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Abstract

The physics of shocked outflows in molecular clouds is one of the fundamental as- 

trophysical processes by which the cycle of s tar formation in our Galaxy is regulated. I 

outline the basis of our understanding of the star formation process and the violent o u t

flow always associated with it, the physics of shocks in molecular gas, and the consequent 

excitation of molecular hydrogen (H2). It is demonstrated th a t  molecular hydrogen is 

the  best observational diagnostic of this hot, shocked molecular gas and an introduc

tion is given to the observational techniques of near-infrared spectroscopy required in 

its measurement. I describe a detailed observational study of the physics of shocked H2 

excitation and dynamics in the nearby massive star forming region of the Orion giant 

molecular cloud, the brightest source of its type, using the recently upgraded CGS4 

near-IR spectrometer at UKIRT.

We have demonstrated tha t  integrated [Fell] 1.644/im line profiles in the Orion '‘bul

lets '’ are consistent with theoretical bow-shock predictions for two different “bullets” . 

We have identified a uniform, broad background component pervading the region in 

both Fe+ and H., which is inconsistent with a fluorescent component due to the  ionizing 

radiation of the Trapezium stars alone. A collisionally broadened background component 

of unidentified origin is measured to be Gaussian in profile with an average FW11M of 

26±2.5kms_l in the II2 1-0 S (l)  line after deconvolution of the instrumental profile and 

a peak velocity of 2 .5±0.5kms- 1 , close to the local ambient rest velocity. Crucially, the 

extended H2 “bullet” wakes have allowed us to dissect individual molecular bow shock 

structures but the broad (intrinsic FW HM <27km s~ ), singly-peaked H2 1-0 S ( l)  pro

files observed in the two most clearly resolved, plane-of-sky oriented wakes challenge our 

present understanding. It is very difficult to reconcile any s teady-state  molecular bow 

shock model with these observations in Orion. To fit a single C shock absorber model to 

individual II2 profiles implies a magnetic field s trength far in excess of observed estimates 

and is not consistent with the bow-shaped wake morphology.

Alternatively, we may still not be resolving multiple l i 2 shock fronts along the line- 

of-sight. For example, multiple overlapping bullet wakes could give rise to merged sets



of doubly-peaked profiles resulting in approximately Gaussian shaped profiles. How

ever. given the appearance of single bow shaped wakes at many observed positions, 

the accuracy of single Gaussian line-fits, the velocity resolution of our observations 

(FW H M =23.1±0 .3km s-1 ) and th a t  we see this phenomenon in two different wakes, this 

explanation is expected to be excluded.

If we cannot fit the profiles in Orion with steady s ta te  molecular shocks it may be 

necessary to model the effects of instabilities and turbulence. This will have im portan t 

consequences. Not only will line profiles be broadened but level populations of shocked 

species will be altered and hence the observed column densities over a range of transitions.

Observations of a range of I i2 column densities in the K band have confirmed the ex

istence of a near-constant background excitation mechanism pervading the entire Orion 

“bullet's” region. The background I i2 emission can be modelled by a combination of 

fluorescent and shock excited mechanisms, in agreement with the broad H2 line profiles 

observed. It is thermalized in the v = l  levels but higher levels are dominated by fluo

rescence. Measurement of the If2 excitation in the “bullet” wakes M4'2 HH126-053 and 

M 12 HH120-114 shows a near constant emission spectrum, within each wake, th a t  may 

be modelled by a. combination of shocked and fluorescent excitation, now more strongly 

dominated by collisional processes but also containing an intrinsic wake-only fluores

cent component. The column density ratios clearly show a range of gas tem peratures 

as expected for cooling, post-shock gas. Furthermore, the uniformity of these ratios on 

small-scales (these observations) and also on large scales, contradicts combinations of 

fundamentally different types of shock. However, the near constancy of this excitation 

with position within each individual wake is inconsistent with bow C shock models pre

viously fitted at OMC-1, in which significantly different line ratios occur depending on 

the shock velocity which varies in the bow.

v
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C h a p t e r  1

I n t r o d u c t i o n

The purpose of this thesis is to investigate the physics of shocked outflows in molec

ular clouds, one of the fundamental astrophvsical processes by which the cycle of s tar 

formation in our Galaxy is regulated. In this chapter I outline the basis of our under

standing of the star formation process and the importance of understanding the outflow 

stage always associated with it. In Chapter 2, I then summarise current theoretical 

understanding of the physics of shocks in molecular gas caused by outflows and the con

sequent excitation of molecular hydrogen by which we observe the process. It will be 

demonstrated th a t  molecular hydrogen is the best observational diagnostic of this hot, 

shocked molecular gas and an introduction is given to the observational techniques of 

near-infrarecl spectroscopy required in its measurement. In Chapters 3 and 4 I describe 

a detailed observational study of the physics of shocked H2 excitation and dynamics in 

the nearby massive star forming region of the Orion giant molecular cloud, the brightest 

source of its type. I present the first such measurements of the molecular shocks in the 

newly identified bow-shaped '‘wake” structures associated with the Orion “bullets” . In 

Chapter 5 I summarise the conclusions of these studies and outline the implications for 

our understanding of molecular cloud physics in Orion. Finally, an outline of future 

intentions and associated observations required to further this work is provided.
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1.1 Star Formation

The youngest stars are observed to have formed in dense, molecular clouds of interstellar 

gas and dust. An understanding of this most fundamental of astronomical processes has 

remained elusive because young protostars themselves are extremely difficult to identify 

unequivocally, embedded as they are in the densest regions of molecular clouds, impeding 

direct observation.

Infra-red and radio emission, for which optical depths are low enough to permit radia

tion to escape from molecular clouds, have demonstrated th a t  this pro tostar  phase is but 

one part of the full cyclic and multiply-fed-back system which regulates the  conversion 

of gas to stars, as summarised by McKee (1989). The cycle begins with the aggrega

tion of molecular clouds, perhaps triggered by supernova blasts of previously fragmented 

clouds and intercloud material. Star formation is envisaged to begin when giant molec

ular clouds, supported by magnetic fields and internal energy sources, can collapse to 

dense cores where ionization is low enough th a t  ambipolar diffusion may proceed, i.e. 

neutral material can contract gravitationally to a protostar since angular m om entum  is 

dissipated via ion-magnetic field interactions to the surrounding cloud (Alfven waves). 

The timescale for this process is of the order of 10' years.

Consequent contraction of the cloud increases the fraction of the cloud susceptible 

lo collapse due to the associated increase in optical depth lowering ionization rates. 

However, observations of rapidly-moving and shocked gas suggest th a t  all forming stars 

produce a molecular outflow (Lada 1985) which re-energises the cloud and therefore acts 

against cloud contraction. Hence, a balance between collapse and expansion emerges 

determining a steady rate  of s tar formation. The creation of massive OB (>  10M,-m ) 

stars and an associated ionised hydrogen (HII) region will, however, rapidly erode the 

remaining cloud (Whitworth 1979). Such regions are indeed observed and when built 

into a cyclic scheme can give satisfactory agreement with the overall, observed galactic 

rate of s tar formation.

Clearly, to determine more accurately the conditions under which a s tar  is born and 

hence be able to extrapolate to different situations (e.g. elliptical galaxies and the early
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universe), we must derive diagnostic measures of the protostellar environment. These 

phenomena occur at large visual optical depths and therefore only infrared (1R ) and radio 

techniques are useful. Advances in III detection technology, particularly the advent of ef

ficient and many-pixelled arrays sensitive to radiation in the 1-5 /¿m wavebands, has now 

advanced the observational astronomy at these wavelengths to levels of sophistication 

previously only possible at optical wavelengths.

1.2 Clouds

Molecular clouds exist where UV starlight is sufficiently extinguished th a t  molecules, in 

particular H2, can form. The extinction of starlight is a consequence of the scattering 

and absorption of starlight by dust grains in the interstellar medium, it  is expressed in 

terms of the intensity of light reaching the observer ( Ioba) compared with the observed 

intensity if the line of sight were dust free ( / 0)

U s  = V  ( 1-D

where is referred to as the optical depth. The observed form of the extinction law

for wavelengths from 0.00‘2/tm to 250/nn is shown in Figure 1.1 (Mathis 1990), with the 

extinction displayed in magnitudes (A \ =  1.086r\) as a fraction of the visual extinc

tion at ~6000A. It is immediately apparent tha t  the extinction at near-infrared (Nil!) 

wavelengths, A ~ l-5 / tm  , is greatly reduced compared to at visual wavelengths. Thus, 

highly obscured star forming regions within molecular clouds can be observed in the  in

frared, making this the ideal waveband for studies of embedded sources such as protostars 

(Rayner el nl. 1990).

1 he existence of molecular clouds when A y  > 1 was confirmed observationally by 

Spitzor cl (il. (1973) who measured the atomic/molecular hydrogen fractions of diffuse 

clouds in front of bright stars via UV absorption using the Copernicus satellite. They are

typically located throughout the disk of our Galaxy, although warm clouds containing

Hi sources usually reside in spiral arms like III I regions (Solomon et nl. 1985). A typical 

giant molecular cloud (CM C) has mass in the range 103M,7) < M  < 10bA/,. and size



E
x

ti
n

c
ti

o
n

Chapter I: Introduction

A j im

Figure 1.1: Extinction (relative to visual extinction) due to interstellar dust as a function of 

wavelength (Mathis el al. 1990), illustrating the advantages of near infrared astronomy (A ~ 1 -  

5/im ) over optical astronomy for observing obscured sources.

1 pc < B < 100pc. They are known to be the sites of s tar formation in the Galaxy yet the 

gravitational collapse time of the clouds has to exceed their free fall time in order th a t  

l lie s tar  formation rate  be as low as is observed (Zuckerman and Palmer 1974). We wish 

to elucidate the processes responsible for supporting the clouds against gravitational 

collapse and hence regulating the star formation process. The observed line widths in 

such regions are generally highly supersonic and must be turbulent since these motions 

cannot be due to cloud collapse alone (Zuckerman and Evans 1974).
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1 .2 .1  P r o p e r t i e s  o f  M o le c u la r  C lo u d s

The basic relations observed for inass(M), size(Æ) and velocity dispersion of molecular 

clouds extend over six orders of magnitude in mass and include clumps within clouds. 

They are summarised by Larson (1981) as follows:

1. Clouds are in approximate virial equilibrium

2 G M  .,  9 ,
cr oc ■ -, ( t .z j

where <r is the one-dimensional velocity dispersion and G  is the gravitational con

stant;

2 . line width increases with size according to the relation

(t (x R p, (1-3)

where p ~  0.38;

3. mean density decreases with size

n H a  ( 1.4)

where q ~  1.1, such tha t  the column density

N H = -3 nHR  (1.5)

is approximately constant.

These relations were subsequently confirmed to within factors of 3 in the coefficients 

arid 0.3 in the exponents (Myers 1985). To understand the structure  of molecular clouds 

and star formation it is clearly necessary to explain the line-width size relation (1.3), as 

illustrated in Solomon et al. ( 1987). Interestingly, the equivalent constancy of the  column 

density (1.5) is naturally explained if the clouds are supported against gravitational 

collapse by magnetic fields of order 30//G (e.g. Shu 1987). We will see tha t  magnetic 

fields may also crucially influence the structure of molecular shock fronts in such regions 

( ( 'hapter 2 .2 ).
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1 .2 .2  G r a v i t a t io n a l  C o l la p s e  a n d  t h e  I n f lu e n c e  o f  M a g n e t i c  F ie ld s

Larson (1969) and later Shu (1977) modelled the gravitational collapse of a singular 

isothermal cloud resulting in a theoretical Jeans mass for the cloud. The Jeans wavenum- 

ber of a perturbation is

k j  =  2 t t / A  j  =  y/ 4 irG p 0/vs , ( 1.6)

where A , is the Jeans wavelength, p0 is the initial cloud density and vs is the sound speed, 

' th e  resultant Jeans mass is the mass inside a volume A'} and is consistent with stellar 

values. However, it was recognised th a t  the initial conditions, although in equilibrium, 

are highly unstable.

Following from the initial work of Mestel & Spitzer (1956) on magnetic fields and 

s tar formation in molecular clouds, the effects of stresses exerted by magnetic fields were 

considered. This includes a pressure term ( B 2/'2p0) perpendicular to the field lines and 

tension ( B 2/ 2//0 ) parallel to them, where B  is the magnetic field strength  and p 0 is 

the permeability of free space. Interstellar magnetic fields are difficult to measure, but 

observed Zeeman splitting of the 21cm line of atomic H and of the 18cm transitions of OH 

( Ifeiles cl ul. 1993) suggests tha t  interstellar magnetic fields in clouds vary approximately 

as

B a  (»7/ )2. (1.7)

In molecular cloud conditions, these field lines are effectively “frozen in” to the ionized 

gas. A field distorted perpendicular to the field lines generates Alfvén  waves of velocity

°A =  V ^ / h i / '  ~  1 — 3kms_ 1. ( 1.8 )

( 'diversely, compressive waves travelling perpendicular to the field lines are magnetosonic  

waves ol velocity vMS = vA. If such magnetic stresses dominate, energy and information 

are transported by Alfvén and magnetosonic waves, while if thermal stresses dominate, 

sound waves are the carriers. The criterion is

V b !  /•’t h e r m a l  ( 1 I /  G  ) • (1.9)
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Therefore magnetic stresses will dominate if the Alfven velocity is large.

if magnetic fields provide the majority of the pressure preventing gravitational col

lapse of a. cloud of ionized gas, a critical mass

may be determined above which a cloud must collapse in gravitational freefall, where $  

is the flux of order B R 2. Clouds of lower mass are supported against such collapse. If 

the gas is only partially ionized then, as only the ions will be frozen to the  held lines, 

t he neutrals will be constrained to move with the ions by collisions. If the magnetic 

field supports the ionized gas against gravity then neutrals are pulled to the centre in 

preference to the ions and a slow drift of the neutrals relative to the ions called ambipolar 

diffusion results. The timescale for this process (tAD in seconds) is independent of the 

mass and size of the cloud but depends on the degree of ionization, x e, only:

This leads eventually to the situation where the combined forces of magnetic fields and 

gas pressure can no longer resist the inward gravitational pull of the central concentration 

of material so th a t  the inner portion of the cloud collapses. Furthermore, since a ma jority 

of observed stars are members of binary or triple systems, it is possible th a t  the cloud 

decouples from the magnetic field when enough angular m omentum has been transferred 

outwards in order tha t  multiple star systems or single stars with p lanetary systems may 

then form.

Il is possible to model such molecular clouds by polytropes (Maloney 1988, Elmegreen 

1989). in which the total pressure in the cloud p  (both therm al and turbulent) is assumed 

to vary as a power of the density (p),

p oc p~iv ( 1. 12)

( 1.10)

(1 11)

where is the polytropic index (of value unity for an isothermal sphere). Both Elmegreen 

(1989) and Fleck (1988) successfully incorporated magnetic fields into the isothermal



cloud model. However, polytropic models do not enable us to determine what provides 

the energy for the cloud motions and how the cloud evolves.

1 .2 .3  P h o t o i o n iz a t io n - r e g u la t e d  S ta r  F o r m a t io n

McKee (1989 ) tackled these problems by advancing an elegant model of photoionization- 

regulated star formation in which the rate of low-mass star  formation is governed by 

ambipolar diffusion in magnetically supported clouds and therefore depends on the ion

ization of the cloud. He showed th a t  this ionization is due to photoionization by the 

far-ultraviolet (FUV) radiation field, not to cosmic rays. Hence, the ra te  of low-mass 

star formation depends on the attenuation of this radiation by dust and will be related 

to clump density.

Interstellar clouds grow through coalescence (Field and Saslaw 1965) by cloud-cloud 

collisions and accretion of intercloud material. They become predominantly molecular 

when the extinction A y  becomes of order unity (Elmegreen 1985a). The ionization within 

such clouds is maintained at a relatively high level by the FUV interstellar radiation 

field which suppresses ambipolar diffusion and inhibits low-mass s tar  formation (Naka.no 

198 1: Shu, Adams and Lizano 1987). Molecular clouds contract to higher column density 

as the internal motions which support them are dissipated through shocks (Scalo and 

Pumphrey 1982) and the damping and radiation of Alfven waves (Elmegreen 1985b). As 

individual clumps contract, a larger fraction of their mass is shielded from the external 

FUV radiation field and so ambipolar diffusion can proceed and allow star  formation. 

Once formed, such stars inject energy back into the clouds and when A v  ~  4 — 8 , the  rate  

of energy injection is sufficient to stop the contraction of the clouds. In addition, massive 

stars formed in associations must disrupt the cloud in which they are located (Field and 

Saslaw 1965; W hitworth 1979). In the extreme, hot OB stars form and generate photons 

capable of ionizing atomic hydrogen and rapidly ending further s tar  formation in the 

parent molecular cloud.

Alternative scenarios to the McKee picture have been proposed including a model 

by Silk V Norman ( 1983) in which pre-main sequence X-ray emitting stars observed in 

molecular clouds provide the bulk of the ionization regulating star  formation. Mouschovias

Chapter 1: Introduction
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( 1991 and references therein) describes a. numerical trea tm ent of ambipolar diffusion and 

Alfvén wave damping during cloud contraction as opposed to the semi-analytical ap

proach. initially without magnetic fields, by Shu (1977) described previously. Shu el cd. 

( 1987) describe neutral material drifting through the magnetic field under gravity and be

ing left with residual angular momentum. When the resultant centrifugal force becomes 

equal to gravity the collapse is halted. The characteristic radius a t which this occurs 

denotes the size of an accretion disc oriented perpendicular to the angular m om entum  

vector. M atte r  circulates within this disc but viscous stresses gradually move m a t te r  in

wards whilst transferring angular m omentum outwards (Lynden-Bell and Pringle 1974) 

leading to the growth of a slowly rotating core. This central core asymptotically ap

proaches a singular isothermal sphere without ever reaching it (as such an end sta te  is 

unstable) and is transparent to its own thermal radiation. Therefore it may be modelled 

in hydrostatic equilibrium ( radius r) with the simple solution

p oc r~ 2. (1.13)

When the core exceeds the .Jeans mass it collapses, “inside o u t” , and sends a rarefaction 

shock outwards through the surrounding layers. Infalling m atte r  must pass through an 

accretion shock as it falls onto the central star. Together with accretion within the disc 

this provides the main source of luminosity for low-mass protostars and is in agreement 

with mid and far infrared observations of a steeply negative curve in the spectral energy 

distribution of the  reprocessed light (Lada 1991). Submillimetre observations (reviewed 

by André 1995) of an initial “Class 0” protostellar state, at which there is virtually no 

emission at wavelengths shorter than  ~  10/im, is consistent with a single blackbody at 

I' ~  15 — 30K. However, recent observations of flat-topped density profiles in pre-stellar 

cores (André el al. 1996) may indicate the singular isothermal sphere assumption to 

l)e invalid. In the central core itself, where thermal pressure balances gravity, the  core 

evolves towards the main sequence. We now discuss the corresponding outflow generated 

during t his evolution.
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1.3 Supersonic M otions and W in ds From Young Stars

We have seen th a t  newly formed stars inject energy into molecular clouds via photoion

ization. We now discuss the injection of energy via winds from newly forming stars 

which must act in concert with photoionization mechanisms to regulate the  structure  

of molecular clouds. We wish to determine the effect of this energy injection on the 

evolution of s tar  forming molecular clouds.

Shu el cd. (1987) review the observational evidence, including direct observations 

of disks around young stellar objects and the interpretation of the infrared spectra  of 

many young stellar objects, th a t  implies stars form in a s ta te  of rapid rotation. However, 

observations of the relatively slow rotation rates of (recently formed) T  Tauri s tars (Vogel 

and Kuhi 1981; Hartm ann et cd. 198(3) imply th a t  the s tar formation process must entail 

the release of large quantities of kinetic energy. Norman and Silk (1980) suggested th a t  

winds from young stars, particularly T  Tauri stars, could inject enough energy into the 

ambient molecular cloud to prevent its collapse. The subsequent discovery of highly 

energetic outflows from young stellar objects (see review of Lada 1985) strengthened 

the possibility of regulating the star formation rate  by this mechanism (Franco and Cox 

1983). Outflows appear to be driven by strong stellar winds and are directly related 

to the rapidly moving Her big-Haro (I1H) objects, high velocity water rnaser sources, 

shock-excited molecular hydrogen emission regions and optically visible jets appearing 

to em anate  directly from the circumstellar material of the young driving stars.

In the picture of Shu et cd. (1987), as a protostar  accretes m atte r  the convection and 

differential rotation of the star may combine to produce a dynamo and the s tar  can 

naturally evolve towards a s ta te  with a stellar wind. Infalling material suppresses initial 

breakout but, as it falls preferentially onto the disk rather than  the star, the stellar wind 

will rush through the channels of weakest resistance at the rotational poles resulting in 

collimated jets and bipolar outflows. The underlying processes th a t  may trigger such 

stellar winds are little understood. Rather, theorists have concentrated their efforts on 

the more tractable problems of the interaction of such a wind with the molecular cloud 

and the nature of the resultant molecular outflows.
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Initially, in the early 1970s. molecular outflows were traced by carbon monoxide (CO) 

emission which, although second to hydrogen (H2 ) in abundance (by mass), is an asym

metric molecule which emits dipole radiation and as such is more easily observed than  

11, . Having no permanent dipole moment, I l2 emits only via faint electric quadrupole 

transitions and is excited only in very hot regions (see Chapter 2.1). At this time the 

astronomical technology for observing the near infrared transitions of excited molecular 

hydrogen was in its infancy.

The first indications of the dynamical s tate  of gas in a molecular cloud were deduced 

by measuring the full width at half maximum intensity (FW HM ) of molecular emission 

line profiles, using the .7 =  1 — 0 l2CO line profile for example (Lada 1985). In a CM C. 

such line widths are typically between 1 and 3 k m s-1 . Temperatures derived from CO 

and NH;J observations are typically around 10K. Yet the sound speed in such a cold 

gas is < 1 k m s-1 , much less than  the observed line widths. A fundam ental feature 

of molecular clouds is therefore th a t  of supersonic motions dominating the dynamics. 

Indeed, in regions of active star formation, localized gas motions are often observed with 

line widths of up to 8k m s - ' and were initially interpreted as being related to  cloud 

collapse (Goldreich and Kwan 1974). Then, in 1975, the 1 CO emission line in Orion 

was measured and found to show wings extending over 150km s-  full-width a t zero 

intensity (FW ZI) within 1 1 centred on an embedded cluster of infrared sources (Kwan 

and Scoville 1976; Zuckerman et cd. 1976). It was realised tha t  localised, supersonic 

molecular gas flows of this magnitude were too fast to be explained by collapse or any 

other gra.vita.tiona.lly induced motion and the almost simultaneous discovery of shock- 

excited molecular hydrogen in the same region (Gautier et al. 1976) confirmed th a t  an 

energetic outflow of some form must be responsible. W ithin ten years well over sixty 

other localized high velocity molecular flows had been confirmed (e.g. Bally and Lada 

1983) and it was clear that  these were as fundamental to a molecular cloud as the overall 

supersonic bulk motions discovered previously.

As more sources were detected and measured in more dynamical detail, it emerged 

that such high velocity flows tended to be bipolar (e.g. Snell et al. 1980), consisting of 

two spatially separate lobes of emission. One lobe containing predominantly blueshifted 

gas and the other predominantly redshifted gas are oriented symmetrically about an



Chapter 1: Introduction 12

Figure 1.2: A schematic picture of a bipolar outflow and associated Herbig-Haro objects driven 

by protostellar outflow in the source L1551 from Snell et al. (1980) including the lj!CO emission 

line profiles expected at different positions across the source.

embedded infrared source or young star (Figure 1.2). The degree of collimation of such 

bipolar outflows varies considerably although most are generally not well collimated 

( Bally and Lada 1983). having minor axis radii exceeding half the m ajor axis radii (Lacla 

L985). The cause for this wind collimation may be related to the interaction between a 

wind and a disk, as described by Shu et al. (1987). The sizes of flow sources themselves 

vary from O.lpc in Orion up to 1 pc in Mon R2 and so therefore may operate on scales 

comparable to typical GMC sizes themselves (50 — lOOpc).
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The latest Hubble Space Telescope images (Ray et al. 1996) show optical jets  th a t  

are well resolved in the lateral direction (with FW HM  diameters <  0.2 " ) as far as they 

can be followed to their source which, in the case of HH 30, is as close as 0.25" (35 AU). 

Assuming the jet has essentially zero angular width at its origin, one can deduce a lower 

bound for the initial opening angle, and the values obtained are very large indeed (e.g. 

> 60° for the HH 30 jet and counterjet). These observations support models in which 

the jet is initially poorly focused before being asymptotically collimated into a column 

with a diameter of order a few tens of AU.

In addition to dynamical properties, physical parameters of the high velocity molec

ular outflow gas, including the mass, density and tem perature  are determined by ob

serving a range of molecular spectral lines and, in particular, the  relative intensities of 

the l2CO and l3CO isotopes (reviewed by Lada 1985). Other indirect observational 

tracers of molecular gas are optical extinction by dust (associated with I i2 formation) 

or of infrared continuum emission by dust (e.g. André 1995). The discovery of shocked 

molecular hydrogen emission, although comprising only a very small percentage of the 

outflowing material by mass, opened up the possibility of analysing the highly energetic 

phenomena in such deeply embedded outflows at higher spatial resolution than  is possi

ble with the millimetre and radio telescopes required to observe the CO emission. Here 

is a clear case of the feedback of energy from the star formation process back into the 

surrounding cloud mediated via radiative cooling of the predominant molecule behind 

shocks fronts driven into the gas.

I.4  Shocks in Molecular Outflows

The outflows observed from young stars exceed the local sound speed and must therefore 

be stopped in a shock front and possibly further cascades of shock fronts produced by the 

chaotic geometry of the interaction of'wind and clumpy molecular cloud. Such outflows 

tend to be collimated and in some instances appear jet-like with internal shocks and 

Mach disks (Ray el al. 1996). As long as the shocks are not so violent as to dissociate

II, then strong 112 line emission will be produced.
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Numerous IR. transitions have been conclusively identified with shock waves, includ

ing the vibrational and rotational transitions of H2 (A ~  1 — 5 p m  and 12 p m ) ,  high 

J-transitions of CO (A > 100/ini), v = l-0  CO (4.7 pm ),  low-.] 011 transitions (50-160 

pm ),  atomic and ionic line structure and forbidden transitions, including [Fell] a t  1.644 

p m, [Sill] at 35 p m ,  [01] at 63 pm  and the Brackett a  and 7 lines of atomic hydrogen 

(Ilollenbach et al. 1988).

Rapid progress has recently been made in imaging high excitation species, including 

[01] and [SII] transitions in the optical regime, by employing the high resolution capabil

ities of 14ST, unimpeded by the E a r th ’s atmosphere. The first infrared instrum entation 

for HST is expected to become available during 1997 and will complement the  recently 

launched, although smaller aperture Infrared Space Telescope (ISO). Ray et al. (1996) 

describe HST [SII] 6716, 6731A and [01] 6300A emission line observations of the HL Tau, 

111130, HH1 and HII34 jets. Many of the knots observed within the IIH 1 and HII 34 jets 

resemble internal bow shocks, far away from their driving source (>5" and 10” in the 

case of the H i l l  and HII34 jets, respectively). This is consistent with models in which 

the knots are a ttr ibu ted  to internal working surfaces caused by temporal variations in 

1 lie outflow from the source.

IR emission from vibrationally excited II2 was first observed in Orion at peak 1 

(O M ('- l )  by Gautier et al. (1976) and in NGC7027 by Treffers et al. (1976). Measure

ments of the relative intensities of the lines in Orion showed tha t  the gas was thermally 

excited (Gaultier el al. 1976; Grasdalen and Joyce 1976; Beckwith et al. 1978) and ini

tial models based 011 shock excitation were developed (Iiollenbach and Shull 1977; kwan 

1977: London el al. 1977). These will be described in Chapter 2.2. Detailed observations 

of this region have continued, as technology has improved, since it is the brightest such 

region by an order of magnitude. Recent H2 observations in the massive outflows of 

1)1121 (Davis k  Smith 1996), Cepheus A (Hartiga.11 et al. 1996) and NGG2071 (Garden 

el al. 1990) have shown complex morphology including irregularly spaced knots of emis

sion within distinct lobes and apparent changes of outflow direction between different 

regions. This is perhaps indicative of the inliomogeneous, clumpy natu re  of molecular 

clouds themselves. Intriguingly. Richter et al. ( 1995a,b) measure shocked II., excited in 

the supernova remnant IC443 to have similar upper energy level populations to OM C-l
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(Brand cl al. 1989), suggesting a common underlying process may be present in each 

case. A more detailed comparison of these datasets with theory follows the description 

of shock modelling in Chapter 2.2 .

In s tar  forming regions, we have seen tha t  the dense molecular gas is subject to both 

outflows generating high temperatures and to intense ultraviolet radiation fields. Both 

of these processes occur with sufficiently high energy densities to emit at relatively short 

IR wavelengths, thus enabling observations to be made at the highest possible subarc- 

second spatial resolution, as necessary to resolve shock-plienomena. Initial theoretical 

predictions were of fluorescent II2 emission associated with the rotational-vibrational 

cascade following electronic excitation by UV photons (Black and Dalgarno 1976). The 

first IR measurements of H2 in Orion (Treffers et al. 1976; Gautier et al. 1976), how

ever, indicated a thermal origin and shocks travelling at velocities of tens of km s- 1 

produce the necessary high temperatures to tlrermalize dense gas at around 2000K. IR 

fluorescence of II, was not confirmed observationally until 1987 by Gatley et al. This is 

because the surface brightness of fluorescence in s tar forming regions tends to  be lower 

than  the corresponding shocked emission, although typically accounting for an order of 

magnitude more energy in total. I describe the theory of the excitation of H9 in more 

detail in Chapter 2.1. The structure of interstellar shocks depend on the ambient m ag

netic held strength, the ionization fraction, the shock velocity and the gas density, all 

of which change within the flow. Considering the non-linear interactions of the various 

coolants, ionization mechanisms and chemical reactions, computer modelling is essential. 

