between two levels of a two-level system can be quadned through the

Boltzmann Distribution equation

N1 _ o E1o
— = =eX 1.17
No Qo P ke T ( )

where N1 and Ng are the number densities in the upper and lower levels respéeely,
01 and gg are the degeneracies of the levels, E g is the energy di erence between the
two levels, kg is the Boltzmann constant, and T is the excitation temperature (Stahler

& Palla, 2005).

Carbon monoxide, CO, is an important molecular tracer. The 12c160 isotope is
the most abundant, but 13C®0 and other forms are also present and detectable at
lower abundances. The main transition for CO is due to its pemanent electric dipole
moment. This transition is fromthe J=1 ! 0 rotational level. The energy released is

E = 4.8 10 “eV which is equivalent to a photon of wavelength 2.60 mm in theradio
regime and a cooling of 5.5 K. Excitation to invoke the transtion is believed to occur

through collisions with Ho.

Unlike CO, molecular hydrogen does not possess a permanentpible moment due to
the symmetry of the molecule. It does however have a permanémuadrupole moment
so J is allowed to change by two units (J = 2, an O, Q or S branch). The common
1{0 S(1) line at 2.12 m is a ro{vibrational transition where v=1 ! Oand J=3
I 1. A similar line of slightly higher energy is the 2! 1 S(1) line at 2.24 m. Pure
rotational transitions can occur in the vibrational ground state. The J =3 ! 1

transition occurs at 17.04 m and the J =2 | O transition occurs at 28.22 m.
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Table 1.1 : Main tracer wavelengths. Species in the square brackets peesent forbidden
transitions. Forbidden transitions have an extremely low probability of occurring in

even the best laboratory vacuum on Earth, but may occur in the low densities of
interstellar space and molecular clouds.

Molecule Wavelength Transition type Gas Temperature Shock velocity

H, 2121 m 1! 0 S(1) vibrational 6,600K 30{50 km s !
2.248 m 2! 1 S(1) vibrational 12,500K

CO 2.6 mm J=1"! O rotational 5.5K

[O 1] 63 m 3py 1 3P, 230K

[C 158 m SPas,! 2Py 92K

[Fe 11] 1.64 m D7yl 4Fgo 10,000K >50 km s !

The modeling of the actual electron transitions in atoms and molecules during a
simulation would be very computationally intensive. Molecular cooling is usually rep-
resented on the macroscopic scale by using pre-calculate@aling functions which plot
temperature as a function of cooling. This signi cantly reduces the computational re-
guirements. See Section 2.5 for a description on how the maialar cooling module for

ZEUS-3D operates.

Table 1.1 shows some information on the main molecular traagespecies including
the wavelengths at which the emission occurs and the tempetares required for such

emission.

1.5 Disk formation

A long standing puzzle in star formation has been how a prototr can form from a
collapsing rotating cloud without the angular momentum of the system increasing to
a critical value. As seen in Section 1.1.3, the angular moméom is carefully regulated
by the system where excess angular momentum is removed by gt Here we shall look
at how material propagates inward from the gravitationally bound clump of Stage 3 in

Figure 1.1 onto the central protostar.

The theory can explain the formation of low mass stars. High mass stars of masses
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> 8{10 M are thought to form in a fundamentally di erent way due to the fact that

when such high masses are reached, the radiation pressureifin the centre would be
strong enough to halt the momentum of further in- owing accr etion columns. Massive
stars do however exist in the form of O and B stars with massessver 100 M possible
e.g. Massey et al. (2000). A model for massive star formatiothrough the mergers of
lower mass stars or cores in dense stellar clusters was rsuggested by Bonnell et al.
(1998). However, observations have shown that circumstedlr disks are a common occur-
rence around high mass stars suggesting they do form througthe collapse/accretion

mechanism reminiscent of low mass stars (Jiang et al., 2008) Recent models of the
gravitational collapse of massive magnetised molecular oud cores were performed by
Banerjee & Pudritz (2007) who succeeded in simulating the ceation of massive stars
which formed through high accretion rates of 103M yr 1. They found that angu-

lar momentum was e ciently transferred through bars/spira Is and magnetic torques.
They also found that the bipolar out ows which formed in thei r magnetized simulations

produced cavities which aided the release of radiation presure thus allowing accretion

to continue and again showing the importance of jets.

Returning to low-mass stars, observations show that some ars maintain a constant
angular velocity over several million years as they contrat while evolving along their
Hayashi tracks. This in itself suggests a strong braking e &t is present over timescales
of 2{10 Myr (Herbst et al., 2007). In order to achieve this, models have shown that
roughly one third of the total stellar angular momentum must be removed from the
system per Myr. This implies that magnetic disk braking must not only positively
balance the torque of the shrinking protostar but also increase with time. Statistically,
observations suggest that a magnetic star-disk interactio does resist and brake the

spin-up of pre-main sequence stars (Herbst et al., 2007).

In the rotating collapse theory, material in the surrounding envelope rst settles
onto an equatorial mid-plane disk then propagates through he disk to smaller radii,

before nally spiraling onto the stellar surface of the cental protostellar core. It is
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based on the physical principle of any system tending toward a lowest energy state.

A simple mathematical analysis of rotating collapse was preented by Hartmann
(2001) and Stahler & Palla (2005) as follows: We have a centiigprotostar of mass M-,
surrounded by a low density circumstellar cloud or envelopeof material. We imagine a
small element of the circumstellar material possessing anceentric parabolic orbit about
the central protostar (see Figure 1.12). The highest velody, Vinax, of the element in its
orbit is reached at the point of closest approachymin , to the central object (where the
element would need to have moved through the mid-plane disk épicted in Figure 1.12).

Based on Newton's Law of Gravitation the maximum velocity, Vinax , iS given as

2GM»
Vrﬁax =

(1.18)

I'min
where G is the gravitational constant.

We now introduce the speci c angular momentum vector, h, whereh = r v, the
cross product of the orbital position vector, r, and the orbital velocity vector, v. The
speci ¢ angular momentum can be written in terms of G and M with the use of Equa-

tion 1.18 as follows

h? = rrznin Vn21ax =2 G M> I'min (1.129)
A parabolic trajectory can be dened asr = 1+r§(q)s where r is the distance of

the moving element to the central object (the focus point of the parabola), req is the
distance to the central object while in the orbital plane (see Figure 1.12), and is the
phase angle of the orbit between periastron and the currentdcation of the moving
element. Clearly rmin = r% (when =0 ), thus req = 2 rmin . Therefore the orbital
distance is related to the speci c angular momentum by

h2
GM,

leq = (1.20)

The speci ¢ angular momentum is related to the total angular momentum, , in the
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following way. Material in the plane perpendicular to the rotation axis has a higher

angular momentum than material with more inclined orbits or trajectories. It varies as

h=r2sin (1.21)

where is the angle from the rotation axis (see Figure 1.12). Inspe@n of Equation 1.21

Figure 1.12 : Schematic diagram to aid the disk formation explanation. $own are
the disk plane and a highly eccentric orbit at angle to the rotation axis.

implies that for material moving near the rotation axis, 0, and so the angular
momentum is low and the material can easily fall onto the cental protostar. If is
90 , the material has high angular momentum with a highest centifugal radius, rc, of

ré 2
GM

(1.22)

lc=

Material with a high speci ¢ angular momentum collects into a mid-plane disk. When
material falls onto the mid-plane disk it collides with material already there and loses
its normal velocity component yet keeps its in disk velocity component (Hartmann,

2001).

The existence of circumstellar disks have now been proved bgirect observational
evidence such as the HST Wide Field Planetary Camera 2 (WFPCR images of the

Orion Nebula byBally et al. (1998) with an example displayed in Figure1.13. The




38 Chapter 1

disks are seen in silhouette against the background nebulig.

Figure 1.13 : Reproduction of Fig.5 from Bally et al. (1998) showing somesilhouet-
ted disks around young stars in the Orion Nebula. In this compsite image, red is
represented as [N |I] emission, green as H and blue as [O 1].

Possibly the most studied protostar possessing a disk is HHBwhere we view a
ared disk edge-on and see a bipolar jet emerging perpendidar to the plane of the
disk (see Figure 1.14). Recent 0%resolution observations of the system by Guilloteau
et al. (2008) suggest the inclination angle of the disk to ourline of sight is 81 3
with an outer disk radius of 128 3 AU and an inner radius truncation at 37 4
AU surrounding a binary system at the center. Systems with cicumstellar disks have
been given the popular name “Proplyds' after Proto-planetay Disks. Disk masses in
the Trapezium cluster are estimated to have an average massf ®.005 M (Eisner &

Carpenter, 2006).
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1.6 Accretion

Now the material from the surrounding envelope is settling ato a rotating circumstellar
disk. In order for the material to spiral inwards towards the protostar at the centre of

the disk, more gravitational energy and angular momentum must be lost.

The simplest model to explain accretion is that of a Keplerian disk in di erential
rotation as explained by Hartmann (2001). The physics of a Kglerian disk is exclusively

de ned by gravity. The angular velocity, , of a rotating Kep lerian disk is given as

= = (1.23)

We can imagine the disk to consist of a series of annuli or orks of increasing radii
from the center. Furthermore, we imagine two bodies of massem; and m» lying in
adjacent annuli both orbiting the central protostar at radi i r; and r, respectively. The

energy of this simpli ed system is thus

1 mi; mo
E= ZGM —+ —% 1.24
2 M ro ( )
and the angular momentum, L, is
P— p_ _
L= GM (p rimq + m2p romoy) (1.25)

As the two masses orbit in adjacent annuli, they travel at di erent velocities (from
Equation 1.23) and interact through frictional and viscous forces. The perturbation

relationship can be written as
m; mpy
ﬁ_ﬁ ri = ﬁ_G ro (1.26)

where r; and r , are extents of the perturbations. This relationship ensure that the

total angular momentum, J, remains conserved.
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The change in energy invoked on the rst body is given as
!

1 (1.27)

NJw

ra r
E= GMmMm;— —
er% ro

The above equation shows that ifm; were to be initially closer to the center (r1 <r ),
the energy can be reduced by decreasingri, or moving to a lower orbit. On the other
hand, if m1 were to initially lie at a greater radius (r 1 > r»), the energy of the system can
be reduced by increasing r1, or moving it to a higher orbit. Physically, as the material
in the disk is a gas, the masses from adjacent annuli will mix.From the frictional e ects
alone, the higher angular momentum mass in the lower orbit wil tend to speed up the
mass in the higher orbit and vice versa. The overall result ighat angular momentum
is e ectively transported outward to larger disk radii and m aterial at smaller radii loses

angular momentum and propagates closer to the protostar (Hamann, 2001).

The actual system is much more complex than this simple analgis. Even through
magnetic coupling to the disk, the central protostar posseses a signi cant amount of
angular momentum which must be removed. Observations showhat T Tauri stars
have typical rotation velocities of 10{25 km s 1. Excess angular momentum is removed
by an out ow of material perpendicular to the disk. Direct ob servational evidence of
this phenomenon exists such as the HH30 disk and out ow image by the HST and
shown in Figure 1.14. Both the launching and collimation process of the jet is believed
to be a natural consequence of magnetic eld interaction betveen the protostar and

the accretion disk.

As noted by Ferreira (2007), the accretion disk that is capalte of launching a mag-
netized jet di ers from the ideal understanding of an accreton disk. The Keplerian
accretion disk is an ideal case. It has been referred to as th&tandard Accretion Disk
(SAD) by Ferreira (2007), and possesses an accretion rate &l = ZRoh 2ru (dz
which is constant with time and radius. In the realistic case the author describes a
Jet Emitting Disk (JED) where the disk losses mass over its stface so that Mg is not

constant and varies with radius.
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Figure 1.14 : Reproduction of Fig.1 from Guilloteau et al. (2008) showirg a PdBI
1.30 mm continuum map overlaid on the HST image of the HH30 jes.

Much numerical work has been performed in recent years to siolate accretion
processes, most creating impressive visualisations in oed to aid understanding. An
example visualisation of magnetic accretion model reprodeed from Romanova et al.

(2006) is shown in Figure 1.15.

We shall now move to a brief discussion of the jet launching mehanism.

1.7 Jet launching

The mechanism which ejects and collimates disk material inb a jet beam is yet to
be completely understood. Even for the closest sources, thgrocess occurs on a scale
too small for the current generation of telescopes to resob. From the information
that observations have gleaned, line pro les show both in av and out ow in the region

around young stars. H pro les typically show a double-peaked structure created ly




42 Chapter 1

Figure 1.15 : Reproduction of Fig.5 from Romanova et al. (2006) showing he stellar
magnetic eld threading the accretion disk and disk material owing onto the central
protostar through accretion columns.

an absorption dip over the broad pro les. e.g. H line pro les observations by Hamilton
et al. (2005) of the pre-main sequence eclipsing binary, KH:5D, revealed a 50{60 kms*
redshifted H absorption lines interpreted as an accretion ow, in addition to a -350

to +350 kms ! broad emission pro le assumed to be an out ow.

Astrophysical jets occur in many forms suggesting the launiking mechanism is a ro-
bust process. On the smallest scales are the phenomena ofaos$picules (e.g. Yamauchi
et al., 2004) and on the largest scales are Extra Galactic Rad Jets (e.g. Bagchi et al.,
2007). In both cases, these jets are all believed to be launed and collimated by

magnetic elds.

The process behind how accretion disk material is directednito collimated jets is still
uncertain, mainly due to the existence of several feasiblehteories. The original theories
attempted to explain the launching mechanism by purely hydrodynamic mechanisms.
Examples include the creation of a boundary layer shock dued the di erences in the

velocity between the accreting material with the stellar suface, leading to a disruption
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in hydrostatic equilibrium and in turn, an acceleration in t he vertical direction perpen-
dicular to the accretion disk (Torbett, 1984). Another model envisaged the collimation
of the stellar or disk wind by a dense circumstellar environnent through a series of
oblique shocks directing a ow perpendicularly from the disk plane. The subsequent
cooling of the shocked gas would result in collimated jets (8ith, 1986; Mellema &

Frank, 1997).

Today, magnetohydrodynamic models are receiving the mostttention. A magneto-
centrifugal launch mechanism could be assumed from evidercof jet beam rotation
which has been recently detected by Hubble Space Telescopdservations with the
Space Telescope Imaging Spectrograph (STIS) instrument. fie rotation was inferred
from asymmetries in the measured Doppler shifts across theef beam at distances less
than 100AU from the source stars. The sources so far studiedhclude the optical DG
Tauri out ow (Bacciotti et al., 2002), jets from the T Tauri s tars TH28, RW Aur, and
LkH (Coey et al.,, 2004) and DG Tau, CW Tau, TH28 (Co ey et al., 200 7). In the
later study, optical radial velocity shifts of (10{25) 5 km s ! and lower velocity shifts
of 10 5 km s ! were found in the near ultra-violet wavelength range. The jé rotation
is assumed to be a product of a magneto-centrifugal launchigg mechanism which is
is based on the disk-wind theory. However, accounting for tle jet rotation as due to
the magnetocentrifugal acceleration model has yet to be uwersally accepted. Such

rotational signatures could be accounted for by other theoies (e.g. Soker, 2005, 2007).

However, due to their current prominence, the two main MHD launch mechanisms,

the disk-wind and x-wind models, will be brie y mentioned below.

1.7.1 Disk-wind model

The disk-wind launching model was rst proposed by Blandford & Payne (1982) and

has been the focus of much development.

In the basic disk-wind model we imagine the entire accretiondisk being heated by




44 Chapter 1

the central protostar and thus behaving as a plasma. The stéhr magnetic eld can
then thread directly through the disk. Within the Alf\en di stance, a poloidal magnetic
eld dominates and plasma is dragged by the magnetic eld whch co-rotates at the
Keplerian rotation rate of the disk. From the interplay betw een the centrifugal force
of rotation and the poloidal magnetic eld, material may be channeled from the disk
out along the poloidal magnetic eld lines, as in the beads-o-a-string analogy. A
calculation was made by Blandford & Payne (1982) which stats that in order for the
centrifugal force on a packet of material at a certain point to overcome its gravitational
attraction to the protostar, the poloidal magnetic eld com ponent must make an angle
of at least 30 to the vertical at the point, (see Figure 1.16). It is believed that the
critical angle of 30 can be reached near the inner edge of the accretion disk whetlee

material is exposed to the most ionising radiation and poss&s the fastest rotation rate.

Figure 1.16 : A simpli ed diagram showing the cross section through a prdostar and

accretion disk. The magnetic eld lines from the star are ben as they pass through
the accretion disk. The inset shows the components of the gkdtational force, Fg, and

the outward centrifugal force, F¢, and the critical angle, .. The critical angle, which

must be greater than 30, is measured between the poloidal magnetic eld line a line
perpendicular to the disk surface.
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Figure 1.16 suggests material is ejected away from the rot&n axis and not parallel
to it as observed. Beyond the Alfven distance the poloidal eld weakens and the inertia
of the rotating plasma spiraling around the rotation axis begins to dominate. This
motion converts the poloidal eld into a strong toroidal el d. The resulting magnetic
hoops create a helical structure which act as a funnel to chamel material along the

rotation axis and ultimately create a collimated jet (Smith , 2004).

The disk-wind model may be capable of launching molecular j&s if the material is

shielded against ionising radiation from the central soure.

1.7.2 X-wind

The similar and competing theory to the disk-wind model is the X-wind model which
was rst proposed by Shu et al. (1988). The fundamental di erence with this model
compared to the disk-wind model is that the magnetic eld does not thread through the
accretion disk. The stellar magnetic eld is squeezed and fi@wed through the inner edge
of the disk. However, this region is subjected to the most inense ionising radiation from
the stellar photosphere so that the inner edge behaves as agdma and gets threaded

by the strong magnetic eld lines (see Figure 1.17). This hgbs to anchor the protostar

Figure 1.17 : A schematic diagram of the X-wind model (Reproduced from Sh et al.,
1994)
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and prevent a build up of angular momentum taking it to break-up velocities. The
anchoring occurs at the so-called “X-point' where the protstar and the inner edge of
the disk co-rotate at an equal angular velocity. Material at the X-point can either

be channeled along eld lines directly onto the stellar surbice or ung outward along

the open eld lines. In contrast to the disk-wind model, which is capable of removing
excess angular momentum over many radii along the disk, the Xvind model can only
remove the remaining angular momentum from the co-rotationradius. The strength of
the out owing material increases from the disk towards the dellar poles. The overall
e ect is that angular momentum is removed from the X-point and channeled into a jet

and out ow (Smith, 2004).

The X-Wind model may be expected launch atomic jets as the magrial originates
close to the central source. However, molecular gas could beme entrained by the

X-Wind jet soon after launching.

For the numerical protostellar jet simulations presented in the following chapters,
we will assume a perfectly collimated jet has been created ahaccelerated somewhere
o the computational domain. Such an assumption would tend towards an idealised
version of an X-wind jet launching mechanism which directly accounts for a high den-
sity collimated ow of material propagating along the rotat ion axis of the protostellar
system. Our simulations ignore the presence of a wider anglelower moving, and less
dense ow which the X-wind model also predicts. We do not expet the presence of
this additional component to e ect the morphology of the resulting out ow which is

mainly created and dominated by the downstream bowshock.
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Numerical Simulations and the

ZEUS-3D Code

Numerical simulations have contributed signi cantly to th e understanding of the star
formation process and the phenomenon of protostellar jetsdut ows. Whereas observers
glimpse only a snapshot in time of a system that develops andwelves on timescales of
millions of years, numerical simulations can gain access tthousands or tens of thou-
sands of years of evolution in conditions that cannot be emwdted in a laboratory. Nu-

merical simulations combine theory in the form of physical guations and observations
in the form of input parameters. The computer then evolves the system with time. The

resulting simulated data can be post-processed into the fan which observers obtain
from their telescopes. Matches between simulation and obseation suggest the under-
lying theory of the physical equations is consistent and heoe a greater understanding

is gleaned of the actual astrophysical processes involved.

The numerical code used for the work presented in this thesis called ZEUS-3D. In
this chapter we shall describe the basic principles used ire code, namely the equations
of hydrodynamics and how they are solved using the method of nite di erencing. We

shall then see how the molecular cooling functions are combéed to the basic code,

a7
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making ZEUS-3D particularly suitable for performing proto stellar jet simulations.

ZEUS-3D is a prominent astrophysical uid dynamics code. Numerous iterations
of what developed into the ZEUS code have existed since 1980ittv each new version
receiving signi cant expansions, de-bugging and improverants. A detailed description
of the physics within the ZEUS-2D version of the code is contaed within three papers:
Stone & Norman (1992a), Stone & Norman (1992b) and Stone et al(1992). ZEUS-3D
contains the same basic algorithms as ZEUS-2D but expanded ith the capability to

perform full three dimensional calculations.

The latest o cial base version of ZEUS-3D by one of the original authors is ver-
sion 3.5 which was released in May 2008. It is freely availabl for use by the scienti c
community and can be downloaded from the Institute of Computational Astrophysics
(ICA) at St. Mary's University, Nova Scotia, Canada 1. Older versions are available
from the Laboratory for Computational Astrophysics (LCA) a t the University of Cal-
ifornia 2. The version of ZEUS-3D used in this thesis was built around ersion 3.4.1
and has incorporated various bug xes over the years and the @ial update to version
3.4.2. In addition, it has diverged from the o cial releases by receiving a major in-
house developed molecular cooling and chemistry module. Thaddition of this module

makes our version of ZEUS-3D particularly suitable for protostellar jet simulations.

Apart from simulating protostellar jets, the ZEUS family of codes have been used
in many areas in astrophysics such as, for example, modeliinturbulence in molecular
clouds (Pavlovski et al., 2002), modelling the ablation of neteors in the Venusian at-
mosphere (Korycansky et al., 2000) and the modelling of 3D dar coronae (Abbett &
Fisher, 2003).

In summary, ZEUS-3D incorporates the following features:

Fixed grid, time-explicit Eulerian code for 1D, 2D, 2.5D or 3D simulations.

Lhttp:/www.ica.smu.ca/zeus3d/
2http://lca.ucsd.edu/portal/software/zeus-3d
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Cartesian, cylindrical and spherical coordinate systems hsed on a covariant for-

mulism.

