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Summary

The phenomenon of mass outflow from young stellar objects, is arguably the
most spectacular stage in the formation of a star. Much is known about the large
scale manifestations of outflows and many breathtaking images attest to the ener-
getic nature of their interactions with their parent molecular clouds. However, in
comparison to what is known on the large-scale, the mysteries of the central engines
of young stars from which the outflows are launched, are little understood. A lot
of the knowledge concerning protostellar jets close to their point of origin (the jet
launch region) comes from the study of the forbidden emission lines (FELs) of one
group of protostars in particular, the low mass optically visible Classical T Tauri
stars. Traditionally probing the region of the central engine has proved difficult.
Direct imaging for example is challenging due to contamination by stellar radiation.
Intermediate resolution spectroscopy helps to overcome this problem however the
spatial resolutions achievable are not satisfactory. If a true understanding of the
central engine is to be attained information must be recovered on the smallest scales
possible.

The nature of the protostars themselves can also impede such studies. For ex-
ample, the youngest and least evolved sources, tend to be deeply embedded and
thus optically invisible. Traditionally however the highest spatial resolution studies
were only conducted at optical wavelengths. The aspiration of this thesis project is
to use the pioneering technique of spectro-astrometry to overcome the limitations
placed on spectroscopic observations by the spatial resolution and thus probe out-
flow activity as close to the central engines of a range of objects from the sub-stellar
to intermediate mass regimes, as possible.

Chapters 1 and 2 are introductions to the subjects of outflows from young stellar
objects and spectro-astrometry. Chapter 3 is concerned with low mass Class [

sources. The aim of this study was to investigate if near-infrared FELs were as
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effective at tracing outflow activity close to the central engines of these embedded
sources as the optical FELs are for the Classical T Tauri stars. A combination of
long-slit spectroscopy and spectro-astrometry revealed that the [Fell] 1.644um is
as useful a probe of the central engine as the optical [SII]A6731 line say and the
disk-wind model can also be used to explain the FELRs of Class I sources.

In Chapter 4 the central engines of a sample of CTTSs are probed using the
near-infrared Paschen beta line (1.2822um) rather than than the optical FELs.
This line forms much closer to the driving source than the FELs, thus it maps the
central engine on a much smaller scale. However it is believed that permitted HI
lines mainly trace the infall of material onto to central star and disk. Spectro-
astrometry is used to demonstrate that Pag can trace outflow activity in CTTSs.
This result is important as it demonstrates that spectro-astrometry is an effective
means of disentangling the outflow contribution in HI lines. In particular results
also point to the presence of a dust hole in the disks of two of the sources.

Chapter 5 concentrates on the intermediate mass Herbig Ae/Be stars. The
FELRs of these protostars have been studied previous to this work however the
spatial properties of the FELRs have not been accurately mapped. This is the
main goal of Chapter 5. Results confirm that the disk-wind model is applicable to
the central engines of higher mass sources. The same technique adopted in Chapter
4 is used to again uncover dust holes in the disks of two of the Herbig Ae/Be stars.
Lastly in Chapter 6 it is shown that spectro-astrometry can be used to probe the
FELRs of brown dwarfs proving for the first time that they can drive outflows.
No outflow from a sub-stellar object has yet been imaged and the only suggestion
previous to this study that they may be associated with outflows is the presence of
strong FELs in the spectra of some sub-stellar sources.

Overall this thesis demonstrates that spectro-astrometry can be used to reveal
new and exciting information about the central engines of objects from which out-
flows are launched. The discovery that spectro-astrometry can detect outflows from
brown dwarfs is particularly important. It is now apparent that outflows are driven
by, not only massive black holes at the centre of active galaxies but by brown
dwarfs which are around ten million times less massive, as well. Hence the outflow
mechanism is a common feature of objects that are accreting material onto a disk,
regardless of the nature of the accreting body. In Chapter 7 the overall conclusions
that can be taken from the work presented here and the many ways in which this

work can be built on and improved in the future, are discussed.
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Chapter 1

An Introduction to the Formation
and Study of Protostellar
Outflows

Before the invention of the telescope the only tools available to those inquisitive
enough to wonder about the universe around us were their eyes and their imag-
inations. To them the night sky appeared flooded with millions of stars and the
fundamental question they must have asked themselves is “Where do the stars come
from?” Modern day astronomers have the technology to penetrate far beyond our
solar system, and can now easily discriminate between the different types of ob-
jects that crowd our vision as we gaze out at the night sky. However one of the
quintessential questions driving the quest for astronomical knowledge still remains
“How do the stars form ?”. There are many aspects to the study of star forma-
tion from the initial conditions required, to the different stages that protostars pass
through before hydrogen fusion commences and the resultant star joins the main
sequence. In this thesis I am concerned with the outflow stage when new stars
collapsing under their own weight, launch powerful bipolar outflows which plough
through and strongly interact with the molecular clouds in which they are born. In
particular the aim of this body of work is to provide new observations of outflows
close to their point of origin. Observations of the “jet launch region” are vital to
firstly, constrain the models which attempt to explain how jets are launched and
become collimated with ~ 100AU of their driving source and secondly, to provide

an understanding of the structure of the jets on such small scales.
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The stages in the formation and development of a new star, similar to our own
sun, are represented in Figure 1.1. Stars form through the gravitational collapse of
molecular cores. Initially the cores are supported against collapse by turbulence and
the effects of magnetic fields (see section 1.1.1). However magnetic and turbulent
support can be lost through ambipolar diffusion and once the balance between the
internal pressure of the fragment and gravity is disturbed the stellar mass cloud
begins to collapse at the free-fall rate (Shu, Adams, & Lizano, 1987; André et al.,
2000). Initial collapse is the first stage in the formation of a star. As it falls down
its own gravitational potential well huge amounts of energy are released which
goes into the random motion of the gas particles heating the collapsing cloud.
At first densities are low and most of the radiation can escape but as collapse
proceeds the radiation becomes trapped and the interior of the cloud heats up. A
temperature gradient and hence an internal pressure gradient form which begin to
resist collapse. When the stage where this pressure gradient nearly balances gravity
is reached contraction continues at a slow rate that is just enough to balance the
rate of energy loss from the surface by radiation. A protostar has formed. As the
centre of the protostar is hotter and denser than the material close to the surface the
interior achieves the state of quasi-static equilibrium before the exterior. A core halo
structure with a slowly contracting central core surrounded by a infalling envelope, is
the result. Some material accretes onto the central star and some onto an accretion
disk. Stage 3 is the bipolar outflow phase. The accretion of material combined with
the rotation of the protostar causes the launching of powerful bipolar outflows,
which drive away the circumstellar material that encompasses the protostar. The
final stage before the star joins the main sequence involves the slowing down of
accretion processes and thus outflow activity. The protostar is surrounded by a
circumstellar disk which is undergoing the first stages of planet formation.

Obviously the description given above is a very much simplified version of the
star formation process. However the aim of this chapter is to explain in greater detail
the most important aspects of stellar birth, concentrating mainly on the outflow
phenomenon. The topic of giant molecular clouds (GMCs) is briefly introduced
in section 1.1. In section 1.2 the most common and well studied large and small-
scale manifestations of protostellar outflows are reviewed. Special attention is paid
to models describing the formation of jets and to observations of them on scales
comparable to the size of the central engine. An important aspect of the results

presented in this thesis are that they are based on observations of different categories
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Figure 1.1: The different stages in the formation of a star. a) pre-stellar cores
embedded in a molecular cloud begin to collapse, b) A core halo structure with
a slowly contracting central core surrounded by an infalling envelope is quickly
achieved, ¢) A powerful outflow is launched, d) accretion and outflow activity slows
down to leave a new star surrounded by a circumstellar disk in which planets begin.
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of young stellar objects (YSOs) which are essentially divided according to mass and
evolutionary stage and on observations of Brown Dwarfs (BDs). In section 1.3
these categories are defined and discussed and a description of the properties of
the outflows that they drive or, as in the case of the BDs, are predicted to drive is

given.

1.1 Stellar Nurseries

The Giant Molecular Clouds (GMCs) which make up a substantial fraction of the
Interstellar Medium (ISM) are the birth places of most stars and are in effect the
Stellar Nurseries of the Milky Way!. The question of how stars form in molecular
clouds must begin with a thorough understanding of the physics of the clouds
themselves, in particular their structure. Williams et al. (2000) list some of the basic
properties of a GMC. They have masses of ~ 10°75M,, diameters of ~ 50-100 pc and
average densities of < ny, > ~ 102 em 3. To summarise; they are the most massive
and coldest objects in the universe, are composed almost entirely of molecular
hydrogen, contain significant amounts of interstellar dust and are permeated by
magnetic fields with strengths in the range 10 - 20uG (Lada, 1996). Most of the
information that we have about molecular clouds is derived from observations of
the CO, CS or NH3 molecules.

An important feature of GMCs is that they are strongly gravitationally bound
thus allowing them to survive long enough to give birth to several generations of
young stars. How exactly they achieve this state is not entirely known as ther-
mal pressure alone cannot support against global collapse, although it is certain
that magnetic fields and turbulence play a vital role (Padoan et al., 2004; Vazquez-
Semadeni et al., 2000). Cloud turbulence, even in the presence of magnetic fields,
dissipates too quickly compared to typical cloud lifetimes however, (Stone et al.,
1998) and must therefore be somehow replenished. One suggestion is that the pow-
erful outflows driven by the newly forming stars may generate enough turbulence
as they travel through the molecular cloud to sustain the overall turbulence in the
cloud (Fukui et al., 1993; Henning, 1989).

An obvious example of a nearby GMC is Orion, a much studied region of intense

INote that stars are also born in Small Molecular Clouds (SMCs) such as Taurus-Auriga or
Ophiuchius. Much of what is described here is also pertinent to SMCs (see Lada et al. (1993) for
a more thorough discussion).
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star formation. It is relatively close (d ~ 450 pc) and it has a good mix of low
and high mass stars, making it a particularly convenient place to study young
stars. Indeed the first candidate protostars were discovered here, aswell as most
interstellar molecules (Genzel & Stutzki, 1989; Becklin & Neugebauer, 1967; Jefferts
et al., 1970). The Orion region can be divided up into two large molecular cloud
complexes, Orion A and Orion B (named after the most prominent HII regions
within them) which are the primary sites of active and most recent star formation.
Located towards the northeastern edge of the Orion A cloud, in Orion’s sword is
the Orion Nebula (M42), shown in Figure 1.2. This nebula harbours the nearest
place in our galaxy where high-mass stars are being formed and is perhaps the most
intensely studied region of star formation. In Figure 1.4 I show one of the many
images taken of this stellar nursery. A singularly remarkable feature of this nebula,
are the so called Orion “bullets”. These fast moving regions of shocked emission,
first discovered by Allen & Burton (1993) are located at the head of “fingers” of Hy
emission. They are part of a highly uncollimated flow from a massive star (Graham
et al., 2003). Figure 1.5 is an image of this uncollimated flow in the near-infrared,
taken with IRIS on the Anglo-Australian telescope (AAT).

