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ABSTRACT. A br ie f overview of the observational character i s t i c s of HH 
objects i s given. Current models for their production by the interact ion 
of s t e l l a r winds and j e t s with i n t e r s t e l l a r gas are c r i t i c a l l y discussed. 
Models for two spec i f i c systems of HH o b j e c t s , namely, the Orion HH ob-
j e c t s and the HH46-47 system are described with reference to the general 
production mechanisms. 

1. INTRODUCTION 

I t would be hard to imagine more deceptively uninterest ing objects than 
the inconspicuous semi - s te l lar knots of nebulosity seen against the dark 
clouds of NGC 1999 f i r s t brought to the at tent ion of the astronomical 
world independently by Herbig (1951) and Haro ( 1 9 5 2 ) . Herbig (1951) r e -
a l i zed immediately that the ir bright [01] l ine emission set them apart 
from the r e l a t i v e l y well understood photoionized HII regions , and, with 
considerable prescience, suggested that their exc i ta t ion involved some 
mechanical process which involved s t e l l a r par t i c ipa t ion . Many years l a t -
e r , these seemingly unremarkable objects are the subject of extensive ob-
servational and theoret ica l inves t igat ion , and considerable controversy 
surrounds their interpretat ion . To some extent , the controversy i s a r t i -
f i c i a l , s p e c i f i c a l l y in regard to mechanisms for phys ica l ly producing 
these o b j e c t s , since there has been a marked tendency to look for a u n i -
que model to describe what i s most probably a c o l l e c t i o n of objects pro-
duced in a var ie ty of ways. This i s not to say that these objects do not 
have features in common, in par t i cu lar , there seems l i t t l e doubt that the 
emission from HH objects i s due to the mechanism of shock exc i ta t ion 
(though see Section 5 .2 for a poss ib le caveat to this statement) . 

The astrophysical s igni f icance of HH objects can Taardly be overs tres -
sed - at l eas t not in th is meeting! Their existence i s bound up with the 
structure and s t e l l a r (or p r o t o - s t e l l a r ) content of dark molecular clouds. 
Not a l l that long ago, i t would have almost certa in ly provoked cr ies of 
outrage (not l eas t from the author) to suggest that dark clouds are much 
more interes t ing than the observat ional ly far more spectacular HII r e g i -
ons. However, the richness of dynamical, physical and chemical phenomena 
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occurring in them revealed by radio , infra-red and mm-wavelength i n v e s t i -
gations over the past few years strongly support th is viewpoint. 

The study of HH objects has unearthed a number of largely unresolved 
problems in theoret ica l astrophysics: for example, the structure of c o o l -
ing flows behind complex shock s tructures , the interact ion of various 
forms of s t e l l a r mass loss with their environment and, arguably most im-
portant of a l l , the production and col l imation of remarkably energetic 
s t e l l a r mass loss from r e l a t i v e l y low luminosity s t a r s . This review deals 
with a r e s t r i c t e d sub-set of these problems, namely the gas dynamical in-
teract ions which can - poss ib ly - lead to the formation of HH o b j e c t s . 
I t is not , however, poss ib le - or even sensible - to attempt to discuss 
these interact ions without at l eas t some passing references to the other 
problems, and these w i l l be made as appropriate. 

2 . OBSERVATIONAL CHARACTERISTICS OF HERBIG-HAR0 OBJECTS 

Extensive discussion of HH charac ter i s t i c s are given by Schwartz ( 1 9 8 3 ) , 
Mündt (these Proceedings) and in the recent Symposium edited by Canto and 
Mendoza ( 1 9 8 3 ) , and only a few sa l i ent de ta i l s w i l l be reviewed here. 

Optical spectra imply that a wide range of exc i ta t ion conditions ex-
i s t from one HH object to another, and equally importantly, within a given 
o b j e c t . Böhm (1983) has compared the character i s t i c spectrum of a high-
exc i ta t ion HH object (HH2H) with that of a low-excitat ion object (HH7). 
Striking dif ferences are apparent; for example strong [ΟΙΙΙ]500^Α emission 
in the former but not in the l a t t e r , extremely strong [SII]6724A emission 
in the la t ter , o much weaker in the former. Both c lasses of object show 
[ΟΙ]6300, 6363A emission, but the emission from this low ionizat ion s tate 
ion is much stronger in the l a t t e r . Any model of any part icu lar HH object 
should model i t s spectrum as well as i t s kinematics, but there has been a 
strong tendency to concentrate on this second aspect . 

