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Optical Polarimetry of Star Forming Regions 

T.M. Gledhill 

The work presented in this thesis details the polarimetric investigation of 
nebulosity associated with low mass pre-mainsequence (PMS) stellar ob
jects. Three regions of on-going star formation are considered, specifi
cally, the Haro 6-5 and the HL/XZ Tau systems-both associated with 
dark clouds in the Taurus complex-and the PV Cephei nebulosity near 
NGC7023. The work is based on CCD observations at optical wavelengths 
using the Durham Imaging polarimeter. 

Theories of PMS stellar evolution have developed rapidly over the last 
three years in tandem with observational discoveries and so a review of 
current ideas, necessary for the interpretation of the data, is given. The 
viability of the Davis-Greenstein grain alignment mechanism in regions of 
star formation is also briefly examined. 

In each region, the imaging observations suggest bipolarity in the optical 
structure of the nebulosity and the polarimetric data are used to determine 
the locations of the illuminating sources. Evidence is found for the associa
tion of circumstellar discs of obscuration with the PMS objects Haro 6-5A 
(FS Tau), Haro 6-5B, HL Tau and PV Cephei. In each case the polarimet
ric data suggest that the local magnetic field has played an important role 
in the evolution of the star and the circumstellar material. Examination of 
the source region polarisation maps suggests that at least one of the objects 
considered is surrounded by a dust grain-aligning magnetic field which has 
a predominantly toroidal geometry in the plane of the circumstellar disc 
and the implications for current theories of outflow acceleration and cloud 
evolution are discussed. 
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Chapter 1 

Star Formation in the Galaxy 

In order to investigate the process of star formation (SF), the conditions 
under which it occurs and the mechanisms responsible for its induction, 
a knowledge of the nature and distribution of star-forming material on a 
Galactic scale is required. It is known that stars form within the confines 
of molecular clouds and associations of molecular clouds (often called giant 
molecular clouds or GMCs). Hence, although the distribution of the total 
gas content of the interstellar medium (ISM) is of considerable interest, this 
discussion will concentrate on the molecular component of the ISM which 
is expected to be a reliable tracer of potential SF. 

1.1 The Distribution of Molecular Material 

The most abundant element in the Galaxy is hydrogen and, therefore, the 
molecular phase of the ISM is dominated by H2 • Extinction by interstellar 
dust considerably limits the horizon of optical observations in the plane of 
the Galaxy, requiring any survey on a Galactic scale to be conducted in 
the radio frequency regime. The distribution and mass of atomic hydro
gen (HI) in the Galaxy is well documented and may be inferred directly 
from measurement of the 21cm line. However, the molecular transitions 
of the H2 molecule are forbidden to occur by electric dipole radiation and 
so H2 has no detectable radio line. The quantitative detection of H2 must 
then necessarily proceed by a more circuitous route. An indirect assess
ment of the presence of H2 is possible by means of the carbon monoxide 
(CO) molecule which exists in great abundance in all molecular clouds. 

1 
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The J = 1 - 0 lowest rotational transition of CO at 2.6mm is readily de
tectable and provides good angular resolution with IllOderately sized tele
scopes. The 2.6rn~ line is collisionally excited by H2 for a threshold iu 
kinetic energy which is usually assumed to correspond to densities in t.he 
range n(H2 ) ~ 100- 300crn-3 (Scoville and Solomon 1974). The threshold 
for the effective self-shielding of H2 corresponds to a total gas density of 
n(HI) + 2n(H 2 ) > 100cm-3 (Solomon and Wickramasinghe 1969) and so 
the CO line is expected to be an excellent tracer of H2 in molecular clouds. 

The indirect nature of this approach necessitates the introduction of 
various assumptions concerning the relationship between the integrated CO 
intensity and the column density of H2 • It is thought that these two quan
tities may be related by a 'constant' of proportionality, the determination 
of which would render the two distributions directly comparable. However, 
this seemingly simple assumption represents, in fact, a considerable bone 
of contention and a serious impediment to progress in the understanding of 
the nature of molecular clouds. 

1.1.1 The Conversion from CO to H 2 

It is generally assumed that the CO integrated intensity and the column 
density of H2 are related by a 'constant' of proportionality such that 

(1.1) 

where Tl2 is the antenna temperature for 12CO emission, v is velocity and 
C is a constant with units of molecules cm- 2K-1 (km s-1 )- 1 • 

The first problem inherent in this assumption is the determination of C. 
The values that have been adopted for this parameter over the last few years 
vary considerably reflecting, perhaps, the different arguments employed in 
their derivation. A second and potentially more serious problem is that C 
is probably not constant at all. There is a growing body of evidence to 
suggest that C is at least dependent on Galactocentric radius and is most 
likely a complicated function of local physical parameters. 

Several different methods have been employed in the estimation of C 
both locally and elsewhere in the Galaxy and include measurements at 
X-ray, Gamma-ray and IR wavelengths as well as estimates from visual ex
tinction and application of the virial theorem. A review of such techniques 
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Source 

Bhat et al. (1986) 

" 

Lebrun and Huang (1984) 
Blitz and Shu (1980) 
sss 

:::::: 0.25 X 1020 

:S 0.9 X 1020 

1 X 1020 -----+ 2 X 1020 

1.1 X 1020 

1.8 X 1020 

3.6 X 1020 

Region 

Galactic centre 
6kpc radius 
10kpc radius 
locally 
everywhere 
everywhere 

3 

Table 1.1: Some values of the parameter C defined by Equation 1.1 indi
cating the region of the Galaxy in which they are assumed to hold. For a 
more extensive tabulation see Bhat et al. (1986) and SSS. 

is given by Bhat et al. (1986) who suggest that they are all consistent with 
a local value of C between 1 x 1020 and 2 x 1020

• They discuss the evidence 
for a decrease in this value to :::::: 0.25 X 1020 at the Galactic centre. These 
figures are consistently lower than that adopted by Sanders, Solomon and 
Scoville 1984 (hereafter SSS) who assume C to be constant throughout the 
Galaxy (Table 1.1). 

If C is assumed to be constant throughout the Galaxy, then the dis
crepant values will merely scale the H2 distribution. However, if Cis posi
tionally dependent then the form of the distribution will change. In both 
cases, estimates of the mass of H2 can vary radically but, more importantly, 
the ratio H2/HI will remain uncertain. It will be seen later that this ra
tio is a crucial factor in the interpretation of the lifetimes and formation 
mechanisms of molecular clouds. It follows, therefore, that caution must be 
exercised when interpreting the distribution of CO emission in the Galaxy 
in terms of the abundance of H2 

1.1.2 The Radial Distribution 

In an early survey of CO emission in the plane of the Galaxy, Scoville and 
Solomon (1975) came to the striking conclusion that the molecular gas is 
concentrated into a ring like structure, symmetric about the Galactic centre, 
between radii of 5 and 8 kpc. Since the width of this molecular annulus 
is considerably greater than the thickness of a spiral arm, this result infers 
that molecular material is not confined to the spiral arms and so must 
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have a significant presence in the inter-arm regions. Since 1975, extensive 
surveying of the Galaxy in CO (Burton and Gordon 1978 (BG); Cohen 
et al. 1980; SSS) has confirmed the earlier results and extended them to 
three dimensions, providing information on the distribution in z (height 
above the plane of the Galaxy). The main conclusions from these surveys 
concerning the distribution of molecular material are outlined below. 

• There is a general agreement that the radial distribution of the surface 
density of CO shows a dominant peak in the nuclear region of the 
Galaxy and a subsidiary peak at 6kpc corresponding to a molecular 
ring or annulus. The azimuthally averaged radial CO distribution 
obtained by BG is shown in Figure 1.1. The half maxima of the ring 
lie at 4 and 8 kpc, with the inner edge being more sharply defined 
than the outer (BG). Bania (1977) shows that the depletion of CO 
extends inwards from the inner edge of the ring to a radius of ;::;;:; 
400pc. These molecular data are seen to contrast with the results 
of 21cm line studies (e.g. Gordon and Burton 1976) which show the 
radial distribution of atomic hydrogen (HI) to be rather flat over a 
large region of the Galaxy ( 4 < R < 13kpc ). The degree of contrast 
depends on the value adopted for C (see Figure 1 of Bhat et al. 1985 
and Table 1.2 below). BG directly compare the radial abundances 
of CO and HI and note that, although the distributions are largely 
disparate, both HI and CO appear to be depleted in the region 0.4 < 
R < 4kpc suggesting that this region exhibits a paucity of all gas. 

• The survey of SSS indicates that more than 90 per cent of the total 
mass of H2 exists within the solar radius (R < 10kpc) compared with 
only 30 per cent in the case of HI (Table 1.2) and that very little of the 
H2 exists outside a radius of 12kpc. As mentioned previously, there is 
a body of evidence supporting consistently lower (and variable) values 
of C than the (fixed) value adopted by SSS. The use of such lower 
values does affect the H2 distribution (as can be seen from Table 1.2). 

• SSS conclude that the Galactic nucleus appears to be almost exclu
sively molecular by a factor of 50 or so. This factor is drastically 
reduced when the value for C suggested by Bhat et al. (1986) is 
used. More important still is the reduction in the ratio of H2 to HI 
in the molecular ring region. 
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Figure 1.1: The radial distribution of azimuthally averaged CO intensity 
from Burton and Gordon 1978. 

• SSS suggest that H2 may be 6 times more abundant than HI in the 
molecular ring region. Using the lower value of C however allows 
H2 and HI to be in roughly equal abundance (Table 1.2). An equal 
abundance would be in agreement with the conclusions of Blitz and 
Shu (1980) who also reassessed the value of C. 

• SSS suggest that the scale height of the z distribution of molecular 
material is very similar to the z distribution of young stars, implying 
that young stars are still closely associated with the material from 
which they formed . However , the distribution of HI with z appears 
to be more diffuse, perhaps extending a factor of 2 further out of the 
Galactic plane. 