1.1.1 Clouds, Clumps and Cores

The structure of a molecular cloud is inextricably linked to the processes of star for-
mation taking place within it. This structure can be loosely categorised into clouds,
clumps and pre-stellar cores (Williams et al., 2000). Molecular clouds as described
above can have many sites within them where new stars are being born. Clumps are
in effect the building blocks of molecular clouds and are generally identified from
spectral line maps of molecular emission. A comparison between the internal kinetic
energy of a clump and its gravitational potential energy allow it to be classified as
being gravitationally bound or unbound. If the internal kinetic energy which is
primarily generated by turbulence, balances the gravitational potential energy the
clump is bound. Gravitationally unbound clumps can be pressure bound in that
the additional pressure created by the internal turbulence may be balanced by the
mean pressure of the ambient medium. Pressure bound clumps tend to be tran-
sient structures, (Vazquez-Semadeni et al., 2000), whereas star-forming clumps are
gravitationally bound and are the regions in molecular clouds that form the stellar

clusters in which most stars are born (Williams et al., 2000).
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Figure 1.2: The Constellation of Orion. M42 located in Orion’s “sword” is high-
lighted within the yellow box.
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Figure 1.3: A CO map of the dense molecular gas of the Orion GMC complex,
superimposed on an optical image of the Orion Constellation. The CO map was
obtained with the 1.2 meter Millimeter-Wave Telescope at the Harvard-Smithsonian
Center for Astrophysics, over the course of several years. Note how M42 lies in the
densest part of the GMC.
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Figure 1.4: A colour composite mosaic image of the central part of the Orion Nebula,
based on 81 images obtained with the infrared multi-mode ISAAC instrument on
the ESO Very Large Telescope (VLT), at the Paranal Observatory. The famous
Trapezium stars which are massive hot stars that illuminate the nebula are seen near
the centre and the image also shows the associated cluster of about one thousand
stars young stars, which are about a million years old.
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Figure 1.5: The “fingers” of Hy emission and “bullets” in Orion. This near-infrared
image of this uncollimated outflow was taken with IRIS on the AAT (Lee & Burton,
2000). The Hy emission at 2.12 pm is shown in red and the [Fell] emission at 1.644
pm in green.

Pre-stellar cores are the small cold fragments of stellar mass out of which indi-
vidual stars or multiple systems (binaries) are born. These initially gravitationally
bound condensations form when molecular clumps fragment, perhaps due to am-
bipolar diffusion, the dissipation of turbulence, or an outside force (André et al.,
2000). Ambipolar diffusion is the process whereby the clumps uncouple from the in-
terstellar magnetic field, which would otherwise resist their gravitational collapse?.
Once the cores themselves become gravitationally unstable they begin the process of
collapse and an actively accreting protostar quickly forms at their centre. It is still
uncertain exactly what initiates collapse in these stellar fragments, however the ex-
istence of a collapse phase following the initial fragmentation of the molecular cloud
clump, and prior to the main accretion phase, is predicted (André, 2001). Cores are
divided into Class 0 objects and starless cores, depending on whether they harbour
an accreting protostar or not. A large number of pre-stellar cores have now been

observed, both in molecular line tracers of dense gas such as NH3, CS, NoH" and

2More precisely ambipolar diffusion is the process whereby the ions, coupled to the magnetic
field, slip with respect to the neutrals. The neutrals being inexorably drawn inwards by the
increasing gravitational force.
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HCO™ (André et al., 2000) and in the sub-millimetre dust continuum (Kirk et al.,
2002). Research in the field of pre-stellar cores is driven by the need for a greater

understanding of the pre-collapse phase as well as the initial stages of collapse.

1.2 The Outflow Stage

The phenomenon of mass outflow dominates for ~ 10% of the pre-main sequence
phase of a typical solar mass star. This highly energetic process manifests itself in
several different forms and on many scales. Thus outflow activity can be probed
across the electromagnetic spectrum from radio to x-ray wavelengths. Figure 1.6,
taken from Reipurth & Bally (2001) illustrates the most common forms of emission
associated with protostellar outflows and their degree of excitation. The majority of
these tracers are excited by shocks, that are either driven into the molecular cloud
by a highly collimated jet or driven into the jet itself. For embedded stars the jet
is difficult to observe directly, and in this case outflows are mainly studied through
their interactions with their parent molecular clouds. On the largest scales, outflows
as traced by molecular flows and Herbig-Haro (HH) objects (see section 1.2.1) are
often seen to be several parsecs long (McGroarty et al., 2004a; McGroarty & Ray,
2004b; Reipurth & Bally, 2001). In contrast, for the least embedded sources, we can
explore using long-slit spectroscopy the primary jet on scales of 1” from the source
(Eisloffel et al., 2000; Davis et al., 2003; Whelan et al., 2004). A simplified model
unifying the prime manifestations of outflow activity, describes how the fast colli-
mated jet excites the nebulous HH objects and drives the circumstellar molecular
gas outwards in the form of molecular flows (Bachiller, 1996).

In this section I shall firstly discuss outflows on large scales (103-10° AU), as
seen for example in the form of giant HH flows and molecular lobes. Observations
in this range attest to the claim that the outflow phenomenon is arguably the most
spectacular feature of the star formation process. As stated, the aim of my work is
to recover information of jets on scales comparable to the size of the central engine
(~ 100AU). Hence I shall introduce the topic of small scale (< 10” in angular terms
typically) stellar jets, and describe how they have been observed to date, what
these observations tell about conditions and activity in the jet launch region and

the models explaining their launch and collimation.
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Figure 1.6: Illustration of the degree of excitation of the most common emission lines
associated with outflow activity, taken from Reipurth & Bally (2001). The lower
rotational (low-J) states of CO are thermally excited throughout the swept-up gas
at the ambient temperature of a typical molecular cloud (~ 10K). The radiation
from warm (~ 50-200 K) postshock gas is dominated by the 63-ym OI and 157-pm
CII lines. Emission from molecular gas in postshock layers with temperatures of ~
200-2000K is dominated by high-J CO and OH emission, and by the pure-rotational
and the ro-vibrational states of Hy. The neutral and singly ionised forbidden optical
emission lines appear behind faster (>30 kms™!) shocks where the 2-eV collisions
needed to pump these transitions occur. The near-infrared [Fell] emission can be
excited by somewhat slower shocks.

11
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1.2.1 Herbig-Haro Objects as tracers of highly collimated
outflows from YSOs

HH objects are generated either by the interaction of an outflow with its parent
cloud or itself. They are the post-shock cooling zones of radiative shocks and have
characteristic line emitting spectra. Some are bow shaped, others have a jet like
morphology, while most have simply random shapes. The idealised image of HH
object is of a well-collimated jet ending in a bright symmetric bow shock and while
such perfect objects are rare some examples do exist. HH 348 is one such example of
a HH object with a morphology consistent with an idealised bow-shock model (see
Figure 1.7 and 1.8). Numerous factors including, individual environments, varying
evolutionary stages and differing extinction combine to influence the morphology of
HH objects.

Herbig (1951) and Haro (1952) independently observed these phenomena and
although their association with star-forming regions was obvious from the beginning
they were far from understood. It was not until the work of Schwartz (1975) that
it was realised that they were caused by high velocity outflows from new stars.
Schwartz (1975) noted that the spectrum of a typical HH object resembled the
spectrum of a supernova remnant, leading him to propose that HH emission was due
to radiative shocks caused by outflows. Hence they provided some of the first clues
for the existence of an outflow phase in the formation of a star. Initially outflows
from YSOs were believed to be spherically symmetric however the discovery of YSO
jets in the early 1980s contradicted this belief and changed the interpretation of HH
objects (Mundt & Fried, 1983; Mundt, Brugel, & Biihrke , 1987). See also Schwartz
(1983) and Bohm (1983) for early reviews. The importance of these small nebulous
objects lies firstly in the fact that they are optically visible. As they are bright
in optical emission lines they are easily detected and hence are strong signposts
of star formation in regions where the protostars themselves are deeply embedded
and thus optically extinct. Secondly, the morphology and kinematics of HH objects
in parsec-scale flows can be used to reconstruct the mass-loss history and thus, by
inference, mass-accretion history of the source (Reipurth & Bally, 2001).

The spectra of HH objects are dominated by line emission, allowing us to broadly
categorise them of being of low or high excitation. High excitation objects have
spectra dominated by strong [OIIIJA5007 emission but weak [SII]AA6716,6731 and
[OI]AN6300,6363 lines. The reverse is true of low-excitation shocks (Edwards et al.,

12
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Figure 1.7: The HH34S bow shock and Mach disk as seen by the Hubble Space
Telescope. The high excitation bow-shock front is strong in Ha (green) and the
cooling zone behind radiates brightly in [SII] (red). The mach disk is also detected
behind the bow-shock in [SII].

1993). Emission line ratios, line profiles and indeed line intensities, are strongly
influenced by the structure of the shocks causing the emission, hence a study of
the emission lines of HH objects allowed a number of different shock models to
be considered. Emission spectra were initially compared with plane-parallel models
(Dopita, 1978) however these models could not simultaneously explain the detection
of low excitation lines like [SIT]AN6716,6731 and [OI]AN6300,6363 along with highly
ionised species like [OITI]A5007. It was soon realised that bow-shock models best
accounted for the observed spectra of many HH objects (Reipurth & Bally, 2001).
Although the classification of HH objects is based purely on optical emission, cooling
zones of shocks are also seen in the near-infrared and the ultraviolet (Davis et al.,
1994, 2000a; Bohm, 1983; Cameron & Liseau, 1990). Molecular hydrogen is the
main infrared coolant in shocks however, they also emit several strong [Fell] lines

such as the line at 1.644pum.

The Physics of Herbig Haro Shocks

As the collimated protostellar jet interacts with the undisturbed ambient medium,

it generates what is known as a “working surface” (Raga & Cabrit, 1993) that

13
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the observer then sees as an HH object. The most violent interaction occurs at
the initial point of contact between the jet and the ambient medium resulting in a
terminal working surface, which is often bow-shaped (for example HH 34S, Figure
1.7. Internal working surfaces trace milder internal collisions within the outflow
itself. Each HH object or knot represents a major event of mass ejection and it is
therefore likely that these internal shocks occur when fast moving gas from a fresh
ejection episode catches up with slower moving material ejected earlier (Raga et al.,
1990). Hence the archetypal HH jet as mentioned above is traced by a series of HH
objects. This is the exact morphology of the HH 34 jet as imaged in [SII] and Ha
in Figure 1.8. Indeed several of the knots in this flow appear to be bow-shaped,
consistent with the idea that they are internal working surfaces.

Fach working surface whether internal or terminal is actually composed of two
shocks. A forward shock (normally a bow) and a Mach Disk or reverse shock. The
forward shock represents the initial region of collision, where the ambient or slower
moving material ahead of the shock is accelerated outwards. However the jet (or
faster moving material) is slowed by this interaction resulting in a reverse shock.
A contact discontinuity separates the post-shock cooling zones of the forward and
reverse shocks. Across the contact discontinuity temperature and density vary but
pressure remains constant. Hence there is no flow.

Consider the jet moving with velocity V across the Mach disk. Refer to Figure
1.9. V is greater than the sound speed (C,) in the preshock gas hence the postshock
material in effect cannot communicate via sound waves to the material in the jet
that it is about to collide with the ambient medium. Thus the preshock material
suddenly undergoes a jump in pressure, density and temperature known as a J-
shock, when it hits the ambient medium. The Rankine-Hugoniot jump conditions
are used to derive the change in the density and velocity of the preshock material
as it leaves the shock front (Draine & McKee, 1993). For V. >> C,, that is for a
strong shock, the Mach number M, given by M= V/C; is high and after crossing
the shock p — 4p and V — V/4, in the shock frame. Figure 1.9 is an illustration
of the structure of the working surface in the shock frame. V = V,,-V,,, as it
approaches the Mach disk and V = X-'leﬂ as it leaves it. The ambient medium,
in the shock frame, moves towards the bow shock with a velocity V., and when it
crosses the bow-shock front this decreases to Vi, /4.

Radiative cooling then occurs, causing the density in both post shock zones to

increase even further, in order to maintain pressure. Material then flows away from
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Figure 1.8: HH 34 jet in [SII]AX6716,6731 and He, based on Wide Field Planetary
Camera 2 (WFPC2) images from the HST. The knots or internal working surfaces
within the flow are labelled A to L. Several of the knots appear to be bow shaped
especially Knot L. This figure is taken from Reipurth et al. (2002) and (a) and (b)
are two different intensity cuts of the [SII]AN6716,6731 emission.
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Figure 1.9: Internal structure of a terminal working surface. Note that velocities
marked are in the shock frame of reference. See section 1.2.1 for an explanation of
this structure.

the head as indicated by the arrows in Figure 1.9. Radiative shocks consist of a very
thin layer of material at the shock front where the gas is ionised and an extended
cooling zone. Most of the radiation that is observed as a HH object originates
from this cooling zone. The cooling zone tends to be bright in forbidden lines of
metals and recombinations lines of hydrogen whereas strong Balmer line emission
is associated with the shock front. Again this is beautifully illustrated by the HH
34S bow-shock. In Figure 1.7 the bow-shock and Mach disk are both observed. The
leading edge of the high excitation bow-shock is strong in Ha (green) whereas its

post-shock cooling zone and Mach disk are strong in [SII] (red).