A few HH objects have been detected in the UV, although their c lose 
assoc iat ion with the dusty dark clouds c l ear ly m i l i t a t e s against t h i s , 
HH1, 2 and 32 ( a l l c lassed as high exc i ta t ion o p t i c a l l y ) show l ines from 
very high exc i ta t ion ions such as C + 3 and 0 + 3 . The presence of these ions 
in conjunction with that of, for example, 0 ° , has important implications 
for the structure of HH o b j e c t s . Two low exc i ta t ion o b j e c t s , (HH43, 4 7 ) , 
show UV Lyman band l ines of H 2 9 but do not show the high exc i tat ion ionic 
emission seen in the other o b j e c t s . 

Near infra-red observations have a l so indicated the assoc iat ion of 
H2 and HH o b j e c t s . In some cases the molecular emission appears to en-
velop the objec t . 

A strong blue continuum emission has been observed in some HH ob-
j e c t s . I t s or ig in is the subject of debate. I t may be two-photon emis-
sion from hydrogen, in which case there are very important implications 
for the structure of shocks in HH objects (Dopita, Binette and Schwarts, 
1982) . Table I l i s t s various important physical character i s t i c s of HH 
objects which have been derived from their spectra. In the main they 
have been taken from Böhm ( 1 9 8 3 ) . 
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TABLE I 

Parameter Character is t ic Values 
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Scale s i ze (AU) 
Electron temperature (K) 
Electron density (cm" 3) 
Fractional ionizat ion 
Mass (earth masses) 
F i l l i n g factor 
Luminosity ( 1 2 0 0 - 1 1 0 0 0 A ; L ) 

300 - 2000 
7500 - 12000 
2x10 3 - 6x10" 

0 .07 - 0 . 8 

2x10""3 - 7x10 
0.1 - 1.4 

M 0 
ι - 2 

The low ionizat ion fract ion immediately rules out photoionization as 
the source of exc i ta t ion; the low f i l l i n g factor is consistent with emis-
sion from a r e l a t i v e l y thin cooling region behind a shock wave. Shock 
wave exc i ta t ion is a l so indicated by molecular hydrogen l ine ra t ios where 
observed. 

The assoc iat ion of HH objects and large scale molecular flows ( e . g . 
Edwards and S n e l l , 1983, 1984) suggests that whatever powers these flows 
a lso may be responsible for the formation of HH o b j e c t s . Infra-red data 
has shown that stars (or pro to - s tars ) are the c u l p r i t s . I t a lso seems 
beyond doubt that some manifestation of s t e l l a r mass loss i s the agency 
of energy or momentum transfer . 

I t is very important to e s tab l i sh the source of exc i ta t ion for a 
given HH object or group of o b j e c t s , not l eas t because i t s determination 
can influence the choice of preferred formation mechanism. Canto (1985) 
notes that there can be considerable doubt about the i d e n t i f i c a t i o n , a s , 
for example, in the case of HH12, where three d i f ferent ident i f i ca t ion 
c r i t e r i a lead to three d i f ferent exc i ta t ion sources. HH1 and HH2 have 
provided a c l a s s i c example where the obvious exci t ing candidate, the CS 
s t a r , has turned out to be an innocent bystander (Pravdo et a l , 1985) . 

The wide range of ionizat ion s tate noted above implies a wide range 
of shock v e l o c i t i e s within a given o b j e c t . This can be caused by a mix-
ture of shocks of d i f ferent strengths and/or by the presence of curved 
shocks (Hartmann and Raymond, 1984) . There is a lso evidence that some 
shocks may be very young (Dopita et a l , 1982) . 

The radial and tangential v e l o c i t i e s of HH objects can be large , as 
would be expected for a shock or ig in . The upper l imi t s of the v e l o c i t i e s 
are about 300 km s" 1 from proper motion s tudies , and, for the case of the 
Orion HH o b j e c t s , 450 km s" 1 from l ine widths. The main kinematic f e a t -
ures are discussed by Canto ( 1 9 8 5 ) . 

3 . WIND INTERACTIONS AND THE FORMATION OF HH OBJECTS 

3.1 General Remarks 

The impact of a hypersonic s t e l l a r wind (ve loc i ty V^, mass loss rate 
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on surrounding gas (density n Q ) sets up a two shock flow pattern in which 
an outer shock accelerates ambient gas and an inner shock decelerates the 
wind. The resultant dynamics i s determined by the ra t io of the cooling 
time in the shocked wind to the dynamical t imescale . This ra t io i s great -
er than one i f V^ > V c Ξ 2 5 0 O ^ M e ) 1 / 9 km s" 1 (Dyson, 1984) , where M 6 = M* 
/ 1 0 ~ 6 M Q y r " 1 and n 3 Ξ n o / 1 0 3 cm" 3 . The outer shock i s then driven by 
the pressure of the shocked wind (Case A ) . If < V c , the shocked wind 
gas radiates well and the swept-up gas is accelerated by the wind moment-
um (Case B) . This cr i t er ion assumes that there i s no mixing of cool gas 
into the shocked wind gas. 

