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Abstract

Herbig-Haro (HH) objects are the optical components of outflows associated
with young stellar objects. Characteristic spectra of HH objects include
strong Ha and [S11] emission (6717/6737A) which arises as the stellar wind
from a source impacts with the surrounding interstellar medium. With the
discovery that HH flows can attain sizes of a parsec or more, a natural course
of action is to determine their distribution in star forming regions and what
effect they have on the surrounding interstellar medium. As most known
giant HH flows extend up to several degrees on the sky, only the largest
CCD imaging cameras can provide the necessary field of view to identify
new candidates. Enter the AAO/UKST Ha survey of the Southern Galactic
Plane. With its large field of view (4°x4°) and superb imaging resolution
(provided by the He filter and TechPan emulsion combination), the survey is
particularly suited to identifying new HH objects and giant flows in southern
star formation regions.

The first part of this thesis aims to determine the effectiveness of wide-
fleld material from the ESO/SERC Southern Sky Atlases in characteris-
ing HH flows. Comparison of IITaJ, IlIaF and IVN films shows they are
extremely useful in characterising HH flows by distinguishing between re-
flection and emission nebulosity, tracing excitation conditions along a flows
length and identifying their energy sources which can range from optically-
visible T Tauri stars to deeply embedded Class 0 protostars. We present an
ESO/SERC, CCD imaging and IRAS HIRES survey of a number of poorly—-
studied HH objects which have yet to have their energy source identified. For
the majority of surveyed objects, we argue most are part of giant HH flows.

The second part of this thesis utilises AAO/UKST Ha wide-field material to
search for giant HH flows in Orion L1630/L1641 and Canis Major OB1/R1.
For the Orion region, we find a large number of giant HH flows associated
with the L1641-N infrared cluster and one in the Ori [-2 cometary globule.
Giant HH flows were also associated with V380 Ori and a Class 0 protostar
near NGC 2023. For the Canis Major region, the HH flow from Z CMa was
found to be much larger than previously thought. By combining AAO/UKST
Ho and *CO data, we show that for the majority of giant flows in L1630 and
L1641, there is at least one large-scale cavity projected against the terminal
bow shock of the HH flow. By comparing the location of dense CS cores with
respect to these cavities, we suggest that giant HH flows can account for the
current and future modes of star formation within L1641.
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Chapter 1

Protostars and Outflows

1.1 An Introduction to Protostar Evolution

Out of the 100 billion or so stars in the Milky Way Galaxy, our nearest star,
the Sun is considered to be a middle of the road main-sequence object with a
surface temperature ~ 6000 K and spectral type of G2. Despite this, the Sun
shares a common origin with all stars: they were all born in molecular clouds.
Representing the denser parts of the interstellar medium, molecular clouds
come in all shapes and sizes. From the massive giant molecular clouds (~
104-% M) to relatively small Bok globules (< 10° M), these regions posses
sufficient density (102~% cm™2) for stars to form. However, these regions are
supported against gravitational collapse by the presence of magnetic fields!.
For a neutral molecular cloud under magnetic support, the neutrals within
only “feel” the field through the interaction of ionized particles, which are
tied to the field. For sufficiently dense cores, cosmic rays alone dominate
the ionization (McKee 1989) and so the weak ion-neutral coupling induces a
systematic drift (or ambipolar diffusion) of neutrals with respect to the ions
which separates the magnetic field from the neutral gas and allows the cloud
to collapse via self-gravitation.

As the core contracts, the released gravitational energy is converted into
thermal energy which allows the collapsing core to remain isothermal. As the
core continues to contract, the interior temperature of the protostar becomes
high enough for thermonuclear reactions to begin. With the conversion of
hydrogen into helium, the resulting heat (~ 10° K) and internal pressure

IThermal and turbulent pressures are present as well, but magnetic fields play a far
more important role in preventing core collapse.



are enough to halt contraction and achieve hydrostatic equilibrium. The
hydrostatic core builds up its central mass via the accretion of material from
the in-falling surrounding envelope. Before the onset of accretion, the mass
of the surrounding envelope far exceeds that of the hydrostatic core. In the
model of Shu, Adams & Lizano (1987), the rate of infall is constant (~ 1
X 107° Mg yr~!) in time. The T Tauri phase will continue for another ~
10° years in which the star will continue to accrete mass from the remnant
circumstellar disk.

Due to the extremely dense material surrounding newly-formed protostars,
early researchers found it difficult to characterise the star formation process
and constrain theory. However, the dusty circumstellar material surrounding
the protostellar core becomes heated and re-radiates its thermal energy at
infrared wavelengths. Therefore, it should not come as a surprise to learn
that it is the amount of circumstellar dust surrounding a protostellar core
which has been the key element in providing an evolutionary sequence. The
currently favoured picture has been based on developments in wide field
near-infrared detectors and sub-millimetre bolometers. For example, Class 0
sources (André, Ward-Thompson & Barsony 1993) are detectable for wave-
lengths > 10pm, usually in sub-millimetre continuum maps, while Classes I,
IT and III are classified on the slope arr = dlog(AF)/dlog()) of their Spec-
tral Energy Distributions (SEDs) for wavelengths long-ward of 2um (Lada
1987; Wilking, Lada & Young 1989). Class I corresponds to sources with
arp > 0, Class IT with -2 < aygp < 0, and Class 111 with ajg < -2.

Class 0 objects (t < 10* yr) show compact centimeter radio continuum and/or
sub-millimetre emission. They display a high ratio of sub-millimetre to bolo-
metric luminosity which suggests the envelope mass exceeds that of the cen-
tral stellar mass. Their SEDs resemble a single temperature blackbody with
T ~ 15-30 K. Class I objects (t ~ 1-2 x 10° yr) are detectable for A > 2um
and represent evolved protostars. Their SEDs have been successfully mod-
elled in terms of a protostellar object surrounded by both a disk and diffuse
circumstellar envelope?. The stellar core mass exceeds that of the surround-
ing circumstellar envelope and the majority of their luminosity stems from
accretion. Class II objects (t ~ 10° yr) correspond to the classical T Tauri
stars which are surrounded by an optically thick circumstellar disk for A <
10pum. Their SEDs can be characterised by broadened blackbodies with cir-
cumstellar disks smaller than those of the Class I objects. Finally, Class
III objects (t ~ 107 yr) represent the weak-lined, or naked T Tauri objects
(Walter 1987) which lack the emission phenomena (Ho emission and metal-
lic line emission) but are strong X-ray emitters. Their SEDs are comparable

2Class 0 protostars display spherical circumstellar dust envelopes only (and no disk
emission).



to a normal blackbody function with weak infrared excess, suggesting small
amounts of circumstellar dust.

1.2  Outflows from Young Stellar Objects

From the theory of isolated star formation (Shu et al. 1987), a protostel-
lar object forms via the accretion of mass from a large circumstellar enve-
lope. It was of some surprise when observations showed young protostellar
objects and T Tauri stars were loosing mass by ejecting gas along two nar-
row, oppositely directed jets. At first it was unknown how outflow fitted in
with infall, but once it was realised that rotation of the parental cloud core
causes material to spiral inward to add to the mass of the growing proto-
star, the core gains angular momentum from which a central protostar and
flattened circumstellar disk are formed. Outflows provide a mechanism by
which accreting protostars loose excess angular momentum. For the rest of
this section, a brief introduction to the different components of outflows from
protostars is presented. More detailed discussions can be found in Bachiller
(1996), Cabrit, Raga & Gueth (1997), Reipurth & Raga (1999) and references
therein.

1.2.1 Herbig-Haro Objects

During objective-prism and photographic surveys near the NGC 1999 region
in Orion, Herbig (1950, 1951) and Haro (1952, 1953) noted the presence
semi-stellar knots which emitted, among others, Balmer Ha, strong forbid-
den emission at [O1] (6363A), [On1] (3726/3729A), [Su] (6717/6731A), faint
emission at [Ferr] (4244/4245A), [On1] (4959/5006A) and permitted emission
at Call (4571A). Herbig (1951) suggested these “blobs” were evidence of (1)
faint blue, high-temperature stars or (2) an interaction of a late-type dwarf
star with the surrounding nebular material. As these Herbig-Haro (HH) ob-
jects were located in the vicinity of dark clouds and the newly-discovered T
Tauri stars (Joy 1942), they were thought to be related to the star forma-
tion process. From the detailed spectrophotometric analysis of HH objects,
Bohm (1956), Osterbrock (1958) and Haro & Minkowski (1960) found that
the forbidden-line emission takes place in regions where the average electron
temperature and the mean electron density are T. ~ 10* K and n, ~ 10*
cm ™3 respectively.



In order to isolate excitation mechanism(s) in HH objects, Strom, Grasdalen
& Strom (1974) suggested HH objects were reflection nebulae illuminated
by very young variable emission-line stars. Although this hypothesis was
disputed by Schmidt & Miller (1979), Strom et al. (1974) found their selec-
tion of HH objects display radial velocities as high as ~ 150 km s™!. Using
proper motion data of HH 28/29 in the L1551 dark cloud, Cudworth & Her-
big (1979) found that both objects have tangential velocities ~ 145 km s™.
They suggested if the proper motion vectors of these objects were extended
backwards, the projected lines pass very close to the position of L1551 IRS5,
which is a deeply embedded protostar identified by Strom, Strom & Vrba
(1976) and a possible point of origin for HH 28/29. In a series of papers on
the proper motions of HH objects, Herbig & Jones (1981; 1983) and Jones &
Herbig (1974; 1982), showed that HH objects displayed motions away from
embedded sources. For the HH 1/2 system, they found the velocity vectors
pointing away from the now accepted driving source HH1/2 VLA1 (Pravdo
et al. 1985; Rodriguez et al. 1990)3. By the early to mid 1980’s, it was
generally accepted that HH objects were evidence of wind ejection taking
place in the vicinity of young stellar objects.

A major step in characterising HH objects was provided by Schwartz (1978).
By comparing the observed emission-line spectrum of HH1 and the N49
supernova in the Large Magellanic Cloud, he proposed the emission could be
produced by a supersonic wind ejected from a nearby young stellar object
interacting with small ambient cloudlets. As the wind interacts with these
cloudlets, a bow shock (facing the source) forms and the resulting radiating
gas from this bow shock cools and emits the observable lines seen in HH
objects. Since the shocked-cloudlet model of Schwartz, HH objects have been
modelled as plane-parallel shocks (Dopita 1978; Raymond 1979; Hartigan,
Morse & Raymond 1995) and bow shocks (Hartmann & Raymond 1984;
Raga & Bohm 1987; Canté & Raga 1998). The currently favoured model sees
HH objects as “working surfaces”, where the jet-like flow interacts directly
with the surrounding environment (Raga 1988; Blondin, Konigl & Fryxell
1989; Raga & Cabrit 1993; Raga et al. 1993). Within the working surface,
there are two shocks in operation: a bow shock which accelerates and excites
ambient material and the Mach disk (jet shock) which decelerates jet material
impinging on the ambient medium. High pressure gas exists between these
two shocks and becomes ejected sideways and forms an envelope around the
HH jet. As this envelope has a radius much larger than the radius of the jet
beam, it presents a larger area to the surrounding ambient material which is
entrained and seen as the CO outflow (see Raga & Cabrit 1993 and Raga et
al. 1993 for more details).

3In fact, the source is part of a binary system with the other component (HH 1/2 VLA2)
driving HH 144, which is almost perpendicular to the HH1/2 outflow (see Reipurth et al.
1993; et al. 2000.)



From the early photographic plates (Herbig 1974) and CCD imaging (Mundt
& Fried 1983), it was apparent that HH objects display morphologies ranging
from clumpy knots to highly-collimated jet-like structures emanating from T
Tauri stars or low-luminosity embedded sources. Some of the most highly-
collimated jets are found in HH47 (Dopita, Evans & Schwartz 1982; see
chapter 2, Figure 2.4), HH 34 (Reipurth et al. 1986; see chapter 2, Figure
2.2) and HH 111 (Reipurth, Raga & Heathcote 1992).

1.2.2 Near-Infrared H; (2.12pum) Outflows

Although HH objects and jets represent the optical component of outflows,
there must also be unseen shocks occurring when outflows from extremely
young protostars (such as Class 0 objects) interact with their parental molec-
ular cloud. As the bulk of all molecular clouds are composed of molecular
hydrogen (Hs), do we see evidence of shock-excited emission? The first such
evidence of shock-excited Hy emission in a protostellar outflow was identi-
fled by Beckwith et al. (1978), who identified Hy (2.12um), v = 1 — 0
S(1) emission associated with the HH nebulosity surrounding T Tau. Later,
Elias (1980) detected Hy emission associated with six HH objects and from
line intensities, suggested that the Hy emission arises from moderate-density
(n ~ 10* cm™3), shock-heated gas moving with velocities ~ 15 km s~1. With
the detection of Hy in HH objects, it was unknown how both the optical and
near-infrared emission could be associated with the same shocked region. As
the optical spectra of HH objects usually require velocities >> 40 km s7*,
it was expected that such velocities would dissociate any Hy. For a number
of HH flows, Zealey et al. (1986), Zinnecker et al. (1989) and Stapelfeldt et
al. (1991) showed that the Ho-emitting regions are usually located at (1) the
wings of bow shocks which form at the working surfaces of the protostellar
jet or (2) boundary layers where external molecular gas is entrained along
the jet and/or at the outflow/cavity wall boundary*.

