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The alchemists detect in the sexual activity of man a correspondence with the
world’s creation, with the growth of plants, and with mineral formation. When
they see the union of rain and earth, they see it in an erotic sense, as copulation.
And this extends to all natural realms of matter. For they can picture love affairs

of chemicals and stars, a romance of stones, or the fertility of fire.

Jim Morrison

“Snow Emergency” is a form of martial law. Boston drivers have no rights
and may be treated very arbitrarily and without appeal. The behaviour of the
authorities is erratic in snow emergency situations. Most of the time, they will
plow around you if you leave your car parked on a snow emergency street, leaving
you with a big shoveling job to get your car but not any other inconvenience.
Occasionally the plows will deliberately bury your car with all the excess snow
on the street. You will have to shovel the equivalent of a driveway full of snow
to free your car. In this case you will have so much snow to shovel you may as

well wait until spring.

The Boston Driver’s Handbook
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Abstract

In the first part of this thesis (Chapter 2), we present the first results of
an extended program to measure the line-of-sight magnetic field strength to-
ward southern molecular clouds with the ATNF Parkes radiotelescope, using
the Zeeman effect, primarily through observations of OH absorption lines against
background continuum sources (H 11 regions). From 18 Gaussian components ob-
served toward 9 sources, we definitely detected the Zeeman effect in the molec-
ular gas associated with the H1I region RCW 38, with a field strength of 38 +
3 1G, and possibly in the molecular gas associated with the H1l region RCW
57, with a field strength of —203 + 25 uG. The molecular clouds were also
observed in the 3CO J = 1 — 0 transition to determine their the physical prop-
erties (e.g., clouds size and mean column density). Comparison of the observed
magnetic field strengths and sensitive upper limits with those estimated from
a simple spherical model of a molecular cloud without surface terms indicates
that the results are consistent with large scale cloud support being due to either
the mean magnetic field or turbulent motions associated with magnetohydrody-
namic waves. Our results cannot rule out either scenario. However, in about half
of the clouds studied the kinetic energy density alone is insufficient to provide
large scale cloud support to the clouds, and an additional means of support is
required. A comparison of the magnetic field strengths (including upper limits)
and line widths show that the results are consistent with the supersonic line
widths being due to hydromagnetic wave motions, resulting from perturbations

of the mean magnetic field.

In the second part of this thesis (Chapters 3 & 4) we present the results of
a study of the highly collimated outflow from the Bok globule BHR 71, which
shows abundance enhancements of SiO and CH3OH within the outflow. These
results are best explained as being due to destruction of grain mantles in C-

shocks.

In Chapter 3, we report on observations of the southern Bok globule BHR
71 in the J =1 — 0 and J = 2 = 1 lines of 2CO, the J =1 — 0 lines of 3CO
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and C**0, and (J,K) = (1,1) and (2,2) inversion lines of NH; made with angular
resolution of ~ 20" to ~ 9. We also report 1.3 mm continuum observations
made with SEST with ~ 20" resolution. The low angular resolution molecular
observations indicate that the globule has a diameter of ~ 0.5 pc, a kinetic tem-
perature of 11 K, a total mass of ~ 40 M), and an average molecular density of
~ 9 x 10° cm™3. The high angular resolution observations reveal the presence,
near the center of the globule, of a highly collimated bipolar outflow with lobes
extending by ~ 0.3 pc in opposite directions from a strong 1.3 millimeter contin-
uum source. The morphology and velocity structure of the flow is well described
by a biconical outflow that is inclined from the line of sight at an angle of ~
84°, has a semi-opening angle of 15°, and in which the gas moves outwards with
an approximate constant radial velocity (with respect to the cone apex) of ~ 28
kms™!. The outflow appears to be driven by a very young stellar object with

Ly ~ 9 L, whose characteristics at infrared and millimeter wavelengths are

similar to those of the so-called Class 0 sources.

In Chapter 4 we report on observations of the J=3 - 2and J=2—1
transitions of SiO and CS, the J; = 3; — 2 and J; = 2, — 1, transitions of
CH3O0H, and the J =1 — 0 transition of HCO*, made with SEST, toward the
highly collimated bipolar outflow BHR 71. Broad wing emission was detected
toward the outflow lobes in all the observed molecular lines. The shape of the
profiles are strikingly different from molecule to molecule. For CS and HCO™ the
emission from the outflowing gas appears as a weak broad feature superposed
upon a strong narrow emission from the quiescent ambient gas. For CH3O0H the
intensity of the broad emission feature is considerably stronger than that of the
narrow component, while for SiO the broad feature completely dominates the

emission spectra.

The spatial distribution of the integrated wing emission is considerably ex-
tended, and broadly similar in all the observed molecular transitions, showing
well separated blue and red shifted lobes with FWHM angular sizes of 24 x 1’3
and 2!4 x 1/4, respectively. We find that the abundance of methanol and silicon

monoxide in the outflow lobes is enhanced with respect to that of the ambient

viil



cloud by factors of up to ~ 40 and 350, respectively. The large enhancements of
methanol and silicon monoxide in the outflow lobes are most likely due to the
release from grains of ice mantles and Si-bearing species via C-shocks produced
by the interaction between the outflow and dense ambient gas in the presence of
a magnetic field. On the other hand, we find that the abundance of HCO™ in
the outflowing gas is smaller than that in the ambient gas by roughly a factor

of 20, a decrease consistent with theoretical predictions of C-shock models.

Finally, in the main appendix, we report on an initial study of the RCW 38
H 11 region via mid-infrared imaging and spectroscopy. We determine the dust
colour temperature from both our spectrum and images at 10 and 20 pm, and
deduce the gas excitation from an image in the S1v fine structure line, as well
as spectra of the Ar1il, S1v and NelI fine structure lines. Our observations are
consistent with a complex of sources associated with the RCW 38 IRS1 region
which represent knots of material in a shell, or ridge, surrounding a cavity of
about 0.1 pc in radius, which is itself created by the stellar wind of the hot
young source IRS2. The dust temperature does not peak closest to IRS2, but
rather along the centre of the ridge, and is remarkably uniform over the extent
of our image. From photoionisation models for the observed line ratios at IRS1
we deduce a stellar effective temperature and gas density of about 43 000-48 000
K and 10* cm™3 respectively. Whilst the star, or star cluster, IRS2 is ultimately
responsible for the observed thermal and ionic emission, the relatively uniform
dust temperature implies that the bulk of the dust heating in the region is
provided by resonantly trapped Lyman a photons, rather than direct stellar
photons. This then also implies that the dust is depleted with respect to the
gas by a factor of at least 100 from its normal interstellar value. The small scale
spatial variations in the continuum emission and temperature can be explained
by changes in the density and/or gas-to-dust mass ratio. However, positional
offsets between the peaks of SIv and dust emission may imply that the sulfur

abundance is locally enhanced, possibly due to grain destruction via shocks.
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Chapter 1

Introduction

Though magnetic fields are believed to be important in all aspects of star for-
mation, from large scale support of molecular clouds, through the regulation
of the star formation rate, to the driving of bipolar molecular outflows and jets
from protostars, and the interactions of these outflows with the parent molecular
clouds through shocks, they are extremely difficult to observe directly, and their

strength is almost impossible to measure.

1.1. Importance of Magnetic Fields in

Molecular Cloud Physics

In their review of radio radiation from interstellar molecules, Zuckerman &
Palmer (1974) noted that the expected star formation rate from the free-fall
collapse of molecular clouds should be > 30M yr~!, compared to the observed
rate of only ~ 4M¢, yr~1. Clearly, molecular clouds are not collapsing to form
stars on free-fall times; some mechanism of support against gravity must be
present. Myers et al. (1986) estimated the star formation efficiency in the first
Galactic quadrant at ~ 2% by comparison of far-infrared (FIR) emission, CO
J =1 — 0 emission and 6 cm continuum emission, which supports the view that

molecular clouds are not in free-fall. Three processes are proposed to provide



the support to molecular clouds against gravitational free-fall collapse; rotation,
hydrodynamic turbulence, and magnetic fields (see review by Shu, Adams &
Lizano 1987; hereafter SAL). The gas temperatures of molecular clouds, typi-
cally 10 — 30 K, are too low to provide support via thermal pressure for all but

the lowest mass molecular cloud cores (Myers 1995 and references therein).

Rotation rates for molecular cloud envelopes and cores are typically ~ 1
kms™! pc™! (Goldsmith & Aquilla 1985; Goodman et al. 1993; SAL). There
appears to be little correlation between the rotation direction and either the
major or minor axes of the clouds or the plane of the Galaxy, suggesting that
rotation is dynamically unimportant. A comparison of cloud kinetic energy
(assuming solid body rotation) with the gravitational energy indicates that the
ratio of kinetic to gravitational energy is < 0.1 in almost all cases. Rotation

cannot be important for cloud support.

The observed line widths from molecular clouds are highly supersonic (SAL).
For a molecular cloud at a temperature of 10 — 30 K the thermal line width
of the CO J=1—0 is only 0.1 - 0.2 kms™!, compared to values typically
observed of > 1.0 kms™!. This result is suggestive of some type of supersonic
turbulent motion within the clouds. However, supersonic hydrodynamic motions
are highly dissipative (due to the creation of shocks) and will dampen quickly, on
a timescale much less than that inferred for the lifetime of individual molecular
clouds, and so some mechanism for replenishment of these fluctuations is required
for hydrodynamic turbulence to be a viable explanation. No such mechanism

has been identified to date.

In contrast, magnetic fields can provide support to molecular clouds in two
ways (see e.g., the review by Crutcher 1994). Pressure from large scale static
magnetic fields can provide cloud support perpendicular to the field, provided
the ions within the cloud are well coupled to the neutrals. Long wavelength
magnetohydrodynamic (MHD) waves, which can persist for a significant fraction
of the cloud lifetime, can provide support both parallel and perpendicular to
the field direction, provided they are smaller than the cloud and travel at sub-

Alfvénic (but supersonic) speeds, so that shocks are not formed.



Theoretical models for magnetic fields within molecular clouds have iden-
tified the magnetic flux-to-mass ratio, ®5/M, as the crucial parameter in
determining whether magnetic fields are important in cloud dynamics (e.g.,
Mouschovias & Spitzer 1976; McKee et al. 1993). If this ratio is below a certain
value (inferred via virial considerations or detailed numerical modelling), the
critical value, then the cloud is said to be in a magnetically supercritical state
and the magnetic field cannot support the cloud against dynamical collapse.
Clouds with values of ®5/M above this critical value are magnetically subcriti-
cal and the field can provide support against dynamical collapse, but the cloud
may still contract quasi-statically via ambipolar diffusion until such time when
®p/M approaches the critical value, after which dynamical collapse takes place.
This occurs because the density, and hence the mass, will increase faster than
the magnetic field strength during ambipolar diffusion. The magnetic flux-to-
mass ratio can be transformed into the observable quantity B/Ny for a range of
models (e.g., Crutcher et al. 1993) which may then be compared to the observed
values of magnetic field strength B and column density Ny for molecular clouds

(see Chapter 2).

Arons & Max (1975) first suggested that the observed supersonic line widths
in molecular clouds could be due to long lived MHD waves. For a molecular
cloud in approximate equilibrium between its kinetic, magnetic and gravitational
energy densities, it can be shown that the line widths Avy;a for simple cloud
models are similar to those observed toward molecular clouds over a very large
range of sizes, and that the line width follows the observed ‘scaling law’ of
Avgps o R%, where R is the cloud size (e.g., Myers & Goodman 1988a). These
simple models also imply that the line widths should be approximately equal to
the Alfvén speed, va = B/4mp, where p is the density, so that Aveps ~ Avyiial
~ va. Myers & Goodman (1988a) show that for a large sample of molecular
clouds (~ 120) this relationship holds if B ~ 5 — 100 uG, which is consistent
with available magnetic field strength measurements (Crutcher 1994; but the

current available field strengths only sample a limited range of density).

Whether the mean magnetic field or fluctuations of the mean field is the



dominant mechanism for molecular cloud support is unknown (assuming the
support is magnetic in origin). If the mean field is the dominant form, then
we would expect to see highly flattened molecular clouds over many size scales
with their short axis parallel to the field. On large scales (a few parsecs or
more) molecular clouds are observed to be filamentary and highly elongated,
but no correlation between the direction of the large scale magnetic field and the
cloud axes is found, though large-scale uniform fields are observed (Heiles et al.
1993). On small scales, i.e. ~ 0.1 pc, molecular cloud cores with aspect ratios
of around 2:1 are common (Myers et al. 1991). Highly flattened structures are
found only at the smallest size scales within molecular clouds (a few thousand AU
or less), when elongated disk-like structures are observed (Ohashi et al. 1997). If
magnetic fields are important they probably provide support through both the
mean field and the MHD fluctuations (e.g., Brogan et al. 1998).

1.2. Observational Studies of Magnetic Fields

A comprehensive review of observations of magnetic fields in molecular clouds is
given by Heiles et al. (1993; see also Crutcher 1994). In simple terms, linear po-
larization studies of thermal radiation due to aligned dust grains (predominantly
at far-infrared and millimetre wavelengths) reveal the direction of the magnetic
field on the plane of the sky (Goodman 1996), but nothing about its strength.
Studies of the Zeeman effect through observations of the circular polarization
of spectral lines, mainly at radio wavelengths, allow the determination of the
line-of-sight magnetic field strength, and whether the line-of-sight component
of the magnetic field, averaged over the beam, is directed toward or away from
the observer. No information about the orientation of the magnetic field with
respect to the plane of the sky is available via the Zeeman effect. In theory
it is possible to determine the full three dimensional stucture of the field by a
combination of linear polarization observations and Zeeman observations with a
suitable model (Myers & Goodman 1991), but in practice it is extremely difficult

to accumulate the required observations and has been undertaken for only one



cloud.

Other methods for investigatng magnetic fields, such as Faraday rotation
and polarization of spectral lines due to radiative transfer effects, are generally
not practical for the study of fields within molecular clouds, due to the effects
being almost undetectably small leading to ambiguous results. For example,
long path lengths are generally required for detection of Faraday rotation, and
an independent determination of the electron density along the path is needed
to infer the magnetic field strength. The electron density is extremely difficult to
measure in any molecular cloud; it requires the determination of the ionization
fraction via indirect observational methods (observations of molecular ions) to-
gether with detailed chemical modelling (e.g., Caselli et al. 1998; Williams et al.
1998; Bergin et al. 1998Db).

We concentrate here on observational studies of the Zeeman effect on spec-
tral lines, mainly the OH lines near 1.6 GHz. The Zeeman effect is described in
detail in Chapter 2. Though it is almost 30 years since the detection of the Zee-
man effect in OH toward Orion B (Verschuur & Turner 1970) and 15 years since
the confirmation of this result (Crutcher & Kazes 1983), there are still only 11
different molecular clouds, excluding masers (where the physical conditions are
difficult to determine) in which the Zeeman effect has been detected (Crutcher &
Kazés 1983; Kazés & Crutcher 1986; Heiles & Stevens 1986; Troland, Crutcher
& Kazés 1986; Crutcher, Kazés & Troland 1987; Kazés et al. 1988; Crutcher
et al. 1993; see also reviews by Troland 1990 and Crutcher 1994). There are
many more upper limits, both published and unpublished (T. Troland, private

communication).

Observations of the Zeeman effect in OH with single dish radiotelescopes
has been the primary method used for measuring magnetic field strengths in
molecular clouds over the past 15 years. These observations mainly sample the
envelope regions of molecular cloud cores, with densities ~ 103 cm™ (Heiles
et al. 1993; Crutcher 1994), and the results are generally consistent with the
clouds being approximately magnetically critical and the observed line widths

being due to MHD wave motions (Crutcher et al. 1993; Crutcher 1994), though



more detections are clearly required. As an example, the magnetic field strength
in the low mass molecular cloud B1 has been measured at two different spatial
scales (Goodman et al. 1989; Crutcher et al. 1993) and detailed modelling has
been undertaken (Crutcher et al. 1994). Initial input parameters to the model
are the observed cloud mass (600 M) and the magnetic field strength on the
large scale (16 puG), which can be well represented by a model cloud in exact
magnetohydrostatic equilibrium. The comparison of the evolution of the model
with observations of the column density and density profile at different spatial
scales shows an excellent agreement between theory and observations, providing

good evidence for the importance of magnetic fields in molecular cloud physics.

Interferometric observations of the Zeeman effect in both OH and H I with
the VLA show considerable structure in the magnetic field (e.g., Roberts et al.
1993, 1995). With additional information provided by studies of the far-infrared
polarized emission from dust grains, the three dimensional structure of the mag-
netic field may be inferred (Roberts et al. 1996). In the case of W3 (Roberts et al.
1993) an hourglass morphology is inferred for the three dimensional structure
of the field, with the pinch occurring at the location of the protostar W3-IRS5,
which is suggestive of an evolved self-gravitating cloud threaded by an initially
uniform magnetic field. At the waist the magnetic flux-to-mass ratio suggests

the core is approximately magnetically critical.

Gradually the number of high resolution studies is increasing, but there
are still a number of single dish observations to be made, both in the northern
and southern skies, with OH and other molecules, to increase the detection
statistics and provide very sensitive upper limits in non-detection cases. The high
demand for time on the interferometric telescopes limits the number of sources
which can be studied with these instruments. In addition, follow-up observations
with a suitable molecular tracer are required to determine the properties of the
molecular gas in which the Zeeman effect has been measured. Crutcher et al.
(1996) have begun a very difficult program to investigate magnetic field strengths
in molecular cloud cores with densities 10° —~ 106 cm™2 via the Zeeman effect in

CN at 113 GHz (Heiles et al. 1993). The results from their study will be very



important in determining whether the expected (on theoretical grounds) B - n
scaling relationship holds, and to fully confront the many theoretical studies in

more than an approximate manner.

1.3. Outflows in Molecular Clouds

Bipolar outflows from young stars and protostars are a ubiquitous phenomenon.
Their observational manifestataions are observable over a wide range in wave-
length, and consist of molecular, atomic and ionized components. Important
reviews are given by Lada (1985) and Bachiller (1996), and our current under-
standing is well described in the proceedings from IAU Symposium 182 “Herbig-
Haro Flows and the Birth of Low Mass Stars” (1997). These outflows can be
quite energetic and are capable of sweeping up the ambient gas surrounding the
protostar, which is clearly shown by observations of e.g., the 12CO J=1—0
and J = 2 — 1 transitions at 115 & 230 GHz. The outflow velocities are super-
sonic and shocks result, which in some cases are observed to have a remarkable

effect on the chemistry of the ambient gas (Bachiller 1996).

Even the youngest protostars, the “Class 0” sources (André, Ward-Thompson,
& Barsony 1993), have outflows, indicating that this phenomenon must arise rel-
atively early in the evolution of a protostar. In fact some of the most spectacular
features of outflows are only seen toward the Class 0 sources, possibly because
of their youth. Such features include a high collimation (perhaps because the
outflow has not had time to sweep up a significant fraction of the ambient gas),
extremely fast molecular bullet-like features (Bachiller et al. 1991), which may
later evolve into the optically visible Herbig-Haro objects, and abundance en-
hancements of a number of molecular species, such as SiO and CH3OH, probably
due to shocks destroying grain mantles and the sputtering of grain cores in the
(previously unshocked) ambient medium, and the resulting high temperature

chemistry.

At present models of bipolar outflows are just beginning to confront the



detailed observations which have recently become available for a number of out-
flows (e.g., Lada & Fich 1996; Padman et al. 1997; Eisloffel 1997). The impor-
tant questions that remain to be answered are: how are outflows formed and
how are they driven; how do they evolve; and what role do they play in the
observed supersonic line-widths within molecular clouds and the dispersal of the

gas infalling onto the protostar?

The outflows from the Class 0 protostars are possibly the best laboratory for
their study, since their early time evolution allows for the study of the interaction
of the underlying jet or disk-driven wind with the ambient medium from which
the molecular outflow is formed (through some as yet unknown entrainment
mechanism). They also allow the investigation of the chemical changes that
occur when the shocks in the outflow interact with the ambient gas, at a time

when previous outflow events have not disturbed the surrounding gas.

1.3.1. Shocks in Outflows

Due to the observed high Mach numbers in outflows, shocks naturally form
when the outflow ploughs into the surrounding ambient medium. Two types of
shocks are possible, J- and C-shocks (Draine & McKee 1993; Hollenbach 1997).
Molecular clouds, due to their low ionization (z, ~ 1077; Caselli et al. 1998;
Williams et al. 1998; Bergin et al. 1998b) but dynamically important magnetic
fields, can be thought of as a two-fluid medium (neutrals and ions/electrons),
with significant coupling between the two fluids. In J-shocks, the transition
region from the bulk flow upstream (in the shock reference frame) of the shock
to the post-shock region of random thermal motions is spatially very small, of
the order of the mean free path of the neutrals, hence the term J- or Jump
shock. In a C-shock the size of the transition zone is of the same order as the
cooling zone, and they are essentially co-spatial. This is because the ions and
neutrals in the presence of a magnetic field are differentially accelerated, since
the sound speed and Alfvén speed differ significantly in molecular clouds. The

ions downstream from the shock thus have an advance warning of its arrival, and



through ion-neutral collisions can transmit this information to the neutrals. In
effect the neutral gas is continuously heated and compressed before the arrival
of the shock, and the transition from the pre- to post-shock conditions occurs
in a continuous manner. A combination of the continuous transformation of the
flow variables and ion-neutral slip provides a mechanism to convert the kinetic
energy of the shock into heat at a rate slow enough to keep the temperature low
through radiative cooling. Hence the emission from C-shocks appears mainly in
the form of molecular spectral lines such as the vibrational lines of Hy near 2
pm, since the gas is not dissociated (Hollenbach 1997, and references therein).
J- and C-shocks obey the overall jump (Rankine-Hugoniot) conditions despite
their different scale lengths.

Observable manifestations of shocks within outflows include Herbig-Haro
objects (seen at optical and near-infrared wavelengths as small nebulous knots
of emission), molecular “bullets” seen in e.g., CO and SiO emission at millimetre
wavelengths, and large bow shaped structures seen in the optical (Ha and [S II]
emission), near-infrared (vibrational lines of Hy), and millimetre wavelegths (CO,
SiO, and NHj). These observations have been modelled with varying degrees of
success as being due to J-shocks (e.g., Gredel 1994), C-shocks (e.g., Davis &
Smith 1995), or some combination of the two (e.g., Noriega-Crespo & Garnavich
1994). In almost all cases some form of C-shock is required to explain at least
part of the observations, e.g., the widespread H, emission in the near-infrared.
One simple picture involving both types of shock is that of a supersonic jet
(neutral and ionized) propagating from the protostar into the molecular cloud
and creating a wide bow shock, with J-shocks near its head and C-shocks further
back on the bow, where the flow becomes more oblique, resulting in the intense
H, emission (e.g., Hollenbach 1997). Such a simple picture is able to explain
many of the morphological aspects of molecular outflows before any detailed

modelling is undertaken.

Modelling of protostellar outflows is difficult, and various approaches have
been taken. One approach is to model the underlying jet, which is often observ-

able directly in [S II], or indirectly in Hy, without attempting to include in the



model the lower velocity molecular outflow which has been swept up by the jet
through some entrainment mechanism (see the contributions in IAU Symposium
182, e.g., Cabrit, Raga & Gueth, pl63). Another approach is to concentrate
mainly on the outflow properties, with little regard to the origin of the driving
source, instead studying such aspects as the entrainment mechanisms and how
they compare with observations (e.g., Chernin & Masson 1995; Stahler 1994).
More recently the theoretical studies of Smith et al. (1997 and references therein)
have produced promising results which reproduce the morphology and energetics
of the underlying jet-like phenomenon (as observed in Hy emission in the near-
infrared) and the morphology and dynamics of the swept up molecular outflow

(as seen in the rotational transitions of CO).

1.3.2. Chemistry

To date, none of the detailed dynamical models for jets or outflows have included
any significant chemical effects. Yet with the high temperatures and pressures
associated with shocks it is expected that high temperature chemistry will sig-
nificantly change the nature of the molecular gas and the dust in the ambient
medium (e.g., Bergin et al. 1998a). Preliminary simple modelling of specific
species has been performed (e.g., silicon — Schilke et al. 1997; Caselli et al. 1997;
sulphur — Pineau des Foréts et al. 1993), but such aspects as oblique shocks (i.e.,
as expected in a bow shock), oblique magnetic fields, or the spatial distribution
of the chemical species are yet to be investigated. This is one area of outflow
study where observations are lacking. For only one molecular outflow (the out-
flow from the Class 0 protostar in the L1157 molecular cloud) are observations
available against which coupled time-dependent chemical and dynamical models
can be tested. There exists for L1157 molecular line maps in a number of species
that have been affected by shocks in the outflow, and complementary maps of
species which remain unperturbed (Bachiller & Pérez Gutiérrez 1997). An obser-
vational sample of one is insufficient to motivate detailed theoretical models (as
a general rule!). Observations are needed of rotational transitions for a number

of molecules toward the Class 0 outflows, where the most interesting chemistry
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is observed, as well as maps of some of the chemically interesting species, such
as S5i0. However, merging a complicated two dimensional outflow model with a

complicated chemical model is no easy task.

The “shock chemistry” which results from the passage of a protostellar
jet or wind through the surrounding ambient medium manifests itself through
strong emission in the rotational transitions of molecular species such as SiO and
CH;O0H (Bachiller 1996). Due to evaporation of ice mantles, destruction of grain
cores, and high temperatures driving endothermic reactions, a number of species
normally frozen out onto dust grains (CH3OH), tied up in grain cores (Si), or
prevented from forming in the gaseous phase due to high activation barriers
(H,0) become important in the study of shocks. As some of the processes and
reactions are fast, and the post shock cooling times short, the chemistry can be
strongly time dependent (e.g., Bergin et al. 1998a). The study of the different
chemical species (molecular and ionic) can potentially be used to probe the state
of evolution of the outflow and the driving source. Moreover, the interaction of
J-shocks with the ambient medium will have an observably different effect on
the resulting shock chemistry than C-shocks, and the study of the post shock

chemistry can be used to probe the nature of the shocks.

1.4. Outline of the thesis

This thesis is divided into three main chapters, with two appendices. The chap-
ters describe the investigation of magnetic fields in molecular clouds in two very

different ways.

In Chapter 2 we attempt to study magnetic fields directly by measuring
their strength via the Zeeman effect. No serious attempt has previously been
made to detect the Zeeman effect in the 18 cm ground state transitions of OH
with radio telescopes in the southern hemisphere. In the northern hemisphere
the telescopes at Green Bank (NRAO), Hat Creek, and Nancay have been used

extensively to observe those sources with the best chance of success in detecting
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the Zeeman effect. Followup studies have been successfully performed with the
VLA. The clear need for more detections of the Zeeman effect and the great
potential for doing so with the Parkes radio telescope has resulted in the study
presented in Chapter 2, where we report the results of our observations of nine
southern molecular clouds for the Zeeman effect. We clearly detect the Zeeman
effect toward the bright H II region RCW 38, and possibly toward another bright
H II region RCW 57. These represent the first detections of the Zeeman effect
in molecular clouds with the Parkes radio telescope, and the first detection of the
Zeeman effect in southern molecular clouds not visible to northern telescopes.
Our results are consistent with previous findings, namely that magnetic fields
do appear to be important in regulating star formation, either through pressure
provided by static magnetic fields, or through MHD turbulence provided by a
fluctuating component of the field (Alfvén waves), or both. However, this is

more of a consistency argument than a definitive proof.

In Chapters 3 and 4 we report the results of a study of a very spectacular
outflow being driven by the low mass protostellar candidate IRAS 11590-6452
in the Bok globule BHR 71. IRAS 11590-6452 is a classic example of a Class 0
protostar, the youngest protostars we have yet identified, and its outflow is one
of an even smaller group of outflows identified to date which show abundance
enhancements of such species as SiO and CH3O0H, and where the temperature
of the molecular gas swept up into the outflow is clearly higher than in the sur-
rounding ambient gas into which it is travelling. The type of chemistry observed
in this outflow is most likely the result of C-shocks ramming an oblique magnetic
field. As discussed above, these C-shocks do not exist without the presence of a
magnetic field of about the strength required to be important in other aspects
of the molecular cloud dynamics. In Chapter 3 we study the global aspects of
the parent molecular cloud, in this case a well isolated Bok globule, and we
derive the bulk properties of the outflow through observations of CO. We also
determine the nature of IRAS 11590-6452 through a combination of IRAS and
mm observations. In Chapter 4 we look at the outflow as traced in some less

abundant molecular species such as SiO and CH3OH, and find that their abun-
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dances have been greatly affected by the outflow and differ significantly from
their ambient cloud values. Their spatial distribution does not clearly allow us
to decide between the jet-driven and wind-driven outflow models, and actually

suggests that we may be seeing a combination of the two.

Finally, in Appendix A we present the results of a mid-infrared study of
RCW 38, which is the beginning of a larger study of this source to complement
the detection of the Zeeman effect toward it. We observe a ridge of dust emission
associated with the bright mid-infrared source IRS1 which is being heated and
evaporated by the hot young star(s) associated with IRS2. Using photoionisation
models we are able to determine the stellar effective temperature of IRS2 to be
43 000-48 000 K, conmsistent with a zero-age main sequence (ZAMS) star of
spectral type 05.5-04.5. The photoionisation models also allow us to estimate
the gas density in the IRS1 dust ridge to be ~ 10* cm™3. The dust temperature
in the ridge is observed to be relatively uniform, an observation which is best
explained as due to heating by resonantly trapped Lyman « photons, which in
turn implies that the dust is depleted by a factor of ~100 with respect to its

interstellar value.

In future studies, to complement our single-dish Zeeman observations and
mid-infrared study, we aim to obtain high resolution Zeeman observations and
addition molecular line observations of the dense gas associated with RCW 38,

to obtain a more complete picture of this region.

The scripts used in the analysis of the Zeeman data are included for reference

in Appendix B.

1.5. Contribution to published papers

Chapter 2 is entirely due to the candidate. It has not yet been submitted for

publication in a refereed journal.

Chapter 3 has been published in the Astrophysical Journal (Bourke et al.,
1997, 476, pp781-800, plus one colour plate) in the form presented in this the-
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sis, with the exception that Figure 3.14 has been added to the Chapter. The
candidate’s contribution to the published paper is estimated to be ~65%.

Chapter 4 has been accepted for publication in the Astrophysical Journal
in the form presented in this thesis, with the exception that Figure 4.7 has been
added to the Chapter. The candidate’s contribution to the journal article is
estimated to be ~40%, with the remainder of the paper being due mainly to
Garay and Kohnenkamp. The collaboration with Garay is continuing and future

papers are planned.

Appendix A has been accepted for publication in the Monthly Notices of
the Royal Astronomical Society (MNRAS) in a slightly modified version to that
presented in this thesis. Section A.4.3 was removed from the version submitted
to MNRAS due to its speculative nature. The candidate’s contribution to the
journal article is estimated to be ~25%. Since the candidate’s contribution is
significantly less than his contribution to the other papers presented in this thesis

this work is included as an appendix rather than a main chapter.
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Chapter 2

OH Zeeman Observations of

Southern Molecular Clouds
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ABSTRACT

In this Chapter we present the first results of an extended program
to measure the line-of-sight magnetic field strength toward south-
ern molecular clouds, using the Zeeman effect, with the Australia
Telescope National Facility (ATNF) Parkes radiotelescope, through
observations of OH absorption lines against background continuum
sources (H II regions). From 18 Gaussian components observed to-
ward 9 sources, we definitely detected the Zeeman effect in the molec-
ular gas associated with the H1I region RCW 38, with a field strength
of 38 £ 3 uG, and possibly in the molecular gas associated with the
H1i region RCW 57, with a field strength of —203 + 25 uG. The
molecular clouds were also observed in the *CO J =1 — 0 tran-
sition to determine their the physical properties (e.g., cloud sizes
and mean column density). Comparison of the observed magnetic
field strengths and sensitive upper limits with those estimated from
a simple spherical model of a molecular cloud without surface terms
indicates that the results are consistent with large scale cloud sup-
port being due to either the mean magnetic field and/or turbulent
motions associated with magnetohydrodynamic waves. Our results
cannot rule out either scenario. However, in about half of the clouds
studied the kinetic energy density alone is insufficient to provide large
scale support to the clouds, and an additional means of support is
required. A comparison of the magnetic field strengths (including
upper limits) and line widths show that the results are consistent
with the supersonic line widths being due to hydromagnetic wave

motions, resulting from perturbations of the mean magnetic field.
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2.1. Introduction

As discussed in Chapter 1, magnetic fields are widely believed to support molecu-
lar clouds against large-scale gravitational collapse, and to explain the supersonic
line widths seen in all interstellar molecular spectral lines (see reviews by Heiles
et al. 1993; McKee et al. 1993; and references therein). Yet these central ideas
in molecular cloud and star formation physics are supported by remarkably few
measurements of magnetic field strengths, due to the difficulty in measuring
the Zeeman effect in molecular lines such as the 18 cm lines of OH. Excluding
masers, for which the velocity dispersion and gas density are very uncertain,
there are only 11 clouds in which the OH Zeeman effect has been detected above
30 (Crutcher, Kazés & Troland 1987; Crutcher & Kazés 1983; Kazés & Crutcher
1986; Heiles & Stevens 1986; Troland, Crutcher & Kazés 1986; Kazés et al. 1988;
Crutcher et al. 1993; see also reviews by Troland 1990 & Crutcher 1994). Six of
these detections are from molecular clouds associated with H II regions (warm
clouds), and five from other molecular clouds (“cold clouds”), with most of the
detections resulting from absorption line studies. The mean values for the line-
of-sight magnetic field strength B),s determined from these studies are ~ 75 uG
for the warm clouds, and ~ 10 uG for the cold clouds (including 10 upper limits
reported by Crutcher et al. 1993). Since progress in this field clearly requires
more observations, we have undertaken OH Zeeman observations of molecular

clouds in the relatively unexplored southern hemisphere.

The key question we wish to investigate is, to what extent do magnetic fields
provide large-scale support to molecular clouds? By careful measurement of line-
of-sight field strength B, statistical uncertainty o Blos (or upper limit Biys 35),
cloud size R, column density N, and line width (or velocity dispersion) Awv,
we aim to test the measurements for the observed clouds against the following

hypotheses, discussed in more detail below:

(a) Clouds are supported primarily by the mean magnetic field. If so, equating
the magnetic and gravitational energy densities leads to the equipartition

field strength B g ~ GY2N, and clouds with a magnetic field strength
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B > Bjg may be supported by the mean field.

(b) Clouds are supported primarily by the turbulent motions associated with
magnetohydrodynamic (MHD) waves. If so, equating the magnetic, kinetic,
and gravitational energy densities leads to the equipartition field strength
Bamig ~ G~2Av?/R, and clouds with B > B pqjcg may be supported
by MHD waves.

(c) Clouds are supported primarily by turbulent motions unrelated to the mag-
netic field. If so, the equipartition column density Ny-g ~ Av?/GR, is
independent of B.

It has not been possible to answer these questions very well to date, because
of the paucity of data on magnetic field strengths (see Fig 2.1). Fig. 2.1 does
not include clouds with only upper limit measurements of B, and so while it is
consistent with hypothesis (b), lack of column density data means that hypoth-
esis (a) cannot be ruled out for these clouds. By comparing our observations
against the hypotheses (a) — (c), we will attempt to determine (1) is magnetic
support consistent with all available observations, including upper limits, and (2)
for clouds with evidence of magnetic support, does the evidence favour support

by the mean field, by waves, or by an approximately equal combination?

2.1.1. Molecular Cloud Energetics

In this section we discuss in more detail the hypotheses outlined above. We
start with an idealised spherical molecular cloud of uniform density, for which
we can write down the expressions for the gravitational, kinetic and magnetic
energy densities exactly. We then rewrite these expressions in terms of observable
quantities. We are then able to express the hypotheses outlined in the previous
section in a more quantitative form, keeping in mind the assumptions we have
made for our idealised model cloud. The analysis in this section borrows heavily

from Myers (1995), Myers & Goodman (1988b), and McKee et al. (1993).

We start with the assumption of a spherical molecular cloud with mass M,
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Figure 2.1.— Observed (Bgs) and predicted (Beg) magnetic field strengths in 14
molecular clouds and molecular cloud cores, taken from Myers & Goodman 1988a.
The observed field strength is equal to either twice the line-of-sight component, 2By
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uniform mass density p, velocity dispersion ¢, and magnetic field strength B,
inside a radius R. We denote the gravitational, kinetic, and magnetic energy
densities by G, K, and M, respectively. The cloud is truncated at R so that the

energy terms go to zero at distances greater than R. With this assumption, we

may write:
3GMp
g = —‘g—R“‘ , (2.1)
3
K = 5,002 , (2.2)
B2

where G is the gravitational constant.

A molecular cloud is in virial equilibrium when, on average, the outward
forces due to magnetic and kinetic pressure balance the inward forces due to
gravity, so that

G+2K+M=0 . (2.4)

We have ignored surface terms in this equation. The assumption of a uniform
magnetic field in a spherical cloud, and hence an anisotropic magnetic pressure, is
at odds with the variation expected for the gravitational and kinetic pressures,
which are isotropic. However, the uncertainties in determining any of these
quantities for real clouds means our assumption of a uniform field is accurate

enough for our purposes (Heiles et al. 1993; Zweibel & McKee 1995).

This virial model has been successfully used by Myers & Goodman (1988a,b)
to show that a combination of thermal and magnetic support against gravity fits
the observed line-width relationships (that is, “Larson’s Laws”, o o R%® and
p o« R™: Larson 1981; Myers 1983; Dame et al. 1986; Caselli & Myers 1995)
for cloud sizes from 0.1 to 100 pc provided the magnetic field strength is of
order 5 — 100 pG, consistent with the data on field strengths then available.
This model makes use of the concept of “equipartition” of the different forms of
energy defined above, equipartition meaning that they are approximately equal,
since well coupled forms of energy will tend to equilibrate (Myers 1995). Myers
(1995) suggests that, due to our limited knowledge in determining G, K, and M,

and the use of this idealized model, in practice we cannot distinguish between
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equipartition and virial values of K or M in a self gravitating system (cf., Zweibel

& McKee 1995).

The defining equations for G, K, and M can be related to the observable
quantities N, R, Av, T (kinetic temperature), and B,,:

ImN m
K = —|o? +—02]
8R NT obs T
_ 9mN Av? kT 95
 8R |8In2 ' my (2:5)
G /3mN\?2
¢ = F(%5) (2.6)

where on7 and or are, respectively, the non-thermal and thermal velocity dis-
persions, m is the mean molecular mass, and mgs is the mass of the molecular
tracer used. For the magnetic component, we need to consider the mean field
< B> and the three dimensional rms field og,ms. The magnetic field we mea-
sure with Zeeman experiments is the line-of-sight component of < B>, which
we have denoted by Bj,s. For an isotropic distribution of mean field strengths,
3By = < B>?%, and Myers & Goodman (1991) show that ogyms ~ < B> from

comparison of optical polarizations studies with H I Zeeman observations, so

OBrms 2 <B > 2 Blo.92
M= ({25 ) (50
( * <B> ) Bios 8w
3Blos2

= (2.7)

that

We are now in a position to evaluate in a quantitative manner the hypotheses

outlined in the previous section.

Clouds are supported primarily by the mean magnetic field

If the primary agent in molecular cloud support is the mean magnetic field then
we can ignore the kinetic energy term, and equate M with G. Combination of

egs (2.7) and (2.6) then implies

5

N
= 25 (g s G 28)

2
BMg ~ Wm(g) N
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Thus, clouds with B;,;, > B MG may be supported by the mean magnetic field.

Clouds are supported primary by the turbulent motions associated

with MHD waves

If the turbulent motions associated with MHD waves are the primary support
mechanism for molecular clouds, then we expect to have equipartition between
the gravitational, kinetic and magnetic energy densities, so that G ~ 2K ~ M

and eqs (2.5) — (2.7) imply

15\2 1 Av?
Bmrg =~ (—>

G) 162 R
Av 2 -
- 4.4( "1> (£> uG (2.9)

kms~ pc

Thus, clouds with B, > B4 }cg may be supported by motions associated with
MHD waves.

Clouds are supported primarily by turbulent motions unrelated to

the magnetic field

If the magnetic field is unimportant in cloud support, then we can ignore the

magnetic term in eqn (2.4) so that G = 2K, and hence egs (2.5) — (2.6) imply

N N 5 1 Av?
KG ~ 7mG 8In2 R
Av \2/R\}
= 3.6 . 2 em—? 2.10
(kms‘l) (pc) X 107 em (2.10)

independent of B. Thus, clouds with N > N fcg may be supported by non-

magnetic turbulent motions.

2.2. Observational Technique

In order to test the hypotheses outlined above, we require information on the
magnetic field strengths in molecular clouds. As discussed in detail in the reviews

by Heiles et al. (1993) and Crutcher (1994), the only known way to obtain this
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information is via the detection of the Zeeman effect in radio spectral lines, in

particular the OH transitions at 1665 and 1667 MHz.

2.2.1. The OH Molecule

In this section we outline the properties of the OH molecule which make it the
preferred molecule for “large scale” (% 1 pc) magnetic field strength measure-
ments in molecular clouds. More detailed discussions of OH may be found in
Townes & Schawlow (1975), Elitzur (1992), and Rohlfs & Wilson (1996). Hy-
droxyl (OH) is an open shell molecule with an unpaired electron (and therefore
is known as a radical) resulting in a net electronic angular momentum, so it pos-
sesses paramagnetic properties. The 1665 and 1667 MHz transitions arise from
hyperfine transitions within the “A doublet” of the ground vibrational state of
the 2II3/ ground electronic state (see Fig. 2.2). The projection of the electronic
angular momentum L onto the z-axis (the inter-nuclear axis), L, (usually writ-
ten as A), is denoted by X,II, and A for L, = 0, 1, and 2, respectively (higher
values are permissible). The total angular momentum J, excluding nuclear spin
(I), is
J=K+L+S

where K is the end-over-end rotation (K, = 0), and S is the electronic spin (&
/3). So J, =1 £ !/, for the I state and in this configuration two rotational
ladders are possible, 2II, /2 and 2H3/2, where the superscript refers to the two
possible electron configurations about the rotation axis (Fig. 8.3 of Townes &
Schawlow). The interaction of the electronic orbital angular momentum with the
next electronic state removes the degeneracy of the 4J, levels, and “A doublet”
splitting results, which refers to the fact that the splitting is due to effects on
A (see Townes & Schawlow, section 7.5). Furthermore, hyperfine interactions
with the nuclear spin, I, (= 1/,), causes further splitting of the A doublet into
4 levels according to parity (£) and the total angular momentum, F (= J +
I), with AF = 0, +1 allowed (0 — 0 is forbidden). The 1665 and 1667 MHz
transitions are the “main-line” transitions corresponding to AF = 0, while the

satellite lines at 1612 and 1720 MHz correspond to AF = 41 respectively, as

27



N - O — W - (e} - N - o & o - o =
e,
el b ©
S | I N Y L. o
(= | UPER o] TR eS| e oo SRS W (Ep—— o m
—
N -] —— S R A PR A D =
BlL--~ U A I i sy il =
(o 2w
G .......................................... ©
(] S Femehven e e e ) et vl =
AT VR I A4 \ 1 4 Ne N, 0 8 i \ [ /.
/, | \\\ / | ’ NNy \ | ’
AR N \\ //,_\\\ // ! \\
\ ! \ 7
L I Ny AN L] Ny
N Nl ANVl N
\ \y 7 \\ N7
clol m -
G99t £ £
o=
1991 D.Im.:
>
ZHW 02.1 v
N
~ 4 N 7
2/ \1 N 7
LI—. /// \\\ :—H ﬁ- /// \\\ ﬂ
% w7 W
N 7 N e
/ /'
()]
£
e
>
o
o
<
+ S~ -7 |

Figure 2.2.— Energy level diagram for the ground state of OH (*Il3 /25 J = 3/5). The
relative splitting of the levels are not drawn to scale. The allowed 7 and o components

for the 1665 MHz are shown.
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shown in Fig. 2.2.

External Magnetic Fields

The total angular momentum F is degenerate with a 2F +1 degeneracy, which is
removed with the introduction of an external magnetic field, resulting in Zeeman
splitting, first observed by Zeeman (1895) in the laboratory (see Chapter 11 of
Townes & Schawlow 1975). This splitting is identified by the quantum number
mp, as shown in Fig 2.2. The separation in energy of the magnetic hyperfine

levels from the unsplit level of the zero magnetic field case is given by
AE = —upmpgB

where pp is the Bohr magneton, B the magnetic field strength, and g is the
Landé g-factor, given by

F(F+1)+J(J+1) = I(I+1)
2F(F +1)

9g=9J
and gy ~ 0.935 for the %Il /2 level as derived experimentally by Radford (1961).

The selection rules for the magnetic hyperfine transitions are Amp = 0,
+1, AF =0, and parity + <— —. For the OH main-line transitions only three
Zeeman components are generated. Transitions with Amg = 0 are known as
T — components, while the Amp = %1 transitions are known as o — components.
Note that for the m—components, there is no shift in frequency relative to the

unsplit hyperfine line.

2.2.2. The Zeeman Effect

The most successful observational technique available for determining the mag-
netic field strength in molecular clouds is the Zeeman effect (Heiles et al. 1993;
Crutcher 1994), which we have described briefly for OH. In Zeeman experiments,
the magnetic field reveals itself as small frequency shifts, v,, in the right and left

circularly polarized (RCP and LCP, respectively) components of the spectral
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Figure 2.3.— Relative strength and polarization of the 7 and o components with
respect to the orientation of the magnetic field in the special cases when the field is
orientated perpendicular to the line-of-sight (linear polarization — left figure) and when
the field is aligned parallel to the line-of-sight and points away from the observer, so
the field is positive (circular polarization — right figure).

line with respect to the frequency in the zero field case, v,. The frequency shift
is given by
ppmrpgB

h
b
= =B A
) (211)

where h is Planck’s constant. The “Zeeman factor”, b = 2ugmpg/h is equal to
3.27 and 1.96 Hz uG~! for the 1665 and 1667 MHz transitions of OH, respec-
tively. The observed RCP and LCP spectral line components, Ircp and Iz cp
respectively, are sums of the 7— and o—components of the magnetic hyperfine
transitions, as given in Table 2.1. The intensity of the 7— and o—components
varies as a function of the angle 6 between the direction of the magnetic field
and the line-of-sight. Table 2.1 is similar to that given in Goodman (1989; see
also Crutcher et al. 1993). In Fig 2.3 we show schematically the Zeeman effect

for the simple cases where 6 is 0 or 90°.
The magnetic field strength is determined from the Stokes V' spectrum,
V(v) = Ircp(v) — Icp(v)
where I(v) is the line profile as a function of frequency v. Using the identities
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Table 2.1. Zeeman components

Polarized Intensities Zeeman Components

V—u, v v+,
Ircp OR,— TR,0 oOR,+
ILCP oL, — 7.‘-LaO oL, +
Note. — Component Definitions.

1+ cos?f cosf

OR,— = I(V—Vz)[ - ]

4 2
R0 = I(y)sin;G
or,+ = I(v+v,) [1+ZOS29+002'59]
1+ cos?6 cosf
oL, — = I(z/—yz)[ +4 + ]
1.0 = I(V)sin;ﬁ
oL, + = I(v+v,) [1+Z°SZ9_002'5,0J
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in Table 2.1 it is straightforward to show that
V({v) =cosO[L,(v+v,) — (v —v,)] (2.12)
where I, is the Stokes I spectrum for v, = 0 and is equal to (Ircp + Izcp)/2.

Under most astrophysical conditions, v, < Av, where Av is the full width
at half maximum of the spectral line (the exceptions are masers, see e.g., Reid &
Silverstein 1990), and so detecting the shift between the RCP and LCP compo-
nents due to the the Zeeman effect is difficult, and complete information about
the magnetic field direction and magnitude is not obtainable. In this situation,
the Stokes V' spectrum allows only for the determination of the line of sight com-
ponent of the field strength, By,s (= Bcos6), and its sign (i.e., toward or away
from the observer). It is then reasonable to approximate the difference term in

eqn. (2.12) by the derivative of I,, so that eqn. (2.12) can be rewritten

dl,
V =2v,cosf 7 + B, (2.13)

where we have included the gain term (I, which introduces a replica of the I,
spectrum scaled by the factor B into the V spectrum (e.g., Troland & Heiles
1982). This gain term is required since in a real experimental setup the sensitiv-
ity to the RCP and LCP components will not be identical, and this difference

appears in the V spectrum as a scaled version of the I spectrum.

The Zeeman effect reveals itself in the V spectrum in the small splitting ap-
proximation as the characteristic sideways “S”, or “Zeeman pattern” (see below).

Substituting eqn. (2.11) into eqn. (2.13) gives

V = bBcos HdIO + BI,
dv

dl,
- Z° 2.14
bBi,s 7 + 81, (2.14)

and by least-squares fitting the right hand side of eqn. (2.14) we are able to

simultaneously determine By, and (.

In Fig. 2.4 we present the results of a theoretical simulation of the Zeeman
effect to illustrate the analysis presented above. In this simulation the RCP &

LCP spectra are represented by Gaussians of intensity 10 arbitrary units (i.e.,
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Figure 2.4.— Simulation of the Zeeman effect. In panel (a) we show theoretical RCP
and LCP spectra, where the spectra have intensities of 10 units (arbitrary) and FHWM
of 1.0 kms™! (where the velocity resolution is 0.22 kms~!), with random Gaussian
noise of 0.03 units. The RCP component is plotted in black and the LCP component
in red. In panel (b) we show the recreated Stokes I spectrum, which is the sum of
the RCP and LCP spectra divided by 2. In panel (c) we show the V spectrum (black
spectrum), which is the LCP spectrum subtracted from the RCP spectrum, overlayed




emission lines) and full-width at half-maximum (FWHM) of 1.0 kms™! (assum-
ing a velocity resolution of 0.22 kms™! for the simulation), with Gaussian random
noise of 0.03 units. The separation between the RCP and LCP components is
0.02 kms™*, which if we were observing the 1665 MHz OH transition would cor-
respond to a total magnetic field strength of B = —34 uG. In Fig. 2.4 the top
panel shows the RCP and LCP spectra. The slight difference between them, due
to their frequency offset, is evident on the low velocity side of the profiles where
Ircp > Ircp, and on the high velocity side where Ircp > Ircp. The middle
panel shows the recreated I spectrum, and the bottom panel shows the V spec-
trum with the characteristic sideways “S” indicative of the Zeeman effect. The
bottom panel also shows the fit of dI/dv (green line) to the true V spectrum,
using eqn. (2.14). From this analysis we would derive a magnetic field strength

of B = —40+ 3 uG, with a gain term 8 = 2.6 x 1073,

Why OH?

The best astrophysical species for the detection of the Zeeman effect are those
atoms and molecules with large Landé g-factors, such as H I and OH (Heiles et al.
1993). Another important factor to consider when choosing a Zeeman probe is
that the frequency offset due to the Zeeman effect is independent of the line
frequency, whereas the Doppler broadened line width is proportional to the line
frequency. The ratio of the Zeeman effect to the line width decreases as the fre-
quency of the line increases, and so low frequency lines are preferred (i.e., those in
the centimetre wavelength region). The high sensitivity of centimetre wavelength
telescopes and their receivers, and the transparency of the atmosphere at these
wavelengths, are further points in favour of centimetre wavelength transitions
as probes of the Zeeman effect. For molecular clouds the thermal transitions of
OH at 1665 and 1667 MHz, which trace densities ~ 2 x 10® cm™2 and sizes ~
1 pc (e.g., Crutcher 1979; Myers et al. 1978) are by far the best probes of the

Zeeman effect currently available.

