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Abstract

Protostellar jets and winds play a crucial role in the dynamics and evolution of the star-
formation process. They may effectively regulate mass accretion by removing angular
momentum from the circumstellar disc. Despite their importance, the physical processes
driving the outflow phenomena remain poorly understood. This thesis presents a consistent
model for the outflow structure and dynamics of the young stellar object DG Tauri, using
data of unprecedented spatial and spectral resolution from the Near-infrared Integral Field

Spectrograph (NIFS) on Gemini North.

The approaching outflow shows two components in [Fe II] 1.644 ym emission. A stationary
recollimation shock is observed in the high-velocity jet, in agreement with previous X-
ray and FUV observations. The pre-shock jet velocity, and inferred jet launch point
(400-700 km s~! and 0.02-0.07 AU, respectively), are significantly different from previous
estimates. Jet ‘acceleration’ beyond the shock is interpreted as intrinsic velocity variability.
Careful analysis reveals no evidence of jet rotation, contrary to previous work. A wide-angle,
low-velocity blueshifted molecular outflow is observed in Hy 1-0 S(1) 2.1218 pm emission.
Both outflows are consistent with a magnetocentrifugal disc wind origin, although an

X-wind origin for the jet cannot be excluded.

The lower-velocity [Fe II] component surrounds the jet, and is interpreted as a turbulent
mixing layer generated by lateral jet entrainment of molecular wind material. An analytical
model of an entrainment layer is constructed, based on Riemann decomposition of directly
observable outflow parameters. The model reproduces the velocity field of the entrained
material without invoking an arbitrary ‘entrainment efficiency’ parameter. The luminosity
and mass entrainment rate estimated using the model are in agreement with observations.
Such lateral entrainment requires a magnetic field strength of order a few mG at hundreds of

AU above the disc surface; independent arguments are advanced to support this conclusion.

The receding outflow of DG Tau takes on a bubble-shaped morphology. Kinetic models
indicate this structure is a quasi-static bubble with an internal velocity field describing
expansion. It is proposed that this bubble forms because the receding counterjet from DG
Tau is obstructed by a clumpy ambient medium. There is evidence of interaction between
the counterjet and ambient material, which is attributed to the large molecular envelope
around the DG Tau system. An analytical model of a momentum-driven bubble is shown
to be consistent with observations. It is concluded that the bipolar outflow from DG Tau

is intrinsically symmetric; the observed asymmetries are due to environmental effects.

The observational interpretations and comprehensive modelling of the DG Tau outflows
presented in this thesis constitute a significant step forward in gaining a full physical
understanding of how stars accrete their mass. The complex nature of the approaching jet

provides the first clear indications of the diverse phenomena associated with protostellar
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mass loss. The different morphology of the receding outflow has highlighted the role of
environmental factors in defining outflow characteristics. Together this work presents a
new and more detailed view of the complex mechanisms associated with the formation of a

low-mass star.
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CHAPTER 1

Introduction

But if the matter were evenly disposed throughout an infinite
space, it could never convene into one mass; but some of it would
convene into one mass and some into another, so as to make an
infinite number of great masses, scattered great distances from
one to another throughout all of that infinite space. And thus
might the sun and fixed stars be formed. ..

— Isaac Newton!

Collimated outflows are ubiquitous components of accreting astrophysical objects across
a wide range of masses and energies. The masses of outflow-driving systems range from
supermassive black holes in active galactic nuclei to sub-solar mass protostellar cores and
white dwarfs. The wide range of objects that are capable of launching jets, winds and
related outflow types” suggest that some universal underlying mechanism is at work. This
mechanism is believed to be tied to the gravitational accretion of material and the need for
an efficient method of removing angular momentum ( ). Although it is generally
accepted that these outflows are launched via magnetohydrodynamic processes (e.g.

), the exact details of this mechanism or mechanisms remain elusive.

Outflows are thought to play a particularly important role in the process of star formation.
They are the means by which young stars clear their environment, allowing them to become

optically revealed to observers. The outflows are also used as a signature to ascertain the

'Letter to Richard Bentley ( ; ).

2Throughout this thesis we use the following nomenclature. Outflows encompass all types of collimated
flows driven by protostellar objects. Jets refer to the highest-velocity, well-collimated central components
of the outflows. Winds refer to the less-collimated, lower-velocity outflow components (e.g. Fig. 1.7). Note
that this use of winds is distinct from the MHD disc wind (§1.2.2.1), which is a candidate mechanism for
driving both jets and winds as defined here.




2 Introduction

presence of forming stars before they are revealed. Outflows may modify the structure of

protostellar discs ( ), affect the penetration of ionizing particles and
stellar radiation into the disc ( ; ), lead to the formation of
a disc corona ( ), lift and process dust particles ( ;

), accelerate disc dispersal ( ), and limit the extent of
infalling gas via feedback ( ). Finally, and perhaps most importantly,

outflows are thought to aid in overcoming the angular momentum problem (§1.1.3) which
would otherwise impede the ability of a protostar to accrete matter. Therefore, a thorough
understanding of the structure of outflows, and how they are launched, is vital to unravelling

the mystery of how stars like the Sun, and potentially solar systems like our own, form.

Protostellar outflows have been studied extensively in the literature (§1.2) using spectro-
scopic and imaging techniques. However, spectroimaging techniques (e.g. §1.4) remain
relatively underutilized. The combination of structural and kinematic information that
may be obtained using an integral-field spectrograph allows for a highly-detailed analysis
of the structure, kinematics and, with the inclusion of multi-epoch data, variability in
protostellar outflows. The use of adaptive-optics systems allows the outflows to be resolved

within tens to hundreds of AU of the driving source.

In this thesis, we present the deepest spectroimaging observations to date of the protostellar
outflows associated with the actively-accreting young star DG Tauri. These data (§2) allow
us to rigourously separate the emission from blended outflow components for the first time,
and probe the parameters and structure of each in exquisite detail. We leverage these data
to investigate critical questions in the field of protostellar outflows, such as the presence
of rotation, the launch radii of the outflow components, the interactions between outflow
components and ambient media, the generation of periodic and time-variable structures,
and the self-similarity of the outflow components. The data motivate us to develop original
analytical models of the processes by which the outflow components may interact with each
other (§3), and with the ambient medium surrounding the protostar (§4). We demonstrate
that the intermediate-velocity component of the approaching outflow is consistent with the
formation of a turbulent mixing layer, and that the receding outflow ‘bubble’ structure is a
sign of jet-ambient medium interaction. These models represent fundamental progress in
the field of protostellar outflows, and have wide implications in the study of outflows from

other young stellar objects.

In the balance of this chapter, we provide an overview of the star formation process, and
the basic properties of low-mass protostars. We then discuss the role that outflows may
play in star formation, as well as some key observations of these beautiful systems. We
provide a summary of our object of interest, DG Tauri, as well as the instrument we used
to examine it, the Near-infrared Integral Field Spectrograph (NIFS). Finally, we provide a

brief outline of the remainder of this thesis.
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1.1. Star Formation

Star formation is one of the most important processes in astrophysics. Stars are the
fundamental units, indeed, ‘atoms’ of the Universe. They determine the structure and
evolution of galaxies, play a dominant role in the generation of almost all observed luminosity,
and possibly led to the reionization of the Universe. All elements beyond hydrogen and
helium are formed in stars, and the process of star formation is inextricably linked to the
formation of planetary systems ( ). Therefore, determining the exact
nature of star formation is of central importance ( ). Whilst the general
picture of star formation is thought to be fairly well-understood (§1.1.1), there remain

several outstanding problems (e.g. §1.1.3).

1.1.1. Overview of the Star Formation Process

The overarching picture of the process of star formation as the accumulation and collapse of
overdensities in the interstellar medium has been around since at least the times of Newton
( ). However, further significant advances in the theory of star formation were
not made until the middle of the 20*" century, when it was realized by

( ) that star formation was ongoing nearby in the Milky Way, and that contemporary
telescope technology allowed for the detailed analysis of these objects. Subsequently,
millimetre-wave CO observations in the 1970s provided direct detection of the seed material
for star formation in clouds, clumps and cores (e.g. ). The core concepts of the
star formation process were reasonably well-understood by the 1980s, and are encapsulated
in the review of ( ). However, many details of the star formation process
remain unclear, and the search for a complete model of star formation remains one of the

most fundamental outstanding questions of astrophysics.

The remainder of §1.1.1 provides a brief outline of the basic concepts of star formation. It

is not intended to address all the outstanding questions the field; the reader is invited to

consult the reviews of ( ) ( ) ( ) and
( ), as well as the recent textbook of ( ), for a more comprehensive
account.

1.1.1.1. Molecular Clouds, Clumps and Cores

Massive (~ 107 M) bound structures condense from the diffuse interstellar medium in
galactic spiral arms due to large-scale gravitational instabilities ( ;

). These structures inherit a large amount of turbulence from the
diffuse ISM which, along with self-gravity, causes them to fragment into giant molecular

clouds (GMCs) with a wide range of masses ( ). Smaller molecular
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Table 1.1 Properties of molecular clouds, clumps and cores. Adapted from (2011).
Giant Molecular Molecular Cloud core
molecular cloud clump
cloud

Mean radius® (pc) 20 5 2 0.08 (~ 10* AU)
Number density,® nyg, (cm™3) 102 3 x 102 103 10°
Mass?® (Mg) 10° 10% 103 10!
Linewidth (km s~!) 7 4 2 0.3
Temperature (K) 15 10 10 10

% Values quoted are indicative only; a wide range of masses and sizes are possible.

clouds may be formed by ram pressure from supersonic flows, which are potentially

driven by an ensemble of supernova explosions, superbubbles and expanding HII regions
( )-

Molecular clouds are strongly structured, being dominated by density enhancements referred
to as clumps that are the progenitors of star clusters ( ). Two
basic processes may be involved in the fragmentation of molecular clouds. Fragmentation
may result from small inhomogeneities in the original molecular cloud distribution that
are amplified by self-gravity. Alternatively, the relationship of increasing linewidth, and
inferred velocity dispersion, to increasing cloud size (Table 1.1) suggests the presence of a
hierarchy of supersonic turbulence within the clouds. Such supersonic turbulence would
compress the gas in shocks, creating a hierarchy of compressed clumps. Both processes
almost certainly play a role in fragmenting clouds down to the clump regime ( ).
The same processes lead the clumps to further fragment into molecular cores (§1.1.1.2),
which are the progenitors of single- or multiple-star systems. Typical bulk properties of

molecular clouds, clumps and cores are listed in Table 1.1.%

1.1.1.2. Protostellar Collapse

The evolutionary steps by which a region of a molecular clump collapses to form an optically-
revealed, low-to-intermediate mass young stellar object (YSO) was first summarized in the
review of ( ), and is shown in Fig. 1.1. Our understanding of this overarching
process has not changed significantly since then, although many of the underlying processes

are still actively investigated.

Two main models to explain molecular cloud core collapse exist (Fig. 1.1a). The first, based
on analyses of the stability of molecular clouds and the fragmentation process, suggests

that an unstable or marginally stable clump of gas, in which gravity overcomes pressure,

31t is important to note that while this fragmentation process is expressed in terms of discrete stages, it
has been long understood that it involves a cascade of turbulence and collapse on all scales ( ).
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Figure 1.1 The evolution of forming stars ( ). (a) Regions of molecular clouds become
unstable, and begin to collapse to form protostellar cores. (b) The core develops a central density peak,
which forms a protostar surrounded by a circumstellar disc. Material from the core continues to fall on
to the circumstellar disc. (c¢) Disc accretion begins to drive bipolar outflows, which start to clear out
the remnant protostellar envelope. (d) Infall from the envelope to the disc ceases, and the subsequent
disc accretion then stops. The related outflows also terminate, leading to a pre-main-sequence protostar
surrounding by a passive protostellar disc. Reproduced with the permission of Annual Reviews.

initiates a rapid runaway collapse (fast-collapse model; ;

). The unstable clumps are formed as the result of supersonic turbulence within
the molecular cloud complex ( ; ;

). The second model states that cloud cores are initially magnetically supported, and
condense slowly as magnetic support is leaked away via ambipolar diffusion (slow-collapse
model; ; , ; ; ). In a magnetized
plasma, the magnetic field is coupled to the charged particles, which are in turn coupled to
the neutral particles via collisions. For weakly ionized plasmas, the neutrals and charged
particles become decoupled as the collision rate becomes negligible, removing the support
of the magnetic field from the neutrals and leaving them subject to gravitational collapse
( ). Both of these models represent unphysical extremes; more realistic

models are expected to be intermediate to the above scenarios ( ).

Irrespective of the trigger mechanism, as the cores collapse they become internally stratified,
with a central density concentration ( ; ). This

concentration will eventually render the core unstable, and initiate a runaway ‘inside-out’
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collapse ( : : ). In the slow-collapse model of
( ), the surface at which gas begins to fall quickly inwards propagates outwards through
the quasi-static core at the sound speed ( ). In the fast-collapse scenario (

), the mass infall rate on to the nascent protostar is much higher, and material falls in
at a few times the sound speed from an already-infalling core (e.g. ). Again,
reality is likely to exist somewhere between these two extremes ( ). Regardless,
the net result of this collapse is the formation of a very low-mass (< 1072 Mg;

) protostar in the centre of the cloud core (Figure 1.1b; )4

The remainder of the cloud core continues to collapse inwards.

Most star-forming cores are rotating ( ), as would be expected for
turbulent molecular clouds ( ). Material is present with
sufficient angular momentum to prevent it from falling directly onto the protostar, instead
forming a circumstellar accretion disc (Figure 1.1b; ; ).
As the collapse proceeds, material will fall preferentially onto the disc as opposed to the
star ( ). This occurs because material at greater distances from the star,
with greater angular momentum, begins to undergo infall ( ;

). Subsequently, material accretes through the disc onto the central star, although the

method by which the material sheds excess angular momentum remains unclear (§1.1.3).°

Throughout the initial accretion phase, the central star remains heavily obscured by the
cloud core, making direct observation of this process difficult. Indeed, the star is typically
not optically revealed until the majority of mass accretion has already occurred (

).% During this phase, the main contribution to the luminosity of the system comes

from accretion shocks on the central star and circumstellar disc, which gives rise to the

4This actually takes the form of a two-phase collapse process. The first collapse ceases when the gas
in the central density peak becomes hot enough to support the central hydrostatic core against further
collapse. Once this gas reaches temperatures capable of dissociating molecular hydrogen, the value of the

adiabatic index in the core drops below the critical value of 4/3 required for stability ( ), leading
to the second collapse and the formation of the protostar ( ). The majority of the
first hydrostatic core has collapsed into the second core within ~ 10 years ( ).

5Tt should be noted that, in the last decade, it has been realized that the strong magnetic fields of
protostellar cores may eﬁ"ectwely brake the core rotation as it collapses. This magnetic braking occurs
when the magnetic field lines threading the disc are twisted by the disc’s rotational motion, loading up
the tension in the field lines. Alfvén waves then transfer angular momentum from the disc to the external
medium, not unlike waves travelling along a taut, plucked rubber band ( ). This
would solve the angular momentum problem, but prevent the formation of Keplerian rotation discs. Given
the fact that such discs are ubiquitous throughout star formation, and are even starting to be detected in

Class 0 objects (e.g. ), this is an outstanding issue, referred to as
the ‘magnetic braking catastrophe’. Although ambipolar diffusion and the Hall effect have a significant
effect on the collapse process ( ,b), it is currently thought that

turbulence and Ohmic dissipation are the key phys1cal mechanisms for limiting the effectiveness of magnetic
braking, and allowing the formation of rotationally-supported discs around forming stars ( ,
and references therein). Recent simulations using multiple levels of spatial refinement suggest a two-phase
core collapse process; an initial efficient shedding of angular momentum until approximately half the initial
protostellar mass is accreted, followed by the formation of a rotationally-supported protoplanetary disc at

later stages ( ).
5The advent of the Atacama Large Millimeter/Sub-millimeter Array (ALMA) is expected to begin to
address this issue directly ( ; ), but at the time of writing the first results of the

array are only just beginning to appear (e.g. ; ).
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spectral energy distributions (SEDs) used to classify low-mass protostars (§1.1.2).

As the protostar continues to accrete matter, deuterium ignition will occur in the core
when the required temperature is reached (approximately 1 x 10° K; ),
approximately when the protostar reaches a mass ~ 0.2 M. This is a significant source
of heat, which greatly slows protostellar contraction as accretion continues ( ).
Furthermore, differential rotation, coupled with the convection driven by deuterium burning,
can produce dynamo action and generate strong magnetic activity. The energy released may
power the intense stellar surface activity observed in YSOs ( ). As material
preferentially falls on the circumstellar disc as opposed to the star, the ram pressure of the
direct infall weakens above the rotational poles ( ). This allows the outflows
from the central star/inner disc to break clear of the circumstellar envelope and begin
clearing it (Fig. 1.1(c)). In the original paradigm of ( ), these outflows were
thought to be stellar winds, but it has been realized since that they are far more likely
to be magnetohydrodynamic winds launched from the disc surface (§1.2; ).
As the envelope material is swept away, the star becomes optically revealed for the first
time, and is observed as a T Tauri star (T'TS) or Herbig Ae/Be star, depending on the
protostar mass and spectral properties (§1.1.2). These stars emerge on the ‘birthline’ of
the Hertzsprung-Russell diagram, and descend steep Hayashi tracks towards the zero-age
main sequence (ZAMS; ). After the envelope around the protostar is dispersed,
and full hydrostatic equilibrium is reached, the protostar contracts on a Kelvin-Helmholtz

timescale until hydrogen fusion begins, and the star enters the main sequence.

1.1.2. The Classification of Protostars

1.1.2.1. By Mass and Spectral Features

The primary discriminant for the classification of YSOs is mass. High-mass YSOs, with
masses = 810 Mg, make up the ‘massive YSOs’. These objects may form via a scaled-up
version of the process described in §1.1.1.2, or via the so-called ‘competitive accretion’
process in dense clusters ( ; ).7 The low-mass YSOs are split
into two further classes; the low-mass T Tauri stars, and the intermediate-mass Herbig
Ae/Be stars. Conceptually, T Tauri and Herbig Ae/Be stars are differentiated by mass,

with the mass cut between the two classes at ~ 2-3 Mg.® However, the formal separation

"A detailed discussion of the process of massive star formation is beyond the scope of this thesis. The

interested reader is directed to the reviews of ( ), ( ) and ( )
for details.

8The exact mass break between the two classes varies between authors. ( )
place the cutoff at 3 Mg, ( ) adopt a value of 2 Mg, and both
( ) and ( ) allow Herbig Ae/Be stars to have masses as low as 1.5 M. Therefore, there

is likely to be an overlap in masses between the two classes; however, this does not affect the classification
of T Tauri and Herbig Ae/Be stars, which is based on spectroscopic properties ( ;

; ; )-
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is made via spectroscopic properties. The balance of this section focuses on the T Tauri

class of protostars.

T Tauri stars (TTS) were first identified from the prototype object T Tauri by ( ),
who proposed a set of relatively tightly-defined spectral and light-variation characteristics
for the class. ( ), whilst noting their near-universal variability, determined that
the classification of TTS should be made on spectroscopic properties alone, and provided a
broadened, but highly-prescriptive definition ( ). ( ) realized
that this definition was unnecessarily dependent on transient spectral features, and also
excluded some TTS which were lacking one or two typical attributes of the class. Therefore,

they determined a simplified definition of a T Tauri star:

Stellar objects associated with a region of obscuration; in their spectrum they
exhibit Balmer lines of hydrogen and the Ca II H and K lines in emission, the
equivalent width of Ha being at least 5A. There is no supergiant or early-type
(earlier than late F) photospheric absorption spectrum.’
This definition, whilst still frequently used, is not complete; e.g. the Balmer emission lines
of TTS are known to vary significantly with time ( ). Presently,
the term TTS is synonymous with low-mass pre-main-sequence stars, irrespective of
their emission characteristics ( ); these objects are identified by a range of
techniques such as objective prism surveys, X-ray surveys, proper motion, photometry
and variability studies, and their classification is confirmed spectroscopically (
). Identification of young stars by comparison to theoretical stellar evolution
models using colour-magnitude diagrams is the most common approach (e.g.
; ; )-

TTS typically have late spectral classes (late F to M, ), with strong excess
IR and UV emission. In some cases, the IR excess is so pronounced that the peak of the
spectral energy distribution is shifted into the far-infrared (§1.1.2.2; ;

), and the presence of hot dust, at an inferred temperature of hundreds of K,
must be invoked. The UV /blue excess is radiation released by free-free and free-bound
transitions in a hot hydrogen plasma, most likely formed in the accretion process (

).

More specifically, the spectrum of a TTS may be broken into four components — a stellar
continuum, a stellar absorption line spectrum, a superimposed non-photospheric continuum,
and an emission-line spectrum. The stellar absorption line spectrum is similar to that of a
late-type (K to M) dwarf, with strongly enhanced Li I 6708 A absorption (

), which is indicative of the youth of the star ( ; ;

°The ( ) definition of a Herbig Ae/Be star is similar, but the stellar object is earlier
than FO0, is associated with a reflection nebula in addition to obscuration, and does not require Ca II H and
K lines in emission.
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). The absorption spectrum lines are often shallower than expected, being
‘veiled’ by the non-photospheric continuum (e.g. ;
).10" Approximately two-thirds of TTS show double-peaked Balmer lines (
), which provide evidence for complex and time-varying gaseous flows in the
envelopes of these stars ( ). The emission-line profiles are broadened, and the
forbidden lines enhanced (§1.2).

TTS are further classified by their spectra into classical (CTTS) and weak-lined (WTTS)
T Tauri stars. CTTS are those objects that broadly conform to the characteristics described
above. As the name suggests, WTTS exhibit weaker line emission, particularly in the
Balmer and forbidden lines ( ; ; ).
They also show little to no UV and IR excess in their spectral energy distributions. The

physical reasons behind these differences are elaborated in §1.1.2.2.

1.1.2.2. By Spectral Energy Distribution

Starting in the 1980s, a classification scheme for YSOs was developed based upon the
spectral energy distribution (SED, the product of wavelength, A, and intensity at that
wavelength, F, as a function of \) of the objects.'? This classification scheme was based
both on the observed SEDs and on theoretical modelling, and was hence perceived to be
more meaningful as a measure of the evolutionary state of the YSO. ( ) was the
first to introduce a three-tier class system, and ( ) proposed a similar
classification scheme. The hallmark of both systems is the classification of stellar objects

using the slope of their SED in log-log space,

dlog(AFy)
= — 1.1
C= T dlogr (1.1)
over the wavelength range 2.2 pm to 10-25 um (e.g. ).
( ) added an additional class, Class 0, based on the sub-millimetre luminosity

of deeply-embedded objects. Examples of the SEDs used to classify protostars are shown
in Figs 1.2 and 1.3. The resulting classification leads to an evolutionary track, where
protostars begin as Class 0 objects, and move through Classes I, II and III as they evolve

( ). This system may be summarized thus ( ):13

9This veiling was first noted by ( ). The term is now understood to refer to two distinct
phenomena that cannot be easily differentiated in observations: (a) selective filling in of spectral lines, and
(b) overlying continuum emission ( ). Veiling in classical TTS can be so strong that it can
only be explained by the presence of a non-photospheric continuum, which may exceed the photospheric
continuum by a factor of several ( ).

" These objects are occasionally referred to as naked T Tauri stars (e.g. )

129EDs may also be expressed in terms of frequency, v vs. F,v ( ). AF and vF, are
units of energy, not energy density; SEDs are determined in these units to remove any dependence on the
size of the wavelength/frequency bins used.

13There are variations on this classification scheme. For example, ( ),
( ) and ( ) use the classification system of ( ), where the cut-off
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Figure 1.2 Example spectral energy
distributions (SEDs) of pre-stellar molec-
ular cores, and cores with embedded pro-
tostars ( ). Top to bot-
tom: starless core (§1.1.1.2).; first hydro-
static core (FHSC) candidate (§1.1.1.2;
footnote 4, p. 6); very low-luminosity ob-
ject (VeLLO)® PACS” bright red source
(PBRS) Class 0 protostar; Class I
protostar; flat-SED protostar; outburst-
ing Class I protostar (e.g.

). + and X symbols
show photometric measurements, trian-
gle symbols denote upper limits, and
grey lines show spectra. Sourced from
http://arxiv.org/abs/1401.1809. Re-
produced with the permission of M. Dun-
ham.

Data sources. Starless core —

(2010); (2013).
FHSC candidate — (2011).
VeLLO — ( );

( ). PBRS —
( ). Class 0 — ( );

(2013);
( ). Class I — ( ).
Flat-SED € outbursting Class I —
(2012).

“Protostars embedded in dense cores
with internal luminosities Line < 0.1 L.
These objects were thought to be starless
prior to the launch of the Spitzer space
telescope ( ).

®The Photoconductor Array Camera
and Spectrometer aboard Herschel.

‘Protostars with very
red colours, such that
log [AFx(70 pm)/AF(24 pm)] > 1.65.
Thought to be ‘extreme’ Class 0
protostars with higher-than-typical
envelope masses and mass infall rates

( )-


http://arxiv.org/abs/1401.1809

1.1 Star Formation 11

T T T
Protostar?

Class I

Figure 1.3 Typical spectral energy distribu-
tions (SEDs) for Class I, IT and III protostars
( ). Class I: SED broader than a
blackbody, with positive spectral indices red-
ward of 2 pm. Class IT: SED broader than
a blackbody, with flat or negative spectral in-
dices redward of 2 um. Class III: Well-fit
by a reddened blackbody function. The con-
tinued decrease of the infrared excess in the
SED from Class I to Class III indicates the
accretion and dissipation of the protostellar T-Tauri Star
envelope (Class I to Class IT) and circumstellar 1 L 1 1
disc (Class II to Class I1I; ).
Reproduced with the permission of C. Lada. T T T T
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Class 0: Sources with a central protostar that is very faint in the optical/near-IR'*,
and a significant sub-millimetre luminosity'®, Lgnm, such that Lsym/Lvor > 0.5%,
where Ly is the bolometric luminosity. Their SEDs resemble a single-temperature
blackbody with T' ~ 15-30 K. Class 0 sources are condensations in molecular cores
that appear to be associated with formed, hydrostatic YSOs ( , ).
These objects are just beginning the process of star formation, with the central object
starting with significantly less mass than the final stellar mass (§1.1.1.2;

). A significant fraction of the stellar mass is accreted during

)

between Classes II and III is at & = —1.6, Class I has a > 0.3, and a new class, termed ‘flat-SED’ sources, is
inserted between Classes I and II for sources with —0.3 < a < 0.3. Other reviews choose not to incorporate
flat-SED sources in their classification system ( ), although some do note them as an
interesting sub-class of objects (e.g. ). Flat-SED sources are discussed further at the end
of §1.1.2.2.

14 That is, effectively undetectable in these regimes using 1990s-era technology ( ).

15 L smm is measured longward of 350 pum ( ).



12 Introduction

this stage ( ). These objects roughly correspond to Fig. 1.1(a).

Class I: Sources with a@ > 0. In this phase, material from the envelope is infalling on
to the circumstellar disc ( ). The central protostar is relatively
evolved, having accreted most of its mass during its Class 0 phase (

; ). This stage corresponds to Fig. 1.1(b) and (c).

Class II: Sources with —1.5 < o < 0. These are pre-main sequence stars with significant
circumstellar discs (classical TTS; §1.1.2.1). Both circumstellar discs and large-scale
outflows are easily observable at this stage, whilst some accretion (< 1078 Mg yr—!)
is ongoing ( ; ). This stage corresponds to

somewhere between Figs 1.1(c) and (d).

Class III: Sources with o < —1.5. This stage is reached when accretion onto the central
star, and the resulting outflow activity, has largely ceased (weak-lined TTS;

). This results in the disappearance of the SED emission excesses
and forbidden emission lines. Class III SEDs are well-fit with a reddened blackbody
function, indicative of a star close to the zero-age main sequence surrounded by a
‘passive’ protoplanetary disc which re-radiates stellar light ( ). There may

also be a complete lack of circumstellar material ( ). This stage

corresponds to Fig. 1.1(d).

It should be noted that the above classification scheme is a binning of the continuous
evolution of SED spectral index ( ), and by extension the continuous star formation
process. Indeed, some authors cite an additional evolutionary stage, the transitional Class
I/Class II objects (also called the flat-SED objects, see footnote 13, p. 11;

: ; ). These objects have characteristics of Class I1
objects, such as well-collimated microjet-scale outflows (§1.2.1.3), but are more heavily
obscured, or have higher mass accretion rates, or large remnant protostellar envelopes, like

Class I objects.

The linkage between the IR and UV excesses in YSO spectra is of particular importance.
It has been observed that YSOs with IR excesses almost invariably have strong optical/UV
excess emission; conversely, all objects which display signs of active accretion also show
IR excesses associated with the presence of an accretion disk ( ). This
correlation reveals that the powering of excess emission, and the driving of jets and winds'®,
comes from the energy released in the accretion process ( ). This motivates
the development of models which link the accretion process with the launch of collimated
outflows (§1.2.2).

16 ( ) found a strong correlation between mid-infrared excess emission and [O I] 6300 A

jet emission.
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Table 1.2 Characteristic values of specfic angular momemtum, J/M, through
the process of star formation. There is a clear need for the loss of angular
momentum throughout protostellar collapse and mass accretion. Adapted from

(2011).

Object Scale J/M (cm? s~1)
Molecular clump 1 pc 10%
Cloud core 0.1 pc 1.5 x 10%!
Typical disc around 1 Mg protostar 100 AU 4.5 x 10%°
T Tauri star (rotation) few Re 5.0 x 1017
Sun (rotation) Re 10%
Jupiter (orbit) 5.2 AU® 1020

‘ (2004)

Much like the realization that different types of active galactic nuclei (AGN) represent
different viewing angles on to the same kind of object ( ;

), the geometry of a particular YSO, including inclination, aspherical geometry and
foreground reddening effects, can confuse this classification system (

; ). For example, the simulations of protostellar collapse performed
by ( ) showed that objects that would be assigned to Class I
conceptually based on their evolutionary state may have SEDs characteristic of Class 0
sources if the system is viewed ‘edge-on’ to the nascent circumstellar disc.
( ) also point out that the properties of many Class I and Class II sources, such
as effective temperature, photospheric luminosity and stellar mass, are similar, further
suggesting that inclination effects may be confusing the classification system. There was
much discussion at the recent Protostars €& Planets VI meeting on the need for a more
robust and meaningful classification system. It is hoped sub-millimetre instruments such
as ALMA will be able to penetrate protostellar cores and reveal their true nature, allowing
a classification system based on precise position on the star formation sequence to be

developed.

1.1.3. Disc Accretion and the Angular Momentum Problem

The mechanism of accretion on to the central protostar remains poorly understood. This is
due in large part to the accretion process being a complex interplay of magnetohydrodynam-
ics, radiative transfer, chemistry, and possibly solid-state physics ( ).
One clear constraint is that throughout the process of star formation, there is a continued
need to remove angular momentum from the collapsing protostellar system. Observations
show that at each stage of the star formation process, from core to ZAMS, the system must
lose angular momentum (Table 1.2). In the earliest stages of star formation, magnetic
fields may provide efficient extraction of angular momentum by magnetic braking (§1.1.1.2,

particularly footnote 5, p. 6). However, irrespective of this braking, discs are observed to
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Figure 1.4 The magnetorotational instablil-
ity (MRI, ). Disc magnetic fields
bind fluid elements in the same fashion as
springs may bind masses in orbit. As the in-
ner element, m;, orbits the central mass, M.,
faster than the outer element, m,, the mag-
netic field ‘spring’ causes a net transfer of an-
gular momentum from m; to m,. This forces
m; to move inwards, and m, to move further
out in an unstable, runaway process. Original
figure courtesy H. Ji; sourced from Scholarpe-
dia (http://www.scholarpedia.org/article/
Magnetorotational_instability). Reproduced
with the permission of S. Balbus.

form around deeply embedded protostars (e.g. , ; ).
In more evolved objects (Class I and II), envelope material falls on to the circumstellar
disc, through which the majority of it is accreted onto the central protostar. This process,
referred to as disc accretion, must involve some mechanism for angular momentum transfer

out of the disc in order to allow material to fall towards the protostar.

Angular momentum transport processes can be classified in to the following three broad
categories: purely hydrodynamic, gravitational, or magnetic mechanisms ( ;

). Hydrodynamic turbulence, once thought to be a possible analogue
for molecular viscosity, has been largely ruled out as a possible mechanism. A large body
of work has demonstrated that it is difficult to generate sustained hydrodynamic angular
momentum transport, as discs are self-stabilised against the perturbations and vortices
that provide the transport by epicyclic motion ( ; ,
and references therein).!” Furthermore, hydrodynamic mechanisms that rely on convection
tend to transport angular momentum inwards (e.g. ). On the other
hand, self-gravitating transport mechanisms, such as gravitational Newton stresses, may
be plausible, but are limited to disc regions of high surface density'® (

). This mechanism is most readily triggered in the outer reaches of the circumstellar
disc, and may be important during the early Class I phase when material is rapidly fed
onto the disc from the envelope ( ). However, both of these types of
mechanism remain poor explanations for angular momentum shedding by the inner regions

of the discs of evolved Class I/Class II objects.

The most promising candidate (e.g. ) for the outward radial transport of
angular momentum in low-mass protostellar discs is the magnetorotational instability
(MRI; , ; , ). The MRI operates

"More recently, some other classes of hydrodynamic disc instability, such as the Rossby wave instability,
the Goldreich-Schubert-Fricket instability, and baroclinic vortex formation, have been investigated for their
ability to transport angular momentum, but they are dependent upon radiative driving, which has yet to
be adequately calculated ( .

BFormally, for a disc with surface density ¥, thermal speed (equivalent to the sound speed in an
isothermal gas) o¢n, and epicyclic frequency k, gravitational Newton stresses are suppressed when the
Toomre stability parameter Q = kotn/TGE exceeds unity ( , ; ).


http://www.scholarpedia.org/article/Magnetorotational_instability
http://www.scholarpedia.org/article/Magnetorotational_instability
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when matter is well-coupled'” to a weak magnetic field?” in the disc interior, and the disc
is differentially rotating, such that angular velocity decreases outwards?!' ( ;

; ). MRI perturbations result from the action
of magnetic fields in the disc connecting fluid elements located at different radii like a
spring.?? Consider, in a differentially rotating disc, two masses orbiting a central body
M., one (m;) inside the other (m,), connected by a spring. As the mass m; orbits faster
than m,, the spring stretches, pulling backwards on m; and forward on m,. The negative
torque on m; extracts angular momentum from it and forces it to move radially inward,
whilst the positive torque on m, causes it to gain angular momentum and move radially
outward (Fig. 1.4). This process increases the tension in the spring, which in turn increases
the torque on the fluid elements, leading to a runaway process. The MRI results from an
entirely analogous mechanism, where the magnetic tension force between the two fluid

elements acts like a spring ( ).

As mentioned above, MRI requires that the disc magnetic field be weak, and well-coupled
to the material in the disc interior, and is likely most important in the thermally-ionized
gas within 0.1-1 AU of the central protostar, and beyond 10 AU in the less-dense material
where non-thermal ionization is efficient ( ). If these conditions are not
met, then the MRI is suppressed. Angular momentum may alternatively be extracted

vertically in outflows (§1.2).%%

1.2. Protostellar Outflows

Outflows are a ubiquitous component of young stellar objects ( ).
They are observed in young stellar objects at every stage of evolution, until the circumstellar
disc activity tapers off in Class IIT sources (§1.2.1). These outflows can be immense, some
having greater mass than the related protostar (§1.2.1.1), and others extending up to a few
parsecs from the outflow source (§1.2.1.2). Modern telescopes, such as the Hubble Space
Telescope (HST), and ground-based telescopes equipped with adaptive-optics systems have
been able to resolve these outflows to within tens to hundreds of AU of the driving source

(§1.2.1.3). A summary of various observations of protostellar outflows, and suggested

9The degree of this coupling is parametrized by the Elsasser number, A = viﬁo/nLQK, where va o is
the initial disc midplane Alfvén speed, n1 = c¢*/(47w+\/0Z + 02 ) is the ‘perpendicular’ diffusivity, on and
op are the Hall and Pedersen conductivities respectively, and 2k is the disc Keplerian angular velocity.
For MRI to radially transport angular momentum, A; 2 1 ( ; , and
references therein).

20 A magnetic field is considered ‘strong’ in this context when the ratio of the disc midplane Alfvén speed,
VA0, to the isothermal sound speed, cs, is not much smaller than unity. A ‘weak’ field is where va o < ¢s

).

2!The angular momentum condition is relaxed in the ambipolar diffusion regime ( ).

22Formally, the equations of motion for a differentially rotating, magnetized accretion disc are identical to
those for two bodies bound together with a spring of frequency kva whilst in orbit around a third, central
body, where va = B/+\/4mp’ is the Alfvén speed in the disc ( ).

2The requirements for magnetically-launched outflows are discussed in §1.2.2.
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Figure 1.5 Outflows from young stellar objects at multiple length scales (Frank et al. 2014). Shown

left-to-right are the outflow processes occurring on disc (§1.2.1.3), envelope (§1.2.1.2) and molecular cloud
(8§1.2.1.1) scales.

Disk scale: Magnetized accretion columns funnel material onto the protostellar surface, producing strong
optical/UV excess emission which veils the stellar lines (§1.1.2.2). The strong magnetic activity also
produces sunspot activity (Walter et al. 1988; Bouvier et al. 1993; top panel). The stellar magnetic field
also truncates the inner radius of the circumstellar disk (Bouvier et al. 2007; middle panel). The outflows
appear on observable scales as a rotating MHD jet (§1.2.1.3; bottom panel).

Envelope scale: The jets propagate to distances of hundreds, if not thousands, of AU from the central
protostar (§1.2.1; bottom panel). They are dominated by bow-shock shaped structures, probably generated
by velocity variations in the outflow (e.g. Raga et al. 1990; top panel). The jet may entrain additional
material (§1.2.1.3, §3) along the jet walls, or in the bow shock wings, from the cavity walls, the ambient
cloud (not shown) or the wider-angle/molecular outflows that often encase the jet (Fig. 1.7; not shown
here).

Cloud scale: Multiple stars form within a molecular cloud (§1.1.1.2). The outflows create observable
shocks in the cloud structure, and may contribute to the turbulence that seeds further star formation (e.g.
Federrath et al. 2014).

Sourced from http://arxiv.org/abs/1402.3553. Reproduced with the permission of A. Frank.

driving mechanisms, is illustrated in Fig. 1.5.

Most modern theories of outflow launching rely on some form of magnetohydrodynamic,
typically magnetocentrifugal, acceleration process, although exactly which process(es)
are viable remains unclear (§1.2.2). Significant computational effort has been made to
investigate the processes of outflow launching and propagation (see Pudritz et al. 2007 for
a review of recent progress; for specific examples, see, e.g., Zanni et al. 2007; Romanova
et al. 2009; Staff et al. 2010; Zanni & Ferreira 2013), but to date observational data has not
reached a quality where the predictions of these works can be accurately tested (§1.2.1).

Determining the nature of protostellar outflows and their launching is important for several


http://arxiv.org/abs/1402.3553
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reasons. First, by linking the observed outflow properties to those on the disc surface,
the outflows are one of the few probes available of the physical conditions on the disc
surface < a few AU from the star, which is unresolved with current NIR /optical telescope
technology. This region is of particular interest, as it encompasses the range of disc radii
where Earth-like planets may form (e.g. ). Secondly, determination
of the launch mechanism will reveal if the outflows are playing a significant role in the
extraction of angular momentum from the system (§1.1.3). Outflows launched very close to
the central star (e.g. X-winds; §1.2.2.2) will only remove angular momentum from the very

inner disc radii, and will not contribute to solving the wider angular momentum problem.

1.2.1. Observations of Protostellar Outflows

The first observation of the outflow from a young stellar object was made in the T Tauri
system, fifty years before it was recognised that that object was a forming star (

). It was another ninety years until such nebulosity (§1.2.1.2) was inferred to be from a
protostellar outflow ( ). Since then, there has been an extensive and concerted
effort to observe and analyse protostellar outflows, and determine their role in the star
formation process. In this section, we detail the key aspects of the three broad regimes of
protostellar outflows — the large-scale molecular outflows (§1.2.1.1), the large-scale optical
outflows (§1.2.1.2), and the ‘microjet’-scale outflows (§1.2.1.3). This is by no means a
complete account of such outflows; the interested reader is directed to the recent review of

( ), and references therein, for details.

As shown in Fig. 1.5, the predominant method for detecting outflows in the NIR /optical/UV
is through the observation of shocked structures related to the jets/winds. Ignoring for a
moment the issue of variable velocity jets (§1.2.1.3), there should be two shocks at the head
of a jet caused by the impact of the jet on the ambient medium; a reverse shock (‘Mach
disc’), and a preceding shock (‘bow shock’) that propagates into the medium (Fig. 1.5,
envelope scale, top panel; ).24 Our ability to detect these shocks is then limited
by the fact that they must have a particular combination of shock velocity and density
(typically, at least a few tens of km s~!, and 103-10° cm ™2, respectively), which produce
shock temperatures > 10* K, in order to be detectable ( ).

1.2.1.1. Molecular Outflows

Millimetre-wavelength observations have shown that Class 0 and Class I protostars drive

large-scale (or ‘giant’) molecular outflows, seen in CO rotational transitions (

24The relative brightness between the two shocks depends on the jet density with respect to the ambient
medium. ‘Heavy’ jets, which are significantly denser than the ambient medium, will show bow shock-
dominated emission, as they easily sweep up material in their path; ‘light’ jets will show enhanced Mach
disc emission, due to their inability to penetrate the ambient medium ( ; ).
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Figure 1.6 Outflows in the HH 111 system ( ). The color scale shows a composite

HST image of the inner regions of the jet (optical data from Wide Field and Planetary Camera 2, WFPC2)
and of the stellar source region (IR data from Near Infrared Camera and Multi-Object Spectrometer,
NICMOS) from ( ). Overlaid in green are contours showing the v = 6 km s~ channel
map of CO J = 1- emission by ( ). The yellow star marks the driving source position, the
grey oval represents the beam size of the BIMA CO observations. The length of the outflow lobe is ~ 0.2 pc.
The chain of nebulous objects centred at ~ 44° are Herbig-Haro objects. Reproduced with the permission of
Annual Reviews.

