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Summary

While much progress has been made in recent decades, there are many outstanding
questions about the star formation process, including how jets/outflows from young stars
are launched and travel away from their source. This thesis constitutes an observational
contribution to understanding the generation and propagation of jets and outflows from
pre-main sequence stars. Long standing observational difficulties lie in the fact that young
stars are often heavily embedded. Furthermore, due to the relatively small spatial and
temporal scales, physical properties of jet /outflows can only be deduced from high angular
resolution data. Consequently, to overcome these obstacles, this work focusses on more
evolved, and hence less embedded, T Tauri stars and harnesses the high spatial resolution
of the Hubble Space Telescope at optical and near ultraviolet wavelengths.

Imaging observations were extracted from the Hubble Space Telescope Archive of the
pre-main sequence binary system XZ Tauri and its associated outflow. XZ Tauri is unusual
in that both the source and outflow remnants are optically visible, making it an important
case study at optical wavelengths. The accumulated archival data yielded high resolu-
tion images of the system spanning a total period of 6 years. The series of observations
demonstrated that both the binary and outflow exhibit surprisingly dramatic changes on
this short timescale. Specifically, the northern component of the binary was observed to
increase by 3 orders of R-band magnitude in only 3 years. When considered in the light
of previously published spectroscopic data, this strongly suggests that the northern com-
ponent is undergoing a rapid increase in its accretion rate, leading to a flaring of the star
and a violent outburst of jet material. In other words, the northern component is not only
the most likely source of the outflow, but appears to be exhibiting EXor-type behaviour.
This is of added interest considering that the number of known EXors is relatively few.
A proper motions study of the outflow itself showed a marked deceleration of the shock
front. Combining this with measurements of outflow morphology over the 6 year period,
and making comparisons with observed outflow [SII] luminosity, provided parameters to
guide simulations, since studies of cloud-shock interactions require numerical simulations
to understand the detailed physics. These simulations highlighted the necessity of invok-
ing a wide angle wind to reproduce the low aspect ratio of the bowshock, and a steep
increase in ambient density to reproduce the shock deceleration.

Spectroscopic observations were then conducted with the Hubble Space Telescope (as
part of the ‘Guest Observer’ programme) of 8 optically visible T Tauri jets close to their
stellar source, in order to understand jet kinematics immediately after launch. It has



viii

been proposed that jets from newly forming stars extract angular momentum from their
source, which would otherwise reach unreasonably high rotational velocities. The strong
correlation between outflow signatures and accretion diagnostics appears to support this
supposition, but the origin of the jet and its driving mechanism still remain topics of
intense debate. To date, observational backing for theoretical models has proved elusive
due to observational constraints. Only recently has the high resolution of the Hubble
Space Telescope provided tentative evidence of rotation for one T Tauri jet close to its
source, thereby providing the motivation for this study. My work embodies the first
survey evidence of systematic radial velocity differences across T Tauri jets before they
have travelled beyond 100 AU from the star. These transverse radial velocity differences,

of up to 30kms™!

, are interpreted as rotation signatures in the initial jet channel.

The optical spectroscopic survey was then extended to near ultraviolet wavelengths,
so as to examine the targets with higher spatial and spectral resolution. Although the
survey came to an abrupt end upon Hubble Space Telescope instrument failure, the first
phase of observations had already been conducted, providing the first and now the only
near ultraviolet dataset for the initial jet channel. Radial velocity differences were ob-
served for all 3 targets, showing general agreement in magnitude and direction with the
optical datasets. A MgII absorption feature, Doppler shifted to ~-20kms™~!, appeared
in all 3 targets and, unfortunately, significantly interrupted the emission profile leading
to difficulties in data reduction. Therefore, the higher spectral resolution did not lead to
improved results, as was originally hoped. Also, the higher spatial resolution was intended
to probe the collimated higher velocity jet core, but the results revealed no detectable
rotation signatures as the jet axis was approached. This phenomenon was also apparent
in some of the optical targets, and is attributed to projection and beam smearing effects
along the line of sight. Nevertheless, the near ultraviolet results support those of the
optical survey, thus providing strong additional indications of rotation signatures in the
initial jet channel of T Tauri jets.

Finally, the implications of jet rotation for theoretical models were examined. My
kinematic analysis allowed calculation, in the context of the ‘Disk wind’ model, of the jet
footpoint, i.e. the location from the star on the disk plane from which the jet is launched.
The footpoint radius was found to extend from ~0.1 AU to 2.5 AU from the star. Using
footpoint values, calculation of mass and momentum fluxes then indicated that the jet
could in fact extract a very significant fraction, and perhaps all, of the angular momentum
from the system. This demonstrates observationally that it is very reasonable to assume
jets can indeed play a significant role in angular momentum transport, allowing the star
to rotate below break-up velocity and further accrete the material of its disk.
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List of Figures

Left: Barnard 68 globule (starless core) revealed through extincted back-
ground starlight. Right: Hubble Space Telescopeimages HH30- A circum-
stellar disk surrounding a newly forming star. Light from the star escapes
from either side of the dark disk and reflects off the thinner envelope of
cloud material which has yet to be dissipated. HH34- A jet comprising
clumps of material along its axis, which gradually fade with distance from
the source. HH/7- An outflow visible at optical wavelengths. The emis-
sion originates in shocks resulting from the impact of high velocity jets on
ambient cloud material. The infant star is located to the left of the image.
Panels (a) to (d): Stages of Star Formation: (a) fragmentation of the
cloud material into clumps and then cores, (b) the formation of a cir-
cumstellar disk and the initial launch of a bipolar jet, (c) depletion of the
circumstellar envelope as the jet advances, (d) further depletion of the enve-
lope and reduced accretion/ejection activity; Right panel: Classification
scheme of YSO spectral energy distributions, (a vertical line appears at
2.2 um as a reference between panels). Classes 0 and III have distributions
whose widths are similar to single temperature blackbody functions, while
Classes I and II display infrared excess (Lada, 1999). ... ... ... ...
Left: Schematic of the HST optical design. Right: Schematic of the HST
focal plane layout, showing each of the four instruments surrounded by the
the Fine Guidance Sensors. (http://www.stsci.edu/hst/)

..........
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2.1 Left Panel: Schematic of a jet interacting with the surrounding ISM,
drawn in the bowshock reference frame. The result is a cocoon region
containing shocked jet and ISM material with a contact surface between
the two. Material enters the shock front from the right with a velocity, vy,
and is slowed by a factor of 4 after crossing the shock. The density jumps
by a factor of 4 at the shock and increases as the gas cools, recombines
and slows. Right Panel: The structure of a radiative shock, drawn in the
bowshock reference frame. As an example, cooling zones of various oxygen
species are depicted by the crosses, circles and dots (Hartigan et al. 2000).

2.2 Schematic diagram of an internal working surface. . . . . . ... ... ...

2.3 Pictorial sketch (adapted from Woitas et al. 2005, and not to scale) of
magnetic surfaces rooted in the accretion disk, according to the ‘Disk wind’
seentmenty ol He ik Sraeoieih dinh od iy whas deliei et 0 v 0w

3.1 Contour plot of the HL/XZ Tau region (Mundt et al. 1990) showing the full
extension of the XZ Tauri outflow. Close-up images of XZ Tau, Figure 3.2,
reveal a ‘bubble’ which extends towards XZ TauB of this figure. . . . . . .

3.2 HST/WFPC2 F675W (R-band) images of XZ Tau and its outflow on: 1995
Jan 5; 1998 Mar 25; 1999 Feb 3; 2000 Feb 6; and 2001 Feb 10. The short
exposure image of the binary is superimposed on the long exposure image in
each case. The bottom right frame is an R-band difference image 1999-1998
showing proper motion in the jet and the outer shock. . ... .. .. ...

3.3 Stellar Johnson R-band apparent magnitudes of the XZ Tauri binary.

3.4 Log-scale plot of the distribution of density at ¢ = 21yrs. The distance
scales are in units of 10'®cm (15.0x10' cm =1000 AU) and the intensity
T TR TR T T T R e s A S o by e

3.5 Simulated [SII] image projected onto the sky (assuming an inclination with
respect to the plane of the sky of 30 °) at ¢ = 21 yrs (see text). The intensity

scale is in flux units of ergem 2571,

4.1 HST/STIS observing mode used for all targets. . . ... ..........
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4.2 Orientation of the jet and slit for each target. The arrow on the slit indi-
cates the positive direction of the y-axis on the position-velocity contour
plots, Figures4.3 to 4.11, and the jet orientation can be compared with
that given in the upper corners of each radial velocity profile, Figures4.13
and 4.14. The arrow around the jet axis indicates the direction of rotation
as the observer looks down the approaching jet towards the source. The
distance between the star and the slit is given in terms of the offset of the
BERG IR R B e e A i s ki s e w

4.3 Position-velocity contour plots for selected optical emission lines for the
TH 28 receding jet. The [OI)A6363 line was severely contaminated by a
defective pixel. The skew in lower order contours is indicative of rotation
in the outer jet channel, while the high velocity component remains unre-
solved. The positive direction of the y-axis is illustrated pictorially as the
slit direction in Figure4.2. Plots are corrected for systemic radial velocity,
and contour values for each panel are given in Table4.2. . ... .. .. ..

4.4 Same as Figure4.3, but for the TH28 approaching jet. In this case, the
[OI]A6363, [N II]A6548 and [SII|AN6716,6731 lines were too faint to analyse.

4.5 Same as Figure4.3, but for the RW Aur receding jet. The [NII|A6548 line
was redshifted to a point where it is blended with the Ha emission from
EER AR b e il | sy Sl S e e e T 8 B %

4.6 Same as Figure4.3, but for the RW Aur approaching jet. The [OI]A\6300
line was blueshifted off the detector and the [NIIJA6548 line was too faint
R - e N O LR

4.7 Same as Figure4.3, but for the LkHa 321 approaching jet. The [OIJA6300
line was blueshifted off the detector and the [N II]A6548 line was too faint
A A

4.8 Same as Figure4.3, but for the DG Tau approaching jet. . ... ... ...

4.9 Same as Figure4.3, but for additional lines in the DG Tau approaching jet,
which could be observed due to the higher level of signal-to-noise compared
to other targets. One of these was identified as He I A\6678, while the other
appears to have a rest wavelength of ~ 6668.7 A , assuming a radial velocity
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4.10 Same as Figure4.3, but for the approaching jet from CW Tau. The [0 I]\6363

48

and [STIJA6716 lines were contaminated by a defective pixel, and the [N IT]\6548

line was too faint to analyse.

.........................
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4.11 Same as Figure 4.3, but for the approaching jet from HH 30. The [OI]\6363
line was contaminated by a defective pixel, the [NII]\6548 line was too
faint to analyse. Although plots are corrected for systemic radial velocity,
it appears that the value for HH 30 is underestimated in Table4.1 by at
least +4kms™!, as revealed by the apparent redshift of the lower velocity
[STI] emission (see Figure4.14 for a clearer illustration of this). . ... ..

4.12 Normalised intensity profiles along horizontal cuts for a sample of position-
velocity plots, to illustrate peak velocity differences. Each plot compares
the intensity peaks at positions symmetrically opposed with respect to the
jet axis. The displacement of one peak with respect to the other illustrates
the difference in radial velocities between one side of the jet axis and the
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4.13 Radial velocity profile across the jet in various optical emission lines LkHa 321.

Profile asymmetries are interpreted as resulting from jet rotation. All radial
velocities are corrected for systemic radial velocity. . . .. ... ... ...
4.14 Same as Figure4.13 but for the approaching jets from DG Tau, CW Tau
and HH 30. Due to their spread, DG Tau and CW Tau have been divided
into a higher (HVC) and lower velocity component (LVC). All velocities
are corrected for systemic tadial veloerty, ' . .., OOV L e v
4.15 Radial velocity differences, Av,qq, as a function of distance from the jet
axis. All targets show positive radial velocity differences. Furthermore,
the sense of rotation of the bipolar jet lobes are in agreement in both cases.
4.16 Radial velocity differences, Av,,q, as a function of distance from the jet axis.
All targets, except LkHa 321, show positive radial velocity differences. The
[O1] emission line shows the strongest signatures in all other targets, and
so it seems to be the clearest indicator of velocity differences. For HH 30,
therefore, it can be said that velocity differences are positive even though
the values are close to the error bars. The red points represent the lower
velocity component in cases where double Gaussian fitting was necessary.
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4.17 Menzel 3 (Mz 3, or the Ant Nebula) observed with almost the same in-

5.1

9.2
5.3
5.4

5.9

5.6

strument configuration as that used in my optical survey. Any tilt present
in OI emission should be present in each line of the doublet, as is seen
here. Meanwhile, no tilt is present in the [SIII] emission which falls be-
tween them on the detector, thus ruling out the possibility that instru-
mental effect are introducing spurious contour tilts in my data. Contour
floor, ceiling and interval levels (in units of ergem=2s7! A1 arcsec™2) are
1.0x10713,9.0x10712 and 5.0x10~* for [OI]A6300; 1.0x10713, 5.8x 1012
and 3.0x107*2 for [SIITA6314; 1.0x107!3, 3.5%107!% and 2.8x10~** for
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Position-velocity diagrams of NUV emission lines for the TH 28 receding
jet. Plots are corrected for the systemic velocity of TH 28. Contour values

25ec™! A1 arcsec™2 are listed in Table5.1.

for each panel in units of ergem™
Same as Figure 5.1 but for the approaching jet of TH28. . ... ... ...
Same as Figure 5.1 but for the approaching jet of DGTau. .. ... .. ..
Flux profiles of NUV emission lines, obtained by binning pixel rows over the
entire jet width. The absorption feature is located at slightly blueshifted
velocity for all three targets, (i.e. —23kms™! in the TH 28 receding jet,
—15kms~! in the TH 28 approaching jet and —23kms™! in the DG Tau
approaching jet). Note that the measured absorption velocities quoted are
heliocentric, whereas the zeropoint for the radial velocity axes above is the
systemic velocity. Integrated fluxes are given in Table5.2. .. .. ... ..
Radial velocity profile across the jet for the NUV MgII doublet of both the
receding and approaching jet from TH28, and the approaching jet from
DG Tau. Profile asymmetries highlight the presence of jet rotation. All
radial velocities are systemic. The profile for the TH 28 approaching jet
should be considered an indication only. In this case, Gaussian fitting
proved very difficult and so an accurate profile could not be constructed.
Meanwhile, the radial velocity differences for this target were obtained by
relying solely on a cross-correlation routine, as described in Section 5.3.2.
Same as Figure5.5 but with the optical datasets (Figures4.13 and 4.14)
overlaid on the NUV dataset, to illustrate how radial velocity changes with
distance from the jet axis and how the results for the two wavelength regions
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5.7 Radial velocity differences, Av,.q, as a function of distance from the jet
axis. All targets show positive radial velocity differences. The NUV results
are overlaid on the optical results for comparison. (The red points in the
optical results represent the lower velocity component of the emission line
in cases where double Gaussian fitting was necessary.) . . ... ... ...
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ter (1986); 3 - Woitas et al. (2001, 2002); 4 - Martin et al. (2003); 5 -
Mundt et al. (1998); 6 - E. Whelan (2003), private communication; 7 - Bac-
ciotti et al. (2002); 8 - Gomez de Castro (1993); 9 - Hartmann et al. (1986);

10 - Hartigan et al. (2004) 11 - Pety et al. (2002); 12 - Mundt et al. (1990).
Linear contour intervals relating to position-velocity plots, Figures 4.3 to 4.11,

2 2

in units of ergem™2s~! A~ arcsec™2.

Xix

.....................

43



LIST OF TABLES XX

4.3 Radial velocity differences, Av,.q, across the jet at a fixed distance from
the source (given in the first column). In those cases where the emission is
clearly divided into a higher and lower velocity component, double Gaussian
fitting was used and the results for the lower velocity component are given
in brackets beside those for the higher velocity component. The asterisks
mark data points which have been manually filtered out of a low signal-to-
noise environment. Where dots appear in the table, the emission was either
shifted off the CCD, or was too faint to analyse. The accuracy reached with
the data analysis is approximately £5kms=2. . . ... .. ......... 62
4.4 The radius from the star in the disk plane of the jet footpoint (or launch
point), ro,0ss, calculated for the optical targets using the method described
in Anderson et al. (2003). The TH 28 approaching jet [O I]A6300 line is not
included since the profile of this emission is very wide and did not allow
measurement of velocity peaks with Gaussian fitting. In this case the rota-
tional velocities were derived from cross-correlation routines alone, result-
ing only in velocity difference measurements. Values in brackets relate to
the lower velocity component (although this lower velocity calculation was
not carried out for the lower velocity component of CW Tau as the radial
velocity was zero). The mean radial velocity taken from values equidistant
either side of the jet axis, Tr4q, is quoted as an absolute value (after helio-
centric velocity correction). Since ;¢ is given with respect to the plane of
the sky, I calculate vy = (Avyqq/2)/ cos i and v, = (Treq)/ sin i. The error
in v, increases with decreasing values of i, so, in the case of HH 30, I use
a value from the literature for v, of 54 km s~ measured at 72 AU along the
approainig Jot (Bhiltows ot ok 1908) <L TR N Pl 4 . . . 72
4.5 Measured derived physical quantites for the RW Aur receding jet at 073
from the source. ® For the [OI]\6300 emission at 7g s =020 (see Ta-
ble4.3); ® Measured for the [OI]A6300 emission. . . .. ........... 76
4.6 Measured and derived physical quantites for the RW Aur jet-disk system.
@ Hartigan et al. (1995); ® The ratio considers the contribution of the bipolar
jet, i.e. by multiplying the contribution of the receding jet by 2 (see text).
(Recall that Md,-sk,co is usually referred to as M, in the literature.) ... 76

5.1 Linear contour intervals relating to position-velocity plots, Figures 5.2 to 5.3,

TR T RV e el B G e N DS P S ST I SR 84



LIST OF TABLES

xxi

5.2

5.3

5.4

Flux measurements and flux ratios for NUV emission lines. The MgII
doublet integrated fluxes are illustrated in Figure5.4. Flux values were
not corrected for extinction. Also, no compensation was made for the ab-
sorption dip since the true emission profile shape is not known. Therefore,
these values are provided only as indications. For the TH 28 approaching
jet, the [OII] emission was too faint for detection. . ... .........

Radial velocity differences, Av,.4, between one side of the jet axis and the
other, measured using both single Gaussian fitting and a cross-correlation
technique. Where dots appear in the table, the emission was either shifted
off the detector, or was too faint to decipher. The accuracy reached with
the data analysis was approximately £5km s, . .. ... ... ... ..
The radius from the star in the disk plane of the jet footpoint, 7o s, cal-
culated for the NUV targets using the method described in Anderson et
al. (2003). Only measurements for the MgII A2796 emission component of
the doublet were used, since vaelocity differences for the MgII A2803 line
were mainly within error bars about zero. The mean radial velocity taken
from values equidistant either side of the jet axis, Urqq, is quoted as an
absolute value (after heliocentric velocity correction). Since ije is given
with respect to the plane of the sky, I calculate vy = (Avyeq/2)/ cos ¢ and
Vp = (Uraa)/sin i. The asterisks mark points where the radial velocities
could not be determined due to poor Gaussian fitting, and so values were

axtrapolpted frommeasared dabs. . . - « « ¢« « v s d v e E s s s s P s



-*v Wﬁw




List of Acronyms

AMBER Astronomical Multiple BEam Recombiner
AU  Astronomical Unit
CCD Charge Coupled Device
FEL Forbidden Emission Line
FOS Faint Object Spectrograph
FWHM Full Width Half Maximum
GMC Giant Molecular Cloud
GO Guest Observer
HH Herbig Haro
HST Hubble Space Telescope
IRAF Image Reduction and Analysis Facility
ISM Interstellar Medium
MAMA  Multi-Anode Microchannel Array
MHD Magnetohydrodynamic
NUV Near Ultraviolet
OVRO Owens Valley Radio Observatory
PA  Position Angle
STIS Space Telescope Imaging Spectrograph
VLTI Very Large Telescope Interferometer
WPFC Wide Field Planetary Camera
YSO Young Stellar Object

xxiii




Introduction to Star Formation

The mystery of Star Formation is a long-standing one, observationally hindered by tech-
nological contraints, but is now reaching a crucial stage of advancement with the de-
velopment of high resolution instruments and sophisticated numerical simulations. This
chapter sets out a brief historical context for research in the field, gives a general overview
of current understanding, and lastly describes the aim and structure of this thesis.

1.1 Historical Context

Star Formation research fully developed as an independent field of Astrophysics only in
the latter half of the last century. Its beginnings, however, date back to Laplace (1796)
who proposed the Nebular Hypothesis, one of the oldest surviving scientific hypotheses.
It involved a rotating cloud of matter cooling and contracting under its own gravity to
form a central star, while the remaining material flattens into a revolving disk from which
planets are formed. Neverthless, at the turn of the twentieth century it was still generally
assumed that stars lived forever, and so stellar origins were largely considered a question
for cosmologists. In the early 1900s, the discovery of the nature of stars as thermonuclear
reactors explained stellar evolution and death, but did not address the question of birth.
Little was known beyond a broad understanding of the ongoing physical processes involved
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when a giant molecular cloud collapses under its own gravity giving rise to clumps of gas
and dust, each clump then individually contracting from this protostellar stage to the
fusion-powered stellar core that is a pre-main sequence star.

The first step in the realisation of the true complexity of the star formation process
came in the early 1950s when Herbig (1950; 1951) and Haro (1952; 1953) catalogued
a series of small ionised nebulae which were consistently found to be located near star
forming regions (see review of Reipurth & Bally, 2001). However the nature of the link
between these so called Herbig-Haro objects (HH objects) and star forming sites remained
unknown until the mid 1970s when it was recognised that these objects were shock fronts
moving away from young stars (Schwartz, 1975). A key advancement in understanding
was the realisation, in the 1980s, that HH objects are causally connected to highly col-
limated jets from pre-main sequence stars (Mundt & Fried 1983; Graham & Elias 1983;
Mundt et al. 1984; Reipurth et al. 1986; Mundt et al. 1987). As the jets propagate into
the surrounding cloud at velocities on the order of hundreds of kilometers per second, the
ambient medium and the jet itself are rapidly shocked and ionised.

Only in the last thirty years has a coherent theory of star formation emerged. As a
molecular cloud collapses, any initial rotation present is amplified resulting in a spinning
of the core (Figure 1.1 left panel) and the formation from the remaining infalling dust and
gas, of a rotating circumstellar disk (Figure1.1 HH30 panel). Unexpectedly, this accre-
tion process forces the launch of high velocity bipolar jets which transport considerable
amounts of matter and energy away from the star. These jets are found to be highly
collimated and comprise clumps, or knots, of material along their flow-axis which gradu-
ally fade with distance from the source (Figure 1.1 HH34 panel). Upon impact, these jets
shock the surrounding cloud forming HH objects, the morphologies of which are diverse
and may vary from a symmetrical bowshock at the head of the jet, to an elongated ionised
gas which traces the jet as it propagates, (Figure 1.1 HH47 panel). It is proposed that
jets exist as a mechanism for transporting excess angular momentum away from the disk
allowing it to slow down and further accrete onto the star. Estimates (both observational
and theoretical) suggest that about 10% of the material is ejected and the remainder is
accreted. Ultimately, the disk may then accrete onto the star, be dispersed by winds, or
condense into a system of planets.



1.2. Current Understanding 3

the Dark Cloud BG8. (NTT - SO f.{ets.fir‘ovwx Young Star;

ESO PR Photo 29299 ( 2 July 1999) OWWWI

T

Figure 1.1: Left: Barnard 68 globule (starless core) revealed through extincted back-
ground starlight. Right: Hubble Space Telescope images HH30- A circumstellar disk
surrounding a newly forming star. Light from the star escapes from either side of the
dark disk and reflects off the thinner envelope of cloud material which has yet to be dissi-
pated. HH34- A jet comprising clumps of material along its axis, which gradually fade
with distance from the source. HH/7- An outflow visible at optical wavelengths. The
emission originates in shocks resulting from the impact of high velocity jets on ambient
cloud material. The infant star is located to the left of the image.