There are two serendipitous advantages of using OH. First the fact that

the 1665 and 1667 MHz lines lie so close together in frequency means that they
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may be observed simultaneously in the one receiver passband with modern day
systems, and so they provide a consistency check on any possible Zeeman de-
tections. By requiring that the same field strength be inferred from both OH
lines allows for the elimination of possible spurious detections resulting from, for
example, beam squint (see below). Second, since the ratio of line strengths of
the two transitions in the optically thin regime at local thermodynamic equi-
librium (LTE), I(1667)/1(1665) ~ 9/5, is approximately equal to the inverse of
their Zeeman factors, 1.96/3.27, the two lines are equally sensitive to the Zeeman
effect, which results in an effective halving of the integration time required to
detect the effect in one line only. This is an important saving, since detecting the
Zeeman effect in non-maser OH lines requires extremely long integration times

(of the order of 10 hours).

2.3. Observations

The OH Zeeman observations were undertaken in 1995 July and 1996 October
with the ATNF! Parkes 64-m radiotelescope. The receiver used was a HEMT
(High Electron Mobility Transistor) receiver equipped with dual linear polar-
ization feeds, mounted at the prime focus of the telescope. Cold sky system
temperatures of ~ 20 — 25 K were recorded with this system. The outputs from
the linear feeds were amplified in the low-noise amplifiers (LNAs) of the receiver,
and the amplified outputs passed into a two-input, two-output “hybrid”, where
each linear polarization was split into two paths and a quarter cycle phase shift
was introduced into one path of each polarization. Circular polarization was
produced by combining the output from one linear polarization with the output
from the other linear polarization with the quarter cycle phase shift introduced.
The hybrid therefore acts as the electronic equivalent of a quarter-wave plate.

This is shown schematically in Fig 2.5.

1The Australia Telescope is funded by the Commonwealth of Australia for operation as a

National Facility managed by CSIRO
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Figure 2.5.— Block diagram of the circular polarimetry setup used at Parkes, with a
linear dipole feed (top). The hybrid is located immediately after the receiver package,
and the polarization switch follows immediately.
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The effects of instrumental polarization and gain differences between the
two senses of circular polarization can be large, so to minimise these effects
the signal paths of the two polarizations were interchanged at regular intervals
(e.g., Crutcher et al. 1993). To achieve this, the outputs from the hybrid were
passed through a double-pole, double-throw polarization switch, which allowed
the separate paths the two circularly polarized signals take through the rest of the
electronic system to the autocorrelator to be interchanged. The path switching
was controlled by the autocorrelator and was performed every 10 seconds (the
cycle time of the autocorrelator). The signals were finally passed into the Parkes
16384-channel digital autocorrelator. In order to obtain the maximum spectral
resolution while observing both OH lines simultaneously the autocorrelator was
configured with two 4 MHz bandpasses of 8196 channels each, with each band
centred on 1666.380435 MHz. This arrangement provided a spectral resolution
of 488.28 Hz (0.087 kms™!). The OH ground state transitions at 1665.40184
and 1667.35901 MHz were observed simultaneously in each circularly polarized
bandpass, and the centre bandpass frequency was switched by £ 0.25 MHz
every 4 minutes. Both senses of circular polarization were observed and recorded
simultaneously. The intensity scale of the OH data presented in the remainder of
this chapter is corrected antenna temperature 7%, as defined by Kutner & Ulich
(1981). At 18 cm the main beam dish efficiency of the Parkes radiotelescope is
~ 0.7 (Caswell, private communication), and so the conversion from T’ to main

beam brightness temperature is T,,,; ~ 1.477.

As a test of the polarization purity of the experimental arrangement we
undertook Zeeman observations of the deep OH absorption line toward Orion
B (NGC 2024). The Zeeman effect in OH has previously been observed toward
Orion B (see Fig. 2.6 taken from Crutcher & Kazes 1983; hereafter CK83). The
signal due to the Zeeman effect in the Stokes V' spectrum of Orion B is very
clear, making Orion B the default “standard calibrator” for single dish Zeeman
studies. In both observing periods we were able to reproduce the results of CK83
for Orion B after an on-source integration time of ~ 5 hours, inferring values

of 21 & 2 pG in 1995 and 24 £ 2 uG in 1996 for the subcomponent identified
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Fig. 1. Spectra of the 1667 (strongest) and 1665 lines
observed for 13N 18M toward NGC 2024 (RA/DEC [1950.0]
osh 39m 1453 / -01° 55' 57"). The weakest line is the
assumed gaussian component used for Zeeman analysis.

The abscissa scale in all figures is the same and is
given in km s-1 relative to the LSR.. The ordinate scale
in °K antenna temperature is correct except that displa-
cements of zero have been made in most figures.
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Fig. 2. Stokes V spectra of the 1665 (upper) and 1667
(Iower) lines.

Figure 2.6.— The Zeeman effect in Orion B, as observed by Crutcher & Kazés 1983.
Note that their V' spectrum represents I1cp — Ircp.
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by CK83 as the source of the Zeeman pattern, essentially independent of hour
angle. These values are less than the value found by CK83 (38 £ 1 uG) using
the Nancay telescope, most likely due to the different beam sizes of the two
telescopes. The beam size of the Nancay telescope at the OH frequencies is 3’
x 19'5, while the Parkes beamsize is 13’ at the same frequencies. Note that
CK83 determined the sign of the field incorrectly, originally stating the field
as —38 uG. This error was pointed out by Heiles & Stevens (1986), and our

observations agree in sign with theirs.

Beam Squint

“Beam squint”, the separation of the RCP & LCP telescope beam patterns on
the sky, can introduce a fake Zeeman effect into the V' spectrum if the direction
of the squint is aligned with a significant systematic velocity gradient within the
source being observed (Troland & Heiles 1982). In principle the fake Zeeman
pattern can be identified, since the resultant frequency splitting observed in the
Stokes V spectrum is equal for the two OH lines, and would result in different
determinations of the magnetic field strength for the two lines, in the ratio of

their b factors.

To determine the magnitude of the beam squint we mapped a strong con-
tinuum point source at the start of each observing session, mapping a region
around the continuum source much large than the primary beam size of 13'.
The RCP and LCP beam maps contructed in this manner were fitted with two
dimensional Gaussians and the magnitude and direction of the squint was de-
rived by comparison of the two maps. The polarized beam map (RCP — LCP)
for July 1995 is shown in Fig 2.7. In July 1995 we measured the squint to be
12" at P.A. 198°, while in October 1996 the squint was measured to be 16" at
P.A. 71°. To the experienced Zeeman observer these will appear as rather large
squints, ~ 2% of the primary beam FWHM. However, for our observations there
is evidence to suggest that beam squint was not a problem. First, our obser-
vations of Orion B reproduce the results of CK83, in that we need to infer a

Gaussian subcomponent with the same velocity and line width as CK83 to fit
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Figure 2.7.— Polarized beam pattern (RCP — LCP) as measured for Parkes, July 1995.
The levels are —95, -85, ..., 85, 95% of the peak height of 0.029 (where the peak of
the individual maps is normalized to 1.0). The dashed contours represent the negative

levels.
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our V' spectrum, the value of the magnetic field strength determined for each
OH line are in agreement, and our results for Orion from the two observing
periods are the same. Second, Parkes is an altitude-azimuth telescope, and so
the direction of squint will rotate on the sky as the hour angle changes. Since
we observed our sources over large range of hour angles any beam squint effects
will be greatly reduced in the overall integration, and any fake Zeeman pattern
will modulate with hour angle, as the angle between the velocity gradient and
squint direction changes. By examining subsets of our data obtained over small
hour angles, for sources with and without evidence for Zeeman splitting, we find
no evidence for (a) modulation of the Zeeman pattern in those sources showing
the Zeeman effect, only an increase in the noise in a Gaussian manner, or (b)
fake Zeeman patterns in those sources for which the total integration shows no
Zeeman pattern. In case (b) a fake Zeeman pattern would only appear in part

of the data.

Data Reduction

The data were recorded in the ATNF single dish format. Since Zeeman observa-
tions require very careful data reduction and non-standard reduction techniques,
each 4 minute scan was converted to FITS format files and then to the GILDAS
single-dish format for further data reduction and analysis, using the GILDAS
data reduction package developed for the IRAM 30-m telescope (http://iram.fr).
This package offers a flexibility not available in the ATNF single dish package
‘SPC’, and a number of scripts for the data reduction pipeline and Zeeman anal-
ysis were written by the candidate for use with the GILDAS single dish reduction
package CLASS. The reduction pipeline is described below, and the scripts are
listed in Appendix B.

After the FITS files were created a Unix shell script (create-cfits; see
Appendix B) was used to prepare the data to be converted to a single GILDAS
format file containing the multiple spectra. At this point it was necessary to
inspect each spectrum by eye, to determine the sense of polarization. Since it

was not possible to synchronise the autocorrelator and the polarization switch
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at the start of each 4 minute integration, there was no way a prior: to determine
the sense of polarization for either channel. In the SPC data format, the differ-
ent polarization switch positions are stored as “signal” or “reference” spectra,
respectively. It was possible to configure the old Parkes autocorrelator for two
intermediate frequencies (IFs), or “quadrants” (Q) in the local terminology, and
we use this terminology here. However, only two IFs are available with the new
autocorrelator we used, hence we only used two quadrants. With our experi-
mental setup, the position of the polarization switch was not reset to the same
position after each integration, so that it was not possible to always have e.g.,
Q1 always receiving RCP data when the data was stored as a “signal” spectrum.
Thus, the “signal” spectrum in Q1 could be RCP for one integration, and then
LCP for the next, or remain as RCP. In order to determine the sense of polar-
ization being observed, a test tone generated by a small helical feed mounted
at the (unused) Cassegrain focus, and pointing towards the Prime focus, was
used to introduce a signal of known circular polarization. By observations of
strongly polarized masers (Caswell, Haynes & Goss 1980; Caswell & Haynes
1983a,b; Caswell & Haynes 1987) it was determined that this feed produced
mainly RCP polarization? over a very narrow frequency range (a few channels),
which we centred at 1666 MHz in the middle of the bandpass, away from the
OH frequencies. The level of this signal was adjusted so that it appeared only
in the RCP band. Unfortunately, it was not possible to automatically identify
this signal in CLASS, requiring that the polarization of each spectrum be identi-
fied and tagged manually offline. However, the inspection of each spectrum had
the benefit of allowing for the possibility of rejecting bad spectra, e.g., due to

inteference at the OH frequencies.

After the data were converted to GILDAS format, the identification of the

2The notation used here to distinguish RCP and LCP polarization is the IEEE notation,
used throughout radio astronomy, where a magnetic field which points towards the observer
is defined to be negative. Observationally, if the RCP component is observed at a higher
frequency than the LCP component, the line-of-sight component of the magnetic field points

toward the observer, i.e. the field is negative.
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polarization of each spectrum as either RCP or LCP was performed, and then
the spectra for each frequency switched position and polarization were averaged
together (sum-spectra.class). Since the frequency switching of + 25 MHz
was not performed in a traditional way, no frequency switching information was
contained in the file headers, so it was necessary at this stage to shift and average
together the two separate frequency offsets positions used (fold-spc.class).
This step also naturally corrected for the bandpass response of the system and
produced almost flat baselines in most cases. For convenience in further analysis
the two OH lines were then transferred to separate data files (1ine-sep.class)
and any residual baselines were subtracted. For each individual source the same
line-free channels in the spectrum were used to subtract residual baselines from
both the RCP and LCP data. The Stokes V (Ircp — Ircp) and I [(Ircp +
I1cp)/2] spectra were then constructed as outlined above (produce-v.class).
The fitting of the Stokes V spectra for each source to derive the magnetic field
strength is described in §2.4.2.

Source Selection

Our initial search for suitable Zeeman candidates centred on the OH studies
of Robinson, Goss & Manchester (1970), Goss, Manchester & Robinson (1970),
Manchester, Robinson & Goss (1970), Robinson, Caswell & Goss (1971), Caswell
& Robinson (1974), and Turner (1979). The spectral resolution of these ear-
lier studies, many undertaken with the Parkes radiotelescope, was generally in-
sufficient to detect weak, narrow maser features which may interfere with the
sensitive observations we are attempting, and so we reobserved all our potential
targets with the experimental setup described above. We also reobserved a num-
ber of other sources from these lists with a greater velocity coverage, as well as
some sources from Chan, Henning & Schreyer (1996). We thus reobserved ~ 80
sources drawn from these lists to assess their suitability as Zeeman candidates.
None of the surveyed sources from these lists showed any significant OH absorp-
tion that was not previously known, though a few previously unknown narrow

line masers were found. The OH absorption mapping of the Carina Nebula by
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Dickel & Wall (1974) was also consulted, as was the OH emission line mapping
of the Chamaeleon I dark cloud by Toriseva, Hoglund & Mattila (1985).

'To determine our primary candidate list we used the “sensitivity estimator”
given in Goodman (1989; see also Troland 1990) to estimate the integration
time required per source to reach our target sensitivity of 30 ~ 30 uG. If we
approximate the line profile as a Gaussian, then the maximum amplitude of the
Stokes V' spectrum occurs at the points where the second derivative of the line
profile is equal to zero, which occurs at the standard deviation points of the
Gaussian, v, — v = o (where v, is the unshifted line frequency and ¢ is the
standard deviation). The maximum amplitude in the Stokes V spectrum, z, is
therefore

_ | we)
- I dv |,

where T is the observed antenna temperature of the source, and Av is the line

FWHM (= 0v8In2). The rms noise T, in the spectrum after an integration

1.43T"
bB cosf = AbBios, .
cos X5 bB, (2.15)

time ¢ in seconds is given by

clTsys
Trms = T .
N (2.16)

where c¢; depends on the type of correlator, ¢, is the weighting factor applied
to the data, Tyys is the system temperature (including the background tempera-
ture), and Af is the channel spacing in Hz. For the Parkes 2-bit autocorrelator,
c1 = 1.14 (Rohlfs & Wilson 1996, p103), and ¢, is set to 2 for Hanning weighting.
For a 30 detection (z = 3T,.,s), the integration time in seconds is
2

tay = (————17; TZ%i”) Aif (2.17)

for T,y and T in K, and Av and Af in Hz.

In order to have the greatest sensitivity to the Zeeman effect, the spectral
line profiles of the selected sources should be narrow and strong against a weak
continuum source, and free of maser emission. Using these criteria we chose nine
sources for our primary candidate list, selecting those sources with the lowest

integration times required to reach the target sensitivity.
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Table 2.2. Source List,

Source R.A. (B1950) Dec. (B1950) I(1667) Visr AV Ts tint
h m s o o (K) (kms™!)  (kms™!) (K) (hr)
RCW 38 08 57 14 —47 19 42 —-12.0 2.2 5.9 94 14.0
Carina 10 41 14 —-59 22 24 —-2.2 —-254 5.8 82 12.5
Cham I 11 09 00 —77 08 00 0.9 44 1.0 - 16.4
RCW 57 11 09 50 —61 01 42 —6.1 -25.6 4.6 45 6.8
G326.740.6 1541 01 —-53 57 54 —-14 —44.8 6.5 32 14.5
—-2.7 —21.6 2.0
-0.5 -13.3 2.0
—-0.8 -1.9 2.0
G327.3-0.5 15 49 06 —54 27 06 —4.1 —49.0 5.4 35
G343.4-0.0 16 55 43 —42 31 54 -1.9 5.7 0.6 7
—0.2 —27.2 4.7
NGC6334 17 16 55 —3544 02 —-6.9 -3.8 4.9 82
—-7.6 6.3 1.2
G8.14+0.2 18 00 00 —21 48 12 -1.0 174 3.1 12 4.3

The sources observed for the Zeeman effect are listed in Table 2.2. In this
table, column (1) lists the source name, columns (2) & (3) the source position,
and columns (4) — (6) list, respectively, the approximate antenna temperature
for the 1667 MHz transition of OH, velocity Vj,,, and line width AV of the
major absorption components, as determined by fitting a Gaussian to the line
profile. In three sources the line profile is clearly non-Gaussian and so the pa-
rameters listed here are illustrative only. In column (7) we give the temperature
Ts of the background continuum source where appropriate, assuming a system

temperature of 25 K. Column (8) lists the actual on-source integration time.

2.4. Results & Analysis

We first briefly discuss the raw V' and I spectra, and provide some background
information on each source. Many of these sources have appeared in the large
molecular line surveys of southern sources undertaken in the 70’s and early 80’s

(e.g., Whiteoak & Gardner 1974; Gardner & Whiteoak 1978; Whiteoak & Gard-
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ner 1978; Bachelor, McCulloch & Whiteoak 1981; Whiteoak, Otrupcek & Rennie
1982; Whiteoak et al. 1985; Peng & Whiteoak 1992), and in the extensive recom-
bination line survey of Caswell & Haynes (1987). Later we describe the Zeeman
analysis for each source. In the sections below we use the notation Vige5 and
L1665 to denote respectively the V' and I spectra for the 1665 MHz transition of
OH. Similar notation is used for the 1667 MHz transition.

2.4.1. Individual Sources

Orion B: Though Orion B is used as a test source in this study, we include
it in our results since the technique we use on Orion B here, and by CK83, will

also be used to analyse some of the other sources in our study.

The I and V spectra from the July 1995 observing session are shown in
Fig. 2.8 and the spectra for the October 1996 session are presented in Fig. 2.9.
Note that the absolute calibration between the two sessions is different. The Viggs
spectrum is similar to that of CK83, keeping in mind that their V spectra should
be inverted. The Vig¢7 spectrum shows a maximum at the same location as the
Viess spectrum, but has no clear minimum. The maximum occurs at a similar
velocity to the peak absorption of the I spectrum, and so, when attempting
to fit the V spectra using eqn. (2.14), the gain term dominates and thus the
fit to the Zeeman pattern is poor. It is not clear why we see a well defined
Zeeman pattern in the Vig5 spectrum but not in the Vigg7 spectrum in the July
1995 observations. In the October 1996 observations the characteristic sideways
“S” of the Zeeman effect is clearly seen in the V spectra for both lines, with
almost identical properties. As discussed in CK83, the Zeeman effect appears to
arise from a subcomponent of the overall line profile, a result which seems to be

confirmed by recent VLA observations (Crutcher et al. 1998).

RCW 38: RCW 38 is a bright H II region located at a distance of 1.7
kpc. It is discussed at length in Appendix A, where we report on a mid-infrared
study of the region. It is the only source other than Orion B observed during

both Zeeman observing periods. Fig. 2.10 shows the V' and I spectra from the
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Figure 2.8.— Observed OH RCP (solid), LCP (dotted) and V spectra for Orion B
(July 1995). The upper two panels show the results for the OH 1665 MHz transition,
while the lower two panels show the results for the OH 1667 MHz transition. Note the
barely discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.9.— Observed OH RCP (solid), LCP (dotted) and V spectra for Orion B (Oc-
tober 1996). The upper two panels show the results for the OH 1665 MHz transition,
while the lower two panels show the results for the OH 1667 MHz transition. Note the
barely discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.10.— Observed OH RCP (solid), LCP (dotted) and V spectra for RCW 38
(July 1995). The upper two panels show the results for the OH 1665 MHz transition,
while the lower two panels show the results for the OH 1667 MHz transition. Note the
barely discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.11.— Observed OH RCP (solid), LCP (dotted) and V spectra for RCW
38 (October 1996). The upper two panels show the results for the OH 1665 MHz
transition, while the lower two panels show the results for the OH 1667 MHz transition.
Note the barely discernable difference between the RCP and LCP absorption line
spectra.
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July 1995 session. The I profile is clearly non-Gaussian, and is most likely a
composition of line profiles arising from individual molecular clumps within the
13" beam. The Vg5 profile shows what appears to be a Zeeman pattern, which
like Orion B cannot arise from the entire Ij565 profile. The Viggr spectrum is
similar to Orion B, in that we see a clear counterpart to the maximum seen in the
Viess spectrum, but no minimum, suggesting a common cause for the differences
observed in the Viges and Vigg7 spectra for both Orion B and RCW 38 during
the observations in July 1995. The spectra obtained during the October 1996
observing period are shown in Fig. 2.11. The Vjg5 spectrum is very similar to
that obtained in July 1995. The Vigg7 spectrum now has both a clear maximum
and minimum, and the V spectra are similar, suggesting that we have found
evidence for the Zeeman effect in at least one component of the molecular gas

associated with RCW 38.

Carina Molecular Cloud: The Carina Molecular Cloud has been
mapped in OH by Dickel & Wall (1974), who found two peaks in the absorp-
tion, closely corresponding to the dark lanes either side of the optical emission
associated with Eta Carina. The position we have observed is the western peak.
In Fig. 2.12 there is no evidence in either the 1665 or 1667 line for the Zeeman
effect. In the 1665 line we see evidence for some interference at the low veloc-
ities, but it appears only on the very edge of the line. The line profile is quite
simple, and can be well fitted with two Gaussians. Despite the fact that the
nebula is the host to the famous star Eta Carina, the associated molecular cloud
has not been well studied. CO observations have been undertaken by Graauw
et al. 1981, Whiteoak & Otrupcek 1984, and Grabelsky et al. 1988. Megeath
et al. 1996 obtained molecular line and infrared continuum images of a region
to the east of our Zeeman position and found evidence for ongoing star forma-
tion in a bright rimmed globule associated with the molecular cloud. Brooks is
currently undertaking a multi-wavelength study of the Carina Molecular Cloud,
and preliminary results from this study have been reported (Brooks, Whiteoak
& Storey 1998). The distance has been determined by Tapia et al. (1988) to be
2.5 kpc.

51



n Carina
. ' ™ " K .I - . l I I I d I '

OH 1665 MHz L
- RCP & LCP ! |

0.1 L Stokes [V

| OH 1667 MHz
RCP & LCI';’

0.1 kL Stokes V

. | ; ! ; | i ! i
=50 -40 -30 —20 -10 0
Velocity (km s™')

Figure 2.12.— Observed OH RCP (solid), LCP (dotted) and V spectra for the Carina
Molecular Cloud. The upper two panels show the results for the OH 1665 MHz
transition, while the lower two panels show the results for the OH 1667 MHz transition.
Note the barely discernable difference between the RCP and LCP absorption line

spectra.
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Chamaeleon I: Chamaeleon I is a well studied molecular cloud forming
mainly low-mass stars, located at a distance of 160 pc (see e.g., the review
by Schwartz 1991). Though it is easier to detect the Zeeman effect in strong
absorption lines from molecular clouds associated with H II regions, there is a
clear need for more measurements of the magnetic field strength in cold molecular
clouds such as Chamaeleon (Crutcher et al. 1993), which is why it has been
included in this study. There is evidence for a large scale ordered magnetic
field in the region (McGregor et al. 1994), and this together with the bright
OH lines (at least for a thermal emission source) makes Chamaeleon I a prime
Zeeman candidate among dark clouds. The cloud has been mapped in OH with
the Parkes radiotelescope by Toriseva et al. (1985) and the extinction has been
determined throughout the entire cloud by Cambresy et al. (1997) using near
infrared colours. The V' and I spectra are presented in Fig. 2.13, and show no
evidence for the Zeeman effect. The line profile is well represented by a single

Gaussian.

RCW 57: Located at a distance of 3.6 kpc (kinematic, e.g., Caswell &
Haynes 1987) or 2.4 kpc (Persi et al. 1994, based on the possible association of
HD 97499 with the molecular cloud), RCW 57 is an H II region with ongoing
star formation (e.g., Persi et al. 1994). The few studies of this region that have
been published suggest it is a “typical” H II region and with an associated Giant
Molecular Cloud (GMC). The OH line profiles are presented in Fig. 2.14, and
show deep absorption in the I profiles with a red-shifted “wing”. Each OH line
is well fitted by two Gaussian components. Two weak RCP masers are evident
in the 1665 line, which unfortunately were not seen in our preliminary survey.
There is no clear evidence in either V spectrum for the Zeeman effect, though
some structure appears in the Vig7 spectrum, but no corroborating evidence is
seen in the Vigss spectrum. Whiteoak & Gardner (1974), observed the 5 GHz
transition of H,CO in absorption toward RCW 57 with a 4/2 beam, and found
two velocity components with almost identical properties to the components we
fitted to our OH data, suggesting that at least part of the OH absorption arises

in somewhat denser gas (10* cm™2) than is usually sampled by OH (10? cm™3).
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Figure 2.13.— Observed OH RCP (solid), LCP (dotted) and V spectra for Chamaeleon
I. The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely
discernable difference between the RCP and LCP emission line spectra.
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Figure 2.14.— Observed OH RCP (solid), LCP (dotted) and V spectra for RCW 57.
The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely
discernable difference between the RCP and LCP absorption line spectra.
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G 326.740.6: Very little is known about this H II region. It is probably
associated with the optical H II region RCW 95. Fig. 2.15 shows that four main
absorption components are seen along the line of sight to the thermal continuum
source, whose recombination line velocity is near —44 kms™! (Caswell & Haynes
1987). The kinematic distances for the three lowest velocity clouds at Vi, =
—44, —22, and —13 kms™" are estimated to be 3.0, 1.5 and 1.0 kpc, respectively.
The —2 kms™! velocity component is at the solar galactocentric distance and
is probably very local. Using the method of Schwartz, Gee & Huang (1988)
we estimate the distance of the —2 kms™' component to be ~ 150 pc. The
V' profiles presented in Fig. 2.15 show no evidence for the Zeeman effect for
any component. The 1665 MHz profile of the ~44 kms~' component is badly

affected by interference.

G 327.3-0.5: Possibly associated with RCW 97 at a kinematic distance of
~ 3.3 kpc, the only detailed study of the molecular gas associated with G 327.3—
0.5 has been reported by Brand et al. (1984) who mapped the cloud in the 2CO
J =2 — 1 transition, and found a massive (~ 10* M) cloud associated with
a number of infrared sources (Frogel & Persson 1974), and a possible bipolar
molecular outflow associated with the southern-most group of infrared sources.
The OH profiles presented in Fig 2.16 show single deep absorption lines near
—50 kms™!, and a red “wing” extending to > —40 kms™!. Circularly polarized
masers are present in both OH lines, and unfortunately extend well into the
blue side of the main OH absorption line. The Zeeman effect is clearly seen in
three of the masers present in the 1667 line. However, since the properties of
the molecular gas associated with masers is poorly understood we simply state
that the magnetic field strengths we infer from the observed splitting (Reid &
Silverstein 1990) are +1.3, +2.9, and +7 mG, for the —80, —68 and —52 kms™!
components, respectively, though the identification of the Zeeman pair for the

—52 kms~! component is not certain.

G 343.4-0.0: Another southern H II region which has not been studied,
G 343.4-0.0 is not clearly associated with any RCW region. We somewhat

arbitrarily assign the near kinematic distance of 2.8 kpc to this region. Unlike the
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Figure 2.15.— Observed OH RCP (solid), LCP (dotted) and V spectra for
G 326.7+0.6. The upper two panels show the results for the OH 1665 MHz transition,
while the lower two panels show the results for the OH 1667 MHz transition. Note the
barely discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.16.— Observed OH RCP (solid), LCP (dotted) and V spectra for G 327.3—-
0.5. The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely
discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.17.— Observed OH RCP (solid), LCP (dotted) and V spectra for G 343.4-
0.0. The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely

discernable difference between the RCP and LCP absorption line spectra.
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sources discussed above, G 343.4-0.0 has not even been included in many of the
major molecular line surveys and maser surveys of the southern galactic plane.
Whiteoak & Gardner (1974) observed the 6 kms™! component in formaldehyde
absorption, and OH absorption observations were reported in the extensive OH
survey by Turner (1979). The Stokes I and V' spectra are presented in Fig. 2.17.
The two main absorption features are at —27 kms™! (near the recombination
line velocity) and the narrow, deep lines near 6 kms™'. Other weak absorption
lines are seen, but their depth is less than 10 times the rms noise in the I spectra,
so they are not considered in the Zeeman analysis below. There is no obvious
indication in either V spectra for the Zeeman effect. The 6 kms™! cloud is
clearly local, and may be associated with the Lupus clouds, which have a similar
velocity and lie about 10° above the plane at a similar galactic longitude. It may

also be associated with the 6 kms™!

component seen toward NGC 6334 and
NGC 6357 (W22; Kazés & Crutcher 1986; Crutcher et al. 1987; Massi, Brand &
Felli 1997) near longitude 351°. Kazés & Crutcher (1986) detected the Zeeman
effect in the 6 kms™ component toward NGC 6357 (W22B) with a magnetic
field strength of —18 £ 1 uG, while Crutcher et al. (1987) claim a detection at
a nearby position (W22A) with a field strength of —32 4+ 9 uG. The large scale
CO maps made with the Columbia 1.2 m radiotelescope (e.g., Bronfman et al.
1989; Bitran et al. 1997), suggest an association between all the clouds near 6

kms™!.

NGC 6334: NGC 6334 is a well studied H II region located at 1.7 kpc
(Neckel 1978). Visually it is very prominent, with numerous nebulous spots, and
forms a fine pairing with the nearby NGC 6357 (W22). Important studies include
the CO observations of Dickel, Dickel & Wilson (1977), the OH observations by
Brooks (1995) and the recent PhD thesis by Kramer (1998), who studied [O I,
[C 11], and CO, CS and ammonia throughout the star-forming molecular “ridge”.
Fig. 2.18 shows all the features seen in the I spectrum, including the masers and
absorption features. The strong masers are potentially harmful to our Zeeman
observations, but since they occur only on one side of the deep absorption line

at —3 kms™! it is still possible to extract useful information from the absorption
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Figure 2.18.— Observed OH RCP (solid), LCP (dotted) and V spectra for NGC 6334.
The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely
discernable difference between the RCP and LCP absorption line spectra.
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Figure 2.19.— Observed OH RCP (solid), LCP (dotted) and V spectra for the ab-
sorption components toward NGC 6334. The upper two panels show the results for
the OH 1665 MHz transition, while the lower two panels show the results for the OH
1667 MHz transition. Note the barely discernable difference between the RCP and
LCP absorption line spectra.
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Figure 2.20.— Observed OH RCP (solid), LCP (dotted) and V spectra for the maser
components toward NGC 6334. The upper two panels show the results for the OH
1665 MHz transition, while the lower two panels show the results for the OH 1667
MHz transition.
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line. The absorption lines are highlighted in Fig. 2.19, which shows the feature
associated directly with the H II region at —3 kms™!, and the unassociated
foreground cloud at 6 kms™'. There is no clear evidence in the V spectra for the
Zeeman effect, but some structure is present that may be due to instrumental
gain differences. As discussed above for G 343.4-0.0, the 6 kms™! component
is local and covers a large area, but has not been studied in any detail and its
distance and properties are not well known. Troland and co-workers (Troland
1995, private communication) have searched for the Zeeman effect toward NGC
6334 with the Nancay telescope and report a 30 upper limit for the 6 kms™!
component of ~ 20 uG. For the —3 kms™! component their observations taken
during different observing periods give conflicting results, due to problems caused

by the masers. In Fig. 2.20 we present an expanded view of the masers.

G 8.1+0.2: The recombination line velocity for the G 8.140.2 H II region

is ~ 20 kms™!

, which implies a kinematic distance of ~ 3.5 kpc. The spectra
presented in Fig. 2.21 show two velocity components near 13 and 17 kms™!
respectively, and a circularly polarized maser pair near 22 kms™!. No obvious
Zeeman effect is seen in the V' spectra for the absorption lines, though it is
clearly seen in the maser lines, from which we can infer a magnetic field strength

in the masering region of ~ +3 mG. No detailed study of this H II region has

been reported.

2.4.2. Fitting dI/dv to V

In Table 2.3 we present the results of our attempts to fit the derivative of the
whole [ spectrum to the V spectrum for the separate velocity features in each
source, excluding any masers from the fit (see zfit.class, Appendix B). In
this Table column (1) lists the source name, column (2) the velocity of the OH
feature, column (3) the magnetic field strength determined from the 1665 MHz
OH transition with its one sigma uncertainty, column (4) as for column (3)
but for the 1667 MHz OH transition, and column (5) the weighted mean field
strength B,, (found by combining the results for the 1665 & 1667 lines) and its
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Figure 2.21.— Observed OH RCP (solid), LCP (dotted) and V spectra for G 8.1+0.2.
The upper two panels show the results for the OH 1665 MHz transition, while the
lower two panels show the results for the OH 1667 MHz transition. Note the barely
discernable difference between the RCP and LCP absorption line spectra.
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weighted one sigma uncertainty o,,. The results in this Table suggest that we
have detected the Zeeman effect in RCW 38, RCW 57, and G 8.14-0.2 at greater
than the 3o level. However, as discussed below, better fits are found for RCW
38 and RCW 57 by inferring that the Zeeman effect arises from a subcomponent
of the line, while for G 8.14+0.2 an inspection of the V spectrum and the fit
(Figs. 2.21 and 2.37(b), see below) suggest that it is not a real detection.

Table 2.3. Results from Fitting Entire Line Profile to V
Source Visr Bios (1G)
(kms™!) 1665 MHz 1667 MHz By, *+ 0,
RCW 38 2.2 14+ 5 14+ 4 14+ 3
Carina —254 3+ 22 —25 £ 27 -8 £ 17
Cham I 4.4 4+ 5 4+ 5 4+ 4
RCW 57 —25.6 -15+ 5 -12+ 8 -14+ 4
G326.7+0.6  —44.8 i* —31 + 23 —
—21.6 -10+ 7 5+ 6 -1+ 5
-13.3 -5+ 33 -18+33 124+ 23
-1.9 7+ 34 -9 %21 -5 £ 18
G327.3-0.5 —49.0 m* —60 + 15 —
G343.4-0.0 —27.2 24 £ 37 110 + 66 45 £ 32
5.7 -1+ 5 -5+ 4 -3+ 3
NGC 6334 -3.8 36+ 9 14+ 8 24+ 6
6.3 -2+ 6 11+ 6 -7+ 4
G8.140.2 17.4 o7 £ 22 41 £+ 26 50 £ 17

*Masers (m) or interference (i) preclude a meaningful fit.
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2.4.3. Gaussianizing

As indicated above, not all profiles can be well represented by a single Gaussian
profile, suggesting that in those cases the I profile may consist of a blend of
Gaussian components at the observed position. In this case the V spectrum
may be modelled as the sum of the derivatives of these Gaussians, with unique
values of By, assigned to each component (a technique known as “Gaussianizing”

— see Heiles 1988; Goodman & Heiles 1994).

In Orion B, CK83 proposed that the observed Zeeman pattern in the V spec-
tra might arise from a Gaussian subcomponent of the I spectra. By integrating
the V spectra they were able to derive the line centre velocity and line FWHM of
this component for each OH transition (hereafter we refer to this as the V. — I
method). They determined essentially the same line centre velocity and FWHM
for this component from the Viges and Vigg7 spectra, and were able to determine
consistent values of the magnetic field strength from the two V spectra. Heiles
(1988) and Goodman & Heiles (1994) observed the Zeeman effect in Galactic
H I in emission, resulting in non-Gaussian line profiles and very complicated V/
spectra. They assumed that their I profiles were a blend of overlapping Gaussian
components, and performed a least squares fit of multiple Gaussian components
to their I spectra at each observed position. They assumed nothing a priori
about the nature of the components making up the I spectra. To determine
the magnetic field strengths they simultaneously fitted the derivatives of all the
Gaussian subcomponents of their I spectra to the observed V' spectra (hereafter

the I — V method), obtaining meaningful results for a number of components.

For almost all the sources observed in the present study the I — V approach
has been used to identify subcomponents of the I profiles. In RCW 38 (Fig 2.11)
there is evidence for the Zeeman “S” in the V spectra, and for this source
the V' — I method is used. The results are given in Table 2.4. In this Table
column (1) lists the source name, column (2) the line intensity of the Gaussian
subcomponent for the 1667 MHz line, columns (3) and (4) list the line centre
velocity Vis and line FWHM AV of the Gaussian subcomponent respectively,
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column (5) lists the magnetic field strength and one sigma uncertainty derived
for the subcomponent of the 1665 MHz OH line, column (6) is the same as
column (5) but for the 1667 MHz OH line, and column (7) lists the weighted
mean field strength Bg for the Gaussian component and its weighted one sigma
uncertainty og. In Table 2.4 we have attempted to identify whether the magnetic
field determined from the Gaussian fitting is a detection or an upper limit. For
a detection we require | Bg | > 30 and | Biges — Biss7 | < 0, where Bg is the
weighted mean field strength determined from the 1665 and 1667 MHz lines.

Table 2.4. Magnetic Field Stengths for Gaussian Components

Source Gaussian parameters By
1(1667) Vier AV Bigss Biesr Bg + 0g®
(K)  (kms™') (kms™?) (uG) (uG) (uG)

Test Source

Orion B -7.0 10.0 1.2 26 + 2 21 £ 2 24 + 2
Detection()

RCW 38 —-8.9 14 2.3 38+ 3 37+ 5 38+ 3

RCW 57 -1.8 —22.6 6.5 —199 £33 —-209 +38 —203 + 25

Upper Limits

Cham T 1.1 4.4 1.0 8+ 5 5+ 4 6+ 3
G 343400  —2.0 5.7 0.7 -1+ 5 -4+ 4 3+ 3
RCW 57 -5.8 —26.1 3.4 -17+ 5 -2+ 9 -13+ 4
NGC 6334 —8.6 6.3 1.2 -2+ 6 -10% 6 -6+ 4
G 326.740.6  —2.1 —21.6 1.7 -5+ 8 -8+ 6 —11% 5
NGC 6334 -7.8 -3.8 4.9 ~19 £ 15 13 £ 17 -5+ 11
G 8.1+0.2 -1.1 17.5 3.0 60 + 29 18 &+ 25 45 + 15
G 326.7+0.6  —0.8 —20.8 2.5 31 + 29 92 + 23 68 + 18
G 326.74+0.6  —0.7 -1.9 2.0 —22 + 40 3+24 —4+21
G 326.74-0.6  —1.3 —44.8 6.5 — —31+£23 (=31 £ 23)©
G 326.740.6  —0.4 —13.3 2.0 ~2+38 —47+£39 24+ 27
Carina -1.2 —24.9 4.0 151 + 42 31 + 42 91 £ 30
G 327.3-0.5  —43 —49.0 5.4 83+99 —185+38 —150 £ 35
Carina -1.2 —26.2 6.8 —273 £ 65 —116 £54 —180 + 42
G 343.40.0  —0.3 —~27.4 4.7 —44 +£ 61 234 + 93 40 + 51
G 8.14+0.2 —0.4 13.3 3.3 73 £ 70 83+ 75 78 + 51

(@ B is the weighted mean field strength for the Gaussian component, and o¢ is the
weighted uncertainty in Bg

(b)Requires I Bg I > 30g and I Biges — Bigsr | < og

(c)Because the field strength could not be derived for the 1665 MHz line, the value quoted
for Bg is actually Biggs7

Table 2.4 indicates that we have definitely detected the Zeeman effect in
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RCW 38, and possibly in RCW 57. In addition, we have 16 upper limit detec-
tions. For RCW 38 we used the V' — I to determine the Gaussian subcompo-
nents, while for all other sources we used the I — V method. The mean field
strength we determine for RCW 38 is 38 + 3 uG. The RCW 57 profile is well
fitted by two overlapping Gaussians, a “main” component (Vj,, = —26.1 kms™1)
and a “wing” component (Vj;, = —22.6 kms™!), which could represent either
two cloud components associated with RCW 57, or one cloud and an outflow
wing, analogous to what is seen in the H II region S106 (Roberts, Crutcher &
Troland 1995). The *CO J = 1 — 0 mapping results presented for RCW 57 in
Appendix 2A suggests that the “wing” component is a separate molecular cloud
associated with RCW 57. The Zeeman detection listed in Table 2.4 of —203
+ 25 uG is for the component at Vi, = —22.6 kms™!. The H,CO absorption
profile for RCW 57 obtained by Whiteoak & Gardner (1974) can be fitted by

two Gaussian components with similar line centre velocities and line widths.

The fitting of eqn. (2.14) to the V spectra of each source is discussed below,
and the fits are presented in Figs. 2.22 to 2.37.

Orion B: In Fig. 2.22 we present the fits to the July 1995 data for Orion
B. Panel (a) shows the Stokes I spectra, with the Gaussian subcomponent re-
sponsible for the Zeeman “S” in the V spectra shown as the dashed line. Panel
(b) shows the fit of the derivative of the whole I spectrum to the V spectrum
for each OH transition. The fit is poor for both OH lines. Panel (c) shows the
fit of the derivatives of the Gaussian subcomponents shown in panel (a) to the
gain-corrected V spectra. The parameters of the Gaussians have been estimated
by integrating the Viggs spectrum, and the same Gaussian parameters are used
for the 1667 line. While this method allows us to determine Vj,, and AV for the
Gaussian, we do not know its line intensity for either line, so following CK83
we allow the line intensity to be the maximum possible which is consistent with
the real I spectra. The value of B, inferred by fitting the derivative of this
Gaussian is thus a lower limit. In panel (d) we plot the residual of the fit shown

in panel (c).
Fig. 2.23 is similar to Fig. 2.22 but for the October 1996 data. In the
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Figure 2.22.— Fitting the V spectra for Orion B. Panel (a) shows the I spectra (solid)
with the Zeeman Gaussian subcomponent (dotted); panel (b) shows the fits of the
derivative of I to V; panel (c) shows the fits of the derivative of the Zeeman Gaussian
component to the gain-subtracted V' spectra; panel (d) shows the residual of the fits

in (c).
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Figure 2.23.— Fitting the V spectra for Orion B. Panel (a) shows the I spectra (solid)
with the Zeeman Gaussian subcomponent (dotted); panel (b) shows the fits of the
derivative of I to V; panel (c) shows the fits of the derivative of the Zeeman Gaussian
component to the gain-subtracted V' spectra; panel (d) shows the residual of the fits

in (c).
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October 1996 data for Orion B we see a clear Zeeman signal in both the Viess
and Viee7 spectra, so we are able to integrate them independently to infer the
parameters of the Gaussian subcomponent responsible for the observed Zeeman
effect. For the 1665 line we find Vj,, = 10.1 kms™!, AV = 1.0 kms™!, while for
the 1667 line we find Vj,, = 9.8 kms™!, AV = 1.0 kms™!, with I;555 = —5.6 K
and I1667 = —7.0 K, being the greatest absorption line intensities allowed by the
data. The field strengths inferred for these Gaussian components are 26 + 2 uG
for the 1665 line, and 21 % 2 uG for the 1667 line. The ratio of the magnetic field
strengths Biggs/Bigsr = 1.24 is equal to the inverse ratio of the line intensities
Iee7/I1665 = 1.25. For the values of By,sto agree requires I1g67/I1665 = 1, which
is the result obtained by CK83, who inferred the same intensity for the Gaussian
subcomponent of both lines, and obtained the same value for B;,, from both OH
lines. Our result is therefore consistent with CK83 if we assume, as they did,
that I1667/I1665 = 1 for the Gaussian subcomponent responsible for the Zeeman
effect. Recently, Crutcher et al. (1998) report the detection of the Zeeman effect
in Orion B in OH using the VLA. The sub-component in which they detect the
Zeeman effect has Vj,, = 10.2 kms™! which they claim is also present in C*O

J =1 — 0 data.

RCW 38: Fig. 2.24 shows the RCW 38 data for October 1996, in the
same manner as the Orion B data in Fig 2.23. Panel (a) shows the Stokes [
spectra, with the Gaussian subcomponent responsible for the Zeeman “S” in the
V spectra shown as the dashed line. The fit of the derivative of the entire Stokes
I spectra to the V spectra is shown in panel (b), which results in very poor fits.
In panel (c) we show the fits of the derivative of the Gaussian subcomponent to
the V' spectra. The parameters of this subcomponent are found by integrating
the V spectrum for each OH line. For Iig¢5 we find Vj5, = 1.4 kms™!, AV = 2.2
kms~!; for I;g67 we find Vi, = 1.4 kms™!, AV = 2.4 kms~!. Since we have no
way of determing the line intensity of this component, we assume the intensity
is the maximum allowed by the real I data, as was done for Orion B. We find
that I1g6s = —8.9 K and I1g67 = —12.1 K, which then implies Biges = 38 + 3
uG and Biger = 28 + 3 uG. These are the fits shown in panel (c), while the

72



RCW 38 — 10/96

OH 1665 MHz OH 1667 MHz
T I 1

Ta (K)

0.05 |- | } !

B \ i
oft | | 0t ;

P (1 Ay 1|

~0.05 |- L ' '
- ‘ I -

-Dt= 1 « & 4 § = =0 = 9 o o § =

-10 0 10 -10 0 10
Velocity (km s™') Velocity (km s™')

Figure 2.24.— Fitting the V spectra for RCW 38. Panel (a) shows the I spectra
(solid) with the Zeeman Gaussian subcomponent (dotted); panel (b) shows the fits
of the derivative of I to V; panel (c) shows the fits of the derivative of the Zeeman
Gaussian component to the gain-subtracted V spectra; panel (d) shows the residual
of the fits in (c).
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residuals of the fits are shown in panel (d). Clearly there is no overlap at the 1o
level between the two values for Bj,,. If instead we require the line Intensity of
the Gaussian for both OH lines to be equal at —8.9 K, then we find that B
= 37 £ 5 uG, in better agreement with the result for the 1665 line of Bjges =
38 £ 3 uG. If the ratio of the line intensities is truly equal to one, then the OH
component in which we detect the Zeeman effect is optically thick. The values
of Byos for RCW 38 reported in Table 2.4 are for the case I 465 = I 667 for the
Gaussian subcomponent. We emphasise that this value of B, is a lower limit
due to the assumption we have made about the line intensity of the Gaussian

subcomponent responsible for the Zeeman effect.

Carina Molecular Cloud: Fig. 2.25 shows the Zeeman fitting for the
molecular cloud associated with the Eta Carina nebula. Panel (a) show the I
spectra (solid line), and the result of fitting two Gaussians to the spectra. Both
Iiges and I1667 are well fitted by two Gaussians, with similar parameters for both
OH lines. The fits of the derivative of the I spectra to the V spectra are shown
in panel (b). In panel (c) we show the fits of the derivatives of the Gaussians
to the V spectra. The derivatives of the Gaussians are fitted simultaneously
with the gain term, and the overall fits (i.e., the sum of the derivatives of the

Gaussians) are shown in panel (d), with the gain terms removed.

Chamaeleon: Since the I spectra are well fitted by a single Gaussian, as
shown in panel (a) of Fig. 2.26 (the dashed line is the Gaussian fit), we do not
show the fitting of the derivative of this Gaussian to the V spectra. In panel (b)
we show the fits of the derivative of I to V, and in panel (c) the residual of these

fits.

RCW 57: The data for RCW 57 are very interesting as there is a hint
of the Zeeman effect in part of the data. In panel (a) of Fig 2.27 we show the
I spectra (solid lines), together with the two Gaussians whose sum best fits the
I spectra. In panel (b) we show the fits of the derivative of the I spectra to
the V spectra. In panel (c) we show the derivatives of the two Gaussians fitted
to the V spectra, where the V' spectra shown have had a gain term subtracted.

The Gaussian derivatives and the gain terms were fitted simultaneously. The
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Figure 2.25.— Fitting the V spectra for Carina. Panel (a) shows the I spectra (solid)
with the Gaussian subcomponents (dashed & dotted); panel (b) shows the fits of
the derivative of I to V; panel (c) shows the individual fits of the derivatives of the
Gaussian components to the gain-subtracted V spectra; panel (d) shows the sum of
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Figure 2.26.— Fitting the V spectra for Chamaeleon I. Panel (a) shows the I spectra
(solid) with the Gaussian component (dotted); panel (b) shows the fits of the derivative
of I to V; panel (c) shows the residual of these fits.

76



RCW 57

OH 1665 MHz OH 1667 MHz
O T | T /I__ T
(a) N

L %, =

-0.05

(K)

T

0.05

—0:05

0.05

—0.05

—-40 =30 -20 -10 -40 =30 ~20 -10
Velocity (km s Velocity (km s~ ")

Figure 2.27.— Fitting the V spectra for RCW 57. Panel (a) shows the I spectra
(solid) with the Gaussian subcomponents (dashed & dotted); panel (b) shows the fits
of the derivative of I to V; panel (c) shows the individual fits of the derivatives of the
Gaussian components to the gain-subtracted V' spectra; panel (d) shows the sums of

the derivatives of the Gaussian components overlayed on the V' spectra.
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gain-subtracted V' spectra are similar, in particular the increase in intensity for
velocities > —20 kms™!, which is well fitted by the derivative of the higher
velocity Gaussian (Vis, = —22.6 kms™). Panel (d) shows the sums of the two
Gaussian derivatives displayed in panel (c) overlayed on the gain-subtracted
V spectra. For RCW 57 we have used the I — V method, and so nothing is
assumed a priori about the nature of the two Gaussians that are fitted to I.
Note that the masers appearing in the I 465 RCP spectrum have been fitted and

subtracted before deriving the Vige5 spectrum shown.

While the formal results indicate that we have detected the Zeeman effect
in the —22.6 kms™! component with a magnetic field strength of —203 + 25 uG,
we claim this as a tentative result only. The *CO J =1 — 0 data presented in
the appendix to this chapter clearly shows two spatially distinct molecular com-
ponents, whose spectral properties (i.e., velocity and line width) are similar to
those inferred for the OH Gaussian subcomponents. Interferometric OH Zeeman
observations of RCW 57 are required to confirm our Zeeman detection, so that

the OH absorption components may be spatially separated.

G 326.7+40.6: The modelling of the V' spectra for G 326.7+0.6 is
shown in Figs. 2.28 — 2.31. Each velocity component was fitted separately over
the velocity range shown in each figure. In Fig. 2.28 we show the component near
—44 kms™!. Panel (a) shows the I spectra (solid line) with a single component
Gaussian fit (dashed line), panel (b) the derivatives of the Gaussian fitted to the
V spectra, and panel (c) the residual of these fits. Since the V spectrum for
the 1665 line is badly affected by interference, the data are not presented as the
fits are meaningless. Fig. 2.29 shows the results for the —22 kms™! component,
which as shown in panel (a) is well fitted by two Gaussian components, similar
to RCW 57. Panel (b) shows the fits of the whole I spectra to the V spectra,
while panel (c) shows the derivatives of the individual Gaussian components
resulting from simultaneously fitting these components and a gain term to the
V spectra. The gain term inferred from these fits has been subtracted from the
displayed V spectra. Panel (d) shows the sums of the Gaussian derivatives from

(c) overlayed on the gain-subtracted V spectra. Figs. 2.30 and 2.31 are similar
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Figure 2.28.— Fitting the V spectra for the —44 kms~! component of G 326.7+0.6.
Panel (a) shows the I spectra (solid) with the Gaussian component (dashed); panel
(b) shows the fits of the derivative of I to V; panel (c) shows the residual of these fits.
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Figure 2.29.— Fitting the V spectra for the —22 kms™! component of G 326.7+0.6.
Panel (a) shows the I spectra (solid) with the Gaussian subcomponents (dashed &
dotted); panel (b) shows the fits of the derivative of I to V; panel (c) shows the
individual fits of the derivatives of the Gaussian components to the gain-subtracted
V spectra; panel (d) shows the sums of the derivatives of the Gaussian components

overlayed on the V' spectra. 5
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Figure 2.30.— Fitting the V spectra for the —13 km s~! component of G 326.740.6.
Panel (a) shows the I spectra (solid) with the Gaussian component (dashed); panel

(b) shows the fits of the derivative of I to V; panel (c) shows the residual of these fits.
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Figure 2.31.— Fitting the V spectra for the —2 kms~! component of G 326.7+0.6.
Panel (a) shows the I spectra (solid) with the Gaussian component (dashed); panel
(b) shows the fits of the derivative of I to V; panel (c) shows the residual of these fits.
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to Fig 2.28 except they show the results for the components at —13 and —2

1

kms™", respectively.

G 327.3-0.5: Fig. 2.32 shows the results for G 327.3-0.5. Unfortunately
the low velocity side of the main absorption line for both I;¢65 and I167 is affected
by masers. We have thus restricted our fitting to the velocity range indicated
in panels (b) — (d) of this figure. The fitting of the Gaussian indicated in panel
(a) (dashed line) was done over a much large velocity range with the masers
excluded from the fit. Panel (b) shows the fits of the derivative of the I spectra
to the V spectra. There is some structure in the Vige; profile which is suggestive
of the Zeeman effect. Panel (c) shows the result of fitting the derivatives of the
Gaussian fit to the V spectra. The V spectra in this panel have had the gain
terms subtracted. The fit to Viggr is very good, as indicated by the residual shown
in panel (d). However, the presence of the masers makes it unclear whether we
are truly seeing the Zeeman effect, and corroborative evidence from the 1665 line
is not available. High angular resolution OH Zeeman observations of G 327.3-
0.5 are required to attempt to spatially separate the masers from the absorption

components.