H, (2.12um) emission arises in low-velocity (~ 40-50 km s™') post-shock
regions which are located in dense media (n < 10® cm™) with temperatures
~ 10°® K. However, the exciting mechanism of Hs in protostellar outflows is
unknown, with continuous (C-type) and jump (J-type) shocks being used to
describe line intensities (Smith 1993; 1994). For C-type shocks, a magnetised
medium of low ionization is required to display a continuous change in shock
properties within the shock structure. J-type shocks require high velocities
which result in a jump in various parameters such as density, temperature
and pressure. For this to occur, the medium must be of higher ionization

4See Figure 2.5 (chapter 2) which shows this in the HH46/47 outflow.



and have a lower magnetic field strength than that seen in C-type shocks. In
a number of HH flows, the Hy emission has been modelled as either C-type
(Ceph E; Eisloffel et al. 1996), J-type (HH91; Gredel 1994), or both (HH 1;
Noriega-Crespo & Garnavich 1994). For HH 7, it has been shown that the
Hj, emission can be modelled in terms of C-type bow shocks and fluorescence
(Fernandes & Brand 1995).

Recently, a number of protostellar outflows have been identified purely by
their Ho (2.12pm) emission. For example, the Class 0 protostar IC 348 IR
(McCaughrean, Rayner & Zinnecker 1994) drives a highly-collimated jet seen
only in the infrared with faint outer bow-shocks seen on deep CCD images.
The absence of optical HH lines such as Ha and [S11] can be explained if
the outflow has not yet broken out of its parental molecular cloud. Similar
to IC348 IR is IRAS00342+6347/HH 288 (McCaughrean 1997), which is
associated with very faint HH emission at the most distant bow shocks. This
suggests the flow is just beginning to break out of its parental molecular
cloud.

1.2.3 Molecular CO outflows

With the introduction of millimetre-wave receivers in the 70’s, an important
discovery was made when high-velocity carbon monoxide (CO) gas was dis-
covered towards the Kleinmann-Low Infrared Nebula in Orion (Zuckerman
et al. 1976; Kwan & Scoville 1976). When Snell, Loren & Plambeck (1980)
mapped the L1551 region in Taurus, they found a double-lobed CO structure
extending in opposite directions from the deeply embedded protostar, L1551
IRS5. This was the first detection of a molecular, bipolar outflow. They
interpreted the CO lobes as dense shells of material swept up from a stellar
wind originating from L1551 IRS5. Also located in the L1551 cloud are the
objects HH 28/29 and HH 102° (Herbig 1974; Strom et al. 1974). Snell et al.
(1980) found that all of these objects lie within the southwest (blue-shifted)
CO lobe and suggested both HH objects and CO outflow may have a common
origin®.

To begin with, bipolar CO outflows were modelled in terms of molecular
shells driven by wide-angled winds (Snell et al. 1980) or steady-state filled

5This is actually a large amorphous reflection nebula illuminated by L1551 IRS5.

6Recent work by Devine, Reipurth & Bally (1999) suggests HH28/29 are driven by
L1551 NE which may also energize the southern part of the blue-shifted lobe of the L1551
outflow. Also, L1551 IRS5 is a binary which drives two distinct jets aimed towards HH 102
on the northern rim of the outflow cavity. Therefore, the blue-shifted lobe of the L1551
outflow is probably powered by several sources.



flows with internal stratification (Levreault 1988a,b; Cabrit & Bertout 1990).
As more young stellar objects were found associated with HH objects, jets
and bipolar CO flows (e.g Bally & Lada 1983; Edwards & Snell 1983; 1984),
the idea of “jet-driven” CO outflows became increasingly attractive. Masson
& Chernin (1993) showed how optically-visible HH jets were able to drive
CO outflows with bow shocks sweeping up ambient material and accelerating
forward. The CO outflow is identified with this swept-up material. Although
their model produces outflow cavities that are narrower than observed, they
suggest a wandering jet can carve out a broad cavity. Raga & Cabrit (1993)
proposed another model of CO outflows driven by highly-collimated jets.
In their model, a bow shock compresses and sweeps up ambient material,
which later re-expands into the cavity left behind and forms a turbulent
wake identified as the CO outflow. As these bow shocks propagate further
from the source, the decrease in cloud density causes them to expand and
create widened cavities.

From ~ 200 known molecular CO outflows (i.e. Bally & Lada 1983; Fukui
1989; Wu, Huang & He 1996), their morphologies tend to display either
poorly-collimated systems like L1551 IRS5 (Snell et al. 1980) and L43-
RNO91 (Bence et al. 1998; see Figure 1.1c), or highly-collimated jet systems
seen in 1.1448 (Bachiller et al. 1990), IRAS 0328243035 (Bachiller, Martin-
Pintada & Planesas 1991) and HH 211 (Gueth & Guilloteau 1999; see Figure
1.1a). For the latter group, the higher degree of collimation is also seen in
CO and/or SiO emission which is of extremely high-velocity (~ 100 km s™)
and rather than being continuous, displays well-defined peaks (bullets) along
the axis of the flow.

1.2.4 Radio Jets

The energy sources of outflows are usually detectable at centimetre wave-
lengths. In many instances, the emission is weak (~ mlJy levels), compact
and elongated. From computations of the spectral index’, the emission from
Class 0, Class I and Class II protostars is thermal free-free (o« > -0.1) with
a small contribution from heated dust which dominates at millimetre and
infrared wavelengths. Negative spectral indices are characteristic of non-
thermal sources seen in more evolved objects, such as radio-emitting, weak-
lined T Tauri stars (Class III objects). For cases where the emission is
elongated, the major axis of the elongation corresponds with the axis seen in
larger scale Hy, HH and/or CO outflows. These thermal jets appear within
10 AU of the exciting star (Anglada et al. 1998) and provide evidence of high

"The spectral index, a, is defined as S, o v*.



collimation even closer to the star than what is seen at optical and infrared
wavelengths. In some cases, individual condensations within this distance of
the driving source have been shown to move with velocities 600-1400 km s~*
(Marti, Rodriguez & Reipurth 1993; 1998). Thermal radio jets can be one-
sided (VLA1623; Bontemps & André 1997), bipolar (HH 80/81; Mart{ et al.
1993; 1998) and even quadrupolar, in which case the system presumably con-
tains two young stars (L723; Anglada, Rodriguez & Torrelles 1996, HH 111;
Reipurth et al. 1999).

1.2.5 Source and Outflow Evolution

For Class 0 objects, the majority of known sources display highly collimated
molecular Hy/CO outflows which suggests infall and outflow are occurring
at the same time. An example of this class is HH 211-mm (McCaughrean et
al. 1994; see Figure 1.1a). In Class I objects, outflow begins to dominate
over infall and the outflow is usually detectable at optical (HH objects),
near-infrared (shocks) and millimetre (bipolar CO lobes) wavelengths. An
example of this class includes RNO 43-mm (Bence, Richer & Padman 1996,
Eisoffel & Mundt 1997; see Figure 1.1b). By the time a source is in the
Class II stage, outflow is nearing completion (i.e., L43-RNO 91 (Schild, Weir
& Mathieu 1989, Bence et al. 1998; see Figure 1.1c) and at the Class III
stage, outflow activity has stopped completely. An example of this class is
the X-ray source HBC647/ROX 47A (André & Montmerle 1994).

The most striking differences between outflows from Class 0-II sources can
be seen if one look at the jets, collimation and presence/absence of shock-
excited emission. For example, HH 211 displays a highly collimated jet, a
wandering jet may be present in RNO 43 while L43-RNO 91 does not show
any evidence of a jet. The collimation (i.e., length to width ratio) decreases
from 10 in HH 211, 8 in RNO 43, and ~ 2 in L43-RNO91. There is also a
progressive decline in base cavity opening angles, with 6. ~ 30° in HH 211
and 6, > 90° in L43-RNO91. As to the presence/absence of shock-excited
emission, HH 211 displays only shock-excited Hy emission, RNO 43 contains
co-existent HH/H, emission along the entire flow, while L43-RNO 91 shows
no evidence of HH emission but faint and extended Hy emission has been
identified near the outflow source (Kumar, Anandarao & Davis 1999). The
presence of strong Hy emission in HH 211 and lack of strong HH and/or H,
emission in the L43-RNO 43 outflow supports the idea that outflow strength
declines with increasing source age (i.e., Bontemps et al. 1996; Saraceno et
al. 1996).
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1.3 Giant Herbig-Haro Outflows

Prior to 1994, it was generally believed that the extent of HH outflows was
~ 0.3 pc for regions such as Orion (D ~ 470 pc). It is interesting that the
inferred sizes of these outflows was typically the same as the field-of-view
of most optical CCD detectors of the time. Although larger (> 1 pc) flows
such as R Mon/HH 39 (Herbig 1968), RNO 43 (Ray 1987), Z CMa/HH 160®
(Poetzel, Mundt & Ray 1989) and HH 80/81 (Mart{ et al. 1993) were known,
their lengths were generally attributed to the higher luminosity of the driving
source (~ 10%* Lg). Bally & Devine (1994) were the first to question the
true length of outflows from low-luminosity sources by suggesting that the
well-known HH 34 outflow in the L1641 (Orion A) molecular cloud was not
~ 0.3 pc in length, but in fact ~ 3 pc!

To the north of the driving source (HH 34IRS), there is a string of HH objects®
for which many optical, near-infrared and far-infrared surveys have failed
to detect plausible energy sources. Likewise, another chain of known HH
objects!'® are found to the south of HH 34IRS. Like the northern group, no
energy source had been found for these objects. Existing velocity information
on HH 33/40 to the north of HH 34IRS suggests these objects have radial
motions Vs ~ 70-130 km s~!, which is similar in magnitude but opposite
in direction to the velocities seen in the blue-shifted HH 34 jet and HH 34S.
With this information, they suggested that the northern string of objects lie
in the red-shifted lobe, while those to the south of HH 34IRS lie in the blue-
shifted lobe. Finally, from a *CO integrated intensity map of the region,
they found large-scale cavities symmetrically placed about 8 to the north
and south of HH 34IRS. Each cavity coincides with the northern (HH 33/40)
and southern (HH 86-88) terminal bow shocks of the suggested giant HH
flow.

Using deep red Schmidt plates, Ogura (1995) proposed that the known
HH1/2 (Orion A; L1641) and HH 124 (NGC 2264) outflows were in fact as-
sociated with flows of lengths 5.9 pc and 5.4 pc respectively. Another hint
that low-mass sources drive parsec-scale flows was shown when Bence et al.
(1996) identified a 5 pc CO outflow associated with the Class 0/I source
RNO43-mm!!. With the confirmation that HH 34 is indeed part of a 3 pc
flow (Devine et al. 1997), Eisloffel & Mundt (1997) and Reipurth, Bally &

8See chapter 5.

9With decreasing distance from HH 34IRS: HH 33, HH 40, HH 85, HH 126 and HH 34N.

1%With increasing distance from HH 34IRS: HH 34 jet, HH 34S, HH 34X, HH173 and
HH 86-88.

RNO 43-mm also drives a 3.4 pc HH flow consisting of HH 179 and HH 243-245. See
Eisloffel & Mundt (1997) and Reipurth et al. (1997).
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Devine (1997; hereafter RBD97) each conducted a CCD imaging survey of
known HH flows to determine if they extended over parsec-scale distances.
RBD97 identified HH111/113/311 as the largest at a staggering projected
length of 7.7 pc! All of the above surveys found that the true extent of HH
flows may have been underestimated by factors as high as ten. Since 1997,
increases in the field of view afforded by CCD detectors (> 20-30") have led to
the discovery of roughly 2-3 dozen giant HH flows associated with low-mass
young stellar objects.