Case A: the outer shock ve loc i ty V Q ^ ( M ^ V ^ 2 / n Q ) 1 / 5 1 " " 2 / 5 and the radius 
Ro ^ ( M . V . 2 / n n ) 1 / 5 t 3 / 5 . Cooling takes place behind the outer shock only , 

· · · · 3 2 / 5 — 6 / 5 
and the t o t a l luminosity per unit area of shock i s L G - n 0 V 0 n Q ' t ' . 
Local ized HH objects in pr inc ip le could be ident i f i ed with post-shock 
cool ing regions as the outer shock encounters higher-than-average den-
s i ty condensations in the ambient gas. The luminosity of an HH object 
formed in th i s way would be LJJJJ - n

0 V 0

3 R Q

2 ^ - E ^ t ~ 6 / where Ω is the 
s o l i d angle subtended at the star by the HH o b j e c t , and i s the wind 
mechanical luminosity. The HH luminosity decays with time. 

Case B: the outer shock ve l o c i t y V 0 ^ ( M ^ / n o ) 1 / ^ - ^ and the radius RQ^ 
Radiation i s now produced behind both shocks and the 

ra t io of the areal luminosit ies is L / L Q - ( V Ä - V 0 ) / V Q - V Ä / v o . The inner 
shock luminosity dominates. Local ized HH objects again can be produced 
by high density concentrations of ambient gas and the ir luminosit ies would 
be time indepedent i f they are so dense that the loca l V Q i s very low. As 
noted by Canto ( 1 9 7 9 ) , the outer shock i s not necessary in th i s i n t e r a c t i -
on. I t could have degenerated into a sound wave or the flow have reached 
pressure equilibrium with i t s surroundings. The HH luminosity would be 
^HH ~ nw^* r 2 ^ , where the inner shock i s located distance r from the star 
and n w i s the wind density (=M^/4irr 2V^) at r . Obviously, again L ^ j - Ε^Ω. 

3 . 2 The Schwartz-Dopita Model 

Schwartz and Dopita (1980) advanced e s s e n t i a l l y the Case Β interact ion 
above. Figure 1 sketches their model. As previously discussed, the bow-
shock ( Ξ the inner shock) luminosity dominates the to ta l luminosity, how-
ever, emission from behind the slow shock driven into the condensation 
( e . g . molecular or low ionizat ion l i n e ) could have observable consequen-
ces . The post-shock temperature T s ^ cos 2\p (Fig. 1) and exc i ta t ion is 
thus highest in the stagnation zone. Roughly speaking, the exc i ta t ion 
would decrease with increasing distance from the s t a r . HH43 (Schwartz, 
Dopita and Cohen, 1985) appears to be an example of th i s behaviour. This 
varying exc i ta t ion is an important feature of this model and of a l l models 
where curved^shocks are formed. Hartmann and Raymond (1984) have demon-
strated that th i s mixed exc i ta t ion emission is one p laus ib le way to pro-
duce the wide exc i ta t ion range demonstrated by opt ica l and UV data. 

A variety of arguments can be stated in the context of th i s model -
but which have much more general v a l i d i t y - to show that the wind must 
suffer a high degree of co l l imat ion . 
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Figure 1. The flow pattern for the impact of a s t e l l a r wind on a dense 
condensation. 

The cooling time of the post-shock flow must be l ess than the flow 
time around the condensation, otherwise the shocked wind gas w i l l expand 
without cool ing . This condition trans lates into the mass-loss rate r e -
quirement M 6 » 0 . 0 3 V i 5 r o . i 2 A i " 1 , where Vi Ξ V^/100 km s" 1 , r 0 . i Ξ r / 0 . 1 
pc and Δι i s the scale s ize Δ of the condensation in units of 1000 AU. 
Kahn 1s (1976) cooling approximation has been used. Very high mass loss 
rates are needed to sa t i s fy th is requirement for reasonable V i . 

Secondly, the maximum post-shock compression i s about ( V Ä / C Q ) 2 , 
where C 0 i s the sound speed (-10 km s" 1 ) in the cooled emitting gas . A 
character i s t i c HH density of 10** cm" 3 , say, requires Me " 4 0 r o # 1 / V x ( for 
a spherical wind). 

The f ina l argument is well i l l u s t r a t e d by HH43. The luminosity of 
HH43 i s about 0 . 2 L Q , whereas the luminosity of the exc i t ing star (1RS 1) 
i s about 5 L Q (Schwartz et a l , 1985) . Using the geometrical parameters 
given by Schwartz et a l ( 1 9 8 5 ) , the s t e l l a r mechanical luminosity needed 
is E Ä - 40L Ä which, for Vi - 2 , say, gives an implied mass-loss rate of 
M6 - 6 0 . 