G 343.4-0.0: Figs. 2.33 and 2.34 show the results for the two main
components of G 343.4-0.0 near —27 and 6 kms™', respectively. Panel (a) of
Fig. 2.33 shows the I spectra with Gaussian fits to the main absorption com-
ponent at —27 kms™!, panel (b) shows the derivative of the entire I spectra
over the velocity range shown fitted to the V' spectra, while panel (c) shows the
derivatives of the Gaussians from (a) fitted to the V' spectra, and panel (d) the
residuals of these fits. No Zeeman effect is evident in the V spectra. Fig. 2.34
shows that the 6 kms™' component is well fitted by a single Gaussian (dashed
line in panel (a)). Panel (b) shows the fit of the derivative of this Gaussian to the
V spectra, and (c) the residuals of these fits. The results of fitting the derivative

of I to V are essentially the same.

NGC 6334: Figs. 2.35 and 2.36 show the results for the two deep absorp-
tion lines seen toward NGC 6334. Both lines are well fitted by single Gaussians,

and the results are shown for these Gaussian fits. Fig 2.35 shows the results
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Figure 2.32.— Fitting the V spectra for G 327.3-0.5. Panel (a) shows the I spectra
(solid) with the fitted Gaussian (dashed); panel (b) shows the fits of the derivative of I
to V; panel (c) shows the fits of the derivative of the Gaussian to the gain-subtracted
V spectra; panel (d) shows the residuals of the fits in (c). The fits are restricted to
velocities greater than —50 kms™!, as shown in the plots.
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Figure 2.33.— Fitting the V spectra for the —27 kms™! component of G 343.4-0.0.
Panel (a) shows the I spectra (solid) with the fitted Gaussian (dashed); panel (b)
shows the fits of the derivative of I to V'; panel (c) shows the fits of the derivatives
of the Gaussian to the gain-subtracted V spectra; panel (d) shows the residual of the
fits in (c).
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Figure 2.34.— Fitting the V spectra for the 6 kms~! component of G 343.4-0.0. Panel
(a) shows the I spectra (solid) with the Gaussian component (dashed); panel (b) shows
the fits of the derivative of I to V; panel (c) shows the residuals of these fits.
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Figure 2.35.— Fitting the V spectra for the —3 kms™! component of NGC 6334. Panel
(a) shows the I spectra (solid) with the fitted Gaussian (dashed); panel (b) shows the
fits of the derivative of I to V; panel (c) shows the residuals of the fits in (b). The fits
are restricted to velocities greater than —5 kms™!, as shown in the plots.
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Figure 2.36.— Fitting the V spectra for the 6 kms™! component of NGC 6334. Panel
(a) shows the I spectra (solid) with the fitted Gaussian (dashed); panel (b) shows the

fits of the derivative of I to V; panel (c) shows the residuals of the fits in (b).
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for the —3 kms™ component, which is from molecular gas directly associated
with the H II region. The fits have been restricted in velocity due to the masers
at the low velocity edge of the line. Panel (a) shows the Gaussian component
(dashed line) overlayed on the I spectra, panel (b) the fits of the derivative of
this Gaussian to the V spectra, and (c) the residuals of the fits in (b). Fig. 2.36

shows similar results for the 6 kms~! component.

G 8.14+0.2: Fig. 2.37 shows that G 8.1+0.2 is reasonably well fitted
by two Gaussian components, as shown in panel (a). There are masers on the
high velocity edge of the absorption lines, and so the fits to the V spectra are
restricted to the low velocity channels. Panel (b) shows the fits of the derivative
of the raw I spectra to the V' spectra. Panel (c) shows the fit of the derivatives
of the two Gaussians to the gain-subtracted V spectra, with the derivatives and
the gain terms being fitted simultaneously. In panel (d) we show the sum of the

Gaussian derivatives fitted to the V spectra.
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Figure 2.37.— Fitting the V spectra for G 8.14+0.2. Panel (a) shows the I spectra
(solid) with the Gaussian subcomponents (dashed & dotted); panel (b) shows the fits
of the derivative of I to V; panel (c) shows the individual fits of the derivatives of the
Gaussian components to the gain-subtracted V spectra; panel (d) shows the sums of
the derivatives of the Gaussian components overlayed on the V spectra.
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2.5. Discussion

2.5.1. The magnetic field and virial equilibrium

To investigate whether magnetic fields are dynamically important in our molec-
ular cloud sample we need to compare our measurements of magnetic field
strengths against the hypotheses outlined in §2.1. In addition to the data on
magnetic field strengths we require information about the molecular gas in which
we have measured the Zeeman effect, in particular the cloud size R and the mean

column density V.

For molecular clouds observed in OH emission (e.g., Chamaeleon I) the cloud
properties may be determined directly by mapping the extent of OH emission.
One potential problem with this approach is the large beam size, and therefore
poor angular resolution, of single dish radiotelescopes at the OH ground state
frequencies near 1.6 GHz, for example the Parkes telescope beam size is 13’ at this
frequency. Another is the uncertainty in determining the excitation temperature
T., and the optical depth 7 for the OH transitions, if the usual assumption of
local thermodynamic equilibrium is not met (Crutcher 1977, 1979), which may
result in estimates of the OH column density N(OH) that are up to an order of
magnitude different from their true values (as described in the appendix to this

chapter).

For molecular clouds seen in absorption we cannot use the OH absorption
map size to determine the true size of the region traced by OH. This is because
the observed absorption map size is dependent on the angular size and strength
of the background continuum source, and the size and column density of the fore-
ground molecular cloud. From earlier studies we know that the *CO J =1 —0
transition near 110 GHz traces similar gas densities [n(Hz) ~ 2 X 10® cm™] to
the 1665 and 1667 MHz OH transitions in typical molecular clouds (e.g., My-
ers et al. 1978; Wouterloot & Habing 1985). Under special circumstances, such
as within the photon-dominated region (PDR) associated with the H II region
S106, OH may trace higher densities, e.g. 10* cm™3 (Roberts et al. 1995), and

91



the C'®0 J =1 — 0 transition near 109 GHz is then a better tracer of the gas
sampled by the OH absorption.

All but one of the molecular clouds we observed for the Zeeman effect were
observed in OH absorption against background H II regions (though not all of the
clouds responsible for the absorption lines are directely associated with the H II
region). Thus we are unable to use OH absorption observations to determine
their size. It should be emphasised that the angular size of the background
continuum source is not related to the linear size of the foreground absorbing
clouds in which we measure the Zeeman effect, and we cannot use the angular

size of the continuum region to determine the size of the molecular cloud.

Since we believe that the '*CO J = 1 — 0 transition traces similar gas den-
sities to OH we have attempted to map all of our absorption line sources in this
transition with the ATNF Mopra radiotelescope. A description of the observa-
tions and the resulting velocity channel maps are presented in Appendix 2A at
the end of this chapter. Our aim was to map the intensity of the integrated
spectral line down to the half-power contour level for each molecular cloud. We

did not achieve this for all sources.

The results of our analysis are presented in Table 2.5. In this Table, column
(1) lists the source name, columns (2) — (3) the velocity parameters of the com-
ponent being studied, column (4) the assumed cloud size, typically the FWHM
size of the CO map, and column (5) the average column density of Hy over the
map. The next three columns list theoretically determined quantaties: column
(6) lists the value of N as determined from eqn (2.10), column (7) the value of
By as determined from eqn (2.9), and column (8) the value of B jg from
eqn (2.8). Column (9) lists the magnetic field strength (or 3¢ upper limit) as de-
termined observationally from our Zeeman analysis of the Gaussian components.
In some cases we compare our results to the magnetic field strength determined
from the whole line profile, B,,, rather than from the Gaussian subcomponents

Bg, as explained below when each source is discussed.

We now briefly discuss how the physical properties presented in Table 2.5
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Table 2.5. Comparison of Observed Magnetic Field Strengths with Virial Values

Source Visr AV R N N/C(] BMg BM’CQ’ | Bg | or 30¢g
(kms™!)  (kms™') (pc) (10 em™2) (102! cm~2)  (4G) (1G) (1G)
RCW 38 1.4 2.3 1.5 4.0 14.0 10 17 38
RCW 57 —22.6 6.5 3.6 40.0 30.0 50 50 203
Cham I 4.4 1.0 1.3 8.0 3.0 20 4 9
G 343.4-0.0 5.7 0.7 0.5 2.0 4.0 4 4 9
RCW 57 —26.1 3.4 4.0 15.0 10.0 25 13 12
NGC 6334 6.3 1.2 — 2.0 — 4 — 12
G 326.740.6 —21.6 2.0 4.3 2.0 3.3 5 4 15(2)
NGC 6334 -3.8 4.9 7.0 10.0 20.0 23 16 33
G 8.1+0.2 17.5 3.0 — 9.0 — 22 — 45
Carina —25.4 5.8 3.3 6.0 40.0 15 45 51()
G 326.7+0.6 -1.9 2.0 0.8 1.0 20.0 3 22 63
G 326.7+0.6  —44.8 6.5 4.7 23.0 32.0 40 40 69
G 343.4-0.0 —27.4 4.7 2.0 10.0 50.0 25 61 96(2)
G 327.3-0.5 —49.0 5.4 4.3 30.0 24.0 80 30 105
G 8.1+0.2 13.3 3.3 — 34.0 — 81 — 153

(a)Results from fitting the entire line profile quoted, so 3o, used.

were determined for each source.

RCW 38: In RCW38, identifying spatially the molecular gas component
in which we have detected the Zeeman effect is difficult, since the 3CO emission
line profiles, like that of the OH absorption lines profile, are non-Gaussian and
most likely consist of a superposition of profiles arising from different gas clumps
along the line-of-sight (but associated with RCW 38). The spatial resolution
of the BCO observations is ~ 1/, and the sum of the ¥CO profiles over the
spatial region covered by the 13’ Parkes radiotelescope beam is almost identical
to the OH absorption profile. This agreement is in accord with our assumption
that 3CO and OH trace similar gas densities. The channel maps presented in
Fig. 2A.1 span the velocity range V+AV /2 (i.e., 0.2 to 2.6 kms™!) where V is the
line centre velocity and AV is the FWHM of the inferred Zeeman component.
From this figure we see that, of the 3 peaks located within the central 50%
contour (heavy line), the western-most component has the properties most like
those expected of the molecular gas responsible for the Zeeman effect, in that

1 and fades

it peaks near the velocity of the Zeeman component at 1.4 kms~
away toward the extreme channels of the map. We thus tentatively identify this
feature as the gas clump in which we have detected the Zeeman effect. The

column density of ¥CO is then estimated by integrating the line profiles over
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0.2 to 2.6 kms™" for those spectra spatially located within the 50% contour of
this molecular gas component. Our assumptions may thus (i) underestimate R,
but R cannot be more than about twice the value we determine, as shown by the
channel maps, and (ii) overestimate N, since we assume that all the emission at
the western-most peak in the velocity range 0.2 to 2.6 kms™" is due only to the

molecular cloud responsible for the Zeeman effect.

Chamaeleon: We have not mapped Chamaeleon in 3CQO. Chamaeleon
has been mapped in OH with the Parkes radio telescope by Toriseva et al. (1985).
However, as mentioned above, the large beam-size of these observations makes it
difficult to determine the cloud size. Therefore, we prefer to use the near-infrared
extinction mapping from the DENIS survey (Cambresy et al. 1997). From this
study we are able to determine the column density and map size in a very direct

manner.

Carina: We have not mapped the Carina Molecular Cloud in *CO, so
we have used the results from the PhD study of Brooks, who has kindly allowed
us access to her 12CO and ¥CO data which were also collected with the Mopra
telescope. We estimate the map size from the ?CO map present in Brooks,
Whiteoak & Storey (1998), which provides us with an upper limit to R since

3 and we estimate the mean column

12CO traces lower density gas of < 10% cm™
density from 3CO observations of a few positions located within the Parkes OH
beam. A distance of 2.5 kpc is assumed. Note that we use the value of 30,, from

the entire line profile in Table 2.5.

RCW 57: From the ¥*CO channel maps presented in Fig. 2A.2 we infer
that the NE clump corresponds to the —26.1 kms™' OH absorption component,
while the SW clump corresponds to the —22.6 kms~! OH absortion component.
The clumps are spatially separated, which implies that high-resolution OH Zee-
man observations with the Australia Telescope Compact Array (ATCA) may
reveal whether our tentative detection of the Zeeman effect in the —22.6 kms™*

component is real. We use the accepted kinematic distance to the H II region of

3.6 kpc in the analysis.
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G 326.740.6: The *CO channel maps for the velocity range spanned by
the four separate OH absorption components are presented in Figs. 2A.3 — 2A.6.
For only three of the molecular clouds do we have sufficient 13CO data to deter-
mine N and R with any confidence. For the molecular cloud near —44 kms™?
we have an almost complete map and the determination of R is straightforward.
The OH line profile for the molecular gas near —22 kms™! has been modelled as
a superposition of two Gaussian components, but for the *CO analysis we treat
them as one component and use the value of 3o, in Table 2.5. We estimate from
Fig. 2A.4 that we have mapped approximately half of the cloud associated with
the —22 kms™! OH component, and determine the cloud size accordingly. The
kinematic distance for this component is estimated at 1.5 kpc. We ignore the

1

cloud near —13 kms™" since we have insufficient information to determine any

1 we are able to estimate R and N

of its properties. For the cloud near —2 kms™
from the integrated map (not shown), which is just the sum of the channel maps
shown in Fig 2A.6. The local CO distance (Schwartz et al. 1988) is estimated to
be 150 pc, but an inspection of the UK Schmidt survey plates reveal very little
extinction in this region, and therefore we asign a greater distance of 500 pc to

the cloud near —2 kms™' (e.g., Bok 1977).

G 327.3-0.5: The channel maps are shown in Fig 2A.7, and the deter-
mination of R and N is straightforward. The kinematic distance of 3.3 kpc is

assumed.

G 343.4-0.0: The maps for the *CO emission associated with the OH

! show two distinct clouds, with similar sizes and

absorption near —27 kms~
column densities (Fig 2A.8). We assume that we are seeing the brighter, northern
component in the OH absorption profile. If the OH absorption profile is due to
both the clouds seen in 3CO, then our value for R is underestimated by about
a factor two. However, this would not change the conclusions drawn from the
results in Table 2.5. The distance is assumed to be the near kinematic distance
of 2.8 kpc. The ¥CO emission associated with the 6 kms™! component is very

widespread (Fig 2A.9). We assume that we have mapped about half the cloud,

but this could be an underestimate. Using the local CO analysis of Schwartz
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et al. (1988) the distance is estimated to be 750 pe.

NGC 6334: We have not mapped the 3CO associated with the well
studied NGC 6334 region. NGC 6334 has previously been mapped in 3CO by
Dickel et al. (1977) with a 70” beam. From their maps we are able to estimate R
for the molecular gas associated with the —3 kms™! OH absorption component,
the component associated with the H II region. We have a limited number of
our own '3CO observations, enough to estimate N for both velocity components.
The distance to the H II region is taken to be 1.7 kpc. We are unable to estimate

R for the local gas component near 6 kms™!.

G 8.1+0.2: Observations of this source are virtually non-existent, so we
use our OH observations to determine N, as described in the appendix. Since
the continuum is weak we assume T, ~ 5 K, and a filling factor of 0.5. No
estimation of R is possible. Further observations of this source are required,
such as 3CO J =1 — 0 observations, as the values determined from the OH

observations are very uncertain.

We examine below each hypothesis outlined in §2.1 below. Since the predic-
tions of our simple model are accurate only to within a factor two, we compare
our theoretical expectations for the field strength with twice the observed line-

of-sight field strength, 2B),;.
(a) Clouds are supported primarily by the mean magnetic field.

For the hypothesis that our simple cloud is supported primarily by the mean
magnetic field not to be true requires B MG > 2Bios (or 60g). Since most of
our values for By, are upper limits we do not use the result 2B,,;, > B MG asa
confirmation of our hypothesis. In Table 2.5 we see that our data shows no strong
evidence against the hypothesis that the clouds are supported primarily by the
mean magnetic field. There are two cases which may not be in accord with this
hypothesis. For Cham I we find that B MG =2 20 pG while 2B, (= 2Bg) ~ 18
uG. For the —26.1 kms™! component of RCW 57, B MG = 25 pG, while 2By,
~ 24 puG. For these two sources we thus find B MG =~ 2By,s. Considering the

assumptions we made in our simple models and the methods used to determine
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the cloud properties, these results are consistent with our hypothesis.

(b) Clouds are supported primarily by the turbulent motions associated with MHD

waves.

If molecular clouds are supported primarily by the turbulent motions as-
sociated with MHD waves then we expect equipartition between the kinetic,
gravitational and magnetic energy densities, and if B MKG > 2B,,, then this
cannot be true. A comparison of these values in Table 2.5 indicates that in
most cases this hypothesis could be valid. Considering the assumptions made in
our model in §2.1, the data for all the sources we observed are consistent with

molecular clouds being supported against free-fall collapse by the MHD waves.

(c) Clouds are supported primarily by turbulent motions unrelated to the mag-

netic field.

To examine the hypothesis that magnetic fields are not dominant in molec-
ular cloud support, we compare the observed mean column density N (probably
accurate to a factor 2) with our model values of N kG- If N> N then there
is evidence that the primary cloud support is due to non-magnetic turbulent
motions. In just less than half of our sources (five) we find N kg > 2N, which
strongly suggests that this hypothesis cannot hold for those sources. Thus, for
about half the sources, we can state that significant support cannot be provided
by non-magnetic turbulent motions if the clouds are in virial balance on the

large scale.

Following Crutcher et al. (1993) we can estimate the number of detections
we would expect for the two hypotheses B = B )4 g and B = Bjpg. For a
measurement of the Zeeman effect with sensitivity o and a detection requirement
of Bcos@ > 3o, then for a random orientation of o the probability of detecting
a field strength of B is P =1 — 30/B. For the case 30 > B, P = 0. The sum
of the individual probabilities for each observation is just the predicted number
of Zeeman detections for the sample. For B = B 4 k.G the predicted number of
detections is 1.2, while for B = B MG the prediction is for 0.55 detections. Both

hypotheses therefore indicate we would obtain only one detection of the Zeeman
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effect in our sample, which is consistent with the actual number of detections of

one or two.

In summary, though most of our magnetic field strength measurements are
upper limits, these results do not argue against magnetic fields being dynamically
important in the large scale support of molecular clouds against free-fall collapse,
and in about half the sources studied it can be argued that our results indicate
they must be important. In some cases, e.g., Chamaeleon, it is possible that
they are not important, and that non-magnetic turbulent motions are sufficient
to provide the bulk large scale support against gravity. The question then is,
what is the mechanism which provides this turbulence, which is supersonic (from
comparison of the thermal sound speed and the observed line-widths), but from
the inferred molecular cloud lifetimes cannot be highly dissipative, or at least
must be replenished on relatively short timescales (e.g., Shu, Adams & Lizano

1987).

2.5.2. Supersonic linewidths in molecular clouds - MHD

waves?

Arons & Max (1975) first suggested that the observed line widths in molecu-
lar clouds, much larger than those expected from thermal broadening, could be
the result of hydromagnetic wave motions within the cloud. Since our observa-
tions probe both the mean magnetic field, through the Zeeman effect, and the
turbulent motions within the cloud, through the non-thermal part of the line
widths, we are able to examine whether our observations are consistent with
their hypothesis (see also Zweibel & Josafatsson 1983; Shu et al. 1987; Myers &
Goodman 1988a,b; McKee et al. 1993; Zweibel & McKee 1995). Since we are
dealing with directly observable quantities, a comparison of the line widths and
magnetic field strengths in order to investigate the possible existence of hydro-
magnetic waves is likely to lead to more meaningful results than the comparison

of B and Bk g as was undertaken in the previous section.
We assume that perturbations of the magnetic field have strength § B and
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act perpendicular to the direction of the mean magnetic field B,, so that only
shear Alfvénic waves are considered. The velocity fluctuations associated with

these perturbation have amplitude

6B
v =~ UAB—O (2.18)

where v, is the Alfvén speed, and is given by

VA = B 2.19
N G (219)

We also assume the perturbations are sub-Alfvénic, i.e., dv < vy, so 6B < B,

and shocks do not persist (Arons & Max 1975).

Since the magnetic field is orientated at some angle 6 to the line-of-sight,
we measure Bj,; = B, cos from the Zeeman effect, and the wave motions along

the line-of-sight at a particular frequency have velocity
u = dvsin f cos ¢

for a particular phase ¢ of the wave train. We assume that we sample the full

range of ¢ (i.e., 0 — 27) within the beam, and so we measure
ae_ Lo g 9
<u>= 552} sin“ @

and eqn. (2.18) implies
§B?%sin? 4
&tp
If we assume the observed line widths are hydromagnetic in origin, then the

<u?>=

amplitude of the perturbations are directly related to them, and for the typically
large line widths we observe,
In2\"?
Av = Avyy = u(81n2)/? = §Bsin 6 (n_)
TP

hence

1/2
B 1 A (”p) (2.20)

B, " tan6 By, \In2

where Av and By,s are the observable quantities, and Awvyr is the non-thermal

line width. For typical values we can rewrite eqn (2.20) as

§B 13 ( Av ) Bios \ n 172 591
B, ~ tanf \km s~1/ \ 10 G (103 cm‘3) . (2.21)
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Table 2.6. Determination of 6B/B,

Source Vier % | Bg | or 3o¢ dB/B,
(kms™!)  (kms™!) (uG) 6 =15° 6=45° 6=75°
Orion B 10.0 1.2 24 24 0.7 0.2
RCW 38 1.4 2.3 38 2.9 0.8 0.2
RCW 57 —-22.6 6.5 203 1.6 0.4 0.1
Cham I 4.4 1.0 9 5.4 1.4 0.4
G 343.4-0.0 5.7 0.7 9 3.8 1.0 0.3
RCW 57 —26.1 3.4 12 13.7 3.7 1.0
NGC 6334 6.3 1.2 12 4.8 1.3 0.3
G 326.7+0.6 —21.6 1.7 15 5.5 1.5 0.4
NGC 6334 -3.8 4.9 33 7.2 1.9 0.5
G 8.1+0.2 17.5 3.0 45 3.2 0.9 0.2
G 326.7+0.6 —20.8 2.5 54 2.2 0.6 0.2
G 326.7+0.6 -1.9 2.0 63 1.5 0.4 0.1
G 326.7+0.6 —44.8 6.5 69 4.6 1.2 0.3
G 326.7+0.6 —-13.3 2.0 81 1.2 0.3 0.1
Carina —24.9 4.0 90 2.2 0.6 0.2
G 327.3-0.5 —49.0 5.4 105 2.5 0.7 0.2
Carina —26.2 6.8 126 2.6 0.7 0.2
G 343.4-0.0 —27.4 4.7 153 1.5 0.4 0.1
G 8.140.2 13.3 3.3 153 1.0 0.3 0.1
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For our observations to be consistent with a wave-like model requires that
6B/B, < 1. The results are given in Table 2.6. It is immediately obvious from
this Table that the majority of the observations are consistent with 0B/B, <
1, for some angle 6 to the line-of-sight. While this does not necessarily imply
that the observed line-widths are due to hydromagnetic waves, it clearly does

not contradict this idea.

2.6. Conclusions

We observed the OH ground state transitions at 1665 and 1667 MHz toward nine
southern galactic sources in an attempt to detect the Zeeman effect and hence
measure the magentic field strength. The Zeeman effect was definitely detected
in one cloud associated with RCW 38, with a magnetic field strength of 38 + 2
1G, and possibly in one cloud associated with RCW 57, for which we measure

—203 £ 25 uG.

By comparison of observational data on the magnetic field strength B (or
sensitive upper limits, 30p), line width Awv, column density N, and cloud size
R, with a simple model of a spherical molecular cloud without surface pressure
terms, we find no evidence to contradict the following hypotheses:

(a) Clouds are supported primarily by the mean magnetic field.
(b) Clouds are supported primarily by the turbulent motions associated with MHD

waves.

However, almost all of our magnetic field strength measurements are upper

limits, and so we are unable to conclusively prove or disprove either hypothesis.

A comparison of the observed column density with that expected if the
non-magnetic, non-thermal motions are sufficient to support the cloud against
gravitational collapse suggests that in about half the clouds observed these non-
magnetic motions are insufficient to support the cloud, and another means of

large scale support is required.

A more direct test of hypothesis (b) was performed by comparing the ob-
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served line widths, assuming they arise from hydromagnetic waves, with the
observed magnetic field strength. This comparison shows that the observations
are consistent with the line widths being due to hydromagnetic wave motions,

but again this is not a definitive proof.

As we have seen, detecting the Zeeman effect in molecular clouds is ex-
tremely challenging from an observational perspective, and the upper limits we
determined, while not contradicting the idea that magnetic fields play a key role
in large scale support of molecular clouds, are tantalizingly close to the theoret-
ical values obtained by assuming that they are important in cloud support. A
considerable investment of time was required to obtain these measurements, and
to bring the magnetic field strength upper limits down to values significantly be-
low the theoretical values predicted by our simple model would require an even
greater investment of time. Our aim was to increase significantly the number
of magnetic field strength detections. We did not achieve this aim. Since most
of the bright OH sources in both hemispheres have now been observed for the
Zeeman effect there is probably little progress to be made in further large scale

single dish OH Zeeman studies.

It is possible our low detection rate is due to tangling of field lines and/or
large scale averaging out of the line-of-sight field strength due to changes in
field direction within the telescope beam. Interferometric OH Zeeman studies
undertaken to sample the small scale field structure do find significant small
scale variations in the field direction, such as line-of-sight reversals. However,
these observations come with their own set of problems, such as determining
exactly where the OH is excited. The OH may be excited in foreground clouds
associated or unassociated with the background H II region, with densities of

3

order 10° cm™3, or the region near PDRs where molecules reform, with densities

of 10* cm™3 or higher. See e.g., Roberts et al. 1995; Brogan et al. 1998.

Another avenue for further progress in single dish Zeeman studies is the
possibility of using higher frequency transitions, such as CN near 113 GHz and
CCS near 11 and 22 GHz, which are thought to trace higher densities (n(Hz)
2 10° cm™®) and therefore may probe larger field strengths, since the field is
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thought to scale as n*, where n = n(H,) is the volume density and « lies between
'/3 and '/5 (Troland 1990; Crutcher 1994). However, higher frequencies mean
lower sensitivity to the Zeeman effect, as discussed in this chapter, and the
performance of receivers and the atmosphere at these frequencies makes these

observations very challenging.
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2A. BCOJ=1->0 Mapping of Clouds
Observed for the Zeeman Effect

In order to determine the size R and average column density N for the clouds
in our Zeeman survey, we have attempted to map them in the 3CO J =1 — 0
transition with the ATNF Mopra telescope (Moorey, Sinclair & Payne, 1997).
OH and ®CO are believed to trace similar gas densities of ~ 2 x 103 cm™3
(e.g., Myers et al. 1978; Heiles et al. 1993), but the typical beam size for 3CO
observations is ~ 1’, compared with ~ 10’ for single dish OH observations. Thus
BCO is the preferred tracer of the densities we are probing with our Zeeman
observations as discussed in more detail in §2.5.1. In addition, aside from the
poor spatial resolution of the OH observations, we are generally observing OH

in absorption, which makes the determination of R improbable.

We now present the usual analysis for OH data and outline the uncertainties

involved in its use.

The equation of radiative transfer may be expressed as (e.g. Ho, Moran, &

Rodriguez 1982)
Trp = f['](Te:c) - J(TC)][l - eXp(-—T)] ’ (2A'1)

where T, is the main-beam brightness temperature, 7 is the optical depth of
the cloud in the molecular transition, f is the filling factor, T, is the excitation
temperature of the transition, T¢ is the combined background temperature (the
cosmic background temperature Ty, plus any contribution from a background
continuum source, Ts), and

hv 1
I(T) = k exp(hv/kT) — 1

At the frequencies of the OH ground state transitions near 1.6 GHz J(T) =T

for the temperatures observed in molecular clouds (7" < 100 K), and so
Tob = f[Tex — Tc)[1 — exp(—7)] . (2A.2)

The observed antenna temperature 773 is proportional to T,,,, with a propor-

tionality constant 7., (the main beam efficiency) which is the same for both the
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1665 and 1667 MHz OH transitions. Therefore the ratio of observed antenna

temperatures is

T;(1667) _ T.x(1667) — T 1 — exp(—Tige7) (2A.3)
T/*1(1665) Tew(1665) —Tcl- eXp(_TlGGS) | .

If the transitions are in LTE then T,(1665) = T.,(1667) and Tig65 = 0.55271667
and eqn. (2A.3) simplifies to

TZ(1667) _ 1-— exp(—7’1667)
T;(1665) 1 — exp(—0.55271467)

(2A.4)

which may be solved for 71667 and hence T,,(1667). With this knowledge it is
possible to determine the column density of OH, N(OH), which is given by (Goss
1968; Turner & Heiles 1971)

87k :
N(OH) = h:; ZTez Zgg / rdv | (2A.5)

where v is the frequency of the transition and A is its Einstein A coefficient, g;

is the statistical weight for level ¢ and g, is the statistical weight for the upper

state of the transition. Thus

N(OH) = 4.25 x 10'° (w) T1667 ( av ) cm™? .

K MHz
T..(1667 A
= 2.25x 10™ (—(—K——)) Ti667 (W:‘T) cm™? . (2A.6)

Although we could use the OH observations to infer the column density N, there
are pitfalls with this analysis (e.g., Crutcher 1977, 1979). The most important
is the often used assumption of a common excitation temperature for the 1665
and 1667 transitions due to the assumption of LTE, which can result in deter-
minations of the optical depths and hence column densities which are an order
of magnitude too high. In addition, the conversion from N(OH) to N(H,) is not

well known.

The optical depth of OH could be found, in principle, directly for sources
observed in absorption against a background source of antenna temperature 7%,

from the equation of radiative transfer in the Rayleigh-Jeans approximation

Tmb
T=—In|l- 2A.7
f(Te:c - TS - Tbg) ( )
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where Ty, is the cosmic background temperature. However, our poor knowledge
of Ter and f (due to the large beam sizes - see e.g., §12.4.1 of Rohlfs & Wilson

1996) for most sources makes this equation difficult to use in practice.

We thus use '*CO observations to determine the properties of the gas which
we are sampling with the Zeeman effect. The total column density N of a linear,
rigid rotor, molecule such as CO can be derived from the optical depth, 7, and
excitation temperature, T,;, of a rotational transition at frequency v, using the

expression (e.g. Garden et al. 1991)

_ 3h k(Tex+ hB/3k) exp(E;/kT.;)
; / rdv | (2A.8)

~8mdu2 (J+1)AB 1 - exp(—hv/kT,,
where p is the permanent dipole moment and J is the rotational quantum number
of the lower state. This expression assumes that all energy levels are populated

according to LTE at the temperature T,,.

The total column density of 1*CO can be determined from 3CO J =1 — 0
observations by assuming the emission is optically thin. This assumption is
shown to be true in most cases for the clouds in our sample by a comparison of
the 12CO J =1 — 0 and *CO J =1 — 0 intensities (e.g., the CO survey of the
Hartley et al. (1986) Southern Dark Clouds by Otrupcek et al. (in preparation),

using the Mopra radiotelescope). The total column density is then given by
N(BCO) = 2.42 x 10“F(T,,) / T (13CO) dv (2A.9)

where
T.. +0.88 1

T 1= exp(—5.29/Tug) J(Tez) — J (Toy)
with [ Trns(*CO)dv expressed in K kms™', and N in cm™2. For T,, ~ 10 K,

F(Tes)

F(T.;) ~ 4, and increases to ~ 8 for T, ~ 35 K, which is the typical range of
values for T, for the clouds we are observing (e.g., Myers et al. 1978). Thus
assuming F(T,;) = 6 will allow the determination of N to within a factor 2,
ignoring the uncertainties in the other variables. The average column density
N(H;) may then be found by a suitable choice of the abundance ratio of *CO
to Hy, which we take to be [Hy/*CO] = 5 x 10° (e.g., Rohlfs & Wilson 1996).
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2A.1. Observations

The observations of *CO J = 1 — 0 were undertaken in April 1997 with the 22 m
ATNF Mopra radiotelescope. At the *CO J =1 — 0 frequency of 110201.37
MHz only the inner 15 m of the surface is illuminated, providing an effective

beam size of 45”.

The receiver was a dual linear polarization SIS receiver with a total system
temperature measured to be ~ 150 K in good weather. The 16384 channel au-
tocorrelator was configured for two IFs, providing a velocity resolution of 0.17

kms™!

over a velocity range of ~ 220 kms™! (1024 spectral channels with a
64 MHz bandwidth) at the *CO J =1 — 0 frequency. One IF was centred
on the ¥CO J =1 — 0 frequency, the second being centred on the SiO v =
1, J =2 — 1 transition at 86243.44 MHz for regular pointing checks using SiO
masers listed in the SEST (Swedish-European Submillimetre Telescope) Hand-

book.

The mapping was performed on a 1’ grid in position switching mode, with an
on-source integration time of 4 minutes per position. As the weather conditions
were stable we were able to use reference sharing, using the same off-position
spectrum for multiple on-source positions for each map to allow for the removal of
the instumental spectrum and variations of the system response with frequency
across the bandwidth. Removal of first-order baselines was sufficient in most

cases to correct for any system effects not removed by the reference observation.

The spectra were calibrated offline for atmospheric attenuation and the
variation of telescope beam efficiency with elevation, and the intensity scaled
to the T'; scale of SEST by observations of Orion (ai950 = 057324750, 81950 =
—05°24'23") in the 3CO J =1 — 0 transition, assuming T%(Orion) = 13 K
(Appendix C of the SEST Handbook, V2.1). The conversion to T, is given by
T = T3 /n555T where nSEST = 0.7 near 110 GHz.

mb 'mb

In general we attempted to map down to at least the 50% level of the peak

emission in each source. The individual spectra were then converted to CLASS
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format, and spectral cubes were formed for each source, to allow for interactive

map examination with aipsview, part of the forthcoming AIPS++ package.

2A.2. Results

The data are presented here as channel maps, and are shown in Figs 2A.1 — 2A.9.
The contours are 30, 50, 70, and 90% of the peak emission over the velocity range
plotted in each panel, with the heavy contour marking the 50% contour. The
individual sources are discussed in §2.5.1. In the analysis of column densities
we have assumed T, (**CO) = 20 K, so F(T,;) ~ 6. Distance estimates for the
individual sources are discussed in the text, and are generally extracted from the
literature, or the kinematic distance has been determined from the OH velocity

and the rotation curve of Brand & Blitz (1993).
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Figure 2A.1.— 3CO J =1 — 0 channel maps for RCW 38. The velocity for each
panel is indicated in the upper right. The Mopra beam size is shown in the lower
left of the first panel as a filled circle, and the Parkes OH beam size is indicated by
the dashed circle, which is centred on the position observed for the Zeeman effect
(indicated with a star). Contours are 30, 50, 70, and 90% of the peak emission for the
velocity range shown. The heavy contour is the 50% contour.
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Figure 2A.2.— 3CO J =1 — 0 channel maps for RCW 57. The velocity for each
panel is indicated in the upper right. The Mopra beam size is shown in the lower
left of the first panel as a filled circle, and the Parkes OH beam size is indicated by
the dashed circle, which is centred on the position observed for the Zeeman effect
(indicated with a star). Contours are 30, 50, 70, and 90% of the peak emission for the
velocity range shown. The heavy contour is the 50% contour.
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Figure 2A.3.— 3CO J =1 — 0 channel maps corresponding to the OH —44 kms™!
component of G 326.74+0.6. The velocity for each panel is indicated in the upper right.

The Mopra beam size is shown in the lower left of the first panel as a filled circle, and

the Parkes OH beam size is indicated by the dashed circle, which is centred on the

position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,

70, and 90% of the peak emission for the velocity range shown. The heavy contour is

the 50% contour.
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Figure 2A.4.— 13CO J =1 — 0 channel maps corresponding to the OH —22 kms™!
component of G 326.740.6. The velocity for each panel is indicated in the upper right.
The Mopra beam size is shown in the lower left of the first panel as a filled circle, and
the Parkes OH beam size is indicated by the dashed circle, which is centred on the
position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,

70, and 90% of the peak emission for the velocity range shown. The heavy contour is
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Figure 2A.5.— 13CO J =1 — 0 channel maps corresponding to the OH —13 kms™!
component of G 326.74+0.6. The velocity for each panel is indicated in the upper right.
The Mopra beam size is shown in the lower left of the first panel as a filled circle, and
the Parkes OH beam size is indicated by the dashed circle, which is centred on the
position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,
70, and 90% of the peak emission for the velocity range shown. The heavy contour is
the 50% contour.
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Figure 2A.6.— 3CO J =1 — 0 channel maps corresponding to the OH —2 kms™!
component of G 326.74+0.6. The velocity for each panel is indicated in the upper right.
The Mopra beam size is shown in the lower left of the first panel as a filled circle, and
the Parkes OH beam size is indicated by the dashed circle, which is centred on the
position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,
70, and 90% of the peak emission for the velocity range shown. The heavy contour is

the 50% contour. 119
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Figure 2A.7.— 3CO J =1 — 0 channel maps for G 327.3-0.5. The velocity for each
panel is indicated in the upper right. The Mopra beam size is shown in the lower
left of the first panel as a filled circle, and the Parkes OH beam size is indicated by
the dashed circle, which is centred on the position observed for the Zeeman effect
(indicated with a star). Contours are 30, 50, 70, and 90% of the peak emission for the
velocity range shown. The heavy contour is the 50% contour.
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Figure 2A.8.— 13CO J =1 — 0 channel maps corresponding to the OH —27 kms™!
component of G 343.4-0.0. The velocity for each panel is indicated in the upper right.
The Mopra beam size is shown in the lower left of the first panel as a filled circle, and
the Parkes OH beam size is indicated by the dashed circle, which is centred on the
position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,
70, and 90% of the peak emission for the velocity range shown. The heavy contour is
the 50% contour.
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Figure 2A.9.— 13CO J =1 — 0 channel maps corresponding to the OH 6 kms™!
component of G 343.4-0.0. The velocity for each panel is indicated in the upper right.
The Mopra beam size is shown in the lower left of the first panel as a filled circle, and
the Parkes OH beam size is indicated by the dashed circle, which is centred on the
position observed for the Zeeman effect (indicated with a star). Contours are 30, 50,
70, and 90% of the peak emission for the velocity range shown. The heavy contour is
the 50% contour.
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Chapter 3

Discovery of a highly collimated
molecular outflow in the

southern Bok globule BHR 71!

1Bourke, T. L., Garay, G., Lehtinen, K. K., Kéhnenkamp, I., Launhardt, R., Nyman, L-A.,
May, J., Robinson, G., & Hyland, A. R., 1997, ApJ, 476, 781-800
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ABSTRACT

We report observations of the southern Bok globule BHR 71 in
the J=1—0and J =2 — 1 lines of 2CO, the J =1 — 0 lines of
BCO and C™0, and (J,K) = (1,1) and (2,2) inversion lines of NH,
made with angular resolution of ~ 20" to ~ 9. We also report 1.3 mm
continuum observations made with SEST with ~ 20” resolution. The
low angular resolution molecular observations indicate that the globule
has a diameter of ~ 0.5 pc, a kinetic temperature of 11 K, a total mass
of ~ 40 M), and an average molecular density of ~ 9 x 10° cm™3.
The high angular resolution observations reveal the presence, near
the center of the globule, of a highly collimated bipolar outflow with
lobes extending by ~ 0.3 pc in opposite directions from a strong 1.3
millimeter continuum source. The morphology and velocity structure
of the flow is found to be well described by a biconical outflow that
is inclined from the line of sight at an angle of ~ 84°, has a semi-
opening angle of 15°, and in which the gas moves outwards with an
approximate constant radial velocity (with respect to the cone apex)
of ~ 28 kms™!. The outflow appears to be driven by a very young
stellar object with Ly ~ 9 L), whose characteristics at infrared and
millimeter wavelengths are similar to those of the so-called Class 0

sources.

124



3.1. Introduction

Bok & Reilly (1947) first suggested that small (angular sizes of a few arc
minutes) dark clouds, now known as Bok globules, might be gravitationally
unstable and hence potential sites for the formation of low mass stars. This
hypothesis has proven to be correct by a wealth of infrared and submillimeter
observations which show that the presence of heavily obscured low-mass embed-
ded sources in Bok globules is quite common (e.g. Yun & Clemens 1990, 1994,
1995; Launhardt & Henning 1994). Further, there is increasing observational
evidence that as they are being formed, low mass stars undergo periods of co-
pious mass loss. This ubiquitous phenomenon is observationally manifested by
the presence of Herbig-Haro objects (see review by Reipurth 1991), optical jets
(see review by Mundt 1988), and highly supersonic molecular outflows (see re-
views of Bachiller & Goémez-Gonzélez 1992; Fukui et al. 1993; Bachiller 1996;
and references therein). In most cases the spatial structure of the ejected gas is

bipolar. The nature of this phenomenon is however still poorly understood.

In recent years a new class of outflows has been identified: the highly colli-
mated outflows of which L1448 (Bachiller et al. 1990; Bachiller, Martin-Pintado,
& Planesas 1991) is the prototype. The discovery of these highly collimated
outflows has had a strong influence on the theoretical study of bipolar outflows,
and has resulted in a series of new models in which the driving source is a highly
collimated, mostly atomic jet (e.g. Masson & Chernin 1993; Raga & Cabrit
1993). There is general agreement that the highly collimated outflows represent
the earliest stage in outflow evolution, and that understanding their nature will

provide new insights into the mechanism at work driving all bipolar outflows.

An equally important discovery is that of a new class of young stellar objects
(YSOs), which may very well be the true low-mass protostars, i.e. the bulk of
their final stellar matter has not yet been assembled. Dubbed “Class 0” sources
(André, Ward-Thompson, & Barsony 1993; hereafter AWB) in the spirit of the
Lada (1991) classification scheme, these sources are characterised as having a

strong submillimeter luminosity compared to their bolometric luminosity, a nar-
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row spectral energy distribution (SED) which is well represented by a blackbody
of temperature 15 — 30 K, show no emission at wavelengths below 10 um, and
have indirect evidence for a central YSO, for example a highly collimated outflow
(Barsony 1994; André 1995). In addition, submillimeter observations show that
they possess large amounts of circumstellar dust, typically a factor 10 greater
than Class I sources (e.g. Bontemps et al. 1996). Simple arguments indicate that
these sources have ages of a few x 10? years, and all the various evolutionary
diagrams that have been proposed for YSOs point to the Class 0 sources as being
very young (e.g. AWB; Myers & Ladd 1993; Bontemps et al. 1996). However,
the expected number of Class 0 YSOs at any given time is expected to be low,
due to the short lifetime of this evolutionary stage (Barsony 1994), and this has
been borne out observationally (e.g. AWB). Thus, identifying and studying new

Class 0 sources is important for the development of star formation theories.

Due to their simple geometry and environment, isolated globules are among
the best suited objects for a detailed study of the process of formation of in-
dividual stars. The dark cloud BHR 71 [Bourke, Hyland & Robinson 1995a;
a.k.a. Sal36 (Sandqvist 1977), DC 297.7-2.8 (Hartley et al. 1986)] is an excel-
lent example of an isolated opaque Bok globule. It is located near the southern
Coalsack, and has an angular size at optical wavelengths of 8 x 3’ (Hartley
et al. 1986). It appears in the HyCO survey of southern dark clouds by Goss
et al. (1980), the *CO survey of the Carina Arm by Grabelsky et al. (1987)
and the NHj survey of southern hemisphere globules by Bourke et al. (1995b).
Bourke et al. (1995b) mapped the dense ammonia core in BHR 71, and from
their observations derived a core mass of ~ 3 M, (corrected from Bourke et al.
for the new distance estimate of 200 pc — see Seidensticker & Schmidt-Kaler
1989) and a kinetic temperature of 13 K. Maps of the IRAS emission toward
this object, made using the coadded images from the IRAS Sky Survey Atlas,
show the presence of two infrared sources projected toward the globule. One
of them, IRAS 11590-6452, is projected near the center of the globule and is
heavily obscured, suggesting that a low mass star has been formed, or is in the

process of formation, in the innermost region of BHR 71.
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Near-infrared observations of BHR 71 by Bourke et al. (1993; see also
Bourke 1994) shows that bipolar-like nebulosity is visible either side of IRAS
11590-6452, suggesting that a molecular outflow may be present in BHR 71. In
this Chapter we present observations of BHR 71 in lines of 2CO, 3CO, C!80 and
NHj3, and continuum observations at 1.3 mm, with angular resolutions ranging
from 20" to 9'. We report the discovery of a highly collimated bipolar molecular
outflow in BHR 71, centered on IRAS 11590-6452. We also report the detection
of a strong 1.3 mm continuum source, which is coincident with IRAS 11590—
6452. We find that this source corresponds to a cold object (Tyyus: ~ 35 K), with
a core-envelope structure and a total luminosity of Ly, ~ 9 L. The observed
and derived characteristics suggest that the driving source of the outflow is a

very young stellar object, possibly a new example of a Class 0 protostar.

3.2. Observations

The observations were made using the 1.2 m Millimeter Wave Radiotele-
scope at the Cerro Tololo Interamerican Observatory (CTIO), Chile, the 15 m
Swedish-ESO Submillimetre Telescope (SEST) located on La Silla, Chile, and
the Parkes 64 m radio telescope in Australia. The basic observing parameters

are summarized in Table 3.1.

3.2.1. CTIO radiotelescope

The observations with the CTIO radiotelescope of the emission in the 2CO
J=1-0 (v =115271.201 MHz) and ¥CO J =1 — 0 (v = 110201.370 MHz)
lines from BHR 71 were undertaken during May — June 1994 and May 1995,
respectively. At the observed frequencies the half-power beam width of the
telescope was ~ 8!8. The receiver was a liquid nitrogen-cooled Schottky receiver
(see Bronfman et al. 1988 for a description). The spectrometer consisted of a
256 channel filter bank, each channel being 100 kHz wide. This provided velocity
resolutions of 0.26 and 0.27 kms™! at the frequencies of the 2*CO J =1 — 0 and
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Table 3.1. Summary of Observational Parameters

Observation Frequency Beam Spacing  Positions Av rms noise
(GHz) (FWHM) observed  (kms™!) (K)
CTIO radiotelescope
1200J=1-0 115.271 8!8 3!75 100 0.26 0.20
BCOJ=1-0 110.201 8!8 375 50 0.27 0.13
SEST radiotelescope
2C0J=1-0 115.271 45" 60" 50 0.112 0.20
20" 177 0.50
BCOJ=1-0 110.201 47" 60" 34 0.117 0.08
90" 50 0.25
C¥0J=1-0 109.782 47" 40" 93 0.118 0.10
2007 =2-1 230.538 23" 20" 36 0.056 0.50
1.3 mm continuum 236 (Av = 50) 23" e 7 maps
Parkes radiotelescope
NH; (J,K) = (1,1) 23.694 84" 60" 30 0.12/0.05 0.03
NH; (J,K) = (2,2) 23.722 84" 60" 5 0.12/0.05 0.03
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BCO J =1 — 0 lines, respectively.

In the CO J =1 — 0 line we mapped, with an angular spacing of 375, a
region ~ 40’ in diameter. In each of the 100 positions observed we integrated
until the rms noise per channel was reduced to 0.20 K in main-beam temperature
(antenna temperature corrected for main-beam efficiency; 7,5 = 0.82). Typically,
this was achieved after integrating for about 12 minutes per position. In the 3CO
J =1— 0 line we mapped, with an angular spacing of 3!75, a region ~ 30’ in
diameter. In each of the 50 positions observed we integrated for 20 minutes,
reaching typically an rms noise per channel in main-beam temperature of 0.13

K.

3.2.2. Swedish—-ESO Submillimetre Telescope
12C0 and '3CO observations

The observations of ?CO J=1— 0 and **CO J =1 — 0 line emission using
SEST were undertaken during April 1994, April 1995, September 1995 and Octo-
ber 1995. In the 3 mm range the telescope was equipped with dual-polarization
Schottky mixer receivers (April 1994 and April 1995) or SIS receivers (Septem-
ber — October 1995). The telescope beamsize at the observed frequencies was ~
45" (FWHM) and the main beam efficiency was 0.70. Most of the observations
were performed in frequency-switched mode. Higher signal-to-noise observations
were performed in position-switched mode, with the reference position located

at a5 = 11h53m44s7 and (51950 = —65°13'58".

In the 2CO J =1 — 0 transition we observed 177 positions within a ~
200" x 480" region with 20” spacing in frequency-switched mode. The system
temperatures varied between 350 and 900 K, depending on weather conditions
and observing session (in September and October 1995 the new SIS receiver
was used, which resulted in significantly lower system temperatures), and the
resulting rms noise in antenna temperature was between 0.2 and 0.9 K for an

integration time of 50 seconds. In position-switched mode a region of 6’ x 10’ in

129



size was mapped with 60" spacing (50 positions). The system temperatures were
in the range 530 — 590 K. The integration time on source at each position was
2 minutes, resulting in an rms noise of typically 0.2 K in antenna temperature.
For all the ?CO observations the backend used was a high resolution acousto-
optical spectrometer with 1000 channels and a velocity coverage of ~ 112 kms™!
for frequency-switched observations, and 2000 channels with a velocity coverage
of ~ 225 kms™! for position-switched observations. The resolution in both cases

was 0.112 kms™!.

In the ¥CO J =1 — 0 transition we observed 34 positions with 60" spac-
ing in position-switched mode, and 50 positions with 90” spacing over a 9’ x
9' region in frequency-switched mode. The 1000 channels provided a velocity

resolution of 0.118 kms™!

and a velocity coverage of ~ 117 kms™!. The system
temperatures were ~ 220 K for the position-switched observations, and ~ 350 K
for the frequency-switched observations. The integration time on source at each
position was 3 minutes (position-switched) or 1 minute (frequency-switched),
resulting in an rms noise in a single spectral line channel of typically 0.08 K or

0.25 K in antenna temperature, respectively.

Observations of *CO J =2 — 1 (v = 230538.000 MHz) were undertaken
in April 1994 and April 1995 with 20” spacing about the center of the globule
and at the CO peaks in the outflow lobes, simultaneously with the J =1 —0
observations. System temperatures varied between 600 — 750 K. Observations

were frequency-switched, and the 1000 channels of the spectrometer provided a

1 1

velocity coverage of 56 kms™ with a velocity resolution of 0.056 kms~!. In-
tegration times were the same as for the J =1 — 0 observations, 50 seconds,
resulting in an rms noise of ~ 0.5 K. The effective beamsize at 1 mm is ~ 23"

(FWHM), and the main beam efficiency is 0.60.

C180 observations

Observations of C¥O J=1-0 (v = 109782.160 MHz) were undertaken in
April 1994. We observed 93 positions in frequency-switched mode within a 6:7
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X 67 region with 40" spacing. The 1000 channels of the spectrometer provided

a velocity coverage of ~ 118 kms™!

with a velocity resolution of 0.118 kms™!.
System temperatures were ~ 330 K and the on-source integration time was 2
minutes per position, resulting in an rms noise in antenna temperature of ~ 0.1

K.