Although the existence of molecular material in the inter-arm region has 
been established, this result does not preclude the possibility of spiral struc
ture in the distribution. The commonly accepted delineators of the spiral 
arms are young high mass stars and stellar associations and HII regions. 
An indication of the degree to which spiral structure exists in the reservoir 
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Mass R (kpc) Total (1\1r) 
0-1.5 1.5-10 10-16 

M(HI) 1 X 107M0 0.9 x 109Ms, 2 X 109M,~, 3 X 109~l:v 

M/Mr (HI) 0.3% 30% 67% 100% 
Cl 3.6 3.6 3.6 
M(H2) 0.5 X 109M_8 2.7 X 109 M_,~ 0.3 X 109 ~{_;:, 3.5 X 109 ~t~. 

M/Mr (H2) 14% 77% 9% 100% 

M(H2)/M(HI) 50 3.0 0.15 1.17 
C2 0.25 1.0 1.5 
M(H2) 3.5 X 107M_0 7.6 X 108M0 1.3 X 10SM0 9.3 X 10SM8 

M/Mr (H2) 4% 82% 14% 100% 

M(H2)/M(HI) 3.5 0.8 0.07 0.3 
1(SSS) 
2(Bhat et al. 1986, selected from the range specified in Table 1.1) 

Table 1.2: The total disc mass of atomic and molecular hydrogen at 
R = 0 --+ 16kpc (adapted from Sanders, Solomon and Scoville 1984). The 
total and fractional masses of H2 and the ratio of H2 to HI are shown for 
two sets of values of C. 
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of molecular material out of which these stars form is important, therefore. 
in determining the nature of molecular clouds and G M Cs in general and 
star forming clouds iu IJarLicular aud iu under:staudiug the transition from 
molecular cloud to star. 

1.1.3 Spiral Structure 

Does spiral structure exist in the distribution of molecular material in the 
Galaxy? The question as posed allows one of three outcomes; either molec
ular gas is confined to the spiral arms, it exists both in the spiral arms and 
in the inter-arm regions or it exists only in the inter-arm regions. Since 
young 0 stars and attendant HII regions are known to be tracers of spiral 
arm structure, this must, to some extent, be true of their predecessors
molecular clouds. Hence the last postulate of the three can be discarded. 
If molecular clouds are not confined to the spiral arms and have a much 
wider distribution, then theories concerning their formation and lifetimes 
will consequently be affected. 

Scoville, Solomon and Sanders {1979) plotted the results of their 'broad 
latitude' CO survey in Galactocentric coordinates of radius and azimuth 
and noted that "most of the clouds cannot be situated within a regular 
pattern of spiral arms". They did, however, find an excellent correlation 
between GMCs and HII regions, with almost every HII region having a 
detectable molecular component associated with it. The reverse is not true, 
since the number of molecular clouds greatly exceeds that of HII regions 
(by at least a factor of 50). The conclusion from this is that molecular 
clouds (whether giant or otherwise) exist both in the arm and inter-arm 
regtons. 

BG tentatively suggest that there is "some higher order arrangement of 
dark clouds within the Galaxy, be it simple clustering or a large scale design 
such as spiral structure" but this is certainly not evidence for confinement 
to the spiral arms. 

Cohen et al. (1980) adopt a more extreme position and conclude that 
CO and molecular clouds are, in fact, excellent tracers of spiral arms. They 
suggest that little of the inter-arm material is in the form of molecular 
clouds which must, therefore, be disrupted in some way as they leave the 
spiral arm regions. 

Sanders, Scoville and Solomon (1985) compare the distribution of 315 
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clouds with diameters > lOpe with the locations of radio HII regions. They 
conclude that the population of molecular clouds may be resolved into 
two components according to core temperature. The 'warm' clouds ap
pear closely associated with HII regions (and hence with spiral structure) 
whereas the 'cold' clouds (constituting about ~ of the total sample) are 
much more widely distributed. This suggests that, in general, the inter
arm clouds are colder than those seen in the spiral arms and (therefore) 
more difficult to detect, introducing a possible observational bias towards 
clouds in the arms. 

Although the issue is confused to some degree, the consensus of opinion 
is that molecular material (clouds) exists both in the arm and inter-arm 
regions with perhaps a greater abundance in the arms than between them. 

1.1.4 CO Observations of M51 

The nearly face on Sc galaxy M51 shows pronounced spiral structure with 
dust lanes concentrated at the inner edges of the spiral arms. Using a 33 
arcsec beam, Rydbeck et al. (1985) concluded that there is a qualitative 
agreement between the distribution of CO emission and that of Ha in l\151. 
They also suggest that there is a 20 per cent enhancement of CO emission 
in the spiral arm regions (over the inter-arm regions). 

In a 7 arcsec resolution interferometric study of M51, Lo et al. (1987) 
find an excellent correlation between the CO emission and the radio contin
uum ridges (which they interpret as indicators of shock regions associated 
with spiral density waves). They show that the distribution of molecular 
emission (and hence, presumably, discrete molecular clouds) closely follows 
the optical spiral arm structure, appearing especially coincident with the 
trailing (dusty) edges of the inner spirals. Assuming that the velocity dis
persion of the gas inside and outside the arms is the same and that the 
column density of H2 is proportional to the integrated CO intensity, Lo et 
al. infer from their measurements that the ratio of N(H 2 ) in the arms to 
that between the arms lies in the range 3 --+ 15. 

In order to explain the observation of molecular clouds in the inter-arm 
regions, both Rydbeck et al. (1985) and Lo et al. (1987) advocate the 
theory of cloud formation by coagulation and collisional growth in these 
regions (§1.2.2.1) 



Star Formation 9 

1.2 Molecular Clouds 

The distribution ofmolecular material, described in the previous section, is 
usually interpreted as the distribution of molecular douds. This interpreta
tion is supported by the observations of Sanders et al. (1985) of discrete CO 
cloud features which indicate that the radial distribution of cloud number 
density is very similar to that of emissivity. 

The term 'Giant Molecular Cloud' is used to label clouds varying in size 
from 5 to > lOOpc. It will be seen shortly that arguments concerning the 
formation of molecular clouds do hinge critically upon the size and mass 
of clouds that can be formed and so a more accurate parameterisation of 
large, small or typical GMCs is advantageous. 

1.2.1 The Cloud Size and Mass Distributions 

One of the problems in the determination of the properties of discrete molec
ular clouds lies in the resolution of the near-far distance ambiguity. Sanders, 
Scoville and Solomon (1985) combat this impediment by constructing a 
sample consisting of clouds lying well away from the Galactic plane. Their 
sample may, therefore, be more representative than most. These authors 
analysed 80 clouds with diameters > lOpe lying in a wedge shaped sector of 
the Galaxy. The lower size limit of D > lOpe means that all of the clouds 
considered lie within the broad category of GMC and no information is 
given on small low mass clouds which are expected to be sites of low mass 
SF. These authors find that their size distribution can be adequately fitted 
by a power law of the form N(D) = aDb with a = 1.34 x 104 ·1±0

·
3 and 

b = -2.3 ± 0.2 where N is the number of clouds of diameter D. These 
parameters appear to be in agreement with previous determinations of the 
size distribution which suggest that -2.6 > b > -3.3 for 15 < D < 95pc 
(Sanders et al. 1985). Similar calculations concerning the mass distribu
tion of molecular clouds suggest that more than half of the total cloud 
mass resides in clouds with diameters greater than 48pc. Also (according 
to Sanders et al. 1985) more than 80 per cent of the molecular mass re
sides in clouds with mass greater than 105M0 for a sample of clouds with 
D > lOpe and that 85 per cent of the H2 in the inner Galaxy exists in 
the form of clouds with a diameter > 22pc and mass > 105 M0 , which are 
defined as GMCs. Assuming a population of GMCs of mass 5 x 105M0 , the 
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upper limit on their number will lie in the range 1600 --> 6400, depending 
on the value accepted for the total mass of H2 in the inner Galaxy. In a 
theoretical simulation K wan ( 1979) infers that 70 per cent of the mass is 
in clouds with 104 < M < 2 x 105M8 . 

Such a population of large and massive clouds in the Galaxy will clearly 
dominate the distribution of interstellar matter and hence the process of 
SF. 

1.2.2 The Formation of Molecular Clouds 

The identification of a widespread disc population of large molecular clouds 
places severe constraints on theories attempting to explain their formation. 
Closely allied to the formation debate is the discussion on how long, once in
duced, the GMC phase lasts for, i.e. what is the lifetime of a GMC (feMe)'? 
If GMCs form in the Galactic spiral shock, then for them to be observed in 
the inter-arm regions they must have a lifetime greatly in excess of previous 
estimates (> 108yrs instead of,...., 107yrs). If we cannot countenance such 
a long lifespan (perhaps because of the problems in supporting the cloud 
against gravitational contraction) then we must conclude that GMCs are 
already in existence in a dense phase when the Galactic shock passes by. 
The free-fall timescale for GMCs is usually taken to be,...., 106yrs but feMe 
may be much larger than this. An upper limit can be defined by the time 
it would take for all of the observed interstellar material in the form of 
GMCs to be converted into stars. Assuming a SF rate of 5 ---+ 10M8 yr- 1 

this could be as large as 109yrs so that 106 < tcMc < 109yrs. For GMCs 
to exist between the spiral arms they must either exist for longer than an 
arm crossing time c~ 5 X 107yrs) without undergoing high mass SF or form 
frequently in the inter-arm region. 