We analyse the theoretical structure of molecular shocks more fully in Chapter 2.2. The 

observational techniques employed to test such models are reviewed in C hapter 2.3.

1.5 Relation of Shock Observations To Theories of Star 

Formation

We have seen that protostellar outflows must represent an im portan t feedback process 

in 1 lie sell-regulation ol s tar formation and therefore s tar formation will affect the  sub

sequent evolution of the parent molecular clouds, which in turn  will affect further star
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formation. Outflows also serve as important diagnostics of their surroundings and en

able I he determination of basic physical properties, such as the mass, density and tem 

perature of the gas involved. In principle, these properties can be directly obtained 

from observations of a sufficient number of selected molecular spectral lines. In prac

tice such determinations are complex and require detailed knowledge of the excitation 

conditions, dumpiness and abundances of the emitting gas. CO observations trace high 

velocity molecular flows around young stellar objects tha t  are extremely massive ( 1- 

IQOiW. ) flows of cold (I0-90K), low-to-moderate density (300-3000cm- 3 ) molecular m a

terial (Lada 1985). Shocked Ii2 line emission probes the hottest ( T ~  103Iv) and most 

dense (~  103- , cm- 3 ) phenomena associated with protostellar outflow.

Mass outflow is directly implicated as the cause of high velocity molecular flows by 

the association of individual molecular flow sources with Herbig-Ifaro objects and water 

rnaser sources. Indirect but strong evidence linking high velocity molecular flows to an 

outflow process is the detection of vibrationally excited H2 in these regions. The fact 

that the brightest H2 emission is typically found at the outer edge of the bipolar CO How 

shows th a t  observation of H2 at the interface of outflow and ambient cloud represents the 

high energy range of the feedback process in s tar formation. The energetics of molecular 

outflows are a measure of the total, time-averaged energetics of early stellar mass ejec

tion activity. Molecular outflows therefore provide unique information concerning the 

importance of such outflow activity around recently formed stars. The frequency of oc

currence of high-velocity molecular outflows having short dynamical timescales of order 

10' years demonstrates that  this process is very commonly associated with low mass as 

well as high mass star formation. The magnitude of the energy involved in outflow will 

be related to the cessation of inflow and to the final mass of the resultant star.

An understanding of interstellar shock waves is crucial in determining the structure  

of the interstellar medium. Radiative shocks, of typical shock speed vs < 200km s_l , 

are particularly important to astronomers because virtually all the energy flux crossing 

1 lie shock front is converted into radiation th a t  is potentially observable. By causing 

I lie gas to radiate, interstellar shocks provide valuable diagnostics of both the physical 

conditions in the interstellar medium and the energy source th a t  produced the shock.

I he interstellar plasma through which such a shock passes is of a highly complex nature.
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depending on the degree of ionization, molecular abundances, the presence oi small dust 

grains and cosmic rays, and the magnetic field. This leads to a variety of possible 

geometrical and physical structures for interstellar shocks and makes their dissection a 

central problem in understanding interstellar physics.

I .5 .1  F o c u s  o f  P r e s e n t  R e s e a r c h

In the past two decades, observations and theory have combined to advance our un

derstanding of many phenomena associated with interstellar shocks, including particle 

acceleration, the structure and chemistry of shocks in molecular gas, the effect of ge

ometry on the spectra, of shocks associated with Herbig-Haro objects in outflows from 

young stellar objects, the heating and destruction of dust grains in shocks, the stability 

of shocks, maser emission and so on. The aim of this project is to be tter  understand 

the intrinsic physics of shocked outflows in starforming molecular clouds by detailed 

measurements of IR emission from excited molecular hydrogen and associated emission, 

c./j. high energy shocked [Fell] transitions. This project has become possible with the 

large increase in sensitivity and spatial resolution provided by the Cooled Grating Spec

trom eter (CGS4) with recently upgraded 256x256 array mounted on the UK Infrared 

Telescope (UKIRT).

On the basis of this, we have conducted a comprehensive study of shocked 1I2 emission 

lines in the K IR-baud in the brightest known source of its type, Orion, to test the physical 

basis of shock models. By observing both individual shocked emission line profiles a t  the 

highest available spectral and spatial resolution and employing long integration times 

to obtain higher signal-to-noise measurements of column densities of a range of shocked

II., emission lines, we have dissected individual bow shocks to constrain current shock 

models, including the faintest but crucial transitions from the higher upper energy levels 

( I j = 10.000 — 10. 000K ) where they diverge. Comparison between sources such as the 

bright but complex Orion OMC-1 region and observations of other fainter sources such as 

Ilerbig-Haro 7 will provide more accurate estimates of any possible small contributions 

from UY-excited fluorescence to the column densities at these energies. We investigate 

bow-shock models (Chapter 2 .2 ) by searching for expected changes in H9 line profiles
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and ratios with position in the bow and orientation of the bow on the sky, and the 

measurement of any small differences between bow-peak velocities and ambient cloud 

velocity for a given orientation.

We wish to determine how some H2 molecules survive the strongest shocks and how 

shock waves affect the evolution of molecular clouds. This requires a knowledge of the 

shock structure and is the focus of this work. Since the winds and explosions th a t  give rise 

to shocks are common features of protostellar evolution we assume they play a significant 

role in maintaining internal velocities in clouds and limiting the rate  of secondary s tar  

formation. By measuring the emission resulting from many different cases of strong 

molecular shocks it will be possible to reliably estimate the fraction of shock energy 

transm itted  to cloud turbulence and to build up a more accurate estimate of the stellar 

b irthrate  in molecular clouds and on galactic scales. Ultimately, the evolution of galaxies 

themselves depend on the star formation regulated exchange of m atte r  between stars, 

gas and dust th a t  we are investigating.



C h a p t e r  2

T h e o r y  a n d  O b s e rv a t io n a l  

T e c h n iq u e s

2.1 Excitation O f Molecular Hydrogen

In Chapter 1 we described the continuous exchange of m atte r  between stars and the 

interstellar medium via winds and explosions 011 the one hand and by gas then coalescing 

back into clouds and eventually undergoing gravitational collapse to form new stars 011 

the other. The state  of the clouds and the ra te  at which they evolve depend on heating 

and cooling of m atte r  composed almost entirely of H2 .

2 .1 .1  H 2 a n d  t h e  I n t e r s t e l l a r  M e d iu m

Molecular hydrogen was first observed in absorption in the ultraviolet (UV) using rocket 

observations by Carruthers (1970). Spitzer et al. (1973) then used the Copernicus satel

lite to determine the atomic to molecular fractions of clouds in front of bright stars. 

They showed th a t  the gas became molecular when the near UV extinction through the 

cloud exceeded an optical depth of unity. This supports the idea of molecular forma

tion as a phase transition. Indeed. II2 cannot form in its ground s ta te  radiatively but 

requires tha t  its formation be mediated by a third body. The surface catalyst for such

19
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a mechanism is believed to be interstellar dust grains which are uniformly mixed with 

the gas (Hollenbach and Salpeter 1970. 1971; Goodman 1978; Smoluchowski 1981; W at

son 1976). Molecule formation proceeds rapidly for grain tem peratures < 100K since, 

above this value, atoms evaporate from the grain surface before forming Ii2 (Hollen- 

bach and Salpeter 1971; Burke and Hollenbach 1980). Gas phase reactions are the  only 

source of 11,, when grains are not present. Formation of H2 during cloud collapse in the 

early Universe (Tegmark el ril. , in press) is thought to have proceeded via the following 

reactions:

l l+ e— —̂ 11 +  hu (Hutchins 1976) (2.1)

11 + e ~  — H” +  hu (Hutchins 1976) (2.2)

11” +  H — II2 +  e” (Ilirasawa 1969) (2.3)

H+ +  II — H% + hv  (Shapiro k  Kang 1987) (2.4)

l i t  +  H — H2 +  H+ (Karpas etui. 1979). (2.5)

Fqnations (2.2) and (2.3) are the preferred formation route at low densities. Other 

reactions, including three-body reactions, may form H2 in the gas phase (Black 1978) 

but their rates are much slower in low-temperature, low-density regions. The above II” 

reaction (2.3) may also play an im portant role in the formation of H2 in the interfaces 

between ionized and neutral gas (Black 1978).

The first UV absorption studies of H2 were necessarily investigating diffuse clouds of 

relatively low optical depth since the dense giant molecular clouds in which we are most 

Interested lie in the plane of the Galaxy and are too opa.que to allow enough UV radiation 

111rough for the satellite to detect. The molecular outflows in such dense clouds were 

first 1 raced by carbon monoxide (CO) emission (Kwan et al. 1976 and Zuckerman el al. 

19(6) which, although second to hydrogen H2 in abundance (by mass), is an asymmetric 

molecule which emits dipole radiation and as such is more easily observed than lb,
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. Having no permanent dipole moment, II2 emits only via faint electric quadrupole 

transitions (Section 2.1.2). However, the lack of spatial resolution of millimetre and 

radio telescopes, necessary to observe the dominant CO emission, allowed no further 

progress to Ire made until near IR observations were possible. Following the first infrared 

detection of H2 by Treffers et al. (1976) and Gautier (1976), the rapid development of 

infrared techniques including ever more efficient and many-pixelled arrays sensitive to 

radiation in the one to five micrometres wavebands (and increasingly now in the mid to 

far infrared) has now advanced the observational astronomy at these wavelengths to levels 

of sophistication previously only possible at optical wavelengths. Section 2.3 describes 

the techniques used for this work in more detail. We now turn  to the fundamental 

properties of H2 th a t  facilitate the investigations described in this thesis.

2 .1 .2  P r o p e r t i e s  o f  t h e  H 2 M o le c u le

The detailed quantum  mechanics of homonuclear molecules are described by llerzberg 

( 1950) and the notation used in the following overview of H2 is taken from Field et al. 

(1966). la the classical picture of a diatomic molecule, only the component of the  elec

tronic orbital angular momentum A about the internuclear axis, k, constitutes a. constant 

of the electron motion (Shu 1991). The other two components of electronic angular m o

mentum feel nonvanishing components of torque from the axisymmetric electric field of 

the two nuclei, which causes a precession of the vector angular momentum. W hen A 0, 

there exists an internal magnetic held induced by the orbital motion of the electrons. 

The interaction of the electron spin S with the magnetic held associated with A splits 

the energies of a given level into (25+ 1)  states.

The ground electronic s tate  of l l2 is denoted quantum  mechanically by A ^ E * ,  and 

excited states are labelled alphabetically, i.e. the ground s ta te  receives an A , then each 

excited s la te  is labelled B , C , D ,.. and so on while the lowest unbound sta te  is labelled 

h. The symbols (E, n ,  A) denote the total electron angular m om entum  such th a t  E = 0 . 

n =  l ,  A =2 in units of Planck's constant h. projected on k. The total spin angular 

momentum quantum number for the two electrons takes the values 5 = 0 .1 .  The left 

superscript of the  term symbol is 1 he value of (25+ 1) .  The subscripts fj or u and the
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superscripts +  or - (for S  states) refer to the symmetry of the electronic wavefunction 

as follows. A plane through k in a diatomic molecule must be a plane of symmetry. For 

a S  sta te , the electronic eigenfunction remains unchanged ( +  ) or changes sign (-) when 

reflected about k. Similarly, if the two nuclei in the molecule have the same charge the 

field in which the electrons move has a centre of symmetry. The electronic eigenfunctions 

will change (u) or remain unchanged (g ) when reflected about this plane of symmetry.

Hence, the ground state  of H2 has 110 component of electronic angular m o

mentum along k, has symmetric electronic wavefunction to a reflection in the  plane 

through the centre of symmetry perpendicular to the axis, and has zero electronic spin 

(thus 25 + 1  =  1). This is the normal s ta te  for the molecule in the interstellar medium. 

The first allowed transitions out of this s ta te  are to the sta te  at 11.2eV (the

Lyman bands, E/k~130,000K) and to the C 1Tlu s tate  at 12.3eV (the Werner bands, 

E /k~143,000K ) above the ground state. These transitions can occur due to absorption 

of UV photons of wavelength A < 1120A for the Lyman bands and A <  1120A for the 

Werner bands.

O rtho  and Para  form s

The electronic states are split by vibration and rotation of the nuclei. Collisions between 

molecules can populate the vibrational and rotational levels of the ground electronic 

sta te , as happens behind a shock front. The statistical weight of a given level depends 

on the rotational quantum  number .J and the nuclear spin I  and is (2 J + l  ) ( 2 / + l ). H2 is 

a homonuclea.r species having nuclei which are identical fermions so the overall wavefunc

tion of the s ta te  must be antisymmetric to an exchange of nucleons. Therefore Pauli’s 

exclusion principle places additional restrictions on the states th a t  the system can occupy 

and 11n' transitions tha t  it may undergo. For even values of J  the ro tational wavefunction 

is symmetric and hence the nuclear spin wavefunction must be antisymmetric, requiring 

/=(). These are known as “para states (antiparallel nuclear spins). Conversely, for odd 

./. / = ! and the states are "ortho" states (parallel nuclear spins).

For a gas in thermodynamic equilibrium at high temperatures, the ortho form will 

have an abundance iliree times as great as the para form. Hence, the existence of
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nuclear spin is of fundamental importance for the statistics of the H2 molecule, although 

the energy splits so introduced are very small. Radiative transitions between the two 

forms are forbidden and so under astrophysical conditions one may expect to observe 

differing ratios of the two species between one region and another, depending on initial 

formation conditions and local history. At low tem peratures, for example, collisions with 

protons provide a. mechanism for ortho-para. ( J  =  0 1) conversion.

S elec t ion  R u les  for E lectron ic  D ip o le  and Q uadropo le  T ransitions

The electronic dipole transitions of a diatomic molecule satisfy the selection rules: A A =0, 

±  I while AS=0; g states combine only with u states and vice versa; and S + states cannot 

combine with S -  states (Field et al. 1966). The A,5' rule forbids dipole transitions 

between different vibrational and rotational levels for I i2 in its ground electronic s ta te  as 

found in molecular clouds. However, electric quadropole transitions between levels may 

occur, albeit with much lower probabilities, according to the selection rules

A./ =  0, ± 2  (2.6)

with .7=0-0 transitions forbidden. There is no strict selection rule on changes in the  vi

brational quantum  number, v, due to anliarmonicity in the electronic potential function. 

Thus, Ii2 cannot photodissociate via —v which protects the  molecule and

makes it more stable than  it might otherwise be. However, collisional dissociation can 

occur by this route given an adequate supply of hot electrons from a shock, for example. 

Figure 2.1 shows a partial energy level diagram for the H2 molecule. The levels are dis

played in tem perature  units, in order to show directly the high tem peratures required for 

1 hernial population of the vibrationally excited states. The notation is th a t  the  change in 

vibrational number is written first (e.g. 1-0) and the rotational change second. The last 

number (in brackets) indicates the final rotational level occupied, such th a t  S  denotes a 

change of A./ = - 2 .  (J of 0 and 0  of +2. Hence S ( l)  means J  goes from 3 to  1. The 

lowest rotationally radiating state  of hydrogen is at 510K, hence the need for energetic 

phenomena in order for it to Ire observed in emission.



Chapter 2: Theory and Observational Techniques 21

Vlbraifonal number

Figure 2.1: Energy level diagram for the ground electronic state of the hydrogen molecule from 

Burton (1992). Vibrational number (from t>=0 to 14) increases along the x-axis and rotational 

number increases vertically from .7 =  0 within each vibrational level. The energy level is given in 

degrees Kelvin (1 K =  1.4cm- 1 ). The vibrational continuum (v > 14) is at an energy of ~  52, 000K 

above the ground state. Examples of commonly observed quadrupole transitions are indicated.
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The energy of each level can be written as an expression in quantum  numbers called

a, “term value” (Huber and Herzberg 1979)

T (v ,  J )  =  Te +  u e(v +  - )  — u>ex e(v +  - ) 2 +  u)£ye(v + - ) 3 +  ... (2-7)

+ B VJ ( J  +  1) -  D VJ \ J  +  i )2 +  H vJ 3{J + l )3 +  ...

where Te is the electronic energy corresponding to the minimum in the potential curve 

and uje , x e, ye, B v, D v, I Iv are constants. Accurate energy levels for v < 4 and J  < 30 

were calculated by Dabrowski and Herzberg (1984). Transitions with A v  = ± 1  have 

energies ~  6000K and occur near 2¡im. The (0-0) rotational lines fall between 3/i77? 

and 28pm , the wavelength of the 0-0 S(0) line. The most commonly observed line, due 

to its relative brightness and ease of observation, is the 1-0 S( 1) line a t 2.1218 //m. 

The ( v , J )  =  (0,2) level is at 512K above the ground s ta te  and is the first level from 

which a transition is allowed (the 0-0 S(0) line). Thus, in the typical cold, quiescent

molecular cloud the molecules will all be in the J = 0 or 1 levels and do not emit line

radiation. Lines are only emitted after the molecule has been subjected to an energetic 

event. There are 14 vibrational levels in the ground electronic s ta te  with the vibrational 

continuum (v > 14) at 4.48 eV ( ~  5 2 ,OOOK) above the ground level. This is the energy 

required to dissociate the molecule. As ll9 is the lightest molecule it has a  relatively 

low moment of inertia resulting in a wide spacing of the excited states in energy and 

1 herefore in emitted wavelength. Most lines can thus be identified individually with 

medium resolution near-ill  spectroscopes (see Section 2.3).

Transition probabilities for radiative decay have been calculated by Turner el ul.

(1977) and Abgra.ll & Roueff (1989). Decay rates are typically of order 10_ ' s _ l , and so 

1 he cooling time for hot molecular hydrogen is about one year. Consequently, observed 1I2 

radiation traces the current location of a very recent exciting event which is responsible 

for transfer of energy to the molecule. Rate coefficients for the collisional excitation 

and dissociation of the molecule are poorly known ancl a m ajor obstacle in modelling 

emission spectra. Three sets of commonly used rate  coefficients are to be found in Shull 

and Hollenbach (1978), Shull and Beckwith (1982) and Draine, Roberge and Dalgarno 

(1983).
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2 .1 .3  H j  E x c i t a t i o n

We now describe the excitation of I i2 as a diagnostic of physical conditions in the inter

stellar medium. There are several mechanisms which fall into two different categories: 

thermal and non-thermal excitation.

T h er m a l  (C ollis ional)  E xc ita t ion

II.; can be collisionally excited by hot gas behind a shock front. The molecules are heated 

to a. few thousand degrees and radiate near-IR lines with a cooling time of about 1 year. 

The emission lines therefore trace the location of shock waves associated with supersonic 

gas flow. The kinetic energy of the flow is converted into therm al energy and then 

radiated away as line emission. The spectrum and dynamical range of the resultant l i 2 

line emission varies according to  the structure of the shock which excited it (Section 2.2). 

This is the main subject of this thesis and the derivation of I i2 column densities from 

observed line intensities is discussed in Section 2.2.3. H2 s tarts  to radiate  significantly 

when the tem perature  has dropped below ~4000K. Above this tem pera ture  dissociation 

of the molecules provides the dominant cooling mechanism. I i2 line cooling ceases at 

tem peratures below 510K as excited levels are no longer significantly populated.

N o n -T h e rm a l  E xc ita t ion  and P h o to d isso c ia t io n  regions ( P D R s )

In addition to collisional excitation, the II2 molecule can also be excited by UV excitation 

of an electronic level which then cascades down through the v ib ra tional/ro ta tional levels 

lo 1 he ground electronic state. Roughly 11% of such transitions result in a dissociation of 

the molecule. The destruction of H2 is therefore a two-step process in which an allowed 

photoabsorption from the ground electronic s ta te  to a discrete excited level (usually the 

by man or Werner bands, B ] or C1IU) is followed by a radiative decay to the unstable 

vibrational continuum of the ground electronic state. The remaining 89% of the cases 

lead to fluorescent radiation as the excited molecule cascades down through the bound 

vibrational states of the ground electronic state. The destruction of H2 is balanced by 

II2 molecule formation on the surfaces of dust grains leading to an assumed statistical
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equilibrium. Since the first step involves a number of discrete bound-bound transitions, 

the molecule can protect itself against complete destruction by self-shielding. Molecules 

near t he surface of a large cloud can continually dissociate and reform on grain surfaces 

using up the energetic line photons tha t  would otherwise penetrate  to the interior to 

destroy If., (Hollenbach and Salpeter (1971).

Photodissociation regions are hence located at the interface between a hot s tar  {e.g. 

massive OB stars) and a parent molecular cloud surface. Since the first observational 

confirmation of 1R fluorescent emission from PDR.s (Gatley et al. 1987), the approximate 

properties of PUR models have been confirmed (e.g. Chrysostomou et al. 1992). In 

the Orion outflow, fluorescent emission accounts for more than  an order of m agnitude 

more energy than  shocked emission and this has been found to be typical in other star- 

forming regions. The main complication lies in the importance of self-shielding of the 

UV flux by II2 (and further in by CO), and the complex competition between the various 

heating processes (e.g. Burton et al. 1990). Of particular interest here is the m agnitude 

of the probable contribution of such fluorescence to total line intensities of shocked 

II2 in molecular outflows. Possible mechanisms by which such additional fluorescent 

contributions might become significant in a. shocked region are described in C hapter  4.

To distinguish PDR emission from other mechanisms, initial work simply compared 

t he ratio of the 2-1 S( 1 )/1 -0 S( 1 ) lines which is significantly higher in a PDR compared 

to shocked sources. However, the interpretation of fluorescent H2 emission is complicated 

by the need to consider two processes, radiative excitation of the II, by far-UV, and its 

collisional de-excitation by H atoms (Burton 1992). In pure radiative fluorescence, as 

first investigated by Black and Dalgarno (1976) and in more detail by Black and van 

Dishoeck (1987), the molecules fluorescently emit near-IR photons as excited electrons 

cascade down the viIrrational-rotational ladder, with a timescale of 1 year per decay, to 

the ground state. The 1-0 S( l ) /2 - l  S ( l)  line ratio is 1.7. If n  > 105cm- 3 , however, the 

ratio becomes density-dependent and can approach the shocked value of 10. as collisional 

de-excitation by II atoms can proceed faster than  radiative decay, with much of the 

vibrational-rotational energy transformed into heat. The spectrum is therefore modified 

as population of the levels approaches local thermodynamic equilibrium (L IE ) .  In the 

absence oi other indicators that  might favour fluorescence over shocks, this ratio cannot
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Figure 2.2: I'lie run of model 1I2 column densities (divided by statistical weights) with upper 

energy level for a PD R  and shock assuming an ortho to para ratio of 3 and the physical conditions 

shown (from Burton 1992). For the PDR each vibrational series is labelled, and within each series 

the rotational levels increase from ./ =  0 (except for v = 0 where they start with ./ =  2). In the 

shock the levels are thermalised. as is the case for the lower levels in the PDR. The higher levels 

ol the PDR (v >  2) show the characteristic fluorescent distribution.
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simply be used to discriminate between these two excitation mechanisms.

Figure 2.2 illustrates the differences in the resultant H2 column densities between 

model calculations (Sternberg and Dalgarno 1989; Burton et al. 1992) lor purely shocked 

and fluorescent emission over a range of upper energy levels. A therm al distribution of 

energy levels is seen in the shock and the vibrational series cannot be distinguished in 

t lie diagram. In the PDR, however, just the v =  1 series is merged with the v =  0 series, 

where collisions have thermalised their populations. Higher vibrational levels (v  >  2) 

still retain their fluorescent distribution, having populations considerably greater than 

the thermal values. The density dependence of PDR. line ratios above n > 10Jcm ~3 for 

a fixed 1JV flux is illustrated in Figure 2.3 and hence the need to measure lines resulting 

from v > 3 levels in order to distinguish between excitation mechanism.

Models of excited I i2 line emission have neglected the unknown contributions of II2 

formation. Duley and Williams (1986) modelled the formation of H2 on the surfaces of 

amorphous silicate dust grains with about 2eV of energy, placing them in an excited 

s ta te  with v =  I and leading to a kinetic energy of ~  0.2eV after ejection from the dust 

surface. The model predicts an overpopulation of the v =  0 and 1 levels with ./ <  6 after 

collisional relaxation which might be distinguished observationally.

An alternative non-thermal process is excitation by impact of energetic photoelec- 

trons produced by the absorption of X-rays. The emission from high vibrational levels is 

similar to UV pumping, while emission from v = 1 and 2 levels in a gas of low fractional 

ionization is dominated by direct electron impact excitation. Lepp and McCray (1983) 

modelled this emission and showed th a t  ~  20% of the absorbed X-ray luminosity can be 

reradiated in 0-0 and 1-0 vibrational lines due to excitation by thermal collisions with 

X-ray heated gas. They predict a consequent 1-0/2-1 S(1) line ratio ~  45. More recently, 

Credel and Dalgarno (1995) calculate an intensity ratio of the 1-0 S( 1 ) / 2 -1 S( 1) of ~  16.7 

in a gas of low fractional ionization and ~  1.8.5 in a gas of high fractional ionization. 

Such a mechanism has yet to be detected observationally but may be expected to be

come significant for H2 line emission from quasars, Seyfert galaxies and BL Lac objects. 

I ho X-ray pumping mechanism differs from the UV pumping mechanism in th a t  elec

tronic states in addition to the and C' 1I I s t a t e s  are populated, and excitations
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Figure 2.3: Plots of' model PDR II2 column densities (divided by statistical weights) against 

energy level (from Burton et al. 1990) for a range of densities from n = 103 — 10'cm - 3 , assuming 

an ortho to para ratio of 3 and a fixed UY flux of G 0 =  105 times the value of the ambient 

interstellar radiation field (ISRF) as measured by Habing (1968).
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in tlie ground s ta te  occur by direct impact excitation as the electrons lose energy. In 

a sufficently dense gas, of course, the H2 spectrum alone cannot distinguish between a 

shock-heated gas and an X-ray heated gas, because of the thermalization by collisions. 

But. in dilute gas in which collision processes do not modify the level populations before 

they decay radiatively, the above conclusions should hold.

S u m m a ry

JI2 is the best diagnostic of shocked molecular outflows because

1. The vibration-rotation splitting of the ground electronic s ta te  of 1I2 are widely 

spaced in energy and the rather uniform population of the energy levels gives many 

lines at a large range of energy in the near- and mid-IR part of the spectrum, where 

extinction becomes low enough to permit examination of the cloud-embedded pro

cesses.

2. The homopolar H2 molecule emits electric quadrupole radiation with such a small 

oscillator strength tha t  self-absorption is negligible - allowing accurate determ ina

tion of column densities.

3. The radiator is the dominant constituent of molecular clouds and hence the diag

nostic carries most of the mass and momentum.

2.2 Physics of Molecular Shocks

A shock wave forms when mass is injected into the interstellar medium at a velocity ,v , 

that exceeds the velocity of propagation of signals in the medium (e.g. Spitzer 1979). 

Therefore the Mach number of the shock (M ) ,  which is the ratio of v to the signal 

velocity, is greater than  f. The gas ahead of the shock is unaware of its approach and 

is "surprised” , although energetic particles or radiation from the shock may provide 

an early warning. Upon impact by the shock wave, in the simplest case of a  single 

lion-magnetised hydrodynamical fluid, a discontinuous jum p in the density, pressure.
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tem perature  and velocity of the gas occurs. The conditions behind the shock front are 

related to those ahead by a set of algebraic relations expressing the conservation ol mass, 

momentum and energy.

Dynamical equations in which the gas is treated  as a noil-magnetised single fluid are 

formulated with tem perature T ,  density p and velocity v (perpendicular to the shock 

plane) in a frame fixed relative to the shock structure. If subscript ‘O' refers to properties 

ahead of the shock, vs is the speed of the upstream gas relative to  the shock and the 

rate of energy loss per unit volume of the hot gas behind the shock is L, the equations 

of conservation of mass, momentum and energy are as follows ( e.g. Landau and Lifsliitz 

1959a):

pv = P 0vs

P  + p V2 = P oK  (2-9)

d 1 L
* ( £ ^ + 2  ” ) = “  (2 -10)

These are the Rcmkine-Hugoniot conditions for a strong shock (M  >• 1) in which the 

pressure behind the shock is about equal to the ram pressure, P  ~  pQv 2, and is almost 

independent of the initial pressure (P0 can be neglected). Additional magnetic pressure 

terms ( B 2/2 g 0) are incorporated into the momentum and energy conservation equations 

lor a single magnetised fluid in which all components (including atoms, ions and elec- 

1,rons) can be approximated as having a common flow velocity, although the magnetic 

pressure becomes negligible in a very strong shock and the hydromagnetic jum p condi- 

i ions reduce to the gas dynamic ones (Hollenbach & McKee 1979). w k is the enthalpy 

per species k (He, H and H2 are relevant here). In the case of the  non-magnetised fluid, 

it ran be shown th a t  the bulk energy is negligible compared to the enthalpy of the molec

ular gas (Burton el ul. 1988) and the v term disappears. The velocity of the shocked 

gas measured relative to the unshocked gas is comparable to but slightly smaller than 

the shock velocity vs . If the shock is weak [M  ~  1), as in the case of a sonic boom, then 

the gas is almost unchanged across the shock front.
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1 lie density and tem perature  of the shocked gas depend on the natu re  ol the  shock. 