First order donor cell, second order van Leer, and third orde piecewise parabolic

advection schemes.
von Neumann Richtmyer arti cial viscosity.

Method of Characteristics Magnetohydrodynamics (MHD) approach with Con-
strained Transport algorithm (MOC-CT).

Algorithms for ambipolar di usion.

Molecular chemistry and cooling routines with semi-implidt energy equation.

ZEUS-3D is a parallel code meaning it can perform calculatins simultaneously on
multiple Central Processing Unit's (CPUs) during a single smulation. It was writ-
ten to be optimised for “shared memory' systems, the type fond in supercomputers.
Shared memory systems typically consist of custom designe@PUs and Random Ac-
cess Memory (RAM) modules combined in such a way that each CPlhas access to
all the available RAM of the supercomputer. This allows for ubstantially large sim-
ulations to be performed where the problem area is divided bveen the CPUs which
can all simultaneously read and write data to the pooled RAM. The disadvantages of
supercomputers are the high running costs and expensive spialised architecture which

quickly dates.

With the vast advances in semiconductor technology in recenyears and accompa-
nying price decreases, it has been found that “distributed ramory' or “clusters' have
become a very cost e ective way to perform large calculatios. They are based around
standard desktop computer components where motherboardsontaining RAM and a
CPU are referred to as "'nodes' and all nodes are networked tether. Each node only
has direct access to its local RAM but standardised instructon sets such as Message

Passing Interface (MPI) automatically control the sharing of data between nodes and
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compile the programs in such a way as to minimise the amount oflata sharing required.
These developments have led to ZEUS-MP (Norman, 2000), a veion optimised for such
distributed memory systems. The latest version of ZEUS-MP § Version 2.1.2 and is

similarly available from the LCA website.

Today, ZEUS-3D is but one code among many. ZEUS-3D is a xed ¢gd code mean-
ing every zone in the computational domain is of equal size ttough it does allow for
ratioed grids and a limited grid tracking ability, see Section 2.4). Simulations performed
on xed grids may not be considered the most e cient as an equd amount of compu-
tational time must be spent over every zone during each time®p. This gives equal
precedence to zones on the grid where there is little or no owoccurring as to the
zones which are tracking important ows and shockwaves. Thedevelopment of Adap-
tive Mesh Re nement (AMR) codes have redressed this limitaion by employing the
capability of applying ner grid ‘'meshes' only where neededand so e ectively providing
large resolution increases without requiring signi cant additional resources. Examples
of AMR codes include the FLASH code (Plewa, 2003), which alsdi ers from ZEUS-3D
by using nite volume method rather than the nite di erence method, and the Pluto
code (Mignone et al., 2007), which is also nite volume but witten exclusively in C
rather than Fortran, and AstroBEAR (Cunningham et al., 2007 ), a code focusing on

high resolution shock capturing MHD.

Fundamentally di erent types of uid dynamics code are Smoothed Particle Hy-
drodynamics (SPH) codes. Instead of calculating the changig quantities within grid
zones, SPH codes track the movement and evolution on many wwal particles. Like
AMR, they e ectively apply higher resolution in important r egions where dense re-
gions of a simulation would consist of many closely spaced ptcles and in low density
regions, the particles would be sparsely spaced. An examplef an SPH code is Gadget-
2 (Springel, 2005). Although SPH codes they have been used tsuccessfully simulate
protostellar jets (e.g. de Gouveia dal Pino & Benz, 1993), a thadvantage of SPH codes

has been the di culty of implementing MHD and radiative tran sfer.
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Now we shall now look at the core of ZEUS-3D (and that of any corputational uid

dynamics code), the equations of hydrodynamics.

2.1 The equations of hydrodynamics and their derivations

The very core of numerical simulations are the equations of ydrodynamics (HD). They

state the following three important physical principles:

1. The conservation of mass.
2. The conservation of momentum.

3. The conservations of energy.

The principles are presented as a set of coupled hyperbolicaptial di erential equations
(PDE's). Such equations would be di cult to solve directly b y analytical means but
are ideal for solving by numerical means (See Section 2.3.1)A commonly expressed
form of the equations of hydrodynamics are as follows:

The conservation of mass,

D
—+ r V=0 2.1
D (2.1)
the conservation of momentum,
Dv
— = r 2.2
o= P () 22)

and the conservation of internal energy,

D e

— - = r v 2.3

Dt p (2.3)
where D% is the substantial derivative,

D @

—=—=+V r 2.4

Dt @t (2.4)
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and where is the density, v is the velocity, p is the pressure, is the gravitational

potential, and e is the internal energy density.

The equations need to be closed by the equation of state whicls simply the ideal
gas equation,

p=( 1e (2.5)
where is the specic heat ratio.

Gravity is not implemented in the simulations of this thesis but may be through the

bracketed term of Equation 2.2 and the “Poisson equation’,

r2=4 G (2.6)

where G is the gravitational constant (Stone & Norman, 1992a).

The form of the above equations are known as the di erential aad non-conservation
form of the Euler equations. The Euler equations are a simpled form of the full
equations of hydrodynamics, or Navier-Stokes equations. fie Navier-Stokes equations
possess additional terms to account for viscosity. In some sirophysical situations
we can assume the viscosity is very small so that the NavieriBkes equations can be
approximated as the Euler equations. Both the Navier-Stoke and Euler equations view
a uid on the macroscopic level. They ignore the microscopidevel of colliding particles
(electrons and atoms) as it assumes the mean free path of theagticles is much shorter

than the length scale of the entire system.

The following sections will derive the equations of hydrodyamics, based on Anderson

(1995), in order to provide a deeper understanding of their jmysical basis.




2.1 The equations of hydrodynamics and their derivations 53

2.1.1 Conservation of mass

The conservation of mass, also known as the Continuity Equdbn, states that mass

must be conserved. It can be derived in the following way.

We assume a computational domain which is divided into an aray of elements or
grid zones. In three dimensions, each zone could be consigeran in nitesimally small
volume in the shape of a cube. Over the course of a simulatiorg uid "~ ows' through
the cube. We assign dimensiondx, dy and dz to the cube and imagine ow propagating
from left to right so that there is a net in ow of mass into the | eft hand face of the
cube and a net out ow of mass out of the right hand face. (See Rjure 2.1 for a basic

diagram of the element with the mass ows in the x-direction labelled.)

( (pu)+ a(aL;) dx) dydz

dz

dy dx

(pu)dydz

Figure 2.1 : A pictorial view of in nitesimally small grid element xed in space with
the x-direction mass ows labelled.

The total mass owing into the left-hand side through the cub e face of areadydz is
simply,
(u)dydz (2.7)

where is the density of the uid and u is component of the uid's velocity in the

x-direction.

After owing through the volume for a distance dx, the total mass owing out of
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the right-hand face is,
Qu)
@x

u +

dx dydz (2.8)

where @@;‘X dx is the change in mass ux between the left face to right face. Br mass
to be conserved, these two quantities must be equal. Therefe, the net out ow is the

di erence between Equation 2.8 and Equation 2.7,

u + au dydz (u)dydz=0
@x au) 2.9)

u —

@x dydz=0

In a similar fashion, the net ow in the y-direction through t he dxdz faces would be,

@\v) _
o dxdz =0 (2.10)

and the net ow in the z-direction through the dxdy faces would be,

Qw)
@x

dxdy =0 (2.11)
where v and w are the components of the ow velocity in the y- and z-directions
respectively.

The total mass ow through the entire cube is then the sum of the contritutions

from the three directions. Summing Equations 2.9,2.10 and 21 gives,

Qu) @v) Qw
@x @y @z

dxdydx (2.12)

Mass must be conserved, therefore the total mass out ow fromthe volume, must

equal the rate of the decrease of mass inside the volume,
%t(dxdydz) (2.13)

where mass is equal to density times volume.
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Equating Equations 2.12 and 2.13 gives,

@u), @v), @w)

. @
@x @y @z dxdydx = @l(dxdydz) (2.14)

which, by canceling the volume terms, simpli es to,

@, Qu), @v), @w)

+

at @x @y @z =0 (2.15)

The second group of terms can be simpli ed by introducingr V whereV is the velocity

vector in the three dimensions andr is the vector operator r = i &+ j@@y+ k&),

= @u+ @V+ aw (2.16)

" V= ax @y @z

After substituting Equation 2.16 into Equation 2.15 we obtain the di erential form of

the continuity equation in conservation form as used by ZEUS3D,

%t+ r (V)=0 (2.17)

The conservation form of Equation2.17 can be easily intercanged to the non-

conservation or Lagrangian form. First we make use of the fdbwing vector identity,
r-(V)=(r V)+(V r ) (2.18)

Substituting the second term of Equation 2.17 with the vecta identity of Equation 2.18

we obtain,

%t+(r V)+(V r )=0

@
@t

(2.19)
+(V r )+(r V)=0

Finally, the rst two terms of Equation 2.19 can replaced wit h Equation 2.4, the sub-
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stantial derivative, repeated here,

b_o,
Dt @t

(V r) (2.20)

to obtain the popular non-conservation form of the continuity equation,

o

Z = V = 2.21
or = " 0 (2.21)

2.1.2 Conservation of momentum

The momentum conservation equation is based on Newton's 2nthw, F = ma, which
states, in words, that the force, F, on an object equals its massm, times the acceler-
ation, a, imposed upon it. The momentum equation can be derived by fdbwing the
previous train of thought by considering the e ect of Newton's 2nd law upon the small

cubic in nitesimal volume.

The total mass of the cube is the density times the volume,

m = ( )dxdydz (2.22)

Acceleration is de ned as the rate of change of velocity. Coridering only the x-

direction for simplicity, the acceleration in the x-direction, ay, is given as,

Du
= 2.2
& = o (2.23)

where, as beforep is the component of velocity in the x-direction.

By combining Equation2.22 and 2.23 we have derived the righthand side of the

F = ma equation for the x-direction,

Du
Fx = ﬁdxdydz (2.24)




2.1 The equations of hydrodynamics and their derivations 57

Now we must consider the forces acting on the in nitesimally small volume, again

only considering the x-direction for simplicity.

As we are only deriving the Euler form of the equations for an nviscid ow, there
are no viscous inducing stress or strain forces required thaisimplifying the derivation.
We are also ignoring forces due to gravity. The only forces waeed to calculate are due
to the pressures acting perpendicular to each cube face in ththree spatial dimensions.
(See Figure 2.2 for a diagram of the in nitesimal uid element with the forces acting in

the x-direction.)

(p+ —gg— dx) dydz

dz

dx

ay
(p dydz)

Figure 2.2 : A pictorial representation of the in nitesimally small vo lume with the
x-direction momentum ows labeled.

As seen in Figure 2.2 there is a pressure, p, acting on the lefiand dydz face of the
cube and a pressure of (p +%§jx) acting on the right hand dydz face in the negative
x-direction. The total force in the x-direction is then the dierence of the pressures

between the two faces,

p p+ %%Ix dydz=0
X - (2.25)
@)gxdydz =0

Now we can now equate the right hand side of Equation 2.24 withEquation 2.25 rep-

resenting the force, F, while including the terms which woud occur in the y- and
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z-directions,

Du + Dv + D—W dxdydz =

bu, Dv @p, @p, @p
Dt Dt = Dt

ax @y @z dxdydz (2.26)

The volume terms cancel on both sides of the equation. On theefft hand side we
can combine the three separate velocity components into theotal velocity vector,

V. The terms on the right hand side can be substituted with the vector operator,r ,

r =ig+i&+ k&) We have now arrived at the non-conservation form of the
momentum equation,
DV
— =7 227
Dt p (2.27)

As with the continuity equation, the momentum equation can be interchanged be-
tween conservation and non-conservation form using the sudiantial derivative and a

vector identity.

Using the substantial derivative, the left hand side of Equdion 2.27 can be expressed

as,
DV @
- = — 4+ .
S at V rv (2.28)

The partial derivative term of Equation 2.28 can be expandedusing the following law,

+V
@t @t @t (2.29)

The second term on the right hand side of Equation2.28 can be wdi ed using the

following vector identity,

r (Vvv)=Vr (V)+ V rV
(2.30)
VrVv=r (VV) Vr (V)

By substituting the alternative terms of Equation 2.29 and 2.30 into the right side of
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Equation 2.28 we obtain,

@v) @

at V@t+r (VV) Vr V

Q@ V) @

ot \% @t+r (V) +r (VV) (2.32)
@@Vt)H (( V)V)

where the terms placed in the square brackets was the contirity equation and thus

could be set to zero.

The nal form of the momentum equation in conservation form is obtained by sub-

stituting Equation 2.31 as the left hand side of Equation 2.7,

=r ((V)V r p (2.32)

2.1.3 Conservation of energy

To derive the conservation of energy equation we again cordér the in nitesimal cubic

uid element. The total rate of change of energy inside the eément equals the rate of
work done on the element plus the total ow of heat through the element. A graphical
representation of the energy related terms required for ourderivation are displayed in

Figure 2.3.

Figure 2.3 : A pictorial representation of the in nitesimally small vo lume with the
x-direction energy ows labeled.
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An internal energy arises from the motion of the atoms and moécules within the
uid element and is related to the First Law of Thermodynamics. Considering the
internal energy, e, the rate of change of energy inside the uid elements volumean be

written as,

% (e) dxdydz (2.33)

For the simulations we perform in ZEUS-3D, we need only consier the work done
by the external pressure in acting upon the cubic volume. Wok equals force (or
equivalently pressure) by distance. The work done by presse in the x-direction can

be expressed, analogous to the previous derivations, as,

up up + @@;p) dx dydz=0
X@ | (2.34)
up —
a@x dxdydz =0

Again we can expand the above equation to include all three sgtial directions,

@up) N @vp) N @wp)
@x @y @z

dxdydz (2.35)

This can simpli ed as was seen in the continuity equation deivation by replacing the

three velocity components with the vector operator shown inEquation 2.16 to obtain,

pr V dxdydz (2.36)

Equating Equation 2.33 with Equation 2.36 we obtain the expression for the energy

equation in non-conservation form,

—e= pr V (2.37)

Once again, the non-conservation form can be manipulated to conservative form

following the same method as in the momentum equation derivon. Using the sub-
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stantial derivative, the left hand side of Equation 2.37 canbe written as,

De @ @e

= =4+ .
D ot V re (2.38)

The patrtial derivative term of Equation 2.38 can be expandedas and written as,

@ @e) @
ot ot ot

(2.39)

The second term on the right hand side of Equation 2.38 can be odi ed using the

following vector identity,

r (eV)=e (V)+ V re (2.40)

re-arranged to,

V re=r (eV) e (V) (2.42)

By substituting the alternative terms of Equation 2.41 into Equation 2.38 we get,

De @e

ﬁ_@t er (V)+r (eV)

B_(::@@;t) e%t+r (V) +r1r (eV) (2.42)
De @e)

ot - @t+r (eV)

where, again, the terms within the square brackets was the aatinuity equation an thus

could be set to zero.

Finally, the conservation form of the Euler internal energy conservation equation is

obtained by substituting Equation 2.42 into Equation 2.37,

@e)
@t

+r (eV)= pr V (2.43)

(Anderson, 1995). This completes the derivation of the equions of hydrodynamics.
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2.2 Specic heat ratio

The speci ¢ heat ratio, , is an important input parameter of ZEUS-3D. It determines
the behaviour of the " uids' in our simulations. In its most b asic form it can be de ned
as,

=%
. (2.44)

or the ratio of the speci ¢ heat at constant pressure,c,, to the speci ¢ heat at constant

volume, c,.

We can formulate the speci ¢ heat ratio to be in terms of one vaiable which allows
the straightforward set-up of various compositions of stelar gas. The calculation is
based around the most abundant element, hydrogen. The totaihumber of hydrogen
nuclei present per unit volume equals twice the number of hydrogen ralecules plus the

number of hydrogen atoms,
N(Hnucei) =2 N(H2) + n(Hatoms) (2.45)
In terms of n(Hnyuclei ), the number density of hydrogen moleculesis,
n(Hz2) = fn (Hnuclei) (2.46)

wheref is the fraction of the molecular hydrogen abundance (it rangs from 0 for fully

dissociated to 0.5 for fully molecular). Substituting this into Equation 2.45, we get,

N(Hnuclei) =2 TN (Hnuclei) + N(Hatoms) (2.47)
We re-arrange so as to be in terms of H atoms,

N(Hatoms) = N(Hnuclei) 2 fn (Hnuclei)

N(Haoms) = (1 2f) n(Hnyclei)

(2.48)
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and simplify the notation to,

n(H)=(@ 2f)n (2.49)

Helium, He, is the second most abundant element after Hydrogn. It constitutes
about 10% of the ISM compared to 90% hydrogen and thus we inclie its contribution
as,

n(He) =0:1n (2.50)

Heavier elements occur only in trace amounts compared to thewumber of hydrogen
and helium atoms so further additions would have negligiblee ects upon the specic
heat ratio. (The heavier elements of Carbon and Oxygen and tke most important
molecules which they occur in are considered in the code thtah the molecular chem-
istry and cooling routines (see Section 2.5) as they are imptant tracers and provide

useful diagnostic lines.)

We now sum the components as the total number of particles pewunit volume,

<n>

<n> =n(H)+ n(Hz) +(He)
=@ 2f)n+fn +0:1n (2.51)

=(1:1 f)n

The total speci c heat, c,, of the system will be given as the sum of the speci ¢ heats

of the individual components,

o= ¢ (H)+ o (H2) + ¢ (He) (2.52)

Hydrogen atoms and Helium posses three degrees of freedonranslational degrees
in the three spatial dimensions. Molecular hydrogen possaegs ve degrees of freedom;
three translational plus two rotational. (Two additional v ibrational degrees are ignored

as they occur at high temperatures greater than 6,000K wherenolecular hydrogen
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would already be fully dissociated.)

Equation 2.52 can be re-written as,

o= 3, N(H) 5, n(Hz) 3 n(He)

3
28 mi 2% mi 278 i

(2.53)

wherekg is the Boltzmann constant.

To obtain the specic heat at constant volume in terms of the molecular fraction
we substitute Equations 2.46, 2.49, 2.50 and 2.51 into Equain 2.53 and after some al-
gebraic manipulation we obtain the following equation,

33 f

&= o o—rke (2.54)

It can be expressed to be in terms of the speci ¢ heat ratio, , through further algebraic

manipulation and using the fact that ¢, = ¢, + kg,

=%
Cy
+ Kk
=S (2.55)
Cy
55 3f
33 f
From Equation2.55 we see that iff = 0 (an atomic medium), then = % and if
f = 0:5 (fully molecular), = %). These are the values we use in our simulations for

the molecular and atomic gas compositions respectively.

2.3 Solving the hydrodynamic equations numerically

In order to solve Equations 2.1 to 2.4 numerically, ZEUS-3D es the method of nite-
di erencing with time-explicit multi-step operator-spli tting. Finite-di erencing is a
popular method to solve di erential equations numerically. The equations of hydrody-

namics are simpli ed into algebraic equations and solved oer a xed reference array of
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grid points. Time-explicit means that during each time step, new values are calculated
for the next step using only existing information from the current time step. Operator-
splitting means that the solutions to the PDEs are broken into parts with each “part’

being a single term from the equations.

2.3.1 Finite-di erencing

The basics of nite-di erencing is based on the mathematicd Taylor series expansion.
A Taylor series provides an approximation of a function froman in nite series of deriva-
tives from a single point. An example of a Taylor series is asdilows,

@ . @u (x?, @u (X @u (X

@x,; T @k, 2 @, 3 @, 4
(2.56)

Ui+1; = Uj +

where, if u; is, for example, the velocity at the point (i;j ) of a function f (x), then the
velocity at point uj+1; can be found from the sum of successively higher order partia

derivatives of the function at the known point.

When re-arranged, the above equation can give direct solutins to the rst partial

derivative at the point (i;] ), if the value of the neighbouring point i + 1 is known,

@Qu _uny Uy  @u (X)) @u ((x?

@X ij X @ B 2 @ ] 3! (2:57)

In practice, calculating an in nite series is not necessaryand approximations of suitable

precision may be obtained by using only powers to the rst orcer, i.e.rst order accurate ,

@u Ui+1; U

— = ———=+0O( x 2.58

o . . (%) (2.58)
whereO( x) is known as the truncation error which consists of the highe order partial
derivative terms. Without the inclusion of the truncation e rror, the equation is an

approximation to the true answer. Equation2.58 is also refered to as a rst order
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accurate forward di erence equation as it makes use of the proceeding+ 1 value for its
solution. In an analogous fashion, a rst order accuraterearward di erence equation

makes use of the preceding 1 value,

@u Ui Ui 15
— = ==+ 0( X 2.59
o . . ( %) (2.59)
For a better approximation, powers to the second order may beused to obtain a
second order accuratedi erence equation. A second order accurate expression cahe

calculated by subtracting the Taylor series expansion for int uj+1; in Equation 2.56

from one expanded for pointu; 1;. After some algebraic manipulation we get,

@u Ui+t Ui 15 >
— = —2 7+ 0O( X 2.60
@x < ( x) (2.60)

where the truncation error is now O( x)?, implying second order terms are being used

to calculate the solution.

We see that Equation 2.60 is an example of aentral di erence equation as it requires
information from points uj+1; and u; 1. Combinations of forward, rearward and
central di erencing in both rst or second order accuracy lead to six possible equations,

though many more could be created if combinations of thg and i directions are used.

For a practical example of the operation of nite-di erenci ng we can consider a basic
one-dimensional advection equation,
@q_ @q_

at Vox ° (2.61)

which, here, governs the motion of a ux, g, with time, t, and at velocity, v, along

direction, X.

As the uid is owing in the positive direction ( v > 0), it is appropriate to use
the rearward equation (Equation 2.59) for the spatial derivative term which uses the

known preceding values along the propagation direction. Aforward di erence approx-
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imation (based on Equation 2.58) would be suitable for the tme derivative term as we
wish to nd the solution at the later time. The resulting rst order nite di erence

approximation thus becomes,

n+1 n n n
@ G,y 8 %1 - (2.62)
t X
and re-arranged as,
+ t
r=q — q d, (2.63)

where the superscript, n, and subscript, i, terms represent time-steps and positions
respectively on the x-t plane (see Figure2.4 and caption foexplanation) with point

spacings measured by t and  Xx.