1.2.2.1 Formation by Coagulation 

Kwan and Valdes (1983) suggest that GMCs are formed by mergers during 
collisions between smaller molecular clouds. They show that as a distribu
tion of molecular clouds passes through a spiral gravitational potential of 
amplitude 5 per cent, the rate of growth of massive clouds (GMCs) near 
the potential minimum is enhanced by a factor of between 3 and 6 (de-



Star Formation 11 

pending on the parameters of the initial distribution). Although clouds 
will form in an axisymmetric potential, the presence of the spiral poten
tial seems to have a major effect on the high mass ( > l05M0 ) end of the 
cloud mass spectrum, promoting the formation of large GMCs. According 
to this scheme, molecular clouds can form and grow by coagulation in the 
inter-arm regions, but the coagulation into the largest structures ( GMCs) 
occurs predominantly in the spiral arms. The lifetime of a GMC includes 
the time taken to form the cloud from smaller clouds as well as the time for 
which the formed cloud is expected to exist. K wan and Valdes note that 
the time needed for a cloud to grow from 103 M0 to 105 M0 is~ 6 x 107yrs. 
If the GMCs are produced primarily in the spiral potential minima then 
the time for which they would be expected to exist can be estimated from 
the fraction of the ISM in molecular form. However, it has been seen that 
this fraction varies dramatically depending on the assumed value of C and 
probably also depends on Galactic radius. 

Lo et al. (1987) interpret their CO observations of M51 to suggest that 
GMCs are mainly confined to the spiral arms with the inter-arm regions 
populated by a distribution of smaller molecular clouds. They conclude 
that GMCs form from the coalescence of smaller clouds in the presence of 
the Galactic spiral shock (in agreement with Kwan and Valdes 1983) and 
are then re-dispersed upon leaving the spiral arm. If such a re-dispersal 
does take place, then the maximum lifetime of a GMC will be the spiral 
arm transit time which is ~ 5 x 107yrs, although it is dependent upon 
the spiral pattern speed and galactic radius. This value under estimates 
that suggested by Kwan and Valdes (1983). However, if the clouds have 
already reached a massive stage before they enter the spiral region, then 
their lifetime may be increased to ~ 10Syrs. The most probable method of 
dispersal is the disruptive effect of massive 0 SF. Disruption in the form of 
a single catastrophic event (e.g. a supernova explosion) is unlikely in view 
of the enormous gravitational binding energies of GMCs. It is more likely 
that a GMC would disperse whilst undergoing a sequence of massive 0 SF 
over a period of"' 107yrs or so (Blitz and Shu 1980). 
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1.2.2.2 Formation in Parker Instabilities 

Blitz and Shu (1980) argue against the formation of GMCs by coagulation, 
mainly on the basis that it takes too long. On the timescales necessary for 
the accumulation of masses in excess of 105M8 (~ 6 x 107yrs) the cloud 
may have been seriously disrupted by massive SF. The coagulation theory 
does not prevent the formation of GMCs in the inter-arm regions and, 
since little high mass SF is observed outside the spiral arms, would allow 
GMC lifetimes in excess of 108yrs in the absence of dissociative forces. It 
is difficult to see how a cloud of mass > 105 M8 could be supported against 
gravitational contraction over a period of > 108yrs. 

Instead, Blitz and Shu (1980) argue in favour of the formation of GMCs 
from atomic material behind the Galactic spiral shock. They propose that 
the development of Parker instabilities (magnetic Rayleigh-Taylor insta
bilities) in the Galactic magnetic field in these shock regions will lead to 
the formation of GMCs. This mechanism for cloud formation is described 
by Mouschovias et al. {1974). However, the Parker instability mechanism 
suffers from two main objections. Firstly, it is expected that at the high 
temperatures (106 K) and low densities (1cm-3 ) of the uncondensed ISM, 
the hydromagnetic waves associated with the Parker instability will be in
capable of effecting significant density changes (Shu 1978). Secondly, the 
restriction of GMC lifespan ( ~ 5 x 107 yrs) implies that the maximum pro
portion of the ISM in molecular form is 30 per cent. Although this fraction 
is subject to great uncertainty, a value of 30 per cent would seem to be an 
underestimate for the inner Galaxy (R < 10kpc) at least (Table 1.2). 

1.2.3 Summary of Arguments 

The arguments presented above in §1.2.2.1 and §1.2.2.2, despite innate 
differences, allow the imposition of constraints on cloud formation and de
struction and speculation on a common scenario for these processes. It 
would appear that (at least) the largest molecular clouds are more or less 
confined to the spiral arms as defined by massive SF. In the spiral arm 
regions these large clouds form either by orbit crowding-aided coagulation 
or by Parker instability-aided contraction. They may only last for the pe
riod of the arm crossing time (~ 5 x 107yrs) after which they may then 
be dispersed-possibly due to the disruptive effects of high mass SF. Any 
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resultant disrupted fragments or smaller molecular clouds could then exist 
in the inter~arm regions for > 10Ryn; until they again pass into a spiral arm 
and· the process is repeated. However, the theory of formation in Parker 
instabilities (and other theories requiring GMCs to be formed in and con
fined to the spiral arms) could run into difficulty if it is found that large 
GMCs- as defined by the cloud size distribution-do exist in the inter
arm regions. Coagulation theory (as presented, for example, by K wan and 
Valdes 1983) on the other hand does not suffer from this difficulty since it 
in no way precludes the existence of large GMCs between the spiral arms. 
It merely stipulates that the probability of observing such an object in a 
given volume of space is greater for a volume within a spiral arm than for 
one without. It seems more likely, though, that the inter-arm cloud popu
lation consists mainly of smaller objects less prone to the ravages of high 
mass SF. These clouds would presumably undergo low mass SF and evolve 
relatively quiescently. 

The observed SF rate requires that most observed molecular clouds must 
be supported against gravitational collapse for a large proportion of their 
lifetime. If this support is facilitated with the aid of the cloud's embedded 
magnetic field, then it would be easier to envisage such support in the case 
of small clouds rather than large. Upon entering the spiral arms, the clouds 
may coalesce and initiate high mass SF. 

The details of the internal structure of large clouds are not clear al
though it is certain that they will not consist of single condensations with 
simple radial density distributions. It has been suggested that large molec
ular complexes are hierarchically structured and consist of several scales of 
size and density, each exhibiting a high density contrast and low volume 
filling factor to the preceeding scale. Falgarone and Puget (1986) consider 
such a molecular complex and discuss the energy transfer between different 
structural levels in the complex concluding that the transfer of cloud or
bital energy to internal random cloud kinetic energy via interlinking cloud 
magnetic field lines may be important in supporting the cloud. 
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1.3 Star Formation in Molecular Clouds 

The discussion of t.he previous section suggests a differentiation in the way 
large and small molecular clouds are formed. Such a 'bimodal' approach 
to the distribution of star forming material would perhaps be expected to 
manifest itself in the process of SF itself. Optical observations of clouds in 
the solar neighbourhood indicate that plenty of 'low mass' SF is occurring 
but comparatively little evidence of high mass SF is seen. Also, since there 
are up to 6000 GMCs in the Galaxy but only about 100 known HII regions, 
high mass SF appears to be a very selective process. 

This work is concerned with the PMS activities of low and intermediate 
mass stars (e.g. T Tauri stars at a few solar masses). These objects may 
form more or less 'spontaneously' as all or part of a molecular cloud be
comes gravitationally unstable as a natural consequence of its isolated (on 
a Galactic scale) evolution. If this is the case, then these stars should form 
anywhere where there is a sufficient abundance of H2 • 

The treatment of cloud collapse has been attempted using models of 
varying sophistication, the simplest case being that of a non-rotating cloud 
containing no magnetic flux. The inclusion of a cloud magnetic field neces
sarily complicates the calculation and also dictates that the cloud collapse 
be non-isotropic. If the magnetic cloud is allowed to rotate about some 
axis then the analytical solution becomes intractable except for the most 
simple and symmetric geometries. However, it is only at this level of com
plexity that the cloud model becomes realistic and can be expected to yield 
information on the fundamental nature of SF. 

These factors and the effect they have on the evolution of a molecular 
cloud will now be discussed independently. 

1.3.1 Isotropic Cloud Collapse 

Consider an isolated spherical non-rotating and non-magnetic molecular 
cloud under a constant external pressure P0 • The cloud has access to stable 
equilibrium states for all values of Po less than some critical value Pc. When 
P0 > Pc the cloud collapses, that is, it contracts beyond the last available 
equilibrium state. 

For such a system, the virial theorem equation is (Spitzer 1978) 
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5R 
( 1.2) 

with R. lvf, and T the radius, mass and temperature of the cloud. An 
increase in the external pressure, P0 , causes the cloud to contract i.e. R 
decreases. Since the cloud is assumed to be isothermal the internal pressure 
term is constant and for small enough R (high enough Po) the gravitational 
term dominates. When this happens, no further equilibrium states are 
available and so the cloud must collapse. This condition occurs for a critical 
external pressure Pc where 

(1.3) 

(Spitzer 1968). It is also easy to show from Equation 1.2 that the col
lapse condition corresponds to a critical mass Af'c· If T is constant, then 
(kTjp) 4 = C-awhere Cis the isothermal sound speed and 

(1.4) 

Mouschovias (1980) shows that for T = 40K, Me ~ 1.5 x 102M0 and con
cludes, therefore, that all observed molecular clouds (J.L = 2.33) should be 
collapsing. 

In §1.2.3 it was suggested that a large proportion of molecular clouds 
may exist for > 108 yrs without collapsing and undergoing SF. Clearly, for 
this to be the case, some additional force contributing to the support of the 
clouds against gravitational collapse must be operative. 

1.3.2 The Importance of the Magnetic Field 

The importance of the interstellar magnetic field in determining the be
haviour of gaseous material in the Galaxy depends on the answers to the 
following questions 

1. Is the magnetic field comparable with the other major forces in the 
Galaxy? 

2. Does the field decay on timescales comparable with those of the sys
tem it is affecting? 
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3. Is the field sufficiently coupled to the majority of the matter to affect 
it? 