Continuum observations

The continuum observations were carried out during November 1995 using the
SEST single channel bolometer operating at 1.3 mm. The bolometer has a center
frequency of 236 GHz and a bandwidth of ~ 50 GHz. It consists of a Germanium
element inside a 3He cryostat cooled to about 0.3 K. A similar bolometer is
described by Kreysa (1990). At 1.3 mm the telescope has an effective beamwidth
of 23" (FWHM). Beam-switching was done with a focal-plane chopper having a
horizontal beam throw of 70”. Seven maps were obtained by scanning in azimuth
at a rate of 8" per second, with adjacent scans separated by 8” in elevation (about
a third of the beamwidth). Pointing was done on a nearby quasar and found to
be repeatable to within + 3”. The atmospheric transmission was measured by
skydips every two hours. Focus measurements were done more frequently after
sunrise and sunset. The zenith opacities varied during the observing run (two
nights) and were in the range 0.13 < 7 < 0.28. Uranus was used as the calibrator
source and was assumed to have a brightness temperature of 96 K at 236 GHz.
The flux calibration is believed to be accurate to 20%, the uncertainty being
caused mainly by the limited accuracy of the adopted calibrator temperature.
The raw data were corrected for atmospheric attenuation and transformed into
NOD2 format (Haslam 1974) using SEST software. Final data reduction was
done with the software package MAP (written by R. Zylka, MPIfR Bonn) which
uses the NOD2 and GAG libraries. The double beam maps were restored into
single-beam maps using an improved algorithm of Emerson, Klein, & Haslam
(1979), shifted, averaged (weighted by their rms noise, resulting in a final map
with an rms noise level of ~ 35 mJy/beam) and transformed from an azimuth-

elevation system into the equatorial coordinate system.
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3.2.3. Parkes radio telescope

Ammonia observations of BHR 71 have previously been reported by Bourke
et al. (1995b), and full details of the observational techniques can be found
there. Observations of BHR 71 were undertaken at the Parkes radio telescope
in the (J,K) = (1,1) and (2,2) transitions of NH; at 23.694495 and 23.722633
GHz respectively, during November 1991 and February 1994. In November 1991
the old Parkes 1024-channel digital correlator was split into 2 sections of 512
channels, providing a velocity resolution of 0.12 kms™!. The globule was mapped
in the (1,1) line at 30 positions with 60" spacing about the Hartley et al. (1986)
position (ay950 = 11259™10%, d1950 = —64°52/24” ), and both transitions were also
observed at the IRAS PSC position (1950 = 11°59™m031, 81950 = —64°52'11").
In February 1994 the new Parkes 16384-channel digital correlator was split into
2 sections of 2048 channels, providing a resolution of 0.05 kms~!. Mapping
was performed in the (1,1) line with 30” spacing centered on the IRAS position
in a 13 point cross, and 5 positions were simultaneously observed in the (2,2)
transition. Absolute calibration of the 1994 observations are uncertain, so the
(1,1) mapping results from this session are not used. However, since the (1,1)
and (2,2) observations were undertaken simultaneously absolute calibration is
not important for the derivations of properties using these transitions. The

beamwidth at these frequencies was ~ 84",

3.3. Results

3.3.1. Globule characteristics

Optical images of BHR 71, in blue and far-red light, are shown in Figure 3.1. The
image on the left is from the UK Schmidt IIIaJ survey plate and was obtained
from the Digital Sky Survey (DSS)?, while the image on the right is an I band

2The Digitized Sky Survey was produced at the Space Telescope Science Institute under
U.S. Government grant NAG W-2166. The UK Schmidt Telescope was operated by the Royal
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Figure 3.1.— Nest Page

Optical images of the Bok globule BHR 71. Left panel, the UK Schmidt I11aJ
image, taken from the Digital Sky Survey (DSS). The FOV is ~ 35 on a side.
The lack of stars toward the center clearly defines the globule. Right panel, 1
band image taken with a 1024 x 1024 pixel TEK CCD on the 1 m telescope
at Siding Spring Observatory. The FOV is ~ 9’ on a side. The opacity of the
globule is evident in this image, as well as a conical shaped nebulosity protruding

from near its center.
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image taken in January 1993 with a 1024 x 1024 pixel TEK CCD on the 1 m
telescope of the Mt Stromlo and Siding Spring Observatories, located at Siding
Spring, Australia. The coordinate system of both images was determined by
comparison with stars from the Hubble Space Telescope Guide Star Catalog.
In the DSS image, the Bok globule nature of the cloud is clearly evident — it
is well isolated and very opaque. In the I band image, the central region of
the globule is still very opaque, despite the large number of background stars
present. Nebulosity is also visible in the I band image, hinting at its active
star-forming state. In fact, stars may be seen through the nebulosity, suggesting
that a hole or cavity has been created there. From its association (positional
and velocity) with the Coalsack, Bourke et al. (1995b) estimated the distance to
BHR 71 at 175 pc, based on the work of Rodgers (1960). However, more recent
determinations of the distance to the Coalsack (Seidensticker & Schmidt-Kaler
1989) place it nearer to 200 pc. We adopt a value of 200 pc as the distance to
BHR 71. Conversion between angular and linear size is thus 1’ ~ 0.06 pc, or 1!7

~ 0.1 pc.

12CO and 3CO

Maps of the velocity integrated '2CO and *CO emission from BHR. 71 overlayed
on the DSS image are shown in Figure 3.2. The range of velocity integration
is from —6 to —3 kms™! for both molecules. The 2CO J =1 — 0 emission
arises from roughly a circular region, with observed major and minor axis of
14!5 and 14’2 (full width at half power), respectively. The deconvolved sizes,
computed by assuming that the observed size is the quadrature sum of the true
cloud size and the telescope beam (8!8), both assumed to have Gaussian shapes,

are 115 and 11’1 (0.68 x 0.65 pc). The emission in the 3CO J =1 — 0 line

Observatory Edinburgh with funding from the UK Science and Engineering Research Council
(later the UK Particle Physics and Astronomy Research Council), until 1988 June, and there-
after by the Anglo-Australian Observatory. The blue plates of the southern Sky Atlas and its
Equatorial Extension (together known as the SERC-J), as well as the Equatorial Red (ER),
and the Second Epoch [red] Survey (SES) were all taken with the UK Schmidt.
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Figure 3.2.— Nezt Page

Integrated CO maps of BHR 71 (CTIO). Left panel, **CO J =1 — 0 emission
integrated over the velocity range —6 < v, < —3 kms™!, overlayed on the I
band image. The contour levels are 20, 35, 50, 65, 80 and 95% of the peak
J Trpdv of 10.0 K kms™. Right panel, 3CO J = 1 — 0 emission integrated over
the same velocity range as the '2CO emission. The contour levels are 20, 35, 50,

65, 80 and 95% of the peak [ T;.,,dv of 2.8 K kms™!.
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is elongated in a direction with position angle (PA) of ~ 125°, having observed
major and minor axes of 14!2 and 11/2, respectively. The deconvolved major
and minor axes for "*CO are 11/1 and 6'9, respectively (0.65 x 0.40 pc). Unlike
the well studied Bok globule B335, the molecular emission is well centered on
the region of greatest visual extinction (Frerking, Langer, & Wilson 1987). The
slight extension to the northeast traces a low visual extinction region seen more
clearly on the original Schmidt plate. From the profiles of the 12CO J =1 — 0
and CO J =1 — 0 emission integrated over the source, we determined line
center velocities of —4.26 and —4.35 kms™!, and line widths of 1.09 4+ 0.01 and
0.80 £ 0.02 kms™!, respectively.

C80 and NH;4

In Figure 3.3 we show integrated C'®*O and NH; maps overlayed on the I band
image. The range of velocity integration is the same as for Figure 3.2. Both
maps show a relatively elongated core with position angles of ~ 126° and ~ 117°
respectively. The deconvolved map sizes (FWHM) are 5'3 x 2/5 for C'20O and
3'5 x 2!1 for NHj, which imply linear sizes of 0.31 pc x 0.15 pc and 0.20 pc
x 0.12 pc respectively. As discussed by Myers (1995), a molecular cloud does
not have a unique size, its dimension and appearance in a particular map being
a strong function of the tracer used to observe it. The ammonia observations
most likely trace the denser gas within the globule core, while C'80 is tracing the
cloud column density. The C'8O contours match very well the extinction in the
I band image, but indicate some non-uniformities in column density which are
discussed in §3.5.1. The ammonia contours show a relatively symmetric dense
core, with a slight elongation to the northwest. However, the beam size used
(84") does not allow a detailed study of the density structure. From the sum
of all C'80 spectra across the source we determine Vi, = —4.63 kms™! and AV
(FWHM) = 0.82 + 0.01 kms~!. For NH; we determine V;,, = —4.45 kms™! and
AV = 0.69 £ 0.03 kms™' (using the higher spectral resolution observations and
fitting the ammonia hyperfine structure). We will assume a cloud velocity of ~

—-4.5 kms™! for future discussion.
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Figure 3.3.— Next Page

Integrated emission in the lines of C'*O J =1 — 0 (SEST) and NH; (J,K) =
(1,1) (Parkes). Left panel, C'*O map, integrated over the velocity range —6 <
vsr < —3 kms™!, overlayed on the I band image. The contour levels are 20, 35,
50, 65, 80 and 95% of the peak [T,,,dv of 2.4 K kms™!. Right panel, NH; (J,K)
= (1,1) emission integrated over the same velocity range as the C'30 emission.
The contour levels are 20, 35, 50, 65, 80 and 95% of the peak [T,.,dv of 3.8 K

kms~!.
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3.3.2. Molecular outflow

Morphology

Figure 3.4 shows the '?CO J = 1 — 0 spectra across a 6' x 10’ region of BHR, 71,
mapped with SEST in position-switched mode. Strikingly seen in this figure is
the presence toward the northwest of strong emission at velocities redshifted with
respect to the systemic dark cloud velocity of ~ —4.5 kms™!, and toward the
southeast the presence of strong emission at blueshifted velocities. The emission
in the redshifted wing is seen in the LSR velocity range from about —3 to 7

1

kms™, and the emission in the blueshifted wing is seen in the range from about

—14 to —6 kms~!,

Figure 3.5 shows the emission in the ?CO J =1 — 0 line wings integrated
over the velocity range —14 < v, < —6 kms™! (left panel) and —3 < v, < 7

! (right panel). Clearly distinguished are two lobes symmetrically placed

kms™
about the 1.3 mm continuum source (marked with a star — see §3.3.3). The bulk
of the emission from the southwest lobe arises at velocities that are blueshifted
with respect to the ambient cloud velocity, while the bulk of the emission from
the northwest lobe arises from velocities that are redshifted. Consequently, we
will refer to the southeast lobe as the blue lobe and to the northwest lobe as
the red lIobe. The angular size in the direction of the flow of the southeast and
northwest lobes are ~ 5!3 and ~ 50, respectively, which at a distance of 200 pc
translate into linear sizes of 0.31 and 0.29 pc, respectively. From the observed
major and minor axes of the lobes we estimate that the semi-opening angle of
the outflow is approximately 15° £ 5°. The collimation factor is high, with
a length-to-width ratio of at least 5 in the lobes, as determined from the half-
power contour. The axial alignment of the peaks in the lobes, and the peak in the
mm continuum (§3.3.3 and Fig. 3.13), is very high, suggesting that the ambient
medium is relatively homogeneous and/or the outflow source is not precessing

significantly. The position angle of the outflow is ~ 165° and is not aligned with

either of the globule axes.
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Figure 3.4.— 2CO J = 1 — 0 spectra over the 6’ by 10’ region mapped with position-
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left.
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Figure 3.5.— Left panel, 2CO J = 1 — 0 emission integrated over the velocity range
—14 < v, < —6 kms™1, which is blue shifted with respect to the ambient velocity
of —4.5 kms~!. Right panel, 12CO J =1 — 0 emission integrated over the velocity
range —3 < v, < 7 kms™!, which is red shifted with respect to the ambient velocity.
Contours are 5, 20, 35, 50, 65, 80, 95% of the peak [ T,,,dv of 36.1 K km s~! in the
blue lobe and 44.2 K kms™! in the red lobe. The heavier contour marks the 50% level
in each panel. The observed positions are indicated.
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Velocity structure

In order to investigate the spatial distribution of the outflowing gas as a function
of velocity, we have divided the line wing emission into three pairs of velocity
intervals: designated as the high, intermediate and low velocity intervals, re-
spectively. Each velocity pair is symmetric with respect to the ambient cloud
velocity of —4.5 kms™'. The range of velocity integration for the high velocity
pair are from —13.2 to —10.8 kms™ for the blueshifted component and from 1.8
to 4.2 kms™! for the redshifted component; for the intermediate velocity pair
the ranges are from —10.8 to —8.4 kms™! and from —0.6 to 1.8 kms™! for the
blueshifted and redshifted components, respectively; finally, for the low velocity
pair the ranges are from —8.4 to —6.0 kms™! and —3.0 to —0.6 kms™! for the
blueshifted and redshifted components, respectively. In Figure 3.6 we present
maps of the velocity integrated emission in the six velocity intervals defined
above, and over the velocity range of the ambient gas emission (middle panel;
—6 < vir < —3 kms™!). It is clear from this figure that in both the high and in-
termediate velocity intervals, the blueshifted and redshifted emission arises from
two distinct spatially displaced lobes which are symmetric with respect to the
flow center. On the other hand, the emission in the low-velocity interval shows
superimposed blueshifted and redshifted lobes. These kinematical characteristics
can also be appreciated in Figure 3.7, which shows a position-velocity diagram
along the major axis of the outflow. Figure 3.4 also shows this quite clearly in
the high signal-to-noise position-switched observations. In the low velocity range
blueshifted and redshifted emission is observed toward each of the lobes. The
observed ?CO emission pattern is in very good agreement with that expected
if the flow is viewed nearly perpendicular to its symmetry axis, in which case
the flow morphology appears as two spatially distinct high velocity components

with superposed blueshifted and redshifted emission (Cabrit & Bertout 1986).

Figure 3.6 also shows that the spatial extent of the 2CO emission in the
three velocity intervals is nearly the same, the lobe sizes showing little depen-
dence on the velocity range. This behaviour can neither be explained by a model

of an explosive flow which is freely expanding, since in this case the flow should
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Figure 3.6.— Nexzt Page

2CO J =1 — 0 integrated over the high, intermediate, and low velocity channel
ranges as described in the text. The velocity range of each panel is indicated.
Note that the velocity width is 3.0 kms™! for the central panel, which is the
velocity range of the ambient gas (indicated with a heavier border), and 2.4
kms™! for the other panels. Contours are 10 to 30 K kms™! (interval 2 K
kms™!) for the central panel, and 1 to 15 K kms™! (interval 1 K kms™') for the
other panels. The star marks the position of the mm source and the diagonal
line marks the radial axis of the outflow. At the lower velocity intervals (relative
to the ambient velocity of —4.5 kms™!), blue shifted and red shifted emission is
seen toward both lobes. At higher velocities the outflow becomes more collimated

(extreme panels).
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Figure 3.7.— Position-velocity diagram of 2CO J =1 — 0 along the major axis of
the outflow. Contour levels are 1.4 to 23.8 K by 1.4 K in T,,,. The systemic velocity
(vertical dashed line) and position of the mm peak are as indicated.
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be more extended in the high velocity range, nor by a decelerated but steady flow
in which case the lobes should be more extended in the low velocity range (Snell
et al. 1984). The independence of lobe size with wing velocity points rather to a
model of a steady flow with constant outflow velocity (Cabrit & Bertout 1986;
Cabrit, Goldsmith, & Snell 1988). Further, the channel maps in Figure 3.6 also
show that there is a systematic increase in flow collimation with increasing flow

velocity.

Heating of the ambient gas by the outflow

Figure 3.6 shows that the integrated emission in the velocity range of the ambi-
ent cloud (middle panel; —6 < v, < —3 kms™!) is significantly greater in the
outflow lobes than at the position of the embedded mm source. Not only is the
integrated intensity greater, but the peak CO intensity in both the J =1 — 0
and J = 2 — 1 transitions is greater toward the outflow lobes (see also Fig. 3.4).
This can be appreciated in Figure 3.8 which shows spectra at 4 positions along
the outflow axis, one in the red lobe, two in the blue, and at the position of the
mm source. This is an unusual result, seen previously in only a few outflows from
low mass sources (e.g. L1157 — Umemoto et al. 1992; RNO43 — Bence, Richer, &
Padman 1996), and indicates that the excitation temperature of the ambient gas
toward the outflow lobes is greater than at the position of the embedded source.
The excitation temperature can be estimated from the J=2—1/J=1—-0
line intensity ratios (Levreault 1988). To compute these, the J =2 — 1 data,
taken with a smaller beam, have been convolved with nearby spectra to approxi-
mate the beam size of the J =1 — 0 data. We find J =2 — 1/J =1 — 0 ratios
of ~ 0.85 at the central position and ~ 0.95 in the lobes. If the lines are optically
thick (as suggested by the 2CO J =1 — 0/¥CO J =1 — 0 ratios), then these
ratios imply excitation temperatures of < 15 K at the embedded source position
and > 30 K in the lobes. A similar temperature enhancement was observed by
Umemoto et al. (1992) in the outflow from the very red low-mass source IRAS
2038646751 in L1157. They confirmed the temperature enhancement with ob-

servations of ammonia, which indicated kinetic temperatures in excess of 30 K
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in the outflow lobes (see also Bachiller, Martin-Pintado, & Fuente 1993). If the
ambient gas were heated solely by stellar radiation, we would expect the CO
maxima to occur at the position of the embedded source (position “mm”). The
fact that the peaks occur toward the outflow lobes suggests that the ambient
gas there is heated by interactions with the outflow. This heating most likely re-
sults from shocks associated with the jet driving the outflow, as discussed later
in §3.5.1. Our ammonia observations, undertaken before the discovery of the
outflow, do not cover the regions of the lobe peaks, so the magnitude of the tem-
perature enhancement in BHR 71 remains to be determined. Observations of the
(1,1) and (2,2) lines at the offset position (Aa/, Ad’') = (0,-1) (within the I band
nebulosity) shows only a hint of a slight enhancement in kinetic temperature.
However, the signal-to-noise in the (2,2) spectrum is low, and so any broadening

of the (2,2) line at this position would not be seen in our data.

3.3.3. The Embedded source

Figure 3.9 shows a map of the 1.3 mm continuum emission from the central
region of BHR 71, revealing a strong compact source with a peak position at
Qo950 = 11859™253, G150 = —64°52'01" (uncertainties in this position are esti-
mated at 1o = 5”). For comparison, the major and minor axes of the error
ellipse of IRAS 11590-6452 are shown (see below). Figure 3.10 shows a compar-
ison of annular averages centered on the position of peak emission of the mm
source with similar averages for Uranus (angular size 3”5) (upper), and a de-
composition of the profile into 2 Gaussian components (lower). It is clear from
Figures 3.9 and 3.10 that the source as a whole is extended. However, the lower
panel of Figure 3.10 shows that the source profile is well fitted by 2 Gaussians, a
narrow “central” component, and a broad “extended” component, which is also
seen in the three best individual maps of the seven made (7 < 0.2), and so is
not a result of poor alignment of the individual maps. Similar two component
continuum structures are observed toward other very young low mass protostars,
e.g. L1448-mm (Guilloteau et al. 1992; Bachiller et al. 1995a) and B335 (Chan-

dler et al. 1990). The central component is unresolved, and the upper limit to
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Figure 3.8.— Spectra of 2CO J=1—0and J=2—1, 3CO J=1-0, g0
J=1-0, and NH3 (J,K) = (1,1) and (2,2), toward select positions in the BHR 71
outflow. Filled squares mark the positions in the outflow map for which we show
spectra, with their labels. The star marks the position of the mm continuum peak,
for which we also show spectra. The systemic velocity of —4.5 kms™! is indicated for

each spectrum.
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Figure 3.9.— Nezt Page

1.3 mm continuum emission overlayed on the I band image. Left panel, full field
of view for the I band image, showing the relation of the mm emission to the
globule. The emission is very well centered on the globule. Contour levels are 5,
20, 35, 50, 65, 80, 95% of the peak flux of 2 Jy/beam. Right panel, enlargement
of the region indicated on the left panel. The mm continuum is well aligned with
the projected apex of the conical reflection nebula. The solid contour is the 50%
level, and the cross marks the position and error ellipse of IRAS 11590-6452 as
given in the PSC (see text). The beam size is indicated in the lower left of the

panel.
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its deconvolved FWHM is 7" (1400 AU). The deconvolved size of the extended
component is ~ 40" (7600 AU). The peak flux is measured at 2.0 Jy/beam,
and from the continuum map we estimate that the integrated flux in the central

component is ~ 1.7 Jy and in the extended component 2.6 Jy.

Maps of the IRAS emission at 12, 25, 60, and 100 um from a region of equal
size to the I band image (Fig. 3.1) are presented in Figure 3.11. These maps,
made from the coadded images of the Infrared Sky Survey Atlas (ISSA), have
been processed with the Maximum Correlation Method (MCM) algorithm (Au-
mann, Fowler, & Melnyk, 1990) at IPAC, and show that there are two infrared
sources projected toward the globule: (i) a northern object, IRAS 11589-6447,
bright at 12 pum and below the detection limits at the longest wavelength; and
(ii) a southern object, IRAS 11590-6452, bright at 100 um and below the detec-
tion limits at the shortest wavelength. The peak position of the southern object
at 100 pum is o590 = 11259™03%1, 61950 = —64°52'07", while that of the northern
object at 12 pm is aig50 = 11758™M583, 1950 = —64°48'03". In Table 3.2 we
give the flux densities of these objects in the IRAS bands taken from the Point
Source Catalog. The position of IRAS 11590-6452 is coincident, within the er-
rors, with the position of the 1.3 mm continuum source detected with SEST,
and thus is likely to be associated with the source driving the molecular out-
flow. IRAS 11589-6447 appears in the IRAS catalogue of low resolution spectra
(LRS) between 7.7 and 22.6 um (Olnon et al. 1986). It shows a prominent 10
pm emission band, and has been classified as belonging to the LRS class “29”,
possible a star with an O-rich envelope. te Lintel Hekkert et al. (1991) searched
for 1612 MHz OH emission toward this source as part of a large survey of can-
didate OH/IR stars, selected on the basis of their IRAS colours. They did not
detect any emission. JRAS 11589-6447 can be identified in the I band image as
the extremely bright star to the north of the globule.
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Figure 3.10.— Upper panel, normalised profiles of the annularly averaged flux of the
mm emission from the continuum source (solid line) and Uranus (broken line). The
offsets for the continuum source are relative to the peak position. Lower panel, the
normalised profile of the annularly averaged flux of the mm emission deconvolved into
2 Gaussian components, as indicated. The composite of the 2 Gaussians is shown as
the dotted line. The FWHM of the beam is 23".
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Figure 3.11.— Contour maps of the IRAS emission toward BHR 71. These coadded
maps have been processed by IPAC using the MCM algorithm with 20 iterations.
Final beam sizes are estimated at ~ 70" x 38" for the 12 um, ~ 45" x 30" for 25 pm,
~ 70" x 45" for 60 pum, and ~ 105" x 85" for 100um. Levels are 20, 35, 50, 65, 80,
95% of the peak in each map (1.2 Jy/ster — 12 um; 0.53 Jy/ster — 25 um; 1.1 Jy/ster
~ 60 pm; 0.80 Jy/ster — 100 um). The peak position of the mm source is marked with
a cross. The image size is the same as that of the I band image (Fig. 3.1).
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Table 3.2. Flux Densities

Source Siopm  Ssuym Seoum S oopm  S13004m
(Jy)
IRAS 11590-6452  0.25L. 6.53  77.38 192.90 1.7

IRAS 11589-6447 22.02 13.07 2.67 15.41L

Note. — L indicates upper limit only.

3.4. Analysis

3.4.1. Physical properties of the globule
12CO and 3CO

The determination of the physical characteristics of the BHR 71 globule is based
on the observations of the 2CO J =1 — 0 and ¥*CO J =1 — 0 lines at CTIO,
and are described in detail in the appendix. At the peak position we measured
a main beam brightness temperature in the 2CO J =1 — 0 line of 8.0 K. As-
suming that this emission is optically thick and that it completely fills the beam,
we find that the excitation temperature of the 2CO J =1 — 0 transition is ~
11 K. For comparison, Bourke et al. (1995b) derived a rotational temperature

between the (1,1) and (2,2) inversion transitions of NHj of 12 K.

In Table 3.3 we present observed and derived properties of 2CO and 3CO
at nine positions within the globule, separated by about one beamwidth. The
optical depth in the '2CO J =1 — 0 and *CO J =1 — 0 lines is derived from
their ratio of observed brightness temperatures [see egs. (3A.2) & (3A.3)]. We
find that 2CO is optically thick across the entire mapped region, with 735 ~
40 near the globule center. For 3CO we determine 73 ~ 0.4 near the center,

with only small variations across the mapped region. In columns 9 and 11 of
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Table 3.3. !2CO and '3CO observed and derived globule parameters
Observed Derived
Offset 2Cco 13CO

Al Ab T Vi AV T Vier AV s LAV N(CO)

") Q) (K) (kms~1) (kms~!) (K) (kms~1) (kms~!) (kms™1) (10'° cm—2)
—7.50 —7.50 1.95+0.18 -4.39+0.03 0.71£0.07 0.58+0.11 —4.26+0.06 0.7210.13 0.35 0.26 1.93

0.00 —7.50 4.35+0.24 —4.344-0.02 1.06+0.06 1.24+0.10 -4.30+0.03 0.72+0.06 0.33 0.24 1.82

7.50 —7.50 2.521+0.20 -4.10+0.03 0.86+0.06 0.59+0.11 —4.10+0.05 0.60+0.14 0.27 0.16 1.20
—-7.50 0.00 3.7940.19 —4.4240.02 0.93+0.04 1.2740.10 —4.38+0.03 0.771+0.07 0.40 0.31 2.33

0.00 0.00 6.55+0.22 —4.424+0.01 1.09+0.03 2.424+0.09 -4.42+40.01 0.82+0.03 0.46 0.38 2.84

7.50 0.00 2.48+0.20 —4.2340.03 1.2440.08 0.59+0.09 -4.34+0.05 0.744+0.10 0.27 0.20 1.49
—7.50 7.50 0.7540.20 -4.2940.09 0.8240.17 0.36+£0.11 —4.33+0.07 0.47+0.18 0.66 0.31 2.35

0.00 7.50 2.44+0.18 -4.144+0.03 1.05+0.06 0.41+0.11 -4.30£0.10 0.97+0.19 0.19 0.18 1.35

7.50 7.50 2.6940.19 -4.01+0.03 1.114+0.06 0.27+0.10 —4.07£0.12 0.8210.24 0.11 0.09 0.66

Note.—Offsets, in galactic co-ordinates, are relative to [ = 297275, b = —2°75, near the center of the globule.



Table 3.3 we list, respectively, the '3CO opacity and column density at a number
of positions within the globule. The column density, as derived from equation
(3A.5) was found to be N(**CO) ~ 2.8 x 10'® cm™2 near the globule center,
dropping to ~ 1 x 10 cm™ at the edges of the map.

The total mass of molecular clouds can be estimated in at least two ways, as
given by equation (3A.6) for the “LTE” mass and equation (3A.7) for the “CO”
mass. For BHR 71 we find [f m3dvdQ = 106 kms~! arcmin?, which assuming
an [Hy/"CO] ratio of 7 x 105 (Frerking, Langer, & Wilson 1982), implies an
LTE mass of ~ 41 Mg,. Alternatively, we find [f T, (*2CO)dvdQ = 2.3 x 103 K

2

kms~! arcmin?, implying it has a total molecular (CO) mass of ~ 39 M.

The average density can be computed from the cloud mass once a cloud
geometry is adopted. Assuming that the globule has a spherical morphology,
with a diameter equal to the geometric mean of the half power diameters de-
rived from the deconvolved major and minor axes (as determined from the 3CO
observations), and that it is at a distance of 200 pc, implying a cloud radius of

0.25 pc, we find that the globule has an average density of 9 x 10% cm™~3.

C!80 and NH,4

We use the observations of C'*0 J =1 — 0 and NH3 (J,K) = (1,1) and (2,2)
to determine the physical characteristics of the dense core. Since the opacity
of ¥CO J =1 — 0 transition is moderate (7 < 0.5) we can safely assume the
C®0 J =1 — 0 transition is optically thin. The column density of C'80 is then
given by equation (3A.8). At the peak of the C!¥0 map we find N(C'®0) = 2.0
X 10 ¢cm™2, which implies N(Hy) ~ 1.2 x 10* ¢m~2 assuming an [H,/C'®0]
ratio of 5.9 x 10° (Rohlfs & Wilson 1996). The total mass traced by C'*O may
then be found using equation (3A.9). For BHR 71 we determine [f TmpdvdQ =

28.2 K kms™! arcmin?, which implies a mass of ~ 12 Mg.

Analysis techniques of the NHj3 observations are given in Bourke et al.
(1995b). Briefly, the hyperfine components of the (1,1) inversion transition are

modelled to derive the optical depth and excitation temperature at the observed
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position. The optical depth of the (1,1) line and the ratio of antenna temper-
atures of the (2,2) and (1,1) transitions may then be used to determine the
rotational temperature, and hence the kinetic temperature and volume density.
For BHR 71, Bourke et al. (1995b) derive a kinetic temperature at the glob-
ule center of 13 K, a mean density for the core of 2.4 x 10* cm™3, and a core
mass within the FWHM contour of ~ 3 Mg (corrected for the new distance
assumption of 200 pc). From more recent ammonia observations, we find that
the kinetic temperature at the offset positions (Aa = +1’, Ad = £1') relative to
the IRAS PSC position shows little variation, with only slight evidence that the

temperature drops to 11 K east and west of the center, and increases slightly to

the south.
Table 3.4. Globule parameters

Molecule Vier AV Diameter* <N>P  n(H;) Mass

(kms™')  (kms™!) (pc) (cm™?)  (em™3) (M)
2¢O -4.26 1.09 0.66 3.0 x 107 4 x 10® 39
13CO -4.35 0.80 0.51 2.8 x 10 9 x 10® 41
C0 -4.63 0.82 0.22 2.0 x 10* 2 x 10* 12
NH; -4.45 0.69 0.15 9.2 x 101 2 x 10* 3

2Geometric mean of major and minor axes.

bBeam averaged column density.

A summary of the observed and derived parameters of the BHR 71 globule

are given in Table 3.4.
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3.4.2. Molecular outflow
Outflow inclination

The dynamics of molecular outflows can, in principle, be elucidated from a com-
parison of the observed spatial and velocity structure of the flows with synthetic
maps. For instance, it should be possible to discern whether the flow is steady
or explosive and whether the flow moves with constant velocity or is being accel-
erated (e.g. Snell et al. 1984). In this spirit, Cabrit & Bertout (1986, 1990) have
computed the '*CO line formation in accelerated and constant velocity bipolar
outflows, for different values of view angle and flow opening angle. From the
observed spatial and kinematical characteristics (e.g. profiles, position-velocity
diagrams, etc.), Cabrit & Bertout found that, for biconical outflows with power
law velocity fields of the form

(r) = v, (T—")a P (3.1)

r

where r is the radial distance from the apex of the flow, four cases can be
distinguished, which depend on the inclination of the outflow axis to the line
of sight, and the outflow opening angle. These cases are discussed in detail by

Cabrit & Bertout.

The observed properties of the outflowing gas from BHR 71 strongly suggest
that this molecular outflow is oriented nearly perpendicular to the line of sight
and is flowing with a velocity that is nearly independent of the radial distance
from the apex. In what follows we assume that the BHR 71 outflow can be mod-
elled by a biconical flow with constant radial velocity [i.e. @ = 0 in eqn. (3.1)] and
derive the values of the model parameters imposed by the observations. First,
from the ratio of the observed maximum blueshifted and redshifted velocities
within a single lobe, it is possible to estimate the inclination angle, i, of the flow
(Cabrit et al. 1988). Using the maximum observed blueshifted and redshifted
velocities toward the blue lobe, of ~ 8 and ~ 4 kms™!, respectively, and assum-
ing a semi-opening angle of 15° 4 5°, we derive 1 = 85° £ 5°. Similarly, using

the maximum observed redshifted and blueshifted velocities toward the red lobe,
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of ~ 10 and ~ 3 kms~! respectively, we find that 7 = 82° + 5°, Hereafter, we
will adopt an inclination angle for the BHR 71 outflow of 84°. The outflow is
thus orientated very close to the plane of the sky. The flow velocity can then be
estimated as V;,,/cos(i — O,nqz ), where V,,, is the maximum observed flow velocity.
Using the observed value of V;, of ~ 10 kms~! and the derived value for i — 6,,,,
of ~ 69°, we derive a flow velocity of ~ 28 kms™!. Single bipolar outfows with

spatial and kinematical characteristics similar to those of the BHR 71 outflow

have been observed toward B335 and RNO43 (Cabrit et al. 1988).

Energetics

The mass in the lobes can be estimated from the *CO observations assuming
the emission is optically thin, as described in detail in §3A.2. The main source of
error in determing the mass in the outflow arises from the adoption of the velocity
boundary between the wing and the ambient line. Further sources of error in
this approach are the uncertainties in [Hy/12CO]J, in the excitation temperature,
and the possibility that the 12CO J = 1 — 0 wing emission might be moderately
optically thick at low flow velocities. A general discussion of source of errors in
the computation of flow mass have been given by Margulis & Lada (1985) and
Cabrit & Bertout (1990).

For the BHR 71 outflow, we will adopt as the velocity boundary of the blue

and red wing emission the values of —6 and —3 kms™!

, respectively. The lobe
emission is integrated over the velocity range —14 < v, < —6 kms™! in the
southeast lobe, and —3 < v, < 7 kms™! in the northwest lobe (Fig. 3.5). From
the 2CO J =1 — 0 and J = 2 — 1 observations, we determine that T,, = 11 K
in the southeast and 7., = 13 K in the northwest lobe, determined in the man-
ner described in Levreault (1988). Using these temperatures and the observed
emission in the velocity ranges given above we estimated masses of 0.06 Mg,
and 0.14 M, for the southeast and northwest lobes, respectively. However, as
discussed in the previous section, each lobe exhibits emission at both blueshifted

and redshifted velocities with respect to the ambient cloud velocity, implying

that these masses correspond to a strict lower limit to the total flow mass. In
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the southeast lobe, the redshifted emission is clearly seen in the integrated veloc-
ity map (Fig. 3.5). The mass arising from redshifted emission in the southeast
lobe is estimated to be 0.03 Me), so the total mass in the southeast lobe is ~
0.09 M. In the northwest lobe, the blueshifted emission is also present, and
the mass arising from blueshifted emission in the northwest lobe is ~ 0.08 Mg,

resulting in a total mass for the northwest lobe of ~ 0.22 M.

The mass of the low velocity flow hidden in the ambient cloud range of
velocities within the southeast and northwest lobes was estimated, using the
method of Margulis & Lada [(1985; see also equation (3A.16)], to be 0.04 and
0.10 M@, respectively. The total mass within each lobe was also estimated by
simultaneously fitting a broad Gaussian profile (the outflow gas) and a narrow
Gaussian profile (the ambient cloud) to the integrated line profiles, obtaining

similar masses to the ones quoted above.

From the observations of the 2CO J =1 -0 and ¥CO J =1 — 0 lines
in selected positions of the outflow it is possible to estimate the opacities of
the flowing gas and therefore to assess whether or not our assumption that the
12CO J =1 — 0 wing emission is optically thin is correct. The average 2CO
J =1 — 0 opacities in the line wing at different flow positions, computed from
equation (3A.2) using the observed velocity integrated wing emission (columns
3 and 4 of Table 3.5) and assuming T,, = 11 K (blue lobe) and 13 K (red lobe),
and a = 89, are listed in column 5 of Table 3.5. Typically, the average 2CO
J =1 — 0 opacities of the blueshifted gas toward the southeast lobe are ~ 2,
while the opacities of the redshifted gas toward the northwest lobe are ~ 3,
implying that the flowing gas is moderately optically thick. To correct for this
effect, we multiply the mass determined from the optically thin assumption by
the factor 7,/(1 — e~™), where 7,, is the average ?CO J =1 — 0 optical depth
in the line wing. We find that the opacity corrected masses within the blue and
red lobes (Mjgpe) are ~ 0.23 and ~ 0.69 M), respectively. The opacity corrected
masses for the low velocity material hidden in the ambient line emission (Mhidden)
are 0.09 and 0.30 M), respectively. Adding the lobe masses to the low velocity

masses, we obtained masses of ~ 0.3 and 1.0 M, for the southeast and northwest

162



Table 3.5. Opacity of Line Wing Emission

Offset position  [T,(**CO)dv  [T,(**CO)dv 7,
Aa () AS() (Kkms™?) (K kms™!)

Southeast lobe (Blue)

-1.0 -5.0 13.1 0.20 0.8
-1.0 -4.0 13.8 0.29 1.6
-1.0 -3.0 8.1 0.46 5.5
-2.0 —4.0 9.2 0.11 0.2
-2.0 -3.0 12.3 0.48 3.7
-2.0 -2.0 15.0 0.47 2.8

Northwest lobe (Red)

~2.0 0.0 21.0 0.73 3.2
-2.0 1.0 19.9 0.87 4.2
2.0 2.0 10.4 0.46 4.3
-3.0 1.0 13.0 0.29 1.8
-3.0 2.0 13.8 0.33 2.0
Note. — Offset positions are relative to aigso =

11159™01518, b1950 = —64°52/00".
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lobes, respectively.

From the flow masses it is possible to estimate the momentum P and the
kinetic energy Ej in the flow, as well as the mechanical luminosity L, A
thorough discussion regarding the evaluation of these parameters has been given
by Margulis & Lada (1985), Lada (1985) and Cabrit & Bertout (1990), and
the relevant equations are given in the appendix [eqs. (3A.17) and (3A.18)).
Since for the BHR 71 outflow the radial velocity is approximately constant at
28 kms™! (§3.4.2), we will assume V., = V, for equation (3A.18), and the
parameters determined in this manner are upper limits (Cabrit & Bertout 1990).
In Table 3.6 we give the parameters of the blue and red lobes of the BHR 71 flow
calculated using both methods. The dynamical time scale of the outflow, 74, is
found from R/V,, and is estimated at ~ 10* yrs. The geometric mean values
for the outflow parameters are P ~ 11 Mg kms™, Ej ~ 60 Mg km? s~2, and
Ly~ 05 Lg.

3.4.3. The energy source of the outflow

The total far-infrared (IRAS) luminosity of IRAS 11590-6452 is found to be
Liras ~ 8 L (e.g. Casoli et al. 1986; Parker 1991), assuming a distance of 200
pc. Figure 3.12 shows the spectral energy distribution (SED) of IRAS 11590~
6452 from 12 pym to 1.3 mm, typical of a very young embedded object. Accord-
ing to Lada’s (1991) SED classification of low mass young stellar objects, IRAS
11590-6452 would correspond to an “extreme class I” object, which are charac-
terized by being very weak in the near-infrared (A < 25um) and emitting most
of their luminosity at far-infrared and millimeter wavelengths. The emission at
the longer wavelengths (A > 25um) can be explained as dust thermal emission
arising from a circumstellar shell, and is well fitted by a modified blackbody

function of the form

B,(Ta) [1 - exp(-7)] s (3:2)

where 7, is the dust optical depth, B,(Ty) is the Planck function at the dust
temperature Ty, and €, is the solid angle subtended by the dust emitting region.
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Table 3.6. OQutflow Parameters

Lobe Mobe Mhidden Mtotal p min pmer E]:n in EI:;TL ar Lmzn Lmaw tq

(Mg) (Mg kms™) (M km?* s7%) (Le) (yr)
SE 0.23 0.09 0.32 0.7 9.0 1.5 125 0.004 1.9 10700
NW 0.69 0.32 1.01 2.5 28.3 5.9 396 0.021 6.4 10200
Total 0.92 0.41 1.33 3.2 37.3 7.4 521 0.025 8.3

Nore.—P™n EMnt [Min are determined using Miope; P™%2, Ee®, L7 are determined using Myotq;.



The opacity is assumed to vary with frequency as v#, i.e. 7, = (v/ uo)ﬂ , where v,
is the frequency at which the optical depth is unity. Due to the limited number of
spectral points, we have set the value of 3 equal to 1.5, consistent with previous
values found for very red sources driving highly collimated outflows (1< B<2
AWB; André 1995). We also estimated the dust temperature a priori at 35 K
since the good detection at 60 um suggests that it will be greater than 30 K.
The fit is shown in Figure 3.12. The fact that the 25 ym emission is not fit by
our simple modelling can easily be explained if there exists small grains which
are transiently heated to high temperatures, or by emission from within a disk
region, or both. The angular size derived for the compact component from the
modified blackbody fit to the spectrum is 3”5 (700 AU), assuming a Gaussian flux
distribution. However, more detections at the longest wavelengths are required

in order to better constrain the fit.

From the fit to the SED we find that the wavelength at which the opacity is
unity is ~ 350 um, implying that the thermal dust emission at 1.3 mm is optically
thin (71.3mm ~ 0.14). Thus, the observed flux density at 1.3 mm allows us to
estimate the mass of the dense circumstellar material around the driving source
of the outflow. Using T; = 35 K and S1 3mm = 1.7 Jy in equation (3A.20) implies
a circumstellar mass M., of 1.0 M, for the unresolved central component. For
the extended component, taking S) 3mm = 2.6 Jy, we obtain a mass of 1.4 Mg
(assuming a temperature of 35 K). The total circumstellar mass is therefore
Mem ~ 2.4 Mg. If the extended component is cooler that 35 K then our mass
estimate for this component is a lower limit, e.g. for a temperature of 20 K the
mass in the extended component would be 2.8 M. The bolometric luminosity
has been estimated in the manner described in Chen et al. (1995), and we find
Lyt ~ 8 L, the same result as for Ljgas. Integrating under the fitted curve in

Figure 3.12 implies Lyo ~ 9 L.
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Figure 3.12.— Spectral energy distribution of IRAS 11590-6452.  The solid
curve is a fit to the spectrum wth a modified blackbody function of the form
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figure.
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3.5. Discussion

3.5.1. Shocks in a very young outflow

Figure 3.13 presents an overview of the outflow system in BHR 71, with the blue
contours representing the blue lobe of the outflow, red contours the red lobe (see
Fig. 3.5), and the black contours representing the 1.3 mm continuum emission
(Fig. 3.9). Figure 3.13 shows that the outflow is highly collimated, and that
the lobes are cylindrical in shape — the outflow angle does not stay constant,
but becomes narrower as the radial distance from the flow center increases. This
implies that we are probably witnessing a very young jet driven outflow in action
(e.g. Masson & Chernin 1993; Raga & Cabrit 1993), where the outflow results
from the prompt entrainment of material in the wake of a bow shock created by
the jet as it plows through the ambient molecular material. The youth of the
outflow is also inferred from the young dynamical age of ~ 10* yrs, and the high
degree of collimation of the outflow lobes, particularly the increase in collimation

at higher velocities (Bachiller & G6émez-Gonzalez 1992).

The increase in CO emission, and hence gas kinetic temperature, at the
ambient cloud velocity in the direction of the outflow lobes indicates that the
outflow is heating the ambient gas in some way. The L1157 outflow, which
exhibits similar CO behaviour to BHR 71, shows strong evidence for shock ex-
citation in the lines of SiO, CH3OH, H,, and NHj (3,3), suggesting that the
enhancement seen in BHR 71 is a result of shock heating of the ambient gas
by bow-shocks at the head of the jet driving the outflow, and supporting the
view that the outflow is jet driven (Umemoto et al. 1992; Mikami et al. 1992;
Bachiller et al. 1993, 1995b; Davis & Eisloffel 1995; Tafalla & Bachiller 1995;
Zhang et al. 1995; Gueth, Guilloteau, & Bachiller 1996). The enhancement of
SiO and CH3OH is thought to be the result of grain destruction caused by the
passage of shocks through the ambient medium (Bachiller & Gémez-Gonzalez
1992), and is believed to be an indicator of outflow evolution, with only the
youngest outflows i.e. those that have not yet cleared away the ambient mate-

rial, showing enhancements in these molecules. We have extensive observations
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Figure 3.13.— An overview of the IRAS 11590-6452/BHR 71 outflow system. The blue
contours represent the blue outflow lobe, the red contours the red outflow lobe, and
the black contours the 1.3 mm continuum emission. The linear size scale is indicated
in the upper left.
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of SiO and CH30H toward the outflow in BHR 71 which, like L1157, show strong
intensity increases and line wings in the outflow, but little or no emission at the

position of the embedded source (see next Chapter).

Further evidence for bow shocks come from observations of molecular hydro-
gen emission in the near-infrared (NIR), which show a close spatial correlation
between NIR bow shock structures and limb-brightened cavity structures with
the integrated CO lobe emission in the flow (e.g. Bachiller et al. 1995a; Bally,
Lada, & Lane 1993; Davis & Eisloffel 1995). In Figure 3.13 we see that the first
peak of CO emission in the blue lobe coincides with the termination of the neb-
ulosity seen in the I band image. Observations in the NIR (Bourke 1994; Bourke
et al. in preparation; see Fig 3.14) shows extensive molecular hydrogen emission
is associated with both the blue and red lobes of the outflow, and that an arc-
like structure coincides with the first blue peak. Similar structures have been
observed in other highly collimated outflows (Davis & Eisloffel 1995), adding
further support to the view that shocks are playing a major role in the BHR 71

outflow.

3.5.2. Globule disruption by the outflow

One remarkable feature of the outflow is the extent to which it can be traced out-
side of the optical boundary of the globule, as defined by the I band extinction.
This feature is evident even when comparing the outflow to the image taken in
blue light (Fig. 3.1). A similar phenomena is seen in B335 (Cabrit et al. 1988
and Frerking et al. 1987). The spatial coincidence between the nebulosity and
the blue lobe suggests that the outflow may be breaking through the front side
of the globule, or at least has carved out a cavity along the outflow axis, with the
nebulosity resulting from light scattered into the line of sight by the cavity walls.
The stars that may be seen along the line of sight to the nebulosity are most
probably background stars, rendered visible due to the decrease in extinction
caused by the evacuation of material by the outflow. The fact that the nebu-

losity is narrow compared to the outflow lobes may add further support to the
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Figure 3.14.— Next Page

Overlay of the integrated 2CO J =1 — 0 contours from the spectra shown in
Fig 3.4 on the Hy 2.122 ym image (not continuum subtracted). The image is
a mosaic taken with the infrared array camrea IRIS on the AAT. The solid
contours represent the blue-shifted outflow and are integrated over the velocity

1

range —9.1 to —5.5 kms™" while the dashed contours represent the red-shifted

outflow and are integrated over the velocity range —3.1 to 0.5 kms™!

(see next
Chapter). Contours are 35, 45, 55, 65, 75, 85, and 95% of the peak [ T,,,dv of
22.4 K kms™! for the blue-lobe and 24.4 K kms™! for the red-lobe. The star

marks the position of the mm-IRAS source and the offsets are relative to it.
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idea that the outflow is jet driven, and the cavity has resulted from the passage
of bow shocks along the jet which have cleared away the ambient material. The
contours of C'80 (Fig. 3.3) provide further evidence that an evacuation is taking
place, and that the globule is being disrupted by the outflow. Along the outflow
axis toward the blue lobe we see that the C'*O contours take a sharp dip toward
the globule center, indicating a decrease in column density along the line of sight
to the blue lobe. Toward the red lobe the nesting of the C*O contours to higher
column density is disrupted, suggesting that the gas in this region has also been

disturbed by the outflow.

3.5.3. Comparison with the B335 outflow

Cabrit et al. (1988) have investigated the properties of the outflow in the well
studied Bok globule B335 in a similar manner to this Chapter. In Table 3.7 we
list the derived properties of the two globules for comparison. Data for B335
are taken from Cabrit et al. (1988; outflow), Frerking et al. (1987; ambient CO),
Menten et al. (1984; ambient NHj3), and Benson & Myers (1989; ambient NH3).
In calculating their upper limits, Cabrit et al. did not attempt to correct for the
outflow mass hidden in the ambient line core. For Table 3.7 we have recalculated
our upper limits using M. as the outflow mass (Table 3.6), rather than M,y
which was used in Table 3.6, to be consistent with Cabrit et al. In this table we
introduce quantities used by Cabrit et al. the momentum, or outflow, efficiency
(Fc/Lpoy = P/ta X ¢/Lpat), and the energy efficiency (Ly,/Leo). We give only
“upper” limit estimates for ¢4 from Cabrit et al. and have redetermined F'¢/ Ly,
appropriately. We also estimate the mass traced by ammonia for B335 based
on the studies of Menten et al. (1984) and Benson & Myers (1989), using the
method of Bourke et al. (1995b).

Though the globules have similar masses regardless of the tracer used, the
properties of the outflows and central sources are significantly different. The
embedded source in B335 has a luminosity of 3 L and a circumstellar mass of

0.8 M, while the values for the embedded source in BHR 71 are greater by a
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Table 3.7. Comparison of properties: B335 & BHR 71

Property B335 BHR 71 BHR 71/B335
min max min max

D (pc) 250 200
M(NH;) (Mg) 2 3 1.5
M(C™0) (Mp) 11 12 1
M(CO) (Mgp) 36 40 1
Lyo (L@) 3 9 3
Mem (M) 0.8 2.4 3
Migpe (M) 0.2 0.9 5
P (Mg kms™) 0.4 2.2 3.2 25.8 10
Ey (Mg km? s72) 0.4 10.1 74 360 26
Lnm (Lo) 1.7(-4) 1.8(-2) 2.5(-2) 5.7 220
ta (yr) 9.3(4) 1.0(4) 0.1
Venar (kms™1) 10 28 3
Fc/Lyy 70 390 1800 14000 31
L/ Lyt 5.6(-5) 5.9(-3) 2.8(-3) 0.6 70
Note. — The ratio is the geometric mean of two ratios when a min and

max value are quoted. Values in parentheses are powers of 10.
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factor of 3 on both counts. In BHR 71 we are dealing with a more massive and
luminous source. The outflow properties are also significantly different. Though
both globules have highly collimated outflows, it appears that the outflow in
BHR 71 is younger, more energetic, and the central source is more efficient at
transferring momentum and energy to its outflow. In fact, all the parameters
relating to the dynamics of the outflow, i.e. momentum, kinetic energy, mechan-
ical luminosity, momentum efficiency (F'c/Ly,) and energy efficiency (L /Lpot),
are at least an order of magnitude greater in the BHR 71 outflow. However,
the spectral characteristics of both outflow sources suggest that the outflows are

driven by very young “Class 0” sources (see below).

Thus, while the globules B335 and BHR 71 are similar, the YSO/outflow
system in BHR 71 seems to be a scaled up version of the system in B335 in many
aspects, 1.e. it is more energetic and driven by a more powerful source, but at

the same time it is younger.

3.5.4. The nature of the driving source

In §3.4.3 we estimated that the total circumstellar mass around IRAS 11590-
6452 is ~ 2.4 M. Whether the bulk of this mass is in the form of a disk, an
infalling envelope, or a combination of the two, is not clear. Cabrit & André
(1991) found that low luminosity (Lo < 100 L)) deeply embedded YSO’s with
well developed molecular outflows have considerably stronger millimeter fluxes
than those without flows. The location of the BHR 71 outflow in the normalized
1.3 mm flux density versus bolometric luminosity diagram (see Cabrit & André’s
Fig. 1) is as expected for a molecular flow with a massive circumstellar disk.
Cabrit & André proposed that the dichotomy between outflow and non-outflow
sources is due to the presence of massive circumstellar disk structures around
molecular outflow sources, suggesting a connection between circumstellar disk

mass and the driving engine of protostellar outflows.

AWB have proposed a new class of protostellar objects, based primarily

on their submillimeter observations of a number of young protostars. This new
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class, the so-called Class 0 sources, are defined as having (1) indirect evidence
for the existence of a central YSO (e.g. a molecular outflow), and (2) an SED
well characterised by a single modified blackbody with a temperature of ~ 15 -
30 K, which implies a high value of Lypmm/Lbo, Where Lyypmm is the luminosity
a wavelengths longer than 350 um (AWB; André 1995). Property (1) insures
that the sources are not pre-protostellar, while (2) distinguishes them from Class
I sources, which are more evolved (André 1995). AWB proposed that Class 0
sources be defined as those objects which have L ypmm/Leor > 5 % 1073, which in
turn implies Mcm /M, > 1, where M, is the mass of the protostellar object (based
on assumptions about mass infall rates and circumstellar dust temperatures).
This number is meant to indicate that sources with this property “have yet to
accrete the bulk of their final stellar mass” (André 1995). For IRAS 11590-6452,
we find that Lgubmm/Leoat ~ 2 X 1072, The dust temperature we have used of
35 K is greater than the range defined in (2), but is similar to values found for

other Class 0 candidates, e.g. L1448-mm (Bachiller et al. 1995a).