1.3.1 Implications of Giant Herbig-Haro Flows

Eisloffel & Mundt (1997) and RBD97 discuss the implications of giant out-
flows from low-mass stars, but the most important was the realisation that
HH flows were now able to drive molecular CO outflows associated with
the same source. Prior to the discovery of giant HH flows, mass-loss esti-
mates from optical HH jets showed typical values between 1076-1078 M,
yr=' (Mundt, Brugel & Biirke 1987). These figures were up to 10-100 times
lower than typical mass-loss rates estimated from CO observations. From
a historical perspective, the discrepancy is probably related to the intrinsic
difficulty in measuring the neutral component of HH jets (see Bacciotti &
Eisloffel 1999 and references therein). For a jet of radius 1”7 with n, = 100
cm ™3 and velocity = 300 km s}, M > 2 x107"/z. Mgy yr~* where z. is
the ionization fraction. In a spectroscopic survey of HH jets, Bacciotti &
Eisloffel (1999) presented a model-independent method for determining z..
In most cases, they found z. < 0.1, which implies M > 2 x107% Mg yr~1,
The resulting decrease in z. implies higher mass-loss rates comparable to the
associated CO outflows.

As mentioned in Eisloffel & Mundt (1997) and RBD97, the increased length
of HH flows beyond 1 pc yields dynamical ages Tgyn ~ 10* d,./v where d,. is
the projected distance in pc and v represents the highest observed velocity
in terms of 100 km s~!. For giant HH flows, T4» is up to 10 times larger
than previously found'? and once this is factored in, the total momentum of
HH jets (0.5-10 Mg km s™!) is comparable with the total momentum in a
number of CO outflows (1-20 My km s™!; Cabrit & Bertout 1992).

With increased projected lengths and accurate measurements of the optical
flow mass, it appears that HH jets are indeed capable of driving molecular
CO outflows.

12Gee Mundt et al. (1987).

3 0009 03276375 2
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1.4 Aims of this Thesis

As the number of known giant HH flows increases, a natural question to
ask is what percentage of known and newly detected HH flows extend out to
parsec-scale lengths? With well over 450 known HH objects (Reipurth 1999),
it is quite plausible that some are in fact associated with known HH flows as
nearly 50% of objects have yet to be associated with an energy source. With
the identification of large-scale CO cavities at the terminal working surfaces,
the HH 34 outflow may have dire consequences for the future evolution of the
L1641 molecular cloud. What are the consequences of these cavities in terms
of the molecular cloud being able to continue forming stars?

Thas thesis attempts to answer the above questions by conducting a wide-field
survey of star forming regions to (a) identify new giant HH flows and (b)
characterise theiwr effect on their parental molecular clouds.

The format of this thesis is as follows: As giant HH flows tend to extend up
to several degrees on the sky, chapter 2 presents ESO/SERC Southern Sky
Atlas material of known HH flows to determine if wide-field (6°x6°) Schmidt
plates are capable of characterising outflows in general and identifying gi-
ant HH flows. Chapter 3 presents a multi-wavelength (ESO/SERC, CCD
narrow and broad-band optical imaging, IRAS) study of known HH objects
which have yet to have an energy source positively identified and determine
if they are part of giant HH flows. Chapter 4 presents results of a search
for giant HH flows using wide field-of-view (4°x4°) material from the new
Anglo-Australian (AAO) and United Kingdom Schmidt Telescope (UKST)
Ha survey of the Southern Galactic Plane. This chapter combines the meth-
ods and techniques developed in the previous two chapters to identify giant
HH flows and characterise their effect on the L1630 and L1641 giant molecu-
lar clouds in Orion. Initial results of an AAO/UKST Ha survey for giant HH
flows in the Canis Major region are presented in chapter 5. Finally, chapter
6 concludes with a summary of the major findings of this thesis.
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Chapter 2

The ESO/SERC Sky Atlas &
Herbig-Haro Flows

2.1 Introduction

It is well known now that outflow activity usually accompanies the evolution
of a young star even at the earliest stages (i.e. Lada 1985). Bipolar molecular
outflows are common in the deeply embedded protostellar stage. In fact,
these outflows often are the first observable signs of star formation. A number
of jets, visible in the near infrared at 2.12um (1-0 S(1) line of molecular
hydrogen), have been found to have their source still heavily embedded (i.e.
Zinnecker, McCaughrean & Rayner 1997). Many young stars, i.e. T Tauri
stars, are associated with optically visible Herbig-Haro (HH) jets. The origin
of the outflows as well as the acceleration- and collimation- mechanisms are
still very unclear, but inner accretion disks at a few to a few tens of AU seem
to play a crucial role (Kénigl 1995). Thus it is of great importance to identify
the outflow sources, to learn as much as possible about their nature, and to
relate their properties to the properties of their outflows. The difficulty in
identifying outflow sources is shown by Reipurth (1999), who lists well over
450 known HH objects, but as yet only ~ 50% have known energy sources.
With the identification that HH flows can extend up to a degree on the sky
(Eisloffel & Mundt 1997; Reipurth, Bally & Devine 1997; hereafter RBD97),
we have initiated a program to determine how effective wide-field ESO/SERC
material is in identifying energy sources and large-scale flows.

The availability of the ESO/SERC Sky Survey has made scanning of the
southern skies for planetary nebulae, supernova remnants and dark nebulae
such as HH objects possible. Several catalogues of sources found on these
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plates have been published, sometimes accompanied by photographs of the
more important objects. Although the matching deep 111aJ and I1IaF plates
of the Southern Sky have been searched for HH objects, little systematic use
has been made of combining the IIlaJ, IIIaF and IVN to identify the driving
sources of these flows. With the advent of low cost PCs, frame grabbers and
video cameras, it has become possible to digitise and enhance areas of inter-
est on these survey plates. Applying digital techniques to the images from
the IllaJ, IlIaF and IVN surveys allows the separation of line and contin-
uum sources in the galactic plane (i.e. Zealey & Mader 1997; 1998). Objects
lying close to bright reflection nebula are often swamped by reflected light
on IllaJ and IIlaF plates, but digital imagery allows sophisticated enhance-
ment techniques to be applied to areas of interest. Use of photographic and
more recently digital unsharp masking techniques allows the detection of new
emission sources (i.e. Malin, Ogura & Walsh 1987).

Currently, the Anglo-Australian Observatory (AAQ) in conjunction with the
United Kingdom Schmidt Telescope (UKST) are undertaking a Ho: emission-
line survey of the Southern Galactic Plane, Magellanic Clouds and selected
areas. This survey provides deep, high resolution images allowing the de-
tection of new filamentary sources such as HH objects. As we will see in
chapter 4, the combination of existing ESO/SERC and new AAO/UKST Ha
material provides us with the opportunity to better study the morphology
and environment of new and existing HH complexes. The wide field-of-view
(~ 5°) provided by such material allows us to obtain an unbiased sample
of young stellar objects in various evolutionary stages. In this chapter we
present images of known HH complexes digitised from ESO/SERC Southern
Sky Survey plates. In some instances, comparative AAO/UKST Ha material
will also be presented. Section 2.2 outlines the properties of the ESO/SERC
material, while section 2.3 outlines how the film material is put into digital
form. Section 2.4 shows several examples of how the ESO/SERC material
can be used to study HH outflows. A summary is presented in section 2.5.

2.2 Properties of ESO/SERC Material

Figure 2.1 and Table 2.1 shows spectral responses and properties of the II-
I1aJ/GG395 (hereafter IT1aJ), IITaF /RG630 (hereafter ITTaF) and IVN/RG715
(hereafter IVN) emulsion/filter combinations. For comparison, the spectral
responses of various narrow-band filters such as [O111] (5007A), Hor (6590A)
and [S11] (6737A) are also shown. The location of the narrow-band [O111] and
Ha/[S11] filter transmission peaks lie close to the peak of the transmission
curves for the II1aJ and II1aF respectively.
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Figure 2.1: Transmission curves of various filter/emulsion combinations. In
addition to the ESO/SERC curves, several narrow-band ([O11], He, [Su])
filters are also shown (ESO/SERC curves from UKST handbook (1983); other
curves from http: //www.aao.gov.au/local/www/cgt/ccdimguide/filters/).

Table 2.1: Properties of ESO/SERC IIlaJ, IIIaF and IVN Schmidt Plates.

Emulsion/Filter [M1aJ/GG395 IIlaF/RG630 IVN/RGT715
Range (A) 3950-5400 6300-6900 6950-9000
Peak (A) 4500 6700 8000
Characteristic [Ou] (3727A)  Ha (5690A)  continuum
HH Line(s) (O] (5007A)  [Su] (6737A)

Limiting B; =225 R =220 I =195
Magnitude

Extinction! (Ay/Ay) 1.000 0.748 0.482

fAssuming the interstellar extinction law of Reike & Lebofsky
(1985) and I11aJ/GG395 = CCD B; IllaF/RG630 = CCD R and
IVN/RG715 = CCD 1.
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Therefore, these emission lines, which feature prominently in HH objects, are
strongly represented and will enable one to trace shocked emission within an
outflow complex. Although the bandpass of the IVN does contain lines seen
in some HH objects (Bohm & Solf 1990 see section 2.4.2), these are not
as common or bright as He, [S11], [O11] and [O1m1]. The IVN images are
therefore essentially dominated by continuum emission. Therefore, emission-
line sources are bright in the IIlaJ and on I1IaF plates but not in IVN plates.
Continuum sources suffering from high extinction are strong in the IVN plates
but often are not detected in IIIaF and/or I1IaJ plates.

An additional advantage of using an optical three colour survey lies in the
fact that extinction (column density) decreases with increasing wavelength -
this is the interstellar extinction law (i.e., Rieke & Lebofsky 1985). Table 2.1
displays values for Ay/Ay for the I1laJ, ITlaF and IVN material assuming
that each is approximated by CCD B (= IllaJ'?), R (= IllaF) and I (=
IVN) band systems respectively. The extinction in the IVN decreases by a
factor of 2 for a source in the IllaJ that has an extinction of Ay ~ 1 mag. By
blinking corresponding IIlaJ, IIlaF and IVN images, we can peer deeper into
cloud cores to search for outflows sources not visible in the 11IaJ and IIlaF.
Therefore, if a source displays no change in brightness in all three images, it
is considered a foreground/background object. If a source shows an increase
in brightness with increasing wavelength and lies within the optical boundary
of the cloud, it is considered an embedded object, but one has to be careful
as the source may be an unrelated reddened background object.

2.3 A Video Digitising System

In order to transfer images from Schmidt plates to digital form, a low cost
PC/AT video digitising system was developed at the Department of Engi-
neering Physics of the University of Wollongong using commercially available
hardware and software. The image digitising facility provides for the real
time, 8-bit (256 grey scale), video digitising and analysis of photographic
plate material (Zealey et al. 1994). The image digitiser system uses a PC/AT
based video frame grabber. The digitising board used is a PCVisionPlus,
later upgraded to a MATROX. Computer controlled Look Up Tables allow
the stored 768x 576 pixel image to be displayed in pseudo colour on a ded-
icated RGB image monitor. The video digitiser accepts video input from a
Phillips CCD video camera mounted on a Polaroid Laboratory Camera.

13 Although colour terms are needed to match one to the other (i.e., Bessell 1979), the
values in Table 2.1 are sufficient for this discussion.
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Lens combinations allow for both wide-field (300mm square; 6mm pixels)
and microscopic (5mm square; 10 pm pixels) imaging. Plate illumination is
provided either by a Chromega colour enlarger head for regions up to 5cm
square or a light box for larger areas. Although flatbed scanners can provide
higher resolution images, the adjustable camera head allows one to zoom
in and out of regions with more ease. In addition, flatbed scanners do not
deliver the same dynamic range as a CCD chip which is important when
dealing with faint nebulosity in regions masked by strong reflection emission
and faint sources lying close to the magnitude limits listed in Table 2.1. Var-
ious software packages such as Jandell’s JAVA and Adobe Photoshop allow
for real time enhancement and measurement of the digitised images. Oper-
ations such as spatial filtering, contrast enhancement, thresholding, simple
back-grounding and source counting as well as photometric analysis can be
performed. Images can be stored as 8 bit Tagged Image File Format (TIFF)
and then transfered to the Flexible Image Transport System (FITS) which
are readable by a wide range of image processing software. In the next sec-
tion, examples of the ESO/SERC digital material are shown to highlight
their usefulness in the study of HH complexes.

2.4 Examples of the Digital Images

2.4.1 HH34

The L1641 molecular cloud in Orion (D = 470 pc; Reipurth 1999) contains
the archetypal outflow HH 34 which is one of the most studied outflows at
visible, infrared and millimetre wavelengths (see Reipurth 1999 for references
to the literature). Inspection of the digitised IIlaJ, IllaF and Ha'* images
in Figure 2.2 show similar features to those visible in the deep [SII] image
of Mundt (1988). The Ha image shows the opposing bow shaped emission
nebulosities HH 34N and HH 34S where HH 34S is the brighter of the two
and represents the part of the flow which is moving away from the molecular
cloud. HH 34N is fainter because the flow is moving into the molecular cloud.
The IVN image identifies the continuum reflection nebula Re 24 (Reipurth
1985) and many of the strong infrared sources including HH 34IRS, IRS5
(which illuminates Re 24; Scarrot 1988) and Re 22 (Reipurth 1985). By
comparing the IIIaF, Ha and IVN images we can identify the energy source
of the HH flow since the highly collimated jet can be traced back to the
reddened Class I source HH 34IRS.