By approximating the scalar energy densities of the magnetic, gravi
tational and radiative fields it can be shown that the three are, in fact. 
comparable. The interstellar magnetic field is therefore a significant reser
voir of energy in the Galaxy 

For a magnetic field of flux density Bin a medium of finite conductivity 
(j and velocity field v we have 

8Bj&t = V 1\ (v 1\ B)+ ((jp)- 1 7 2 B ( 1.5) 

When v = 0 this reduces to 

( 1.6) 

This is a diffusion equation which indicates that the field leaks from point 
to point. Oppositely oriented field lines initially in different places leak 
together and neutralise one another causing the field to decay. This decay 
occurs on a timescale t ;::::: L 2

(j11 where Lis a length scale. For astrophysical 
values of the conductivity, (j ( oo) and length scale L, t is greater than the 
age of the universe and so field decay is unimportant. 

For a medium with vi= 0 and (j = oo we have 

8Bj&t = V 1\ (v 1\ B) ( 1. 7) 

This equation specifies that the induction through a circuit, each element 
of which is moving at velocity v, is constant and thus represents the con
dition for 'flux-freezing', that is, there is no motion of the medium relative 
to the field lines. This condition occurs when the fractional ionisation is 
sufficiently high and requires that either the medium is stationary (mag
netically dominated) or that the field is carried along with the motion 
(inertially dominated). 

1.3.3 Cloud Collapse with a Magnetic Field 

Consider again the isothermal cloud discussed in §1.3.1. It is now proposed 
that this cloud is threaded uniformly by a 'frozen-in' magnetic field. The 
flux cutting the cloud is 4> = 1r R 2 B and is constant as long as the flux 
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freezing assumption holds. The virial theorem equation for cloud collapse 
now becomes (Spitzer 1978) 

(1.8) 

For the gravitational term to dominate at small R, as in the non-magnetic 
case, we require the expression in brackets to be positive. This occurs under 
the condition that R4 B 2 /3 < 3Gl'vf2 /5 which holds when Jvf > Me where 
Me is a critical mass given by M; = 5R4 B 2 /9G. Since <P = 1r R 2 B this 
becomes 

(1.9) 

For Jvf < Af0 where J.vfc is seen to be proportional to 6/ JG, the cloud 
is gravitationally stable and cannot collapse. For such an above described 
isotropic collapse with flux freezing, the magnetic and gravitational forces 
increase proportionately. Thus, if the frozen-in magnetic flux is sufficieut. to 
support the cloud against collapse initially (Jvf < ldc), no amount of sub
sequent contraction will cause the cloud to collapse. The isotropic collapse 
considered neglects the anisotropic cloud flattening effect of the_ magnetic 
field. Also, the virial theorem, being an integral relationship, does not take 
account of or give any information on the structure that may exist in the 
system. 

Mouschovias (1976a and 1976b) obtains the time-dependent equilibrium 
states for a contracting isothermal cloud and then uses the virial theorem 
as an interpolation formula with the constants in the virial expression fixed 
by the equilibrium state solutions. He finds that Me= 0.126</J/VG-about 
t of the critical mass predicted by Equation 1.9. Also, for M < Me, he finds 
that the external pressure required for collapse is less than that predicted for 
a pure virial theorem analysis. It is thought that these discrepancies arise 
from the development of central density enhancements (i.e. condensations) 
in the clouds. This phenomenon is, of course, to be expected since we 
ultimately envisage SF occurring by the accretion of surrounding material 
onto such a protostellar object. Central density enhancements show up in 
time dependent analyses of even the simple collapse situation described in 
§1.3.1. 
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1.3.4 Collapse of a Rotating Cloud 

Th~ inclusion of molecular clouds in the general rotation of the Galaxy 
requires that they possess an intrinsic angular momentum. Estimates sug
gest that, in the diffuse pre-collapse stages, the cloud angular momentum 
will typically exceed expected stellar angular momenta by a factor of"' 106 

(Mouschovias 1980). In the case of binary systems, this factor is less and 
occupies a range of values depending on the 'width' (and hence angular 
momentum) of the binary system formed. The rotation of the cloud about 
some internal axis can, therefore, be expected to exert an important if not 
dominant influence on the dynamics of cloud collapse. 

As mentioned in §1.3.3, for a sufficiently massive cloud, the presence 
of a magnetic field does not prevent cloud collapse since (in the isotropic 
case at least) the magnetic supporting force increases only in proportion 
with the gravitational force. Consider, however, a spherical cloud rotating 
about some internal axis. At the cloud's equator, the centrifugal force 
opposing gravity, Fe, is S12 R, where R is the cloud radius and n the angular 
velocity. If no external torques operate on the cloud then the cloud angular 
momentum, MS1R2

, is constant implying that n is proportional to R- 2 • 

Hence, Fe is proportional to R-3 and, since the attractive gravitational 
force, FG, varies only as R- 2 , there will be an R at which Fe and FG are 
in equilibrium and no further contraction can occur without the removal of 
angular momentum. 

If the rotating cloud were to fragment into two cloudlets orbiting about 
a common centre of gravity, then each cloudlet would continue to contract 
until they again acquired a prohibitive angular momentum. In other words, 
the cloud angular momentum is transferred to the orbital angular momen
tum of the cloudlets. This process, however, would be expected to generate 
flattened distributions of stars which is contrary to observation. 

A more promising mechanism for the removal of cloud angular momen
tum is magnetic braking-a process by which rotational energy is trans
ferred from the cloud to its low density surroundings by the propagation of 
magnetic disturbances. 
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1.3.5 Magnetic Braking 

A s~mple picture of magnetic braking is obtained by considering a rigidly 
rotating cloud with a frozen-in magnetic field. Unless the cloud mass is 
substantially greater than the critical mass, Me, contraction will have pro
ceeded preferentially parallel to the magnetic field lines leading to an oblate 
spheroidal geometry or, in the more extreme case, a relatively flat disc. 
Since the magnetic field in the cloud is expected to connect across the cloud 
boundary with the field in the surrounding uncondensed medium, rotation 
of the cloud will generate disturbances in the energy and stress of this field. 
These disturbances propagate outwards along the field lines into the sur
rounding low density material in the form of torsional Alfven waves which 
exert a mechanical effect. Due to the torsional nature of the propagated 
disturbance, the exerted mechanical effect takes the form of an enforced 
rotation facilitating the transfer of angular momentum from the clond to 
the surrounding material. The torsional Alfven waves could, therefore, be 
viewed as outwardly propagating angular momentum waves, decreasing the 
rotational energy of the cloud. The cloud rotation is magnetically braked. 

The efficacy of the magnetic braking depends upon the relative orienta
tion of the axis of rotation and the cloud magnetic field. A simple estimate 
of the cloud braking time, tb, may be obtained by calculating the time it 
would take for a wavefront propagating at the Alfven velocity to sweep 
out a volume such that the imparted rotation yields a moment of iner
tia for the volume equivalent to that possessed by the cloud itself. It has 
been shown that such simple treatments do give favourable results when 
compared with much more sophisticated models (Mestel and Paris 1984). 
These treatments predict that braking will be more efficient when the field 
is aligned perpendicular to the axis of rotation since, in this case, the Alfven 
waves propagate radially outward in the plane of the flattened cloud and 
encounter material with progressively greater moment of inertia. A simple 
geometry inferred for a rotating disc (highly flattened cloud) with the field 
aligned parallel to the axis of rotation is shown in Figure 1.2. The shaded 
surfaces represent the outwardly propagating wavefronts. 
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Figure 1.2: A magnetic braking geometry (adapted from Mouschovias 1980) 

1.3.6 Flux Loss and Ambipolar Diffusion 

In the above described models it has been assumed that the magnetic flux 
threading a cloud is constant during the cloud's contraction and that this 
flux is always capable of exerting a significant effect on the (neutral) mass. 
The effect is exerted by ion-neutral collisions-the ions being tied to the 
magnetic field. A spherical isotropic collapse requires that B vary as n 213 

where n is the cloud density. Assuming the accepted values for n0 and 
B0 (the initial uncondensed values) and no loss of flux, collapse down to 
stellar densities ( n,.) leads to values of B. 2:: 108G. However, Mouschovias 
(1976a and 1976b) has shown that for a more realistic anisotropic collapse 
with cloud flattening parallel to the field lines, B is proportional to nk 

where i $ k $ ! which leads to a more moderate range of values for B,.. 
Nevertheless, there are two processes by which the effect of the magnetic 
field on the cloud dynamics may be diminished. These are the loss of 
magnetic flux from the cloud and the process of ambipolar diffusion by 
which neutral material can slip through the field. Both processes will affect 
the cloud critical mass (Me) and the efficiency of magnetic braking, thus 
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having an important effect on the collapse of the cloud in general. 
Flux loss can occur by self-negation of magnetic field lines. Two oppo

sitely oriented magnetic field lines can be pushed together (by hydrostatic 
pressure, for example) and cancel out or a null point can develop where 
two field lines cross leading to field reconnection. The process of ambipolar 
diffusion or ion-slip can allow the ions to be driven through the neutral 
matter (which constitutes the majority of the mass in molecular clouds) by 
the magnetic pressure. Conversely, the neutrals could be driven through 
the ions by gravitational force. This process will lead to a gradual sepa
ration of the ions and neutrals and, since the field is locked to the ions, 
a separation of the neutrals from the magnetic field. It should be noted, 
however, that this process does not necessarily entail a loss of magnetic flux 
from the cloud. 

Spitzer (1978) calculates an approximate steady state diffusion time, 
td, for the ions relative to the neutrals in an infinite cylinder of (mostly 
neutral) gas supported against self-gravitation by the magnetic pressure 
experienced by the ions. This gives td = 5 x 1013ndnH yrs, where n; is the 
number density of ions. Therefore, for ambipolar diffusion to be important 
on the timescale of cloud collapse, ndnH :::::: 10-7 which is possible in the 
interiors of molecular clouds. 

1.3. 7 Simple Scenarios 

Simple virial theorem arguments show that there exists a critical mass Me 
dependent on the magnetic flux cjJ and the geometry (usually defined by 
a 'shape' parameter) such that for M > Me gravitational collapse per
pendicular to the field lines is possible and for M < Me such collapse is 
prevented by c/J. Contraction parallel to the field lines is halted only by the 
establishment of hydrostatic equilibrium in this direction. 