,b). First detected around the protostar L1551 IRS 5 ( ), CO outflow
lobes were soon realized to be a ubiquitous component of early star formation (

), and their long cooling time provides a history of the object’s outflow
activity ( ). In contrast to many smaller-scale outflows (§1.2.1.3), bipolar molecular
outflows are the norm, although some monopolar flows have been detected ( ).
Given that the mass of many CO outflows exceeds that of their related protostar, it
is presumed that they form through nascent protostellar outflows entraining ambient
molecular gas, predominantly through prompt entrainment by a jet bow shock (

) ) ) ) )
). Observational evidence has linked observed CO outflows to embedded jets,
which act as the momentum source for the molecular outflow (e.g. Fig. 1.6;
; ). Recent surveys (e.g.

) have shown that molecular outflows often extend = 1 pc from the driving source.
Well-collimated molecular ‘jets’, consistent with having been formed by entrainment, have
been observed in some objects (e.g. ). These jets also show
cross-outflow velocity asymmetries, which are interpreted to be direct evidence of the

outflows extracting angular momentum from the protostellar system (e.g. ).
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1.2.1.2. Herbig-Haro Objects & Outflows

The nebulosity detected by ( ) close to T Tauri was, in fact, a Herbig-Haro
(HH) object. Named for their discoverers ( , ; , , ), the
nature of HH objects was a mystery until ( ) suggested they could be formed

as a result of protostellar mass loss. The spectral definition of a Herbig-Haro object is

provided by ( ), taken from ( )

The H emission lines are strong and [O I] and [S II] are unusually intense.
The [N II] lines are also strong, and in those Objects that are not too heavily
reddened, [O II] [occurs| as well. .. A number of weaker emission lines [are seen]
that are not ordinarily found in appreciable strength in gaseous nebule: H and
K of Ca II, the infrared [Ca II] lines, Mg I 4571 A, and lines of [Fe II] and [Fe
I11).25

The realization that some HH objects appear in highly-collimated chains, of ‘jets’ (e.g. Fig. 1.6;
; ), led to the development of the present concept of
HH objects as internal working surfaces in collimated protostellar outflows (
).26 These surfaces arise as the result of velocity variations in the underlying jet
( , , 2005, 2007, 2009; ;

); as the jet velocity varies from slow to fast in a periodic fashion, fast jet material
collides with slower-moving material upstream, creating characteristic bow-shock features
that strongly mimic the morphology of HH objects ( ;

; ; ). Both monopolar and bipolar HH complexes
have been observed; in bipolar HH outflows, there is usually a clear correspondence between
the HH objects in each lobe (e.g. HH212, ; ). In
the case of monopolar HH complexes, assuming the driving outflow is not intrinsically
asymmetric, the asymmetry may be caused by obscuration of the opposing HH complex by
the circumstellar disc of the driving source (§1.2.1.3), or because the opposing HH complex

has receded into the dense molecular cloud behind the protostar ( ).

1.2.1.3. Microjet-Scale Outflows

The presence of enhanced blueshifted forbidden emission lines (FELs) is a typical character-
istic of T Tauri stars (§1.1.2.1). The ‘FEL regions’ close to the stars were found by
( ) to be the signature of ‘microjet’-scale outflows, based on HST imaging. Since

then, YSO microjets have been extensively studied in the optical/NIR regime through

25 A more detailed discussion of the spectral properties of HH objects may be found in ( ).

26Not all Herbig-Haro objects are internal working surfaces; for example, part of the HH 110 outflow
complex is thought to be the result of a collision between the HH 270 outflow and an ambient molecular
cloud ( ; ; ).
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imaging, spectroscopy and spectroimaging, as well as in other bands through a myriad
of techniques. Microjet studies are especially critical to the determination of the launch
mechanism of protostellar outflows, as it is expected that the microjet will not interact
significantly with ambient material in the first few hundred AU of propagation (
).
Although YSO microjets show a great deal of variety and complexity in their morphologies,
a general picture of their structure has been developed (Fig. 1.7). Typically, the outflow
consists of a central, high-velocity, well-collimated ‘jet’, with a velocity > 200-300 km s~ 1.
It is unclear if these jets are launched by the disc wind (§1.2.2.1) or X-wind (§1.2.2.2)
mechanisms. The jet is surrounded by a wider-angle, lower-velocity (~ 100-200 km s~ 1)
outflow component, commonly referred to as a ‘wind’. This component is usually interpreted
to be a disc wind encasing the high-velocity jet, although some studies suggest that this
component indicates the formation of an entrainment layer along the jet boundaries (e.g.
). The latter model is often discounted due to the expectation that the jet
apex bow shock will clear any ambient material near the star as the jet is launched (

), although some studies do attempt to resurrect the concept by imposing special
conditions (e.g. a cross-jet ambient wind; ). Finally, some
objects show evidence for a microjet-scale molecular outflow component, which typically
takes the form of a very wide angle (opening angle ~ 90°), low-velocity molecular wind
(e.g. : : ). However, in some
objects, Hy emission appears to be coming from the central jet (e.g. V4046 Sgr;

)-
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Much like the accretion mechanism that is thought to drive the outflows (§1.1.3), protostellar
microjets are time-variable phenomena. One of the most striking manifestations of this
is the presence of shock-excited ‘knots’ that move down the jet channel. First detected
in DG Tau by ( ), and shown to be moving in HH 30 by

( ), these knots can be thought of as the small-scale analogue of Herbig-Haro objects;
indeed, the knots in the small-scale jet driving HH 34 show a bow-shock morphology at
high resolution ( ). Recent numerical simulations by ( )
have shown that these microjet knots may merge downstream to form the large-scale
Herbig-Haro complex (§1.2.1.2). However, the cause of the velocity variability that is

suggested as the cause of these knots remains uncertain.

Of the three scales of protostellar outflows discussed here, the microjet-scale outflows
are the most likely to exhibit monopolarity. This is typically due to the obscuration of
the receding outflow by the circumstellar disc, leading to the protostar exhibiting only
blueshifted FELs. However, protostars with bipolar microjet-scale outflows commonly
display velocity and/or structural asymmetry between the outflows. Of the sample of young
stars with bipolar FEL regions studied by ( ), over half of the targets
exhibited a significant (factor ~ 2) velocity asymmetry between the two outflow lobes.
Further observations, including of DG Tau (§1.3.2.1), have shown that structural bipolar
asymmetries are also present. The cause of these asymmetries is a topic of significant
debate. Recent simulations of protostellar collapse by ( ) suggest that
bipolar asymmetric outflows are the norm amongst young stars, but the physical cause
of the asymmetries has yet to be revealed. Several specific models for the production of
bipolar outflow asymmetry have been proposed (see discussion in §4.7.1), some of which
have been tested numerically ( ), but a definitive answer has

yet to be found.

Due to the assumption that microjets have not interacted significantly with ambient
material, they have been considered a prime target for outflow rotation studies. Indeed,
computer simulations have determined that rotation should persist in protostellar jets
out to < 100 AU from the central star ( ). Direct observation of outflow
rotation would prove that the outflows extract angular momentum from the system, as
well as provide a means for calculating their launch points ( ;

). Spectroscopic studies using HST and 8 m-class telescopes with adaptive optics
have inferred cross-jet Doppler line velocity shifts in the microjets of several YSOs (e.g.

) ) ; ), including DG Tau (§1.3.2.1;

; ), suggesting the presence of rotation. However, more recent
observations have cast doubt on these claims. In particular, ( ) found
that the implied rotational velocity in the microjet from RW Aurigae varied, and even
changed rotational sense, on periods of ~ 6 months. This casts doubt on rotation being the

cause of the observed Doppler shifts, and indeed, alternative models have been suggested
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(e.g. interaction between the microjet and a warped disc, ).

The most recent addition to the study of YSO microjets has been the inclusion of high-
energy X-ray data, primarily from the Chandra satellite. It is now known that many
objects, including DG Tau (§1.3.2.1), emit soft X-ray emission from regions in the first few
arcseconds of their outflows (e.g. ; ). There are two
candidate explanations for this emission. The first is that it arises from a core, hot, fast
outflow component in the jet interior, that has yet to be observed at other wavelengths,
and is possibly launched from close to the stellar surface (§1.2.2.3; ).
Alternatively, ( ) successfully modelled the X-ray emission from the L1551

IRS 5 jet as the result of a stationary recollimation shock in the jet channel (

).

1.2.2. Launch Models

Early protostellar outflow studies quickly recognized that the momentum carried by
protostellar outflows was more than what could be supplied by radiation pressure (

).27 Thermal pressure is also considered insufficient to drive these outflows, as the high
temperatures that would be required are not observed near the base of the outflow (although
thermal pressure does affect the mass loading of MHD winds; ).
Although the precise driving mechanism of protostellar outflows remains fiercely debated,
the consensus view is that the ejection process involves some form of interaction between
the accreting matter and the stellar and/or disc magnetic fields ( ;

). There are two main theories that aim to explain the origin of collimated
protostellar outflows — the magnetocentrifugal disc wind (§1.2.2.1) and the X-wind
(§1.2.2.2).2® Such models are favoured because they provide both sufficient momentum to
the outflows to match observations, and they also possess a natural collimation mechanism
(§1.2.2.1, particularly footnote 33, p. 24). Some additional, specialised launch mechanisms
have been suggested to explain specific observations of single YSOs, and such models

relevant to this thesis are detailed in §1.2.2.3.

1.2.2.1. Disc Winds

The theory of MHD winds driven from the surfaces of accretion discs was addressed by
the seminal paper of ( ), and was first suggested as a candidate

launch mechanism for YSO outflows by ( ). The full analytical

2"The typical momentum carried by bipolar molecular outflows from YSOs is 10%-10° times greater than
what could conceivably be provided by radiation pressure from low-/intermediate-mass protostars (

28 Although there is frequently extensive debate about which of these launch mechanisms operates in a
particular YSO, the theoretical models are not mutually exclusive; indeed, it is completely reasonable that
both mechanisms may operate in concert, at different disc radii ( ; ).
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Figure 1.8 Rigid-wire analogy for magnetocentrifugal
disc winds ( ). Assuming that the magnetic
field (inclined line), is strong enough to act as a rigid wire
to a fluid parcel (circle), consider the forces acting upon y
it. At the disc surface, the gravitational force, GM/r?, ” _Q%-—>
equals the centrifugal force, Q%r, assuming Keplerian disc /
rotation. However, for a disc in near-Keplerian rotation,
or at some height above the disc, the centrifugal force,
02w, exceeds the gravitational force, g, and the fluid parcel
moves out along the magnetic field line. Modified from http:
//arxiv.org/abs/astro-ph/9602022; reproduced with the
. . 2
permission of H. Spruit. Q
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theory behind this model is extensively described in the literature (e.g. ;
), and is not covered here. However, ( ) provides an

illuminating qualitative description of the process, which we expand on below.

Consider a thin (disc height-to-radius ratio < 0.1) circumstellar accretion disc threaded
by an ‘open’ magnetic field. Such a field arises through the advection of the interstellar
magnetic field threading the nascent protostellar core during the collapse phase (§1.1.1.2;

).2% This results in the hourglass-shape field morphology inferred
from far-infrared and sub-millimetre polarisation measurements on sub-parsec scales in
several molecular clouds (e.g. : ; ). Now,
consider a frame co-rotating with a fluid parcel at some distance from the central star; a
fluid packet initially at rest in the disc will experience an effective potential that is the sum
of the gravitational and centrifugal potentials. If the poloidal magnetic field threading the
disc is strong (see footnote 20, p. 15), it acts like a rigid wire. If the field line is inclined at
less that 30° to the disc surface®, the effective potential decreases with distance from the
central star, leading to the magnetocentrifugal acceleration of the fluid packet along the
field line (Fig. 1.8). It is also a requirement that the accreting material in the disc can
‘slip” across magnetic field lines, to prevent a large magnetic flux accumulating near the

disc centre and halting further accretion ( ).

For an axisymmetric MHD disc wind, there are several quantities that may be shown to
be flux-surface constants ( , §4.3 therein). One such quantity is the

total (matter plus electromagnetic) specific angular momentum,

rByg
l= - 1.2
%, " Gk (1-2)
matter EM

where k = pv, /By, is the wind mass-load function (also a flux-surface constant), r is the
radial distance from the central star, p is the density, and vy (vp) and By (Bp) are the
toroidal (poloidal) velocity and magnetic field respectively. Close to the disc surface, the

magnetic component dominates, but at large distances the opposite is true. This transfer

2The magnetic field may also be generated by dynamo action in the disc ( ).
30Gee §2.3 of ( ) for an analytical derivation of this requirement.
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of angular momentum from the magnetic field threading the disc to the outflowing material
is the essence of centrifugal acceleration, and is accomplished by the exertion of a ‘back

torque’ on the disc by the magnetic field ( ).

The behaviour of MHD disc winds is determined by the location of the critical points of the
outflow. Critical points are defined as the location where the component of flow velocity
perpendicular to both the directions of axisymmetry and self-similarity equals the MHD
wave speed in that direction. Arguably, the Alfvén point, where the poloidal speed of the
outflow equals the local Alfvén speed, is the most important of these points for two reasons.
First, magnetocentrifugal acceleration occurs until (approximately) this point; beyond it,
the flow winds the magnetic field into toroidal coils®!, which provide collimation through

magnetic hoop stress®2:33 ( ; ).

Secondly, the magnetic field enforces approximately constant angular velocity out to the
Alfvén point, so the torque applied to the disc may be expressed as [ = Qori, where rp is
the Alfvén lever arm??, and € is the disc angular velocity at the flow line footpoint. By
defining the mass outflow rate in the wind as My, and the mass accretion rate as M,, we
may express the angular momentum transport by the outflowing and accreting material
as ~ MWQOT?] and ~ Maﬁorg respectively, where ry denotes the radius of the flow line

footpoint. Therefore, MHD disc winds enable accretion at a rate
M, = (ra/r0)> My (1.3)

The magnetic level arm parameter, A = (ra/ro)? ~ 32 for reasonable parameters (

), which is in broad agreement with observed mass outflow to mass
accretion ratio observed in late-stage protostars ( , and references therein).
This parameter also plays an important role in estimating the launch radius of outflows

from observational data (e.g. §2.4.1.3; ; ).

Whilst the origin of atomic jets and winds in microjet-scale outflows remains an open
question (§1.2.1.3; Fig. 1.7), the wide-angle molecular winds observed in K-band Ha
emission are almost certainly the product of a disc wind, due to the low likelihood of

molecular material surviving within < 0.1 AU of the protostar, as required for the X-wind

31This is beautifully illustrated by the simulations of ( )-

320ne should note that an isolated jet with strong toroidal magnetic fields is hlghly susceptible to the
‘kink’ instability, to an extent not seen in extended protostellar jets ( ).
Although it is not yet entirely clear how protostellar jets avoid being destroyed by this 1nstab1hty, candidate
mechanisms include forms of self-regulatory stability ( ), or the ‘nesting’ of the jet within
wider-angle MHD wind components (Fig. 1.7; ).

33The hoop stress mechanism (referred to as the z-pinch in the plasma physics literature;

), which is ubiquitous to all MHD winds launched along open rotating magnetic field lines

( ), may be summarised thus. After crossing the Alfvén surface, the magnetic surfaces within
the outflow open up. As this happens, the outflow material drags along the magnetic field lines, producing a
large toroidal field ( ). As the toroidal field becomes stronger, the cross-product force generated
by it and the downstream current density (i.e. By X j,) will overcome the centrifugal force, hence providing
collimation ( ).

34This is also referred to as the Alfvén radius.
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mechanism (see below; ). The uncertainty then lies in what stimulates
the molecular material into emission. The cooling timescale of ~ 2000 K molecular gas is
less than a year ( ), whereas the dynamical timescale of observed
molecular winds is 2 10 yr, indicating a heating mechanism must be acting (
). There are four main candidate mechanisms ( ; ):
shock heating, similar to the atomic jet components (e.g. ;
; ), UV fluorescence from Ly o pumping (e.g. ;
), X-ray stimulation (often cited as a possible cause of Hy emission from
circumstellar disks, e.g. , : ), and ambipolar diffusion
(e.g. ). Most recent studies conclude that observations are best matched by the

shock or ambipolar diffusion scenarios ( ; ;

).

1.2.2.2. X-Wind

The X-wind model invokes the interaction between the stellar magnetosphere and disc
magnetic field to provide a mechanism for extracting angular momentum from material in a
narrow region at the inner disc radius. The model, first proposed by ( ), was
designed to allow the central protostar to accrete material without suffering from excessive
spin-up. The recent review of ( ) provides an excellent overview of the

X-wind mechanism, which we summarize below.

The picture of the steady-state X-wind mechanism (Fig. 1.9) is as follows. The stellar
magnetic flux that would nominally thread the accretion disc is instead trapped in the
so-called ‘X-region’. This region straddles the co-rotation radius, Rx, where the Keplerian
angular velocity of the disc equals the stellar angular velocity.>® The overwhelming magnetic
pressure in this region forces it to rotate as a solid body. This has two effects. First,
material just inside Rx becomes sub-Keplerian, and may efficiently climb field lines that
lead onto the stellar surface and accrete; second, material just outside Rx is super-Keplerian,

allowing it to efficiently climb field lines that lead outward and escape as a wind.

Angular momentum is transferred from the infalling material via the torques exerted on the
X-region by the magnetized accretion funnels, which tends to push the X-region outwards.
Simultaneously, the outflowing material extracts angular momentum from the X-region
via magnetic back torques (see §1.2.2.1), which tends to push the X-region inwards. This
balance between the two forces attempting to move the X-region traps the magnetic flux
in that region®®, and represents a net transfer of angular momentum from the infalling
material to the outflowing wind. This allows the central protostar to accrete material

without experiencing significant spin-up.

35This phenomenon is referred to as disc-locking (
36Incidentally, this balance is also what truncates the disc at this p051t10n in the first place (

).
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Figure 1.9 Schematic of the steady-state X-wind mechanism ( , after

). Material within the X-region rotates as a solid body due to magnetic pressure. Magnetic torques
then transfer angular momentum from the infalling material to the X-region, and through to the outflowing
wind. Reproduced with the permission of J. Bouvier.
Legend: Black thick line: circumstellar disc. Black solid curves: magnetic field. Purple dotted line:
co-rotation radius. Purple thick horizontal line: X-region. Red arrows: mass flux. Blue arrows: angular
momentum flux.

The original X-wind model assumes a bipolar stellar magnetic field ( )s
but spectropolarimetry has shown that the surface magnetic fields of T Tauri stars are
significantly more complex (e.g. , ,b, ). The model has been
successfully generalized to the case of arbitrary multipole stellar fields by

( ), who showed that their model requirements for the stellar magnetic field matched
the observations of, e.g. ( ). However, there are still limitations to this
model. Simulations have shown that particular conditions®” are required in order to
permit the necessary flux-trapping ( ). Furthermore, non-ideal MHD
effects will cause time-varying accretion/outflow phenomena. Whilst such phenomena are
observed (§1.2.1), the X-wind model, as a steady-state formulation, can only represent a
time-averaged description of the process, and MHD simulations are necessary to investigate

these time-varying effects in detail ( ).

1.2.2.3. Other Theories

The presence of hot, low-mass-flux X-ray emitters in the microjets of some TTS (§1.2.1.3)
has led to the resurrection of stellar and magnetospheric wind ejection mechanisms as a

potential contributor to YSO outflows ( ). Specifically, the discrepancy

37Specifically, the X-wind requires that magnetic field diffusion out of the X-region is offset by fluid
advection of the field into the region ( ; ).
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between the mass flux of X-ray emitting material and the wider outflows leads some authors
to suggest that the X-rays emanate from the very core of the nested outflow structure,
which could be driven by stellar or magnetospheric processes (e.g. §1.3.2.1;

). This outflow component would need to be sufficiently hot (~ few MK) and/or
fast (several hundred km s™') in order to cause the observed X-ray emission. Coronally
driven stellar winds in T Tauri stars would be incapable of providing sufficient mass flux
to match observations ( ); however, stellar winds driven by Alfvén
waves created by impacting accreting material may be viable ( ). Other
possible mechanisms are the ejection of hot ‘plasmoids’, akin to a coronal mass ejection
from the Sun ( ), or ‘magnetospheric ejections’ of material created by
reconnection events between the stellar and disc magnetic fields (the ‘reconnection X-wind’;

; ). However, without direct evidence of such a
high-velocity, low-mass-flux core to YSO outflows, these models largely remain the domain

of theoretical work.

1.3. The Young Stellar Object DG Tauri

One of the most extensively studied protostars is DG Tauri. Basic information on the DG
Tau system is detailed in Table 1.3, and stellar and spectral parameters are listed in Table
1.4. Tt is a transitional Class I/Class II classical T Tauri star (flat-SED, footnote 13, p. 11;
Fig. 1.10; ; ; ) located in the
Taurus-Auriga star formation complex at a distance of 140 pc ( ). DG Tau has a
companion Class I object, DG Tau B, at a distance of approximately 53" (~ 7500 AU) to
the south-east. DG Tau B has similar proper motion to DG Tau ( ),
but it is unclear if the two objects are bound (e.g. ). Searches for a close

companion to DG Tau have yielded no candidate objects ( ;

Table 1.3 Basic parameters of the DG Tau system. Adapted & updated from (2007).
Parameter Value Reference
TIRAS source ID? 04240+2559
2MASS source ID?* J040270469+-2606163
Right ascension® 4h 27m 4.71s } (2MASS)
Declination® +26° 6’ 16”8
Distance from Sun (pc) 140
Age (Myr) 0.55
1.3-2.2

+0.12
02875 08

? Further identifiers are available on the SIMBAD database (http://simbad.u-strasbg.fr/simbad/).
® J2000 epoch.
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Table 1.4 Stellar and spectral parameters of the DG Tau system. Where multiple values are available in
the literature, values are sorted by publication date. Adapted & updated from Farage (2007).

Parameter Value Reference
Spectral class K7 - MO Kenyon & Hartmann 1995
K6 £2 White & Ghez 2001
K342 White & Hillenbrand 2004
G1-K2 Connelley & Greene 2010
Spectral index, 2 — 25 pum 0.1 Greene & Lada 1996
0.18 White & Hillenbrand 2004
-1.2 Robitaille et al. 2007
Magnitude (mag) U 13,57 Audard et al. 2007
V 12434+ 0.06 Kenyon & Hartmann 1995
10.50 Ducati 2002
R 1228 Zacharias et al. 2003
J  8.691
H 7.72 } Cutri et al. 2003 (2MASS)
K 6.992
Variability (mag) K 08 Skrutskie et al. 1996
V-band extinction (mag) 1.6 Beckwith et al. 1990
3.2 Hartigan et al. 1995
2.2 Muzerolle et al. 1998
1.6 Gullbring et al. 2000
3.32 White & Hillenbrand 2004
K-band veiling 2.0+ 0.10 Doppmann et al. 2005
2.67+0.41  Johns-Krull 2007
0.001'(1):83 Connelley & Greene 2010
Mass (M) 0.56 Beckwith et al. 1990
0.67 Hartigan et al. 1995
0.88 White & Ghez 2001
0.9-1.8 Giidel et al. 2007
1.19 Rigliaco et al. 2013
Radius (Rg) 2.5 Gudel et al. 2007
3.03 Rigliaco et al. 2013
Rotational velocity (vsini, km s™!) 20 Basri & Batalha 1990
28.6 £5.1 White & Hillenbrand 2004
24£2.0 Doppmann et al. 2005
247+ 0.7 Nguyen et al. 2012
Mean surface magnetic field strength 2.55 Johns-Krull 2007

(kG)
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Figure 1.10 Spectral energy
distribution (SED) of DG Tau,
from ultraviolet to millimetre wave-
lengths ( , data
sources detailed therein). Triangles
denote upper limits; error bars are
only shown if they exceed the size
of the plotted symbol. The black
line shows the best-fit model” to
the SED, and grey lines show other
models that were considered ade-
quate fits. The SED of the stellar
photosphere in the best-fit model is
shown by the dashed line; there is
a significant IR, and moderate UV,
excess. (@) AAS. Reproduced with
PETMISSION.

“Envelope accretion rate, 5.48 x
107° Mg; central star temperature,
4549 K; SED spectral index, —1.2;
disc accretion rate, 8.5 x 1077 Mg.
Best-fit values for stellar mass &
luminosity, and accretion disc inner
radius, outer radius and height are
not provided.

Ay (ergs/cm?/s)

-7 T T LR | LR | T
107 F DG Tau E
1078 L 3
107° 3
1010l i
1071 L ] i

\
10‘12:- K \ -
S S R R VAPROT RN oot | m
0.1 1 10 100 1000
A (um)

Table 1.4 Stellar and spectral parameters of the DG Tau system (continued).

Parameter

Value Reference

Photospheric temperature (K)

Photospheric luminosity (Lg)

Bolometric luminosity (L)

3890
4395
4205
4775
4549
1.7

1.74
3.62
> 8

6.36
3.5
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; ) ; ), nor has another candidate

wide-binary companion been detected (e.g. ).

1.3.1. Circumstellar Disc and Accretion

The circumstellar disc of DG Tau has been investigated by multiple authors. A disc mass
of 0.04 My was determined from model fitting to the 1.3 mm continuum disc luminosity
( ). Subsequent estimates of the disc mass utilizing different measurement
techniques do not deviate significantly from this value ( ;

; ; , although note that the range of
input parameters to the models of allows disc masses of up to 0.1 Mg).
The dust grains in the disc have a characteristic temperature ~ 40 K ( ),
although ( ) claim that the strong UV field of the central star irradiates
the disc upper layer 10-90 AU from the central star to ~ 600 K, stimulating the observed
bright water lines at 557 and 1113 GHz. The motions of the inner regions of the disc,
as observed in 13CO(2-1) emission, are consistent with a disc orbiting a 0.67 M, central
star (Table 1.4), with the same rotational sense as was inferred for the approaching DG
Tau microjet through optical observations (§1.3.2.1; ). Attempts to probe
the magnetic field geometry threading the disc via millimetre-wavelength polarisation
measurements have proved fruitless ( ), although it is hoped high-angular
resolution instruments such as ALMA will be able to reveal complex, small-scale magnetic

structure.

The accretion rate on to the DG Tau central protostar has been monitored using a variety of
methods for ~ 20 yr (Table 1.5). As may be expected for a variable star, the accretion rate
changes with time®®, and peaked at ~ 1076 My, yr~! in the late 1980s ( ,
although cautions this may be an overestimation). However, the
mean accretion rate appears to be ~ a few x 107 M, yr~!, which is 0.5-2 dex greater than
the field population of classical T Tauri stars (e.g. ). Given that
DG Tau still has a remnant protostellar envelope feeding material onto the circumstellar

disc (§1.3.3), it is not surprising that more material is accreting onto the central star than

381t is important to acknowledge the complexities inherent in attempting to calculate protostellar mass
accretion rates. The mass accretion rate is typically estimated from the accretion shock emission, which is
believed to be represented by the blue/UV excess emission in protostellar SEDs (§1.1.2.2; Table 1.5, p. 31).
The estimates of this excess emission are sensitive to the assumed extinction towards the central protostar,
which is in turn sensitive to the presumed stellar colours of the object. In objects such as DG Tau, which
tend to show ‘veiled’ stellar spectra ( ; ) due to the strong
continuum emission from accretion (e.g. ), the objects may appear bluer than the true
stellar photosphere, leading to an overestimate of the extinction and a discrepancy in the calculated mass
accretion rate (see and for discussions). The extinction correction for
the observed excess emission may also be geometry dependent if the optical light is mostly scattered, as
is suggested in DG Tau, based on optical polarization measurements ( , and references
therein). Therefore, whilst the CO variability of DG Tau is a strong indicator of accretion variability (Table
1.6, p. 33), some of the accretion ‘variability’ seen in Table 1.5 may be due to differing assumptions made
in the accretion rate calculations.
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Table 1.5 Estimated disc accretion rates in DG Tau. Estimates are ordered by publication date. Brief
notes are provided on the method employed in each reference.

Observing Mass accretion Reference Notes
epoch rate
(1077 M yr )
1988 Jan — 19.95 Reddening at 5700 A converted to an accre-
1990 Jan tion boundary layer luminosity, assuming

the stellar photosphere blocks half of the
boundary layer emission. The accretion
rate on to the central star is computed
assuming that the material does not fall
ballistically onto the star from a large dis-
tance.

1979-1990 9 Shock modelling, as per

( ), used to estimate the energy
flux in the accretion column. Energy flux
then converted to an accretion rate based
on energy arguments. Assumes a stellar
mass of 0.5 Mg, and a stellar radius of
2R. Data taken from the International
Ultraviolet Explorer (IUE) archive.

1962 — 1984, 0.48 Accretion luminosity estimated from U-
band excess. Luminosity converted to mass
Sep 1991 accretion rate by the method of
( ), which estimates luminosity re-
leased by impact of the accretion flow from
the energy equation. Data from

( , 1962-1984 epoch) and
( , 1991 Sep epoch).
1999 Dec, 7.4 Computed the excess emission in the 6000

2002 Dec 6500 A passband, made a bolometric cor-

’ rection, and converted to a mass accre-
2003 Feb tion rate by assuming luminosity equals
gravitational energy of accreting material

free-falling from 3 Rg.

Late 1980s— 8.5 Comparison of observed SED with a grid
of 200,000 models. The models are of pre-
main-sequence stars with a wide range of
physical parameters, as well as various com-
binations of circumstellar discs, infalling
flattened envelopes, and outflow cavities.

2005 Oct 25 0.96 Assumes that all Br v flux emanates from
the accretion process. This is converted to
a total accretion luminosity as per
( ). Then assumes that lu-
minosity is from a shock at the base of a
free-fall accretion column.

2005 Oct 15 1 As for ( ), but assuming a

lower V-band extinction and stellar mass.

?SED formed from multiple sources of literature data.
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would be the norm for a CTTS.

A common feature of the K-band spectra of young stellar objects with circumstellar discs
is CO first overtone bands. These bands appear in emission or absorption in many YSOs,
including DG Tau, where the bands have been observed to oscillate between the two states
(Table 1.6). When observed in emission, protostellar CO bandheads typically take on a
shape that indicates they arise in a temperature-inverted Keplerian disc very close (a few
stellar radii) from the central star ( ; ; ).
Although this behaviour has never been modelled in DG Tau, the presence of CO bandhead
emission appears to correlate with strong veiling of the photospheric spectrum in this
object (e.g. ; ). Given that both the photospheric
veiling continuum and CO bandheads appearing in emission have been taken as signs of
enhanced accretion activity®?, this suggests that DG Tau experiences transient or periodic
accretion bursts, which may be related to the structures observed in its small-scale outflows
(§1.3.2.1).

1.3.2. Outflows

As one of the first protostars to be connected to a collimated outflow (
), the outflows driven by DG Tau have been extensively studied over the last thirty

years. Below, we summarize the current understanding of the these outflows.

1.3.2.1. Small-Scale Outflows

Since the microjet of DG Tau was first imaged by ( ), numerous studies
at multiple wavelengths have characterised the nature of these small-scale outflows. As
seen in optical /NIR forbidden lines, the approaching (blueshifted) outflow takes on the
archetypal microjet morphology of a high-velocity jet, typically termed the high-velocity
component (HVC), nested within a lower-velocity emission component, termed the medium-
or intermediate-velocity component (MVC/IVC; Fig. 1.7; ;
; ; ; ; ).
The HVC has a centroid velocity of ~ 200-400 km s~! depending on the observing epoch,
whereas the velocity of the wider-angle component is typically ~ 100 km s~ (e.g.
; ). The HVC is dominated by moving, shock-excited knots
that are ejected periodically into the jet channel ( ;
; ; ). The period of this ejection is presently

an open question, with estimates ranging from 2.5 yr ( ) to 5 yr
( ; ). The IVC is usually interpreted to be a steady,
wide-angle disc wind (e.g. ), although ( ) suggests

39The temperature inversion stimulating the CO emission may be caused by heating from the magneto-
spheric accretion shock ( ).
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Table 1.6 K-band CO bandhead emission/absorption in the spectrum of DG Tau. Measurements of the
magnitude of CO emission are provided where available. Measurements are ordered by observing epoch.

Obs. epoch E/A® CO flux® CO EW® Lco? Foo/S23° Reference

(10713 erg (A) (1072 (10'° Hz)

em~2 s71h) Lo)
1983 Nov E 92+1.3 12+1.7 — —
1986 May — E 8.7+0.3 — — 6.69 f
1987 Jan
1992 Sep E — — 3.1 —
1994 Sep A? — — — —
1995 Jan E? — — — 1.11
1995 Nov E — — — —

g

1996 Sep E — — — 16.53
1996 Dec 21 E — — — 18.91 "
1996 Dec 22 E — — — 15.95 "
1996 Dec 23 E — — — 11.14 "
1996 Dec 24 E — — — 13.2 "
1996 Dec 26 E — — — 20.69 "
1996 Dec 29 E — — — 14.29 "
1996 Dec 31 E — — — 14.63 "

1997 Jan 27 E&A™ - - o o
2001 Nov 06  A? - . o o

2005 Oct 26 A — — — — :
¢ Bandheads appear in emission (E) or absorption (A).
’ Flux in the v = 2-0 bandhead. Integrated from 2.293 to 2.317 um for ( ).

¢ Equivalent width of the v = 2-0 CO bandhead.

¢ Total luminosity of observed CO first overtone bands.

¢ Fco is the v = 2-0 bandhead flux above the linear continuum level, integrated from 2.293 to 2.317 um.
S2.3 is the continuum flux at 2.3 pm, which was linearly extrapolated from the continuum fitted
shortward of 2.29 pm.

f Fco/Sa.3 for these data reported by ( ).

9 Reported by Tokunaga (private comm.) in these references.

" The observed spectrum of the v = 1-0 R(3) was consistent with broad CO emission, but there was a
central (possibly interstellar) absorption feature.

“The K-band spectrum from these data is shown in Fig. 2.1, p. 52.
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that the increase in width of this component with distance from the central star indicates
that there may be a contribution from jet entrainment. A wide-angle approaching molecular
wind is detected in Hy 1-0 S(1) 2.1218 pm emission within 074 of the central star, with
line velocities < 10-15 km s~! ( ; ;

). Spectroimaging of the outflows has revealed that the receding (redshifted) outflow
is a factor of 1.4 slower than the approaching outflow ( ), and takes on a
bubble-like morphology ( ); this feature has been interpreted to be
a Herbig-Haro-like bow-shock in the process of being launched ( ,

), possibly through the so-called ‘magnetic tower’ mechanism ( ).

Spectroscopy and spectroimaging have allowed the physical parameters of the DG Tau
approaching outflow to be determined, either through the ( ),
hereafter BE99, optical line ratio diagnostic technique®’, or through the relationship
between the ratio of the H-band [Fe II] lines at 1.533 and 1.644 pum and electron density
( ). Based on these techniques, typical measured jet electron densities
are of order 10* cm™3, temperatures are of order 10* K, and ionization fractions are from
0.1 to 0.5 ( ; ; ;

). All of these parameters tend to be higher in the HVC, but within the same order of
magnitude. Most recently, ( ) determined that the HVC hydrogen number
density may reach ~ 10% cm ™ close to the central star. Determination of these physical
parameters allows for the calculation of the mass-loss rate in the approaching outflow
(Table 1.7, optical /near-infrared /ultraviolet section). The typical mass-loss rate from these
data, ~ 1078 Mg yr—!, leads to a mass outflow to mass accretion ratio, ]\'/[W/Z\Za ~ 0.1
( ), which is in broad agreement with the predictions of MHD
wind launch theory (§1.2.2.1).

The DG Tau approaching outflow has also been probed at radio wavelengths, utilizing
the Very Large Array ( ) and the e-MERLIN aperture synthesis telescope
( ). Those authors report a mass flux similar to the optical observations,
but higher than the near-infrared data (Table 1.7, radio section). This is almost certainly
due to different observing regimes tracing different streamlines, densities and temperatures
within the outflow ( ). Also, the data of ( ) show that
the DG Tau outflow has an opening angle ~ 90° very close to the central star, implying

that collimation of the outflows must occur < 50 AU above the circumstellar disc surface.

DG Tau was the first protostar for which the detection of microjet-scale outflow rotation
was claimed. ( ) aligned the slit of the Space Telescope Imaging
Spectrograph (STIS) aboard HST to the axis of the DG Tau outflows at seven different
offsets from the axis. By carefully separating the components of the forbidden emission

lines through multiple Gaussian fits, they were able to demonstrate an apparent consistent

“0The lines used are the [S II] doublet at 6716/6731 A, the [O 1] lines at 6300 and 6363 A, and the [N II]
lines at 6548 and 6583 A ( ).
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Table 1.7 Estimates of the mass-loss rate in the DG Tau approaching outflow. Estimates are ordered by
observation epoch. References assuming a spherical outflow geometry have been excluded. Brief notes are

provided on the method employed in each reference. Adapted & updated from ( ).
Observing Mass loss Reference Notes
epoch rate
(Mg yr!)
Optical /near-infrared /ultraviolet
1985 Feb, 6 x 1077 Relationship between [O 1] 63 pm lumi-
1986 Feb nosity fo(r the)single shock model of
1988 Jan — 3x 1077 (1) High-velocity component
1990 Jan [0 1) 6300 A emission compared to

shock models to determine outflowing
mass, converted to mass outflow rate by
multiplying by flow velocity divided by
outflow aperture (scale length). Assumes
distributed heating of the emitting
material.

3x107° (2) Correlation between high-velocity
component [O I] 6300 A flux and mass
flux, assuming the [O I] emission is gen-
erated by a single shock front.

1994 Nov 03 (0.1-1.9) x 1077 As for ( ) (1), allowing
for the electron density to be close to the
critical density of the [O I] line.

6.5 x 1076 As for (1995) (2).

1998 Jan 1.4 x 1078 Methods from ( , )

93-96 for [O I] line luminosities. Value quoted
is agreement between the three methods
at 172 from the central star; the mass
outflow rate closer to the central star may
be 10-100 times higher, depending on the
method used.

1999 Jan 14 2.4 x 1077 (1999) (BE99) opti-

cal forbidden line ratio diagnostic method,
within 1”5 of the central star (

)

6.7 x 1078 Calculated from the total hydrogen den-
sity, jet radius and jet velocity assuming
an axisymmetric jet (cf. §2.4.1.4). Quoted
value is sum of HVC and IVC mass fluxes.

(8 +4) x 1077 Uses a refined version of the BE99 method
to determine density. Mass flux calcu-
lated from velocity, density and radius,
assuming flow is along nested magnetic
surfaces.
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Table 1.7 Estimates of the mass-loss rate in the DG Tau approaching outflow (continued).

Observing
epoch

Mass loss

rate
(Mg yr 1)

Reference

Notes

Optical /near-infrared /ultraviolet

1999 Dec,
2002 Dec,
2003 Feb
2002 Nov 25

2005 Oct 15

2005 Oct 25

2011 Feb

6.5 x 107

>22x107?

3.3x 1078

~1x107Y

> 6.7 x 1078

>1.8x 108

(1-2) x 107

As for ( ) (1), using high-
velocity [S II] 6731 A line luminosity; assumes
electron density is in the high-density limit for
[O I] emission.

Calculated from Hy 1-0 S(1) 2.1218 pum emis-
sion, assuming a conical emitting volume geom-
etry, a filling factor of 1, and a gas temperature
of 2000 K.

Three methods using [Fe II] line luminosities
(electron density & jet cross-sectional area, vol-
ume emission from uniform jet slab, and emis-
sion from shock fronts). Quoted value is sum of
high- and medium-velocity emission component
mass fluxes.

As for ( ), but taking a more
extended emitting region.

Computed from the assumption that Hy emis-
sion arises in a reverse shock formed by a wide-
angle molecular wind impacting the walls of an
outflow cavity.

Calculated from spatially extended Br v flux,
assuming this emission is thermally excited and
optically thin.

Two methods from C IV doublet emission in
the ultraviolet (cooling cylindrical outflow, and
localised outflow heating).

Radio

2011 June

2011 Aug
01-04

>5x 1078

1.5 x 1078

Comparison of radio- and optically-derived
( ) electron density profiles
to form analytical axial density and velocity
profiles, which are integrated to give mass flux
for all ionized outflow components.

As for ( ).

X-ray

2004 Jan,
2005 Dec,
2006 Apr

1.3x 10~ 11

2.7 x 10711

Correlation between the inferred soft X-ray vol-
ume emission measure and density, and assum-
ing a cylindrical radiating volume, with a length
equal to the cooling length of the emitting ma-
terial.

As for ( ).
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Figure 1.11 Investigations of rotation in the approaching outflows from DG Tau. Left: Doppler shifts
observed in the DG Tau approaching optical forbidden line IVC (Bacciotti et al. 2002). Velocities are
determined from seven HST STIS slits placed along the jet axis, and are shown relative to the velocity in
the central slit. Right: Inferred rotation in the DG Tau jet (Coffey et al. 2007). The double-line arrow shows

the position and orientation of the HST STIS slit used to infer rotation in the DG Tau approaching optical
forbidden line HVC. The inferred sense of rotation agrees with both the rotation inferred by Bacciotti
et al. (2002), and the circumstellar disc rotation inferred by Testi et al. (2002). @ AAS. Reproduced with
PETMISSION.

Doppler shift in the IVC across the jet axis (Fig. 1.11, left-hand panel), indicative of
rotation of 6-15 km s~! up to 100 AU above the disc midplane. Subsequently, Coffey
et al. (2007) placed the STIS slit across the jet 073 from the central star, and inferred a
rotational velocity in the HVC of 6-15 km s~! (Fig. 1.11, right-hand panel). Whilst the
claim of rotation in the DG Tau outflows was the catalyst for many further studies (e.g.
Coffey et al. 2004, 2007), it needs to be verified in the wake of the findings of Coffey et al.
(2012, see §1.2.1.3), who found that the apparent rotation signature in the jet from RW

Aur changes with time.

DG Tau is also one of the prototype objects for the study of soft X-rays from protostellar
outflows. Giidel et al. (2005, 2008, 2011) report soft X-ray emission in the DG Tau jet
detected by Chandra, up to ~ 5” from the central star. Intriguingly, there is a peak of
X-ray emission ~ 0’1072 from the central star that has remained stationary over a period
of 8 yr (Giidel et al. 2011). This X-ray feature has also been investigated by Schneider &
Schmitt (2008) and Giuinther et al. (2009), who report a mass-flux through the emitting
region ~ 2 dex less than what is inferred from optical/NIR data (Table 1.7, X-ray section).
This discrepancy led those authors to propose there must be a central, hot, high-velocity
component to the DG Tau outflows nested inside the optical/NIR HVC responsible for
this emission. This may be supported by the ~ 500 km s~! blueshifted He T 1.083 pym
absorption feature reported by Takami et al. (2002), which they propose is due to an

accelerating wind very close to the star.
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Figure 1.12  Herbig-Haro
objects in the vicinity of DG
Tau, as seen in [S II] (Mc-
Groarty et al. 2007).” HH 158
is the nebulosity visible to
the south-west of DG Tau in
the inset; an enlarged view
of this complex is available
in Eisloffel & Mundt (1998).
White arrows show the in-
ferred proper motions of the
Herbig-Haro objects; the ar-
row length is an indication
of the magnitude of proper
motion, as per the scale in
the top-right of the figure.
It can be inferred that the
HH 830 complex is inconsis-
tent with being driven by DG
Tau.  Source: McGroarty,
F., Ray, T. P., Froebrich, D.
A&A, 467, 1197-1207, 2007,
reproduced with permission (C)
ESO.