As long as the values of all points at timestepn are initially known, then successive
application of Equation 2.63 will calculate the values of al points at the next timestep
n+1 and so on. This is referred to as aime marching solution. The form shown here is

rst-order upwind and is the type used in the operator split source steps of ZEUSD.

t A
n+2 ® o o o
At
n+1 ed Oe =f °
n .a .b . ®
AX
i-1 i i+1  i+2 X

Figure 2.4 : An x-t plane displaying a simple 1D spatial depiction of zore points, i,
separated by distance x along the x-direction and time steps,n, of length t along
the y-axis. Equation 2.63marchesthe solution forward in time by one timestep through
successive calculations using the known points at the curré timestep, i.e.point e is
calculated from points a and b, point f is calculated from points b and c etc.
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2.3.2 Implicit and Explicit methods

The nite-di erence example shown in Equation 2.63 is a time explicit equation meaning
the value of individual points at the next timestep, n+1, can be obtained directly from

all the known values of the current timestep, n.

An alternative nite-di erencing method is implicit. An implicit approach di ers in
that multiple points must be calculated simultaneously at time stepn + 1 (e.g.in the
example of Figure 2.4, pointsd, e and f may need to be simultaneously calculated from
points a, b and c). This shows that, in contrast to the explicit approach, the implicit
approach should be very stable thus allow larger time steps, t, to be safely performed
and leading to fewer overall time steps in the simulation. Haovever, the equations are
much more complex to code and the resultant calculations wold take longer to solve.
In addition, the large timesteps of the implicit approach are not suitable for simulating

short time-scale dynamical ows (Stone & Norman, 1992a).

Although the explicit approach is not as computationally intensive, smaller timesteps
are required to maintain stable solutions whose size is conblled by the Courant num-

ber.

The molecular chemistry and cooling module of ZEUS-3D uses aemi-implicit ap-
proach. Here, the oldn 1 time step values for the temperature and molecular fractim
are combined with the current n time step value of density obtained from the ordinary
ZEUS-3D routine. For each timestep, a Newton-Raphson methd is used repeatedly,
re-iterating the temperature and molecular fraction values until they have converged to
su cient accuracy. A limit of a 30% variation to the energy de nsity is imposed between
iterations to ensure that the Newton-Raphson method has suable starting values on
which to iterate due to the fact that although it possess goodlocal convergence rates,

it is known to have poor global convergence (Pavlovski, 2004
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2.3.3 The Courant condition

An important concept related to time-explicit numerical co des is that of the Courant-
Friedrichs-Lewy (CFL) stability condition. The condition places a limit on the size of
a computational timestep so that the information may not tra vel more than one grid
zone per timestep. In more general terms, it could be de ned @ that the numerical

domain of dependence must contain the true or physical domai of dependence.

Domains of dependence can be understood from Figure 2.4. Thehysical domain of
dependence of poink in Figure 2.4 would be a triangle containing the red points (points
e, a and b) because the solution to be obtained from pointe depends solely on points
a and b. The numerical domain of dependence must also cover these ints. If the
numerical domain of dependence was not large enough to covdre values contained at
points a and b then insu cient information would exist to compute the solu tion. The

boundaries of the imaginary triangle are known as thecharacteristics.

Another way of understanding the Courant condition is in terms of wave speeds. If
the Courant condition was not obeyed, then the sound speed matransmit information
over multiple zones in a single timestep, important informaion such as shock fronts

may be skipped and the solution may become progressively increct or unstable.

The Courant condition can be de ned, in one dimension, as

o (Utcs) t

5 (2.64)

where C is the Courant number, u is the maximum ow velocity, cs is the sound speed,
t is the timestep, and X is the zone size. For numerical stability, and thus physicaly

meaningful results, the Courant number, C, is conventionally set as 0.5. It has been

shown that for C < 0.5, numerical errors can not be further reduced by decreasg the

time-step, t(e.g. Wrobel & Brebbia, 1991).

In ZEUS-3D, the size of the timestep, t, is calculated before each cycle from an
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equation based on Equation 2.64. We x the Courant number as (b in our simulations.

Figure 2.5 is a demonstration to show how the runtime for the ode signi cantly
increases for Courant numbers less than 0.5. The test simulmns were of low resolution
1000 200 axisymmetric runs with molecular cooling and were run fo a simulation time
of 1100 years. ForC = 0.5 the runtime, or "CPU time', was roughly 31 minutes. For

C = 0.1 the runtime was over 2 hours to obtain the same result.
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Figure 2.5 : An example of how the run-time increases as the Courant numer de-
creases. These results are from a series of 1000 zone axisymmetric simulations
with molecular cooling routines activated and run for a simuation time of 1100 years.
For the standard Courant number of 0.5, the runtime is roughly 30 minutes. When
reduced to 0.1, the runtime increases to over 2 hours.
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2.3.4 Operator-splitting

The principle of the operator-splitting method is as follows.

di erential equation,
dx

ot
gt (X)
whose operator,f (x), can be split into parts,

f(x)= Fa(x)+ Fa(x)+ Fa(x) +

Each part may be approximated using the term preceding it,

1 0
X X
=F; x°
dt !
2 1
X X
= Fp xt
dt 2
3 2
X X
= F3 x2
dt 3

We consider a partial

(2.65)

(2.66)

(2.67)

whereF; are the nite di erence equations of the operators x; (Stone & Norman, 1992a).

In ZEUS-3D the “parts' are divided into two steps, the “sour@ step' and “transport

step'.

Source step  The source step deals with the parts of the di erential equations which

represent the source terms such as density and energy. Thellimving nite di erence

approximations are solved,

and

CAS pr v Qrv

where Q represents an arti cial viscosity (see Section 2.8).

(2.68)

(2.69)
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Transport step The transport step deals with the uid advection by e ective ly

moving the density, momentum and internal energy across zoa boundaries.

It uses an integral form of the equations which maintain the @nservation of the

variables, | 7 7
— dav = v (Vv vg) ds (2.70)
dt d
q Z Z
— vdV = VvV (V Vvg)) ds (2.71)
dt d
q z Z
— edv= ve(v vg)) ds (2.72)
dt d

where vy is the grid velocity if a moving grid was implemented.

The integral form is second order accurate and uses a piecesd linear function to rep-
resent the distribution of ux in a zone. After the interpola tion, advection is performed
using nite-di erence approximations to the advection equations. The advection is per-
formed independently in each spatial direction starting with the x-direction (Stone &

Norman, 1992a).

ZEUS-3D uses a ‘consistent transport’ method. This transpas the following quan-
tities; the mass density, , the speci ¢ internal energy, € and the speci c momenta, 2,
%2 and 2. This method reduces the e ects of numerical di usion on the local conser-
vation of the variables by making them consistent with the mass density. Due to the
fact that momentum rather than velocity is transported, vel ocity and density occupy
di erent cell locations on the staggered grid so the densityis averaged to create the

momentum values (Stone & Norman, 1992a).

2.3.5 Advection schemes

ZEUS-3D uses a staggered-grid meaning some variables ar¢usited in the zone center
while others are on the zone sides (e.g. see Figure2.16). Thate of change of a

guantity or ux, g, within the zone centered area or volume is equal to the divagence
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of the variable g through the zone surfaces.

Operator-split methods are most prone to errors during the avection step. The
di culty is in creating an accurate interpolation algorith  m to calculate the interpolated
value of q at the control volume faces. There are three rules for the ingrpolation to

ensure stability and accuracy:

1. Needs to be monotonic. This means it will not introduce extema into the ow.

2. Must be up-winded to preserve positivity.

3. Must be time centered to reduce di usion and preserve accracy.

(Stone & Norman, 1992a).

ZEUS-3D has been written with the capability of implementing three nite di erence
schemes. These include a basic rst order Donor Cell scheme, second order van Leer
method and a third order Piecewise Parabolic Advection (PPA scheme. The second
order van Leer method (van Leer, 1977) has been found to giveomparable results to
the more computationally intensive third order scheme and tus is the scheme used as

standard.

2.3.6 Atrticial viscosity

In Section 2.1, it was noted that the Euler equations do not irclude viscosity terms.
However, an inherent e ect known asnumerical viscosity is created due to the numerical

character of the solutions.

The nite dierence approach uses only approximations which leads to a natural
numerical dissipation. It is most noticeable through a “smathing' or “softening' across
contact discontinuities which de ne shock fronts. Ideally, the contact discontinuities

should remain one zone wide while propagating through the gd.
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To counteract the problem of numerical viscosity, an arti cial viscosity, Q, is im-
plemented using the von Neumann & Richtmyer approach. This @proach works by
smoothing shocks slightly by a couple of zones while holdinghe entropy change and
propagation velocities across the shock correct(Stone & Nman, 1992a). Also, the
viscosity must only e ect the regions near the shocks and is rade negligible elsewhere
in the ow eld. In our simulations, we x the arti cial visco sity, controlled by the
parameter gcon in the input le, to a value of 2. This xes shocks to be two zones in

width.

ZEUS-3D also possesses the ability to implement a linear artial viscosity for
dampening oscillations which may occur in static regions othe ow (Stone & Norman,

1992a). It is controlled by the glin parameter but we leave it deactivated.

2.3.7 Boundary conditions

It is necessary for the exterior of the computational domainto be surrounded by a
layer of additional zones known asghostzones. These ensure accurate values can be
computed for the normal active zones around the edge of the visible grid. ZEUS-3D
applies two layers of ghost zones and can de ne ve types of hundary conditions which

can be implemented along any part of the grid boundary:

Re ecting:  Zone centered values in the ghost zones are set equal to thoséthe
neighbouring active zones but the normal velocity componenis reduced to zero

along the boundary and re ected in the second ghost zone.

Symmetry: Here the the velocities of the ghost zones are set to the negae of
those in the active zones to create a velocity of zero along #hboundary. In our
axisymmetric runs, the lower x-boundary along which the jetbeam propagates is

set to the symmetry boundary condition.
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Inow: The ghost zones are assigned a xed or variable set of valuesoim the

input le. This boundary condition behaves as the input nozzle for our jets.

Outow: The ghost zone values are simply set to those of the neighboimng active
zones. This allows ows to e ectively leave the grid. We havethe remainder of

the grid boundaries set for out ow conditions.

Periodic: Here the ghost zone values are taken as those from the activeoaes

at the boundary on the opposite side of the grid.

(Stone & Norman, 1992a).

2.3.8 ZEUS-3D program ow chart

Before running a simulation with ZEUS-3D, an executable mus rst be con gured and
compiled. These initial con gurations de ne the coordinate system to use, the grid
dimensions, and which physics modules to be included. Aftecompiling and obtaining
the executable, further con guration is possible without re-compilation through the
main input le, the inzeus le. This le assigns values to all the variables, sets the
total running time for the code and the intervals to output th e data. Re-compilation is
only required if the grid dimensions are to be modi ed and if the physics modules are

to be changed.

When the code is executed, ZEUS-3D follows the steps displag in the schematic

ow-chart of Figure 2.6 and summarised as follows:

The initial grid and variables are set with information read from the input le
before the main loop begins to cycle. The task of the main looghrough each
cycle is to integrate the partial di erential equations for ward in time by one time

step.

The Poisson equation, used to calculate gravitational potetial, is solved if grav-
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Figure 2.6 : A schematic ow chart displaying the steps which the ZEUS-3D program
runs through for each time step. Figure based on Fig.7 of Stoa & Norman (1992b).

itation has been activated.

The “source step' is entered which is divided into three sulsteps described in
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Section 2.3.4.

{ Velocities generated by pressure gradients, gravitationeforces and curvature

terms are calculated.

{ The partially updated velocities are used to add arti cial v iscous stress and

heating terms.

{ Compressional heating terms are added using a two step prectior-corrector

method.

The molecular chemistry routines are calculated using a seiimplicit method

(see Section 2.5).

The “transport step' solves the advection equations, shownn Section2.3.4, to
transport the density, momentum and internal energy acrossthe grid cells. It
uses an integral form of the equations in order to maintain the conservation of

the variables.

If a moving grid has been activated, new grid velocities are alculated.

The Interrupt Checker looks for optional user input at the console. These can
invoke functions such as the saving of the output data or the pwusing, restarting
and quiting of the code execution. Without intervention, th e output data is

automatically saved at xed times as set by the user in the man input le.

A new timestep is calculated for the next cycle based on the Qarant condition,

see Section 2.3.3.

The above sequence of stages are repeatedly cycled until aabtime limit de ned

in the input le has been reached.




78 Chapter 2

2.4 Various ZEUS-3D subroutines

ZEUS-3D was written with high adaptability in mind, ensurin g it could be used to
simulate a wide range of uid dynamics problems. The computadional domain can be set
to either 1D, 2D, 2.5D axisymmetry or full 3D as the hydrodynamic equations and their
nite-di erence forms are implemented in a co-ordinate independent fashion (Stone &

Norman, 1992a).

A “moving-grid' can also be used where the grid zones may be signed a certain
velocity. This could allow for a limited tracking ability wh ere, for example, the front of
a jet could be e ectively held on the grid inde nitely to stud y the e ects of molecular

destruction and reformation in the bow shock.

The use of a ratioed grid, where the grid zones vary in size, iglso available (see

Section 2.4.1).

For jet simulations, the input boundary conditions are very versatile allowing for

precession and pulsations in the form of sinusoidal velogjt variations.

The version of ZEUS-3D used for the work in this thesis inclués a molecular chem-
istry module, an essential element for the simulation of prdostellar jets and out ows

(see Section 2.5).

Additionally, a new module has been created to calculate tha@nstantaneous mass-
velocity (see Section 2.8) at regular intervals during a siralation. This helps to link
simulations with observations. It also allows one to track low the mass-velocity values

vary dynamically during a simulation (see Section 4.1).

2.4.1 Ratioed grid

ZEUS-3D is coded with the option for implementing a ratioed gid. This initialises

the grid domain with grid zones of varying size. This may be adantageous in certain
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situations. For example, the setting of ner zones towards te end of the grid in order
to resolve the important physics of a jet head and bowshock irgreater detail, or the
setting of ner zones near the beginning of the grid to betterresolve an accretion disk
structure. The ratioed grid is xed and de ned at the beginni ng of the simulation and
thus is not adaptable like SPH codes. A basic example of how a2 grid would appear

if ratioed in both the x- and y-direction is shown in Figure 2.7.

Figure 2.7 : An example of how a ratioed grid would appear in 2D if both the x- and
y-directions were ratioed.

ZEUS-3D calculates the ratioed grid in the following way. The desired ratio (for the
x-direction in this case), is controlled by the x1rat parameter from the main input le
which is de ned as the ratio of the size of two adjacent zones,

dxla(i + 1)

dx1a(i) @.73)

Xlrat =
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where dxla is the zone size and is the zone position.

ZEUS-3D then scales the zones on the grid using the followingprmula (shown for

the x-direction),

xla(i) = xImin+ dximin  xlrat' 1 =(xlrat 1) (2.74)

where array x1a de nes the positions of the zone boundariesx1lmin is the smallest zone
size on the grid, dx1min is the di erence in size between two adjacent zones, and is

the zone positional number.

As an example, if we were to setxlrat to a value of 1.001, then for a 3,000 zone
length grid, the resulting ratio would lead to grid points which are, 1:0013°° 1 =20

times better resolved at the end of the grid compared to the bginning.

We performed a test of the ratioed grid whose result is presded in Figure2.8a. A
further adjustable parameter in the main input le is igrid which de nes the direction
of the ratio. For the jet simulation we want the smallest zones towards the end of the x-
direction soigrid was set to 1. For the y-direction, we wanted the smallest zone close
to the jet axis then igrid was inverted by setting it to -1. In order to correctly visualise
the results from a ratioed grid simulation, the plotting pro gram must incorporate the
same ratios in order to re-size the zones accordingly as theutput data from ZEUS-3D

consists only of data arrays.

The ratioed grid plot in Figure 2.8a can be compared directlyto Figure 2.8b which
di ers only in that it was performed on a uniform grid. Immedi ately we the see the
additional ne detail obtained by the ratioed grid, despite the fact that the simulations
were both performed on 3,000 600 zone grids. In fact, Figure 2.8a, appears to be
comparable to the higher 4,000 800 zone grid resolution run presented in Figure 2.14.
Only the overall run-time is e ected where the smaller zone &es on the ratioed grid

lead to more calculations due to the smaller timesteps.

We chose to remain with uniform grids in the studies of Chapte 3 and 4. Data from
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(a) Ratioed grid simulation example

(b) Uniform grid simulation example

Figure 2.8 : a: A 2.5D simulation performed with a ratioed grid in both directions.
The simulation is of an axisymmetric adiabatic jet propagating at 200 km * on a grid
of 3,000 600 zones withxlrat =1.001 and x2rat =1.005. Note there is a non-linear
distance scaling along both axes.b: A similar 2.5D simulation with the same total

number of zones, 3,000 600, but performed using a uniform grid for direct comparisa.

uniform grids were easier to analyse with less possibility berrors from post-processing.
Also, with uniform grids, we are not introducing additional factors/structures that may
make the code more accurate in some zones rather than othertdeally we wish to have

a high resolution everywhere.

2.4.2 3D { Precession { Pulsation

Some full 3D simulations were also performed. For example, iGure 2.9 shows a molec-
ular jet propagating into a slightly over-dense ( =10) molecular ambient medium. It

incorporates the pulsation and precession algorithms.
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For the pulsation algorithm, the pulsations are controlled by the fpulse parameter.
It can be set between 0.0 and 1.0, where 1.0 implies a 100% velty variation of the
initial input velocity. In the simulation presented here, t he initial jet velocity was
set to 100 km ! and fpulse set to 1.0. This implies the actual velocity ranges from
200 km s ! to 0 km s ! over the duration of each pulse. In ZEUS-3D the pulsation

algorithm is de ned as,

xlvel = vljet (1:0 fpulse dsin (ompulse time)) (2.75)

where x1vel is the instantaneous input velocity at a given time, time, vljet is the
initially de ned input velocity, and ompulse = cs/rjet , the sound speed divided by
the jet radius. For the jet in Figure 2.9 there is an initial single pulsation of period 800

years after which a repeated pulsation rate of 200 years begs.

The jet beam in the simulation is also precessing. A slight pecession angle is useful
in 3D simulations to break the self imposed symmetry of a supesonic beam. The
adjustable parameters to control the precession rate arghetaj , which is the ratio
between v2 and vl at the jet inlet, and thetak which is the ratio between v3 and v1
at the jet inlet where v1, v2 and v3 are the components of veloity in the x-, y- and
z-directions respectively. Settingthetaj = thetak creates a circular helical motion. In
this case we havehetaj = thetak = 0.1. Due to the fact that the jet is pulsating, the
precession period is varying with time. However, if the jet vere at a steady 100 km s?,

the period of a full precession would be 400 years.

The display in Figure 2.9 shows a slice of the out ow in the x-yplane taken through
the center of the jet beam in the z-plane. The out ow appears bpsided as the initial
pulsation, with a longer precession period, was directed denward towards the bottom

x-z plane. The later 200 year period pulses have yet to Il outthe upper region.

We see almost complete molecular dissociation in the upperdge of the bowshock.

This edge has been impacted by two of the shorter period pulsedestroying the molecules
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Figure 2.9 : An example of a full 3D simulation on a grid of 400 100 100 zones of a
jet with an initial single pulsation of period 800 years, followed by a repeating pulsation
period of 200 years. The pulsation amplitude is set to 100% sthat the velocity ranges
from 200 km s 1 to 0 km s 1 over the duration of each pulse. A precession angle is
also implemented bythetaj = thetak = 0.1

which survived in the initial bowshock. The internal workin g surfaces of the later pulses
show some very slight molecular dissociation. This molecak survival is due to the fact
that the pulses are propagating into a medium which is alreag in motion. This may
be similar to the numerical study performed by Lim et al. (2002), who showed that

ambient molecular gas may survive the passage through shoskin certain situations if
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it has been slowly accelerated from rest to high velocitiesThe slow acceleration allows
the molecular gas to pass through the shock front while the sbck is still weak. Our
simulation di ers in that the molecular material is introdu ced as a jet beam onto the
grid. The moving molecular jet material from a previous ejecion event is able to pass
through the working surface of the next ejection event withaut much dissociation due

to the small velocity di erences.

The size of a zone in this particular 3D simulations is 1.25 10*® cm. The jet radius
is 2.5 10 cm implying there are only 2 zones per jet radius. The simulaibn also
requires 4,000,000 zones in total. If we wished to perform # axisymmetric simulations
presented in Chapter 3 and 4 in full 3D, while maintaining their same high spatial
resolution, the computer resources required would be 800 ries greater and the run-

time would be increase by an order of magnitude (see Section®.

The full 3D simulations may capture the actual appearance ofan out ow with the
greater level of realism obtained from the extra dimension viaen compared to 2D or 2.5D
axisymmetric simulations, however the computational requrements greatly increase. A
higher resolution is more appropriate for our simulations & we wish to resolve important

cooling timescales (see end of Section 2.5).

2.5 Molecular cooling

Molecules and molecular reactions play a major role in the pisics of star formation and
jet dynamics. They have also proved indispensable in undetanding the physical con-
ditions present in star forming regions as observing them povides detailed information
such as temperatures, densities and velocities through batabsorption and emission
lines. Therefore, an accurate portrayal of the chemical reetions in a code to model

protostellar out ows is imperative.

In its simplest form, molecular cooling can be presented inte following way. A su-

personic shock wave passing through a medium provides kinietenergy to the particles
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(atoms, molecules and ions) present. The extra kinetic engy leads to an increase in
the collision rates between the particles and in turn may lea to an excitation energy.
In the case of atoms and ions, the electrons rise from their lwest stable energy states
(or atomic orbitals) to higher unstable orbitals. In the case of molecules, there is an
increase in the energy associated with the rotational and/o vibrational states of the
molecular bonds. Excited states are unstable and after somé&me the electrons cas-
cade back towards the lowest energy ground states by emittig the excess energy as a
photon of energy,~! . If the photon escapes the medium without being re-absorbethe

medium loses kinetic energy and cools. The process is sumnisgd as follows,

A+B! A+B (2.76)

B! B+~ (2.77)

where A and B are two ground state speciesB is the excited form of specieB and

~! is the emitted photon.