Giant Herbig-Haro Flows

Giant Herbig-Haro flows are parsec-scale length, bipolar outflows, made up of strings
of HH objects (Ray, 1987; Devine, 1997). Initially these large flows were largely
thought to be driven by luminous YSOs that were relatively young and still deeply
embedded in their parent clouds (Poetzel et al., 1989). It was quickly realised that

such giant flows could also be powered by low mass embedded (Class I) sources.
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Figure 1.10: The structure of a radiative shock (in the frame of reference of the
shock) taken from Hartigan et al. (2000). Material enters the shock front at the
left with a velocity V and is slowed by a factor of 4 after crossing the shock. The
density jumps by a factor of 4 at the shock and increases gradually as the gas cools
and slows. As an example cooling zones of oxygen are depicted by the crosses,
circles and dots. This illustrates how emission from different species dominates at
different distances from the shock front.

One of the first parsec-scale HH flows discovered to be driven by a low mass star is
associated with HH1/2. It was originally thought to be 0.4 pc in length however two
large bow shock shaped HH objects HH 401 and HH 402 were observed by Ogura
(1995). They are symmetrically positioned about the HH 1/2 source and their
inclusion as part of the original flow increases its length to 5.9 pc. Dozens of giant
HH flows have now been studied the largest of which are almost 12 pc. McGroarty et
al. (2004a) and McGroarty & Ray (2004b) built on the studies of large-scale outflows
from embedded low and intermediate mass sources by demonstrating that the more
evolved Classical T Tauri stars (CTTS) and their intermediate mass counterparts,
the Herbig Ae/Be stars, also drive outflows that reach parsec scales.

These immense optical flows have many interesting features. Firstly as the ages
of these flows (~ 10* yrs) are a significant fraction of the accretion ages of their
sources, they are essentially a fossil record of the evolution of their parent star.
Studies of the proper motions, radial velocities and excitation of individual HH
objects within the outflow allows us to reconstruct the mass-ejection (and thus mass-
accretion) history of the central YSO. Also, the distribution of the individual shocks

provides clues relating to variations in the flow velocity over time, or the symmetry
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of the blue and red-shifted lobes offers information on source motion and disk
orientation changes. These changes may be signatures of dynamical interactions
in multiple star systems or clusters (Reipurth & Bally, 2001). Secondly, as stated
in section 1.1, large HH outflows may be an important source of turbulence in
molecular clouds. This is likely to be most prominent in the initial stages of the
outflow, when large amounts of gas are entrained by the outflow and thus expelled
from the parent core, creating large wind-swept cavities in the surrounding cloud
(Reipurth et al., 1998; Bally et al., 1999).

1.2.2 Molecular Outflows

Molecular outflows are another large-scale expression of the outflow phenomenon
and again were one of the first observational manifestations of the mass expulsion
stage of the star formation process. While giant HH flows are optically visible
and composed of many HH objects, each group representing different episodes of
mass ejection, molecular outflows begin when the powerful bipolar jets accelerate
and drive outwards the molecular gas in the vicinity of their parent star. While
it is accepted that they are powered by the primary jet from the protostar the
exact way in which the jet interacts with the molecular material is still uncertain
(Cabrit et al., 1997). Again these massive flows are an important diagnostic of the
jet that generated them, including how energetic it is, its velocity and collimation,
and how it varies in velocity and direction with time. They also impact on their
parent molecular clouds, not only by producing turbulence but by influencing its
chemistry:.

Molecular outflows are primarily detected in the CO molecule and thus millime-
ter observations have dominated the search for them. To date over 250 molecular
flows are known to exist (Fukui et al., 1993; Bachiller, 1996). High velocity CO
emission is associated with the majority of HH outflows and some parsec-scale out-
flows were first recognised through the detection of their CO emission (Ray, 1987;
Bence et al., 1996). In most giant flows the optical component is an order of mag-
nitude larger than the associated CO emission however there are some cases where
the molecular component extends beyond and reflects the dynamics of its under-
lying optical counterpart (Reipurth & Bally, 2001). For example Yu et al. (1999)
discuss the giant HH flow powered by IRS 1 in Barnard 5. Here the optical flow is

co-spatial with the molecular emission. It is possible, however, that selection effects
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are involved here. The strongest CO emission is seen to coincide with the brightest
HH objects, and bow-shock shaped regions of CO emission are observed beyond
the HH objects found furthest from the driving source. Figure 1.11 shows contour
maps of the high and low velocity (bottom and top respectively) velocity CO(J=2-
1) outflow surrounding the HH 211 outflow (seen in the infrared). Also shown is the
2.12pum H, emission. This map is taken from Reipurth & Bally (2001). Note how
the high velocity CO emission appears much more collimated than the low velocity
emission, suggesting a decrease in outflow velocity with increasing distance from

the central outflow axis.

1.2.3 Outflow Activity in the Jet Launch Region

Many studies and indeed spectacular images, of large-scale bipolar outflows from
YSOs of varying mass and in various stages of evolution now exist. While it is true
that much new and important information has been gleaned from these studies,
observations of the small-scale stellar jets which are in a way the catalysts of these
large-scale manifestations of outflow activity are also vital. If a thorough under-
standing of how jets are launched, become collimated and indeed interact with the
circumstellar disks of their drivers is to be gained, observations of jets on scales
comparable to the central engine must be provided. For the nearest star-forming
regions these scales translate to ~ 1” and imaging of these “micro-jets” (Reipurth
& Bally, 2001) is challenging due to contamination by stellar radiation. Long-slit
spectroscopy can solve this problem as it allows one to examine the structure and
kinematics of the jets on the smallest spatial scales available, while minimising any
contrast problem with the source. Using intermediate dispersion spectroscopy it is
possible to easily remove the contribution from the source, revealing in many cases
the stellar jet down to scales of 1”.

Figure 1.12 compares observations of the DG Tau micro-jet obtained in various
ways. Part A is a broadband Ha image taken by Mundt & Fried (1983). While the
jet is resolved from the source it is only separated on a scale of ~ 5”. The image is
corrupted by light from the star and no information can be obtained on a scale of ~
1”. The DG Tau micro-jet is separated from its source in the continuum subtracted
long-slit spectrum presented in part B. Only the [SI]A\6731 ELR is shown. Two
knots at a distance of ~ 12" are clearly resolved as well as Knot A at the source.

This spectrum was taken on the INT using the IDS. It forms part of the results
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Figure 1.11: The high-velocity CO(J = 2-1) outflows surrounding the HH 211 in-
frared jet. The inner faster flow is more collimated than the outer slower flow.
The lobes terminate in infrared molecular hydrogen shocks. The driving source is
surrounded by cold dust seen in 1.3 mm continuum emission (Reipurth & Bally,

2001; Gueth & Guilloteau, 1999).
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discussed in Chapter 4. The spatial sampling of this observation is ~ 0”2 per
pixel. Using spectro-astrometry (see Chapter 2) spatial information on Knot A is
recovered on scales much less than 1” as is evident from Figure 1.12 part C.

Spectroscopy was used very early on in the study of protostars (Herbig, 1962).
It was often the case that the strong Balmer lines (Ha and Hf3) seen in the spectra
of the majority of YSOs, showed deep blue-shifted absorption features or P-Cygni
profiles. This absorption feature occurs because light from the star’s continuum
or a line wing is absorbed by out-flowing material from the YSO. Hence the de-
tection of P-Cygni profiles was another early indication that YSOs undergo mass
loss (Reipurth et al., 1996). In section 1.2.1 I discussed how the radiative nature
of HH objects means that they are strong in forbidden emission lines (FELs) like
[OI]AN6300,6363, [SIT]AN6716,6731 or [Fell] 1.644um. FELs are strong tracers of
outflow activity from YSOs and I cannot emphasise enough the contributions that
studies of the FEL regions (FELRs) of YSOs has made to our knowledge of jets in
the region closest to where they are launched (Eisloffel et al., 2000).

Solf & Bohm (1993) published some of the first FEL spectroscopic observations
of CTTSs. In many cases early forms of spectro-astrometry were used to accurately
map the FELRs of the sources (Hirth, Mundt, & Solf, 1997). Spectro-astrometry
is the key to the results presented in this thesis. Using this technique I was able to
uncover much new and important information on the ELRs of many different types
of YSOs from Classical T Tauri stars to Herbig Ae/Be stars and even young BDs.
In Chapter 2 [ give an introduction to this technique and in particular I outline how
it has been used previous to this thesis to study FELRs. The most notable features
that very early observations of FELs revealed is that the FELs of CTTSs are in
most cases blue-shifted and often double-peaked (Cohen & Kuhi, 1979; Jankovics
et al., 1983). The two detected components were easily separated into a low and
high velocity component, or a LVC and a HVC. In a study of 38 T Tauri stars by
Hirth, Mundt, & Solf (1997), 50% of the T Tauri stars in a sample of 33 objects
with high signal to noise [OI]A6300 line profiles showed a double peaked profile.
Typically the LVC is at < 50 kms™! and the HVC is at > 100 kms~!with respect to
the systemic velocity of the star. In Figure 1.13 some examples of multi-component
FEL profiles from a CTTS, a Class [ low mass object and a Herbig Ae/Be star are
shown. The blue-shifted nature of the lines arises from the circumstellar disk of
the source which obscures the red-shifted flow (Edwards et al., 1993). The multiple
components are easily explained by the disk-wind model of Kwan (1997) which I
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shall now outline. Appendix A is a thorough discussion of a number of important
properties of FEL profiles, including critical density and the influence of opening

angle and inclination to the line of sight, on the shape of the observed profiles.

The Disk-wind Model

Early attempts at explaining the multi-component FELs of CTTSs centred on wide
angle winds viewed at different projection angles (Edwards et al., 1987). Such
attempts however were not very successful (see Appendix A). Kwan & Tademaru
(1988) initially proposed the two-component disk-wind model. They suggested
that the HVC represented a fast well collimated jet and the LVC a much slower
less focussed wind from the circumstellar disk. Kwan (1997) use the ratio of the
[O1JA5577 and [OIJA6300 lines to infer physical conditions in the LVC and found
the electron densities n, ~ 10” em 3, and temperatures T ~ 8000K.
Observational evidence confirming that the LVC and HVC were physicially dis-
tinct regions, rather than two projections of the same underlying flow are based
on their different FEL properties. For example in [OI]A5577 the LVC is mostly
seen whereas in [NIIJA6583 the HVC dominates (Hamann, 1994; Hartigan et al.,
1995; Hirth, Mundt, & Solf, 1997). Hirth, Mundt, & Solf (1997) also examined the
spatial properties of the FELRs and clearly showed that the high velocity emission
is displaced further from the source than low velocity emission, again attesting to

the separate origins of the two components.