In the simple case of all species of particles in the gas having a common velocity and 

kinelic tem perature then the density in a strong molecular shock increases by a. factor 

of (j (McKee & Ilollenbach 1980). since

e± = i ± l  (2 . i i )
Po 7 ~ *

where the assumed adiabatic exponent is 7 = 7/ 5 for a diatomic molecule. The associated 

tem perature  increases to

I rr ^ 7  -  H 2 5 2 ,.) | .) \
^ = ¡ 7 7 "  =  ^ .  o m

so th a t  the sound speed in the shocked gas is comparable to the shock velocity (McKee 

fc Draine 1991). Here k is Boltzmann’s constant, p  is the mean mass per particle and 

the subscript eq indicates tha t  all the different species - electrons, ions and neutrals - 

are in equipartition (they have the same tem perature). If, on the other hand, the shock 

occurs in a multifluid plasma such as a weakly ionized plasma (section 2 .2 .2 ) then the 

tem perature  and velocity vary from one species to another and radiative losses in the 

shock front may be important.

2 .2 .1  O v e r v ie w  o f  S h o c k - s t r u c t u r e

A strong, single fluid interstellar shock is envisaged to comprise four regions (Burton el ul. 

1986), as shown in Figure 2.1. which may or may not be distinct: (a) the pre-shock zone , 

which may be irradiated by a UV-precursor and /o r  heated by the effect of a magnetic 

precursor; (b) the shock front, a relatively thin region in which elastic collisions excite the 

l ranslational degrees of freedom of the gas. heating it up and increasing the density and 

entropy as 1 he relative kinetic energy of shocked and unsliocked gas is dissipated; (c) a 

region in which the rotational and vibrational states of the molecular species are excited 

by inelastic collisions; and (d) the post-shock relaxation layer in which the gas radiatively 

cools with corresponding changes in chemical s ta te  and increase in density. If the age of 

the shock exceeds the time for electrons to undergo radiative collisions then this region
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Figure ‘2.4: Schematic structure of a. strong, single-fluid shock wave (Draine & McKee 1993) in 

terms of temperature T, density n,  and velocity v relative to the shock front.

will be im portant and a final thermalisation zone may result in which radiation from the 

post-shock relaxation layer is absorbed and then reradiated.

2 .2 .2  S h o c k  T y p e  an d  t h e  I n f lu e n c e  o f  t h e  M a g n e t i c  F ie ld

In dense clouds of hydrogen density, nH ~  1()2 to 106cm- 3 , most of the  mass is in 

the form of f l2 and fractional ionizations range from 10~4 to 10~8. Although the ions 

and electrons contribute only a small fraction of the mass and pressure, the p lasm a is 

dynamically im portant as it is directly coupled to the magnetic field. When the fractional 

ionization is low. the neutral-ion collision rate  is small and the coupling between ions 

and neutrals becomes weak enough to trea t the ions and neutrals as two distinct but
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I A
n

C-shock

Figure 2.5: Characteristic structure of a planar J shock (top) and C shock (bottom) from Burton 

(1992). Distance increases along the r-axis, from pre-shock to post-shock, with the y-axis showing 

the variation in three physical parameters: temperature T  (thick line), density n (dotted line 

and flow velocity V (dashed line) in the ambient gas rest frame. For the C shock, both the ion 

velocity (Vi) and the neutral velocity (V„) are shown, illustrating the relative drift which causes 

drag heating of the gas over a distance much greater than the mean free path of the gas for which 

.1 shock transitions occur. To the right of each is shown the corresponding H? velocity profile, 

significantly broader in the case of a C shock.

interpenetrating fluids (Draine 1980). If the differential acceleration of the ions and 

neutrals, referred to as ion-neutral slip, significantly heats and accelerates the neutral 

fluid then the neutral fluid can be brought to its downstream accelerated and compressed 

sta te  without the need for a hydrodynamic jump. These are C (or continuous) shocks. 

Fnlike Alfven waves however, there is an irreversible change in neutral entropy due to the 

randomizing collisions causing the friction (related to the molecular viscosity). Hence, 

in addition to single-fluid hydrodynamic J (or jump) shocks, full m agnetohydrodynamic 

(MHD) modelling of two-fluid shock waves in predominantly neutral gas (Draine 1993) 

is necessary and makes im portant predictions which may be tested observationally.

1. J-type shocks

J-type shocks are distinguished by a discontinuous jum p  in the neutral hydrody

namic variables (velocity, density, tem perature) within a thickness of one molecular
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mean free path  as a result of particle-particle collisions in which bulk energy is con

verted to  therm al energy. In a single-fluid model, gas more than  a. few mean free 

paths ahead of the jum p is essentially undisturbed from the pre-shock s ta te  and 

the cooling rate  is determined only by the local constitution of the  gas ( the cooling 

function). In the case of a two-fluid model, the region ahead of the jum p is referred 

to as a magnetic precursor. The low-ionization preshock gas may be heated slowly 

enough th a t  the molecular material can survive and radiate until arriving at the 

jum p, at which point H2 is dissociated.

2 . ( ’-type shocks

A continuous C-type shock results if the magnetic field is so strong, and the  frac

tional ionization sufficiently small, tha t  there is no jum p transition (Figure 2.5). 

The hydrodynamic variables vary smoothly from pre-shock to post-shock values in 

an irreversible change (entropy increases) as ion-neutral collisions dissipate energy 

in a drag region which is long compared with the cooling length. As the shock 

transition and radiative cooling zone coincide, H2 can be accelerated to high veloc

ities without being dissociated since the fluids are at far lower tem peratures than  

in the case of a J shock. However, if the heating by ion-neutral collisions raises 

the neutral gas tem perature, and therefore the sound speed, enough th a t  the neu

tral flow (which was initially supersonic) becomes subsonic then either a neutral .1 

shock with magnetic precursor results (see above) or, under some circumstances, 

the  neutral fluid can make the supersonic—¡-subsonic transition smoothly. Such 

shocks are labelled as (J* type (ChernofF 1987, Roberge & Draine 1990).

(' shocks have a significantly different tem perature  profile to J shocks. I i2 excited by a 

( ’ shock may therefore be approximated as a slab at approximately the peak tem pera tu re , 

and with a range of velocities which, like the peak tem perature  itself, is shock velocity 

dependent. C shocks are therefore less likely to destroy the molecules but will still do 

so above a maximum shock speed of vs >-10k m s_1 in typical molecular cloud conditions 

(Draine d  al. 1983). Figure 2.6 illustrates the density and velocity bounds within which 

these different shock types are expected to occur. Clearly, interstellar shocks depend on 

the ambient magnetic field strength, the ionization fraction, the shock velocity and the
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Figure 2.6: Location of different shock types on the vs — n0 plane from McKee & Draine (1991). 

The line labelled radiative/nonradiative separates radiative and nonradiative shocks (for shocks 

assumed to be driven by a 1044J supernova explosion). The line labelled preionized encloses 

the conditions under which the radiation emitted by the shock wave is able to preionize initially 

neutral preshock gas. Strong two-fluid shocks are possible only if the gas is primarily molecular, 

which typically requires densities well in excess of 10cm- 3 ; in atomic gas, strong shocks are .) 

type. The approximate locations of the Cygnus Loop and Tycho supernova remnants, the H2 

line-emitting region in OMC-1 and the ITT) niasers in star forming regions are shown.

gas density, all of which change within the flow. Considering the non-linear interactions of 

1 he various coolants, ionization mechanisms and chemical reactions, computer modelling 

is essential.
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2 .2 .3  H 2 L in e  E m is s io n  

P red ic t io n s  For a P lanar  J Shock

Il.; is shocked to a. tem perature which reaches its highest value just behind the hydrody

namic jump, and then rapidly cools to its final value. The cooling rate  is set by the local 

constitution of the gas (the cooling function X(T)), and the final tem pera ture  is negligi

bly small compared to the tem peratures required to excite I i2 ■ It is assumed th a t  the 

vibrational and rotational levels of fl2 are in local thermodynamic equilibrium as long as 

the following requirements are met. Firstly, the density is high enough (>  106cm- 3 ) tha t  

many downward collisions take place per radiative transition from the levels occupied 

by the majority  of the gas molecules just behind the shock. Secondly, the cooling ra te  

must be slower than  the collision rate.

To derive column densities (N -) of the upper level of the H2 transition (directly related 

to emission line intensities), one applies the Rankine-Hugoniot conditions (equations 

2.5-2.7) to the jum p and then applies theoretical estimates of the cooling rates by line 

emission and dissociation (e.g. Burton 1986; Roberge and Dalgarno 1982) to the post- 

shock cooling zone. The densities are normalised by division of the statistical weights 

((]■) of energy-levels k T ■ to yield an equation of the form (Burton et al. 1988):

where Q (T )  is the partition function for 1I2 and the expression is integrated with respect 

lo the enthalpy per species w. The partition function is the sum of all possible s lates i

(2.13)

in a Boltzmann equilibrium given by E'!kT. For II2 , with an 112 ortho ipara  ratio

of 3:1. Q (T )  can be approximated by

(2 . 11)

where T r ~6000K is the vibrational level interval of the lowest levels of II2 and T u = 39 .5I\ 

(Landau «k Lifshitz 1959b). Equation (2.13) can be simplified further by substitu ting for
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Q (T )  and letting Tmax — oo to give

(2.15)

where .5 is the exponent of an assumed power law for cooling L = Lf^T^ (Ilollenbaoh &

McKee 1979).

Hence, each 111 1I2 line will be significantly excited only above a tem pera tu re  which 

is proportional to the upper energy level of the line. Once this criterion is met, however, 

the column density depends on n0vs and molecular properties and not on tem perature , 

shock speed or density independently except th a t  n0 must be high enough to m aintain 

local thermodynamic equilibrium. The relationship between column density and 11., 

upper energy level is therefore a map of the cooling function of the gas. The effects 

of dissociational cooling are proportional to n 2 = n ( f iT ) /T ,  and with n'T proportional 

to pressure behind the shock and assumed constant, dissociation must have the same 

density dependence as H2 line cooling so tha t  it can readily be included in equation(2.13). 

Observed Ji2 shock speeds are thus confined to a narrow window, 10< v < 2 3 k m s_l 

(Kwan 1977). Below this range If2 is not sufficiently excited to significantly radiate. 

Above this range and the shock is so intense tha t  cooling is dominated by dissociation 

of H2 • A strong diagnostic result is tha t  J shocks dissociate H2 at significantly lower 

velocities than G shocks.

E x te n s io n  to  a P lanar  C Shock

In the simplest case, C shock modelling requires the extension of the conservation equa

tions to include a magnetic pressure term B 2/ ‘2p0 as the field is distorted perpendicular 

to the field lines generating Alfven waves (equation 1.8). Following Draine (1980), Clier- 

noff (1987)  and Smith et al. (1990)  it is useful to parameterize the flow through a (' 

shock by the shock velocity Vs and the Alfven Mach number defined by

(2.16)
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where '()' refers to preshock values, and ‘i’ and ‘n ’ refer to ions and neutrals respectively. 

The length scale over which ion drag accelerates the predominant neutral material is

I =  <m < +  , (2.17)
PoPnQPio(aV)VS

where o  is the ion /neu tra l  collision cross section. The ion and neutral velocities are scaled 

it- =  V j / V s , u n =  vn / V 3. Toth (1994) has recently performed numerical simulations tha t  

successfully reproduce steady state  C shocks.

If we now assume tha t  the flow is “cool'’, i.e. very supersonic (Smith e.t al. 1990), the 

equation of momentum conservation becomes

un = 1 -  ( u j 2 -  l ) / 2M \  (2.18)

which enables simple estimates of the amount of heating (proportional to (un — u-)2) 

and other quantities. The heating rate  will grow slowly and then die away giving the 

characteristic flat-topped C shock tem perature  profile, and so the emission of the  gas 

can be approximated by a uniform tem perature  zone in contrast to th a t  from a J shock. 

The distribution of column densities of 112 will also be velocity sensitive because the 

heating rate  due to friction increases as the shock velocity increases. We now compare 

shock models with observational data.

2 .2 .4  C o m p a r i s o n  to  O b s e r v a t io n s

The m ajority of detailed observational work has been done in Orion since it is the 

brightest region of shocked emission by an order of magnitude. Since the first detection 

by Gaultier cl al. (1976), technological progress has allowed the measurement of column 

densities resulting from a range of excitation energies at Orion Peak 1 (Brand el al. 1988; 

Burton el al. 1988). Figure 2.7 shows a plot of the ratios of observed, dereddened If, 

column densities at Peak 1 to those for a Boltzmann distribution at 2000K (normalised 

so that the 1 — 05(1) line ratio is unity) versus upper energy level. The solid line is 

the best-fit planar J shock model as fitted by Brand et al. (1988). The excess of hot 

gas above 2000K is seen by the rise at higher energy level. P lanar C shock models, by
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Upper energy level (K)

Figure 2.7: Ii2 line ratios in OMC-1 from Brand et al. (1988), plotted as column density ratio 

versus energy level, and labelled by transition. The observed column density is divided by the 

column expected for gas in LTE at 2000K and then normalised so that the intensity of the 1-0 

S( I) line is unity. The continuous line is a best fit planar J shock fit to the data which depends 

only on one free parameter, the driving pressure behind the shock. In contrast, planar C shock 

models predict a. relative deficit in column density at the highest upper energy levels.

contrast, predict a deficit. Any possible fluorescent contribution to the column densities 

at higher energies would introduce intrinsic scatter. At OMC-1 any such contribution is 

constrained to be relatively small, if present, by these observations.

This success in predicting II2 line ratios, however, poses severe theoretical problems. 

A .1-shock should only exist under these conditions if the magnetic field is unreasonably 

low ( II < JO/iG). or if the ionization fraction is unreasonably high (Burton 1992). We 

expect fields of order lm G , which must have an im portant effect on the dynamics and lie-
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0 (7 )+ S (1 3 )  /  ( 1 0 " 16 W m ~ a b e a m "1 )

Figure 2.8: The ratio of II2 0-0 S(13) to 1-0 0(7) intensity versus mean intensity in the region 

of OMC-1 from Brand et al. (1989a). The lack of variation with intensity in the map implies a 

lack of variation with position.

cessitates a, multi-fluid model. This model also assumes th a t  II2 is the dominant coolant 

but chemical studies indicate tha t  under certain circumstances cooling via H.,0 and Oil 

could significantly alter the emission spectrum (Draine & McKee 1993). Modelling of 

the shocked H2 emission in Orion must also explain a map over the brighter parts  of 

the outflow (Brand el al. 1989a) in which the ratio of two of the more highly excited 

lines, 0-0 S(13) [17.000K] to 1-0 0 (7 )  [8,300K], remains constant (figure 2.8) to  within 

the observational errors (~  10%). This would not seem unreasonable if planar J shocks 

were responsible as it would imply a constant cooling function.

The most im portant objection to .1 shock models lies in the large observed widths 

(~ l  lOkins-1 ) of shocked H2 velocity profiles at OMC-1 (Brand el al. 1989b). as shown 

in Figure 2.9. These huge widths are inexplicable for single planar shocks of any variety,
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LSR velocity ( km s 1 )

Figure 2.9: The velocity profile of the lU 1-0 S(l) line in a 5" aperture at OMC-1 from Brand 

el (d. (1989b).

since H2 dissociates above velocities of <24km s~ in J-shocks and < 60 k m s_1 in C-shocks 

given the constraints on physical conditions in Orion (Smith et cd. 1991b). This difficulty 

was tackled by the introduction of bow-shock models, implying more than  one shock front 

along a given line-of-sight.

2 .2 .5  B o w - s h o c k  M o d e ls

In order to reconcile the large observed velocity widths with the excitation spectrum 

of H2 observed at OMC-1, Smith and Brand (1990a,b,c) and Smith et al. (1991a,b) 

modelled fast C bow shocks. A dense knot of gas driven at high velocity into ambient 

molecular gas (or. conversely, a fast wind impacting a dense clump) creates a bow shock 

structure around the leading edge of the clump. Emission from each point along the bow 

is computed according to the appropriate component of shock velocity and magnetic 

field and then summed over the entire structure. It is expected th a t  I l2 is dissociated
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Figure 2.10: Plan view of a bow shock propagating through molecular gas from Fernandes (1993). 

A given line of sight through the bow shock will here intercept two oppositely directed shock 

fronts. The gas in each component will see an effective shock velocity that is proportional to the 

bow velocity and varies according to the angle subtended by the shock normal to the bow and 

direction of propagation of the bow (a ).

in the head of the bow and so emission is only observed further along the bow-structure 

( Figure 2 .10).

Smith et al. (1991b) went on to fit a bow C shock model to both I i2 line intensi

ties and velocity profiles at Orion Peak 1, but only by assuming a very high magnetic 

field and th a t  the beam size employed samples the full range of velocities and shock 

excitation conditions integrated over the entire bow surface. Now supported further by 

bow-shaped [R images of H2 emission in Herbig-Haro objects (Hartigan el al. 1989) and 

bow-shaped H2 wakes associated with the Fe “bullets” in Orion ( Allen K: Burton 1993)
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there are. however, serious concerns about the rigid requirements of the geometry and 

the abnormally high magnetic held required to fit bow C shock models a t  O M C -1. The 

bow shape is tightly constrained in addition to the requirement th a t  the entire bow must 

be in the entrance aperture of the spectrometer. Finally, the effects of any turbulent 

boundary layer (with unresolvable heating and subsequent cooling zones) created within 

such bow-structures are, as yet, little explored.

2 .2 .6  I n s t a b i l i t i e s

We now consider the  possibility th a t  the plane-parallel, steady-state conditions assumed 

above are unsuitable to describe the observed shocks. Wardle (1990; 1991a,b) pursued 

this possibility by investigating the dynamic stability of plane-parallel steady C type 

shock waves to a deformed magnetic field.

W ardle  Instab il ity

If a plane-parallel shock is crossed perpendicularly by a magnetic field such th a t  B || =  0 

and the fractional ionization is low enough tha t  the ion inertia and pressure may be 

neglected, the net force on the ions must be zero. The dominant forces on the ion-electron 

fluid are the magnetic force J  X B /c  =  —V B 2/ 8 k , where J  is the current density, and 

the drag force between the ions and neutrals, which is proportional to pnPj(vn — v-). If 

the straight magnetic held lines are now perturbed as illustrated in Figure 2.11, the drag 

force now has a component parallel to the magnetic field th a t  cannot be balanced by the 

J  x B  force. Ions will thus be accelerated along the held lines and accumulate in magnetic 

"valleys". As p i increases at these points, the corresponding drag force increases and the 

held lines are hence unstable to distortion. Wardle (1990) showed tha t  these shocks and 

also oblique shocks having Bn ^  0 (Wardle 1991b) are generally stable if the Alfvenic 

Macli number, M 4 = vs/ v A < 5. but are unstable to dynamic instability for M 4 > 5. 

The nonlinear development of such an instability has been determined by T o th  (1995) 

who confirms Wardle’s original linear analysis. However, the perturbation grows most 

rapidly for wavelengths approximately equal to the shock thickness and so. after (his
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Figure 2.11: Mechanism for the Warclle instability in two-fluid MHD shock waves, from Draine 

and McKee (1993).

instability has grown to saturation, the emission spectrum from the shock front may be 

quite different to  those computed for the unperturbed steady-fiow solution.

T h er m a l  Instab il ity

Draine fc McKee (1993) describe thermal instabilities in shocks due to radiative cooling. 

Thermal instability results when the cooling time of the gas decreases with decreasing 

tem perature  (Field 1965, B alb us 1986) and may only apply locally on a scale small 

enough th a t  the dynamics of the shock are unaffected. On larger scales, however, varia

tions in 1 he shock velocity can grow and increase the shock velocity over the steady state  

value, depending on the downstream boundary conditions imposed on the shock. Linear
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stability analysis and numerical simulations of magnetized plane-parallel shocks by Tot h 

fe Draine (1993) show tha t  the magnetic field is not strong enough to stabilize shocks in 

1 he high density gas we are studying here, should this instability be significant.

2.3 Near-Infrared Spectroscopic Instrumentation and O b

serving Techniques

In order to measure a range of shocked H., transitions at molecular shock fronts it is 

necessary to use near-ill  spectroscopy. The following section describes the observational 

techniques and instrumentation required, concentrating on the instrument of choice for 

this work: the near-ill  Cooled Grating Spectrometer CGS4 mounted on the United 

Kingdom Infrared Telescope (UKIRT) at M auna Kea (Hawaii). A detailed description 

of CGS4 is given in Mountain et al. (1990).

2 .3 .1  A t m o s p h e r i c  T r a n s m is s io n

The most im portant limitation on infrared observing is the absorption of light by a tm o

spheric gases, especially H20  and also C 0 2, CH4, N20 ,  CO, 0 3 and 0 2. IR Telescopes 

are therefore optimally situated at dry, cold sites. Isolated mountain tops are ideal since 

airflow is smooth and light pollution is low. The IR wavelength region is divided into a 

series of windows by m ajor absorption troughs at which atmospheric transmission falls 

(and may vary) dramatically. Of concern to us are the near-IR bands centred on the 

wavelength bands (A ) shown in Table 2 .1.

In this work we have concentrated on 1I2 emission within the K band. As can be 

seen in Figure 2.12, observed emission lines may coincide with atmospheric absorption 

features even within an atmospheric window. Furthermore, atmospheric transmission is 

temporally variable and so observations must be continually recalibrated using proce

dures described in section 2.3.1.
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Figure 2.12: Atmospheric transmission in the K band centred at 2.2pm
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Figure 2.13: IR background at Mauna Ivea including OH and thermal emission.

2 .3 .2  S k y  a n d  T e le s c o p e  B a c k g r o u n d  E m is s io n

The classical difficulty of IR astronom y is th a t  the background usually completely dom 

inates the signal being observed (Figure 2.13). Even at an optim um  location such as 

M auna Kea, the UKIRT background intensity at K is ~  12.5 m ag/arcsec2. To observe a 

20th  m agnitude object at K therefore implies a. sensitivity 1000 times greater th an  the 

sky emission and requires stable instrum entation. The background is also tem porally 

variable (on timescales of a few m inutes) and so the object and background m ust be mea

sured more frequently than  the variability timescale. There are two m ain com ponents 

lo the background emission:
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OH A irg low

These are narrow molecular transitions at A < 2.3/tm, generated by gravity waves in the 

upper atm osphere followed by radiative cascade. The emission is variable in in tensity  by 

up to  10% over a 10 m inute timescale and all the lines vary together.

T h erm a l E m iss ion

T herm al background due to both sky and telescope emission resulting in a grey body 

emission spectrum  (black body with fractional emissivity) a t A > '20pm .  The telescope 

contribution may be reduced by decreasing the emissivity of any warm surfaces (e.g. 

silver has an emissivity ~0.7%  whereas alum inium ~3% ). Division of observations by a 

standard  stellar spectrum  observed with the same instrum ental configuration includes 

all of these effects but, in practice, an exact cancellation of therm al absorption is not 

possible. This is because the sky contribution is tem porally variable due to  the difference 

in tem pera tu re  between parcels of atm osphere crossing a telescope beam a t varying 

altitude and velocity.

2 .3 .3  I n s t r u m e n t a t i o n  a n d  D e t e c t o r s

To reduce the infrared background the optics and detector of CGS4 are cooled with liquid 

nitrogen to  ~  77K. IR. arrays consist of a hybrid of a num ber of com ponents including a 

silicon m ultiplexer to readout electronic levels and InSb or HgCdTe detector m aterials 

joined by columns of indium by bum p bonding. The fundam ental difference to  optical 

detectors is the m ethod of readout because IR. detectors are readout directly whereas 

optical detectors use charged couple device chips (CCD s), which readout via charge 

transfer. CGS4 has a 256x256 InSb array which can be used in single or m ultiple non

destructive readout modes (see below). There is a built-in calibration unit containing a 

blackbody source for flat-fielding and several arc lamps used for wavelength calibration 

(M ountain et ul. 1990). The spectrom eter includes 75 and 150 lines per mm gratings 

and a high resolution echelle grating giving resolving powers in the range 150 to  40,000 

depending on grating and cam era focal length configuration. The resultant slit subtends
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approxim ately 1 " by 90" on the sky and an individual pixel subtends ~ 1 .2 "  x l .2 "  on 

the sky for the 75 and 150 lines/m m  gratings and roughly 0.9" x l . 6 " for the echelle.

N o n -D e s tr u c t iv e  R ea d o u t  ( N D R )

This technique allows the m easurem ent of accum ulated signal on individual pixels w ith

out affecting the  signal level. Each pixel well is gradually ‘filled u p ’ as incident photons 

are converted to  electron-hole pairs. Each m easurem ent has an associated read noise 

uncertainty associated with it. By taking n m easurem ents, uniformly spaced in tim e, 

and fitting a simple slope to these independent m easurem ents (error crrd), the  effective 

noise (crndr) may be significantly reduced such th a t for large n:

For example, a 60e read noise with the current 256x256 CGS4 array is reduced to  12e 

with 300 non-destructive reads.

2 .3 .4  O b s e r v a t io n a l  T e c h n iq u e s  a n d  D a t a  R e d u c t i o n

For a single exposure of a patch of sky (a fram e), the m easured signal comprises several 

components:

• Bias: this is a DC level on which the signal is in tegrated  (defining the bo ttom  

of a potential well). This bias is autom atically removed using the NDR. m ethod 

described above.

• Dark current (and instrum ental background): this is a signal which in tegrates over 

tim e and would be m easured even if the detector were completely shielded from 

outside radiation. For broad-band observations the dark current is generally much 

lower than the detected signal.

• Sky (and telescope) background: this is reasonably uniform across the array.

• Astronom ical signal. x.~—



Chapter 2: Theory and Observational Techniques

• Pixel-to-pixel gain variation: different pixels m easure a different signal even for 

uniform illum ination and so all of the detected signal (sky background and object 

signal) are subject to a, pixel-to-pixel gain variation which is wavelength dependent.

• Non-linear detector response: a t the few % level, a. constant intensity  does nol 

produce a linear increase in detected signal with current near-IR  detectors.

The following section describes the basic procedures involved in d a ta  reduction for 

the long-slit near-infrared spectrom eter CGS4 on the United Kingdom Infrared Telescope 

(UKIRT), as used for the work presented in this thesis. A more detailed account of the 

dedicated CGS4 d a ta  reduction software is given in Puxley et al. (1992).

D a ta  R e d u ct io n

Every frame read (a reading of the charge accum ulated in each pixel of the  detector array) 

includes a background signal due to the electronics of the instrum ent and chip. This 

signal is known as the dark current and increases with tim e. It is necessary to  remove 

this signal from every frame. The dark signal is m easured by closing the instrum ent 

shu tte r, so th a t no photons fall onto the chip, and reading the array for the same length 

of tim e as will be used for the object exposures.

Next, the frames read m ust be fiatfielded which involves removing the pixel-to-pixel 

variations th a t are intrinsic to  the particular array and filter configuration in use. A 

flatfiekl is produced by exposing the chip to a uniform (flat) source of rad iation . In 

CGS-I an internal blackbody source is observed which uniformly fills the slit via an 

integrating sphere. The bias (see above) and dark current is removed from this fram e 

and t he resultant image (normalised by a blackbody function) is the intrinsic pixel-to- 

pixel gain variations of the array as a function of wavelength. This Hatfield is removed 

from each subsequent object, sky and arc lamp observation by dividing thus:

ob ject — (dark +  bias)

Bad pixels due to "hot" pixels on the array or cosmic ray events m ust also be removed. 

A bad pixel m ask is created by plotting a histogram  of the errors in the pixel values for a
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relatively short exposure (a few seconds) of the dark current. Points which lie outside the 

range by 3cr or greater are flagged as bad. The resultant bad pixel m ask is a m ap of the 

pixels to  be ignored during subsequent reduction. In practice, the detector chip is also 

transla ted  in the dispersion direction during an observation in order th a t spectral lines 

are sampled in sufficient detail and to com pensate for bad pixels by in terpolation. For 

example. 3 integrations a t positions spread over 2 pixels provides a comprom ise between 

adequately defining the line shapes, allowing the longest on-chip exposure tim es before 

the variation in O il lines requires a sky observation to  be m ade and elim inating the 

effects of bad pixels.

After fiatfielding, Starlink FIGARO routines (Short ridge 1991) are employed to  sub

trac t consecutive pairs of object and sky observations. This practice also serves as an 

effective m ethod of removing the dark current from the object fram e, since over such 

a short period of tim e the dark current on the object and sky observations will be the 

same. Depending on the spatial extent of the object, a further secondary correction m ay 

be made by removing any residual sky emission from pixels a t the edge of the  slit and 

clear of the object. Next, the same pixel row from each sky sub tracted  object fram e is 

ex tracted  and placed into a separate frame.

Ripples present in the spectra m ust next be removed. These are caused by the  object 

moving in and out of the slit between detector positions during the same in tegration  so 

th a t absolute fluxes on each integration in the observation differ. The image m otion 

occurs as a result of wind shaking the telescope or changes in atm ospheric seeing. The 

ripple spectrum  is defined on a level region of the emission (e.g. the continuum ) by 

m easuring the deviation of each point from the m ean for given position in the ripple 

period. The ripple spectrum  is then divided into the object spectrum  over the entire 

observed range.