Although flux freezing cannot prevent the collapse of a sufficiently mas
sive cloud, angular momentum can. It was seen in §1.3.4 that the ratio of 
centrifugal to gravitational forces varies as R-1 • Therefore at some stage 
during the contraction there will be a balance between these forces in two 
dimensions. Further contraction is contingent upon the effects of magnetic 
braking. 

When M < Me any degree of braking will eventually slow down the 
cloud until it is rotating in approximate synchrony with its environment. 
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The cloud will thus flatten into a disc oriented perpendicular to the mag
netic field lines. The disc is supported vertically by the hydrostatic gas 
pressure and radially by the magnetic field. Further evolution of the sys
tem depends on either the accretion of more mass (usually this involves a 
prohibitively large volume of space since accretion cannot be expected to 
take place perpendicular to the field) or the loss of magnetic flux. Both 
of these processes could eventually render the cloud mass super-citical en
abling it to contract perpendicular to the field. If they occur on timescales 
longer than the braking timescale then approximate corotation (with the 
environment) will be maintained. 

When M ~ Me the cloud will collapse almost isotropically. For more 
modest (supercritical) values of lvf some contraction perpendicular to the 
field will occur. If n is initially small the cloud may collapse down to quite 
a high density before n again becomes significant. This is especially true if 
the degree of magnetic braking is high, in which case the cloud will collapse 
in approximately magnetically diluted free fall. These scenarios may lead 
to large values for n and B at high densities, depending on if and at what 
stage ambipolar diffusion sets in. 

For more moderate amounts of magnetic braking the cloud will approach 
approximate CGM (centrifugal, gravitational and magnetic) equilibrium, 
that is, the cloud will be more or less corotating with its environment and 
further contraction will proceed through a series of equilibrium states. 

These scenarios may lead to the formation of a central protostellar 
object but their simplicity is restrictive and they cannot be expected to 
describe anything other than the idealised evolution of a single isolated 
condensation. A complete theory of SF must be able to explain the for
mation of binary and multiple star systems and, ultimately, planets. For 
more than one star to form in close association, the cloud must, at some 
stage in its evolution, undergo a precess of fragmentation. At the densities 
associated with the initial collapse stages, the Jeans mass may typically 
be "' 102M0 • Thus, in order to produce stars of similar mass to the sun, 
solar mass fragments must occur and be sufficiently long lived to undergo 
individual collapse to protostellar densities. The existence of fragmentation 
is also evidenced by the observed clumpy nature of molecular clouds. 
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1.3.8 Fragmentation and Numerical Simulation 

Wh~n a molecular cloud contracts isothermally, the Jeans mass, Mj, de
creases with increasing density, n. This allows the formation of fragments 
which, assuming that they are gravitationally unstable, will contract sep
arately. As the densities of these fragments rise they too may undergo 
fragmentation. This is the hierarchical fragmentation process suggested by 
Hoyle (1953). Eventually, the densities will be so high that further con
traction must occur adiabatically. The onset of this opaque phase depends 
on the efficiency of various cooling processes such as molecular line tran
sitions and (at higher densities) grain IR emission. Once the gas becomes 

_ adiabatic, Mj increases with density and fragmentation is suppressed (this 
is called opacity limited fragmentation). It may be argued, however, that 
by the time the temperature has risen sufficiently to render the fragment 
opaque, then it is dense enough to be considered a protostar. 

The above argument neglects to include the important effects of the 
magnetic field, rotation and anisotropic contraction and cannot, therefore, 
be expected to adequately describe the contraction and fragmentation pro
cesses occurring in realistic molecular clouds. The inclusion of these factors 
complicates matters to such an extent that fundamental questions such as 
'does fragmentation occur at all?' are difficult to address. 

Numerical simulations can go some way in predicting what happens 
during cloud collapse but they too have their attendant difficulties and 
limitations. Numerical simulation of cloud collapse is usually achieved ei
ther by the solution of the hydrodynamic equations at various points in the 
cloud or by following the motions of fluid particles inN-body analyses. The 
results of simulations are affected by the assumed initial parameters, the de
gree of idealisation and to a large extent the model, depending for example 
on the way in which internal angular momentum transport is treated. 

Highly idealised simulations by Larson (1978) suggest that the degree 
and manner of the fragmentation depends upon the ratio of the total cloud 
mass to the Jeans mass. When M ~ M1 a single condensation forms with 
the remnant material gradually accreting onto the central object; when 
M ~2M; two condensations may form, usually one primary object and a 
smaller 'satellite' object; when M > M; several condensations may form. 

Bodenheimer (1981) suggests that clouds are unstable to fragmentation 
over a wide range of initial conditions. In simulations of anisotropic cloud 
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collapse he finds -that 

l. Fragmentation does not. occur as efficiently as might be expected from 
the hierarchical model of Hoyle (1953). There are various mechanisms 
by which density perturbations may be damped (e.g. pressure damp
ing) before fragmentation can occur. 

2. Fragmentation can proceed through the development of an intermedi
ate ring stage. In this case the centre of the cloud represents a density 
rmntmum. 

3. In the majority of cases two fragments form (binary fragmentation). 
This could account for the observed predominance of binary systnns 
in the stellar population. 

In simulations of rotating magnetic clouds, Dorfi (1982) illustrates the 
importance of the magnetic field in cloud collapse and fragmentation. In
teraction of the gas with the frozen-in field can lead to the development 
of asymmetric density distributions which tend to be more prone to fi·ag
mentation than symmetric distributions. The relative orientation of the 
magnetic field and the axis of rotation is found to affect the efficiency of 
magnetic braking with the perpendicular case braking ten times more effi
ciently than the parallel case. 



Chapter 2 

Evidence for Energetic 
Outflow 

It is now recognised that many, if not all pre-mainsequence (P.MS) stars are, 
at some point in their evolution, involved in a phase of energetic interaction 
with the local parental cloud material. It seems that this energetic phase 
may occur in association with PMS stars of widely differing mass suggesting 
that it is a common factor in all SF processes. 

Early indications that young stars may be involved in mass outflow were 
provided by spectral observations of the (almost certainly PMS) T Tauri 
and Herbig Ae/Be stars. The discovery of P Cygni line profiles in their 
spectra suggested the presence of strong outflowing stellar winds. Mass 
loss rates were estimated to be between 10-7 and 10-9 M0 yr- 1 in the case 
of the T Tauri stars and between 10-6 and 10-8 M0 yr- 1 for Herbig Ae/Be 
stars with wind velocities of 150 ~ 450km s-1 (§2.1). 

The luminous outburst of FU Orionis in 1936 has been identified with 
a more violent form of T Tauri phenomenon. Since that date, several more 
enigmatic FU Ori type stars have been observed (§2.2). 

A most dramatic example of mass outflow, by virtue of sheer size and 
energy, is provided by the large scale 'high velocity' molecular outflows. 
Observations of the 12 CO and 13CO rotational line transitions have helped 
to establish a range of important kinematical parameters for these- ob
jects. Empirical models and theoretical explanations for the outflows and 
their driving mechanisms have been advanced but general agreement is still 
sought. Observations of other molecular species such as CS, NH3 , H2 , HCN 
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etc. may help to -clarify the situation. Molecular outflow will be discussed 
at length in §2.3. 

Bipolar and cometary optical nebulae have been observed in conjunction 
with identified bipolar molecular outflows towards several PMS objects (e.g. 
R Mon, PV Cephei and R CrA). In general, the optical and molecular 
features are closely associated and show an approximate alignment of major 
axes. The optical structures are usually more highly collimated than the 
molecular flows although this is dependent to some extent on the resolution 
of the CO observations. 

Herbig-Haro (HH) objects have been associated with molecular outflows 
and optical nebulosity in many objects (e.g. HHi-11, HH24, HH26, HH28). 
This is particularly interesting in view of the interpretation of their emission 
line spectra in terms of the post-shock recombination expected to occur 
after the interaction of a hypersonic outflow or wind with the surrounding 
cloud material. The measurement of HH object proper motion vectors 
shows that many of them are rapidly rece.¢ding from identifiable YSOs. 
Their observation in conjunction with molecular flows thus strengthens the 
interpretation of these regions as outflow (rather than gravitationally bound 
motion). HH objects are discussed in §2.4. 

Closely allied to the HH object observations is the detection of maser 
emission from molecules such as H20 and OH. These masing regions also 
exhibit large recessional velocities (relative to their associated PMS object) 
and provide an opportunity for the high resolution probing of regions very 
close to the central star or protostar. 

Perhaps the most exciting recent development is the discovery of colli
mated high velocity emission line jets apparently emanating from several 
YSOs. About 20 such jets are known to date and their close association 
with HH objects is becoming increasingly apparent. Stellar jets have been 
the subject of several very recent reviews (see, for example, Mundt et al. 
1987, Mundt 1987) and so will not be dealt with in this chapter. 

The postulation of disc structures around YSOs, perhaps responsible for 
the collimation (and in some cases generation) of the above mentioned phe
nomena, is a common theme in all current theoretical and empirical models 
of SF. The detection of these structures is, therefore, of vitaf importance 
and §2.5 reviews the evidence for circumstellar and interstellar discs. 
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2.1 T Tauri Stars 

T T-auri stars are thought to be PMS objects of low mass (usually less 
than 3M0 ) and irregular variability. In the optical region, their spectra 
exhibit strong emission lines such as Ha, Fel, Fell, Call, Till, [SII), [01], 
[Nil] (Herbig 1985) which are often strong enough to mask the underlying 
stellar continuum and absorption spectrum. Variability of the emission line 
profiles ofT Tauri stars is discussed by Mundt and Giampapa (1982) who 
suggest flare activity or variable accretion as an explanation. Non-thermal 
broadening of the emission and absorption lines is often seen suggesting 
stellar wind activity. Classical P Cygni profiles, indicative of mass outflow, 
are seen in about 5 per cent of the T Tauri population with a further 5 
per cent exhibiting 'inverse' P Cygni profiles suggesting mass inflow (Kuhi 
1978). Stars in the latter category are often termed YY Orionis stars (a 
list of them is given by Bertoutjt and Yorke 1978). 