Launching Jets: Two Different Models

It is now generally agreed that outflows from young stars are launched centrifugally
along magnetic field lines, although the precise mechanism is still hotly debated
(Konigl & Pudritz, 2000; Shu et al., 2000). The centrifugal force originates due
to the rotation of the circumstellar accretion disk. Hence outflows are ultimately
powered by the infall of material although rotation and magnetic fields play a
crucial role in the whole process. Indeed it is possible that outflows are the lynch-
pin of the star formation process, removing angular momentum from the star-
disk system and thus preventing the star from rotating at its break-up velocity.
Evidence that energetic winds are powered by accretion comes in many forms.
For example invariably outflows come from sources surrounded by Solar System

sized accretion disks. Moreover there is a strong correlation between mass outflow
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A) Ha image of the DG Tau jet at the source
taken from Mundt & Fried (1983)
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Figure 1.12: Observations aimed at resolving the small scale from DG Tau. Con-
tamination by stellar radiation make direct imaging difficult. Observation A is a Ha
image (from Mundt & Fried, 1983) which resolves the jet but the source emission
is not well differentiated and no detail is resolved. The long-slit spectrum shown in
B was taken as part of the work discussed in Chapter 4. The continuum emission
from the source is easily removed revealing Knot A which is part of the micro-jet.
Information can be recovered on a scale of less than 1” using spectro-astrometry
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Figure 1.13: Multi-component FEL profiles of a CTTS, a Class I low mass star and
a Herbig Ae/Be star. These figures represent some of the results discussed in this
thesis. The LVC and HVC are clearly separated in each case.
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and mass accretion rates. This is to be expected if infall provides the energy to
launch the jets (Edwards et al., 1993). Overall mass loss carries away ~ 10% of
the potential energy released by accretion (Hartigan et al., 1995). While models
agree on the basics of how jets are launched it is from where precisely they are
launched that causes the most debate. The two most widely favoured models are
the X-wind model (Shu et al., 2000) and the magneto-centrifugally driven disk-wind
model (Konigl & Pudritz, 2000).

The X-wind model suggests that material is accelerated outwards from the zone
where the stellar magnetosphere co-rotates with the disk (see Figure 1.14). This
point of interaction between the protostar and the disk is called the X-point, al-
though properly speaking it is a circular zone lying typically a few stellar radii from
the source. Beyond the X-point the magnetic field lines have an open, rather than
a closed topology. Shu et al. (2000) outline four separate observational studies that
strongly support the X-wind idea. Briefly, rapidly rotating disks are observed to
extend almost to the surface of protostars of mass ~ 1M, protostars are magne-
tised to the extent needed to truncate the disks at a value of Ry compatible with
low stellar rotation rates, accretion onto the protostar occurs along magnetic field
lines (the magnetospheric accretion model) and lastly the flow of material onto the
protostar (“funnel flow”) is observed to have a geometry and phase relationship
consistent with the predictions of the X-wind model.

In the disk-wind model winds are launched from the circumstellar disk only,
along the open magnetic field lines that emanate from the disk. According to this
model the highest velocity material in the jet is launched at a distance of ~ 0.1AU
from the protostar. See Figure 1.15 for an illustration of this model. There are
several variations on this theme, as discussed by Konigl & Pudritz (2000). Konigl
& Pudritz (2000) claim that disk-wind models provide the most efficient way of
harnessing the power of accretion to launch an outflow. However some studies
claim that the magnetic fields required to satisfy these models cannot be generated

in a typical accretion disk (Bachiller, 1996).

Collimation of Stellar jets

Once the wind is launched centrifugally it then, in both the X-wind and disk-wind
models, has to be collimated. As the gas moves outwards along the magnetic field

lines, its angular velocity is approximately constant, and so its azimuthal velocity
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Figure 1.14: Drawing of the X-wind model for the launch of protostellar jets taken
from Shu et al. (2000). The magnetic field of the star connects to the disk at the
X-point. At this point the accretion disk and star are co-rotating and a strong wind

is launched outwards along the open magnetic field lines.
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Figure 1.15: A depiction of the disk-wind model, used to explain how a protostellar
jet is launched, taken from Camenzind (1990). A strong wind is launched along the

open field lines emanating from the accretion disk.
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V4 increases. However once V4 reaches a large enough value such that the magnetic

tension
BQ

HoT A

balances the centrifugal force per unit mass

(1.1)

- (1.2)

the field lines are distorted by the inertia of the gas. Here B is the magnetic field,
1o the permeability of free space, r4 the so-called Alfvén radius and p the gas
density. At the Alfvén radius then, the azimuthal velocity is the Alfvén speed and
the magnetic field takes on an increasingly torroidal topology. Finally the “hoop
stresses” generated by this field focus the wind into a jet along the outflow axis
(Koénigl & Pudritz, 2000; Shu et al., 2000).

From an observational perspective this initial “collimation zone” should be rel-
atively close to the source (at most within a few AU) and therefore difficult to
probe. There is however evidence that some re-collimation of jets may occur on
larger scales (i.e. a few hundred AU), presumably due to external thermal or mag-
netic pressure. In these regions jet collimation can be studied by measuring the
width of the jet (starting as close to the central engine as possible) as a function
of distance from its source. A simple approach is to define two opening angles to
constrain the collimation properties of jets, an initial opening angle «; which is the
average measurable opening angle at the minimal distance from the source and «,,
which is the average value defined by the most distant knots (Eisloffel et al., 2000).
Ground based studies (Mundt et al., 1991; Raga et al., 1991) and HST observations
(Ray et al., 1996) all confirmed that for the majority of cases «; is much larger
than «,. Typical values of o, ranged from approximately 0° to 3° and a; > 3a,
was applicable to the majority of sources. These studies proved that jets may well
be re-collimated on scales of roughly 1000AU into narrow highly concentrated flows
(Raga et al., 1991).

Rotation of Stellar jets

An important consequence of the models discussed above is that they predict ro-
tation in the jet at its base. Hence they also allow for the removal of angular

momentum from the star-disk system, thus braking the rotation of the disk. The
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question as to how a protostar sheds its angular momentum, thus enabling it to
accrete an indefinite amount of mass, was not satisfactorily answered until the dis-
covery of the first outflows (Shu et al., 1993). However, until recently observations
failed to confirm the rotation of stellar jets

Davis et al. (2000b) found hints of rotation in the HH 212 outflow at large
distances from the source (10*). On these scales it is not possible to confirm if
rotation is caused by the interaction of the jet with the ambient medium or if it
is a residual of the acceleration mechanism. To truly test the above prediction,
one must search for signatures of rotation on scales comparable to the size of the
central engine (less than 100 AU from the star). Such scales have been successfully
probed using the Space Telescope Imaging Spectrograph (STIS) on the HST and
observations of several sources have confirmed that jets are rotating at distances
close to their point of origin (Bacciotti, 2004). For example for DG Tau and RW
Aur (Bacciotti et al 2002, Coffey et al 2004) the STIS 0”1 slit was stepped across
the flow at intervals of 0”707, thus building up 3D observations of the jets very close
to the disk. Systematic differences in the radial velocity were found for each pair
of slits displaced symmetrically from the jet axis, confirming rotation. Figure 1.16

illustrates how rotation was observed in the DG Tau jet.

1.3 Outflow Activity Across the Mass Spectrum.
From Sub-stellar Brown Dwarfs to Interme-
diate Mass Herbig Ae/Be Stars

The initial mass function (IMF) describes the distribution of stellar masses within
a star-forming region or cluster. This function, defines the relative numbers of sub-
stellar (< 0.1Mg), low (0.1Mg-~2M,), intermediate (2M-10Mg) and high mass
stars (> 10Mg). Meyer et al. (2000) define the IMF as the number of stars per unit
logarithmic mass interval and approximate the mass function using a power law of
the form

[' = dlogF (logM,)/dlog M, (1.3)

Historically the IMF was approximated with the Salpeter function (Salpeter, 1955)
and in the above notation the slope of this function is I' = -1.35. Figure 1.17 shows
the IMF for field stars in the solar neighbourhood, taken from Meyer et al. (2000)
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Figure 1.16: Rotation in the DG Tau jet, taken from Bacciotti et al. (2002). The
Doppler velocity shifts in the line profiles observed with HST /STIS parallel stepped
slits give rise to a 2D spin map in the blue lobe of the DG Tau jet.
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(results are taken from a variety of studies). In general the Salpeter function holds
for low to intermediate mass stars (1Mg to 10Mg) but below 1M, this function
fails (Kroupa et al., 1993; Kroupa, 2000).

Although the IMF is essentially similar from one star formation region to an-
other, differentiation is seen within individual regions. For example regions of low
mass star formation may cluster together. Meyer et al. (2000) published a table of
the ratios of intermediate mass to low mass stars for 9 of the closest star forming
regions. Overall values range from 0.07 for the OMC-2 cloud in Orion to 0.45 for
BD+40° 4124. In general the mass that forms stars can be divided as follows. Ap-
proximately 75% forms low to intermediate mass stars, 20% massive stars and 5%
sub-stellar objects like BDs (Larson, 1999). When examining outflows from young
stars, clear observational selection effects will occur depending on the relative num-
ber of sources.

A substantial amount of knowledge has been built up in the last two decades
on bipolar outflows. Most of this comes from studies of low mass YSOs, with
the bias towards this group of simply reflecting the fact that they are statistically
more numerous and nearer than for example high mass stars. While much is known
about low mass stars on large scales, studies of the central engines of protostars have
tended to concentrate on just one subsection of this group, the CTTSs (Class II).
CTTSs are low mass YSOs that have driven off much of their circumstellar gas and
dust, hence they are optically visible. They are still actively accreting material and
drive strong jets (Edwards et al., 1993), making them excellent candidates for any
project which aims to observe jets at the central engine or jet launch region. The
jet launch region of more embedded, less evolved low mass sources (Class 0 or Class
[) is only observed in the near-infrared. In comparison to techniques for studying
the optical spectra of YSOs near-infrared spectroscopic techniques have only been
developed relatively recently thus embedded low mass YSOs were traditionally more
difficult to observe explaining why less is known about their central engines.

Turning to stars of higher mass the intermediate mass Herbig Ae/Be stars, are
rarer than low mass protostars (as explained above) hence they have been observed
less often in comparison. They form in a similar manner to a typical low mass star
however and drive outflows which are scaled up versions of low mass flows (Mundt
& Ray, 1994). The subject of massive star formation is a relatively young field of
study and is beyond the scope of the thesis. However it is known that massive stars

form in a wholly different manner from low to intermediate mass stars (Bonnell et
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Figure 1.17: Initial mass function for field stars in the solar neighbourhood taken
from a variety of recent studies: KTG93 (Kroupa et al., 1993), Scalo 86 (Scalo,
1986), MS79 (Miller & Scalo, 1979), S55 (Salpeter, 1955). These results have been
normalised at 1Mg. The upper end of the IMF (>5M) is best represented by a
power law similar to that of Salpeter (1955), whereas the low mass end (<1My) is
flatter (Kroupa et al., 1993). This figure is taken from Meyer et al. (2000).
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al., 1998) and that they drive outflows (Davis et al., 2004). In the case of sub-stellar
YSOs like the Brown Dwarfs (BDs), some evidence does exist (apart from results
presented in Chapter 6) to suggest that they are associated with outflows, yet little
consideration has been given to this question so far and no images of BD flows have
yet been taken.

From the above discussion, it is now clear that the way in which the properties
of outflows from YSOs especially with regards to the central engine, vary with
evolutionary stage and mass is not satisfactorily known. Hence a clear gap in our
knowledge of outflow activity exists. Part of the aim of this thesis is to address this
unbalance which is done by applying the spectro-astrometric technique adopted in
this study to the spectra of BDs, Class I low mass sources, CTTSs and Herbig
Ae/Be stars. As such this section is an introduction to each of these different types
of YSOs with particular attention paid to describing how these protostars of varying

mass are classified and the general characteristics of their outflows.

1.3.1 Low mass sources

Low mass protostars have masses comparable to that of the Sun (M, < 2Mg)) and
will eventually become solar-like main sequence stars. They are divided into four
different classes Class 0 to Class III based on their near-infrared to mid-infrared
spectral energy distributions (SEDs). As a young low mass star evolves the dis-
tribution of its circumstellar material changes due to accretion and the action of
the bipolar outflow it drives. The radiation from the star is absorbed by the dust
surrounding it and re-emitted at longer wavelengths, hence the shape of a stars
SED is a direct probe of the distribution of its circumstellar material. In effect
each class can be considered to be a reflection of the stage of evolution of a low
mass YSO. The SED of a typical YSO is modelled as a blackbody along with the
infrared /millimetre contribution from the circumstellar dust and gas.