Finally, all of the spectra a t a given spectral position are combined to give the  mean 

spectrum  using a technique called coadding. Firstly, the mean num ber of counts of each 

spectrum  in the frame is determined and then each spectrum  in the fram e is normalised 

relative lo the average value from all spectra. The error on each spectral point is then 

equal lo 1 he scatter from the mean. Normalisation accounts for the  passage of a cloud
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across the beam which might otherwise result in unrealistically large errors in the  final 

sped  ra. Further corrections for the small effects of optical distortions in the CGS4 optics 

are m ade during wavelength and flux calibration, as described below.

2 .3 .5  C o r r e c t io n s  for O p t ic a l  D i s t o r t io n s

The recent in troduction of a 256x256 array for CGS4 means th a t it is now possible 

to resolve and correct for small m agnitude optical distortions in both the spatial and 

dispersive directions on the array. The corrections are made using FIGA RO routines 

after the basic d a ta  reduction described previously and before final wavelength and flux 

calibration.

Spatia l  D is to r t io n

This optical distortion manifests itself as a slight j-shaped curvature (Figure 2.14) in 

the spatial direction which causes spillage into neighbouring rows of the array. Hence, 

the spectrum  of a point source does not lie perfectly along one row of the detector and 

the dispersion is therefore slightly dependent on the row of the array. The resu ltan t 

curvature am ounts to  ~  0.5 pixels across the 256 pixels in the spatial direction. It is 

m easured by tracing out the spatial position of the peak emission of a stellar spectrum  

(using the standard  sta r observation required for flux calibration) across the wavelength 

range in the  given configuration and then rebinning the image d a ta  across the  entire 

array in order to minimise this deviation.

Slit C u rvatu re  C orrection

Observations of arc lamp lines across the detector (the arc fills the instrum ental apertu re) 

are used to wavelength calibrate spectra (see below) but show slight pin-cushion shaped 

cu rvat ure with respect to the direction of dispersion. The misalignment with 1 he columns 

due lo curvature is about 0 .2-0.5 pixels across the array, depending on grating  angle, 

and is a m aximum  at the edges. Therefore, after fitting a single spatial row near 1 he 

centre of the array. FIGARO commands are used to derive the lit for each row across the
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detector, working from the centre outwards. For each spatial row, the program  looks for 

a given emission line peak close to where it was found in the previous fit. Finally, the 

image is rebinned to the linear wavelength scale determ ined by wavelength calibration 

(see below) using a set of polynomial fits to the two-dimensional arc in order to  obtain  

the wavelength-channel relationship for each cross-section in the image.

2 .3 .6  S i g n a l - t o - N o i s e

The final signal-to-noise of an observation is comprised of three separate  noise contri

butions which all add in quadrature  in the absence of background variations. These are 

the intrinsic photon noise N  on a signal S, which is derived from Poisson sta tistics by

the noise on the dark current I d (also derived according to  Poisson sta tistics) and the 

detector read noise n rd. The to ta l noise in the pixel with peak object signal is therefore

given consistent units, where S loi is the to ta l (object peak +  sky) signal and t is the 

exposure tim e. Similarly, the noise in a sky pixel is

(2 .2 1 )

(2.23)

and for a software aperture  covering n ■ pixels

s k y  *  s / n p i x  ‘ (2.24)

The signal-to-noise ratio  in the peak pixel, S  k , integrated w ithin an apertu re  is thus
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Ideally, if the photon noise on the (background +  object) dom inates, observations are 

background noise limited and signal-to-noise is given simply by

As the background level will vary, the optim um  signal-to-noise ratio  is achieved by divid

ing long integrations lasting up to  several hours into a series of short, background-lim ited 

exposures subject to telescope and d a ta  acquisition considerations in order th a t  over

heads associated with telescope motion and d a ta  storage are minimised.

2 .3 .7  W a v e le n g t h  a n d  F lu x  C a l ib r a t io n  

W a v e le n g th  Calibration

The wavelength scale of a given observed spectrum  is calibrated by m aking observations 

of the known transitions from either an argon or krypton arc lam p. The wavelengths of 

the transitions are identified using the lists published by O utred (1978). The calibrated 

wavelength scales from the lamp observations are then used to  replace the estim ated  

wavelength scale of the observations provided by the online reduction software a t the 

telescope. The wavelength calibration is typically accurate to be tter th an  ± 5  X 10_ , /nn 

(~  0.1 pixels).

F lu x  C alibration

Ast ronomieal source intensities are calibrated against a known flux standard  (sta r)  which 

themselves have been calibrated against a very few m easurem ents of fundam ental s tan 

dard stars such as Vega. (M ountain el al. 1985) which is defined to be a t 0.0 m agnitudes 

in all bands. C alibration against a furnace gives a, resultant flux F x of

F\ 1.965 x I O -8
    ~  -----------------------------------------  (2 27)
( W ) ( \ / ^ m ) 5[{exp( 1.4388/A) — 1] ' •  ;

at wavelength A. A sta r of apparent m agnitude rn is then flux calibrated via

Fx( m)  = Fx( V ega ) x i(T u"',m (2.28)
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and lienee a standard  sta r is observed as near on the sky to  the object as possible and 

the object is fluxed relative to  this standard .

Before the standard  spectrum  can be used as a flux calibrator, stellar absorption 

features m ust be removed. For the K band observations described in this work, the only 

stellar feature present is the HI Brackett 7 recom bination line absorption feature  which is 

removed by in terpolating across the continuum either side of it using the ‘ised it’ routine 

in FIGA RO . Atm ospheric absorption features are not removed because they are intrinsic 

to the atm osphere and so will also be present in the object spectrum . Division of the 

object spectrum  by the stellar spectrum  will remove these features. The stellar spectrum  

is then divided by a blackbody function at the effective tem pera tu re  of the standard  sta r, 

which is normalised so th a t only the slope of the stellar spectrum  is removed. The flux 

density as a function of wavelength is then calculated from the m agnitude a t I\ and 

divided into the stellar spectrum . The resultant spectrum  is then divided into the  object 

spectrum  converting the num ber of d a ta  counts into a flux density. A flux at a given 

wavelength is thus calibrated according to

- y i -  x B.B(norm) X ,S\ (2 .29)

where A1. - is the object flux in d a ta  counts, Fx is the stellar flux in d a ta  counts, 

B .B(norm ) is the normalised blackbody function and S \  is the stellar flux density.

Line F itt in g

Using the m edium  resolution gratings, as is the case for m easuring a range of I i2 tran si

tions in the I\ band (C hapter 4). the CGS4 instrum ental profile is triangular in shape. 

This is because the slit has a top hat profile which is being projected onto the array 

whose pixels also have top hat profiles. Sampling slides the detector across the lop hat 

profile of the slit and therefore produces a convolution of the two profiles, which is tr i

angular. For higher spectral resolution observations of individual line profiles using the 

echelle grating in CGS4 (C hapter 3), the instrum ental profile is Gaussian. The profile 

is the sum of more than  one Gaussian if a num ber of velocity com ponents are present.
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To determ ine the intensities and widths of the individual transitions, spectral lines are 

lil ted using the appropriate routine from the Starlink SPEC D R E software library.

2 .3 .8  I n t e r s t e l l a r  E x t i n c t i o n

effects of interstellar extinction due to scattering and absorption of photons by dust 

grains (M athis et cd. 1977). The extinction is assumed to follow a power law of the form

where E is constant. The power law index, ¡3, is determ ined empirically bu t is not 

well defined. W hitte t (1988) analysed d a ta  in the literatu re  and derived a best fit for 

li — 1.70 ±  0.08. Draine (1988), adopted a value of (3 ~  1.75 using a different da tase t,

previous results between 0.9 and 2.2pm and suggest th a t extinction curves converge to 

a single functional form in the infrared, well described by a power law of index ¡3 — 

1 .73±  0.04, using photom etric studies of 154 highly obscured OB stars in the southern 

Milky Way. We shall adopt this la tte r  value in this work.

A m easure of the differential extinction over the K band wavelength range studied 

here (~  1.9 to  2.54pm ) is obtained directly by measuring the flux ra tio  of I i2 lines 

having a common upper sta te , which depends only on the differential extinction between 

the two lines, the Einstein A values, and the energies of the transitions. Using the bright 

112 1-0 S( I ) line a t 2.1218pm and the 1-0 Q(3) line a t 2.4237pm , for exam ple, the flux 

ratio is expressed as

rC i )  =  A Q( 3) A S(1) c - ( r s ( i ) - r Q(3)) _ ( 2 ; n  }

rQ(:s) A S ( I )  / l Q (3)

In practice, care m ust be taken to avoid using lines strongly affected by atm ospheric 

absorption features. This is discussed in C hapter 4. Combining the deduced extinction 

at K (2.2pm  ) with the extinction law then the extinction r A at wavelength A is given by

Before final determ ination of column densities, line fluxes m ust be corrected for the

(2.30)

for wavelengths of 0.7 to 5.0pm  . Finally, He et al. (1995) have recently confirmed these

(2 .3 2)
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Finally, the deredclened intensity IQ is related to the observed intensity  I obs using equation



C h a p te r  3

S h o ck ed  H2 & F e + L ine  P ro f i le s  

in  t h e  O r io n  “B u l le t” W a k e s

3.1 Abstract

New observations of H2 velocity profiles in the Orion “bullet” wakes are extrem ely dif

ficult to reconcile with existing steady-state  shock models. We have observed [Fell]

1.6 I l/iiii velocity profiles of selected bullets and I i2 1-0 S (l ) 2.122/im velocity profiles 

for a series of positions along and across the corresponding bow-shock wakes, in tegrated  

[Fell] velocity profiles of the brightest bullets are consistent with theoretical bow shock 

predictions. Observations of broad, singly-peaked If2 1-0 S( 1) profiles in the m ost clearly 

resolved bullet wakes challenge our understanding of molecular shocks, ft m ay be nec

essary to  model the effects of instabilities and turbulence in the Orion “bullet” wakes in 

order to  lit our observations.

60
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3.2 Introduction

The natu re  of molecular shocks, which play an im portan t role in the processes of mo

m entum  and energy transfer w ithin sta r forming molecular clouds (McKee 1989), is still 

uncertain (D raine & McKee 1993). The Orion molecular cloud is the brightest known 

source of shocked I l2 emission and as such has been the prim ary test bed for theoretical 

models. In this C hapter we describe the history of shocked H2 observations in Orion 

and, in particu lar, the fundam ental obstacle in modelling its excitation: nam ely the 

extrem ely broad velocity profiles observed. W ith the discovery of the Orion “bullets” 

and associated II2 wakes, we describe an experiment to  test previous models to  breaking 

point by detailed observations of Fe+ and 1I2 line profiles using CGS4 with the new 

256x256 array  a t IIKIRT.

3 .2 .1  O v e r v i e w  o f  t h e  O rio n  O u tf lo w

The outflow associated with the IvL infrared nebula in Orion is the best studied as its 

closeness (1500 light years) perm its higher spatial resolution and signal-to-noise ratios 

than  are possible in other massive sta r forming regions, ft is located abou t 0.4 light 

years (1 1 ) in projection to the northw est of the Trapezium  cluster of young OB stars 

th a t excites the M42 ionized region. The KL nebula was first detected by Rieke el 

nl. (1973) as an infrared nebula extending over about 0.5 ' w ith several emission peaks. 

These include massive young stars (BN and IRc2) embedded in molecular m ateria l and 

lower luminosity young stars together with dense young clumps of gas heated by BN 

and IRc'2. IR emission peaks may also coincide with holes in the cooler foreground dust 

d istribution (W ynn-W illiams et nl. 1984). The larger scale distribution of m olecular gas 

is arranged in a ridge running northeast to southwest th a t is part of a giant molecular 

cloud extending for more than  200 light years. The radial velocity of the gas along 

the ridge shows a shift at the position of the KL region th a t has been in terpreted  as 

either ro ta tion  seen edge-on around the KL region or as the collision of two clouds of 

different, radial velocities (Ho and B arrett 1978, Bastien et ul. 1981). The distribution 

of velocities close to  the KL nebula corresponds to the m otions of gas orbiting  about a, 

central condensation of m aterial with a mass of more than  2OM0 (Vogel et nl. 1985).
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RIGHT ASCENSION (1950)

Figure 3.1: Composite of spatial distributions of different gas components at the core of BN-KL 

from Genzel & Stutzki (1989) including standard source designations, (a) Comparison of a 0.9" 

resolution 12pm infrared continuum image (dotted contours) with a 1.2" VLA map of the 1.2cm 

(./, A') =  (3 .2 ) inversion transition of NHa (heavier contours), (b) Quiescent gas/dust maps in 

which shaded regions denote the hot core and extended ridge traced by 3mm dust emission. 

Filled circles indicate the positions of compact IR sources, (c) The low velocity outflow traced 

in 1.3cm ICO masers (dots), 18cm OH masers (asterisks), 3mm SiO v =  0 ,./  =  2 — I emission 

(heavy contours), and SO 22- l i  3mm line emission (dotted contours), (d) High velocity flow and 

shocked gas. The blueshifted (shaded) and redshifted (stipled) high velocity gas close to 1 R c 2  is 

traced in the 3mm SiO v =  0 ,7  =  2 — 1 transition while the extended high velocity “plateau" 

is traced in the mm transitions of CO and HCO+ . Outside the plateau are the 6" resolution 

contours of the 2.122pm f l2 1-0 S (l)  line emission mapped by Beckwith ci al. (1978).
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Genzel and Stutzki (1989) review the param eters of the outflowing gas and distinguish 

a low velocity (18km s 1 ) “expanding doughnut” flow, a high velocity flow or “p la teau ” 

and high velocity shocked gas. Each component is identified with a different p a tte rn  

of spatial d istribution (Figure 3.1), kinematics and excitation. M easurem ents of the 

proper m otions of H20  masers (Genzel et al. 1981) and of Herbig-Haro objects (Axon 

A Taylor 1984) together with spectroscopic evidence of blueshifted, high velocity gas 

in absorption against the dust continuum  (e.g. Scoville et al. 1983) dem onstrate  th a t 

the flows represent gas stream ing away from the BN-IRc2 cluster. The centre of the 

outflows is w ithin a few arcseconds of IRc2 and the dynam ical age is of order 10'3 years. 

The inferred mass loss ra te , as derived from th a t age and the to ta l mass involved is 

1O-3±o-3M 0 y r_ J .

The low velocity flow extends northeast-southw est along the dense quiescent ridge 

(Figure 3.1c) and can be traced from within 0 .2 " of IRc2 to  ~  20" from the  s ta r  with 

a constant velocity range of ~  35km s-1 (Genzel & Stutzki 1989). The flow is modelled 

as a spherically sym m etric outflow which im pacts the dense molecular ridge at R  =  

10 ' cm and lead to the form ation of the “expanding doughnut” having a hydrogen density 

> 10' cm-  (Stutzki et al. 1988). The second flow has a much larger velocity range 

(A c < 250km s-1 ) and stretches approxim ately northw est-southeast, i.e. perpendicular 

to the low velocity flow and ridge, with the characteristic bipolar struc tu re  seen in many 

s ta r forming regions (C hapter 1.3). The two flows have been in terpreted  as the channeling 

of one single high velocity flow by the surrounding cloud (C anto  et al. 1981) but they 

rem ain distinct to  w ithin 2" (10 ''’cm) of IR.c2, far inside the outflow cavity. Therefore 

the two flows may originate from different stars or else the gas has to  be channeled in 

the im m ediate environm ent of the star, perhaps by a circumsteEar disk.

T he high velocity flow associated with the shocked gas (Figure 3 .Id ) im pacts the .sur

rounding cloud about 30" from the dynamical centre, creating high velocity 1120  m asers 

and a region of shocked molecular gas cooling in infrared and subm m  lines including IF, 

(Shull A Beckwith 1982) and the far-infrared lines of ro tationally  excited CO and Oil 

(W atson rt al. 1985). In addition to the main outflow source of size < 30". W iseman A 

Ho (1996) have recently measured straight, elongated filaments consisting of bead-like 

chains of dense gas extending out more than  0.5pc from the central core of the cloud
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in the inversion transitions of NH3 (1,1) and (2,2). It is unclear if these are connected 

with the outflow associated with the Herbig-Haro objects in this region (Axon & Taylor 

1984).

3 .2 .2  P r e v i o u s  S h o c k e d  H 2 O b s e r v a t io n s  in  O r io n

Following the initial discovery, Beckwith et al. (1978) m apped the I l2 1-0 S (I) line emis

sion over a 2 ' x 2 ' field about BN-KL at 5" spatial resolution, identifying the brightest 

region as Peak 1 (OM C-1) centred on 05h 32m 46.09s, -0 5 °  23' 57.3" [1950] a t which 

to  concentrate fu rther studies. Here, they were able to  m easure the intensities of the 

brightest near-infrared 112 emission lines including the 1-0 S(0), 1-0 S (l) , 1-0 S(2 ), 1-0 

Q(3) and the 2-1 S (l)  transitions. By calculating the ratio  of intensities of these lines, a 

v ibrational H2 excitation tem perature  of T ,,i6 =  2000±300K was found to  be consistent 

with a, therm alised Boltzm ann distribution of level populations for an average column 

density of ~  1019 cm ” 2. Pure radiative excitation, as described by Black & Dalgarno 

(1976) was ruled o u t.

In 1979, Nadeau & Geballe published high spectral resolution ( 20km s 1 ) velocity 

profiles of the H2 1-0 S(1) profiles in this region. After deconvolution of the instrum enta l 

profile, the intrinsic full width a t half maximum (FW I1M ) velocities of the lines was 

found to lie in the range 18 to 58km s” 1 . They deduced two separate com ponents to 

the profiles (depending on position) at this resolution having expansion velocities from 

BN-KL of ~ 4 0 k m s-1 and a much smaller component at ~ 100km s_1 . Hence, it was 

clear th a t the excitation of the observed H2 could not be caused by a. single plane shock 

front moving at or below the dissociation speed limit of H2 for hydrodynam ic J shocks 

of v < 24km s-  (C hapter 2.2). Furtherm ore, the observed asym m etries of the line 

profiles were shown by Beckwith et al. (1979) to  be inconsistent with models having 

variable extinction across the source alone. The m agnitude of foreground extinction, 

however, was revised significantly downwards by Scoville et al. (1982) to  A2 l/rm ~  1.2 - 2  

m agnitudes and shown to vary by a factor of 2 on scales of ~ 4 " . The average excitation 

tem pera tu re  was confirmed as T,,^ =  2010 ±  50I\ for the transitions m easured.

N adeau et al. (1982) presented higher spatial resolution (5" ) velocity profiles of the
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H2 1-0 S ( l) , 1-0 S(0) and 2-1 S(1) profiles for a range of positions about O M C -I. In 

addition to  the broad (FW ZI > 100k m s-1 ), asym m etric profiles observed previously 

at O.YIC 1 itself, they noted narrower, sym m etric profiles tow ards the periphery of the 

region having an intrinsic FW HM  = 2 2± 2km s-1 . The profiles were all identical in shape 

and found not to vary tem porally. Since therm al broadening alone at ~2000K  results 

in a line profile of FW HM  < 7 k m s-1 , it was concluded th a t the high velocity 1I2 comes 

from shocked gas in the flow while the low velocity H2 comes from shocked gas in the 

molecular cloud. Geballe et al. (1986) later ruled out scattering due to intervening dust 

grains as an explanation of th e  broad lines since they found the H2 1-0 0 (7 )  line a t 3.81 

//m to  be broader than  the 1-0 S( 1) line at '2.12 p m  in the centre of the cloud. Scattering of 

photons by dust, particles m ust decrease a t longer wavelengths. F irst spectropoiarim etric 

m easurem ents by Burton et al. (1988) found no evidence for a change in polarisation 

across the 112 1-0 S (l)  profile as would be associated with dust scattering. They proposed 

t hat the extended blue wings were produced by fast moving clumps em bedded within 

the outflow while the symmetric line core resulted from shocked gas a t the edges of an 

expanding outflow cavity.

Following the initial detection of H2 line emission (G autier et al. 1976, Beckwith et al. 

1978). models for their excitation were advanced involving planar hydrodynam ic jum p( J ) 

shocks (Hollenbach & Shull 1977, Kwan 1977, London et al. 1977). These models give 

shocked H2 line ratio  predictions including th a t the 1-0 S ( l) /2 - l  S (l)  line ratio  is of 

order ~  10 for a 10km s-1 shock wave moving into gas of density 105 cm - ' . However, 

as described in C hapter 2 , such a shock m ust dissociate H2 at velocities exceeding ~  24 

k m s-1 . Therefore, when Nadeau & Geballe (1979) observed individual H2 line profiles 

in this region having FW ZI line widths exceeding 150 k m s-1 this model was quickly 

brought into doubt. Since molecular clouds have m easurable m agnetic fields carried 

by ions, such difficulties might be overcome by modelling m agnetohydrodynam ic shocks 

having continuous C-type shock fronts (Draine & Roberge 1982, Chernoff rl al. 1982. 

Draine et al. 1983).

A m ajor problem of fitting planar ( ' shocks to  the Orion observations is th a t the pre

dicted excitation spectrum  greatly underestim ates the higher energy level populations 

(and hence column densities) observed towards OMC-1 (B rand et al. 1988). Secondly.
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such a model predicts the line ratios of two high excitation lines m ust vary considerably 

given small changes in local physical conditions, whereas Brand el al. (1989a) dem on

stra ted  th a t  the ratio  of the 1-0 0 (7 )  to 0-0 S (13) H2 lines, a t excitation energies of 8300K 

and I7000l\ respectively, rem ains constant over the outflow. These two difficulties are 

naturally  explained by a simple J shock (B rand et al. 1988) assuming higher density gas 

than  the early models. Of course, such a model is inconsistent with the observed profiles 

and also implies th a t 1I2 is the dom inant coolant compared to  H20  or CO.

A solution th a t might reconcile the contradictory evidence thus far presented is to 

propose th a t we observe one or more bow shocks along a given line of sight. If the outflow 

is a t least partly  composed of dense clumps of m aterial either ejected or swept up by 

a. wind, then a bow shock will form around the leading edge of each clump as it drives 

through the  molecular gas. The shock velocity and hence degree of excitation m ust vary 

as the norm al component of the clump velocity, depending on the geom etry of the bow. 

Hence, in observations unable to spatially resolve individual clumps, the  com plete range 

of excitation conditions would be observable a t any position, from a dissociated cap with 

atom ic line emission, through to molecular line emission from cooler gas further down 

the wake. Line ratios would also be constant if all bows conformed to  a generic shape. A 

series of papers (Sm ith & Brand 1990a.. 1990b, 1990c, Sm ith et al. 1991a, 1991b, Smith 

1991) had an impressive array of successes accounting for a num ber of observational 

features with such bow C shock models.

However, the fast C bow shock solutions create their own difficulties. To fit the 

broad FW ZI H2 1-0 S (l)  profile w idth of 140km s-1 observed with a 5 " a p e r tu re  at 

OMC-1 by Brand et al. (1989b) requires C shocks th a t do not dissociate H2 a t velocities 

in excess of 60-70km s~1 . This, in tu rn , implies a very high m agnetic field of >50m G , 

som ew hat higher than  recent estim ates of ~10m G  determ ined from the dispersion of the 

position angles of the H2 polarization vectors (Chrysostom ou et al. 1994). The m easured 

value is sensitive to estim ates of the density and turbulent velocity. The value quoted 

is determ ined by assuming n ~  106cm~' , which is in agreement w ith shock modelling 

(Brand cl al. 1988) and detection of J  = 3 — 2 transitions of HCN and HCO+ (W hite cl 

at. 1986). The turbulent velocity is estim ated to  be of the order of ~  1 km s_1 from the 

FW HM  of the Doppler-broadened lines of CS •/ = 2 — 1 transitions (iVlundv cl al. 1988).
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However, it the velocity is as high as 3 k in s“ 1 this combines with a m axim um  uncertain ty  

ol up to a factor o( 10 in the density to give a range of ~  3-95 mG for the strength  of 

the m agnetic field. Ionization fractions in excess of 10-5 to 10“ '1 in the pre-shock gas 

will tie the neutral fluid to the ionized fluid, effectively freezing the m agnetic field. This 

would elim inate the m agnetic precursor and make the shock front J type (Sm ith 1994).

There are fu rther difficulties. The full range of observed shocked H2 excitation condi

tions (B rand et al. 1988) m ust be sampled within the 5" beamsize placing rigid geom et

rical recpiirements on the (unknown) bow geometry a t OMC-1. Furtherm ore, the shock 

front in a. given bow will be oblicpie along the bow which may give rise to  the W ardle 

instability  in the case of C shocks (W ardle and Draine 1987, W ardle 1991a,b).

Recent near-IR  imaging of Orion with 0.5" spatial resolution in the emission lines of 

l l2 (2.122 pm )  and [Fell] (1.644 pm )  has significantly advanced our view of the shocked 

m olecular outflow (Allen & Burton 1993). Images of the region to the N orthw est of 

O M C -1, a t which we shall concentrate our studies, are displayed in Figures 3.2 and 3.3. 

Many new Herbig Ilaro-type objects were revealed, visible as Fe+ “bullets” , a t the  heads 

of wakes of I l2 em itting gas. The “bullets” (apparently  originating w ithin h" of !Rc2) 

appear to have been ejected over a wide opening angle. Considering also the [01] 6300A 

line w idths of up to  380 km s_l m easured towards the brightest “bullets” previously 

identified in this region (Axon k  Taylor 1984), an explosive origin in the core of Orion 

within the last 103 years is suggested. We cannot yet identify the cause of this event 

although an FU-Orionis event (H artm ann k  Kenyon 1985) is speculated.

3 .2 .3  O u t s t a n d i n g  P r o b l e m s  a n d  O b s e r v a t io n a l  A i m s

We have established th a t planar C(magnetised)-shock models cannot explain the  lb, line 

intensities in Orion or any other outflow, while planar J-shock models can (Brand cl al.

1988). However, neither planar nor bow J-shock models can reproduce the line profiles 

observed a t Peak 1 in Orion (Brand et al. 1989b). It is just possible to fit both lb, line 

profiles and ratios in this region using highly magnetised C-shock models (Sm ith cl al. 

1991b). M easurements of II2 excitation conditions which rem ain constant throughout 

i lie bright part of the Orion outflow, however, are not easily explained by any bow shock
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Figure 3.2: Narrowband image in I lie 1C 1-0 S (l)  line at 2.12pm  of the northern outflow from 

OlVlO-l, consisting of 16 frames taken with the IRIS near-infrared camera on the 3.9m Anglo 

Australian Telescope (Allen &- Burton 1993). Right Ascension and Declination axes are labelled 

by pixel number where the image scale is 0.27" per pixel. OMC-1 is located in the brightest 

region, centred on (229.13). At least 20 hollow structures or “wakes” are resolved, closely re

sembling bow shocks. Compact [Fell] emission knots coincident with the tips of these wakes are 

obvious in Figure 3.3.
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Figure 3.3: As Figure 3.2 but now imaged in the [Fell] a4F5/ 2 — a4D 7/ 2 line at 1,64/tm (Allen k. 

Burton 1993). The “bullets” appear as knots of bright emission coincident with the tips of the 

Hv wakes in Figure 3.2. Much of the diffuse nebulosity is due to the 12-4 transition of 111 which 

also lies within this filter bandpass.
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models (B rand el ul. 1989b, McKee 1989).

Crucially for molecular shock studies, the newly discovered “bullets” and wakes are 

resolved spatially to be typically 2-4" in size and the wakes or “fingers” a factor of two 

or so longer behind them . This corresponds to a scale of 0.005 to  0.01 pc, for each bullet 

at the distance of Orion. While the width of the shock front rem ains unresolved, if these 

are indeed bow shocks then their properties may now be determ ined along their wakes.

The H2 1-0 S (l)  line profile in OMC-1 has been m easured through a 5" beam  at 

12 k m s-1 channel resolution by Braudel cil. (1989b). It is sm ooth with an enhanced 

blue wing and FW ZI of 140 k m s-1 . There is no evidence of sub-structure  w ithin the 

profile. As already discussed, this cannot be reconciled with any planar shocks. Even an 

ensemble of em itting cloudlets along the line of sight, each contributing its own velocity 

profile, requires an unreasonable redistribution of m om entum  within the source. The 

individual cloudlets would have to achieve velocities of ± 7 0 k m s-1 w ithin a cylinder 0.01 

pc in diam eter along the entire line of sight everywhere w ithin the source.

A lternatively, a bow shock can naturally  explain the large profile width. Given the

1.2" spatial and 23 k m s-1 FW HM  spectral resolution achieved using CGS4 w ith the 

echelle and new array, it has become possible to  search for the changes expected within 

the Orion “bullet” H2 wakes, if they are indeed bow shocks. Given the known physical 

constrain ts on conditions in Orion, we expect to  see the II2 shock velocity vary from 

the m axim um  for ,J or G shocks (25 < vs < 50km s-  ) to the m inimum  necessary to 

excite the lines a t all (>  8km s-1 ). Each line of sight will sample a range of conditions 

(and velocities) and so this m ust be incorporated into any in terp re ta tion . This problem  

lias been carefully analysed for atom ic line emission by H artigan el al. (1987), who show 

th a t the FW ZI of the integrated profile over a single bow shock m ust be equal to  the 

speed of the “bullet” itself. By also measuring the m axim um  and minimum velocity 

one can fu rther deduce the orientation to the line-of-sight. Therefore, m easurem ent 

of Fe+ profiles for a “bullet” provides an estim ate of the velocity and orientation of 

the associated IT, bow and therefore it is possible to compare m easured and expected 

variations in the 11., shocks with position in the bow in some detail.