14Tmage taken from the AAO/UKST He plate of the Orion region. See chapter 4 for
details.
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It is interesting to note that the jet intensity in the Ha frame is weaker
compared to the IIlaF. As the latter includes both the Ha and [Su] lines,
it appears the jet is a low excitation object with a [S11]/Ha ratio > 1. The
working surface HH 34S displays increasing brightness in the I11aJ, II1aF and
Ha images. As there is no emission associated with HH 34S in the IVN, the
I11aJ emission may represent oxygen [O11] (3727A) and/or [Om11] (5007A).
Finally, the northern working surface HH 34N displays its brightest emission
in Ha with relatively weak emission in the IIIaF. This suggest HH 34N is a
high excitation object and is moving into the molecular cloud with velocities
> 100 km s™!. All the above inferences have been confirmed by the optical
spectroscopy of Morse et al. (1993).

The reflection nebulosity, Re 23 (Reipurth 1985), was originally thought to
represent the brightest part of the western wall of a cavity containing the
HH 34 jet. Re 23 shows a different morphology in the IllaJ, IIlaF and Ha
images and has been associated with a linear Hy emission structure which
has been identified as a separate unrelated flow (Zealey et al. 1993; Stanke,
McCaughrean & Zinnecker 1998). No counterparts to an arc of infrared
emission north of HH 34IRS (Zealey et al. 1993) are seen in the optical.

Bally & Devine (1994) suggested HH 34 is part of a much larger flow which in-
cludes previously known objects HH 126, HH 85 and HH 33/40 to the north
and HH 173, HH 86-88 to the south (see Figure 2.3). Subsequent spectro-
scopic observations by Devine et al. (1997) showed all HH objects south of
HH 34IRS are blue-shifted with proper motions to the south, while all HH
objects to the north are red-shifted with proper motions to the north. Their
results established HH 34 as a 3 pc flow. In conjunction with RNO 43 (Ray
1987), the results for HH 34 showed that large-scale outflows from low-mass,
young stellar objects are common.
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Figure 2.3: [S11] image of the HH 34 parsec-scale flow. Previously, the north-
ern (HH 126, HH 85, HH 33/40) and southern (HH 173, HH86-88) objects
were thought to belong to separate outflows, but have now been associated
with HH 34IRS. Image from Eisloffel & Mundt (1997).
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Figure 2.4: ESO/SERC images of the HH 46/47 system. The IRAS positional
error ellipse of HH 46/47 IRS and various knots of the HH flow are indicated.
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2.4.2 HH46/47

HH 46/47 is also a well studied flow at visible, infrared and millimetre wave-
lengths (see Stanke, McCaughrean & Zinnecker 1999 for a review). Many of
the optical features discovered using CCD techniques are clearly visible on
the ESO/SERC survey films, without enhancement. The ESO/SERC images
of HH46/47 in Figure 2.4 show the faint emission features associated with
the blue-shifted, bow shaped nebulosity HH 47D and red-shifted bow shock
working surface HH 47C as observed in the CCD [S11] images of Eisloffel and
Mundt (1994). The fact that HH47D is seen in the IITaJ image suggests
it contains higher excitation lines. In their [O11] (3727A) image of HH 47D,
Hartigan, Raymond & Meaburn (1990) found the wings of the bow shock ex-
tend all the way back to the reflection nebulosity HH 46. As the [O11] (3727A)
line lies towards the blue-ward edge of IIlaJ the spectral curve, the observed
emission most probably represents a contribution from the [O11] (3727A) and
[O111] (5007A) lines, which have been detected by Dopita, Evans & Schwartz
(1982).

The strong reflection nebulosity surrounding the Class I embedded T Tauri
source IRAS 08242-5050 (hereafter HH 46/47 IRS) dominates the IITaJ im-
age. Blinking the IIlaJ, IIlaF and IVN images fails to detect a reddened
source within the IRAS uncertainty ellipse (see Figure 2.4) which neatly bi-
sects the reflection nebulosities HH 46 and HH 46SW. However, the infrared
image in Figure 2.5 (Zealey et al. 1993) also fails to show a central point
source at the position of HH46/47 IRS due to the presence of a dense ob-
scuring disk surrounding the source. With the exception of HH47C (which
has just appeared from the far side of the globule) and the reflection neb-
ulosity HH 46SW, none of the IVN, IlJaF or IIlaJ images show emission
from the red-shifted flow which is clearly seen in the 2.12pum image. This
again indicates the high obscuration in this direction due to the dark cloud
in which HH46/47 IRS is embedded. We note also that the IIlaJ, IIlaF
and 2.12um H, images show brightening towards the northern edge of the
dark cloud. This may be reflected radiation from galactic plane sources or a
photo-dissociation region at the cloud edge.

It is interesting that the IVN image shows emission at the location of HH47A.
Although red continuum is frequently seen in HH objects located close to
their exciting star, given the distance of HH47A from HH46/47 IRS (~
1’4 or 0.17 pc for D = 450 pc) and the fact that one does not seen IVN
emission associated with the cavity walls delineated by the H, emission, the
clumped emission at the position of HH47A is not reflection but emission
arising from lower excitation lines. In a spectroscopic (3700A—10830A) study
of HH 1, Solf, Bohm & Raga (1988; see their Table 1) identified medium to
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strong emission'® from lines such as [Fer1] (7155.1A), [Ca1] (7323.9A), [Fen]
(8617.0A) and [St1] lines at 10284.3A and 10317.7A. These are all bright in
low-excitation HH objects like HH47A, HH 7 and HH 43 (i.e., Béhm, Man-
nery & Brugel 1980; Bohm & Solf 1990). Because the reddening is lower, the
IVN lines are enhanced over what they would be with no dust along the line
of sight.

2.12 pm

\ &
Rim

47C.
/

Figure 2.5: H, image of the HH46/47 system from Zealey et al. (1993).
The blue-shifted working surface, HH 47D displays bright emission while the
red-shifted lobe occupying the lower right of the image can be traced back
to HH46/47 IRS, at field centre.

Recently, Stanke et al. (1999) discovered large HH-type structures ~ 10" (1.3
pc for D = 450 pc) to the north-east (HH47NE) and south-west (HH47SE)
of the driving source (see Figure 2.6). They argue that for a projected length
of 2.6 pc across the sky, the outflow is another example of a giant HH outflow
from a low mass star.

15These lines have Ij;ne /1 Hy > 20; where Ijin. is the intensity relative to Ig = 100.
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2.4.3 HH49/50

Figure 2.7 shows IIIaJ, IITaF and IVN images of the region near the reflection
nebula Ced 110 and objects HH 49/50. First discovered by Schwartz (1977)
these objects are located in a high extinction region of the Chameleon I
cloud at a distance of 140 pc. Cohen & Schwartz (1987) suggested IRAS
11054-7706C as a candidate energy source for HH49/50. Prusti et al. (1991)
showed this source is a blend of two Class I sources (IRS4 and IRS6), but
suggests IRS4 as the driving source for HH49/50 as it lies along the axis
defined by the HH flow. A molecular outflow with axis parallel to HH 49/50
was identified by Mattila, Liljestrom & Toriseva (1988) and Prusti et al.
(1991), of which both propose IRS4 as the driving source of the CO and HH
outflow. The radial velocity data for HH49 and HH 50 (Schwartz & Dopita
1980) suggests red-shifted velocities of 25 and 30 km s™! respectively, which
agrees with their location in the red-shifted lobe of the molecular CO outflow.

Recently, Reipurth, Nyman & Chini (1996) obtained 1300um observations
of the region and found a source (their Cha-MMS1) 76" to the south-east
of IRS4 and propose this as the energy source for HH 49/50 as it lies closer
to the midpoint of the CO outflow lobes. The low luminosity (~ 1 Lg) and
temperature (Tp, = 95 K; Chen et al. 1997) places the source in the Class I
range.

The nebulosity associated with Ced 110 is clearly seen in the IIlaJ, ITIaF
and IVN images. The spectroscopy of Schwartz & Dopita (1980) identified
extremely strong [On] (3727A) and [O111] (5007A) emission associated with
HH 49/50. As both are seen in the IIIaJ image, this would confirm the IIlaJ
is detecting the oxygen lines. The absence of HH 49/50 from the IVN image
confirms they are emission-line objects and the emission in the IIlaJ is not
reflection.

As IRS4 and Cha-MMS1 are highly obscured, we do not see any reddened
sources at their locations in the IVN image. However, all images show a
reflection nebulosity located slightly north-east of IRS4 which could be as-
sociated with the embedded source and not Ced 110. The distance between
Cha-MMS1 and the southern most tip of HH49 is ~ 10!25, or 0.42 pc at a
distance of 140 pc.
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Figure 2.7: ESO/SERC images of Ced 110 and HH49/50. The crosses in the
IVN show positions of the Class I objects IRS4 and IRS6. A faint reflection
nebulosity (marked as refl) may be scattered light from IRS4. The diamond
marks the location of the 1300um source Cha-MMS1. See text for discussion.
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2.4.4 IRAS 05329-0505

Located between M42 and M43, RBD97 suggested the bipolar nebulosity
associated with IRAS 05329-0505 (= MMS7; Chini et al. 1997) may be the
driving source for a group of objects HH41/42 and HH 128/129 (Schwartz
1977; Ogura & Walsh 1991) which are ~ 11’ to the east of MMS7. To the
west, RBD97 identified a jet (HH 294) emanating from MMS7 and a cluster
of objects, HH 295 A-I which lie on the axis defined by the jet and mirrors
the position of HH 41/42 and HH 128/129 with respect to MMS7. For a total
length of ~ 23/, the projected flow length is 3.16 pc for D = 470 pc. With
a number of protostars and outflows in the region (i.e., Chini et al. 1997;
Yu, Bally & Devine 1997; see Figure 2.9), RBD97 point out that some of
these cannot be excluded as energy sources for HH 41/42, HH 128/129 and
HH295. For example, the 1300um source MMS9 (Chini et al. 1997; Figure
2.9) also powers a bipolar CO outflow with an east-west orientation which
intersects with HH41 and HH 128.

RBD97 mention in passing that the background structure of nebulosity in
the vicinity of HH41/42 and HH 128/129 and HH 295 displays large-scale
ordered motions along an east-west axis. Figure 2.8 shows the IIIaF and a
Ho!'® image of the region. What is immediately obvious is that HH 41, 42, 128
and 129 lie approximately between two large streamers where extend along
an east-west axis. Similarly, HH 295 lies within two more filaments though
not as extended. Although faint in the IIIaF, these features are present
and in combination with the Ha image, the streamers imply one or more
outflows have extended far beyond the position of HH41/42, HH 128/129
and HH295. Given the size of the "blown-out cavity”, it is reasonable to
suggest it is being created by a powerful outflow source. Both MMS7 and
MMS9 display optical, H, and CO outflows with an east-west orientation
and one or both of these may be responsible for the large-scale movement of
dust and gas in the region.

In the vicinity of MMS7 and MMS9, the IVN image of the region (Figure 2.9)
shows several of the 1300um objects detected by Chini et al. (1997). Faint
sources can be seen at the positions of MMS5, MMS9, MMS10 and F3. As
outlined in Yu et al. (1997), these sources appear to drive a combination of
CO, optical and H, outflows. No source is seen at the position of MMS7 nor
in the 2.12um images of Yu et al. (1997) which confirms a heavily embedded
source which is clearly identified by its bipolar reflection nebula. What is
interesting about MMSO is its classification as Class 0 protostar (Chini et al.
1997).

Image taken from AAO/UKST Ha plate of the Orion region. See chapter 4 for details.
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Presently, the status of MMS5, MMS10 and F3 is unknown, but as they
display peaks in the 1300um map of Chini et al. (1997), they are most
certainly young objects. Due to the considerable nebulosity seen in in the
I11aF, Ha and IVN images of the region, it is difficult to determine if the
IVN emission is reflection or emission. However, the 2.14um (continuum)
image of Yu et al. (1997; their Figure 1) shows all objects have associated
continuum emission which is most probably reflection emission associated
with the embedded sources.

02’ |
04’ ¢

06" |
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5833m24°  18° 12° g  33™0° 54° 48° 428
RA (B1950)

Figure 2.9: IVN image of the IRAS 05329-0505 region. Two Class 0 objects
(MMS7 and MMS9) are identified by reflection nebulosities as are other em-
bedded sources in the region. Source identifications are from Chini et al.
(1997).