“Observed using a narrow-
band filter of central wave-
length 672.5 nm, and a wave-
length range of 8 nm.

1.3.2.2. Large-Scale Outflows

DG Tau is known to drive two Herbig-Haro complexes. HH 158 was first detected by
Mundt & Fried (1983), and was investigated in detail by Fisloffel & Mundt (1998). It is a
chain of four Herbig-Haro objects, extending out to 16” from the central star as of 2007
(McGroarty et al. 2007). Analysis of the proper motion and radial velocity of the leading
HH object, HH 158 C, yields a jet inclination to the line of sight of 37.7° 4+ 2°, which is

assumed to be the inclination of the approaching microjet to the line of sight.

Sun et al. (2003) and McGroarty & Ray (2004) independently located another Herbig-Haro
complex, HH 702, ~ 11’ ~ 0.5 pc from the DG Tau central star. McGroarty & Ray (2004)
suggested that HH 702 was likely driven by the DG Tau system; this was later confirmed
by analysis of the proper motions within the complex (McGroarty et al. 2007). Another
HH complex, HH 830, was observed in the vicinity, diammetrically opposed to HH 702 with
respect to DG Tau (McGroarty & Ray 2004). However, proper motion analysis showed
that this complex is unrelated to the DG Tau outflows (McGroarty et al. 2007). Therefore,
the bipolar asymmetry in the DG Tau outflows (§1.3.2.1) extends out to ~ 0.5 pc from the

central star.

There is no known CO outflow associated with DG Tau. However, the decrease in
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13CO J = 1-0 column density within ~ 4000 AU of the central star ( )
indicates that the molecular material has been somewhat cleared out, suggesting a CO
outflow was once present, but has likely cooled to the point where it no longer emits at a
detectable level. This is consistent with DG Tau being an object currently transitioning

from Class I to Class II on the protostellar evolutionary sequence (§1.1.2.2).

1.3.3. Circumstellar Environment

Although much of the molecular material surrounding DG Tau has been cleared (see above),
a remnant protostellar envelope remains close to the central star, as seen in *CO J = 1-0
emission ( ). The envelope has a radius of 2800 AU, a mass*' of
0.03 Mg, and is ‘clumpy’ in nature; it is presumed to be flattened, but no information is
available on the envelope extent above the circumstellar disc midplane. The velocity of
the 13CO emission tentatively suggests that the envelope is expanding at a few km s,
although this is open to interpretation. The presence of this envelope has yet to be taken

into account in the study and interpretation of the DG Tau outflows.

1.4. Near-infrared Integral Field Spectrograph (NIFS)

Integral-field spectroscopy is a powerful technique for astronomical observations. The
simultaneous acquisition of spatial (structural) and spectral (kinematic) information is
applicable to a wide range of scientific objectives, from analysing the kinematics of active
galactic nuclei and stars close to supermassive black holes, to investigating nearby stellar
populations (e.g. ). An integral-field spectrograph (IFS) is an
instrument that forms a spectrum for every spatial pixel (‘spaxel’) in the telescope focal
plane. This can be achieved using an integral-field unit (IFU) in one of three ways
(Fig. 1.13).*? Lenslets may be used to segment the focal plane image of the target, with
each segment then dispersed into a discrete spectrum. Such instruments are affected by
issues of overlap between spectra, and are hence suited for applications that only require a
short spectrum®®. Optical fibres may be used to re-arrange the lenslet outputs into a single
vertical pseudo-slit, increasing coverage on the camera detector, but such instruments
are difficult to manufacture. Finally, a series of image-slicing mirrors may be used to
re-arrange the light from vertical ‘slitlets’ on the focal plane into a single slit for dispersion.

This system is ideal for cryogenically-cooled (e.g. infrared-sensitive) instruments, although

41 The mass of the envelope is calculated as per equation 1 of ( ), assuming a
13CO fractional abundance of 1 x 107 ( ), a line excitation temperature of 10 K, and
optically-thin *CO emission.

42We adopt the following nomenclature for these instruments. An integral-field spectrograph (IFS)
describes the entire instrument (IFU plus spectrograph); the integral-field unit (IFU) is the suite of optics
that segments/slices the telescope focal plane.

“30ne may obtain either a low-resolution spectrum over a large wavelength range, or a high-resolution
spectrum over a short wavelength range (
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Figure 1.13 Basic schematics of different integral-field unit designs (Farage 2007, based on figures from
Allington-Smith & Content 1998). Top-to-bottom: lenslet array, fibre-fed and image-slicing integral-field
units; NIFS uses an image-slicing IFU. All three methods split the focal plane of the telescope into separate
regions, which are then passed to a spectrograph and dispersed. Reduction of these data yields a three-
dimensional data cube, with two spatial dimensions (z and y) and one spectral dimension (A). Reproduced
with the permission of C. Farage.

Table 1.8 Available gratings, and related performance data, for the
NIFS instrument (McGregor et al. 2003).

Band Central Spectral ~ Resolving  Velocity

wavelength range power resolution

) (pm) (kms™)
Z 1.05 0.94 - 1.15 4990 60.1
J 1.25 1.15 - 1.35 6050 49.6
H 1.65 1.49 - 1.80 5290 56.8
K 2.20 1.99 — 2.40 5290 56.7

the optics are not suited to blue wavelengths. For a full discussion of the methods of

integral-field spectroscopy, see Allington-Smith & Content (1998).

The data presented in this thesis were obtained using the Near-infrared Integral Field
Spectrograph (NIFS).** The instrument was commissioned on the Gemini North telescope,
Mauna Kea Observatory, Hawaii in 2005.%> NIFS consists of an image-slicing-type IFU
(Hart et al. 2003) with a moderate-resolution, near-infrared spectrograph, and utilizes the

output from the ALTAIR adaptive optics system, which provides an AO-corrected spatial

#Full information on the observing constraints and procedures for NIFS may be found on the NIFS
website at http://www.gemini.edu/sciops/instruments/nifs/.
45Tndeed, the 2005 epoch data included in this thesis are from the NIFS commissioning run.
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resolution ~ 0”1 ( ). NIFS splits a 3" x 3" field-of-view into 29 slitlets of
width ~ 0”1, and provides 0’04 spatial sampling in the dispersion direction. The output is
formatted for the 2048 x 2048 pixel Rockwell HAWAII-2RG HgCdTe detector such that
each near-infrared photometric band can be observed at a single grating setting. The
detector housing is cryogenically cooled to a temperature of 60 K. NIFS performance in

each band is given in Table 1.8; for a full description of the instrument construction, see
(2003).

NIFS has two features that are particularly useful for the study of protostellar outflows.
The first is a suite of occulting discs, of diameter 02 and 0”5, that may be used to obscure
the central star, thereby increasing sensitivity to extended outflow structure. This removes
a major restriction that was placed on previous IFU studies of protostellar outflows (e.g.

). Secondly, protostars such as DG Tau are sufficiently bright in
the K-band (Table 1.4) to act as the ALTAIR guide star during the observations, removing
the need to find a separate guide object within 25” of the target. This opens up the

outflows of relatively isolated protostars to adaptive-optics studies.

1.5. Thesis Motivation

Protostellar outflows have been extensively studied over the past thirty years. However,
several key questions in the field remain unanswered. This Section outlines the questions

that will be addressed in this thesis; §1.6 summarizes how these issues will be investigated.

Until the mid-1990s, protostellar outflow studies were primarily limited by the resolution
that could be achieved using ground-based telescopes without AO-correction. Such obser-
vations, taken with natural seeing of ~ 12", were restricted to studying the large-scale
Herbig-Haro-type outflows (e.g. ; ). Studies
of the microjet-scale outflows were limited to spectroscopically examining the unresolved
FEL regions adjacent to the star, which are weak compared to the stellar continuum and
hence difficult to investigate (e.g. ,b; see also the review of

). These studies were unable to spatially resolve the innermost regions of
the outflows, which are believed to be the best indicator of the intrinsic properties of the

outflows prior to any interactions.

The advent of HST and ground-based adaptive-optics systems opened the microjet-scale
outflows to spatially-resolved observation (§1.2.1.3). However, observations to date have
been somewhat limited by the instruments and techniques used. HST is capable of
achieving spatial resolutions ~ /1, and is useful for imaging studies of microjet knots, and
outflow structure in general (e.g. ; ; ,

; ; ). However, such imaging cannot provide

kinematic or line-excitation information on the outflowing gas. STIS has been widely used
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for this purpose (e.g. , ; ; ; ;
: : ), but single-slit spectroscopy only

provides structural information along a single axis.*%

Integral-field spectroscopy (§1.4)
acquires both structural (spatial) and kinematic (spectral) information simultaneously, and
is an advantageous technique for microjet-scale outflow studies. Initial spectroimaging
studies of protostellar outflows with adaptive optics achieved spatial resolutions ~ 0//5-170
( ; ); more recent studies have achieved
resolutions closer to that of HST (e.g. the 0”15 resolution achieved by

, ), but suffer from short individual and total integration times, leading to poor
signal-to-noise ratios. Improved observations of protostellar outflows can be obtained by
taking multiple long-exposure frames (which requires an occulting disc to prevent saturation

by the central star) using instruments capable of AO-corrected seeing of ~ 0’1, such as
NIFS (§1.4).

DG Tau (§1.3) is a promising target for such a study for several reasons. As a nearby
protostar (140 pc away; ), an angular resolution of (/1 corresponds to a spatial
resolution ~ 14 AU, providing the tantalizing possibility of resolving the width of the
central high-velocity outflow component. Such resolution would allow for the accurate
determination of jet parameters such as density, velocity, and possible rotation signatures
(see below). DG Tau is one of the most active CTTS known in terms of mass accretion and
ejection rates, making it an ideal candidate for studying these processes. Finally, the fact
that DG Tau is at an earlier evolutionary phase (transition Class I/Class II) than the field
population of CTTS means that it may provide clues to the accretion-outflow processes

occurring in earlier-phase, embedded protostars.

The goal of this thesis is to investigate YSO outflow structure and propagation as applicable
to DG Tau, by using innovative techniques to analyse our state-of-the-art NIFS data,
coupled with novel, physically-based modelling. The resolution (both spectral and spatial)
and signal-to-noise ratio of previous observations have led to a relatively simple view of
multicomponent microjet-scale YSO outflows as independent, self-similar flows, launched
from a range of disc radii (e.g. Fig. 1.7). In particular, it has led to the presumption
that outflow parameters determined several hundred AU from the central star are directly
representative of the launch conditions of the outflow (e.g. ;

). The high-resolution, high signal-to-noise ratio data provided by NIFS allow for
this assumption to be tested by careful examination of all outflow components close to the
driving source. In particular, it is of great interest to determine if the outflow components
are truly self-similar, if they interact with each other, and if they interact with ambient

material (e.g. the circumstellar disc or envelope) in a way that significantly alters their

46We note that ( ) created a pseudo-IFU by aligning multiple STIS slits to the jet axis,
and spacing them across the jet (e.g. Fig. 1.11); however, such techniques are poorly suited for detecting
cross-outflow structure (e.g. §2.4.1.6).
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morphology and kinematics. For example, the recent work of ( ) showed
that apparent rotation signatures in the RW Aur jet are time-variable, suggesting there
may be some physical process generating a spurious rotation signature, or masking a real
one. ( ) suggested that the bipolar asymmetry of the outflows from
this object are also being caused close to the outflow source; we aim to determine if a
similar scenario is occurring in DG Tau (cf. the large-scale bipolar asymmetry found by

). Answering these questions in relation to DG Tau will provide

avenues of exploration for the wider field of protostellar outflows.

1.6. Thesis Outline

Our investigation of the microjet-scale outflows from DG Tauri is arranged as follows.

In Chapter 2, we present our unique, multi-epoch spectroimaging data of the DG Tau
system. These data represent the deepest optical /NIR investigation of a protostellar outflow
to date, with a spatial resolution equal or superior to previous work. The unparalleled
depth of our observations, made possible by the use of an occulting disc over the central star,
allows us to rigorously separate the emission from the two approaching outflow components
at all spatial positions for the first time. We then proceed to analyse the structure and
kinematics of each component. In the approaching high-velocity component (jet), we infer
the presence of a stationary recollimation shock for the first time in this object. This
has important implications for the study of rotation in YSO jets, and attempts to infer
the launch radii of the outflows from downstream flow parameters. Indeed, taking the
presence of this shock into account, we derive a smaller launch radius for the jet than
previously thought, and also find no evidence for rotation in either outflow component.
We also measure the knot periodicity and physical parameters of the jet, with a view to

constraining the time-variability of the outflows in the future.

In Chapter 2, we propose that the approaching IVC represents a turbulent lateral entrain-
ment layer, as opposed to a disc wind put forward by previous studies. The entrainment
layer forms at the interface between the jet and the wide-angle molecular wind, which is
seen in Hy emission. The toroidal magnetic field surrounding the jet (§1.2.2.1) renders the
jet-wind boundary susceptible to the Kelvin-Helmholtz instability, facilitating entrainment.
In Chapter 3, we present a two-dimensional analytical model of such an entrainment layer.
This model is a major improvement over previous work in that it only depends upon directly
observable (or inferable) quantities, such as jet density, velocity, and the growth rate of
the mixing layer. The model is based on a Riemann decomposition of these quantities
into average and time-variable components, and analysis of the resulting equations of the
system. In particular, the model estimates the luminosity and mass entrainment rate of

the mixing layer from directly observable outflow parameters. We apply this model to the
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approaching outflows of DG Tau, and show that the luminosity and mass entrainment rate
are well-estimated by the model. Therefore, we conclude that the approaching IVC in DG

Tau is emitted by a turbulent mixing layer.

We investigate the nature of the receding microjet-scale outflow from DG Tau in Chapter 4.
The morphology of this outflow is markedly different from the approaching outflow, taking
on a bubble-like structure. We disagree with previous interpretations of this structure as a
bow shock, particularly after analysis of our multi-epoch data set. Instead, we conclude
that the bubble forms because the receding counterjet is being obstructed by the clumpy
protostellar envelope above the circumstellar disc surface (§1.3.3). We reach this conclusion
by constructing models of the gas velocity field inside a turbulent, quasi-static bubble,
and comparing to observations. We then phenomenologically compare our observations to
simulations of radio galaxy jet-blown bubbles, and determine that an analogous process
may be occurring. Analytical estimates of the bubble structure indicate that our model is

consistent with observations.

We summarize our results in Chapter 5. We also discuss the implications of our work in
the field of protostellar outflows. We conclude by briefly proposing some interesting lines

of investigation for future work, in order to expand our work and further advance the field.
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CHAPTER 2

DG Tau in the 2005 Observing
Epoch

This chapter has been published as White, M. C., McGregor, P. J., Bicknell, G. V.,
Salmeron, R., Beck, T. L. MNRAS, 441, 1681-1707, 2014c, referenced as
( ). This chapter is not modified from the published version, except in the

following respects:

o Section, figure, footnote and table numbering, and general formatting, have been

modified for consistency with the remainder of the thesis;

e References to ( ) and ( ) have been changed to
point to Chapters 3 and 4 of this thesis respectively;

e An additional footnote (footnote 47, p. 53) has been added, referencing material in

Chapter 1;

o Appendices A, B and C to this paper have been moved to Appendices A, B and C of
this thesis.

The original paper is available at http: //mnras. ozfordjournals. org/ content/ 441/
2/1681.

The initial reduction of the NIFS data used in this chapter was performed by Professor Peter
McGregor prior to the start of the candidature. Subsequent re-reductions were conducted
jointly by the candidate and Professor McGregor, but did not constitute major changes
to the reduction procedure, and used pre-existing reduction scripts written by Professor
McGregor. The data reduction section of this chapter (§2.2) was written by the candidate,

based on notes provided by Professor McGregor.
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http://mnras.oxfordjournals.org/content/441/2/1681
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Abstract

Investigating the outflows emanating from young stellar objects (YSOs) on sub-arcsecond
scales provides important clues to the nature of the underlying accretion-ejection process
occurring near the central protostar. We have investigated the structures and kinematics
of the outflows driven by the YSO DG Tauri, using the Near-infrared Integral Field
Spectrograph (NIFS) on Gemini North. The blueshifted outflow shows two distinct
components in [Fe II] 1.644 pm emission, which are separated using multi-component
line fitting. Jet parameters are calculated for the high-velocity component. A stationary
recollimation shock is observed, in agreement with previous X-ray and FUV observations.
The presence of this shock indicates that the innermost streamlines of the high-velocity
component are launched at a very small radius, 0.01-0.15 AU, from the central star. The
jet accelerates and expands downstream of the recollimation shock; the ‘acceleration’ is
likely a sign of velocity variations in the jet. No evidence of rotation is found, and we
compare this non-detection to previous counter-claims. Moving jet knots, likely the result
of the jet velocity variations, are observed. One of these knots moves more slowly than
previously observed knots, and the knot ejection interval appears to be non-periodic. An
intermediate-velocity component surrounds this central jet, and is interpreted as the result
of a turbulent mixing layer along the jet boundaries generated by lateral entrainment of
material by the high-velocity jet. Lateral entrainment requires the presence of a magnetic
field of strength a few mG or less at hundreds of AU above the disc surface, which is
argued to be a reasonable proposition. In Hy 1-0 S(1) 2.1218 pm emission, a wide-angle,
intermediate-velocity blueshifted outflow is observed. Both outflows are consistent with
being launched by a magnetocentrifugal disc wind, although an X-wind origin for the
high-velocity jet cannot be ruled out. The redshifted outflow of DG Tau takes on a
bubble-shaped morphology, which will be discussed in a future paper.

2.1. Introduction

It is likely that the outflows driven by accreting young stellar objects (YSOs) play a critical
role in solving the angular momentum problem of star formation by removing angular
momentum from circumstellar disc material. The nature of this coupled accretion-ejection
mechanism remains poorly understood. Magnetic fields are almost certainly integral to
this process ( ), but the ejection mechanism is still a matter of
debate. Outflows could be launched from the stellar surface (e.g. ;

), from points near the truncation radius of the disc, as in the X-wind
model ( ), or from a range of disc radii via magnetocentrifugal acceleration
( ; ). Indeed, multiple launch mechanisms

may act in concert ( ; ; ).



2.1 Introduction 47

Determining the nature of the outflow mechanism is critical in order to understand
the underlying accretion process ( ). Magnetic fields are believed to drive
these outflows, and they may also be responsible for inducing disc turbulence via the
magnetorotational instability (MRI; ; ). Both of these
processes extract angular momentum from the disc, enabling mass accretion onto the
central protostar ( ). It is therefore important to determine the
physical processes that lead to jet launching, and link these with the properties of the

resulting outflow.

Direct observation of the jet launching region is not possible with current optical/near-
infrared telescope technology. However, constraints on the jet launching mechanism can
be inferred from observations of the outflows close to the central star. For low-mass stars,
this takes the form of observing the ‘microjets’ of optically-visible classical T Tauri stars
(CTTS). These microjets, which make up the first ~ 200-300 AU (174-2"1 at 140 pc) of
the outflow, are thought to be largely unaffected by ambient gas, as the jet is expected to
clear a channel much wider than the jet via a wide bow shock as it emerges (

). Most models predict that jet collimation and acceleration occur within < 50 AU of
the star ( ). Significant effort has been expended over the previous two decades
observing these YSO microjets at high angular resolution, first with the space-based Hubble
Space Telescope (HST), and later with ground-based adaptive-optics (AO) systems (see,

e.g. , and references therein).

One of the most intensely studied T Tauri stars is DG Tauri, which drives the HH 158
and HH 702 outflows ( ; ). The accretion and
outflow rates determined for this object are amongst the highest of any CTTS (

), with accretion rates approaching 107% My yr=! at some epochs (

: ). A multi-velocity structure is observed in the first
~ 300 AU of the approaching outflow, consisting of a well-collimated high-velocity flow
near the axis of the system, confined within slower, more spatially extended material. The
absolute line-of-sight velocities of the high-velocity component (HVC) are in the range
200-400 km s~ !, with the highest-velocity material positioned closest to the central jet
axis and showing bright, shock-excited regions (e.g. ;

; ). The intermediate-velocity component (IVC) typically shows
much broader line widths than the HVC, and is centered around a line-of-sight velocity of
~ 100 km s~ ( ).

It is important to understand whether the presence of multiple velocity components in
the outflow is the result of multiple launch mechanisms and/or locations, or if it can be
described through a single outflow model. For example, ( ) suggested a
dual-origin model for the DG Tau outflow, combining a magnetospheric jet with a disc
wind. However, it was suggested in the same paper that at least part of the DG Tau

IVC could be due to entrainment of this disc wind by the HVC. It would also be possible
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for a single-component jet to exhibit a double-peaked line profile if, for example, the
ionization of the outflow material varied greatly between inner and outer streamlines, as
demonstrated by ( ) with analytical models of magnetohydrodynamic disc
winds. Therefore, higher-quality data on both velocity components, especially regarding
spatial positions, accurate radial velocities, and relative intensities between the components,

are required in order to constrain these scenarios.

Improved line velocity determination, coupled with spatial information, will also provide
improved constraints on jet rotation. Not only would the unambiguous detection of
rotation provide direct evidence that the outflows are extracting angular momentum
from the circumstellar disc, but it may also be used to place constraints on the launch
radius of the outflow, assuming an MHD disc wind scenario ( ).
Since the first claims of jet rotation in the DG Tau outflow from HST Space Telescope
Imaging Spectrograph (STIS) data ( ), many CTTS outflows have been
investigated for this signature (e.g. ), including a repeat investigation
of DG Tau ( ). Radial velocity differences observed across the DG Tau
jet have been interpreted as rotation ( ; ) having the
same sense as the rotation inferred for the DG Tau circumstellar disc ( )

The claimed rotation in the IVC is consistent with an MHD disc wind launched from a

radius of ~ 3 AU ( ; ), whilst the velocity differences
across the HVC match a disc wind launched from ~ 0.2-0.5 AU under the assumption that
the entire outflow is an MHD disc wind ( ). However, if the IVC results at

least partially from entrainment, the line-of-sight velocities could be skewed at any one
position by the turbulent motions of shocked gas. In a recent observation of the extreme T
Tauri star RW Aurigae, ( ) found that the apparent rotation signatures
in the outflows from that object change direction over time, and occasionally disappear,
indicating that other effects overwhelm any rotation signal present. It is therefore important
to understand how the velocities of each component are expected to evolve due to the

natural progression of the outflow, and compare this with the observational evidence.

We have obtained three epochs of integral-field spectrograph data of the DG Tau system
in the H band over a four-year period (2005-2009). Each epoch provides images of the
outflows in [Fe II], in particular the 1.644 pm line, over an approximately 3”x 3" field of
view. [Fe II] is one of the strongest forbidden lines present in the near-infrared spectrum,
and is less affected by extinction than optical lines ( ). In this paper, we
present the data from the initial observing epoch (2005), and a small amount of data from
the 2006 and 2009 observing epochs. In a future paper, we will introduce the full data
from the 2006 and 2009 observing epochs, and discuss the time-evolution of the DG Tau

outflows in more detail.

The outflows of DG Tau were most recently investigated in [Fe II] emission by

( ), using the SINFONI instrument on the Very Large Telescope. Their
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data, obtained in 2005 Oct, one month prior to our observations, demonstrate the potential
of high-angular resolution spectroimaging for explaining the origin of various outflow
components. Here we use our significantly longer (~ 20x) on-source exposure time, our
increased sensitivity to extended structure due to our use of a stellar occulting disc, and
our resulting higher signal-to-noise ratio, to rigorously separate the emission from different

jet components (Appendix A), and examine the physical parameters of each one in detail.

This paper is organised as follows. The observations and data reduction methods are
described in §2.2. The results of the data reduction are detailed in §2.3. We analyse and
then remove the stellar spectrum from the data cube, revealing the extended emission
structure of the DG Tau outflows. We use multi-component Gaussian line fitting to separate
the blueshifted emission into high- and intermediate-velocity components. We analyse each
of these components in detail in §2.4. The blueshifted high-velocity component denotes
the high-velocity jet driven by DG Tau. The knot ejection period of DG Tau cannot be
conclusively determined from our data; we suggest that knot ejections in this object are less
periodic than previously thought (§2.4.1.1). A stationary recollimation shock is detected
at the base of the outflow (§2.4.1.2), which implies that the innermost streamlines of the
jet are initially launched at a high velocity, ~ 400-700 km s~!, from a small launch radius,
~ 0.01-0.15 AU (§2.4.1.3). Following this rapid deceleration, the jet velocity increases
beyond the point where magnetocentrifugal acceleration ceases (§2.4.1.4), probably as a
result of intrinsic velocity variations (§2.4.1.5). There is no indication of rotation in the jet
(§2.4.1.6). The intermediate-velocity blueshifted component emanates from a turbulent
entrainment layer which forms between the jet and either the ambient medium, or the
wider-angle molecular wind observed in Hy emission (§2.4.2.1). A magnetic field of strength
a few hundreds of uG to a few mG is expected at these heights above the circumstellar

disc, and would facilitate this entrainment (§2.4.2.2). We summarize these results in §2.5.

2.2. Observations and Data Reduction

Initial observations of the DG Tau system in the H-band (1.49-1.80 pum) were obtained
using the Near-infrared Integral Field Spectrograph (NIFS) on the Gemini North telescope,
Mauna Kea, Hawaii, as part of the NIFS commissioning process on 2005 Nov 12 UT.
Data were recorded with the ALTAIR adaptive-optics system in natural guide star mode,
using DG Tau itself as the adaptive-optics reference star. NIFS is an image-slicing type
integral-field spectrograph that achieves a spectral resolving power R ~ 5400 in the H
band. The NIFS field has a spatial extent of 3” x 3", which is split into 29 slitlets that
each pass to the spectrograph. This results in individual spaxels of 07103 x (7045, with
a two-pixel velocity resolution of ~ 60 km s~! in the H-band ( ). A
spatial resolution of 0”11 was achieved during our observations, based on the observed

full width at half-maximum (FWHM) of a standard star observed immediately after the
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DG Tau observations. This corresponds to a distance of 15.4 AU at the assumed distance
to DG Tau of 140 pc ( ). This distance is intermediate between the radius of
Saturn’s orbit (9.5 AU) and that of Uranus (19.1 AU). The instrument was set to a position
angle of PA = 316°, so that the horizontal image axis, corresponding to the coarser spaxel
dimension, runs along the known direction of the large-scale HH 158 outflow (PA = 226°,

). This places the finer sampling perpendicular to the outflow axis.

A partially transmissive 072 diameter occulting disc was used to obscure the central
star during the observations, allowing for longer exposures with greater sensitivity to
extended structure. Eleven 600 s exposures were taken, with DG Tau being recentred
behind the occulting disc every two to five exposures. Two 600 s sky frames were also
obtained, with an offset of 30” in both RA and Dec. The A0 standard star HIP25736
was observed immediately afterwards, to allow for telluric correction and flux calibration.
Flux calibration was based on the 2MASS magnitude (H = 7.795) for HIP25736, and a
shape derived from a blackbody function with a temperature of 7000 K that was fit to the
2MASS J — K colour. Flat field, arc, and spatial calibration exposures were obtained on
the same night. Standard star observations and flat fields were taken with the occulting
disc in place as for observations of DG Tau in order to remove fringing effects generated
by the 0.5 mm thick silica occulting disc substrate. These flat-field exposures also allowed
for approximate correction of the attenuation of the central star caused by the partially

transmissive occulting disc.

Data reduction was performed using the Gemini NIFS IRAF package. An average dark
frame was subtracted from each object frame and averaged sky frame. The dark-subtracted
average sky frame was then subtracted from the dark-subtracted object frame. A flat-field
correction was applied to each slitlet by dividing by a normalized flat-field frame. Bad
pixels identified from the flat-field and dark frames were then corrected via 2D linear

interpolation.

The individual 2D spectra for each slitlet were transformed to a rectilinear coordinate
grid using the arc and spatial calibration frames, and the transformed spectra for each
slitlet were stacked in the second spatial direction to form a 3D data cube. All spectra
were transformed to a common wavelength scale during this step, so that only spatial
registration was required in subsequent data reduction steps. The data cubes derived
from each object exposure were then corrected for telluric absorption by division with
a normalized 1D spectrum extracted from the observations of the telluric standard star.
Hydrogen absorption lines intrinsic to the H-band spectrum of the A0 standard star
were removed using Gaussian fits to the lines. Flux calibration was achieved using a
large-aperture 1D spectrum of the same standard star, which was also corrected for telluric
absorption. These final object frames were then spatially registered using the position of

DG Tau, and median-combined to produce a final data cube.
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Table 2.1 NIFS observations of DG Tau, 2005-2009.

Date Epoch  No. of on-source Telluric
exposures® standard star
2005 Nov 11 2005.87 11 HIP25736
2006 Dec 24  2006.98 9 HIP25736
2009 Nov 08 2009.88 6 HIP26225°

% All on-source exposures were 600 s.
® 2MASS H-band magnitude: 7.348. Blackbody function
temperature: 9400 K.

The location of the central star in the final data cube was required in order to accurately fix
a reference point for the outflow. This location was determined by fitting a two-dimensional
Gaussian function to an image produced by collapsing the data cube in the wavelength
direction, over wavelength ranges chosen to avoid strong emission lines. The fit was made
only over those spaxels within ~ (/25 of the brightest spaxel in the image, and located the
position of the star to within 0702 in the outflow direction (0”10 spaxels), and 0701 in the
cross-outflow direction (0704 spaxels). The FWHM of the continuum image of the DG Tau
star is 0//14.

We include a portion of our multi-epoch data in order to further our arguments regarding
the knots in the approaching outflow (§2.4.1.1). These data were acquired on 2006 Dec
24 and 2009 Nov 08. The data from each epoch were reduced in the fashion described
above, with the main difference being the choice of telluric standard star and the number
of on-source 600 s exposures taken. These details are provided in Table 2.1. We reserve a
complete analysis of these multi-epoch data for a future paper. Unless explicitly stated

otherwise, all data used within this paper are from the 2005 observing epoch.

Similar NIFS observations of the DG Tau system in the K band (1.99-2.40 um), but
without the occulting disc, were obtained as a part of the same commissioning process on
2005 Oct 26 UT, and have been presented by ( ). We make use of these
data in this paper.

2.3. Results

2.3.1. Stellar Spectrum

Scattered stellar light is apparent across the entire data field. The H- and K-band stellar
spectra of DG Tau were extracted using a 0”8 diameter circular aperture, centred on
the spatial location of the star in each data cube. It has not been possible to obtain an
accurate flux calibration for the K-band spectrum as these data were recorded as a flexure

test of the NIFS instrument over an extended period in non-photometric conditions. The
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Figure 2.1 The stellar spectrum of DG Tau. The spectrum is extracted from a 0”8 diameter circular aperture centered on the star. Panel (a) shows the H-band (1.49-1.80
pm) spectrum, and panel (b) shows the K-band (1.99-2.40 pm) spectrum. The flux density has been normalized to unity at 1.60 um in the H-band and 2.2 pym in the
K-band. Prominent emission features are labelled, as are absorption features, which are used to determine the accuracy of the wavelength calibration (§2.3.4). The CO
bandheads visible in the K-band spectrum are also marked. The K-band data have been presented previously by ( ).



2.3 Results 53

normalized stellar spectra are presented in Fig. 2.1.

The H-band stellar spectrum shows photospheric absorption features, with clearly iden-
tifiable K I, Fe I, Al I, and Mg I lines (Fig. 2.1a). The K-band spectrum shows stellar
absorption lines of Na I and Ca I (Fig. 2.1b). Previous near-infrared observations of DG
Tau on 1994 Dec 14 showed significantly veiled H- and K-band spectra with few discernible
stellar absorption features ( ). A similarly veiled spectrum was also seen
on 2001 Nov 06 UT ( ). Furthermore, previous optical observations
of DG Tau, where the photospheric spectrum peaks, have shown a highly veiled stellar
spectrum, with very few discernible absorption features ( ). The
source of this veiling continuum is thought to be the accretion shocks occurring close to
the stellar surface ( ). Hence, the lack of a veiling continuum indicates

DG Tau was in a phase of low accretion activity during the period of our observations.

CO Av = 2 bandheads are visible in absorption in the K-band spectrum (Fig. 2.1b), and
arise in the stellar photosphere. On the other hand, these bandheads appear in emission
in many actively accreting YSOs ( ) ). When this occurs, the bandheads
typically exhibit a double-peaked structure characteristic of emission from a Keplerian
disc, which indicates that the emission arises from the inner radii of the circumstellar disc
( ). The CO Av = 2 bandheads in the DG Tau spectrum have been observed to
oscillate between appearing in emission ( ; ;
; ) and absorption or being absent ( ;

). They also vary significantly in flux, by up to 50%, on time-scales of days
( ).*” The presence of CO bandheads in emission is often associated with
an increase in accretion activity, and conversely, the absence, or presence in absorption, of
the bandheads is usually associated with a decrease in accretion activity, e.g. the V1647
Orionis outburst of 2003 ( : , ). Our observation
of the DG Tau CO bandheads in absorption provides further evidence that DG Tau was in

a low accretion activity phase during the 2005 epoch.

The dominant emission line in the K-band spectrum is H I Br v 2.166 gym. The nature
of this line in DG Tau was investigated by ( ). They determined that
the majority of the Br v emission emanates from accretion in the circumstellar disc, but

approximately 2% of the emission is extended, and coincident with the DG Tau microjet.

2.3.2. Stellar Spectrum Removal

It is necessary to subtract the stellar spectrum and associated spatially unresolved line
emission to adequately study the extended emission-line structure of the DG Tau outflows.
The H-band stellar spectrum shows significant structure in the region of the [Fe II] 1.644

pm emission line. This consists of a dominant unresolved continuum component, as well as

47See Table 1.6, p. 33 for details.
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spatially unresolved H I Br 12 emission (Fig. 2.1a). H-band stellar spectrum subtraction
was performed using a custom PYTHON routine. Our procedure for subtracting the stellar
light takes advantage of the orientation of the large-scale DG Tau outflows in the NIFS
data cube, and the lack of [Fe II] line emission from the circumstellar disc. Two sample
spectra of scattered starlight were formed over a pair of 0725 diameter circular apertures,
centered at opposing positions (/5 from the star perpendicular to the outflow direction,
and then averaged. For each spaxel, this stellar spectrum was scaled to match the flux
observed adjacent to the spectral region of interest for the line being investigated. In the
case of the [Fe II] 1.644 um line, the region of interest covers a velocity range of —380 to
340 km s~!. This scaled stellar spectrum was then subtracted from the spectrum of the

spaxel.

Accurate stellar spectrum subtraction is less important in the K band, due to the less-
structured nature of the stellar spectrum in the vicinity of the Hp 1-0 S(1) 2.1218 pm line.
K-band stellar spectrum subtraction was performed by forming a pair of continuum images
adjacent to the spectral region of interest around the Hg 1-0 S(1) line, averaging them, and

subtracting this averaged continuum image from each wavelength plane of the data cube.

2.3.3. Circumstellar Environment

Fig. 2.2 shows channel maps of the circumstellar environment of DG Tau, as seen in [Fe II]
1.644 pm line emission, with the stellar and unresolved line emission components removed.
The top-left and bottom-right frames show the velocity ranges used for continuum scaling.
Here, and in all subsequent figures, the outflow axis is labelled as x, and the axis across
the outflow as y. The data have been binned into 40 km s~ !-wide slices in order to discern

sub-spectral-resolution structure. There are three major outflow components:

1. A well-collimated, high-velocity blueshifted jet, concentrated in knots of emission.
This blueshifted outflow is present in channel maps up to an absolute line-of-sight
velocity of ~ 300 km s™!, with the highest-velocity material appearing at the largest
observed distance from the central star. This jet has an observed width of (//20—
025 ~ 28-35 AU (approximately the radius of the orbit of Neptune) at the distance
of DG Tau;

2. An intermediate-velocity, less-collimated, edge-brightened, ‘V’-shaped structure in
the blueshifted outflow. Within approximately 1” of the central star, the outer
edges of this structure are linear, and are aligned radially with respect to the central
star. The opening half-angle of this feature is 15° £ 1°. ( )
obtained an opening half-angle of 14° for the same structure from SINFONI data
of DG Tau obtained on 2005 Oct 15. This structure is ‘pinched’ ~ 1” from the
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Figure 2.2 Channel maps of the DG Tau outflow. Panels show images of the extended [Fe II] 1.644 pm
line emission around DG Tau, binned into 40 km s~ !-wide slices. The velocity range of each slice is shown
at the bottom of each slice. The velocity ranges used for continuum scaling are also included (top-left
and bottom-right panels). The intensity values quoted are the average intensity in each channel over the
40 km s~ velocity range. The black star corresponds to the position of the central star, DG Tau, and the
yellow circle indicates the position and size of the 0”2 diameter occulting disc.
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Figure 2.3 The DG Tau approach-
ing outflow. (a) Integrated [Fe II]
1.644 pm line flux of the approach-
ing outflow from DG Tau. The line
flux is computed over the velocity
range —300 to 0 km s™'. Knots A,
B and C are labelled. (b) Contour
plot of the same integrated [Fe II] line
flux. Contours are labelled in units of
10715 erg ecm™2 s7! arcsec™2.  The
unlabelled contour corresponds to
170 x 107 erg cm™2 s7! arcsec™2.
Knots A, B and C are labelled, and
the knot centroid positions and associ-
ated uncertainties are indicated. The
jet ridgeline is shown as a dashed line.
The position of the central star and
the position and size of the occulting
disc used during the observations are
shown in both panels by a yellow star
and circle, respectively.

star, and then re-expands with increasing distance from DG Tau (Fig. 2.2, panel
[~180 : —140] km s™1);

3. A redshifted outflow, which becomes visible approximately 0”7 from the central star.

The inner region of this structure is obscured by the circumstellar disc around DG

Tau. We estimate the radial extent of the obscuration, and hence of the DG Tau

circumstellar disc, to be ~ 160 AU, after correction for the inclination of the jet-disc

system to the line of sight (38°; Fisloffel & Mundt 1998). This is in agreement with

the measurement by Agra-Amboage et al. (2011), who used this obscuration to place

limits on the disc models of Isclla ot al. (2010). The redshifted outflow takes the

form of a bubble-like structure. The material with the greatest receding line-of-sight

velocity is concentrated on the outflow axis, and at the apex of the bubble. The

material along the edges of the structure emits at progressively lower line-of-sight

velocities with decreasing distance from the central star.

2.3.3.1.

Approaching Jet Trajectory

The high-velocity blueshifted jet does not travel a linear path, but bends along its length

(Fig. 2.2, rightmost-top panel). We define the ridgeline of the jet as the location of the

jet brightness centre at each position along the outflow axis. Single-component Gaussian
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Table 2.2 Knot positions in the approaching DG Tau jet, 2005 epoch.

Knot Position along Position across Velocity range  Centroid [Fe II]

outflow axis®  outflow axis® wused for fitting  line velocity®

(") (") (kms™") (kms™")
A 0.23+0.03 -0.03+0.01 -260 to -100 —
B 0.40+£0.03 -0.03+£0.02  -300 to -100 ~ 180
C 1.240.02 -0.04£0.03  -300 to -180 ~ 250

“ Quoted uncertainties to the knot positions are the quadrature sum of the fitting errors
to the star and knot positions. The fitting uncertainties for knot A are visual estimates.
¥ Centroid line velocities are for the high-velocity outflow component (Fig. 2.6).

fits were performed across the jet, at every recorded position along the outflow axis, on an
image of integrated [Fe II] 1.644 pm emission-line flux formed over the velocity range —300
to —180 km s~!. This velocity range was chosen so that the ridgeline was computed for
the highest-velocity gas, corresponding to the high-velocity jet (see below, also,

). The ridgeline computed from these fits is shown in Fig. 2.3(b). The uncertainties
in the lateral position of the fitted ridgeline are of order +0701.

The jet ridgeline was fit in spatial coordinates with a simple sinusoidal function in order
to characterise the nature of the jet trajectory. The amplitude of the fitted sinusoid is
07027 £ 07001 ~ 3.8 AU, and the wavelength is 17035 & 07006. Deprojecting this distance
to account for the jet inclination to the line of sight yields a physical wavelength of 235 AU.
If the sinusoidal jet trajectory is due to jet precession, the amplitude corresponds to a

precession angle of ~ 4°.

2.3.3.2. Approaching Jet Knots

Figs 2.2 and 2.3 show that the [Fe II] 1.644 pm line emission from the blueshifted DG Tau
jet is concentrated in a series of three emission knots. We label these features as knots A,
B, and C, in order of increasing distance from the central star.*® Such emission knots are
a common feature of YSO outflows, and have previously been observed in the blueshifted
DG Tau outflow on large scales (several arcseconds from the central star;

), as well as on the scale of the microjet (less than 2” from the central star;

) ; ) ;

). With some exceptions (see below, also, ), these

knots move along the outflow channel at an approximately constant speed.

Accurate positions of knots A, B and C relative to the star were determined in order to

track their proper motions over time. Two-dimensional spatial Gaussian fits to each knot

48We choose not to continue the nomenclature of ( ) and ( ) due
to multiple plausible interpretations of the knot ejection history of DG Tau — see §2.4.1.1.
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in integrated [Fe II] 1.644 um emission-line flux images were utilized to determine the
positions of the knot centroids. The velocity ranges used to form the images for each knot
were determined by visual inspection of Fig. 2.2. The results of this fitting are presented

in Table 2.2 and shown in Fig. 2.3. The characteristics of each knot are discussed below.

Knot A is situated 0723 £ 0703 along the outflow axis from the central star. The NIFS
data Nyquist sample the point spread function across the jet, but undersample the spatial
profile in the coarsely-sampled spaxel direction along the outflow. This makes fitting knot
A with a two-dimensional Gaussian profile difficult. Visual inspection of these data indicate
that the FWHM of the knot is ~ 0”1 in both axes, making it significantly more compact
than knots B and C. The difficulty in accurately fitting a Gaussian profile also results in a

larger uncertainty in the knot centroid position.