Fernandes and Brand (1995a.) have dem onstrated th a t molecular hydrogen emission
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from the  bow shock-shaped HH7 is well explained as a C-shock in a bow configuration 

in which the  ‘cap’ is completely dissociated, and H2 fluorescence produced by Lym an 

alpha resonance pum ping in the hot post-shocked layers (Black & van Dislioeck 1987) in 

the cap irrad ia te  the dow nstream  flow. The same type of shock +  fluorescent spectrum  

as seen in HH7 has been seen in DR21 (Fernandes 1993). It was expected th a t the bow 

shocks in Orion could be similarly excited.

3 .2 .4  O b j e c t  C la s s i f ic a t io n

In this work I shall refer to  the “bullets” and associated wakes in Orion by a. new system  of 

designation of com pact sources and stars in M42, proposed by O ’Dell et al. (1994). This 

is im portan t as there is now a, proliferation of observations in this region, m any having 

separate classification schemes. Possible confusion and difficulty of cross referencing are 

avoided in the new system , based on the E2000 position on the sky. The first three digits 

indicate the position of right ascension (E2000), and the second three digits indicate the 

declination, with the box so designated subtending 1.5" in right ascension and 1.0 " 

in declination. The common values for the inner region of M42 of 5h 35m and —5° 20; 

are not included. Hence, a Herbig Haro object located at 5h 35m 23.123s, —5° 27' 38.9" 

would be M42 HI1231-739. E x tra  digits are included before those above in the case of 

objects lying outside the common range, Individual slit and profile positions w ithin the 

“bullets” and wakes are referred to  by their Allen & Burton (1993) image coordinates 

(Figures 3.2 and 3.3).

3.3 Observations

High resolution, near-infrared, long-slit echelle spectra were m easured of the [Fell] a \ h \ / 2 — 

aAD 7/., line profile at 1.644/an on two of the most prom inent “bullets” associated with 

l he m ost clearly defined H2 wakes. IF  1-0 S( I ) profiles were then m easured at a range of 

positions along and across the associated wakes. The observations of the [Fell] emission 

from the "bullet” M42 11H126-053 (previously denoted M42 1II17) were carried out at 

UKTRT on t he night of 19th September 1992 by Amadeu Fernandes with the cooled grat-
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mg spectrom eter CGS4 and the old (62x58) detector array. The [Fell] observations for 

the "bullet" M42 HH120-114 (no previous designation) and the observations of the H2 

wakes associated with both "bullets” were carried out a t UKIRT on the nights ol‘5-8th 

October 1995 with CGS4. At this tim e CGS4 had been fitted w ith the new 256x256 pixel 

array  and was used in the echelle mode with the short 150mm focal length cam era giving 

a pixel scale of ~  1.7" (exact scale depending on wavelength) in the spatial direction and 

~  0.9" in the dispersion direction. Spectra, were fully sampled by physically shifting the 

array by 1/2 pixel, so th a t two detector positions were observed per resolution elem ent. 

Each spectral image was bias subtracted  and flat-fielded using a black-body calibration 

source. As the background and array bias varies between the two detector positions used 

to sample profiles, the baselines in the resultant interlaced spectra can exhibit a saw tooth 

profile. If present, this is corrected for by fitting linear baselines to the odd and even 

pixels on either side of the emission line in each row of each spectral image respectively 

(C hap ter 2.3). Removing the odd and even pixel baselines, row by row, corrects for the 

ripple in the final reduced spectra. All profiles were velocity calibrated relative to  the 

dynam ical Local S tandard  of Rest.

The [Fell] profile observations of the “bullet” M42 HH126-053 required five groups 

of object-sky-sky-object observations at one slit position only. An offset sky position 

at + 300"  West in Right Ascension (R.A) was used, in order to be clear of M42 nebula 

emission. The slit was positioned so th a t the middle row on the array was fixed at the 

brightest “bullet” intensity and oriented at an angle o f +25.5° West of N orth on the  sky, 

along the associated 1I2 wake axis. Wavelength calibration was achieved by observing an 

Argon arc lam p with the same instrum ental configuration and m easuring the emission 

line a t A ■ =  1.6441/tm together with OH emission lines present in sky spectra  a t A(Ur 

=  1.6415 and 1.6442/zm . It was not necessary to correct for optical d istortions with the 

old array as they are unresolved. A standard  star (ES1784) was observed in order to  flux 

calibrate this observation but was later determ ined to be dom inated by stellar absorption 

features a t this wavelength and so not used. A relative, ra ther than  an absolute flux 

calibration only was sufficient in this case. The spatial scale of a single CCS I pixel in this 

configuration was measured by sliding a star by 20 pixels along the slit and m easuring 

1 he resu ltan t shift in Declination (DEC). It was determ ined to  be 2.16" for a 1.1 " wide
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slit.

The [Fell] profile observations of the fainter “bullet” M42 HH120-114 required nine 

groups ol object-sky-sky-object observations a t two slit positions, in  each case, an offset 

sky position at + 600" W est in RA was used, as necessary to be fully clear of M42 nebula 

emission. Slit positioning was achieved by small step offsets from the nearby 1R. reference 

objects: BN and 1R.c9, whose positions are exactly known. In addition, pointing checks 

were m ade at approxim ately hourly intervals by offsetting to  three nearby stars and 

m easuring any drift in RA or DEC from the expected position. The drift was found to 

be typically < 0 .5"  and rarely exceeded 1.0" . The slit was oriented at an angle of +22° 

West of N orth, along the associated II2 wake axis. W avelength calibration was achieved 

by observing an Argon arc lamp with the same instrum ental configuration and m easuring 

the emission lines a t Xair = L.6441pm , 1.6524pm . OH emission lines present in sky 

spectra  were also used to check the wavelength calibration. It was necessary to  rebin the 

resu ltan t images to  correct for small optical distortions in both the spatial and dispersive 

directions of the array using routines in the STARLINK Figaro Software L ibrary before 

proceeding to wavelength calibrate the data. The nearby UKIRT standard  s ta r  BS1937 

(K =  1.47 mag) was also observed at the same airmass as Orion to  flux calibrate the 

data . No stellar absorption features are present in this wavelength range. W ith a slit 

width of 1 pixel (~ 0 .9 "  ), a velocity resolution of 14.1 k m s-1 per pixel was obtained. 

The effective velocity resolution with this instrum ental configuration was determ ined to 

be 21 .7± 0 .4km s_l by m easurem ent of the FWI1M of the best Gaussian fit to  unresolved 

Argon arc lines. This was found to be consistent with fits to  unresolved sky OH lines. 

The spatial scale of a single CGS4 pixel in this configuration was determ ined, using the 

m ethod described previously, to  be 1.689" for a 0.9" wide slit.

For the II, 1-0 S( 1) profile observations in both “bullet” wakes, five groups of object- 

sky-sky-object observations were taken per on-source slit position using the same sky 

offset of +600 " West in RA and oriented at the previously given position angles 011 the 

sky. All o ther observing procedures were identical to above except th a t wavelength cal

ibration was achieved by observing a K rypton arc lam p in 26th order with the same 

instrum ental configuration and m easuring the emission lines a t Xair =  2.1215pm and 

2.12391pm .0 1 1  emission lines present in sky spectra were also used to  check the wave



length calibration. As before, it was necessary to  rebin the resu ltan t images to  correct 

for small optical distortions in both the spatial and dispersive directions of the  array  us

ing routines in the STARLINK Figaro Software Library before proceeding to  wavelength 

calibrate the  data . W ith  a slit w idth of 1 pixel (0.9" ), a velocity resolution of 14.1 

km s 1 per pixel was obtained. The effective velocity resolution with this instrum ental 

configuration was determ ined to  be 2 3 .l i0 .3 k m s “ 1 by m easurem ent of the FW IIM  of 

the best Gaussian fit to unresolved K rypton arc lines. This was found to be consistent 

with fits to  unresolved sky OH lines. The spatial scale of a single CGS4 pixel in this 

configuration was determ ined, as previously described, to  be 1.744" for a 0.9" wide slit. 

An artificial, instrum ental “ghost” feature was newly identified on both  arc lam p and 

object spectra. It was m easured to be a bluesliifted secondary at -51 .9±9 .5km s_l rela

tive to the prim ary line and to have a flux of 4.5% relative of the prim ary (real) line. It 

was therefore only detectable a t the brighter on-wake positions and could be accounted 

for during line-fitting.

The Ii2 trails behind the “bullets” studied in Orion are of order 40" long, 10" wide 

so it was necessary to observe a t 5 slit positions per wake in order th a t  resu ltan t velocity 

profiles could be compared for a range of positions both along and across the wakes to 

search for the predicted changes within the proposed bow shock structu re .

3.4 Results

3 .4 .1  M 4 2  H H 1 2 6 - 0 5 3  [F e ll]  1 .6 4 4  p m  P r o f i le s

Observations of the [Fell] 1.644pm line profiles from the bullet M42 I1H126-053, shown 

in Figure 3.4(a) alongside its corresponding 112 wake (Figure 3.4b), apparently  oriented 

in or close to the plane of sky, are displayed in Figure 3.5. The profiles are broad and 

strongly peaked at a velocity of ~  8k m s-1 , close to rest velocity of the am bient medium 

o f + 9 km s~ ’ (Goldsm ith el of. 1975), m easured relative to  the dynamical local standard  

of rest. It can be seen th a t to ta l velocity range is highest a t the leading edge of the 

emission (top rows), as is expected at the head of a bow shock where the gas is shocked 

at velocities approaching the full driving velocity of the “bullet" in two com ponents,

Chapter 3: Shocked 1I2 & Fe+ Line Profiles in the Orion “Bulle t” Wakes 7-1
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Figure 3.4: Close-up of M42 IIII126-053 region in (a) [Fell] 1.644pm emission and (b) Ho 1-0 

S (l)  emission from images of Allen & Burton (1993).

oppositely directed from one another. Further down the “bullet” , the velocity range 

narrows (bo ttom  of Figure 3.5) as the ambient gas sees a lower effective shock velocity 

(the  norm al component of the shock velocity decreases moving down each side of the 

bow-shaped shock front geometry).

D eriva tion  o f  “B u lle t” V e loc ity  and O rientation

The two m ost im portan t param eters in modelling integrated bow-shock line profiles are 

the incident shock velocity, v, and the orientation to  the line-of-sight, a. Observationally, 

we can directly m easure vs since it is equal to the full width near zero intensity  (F W Z I) of 

the in tegrated  emission over an entire bow shock front independent of the shape of the 

bow-shock, orientation angle, pre-shock density, elemental abundances and reddening 

(Ha.rt.igan et a.1. 1989). Furtherm ore, by m easuring the m axim um  ( M X )  and minimum 

( M X )  radial velocities for the integrated line profile we obtain both vs and o . The 

appropriate  formulae for the observed maximum and minimum radial velocities for a
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M42 HH1 2 6 —053  [Fe ll] Pro files

k m /s  Velocity LSR (D )

Figure 3.5: M42 11 IT 126-053 [Fell] 1.644/r.m velocity profiles running from North (top) to South 

(bottom ) along ''bullet” axis with peak intensity at “bullet” tip. Profiles are relatively but not 

absolutely flux calibrated in this case (see text).
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M-4- 2 HH1 26 0 5 3 in teg ra ted  LhällJ

k m / s  Ve locity I.SR(D)

Figure 3.6: M42 IiH 126-053 integrated [Fell] 1.644/mi velocity profile showing total velocity

range in “bullet” .

bullet ploughing into a stationary  medium are given by H artigan et id. (1987) as

M X  =  -y  (1 +  cos a )  -  vs cos a  (3.1)

and

M N  = — -y  ( 1 -  cos a)  -  vs cos a . (3.2)

The to ta l velocity range is

F W Z I  = M X  -  M N  = (3.3)

In addition, the effects of therm al and instrum ental broadening are accounted for by 

setting  the  values of MX and MN to
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and

M X  =  M N 0A +  - y , (3 .5 )

where M A 0>1, AdN0 l  are the maximum  and m inimum velocities a t 0.1 of the observed 

peak intensity and ,5'M is the  FW HM  of the instrum ental sm oothing (21 .7km s-1 ).

In this case, the in tegrated  [Fell] profile (Figure 3.6) corresponds to a shock velocity 

of vs =  150 ±  15 km s“ 1 and an orientation angle of a  = 70 ±  10° to  the line-of-sight. 

Note th a t a  = 90° for a bow shock oriented exactly in the plane-of-sky. A comparison of 

this observed [Fell] profile shape with radiative bow-shock model predictions (H artigan  

cl al. 1989 ) is ham pered in this case because of the difficulty in subtracting  a background 

emission com ponent (not clearly identified for this observation). An unam biguous iden

tification of this component in the following section, however, indicates th a t the  observed 

values of MN and MX above will rem ain unaltered and the resu ltan t shock velocity and 

orientation therefore stand. It is also clear th a t the strongest peak emission lies near zero 

radial velocity, as predicted in bullet models, as opposed to  models in which the molec

ular gas flows past an obstacle. Encouragingly, the observed profile is similar in shape 

to the theoretical integrated velocity profile generated for vs — '200k m s-1 , a  =  60° 

(H artigan  et al. 1987), with a suitably reduced FW ZI velocity range.

3 .4 .2  M 4 2  H H 1 2 0 - 1 1 4  [F e ll]  1 .6 4 4  //,m P r o f i le s

The “bullet” M42 HH120-114 is shown in Figure 3.7(a) alongside its corresponding I l2 

wake in Figure 3.7b. As w ith M42 H H 126-053, the wake is apparently  oriented in or close 

to  the plane of sky. It is possible to  discern other “bullet”-like condensations close to 

the prom inent M42 HI4120-114 “bullet” at (323,218) in figure 3.7a. Indeed a weak [Fell] 

feature centred at (318.203) is associated with a second II2 wake feature th a t partially  

overlaps with th a t of M42 HH120-114. Observations of the [Fell] 1.644/nn line profiles 

at two adjacent slit positions including the “bullet” M42 HH120-114 are shown in Figure 

3 .8 . superim posed on the Allen k  Burton (1993) image. Each profile is displayed in a box 

centred on t he exact position of the corresponding CGS4 slit row. The common flux and 

velocity scales of each profile are illustrated in the “key” box. This m ethod of displaying
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(c) [Fell] 1 oullet" M42 H H 120-1 '4  (b) H2 1-0  S(1) woke

Figure 3.7: Close-up of M42 HII120-114 region in (a) [Fell] 1.644/nn emission and (b) Ho 1-0 

S (l)  emission from images of Allen & Burton (1993).

the relative flux and velocity scales of profiles for a given position on a “bullet” /w ake 

in the  region will be used throughout the rem ainder of this chapter, in addition to  the 

broadened velocity profiles associated with the “bullet” , it is im m ediately apparen t th a t 

the entire region is pervaded by a constant “background” emission feature. Individual 

profiles on the “bullets” themselves are displayed in Figure 3.9. As for M42 1111126-053, 

"bullet” profiles are broad and strongly peaked at a velocity of ~  8k m s-1 , close to 

the rest velocity of the ambient medium of +9kms~" , determ ined by G oldsm ith cl cil. 

(1975) from 12CO and 13C 0  radio observations. The emission profiles narrow as one 

moves dow nstream  from each individual “b u lle t' tip. At rows to  the north  and south 

of the “bullet” positions the profile is dom inated by the narrow background com ponent 

centred at zero velocity.
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Orion [Fell]

Figure 3.8: Region including M42 1111120-114 centred at (318,223) imaged in [Fell] 1.644/mi 

(Allen K' Burton 1993) with corresponding [Fell] velocity profiles at two slit positions superim

posed. Each profile box is centred on the appropriate CGS4 pixel row and has equal flux and 

velocity scale as indicated by the key. Note constant component North of “bullet".
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Figure 3.9: Observed M42 HH120-114 [Fell] 1.644//m “bullet” velocity profiles (background 

component not removed).
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Averaged upstream , o ff—wake [Fell] profile

Velocity k m /s

Figure 3.10: Averaged background [Fell] 1.644//.m velocity profile, upstream of M42 HH120-114. 

S u b tra c t io n  o f  B ackgroun d  C om p on en t:  “B u lle t”-o n ly  em iss ion

In order to  accurately determine the velocity range of emission resulting from the “bullet” 

alone, it is necessary to  isolate the background emission pervading the entire region. For 

this purpose, the slits shown in Figure 3.8 were positioned so th a t a significant area 

upstream  of the “bullets” emission was sampled. The averaged upstream  profile was 

found by coadding all observed profiles upstream  of the “bullets” a t these positions and is 

displayed in Figure 3.10. The background profile is centred a t -0 .4± 0 .2km s_1 (weighted 

mean) and is well fitted by a single Gaussian profile of FW IIM  =  31 .1± 0 .6km s_l . After 

deconvolution of the instrum ental profile the intrinsic FW IIM  is 22.3±0.7km  s_I . The 

line flux is (3.4 ±  0.2 ) x 10- l s W m -2 in a 1.689" x 0 .9 "  CGS4 pixel row.

This averaged background profile was therefore subtracted  from each observed profile
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in order to isolate "bullet”-only emission. Figure 3.11 shows the same region as Figure 

3.9 but this tim e the  “bullet” -only emission profiles are displayed. The resu ltan t profiles 

consist of a t least two components as expected for bow shock emission profiles. Varia

tions in background emission show as relatively small spikes and dips a t zero velocity 

if significantly different to  the average. The integrated profiles summ ed over the M42 

H II120-114 “bullet” are shown in Figures 3.12 (to ta l observed emission) and Figure 3.13 

(background com ponent subtracted).

D er iva tion  o f  “B u lle t” V e loc ity  and O rientation

Using the m ethods described previously, the background-subtracted in tegrated  [Fell] 

profile for the “bullet” M42 HH120-114 (Figure 3.13) corresponds to  a shock velocity 

of vs = 120 ±  10 km s- i  and an orientation angle of a  =  60 ± 10° to the line-of-sight, 

after small corrections for therm al and instrum ental broadening. A comparison of this 

observed [Fell] profile shape with radiative bow-sliock model predictions (H artigan  et al.

1989) shows good agreement with the theoretical integrated velocity profile generated 

for a v = lOOkrns-1 , a  =  60° bow shock (H artigan et al. 1987). In particu lar, peak 

emission is blueshifted by up to ~  40km s_l for the observed profile, consistent with a 

similar but slightly larger blueshift of ~  50km s~ for the theoretical profile.

3 .4 .3  S h o c k e d  H 2 1-0  S ( l )  P r o f i le s  in  A s s o c ia t e d  “B u l l e t ” W a k e s

Figures 3.14 and 3.15 show the observed H2 1-0 S (l) 2.1218 p m  line profiles a t positions 

both along, across and upstream  of the clearly resolved bow-shock wakes associated with 

each of the “bullets” M42 HH126-053 and M42 1111120-114. As with the [Fell] emission, 

a roughly constant emission feature clearly pervades regions upstream  and adjacent to 

the wake itself, while profile intensity increases by a factor of ten or more up to a 

m axim um  of 1.68±0.01 X 10_lbW m ~2 in a 1.744" x0 .9"  CGS4 pixel a t positions on the 

wakes themselves. The emission profiles are dom inated at all positions by a broad, single 

peak centred at or close to zero velocity relative to the local standard  of dynam ical rest. 

Before analysing the profiles in more detail it is necessary to determ ine and sub trac t the 

constant background feature, as for the [Fell] profiles.
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Figure  3.11: M42 J I I I120-111 [Fell] 1 .644pm ‘'6111161” - “b ack g ro u n d ” velocity profiles.
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M A - 2  HH12Q 1 1 A- [Fell] irilegraLed profile

Ve loci ty k m /  s

Figure 3.12: M42 HH120-114 [Fell] 1.644/<m integrated “bullet” +  “background” velocity profile.
M4 2 HH1 20— 1 1 A integratoci L Fa 11 J '1 b> u 11 et ' ' — only emission

Velocity k m /s

Figure 3.13: .VI42 HH120-114 [Fell] 1.644/rm integrated “bullet” -only velocity profile.
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Figure 3.14: Region including M42 IIHF26-053 imaged in H2 1-0 S (l)  2.122pm (Allen & Burton 

1093) with velocity profiles superimposed.
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Averaged upstream, off wake H2 1 O S( 1 ) profile

V e l o c i t y  k m / s

Figure 3.16: Averaged “background” Ho 1-0 S (l)  velocity profile, upstream of M42 IlH 120-114. 

H 9 B ack grou n d  C om p on en t

The averaged, upstream  H2 1-0 S( l)  profile was found by averaging profiles a t positions 

well clear of the wake features. The consequent profiles are almost identical for both re

gions. The m ajority  of profiles used in this determ ination are at positions far upstream  of 

the M42 HH120-114 wake. The resultant profile is shown in Figure 3.16 and is well fitted 

by a. single Gaussian centred at 2 .5±0.5km s 1 , close to the value of +4km  s_ 1 found by 

M oorhouse et al. (1990) for Il2 1-0 S (l)  profiles at OM C-1, and in close agreem ent with 

th a t  determ ined for the  [Fell] background component. The FW HM  is 34 .0± 2 .5km s-1 . 

After deconvolution of instrum ental broadening (FW HM  =  23.1±0.3km s 1 ), the in trin 

sic FW HM  of the background component is therefore 26.0±2.5km s~ , slightly higher 

than  for the [Fell] 1.644/rm background component. The average background flux in the

11., 1-0 S( I) transition  is 9 .9± 0.6x  10_ l8W m -2 in a 1.744" x 0 .9 "  CGS4 pixel.
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Slit (272,30 Slit (283,307 Slit (290,307 Slit (297,307)

p e a k

/km - 1

intrinsic 

FW HM  

/k m  s_1

p e a k

/k m  s-1

intrinsic 

FWHM 

/km  s“ 1

p e a k

/k m s  1

intrinsic 

FW HM  

/k m  s_1

p e a k

/k m  s- l

intrinsic 

FW HM  

/k m  s~ '

- 1.1 ±0.3 

-2 .8± 0.2 

-1.8±0.2 

-0.8±0.2 

-1.7 ±  0.2 

-4.4 : 0.2 

-4.7±0.2 

-2.0±0.2

-0.5±0.2

23.1±0.7 

I4.3±0.5 

11.2 ±  0.6 

5.0±0.5

U

14.0±0.5 

19.8 ±  0.5 

10.0± 0.6

15.6±0.5

0.2± 0.1 

-2.7±0.1 

-4.0±0.1 

-4.5±0.7 

-4.6±0.6 

-4.7±0.6 

-4.0±0.6 

-3.1±0.8 

- 0.6 ±  0.2 

- 0 .1 ±  0.1

26.8±0.4

21.1 i 0,1 

14.0 1 0,1 

14.0±0.3

13.2 ±  0.3 

11.4±0.3 

11.8 ±  0.3 

I 1.2::ii.l

u

12.4±0.4

2.7±0.3 

- 1.1 ±  0.1 

-2.6± 0.1 

-4.3±0.9 

-4.9±0.8 

-4.9±1.0 

1, 1-1-0.1 

-2.9±1.0 

0.5±0.3 

1.2±0.9

21.9±0.8

24.3±0.4

18.2±0.4

16.8±0.4

16.3±0.4

14.6±0.4

12.2±0.4

13.4±0.4

U

14.5±0.4

1.4±0.1

0.3±0.1

0.5±0.2

-1.0± 0.1

- 2 .0± 1.0

-3.6±0.9

-3.9±0.1

-2 .8± 0.1

0.9±0.2

1.1± 0.1

23.0±0.4 

22.2±0.4 

20.8±0.5 

23.7—0.4 

24.3±0,1 

22.1 ±0,1 

2 0.6 ±  0.4 

20 .4± 0 .4 

13.4±0.6 

15.8 ±  0.4

Table 3.1: Gaussian line-fits to main velocity component of background-subtracted IE 1-0 S(l) 

wake profiles in M42 HH126-053. CGS4 slit row 19 (top row displayed in Figure 3.17) corresponds 

to the Allen & Burton (1993) image coordinates indicated above each column. Row '28 is the 

bottom row displayed in Figure 3.17. Velocities are calibrated relative to the local standard of 

dynamical rest (LSR). “U” indicates profile unresolved.

W ak e-on ly  E m iss ion

(i) M42 H H 126-053

The averaged background component (Figure 3.16) was sub tracted  from all positions 

on the 119 wakes to  determine the characteristics of the wake-only emission. Figure 3.17 

shows the  resu ltan t profiles superimposed on the If2 wake of M42 HH126-053. Fro file 

intensity increases for on-wake positions up to a m aximum  of 1 .5 8 ± 0 .0 1 x l0 - lo W m -2 

in a 1.744 " x().9 " CGS4 pixel (after background subtraction). Detailed Gaussian line- 

fits of peak velocity and FW HM  were possible for the emission profiles a t all positions. 

Routines in the SPECD RE Starlink software library were employed and the results, 

including intrinsic FW HM  after deconvolution of instrum ental broadening, tabulated  in
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M42 HH126 —053 H2 1-0 S(1) wake
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Figure 3.17: M42 HH 126-053 “wake” - “background” I I 2 1-0 S ( l)  velocity profiles.
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M  » W  ,  M  „ (297.307)

Hoi ffl/s  i i £ |  ta /s  Velocity t o / s  VelocTy to /s

Figure 13.18: M42 H H i*26-053 “wake” - “background” II2 1-0 S ( l)  velocity profiles running from 

.NW(top) to SE(bottom ) along wake axis highlighting peak velocity shifts. Profiles are those 

shown in Figure 3.17 with image pixel centre of top row labelled accordingly.



Chapter 3: Shocked 1I2 & Fe+ Line Profiles in the Orion Bulle t” Wakes 92

Table 3. 1 lor the m ain peak emission centred at or close to zero velocity. The small 

peak velocity shifts m easured can be seen by comparing the same profiles displayed 

in columns in Figure 3.18. For each slit position, a small but significant blueshift is 

observed up to  a peak velocity of -4 .9±1.0km s_1 compared to  the  off-wake peak of 

+ 2 .5 ± 0 .5 k m s_ , corresponding to a blueshift of up to 7 .4 ± l . lk m s -1 and up to 14km s-1 

from the am bient cloud velocity in this region m easured in CO. The m axim um  blueshift 

occurs a t positions corresponding to the brightest regions at the tips of the II,, emission 

and alm ost coincident (along the line-of-sight) with the [Fell] 1.644/rm “bulle t” . In 

moving clown the wake, profiles weaken and peak velocity approaches the background 

peak velocity once again. At no point on the wake is there any evidence of the double

peaked profile struc tu re  in the dom inant emission profile centred near zero-velocity, as 

would be expected for bow shocks.

The decrease in intensity and blueshift of the profiles a t the central on-axis wake 

positions is coincident with a corresponding decrease in the intrinsic FW I1M  of the 

profiles, ranging from a m axim um  of 24 .3±0.4km s_1 near the tip of the wake down 

to 10.0± 0.6k m s_ 1 a t the tail of the wake for the two on-wake slits centred at image 

coordinates (283,307) and (290,307). Slit (272,307) lies along the edge of the m ain wake 

emission associated with M42 HH126-053 and shows a less clear trend  in profile th a t 

is perhaps due to the irregular shape of the underlying wake geometry. Slit (297,307) 

Follows the general trend of the central positions but appears to  be coincident with an 

additional wake feature corresponding to a secondary [Fell] clump (Figure 3.4) which 

confuses in terpretation .

A dditional and much weaker components are identified a t velocities significantly 

blueshifted from the dom inant single peak and highlighted in Figures 3.19 and 3.20. 

These features are strongest at the correspondingly brightest m ain peak positions. One 

of these components remains fairly constant and is identified as the “ghost” feature  previ

ously observed in arc lamp spectra and centred at about -51km s-  , and whose intensity 

is proportional to  the main peak intensity and up to ~  -5% in relative flux intensity, 

consistent with the arc line fits. However, a component centred at velocities as great as 

-106± 3km s-1 is also observed and is often stronger than  the “ghost” feature. Results 

of G aussian line-fitting to any weak component which is clearly distinguished from the
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[•'igure 3.19: M42 HH 126-0-53 “wake" - “background” H2 1-0 S ( l)  emission highlighting weak 

velocity features.
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W  „ (33,307) „ (21,1) ,  (297,307)

Ve!oci:y n / s  Hfetf a / s  fccf a/s Vebdij m/s

Figure 3.20: M42 HH126-053 "wake" - "background" H2 1-0 S (l)  velocity profiles running from 

NVV(top) to SE(bottom ) along wake axis highlighting weak blueshifted velocity components. 

Profiles are those shown in Figure 3.17 with image pixel centre of top row labelled accordingly.
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constant “ghost” feature associated with the much brighter, zero-velocity centred com

ponent are shown in Table 3.2. It is noted th a t both the peak velocities and the intrinsic 

t'W H M  of these components follow the trends found for the m ain peak emission as one 

moves down and outw ards from the tip of the wake, although accurate determ inations 

are difficult due to  the much lower signal-to-noise.

(ii) 31 ¡3 H H 120-114

Figure 3.21 shows the background subtracted  H2 1-0 S (l)  profiles superim posed on 

the H2 wake of M42 HH120-114. As for M42 HH126-053, emission is dom inated by a 

broad but singly-peaked profile. Profile intensity increases for on-wake positions up to 

a m axim um  of 1.21±0.02x 10_ 16W m ~2 in a 1.744" x 0 .9"  CGS4 pixel after sub traction  

of the averaged background intensity. Detailed Gaussian line-fits of peak velocity and 

FWTIM were m ade to  the emission profiles as before and the resu ltan t peak velocities and 

deconvolved FW HM  values tabu lated  in Table 3.3 for the main peak emission centred 

at or dose to  zero velocity. Once again, at 110 point on the wake is there any evidence 

of the double-peaked profile structure  in the dom inant emission profile centred near 

zero-velocity, as would be expected for bow shocks.