There are other strong observational grounds which imply col l imation 
of the wind, notably the assoc iat ion of b i -po lar CO flows and HH o b j e c t s . 
Liseau and Sandell (1986) have demonstrated convincingly the rea l a s s o c i -
at ion of these two phenomena. 
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A part icu lar d i f f i c u l t y with th is model is the production of HH ob-
j e c t s which have a high proper motion. Hydrodynamic ca lculat ions ( e . g . 
Nittmann, Fal le and Gaske l l , 1982) have shown that the maximum ve loc i ty 
which can be given to the condensation as a whole i s about equal to the 
slow shock ve loc i ty V g - ( n w / n c ) 2 V Ä , where n w and n c are respect ive ly the 
pre-shock wind and condensation d e n s i t i e s . In general , V s << because 
of the high density contrast . 

Many aspects of th i s model pose interest ing and large ly unanswered 
quest ions . I t i s known ( . e . g Innes, 1985) that shocks of ve loc i ty greater 
than about 150 km s" 1 are unsteady because of the thermally unstable pos t -
shock cool ing . The ent ire post-shock zone i s l i k e l y to be unsteady and 
turbulent . Further, mixing in of cold condensation material v i a , for ex-
ample, the process described by Hartquist et al (1986) may s i g n i f i c a n t l y 
a f f ec t the emitted spectrum as a resu l t of charge exchange (Hartmann and 
Raymond, 1984) . This mass addition can also strongly a f f ec t the dynamics 
of post-shock f low (Hartquist et a l , 1986) . 

3 . 3 The Norman-Silk Model 

Norman and Si lk (1979) suggested that the break-up of a cocoon about a 
star by the action of a s t e l l a r wind would lead to the production of fas t 
moving i n t e r s t e l l a r b u l l e t s which would plough through the i n t e r s t e l l a r 
medium driving bow shocks into the ambient gas . The cool ing flows behind 
these shocks would be the HH o b j e c t s . (The flow pattern in th is model i s 
e s s e n t i a l l y that of the S-D model in a d i f ferent frame of re ference) . 
Three major observational dif ferences between th i s and the S-D model are 
immediately apparent. F i r s t l y , the bulk of the emission should occur at 
roughly the b u l l e t speed and high proper motion HH objects are automatic-
a l l y produced (unless the object moves predominantly p a r a l l e l to the l ine 
of s i g h t ) . Secondly, the exc i ta t ion sense i s opposite to that of the S-D 
model; the highest exc i ta t ion should be seen furthest away from the e x c i t -
ing source ( e . g . HH1 and 2 ) . Thirdly , shocked molecular emission could 
ar i se behind the more oblique parts of the shock i f the i n t e r s t e l l a r gas 
contains molecules and could envelop the o p t i c a l l y v i s i b l e HH objec t . The 
remarks above regarding unanswered questions which can be addressed to the 
S-D model are equally appl icable to the Norman-Silk model. 

Canto* and Rodriguez (1986) have presented evidence in favour of th i s 
model, at l eas t with regard to HH2. They find that the measured e lectron 
density in the components of th i s object f i t the re lat ionship n e ^ V^, 
where V-p i s the to ta l component ve loc i ty (radial v e l o c i t y + proper motion 
v e l o c i t y ) . This is most simply explained in terms of the motion of a 
shock of ve loc i ty V«p into a medium containing a magnetic f i e l d H Q strong 
enough to dominate the pressure in the post-shock cooled gas. If th i s is 
the case , H 0

2 ^ V-p2 and, for a 1-D f i e l d compression, H ^ n e , thus giving 
the observed corre la t ion . 

There are serious d i f f i c u l t i e s with the formation mechanism for the 
b u l l e t s as o r i g i n a l l y proposed (see Section 3 . 2 ) . In an attempt to c i r -
cumvent the problems, Tenorio-Tagle and Rozyczka (1984) advanced a mechan-
ism which depends upon the focussing of large scale wind or explosion 
driven shocks by obstacles in the ir path. A converging conical shock i s 
produced which can lead to the formation of b u l l e t s provided that gas 
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shocked by the conical shock cools fa s t enough. An a t t rac t ive feature of 
th is model i s that , in p r i n c i p l e , the b u l l e t s can outstr ip the main shock, 
and about 50% of HH objects seem to l i e outside the boundaries of the a s -
sociated molecular f lows. However, a very serious d i f f i c u l t y with th is 
model i s i t s c r i t i c a l dependence on the maintenance of s t r i c t geometrical 
cons tra int s . The converging shock must be conical and completely uniform. 
I t i s very hard to see how these constraints can be s a t i s f i e d in what is 
undoubtedly an extremely irregular ambient medium. 