In a similar vein, André (1995) and Bontemps et al. (1996) have argued
that a plot of circumstellar mass against bolometric luminosity (essentially inte-
grated 1.3 mm flux against Ly, ) can be used as an evolutionary indicator. While
Reipurth et al. (1993) have shown that there is a correlation between these two
properties for Class I sources, the Class 0 sources have circumstellar masses an
order of magnitude greater. The location of IRAS 11590-6452 in such a plot
not only indicates that it may have a massive circumstellar disk (if Cabrit &
André 1991 are correct), but that it is similar to the Class 0 sources in pos-
sessing a relatively large circumstellar mass. Bontemps et al. (1996) have also
argued that the outflow properties of Class 0 sources are significantly different
from the properties of outflows from Class I sources. When they plot outflow
momentum flux against Ly, they find a good correlation for Class I sources, but
outflows from Class 0 sources have a much larger momentum flux. They find
that Class I sources have a momentum efficiency (“outflow efficiency”) of ~ 100
on average, while Class 0 sources have an average value an order of magnitude

greater. For the BHR 71 outflow, we estimate an outflow efficiency of ~ 5500.
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Myers & Ladd (1993) have attempted to classify YSOs on the basis of
their “bolometric temperature”, T;,;, which they define as the temperature of
a blackbody having the same mean frequency as the observed source SED, the
mean frequency being the ratio of the first and zeroth moments of the spectrum.
For main sequence stars, Tyoy = T ff, while for embedded protostellar ob jects, for
which no measure of T, is possible, and which have spectra much broader that
a blackbody, Ty, is very low, typically < 100 K (Chen et al. 1995). Previous
determinations of T}, for a large number of sources (Myers & Ladd 1993; Chen
et al. 1995) show a clear trend for the youngest sources to have the lowest values
of Tyo (see Fig. 6 of Chen et al. 1995), and how the use of a log-log diagram of
Ly versus Ty, (the “BLT” diagram) can distinguish sources of different “classes”
in the scheme of Lada (1991). These studies required that in order to calculate
Tyo the source must have been detected at six or more frequencies. For IRAS
11590-6452, detections at only four frequencies have been made. However, these
detections bound the frequency at which the peak emission occurs (Fig. 3.12),
and allows us to to estimate that Tj,; ~ 56 K with some confidence. Placing
IRAS 11590-6452 on Figure 6 of Chen et al. indicates that it is a Class 0
protostellar source (André 1995).

The high obscuration, cold dust temperature, low bolometric temperature,
and significant amount of circumstellar material around IRAS 11590-6452, the
central source of BHR 71, are characteristic of Class 0 young stellar objects
(e.g. André 1995, and references therein). These objects are thought to be still
building up their mass from a surrounding infalling envelope, and therefore are at
the earliest known stage of evolution of protostars. There are presently about 30
known objects within this class (Bachiller 1996), several of which were discovered
because they are associated with highly collimated outflows. We suggest that at

the center of BHR 71 lies a very young protostar which is still accreting matter.
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3.6. Summary & Conclusions

We have observed the southern Bok globule BHR 71 in the J =1 — 0 and
J =2 — 1 transitions of *CO, the J =1 — 0 transition of 3CO and C!80,
in the (J,K) = (1,1) and (2,2) inversion transitions of ammonia, and in the
continuum at 1.3 mm, with angular resolutions ranging from 20” to 9’. The main

results and conclusions presented in this Chapter are summarized as follows.

1) The observations of the J = 1 — 0 '2CO and *CO lines with low angular
resolution (FWHM 8!8) indicate that the emission arises from roughly a circular
region of size ~ 0.5 pc. From these observations we derive that the molecular
gas has a kinetic temperature of 11 K, an average molecular density of ~ 9 x 10°

cm™3, and a total mass of ~ 40 M.

2) C'®0 emission arises from an elongated structure of size ~ 0.3 x 0.15
pc and mass 12 Mc), which is spatially correlated with the I band extinction.
The C'30, which traces column density, appears to have been disrupted by the
passage of the outflow. The ammonia observations, which sample denser gas,
also show an elongated structure, of size ~ 0.2 x 0.1 pc. From these observations

3 and

we derive that the central region of the globule has a density 2 x 10* cm™
a kinetic temperature of 13 K. The mass of the dense core traced by ammonia

1s 3 M@.

3) The observations of the J =1 — 0 ?CO line emission with high angular
resolution (FWHM 45") reveal the presence, toward the center of the globule, of
a highly collimated bipolar outflow with lobes extending by ~ 0.3 pc in opposite
directions. The bulk of the emission from the southwest lobe arises at velocities
that are blueshifted (velocity range from about —14 to —6 kms™') with respect
to the ambient cloud velocity, while the bulk of the emission from the northwest
lobe arises from velocities that are redshifted (velocity range from about —3 to
7 kms™!). In addition, both blueshifted and redshifted emission at low outflow
velocities (1.2 < |v — v,| < 3.6 kms™, where v, is the ambient cloud velocity)
is detected toward each of the lobes. The observed morphology and velocity

structure of the flow is well accounted for with a simple model of a biconical
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outflow with a semi-opening angle of 15°, in which the gas moves outwards with
a constant radial velocity (with respect to the cone apex) of ~ 28 kms~! and
that is viewed nearly perpendicular to its symmetry axis. The inclination of the

outflow axis from the line of sight is found to be ~ 84°.

4) We find that the excitation temperature of the outflowing gas is 11 K in
the southeast lobe and 13 K in the northwest lobe. The total flow masses within
each lobe, taking into account the mass in the velocity range of the ambient
cloud and optical depth effects of the flowing gas, are 0.3 M and 1.0 Mg for
the southeast and northwest lobes, respectively. The mechanical luminosity of

the molecular outflow is ~ 0.5 L and its dynamical age is ~ 10* years.

5) The 1.3 mm continuum observations reveals a strong compact source at
the origin of the outflow, which is coincident with the source IRAS 115906452,
surrounded by an extended component. The total luminosity is Lyo; ~ 9 L. The
spectral energy distribution of this object, likely to be associated with the source
driving the molecular outflow, is similar to those of circumstellar structures
surrounding very young embedded protostellar objects or Class 0 sources in
the classification scheme of André et al. (1993). The emission at the longer
wavelengths (A > 25um) can be simply explained as dust thermal emission
arising from an extended cold circumstellar structure with a dust temperature
of ~ 35 K (assuming a dust opacity power law dependence with frequency of ~
1.5). We find that the circumstellar mass associated with IRAS 11590-6452 is
~ 2.4 Mg.

We conclude that the BHR 71 outflow is a new example of the class of
highly collimated molecular outflows which appear to be driven by very young
protostellar objects with extremely cold spectral signatures, thought to play a
crucial role in the formation of standard bipolar flows. In the next Chapter we
present the results of our observations of CS, SiO, HCO™, and CH3OH emission
from the outflow, which show abundance enhancements similar to those seen

toward other highly collimated outflows, in particular the L1157 outflow.
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3A. Derivation of Important Equations

In this appendix we summarize the equations that have been used to derive

the physical properties of the BHR 71 globule and its molecular outflow.

3A.1. Derivation of globule properties
12CO and 3CO

The main beam brightness temperature of the line emission from a molecular

cloud is given by (e.g. Ho, Moran, & Rodriguez 1982)
Ty = flJ(Tex) — J(Tog)][L — exp(=7)] , (3A.1)

where 7 is the optical depth of the cloud in the molecular transition, f is the
filling factor, T¢, is the excitation temperature of the transition, Tp4 is the back-
ground temperature, and

hv 1
J(T) = 'k exp(hw/kT) — 1

The optical depth in the 12CO J =1 — 0 and 3CO J =1 — 0 lines can be
derived from their ratio of observed brightness temperatures as follows. Using
equation (3A.1) for both lines, we find

1 —exp(—712/r) _ [J12(Tex) = J12(Tog)] Trms(**CO)

= , 3A.2
T—exp(-ria)  Unl(T) = (T T(?00) 4P
where r is the 712 /713 optical depth ratio, given by
— — kT../hB 1/3
1 — exp(—hvia/kTe;) ( /hBi3 +1/3) (3A.3)

"= T Zexp(—hing /K ea) (KToo/hBra + 1/3)
where a is the [2CO/*CO] isotopic abundance ratio, and B is the rotational
constant of the molecule. Subscripts 12 and 13 refers to the 2CO and *CO iso-
topes, respectively. If the excitation temperature is known, these two relations,
which are independent of the filling factor, allows the optical depths to be deter-
mined. We avoided making the usual approximation that 735 > 1, and solved
equation (3A.2) using an interpolation procedure, assuming a ['*CO/!**CO] abun-

dance ratio of 89 (Lang 1980).
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The total column density N of a linear, rigid rotor, molecule can be de-
rived from the optical depth, 7, and excitation temperature, 7T,,, of a rotational

transition at frequency v, using the expression (e.g. Garden et al. 1991)

N =

3h k(Tep + hB/3k) exp EJ/kTez / rdu

8miu?2  (J+1)hB 1 — exp(—hv/kT.;) (3A.4)

where p is the permanent dipole moment and J is the rotational quantum number
of the lower state. This expression assumes that all energy levels are populated
according to local thermodynamic equilibrium (LTE) at the temperature T,,. In
particular the total column density of the '*CO molecule is given, in terms of

the opacity and excitation temperature of the J = 1 — 0 transition, by

T., +0.88
1BCO) = 2.42 x 10" ex / . 3A.5
N(3CO) = 2.42 x 10 oot (3A.5)

where v is measured in kms™!.

The total mass of molecular clouds can be estimated in at least two ways.
The first, and most straightforward method, is through observations of an opti-
cally thin molecule, which allows a direct estimate of the mass in the observed
molecular species, from which the total mass may be inferred assuming an ap-
propriate abundance ratio. The mass computed in this way is usually called the
LTE mass, since typically only one transition is measured and an extrapolation
to the total column density is done assuming a local thermodynamic equilibrium
(LTE) population. Integrating equation (3A.5) over the solid angle subtended

by the source, we find

2
Mire - 0312 ( Hm ) [H2/13CO] D
Mg ) 2.72my 7 X 105 kpc

T.. +0.88 /
dvd{Q , 3A.6
><1—exp —5.29/T..) / sy ( )

where i, is the mean molecular mass per Hy molecule, my is the mass of a
hydrogen atom, D is the source distance, v is in km s, and Q is in arcmin?.
When 3CO J =1 — 0 and 2CO J =1 — 0 data are available, the integral on
the right hand side can be directly computed from the opacity of the *CO line
[derived from egs. (3A.2) & (3A.3)] and the observed line width at each position

across the molecular cloud.
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A second method, commonly used when isotopic lines measurements are
not available, is to assume that the H, column density, N(H,), is proportional

to the observed velocity integrated *CO emission, [ T,,(2CO)dv,
N(H,) = X / Ty (2CO)dv

Integrating this expression over the solid angle subtended by the cloud, and
assuming X = 2.3 x 102 cm~2/(K km s™') (e.g. Rohlfs & Wilson 1996; see
Combes 1991 for a discussion), we find that the molecular mass, usually referred

as the CO mass, is given by

i (i) () (i ;
= 0.425
( Mg ) 0.42 2.3 x 1020/ \2.72myg/ \ kpc // Ty (7CO) dvd2

(3A.7)

1 2

where v is in kms™, and {2 is in arcmin®.

C'®0

In the optically thin limit the column density of C'30 is given by

Ter +0.88 1

18 . 14
N(CT0) = 2.42 x 107 — exp(—5.27/Tez) J(Tez) — J(Thg)

/ T (CR0)dv .

(3A.8)
The total mass traced by C'®O may then be found using equation (3A.6) modified
for optically thin C**O

Myre\ 258( Hm ) [Hy/C1O] D \? T.. + 0.88
My )~ TT\22my/ \ 5.9%x 108 ) \kpc) 1 - exp(—5.27/T.,)

X3 )i Ve / / T (C0)dvd) . (3A.9)

3A.2. Derivation of molecular outflow properties

The mass in the lobes of a molecular outflow can be estimated from 2CO ob-
servations assuming that the 2CO J =1 — 0 flow emission is optically thin.
Assuming that the energy levels of 12CO are populated according to local ther-

modynamic equilibrium, the total 2CO column density at each observed position
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within each lobe is given by equation (3A.4). In the optically thin limit
N('2CO) = F(T..) / Tp(v)dv | (3A.10)

where

Te, +0.92 1

F(T.,) = 2.31 x 10"
(Tea) 1 —exp(—5.53/Tes) J(Tez) — J(Thg)

and v is measured in kms™'. The mass at each observed position (o, 8) is given
by
M(a,8) = [Hy/*CO] i A(a,6) N(2CO) (3A.11)

where A(q,d) is the size of the emitting area at the observed position. For
our frequency-switched observations, the emitting area is taken to be a box of
dimension equal to the spatial resolution of the observations, i.e. 20”. The mass
at each position within the flow travelling at a particular velocity v with respect

to the ambient cloud is then given by
M (v, 6) = [Hy/**COJ pm A, 8) F(Ty) T(v,a,8)Av (3A.12)

where Av is the velocity resolution of the observations. The total mass is then

simply (Margulis & Lada 1985)

M = / / / M(v, @, §)dvdads
— [Hy/"?CO] pim Alr,6) F(Ts) Av / / Tp(v, @, ) dvdads (3A.13)

In practical terms one first performs the spatial integral by summing all the

spectra in the region of interest, obtaining
M(v) = [Hy/*CO] pim A(a,8) F(Te) Av)_ Ta(v) (3A.14)
Q
and then summing over the velocity

M= / M)dv =Y M) . (3A.15)

To estimate the contribution to the flow mass from the low velocity material

emitting in the same velocity range as the ambient cloud gas we follow the
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prescription of Margulis & Lada (1985), approximating the integrated brightness

emission in this velocity range as

”' T°+T
TonpdvdQ) = . — .
/l-obe /vb b vd lobe < 2 ) ('U vb)dQ ’ (3A 16)

where T°, v, and T", v, are the brightness temperature and velocity at the blue

and red velocity boundaries, respectively.

The momentum P, kinetic energy, Ey, and the mechanical luminosity L,,
of the flow may be determined as described by Margulis & Lada (1985), Lada
(1985) and Cabrit & Bertout (1990). In the lower limits, these parameters
are determined by performing the following integrals in a similar manner to

equation (3A.13)

P = /// M(v,a,6)v dvdadd
B = % / / / M(v, o, 8)v? dvdadd (3A.17)

L, = %/// M(v, 0, 6)v* dvdads

where R is the length of the outflow lobe. These equations assume no correction
for flow inclination, and so are strict lower limits. Another method is to assume
that all the mass is flowing at a velocity characteristic of the entire flow, Vipqr.

The flow parameters are then determined by

P =M ‘/char
Ek = %M ‘/c%ar (3A18)
1
= —MV3
Lm 2RM char

where M is the total mass of the lobe. If the maximum observed flow velocity is
used as the characteristic velocity then the values found from equation (3A.18)

are upper limits.

3A.3. Derivation of circumstellar mass

In general, for an isothermal dust source the total mass of circumstellar matter,

M, is given in terms of the observed flux density, S,, at an optically thin
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frequency, v, by (e.g. Chini, Krugel, & Wargau 1987)

S, D?

M = —22
RdgK:VBu(Td)

(3A.19)

where &, is the mass absorption coefficient of dust, Rg, is the dust-to-gas mass
ratio (assuming 10% He), and B, (T}) is the Planck function at the dust temper-

ature T,. In particular for observations at 1.3 mm we can write

Merm Syamm\ [ D\’ (0.007\ (1 cm? g~!
=37 | )
(M(D) < Jy ) <kpc> ( Ry, ) ( K1 3mm [exp(11.04/T4) — 1]
(3A.20)

The main source of uncertainty in the conversion of the observed flux density

into gas mass is the Rqyx, factor, or total mass opacity, which is a poorly known
quantity (e.g. Gordon 1995). For dense and cold protostellar cores, Ossenkopf
& Henning (1994) derive a dust opacity at 1.3 mm of ki 3mm ~ 1 cm? g7L.
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Chapter 4

Molecular abundance
enhancements in the highly

collimated bipolar outflow

BHR 71!

1Garay, G., Kohnenkamp, I., Bourke, T. L., Rodriguez, L. F., & Lehtinen, K. K., accepted
by ApJ. To appear December 1998
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ABSTRACT

We report observations of the J =3 — 2 and J =2 — 1 transi-
tions of SiO and CS, the Jy, = 3, — 2, and J, = 2, — 1, transitions
of CH30H, and the J =1 — 0 transition of HCO*, made with SEST,
toward the highly collimated bipolar outflow BHR 71. Broad wing emis-
sion was detected toward the outflow lobes in all the observed molecular
lines. The shape of the profiles are strikingly different from molecule
to molecule. For CS and HCO" the emission from the outflowing gas
appears as a weak broad feature superposed upon a strong narrow emis-
sion from the quiescent ambient gas. For CH3OH the intensity of the
broad emission feature is considerably stronger than that of the narrow
component, while for SiO the broad feature completely dominates the
emission spectra.

The spatial distribution of the integrated wing emission is consider-
ably extended, and broadly similar in all the observed molecular tran-
sitions, showing well separated blue and red shifted lobes with FWHM
angular sizes of 2!4 x 1/3 and 24 x 14, respectively. We find that the
abundance of methanol and silicon monoxide in the outflow lobes is en-
hanced with respect to that of the ambient cloud by factors of up to
~ 40 and 350, respectively. The large enhancements of methanol and
silicon monoxide in the outflow lobes are most likely due to the release
from grains of ice mantles and Si-bearing species via shocks produced
by the interaction between the outflow and dense ambient gas. On the
other hand, we find that the abundance of HCO™ in the outflowing gas
is smaller than that in the ambient gas by roughly a factor of 20, a

decrease consistent with theoretical predictions of shock models.
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4.1. Introduction

BHR 71 (Bourke et al. 1995a,b) or Sandqvist 136 (Sandqvist 1977) is a well
isolated Bok globule, located at a distance of ~ 200 pc from the Sun, which
harbors a highly collimated bipolar outflow near its center (Bourke et al. 1997 —
hereafter Chapter 3; see Fig. 4.1 and the previous Chapter). The CO outflow is
found to be well described as a biconical flow, with a semi-opening angle of 15°
and inclined from the line of sight by an angle of ~ 84°, in which the gas moves
outwards with a constant radial velocity (with respect to the cone apex) of ~ 28
kms~!. The outflow appears to be driven by a very young stellar object, with
a total luminosity of ~ 9L, possibly still undergoing accretion of matter. Its
characteristics at infrared and millimeter wavelengths are similar to those of the

Class 0 objects (André 1995).

The class of highly collimated outflows are thought to be driven by jets
that accelerate the ambient gas through the propagation of shocks (e.g., Raga
& Cabrit 1993). The interaction of high velocity jets from young stars with the
surrounding ambient gas generates strong shock waves which are expected to
produce a significant transformation of the physical properties of the molecu-
lar surroundings as well as of its chemical composition (see review by Bachiller
1996). Although there has been a substantial amount of work on the physical
characteristics of outflows, very little is known about their chemical composition.
Very few multi-line mapping studies of molecular outflows have been performed
so far (Blake et al. 1995, Bachiller & Pérez Gutiérrez 1997). Basic questions
such as (1) how is the chemistry of the swept-up ambient molecular material af-
fected by the winds from young stellar objects, and (2) do molecular abundances
serve as sensitive probes of the evolutionary stage of bipolar outflows (e.g., van
Dishoeck & Blake 1995) have not yet been answered. The lobes of the BHR
71 outflow extend by ~ 4’ in the plane of the sky, hence this is an ideal source
for a detailed study, using single-dish instruments, of the physical and chemical
characteristics across highly collimated, low velocity shocks. In this Chapter we
report on extensive molecular observations, made with the SEST, of the BHR 71

outflow in rotational transitions of silicon monoxide (SiO), methanol (CH;OH),
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carbon monosulfide (CS), and formyl ion (HCO*).

4.2. QObservations

The observations were carried out using the 15 m Swedish-ESO Submil-
limetre Telescope (SEST) located on La Silla, Chile, during 1995 September
and October. The molecules, transitions, and frequencies observed and the in-
strumental parameters are summarized in Table 4.1. We used SiS receivers to
simultaneously observe the 2 and 3 mm lines of silicon monoxide, methanol, and
carbon monosulfide. Single-sideband receiver temperatures were typically 120 K
for both receivers. As backend we used high resolution acousto-optical spectrom-
eters providing a channel separation of 43 kHz and a total bandwidth of 43 MHz.

This resulted in spectral resolutions of 0.13 and 0.09 kms™!

and total velocity
coverages of 133 and 89 kms™! at the 96.7 and 145.1 GHz frequencies of the
CH3O0H lines, respectively. Within the available bandwidths, three rotational
lines of CH30H could be observed at 2 mm (Jy =3¢ = 29 AT, Jy =3_1 — 2_4
E, and J; = 3¢9 — 2 E lines) and four rotational lines at 3 mm (J; = 2; — 1; E,
Jy=20— 10 E, Jy =29 — 19 A*, and J, =2_; — 1_; E lines). The antenna

half-power beamwidth and main beam efficiency of the telescope at the different

observed frequencies are given in Table 4.1.

During the 1995 September observing session we mapped the molecular
emission within a region of ~ 5 x 10, with 1’ spacings, in each of the above
transitions. The observations were performed in the position switched mode,
with the reference position located at Q1950 = 11P53™M4457, 51950 = —65°13'58".
The integration times on source were typically 3 minutes per position. The
resulting rms noise in antenna temperature are given in column 7 of Table 4.1.
During the 1995 October observing run we undertook deeper observations toward
the SE1 and NW CO peaks in the outflow lobes (Chapter 3) and toward the
center of the globule. The goal was to obtain sensitive data in order to perform
rotational diagram analysis. The observed positions are at offsets from the IRAS

source position (aigso = 1159031, d1950 = —64°52'11") of (40", —100"; SE1
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Figure 4.1.— Nexzt Page

Contour map of velocity integrated CO J =1 — 0 line wing emission from the
BHR 71 bipolar outflow, superimposed on a V-band image of the globule taken
from the Digitized Sky Survey. Solid contours correspond to the emission in-
tegrated in the velocity range from -14 to -6 kms™' (blueshifted wing) and
short-dashed contours to the integrated emision in the velocity range from -3 to
7 kms™! (redshifted wing). Contours are 20, 35, 50, 65, 80, and 95% of the peak
[ T4dv of 25.8 K kms™ in the blue lobe, and 31.7 K kms™! in the red lobe.
Long-dashed contours represent 1*CO J = 1 — 0 emission integrated between —6
and -3 kms™!. Contours for 1*CO are 20, 35, 50, 65, 80, and 95% of the peak of
[ Trmpdv of 2.8 K kms~!. The star marks the position of the mm-IRAS source
11590-6452 (Chapter 3). The 2CO data is from SEST and the *CO data from
the CTIO radio telescope (Chapter 3).
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Table 4.1.  Summary of Observational Parameters

Molecule Transition Frequency = Beam Size n Av rms Noise!
(MHz) (FWHM ") (kms~1) (K)
CH30H  Jr =29 19 AT 96741.42 52 0.73 0.133 0.06
Je =30 = 20 AT 145103.23 34 0.66 0.089 0.10
Sio J=2-1 86846.998 57 0.75 0.149 0.03
J=3-2 130268.702 40 0.68 0.099 0.04
CS J=2-1 97980.968 52 0.73 0.132 0.04
J=3-2 146969.049 34 0.66 0.088 0.06
J=5-4 244935.606 22 0.45 0.053 0.09
HCOt J=1-0 89188.518 56 0.75 0.145 0.08
H3CO* J=1-0 86754.294 57 0.75 0.149 0.03

110 rms noise in antenna temperature.

peak), (—40”,140"; NW peak) and (0”,0”). We made five-point cross maps
about each of these three positions, with 15" spacings, in the J =3 — 2 and
J =2 —1 lines of SiO and CS, and the J, = 3y — 2 and J;, = 2, — 1 lines
of CH30H. The integration time per position ranged between 4 to 8 minutes.
The observations were performed in dual beam-switching mode, with a beam

separation of 11'47" in azimuth.

In addition, we supplement the above with observations of the H*CO*
J=1—0and CS J =5 — 4 lines at the IRAS position which were undertaken
in 1994 April. Details are given in Table 4.1.

4.3. Results

The spectra of the emission in the seven observed molecular transitions,
across the 5 x 10’ region mapped with SEST with 1’ spacing, are shown in
Figure 4.2. Also shown for comparison are the spectra of the 2CO J=1—10
emission, taken from Chapter 3). Offsets are from the reference position at

1950 = 11759™01318, 81950 = —64°5200” which itself is offset by (Aa, Ad) =
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(7", 1") from the position of the mm source as given in Chapter 3. Two emission
components, originating from physically and chemically different environments,
can be distinguished from this figure. A narrow line emission, at a velocity of
—4.45 kms™!, arising from the quiescent gas of the BHR 71 globule, and a broad
line emission which arises from the bipolar outflowing gas (cf. Chapter 3). The
line wing emission was detected in all the observed molecular transitions. The
shape of the profiles are, however, different from molecule to molecule depending
on the relative intensities between the narrow and broad components. Partic-
ularly striking are the cases of methanol and silicon monoxide molecules, for
which the emission from the broad component is much stronger than that from
the narrow component. The broad emission is detected at redshifted velocities
with respect to the systemic ambient cloud velocity toward the northwest re-
gion of the map (the red lobe) and at blueshifted velocities toward the southeast
region (the blue lobe).

To illustrate in more detail the differences between the line profiles we show
in Figure 4.3 the spectra of the line emission averaged across the blue lobe, the
red lobe, and the central core region. Emission in the lines of SiO is detected
only from the lobes, no (or very weak) emission being detected at the core of the
globule at the level of 0.06 K. The CH30H profiles show strong emission from the
wing component and weak emission at the velocities of the ambient cloud. The
vertical bars shown in the spectra of methanol indicate the expected positions
of the three rotational transitions, within the displayed velocity range, for a rest
velocity of —4.45 kms™. On the other hand, the CS and HCO* profiles show
a mixture of strong emission from the quiescent ambient cloud and relatively
weaker wing emission at the position of the lobes. Figure 4.3 also shows that
the average emission from the red lobe is brighter than that from the blue lobe,
by roughly a factor of 2, and that toward the red lobe the wing emission in the
SiO lines is considerable broader than in the CH30H lines. As discussed in the
previous Chapter the blue lobe appears to be breaking through the near side of
the globule, resulting in a well defined cavity being visible at optical wavelengths

(Fig. 3.13 in the previous Chapter). It is therefore likely that the amount of
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Figure 4.2.— Next Page

Observed spectra of several molecules across the central 5 x 10’ of the BHR 71
globule. The grid spacing is 1’. The asterix marks the position of the mm-IRAS
source 11590-6452 (Chapter 3). In each box the velocity scale ranges from —19
to 19 kms™!. The antenna temperature scale is from —0.2 to 0.6 K for SiO; —0.3
to 2.2 K for CH;0H; —0.2 to 1.0 K for CS; —0.3 to 3.0 K for HCO*; and —1.0 to
10.0 K for CO. Offsets are relative to aq950 = 11P59™01518, 61950 = —64°52'00".
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ambient material interacting with the outflow in the blue lobe is significantly

less than in the red lobe, resulting in weaker emission being observed toward the

blue lobe.

Maps of the velocity integrated emission in the ranges of the blue wing
(=9.1 to —5.5 kms™'; continuous line) and red wing (—3.1 to 0.5 kms~!; dashed
line) are shown in Figure 4.4. The star marks the position of the mm continuum
source. Also shown, for comparison, is a map of the 12CO J = 1 — 0 emission
in the same velocity range. The spatial distribution of the integrated wing
emission is broadly similar in all the observed molecular transitions, showing
well separated blue and red shifted lobes aligned in a direction with a position
angle of ~ 168°. From the maps of the SiO, CH3;0H, and CS emission we
measure FWHM angular sizes of 2/4 x 13 for the red lobe and 2/4 x 1’4 for the
blue lobe. The peaks of the molecular emission are offset by ~ 2’ (~ 0.1 pc)
from the central mm-source. While the integrated wing emission morphology is
notably similar in the 2 and 3 mm transitions of a given molecule, there are some
differences in the spatial distribution of different molecular species. Compared to
methanol and CS, the SiO lobes appear to extend further away from the driving
source, exhibiting spatial extensions similar to those of the CO lobes. While
some of the differences in the position of the peak emission seen in Fig. 4.4 can
be ascribed to our spatial undersampling, this circumstance cannot explain the
differences in spatial extent which appear to be intrinsic to the data. With the
present observations is not possible to discern whether the emission from the
lobes arises from either a uniform distribution of high velocity gas or from small
cloudlets. The low values of the observed main beam brightness temperature

suggest, however, that clumpiness is important.

The spectra of the emission in the lines of methanol, silicon monoxide and
carbon monosulfide toward the SE1, NW and core positions obtained from the
pointed, higher signal-to-noise (S/N) observations are shown in Figure 4.5. In
these deep integrations weak SiO emission from the core position, barely evi-
dent in the shorter integrations shown in Figure 4.3, is clearly seen. The shape

of the methanol lines toward the SE1 and NW peaks are distinctly different.
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Figure 4.3.— Spectra of the spatially integrated line emission from the blue (left
column) and red (right column) lobes of the BHR 71 outflow and from the “core”

middle column). The observed transitions are

)

labeled in the upper right corner of the spectra shown in the middle column. The

region (centered on IRAS 11590-6452;

vertical dashed line indicates the systemic velocity of the globule of 4.5 km s71. The

vertical ticks on the CH3OH spectra indicate the different CH3OH transitions observed.
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Figure 4.4.— Nezt Page

Contour maps of velocity integrated line wing emission from the BHR 71 bipo-
lar outflow. Continuous contours correspond to the emission integrated in the
velocity range from —9.1 to —5.5 kms™! (blueshifted wing) and dashed con-
tours to the integrated emission in the velocity range from —3.1 to 0.5 kms™!
(redshifted wing). Contours are 35, 45, 55, 65, 75, 85, and 95% of the peak
[ T%dv in each lobe. The peaks are 0.37 K kms™! for the blue lobe and 0.88 K
kms™! for the red lobe of the SiO J =2 — 1 map; 0.32 (blue) and 1.01 (red)
K kms™! for the SiO J =3 — 2 map; 1.22 and 2.83 K kms™! for the CH;OH
Jy = 29 = 1o map; 1.78 and 2.81 K kms™! for the CH;0H J,, = 3y — 2; map;
1.19 and 1.85 K kms™! for the CS J =2 — 1 map; 0.85 and 1.47 K kms~! for
the CS J =3 — 2 map; 15.71 and 17.08 K kms~! for the CO J =1 — 0 map;
and 1.48 and 2.14 K kms™! for the HCO™ map. The star indicates the position
of the mm-IRAS source 11590-6452. The beam FWHM for each transition is
indicated in the upper left of each map by the shaded circle. Offsets are relative
to a1g50 = 11P59™01318, 1950 = —64°52'00".
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While the profile of the emission in each individual line of methanol from the
SE1 peak can be well fitted by a single Gaussian component, those toward the
NW peak are clearly non Gaussian, their shapes being better reproduced by
a blend of emission from a narrow component and a broader redshifted com-
ponent. In Table 4.2 we summarize the results of Gaussian profiles fit to the
emission from the SE1 peak (one Gaussian component per line), NW peak (two
Gaussian components per line), and core position (one Gaussian component per
line). The line center velocities given in this Table and below are relative to the
ambient cloud velocity of —4.45 kms™!. The average line center velocity of the
six methanol lines observed toward the SE1 peak is —1.3 kms™! and the average
line width is 3.7 kms™'. The two Gaussian components fitting the NW emission
have average line center velocities of 0.3 and 3.0 kms™! and line widths of 2.0
and 3.8 kms~!. Hereafter we will refer to these components as the low (LV) and
intermediate (IV) velocity components. Even though its center velocity is close
to the ambient gas velocity, it is unlikely that LV emission from the NW peak
arises from the quiescent ambient gas (see §4.5.1). Toward the core position we
detected relatively strong emission at ~ 28.1 kms™! from the J; = 315 — 2y
rotational line of C3H, (Vrtilek, Gottlieb, & Thaddeus 1987). Emission from this
transition is not detected toward the lobes of the outflow, suggesting that this
line might be a good probe for studies of the kinematics and physical conditions

of the molecular gas surrounding the central energy source.

The peak intensity, center velocities, line widths, and integrated emission of
SiO, obtained from Gaussian fits to the profiles shown in Figure 4.5, are given in
Table 4.3. As noted before, due to the higher sensitivity, SiO emission is detected
toward the core position. The line center velocity is, however, displaced by ~
1.5 kms™! from the ambient cloud velocity, suggesting that the SiO emission
seen toward the core does not arise solely from the quiescent ambient gas. The
SiO line profiles observed toward the NW red peak exhibit, in addition to strong
emission in the LV and IV ranges, weaker, more redshifted, emission up to radial
velocites of ~ 25 kms~! from the ambient cloud radial velocity. We will refer to

this feature as the high velocity (HV) component. From the inclination angle,
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Table 4.2. CH30H Line Parameters

Transition Vet Av T [ Trdv Comments?
(kms™!)  (kms™!) (K) (K kms™!)

Red lobe: NW peak

Jb=20—-1E 0.2 1.9 0.30 0.60 LV
3.2 3.5 0.14 0.51 v
Je =20 > 1p AT 0.4 2.1 1.96 4.41 LV
3.1 3.2 0.87 2.95 v
Jy=2_1=21,E 0.3 1.9 1.28 2.59 LV
2.5 4.8 0.71 3.64 v
Je =30 =29 AT 0.3 2.0 1.73 3.77 LV
2.8 4.4 0.96 4.46 v
Je=3_1—22,E 0.3 2.1 1.59 3.57 LV
3.0 4.0 0.81 3.44 v
Je=30—=2>2E 0.2 2.2 0.45 1.03 LV
3.2 29 0.15 0.47 v

Blue lobe: SE1 peak

Jy=20—> 1 E —-14 3.4 0.12 0.43 LV&IV
Jg =20 > 1 At -1.2 4.1 0.68 2.96 LV&IV
Jy=21—-2>1,1E —-1.2 3.7 0.53 2.08 LV&IV
Je =30 = 20 At -14 3.7 0.83 3.26 LV&IV
Jy=3_1—-22, E -1.3 3.6 0.71 2.69 LV&IV
Je=3—=2>2E -1.7 3.5 0.17 0.62 LV&IV

Core: mm-source

Jb=20—21E -0.2 1.0 0.078 0.084
Jp =20 = 1g At 0.2 1.8 0.53 1.03
Jk=2_1—->14E 0.2 1.9 0.37 0.76
Je =30 = 20 At 0.2 1.8 0.53 0.99
Jy=3-1—22,E 0.2 2.0 0.44 0.97
Jk=30—22 E -0.2 2.1 0.083 0.19

1Velocity relative to the ambient cloud velocity of —4.45 km st

21V indicates low velocity component, IV indicates intermediate velocity com-

ponent (see text).
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Figure 4.5.— Spectra of the line emission observed toward the SE1 peak (offset 20",
-80" from the mm-IRAS source) of the blue lobe (left column); toward the mm source
(the “core” position, middle column); and toward the NW peak (offset -40", 140") of
the red lobe (right column), as defined in the previous Chapter. Transitions are labeled
in the upper right corner of the spectra shown in the middle column. The velocity
scale is from —29 to 29 kms—!. The vertical dashed line indicates the systemic velocity
of the globule of 4.5 kms~!. The vertical ticks on the CH3OH spectra indicate the
different CH3OH transitions observed, and the star in the CH3OH Ji = 3k — 2 panel
indicates the Ji = 312 — 291 transition of C3Hs.
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i, and the semi-opening angle, 6, of a biconical outflow, it is possible to derive
the actual flow velocity from the maximum observed radial velocity (Cabrit &
Bertout 1990). Using ¢ = 84° and 6 = 15° (Chapter 3), we find that the HV

gas has a flow velocity of ~ 70 kms™!.

However, the semi-opening angle was
determined using the observed LV and IV emission. It is generally found that the
gas moving at the highest velocities is more collimated than the slower moving
gas in molecular outflows (e.g., Bachiller et al. 1990; Chapter 3), and so the value
of 70 kms™! for the HV component is most likely only a lower limit to the true
velocity. Emission from the HV component is not evident in the other molecular
species observed here, nor toward the SE1 peak of the blue lobe, although it
is seen in deep CO observations toward the NE peak (Bourke, unpublished).
As shown in Table 4.3, three Gaussian components were required to fit the SiO
profiles observed at the NW peak position of the red lobe. Even though the
solutions are formally correct, and giving similar line center velocities and line
widths for both SiO transitions, the assumption of Gaussian profiles for the

wing emission is arguable and therefore these results should be taken only as

illustrative.

4.4. Analysis

4.4.1. Column densities and rotational temperatures

In order to derive the rotational temperature, Ty, and the total column den-
sity, Nr, of methanol we used a rotational diagram analysis (see e.g., Linke,
Frerking & Thaddeus 1978; Blake et al. 1987), with the assumptions of optically
thin conditions and local thermodynamical equilibrium (LTE), which relates the

integrated line intensity, rotational temperature, and column density via

3kambd’U . Nu _ NT (_ Eu ) (4 1)
87T3[,L2VS B gu B Q(Trot) P KT ot ’

where p, v, and S are the transition dipole moment, frequency, and line strength

of the transition, respectively, [ Tnsdv is the velocity integrated main beam

brightness, obtained directly from the observations, E, is the upper state energy,
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Table 4.3. SiO LINE PARAMETERS

Transition Vier! Av T [ T*dv Comments?
(kms™')  (kms™!) (K) (K kms™!)

Red lobe: NW peak

J=2—=1 0.4 2.0 0.23 0.48 LV
3.8 6.6 0.30 2.08 IV

16.6 23.8 0.061 1.54 HV

J=3->2 0.3 2.1 0.20 0.46 LV
3.8 5.6 0.24 1.44 IV

15.1 20.5 0.051 1.11 HV

Blue lobe: SE1 peak

J=2-=1 —1.6 5.9 0.14 0.87 LV&IV
J=3—>2 -1.0 5.0 0.071 0.37 LV&IV

Core: mm-source

J=2—=1 1.3 3.5 0.13 0.48
J=3—2 1.6 4.1 0.10 0.45

Welocity relative to the ambient cloud velocity of —4.45 kms™'.

2LV indicates low velocity component, IV indicates intermediate ve-

locity component, HV indicates high velocity component (see text).
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and Q(T,.t) is the rotational partition function. In Table 4.4 we summarize
the rotational temperatures and column densities of CH30H derived toward
selected positions of the red and blue lobes of the outflow. For the blue lobe
we integrated the emission in the LSR velocity range from —9.3 to —5.3 kms™!,
while for the red lobe we integrated the emission in the LSR velocity range
from —3.7 to 0.3 kms™!. These ranges have been chosen such that there is no
overlap between the emission in the different components of the methanol lines
nor a possible contribution from the ambient cloud gas. They mainly span the
intermediate velocity range of the outflowing gas. As a mode of illustration
we show in Figure 4.6 the rotational diagrams corresponding to the CH;OH
emission from the SE1 and NW peaks of the blue and red lobes. Toward these
positions we detected emission in seven rotational lines of CH;OH. The rotational
temperature and Ny /Q ratio of methanol derived from a linear least squares fit
to these data are shown in the lower left corner. The rotational temperatures of
the outflowing gas at the different positions are broadly similar, with an average
value of 7 K and a dispersion of 1 K. A similar analysis was performed for the
CS and SiO molecules for which we detected emission in two rotational lines.
The results are summarized in Table 4.4. We find that there is no significant

differences among the rotational temperatures derived using different molecular

species.

The rotational diagram analysis cannot be applied to the outflow CO emis-
sion because the lines are optically thick (Chapter 3). However, the excitation
temperature of CO can be estimated from the observed main beam brightness
temperature when the line emission is optically thick and the filling factor of the
emission is unity. At the NW peak position of the red lobe we find an average
main beam 2CO J = 2 — 1 brightness temperature, in the range of velocities
between —3 to —2 kms™!, of 17 K. At the SE1 and SE2 peak positions of the
blue lobe we measure average main beam 2CO J = 2 — 1 brightness tempera-
tures, in the range of velocities between —7 to —6 kms™", of ~ 13 K. We will
adopt these values as the excitation temperatures of the outflowing CO gas in

the red and blue lobes of BHR 71, respectively. We used the 2CO J =2 — 1
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Table 4.4. Derived Parameters of Outflowing Gas

Offset®>  Lobe CH30H SiO CS HCOt CO
position Tr Nt/Q Nt Tr N7 /Q Nt Tr Nr/Q Nt Nt Tr Nt
(K) (em™?) (em™?) (K) (em™?) (em™?) (K) (em™?) (em™?) (em™?) (K) (em™2)
(1,-3)  Blue 6 8.7 x 102 2.0 x 10!* 9 9.8 x 101° 6.6 x 10! 6 9.9x10'" 5.9x10"? 8.7 x 10! 13 9.2 x10'®
(1,-2) Blue 9 6.1 x 10> 1.4 x 104 9 8.1 x 101° 5.4 x 10! 8 8.4 x 10! 5.0 x 10'? 9.7 x 10!! 13 2.5 x 1017
SE1 Blue 7 1.0 x 10® 2.3 x 10™ 6 2.6 x 10! 1.8 x 102 10 1.2x10'2 6.9 x 102
(0,2) Red 6 2.2 x 10® 50 x 10'* 8 2.9 x 10! 2.0 x 102 7 19x10? 1.1 x10"? 1.9 x 10'? 17 3.5 x 10V
(-1,2) Red 6 1.6 x 10'® 3.6 x 10™* 6 2.4 x 10! 1.6 x 10!2 6 1.8x10' 1.1 x10! 8.3 x 10! 17 1.8 x 107
NW Red 6 3.2 x10% 7.2 x 10" 7 4.6 x 1011 3.1 x 102 7 22x10'? 1.3 x10'?

2Offsets are relative to R.A.(1950) = 11"59™20%0, Dec.(1950) = —64°51/00"
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observed data. The derived values of the rotational temperature and total column
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data because they were collected using a smaller beam than the 2CO J =1 — 0
data, thus minimizing a possible correction for a filling factor different from 1,
and because the optical depth of the emission in the 2CO J =2 — 1 line is
larger than that in the 2CO J =1 — 0 line.

4.4.2. Densities

To determine the density in the outflow we used the CSJ =2 — land J =3 — 2
observations and a spherically symmetric LVG statistical equilibrium code (see
e.g., Snell et al. 1984; Mundy et al. 1986) which includes radiation trapping due
to optical depth effects. Inputs of the code are the column density, determined
in our case from the rotational diagram analysis, and the kinetic temperature of
the gas. Since a direct estimate of the last is not available, we ran the model
for kinetic temperatures of 15, 25, 50 and 100 K. The LVG analysis shows that
the J =3 — 2 to J = 2 — 1 intensity ratio is relatively insensitive to the kinetic
temperature in this range, and that the gas density that produces the best fit to
the observations, assuming the outflow CS emission is optically thin, is n(Hy) ~

10° cm™3.

A determination of the density of the ambient gas using the same procedure
as above is probably not reliable, due to the possibility that the CS line may
be optically thick. To avoid this problem we made use of the observation of
the J =5 — 4 line at the (0,0) position, for which we have a 30 detection. By
using three CS transitions optical depth effects are accounted for by the LVG
analysis. We assume that the ambient gas temperature of the BHR 71 globule is
~ 10 - 15 K, as derived by Bourke et al. (1995b) from observations of ammonia
lines. The intensities and line widths of the three CS transitions are solved
for simultaneously to give the column density and density, obtaining N(CS) ~
2 x 10 ¢cm™2 and n(Hy) ~ 3 x 105 cm™ for temperatures in the adopted
range. For comparison, Bourke et al. (1995b) estimate n(Hp) ~ 3 x 10* cm™®
from ammonia observations with a much larger beam. Observations of C*S are

required to more accurately determine the density of the ambient gas.
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4.4.3. Temperatures

As discusssed in §4.4.1, we find that the rotational temperature of the methanol
emission from the outflowing gas in BHR 71 is typically ~ 7 K. Whether this
temperature provides an estimate of the kinetic temperature of the outflowing
gas is arguable due to the possibility that the methanol populations may be sub-
thermally excited (Bachiller et al. 1995; Avery & Chiao 1996). For the L1157
outflow Bachiller et al. (1995) found that the rotational temperature of methanol
is ~ 12 K, while Tafalla & Bachiller (1995) determined, from ammonia observa-
tions, that the kinetic temperature of the outflowing gas is ~ 100 K, indicating
that the methanol populations in the outflowing gas of L1157 are extremely sub-
thermal. To assess whether a similar situation exists in the BHR 71 outflow we
undertook a methanol excitation analysis using the same statistical equilibrium
LVG code as Bachiller et al. (1995). We include levels up to J = 12 and K = 3,
with the maximum number of levels set to 100. For the calculations we assume
N/Av =1 x 10" cm™2 (kms™)~! in the outflow, which is consistent with our
data, and ran the model for a density of 10° cm™3 and kinetic temperatures of
12, 50 and 100 K. Our aim here is not to determine precisely the kinetic tempera-
ture, which is not feasible considering the limited number of data points and the
complexities of the methanol molecule, but to estimate the range of kinetic tem-
peratures which are consistent with our data. In particular, when the methanol
is sub-thermally excited model rotational diagrams including a large number
of transitions show that excitation temperatures of the individual k-ladders are
larger than between the k-ladders (Bachiller et al. 1995), with the result that the
derived T, is very dependent on the transitions included in the analysis. From
the analysis we find that our methanol observations are consistent with Tx ~
50 — 100 K in the outflow, suggesting that the methanol is highly sub-thermally

excited.
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4.4.4. Molecular abundances

The chemical composition of a gas cloud is usually characterized by the fractional
abundance of molecules relative to molecular hydrogen, the main constituent of
the interstellar gas. The abundance of Hj in the lobes of the BHR 71 outflow
is not known, and difficult to estimate. Therefore, in the following discussion
we will consider fractional abundances relative to the CO abundance which can
be directly derived from our observations. We note that the [CO]/[H;] abun-
dance ratio seems to be rather insensitive to difference in physical conditions and
chemistry in different molecular environments, having values in the range from
7% 107° to 1 x 107*, a variation of only ~ 40% (van Dishoeck et al. 1993). This
variation could be explained by observations which indicate that up to 40% of
the CO in dense clouds may be depleted onto grains (e.g., Whittet et al. 1989;
Chiar et al. 1995). Some of this CO may be liberated in outflows by shocks,
and so any comparison with CO that assumes a constant CO abundance may
overestimate the relative abundance of other molecules. However, shock mod-
els predict that the abundance of CO remains relatively constant through the
shock, whether J- or C-type (Iglesias & Silk 1978; Bergin, Melnick, & Neufeld
1998), and so this may not be a problem, though these models do not appear to

consider the possibility of direct desorption of CO from grains.

The abundance of molecular species X relative to CO, [X]/[CO], in the
outflowing gas of the BHR 71 lobes are given in Table 4.5. They were computed
as the ratio of the molecular column density of species X, obtained from the
rotational analysis (see Table 4.4), and the column density of CO molecules in
the corresponding velocity range. The latter was computed from the ratio of the
observed emission in the '2CO and '*CO lines assuming a ?CO/**CO ratio of
89 and an excitation temperature of 13 K for the blue lobe and 17 K for the
red lobe (see the previous Chapter for a description of the method). Since for
the BHR 71 cloud the ambient gas and shocked gas are well distinguished, both
spatially and kinematically, the derived abundances of the outflowing gas are not
affected by the emission of the quiescent gas. We find that the [CH3OH]/[CO]
and [Si0]/[CO] abundances toward the lobes are typically ~ 1 x 107 and ~ 6 X
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107%, respectively. The column densities of HCO™ in the outflow were estimated
from the observed emission in the J =1 — 0 line, assuming it is optically thin,

and using the same excitation temperatures as for CO.

Table 4.5. Molecular Abundances Relative to CO

Feature  Offset position® [CH30H/CO]  [SiO/CO]  [CS/CO] [HCO™*/CO]

BHR 71 outflow

Blue lobe (1,-3) 2x1073 7x107% 6x107° 9x10°6
Blue lobe (1,-2) 6 x 104 2x107¢ 2x10°° 4 x107¢
Red lobe (0,2) 1x 1078 6x107% 3x10°% 5% 1076
Red lobe (-1,2) 2 %1078 9x107% 6 x10°% 5 x 106

BHR 71 ambient

Core (0,0) 5x 1073 8 x 1076 9x 1075
Dark clouds

TMC-1 3x107% <3x107% 1x10* 8 x 107°

L134N 4 x 1078 <5x107% 9x10 1x1074

aOffsets are in arc minutes relative to ajgso = 11759™01%18, 81950 = —64°52'00"

To quantitatively assess the chemical changes of the ambient medium due to
the outflow phenomena requires a knowledge of the chemical abundances of the
quiescent ambient gas. Since molecular observations of the BHR 71 globule away
from the outflow system are not available, we will adopt, where appropriate, as
ambient gas abundances those determined from our observations at the core
position. The derived relative abundance of molecules in the ambient gas are
presented in Table 4.5. The CO column density was determined, as described
above, using the observations of the CO (J=1-0) and *CO (J=1—0)
line emission assuming an excitation temperature of 11 K (Chapter 3). This
method was also used to derive the HCO™' column density from observations
of the HCOt (J =1 — 0) and H®CO* (J =1 — 0) line emission. We find
that the emission in the J =1 — 0 line of both CO and HCO™ is optically
thick. For CS and CH;0H we used the rotational diagram method described
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in §4.4.1, with the caveat that the CS J =2 — 1 lines may be optically thick,
in which case the CS column density would be underestimated. However, the
result is in good agreement with the value obtained from the LVG analysis of
§4.4.2. As a check we computed the relative abundance of CS at the (2, -2
offset position, which is away from the influence of the outflow and embedded
source, and for which we have the 13CO observations needed to determine the
CO column densities. We find that the relative abundance of CS in this position
is the same, within the errors, as the one derived toward the core. Also to assess
a possible contribution to the CHsOH core emission from the outflow, and/or
a circumstellar disk, we computed the CO and CH;O0H column densities at the
(1, 0') offset position, obtaining the same CH3OH relative abundance. Since
it may be argued that the emission observed toward the core position may not
serve as a good probe of the chemical state of the ambient medium, we also
show in Table 4.5 the relative abundances derived toward two starless low mass
dark clouds, the TMC-1 ridge and L134N (see van Dishoeck et al. 1993, and
references therein). The abundances derived toward the core of BHR 71 are
almost identical to those measured for L134N. Finally, we note that the BHR
71 ambient gas SiO abundance cannot be estimated from the observations at
the core position since in this case the emission most likely originates from gas
associated with the outflow process. In fact, SiO emission from quiescent gas
is usually not detected. In particular, for TMC-1 and L134N only upper limits
exist in the abundance of SiO. In the following discussion we adopt as fiducial
value of the [SiO/CO] abundance ratio in the quiescent ambient gas a value of 4
x 1078, corresponding to the geometrical mean of the upper limits determined

for the TMC-1 ridge and L134N cloud.

Table 4.6 gives the abundance enhancement factor of gas phase molecular
species in the BHR 71 outflow with respect to the ambient gas values in BHR
71. At the peak position of the red lobe the [CH3;OH]/[CO] and [SiO]/[CO]
abundance ratios are enhanced with respect to that of the quiescent ambient gas
in dark globules by factors of ~ 40 and > 350, respectively. On the other hand,
the abundances of HCO* at the peak of the lobes are smaller than that in the
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ambient gas by a factor of ~20.