1.2 Current Understanding

1.2.1 Prestellar Cores

The natural sites of star formation are molecular clouds, since star formation occurs
from the gravitational collapse of interstellar material. Cloud complexes were initially
discovered in the 1970s though CO millimetre line emission studies and, although their
means of formation is not yet understood, they possibly form through more than one
mechanism, including spiral density waves, instabilities and compression of the interstellar
medium (ISM) by supernovae (e.g. Shu, Adams & Lizano 1987; McCray & Kafatos 1987).
They have various sizes, from Giant Molecular Clouds (GMCs) (e.g. Orion), which are
50-100 pc in diameter, of ~10° to 10° My and are found in the galactic arms, to Smaller
Molecular Clouds (e.g. Taurus) which are 10-20pc in diameter, of ~103Mg and are
found in the galactic disk. Structurally, molecular clouds are very complex. Observations
at millimeter wavelengths show that they are clumpy, with high density cores ranging
in mass from ~1 to 10°M appearing in sites of star formation (Blitz 1993). Volume-
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averaged H, densities range from <50cm~3 for GMCs (e.g. Blitz 1993) to >10°cm™3
for dense cores of sizes 0.03-0.1 pc (e.g. Wilson & Walmsley 1989; Myers 1995). Kinetic
temperatures are relatively constant, typically T~ 10K (e.g. Pratap et al. 1997) as a result
of cooling by CO molecules, but rising by a few factors in star forming regions, particularily
in sites where massive stars are formed. Their internal velocity dispersions are generally
supersonic with Mach numbers, M, >10 (e.g. Goodman et al. 1998). When available (e.g.
Crutcher et al. 1993), Zeeman measurements give typical values for the magnetic field
intensity of a few to a few tens of microgauss (at densities of ny ~ 10%cm™2). Finally,
molecular clouds seem to be supported somehow, perhaps by magnetic field turbulence
(e.g. Padoan et al. 2004) or through the turbulence introduced by outflows from young
stellar objects (YSOs) (e.g. Arce & Sargent 2005).

The formation of dense cores within these molecular clouds can occur via two distinct
modes (see Shu et al. 1993 and references therein), i.e. magnetic supercritical or subcrit-
ical collapse. Magnetic supercritical collapse of molecular cores occurs when a sufficient
density of material accumulates in a given region so that the inward pull of gravity over-
whelms the outward pressure of magnetic fields, and then core fragmentation produces
ultra-dense sub-cores of stellar mass. Because of this core fragmentation, a mode of star
formation thought to be the most efficient (i.e. 5 to 15%), stars are expected to form in
clusters such as the Trapezium cluster in Orion. The alternative senario describes core
formation via ambipolar diffusion, whereby the neutral gas element of subcritical clumps
in a molecular cloud uncouple from the interstellar magnetic field, which would other-
wise resist further gravitational collapse. In particular, the interstellar magnetic field acts
directly on the ions, but not the neutrals. Therefore, if there is insufficient coupling of
neutrals and ions through collisions, the neutrals can slip through the magnetic field, and
so the field does not act as a significant brake on collapse. This process occurs slowly,
lowering the mass where collapse sets in to about 1 Mg (Shu et al. 1987) since only ther-
mal pressure and not the additional outward pressure of the magnetic field has to be
overcome by gravitational forces. Although these two alternatives for the formation of
dense cores appear viable, many observations of star forming regions suggest that binary
and multiple young stars are the rule rather than the exception (e.g. Fuller et al. 1996)
and hence implicate fragmentation as the likely mechanism for their formation.

The prestellar stage of star formation may be defined as the phase in which a gravi-
tationally bound core has formed in a molecular cloud and evolves toward higher degrees
of central condensation, but no central hydrostatic protostellar object exists yet within
the core. More than 100 dark cores have been identified through optical extinction and
molecular line studies (e.g. Benson et al. 1998 and references therein). They can be
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separated into starless cores and cores with stars, on the basis of the absense or presence
of an embedded source detected in the infrared. Many have been found to have larger
sizes than, but masses comparable to, the youngest protostars (Class 0 sources, see Sub-
section 1.2.2 below) (Ward-Thompson et al. 1999). This is consistent with starless cores
being prestellar in nature and the precursors of protostars. Prior to the start of proto-
stellar collapse, cores are supported against self-gravity by a combination of thermal and
magnetic pressure. Observations of several dozen dense cores reveal mean axial ratios
of about 0.6, thus favoring a prolate shape when deprojected from the plane of the sky.
Interestingly, this shape is favoured theoretically as a progenitor for binary stars. Stellar
mass fragments in gravitationally collapsing GMC cores typically develop specific angular
momenta (angular momentum per unit mass), but analysis of Doppler shifted spectral
lines (e.g. in tracer molecules such as NH3) implies that cores rotate so slowly (with a
period of 27/w=~6x10%yr) that the associated centrifugal force is negligible compared
to the self-gravity and pressure gradients. However, the true significance of this initial
rotation lies in its effect on later collapse.

1.2.2 Young Stellar Objects (YSO)

The prestellar stage of star formation ends with the formation of an opaque, hydrostatic
protostellar object in the centre. The formation of low-mass stars then enters a series of
four conceptually different further stages (e.g. Larson 1969; Shu et al. 1987), Figure 1.2.
The distinction between each stage is not exactly precise, but is aided by classing sources
according to their near-infrared excess, Figure 1.2 right panel.

Following subcondensation of the clumps of cloud material into starless cores, Fig-
ure1l.2 (a), each core further contracts and any initial rotation of the cloud material is
amplified. This leads to a spinning of the core (now a Class 0 source, Figure 1.2 (b)) and
the formation of a circumstellar accretion disk. In contrast to prestellar cores, Class 0 pro-
tostars are always found to be strongly centrally condensed, although they are still a factor
of >10 less massive than their surrounding circumstellar envelopes (e.g. Motte et al. 1998).
The system now enters the main phase of accretion, during which the central object builds
up its mass (initially ~1072Mg) from the surrounding infalling envelope and accretion
disk, while progressively warming up. The embedded star is not optically visible, since it
is surrounded by an envelope of cloud material, and can only be studied at infrared, sub-
millimeter or millimeter wavelengths. The initial burst of rapid accretion lasts less than
10* years, while the time taken for half of the envelope to be accreted is about 10° years,
and nearly all of the envelope is accreted within ~ 10° years. All the energy from the YSO
is from contraction although, during the protostellar accretion phase, stars more massive
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than a few 0.1 Mg start burning deuterium (at core temperatures of ~10% K) whereas stars
with masses in excess of ~8 Mg begin to burn hydrogen (which begins at 107 K) (see Palla
& Stahler 1991). Unexpectedly, observations have shown that the main accretion phase is
always accompanied by a powerful ejection of ~10% of the accreted material in the form
of prominent bipolar jets or outflows. As the process advances, the circumstellar envelope
depletes as it falls onto the disk or is blown away by the power of the outflow, allowing
the bipolar jet to become optically visible (Class I sources), Figure 1.2 (c). In contrast to
Class 0 sources, the star (not the accreting disk/envelope) possesses the majority of the
mass in a Class I protostellar system. The decreased accretion activity leads to a decrease
in ejection activity, and so while Class 0 sources drive powerful outflows (e.g. Bachiller
1996), the outflows from Class I sources tend to be much less powerful and less collimated.
With the further depletion of disk material, the driving force of gravitational accretion
lessens and the jets become weaker still. When the central object has accumulated most
(> 90%) of its final main sequence mass, it becomes a pre-main sequence star (Class II
source), Figure 1.2 (d). The central star gradually becomes optically visible and, depend-
ing on mass, is classed as a low mass Classical T Tauri star (<2Mg), an intermediate
mass Herbig Ae/Be star (2-10Mg), or a high mass star (>10Mgp). Finally, the infalling
envelope disappears and accretion/ejection abates, leaving the remains of a circumstellar
disk which may then condense into a system of planets (around this Class III source). It
is possible that this stage represents the observed Weak-line T Tauri stars, which have
narrower equivalent widths in Ha emission, a known tracer of accretion activity. Once
most (> 90%) of the star’s energy output is derived from hydrogen fusion, it graduates
to a zero-age main sequence star. The internal pressure then exactly balances gravity so
that the star can begin a long-lived phase of overall equilibrium on the main sequence.
Classical T Tauri stars were the first pre-main sequence stars to be identified (Joy
1945, Ambartsumian 1957). Characteristically, they have an associated infrared emission
attributed to the disk and dusty halo, as well as excess continuum emission in the ultravi-
olet. Their spectra display strong permitted lines, e.g. Balmer and CalI lines, and strong
forbidden emission lines (FELs), e.g. [OI]A6300 and [SII]A6716. Where absorption lines
are present, they are often partially filled-in (or ‘veiled’) by accretion shock emission. In
contrast, Weak-line T Tauri stars have emission line fluxes consistent with active stellar
chromospheres, and appear to rotate faster (Edwards et al. 1993), a fact attributed to
the lack of MHD disk braking. Meanwhile, Herbig Ae/Be stars are thought to be the in-
termediate mass counterparts of T Tauri stars (Corcoran & Ray 1997a), showing similar
infrared excess emission and FELs. A further characteristic of young, pre-main sequence
stars is both regular and erratic variability in their emission, including flaring at optical
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Figure 1.2: Panels (a) to (d): Stages of Star Formation: (a) fragmentation of the
cloud material into clumps and then cores, (b) the formation of a circumstellar disk and
the initial launch of a bipolar jet, (c) depletion of the circumstellar envelope as the jet
advances, (d) further depletion of the envelope and reduced accretion/ejection activity;
Right panel: Classification scheme of YSO spectral energy distributions, (a vertical line
appears at 2.2um as a reference between panels). Classes 0 and III have distributions
whose widths are similar to single temperature blackbody functions, while Classes I and
II display infrared excess (Lada, 1999).

wavelengths e.g. the class known as EXors displays large outbursts on decade time scales
(e.g. Coffey, Downes & Ray 2004), while FU Orionis stars exhibit the most dramatic
changes with luminosity increases of two orders of magnitude in the course of a year
or so. These outbursts, of unknown origin, occur repeatedly during pre-main sequence
contraction.

Understanding the stages of high mass star formation has proved more difficult since,
although they are more luminous, high mass stars are generally so far away that the
surrounding cloud structures do not allow high resolution studies. Moreover, since ob-
servations are statistically unfavorable, in that these sources must disperse their parent
clouds in a time short comparable with lower mass objects, it is difficult to witness the
actual birth of a high mass stars. Furthermore, although variations in environmental
factors such as the ambient magnetic field, or the molecular cloud temperature prior to
core formation, could in principle yield a variety of mass distributions, massive stars are
somehow intrinsically rarer than their low-mass counterparts. In fact, one of the unsolved
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problems in star formation is to understand the distribution at birth of various stellar
masses, (i.e. the initial mass function, defined as the number of stars produced per unit
mass interval). However, it appears that massive stars do not form via the same mech-
anism as low and intermediate mass stars. For example, although there is spectroscopic
evidence of ongoing collapse, they have no pre-main sequence phase and disrupt their
infalling envelopes through strong winds and radiation pressure. How then do high mass
cores lose enough energy and angular momentum to finally coalesce? Or maybe high
mass stars form through the orbital decay of binaries? Studies demonstrate, however,
that a few binaries in a cluster’s centre is enough to quickly disperse the remaining stars
(Terlevich 1987). Another proposition is high mass star formation via collisions of low or
intermediate mass cores (Bonnell et al. 1998), although the difficulty here is that direct
collisions are highly improbable even in the densest of clusters.

1.2.3 Circumstellar Disks

Circumstellar disks were first detected indirectly in a variety of ways, such as infrared
excess emission in spectral energy distributions (e.g. Cohen et al. 1984), interferometric
imaging at near infrared (e.g. Beckwith et al. 1984) and millimetre (e.g. Sargent & Beck-
with 1987) wavelengths, polarisation mapping (e.g. Bastien et al. 1988; Piirola et al. 1992),
and the absence of redshifted outflows close to the source interpreted as obscuration by
the presence of a disk (Appenzeller et al. 1984; Edwards et al. 1987). The many diverse
observations were reconciled with each other only by invoking a flattened disk of dust
and gas around the young star (see Beckwith & Sargent 1996 for review). The first di-
rect observations of the proto-planetary disks surrounding young stars were made only as
recently as 1992. Conducted with the Hubble Space Telescope (HST), these imaging ob-
servations were of circumstellar disks embedded in the Orion Nebula (O’Dell et al. 1993;
O’Dell & Wen 1994), and were detected in silhouette against the background light their
young star. Since then, HST observations have demonstrated that circumstellar disks are
common among low mass young stars (McCaughrean & O’Dell 1996).

For typical temperatures of ~10 to 50K (at a radius of >100AU from the star),
disk material will radiate preferentially in the millimetre wavelength region. Therefore,
millimetre and thermal-infrared observations directly image the gas and warm dust in a
disk in emission, while optical and near-infrared observations rely on either dust scattering
or absorption. The clear observational challenge is that disk diameters, which are typically
~ 50 to 500 AU for the Orion Nebula, require subarcsecond angular resolution given that
the distance to the Orion GMC is ~500pc. The situation is somewhat improved for
nearby star-forming regions such as Taurus-Auriga (~ 140 pc), although resolution of the
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internal disk structure still requires high angular resolution. Millimetre interferometric
CO line observations of T Tauri and Herbig Ae/Be stars have clearly demonstrated that
many of them are surrounded by large disks in Keplerian rotation. Such observations
have given indications of the density and velocity structure in disks in Taurus-Auriga
(e.g. Mundy et al. 1996), although these observations are limited in angular resolution
to about 1”, while planned larger interferometer arrays will deliver 0’1 resolution (see
Chapter 6).

Due to limiting spatial resolution, many disk properties are inferred from disk models
which reproduce the observed spectral energy distribution. For example, values for disk
surface temperatures were found from infrared spectra to be in the range of ~60 to
400K with a typical value of ~150K (Beckwith et al. 1990). However, in the case of
subarcsecond resolution HST images of the HH 30 system, for example (Figure1.1), the
disk surface temperature can be derived directly from the observed disk morphology
(Burrows et al. 1996). This disk, like many others, is found to become thicker (or ‘flare’)
with increasing radial distance. The observed half-thickness of the disk (i.e. a height
of ~15AU at r=100AU) suggests a disk surface temperature of 34 K. Depending on
mass accretion rates, which are estimated to lie in the range of 5x1078-10"M,, the
disk surface temperature would rise to 80 K at distances of 1-5 AU respectively from the
protostar (Boss 1998). In terms of disk mass, Boss (1998) inferred a relatively low value
of 0.006 Mg. By comparison, millimeter survey data (Beckwith et al. 1990) revealed an
average disk mass of 0.02 Mg, calculated from a range of values spanning 0.001 to 1 M.

Planets, or at least their cores, form through the aggregation of grains within a cir-
cumstellar disk. The discovery of extra-solar planets confirms that the formation of these
objects is a common occurrence in solar-type stars. The first planet discovered using
the Doppler technique (Mayor & Queloz 1995) has been interpreted as a gas giant (with
mass of at least ~0.5M;) orbiting at ~0.05 AU from its solar-type star. Given that the
midplane temperatures in the disk would have exceeded 1500K at this distance, it seems
likely that the planet formed further from the star and migrated inwards to its present
location through interactions with the disk or with other planets (Boss 1998). Several
extrasolar gas giant planets have been detected with orbits much more similar to that
of Jupiter, ranging from 2-7 AU from their stars (Butler & Marcy 1996; Cochran et al.
1996). The overall aim is to identify the conditions in proto-planetary environments, and
perhaps detect indirect signatures of on-going planet formation. The ultimate goal would
be to find extraterrestrial life.
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1.2.4 Bipolar Jets and Outflows

The striking phenomena of jets and outflows was wholly unanticipated by theorists, who
are still struggling to understand the basic mechanism. Since they are observed to trans-
port significant amounts of energy and momentum away from the central source, it is
likely that they play an important role in the evolution of the parent star. Furthermore,
stellar birth is often hidden from view and since jets and outflows can be more easily
observed, they offer a ‘fossil record’ of the star’s history.

Bipolar ejecta from young stars can be considered in terms of two classes: optically
visible highly collimated atomic jets which travel at velocities of a few hundreds of kilome-
tres per second; and less collimated molecular outflows (primarily seen in trace molecules
such as CO and SiO) which travel at velocities of a few tens of kilometres per second
and are detectable at millimetre wavelengths. The relationship between the two has been
extensively debated during the past two decades (e.g. Cabrit et al. 1997). Some suggest
that the initial jet collects gas from its surroundings through either ‘prompt entrainment’
when the jet rams into the molecular cloud material head-on (Richer et al. 2000), ‘steady
entrainment’ occuring within the shear layer along the jet (De Young 1986), or interac-
tions of a non-steady jet with the cloud due to variations in jet velocity or orientation
(e.g. Suttner et al. 1997). The opposing view is that the jet is simply the denser core of
a wider angle wind. It sweeps up the ambient material, via a forward shock, which runs
ahead of the wind bubble and this produces the molecular outflow (e.g. Shu et al. 2000).

Regardless of the exact distinction or relationship between jets and outflows, the re-
sulting shocks are observed as ionised nebulae (i.e. HH objects/flows, as mentioned in
Section 1.1). While some form clear bowshocks and others have a distinct jet morphology,
many are more chaotic in shape. The first jets/outflows to be recognised as such were
from HL Tau, HH30 and DG Tau (Mundt & Fried 1983), while today a large number
of HH flows are known (Reipurth & Bally 2001) and tend to occur in groups since star
formation occurs in clusters (Bally et al. 1996).

Observationally, imaging and spectroscopic studies have provided a detailed under-
standing of morphology, kinematics and diagnostics, although many studies centre on low
mass stars as they are closer and more abundant. Jets and outflows have a wide variety of
scales, with lengths on the order of a few thousand AU although parsec-scale outflows have
also been observed (Ray 1987; Bally & Devine 1994; McGroarty et al. 2004). Jet diame-
ters range from ~ 70 to 140 AU (i.e. ~ 0”5 to 1”) for the nearest flows (Ray et al. 1996),
and have varying degrees of collimation from wide angle winds to narrow jets. Full
opening angles are in the range of 10° to 30° close to the source (<50 AU), followed by
re-collimation by a few degrees within 100 AU of the protostar (e.g. Ray et al. 1996;
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Dougados et al. 2000). The flows exhibit axisymmetric expansion patterns and can per-
sist for 10°years for low mass stars, although this is possibly a lower limit given that
the true extent of many outflows is not necessarily known. Many jets have been ob-
served to oscillate in the transverse direction as they propagate (e.g. Lépez et al. 1995).
Typical variations in angle are anything up to ~10°, an effect interpreted as either jet
precession associated with the presence of a companion star, or instabilities within the
jet itself. Depending on the source luminosity, jet radial velocities typically range from
~200 to 1000 kms~! which is larger than the sound speed, c,, in the surrounding medium
(1.6, ¢, X VI & V10 K << 10kms™!). Therefore, Mach numbers, M, (i.e. the ratio of jet
velocity to ambient sound speed) are in the range of ~20t0100, i.e. jets are hypersonic
and so cause shock phenomena. They also incorporate clumps, or ‘knots’, which have
lengths of a few hundred AU and exhibit large proper motions. These knots are most
likely due to variations in ejection velocity of the jet material from the source, which
can cause internal jet shocks that propagate along the jet (e.g. Suttner et al. 1997).
Typical jet temperatures are in the range of 5 x 103to 10K (and so jet sound speeds are
~ 10 to 30 kms™!), while electron densities are found to be in the range of 10%to 10* cm=3.
Only a small fraction of the jet is ionised, i.e. ~10% (Bacciotti et al. 1995), but the ion-
ising agent is as yet unknown. Ionisation can occur collisionally through the shocks but,

given that bowshock velocities of ~100kms™!

can explain collisional ionisation of only
~ 3%, interal jet shock velocities of typically ~30 to 40kms™' cannot explain the 10%
level. Furthermore, low mass young stars are too cool to allow photoionisation although
x-ray emission from the magnetospheric accretion shock offers a possible explanation.

Finally, strong observational links have been established between accretion and ejec-
tion processes. A strong correlation is found (e.g. Cabrit et al. 1990; Cabrit & André 1991;
Hartigan et al. 1995) between the presence of outflow signatures (such as P Cygni line pro-
files, FELSs, or well-developed molecular lobes) and accretion diagnostics (such as ultravi-
olet, infrared and millimetre wavelength emission excess, or inverse P Cygni line profiles).
For example, jet mass fluxes are ~107t010~" Mgyr~! depending on source luminosity
(Edwards et al. 1993), while typical estimates of accretion rates (~1078 to 1075Mg/yr)
are around 10 times larger (Hartigan, Edwards & Ghandour 1995). Further support is
provided by the apparent decline in outflow activity with stellar age, which follows a si-
miliar trend in disk frequency (Mundy et al. 2000) and mass accretion rate (Calvet et al.
2000). At least some low mass YSOs undergo occasional FU Ori outbursts, with rapid
disk accretion (up to 1073 Mgyr~!) accompanied by a strong disk wind with high mass
loss rates (~1075 Mgyr~!), which more than likely affects the energetics and morphology
of the large-scale flow (see Hartmann & Kenyon 1996 for review).
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1.3 Aim of this Thesis

1.3.1 Context and Structure

The importance of understanding accretion/ejection structures is highlighted by the ubig-
uity of jets in other astrophysical phenomena (e.g. jets from x-ray binaries, pulsars, sym-
biotic stars and planetary nebulae; and active galactic nuclei jets associated with quasars,
blazers and gamma ray bursts). By providing protostellar jet models with observational
constraints, other types of astrophysical jets may be confronted with scaled versions of
these models.

While much progress has been made in recent decades there are many outstanding
questions to be answered, including how jets/outflows from young stars are launched
and travel away from their source. Long-standing observational difficulties lie in the
fact that young stars are often heavily embedded. Furthermore, due to the relatively
small spatial and temporal scales, physical properties of jet/outflows can only be deduced
from high angular resolution data. Consequently, to overcome these obstacles, this work
focusses on more evolved, and hence less embedded, T Tauri stars and harnesses the high
spatial resolution of HST at optical and near ultraviolet (NUV) wavelengths. In this way,
this thesis constitutes an observational contribution to understanding jet generation and
propagation.

First, I examine the case of the pre-main sequence star XZ Tauri and its outflow. I
describe imaging observations of the binary system and its outflow, and how each has
evolved over a six year period. Using my proper motion results in combination with
typical outflow parameters, I was able to guide simulations so that other parameters
could be inferred.

I also conduct a spectroscopic survey, at optical and NUV wavelengths, of several
T Tauri star jets. I examine the base of these jets close to their sources, in order to
determine the radial velocity profile across the jet immediately after it has been launched
from the star/disk system. In this way, I provide further constraints for theoretical models,
and attempt to differentiate between currently proposed models of jet generation.

Therefore, this thesis can be considered in terms of two main divisions, namely, pre-
main sequence outflow propagation (Chapter 3), and pre-main sequence jet launch (Chap-
ters4 and 5). Chapter 2 is therefore divided into two separate sections which discuss the
theory of each. And, finally, Chapter 6 draws together the conclusions and outlines the
next steps for future research.
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1.3.2 Angular Resolution Demands

The diffraction limit, the physical limit for spatial resolution given by the Rayleigh Cri-
terion, may be extended by using a larger telescope mirror diameter and/or observing at
shorter wavelengths. Currently, the largest ground-based optical/infrared telescopes have
mirrors of 8 to 10m in diameter but, practically, atmospheric turbulence dominates over
diffraction in degrading the image. As a result, current non-adaptive optics ground-based
observing is limited to achieving spatial resolutions of about 1” at optical wavelengths.
However, improvements are in sight for the near future through the development of adap-
tive optics and interferometric techniques for infrared and eventually optical telescopes.