(The j e t 'working surface 1 model (Section 4 . 2 ) i s an extension of 
t h i s , but instead of b u l l e t s hurled by a one-off impulse, the b u l l e t s 
have continuous momentum transfer to them). 

3 . 4 The Canto* Model 

pressure (density) decreasing 

shocks 

hot spot 

wall of streaming 
shocked wind gas 

Figure 2 · The excavation of a cavity in an i n t e r s t e l l a r cloud by a s t e l -
lar wind which cools on shocking. 

Canto (1980) recognised the severe energy problem associated with HH ob-
j e c t s and suggested that i f some means of focussing the winds could be 
arranged, the d i f f i c u l t y could be removed. His suggestion was to use the 
focussing propert ies of density gradients in the gas around the wind sour-
ce (Fig. 2 ) . Provided that the shocked s t e l l a r wind gas cools w e l l , a 
stat ionary s tate can be rea l i sed in which shocked wind gas is in pressure 
equil ibrium with the ambient gas. An ovoid cavity whose walls are def in-
ed by standing shocks in the s t e l l a r wind is excavated in the surrounding 
gas. Because the ambient gas has a non-uniform pressure, the shocks are 
obl ique , the wind streamlines refract across them and the shocked gas 
flows around the cavity wa l l s . The flowing gas stream can converge to a 
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focus. Canto (1980) suggests that HH objects can be ident i f i ed e i ther 
with bright patches on the wa l l s , o r , most e f f i c i e n t l y , with emission at 
the focal po int . The cavity shape i s determined by the choice of density 
d i s t r i b u t i o n . A symmetric d i s tr ibut ion leads to a two-lobe cav i ty . I t 
is very tempting to l ink th is morphology to that of the b i -po lar molecular 
f lows. Canto (1985) has advanced a poss ib le way of doing t h i s . The f low-
ing gas streams are supposed linked to the surrounding molecular gas by 
viscous coupling. However, the physical d e t a i l s of the coupling mechan-
ism remain to be e lucidated. 

The structure of the foca l point depends c r i t i c a l l y on the obl iqui ty 
of the shocks through which the gas flows into th i s point . If these 
shocks are more or l e s s normal to the f low, a stat ionary HH object would 
be produced which has no proper motion but which has a l ine width compar-
able to the ve loc i ty of the co l l id ing streams. Very oblique shocks could 
produce a s imilar (though presumably rather lower exc i ta t ion) o b j e c t , 
again with no proper motion unless some means of re -exc i t ing the cooled 
gas occurs. The cooled gas could, given the right geometry ( e . g . Tenorio-
Tagle and Rozyczka, 1985) , take the form of a j e t which could give r i s e 
to HH objects as discussed in Section 4 . 1 , with or without proper motions. 
Canto (1985) has also hypothesised that that gas in jec t ion into the focus 
may be in the form of clumps which could drive bow-shocks ahead of them-
selves into surrounding gas and produce HH objects in the way described 
by Norman and S i lk ( 1 9 7 9 ) . 

Although this model has the great v ir tue of e f f i c i e n c y , there are 
some d i f f i c u l t i e s with i t . F i r s t l y a s t a t i c configuration i s set up in 
a t ime-scale about equal to that for changes in the external density d i s -
tr ibut ion to occur. Secondly, and perhaps most importantly, the external 
density d i s t r ibut ion must be extremely smooth. 

3 . 5 The Königl Model 

Königl (1982) considered the other extreme case of a wind blowing into an 
inhomogeneous d i s t r i b u t i o n , but where the wind does not cool a f ter shock-
ing. Here, the shocked wind expands and forms a De Laval nozzle which 
points down the density gradient . HH objects are supposed to resu l t from 
the acce lerat ion of clumps of material produced, for example, by the de-
tachment of portions of the wa l l . The col l imation of the flow again pro-
duces some increased e f f i c i ency over the spherical ly symmetric case . 
Problems with th is model include the d i f f i c u l t y in accelerat ion of clumps 
by gas streams, the necess i ty of having a smooth external density d i s t r i -
bution, and f i n a l l y , there may be s t a b i l i t y problems with the subsonic 
sect ion of the nozz le . 

4 . JET INTERACTIONS 

4.1 General Remarks 

Mündt and F r i e d 1 s (1984) s t a r t l i n g discovery of j e t - l i k e structures a s -
sociated with T-Tauri stars has generated a new cottage industry for HH 
production (see Canto (1986) for a dissent ing v iew) . A review of the 
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j e t propert ies - at least as far as i s presently surmised - i s given by 
Mündt ( 1 9 8 5 ) . We start off here with the basic premise tha t , somehow, 
s tars produce high Mach number j e t s which are col l imated at l eas t down 
to a distance of about 1000 AU from the s t a r s , and discuss general ways 
in which the interact ion of j e t s with their surroundings can give r i s e to 
emission features which might be ident i f i ed as HH objec t s . 