It is difficult to estimate mass loss rates from line profile studies alone, 
since the distance from the star at which the emission is produced is not 
known. However, radio observations suggest that mass loss rates from these 
stars may be "' 10-7M0 yr-1 (Lada 1985). 

T Tauri stars are located above and to the right of the ZAMS on the HR 
diagram (Cohen and Kuhi 1976) which is the main reason for classifying 
them as PMS. Although their exact evolutionary status is unknown, it 
is thought that they may have passed through the main accretion and 
planetary formation phase and that they are now surrounded by remnant 
discs and dust shells-as evidenced by their excess IR emission. They 
are thus bona-fide stars in the process of contracting down onto the main 
sequence. Further evidence for their PMS evolutionary nature comes from 
their observed association with dark molecular clouds (star forming regions) 
and early type 0 or B stars (in NGC2264 for example) implying ages "' 
106yrs or so. The general properties ofT Tauri stars are reviewed in detail 
by Strom et al. {1975) and, more recently, by Herbig (1985). 

Higher mass stars (M > 10M0 ) fall into the category of Herbig Ae and 
Be stars. These objects form a group of irregularly variable emission line 
stars spectrally very similar to T Tauri stars, showing P Cygni and 'inverse' 
P Cygni profiles. 
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2.2 FU Orionis Stars 

The·star FU Orionis was observed to increase in brightness by 6 magnitudes 
in 6 months during 1936/7 (Herbig 1977) and represents the prototype for 
this group of flare stars. The phenomenon appears to be long-lived (FU Ori 
still remains in its brightened state after 50yrs) and its rarity is testified 
to by the sparse population of the group. As well as the prototype, V1515 
Cyg, V1057 Cyg, HH57 IRS and Elias 1-12 have been identified as FU Ori 
stars. Bastian and Mundt (1985) recorded line profiles for FU Ori, V1057 
Cyg, V1515 Cyg and Elias 1-12 and concluded that a.ll four show P Cygni 
type profiles indicative of strong stellar winds. These authors suggest that 
the winds are accelerated to high velocities (,....., 200k ins- 1

) very close to the 
stellar surface and note the spectral similarity between FU Ori and T Tauri 
objects, implying that the former may be a more pronounced version of the 
latter. The cause of the FU Ori outbursts is unknown but possibilities 
include an increase in the accretion rate onto the star, the removal of an 
obscuring dust screen or internal structural changes in the star itself. 

Graham and Frogel (1985) discuss the recent brightening of HH57 IRS 
into a visible star and suggest that this object may have ejected a shell of 
gas and dust. The close association of this star with an HH object makes 
it even more interesting. 

2.3 Molecular Outflow 

Early observations of CO molecular line emission towards regions of sus
pected SF (Zuckerman et al. 1976, Kwan et al. 1976) identified the pres
ence of high velocity molecular gas and revealed an unexpected facet of 
PMS stellar evolution. Surveys of these regions in the 12CO and 13CO rota
tional line transitions (see, for example, Canto and Rodriguez 1982, Bally 
and Lada 1983, Edwards and Snell1984) have provided a valuable picture 
of the large scale structure and morphology of these gas flow regions as well 
as an estimation of important physical parameters for the high velocity gas. 

A high velocity flow may be distinguished from the bulk motion of the 
ambient cloud material by the width of the line profile. Molecular cloud 
line widths are typically only a few km s-1 wide whereas molecular flows 
exhibit red and blue shifted line wings extending for tens of km s- 1 • Usually, 
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when the full width of the line is greater than lOkm s- 1 for an antenna 
temperature of 10-1 K a high velocity flow is deemed to exist. An extreme 
example is the Orion molecular flow with a line width of ~ 180km s- 1

• 

Bally and Lada (1983) found 37 sources satisfying the high velocity flow 
criterion, nineteen of which showed line widths in excess of 30km s- 1

• 

Spatial mapping of the molecular gas provides information on the mor
phology and distribution of the emitting regions. A study of the structure 
of the CO emitting lobes reveals that molecular outflows exhibit varying 
degrees of collimation. Many sources show a positional offset between the 
centroids of the red and blue shifted emission regions suggesting that the 
outflows are angularly anisotropic and in many cases 'bipolar'. This in
formation is contained within the high velocity line wings as illustrated 
in Figure 2.1. Bipolarity places constraints on the kinematics of the flow 
but does not allow an unambiguous interpretation since simple processes 
such as rotation and anisotropic collapse as well as outflow could be re
sponsible. However, as will be shown later, evidence strongly suggests that 
the observed high velocity motion represents the outflow of cold molecular 
material from the vicinity of a central PMS or protostellar object. 

CO observations also facilitate the estimation of the mass and velocity of 
the gas and, hence, the linear momenta and kinetic energies of the outflows. 

2.3.1 Determination of Outflow Mass 

In order to determine the mass of gas in the outflow, the observed (CO) 
transition should, ideally, be optically thin in order to accurately obtain the 
column density of CO from its emission intensity. There is now considerable 
evidence to suggest that the 12CO line is, in fact, optically thick towards 
most outflow regions and should therefore be supplemented by observations 
in 13 CO. However, it seems to be the case that observations in just 12CO 
and multi-transition observations in both 12 CO and 13CO give comparable 
results. 

The column density of 13CO per unit velocity interval is N~3 and for 
the J=l -+ 0 transition this is given by (Margulis and Lada 1985) 

N~3 = 2.5 X 1014(Tez + 0.91)[1- exp( -hvjkTez)t1tv (2.1) 

in units of cm-2(km s-1 t 1 • Tez is the gas excitation temperature and tv 
is the optical depth at velocity v. A conversion from CO to H2 column 
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Figure 2.1: A schematic representation of the asymmetric line profiles of a 
bipolar nebula tilted out of the plane of the sky. 

density must be made, the H2 column density is then integrated over the 
spatial and velocity extent of the flow to give the mass. The mass of the 
outflow in M0 is then given by (Lada 1985) 

M = 1.67 X 10-57 13 x-1 J J N~3dvdA (2.2) 

where 13 X is the abundance of 13CO relative to H2 and A is the projected 
area normal to the line of sight. Thus, in order to calculate the mass ( M), 
Tex' tv, 13 X, A and v must be known. All of these quantities, except 13 X 
(which is usually assumed) can be obtained from CO measurements. For 
example, tv can be obtained from observations of the intensities of the same 
transition in both 12CO and 13CO as long as the isotopic abundance ratio is 
known (and Texis assumed to be the same for both 12CO and 13CO) and Tex 
can be derived from observations of two transitions in the same molecule, 
for example, the 13CO(J=l -+ 0) and the 13CO(J=2 -+ 1) transitions. 
Usually Tez is interpreted as the gas kinetic temperature. There is evidence 
to suggest that the outflow temperature may be systematically lower than 
the ambient cloud temperature indicating that these regions are remote 
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from the hot H2 line emitting shock regions. 
The variable tv appears to be velocity dependent, decreasing with in

creasing velocity suggesting that the bulk of the material moves with low 
velocities. Indeed, towards the Orion (very high velocity) molecular flow, 
the 12C0/13CO ratio approaches the terrestrial isotopic ratio (Snell 1987). 

The main sources of error in this sort of calculation come from: 

• The estimation of the area A. Unless the source is mapped compre
hensively in 12CO the value of A_ used will probably be an underesti
mate. 

o The inability to account for mass travelling at low velocities when 
performing the integration in Equation 2.2 due to the signal blending 
with the ambient cloud emission at these velocities. 

• An underestimation due to the use of 13CO in the mass determination 
equations. Material not detected in 13CO but emitting in other lines 
will not be included. 

• Also, the telescope beam-filling factor needs to be taken into consid
eration. 

2.3.2 Ouflow Energetics 

In order to calculate the kinetic energy and linear momentum of the outflow 
it is necessary to know the inclination of the major axis of the outflow to 
the line of sight. An upper estimate can be obtained by assuming v to be 
a constant and setting it equal to the maximum observed velocity (Bally 
and Lada 1983). Then the rate of change of kinetic energy BT/&t (where 
Tis lvfv2 /2) is given by 

(2.3) 

where td is the dynamical timescale and is approximated by R/ v and the 
quantity 8T / &t is often called the mechanical luminosity Lm. Lm is obvi
ously sensitive to the assumptions concerning the velocity, v. 

A comparison between the mechanical luminosity of the outflow (Lm) 
and the bolometric luminosity of the associated PMS object (L.) has been 
made in the case of 48 outflows by Snell (1987). This comparison shows 
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that, on average and notwithstanding the inherent assumptions, Lm .-... 
10-1 L.. This suggests that, in principle, there is enough energy in the 
radiation field of the central object to account for the energy present in 
the molecular outflow assuming a steady energy transfer over its dynamic 
timescale. 

The force required to drive the molecular flow is Fm where 

(2.4) 

where P is the linear momentum. The force that can be exerted through 
photon scattering in the radiation field is L./ c. However, results for the 
abov~-mentioned 48 outflows suggest that Fm ~ L./c by a factor of 102 or 
more for all the observed outflows. Therefore, in order to account for the 
observed momentum flux of the outflows, photons must scatter upwards 
of 102 times. As well as requiring considerable obscuration along the axis 
of the outflow, such frequent scattering would quickly reduce the photon 
energies to the IR. These results strongly imply, then, that the driving 
force responsible for the acceleration of the outflows is non-radiative in 
origin. However, it is interesting to note that L.; appears to be directly 
proportional to L. suggesting that whatever is responsible for the outflows is 
also responsible for a large part of the bolometric luminosity of the central 
object. This is a potent argument for disc powered outflows which are 
expected to drive accretion onto the central protostar. A summary of the 
properties of molecular outflows is given in Table 2.1. 