Similar knots at the location of knot A have been observed previously in [S II] 6716 A /6731 A
( ), [O 1] 6300 A ( ; ) and He T 10830 A
( ). Furthermore, ( ) report that the emission feature
they observe at ~ 0”15 ~ 34 AU deprojected distance from the central star*® exhibits very
little proper motion, suggesting that the knot represents a steady region in the flow where
emission is enhanced. A feature similar to knot A appears to be present in the data of

( , fig. 3 therein); however, those authors did not mention it. We
interpret knot A as a stationary shock in the jet, resulting from the recollimation of the

flow. We expand further on this interpretation in §2.4.1.2.

Knot B is well-described by a Gaussian profile, which is extended in the outflow direction
with an axial ratio of ~ 2.3. This knot was most recently detected by

( ), who reported a position of (/37 + 0”703 along the outflow axis from the central star
on 2005 Oct 15. Our positions agree to 1lo. Knot C is significantly fainter than knots A
and B, at ~ 15% of their peak intensity (Figs 2.2 and 2.3). As with knot B, knot C is
elongated in the outflow direction, but with an axial ratio of ~ 1.7. This knot was also
detected by ( ), with a reported position of 172 + 0”05 along the
outflow axis from the central star on 2005 Oct 15. This agrees with our measurement to
20, although our fitted knot position is within their uncertainties. We conduct an analysis

of the recent knot ejection history of DG Tau in §2.4.1.1.

2.3.3.3. Receding Outflow Morphology

The morphological appearance of the DG Tau redshifted outflow, shown in Fig. 2.4, is
different from that of the blueshifted outflow (Fig. 2.3). First, there is no clearly discernible
fast outflow, nor ridgeline. Secondly, the emission from this outflow comes predominantly

from a bubble-like structure (Figs 2.2 and 2.4). This structure was observed by

49 ( ) report the knot position as 00’17 & 0”05 from the star in the raw image, and 0”13

after deconvolution.
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flow. (a) Integrated [Fe II] 1.644
pm line flux of the receding out-
flow from DG Tau. The line flux
is computed over the velocity range
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Amboage et al. (2011), and was interpreted as being the redshifted equivalent of a faint
‘bubble’ they claimed in the approaching outflow at similar distances from the central star.
We do not observe such a structure in the blueshifted outflow (§2.3.4), and we will discuss

and model the cause of this bipolar outflow asymmetry in a forthcoming paper (§4).

2.3.4. Fitted Line Components

Visual inspection of our spectra clearly indicates the presence of at least two [Fe II] 1.644 pm
line components at every spatial position with significant signal-to-noise ratio. In many spa-
tial locations, these two components are significantly blended. A multicomponent Gaussian
fit was performed to separate these spectral components. Both one- and two-component
fits were made, and an F-test (Appendix A) was utilized to determine the statistically
appropriate number of components to retain in the final fit (Westmoquette et al. 2007).
Stricty speaking, the use of a likelihood ratio test such as the F-test in this situation
is statistically incorrect (see Appendix A.1; Protassov et al. 2002). However, given the
absence of a statistically correct alternative that could be sensibly applied to the number of
spectra presented here, and the obvious presence of two line components at most positions,

we opt to continue with this approach (e.g. Westmoquette et al. 2012, also see Appendix
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Figure 2.5 Two-component Gaussian fits to the spectra of four spaxels in the approaching DG Tau
outflow. The spaxels are located at a distance of (a, b) z = 0”62 and (c, d) 1713 along the outflow axis.
The spaxels shown in panels (a, c) are on the jet ridgeline at y = —0703, and the spaxels in panels (b, d)
are offset from the ridgeline at y = —0726. Actual data and uncertainties are indicated by black circles and
error bars, fitted line components are shown as blue dot-dashed and green dotted lines, and the total fit is
shown as red dashed lines.

A.1). Spaxels were excluded from fitting if the signal-to-noise ratio of the brightest spectral
pixel in the vicinity of the emission line was less than 10, or if the relative error on the
fitted line amplitude and/or width exceeded unity. Spaxels that could not be fit with two
components were also excluded. Applying these criteria, it was found that acceptable fits
were produced over a region comparable to the detected emission in Figs 2.2, 2.3 and 2.4.
Example spectra, and the fits obtained to those spectra using the above procedure, are

shown in Fig. 2.5.

To determine line velocities relative to the systemic velocity, it was necessary to determine
the velocity of the central star in our data. To accomplish this, Gaussian profiles were
fit to several stellar absorption features in the H-band stellar spectrum (Fig. 2.1a). The

velocity correction obtained was then applied to all line velocities.

The velocity resolution of our H-band data was measured to be 55 km s, based on
Gaussian line fits to observed sky lines. The intrinsic line widths of each fitted profile were

determined by quadrature subtraction of this instrumental velocity resolution from the
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fitted line width, via the formula FWHM? = FWHMZ,, 4 — FWHM? We

intrinsic instrumental *

discuss the properties of each fitted component below.

2.3.4.1. Approaching High-Velocity Component

The [Fe II] 1.644 pm emission-line intensity image of the blueshifted HVC in Fig. 2.6(a)
shows the classic morphology of a well-collimated, high-velocity jet. Knots B and C are
reproduced. Knot A is not visible, as that region of the outflow is not fit due to its low
signal-to-noise ratio, which results from the proximity of the central star. The ‘pinching’
of the outflow ~ 1” along the outflow axis from the central star is also reproduced. We
interpret this to be due to a lack of emitting gas between the two jet knots, rather than an

actual narrowing of the jet.

The peak line velocity at each position along the outflow occurs on the jet ridgeline
(Fig. 2.6b). The line-of-sight line velocity is constant at ~ 170 km s~ in the region of
knot B, 0740 =~ 91 AU deprojected distance from the central star. The peak absolute
line velocity increases with distance from the central star between knots B and C. This
is in agreement with previous observations of the DG Tau microjet that generally show
increasing absolute line velocity with distance from the central star ( ;

), although ( ) shows some evidence for sinusoidal velocity
variations (§2.4.1.1). The fitted line width is lowest along the jet ridgeline (Fig. 2.6a),
and the region of lowest line width corresponds to the region of highest line component
intensity at each position along the outflow axis. This indicates the presence of a narrow

jet with a relatively undisturbed core.

2.3.4.2. Approaching Intermediate-Velocity Component

The integrated line intensity image of the IVC shown in Fig. 2.6(d) differs significantly
from that of the HVC (Fig. 2.6a). The emission is spread further from the outflow axis
than the HVC. Interestingly, the edge-brightened ‘V’-shaped structure is not reproduced.
This is because the channel maps (Fig. 2.2) show intensity over a narrow range of velocities,
whilst Fig. 2.6(d) displays the total intensity. This indicates that it is the velocity structure
that is stratified (Fig. 2.6e). None of the observed emission knots is reproduced in the IVC.
There is a small increase in the IVC line intensity and absolute line velocity at the position
of knot B. The small spatial extent of this increase (a few spaxels), and the dominance of

the HVC at this position, leads us to conclude that these increases are fitting artefacts.

The IVC velocity structure (Fig. 2.6e) is similar to the HVC velocity structure but at lower
absolute velocities. The IVC line width profile (Fig. 2.6f) shows a different structure to
the HVC, with the regions of highest line width being found on the outflow axis, and the

fitted line width decreasing with lateral distance from the outflow axis.
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Figure 2.6 [Fe II] 1.644 pm emission characteristics from the high- and intermediate-velocity components fit to the DG Tau approaching outflow. Panels (a) to (c¢) show
fitted parameters for the high-velocity component. Panels (d) to (f) show fitted parameters for the intermediate-velocity component. Panels (a) and (d) show the fitted line
intensity. Panels (b) and (e) show the absolute fitted line velocities, which have been corrected to the systemic velocity of the central star. Panels (c¢) and (f) show the line
FWHM, which has been approximately deconvolved from the instrumental velocity resolution through quadrature subtraction. The yellow star and circle in (a) and (d)
represent the position of the star, and the position and size of the occulting disc, respectively.
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2.3.4.3. Receding Outflow

The redshifted [Fe II] 1.644 pm line emission from the receding outflow was fit using the
procedure described above. Fits were restricted to a single component, as this is all that
is warranted by the data. The resulting fitted [Fe II] 1.644 um line component for the
receding DG Tau outflow is shown in Fig. 2.7.

There are several distinctive features in the receding outflow velocity profile shown in
Fig. 2.7(b). The highest line velocities of ~ 180 km s~! are found at the ‘apex’ of the
bubble-like structure, 1”3 from the central star. The line velocities of the emission from the
structure decrease with decreasing distance from the central star, reaching ~ 100 km s
at the edge of the observable emission closest to the star. A ridge of emission with velocity
~ 160 km s~! runs along the outflow axis for the length of the structure. This suggests
that there is an underlying stream of material driving the evolution of this structure. As

noted above, we will discuss this further in a future paper (§4).



64 DG Tau in the 2005 Observing Epoch
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disc, respectively.
2.3.5. Approaching Outflow Electron Density

The near-infrared lines of [Fe II] arise from low-lying energy levels, and are useful tracers of
electron density, ne. In particular, the intensity ratio between the [Fe II] lines at 1.533 pm
and 1.644 pm provides a diagnostic of electron density in the range ne ~ 102-10° cm™3
( ). The derived electron density is only weakly dependent upon
the electron temperature, T, in the range T, ~ (0.3-2.0) x 10* K. We assume an electron
temperature of T, = 10* K for the DG Tau outflow ( ) ( )
have computed the relation between this line ratio and electron density for a 16-level Fe™t

model.

The [Fe II] 1.533 pm/1.644 pm flux-ratio map of the approaching outflow components
derived from our data is shown in Fig. 2.8. Integrated line fluxes were determined via
integration of the stellar-subtracted spectra in each spaxel over the velocity range —380
to 0 km s~!. The integrated line fluxes were then split about the velocity at which the
two fitted [Fe II] 1.644 pm line components have the same flux density to form individual
flux-ratio measurements for the high- and intermediate-velocity components. Spaxels were
excluded where the relative uncertainty in the computed line ratio exceeded 20% for the
high-velocity component, and 50% for the intermediate-velocity component. Therefore,

line ratios for each component could only be obtained where the 1.533 pm [Fe II] emission
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line was detected with sufficient signal-to-noise ratio to satisfy this criterion. A flux-ratio

map for the receding outflow will be presented in a future paper (§4, Fig. 4.3).

The electron number density of the approaching outflow high-velocity component is greatest
0”3 to 0”5 from the central star, with an average value of < 4 x 10* cm™3. The electron
density decreases to ~ 10™* cm™2 within 0”8 of the central star, and remains approximately
constant to the edge of the observed field. There are no identifiable density enhancements
at the positions of knots B and C. The electron number density of the intermediate-velocity
component is more variable, between ~ 1073 cm™3 to ~ 10~* cm ™3 within 079 of the
central star. Beyond that point, the signal-to-noise ratio of the [Fe II] 1.533 pm emission

line is insufficient to form line ratios.

Our determination of the electron density of the approaching DG Tau jet (HVC) is compared
with determinations from the literature in Fig. 2.9. We calculate an uncertainty-weighted
average electron density at each position along the outflow axis from all spaxels within +05
of the axis. Our results are in agreement with the previous determination of electron density
from the [Fe II] line ratio by ( ), with slight discrepancies due to
our different method of measuring the electron density of the jet component. Our results
are also in reasonable agreement with electron density measurements of the outflow based
on the [S IT) 6716A/6731A line ratio using the BE99 technique ( ;

; ; ). Slight differences
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between electron densities derived from different spectral features are to be expected

because the [S II] and [Fe II] lines arise in different regions of the cooling post-shock gas.

2.4. Discussion

In §2.2 and §2.3, we discussed our observations of the outflows from DG Tau at sub-
arcsecond resolution, and with sufficient sensitivity to reveal their detailed structures. We
have identified the approaching jet (high-velocity component), the blueshifted intermediate-
velocity component, and the receding outflow. In this section, we discuss the origins and
physical parameters for the blueshifted outflow components that can be inferred from these

data. A detailed analysis of the nature of the receding outflow will be presented in a future

paper (§4).

2.4.1. The Approaching Jet

We interpret the blueshifted [Fe IT] 1.644 pm HVC emission to be from an approaching, high-
velocity, well-collimated jet launched from the DG Tau star-disc system. We investigate
the propagation of knots in the jet (§2.4.1.1), which leads us to identify a stationary
recollimation shock in the jet channel (§2.4.1.2). We use the properties of this shock to
form estimates for the launch radii of the innermost streamlines of the jet (§2.4.1.3). We
then proceed to calculate parameters of the jet downstream of this shock (§2.4.1.4), and
investigate the cause of the changes in jet velocity along the outflow axis (§2.4.1.5). Finally,

we analyse our data for any indication of rotation in the DG Tau jet (§2.4.1.6).

2.4.1.1. Knots

Three knots were observed in the DG Tau microjet (§2.3.3.2). Our unique multi-epoch data
allow us to track the position of these knots over time, without the need to link disparate
observations to form a knot evolution. The position of the knots as a function of time is
given in Table 2.3, and shown in Fig. 2.10. The most remarkable finding is that knot A
remains stationary over a period of ~ 4 years. We discuss the nature of this stationary

feature in §2.4.1.2.

We were able to track the progression of knot B over this interval. The knot moves at a
constant speed of (/17 £ 0”01 yr~—! along the jet channel, which implies a knot launch date
of 2003.5+ 0.2 by linear extrapolation®® (Fig. 2.11). This speed is slower than that of knots
previously observed in the DG Tau jet (e.g. 0729 yr—1, ), and slower

1

than the knot proper motions of 07270734 yr~! suggested by ( ).

"0This extrapolation includes the position of knot B/A5 quoted by ( ).
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Table 2.3 Knot positions in the approaching DG Tau jet, 2005-2009.

Knot Positions® Average Centroid Deprojected Alternate
2005.87 2006.98 2009.88 proper motion® line velocity® velocties? designations
Proper Radial
@ (" (" ("yr~Y)  (kms7!)  (2005.87, km s7!) (km s
A 0.23+£0.03  0.204+0.04 0.23+£0.02 0 0 — 0 — —
B 0.40£0.03 0.60£0.02 1.074£0.02 0.17+0.01 11347 ~ 180 183 +£11 ~ 230 Ab¢
C  1.2440.01 — — — — ~ 250 — ~320 A3° (?), Adc (?)

24 D

% Quoted uncertainties to the knot positions are the quadrature sum of the fitting errors to the star and knot positions. The fitting uncertainties for

knot A are visual estimates.
b Fig. 2.10.
°Fig. 2.6(b).
¢ Velocities are deprojected assuming an inclination of the jet axis to the line of sight of 38° ( ).

‘ (2011).
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The presently-favoured model for the formation of moving jet knots is intrinsic variability in
the jet velocity (e.g. ). In this scenario, as the jet velocity oscillates, faster
regions of the jet catch up to slower-moving regions, forming shocked internal working
surfaces which appear as jet knots. Our data show evidence of such velocity variations
in the jet (§2.4.1.5), in agreement with previous studies (e.g. ). A basic
prediction of this theory is that the proper motion and radial velocity of the shocked
material in the knots should be two projections of the same knot velocity (

). This does not appear to be the case for knot B (Table 2.3) if we assume a constant
jet inclination and therefore adopt a jet inclination of 38° as determined on scales of ~ 10"
( ). However, the jet ridgeline is not a straight line, and the jet
inclination may therefore vary locally by ~ 3-4° (§2.3.3.1). Taking a local jet inclination
of 34.5° at the location of knot B reconciles the proper motion and radial velocity when
deprojected. Therefore, we conclude that knot B could have been formed by intrinsic

velocity variations in the jet.
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Figure 2.11 Knot positions in the DG Tau approaching microjet at less than 175 from the central star,
plotted over the period 1997-2010, taken from multiple sources. The uncertainties in the knot positions
have been visually estimated if uncertainties are not quoted in the relevant reference. Markers denote the
source of the observations; colours denote the emission line(s) with which the observation was made. Where
known, arrows denote the radial line velocity of the observed knot projected onto the plane of the sky. The
solid line shows the linear fit made to the trajectory of knot B. The short-dashed line shows the trajectory
of knot C assuming a proper motion of 0730 yr~! for that knot, corresponding to the radial velocity of that
knot projected onto the sky using a jet inclination of 38°. Dot-dashed lines show the uncertainties in these
trajectories: for knot B, this is the fitting uncertainty; for knot C, this results from a £3.5° variation in the
jet inclination (§2.3.3.1). The long-dashed line shows the trajectory of knot C assuming a proper motion of
0”17 for that knot, as for knot B. The grey area denotes the region < 0’25 from the central star, where
knot observations are excluded from fitting. Knot observations used for fitting the trajectory of knot B are
grouped by the dotted parallelogram.

References. Hezagons: ( ). Down-pointing triangles: ( ). Left-pointing
triangles: ( ). Circles: This work.

Green: He I 1.0830 pum. Black: [Fe II] 1.644 pm.
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The knot periodicity of DG Tau has been studied by previous authors, but has remained
unclear. ( ) determined a knot ejection period of ~ 5 yr, which was
revised downwards to 2.5 yr by ( ). However,

( ) used a different interpretation of knot motions to claim a 5 yr ejection period. Our
observations support the notion that the knot ejection interval in DG Tau varies. We offer
the following arguments in favour of this interpretation. First, we note the absence of a
new moving knot in our 2009 data (Figs 2.10, 2.11). We would expect to observe a new
knot somewhere between knots A and B at this epoch if there were a knot ejection every

2.5 yr, hence we exclude the proposition that a new knot was launched 2.5 yr after knot B.

Secondly, we consider the other moving knot in our data, knot C. This knot only appears
in our 2005 data, having moved out of the NIFS field by 2006.98 (Fig. 2.10). We do not
attempt to link this knot directly to previous observations, due to the inherent uncertainty
in doing so (see below). We instead assign knot C two possible proper motions, and examine
the implications of each scenario. First, we presume that the radial velocity of knot C
(~ 250 km s~%, Table 2.3) represents a projection of the true knot velocity. Allowing for
a variation of £3.5° in the canonical jet inclination of 38° (§2.3.3.1;

), this gives a proper motion for knot C of 0/26-0"33 yr—!. This is consistent with the
interpretation of ( ), and yields a knot launch date of 2001.7+9-2,
consistent with a 2.5 yr ejection period. Secondly, we assign knot C a proper motion of
0717 yr~!, which is consistent with the proper motion of knot B. This is significantly slower
than the knot velocity implied by the radial velocity of knot C; however, we note that
the knots in Herbig-Haro objects often show discrepancies between their proper motion
and radial velocity ( , ). This knot trajectory passes through
the cluster of knot observations reported by ( ) and ( )
(Fig. 2.11). This proper motion gives a launch date of 1998.6 for knot C, which would
imply a knot launch period of ~ 5 yr.

In light of the above complications, we leave the knot ejection interval in DG Tau, and the
true knot velocity of knot C, as open questions. We have not attempted to directly link
our knot observations with those from the literature. This is because, with the exception
of the fast knot detected by ( ) mentioned above, most DG Tau jet
knots reported in the literature are single observations made in different emission lines, and
using different instruments. This means that disparate observations need to be linked to
form an interpretation of the knot ejection history. We prefer to await further, consistent
multi-epoch data of the DG Tau jet in order to attempt to draw a final conclusion on the
knot ejection interval of this object. Indeed, in light of the large difference between the knot
proper motions observed by us and ( ), we suggest there is significant
variability in the ejection interval, and in the knot ejection velocity. We are intrigued to
see if there will be a repeat of the fast knot reported by ( ) at a later

date. However, if the knot ejection interval and velocity are reasonably constant with a
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a b yr ejection period, we predict that a new jet knot should have been launched from
the position of the central star in mid-2008, and would have become visible beyond the
stationary recollimation shock in approximately mid-2010. There is currently no available

data with which to test this hypothesis.

2.4.1.2. The Recollimation Shock

We interpret knot A in the approaching jet as a stationary recollimation shock. Stationary
[O 1] 6300 A emission in the region of this feature has been detected previously by

( ), ~ 0715 &~ 24 AU from the central star. Stationary soft X-ray emission has
been observed in the DG Tau jet, centred ~ (/140”21 = 32-48 AU from the central star
( , , : : ). Stationary
far-ultraviolet C IV emission is observed slightly further along the jet, centred (/2 ~ 46 AU
from the central star ( ). The temperature of the X-ray emitting
material is estimated to be > 3 x 10% K ( ; ), whilst
the emissivity of C IV strongly peaks at temperatures of 10° K ( ).
We interpret this as being indicative of an extended post-shock cooling region, where a
recollimation shock occurs ~ 25 AU from the central star, and material then cools as it

progress downstream on the scale of a cooling length (e.g. ).

In classical hydrodynamic jet theory, recollimation shocks appear when a jet emerging from
a nozzle is under- or over-expanded, and undergoes lateral expansion and/or contraction
to attain pressure equilibrium with the ambient medium. In the context of magnetocen-
trifugally driven jets and winds, recollimation of outflows into stationary shocks above
the disc is due to the magnetic field acting like a nozzle. Recollimation shocks occur
naturally in magnetocentrifugal outflows with terminal poloidal velocities 2 2 times the
fast magnetosonic speed in the outflowing material ( ).
In this scenario, once the flow expands to a critical radius, the magnetic tension acting
inwards towards the outflow axis exceeds the centrifugal force acting outwards, and the jet
begins to recollimate into a stationary shock ( ;

). Such recollimation shocks have been explored in the theoretical literature,
and are predicted to occur tens of AU above the circumstellar disc for reasonable YSO
accretion rates and disc parameters ( ;

; ; ; );
in agreement with observations of the stationary feature in the approaching DG Tau jet.
Finally, ( ) utilized e-MERLIN data to measure the opening angle of
the DG Tau jet to be 86°, implying that collimation must occur somewhere = 50 AU along
the jet channel. This is in excellent agreement with the observed position of the stationary

feature in the DG Tau jet.

Previous analyses of the stationary soft X-ray emission in the DG Tau jet have concluded
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that the mass flux through the X-ray emitting region is ~ a few x 107 Mg, (
; ), which is two orders of magnitude less than the
mass flux seen in the NIR /optical (§2.4.1.5). However, the geometry used by
( ) and ( ) to compute the X-ray mass flux may result in
an underestimation. Those authors used a cylindrical geometry of height deoo (i.e., the
adiabatic cooling length) and radius R to describe the X-ray emitting region. However,
( ) generated a numerical simulation of a YSO jet recollimation shock”!
to investigate the stationary X-ray emission in the outflow from L1551 IRS 5°2, which
shows that such shocks take on an inverted-cone structure. Repeating the calculation of
( ) using an inverted cone of height d.,o and radius R has two
effects on the result. First, the volume of the emitting region is decreased by a factor of
three. Secondly, the area through which mass enters the X-ray emitting region is increased
by a factor of \/m , where dgoo1/R ~ 4 from the simulation of
This results in a mass flux ~ 12 times higher than that reported by
( ) and ( ), which for DG Tau increases the X-ray mass flux to
~ few x 10710 M.

There remains a discrepancy of at least an order of magnitude between the X-ray and
optical /NIR-derived mass fluxes. This has led several authors to suggest that there must
be an inner, very fast component of the DG Tau approaching outflow, not visible at other
wavelengths and perhaps of stellar or magnetospheric origin, nested within the optical/NIR
high-velocity outflow component (e.g. ; ). The mass-flux
discrepancy may be explained by considering the geometry and emission characteristics of
a diamond recollimation shock. The results of the simulation of ( ) show
that, whilst the entire jet is shocked to a temperature of > 106 K around the recollimation
shock, only the small central core of the diamond structure significantly emits in X-rays
( , fig. 4 therein, right-hand panels). The balance of the jet material
is focused around the central emission peak by the diamond shock structure, and does
not achieve the pressure necessary to strongly emit in X-rays. This neatly explains the
discrepancy between the mass flow rates of the soft X-ray source and optical/NIR flow in
DG Tau. Hydrodynamic simulation of the recollimation shock in DG Tau is required in

order to quantify the expected mass flux through the X-ray emitting region.

There are alternate explanations for the presence of this stationary feature. It has been
suggested that stationary knots in the outflows from massive protostars may be the result
of the stellar wind bouncing off the walls of a cleared jet channel and recollimating above
the stellar surface ( ). As mentioned above, there may also be another,

unresolved central outflow component, possibly launched from the magnetosphere of the

51This simulation involves the launching of a jet with a uniform cross-jet velocity profile, which is forced
to recollimate after passing through a nozzle.

2The large-scale outflow this object drives is HH 154. The soft X-ray knot in the outflow is located
0”5-1"0 from the outflow source ( ).



2.4 Discussion 73

star, that may be the cause of this hot X-ray emission (e.g. ). Our
interpretation has the advantage that it does not require invoking an as-yet undetected
outflow component. Regardless of its origin, the presence of such a bright, strong, hot

shock directly in the jet channel must affect the jet material that passes through/by it.

The implications of the presence of stationary recollimation shocks on the study of YSO
jets are profound. The shock will modify the flow parameters downstream of its position.
Therefore, extreme care and caution is required when attempting to link parameters in
the outflow beyond the stationary shock, such as terminal velocities, to a specific launch
radius (§2.4.1.3). Passage through such a strong shock will create turbulence in the jet,
and may remove any jet rotational signature (§2.4.1.6). We now proceed to investigate

each of these in detail.

2.4.1.3. Innermost Jet Streamlines: Terminal Velocity and Launch Radius

Determining the radii at which protostellar outflows are launched is one of the major goals of
studies such as ours. Determination of launch radius is crucial information for determining
the outflow launch mechanism. A constraint on the launch radius of protostellar outflows
can be arrived at from measurements of the poloidal and toroidal jet velocities at some
distance from the central star under a steady, magnetocentrifugal acceleration model
( ). ( ) provide a diagnostic diagram to this end,
for various forms of MHD wind acceleration. However, this method must be applied with
caution to DG Tau. We must account for the presence of the strong recollimation shock
in the outflow channel (§2.4.1.2). Furthermore, we find no evidence for rotation in the
DG Tau jet (§2.4.1.6). Therefore, we proceed to make an estimate of the launch radius
of the innermost streamlines of the DG Tau jet including the observed properties of the
recollimation shock, assuming that these streamlines are launched by an MHD disc wind.

We consider pressure-driven stellar winds at the end of this section.

We estimate the launch radius of the innermost radii of the DG Tau jet as follows. For
magnetocentrifugal, axisymmetric winds, the specific energy of the flow, which is constant
along field lines, can be expressed as

E-= % (vg + vﬁ,) +é+h+Q (Qori - Qr2) (2.1)

(e.g. : ), where ¢ is the gravitational potential,
h is the specific enthalpy, ra is the Alfvén radius, i.e. the radius at which the outflow
velocity equals the Alfvén speed, r is the radial distance from the central star, v, and
vy are the flow poloidal and azimuthal velocity components, respectively, and €2 is the
angular velocity; subscript zero denotes values at the flow footpoint. For dynamically cold

flows of gas, the enthalpy term can be neglected, and the gravitational potential is usually
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considered unimportant far from the disc. Further assuming that £ ~ vioo /2 as r — 00,
where v, o is the flow poloidal velocity at large distances, and that (ra/rg)? > 1, the

terminal flow poloidal velocity may be written as
Up oo V2 Qkra. (2.2)

This equation can be obtained from equation 8 of ( ) by neglecting
their 8 term, which encompasses all pressure effects, and assuming that their parameter

A = 100/ Qoré > 3/2. The Keplerian angular velocity, {0k, at the disc launch radius of

1/2
Ok = ok _ 1 <GM*> , (2.3)

To 7o To

the wind, rg, is given by

so equation (2.2) becomes

Vproo ™ \/TUK% =2 <GM*>1/2 <TA> . (2.4)

70 70
A stellar mass for DG Tau of M, = 0.67 Mg, is adopted ( ). Then, for
convenience, equation (2.4) can be expressed as
1 70 ~1/2 TA
~ 109 km s~ — . 2.5
o e (0.1 AU) (7’0) (25)

A wide range of values are both observationally justified and theoretically possible for
the magnetic lever arm parameter, A = (ra/ro)?. ( ) calculated
steady MHD wind solutions for A\ exceeding ~ 2 = (ra/r9) 2 1.4. In the analysis of the
launch radii of various protostellar outflows by ( ), the observationally-
inferred magnetic lever arm Ay for high-velocity outflows is in the range 4-16. Given
that the observational estimate Ay may underestimate the true A due to the sampling
of multiple magnetic surfaces in the jet ( ), we adopt a range of
4 < X < 20, which leads to 2 < rp/rg < 4.5, as an illustrative parameter range for
YSO jets. We also note the typical observation that the ratio of mass outflow rate to mass
accretion rate, Mout / MaCC ~ 0.1, implies A ~ a few to 10 assuming that the rate at which
angular momentum is lost by the accreting matter (Maccrg /) equals the rate of angular

momentum transport by the wind (Moutri /Qo; see ).

The presence of the stationary recollimation shock (§2.4.1.2) must be taken into account
when determining the terminal poloidal velocity, vp, o, of the jet. Under standard theories of
magnetocentrifugal acceleration, terminal velocity is reached beyond the fast magnetosonic
point in the outflow, which is predicted to be a few tens of AU above the circumstellar
disc surface at most (e.g. ; ). Most authors

assume acceleration largely ceases beyond this point, and the jet then flows ballistically.
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Figure 2.12 Estimated DG Tau asymptotic poloidal jet velocities as a function of launch radius, assuming
an MHD disc wind. The solid line denotes the solution for a stellar mass of M, = 0.67 Mg (Hartigan et al.
1995) and ra/ro = 3 (e.g. Konigl & Salmeron 2011). The dark grey region shows the range of solutions for
2 <rafro < 4.5 (Ferreira et al. 2006); the dashed line shows the limit of solutions for 1.4 < ra /ro (Casse
& Ferreira 2000). The light grey horizontal bar represent the range of possible terminal velocities for the
DG Tau jet, based on analysis of the stationary recollimation shock (§2.4.1.2). The dark grey hatching
denotes a launch radius of less than 0.05 AU, where the jet could be launched via the X-wind mechanism.

However, a stationary recollimation shock will slow the jet material, so that the jet velocity
observed immediately beyond knot A will not be indicative of the magnetocentrifugal
terminal velocity. X-ray observations of the stationary knot suggest a shock velocity of
400-600 km s !, based on an inferred shock temperature of 3-4 MK (Giidel et al. 2008;
Schneider & Schmitt 2008; Giinther et al. 2009). Further observations have indicated that
this shock velocity may be as high as 700 km s~! (Giidel, private communication). For a
stationary shock, the shock velocity is equal to the pre-shock gas velocity. Therefore, the
innermost streamlines of the DG Tau jet must be accelerated to a terminal poloidal velocity
of vp oo ~ 400-700 km s~! in order to form the observed shock. This is a significantly
higher poloidal velocity than used by previous authors to determine the launch radius
of the DG Tau jet (Coffey et al. 2007). Such pre-shock velocities for the jet core were
proposed for DG Tau by Giinther et al. (2009). However, the implied launch radius of such

a jet was not considered therein.

The terminal poloidal velocity of the innermost streamlines of DG Tau jet, equation (2.5),
is plotted as a function of launch radius for DG Tau in Fig. 2.12, for a range of magnetic

level arm values. For a terminal jet velocity of v}, o ~ 400-700 km st

, we determine a
jet launch radius of 0.01-0.15 AU for the innermost jet streamlines, using 2 < ra /ro < 4.5
(e.g. Ferreira et al. 20006, table 1 therein). Using the canonical value rp/rg = 3 gives a
launch radius range of 0.02-0.07 AU. The constraint r4 /ro 2 1.4 yields a minimum launch
radius of 0.005 AU. We note that outer jet streamlines that do not radiate in X-rays may
be launched from larger radii. Previous estimates of the launch radius of the jet have been
in the range < 0.1 AU (Anderson et al. 2003) to 0.3-0.5 AU (Coffey et al. 2007). The

smaller launch radius calculated here is a direct result of using a significantly higher jet
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terminal poloidal velocity. For comparison, had we inferred a terminal poloidal velocity of
~ 215 km s~ ! from the approaching jet velocity after the stationary shock, we would have
calculated a launch radius of 0.23 AU for 7o /r9 = 3. A jet launched from such a radius

would unequivocally be interpreted as originating from a disc wind.

We are unable to exclude the possibility that the innermost streamlines in the DG Tau jet
originate from a magnetospheric wind such as the X-wind ( ). The stellar
radius of DG Tau has been determined previously to be 2.5Rs =~ 0.01 AU (

), so that launch points within a few stellar radii of the central star, characteristic of
an X-wind, are possible. However, the circumstellar disc may also approach this close to
the central star (e.g. ; ), so that
disc wind contribution to this fast outflow is feasible. Indeed, an MHD disc wind launched
from a radius of five stellar radii, approximately 0.05 AU for DG Tau, would most readily
explain the high ejection-accretion efficiencies generally observed in YSOs ( ).
Finally, we note that a pressure-driven stellar wind with a ratio of thermal to magnetic
pressure, 3, between 5.2 and 11.8 could also produce a 400-700 km s~! wind in DG Tau

(assuming a magnetic level arm parameter A < 200; ).

2.4.1.4. Jet Parameters

The parameters of the approaching jet have been computed based on the HVC line fits
(Fig. 2.6a,b) and density estimates (Fig. 2.8). Jet parameters are essential in order to
compare these observational results with numerical simulations of the DG Tau outflows.
Determining the jet mass flux is also useful as an input for modelling the receding outflow
(§4).

The derived parameters of the approaching DG Tau jet are shown in Fig. 2.13. From top to
bottom, the panels correspond to integrated [Fe II] 1.644 pm emission-line intensity, velocity,
density, diameter, kinetic energy flux density, and kinetic power. Each measurement is
derived from the spaxel that is closest to the jet ridgeline at each position along the
outflow axis. Axial distances and velocities are deprojected using a jet inclination to
the line of sight of 38°. This inclination was determined by comparing the radial and
proper motions of the bow shock at the head of the HH 158 outflow (

). The 1.533 pm/1.644 pm line ratio is converted to electron density using the formula
presented by ( , based on ), which they claim
has an intrinsic accuracy of 20 per cent. This calculation is performed for an electron
temperature of 10* K, as estimated for the DG Tau jet by ( ) through ratios
of optical lines ( ). The jet diameter Dje; is estimated by forming
Gaussian fits to the HVC integrated intensity image (Fig. 2.13a) transverse to the jet
direction, and then approximately deconvolving this width from the PSF via the formula

D2, = FWHM?,, — FWHM?qp.

jet obs
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Figure 2.13 Derived parameters
for the approaching DG Tau jet.
(a) Contours of [Fe II] 1.644 pm
blueshifted HVC emission, in units of

1071 erg cm™2 s7! arcsec™2.  The
unlabelled contour is at 160 X
107" erg em™2 571 arcsec™?.  (b)

Line-of-sight and deprojected [Fe II]
1.644 pm HVC line velocity along
the jet ridgeline. The errorbars are
the quadrature sum of the fitting
and stellar velocity uncertainties. (c)
[Fe II] 1.533 pum/1.644 pm ratio and
electron density along the jet ridge-
line. The electron density is calcu-
lated for an electron temperature of
10* K. (d) Observed and deconvolved
jet FWHM of the blueshifted HVC.
The PSF FWHM is shown by the
dot-dashed line. (e) Computed jet ki-
netic energy flux density along the jet
ridgeline. (f) Computed jet kinetic
power, Lijct, along the jet ridgeline.
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Figure 2.14 Jet mass flux in the approaching jet of DG Tau. The circles and error bars show the mass
flux computed from the measured physical parameters of the jet, and the associated uncertainties. The
dashed line represents the average value of all data points, and the dotted lines show the standard deviation
of the measurements. The jet mass flux determined by ( ) via a similar method is
shown as a thick dot-dashed line. The jet mass flux determined by ( ) from VLA data is
represented by the grey shaded region.

In order to calculate the kinetic jet energy flux, it is necessary to determine the jet density,
piet- To accomplish this, the electron density, n., determined from the [Fe II] line ratio
was converted to jet density using the formula pje; = numpp, where p = 1.4 for a typical
gas composition of 90 per cent hydrogen and 10 per cent helium. The hydrogen number
density, nyg, is given by the ratio of the electron density and the ionization fraction, xe,
which is taken to be x. = 0.3 £ 0.1, as determined for the high-velocity components of
the DG Tau jet by ( ), and later refined by ( ), from ratios
of optical lines ( ). The jet kinetic energy flux density is then
3

calculated via the formula Fg = (1/2)pjetv:

et Finally, multiplying the jet kinetic energy

flux density by the jet cross-sectional area, estimated as Aje; = 7(Djet/2)?, gives the jet

kinetic power.

The approaching jet from DG Tau is observed to accelerate from a deprojected velocity
~ 215 km s7! to ~ 315 km s~! over the region 0/5-1”15 ~ 115-260 AU from the central
star (Fig. 2.13b). This corresponds to a region of steadily increasing jet diameter, from
~ 19 AU to ~ 28 AU (Fig. 2.13d). The jet kinetic power increases over this region, from
(4.441.9) x 103 erg s7! to (2.2 £0.9) x 1032 erg s~!. The jet acceleration and related

increase in jet kinetic power are discussed further is §2.4.1.5.

The approaching jet mass flux, determined by the formula M = PietViet Ajet, is shown
in Fig. 2.14. The jet mass flux is constant within measurement errors, with an average
value of (5.1 £1.2) x 1072 Mg yr~!. Our measurements typically agree to within 1o with
the measurements made by ( ) using a similar technique, with
discrepancies most likely due to our differing methods of determining the electron density
of the jet. Our jet mass flux is also consistent with that determined by ( ),

(8 £4) x 1072 My yr—!. Both our mass flux determination and that of
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Figure 2.15 Position-velocity dia-
gram of the blueshifted outflow from
DG Tau. At each downstream posi-
tion, the spaxel containing the jet
ridgeline is dispersed. = Contours
are plotted at levels of [1, 1.5, ...,
3, 4, 5, 10, 15, 20, 30, 40] x
107 erg cm ™2 571 A" arcsec2.
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et al. (2011) are lower than previous estimates from VLA data of M ~ 1-5 x 108 Mg, yr—!
(Lynch et al. 2013). However, as noted by those authors, the uncertainties in estimating
this quantity makes detailed comparison difficult. We conclude that the DG Tau jet
has a constant mass flux within ~ 350 AU of the central star within our measurement

uncertainties.

2.4.1.5. Jet Velocity Variability

Hydromagnetic winds are initially accelerated via magnetocentrifugal processes, which are
efficient up to approximately the Alfvén critical surface (e.g. Blandford & Payne 1982).
This surface is expected to be located within at most a few tens of AU of the central star
(e.g. Gomer de Castro & Pudritz 1993; Cabrit 2007a). However, our data show a clear
increase in velocity in the approaching jet over the region ~ 115-260 AU from the central
star, well beyond the predicted location of the Alfvén surface. This trend can also be
seen in a position-velocity diagram of the approaching outflow, formed along the jet axis
(Fig. 2.15). The increase in velocity is smooth, with no sudden velocity changes. This
acceleration has been observed in previous studies of the approaching jet from DG Tau
(Bacciotti et al. 2000; Takami et al. 2004; Agra-Amboage et al. 2011), but has not been
definitively explained. It is possible that this “acceleration” is a stroboscopic effect when

observing a jet with intrinsic velocity variations, as suggested by the observations of Pyo
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( ). We discuss other possible causes of this apparent acceleration below.

Purely hydrodynamic pressure-driven acceleration is not possible in the DG Tau jet for
the following reasons. Acceleration in a jet may be driven by thermal pressure coupled

with expansion. In the adiabatic case, this process is governed by the Bernoulli equation,

1
51)2 + h = const., (2.6)
( ), where v is the flow velocity, and h is the enthalpy. The

gravitational potential has been neglected, as it is expected to be unimportant at distances
of hundreds of AU from the central star. The coupling of acceleration and expansion arises
from energy stored as enthalpy being transferred to kinetic energy. However, enthalpy is
unimportant in these regions of protostellar outflows (e.g. ). There may
be some exceptions to this assumption, such as in the post-shock cooling region of the
recollimation shock where the temperature > 1 MK (§2.4.1.2), but the enthalpy in the
region of the flow that is observed to be expanding and accelerating is unimportant. For
an isothermal jet, it can be shown via dynamical calculation that the inferred pressure
gradient in the DG Tau jet is incapable of accelerating the flow (Appendix B). Therefore, a
purely hydrodynamic acceleration cannot occur in the DG Tau jet. One possible alternative
would be the presence of a core, hot flow nested within the jet, formed from or indicated
by the presence of the hot stationary X-ray shock in the jet. This material could then
accelerate the jet via thermal pressure. The theoretical plausibility of this model is difficult
to ascertain, due to the strong dependence of the X-ray material cooling length on both
density and shock velocity ( ). However, the close proximity of the
stationary X-ray and [Fe II] features (18-30 AU separation) suggests the hot shocked
material cools over this distance, and would therefore be incapable of driving acceleration

at hundreds of AU from the central star.

Magnetic fields sufficiently modify the flow dynamics in a way that could, in principle,
provide a mechanism for acceleration to occur (Appendix C). A tangled magnetic field
within the jet may accelerate the jet by the conversion of Poynting flux to kinetic energy.
The DG Tau jet is observed to accelerate from vy ~ 215 km s~! to v ~ 315 km s~! over the
region ~ 115-260 AU from the central star, and expands from a diameter of 2Ry ~ 20 AU
to 2R ~ 30 AU (Fig. 2.13). For an initial electron number density of neo =2 x 10* em™3,
equation (C.9) gives a required initial magnetic field strength By = 49 mG at a distance of
~ 115 AU from the central star in order to facilitate the coupled acceleration-expansion of
the jet. The scaling relationship between density and magnetic field, equation (C.7), then
yields a magnetic field strength of 31 mG at the end of the acceleration region, where the

electron density has decreased to ~ 1 x 10* cm™3.

A field strength of several tens of mG is plausible, but unlikely, in this region of the outflow.
Modelling of the shocks in DG Tau ( ) suggests that the shock
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velocities in DG Tau are < 100 km s~*. However, the field strengths calculated above imply
an Alfvén velocity in the jet of ~ 315-350 km s~!, which is inconsistent with the inferred
shock velocities. Even if the tangled field were perfectly isotropic, with an effective Alfvén
speed of ~ 105-115 km s~! in any direction, this speed would still be too high to easily
allow for shocks of the velocity determined by ( ). Therefore,
we conclude that magnetic acceleration beyond the recollimation shock is unlikely in the
DG Tau jet.