Table 4.6. ABUNDANCE ENHANCEMENT

Molecule Blue lobe Red lobe
(17_3) (1a_2) (0a2) (_172)

CH3;0H 40 10 30 40
SiO 290 90 220 350
CS 8 3 4 8
HCO* 0.10 0.04 0.06 0.06

4.5. Discussion

The data presented in the previous section clearly illustrate that the chem-
istry of the molecular gas near the core of the globule has been substantially
modified as a result of the interaction between the outflow and the ambient
medium. The spectacular abundance enhancement in the lobes with respect to
that of the ambient medium may be interpreted to indicate that shocks play
an essential role in the production of these molecules (Bachiller 1996; Schilke
et al. 1997; Caselli, Hartquist & Havnes 1997). Shocks can raise the gas temper-
ature and drive many chemical reactions which are inefficient at ambient cloud
temperatures. They can also partially destroy dust grains leading to the injec-
tion of several absorbed atoms and molecules from the grain surface into the
gas phase. In the following discussion we first compare the spatial distribution
and line profile shape of the SiO emission from BHR 71 with those observed
toward other outflows, which should provide clues about the type of shocks that
give rise to the abundance enhancement in BHR 71. Then we discuss possible
explanations for the enhancement or depletion in the abundance of each of the

observed molecular species.
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4.5.1. Comparison with other outflows

Strong abundance enhancement in SiO and/or CH30H have been detected in a
number of other outflows, such as L1448 (Bachiller, Martin-Pintado & Fuente
1991), IRAS 032823025 (Bachiller et al. 1994), and L1157 (Mikami et al. 1992;
Bachiller et al. 1995; Zhang et al. 1995; Avery & Chiao 1996). The first two
sources are representative of the class of bipolar outflows associated with su-
personic jets. The L1448 CO outflow is characterized by the presence of an
extremely high velocity (EHV) outflow, at a velocity of ~ 65 kms™! with re-
spect to the ambient cloud velocity, and a more standard high velocity (SHV)

outflow at a velocity of ~ 15 kms™L.

In this source the SiO emission is as-
sociated with high-velocity molecular bullets (Bachiller et al. 1991), probably
tracing shocks produced by a central jet. The SiO line profiles observed toward
the central region of L.1448 exhibit two strong emission features blueshifted and
redshifted from the ambient cloud velocity by about the velocity of the EHV
flow. The blueshifted (redshifted) feature shows a steep decrease in intensity
toward the blue (red) and a slower decline toward the ambient cloud velocity.
Away from this position the SiO spectra show two velocity components of weaker
emission associated with the EHV and the SHV outflows. In the case of IRAS
03282-+3025, which also consists of a well collimated jet of fast gas (at veloci-
ties of ~ 57 kms™!) and a more extended, slower (at velocities of ~ 17 kms™1)
standard outflow component, the SiO emission is only detected at the end of the
EHV blue lobe of the CO outflow (Bachiller et al. 1994), where possibly there
is a maximum interaction of the outflow with the ambient gas. In the L1157
outflow the SiO emission toward the red CO lobe is located at the end of the
lobe (Zhang et al. 1997), while toward the blue CO lobe is more widespread and
appears as successive clumps which are intepreted as indicating the positions of
bow shocks in the flow (Zhang et al. 1995). The SiO line profile observed to-
ward the blue lobe show a steep increase from the ambient cloud velocity toward
the peak radial velocity and a gradual decrease toward the more blueshifted ve-

locities. This line asymmetry is opposite to that exhibited by the blueshifted
emission from the bullets of the L1448 flow.
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The spatial distribution and spectral line shape of the SiO emission from the
BHR 71 flow are similar to those of the L1157 outflow, and markedly different
from those of the other two sources, possible reflecting differences in the physical
conditions of the ambient gas, driving source, and mechanism of shock excitation.
The SiO line profile observed at the NW position of the BHR 71 red lobe,
showing a broad redshifted feature with a peak at a radial velocity close to the
ambient cloud velocity, a gradual decrease in intensity from the peak toward more
redshifted velocities, and a rapid decline toward the ambient cloud velocity, is
very similar in shape (besides the reversal in velocity) to the line profile observed
at the peak of the blue lobe of the L1157 outflow. These profiles, if produced
by shocks, suggest that a small fraction of the molecular gas is accelerated to
shock velocities while the majority remain close to the ambient cloud velocity.
For a shock moving with speed V;, an observer that is at rest with respect
to the pre-shock gas will see broad lines with a significant contribution from
velocities considerably lower than V; for a C-type shock and relatively narrow
lines at velocities of ~ £V} for a J-type shock (cf., Hollenbach 1997). The overall
shape of the SiO line profiles in BHR 71 hints then for the presence of C-type
shocks. Regarding the spatial distribution, the large extent of the SiO emission
in BHR 71, comparable in size to that of the CO, is similar to that seen toward
the blue lobe of the L1157 outflow, and notably different from the L1448 and
IRAS 0328243025 outflows in which the SiO is enhanced along the axes of the
molecular outflow and/or at their ends. The latter distribution is characteristic
of outflows associated with supersonic jets in which the molecular enhancement
is expected to be narrowly confined to the immediate vicinity of the bow shock

generated by the fast jet as it entrains ambient molecular material.

The widespread distribution of SiO emission in the lobes of BHR 71, similar
in extent to the CO emission which is thought to comprise mostly of swept
up ambient gas, suggests that the chemical enhancement in this source takes
place in a shell-like structure produced by the dynamical interaction between
the ambient cloud and an underlying wide-angled wind or wind driven shell.

The observed shape of the line profile of the SiO emission gives further support
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to the hypothesis that the SiO emission arises from quiescent material that have
been accelerated by the passage of a shock driven by the wind, producing a
shell-like outflow, rather than from fast bullets ejected by the YSO and moving
in the ambient cloud. The BHR 71 outflow would then be an example of the
class of outflows driven by a less collimated wide-angle wind, with the molecular
enhancement ocurring in a large shocked shell, surrounding the wind bubble,
formed as the wind ablates material from dense clumps in the surroundings.
Toward the blue-shifted lobe of BHR 71 there is a large cavity carved out by
the outflow on the near-side of the globule (Fig. 3.13 of the previous Chapter).
The amount of material available in this region for processing by the shocks
has probably diminished, though clearly still sufficient to kinetically excite the
rotational transitions of many molecular species. Figure 4.1 shows that while the
blue lobe may be protruding out of the densest part of the globule (as shown by
the optical image), there is still a large amount of moderately dense gas outside

of the optical boundaries (as indicated by the 3CO emission).

The existence of a supersonic jet toward BHR 71 might not be ruled out,
however. In fact it has been suggested that most molecular outflow sources might
have jet- and shell-like structures simultaneously, with one structure dominating
over the other depending on the evolutionary stage (Padman, Bence & Richer
1997). High resolution imaging of both the L1448 and L1157 outflows show
that close to the source the CO peaks in a shell-like structure, while the SiO
remains essentially jet-like (Gueth, Guilloteau, & Bachiller 1996; Zhang et al.
1997). This feature may be the result of a wandering jet in L1157, but in L1448
it appears to be a result of prompt entrainment of material by the underlying
jet (Bachiller et al. 1995). Some evidence for the presence of a jet in BHR 71
is provided by the high velocity (flow velocity of ~ 70 kms™') component seen
in SiO, which might be probing a more collimated component of the outflow.
Molecular hydrogen observations in the near-infrared (NIR) at 2.12 pm show
extensive emission along the axis of the BHR 71 outflow (Bourke 1994; Bourke
et al. in preparation; see Fig 4.7), which may be the result of successive eruptive

events from the vicinity of the YSO. Toward the northwest, the Hy emission
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traces a curved, elongated structure which could indicate a wandering jet with
multiple bow-shocks along its length. However, toward the southeast the H,
emission lies mainly outside the SiO blue lobe and seems to abruptly terminate
at the inner edge of this lobe. The difference in the spatial distribution of SiO and
H, could be attributed to multiple outflow episodes, with the shell-like outflow
seen in SiO representing an older event than the jet-like Hy events. In this view
the SiO flow would then correspond to a coasting shell created during an earlier

jet episode.

4.5.2. SiO enhancement

The high abundance of SiO molecules seen in BHR 71, and other molecular
outflows, is most likely due to the injection into the gas phase by shocks of Si
atoms and/or Si-bearing species. Once silicon is injected into the gas phase,
chemical models based on ion-molecule reactions predict a large abundance of
SiO molecules (Turner & Dalgarno 1977; Hartquist, Oppenheimer & Dalgarno
1980). Models of the chemistry in regions behind fast dissociative shocks pre-
dict a substantial enhancement in the abundance of SiO molecules (Neufeld &
Dalgarno 1989). In particular, for shocks with velocities of 60 — 80 kms™! prop-
agating in a gas with pre-shock density of 10* cm™3 (about the average density
of the BHR 71 globule) the predicted column densities of SiO molecules are
~ 2 —4 % 102 cm~2, similar to those derived in the lobes of the BHR 71 flow. A
major drawback with the application of dissociative shock models to the BHR
71 flow is its moderate outflow velocity (~ 28 kms™!), since shock velocities less
than ~ 50 kms™! are not fast enough to dissociate molecules. It is possible,
however, that the weak HV emission seen in SiO, likely to be associated with

high velocity jets, could be explained by this type of model.

C-type shocks appear to be the most promising to explain the bulk char-
acteristics of the BHR 71 flow. In particular the synthesis of molecules from
atoms and ions can be highly efficient behind non-dissociative C-type shocks. In

fact, the detection of profuse SiO emission from other highly collimated bipolar
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Figure 4.7.— Neat Page

Overlay of the integrated SiO J =2 — 1 (left) and '*CO J = 1 — 0 (right) con-
tours from Fig. 4.4 on the H, 2.122 pm image (not continuum subtracted). The
image is a mosaic taken with the infrared array camrea IRIS on the AAT. The
solid contours represent the blue-shifted outflow and are integrated over the

velocity range —9.1 to —5.5 kms™!

while the dashed contours represent the red-
shifted outflow and are integrated over the velocity range —3.1 to 0.5 kms™!.
Contours are 35, 45, 55, 65, 75, 85, and 95% of the peak [ T%dv for each lobe.
The peaks are 0.37 K kms™! for the blue lobe and 0.88 K kms™! for the red lobe
of the SiO J = 2 — 1 map, and 15.71 and 17.08 K kms™! forthe COJ =1 — 0

map. The star marks the position of the mm-IRAS source and the offsets are

relative to it.
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outflows with moderate outflow velocities (e.g., Bachiller et al. 1991; Mikami
et al. 1992; Bachiller et al. 1995; Zhang et al. 1995), have triggered several the-
oretical works on the production of SiO behind C-type shocks. The main mech-
anism of injection of silicon is sputtering driven by neutral particle impact on
charged grains (Draine 1995; Flower & Pineau des Foréts 1995; Schilke et al.
1997); although grain-grain collisions can be important for low velocity shocks
(25 < Vi < 35 kms™!) in dense regions (n(Hy) > 5 x 10° cm™3; Caselli et al.
1997). The sputtering of Si-bearing material can arise from either grain cores,
namely refractory grains which are composed of silicates and graphites, or from
grain mantles (Schilke et al. 1997). The release of Si-bearing material from grain
cores requires higher impact energies than the release from mantles; substantial
erosion of ice mantles can occur in C-shocks with velocities of ~ 25 kms™!,

while shock speeds of ~ 55 kms™!

are required in order to significantly erode
the grain cores by He impacts. The inclusion of heavier species, such as CO and
H,O, can significantly lower the impact energies required for the erosion of grain
cores, so that shock velocities as low as 25 kms™! can cause substantial erosion
of the grain cores (Schilke et al. 1997). Though the models are still preliminary,
most are able to explain the column densities of SiO observed in the gas phase
of molecular outflows. In particular, for the physical parameters typical of star
forming regions Caselli et al. (1997) found that the gas phase SiO abundance

behind C-shocks is larger than that in the quiescent gas by more than 3 orders

of magnitude.

Another possible explanation for the widespread distribution of SiO in the
BHR 71 outflow is the relative long lifetime of gas-phase SiO with respect to
the outflow age (estimated at ~ 10* years in the previous Chapter). SiO is
removed from the gas-phase via reactions with OH, and Herbst et al. (1989)
have determined that the abundance of SiO is two orders of magnitude greater
than SiO, (the product of SiO + OH), even after 3 x 10° yr, in regions applicable
to the conditions in the BHR 71 region (their model 4), so that once formed,
SiO is not quickly removed from the gas-phase. Pineau des Foréts et al. (1997)
show that the abundance of SiO is still significant 10* years after the passage of
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a shock, even taking into account re-accretion onto grains. So the widespread
detection of SiO in the outflow may be an indication of its youth, suggested
by its small dynamical lifetime (Chapter 3), and may indicate that heating of
the lobes by shocks is sufficiently recent that there has not yet been time for
radiative cooling to occur. Bachiller (1996) notes that SiO emission is generally
only observed in the outflows from the youngest (Class 0) YSOs, consistent with

the above scenario.

4.5.3. CH30H enhancement

We find that the [CH3;OH]/[CO] abundance ratio of the outflowing gas in the
lobes of BHR 71 is greater than that of the quiescent ambient gas by factors
of ~ 40. Similar enhancements in the abundance of methanol in other young
bipolar outflows have been reported by Bachiller et al. (1995). These methanol
abundances cannot be solely explained in terms of gas phase chemistry (Menten
et al. 1988; Millar, Herbst & Charnley 1991). At the low temperature of molecu-
lar clouds, CH3OH is thought to be depleted from the gas phase by condensation
onto cold mantles of dust grains. The composition of the mantles depends on the
physical conditions of the ambient medium. In particular, in an atomic hydro-
gen rich ambient medium such as that of molecular clouds, water and methanol
are expected to be the two most abundant constituents of icy mantles surround-
ing silicate and carbonaceous grains (Tielens 1989). A natural explanation for
the large increase of the abundance of CH3OH in the gas phase would then be

evaporation of ice mantles rich in CH3OH molecules.

The interstellar processes by which molecular species are removed from the
ices and returned to the gas phase are, however, still a matter of investigation. A
potentially important result from laboratory measurements is that of Blake et al.
(1991) who show that an amorphous H,O:CH3OH ice mixture when warmed to
120 K selectively injects methanol into the gas phase. In bipolar flows, the most
likely source of heating is shocks, which can raise the temperature of the gas

evaporating the icy organic mantles of the grains and returning this material to
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the gas phase (Tielens & Allamandola 1987; Brown, Charnley, & Millar 1992).
In the shock models of Schilke et al. (1997) ice mantles are completely destroyed
in the shocks, their components being transfered to the gas phase. However, the
details of how the methanol ice is liberated or how much is the abundance of
methanol increased in the gas phase have yet to be quantitatively investigated.
The similarities between the spatial distribution of the CH;OH and SiO emission
in the BHR 71 flow suggest that the process which leads to the evaporation of
ice mantles also leads to the release of SiO and/or SiO, into the gas phase. In

grain surfaces silicon is likely to be found in the form of SiO,.

4.5.4. HCO™ and CS abundances

Table 4.6 shows that the [HCO*]/[CO] abundance ratio of the outflowing gas
in BHR 71 is smaller than in the quiescent ambient medium, or in other dark
clouds, by typically a factor of 20 (cf., Guélin, Langer, & Wilson 1982; Baudry
et al. 1981; Wootten et al. 1978; Swade 1989; Blake et al. 1995; Frerking, Langer,
& Wilson 1987). Theoretical models of gas phase chemistry behind weak shocks
propagating into dense gas predict that the abundance of molecules such as
HCO*, CN, and H,CO should decrease with respect to the pre-shock abun-
dances, while the abundances of molecules such as CO are unperturbed (Iglesias
& Silk 1978; Mitchell 1987; Bergin et al. 1998). In particular, Inglesias & Silk
(1978) find that for a 10 kms™! shock propagating into a cloud with a pre-shock
density of 10* cm™3, the abundance of HCO* should decrease by a factor of ~
20, while Bergin et al. (1998) find that for a 20 kms™! shock propagating into
a cloud with a pre-shock density of 10° cm™ and kinetic temperature of 30 K,
the HCO* abundance should decreased by about a factor of 50. The low values
of the [HCO*]/[CO] abundance ratio in the lobes of BHR 71 are consistent with
the results predicted by shock models.

The [CS]/[CO] abundance ratios in the BHR 71 lobes are, on the other
hand, similar to that of dark clouds, within the range of 107® — 10~* (cf. Swade
1989; Fuller 1989; Irvine et al. 1987; Lemme et al. 1995), suggesting that the
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abundance of the CS species is unperturbed or only slightly enhanced by the
shock. In the few cases where the CS abundance in outflows from young stars
has been estimated (e.g., Tafalla et al. 1997; Plambeck & Snell 1995; Takano
1986), an enhancement of a few is suggested, if any. A similar result is found for
the shocked molecular cloud IC443 (e.g., Ziurys et al. 1989). This is in agreement
with the few models that exist for the chemistry of CS in shocks (e.g., Pineau
des Foréts et al. 1993; Leen & Graff 1988), which predict that the CS abundance

remains essentially constant.

4.5.5. The low velocity emission

As mentioned earlier, in addition to the wing emission detected toward the lobes
of BHR 71 in the lines of SiO and CH3O0H, we also detect emission at velocities
comparable to the systemic velocity of the globule. In particular for silicon
monoxide emission in the velocity range of the ambient cloud is clearly detected
at the position of the lobes and barely visible toward the core. This can be
appreciated in Figure 4.8 which shows velocity-position diagrams of the emission
in the SiO lines along the symmetry axis of the outflow. The emission in the red

1

lobe is roughly constant with velocity, with peaks at —4.1 and —0.8 kms™", while

L close to the

in the blue lobe the emission peaks at a velocity of —5.0 kms™
ambient cloud velocity. This result might suggest that the low velocity emission
originates in a stationary quiescent ambient gas that has not been disturbed by
the passage of a shock. The enhancement of SiO and CH30H molecules would
then be due to two different processes: (1) heating of grains within the ambient
medium by a radiation field able to evaporate volatile grain mantles and trigger
gas-phase reactions, and (2) direct shock processing of dust located within the
shocked region. Possible sources of heating of the ambient gas are radiation
fields from shocks (Wolfire & Konigl 1991, 1993; Taylor & Williams 1996), X-
rays emitted by the protostar (e.g., Sekimoto et al. 1997), and/or UV photons

generated in the accretion disk surrounding the protostar (Spaans et al. 1995).
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Figure 4.8.— Position-velocity diagram of the SiO emission along the symmetry axis
of the outflow. Upper: SiO (J =2 — 1) — contour levels are 0.075 to 0.5 by 0.05 K in
T%. Lower: SiO (J = 3 — 2) - contour levels are 0.075 to 0.3 by 0.05 K in T7.
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4.6. Summary

We have observed the highly collimated BHR 71 bipolar outflow in the
J=3—2and J=2—1 transitions of SiO and CS, the J;, = 3; — 2, and
Jr = 2¢ — 1, transitions of CH3OH, and the J = 1 — 0 transition of HCO™, us-
ing the SEST telescope. Broad wing emission was detected toward the outfow
lobes in all the observed molecular transitions. The shape of the profiles are
notably different from molecule to molecule depending on the relative intensi-
ties between a narrow line feature (arising from the ambient cloud in CS and
HCO*) and the broad component arising from the outflowing gas. Particularly
striking are the cases of methanol and silicon monoxide molecules, for which the
emission from the broad component is much stronger than that from the narrow
component. Methanol lines exhibit the most intense wing emission suggesting
that these lines are powerful signposts of the chemical impact of bipolar outflows

on the surrounding ambient medium.

The spatial distribution of the integrated wing emission is broadly simi-
lar in all the observed molecular transitions, showing well separated blue and
red shifted lobes. The extent of the lobes in the SiO and CH3OH lines, of
~ 0.14 x 0.08 pc, are similar to those of the CO lobes, perhaps indicating a
common mechanisms for the excitation of these molecular lines. The SiO and
CH;3OH profiles observed toward the red (blue) lobe are characterized by showing
a broad wing emission with a maximum at a velocity close to the ambient cloud
velocity, a gradual decrease in intensity from the peak velocity toward more
redshifted (blueshifted) velocities, and a rapid decline in intensity toward the
ambient cloud velocity. This spectral shape suggests that a small fraction of the
molecular gas is accelerated to shock velocities while the majority remain close
to the ambient cloud velocity, and is characteristic of standard C-type shocks
(Hollenbach 1997). The line profile shape, together with the extended spatial
distribution, of the SiO and CH3;OH emission suggest that C-shocks created
by the interaction between the surrounding ambient medium and a wide-angle
wind or wind driven shell, rather that a protostellar jet, play a major role in the

production of these molecules toward the BHR 71 outflow. The intensity of the
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emission in the red lobe is typically ~ 2 times stronger than that toward the blue
lobe, and the line widths are broader, which is probable due to environmental

effects, rather than intrinsic to the outflow mechanism.

We find that the abundance of methanol and silicon monoxide in the outflow
lobes is enhanced with respect to that of typical dark clouds by factors of up to
~ 40 and 350, respectively, showing that these species are dramatically affected
by the shocks. It appears that in the BHR 71 outflow the molecular enhance-
ment takes place in a shell-like structure of swept up material driven by a wind,
rather than by a protostellar jet. The associated shocks cause the evaporation
of icy grain mantles resulting in the injection into the gas phase of large amount
of ice mantle constituents, such as methanol. Further, the shock seems to be
sufficiently powerful that refractory dust grains are partially destroyed, liberat-
ing into the gas phase a significant amount of Si atoms that are later converted

to SiO by ion-molecule reactions and/or shock chemistry.

Our multiline molecular observations also reveal that the [HCO*]/[CO]
abundance ratios of the outflowing gas in BHR 71 are smaller than in quies-
cent dark clouds by typically a factor of 20, which can be interpreted as a result
of shock chemistry. The [CS]/[CO] abundance ratios are, on the other hand,
similar to that of dark clouds, suggesting that the abundance of the CS species
is unperturbed by the shock. Finally, we suggest that the SiO and CH3;0H
emission detected toward the lobes might not only trace shocked outflowing gas
but also quiescent ambient gas that has been heated by UV and X-ray radiation

produced by either the shocks themselves, the protostar and/or the accretion

disk.

231



REFERENCES

André, P. 1995, Ap&SS, 224, 29
Avery, L. W., & Chiao, M. 1996, ApJ, 463, 642
Bachiller, R. 1996, ARA&A, 34, 111

Bachiller, R., & Pérez Gutiérrez, M., 1997, in IAU Symp. 182, Herbig-Haro
Flows and the Birth of Low Mass Stars, ed. B. Reipurth & C. Bertout
(Dordrecht: Reidel), 153

Bachiller, R., Cernicharo, J., Martin-Pintado, J., Tafalla, M., & Lazareff, B.
1990, A&A, 231, 174

Bachiller, R., Martin-Pintado, J., & Fuente, A. 1991, A&A, 243, L21
Bachiller, R., Liechti, S., Walmsley, C. M., & Colomer, F. 1995, A&A, 295, L51

Bachiller, R., Tereby, S., Jarrett, T., Martin-Pintado, J., Beichman, C. A., &
van Buren, D. 1994, ApJ, 437, 296

Baudry, A., Perault, M., De La Noe, J., Despois, D., & Cernicharo, J. 1981,
A&A, 104, 101

Bergin, E. A., Melnick, G. J., & Neufeld, D. A. 1998, ApJ, in press

Blake, G. A., Sandell, G., van Dishoeck, E. F., Groesbeck, T. D., Mundy, L. G.,
& Aspin, C. 1995, ApJ, 441, 689

Blake, D., Allamandola, L., Sandford, S., Hudgings, D., & Freund, F. 1991,
Science, 254, 548

Blake, G. A., Sutton, E. C., Masson, C. R., & Phillips, T. G. 1987, ApJ, 315,
621

Bourke, T. L., Garay, G., Lehtinen, K. K., Koéhnenkamp, I., Launhardt, R.,
Nyman, L-A, May, J., Robinson, G., & Hyland, A. R. 1997, ApJ, 476,
781 (Chapter 3)

Bourke, T. L. 1994, MSc thesis, Univ. New South Wales

Bourke, T. L., Hyland, A. R., & Robinson, G. 1995a, MNRAS, 276, 1052

232



Bourke, T. L., Hyland, A. R., Robinson, G., James, S. D., & Wright, C. M.
1995b, MNRAS, 276, 1067

Brown, P. D., Charnley, S. B., & Millar, T. J. 1992, in Chemistry and Spec-

troscopy of Interstellar Molecules, ed. N. Kaifu (Tokyo: Univ. Tokyo
Press), 149

Cabrit, S., & Bertout, C. 1990, ApJ, 348, 530
Caselli, P., Hartquist, T. W., & Havnes, O. 1997, A&A, 322, 296

Chiar, J. E., Adamson, A. J., Kerr, T. H., & Whittet, D. C. B. 1995, AplJ, 455,
234

Draine, B. J. 1995, A&AS, 233, 111

Flower, D. R., & Pineau des Foréts, G. 1995, MNRAS, 275, 1049

Frerking, M. A., Langer, W. D., & Wilson, R. W. 1987, ApJ, 313, 320
Fuller, G. A. 1989, PhD Thesis, Univ. California Berkeley

Guélin, M., Langer, W. D.; & Wilson, R. W. 1982, A&A, 107, 107

Gueth, F, Guilloteau, S., & Bachiller, R. 1996, A&A, 307, 891

Hartquist, T. W., Oppenheimer, M., & Dalgarno, A. 1980, ApJ, 236, 182
Herbst, E., Millar, T. J., Wlodek, S., & Bohme, D.K., 1989, A&A, 222, 205

Hollenbach, D. 1997, in IAU Symp. 182, Herbig-Haro Flows and the Birth of
Low Mass Stars, ed. B. Reipurth & C. Bertout (Dordrecht: Reidel), 181

Iglesias, E. R. & Silk, J. 1978, ApJ, 226, 851

Irvine, W. M., Goldsmith, P. F., & Hjalmarson, A. 1987, in Interstellar Processes,
ed. D. J. Hollenbach & H. A. Thronson (Dordrecht: Reidel), 561

Leen, T. M., & Graff, M. M. 1988, AplJ, 325, 411
Lemme, C., Walmsley, C. M., Wilson, T. L., & Muders, D. 1995, A&A, 302, 509
Linke, R. A., Frerking, M. A., & Thaddeus, P. 1978, ApJ, 234, L139

Menten, K. M., Walmsley, C. M., Henkel, C., & Wilson, T. L. 1988, A&A, 198,
253

Mikami, H., Umemoto, T., Yamamoto, S., & Saito, S. 1992, ApJ, 392, L87

233



Millar, T. J., Herbst, E., & Charnley, S. B. 1991, ApJ, 369, 147

Mitchell, G. F. 1987, in IAU Symp. 120, Astrochemistry, ed. M. S. Vardya & S.
P. Tarafdar (Dordrecht: Reidel), 275

Mundy, L. G., Snell, R. L., Evans, N. J., Goldsmith, P. F., & Bally, J., 1986,
AplJ, 306, 670

Neufeld, D. A., & Dalgarno, A. 1989 ApJ, 340, 869

Padman, R., Bence, S., & Richer, J. 1997, in IAU Symp. 182, Herbig-Haro
Flows and the Birth of Low Mass Stars, ed. B. Reipurth & C. Bertout
(Dordrecht: Reidel), 123

Peng, R. S., & Whiteoak, J. B. 1993 MNRAS, 260, 529

Pineau des Foréts, G., Flower, D. R., & Chieze, J. -P., 1997, in IAU Symp. 182,
Herbig-Haro Flows and the Birth of Low Mass Stars, ed. B. Reipurth &
C. Bertout (Dordrecht: Reidel), 200

Pineau des Foréts, G., Roueff, E., Schilke, P., & Flower, D. R. 1993, MNRAS,
262, 915

Plambeck, R. L., & Snell, R. L., 1995, AplJ, 446, 234
Raga, A. C., & Cabrit, S. 1993, A&A, 278, 267
Sandqvist, A. 1977, A&A, 57, 467

Sekimoto, Y., Tatematsu, K., Umemoto, T., Koyama, K., Tsuboi, Y., Hirano,
N., & Yamamoto, S. 1997, ApJ, 489, L63

Snell, R. L., Mundy, L. G., Goldsmith P. F.; Evans N. J., & Erikson, N. R.,
1984, ApJ, 276, 625

Schilke, P., Walmsley, C.M., Pineau des Foréts, G., & Flower, D.R. 1997, A&A,
321, 293

Spaans, M., Hogerheijde, M.R., Mundy, L.G., & van Dishoeck, E. F. 1995, ApJ,
455, L167

Swade, D. L. 1989, ApJ, 345, 828

Takano, T. 1986, ApJ, 300, L85

234



Tafalla, M., Bachiller, R., Wright, C. H., & Welch, W. J. 1997, ApJ, 474, 329
Tafalla, M., & Bachiller, R. 1995, ApJ, 443, L37
Taylor, S. D., & Williams, D. A. 1996, MNRAS, 282, 1343

Tielens, A. G. G. M. 1989, in Interstellar Dust, ed. L. J. Allamandola & A. G.
G. M. Tielens (Kluwer: Dordrecht), 239

Tielens, A. G. G. M., & Allamandola, L. J. 1987, in Physical Processes in In-

terstellar Clouds, ed. G. E. Morfill & M. Scholer (Dordrecht: Reidel),
333

Turner, J. L., & Dalgarno, A. 1977, ApJ, 213, 386
van Dishoeck, E. F., & Blake, G. A. 1995, Ap&SS, 224, 237

van Dishoeck, E. F., Blake, G. A., Draine, B. T., & Lunine, J. I. 1993, in
Protostars and Planets III, ed. E. H. Levy & J. Lunine (Tucson: Univ.
Arizona Press), 163

Vrtilek, J. M., Gottlieb, C. A., & Thaddeus, P. 1987, ApJ, 314, 716

Whittet, D. C. B., Adamson, A. J., Duley, W. W., Geballe, T. R., & McFadzean,
A. D. 1989, MNRAS, 241, 707

Wolfire, M. G., & Konigl, A. 1991, ApJ, 383, 205
Wolfire, M. G., & Konigl, A. 1993, ApJ, 415, 204
Wootten, A., Evans, N. J., Snell, R., & Vanden Bout, P. 1978, ApJ, 225, L143

Zhang, Q., Ho, P. T. P., Wright, M. C. H., & Wilner, D. J. 1997, in IAU Symp.
182 Poster Proceedings, Low Mass Star Formation from Infall to Outflow,

ed. F. Malbet & A. Castets (Observatiore de Grenoble)
Zhang, Q., Ho, P. T. P., Wright, M. C. H., & Wilner, D. J. 1995, ApJ, 451, L71

Ziurys, L. M., Snell, R. L., & Dickman, R. L. 1989, ApJ, 341, 857

235



Chapter 5

Summary and Future Directions

The main results and conclusions of this thesis are presented at the end of each
chapter, and are not repeated here. In this Chapter we present a final summary,

and outline (without detail) future directions for the research presented here.

5.1. Magnetic Field Measurements

In the first part of this thesis (Chapter 2) we reported on observations
of the Zeeman effect in OH toward a selection of southern molecular clouds.
Although the detection rate was very low, the upper limits on magnetic field
strengths are consistent with the idea that magnetic fields are important in
regulating star formation in molecular clouds, either through pressure support
via the mean magnetic field, or turbulent support via MHD wave propagation,
or a combination of the two. However, in many cases the 30 upper limits are
tantalisingly close to the critical values predicted by simple theoretical models
if magnetic fields are to be important in molecular cloud physics. It would be
ideal to be able to either lower significantly these upper limits, or detect the
Zeeman effect towards the sources. Unfortunately the amount of observing time
required to accomplish either aim is, in most cases, astronomically high given,
the demands for time on modern telescopes. Another approach is to observe

even more sources in the south, thus increasing the sample size. The drawback
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there is that we have already observed all the sources where the detection of a
field of order 30-50 uG is likely to be achievable in a reasonable amount of time

(10-20 hours).

One program we are pursuing while the opportunity is available is a Sys-
tematic program of Zeeman observations of northern molecular clouds which
have not previously been observed for the Zeeman effect. This program is being
undertaken at the Green Bank 140’ telescope, which has been successfully used
previously for Zeeman work, and which will be decommissioned once the Green
Bank Telescope (GBT) is operational. Northern OH Zeeman studies have been
made with a variety of telescopes (Green Bank, Hat Creek, Nancay, Arecibo), so
our aim is to observe, with only one telescope, group of objects chosen with a well
defined selection criteria. By combining the results from Green Bank with the
full Parkes sample (which we aim to extend by observing more sources) we will
have sensitive Zeeman observations, using only two telescopes, of a well defined
list of clouds. Even though we do not expect a high detection rate, sensitive up-
per limits are important for statistical studies, given the paucity of observations

to date.

An important next step to the Zeeman work presented here is to observe
both RCW 38 and RCW 57 with higher spatial resolution, to investigate the
spatial structure of the magnetic field. This will then allow us to determine with
more confidence in which component of the gas we are measuring the field, and
thus allow a more accurate comparison of the cloud properties with the mea-
sured field strength. Such observations should be undertaken with the Australia
Telescope Compact Array in the near future. If it is found that the field is
being measured in gas associated with PDR regions of these two H II regions
then a comparison of the Zeeman observations with mid-infrared polarimetry
observations may be useful in investigating the three dimensional nature of the

field.
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5.2. The BHR 71 Outflow

The BHR 71 outflow (Chapters 3 and 4) is only the second outflow from a
low-mass protostar to have been mapped in detail in SiO and CH;0OH. The other
example is L1157. A comparison of the spatial structure of the SiO, CO and
near-infrared hydrogen emission suggests that the L1157 outflow is jet driven.
However, on small spatial scales both wind-driven (shell-like structures) and
jet-driven phenomena are present. In BHR 71 it is difficult to decide with the
present data which mechanism is dominant in driving the outflow, since signposts
of both processes appear on the large scale. Further observations are required
to either resolve this issue directly, or to provide the necessary data for detailed
modelling. Good high spatial resolution maps in both 2CO J =2 — 1 and SiO
J =3 — 2 are required, to more accurately compare their spatial morphologies.
CO is believed to be swept up ambient gas, while SiO is believed to be formed
in-situ via C-shocks, so we might expect striking differences in their morphology,

which is not evident in our poorly sampled maps.

It is also important to extend the near-infrared observations to cover the full
extent of the molecular outflow, to look for bow-shock-like structures toward the
head of the flow, and to compare the high resolution CO and SiO observations
with the near-infrared observations along the length of the flow. If J-shocks
are more important at the head of the flow, then observations of e.g., [Fell]
may be important, though it is rarely observed toward outflows from low-mass
protostars. In order to allow more detailed modelling of the shock structure then
observations of the H, v =1 — 0 S(1) line at 2.122 pm and the v = 2 — 1 S(1)
line at 2.248 um are required along the length of the outflow.

Since this outflow is one of the few to exhibit marked changes in the abun-
dance of different molecular species, it is important to extend those observations
to include a large number of species which may be similarly affected. Temporal
modelling of shock propagation through molecular clouds, including full chemi-
cal networks, is just around the corner, and it is important that observations are

available to confront these models as they evolve. By a combination of observa-
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tion and theory (modelling) we may be able to identify different molecular species
which allow us to date molecular outflows provided we have sufficient data on
the initial conditions of the ambient cloud (e.g., density and temperature), and

of the different molecular species within the outflow.

It is also important to study in more detail the few other outflows which ex-
hibit the SiO abundance enhancements, since the two best studied cases, L1157
and BHR 71, show such different characteristics. Such a program is being un-

dertaken by Garay and co-workers for sources visible from SEST.
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Appendix A

Mid-infrared imaging and
spectroscopy of the southern Hi1x

region RCW 38!

1Craig H. Smith, Tyler L. Bourke, Christopher M. Wright, Henrik W.W. Spoon, David
K. Aitken, Garry Robinson, John W.V. Storey, Takuya Fujiyoshi, Patrick F. Roche, Thomas
Lehmann, accepted by MNRAS in a slightly modified form.
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ABSTRACT

We present mid-infrared images and an 8-13 pum spectrum of the
southern H1I region RCW 38. We determine the dust colour tempera-
ture from both our spectrum and images at 10 and 20 pm, and deduce
the gas excitation from an image in the S1v fine structure line, as well as
spectra of the Ar1i1, S1v and Ne11 fine structure lines. Our observations
are consistent with a complex of sources associated with the RCW 38
IRS1 region which represent knots of material in a shell, or ridge, sur-
rounding a cavity of about 0.1 pc in radius, which is itself created by the
stellar wind of the hot young source IRS2. The dust temperature does
not peak closest to IRS2, but rather along the centre of the ridge, and is
remarkably uniform over the extent of our image. From photoionisation
models for the observed line ratios at IRS1 we deduce a stellar effective
temperature and gas density of about 43 000-48 000 K and 10* cm™3
respectively. Whilst the star, or star cluster, IRS2 is ultimately respon-
sible for the observed thermal and ionic emission, the relatively uniform
dust temperature implies that the bulk of the dust heating in the region
is provided by resonantly trapped Lyman « photons, rather than direct
stellar photons. This then also implies that the dust is depleted with
respect to the gas by a factor of at least 100 from its normal interstellar
value. The small scale spatial variations in the continuum emission and
temperature can be explained by changes in the gas-to—dust mass ratio.
However, positional offsets between the peaks of S1v and dust emission
may imply that the sulfur abundance is locally enhanced, possibly due

to grain destruction via shocks.
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A.1. Introduction

RCW 38 (Rodgers, Campbell & Whiteoak, 1960) is a luminous H 11 region
(~7x 10° L; Furniss, Jennings & Moorwood 1975) located in the region of the
Vela Supernova remnant and the Gum nebula (Gum 1952, 1956). The reported
distance to RCW 38 varies somewhat, but a reasonably consistent value is found
amongst Radhakrishnan et al. (1972) of 1.5 kpc, Muzzio (1979) of 1.7 kpc, and
Beck, Fisher & Smith (1991) of 1.740.9 kpc. We adopt a distance of 1.7 kpc for
RCW 38.

Frogel & Persson (1974; hereafter FP74) produced a 10 um map of the region
with a spatial resolution of 1475 showing the warm dust emission to be spatially
extended in a horse-shoe shape over a 1.8 x 1.8 arcmin? area. The peak of their
map is labelled IRS1 but does not correspond with the bright 2.2 um source
IRS2 that dominates at near-infrared (NIR) wavelengths (FP74). FP74 found
IRS1 to be extended on a scale of about 9”. Epchtein & Turon (1979) mapped a
smaller (40 x 40 arcsec?) region with a spatial resolution of 7”. They found the
strong 10 pm peak IRS1 resolves into a number of more discrete sources, which
they suggested may be due to local heating sources (i.e. a cluster of embedded

young stars), or dust opacity variations.

A low resolution (warm filter) 10 um spectrum of RCW 38 IRS1 is presented
in Persson, Frogel & Aaronson (1976). From simple two parameter fits to the
spectrum they derive a dust temperature of 175 K and a modest absorption

optical depth of 79 7,m = 0.4.

From its NIR colours FP74 suggest that IRS2 represents an early O star
(around O4) or group of stars, suffering 12.8 magnitudes of extinction. As noted
by Furniss, Jennings and Moorwood (1975), the ionizing flux from such a star
is more than sufficient to account for all the 5 GHz flux observed by Goss &
Shaver (1970). They suggested that an O5 star and little or no dust absorption
of the continuum photons in the ionised region could fit the known parameters of
RCW 38. Mizutani et al. (1987) present a Bry map of the region (15" resolution)

and find that Bry emission largely follows the structure of the 10 pum images.
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From their observations they deduce an electron temperature of about 8000 K.
They argue that IRS2 represents three O6 (ZAMS) stars rather than a single O5
star, though they do not preclude the possibility of an O5 star with a cluster of

embedded stars.

Storey & Bailey (1982) present a near-infrared K band image of the inner
2:5 of RCW 38. Their image shows a number of discrete sources surrounded
by extended nebulosity. NIR photometry indicates that all the bright sources
in the field are highly reddened point sources, and they infer visual extinctions
of up to 60 magnitudes. Allen & Meadows (1992) present a JHK' image of
a larger region around IRS2. Their more sensitive observations show that the
nebulosity is far more extended than indicated by the image of Storey & Bailey.
The blue appearance of the nebulosity in the JHK' false colour image hints that

the extinction toward the nebulosity is not high.

Ligori et al. (1994) imaged a region ~ 1.5 x 1.5 arcmin? at JHK centred on
IRS2 with a spatial resolution of 0789 pixel~!. They resolve IRS2 into a cluster of
at least 5 point sources within the central 16", the beamsize used by FP74. The
brightest source in this region dominates the observed flux and is saturated in
their data. They also find a number of sources with large H — K excess within
their field of view which may also be young embedded sources. One of their
reddest sources is tentatively identified with FP74’s IRS 3, detected at 10 pm.
From their data Ligori et al. construct a K band luminosity function, which

they fit with a Miller-Scalo IMF to deduce a cluster age of ~ 2 Myr.

Due to the complex nature of this source, the large beam IRAS observations
at 12 and 25 pm of this region do not provide much insight, though Kuiper et al.
(1987) are able to extract useful 60 and 100 um fluxes from which they deduce
a cool dust temperature of 45 K and gas column density of 2 x 102 cm~2.
However, from observations at 1-mm Cheung et al. (1980) derive a high column
density of 8 x 102 cm~2, from which they infer a large visual extinction of 800

mag, indicating that RCW 38 lies at the front surface of a dense and massive

(10* M) molecular cloud.
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Detailed molecular observations of RCW 38 are rare. Gillespie, White &
Watt (1979) mapped a region 1.0 x 0.5 deg? in the CO (1 — 0) line with
a 3'2 beam. They find that the CO is extended with a size of ~ 20’ x 10/,
which corresponds to a linear size of 10 x 5 pc at the adopted distance. The
emission consists of 2 clumps connected by a bridge of material in an east—west
direction. RCW 38E is associated with the H1I region, while RCW 38W lies
some 15" away. Observations with higher spectral resolution in the CO (2 —>1)
line by White & Phillips (1983) indicates that the CO emission suffers from large
self-absorption in the direction of RCW 38E. More recently, Zinchenko, Mattila
& Toriseva (1995) have mapped RCW 38E in CS (2 — 1). Their data shows
the high density gas (> 10* cm™2) to be clumpy and not peaked at IRS1, but
rather appears in a shell-like structure surrounding it. A large velocity gradient
is evident, running from NE to SW through IRS1. The CS velocity agrees with
the dip in the CO emission, confirming that the dip is due to self-absorption by
foreground gas. Zinchenko et al. estimate that the region traced by CS has a
mass of 1.5 x 103 M@. Howe, Snell & Bergin (in preparation) have mapped
RCW 38E in 3CO (2 — 1) and CS (2 — 1). Their data shows the gas to be
very clumpy with multiple velocity components along the line of sight. Their
data also indicates that the region around IRS2 does not contain much dense

gas, and appears as a hole in their CS integrated intensity maps.

As part of a program aimed at studying the morphology and excitation of
southern H1I regions we have obtained both continuum and line mid-infrared
images, as well as a spectrum, of RCW 38. Observations of another H1I re-
gion, G333.6-0.2, have already been published by Fujiyoshi et al. (1997). In the
following section we describe our observations of RCW 38 using a newly commis-
sioned mid-infrared camera. In section A.3 we present our results and analysis
of both the imaging and spectroscopic information, in terms of the excitation
and density of the H1I region, and the dust temperature. We discuss our results

in section A.4, and finally present our conclusions in section A.5.
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A.2. Observations

The imaging observations presented here were made with the Max—Planck—
Institut fiir extraterrestrische Physik (MPE) mid-infrared (MIR) imaging system
MANIAC (Mid And Near Infrared Array Camera) at the European Southern Ob-
servatory (ESO) 2.2-m telescope at La Silla in Chile. This instrument is based
on a Rockwell 128 x 128 Si:As IBC array, with control and readout electronics
provided by Wallace Electronics Inc. The instrument is designed to provide si-
multaneous imaging at both MIR and NIR wavelengths. So far however, only
the mid-infrared channel has been completed in Phase I of the instrument con-
struction project. The NIR channel (with a 256 x 256 InSb array) and an MIR
Fabry—Perot etalon are to be added during Phase II, which is currently under-
way. More detail of the instrument construction and capabilities are provided
by Boker et al. (1997). Work is currently in progress to improve the system
efficiency and on-line data reduction procedures, as well as the major upgrades
provided by the Phase II plan for this instrument. The Phase II upgrades to MA-
NIAC are a joint undertaking between the MPE, UNSW, ADFA and Southern

Cross University.

At the ESO 2.2-m telescope the instrument pixel size is 07345 with a 44"
clear field of view. Currently the instrument provides an N-band sensitivity

1 on the 2.2-m telescope. At this telescope we

of 1o ~ 2.5 mJy arcsec™? hr~
experienced quite large chopping offsets and structure in the image that could
only be removed by beamswitching. The exact cause of this chopping structure
was not determined, but we attribute it to the fact that the secondary on the
2.2-m telescope is barely undersized, and with the 60” or larger chops required
with the field of view of MANIAC it is possible that we were chopping close

to the edge of the primary mirror. Fortunately the beamswitch removed this

structure to less than 1 per cent.

In MANIAC, each of the various filters appears not to be exactly parallel
in the filter wheel, which introduces small spatial offsets (1-2") when changing

to different filters. The offset is quite stable, however, and is determined by
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comparing the position on the array of a standard star in the various filters.

These offsets are included when image registration and overlaying are used.

The observations were made on the nights 1996 October 30 & 31 and Novem-
ber 1. Throughout these nights the visible seeing was between 0’3 and 0”65, and
well below the diffraction limit of 0796 at 10 um and 1”79 at 20 pm. The images
of standard stars showed clearly diffraction limited structure, i.e. Airy rings, at

all wavelengths used.

In addition to the image data we have spectroscopic observations of RCW
38 between 8-13 um obtained using the UCL cooled grating spectrometer at
the 3.9-m Anglo-Australian Telescope (AAT) on 1984 May 12. A description of
the UCL spectrometer and observing procedures is presented by Aitken et al.

(1985).

A.3. Results & Analysis

A.3.1. Broad band images

Fig. A.1 shows the N-band (8-13 pm) and @-band (17.3-22.7 um) images. The
images were centred on the position quoted for IRS1 by FP74, but the absolute
pointing is uncertain. N-band images were obtained on all three nights and
Fig. A.1 is the sum of these images. It represents 680 seconds of integration
including the chop and beamswitch overheads. The @-band image was obtained
on October 30 only, and represents 480 seconds integration (including chop/nod).
Both images were obtained using a 60"north-south chop/nod. Flux calibration
was made with respect to 7 Sgr, which was taken to have a flux of 196 Jy at N and
73.3 Jy at Q. The original images significantly oversample the diffraction limit
(07345 pixel™! and ~ 1”7 & 2" diffraction FWHM at 10 & 20 pm, respectively),
so the images in Fig. A.1 have been smoothed back to their respective diffraction

limits with a Gaussian smoothing function.

Both the N- and @-band images show similar extended emission in a ridge-
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Figure A.1.— N- and @-band image of RCW 38. Offsets are in arcsec from the peak
of IRS1 which is labelled with an asterix, as is IRS2 ~ 15”5 E of IRS1. Also labelled
A-D are four 10 pm emission peaks, which will be referred to in subsequent figures.
Contours superimposed on the images are 5, 15, 25, ..., 95 per cent of the peak of 1.44
Jy arcsec™2 (N-band) and 7.5 Jy arcsec™2 (Q-band).

247



like structure oriented approximately north-south, with fainter emission ~ 20"
west, and little emission immediately east of IRS1. The basic features of Epchtein
& Turon’s observations are evident, though we are able to identify at least one
more position of local maximum of intensity in the southern part of the ridge at
10 pm, namely our source C. The ridge is a little more extended, or less peaked,
at 20 pm than in the 10 pm image though it is important to keep in mind the
lower spatial resolution of the 20 ym image. The peak of IRS1 in both the N-
and @-band images coincides to less than the 10 um diffraction limit. We have
tentatively identified the compact peak of emission ~ 15” east of IRS1 with the
bright NIR source IRS2. FP74’s map suggests a separation between IRS1 and
2 of < 10", but their spatial resolution was low and their positions are probably
only good to +5" at best. There appears to be little or no emission from dust

in the region immediately surrounding IRS2, a point we will come back to later.

IRS2 itself appears to be slightly elongated in a roughly east-west direction.
This is probably the result of two of the multiple components of IRS2 (as seen
in the K band e.g. Storey & Bailey 1982 and Ligori et al. 1994) which merge at
the spatial resolution of these measurements. We do not, however, detect any of
the other components of IRS2. Unfortunately the near infrared observations do
not provide sufficient spatial information to allow us to register them with our
images and so a detailed comparison of the mid— and near—infrared morphology
and spectral distribution is impossible. However, such a comparison is one of

the design requirements for MANIAC, and will become possible after a further

upgrade.

A.3.2. 8-13 um spectroscopy

The 8-13 um spectrum is presented in Fig. A.2. This spectrum amounts to
26 minutes of integration, chop/nod included, and was made in a 4"2 circular
aperture. A 60" north-south chop/nod was employed. The observation is centred
on the 10 pm emission peak, which corresponds to the source labelled IRS1 by

FP74. Flux calibration and correction for telluric absorption features are made
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Figure A.2.— 8-13 pm spectrum of RCW 38 IRS1, obtained with the UCL spectrom-
eter at the AAT. Filled circles show the observed spectroscopic data, and for all but
a few points the error bars are smaller than the plotted point. The strong S1v emis-
sion feature is labelled and the dashed line shows a fit to the continuum spectrum
as discussed in section A.3.2. The open circles show the N- and @-band fluxes (from
Fig. A.1) determined for a 4”2 aperture centred on IRS1. The dot-dash line in the
13-22 pm region shows the extended fit using the dust temperature and absorptive
optical depth determined from the 8-13 um fit. The extended fitting is discussed in
section A.3.4.

by reference to the standard star 4y Cru with a flux at 10 pm of 4.5 x 1071
W cm~2 pum~!. The spectral resolution employed was R = 40, or 0.238 sm per

resolving element.

The spectroscopic observation of RCW 38 was made as part of a polarimetric
study of this source, and as a result of the long integrations required, the S/N
ratio for the spectroscopic data is excellent at around 250 per point. In Fig. A.2
the error bars are only larger than the plotted point in a few cases at the very
edge of the atmospheric window. The high S/N allows for fairly tight constraints
to be placed on some of the dust parameters. The polarimetric data will be
presented in detail elsewhere, but these observations show polarized emission
at about the 2-3 per cent level with a position angle of 138°, as well as some

evidence for a small absorptive polarization component with a position angle
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of 75°. Accepting standard Davis-Greenstein type grain alignment theory, the
polarimetry therefore indicates a magnetic field direction of between 48°and 75°,
which is nearly normal to the elongated ridge in which IRS1 lies. Conversely
the interstellar magnetic field direction, determined from optical polarimetry of
field stars, lies at 170°(e.g. Axon & Ellis 1976, Klare & Neckel 1979), almost
orthogonal to the MIR magnetic field and closely parallel to the dust ridge.
The implications of this will be explored in a forthcoming paper, together with

imaging polarimetry observations.

The rising spectral energy distribution (SED) indicates emission from rela-
tively cool dust, plus the notable feature of the strong S1v fine structure emission
line at 10.52 um. We measure the S1v intensity as 8.240.5 x 10~ W c¢cm~2 in
a 4”2 aperture. On close examination of the spectrum the Ar1il line at 8.99 um
is detected, though split over two detectors, with a line intensity of 1.3+0.4 X
10~ W cm~2 and the Nell line at 12.81 um is also weakly present with a line
intensity of 44+1 x 107 W cm™2, both in a 4”2 aperture. These line strengths

are observed values and have not been corrected for extinction.