Meanwhile, the current resolution of standard ground-based proper motion studies of
outflows from YSOs demands relatively long time intervals between observations. Outflow
velocities are on the order of 100 to 200kms—! and so, for an angular resolution of 1”,
typically a five year time interval is necessary for even the nearest outflows (140 pc) while
more distant objects required intervals of several decades. Meanwhile, as will be seen
in Chapter 3, outflows observed at one year intervals with the diffraction-limited spatial
resolution of HST (i.e. 0.”1 when imaging at optical wavelengths) have exhibited dramatic
changes on such timescales.

Furthermore, given that jet widths are typically about 1”, only high resolution observa-
tions can examine the jets’ internal structure, and thus attempt to differentiate between
models currently proposed for jet formation. The combination of HST’s subarcsecond
spatial resolution with its good spectral resolution (R =30000 in the near ultraviolet and
5000t0 10000 in the optical region) allows a detailed analysis of the internal jet structure,
as will be seen in Chapters4 and 5.

Consequently, it is clear that many studies of the circumstellar environment in star form-
ing regions require the high spatial resolution of HST.

1.3.3 Instrumentation

All observations were conducted with instruments aboard HST, launched in 1990 into
a low Earth orbit and now possibly in the final years of its useful life. The payload
comprises four science instruments (some of which have been replaced or upgraded during
periodic servicing missions) providing data from the infrared to the ultraviolet region of
the spectrum. The current instruments are the Advanced Camera for Surveys (ACS),
the Near Infrared Camera and Multi Object Spectrometer (NICMOS), the Wide Field
Planetary Camera 2 (WFPC2) and the Space Telescope Imaging Spectrograph (STIS),
Figure1.3. The latter two instruments were used to obtain imaging and spectroscopic
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Figure 1.3: Left: Schematic of the HST optical design. Right: Schematic of the
HST focal plane layout, showing each of the four instruments surrounded by the the Fine
Guidance Sensors. (http://www.stsci.edu/hst/)

data, respectively, for this research.

WFPC2, which replaced the original WFPC in the 1993 servicing mission, com-
prises four (800x800 pixel) cameras and provides images over a broad wavelength range
(1150 to 11000 A). The WFPC2 detector comprises four front-side illuminated CCDs. It
simultaneously images a 150”x150” region using three cameras forming an L-shape with
a spatial sampling of 0.”1 pixel™! (referred to as Wide Field Cameras 2, 3 and 4), and a
smaller 34”x34” square field with one smaller camera of spatial sampling 0.”046 pixel !
(refered to as Planetary Camera 1). Each observation results in a mosaic of images from
the four cameras. The instrument contains a total of 48 filters, which include a set of broad
band filters approximating Johnson-Cousins UBVRI, as well as a set of wide U, B, V, and
R filters, and a set of medium bandwidth Stromgren u, v, b, and y filters.

STIS, installed in 1997 and operating until its power supply failure in 2004, provided
images and spectra at optical and ultraviolet wavelengths. It has three (1024x1024 pixel)
detectors: a back-illuminated CCD for observations from 2000 to 10300 A with spatial
sampling of 0.”05 pixel ! over a 52" x52” field of view; and two Multi-Anode Microchannel
Array (MAMA) detectors operating in the NUV region from 1600 to 3 100 A and the far
ultraviolet from 1150 to 1700 A, with spatial sampling of 0.”029 pixel ™! over a 25" x25"
field of view. For each detector, there is a choice of first-order and echelle gratings, several
filters , and various apertures. Finally, both WFPC2 and STIS contain internal corrective
optics to account for the well known spherical aberration of the HST primary mirror.

While this section provides an overview of the relevant HST instrumentation, the
specific instrument configurations used for the observations are detailed in the appropriate

chapters.



Overview of Theory

This chapter outlines the basic physics governing jets/outflows from young stars, in order
to give a context for my observational research and an understanding of its significance.

2.1 Theory of Shock Formation

2.1.1 Mechanism of Shock Formation

Shocks form when a jet encounters the surrounding interstellar medium (ISM) at super-
sonic velocities, i.e. M >1 but typically 10 to 30. As the jet material runs into the ambient
cloud, it produces a two shock system. The reverse shock (or ‘Mach disk’) forms where
the jet material is decelerated, while the forward shock (or ‘bowshock’) forms where the
ambient material is accelerated. The gas immediately behind each shock is compressed,
heated and ionised. The post-shock gas resides between the shocks in two layers separated
by a boundary called the ‘contact surface’ or ‘contact discontinuity’. There is no pressure
gradient across the boundary, and so there is no flow of material across it. The shock
velocities (in the shock reference frame) are noted in Figure2.1, left panel.

The hot inter-shock layer then immediately undergoes rapid radiative cooling. The
distance behind the shock over which this takes place, the cooling length, is small (i.e. ~L

10
of the shock size). Lines from various species are emitted at varying distances from the
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Figure 2.1: Left Panel: Schematic of a jet interacting with the surrounding ISM,
drawn in the bowshock reference frame. The result is a cocoon region containing shocked
jet and ISM material with a contact surface between the two. Material enters the shock
front from the right with a velocity, vy, and is slowed by a factor of 4 after crossing the
shock. The density jumps by a factor of 4 at the shock and increases as the gas cools,
recombines and slows. Right Panel: The structure of a radiative shock, drawn in the
bowshock reference frame. As an example, cooling zones of various oxygen species are
depicted by the crosses, circles and dots (Hartigan et al. 2000).

front, according to excitation conditions. In particular, strong Ha emission denotes the
position of shock fronts in outflows, while emission such as O III is followed by OII and O1
(Figure 2.1 right panel). Forbidden lines such as [0 I]A6300, [NII]A6583 and [SII]A6731
are also emitted in the post-shock gas. With no pressure gradient, the rapid decrease in
temperature causes a corresponding increase in density. The result is a dense build-up of
material just beyond the cooling distance. Both the forward and reverse shock contribute
to this density build-up, and so there is a very large compression of matter such that most
of the material in the region resides close to the contact surface. Momentum conservation
implies that the increase in density causes a decrease in velocity, and so the cooled dense
layer now decelerates (in the bowshock frame) to the same speed as the forward shock,
i.e. from -1vpe, to zero. Thus, in the ambient frame, it accelerates from $vhow t0 Vsow-
So far I have described high velocity ‘jump-shocks’ (J-shocks), in which temperature,
density and velocity experience a discontinuous jump at the shock surface. This causes
dissociation of any molecules, assuming shock velocities greater than 10 to 20kms™!,
leading to a spectrum dominated by atomic emission lines. However, depending on the
gas velocity, magnetic field strength and ion density, another type of shock may form.
‘Continuous shocks’ (C-shocks) occur when the Alfvén velocity is greater than the neutral
shock velocity, so the magnetic field transmits energy at a speed greater than that of
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the neutral shock. In this case the temperature, density and velocity experience a less
abrupt, more continuous change and molecules can play an important role in the cooling
process. The formation of C-shocks occurs as follows. Low ionization from cosmic rays is
expected in the interior of molecular clouds, which is shielded against ionizing radiation
from OB stars. If the ionization fraction is low enough, the ions are not well coupled
(through collisions) to the neutrals any more and the gas then has to be treated as a two-
component fluid. The speed of signal propagation in the ion fluid, which is of the order
of the ion Alfvén velocity, can be much larger than the sound speed of the neutrals. The
ion fluid is then continuously accelerated and compressed, and friction between the ion
and neutral fluids leads to acceleration and heating of the neutral fluid before the neutral
jump-shock arrives. Depending on the field strength and cooling efficiency, the magnetic
precursor may eventually lead to a continuous static compression of the neutral gas to its
post-shock properties without the presence of a jump. This is a C-shock. Therefore, for
C-shocks the kinetic energy dissipation is a much more gradual process than for J-shocks,
and is spread over a much larger volume. This leads to a much lower temperature in the
shocked gas for a given shock velocity. Hs and other molecules can thus survive much
faster C-shocks than J-shocks.

Both J and C shocks may be present within the jet, appearing as bright clumps of
material along the flow axis, and most likely occuring due to variations in the ejection
velocity of jet material at the source, Figure2.2. For example, Reipurth & Heathcote
(1991) observed bright clumps embedded in the flow of the HH 46/47 jet, and interpreted
them as internal jet shocks (i.e. ‘internal working surfaces’) which they explain in terms
of multiple ejections from the embedded energy source. These results were successfully
reproduced by Raga et al. (1990) using analytic and numerical models for jets with variable
velocity ejection. They find that variations in the source velocity induce the formation of
discontinuities in the jet which can be described as internal working surfaces.

Figure2.2 (Raga et al. 1990) shows a schematic

diagram of the structure of internal working sur- i SRE S

faces in jets. The working surface moves with a secondary cocoon

P

i
H

velocity, v, that satisfies u; > v > wuy (where

e
=t Ay

u; and us are the upstream and downstream i

flow velocities, respectively). The high pressure iy &
rimary cocoon
between the two shocks of the working surface :

drives out material sideways, and the interaction

b

f the ejected with the surrounding environ- ;
e PAEPIEE 898 ? Figure 2.2: Schematic diagram
ment forms a bowshock. . :

of an internal working surface.



2.1. Theory of Shock Formation 18

2.1.2 Numerically Simulating Outflow Shocks

Studies of cloud-shock interactions require numerical simulations to understand the de-
tailed physics, a task which is computationally demanding and so advances parallel the
development of computing power and sophisticated algorithims.

Extensive numerical simulations of supersonic jets had been carried out for adiabatic
flows (e.g. Norman et al. 1982), in order to model observations of highly collimated jets
in extended radio galaxies (e.g. Jennison & DasGupta 1953). However, they were not
directly relevant to YSO jets, because the strong departure from adiabaticity in a radia-
tively cooling jet can significantly modify the structure of the flow (Blondin et al. 1990).
For example, in addition to the basic two-shock morphology of adiabatic jet heads, the
first numerical models for radiatively cooled jets found that they develop a dense shell
between the jet shock and the leading bow shock (Blondin et al. 1989), as described in
Section 2.1.1.

Outflow modeling is constrained by the narrow range of acceptable outflow param-
eters (e.g. density, velocity, excitation etc.), which are in turn derived from diagnostic
(forbidden and permitted) lines observed at various distances from the outflow source.
In the ideal case, the ambient medium is assumed to have an undisturbed, simple struc-
ture with no clumps, magnetic fields or ionisation stages, and the jet is assumed to be
axisymmetric. For example, simulations were conducted in Chapter 3 by choosing a box
size in which ambient medium parameters were defined, i.e. we choose the velocity of the
ambient medium to be zero, a typical ambient density, and an unchanging gas pressure
which yields a realistic value for the ambient temperature. The jet is allowed to enter
the box from one side and is given initial jet parameters of velocity, density and opening
angle. The hydrodynamic code then derives the behaviour of the jet from the four Euler
equations (i.e. the conservation of mass, momentum, energy and the equation of state).

While hydrodynamic jets with and without radiative losses have been well-studied
(e.g. Raga 1988; Blondin et al. 1990; Stone et al. 1993; Raga et al. 1995), magnetised
jets subject to collisionally excited radiative losses are only now being investigated (e.g.
Cerqueira et al. 1997; O’Sullivan & Ray 2000; Cerqueira et al. 2004). Nevertheless,
considering that direct measurements of magnetic fields have proved difficult to obtain
(Ray et al. 1997), the code described in Chapter 3 is purely hydrodynamic. The addition
of magnetic fields to the system has the capability to change the shock type from J-shock
to C-shock (as described in Section2.1.1), but the resulting morphology and diagnostic
parameters can equally be reproduced by changing input parameters in a hydrodynamic
code, and so are not necessarily an immediate indicator of the influence of a magnetic
field.
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The results of the simulations in Chapter 3 indicate the presence of several instabilities.
The Rayleigh-Taylor Instability (e.g. Blondin et al. 1992) occurs when a dense, heavy
fluid is accelerated by a light fluid, as is the case in the vicinity of the contact surface when
pjet/ Prsm < 1. Such instabilities are quelled by any sort of restoring force. In astrophysical
situations, a magnetic field applies a certain amount of tension and can inhibit instability
growth. On this point, it should be reiterated that the simulations in Chapter 3 are purely
hydrodynamic. The Kelvin-Helmholtz Instability (e.g. Downes & Ray 1998) results from
velocity shears between two media, which are not necessarily of different densities. When
this comes into play it occurs either along the sides of the jet (incompressible modes) or in
the body of the jet (compressible modes). However, this is not apparent in the simulations
of Chapter 3, due to the high Mach number (i.e. M~ 25) and short dynamical timescale.
As with the Rayleigh-Taylor Instability, any type of surface tension will hinder the Kelvin-
Helmholtz Instability for incompressible flows. The result is that instability is only present
if the velocity shear is greater than the Alfvén velocity (Chandrasekhar 1961). Finally,
a medium that is shocked and compressed from two sides will produce a wavy structure
known as the Vishniac Instability (Vishniac 1994; Dgani et al. 1996). Compression from
one side is due to thermal pressure, which acts normally, and from the other is due to
ram pressure, which acts obliquely giving a transverse resultant force that drives material
into peaks and valleys in the compressed region. The denser valleys will be decelerated
less than the rarefied peaks, leading to oscillations.

2.2 Theory of Jet Launch

2.2.1 The Angular Momentum Problem

According to the law of conservation of angular momentum, the inward falling matter of
an accretion disk must have increasing angular velocity with decreasing radius. As has
long been recognised, the amount of angular momentum in a typical star forming cloud
core is several orders of magnitude too large to be contained in a single star, even when
rotating at break-up speed. This is the classical ‘angular momentum problem’ of star
formation (Mestel & Spitzer 1956, Bodenheimer 1978, 1995). If angular momentum is
not somehow transported away from the protostellar system, the star’s rotation would
reach unreasonably high speeds. We can then infer that angular momentum must be
transported away from the accreting system, thereby keeping the star rotating well below
break-up velocity, as observed. Consequently, with the first observations of protostellar
jets in the 1980s, it was proposed that jets and outflows from newly forming stars somehow
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extract angular momentum from their source (e.g. Pudritz & Norman 1983). The strong
correlation between outflow signatures and accretion diagnostics appears to support this
supposition. But, while the disk/jet connection is well established (e.g. Cabrit et al. 1990),
the origin of the jet and its driving mechanism remain topics of intense debate (see review
by Cabrit 2002).

The theoretical foundations for how outflows can lead to angular momentum loss had
already been laid by the 1960s. The prediction of a steady, radial, structureless wind
driven by the thermal gas pressure gradients in a star’s corona (Parker 1958), was soon
followed an adapted model which incorporated open magnetic field lines (Parker 1965)
in order to explain subsequent observations of clearly very structured winds. Following
this, Weber & Davis (1967) developed the basic equations for magnetic rotator theory in
which the combined effects of rotation and magnetic fields were investigated. One of the
most important effects of such a wind is the enhanced loss of stellar angular momentum.

Building on these foundations, many models have been proposed for the extraction of
angular momentum through the launch of protostellar jets. These rely on driving forces
such as thermal pressure, radiation pressure and magneto-centrifugal forces. Both mass
and momentum fluxes of the observed outflows are much higher than could be derived
from the protostar’s luminosity, hence forbidding both thermal and radiation pressure
driven outflows (DeCampli 1981, Ko6nigl 1986). The third option proposes the combined
launching effect of magnetic fields and centrifugal forces, and appears to provide a natural
explanation for the long standing problem of angular momentum dissipation in protostars.

Aside from the role of the bipolar jet, the contribution of viscous forces in the disk
to angular momentum transport is as yet unknown. Astrophysical disks are too large for
ordinary particle viscosity to play a significant role in angular momentum extraction from
the disk. This is due to the fact that the timescales on which disturbances are propagated
by viscous diffusion are orders of magnitude too long for the time variability seen in
accretion disks. A long-standing challenge of the theory of accretion disks, therefore, has
been to find a mechanism capable of generating a turbulent viscosity within the disk,
which in turn could be responsible for angular momentum transport. There are ongoing
attempts to isolate instabilities that may lead to the generation of disk turbulence (see
reviews by Papaloizou & Lin 1995, Lin & Papaloizou 1996, Balbus 2003).

For example, assuming a large Reynolds number allows differential rotation to turn
into shear-driven turbulence (Crawford & Kraft 1956, Shakura & Sunyaev 1973). In other
words, assuming the presence of a sufficiently strong viscous stress then, since an accret-
ing disk is a differentially rotating object and angular velocity decreases with increasing
radius, the inner parts of the disk will shear past the outer parts. This frictional force
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has the effect of transporting angular momentum outwards, thus allowing accretion onto
the central object. Shear turbulence increases a disk’s angular momentum flux to orders
of magnitude above that which is possible with ordinary collisional viscosity. However,
studies show that only for low-vorticity rotational profiles does laminar flow breakdown
into turbulent flow (Lighthill 1978, Hawley et al 1999). More recently, an alternative
mechanism for generating disk turbulence has come under scrutiny, based on the fact
that astrophysical disks are generally magnetised. Even weak magnetic fields completely
alter the stability behaviour of astrophysical gases, both rotationally and thermally (Bal-
bus 2001). Weak fields depend on the hydrodynamic properties of the unperturbed disk.
Given that the angular velocity decreases outward in a weakly magnetised accretion disk,
the rotation profile is linearly unstable (Balbus & Hawley 1991). This instability is known
as the magnetorotational instability. It is the only instability shown to be capable of
producing and sustaining the enhanced stress needed for accretion to proceed on viable
timescales. Furthermore, the level of the resulting turbulence can change rapidly, erupt-
ing or even turning off completely. All this occurs while the underlying Keplerian profile
remains essentially fixed. Hence, the magnetorotational instability is now at the centre
of numerical accretion disk studies. Unfortunately, the study of this ‘MHD turbulence’
in protostellar disks is complicated by the low ionisation fraction of the gas. This affects
the coupling between the matter and the field and so making it imperative to account for
a departure from ideal MHD conditions.

Angular momentum extraction via bipolar outflows has, in the past, generally been
considered seperately to disk turbulence in analytic and numerical investigations. A
combination of the two mechanisms as a means of angular momentum extraction is now
also under consideration. Very recent studies (Salmerson & Konigl 2005) have begun
to investigate whether radial (magnetorotational instability induced) angular momentum
transport can coexist with vertical transport (via outflows). If so, the relative importance
of these two mechanisms at different locations and evolutionary stages in protoplanetary
disks requires examination.

In order to gain an understanding of the possible extent of the bipolar jet’s role in
angular momentum extraction, the underlying MHD theory of the magneto-centrifugal
mechanism for launching collimated outflows is now presented.

2.2.2 Magnetocentrifugal Mechanism of Jet Launching

Magneto-centrifugal models propose that magnetic fields in the collapsing, rotating cloud
core are advected with the accretion flow and so form an hour glass shaped magnetic field
as a result of this inward motion of the disk material. The accreting central protostar,
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which becomes fully convective soon after its formation, supports a rigid, co-rotating
(with the star), roughly bipolar stellar field which may extend to 5 to 10 stellar radii.
The point where the outermost stellar field line intersects the accretion disk determines
the rotation rate of the young star. This point will rotate with the Keplerian rotation
speed of the disk at that radius, called the co-rotation radius. Inside this radius, the
stellar magnetic field dominates all pressures and rotates as a rigid body anchored to
the star. Matter is lifted from the disk, forced to move along magnetically dominated
accretion columns to high stellar latitudes, where it is accreted onto the star. Most have
adopted this magnetic geometry, first worked out by Ghosh & Lamb (1977; 1978). In
the case of YSOs, there is direct observational evidence of this process, e.g. character-
istic broad line profiles consistent with formation in the extended magnetospheric flow
(Muzerolle et al. 1998a; 1998b; 2001) and the spectral energy distribution of the optical
and ultraviolet excess consistent with accretion shock emission (Calvet & Gullbring 1998;
Gullbring et al. 2000; Ardila et al. 2002).

However, models using this approach differ in their source of magnetic forces which
drive the jet. Current research proposes two main alternatives: the interaction region
between the protostar and disk, called the ‘X wind’ model (e.g. Wardle & Konigl 1993;
Lovelace et al. 1995; Ostriker & Shu 1995; Shu et al. 2000); and the disk alone, called the
‘Disk wind’ model (e.g. Blandford & Payne 1982; Pudritz & Norman 1983; Uchida & Shi-
bata 1985; Konigl & Pudritz 2000). Both models have been shown to plausibly produce
the correct ejection-accretion ratios. In the ‘X wind’ scenario, the magnetic ‘X-point’
(where the stellar magnetosphere intersects the disk, which is truncated at the co-rotation
radius) is the point of origin of a magneto-centrifugally driven wind fueled by matter in-
jected onto open field lines and flung to infinity. In this picture, magnetic forces on the
open field lines ~0.03 AU from the central star are responsible for collimating the wind
into a stellar jet. Conversely, the ‘Disk wind’ model proposes centrifugally driven winds
launched from a magnetised disk surface, and so launching occurs not only close to the
star but also up to a few AU along the disk from the source. Therefore, the basic as-
sumption of this mechanism is the existence of a magnetic field threading the accretion
disk of the protostar. (No direct observations have yet determined a typical magnetic
field strength for accretion disks around low mass stars.) For disks without a hot corona
(‘cold’ disks), as in the case of a protostar, it is possible for such jets to be launched
without the contribution of thermal effects but through magnetic effects alone. This is
possible provided the hour-glass shaped field lines are inclined at an angle of at least 30°
with respect to the vertical axis (see Konigl & Pudritz 2000).
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A narrative description of the basic physics follows, before outlining the relevant equa-
tions (Section2.2.3) in a form applicable to my results. Emphasis is on the ‘Disk wind’
model because my observational findings (Chapters4 and 5) appear to be more readily
explained using this scenario.

Consider a plasma, in a large scale magnetic field, of sufficient ionisation that the ions
and neutrals are well coupled (through collisions) such that the plasma can be considered
as a one-component fluid. In the infinite conductivity limit, assumed in many astrophys-
ical applications, the electric field effectively disappears. With the electric field fixed at
zero, then by the laws of induction the relative change between the magnetic field and
fluid motion is limited, and so the field is said to be ‘frozen in’.

In the case of cloud collapse, gravitational forces dominate over magnetic forces. The
large scale magnetic field is ‘dragged’ inwards with the motion of the gas, and so takes on
an hour-glass shape. As some of the gas particles in the disk experience increased heating
and become ionised, they manage to escape from the disk’s surface. A role reversal now
occurs for these particles, whereby it is now the magnetic field which dominates over the
inertial and pressure forces of the gas. The gas is accelerated upwards off the disk by
centrifugal forces, and guided by the field lines. The angular velocity of the particles
remains unchanged, so long as the ions are forced to move with the field. This means
that, as the gas increases its distance from the disk surface, the angular momentum of
the gas increases per unit mass. Conservation of angular momentum then implies that
the disk must decrease its angular momentum correspondingly.

Soon, the accelerating outflow reaches the Alfvén velocity. At this distance from the
star, the Alfvén radius (which defines the so called Alfvén surface), the kinetic energy
density matches the magnetic energy density. Yet again a role reversal occurs whereby
the magnetic field can no longer guide the plasma and so is forced to move with the gas
once more. The gas now has enough energy to dominate over the field strength, since
the magnetic pressure is negligible compared to the inertia and gas pressure, and so the
‘frozen in’ field is forced to curve in the direction of the gas rotation. The outflow now
takes on a rotational velocity determined by the angular momentum of the disk where
the ions originated and magnified on the journey to the Alfvén surface.

The magnetic field can be decomposed into poloidal and toroidal components. The
curvature of the magnetic field means the toroidal component has now been substantially
increased. The interaction of the toroidal field and the vertical component of the plasma
motion then sets up a Lorentz force which is directed towards the rotation axis (i.e. the
so called ‘z-pinch’ or ‘hoop stress’), thus collimating the gas. The resulting hoop stress
dominates over the defocussing forces (i.e. outward pressure gradients and centrifugal
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forces), leading to a high degree of outflow collimation.

The net effect is that the outflow has set up a braking torque on the disk, whereby the
initial path of the outflow particles acts as a ‘magnetic lever arm’. In this way, angular
momentum is extracted from the disk causing it to slow down. Matter can then move
inwards on the disk towards the protostar to a point where the rotational velocity of the
disk equals that of the protostar (i.e. at the co-rotation radius), and can then accrete
onto the star.