In the absence of a source of extra kinetic energy for the jet, we conclude that velocity
variations are the most likely cause of the observed “acceleration” of the DG Tau jet. We
have argued above (§2.4.1.1) that these velocity variations are the cause of the moving
knots in the DG Tau jet. However, the irregularity in knot ejection intervals and knot
proper motions suggests that the underlying jet velocity variation is also irregular. Further

time monitoring of DG Tau is necessary to determine the parameters of this variation.

2.4.1.6. Rotation

The search for jet rotation has been an important component of YSO outflow studies in
recent times. The unambiguous determination of rotation in a YSO jet would provide
direct evidence that the outflow extracts angular momentum from the circumstellar disc,
and offer an answer to the angular momentum problem in star formation (e.g. ).
An accurate measurement of the jet rotation would also allow an alternate estimate of the
extent of the wind-launching region in the disc (§2.4.1.3; ;
).

Our data have been investigated for a rotation signature using a method based on that
of ( ). If the jet is rotating, the gas on either side of the jet axis will
emit lines with slightly different Doppler shifts. At every point along the outflow axis,
the fitted HVC line velocities of the third spaxel above and below the jet ridgeline were
differenced, covering 0/11-0716 ~ 1522 AU on either side of the jet. The upper limit of
this range was chosen to correspond to the greatest observed jet diameter of < 40 AU
(Fig. 2.13d). The lower limit of the range was chosen to minimize the beam-smearing
of rotational measurements identified in the simulations of ( ), by only
including spaxels with central offsets similar to or greater than the PSF (0711). This
procedure measures any velocity asymmetry about the jet ridgeline. The resulting velocity
differences are shown in Fig. 2.16.

There is no clear indication of rotation in our data of the approaching DG Tau jet.
At almost all positions along the jet, the velocity differences are < 20 from 0 km s 1.
Furthermore, the velocity differences across the ridgeline change sign along the jet, which
is not comsistent with bulk jet rotation. The average velocity difference across the jet

1

ridgeline for all measured locations is 0.0 £+ 6.8 km s™*, corresponding to a rotational
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Figure 2.16 Velocity differences across the approaching jet ridgeline. Velocities are taken from the third
spaxel above and below the jet ridgeline at each position along the outflow axis, and then subtracted. These
differenced velocities are shown as large, filled circles. The average of these differences is shown by the
dashed line; the estimated 1o uncertainty in this average is denoted by the dot-dashed lines. A velocity
difference of 0 km s~ is shown by the thick grey line. Open diamonds show the velocity differences found by
the same procedure, but forming differences about the large-scale outflow axis. The grey shading represents
the rotational velocities reported by ( ). The rotational velocity is calculated from the
velocity difference via the formula vy = Av/(2sin i), where ¢ is the jet inclination to the line-of-sight (

).

velocity of vy = 0.0 £ 5.5 km s~! after correction for the jet inclination, 4, by the formula
vy = Av/(2sini) ( ). This result refutes the lowest rotational velocity
claimed by ( ) to 0.880, and implies an upper limit on observable rotation
in the DG Tau jet of 6 km s~1. The large uncertainties ~ 1” from the central star are due

to the low signal-to-noise ratio and some spurious line component fits in that region.

An alternative method for detecting rotation in protostellar outflows is the analysis of
position-velocity (PV) diagrams. A rotating jet will show a ‘tilted’ PV diagram-profile when
a spectrograph slit is placed along the cross-jet direction (e.g. ;

, ). We have formed cross-outflow PV diagrams of the approaching DG
Tau outflow (Fig. 2.17) by extracting vertical ‘slices’ of IFU data at positions intermediate
between the moving jet knots, 0745, 0780 and 1”700 along the jet. We observe that there is
no clear, consistent ‘tilt’ in any of these profiles, particularly in the high-velocity component.
The intermediate-velocity component may show some small ‘tilt’ at both 0’8 and 1”0 from
the central star, but the direction of this tilt, which corresponds to the inferred direction
of rotation, is not the same. Therefore, we conclude that our data do not support the
detection of rotation in the approaching DG Tau outflow. We suggest that the any rotation
signature originally present in the jet may be degraded by passage through the strong
recollimation shock in the jet channel (§2.4.1.2).

We now briefly discuss two possible systematic uncertainties in our data. The first is uneven
slit illumination, as described by ( ) and ( ). The effect of
uneven slit illumination is to create a spurious velocity offset between two positions along

the slit due to the convolution of the velocity profile with the pixel width and slit width.
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However, this is only an issue if the slit width is greater than the PSF width. In our case,
our effective slit width for cross-outflow slits (07103) is comparable to our measured PSF
(0”711), so we predict that the impact of this effect on our results will be small. This has
recently been confirmed for similar observations of DG Tau in the K band obtained using
SINFONI, a similar instrument to NIFS, where it was determined the effect of uneven
slit illumination was less than 2 km s~ ( ). Secondly, we must
consider the possible effect of residual velocity calibration effects along individual slitlets.
This was analysed by ( ), and the effect was found to have a magnitude of
4+ ~ 3 km s~!. This is less than the 1o uncertainty on our determination of the rotation
velocity of the DG Tau jet; hence, we determine that this effect is likely negligible on the

measured velocity differences.

We proceed to investigate previous claims of rotation in the DG Tau approaching jet.
The spectral resolution of STIS, the instrument used to make the previous measurements

L pix™!, with Gaussian fitting typically achieving an

of claimed rotation, is ~ 25 km s~
effective spectral resolution of one-fifth of the velocity sampling when determining line
velocities ( ). The measured velocity differences across the jet in previous
rotation studies of DG Tau are factors of a few greater than this uncertainty of ~ 5 km s~
( ), which implies that a real velocity asymmetry was detected in previous

studies. We shall now investigate possible systematic uncertainties affecting these results.

Our IFU data have an advantage over previous studies in that the location of the jet ridgeline
at each downstream position, and the velocity differences at all downstream positions, can
be tracked simultaneously. By comparison, the long-slit spectroscopy methods used by

( ) and ( ) can only do one of these, depending on the
technique employed. Using multiple slit positions aligned parallel to the large-scale HH 158
outflow axis makes it difficult to locate the centroid of the jet at each downstream position.
This requires that the large-scale outflow axis be used as the centre of the jet for forming
velocity differences ( ). However, it is shown above (§2.3.3.1) that the
jet does not follow a linear path along the outflow axis. Repeating our analysis, but forming
velocity differences about the large-scale outflow axis, yields an average velocity difference
along the jet of ~ 6-17 km s~ !, allowing for a +0705 uncertainty in the outflow axis
position. We show in Fig. 2.16 individual velocity differences formed using the large-scale
outflow axis as the jet centre (open diamonds in that Figure). These velocity differences
are clearly greater than those formed about the jet ridgeline at most downstream positions,

especially 0/7-1”2 from the central star.

We note that formed velocity differences using the intermediate-velocity
component of the approaching outflow. We investigate this measurement to demonstrate
the importance of our IFU-based method for measuring rotation. First, repeating the
analysis described here on the intermediate-velocity component yields the same result as

for the jet, with no rotation if the jet ridgeline is taken as the outflow centre, and a rotation
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velocity of ~ 5-20 km s~ ! if the large-scale outflow axis is taken to be the component
centre. Secondly, interpreted the IVC as being an intermediate-velocity
wind, whereas we have leveraged the capabilities of integral-field spectroscopy to interpret
the IVC as a turbulent entrainment layer (§2.4.2). Any rotation signature in such a layer
is likely to be masked by the turbulent motion of the entrained gas. We conclude that not
centring the velocity difference measurements on the local ridgeline position introduces a

possible systematic error in the ( ) IVC rotation claim.

Conversely, placing the slit across the jet at one downstream position allows for the jet
centroid position to be accurately determined ( , ). However, this
measurement provides a velocity difference at only one position along the outflow axis. It
can be seen in Fig. 2.16 that the velocity difference across the jet at any one position may
not be an accurate representation of the velocity difference profile of the jet as a whole.
Indeed, when the procedure was repeated over multiple epochs for the YSO RW Aurigae,
it was found that the cross-jet velocity difference at the sampled position was time-varying
on scales of six months ( ), and hence any one measurement of cross-jet
velocity difference at one downstream position cannot be reliably used to ascertain the

presence of rotation.

The measurement of rotation in YSO jets and outflows is a key piece of evidence supporting
MHD disc winds as the driving mechanism, and an important diagnostic in attempting
to measure their launch radii ( : :

, ; ). The non-detection of rotation may be interpreted as
weakening the evidence for MHD disc-driven winds. However, we emphasize that other
effects may obscure the detection of rotation. Specifically, both the passage of the jet
through the recollimation shock (§2.4.1.2), and the presence of a turbulent entrainment
layer (§2.4.2) kinematically process the jet and/or induce turbulence, masking or destroying
any rotation that is originally present. In order to definitively confirm or refute jet rotation,
it is necessary to either attempt to measure jet rotation upstream of the recollimation
shock, investigate rotation in jets without recollimation shocks if they exist, or await
higher-resolution integral-field spectrographs (e.g. GMTIFS; ) that

will allow for the undisturbed jet core to be resolved.

2.4.2. Entrainment Region

The presence of an intermediate-velocity component (IVC) in the DG Tau blueshifted
outflow has been noted by many authors. This component is typically interpreted to be
emitted by a less-collimated MHD wind accelerated from the disc around DG Tau, from a
radius of a few AU from the central star ( ; ;

; ). ( ) suggested that at least some part of
the DG Tau IVC emission is due to entrainment of such a disc wind by the high-velocity
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jet, based on the expansion of the IVC as it progresses downstream.

[Fe II] emission is generated by shock interactions ( ). This raises the
question as to how a steady, poorly-collimated disc wind radiates in [Fe II]. The HVC
radiates predominantly due to the presence of shock-excited knots in the jet (§2.3.3.2),
but no such structures appear in the IVC (Fig. 2.6d). Sideways ejection of material from
the jet knots is also ruled out as the source of shock excitation of the IVC, given the
lack of discernible IVC emission enhancements at the knot positions. The formation of a
turbulent, shocked entrainment layer between the high-velocity jet and either a wide-angle
disc wind, or the ambient medium into which the outflow is emerging, would provide the
excitation necessary to dissociate molecules in the wind/ambient medium, and produce [Fe
IT] emission. We therefore investigate the possibility that the IVC represents a turbulent,

shocking entrainment layer.

Entrainment, which is also referred to as turbulent mixing, can occur at two distinct
locations within a jet. Lateral entrainment occurs along the jet walls, as the fast-moving jet
material flowing along the interface pulls the slower-moving/stationary ambient material
into a turbulent mixing layer (e.g. : ). Head, or prompt,
entrainment is the term used to describe the pushing and mixing that occurs at the head of
the jet in a bow shock ( ). The head of the approaching DG Tau outflow
is at least several arcseconds from the central star ( ;

; ), so we consider lateral entrainment only. However,
full jet flow simulations show that the leading jet bow shock will push aside the ambient
medium when the jet is first launched, forming a bubble that keeps the ambient material
away from the jet walls ( ; ). Therefore, recent models of
lateral entrainment apply special conditions to the ambient medium, e.g. an ambient flow
perpendicular to the jet ( ), to bring the jet and the surrounding

medium into contact. There is no evidence for such flows existing in the DG Tau system.

It is often suggested that the high-velocity jets driven by YSOs are nested within a lower-
velocity wind (e.g. ). Such a wind would come into contact with the jet,
and provide a constant supply of molecular material with which to form a mixing layer.
This would remove the requirement to apply special conditions to the ambient medium to
facilitate entrainment. This scenario was proposed by ( ) as the partial
origin of the blueshifted IVC they observed in the DG Tau outflow. Below, we provide
evidence that a poorly-collimated molecular disc wind does exist, and argue that the

blueshifted IVC is predominantly emitted by a turbulent mixing layer.

2.4.2.1. Origin of the Near-Side Hy Region

The extended Hy 1-0 S(1) 2.1218 pm line emission from the near side of the DG Tau

circumstellar disc takes on a bowl-shaped morphology, as shown in Fig. 2.18 (also,
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Figure 2.18 H; 1-0 S(1) 2.1218 ym
emission in the approaching DG Tau
outflow. (a) Hz 1-0 S(1) 2.1218 pm
integrated emission flux, formed over
the velocity range —100 to 60 km s~ 1.
Dotted lines (black) show contours
of this emission. Overlaid as dashed
lines (white) are three contours of
fitted [Fe II] 1.644 pm IVC line in-
tensity (Fig. 2.6d). Contours are la-
belled in units of 1071 erg cm™2 s7!
arcsec™2. (b) Line velocity centroid
of Hy 1-0 S(1) 2.1218 pm emission in I B I B I
each spaxel, as determined by single-

component Gaussian fitting. The ve-

locities quoted are blueshifted veloc- 0.2
ities, and are adjusted for the stel-
lar velocity, as determined from pho-
tospheric absorption line fitting. In
both panels, the position of the cen-
tral star and the position of the oc-
culting disc (panel a only) are shown
by a yellow star and circle, respec-
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et al. 2008). This Hy emission was interpreted by Takami et al. (2004) as being from a
warm, wide-angle molecular wind encasing the inner regions of the HH 158 outflow. Data
on the approaching Hy emission obtained in the ultraviolet by Ardila et al. (2002) and
Hercezeg et al. (2006) are consistent with this explanation, and Beck et al. (2008) and
Agra-Amboage et al. (2014) also concluded that their data support this assertion. We
provide further evidence below that this emission comes from a wider-angle molecular

wind.

To investigate the velocity structure of the Ho emission, spectral Gaussian fits were made to
the Ho 1-0 S(1) 2.1218 pm line at every position in the K-band data cube, using the same
method applied to the [Fe II] 1.644 pm line in the H-band data cube (§2.3.4). Fits were
restricted to a single line component. Furthermore, a lower signal-to-noise ratio threshold
of 2.5 was applied to fits in the K-band data cube. The line velocities were adjusted to
account for the systemic stellar velocity, based on absorption line fits to the Na I and Ca I
doublets visible in the K-band stellar spectrum (Fig. 2.1b). The resulting line centroid
velocity profile is shown in Fig. 2.18(b).

The near-side Hy emission is all blueshifted with respect to the systemic velocity (Fig. 2.18b).
This eliminates the circumstellar disc surface as the origin of the emission, through either
emission or scattering by the disc surface. If the emission was produced or scattered by the

disc surface, it would be expected to have zero line velocity with respect to the systemic
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velocity, with a small asymmetry of ~ a few km s™! about the outflow axis, caused by
the rotation of the disc. Such an asymmetry is present ~ (0”2 along the outflow axis,
but it is too large, ~ 9 km s™!, to represent disc rotation. It also shows the opposite
rotational sense to the known rotation direction of the DG Tau circumstellar disc (

). We determine line centroid velocities between —10 and —30 km s™! for the
Hy emission, which are larger than the —2.4 & 18 km s~ ! reported by ( ).
This discrepancy results from reporting the line centroid velocity of all the
emission, which includes the ~ 0 km s~! Hy emission on the far side of the disc. Indeed,
our approaching centroid line velocity determinations are mostly within the uncertainties
given by ( ). Our measurements may also suffer from the effects of uneven
slit illumination, as described by ( ). Indeed, those authors report

lower blueshifted velocities (~ 5 km s™1) for the majority of the Hy emission.

The Hy 1-0 S(1) line velocity map provides clues as to the nature of this outflow. The
line velocity peaks near the central star, and decreases with distance along the outflow
axis. This effect was also observed by ( ). We interpret this to be
the profile of a poorly-collimated wind. The higher approaching line velocities near the
base of the wind correspond to where the wind has just been launched, and has yet to be
collimated into the outflow direction. The gas on the near side of the wind is therefore
flowing towards the observer, increasing the line-of-sight velocity component. As the flow
becomes collimated, the gas flows in the outflow direction, and hence the line-of-sight

velocity component becomes smaller.

We search for a kinematic link between the Hy-emitting material and the IVC of the [Fe II]
emission. Fig. 2.19 shows a position-velocity diagram of both the [Fe II] and Hs emission
at the observable edge of the latter. This diagram tentatively suggests that the ‘wings’ of
the [Fe II] IVC form a ‘bridge’ between the Hy emission, and the higher-velocity [Fe II]

emission, which may be indicative of shearing and entrainment. We also note that the
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[O I] LVC reported by ( ) may further spatially and kinematically link
the Ho and [Fe II] HVC emitting material ( ). This suggests that
all three components are kinematically linked, supporting our interpretation of the [Fe II]

IVC as an entrainment layer between the molecular wind and the high-velocity jet.

2.4.2.2. Requirements for Lateral Entrainment

Lateral entrainment occurs via instabilities that form along the walls of the jet and cause
turbulent mixing of jet and ambient material. The relevant instability in the formation of
mixing layers is the Kelvin-Helmholtz (KH) instability ( ). Velocity
shears are well-known to be stabilized against the KH instability for a Mach number
difference, Ma, between the flows of Ma > 1 ( ). Hydrodynamic simulations
have shown that entrainment is unimportant in jet flows with a Mach number difference
of Ma > 6 ( ). It has been shown analytically that hydrodynamic
shear layers are stabilized against the KH instability if Ma > /8 ~ 2.8 for disturbances
propagating in the jet flow direction ( ). More generally, taking into account
instability modes which propagate at an angle ¢ to the outflow, the criterion for stability
is Mcosp < /8 ( ). This means that some KH instability modes
may be unstable for Ma > /8, permitting more modest entrainment at higher Mach
number differences. However, given that the DG Tau jet is highly supersonic, with
Mpa ~ Mie; ~ 18-27 for a monatomic jet at temperature T' = 10* K, lateral entrainment is

unimportant if the DG Tau jet is purely hydrodynamic.?

Magnetic fields can permit lateral entrainment to occur in highly supersonic jets. The
effects of magnetic fields on the KH instability in shear layers are complex, and are sensitive
to both the initial physical conditions of the flow, and the orientation of the magnetic field
lines with respect to the flow and shear directions ( ; ).
Consider a slab shear layer between magnetized compressible gases in the y, z-plane, with
the velocity shear occurring in the y-direction, and the fast-moving gas on one side of
the shear layer flowing in the z-direction. The shear layer then extends infinitely in the
z-direction. There are three basic magnetic field orientations that illustrate the complexities
at hand. First, if the magnetic field is parallel to both the shear interface and the flow
direction, that is, B = Bz, then the shear layer is stabilized against the KH instability
if va > ¢ ( ; ). This condition is satisfied for
the magnetic field strengths inferred for protostellar jets ( ;

). Secondly, a magnetic field perpendicular to both the interface and
flow direction, that is, B = By, has no effect on the suppression of the KH instability

( )-

B Ma = Miey if the ambient material is at rest with respect to the star-disc system. If the ambient
material is the less-collimated molecular wind, it is significantly slower than the jet, such that Ma ~ Mjes.
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Consider an astrophysical jet described in cylindrical coordinates (r, ¢, z), flowing in the
z-direction. In this case, the shear layer between the jet and the ambient medium (or an
encasing wind) will be in the (¢, z)-plane. Beyond the Alfvén surface a few to tens of
AU above the circumstellar disc, the magnetic field in the outflow will be predominantly
toroidal ( : ). Then, the most physically accurate
two-dimensional shear layer approximation for a protostellar jet is that with a magnetic field
parallel to the shear interface, but perpendicular to the flow direction, such that B = Bx.
For this field configuration, the KH instability criterion is as for a purely hydrodynamic jet,
but with the Mach number difference across the shear layer determined with respect to the
quadrature sum of the sound and Alfvén speeds, \/c2 + Ui ~ vy for vp > ¢ (

; ). The Alfvénic speed becomes the effective sound

speed.

To destabilize the interface between the jet and ambient wind in DG Tau, the magnetic field
encompassing the jet would need to result in an Alfvén jet velocity of 75-115 km s~*. Such
an Alfvén velocity is low enough to allow for the formation of shocks with the velocities
inferred by ( ). The upper limit on the required magnetic
field strength is 7.5-11 mG, based on our determination of the density of the DG Tau
jet (§2.4.1.4). This field strength is an order of magnitude greater than that inferred
by ( ) for DG Tau from shock modelling, but is an order of
magnitude less than the magnetic field strength in protostellar jets considered reasonable
by ( ).>* As stated above, shear layer disturbances propagating at an
angle to the flow direction will not be stabilized until higher Mach number differences are
reached ( ). A weaker field could facilitate a lower entrainment rate
in the DG Tau jet. Indeed, the DG Tau jet does not become fully turbulent over the
region where entrainment is occurring (§2.3.4.1), suggesting that only moderate turbulent
mixing is occurring. Therefore, we consider the magnetic field strength necessary to enable
turbulent entrainment to be physically reasonable, and conclude that the magnetic field
providing collimation to the DG Tau jet also allows the jet to entrain material from the

ambient wind.

2.4.2.3. Relationship to Large-Scale Molecular Outflows

One of the most striking features of Class 0 and Class I protostars are large-scale bipolar
molecular outflows detected in millimetre rotational transitions of CO ( ).
Such outflows were first detected around the protostar L1551 IRS 5 ( ), and
were quickly identified as being common in star-forming regions (

). The masses of these outflows are greater than the mass of the driving protostar,

implying that the outflow must be composed of swept-up material (

®Incidentally, this magnetic field is also significantly weaker than the field strength necessary to cause
extended acceleration in the jet (§2.4.1.5).
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). Typically these outflows have ages ~ 5 x 103 yr ( ), and
the long cooling time of the CO molecule provides a history of the outflow ( ).
These swept-up shells are generally interpreted as being driven by prompt entrainment
from an outflow bow shock ( : :

; ; )-

We argued above for the presence of lateral entrainment in the DG Tau microjet. Such
entrainment provides another candidate source for the momentum in the large-scale swept-
up molecular outflows. Previous studies argued against lateral entrainment as a driving
mechanism for CO outflows (e.g. ; :

). These studies relied on the argument that the KH instability would
not develop in protostellar jets; however, we argued above that in fact, this is possible
when magnetic effects are taken into account (§2.4.2.2). Lateral entrainment would be
particularly useful in objects such as HH 286, where the molecular outflow ends closer to
the protostar than the location of the first optical Herbig-Haro object, indicating the jet
has pushed past the head of the CO outflow. Hence the jet can no longer drive the CO
outflow in a snowplow fashion ( ), and lateral entrainment becomes a
possible CO outflow driving mechanism. However, it should be noted that in many recent
high-angular resolution observations of molecular outflows, the structure and kinematics
of the outflow has favoured the bow-shock driving model ( ;

), and the driving in such an object may be from a wide-angle wind instead of a
well-collimated jet ( , and references therein). However, lateral entrainment

may still provide some contribution, albeit small, to the driving of CO outflows.

There is no detected CO outflow associated with DG Tau. However, DG Tau is currently
transitioning between evolutionary Class I and Class II ( ;

), and any CO outflow that was previously present must have cooled to
the point where it is no longer emitting. A decrease in 3CO column density ~ 4000 AU
from the central star indicates that a major part of the disc-shaped envelope around DG
Tau has already been blown away, and the molecular outflow responsible for the dispersion
is no longer visible ( ). Attempting to locate lateral entrainment in the
microjets of younger YSOs that drive CO outflows would be difficult, due to the significant
extinction towards these highly embedded objects. Therefore, numerical simulations will be
useful to test the viability of lateral entrainment as a mechanism for driving CO outflows.
Such models would need to account for the magnetic fields in and around the outflows

from the YSO in order to facilitate lateral entrainment.
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2.5. Conclusions

We have investigated the YSO DG Tauri, and its associated outflows, in detail using H-
and K-band data from the NIFS instrument at Gemini North taken on 2005 Oct and
Nov. The H-band stellar spectrum shows significant photospheric absorption features, in
contrast to previous studies of DG Tau that showed a veiled continuum spectrum. The
K-band stellar spectrum also shows significant photospheric absorption features, as well
as CO Av = 2 bandheads in absorption. These bandheads appear to oscillate between
absence, emission and absorption, depending upon the observing epoch. The lack of a
veiling continuum, and the absence of CO bandheads in emission, suggests that DG Tau
was in a low accretion rate phase during this observation epoch. This is consistent with

our observation epoch being between periodic outflow episodes.

Two regions of extended emission were detected about the central star, on opposing sides of
the circumstellar disc. Three distinct emission components were observed in the blueshifted,

or approaching, outflow, out to a distance of 1”5 from the central star:

High-velocity jet. A high-velocity, well-collimated central jet is seen as the high-velocity
component (HVC) of [Fe II] 1.644 pm line emission. A stationary emission knot
is observed at the base of the outflow, ~ (0”2 from the central star. We interpret
this feature as a jet recollimation shock, based on comparison with X-ray (

, , ; ; ) and FUV
( ) observations. The entire jet shocks to a temperature of
~ 10% K, but only a small region of this shock emits strongly in X-rays (

). The jet material then cools as it flows downstream. Using the pre-shock flow
velocity inferred from X-ray observations of ~ 400-700 km s, we calculate that
the innermost streamlines of the jet are launched from a radius of 0.01-0.15 AU
from the central star, assuming an MHD disc wind. This range of launch radii could
correspond to either a disc wind or an X-wind. The post-recollimation-shock jet is
seen as the HVC of [Fe II] emission, having been decelerated to < 215 km s~ . The
jet follows a non-linear path in the NIFS field, and changes in both velocity and
diameter along its length. After accounting for the wandering jet trajectory, we find
no evidence of rotation in the jet, which is consistent with the effects of passage

through a strong recollimation shock.

Two moving jet knots are detected, and labelled knots B and C. Knot B is seen to
move at 0717 £+ 0701 yr~—!, much slower than previously observed knots in the DG
Tau jet. Knot C is only observed in our 2005 epoch data, and hence we are unable
to reliably constrain the proper motion and launch date of that feature. Our data
suggest that the interval between knot ejections is non-periodic, and the velocity

of the ejected knot varies between ejection events. The jet velocity increases from
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215 km s~ ! to 315 km s~! deprojected between the moving knots, which after the
elimination of alternative explanations we interpret to be the result of intrinsic jet
velocity variations. These velocity variations are likely the cause of the formation of

the moving knots.

Entrainment region. A second outflow component in [Fe II] 1.644 pum emission was
separated from the jet emission, using a multicomponent Gaussian line fitting routine
based on the statistical F-test. This intermediate-velocity component (IVC) takes
the appearance of a wider-angle flow. Comparison to the molecular wind detected
in the K-band (see below), as well as consideration of the excitation method of the
forbidden [Fe II] lines, suggests that this component represents a shocking, turbulent
entrainment layer between the central jet and the wide-angle molecular wind. A
magnetic field of with a strength of < a few mG allows for entrainment to occur
by destabilizing the jet-wind interface, although careful analysis of the effects of
field orientation is required. The presence of lateral entrainment in a YSO outflow
provides an interesting alternative driving mechanism for large-scale CO outflows in
younger-type YSOs. An analytical model of this entrainment will be presented in a

future paper (§3).

Molecular outflow. Wide-angle Hy 1-0 S(1) 2.1218 pm emission was observed on the
near side of the DG Tau circumstellar disc, as reported by ( ). Line
velocity mapping of this emission indicates that it is most likely due to a wide-angle

molecular wind, which agrees with the conclusions of and

(2014).

A receding outflow was detected on the far side of the DG Tau circumstellar disc. This
disc obscures our view of this outflow out to ~ (//7 from the central star, corresponding to
an outer disc radius of ~ 160 AU. The redshifted outflow takes the form of a bubble-like
structure in [Fe II] 1.644 pm line emission. There is tentative evidence for the presence
of an underlying jet, although this cannot be confirmed without further data from later

epochs. We will discuss the nature of this structure in a future paper (§4).

Many of the above conclusions depend on time-varying mechanisms. Further multi-epoch
data are therefore required in order to validate these findings. In particular, confirmation
of the knot launch period and proper motions requires multi-epoch data taken in the same
fashion. It is also of interest to see how the velocity differences across the jet evolve with
time, and if any trend attributable to rotation can be identified. Multi-epoch data will also
help to settle the question of whether the mass flux and kinetic power of the approaching
jet are constant or time-varying. In the future, the advent of 30 m-class telescopes such as
GMT will allow for a finer cross-jet sampling, which is necessary to detect complex velocity

structures within the jet.
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CHAPTER 3

Turbulent Mixing Layers in

Supersonic Protostellar Outflows

This chapter has been submitted to The Monthly Notices of the Royal Astronomical Society
as White, M. C., Bicknell, G. V., Salmeron, R., McGregor, P. J. MNRAS, in
review, 2014b, referenced as ( ), and is currently under review. This

chapter is not modified from the submitted version, except in the following respects:

o Section, figure, footnote and table numbering, and general formatting, have been

modified for consistency with the remainder of the thesis;

e References to ( ) and ( ) have been changed to
point to Chapters 2 and 4 of this thesis respectively.

The MAPPINGS 1V shock models used in this chapter were computed by Dr Ralph Sutherland
of The Research School of Astronomy and Astrophysics, The Australian National University.
The text detailing the models (§3.5.1) was written by the candidate, based on notes provided
by Dr Sutherland. The application of the results of these models to the mizing layer

calculation in §3.3 was performed by the candidate.
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Abstract

Turbulent entrainment processes may play an important role in the outflows from young
stellar objects at all stages of their evolution. In particular, lateral entrainment of ambient
material by high-velocity, well-collimated protostellar jets may be the cause of the multiple
emission-line velocity components observed in the microjet-scale outflows driven by classical
T Tauri stars. Intermediate-velocity outflow components may be emitted by a turbulent,
shock-excited mixing layer along the boundaries of the jet. We present a formalism for
describing such a mixing layer based on Reynolds decomposition of quantities measuring
fundamental properties of the gas. In this model, the molecular wind from large disc
radii provides a continual supply of material for entrainment. We calculate the total
stress profile in the mixing layer, which allows us to estimate the dissipation of turbulent
energy, and hence the luminosity of the layer. We utilize MAPPINGS IV shock models
to determine the fraction of total emission that occurs in [Fe II] 1.644 pm line emission
in order to facilitate comparison to previous observations of the young stellar object DG
Tauri. Our model accurately estimates the luminosity and changes in mass outflow rate
of the intermediate-velocity component of the DG Tau approaching outflow. Therefore,
we propose that this component represents a turbulent mixing layer surrounding the
well-collimated jet in this object. Finally, we compare and contrast our model to previous

work in the field.

3.1. Introduction

Outflows are a near-universal component of young stellar objects (YSOs) throughout their
evolution. They play a major role in star formation, and drive both the CO outflows
seen in early-stage forming stars (e.g. ; ) and the
Herbig-Haro flows emanating from more mature protostars (e.g. ).

These outflows are thought to be launched either from the protostellar surface (e.g.
), magnetocentrifugally from magnetic reconnection points near the circumstellar

disc truncation radius (the X-wind and related models; ;

) or from the disc surface at larger radii (disc winds; ;

). In fact, more than one launch mechanism may be in operation (e.g.
).

The advent of the Hubble Space Telescope and adaptive optics on ground-based telescopes
has allowed the few hundred AU of protostellar outflows closest to the protostar to be
studied. The outflows associated with optically-revealed T Tauri stars take the form of
well-collimated ‘microjets’. The study of these microjets is important because it is thought
that they should not have interacted with the wider interstellar medium so close to the star

(although interactions may occur if there is a remnant protostellar envelope, e.g. §4). If so,
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such observations may provide information on the outflow before it significantly interacts

with the ambient medium.

The small-scale outflows from YSOs typically show an onion-like kinematic structure in
optical and near-infrared (NIR) forbidden lines, with a well-collimated, high-velocity jet
surrounded by a less-collimated, intermediate-velocity component (e.g. §2; ;
) ) ) )
). The nature of the high-velocity jets in many sources have

been studied extensively, including searches for signs of jet rotation (§2.4.1.6;

; , ), recollimation shocks (§2.4.1.2; ,

: : ; ) and studies of the
propagation of shock-excited moving knots (§2.4.1.1; ;

; ; ). The nature of the intermediate-velocity
emitting material is still debated. Many authors attribute this emission to the presence of
an intermediate-velocity disc-wind outflow component (e.g. ), which bridges
the gap in launch radii between low-velocity (< 50 km s™!) molecular winds (e.g.

; ; ) and high-velocity (> 200 km s 1)
jets. However, such an explanation does not provide a natural mechanism for the generation
of forbidden optical- and NIR-line emission, which is attributed to shock excitation (e.g.

). It has yet to be explained how a steady-state intermediate-velocity disc
wind would undergo shock excitation with relatively uniform intensity along the observable

length of the feature.

It has been proposed that the intermediate-velocity forbidden-line emission components
(IVCs) of small-scale protostellar outflows result from the lateral entrainment of ambient
material, or a disc wind, by the high-velocity jet (e.g. ). This suggestion
is based on the observation that in some objects, the spatial width of the intermediate-
velocity component increases with distance from the central star. Entrainment would
cause the formation of a turbulent mixing layer between the supersonic jet and the
material surrounding it, which would become shock-excited and emit in forbidden lines
(e.g. ). Such a layer naturally grows in thickness with distance along the
jet, reproducing the observations of low- to intermediate-velocity forbidden-line emission

components in protostellar outflows (e.g. ; ).

The entrainment explanation has fallen out of favour recently for two reasons. First, jet
simulations show that the jet pushes the ambient medium aside as it is launched (

), preventing ambient material from interacting with the sides of the
jet. However, as suggested by ( ) and ( ), the presence of
a wide-angle molecular wind surrounding the central jet could supply a constant reservoir
of material for entrainment by the jet. Secondly, hypersonic jets, such as protostellar
microjets, should not form lateral entrainment layers if they are regarded as high Mach

number, purely hydrodynamic flows. The formation of turbulent mixing layers is driven by
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the action of the Kelvin-Helmholtz (KH) instability at the jet-ambient material interface,
and the growth rate of the KH instability decreases as the Mach number difference between
the flows increases ( ; ). However, protostellar jets are
expected to exhibit strong toroidal magnetic fields (e.g. ). The alignment
of these fields with respect to the interface between the jet and the surrounding material,
and their perpendicularity to the flow, may destabilise the interface to the KH instability
(§2.4.2.2; : ). Therefore, entrainment remains
an open possibility in protostellar jets. For a more detailed discussion of this argument,
see §2.4.2.2.

Lateral entrainment in protostellar jets has been investigated analytically by

( ) and ( ). Their models provide useful predictions of mass entrainment
rates and radiative luminosities associated with mixing layers. Their models involve an
‘entrainment efficiency’ parameter, which determines how effectively ambient material is
drawn in to the mixing layer by the KH instability. They constrained this parameter using
the results of laboratory jet experiments, which may not be applicable to protostellar jets
(see §3.4.1). In this paper, we develop an alternative semi-empirical approach to radiative
mixing layers, which relies solely upon directly observable quantities. In this way, we
generate estimates for mixing layer bulk properties from our model based on the observed

parameters of YSO outflow components, and compare them to observation.

This paper is organized as follows. In §3.2 we describe our model, which parametrizes the
physical properties of the mixing layer using the observed layer growth rate. In §3.3, we
first compute a grid of shock models to determine the ratio between the observable [Fe II]
line emission of protostellar jet mixing layers, and the mixing layer bolometric luminosity
estimated by our model. We then directly compare our model to the [Fe II] IVC of the
approaching outflow from the YSO DG Tauri, and find that it is in excellent agreement
with observations. §3.4 compares our model to the previous work of ( )
and ( ), and includes an estimation of the laminar jet length in DG Tau.

We summarize our work in §3.5.

3.2. Model

We construct an analytical, semi-empirical model of a two-dimensional turbulent entrain-
ment layer in oder to interpret the [Fe II] 1.644 pm IVC line emission observed in DG Tau.
The model describes the turbulent mixing layer that forms between a high-velocity jet and
a low-velocity wider-angle wind, and depends only upon directly observable quantities,
removing the requirement to specify an ‘entrainment efficiency’ parameter (e.g.

; ). We use the observed spreading rate of the layer to calculate

the dissipation of turbulent energy in the entrainment layer, and its resulting luminosity.
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Figure 3.1 A representation of
the model setup used throughout
this paper. A high-velocity, well-
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The first step in this process is the calculation of total turbulent stress, t,,, in the mixing

layer.

The model setup is shown in Fig. 3.1. A high-velocity jet with density pje; propagates
at velocity vje; away from the star-disc system. The jet is surrounded by a wider-angle
molecular wind, with density py and velocity vy < vjet. We henceforth refer to this wind as
the ‘ambient wind’. A turbulent mixing layer forms at the interface between the two flows,
as a result of the KH instability. We approximate this interface with a two-dimensional
model. In this model, the x-axis is defined as the unperturbed jet-wind boundary. This
is the streamwise direction; the transverse coordinate is y. The mixing layer width, h(x),
increases monotonically with distance from the central star. We define the depth the
mixing layer expands in to the jet as hj(x), and the depth it penetrates the ambient wind
as ho(x), where ha(z) < 0. Hence, h(x) = hy(x) — ho(x).

An averaging prescription is used to describe the mean flow. We adopt the mass-weighted
statistical averaging prescription of ( ), which was introduced to the study of
astrophysical flows by ( ); see also ( ). All time-varying
quantities are decomposed in to an average component and a fluctuating component.
Quantities such as pressure, p, density, p, and magnetic field, B, are expressed in terms

of mean (bar) and fluctuating (primed) components, such that the time-average of the
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fluctuating component (angle brackets) is zero:

p=p+p  where (p/) = 0; (3.1)

p=p+p  where (p) =0; and (3.2)

B; = B; + B! where (B]) = 0, (3.3)

where subscript ¢ and j represent generalized coordinates. As prescribed by ( ),

the velocity, v;, is mass-weighted, and is expressed as
v; = ¥; + v}, where {pv}) = 0. (3.4)

This approach has two advantages. First, mass is conserved in the mean flow ( ).
Secondly, it prevents the generation of an excessive number of terms when the dynamical
equations are statistically averaged; e.g. the mean value of the momentum flux is simply
expressed as

(pvivj) = pviv; + (pvjvj). (3.5)

This approach is common in fluid dynamics, and has been used in the theory of compressible

turbulent jets and accretion discs (see ; ).

3.2.1. Characteristic Equations

Consider a magnetized fluid with density p, velocity v, pressure p, magnetic field B, in a
gravitational potential field ¢¢. Averaging the mass continuity and momentum conservation

equations of magnetohydrodynamics (§D.1) yields, for a quasi-steady state system,

o) | i)

5z + 9y =0, and (3.6)
50 500 5 O(tR +1tB
o(pvi) | 9(ptit;) _ _;0%a b Oty + 1)) (3.7)
ot Ox; Oz; Oy Iz

The magnetic stress tensor is defined as

<B£B§> _ 5 . <B/2>
47 Y8

1B = (3.8)

assuming that the magnetic field is dominated by its turbulent component, so that B; = 0.

We define the Reynolds stress tensor as
( ). The total turbulent stress is

tij = t% + tg. (3.10)
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The aim of our calculation is to estimate the mass entrainment rate and bolometric
luminosity of the mixing layer, based on directly observed parameters. We consider the
1 = r momentum equation, that is, the equation governing the streamwise evolution of
momentum resulting from the lateral transfer of momentum within the mixing layer. We

neglect the streamwise pressure, magnetic and gravitational gradients, so that

O(pv2)  O(pigdy) . Oby Oy Oy
x = Dy —0b —Z , 3.11
ox + dy e Py dy oy ( )
where t,,, = tfy + tfy as in equation (3.10).

Finally, we define a pseudo self-similar variable in the transverse direction,

§la,y) = = (3.12)
’ h(zx)
yi(x) y2(x)
= d = . .1

=& ho) and &2(x) (o) (3.13)

We note that & — & = 1. This allows us to specify the temperature, T, and streamwise
velocity, ., in the mixing layer as a function of transverse position. As the simplest

approximation, we prescribe linear velocity and temperature profiles across the layer:

vy = U(§)vj, and (3.14)
T = S(€)(T; — Tw) + T, where (3.15)
UE) =858 =(-&L=E-&+1, (3.16)

and T}y and Ty, are the temperatures of the jet and the ambient wind respectively.

3.2.2. Transverse Density, Velocity and Turbulent Stress Profiles

We assume pressure equilibrium across the mixing layer.”® Let the jet-to-ambient wind

density ratio be n = pj/pw. The density is given by

wm

5=F"5 1
p="TP (3.17)

where k is the Boltzmann constant, m is the atomic mass unit, and p is the molecular

weight of the gas. It follows that the mixing layer density profile is given by

_ p;
n+(1—n)S(E)

p(n,€) (3.18)

We now calculate the transverse velocity and turbulent stress profiles within the mixing

layer. We transform equations (3.6) and (3.11) in to the (z,£) coordinate system. The

5In the case of DG Tau, the presence of a stationary recollimation shock in the jet channel (§2.4.1.2)
indicates that the jet is in pressure equilibrium with its environs downstream of this shock.



102 Turbulent Mixing Layers in Supersonic Protostellar Outflows

o
Ul

Figure 3.2  Position of the mix-
ing layer boundaries with the jet (£1)
and with the ambient wind (&) as
a function of the jet-to-wind density
ratio, n. The position of the bound-
ary between the jet and wind in the
absence of a mixing layer is shown by
the dashed line.
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equation of continuity, equation (3.6), becomes
9(puy) Opig
o

= ()¢ (3.19)

We can calculate the tranverse velocity profile from this equation, after substituting in the

density (equation 3.18) and streamwise velocity (equation 3.14) profiles. This gives:

by(n, 2, €) = vl (@) [n + (1 —n)S(&)]

Sad U(¢) /
: /51 d¢’ [n+ a-ns@) * (320

The integral factor in equation (3.20) occurs in many of the subsequent expressions, and
we define it as D(n, ). This factor has a closed-form solution (§D.2) after imposing the
boundary condition 9,(&;) = 0, so the transverse velocity varies smoothly from v, = 0
in the jet in to the mixing layer. This is a reasonable boundary condition, because the
supersonic jet will approach the mixing layer boundary so quickly that it will not be

substantially deflected by turbulence prior to impacting the mixing layer.