The version of ZEUS-3D used in this thesis builds upon the basversion by including
molecular cooling functions. They are based upon molecularoutines used by Suttner
et al. (1997). As will be seen below, the cooling functions wald be quite computation-
ally complex when implemented into the code. Their e ciency has been improved by
noting that in both the low and high temperature regimes only certain coolants need
to be considered as important. This allows the cooling fundbns to be split into high
temperature (T > 3,000K) and low temperature (T < 3,000K) subroutines in order to
increase the speed of the code. A sample plot of cooling rategrsus temperature is
shown in Figure 2.10. Furthermore, the values of the exponets of the cooling functions
have been pre-calculated and tabulated in look-up tables, @ain in order to increase the

speed of the code.

The molecular cooling modi es the energy equation from Equé#éon 2.3 with an ad-
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Figure 2.10 : A gure displaying the cooling functions at the indicated d ensity, n,
and H, fraction, f. The cooling rates are strongly dependent on temperature. Te
numerical labeling is as follows; 1. Gas{Grain cooling, 2. H rotational{vibrational
cooling, 3. Atomic cooling, 4. HO rotational cooling, 5. H,O and H vibrational cool-
ing, 6. H,O and H, vibrational cooling, 7. H, dissociation cooling, 8. H reformation
heating, 9. CO rotational cooling, 10. CO and H vibrational cooling, 11. CO and
H vibrational cooling, 12. [Ol] 63 m ne structure cooling 13. OH rotational cooling.
(Figure reproduced from Smith & Rosen (2003))

ditional term as follows,

= pr v (T;nf) (2.78)

where the new term, ( T;n;f), represents the cooling function and is dependent on
a combination of the temperature, T, of the gas, the hydrogen nuclei density,n, and

the molecular hydrogen abundancef .
The complete cooling function currently consists of 13 sulfunctions,

)43
(T;mf)= i (2.79)
i=1

The sub-functions have been detailed in AppendixA of Smith & Rosen (2003) and

summarised below:
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1: This is dust or gas-grain cooling based on Hollenbach & McKe (1989) (Equa-
tion 2.15):
1=n? Ly (2.80)

where Lq is
Lg=(3:8 10 33)IDT(T Tg)(1:0 O8exp( 75=T)) ergs 'ecm®  (2.81)

with the dust grain temperature, Ty xed at 20K. It assumes a standard ISM

composition. The actual composition of protostellar jets ae not yet fully known.

2. Hy vibrational and rotational cooling based on Lepp & Shull (1984) (Equa-
tions (7) { (12)):

Lt . L
L+(Ly=Ly) - 1+(LP=L)

2= N, (2.82)

where the vibrational cooling coe cients are subscripted v and the rotational
cooling coe cients are subscripted r. The coe cients are also superscriptedH

to signify high density and L for low density.

3. Atomic collisional cooling. It uses the Fe={0.5 tabulated values in Table 10

of Sutherland & Dopita (1993):
- 12 . 27,P =
3= ngLlz+1:42 10 “°( T) (2.83)

The nal ( P T) term is an additional a thermal Bremsstrahlung term used orly
when the temperature rises above 10,000K. Atomic cooling @&simes an ionisation
steady state with the cooling rate. In reality, the ionisation rate would lag behind
the cooling rate, but only for high temperatures above 8000K However, we do
not resolve the atomic cooling at such high temperatures sohe discrepancy is

not an issue.
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4. Cooling through rotational modes of water:

T
4=(nh, +1:3ny) np,o 1:32 10 2 e (2.84)

where the exponent, , equals 1.35{0.3 Iog%) from Neufeld & Kaufman (1993).
5. Cooling through vibrational modes of water with molecular hydrogen collision
based on Hollenbach & McKee (1989):

2:325 475

5=1:03 10 ®ny,ny,0 T exp exp I (2.85)

6. Cooling through vibrational modes of water with atomic hydrogen collision

again based on Hollenbach & McKee (1989):

2325 345
6=7:40 10 ?'nylann,0 T exp 5 Op — (2.86)
T

7. Cooling from collisional dissociation of molecular hydrgen based on Shapiro

& Kang (1987):
7=7:18 10 ** (nd,)(kon ) + (nu)(Nk,) (Ko ) (2.87)
where the rst term on the right is the dissociation energy of H, (4.48 eV) and
ko =1:2 10 ® exp( 52 400=T)(0:0933exp( 17,950=T)) cm 3s ! (2.88)

kpm, =1:3 10 ®exp( 53;300=T)(0:0908exp( 16;,200=T)) cm s ! (2.89)

Some molecular hydrogen cooling cross sections are not wéthown. We assume
an ortho-para ratio of 3. This could lead to errors as high as @%. However, as
we are also considering power-laws over many magnitudes, ¢hpotential errors

should not in uence our results.
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g. Heating from molecular hydrogen reformation:

g= Lynng@@ )7:18 10 12 (2.90)

where s the fraction of thermally released energy rather than radated and L

is de ned as,
Pt
L;=(3 10 ¥cmds ! p— 2 2.91
7= ( ) 1+0:04 T+ Tyg+210 3T +810 6T2 (2.92)
with f, as:
fa=[1+10;000exp( 600=Ty)] * (2.92)

9. Cooling through rotational degrees of freedom of CO from abmic and molec-

ular hydrogen collisions. Based on Equations 5.2{5.5 of Mcke et al. (1982):

kT VT”

\1
Na . Na
1+ 8 +1:5 ©

cr

9=Nco N (2.93)

q_
where v = %, Na=0.5(ny + P Nh,), Ner=3:3 10° T¢ ™ cm 3, and =
2

3:0 10 6T, %% cm 2 with T 3 = T/1,000K.
10. Cooling through vibrational modes of CO from atomic and molkecular hy-
drogen collisions taken from Neufeld & Kaufman (1993):
—1- 26 P— 68
10=1:83 10 Ny, Nco T exp(3080:T) exp(—l) (294)
T3
11. Cooling through vibrational modes of CO from atomic and molecular hy-
drogen collisions. Also taken from Neufeld & Kaufman (1993)

1=1:28 10 % ny, nco T2 exp( 308C=T) exp( (2000=T)343)  (2.95)
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12: Fine structure 63 m Oxygen cooling:

12=2:82 10 ¥ ng

1 (2.96)
+

1 4 A
fH re

where A g is the spontaneous transition rate of 8.95 10 °s ! and fy is the frac-

tional occupation of the 3P4 level, de ned as,

0:6 exp( 228-T)
1+0:6 exp( 228T)+0:2exp( 326=T)

fy = (2.97)

andr. =ry +ry, are collisional rates of atomic and molecular hydrogen,

ru = (4:37 10 219%80:6exp( 228=T)+1:06 10 27%8%0:2exp( 326=T)) (ny+0:48ny)
(2.98)

ru, = (2:88 10 1793%0:6 exp( 228=T)+6:68 10 1T7%30:2exp( 326=T)) (nn,)
(2.99)

13. OH cooling taken from Hollenbach & McKee (1989):

13=2:84 10 B8n2T? (2.100)

2.6 Resolution study

The main limiting factor for any numerical code is that of resolution. Higher reso-
lutions over a certain domain size lead to the capability of esolving additional ne
structure, but require greater computational resources. Alditionally, supersonic ows
are naturally turbulent so a slight change between any two sinulations may lead to
substantially di erent structure downstream of the ow. Th e purpose of this study was
to nd the optimum resolution to use in our simulations with t he above limitations in

mind.

The simulations in this section are purely hydrodynamic with no molecular cool-
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ing or MHD. The jet ow is exclusively de ned by the equations of hydrodynamics

supplemented by an adiabatic equation of state.

The calculations are executed on a 2.5D grid. This involves aylindrical coordinate
system where the azimuthal coordinate, , is ignored. We thus use thez and r coordi-
nates, displayed in the gures as thex and y directions respectively. The jet beam is
introduced from z =0 and r <r j, creating a narrow ow adjacent to the central axis.
Note that only half of the displayed ow is calculated. Symmetry is assumed and the

bottom half of the jet is simply mirrored from the top for disp lay purposes.

After compilation, ZEUS-3D is run from an executable le. Th e larger the grid, or
the more physics included, the more RAM the executable requies. The grid basically
consists of data arrays containing the values of the varialds in the grid zones. For
hydrodynamics there are ve arrays for the main variables: density, pressure and three
components of velocity. MHD requires three additional arrays for the three components
of magnetic eld and molecular cooling requires one extra aray. In addition, there
are eleven “scratch' arrays used to store intermediate vaks plus about 5% extra for

overheads such as ghost zones at the grid boundaries.

As an example, we can roughly calculate the size of the execaible for a basic
4000 800 zone hydrodynamic run noting that every variable requies 8 bytes of mem-
ory,

(4000 800 (3+ 11) 8)+ 5% = 376 Megabytes

When the molecular cooling module is activated, and the autonatic mass-velocity cal-
culation routine is added (see Section 2.8), then the execable requires 535 megabytes
of RAM. If the MHD module were also to be added, the executablewould require
610 megabytes of RAM. At 8000 1200 zones, without MHD, 1573 megabytes of RAM

are required.

Storage space for the output les must also be considered. E#h array variable

requires 4 bytes for storage using the e cient Hierarchical Data Format (HDF) le
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format which is used by ZEUS-3D. To output the arrays of four variables { density,
pressure and two components of velocity, at 20 time intervad during the 4000 800 run,

would require a total storage space of,

4000 800 4 20 4= 1024MB 1 Gigabyte

where each HDF le at the 4000 800 zone resolution requires about 13 megabytes. An
individual HDF le of a 8000 1200 zone run requires 38 megabytes of disk storage

space.

2.6.1 Results

We simulated a 200 km s ! adiabatic hydrodynamic jet at the following grid resolutio ns:

1000 200, 1 zone = 2.5 10 cm (Figure 2.11),
2000 400, 1 zone = 12.5 10 cm (Figure 2.12),
3000 600, 1 zone = 8.33 10 c¢m (Figure 2.13) and

4000 800, 1 zone = 6.25 10'3 cm (Figure 2.14).

Figure 2.11 : Density projection of the 200 km's * adiabatic hydrodynamic jet in 2.5D
at a resolution of 1000 200 zones.

From the results of Figures 2.11 to 2.14 we can see that by ineasing the resolution,

small structural and eddy details become evident within the ow.
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Figure 2.12 : Density projection of the 200 km's ! adiabatic hydrodynamic jet in 2.5D
at a resolution of 2000 400 zones.

Figure 2.13 : Density projection of the 200 km's ! adiabatic hydrodynamic jet in 2.5D
at a resolution of 3000 600 zones.

Figure 2.14 : Density projection of the 200 km's ! adiabatic hydrodynamic jet in 2.5D
at a resolution of 4000 800 zones.

Noticeable morphological di erences between the plots arseen in Figures 2.12 and 2.13
where the out ow possesses a blunter nose compared to the ootvs of Figures2.11
and 2.14 which have a sharper nose. A comparison can also be deto the ratioed grid

example in Figure 2.8a which also possesses a sharp nose.
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Does the resolution e ect the overall morphology of the jet? A time sequence ani-
mation of the simulations provides a clearer picture of the gt's development over time
compared to viewing a static image of a xed time. An animation allows us to easily
follow the development of the cocoon, vortices and other faares. Animations of these
simulations show that all four jets uctuate between possesing a sharp and blunt nose.
Material tends to collect and build up in the working surface at the jet head leading
to a blunt nose. At a certain point the build-up is quickly shed away as a vortex and
eventually absorbed into the cocoon. The nose then becomesap until the material

builds up once again.

Despite the fact that the gures show the jets at the same time 481 years, the
working surface region and cocoon are extremely turbulent faces. The turbulent fea-
tures resolved at the di erent resolutions would cause slifpt variations in the temporal

evolution and thus the stages where there is a blunt nose or stip nose.

Despite the random and turbulent nature of jet ows, these simulations seem to
suggest that the overall jet morphology is not linked to resdution. Which resolution is
the best to take? Higher resolution simulations generate me beautiful and intricate
structures and we would imagine them to be more realistic. Havever, the factor of time
and computer limitations must be considered. The general ograll structure appears to
be independent of resolution and actual observations of rdgets can not image them
at such high a resolution. However, it is better to convolve ahigh resolution simula-
tion down to telescope resolution, rather than performing the simulation at telescope
resolution. When molecular cooling is implemented, the zoa size becomes an impor-
tant factor as molecular cooling lengths should be resolved We can circumvent this

limitation somewhat by increasing the molecular and atomicgas densities on the grid.

Overall, the optimum resolution to choose is dependent on tle limits imposed by

the available computer resources and time.

The more zones present, the longer a simulation takes to run.This is due to the

fact that a timestep depends on how fast material moves throgh a zone, related to the
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Courant Condition (see Section 2.3.3). If we decrease the ne size, the time resolution
increases, leading to an increase in the sound speed, thus kiag the timestep smaller
so that it must perform many more cycles, and nally leading to an increase to the

overall run time.

Table 2.1 shows the resolution versus the CPU time of our foutest runs. The "CPU

time' is the total time in seconds which the computer was runring the simulation for.

The CPU run-time , t, can be described by the following expression,
t/ NP (2.101)

where Ny is the number of zones in the propagation direction,D is the number of

spatial dimensions in the simulation and the "+1' includes time as a dimension.

Figure 2.15 presents the data of Table 2.1 plotted on a graph Wich plots the log of
CPU time against the log of inverse resolution. In this form, the slope of the line will
show at what power the resolution is proportional to the CPU time (From the law of
logs: If a=b€, log(a)=c log(b) ).

A slope of 3 is obtained as expected for a 2D simulation (D=2, B-1=3). A small

discrepancy may result from the slightly higher sound speedt the higher resolutions.

Table 2.1 : The CPU time versus the grid resolution of our 2D axisymmetiic hydro-
dynamic simulations.

Resolution  Zone Size (cm) CPU time (seconds)

1,000 200 2.5 10* 840.27

2,000 400 1.25 10 6,983.22
3,000 600 8.33 1018 22,984.36
4,000 800 6.25 103 60,839.17

To show the ongoing ability to reach greater and greater reshition (for xed grid

codes), it can be noted that Norman et al. (1982) ran 2D axisynmetric jets on a
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CPU time versus Resolution
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Figure 2.15 : A plot of the log of the CPU time against the log of 1/resolution. The
slope of 3 implies that for 2D simulations the run time is proportional to 1/zone size
cubed.

grid of 60 240 zones with 8 zones per jet radius. Stone & Hardee (2000) ma2D
axisymmetric simulations at 2000 400 zones with 20 zones per jet radius. For the
simulations in the following chapters we used grids of 4000800 zones with 40 zones per
jet radius, doubling the Stone & Hardee (2000) setup. We are aw capable of doubling
this resolution yet again by running 2D axisymmetric simulations at 8000 1400 zones
with 80 zones per jet radius (e.g. Figure 4.11). This increas may not be surprising due
to the continuous improvement of computer technology and sated in "Moore's Law'
which predicts the number of transistors tting on an integr ated circuit will double

every 18 months.

2.6.2 Computer systems

Initially an SGI Origin 2200 supercomputer (‘Forge') was awilable at Armagh Obser-
vatory. This was a shared memory system using an S2MP (Scaldéd Shared-Memory
Multiprocessing) architecture with an IRIX operating syst em. It had 8 'R12000' CPU's

which ran at 400 MHz. The total amount of RAM available was 6 gigabytes with a
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total of 145 gigabytes of hard drive space.

Despite its advantage as a shared memory system for ZEUS-3[, was replaced by
the current Armagh Observatory local linux distributed mem ory cluster (‘M44'). This
consists of 25 dual-processor nodes plus a master server. daaprocessor operates at
3 GHz. 15 nodes contain 32 bit Intel processors and 10 nodesrgain 64 bit Opteron
AMD processors. Each node possesses 2 gigabytes of local RAWing a total of 50
gigabytes of RAM. The total hard disk storage space availal# is 1 terabyte. It is hoped
the system will eventually connect to and share the Grid-Irdand 3 gateway. ZEUS-3D

was run on this system in serial on single processors.

Code runtimes can vary a lot from simulation to simulation of the same resolution
depending on the existence of hot regions which slow the codexecution. Hot regions
possess a faster sound which require a shorter time step, wdhi in turn requires more

cycles, thus nally leading to a longer runtime.

However, to give rough example of the typical runtimes, a 400 800 zone, axisym-
metric run with molecular cooling functions activated and the automatic mass-velocity
calculation routine (see Section 2.8) could take a CPU time babout 100 hours to cover
a simulation time of 1000 years. For a run at 8000 1200 zones, the runtime would be

roughly 14 days.

Interactive Data Language (IDL) was the software used to visialise the HDF output
les and create the other plots seen in this thesis. It is comnercial software currently

owned by ITT Visual Information Systems .

2.7 Magnetohydrodynamic study

ZEUS-3D incorporates MHD algorithms. As seen in Section 1.7 magnetic elds are

believed to be a crucial requirement for the launching and climation of jets. This

Shitp:/iww.grid.ie
*http://www.ittvis.com/idl/




98 Chapter 2

section will brie y describe the ZEUS-3D MHD algorithms and display some tests per-
formed using di erent magnetic eld con gurations. We will see that strong magnetic
elds e ect the morphology of the jet beam. They are, however, mainly source (input)
e ects rather than environmental e ects and thus we do not implement MHD in the
chapters to follow as the aim of this thesis is to study the prgerties of the environment.
The simulations in this section were used for learning and teting the capabilities of

ZEUS-3D code before the later works were performed.

ZEUS-3D performs MHD using a scheme known as the "Consisteethod of Char-
acteristics' (CMoC). This method has improved on the many mehods that have come
before as it calculates the momentum transport and magneticinduction simultane-
ously. Previous methods have decoupled these and worked theout separately which

was found to often lead to errors (Clarke, 1996).

The equations of magnetohydrodynamics in a conservation pdial di erential equa-

tion form are:

%tﬂ (v)=0 (2.102)
%fﬂ (sVyv=r p+(r B) B (2.103)
%teﬂ (@)= pr v (2.104)
and:
%‘fzr v B) (2.105)

where is the density, v is the ow velocity, s is the momentum, p is the thermal
pressure, e is the internal energy density and B is the magnetic induction (Stone &

Norman, 1992hb).

The form of Equation 2.105 di ers from the others in that it is surface conservative
rather than volume conservative. This form is desirable as he right hand side is

a perfect curl so the divergence of it will be zero which ensws the conservation of
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magnetic ux, r B =0(Stone & Norman, 1992b).

As with the HD equations, the MHD equations are solved using he operator split
method and separated into the source and transport steps. Irthe source step,s (mo-
mentum per unit volume), e (thermal energy per unit volume), gravity and dissipation
are calculated. In the transport step the uxes of the variables are transported across

the zone boundaries.

The MHD equations are also solved on a staggered grid. The sk variables,
and e, are ‘zone-centered' and the vector variablesy and B, are “face-centered'. This
formulation is convenient as gradient components of zoneantered scalars are face-
centered. Divergences of face-centered vectors are zonentered and Curl components

of face-centered vectors (J* B) are edge centered (Clarke, 1996) (see Figure 2.16).

Figure 2.16 : An example of a staggered grid zone in ZEUS-3D displaying tb zone-
centered scalar quantities of internal energy,e, and density, , and the face-centered
vector quantities of magnetic eld, B, and velocity, v. Also shown (on one face for
clarity) are the edge centered quantities of the electromoive force (emf), .

The magnetohydrodynamical algorithms of ZEUS-3D can geneate toroidal, poloidal

and ambient magnetic elds.

In ZEUS-3D, the magnetic eld strength is set directly throu gh the "Plasma ' term,

Plasma = -0 (2.106)
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where Py, is the thermal pressure andPg is the magnetic pressure. A small Plasma
implies a strong magnetic eld as the magnetic pressure woul dominate over the ther-
mal pressure. The relation between Plasma and the actual magnetic eld strength,

B, in Gauss is de ned in ZEUS-3D as,

B2= — (2.107)

where P is the thermal pressure and is the Plasma . The eld strengths in Gauss

related to the Plasma values used in the following test runs are displayed in Tabl@.2.

Table 2.2 : The magnetic eld strength in Gauss for the various Plasma values used
in our test simulations.

Plasma B (Gauss)

1.0 144 G
0.1 45 G
0.01 144 G
0.001 456 G

2.7.1 Toroidal eld

The ZEUS-3D toroidal eld generator is controlled by three parameters, adjustable

through the main input le:

betator: This sets the minimum Plasma of the toroidal magnetic eld, or, in

other words, the e ective strength of the magnetic eld.

rpeak: This parameter sets the radial distance from the jet axis to he peak of

the toroidal magnetic eld pro le with units in jet beam radi i.

rsigma: This parameter is the radial full-width at half-max (FWHM) o f the

toroidal magnetic eld pro le again in units of jet beam radi i.
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The e ects of varying the rpeak and rsigma parameters on the toroidal mag-
netic eld proles can be clearly seen in Figure2.17 which isplotted using the al-

gorithms taken directly from the ZEUS-3D code. From Figure 217, it was decided to

Magnetic profile plots
— 7

rpeak=0.9

0.8

rsigma=0.1

0.6

0.4

0.2

bphi
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

0.0 0.2 0.4 0.6 0.8 1.0
rsigma

Figure 2.17 : An example of toroidal magnetic eld proles. Along the x-axis,
rsigma=0.0 signi es the center of the jet beam and rsigma=1.0 signi es the edge
of the beam. Along the y-axis, bphi is proportional to the eld strength ranging from

maximum eld strength at bphi = 1.0, to minimum eld strength at bphi = 0.0.

x rpeak=0.9 and rsigma=0.5 as they lead to a smooth pro le with a maximum near
the edge of the jet beam and falling almost linearly to zero atthe center of the beam.
This was also a similar toroidal eld prole taken by Stone & H ardee (2000), thus

enabling a comparison.