2.2.3 Applied Theory

I present here the relevant theoretical equations, as described by Woitas et al. (2005), in
a form applicable to my observational results of later chapters. Specifically, I use these
equations to check whether my results are consistent with the ‘Disk wind’ model described
by Koénigl & Pudritz (2000). As in many models, a steady-state, axisymmetric bipolar
jet satisfying ideal MHD conditions is assumed, and described by cylindrical coordinates
(r, 2, ¢) in which the star is at the origin. The velocity and magnetic field vectors comprise
poloidal (r, z) and toroidal (¢) components.

Consider now the balance of angular momentum influx and eflux in a jet-disk system.
The angular momentum flux available for extraction from the disk to allow accretion is
given by L. The angular momentum flux that may be carried away by the bipolar jet
is given by Ljet,ed and Ljet,blue, denoting receding and approaching jets respectively. The
angular momentum that may be carried away by viscous forces within the disk is given
by Loy (where 7 represents the turbulent stress tensor which is related to the turbulent
viscosity). Equating these terms as dictated by the conservation of angular momentum
flux in the system yields,

Laisk = Ly + Ljet,'red : Ljet,blue- (2.1)

In order to obtain an observational estimate of each quantity, consider the schematic
of a jet-disk system shown in Figure2.3. The schematic shows a series of nested magnetic
surfaces (i.e. areas of constant magnetic flux) rooted in the disk along, which the gas
particles are forced to flow. The point at which a magnetic surface intersects the Alfvén
surface is denoted by the Alfvén radius, r4. As will be seen, jet observations allow us to
determine the point on the disk (i.e. z = 0) where the observed material originated. This
launch point is denoted by a jet footpoint radius, roos. When calculating g s, it can
be assumed that the jet observations are made at a distance above/below the disk plane
of effectively 2 = +00. So the radius of the observations is denoted by 7. . Lastly,
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Figure 2.3: Pictorial sketch (adapted from Woitas et al. 2005, and not to scale) of
magnetic surfaces rooted in the accretion disk, according to the ‘Disk wind’ scenario .

the disk is truncated at an inner radius where it co-rotates with the star, ¢, and where
magnetospheric accretion occurs.

Consider a volume of this jet-disk system, bounded by inner and outer magnetic
surfaces which are rooted in the disk at ¢ ¢, and 7 s, and by surfaces above and below the
disk at the distance of the observations. (The assumption of z = foo for the observation
distance is made only when calculating ro s.) Then, the angular momentum available in
this volume for extraction from the disk to allow accretion is given by,

"'Ldisk = Mdisk,co T0,co VUK,co — Mdisk,obs T0,0bs VK ,0bs (22)

where Md,-sk,co and Mdisk,obs are the mass accretion rates, while vg o, and vk s are the Ke-
plerian rotational velocities of the disk, at 79, and s respectively. Once the footpoint
radii are known, the Keplerian rotational velocities can be calculated from

Vg = \/GM*/T‘O (23)

where G is the universal gravitational constant and M, is the stellar mass which can be
found in the literature. The co-rotation radius, 7o, can be calculated from the stellar
period, 27 /w, since accretion occurs when the disk’s angular velocity falls below the Ke-
plerian velocity, i.e. wroco < \/GMf*/rO;. The stellar period, in turn, can be determined
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from observations of photometric variability (e.g. Petrov et al. 2001). The outer footpoint
radius, 7o 055, may be calculated using the equation in Anderson et al. (2003),

o 010 (355" () (o) (25) @9

where 74,055 and the observed toroidal and poloidal jet velocities, vs and vy, can be
determined from my observations. A value for, Mdisk,obs can be obtained from mass
conservation,

Mdisk,obs S Mdisk,co = WMjet,red - Mjet,blue (25)

A typical value for Mdisk’w has been determined from veiling measurements of photo-
spheric lines caused by accretion shocks (Hartigan et al. 1995). (Note that Mdisk,w is
usually referred to as M, in the literature, but not here for the simple reason of unam-
biguity of notation in Equation (2.2)). An indication of typical mass ejection rates can be
determined from

Mo = / pvpdA (2.6)

where the area, A, is obtained assuming the jet diameter is equivalent to the spatial full
width half maximum (FWMH) of a given emission line, and the hydrogen density, p,
is obtained from the electron density, n., and ionisation fraction, z., since the number
density of hydrogen is given by ngy = mn./z.. A value for n. and z. can be found
from my results (see Chapter 4, Section4.4.8). Finally, substituting all of the above into
Equation (2.2), allows a value for Laisk to be found.

Next, we want to find the contribution of the bipolar jet to the extraction of angular
momentum from the system, (L.jet,red'i'..Ljet,blue). Consider the angular momentum balance
written in conservative form (Casse & Ferreira 2000),

B
\Y (prv¢vp - 7;1—7T¢’Bp - rTv) =0 (2.7)

Due to axisymmetry, the induction equation V x (v x B) = 0 forces vy, || By, implying
there is a function k, the mass load of the jet, such that pv, = kB, (see Konigl & Pudritz
2000). Then for each jet lobe the angular momentum extracted is given by

. TB¢
Ljet—/S(T%— 47rk> pVp - ndS ‘ (2.8)

MHD wind theory prescribes that the quantity in parentheses, which represents the total
(kinetic plus magnetic) specific angular momentum (i.e. angular momentum per unit

e ¥
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mass), is constant along the magnetic surfaces, i.e.

rB
ljet = (rv = ﬁ) = Tiﬂo (29)

where Qy = vk /1y is the angular speed of the disk at the base of the considered surface.
Substituting Equation (2.9) into Equation (2.8) gives

2
Ljet=/ (T—A> ToUk pVp - NdS (2.10)
s \To

It is usual to define A\ = (ra/ry)? where (r4/ro) is the magnetic lever arm of the jet.
Since the magnetic lever arm (r4/rg) ~ 3 for typical parameters (e.g. Konigl & Pudritz
2000), I will adopt A=10 for my calculations. The footpoint, 7o, (and hence vg) can be
determined from Equation (2.4), as previously described, and an indication of the typical
mass loss rate of a jet, Mjet = [ pvpdA, can be determined as previously described.

The result for the bipolar jet, Ljet,red -+ Ljet,b[ue, can now be compared to the amount
of angular momentum that must be taken from the disk to allow accretion, Laisk, and
hence the contribution of the outflow to angular momentum extraction can be obser-
vationally determined. Lastly, the possible contribution of Lt can be estimated. See
Woitas et al. (2005) for further elaboration.
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Time Evolution of a YSO Outflow

This chapter examines YSO jet propagation through a case study of the XZ Tauri pre-main
sequence system, using HST imaging observations at optical wavelengths.

3.1 Introduction

XZ Tau is a classical T Tauri binary system with a separation of 03 (Haas et al. 1990) and
is located in the well known Lynds 1551 star-forming region some 140 pc away (Elias et
al. 1978). The system was first found to have an associated HH outflow through ground-
based CCD imaging and spectroscopy (Mundt et al. 1988, Mundt et al. 1990). XZ Tauri
is unusual in that both the source and outflow remnants are optically visible, whereas most
visible outflows are from embedded stars, making it important for optical studies. These
early observations revealed a bipolar optical flow that could be traced to at least 10” on
either side of the binary at a position angle of 15°, Figure3.1. The first HST/WFPC2
images of XZ Tauri taken in 1995 show a bubble of emission nebulosity extending 4” to
the north of the system (Krist et al. 1997, hereafter K97). Further images, taken 3 years
later, show dramatic structural changes as the bubble expanded and altered from being
centre-brightened to limb-brightened, suggesting the formation of a HH bowshock (Krist
et al. 1999, hereafter K99).

29
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Figure 3.1: Contour plot of the HL/XZ Tau region (Mundt et al. 1990) showing the
full extension of the XZ Tauri outflow. Close-up images of XZ Tau, Figure 3.2, reveal a
‘bubble’ which extends towards XZ Tau B of this figure.

Ground-based photometry of XZ Tau from 1962 to 1981 (Herbst et al. 1994) has
shown variations, of almost two magnitudes in the V-band, for the binary as a whole.
Such variations are common among YSOs. Of the two components, the southern one has
been, at least until recently, optically brighter and thought to be the more evolved star. Its
companion, however, dominates at infra-red wavelengths and is probably of higher overall
luminosity (Haas et al. 1990). Recent Faint Object Spectrograph (FOS) observations
unexpectedly found the northern component to be optically brighter (White et al. 2001,
hereafter WGO01), a result that I will discuss further in the light of my findings. For this
system therefore it seems more appropriate not to use the terms primary and secondary
but instead to adopt the nomenclature, used in K97, of XZ Tau North and South.

In this chapter, I present an analysis of further (unpublished) HST archival WFPC2
images of the XZ Tau system and outflow from 1999, 2000 and 2001. These data show not
only ongoing changes in the outflow but a dramatic brightening of XZ Tau North in the
optical suggesting that it may be an EXor. In collarboration with Dr T. Downes (Dublin
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City University), I also present a simulation of the outflow in an attempt to reproduce its
dynamical and morphological evolution.

3.2 Data

High resolution archival WFPC2 images of XZ Tauri were obtained for 3 consecutive
epochs: 1999 February 3; 2000 February 6; and 2001 February 10. The binary was at the
same approximate location on the Planetary Camera (spatial sampling = 0704555 pixel ')
for all frames. Four filters were used: Ha (F656N); [SII] (F673N); R-band (F675W) and
I-band (F814W). The frequency and duration of the short exposures for each filter were:
1x120s; 1x180s; 2x65s; and 2x6s respectively. Two long exposures for each filter of
1000s were also extracted from the HST Archive, all of which were saturated at the
location of XZ Tauri. No short exposures were made for the I-band filter in the final year.

Previously published WFPC2 archival data for XZ Tauri (K99) facilitated proper mo-
tion measurements. These data comprised images from 1995 January 5 and 1998 March
25. The 1995 images used were 2x600s exposures in the R-band and 1x3s exposure
in the I-band. The latter allowed me to determine the stellar positions, as no R-band
short exposures were taken and the long exposures were saturated in the vicinity of the
star. The 1998 images were taken in the R-band only: 2x6s and 2x1100s exposures.
All frames were processed through the standard HST pipeline and each set of double
exposures was combined to eliminate cosmic rays.

The accumulated data yielded high resolution images of XZ Tau spanning a total of
6 years. I analyse these data in Section 3.3, under the two headings: outflow structure,
proper motions and [S1I] luminosity; and stellar astrometry and photometry.

3.3 Results

3.3.1 Outflow Structure, Proper Motions & [SII] Luminosity

The Planetary Camera images for each year were aligned and their orientation corrected
where necessary. A montage of R-band images, covering the full timespan, is shown
in Figure3.2. As previously observed (K99), there appears to be two edge-brightened
‘bubbles’, i.e. inner and outer shocks, similar to those seen with HST close to DG Tau
(Bacciotti et al. 2000). By 2001, the rapidly fading outer shock reached a distance of
approximately 800 AU from the binary, while the inner shock has travelled approximately
half as far.
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Observation Distance Bubble Longitudinal Transverse

date/interval from source  width speed speed
(AU) (AU) (kms—1) (kms~—1)

1995 Jan 5 598 +16 336 +25 -

1995 Jan 5 to 1998 Mar 25 697 +10 405 +14 146 +28 101 +42

1998 Mar 25 to 1999 Feb 3 721 49 423 +5 130 £73 105 +83

1999 Feb 3 to 2000 Feb 6 746 +11 - 119 +65 -

2000 Feb 6 to 2001 Feb 10 771 £10 - 117 +69

1998 Mar 25 to 2001 Feb 10 - - 130 +84 (jet)

Table 3.1: Projected sizes and speeds of the XZ Tauri outer bowshock (and an average
speed for the brightest jet knot) as it evolves. Distances and widths are quoted for the

second date of the observation interval. Errors are 3o.

Although remarkably bright in 1995, the knots in the XZ Tau jet appear very faint
by 2001. The jet’s position angle (PA) is around 15° in line with the major axis of the
elongated outer bubble and its known extended optical outflow. The knots, however,
are not in a perfectly straight line. Some deviation is evident and reminiscent of similar
behaviour seen in flows like the HH 34 jet close to its source (Reipurth et al. 2002).

Significant proper motions were observed as the bubble expanded away from XZ Tau.
Tangential velocities for the central jet knot and outer shock (see for example the bottom
right ‘difference’ frame in Figure 3.2) were obtained from the long F675W exposures. The
latter were used since they include the main HH emission lines, i.e. [OIJAA6300,6363, Ha
and [STI]AN6717,6731. The distance to the binary was assumed to be 140 pc as in K99. In
Table 3.1, I list the derived tangential velocities as a function of epoch for the outer shock
and an average velocity for the jet. Longitudinal sizes and speeds were calculated along
the jet axis (PA~15°). Transverse sizes and speeds were calculated perpendicular to
the jet axis at the bubble’s widest zone. As the shock expands it grows fainter and so its
width is not given for later observations. The central knot also grows very faint, especially
at later epochs, so I prefer to quote an average for the jet speed. Finally, although the
inner shock or bubble was seen to expand, changes from year to year proved difficult to
trace and so no tangential velocity is given here.

From Table 3.1, a deceleration of the outer shock is clear. Although the errors appear
large, examination of the 1998-2001 interval yields a longitudinal speed of 121 + 24 kms~!
(cf. 146+ 28kms~! from 1995 to 1998) indicating that the shock front is indeed decel-
erating. Simulations were carried out in order to model the observations using plausible
jet and ambient medium parameters (see §3.3 below). Observed speeds are as expected
in order to maintain the observed low aspect ratio of the bubble (i.e. the length to width
ratio is numerically greater than one, but is still lower, relatively speaking, than that of
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Figure 3.2: HST/WFPC2 F675W (R-band) images of XZ Tau and its outflow on: 1995
Jan 5; 1998 Mar 25; 1999 Feb 3; 2000 Feb 6; and 2001 Feb 10. The short exposure image
of the binary is superimposed on the long exposure image in each case. The bottom right
frame is an R-band difference image 1999-1998 showing proper motion in the jet and the
outer shock.
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Date of Separation  Position Angle
Observation  (arcsec) (degrees)

1995 Jan 5 0.302 146.35 +0.38
1998 Mar 25 0.299 145.50 +0.25
1999 Feb 3 0.303 144.85 +0.26
2000 Feb 6 0.300 143.30 +0.25
2001 Feb 10 0.298 142.38 +0.24

Table 3.2: Separation and position angle of the XZ Tau binary. Errors in separation

angles are estimated to be +(0005.

many YSO outflows which have a much narrower shape), and are in the same region as
those given by the simulation, (see Table3.4 below). As a further check the simulated
and observed [SIIJAA6317,6731 luminosities were compared. The latter was found from
the 2001 F631N filter images for the outer shock only, i.e. excluding the inner shock
region which is contaminated with diffraction spikes and nebulosity near the star. First, [
obtained an average number of the counts per pixel for the background, and then for the
outer shock region (excluding the jet knot emission and any defective pixels). A back-
ground subtracted total number of counts was then calculated for the area of the outer
shock. The appropriate flux per count was obtained from the values given in the WFPC
Instrument Handbook for this filter’'s wavelength region. The apparent luminosity was
then determined, from the total flux at a distance of 140 pc, to be 2.5 (£ 3.6) x10*® ergs~!.
Assuming a total optical extinction of A,~1.39 towards the bubble, i.e. the same as to-
wards the binary (WGO1), the intrinsic luminosity increases to ~4.3 x10% ergs~!. This,
of course, is probably an overestimate since the source is likely to be more embedded than

the outflow.

3.3.2 Stellar Astrometry & Photometry

Using the short R-band exposures, the separation and position angle of the binary were
determined for each epoch and are listed in Table 3.2. Within errors, no changes were
detected in the separation of the XZ Tau binary. The difference between the first and final
observations reveals an average decrease of 0.75° yr—! in the binary position angle, a value
somewhat higher than derived by K99 based on earlier HST data (of 0.5°yr—!) but at
the same time lower than that found by Woitas et al. (2001) using speckle interferometry
(of ~1.3°yr~!). Following K99, assuming a face-on orbit, the total mass for the binary
is about 0.3 M. Although such a value is clearly too low, note that the combined mass
is very sensitive to the projection angle. Such a figure is certainly below the estimates of
Hartigan et al. (2003) and WGO01 who suggested a combined mass closer to 1 Mg,.
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Broadband R and I magnitudes were calculated for the binary, using the method
outlined in the WFPC2 Data Reduction Handbook and interpolated Johnson offsets ap-
propriate for the spectral types of XZ Tau North and South, i.e. M2 and M3.5 respectively
(Hartigan & Kenyon 2003). My results are presented in Table 3.3 and the R-band WFPC2
data were used to plot a light curve for each component, Figure3.3. Over the six years
of observations, XZ Tau South varies by at most 0.3 magnitudes (in R-band) and has a
mean R magnitude of around 13.5. In contrast, XZ Tau North shows an initial reduction
in brightness of about a magnitude in R until 1998 and thereafter its brightness increases
dramatically by around 3 magnitudes. This flaring behaviour means that by 2001 XZ Tau
North was actually the brighter star. Similar variations are seen in the I-band although
the data are somewhat more sparse.

The dramatic brightening of XZ Tau North suggests it is an EXor. EXors, named after
their prototype EX Lupi, are extreme classical T Tauri stars that periodically undergo
outbursts from the ultraviolet to the optical. Although increases by several magnitudes
with rise times of up to a few years have been recorded (Herbig 1989), the changes in
these YSOs are not as extreme as in FU Orionis stars. EXor spectra, for example, even
in outburst continue to resemble those of T Tauri stars. The phenomenon is thought
to be due to major increases in the underlying disk accretion rate, but the number of
known EXors is relatively few. The proposition that XZ Tau North is such a YSO is
further strengthened by the HST spectroscopic data of Hartigan et al. (2003). As with
other EXors, the spectrum shows not only very strong Balmer lines but also strong Call
and moderate Nal in emission (see, for example, Parsamian et al. 2002). Such strong
spectral emission lines coupled with high variability makes XZ Tau North the most likely
source of the outflow. Finally, WFPC2 images taken in March 1997, as part of HST GO
Programme 6735, show XZ Tauri North comparable in brightness with XZ Tauri South
at short optical wavelengths, i.e. both having magnitude 16.9 in U-band (WGO01). This
suggests that EXor behaviour may be visible at the shortest wavelengths first or that,
before the outburst, both stars were comparable in U-band magnitude but the southern
component has always been redder. Either way, the comparable U-band magnitude of
the components would explain why the 1996 HST/FOS acquisition of XZ Tauri taken at
a central wavelength of 3600 A (Proposal ID 6014) unexpectedly locked onto the wrong
(northern) star (WGO1).

3.3.3 Outflow Simulations

Numerical simulations of the XZ Tauri outflow were conducted to check the physical inter-
pretation of the observations. The code used is that described in Downes & Ray (1999). It
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Filter Observation Flux Ratio XZ South XZ North

Date South/North  Magnitude  Magnitude
R-band 1995 Jan 5 5.11 13.16 14.93
1997 Mar 8 5.39 13.47 15.38
1998 Mar 25 9.02 13.22 15.68
1999 Feb 3 3.66 13.45 14.93
2000 Feb 6 2.43 18.32 14.36
2001 Feb 10 0.63 13.25 12.82
I-band 1995 Jan 5 4.80 12.03 13.78
1997 Mar 8 6.30 11.97 14.02
1999 Feb 3 3.38 12.04 13.42
2000 Feb 6 1.98 12.02 12.82

Table 3.3: Johnson apparent magnitudes of the XZ Tauri binary. Errors in magnitude
of £0.05 were estimated based on the affect of changing aperture size, given that the
stellar PSFs are overlapping. The 1995 Jan 5 R-band data is from K97 using Tiny Tim
PSF fitting to the saturated R-band images. The 1997 Mar 8 data is from HST GO
Programme 6735.
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Figure 3.3: Stellar Johnson R-band apparent magnitudes of the XZ Tauri binary.
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is a properly upwinded second order (in time and space), cylindrically symmetric code for
solving the inviscid Euler equations. In addition to tracking the hydrodynamic variables
(density, velocity and pressure), the code also tracks the ionisation state of hydrogen,
without the assumption of ionisation equilibrium. It also has the capacity to track the
number density of Hy, but this number density was set to zero for these simulations.

3.3.3.1 Initial conditions

The gas is taken to be one of solar abundances. The initial ambient density is assumed to
be 100 cm™~ close to the source, rising to a value of 600 cm ™2 at a distance of 1.25x 10 cm
(835 AU) from the source, (see below for a discussion of why this behaviour is assumed).
The ambient pressure was taken to be uniform, giving a temperature of 103K close to
the source, and dropping to approximately 160 K at the rise in ambient density. The
resolution was set to 1 x 10 cm in both the radial and poloidal (outflow) directions (r
and z respectively), and the total grid size was 450 x 1500 cells. To estimate the mass
flux in the outflow, it is assumed that approximately 2% of the accreted mass ultimately
ends up in the outflow (Hartigan et al. 1995). A mass accretion rate for XZ Tau North of
1 x 1077 Mg yr~! was used (Hartigan & Kenyon 2003) based on recent photospheric line
veiling measurements.

Assuming no change in jet radius, which is taken as 7je ~ 2 x 10 cm (0.”1) based
on the observed knots, the inferred mass flux implies a large jet density (i.e. much higher
than the ambient density). But, since the jet is assumed to be highly supersonic with
respect to the sound speed in the ambient medium in order to produce a shock front, the
jet would then plough through the ambient medium creating a very narrow bowshock -
contrary to the low aspect ratio observed.

One way of explaining the observations is to invoke a moderately collimated wind. A
wind with a moderate opening angle will have a density which decreases significantly with
distance from the source, and will also have a larger radius with distance. These effects
each lead to a broader bowshock, in line with the observed morphology of the system. In
addition, if the flow is not in the plane of the sky, the bowshock will appear to have a
lower aspect ratio due to projection effects. An angle of 30 ° between the plane of the sky
and the axis of the outflow is assumed, given the jet radial velocity of 80kms™! at 570
(Mundt et al. 1990) and its proper motion of 145kms™" at 700 AU (Table3.1).

With these considerations in mind, the full opening angle of the wind was set to 22°
with an initial diameter (i.e. FWHM in density) of 4 x 10 cm, or 40 grid cells. The wind
density was given a linear profile across the outflow axis, with a density range from ~
1800 cm ™2 along the jet axis to ~ 100cm™=3 at the edge, and was chosen so that the total
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Simulation age  Corresponding observation Distance Bubble Longitudinal Transverse
/age interval date/interval from source  width speed speed
(years) (AU) (AU) (kms™1) (kms™1)
15 1995 Jan 5 590 288 - -

15- 18 1995 Jan 5 to 1998 Mar 25 695 360 164 67

18 - 19 1998 Mar 25 to 1999 Feb 3 722 386 148 63

19 - 20 1999 Feb 3 to 2000 Feb 6 749 402 129 51

20 - 21 2000 Feb 6 to 2001 Feb 10 775 420 115 44

Table 3.4: Projected sizes and speeds of the simulated XZ Tauri outer bowshock as it
evolves. Distances are quoted for the latter year of the age interval. There is a minimum

1

error of £6 kms™" in the simulation speeds.

mass flux was 2 x 1072 M, yr~!. Hence it is assumed that the jet (traced by the knots)
does not dominate the dynamics of the system.

The observed longitudinal speed of the jet averages at 130 kms™!, but since it must
be travelling faster than the shock front the actual value is more realistically in the range

I will give a longitudinal

of 130-200 kms~!. Choosing a constant jet velocity of 250km s~
velocity for the jet fluid of roughly 216 kms~!. Since the bowshock appears to be decel-
erating significantly (see Table3.1), some way to slow it down is needed. Turning off the
jet will not, on its own, give the observed deceleration since the momentum density of
the material in the cooled shell between the bowshock and jetshock is very large. It was
found that the most effective way of decelerating the bowshock was to impose a signifi-
cant increase in the ambient density. A six-fold increase, by the time the simulated shock

reached 835 AU, was found to roughly reproduce the observed velocities.