Following transformation in to the (z,&) coordinate system, the equation of downstream
momentum conservation, equation (3.11), can be rearranged to provide an equation for the

turbulent stress:

Otay) oy —(E—-& +1)¢
“oE = pjosh'(z) (77+(177)(§§1+1) —I—D(n,§)> . (3.21)
Integration of equation (3.21) gives:
tay (0, ,€) = pjih (2)F(n,€), (3.22)

where the function F(n,§) is given in §D.2. We set t,,(£1) = toy(§2) = 0 since we expect the
turbulence to be confined primarily to the region & < & < &;. The condition t;,(&1) =0
is used to compute the form of F(n,&) (§D.2); the condition ¢;,(&2) = 0, and hence
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F(&2,m) = 0, allows us to calculate the position of the jet-mixing layer boundary, &1, in

(x,&)-space as a function of only the jet-to-wind density ratio 7:

2n* log(n) + (4 — 3n)n — 1
= 20— 177 for n # 1, and

== for n = 1. (3.23)

€1(n)

The position of the mixing layer boundaries as a function of 7 is shown in Fig. 3.2. In the
limit of a significantly underdense jet (n — 0), the mixing layer penetrates the jet and
wind evenly. In the limit of a significantly overdense jet (n — o), the mixing layer almost

exclusively penetrates the ambient wind.

Knowledge of the position of the mixing layer boundaries allows the forms of the transverse
velocity and turbulent stress profiles to be directly calculated as a function of position
within the mixing layer, £, and the jet-to-wind density ratio, 7. The forms of these
expressions are algebraically complex, and are given in §D.3. The mixing layer density,

transverse velocity and turbulent stress profiles are shown in Fig. 3.3.

As seen in Fig. 3.3(b), ambient wind material is pulled upwards in to the mixing layer at
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Figure 3.4  Mixing layer param-
eters which only depend on the
jet-to-ambient-wind density ratio, n.
(a) Normalized entrainment velocity
from the ambient wind, from equa-
tion (3.25). (b) Normalized rate-of-
change of the mixing layer mass flux,
M'. The contribution to the rate-
of-change of the mixing layer mass
flux from jet interception and wind
entrainment (ML) is shown by the
dashed and dot-dashed curves, respec-
tively. (c) Dimensionless function
G(n), for the determination of the
rate of turbulent energy production
per unit area, from equation (3.35).

the wind-mixing layer boundary (£2) with an effective entrainment velocity,

Vent = i}y(n7 x, 52) (324)
n(n® — 2nlog(n) — 1)
= v;h/(z) 20— 1) for n # 1, and
1
=5 forn = 1. (3.25)
This is equivalent to the entrainment velocity specified in the models of
( ) and ( ). However, it occurs naturally as a result of the boundary

conditions of the problem, rather than being specified by an experimentally-determined

‘entrainment efficiency’ parameter. We compare the entrainment velocity of our model to

the earlier work in §§3.3.3.3 and 3.4.1. The normalized entrainment velocity, v, /(vih/'(z)),

is plotted as a function of 7 in Fig. 3.4(a).

3.2.3. Mass Flux and Entrainment Rate

We define the mixing layer mass flux to be

. 31
M (x) = /E p(©)0U (E)h(x) de. (3.26)

2
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The contribution to the mass flux from intercepted jet material is simply given by

M;(z) = pyvih(x)éi (n). (3.27)
(cf. ). Therefore, the entrained mass flux is
. 31
Vo) = [ (€0 (€)h(2) d& — pia @161 o) (3.28)

The mass entrainment rate from the ambient wind is simply the derivative of equation

(3.28) with respect to . It can be shown (§D.4) that

8M ent
ox

= Mént = Pwvlent, (3'29)

as expected, since ambient wind material is being drawn in to the mixing layer with velocity
Vent (8§3.2.2).

The rate-of-change of the mixing layer mass flux, M /O0x = M, is shown in Fig. 3.4(b).
The contribution of wind entrainment to the mass flux of the mixing layer is greatest for

an underdense jet (Fig. 3.5).

3.2.4. Turbulent Energy Production

The ultimate aim of this model is to determine the rate of turbulent energy production
and subsequent dissipation and radiation in the mixing layer. The rate of turbulent energy
production, Eturb = 2tyySay, Where sz, is the shear in the mixing layer (

). The mean shear may be calculated from

1 (0, 0y, _ 105,
Sy = g (8y * 8:1:) T2 0y (3:30)

since the average transverse velocity, v,, varies slowly with respect to x.
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The rate of turbulent energy production in the mixing layer is directly comparable to
the observed luminosity of the mixing layer, assuming that the cooling time of the gas is
short, so that the turbulent energy produced is radiated efficiently. This is a reasonable
assumption in DG Tau; based on a gas temperature of 10* K and using the cooling
function of ( ), we determine a cooling time for the IVC of 2.5
yr, which results in a cooling length ~ 60 AU = (0”726 projected distance for a flow speed
of 110 km s~*. This cooling length is short compared to the length of the mixing layer,
which is 2 270 AU (§3.3.3.1).

We now calculate the rate of turbulent energy production at a given point in the mixing

layer:
Eturb(x 5) - ta:y(x 5) 81):0
=ty (2, 5) ( ] (3.31)
— i L F 0. (332

We integrate over y to form an expression for the turbulent energy produced per unit area:

Ezrb (z) = " B dy (3.33)
Y2
= pjuih/ (2)G(n), where (3.34)
G(n) = 2 + 3 1262772—102?)(‘?) —On+1 for n # 1, and
_ i for = 1. (3.35)

For the purpose of comparing this model to observations of three-dimensional protostellar jet
mixing layers, this is the turbulent energy produced per unit circumference per unit length.
Therefore, total turbulent energy production in the layer is calculated multiplying equation
(3.34) by 27 Rpix(z), where Rpix(x) is the mixing layer radius, and then integrating over
the observed mixing layer length, L:

L
Etot:/ 27TRmiX($)pjvfh'(x)g(17) dz (3.36)
0

= 27rRmiprjvf’h'(a:)g(77), (3.37)

assuming that Ry and h/(x) are independent of z.
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Table 3.1 MAPPINGS IV shock model initial parameters.

Pre-shock condition Value
Electron number density 1.09 cm™3
Hydrogen number density 1.0 x10* cm™3
Density 2.27 %1072 g cm™3
Pressure 1.5 x107 1% dyne cm—2
Temperature 1.0x10° K
Magnetic field 61.4 puG
Magnetic pressure 1.5 x1071% dyne cm—2

3.3. Comparison to Observations

3.3.1. [Fe II] 1.644 pym Shock Modelling

Our model provides estimates for the bolometric luminosity of a protostellar outflow mixing
layer (§3.3.3.1). However, observations of these outflows are typically made using specific
optical and NIR emission lines. Therefore, to compare with observations, we estimate the
[Fe II] line luminosities for a given total luminosity. To this end, a grid of shock models
capable of heating their post-shock gas to between 2 x 10* and 6 x 10* K were computed
using the MAPPINGS IV code ( : :

), assuming solar abundances ( ). We use this grid as a
representative model of partially-ionized gas being heated and subsequently cooling; we are
not concerned with the shock structure itself. Therefore, we chose pre-shock gas parameters,
detailed in Table 3.1, that yield densities and temperatures in the post-shock region that
are comparable to those expected in the mixing layer. These pre-shock parameters are
not intended to be representative of protostellar outflows, nor do we imply that the IVC
emission is generated in a single flat-planar shock structure, which would not be a good

approximation to the shocks occurring in a turbulent mixing layer.

The shocks were driven in to a pre-shock medium that is 99.9 per cent neutral in all atomic
species, in equipartition magnetic to thermal pressure. In the first grid of models, the gas
phase abundance of iron was taken to be undepleted at solar values, [Fe] = -4.50. In the
second grid, the gas phase abundances were depleted by a factor of 100, [Fe] = -6.50, to
allow for iron incorporation in to dust grains. Iron gas phase depletion factors between
10-100 have been widely inferred for astrophysical plasmas ( ; , and
references therein). Here, without a detailed model of how dust is launched with or formed
within YSO outflows, we use a range of depletion factors, from no depletion to a factor of
100.

In each MAPPINGS model, the final [Fe II] 1.644 pm line emission from the shock is
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expressed as a fraction of the total of all the line emission plus the two-photon emission,
which can be a large contributor to total emission in these heated, partially-ionized models.
For each initial post-shock temperature, 7', and magnetic field, B, a velocity was found,

and then used to compute the properties of the post-shock, cooling gas.

The [Fe IT] total emission affects the model structure, so that the [Fe II] 1.644 pm luminosity
does not simply scale with the gas phase abundance of iron, but nearly so. The cooling
fraction in [Fe II] 1.644 pym with undepleted gas is between 5.5 x 1073 and 8.0 x 1073,
and between 8 x 1075 and 1.2 x 10~ for the depleted models, but mostly a more or less
constant 1.1 x 10~* (Table 3.2). It is therefore reasonable that the [Fe II] 1.644 ym line
emission as a fraction of total cooling emission lies between 10~2 and 10~* for a range of
iron depletion factors. We parametrize the ratio between bolometric luminosity, Lo, and

[Fe 11] 1.644 pm luminosity, £1.644, as”®

102
Lrou = (Fe depletion factor> X Lot (3.38)

3.3.2. Parameters of the DG Tau Outflow

We summarize the parameters of the DG Tau jet required as inputs to our model here.
The main parameters are the jet density, p; (§3.3.2.1); the jet velocity, vj (§3.3.2.2); the
mixing layer growth rate, h'(z) (§3.3.2.3); the mixing layer length, L (§3.3.2.3); and the
jet-to-ambient-wind density ratio, n (§3.3.2.4). To utilize our MAPPINGS IV models, we
also need to know the iron depletion factor in the DG Tau IVC (§3.3.2.5).

3.3.2.1. Jet Density

The electron density may be determined from NIR observations through the ratio of the [Fe
I1] emission lines at 1.533 pum and 1.644 pm. ( ) computed a relationship
between this line ratio and electron density for a 16-level model of an Fet atom. The similar
BE99 technique makes use of the ratio of the [S II] emission lines at 6731 A and 6716 A
in the optical regime ( ; ). These techniques
have been applied to the DG Tau jet (§2.3.5; ;
; ), yielding an typical electron density ne ~ 10* cm™3.

( ) reported higher electron densities, up to 10° cm =3, close to the central star.

However, we do not observe significant IVC emission at this position (§2, Fig. 2.6), so that

we use the lower jet density corresponding to the region where we observe a mixing layer.

Our model requires the jet mass density as an input. We convert the measured electron

density in to physical density as in §2.4.1.4. The hydrogen density is calculated from

56Note that zero depletion corresponds to a depletion factor of 1.
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Table 3.2 Post-shock conditions and emission from MAPPINGS IV models.

Solar abundance

Factor 100 iron depletion

Temperature  Velocity = Total line  [Fe IT] 1.644 ym  [Fe II} 1.644 ym  Total line  [Fe II] 1.644 pm  [Fe II] 1.644 pm
(K) (km s7!)  emission® emission® fraction emission® emission® fraction
2x10% 25.9 2653.69 16.62 5.5x1073 2546.06 0.211 8.3x107°
3x10% 32.1 997.74 8.02 8.0x1073 957.01 0.113 1.2x10~*
4x10* 37.2 661.93 5.25 7.9x1073 629.91 0.078 1.2x1074
5x10% 41.6 552.70 4.01 7.3x1073 524.69 0.063 1.2x107*
6x10% 45.7 478.77 3.16 6.6x1073 456.52 0.053 1.2x1074

¢ Expressed as a multiple of the H 8 emission produced.
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Figure 3.6 Growth rates of the di-
ameter of the approaching DG Tau
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component diameter). (b) Inferred
T (H) mixing layer widths over the region
0”5-1”1 from the central star, as per
equation (3.39).

nH = Ne/Xe, Where X, is the ionization fraction of the gas. Although the ionization fraction
of the jet appears to vary with position ( ), an average ionization fraction
of xe = 0.3 £0.1 is a reasonable approximation ( ). This yields a
hydrogen number density ng = 3.3 x 10* cm™3. The mass density p = 1.4mny for a gas
consisting of 90 per cent hydrogen and 10 per cent helium, where m is the atomic mass unit.
This calculation leads to a jet mass density ~ 1071 g cm™3, which we use as a fiducial

value for our model.

3.3.2.2. Jet Velocity

The velocity of the DG Tau jet varies with time (§2.4.1.4; ;

; ), and this is the likely cause of the observed moving
shock-excited knots (e.g. ). The jet velocity is typically measured from the
high-velocity peak of line emission ( : ). More
recently, we used multicomponent Gaussian fitting, coupled with a statistical F-test, to
rigorously separate the two [Fe II] 1.644 pm line-emission components in the approaching
DG Tau outflow (§2.3.4). These fits show that the high-velocity component of the outflow
has a range of velocities from 215-315 km s~* in the 2005 observing epoch (§2.4.1.4).

Therefore, we adopt an average jet velocity of 265 km s~! for use in our model.

3.3.2.3. Mixing Layer Length and Growth Rate

The deprojected length of the observed mixing layer, 172 ~ 270 AU, can be directly

measured from our data (Fig. 2.6). The separation of the line emission from the two
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approaching outflow components allows for the calculation of the mixing layer growth rate.
The diameter of the HVC (jet), Djet, was determined by fitting a Gaussian to the [Fe II]
1.644 pm line emission in the cross-jet direction, and approximately deconvolving the width
of this Gaussian from the PSF via the formula D%, = FWHMZ,, — FWHMpgp (§2.4.1.4).
The diameter of the IVC, Dyyc, was measured from both an image of that component
(Fig. 2.6d) and cross-outflow [Fe II] 1.644 pm IVC profiles at each downstream position.
IVC diameters could not be reliably determined beyond ~ 1” from the central star, due
to incomplete line fitting coverage in this region, although conservative lower limits could
be inferred. The component diameters are shown as a function of downstream position in

Fig. 3.6(a). The inferred mixing layer width is simply the difference between the observed
radii, Tt and rrve, of the jet and IVC,

Dryc — D;
h(z) = rive = Tjet = 71\/02 = (3.39)
The growth rate of the mixing layer is then
h'(z) = (Dive — Dier) /2. (3.40)

We determine the growth rate of the mixing layer as follows. We construct linear fits to
the lateral growth of both the jet and IVC in the approaching DG Tau outflow in the 2005
observing epoch over the region 0/5-171 from the central star (Fig. 3.6a).”” These fits give
growth rates of Dy = 0.20 +£0.03, and Dj, = 0.10 £ 0.01. From equation (3.40), the

measured growth rates imply a mixing layer growth rate of 0.05 4 0.02.

The inferred mixing layer width as a function of distance from the central star is shown
in Fig. 3.6(b). This is a noisier profile than the individual jet diameters; therefore, it is

preferable to determine A'(z) from equation (3.40).

3.3.2.4. Jet-to-Ambient Wind Density Ratio

The density of the jet is well-defined (see §3.3.2.1). In order to estimate the jet-to-ambient-
wind ratio, we make approximations to the density of the wider-angle molecular wind in
DG Tau, based on the results of ( ). They reported a flow that extended
40 AU along the outflow axis following deprojection, and 80 AU across the outflow direction,
resulting in a total wind opening angle of 90°. By considering the K-band extinction
towards DG Tau, and the ratio of Hy 1-0 S(1) 2.1218 pum emitting mass to total Hp
mass, they determined a minimum total wind mass in this region of 2.1 x 108 M,. This

3

corresponds to a minimum average wind Hy number density of 4 x 10* cm ™3, assuming a

5TThe fits were made using the deprojected distance from the central star and the physical diameter of
each outflow component, thereby accounting for the projection of the DG Tau outflows to the line-of-sight
(38°%; )-
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filling factor of 1 and a conical geometry.

We now make approximations about the flow geometry of this wind in order to determine
its density in the entrainment region of the outflow. Consider a distance (/8 ~ 180 AU from
the central star, which is halfway along the observed mixing layer. If the wind undergoes
no further collimation beyond what is observed in Ho emission, and maintains a conical
geometry, it will have a total width of 360 AU at this position. Assuming a constant wind
mass-loss rate, M, and wind velocity, v, the wind density, p, is inversely proportional to
the wind radius, R, squared:

p2 R}

M= prR*v = const. = ==

= —. 3.41

Therefore, an increase in wind radius of a factor 4.5 would mean a decrease in wind density
of a factor of ~ 20, resulting in an Hy number density by ~ 2 x 10* cm ™3 at 360 AU from
the central star. Assuming a gas composition of 90 per cent hydrogen and 10 per cent
helium by number density, this results in a mass density of 8.2 x 1072! g cm™2, and a

jet-to-ambient-wind density ratio of 12.2.

( ) notes that their estimates of Hy mass and density in the wider-angle
wind are lower limits, given that cold gas may be present in the outflow, and the filling
factor of the wind may be less than unity. Hence, our estimate of the jet-to-ambient wind
density ratio represents an upper limit to possible values for this parameter. Therefore,
whilst we consider it likely that 7 lies between 1 and 10, we have investigated a parameter

range of 0.1 <n < 10 for completeness.

3.3.2.5. Iron Depletion

The iron depletion in the approaching outflow components from DG Tau was measured by

( ) via comparison of [Fe IT] 1.644 pm flux to the [O I] 6300 A
fluxes reported by ( ). Through comparison with shock wave
models ( ), they determined that the iron depletion factor in the
approaching DG Tau outflow is ~ 3-4 in gas faster than —100 km s~! (the jet), and
~ 10-12 for gas at speeds below —100 km s~! (the IVC).

( ) noted that their measurements are tentative, given that they
were required to compare [Fe II] and [O I] line fluxes obtained ~ 8 yr apart. Furthermore,
it is unlikely that the DG Tau jet would exhibit any iron depletion, as we would expect
dust grains to be destroyed by passage through the strong recollimation shock at the base
of the approaching outflow (§2.4.1.2). However, it is reasonable that the slower, wider-angle
outflow components would exhibit iron depletion, as they are launched from wider disc radii
and may be less shock-processed ( ). Indeed, higher depletion

at lower flow velocities has been observed in other YSOs (e.g. calcium in the HH 111
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Figure 3.7 Estimates of the DG
Tau mixing layer [Fe II] 1.644 pm lu-
minosity, from equations (3.38) and
(3.42). Luminosities are calculated
for a range of iron depletion fac-
tors and jet-to-ambient-wind den-
sity ratios, assuming a jet velocity
of 265 km s~ and a jet density of
1.0 x 107 gem™.  Solid curves
show the estimated luminosity for
K’ (z) = 0.05; the surrounding greyed
regions indicate the range of luminosi-
ties at a given iron depletion factor
for 0.03 < A'(z) < 0.07 (§3.3.2.3).
Curves are labelled with the corre-
sponding iron depletion factor. The
hatched region shows the parame-
ter range applicable to the DG Tau
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outflow; ). The jet iron depletion measurement of

may be contaminated by IVC emission, given those authors made a simple velocity cut to
separate outflow components, rather than using line component fitting (e.g. §2.3.4;

). Therefore, we take a range of iron depletion factors, 3-10, for the DG Tau
approaching IVC.

3.3.3. Model Estimates and Comparison for DG Tau

We now compare the estimates from our model to our previous observations of the
approaching DG Tau outflow intermediate-velocity component (§2). These estimates are

based on the outflow parameters for DG Tau detailed above (§3.3.2).

3.3.3.1. Mixing Layer Luminosity

The estimated mixing layer luminosity for DG Tau from our model is shown in Fig. 3.7. We
compute the total mixing layer bolometric luminosity as per §3.2.4, in particular equation
(3.37):

Lix tot = QWRmiXijvfh’(x)g(n). (3.42)

We estimate the mixing layer radius, Rpyix, to be ~ 25 AU (Fig. 3.6). The mixing layer
luminosity is estimated using a jet velocity of 265 km s~ (§3.3.2.2) and a jet density of
1071 g em™3 (§3.3.2.1). We take a range of possible mixing layer growth rates, h/(z) =
0.05 + 0.02 (§3.3.2.3). We consider a range of possible iron depletion factors and jet-

to-ambient wind density ratios, as these are the least-constrained parameters (§§3.3.2.4,
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3.3.2.5).

We calculate the observed IVC [Fe II] 1.644 pm luminosity from the approaching DG Tau
outflow as follows. We consider every spaxel covering the approaching outflow that was
successfully fit with two [Fe II] 1.644 pm emission-line components (Fig. 2.6). We then
calculate the flux from the fitted IVC component in each spaxel, and sum across the entire
outflow to produce a total IVC [Fe II] 1.644 pm luminosity of 2.4 x 10?® erg s~!, assuming
a distance to DG Tau of 140 pc ( )

Our model estimates for the luminosity of a mixing layer in the approaching DG Tau
outflow is in good agreement with our observations of the approaching IVC. For 3 <7 < 10
(§3.3.2.1), and an iron depletion factor of ~ 3-10, our model estimates a mixing layer
luminosity of (1.1-7.9) x 10?8 erg s~!. This is a good level of agreement between model
and observations, and constitutes a strong indicator that the luminosity of this region of

the outflows is driven by turbulent dissipation.

3.3.3.2. Rate-of-Change of Mixing Layer Mass Flux

In our model, mass enters the mixing layer from both the jet via interception, and from
the ambient wind via entrainment. From equation (3.26), the rate at which material enters
the mixing layer is

oM _ .
B = M’ = pjvih/ () <

—n +nlog(n) + 1) . (3.43)

(n—1)*

Multiplying by 27 Rpnix, where Ruyix = 25 AU as per §3.3.3.1, gives the entrainment rate
per unit length in the outflow direction. Finally, multiplying by the mixing layer length,
L =270 AU (§3.3.2.3), gives the total mass being gained by the mixing layer at all observed
positions (cf. the calculation of the total turbulent energy production in the mixing layer
in §3.2.4).

An important consistency check is that the total mass being gained by the mixing layer at
all positions cannot exceed the combined mass-loss rates of the jet and the wind. Otherwise,
the mixing layer would cease to exist at some distance downstream, as it exhausts the
mass supply from both sources. For an overdense jet (1 <7 < 10, §3.3.2.4), our model
estimates a total mass gain of (3.5-10.0) x 107 M, yr~! for the observed mixing layer
(Fig. 3.8a). By comparison, the mass-loss rate of the DG Tau jet is ~ 5 x 1079 Mg yr—!
(§2.4.1.4; ) from [Fe II| emission-line ratios; the total mass-loss
rate of all ionized outflow components (jet plus IVC) is (1-5) x 1078 Mg yr~! from the
VLA data of ( ). The mass-loss rate of the molecular wind is lower,
>2.2x107% Mg yr—! ( ). However, in the overdense-jet regime, mass
interception from the jet is the main contributor to the mass within the mixing layer

(Fig. 3.5). Therefore, we conclude that the total mass gain in to the mixing layer estimated
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by our model is less than the combined mass-loss rates of the DG Tau jet and molecular

wind, as required for consistency.

Recently, ( ) performed an analysis of the DG Tau approaching outflow
using the BE99 technique for determining physical flow parameters from optical line
ratios ( ). They found that, over the first 0’7 of the approaching
outflow, the mass outflow rate of the jet (identified as the high-velocity interval, or HVI, in
their paper) decreased by ~ 0.5 dex. Over the same region, the mass outflow rate of the
medium-velocity interval (MVI, which is comparable to our IVC) increased. This is what
would be observed if the IVC/MVI represents a turbulent mixing layer which is primarily

gaining material from the central jet/HVI.

We compare the observations of ( ) to our model estimates for the rate-
of-change of mixing layer mass flux per unit length, and find them to be consistent. We
performed a linear fit to the MVI mass-loss rates of ( , fig. 15 therein), and
determine an increase in MVI mass-loss rate per unit length of 2 x 10~ Mg AUt yr— 1.
For the observed parameters of the DG Tau outflow (§3.3.2), our model estimates a
rate-of-change in mixing layer mass flux per unit length along the outflow direction of
(1.2-8.6) x 10~ M, AU™! yr~!, with the lower rate-of-change corresponding to a more
overdense jet (Fig. 3.8a).”® The estimates from our model strongly suggest that the
approaching IVC of the DG outflows is consistent with being the signature of a turbulent

mixing layer around the central jet.

%8For 1 < 7 < 10, mass entrainment from the ambient wind contributes 20-33 per cent of the rate-of-
change of mixing layer mass flux (Fig. 3.5), so the mass entrainment per unit length from the ambient wind
is (0.24-2.8) x 107" Mg AU yr~ 1.
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3.3.3.3. Entrainment Velocity and Implied Entrainment Efficiency

In the jet entrainment models of ( ) and ( ), material
is injected in to the mixing layer from the ambient medium/wind with a prescribed
entrainment velocity. This velocity is expressed as a fraction of the sound speed in the
ambient wind, ¢y, as it was argued that the ambient wind would be incapable of supplying
material at a velocity greater than the sound speed ( , however, see
§3.4.1). This fraction is defined as the entrainment efficiency, ¢ < 1, where the entrainment

velocity is written as vent = €Cy -

The entrainment velocity of our model is given by equation (3.25), and is shown as a
dimensionless function of 1 in Fig. 3.4(a). For jet-to-ambient-wind density ratios 107! <
n < 10, the dimensionless entrainment velocity, vent/[vjh/(x)] varies between ~ 0.005 and
~ 0.36. For a jet velocity of 265 km s~ and h/(x) = 0.03-0.07, we estimate a range of

1

entrainment velocities, 0.3 < vept < 6.7 km s™". For our inferred values of n < 10 and

W (z) = 0.05, equation (3.25) estimates an entrainment velocity <5 km s™! (Fig. 3.8b).

Assuming LTE, the He 2.1218 um emission observed in the approaching DG Tau outflow has
a temperature of 2 x 103 K ( ; ). As the ambient
wind is not directly observable in the region where entrainment is occurring, we may
assume that the wind has cooled somewhat. Therefore, we take an indicative temperature
of 10% K, which leads to a sound speed of 2.2 km s~! in the wind for a molecular gas with

mean molecular weight 2.3my.

Direct comparison with the range of entrainment velocities predicted above implies a range
of entrainment efficiencies between 0.13 and 3.05 for the full range of possible values for
the mixing layer growth rate and jet-to-ambient wind density ratio. Adopting the best-fit
value for the mixing layer growth rate, h'(x) = 0.05, and assuming that the jet is likely
to be overdense by up to a factor of 10 (§3.3.2.4), gives a range of implied entrainment

efficiencies from 1.00 to 2.3. We discuss this further is §3.4.1.

3.4. Discussion

3.4.1. Comparison with Earlier Models

( ) and ( ) utilized laboratory experiments (
) to estimate the entrainment efficiency, €, of protostellar jet mixing layers.
propose that € ~ 0.03. Furthermore, both ( ) and
( ) claimed that € < 1, because the ambient wind should not supply material at
greater than the sound speed. However, our model, based only on observable parameters

of the protostellar outflows, implies an entrainment efficiency 1 < e < 2.5, in contradiction
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to earlier models. We argue below that our estimated entrainment efficiency is physically

viable.

A detailed analysis of the laboratory experiments of ( ) is beyond the
scope of this paper. However, we make two important points. First, the experiments of
concern adiabatic mixing layers. However, both observations (e.g.

) and analytical estimates of the mixing layer cooling length (§3.2.4) indicate
that the DG Tau IVC is radiative. Secondly, the experiments were conducted for jets
of Mach number 1-5. The DG Tau jet has a Mach number of 18-25. Whilst magnetic
fields within the jet may lower the effective jet Mach number (§2.4.2.2) in to the regime
investigated by ( ), it is not clear that their experiments are directly

relevant to magnetized protostellar mixing layers.

We now address the issue of entrainment velocities greater than the ambient sound speed.

( ) argued that the entrainment velocity of the ambient material must
be subsonic, otherwise extra shocks would form outside the mixing layer, conflicting with
observations. However, a supersonic inflow velocity does not invalidate our model for a
number of reasons. First, this velocity is a bulk velocity, not a turbulent velocity and
the boundary conditions that we have used imply that the molecular gas adjacent to the
mixing layer is not turbulent. Secondly, as the molecular gas is drawn into the mixing layer,
the supersonic turbulence within the layer, coupled with its supersonic inflow velocity,
ensures that it is shocked. This is the reason we have used MAPPINGS IV shock models

to determine the [Fe II] emission as a fraction of the bolometric luminosity (§3.3.1).

In reality, the transition from non-turbulent flow outside the mixing layer to fully turbulent
flow within would not be as abrupt as we have modelled here. The transition from
low-density entraining molecular gas to high-density jet gas is likely to be more gradual.
However, even if there are comparable turbulent velocities within the molecular gas being
drawn into the layer as in the gas well within the mixing layer, the rate of dissipation per
unit volume, ~ pv’ 3 /1, where p is the density, v’ is the turbulent velocity, and I; is the
turbulent eddy scale size, is lower in the molecular gas than in the mixing layer, because of

the lower density of the former.

3.4.2. The Extent of the Laminar Jet

Jets that undergo lateral entrainment will eventually become completely turbulent, as the
inner boundary of the mixing layer expands in to the jet and reaches the symmetry axis
(e.g. : ). This does not appear to occur in the DG Tau jet
within 175 ~ 340 AU of the central star, as is evidenced by the low-velocity-dispersion core
of the approaching high-velocity [Fe II] 1.644 pm component (Fig. 2.6¢). It is therefore
relevant to determine if our model predicts the DG Tau jet should remain laminar within

the NIFS field. Whilst a fully three-dimensional, axisymmetric model is formally required
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to make this calculation ( ), our model provides a useful preliminary

exploration.

The jet will become totally turbulent once the jet-mixing layer boundary, y;, reaches the

symmetry axis of the jet. The jet-mixing layer boundary position is given by

yi(z) = h(z)&i(n) = I (z)6 (), (3.44)

assuming h(x) is linear in . The downstream distance at which the jet becomes completely

turbulent, xiyh, is then simply

Tiet Lturb / -1
Trurh = — = (h'(x . 3.45
= e 7 = (1 ()6 ) (3.45)
For DG Tau, h'(z) = 0.05 (§3.3.2.3), &1(n = 10) ~ 0.2 (§§3.2.2, 3.3.2.4), and the maximum
observed jet radius 7jet,max ~ 20 AU (Fig. 3.6a). The distance from the central star where
the DG Tau jet becomes completely turbulent is then ~ 2000 AU ~ 8’8 along the outflow
axis, accounting for projection effects. This is well beyond the extent of the NIFS field, in

agreement with our earlier observations (§2).

3.5. Conclusions

We have constructed a model of the turbulent lateral entrainment of ambient material by
a supersonic, collimated jet (§3.2). This model aims to explain the medium-/intermediate-
velocity forbidden-line emission that is often seen surrounding YSO jets. The model
statistically averages the conservation equations of MHD, and uses only directly observable
outflow parameters as inputs. Our model calculates the total production, and subsequent
dissipation, of energy in a turbulent mixing layer between the jet and the surrounding
molecular wind, via calculation of the total turbulent stress within the layer. This allows
theoretical estimates of, e.g. the luminosity and entrainment rate of the mixing layer to be

formed.

We computed estimates for the bulk properties of the [Fe IT] 1.644 pum IVC observed in
the approaching outflow from the YSO DG Tauri (§3.3). We calculated a grid of shock
models using the MAPPINGS IV code, to facilitate comparison between the observed [Fe
I1] luminosity of the component, and the estimated bolometric luminosity from our model.
Our model accurately estimates the luminosity and rate-of-change of mass flux of the DG
Tau IVC, leading us to conclude that the IVC does indeed represent a turbulent mixing
layer between the DG Tau high-velocity jet, and wider-angle disc wind.

We compared our work with previous models of turbulent entrainment by jets, specifically
those of ( ) and ( ). Unlike the previous models, our

model is not dependent upon a free ‘entrainment efficiency’ parameter, which previous
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authors inferred from laboratory experiments. We argued that the requirement for subsonic
‘entrainment velocities’ from the ambient wind is not necessary in the context of our model.
We also estimated the extent of laminar jet flow in DG Tau (§3.4.2), although we note that
this is simply an illustrative case due to the limitations of our two-dimensional model (see
below).

As observed by ( ), three-dimensional axisymmetric models of turbulent
entrainment by jets are required for definitive analysis of radiative mixing layers. An
obvious next step would be to extend the model presented here to three dimensions, and
to remove the restriction on the ambient wind having zero streamwise velocity. MHD
simulations of turbulent entrainment would also be helpful for characterising the efficiency
of the entrainment process, as well as determining the effects of the jet magnetic field on

turbulent entrainment.
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CHAPTER 4

Bipolar Asymmetry in the DG Tau

Outflows

This chapter has been published as White, M. C., Bicknell, G. V., McGregor, P. J.,
Salmeron, R. MNRAS, 442, 28—42, 2014a, referenced as ( ). This

chapter is not modified from the published version, except in the following respects:

e Section, figure, footnote and table numbering, and general formatting, have been

modified for consistency with the remainder of the thesis;
e An additional footnote (footnote 59, p. 133) has been added;

e References to ( ) and ( ) have been changed to
point to Chapters 2 and 3 of this thesis respectively.

The original paper is available at http: //mnras. ozfordjournals. org/ content/ 442/
1/28.

The initial reduction of the NIFS data used in this chapter was performed by Professor Peter
McGregor prior to the start of the candidature. Subsequent re-reductions were conducted
jointly by the candidate and Professor McGregor, but did not constitute major changes
to the reduction procedure, and used pre-existing reduction scripts written by Professor
McGregor. The data reduction section of this chapter (§4.2) was written by the candidate,

based on notes provided by Professor McGregor.

The kinetic models presented in §j./ were constructed by the candidate by adapting a
FORTRAN script written by Professor McGregor.
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Abstract

The origin of bipolar outflow asymmetry in young stellar objects (YSOs) remains poorly
understood. It may be due to an intrinsically asymmetric outflow launch mechanism, or it
may be caused by the effects of the ambient medium surrounding the YSO. Answering this
question is an important step in understanding outflow launching. We have investigated the
bipolar outflows driven by the T Tauri star DG Tauri on scales of hundreds of AU, using
the Near-infrared Integral Field Spectrograph (NIFS) on Gemini North. The approaching
outflow consists of a well-collimated jet, nested within a lower-velocity disc wind. The
receding outflow is composed of a single-component bubble-like structure. We analyse the
kinematics of the receding outflow using kinetic models, and determine that it is a quasi-
stationary bubble with an expanding internal velocity field. We propose that this bubble
forms because the receding counterjet from DG Tau is obstructed by a clumpy ambient
medium above the circumstellar disc surface, based on similarities between this structure
and those found in the modelling of active galactic nuclei outflows. We find evidence
of interaction between the obscured counterjet and clumpy ambient material, which we
attribute to the large molecular envelope around the DG Tau system. An analytical model
of a momentum-driven bubble is shown to be consistent with our interpretation. We
conclude that the bipolar outflow from DG Tau is intrinsically symmetric, and the observed
asymmetries are due to environmental effects. This mechanism can potentially be used to

explain the observed bipolar asymmetries in other YSO outflows.

4.1. Introduction

Outflows are ubiquitous components of young stellar objects (YSOs). Solar-mass YSOs are
capable of driving collimated bipolar outflows of atomic and molecular material to distances
of ~ 1 pc (e.g. ). These outflows extract angular momentum from the
star-disc system, allowing material from the circumstellar disc to accrete onto the central
protostar. It is generally accepted that the outflows are launched magnetocentrifugally,
either from the surface of the circumstellar disc (MHD disc wind; ;
), or from reconnection points in the stellar magnetosphere (the X-
wind; ). Multiple launch mechanisms may act in concert to produce outflows
with multiple velocity components ( ; ;
; ). The launch region of these outflows is unresolvable with current
telescopes. Therefore, detailed observational and theoretical studies of YSO outflows are
necessary in order to determine the manner in which they are launched, and the physical

conditions at their launching point(s).

Bipolar outflow asymmetry is a common occurrence in large-scale YSO outflows. These

outflows, which are characterised by the presence of shock-excited Herbig—Haro (HH)
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objects, are often observed to be one-sided, with only a blueshifted, or approaching, outflow
visible (e.g. ; ; ). Such
an asymmetry may be caused by the circumstellar disc obscuring the receding component
of a symmetric bipolar outflow. Alternatively, the receding outflow may have entered the
dense molecular cloud complex behind the YSO, obscuring it from observation (

). However, radial velocity asymmetry is often seen in objects with observable
bipolar HH outflows. For example, ( ) found that, of 15 T Tauri stars with
observed bipolar HH outflows, 8 showed bipolar velocity asymmetry between the blueshifted
and redshifted outflows. The ratio of radial velocities between the opposing outflows in
these objects is in the range 1.4-2.6. Further studies have found more asymmetric bipolar
HH outflows, such as HH 30, which has a radial velocity ratio ~ 2 between the two outflows
( ). One-sided knot ejections have also been detected, such as that from
the driving source of the HH 111 outflow ( ). Asymmetrical knot ejections
and differing mass outflow rates between the two sides of the bipolar outflow from the
Herbig Ae star HD 163296 have also been detected ( ). This evidence
raises the question of whether the asymmetry is caused by environmental effects (

), or is an intrinsic feature of the outflows, either due to disc conditions (such
as warping) affecting the outflow launching ( ), or to other effects close to

the launch point ( ).

With the advent of space-based telescopes such as the Hubble Space Telescope (HST), and
the development of ground-based adaptive-optics systems, the large-scale outflows can be
traced back to within a few hundred AU of the central protostar, and are observed as
well-collimated ‘microjets’. These small-scale outflows provide an excellent laboratory for
testing outflow launch models, as the outflow has yet to propagate to a distance where
it interacts with the large-scale molecular cloud complex (e.g. ).
Therefore, the search for bipolar outflow asymmetry in these microjets is important in

determining if the asymmetry is an intrinsic property of the outflows on all scales.

Velocity asymmetries were observed in the profiles of bipolar forbidden emission line (FEL)
regions in several young stars ( ). The FELSs trace the presence of microjets
(e.g. ; ; , ). Further
long-slit optical and near-IR spectroscopic observations have confirmed kinematic and/or
physical bipolar asymmetries occur in the outflows of DG Tauri B ( ) and
FS Tauri B ( ). There are conflicting views on the cause of these asymmetries.

( ) argue that the asymmetry in DG Tau B is due to an asymmetric ambient
medium, based on the observation that only one side of the bipolar outflow is driving the
ambient medium into a CO outflow. ( ) argue for a bipolar outflow that is
being driven at a different mass-loss rate on either side of the circumstellar disc, with the
velocity difference between the two jets keeping a linear momentum balance, so there is no

observable recoil. It is important to differentiate between the possible causes of bipolar
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outflow asymmetry in order to determine if it is an intrinsic or an environmental effect.

HST and adaptive optics also permits imaging and spectroimaging studies of YSO microjets
(e.g. ; ). Such studies have shown the presence of
structural differences in the bipolar small-scale outflows from YSOs. The blueshifted

collimated jet from the YSO HL Tauri is spatially coincident with an approximately

axisymmetric bubble-like structure ( ). Bipolar asymmetries in jet
collimation are observed in the YSOs RW Aurigae ( ) and DG Tau B
( ). Such studies have shown that structural bipolar outflow asymmetries
are common in YSOs on the microjet scale ( )

Another example of bipolar asymmetry in T Tauri star microjets is the transitional Class
I/Class II YSO DG Tauri. One of the most actively-accreting T Tauri stars, DG Tau
has been used as a laboratory in searches for jet rotation ( ;
: ), jet knot generation ( :
) and links between jet and disc properties ( ). DG Tau drives
the blueshifted HH 158 ( ) and HH 702 ( ;
) outflows, the latter extending to a distance of ~ 0.5 pc from the protostar.
There is no known large-scale redshifted HH outflow associated with DG Tau. A bipolar

microjet-scale outflow is present, and exhibits velocity asymmetry between the approaching

and receding flows ( : ). This was originally detected
through long-slit spectroscopy of optical FELs from the outflows ( ). The
receding outflow was first imaged by ( ) using spectroimaging of [O I]

6300 A emission. They determined a radial velocity ratio of 1.4 between the approaching

and receding outflows.

More recently, ( ) and ( , i.e. §2) detected
structural and kinematic differences in the microjet-scale approaching and receding outflows
of DG Tau, using spectroimaging data of spatially extended [Fe II] 1.644 pm line emission.
The approaching outflow shows the classical YSO microjet morphology of a central, well-
collimated, high-velocity jet with deprojected velocity ~ 215-315 km s~ !. The jet is
dominated by both stationary and moving shock-excited ‘knots’ of emission. This jet is
‘nested” within a region of lower-velocity emission, which may be excited by the formation
of a turbulent entrainment layer around the jet (§§2.4.2, 3; ). A wide-angle
approaching molecular wind is observed in Hy 1-0 S(1) 2.128 pm line emission (§2.4.2.1;
; ), providing a supply of material for the jet

to entrain. On the other hand, the redshifted outflow shows no evidence of any jet-like
components, and instead forms a large bubble-like structure. This was interpreted by

( ) as being the counterpart ‘magnetic bubble’ (

) to a similar structure they claimed ~ 172 from the central star in the approaching
outflow channel. However, analysis in §2 showed that they appeared to be interpreting the

low-velocity entrainment component in that region as part of the central jet. We concluded
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that an approaching bubble structure does not exist. Therefore, the nature and cause of

the bipolar outflow asymmetry in DG Tau remains an open question.

We investigate the bipolar asymmetry in the microjet-scale DG Tau outflows below, and
conclude that environmental effects hamper the propagation of one side of an approximately
symmetric bipolar outflow. We proceed as follows. In §4.2, we outline our multi-epoch
NIFS observations and our data reduction procedure. §4.3 details our methods of analysing
the data. In §4.4, we argue that the structure is a stationary bubble with an internal
velocity field describing expansion of gas towards the bubble walls, based on comparisons
of the observed velocity structure to kinetic models. §4.5 outlines the results of simulations
of bubbles driven by impeded active galactic nuclei (AGN) jets, and links this work to
the morphology observed in the DG Tau receding outflow. We propose that the bubble
in the DG Tau receding outflow is the result of a receding counterjet being obstructed
by clumpy ambient material in the extended envelope around DG Tau (

). The receding outflow is currently in the momentum-driven bubble phase, similar to
the simulations of radio galaxies by ( ) and
( ). We construct an analytical model of an expanding jet momentum-driven bubble in
§4.6, and find that it predicts physical parameters consistent with those observed in the
DG Tau bubble and the extended CO envelope around the system. Finally, in §4.7, we
discuss the impact of our results on the interpretation of bipolar outflow asymmetry in
other YSOs, as well as the implications of episodic variability in YSOs on our model. We

summarize our conclusions in §4.8.

4.2. Observations and Data Reduction

A Dbrief outline of the data reduction techniques used is given here. For a more detailed

description, the reader is referred to §2.2.