Wilson and Fal le (1985) have described how steady j e t s propagating 
into non-uniform surroundings set up internal shock s tructures . The j e t 
t r i e s to come into pressure equil ibrium with the ambient gas, but cannot 
do so i f Lp < L s , where Lp is the length scale for pressure variat ions in 
the surrounding medium and L s i s the distance moved by the j e t f lu id in 
the internal sound crossing time in the j e t . L s - VjRj /Cj Ξ MjRj, where 
Vj and Cj are respect ive ly the j e t ve loc i ty and internal sound speed and 
Mj is the internal Mach number. Shocks are set up if Lp < MjRj , and if 
the sense of adjustment to the pressure variat ion is to decrease the open-
ing angle of the j e t (or i f i t goes through a maximum). High Mach number 
j e t s are more susceptible to shock formation than low Mach number j e t s . 
In p r i n c i p l e , th is internal shock structure can contain oblique shocks 
and normal shocks (Mach d i s c s ) . As a general r u l e , the shock obl iqui ty 
increases and the Mach disc s ize decreases with increasing j e t Mach num-
ber. This mixture of shocks should produce a wide range of exc i ta t ion . 
F a l l e , Wilson and Innes ( th i s meeting) have made the f i r s t attempt to 
match th is type of structure to chains of HH o b j e c t s , s p e c i f i c a l l y to 
HH7-11. 

In the steady case , HH objects which resul t from cooling behind in-
ternal shocks in j e t s cannot have high proper motions. Unsteady j e t s can 
also have internal shocks which can be set up in a variety of ways (Nor-
man, Smarr and Winkler, 1984) , and in th i s s i tuat ion the shock pattern 
w i l l move, perhaps then giving r i s e to proper motions. 

Supersonic j e t s can entrain material from their confining surround-
ings ( e . g . De Young, 1986) . If internal shocks are present in the j e t , 
th i s gas could be excited into emission by the hot j e t material with 
s imilar spectral consequences to the mixing process suggested for HH2 
(Hartmann and Raymond, 1984) . An intr iguing p o s s i b i l i t y i s that th i s 
mixing process could lead to a supersonic turbulent boundary layer i f , 
during the mixing process , the l oca l cooling time becomes l e s s than the 
sound crossing time for the mixing zone. Shock-shock c o l l i s i o n s could 
d i s s ipate k ine t i c energy ul t imate ly leading to the r e l a t i v e l y show, c o l l i s -
ion of streams of dense gas and thus favour low exc i ta t ion emission (Kahn, 
private communication). There i s some evidence of boundary layer phenom-
ena occurring in the HH46-47 system (Section 5 , 2 ) . 

4 .2 The 'Working Surface 1 Model 

At the head of the j e t , the 'working s u r f a c e 1 , shocks occur in both the 
j e t gas and the ambient gas. The structure i s shown in Figure 3 (adapted 
from Smith et a l , 1984) . Dyson (1984) and Mündt (1985) independently 
proposed that HH objects could be produced in gas cool ing behind ei ther 
of these shocks. HH objects would trace the path of the working surface 
as the j e t bores through the i n t e r s t e l l a r gas . The ve loc i ty of the work-
ing surface , V s , i s determined by momentum balance at the j e t head and i s 

https://doi.org/10.1017/S0074180900156293 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900156293


168 J. Ε. DYSON 

Figure 3 . Schematic drawing of the working surface of a j e t as i t bores 
through ambient gas . 

approximately (Dyson, 1984) V s - ( 1 1 / r 0 β ι θ ) ( M 6 V j / n 3 ) ^ , where θ i s the j e t 
opening angle ( in ° ) and V g and Vj are expressed in units of 100 km s . 
As a su i table example, Vj = 3 , n 3 = r 0 . i = 1, M6 = 0 . 1 , θ = 10° gives 
V s - 0 .6 and Vj - V g - 2 . 4 . Cooling shocked ambient gas w i l l produce a 
much lower exc i ta t ion emission spectrum than cool ing shocked j e t gas . 
The wide range of exc i ta t ion conditions observed in some HH objects can 
be produced in this way. The spat ia l d i s tr ibut ion of the emission w i l l 
be complex. Roughly, for emission behind ei ther shock, the exc i ta t ion 
w i l l be highest furthest away from the s tar . This w i l l be observed i f 
emission from ei ther shock dominates. However, the lower exc i ta t ion 
shock is furthest from the s t a r . The spat ia l d i s t r ibut ion of exc i ta t ion 
w i l l not be so simple i f emission comes from behind both shocks. I t is 
l i k e l y that the emitting region w i l l be clumpy because of thermal instab-
i l i t i e s and/or Rayleigh-Taylor i n s t a b i l i t i e s (cf . Al len and Hughes, 1983) . 