Emission line modelling

The presence of strong emission from S1v and only weak emission from Neir
and Ar 111 indicates a relatively strong ionizing radiation flux with an abundance
of photons above the SIII ionization potential of 34.83 eV (Genzel 1992). The
ionization potential for Ne1r is 40.96 eV and for Ar1iI it is 40.74 eV, and pre-
sumably most of the Ne and Ar has been ionized to the higher states, Nelil
and Ar1v indicating a strong flux of photons with energies greater than 41 eV.
On the other hand, the evident abundance of the S1v state (ionization potential
= 47.3 eV) as indicated by the strong emission line, shows that photons with
energies greater than 47.3 eV can not be so plentiful or these ions too would be
ionized to the next higher state Sv. Whilst we admittedly have no information
on the abundances of the higher ionisation levels, we feel that the combination
of weak NelI and ArIII emission but strong SIV emission serve to constrain the

bulk of the ionizing photons to the range 40.7-47.3 €V at the distance of IRSI.
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To provide the required ionizing flux we estimate that a star with effective
temperature Teq of at least 40 000 K is needed. This rough estimate is made by
simply comparing our observed line ratios in RCW 38 to those observed by other
authors in different H1I regions, and for which a T.¢ was inferred (e.g. Rank
et al. 1978 for G333.6-0.2 and G298.2-0.3; Lester, Dinerstein and Rank 1979
for K3-50A; Lacy, Beck and Geballe 1982 for G298.2-0.3, RCW57 and G29.9-
0.0; Simpson and Rubin 1984 for G45.1+0.1 and G29.9-0.0; Colgan et al. 1991
for G45.140.1 and K3-50A). Compared to all these sources, RCW 38 has the
highest observed S1v/Ariil and S1v/Nell ratios. This estimate is consistent
with near—infrared (FP74) and far-infrared (Furniss, Jennings & Moorwood,
1975) measurements which suggest a late O star or cluster of later type stars
to be the exciting source. Similarly, the Hel (A = 2.06 pm)/Bry ratio, which
is often used as a constraint on massive star formation (e.g. Doyon, Puxley &
Joseph 1992) is observed to be quite high in RCW 38 at 0.65 (Mizutani et al.
1987) which also suggests a minimum effective stellar temperature around 40 000

K.

Even though we have very limited information, with only two observed line
ratios, in an attempt to confirm our arguments above and to perhaps investigate
more fully the physics of RCW 38, we have used the CLOUDY photoionization
code (version 90.03, Ferland 1993) to model our data. As input to the code

"we have used spectral energy distributions from photospheric LTE model atmo-
spheres by Kurucz (1994) and non-LTE calculations by Pauldrach (1997). This
allows us to investigate the affect of the adopted stellar SED shape. Assuming
that IRS2 represents the exciting star(s) of the H1I region, from our images we
were able to constrain the inner radius of the ionized region to be around 0.12
pc, which is in fact the separation between IRS1 and IRS2. Whilst this is a pro-
jection of the real separation onto the plane of the sky, given that we interpret
the ridge as part of a region forming an elliptical shell around IRS2 we believe

that the actual value is very close to this.

With little a priori information on elemental abundances we assumed that

they were all solar. There is however some justification for this assumption. For
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instance, in a study of RCW 38 using far—infrared transitions of O 111 in a 2’ X
2" beam Takami et al. (1987) infer an oxygen abundance very close to solar.
Whilst this does not necessarily imply that this is also the case for Ar, S and
Ne, we also note that RCW 38 has a similar galactocentric distance as the Sun,
so that it should not be subject to the radial abundance gradients known to
exist within the Galaxy (e.g. Simpson et al. 1995). Since our images indicate
the existence of dust in the ionised region we included dust in our models. The
grains were of the Orion type as defined in Baldwin et al. (1991). The dust—to-
gas ratio was such that 0.33% of the mass is contained in graphites and 0.52%
in silicates (implying a gas-to—dust mass ratio of slightly more than 100). When
comparing the model output to our observations we used extinction corrected
line ratios. The correction was performed using an Ay of 10 mag (FP74), a
Draine & Lee (1984) extinction law, and a screen-type geometry. Finally, the
nebular hydrogen density and stellar luminosity were treated as free parameters

in the models, the former being assumed constant within any one model.

Using the Kurucz SEDs we were able to fit both the extinction corrected
S1v/Ar1l and S1v/Nell ratios with an effective temperature, T, of about
46 000+2000 K and density of 1049+%1 ¢cm~2 (which is in agreement with mea-
sured electron density estimates, e.g. Mizutani et al. 1987, Takami et al. 1987),
essentially independent of the presence of dust. Including dust does however
bring the line fluxes themselves a bit closer to the observed values, within a
factor of a few. The uncertainties indicate the ranges in each quantity observed
when sampling the line ratios at either the inner or outer face of the model cloud.
For instance, at the inner face a T of around 44 000 K is required, whereas
at the outer face about 48 000 K is better. Lower density models, down to 102
cm~3, and higher density models, up to 10>° cm™3, provide progressively worse
matches to the data. Our derived T.g implies a single ZAMS star of spectral
type between O5.5 and O4.5 as the ionizing source (Panagia 1973; Lang 1992;
Hanson, Howarth & Conti 1997). Whilst we cannot exclude that a cluster of
several lower T.g stars could also provide a suitable match, the calculated ratios

are very sensitive to the temperature and bolometric luminosity and T.g could
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only be lowered by about 1000 K for either face. The suggestion of Mizutani et
al. (1987) of three O6 ZAMS stars (Teg ~ 41 000 K) is not consistent with our
data. Indeed, between about 10 and 100 such stars would be required to fit just
one of the ratios. However, their suggestion of a single O5 star plus a cluster
of embedded stars is clearly not ruled out. Additionally, in Ly,—T.¢ space the
solutions for our observed line ratios begin to diverge beyond the locus of ZAMS
stars, i.e. with higher Ly, and lower T, so that an ionizing star above the
main sequence is also inconsistent with our data. In anticipation of our model
in section A.4.2 for the heating of the dust in RCW 38 we also ran a dust-free

model, and found results in agreement with those above.

If instead the Pauldrach SEDs are used the extinction corrected line ratios
can again be matched nicely, with the corresponding T.s being in the range
45 00042000 K and density again 10%9%%1 ¢cm=3. Obviously the implied spectral
type of the ionising star is again between O4.5 and O5.5. In this case the solutions
are not quite as sensitive to the temperature and bolometric luminosity, and at

the inner face a model of three O6 ZAMS stars appears viable.

Unfortunately there is little other published information on fine structure
line measurements of RCW 38 made in a similar beam size to ours, with which
we might further constrain densities (e.g. electron density using lines from the
same element and ionisation stage) and the exciting source and/or abundances
(e.g. using lines from the same element but different ionisation stages). From
optical observations in a 17" x 34" beam of Si1 and O 11 Danziger (1974) infers
an electron density of 4 x 10% cm™3, and Mizutani et al. (1987) derive 6 x 10°
cm™3 from Brvy imaging, whilst Takami et al. (1987) infer an electron density of
10* cm™3 for their single component model, and 5 x 10* cm™ clumps embedded
in 150 cm™3 ambient gas for their two-component model. Our derived spectral
type of the ionising star is similar to that inferred by other authors for RCW 38,

as noted above and in our Introduction.

It is worth noting the similar T.g results obtained for the Kurucz and Paul-
drach model SEDs. Given that the Kurucz SEDs are calculated in LTE, and
the Pauldrach SEDs include stellar winds and are non-LTE, the similarity is
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striking. The implication may be that the most important physics is already
contained within the LTE models. Further testing on different sources, with a
larger line set and where other parameters such as the nebular density and inner
radius are already constrained, would be advantageuous in determining whether

observations of the type presented here can be used to test further developments

in stellar atmosphere models.

To summarise, the best match between the model calculations and the ob-
servations, for both the Kurucz and Pauldrach SEDs, was for an inner radius of
0.12 pc, effective temperature of 43 000 to 48 000 K and hydrogen density of
10* cm™3. Since we have set the inner radius of the model HII region to be the
IRS1-IRS2 separation, and our spectral observations are centred on IRS1, we
favour a T.g at the low end of the quoted range, i.e. between 43 000 and 44 000
K, implying a spectral type of 05.5 V or O5 V.

Continuum emission modelling

Fitting the RCW 38 IRS1 SED to an optically thick black-body or optically thin
silicate-like emissivity alone provides relatively poor fits to the spectrum (x?/n ~
50). However a simple two component model fit with underlying optically thin
silicate emission plus some silicate absorption by cold grains provides quite a
good fit (x?/n ~ 2.6). The silicate dust emissivity function used in this case
is derived from the deep absorption feature in W3 IRS 5 (Wright 1994). This
emissivity function is similar to that for the Trapezium in Orion, but provides
better fits to silicate emission/absorption from molecular cloud sources. The
temperatures derived for the silicate dust from this fit are 175+6 K which is
suffering a modest 0.56+0.03 optical depth at 9.7 um from cold silicate dust
absorption. Assuming an extinction ratio Av/79.7.m = 18.5 (Roche & Aitken
1984) we estimate the visual extinction towards IRS1 to be Ay = 10.4, which
is in excellent agreement with the extinction of Ay = 10.7 over the extent of

the H1I region estimated by FP74. The resultant fit to the data is shown as a
dashed line in Fig. A.2.
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A.3.3. S1v image

On 1996 November 1 we obtained an image of RCW 38 in the S1v 10.52 pm
fine structure line using a narrow band filter centered on 10.52 pm (AX = 0.124
pm) with MANIAC. The continuum is subtracted from the emission line using
the N-band continuum image scaled to the continuum level at 10.5 ym. The
scaling information is obtained from the spectroscopic data of Fig. A.2. Fluxes
from corresponding 4”2 apertures on the S1v and N-band images are scaled to
those of the spectra in the line and continuum at 10.5 pm. This continuum
subtraction technique relies upon the fact that the N-band image provides a
reasonable representation of the 10.5 pm continuum, and that there are no ex-
treme temperature or extinction variations across the image. The temperature
map presented in section A.4.1 suggests that this assumption is reasonable at
least for the regions of sufficient signal-to-noise (S/N) to be of interest. Three
images are presented in Fig. A.3, the raw line plus continuum image, the N-band

continuum used for subtraction and the continuum subtracted S1v image.

The S1v and dust thermal emission distributions are broadly similar, possi-
bly indicating that the gas and dust are well mixed in the ionised zone of RCW
38. However, on closer inspection the two images do differ in their fine struc-
ture. For instance, the STV image shows a very clear peak of 1.1 x 1071® W ¢m™2
pm~! arcsec™? at a position Aa ~ —270, A ~ +4"0 from IRS1 (near source A),
and a second major peak of equal magnitude at a position Aa ~ +270, Ad =~
—-9”0. It is interesting to note that neither S1v peak coincides with a continuum
peak in the ridge. Also the continuum peak D to the south-west corner does not

show as a significant S1v peak, which is probably due to geometrical dilution

and absorption of the photons capable of ionising sulfur to the S1v state.

Because the SIv image is unusual (e.g. IRS1 and the S1v peak are not
coincident) great care was taken in registering the line and continuum images
before subtraction. This was achieved by registering on the compact source IRS2
which was clearly present in both images. The registration is considered to be

better than 1 pixel (07345). After the continuum subtraction, IRS2 was still
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present in the S1v image so the positions of IRS2 and IRS1 in the line image
are well defined. IRS2 was present though faint in the line image, but after
smoothing (using a gaussian with FWHM ~ 0/8) it does not appear very clearly
in the presented line image of Fig. A.3. The differences in the line and continuum
images can actually be seen in the un—subtracted image of Fig. A.3, so the offset
between the northern S1v peak and the continuum peak IRS1, for example, can

not be an artifact of the continuum subtraction process.

A.3.4. 10/20 pm dust temperature map

From the spectroscopic data in section A.3.2 it is clear that the spectrum for
RCW 38 shows evidence for emission and absorption from silicate-like dust
grains. This means that to use the N- and @-band images to produce a simple
black-body colour temperature map would produce misleading results. The pres-
ence of the silicate absorptive and emissive components needs to be accounted
for before a useful dust temperature map can be produced. Unfortunately we
do not have any 20 pum spectroscopic data, nor is there any to be found in the

literature or IRAS LRS catalogue.

We do not know the temperature of the absorptive material at 10 ym, but
it is unlikely that this material would produce significant emission at 20 pm,
so we have assumed that a proportional amount of absorption will occur at 20
pm. If we assume that the extinction is constant across the image then it is still
possible to extract a reasonable dust temperature from N-and (-band images.
Although we do not have any 10 or 20 um spatially resolved spectroscopic data
to confirm this assumption, the 2.2 um images of Allen & Meadows (1992) and
Storey & Bailey (1982) do not show any significant variations that might be
attributed to variable extinction across the image. Additionally, FP74 infer a
similar amount of extinction towards IRS2 (Ay ~ 12.8) as we find towards IRS1

(Ay ~ 10.4), indicating that the extinction in this region is relatively constant.

To derive the dust temperature across the image, we first need to determine

if the simple two component (single warm dust temperature) model is capable
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Figure A.3.— S1v image of RCW 38. From left to right the images are (a) the
raw line plus continuum image (un-subtracted), (b) the N-band continuum used for
subtraction and (c) the continuum subtracted S1v line image. Offsets are in arcsec
from the peak of IRS1 in the N-band image. The positions of IRS1 and IRS2 are
indicated with asterix (Fig. A.1), and the features A-D (Fig. A.1) are indicated with
crosses. Contours superimposed on the images are 15, 35, ..., 95 per cent of the peak
of 1.09 x 107! W cm~2 arcsec™2 (S1v image) and 5, 15, ..., 95 per cent of 1.44 Jy
arcsec™2 (10 pm image).
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Figure A.4.— 10/20 pm colour temperature image of RCW 38. Offsets are in arcsec
from the peak of IRS1 in the N-band image. In (a) we present the colour temperature
image, while in (b) we present the same image with the 10 ym contours overlaid. The
positions of IRS1 and IRS2 are indicated with asterix (Fig. A.1), and the features A-D
(Fig. A.1) are indicated with crosses. The contour around the position of IRS1 is 170
K, and contours decrease in 5 K increments to the bottom contour of 145 K (shown
in black). The maximum temperature contour around the peak to the south-east of
IRS1 is 175 K. The 10 um contour levels are the same as those in Fig. A.1.

258



of being extended to the 20 um region. If not, a second cooler dust component
may be needed, in which case it is impossible to extract any useful information
from the limited amount of spectral information (i.e. 2 data points) in the two
images. We have already assumed the extinction to be constant, and to make
another assumption about a second cool dust component would be stretching

the data beyond credibility.

If we extend the two component (single dust emission temperature) fit from
section A.3.2 to longer wavelengths we obtain a prediction of the 20 pm flux
that would result from a 4”2 aperture around IRS1. We can then compare the
fluxes obtained from the N- and @-band images with those of the model. We
have extended the silicate emissivity function beyond 13 um in 1 pm steps out
to 24 ym. As we do not have observed spectroscopic data for W3 IRS5 in the
20 pum window we have used emissivity data derived from the work of Scott
& Duley (1997). This data is similar (though not identical) to other derived
silicate emissivities (e.g. Draine & Lee 1984), but fortunately the shape of the
silicate resonance in the 20 um region is not so acutely dependent on the grain
parameters as the 10 um region. This extended model fit is included in Fig. A.2,
and is shown by a dashed—dot line joining the 8-13 pm fit (short dashed line) at
13.5 pm. The model is defined by the equation

Fy = Qe B(A,T) el mmed) (A1)

where F) is the calculated flux, 2 is a parameter that normalises the derived flux
to the observed flux at 10 um, €, is the silicate emissivity function, B(A,T) is
the Planck function at dust temperature 7', and 7g 7.m is the absorption optical
depth at the peak of the silicate resonance. This model is not different from
earlier simple two component fits (e.g. Aitken & Jones 1973, Gillett et al. 1975)
but as it is to be used as the basis of the derived temperature map from the N-

and Q-band images it is re—stated explicitly here.

From this model we obtain 10 and 20 ym broad band fluxes (i.e. inte-

grating over the respective band) of 233 and 430 x 107** W em™

respectively.
Equivalent fluxes extracted from a 472 aperture centred on IRS1 from the N-

and Q-band images provide fluxes of around 300 and 540 x 107'®* W c¢m~2 re-
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spectively. Clearly there is a calibration difference between the two data sets of
about 25 per cent, but it is the ratio between the 10 and 20 ym data that is
important in the determination of the temperature. The absolute calibration of
disparate data sets is always difficult without very careful photometric monitor-
ing throughout a night, and we would rarely claim absolute calibration better
than this 25 per cent difference anyway. The ratio of model data Foopm/Fioum 18
1.85 and from the broad band images it is about 1.8 which provides remarkably
good agreement. We believe that this validates the simple two component model

for use in the 20 um window in this particular source.

Using a modified colour temperature (as described above) that takes ac-
count of the presence of silicate grains, we can derive a dust temperature for
each common point in the N~ and @-band images, and Fig. A.4 shows the dust
temperature map derived in this way. To ensure that the different spatial res-
olution in the N- and @-band images does not produce spurious features the
N-band image was smoothed to the @-band diffraction limit before the colour
temperature map was constructed. It should be remembered too, that we have
made the assumption that the silicate extinction is the same over the whole
image and that the chemical composition of the dust also remains more or less
constant. For these reasons, plus the fact that a distribution of grain sizes might
be expected, each of which perhaps attains a different equilibrium temperature,
our temperature image is most useful for determining spatial trends in the dust

temperature, rather than absolute values.

From Fig. A.4 we see that the temperature is highest in the centre of the
ridge-like emitting region, and drops off rapidly to both the east and west. We
do not attribute any significance to the high temperatures to the far north or
far west of the map (except for source D at Aa ~ —18", A§ ~ —16") as the S/N
ratio in these regions of the N- and @-band images is not sufficient to determine

reliable temperatures.

In the region around IRS1 there is a reasonable temperature peak, with
the peak contour of 170 K. There is also a slightly stronger dust temperature

peak some 15" to the south-east of IRS1. This temperature peak corresponds to
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intensity peak B in the N-band image. Although it is only about 60 per cent as
bright as IRS1, the temperature here is about 175-180 K compared with 170-175
K at IRS1. IRS2 appears as a hot source (> 200 K) about 15” east of IRSI.

A.3.5. Dust opacity and mass

Having determined the dust temperature in the previous section it is now possible
to calculate the emissive opacity and mass of the dust. Before doing so however,
it is prudent to recognise the limitations of this calculation. In particular we
assume that the previously calculated temperature represents a single and uni-
form grain temperature along the whole line of sight. Panagia (1975) and Natta,
and Panagia (1976) have presented criticisms of this assumption, which they
say leads to an underestimate of the dust mass. As noted above, a distribution
of temperatures might be expected on the basis of a distribution of grain sizes
and/or compositions. Therefore, once again our opacity image is most useful in
showing spatial trends. Nevertheless, with the above approximation in mind, we
can at least obtain an estimate of the dust opacity, and so also the dust mass.
Using the temperature distribution as determined previously and the observed
flux from the N-band image we have determined the opacity distribution, using

the following equation

Tem,N = FN/B(N’ T) (Az)

where 7., y is the emissive opacity in the N-band, Fy is the observed N-band

flux and B(N,T) is the blackbody flux at the derived colour temperature.

In section A.3.2 we noted that the spectrum of IRS1 shows an absorptive
optical depth of 79 7,m = 0.56, which is attributed to a layer of cold silicate grains
in front of the RCW 38 region. The 9.7 um optical depth represents the peak of
the absorption, but using the same silicate emissivity function as section A.3.2
we find that the average emissivity over the N-band is 0.61 of the peak 9.7 um
emissivity (ie. Tn—pana = 0.6179.7,m). So to account for the absorbing material
we de-redden the N-band fluxes by e%3%. Given this correction the opacity

distribution is presented in Fig A.5.
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First it should be pointed out that the chain of high opacity points around
the inner rim of the IRS1 ridge are undoubtedly an artifact caused by poorly
determined temperatures in these regions of low signal to noise. Also the opacity
image has been smoothed using a Gaussian smooth function with FWHM = 3
pixels. In the regions where the signal to noise in the original data is high, and
where the dust temperatures are well determined (i.e. in the ridge) the opacities
are also reasonably determined. We see in the opacity map that IRS1 does
not appear as a significant peak, implying that this region is not simply a dust
density enhancement. In fact the higher opacities occur on the outer edge of the
ridge, i.e. away from IRS2. Apparently the bulk of the material is concentrated

in the region away from the area of the most intense emission.

Given the opacities, it is also possible to determine a total dust mass. To
achieve this we assume that all the grains are silicate, and use the silicate dust
mass absorption coefficient (k = 3000 cm? g=! at 9.7 um) from Draine (1985)
and the distance d to the source of 1.7 kpc. We then determine a dust mass for

each pixel using the following equation
Mdust = Tem,N d2/K, . (A3)

Integrating over the ridge, an area of 350 square arcseconds, we obtain a total
dust mass in the ridge of around 5.7 x 10™* M. If we take a normal gas to
dust ratio value of around 100:1 we find a total mass in the ridge of around 0.057
Mg, of gas and dust. However, as noted in section A.4.2, dust may be depleted
in the region surrounding IRS2, and so this mass estimate may represent a lower

limit to the true mass of the ridge.

A.4. Discussion

A.4.1. A wind blown cavity around IRS2

The region around IRS2 contains very little thermal emission, and almost no S1v

emission, despite the proximity of the ionizing source, indicating that this space

262



a0 1
g 2
o 20
n
nE ey
3 (]
(o=, (7]
B i d 13}
25 :
0T ©
3
£ BS
=
=
—~
L0
-
o
L N
||
5 I
e, =
(an] |
— -
= 9
2 w
2 o &
o . © o
) , i o]
2 mw.q <
n . ) I
2 o Sr
g Y -9
~—
€3] mv-
R Q =
—~~ 2\ o
8 AN &
o
T

|

o
i
|
oasoue QV

Figure A.5.— The emissive opacity distribution for RCW 38. Offsets are in arcsec
from the peak of IRS1 in the N-band image. In (a) we present the emissive opacity
image, while in (b) we present the same image with the 10 um contours overlaid. The
positions of IRS1 and IRS2 are indicated with asterix (Fig. A.1), and the features A-D
(Fig. A.1) are indicated with crosses. The contours are 5, 15, ..., 95 per cent of the

peak of 0.038 in the opacity image, and 1.44 Jy arcsec”? in the N-band image.
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is basically clear of dust and gas. From the 2.2 ym images we know that IRS2 is
a hot source located to the east of IRS1. We propose that IRS2 is the powering
source for the region and that the region around IRS2 represents a cavity blown
out by the stellar wind of the young, hot star (or stars) inside IRS2. The ridge
of emission around IRS1 shows the edge of the cleared cavity which has a higher

density of material, and in fact represents the outer shell.

At the distance of RCW 38, the 15” between IRS1 and IRS2 represents only
0.12 parsecs (projected on the sky). Now the terminal wind velocity of an O5
star is around 3000 kms™' (e.g. Lamers, Snow & Lindholme 1995) and so a
completely clear cavity between IRS1 and IRS2 could be crossed in just 39 years
by the wind. The normal mass loss rate for this type of star is around 1 x 1076

! and could contribute at best a few percent of the observed mass in

M@ yr~
the ridge in the evolutionary timescales of this region. More likely the ridge of
material around IRS1 results from preexisting dust and gas form the H1I region

being swept up by the wind into a shell.

If we assume an initial cloud density of 10 cm™2 (as implied by our emission
line modelling), plus a mass loss rate and wind velocity as above, then by simple
momentum transfer from the wind to the swept up region, we calculate a period
of around 1.5 x 10* yr to sweep out the cavity to the outer radius of the IRS1
ridge. At this point the outward velocity of the shell is about 6 kms™', and if
the wind sweeps all material into the shell then the shell itself will have a mass
of about 7.8 M by the time it reaches the radius of IRS1. If we assume the
IRS1 ridge covers about a quarter of the total shell surrounding IRS2 then we
would expect about 2 M, in the IRS1 ridge. This mass estimate is consistent
with that determined from the opacities earlier. We note that our picture for the
cavity clearing process is different to that traditionally inferred for the expansion
of dusty H1I regions, namely the high pressure of the ionised gas and radiation

pressure on dust grains (e.g. Mathews 1969).

It is interesting at this stage to compare our data with models of expanding
H1I regions. The molecular observations mentioned in our Introduction pre-

sented a picture of high density gas (> 10* cm™3) surrounding the region imaged
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by ourselves, which itself does not contain much dense gas. This is typical for
the expansion of s Stromgren ionization front and is similar to the models of
Bodenheimer, Tenorio-Tagle & Yorke (1979), where ionization and shock fronts

produced by a massive new-born star propagate into the ambient molecular

cloud.

On the other hand, we may be seeing only the inner zone of a much more
extended region. FP74 found 10 sm emission extended over a much larger region
than we have imaged, as did Mizutani et al. in the Brackett -y line of hydrogen,
and both our N- and @-band images show what could be a second cavity and
ridge (source D) about 10-15" west of the IRS1 ridge. Perhaps the shell creation

is an episodic event, with incomplete clearing of the cavity with each event.

Finally, we note that the shell is not spherical around IRS2, but rather
elliptical. For instance, note the emission in the north—east corner of our N-
band image. It may be that the presumed outflow finds it easier to expand
toward the north-west and south-east of IRS2 due to lower density material
along these directions. On the other hand, magnetic fields may also influence
the shape of the cavity. For instance, the major axis of the ellipse is closely
aligned with the interstellar magnetic field, yet almost orthogonal to the field

determined from our spectropolarimetric observations.

A.4.2. Heating of the dust in the IRS1 ridge

A remarkable feature of our colour temperature image in Fig. A.4 is the relative
constancy of the temperature over a large area. The variation is only +15 K
from the “average” of 160 K. There is a hint that this constancy extends over
an even larger area in the work of FP74. Whilst they do not present a colour
temperature map, they do state that the [10 pm] - [20 pum] colour does not
change by more than 0.3 mag of the face of RCW 38. What mechanism can
produce such a constant temperature, even though regions of the source are

at significantly different projected separations from the presumed exciting star

IRS2?
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Direct heating of dust

Direct heating of the dust by IRS2 is undoubtedly occurring at some level. We
investigate the contribution of this heating by using a radiation transfer model
to determine what dust temperature one would expect from direct heating of
a dust shell at the distance of IRS1 (0.12 pc) away from a central hot source
(IRS2).

‘The model used is based on the quasi-diffusion method, in spherical geome-
try, of Leung (1975, 1976), as implemented by Mitchell & Robinson (1978, 1980).
While spherical symmetry may not be entirely appropriate to RCW 38, given
the optically thin nature of the dust distribution and the fact that the model of
Leung solves the radiative transfer problem in spherical symmetry without sig-
nificant approximation, the results obtained for the dust temperature are likely

to be reasonable.

In the model we have assumed that the illuminating source is IRS2, of
spectral type O5.5V, with Teg = 44 000 K and luminosity L = 6 x 10° L. The
inner and outer boundaries of the dust shell were assumed to be located at 0.09
and 0.214 pc from IRS2 respectively, and the dust density distribution has been
assumed to follow a power law, p = por™, where the index n was treated as a free
parameter. However, since the shell is not very extended, (Rmaz/Rmin ~ 2.4),
the value of n is not critical. The optical depth has been varied from optically
thin to optically thick (Tj0.m = 0.001 to 20) to investigate the opacity’s effect
on the dust temperature and temperature distribution. While an optical depth
of around 0.5 was previously determined for IRS1, this is a different line of sight
from that which a photon from IRS2 sees, and so the wide range of opacities
is required to fully investigate the parameter space. Models with a single grain
species have been used, with the grain species being pure astronomical silicates
and astronomical silicates coated with a water ice mantle (see Robinson et al.
1992 for more details of the assumed opacity law for these grains). The grain

radius has been varied within the range a = 0.01 — 2.0 pym.

The temperature of pure astronomical silicate grains as a function of radial
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distance for various grain sizes is shown in Table A.1 for the case n = —2 and
Tioum = 0.05. It may be seen that as the grain size increases the temperature
at the inner boundary of the dust shell decreases significantly, as expected. In
general the presence of a pure water ice mantle makes little difference to the
grain temperature at the inner boundary of the shell but reduces it somewhat

within the shell itself, and of course it will affect the spectral energy distribution

significantly.

Table A.1. Grain temperature as a function of radial distance from IRS2

Grain radius T (K)

(pm) r=009pc r=015pc 7 =0.21pc
0.01 224 108 83
0.02 206 116 87
0.05 168 126 102
0.10 142 118 101

0.10, 0.20! 141 100 77
0.20 122 105 92
0.50 100 89 79
1.00 87 78 69
2.00 74 67 59

1Core-mantle grain with silicate core of radius 0.10 um

and water ice mantle of radius 0.20 pym.

From these results we derive two important points. Firstly the population
of small grains, which dominate the number density, are too hot at the inner
edge of the shell compared with the temperatures observed, and secondly direct
heating of the dust predicts a significant temperature gradient (on the order
of 50 K) from the inner to outer edges of the dust shell. In the temperature

map (Fig. A.4) there is very little evidence for such a temperature gradient.
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The observed temperature is quite uniform (though with some small variations)
given that parts of the dust ridge are further from IRS2 by at least a factor of 2
than the inner edge of the shell. As noted above, this can be readily explained
with models of Lyman « absorption dominating the heating. Whilst we cannot

exclude direct stellar radiation from contributing to the dust heating, it definitely

cannot dominate it.

Dust heating due to trapped Ly—a photons

The Stromgren radius for a pure hydrogen nebula surrounding an O5.5 star
is only about 0.2 pc if the nebula density is on the order of 10* cm=3 (and
neglecting an inner cavity). This means that most of the ~ 10*° Lyman-a
producing photons per second from IRS2 are resonantly trapped within this
volume, and ultimately are absorbed by dust grains. This can lead to a powerful
heating mechanism for the dust in the IRS1 ridge, which lies within the Lyman-
o trapping zone. Indeed, a hint that this may in fact be the case is provided
by FP74. They find that the 1-25 pm luminosity is comparable to that of
the Lyman « photons that are resonantly trapped within the ionised volume.
Additionally, the inferred luminosity of IRS2 is consistent with that expected
from a main sequence star whose ultraviolet output beyond the Lyman limit is
not significantly different from that required to supply the observed radio flux,
implying that the dust does not compete effectively with the gas for the primary
jonising photons. Indeed, in our photoionization models we found that with a
normal gas-to-dust ratio of 100 the 40% of the Lyman continuum photons are
absorbed by the dust, which is inconsistent with the inferred Lyman continuum
and observed ratio fluxes being equal. However, with a gas-to-dust ratio of
10* or higher, there is essentially no effective absorption of Lyman continuum
photons by dust. FP74 infer that absorption by trapped Lyman o photons is
the primary heating mechanism of the dust. We then use this as a working
hypothesis and examine under what physical conditions the dust can be heated

to the temperatures we observe.
We can estimate the heating effect of the Ly—«a photons if we equate the
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heating rate due to the Ly—-a photons, Gr,, with the cooling rate of the dust,
L,.(Ty), and then solve for the dust temperature, Ty. We assume here that the
energy radiated by the grain is essentially the same as that in thermodynamic
equilibrium at temperature Ty. Following the treatment of Spitzer (1978) we

find that the dust heating due to Ly—« photons is given by:

GLa = QLaFLaELa (A4)

where QLo is the dust grain efficiency factor for absorption of Ly—« photons,
Fo is the flux of Ly—a photons crossing the surface of a grain per unit projected
area per second and Ej, is the energy of the Ly-a photon. The Ly—a flux is

given by:
ZLaMenpa?
Fro=—"—-7"—
0andQLa

where zy, is the fraction of recombinations in levels n > 2 that lead to emission

(A5)

of a Ly—a photon (which we take to be 0.68 as given by Spitzer, but it could be
higher at the density of RCW 38), n. and n,, are the electron and proton number
densities respectively, a(? is the recombination coefficient, (here equal to 3.1 x
1013 cm? s™!, again from Spitzer), oq4 is the dust grain geometrical cross-section
(i.e. ma?) and ng is the dust grain number density. We will assume n, = n, =
ng. This then leads to an expression for the heating rate:

2 (2
. zLanHoz( )ELa
GLa -

(A6)

gand
Our modelling of the radiation field in RCW 38 has previously indicated a gas

3

density of around ny =~ 10* cm™3, so it remains to determine the dust cross—

section and number density in order to evaluate Gpr,.

We assume that the grains are all spherical and of the same size, say 0.1 um
in radius. We can therefore find the volume of a grain, and using the density
of silicates as 3 g cm™3, also the mass of a single grain. Assuming that the gas
is composed mostly of hydrogen, with 10% by number of helium, we can then
write

Rmgng = 1.4dmygny (A7)
where R is the gas—to—dust mass ratio, and mq and my are the mass of a dust

grain and a hydrogen atom respectively. Therefore the Lyman alpha heating
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rate can be expressed as

Gra = 21 0P Epamy

1.40’de

To determine the equilibrium dust temperature we equate the heating rate

to the cooling rate, L., which can be expressed in the following equation
L, =dn / / Quss (0, ) B(\, T)dAda (A9)

where Qqps(a, A) is the absorption efficiency factor for grains of radius a at wave-
length A. To solve this expression for the temperature Ty we again assume single
sized grains, as well as that the efficiency factor is a constant and can be rep-
resented by a mean value in the MIR spectral region. This then leads to the
simpler equation

L, = 4055Tq* < Qumrr > (A10)
where ogp is the Stefan-Boltzmann constant and < Qp ;g > is the absorption
efficiency factor in the MIR. Equating G, and L, we find

zLaa(2) ELamd

T =
5.60spoamu < QumrIr >

RnH (All)

We take < Qumrr > here to be 0.04. This represents the mean of the
efficiency factor from ~ 6-25 ym, which we derived from the optical constants
of various types of amorphous silicates (e.g. those of forsterite in Scott & Duley
1997, a pyroxene of approximate cosmic abundances in Jager et al. 1994, glassy
bronzite in Dorschner et al. 1988, astronomical silicate in Draine & Lee 1984,
dunite in Penman 1976, and olivine and enstatite in Day 1979). Substituting in
the relevant numbers then, i.e. ny = 10* cm~2 for IRS1, we find that with R =
100 the expected dust temperature is only of the order of 50 K. In order to get
up to the temperatures we observe, namely ~ 175 K at IRS1, the gas-to—dust

mass ratio must be 1.5 x 10 for ng = 10* cm™3.

We note that this is not affected by using a different grain size. As long
as the Rayleigh approximation (i.e. 2ma < )) is valid the decreased/increased
heating rate for a smaller/larger grain is offset by a similar change in the efficiency

factor. However, if a grain size distribution is used it is probable that each size
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will attain a different temperature. Additionally, it is affected if a different grain
composition is used, such as graphite, which has been suggested by Tielens & de
Jong (1979) to be an important contributor to the 5-15 ym continuum emission
of H1I regions. Graphite will attain a higher temperature because of its lower
efficiency factor in the MIR than silicates, by about a factor of 3-4 (e.g. Draine
& Lee 1984). In that case a gas—to—dust mass ratio of > 10 can produce the
same temperature for IRS1 as given above. Also, if the silicates have a mantle
of organic refractory material, as is postulated by Li & Greenberg (1997), the
grains will be hotter for a given value of R. For example, with a mantle whose
volume is the same as the silicate core, < Qg > is reduced by about a factor

of about two, and so R ~ 8 x 10% ¢cm™3

is required to reach 175 K for ny =
10* cm~3. Nevertheless, the bottom line is that if resonant Ly-a absorption is
the dominant heating source for the dust, a dust depletion of around 100 from
the standard ISM gas-to—dust mass ratio of 100 is required within the RCW 38

ionised zone.

Such a large dust depletion has previously been inferred for the ionised zones
of H 11 regions, and was the subject of much debate in the literature in the 1970’s.
For example, in his models of dusty H1I regions Wright (1973) found that the
dust had to be depleted by factors of order 1000 over the ISM value in order
that Lyman « photons dominate the heating and that a constant temperature be
produced in the ionised zone. In his undepleted model a temperature gradient
exists with increasing distance from the central star, which we do not see here.
Panagia (1975) and Natta & Panagia (1976) criticised observational findings of
dust depletion on the basis that in some instances a direct comparison of the dust
mass from MIR observations and gas mass from radio observations was used.
They found that the common assumption of a single dust temperature leads
to an underestimate of the dust mass, and when a more realistic temperature

distribution is used a significant depletion is no longer found, if any at all.

Whilst this may be true, we note that our conclusions for RCW 38 are in-
dependent of the dust mass we derive. Rather they depend only on the relative

invariance of the temperature throughout the RCW 38 ridge, a direct prediction
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of Ly-a models. Indeed, even the value of the temperature itself is of only sec-
ondary importance. Tielens & de Jong (1979) reconciled the differences in the
literature, and on the basis of a very detailed model of the spectral energy dis-
tribution of the W3A IRS1 H 11 region presented strong arguments for large dust
depletions inside H1I regions. They also proposed several mechanisms whereby
the dust may be depleted, such as by radiation pressure from the central star or
by sputtering by energetic particles. Hackwell et al. (1978) came to a similar
conclusion of significant dust depletion for W3 IRS1, as did Aitken, Griffiths &
Jones (1977) for G333.6-0.2, on the basis of mid-infrared emission and colour

temperature maps, which are similar in nature to our images of RCW 38.

Application of Ly—a heating

Having concluded that the dominant dust heating mechanism may be absortion
of resonantly trapped Lyman a photons, it remains to determine what might
cause the slight, yet still apparent, temperature variations within the RCW 38
ridge, for example amongst the different clumps A-D. Looking at equation (A11)
again, it can be seen that by changing either the gas-to-dust mass ratio R, whilst
keeping the hydrogen density ny constant, or changing ny whilst keeping R con-
stant, slight temperature variations can easily be produced. Of course changing
both can also provide a similar result. Therefore, variations in these quantities
could be responsible for the slight temperature changes observed throughout the
ridge. This was also suggested by Wright (1973). However, we can go even fur-
ther than this and use the Ly—a model to predict values for ny and R for all the

clumps, using equations (A6) and (A10), together with the following equation

_ kmqdV

dF) = 3

naBO\, T) (A12)

where dF), is the flux observed at wavelength A from a volume element dV/, and
all other quantities have previously been introduced. This is just a simple re-
arrangement of equations (A2) and (A3), where k = 3Qqs/4ap, p is the density

of silicates, and Mgy = ngmgdV.
The previous equations tells us that when comparing the fluxes of the differ-
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ent clumps within RCW 38, the only important parameters are the dust number
density and temperature of the clump. All other parameters can be assumed
to be the same. Therefore, if we use IRS1 as a standard, for which we know
the flux, dust density and temperature, we can express the flux of a particular
clump, for which we only know its flux and temperature, as a fraction of the flux
of IRS1, and thereby derive the number density of the dust for each clump. Since
we know the temperature of the clump we can use equation (A10) to derive the
heating rate (assuming it is equal to the cooling rate), and then use equation
(A6) to solve for ny, the gas density. Doing so yields the values of n4, Gra, Pu
and R for clumps A through D in Table A.2. It is reassuring that this Ly-o
heating model is able to account for the difference in fluxes and temperatures
between all the clumps within the ridge, e.g. IRS1 and source B, for which the

temperatures are the same yet the fluxes differ by a factor of 2.

We can perform a similar calculation for the eastern and western rims of the
ridge. Note that at the eastern rim the observed temperature is lower than in
the middle of the ridge, despite the fact that it is closer to IRS2. Perhaps here,
nearest the cavity, the gas density is lower and/or the gas-to—dust mass ratio
higher than in the middle due to the proximity to IRS2 and its wind. Indeed,
this is shown to be the case in Table A.2. With regard to the western rim, since
its temperature is similar to that of the eastern rim it may be thought that its
properties would be similar to those in the east. That may be true, perhaps
strengthening the case for a 2nd cavity between the ridge and source D, but we
must also be careful here. This is the region where our opacity image peaks,
indicating perhaps an enhancement in the dust grain column density. As noted
by Martin (1978), if there are too many grains the diffuse Lyman o flux does

not build up and the grain temperatures are depressed.

Although all of our above treatment has made some fairly simplifying as-
sumptions, e.g. a single grain size and a single dust temperature, we believe
that it is the most direct and transparent way of presenting the effects of Lyman
a heating. Additionally, we do not know what type of size distribution might

exist within the ionised zones of H 11 regions, such as its form and the maximum
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Table A.2. Gas densities and gas-to—dust mass ratios within the RCW 38
ridge

Source Flux Ty ng GrLa nH R

(N-band)  (K) (x 10°11)  (x 10%) (x 10%) (x 10%)

IRS1 1.00 175 4.10 8.5 5.64 2.5
A 0.55 160 4.58 9.9 4.98 2.3
B 0.55 175 2.25 8.5 4.19 3.5
C 0.45 160 3.74 5.9 4.46 2.2
D 0.15 165 0.97 6.7 2.44 4.7
E&W 0.10 145 1.94 4.0 2.66 2.6
NSP 0.50 155 5.40 5.2 5.01 1.7
SSP 0.50 165 3.25 6.7 4.46 2.6
Note. — The N-band fluxes have been expressed relative to that at

IRS1. The dust and gas number densities are expressed in terms of cm™3,
whilst G is in units of erg s~} cm™2. For all sources the ratio of the Q-
band flux to that at IRS1 is also consistent with the values quoted. E and
W refer to the eastern and western rims of the ridge respectively, whilst
NSP and SSP refer to the northern and southern S1v peaks respectively.
The gas number density for IRS1 is determined in the same manner as the
other sources, and not assumed to be 10* as in earlier sections.
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and minimum sizes. It might be expected that the harshness of the environment
there, in terms of both the particle and photon radiation as well as mechanical
motions, would change these parameters from their interstellar counterparts as
given by Mathis, Rumpl and Nordsieck (1977). We should re-iterate however
that the numbers we present here for the dust temperature, and so ng, ny and
R are somewhat uncertain, perhaps by a factor of 2 for the latter three, but that

their spatial trends and relative values should be quite reliable.

Ridge mass revisited

In this appendix we have used two methods to estimate the mass of material
comprising the RCW 38 ridge. It is interesting to see if they arrive at a consistent
result. In our cavity clearing scenario of section A.4.1 we estimated a mass of ~
2 Mg in the ridge. From our observations in section A.3.5 we estimated a dust
mass of ~ 6 x 107 Mg. Using a representative gas—to—dust mass ratio of R ~
104, inferred from Table A.2, the mass in the ridge is ~ 6 Mg, in reasonable

agreement with the earlier estimate.

A.4.3. The nature of IRS1 and the SIV — continuum

peaks

The preceding discussion presents the view that the ridge of emission is the
outer shell of a wind blown cavity, illuminated by radiation from the young hot
source IRS2. It would also seem that IRS2 can provide sufficient heating to the
dust, via resonantly trapped Lyman-o photons, to explain most, perhaps all,
of the thermal emission that we observe. Apart from IRS2, we have seen that
IRS1, as well as being the brightest 10 ym source in our field, is also one of the
warmest, along with the other MIR emission peaks B and D. However, IRS1 is
not itself a peak of S1v emission. In fact, the northern S1v peak lies almost
in the trough of continuum emission between source A and IRS1, and source
B also does not coincide with the southern S1v emission peak. This may be

thought to be counter intuitive, since it is expected that the gas and dust are
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well mixed, and that their densities might vary in a similar way. Therefore, a

peak of emission in one would show up as a peak in the other. How then might

the relative offsets we observe be explained?

We showed in section A.4.2 that under the Lyman « heating model the gas—
to—dust mass ratio must change throughout the length and breadth of the RCW
38 ridge to explain both the flux and temperature distribution. In other words,
the gas and dust densities vary independently, so that it is possible to have a gas
density peak, where the S1v emission might peak, located at a different position
from the dust emission peak (which is however not necessarily a dust density
peak). The question is, can we find a combination of ny and R that matches the
continuum flux and temperature at the S1v peaks, but also satisfies the criterion

that the gas density is higher than at any other position?

We consider first the northern S1v peak, which we will abbreviate as NSP.
If we take the continuum flux at the NSP as 50% of that at IRS1 (from Fig. A.1)
and the temperature as 155 K (from Fig. A.4) then using the same procedure as
in section A.4.2 we find from Table A.2 a gas density below that at IRS1. From
Fig. A.3 we see that the S1v surface brightness at the NSP is about 1.1 x 1078
W cm~2 arcsec™2, whilst that at IRS1 is about 6.0 x 107'®* W cm™2 arcsec™2.
Using a statistical equilibrium and escape probability code, in the Large Velocity
Gradient approximation, we would expect that since the surface brightness has
increased by a factor of ~ 1.85 from IRS1 to the NSP, then the gas density should
have increased by a factor of about 3.5. This assumes an electron temperature of
10 000 K and and electron density at IRS1 of 1.1 x 10* cm™3, as indicated by our
modelling. We note that this density is already approaching the critical density
of the STV 10.5 pm transition of 5.4 x 10* cm™3, so that collisional de-excitation
is starting to become important. Hence the quite large increase in the density
required for a modest increase in the surface brightness. The critical density

was calculated using an Einstein A—coefficient of 7.75 x 1073 s7! and collision

strength at 10 000 K of 6.67, from Johnson, Kingston & Dufton (1986).

Therefore, since the gas density we predict at the NSP is below that observed

at IRS1, our treatment falls a long way short of accounting for the difference in
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the gas and dust emission distributions. With regard to the southern S1v peak
(SSP), we see from Table A.2 that the gas density is again below that of IRSI,
but that the S1v emission is again larger than at IRS1, about 8.2 x 10719 W

cm™2 arcsec™2.

Perhaps the difference can be accounted for if it is assumed that a small
fraction of the dust heating and emission throughout the ridge is provided by
direct radiation from IRS2. For instance, if we say that the direct heating
contribution is constant for all positions in the ridge, and then quite arbitrarily
assume that the Ly—a contribution to the heating at IRS1 only raises the grains
to a temperature of 160 K, whilst keeping the IRS1 and NSP Ly-a N-band flux
ratios at 0.5, then the gas density at the NSP only increases to 9.3 x 10% cm™3,
still below that at IRS1.

Clearly then, an alternative explanation needs to be found for the differences
in the dust and S1v emission distributions. Perhaps the most natural is to
suppose that the S1v column density is locally enhanced at the respective S1v
emission peaks. This might be produced within a shock, either from the IRS2
wind or internal motions within the ridge. Such a shock could have the dual
affect of releasing sulfur back into the gas phase from its dust component (e.g.
FeS or sulphur bearing ices), as well as providing further ionisation through
collisions. This scenario is consistent with the reduced dust thermal emission
at the NSP, although one might also expect that the dust temperature would
increase there due to an enhanced population of small grains. However, we also
note from section A.4.2 that the Ly—a heating mechanism can be independent

of the grain size.

Another possible explanation for the separation of the S1v peak from the
continuum peak arises if it is assumed that IRS1 contains a self-luminous source,
albeit a relatively cool one compared to IRS2. The coolish nature of the source
would mean that it contributes to the dust heating, but makes no contribution
to the S1v distribution, as it emits no significant ionizing radiation. However,
the main difficulty with this scenario is that the mid-infrared spectrum of IRS1

(Fig. A.2) shows no evidence for either an embedded source (e.g. the emission
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is optically thin, with no sign of overlying deep absorption) or a revealed local
source (e.g. no sign of any photospheric emission). Furthermore, the physical
properties of the RCW 38 ridge, such as its relatively low mass and the expected
high degree of turbulence, would seem to argue against the possibility of star
formation. However, even if there is an embedded local source at IRS1, the
problem of the difference in the S1v surface brightness between IRS1 and the
NSP still exists. In other words, the problem transfers from being one of the offset
between the dust and gas emission peaks, to one of how such a large enhancement

in the STV emission between IRS1 and the NSP is actually attained.

The final possibility we consider is that the NSP sees a greater radiation load
from IRS2 than IRS1 does. However, this should increase both the gas and dust
emission, and there is no evidence in any of our images, e.g. the optical depth
image of Fig. A.5, to support an assumption that somehow IRS1 is shielded from

IRS2.

In summary then, at this stage it is not really possible to differentiate un-
ambiguously between the various proposed scenarios to explain the differences
between the dust and S1v images. However, we believe an increased S1v col-
umn density caused by shock processing is the most likely. Similar narrow band
imaging in the ArIil and NelI lines, elements which may not be as prone to

depletion on dust grains, or in a near-infrared recombination line of H1, would

be helpful.

A.5. Conclusions

We have obtained 10 and 20 um broad band images, 10 um spectroscopy
and a S1v image at 10.5 um of the central region of RCW 38. The main results

from our study are as follows.

(1). Modelling of the emission line structure at IRS1 indicates that the ionising
radiation field characterises a star of type 05.5 or O5 with an effective tem-

perature Tog ~ 45 000 K. The hydrogen number density is ng ~ 10* cm™ in
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(6).

the IRS1 ridge.

. From fits to the 8-13 pum spectrum of IRS1 we find a dust colour temperature

at this point of around 175 K.

. A dust temperature map is produced from the N- and Q-band continuum

images and shows the ridge of emission, of which IRS1 is a part, to have a
relatively uniform temperature structure, with an average of around 160 K.
However there are a number of peaks in the dust temperature, up to 175 K,
which correspond well with the intensity peaks in the N- and @-band images.

One of these peaks is situated at IRS1.

. From the temperature and continuum emission images we are able to derive

an opacity map which shows material collecting at the western, or outer, edge

of the ridge, which itself forms part of a shell around IRS2.

. We have proposed that the region can be explained in terms of a wind blown

cavity, where the stellar wind from the hot young star in IRS2 has cleared a
cavity about itself, and the ridge of emission we observe at IRS1 then repre-
sents the material which has been swept up into a shell around IRS2. The
shell is not perfectly circular, which may indicate that the molecular cloud,
into which the shell is being driven by the wind, is not uniformly distributed,

but rather clumpy.

Modelling the effects of direct heating on the dust shell predicts a large tem-
perature gradient across the shell (50 K from inner to outer edges). We do
not, however, see such a gradient in our temperature maps, indicating that

this form of heating certainly does not dominate the region.

. We have estimated the heating effect of the Ly—a photons on the dust and

conclude that if the gas density is ny = 10* cm™3, as at IRS1, then silicate—type
dust would reach an equilibrium temperature around 175 K if the gas-to—dust
mass ratio R is of the order of a few times 10%. Variations in ny and R can
produce both the subtle temperature and emission changes throughout the

RCW 38 ridge. A significant dust depletion over normal interstellar values is
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therefore required. We believe that this is the case in RCW 38 since Ly-a
heating can only be dominant if such a depletion exists, and as far as we can
ascertain it is the only heating mechanism which can explain the relatively
constant dust temperatures seen throughout RCW 38, and the lack of any

temperature gradient away from the central star.

. We estimate the mass of dust in the ridge around IRS1 to be about 5.7 x 10~*

M@, and if we take a gas—to—dust mass ratio of around 10*1, as indicated by
our Lyman a modelling, we find a total mass in the ridge of around 5.7 M,
of gas and dust. This mass estimate is consistent with a mass estimate of the
shell derived from modelling the IRS1 ridge as an expanding shell driven by

the stellar wind, for which we estimate a mass of 2 M.