Figure 2.18 displays two plots with rpeak and rsigma xed at 0.9 rjer and 0.5 rjet
respectively and with the toroidal eld strength, betator , setas 0.1 in Figure 2.18a, and
0.001 in Figure 2.18b. (The e ective eld strengths in Gausscan be seen in Table 2.2.)
The jet propagation velocity in each case is 100 kms! and both the jet and ambient
medium are fully molecular with the molecular cooling routines activated. The plot

layout is described in the gure captions.
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Figure 2.18 : Plots of density, molecular fraction, temperature and the x-direction ve-
locity of molecular cooled 100 kms?! jets possessing a toroidal magnetic eld with
the parameters rpeak and rsigma xed as 0.9 rje¢ and 0.5 rje¢ respectively with
betator =0.1,(a), and betator =0.001,(b).
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The toroidal eld leads to a distinctive structure where the jet beam is forced against
the axis leading to a sharp highly collimated nose-cone/bowshock. This was noted by
Stone & Hardee (2000), who suggested that nose cone formatiois sensitive to the
geometry of the eld and only occurs when the toroidal eld peaks near the surface
of the jet which creates “hoop stresses' that are able to come the nose cone. This
phenomenon was also noted more recently in simulations by d€olle & Raga (2006).
It is reasonable to assume that the nose cones are an artefacf the axisymmetry

approximation and would be unstable in a full 3D simulations.

The strong eld simulation of Figure 2.18b has created an unwsual expanding cool
cavity around the base of the jet that has a highly turbulent i nterface with the ambient
medium. The simulations of Stone & Hardee (2000) also appeao have the onset of a
similar expanded feature in one of their strong toroidal eld runs. We can assume that

this unphysical feature is another consequence of the 2D asymmetry approximation.

The strong eld of Figure2.18b also leads to a velocity slighly higher than the
constant 100 kms ! jet input velocity. The extra acceleration is likely to be occurring

due to the high ratio of magnetic to thermal pressure.

2.7.2 Poloidal eld

A poloidal magnetic eld was found to spread the jet away from the propagation axis.
The stronger the eld, the greater the spreading angle. The hput parameters for the

poloidal eld generator in ZEUS-3D are similar to those of the toroidal case:

betapol: This sets the Plasma strength of the poloidal eld.

zsigma: This is the axial half-width at half-max (HWHM) of the leadin g edge

of the poloidal magnetic eld.

ibpol:  This behaves as a switch to select either one single poloidalix loop or

multiple ux loops on the grid. The positions of the multiple ux loops relative
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to each other can be set by two parametersynode or znode. Here, we deal only

with a single poloidal ux loop.

It was di cult to visualize the poloidal eld and what the par ameters inferred. We
succeeded by plotting vectors of the two magnetic eld compaents, B1 and B2, for a
simulation with an extra large jet radius on an axisymmetric grid. This allows one to
visualise the direction of eld lines and understand the e ect they have in modifying
the ow. The result is displayed in Figure2.19 and shows the mloidal eld forms a

closed loop structure.

Figure 2.19 : Magnetic eld components B1 and B2 plotted as vectors on a lage radius
jet which spans 100 zones on the axisymmetric grid. Paramets: betapol =0.001,
zsigma=2.5e14, 1 zone = 2.5e13 cm.

Two poloidal magnetic eld runs are presented in Figures2.® and show a weak
eld with betapol =0.1, left and a strong eld with betapol =0.001, right . In these
simulations, zsigma has been xed as 2.5 10'/ c¢m, half the length of the grid. (A
smaller value would have lead to the unphysical expansion eglent in Figure 2.19.) Once
again, the displayed simulations are based on a 100 km $ molecular jet propagating

into a molecular environment.
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Figure 2.20 : Plots of density, molecular fraction, temperature and the x-direction
velocity of molecularly cooled 100 kms? jets possessing a poloidal magnetic eld with
the parameterszsigma xed as 2.5 10! cm and betapol =0.1 (a), and betapol =0.001

(b).
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Figure 2.21 : Plot of density, molecular fraction, temperature and x-direction veloc-
ity of an atomic 100 kms ! jet in a poloidal magnetic with zsigma= 2.5 10!/ and
betapol =0.001.

As in the example of Figure 2.19, we see that the poloidal maggtic eld encourages
an expansion of the jet beam. The strong eld of Figure 2.20bhas succeeded in pulling
the jet beam away from the axis, which occurs after 2500 zonesf propagation. The

jet rejoins the axis at the end of the grid engul ng some shockd gas.

It will be noted in Chapter 3 that molecular cooling in molecular jets leads to out ow
collimation. Is molecular cooling restricting the expansbn e ect of the poloidal eld?
We tested this hypothesis by performing a simulation of a 10ckms * atomic jet with a
strong betapol of 0.001 to be compared directly with themolecular jet of Figure 2.20b.
The result is presented in Figure 2.21 where we see a very laedaterally expanding cool
cavity propagating faster than the 100 kms ! input speed. Therefore, molecular gas
does keep the expansion in check through cooling which maiatns a lower temperature

and sound speed.
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Overall, the limits of axisymmetry become apparent in thesesimulations where the
e ects of the magnetic elds on the jet beam are hampered by thke existence of the
symmetry axis. It suggests MHD jet propagation simulations would be better suited
to full 3D grids despite the high computational overheads erailed by the combination

of large spatial domains, molecular chemistry routines andvIHD algorithms.

It should be noted here that the accuracy of the ZEUS-3D was bought into question
by Falle (2002) who claimed, that under certain circumstanes, ZEUS-3D can generate
rarefaction shocks and other shock errors. The author suggéed that rarefaction shocks
may occur and were due to the operator splitting scheme of ZES-3D reducing the
second-order accurate coding to rst order accuracy, but trey could be removed by

setting the linear viscosity (see Section 2.3.6), glin, to aleast 0.25.

The author also noted that ZEUS-3D did not compare well to other upwind codes by
producing apparent shock errors in some 1D MHD problems whéd using an adiabatic
equation of state. Although the author acknowledged that these shock errors were
absent in ZEUS-3D if using an isothermal equation of state, he non-conservative ZEUS-
3D code should not be compared directly with the results of a onservative upwind
code. The problem is negligible in our molecular cooling simlations as the ows are

isothermal (Rosen & Smith, 2003).

It is believed that the rarefaction shocks only appear in cetain specialised 1D shock
problems. In Falle (2002), the shock fronts were resolved bybout 30 zones. In the
large scale multi-dimensional simulations presented in tis thesis, the individual shock
fronts would be resolved by less zones. Furthermore, we usenarti cial viscosity, and
thus limit the shock fronts to two zones in width (see Section2.3.6). It would also
be un-physical to use the suggested x of setting the linear iscosity to 0.25 in our
simulations as this would add viscosity over the entire compitational domain and not
just at the shock fronts. Additionally, we do not employ the base ZEUS internal energy
equation as used by Falle (2002). Our energy equation is a moéed version which

allows for an e ective energy loss required for the moleculacooling to occur. In our
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simulations, the cooling is so dominant that even if rarefation shocks were to occur,
their in uence on the simulations would be negligible as theenergy dissipated in the

rarefaction shocks is small and only important in energy-caserving adiabatic shocks.

2.8 Mass-Velocity

Mass-velocity distributions are frequently used to exploe how momentum is transferred
from the jet to the ambient medium. They are approximated by the the following

power-law function, commonly referred to as the mass spectim,

dm

a /v, (2.108)

in which m is the spatially integrated out ow mass as a function of radial velocity, v;.
The exponent, , represents a negative slope of the resulting spectrum whedisplayed

as a log-log plot.

Observationally, the mass,m, is deduced from the intensities of low-rotational opti-
cally thin CO spectral lines, e.g.Yu et al. (2000). Very often observations show broken
power laws, consisting of two distinct sections; a shallow lspe at low velocities con-
necting to a steeper slope at high velocities through a “brdapoint'. Careful ambient
cloud subtraction is necessary in order to correctly estimge the low velocity compo-
nent(Yu et al., 2000; Arce & Goodman, 2001). This can be cledy seen in Figs. 13
and 14 of Yu et al. (2000) (Reproduced here as Figures 2.22 arxd23) where two slopes
with a break point are revealed after the ambient cloud subtmaction. In bow shock
theory, the break velocity may correspond to the projected omponent of the molecular

dissociation velocity.

Mass-velocity plots from simulations are easier to obtain han those from observa-
tions as there is no confusion or uncertainty from factors soh as optical depth, ambient

cloud motion or overlap with other ows. Gamma values have been predicted from
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Figure 2.22 : A reproduction of Figure 13a and 13b of Yu et al. (2000). It isan
observational mass velocity plot of the west (left) and east(right) lobes of the OMC-
2/3 out ow with no ambient cloud subtraction. Plotted are me asurements from both
red-shifted and blue-shifted material with mass from'3CO shown lled points and mass
from 2CO shown as outline points.

Figure 2.23 : A reproduction of Figure 14a and 14b of Yu et al. (2000). The &ayout is
the same as Figure 2.22 but the e ects of ambient cloud mateadl has been subtracted.
It leads to steeper high velocity components.

various simulations and almost always found to be dependenbn the viewing angle,
e.g. Rosen & Smith (2004b). This is due to the fact that the vieving angle stretches

or compresses the velocity range while holding constant theange of mass between the
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two velocity extrema. As noted in Section 3.2.1, we did not nd this viewing angle
dependence to hold in general for our simulations. RecentlySmith & Rosen (2007)

found that jet rotation leads to a lower value of

Shallow spectra ( < 2) were predicted in works by Smith et al. (1997), Downes
& Cabrit (2003) and Keegan & Downes (2005). The latter perfomed long duration
simulations to nd that  does not increase inde nitely but eventually levels out after
1500 years. Wind driven out ows, as opposed to jet driven outows, were found to

lead to smaller values inLee et al. (2001).

Mass spectra with intermediate slopes (2< < 4) were found by Downes & Ray
(1999). They also noted an increase of with decreasing jet molecular abundance.
This suggests that most jets may be atomic, a case explored ithe following Chapters.
Taking an atomic jet also allows us to easily reduce the jet cnotribution towards the
total molecular mass in motion by a factor of 1® to e ectively only count ambient
material set in motion. (The total mass in motion is plotted as the dotted line on the

mass-velocity pro le plots.)

Steep mass spectra (> 4) along the full velocity range are not found in numerical
simulations, but can be noted in some simulations at the higler radial velocity region

of the spectra.

2.8.1 ZEUS-3D mass-velocity routine

Our mass-velocity routine operates by reading in the 2D-axdymmetric data and ro-
tating it around the azimuthal direction to create a quasi-3D outow. Due to the
symmetry, we need only rotate half way, 180, thus reducing the computation and inte-
gration times required. The nal mass is simply doubled at the end. The semi-cylinder
is then divided into a series of slices along the jet axisz, and then segments by divi-
sions along the radial direction,r. The projected velocity of each segment at the chosen

viewing angle out of the plane of the sky, , is calculated and placed into a series of
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velocity bins. With this method, material from the jet beam i s included and forms a

sharp peak at the highest radial velocity, |Viaqj, extent of vjet Sin

A sample mass-velocity plot of the type we create from our siralations is displayed
in Figure 2.24. Here, the dotted line representdotal mass in motion on the grid whereas
the solid line representsmolecular mass in motion. The jet beam peak does not appear

in this instance as we use an atomic jet (see Section 3.1).
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Figure 2.24 : A typical mass-velocity gure that we obtain from our simul ations in

order to link simulation with observation. The log of mass/velocity is plotted against

the log of radial velocity. By plotting in this manner, the ne gative slope of the resulting
line plot is the value. The dotted line represents the total mass in motion wtereas the
solid represents molecular mass in motion. This particulaimass-velocity plot is from a
simulation containing a velocity gradient in the beam (see ®ction 4.6). The existence of
a carefully controlled velocity gradient in the jet beam removes the high velocity mass
peak from the plot and leads to a greater resemblance to obseational mass-velocity

plots which typically do not display the high velocity jet be am component.

In all the mass-velocity plots presented in the following clapters, we calculate the re-
sultant mass-velocity values across four xed velocity ranges: 2{4 kms?, 4{8 kms 1,
8{16 kms ! and 16{32 kms 1, referred to as velocity intervals "A','B',"C' and "D’ re-
spectively. This leads to objective values of which are automatically calculated during

the simulations and can be compared directly with other runsand viewing angles. The
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values of the slopes determined over the four intervals areidplayed on the diagrams.

In the rst study in Chapter 3, we had yet to incorporate the ro utine directly into
ZEUS-3D. The routine read the data from the HDF output les. P lotting a = vs time'
plot, which compares how the slope at the four velocity intevals varies with time, was
not feasible due to the amount of full data sets required if sitably smooth plots were
to be created. For the later study in Chapter 4, we therefore hcorporated the entire
routine into ZEUS-3D and thus were able to easily calculate he mass-velocity at any
time without needing to depend on the HDF data dumps. The values of the four
velocity intervals were output every “year' of simulation time. Hence we were able to

create high time-resolution plots showing how the values evolved with time.
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Velocity and Compositional

Study of Protostellar Jets

Jets penetrate through obscuring gas cores to be detected iie extended environments
of protostars (Reipurth & Bally, 2001). Although continuou s jets are rarely uncovered,
infrared and optical observations have revealed distinct bains of knots and aligned bow
shocks which suggest that they are more or less continuouslgupplied by collimated
supersonic jets (Stanke et al., 2002; Khanzadyan et al., 2@0 McGroarty et al., 2004).
These jets are of high thrust and so are capable of evacuatingavities by sweeping up
and de ecting the ambient medium. They may thus be held respmsible for forming
bipolar nebulae and bipolar out ows (Bachiller, 1996). The bipolar out ows are col-
limated to various degrees and often extend to parsecs fromhe launching protostar

(Richer et al., 2000; McGroarty et al., 2004).

One speci c problem emphasized recently is that the rate of ow of jet momentum
may not be su cient to supply the bipolar out ows (Su et al., 2 004). This may be
related to basic questions concerning the content of the jet, their launch mechanism and
the properties which allow them to propagate so far. To help nd answers, numerical

simulations have been executed which probe the relationshibetween the most probable

113
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jet properties and the observed out ow properties. To study the penetration, we assume
that a supersonic jet has already been established but has nget entered the extended
envelope (e.g. Smith, 2003). In this chapter, we present simiations which include
radiative cooling and chemistry and examine the in uence ofthe initial jet speed and

molecular fraction.

Previous investigations of relevance have included a combation of radiative cool-
ing, chemistry and magnetic eld. Those restricted to atomic cooling processes include
Blondin et al. (1990); Stone & Norman (1993, 1994); Biro & Ra@ (1994); Frank et al.
(1998); Cerqueira & de Gouveia dal Pino (1999); Gardiner et & (2000); Stone & Hardee
(2000); Lee et al. (2001). On the other hand, powerful moleciar jets occur in the earli-
est protostellar (and proto-planetary nebula) stages. Sinulations which include molec-
ular and atomic cooling, as well as some chemistry, are Ragd al. (1995); Suttner et al.
(1997); Downes & Ray (1999); Velker et al. (1999); O'Sullivan & Ray (2000); Downes
& Cabrit (2003); Rosen & Smith (2003, 2004a); Smith & Rosen (205a). In general, the
simulations have provided reasonable interpretations formany of the observed out ows

as well as considerable insight into their dynamics and gloal evolution.

Each of the above-mentioned studies, however, consideredsingle nominal jet speed
albeit with various pulsation and precession criteria. The chosen speed has ranged
between 100 kms? (e.g. O'Sullivan & Ray, 2000) to 332 kms ! (e.g. Stone & Hardee,
2000). The question that remains to be answered is thus:can we constrain the jet
speed from the out ow structure? This is critical to answer since we might expect that
the jet speed systematically increases with time in proporton to the escape speed as
a protostar builds up at, perhaps, constant density. On the dher hand, the jet gas
may switch from molecular to atomic as the mass available though accretion falls (e.g.
Smith, 2000). Therefore, we present eleven simulations toaver these possibilities and
so provide a basis from which to extract the signatures as jet gradually evolve from
low speed to high speed and molecular to atomic. Then, for a cqantitative comparison,

we examine the mass spectra of the simulations.
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The simulations are performed on a two-dimensional axisymratric uniform grid with
a jet (hydrogen nucleon) density of 1§ cm 3 (see Table 3.1). With these assumptions,
we are able to reach a much higher resolution of the radiativéayers behind shock waves
than in previous works which were in 3D with typical jet densities of 1 cm 2 (Rosen

& Smith, 2003).

3.1 Method

For this study we used our modi ed version of ZEUS-3D with the molecular and atomic
cooling functions activated (See Section 2.5). We initialy checked the modied code
against the adiabatic and atomic simulations presented by ®ne & Hardee (2000),
nding general agreement of the global ow pattern although individual features vary
in the highly turbulent ow in and around the jet head (note th at our cooling functions
are more complete at lower temperatures). We set our initialand boundary conditions
similar to those of Stone & Hardee (2000). Further ne-scalestructure appears in our
simulations due to the higher resolution. Stone & Hardee (200) ran 2D axisymmetric
simulations on a grid of 2000 400 zones while we take 4000 800 zones, maintaining

the same initial jet radius, R; =2.5 10" cm and overall spatial dimensions.

Hence there are 40 zones per jet radius, 20 jet radii in the radl direction and 100 jet
radii in the axial direction. Therefore, the actual extent of the grid is (2.5 10! cm)

(5 10 cm).

We model a heavy (i.e. ballistic) jet in all cases. The ambiehmedium density is set
to 100 cm 3 and the jet density is set to 1000 cm 2 so the introduced jet is over-dense

with respect to the ambient medium by the factor = ;/ 5=10.

In our molecular simulations the molecular hydrogen abundace in both the jet and
the ambient medium is set to 0.5 (fully molecular). The abundances of free carbon and
oxygen are both set to 104. The temperature of the ambient medium is set to 10K

and that of the jet is 100K. In all cases the jet is over-pressted with respect to the
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Table 3.1 : Summary of parameters in the atomic v. molecular runs.

property Atomic Molecular

density, damp (gm/cm?3)  2.342 10 22 2.342 10 %
sp. energy, @mp (ergs/K) 2.278 10 2 1.933 10 18

n(H2/n) 1.000 10 ° 5.000 10 1!
sp. heat ratio, 1.6667 1.4286
temperature, Tamp (K) 100 10
temperature, Tjer (K) 1000 100
Mach number, Mgt :
50 km=s 15.21 70.33
100 km=s 30.42 140.67
200 km=s 60.83 281.34
300 km=s 91.25 422.00

ambient medium by the factor =P /P 5=100.

In our atomic simulations we retain all the cooling functions activated but greatly
reduce the densities of molecular species. The molecular tyogen fraction is now 10 °
and our abundances of carbon and oxygen are 16. This ensures that the atomic

radiative cooling approximation controls the cooling.

The four jet velocities chosen are:

a very slow jet, 50 kms 1;

a slow jet, 100 kms 1;

an intermediate jet, 200 kms *:

and a fast jet, 300 kms .

The actual input parameter which ZEUS converts into a jet speed is the Mach num-
ber (Mjet = Vjet /Cjet). It depends on the sound speed in the jet g which is signi -

cantly higher in the atomic jet (3.29 km s 1) than in the molecular jet (0.711 km s 1).
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3.2 Results

Figures 3.1a to 3.4b contain visualizations of the eight baie atomic jet/atomic ambient

and molecular jet/molecular ambient simulations at the four jet velocities. Each plot
consists of four panels with a colour gradient scaling. We sl use the following naming
convention in order to label the runs: 50A, 100A, 200A and 308 for the 50, 100, 200
and 300 kms ! atomic runs, respectively, and 50M, 100M, 200M and 300M for he

equivalent molecular runs.

An additional molecular jet/atomic ambient medium run will be labelled as MJAA
(Figure 3.5a) and two additional atomic jet/molecular ambi ent medium runs will be
labelled as AJMA for a 100 kms ! jet (Figure 3.5b) and AJMA50 for a 50 kms 1 jet
(Figure 3.6).

The main gures of Chapter 3 display the following informati on:

The upper panels display the mass density plotted on a logathmic scale. Also
shown is the time in years corresponding to the displayed disibutions, just before

each jet has reached the end of the grid.

The second panels display the temperature, again on a logahmic scale.

The third panels trace the molecular fraction or, more precsely, the ratio of
hydrogen molecules to the total number of hydrogen nuclei ((H2)/n). Note that

the distribution of molecular fraction in both the atomic an d molecular runs
appears similar at rst glance. Molecular cooling does actally take place in the
atomic cases but the quantities of molecular material are may times smaller. As
seen from the scale bars, the molecular density is 100,000nies less in the atomic

cases.

The lower panels display the axial component of velocity in kns 1. This clearly

shows the expansion and extent of the jet beam.
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High resolution electronic versions of the gures are ava#éble on the included optical

disk.

The most dramatic contrast between the atomic and molecularruns occurs at the
lowest speed of 50 km s! (Figures 3.1a and 3.1b). Here, the relatively low Mach numbe
of the atomic jet is responsible for a high transverse jet expnsion. This leads to the
blow-torch structure at the jet inlet and the high density gr adient along the jet axis
(upper panel). The result is that the leading edge of the out ow decelerates with an

average speed of advance of 26.4 kms 1.

The termination shock of the atomic jet takes the form of a large Mach disc which
generates warm atomic gas. This gas is slow to cool for the cken density, thus (i)
supporting the Mach disk and (ii) forming the wide low-density cavity of tempera-
ture 3,000 {8,000 K (second panel). However, at consideraplhigher densities, further
cooling mainly through gas{grain collisions will cool the gas down to 1,000K on a
timescale of 16/n years (Smith & Rosen, 2003), reducing the cavity size. Thecav-
ity also contains wisps of hot shocked gas within which smallquantities of residual
molecules are also destroyed (third panel). The displayedal velocity illustrates the
low advance speed of 20 kms 1, as well as a back- ow (negative v1, see scale bar to

the fourth panel) typical of under-dense jets.

On the other hand, the low speed molecular jet (with Mach number of 70) displays
only moderate expansion (lower panel). As a consequence, éhadvance of the leading
edge is maintained with an average speed of 38.6 kms !. However, the region
where the jet terminates is complex. A nose develops where #hjet material becomes
focused towards the axis (such structure is also present inhree dimensional Cartesian
simulations of molecular jets (Rosen & Smith, 2003)). The stong molecular cooling
does not allow a Mach disk to develop but leads instead to obtjue shocks. The cavity
is also narrow because of the maintained collimation and thehigh advance speed.

Therefore, unlike the atomic case, no back- ow in the cavity arises (lower panel).