The enormous energies involved in these gas flows (up to 1048 ergs) 
points convincingly towards an explanation in terms of mass outflow, since 
gravitationally bound motion would require the common occurrence of very 
massive central objects. The angular anisotropy and large scale spatial ex
tent of these phenomena also argues in favour of an outflow nature. In prin
ciple, low velocity molecular flows could be explained in terms of rotational 
kinematics, however, the association of HH objects and maser emission re
gions with measurably high radial velocities (§2.4.2) provides yet another 
reason for interpretation as outflow. 

2.3.3 Angular Structure 

The great majority of known molecular outflows exhibit bipolarity, with a 
red and a blue shifted lobe situated more or less symmetrically about a 
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Parameter 

Siz-e 
Mass (outflow) 
Density (H2) 
Velocity 
td 
Energy 
Lm 
L. 
Kinetic Temp 

Typical Values 

10-i --+ 4pc 
1 --+ 102M8 
102 --+ 103 cm-3 

10--+ 30km s- 1 (127km s- 1 in Orion A) 
104yrs 
1043 --+ 1048 ergs 
10-5 --+ 10318 
10 --+ 1051-

\V 

20K 

Table 2.1: Typical parameter~ of molecular outflows 
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central source. The presence of this angular anisotropy is indicated by the 
asymmetric (or pedestal) line profiles, as shown in Figure 2.1. In the list of 
molecular flows given by Lada {1985), 30 outflows are classified as bipolar, 
7 monopolar and 4 isotropic. Monopolar outflows are flows in which only 
one lobe is detected (for example, NGC2264) whereas isotropic outflows 
are objects in which there is no detected separation between the red and 
blue shifted emission centroids. 1ada (1985) classifies the S140 molecular 
flow as isotropic, however, Hayashi et al. (1987) have mapped this object 
in CO emission achieving 15 arcsec resolution and find it to be bipolar, 
emphasising the importance of telescope resolution in measurements of this 
sort. 

Molecular outflows may be more usefully classified according to their 
degree of collimation, an approximate measure of which is given by the col
limation factor Rro, defined as the ratio of the major and minor axes of the 
flow (Figure 2.1). Lada (1985) tabulates Rro, for 26 objects and finds val
ues ranging from 1.0 to 6.2. It should be noted that (as mentioned above) 
the resolution of the CO observations has a major effect on the observed 
outflow dimensions. The results of surveys carried out with different instru
ments are, therefore, not expected to be directly inter-comparable. With 
this caution in mind, certain general conclusions can now be drawn. 

It may be suggested that all molecular outflows are in fact bipolar and 
intrinsically well collimated. The observed spectrum of values for the pa
rameter Reo~ then results from the geometrical factor due to the random 
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orientation of the outflow in space relative to the line of sight of the ob
server. On the basis of this assumption, certain predictions can be made 
if it is assumed that the Lipolar outflow is a simple bicone. The proba
bility of observing a value of Rcol = 1 is just the probability of observing 
the bicone end on. This occurs when the line of sight from the outflow to 
the observer lies within the solid angle S subtended by the end face of the 
outflow of area A where S = A/ R~ax· However, A = 27r(Rmin)2 and so 
S = 27r(Rmin/Rmax)2 = 27r/(Rcol)2

• For N outflows, then, the number of 
outflows, F, observed to have Rcol = 1 is:-

F = NS/41f = N/2(Rca~)2 (2.5) 

Figure 2.2 shows the frequency distribution of the observed values of Reo/ 

for 26 molecular outflows considered by Lada (1985). The maximum col
limation factor is 6.2. Assuming that all outflows are intrinsically well 
collimated and that Rcol < 6 results from adverse geometry (i.e. substi
tuting Rcol = 6 into Equation 2.5 ), then Equation 2.5 predicts that the 
number of outflows observed end on should be less than one. Figure 2.2 
shows that 10 of the 26 outflows have Rcol = 1. It is probable, therefore, 
that the degree of intrinsic collimation- varies between outflows and that, 
on the whole, bipolar molecular outflows are poorly collimated. 

2.3.4 Spatial Structure 

The spatial structure of the CO emitting gas and its various velocity com
ponents can provide important information on the structure and kinematics 
of the molecular outflow. If the outflowing gas is undergoing a steady accel
eration, then we would expect to observe the highest velocity gas furthest 
from the source. Conversely, if the gas is decelerating then the low velocity 
material should appear more extensive. 

In a study of the velocity structure of the CO emitting gas in the 
NGC2071, GL490, S140 and Orion outflows, Snell et al. (1984) suggest 
that there is a spatial coincidence between the low, intermediate and high 
velocity gas. Such a velocity structure is compatible with neither accel
eration nor deceleration and Snell et al. suggest that the bulk of the gas 
resides in a thin expanding shell surrounding a wind filled cavity. Gold
smith et al. (1984) describe CO observations of B335, L1455M, L1455NW 
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Figure 2.2: The frequency distribution of collimation factors for the 26 
molecular outflows considered by 1ada (1985 ). 

and 1723 and also conclude that the distribution of CO emitting gas is in
dependent of velocity. They too advocate Snell et al. 's model of a swept up 
shell and explain the observed velocity dispersion in terms of a mass spec
trum of clumps within the molecular shell. As the molecular clumps plough 
through the ambient cloud material they grow in size and subsequently de
celerate. The great majority of well collimated bipolar molecular outflows 
are of insufficient spatial extent to obtain the resolution necessary for the 
unambiguous detection of shell structures. The 11551 outflow, however, is 
one of the more extended sources and is also well collimated (Real = 5.2 
1ada 1985). Recent high spatial resolution molecular line observations of 
this object have shown that velocity structure does exist in the spatial 
distribution of molecular gas. 

2.3.4.1 Two Empirical Models 

Snell and Schloerb (1985) present lunar occultation observations of 11551 
and conclude that the low and high velocity CO emission does, in fact, 
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arise from different parts of the outflow. The high velocity gas is seen 
predominantly towards the centre of the outflow whereas the low velocity 
gas is seen towards the edges of the outflow and appears to encircle the 
high velocity gas. Snell and Schloerbs's results are derived from only one 
high resolution scan across the blue shifted lobe of L1551 and, hence, their 
spatial coverage is incomplete. With this limitation in mind they try to 
explain their observations in terms of the previously proposed expanding 
shell model. The centrally located high velocity gas corresponds to the 
front face of the blue shifted lobe/shell which, in addition to its motion 
a\\·ay from the central source, is imagined as expanding towards us. The 
bulk of the emission and, hence, of the gas, resides in the shell-like structure 
seen at low velocities.- This model is illustrated in Figure 2.3 which also 
shows the clumpy nature of the expanding molecular shell (inset box). The 
illustration (adapted from Lada 1985) is a simple one and does not show 
the position of the shock front which is expected to lie some way beyond the 
molecular shell. However, according to this model, it should be possible to 
detect the expansion of the far side of the molecular shell away from us in 
the velocity structure. Such a motion is not suggested by the observations 
of Snell and Schloerb (1985 ). 

Uchida et al. (1987) have mapped the L1551 outflow in 12CO J= 1- 0 
with the Nobeyama telescope, achieving good spatial coverage and angular 
resolution (15 arcsec). Their observations indicate a paucity of CO emitting 
material along the axis of the outflow which is again suggestive of a shell 
structure containing the bulk of the molecular gas. However, Uchida et al. 
suggest that the shell has a paraboloid geometry close to the source and 
a cylindrical geometry further out, so that when viewed in cross section it 
resembles a tuning fork. Uchida et al. observe a velocity structure similar 
to that seen by Snell and Schloerb (1985) with the high velocity material 
concentrated towards the centre of the outflow and the low velocity material 
distributed around it. They interpret this velocity structure as evidence for 
acceleration of the outflow material with distance from the central object 
(contrary to the conclusions of Snell and Schloerb ). 

In the expanding shell model, the shell is created by the ram pressure 
of the wind driving a shock front into the cloud and sweeping up the cloud 
material. In their model, Uchida et al. suggest that the molecular material 
is constrained to flow along a paraboloid/ cylindrical surface in the manner 
predicted by their MHD outflow acceleration model (§2.3.7.1). The shell 
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Figure 2.3: The expanding shell model as described in the text, (after Lada 
1985 ). 
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is therefore composed of material originating in the molecular disc (which 
enjoys a ubiquitous status in outflow models-§2.5) which is accelerated 
progressively with distance from the source. An additional velocity feature, 
not seen in Snell and Schloerb's measurements, is the 'skew' distribution of 
low velocity material, with red shifted emission extending along the western 
edge of the blue shifted lobe and blue shifted emission extending along the 
eastern edge of the red shifted lobe. This skew distribution is interpreted in 
terms of a rotation of the outflow about its major axis, a phenomenon also 
predicted by the MHD acceleration models (§2.3.7). It is suggested that 
this rotation is in the same direction a.s that of the molecular disc (however, 
see also the interpretation of Moriarty-Schieven et a.l. 1987). 

2.3.5 Frequency of Occurrence 

Approximately 70 molecular outflows are known to exist at present and 
about 60 of these are within 1kpc of the sun. They are associated with PMS 
objects of low, intermediate and high mass and correspondingly diverse 
luminosities so how common a phenomenon are they? If it is assumed 
that the typical dynamic age of a molecular outflow is "' 104 yrs and that, 
during its PMS evolution, each star forms only one molecular outflow, then 
a comparison between the observed frequency of occurrence of molecular 
outflows and the estimated SF rate can be made. Such a comparison for 
objects within lkpc of the sun suggests that all stars of mass > 1M0 must 
go through the outflow phase (Snell 1987, Lada 1985). Since it is almost 
certain that all of the molecular outflows within 1kpc of the sun have not 
yet been discovered, 104 yrs may be an underestimate of their dynamic age. 