2.5 Summary

This chapter has shown the effectiveness of low cost video digitising in
analysing ESO/SERC Sky Survey material in terms of identifying the main
features associated with outflows from low mass stars. In conjunction with
additional material such as Ha (i.e, HH 34 and IRAS 05329-0505) and near-
infrared H, (i.e. HH46/47) observations, the ESO/SERC material provides



30

us with a road-map of shock excited emission which can be used to identify
excitation conditions along the length of an outflow. It has also been shown
that the ESO/SERC material is capable of identifying HH energy sources by
their reflection nebulosities (i.e. HH 46 IRS; IRAS 05329-0505) or alignment
with HH emission in the form of a jet (HH 34IRS).

By comparing ESO/SERC survey plates with other wide-field observations,
we do not have to resort to CCD cameras with small fields of view to
study morphological properties of new and existing outflow features, although
follow-up observations are vital for deeper studies. As we shall see in chapter
4, the AAO/UKST Ha and existing ESO/SERC survey material provide a
unique tool by which we can identify, study and understand how outflows
from low mass stars interact and modify their parental molecular clouds. A
comparison between the ESO IIlaF and AAO/UKST Hea film material in
Figure 2.8 shows the superior quality of the Ho compared to the broad-band
IIIaF. The Ha clearly shows that one or several outflows in the OMC 2/3
region may be responsible for the large-scale movement of dust and gas in
the region. Such features may have been missed using ESO/SERC material
alone and may provide a way in which to identify giant HH flows in the
future.

In the next chapter, we will use the ideas and techniques developed here and
apply ESO/SERC material with deep CCD imaging and far-infrared data
from IRAS to search for the energy sources of a sample of HH objects which
have yet to have their energy source identified. Our aim is to identify which
fraction of these objects are part of parsec-scale outflows such as HH 34,

HH 46/47 and the objects associated with IRAS 05329-0505.
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Chapter 3

Frequency of Giant
Herbig—Haro Flows

3.1 Introduction

The abundance of nearby stellar outflow complexes accessible to observation
from the southern hemisphere provides us with the opportunity to study
highly supersonic outflows for comparison with theoretical models. Since
the publication of the original catalogue of 43 HH objects (Herbig 1974),
there has been a substantial increase in the number of known sources due to
advances in imaging technology, especially in CCD imagery through narrow-
band filters. Catalogues have been compiled by Schwartz (1977; deep red
objective-prism survey of southern HH objects), Hartigan and Lada (1985,
VRI and Hea images of suspected HH objects), Strom et al. (1986; VI, Ho
and [S11] CCD images), von Hippel et al. (1988; literature survey up to 1988)
and Reipurth (1999; extensive notes on individual HH objects with detailed
references to the literature). The above catalogues show well over 450 HH
objects are now known. However, about half still do not have their driving
source positively identified. With the discovery that HH flows can attain
sizes greater than 1 pc, it may well be that some fraction of these objects are
themselves part of giant flows.

It is important to identify as many parsec-scale outflows from low mass stars
as possible. As discussed by Eisloffel & Mundt (1997) and Reipurth, Bally
& Devine (1997; hereafter RBD97), the increased scale length of giant HH
outflows allows us to study (among other things), the behaviour of an outflow
source over long periods of time. We can identify periods of enhanced activity,
episodic outbursts and dormant phases by studying the distribution of HH
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objects relative to the source. The question of episodic outbursts has recently
become an issue when discussing HH outflow sources. It has been suggested
by Reipurth & Aspin (1997) that HH flows are the result of repetitive FU
Orionis (FUor) eruptions. Although the link between FUors and HH flows
has been previously speculated (i.e., Dopita 1978; Reipurth 1989a), a near-
infrared spectroscopic survey of 14 HH energy sources by Reipurth & Aspin
showed the majority of high luminosity (L, > 28 L) sources in their sample
are in elevated FUor states. The issue of whether HH energy sources are FUor
in nature can be addressed by identifying a large number of parsec-scale flows.

In this chapter, we set out to identify candidate giant HH flows by targeting a
sample of HH objects without identified energy sources. As shown in chapter
2, the ESO/SERC material is extremely useful in identifying heavily reddened
sources. Our initial survey was based on searching the ESO/SERC Southern
Sky Atlas material for reddened sources in the vicinity of HH objects from
Reipurth’s catalogue. In some cases, candidate sources in the IVN were close
to, or at the plate magnitude limit. In order to determine if such sources
are real!”, deep CCD R and I band observations are needed to confirm their
presence. In order to peer deeper into cloud cores, high resolution IRAS data
at 12, 25, 60 and 100um data can be used to identified heavily embedded
objects not identifiable from the IVN material. Although IRAS data has
long been used as a survey tool to identify candidate protostellar objects (i.e.
Young, Lada & Wilking 1986; Beichman et al. 1986), HIgher RESolutiuon
(HIRES) IRAS data, processed with the Maximum Correlation Method (see
section 3.3) is able to identify extremely young protostellar objects with
ages < 10* yr. In section 3.2, we present details on observations and data
reduction. A classification scheme to identify candidate outflow sources is
discussed in section 3.3. Results from individual HH complexes are discussed
in section 3.4. Future directions and a summary are presented in sections 3.5
and 3.6 respectively.

3.2 Observations

3.2.1 Optical CCD Imaging

Narrow and broad-band CCD images of the HH complexes were obtained
at the ANU 40inch telescope at Siding Spring Observatory during various
periods shown in Table 3.1. Imaging was done with a 2048 x 2048 TEK
CCD mounted at the f/8 Cassegrain focus. The 0.6”/pixel gave a field-

17 e., not plate flaws!
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of-view of 20.48" x 20.48'. The seeing conditions during usable time was
typically less than 3”. The narrow-band filters used consisted of Ha (65634 ;
AX 55A), [S11] (67324; AX 25A) and red continuum (6676A; AX 554). We
used Kron-Cousins R and I filters for the broad-band observations.

Table 3.1: Journal of CCD Observations.

Date Filters
14/03/97 — 16/03/97 Ha, [S11], continuum
06/01/98 — 11/01/98 He, [S1(], continuum, R, I
06/02/98 — 14/02/98 Ha, [S11], continuum, R, I
12/03/98 — 16/03/98 He, [Su], continuum, R, 1
04/04/98 — 06/04/98 Ha, [S11], continuum

Typical exposure times were 10min. For narrow-band observations, multi-
ple exposures were obtained for total exposure times ranging between 30min
and 60min. Flat fields were obtained by illuminating the dome with a halo-
gen lamp. All frames were reduced in a similar fashion with IRAF, where
dark and bias frames were subtracted from source frames before flat fielding.
Individual source frames were median combined to produce the final images.

3.2.2 IRAS High Resolution Data: HIRES

In order to peer deeper within molecular clouds beyond that possible with
SERC IVN and deep I band observations, we turn to IRAS data processed via
the Maximum Correlation Method (MCM; see Aumann, Fowler & Melnyk
1990 for a detailed discussion). With MCM, it is possible to produce High
RESolution (HIRES) images with a resolution better than an arc-minute,
which is about a x5 improvement over the IRAS raw scan data and close
to the diffraction limit of the telescope. The process of acquiring HIRES
data consists of three steps. The first utilises a program called SNIPSCAN
which retrieves the raw survey data. The second program, LAUNDR, cleans
up the the IRAS raw scan data, and the third is YORIC, which actually
applies the MCM algorithm to the LAUNDR’d data. For a full descrip-
tion of these steps, the reader is refereed to the HIRES WWW page at
http://www.ipac.caltech.edu/ipac/iras/hires_proc.html. The data were ob-
tained using the email retrieval service at IPAC!® with the following param-
eters:

18See http://www.ipac.caltech.edu/ipac/iras/iras_data requests.html
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e The image and pixel sizes are 1° x 1° and 15” respectively.
e All four bands (12, 25, 60 and 100um) are processed.

e The raw scan data are de-striped with detector baseline removal and
flux bias is applied.

o All three HCONS of survey data are CO-ADDED.

e Beam sample maps use specified spike positions/fluxes!® on a highly
smoothed background.

e The MCM algorithm is iterated a maximum of 20 times, with maps
produced at the 1st, 5th, 10th and 20th iteration.

Once HIRES data was obtained, aperture photometry was performed on
point sources using the Skyview image-processing software?®. The aperture
used were determined by averaging the point-source responses sampled on a
rectangular grid throughout each image. This data is provided in the beam-
width report ASCII files which lists the beam-width for each IRAS source at
each iteration. The absolute uncertainty in HIRES-determined fluxes is ~
20% (Levine & Surace 1993). To check this, the IPAC program Skyview was
used to sum fluxes over the beam-width at each wavelength with the error
computed with o/+/N, where ¢ is the standard deviation of the sum and N
is the number of pixels within the beam. For most sources, the 20% rule
was found to be true although typical errors were found to be < 5%. For
sources included in the IRAS Point Source Catalogue, a comparison between
HIRES-derived and IRAS PSC fluxes was found to be in agreement with the
determined errors.

Recently, several studies have pushed the default number of HIRES iterations
beyond 20 to achieve significant improvements in both resolution and image
quality. In the paper of Aumman et al. (1990), the number of iterations
of their 60pum image of the Pinwheel Galaxy M101 was set to 60 iterations,
which allowed them to spatially resolve HII regions in the outer disk. In
studies relevant to this discussion, Hurt & Barsony (1996), Barsony et al.
(1998) and O’Linger et al. (1999) have pushed the number of iterations
up to 150 to detect highly embedded Class 0 objects with extremely low
luminosities (typically < 10 Ly) which do not show any associated point
source to K band (2.2um) magnitudes < 18. In addition to data obtained
with the default parameters, data where the number of iterations have been
increased have been obtained and will be discussed in the text.

19Taken from the IRAS Point Source Catalogue.
20 Available from http://www.ipac.caltech.edu/Skyview/
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3.3 Source Classification

In order to classify young stellar objects from observed fluxes, many studies
have used the infrared spectral index,

logh F\; — logAa Fy,
logh1 — loghy

(1)

Axnj=Xg =

where \; and A, represent the most blue-ward and red-ward wavelengths for
which fluxes (F) can be obtained which are not upper limits. Equation 1 was
first applied to young stellar objects for wavelengths between 2.2um-10um
(i.e., Lada & Wilking 1984; Adams, Lada & Shu 1987). As circumstellar
material is dispersed from the immediate environment of a young stellar
object by action of its outflow, the spectral index is expected to decrease
due to the decrease in the amount of material (infrared excess) surrounding
the object. The above studies have listed Class I objects with ayp > 0 and
Class 1I and Class III objects with ayg < 0. The difference between Class
IT and Class III is that the former have spectral energy distributions (SEDs)
broader than a single temperature blackbody and evidence of a circumstellar
disk (infrared excess), while Class III objects have SEDs similar to single
temperature blackbodies, little infrared excess and are optically visible. The
recently defined Class 0 objects (André, Ward-Thompson & Barsony 1993)
are generally not identifiable for wavelengths < 10um (Bachiller 1996) and
so their classification at longer wavelengths is discussed below.

For the majority of cases presented here, 2.2um observations are not avail-
able, but it is possible to classify infrared sources into Classes 0, I, II and III
using IRAS data. For example, Margulis, Lada & Young (1993) used IRAS
12, 25, 60 and 100um observations to classify sources in the Monoceros OBI
molecular cloud. Using equation 1, Margulis et al. defined the dividing line
between Class III and II objects at o = -2.5, whereas the dividing line be-
tween Class II and I objects is at a = 0. A rough division between Classes
I and 0 was obtained by computing o from those Class 0 objects in the list
of Bachiller (1996) which have IRAS counterparts. For twelve sources with
clear detections in at least two bands, « was found to lie in the range 1.04
(IRAS08076) < a < 3.57 (IRAS16293) with an average value of 1.92. There-
fore, as a division between Class I and 0 objects, we adopt a value of a = 2.
The classification from Class 0 to Class III sources based on 12, 25, 60 and
100um data is summarised in Table 3.2. For cases where K band (2.2um)
observations exist, they will be used in conjunction with HIRES data to
compute the spectral index.
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Table 3.2: Source classification using HIRES fluxes.

Class o
0 >2.0
| 0<a<20
I 25>a<0
III < -2.5

3.4 Selected Herbig-Haro Complexes

Table 3.3 lists a selection of poorly studied HH objects which have yet to have
their energy source positively identified. For some cases, extensive searches
for the exciting sources have resulted in negative results, but it should be
noted such surveys have usually concentrated within the immediate vicinity
of the HH object in question. For some of the objects listed in Table 3.3,
candidate energy sources have been put forward (i.e., IRAS 09094-4522 and
HH 75; Cohen 1990), but the association is primarily based on the presence of
a reddened object in the vicinity of the HH emission. Given the fact that HH
objects can now be located more than a parsec from their exciting sources,
applying what we know about existing giant HH flows to the objects listed
in Table 3.3 will gauge if they themselves are part of giant HH flows.