Observations of the DG Tau system were obtained on 2005 Oct 26 UT in the K band (

), and on 2005 Nov 12 UT in the H band, with the Near-infrared Integral Field
Spectrograph (NIFS) on the Gemini North telescope, Mauna Kea, Hawaii. Further H-band
observations were taken on 2006 Dec 24 and 2009 Nov 08. Observing parameters for each
epoch of H-band data are detailed in Table 4.1. Data were recorded with the ALTAIR
adaptive-optics system in natural guide star mode, utilizing DG Tau itself as the reference
star. NIFS is an image-slicing type integral-field spectrograph, splitting a 3” x 3" field into
29 slitlets, resulting in (/103 x 07045 spaxels. A spatial resolution of ~ (/1 was achieved in
the H-band data, based on the FWHM of a standard star observed immediately after the
DG Tau observations. These standard star observations allow for telluric correction and
flux calibration. Calibration was based on the 2MASS magnitude of the standard star, and

a shape derived from a blackbody function fit to the 2MASS J-K colour of the standard
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Table 4.1 Observing parameters of DG Tau H-band observations, 2005-2009.

Date Epoch No. of Telluric standard star Continuum image FWHM
on-source Star 2MASS H Blackbody Telluric DG Tau
exposures® (mag) temp. (K) standard®

2005 Nov 11 2005.87 11 HIP25736 7.795 7000 0’11 0714
2006 Dec 24 2006.98 9 HIP25736 7.795 7000 0’11 0712
2009 Nov 08 2009.88 6 HIP26225 7.438 9400 0709 0718

¢ All on-source exposures were 600 s.
b Used to estimate the AO seeing achieved.
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star. A spatial resolution of ~ 0”1 was achieved in the K-band observations (
). A 0/2-diameter partially-transmissive occulting disc was placed over the star during

the H-band observations to increase sensitivity to extended emission.

Data reduction was performed using the Gemini IRAF package as follows. An average dark
frame was subtracted from each object frame and averaged sky frame. The dark-subtracted
average sky frame was then subtracted from the dark-subtracted object frame. A flat-field
correction was applied to each slitlet by dividing by a normalized flat-field frame. Bad pixels
were identified using the flat-field and dark frames, and were corrected via 2D interpolation.
Individual 2D spectra for each slitlet were transformed to a rectilinear coordinate grid
using arc and spatial calibration frames, and then stacked in the second spatial direction
to form a 3D data cube. All spectra were transformed to a common wavelength scale at

this point.

Data cubes from each object exposure were corrected for telluric absorption by division
with a normalized 1D spectrum extracted from the observations of a telluric standard star.
Hydrogen absorption lines intrinsic to the A0 standard star were removed using Gaussian
fits to those lines. Flux calibration was achieved using a large-aperture 1D spectrum of
the same standard star, which was also corrected for telluric absoprtion. The finalised
object frames were spatially registered using the continuum position of DG Tau, and
median-combined to produce the final data cube. The final cube for each epoch was then
spatially registered using the position of the central star to allow for comparison of the

extended emission structure.

Stellar subtraction was performed using custom PYTHON routines. For H-band data cubes,
two (0725 diameter apertures were formed, centered at opposing positions 05 from the
central star perpendicular to the outflow direction. A stellar spectrum was extracted from
each aperture and averaged. For each spaxel in the cube, this stellar spectrum was scaled
to match the flux observed adjacent to the spectral region of interest for the line being
investigated, and subtracted from the spaxel spectrum. K-band stellar subtraction was
performed by forming a pair of continuum images adjacent to the spectral region of interest
around the line being investigated. These images were averaged, and then subtracted from
each wavelength plane of the data cube. Full details of the data reduction and stellar
spectrum subtraction procedures used may be found in ( ) (K band) and
§§2.2 and 2.3.1 (H band). We concentrate on the 2005 epoch data in this paper; unless
explicitly stated, all data are from that epoch.

The receding outflow from DG Tau is shown in Fig. 4.1, as seen in [Fe II| 1.644 pm line
emission (Fig. 4.1a) and Hy 1-0 S(1) 2.1218 pm line emission (Fig. 4.1b). In this Figure, as
with all following figures, the large-scale HH 158 outflow axis is labelled as x, and the axis
transverse to this as y. The extended H-band emission is dominated by [Fe II] 1.644 pm

line emission, and takes the form of a bubble-like structure. The ‘apex’ of this structure is
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Figure 4.1 Channel maps of emission from the receding DG Tau outflow in the 2005 observing epoch. Panels show images of (a) the extended [Fe II] 1.644 pm line emission,
and (b) the extended Hy 1-0 S(1) 2.1218 pm line emission from the receding DG Tau outflow, binned into 40 km s™'-wide slices. The velocity range of each slice is shown in
white in km s~!. The intensity values quoted are the average intensity in each channel over the velocity range. The black star corresponds to the position of the central star,
DG Tau, and the yellow circle in (a) indicates the position and size of the occulting disc used during the H-band observations. The physical scale is indicated at the top-right.
This scale does not account for the inclination of the outflow axis, x, to the line of sight.
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~ 1”3 along the outflow axis from the central star. No emission is observed closer than
~ 07 to the central star, due to obscuration by the circumstellar disc. This obscuration
provides a measure of the extent of the disc ( ). The lateral width
of the structure at its closest to the central star, which we shall refer to as the ‘base’ of the
structure, is ~ 0”7 ~ 98 AU at the distance to DG Tau (140 pc; ). The lowest
line velocities from the structure occur at this widest point; the highest line velocities occur
at both the apex of the structure, and at an emission enhancement 0784 4+ 0703 along the

outflow axis from the central star.

The Hs 1-0 S(1) 2.1218 pm line emission from the region of the receding outflow is strongest
at positions coincident with the base of the bubble-like structure seen in [Fe II] 1.644
pm line emission (Fig. 4.1b; : ). This ‘patchy’
emission has no clear structure. The line emission is concentrated about a velocity of
0 km s~ L. ( ) analysed the level populations and line ratios in the observed
Hs emission, and determined that it is likely being excited by collisional J- or C-type
shocks. UV and X-ray fluorescence were previously ruled out by ( ),

based on the large mass and momentum fluxes resulting from their calculations.

4.3. Data Analysis

4.3.1. Spectral Gaussian Fitting

Upon visual inspection, some regions of the receding outflow appear to exhibit multiple
components in [Fe II] 1.644 pm line emission. Multicomponent spectral Gaussian fitting
was used to characterise the presence and nature of these components. Both one- and
two-component Gaussian fits were made to the [Fe II] 1.644 pm emission line in each
spaxel, and an F-test (Appendix A; ) was used to determine
the statistically appropriate number of components to retain in the final fit (

). It has been noted that the F-test is formally not the correct test to use in
this situation (A.1; ). However, lacking a statistically correct specific
alternative that may be applied to the volume of spectra presented here, we proceed using
the F-test ( ). It was found that a two-component fit could not
be consistently applied across the entire receding outflow. This occurs because the two
apparent components are too convolved to form a statistically significant fit with our
spectral resolution. Alternatively, there may be an underlying ‘continuum’ of emission
velocity components at some spatial positions. This effect is spread evenly across the
receding outflow structure. Therefore, Gaussian line fits were restricted to one component
at all spatial positions. This is in contrast to the approaching outflow, which shows the
clear presence of two [Fe II] 1.644 pum emission-line components at all spatial positions
(§2.3.4; Fig. 2.6).
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The results of the spectral fitting procedure are shown in Fig. 4.2. Line velocities were
corrected for the systemic velocity of the central star, as determined by Gaussian fits to
multiple photospheric absorption lines observed in the H-band stellar spectrum (Fig. 2.1).
Comparison of Fig. 4.2(a) to the channel maps of [Fe II] 1.644 pym line emission (Fig. 4.1a)
shows that the fitting procedure accurately replicates the appearance of the receding

outflow.

The velocity structure observed in the receding outflow is in agreement with Agra-Amboage
et al. (2011). The largest receding line-of-sight velocities of ~ 160-180 km s™! are observed
at the apex of the structure (Figs 4.1, 4.2b), as well as along the outflow axis. Line
velocities on the edges of the structure decrease with decreasing distance from the central

1

star. The lowest line velocities, ~ 80 km s™*, are located at the base of the observable

structure.

4.3.2. Electron Density

The near-infrared lines of [Fe II] arise from low-lying energy levels, and are useful tracers
of electron number density, ne. Pradhan & Zhang (1993) showed that the intensity ratio
of the [Fe II] lines at wavelengths 1.533 pm and 1.644 pm are a diagnostic of electron

number density in the range ne ~ 10>-10% cm™3, for electron temperatures, T,, in the
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range 1, ~ 3000-20000 K. ( ) have accurately computed the relation

between the line ratio, F} 533/ F1 644, and electron density for a 16-level Fet model.

Fig. 4.3 shows the flux-ratio map derived from our data for the receding DG Tau outflow.
Integrated line fluxes were determined by the integration of the stellar-subtracted spectrum
of each spaxel over the velocity range 0 to 340 km s~' about the two line wavelengths.
Spaxels were excluded from this calculation where a signal-to-noise ratio of 10 in the
computed line ratio was not achieved, meaning line ratios could only be determined where
the weaker 1.533 pm emission line could be detected with adequate signal-to-noise ratio.
This criterion produces density information over a region comparable to the observed
redshifted [Fe II] 1.644 pm line emission (Fig. 4.1).

The F} 533/ F1.644 ratio is approximately constant across the region of observable redshifted
emission (Fig. 4.3). The relationship between the line ratio and electron density is only
weakly dependent on electron temperature, especially in the range 0.1 < F} 533/F1.644 < 0.3
( , fig. 2(b) therein), so we can comment on the approximate electron
density of the receding outflow without knowledge of the electron temperature. We
conclude that the electron density of the receding outflow is of order 10* cm™3. It may
rise to ~ 10*% cm™3 in the regions of strongest [Fe II] 1.644 um emission. However, these

variations in F} 533/ F1 644 are barely larger than the uncertainties in their calculation.

4.3.3. Time-Evolution of the Receding Outflow

The time-evolution of the receding outflow over the period 2005-2009 structure is shown
in Figs 4.4 and 4.5. The most remarkable feature is the apparent stability of the bubble
structure between the 2005 and 2006 observing epochs, 1.11 yr apart. The velocity structure
is particularly stable over this period (Fig. 4.4). Furthermore, the faint boundary of low-
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Figure 4.4 Channel maps of the DG Tau outflow for the 2005, 2006 and 2009 observing epochs. Panels show images of the extended [Fe II] 1.644 pm line emission around
DG Tau, binned into 40 km s~ *-wide slices. The velocity range of each slice is shown at the bottom of each slice in km s~!. The intensity values quoted are the average
intensity in each channel over the 40 km s™! velocity range. The black star corresponds to the position of the central star, DG Tau, and the yellow circle indicates the
position and size of the 0”2 diameter occulting disc.
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velocity emission remains constant across all epochs (Fig. 4.4, [20 : 60] km s~! panel).?”
The greatest change occurs between the 2006 and 2009 observing epochs, when the ‘apex’
of the structure is no longer visible. The ‘apex’ is formed of the highest-velocity emission
(Fig. 4.4).

We investigate the stability of the receding outflow structure between the 2005 and 2006
observing epochs more carefully. The ‘base’ of the structure remains in the same position
in all observing epochs, ~ 0’7 from the central star (Fig. 4.5). Based on the extent of the

2 —1 2

15 x 10715 erg ecm™2 s~! arcsec™? contour in Fig. 4.5, the ‘apex’ of the structure appears

to have moved ~ 0”1 in 1.1 yr, corresponding to a deprojected® velocity of ~ 95 km s~ 1.
This apparent motion occurs on the scale of a single NIFS pixel, and the scale of the
AO-corrected seeing (Table 4.1). Furthermore, the small discrepancy (0703) between the
position of knot A of the approaching outflow in the 2006 observing epoch, and in the 2005

and 2009 epochs (Table 2.3), suggests there may be a larger spatial registration uncertainty

% The faint boundary emission can be seen more clearly in Fig. 4.1, [20 : 60] km s~ * panel.
f0We assume an inclination between the outflow axis and the line of sight of 38° (

).
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in the 2006 epoch data. This may reduce the actual bubble ‘apex’ proper motion to
~ 70 km s~!. The main difference between the receding outflow structure between the
2005 and 2006 epochs is in the highest-velocity emission (Fig. 4.4, panels [140 : 180] and
[180 : 220] km s™'). The stationarity of (a) the lower-velocity emission and (b) the ‘base’
of the structure leads us to conclude that the receding outflow structure is a predominantly
stationary feature. We now proceed to consider a possible model for the formation of such

a structure.

4.4. Receding Outflow as a Bubble

The nature of the DG Tau receding outflow structure has yet to be adequately determined.
Such structures are not unique to DG Tau, having been observed in other YSOs (e.g. HL
Tauri; ). ( ) interpreted the receding outflow
structure in DG Tau to be the counterpart of a similar faint bubble they reported at and
beyond 1”2 from the central star in the approaching outflow. We do not observe this
approaching bubble (§2). We believe that ( ) were interpreting
the blueshifted intermediate-velocity component (IVC) at that location as being a separate
structure to the rest of the IVC. The IVC accelerates with distance from the central star,
so that at distances = 1”2 from the central star, the IVC approaches the same velocity
that the high-velocity jet exhibits closer to the star. This could lead to the presumption
that this material is of the same origin as the jet, particularly if a simple velocity cut is
used to differentiate between components, as is the case in ( ).
We conclude that there is no approaching outflow counterpart to the receding outflow

structure (§2).

Ignoring for the moment the question of how DG Tau produces two markedly different
structures on two sides of a bipolar outflow (§4.5), one potentially appealing interpretation
for the presence of a bubble-like structure in the receding outflow is a bow shock. Bow
shocks are the predominant components of the large-scale Herbig-Haro chains observed
in many protostellar outflows on larger scales. On smaller scales, moving microjet knots
(cf. §2.4.1.1) have been observed to have a mini-bow shock morphology when observed at
high angular resolution (e.g. HH 34; ). However, all of these structures
have been observed to possess significant proper motion, of the order of the jet propagation
velocity ( ; ; ). This is not observed
for the receding outflow structure in DG Tau. Furthermore, if the receding outflow were
forming a bow shock, in the absence of significant receding proper motion it would exhibit
significantly mixed redshifted and blueshifted emission. This would be the result of the
backflow of material that is ejected orthogonal to the jet axis at the bow shock head (

). We observe only redshifted emission on one side of the DG Tau system, and

only blueshifted emission on the other (Fig. 2.2). Therefore, we exclude the presence of a
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Figure 4.6 Kinetic models of expanding bubbles. The top panels show velocity vectors for snapshots
of hemi-ellipsoidal bubbles with velocity fields expanding (a) away from the centre of the bubble, and
(b) away from the location of the central star. Note that the vectors represent the velocity field of the
dispersed, shocked jet material interior to the bubble walls, which is the source of the emission; the vectors
are placed on the outside of the bubble for clarity only. The central star, denoted by the star symbol, is at
the same distance from the bubble centre, denoted by the small circle, as the bubble centre is from the
bubble apex. The dashed lines show the alignment of the velocity vectors in each model. The bubble major
axis is aligned to the outflow axis. The polar angle is defined as the angle from the outflow axis, measured
at the bubble centre. Velocities are modulated by the polar angle such that the total gas expansion velocity
reduces to zero at the same height above the notional circumstellar disc (grey regions) as the point from
which the internal velocity field expands. The star and circumstellar disc are not included in the models.
(c) Velocity profiles of the models. Profiles for the internal velocity field expanding away from the bubble
centre (panel a) are drawn in thin lines; profiles for the bubble expanding away from the central star (panel
b) are drawn in thick lines. The dashed lines show radial velocity profiles, the dotted lines show vertical
velocity profiles, and the solid lines show total velocity profiles.

stationary bow shock-type feature in the DG Tau receding outflow.

We investigated the velocity structure of the [Fe IT] 1.644 pm line emission from the receding
outflow using kinetic models as follows. The models are constructed on a three-dimensional
Cartesian grid using the FORTRAN programming language, and represent snapshots of
static bubbles, with a distribution of expanding, emitting material interior to the bubble
walls. In the first model (Fig. 4.6a), the velocity field expands away from the intersection
between the large-scale outflow axis and the base of the structure, which we call the bubble
centre. In the second model (Fig. 4.6b), the velocity field expands away from the position
of the central star. The central star is assumed to be located on the outflow axis, at the
same distance from the bubble centre as the bubble apex. However, the star is not included
in the models. Each bubble has a fixed emission region thickness of 15 AU interior to
the bubble walls, within which every volume element radiates with the same emissivity.

Volume elements interior to these regions do not radiate. The velocity of gas in the emitting
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regions is modulated by the angle from the outflow axis, such that the expansion velocity
decreases to zero at the same height above the central star as the point from which the
bubble expands. This was necessary in order to limit the amount of blueshifted emission
predicted by the models. The height (160 AU), elongation (height-to-width ratio ~ 2) and
position relative to the central star (160 AU) of the bubble were chosen to approximately
match the observed dimensions of the DG Tau bubble (Fig. 4.1). The maximum expansion
velocity is set to 230 km s~!, matching the highest deprojected line velocity observed in
the bubble-like structure (Fig. 4.2b). The models account for the inclination of the DG Tau
jet-disc system to the line-of-sight, and generate a simulated channel map of the emission
from the bubble, based on an IFS with 0705 x 005 spaxels and 21 km s™! spectral pixels.

The simulated channel maps generated from these models are shown in Fig. 4.7.

The redshifted outflow of DG Tau is well-described phenomenologically by a bubble with an
internal velocity field describing expansion towards the bubble walls. Our models produce
simulated channel maps in reasonable agreement with the observational data. However,
the model of the bubble material expanding away from the position of the central star
(Figs 4.6b, 4.7b) produces less blueshifted emission than the bubble material expanding
away from the bubble centre (Figs 4.6a, 4.7a). Therefore, the model where the bubble
material expands away from the central star is in better agreement with observations (Figs
4.1a, 4.7c). This suggests that the location where energy and/or momentum (§4.6.1) is
being dispersed to drive the bubble expansion is closer to the central star than the centre
of the bubble. We cannot definitively determine the location of this driving centre because
of obscuration by the circumstellar disc (although, see §4.5.2). However, it is clear that a
simple kinetic bubble model provides a good approximation to the channel maps of the

receding outflow structure.
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Figure 4.7 Comparison of simulated IFS data of two static, radially symmetric hemi-ellipsoidal bubble models with an internal distribution of emitting material with an
expanding velocity field. (a) Bubble model where gas expansion velocity vectors point away from the centre of the bubble. (b) Bubble model where gas expansion velocity
vectors point away from the central star. In both cases, the major axis of the bubble is coincident with the outflow axis, and the bubble base is positioned 0”70 from the
central star. The emitting regions of the bubble have a fixed thickness of 15 AU. Maximum gas expansion velocities are set to 230 km s~!. Gas expansion velocities peak at
the ‘apex’ of the bubble stucture, and decrease to 0 km s™! at the same height above the circumstellar disc as the point from which the bubble expands. Simulated data are
binned into velocity slices based on a model IFS with 0705 x 0705 spatial pixels and 21 km s~! spectral pixels. Intensity scaling between each velocity slice is different. (c)
Channel maps of the receding bubble in DG Tau, as observed in [Fe II] 1.644 pm line emission. Intensity scaling is the same between individual panels.
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4.5. Origins of Asymmetric Outflows from AGN Modelling

We have determined that the redshifted emission from the DG Tau outflow is well-described
by a model of a stationary bubble with an internal distribution of expanding, emitting
material. This raises the question as to why a bubble has formed on only one side of
the DG Tau star-disc system, whereas the opposing outflow has been propagating as a
well-collimated large-scale outflow since at least the 1930s (§4.7.2; ;

; ). Given that protostellar outflows are
generally thought to be instrinsically bipolar symmetric, we investigate the possibility that

interaction with the ambient medium is obstructing the receding outflow from DG Tau.

Previous studies have considered the interaction of a protostellar outflow with ambient
media, which could explain the observed outflow asymmetry. For example,
( ), ( ) and ( ) investigated the effect of a jet
impacting a smooth, dense cloud of material, which tended to deflect the jet trajectory.
( ) and ( ) investigated the propagation of
spherical winds into a non-spherical protostellar envelope. However, none of these authors
replicated the quasi-stationary bubble-like structure we observe in DG Tau.®' In order to
find a study which does replicate this structure, we turn to simulations of quasar-mode
feedback.

4.5.1. Bubbles Driven by AGN Jets

In hydrodynamic simulations of outflows on the scales of AGN, ( )
identified four distinct phases of a jet penetrating a two-phase interstellar medium, in which
the warm phase material is a clumpy distribution of dense, fractal clouds. Immediately
after being launched, the jet enters the flood-and-channel phase, as it searches for the path
of least resistance through the clouds obstructing it. Then, as the jet head nears the edge
of the distribution of clouds, it produces an energy-driven bubble that grows larger than the
region of obstructing material. As the jet enters the breakout phase, it clears the remaining
ambient material in its path and nears the edge of the bubble. Finally, the jet pushes
through the bubble apex, and enters the classical phase, forming the traditional bow-shock
morphology at the jet head as it propagates into the wider, more evenly distributed ambient
medium (cf. the large-scale approaching DG Tau outflow; ).

( ) confirmed this evolution for AGN jets driven through a clumpy ambient
medium concentrated near a jet source in an approximately spherical distribution, as is

believed to occur in gas-rich protogalaxies. Such a distribution of ambient material is

51Some of the simulations of (1999) do seem to show a small bubble-like structure
being formed by the dispersed jet. This may be indicative of the situation occuring at the head of the
obscured jet underlying the DG Tau bubble (§4.5.2).
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also likely to result from the collapsing protostellar cloud cores that surround early-class

protostars (§1.1.1.2). This evolution is well-illustrated in fig. 2 of ( ).

Given that the simulations mentioned above deal with AGN jets on scales of kiloparsecs,
attempting to apply these results in detail to YSO outflows is inappropriate. However,
it is possible to compare the structure of the DG Tau outflows to the evolutionary path
described above in a morphological sense. In particular, the morphological similarity that
the receding bubble of DG Tau (Figs 4.1a, 4.2a) bears to the simulations of

( , figs 2 and 3 therein), and ( , fig. 2 therein), is
remarkable. Furthermore, we note that the velocity field of the warm gas inside the bubble
in the simulations of ( , fig. 4 therein) is also consistent with our
observations of DG Tau; the highest-velocity material is near the bubble head, with slower
material closer to the driving source of the outflow. We also note the velocity of this gas is
greater than the expansion velocity of the bubble, as observed in DG Tau (§§4.3.1, 4.3.3).
In the case of DG Tau, the gas within the bubble would be stimulated into [Fe II] 1.644
pm shock-excited line emission by the deceleration of the gas into the bubble walls via

shocks, and/or by the turbulence generated by the scattering of the underlying jet.

Before proceeding, we note that the AGN jet-driven bubbles are energy-driven, whilst
stellar-driven bubbles are typically momentum-driven. In both cases, jet material is
scattered at the point of obstruction, dissipates to some extent and moves at reduced
velocity through the porous medium towards the bubble walls, where it decelerates. In a
momentum-driven bubble, the shock-excited material within the bubble walls cools rapidly,
so that the bubble expands at a velocity dictated by the conservation of the dispersed jet
momentum. However, if the shocked gas does not cool rapidly compared to the dynamical
time of the bubble, then the bubble gains a mechanical advantage from the increased
thermal pressure and expands more rapidly. This subtle, but important, distinction was
first made by ( ). We propose that the receding outflow of DG Tau is currently

in the momentum-driven bubble phase. We present a model consistent with this in §4.6.1.

We can determine the evolutionary state of the DG Tau current outflow episode by studying
the features of the approaching outflow. Given that this outflow extends beyond the NIFS
field, we cannot draw conclusions concerning its evolutionary state based on our data alone.
However, ( ) track the blueshifted outflow out to a bow shock-like
structure at 8”7 from the central star in the mid- to late-1980s. This is thought to be
the extent of the current outflow episode, with previous ejection episodes having driven
outflows out to several arcminutes (§4.7.2; : ).
This indicates that the approaching outflow has been in the classical phase for at least
~ 69 yr at the 2005 epoch, and is driving into the surrounding ISM. There is no evidence
of the remnants of a bubble-like structure in the approaching outflow (§4.6.1).

It is generally assumed that collapsing molecular cloud cores are approximately spherically
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symmetric ( ), and outflow generation in YSOs is often assumed to exhibit
bipolar symmetry. In this case, the outflows on either side of the circumstellar disc should
evolve at similar rates. This is not observed in DG Tau. We appeal to further AGN outflow
simulations to explain this discrepancy. ( ) simulated a bipolar AGN
jet penetrating a clumpy, gaseous disc on each side of the driving galaxy. Each disc had
the same mean density, but a different arrangement of dense clouds within the disc. It
was found that this variation in distribution of ambient material results in a difference
in time-to-breakout between the two jets of nearly a factor of 4, as a result of clouds
being present directly in the jet path on one side of the jet source. We propose such
an effect is occurring in DG Tau, and causes an impediment to the propagation of the
receding counterjet. This makes it unnecessary to invoke an asymmetry in the jet launching

mechanism to explain the differences in morphology between the two outflows.

There is observational evidence for the existence of a clumpy ambient medium above the
far-side surface of the DG Tau circumstellar disc. The outermost component of the DG
Tau system is a disc-shaped envelope, observed in *CO (J = 1-0) aperture synthesis data
( ). This envelope has a radius of 2800 AU, and a mass of 0.03 Mg,
which is calculated from the total ¥CO flux of 40 Jy km s™1, and by assuming a fractional
abundance X (*CO) = 1075, Tt is observed to be ‘clumpy’ in nature, and the decrease in
13CO column density within ~ 4000 AU of the central star suggests that the outflows from
DG Tau have already interacted with the remnant envelope and blown a large portion of it
away. We propose that the remnant CO envelope is the clumpy ambient medium impeding
the propagation of a receding counterjet. We now search for evidence of the presence of

this counterjet.

4.5.2. Evidence for a Jet Driving the DG Tau Bubble

A jet is required to provide the energy to drive the bubble expansion as described above.
We search for the presence of such a jet in our data, and determine that the morphology of
the [Fe IT] 1.644 pm and Hy 1-0 S(1) 2.1218 pm line emission near the base of the receding
outflow structure indicates that a jet-ambient medium interaction is taking place at that

location.

We investigate the [Fe II] 1.644 pm emission-line morphology and kinematics of the receding
outflow to search for the presence of a counterjet. The emission knot ~ (/84 along the
outflow axis from the central star does not seem to be a part of the bubble. This knot
is located at the same distance to the central star as the tip of the brightest emission
region in the approaching jet (Fig. 2.3). Furthermore, the fitted line velocity of this
knot (170 km s™!; Fig. 4.2b) is equal to the magnitude of the fitted line velocity of the
approaching DG Tau jet at a similar distance from the central star (Fig. 2.6b). Therefore,

we interpret this knot to represent a segment of a fast, well-collimated jet emerging from
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Figure 4.8 H; 1-0 S(1) 2.1218 pum
integrated emission flux of the reced-
ing DG Tau outflow, formed over the
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behind the circumstellar disc. The line-velocity map (Fig. 4.2b) shows the presence of a
stream of material moving at a line-of-sight velocity ~ 150-170 km s~ ! extending from the
tip of the fast jet to the apex of the bubble. We interpret this as being indicative of a
stream of jet material that is being dispersed by its interaction with the remnant prestellar

envelope, and driving the expansion of the bubble.

The time-evolution of the receding outflow from DG Tau (Figs 4.4, 4.5) may also be
interpreted as indicating the presence of an underlying jet. Between the 2005 and 2006
observing epochs, the material that appears to have moved is the highest-velocity emitting
material. In the 2009 epoch data, the ‘apex’ of the bubble has disappeared, and a faint
trail of high-velocity material can be seen extending from behind the DG Tau disc to
the edge of the NIFS field (Fig. 4.4, [180:220] km s~! panel). This may be a signature of
the receding DG Tau jet having achieved ‘breakout’ at some point shortly after the 2006
observing epoch. The small movement of the highest-velocity material at the bubble apex
corresponds to the outflow beginning to push clear. The base of the bubble remains visible
in [Fe II] at the 2009 epoch as a result of the continued cooling of shock-excited material.
Further time-monitoring of the DG Tau outflows is required to confirm this suggestion; in
particular, the observation of a typical YSO microjet emerging from the bubble remnant

would be conclusive evidence.

To search for signs of the jet interacting with the molecular medium above the circumstellar
disc surface, we analyse the Hy 1-0 S(1) 2.1218 pm line emission coincident with the
receding outflow (Beck et al. 2008; Agra-Amboage et al. 2014). This emission is shown in
Fig. 4.8, overlaid with contours of the receding DG Tau outflow as seen in [Fe II] 1.644 pym
line emission (Fig. 4.1a). The Hy emission is concentrated in three clumps along the base
of the bubble. Gaussian line fitting, similar to that performed in §4.3.1, indicates that the
H> emission is at the systemic velocity. It is unlikely that the material is moving directly
across the plane of the sky, so we conclude that this material is stationary with respect to

the central star.

That being established, we consider the correlation between the spatial dimensions and
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positions of the receding DG Tau outflow as seen in [Fe II] 1.644 pm line emission, and the
Hy 2.1218 pm line emission on the same side of the circumstellar disc. The edges of the
bubble structure seen in [Fe II] 1.644 pm emission are adjacent to two enhancements in
Hy emission. The third, central Hy emission enhancement is adjacent to the [Fe II] knot
located (/84 from the central star. In view of the systemic velocity of the Hy emission, we
propose that it originates from a cloudy ambient molecular medium above the disc surface,
which we link to the extended CO envelope around the DG Tau system (§4.5). This also
accounts for the ‘patchy’ nature of the emission compared to the observed blueshifted Ho
emission, which emanates from a wide-angle molecular wind ( , Paper I). In
this picture, the central Hy clump is the cloud that impedes the emergence of the receding
DG Tau counterjet, causing the generation of an expanding bubble. The adjacent [Fe II]
knot suggests that there is a jet-ambient medium interaction occurring at this point. The
Hs clumps at the edge of the bubble correspond to locations where the bubble wall is
being driven through the cloud distribution, producing shock-excited emission.

( ) computed Hy line populations and ratios for the extended emission around DG Tau,
and concluded that the emission is stimulated by shock excitation, consistent with our
hypothesis. It has previously been suggested that such Hy emission may be stimulated in
the wake of a protostellar bow shock ( ); however, the reader will recall

we excluded a bow shock as the cause of the receding outflow structure (§4.4).

Further multi-epoch data are required to confirm this proposed model. If it is correct, then
we expect the appearance of a classical YSO microjet from behind the circumstellar disc
as the jet continues to push through the inhomogeneous clumpy medium. The intensity of
the central Hy 1-0 S(1) 2.1218 pm emission would diminish as the jet propagates further,
although some residual interaction associated with entrainment may continue to excite
emission. The bubble emission would then disappear over the course of a cooling time,

which we estimate to be ~ 26 yr in §4.6.1.

4.6. Analytical Modelling

We have proposed that the asymmetry in the DG Tau bipolar outflow is due to the
receding counterjet interacting with an inhomogeneous distribution of material above
the circumstellar disc surface. This has the effect of dispersing the jet, causing the jet

; ). The evolution of the bubble does not

momentum flux to drive the expansion of a bubble structure (

depend on the width or degree of collimation of the original jet; the dispersed secondary
flow streams through the porous cloud distribution in all directions ( ).
This turbulent, shock-excited dispersed material is the source of the [Fe II] 1.644 pm line
emission observed in DG Tau. We now present an analytical model of the bubble to support

our suggestion.
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4.6.1. Energy-Driven or Momentum-Driven Bubble?

As mentioned above (8§4.5), the bubbles driven by stellar outflows are typically momentum-
driven. A characteristic of either an energy- or momentum-driven bubble is a shock
front /fronts interior to the bubble walls, where dispersed outflowing material is decelerated
to the velocity of the bubble wall ( ; ). The ratio between the
cooling time of this shocked material, and the dynamical time of the bubble, determines if
the bubble is energy- or momentum-driven. If the ratio is small (large), then the bubble is

momentum-(energy-)driven.

We show that the bubble in the receding DG Tau outflow is momentum-driven by estimating
the cooling time of the shocked material inside the bubble, which is defined by the observable
redshifted [Fe IT] 1.644 pm line emission. The deprojected velocity observed in the receding
outflow ~ 230 km s™! (§4.3.1). As this velocity is likely to be much greater than the bubble
expansion velocity®?, we assume that this is the pre-shock gas velocity®, v; &~ 230 km s~ 1.

The post-shock gas temperature, Ty, is then given by

3 um
( ), where k is the Boltzmann constant and m is the atomic mass

unit. We take p = 1.4 for a gas having a helium abundance of 10 per cent of that of
hydrogen. The temperature of the post-shock gas, Ty, = 1.7 x 105 K. We further adopt
the solar-abundance cooling function, A(T"), of ( ), which yields
A(10% K) ~ 10722 erg cm?® s7!. The electron density within the bubble is ~ 10* cm=3
(§4.3.2). We assume that the gas is fully ionized in the hot shocked regions. This allows for
the hydrogen number density, ny, to be computed from estimates of the electron density,
and the total number density, n =~ 2.3ny for total ionization and the above gas composition.

For atomic gas, the gas cooling time, t., is then given by

nkTy

3
te=————.
c 2 nengA(Tyy)

(4.2)

Hence, the cooling time of the shocked gas within the bubble is approximately 26 yr.

There are no direct indicators of the age of the bubble. However, if we assume that the
DG Tau outflows are driven symmetrically, we may utilize estimates based on the age
of the approaching outflow. Observations of the bow shock at the head of the HH 158
complex imply that the current outflow episode in DG Tau commenced circa 1936 (

). This defines the minimum age of the bubble of 69 yr at the 2005 epoch.

52This a priori assumption is justified in §4.6.4.

53This model assumes that the outflowing material is stopped in a single strong shock just interior to the
bubble walls. It is more likely that this deceleration is gradual, based on the observed velocity profile of the
material within the bubble (§§4.3.1, 4.6.4). Turbulence may also play a role in stimulating line emission
within the bubble. However, this model remains a useful and illustrative approximation.
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If the blueshifted outflow progressed through the stages of evolution described in §4.5 for
a significant period of time, then 1936 represents the approximate breakout date of the
blueshifted jet, and the age of the redshifted bubble might then be a factor of a few greater,
i.e. up to a few hundred years. The lack of any visible bubble remnant in the blueshifted
outflow suggests that there may not have been a significant momentum-bubble phase on
the near side of the circumstellar disc. However, if there was a prolonged bubble phase in
the approaching outflow, the lack of a remnant is not surprising, given the short bubble
cooling time determined above. Therefore, we are unable to provide a conclusive upper
limit to the age of the DG Tau receding bubble. However, by comparing the cooling length
determined above to the minimum age of the bubble, we conclude that the cooling time of
the bubble is short compared to the bubble dynamical age, and the bubble is therefore

momentum-driven.

4.6.2. Bubble Evolution

Let us now consider a momentum-driven bubble model. Let ]\/.I'J and vj be the mass-loss
rate and velocity, respectively, of the jet driving the bubble. The radius of a spherical
momentum-driven bubble, Ry, driven by an isotropised outflow into an ambient medium

of density p, as a function of bubble age, ¢, is given by

: 1/4
M;v; 3
) =t'/2 | = = 4.
Rgpen(t) ( o o (4.3)
( ). We approximate equation (4.3) to a hemi-ellipsoidal bubble by defining

Rypen(t) to be the radius of a spherical bubble having the same volume as the hemi-
ellipsoidal bubble.%* This makes Rgpen(t) the geometric mean of the bubble height, zy,(t),
and the square of the bubble radius, r.(¢), multiplied by a geometric factor, such that

[ (020

V2
We introduce a second geometric factor, f, describing the elongation of the bubble, such
that

Rapen(t) = (4.4)

ay(t) = fre(t). (4.5)

This elongation factor may vary with time. However, on short scales compared to the

bubble dynamical age, we assume self-similarity so that it is constant. The height of the

64 ( ) provide a full analytical treatment of a non-spherically symmetric wind driving into
an ambient medium with a power-law density distribution. However, this detailed model is beyond the

needs and scope of this comparison.
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bubble as a function of time is then

- 1/2
3F43 | My
7T\3/§ Pa

n(t) = '/

(4.6)

Then, 2, x f2/3 and is not very sensitive to the value of f.

4.6.3. Comparison with Observations

We compare the above model to our observations of the bubble formed by the receding DG
Tau outflow. We assume that the outflows driven by DG Tau are symmetric with respect to
the circumstellar disc. Therefore, we assign a jet mass-loss rate of M=5x10""? Mg yr—t,
which is the mass-loss rate of the approaching high-velocity jet (§2.4.1.4), to the receding
counterjet. We assign a jet velocity, v; ~ 230 km s~1, based on both the velocity of the
inner regions of the approaching jet, as well as the gas velocities observed within the bubble

(Fig. 4.2).

We determine f ~ 3.5 from the observable redshifted emission® (Fig. 4.1). The bubble
height is measured from the base of the observed structure to the structure apex along
the large-scale outflow axis, and is corrected for the inclination of the star-disc system
to the line of sight ( ). We assume that the bubble major axis is
aligned to the large-scale approaching outflow axis. The observed bubble height of 150 AU
is a minimum value for this parameter. If the bubble extends back to the circumstellar
disc surface, it would have a height ~ 300 AU. We cannot determine the precise height of
the bubble due to obscuration by the circumstellar disc, so we adopt 150-300 AU as an
acceptable parameter range. The bubble radius is measured perpendicular to the large-scale

outflow axis, along the base of the observable structure.

The predicted bubble height, xy, as a function of bubble age, t, is shown in Fig. 4.9.
Predicted bubble heights are computed for a range of ambient hydrogen number densities,
ng, from 10° to 108 cm™3. Number densities are converted to mass densities assuming an
ambient medium where the helium abundance is 10 per cent of the hydrogen abundance.
These estimates predict that the medium into which the bubble is being driven has a
number density of order ny ~ 10-10” cm™3. This is larger that the average ng ~ 10° cm ™3
assumed for molecular cloud cores ( ). However, this higher density is
reasonable if the initial cloud core surrounding the star-disc system is still in the process of
collapsing onto the circumstellar disc, as is the case with transition Class I/Class II YSOs

such as DG Tau. This would increase the density in the central regions of the cloud core,

as material concentrates and falls onto the circumstellar disc.

55Note that f ~ 3.5 is a height-to-radius ratio, unlike the height-to-width ratio ~ 2 used in the kinetic
models in §4.4.



146

Bipolar Asymmetry in the DG Tau Outflows

600 Figure 4.9 Estimated bubble
r - i ] heights, x5, as a function of time
. C Ambient ny A for a driving jet of velocity v ~
2 500 2 10° cm™—3 ; -] 230 km s™! and mass flux M ~ 5 x
~ N . . 107° Mg yr_l, and a bubble of elon-
g 400 - 10° cm™ : ’ 7 gation factor f =~ 3.5, for various
= . _ : 1 ambient hydrogen number densities
s L] — 7 3 . ]
© 300 10° cm : 7 (equation 4.6). A range of possible
= . 10 cm ™3 - g o 4 measured bubble heights, varying be-
L 200 . . - T tween measurement from the base of
3 N _—— PR = the observable receding outflow struc-
5’ 100 :/_ e - - - ture, and measurement from the po-
— .- - = e : sition of the central star, are shown
0 R NN R (grey shaded area). The approximate
100 10! 102 age of tlr;e blﬁeshiftefll outflow ?Z at
2005 is also shown (thin vertical dot-
Bubble age, ¢ (yr) ted line ( ).
30 — 7 .
. . \ Bubble height, z,
g+ 25F \ ] . Figure 4.10 Estimated bubble
Rz . \ — 150 AU |] 2 head expansion velocities, dzn(t)/d¢,
§§ 20 _ \ — - 300 AU _ 0.02 ° 1 as a function of bubble age, ¢, for the
B 5 : 2 5 two extreme possible bubble heights
5 3~ 15F g I at the 2005 epoch. The approximate
s %? C ] £ g age of the blueshifted outflow at this
= L 10.01 £ 2 epoch is denoted by the thin vertical
L 10p 1Y Q 9 q i
o r ] S g otted line ( ).
"g S C m Bubble head proper motions are cal-
m e 5 _ culated assuming that the bubble ma-
r i jor axis is aligned to the large-scale
0 1 5 0.00 outflow axis.
10 10

Bubble age, t (yr)

In DG Tau, the remnant of the cloud core is the CO-emitting envelope surrounding the
star-disc system ( ). We now estimate the density of this envelope.
We approximate the envelope shape to be ellipsoidal, with a semi-major axis length
of 2800 AU, and a semi-minor axis length of 160 AU, corresponding to the height of
the observed molecular Hy emission above the central star (§4.5.2). Assuming that the

)7

we calculate its hydrogen number density ny ~ 10 ecm ™3 for the above composition. This

envelope is of uniform density, for an envelope mass of 0.03 Mg (

CO-estimated ambient number density is in agreement with that predicted by our bubble
model. Therefore, we conclude that our observations of the DG Tau receding outflow are
consistent with a momentum-driven bubble, caused by impediment and dispersion of the

receding counterjet by clumpy ambient material in the remnant envelope around the YSO.
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4.6.4. Bubble Expansion Velocity

The bubble model developed above may be used to predict the expansion rate of the bubble.

We note that the rate of expansion of the bubble apex can be written as

dry(t)  1an(t)
a2 ¢t (1)

Estimates of the expansion velocity of the bubble head, day,(t)/dt, are shown in Fig. 4.10.
For the range of possible bubble heights and reasonable bubble ages (§4.6.3), the expansion
rate of the bubble apex is quite slow, < 5-10 km s~!. This corresponds to a proper motion
on the sky of < 070050701 yr—!, after accounting for the inclination of the DG Tau disc-jet
system to the line of sight ( ), and assuming the bubble major axis
is aligned to the large-scale outflow axis. As a result of this low expansion velocity, we
predict that multi-epoch data covering at least five to ten years are required to accurately
measure the bubble expansion rate, and test the accuracy of this model. However, if the

jet has already achieved breakout (§§4.3.3, 4.5.2), this expansion may no longer occur.