Small peak velocity shifts are again observed (Figure 3.22). However, in this case, the 

peaks are slightly redshifted compared to  the background emission peak. For each slit 

position, a small but significant redshift is observed for the peak up to  10 .5± 0 .1km s_l 

com pared to  the average off-wake peak of 2 .5± 0 .5km s_1 corresponding to  a redshift of 

np to  8 .0± 0 .6km s_1 . The largest shifts from row to row again occur a t the head of 

the wake and are again almost coincident (along the line-of-sight) with the main [Fell] 

1.644;um “bullet” emission. Although less clearly defined than  for M42 HH126-053, since 

for positions westward of slit (.324,230) a. second “bullet” and wake significantly overlaps, 

I here is a clear trend for the peak velocities to  reduce and approach the background peak 

velocity once again in moving down the wake.

The decrease in intensity and redshift of the profiles a t the central on-axis wake 

positions of the m ain wake M42 II11120-111 is again coincident with a corresponding 

decrease in the intrinsic FW HM  of the profiles, in this case ranging from a maximum of 

typically 2 6 .1±2. lkm s_ 1 near the leading edge of the wake down to T2.4±1.2km s_l at
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Figure 3.21: M42 HH120-114 “wake” - “background” H2 1-0 S (l)  velocity profiles.
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i ? P )  ,  (324,230) „ ¡325,222) „ (335,2’S)

Veloci?/ /̂s lletef m/s Wociif k/s Velocity m/s

Figure 3.22: M42 IIIIJ20-114 "wake" - "background" II2 1-0 S (l)  velocity profiles running from 

NW (top) to SE(bottom ) along wake axis to highlight peak velocity shifts. Profiles are four of 

t liose shown in Figure 3.21 with image pixel centre of top row labelled accordingly.
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Figure 3.23: M42 HH120-114 "wake" - -'background" H2 1-0 S (l)  velocity profile emission high

lighting weak M2 1-0 S( l )  velocity features.
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S l i t  ( 3 3 5 , 2  1 9 ) r o w  I Q  H 2  1 O S (  1 ) p r o f i l e

101

V e l o c i t y  k  m  /  s

Figure 3.24: Slit (335,219) row 19 Ho 1-0 S( 1) velocity profile, upstream of prominent M42 HH120- 

114 wake emission and without background subtraction. Note the very large total velocity range 

near zero intensity and the similarity to the corresponding [Fell] profile (Figure 3.12).

the tail of the wake for the two on-wake slits. We note, however, a significantly higher 

FW H M  at the lowest row numbers 19 and 20 than is seen elsewhere. This is due to  the 

presence of a very weak but broad pedestal in addition to  the weak main profile which 

biases the Gaussian line-fits to  give a. resultant FW HM  as high as 91 .5± 10 .9km s_l for 

row 19 of slit (344,214). Also, at slit (335,219) for example, the FW HM  of the line 

emission appears to rise and fall twice with increasing row num ber, correlated with the 

two different wakes observed along the line-of-sight at these positions.

Unlike the wake associated with M42 HH126-053, additional velocity com ponents 

are not clearly identified on the main wake region itself (Figure 3.23) apart from the 

weak, artificial "ghost" feature. However, real secondary com ponents are visible on 

the confused region ju st downstream of the actual wake(s). The broad but very weak
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emission noted above for the lowest row numbers in figure 3.23 are, however, visible. 

At these positions, ill-defined in the H2 image but coincident with the strongest [Fell] 

“bullet emission, it appears th a t the. to ta l velocity range at close to zero intensity  

is sim ilar to  the [Fell] 1.644pm profile, i.e. as high as 130±20km s_1 ! Figure 3.24 

shows row 19 of slit (335,219) but with the background not sub tracted  to  show the 

weak high velocity emission a.t higher signal-to-noise. We note the sim ilarity both in 

shape and velocity range to the corresponding [Fell] “bullet” profile (Figure 3.12) a t the 

same position. Retention of the background component does not contribute to  the  high 

velocity emission we are interested in here. The small dip near the peak of the profile 

is artificially introduced by a very weak and unresolved I l2 emission source centred at 

zero velocity in the sky position used and so again will not affect the high velocity 

emission. This sky feature was carefully checked for all relevant positions in this wake 

and confirmed to be approxim ately constant but negligible in intensity com pared to  even 

the background component.

3.5 D iscussion

3 .5 .1  N a t u r e  o f  B a c k g r o u n d  C o n t r ib u t io n ( s )  t o  P r o f i le s

In front of the  shocked line emission from OMC-1 there is a zone of fluorescent. I i2 line 

emission, resulting from the UV excitation of the molecular cloud by the Trapezium  stars. 

W hile in the line of sight to OMC-1 it is clear th a t shocked/therm al emission dom inates, 

¡1 is im portan t to  estim ate the contribution of fluorescent emission, especially as its 

profile should be unresolved by our observations, being intrinsically narrow com pared to 

collisionally broadened H , emission. Large scale diffuse If2 m apping by Luhm an el <il.

(1994) over the entire Orion A cloud in the 6-4 Q( 1) line at 1.601pm and 1-0 S( 1 ) line 

shows th a t  UV fluorescence dom inates the emission in the outer parts of the cloud and 

accounts fo r r'-/ 98 -  99% of the global fl2 emission. Burton & Puxley (1990) showed 

th a t shocks alone would produce relatively more 1-0 S (l) emission contributing ~  7% of 

the to ta l line flux. The line profiles of the fluorescent emission from the Orion Bar arc 

unresolved spectrally with FW HM <17 k in s-  (Burton el ul. 1990a.) and are centred al
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t he am bient cloud velocity. This is in clear contrast to the 140/km s wide with broad 

blue-wing shock profile at OMC-1 (B rand et al. 1989b). Hence, if fluorescence were 

dom inating the emission in any of the profiles we measured we would expect to  see a. 

significantly enhanced, narrow component to the profile at the rest velocity com pared to 

the shock profiles.

Following the analysis of B urton & Puxley (1990), the fluorescent contribution to 

the 1-0 S( 1) line a t the peak of OMC-1 is only about 1%, but moving to  the edges of 

the strong emission regions it rises to  about 10%. At the region containing the observed 

“bullet” wakes the strength  of the fluorescence has not been m easured in detail. In 

both tracers m easured here the profile of the background emission pervading the ob

served “bullets” region is well-fitted by a single Gaussian profile centred w ithin 3km s~ 1 

of zero velocity relative to the local standard  of dynamical rest. However, the H2 profile 

is not unresolved, as would be the case if it were excited by fluorescence alone, bu t is 

significantly broadened by 26.0±2.5km s_ at FW HM . Therefore the background com po

nent can perhaps be modelled as a combination of an unresolved fluorescent com ponent 

together with a uniform, collisionally broadened component. If the broadening is in

terpreted  as purely therm al, this corresponds to an rms velocity, vrms= 16.8km s” 1 and 

uniform excitation tem perature  of ~34,000K!

Alternatively, the broad component may be the result of an expanding bubble, cen

tred  near the  BN-IR.c.2 complex, which pushes a shock front through the molecular gas as 

it traverses the entire observed region. If the emission is due to cooling upon passage of 

a uniform, plane J or C shock front, we would expect the peak velocity of the resu ltan t 

profiles to  vary with position in the region as the line-of-sight intersects com ponents 

deflected at differing angles and varying apparent shock velocity. One would also ex

pect to  see two different components, separated in velocity, along a given line-of-sight 

intersecting two different sides to the bubble. This appears to rule out this explanation 

as even though the underlying cloud geometry is unknown it is difficult to  model t he 

emission resulting in such a spatially uniform, singly-peaked profile. The broadening 

may t herefore only be explained by a single and constant, highly m agnetised planar (' 

shock or as (he result of supersonic turbulence or instabilities. These processes are lit tle 

understood and may be expected to significantly alter the excited H2 level populations
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com pared to  s teady-sta te  models. We shall go on to m easure the II., excitation spectrum  

of this background component in C hapter 4.

3 .5 .2  C o m p a r i s o n  o f  H 2 w ak e  P r o f i le s  t o  S t e a d y  S t a t e  B o w  S h o c k  M o d 

e ls

We have dem onstrated  th a t integrated [Fell] 1.644pm line profiles in Orion are entirely 

consistent with theoretical bow-sliock predictions for two different values of vs and a . 

M otivated by clearly resolved bow-shaped I t2 wakes associated with the [Fell] “bullets” , 

it was expected th a t observations of individual II9 line profiles within the wakes should 

enable a clear distinction between competing models of the shock excitation w ithin these 

structures. Indeed, C arr (1993) was able to  successfully in terpret the H2 1-0 S( 1) 2 .122pm  

profile emission in the bow-shaped object HH7 (NGC1333) as a bow shock in this way. 

Such models predict broad, double-peaked emission profiles to be observed in the Ii2 

wakes associated with the Orion “bullets” , since a line-of-sight should intersect two 

distinct and oppositely directed shock fronts on either side of the bow shock wake. 

However, we have observed l i 2 1-0 S( 1) line profiles a t positions along the  brightest 

and m ost clearly resolved H2 wakes but find them  to be dom inated by singly-peaked, 

broad profiles centred within 10km s“ 1 of the peak background emission. This cannot be 

reconciled with any steady sta te  bow shock models.

Referring to  Figure 3.25, it is straightforw ard to show th a t the effective radial velocity 

( v ,) observed for gas shocked by one side of a simple parabolic bow structu re  is given 

by the expression

vrad = vs i> sin( a -  (3.6)

where v  is the shock speed through the (stationary) ambient m edium , i p  is the angle 

between the tangent to the bow at tha t point, and the bow-axis, and ex is the angle 

between the bow-axis and line-of-sight (orientation). For a line-of-sight th a t intersects 

regions on both sides of a wake, the radial velocity to the observer is oppositely directed 

for each com ponent. Therefore two separate components are observed as long as the
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direction of bow  propagation

component of
perpendiculor shock radial velocity
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' " ' , / x
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Figure 3.25: Diagram of theoretical bow shock front, (assumed paraboloid) passing at velocity vs 

through a stationary medium and imparting a. velocity v± = vs sin ip perpendicular to the bow at 

X. The observer sees an effective radial velocity v r a d  (see text). The observer sees an oppositely 

directed component of shocked gas (not shown here) from the intersect of the line-of-sight to the 

near side of the wake.

effective shock velocity is not so high as to dissociate I i2 in either com ponent, as is the 

case for all positions in the Orion “bullet” wakes except those close to the tip associated 

with the [Fell] 1.644/un emission itself.

At positions near the head of the H2 wake emission, e.g. row 20 of slit (283,307) in 

Table 3.1 for M42 1III126-053 (Figures 3.17,3.18), one can use the “bullet” speed and 

orientation determ ined from the Fe+ profiles together with the approxim ate bow position 

(hence ip) in equation 3.6 to determine the peak velocity of the expected emission. In 

the sim plest case of a .1 shock this is equivalent to the shock velocity “seen” by the gas. 

If we take a value of ip ~45° on the far side of the wake and ip ~  -30° for the near 

side, then the peaks will be centred at ~96 and -48km s-1 respectively ( cs=  150km s“ 1



, a = 7 0 °). Figure 3.26 shows model profiles calculated in this way over the relevant 

shock range sampled in a single CGS4 pixel for both  M42 HH126-053 and M42 1414120- 

114 a t row 20 of slits (283,307) and (324,230) respectively. No dissociation speed limit 

has been imposed so th a t the models merely indicate the wide peak separation and the 

relatively low emission strength  near to the pre-shock velocity (set to  zero), in contrast 

to the observed H2 emission. While a peak velocity separation of this m agnitude can 

be accom odated within the widest [Fell] profiles a t the tips of the “bullet” , they clearly 

cannot explain the singly-peaked 1I2 profiles given the relatively high velocity resolution 

( 14km s-1 per velocity channel or 23km s-1 FW HM ) of these observations com pared to 

the profile widths. We should clearly resolve two separate peaks. In any p lanar shock 

the peak II2 emission velocity is shifted from th a t of the ambient cloud since it is the 

dow nstream  ga.s th a t  is em itting. Although the peak emission for a C shock occurs a t 

velocities below the shock speed itself, it will still be at velocities significantly shifted 

from the pre-shock velocity of the gas, and always oppositely directed for each com ponent 

sampled at positions in the near plane-of-sky wakes observed here.

We note th a t  it is only just possible to fit the observed profiles by theoretical C bow 

shock models even if the line-of-sight includes the entire bow shock and therefore the full, 

integrated velocity range. This can be seen by comparing to Figure 11 of Sm ith & Brand 

(1990c) and assuming th a t the bow is oriented close to  the plane-of-sky and moving at 

!.’ =  120km s-1 , as determ ined from the Fe profiles. Our observations, however, dissect 

small cuts through the bow, ra ther than  the full range of shocked velocities sampled over 

the to ta l bow surface. To fit a single G shock absorber model (Sm ith el ul. 1991b) a t 

these positions would imply an H2 dissociation speed in excess of ~ 8 0 k m s_1 , with an 

implied m agnetic field strength far in excess of observed estim ates (Chrysostom ou el ul.

1994). Furtherm ore, an explanation for the appearance of lim b-brightened bow-shaped 

wakes is then required, especially given the success of the bow shock model in explaining 

the t'e+ emission.

Theoretical bow shock models further predict th a t peak separation will decrease from 

a maximum value near the head of the wake (exact position depending on orientation) 

to a. m inimum  towards the tail where the gas is only weakly shocked due to  the highly 

oblique angle between shock front and direction of propagation of the bow. Hence, the
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Figure 3.26: Model Predictions of possible shocked H2 1-0 S(l), 2.122 pm  line profiles in following 

pixel positions. Left: M42 HII126-053 Slit (283,307) row 20; Right: M42 HH120-114 Slit (324,230) 

row 20. The model assumes post-shock relative velocity is negligible and that the shocks move 

into a. stationary medium. No dissociation speed limit has been imposed on the shocked Ho and 

profiles are not smoothed by instrumental broadening.

profile w idth, proportional to the effective shock speed, will decrease for each com ponent 

as one moves down the bow axis. A decrease in peak separation is also predicted ¡11 

moving across from central axis positions to the outer limbs of the wake, perpendicular 

to  the bow axis, as direction of shock impulse converges for each side of the wake. Singly 

peaked profiles are therefore not inconsistent with bow shock models for positions in the 

wake extrem ities, but the widths must be considerably more narrow. Our observations 

do show a gradual decrease in profile FW HM in moving down the wake, although this



Chapter 3: Shocked II.2 & Fe+ Line Profiles in the Orion “Bulle t” Wakes 108

is less clear in the case of M42 HH120-114 due to the presence of two wakes for some 

positions. W ithin individual wakes, however, this relation holds.

The detection of weak but extremely high velocity (peak velocity< - 105km s_l ) H2 

emission features a t positions close or coincident with the [Fell] “bullet” emission in 

bo th  wakes is inexplicable with any steady sta te  molecular shock models unless we are 

not resolving m ultiple shock fronts along the line-of-sight. However, peak velocity of 

the individual features identified in M42 1111126-053 clearly moves closer to  the m ain 

emission peak in moving down the wakes and so appears to  be associated w ith the 

“bullets” . The presence of the instrum ental “ghost” feature in between the  strong  and 

weak com ponents together with the relatively poor signal-to-noise, however, prevents 

a. more detailed analysis. W hen resolved, the FW HM  of Gaussian Jine-fits to  these 

com ponents shows no clearly discernable trend with position, bu t never exceeds the 

FW HM  of the strong, zero-velocity centred emission.

D u st  E x tin ction ?

In the absence of the expected double-peaked H2 profiles, we now examine the possibility 

th a t the “fingers” of H2 m ay contain dust at a density th a t is high enough to  completely 

extinguish H , emission from the far side of the wake (relatively redshifted emission). To 

estim ate  the implied gas density required for this, we set the optical depth , r ,  given by

r  =  I  N c extdx  (3.7)
• )  p a t  h i  e n g  t i l

 2
to unity. Here, r  is a function of the mass column density N  (gem ) and the dust 

opacity at 2 .122pm  ocxt (cm 2g_ ) integrated over the path length  (x)  of intervening 

m aterial between each face of an idealised bow shock structure. Exam ining the Allen 

k  B urton (1993) images, the wake structures are of order 101'cm  across. If we take
3 2   1 /—y

an estim ate for t he dust opacity of aexi =  3.25 X 10' cm g at 2.512pm (Ossenkopf k  

Henning 1994) this gives an implied mass density of 3.08 x 10- 21gcm - 3 . Using the typical 

in terstellar medium value pdust ~ 0.01p5as and knowing m H2 = 3.3 x H P ^ g  therefore 

implies an II., gas num ber density of ~ 105cm~ , which is similar to the inferred densities 

in the OMC-1 region. Clearly this possibility will require further investigation.
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3 .5 .3  S u m m a r y

We have dem onstrated  th a t integrated [Fell] line profiles in the Orion “bullets” are 

consistent with theoretical bow-shock predictions for two different values of vs and o. 

We have identified a uniform, broad background component pervading the region in 

both Fe+ and II2 which is inconsistent with a fluorescent component due to the ionizing 

radiation of the  Trapezium  stars alone. A collisionally broadened background com ponent 

of unidentified origin is m easured with an average FW HM  of 26± 2 .5km s_l in the l i 2 1-0 

S( 1) line and a peak velocity of 2 .5±0.5km s_1 , close to  the local am bient rest velocity. 

The extended IF, bullet wakes have allowed us to dissect individual m olecular bow shock 

structu res but the broad, singly-peaked II2 1-0 S( 1) profiles observed in the two m ost 

clearly resolved, plane-of-sky oriented wakes challenge our present understanding. It is 

very difficult to reconcile any steady-state  bow shock model with these observations in 

Orion. To fit a single C shock absorber model to  individual profiles implies a m agnetic 

field streng th  far in excess of observed estim ates and is not consistent with the  bow

shaped wake morphology.

Alternatively, we may still not be resolving mrdtiple shock fronts along the line-of- 

sight. For example, multiple overlapping bullet wakes could give rise to  m erged sets of 

doubly-peaked profiles resulting in approxim ately Gaussian shaped profiles. However, 

given the appearance of single bow shaped wakes at m any observed positions, the accu

racy of pure Gaussian line-fits, the velocity resolution of our observations and th a t  we 

see this phenomenon in two different wakes, this explanation is expected to be excluded.

If we cannot fit the profiles in Orion with steady sta te  molecular shocks it m ay be 

necessary to model the effects of instabilities and turbulence. This will have im portan t 

consequences. Not only will line profiles be broadened but level populations of shocked 

species will be altered and hence the observed column densities over a range of transitions. 

New observations of II9 column densities in these “bullet wakes” (C hap ter 1) address 

this.



C h a p te r  4

S h o c k e d  H2 E x c i ta t io n  in  t h e  

O r io n  “B u l le t” W ak es

4.1 Abstract

We have m easured the excitation of I t2 via K band transitions in the Orion “bullets” 

region and find a near-constant background spectrum  which can be modelled by a  com

bination of fluorescent and shock-excited mechanisms. M easurement of the l i2 excitation 

in the  “bullet” wakes M42 H H 126-053 and M42 HH120-114 shows a near constan t emis

sion spectrum , w ithin each wake, th a t may be modelled by a com bination of shocked 

and fluorescent excitation, now more strongly dom inated by collisional processes but also 

containing an intrinsic wake-only fluorescent component. However, the near constancy 

of this excitation with position within each individual wake is inconsistent with bow (' 

shock models previously fitted at OMC-1, in which significantly different line ratios occur 

depending on the shock velocity which varies in the bow. This is in agreem ent with II., 

1-0 S( 1 ) line profiles measured at these positions and suggests th a t it may be necessary 

to  model the effects of instabilities and turbulence in the Orion “bullet” wakes in order 

to  fit our observations.
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4.2 Introduction

The natu re  of molecular shocks, which play an im portan t role in the processes of mo

m entum  and energy transfer within sta r forming molecular clouds (McKee 1989), is still 

uncertain (D raine & McKee 1993). The Orion molecular cloud is the brightest known 

source of shocked Jl2 emission and as such has been the prim ary test-bed for theoretical 

m odels, as reviewed in C hapter 3. The discovery of [Fell] “bullets” in the Orion o u t

flow (Allen & B urton 1993) emphasised the im portance of bow shock morphology and 

allowed the first m easurem ents of bow-shock dynamics in this bright source. In C hapter 

3 we showed th a t  broad, singly-peaked H2 1-0 S( l)  velocity profiles in clearly resolved 

bow-shock structu res of the Orion “bullet” wakes are extremely difficult to  reconcile with 

existing steady-sta te  shock models. In this C hapter we describe detailed observations of 

a range of H2 lines in the K band to determine the natu re  of the H2 excitation in the 

same Orion “bullet” wakes using CGS4 with the new 256x256 array a t UK1R.T.

In previous work, concentrated at the position of peak I l2 brightness in the Orion 

outflow (OM C-1), it has been established th a t planar C(m agnetised)-shock models can

not explain the H2 line intensities in Orion or any other outflow, while p lanar J-shock 

models can (B rand et cd. 1988). However, neither planar nor bow J-shock models can 

reproduce the line profiles observed at OMC-1 (Brand et al. 1989b). It is ju s t possible to 

fit both  H2 line profiles and ratios in this region using highly m agnetised C-shock models 

(Sm ith et al. 1991b). M easurements of H2 excitation conditions which rem ain constant 

th roughout the bright part of the Orion outflow, however, are not easily explained by 

any bow shock models (B rand et al. 1989b, McKee 1989).

Fernandes and Brand (1995) have dem onstrated th a t molecular hydrogen emission 

from the bow shock-shaped 11117 is well explained as a C-shock in a bow configuration 

in which the 'cap ' is completely dissociated, and H2 fluorescence produced by Lyman 

alpha resonance pumping in the hot post-shocked layers (Black & van Dishoeck 1981 ) in 

the cap irrad iate  the downstream  flow. The same type of shock +  fluorescent spectrum  

as seen in HII7 has been seen in DR.21 (Fernandes 1993). It was expected th a t the bow 

shocks in Orion could be similarly excited.
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Wo used CGS4 in its echelle mode to obtain [Fell] line profiles of m any of the bullets 

together w ith H2 line profiles in the two m ost clearly defined bow shock wakes (C hap ter 

3). Observations of the in tegrated  [Fell] 1.644 pm  line profile of the “bullets” M 12 

HH126-053 and M42 HH120-114 oriented close to  the plane of sky, show a width (FW ZI) 

of up to  150 kins- 1 . We have observed II2 1-0 S(1) 2.122 p m  line profiles a t positions 

both along and across the corresponding bow-shock wakes. At these positions, a line- 

of-sight should intersect two distinct and oppositely directed shock fronts on either side 

of the bow shock wake and modelling gives a doubly-peaked line profile. In moving 

down the wake, away from the bullet, the model velocity w idth decreases as the  norm al 

com ponent of bow shock velocity of each gas component decreases. However, unlike 

112 profiles observed in HH7 (C arr 1993), the observed profiles (resolution 14.1 km s- 1 ) 

a t these positions are dom inated by a broad (FW ZI < 80 km s- 1 ) BUT singly-peaked 

G aussian-shaped line profile.

These observations appear irreconcilable with any steady-sta te  bow shock model 

(the fluorescent component fitted to H2 intensities in I1H7 will not explain the broad 

line profiles seen in Orion). It may be necessary to model the effects of instabilities and 

turbulence in the Orion “bullet” wakes in order to fit the observations. We expect the 

excitation of these molecular shocks to be unusual so it is essential to  m easure this. We 

therefore used the CGS4 spectrom eter at UKIRT with the 75 1/mm grating  to m easure 

a. range of IF, emission in the K-band at the brightest positions in the Orion “bullet” 

wakes for which we have profile da ta , including the fainter transitions corresponding 

to the highest upper energy levels, as necessary to  distinguish excitation mechanism. 

R esultant spectra  can be compared for a range of positions along and across the  wakes 

to search for any changes in excitation within the bow structu re , and also summed for 

an entire wake in order to  achieve maximum signal to noise on the faintest transitions.

4.3 Observations

Near-infrared, long-slit K band spectra were m easured of the H2 line emission associated 

with the  two m ost clearly defined Orion “bullet” wakes. The observations were m ade 

lor a range of positions both along and across the associated H2 wakes, to search lor t he
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predicted changes w ithin the proposed bow shock structure  and to  complement previous 

H2 1-0 S(1) 2.122pm line profile observations at the same positions (C hapter 3). Obser

vations of the wakes associated with the “bullets” M42 HH126-053 (previously denoted 

M42 HH7) and M42 HH120-114 (previously unidentified) were carried out a t UKIRT on 

the nights of 5-Sth October 1995 with the cooled grating spectrom eter CGS4 and the 

new (256x256) detector array. At this tim e CGS4 was fitted with the short 150mm focal 

length cam era and we used the 75 lines/m m  grating in first order to m easure H9 lines 

in the K window, centred at 2.2/im , giving ~1.22" wide pixels. In this configuration 

with the new array, the spectral coverage of 0.66 p m  is sufficient to observe the  entire 

K-window at one grating position and at a significantly improved spectral resolution of 

0.0025pm, preventing blending of any of the im portan t lines with background emission 

oi- o ther H2 1 ines. Therefore all H2 lines used in this experiment were observed simul

taneously a t a given position which eliminates problems associated with intercalibration 

of adjacent spectra, sky fluctuations and telescope pointing.

Spectra were oversampled and the num ber of bad pixels reduced by physically shifting 

the array by 1/3 pixel, so th a t six detector positions were observed over two resolution 

elements. Each spectral image was bias subtracted  and flat-fielded using a black-body 

calibration source. As the background and array bias varies between the th ree detector 

positions used to  sample profiles, the baselines in the resultant interlaced spectra  can 

exhibit a, saw tooth profile of period 3 pixels. If present, this is corrected for by fitting 

linear baselines to  the continuum of a standard  star and correcting each row of each 

spectral image respectively (C hapter 2.3). Removing the 3 pixel baselines, row by row, 

corrects for the ripple in the final reduced spectra. All spectra were wavelength calibrated 

by observing an Argon arc lamp in the same instrum ental configuration and measuring 

a. range of emission lines from Xair =  1.9823/an to Xair = 2.5668pm . OH emission lines 

present in sky spectra were also used as a secondary check. It was necessary to  rebin the 

resu ltan t images to  correct for small optical distortions, resolvable in both  the  spatial and 

dispersive directions of the new array, using routines in the STARLINK Figaro Software 

Library before proceeding to wavelength calibrate the d a ta  (C hap ter 2.3.5).

The nearby UKIRT standard  star HS 1937 at 05h 38m 53.0s, -0 7 °  12 '47" [2000] and

spectral type A IV ( I \=  4.47 mag) was observed at the same airmass as Orion for each
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position to flux calibrate the d a ta  and remove telluric absorption features. No stellar 

absorption features are present in this wavelength range except the well-known flip 

absorption line a t 2.166pm , which was removed by m anual in terpolation, before flux 

calibration, using FIGARO software.

The I l2 trails behind the “bullets” studied in Orion are of order 40" long, 10" wide. 

O bservations of the If2 wake associated with the “bullets” M42 HH126-053 (Figure 3.4) 

and M42 HH120-114 (Figure 3.7) required between 9 and 13 groups of object-sky-sky- 

object observations at each different slit position per H2 wake. The to ta l on-source 

in tegration tim e was a t least 180s, as necessary to obtain high signal-to-noise detections 

of the faintest higher energy v = 4 H2 transitions, such as the H2 4-3 S(3) [23975K] 

line a t 2.3445pm , with the new array. An offset sky position at + 600" West in Right 

Ascension (RA) was used, in order to be fully clear of M42 nebula background emission. 

The slit was positioned so th a t the middle row on the array was fixed midway along 

the IF, wake in each case and oriented at an angle of +25° and +41° W est of N orth 

on the  sky for the “bullet” wakes M42 HH126-053 and M42 IIII120-114 respectively. 

Slits were aligned parallel to the wake axis and coincident with our previous II2 1-0 

S (l)  line profile observations. Slit positioning was achieved by small step offsets from 

the nearby 1R. reference objects: BN and IRc9, whose positions are exactly known, hi 

addition, pointing checks were m ade at approxim ately hourly intervals by offsetting to 

three nearby stars and m easuring any drift in RA or DEC from the expected position. 

The drift was found to  be typically <0 .5" and rarely exceeded 1.0" .

4.4 Results

Figures 4.1 and 4.2 show a cut in wavelength from 2.1 to  2.18pm at selected positions 

for each of the wakes M42 HH120-111 and M42 HH126-053 respectively. These positions 

have been selected to sample the brightest and least confused regions near the head of 

the wakes. In the case of M42 HH120-114, a. to ta l of twelve positions are analysed in 

order to obtain high signal-to-noise spectra averaged over the wake and also to search 

for any variations in moving both along and perpendicular to  the wake axis. In the 

rather more confused M42 HH126-053 wake, 6 rows running down the central wake axis
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X (0.2/M pixels)

Figure 4.2: As Figure 4.1 but for selected M42 HH126-053 Iv band spectra cut to show prominent, 

lb) 1-0 S ( i)  and Br"/ emission lines. Detailed Ho line-fits have been made and CDR diagrams 

plotted at each position shown in each wake (see text).
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are analysed. The spectra are dom inated at all positions by the H2 1-0 S ( l)  line at 

2.1218pm and the Brq recom bination line of neutral hydrogen at 2.166pm . However, 

whereas the Bry line intensity remains almost constant a t all positions both on and off 

the “bullet” wakes, the  l i 2 1-0 S (l)  line intensity clearly fluctuates with wake intensity, 

in approxim ate correlation with the underlying H2 1-0 S(1) narrow band image of Allen & 

B urton (1993). The Bry line is thus associated with the background emission pervading 

the entire region noted in C hapter 3.