3.3.3.2 Simulation results

Figure 3.4 contains a greyscale plot of the distribution of density at ¢ = 21yrs, the time
at which the simulation roughly matches the 2001 observations. It can be seen that the
bowshock has begun to encounter the rise in the ambient density (see Section3.3.3.1),
leading to a marked decrease in its speed of advance as can be seen from Table 3.4.
Comparing this to Table 3.1 shows that the simulated behaviour of the outer shock velocity
matches the observed reasonably well. The non-zero opening angle of the jet is also clearly
noticeable, along with a number of bowshock irregularities which probably arise from
the Vishniac instability, although they could also arise from Rayleigh-Taylor instability
(since the bowshock is decelerating implying that the density of the bowshock is increased
compared to the less dense ambient medium).

Figure 3.5 is a simulated [SII] image calculated for the density distribution shown in
Figure 3.4, assuming an angle to the plane of the sky of 30°. In calculating this, it is
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Figure 3.5: Simulated [SII] image projected onto the sky (assuming an inclination with

respect to the plane of the sky of 30°) at t = 21 yrs (see text). The intensity scale is in
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assumed that the fractional ionisation of sulphur can be described by coronal ionisation
equilibrium (Arnaud et al. 1985) and that the line emission is not in local thermal
equilibrium. The emission is plotted on a linear scale (similar to that in Figure3.2). It
has been projected onto the sky and convolved with a Gaussian of FWHM = (0//1.

It can be seen that there is reasonable agreement between the observations and the
simulation, certainly in terms of the morphology close to the head of the bowshock. The
ring-like features arise from the assumption of cylindrical symmetry in the simulation. The
emission would, in fact, be expected to be a little more ‘clumpy’ rather than ring-like.

Finally, the total [SII] luminosity calculated from the simulation is 1.1 x 10% ergs~?.
This is in good agreement with that observed (i.e. 4.3 (£3.6) x10%®ergs™' which, I
remarked, is probably an overestimate, see Section 3.3.1). Note however that the bowshock
apex appears much brighter with respect to the wings than is actually observed. This
is most likely due to the use of cylindrical symmetry which results in a focussing of
shocked material onto the axis in a way which would be very unlikely to happen in three

dimensions.

3.4 Conclusions

Multi-epoch HST/WFPC observations of the XZ Tau binary and its associated outflow
have shown considerable changes in the system within only 6 years, from 1995 to 2001. In
the outflow, the presence of two limb-brightened shock fronts is now clearly evident, with
a deceleration of the outer shock from ~ 145kms™! to ~115kms~!. Stellar photometry
revealed that the suspected source of the outflow, XZ Tau North, has flared in EXor-type
fashion increasing in brightness by 3 magnitudes in R between 1998 and 2001. Finally,
numerical simulations of the outflow produced reasonable agreement with observations in
terms of morphology, dynamical evolution and emission line luminosity, using plausible
ambient and outflow parameters. Deceleration by the amount observed, caused by the
ambient medium, should have produced a much brighter bowshock apex than that seen.

The cause of this discrepancy is not obvious.



YSO Jet Rotation at Optical Wavelengths

This chapter examines YSO jet generation through a survey of pre-main sequence jets,
using HST spectroscopic observations at optical wavelengths.

4.1 Introduction

A key question in star formation research concerns the mechanisms behind the launch
of jets from young stars. As described in detail in Chapter 2, these jets are believed to
play an important role in the removal of excess angular momentum from the system, thus
allowing accretion of matter onto the star up to its final mass. To briefly recap, it is
generally acknowledged that magneto-centrifugal forces are responsible for jet launching.
In particular in the so-called ‘Disk wind’ model, e.g. Ferreira (1997); Konigl et al. (2000),
the jet is launched from the disk surface within a few AU from the star; while in the
‘X wind’ model, i.e. Shu et al. (2000), the base of the flow is located at a few stellar radii
from the source. To date, resolution constraints on observations have impeded progress in
validating the magneto-centrifugal mechanism, since jet launching occurs on small scales
(i.e. less than 20 AU from the star); moreover, infall and outflow kinematics are complex
and confused close to the source, which is often heavily embedded. Recently, however,

interesting results have been obtained from observations of jets from more evolved, less
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embedded YSOs (i.e. classical T Tauri stars) for which the jet can be optically traced
back to its origin.

Observational backing for canonical models would require, for example, proof of rota-
tion around the symmetry axis, close to the base where the jet is launched. The first hint
of jet rotation was reported for the HH212 system (Davis et al. 2000). However the knots
were located at 2x 102 - 10* AU from the jet source. This distance is too far for jet launch
studies as material will have interacted with the local environment causing the jet kine-
matics to be disturbed. Independently, asymmetries in velocities within the first 110 AU
of the outflow from the T Tauri star DG Tau were found (Bacciotti et al. 2002), indicative
of rotation. These results were obtained through an analysis of high angular resolution
spectra taken with the HST Space Telescope Imaging Spectrograph (HST/STIS), aimed
at probing the acceleration and collimation region of a YSO jet. Further confirmation
of the rotation hypothesis came from Owens Valley Radio Observatory (OVRO) observa-
tions, which report the sense of rotation of the disk of DG Tau to be the same as that of
the jet (Testi et al. 2002). Moreover, the derived toroidal velocities in the observed portion
of the jet were seen to be in agreement with the predictions of the magneto-centrifugal
models, and indeed they can be used to find the location on the disk plane of the launch-
ing point of the wind, (Bacciotti et al. 2002; Anderson et al. 2003; Dougados et al. 2004;
Pesenti et al. 2004).

These results provided the motivation to conduct a survey to establish conclusively
whether jets from young stars rotate. A series of observations were conducted with
HST/STIS of six T Tauri stars (i.e. YSOs which have evolved to a point where their
jets have become visible in the optical region of the spectrum) in order to examine their
jets close to the source and hence determine if there is any sign of rotation before the
jet has interacted with the environment. I present here a radial velocity analysis of eight
jet targets, each from one of six T Tauri stars listed in Table4.1, i.e. the bi-polar jets
from TH 28 and RW Aur, and the approaching jet from LkHa 321, DG Tau, CW Tau and
HH 30.

4.2 QObservations

Spectroscopic observations, in the optical wavelength region, were made at the base of
eight jets, each from one of six T Tauri stars (listed in Table 4.1). An acquisition of the
stellar peak intensity prior to science observations allowed the slit to be centred accurately
on the star before being offset to a position perpendicular to the jet axis at a fraction of
an arcsecond from the source, Figure4.1.
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Target Location  Distance M., Vhel ijet References
(p0) (M) (kms=1) (deg)

TH 28 Lupus 3 170 +5 10 1042

RW Aur Auriga 140 1 +23 44 3,4

LkHa 321 Cygnus 550 -7 5,6

DG Tau Taurus 140 0.67 +16.5 52 1t

CW Tau Taurus 140 1.4 +14.5 41 8,9, 10

HH 30 Taurus 140 0.67 +17 1 117:12

Table 4.1: Details of T Tauri star jet targets in this survey. All radial velocity results,
Urad, I subsequent sections are quoted having corrected for the heliocentric velocity of
the system, vye, unless otherwise stated. The inclination angle of the jet, i, Is given
with respect to the plane of the sky. The value of i;¢, for LkHa 321 is assumed to be 45°
(arbitrary, since unknown, although spectroastrometric measurements suggest an even
larger value (Whelan et al. 2003). References: 1 - Graham et al. (1988); 2 - Krautter
(1986); 3 - Woitas et al. (2001, 2002); 4 - Martin et al. (2003); 5 - Mundt et al. (1998); 6 -
E. Whelan (2003), private communication; 7 - Bacciotti et al. (2002); 8 - Gomez de Castro
(1993); 9 - Hartmann et al. (1986); 10 - Hartigan et al. (2004) 11 - Pety et al. (2002); 12
- Mundt et al. (1990).

HST/STIS optical observations were conducted of each lobe of the bipolar jet from
the classical T Tauri stars TH 28 and RW Aur, and of the approaching jets from T Tauri
stars LkHa 321, DG Tau, CW Tau and HH 30 (proposal ID 9435). A slit offset of 0”3
was used in all cases, except for the approaching jet of RW Aur and CW Tau where 072
was used (due to lack of line emission at 0”3 (Woitas et al. 2002), and HH30 where
0”6 was used (due to obscuration of the star and base of the jet by the disk). This slit
offset represented a de-projected distance along each jet of: 52 AU for TH28; 39 and
58 AU for RW Aur; 233 AU for LkHa 321; 68 AU for DG Tau; 32AU for CW Tau and
84 AU for HH 30. The optical CCD detector was used with the G750M grating, centred
on 6581 A, and a slit of aperture 52x0.1 arcsec?. Spectral sampling was 0.554 A pixel~!,
corresponding to a radial velocity of ~25km™! for the wavelength range covered, and
spatial/angular sampling was 0705 pixel™!. Long exposures were made of individual jet
targets, such that each exposure time lay within the range ~2000s to 2700s. One long
exposure was made of each lobe of the bipolar jet from TH28 on June 22 2002, and
RW Aur on October 3 2002. Similarly, one long exposure was made of the approaching
jet from DG Tau on December 1 2003 and CW Tau on December 21 2003, while two
such long exposures (which were coadded to improve signal-to-noise) were made of the
approaching jet from LkHa 321 on August 20 2002, and HH 30 on November 30 2003.

In total, this yielded eight spectra, in the transverse direction at the base of the jets,
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Figure 4.1: HST/STIS observing mode used for all targets.

which included He, [O IJ]AN6300,6363, [N I[]AA6548,6583 and [SII]AN6716,6731. The data
were calibrated through the standard HST pipeline (details of which can be found in
Chapter 15 of the HST/STIS instrument handbook, http://www.stsci.edu/). IRAF data
reduction tools were then used to perform subtraction of the reflected stellar continuum

and removal of cosmic rays and defective pixels.

4.3 Results

The presence of jet rotation can be inferred from a difference in radial velocities on either
side of the jet axis. As a qualitative indication of rotation, position-velocity contour
plots of each emission line were examined for a tilt, or skew, in their shape. Following
this, the data analysis procedure first involved centering the peak of each emission line
in the spectrum on the nominal zero arcsecond position of the detector (since the peak
is assumed to correspond to the jet axis), so that radial velocity comparisons between
the two sides of the jet are conducted equidistant from the jet axis. Two methods were
used to recentre the peak, i.e. a resampling technique and an interpolation technique,
and the results compared to ensure accuracy. Single Gaussian fitting was then employed
to determine where the emission peaked in each pixel row parallel to the jet axis, and
the results were compared with those of a cross-correlation routine. From this analysis
radial velocities were determined, and a radial velocity profile of the jet in the transverse
direction was obtained. The difference in radial velocities equidistant on either side of the
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jet axis was interpreted as jet rotation.

Analysis was not always possible for all of the observed optical emission lines (i.e.
Ha, [O1]AX6300,6363, [N II]AN6548,6583 and [SIIJAN6716,6731). Certain problems were
common in a given emission line in many targets, e.g. the [OIJA6300 line was sometimes
blueshifted off the detector, the location of the [O I]A\6363 emission usually coincided with
the location of a defective pixel, the [N II]A6548 line was often too low in flux, and the Ha
line was contaminated by stellar emission from any reflection nebula present thus making
analysis difficult. The only exception regarding Ha emission was LkHa 321 where the
greater Doppler shift of the jet away from the reflected stellar emission resulted in a clear
separation of the two contributors to Ha emission. Only the spectrum from DG Tau’s
jet was bright enough to show two additional optical emission lines, one of which was
identified as HeI A6678. However, neither of the two lines was bright enough to analyse.
In order to clarify the results in subsequent figures, the orientation of the jet and slit for
each target is illustrated in Figure4.2.

4.3.1 Qualitative Indications of Rotation

Position-velocity contour plots for a sample of emission lines are shown in Figures4.3 to
4.11, with corresponding contour levels given in Table4.2. The positive direction of the
y-axis corresponds to the slit direction in Figure4.2. All radial velocities are systemic,
i.e. they are quoted with respect to the mean heliocentric velocity of the star, which
has been measured from photospheric lines. The lower order contours trace the outer
jet channel where the jet is not so well collimated and where the lower velocities lie. If
rotation is present, there will be a difference in radial velocities between the two sides
of the jet. This difference will be evident graphically as a skew in the contours of the
transverse position-velocity diagram. Such a skew is indeed observed in the outer contour
lines for most cases. This suggests the presence of rotation in at least the low velocity
component of the flow near the outer borders of the jet channel. The high velocity
component, which is located much closer to the jet axis and gives rise to the emission
peak (Bacciotti et al. 2000), appears not to be spatially resolved in these spectra. For
this reason it is difficult to determine whether there is any velocity difference in the high
velocity component between the the two sides of the flow, i.e. rotation for this velocity
component is not detectable. On the other hand, the jet is clearly spatially resolved close
to 0kms™!, as is evident in cases where the emission is extended along the dispersion
direction in the contour diagrams. For example, for the DG Tau and CW Tau jets, the

[O]] and [STI] emission extends over a range of almost 200 kms™?.
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Figure 4.2: Orientation of the jet and slit for each target. The arrow on the slit in-

dicates the positive direction of the y-axis on the position-velocity contour plots, Fig-

ures4.3 to 4.11, and the jet orientation can be compared with that given in the upper
corners of each radial velocity profile, Figures4.13 and 4.14. The arrow around the jet
axis indicates the direction of rotation as the observer looks down the approaching jet
towards the source. The distance between the star and the slit is given in terms of the

offset of the star from the slit.



4.3. Results 47

' TH28 ] Bl s el : TH 28 |
[O1]A6300 1 r [NIIA6548 -

;

= .
T R L

4
\

-100

, Distance from Jet Axis (arcsec)
Distance from Jet Axis (arcsec)
= c

=
N

L

1
©
N

—

I R IRl
Radial Velocity (km/s)

-100 0 . 100
Radial Velocity (km/s)

"TH28 [ Thzs]
] TH 28

0.2

NII]A6583 - [SHA6716 ]

0.2

(arcsec)

0.1

Distance from Jet Axis (arcsec)
o
1
=]

Distance from Jet Axis
&

0.2

1
o
N

2100 TR 100

0 100 g 0 AR
Radial Velocity (km/s) Radial Velocity (km/s)

I
z\@ /

r./

00

TH 28 |
SIJA6731

v’

Distance from Jet Axis (arcsec)

RSHmns

|
(=]
L)

T=y 0 7 g A 100
Radial Velocity (km/s)

Figure 4.3: Position-velocity contour plots for selected optical emission lines for the
TH 28 receding jet. The [OI]A6363 line was severely contaminated by a defective pixel.
The skew in lower order contours is indicative of rotation in the outer jet channel, while
the high velocity component remains unresolved. The positive direction of the y-axis is
illustrated pictorially as the slit direction in Figure4.2. Plots are corrected for systemic
radial velocity, and contour values for each panel are given in Table4.2.
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Figure 4.5: Same as Figure4.3, but for the RW Aur receding jet. The [NII]A6548 line
was redshifted to a point where it is blended with the Ha emission from the star.
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Figure 4.6: Same as Figure4.3, but for the RW Aur approaching jet. The [OI]A6300
line was blueshifted off the detector and the [N II]\6548 line was too faint to detect.
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Figure 4.7: Same as Figure4.3, but for the LkHa 321 approaching jet. The [OI]A6300
line was blueshifted off the detector and the [N II]\6548 line was too faint to detect.
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Figure 4.10: Same as Figure4.3, but for the approaching jet from CW Tau. The
[O I]A\6363 and [SII]\6716 lines were contaminated by a defective pixel, and the [N II]\6548
line was too faint to analyse.
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Figure 4.11: Same as Figure4.3, but for the approaching jet from HH 30. The [O I]\6363
line was contaminated by a defective pixel, the [NII]\6548 line was too faint to analyse.
Although plots are corrected for systemic radial velocity, it appears that the value for
HH 30 is underestimated in Table4.1 by at least +4kms™!, as revealed by the apparent

redshift of the lower velocity [SII] emission (see Figure4.14 for a clearer illustration of
this).
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Table 4.2: Linear contour intervals relating to position-velocity plots, Figures 4.3 to 4.11,

in units of ergem™2 57! A~! arcsec2.
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4.3.2 Quantitative Analysis

To give a quantitative estimate of the observed radial velocity differences, it was firstly
necessary to ensure that I measured radial velocities at equal distances on either side of
the jet axis. To this purpose, I assumed that the peak of the high velocity emission traces
the position of the axis and measured, with a Gaussian fit along the dispersion direction,
its distance from the nominal centre of the slit. I then shifted the image, recentering the
emission peak on the nominal zero arcsecond position. In all cases a small offset (< 0.5
pixels) was required (see Section4.4.7 for further discussion).

Once the emission was centred on the nominal zero arcsecond position of the detector,
single Gaussian fitting was then used to find the peak of the intensity profile for each pixel
row parallel to the jet axis (i.e. parallel to the x-axis in the position-velocity plots), thus
giving a radial velocity profile of the jet in the transverse direction for each emission line,
Figures4.13 and 4.14. The position angle, derived from Figure4.2, is given in the upper
corners of each velocity profile plot. Where lower and higher velocity jet material is clearly
distinguishable, the plots have been divided in to lower and higher velocity components.
Note that the profile of DG Tau, in particular, shows how different emission lines trace
different velocities within the jet: [NII] lines appear to trace only higher velocities; [O]]
lines trace higher and lower velocities; and [SII] lines mainly trace lower velocities. Plots
reveal that, in general, the on-axis jet material is travelling fastest while the borders of
the jet are travelling slower, resulting overall in an v-shaped profile. However, these pro-
files are not symmetrical. Velocities on one side of the axis are lower than on the other.
Furthermore, each emission line traces a different degree of asymmetry. In general, [O]]
lines are clearly asymmetric, while [SII] lines show much more symmetric profiles. This
combination of contributions from different emission lines and different velocity compo-
nents can draw from the clarity of some of these radial velocity plots. The clearest case is
perhaps the plot for the TH 28 receding jet. Here it can be seen how radial velocity varies
with distance from the central axis, an important parameter in constraining models of
outflow dynamics, e.g. Pesenti et al. (2004).

The location of the peak intensity of pixel rows on either side of the central row were
then compared for velocity differences. Figure4.12 shows an example of the intensity
profiles of each pair of pixel rows symmetric about the jet axis, while the single curve at
the bottom in each case is the intensity of the central on-axis pixel row. Two methods were
used in velocity measurements. The first was a cross-correlation technique (a standard
statistical method of estimating the degree to which two series are correlated, and may
be used to determine the degree of similarity between two similar images, or, with the

addition of a linear offset to one of the images, the spatial shift or spatial correlation
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between the images), the results of which are independent of the shape of the line profile.
The second was a Gaussian fitting technique, which acts as a suitable check given the
simple shape of the line profile in most cases. Specifically, each pair of pixel rows mirrored
in distance from the jet axis was cross-correlated, and Gaussian fits for each pair of rows
were also compared. The outcomes of the two methods were consistent, showing clear
radial velocity differences of up to ~ 30 (£ 5) kms™! for opposing jet edges in all jet targets
observed, see Table4.3 and corresponding plots in Figures4.15 and 4.16. The sign of the
velocity difference was determined by a subtraction of the peak radial velocity of each pixel
row above the central row on the CCD from the one below the central row corresponding
to the same distance. In other words, a negative slope in the position-velocity contour tilt
between two points either side of the axis corresponds to a positive velocity difference.
Given sufficient signal-to-noise, it is possible to routinely measure radial velocity dif-
ferences to one fifth of the velocity sampling, giving an accuracy of £5kms~!. In a small
number of cases, flagged in the table with an asterisk, the emission had to be filtered out
of a background which was causing velocity measurements to be artificially changed due
to either oversubtraction of the background or low signal-to-noise at crucial positions.
Note that the [OI]JA6300 line for the TH 28 approaching jet is not included in Fig-
ure4.13 since the profile of this emission line did not allow measurement of velocity peaks
with Gaussian fitting. In these cases, measurements were made using a cross-correlation
routine alone, resulting only in velocity difference measurements. Also, it appears that
the value for the HH 30 systemic velocity reported in Table4.1 is underestimated by at
least +4kms™!, as revealed by the apparent redshift of the lower velocity [SII] emission

in Figure4.14 which originates in the approaching jet.
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Figure 4.12: Normalised intensity profiles along horizontal cuts for a sample of position-
velocity plots, to illustrate peak velocity differences. Each plot compares the intensity
peaks at positions symmetrically opposed with respect to the jet axis. The displacement
of one peak with respect to the other illustrates the difference in radial velocities between

one side of the jet axis and the other.
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Figure 4.13: Radial velocity profile across the jet in various optical emission lines

LkHa 321.

dial velocities are corrected for systemic radial velocity.

Profile asymmetries are interpreted as resulting from jet rotation. All ra-



4.3. Results 61

DG Tau opproochmg Jet (HVC) DG Tou opprocchmg Jet (LVC)
_.140 llllllllllllllllllllllllllllllllllll o b 5 i IR SR I c iy o= 7 o 2 2 0 P i 0 o i J5 e 3 5 8 8 26 g 2 o gt @ i s B DU a8 i G B B B L S GO 2 8 7
NW SE _o0k NW SETEC|
% L » A
= -160 o - 3 A A
T r . & 1 i X X
E [ X < € -40 =
< A & o < X
> i < > o
2 L o A ] 2z XL
ioJ -180 N A X * § 6 % B O
= § & x 2 H a
s L 5 AR g X g
2 A =60 |=
3 (@) o = X 8
@ ARRS @ "
-200 A 1 F A (3] A
I OO
& -80} & -
=220 Liaaaas MY FTTTETTETY FEUTTETEN (FUTTTTTTEY P TIT Lisass L FITTTUTITY T UTETT] FTTTTITITY FU VT TUE TN FUW TN Lisesaiains
=0.3 =0.2 =0.1 -0.0 0.1 0.2 0.3 =0.3 =0.2 =01 -0.0 0.1 0.2 0.3
Distance from Jet Axis (arcsec) Distance from Jet Axis (arcsec)
CW Tou opproochmg Jet (HVC) CW Taou opproochmg Jet (LVC)
T A e S 10 [ T e .
Fsw NE ] E o sw NE ]
-90 ] g A A A ]
C b A ]
t = of o A E
i ; # X x X o irie X ]
g -100F i g ‘ € N ]
X X
< F < ]
x F 6 < o A /Al i
o [ le) o
e [ G=10/r -1
o r o ]
1 SN o 2 a ]
TR L < ] = ]
_%3 110: o : %
¢ L Gk ] o [ o
: 8 a ] -20f .
[ ] [
izl 3 [
:. saaalaaaaaaaag Losasaiag Laaasaaiag | T Lagasaiia, -30 :. ..... Lasasaiaag [T salaaaaaiaay ? ...... lasaaisaiay
-0.3 -=0.2 -0.1 -0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 -0.0 0.1 0.2 0.3
Distance from Jet Axis (arcsec) Distance from Jet Axis (arcsec)
HH30 approaching jet
18 [ T T R T
[ SE NW
[
10f X ] a [01]A6300
r
i g x ¥ o [0I]r6363
Yo 5N X o % [NII]A6548
p X i@ 80
- o o [NI]A6583
) a
G o e + Hel A6678
% F (o8 <
i e T 2 o [Sn)ae716
_% L <o A
ol n il X [SI]A6731
r ATEA
_10—— =
s G Bt Lisaisaaas Lisssieiss losassaess Losaasiia | TSI
-0.3 =0.2 =0.1 -0.0 0.1 0.2 0.3

Distance from Jet Axis (arcsec)

Figure 4.14: Same as Figure4.13 but for the approaching jets from DG Tau, CW Tau
and HH 30. Due to their spread, DG Tau and CW Tau have been divided into a higher
(HVC) and lower velocity component (LVC). All velocities are corrected for systemic
radial velocity.
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Target Distance Avzoy for " Ay G or T AU for Avyqq for Avpqq for Avypqq for
(Distance to jet axis  [OI]A6300 [OI]A6363 [NIIJA6548 [NII]A6583  [STIjA6716  [SII]A6731
from star) (arcsec) (kms~—1) (kms~1) (kms™1) (kms~1) (kms™1) (kms—1)
TH 28 0.05 5 20 6 -5 -4
receding 0.10 12 15 14 -1 1
jet 0.15 11 25 21 3 3
(073) 0.20 16 32 25 8

0.25 23 10 -
TH 28 0.05 27 5
approaching  0.10 ar 8
jet 0.15 8 7
(073) 0.20 15
RW Aur 0.05 7 5 14 1 -1
receding 0.10 20 14 -4 -5
jet 0.15 10 2
(03) 0.20 24
RW Aur 0.05 1 -5* 5 1
approaching  0.10 10 8
jet 0.15
(072) 0.20
LkHa 321 0.05 5 3 -10* 1
approaching  0.10 0
jet 0.15
(073) 0.20
DG Tau 0.05 15 (14) 19 (21) 14 1 5 4
approaching  0.10 20 (17) 22 (23) 18 5 4 6
jet 0.15 26 (18) 13 (29) 8 =] 9
(0'3) 0.20 10 (-2)

0.25 17 (-3)
CW Tau 0.05 15 (11) 12 2/(3)
approaching  0.10 15 (0) 26 -6 (4)
jet 0.15 12 (5) 2 (-1)
(072) 0.20
HH 30 0.05 5 0 -1 0
approaching  0.10 5 3 1 -2
jet 0.15 4 -4 -3
(06) 0.20 1 -4

Table 4.3: Radial velocity differences, Av,,.q4, across the jet at a fixed distance from the

source (given in the first column). In those cases where the emission is clearly divided

into a higher and lower velocity component, double Gaussian fitting was used and the

results for the lower velocity component are given in brackets beside those for the higher

velocity component. The asterisks mark data points which have been manually filtered

out of a low signal-to-noise environment. Where dots appear in the table, the emission
was either shifted off the CCD, or was too faint to analyse. The accuracy reached with

the data analysis is approximately +5kms™".