At 100 km s * (Figures 3.2a and 3.2b), the low-speed features are still ggarent in a
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(a) 50 kms ! atomic jet into atomic ambient medium (50A)

(b) 50 kms ! molecular jet into molecular ambient medium (50M)

Figure 3.1 : Cross-sectional distributions of physical parameters geerated by, (a) an
atomic jet of speed 50 kms?! propagating into an atomic medium (50A) and, (b)
a molecular jet of speed 50 kms! propagating into a molecular medium (50M). As
labelled, the parameters shown are the mass density (gm cn?), temperature, molecular
fraction and axial speed from top to bottom. The lower half of each distribution is the

mirror image of the top half.
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(a) 100 kms ! atomic jet into atomic ambient medium (100A)

(b) 100 kms ! molecular jet into molecular ambient medium (100M)

Figure 3.2 : Cross-sectional distributions of physical parameters geerated by, (a) an
atomic jet of speed 100 kms! propagating into an atomic medium (100A) and, (b)
a molecular jet of speed 100 kms! propagating into a molecular medium (100M). As
labelled, the parameters shown are the mass density (gm cn?), temperature, molecular
fraction and axial speed from top to bottom. The lower half of each distribution is the

mirror image of the top half.
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(a) 200 kms ! atomic jet into atomic ambient medium (200A)

(b) 200 kms ! molecular jet into molecular ambient medium (200M)

Figure 3.3 : Cross-sectional distributions of physical parameters geerated by, (a) an
atomic jet of speed 200 kms?! propagating into an atomic medium (200A) and, (b)
a molecular jet of speed 200 kms! propagating into a molecular medium (200M). As
labelled, the parameters shown are the mass density (gm cn?), temperature, molecular
fraction and axial speed from top to bottom. The lower half of each distribution is the
mirror image of the top half.
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(a) 300 kms ! atomic jet into atomic ambient medium (300A)

(b) 300 kms ! molecular jet into molecular ambient medium (300M)

Figure 3.4 : Cross-sectional distributions of physical parameters geerated by, (a) an
atomic jet of speed 300 kms! propagating into an atomic medium (300A) and, (b)
a molecular jet of speed 300 kms! propagating into a molecular medium (300M). As
labelled, the parameters shown are the mass density (gm cn?), temperature, molecular
fraction and axial speed from top to bottom. The lower half of each distribution is the

mirror image of the top half.
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diluted form. The atomic simulation generates a cavity of roughly half the size of the
lower speed case. The Mach disk is fragmentary and no back-w occurs. The cavity
in the molecular simulation is more pointed in shape. A promhent ‘shoulder' occurs
causing jet expansion followed by focusing. This results ina remarkable vortex-like
structure in the cavity, as prominent in the molecular fraction panel. An oblique shock
is present between the vortex and the jet (see top and secondgmels of Figure 3.2a)

which results in the jet focusing.

At 200 km s * (Figures 3.3a and 3.3b), expansion of the atomic jet is not ppminent
and the average advance speeds of the atomic jet is only ten peent higher than that
of the molecular jet. Both cavities are narrow and the cavities now almost exclusively
contain atomic gas in both cases. The main di erence is that he refocusing shoulders
remain in the molecular jet while the leading edge of the atont jet is a blunt structure,

in ated by warm shocked atomic gas.

At 300 km s ! (Figures 3.4a and 3.4b), the collimation is slightly improved in both
cases. High speed atomic jets also display a hotter sheath tthe jet. However, while
small-scale structure near the jet heads dier, the global ait ow structures are quite

similar.

We ran three additional simulations, one of a molecular jet popagating into an
atomic medium at 100 kms * (MJAA, Figure3.5a) and two of an atomic jet propa-
gating into a molecular medium at 100 km s ' (AJMA, Figure 3.5b) and 50 kms *!
(AJMABOQ, Figure 3.6). The standard parameters from Table 31 were used and they
can be most closely compared to the other 100 km ¢ jets in Figures 3.2a and. 3.2b and
to the 50A jet in Figure 3.1a. Of these additional simulations, AJMA and AJMA50
contain the most signi cant di erence from the 100A and 50A r uns, atomic jets moving
through an atomic media. Although the jet has expanded, the avity is very narrow.
The Mach disk is replaced by oblique shocks as ambient moletar material gets trapped
near the jet axis. The MJAA simulation has a narrower jet beam than the 100M run.

The hotter cavity is responsible for con ning a more uniform jet. The cavity itself is
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slightly wider and conical.

To summarise, atomic jets are terminated by either a Mach di& or by de ection
away from the jet axis. Molecular jets tend to be focussed towrds the axis, by oblique
shocks, producing shouldered structures and narrow advarcg noses. Much of the
global structure is related to the Mach number of the jet ow which determines the
transverse expansion until the cavity pressure can provideesistance. Thus high Mach
number jets generate narrow cavities. Note the similarity in the global structure of
200A and 50M including the width of the jets where the terminal Mach disks occur.
This results from the similar jet Mach numbers of these two simulations. At jet speeds
in excess of 100 km s! the entire cavity is lled with atomic gas. Below this value,

the cavity can be occupied by both molecular and atomic mateial.

3.2.1 Distribution of mass with velocity

We calculated mass spectra for the atomic and molecular runat the four jet speeds for
ve viewing angles, , out of the plane of the sky: 15, 30, 45,60 and 90 . We exam-
ined the resultant mass-velocity power law slopes across thfour xed radial velocity

ranges: 2{4 kms !, 4{8 kms 1, 8{16 kms ! and 16{32 kms !, hereafter referred to
as velocity intervals "A',’B',"C' and "D’ respectively. This leads to objective values of

which can be compared directly with other runs and viewing amgles. Table 3.2 contains
the values for the runs at all the viewing angles and we display tle mass spectra for

the 45 viewing angle in Figure 3.7.

The power-law ts for the 16{32 kms ? range (interval D) are not always useful as
it is generally too fast at small viewing angles and low jet véocities. Intervals B and C
provide consistent and comparable data. Note that the viewnhg angles of 15 and 90
do not follow completely systematic values whereas the intermediate angles, 30to

60 , show systematic trends.

The mass spectra display expected features. The higher thef velocity, the further
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(a) 100 kms ! molecular jet into atomic ambient medium (MJAA)

(b) 100 kms ! atomic jet into molecular ambient medium (AJMA)

Figure 3.5 : Cross-sectional distributions of physical parameters geerated by, (a) a
molecular jet of speed 100 km st propagating into an atomic medium (MJAA) and, (b)
a molecular jet of speed 100 kms! propagating into an atomic medium (AJMA). As
labelled, the parameters shown are the mass density (gm cn?), temperature, molecular
fraction and axial speed from top to bottom. The lower half of each distribution is the
mirror image of the top half.
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Table 3.2 : The estimated ‘gamma’' values for the molecular and atomic uns at a viewing angle of 45 out of the plane of the sky.
‘A’ represents the range 2{4kms?, "B' represents the range 4{8kms?!, C' represents the range 8{16 kms?! and 'D' represents the
range 16{32kms 1. The { ' entries replace nonsensical results where the local cortitins caused a poor line t.

Angle : A B C D A B C D
Run Run
15 50A 1527 4318 { 3.647 S50M 0.781 0.585 2978 {
100A 1.423 3.176 0.551 { 100M 2.062 0.826 1.416 {
200A 0.611 2.001 1.649 { 200M 1516 1.083 1.804 1.292
300A 0.148 1.270 3.309 0.718 300M { 2.079 1.481 2.085
30 50A 1.800 1.432 4936 { 50M 1.138 0.595 0.226 {
100A 1.440 2.676 0573 0.701 100M 1.907 1.988 0.134 0.986
200A 0.982 1928 1.563 1.511 200M 1.894 1372 1379 1.395
300A 0.174 1478 3.230 1.597 300M { 2170 1.346 1.739
45 50A 261 0191 6.84 { 50M 1.116 0.588 0.164 {
100A 151 197 1.04 0541 100M 1.418 1.317 0.539 1.046
200A 1.39 202 139 142 200M 1761 1.617 1.070 1.054
300A 0.344 2.03 3.16 1.00 300M { 1.932 1.675 1.915
60 50A 1634 1.169 { 2.290 50M 1.138 0.703 0.973 0.259
100A 2.102 1.452 0.870 0.537 100M 1516 1.328 1.146 0.282
200A 1.163 2.239 1.083 1.405 200M 0.922 1.280 1.370 1.830
300A 0.734 2290 2.371 0.919 300M 0.952 1.264 1.607 1.437
90 50A 0.0957 2.325 2.071 3.641 50M 1.351 0.713 0.758{
100A 1.309 2.218 0.573 1.573 100M 1.977 0.891 0.836 0.473
200A 0.962 2.033 0.892 1.564 200M 0.597 0.689 1.553 1.425
300A 1556 1.688 2.066 1.020 300M 0.993 1.054 1.058 1.593
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Figure 3.6 : Cross-sectional distributions of physical parameters geerated by an
atomic jet of speed 50 kms?! propagating into a molecular medium (AJMA). As la-
belled, the parameters shown are the mass density (gm cnf), temperature, molecular
fraction and axial speed from the upper to lower panels.

the maximum jV,aq] extent. However, this does not imply that the mass spectrum fe-
comes shallower. As shown in Figure 3.7, the opposite is ofttethe case within intervals
B and C. This is probably due to the more aerodynamic shapes ofhe higher speed
ows which lead to proportionally less of the ambient medium being accelerated to high
speeds. However, a moderately high value is not an indication of high speed since

various exceptions are recorded in Table 3.2.

Furthermore, the higher the viewing angle, the higher the maimum radial veloc-
ity. For example, the maximum point of M100 at 15 is 28 kms ! while at 90 it is
100 kms ! as would be expected from the jet radial componentvjet sin . We might
thus expect the slope to become shallower. However, inspaoh of the Table reveals
that it is true for 200A in velocity eld C and 300A in velocity eld A and C at 15

viewing angle, but not generally.

A further trend is that mass spectra of the atomic runs posses a convex shape
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Mass spectra of the eight runs at a viewing angle of 45 Both the red-

Figure 3.7 :

shifted and blueshifted emission are displayed, the redsfied material being represented
the dotted line. The vertical dashed lines mark the divisiors of the velocity intervals

mentioned in Table 3.2. A dot-dashed line is tted to the mass-velocity spectrum within

each velocity interval and the value of the slope of each linés printed near the top of

each plot.
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(steepening towards higher radial speeds) whereas the malelar runs give a slight
concave distortion within interval B. This may be related to the results of Rosen &
Smith (2004a) who noted that for some of their simulations the power-law may be

better tted with an exponential (1/e) curve.

The most pronounced shape is associated with run 50A which lsa “speed hump' at
the true (deprojected) velocity of 12.6 kms . At the 45 viewing angle in Figure 3.7
it produces a double peaked mass spectrum. The most likely cae of this intermediate
velocity spike is the extremely wide extended “working surdce' created by the 50A jet
as seen in Figure 3.1a. In fact, all the atomic runs possess arger working surface than

the molecular runs and this could be responsible for the sligt convex shapes.

A detailed study of all the mass spectra demonstrates that tlke atomic out ows tend
to produce larger values of than molecular out ows. This is particularly strong for
the low speed runs (Figure 3.8, left) while the mass spectraoi high speed runs roughly
converge (see Figure 3.8, right). The mean value of all the spes in velocity interval
B of the molecular runs is 1.2 and for the atomic runs is 1.99. Rpeating for velocity

interval C gives 1.18 for the molecular runs and 2.12 for the somic.

Mass spectra for runs MJAA and AJMA are displayed in Figure 39. They indicate
that it is the ambient medium which mainly determines the value of . Overplotting
MJAA and AJMA also clearly shows that AJMA possesses a greateamount of overall
mass in motion. The expanded jet and the blunter leading edgén the AJMA run leads

to a considerably larger volume of accelerated gas.

To further compliment the analysis we created two additiond mass-velocity plots of
the AJMA and AJMAS5O0 runs (Figure 3.10). Here, we display the molecular mass rather
than the total mass. As the jet beam is atomic, its contribution is reduced by a factor
of 10°. Furthermore, material impacting the leading bow shock is dso dissociated. This
e ectively leaves only ambient material entrained through the wings of the advancing
bow shock. In both cases shown, it leads to a signi cantly steper molecular mass-

velocity slope. A -value of 4 is reached in the 16 {32 kms? interval. Figure 3.10
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Figure 3.8 : Mass spectra at 48 viewing angle out of the sky plane depicting the
molecular run with a heavy solid line and the atomic run with a heavy dashed line
combined on the same plot for direct comparison purposes.Left panel: 50km s !
caseRight panel: 200km s ! case. The lighter solid and dashed lines represent
redshifted material.
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Figure 3.9 : Superimposed mass spectra of the MJAA (solid line) and AJMA(dashed
line) runs at the indicated orientations of the jet axis out of the sky plane. The lighter
solid and dashed lines represent redshifted material.

also shows that the of the molecular mass is slightly larger than the of the total
mass. A similar result was found in simulations by Downes & Cé#rit (2003) and later

by Rosen & Smith (2004a).
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Figure 3.10 : Molecular mass spectra at a 45 viewing angle out of the sky plane for
the two AJMA runs. The dotted line shows the original total ma ss result and the solid
line signi es the molecular mass-velocity spectrum.

3.3 Analysis and Discussion

3.3.1 Collimation

The most signi cant result is that molecular jets into molecular media generate highly
collimated outows at all jet speeds. This is due to a combinaion of two factors.
Firstly, the fact that the molecular jets have a lower sound eed, and therefore a higher
Mach number than their atomic counterparts, implies that molecular jets display little
transverse expansion. The Mach number of 100A is only 30 wheas 100M is 140 (see
Table 3.1). Table 3.1 also highlights that a fundamental di erence between the atomic
and molecular runs is the temperature of the jet and the ambiat medium. The choice
of temperature would change the Mach number and hence the caty shape. Secondly,
the molecular cooling through the leading edge and in the caty reduces the extent of
the cavity which remains in ated by a small fraction of warm atomic gas, corresponding

to the dissociated fraction from the leading edge.

In the atomic cases, as the speed is raised the out ow structte becomes steadily
more collimated. This is due to the di ering grid crossing times coupled with the natural
lateral expansion of the jet at the sound speed, & We would expect the longer the

crossing time, the greater the lateral expansion. In 50A thecrossing time is over 2,850
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years and the expansion is very noticeable compared to the 8@ case which crosses
the grid in a mere 330 years. Lateral expansion times followhe Mach expansion rule
of 1/Mjet . A visual estimation shows that at 3,000 zones in the axial diection, the 50A
jet has expanded 175 zones in the y-direction. This ratio is 7.1 which agrees with the

Mach number from Table 3.1 of 15.21.

The molecular cooling jets do not exhibit a large lateral exmnsion despite similar
crossing times. Although the 50M 2,000 year crossing time igaster than 50A, the
cavity width retains fairly uniform collimation and is simi lar to that of the 300M jet. A
similar calculation shows a 55 zone expansion after 3,000 zes which suggests a Mach

number of 55. The actual Mach number is in fact 70.

The runs with high molecular content are seen to reach greatedensities than the
atomic runs. The molecules permit the compressed gas to codhus decreasing the
pressure and so increasing the inward pressure gradient, aaing the material to collapse.
Our molecular cooling routines would allow the gas to cool asow as 1K but the dust
has a xed temperature, set to 20K, which quite e ectively heats gas (by collisions)
falling far below that temperature. On the other hand, cooling in the atomic runs is
only signi cant above 200K and is most e ective for temperatures above 10,000 K. It
should be noted that the simulations in this thesis are of pefectly collimated jets with
a zero degree initial opening angle. If we were to take a nonezo opening angle in the
form of a shear or a spray angle it would lead to the creation ofa complete range of
cavity shapes independent of the initial Mach number and degnding only on the initial

opening angle.

3.3.2 Refocusing

An oblique internal shock is evident in the density plot of 100A which leads to the jet
recollimation close to the front. Recollimation shouldersare evident to some degree in

all 8 standard runs. These are small “kinks' along the interfice of the jet beam with
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the shocked ambient medium which hint at the presence of intenal shocks within the
jet cavity. In the molecular runs, the shoulders lead to a tight focusing of the jet beam
towards the axis while the ambient medium is de ected away foom the axis by the

oblique wings of a bow shock.

3.3.3 Molecular fraction

In the molecular cases, as the speed is raised, an increasifrgction of molecules are
destroyed. In 50M there is very little molecular destruction. The greatest dissociation
occurs in a very small region at the head of the jet where it is most likely being
compressed against the axis. But even at this point, the moleular fraction only falls

to 0.38 (from 0.5).

The cavity of 100M is also mostly molecular, mainly between (2 to 0.5. At a region
around 3,000 zones in the axial direction some ambient matéal appears to have just

been entrained by a large vortex.

A transition occurs between 100 and 200 km st as the 200M cavity is almost entirely
atomic but with some hints of entrainment. An interesting feature, also at 3,000 zones
in the axial direction, is where ambient molecular material is being folded in and is now

being dispersed.

The atomic runs show the molecular fraction changing in a waythat appears similar
to the molecular runs in that the molecular fraction decreags with velocity. However,
the scaling of the atomic runs is in fact ve orders of magnitude smaller. It is still
interesting to note that such low fractions of molecular material also get destroyed.
Note that at 200M and 300M there is still no signi cant reform ation of molecules given

the density and time scale (reformation requires roughly 1&’/n seconds).
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3.4 Conclusions

We have explored how out ow structure depends on the jet sped, building on previous
works which simulated protostellar out ows generated by 10 kms ! molecular jets. We
have assumed that the jet is initially highly collimated wit hout precession in direction,
pulsation or imposed spray angle. Each of these dynamical @cts leads to distinct

predictions.

We nd that molecular jets into molecular media tend to produ ce highly collimated
out ows because of their high Mach numbers. The transverse xpansion of the jet at
the sound speed depends on the initial jet temperature. Themveloping cavity is mainly
lled with cool molecular gas for jet speeds at or under 100 ks * but is otherwise

occupied by atomic gas.

The collimation is sensitive to the jet speed when atomic jes are launched into
atomic media. The warm ballistic jets explored here are frego expand laterally which

leads to wide cavities at low jet Mach numbers.

In all the molecular cases, the leading bow shock is acute wit oblique shocks de-
ecting jet material towards the axis while external shocks de ect the ambient gas o
the axis. The result is that the high pressure cavity gas remins adjacent to the jet,
producing further oblique shocks which focus the jet gas toards the axis well before
the leading edge. Extremely high rises in pressure occur athe working surfaces of
high Mach number jets. In the molecular jets, the high presswe is only maintained
within shock layers. The layers are maintained by ram presste as the jet ploughs into
ambient material. The aerodynamic shape results in two shok layers: a leading bow
shock layer and a trailing highly oblique shock that provides jet focussing towards the

axis.

On the other hand, in the atomic cases a transverse Mach dissiformed to terminate
the low-speed jets. At speeds above 100 km$, the shock structure is more complex

with jet de ection away from the axis.
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This analysis suggests that we could tell whether a jet is atmic or molecular from its
collimation only if the velocity is fairly low, < 100 kms ®. High velocity ( 300kms 1)
molecular jets could be confused with high velocity atomic ¢ts as the molecules get
destroyed in the molecular jet and the atomic jets high speect ectively maintains the

collimation.

For all the simulations presented here we nd similar (total) mass spectra properties
for the 100 kms ! case, i.e. quite shallow distributions. Therefore, higherjet speeds
do not help to fully interpret observational statistics by p roducing steep mass spectra.
In general, mass spectra trends with jet velocity or orientdion are very weak. At high
speeds there is little di erence between atomic and molecar mass spectra. At low
speeds, they are distinguishable with atomic jets producig signi cantly steeper mass
spectra. However, atomic mass spectra are not directly obseable with atomic line

emission dominated by narrow ranges of physical conditions

Molecular mass spectra may be directly related to the obsemd ux-velocity CO
pro les such as those shown in Figures2.22 and2.23. Very raty, however, has a
prominent spike in CO pro les been observed which would be tle signature of a molec-
ular jet (Smith et al., 1997). Therefore, we presented herewo examples of molecular
out ows driven by atomic jets, nding not only that the jet ve locity spike disappears

but that the molecular mass spectrum steepens signi cantlyabove 16 kms 1.

Given these results, we conclude that other factors are redted to provide the ob-
served range of out ow properties. The present results proide the background for the
next study which will examine the e ect of density gradients and discontinuities in the

ambient medium.
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Environmental In uence on the

Propagation of Protostellar Jets

Bipolar out ows are associated with the early stages of the érmation of stars with
strong evidence for a direct connection to the in ow processthrough accretion disks
(Calvet, 2004). Many bipolar out ows have been studied sin@ their rst discovery a
quarter of a century ago as traced in rotational emission lires of carbon monoxide (Snell
et al., 1980; Bally & Lada, 1983). Currently, there is an obsevational bias towards
large established ows but new technology at millimetre andnear-infrared wavelengths
is revealing a wealth of smaller and younger out ows, such a@n the DR21/W75 region
(Davis et al., 2007). Small regions are also often observed ithe optical as Herbig-Haro
(HH) objects which are created where strong shocks form witn the out ow, or at the
leading edge where the out ow impacts against the surrounding medium (e.g. Bally

et al., 2006).

A protostellar out ow usually takes a bipolar con guration with molecular gas reced-
ing from both sides of an obscured central object. Out ows ae capable of maintaining
high collimation over distances exceeding parsecs altholigquite uncollimated distri-

butions are often found (Richer et al., 2000). Total out ow masses above 100 M are

137
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possible (e.g. Garay et al., 2007), implying that the materal does not originate from
the driving source but from the surrounding cloud. To drive such an out ow requires

a source of considerable sustained momentum output.

There are currently three distinct theories which attempt t o explain how such large
amounts of material are set in motion. One involves a wide anig wind emanating
from the accretion disk which sweeps up the ambient medium ito a shell and is itself
de ected in a momentum conserving fashion (e.g. Shu et al., 991; Lee et al., 2001,
Shang et al., 2006). The second scenario is the gradual enirament of ambient material
through a turbulent viscous mixing layer set up by Kelvin-Helmholtz instabilities as
a jet streams past (Canto & Raga, 1991). The third scenario iscalled the “prompt
entrainment' model. Here, a large bow shock is driven by a suersonic jet which is
launched and collimated by magnetic elds (e.g. Raga & Cabrt, 1993; Smith et al.,
1997; Rosen et al., 1999).