To calculate H2 column densities along these lines of sight we can take advantage of 

the fact th a t the observed H2 transitions are quadrupole and therefore optically thin. 

Hence, the radiative transfer is greatly simplified and the num ber of molecules N-  in 

the excited levels j  (column density) is calculated directly from the m easured line fluxes 

using the expression

! i  = ^ X # 4h t (4-1)

U.i hc

where (¡- is the degeneracy (or statistical weight) of level j , h is P lanck’s constan t, c is 

the speed of light, A; - is the wavelength of transition j  — i calculated from Dabrowski & 

Herzberg (1984), I -  is the intensity of transition j  — i , A - is the Einstein .4 coefficient 

(Turner et al. 1977) and A x is the extinction at wavelength A.

4 .4 .1  E x t i n c t i o n  M e a s u r e m e n t s

In order to study the physical conditions in the emission region, inferred column densi

ties m ust be corrected for interstellar extinction. The observed flux ratio  of lines having 

a common upper energy sta te  depends only on the differential extinction between the 

two lines, the Einstein A  coefficients, and the energies of the transitions. Using calcu

lated and laboratory  measurem ents of the molecular param eters it is therefore possible 

to m easure the differential extinction. Then, assuming an extinction law of the form 

,\ a  A~a with a — 1-73 (He el al. 1995 following Draine 1988 and W hitte t 1988), the 

differential extinction can be converted to a to tal extinction value a t a given wavelength 

(e.g. Beckwith d  al. 1979).
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E ast Slit Central Slit West Slit

CGS4 Pixel A * CGS4 Pixel A /, CGS4 Pixel Aa-

Coords. (mag) Coords. (mag) Coords. (mag)

(x,y) (x,y) (x,y)
- - 322,216 0.81 ±0.14 - -

- - 319,212 0.99T0.17 - -

- - 316,209 0.84T0.16 - -

307,211 - 0“ 313,205 0.97Ì0 .15 319,199 1 .00Ì0 .17

304,207 ~ 0" 310,202 0.83T0.P2 316,196 1.06±0.15

302,204 0.13±0.06 307,198 0.84Ì0 .15 313,193 0.86±0.16

M ean 0.13Ì0 .06 Mean 0.88Ì0 .04 Mean 0.97±0.06

Table 4.1: Extinction results from the Ii2 1-0 S( 1 )/1-0 Q(3) line ratio at the positions (J.22" 

x 1.22 " ) centred at Allen & Burton (1993) image coordinates of the 3 slit positions indicated in 

figure 4.1 in the M42 HH120-114 IIo wake. The weighted mean of the extinction for each slit is 

given. Superscript a indicates poor signal-to-noise hampering accurate determination of A n.

CGS4 Pixel 

Coords. 

(x,y)

A K 

(mag)

278.297 0.44±0.16

276,293 0.49±0.15

274,288 0.42±0.14

272,284 0.39±0.15

271,280 0.55±0.16

269,276 0.58Ì0.16

Mean 0.48Ì0.03

Table 4.2: Extinction results from the H2 1-0 S( 1)/1-0 Q(3) line ratio at the positions (1.22" 

x 1.22" ) centred at Allen & Burton (1993) image coordinates indicated in Figure 4.2 in the M42 

1111126-053 II2 wake.
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In the K band there are four separate II2 line pairs with upper sta tes u = l,J = 2 ,3 ,4 ,5  

from which the differential extinction can be m easured. However, a t least one line 

from each pair coincides with atm ospheric absorption features to some degree. At this 

instrum ental resolution, coincident atm ospheric absorption lines are relatively narrow 

and therefore division by a standard  star does not sufficiently correct affected If2 lines. 

By calculating the effects of the atm ospheric absorption on Gaussian emission lines of 

varying widths, Richter et ul. (1995) estim ated the errors involved with atm ospheric 

correction of these H2 transitions. For example, the atm osphere near a Q-branch line 

will absorb more flux on average from a continuum  source th an  from a narrow  emission 

line a t the same wavelength. They found th a t the TO S( 1)/1-0 Q(3) value gives the 

m inim um  uncertain ty  of order ± 6% of the actual value after correction. At worst, the 

112 1-0 Q(5) line is unclercorrected by a factor of 2-5 depending on the velocity of line 

centre w ith respect to the atm osphere and on the line’s shape. In subsequent calculations, 

we will therefore adopt the extinction values given by the 1-0 S( 1)/1-0 Q (3) ratio . In 

any case, as we shall concentrate further H2 excitation analysis on line ratios and hence 

relative level populations, the effect of extinction uncertainty is small compared to  the 

differences between model predictions. We present the derived extinction A K a t each 

position shown in both  wakes (Figures 4.1,4.2) in Tables 4.1 and 4.2.

In addition to the I i2 m easurem ents of extinction in the “bullet” wakes, the extinc

tion has also been measured independently, via m easurem ents of the line ratio  of the 

[Fell] 1.644 pm  and 1.257 pm  transitions, towards four of the brightest “bullets” includ

ing M42 HH126-053 (M.G. Burton, private communication). Both transitions are from 

the same upper energy level and undergo negligible self-absorption. These observations 

were carried out using the IRIS infrared imaging spectrograph on the Anglo A ustralian 

Telescope and the ratio  used to determine directly the extinction to  the  source since the 

unextinguished ratio  is 1.36 (Nussbaumer & Storey 1988). At M42 HH126-053 the ob

served 1.257/1.644/un line ratio  is 0.66 and the differential extinction 0.78 m agnitudes. 

The extinction at K. assuming the He et al. (1995) extinction law. is therefore / l A-=0.80 

mag. This is 0.32 mag higher than the mean value determined from the Il2 line pair in 

this wake (Table 4.2) but this might be expected if the Fe+ emission traces the densest 

region of the “bullet” itself. The advantage of determ ining A K using the Fe+ value is
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Figure 4.3: Averaged background K band emission spectrum

th a t, although the [Fell] 1.644/tm transition  is within 40km s-1 of the O H (5,3)R 1(2) a t

mospheric feature, neither [Fell] line is as strongly affected by atm ospheric absorption as 

the H2 Q-brancli lines. However, the small difference in the  value of extinction adopted 

was found to  be insignificant in the following line ratio  analysis so the H2 values, de ter

mined individually at each position in both wakes, were retained for consistency and in 

order to  map any significant spatial variation.

4 .4 .2  B a c k g r o u n d  E m is s io n

In C hap ter 3 we identified a constant background emission throughout this region in both 

Fe+ and 1I9 tracers. The slit positions at which we have m easured K band spectra  in the 

wakes are coincident with previous H2 profile m easurem ents and therefore also sample 

off-wake regions and. in particular, the large region to the northw est of the M 12 IIII 120- 

111 wake at which it was possible to accurately determ ine the averaged H2 background 

excitation conditions. As expected, the background K band emission was indeed uniform
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W avelength

//m i

h 2

Transition

Energy

/K

Line Intensity in 

1.2 " x l .2 " beam 

(10“ 18W m “ 2)

Dereddened 

Column Density 

N j/g j (1016m - 2 )

1.9121 3-2 S (18) 40130 0.893i0 .167 7.89T0.38

1.9692 3-2 S(7) 23069 0.283i0 .163 8.93T4.01

2.0041 2-1 S (4) 14764 1.631T0.467 103.98i7 .79

2.0065 4-3 S(15) 38860 0.147T0.459 0.87±2.14

2.0130 3-2 S(6 ) 21911 0.527i0 .163 39 .84 i3 .23

2.0338 1-0 S(2) 7584 2.633T0.187 342 .27i6 .40

2.0475 4-3 S (17) 42021 0.533T0.142 1 .59 i0 .34

2.0656 3-2 S(5) 20856 0.637T0.142 14 .78i2 .62

2.0735 2-1 S(3) 13890 1.118T0.162 27 .66 i3 .19

2.1218 1-0 S (l) 6951 7.337T0.283 4 7 9 .6 5 il4 .8 6

2.1542 2-1 S(2) 13150 0.965T0.134 92 .19 i3 .44

2.2233 1-0 S(0) 6471 1.672T0.211 650.49i22.35

2.2477 2-1 S (l) 12550 0.999i0 .168 47 .25 i5 .07

2.3445 -1-3 S(3) 23955 0.161T0.176 5 .4 1 i4 .9 2

2.3558 2-1 S(0) 12095 0.334T0.116 92 .61 i8 .93

2.4066 1-0 Q(1 ) 6149 7.252T0.277 4 1 6 .9 0 il3 .3 5

2.4134 1-0 Q(2) 6471 2.582T0.174 490 .86 i9 .25

2.4237 1-0 Q(3) 6951 5.387i0 .241 3 0 5 .2 3 ill .4 7

2.4375 1-0 Q(4) 7584 i .-162 JhO. 1-17 221.43 i6 .25

Table 4.3: Averaged background Ho line intensities and dereddened column densities (assuming 

an Lb ortlio-to-para ratio of 3). 1<t errors are derived from the triangular line-fitting routine.

and it was therefore possible to increase signal-to-noise significantly by averaging over 

positions well clear of wake emission. It was also noted, however, th a t some field stars in 

this region showed enhanced continuum emission at K and th a t this emission could affect 

a num ber of neighbouring CGS4 pixels. Such pixels were excluded from our analysis.

The averaged background K band spectrum is shown in Figure 4.3. We first note

the non-zero continuum upon which the emission lines are superimposed, which slightly
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decreases with wavelength from ~1.3 down to 1.0 W m _2/un between J.9 and 2.5/im  . 

ll can be seen th a t, in addition to the m ost prom inent H2 emission lines such as the  1-0 

S( I ) line a t 2 .1‘218 /m  and the Q-branch lines a t A >2.4/m i , the brightest lines are the 

atom ic emission lines a t 2.166/im (HI Brackett 7 ) and the [Hel] transition  at 2 .0587/m  

. There is therefore a strong component of nebulous emission throughout the “bullets” 

region. We have also isolated excited H2 emission, including transitions from  very high 

excitation energy levels (E /k>40,000K ), throughout the region and independent of the 

“bullet” wakes.

Line intensities were determined by fitting triangular line profiles to  each resolved II2 

line. Some of the lines were blended to some degree either with other H2 lines or with one 

of the m any weak nebular emission lines. Since all lines are unresolved spectrally, it is still 

sometimes possible to  determine individual line fluxes, if only partially  blended, as the 

profile shape and width of each component is constant and can be accurately determ ined 

on nearby bright, unblended lines. The m easured line intensities and calculated column 

densities (assum ing an II2 ortho-to-para ratio  of 3) for the averaged H2 lines are presented 

¡11 Table 4.3. The average extinction off-wake is found to  be A K = 0.22T0.03 mags.

4 .4 .3  “B u l l e t ” W a k e  E m is s io n

Sample 011-wake Iv band spectra for bright points near to  the head of the wakes M42 

HH126-053 and M42 HH120-114 are presented in Figure 4.4. It is im m ediately apparent 

th a t the spectra are similar in both cases and th a t the If2 emission now dom inates 

over the background nebular emission. We also note th a t these observations resolve 

m any more If2 lines than  was previously possible with the old CGS4 detector array. 

This is m ost easily seen by comparing the Q branch lines a t A > 1.4/mi to previous 

K band datasets of shocked sources (e.g. Fernandes & Brand 1995). The m easured 

line intensities and calculated column densities (assuming an If2 o rtho -to -para  ratio  of 

3 ) for the averaged 112 lines from the brightest positions 011 the wake M42 HH120-1M 

are presented in Table 4.3. The average extinction on-wake, found by calculating the 

weighted mean of the six brightest positions (Table 4.1), is A K =  0.88±0.04 mags. 

This is 0.66 mag higher than  found at the averaged off-wake position. The f l2 wakes
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Figure 4.4: Sample 011-wake I\ band IIo emission spectrum for individual 1.22" x ] .2 2 "  CGS4 

pixels near head oi wakes M42 HII126-053 (top) and M42 HH120—114 (bottom).
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W avelength

///m

h 2

Transition

Energy

/K

Line Intensity in 

1.2 " X 1.2 "b eam  

I, ( 10- 18W m -2 )

Dereddened 

Column Density 

N j/g j (1016m _2)

1.9121 3-2 S (18) 40130 1.096T0.333 23 .70 i0 .76

1.9449 2-1 S(5) 15763 26.512i0.549 1262.05i8.50

1.9576 1-0 S(3) 8365 102 .678 il.475 7946.64i37.58

2.0041 2-1 S(4) 14764 4.368i0 .328 635 .31i5 .47

2.0065 4-3 Si 15) 38860 0.185i0 .376 2 .5 0 il .7 6

2.0130 3-2 S(6 ) 21911 1.057i0 .148 181.23i2 .93

2.0338 1-0 S(2) 7584 27.914i0.576 8 1 08 .43 il9 .71

2.0475 4-3 S( 17) 42021 0.863i0 .136 5 .70 i0 .32

2.0656 3-2 S(5) 20856 2.156i0 .143 109.46i2 .64

2.0735 2-1 Si 3) 13890 9.885i0 .235 532 .19i4 .63

2.1004 4-3 S(7) 27706 0.327i0 .177 42 .53 i8 .61

2.1218 1-0 S (l) 6951 77 .260 i 1.784 10662.9 4 i9 3 .66

2.1280 3-2 S (4) 19912 1.263i0 .144 187.35i2 .72

2.1542 2-1 S(2) 13150 4.874i0 .178 964 .11 i4 .58

2.2014 3-2 S(3) 19086 2.561i0 .162 135.89i3 .47

2.2233 1-0 S(0) 6471 17.664i0.486 13690.38i51.49

2.2477 2-1 S (1) 12550 9.521 i0 .2 0 9 885 .68i8 .10

2.2870 3-2 S(2) 18386 0.620i0 .122 118.26i3 .32

2.3445 4-3 S(3) 23955 0.548i0 .150 34 .52 i4 .19

2.3558 2-1 S(0) 12095 2.094i0 .133 1083 .03 il0 .23

2.3864 3-2 S (l) 17818 1.526i0.128 134.25i5 .12

2.4066 1-0 Q( 1) 6149 70 .271 il.769 7367.58i85.25

2,1134 1-0 Q(2) 6471 25.563i0.726 8837.19i38.60

2.4237 1-0 Q(3) 6951 66.145i2.047 6785.48i97.44

2.4375 1-0 Q(4) 7584 22.911i0.999 6246.36i42.44

Table4.¿I: M42 1111120-114 averaged on-wake II2 line intensities and dereddened column densities

(assuming an 11 j ortho-to-para ratio of 3). lcr errors are derived from the triangular line-fit ling

routine.
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are therefore associated with a higher density of m aterial along the line-of-sight. This 

contradicts any expectation th a t a relative cavity might be cleared upon passage of a 

"bullet driving a bow shock through the molecular m aterial, unless the “background" 

emission occurs in a region in front of the “bullets” and wakes.

Com parison of averaged column densities on and off the M42 HHT20-11-1 wake show 

th a t populations of the  highest m easured upper energy levels are similar in both cases 

and therefore significantly influenced by the same exciting mechanism as the background 

com ponent(s). The excitation of the lowest energy levels such as the brightest H2 1-0 

S( L) transition , is however over two orders of m agnitude higher on-wake th an  off-wake 

and hence dom inated by a different wake-only excitation m echanism (s).

4.5 Discussion

4 .5 .1  C o l u m n  D e n s i t y  R a t io  ( C D R )  D ia g r a m s

In order to determ ine the nature  of the excitation mechanism responsible for the  If2 

line emission both on and off-wake we plot the ratio  of the dereddened line intensities 

relative to the brightest 1-0 S( 1) line and divide these values by those expected from an 

idealized therm al slab at 2000K. This choice of tem perature  is a rb itra ry  but serves to 

show any deviation of the da ta  from a pure therm alized case. The column density ratio  

may be inferred from the intensity ratio assuming the H2 is in local therm odynam ic 

equilibrium. The CDR diagrams allow a direct comparison of the physical processes 

th a t determ ine the local distribution of levels while being independent of any shock or 

fluorescent excitation model.

To facilitate comparison between positions and to investigate the natu re  of the If, 

excitation mechanism, we have plotted theoretical shock and fluorescence model predic

tions against each dataset presented. Firstly, we plot model calculations of the column 

density in the cooling zone behind a hydrodynam ic shock, following the work of Brand 

( i al. ( 19RS), as used to successfully model the H2 emission from O M C -1. We here model
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a, simple power-law cooling function of the form

A (T )  = A0T a W (H 2molecule)_1 (4.2)

with s set to  4.7 as an approxim ation to  the calculations of Hollenbach k  McKee (1979) 

and Burton (1986) of cooling by therm alized II2 (C hapter 2.2.3). Assuming the shock 

is strong enough, it can be shown th a t the H2 column density per s ta te  a t level j  with 

energy 1 \j degrees Kelvin is approxim ately given by

with Tv =  6000K, the vibrational level interval of the lowest levels of I i2 (Landau k  

Lifsliitz 1959b). and A  is constant (C hapter 2.2.3). Column densities can therefore be 

modelled by the  expression

The tem pera tu re  behaviour of the shocked molecular gas responsible for the I i2 line 

emission is determ ined by factors such as the initial density of the shocked gas, the shock 

velocity and the m agnetic field strength. These may be expected to vary w ithin the 

outflow region by large factors and therefore cause observable differences in the relative 

line strengths. Certainly, within an idealised bow shock structu re  such variations are 

predicted in sampling gas shocked at the highest velocity a t the apex com pared to the 

lowest effective velocity down in the flanks of the bow.

We also compare our results to theoretical predictions of UV-excited fluorescent lb, 

intensities as modelled by Black k  van Dishoeck (1987, hereafter BvD) model # 1 1 . The 

distribution of 11, in these models is strongly affected by the im portance of collisiona! 

processes (B urton el al. f990b) which is related to the n0/ G 0 ratio, where n0 is the

(4.3)

where the partition  function Q is approxim ated by

Q { T ) ~  A T  (I (4.4)
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density and G0 is defined to  be the far-UV incident radiation field in units of the  in

terste llar radiation field and is equivalent to a one-dimensional flux of 1.6 x l 0-3 erg s_l 

cm " =  1 Ilabing (Habing 1968). The fluorescent BvD model # 1 4  param eters used are 

n=  3 x l 9 !cm~'! and G'o= 103.

4 .5 .2  B a c k g r o u n d  C o m p o n e n t  E x c i t a t io n

Figure 4.5 is the ( I)R diagram  for the averaged background H2 emission in which the  er

ror bars are calculated directly from the 1<t errors in the triangular line-fitting procedure. 

The increased sensitivity of the new CGS4 array has enabled the detection of fainter high 

energy transitions, with E /k~40,000Iv, thus enabling the excitation to  be m apped over a 

much larger energy range than  has previously been possible in a given in tegration tim e. 

All line ratios are greater than  unity with the higher line ratios arising from the higher 

energy levels. There is increased emission from levels a t increasingly higher energies 

relative to the emission expected from the Boltzm ann distribution environm ent of gas 

at 2000K.

The lowest energy v = l  levels (E /k  <8000K) lie close to  a stra igh t line and are 

exactly fitted  by the simple power-law cooling described in Section 4.5.1. The d a ta  

are only m atched by the fluorescent excitation model with an o rtho-to -para  H2 ratio  of

3.0 whereas the even upper energy levels are significantly underpopulated com pared to a. 

fluorescent model with a more commonly observed o rtho-to-para  ratio  of 1.8. There are 

small discrepancies in equivalent upper level populations as m easured by the 1-0 S and 

Q branch lines, but this is expected since the Q branch lines are much more strongly 

affected by atm ospheric variations at A >1.4/m i at the edge of the K window. The II2 

1-0 S(3) line a t l.9576q,m was excluded from this analysis due to a blend with the Hel 

nebular line a t 1,9548/nn .

The v —2 levels (12000< E /k  <15000K). however, show significant deviations from i lie 

sm ooth curve predicted in the -1 shock model and have relative populations interm ediate 

between the shocked and fluorescent models. Indeed the scatter in these points follows 

the same pattern  as th a t predicted by the fluorescent model having o rtho -to -para  (o /p ) 

ratio 1.8 and is inconsistent with the o /p  =  3.0 fluorescent model. The observed scat ter
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Figure 4.5: Averaged background GDR diagrams (see text) compared to theoretical models of 

simple power-law cooling behind a -1 shock (ortho-to-para ratio, o /p  =  3.0) and BvD model #14  

fluorescence for o /p  =  1.8 (top) and 3.0 (bottom). Errors are derived from \cr line-fit s.
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is significant since it is greater than  the associated error bars. An o /p  ratio  of <2 implies 

a low fluorescent gas tem perature  of about 100K whereas the o rtho-to -para  abundance 

ratio  is expected to sa tu ra te  a t a value of 3 if the gas is ho tter than  300 K due to  the 

num erous collisions bringing the states to  therm al equilibrium (Flower & W att 1981). 

In cold gas (<50K ) the abundance ratio depends strongly on tem pera tu re  and on the 

tim e scales for the destruction of H2 molecules and the spin-exchange reactions. A low 

o rtho -to -para  ratio  is observed in several fluorescently excited regions including M l7 

(o /p = 1 .8 ) , Hubble 12 (o /p= 1 .7 ) and NGC2023 (o /p = 2 .2 ) (Chrysostom ou 1992).

The rem aining n=3,4 relative level populations lie significantly in excess of the •) 

shock model and appear to  be dom inated by fluorescent excitation although showing a 

less clear p a tte rn  as the signal-to-noise of these fainter transitions is low at t hese off-wake 

positions. We note an excess in the observed populations of the 2-1 S(2) and 2-1 S(5) 

levels a t E /k  =  13150K and 15763K respectively over the o /p  =  1.8 fluorescent excitation 

model. In the case of the 2-1 S(2) line at 2.1542/im , the observed line streng th  may 

be artificially boosted to a relatively small extent during division by the s tandard  s ta r  

spectrum  which has been edited to remove the nearby HI Bi’7 recom bination line of 

neu tral hydrogen at 2.166/irn . The 2-1 S( 5) line intensity a t 1.9449/im also appears to 

be overestim ated due to  a blend with the coincident Iil 8-4 Br line a t 1.9451/trn .

We can define an excitation tem perature for any given II2 line ratio . The excitation 

tem pera tu re  (T f ,.) derived from the dereddened 1-0 S ( l ) / 2- l  S (l)  line ratio  is commonly 

quoted for shocked sources and is calculated from equation (4.1) as

where E / k  is the upper sta te  energy in tem perature units and the subscripts 10 and 

21 denote the 1-0 and 2-1 transitions having upper energies of 69511\ and 12550K re

spectively. For the averaged background II2 spectrum  we find Tex= 2416T173K. This 

is significantly higher than the equivalent excitation tem peratu re  of 1900-2100K derived 

by Burton rl nl. (1989) in any of the four shocked sources HH7, CRL61.8, OMC-1 or the 

supernova rem nant IC 143. Of course, we can see from the CDR diagram  th a t the II2 

excitation cannot be fitted by one single tem perature  alone since this would require all

(4.6)
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of the d a ta  points to lie along a. straight line. This trend is therefore consistent with 

the existence of different tem perature  regions exciting I i2 within the shock an d /o r  a 

fluorescence mechanism enhancing the H2 emission from higher energy levels.

It is clear th a t  the background emission cannot be accounted for by any one individ

ual excitation process known but ra ther is a combination of at least two com ponents, 

including both collisional and fluorescent excitation mechanisms. A single p lanar C 

shock model alone predicts a relatively flat distribution of level populations (D raine & 

Roberge 1982; Chernoff et al. 1982) and is therefore ruled out by these observations. 

Sm ith et cil. (1991b) dem onstrated, however, th a t it is possible to  mimic the p lanar .) 

shock model curve at OMC-1 if observing two different p lanar C shocks (having two dif

ferent effective tem peratures) within a bow shock structure. By combining two different 

( ' shock com ponents and a fluorescent component Fernandes & Brand (1995) were able 

to  accurately fit the  H2 level populations in I1H7 in this m anner, rem aining consistent 

with the doubly-peaked 1I2 1-0 S (l) line profiles observed by C arr (1993). However, in 

C hapter 3 we showed th a t the I i2 1-0 S (l) line profile of this background com ponent 

w ithin any given 1.744" x0.9 " CGS4 pixel at the Orion periphery is well fitted by a 

single-peaked Gaussian shaped profile. This is not consistent with this bow shock +  

fluorescence model. It m ight be possible to reproduce the observed spectrum  if we are 

not resolving multiple shock fronts (.) or C) within each CGS4 pixel, perhaps accelerated 

by a uniform wind, and there is a significant fluorescent background contribution.

4 .5 .3  “B u l l e t ” W a k e  E x c i t a t i o n

The l l2 emission at OMC-1 can only be explained by a highly m agnetised bow C shock 

model (Sm ith & Brand 1990b; Smith et al. 199 la,b ). A similar bu t less m agnetised 

model, incorporating an additional fluorescent component, has since been successfully 

fitted to emission from the 11II7 bow-shaped llerbig-Ha.ro object (Fernandes & Brand

1995) and also DR.21 (Fernandes 1993). Furtherm ore, the II2 emission properties calcu

lated for the whole bow can successfully explain the observed line ratios and linewidtlis 

from several objects (Smith L  Brand 1990a). Axisymmetric two-dimensional modelling 

of the C shock structure  by Smith el al. (1991a) shows th a t the II2 line ratios (summed
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over the entire bow) are mainly sensitive to the bow shape and the cooling function. 

Im portantly , the II2 line ratios are independent of the bow velocity if it exceeds the 

dissociation speed of H2 (<50-60km s_l for high Mach flows in Orion). It was therefore 

speculated th a t the Orion “bullet” wakes might be similarly excited, with the bow shock 

arising upon passage of the Fe “bullet” travelling at supersonic speed relative to the 

am bient molecular gas.

Figure 4.6 is the CDR. diagram  for the averaged on-wake M42 1111120-114 II2 emis

sion. As with the background component, all line ratios are greater than  unity with the 

higher line ratios arising from the higher energy levels. There is, again, increased emis

sion from levels a t increasingly higher energies relative to the emission expected from 

the Boltzm ann distribution environment of gas a t 2000K. However, the scatter of the 

d a ta  points is considerably reduced compared to the background CDR and is closer to, 

although in excess of, the model predictions for the sm ooth J shock cooling curve fitted 

to  O M C -1.

The lowest energy v = l  levels (E /k  <7000K) still lie close to a stra ight line fitted 

by the simple power-law cooling described in Section 4.5.1 but begin to  show significant 

deviation for E /k  >7000K. The 1-0 S(3) line a t 8365K is discounted as described previ

ously. Similarly, there are again small discrepancies in equivalent upper level populations 

as m easured by the 1-0 S and Q branch lines, caused by atm ospheric variations. The 

v —2 to v=4  levels (E /k  >12000K) are significantly different to the background spec

trum . A small bu t significant (relative to the error bars) scatter of the d a ta  points from 

a sm ooth curve in excess of the J shock model predictions is observed. However, the 

level populations are much closer to the collisionally excited model predictions. Only at 

high energies (E /k  > 220001\ ) do d a ta  points begin to  lie closer to fluorescent predictions, 

although still scattered about a smooth curve which rises more steeply w ith energy than  

the Brand cl al. (1988) J shock model. The scatter in these points again follows the same 

p a tte rn  as th a t predicted by the fluorescent model having o rtho-to -para  (o /p )  ratio  1.8 

and is inconsistent with the o /p  =  3.0 fluorescent model. The 2-1 S(2) and in particular 

the 2-1 S(5) points are considered unreliable for the reasons noted previously. The 3-2 

S( 13) line a t 1.9121pm (E /k  =  40130K) coincides with stronger atm ospheric absorption 

troughs, similar to the 1-0 Q branch and is probably less reliable than  the derived error
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Figure 4.6: M4'2 HH120-114 averaged on-wake CDR.

bar shown.

Figure 4.7 shows the same d a ta  but this tim e with the averaged background com po

nent column densities subtracted. Unfortunately this increases the CDR diagram  errors 

but dem onstrates th a t even at the highest energies, the background com ponent con

tribu tes only a small component of the on-wake flux, since any differences between the 

two diagram s are relatively small. It is clear th a t the spectra can be fitted by a compos

ite C bow-shock +  fluorescence model as fitted to I1H7 (Fernandes & Brand 1995) but 

having a much smaller relative fluorescent contribution than  the averaged Orion back

ground com ponent. Alternatively, it would be possible to  fit a simple .1 shock power-law 

cooling model (Brand et al. 1988) with a higher pressure than  at OMC-1 together with 

fluorescence, although a J shock should only exist under these conditions if the m agnetic 

field is unreasonably low (B < 1 ()//Cl). or il the ionization fraction is unreasonably high 

(B urton 1992). If the fields are at least of order Im G , they m ust have an im portan t effect 

on the dynamics and necessitate a multi-fluid model. None of the bow shock models,
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Figure 4.7: M42 HH120-114 averaged on-ofF wake CDR.

however, can be reconciled with the observed H2 velocity profiles in C hapter 3. The fluo

rescent component cannot be accounted for by the contribution of the background alone, 

unless highly variable compared to off-wake positions, since there is a significant scatter 

in the level populations which is only slightly reduced by sub traction  of the averaged 

background column densities.