1
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Figure 4.15: Radial velocity differences, Av,.q, as a function of distance from the jet
axis. All targets show positive radial velocity differences. Furthermore, the sense of
rotation of the bipolar jet lobes are in agreement in both cases.
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Figure 4.16: Radial velocity differences, Av,qq, as a function of distance from the jet
axis. All targets, except LkHa 321, show positive radial velocity differences. The [O]]
emission line shows the strongest signatures in all other targets, and so it seems to be
the clearest indicator of velocity differences. For HH 30, therefore, it can be said that
velocity differences are positive even though the values are close to the error bars. The
red points represent the lower velocity component in cases where double Gaussian fitting
was necessary.
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4.4 Discussion

Assuming that emission from the jet is axially symmetric, I interpret my findings of
velocity differences between the two sides of the jet, Table 4.3, as indications of rotation
at its base. Most importantly, in the cases of TH28 and RW Aur, the receding and
approaching jet lobes were found to rotate with the same sense. This implies that the
helicity in the receding and approaching lobes (i.e. the handedness of toroidal with respect
to the poloidal velocity) is opposite in opposite directions. Such a result is predicted by
MHD models where the ambient field is wrapped around due to disk rotation, but will
occur for any bipolar outflow emerging from a disk that is rotating in one direction. Before
looking at each target individually, there are a few general comments to be made about
the results in Table4.3.

Firstly, in some cases, the velocity difference measurements close to the jet axis (i.e.
at the 0705 position) are noticeably smaller than points further away. Also, velocity
differences are generally higher further from the jet axis than at intermediate distances.
This effect may at first appear in contradiction with the notion that the central portions
of the jet should rotate faster. Detailed comparisons with ‘Disk wind’ model predictions
(e.g. Pesenti et al. 2004; Dougados et al. 2004) show, however, that the apparent decrease
of the observed velocity difference towards the jet axis is likely to be due to the effects
of projection and beam smearing. Such an effect is more important for regions closer
to the axis, while the values measured at the outer jet borders are less contaminated
and so are in better agreement with theoretically predicted toroidal velocities. In other
words, this effect does not reflect a true kinematic feature, but is expected on the basis of
MHD acceleration models when combined with my observing mode. Secondly, it should
be noted that the size of velocity differences in different emission lines does not represent
scattering around an average value but rather is due to the fact that emission has its
origin at different positions along the line of sight. And lastly, the [NII] lines show
higher velocities and smaller spatial FWHM values compared to other emission lines,
illustrating that they trace the central more collimated higher velocity region of the flow,
(Bacciotti et al. 2000; Martin et al. 2003; Pesenti et al. 2004).

4.4.1 TH?28

The set of results for the TH 28 receding jet is one of the clearest. Velocity differences are
positive, with a few exceptions mainly in the [SII] lines. Also, the data close to the jet axis
are not well resolved as explained in the previous paragraph. The stronger [O ] and [N II]
lines have values of 5 and 6kms™! at (0705 from the axis compared to 10 to 20kms™!
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further from the axis, while the outer jet channel seems to have higher radial velocity
differences of about 24kms™!. Values in the approaching jet are less clear, but [NII] and
[O1] emission gives positive differences consistent with the receding jet. All other usable
data points fall within the error bars about zero. Globally, I find indications that both

lobes of the jet rotate in a clockwise direction, looking down the approaching jet towards

1

the source (Figure4.2), with a measured radial velocity difference of 10 to 25kms™, at a

de-projected distance of 52 AU from the star.

4.4.2 RW Aur

The RW Aur bipolar jet also shows clear indications of rotational velocities. Exceptions
mainly lie in the [STI] values of the receding jet. Also, points close to the jet axis show
smaller radial velocity differences, as previously discussed. However, the [O]] lines give
clear results with higher radial velocity difference evident at 0”2 from the jet axis. The
values for the approaching jet are less definite, but nevertheless velocity differences out-
side the error bars are positive, in line with the receding jet. Overall, results show an
anticlockwise rotation looking down the approaching jet towards the source (Figure4.2),
again with radial velocity differences of 10 to 25kms™!, at a de-projected distance of
39 to 58 AU from the star (depending of jet lobe). These findings are consistent in magni-
tude and direction with results of similar research on the RW Aur jet (Woitas et al. 2005)
in which rotational velocities of the same sense and in the range of 10 to 20kms™" have
been observed, in the form of radial velocity differences between the borders of the flow.
For that study HST/STIS was also used, but the spectra were taken in a set of positions
along the jet such that the slit direction was parallel to the jet axis.

4.4.3 LkHa 321

In the case of LkHa 321, located at 550 pc (more than three times the distance of the other
targets), emission lines were very faint despite having combined two spectra to increase
the signal-to-noise ratio. Velocity differences lie within error bars about zero in all cases,
except for the [SII]\6716 emission which gives a value of -10kms~!. This is not likely
to be a physical phenonenon since it is not mirrored by the [SIIJA6731 emission, nor by
any other emission. It is also not consistent with the fact that all [SII] emission for the
other targets consistently shows no rotation, regardless of the results for other emission
lines of the same target. The anomalous result is likely to be due to erroneous continuum
fitting, although care was taken to re-examine this possibility and no improvement could
be made. Overall, the results for the LkHa 321 jet prove inconclusive (Figure4.2).
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4.4.4 DG Tau

Perhaps the best dataset is that for DG Tau. Emission in all optical lines has high signal-
to-noise and is uncontaminated by defective pixels. In this case the indications of jet
rotation are significant with radial velocity differences of comparable magnitude recorded
for all emission lines. Even the [SII] lines, which usually only show hints of rotation, give
reasonable velocity differences of 6 to 9kms™! at 071 to 0’15 from the jet axis. For the [O]]
and [NII] doublets, values range from 10 to 35 kms™! at (705 to 0”15 from the jet axis, and
at a de-projected distance of 68 AU from the star. Referring to Figure4.2, jet rotation is
clockwise looking down the approaching jet towards the source. The velocity differences
are of the same magnitude and direction as those reported by Bacciotti et al. (2002),
where values of 5 to 10kms™" were measured with the HST/STIS slit placed parallel to
the DG Tau approaching jet.

4.4.5 OCW Tau

In the case of CW Tau, the usable data is limited due to faint emission or contamination by
defective pixels. Otherwise, the signal-to-noise is good, and clear contour tilts are evident
in the position-velocity diagrams available. Radial velocity differences are significant,
reaching 12 to 26 kms™! at 0705 to (/10 from the jet axis, and at a de-projected distance of
32 AU from the star. There is a clear separation in lower and higher velocity components
for the [SII] emission but, as with many other targets, radial velocity differences are
scattered about zero and within the error bars in these lines. Referring to Figure4.2, jet
rotation is clockwise looking down the approaching jet towards the source.

4.4.6 HH30

The HH 30 bipolar jet lies almost in the plane of the sky. Therefore, as would be expected,
both the position-velocity diagrams and radial velocity plots for the approaching jet clearly
indicate that the jet possesses a low radial velocity, once the systemic radial velocity of
the system has been taken into account. Differences in radial velocities detected for HH 30
lie close to or within the error bars about zero. Nonetheless, the results are reinforced by
the visible tilt in the [OI]A6300 contour plot. Therefore, it is possible to say that radial
velocity differences for this target range from 5 to 8kms™! at 0705 to 0”2 from the jet
axis, and at a de-projected distance of 8 AU from the star. Referring to Figure4.2, jet
rotation is clockwise looking down the approaching jet towards the source.
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4.4.7 Sources of Error

The fact that the same sense of jet rotation with respect to the orientation of the
slit/detector (Figure4.2) is detected for all jets in the survey (with the possible exception
of LkHa 321) might be regarded as unusual. It is reassuring that I obtain much lower
radial velocity differences in the case of the HH30 [OI]A6300 emission compared to the
higher [OIJA6300 differences observed for the other targets. This implies that I am not
measuring an instrumental effect (as I am comparing the same rows on the CCD detector

in all cases). Nevertheless, a careful study of possible instrumental error was conducted.

4.4.7.1 Instrumental Error

To expand, it should be mentioned that during the first stage of data reduction when
each emission peak was recentred to the nominal zero arcsecond position, a trend was
observed in the pixel offsets from the jet axis for each emission line. Peak offsets ranged
from 0.1 to 1.5 pixels depending on the target, although offsets in emission lines for a
given target varied by <0.5pixels. This highlighted three types of possible instrument
misalignments which had the potential to contribute to position-velocity contour tilt and
thus mimic rotation (details of which were revealed by the Space Telescope Science Insti-
tute helpdesk, query reference CNSHD478125).

The first is physical tilt (i.e. a tilt of the slit with regard to the nominal observing
position angle), and is known to have a value of +0.22° in the optical region. The second
is optical distortion tilt (i.e. the slit image on the detector is curved and tilted) which
varies in angle across the detector depending on the grating used, and is known to have
a value of +0.001° in the optical region. The third is position angle error (i.e. an error in
the slit position angle specified for the observations with regard to the true jet position
angle), and could be on the order of a few degrees. An analysis of the error contribution
of each was conducted and all were found to be insignificant (i.e. <1kms™! which is
well within the rotation error bars of £5kms™'). Nonetheless, all erroneous tilts were
corrected for before data analysis was conducted. The HST pipeline calibration accounted
for physical tilt, while optical distortion was adequately accounted for by recentering the
emission peaks. The remaining tilt to be addressed is possible inaccuracy in the position
angle specified for the observations.

Conceivably, a slight misalignment of the slit with respect to the transverse direction
of the jet (i.e. inaccurate position angle specified in the pointing of the instrument) may
produce a signature similar to rotation. In this case, the position of the real jet axis will
then be offset with respect to the nominal zero arcsecond position, and the slit will not
be exactly perpendicular to the jet axis but at a slight angle. Although I have shifted the
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spectral image back to the zero arcsecond position to account for the erroneous offset (as
previously described in Section 4.3), the erroneous angle subtended remains a possible
problem. It could produce a rotation signature even in a non-rotating jet, since the high
and low velocity components of the jet are at different spatial locations on the CCD with
respect to the zero arcsecond row of pixels. This would imply that I am not probing
symmetric regions of the jet with respect to its real axis. Given such a misalignment has
occurred, the extent of the contamination does not, however, have a dramatic affect on
my results. The main evidence negating the significance of this effect is that the same
contour tilt does not occur in all emission lines, as would be the case given a position
angle error. [SII] emission shows little or no tilt while [OI] and [N II] emission show clear
tilts, and so any error in the position angle has insignificant impact on the spectra once
recentering has been carried out. Furthermore, for RW Aur, the same position angle was
used here for slit positioning as in a previous study (Woitas et al. 2004), where it was
found that the magnitude of the false rotation signature contamination due to incorrect
position angle was at most 1 to 5kms™! prior to centering the peak. However, the sense
of the false signature is in fact opposite in direction to that of the jet’s rotation, and so the
values I have measured are actually lower limits on any true rotation. It is also possible
that marginal corrections may make the problem worse, and so a careful study was made
of the effect of recentering on velocity differences values. Recall from Section 4.3 that both
resampling and interpolation techniques were used. The impact was minimal, falling well
within error bars, and typically less than 1kms™1.

Hence, all known instrumental contributions were corrected or compensated for, al-
though they proved insignificant. Unknown instrumental effects may still be present, but
any such effects would result not only in the same sense of jet rotation but also in the
same magnitude of radial velocity differences. Although I find the same sense of rotation,
I do find varying magnitudes. HH 30 is the prime example of this, where rotation in the
[OTJA6300 line is measured at only 5kms™" compared with the other sources which reach
20 to 30kms~!. Furthermore, a similar analysis of the radial velocities within the jets
from T Tauri stars DG Tau (Bacciotti et al. 2002) and RW Aur (Woitas et al. 2004) with
the slit placed parallel to the jet axis yielded results in agreement with my observing
mode in which the slit is perpendicular to the jet axis. Any instrumental effect mimicking
rotation would have to cause the same errors when the slit/detector is rotated by 90 °,
which is not a likely scenario.
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4.4.7.2 Archival Data Check

As a final check, I searched the HST/STIS archive for data from another astrophysical
object observed with the same instrument configuration as my optical survey. The best
dataset I could find which has a flux level comparable to my data in terms of intensity
and spatial extension, and which hits the detector in the region of the [OI] doublet (since
this is where I see the largest contour tilts), was data for Menzel3 (Mz3). M3 is one
of the most complex bipolar nebulae, often called the Ant Nebula due to its character-
istic morphology (Menzel 1922). A long-slit spectrum of Mz3 (of exposure time 2905s)
was obtained with HST/STIS on June 23, 2002 (Proposal ID 9050). The same grating
(G750M) and detector (CCD) were used here as in my optical survey, but the slit aper-
ture size used was slightly different (i.e. 52x0.05arcsec? rather than 52x0.1arcsec® as
in my observations). Nevertheless, these slits are coaligned and their optical paths are
the same, so this difference in aperture size does not affect my investigation. Figure4.17
shows position-velocity diagrams for the [OI] doublet, and for [SIII] emission which falls
between them on the detector. A tilt appears to be present in the [O1I] doublet but,
reassuringly, no tilt is present in the [SIII] line. Furthermore, Gaussian fitting to pixel
rows either side of the 0”position for the [SIII] line revealed velocity differences of effec-
tively zero (ie. <0.5kms™!). Given the extreme unlikelihood that instrumental effects
could operate in this manner, this data supports the conclusion that the instrument is

not introducing spurious contour tilts in my data.

4.4.7.3 Physical Effects Mimicking Rotation

Finally, apart from instrumental error, the only other obvious effect which could produce a
contour skew mimicking rotation is asymmetrical interaction with the local environment
on either side of the propagating jet, e.g. asymmetrical mass entrainment leading to
asymmetrical poloidal velocities. However, such mimicking is unlikely because (apart
from the fact that asymmetrical entrainment should also produce enhanced emission at
one side of the jet, which is not seen in these spectra) I see the same asymmetry in both

the receding and approaching jet lobes where present.

4.4.8 Implications for Theoretical Models

Overall, these observations are in line with the observations of the jet from the T Tauri star
DG Tau (Bacciotti et al. 2002). In that case, it was demonstrated that the observed radial
velocity differences were in the expected range for magnetically launched ‘Disk winds’,
(Bacciotti et al. 2002, Anderson et al. 2003, Dougados et al. 2004). These values com-
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Figure 4.17: Menzel 3 (Mz 3, or the Ant Nebula) observed with almost the same in-
strument configuration as that used in my optical survey. Any tilt present in OI emis-
sion should be present in each line of the doublet, as is seen here. Meanwhile, no tilt
is present in the [SIII] emission which falls between them on the detector, thus ruling
out the possibility that instrumental effect are introducing spurious contour tilts in my
data. Contour floor, ceiling and interval levels (in units of ergem™2s7! A-'arcsec™2) are
LO0x 1071, gigtiir'? and 5.0010 4 for. [OI6800; 1.0%10-12, 5 8% 10*% afid 3.0 107"
for [STIIX6314: T0% 10712, 3.5% 10~ and 2. 8% 10 ** for (O T\6363.

pare well with my results, which therefore also support the magneto-centrifugal scenario.
Furthermore, the derived toroidal and poloidal velocities (Table4.4) have the same ratio
as theoretical predictions (Vlahakis et al. 2000).

4.4.8.1 Jet Footpoint

As explained in Chapter 2 (Section 2.2.3), I can use my radial velocity measurements, in
combination with the values in Table4.1, to find a range for the radius from the star, in
the disk plane, of the jet footpoint (or launch point), 7o .. This was calculated using
Equation 2.4 (Anderson et al. 2003), where M, is the mass of the star which, where
unknown, can be assumed to be 1 M as a reasonable approximation.

The range for the jet footpoint radius for each target is given in Table4.4. Values
were calculated for a sample of emission lines (i.e. those with very high signal-to-noise,
usually [OI]A6300 and [NIIJA6583 lines), rather than giving an average for each target,
since each line traces different levels of radial velocity. In some targets the effects of
projection and beam smearing (see Pesenti et al. 2004) appear to be more pronounced.
This can be seen from the sharp decrease in radial velocity differences at 0705, Table 4.3.
In these cases, I have chosen measurements at 0’1 and 0”72 from the jet axis as limits of a

suitable range for which to calculate the footpoint. Furthermore, it should be noted that
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Target Emission  Teo,0bs Too,0bs DVpad Urad Vg Up 170, 0bs
line (arcsec) (AU) (kms~!) (kms~1) (kms™!) (kms™!) (AU)
TH 28 receding jet A6300 0.10 17 12 27 6 155 0.4
26300 0.20 34 16 13 8 75 2.0
26583 0.10 17 14 35 7 202 0.5
A6583 0.20 34 25 32 13 184 0.8
TH 28 approaching jet 6583 0.10 17 8 65 4 374 0.1
A6583 0.15 26 1 62 3 357 0.1
RW Aur receding jet A6300 0.10 14 20 102 14 147 0.7
A6300 0.20 28 24 94 17 135 13
A6583 0.05 /6 14 1% 10 160 0.3
RW Aur approaching jet A6583 0.10 14 10 190 1§ 274 0.2
DG Tau approaching jet A6300 0.05 7 15 (14) 188 (72) 12 (11) 250 (91) 0.2 (0.6)
26300 0.15 21 26(18) 185 (60) 21 (15)  235(76) 0.5 (1.2)
26583 0.05 1y (f 182 6 231 0.1
6583 0.15 21 8 166 7 211 0.3
CW Tau approaching jet A6300 0.05 7 15 105 10 160 0.3
A6300 0.15 21 12 108 8 165 0.6
A6583 0.05 7 12 104 8 159 0.3
A6583 0.10 14 26 97 17 148 0.8
HH 30 approaching jet A6300 0.05 T 5 31 3 54 0.5
A6300 0.15 21 4 29 2 54 0.8

Table 4.4: The radius from the star in the disk plane of the jet footpoint (or launch
point), ro 0, calculated for the optical targets using the method described in Anderson et
al. (2003). The TH 28 approaching jet [O I]\6300 line is not included since the profile of
this emission is very wide and did not allow measurement of velocity peaks with Gaussian
fitting. In this case the rotational velocities were derived from cross-correlation routines
alone, resulting only in velocity difference measurements. Values in brackets relate to the
lower velocity component (although this lower velocity calculation was not carried out
for the lower velocity component of CW Tau as the radial velocity was zero). The mean
radial velocity taken from values equidistant either side of the jet axis, U,qq, iS quoted as
an absolute value (after heliocentric velocity correction). Since i Is given with respect
to the plane of the sky, I calculate vy = (Avyaq/2)/ cos i and v, = (Urga)/ sin i. The error
in v, increases with decreasing values of ije; so, in the case of HH 30, I use a value from
the literature for v, of 54km s~' measured at 72 AU along the approaching jet (Burrows
et al. 1996).
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values at 0”1 are less precise than those at 0”2, when both are present, since increased
projection effects close to the jet axis tend to reduce the line of sight averaged vy, and
hence the resulting value of r¢ s (Pesenti et al. 2004). Finally, as an aside, the poloidal
velocity asymmetry in the bipolar jet of RW Aur is well known from previous observations
(Woitas et al. 2002), and a similar asymmetry was also previously recorded for the TH 28
bipolar jet, (Graham et al. 1988).

It can immediately be seen that the higher velocity [NII] lines tend to trace the base
of the jet to a point closer to the star than the intermediate velocity [O ] lines. From the
results of these emission lines, it can be seen that in general the higher velocity component
appears to be launched from a distance of ~0.1 to 0.8 AU from the star along the disk
plane in all jet targets. The lower velocity [OI] component for DG Tau appears to trace a
wider part of the jet launched from ~ 0.6 to 1.2 AU. These values are in the same range as
those estimated for the DG Tau jet of 1.8 AU by Bacciotti et al. (2002), and of 0.3 to 4 AU
by Anderson et al. (2003) for the same dataset (where the analysis was carried out on
only the lower velocity component of the jet). The results for the other targets also fall
into this range determining the footpoint of the jet to be within 0.1 to 2 AU from the star.
Furthermore, they consistently show that the jet is launched from a region not less than
0.1 AU from the star on the disk plane, for this velocity resolution. This holds true even
for the higher velocity [N II] observations which trace the jet close to the axis.

Given the uncertainties associated with many of the physical parameters (such as
stellar mass, inclination angle and distance to the T Tauri system), these calculations
represent estimates of the jet footpoint and so no error bars are given. Nevertheless, the
observational results presented here supports the idea that ‘Disk winds’ are launched, via
the magneto-centrifugal mechanism (e.g. Konigl et al. 2000), at footpoint radii within a
few AU of the star. It should also be noted that the above calculation strictly gives only
the footpoint of the flow surface for which the rotational velocity could be measured, and
not the outer radius of the whole ejection region. For example, Takami et al. (2004) report
the discovery of a cold and slow wind component emitting in Hs lines, that surrounds the
base of the optical jet from DG Tau. Such a component is probably anchored at larger
footpoint radii than the optical component. Thus, the derived footpoint values may be
considered as lower limits to the true extent of the launching region. Determination
of the most appropriate model, however, requires higher spatial and spectral resolution
observations (see Chapter 5).
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4.4.8.2 Mass and Angular Momentum Fluxes

As described in Chapter2 (Section2.2.3), my observations allow an estimation of the
bipolar jet contribution in angular momentum extraction from the jet-disk system.

It should be noted that jet mass flux determinations are naturally heavily dependent
on electron density, n., and ionisation fraction, z.. Unfortunately, these parameters are
not well determined close to (< 0”5) any T Tauri jet source. While the [STI|A6716/)\6731
flux ratio is an indicator of electron density, figure 5.3 of Osterbrock (1989) illustrates that
the [STI] critical density limit (i.e. 2x10%*cm™2) corresponds to a [SII] ratio of 0.45 at
temperatures of 10* K, which is a typical jet temperature. The [SII] ratio is not sensitive
to densities above this value, and so only ratios above 0.45 are useful indicators of electron
density. Therefore, my values for this ratio (i.e. ranging from ~0.43 to 0.53 depending
on jet target) border the sensitivity of the [STI] doublet to electron density levels.