This classification scheme was first proposed by Lada (1987) and it was based
on observations of near-infrared sources in p-Ophiuchi obtained by Lada & Wilking
(1984). Figure 1.18 outlines how the SEDs of low mass sources vary as they evolve
towards the main sequence. In general it is clear that the infrared excess tells a lot
about the source. Class 0 sources are deeply embedded objects which are believed
to be at the beginning of the main accretion phase. They are characterised by virtu-

ally no emission shortward of 10um and are observed mostly at sub-millimetre /radio
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Infrared/Submillimeter Young Stellar Object Classification
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33



CHAPTER 1. Outflows from Young Stellar Objects

wavelengths. They are known to drive powerful jet-like outflows. Class I sources are
strongly accreting hence they have a strong infrared excess and are also associated
with powerful outflows. Class II sources or CTTSs also have a strong excess, how-
ever the outflow has by this stage dispersed much of the circumstellar gas and dust
and what is left is confined to the accretion disk. This is reflected in a comparison
between the excess of the Class [ and Class II sources. Lastly Class III have a very
small excess only.

Lada (1987) make their division of the low mass stars more quantitative by
basing it not on the presence or strength of an infrared excess but on the spectral
index a which is defined as @ = dlog(AF,)/dlog(\) (for 2um < A < 20pm). Once
the low mass source has begun to actively accrete material it can be categorised as
follows using « (Lada, 1987; Barsony, 1994).

e For Class I sources 0 < o« < +3
e For Class II sources -2 < a < 0
e For Class III sources -3 < o < -2

Since the relative amount of circumstellar matter decreases in going from Class 0
to Class III, it seems reasonable to infer that Class 0 protostars evolve to Class 111
pre-main sequence stars by passing through the Class I and Class II stages. Some
studies suggest however that some Class [ sources may evolve either directly to
Class III or more rapidly through Class II than others of comparable mass (Gras-
Velazquez & Ray, 2004; Gregorio-Hetem & Hetem, 2002; Walter, 1986)3. Class 11
and Class III low mass sources are collectively called T Tauri stars (TTSs), named
after the low mass protostar T Tau. Joy (1945) noted the presence of strong Ha
emission in the spectra of the first TTSs to be discovered. Subsequently it was
found that they can be separated into Classical T Tauri stars and Weak line T
Tauri stars (WTTSs) according to the equivalent width of their Ha line. In general
CTTSs have EW(Ha) > 10A and WTTSs have EW(Ha) < 10A. The CTTSs are
the Class II low mass objects and the WTTSs are the Class III objects.

Most of what is known about protostellar outflows as described in section 1.2 is
relevant to the low mass sources. They drive fast (in general Ve ~ 200 kms™!),

well collimated bipolar jets for ~ 10% (10° yrs out of 107) of their pre-main sequence

3For example co-eval weak-line T Tauri stars (Class I1I) and Classical T Tauri stars (Class IT)
of identical mass may co-exist in the same cloud
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phase (from initial collapse to the end of accretion). These jets interact with their
parent clouds exciting HH objects and driving out the ambient molecular gas in
two large lobes. They have strong FELRs which trace outflow activity in the jet
launching region and their FEL profiles are explained using the model of Kwan &
Tademaru (1988). It was thought that outflows from the more evolved CTTSs were
less powerful or differed greatly from Class I flows however an accurate comparison
of the energetic winds of the embedded Class I sources and the CTTSs proved this
to be untrue (Edwards et al., 1993). Indeed McGroarty & Ray (2004b) showed that
it is not just the Class I sources but also the CTTSs that are the drivers of parsec-
scale HH outflows. In Chapters 3 and 4 I present results on the outflow activity of
the low mass YSOs.

1.3.2 Herbig Ae/Be stars

Herbig (1960) was the first to define the characteristics of the intermediate mass
analogues of the TTSs. This group of stars, subsequently known as Herbig Ae/Be
stars, were described as having (a) a spectral type of A or B with emission lines, (b)
an infrared excess due to hot or cool circumstellar dust or both, (¢) a luminosity
class III to V (Waters & Waelkens, 1998) and (d) an association with reflection
nebulae. They were also shown by Finkenzeller & Mundt (1984) to have strong
Ha emission. One of the interesting things about Herbig Ae/Be stars is that they
bridge the gap between low and high mass star formation. Hence their study should
help reveal how the process of star formation varies with mass.

They can be classified through their infrared SEDs (refer to Figure 1.19). Hil-
lenbrand, Strom, Vrba, & Keene (1992) studied the SEDs of 47 Herbig Ae/Be stars
and placed them into one of three groups. Group I objects all had a large infrared
excess which could be modelled by assuming that this excess arose in a flat, opti-
cally thick circumstellar disk. The excess of Group I objects was characterised by a
spectral slope AFy ~ A~%/3. The above authors suggest that Group I Herbig Ae/Be
stars are the intermediate mass analogues of the CTTSs. Group II objects had a flat
or rising infrared spectrum best explained by assuming that these objects are sur-
rounded by infalling envelopes of circumstellar material rather than flat accretion
disks. For this reason they can be compared to Class I low mass protostars. The
Herbig Ae/Be stars belonging to Group III were similar to the Class III low mass

objects in that had only small infrared excesses. Fuente et al. (1998) propose an
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alternative scheme based on the morphology of the parent molecular cloud. Type
I stars are deeply embedded, have ages of ~ 10° years and drive bipolar outflows.
Type III sources are located in a cavity in the molecular cloud so have driven away
all their circumstellar gas and dust. They have ages of ~ 10° years and do not have
outflows. Type II are the intermediate case. They are not deeply embedded and
they do not drive outflows.

Again the intermediate mass stars exhibit many if not all of the properties of
outflows discussed in section 1.2. They drive strong molecular outflows, are asso-
ciated with parsec-scale optical outflows (McGroarty et al., 2004a) and a number
of Herbig Ae/Be sources are known to have micro-jets (Corcoran & Ray, 1998b).
The properties of these jets can be considered to be scaled-up from the low mass
protostars. Mundt & Ray (1994) estimate that their flows are 2-3 times faster (600
kms™! to 900 kms™!) than low mass flows and that mass loss rates from low mass
to intermediate mass increase from 107°-1078% Mg, yr~! to 1078-107% Mg, yr~!. Mec-
Groarty & Ray (2004b) demonstrated that the degree of collimation of their jets
is comparable to those from low mass sources. Less is known about their central
engines, however recent studies of their FELRs have shown that while they have
strong FELs multi-component FEL profiles reminiscent of the CTTSs are scarcer.
In Chapter 5 I examine a number of Herbig Ae/Be stars using spectro-astrometry
and I address the subject of whether their FELRs differ fundamentally from those
of T'TSs.

1.3.3 Brown Dwarfs

Planets are not the sole occupants of sub-stellar part of the mass spectrum but
they are accompanied by the equally elusive Brown Dwarfs (BDs). BDs are the
so-called “failed stars”, that never manage to reach temperatures high enough for
normal hydrogen fusion to occur. Thus they provide the missing link between stars
and planets. It is the mass of such objects (0.013Mg < Mpp < 0.075M,) which is
just below the normal hydrogen burning limit and above that for deuterium, that
separates them from low mass stars and planets (Basri, 2000a).

They were initially predicted by Kumar (1963) and this prediction was followed
by a flurry of interest in the 1980s aimed at discovering the first BD. It was not until
1995, however, that the first confirmed detections were made (Rebolo, Zapatero-

Osorio, & Martin, 1995) and the length of time it took astronomers to discover the
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Palomar Observatory Hubble Space Telescope
Discovery Image Wide Field Planetary Camera 2
October 27, 1994 November 17, 1995

PRC95-48 - ST Scl OPO
T. Nakajima and S. Kulkar Te S rrance and D. Golimowski (JHU), NASA

Figure 1.20: Images of the Gliese 229 system. Gl 229B the BD companion to Gl
229A was the first BD to be imaged. The discovery image was taken with the
Palomar 60-inch telescope in 1994 (Nakajima et al., 1995) and was followed up with
an image taken in 1997 with the WFPC2 on the HST (Golimowski et al., 1998).
The mass of this BD is estimated at 0.03-0.04My and it is 2-4 billion years old.

first BDs only made these objects even more interesting and their scarcity led to
the phrase “Brown Dwarf desert”. Gliese 229B, shown in Figure 1.20 was the first
BD to be imaged. BDs are now known to exist in clusters (Rebolo et al., 1996) and
in the field (Ruiz, Leggett, & Allard, 1997). New surveys of star forming regions
(Briceno, Hartmann, Stauffer, & Martin, 1998; Wilking, Greene, & Meyer, 1999)
reveal that these objects may be as common as stars and that they are produced
in all possible masses between stars and planets (Basri, 2000a).

By far the most logical way to differentiate between stars, BDs and planets is
through their internal physics. Nuclear reactions in the cores of normal stars inject
energy thus preserving an ideal gas pressure. It is this pressure that maintains a
star’s stability against gravitational collapse. For starlike objects of a low enough
mass or a high enough density stability against collapse is sustained by a different
source of pressure. The Pauli exclusion principle states that no two electrons can
occupy the same quantum level, hence in a very dense core, where all the electrons
are freed from their nuclei by the intense heat, low energy states are quickly filled
and electrons are forced to occupy very high energy states. This creates a form

of pressure called electron degeneracy pressure which is insensitive to temperature
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Object Mass® H D Contains
Type (M) Fusion Fusion LiD
Very low mass Star 0.1-0.075 Sustained  Evanescent No No
Brown Dwarf 0.075-0.065 Evanescent Evanescent Yes? No
Brown Dwarf 0.065-0.013 Never Evanescent Yes No
Planet <0.013 Never Never Yes Yes

Table 1.1: Definitions of a Very Low Mass Star, Brown Dwarf and Planet, taken
from Oppenheimer, Kulkarni, & Stauffer (2000). * Masses given here assume that
the objects have solar metalicity. * Brown Dwarfs in the mass range have lithium
abundances that are age dependent.

and it is this pressure that resists contraction in BDs. Fusion in normal stars halts
contraction and the star achieves a steady luminosity. Normal fusion does not
occur in BDs and instead energy is supplied by gravitational contraction. Because
degeneracy pressure slows down the contraction of a BD, its luminosity declines so
BDs fade steadily with age.

Kumar (1963) postulated the existence of BDs or Black Dwarfs, as he originally
called them, when he calculated the lower mass limit of a main sequence star, i.e.
the mass below which stability is maintained through electron degeneracy pressure.
He gave this limiting mass as being between 0.07M and 0.09Mg. This is now
defined as the hydrogen burning mass limit (HBML), i.e. the lowest mass at which
a normal star can fuse hydrogen, and modern calculations place it between 0.07Mg,
and 0.08M (Burrows & Liebert, 1993). So our definition of a BD is a starlike
object that is not massive enough to fuse hydrogen, hence it is cool and gets colder
with age. Even though BDs are too small for normal hydrogen fusion they do fuse
deuterium for some portion of their evolution. The lower mass limit for deuterium
fusion is given at 0.013M,. Planets, on the other hand, have no nuclear activity
in their cores and the fact that they fuse nothing is what essentially separates
them from BDs. Table 1.1 taken from Oppenheimer, Kulkarni, & Stauffer (2000)
summarises the definitions of a star, a BD and a planet, based on their internal
physics.