Provided, of course, that the angle of the j e t to the l ine of s ight 
i s not too small , HH objects produced in th is way w i l l automatically pos-
sess proper motions. Since Vj > V s always, very high proper motions 
(>300 km s" 1 , say) require very high j e t speeds. This requirement, t o -
gether with other evidence ( e . g . the very high 450 km s - 1 v e l o c i t i e s 
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measured for the Orion HH objects - Section 5 . 1 ) , suggests that at l eas t 
some HH phenomena involve extremely high wind or j e t v e l o c i t i e s , maybe as 
high as 1000 km s" 1 . 

Reipurth et a l (1986) have drawn together many of the ideas of Sec-
t ions 4 .1 and 4 . 2 to model the HH34 system. They argue that HH34 i t s e l f 
i s produced by the working surface. The short bright j e t near the propos-
ed exci t ing star could be produced by internal shocks in a j e t confined 
by a dense gas cloud around the s t a r . The j e t may or ig inate on a s t e l l a r 
or c ircumste l lar sca le . A l t ernat ive ly they suggest that the j e t is pro-
duced at the focal point of a flow col l imated as in Canto's (1980) model 
(Tenorio-Tagle and Rozyczka, 1985) . 

5 . TWO PARTICULAR CASES 

In th i s sect ion we b r i e f l y discuss two assoc iat ions of HH o b j e c t s , the 
Orion HH objects and the HH46-47 system, in the l i gh t of the more general 
discussion above. 

5.1 The Orion HH Objects 

Axon and Taylor (1984) discovered nine high ve loc i ty condensations on the 
front surface of 0MC1 which had rather s imilar spectral charac ter i s t i c s 
to HH o b j e c t s . The invest igat ion of the kinematics of these objects was 
subs tant ia l ly extended by Taylor et a l (1986) - henceforth TDAH. Very 
high blue shi f ted l ine wings (up to 450 km s - 1 from l ine centre) were ob-
served in the [01] 6300 A l i n e s . A very s ign i f i cant feature of th is data 
is the invariable accompaniment of these extended l ine wings (the HVC) by 
narrow enhanced [01] emission (the ZVC) at the systemic nebular [01] v e l -
o c i t y . 

This l a t t e r feature , together with the extended spat ia l d i s t r ibut ion 
of the HH objects places severe constraints on poss ib le models for their 
production. I t i s , for example, hard to see how the Canto model can pro-
duce several focal po ints . The bulk of the emission on the Silk-Norman 
model should be produced at the b u l l e t v e l o c i t y and not at the systemic 
nebular v e l o c i t y . TDAH have discussed the re lat ionship of the objects to 
current models in some d e t a i l . 

If the HH objects are produced by the cooling of a wind impacting on 
dense condensations of ambient gas (cf . the Schwartz-Dopita model) , argu-
ments on the cooling time demand that the wind be col l imated into a j e t . 
The necess i ty that the j e t produce i so lated HH objects simultaneously 
v i s i b l e over an extensive region of the sky led TDAH to propose a preces-
sing j e t model. HH objects are produced by the cool ing of j e t gas as i t 
shocks against i so la ted very dense condensations of ambient gas . This 
precession might indicate that the l i k e l y exc i ta t ion source, IRS2, is a 
binary system. In teres t ing ly , Lightfoot and Glencross (1986) have pro-
posed a model for the HH7-11 system which also involves a precessing j e t . 

Although the HH objects seen in Orion emit strongly in [ 0 1 ] , th is in 
i t s e l f does not necessar i ly mean that they are shock exc i ted . Strong [01] 
emission can be produced in the ionizat ion front separating an HII region 
from an HI region. In view of t h i s , TDAH proposed an a l ternat ive model 
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for the Orion objects which u t i l i z e s a wind which needs some degree of 
co l l imat ion , but must be s p a t i a l l y extended enough to power the HH objects 
simultaneously. In th i s model, the s t e l l a r wind impacts on the rear (neu-
t r a l ) faces of dense intrusions in the ionizat ion front which separates 
0MC1 from the ionized Orion nebula. The ionizat ion fronts on the faces 
of these condensations i l luminated by the excit ing stars of M42 are the 
s i t e s of the ZVC. The s t e l l a r wind detaches small clouds of material from 
the dense intrusions and accelerates them out of the 'shadows 1 of the in-
trusions into the s t e l l a r UV radiat ion f i e l d . Provided the small clouds 
are o p t i c a l l y thick in the Lyman continuum, they too have surface i o n i z -
ation fronts which emit in [ 0 1 ] . This l a t t e r requirement e s s e n t i a l l y f i x -
es the wind mass-flow ra te . The fas t moving clouds must be very small 
and a large assemblage of such clouds (resembling an aerosol spray) must 
be present . There are some serious unanswered questions involved with 
th i s l a t t e r mechanism, for example re la t ing to cloud accelerat ion and 
survival in the hot shocked wind which, in this model, does not cool on 
shocking. 