. An image in the S1v fine structure line at 10.52 pum shows structure whose

large scale is similar to that of the dust emission, but whose peaks do not ex-
actly coincide with the continuum emission or temperature distribution peaks.
For instance, IRS1 is not the main S1v peak in the region. A variety of ex-
planations for this observation are possible, but we favour one in which the
S1v column density is locally enhanced by grain destruction and collisional

ionisation in a fast shock.
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Appendix B

CLASS Scripts used for Data
Reduction of Zeeman

Observations

In the following pages we present the CLASS scripts used in the reduction and
analysis of the Zeeman data. The scripts are very interactive and forces the user
to be very familiar with their data. The scripts are presented in order of use in
the reduction pipeline. I'd like to thank Carl Heiles for the routines crout and
reler, and the early version of the zeeman fitting routines, which I modified
greatly to suit the current data formats. I’d also like to thank Mario Tafalla for
help with the initial stages of some of these scripts and helping with the CLASS

language.
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98¢

Class script combine.class

- -

tm et e tm tm e e

set
set
set
set
set
set

set
!

of file types,

combine.class

Macro to read native class files created by cfits containing

Parkes data, which were originally written to fits file in SPC

Some header parameters need to be fixed after all this transforming
see correct-header.class which is called in this macro

usage:

LAS> @combine

See the manual "Analysis of Parkes OH Zeeman data with CLASS"
for a full description of what needs to be set up before this
file is executed, and what inputs are required along the way
(to be written!! Oct 27 1995)

original M. Tafalla/T. Bourke 27/10/95
updated T. Bourke 07/11/95

update T. Bourke 10/10/96 fix integration time in header. Value
written by SPC is twice the actual value when pol. switching.

align velocity ! Alignment for averaging
unit v f ! On plots, Velocity on lower, Freqg on upper
weight time ! Weight for averaging using "sum"

var general read
mode x tot

mode y tot

scan

refresh

define real first last total

define char inputfile*40 infile*40
define char outputfile*d40 outfile*40
define char new-name*40

define char pol*1l

def

def
!

char ans*1
real truetime

! Intro notes - tell the user they will be expected to identify
! the polarisation
!

say
say
say
say
say
say
say
say
say
say
say
say
say

say
!

“This macro takes polarisation data that is in the form: "

" observation-num scanl scan2 scan3 scan4"

" A B B A "

"averages together like polarisations for each observation, "

" ie scanl and scand --> average"

"and writes them to a new file"

"You will be expected to identify the polarisation for each"
"averaged pair, ie RCP or LCP. This information will be appended"
"to the telescope name in the output file"

! Open files for input and output

!
say
say

0o

"Enter input file name (.pks assumed) ..."

say " "
let inputfile =

let infile = ‘inputfile’".pks"

file in ’‘infile’

say " *

say "Enter new output file name (.pks will be appended) ..."
say " "

let outputfile =

let outfile = ‘outputfile’".pks"

file out ’‘outfile’ new

]

! Loop through the file and get the first and last observation
!

find/all

let total = found

get £

let first = num

for j 1 to total

if (j.eq.total) then

let last = num

!return

break

endif

get n

next

say "First observation = "’first’
say " Last observation = "’last’
!

! Now process the data
!

for i first to last
set scan i i

find/all

!

! Process polarisation "A"

!

if (found.ne.4) then

say " "

say “"***Not 4 spectra - data not in required format**x*"
say " ®

pause

endif

!

! Polarisation pairs are scan 1 & 4, and 2 & 3
!

drop i 2

drop i 3

sum

plot

!

! User must specify whether data is RCP or LCP
!

say " "

say "Identify polarisation - enter R or L"
say " "

let pol =

let new-name = ‘telescope’"-"‘pol’"CP"

modify telescope ‘new-name’
modify line OH
!

numbers
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Class script combine.class

! Modify some header items
[

@correct-header
!

! Correct the integration time. Current value is twice actual value

!

let truetime = time[2

let time = truetime

!

say " "

say "Write to file? (y/n)... "

say " "

let ans =

if ((ans.eq."y").or. (ans.eq."Y")) then
write

else

endif

!

! Process polarisation "B"

!

find/all

if (found.ne.4) then

say " "

say "***Not 4 spectra - data not in required format***"

say " "

pause

endif

!

! Polarisation pairs are scan 1 & 4, and 2 & 3

!

drop 1 1

drop i 4

sum

plot

!

! User must specify whether data is RCP or LCP
[

say " "

say "Identify polarisation - enter R or L"
say " "

let pol =

let new-name = ‘telescope’"-"’pol’"CP"

modify telescope ’‘new-name’
modify line OH
!

! Modify some header items
!

@correct-header.class
!

! Correct the integration time. Current value is twice actual value

!

let truetime = time|2

let time = truetime

!

say " "

say "Write to file? (y/n)... "

say " "

let ans =

if ((ans.eq."y").or.(ans.eq."Y")) then
write

else

endif

!

next

set scan ! Resets the scan to all observations
!

! Remind user of current input and output files
!

show files

!

! End

!
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Class script correct-header.class

correct-header.class

Macro to correct a few header items which are either completely
wrong (ie epoch) after creation of the fits file by SPC,

or which need to be adjusted because some fits header items

are interpreted differently by SPC and CFITS.

Called by the macro combine.class

! original M. Tafalla/T. Bourke 27/10/95
! updated T. Bourke 07/11/95
!

set var position write

set var spectro write

!

! These items are wrong or non-existent, so fix them

!

let epoch = 1950.0

let proj = 7

!

! Redefine the reference channel and correct for frequency offset
! problem, caused by different interpretation of fits header items
!

define real vrefold

let vrefold = voff

let voff = vrefold+(1l-(nchan([2))*vres

let rchan = nchan|2

let foff = 0.

!

! End

1
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Class script sum-spectra.class

sum-spectra.class

usage:
LAS> @sum-spectra

See the manual "Analysis of Parkes OH Zeeman data with CLASS"
for a full description of what needs to be set up before this
file is executed, and what inputs are required along the way
(to be written!! Oct 27 1995)

Basically takes the result of combine.class and combines all the

L spectra of a polarisation, writes to a file, then combines all

the H spectra of the same polarisation and writes to the same file.
The other polaristion is then processed in the same manner, the data
written to a new file

original T. Bourke 06/11/95

set align velocity
set unit v £

set weight time

!

define char inputfile*40 outputfile*40
define char iname*40

define char oname*40([2]

define char sname*20

define char pol*1l
!

! Alignment for averaging
! On plots, Velocity on lower, Freq on upper
! Weight for averaging using "sum"

! Remind user of current input and output files

! and allow them to reset them

!

show files

say " "

say "Set Output file to be Input file if you have just run combine"
say "else define a new input file"

say "Enter current output file name or new file name (.pks assumed)
say " "

let inputfile =

let iname = ‘inputfile’".pks"

file in ’‘iname’

{

! Loop through polarisation data and average

!

say " “

say "Enter a prefix for the new output file ..."

say "File name will be prefix-pol.pks where pol = RCP or LCP"
say " "

let outputfile =

say " "

say "Set source name (suffix -L or -H will be added)..."

say " "

let sname =

!

! RCP

!
let pol = R
!let telescope = "64M-"’pol’"CP"

set telescope "64M-"’pol‘"CP"
let oname(l] = ’‘outputfile’"-"’pol’"CP.pks"

file out ’‘oname[l]’ new
show files

set source ’‘sname’"-L"
find/all

sum

write

set source ‘sname’"-H"
find/all

sum

write

!

! LCP

!

let pol = L

set telescope "64M-"‘pol’"CP"

say ‘telescope’

let oname[2] = ‘outputfile’"-"’‘pol’"CP.pks"

file out ‘oname(2]’ new
show files

set source ’‘sname’"-L"
say ’‘source’

find/all

sum

write

set source ‘sname’"-H"
find/all

sum

write

say "RCP data written to
say "LCP data written to
!

"‘oname(1] "
"’oname (2]’

! Reset source and telescope

!

set source
set telescope
!

! End

!



06¢

Class script fold-spc.class

set
set
set
set
set

set
!

fold-spc.class

Class macro to create frequency switched like spectra and fold
them.
Data are from Parkes, and are taken at the same position, but with
different central frequencies (since true freg switching is not
possible at Parkes).

The steps are discussed below.

Two files are created, one containing RCP data,
See the manual, not yet written

original M.Tafalla/T. Bourke 27/10/95
updated T. Bourke 07/11/95

unit v £

var spectro write
var position write
align velocity
source

telescope

symbol mx "set mode x"
!

define real tl t2

define real chans chanref velref velres
define char inputfile*40(2] outfile*40(2]
define char fname*40[2] tname*40[2]

!
say
say
say

" ow

"Current files are ..."

" on

show files

say
say
say
let
let
let
say
say
say
let
let
let
say
say
say
say

say
!

. w

"Enter RCP file to open (.pks assumed)

» o

inputfile(1] =
fname[l] = ‘inputfile(1]’".pks"
outfile[l] = ’inputfile(l]’"-f.pks"

o "

"Enter LCP file to open (.pks assumed)

inputfile(2] =
fname([2] = ’‘inputfile(2]’".pks"”
outfile(2] = ‘inputfile(2]’"~f.pks"

0w

"Folded freq. switched spectrum will be written to ...

"RCP data : "‘outfile[1]’
"LCP data : "‘outfile(2]’

n "

! Big loop through the two polarisations

!

for poln 1 to 2
!

! first get rid of any *tmp* files

!

the other LCP data.

! for system temps
define real f1 ! for frequency reset

say " *
say "One moment please ... "
say " *

system "\rm *tmp*pks”
!

! open the input file
1
file in ’fname[poln])’
!
! open temp file for output
!
let tname(l] = ‘inputfile[poln]’"-tmpl.pks"
let tname(2] = ‘inputfile(poln]’"-tmp2.pks"
file out ‘tname[l]’ new
!
find/all
get first
let chans = nchan
let chanref = rchan
let velref = voff
let velres = vres
resample chans chanref velref velres vel
let vres = velres
write
!
get next
resample chans chanref velref velres vel
let vres = velres
write
!
file in ‘tname(l]’
file out ’‘tname(2]’ new
!
find/all
get £
let t1 = tsys
get next
let t2 = tsys
!
Form guotient Q = [(S/R Tr/Ts) - 1]Ts

!
!
! divide performs current/previous
!

divide 0.001
multiply t1/[t2
! correct for offset of 1 after division
say " *
say "Be patient, this takes time ... "
say " "
for i 1 to 8192
let ryl[i] = ryli]-1
if (abs(ry[i]).gt.le3) then
let ry(i] = 0
endif
next
!
multiply t2
let tsys = t2

write
!
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Class script fold-spc.class

find/all
get f
get next
let f1 = restf
let tl1 = tsys
get f
let t2 = tsys
!
! Form quotient Q = [(S/R Tr/Ts) - 1]Ts
!
! divide performs current/previous
!
divide 0.001
multiply t1]t2
! correct for offset of 1 after division
say " "
say "Be patient, this takes time ... "
say " "
for i 1 to 8192
let ry[i] = ry[i]-1
if (abs(ry[i]).gt.le3) then
let ry(i] = 0
endif

next

!

multiply t2

let tsys = t2

modify freq f1

write

!

show files

!

file in ‘tname(2]’

file out ‘outfile[poln]’ new

find/all

set align velocity

sum

plot

say " "

say "If you are happy with the result shown in the plot then"
say "continue, otherwise make any changes and then continue ..."
say "Enter c to continue when done"

say " "

say "If data looks flat and y scale is huge, then there is a problem"

say "channel somewhere near the end channels which slipped through "

say "our net. To fix, reset the x axis to be within a few channels of"

say "the end, eg enter :"

say " prompt> set unit c £

say " prompt> mx 0 20"

say "NB repeat mx command for the high end as well"”
say " prompt> plot"”

say " prompt> draw"

say "You will now be in cursor mode. Place the cursor on the offending"

say "channel and hit <k> on the keyboard, to kill it."
say "Continue until all bad channels are out of there!"
say "To check reset the x axis to everything and plot"
say " prompt> mx tot"

say " "

pause

say " "

say
say
say
say
say

"Current source name is "’sourc’
"If you want to change the name,

"
"

pause
write

!

! Do
!
next
say
say
say

!
!End
!

the next polarisation

v o

"Done"

" w

enter:

prompt> let sourc = <new name>"
ether you modify or not, enter c to continue when done

"
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! Big loop through the two OH lines

!

! line-sep.class ! Both polarisations done for each line

I !

! Takes folded spectra (created by fold-spc.class) and corrects velocity for line 1 to 2

! offsets for each of the OH lines (only one of the lines is corrected if (line.eqg.1l) then

! in a spectra containing both lines. Also baselines the data with user let fline = 1665.40184000000

! input. let ohline = 1665

! endif

! Two files are created, one containing 1665 data, the other 1667 data if (line.eqg.2) then

! let fline = 1667.35903000000

! preceeding file : fold-spc.class let ohline = 1667

! next file : get-ave.class endif

! 1

! original T. Bourke 07/11/95 ! Slightly smaller loop through both polarisation for one OH line
[} !

set cursor on for pol 1 to 2

set var spectro write !

set var position write ! RCP pol = 1, LCP pol = 2

set source !

set telescope if (pol.eqg.l) then

set unit c f poln = "RCP"

! endif

symbol b0 "base 0/plot" if (pol.eqg.2) then

symbol bl "base 1l/plot" poln = "LCP"

symbol b2 "base 2/plot" endif

symbol b3 "base 3/plot” file in ‘infile(pol]’

symbol b4 "base 4/plot" say " "

symbol b5 "base 5/plot" say "Processing "’poln’" data for "’ohline’" OH line"
symbol b6 "base 6/plot" say " "

symbol b7 "base 7/plot" !

symbol b8 "base 8/plot" find/all

symbol b9 "base 9/plot" get f

symbol bl0 "base 10/plot" mx tot

symbol bll "base 11/plot" set unit ¢ f

symbol bl2 "base 12/plot" plot

symbol dw "draw window" say " "

symbol mx "set mode x" say "Baseline fitting ..."

symbol my "set mode y" say " *

symbol sw "set window" say "Change the channel range plotted to include only the "‘ohline’" line"
! say "To do this enter: "

define char inputfile*40 outputfile*40 say " prompt> mx first-channel last-channel"

define char infile*40[4] outfile*40[4] say "and to see the result: "

define real fline ohline say " prompt> plot"

define real fdiff deltachan say " "

define char poln*10 say "When happy with the range, enter c to continue ..."
: say " "

say " " pause

say “Current file are :" say " "

show files say "Now define windows to be excluded from the baseline fitting"
say " " say "To do this, enter: "

say "Enter RCP file name (.pks assumed) ..." say " prompt> sw "

say " " say "and use the cursor to define regions you don’t want to include"
let inputfile = say "** use the space bar to set the regions ***

let infile([l] = ’‘inputfile’".pks" say " "

say " " say "Use (e) to exit from cursor mode. "

say "Enter LCP file name (.pks assumed) ..." say " "

say " " say "To see the resulting window, enter: "

let inputfile = say " prompt> dw"

let infile[2] = ’inputfile’".pks" say " *

' say "When you are happy with the the window, enter ¢ to continue ..."
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say " "
pause

say " "

say "For a zeroth order baseline, enter: "
say " prompt> bO"

say "and bl for lst order, etc (12th is the highest allowed)."
say "The baselined data can be plotted by entering: "

say " prompt> plot"

say "If you are not happy with the baseline, retrieve the original
say " prompt> swap"

say " prompt> plot"

say "Start baselining, when finished enter c to continue ..."
say "

pause

say " "

say "Now correcting velocity and writing to file ..."

!

let fdiff = fline-restf

let deltachan = fdiff|[fres

let rchan = rchan+deltachan

let restf = fline

!

! If pol = 2 then output file is already open, so skip this bit
!

if (pol.eqg.l) then

say " "

say "Current line is "’‘ohline’" OH line"

say "Current file are :"

show files

say " "

say "File for output (.pks will be appended) ..."
say " "

let outputfile =

let outfile[line] = ‘outputfile’".pks"

file out ‘outfile(line]’ new

endif
mx total

write

! Plot the processed data

set unit v f
mx voff-30 voff+30
plot

say " "

say "This is the result of the processing ..."
say "enter c¢ to continue"

say " "
pause

!

! End of RCP processing for this line, onto the LCP data
!

next

!

! This is the end of the first OH line

! Let the user know what line was just processed, and ask

! them for the next line.

say " "

say ‘ohline’" OH line processing finished, onto the next line ..."
say " "

next

! now remind the user of the new files

!
say "Final files are
say "1665 OH line :-
say "1667 OH line :-
say " "
!
! End
!

data ..."

"‘outfile([1]"’
"‘outfile(2] "’
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produce-v.class

This macro reads in the RCP and LCP components for the line of
interest and produces the V and I/2 spectra

V = RCP - LCP
I/2 = (RCP + LCP)/2

!
!
!
!
!
!
!
!
!
!
!

and another contains the same data for the 1667 line
!

define char inputfile*40 infile*40[2]
define char outfile*40(2]

define char name*40 pol*40

define real scale tl

define integer fline

define char prefix*d0 suffix*40

!

set weight equal

set var spectro write

set var position read
1

say " "
say "File containing 1665 line data (.pks assumed) ... "
say " "

n

let inputfile
let infile[l] = ’‘inputfile’".pks"

say " "
say "File containing 1667 line data (.pks assumed) ... "
say * "

let inputfile
let infile[2] = ‘inputfile’".pks"
say " "
say "Enter scaling factor for data (1 for no scaling) ..."
say " "
let scale =
for line 1 to 2
if (line.eq.l) then
fline = 1665
endif
if (line.eq.2) then
fline = 1667

endif

file in ‘infile(line]’

let name = ‘sourc’

if (line.eq.1) then

say " "

say "Output file will be of the form"
say " prefix-"’fline’"-suffix.pks"
say " °

say "Enter prefix ..."

say " "

let prefix =

say " "

say "Enter suffix ..."

say " "

let suffix =

endif

let outfile[line] = ‘prefix’"-"’fline’"-"’suffix’".pks"

Assumes that one file contains both RCP and LCP for the 1665 line,

file out ’‘outfile(line]’ new
!
v
!
say " "
say "Determining V for "'fline’" line"
say " "
find/all
get £
let pol = ‘telescope’
if (pol.eq."64M-RCP") then
get £ ! RCP
get n ! LCP
mult -1
mult scale
get ! RCP
mult scale
accum ! RCP + (-LCP)
else if (pol.eq. "64M-LCP") then
get f ! LCP
mult -1
mult scale
get n ! RCP
mult scale
accum ! RCP + (-LCP)
endif
set mode x voff-20 voff+20
plot
say " "
say "V spectrum plotted - enter ¢ to continue"
say " "
pause
set mode x tot
write
!
I 172
!
say " "
say "Determining I/2 for "‘fline’" line"
say " "
get £
mult scale
get n
mult scale
accum ! with weight equal, produces sum, ie I
let t1 = tsys
mult 0.5
let tsys = tl
set mode x voff-20 voff+20
plot
say " "
say "I/2 spectrum plotted - enter c to continue”
say " "
pause
set mode x tot
write
say " "
say "Data written to "’‘outfile(line]’
say " "
next
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zfit.class

Class macro
Fits derivative of line spectrum to V spectrum, assumes NO
gaussian information - see zee-fit and zee-gfit for gaussian fitting

proceeding file
next file : there ain’t none!

original T. Bourke 10/11/95
this version T. Bourke 04/12/95

adapted from zgfit and zfit, originally by C.Heiles
Includes gain term

26/02/97 allow user to determine direction of fitting, e.g. from
low to high channels, or high to low channels.

04/09/97 allow for possibility that channels may decrease as the
velocity increases (as is the case for S88B Arecibo data from Alyssa
Goodman.

05/09/97 program has now been tested on S88B data, and found give
consistent results.

10/2/98 write out individual parts of the model fit, ie the gain
term and the scaled dI/df

Output file now contains

I spectrum

V spectrum

Overall fit to V spectrum

dI/df scaled ie z([1] * dI/df

gainterm ie z([2] * I

gain subtracted V spectrum

AL W

set var spectro write

set var plot write

set var gauss write

set var calibration write
set weight equal

set unit v ¢

def char inputfile*40 infile*40([2] ofile*40[2] suffix*40
def real gainterm

def int obs line fline chnl chn2 gg

def int ntry nnfit pts bb jj jjj

def real gfact v[8192] t[8192] modelfit[8192]

def real ts([8192] dts([8192]

def real dvmin dvmax dchnmin dchnmax midchn

def real chnsp srsqg srsge brkt delpl delml rsid ff

def real c[11] ht([10] cen[10] fwhm[10] cenv[10] fwhmv[10] width[10]
def real z[10] bfld[10] berr(10] d[10,10] err[10]

def real velocity-min velocity-max vmiddle

def real pi

def real a(10,10] x[10]

def integer m jpl jml 1 11 mix jl j2 tempchn nntry

def integer direction iprime naprime step jprime

let pi = 3.141592654
!

symbol mx "set mode x"
symbol my "set mode y"
!

say " *
say "One moment
say " ¢

system "\rm zee-temp*.pks"
!

clearing up files ..."

say " "
say "Current files are :"
sh files

say " "

say "Enter file containing V and I data (.pks assumed)
say " "

let inputfile
let infile(1]

‘inputfile’".pks"

say

say "First observation assumed to be V, second is I"
say "If first observation is I, then enter (1) ..."
say " "

let obs =

file in ‘infile(1]"’
!

! Ask user to identify the line
!

say " "

say "Which OH line (1 = 1665, 2 = 1667) 2"
say " "

let line =

if (line.eq.1l) then
let fline = 1665
let gfact = 3.27
else if (line.eq.2) then
let fline = 1667
let gfact = 1.96
endif
!
! Get the I spectrum and plot it.
! Then ask user to define limits.
[

if (obs.eqg.l) then

find/all

get
else

find/all

get £

get n
endif

!
!

! Now set the limits of the plot and plot I
!

Imx tot

mx voff-15 voff+15
plot

say " "

say "Set x limits for Zeeman fitting - give plenty of baseline ...

say " "

"
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say "To reset x limits, enter :" !

say " prompt> mx (min) (max)" ! Prompt user for direction of fitting

say " prompt> plot" !

say "else enter (c) to continue ..." say "

say " " say "Do you want to fit the spectrum from..."
pause say " [1] low velocity to high velocity, or"
! say " [2] high velocity to low velocity"

! Now ask the user for the approximate velocity limits of the say "

! range just set - haven’t been able to automate this say "Enter 1 or 2"

! say "

say " " let direction =

say "Enter the approximate velocity limits of your plot ..." !

say " " if (obs.eq.l) then

let velocity-min = find/all

let velocity-max = if (direction.eq.2) then

let vmin = velocity-min get £ ! I spectrum

let vmax = velocity-max
!

! Now determine start and end channel numbers from this info
!
plot
let vmiddle = (vmax+vmin) |2
let dvmin = vmiddle-vmin
let dvmax = vmax-vmiddle
let dchnmin = dvmin|vres
let dchnmax = dvmax|vres
let midchn = rchan-((voff-vmiddle) |vres)
let chnl = nint(midchn-dchnmin)
let chn2 = nint(dchnmax+midchn)
!say ’‘chnl’ ‘chn2’
1
! Now determine if chnl > chn2 or chn2 > chnl. This is needed to
! determine the step size for ’for’ loops.
!
if (chnl.gt.chn2) then
let step = -1 else
else
let step = 1
endif

!
! Interested in the I array Gaussian information, so get it now
! since we are using the I spectrum at present
! Note that the cen and wid info is in velocity units
! Do we need to change to channels? Assume so here
!
let ntry = 1
let nntry = 2
let nnfit = 3
!
if (chnl.eq.1l) then
let chnl = 2
endif
if (chn2.eq.nchan) then
chn2 = nchan-1
endif
!
! Read the I and V data into arrays defined by the channel extremes
! v is the V data, t is the line (temperature) data
! Also get the line data resulting from the subtraction of endif
! the fitted gaussian to the line profile 1

for i chnl to chn2 by step
let iprime = chnl+chn2-i
let t[iprime] = ryli]
next
get n ! V spectrum
for i chnl to chn2 by step
let iprime = chnl+chn2-i
let vi[iprime] = ry([i]
next
else
get £ ! I spectrum
for i chnl to chn2 by step
let t[i] = ryl[i]
next
get n ! V spectrum
for i chnl to chn2 by step
let v(i] = ry[i]
next
endif

find/all
if (direction.eqg.2) then
get £ ! V spectrum
for i chnl to chn2 by step
let iprime = chnl+chn2-i
let v/[iprime] = ry(i]
next
get n ! I spectrum
for i chnl to chn2 by step
let iprime = chnl+chn2-i
let tl[iprime] = ry([i]
next
else
get £ ! V spectrum
for i chnl to chn2 by step
let v(i] = ryli]
next
get n ! I spectrum
for i chnl to chn2 by step
let t[i] = ry(i]
next
endif
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! Determine channel separation in Hz
!

let chnsp = fres*le6

!say "chnsp = "’‘chnsp’

]

! Zero the matrix
1
for na 1 to nnfit
for nb 1 to na
let d[na,nb] = 0.
next
next
!
! Determine derivative of the I
!
say " "

say "Determining derivatives (takes time) ... "

say " "
!say ‘chnl+1’" "’chn2-1°
!

!
for j chnl to chn2 by step
! let jprime = chnl+chn2-j
let j1 = j+1
let j2 = j-1
if (chnl.gt.chn2) then

let dts[j] = (t[j2]-t[j1])*0.

else

let dts[j] = (t[jl]-t[j2])*0.

endif

if (direction.eq.2) then
let dts[j] = -1*dts[7j]

endif

Note we want the V spectrum here

let clntry] = dtsl[j]
let c(nntry] = t[j]
let c(nnfit] = v(j]
for nb 1 to nnfit
for nc 1 to nb
let d[nb,nc]
next
next
next
say "Calling crout and reler"”
!
! crout and reler
!/

! crout.class

! Called by zee-fit.class macro
! Original documentation given below

!

! SUBROUTINE CROUT(A, X, N)
! DIMENSION A(12,12),X(12)
!
!

Note that A and N are passed to the subroutine, X is returned

5

5

Include the I term to determine contribution of gain differences

= d[nb,nc]+c[nb] *c[nc]

CROUT method for matrix equation ax=c where matrix a is symmetr
see hildebrand page 503. M is the order of the matrix equation
n is m plus 1. The matrix a is assumed to be partitioned as

described by hildebrand. No attempt

be fruitful.
The input matrix a is obliterated by

matrix x is returned as the solution.

Updated for class T. Bourke 13/11/95
!
!def real a[10,10] x[10]
!def integer m jpl jml 1 11
!
let a d
let m = nnfit-1
!
for i 2 to nnfit

let afl,i] = afi,1][a[1,1]

next

for j 2 tom
let jpl = j+1
let jml = -1
for k 1 to jml

has been made to make this

this subroutine
Written by c. heiles.

!
!
!
!
!
! subroutine fast or to minimize memory. Such attempts might
!
!
!
!
!

let a(j,j] = alj,jl-alj, k]*alk, 7]

next
for i jpl to nnfit
for k 1 to jml

let ali,j] = a(i,jl-ali, k]*alk,7]

next

let alj,i] = afi,j]lalj.7]

next
next
let x[m] = a[m,nnfit]
for 1 2 tom
let 1 = nnfit-i
let x(1] = all,nnfit]
let 11 = 1+1
for k 11 tom

let x([1] = x(1]-a[l,k]*x[k]

next
next
say "end CROUT"
!

! End crout.class
!

reler.class

Modified to class macro T. Bourke 13/11/95

SUBROUTINE RELER(A,X,N)

!

!

!

! From zfit by C. Helies

!

!

!

! DIMENSION A(12,12),X(12)
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!

! Finds relative errors using crout method on an existing augmented matrix.

I
let m = nnfit-1
let a d
!
for 1 1 tom
for 7 1 to nnfit
let al[nnfit,j] = 0

"

next
let a[nnfit,i]
let afl,nnfit]
for j 2 tom
let jml = j-1
for k 1 to jml
let alnnfit,j] = alnnfit,j]-al[nnfit, k]*alk,3j]

1.
alnnfit,1][af1,1]

f

next
let alj,nnfit] = a[nnfit,j]lalj,F]
next
let x[m] = a[m,nnfit]
if (i.ne.m) then
let mix = nnfit-1
for 1x1 2 to mix
let 1 = nnfit-mix
let x[1] = a[l,nnfit]
let 11 = 1+1
for k 11 tom
let x[1] = x[1l]-a[l,k]*x[k]
next
next
endif
next
say "end RELER"
I}

! End reler.class
!

values of z returned by crout relate to the derived B field.
Values of err returned by reler relate to the errors in these fits
Bfld = z * chnsp / gfact (see zfit2.f)

Here we derive the overall fit to the V spectrum

modelfit = dT/df * z(1) + T * z(2)

where T = line
d/df is the derivative
z(1) is the z returned by crout for Bfld
z(2) relates to the gain term

thus modelfit can be directly compared to V

say " " '
say "Fitting the V spectrum (takes time) ..."
say " "

for na chnl to chn2 by step

i1f (direction.eq.2) then
let naprime = chnl+chn2-na
let modelfit([naprime] = z[1l]*dts(na]+z(2]*t([na]
else
let modelfit({na] = z[l]*dts[na]+z[2]*t[na]
endif

next

!

! Keep track of the gainterm
!
let gainterm = z[2]
!
! Setting up values for Berr
!
let srsge = 0.
let pts = abs(chn2-chnl+1)
let ff = 0.
for i chnl to chn2 by step
if (direction.eqg.2) then
let naprime = chnl+chn2-i
let rsid = v[i]-modelfit[naprime]
else
let rsid = v[i]-modelfit(i]
endif
let srsge = srsqge+(rsid*rsid)
next
let ff = srsge/(pts-nnfit)

let ff = sqgrt(ff)
!

Determine Bfld and Beff

Note that, in the current method for determining the dervitives, that
if the user chooses option 2 for fitting, ie fit from the high
velocity end of the spectrum, then the derivative is the negative

of what it should be, by definition. We fix it here by correcting
for the sign of the B field in this case.

if (direction.eq.2) then

if (chnl.gt.chn2) then

let bfld[1] = -1*z[1]*chnsp|gfact

else

let bfld(1] = z[1]*chnsp|gfact

endif

let berr([l] = abs(ff*sqgrt(err(1])*chnsp[gfact)

!

! Now report this information to the screen

!

say " "

say "B(los) = "’bfld[1]’" +/- "’berr(l])’" micro-G"
say " "

say "enter (c¢) to continue"”

say " "

pause
!

then would like to plot modelfit on V
so need to get modelfit into a class scan

method:
get I - write to temp file
get I again - write to same file
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open that file

get £

mult -1

get n

accum with equal weighting

relating to I.
write this to the temp file
reopen the temp file
get the zero spectrum
write the modelfit info to it
loop chnl to chn2 by step

let ryl[i] = modelfit[i]
then write to a file, with the V and I data
now can plot V and modelfit data.

Get the I spectrum

.t e tem tam ettt Sttt

if (obs.eq.l) then

find/all

get £
else

find/all

get f

get n
endif

1

! Write the I spectrum to a temp file twice,

! then open the file and create the zero spectrum
! and write to another temp file

!

system "\rm zee-temp*.pks"

file out zee-templ.pks new

write

write

file in zee-templ.pks

find/all

get f

mult -1

get n

accum ! with weight equal, produces sum
write

Ok, now just have to open zee-templ.pks and get the third
spectrum, whenever we want a zero spectrum to write new
data to.

Note - could also just get the I spectrum, write over the

data, and write to a new file. But that is a bit more messy.

1
!
! Ok, now write the model fit to a file
! Ask the user for extention

1

file in ’infile(1]’

say " "

say "Current files are"”

say " "

sh files

say " "

say "Data and fit will be written to file of the form: "

this should create a spectrum with all 0’s, but with header info

say " inputfile-suffix.pks"
say " "

say "Enter suffix ..."

say " "

let suffix =

let ofile[1] = ‘inputfile’-’suffix’".pks"
file out ‘ofile(l]’ new
!
! write to new file I, then V, then fit to V
!
if (obs.eq.1l) then
find/all
get £
write
get n
write
else ! V is first spectrum
find/all
get f
get n
write
get f
write

! I is first spectrum

endif
!
! Write the fit to the new file
!
file in zee-templ.pks
find/all
get
get n
get n
for i chnl to chn2 by step
let ry[i] = modelfit[i]
next
!
! Put the Bfld into the beam efficiency, beeff.
! Put the Berr into the forward efficientcy, feff
!
let beeff = bfld[1]
let foeff = berr(1l]
write
!
! write dI/dv to the file
!
file in zee-templ.pks
find/all
get f
get n
get n
for i chnl to chn2 by step
let ry[i] = z([1]*dts[i]
next
write
!
! write out the gain term spectrum
!
file in zee-templ.pks
find/all
get £
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get n
get n
for 1 chnl to chn2 by step
let ry[i] = z[2]*t[i]
next
write
!
! write out the gain-subtracted V spectrum
!
file in zee-templ.pks
find/all
get f
get n
get n
for i chnl to chn2 by step
let ryli] = v[i]-(z[2]*t[i])
next
write
!

! Now open the new file and plot the V and fit data
1

file in ‘ofile(1]’

say " "

say "File containing, in order, I, V and model fit spectrum, is ..."
sh files

find/all

get £

get n

Imx voff-15 voff+15

mx vmiddle-15 vmiddle+15

set unit v £

plot

say " "

say "Set y axis limits no.'
say " prompt> my lower upper"
say " prompt> plot"

say "enter (c¢) to continue"
say " "

pause

get n

pencil/weight 5

spectrum

pencil/weight 1

say " "

say "Plotted is the V spectrum with the model Zeeman spectrum derived"
say "from the individual gaussian components"
say " "

!

! Write B data to screen

!

say " "

say "B(los) = "’‘beeff’" +/- "’foeff’" micro-G"
say " "

say "Gain term = "‘gainterm’

say " "

say "Done"

say " "

my tot

!

! End
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zgfit.class

Class macro

Fits gaussian components of line with Zeeman pattern and compares

to true V spectrum.

Assumes that the gaussian information is contained in the I spectrum
header - if not run gauss.class first.

proceeding file : gauss.class
next file : there ain’t none!

original T. Bourke 10/11/95

adapted from zgfit by C.Heiles

26/8/97 added option to fit from low or high velocity end

also added gain terms for each gaussian - hopefully this is correct!
7/10/97 removed gain terms for each gaussian, changed back to

one gain term for whole line...currently the scaled I spectrum.
Maybe change later to get the gain from the sum of gaussians

05/09/97 fix up all the little things - based on the fact that
zfit.class is now working .

08/10/97 now writes out the individual components of the fit into
the output file. After the overall fit (3rd spectrum in output file)
the fit to the first gaussian is written, then the second gaussian...
up to the 5th (and max) gaussian, then the gain contribution, and
then the gain-corrected V spectrum
So output file is:

1. I spectrum

2. V spectrum

3. Overall fit to V spectrum

4. contribution of lst gaussian to fit to V spectrum

. 8. = 5th gaussian

contribution of I term scaled by gain term

gain corrected V spectrum

residual = gain-corrected V - Gaussian derivative sum

fm tm tm tm tm fm ettt te tm e

set var spectro write
set var plot write
set var gauss write
set weight equal

set unit v ¢

def char inputfile*40 infile*40[2] ofile*40[2] suffix*40

def int obs line fline chnl chn2 gg

def int ntry nnfit pts bb jj jjj nntry nn n jk

def real gfact v([8192] t[8192] modelfit[8192] gainfit[8192]
def real dvmin dvmax dchnmin dchnmax midchn

def real chnsp srsqg srsqge brkt delpl delml rsid ff cg

def real c[20] ht[20] cen[20] fwhm[20] cenv[20] fwhmv[20] width([20]
def real z[20] bfld([20] berr[20] d[20,20] err[20] gfit[20,8192]
def real gainterm gainerr low high

def real velocity-min velocity-max vmiddle

def real pi

def real a[20,20] x([20]

def integer m jpl jml 1 11 mix g[5]

def integer direction iprime naprime step ngauss
!

let pi = 3.141592654
1

symbol mx "set mode x"
symbol my "set mode y"
!

say " "

say "One moment ... clearing up files ..."
say " "

system "\rm zee-temp*.pks"

[

say " "
say "Current files are :"
sh file
say " "

say "Enter file containing V and I data (.pks assumed) ... "
say " "

let inputfile
let infile(1]
say " "

say "First observation assumed to be V, second is I"
say "If first observation is I, then enter (1) ..."

say "

let obs =

file in ’‘infile(1]"’

!

’inputfile’".pks"

! Ask user to identify the line
]
say " "
say "Which OH line (1 = 1665, 2 = 1667) 2"
say " "
let line =
if (line.eqg.1l) then
let fline = 1665
let gfact = 3.27
else if (line.eg.2) then
let fline = 1667
let gfact = 1.96
endif
!
! Get the I spectrum and plot it
! Then ask user to define limits.
!

if (obs.eq.l) then

find/all

get £
else

find/all

get f

get n
endif

!
!

! Now set the limits of the plot and plot I
!

mx voff-15 voff+15

plot

say " "

say "Set x limits for Zeeman fitting - give plenty of baseline
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say " " ! convert to channels

say "To reset x limits, enter :" let cen[j] = ((cenv[j]-voff) |vres)+rchan

say " prompt> mx (min) (max)" let fwhm(j] = fwhmv([j]|[vres

say " prompt> plot" let width([j] = fwhm[j][(2*sqrt(log(2)))

say "else enter (c) to continue ..." next

say " " !

pause ! Ok, now reject components outside the display window, clearly the user

! ! does not wish to fit them
! Now ask the user for the approximate velocity limits of the !

! range just set - haven’t been able to automate this ngauss = 0
! ’ for j 1 to ntry
say " " let low = cenv([j]-(fwhmv([j][2)
say "Enter the approximate velocity limits of your plot ..." let high = cenv[j]+(fwhmv([7][2)
say " " if (low.gt.vmin) then
let velocity-min = if (high.lt.vmax) then
let velocity-max = let ngauss = ngauss+1
let vmin = velocity-min let g[ngauss] = j
let vmax = velocity-max else
! endif
! Now determine start and end channel numbers from this info else
! endif
plot next
let vmiddle = (vmax+vmin) |2
let dvmin = vmiddle-vmin say " "
let dvmax = vmax-vmiddle say "Gaussians = "’‘ngauss’
let dchnmin = dvmin|vres say " "
let dchnmax = dvmax|vres let ntry = ngauss
let midchn = rchan-((voff-vmiddle) [vres) let nntry = ntry+l
let chnl = nint(midchn-dchnmin) Jet nnfit = ntry+2
let chn2 = nint(dchnmax+midchn)
! H
! Now determine if chnl > chn2 or chn2 > chnl. This is needed to if (chnl.eq.l) then
! determine the step size for ’'for’ loops. let chnl = 2
! endif
if (chnl.gt.chn2) then if (chn2.eq.nchan) then
let step = -1 chn2 = nchan-1
else endif
let step =1 !
endif ! Read the I and V data into arrays defined by the channel extremes
! v is the V data, t is the line (temperature) data
Interested in the I array Gaussian information, so get it now ! Also get the line data resulting from the subtraction of

!

!

! since we are using the I spectrum at present ! the fitted gaussian to the line profile
! Note that the cen and wid info is in velocity units !

! Do we need to change to channels? Assume so here !

! !

Prompt user for direction of fitting

let ntry = nline say " "
! ntry gaussians and ntry derivatives of gaussians say "Do you want to fit the spectrum from..."
Ilet nntry = ntry+1l say " [{1] low velocity to high velocity, or"
!let nnfit = ntry+2 say " [2] high velocity to low velocity"
' say "
let gg = 0 say "Enter 1 or 2"
for j 1 to ntry say " "
let gg = 3*j-2 let direction =
let ht[j] = nfit[gg] !
let gg = gg+l if (obs.eq.l) then
let cenv[j] = nfit[gg] find/all
let gg = gg+l if (direction.eq.2) then
let fwhmv(j] = nfit[gg] get ! I spectrum
! convert area to intensity for i chnl to chn2 by step

let ht[j] = (ht[j]/fwb.mv[j])*sqrt((4*log(2))/pi) let iprime = chnl+chn2-i
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let t[iprime] = ry([i] value of the respective gaussian, and c(nfit) = c(5) the value
of the true V spectrum
Max number of gaussian allowed in zgfit = 5. This will be
updated for class (But class only allows 5)

next
get n ! V spectrum
for i chnl to chn2 by step

let iprime = chnl+chn2-i

let v(iprime] = ryl[i] let n = 0
next for na chnl to chn2 by step
else for k 1 to ntry
get f ! I spectrum let n = glk]
for i chnl to chn2 by step if (direction.eqg.2) then
let t[i] = ryl[i] let naprime = chnl+chn2-na
next let delpl = (naprime+l-cen(n]) |width(n]
get n ! V spectrum let delml = (naprime-l-cen(n]) |width(n]
for i chnl to chn2 by step else
let v([i] = ryli] let delpl = (na+l-cen(n]) [width[n]
next let delml = (na-l-cen(n])[width(n]
endif endif
else !
find/all ! determine derivative
if (direction.eqg.2) then !
get £ ! V spectrum if (chnl.gt.chn2) then
for i1 chnl to chn2 by step let cl[k] = 0.5*ht[n]*((exp(-delml*delml))- (exp(-delpl*delpl)))
let iprime = chnl+chn2-i else
let v[iprime] = ry[i] let cl(k] = 0.5*ht[n]*((exp(-delpl*delpl))-(exp(-delml*delml)))
next endif
get n ! I spectrum next
for i chnl to chn2 by step !
let iprime = chnl+chn2-i ! Note we want the V spectrum here
let t(iprime] = ry[i] ! Later will include I spectrum for a gain difference estimate
next ! Done
else !
get £ ! V spectrum let c(nntry] = t(na]
for i chnl to chn2 by step let c(nnfit] = v(na]
let v(i] = ryl[i] !
next for nb 1 to nnfit
get n ! I spectrum for nc 1 to nb
for i chnl to chn2 by step let d{nb,nc] = d[nb,nc]+c(nb]*c(nc]
let t({i] = ryl(i] next
next next
endif next
endif say "Calling crout and reler"

! !
! Determine channel separation in Hz !
! !
let chnsp = fres*leé L N N N N NN NN NN NN NN
! crout.class

crout and reler

! Zero the matrix
!
for na 1 to nnfit
for nb 1 to na
let d(na,nb] = 0.

Called by zee-fit.class macro
Original documentation given below

SUBROUTINE CROUT(A, X, N)

next DIMENSION A(12,12),X(12)
say " " ! Note that A and N are passed to the subroutine, X is returned
say "Determining derivatives (takes time) ... "
say " " CROUT method for matrix equation ax=c where matrix a is symmetr

A see hildebrand page 503. M is the order of the matrix equation

! n is m plus 1. The matrix a is assumed to be partitioned as
described by hildebrand. No attempt has been made to make this
subroutine fast or to minimize memory. Such attempts might

! here we determine the derivatives of the fitting gaussians
! and set up the eqgutions of conditions

]
!
!
!
!
!
!
next !
!
!
!
!
!
[}
! for the max no of gaussians, c(1) - c(4) hold the current !
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! be fruitful.

! The input matrix a is obliterated by this subroutine

! matrix x is returned as the solution. Written by c. heiles.
!

! Updated for class T. Bourke 13/11/95

!

!def real a(l0,10] x[10]

!def integer m jpl jml 1 11

!

let a = d
let m = nnfit-1
!
for i 2 to nnfit
let afl,i] = afi,1]]all,1]
next
for j 2 tom
let jpl = j+1
let jml = j-1
for k 1 to jml
let afj.j]l = alj,jl-ali.k]l*alk,3]
next
for i jpl to nnfit
for k 1 to jml
let a(i,j] = ali,jl-ali,k]*alk,j]
next
let alj,i] = ali,j]lalj, 7]
next
next
let x[m] = al[m,nnfit]
for i 2 tom
let 1 = nnfit-i
let x[1] = all,nnfit]
let 11 = 1+1
for k 11 tom
let x[1] = x[1]-all,k]*x[k]
next
next
say "end CROUT"
!

! End crout.class
!

reler.class

From zfit by C. Helies
Modified to class macro T. Bourke 13/11/95

SUBROUTINE RELER(A,X,N)
DIMENSION A(12,12),X(12)

let m = nnfit-1
let a = d

Finds relative errors using crout method on an existing augmented matrix.

for i 1 tom
for j 1 to nnfit
let a[nnfit,j] = 0
next
let al[nnfit,i] = 1.
let a[l,nnfit] = alnnfit,1][a(ll,1]
for 7 2 tom
let jml = j-1
for k 1 to jml
let a[nnfit,j] = a[nnfit,j]-alnnfit, k]*alk,7]
next .
let al[j,nnfit] = al[nnfit,j][lalj,j]
next
let x[m] = al[m,nnfit]
if (i.ne.m) then
let mix = nnfit-i
for 1x1 2 to mix
let 1 = nnfit-mix
let x[1] = a[l,nnfit]
let 11 = 1+1
for k 11 tom
let x[1] = x[1]-all,k]*x[k]
next
next
endif
next
say "end RELER"
!

! End reler.class
!

let err = x
!

Values of z returned by crout relate to the derived B field.
Values of err returned by reler relate to the errors in these fits
Bfld = z * chnsp / gfact (see zfit2.f)

Here we derive the overall fit to the V spectrum from the
gaussian information.

modelfit = dg(1)/df * z(1) + dg(2)/df * z(2)

!
!
!
!
!
!
!
! + I * z(nntry)
! where g(1) = gaussian 1

!

!

!

!

!

!

!

d/df is the derivative
z(1) is the z returned by crout for g(1)

thus modelfit can be directly compared to V

! Also add gain term

say " "
say "Fitting the V spectrum (takes time) ..."
say " *

let n = 0

for na chnl to chn2 by step
if (direction.eqg.2) then
Jet naprime = chnl+chn2-na
let srsg = 0.
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for k 1 to ntry
let n = g[k]
let delpl = (naprime+l-cen[n]) |[width(n]
let delml = (naprime-l-cen[n])|width[n]
if (chnl.gt.chn2) then

let brkt = (exp(-delml*delml)) - (exp(-delpl*delpl))

else

let brkt = (exp(-delpl*delpl))-(exp(-delml*delml))

endif
! let gfit[n,na] = z[n]*0.5*ht[n] *brkt
let gfit(k,na] = z[k]*0.5*ht(n]*brkt
! let srsg = srsqg+z[n]*0.5*ht[n]*brkt
let srsq = srsqg+z([k]*0.5*ht([n]*brkt

next
!
else
let srsqg = 0.
for k 1 to ntry
let n = glk]
let delpl = (na+l-cen(n])|width([n]
let delml = (na-l-cen(n]) [width[n]
if (chnl.gt.chn2) then
let brkt = (exp(-delml*delml))-(exp(-delpl*delpl))
else
let brkt = (exp(-delpl*delpl))-(exp(-delml*delml))
endif
! let gfit[n,na) = z[n]*0.5*ht[n] *brkt
let gfit[k,na] = z[k]*0.5*ht[n]*brkt
! let srsq = srsqg+z[n]*0.5*ht[n]*brkt
let srsqg = srsg+z(k]*0.5*ht[n]*brkt
next
!
endif
let gainfit(na] = z[nntry]*t[na]
let modelfit(na] = gainfit([na]+srsq
next

!
!

! Keep track of the gainterm
!

let gainterm = z[nntry]
!

! Setting up values for Berr
!
let srsge = 0.
let pts = abs(chn2-chnl+1)
let ff = 0.
for i chnl to chn2
let rsid = v[i]-modelfit[i]
let srsqge = srsqge+(rsid*rsid)
next
let ff = srsge/(pts-nnfit)
let ff = sqgrt(ff)
!
! Determine Bfld and Beff for each gaussian
!
for j 1 to ntry
say ‘z[j]’
if (chnl.gt.chn2) then
let bfld[j] = -1*z[j]*chnsp|gfact

else

let bfld[j]
endif

let berr(j]

z[j]*chnsp[gfact

I

next
!
! "Error" in gainterm
!
!gainerr = abs(ff*sqgrt(err[nntryl})
]
! Now report this information to the screen
]
for k 1 to ntry
let jk = glk]
say " *
say "Gaussian "’jk’

abs(ff*sqrt(err(j]) *chnsp/gfact)

say "Temp = "‘ht(jk]’", Vel = "‘cenv(jk]’", FWHM
say "B(los) = "'bfld[k]’" +/- "’berr(k]’" micro-G"
next
say " "
say "enter (c) to continue"
say " "
pause

then would like to plot modelfit on V
so need to get modelfit into a class scan

method:
get I - write to temp file
get I again - write to same file
open that file
get f
mult -1
get n
accum with equal weighting
this should create a spectrum with all 0's,
relating to I.
write this to the temp file
reopen the temp file
get the zero spectrum
write the modelfit info to it

loop chnl to chn2 by step

let ryl[i] = modelfit([i]

then write to a file, with the V and I data
now can plot V and modelfit data.

Get the I spectrum

if (obs.eg.l) then

find/all

get f
else

find/all

get f

get n
endif

!
! Write the I spectrum to a temp file twice,

" fwhmv([ik] *

but with header info
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! then open the file and create the zero spectrum

! and write to another temp file
!

system "\rm zee-temp*.pks"
file out zee-templ.pks new
write

write

file in zee-templ.pks
find/all

get £

mult -1

get n

accum ! with weight equal, produces sum
write

Ok, now just have to open zee-templ.pks and get the third
spectrum, whenever we want a zero spectrum to write new
data to.

data, and write to a new file. But that is a bit more messy.

Ok, now write the model fit to a file

!
!
!
!
!
! Note - could also just get the I spectrum, write over the
!
!
!
! Base its name on the input file containing V and I

!

file in ’infile[1]”’

say " "

say "Current files are ..."

say " "

show files

say " "

say "Data and fit will be written to file of the form: "
say " inputfile-suffix.pks"

say "Enter suffix ..."

let suffix =

let ofile[l] = ‘inputfile’-’suffix’".pks"
file out ‘ofile[l]’ new
I
! write to new file I, then V, then fit to V
!
if (obs.eg.l) then
find/all
get f
write
get n
write
else ! V is first spectrum
find/all
get £
get n
write
get f
write

! I is first spectrum

endif

!

! Write the fit to the new file
!

file in zee-templ.pks

find/all

get f

get n
get n
for i chnl to chn2 by step
let ry(i] = modelfit(i]
next
1
! Write the Bfld and Berr info to the Class header
! Store it in the Gauss fit results error array
!
for k 1 to ntry
let jk = glk]
let bb = 3*jk-2
let nerr([bb] = bfld(k]
let bb = bb+l
let nerr[bb] = berr(k]
let bb = bb+l
let nerr(bb] = 0
next
write
!
! Ok, now write the individual components of the fit to the file
! First the gaussian terms, then the gain term
!
file in zee-templ.pks
find/all
get f
get n
get n
for k 1 to ntry
for i chnl to chn2 by step
let ry(i] = gfit(k,61i]
next
write
next
!
! write the gain term
!
file in zee-templ.pks
find/all
get f
get n
get n
for i chnl to chn2 by step
let ry([i] = gainfit(i]
next
write
!

! write the gain subtracted V spectrum
!
file in zee-templ.pks
find/all
get f
get n
get n
for i chnl to chn2 by step
let ry(i] = v[i]-gainfit[i]
next
write
!
! write the sum of the gaussian derivatives
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! let jk = glk]

file in zee-templ.pks let jj = 3*jk-2

find/all let jjj = jj+1

get £ say " “"'jk°" "‘nerr(jj]‘" +/- "’‘nerr(jjijl’

get n next

get n say " "

for i chnl to chn2 by step say "Gainterm = "’gainterm’
let ryl[i] = modelfit[i]-gainfit([i] say " "

next say "Done"

write say " "

! my tot

! write the residual !

! ! End

file in zee-templ.pks !

find/all

get £

get n

get n

for i chnl to chn2 by step

let ry[i] = v[i]-modelfit[i]
next
write

!

! Now open the new file and plot the V and fit data
]

file in ‘ofile(1]~’

say " "

say "File containing, in order, I, V and model fit spectrum, is ..."
sh files

find/all

get f

get n

Imx voff-15 voff+15

mx vmin vmax

set unit v f

plot

say " "

say "Set y axis limits no."
say " prompt> my lower upper"
say " prompt> plot"

say "enter (c¢) to continue"
say " "

pause

get n

pencil/weight 5

spectrum

pencil/weight 1

say " "

say "Plotted is the V spectrum with the model Zeeman spectrum derived"
say "from the individual gaussian components"

say “ "

!

! Write B data to screen

say " Line B(los) micro-Gauss"

SAY Mmoo e mm e "
!for j 1 to ngauss

for k 1 to ntry
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