For those HH objects without kinematic information, a tentative association
with a source can be given if there is a symmetrical distribution of HH objects
on either side of the suspected energy source (i.e., Bally & Devine 1994).
Another method is to identify faint emission linking HH objects previously
thought to be unrelated (Eisloffel & Mundt 1997). Therefore, deep, wide-
field [Sn] and Ho images will enable one to identify new HH emission which
may have been missed in previous small-scale surveys.

Listed in Table 3.3 are proposed energy sources that have either been re-
confirmed and/or identified from the current survey of photographic (I11aJ,
IIlaF, IVN), CCD (He, [Su], R, 1) and IRAS HIRES data. For HH 66,
HH94 and HH 95, we defer discussion of these objects until chapter 4 as
these objects highlight the usefulness of deep Ha films acquired through the
new Anglo-Australian Observatory (AAO) and United Kingdom Schmidt
Telescope (UKST) Ha survey of the southern Galactic plane. Unless noted
in the discussion, distances listed in Table 3.3 have been taken from Reipurth
(1999) and references therein.
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Table 3.3: Surveyed Herbig-Haro objects with suggested energy sources.

HH  «(1950) 5(1950)  Suspected Source  Region Dist

hms o (pc)
58 0528 22.7 -04 11 44 TRAS05283-0412!  Orion 470
59 0529520 -063109 HHS83IRS L1641 470
60 0530114 -0628 50 HHS&3IRS L1641 470
131 0532189 -08 3003 LDNI1641 S37? L1641 470
662 0537 55.0 -020404 NGC2023 mmsl L1630 470
942 0540 56.3 -0234 14 NGC2023 mmsl L1630 470
952 0541225 -023903 NGC2023 mmsl L1630 470
124 0638 17.0 +1017 58 IRAS06382+1017° NGC2264 800
73 0900 26.6 -44 3925 IRAS09003-4438C Vela 700
133 0909 02.4 -4518 18 1RAS09094-4522 Vela 700
75 09 09 50.7 -453007 IRAS09094-4522!  Vela 700
137 111149.0 -603617 HH137/138 IRS1  Carina 990
138 1112015 -603635 HH137/138 IRS1  Carina 990
180 18 14 25.2 -195255 HH180 IRS Sagittarius 1700

1Previously identified as a candidate energy source; see text.
2See chapter 4, section 4.6.
3Binary source with each component driving a parsec-scale flow
(see section 3.4.6).

3.4.1

HH 58

Previous studies

First identified by Reipurth & Graham (1988; hereafter RG88), HH 58 con-
sists of a southern and northern groups of knots (see their Figure 2). The
northern group consists of a chain of knots orientated along PA = 340°, while
1’11 to the south, HH 58S consists of two bright knots. Located 11 to the
south of HH 58N lies the IRAS source IRAS 05283-0412. Based on the similar
PAs of HH 58N and the location of the IRAS source with respect to HH 58N
(159°), Cohen (1990) suggested IRAS 05283-0412 is a candidate energy source
for HH 58N only with the energy source for HH 58S yet to be identified. The
IRAS source was mapped at 1300pum by Reipurth et al. (1993a), while Dent,
Matthews & Ward-Thompson (1998; hereafter DMW98) set an upper limit
at 800um and did not detect any HoCO or *CO emission.
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Figure 3.1: IIlaF image of the HH 58 region with contour overlays from
IRAS HIRES images. The ellipse marks the position uncertainty of the
IRAS source 05283-0412. (a) 12um; contours at 2.93 and 3.22 MJy st~ (b)
25um; contours at 5.43, 16.30 and 21.74 MJy sr™1, (c) 60um; contours at 10,
20, 23, 26 and 29 MJy sr—!, (d) 100um; contours at 40 to 52 MJy sr™! in
steps of 2 MJy sr—1.

New observational results

In Figure 3.1, the HIRES 12, 25, 60 and 100ym band images have been
overlaid on the IIlaF image of the region. The IRAS source lies between
HH 58N and HH58S. In Figure 3.2, a magnified CCD I band image shows
a faint reflection nebulosity associated with HH 58S and an enhanced image
displays an inverted V-type structure with its apex close to the location of
IRAS 05283-0412. Within the error ellipse and near the peak of the HIRES
12um contours, Figure 3.2 shows a compact knot of reflection emission. The
association of faint emission with HH 58S suggests the emission is scattered
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light from a cavity surrounding the IRAS source and the shock-excited emis-
sion (HH 58S) has been created from the impact of the stellar wind with the
western cavity wall.

Table 3.4 lists the fluxes obtained from the HIRES photometry. With the ex-
ception of the 100um image, all HIRES images clearly detect a point source
at the position of the IRAS source. However, the 100um contours clearly
shows an emission peak 160" to the west of IRAS 05283-0412 where the ma-
jority of the 100um flux is due to a distinct region separate from the IRAS
source which may represent a cirrus condensation or heavily embedded Class
0 object. The peak flux of this new source (denoted hereafter as MZ 1) is lo-
cated at a(B1950) = 05"28™m12.67° §(B1950) = —04°12'44”. Using the 100pm
beam-width (1/36) and the relationship Jiooum ~ 5Ay + 17 MJy st~ mag™!
(Langer et al. 1989; Snell, Schloerb & Heyer 1989), the extinction associated
with TRAS05283-0412 and MZ1 can be estimated?!. Using the maximum
values for I100.m at IRAS 05283-0412 (51 MJy st™1) and MZ 1 (55 MJy sr™?)
suggests Ay > 7 mag and > 8 mag respectively.

Using the HIRES fluxes, the spectral index for IRAS05283-0412, a12-60um
= (.82, places the source in the Class I region. Due to the upper limits at
12, 25 and 60um, a determination of o for MZ 1 is not possible, but André
et al. (1993) suggested that the ratio Lyo/ (10 x Li300.m) can be used as an
evolutionary indicator of protostellar objects. During the accretion phase, the
circumstellar mass of an object is proportional to Li3o0um, Which is expected
to decrease as the object moves toward the main sequence. Therefore, older
objects will have higher values of Lo/ (10® x Li3poum). For Class 0 objects,
Lot/ (10° X Ly300.m) lies approximately between 2-15, whereas for Class I
objects, the ratio lies in the range 30-200 (André et al. 1993). Therefore, to
classify sources with Lyer/(10® x Li3o0um), We need to model the source SED
and integrate it to extract Ly, and Lizooum- For this purpose, the following
modified greybody is used:

Sy = QB T (1 —e™™) (2)

where € is the solid angle of the emitter, B(), T,) is the Planck function and
7y is the optical depth approximated by (A/Xo)?; Ao is the critical frequency
where 7, = 1. 3 is the dust grain opacity (or dust emissivity index). The
(1 — e~™) factor accounts for the finite optical depth of a dust cloud at all
wavelengths. For wavelengths > 100um, theoretical models expect B to lie in

217t should be noted that Ijooum/Av ~ 5 MJy sr~! was found to be valid for diﬂf}lse
(unresolved) clouds. Here it is clear that much of the region where the extinction is going
on is not resolved at 100um, and values for Ay should be considered as lower limits.
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the range 1-2 where 8 = 1 defines amorphous carbon grains (Hanner 1988;
Ossenkopf, Henning & Mathis 1992) and § = 2 defines crystalline grains
typical of that seen in molecular clouds (Hildebrand 1983; Draine & Lee
1984). As the long wavelength shape of the SED is determined by T, and £,
IRAS and millimetre observations combined can provide tighter constraints
on these values which in turn define Ly, and Lisooum. However, for objects
without fluxes greater than 100um (like MZ 1), estimating the above param-
eters by fitting equation 2 to reliable IRAS 60 and/or 100um data points
gives us a crude estimate of Lyp*? and Li300um*° s0 that Lo/ (10° X L1300um)
can be used to estimate the evolutionary status of a source.

For IRAS05283-0412 and MZ1, the closest fit parameters (Ty, €2, 5 and
Tosopm) and SEDs are shown in Figure 3.3. For IRAS(05283-0412, the SED
can be modelled by a two-component greybody comprising photospheric (7}
= 65 K) and dust emission (Ty = 29.5 K). The 1300pm flux is overestimated
by a factor ~ 1.5. Table 3.5 lists the fit properties for both sources. Table
3.5 shows Lo /(10% X Ly300um) > 21.24 for IRAS 05283-0412, which suggests
a Class I object. In addition, the low sub-millimetre fluxes for IRAS 05283-
0412 and absence of H,CO and CO emission (DMWO98) suggests it is a
rather evolved object. In contrast, MZ1 falls way under with Lyo/ (10% x
Lisooum) ~ 4, a candidate Class 0 object? A defining characteristic of Class
0 objects is a large amount of dust residing in the circumstellar envelope.
The circumstellar dust mass surrounding a source can be estimated from the
equation (Hildebrand 1983):

2
Fi300umD

Men’u s
k1300um B (T4)

Me (3)

where F300,m 1s the observed flux at 1300pum, D is the distance to the source
(in pc) and B(T}) is the Planck function By at 1300um for the dust temper-
ature T;. The mass opacity K1300um has values ~ 0.01 cm? g=! for Classes
0/1 and ~ 0.02 cm? g~! for Class II/III sources (André & Montmerle 1994

and references therein).

22Integrated from 10 to 104um.
23Determined over a frequency bandwidth of 50GHz.
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A compact knot

is seen near the peak of the HIRES 12um emission. The eastern wall of a
faint fan-type structure is outlined and extends to the south. This feature

is interpreted as scattered light from an outflow cavity. The positional error

ellipse of the IRAS source is also shown.

Table 3.4: Fluxes for IRAS 05283-0412 and MZ 1.

Source A Beam HIRES Flux Previous Flux Refs
(pm) (") (Jy) Jy)
IRAS 05283-0412: 12 58x30 <0.07 £ 0.01 <0.1 1
25 65x35 1.28 £0.20 1.2 1
60 82x55 5.58 £ 0.29 4.3 1
100 95x70 20.18 £ 0.32 26.8 1
800 16x16 <0.173 2
1300 23x23 0.032 3
MZ1: 12 58x30 <0.06 £ 0.01
25  65x35 <0.13 £0.01
60 82x55 <2.27+0.1
100 95x70 25.46 £ 0.19

REFERENCES: (1) Cohen (1990); (2) DMW93; (3) Reipurth et al. (1993a).
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For TRAS 05283-0412, using the 1300um flux from Reipurth et al. (1993a;
Table 3.4), K1300um = 0.01 em? g7l and T, = 29.5 K gives equation 3 a value
of Maust = 0.14 M. In comparison, Reipurth et al. (1993a) used K1300um =
0.003 and 0.02 to derive dust masses of 0.21 and 0.032 M respectively for a
volume-averaged Ty = 36 K. Bontemps et al. (1996) showed the (Lpor, Mens)
diagram (their Figure 1) can be used as an evolutionary diagram for embed-
ded young stellar objects. For IRAS 05283-0412 (Lyo; ~ 5 Lo, Meny, = 0.14
M), the source is again located in the Class I range. As there are no sub-
millimetre observations of MZ 1 available, extrapolating the fit to 1300um
yields a value of 0.57 Jy. Placing MZ 1 in the Ly, versus M,,, diagram sug-
gests MZ 1 (Meny, = 2.59 Mg, Leoy = 8.54 L) displays characteristics of a
deeply embedded (Ay > 8 mag) Class 0 source.

Flux (Jy); (a) IRAS 05283-0412

T d=65K, Q=05"
100 | — — —-T_d=29.5K, =6.0"
10
//
o
14 /
) B=15
0.1}t 7(250u) = 0.004
A
/
0.01 L — ; A
50 100 5001000 5000
Wavelength (um)
Flux Jy)}  (b) MZ1
100 }
10 {
11 T d=1924K
Q=10"
B=1.66
0.1] 1 7(250u) = 0.03
l
0.011_ . , . . N
. 10 50 100 500 1000 5000

Wavelength (um)

Figure 3.3: SEDs for the (a) Class I source IRAS05283-0412 and (b) candi-
date Class 0 object, MZ 1. For IRAS05283-0412, the two component fit can
be explained by contributions from photospheric (T = 65 K) and dust (Ty
= 29.5 K) components. For both sources, fit parameters are listed and upper
limits are indicated.



43

Table 3.5: Derived properties for IRAS 05283-0412 and

MZ1.
Parameter IRAS 05283-0412 MZ1
Q 0.5-6" 107
Ty 29.5-65 K 19.24 K
Lol 5.08 Lg 8.54 Lo
L1300um 0.0002 Lo 0.002 Ly
Lot /(10° % L13o0um) >21.24 4.26
Mgust 0.14 Mg 2.59 Mg
q12-60um 0.82 -
Class I 0?