Nevertheless, consider the case of RW Aur. My measured [SII] flux ratio is 0.48 (yield-
ing n, =1.5x10*cm™?) at 0”3 along the receding jet. This ratio is just within the sensitiv-
ity limit. By comparison, for example, values obtained by Dougados et al. (2002), using
the diagnostic techniques of Bacciotti et al. (1999), give an upper limit of n, <4x10% cm=3
at 0”4 along the receding jet. Although the latter technique is more accurate, the values
relate to a distance further along the jet, for their lower resolution ground-based data.
While T will use my own value of n,, I have yet to carry out a full diagnostic study to
determine z, at 0”3 along the jet. Meanwhile, Dougados et al. (2002) reported upper
limits for z, of 0.01 and 0.007 at 0’4 and 076 along the jet respectively. These points
represent a scatter in a general trend of decreasing ionisation fraction close to the star.
Extrapolating their results gives a value of 0.007 at 0”3 along the jet.

The case of the RW Aur receding jet provides information on all of the required pa-
rameters, allowing greatest accuracy in determination of angular momentum extraction.
Other sources have either little diagnostic information (at close proximity to the star)
available in the literature, or poor rotation measurements (Table4.3). It is also unfor-
tunate that the RW Aur approaching jet shows poor measurements of rotation, and a
[SII] flux ratio which borders the critical density sensitivity limit. Since jet mass flux
is so heavily dependant on the accuracy of electron density and ionisation fraction, the
error introduced by approximations can be substantial. The uncertainties resulting from
these gaps in information do not justify calculating the contribution of the approaching
jet to angular momentum extraction from the RW Aur system. Instead, I choose to cal-
culate the contribution of the receding jet for which diagnostic and kinematic values are
of reasonable certainty, and then multiply this value by 2. Although this is not the most
desirable approach, considering that asymmetry in T Tauri bipolar jets is well known, it
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should nevertheless serve as a good indication of the role that bipolar jets play in the star
formation process.

Tables4.5 and 4.6 list measured and derived physical parameters for the RW Aur re-
ceding jet and the RW Aur jet-disk system respectively. The [OIJA6300 emission line
measurements were chosen for the calculation as this line best represents typical jet pa-
rameters in terms of FWHM), radial velocity, and radial velocity differences. I have taken
70,co =0.06 AU, calculated from the rotation period of RW Aur A (the optically brightest
component of this triplet system) of 5.5 days (Petrov et al. 2001), see Section2.2.3. This
value for the corotation radius gives vk c, =122km gy

My estimates indicate that the jet could in fact extract most if not all of the angular
momentum from the system (Table4.5), thus allowing the T Tauri star to rotate more
slowly and further accrete the material of its circumstellar disk. The calculated jet mass
and angular momentum fluxes, Mjet and Ljet (Table4.5), compare well with the disk mass
and angular momentum fluxes, Mdisk‘co Bl [oae (Table4.6), in that they provide the
expected ratios of mass ejection to accretion (i.e. 7%) and disk-to-jet angular momentum
transfer (i.e. 81%). Mass accretion rates in the literature are reported to be between 1
and 10% (e.g. Hartigan et al. 1995), and my results are in very good agreement with
similar calculations by Woitas et al. (2005) who report jet angular momentum extraction
of between 66% and 82%.

While these results provide good indications of the potential role bipolar jets play in
star formation, they still represent rough estimations. Errors introduced by inaccuracy in
diagnostic parameters may be considerable (leading to variations in angular momentum
transfer in the region of 4+ 50% or more), and so I find it meaningless to give error estima-
tions for the calculations. This highlights the importance of a diagnostic study on the jet
close to the launch region. Using the diagnostic code developed by Bacciotti et al. (1999),
I intend to use my optical data to find more accurate values of electron density and ion-
isation fraction, thus providing for the first time detailed diagnostic information close
to the jet source (see Chapter6). Regardless, my calculations succeed in demonstrating
observationally that it is very reasonable to assume jets can indeed play a significant role

in angular momentum transport.

4.5 Conclusions

HST/STIS was used to observe the base of eight jet targets, each from one of six T Tauri
stars (i.e. the bi-polar jets from TH28 and RW Aur, and the approaching jet from
LkHa 321, DG Tau, CW Tau and HH 30). All except LkHa 321 showed distinct and sys-
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Target Ne Te vp?® FW HM?® 70,06a> Mjet Ljet
(kms~1) (cm™3)  (arcsec) (AU) Mgyr~!) (Mgeyr~!AUkms™1)
RW Aur receding jet 1.5x10%  0.007 135 0.145 1.3 5.6x10~8 1.9x10~°

Table 4.5: Measured derived physical quantites for the RW Aur receding jet at 0’3 from
the source. @ For the [0 I]\6300 emission at rq .5, = 0'20 (see Table4.3); ® Measured for
the [O I]A6300 emission.

Target VK, obs Miiokoas Mk 5o Laisk N M e [ agcon®
(kms™1) (Mgeyr~!) (Meyr™!) (Mgyr~!AUkms™)
RW Aur disk 26 1.6x10~6 1.7x10~° 4.6x10~° 0.07 0.81

Table 4.6: Measured and derived physical quantites for the RW Aur jet-disk system.
® Hartigan et al. (1995); ® The ratio considers the contribution of the bipolar jet, i.e. by
multiplying the contribution of the receding jet by 2 (see text). (Recall that Mdisk'w is
usually referred to as M, in the literature.)

tematic radial velocity asymmetries in opposing positions with respect to the jet axis,
within 100 AU from the source. Radial velocity differences were found to be on the order
of 10 to 25 (£5)kms~!. I interpret these radial velocity asymmetries as rotation signa-
tures in the region close to the star where the jet has been collimated but has not yet
manifestly interacted with the environment. For the bipolar jets from TH 28 and RW Aur,
the velocity differences have the same direction in both lobes, i.e. opposite helicity in op-
posing jets. The sense of rotation of the jets, looking down the approaching jet towards
the star, is clockwise for all targets except RW Aur, for which it is anticlockwise.

My findings are reinforced in a number of ways: the radial velocity differences in
the DG Tau jet are of the same magnitude and direction as those previously measured
of 5 to 10kms™! (Bacciotti et al. 2002), which was shown to be in agreement with the
predictions of MHD ‘Disk wind’ models (Bacciotti et al. 2002, Anderson et al. 2003,
Dougados et al. 2004, Pesenti et al. 2004); my findings are in line with similar research
on the RW Aur jet (Woitas et al. 2005) which yields rotational velocities of 10 to 20 kms™*
with the same sense of rotation; and finally, my results lead to estimates for the distance
of the jet footpoint from the central axis of typically ~ 0.1 to 0.8 AU for the higher velocity
gas in the jet and ~ 0.6 to 1.2 AU for the lower velocity material, i.e. values which are
consistent with models of magneto-centrifugal launching (Anderson et al. 2003).

Finally, my estimates of jet mass and angular momentum fluxes, based on observations
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of radial velocity differences, indicate that the jet could in fact extract most, if not all,
of the angular momentum from the system. This demonstrates observationally that it is
very reasonable to assume jets can indeed play a significant role in angular momentum
transport, allowing the T Tauri star to rotate more slowly and further accrete the material
of its circumstellar disk.
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YSO Jet Rotation in the Near Ultraviolet

This chapter examines YSO jet generation through a survey of pre-main sequence jets,
using HST spectroscopic observations at NUV wavelengths.

5.1 Introduction

Although the results of Chapter 4 are encouraging, it is evident that I am only marginally
resolving the effects of rotation because of the limiting resolution (spatially and spec-
trally) of HST/STIS at optical wavelengths. However, emission from protostellar out-
flows is dominated by lines in the ultraviolet. In particular, shock models (Hartigan,
Raymond & Hartmann 1987) and observations (Hartigan et al. 1999) show that low ex-
citation MgII doublet emission at 2796 A and 2803 A is stronger in protostellar outflows
than traditionally observed optical lines such as the [OI]AX6300,6363 doublet. Further-
more, observing with HST/STIS at NUV wavelengths affords double the spatial resolution
of the optical region, and so holds the potential for me to extend my study to the currently
unresolved higher velocity jet core. Also, since the accuracy of velocity determinations are
typically a fifth of the velocity sampling, the NUV holds the potential to achieve errors

1 1

as low as 2kms™", compared to 5kms™" in the optical region.

Therefore, based on the findings of Chapter4, HST/STIS observations were planned

79
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to examine the same targets at NUV wavelengths. Unfortunately, due to the failure of a
HST/STIS power supply on August 3rd 2004, only three of five scheduled observations
were conducted. On the other hand, there now exists NUV data for these three targets.
In this chapter, I present a velocity analysis for my NUV dataset of three jet targets
namely, both lobes of the bipolar jet from TH 28 and the approaching jet from DG Tau.

5.2 Observations

Spectroscopic observations were made in the NUV wavelength region at the base of three
T Tauri star jets. As with the optical wavelength observations detailed in Section 4.2, the
observing mode used involved centering the HST/STIS slit on the T Tauri star, and then
offsetting the slit to a position perpendicular to the jet axis at a fraction of an arcsecond
from the source, Figure4.1.

HST/STIS NUV observations (proposal ID 9807) were conducted of the jets from
T Tauri stars TH 28 and DG Tau (Table 4.1). The slit offset of 0”3 represented a depro-
jected distance of 52 AU along the TH 28 jet and 68 AU along the DG Tau jet. The NUV
Multi-Anode Microchannel Array (MAMA) detector was used with the E230M echelle
grating, centred on 2707 A, and a long slit of aperture 6x0.2 arcsec? (to ensure the full
width of the jet was observed). Spectral sampling was 0.045 A~!, corresponding to a radial
velocity of ~5 to 10kms™!, and spatial sampling was 07029 pixel~!. Two long exposures
(co-added to improve signal-to-noise) of ~2500s were made of each lobe of the TH 28
bipolar jet on June 18 2004, and the approaching jet from DG Tau on December 1 2003.

Although the data were largely processed through the standard HST pipeline, the
combination of an echelle grating with a long slit meant wavelength calibration was not
conducted as part of the routine pipeline procedure (due to possible overlap of spectral
orders arising from use of this instrument configuration), and so wavelength calibration

was subsequently carried out using standard IRAF routines.

5.3 Results

All three NUV jet targets were found to be strong emitters in both lines of the MgII
doublet (i.e. at vacuum wavelengths of 2796.352 A and 2803.531 A). Their profiles are
broad, extending over some 200 kms~!. Spatial extention is represented by FWHM values
in the range of 0”12 to 0720 for both jets from TH 28 (as opposed to 0727 and 0”41 for
[O1] and [STI] receding jet lines respectively), and of (/12 for the approaching jet from
DG Tau (as opposed to 0715 and 0720 for [O1] and [SII] lines respectively). This shows
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that the high excitation NUV lines preferentially originate in the axial region of the jet,
consistent with the expectations of MHD models of the jet base where layers closer to the
axis are predicted to be more excited than those further away.

Once wavelength calibration was conducted, the data analysis was carried out in the
same way as for the optical survey (detailed in Section4.3). Briefly, the peak of each
emission line was centred on the nominal zero arcsecond position on the detector, since
the peak is assumed to correspond to the jet axis. Radial velocities were then determined
for the peak intensity of each pixel row parallel to the jet axis, using both a Gaussian
fitting and cross-correlation technique to ensure accuracy. Systematic differences in radial

velocities equidistant either side of the jet axis were interpreted as jet rotation.

5.3.1 Qualitative Indications of Rotation

Figures 5.1, 5.2 and 5.3 show position-velocity contour plots for the NUV MgII A\2796,2803
doublet for each of the three jet targets observed (with corresponding contour levels given
in Table5.1). The positive direction of the y-axis corresponds to the slit direction in
Figure4.2, and all radial velocities are systemic. As previously described, if rotation is
present radial velocities will be lower on one side of the jet axis than on the other, and
will be evidenced by a skew in the contours of the transverse position-velocity diagram.
While a position-velocity contour tilt can generally be recognised at optical wavelengths
(Section4.3.1), it is not so apparent in the NUV range. It is likely that the broad profile
shape in the dispersion direction combined with the relatively narrow spatial FWHM may
detract from the clarity of any tilt. The existence of an absorption feature for the NUV
permitted transitions may also draw from the clarity of contour trends. Nevertheless,

quantitative measurements yielded positive results.

5.3.2 Quantitative Analysis

Having recentred the emission peak on the nominal zero arcsecond position of the detector
(as described in Section 4.3.2), radial velocities across the jet were determined using both
the Gaussian fitting and cross-correlation techniques. The absorption feature, highlighted
by the position-velocity contour plots, dominates the emission in the case of TH 28 more
so than in the case of DG Tau. This is more apparent when emission is binned for plotting
in one dimension (see Figure 5.4 with corresponding MgII integrated fluxes and MgII flux
ratios given in Table5.2). An absorption dip is located at low blueshifted velocities for all
three targets. Radial velocities were found to be: —23kms~! in the TH 28 receding jet;
—15kms™! in the TH 28 approaching jet; and —23kms™! in the DG Tau approaching jet.
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Note that these velocities heliocentric rather than systemic, since it is unclear whether or
not the dip originates in part of the T Tauri system.

Single Gaussian fitting to the overall peak excluding the absorption region was carried
out, and the results were compared to those from the cross-correlation routine, which
were independent of the shape of the profile. There was good agreement in the results,
although cross-correlation produced more consistent values in the case of TH 28 since the
emission profile was significantly interrupted by absorption, rendering Gaussian fitting less
accurate. Conversely, single Gaussian fitting proved more accurate in the case of DG Tau
since the absorption features in the extreme wings of the profile, and cross-correlation is
more sensitive to noise further from the jet axis where the flux diminishes. Nevertheless,
there was good agreement between the two methods.

From this radial velocity analysis, a transverse radial velocity profile at the base of
cach jet was obtained, Figure5.5. (Note that the measured absorption velocities quoted
above are heliocentric, whereas the zeropoint of the radial velocity axis in the jet emission
profiles is systemic.) The position angle, derived from Figure4.2, is given in the upper
corners of each plot. The asymmetric velocity trend, not visible in the contour diagrams,
is now evident in these profiles giving a clear indication of rotation. The higher spatial
resolution of the NUV observations yields a more detailed radial velocity profile than the
optical dataset, showing how radial velocity varies across the jet including the region close
to the high velocity axial core (i.e. 07029). Profiles from the two datasets are plotted on
the same axes to illustrate how well they fit together, Figure5.6. As with the optical
dataset, plots reveal that the on-axis jet material is travelling fastest while the borders
of the jet are travelling slower. The result is a v-shaped profile, but these profiles are not
symmetrical. Velocities on one side of the axis are lower than on the other.

Differences in radial velocities at positions equidistant on either side of the jet axis
were then determined. Tableb.3 gives results for individual emission lines in each jet
lobe, and shows that there is consistent evidence of radial velocity differences across all
three jet targets of up to 17kms~!. Given sufficient signal-to-noise, it is possible to
routinely measure radial velocity differences to one fifth of the velocity sampling, giving
an accuracy of £2kms~! in the NUV. However, accuracy in determining profile peaks in
the NUV is reduced by the broad line profiles, and additional uncertainties are introduced
by the absorption features. Therefore, I prefer to give the conservative error estimate of
+5kms™! for my NUV results. Meaningful analysis of much two fainter NUV emission
peaks evident in these spectra was not possible. One was identified as the combined
emission lines of CII| A\2324,2325,2326,2327,2328 (see Table 5.2 for comparative fluxes)
travelling at 180kms™!. The other appears to be [O 1] A2470, for the same velocity.
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Figure 5.1: Position-velocity diagrams of NUV emission lines for the TH 28 receding jet.
Plots are corrected for the systemic velocity of TH 28. Contour values for each panel in
units of ergem~2sec™! A~1 arcsec™? are listed in Table5.1.
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Figure 5.2: Same as Figure 5.1 but for the approaching jet of TH 28.
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Figure 5.3: Same as Figure 5.1 but for the approaching jet of DG Tau.

Target Emission Contour Contour Contour
line Floor Ceiling Interval
TH 28 receding jet Mg IIA2796" T 21010130 " 20X 105 1280 1.3 107 13

MglI)2803 1.5x10~13 9.0x10713 5.4x10-14
TH 28 approaching jet MgIIX2796 1.0x10713 3.9x10-13 2.1x10~14
MgIIA2803 ¢ S1.0x 10718 1521051314 310x 10714
DG Tau approaching jet MglIIA2796 1.0x10~13 2.1x10~12 1.0x10~13
Mg IIX2808"" 1.0x10522" '12x10512 ' 16.0x10514

Table 5.1: Linear contour intervals relating to position-velocity plots, Figures5.2 to 5.3,

in units of ergem™2s~! A~ arcsec™2.
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Figure 5.4: Flux profiles of NUV emission lines, obtained by binning pixel rows over

the entire jet width. The absorption feature is located at slightly blueshifted velocity for
all three targets, (i.e. —23kms™' in the TH 28 receding jet, —15kms™' in the TH28
approaching jet and —23kms™! in the DG Tau approaching jet). Note that the measured

absorption velocities quoted are heliocentric, whereas the zeropoint for the radial velocity

axes above is the systemic velocity. Integrated fluxes are given in Table 5.2.
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Figure 5.5: Radial velocity profile across the jet for the NUV Mg II doublet of both the
receding and approaching jet from TH 28, and the approaching jet from DG Tau. Profile

asymmetries highlight the presence of jet rotation. All radial velocities are systemic. The

profile for the TH 28 approaching jet should be considered an indication only. In this case,

Gaussian fitting proved very difficult and so an accurate profile could not be constructed.

Meanwhile, the radial velocity differences for this target were obtained by relying solely

on a cross-correlation routine, as described in Section 5.3.2.
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Figure 5.6: Same as Figure5.5 but with the optical datasets (Figures4.13 and 4.14)
overlaid on the NUV dataset, to illustrate how radial velocity changes with distance from

the jet axis and how the results for the two wavelength regions compare.



5.3. Results 88

Target Emission Flux Flux Ratio
line (ergs—'cm™2)  A2796:12803

TH 28 receding jet MglIIA2796  3.2x1013
MglIIA2803 1.9x10'3 10754

GCII]¥)2326 - 8:7x1016
[O11) 22470 4.2x106
TH 28 approaching jet MglIA2796 1.3x10!3

MglIIA2803 1.4x1018 09:1
G 22326  2.0x1016
[OTT]EN2470%

DG Tau approaching jet  MgIIA2796  3.0x10!3
MgIIA2803 1.8x10'3 1,60l

CII] 22826  2.1x10%°
[O11] A2470 5.6x10'6

Table 5.2: Flux measurements and flux ratios for NUV emission lines. The Mg II doublet
integrated fluxes are illustrated in Figure5.4. Flux values were not corrected for extinc-
tion. Also, no compensation was made for the absorption dip since the true emission
profile shape is not known. Therefore, these values are provided only as indications. For
the TH 28 approaching jet, the [OII] emission was too faint for detection.

Target Distance Avpqq for Avpqq for
from jet axis MglIA2796 MgIl A\2804
(arcsec) (km s~1) (km s~1)
TH 28 receding jet 0.029 0 1
0.058 -3 -3
0.087 1 -8
0.116 7 -3
0.145 9 -4
0.174 7
0.203 6
0.232 5
TH 28 approaching jet 0.029 0 -1
0.058 2 -5
0.087 0 1l
0.116 1
0.145 5
0.174 9
DG Tau approaching jet  0.029 6 3
0.058 12 8
0.087 il 17
0.116 4 12

Table 5.3: Radial velocity differences, Av,.q, between one side of the jet axis and the
other, measured using both single Gaussian fitting and a cross-correlation technique.
Where dots appear in the table, the emission was either shifted off the detector, or was
too faint to decipher. The accuracy reached with the data analysis was approximately
+5km s71.
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Figure 5.7: Radial velocity differences, Av,.4, as a function of distance from the jet
axis. All targets show positive radial velocity differences. The NUV results are overlaid
on the optical results for comparison. (The red points in the optical results represent the

lower velocity component of the emission line in cases where double Gaussian fitting was

necessary.)
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5.4 Discussion

The results in Table 5.3 show clear differences in radial velocities between either side of
the jet axis for all three jet targets observed. Assuming that emission from the jet is
axially symmetric, I interpret these radial velocity differences as indications of rotation
within the jet close to the source where the jet is launched.

The first point to note about the results in Table 5.3 is the inconsistency in rotation
direction within the doublets of TH28, (i.e. the MgII A2803 emission appears to have
mainly negative values, inconsistent with the positive values for the Mg IT A2796 emission).
However, all negative values fall inside the error bars with the exception of —8kms™!
which possibly has additional error contribution from the absorption feature given that
all other results are consistent.

The second point to note is the drop in Av,.q values close to the jet axis for all three
targets. For both jet lobes of TH 28, it appears there is no detectable difference in radial
velocities within 0”1 of the jet axis. This trend can also be seen in the optical data
for both lobes at distances of 0705 (Table4.3). In both optical and NUV datasets, radial
velocity differences appear closer to the jet axis in the receding jet than in the approaching
jet. Meanwhile, a similar drop in radial velocity differences is seen close to the jet axis
of DG Tau in the NUV dataset from 07058 to 07029. This fall is not borne out by the
optical results, but optical measurements were only possible as close as /5. Such lower
rotational velocities close to the axis were also noted in the optical analysis (Section4.4)
and outlined as possibly due to projection and beam smearing effects (Pesenti et al. 2004;
Dougados et al. 2004).

5.4.1 TH28

For the MgII A2796 line, the values for the receding jet from TH 28 within 0”1 to (//2 rise
to 9kms~!, comparable to but somewhat lower than values in the same region for the
[NIIJA6583 and [OI]JA6300 emission of 10 to 24kms~! (Section4.4.1). The approaching

1 in good agreement with previously published

jet of TH 28 gives values of up to 9kms™
optical values of up to 8kms~! within 015 of the jet axis. However, the results for the
Mg I1 A2803 line of the bipolar jet are mainly within the error bars of 5kms™!
Overall, the Mg I1 A2796 line indicates that both lobes of the TH 28 bipolar jet are rotating
in the same direction, i.e. clockwise looking down the approaching jet towards the star

(Figure4.2), in agreement with the results from the optical dataset (Section4.4.1).

about zero.
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5.4.2 DG Tau

For the approaching jet of DG Tau, both lines of the Mg II doublet have high signal to noise
and are in agreement showing radial velocity differences ranging from 3 to 17kms™!
within 0712 of the jet axis. This is in line with, although somewhat lower than, the
optical values which lie mainly in the range of 10 to 27kms™! within 0715 of the jet
axis (Section4.4.4). The sense of rotation was found to be clockwise looking down the
approaching jet towards the star (Figure4.2), and in agreement with the results from
the optical dataset (Section4.4.4). Furthermore, the velocity differences are of the same
magnitude and direction as those reported by Bacciotti et al. (2002), where values of
5 to 10kms™! were measured with the HST/STIS slit placed parallel to the DG Tau
approaching jet.

5.4.3 Mgll Absorption

The MgII resonance doublet is the strongest NUV feature in the spectrum of the T Tauri
star itself and, being a permitted resonance transition, is very sensitive to cool gas absorp-
tion. Its broad emission profile has been shown to include narrow central absorption and
wide blueshifted absorption (e.g. Calvet 1985). The central absorption can be produced
by self-absorption or by the ISM (Basri & Linsky 1979), while the blueshifted dip has
been attributed to absorption by a cool outflow (Calvet 1997). Indeed, all 8 T Tauri stars
in a recent survey by Ardila et al. (2002) show both absorption features. The latter paper
assumes all the MgII emission originates in magnetospheric accretion; it shows that the
central dip is too broad to originate in the ISM; and it concurs with Calvet (1997) in that
the blueshifted dip originates in the outflow.

On the other hand, my spectra show that the jet is also emitting in MgII, similar to
spectra from HH47 (Hartigan et al. 1999) which were successfully modelled as arising
from composite shocks. It then becomes apparent that the spectra of Ardila et al. (2002)
include MgII emission from both magnetospheric accretion and the jet, since they in-
tegrate spectra over an aperture of diameter 2” centred on the star (while my slit is
of width 0”2 and positioned (/3 from the star along the jet). A comparison of the two
datasets in terms of the velocity and intensity of the blueshifted emission from DG Tau
(i.e. comparing their Figure 5 with my Figure 5.4) shows this to be the case.