TDAH note that objects formed by e i ther model might occur in other 
molecular c louds/HII region interface regions. 

5 .2 The HH46-47 System 

Meaburn and Dyson (1986) have presented recent observational data on the 
Ha and [ S I I ] 6716 , 31 Â l ine p r o f i l e s along the emission l ine filament 
HH47B which connects HH46 and HH47A. A remarkable resu l t is that the Ha 
p r o f i l e across HH47B is broad (MOO km s " 1 ) , and that the associated [ S I I ] 
p r o f i l e shows a d i s t inc t s p l i t t i n g over the same ve loc i ty range. I t ap-
pears that the emitting volume contains Ha emitting gas throughout, but 
[ S I I ] emitting gas at the boundary only. 

Meaburn and Dyson (1986) have proposed a j e t interact ion model to 
describe the system. They interpret HH46 as shocks in the j e t nozz le , 
HH47A as the working surface of the j e t , and HH47B as being produced by 
internal shocks in the j e t . For an (admittedly a r b i t r a r i l y chosen) in-
c l inat ion angle of the j e t to the sky of 3 0 ° , they derive a j e t mass 
through-put rate of Με ~ 0 .02 and a j e t speed Vĵ  - 1 .8 . The ambient den-
s i t y ahead of the working surface i s about 7 cm 3 , suggesting that the 
j e t has reached the outer low density regions of the cloud. They propose 
that the [ S I I ] emission resu l t s from surface phenomena on the j e t , per-
haps assoicated with entrainment of mass. The ve loc i ty separation of the 
[ S I I ] peaks implies that there is considerable deviation of the d irect ion 
of the gas ve loc i ty at the j e t boundary from simple radial motion along 
the j e t . 

As is well-known, HH47A and HH47B have extremely low exc i ta t ion spec-
t r a . In the case of HH47B this could be due to pronounced obl iqui ty of 
the internal shocks and/or the mixing-in of neutral material at the j e t 
boundary. The estimated v e l o c i t y of the working surface i s V s - 1.4 
'Meaburn and Dyson, 1986) . Hence Vj - V g - 0 . 4 . The low exc i tat ion 
spectrum of HH47A may be due to the mixing in of p a r t i a l l y ionized shock-
ed j e t gas with f u l l y ionized shocked ambient gas. This system provides 
an exce l lent example of the proposit ion that the kinematics cannot be 
divorced from the spectral c h a r a c t e r i s t i c s . 
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6. DISCUSSION 

In sp i te of the large volume of observational and theoret ica l work of the 
l a s t few years , there i s no concensus of opinion about the way in which 
HH objects are formed. This i s r e a l l y not surprising i f HH objects rep-
resent the cooling regions behind shocks. If s t e l l a r mass loss sets up 
any form of supersonic f low, shocks w i l l inevi tably appear somewhere in 
i t . The only c r i t e r i a which have to be s a t i s f i e d are that somewhere, 
the post-shock cooling time i s l e s s than the dynamic timescale of the 
flow and that the shocks are fas t enough to cause the necessary e x c i t a t i -
on. The necessary conclusion of this is that HH objects or systems of 
objects should be treated on an individual bas i s and that to look for a 
universal flow interact ion to explain them a l l is not a pro f i tab le pro-
cedure . 

The areas for future work are extensive . For example the ca lcu lat ion 
of the spectra of non-steady shocks with and without post-shock mixing of 
cool or hot gas is c l ear ly necessary. Very l i t t l e work has been carried 
out on the boundary layers and cocoons associated with j e t s as they t r a -
verse the ambient gas. The ca lcu lat ion of the structure of very high 
Mach number j e t s (Mj > 10) i s another important area. Increasing evidence 
that precessing j e t s may be present a lso presents interes t ing p o s s i b i l i -
t i e s . No mention has been made above of the poss ib le ro le played by non-
continuous s t e l l a r mass loss ( e . g . the FU Ori phenomenon). The r e l a t i o n -
ship of the bright j e t s , the HH objects and the large sca le molecular 
flows remains large ly a mystery. Perhaps stars have winds and j e t s sim-
ultaneously . A f i n a l , and in many respects , most fundamental area for 
future work, i s to understand why s t e l l a r j e t s are there in the f i r s t 
p lace . 
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