3.4.2 HH59/60

Previous studies

Originally identified by RG88, HH 59 and HH 60 are located to the west of
the main L1641 cloud in Orion. The IIlaJ and IIlaF images of HH 59 and
HH 60 are shown in Figure 3.4%4. HH 59 displays strong emission in the IIIaF,
faint emission in the IIIaJ and none in the IVN which suggests an emission
nebulosity. HH 60 displays very faint emission in the IIlal' and none in the
IIIaJ or IVN. Although RG88 pointed out that there are several Ho emission-
line stars and faint IRAS sources in the vicinity of these objects, they do not
give a preference for a particular energy source. Using IRAS CO-Added
scans, Cohen (1990) identified a faint 60um source IRAS 05299-0627C** 3.5
(0.47 pc) to the north-west of HH 60 as shown in Figure 3.5. Based on the
position angle of this source with respect to the elongation of HH 60 (PA ~
304°), Cohen (1990) suggests this source as the energy source for HH60. No
CO-Added source was identified for HH 59. Due to the upper limits of the 12,
25 and 100um fluxes, it is not possible to characterise the source. DMWO98
obtained spectra at 800um for IRAS 05299-0627C and found negligible flux
(-0.002 Jy) in the direction of the source.

24]VN image not available at time of writing.
25Coordinates from Cohen (1990): (B1950) = 05”29™59.9%, §(B1950) = —06°27'01"
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Figure 3.4: IIIaJ and IllaF images of HH 59/60. HH 59 displays emission in
both the IIlaJ and IIIaF, but not in the IVN (not shown). This suggests
a true emission nebulosity. HH 60 displays faint IIlaF emission. The posi-
tions of each HH object and a (former) candidate energy source for HH 60
(IRAS05299-0627C; marked as IRAS) are indicated. IRAS 05299-0627C may
be a reddened galaxy of which several (labelled “g”) are seen in the IIIaJ.
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New observational results

For HH59/60 and IRAS05299-0627C, an ESO R band extinction map of
the region (Cambrésy 1999) shows that Ap < 0.5 mag. Using Agr/Ay =
0.748 (Rieke & Lebofsky 1985), we find Ay < 0.67 mag and so IRAS 05299-
0627C may in fact represent a background galaxy (several are seen in the
vicinity of HH 59 and HH60; see Figure 3.4). Located several arc-minutes
to the east of HH 59 and HH 60 is the parsec-scale flow HH 83/84, identified
as such by RBD97. The HH flow is driven by the embedded Class I object
HH 83IRS/IRAS05311-0631 (see RBD97 and references therein). Using long-
slit spectroscopy, Reipurth (1989b) found HH 84 displays positive velocities
in the range 100-200 km s~! which places the HH object in the red-shifted
lobe of the giant flow. For the knots associated with HH 83, those which
extend towards HH 59/60 display decreasing negative velocities. Although
no velocity information is available for HH 59/60, if they are associated with
the HH 83/84 flow, long-slit spectroscopic studies should show they display
negative velocities consistent with them lying in the blue-shifted lobe of the
HH 83/84 giant flow. The distance from HH83 IRS to HH59 is 1821, or
2.5 pc at a distance of 470 pc to Orion. Therefore, under our assumption,
the addition of HH 59/60 to the HH83/84 giant outflow increases the length
from 1.46 pc to ~ 4 pc in projection.
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3.4.3 DC266.14+01.1
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Figure 3.6: IIlaF image of the dark cloud DC266.14+01.1. The reflection
nebulosities Bran 221 and Rei6 are indicated. Two previously unknown
objects, MZ 2 and MZ 3, are also labelled.

Previous studies

Lying in the direction of the Gum Nebula, the dark cloud DC266.1+01.1
(Hartley et al. 1986; Figure 3.6) is projected against the Vela Molecular Ridge
(VMR) C region (Murphy & May 1991). In a CCD survey for HH objects in
southern molecular clouds, RG88 found two HH objects in the direction of
DC266.14+01.1. HH 73 consists of a chain of HH knots ~ 29” in length and
HH 74, ~ 1.5"” north-east of HH 73, is a stellar-like knot. Both objects lie in
the vicinity of the reflection nebulosity Rei6 (Reipurth 1981) which has been
associated with red-shifted 12CO emission (de Vries et al. 1984). The source
is also a binary with separation ~ 1”5 (Reipurth & Zinnecker 1993). Also
located nearby is the nebulous object Bran 221 (Brand, Blitz & Wouterloot
1986). Two previously unknown objects were found 11!3 north-west of Bran
221 (MZ?2) and 5!7 NNW of Rei6 (MZ3). Both are labelled in Figure 3.6
and will be discussed later on. Following Liseau et al. (1992), a distance of
700 pc is adopted as the distance to the cloud.
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Using IRAS CO-Added images, Cohen (1990) identified a faint point source,
IRAS09003-4438C (hereafter IRAS09003C) ~ 1/0 from HH 73 and suggests
it is a candidate energy source for that object. RG88 suggest HH 74 is associ-
ated with Rei6. At the position of IRAS 09003C, DMW98 set an upper limit
at 800pum with an absence of **CO gas and only a weak detection in HyCO (<
0.2 K km s7'). As explained below, the coordinates given by Cohen (1990)
for IRAS 09003C are incorrect, which explains these non-detections.

New observational results

IRAS 09003C and HH 73

In the vicinity of HH 73, the ESO/SERC images do not show any reddened
sources which could be considered as a candidate energy source. Deep CCD
R and I band images of the HH 73/74 region are shown in Figure 3.7. A
comparison between these images shows the prominent reflection nebulosity
associated with Rei6. HH73 is not visible in the R band image?®, while
HH 74 is seen as a faint knot just above Rei6. The I band image reveals a
faint reflection nebulosity almost a minute west of Rei6.

Overlaid on the CCD I band image, the HIRES images of the HH 73/74 re-
gion are shown in Figure 3.8. Rei6 displays peaks in the 12um and 25um
images while IRAS 09003C shows peaks at 60 and 100um only. The HIRES
fluxes for both sources are presented in Table 3.6. It was noted above that
the coordinates given by Cohen (1990) for IRAS 09003C were incorrect. He
gives a(B1950) = 09"00™23¢%, §(B1950) = —44°38'56”. An examination of
the HIRES images reveal no source at this location although the 60um im-
age shows a peak at a(B1950) = 09"00™22.6°, §(B1950) = —44°37'59". A
difference of nearly a minute between the two positions is why DMWO98 did
not detect a source with their 16” beam at 800um.

Cohen (1990) noted the position of IRAS 09003C lies close to a double stellar
source (starl in Figure 3.8a), which when blinked in the ESO/SERC IIlaJ,
[ITaF and IVN images, shows no evidence of extinction and therefore lies in
front of the molecular cloud. As IRAS09003C is detected only at 60 and
100pm, we conclude the apparent coincidence is just that with IRAS 09003C
representing a more embedded source. The reflection nebulosity identified
in Figure 3.7b extends from IRAS09003C towards HH 73. As its position
angle is similar to the knots that define HH 73, the reflection nebulosity may
represent scattered light escaping from a cavity surrounding IRAS 09003C.

2Most probably due to the short integration time of the image (10min). The [SI1] image
of RG88 was 60min.
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This scenario suggests IRAS 09003C as a candidate energy source for HH 73.
The only difficulty with this interpretation is the alignment of the HH flow in
PA ~ 135°; the position of IRAS 09003C with respect to the centre of HH 73 is
in PA ~ 160°. However, this difficulty can be avoided if one thinks of HH 73 as
the result of a grazing flow such as HH 110/270 (Reipurth, Raga & Heathcote
1996), where the flow angle bends 58° from HH 270 to HH 110. The change
for HH 73 is less dramatic with a flow direction change < 25°. The [SIi]
image of RG88 (their Figure 19a) shows a slither of emission bending from
the line of HH 73 towards the reflection nebula and position of IRAS 09003C.
A true test of this scenario requires high resolution millimetre observations
to identify a dense molecular clump in the vicinity of HH 73.

With the HIRES fluxes listed in Table 3.6, the greybody fit to the SED
for IRAS 09003C is shown in Figure 3.9. The fitted parameters and derived
properties (Table 3.7) suggest a cold (T4 = 24.13 K) and low luminosity (~
9 L) source. From the 60 and 100um fluxes, aso—100pm = 2.25, which places
the source in the Class 0 range. Extrapolating the fit to 1300um, a value of
0.14 Jy is obtained and using equation 3, the mass of the envelope is ~ 1
Mpg. In the (Lpoi,Meny) diagram of Bontemps et al. (1996; their Figure 1),
IRAS 09003C is again located in the Class 0 region.
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Figure 3.8: HIRES contours overlaid on the I band image of the HH73/74
region. Rei6 is detected at 12um and 25pm, with IRAS09003C detected at
60pm and 100pm. (a) 12um contours at -0.1, 0.001 and 0.01 MJy sr* (peak
= 395.74 MJy st1); (b) 25um contours at 1.2-2% in steps of 0.2% of peak
(307.57 MJy sr~1); (c) 60um contours at 7-11% in steps of 1% of peak (175.26
MJy sr™); (d) 100um contours at 44.2-44.7% in steps of 0.1% of peak (60.50
MJy sr1). The object marked “star 1” in (a) is a double source previously
identified by Cohen (1990). See text for details.
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Table 3.6: Fluxes for IRAS 09003C

A Beam HIRES Previous Refs
(pm) (") (Jy) (Jy)
12 77x39 <0.04 £001 <0.12
25 74x36  <0.15 £+ 0.03 0.39
60 100x58  3.27 4+ 0.25 2.60
100 136x106 17.17 £+ 0.23 13.2

—_ = =

REFERENCE: (1) Cohen (1990).

Flux (Jy)} IRAS 09003-4437C
100 |
10 |
11
T_d=24.13K
Q=5"
0.1 { l B=15
7(250p) = 0.02
f
0.01 [_. . . . . .
10 50 100 500 1000 5000
Wavelength (um)

Figure 3.9: SED of the Class 0 candidate, IRAS 09003C. Parameters used to
constrain the fit are listed. Upper limits are indicated.

Table 3.7: Derived properties for IRAS 09003C

Parameter Value
Q) 5
Ty (K) 2413
Lio, (Le)  9.14
Meny(Mg)  1.04
Qg0—100pm 220
Class 0
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As mentioned earlier and shown in Figure 3.6, two interesting objects, MZ 2
and MZ 3, were identified from the ESO/SERC plates.

MZ2

Deep CCD R and I band images of MZ 2 are shown in Figure 3.10 which show
it to be an optically visible star surrounded by several overlapping loops. To
the south-west, there appears to be an increase in brightness in one of the
loops. By blinking the ESO/SERC IIlaJ, IIIaF and IVN images, faint II1aJ
emission can be seen with the IVN emission brighter than both the IIIaJ
and IIlaF. This suggests the loops are mainly reflection emission, but we
do not rule out the possibility the emission seen in the IITaJ image is not
shocked [O111] emission. Narrow-band CCD images of the source will confirm
the presence of shock-excited emission. By blinking the ESO/SERC images,
there appears to be significant extinction in the line of sight as the source
size in the IVN image increases by a factor of two as compared to the size in
the IITaJ. This suggests MZ 2 may be associated with the molecular cloud.
In addition, most of the stellar sources in Figure 3.10 do not display any
change in brightness in the IITaJ, [TIIaF and IVN images which suggests they
lie in front of the molecular cloud.
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Figure 3.10: Magnified CCD (a) R and (b) I band images of MZ2.

As shown in Table 3.8, the source, located at a(B1950) = 08"59™03.59°,
§(B1950) = —44°28'10.96", displays HIRES emission in the 12, 25 and 60um
bands with an upper limit at 100um. The HIRES contours are overlaid on
the CCD I band image in Figure 3.11 where photospheric (12um) emission
coincides with the position of the optically visible source. The 25 and 60um
peaks are offset a few arc-seconds to the east of MZ 2 which can be explained .
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by shocked emission from an embedded cavity (see below).