The blueshifted absorption in the stellar spectra of Ardila et al. (2002) is clearly caused
by a low velocity wind, a conclusion drawn from the fact that the profile is very broad
and asymmetric in shape. My jet observations also show dips in the profiles, which are
blueshifted to ~ —20+5kms™! but have a narrower FWHM (~40kms™!) and are not
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significantly asymmetric.

Typical interstellar MgII absorption velocities are ~-10 to -30kms~! with FWHM
values of ~2 to 4kms™! (e.g. Dring et al. 1997). The fact that each of my spectra shows
a dip which coincides with typical interstellar absorption velocities suggests that the dip
originates in interstellar cloud material. This conclusion is reinforced by the fact that the
dip is blueshifted in all the observed targets, including the receding jet. In other words,
the absorption cannot be caused by a low velocity wind component of the jet, otherwise
the receding jet would instead show red-shifted absorption. The relatively broad FWHM,
however, requires explanation.

Thermal broadening cannot account for the large FWHM as it yields an interstel-
lar cloud temperature of ~ 108K, which is too high to allow the presence of MgII. If
formed collisionally at low densities, the MgII ion has a maximum population at 13000 K
(Arnaud & Raymond 1992). A possible explanation for the large FWHM is that sev-
eral interstellar absorption components are present. This scenario is plausible given the
large distance to our targets of about 150 pc. Relatively similar FWHM values have
been recognised in previous studies and reasonably attributed to the contribution of more
than one interstellar cloud. For example, similar MgII interstellar absorption features
(FWHM ~20kms~!) are present in high resolution HST/STIS spectra of main sequence
F stars (Bohm-Vitense et al. 2001). The latter paper remarks that, for some sources, two
interstellar lines seem to merge when two clouds have almost the same velocity, while for
other sources the MgII emission line has a very broad central absorption which is too
broad to be interstellar unless there are at least three strong components contributing.

The broad FWHM could perhaps be more readily explained by an expanding shell
around the T Tauri system. In contrast to attributing the absorption to a cooler outflow
wind, an expanding shell would be observed as a blue-shifted dip regardless of whether
the observed jet is approaching or receding. This explanation would also account for the
broad FWHM without having to envoke the combined absorption contribution of several
interstellar clouds in the line of sight to all targets.

Another possible contributor to the profile dip is self-absorption, whereby absorption
may originate in the jet itself. The gas will then be optically thick. The A2796:\2803
ratio is expected to be 2:1 if emitted by an optically thin gas (due to equal transition
probabilities but different statistical weights of the two energy levels). Since absorption
occurs in the same ratio as emission, and saturation of the A2796 line occurs before the
A2803 line, self-absorption begins to affect the flux ratio of the MgII doublet. As the
material approaches optical thickness, so the flux ratio approaches 1:1. The flux ratios
(Table 5.2) for the TH 28 receding jet and the DG Tau approaching jet demonstrate the gas
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to be optically thin. The dip is therefore not likely to include a self-absorption component.
On the other hand, the TH 28 approaching jet is evidently optically thick, and the FWHM
of the dip is slightly larger here than for the other targets. Therefore, in this case, the
dip is very likely to incorporate a self-absorption component. Besides, this jet is known
to be heavily embedded in reflection nebulosity (Graham & Heyer 1998).

FELs are so called because the probability of radiative transition is low. They may
be collisionally excited (e.g. via jet shocks) and then radiatively de-excited, provided the
medium is of sufficiently low density such that collisional de-excitation does not domi-
nate. Following this, the emitted photons are highly unlikely to be re-absorbed either
through self-absorption or ISM absorption. Hence absorption dips do not appear in FEL
profiles, and so the optical spectra (Chapter4), which mainly comprise FELs, do not
exhibit absorption features. Although it is probable that the Ha emission incorporates
absorption similar to MgII, the Ha line could not be analysed because there are too many
possible contributions to its shape, e.g. reflection nebula emission, self-absorption and/or
interstellar absorption.

Identification of the exact nature of the MgII absorption feature requires further anal-
ysis. The important point is that the results of my analysis are independent of its nature,
since they do not rely on absolute flux values but rather on relative radial velocities.

5.4.4 Sources of Error
5.4.4.1 Instrumental Error

A detailed report of possible contributions to error for the optical observations was pre-
sented in Section4.4.7, and the same principles apply to the NUV observations. However,
some differences to the instrument values apply, since a different grating and hence dif-
ferent optics were used. The physical tilt (i.e. a tilt of the slit with regard to the nominal
observing position angle) is known to have a value of +0.27° in the NUV compared with
+0.22° in the optical region, and the optical distortion (i.e. the slit image on the detector
is curved and tilted), which varies in angle across the detector depending on the grating
used, is known to have a value in the range of +0.9 to +1.2° in the NUV compared
to +0.001° in the optical region. As with the optical dataset, an analysis of the error
contribution of each was conducted and all were found to be insignificant (i.e. <1kms™
which is well within the error bars of +5kms™!). Nevertheless, all erroneous tilts were
corrected or compensated for before data analysis was conducted.

While, in the case of the optical data, physical tilt was corrected for in the HST
pipeline calibration and optical distortion was adequately accounted for by recentering
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the emission peaks, corrections to the NUV data proved more involved. Physical tilt
was corrected during the wavelength calibration which had to be carried out on the data
files after the standard HST pipeline procedure. However, the wavelength calibration
highlighted erroneous data file keywords (namely ‘shiftal’ and ‘shifta2’), caused by a pre-
viously unidentified bug in the pipeline software and resulting in the incorrect assignment
of spectral orders to emission lines. Re-running a modified version of the pipeline pro-
cedures (carried out by the Space Telescope Science Institute), with particular attention
to the location on the detector of the MgII doublet, yielded the correct keywords. The
science datafile headers were then updated with the corrected keyword values. These not
only assigned the correct spectral order and hence wavelength to each emission line, but
also more accurately accounted for the physical tilt of the detector. Next, the calibration
lamp lines were used to determine optical distortion in the region of interest on the de-
tector. This distortion was corrected for by altering the HST/STIS calibration reference
tables prior to wavelength calibration with standard IRAF routines. (Specifically, the
‘Aperture Description’ (APD) table was edited by changing the value of the ‘Angle’ for
the relevant aperture to a value determined by measuring the tilt in the calibration lamp
lines at the location of interest on the detector.) The remaining tilt to be addressed is
possible inaccuracy in the position angle specified for observations. Since the same posi-
tion angles were specified in both the optical and NUV observations, and I have negated
this effect in the optical region (Section4.4.7), I can assume that any such effect also has
insignificant impact on the NUV spectra once recentering of the emission peak has been

carried out.

5.4.4.2 Combination of Studies

The fact was noted in Section 4.4.7 that it is unusual to see the same sense of rotation with
regard to the slit orientation for all jets. Bear in mind however that, of the eight targets,
the seven that show rotation signatures are launched from one of five T Tauri systems.
This effectively reduces the sample size. It was also noted in Section4.4.7 that a similar
optical rotation analysis of the radial velocities within the jets from T Tauri stars DG Tau
(Bacciotti et al. 2002) and RW Aur (Woitas et al. 2004) with the slit placed parallel to
the jet axis yielded results in agreement with my observing mode in which the slit is
perpendicular to the jet axis. To strengthen the case, it is important to also highlight the
fact that the observations for the jets from both DG Tau and TH 28 in the optical and
NUV regions were conducted with different detectors (and so different optics), and yet
give consistent results. This combination of studies strongly suggests that, although it
is improbable that all jets (with the possible exception of LkHa321) rotate in the same
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Target Emission Too,0bs Too,0bs DVrad Vaad Vg Vp T0,0bs
line (arcsec) (AU ((lemissh) W (kmissh)! S(km sFt), L (kn'sTl) (AL
TH 28 receding jet A2796 0.116 20 it 28 4 161 0.3
A2796 0.203 35 6 7 3 40 2.5
TH 28 approaching jet A2796 0.145 25 5 26* 3 150 0.3
A2796 0.174 30 9 23* 5 132 0.6
DG Tau approaching jet A2796 0.058 8 12 198 10 251 0.2
A2796 0.116 16 4 192 3 244 0.1

Table 5.4: The radius from the star in the disk plane of the jet footpoint, 7¢ s, calcu-
lated for the NUV targets using the method described in Anderson et al. (2003). Only
measurements for the MgIIA2796 emission component of the doublet were used, since
vaelocity differences for the MgIIA2803 line were mainly within error bars about zero.
The mean radial velocity taken from values equidistant either side of the jet axis, Urqq, iS
quoted as an absolute value (after heliocentric velocity correction). Since ije; is given with
respect to the plane of the sky, I calculate vy = (Avyeq/2)/ cos i and v, = (Ureq)/ sin i.
The asterisks mark points where the radial velocities could not be determined due to poor

Gaussian fitting, and so values were extrapolated from measured data.

direction with regard to the slit orientation, it is not impossible and does indeed seem to
be the case. Finally, note that four of the five T Tauri systems with rotation signatures
are located in the same cloud (i.e. Taurus-Auriga), but no particular pattern of system
alignment could be readily identified.

5.4.5 Implications for Theoretical Models
5.4.5.1 Jet Footpoint

Finally, as in Section 4.4.8, I can use these radial velocity measurements (in combination
with the values in Table4.1) to find a range for the radius from the star on the disk plane
of the jet launch point, g ops-

The range for the jet footpoint radius for each target is given in Table5.4. Values
were calculated for Mg IIA2796 emission only, due to the higher signal to noise, and for
distances further from the jet axis to minimise beam smearing and projection effects.
Depending on the observation distance from the jet axis, the footpoint extends away from
the star along the disk plane. At distances of 0705 to 0715 the footpoint is located in
the range 0.1 to 0.3 AU. It then extends outwards, for observations at 07175 to (72, from
0.6 to 2.5 AU respectively.

Given the uncertainties associated with many of the physical parameters (such as

stellar mass, inclination angle and distance to the T Tauri system), these calculations
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represent estimates of the jet footpoint and so no error bars are given. Nevertheless,
the observational results presented here (as with the optical results of Chapter4) sup-
ports the idea that disk winds are launched, via the magneto-centrifugal mechanism (e.g.
Konigl et al. 2000), at footpoint radii within a few AU of the star. The results consistently
show that, even for the higher velocity NUV observations which trace the jet close to the
axis, the jet appears to be launched from a region not less than 0.1 AU from the star on

the disk plane for this velocity resolution.

5.5 Conclusions

The three jet targets observed at NUV wavelengths (i.e. the bipolar jet from TH28
and the approaching jet from DG Tau) show systematic radial velocity asymmetries in
opposing positions with respect to the jet axis, within 70 AU from the source. Radial
velocity differences of up to 17 (+5)kms™! were found. I interpret these as rotation
signatures in the region close to the star where the jet has been collimated but has
not yet manifestly interacted with the environment. The sense of rotation of the jets
is then clockwise for all three targets, looking down the approaching lobe towards the
star. For the bipolar jet from TH 28, the velocity differences have the same direction
in both lobes, indicating opposite helicity as might be expected. A MgII blueshifted
absorption feature was present in all three targets and possibly originates in interstellar
cloud material or an expanding shell around the T Tauri system. Finally, my results
are consistent with the optical survey (Chapter4), and with previously published results
for DG Tau (Bacciotti et al. 2002) which were shown to be in agreement with magneto-
centrifugal ‘Disk wind’ predictions. My analysis leads to values for the distance of the jet
footpoint from the star of ~0.1 to 2.5 AU, consistent with models of magneto-centrifugal
jet launching (Anderson et al. 2003).

It was hoped that the higher spatial and spectral resolution of the HST/STIS in the
NUV would afford a more quantitative analysis (i.e. error bars being typically one fifth
of the spectral sampling). However, I did not expect to find the tricky combination of a
broad profile shape in the dispersion direction, a relatively narrow spatial FWHM, and
significant interruption by absorption. This forced me to adopt a conservative approach
to errors, i.e =5kms~!. Also, although the higher spatial resolution allows me to probe
closer to the jet axis, beam smearing and projection effects appear to prevent me from
obtaining the greater detail in radial velocity profiles that was hoped for. Nevertheless,
the NUV measurements fit well with the results obtained from the optical data.



Overall Conclusions

This chapter draws together the overall conclusions of this thesis, and describes the di-
rection of further research and collaborations.

6.1 Conclusions

In Chapters 3, 4 and 5, I have described research which examines both the generation and
propagation of jets/outflows from T Tauri stars, with a view to improving understanding
of the star formation process through the provision of observational contraints for numer-
ical simulations and theoretical modelling.

Chapter 8 describes multi-epoch HST/WFPC observations of the XZ Tauri system
which allowed a time evolution study of both the binary and its associated outflow. The
considerable changes observed in both, over only 6 years, allowed a photometric study of
stellar variability and a proper motion study of the limb-brightened shock front. Stellar
photometry revealed that the northern component of the binary has flared in EXor-type
fashion increasing in brightness by 3 magnitudes in the R-band over only 3 years. Such a
dramatic change, when considered in the light of spectroscopic evidence available in the

literature, suggest that this component is in fact the source of the outflow. Meanwhile,

97
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proper motion studies of the bowshock revealed a marked deceleration, from ~ 145kms~!
to ~115kms™1, as it propagated from ~ 600 AU to ~ 800 AU from the source. Numerical
simulations then highlighted the necessity of invoking a wide angle wind (of opening angle
~20°), to reproduce the low aspect ratio of the bubble, and a 6 fold increase in ambient

density, to reproduce the shock deceleration.

Chapter 4 investigates several optically visible jets close to their stellar source, in or-
der to determine whether or not jet rotation is present in the early stages of propagation.
I have established, through a survey of 8 jets at optical wavelengths, that there consis-
tently exist radial velocity differences of up to ~3045kms~! between one side of the jet
and the other, before the jet has travelled beyond 100 AU from the source. I interpret
these radial velocity asymmetries as rotation signatures in the region close to the star
where the jet has been collimated but has not yet manifestly interacted with the environ-
ment. In the two cases where both lobes of the bipolar jet were examined, radial velocity
differences were consistent in direction, i.e. opposite helicity in opposing jets. Using the
standard ‘Disk wind’ model for centrifugally launched MHD jets, my results lead to values
for the distance of the jet footpoint from the central axis of typically ~0.1 to 0.8 AU for
the higher velocity gas in the jet and ~ 0.6 to 1.2 AU for the lower velocity material, i.e.
values which are consistent with models of magneto-centrifugal launching (Anderson et
al. 2003). Finally, my estimates of jet mass and angular momentum fluxes, based on
these velocity differences, indicate that the jet could in fact extract most, if not all, of
the angular momentum from the system. This demonstrates observationally that it is
very reasonable to assume jets can indeed play a significant role in angular momentum
transport, allowing the T Tauri star to rotate below break-up velocity and further accrete

the material of its circumstellar disk.

Chapter 5 investigates YSO jets close to their stellar source at NUV wavelengths,
in order to establish if the results of Chapter4 are borne out at shorter wavelengths. A
survey of 3 jets at near ultraviolet wavelengths revealed radial velocity differences of up to
17+5kms~!. Again, I interpret these radial velocity asymmetries as rotation signatures
within the jet. Two of these NUV targets form the bipolar jet of one system, and show
the same sense of rotation with regard to each other and with regard to the optical re-
sults. These NUV results lead to values for the distance of the jet footpoint from the star
of ~0.1 to 2.5 AU, in line with footpoints values for the optical dataset. The footpoint
values are smaller for the NUV emission showing that these lines, which trace the higher
velocity component of the jet close to its axis, are launched at a distance on the disk



6.2. Future Work 99

plane closer to the star than the lower velocity optical lines. Lastly, a MgII blueshifted
absorption feature was present in all three targets, and was concluded to originate from

interstellar cloud material.

In summary, I have used HST observations of optically visible outflows from T Tauri
stars to attempt to address some long-standing questions regarding the star formation
process. The high spatial resolution of HST images allowed me to carry out a temporal
study of the XZ Tauri system over a very short time base compared to the capabilities
of ground-based observing alone. Analysis of the observations taken over a 6 year period
showed that the system changed dramatically. This short timescale proper motion study
provided not simply velocity but also deceleration measurements and so, when tied to
direct guidance of numerical simulations, represents the first of its kind to date in studies
of T Tauri outflow propagation. Spectroscopically, the spatial resolution of HST allowed
a radial velocity analysis across YSO jets extremely close to their source, at both optical
and NUV wavelengths. Observations provided survey indications of T Tauri jet rotation,
a valuable constraint in modeling jet launching. This constraint revealed its potential
to differentiate between models of magnetocentrifugal jet launching mechanisms, and
provided observational backing for the proposed theory of jets as extractors of angular

momentum from protostellar systems.

6.2 Future Work

6.2.1 Circumstellar Disk Rotation

Unfortunately, due to the failure, in August 2004, of the power supply for HST/STIS,
which was used in conducting the high resolution optical and NUV jet observations,
the survey plans for the initial jet channel came to an abrupt end. However, ground-
based adaptive optics facilities and interferometry provide alternative avenues for future
work in the optical and near infrared regimes. With such facilities, this survey may be
extended to include other jet targets, thus increasing the sample size and so ascertaining
the commonality of T Tauri jet rotation.

Simultanecously, to continue this research in the same vein, it is interesting to study the
disks which feed these jets in order to understand the dynamic relationship between the
two. The ultimate confirmation of jet rotation would be provided by evidence of radial
velocity differences across the millimetre wavelength emitting disks of our survey sources

and, most importantly, evidence of whether there is agreement in the direction of radial
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velocity differences within the jet/disk system, implying that both bipolar jet and disk
rotate with the same sense. These objects are best examined through their cooler emission
at longer wavelengths which can escape the dusty environment of the circumstellar disk.
Observationally, the difficulty here lies in the fact T Tauri disks are weak CO emitters.
Current facilities available to suit these purposes are the radio interferometer on Plateau
de Bure near Grenoble, or the OVRO in California.

In 2002, results were published of high angular resolution millimetre wavelength OVRO
observations of the circumstellar disk surrounding the young star DG Tauri (Testi et al.
2002). The velocity pattern in the inner regions of the disk was found to be consistent with
Keplerian rotation about a central star. The disk rotation was also consistent with the
toroidal velocity pattern in the initial channel of the optical jet discussed in Chapter4, as
inferred from HST/STIS spectra of the first 100 AU from the source. These observations
support the tight relationship between disk and jet kinematics postulated by the popular
magnetocentrifugal models for jet formation and collimation. Although the jet from the
T Tauri star DG Tauri has been extensively studied at high resolution in recent years and
displays properties that are in general agreement with magnetocentrifugal models for jet
launching, results for one object are not enough to support general conclusions about disk
rotation. In fact, Plateau de Burre observations of the disk around RW Aur (Cabrit et al.
in preparation) revealed a disk perpendicular to the jet but showed rotation opposite in
sense to that derived for the jet. However, the RW Aur system is quite complex due to the
companion stars and so interpretation of the results is not straightforward. Observations
of the disk rotation of HH30 have also proved inconclusive, and remain unpublished. It
is therefore mandatory to extend the sample, the main goal being to establish whether
disks do indeed rotate in the same direction as their accompanying bipolar jets, and to
evaluate the balance of angular momentum between infall and outflow.

The first step in this project has already been taken, in that our recent proposal for
observing time on the Plateau de Burre interferometer (P.I.: C Dougados, Grenoble) has
been accepted. Observations of the CW Tau disk are planned for August 2005. The aim
is to map molecular gas emission from the circumstellar disk, in order to check whether
the sense of disk rotation is consistent with that of the jet. This study is part of a large-
scale coordinated effort conducted in the context of the JETSET Marie Curie European
Research and Training Network. Following this, the remaining targets in our jet rotation
survey for which disk rotation has yet to be examined are TH 28 and LkHa 321.
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6.2.2 Kinematics on Jet Launching Scales

The difficulties in obtaining observations of jet and disk rotation arise from the fact that
these studies are bordering the limits of current observational capabilities. A detailed
velocity analysis not only requires high spectral resolution but must also be accompanied
by subarcsecond spatial resolution, even for the nearest star forming regions. With HST
(of spatial resolution ~0”1, i.e. ~14 AU in Taurus), I have been able to access the
external border of the jets in the Taurus-Auriga cloud. Here there are indications for
rotation around the symmetry axis for the resolved low/moderate velocity component of
the jet. However, to truly test currently proposed models, there is a need to observe the
interplay between accretion and ejection on the launching scale a few AU from the star.

The primary goal here is to observe with facilities that have the capability to reveal
jet/disk dynamics in the innermost jet/disk region, in the hope of revealing the mecha-
nisms at work in the central jet engine. Fortunately, this may be possible with the coming
generation of interferometers. Currently, only observations with the new infrared spec-
trograph of the Astronomical Multiple BEam Recombiner (AMBER) on the Very Large
Telescope Interferometer (VLTI) in Chile would meet this requirement, with spatial res-
olution of 1 milliarcsecond (~0.1 AU for Taurus).

Consequently, the natural extension of this research is to examine the kinematics of
the jet/disk system with the greater resolution of with AMBER on the VLTI. The high
resolution of AMBER will allow a search for interesting kinematic features, including
signatures of rotation about the jet axis. This new ground-based observing facility will
also allow exploration of the jet launch zone of less evolved more embedded protostars,
as opposed to the optically visible sources I have examined in my jet survey. In such less
evolved sources the jets are more powerful, due to higher levels of accretion activity, and
so more pronounced kinematic features should be detectable. Therefore, high resolution
observations of the inner jet/disk region in the infrared wavelength range should provide a
breakdown, in unprecedented detail, of the complex infall and outflow kinematics present
in protostellar accretion/ejection structures.

Furthermore, I will be collaborating with researchers at Arcetri Observatory in Italy.
Considering that understanding star formation is one of the primary science goals of
the AMBER project, Arcetri Observatory is part of an international consortium which
has guaranteed observing time, thereby ensuring that this research is a fully achievable
project.
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6.2.3 Jet Diagnostics

Finally, although it is widely accepted that the emission spectrum of HH knots within
the jet is produced from a gas excited by mild shocks, the detailed physical conditions
of the plasma are still under debate. Furthermore, the importance of understanding jet
diagnostics close to the source was highlighted in Chapter4 (Section4.4.8) in that it is
necessary for calculation of accurate jet angular momentum fluxes.

Observationally, the electron density is easily found from the [SII] doublet (provid-
ing the density is below the critical density), but other crucial physical parameters such
as the hydrogen ionisation fraction, the total electron density and the average electron
temperature are poorly known. With a few basic assumptions, a spectroscopic diagnostic
technique has been developed (Bacciotti & Eisloffel 1999) which allows the determination,
from optical emission line ratios, of these parameters. Unlike other techniques, the results
do not depend on any specific mechanism for jet formation and/or evolution. Briefly,
the technique relies primarily on the assumptions that: standard solar abundances are
adopted; all the sulfur is considered to be singly ionised, provided the jet is of low ionisa-
tion; and finally, ionisation of oxygen and nitrogen results primarily from charge exchange
with hydrogen, based on low electron temperature and no photoionisation since the source
is usually a low mass star with little production of ionising radiation. Under these three
assumptions, the technique then relies on the relationship between three line ratios: the
electron density is easily found from the [SII] doublet; the ratio of the oxygen to nitrogen
lines is more sensitive to the ionisation fraction; and the sulfur to oxygen ratio is more
sensitive to electron temperature. Since the ionisation state of oxygen and nitrogen can
be expressed as a function of hydrogen ionisation fraction and electron temperature, the
intensity ratio of any two observed emission lines is a known function of electron density,
hydrogen ionisation fraction and electron temperature. So comparing the observed line
ratios makes it possible to retrieve the values of these parameters and hence calculate the
hydrogen density in the emitting gas, a crucial parameter in any jet model yet poorly
known as it cannot be measured directly.

Using this code, the various line fluxes from my optical data will allow me to carry
out a detailed excitation analysis of the initial jet channel of several sources.
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