Now that we know that BDs exist and we are able to separate them from stars
and planets we must turn our attention to how they are formed. It is possible that
there is more than one mechanism for the formation of BDs and indeed this subject
is much debated. The simplest idea is that they form in the same manner as low

mass stars i.e. through the gravitational collapse of interstellar clouds of gas and
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dust, as discussed in section 1.1. Hence it is possible that they are just scaled-
down versions of TTSs. Others suggest that the picture is not quiet so simple and
that BDs originate in multiple systems where fragmentation of the original core has
caused three or more stellar embryos to form. The BD is the embryo that is ejected
from the system hence its growth is abruptly stopped, explaining its low mass, cool
temperature and its description as an unfinished star (Reipurth & Clarke, 2001;
Bate, Bonnell, & Bromm, 2002). Another theory is that BDs grow in circumbinary
disks in a similar way to planets (Jiang, Laughlin, & Lin, 2004).

One way in which a clearer picture regarding the formation of BDs might be
obtained is to look at their accretion properties and make a comparison with low
mass protostars. Many groups are involved in the study of BD accretion activity
(see chapter 6 section 6.4.2) and so far they conclude that the properties of the
accretion disks now known to exist around BDs are scaled down versions of T Tauri
disks, pointing to a common formation mechanism for BDs and low mass stars.
Given the strong relationship between accretion and outflow activity for low and
intermediate mass protostars, it is natural to wonder if BDs, as a rule, also drive
outflows. The only evidence that this could be possible comes from the discovery
that many BDs and sub-stellar objects have strong optical FEL spectra similar to
those observed for protostars. Results presented in Chapter 6 demonstrate that
spectro-astrometry can be used to measure a displacement in these FELRs, proving
that this emission is moving away from the BD.

So what should one expect a BD jet to be like? Masciadri & Raga (2004) model
the emission of internal working surfaces produced by a radiative jet in a neutral
and in a photoionised environment as a function of several jet parameters and use
this model to predict the Ha luminosity of a BD jet. Overall they conclude that
a BD jet will be dynamically and morphologically similar to a CTT jet, although
of course much fainter. This is based on predictions of the jet velocity and ejection
velocity variability. Mass loss rate associated with BDs are predicted to be 2 orders
of magnitude lower than those associated with TTSs. As the mass loss rate is a
direct indication of the mass accretion rate, lower mass loss rates for BDs mean a
lower Ha luminosity for a BD jet. The above authors find that the Ha luminosity
of a typical BD jet in a photoionised environment is 1 order of magnitude lower
than for a CTT jet in a neutral environment. Masciadri & Raga (2004) suggest
that the best conditions for searching for BD jets may be in regions where young

low mass stars are embedded in a HII region.
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Summary

Outflows are a dominant ingredient in the formation of new stars. Not only do
they effect the physics of the protostars from which they are launched by dispersing
the circumstellar envelope and removing angular momentum but they also strongly
influence the molecular cloud with which they interact. These energetic flows were
initially detected through HH objects and P-Cygni profiles and are now known
to manifest themselves in many forms on both large and small scales. In this
chapter the formation of large-scale HH and molecular flows was reviewed. Special
attention was then paid to studies of outflows on scales as close to the central
engine as possible. It is the primary wind which is launched by the central engine
that excites the HH objects and drives out the molecular material surrounding
the protostar in the form of a molecular outflow. Models of jet structure, launch
and collimation and observations of rotation, were discussed in section 1.2.3. It
is also very beneficial to the overall understanding of the outflow phenomenon to
make comparisons between the outflow activity from different types of protostars.
Protostars are mainly divided on the basis of mass and evolutionary stage. The
final section of this chapter summarises the properties of the different categories of
YSOs, i.e. embedded low mass young star, CTTSs, Herbig Ae/Be stars and finally
brown dwarfs, observed for this thesis project, highlighting the characteristics of

the outflows they drive.
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Chapter 2

Understanding

Spectro-astrometry

High resolution spectroscopic observations provide a window into the immediate
environment of YSOs. In particular such studies have yielded much new informa-
tion regarding outflow activity and binarity in young stars (Eisloffel et al., 2000;
Takami, Bailey, & Chrysostomou, 2003). Using spectroscopy one can investigate
the kinematics and excitation conditions of jets close to where they are launched
and resolve close binaries. The primary constraint to the use of spectroscopy in this
manner is the maximum spatial resolution achievable. Observers are all the time
aiming to study outflows as close as possible to their driving sources or to minimise
the smallest resolvable binary separations. This is where the technique of spectro-
astrometry comes to the fore. Adaptive optics and interferometry are designed to
overcome the limitations placed on the spatial resolution by the atmospheric seeing,
however spectro-astrometry which is now described offers the observer information
on comparable angular scales.

Conceptually the principles of this technique are easy to understand. Spectro-
astrometry simply translates as a measurement of the position of the centroid of a
flux distribution as a function of wavelength (hence velocity for a line), producing
what is referred to as a “position spectrum” or spectro-astrometric plot. The profile
of a star is smeared by atmospheric turbulence to appear gaussian (at least to a first
approximation) rather than point-like. While the width of the profile is determined
by the seeing, how accurately we can determine the centroid of the emission is,

in theory (for fixed seeing), limited only by the strength of the observed signal to
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noise ratio (S/N). The centroid of the emission is measured by fitting a gaussian
to the spatial profile extracted from the 2D spectrum, at each wavelength or pixel
(see Figure 2.1). Increasing the total number of detected photons increases the
astrometric accuracy so that milli-arcsecond precision is possible (Bailey, 1998a)
and information may be recovered on sub-seeing scales.

A simple example to consider is the long-slit spectrum of a close binary system
consisting of two virtually identical stars. If their separation is considerably less
than the seeing, the profile of the system in the spatial direction will consist of a
single gaussian i.e. the system is unresolved and the centroid of the emission will
lie exactly between the two components. Now suppose one of the two stars differs
slightly from the other in being a strong Ha emitter. Then the emission centroid
will shift towards that star in the spectrum at the position of the Ha line. In this
way it is possible to distinguish certain types of binaries below the seeing limit. In
the case of a jet (pure emission line region) plus star (continuum source), one can go
further and interpolate the continuum across a line thereby allowing its contribution
to be removed. It is then possible to measure separately the spatial centroid of the
pure ELR and determine its offset with respect to the continuum, i.e. parent star.

In this thesis spectro-astrometry is primarily used to spatially resolve multiple
velocity components found in the FEL spectra of certain YSOs and to investigate
the origin of other important ELRs. In section 2.1 spectro-astrometry and similar
precursor techniques that have been used to date are reviewed, making particular
reference to outflows . The method used to produce the position spectra presented
in Chapters 3 to 6, is outlined in section 2.2. As stated above, the accuracy (in arc-
seconds) of the method primarily depends on the S/N, i.e. the number of detected

photons N,. Section 2.3 is a discussion of the errors in the method.

2.1 A Brief History of Spectro-astrometry

Since the beginning of the 1980’s there have been several documented approaches
to the problem of extracting sub-seeing information from a flux distribution. These
techniques were over time much refined to the current spectro-astrometric technique
as described by Bailey (1998a). Spectro-astrometry was first applied to the study of
bipolar outflows from CTTSs by Solf (1984). Altogether between 1984 and 1998 the

spatial characteristics of the spectra of 12 CTTSs were investigated using spectro-
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Figure 2.1: Example of applying spectro-astrometry to the long-slit spectrum of
a typical CTTS, DG Tau. The extraction of a 1D spatial profile from firstly the
continuum emission and then from an ELR in the continuum subtracted spectrum
is illustrated. Note how easily the continuum can be removed leaving the pure ELRs

exposed.
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Figure 2.2: The final position spectrum obtained from the long slit spectrum of DG
Tau. Note that the offsets are all to one side in the direction of the blue-shifted
outflow.

astrometry (Solf, 1989; Solf & Bohm, 1993; Bohm & Solf, 1994a; Hirth, Mundt, &
Solf, 1994b, 1997). The primary goal of this work was to probe the spatio-kinematic
properties of the FELRs as a means of distinguishing between the different models
describing their formation. By spatially resolving the FEL components the authors
were able to confirm the unique origins of the different velocity components, thus
verify the models of Kwan (1997) (see also Chapter 1 section 1.2.3).

Probing the spatio-kinematic properties involved measuring the relative position
and spatial extent of the velocity components present. At first these values were
measured by approximating each component through a 2D gaussian line distribu-
tion, which was determined using 5 parameters:(1) centroid velocity V, (2) velocity
width AV, (3) centroid position X, (4) spatial extent AX(FWHM) and (5) peak
Intensity . Figure 2.3 demonstrates how Bohm & Solf (1994a) applied this method
to the [OIJA6300and [SIIJA 6731 FELRs of T Tau. The accuracy of this technique
is limited by the assumption that the FEL components can be approximated by a
gaussian distribution. Information regarding the variation of the spatial position

and width as a function of velocity within a single component is also presented by
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Figure 2.3: Example of how the different components present in the [OIJA\6300 and
[SI[]A6731 FELRs of T Tau were fitted using a 2D gaussian. This diagram is taken
from Bohm & Solf (1994a).
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Figure 2.4: Again this diagram is taken from Bohm & Solf (1994a). It shows the
spatial variations of the line intensity I, the velocity V and the velocity width AV
as a function of position at a PA of 0°, derived for the [OIJA6300, [NIIJA6583 and
[SIT]A6731 lines. The data were obtained by means of a single-component gaussian
line fit and the approximate centroid positions are marked for each component
except B. This figure illustrates the variation of spatial position with velocity within
a single component as opposed to the variation among the individual components
as shown in Figure 2.3.

47



CHAPTER 2. Understanding Spectro-astrometry

Bohm & Solf (1994a) (see Figure 2.4). Firstly the stellar position y. was measured
by means of a gaussian line fit in the spatial direction of the continuum in the imme-
diate vicinity of the FELR to be studied. Secondly using the continuum-subtracted
spectrum the position of the FELR v was also measured by means of a gaussian
line fit to the FEL distribution at each wavelength bin. The spatial offset of the
FEL centroid at each wavelength bin is finally given as y=y — ..

Through the work of Solf (1984, 1989) and others listed above it became possible
to probe outflows from CTTSs to within ~100AU of their central engines through
their FELRs. Davis, Ray, Desroches, & Aspin (2001) extended this work further, in
the near-infared and used spectro-astrometry for the first time to map the position
of the molecular hydrogen emission line regions (MHELRs) of a sample of Class I
sources. Class I sources are still very much surrounded by gas and dust hence they
are generally optically invisible and one must look to the infrared regime to observe
them. In Chapter 3 I present the results of a project where the sources which
were originally mapped by Davis, Ray, Desroches, & Aspin (2001) were further
probed using the [Fell] line at 1.644pum. Takami et al. (2001) were the first to
use spectro-astrometry to probe outflow activity to milli-arsecond levels. They
measured the displacement in the Ha line from the CTTS RU Lupi and showed
that the measured offsets agreed with the spatial properties of the optical FELRs
of this source. Takami, Bailey, & Chrysostomou (2003) present similar results for CS
Cha and Takami et al. (2002) trace the outflow from DG Tau to within 50 mas of the
driving source in the Hel line at 1.083m. The results shown in the chapters which
follow greatly extend the body of work summarised here and numerous examples
of where spectro-astrometry has made it possible to now study outflow activity to
within 15 AU of the central engine are discussed. 15 AU equals approximately 0”1
at 150 pc (the nearest star forming regions).

It is also important to briefly mention the projects that have used techniques
similar to spectro-astrometry, and spectro-astrometry itself to study binarity in
YSOs. The question of resolving spectroscopic binaries that are closer than the
seeing was originally tackled using methods such as Differential Speckle Interfer-
ometry (DSI) or Chromatic Position Difference (CPD). DSI basically measures the
difference in the position of the speckles in two simultaneous images at different
wavelengths. Binary stars, which have a large colour difference, will be detected
by a shift in the photocentres of the speckles as a function of wavelength. The

magnitude of the photocentre displacement is related to the binary separation and
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Figure 2.5: HST Wide-Field Planetary Camera II image of the collimated outflow
from the Class [ YSO HH 34 and the corresponding United Kingdom Infrared
Telescope (UKIRT) [Fell] 1.644pum spectrum (see also Chapter 3). The observation
was obtained by aligning the instrument slit with the previously known axis of the
outflow. In the spectrum one can clearly make out strong emission from the source,
a weak continuum and emission from the closest knot.
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the direction of the displacement gives an indication of the position angle of the
binary (Petrov & Lagarde, 1992; Petrov, Lagarde, & N’guyen van Ky, 1996). CPD
is a very similar technique to DSI and also works on the premise that if binary
components differ in colour the photocentre coordinates will depend on wavelength
(Sorokin, 1985).