From the HIRES fluxes listed in Table 3.8, the spectral index, 12-60um =
-0.48, which places the source in the Class II region. Figure 3.12 shows a
two-component fit to the SED with contributions from photospheric (T =
140 K) and dust (7; = 65 K) emission. The derived properties in Table
3.9 indicate a low luminosity source (15.22 Lg), and extrapolating the fit
to 1300um, we derive a flux of 0.01 Jy and upon application of equation 3,
the envelope mass is ~ of 0.01 Mg. In the (Lpor, Men,) diagram of Bontemps
et al. (1996; their Figure 1), MZ 2 is placed beyond their sample of Class I
objects which generally have M,,, > 0.01 M.
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Figure 3.11: HIRES contours overlaid on the I band image of MZ2. (a) 12um
contours at 2-6% in steps of 2% of peak (395.74 MJy sr™!); (b) 25um contours
at 6-10% in steps of 2% of peak (307.57 MJy sr™'); (c) 60um contours at
5-7% in steps of 1% of peak (175.26 MJy sr™'). An upper limit is seen at
100pm, suggesting a lack of cold dust.
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Table 3.8: HIRES fluxes for MZ 2

HIRES
(Jy)

A Beam
(m) ()
12 77%x39
25 74x 36
60 100x 58
100

0.86 £ 0.03
1.24 4 0.04
1.99 + 0.02

136x106 <9.27 £ 0.01

Flux (Jy), MZ?2
100 |
l
10 PR
/ N

— T d=140K, Q=05"
— ——.Td=65K, Q=5"

N
1 / >
B=10 \\

0.1 7(250w) = 0.0004 AN
\\
N
0.01 L~ e -
10 50 100 5001000 5000
Wavelength (um)

Figure 3.12: SED for the Class 1I source, MZ 2. The source is modelled with
hot photospheric (7, = 140 K) and cooler (T = 65 K) dust components.
Parameters used to constrain the fit are listed and upper limits are indicated.

Table 3.9: Derived properties for MZ 2

Parameter

Value

Q2
Ty
Lbol
Men'U

0l12-60um

Class

0.5-5"
65-140 K
15.22 Lg
0.01 My

-0.48

11
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MZ3

Lying in the vicinity of the nebulous object Bran 221 (see Figure 3.6), Figure
3.13 shows MZ3 consists of an elliptical-type structure. The region was
imaged with narrow-band He, [S11] and red continuum filters, but due to the
poor seeing (> 3"), only extremely weak [SI1] emission was found associated
with MZ 3. By comparing the ESO/SERC IllaJ, ITIaF and IVN images, the
majority of emission appears to be reflection, with the emission becoming
stronger with increasing wavelength. By comparing the CCD R and I band
images, a bright section, or lane can be seen at the south-western edge of the
ellipse.
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Figure 3.13: Magnified CCD (a) R and (b) I band images of MZ 3.

As shown in Figure 3.14, the 12 and 25um HIRES contours detect a source
at the western apex of the ellipse where the bright lane is located. The 60um
peak appears coincident with an optical star, but by blinking the ESO/SERC
images shows this object (or any other star in the immediate vicinity) displays
no variation in brightness which places them as foreground objects. The
HIRES peaks in the 60 and 100um maps are spatially offset from the 12 and
25um maps. For the 12 and 25um peaks, it is most likely the emission has
originated from MZ 3 and is being reflected by the cavity which we see as the
optical ellipse. As the 60 and 100um images are capable of tracing regions
of colder dust, the 60 and 100um peaks in Figure 3.14c and 3.14d are most
likely tracing the more immediate region surrounding the protostar itself.



o7

Declination (B1950)
Declination (B1950)

BT T VU PO T

Right Ascension (B1950)

Declination (B1850)
Declination (B1950)

1

Right Ascension (B1950) Right Ascension (B1950)

Figure 3.14: HIRES contours overlaid on the I band image of MZ3. (
12um contours at 2-3.5% in steps of 0.5% of peak (395.74 MJy sr™1); (
25um contours at 10-25% in steps of 5% of peak (307.57 MJy sr71); (c
60um contours at 30-50% in steps of 5% of peak (175.26 MJy sr~1); (d
100um contours at 80-92% in steps of 3% of peak (60.5 MJy sr—1).

Using the position o(B1950) = 09"00™11.64¢, §(B1950) = —44°33'32.4" the
HIRES fluxes for MZ 3 are listed in Table 3.10. As shown in Figure 3.15, the
SED is modelled using a two-component greybody with photospheric (7y =
147 K) and dust (T; = 33 K) components. The derived properties in Table
3.11 suggests MZ 3 is a low-luminosity (~ 22 Lg) source with a spectral index
a12-100um = 0.86, which places the source in the Class I range. At 1300um,
the extrapolated flux is ~ 0.2 Jy, and using equation 3, an estimate of the
surrounding envelope mass is M., ~ 1 Mg. In the (Lpoi,Meny) diagram of

Bontemps et al. (1996; their Figure 1), MZ 3 is located near the Class 0/1
boundary.
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Table 3.10: HIRES fluxes for MZ 3

A Beam HIRES Flux
(um) (") (3y)

12 77x 39 0.62 £+ 0.14

25 74x 36 2.42 + 0.66

60 100x58 10.37 £+ 1.16

100 136x106 31.67 4 0.88

Flux (Jy) MZ3 T_d=233K, Q=20
lOO ———_-T_d=147K, =05"
10
1l
V3
/ B=1.0
0.1 7(250p) = 0.001
0.01 - NS —— :
10 50 100 5001000 5000

Wavelength (um)
Figure 3.15: SED for the Class I source, MZ 3. The source is modelled with

a hot photospheric component (T = 147 K) and a cooler (Ty = 33 K) dust
component. Parameters used to constrain the fit are listed.

Table 3.11: Derived properties for MZ 3

Parameter  Value
Q 0.5-20"
Ty 33-147 K
Lol 22.34 Lg
Moy 1.06 Mg

Q12-100um 0.86
Class 1
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3.4.4 HH75/133

Previous studies

Located in direction of the Vela Molecular Ridge (VMR), the dark cloud
complex Sa 114/DC268.04-01.0 (Sandqvist 1977; Hartley et al. 1986) con-
tains the nebulous objects vdB 29a/b/c (van den Bergh & Herbst 1975). The
UBV photometry of Herbst (1975a,b) identified the objects as young B-type
stars belonging to the Vela R2 association at a distance between 450 to 870
pc. The cloud is projected against the VMR A/C regions®” (Murphy & May
1991) which are located at a distance of 700 pc (Liseau et al. 1992) and is
the distance adopted here.

On the southern outskirts of the cloud, RG88 identified HH 75, which is made
up of a large grouping of knots which give the object a complex and chaotic
appearance. The object extends ~ 2’ along PA = 295° from the southern-
most knot back towards the dark cloud. From long-slit spectroscopy, RG89
found the object displays blue-shifted velocities (-127 to -75 km s~!) which
decrease with increasing distance from the cloud. About 14’ to the north-
west of HH 75, Ogura (1990) identified another object, HH 133, which consists
of several interconnecting knots aligned along PA ~ 115°. No velocity in-
formation is available for this object. The IIlaJ, IIIaF and IVN images of
the region are shown in Figure 3.16. HH 75 displays emission in the IIlaJ
which suggests shocked [O1m1] (50094 ), but the optical spectroscopy of RG8S
does not extend blue-wards of 6175A. The HIRES 12 and 25um images show
emission at ~ 0.5 MJy sr~! in both bands.

Cohen (1990) suggested IRAS 09094-4522 may be the energy source for HH 75,
which is 8/2 to the north-west and is visible in the IITaJ, ITIIaF and IVN im-
ages. In a survey of IRAS-bright Class I sources in the Vela region, Liseau et
al. (1992) obtained NIR JHK LM observations of IRAS 09094-4522 (their
IRS47) while Massi, Lorenzetti & Vitali (1997) performed a K band and Hy
(2.12pm) survey of the HH 75/IRAS 09094-4552 region and did not detect
any evidence for a molecular hydrogen outflow linking HH 75 to the IRAS
source. At the IRAS position, DMWO98 placed an upper limit at 800um and
also found low-level HoCO emission (7 dv < 0.15 K km s71), but no evi-
dence of CO gas. Table 3.12 lists fluxes for IRAS 09094-4522 from 1.24 to
800um. As for HH 133, the nearest IRAS source is IRAS 09092-4516, ~ 25
to the north-east of the HH group but its position with respect to the PA of
the HH flow suggests it is an unlikely energy source. There appear to be no
reddened IVN sources aligned along the PA of the flow.

2"Not the VMR B region as indicated by Liseau et al. (1992).
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New observational results

Figure 3.17 shows HIRES contours overlaid on a deep CCD I band image
of the region surrounding IRAS09094-4522. The HIRES contours peak at
the location of an optically visible source which also lies within the IRAS
uncertainty ellipse. The position of the near-infrared source detected by
Liseau et al. (1992) also lies close to both the error ellipse and optical source
and so we will assume the optical, near-infrared and IRAS source correspond
to the same object. Apart from the B-type stars vdB 29 a-c, IRAS 09094-
4522 is the only other object within the region which could be considered
as a possible HH energy source. Although the deep CCD R and I band
images show numerous reddened sources, most are located near the cloud
edges which suggests background sources.

A possible scenario is that IRAS09094-4522 is the driving source for both
HH 75 and HH 133. There are several lines of evidence which point towards
this conclusion. The first is the emission seen to the south-east of the IRAS
source. The ESO/SERC images (Figure 3.16) show the emission is mostly
reflection, with decreasing brightness in the IIlaF, IVN and IIIaJ bands re-
spectively. Although the emission overlaps the B-type star vdB 29b, the
brighter part of the emission opens away from this star and the emission
can be fitted with an ellipse with major and minor axes 6/6 and 2/4 respec-
tively (1.35x0.49 pc for D = 700 pc) with the IRAS source located at the
apex. The orientation of the ellipse is in PA ~ 140°. This emission could
represent the remains of a cavity that has been blown out by the outflow
from the IRAS source. The extension of this cavity towards HH 75 suggests
the emission is part of the blue-shifted lobe which is in agreement with the
blue-shifted velocities RG 88 found for HH 75.

The fact that the cavity does not appear symmetrical about the IRAS source
suggests the red-shifted lobe is boring into the cloud with HH 133 just now ap-
pearing from its far side. Therefore, long-slit spectroscopy of HH 133 should
show positive velocities consistent with it lying in the red-shifted lobe. RG88
noted that in addition to the multitude of knots that make up HH 75, fainter
emission extends a further arc-minute to the north-west where the IRAS
source lies. The overall PA of the elongated cavity and HH 75 display similar
values (PA ~ 140° and 150° respectively).
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Figure 3.17: HIRES contours on an I band image of the IRAS 09094-4522
region. The ellipse marks the IRAS positional error while the cross marks
the position of the near-infrared source identified by Liseau et al. (1992).
(a) 12um contours at 10-90% of peak (534.7 MJy sr™!) in steps of 10%. (b)
25pm contours at 10-90% of peak (1713.99 MJy sr™*) in steps of 10%. (c)
60um contours at 10-90% of peak (1315.57 MJy sr™!) in steps of 10%. (d)
100um contours at 10-90% of peak (510.69 MJy sr™') in steps of 10%.

A second piece of evidence lies in the morphologies of both HH 75 and HH 133.
A notable property of bow shocks associated with known giant HH flows
(RBD97; Eisloffel & Mundt 1997) is the further they are from their exciting
source, the more fragmented they become. The projected distance between
the southern most part of HH 75 and the IRAS source is ~ 8!86, or 1.78 pc
at a distance of 700 pc. Similarly, HH 133 is ~ 636, or 1.30 pc in projection
from the IRAS source. Together, HH 75/133 would constitute an outflow with
projected length ~ 3 pc. Assuming a initial velocity of 150 km s™' (HH 75
shows lower values due to de-acceleration), the dynamical ages of HH 75 and
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HH 133 are estimated at 1.13 x 10* yr and 8.24 x 10% yr respectively. If we
compare HH 75/133 with the giant flow HH 34 (Devine et al. 1997), both are
of comparable length (~ 3 pc), with the terminal blue and red-shifted working
surfaces for HH 34 defined by HH 88 and HH 33/40 respectively, while HH 75
and HH 133 represent the blue and red-shifted(?) terminal shocks from an
outflow from IRAS 09094-4522. Given the different star forming regions, the
similarity between their morphologies again suggests HH 75 and HH 133 are
part of a giant HH flow.

Apart from HH75 and HH 133, no other HH emission has been detected
within the cloud. Assuming both objects are part of the same outflow, then
their dynamical ages as derived above place a lower limit on the age of the
driving source as the lack of other HH emission suggests the outflow phase
is close to, or has ceased. This brings us to the IRAS source itself. In
addition to published photometry, the HIRES fluxes?® for the source are
listed in Table 3.12. The spectral index az1_25.,» = 1.30 places the source
in the Class I range, but another index, ai3_100.m = 0.17 places the source
close to the Class I/II boundary. For wavelengths <60um, the observed
fluxes cannot be modelled by a single-temperature greybody. As the HIRES
maps in Figure 3.17 show compact emission at both 12um and 25um, the
observed SED can be modelled by a series of higher-temperature greybody
components. However, in order to characterise the source based on the mass
of its surrounding envelope, data for A > 60um are used for the greybody
fit shown in Figure 3.18. Here we assume there is very little mass associated
with the hot (A < 60pum) component of the SED (see Hunter et al. 2000 and
references therein). The derived properties and fit parameters are listed in
Table 3.13.

Extrapolating the greybody fit to 1300um, a value of 0.026 Jy is obtained
and using equation 3, the envelope mass is estimated to be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>