All the scenarios can explain some observed features but neris completely satisfac-
tory. One of the main problems associated with directed jet nodels is that they cannot
produce the observed out ow widths. In the directed jet modd, strong molecular cool-
ing and a high Mach number limits the transverse expansion ad the width is usually
determined by the leading bow shock. In a uniform medium, if he axial propagation
increases linearly with time, the transverse expansion ineases only as ¥ (Lee et al.,
2002). Problems with the wide-angle wind models are that thg cannot create bow-
shock like features or the high degree of collimation of somebserved ows (Lee et al.,
2002). Additionally, the wind scenario cannot explain the fact that the highest radial

velocities are found furthest from the driving source (Massn & Chernin, 1993).

It can be argued that both the jet and wind mechanisms may play cooperative
roles (Shang et al., 2006). Perhaps over time as the accretiorate falls, the jet may
weaken and the wind becomes the dominant driving mechanismAlternatively, a wide-
angle precession in the jet direction will also simulate mosfeatures of a wide-angle

wind (Rosen & Smith, 2004a).
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We examine here the issues associated with the jet scenariolt is assumed that
momentum is channeled from near the young star system via a janto the surrounding
ambient medium. The e ciency of momentum transfer has been atopic of recent
debate and suggests that it may be too low to supply the bipola out ows (Su et al.,
2004). Cunningham et al. (2006) performed simulations invstigating fossil cavities {
out ows where the driving source has recently switched o. One of their ndings is a
scaling law which could be used to predict the momentum inputinto observed cavities
from their sizes and velocities. As in the previous chapterwe calculate the physical
structure of the ow and the momentum transferred as measurel by the distribution
of CO mass, m(CO), with radial velocity, v.. The CO mass spectrum is quanti ed
by tting the equivalent power-law sections of the form m(CO) / v; even when the

power law is not appropriate.

It has been found from observations that numerous out ows apear to follow a so-
called "Hubble Law', meaning that their velocity increaseslinearly with distance from
the driving source (v/ d). This has also been noted in jet simulations of Smith et al.
(1997) and Downes & Ray (1999). The latter noted that the Hubble Law e ect is
associated with the bow shock and is a global phenomenon onif the bow shock acts
as the interface with the ambient medium for the entire ow. | n the wind model, the
higher velocity further from the source could also be causedyy an ambient medium

whose density decreases in a power-law pro le of the form=r? (Shu et al., 1991).

It becomes clear that out ows contain as much information about the medium they
disturb as the object which drives them. Hence, we need to delop means to decipher
their signatures before we can gain insight into the deeply mbedded young stellar
object (YSO) at their heart. We wish to distinguish the launch-induced properties
from the environment-induced properties. Here, we will inwestigate numerically the
in uence the environment has on the out ow. This follows up on previous works which
have explored the in uence of the driving source in terms of gt precession, pulsation,

shear, speed and rotation, all into a uniform ambient medium(Smith & Rosen, 2005a;
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Moraghan et al., 2006; Smith & Rosen, 2007).

There are two issues that require our attention. Firstly, do we observe HH objects
and molecular shocks because they are the present points aipact within and at
the end of an impulsive jet? Or, do we only observe the locatins where the out ow
temporarily interacts with dense structures in the ambient medium? To probe this, we
present three simulations containing clumps or laments inthe ambient medium for the
jet to collide with. The clumps are represented here as thicksheets, aligned transverse

to the jet axis (as the assumed cylindrical symmetry approxmation allows).

Secondly, out ows from the youngest forming stars must stil excavate through dense
protostellar envelopes. These envelopes are believed to ggess power-law density pro-
les. We ask here if there are speci ¢ signatures which can beelated to the nature
of the envelope. To probe this, we run simulations over a larg power-law parameter
space. We present four simulations to highlight the trends & changing the various

parameters.

Three dimensional simulations of atomic jets into ambient media with power-law
density pro les as well as large clumps have been presentedyldle Gouveia dal Pino &
Birkinshaw (1996) and de Gouveia Dal Pino (1999). Due to the ligh jet sound speed,
the jet is poorly collimated. They noted that the expanding j et may oscillate in velocity.
They also remarked that a jet interacting with clumps may inj ect a considerable amount
of shocked jet material sideways into the ambient medium, poviding a means to transfer

momentum through turbulent mixing with the ambient medium.

4.1 Method

Expanding on the work of Chapter 3, we have modi ed the ZEUS-D code to incor-
porate an inhomogeneous ambient medium whose density falls as a power-law with
distance from the source (the left hand side of the grid). Conparable simulations have

previously been performed by de Gouveia dal Pino & Birkinsha (1996) and Carvalho
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& O'Dea (2002) but only for radiatively cooled atomic ows an d adiabatic extragalactic
jets, respectively. Along similar lines, O'Sullivan & Lery (2002) simulated an inhomo-
geneous ambient medium by inserting a step along the grid whe the ambient medium

changes from a molecular core composition to one of an intetedlar medium.

We also add sheets of dense molecular gas perpendicular toglhet axis. Many sim-
ulations of turbulence in star-forming regions (including those with molecular cooling
and chemistry (e.g. Pavlovski et al., 2004)) show that molealar clouds would be lled
with laments and sheets of denser material. Our modi ed code somewhat approxi-
mates such a system by allowing the simple inclusion of “clups' or slabs within the

ambient medium.

Here, the entire jet and cocoon collides head on and must tunel through the sheets.
This thick shell approach may emulate head on collisions wih large clumps, the crossing
through of other out ows and their bow shocks, or, assuming aitburst episodes, may
represent bow shocks from a previous ejection event from theame source or “fossil

cavities'.

Simulations performed by Rossi et al. (2000) followed a sinf@r approach of a jet
colliding head-on with a density enhancement in 2D axisymméy. Their work di ered
by dealing with radiative extra galactic jets and the enhanced density slabs representing

Giant Molecular Clouds (GMCs).

The sound speed in the ambient medium is su ciently low ( 0.7 km s 1) so that
little dispersal of the envelope or sheets occurs. Therefer we do not include any ex-
ternal force to maintain either the envelope density or the ell density pro le. Strictly
speaking, however, the sheets would correspond to the tempary features expected
in a turbulent medium. The longevity of the sheets was careflly tested by modeling
the ambient medium alone for thousands of years to investige if there was a drifting
of the higher density material to the lower. It was found to be negligible for the grid
crossing times of all our jets. This can also be veri ed on the gures presented here

which display the density pro le of the ambient medium at the times indicated.
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We follow the same overall grid dimensions as Chapter4, i.e.2.5D axisymmetric
simulations on a grid of 4,000 800 zones covering (2.510'cm) (5 10%cm) in extent.
The initial jet radius is Rj = 2.5 10%cm, leading to 40 zones per jet radius, 100 jet
radii in the axial direction and 20 jet radii in the radial dir ection. Again, magnetic
elds have been omitted as we are only focusing on the e ect othe ambient medium

on the out ow.

For this study, we focus on one particular set of initial jet conditions: the 100 kms !
atomic jet into a molecular ambient medium (the AJMA jet of Ch apter4). The jet is
over-dense with respect to the ambient medium by a factor of = j/ 4= 10. The
molecular hydrogen abundance in the ambient medium is set td.5 (fully molecular)
and in the jet beam the molecular fraction is reduced to 10° with the carbon and
oxygen abundances remaining as 1¢. This ensures that only the atomic radiative

cooling approximation controls cooling in the jet.

By taking an atomic jet, we are able to explain bipolar out ow s which possess high
values of the mass-velocity power law index, (Moraghan et al., 2006). However,
we thereby exclude the presence of high velocity CO along thenain jet axis, as is
sometimes observed (see Downes & Ray, 1999). Although molde formation can occur
in the encoded physics, the jet material remains atomic due @ the low density. On
the other hand, the lack of a detectable high velocity jet conponent in most mass-
velocity observations may be attributed to the absence of mtecules in the jet beam
itself. However, it could also be explained if the molecularjet beam possesses velocity
variations and, thus, the jet contribution is spread over the full velocity range (see
Section 4.6). In reality, it is possible that the jet may heat and liberate CO from ices
on dust or grain surfaces, where the CO had previously frozemo the surfaces at low
temperatures below 20K, and densities of 10*cm 2 typical of starless cores (Carolan

et al., 2008).
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Table 4.1 : Summary of the parameters of our setup.

property Jet Ambient
density, (gm cm 3) 2.342 10 2t 2342 10 %
sp. energy, (ergs cm®) 2.278 10 1© 1.933 10 12
n(H2)/n 1.0 10° 0.5
sp. heat ratio, 1.66667 1.42857
temperature, (K) 1,000 100
Sound speed, (km s?) 3.29 0.71
Mach number, Mjet 30.42 140.67

Our ambient medium density pro le nearly follows the form of a King pro le:

da

d(i) = RET0)

; 4.1)
whered(i) and x(i) are the density and position, respectively, along the x-diection (the
jet axis) expressed in zonesd, is the initial ambient medium density (see Table 4.1),
is the size of a relatively uniform “core' or plateau region at the beginning of the
grid and is the power-law exponent. We found that the and parameters are
intrinsically linked and must both be carefully controlled in order to obtain sensible
pro les. Figure 4.1 displays the four pro les used in the enwelope simulations presented

here and Table 4.2 lists the parameter space covered.

Table 4.2 : Summary of the parameters for the ambient medium density po les.
represents the power-law exponent and represents the sizef the “core' region de ned
by Equation4.1.

Prole (cm) (zones)

1 4.0 1.250 10 2,000
2 1.0 6.250 10'® 1,000
3 1.5 3.125 106 500
4 2.0 3.125 10' 500
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Figure 4.1 : Plot showing the four ambient medium density pro les used in our pro-
tostellar core simulations superimposed for comparison pyoses and labeled Prole 1
{ 4, the parameters of which being displayed in Table 4.2.

4.2 Results: composite gures

The multifaceted visualisations of the main runs shown in Fgures4.2 to 4.8 present

the following information.

The rst panel displays the total mass density in g cm 3 on a logarithmic scale
with the corresponding scale bar to the right. The simulation “age' is shown in

years.

The second panel displays the temperature in degrees Kelvjragain on a loga-
rithmic scale with the scale bar displayed on the right. The gure is ipped by

180 to aid in visualising the entire out ow.

The third panel shows the molecular fraction or, in other words, the ratio of
hydrogen molecules to the total number of hydrogen nuclei ({H»)/n). Itis on a

linear scale from 0 (completely atomic) to 0.5 (fully molecuar).

The fourth panel displays the pressure in erg cm? on a logarithmic scale.
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The fth and sixth panels display the axial (v1) and radial (v 2) velocities, re-
spectively, in km s 1. Interestingly, negative v2 velocities can be seen signifgig
motion towards the jet axis. This shows turbulent mixing/en trainment along the

cocoon.

The seventh panel is a graph of the density pro le of the undisurbed ambient
medium (solid line) along the full axial extent of the grid (x -axis in the plots).
The “log(density)' axis label signi es mass density in g cm 3 on a logarithmic
scale. The corresponding jet beam (dashed line) density prie is shown at a
radial distance of O (y-axis in the plots). The and parameters for each core

simulation are printed to help aid identi cation.

The bottom detached panel is a plot of the values as a function oftime. The line
thickness represents the radial velocity intervals, rangng from the thickest line
for the fastest ((16{32 kms ' and '8{16 kms ') intervals to the thinest line for
the slowest ('4{8 kms ' and "2{4 kms ). They are additionally colour coded
in the electronic version against the nal instantaneous mass spectrum display to
the right. These plots were obtained with the aid of an additional modi cation to
the ZEUS-3D code. This modi cation calculates and outputs the mass-velocity
spectrum at intervals of one year during the simulation. Animations of the data
thus allow us to precisely follow the evolution of the mass-elocity pro le as the

out ow propagates across the grid.

The instantaneous end-of-run mass spectra are plotted in th bottom right panel.
All the spectra are displayed for a 45 viewing angle out of the plane of the sky.
The y-axis scale is in units of the logarithm of solar mass pekilometer per second,

log(M /(km/s)).

The solid line shows the molecular mass in motion while the dited shows the
total grid mass in motion, both representing blueshifted maerial towards our line
of sight. The vertical dashed lines divide the spectra into he four radial velocity

regions: "A', 16{32 kms 1; 'B', 8{16 kms 1;'C', 4{8 kms land ‘D', 2{4 kms 1.
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The slope of the molecular mass spectra within the intervalds printed near the

top of each plot. These values are additionally colour codedo the lines of the
versus time plot. The sharp peaks in the total mass spectra neresent the jet

beam material at a radial velocity, jViaq]j, Or Vjet Sin , whose log value is 1.85 for

our 100 km s ! jets.

High resolution electronic versions of the gures are ava#éble on the included optical

disk.

The simulations were initially run at low resolution to expl ore a wide area of pa-
rameter space. Several resolutions were then employed to ebk that convergence in
the results was occurring within the expectations for a turbulent ow. The surprisingly
strong and rapid temporal variability in  was noted. Selected runs were then re-run

at high resolution to provide the gures displayed here as Fgures 4.2 to4.8.

Ambient density “clump' simulations are shown in Figures46,4.7 and4.8. They

consist of various con gurations of slabs or sheets within he ambient medium.

4.3 Propagation out of cores

4.3.1 Flow structure

The initial density pro le of the ambient medium follows a sequence as shown in Fig-
ure4.l. Itis apparent that the sequence corresponds to a tred in the turbulent density

structure from Figure 4.2 to Figure 4.5, as follows:

1. The jet owing through the plateau core of Figure 4.2 geneates a turbulent
interface in the inner region. However, a smooth shell is produced around the leading

bow which has exited the plateau.

2. The smooth shallow gradient taken in Figure 4.3 yields theopposite result. The

expanding jet interacts stronger with the outer regions, and the turbulent interface is




Table 4.3 . Comparison of the mass and momentum values of our runs at theend of grid con gurations. In the eighth and tenth
columns, “‘momentum’ is abbreviated to ‘mom'. The values forthe “Uniform' run are taken from the AJMA simulation of Figur e 3.5b

in Chapter 3.

Run Entire grid  Total moving H > mass Total mass H H> mass/ H, mom/  Injected mass/  Uniform H > mom/
mass over 3 km/s over 3 km/s momentum momentum Total mass Tota | mom  Total moving Run H 2 mom
™M ) ™M ) ™M ) (M km/s) (M kmls) mass

Prole 1 1.31(-4) 1.04(-5) 1.88(-6) 4.85(-4) 1.37(-5) 0.182 0.028 0.704 0.37

Prole 2 9.99(-5) 1.02(-5) 1.17(-6) 4.87(-4) 8.78(-6) 0.115 0.018 0.712 0.23

Prole 3 5.59(-5) 7.99(-6) 6.11(-7) 4.36(-4) 3.94(-6) 0.076 0.009 0.822 0.11

Prole 4 4.82(-5) 7.55(-6) 4.99(-7) 4.35(-4) 3.40(-6) 0.066 0.008 0.870 0.09

Multiple Clump 7.22(-4) 3.11(-5) 1.96(-5) 6.35(-4) 1.78(- 4) 0.63 0.28 0.33 4.75

Single Clump 4.01(-4) 1.86(-5) 8.49(-6) 5.26(-4) 7.26(-5) 0.46 0.14 0.43 1.94

Extended Clump 1.21(-3) 3.25(-5) 2.28(-5) 5.38(-4) 1.62(-4) 0.70 0.30 0.27 4.32

Uniform 2.39(-4) 1.51(-5) 5.08(-6) 5.32(-4) 3.75(-5) 0.34 0.07 0.53 1
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Figure 4.2 : The outow structure for the plateau density prole, Prol e 1, simu-
lation given in Table4.2 and illustrated in Figure4.1. See ®ction4.2 for full gure
explanation.

located in the leading half of the ow. The turbulence is portrayed in the velocity

components as well as the density.

3. The structure of Figure 4.4 is generated by a moderate deity gradient. The

density shell contains only weak turbulence but does contai a large vortex.

4. The steep density pro le of Figure 4.5 produces a very smah interface. There

is no sign of turbulence or large vortices.
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Figure 4.3 : The outow structure for the plateau density prole, Prol e 2, simu-
lation given in Table4.2 and illustrated in Figure4.1. See ®ction4.2 for full gure
explanation.

These e ects are correlated with the density, temperature and pressure pro les.
Turbulence is not created in Figure 4.5 corresponding to Prde 4 because a hot atomic
cavity can expand laterally into the lower density surroundings. The rapidly falling
ambient pressure and the wide cavity protects the jet from pressure feedback from the

ambient gas. As a result the jet continues to propagate balktically (see the conical
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Figure 4.4 : The outow structure for the plateau density prole, Prol e 3, simu-
lation given in Table4.2 and illustrated in Figure4.1. See ®ction4.2 for full gure

explanation.

structure of the axial velocity, v1), expanding laterally at a small constant rate. The

jet and ambient material ows into the cavity at speeds approaching 40 km s 1. The

cavity is lled with hot low-density atomic gas at around 10 ° K.

In contrast, with a shallow gradient, the ambient and jet pressures become compara-

ble (Figure 4.3). The jet is slightly de ected towards the axis and the highest pressure

of all four simulations occurs at the impact location or terminal shock. The cavity
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Figure 4.5 : The outow structure for the plateau density prole, Prol e 4, simu-
lation given in Table4.2 and illustrated in Figure4.1. See ®ction4.2 for full gure
explanation.

contains warm atomic gas at 10* K.

Returning to the plateau core (Figure 4.2), the turbulence takes the form typical of
a mixing layer brought on by the Kelvin-Helmholtz instabili ty. This was also revealed
in the simulation AJMA where a uniform environment was taken. This demonstrates

that a turbulent cocoon is not only caused by a “clumpy' ambiat environment.

An intrinsic feature associated with all the jets presentedhere is that after propa-
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Figure 4.6 : The out ow structure for the Multiple Clump discontinuity — simulation.
See Section 4.2 for full gure explanation.

gating about 1,000 zones, the jet density begins to fall (obarve the dashed lines on the
graphical pro les of the seventh panels). This is due to the popagation of a rarefaction
wave from the jet beam surface to the central jet beam axis at he sound speed. As the
jet beam is supersonic, this sound signal travels inward wh a Mach angle of about 3.
The di ering rates of the decreasing ambient density betwea the runs do not have a
noticeable e ect on the central jet expansion. It does howeer e ect the expansion rate

of the cocoon with Pro le 3 and 4 having a smaller length to width ratio compared to
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Figure 4.7 : The out ow structure for the Single Clump discontinuity si mulation. See

Section 4.2 for full gure explanation.

Proles 1 and 2.

The molecular fraction panels of Figures 4.2 and4.3 show a ehr division between

shocked jet beam and shocked bow shock material. Entrainméns seen to occur in

discrete clumps via uid dynamic instabilities along the a nks (along with entrainment

and strong dissociation around the front leading edge). In ontrast, the broader bow

shock wings of Figures 4.4 and 4.5, intercept and partially ésociate a higher fraction

of the ambient molecular gas over wide areas. Thus, our steepro le run in Figure 4.5
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Figure 4.8 : The out ow structure for the Extended Clump discontinuity simulation.
See Section 4.2 for full gure explanation.

resembles the shape of the simple bow shock models of Raga &l@d (1993) suggesting
pure bow shock entrainment. Finally, note that the radial extent of the shocked jet

beam material in the cocoon remains roughly constant for edt pro le.

Are steeper pro les more e cient at setting mass in motion? A lthough the steeper
pro les generate broader shocks that intercept a large volme of molecular gas, Table 4.3
demonstrates that both the total moving mass and moving moleular mass actually

decreases for steeper proles. Hence, less mass is being givep despite the cavity
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volume appearing larger. Similarly, the same is true for themomentum values. It
is clearly a trade o between cocoon width and the ambient medum density. Lower
ambient densities lead to a wider ow but with less mass to entain. Higher densities
lead to a more collimated out ow where the mass entrainment 8 mainly through the

terminal bow shock.

Corrected for out ow age and moving from Prole 1 to 4 we nd:

The entire grid mass drops by about 2.5 orders of magnitude ytethe total moving

mass fraction only decreases by about 20%.

The total mass momentum decreases by 45% yet the molecular meentum de-

creases by a much larger amount, 120%.

This suggests that the steeper the pro le, the less e cient the sweeping up of molec-
ular ambient material becomes. The cavity increasingly cosists of processed atomic
jet beam material. Less molecular mass is entrained despitéhe larger in ated bow

shocks.

The fraction of injected-mass/total-moving-mass increags as the pro les become
steeper. In all the runs, jet beam material is injected onto he grid at a steady rate
of 7.295 10 °M /year, but less grid moving mass leads to larger fractions. Vith
these smoothly varying pro les, however, the fraction remdns in a small range between

0.7{0.8.

Note that the “'moving mass' is de ned with a lower limit of 3 km s ! since it would
be di cult to distinguish between general cloud turbulent m otion and out ow motions

at lower velocities.
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4.3.2 Mass spectra analysis

The time evolution of the mass spectra as well as the nal masspectra are displayed on
the gures for each run. The chosen angle to our line of sights 45. The major result
is the strong and rapid variability of the characterising indices for radial speeds
exceeding 4 kms 1. However, for low radial speeds (thin black line on evolutim
plots), the indices remain quite constant and relatively at (close to unity). This
implies that most of the mass set in motion possesses speedsaofew km s 1. Most of

the momentum is contained in the gas moving at speeds exceedj 4 km's 1.

The time scale of the variation corresponds to that associad with large scale
changes to the leading bow shock. The jet dynamical timescal rjet=Viet is 8 years
while the bow dynamical timescale is taken as how=V2max Where we take the bow size
asrpyow = 101 cm and the maximum transverse spee&2max =30 km's 'to give 100

years.

All the runs possess a small CO mass{velocity peak lying beteen a radial velocity
of 45{55 kms 1. This is due to entrained ambient material in the working surface
behind the bow shock. At certain times the working surface maerial gets expelled
into the cavity as a vortex. This phenomenon can be seen to hay just occurred in
Figure 4.4 where the shedded vortex has slowed to a radial vetity of 16 kms 1. Its
strength in the mass-velocity plot dampens as it propagatego slower v;oq before nally
being absorbed within the low velocity mass reservoir. The ortex shedding events also
appear on the evolution plots in the intervals "C' and "D which display corresponding

peaks and troughs at simultaneous evolution times.