Bailey (1998a) coined the term spectro-astrometry when he described how a
technique very similar to that used by, for example Hirth, Mundt, & Solf (1997) to
study outflows, could be used to separate spectroscopic binaries. If a simple long-
slit spectrum is actually composed of two stars of small separation, the position
spectrum extracted from the long-slit data will alter notably with wavelength as
the relative contributions of the two stars to the spectrum change. As this method
is far simpler than either DSI or CPD in that it does not require elaborate instru-
mental set-ups or involve complex data reduction techniques, it is beginning to be
used more extensively. For a thorough insight into the work done to date using
spectro-astrometry to study binarity in YSOs see (Bailey, 1998b; Takami, Bailey,
& Chrysostomou, 2003; Baines et al., 2004).

2.2 The Spectro-astrometric technique

In chapters 3 to 6 I present and discuss numerous spectro-astrometric plots of
the ELRs found in the spectra of a variety of YSOs. Altogether I study the spatial
properties of the spectra of three Class I low mass sources, four CTTSs, four Herbig
Ae/Be stars and one BD. In this section I shall outline the general steps I took to
prepare the position spectra of these sources. Figure 2.1 summarises the overall

process.

L. Obviously the first stage of the process is to obtain suitable spectroscopic data.
Ideally one needs an intermediate dispersion, high S/N long-slit or echelle
spectrum. The intermediate dispersion ensures that the ELRs are well re-
solved spectrally without sacrificing S/N. A high S/N is necessary for astro-
metric accuracy (see section 2.3). In particular, note that using a higher
spectral resolution may only give rise to additional noise (e.g. from the de-

tector) without any further gain in information.

When deciding on the type of detector one should primarily look at the pixel

scale. Considering only pure stellar emission, any displacement (in arcsec-
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onds) of the spatial profile normally translates to only a small fraction of a
pixel. Therefore in order to have a very accurate measurement of the cen-
tre of the continuum i.e. the position of the star, it is a requirement that
the seeing profile be Nyquist sampled by the pixel scale. In other words the
full width half maximum of the spatial profile should be spread across two
or more pixels. Hence if using a detector with relatively large pixels, good
seeing which is important for good spectro-astrometric accuracy can become
a problem. Appendix B is a further discussion of the trade off between pixel
size and seeing. It also includes Table B.1, listing the seeing and the pixel

scale of every observation which was analysed using spectro-astrometry.

2. The next important consideration is the position angle (P.A.) at which the
spectrum is to be taken. All sources discussed in this thesis, except of course
the BDs, were previously known to be drivers of outflows and in each case
the P.A. of the outflow had been recorded or at least estimated. Hence it was
possible to align the slit with the outflow axis. In Figure 2.5 this set-up is
illustrated this. Aligning the slit along the direction of the outflow ensures

that any spectro-astrometric offset is normally maximised.

3. The initial data reduction i.e. flat-fielding and wavelength calibration, was
done using standard IRAF routines. The initial data reduction is discussed
for each different study in Chapters 3 to 6. It is important that the flat-fielding
is done in the best possible fashion using very high S/N flat fields. Any non-
uniformity in the pixel to pixel response of the spectrum could theoretically
introduce structure into the position spectrum which might be confused with
a real spectro-astrometric detection. In the majority of cases the spectrum,
due to misalignment effects of the optics, is curved and/or tilted. It is neces-
sary that these effects be removed. A function describing the position of the
centre of the spectrum across the whole wavelength range is created using the
identify, reidentify and fitcoords IRAF routines and a fit to this function is
applied to the spectrum to straighten it!

4. A simple IRAF script is used to measure the position of the continuum emis-

sion at each pizel. This whole process is summarised in Figure 2.1. The IRAF

Tt was not found that straightening the spectrum in this manner introduced any errors into
the measurement of the spectro-astrometric accuracy
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splot task allows the user to display and interactively analyse spectra. In par-
ticular one can easily use this interactive task to extract a spatial profile from
a 2D spectrum and then fit a gaussian to the profile. Figure 2.8(a) illustrates
how splot extracts a pure continuum spatial profile before fitting a gaussian
to it. The fitting routine employed by splot outputs the position centroid and
the full width half maximum (FWHM) of the profile and estimates the flux in
counts. The accuracy of the technique is increased by binning the spectrum
so that, for example, each spatial profile is the average of several adjacent pro-
files. Once the position of the continuum is measured for the whole spectrum
one can check how successful the method for removing any curvature and/or
tilt in the spectrum outlined above (in step 3), was by fitting the continuum
points. The spectro-astrometric plot of the continuum emission should be
fitted by a straight line through zero. Any residual misalignment effects of
the optics are simply removed by subtracting the fit to the continuum points
(refer to Figure 2.9).

The next step is the continuum subtraction. If one is considering for example
only the ELRs, the raw spectrum i.e. before the continuum subtraction, is
in effect “contaminated” by the continuum. The effect this contamination
has on the position spectra is that one measures a position for the ELR +
continuum which, of course is closer to the star than that of the pure ELR.
Essentially the displacements measured are dragged towards the continuum
emission. [t is important in the context of this thesis work at least that the
true offsets of the different ELRs are recorded. There are two approaches
one can take to this problem. Firstly it is possible to simply subtract the
continuum emission from the spectrum and then measure the position of the
ELRs using the continuum subtracted spectrum. An alternative approach
adopted by Takami et al. (2001) and Takami, Bailey, & Chrysostomou (2003)
is to correct for the effect of the continuum by calculating the factor by which
the offsets are weighted by the continuum and dividing the raw positional

displacement by this number. Takami et al. (2001) give this factor as
Ixtiney/ [ Dgginey =+ Dgoonsy] (2.1)

Both approaches should yield similar results and in this thesis the continuum
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Figure 2.7: Example illustrating the continuum subtraction procedure, using a
section of the optical spectrum of DG Tau. The continuum at each dispersion line
(over which the continuum emission is spread) is fitted such that strong ELRs such
as [SIIJAN6716,6731 shown above are not included in the fit. The barred lines show
the part of the spectrum included in the fit of the continuum.

subtraction method is arbitrarily preferred. As an example in Figure 2.6 the
spectro-astrometric plots of some of the optical/NIR emission lines found in
the spectra of the C'TTS V536 Aql are shown. In all cases I measure the offsets
in the raw and continuum subtracted spectrum and compare the measured
displacements. For the FELs offsets are typically on the order of hundreds of
milli-arcseconds hence it is still obvious even from the raw position spectrum
that the FELRs are displaced in the direction of the V536 Aql blue-shifted
outflow. The ELR + continuum offsets are however typically only a fraction of
their true value as is clear from Figure 2.6. For the Ha line the displacement
is little effected by the continuum contamination as the intensity of the Ha

line is much stronger than the continuum intensity.

The continuum subtraction is easily done using the IRAF continuum task. For
a strong continuum, emission is spread over a substantial number of dispersion

lines. Once the range of lines over which the continuum emission is spread
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a) Typical spatial profile of the continuum of a YSO
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Figure 2.8: Illustration of how splot is used to extract and gaussian fit spatial profiles
of the continuum and line emission.

5



CHAPTER 2. Understanding Spectro-astrometry

Instrument Detector Gain(electrons/ADU)

CGS4 fpa046 6

IDS EEV10 2.11
Tek3 0.7

UVES ccdUvR  1.53

Table 2.1: Three different instruments were used to obtain the observations dis-
cussed in this project. The various detectors used with these instruments and their
gain in electrons/ADU are listed above.

is specified, the continuum task selects the first line in the range, fits a 2D
polynomial to the this line (ignoring the ELRs) and then subtracts this fit. In
this way the continuum is removed line by line. One ensures that the ELRs
are not included in the fit to the continuum by using the sample parameter
to specify the parts of the spectrum that are pure continuum emission and
ignore the parts that are line emission. One can also check the fit and alter
the order of the fit and the type of function at each line. Figure 2.7 illustrates
the fit to the continuum for one line of a typical optical long-slit spectrum of
a YSO. Also in Figure 2.1 I show the raw and continuum subtracted optical

spectrum of DG Tau.

6. Once the continuum is subtracted any displacement in the pure ELR relative
to the centre of the continuum can finally be measured. Again the splot task is
used, in exactly the same way as described in step 4, to extract a spatial profile
from a pure ELR and fit a gaussian to the profile. Figure 2.1 illustrates this
process and the spectro-astrometric plot of the ELRs in the optical spectrum
of DG Tau is shown in Figure 2.2. As mentioned in step 4 any residual
tilt or curvature in the spectrum is removed from the plot of the continuum
position by fitting the continuum points and subtracting the fit. Obviously it
is necessary that this fit also be removed from the position spectrum of the
ELRs.
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2.3 Spectro-astrometric accuracy

While the angular width of the flux distribution for a point source, is set by the

seeing, the centroid of the gaussian fit is measured to an accuracy given by

seeing(mas)

Ocentroid — —~— -~ — 2.2
T "9 3548, /N, e

where N, is the number of detected photons. Here the seeing is the FWHM of the
distribution. We had assumed the only source of noise is photon noise and that the
distribution is better than Nyquist sampled. As any variation in the seeing with
wavelength is assumed to be small, a fixed average seeing is used when calculating
the errors. Note also that the total wavelength range being considered is short.

Assuming a fixed average seeing means that the precision in the measurements
is dominated by N,. As described in section 2.2 the splot task used to extract
and fit the spatial profile at each wavelength (pixel) also estimates the flux in
number of counts (N.) for each extracted profile. N, is of course related to N, when
allowance is made for the system gain. If considering the continuum emission only,
Oeentroid 18 alternatively measured as the standard deviation in the position of the
continuum, ogeuer say. As the position of the continuum emission is measured at
each wavelength a spectro-astrometric plot of a pure continuum source appears as
a scatter about zero.

Observations presented in this thesis were taken with three different instruments
on three different telescopes. The Cooled Grating Spectrometer No. 4 (CGS4)
on UKIRT, the Intermediate Dispersion Spectrometer (IDS) on the Isaac Newton
Telescope (INT) and the UV-Visual Echelle Spectrograph (UVES) on the Very
Large Telescope (VLT). In Table 2.1 the detectors used with the above instruments
and the gain of these detectors in electrons per ADU are listed. Two different
detectors were used for the observations taken with the IDS. In Table 2.2 0 entroid
is compared to Tg.quer for a small sample of sources. In each case the continuum
region being considered and the instrument used in the observation is also listed.
To measure Ocentroid, Ve, corrected for the gain of the detector is substituted for
N, in equation 2.8. Theoretically ocentroid should equal oseqster and overall they are
similar. In reality I found it easier to define the accuracy of the spectro-astrometric
technique using ogeatter-

Above and in Table 2.2 the accuracy in the measured position of the continuum
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Source Continuum Region Instrument — Ocentroid (MaS)  Tscatter (Mas)
DG Tau Pag CGS4 13 14
V536 Aql  [SIT]A6731 IDS(EEV10) 10 .
LkHa 321 Ha IDS(EEV10) 7 4
p-OPh 102 [OI]A6300 UVES 17 16
Ha UVES 5 6
[SITA6731 UVES 18 16
R Mon Ha IDS(Tek3) 9 il

Table 2.2: The position of the centroid of the continuum (source position) is esti-
mated from a gaussian fit to an extracted spatial profile. Formally the error in this
position is estimated from equation 2.8. Alternatively this error also corresponds
to the standard deviation in the scatter of the continuum points about zero o qster-
Ocentroid aNd Tgeqrter are compared above for a sample of sources.

only is considered. While the accuracy is constant across the continuum, moving
from the continuum into the line region causes a change in the error primarily due
to an increase or decrease in the value of N,. Moreover one must also consider
how the line and continuum are related spatially. If, and only if the line and
continuum are totally separate does the error in the position of the line depend on
N,(L) (the number of detected photons at the line). If the line and continuum are
spatially coincident then one must also consider the number of detected continuum
photons N, (c). This is a complicated question and accurate modelling is required

to satisfactorily answer it.