W ak e-on ly  fluorescent m echan ism

We can account for a separate wake-only fluorescent excitation mechanism by invoking 

HI Lyman a  (1215.67Â ) and Ly/I (1025.18Â) resonances with the If2 lines (BvD) as in 

the case of IIH7 (Fernandes k  Brand 1995) and also seen in DR/21 (Fernandes 1993). Il 

is speculated that HI Lya emission will be produced in the strong shocks a t the [Fell] 

"bullets'' and irradiates II2 molecules formed downstream  in the cooling zone. The 

line fluorescence mechanism requires the presence of warm II2 (20Ö0-3000K) to  provide a



t hernial population of the (v= 2 ,.7=5) ground electronic sta te  and th a t the radial velocity 

shift between the Lya em itting region and the II2 fluorescence region is small.

Since 1 he morphology of the 112 wakes suggests dissociation of I i2 near the tips of I he 

"bullets", and th a t  strong, high velocity Fe+ emission is produced, it is clear th a t  there 

are shocks present which are strong enough to  cause low-ex.cita.tion optical emission lines 

near the apex of the wake which may excite l i 2 emission in both the pre-shock and post- 

shock gas through X-ray, ultraviolet heating and Lyo pum ping (Wolfire & Ivonigl 1991). 

It is possible th a t the non-ionizing far-UV radiation (6-13.6eV) produced at the bow 

apex can excite 1I2 fluorescently in this way, implying densities of order 10 ! to  lo 'cm - 3 , 

consistent with the FDR. model densities given in BvD. A lternatively, if the fluorescence 

arises in re-formed H2 in the post-shocked gas only then the fluorescent emission should 

arise from higher density gas of order nH = 10'’-10'>cm- 3 .

Finally we compare individual CDR. diagrams within each of the wakes M4'2 11 If 120- 

111 and M42 1IH126-053 at the highest signal-to-noise, therefore neglecting the small 

contribution of the background emission and allowing a true acid test of bow shock model 

predictions.

C D R  V ariation  w ith in  wakes

By employing power-law cooling mechanisms and incorporating ion-neutral and dust- 

neu tral drag term s Smith et nl. (1991a) showed th a t the m ost im portan t param eters 

influencing the 1I9 excitation summed over a bow C shock are the shape, cooling func

tion and 11,0 abundance. II2 line ratios are predicted to  rem ain constant when summ ed 

over entire bows, because the maximum tem perature  (~4000K ) is always reached at 

some location in the bow, unless the bow speed is below the local H2 dissociation speed 

{ v b o w  ^ 6 0 k m s_1 for highly magnetised 0  shocks in OMC-1). W hereas planar C shocks 

exhibit flat-topped tem perature profiles which may be approxim ated by a single excita

tion tem peratu re , Smith et al. ( 1991b) were able to fit the OMC-1 observations (Brand 

cl al. 1988) by assuming a full range of individual C shock com ponents is sampled over 

a bow surface within the 5" beamsize, thereby sampling the to ta l range of excitation 

conditions and hence, excitation tem peratures. We have now m easured the excitation

( ' ¡niplev 4: Shocked H2 Excitation in the Orion ‘"Bullet” Wakes 131
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from individual sections within the I i2 wakes, however, and should therefore observe 

variations in 1I2 line ratios as the sampled gas tem peratu re  varies, given a proposed bow 

shock wake structure.

Figures 4.8-1.11 show the individual CDR diagrams for each of the positions indicated 

in Figure 4.1 for the M42 HI! 120-114 wake. Figures 4.8 and 4.9 show six positions in 

the central slit running along the axis from the tip of the wake, coincident with the Fe+ 

"bullet’’, down to the brightest positions a t which a secondary (associated?) wake begins 

to partially  overlap. Surprisingly, the excitation is quite closely m atched at each position 

and follows a ra ther uniform curve which slightly steepens with increasing level energy. 

This curve lies significantly in excess of the level populations fitted  at OMC-1, indicative 

of higher pressure in a simple -I shock model. In general, the scatter in d a ta  points 

about this sm ooth curve is barely significant compared to  the 1<t error bars derived from 

line fitting, except for the unreliable transitions described previously and the highest 

energy levels which may be significantly affected by spatial variation in the background 

fl 11 orescent contribu tion .

Excluding the 2-1 S(2) line at 13150K, there is a weak tendency for any significant 

scatter in the t>=2,3 relative level populations to be minimised at positions of strongest 

underlying II2 wake intensity. This is consistent with a relatively smaller background 

fluorescent contribution as a proportion of the to ta l II2 intensity. Figure 4.10. showing 

the ( 'DR diagram s at three positions in the East slit ju st touching the limb of the M42 

1111120-1 f4 wake, is also consistent with this picture since the scatter is considerably 

larger and the  wake intensity fainter, therefore the excitation more closely resembling the 

averaged background CDR.. Figure 4.11, showing the CDR. diagram s at three positions 

in the West slit a t which the secondary wake overlaps, again shows increased sca tter but 

this time the weakest intensity and largest CDR. scatter is observed in the southernm ost 

row. where the underlying wake intensity is smallest (here related to  lim b-brightening 

effects in an idealised bow shock model).

In Table 4.5 we present the excitation tem perature  derived from the 1-0 S ( I ) / 2-l 

S( I ) line ratio  as before a t each of the positions in M42 II11120-114 shown in Figure 1. 1. 

We find t hat T  decreases significantly from ~2400K at the weakest positions in I lie
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East Slit Central Slit West Slit.

CGS4 Pixel T e , CGS4 Pixel T e x CGS4 Pixel T e x

Coords. 1 - 0 S ( 1  ) /  2-1S ( 1  ) Coords. 1 - 0 S ( 1 ) /  2-1S (  1 ) Coords. 1- 0 S ( 1) / 2- lS ( 1)

(x,y ) / K (x,y) / K (x,y) / K

- - 322,216 2419±20 - -

- - 319,212 2381.-13 - -

- - 316,209 2310115 - -

307,211 2129 ±59 313,205 233411 1 319,199 2257119

304,207 2382±82 310,202 2277112 316,196 2177119

302,204 2164159 307,198 2194113 313,193 2060124

Table 4.5: Excitation temperature (Te:C) derived from the dereddened H2 1-0 S (l)/2 -l S(l) line 

ratio at the positions (1.22" x l.22" ) centred at Allen & Burton (1993) image coordinates of 

the 3 slit positions indicated in Figure 4.1 in the M42 HH120-114 Ho wake. Errors quoted are 

derived from the line-fitting routine only.

open "head” region of the wake, close to the averaged background Tex of 24161173K . 

down to ~2100K  at the brightest 011-wake positions. This is again consistent with our 

picture of an increasing background fluorescent contribution at fainter wake positions. 

The wake-only 11, emission is therefore closer to the equivalent excitation tem pera tu re  of 

1900-2100K derived by Burton el ul. (1989) in the four shocked sources HH7, CR.L618, 

OMC-1 and IC443. We speculate th a t the ratio of wake-only to  background fluorescent 

intensity dom inates the observed decrease in T et. with position ra ther th an  being caused 

by any (small) intrinsic variations within the wake structure.

If the shocked H., emission is assumed to come from a region in which the gas is 

tlierm alized ( o /p = 3 ), this implies th a t the gas density m ust be in excess of the critical 

density for If, -II., collisions of order 10(>cm- 3 . However, recent calculations by M andy 

& M artin  (1993) show th a t neutral hydrogen may be a more efficient collision partner 

because it has an unpaired electron and is a lighter species. They find the critical density 

for II., colliding with II in a 2000K gas is 6 .5 x lO Jcm 3.

Figures 4.12 and 4.13 show the individual CDR diagram s for each of the positions
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running along the axis indicated in Figure 4.2 for the M42 H H 126-053 wake. As for 

M42 HH120-114, the excitation is quite closely m atched at each position and follows a 

ra the r uniform  curve which slightly steepens with increasing level energy. Just as before, 

neglecting the less reliable transitions, the scatter in d a ta  points about this sm ooth curve 

is minimised at the brightest wake positions where the relative background fluorescent 

contribution is smallest. Com pared to the excitation in M42 I1H120-114, however, we 

note system atically lower column densities in both the v=2  and 3 levels where the errors 

are small enough to  facilitate comparison. The excitation here more closely resembles 

the pure .1 shock power-law cooling as fitted a t OMC-1, suggesting lower pressure in such 

models. This is surprising given th a t the “bullet” associated with this wake is slightly 

faster than  th a t  associated with M42 HH120-114 (C hapter 3). However, M42 HH126-053 

is situated  at a larger radial distance from the densest BN-IRc2 region from which the 

“bullets” appear to em anate than  M42 IIH120-114. A lower am bient cloud density may 

therefore be responsible for this discrepancy. The fact th a t the excitation is relatively 

uniform w ithin the wake is in agreement with M42 HH120-114 and suggests the  same 

underlying mechanism in each case but with slightly different excitation conditions for 

each wake.

In Table 4.6 we present the associated 1-0 S ())/2-1 S(1) excitation tem pera tu res for 

these positions in M42 HH126-053, as shown in Figure 4.2. We here find th a t  T ex rem ains 

constant within the errors of observation for all but the southernm ost position (at which 

a second wake begins to overlap). The weighted mean value of T ex =  2065±4I\ is in 

close agreem ent to other shocked sources including OMC-1 and over 300K lower than  the 

averaged background value. This constancy with position may reflect closely m atched 

underlying If., intensities a t these positions compared to M42 IIH120-114, if we assum e 

this to be the only significant factor affecting T ex (wake-only excitation m echanism  is 

effectively constant).

We therefore conclude th a t although it is possible to lit com posite bow shock +  fluo

rescence models a t any given individual position in the wakes, it is impossible to reconcile 

t he near-constancy of the excitation with position in each individual wake with bow shock 

models. This is in agreement with our line profile observations. Unsurprisingly, in com

mon with the profiles, the excitation appears to rem ain almost constant throughout each
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CGS4 Pixel 

Coords. 

(x,y)

T «

1 - 0 S ( 1 ) /  2- 1S ( 1 ) 

/K

278,297

276,293

274,288

272,284

271,280

269,276

2055T18

2071±16

2059T21

2079T18

2064T14

2005±L5

Table 4.6: Excitation temperature (T,î;r) derived from the dereddened Ho 1-0 S (l) /2 -l S(l) 

line ratio at the positions (1.22" x l.22" ) centred at Allen & Burton (1993) image coordinates 

indicated in Figure 4.2 in the M42 HH126-053 Ho wake.

wake suggesting a common underlying excitation mechanism, albeit with slightly differ

ent physical conditions in each case. The scatter in the CDR. diagram s in the wakes can 

be explained by background and wake-only fluorescent components which are, however, 

relatively unim portan t compared to collisional processes except for the m ost energetic 

H2 levels. This is in contrast to the background II2 level populations which are more 

strongly influenced by fluorescent excitation.

Alternatively, perhaps the scatter is a, shock-related phenomenon unrelated to  fluo

rescent processes. Perhaps shock inhomogeneities or some other neglected mechanism 

related to  instabilities or supersonic turbulence produces the observed scatter, as spec

ulated to explain the line profiles observed in C hapter 3. If enough dust grains survive 

passage of the shock front, perhaps re-formed H2 could alter level populations. However, 

current theoretical models of Il2 re-form ation predict a 1-0 S( 1 ) / 2-1 S (l)  line ratio  of ~ 2- 

3. for a. range of densities 10?-10''cm - '* and for shock speeds in the range 30- 150km s-1 

(llollenbach & McKee 1989). In contrast, the observed on-wake 1-0 S ( l) /2 - l  S ( l)  line 

ratios lie in the range 7.5 to 12.1. Hence any reformed H2 should not have a significant 

effect on the observed fluorescent component.

Turbulence within downstream gas may cause mixing of the H2 emitting sections

so that a planar C shock approximation within the wake is invalidated since adjacent
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emission sections m ust affect one another. W here the planar-elem ent analysis is invalid 

(if the planar-shock thickness is much less than  the overall bow size), then  only three- 

dimensional numerical simulations can model the bows and associated H2 line emission 

(Sm ith et al. 1991a). However, the predicted H2 spectrum  has not been modelled in 

detail although work is in progress (J. Stone, Private Communication).

4 .5 .4  S u m m a r y

We have confirmed our discovery in C hapter 3 of the existence of a near-constan t back

ground excitation mechanism pervading the entire Orion “bullets” region. The back

ground H2 emission can be modelled by a combination of fluorescent and shock excited 

m echanism s, in agreement with the broad H2 line profiles observed in C hapter 3. It is 

thermalizecl in the v = l  levels but higher levels are dom inated by fluorescence. M easure

ment of the I l2 excitation in the “bullet” wakes M42 I1H126-053 and M42 H H 120-114 

shows a near constant emission spectrum , within each wake, th a t may be modelled by 

a com bination of shocked and fluorescent excitation, now more strongly dom inated by 

collisional processes but also containing an intrinsic wake-only fluorescent com ponent. 

T he column density ratios clearly show a range of gas tem peratures as expected for cool

ing, post-shock gas. Furtherm ore, the uniformity of these ratios on small-scales (these 

observations) and also on large scales (B rand et al. 1989b), contradicts com binations of 

fundam entally different types of shock. However, the near constancy of this excitation 

with position within each individual wake is inconsistent w ith bow G shock models pre

viously fitted a t OMC-1, in which significantly different line ratios occur depending on 

the shock velocity which varies in the bow.

It might be possible to reproduce the observed spectrum  if we are not resolving mul

tiple shock fronts accelerated to a range of velocities by some mechanism other than  the 

shock (B rand et al. 1989b) within each CGS4 pixel and there is a significant fluorescent 

background contribution. It is then necessary to explain the bow-shaped l l2 wake m or

phology. Alternatively, the effects of instabilities and turbulence may be dom inating the 

112 level populations measured.



C h a p te r  5

C o n c lu s io n s  a n d  F u tu r e  W o rk

5.1 Summary of Results and Implications

The natu re  of molecular shocks is still uncertain. In C hapter 1 we outlined the im

portance of outflows as an integral part of the star forming process and dem onstrated  

th a t the molecular shocks caused by the impact of such outflows with the am bient gas 

play a crucial role in the processes of m om entum  and energy transfer. We identified 

molecular hydrogen as the dom inant constituent (by m ass) in such molecular clouds 

and in C hapter 2 we described the unique properties of II2 which allow us to directly 

probe these molecular shocks. The basic features of the com peting models of shock 

excitation were then outlined and previous observations reviewed to dem onstrate  our 

current understanding and the outstanding problems to  be addressed. Finally, a. review 

of the near-infrared observational techniques required to study shocked H2 and Fe+ line 

emission was presented.

In C hapter 3 we identified the Orion star forming molecular cloud as the prim ary 

test-bed for such studies due to the brightness and proxim ity of the shocked molecular 

emission associated with it. In this thesis we have m ade the first m easurem ents of the 

excitation and dynamics of molecular hydrogen in the bow-shaped wakes associated with 

t he recently discovered Orion Fe+ "bullets". We have dem onstrated th a t in tegrated  [Fell]

1.01 I//in line profiles in the Orion “bullets" are consistent with theoretical bow-shock



predictions and derived velocities and orientations of the “bullets” M4‘2 HH126-053 and 

M 12 HH120-114.

We have identified a uniform, broad background component pervading the Orion 

"bu lle ts ' region in both Fe and I i2 tracers th a t is not consistent with a fluorescent 

com ponent due to the ionizing radiation of the Trapezium  stars alone. A collisionally 

broadened background component of unidentified origin is m easured to  have a near- 

constant intrinsic FW HM  of 26± 2 .5km s_1 in the l i 2 1-0 S (l)  line and a constant peak 

velocity of 2 .5± 0 .5km s-1 , close to the local ambient rest velocity. The range of veloci

ties, although significantly smaller than  observed in the wakes, rules out a single planar 

•I shock model or fluorescent emission alone which is characterised by intrinsically nar

row, unresolved line profiles. Bow shock models are also ruled out, unless m ultiple and 

unresolved, given th a t the profile is always singly peaked. It m ay be possible to  fit a 

highly m agnetised planar C shock model, or else it will be necessary to  model the ef

fects of instabilities and turbulence. In C hapter 4 we found a near-constant background 

1I2 excitation spectrum  th a t it is possible to  model w ith a com bination of fluorescent 

and shock excited mechanisms, in agreement with the broad H2 line profiles observed 

iu C hapter 3. This implies the collisional excitation mechanism and physical conditions 

th roughout the region observed m ust remain almost constant at the  ~ 1 " resolution of 

these observations. The H2 level populations are therm alized in the v = l  levels bu t higher 

levels are dom inated by fluorescent excitation.

The extended H , “bullet” wakes have the appearance of lim b-brightened bow shocks 

and so allowed us to dissect individual molecular bow shock structu res for the first 

tim e in Orion. However, the broad, singly-peaked H2 1-0 S (l)  profiles observed in the 

two m ost clearly resolved wakes associated with the “bullets” M42 HH126-053 and M42 

1111120-11 1, oriented quite close to  the plane-of-sky, challenge our present understanding. 

After subtraction of the averaged background component, we m easure a broad, sm ooth 

profile well-fitted by a single Gaussian profile having an intrinsic FW HM  th a t varies 

from ~ 2 6 k m s_l near the head of the wakes down to ~ 1 0 k m s_ near the tail. The 

peak velocity of the profiles is slightly shifted by up to 8km s 1 from the background 

com ponent with the maximum shift occurring at the head of each wake. In M 42 111112b- 

053 the peak shift is blueshifted. whereas in the M42 1111120-114 wake the peak shift is
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to  the red. In addition to  the main peak however, we find additional but much weaker 

velocity components th a t lie over the full velocity range of up to 150km s-1 m easured 

in the M42 Jill 126-053 Fe+ “bullet” . The peak shift and velocity w idth of these weak 

com ponents is a m aximum  at the tips of the wakes, coincident with the “bullet" positions.

It is very difficult to reconcile any steady-state  bow shock model with these obser

vations in Orion. To fit a single G shock absorber model to individual profiles implies 

a m agnetic field strength  far in excess of observed estim ates and is not consistent with 

the bow-shaped wake morphology. M easurement of the H2 excitation in the “bulle t” 

wakes M-12 I 111 126-053 and M42 III1120-114 shows a near constant emission spectrum , 

w ithin each wake, th a t may be modelled by a combination of shocked and fluorescent 

excitation, now more strongly dom inated by collisional processes but also containing an 

intrinsic wake-only fluorescent component. The column density ratios clearly show a 

range of gas tem peratures as expected for cooling, post-shock gas. Furtherm ore, the 

uniform ity of these ratios on small-scales (these observations) and also on large scales a t 

OMC-1 (B rand et al. 1989b), contradicts combinations of fundam entally different types 

of shock. However, the near constancy of this excitation with position within  each in

dividual wake is inconsistent with bow C shock models previously fitted a t OMC-1. 

in which significantly different line ratios occur depending on the shock velocity which 

varies in the bow.

The detection of weak but extremely high velocity (<  - 105km s-1 ) H2 emission fea

tures a t positions close or coincident with the Fe+ “bullet” emission in both wakes is 

inexplicable with any steady s ta te  molecular shock models unless we are not resolving 

multiple shock fronts along the line-of-sight. However, peak velocity of the individual 

features identified in M42 HH126-053 clearly moves closer to the main emission peak 

in moving down the wakes and so appears to be associated with the “bullets” . It may 

be tha t II, reforming over the full range of velocities observed in the “bullets” is subse

quently fluoresced by strong UV emission from the “bullets” themselves.

Alternatively, we may still not be resolving multiple shock fronts along the line-of- 

sighl. For example, multiple overlapping bullet wakes could give rise to merged sots of 

doubly-peaked profiles resulting in approxim ately Gaussian shaped profiles. However.
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given the appearance oi single bow shaped wakes a t many observed positions, the accu

racy oi G aussian-shaped line-fits, the velocity resolution of our observations and th a t  we 

see this phenomenon in two different wakes, this explanation is expected to be excluded. 

Or we are not resolving multiple shock fronts accelerated to  a range of velocities by 

some mechanism other than  the shock within each CGS4 pixel and there is a. significant 

fluorescent background contribution. It remains possible th a t the scatter observed in 

the “bullet, wake H2 level populations is a shock-related phenomenon unrelated to  flu

orescent processes. Perhaps shock in homogeneities or some other neglected mechanism 

related to instabilities or supersonic turbulence produces the observed scatter, as spec

ulated to explain the line profiles observed in C hapter 3. If enough dust grains survive 

passage of the shock front, perhaps re-formed II2 could alter level populations. However, 

current theoretical models of II2 re-form ation predict a 1-0 S(1 ) /2 -1 S(1) line ra tio  of ~2- 

3, for a range of densities lO '-lO 'cm - '5 and for shock speeds in the range 30 150km s~ 1 

(Hollenbach & McKee 1989). In contrast, the observed on-wake 1-0 S ( l) /2 - l  S(1) line 

ratios lie in the range 7.5 to  12.1, in agreement with other shocked sources. Hence any 

reformed if2 should not have a significant effect on the observed fluorescent com ponent.

Turbulence within downstream  gas is likely to cause mixing of the IT, em itting  sec

tions so th a t a planar C shock approxim ation within the wake is invalidated since ad

jacent emission sections m ust affect one another. However, the predicted 11, spectrum  

has not yet been modelled in detail. Stone et cil. (1995) were able to reproduce the 

observed morphology of the Orion “bullets” region by modelling two-dim ensional, time- 

dependent numerical simulations of the fragm entation of a dense shell swept up by a 

poorly collimated, time-variable stellar wind. The “bullets” condense in situ within the 

high-velocity gas via Rayleigh-Taylor instabilities. The model predicts th a t  the shell 

within the fingers (OMC-1 region) will be highly clumpy, now confirmed by spectro

scopic imaging (McGaughren & Mac Low. in press), but th a t the 112 wakes should be 

modelled by bow shocks. Schilcl cl at. (in press), however, contend th a t instabilities in 

the thin layer of rapidly cooling radiative shocks created by the interaction of a stellar 

wind colliding with surrounding dense molecular m aterial may be more im portan t than  

Hayleigh-Taylor instabilities.

We note th a t individual column densities within the wakes can be modelled by in-
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(erring fluorescence and a. full range of bow C shock excitation conditions or a simple ■) 

shock power law cooling function. But the la tte r model poses severe theoretical problems 

as a J shock should only exist under these conditions if the m agnetic field is unreasonably 

low (B <10//G ), or if the ionization fraction is unreasonably high. We expect fields of 

at least Im G , which m ust have an im portan t effect on the dynamics and necessitate a 

multi-fluid model. This model also assumes th a t H2 is the dom inant coolant, in contrast 

to  chemical studies indicating th a t O il and H20  m ay significantly alter the emission 

spectrum .

Alternatively, we are left with the possibility th a t some im portan t process in molec

ular physics or chemistry has been overlooked. For example, in low-fractional ionization 

gas such as in Orion, the dust grains play an im portan t (but com plicated) role in the 

dynamics (McKee & Draine 1991 and references therein). Given th a t  high velocity molec

ular gas is clearly present, there are two possibilities to explain its form ation. E ither the 

molecules are formed or already present in the outflowing m aterial or the molecules trace 

environm ental m aterial th a t has been entrained into the high velocity outflow (R aga and 

C anto 1996). The first possibility was explored by Rawlings, Williams and C anto  (1988) 

and by Glassgold, M amon and Huggins (1989) who find th a t it is only possible to  form 

molecules in a wind from a T Tauri star if the associated mass loss ra te  has values of 

M > l()_bM,-,yr_ l . which might be ra ther high for outflows from some young stars. In 

the second scenario, the problem to be solved is how to entrain  and accelerate molec

ular m aterial to velocities comparable to the outflow velocity w ithout dissociating the 

molecules.

5.2 Future Work

In order to model the detailed Il2 emission observed in the Orion “bullet” wakes it 

will be necessary to fit a m ultiple component model incorporating both foreground and 

background shock and fluorescent excitation mechanisms having variable o rtho-to-para  

ratio  and a range of physical param eters including m agnetic field, density and the degree 

of ionization. In particular, a detailed two tem perature  component fit, a t each position 

will yield model-independent information about any small variations with position in
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the wakes. For example, if the wake-only fluorescent excitation mechanism is directly 

associated with the “bullets” then this contribution will decrease with distance away 

from the “bullets . Our observations constrain such variations to be small, however.

To further our general understanding of H2 emission in molecular shocks requires a 

num ber of observational and theoretical tasks. Observational work will continue to  be 

driven by technological improvements resulting in higher spatial and spectral resolution 

near and m id-infrared spectroscopy and imaging of a range of shocked sources includ

ing Orion. We have begun a program  utilising a new adaptive optics near-IR. imaging 

instrum ent ADONIS m ounted on the 3.6m ESO telescope. The significantly increased 

spatial resolution possible with this instrum ent should enable diffraction lim ited resolu

tion of ~ 0 .14"  which corresponds to  a lengthscale of ~ 1 0 l j cm at the distance of Orion. 

Since the shortest cooling lengths predicted in any shock models are of order 10 cm in 

( ' shocks and considerably less for .1 shocks, it will be possible to elim inate certain ( ' 

shock models. However, this m ethod is limited by the fact th a t  the region im aged m ust 

lie within ~'20 " of a suitable, optically visible s ta r - a tall order in dense s ta r  forming re

gions. The NICMOS infrared imaging camera, to be fitted to 1IST in the next year, will 

dram atically  improve spatial resolution obtainable in any source since it will be situated  

above the E a r th ’s atm osphere.

A nother program  is now underway to repeat the same kind of detailed m easurem ents 

of H., velocities and line intensities performed in this work, utilising the greatly  increased 

sensitivity and resolution of CGS4 with the new array, in a range of o ther bright sources 

including 11 IT7-11 and DR21. In particular. HH7-11 is perhaps the m ost clearly defined 

and bright individual bow-shaped source of this type and the detailed C shock +  fluores

cence model fitted to  the brightest positions by Fernandes & Brand (1995) can be tested 

rigorously by searching for variations with position over the entire bow. K band spectra 

in this region are also free of the strong nebular emission observed throughout Orion. It 

should be possible to unambiguously detect unresolved fluorescent emission lines from 

the highest excitation energies where the model fitted predicts a negligible contribution 

from collisional excitation. Furtherm ore, it is im portan t to  test our understanding of 

shocked 11., excitation in a range of conditions found in the interstellar medium. II117-1 I 

is situated in a low-mass star forming region in contrast to the massive clouds associated
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with Orion and DR/21. It is interesting th a t Davis et al. (1996b) observe II2 1-0 S(1) 

emission in the brightest positions in the DR21 outflow lobes th a t is generally dom inated 

by a broad, singly-peaked line profile. Similar profiles are seen again in the observations 

by Richter et al. (1995c) of the supernova rem nant IC443. More im portantly , they  also 

m easure an I l2 excitation spectrum  (Richter et al. 1995b) th a t m atches the OMC-1 spec

trum  quite closely and suggests a. common underlying model may be applicable in each 

case. It is speculated th a t the role of instabilities an d /o r supersonic turbulence m ay be 

significant.

McKee & Draine (1991) describe the significant differences seen in predictions of the 

relative strengths of H20  lines between (.' and .) type models, with relatively stronger 

higher excitation lines in the C shocks. The recently launched ISO satellite will now 

hopefully begin to provide the observations to  test this. The greater sensitivity and uni

form ity of optical CCD spectroscopy will enable observations of the optical transitions 

of 11., . guided by high resolution infrared images, although these lines are weaker and 

the extinction at optical wavelengths is correspondingly higher. U ltim ately, the obser

vation of m id-infrared H2 transitions from the ground (Michelle) and space (ISO and its 

successors) will be im portant. The next m ajor increase in available spatial and spectral 

resolution th a t is likely to test models in more detail in Orion will be the 8m Gemini 

telescopes a t the tu rn  of the Century.

The most urgent theoretical work required is to investigate the emission from m ag

netic precursors and from unstable magnetic and non-m agnetic shocks as these represent 

the rem aining areas of the process not yet fully investigated. It is also necessary to  fur

ther investigate turbulent boundary layers (e.g. Malone, Dyson & H artquist 1994) in the 

context of new developments in non-linear C-shock instability growth (W ardle 1991) and 

the bow structures currently used to explain velocity profiles in sources such as 11117- 

I 1. The models must predict H2 line intensities as determ ined for a range of param eter 

space in m agnetic field, density, degree of ionization and so on. W here planar-elem ent 

analysis is invalid (if the planar-shock thickness is much less th an  the overall bow size), 

then only three-dimensional numerical simulations can model the bows and associated 

If, line emission (Smith et al. 1991).



Reí eve il ces

lu the long term  we wish to  relate the high energy processes exciting LI., , as traced 

by the shocking of molecular clouds by protostellar outflow and fluorescent II2 emission 

near to  massive young stars, to the prim ordial s ta r form ation process. Locally, we 

must investigate further the missing link between shocks in outflows and the drivers 

of the winds or jets , often in term itten t, observed in sub-m m  protostellar sources. On 

extra-galactic scales, it is necessary to constrain shock and PDR. emission from high 

redshift galaxies in which, for example, elemental abundances will be different. This is 

of fundam ental im portance in understanding galactic evolution including actively sta r 

forming galaxies, where large H2 fluxes are m easured, and the relative contributions of 

shocked and fluorescent excitation at given positions can be related to  detailed studies 

of individual sources in our own Galaxy. This thesis shows th a t we still have some way 

to  go before we can say we understand molecular shocks but th a t  the large num ber 

of sources now being analysed and the pace of technological im provem ents in near- 

infrared instrum entation  auger well for the future of this work. It is to  be hoped th a t 

the corresponding theoretical work required will m atch this pace of development.
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