The values for material with radial speeds 16{32 km s generally display the
strongest variability,  reaching values in excess of 4 for short periods. The varialfty
is correlated with the turbulence. In the plateau core, strong variability is present
after just a few hundred years. With the shallow gradient (Figure 4.3), the variations

start after 500 years, coinciding with the development of the vortices. Note that at
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rst, this generates a quite at index of 1 at 600{700 years, caused by the initial
development of a large vortex. Once the vortex is transferrd to the cavity interface
where turbulence then develops, the spectrum then steependNote that this behaviour
appears to be present but less dramatic in the following runswith steeper density
pro les. While there is less turbulence in these runs, thereis a mild interaction with

the jet.

The mass spectra referred to above are the CO mass spectrajated to observations.
Note the total mass spectra (dotted line) are much atter. Not only does the jet
contribute to this (see the spike on the dotted lines on the rght-hand panels) but the
atomic ow into the cavity generates a very at pro le. Hence , to obtain a steep pro le
we require an atomic jet or a means to dissociate the molecutebefore they enter the

cavity.

Furthermore, there is no obvious general trend in the simuléions for steepening or
attening with time { depending on the precise conditions, and the particular time
of observation, almost any mass spectrum can be observed. Ehaverage overall
value can be seen to generally slowly increase over time bemth the uctuations of
the fastest two intervals (C' and 'D") in the intermediate and steep proles (See
Figures 4.4 and 4.5). The slower two intervals, (A" and "B') tend to remain constant
but the more turbulent the cocoon becomes (i.e. in a less stgedensity gradient run),
the uctuations translate back to the slower intervals and | ead to a general rise in those
intervals. A noticeable example of this can be seen after 609ears of propagation in

the shallow envelope run of Figure 4.3 where in interval "A' is increasing slowly.

The long-duration simulations of Keegan & Downes (2005) found that for veloci-
ties over 20 kms 1, there were substantial variations of , while for velocities below
20 kms 1, the value became constant. This is in agreement with our resultsvhere

we nd little variation in our slow "A' and "B' radial velocit y intervals.
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Figure 4.9 : H, 1-0 emission maps displayed in the plane of the sky for the shiaw
gradient run (Pro le 2), Figure4.3.

Figure 4.10 : H, 1-0 emission maps displayed in the plane of the sky for the eenhded-
clump run, Figure 4.8.

4.4 H, emission

In an attempt to create further links to observations we plotted integrated H, 1! 0 S(1)
emission maps of our runs at the end of grid times displayed ithe main gures. We
present two of the emission maps here in Figures 4.9 and 4.10.he 2.5D axisymmetry

approximation leads to the apparent annuli or tube like structures that are visible.

The Prole 2 run is presented in Figure 4.9. All the ambient medium density pro le
runs were found to create similar smooth emission near the émt half of the cocoon

surface though the intensity of the ux drops as the pro les become steeper.

Figure 4.10 is the emission map of the extended clump run whicwill be described
in the next section. In the density discontinuity runs, the majority of ux is located at

the front bow-shock and through the later two high density shells.
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4.5 Propagation through sheets

451 Flow structure

We may expect that impacts with dense sheets would disrupt tle bow shock and cavity
su ciently to alter the mass spectrum. We display three such simulations here, all
with sheets fteen times denser than the ambient medium. Thedensity pro les are
again displayed in the seventh panel of the following gures Although the sheets are
1.5 times the initial jet density, they are somewhat denser han the impinging jets at
the point of impact due to jet expansion. Figures4.6 and4.7 iplay ows in which
three sheets and one sheet, respectively of thickness 1.250'® c¢cm cut across the grid.
The results of a simulation with three sheets of thickness 325 106 c¢m is displayed in
Figure 4.8. Note that the sheets are not pressure con ned andhe edges of the sheets
expand at the sound speed due to a rarefaction wave. In 1,000enrs, the wave will

propagate 10 zones, as shown.

Prominent e ects occur along the anks of the out ow. Impact s with the clumps
lead to temperatures over 200,000 K along the edges. As expged, this leads to strong
turbulence, especially notable in the distribution of the molecular fraction. The turbu-

lence entrains the molecular mass which reaches high veldieis.

The presence of the clumps clearly pinches or focuses the ooitvs, suppressing the
low density cavity from lateral expansion and forcing mateiial towards the axis as seen
by the negative radial velocities (e.g. atthe second clumpri Figure 4.8). A similar e ect
was found in the 3D simulations by Cerqueira & de Gouveia Dal fho (2001) of jets
propagating into ambient media of increasing density and pessure. The authors noted
that the low-pressure cocoon gets compressed and the leadjtow-shock structure gets

destroyed.

The clumps have invoked a much more turbulent cavity/ambient medium interface.

This has led to a greater amount of molecular material in moton than compared to a
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similar uniform ambient medium simulation. However, the increases shown in Table 4.3
are commensurate with the additional mass available on the gd to be accelerated.
Nevertheless, the higherfractions of H, momentum and moving mass result from the
expected increase in transfer e ciency of these quantitiesin ows which are not driven

by ballistic (overdense) jets.

The sheets thus produce a signi cant molecular/total moving mass fraction (0.70
for the Extended Clump run compared to 0.18 for the plateau coe (Pro le 1)). Fur-
thermore, the majority of the total momentum derives from molecular momentum with
signi cantly higher molecular/total momentum fractions w hen compared to the “core'

runs (0.3 for the Extended Clump rum compared to 0.03 for the pateau core).

Each of the clump simulations possess di erent out ow crosing times (displayed on
the gures). Surprisingly, the out ow of the extended 3-clu mp simulation (Extended
Clump) crosses the grid faster than in the narrow 3-clump sinulation (Multiple Clump).
Thus the focussing can be more important than the inertia of the sheets. Despite the
Extended Clumps run possessing the greatest grid mass, andoth the greatest moving
total and H, masses, the Multiple Clump run possesses the greatest monmteim. This
suggests that if clumps are too large they would have a detrirantal e ect on momentum
transfer. The value ( j/ a) drops accordingly from the initial over-dense 1.5 value.
For both the Multiple Clump and Extended Clumps runs, in the rst clump equals
0.66, at the second clump equals 0.13 and in the third clump equals 0.04. The jet

thus becomes a “light jet' within the clumps ( j/ a < 1).

4.5.2 Mass spectra analysis

Collisions with the sheets lead to large uctuations in . The evolution plots of Fig-
ures4.6,4.7 and 4.8 show an abrupt increase in the highest leity  interval, interval
‘D', as the jet impinges on the rst clump. Hence, the highestvelocity bow-shock ma-

terial is rapidly decelerated by the high density sheet. Thi steepening propagates back
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to the slower velocity intervals while being damped by the geater quantity of material
at the lower velocities (visible in available movies), in a nore extreme fashion to the

vortex shedding events discussed for the core pro le runs.

Comparing the vs time plots of Figures 4.6, 4.7 and 4.8 we see that the collisn with
a single clump is su cient for a persistent uctuation of the high velocity component

pro le. The suppression of the high velocity component remains in the Multiple
Clump run where the front of the jet fails to have su cient tim e to reform a stable high
velocity bow shock. However, the di erence in this case is that the further collisions feed
back to the slower velocities intervals and lead to uctuations in those components

instead.

Overall, the presence of sheets can lead to higher values compared to the core
simulation values. The high velocity component reaches as high as 6 to 7.5 for the

initial collision in the clump runs whereas the core runs do ot rise above a of 5.

4.6 Velocity prole

The jet beam velocity pro le simulation was an attempt to rem ove the jet beam contri-
bution to the mass-velocity plots. In the previous mass-vebcity plots of this chapter,
the total-mass (dotted line) resulted in a peak at high radia velocities due to the jet
beam material. It was noted that this peak is not usually detected in observational

mass-velocity measurements.

Here we set an initial jet beam velocity of 100 km s?® which decreases linearly with
time to 0 km s ! by the time the jet had reached the end of the grid. This con guration
of a jet beam velocity gradient completely removes the jet bam component from the
mass-velocity prole by ‘smearing' it out over the entire mass-velocity range. The
resulting simulation is presented in Figure 4.11 (Here, dugo a computer upgrade, we
also performed a higher resolution run of 8,000 1,000 zones). The seventh panel

displays the jet beam velocity pro le. It shows that the maxi mum velocity at the jet
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Figure 4.11 : The out ow structure of a uniform ambient medium simulatio n where
the jet beam velocity linearly decreases from an initial valie of 100 kms?to O kms 1.

See Section 4.2 for full gure explanation except for the seenth panel which now shows
the velocity pro le of the jet beam. Here the resolution was increased to 8,000 1,000
zones.

beam head is 60 km s! showing that the initial injection of 100 km s ! material has

naturally decelerated.

The mass-velocity plot of Figure 4.11 resembles that of the loservational example
of Figure 2.23 with a breakpoint at the radial velocity of 16 km s ! between a high

of almost 8 and a low of about 1.5.
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In reality, such jet beam velocity pro les could be imagined if the ejection rate from

the protostar were to decrease with time.

4.7 Conclusions

Information about the cold environments which harbour young stars can be extracted
from millimetre observations, employing dust and molecula tracers. However, the
young stars drive bipolar out ows which alter the environment and possess distinct
observational signatures. These signatures contain infonation about the interaction
with the environment as well as the driving star. Our purposehere has been to use the
high resolution a orded by two-dimensional hydrodynamic simulations to explore the

interaction.

Protostellar cores have been simulated here as smooth dekhsipro les. With uni-
form or gradual density decreases, possibly corresponding the youngest protostars,
the outow structures are narrow with turbulent entrainmen t of clumps along the
anks. Steeper density pro les, which may correspond to moe evolved young stars,
are dominated by the leading bow shocks which entrain by ploghing through ambient

gas.

The environments may also be pervaded by a pattern of dense dments or sheets.
Out ow maps may be dominated by the locations where the out ow impacts or cuts
through sheets, where the majority of the material is acceleated and excited. Here,
we have shown that a collimated out ow can become turbulent dter passing through

a shell.

The mass spectra corresponding to the molecular componentavy substantially in
time, especially at radial speeds exceeding 15 km 8. The index increases sharply as
a jet impinges on a sheet, followed by a gradual return to a shifower spectrum. The

index also strongly varies in simulations dominated by the fiedding of large vortices.
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Our mass spectra provide a link to observationally obtainedmass spectra. In general,
our values lie between 0.8 to 4 with steeper slopes towards the djfh velocity end, in
keeping with observations. We thus nd general agreement wth published values. The
simulations suggest that the preponderance of observed owws with high  values is

evidence that the jets penetrate highly non-uniform media.

The mass spectra generated by interactions with shells didpy relatively small dif-
ferences between molecular mass and total mass pro les. Hee, in ows dominated by
transverse interactions, the molecular mass is representige of the total mass. How-
ever, in the case of core-type density distributions, thereare always large discrepancies
between CO-derived line pro les and the underlying total mass distribution. The dif-
ference is mainly at speeds in excess of 20 km sand is thus related to the leading

edge of the bow shock where molecules su er wholesale dis$at@n.

The total mass in these out ows (see column 2 of Table 4.3) aremany orders of
magnitude less than observationally obtained values. Oneegason is that our simulated
out ows are relatively young. Real out ows have dynamical timescales of the order
10* to 10° years. Scaling our 1,000 year 10® M out ows by 100 and doubling for
bi-polarity, we still obtain relatively less massive out ows. We have also assumed low
jet densities in order to better resolve radiative cooling and molecular chemistry. The

densities of jets associated with Class 0 protostars may be,d00 times higher.

It should also be noted that a strong magnetic pressure in thget would promote
jet expansion, generating wide out ows. The magnetic eld in the ambient medium
may also cushion the shock waves, leading to signi cantly Iss dissociation. Recent
axisymmetric MHD jet simulations were performed by de Colle& Raga (2006). These
con rmed previous ndings that the tension created by a toroidal magnetic eld tends
to collimate the spine of the jet and produces a nose cone. Caidering this morphology,
we may expect shallower mass-velocity plots and lower values as cavity material is
focused close to the high speed jet beam thus leading to an inase in high velocity

components combined with less ambient medium entrainmentrom the bow shock.
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Our simulations suggest that observational break points inmass spectra are con-
trolled by large vortex features in the cavity. Sharp break points at low radial velocities
do not occur in our simulations. The time evolution plots suggest break points, such
as shown in Figure 4.5, are transient features created by lagje vortex shedding events
where a build up of material in the working surface gets expdéd into the cocoon.

Figure 4.3 shows no noticeable break point.

Figure 4.6 shows a break point at a radial velocity of 25 kms! where a small
velocity peak exists. As we see in animations, this velocitypeak will propagate back
to the slower mass-velocity intervals with time, e ectively dragging the apparent break

point back with it.

Sharp break points may indicate that the out ow impacts with ambient clumps,
or episodic out ows are generating new large vortices. We mya thus predict partic-
ularly bright Herbig-Haro objects from such mass spectra. looking for large dier-
ences between high and low velocity in studied out ows, we nd large di erences for
NGC2264G and G192.16, both associated with strong shock awity (Shepherd et al.,
1998).

We conclude that mass spectra of protostellar out ows canné be used to derive in-
formation about the driving source due to a strong dependene on the ambient medium.
Even the total momentum delivered into the ambient molecular medium can vary by
an order of magnitude, according to the nature of the interat¢ion which is stronger for
higher densities (lighter jets) and more clumpy density didributions, as expected. Steep
ambient medium density pro les are extremely ine cient at t ransferring momentum

both compared to a “clumpy' environment and a uniform one.

The study presented here unites the results of other studiesvhich have focussed on
speci ¢ simulations. Recent work by Banerjee et al. (2007) bturbulence in molecular
clouds has shown, in 2D slab jet simulations, that a transiehjet can completely disperse
a higher density clump of material through which it moves, thus e ectively transferring

momentum. Work by Yirak et al. (2008) simulated the interaction of the out ow on
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randomly placed small (smaller than the jet diameter) clumps on 2D grids. They found
that the small scale clumps can compare to recent observatits of Herbig-Haro objects.
Carvalho & O'Dea (2002) noted less structure in the cocoon da to lack of turbulence

in their declining density atmosphere runs, as we have foundn our steep pro le runs.




Final conclusions and future work

Conclusions

To summarise, we investigated the phenomenon of protostedr jets and out ows through

numerical simulations. We focused upon two complimentary apects.

The rst examined whether the properties of the out ow had a dependence on
the properties of the jet. We proceeded by simulating jets ofvarious velocities and
compositions. We created mass-velocity plots in order to aate a link to observations.
Generally, simulated mass-spectra have had di culty matching the wide range of mass-
spectra found from observations. We mostly obtained shally mass-spectra ( 1{2)
which were independent of jet velocity, but found steep masspectra could be obtained

through an atomic-jet/molecular-medium combination.

The second aspect was an investigation into the e ects that he ambient environment
would impose upon the protostellar jet/out ow. We created r ealistic protostellar en-
vironments consisting of density gradients and density disontinuities. Once again, we
plotted and analysed the mass-spectra of the simulations. \& found that non-uniform
media lead to steeper mass-spectra, in line with those obtaed from observations.
We also found that the mass-spectrum of an out ow can vary sulstantially during its

dynamical evolution.

Let us return now to the observations presented in Chapter 1,namely, HH1/2 (Fig-

ure 1.6) and HH211 (Figure 1.8).
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It is reasonable to assume that the signi cant dissimilarities of the HH1 and HH2
bowshock are due to di ering ambient environments on both sdes of the central proto-
star. This shows the importance of the e ect of the ambient medium upon the out ow.
The disrupted appearance of the HH2 bowshock could resemble turbulent struc-
ture obtained in our density discontinuity runs, such as Figure 4.7 (bearing in mind the

limitations of our 2.5D simulations).

The greyscale H 1{0 S(1) 2.122 m emission of HH211 in Figure 1.8 shows limb
brightening along the out ows bowshocks with some brightering from internal knots.
Our H, 1{0 S(1) emission plot of an ambient density pro le run in Figure 4.9 shows
the emission is dominated by the terminal bowshock, as with HH211. Figure 4.10 of
a density discontinuity run shows emission where a collisio with ambient medium
density enhancements occurred. Perhaps this is a possiliifito explain the existence

of the knots of HH211. Overall, it warrants further study.

Future work

Many routes of future study can taken from here.

The work of investigating simulated mass-velocity pro les could be continued and
expanded upon by incorporating more physics such as pulsedr geriodic jet beams,

the addition of MHD, and ultimately, the addition of the thir d spatial dimension.

Interesting work is currently being performed with magnetically driven laboratory
jets on scales of tens of millimeters (e.g. Ciardi et al., 208). Our density discontinuity
simulations would be particularly suitable to be compared drectly to laboratory jet
simulations where the laboratory jet could collide and tunnel through very thin sheets

of material.

For now, two ideas which are currently being pursued will be @éscribed below.
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Colour-colour diagrams of out ows

Any type of simulation can be performed through the wide range of available input
parameters. However, it is important that they have a relevance or link with observa-

tions. This can be achieved by applying observational consaints to simulations and/or

displaying the simulated data in the form obtained by obsenations. Besides the pre
viously seen mass-spectra and molecular emission maps, dher diagnostic routinely

used by observers are colour-colour diagrams.

Colour-colour diagrams are mainly produced for star formirg regions in order to
determine the evolutionary stages of young stars. The Infreed Array Camera (IRAC)
on the Spitzer Space Telescope is particularly suitable focreating colour-colour plots
as it provides simultaneous images at four wavelengths, 3,815, 5.8 and 8 m. Colour-

colour plots can be produced from combinations of these fouwavelengths.

If applied to an extended source, such as a protostellar outow, a cluster of points
would appear on the colour-colour plane where regions of theut ow possessing dif-
ferent properties are spread out. Such plots have been cread before (e.g. Smith et al.

(2006)).

We could extend the work by creating colour-colour plots fran our simulated out-
ows and compare and contrast them with the positions where dservational data lies.
Already, coding to create synthetic maps from our simulatims based on the Spitzer
IRAC bands has been written by Smith & Rosen (2005b). Observéonal data is plen-
tiful. Currently, post-processed IRAC data of at least 19 regions containing out ows

are publicly available from the Spitzer Science Center dataarchive.

The coming years will see a plentiful supply of new data from he next generation of
telescopes, building upon the success of Spitzer by spedsahg in the infrared and sub-
millimeter regions of the spectrum to probe the cool dense mgons of molecular clouds,
out ows, proto- and pre-stellar cores. These telescopes wlude the European Herschel

Space Observatory, which will cover the far-Infrared to submillimeter wavelengths and
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currently due for launch in 2009. The Atacama Large Millimeter Array (ALMA) due
for completion in 2012 will use interferometry to detect submillimeter and millimeter
wavelengths at high spatial resolutions. The successor tohe Hubble Space Telescope,
the James Webb Space Telescope (JWST) will be another an infired space telescope
due for launch in 2013. Finally, the proposed European Extrenely Large Telescope

(E-ELT) is to have near-infrared capability and may be completed by 2017.

The study of the current Spitzer data would enable us to disetangle the features
and conditions occurring in real out ows through their positions on a colour-colour

diagram with the help of the detail available from fully resolved numerical simulations.

Full-scale self-consistent protostellar jet simulations

Another tempting project would return and focus on the numerical aspect by perform-

ing full-scale self-consistentjet simulations.

Typically, protostellar jet simulations have come in two forms, either Jet launching
simulations or Jet propagation simulations. The jet launching simulations concentrate
only on the region close to the accretion disk and a relativef high resolution is required
to simulate the complex MHD launching and collimation processes that are necessary
to launch a jet. Due to these heavy computational requiremets, they typically only
cover a region of a few tens of Astronomical Units (AU) aroundthe star. On the
other hand, jet propagation simulations (the type in this th esis) assume that the jet
has already been launched and collimated and only simulatehte propagation of the

collimated beam over much larger time and length scales of t&s of thousands of AU.

What is required is to link the jet launching and jet propagation simulations to-
gether into a single large self-consistent jet simulation. Such complete self-consistent

simulations have not been performed before due to computatinal limitations.

Now, however, the computer power capable of handling such tge simulations is be-
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coming available. Since the beginning of 2008, the Irish Cear for High-End Computing
(ICHEC) have added an IBM Blue Gene/L and IBM Blue Gene/P supercomputer to
their repertoire. The more powerful IBM Blue Gene/P is the r st of this class of power-
ful supercomputer to be installed in Europe and is capable operforming calculations at
a rate of 13.9 T ops (Previously, ICHEC's most powerful system was their distributed

memory "Walton' cluster with a maximum performance of 4.55 TFlops).

A modern AMR code would be necessary in order to handle the chages of scale from
from sub AU zone sizes near the launching point to multiple AUzone sizes downstream
in the jet propagation region. The inclusion of MHD and moleaular chemistry routines

would handle the launching and dynamical evolution of the jé and out ow.

Such full scale simulations would obtain the rst complete overall picture protostellar
out ows from the launching stage at a few AU out to the terminal bow-shock tens
of thousands of AU away. Interesting phenomena and new dynainal physics may
arise from the large changes of scale such as jet turbulencaisching between laminar
and turbulent states and the growth and dissipation of shockwaves. It may also be
possible to investigate whether the creation of "knots' fran velocity variations and other
features are scale dependent or independent and be able toddtify di erent regimes
and transitions as a function of initial jet and environmental parameters. The ultimate
goal would be to constrain the actual launching mechanism bystudying the morphology

of the jet and out ow which develops on the larger scales.

To conclude, there has never been a better time for studyingtar formation and
protostellar jets. Technological advancements in the modm telescopes and detectors
will be capable of probing deeper and deeper into moleculard@uds with unprecedented
resolution. The continuing improvements in computers and rumerical codes are opening
the door to simulations of considerable complexity and reabm. It is likely that the
next decade will see many great advancements in this eld, aswering the key mysteries
of star formation which astronomers have been slowly piecig together over the last

century. For now, hopefully, this thesis has added one morersall piece to the puzzle.
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