4.7. Discussion

4.7.1. Alternative Mechanisms for the Production of Bipolar Outflow
Asymmetry

Our interpretation of the observed outflow asymmetry in DG Tau as due to the impediment
of the receding jet by ambient material does not necessarily exclude other proposed
explanations for bipolar outflow asymmetry (§4.1). Proposed mechanisms include variations
in the near-stellar magnetic field morphology (HD 163296; ), a warped
circumstellar disc (HH 111, driven by VLA 1; ), an interaction between
a bipolar (quadrupolar) stellar magnetic field and a quadrupolar (bipolar) circumstellar
disc magnetic field ( ), or some unspecified mechanism that drives
bipolar jets with differing mass-loss rates, but a balance of linear momentum between the
two sides of the outflow ( ). We find no evidence through which to exclude
any of the proposed mechanisms, predominantly because the obscured counterjet has yet
to propagate (and brighten) a sufficient distance from behind the circumstellar disc to
measure its physical parameters and kinematics. However, our model of a jet obscured by
an asymmetric ambient medium is the only one to explain the physical structure of the
receding DG Tau outflow. All other models were constructed to explain bipolar wvelocity

asymmetry only.

Our model accounts for the velocity asymmetries detected in long-slit spectroscopic data

of bipolar YSO outflows (e.g. , ). Based on our data, a long-slit
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spectrographic observation of DG Tau at the 2005 epoch, with the slit aligned along the
outflow axis, would have observed a bipolar outflow velocity asymmetry. At the greatest
distance from the central star visible in the NIF'S field, the line velocity of the receding
outflow is v, ~ 180 km s, whereas the highest-velocity component of the approaching
outflow has a line velocity of v, ~ 240 km s~! at the same distance from the central star
(Fig. 2.6). This would appear in a spectroscopic observation of the DG Tau outflows as a
velocity asymmetry between the two outflows of v, /v, ~ 1.3. Although at the lower end
of the range of detected velocity asymmetries in bipolar YSO outflows (e.g.

, ), it is in agreement with the velocity asymmetry between the DG Tau outflows
reported by ( ). We suggest spectroimaging follow-up of TTS with
bipolar outflow velocity asymmetry would allow structural outflow asymmetry similar to
that observed in DG Tau to be detected, and test if the model described above is applicable
to other YSOs. We do note that there are some objects, e.g. RW Aur, which show outflow
velocity asymmetries (Av ~ 65 km s between the two outflows lobes) very close to the
central star, and no clear sign of jet/cloud interaction ( ). An alternative

model for bipolar velocity asymmetries in such objects is required.

4.7.2. Implications for Episodic Ejections

The approaching HH 158 outflow driven by DG Tau extends ~ 12” from the central star

in 2001-2003 ( ), and terminates in a bow shock that is interpreted
to be the head of the current outflow event ( ). More recently,
( ) and ( ) independently identified another Herbig—Haro

complex, HH 702, a ~ 4’-long shock system centred ~ 11’ from DG Tau. This HH complex
sits at approximately the same position angle from DG Tau as HH 158, and has been
determined to be driven by DG Tau, based on analysis of the proper motions and radial
velocities of the knots within the complex ( ). A similar complex, HH
830, was observed at the same distance from DG Tau diametrically opposed to HH 702, but
has been determined to not be driven by DG Tau. Hence, the bipolar asymmetry in the
DG Tau outflows extends to scales of ~ 0.5 pc from the central star (Fig. 1.12;
; )-

Several other YSOs have also been identified as having associated HH complexes up to
~ 1 pc from the inferred driving source. The location and morphology of these complexes is
highly suggestive of periods of relative outflow inactivity, interspersed with mass ejections
of various strengths ( ). It has been suggested that this process is
linked to the FU Orionis outburst phenomenon, where the optical brightness of a YSO
rapidly increases by several orders of magnitude before decreasing back to its original
luminosity over a period of 50-100 yr ( : ).

The dynamical time-scales of these parsec-scale YSO outflows were originally thought to



4.7 Discussion 149

match the mean time estimated between FU Orionis outbursts of 10% yr ( ;
), although the most recent estimates of these outflow event dynamical

time-scales are of order 103 yr ( ).

It would appear that previous outflow episodes from DG Tau have failed to clear a path
through the ambient medium on the far side of the circumstellar disc, given the lack of
associated Herbig—Haro objects at large distances on the receding side of the outflow, and
the nature of the current receding outflow close to the circumstellar disc. The shape of the
extended CO envelope suggests that a significant amount of ambient material has been
driven off by the approaching outflow, but not the receding outflow, which suggests the
receding outflow has failed to clear the envelope. However, it is possible that a large-scale
redshifted outflow does exist, but is hidden from view as it recedes into the large-scale
molecular cloud behind DG Tau ( ). Such an outflow would have
cleared a channel through the ambient material immediately above the disc in order to
escape. Indeed, the *CO(2-1) map of ( ) seems to indicate a channel
may have been cleared through the material around DG Tau by a receding outflow. If so,
this raises the question of why the present receding outflow is not using the same cleared
channel, and propagating to the same distance from the central star as the approaching

outflow.

We determine that an outflow channel formed through the extended envelope immediately
above the circumstellar disc ( ) could close over between ejection
events, based on simple estimates. The dynamical age of the observed large-scale DG Tau
outflow is estimated to be ~ 2.3 x 103 yr ( ), which leads to a time
between high-mass flux ejection events of ~ 2.2 x 10? yr, assuming the most recent ejection
event began in 1936 ( ). Based on the length of the HH 702 complex
of 4, and the average proper motion of the HH 702 knots of ~ 175 km s~!, we estimate
the dynamical time of the previous high-mass flux outflow event to be ~ 900 yr. This
leaves a time period of ~ 1.3 x 103 yr during which the outflows from DG Tau would be

comparatively weak.

Let us suppose that the receding outflow cleared a path through the extended envelope
above the circumstellar disc during a previous ejection event. We assume that the width
of this channel is ~ 40 AU, corresponding to the largest jet diameter observed in the
approaching DG Tau microjet (Paper I). We estimate the sound speed in the molecular
cloud core to be ~ 0.3 km s~!, assuming a typical molecular cloud core temperature of
~ 10 K ( ) and a molecular medium with adiabatic index v = 7/5. The
crossing time over the width of the channel is then ~ 630 yr. The period of inactivity in
the outflows is 2 2 times the crossing time of the channel, indicating the channel may
become closed over during the period of relative quiescence. Therefore, we conclude that
either side of the DG Tau outflow may be required to go through a bubble-driving phase

for any ejection event. Whether this occurs or not is completely dependent on whether the
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motions of the ambient material above the circumstellar disc close the channel created by
the previous outflow event. As mentioned above (§4.6.1), the cooling time in these bubbles
is short, so there would be little observable remnant of the bubble within a few decades

after the jet achieves break-out.

4.8. Conclusions

We have investigated the nature of the receding microjet-scale outflow of the YSO DG
Tauri, utilizing high-resolution spectroimaging data taken with the Near-infrared Integral
Field Spectrograph (NIFS) on Gemini North. In the H band, the outflow appears as a
large bubble-like structure in [Fe II] 1.644 pm line emission. This is in stark contrast to the
approaching outflow, which shows a two-component outflow, consisting of a high-velocity jet
surrounded by a lower-velocity disc wind, stimulated into emission by turbulent entrainment
(882.4.2, 3). In the K band, ‘clumpy’ Hy 1-0 S(1) 2.1218 um line emission is observed
near the edge of the circumstellar disc, coincident with some of the brightest regions of
redshifted [Fe II] emission. Line fits of this emission showed that the Hy-emitting gas is at
the systemic velocity, indicating that it represents material stationary with respect to the

central star instead of an outflow component.

The emission-line velocity structure of the receding outflow is well-described by kinetic
models of bubbles with an internal distribution of expanding, radiating gas. These models
generate simulated emission line channel maps from input parameters such as bubble
height, elongation, distance to the outflow source, and inclination of the outflow axis to
the line of sight. Simulated IFU data produced by the models show our observational data
are consistent with the presence of a stationary bubble, with an internal distribution of

emitting gas expanding towards the bubble walls.

We compared the current appearance of the receding DG Tau bubble with the four-stage
evolutionary track for AGN jet-driven bubbles proposed by ( ),
and further refined by ( ). We concluded that the DG Tau receding
outflow is forming a momentum-driven bubble at the 2005 observing epoch, morphologically
similar to the energy-driven bubble phase identified by ( ). The
receding counterjet is being blocked by a cloud of ambient medium in its path. As the
jet begins to push past the clump, it blows a large bubble, which extends further than
the distribution of material that is blocking its progress. We interpreted the observed Hy
emission as being indicative of such a clumpy medium above the surface of the circumstellar
disc, which is interacting with both the jet and the expanding bubble. This interpretation
is supported by the presence of an [Fe II] emission enhancement adjacent to one of the Ha
clumps, which suggests a jet-ambient medium interaction point. The presence of a clumpy,

large-scale residual envelope of molecular material around DG Tau has been observed
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previously ( ), lending further weight to this interpretation.

Our multi-epoch data support this interpretation. Between 2005 and 2006, the bubble is
effectively stationary, except for a small (~ 70-90 km s~1) movement of the highest-velocity
emitting material at the bubble apex. In 2009, this high-velocity material has disappeared.
This may be indicative of the jet driving the bubble achieving breakout at some point after

the 2006 observing epoch, leaving just the base of the bubble observable in the 2009 epoch.

We constructed an analytical model of a jet momentum-driven bubble. This model describes
the evolution of a bubble driven by a dispersed jet, propagating into a smooth ambient
medium. Based on the physical scale of the receding DG Tau bubble, this model predicts
that the ambient medium number density above the circumstellar disc surface is of order
10% to 107 cm™3, which is in agreement with density estimates of the extended CO envelope
around DG Tau. The model predicts a bubble expansion of < 5-10 km s~! at the bubble
head, which can be tested with multi-epoch observational data covering a five- to ten-year
period. The cooling time of the bubble is estimated to be ~ 26 yr. This is the time-scale
on which the bubble disappears due to cooling once the jet head moves beyond the apex of
the bubble. This also implies that the bubble is momentum-driven, as this cooling time is

short compared to the estimated dynamical age of the bubble.

Our conclusions do not necessarily exclude other proposed models for YSO bipolar outflow
asymmetry. However, an asymmetric ambient medium obstructing the evolution of a
symmetric bipolar outflow is the only model that explains the morphology of the receding
DG Tau outflow. We have demonstrated that a long-slit spectrographic observation of
DG Tau would weakly replicate the bipolar outflow velocity asymmetry observed in long-
slit spectrographic observations of other YSOs, and is in agreement with the previous
spectroscopic measurement for DG Tau ( ). We have also shown that the
outflow channel formed by an episode of outflow activity may close over during periods of
relative outflow quiescence, based on observations of the large-scale DG Tau approaching
outflow < 0.5 pc from the central star. This implies that both the approaching and receding
outflows from DG Tau may be forced to evolve through a bubble phase for any given

outflow event.

Multi-epoch data of DG Tau is the best method to test these conclusions. Our analysis
has provided robust predictions of the evolutionary path that the bubble will take once
the underlying jet breaks free of the ambient medium that obstructs its progress. These

predictions may be directly compared to future observations.
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CHAPTER 5

Conclusions

In this thesis, we have conducted a comprehensive analysis of the microjet-scale outflows
driven by the protostar DG Tauri. Such protostellar outflows are ubiquitous throughout
the accretion phase of the star-formation process, and are thought to play a critical role
in extracting angular momentum from young stellar objects (YSOs) as material accretes
towards the central object. Although this thesis focuses on a single young stellar object,
the conclusions we draw from this work are potentially applicable to a broad range of

protostellar outflow studies (see below).

Our data reveal the presence of three main components to the DG Tau small-scale outflows
(§2/ ): a high-velocity, well-collimated approaching jet, a wider-angle
approaching intermediate-velocity forbidden-line component, and a bubble-shaped receding
outflow. We investigated the properties of the approaching outflow components after

separating their emission via a rigorous multicomponent Gaussian fitting procedure.

One of the most striking features of the approaching jet is a stationary emission enhancement
~ 0”2 from the central star, which we interpret to be a stationary recollimation shock.
The properties of this shock indicate that the jet is launched from 0.02-0.07 AU, a much
smaller radius than was previously inferred. Also contrary to previous studies, we find
no evidence for jet rotation once we account for the variation of the position of the jet
ridgeline. There does not appear to be a consistent period between knot ejection events,

based on a comparison between knot B (observed by us) and the fast knot reported by
(2000).

Passage through a recollimation shock will significantly alter the downstream properties
of the jet. This effect must be taken into account when attempting to calculate outflow
properties closer to the source as a function of properties downstream of the shock.
Therefore, the detection of recollimation shocks is important to protostellar outflow studies

such as this one. Whilst no other protostar is known to possess a recollimation shock
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observable in forbidden lines, these shocks can be detected in X-rays (e.g. ,

, ; ), and we have demonstrated that they may be observed
in forbidden lines if an occulting disc is used to obscure the central star. We therefore
suggest than an effort should be made to detect similar structures in the outflows from

other well-studied protostars.

Contrary to previous claims, we find no evidence of rotation in the DG Tau approaching
microjet. The previously-claimed signature disappears when the position of the jet ridgeline
is taken into account. Previous studies were unable to simultaneously track the jet ridgeline,
and the behaviour of the Doppler velocity shifts across the ridgeline, as a function of distance
along the outflow. Therefore, we suggest that integral-field spectroscopy is the ideal tool
for probing rotation in YSO microjets.® However, we also note that the inferred widths of
these jets are only marginally greater than the spatial resolution of current adaptive-optics
systems. It may be necessary to await 0’02-resolution optical/NIR instruments, such as the
GMTIFS instrument planned for GMT ( ), before claiming a definitive

answer to the rotation question.

We interpret the approaching intermediate-velocity component as being emitted by an
entrainment layer along the jet boundaries (§2.4.2). We argue that the toroidal magnetic
field that provides jet collimation can also facilitate the formation of Kelvin-Helmholtz
instabilities along the jet boundary, causing turbulent mixing between the jet and the
molecular wind. In Chapter 3 ( ), we construct a two-dimensional
analytical model of such a mixing layer. The model is based on a Riemann decomposition
of the directly observable parameters of protostellar outflows, e.g. density, velocity, pressure
and magnetic field, into average and time-varying components. By substituting these
components into the conservation equations of MHD, we are able to find expressions for
the mixing layer luminosity and mass entrainment rate, which may be directly compared to
observations. The estimates provided by our model match our observations to the correct

order of magnitude.

Since the mid-1990s, the concept of lateral entrainment in protostellar jets has fallen
out of favour, due to (a) the belief that such highly supersonic flows are not susceptible
to the KH instability, and (b) the argument that these jets will clear away ambient
material as they propagate outwards, leaving no material with which to form a turbulent
mixing layer. However, we have shown that lateral entrainment is possible in these jets;
the jet toroidal magnetic field may facilitate the formation of KH instabilities, and the
presence of the molecular wind provides a reservoir of material for entrainment. The model
developed in §3 is an advance to the field, because it does not rely on arbitrary parameters

estimated from laboratory experiments. Indeed, the ‘entrainment efficiency’ obtained from

56We note that a spectroscopic technique similar to that of ( , , ), but utilizing
multiple cross-jet slits spaced along the outflow axis, would also allow for simultaneous tracking of the jet
centre, and any changes in the inferred rotation along the outflow. However, such observations would be
time-consuming compared to equivalent IF'S observations.
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our modelling is far greater (~ two orders of magnitude) than what was derived from
laboratory experiments used in previous models. Our model provides a consistent framework
for testing the suitability of the turbulent mixing layer interpretation in protostellar outflow

observations, using only data directly obtained from those observations.

We investigated the nature of the receding outflow in Chapter 4 ( ). Our
multi-epoch data reveal that the observed structure is not a classical bow-shock, as has
been previously suggested. Instead, we used kinetic models to show that the bubble itself is
quasi-stationary, and contains a distribution of emitting gas expanding towards the bubble
walls. We compare our observations to the morphology of numerical simulations of the
interactions between jets and clumpy ambient media in active galactic nuclei, and propose
a similar scenario may be occurring in DG Tau; namely, a receding counterjet is blocked by
the clumpy protostellar envelope. The jet is dispersed at this point, producing a bubble-
shaped cocoon as it attempts to escape. Comparison to the evolutionary sequence of such
structures suggests that the receding DG Tau outflow is currently in the momentum-driven
bubble phase. Based on this conclusion, we obtain analytical estimates of the properties of
the bubble, and find that they agree with our observations. This work introduces a new

paradigm to the possible causes of bipolar asymmetry in YSO outflows.

Our model of the DG Tau microjet-scale outflow system, the most complete such model
to date, may be summarized as follows (Fig. 5.1). The DG Tau star-disc system drives
intrinsically bipolar-symmetric outflows. The approaching outflow shows the classical YSO
microjet morphology of a central, well-collimated, high-velocity jet, surrounded by an
intermediate-velocity component, and a wide-angle molecular wind. There is a strong
recollimation shock at the base of this jet, < 50 AU from the central star, which significantly
reduces the velocity of the jet from the pre-shock velocity, estimated to be 400-700 km s~ !,
to a velocity of ~ 215 km s~!. The jet then accelerates to ~ 315 km s~ !; this is likely due
to intrinsic variations in the jet velocity. The jet emission is predominantly from bright,
shock-excited moving knots, which are ejected into the jet channel quasi-periodically. The
toroidal magnetic field encasing the jet facilitates the growth of the Kelvin-Helmholtz
instability at the jet boundaries, which leads to the formation of a turbulent mixing layer
between the jet and the molecular wind. This mixing layer is the source of the intermediate-
velocity emission. On the far side of the DG Tau circumstellar disc, the clumpy protostellar
envelope around DG Tau impedes the progress of the receding counterjet, causing the
observed bipolar outflow asymmetry. The receding counterjet drives a slowly-expanding

bubble as it attempts to clear a path through the ambient medium.

The work presented in this thesis demonstrates that microjet-scale outflows from YSOs are
more complex than previously thought (§1.5; also, compare Fig. 5.1 to Fig. 1.7). Complex
interactions between outflow components (e.g. turbulent mixing), and between the outflows
and ambient material (e.g. jet-blown bubbles), are important. Furthermore, some outflow

components are clearly not self-similar (e.g. the recollimation shock in the approaching jet).
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Figure 5.1 Schematic of the DG Tau system, as proposed in this thesis. The outflows are intrinsically bipolar symmetric; the observed asymmetry is the result of
the receding counterjet dispersion by the clumpy protostellar envelope above the disc surface. The unimpeded approaching outflow consists of a central, well-collimated,
high-velocity jet surrounded by a wide-angle molecular wind. The jet is launched from a disc radius < 0.1 AU, and has a terminal velocity 400-700 km s™*, but is slowed
to ~ 215 km s~! by passage through a stationary recollimation shock. Downstream of this shock, the jet is dominated by moving shock-excited knots, which are ejected
quasi-periodically into the jet channel. These knots are likely created by the observed velocity variations in the jet. A turbulent mixing layer forms between the jet and the
wide-angle molecular wind, giving rise to the observed intermediate-velocity forbidden-line emission component.
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Therefore, the parameters of the outflow components observed even as close as 100-200 AU
from the central star may not be representative of the intrinsic parameters of the outflow,

and thus are not a clear indicator of the outflow launch mechanism.

More generally, this study provides a framework for the study of protostellar outflows in
the era of ALMA and GMT. The role of ALMA in examining the chemistry and kinematics
of circumstellar discs is well-documented (e.g. ;
). However, ALMA is also suited for the analysis of molecular outflows in deeply
embedded Class 0/1 protostars ( ); indeed, such work has already begun (e.g.
; ). As a transition Class I/Class II protostar,
DG Tau provides an example of the complex physics occurring in hundred-AU-scale
protostellar outflows in the presence of ambient material. Some of these mechanisms, such
as entrainment and differing outflow morphologies, are ALMA science targets (
). The model proposed here provides a useful guide and comparison to the outflow
structures that may be detected when ALMA reaches full spatial and spectral resolution
(see below), and complement the ongoing theoretical work to predict the form of these

deeply-embedded nascent outflows (e.g. ).

5.1. Future Work

As mentioned above, some outstanding questions on the dynamics of YSO microjets, such
as rotation, may have to await the advent of GMT to be answered. However, the ongoing
commissioning of ALMA provides excellent avenues for further study. As an instrument
geared towards observing molecular lines and dust, ALMA is unlikely to be applied directly
to atomic microjets; however, significant opportunities for complementary work exist. For
example, when ALMA reaches its full design spatial (~ 0701) and spectral (~ 0.01 km s 1)
resolution ( ), it will be able to map the molecular line emission
from the circumstellar disc with exquisite precision. In particular, the potential exists to
probe the kinematics of the CO emission from the innermost radii of the disc, and use
NIR /optical IFS observations such as those presented here to investigate the correlation
between the CO variability and the ejection of ‘knots’ in to the outflow channel (§2.3.1).
ALMA may also be able to detect the wide-angle molecular winds in CTTS, potentially at

the point of launching, which would provide unequivocal evidence of their origin.

Below, we briefly detail some possibilities for interesting follow-on work to that presented

in this thesis.

Further DG Tau observations. Our multi-epoch data of DG Tau were presented, in
part, in §2 and §4. However, a full analysis of the kinematics of the approaching
outflow in the 2006 and 2009 observing epochs has yet to be conducted. Channel
maps of the approaching outflow for all three epochs (Fig. 5.2) show that the peak
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Figure 5.2 Channel maps of the DG Tau approaching outflow, 2005-2009. Panels show images of the extended [Fe II] 1.644 pm line emission around DG Tau, binned into
40 km s~ *-wide slices, for (top-to-bottom) the 2005, 2006 and 2009 observing epochs. The velocity range of each slice is shown at the bottom of each column. The intensity
values quoted are the average intensity in each channel over the 40 km s™! velocity range. Contours are placed at levels of [8,16,...,48] x 10" 5erg em ™2 s arcsec 2. The
black star corresponds to the position of the central star, DG Tau, and the yellow circle indicates the position and size of the 0”2 diameter occulting disc.
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line velocity of the stationary recollimation shock has decreased from 2005 to 2009.
Assuming that the post-recollimation shock velocity of the jet is related monotonically
to the pre-shock velocity, this implies jet velocity variability, as invoked to explain the
moving knots in the jet channel (§2.4.1.1). Multicomponent line fitting of the 2006
and 2009 epoch data will allow us to quantify this variability, as well as investigate

the time-evolution of the turbulent mixing layer as moving knots travel along the jet.

Jet recollimation shocks. The simulation of ( ) provides convincing
evidence that a recollimation shock is the source of the stationary X-ray/FUV/NIR
emission observed in the L1551 IRS 5 jet. However, the fraction of jet mass which
radiates in X-rays remains unclear. Computing a simulation similar to that of

, but tailored to the parameters of the DG Tau outflow, would allow us to
investigate the fraction of jet mass flux that emits in X-rays, and could potentially
explain the mass-loss rate discrepancy between X-ray and NIR observations (§2.4.1.2).
Such simulations could also be used to determine the effect of the recollimation shock
on jet rotation signatures (§2.4.1.6), and the effect of jet velocity variability on the

shock structure (see above).

Jet-envelope interaction. Our analytical calculations (§4.6) have shown that the jet-
driven bubble mechanism of ( ) is the likely cause of the
receding bubble structure in the DG Tau outflows. To further strengthen this result,
calculating simulations akin to ( ) and ( )
will allow us to determine the energetics of this mechanism in the protostellar case,
and in particular, quantify the possible times-to-breakout of protostellar outflows
from their parent envelopes. This work would also have direct application to the
deeply-embedded outflows to be probed by ALMA (see above).

Entrainment. Expansion of our model for turbulent lateral entrainment (§3) to three
dimensions will be an illustrative development, and is necessary to correctly calculate
the extent of the laminar jet phase (§3.4.2). A numerical parameter-space study of
the magnetic field strength and orientation required for lateral entrainment (§2.4.2.2)
would also be useful; however, such a program would be highly complex, and

computationally expensive.
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APPENDIX A

The F'-Test

This Appendiz was originally presented as Appendiz A to ( ).

Formally, the F-test combines two different methods of computing a y? statistic, and
compares the results to determine if their relationship is reasonable. If two statistics
following the x? distribution have been determined, then the ratio of the reduced-x? of

those distributions is distributed according to the F-distribution (
).

Given the additive nature of functions obeying x? statistics, a new y? statistic may be
formed by taking the difference of two x? statistics. In particular, consider fitting a model
with m; free parameters (the simpler model) to N data points. Then, the corresponding
chi-square value associated with the deviations about the regression x? has N —m; degrees
of freedom. Adding another term to the model, with an extra Am free parameters such
that mg = my + Am, will lead to a corresponding regression y3 with N — my degrees
of freedom (the more complex model). Forming the ratio of the difference in chi-square
values to the more complex model reduced chi-squared forms a statistic that obeys the
F-distribution,

P (XQ? —X3)/Am _ 2Ax2/Am . (A1)

Xa/(N—ma)  x3/(N —ma)

This ratio is a measure of how much the additional term has improved the value of the

reduced chi-squared, and should be small if the more complex model does not produce a
fit significantly better than the simpler model ( ). The F-test
determines if the improvement in y? between the models warrants the loss of degrees of
freedom. If the above ratio equation (A.1) is ~ 1, then the change in x? is not significant
when compared to the reduction in degrees of freedom, and the more complex model is

therefore not a statistically significant improvement, and would be rejected as unjustified.

If the F-ratio is significantly greater than one, there are two possibilities. One is that the
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more complex model is a statistically better fit to the data. However, it is also possible
that, by coincidence, noise in the data has taken the form of an extra term to be fitted by

the model. To estimate the probability of this, the F-distribution is used:

Pr(F,v1,17) :/ P¢(f,v1,10)df, where (A.2)
F

_ F(Vl + V2/2) 12 vi/2
Fy(dvve) = 50, 3y (a2) <z>
fl/(2(1/1—2))

: (1 + fvy/ve)t/@ntre))’

(A.3)

where 11 = Am and 15 = N — my are known as the degrees of freedom in the numerator,
and degrees of freedom in the denominator, respectively, of equation (A.1). These values
characterise the F-distribution that has been generated ( ;

). This is then a test of whether the coefficient of the extra term
in the more complex model is zero. In this formulation, if the probability Pr(F,v1,v9)
exceeds some test value (typically 5 per cent), then one may be fairly confident that the
coefficient of the extra term is not zero, and hence the more complex model is a statistically
significantly better fit to the data. Otherwise, it is rejected, and the simpler model is

retained ( ).

A.1. Applicability

There are two necessary conditions for the proper use of F-statistics. The first is that
the two models being compared must be nested. The simpler model must be the more
complex model with some parameters set to special null values, typically one or zero. This
is clearly satisfied when testing for the presence of extra spectral line components, as
one may remove the extra line component from the more complex model by setting the
component amplitude to zero. The other, less well-known condition, is that the null values
of the additional parameters may not be on the boundary of the set of possible parameter
values. This is violated when testing for extra emission line components, as the amplitude
of the line may not be negative, and hence the boundary of the allowable values for the line
amplitude is zero. This is the same as the null value. Hence, the test is being used outside
of the formal mathematical definition, and so the underlying reference distribution of the
statistic is unknown. One suggested alternative test is Bayesian model checking. However,
this requires extensive Monte Carlo simulations to generate the test statistic (

), which is not practicable for a large quantity of spectra.

The F-test will not necessarily produce incorrect results if used to detect extra spectral
line components. ( ) determined that model-checking with the F-test

produces a false-positive rate of between 1.5 per cent and 31.5 per cent. Furthermore, as
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an example, they re-analysed the detection of the Fe K line in a gamma-ray burst X-ray
afterglow, GRB 970508, which had previously been claimed by ( ) based
on an F-test. Re-analysis of the line detection with Bayesian statistics did not disprove
the detection, but confirmed it with a higher significance.

also pointed out that the more sophisticated Bayesian methods have their own inherent
flaws. Ultimately, there is no ‘correct’ test for all nested model situations; rather, a test

appropriate to the particular model and context must be selected ( ).
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APPENDIX B

Dynamical Calculations of a
Turbulent Jet

This Appendiz was originally presented as Appendix B to ( ).

This Appendix was prepared by the candidate, based on a set of notes written by Professor
Geoff Bicknell. The calculations based on this Appendiz regarding the DG Tau jet (§2.4.1.5)

were conducted by Professor Bicknell, based on data provided by the candidate.

We consider a dynamical model for the DG Tau jet, which we summarize here. The jet
passes through a recollimation shock < 50 AU along the outflow channel. This produces a
hot X-ray knot ( , , : :

) for the innermost streamlines, although a large fraction of the surrounding jet gas
is also heated to ~ 106 K (§2.4.1.2). The jet rapidly cools to a few x10* K (

; ), hence we see the jet mainly as an optical/infrared source.
The supersonic jet interacts with the surroundings, becoming turbulent and entraining
ambient gas (§§2.4.2, 3). Since the jet is supersonic, the amount of entrainment and related
deceleration is modest. The turbulence associated with the entrainment produces the
50-100 km s~! shocks observed in the DG Tau outflow ( ).
This turbulence also counteracts the radiative cooling of the jet, so the jet gas remains
approximately isothermal. This, combined with the relatively flat density gradient within
the jet, means the pressure gradient is also modest along the jet, and unable to cause
acceleration (§2.4.1.5).

We now proceed to outline the calculations which support the above description. We
adopt an ionization fraction, x., of 0.3 for the jet ( : ). We
take a helium number density, nyge = X (He)ng = X (He)nex, !, where X (He) =~ 0.085 is
the solar helium abundance with respect to hydrogen. Then, the total number density,

n = (1+[1+ X(He)]x;')ne, and the mass density, p = (1 + 4X (He))x_ 'n.m, where
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m is the atomic mass unit. In the following, k is the Boltzmann constant, T is the gas

temperature, and A(7T") represents the cooling function.

B.1. Cooling After the Recollimation Shock

The existence of the recollimation shock means that the jet comes into pressure equilibrium
with the surroundings, so a model of a pressure-confined jet is feasible. The jet cools fairly

rapidly following this shock, with a cooling length given by,

g 3 n KT
2 neng A(T) Vet
_ Vjet
~ 38 n_ tTssA_ — 3% ) AU, B.1
ne6T65M-225 <2OO o S_1> (B.1)

where subscript numbers denote the quantity in exponential units of that power. When the
temperature drops to ~ 10° K the cooling becomes even more rapid, so it is not surprising

that the jet is seen at optical and infrared wavelengths with a temperature of a few x 10* K.

B.2. Jet Turbulent Velocity

We now estimate the turbulent velocity within the jet. We take a cylindrical coordinate
system, (7, ¢, z), with z along the jet axis. Let p, p, 0, and 9., be the mean density, pressure
and radial and axial velocity components along the jet direction (z), and let ¢, be the
gravitational potential. For a jet subject to hydrodynamic turbulence, the z-momentum

equation for the mean flow is

o(pv?)  10(rpov0,) _0p  _9¢g  10(r{pvyvl))

—_— pu— B.2

8z v or 8: "8: v oz (B-2)
where —(pvl.v)) is the Reynolds stress (§4.6; : ), and
angle brackets denote mass-weighted time-averaged quantities according to the ( )

prescription. Primes are used to denote locally fluctuating quantities; bars and tildes

denote time-averaged quantities.

For a jet in pressure equilibrium, p(r, z) = pext(2), the external pressure. For a stellar mass

of 0.67 Mg ( ), the gravitational field is unimportant in the accelerating

region. Let R(z) be the jet radius. Then, for a jet which is spreading due to turbulence,
_odR

(povl) = PV (B.3)

0 dR/dz\"®
= v’ ~ 110 km s~ Z B.4
° e <200 km sl> ( 0.1 ) (B4)
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The observed value of dR/dz ~ 0.05 — 0.1 so that equation (B.4) agrees well with the
turbulent velocity implied by both the HVC line widths (Fig. 2.6¢) and the results of

emission line modelling ( ).

B.3. Turbulent Dissipation of Energy

The rate of production of turbulent energy per unit volume is given by:

€ = (pvyvl) Uz (B.5)
~~3
pv; dR
R —_—. B.6
R dz (B-6)

This energy is dissipated and heats the plasma. For DG Tau, the amount of energy

I em™3. By comparison, the rate of cooling in the

1

produced is of order 10713-10712 erg s~
jet, based on a nominal cooling function of A(T) = 10722 erg cm?® s~! as appropriate for a
~ 10* K plasma in collisional ionization equilibrium, is of order 10714 erg s=! cm™3. The

estimated heating exceeds the cooling rate, maintaining the jet temperature at ~ 10* K.

B.4. Pressure-Driven Jet Acceleration

We aim to determine if the acceleration of the DG Tau jet over the region (/5-1715 from
the central star could be consistent with the inferred pressure gradient in the jet. There
are two possible approaches. The first approach considers the momentum budget in the
jet, while the second is based on a Bernoulli equation-type analysis. Both methods show

that the pressure gradient in the DG Tau jet is incapable of providing acceleration.

B.4.1. Momentum Budget

Let us assume that the jet is in a steady state, and the observed increase in velocity in
the jet is the result of acceleration by the pressure gradient. Integrating the momentum
equation over the jet cross-section, neglecting the gravitational force, yields

d <, _dp
e [277/0 U rdr] =-3, % A(z), (B.7)

where A(z) is the jet cross-sectional area. This equation integrates to:

29 dﬁ

dZA(z) dz. (B.8)

pQU%AQ — plv%Al ~ —/

21

All quantities in this equation can be estimated from our observational data. The pressure

may be estimated as p = nkT'. For the DG Tau jet, over the region of increasing jet velocity,
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the difference in momentum on the left-hand side of equation B.8, 1.1 x 10?® g cm s~ 1, is

two magnitudes of order higher than the average inferred pressure gradient along the jet
multiplied by the average jet radius, 2.7 x 10%* g cm s~!. Therefore, the pressure gradient

cannot drive the observed momentum increase of the jet.

B.4.2. Bernoulli Equation-Type Analysis

Another way of deriving a similar result is to consider an approach related to the derivation

of Bernoulli’s equation. Take the scalar product of the momentum equation,

_0v; . 0 op 0 .,
ov; ovi __9p 9 B.
P ot *’p”7axj oz, axj<P”ﬂh>a (B.9)
With ’LN)i,
9 [ 2 0 @ _Jdp _ 90, ,,
Por <2> +p”j87j5 - _”"aT:i _”"a7j<p“i”j>- (B.10)

Equation (B.10) describes the increase of the quantity 9?/2 under the action of the pressure
gradient, gravitational force and turbulent diffusion. The gravitational term and the

turbulent term —%;(9/0x;){pvjv;) reduce 9% so that the most optimistic acceleration is

described by
~d [ 2 _0p

21 9p
=02 — 02 —2/ P .. (B.12)
z

1

The standard analysis of Bernoulli’s equation assumes an equation of state for p(p). In
view of the complications of turbulent flow in this case, the relation between p and p would
require a very detailed model. However, as with the momentum budget approach, all
of the terms in equation (B.12) can be estimated from the data, and the integration of
the right-hand side can be performed numerically. The end result is the same as for the
analysis based on the momentum budget. The pressure gradient fails by approximately

two orders of magnitude to produce the increase in jet velocity observed.
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APPENDIX C

Acceleration of a Protostellar Jet by
Embedded Magnetic Fields

This Appendiz was originally presented as Appendix C to ( ).

Consider the full expression for the energy flux density F'g carried by the jet,

1, B%*v /. . ..
FE—<2’U —i—h—i—(b)pu—&-élﬂ(v—v-BB), (C.1)

Poynting flux

where p is the jet density, ¢ is the gravitational potential, B is the magnetic field, and
hats denote unit vectors. Assuming a constant value of the jet energy flux across the jet

cross-sectional area, Ajet, the total jet power, Lic, is then given by
Lijet = Fg - DAjet
1, B? .o
= — h —_— (1 - 3 * B >
[(21) + +¢> + 1mp (v-B)

If one assumes, as a first approximation, that both the total jet power and the jet mass flux,

pvAjet.- (C.2)

M= pvAjet, are constant®”, then one can form the equivalent of the Bernoulli equation for

a hydromagnetic jet:

1 2 B2 ~ A 2 _LJet_
(21) +h+¢)+47rp<1—('v~B))—M—const. (C.3)

57Strictly speaking, the total jet power will not be constant, as some energy must be radiated away as
observable emission. However, this would affect the enthalpy term of equation (C.1), which is typically
negligible. Whilst this statement about enthalpy may not be true for post-shock regions in jet knots, it
should be a good approximation for the non-shocked portion of the jet, which is the region observed to be
accelerating.
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We consider three extreme cases of equation (C.3). First, if the magnetic field is parallel to
the jet velocity, then the Poynting flux term disappears, and equation (C.3) collapses back
to the purely hydrodynamic Bernoulli equation, equation (2.6), which has already been
argued to be incapable of driving coupled acceleration-expansion in this scenario (Appendix
B). Secondly, if the magnetic field is perpendicular to the jet velocity, then o - B = 0,
and from the flux-freezing theorem, we deduce that the magnetic field of a self-similar jet
evolves approximately as B o 1/vR, where R is the jet radius. We next choose a reference
point in the flow, and denote the values of magnetic field, density, velocity and radius at

that point with a subscript zero. The jet magnetic field and density will then evolve thus:

B =By <;;>_1 <§)>_1 , and (C.4)

=n() (&)

B2 B2 -1
B” _ B <v> , (C.6)
dmp  4dmwpo \vo

This leads to the expression

which has no R dependence. Jet acceleration occurring in this regime would not show an
increase in jet radius with jet velocity. Such an increase in radius is observed in the DG
Tau jet (§2.4.1.4). Therefore, coupled acceleration-expansion cannot occur in this magnetic

field configuration.

The third limiting case is that of a completely tangled magnetic field. Such a field behaves
like a v = 4/3 gas, where 7 is the polytropic index of the gas, such that

B? 4/3 2 2( P /3
St xp 0 2 (C.7)
( ). The Poynting flux term in equation (C.3) may be evaluated by

assuming the velocity is in the outflow-axis direction only, and then averaging over solid
angle, such that
. 2
(1—(v-B)* ==z, (C.8)
Substituting the above into equation (C.3) yields the following equation relating quantities

at a reference point, denoted by a subscript zero, to some other point along the outflow:

-1

<U>2+2(h—2h0)+2(¢—¢0)

Vo Ch) v%
B2 ~1/3 / p\2/3
-0 |- <“> <> . (C.9)
3T pPovg Vo Ry

The enthalpy and gravitational potential terms of equation (C.9) are generally unimportant

in protostellar outflows at large distances from the central star.
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APPENDIX D

Turbulent Mixing Layer

Supplementary Calculations

This Appendiz has been submitted as Appendiz A to ( ).

D.1. Characteristic Equations of MHD

For magnetohydrodynamic fluids with density p, velocity v, pressure p, viscous stress

v
50

continuity can be written in Cartesian coordinate notation thus:

tensor tY., magnetic field B immersed in a gravitational potential ¢¢, the equation of mass

9p | O(pvi)

= 0. (D.1)
Similarly, the equation of momentum conservation is written as

Npvi) | Opvivg) _ Db Op | Ot | Ot

ot a$j ——f 6:61 8$Z al'j aiL‘j

( )-

Time-averaging equation (D.1) is trivial, yielding equation (3.6). Averaging the momentum

(D.2)

v
ijo
disregarded, as it is unimportant to the transfer of momentum on large scales. The Reynolds

R
tij

left-hand side of equation (D.2). This may then be combined with the magnetic stress

conservation equation, equation (D.2), is more complex. The viscous stress tensor, t., is

stress tensor,

appears in equation (3.7) as a result of averaging the second term on the

tensor, tg, to form a single term encapsulating the total stress in the system, ¢;; = tf; + tf; .
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D.2. Dimensionless Functions

The dimensionless function D(n, ) in the mixing layer transverse velocity profile, equation

(3.20), is given by

A Ue) ,
D(n, &) = . 3 @ <n+ a —n)S(g')) d¢ (D3)
:(”HUZ{W_J)LnD@fa+1‘54+“%“"‘”@r—®+ﬂ}-
(D.4)

The dimensionless function F(n, &) in the mixing layer transverse turbulent stress profile,

equation (3.22), is given by

_ [t g —&+1
Fn8) = & é77+(1f77)(£’—£1+1)
= s {200 -6 - O~ 1 os - D6 -+ 1

~[m=-DEn-Da-nE-2+dm-1E-&) . (DO

+D(n, &) d¢. (D.5)

D.3. Mixing Layer Transverse Velocity and Turbulent Stress
Profiles

The transverse velocity profile across the mixing layer, 0, (7, £), may be found by substituting

the expression for &1 (n), equation (3.23), in to equation (3.20):

vih! (z)n

771/(77,5) = W

{ [772(210@;(?7) -1+ 1} [3772 — 20 log(n) +2(n — 1)°¢ —4n + 1

—2(n—1)? [ng — 2 log(n) + 2(n — 1)*¢ — 1}

% log (_772(1 — 2log(n)) +2(n — 1)%¢ — 1) } (D7)

2(n—1)?
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The turbulent stress profile across the mixing layer, ¢, (7, ), may be found in the same

way, using equation (3.22):

Pjv Qh/(l‘

twy(%f) 8(77 1)

Z{4n[<n 12 (1 = 2log(n)) + 20y — 1% — 1]

n*(1 —2log(n)) +2(n — 1) — 1
x log (— 2(77 — 1)2 )

+nlog(n)(n< An? —2(n — 1)°6 4+ 7 — 4)
+ (2n — 1)n*log(n) + 1)}
+ (= 10240 = 1)*€ + d(n + 1) - 1)%¢

n(n(6n —5)+4) — 1} } (D.8)

D.4. Calculation of the Mass Entrainment Rate

The mass entrainment rate is given by taking the z-derivative of equation (3.28),

&1
Ml = [ p(Eunle, Oh) e — pyugh! (@ () (D.9)
= P €M) oL~ pE)a(E)h()
&g
[ € h(@)] A6~ st ) ) (D.10)
&2

The first two terms of the above are zero in (x,&)-space. The transformed equation of

continuity, equation (3.19), may be written as

0 ,__ PPN A 9 .
5 (Pchl@) = ) g (€90:) = 5 (7). (D.11)
which reduces equation (D.10) to
ent = h‘/( ) [pjngl - pwvwﬁz] - PJ@y(xafl) + pw’LN)y(J},§2) - pjnglh,(:n)' (D12)

Most of these terms are zero, or cancel, leaving

My = puby(z, &) (D.13)
= PwUent by definition. (D.14)
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