Summary

Spectro-astrometry allows the observer to extract sub-seeing spatio-kinematic in-
formation from a spectrum. The simplicity and effectiveness of this technique has
meant that it has enormous potential in the study of YSOs. Spectro-astrometric
observations are straightforward as they simply require a high S/N; high spectral
resolution spectrum, something which is easily acquired. They are also very effec-
tive as the main limitation to their performance is the S/N of the observation and
in particular the seeing and the number of detected photons N,. In this chapter
[ have outlined the ways in which a small group of observers have taken advan-

tage of the power of spectro-astrometry in probing outflow activity from YSOs. I
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Figure 2.9: Position spectra of the [OIJA\6300 emission from the BD p-Oph 102 (see
Chapter 6), before (top) and after (bottom) continuum straightening. A second
order polynomial fit is made to the continuum and this fit is subtracted from the
continuum and emission line points to correct for any residual tilting or curvature
from the optics.
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have discussed the procedure I use to produce spectro-astrometric plots from simple
spectra, including a discussion of spectro-astrometric accuracy. In Chapter 7 some
of the ways in which it may be possible to attain better observations than those
presently possible by combining spectro-astrometry with interferometric and adap-
tive optics techniques or by adding a second dimension to the observations using an
IFU are considered. In the following chapters the results of four separate studies,
all of which attest to the power and usefulness of spectro-astrometry are discussed.
This work clearly demonstrates how, by taking advantage of spectro-astrometry,
[ have gained new and interesting insights into the central engines of YSOs from

which outflows are launched.
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Chapter 3

Investigating the Forbidden
Emission Line Regions of Class I

Protostars

Introduction

As stated the aim of this thesis project is to further explore the region close to a cen-
tral protostar from which outflows are launched. Most of the information gathered
to date concerning the jet launch region comes from the optically visible CTTSs
(Class IT YSOs), yet the embedded Class I objects, the precursors to the CTTSs,
drive the majority of known outflows and represent a much earlier stage in the evo-
lution of a star. Hence studying the central region of a sample of Class I sources
will provide a further understanding of the evolution of the outflow phenomenon.
CTTSs are optically visible making it easier to explore the environment immediate
to their central engines, however it is now just as possible to study Class I sources
in the near-infrared.

The insight that long slit spectroscopic and spectro-astrometric observations of
the optical FELRs of the CTTSs have given into outflow activity close to CTTSs is
reviewed in Chapters 1 and 2. To summarise observations of the FELRs of CTTSs
revealed the presence of two velocity components which are described by Kwan
(1997) to be representative of two outflow components consisting of a well-collimated
fast jet and a wide, slower, disk wind. Studies of the spatial properties of the optical

FELRs have confirmed the separate origins of the different velocity components
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Source RA (J2000) Dec (J2000) Slit PA
SVS 13 03 29 03.7 +31 16 02 123°
IRAS 0423942436 04 26 56.4  +24 43 36 99°
L1551-IRS5 04 31 33.6 +1808 11 66°

HH 34-IRS 053529.8 -06 26 58 167°
HH 379-IRS 21 45 08.2 +47 33 07 82°

' Slit position angle (east of north)

Table 3.1: Right Ascension, Declination and Position Angle (P.A.) of all Class I
sources included in this study.

(Hirth, Mundt, & Solf, 1997). Davis, Ray, Desroches, & Aspin (2001) studied the
molecular hydrogen emission lines (MHELSs) of a sample of Class I protostars. The
MHELRs were very similar to the FELRs of the CTTSs in that they were generally
blue-shifted and often multi-component. The above authors also used spectro-
astrometry to study the spatial properties of the MHELRS revealing again a strong
similarity to optical FELRs. The Hy was generally offset from the continuum with
high velocity emission offset further that the low velocity emission. MHEL regions
are of considerable interest as the survival of Hy in the inner jet regions constrains
models of jet acceleration, collimation and evolution within ~ 100AU of the outflow
source.

The goal of the work presented here is to study the [Fell] 1.644 ym ELRs of some
of the Class I protostars originally observed in Hy by Davis, Ray, Desroches, & Aspin
(2001) and compare the near-infrared FELRs to the optical FELRs of the CTTSs
and to the MHELRs. Firstly results will reveal if [Fell] is an as effective probe of
outflow activity as say [SIIJ]AN6716,6731 is for the CTTSs. Previous studies have
shown that the 1.644 pm line traces regions of moderate-excitation outflows from
CTTSs (Hamann, 1994). Secondly H, and [Fell| trace totally different conditions.
In contrast to [Fell] the shock excited Hy originates from dense (10* em™3), warm
(~ 2000K) molecular gas of relatively low excitation, while transitions of species
like [Fell] dominate cooling at similar densities though higher temperatures of the
order of 10* K. A comparison between the MHELR and [Fell] FELR of a given
source will provide information on the different outflow components contributing to
the FEL and MHEL profiles.
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3.1 Observations

Near-infrared echelle spectra centred on the [Fell] emission line (Ayq. = 1.643998um),
were obtained for the 6 Class I sources listed in Table 3.1. Observations were taken
at UKIRT on 1-3 November 2001 UT using CGS4. CGS4 is a 1-5um multi-purpose
grating spectrometer containing a 256x256 InSb array. The pixel scale at 1.644pm
for a grating angle of 62.75° measured 0”88x0”41 in the spatial and spectral direc-
tions respectively. The seeing was measured for each of the observations analysed
with spectro-astrometry and is given in table B.1 (see Appendix B). A slit width of
two pixels gave a velocity resolution of ~ 8 kms™!.

In each observation the slit was orientated along the jet axis with the source in
the centre. Position angles for each of the sources are shown in Table 3.1. Position-
ing the slit along the jet axis ensured that measured displacements in the emission
line region were maximised. In all cases a sequence comprising one sky exposure
followed by three object exposures in order to build up signal to noise. The sky
position was typically 30" to 60” away from each source in a direction orthogonal
to the flow axis. Each sky-subtracted spectral image was then bias subtracted,
flatfielded and co-added into reduced groups.

The data reduction was done using standard IRAF routines. A krypton-argon
arc spectrum was taken immediatley prior to each object exposure and used to
wavelength calibrate the data. However only six lines spread across the dispersion
axis could be used for accurate wavelength calibration. The argon and krypton lines
at Ayae=1.644107 pm and 1.647035 pm were observed directly (in the 33rd order)
while lines at 1.694521 pm and 1.599386 pm (argon) and 1.670137 pum and 1.694043
pm (krypton) were detected from adjacent (32nd or 34th) orders. The [Fell] line lies
close to the bright OH sky line, OH(5,3)R1(2) at 1.64421 ym (Maihara et al., 1993)
which could therefore be used to check the velocity calibration. The arc spectral
images were self-calibrated in order to also check for variations in the absolute
wavelength calibration. These variations were found to be small, of the order of 5
kms ! towards the edges of the array, and a factor of two better within the central
30%, where the [Fell] emission was observed. Instrument flexure over the duration
of the observations can introduce uncertainties in the absolute velocity calibration,
i.e. by shifting the individual frames with respect to the wavelength reference used
to calibrate the reduced group spectral image. By comparing the positions of the

sky lines in a number of raw frames it was found that this effect was small. The
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overall velocity calibration was found to be accurate to better than + 6 kms™!.

3.2 Results

My aim is to discuss the potential of [Fell] as a tracer of outflows from Class I
sources from which Hy emission has already been observed and to make a com-
parison with observations of optical FELs from Class II sources and with the Hy
observations. Consequently I present continuum subtracted position velocity dia-
grams for each of the sources considered in this study. For three of the sources
SVS13, IRAS04239+2436 and L1551-IRS5 emission line profiles and corresponding
spectro-astrometric plots are shown in Figure 3.7. Both HH 34 and HH 379 had
only a very weak continuum in the vicinity of the [Fell] line, hence it was not pos-
sible to accurately measure the source position. The spectro-astrometric method
and the estimation of errors are described in Chapter 2. The [Fell] continuum and
line emission is in general weak compared to the optical and near-infrared spectra
discussed in Chapters 4 and 5 hence the errors recorded here are relatively large.
The average error for the continuum position is estimated at ~ 42 mas and for the

line emission is ~ 46 mas.

3.2.1 SVS 13 (HH7-11)

SVS 13 in NGC1333 (d ~ 220pc) was discovered at 2.2 pum by Strom, Vrba, &
Strom (1976) and it has been observed extensively since then at NIR wavelengths
(Garden, Russell, & Burton, 1990; Stapelfeldt et al., 1991; Carr, 1993; Gredel, 1996;
Chrysostomou et al., 2000; Khanzadyan et al., 2003). It is known to have undergone
an outburst in recent years (Eisloffel et al., 1991) and from Davis, Stern, Ray, &
Chrysostomou (2002) it is clearly associated with complex Hy emission. SVS13 also
has an optical counterpart (Goodrich, 1986a) yet it presents characteristics that
suggest it is in a Class [ object in a late stage. For example it is a strong millimeter
source (Looney, Mundy, & Welch, 2000) and it drives a high velocity CO outflow
(Bachiller et al., 2000).

As it is roughly aligned with the chain of HH objects HH7-11 (Herbig, 1974;
Strom, Grasdalen, & Strom, 1974) it is assumed to be the exciting source of this
HH system. The HH objects themselves reside along the edges of a south-eastern,

blue-shifted cavity that is bounded by a fast-moving molecular shell (Bachiller &
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Cernicharo, 1990; Bachiller et al., 2000). A high angular resolution radio map of
this region detected SVS 13 as the radio centimeter source VLA 4 and a new object,
VLA 3 some 6” to the south-west (Rodriguez, Anglada, & Curiel, 1997).

Recent VLA observations by Anglada et al. (2004); Anglada, Rodriguez, &
Torrelles (2000), confirmed these findings and resolved VLA 4 into a close binary
VLA 4A and VLA 4B. The two components are separated by 0”3 or 65 AU at
200 pc and a lower limit of 135 yr is derived for the orbital period of the binary
system. Based on their radio data Anglada, Rodriguez, & Torrelles (2000) suggest
an interesting interpretation of all the data on this source. They claim the VLA
4A is associated with the optical counterpart of SVS 13 and VLA 4B with the
millimeter counterpart. If VLA 4B were surrounded by a dusty disk any change in
the accretion of this disk could lead to sudden brightening of SVS 13 in the optical
as observed by Eisloffel et al. (1991). Anglada et al. (2004) confirm the presence of
a single disk in the SVS 13 close binary system around VLA 4B.

Davis, Ray, Desroches, & Aspin (2001) detected strong Hs emission towards
SVS 13 and out along the HH7-11 flow axis. The Hy spectrum of this flow was
made available to me through private communication (C.J. Davis) and the position
velocity diagram of the HH 7-11 region in Hy is shown in Figure 3.1. The H,
emission at the source is seen to be double peaked with a HVC at ~ -90 kms~! and
a LVC at ~ -20 kms ™! and spectro-astrometry shows that the high velocity emission
is offset to ~ 0”4 and the low velocity emission to ~ 0”2. A LVC and HVC are also
observed in [Fell] (see Figure 3.2). The HVC is strong and peaks in intensity at
a velocity ~ -133 (£ 10). The LVC is much weaker and peaks somewhere in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>