2.3.6 Other Observations 

The H2 molecule has a vibrationally excited emission line detectable in the 
IR at 2.12J.tm. Draine et al. (1983) suggest that shock waves propagating 
in dense molecular clouds are a copious source of H2 emission. Such shock 
waves are expected to exist in the vicinity of YSOs and especially molecular 
outflows. Collisional excitation in the regions behind these shc:<jks could 
also be a source of H2 emission. Fischer et al. (1985) conduct~ a search 
for high velocity CO outflows in regions exhibiting H2 emission and find a 
remarkable correlation between the two. They find that in one case (DR21) 
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the H2 emission peaks at the periphery of the outflow region (as evidenced 
by the CO emission) and in several other cases it peaks within the outflow 
itself. Such a distribution would be expected for a population of randomly 
orientated outflows. Fischer et al. conclude that the ratio of energies in 
the H2 and CO emissions is < 1 and that the H2 emission can, therefore. 
in principle be driven by the molecular outflow. It is thought that the 
majority of the 2J.tm emission from the Orion OMC1 region could be due 
to H2. 

High velocity 0 H (hydroxyl) has been detected in absorption towards 9 
out of a total of 23 known sources of molecular outflow (Mirabell987). The 
radio frequency OH emission lines arise in the ambient cloud whereas the 
velocity shifted absorption takes place in the high velocity molecular flow. 
The OH absorption traces the low density gas and thus provides informa
tion on outflow regions remote from the source. Mirabel concludes that. 
whilst the CO outflow geometry is reflected in the OH observations, the 
velocity of the OH emission is greater than that of CO in 50 per cent of the 
outflows. This result lends support to the acceleration with distance hy
pothesis proposed in co~ction with the CO observations of 11551 (Uchida 
et al. 1987) and endemic in the tuning fork model. 

Far IR emission has been detected towards the 11551 outflow. Ed
wards et al. (1986) examine co-added IRAS data from an approximately 
1 deg. square field centred on the 11551 cloud. They find that the 60J.Lm 
and 100J.Lm emissions are concentrated along the axis defined by the high 
velocity CO emission and correlate spatially with the region of molecular 
outflow. This alignment strongly associates the far IR emission with the 
outflow rather than with the 11551 cloud as a whole. Although the morpho
logical correspondence is good, the 60J.Lm emission appears to be extended 
beyond the outer CO contour. Edwards et al. also suggest that the energy 
for the far IR emission is derived from the high velocity wind rather than 
from direct radiative heating from the central source (an r- 2 dependence is 
not detected). Clark and 1aureijs (1986) report a correlation between the 
60J.Lm IRAS sky flux data and the high velocity CO emission in 11551. 

Radio continuum measurements are an important method of probing 
the regions very close to the central star/protostar itself. Beiging et al. 
(1984) surveyed the Taurus-Auriga cloud complex at 6cm with the V1A 
and discovered compact elongated radio structures coincident with several 
previously identified YSOs (e.g. HH24 IRS, 11551 IRS5, DG Tau and Haro 
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6-10). Beiging et al. conclude that the probability of observing such radio 
ernission is enhanced when an HH object is present and that usually the 
axis· of elongatiuu of the radio structure is coiinear with the HH object. 

2.3. 7 Theoretical Models 

The range of current theoretical models of bipolar molecular outflow in 
regions of SF may be divided into two categories viz stellar wind driven 
outflows and magnetically driven outflows. As seen in §2.3.2, the thrust 
requred to power the observed molecular flow exceeds that of the stellar ra
diation field by a factor of 102 or more, suggesting that the outflows cannot 
be radiatively driven. Therefore, in the absence of exotic stellar winds
rotationally driven winds for example-stellar 'vind theories of molecular 
outflow may find difficulty in accounting for the observed energetics. The 
evidence for proportionality between the mechanical luminosity of molec
ular outflows and the bolometric luminosity of the central source (§2.3.2) 
suggests that accretion discs may be a common factor in the production 
of both the outflow and central object luminosities, as predicted by the 
magnetically driven disc wind theories. These theories also predict a ro
tation of the outflowing material about the outflow axis (i.e. the material 
moves out from the central regions helically) which has been observed in 
the L1551 outflow (Uchida et al. 1987). It is not possible to account for 
such a rotation in terms of stellar wind driven molecular outflows. 

In the light of the above considerations, stellar wind theories will be 
neglected here in favour of two promising magnetically driven disc wind 
theories. Also, anisotropic stellar winds and collimating mechanisms will 
be discussed in conjunction with HH objects (§2.4.3). 

2.3.7.1 Magnetic Twist Acceleration 

Uchida and Shibata (1987 and references therein) discuss a mechanism for 
the acceleration of material from the surface of an accretion disc by the 
action of a relaxing magnetic twist. In their model it is assumed that the 
disc is threaded by an, initially, purely polloidal magnetic field and that 
the disc rotation is keplerian. It is also supposed that this magnetic field 
is strongly coupled to the neutral material in the disc region (i.e. 'frozen 
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in' ) and that it therefore rotates ·with the disc. The disc lies in the z = 0 

plane of a cylindrical coordinate system and axisymmetry is assumed. 
The rotation of the disc and its embedded magnetic :field induces a 

B,p twist component into the initially purely polloidal field configuration. 
leading to rotational wind-up of the field lines. The magnetic disturbance 
caused by this toroidal distortion of the field propagates along the polloidal 
field lines in the ±z directions as a series of torsional Alfven waves (Fig 
1.3). These Alfven waves transfer rotational energy to the plasma through 
which they propagate and enforce corotation with the underlying disc out to 
quite large distances, thus facilitating the extraction of angular momentum 
from the disc. In such a magnetically braked environment, disc material can 
move in toward the central object and spin-up (i.e. V,p increases as keplerian 
rotation is maintained) causing the field lines to become more and more 
twisted. \-Vhen B.p becomes sufficiently large, material in the surface layers 
of the disc may be accelerated along the z axis by the unbalanced '\}2 B,p/8r. 
pressure force as the magnetic twist relaxes. Such an acceleration can result 
in the formation of a bipolar helical outflow of molecular disc material along 
the z (disc) axis. 

Uchida and Shibata (1985) present axisymmetric numerical sim¢ula
tions of molecular outflow based upon their magnetic twist acceleration 
model. They show that rotational wind-up of the disc field does occur and 
leads to the formation of a bipolar outflow with a cylindrical or 'tuning 
fork' structure. The outflowing material is concentrated into a thin shell 
and collimated along the z axis, the collimation being achieved by the mag
netic field which becomes increasingly polloidal with distance from the disc. 
A further consequence of this model is that the velocity of the outflow in
creases with distance from the disc until the terminal velocity is reached. 
It is expected that the terminal velocity will be approximately equal to the 
Alfven velocity and that the thickness of the shell will be dependant upon 
the range in r over which the disc is sub-keplerian. 

The observation of 'tuning fork' type spatial structure and the evidence 
for acceleration with distance in the velocity structure of molecular line 
observations of L1551 (Uchida et al. 1987) provide support for hydromag
netically driven disc outflows. 
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2.3. 7.2 Centrifugal Acceleration 

The efficacy of angular momentum and mass transport by centrifugally 
driven hydromagnetic winds was first examined by Blandford and Payne 
(1982) in the context of accretion discs around black holes. These authors 
found that material may be accelerated from the surface of a )(eplerian 
disc threaded by a frozen-in polloidal magnetic field provided that the field 
lines make an angle of at least 60 deg. with the plane of the disc. The 
resultant MHD outflow may achieve super-Alfvenic velocities and will pass 
through three critical points (points at which the outflow velocity equals 
the velocity of a backward propagating MHD disturbance) as it acceler
ates with distance away from the disc. Between the sonic and Alfvenic 
points, material is forced to corotate with the disc and its embedded field 
and is accelerated centrifugally along the polloidal field lines by the mag
netic slingshot effect. In this region, the toroidal and polloidal velocities 
increase with radius. The process may be visualised as the acceleration 
of beads threaded along rotating wires (Konigl 1986). Since the outflow 
takes place along the polloidal field it is intrinsically collimated along the 
disc axis. At and beyond the Alfvenic surface, a dominant toroidal field 
component develops due to distortion of the initially polloidal field by the 
increasing rotational inertia of the outflowing material. In this region, in
ertial forces dominate magnetic forces and corotation with the underlying 
disc and, therefore, centrifugal acceleration, is destroyed. However, the out
flow may be further accelerated by the hydrostatic pressure of the toroidal 
field component and is expected to reach terminal velocity at the fast mag
netosonic point (Michel 1969). Collimation of the outflow in this region 
may be effected by the development of hoop stresses in the field (Chan and 
Henricksen 1980). 

In a series of papers, Pudritz and Norman (1983,1986a,b) and Pudritz 
( 1985) further examine the centrifugal acceleration model with the specific 
aim of an application to bipolar outflows and the development of a 'self 
consistent' theory of SF. The disc is assumed to be threaded by a polloidal 
magnetic field which may be a condensed version of the original cloud field 
(although flux may not have been conserved during cloud collapse). The 
disc is expected to be in approximate CGM (centrifugal, gravitational and 
magnetic) equilibrium and the field in the disc is assumed to be radially 
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pinched as a result of marginal cloud contraction perpendicular to the field 
lines during the anisotropic collapse phase. This radial pinching provides 
the angle between the field lines and the plane of the disc necessary for 
centrifugal acceleration. As in the Uchida and Shibata model, axisymme
try is assumed. The main points of the Pudritz and Norman model are 
summarised below. 

(i) An important constraint on the efficiency of the centrifugal drive in 
SF regions is the degree to which the magnetic field threading the disc is 
coupled to the mainly neutral disc material. This coupling efficiency may 
be expressed as the ratio ((3) of the ion-neutral collision timescale and the 
dynamical timescale of the outflow (the ratio should be much less than 1 for 
effective coupling). If the field is able to slip through either the disc material 
or the material at the Alfvenic point, then little or no angular momentum 
transport can occur. Radiation from a central star would be expected to 
raise the fractional ionisation, especially in an envelope region near to the 
surface of the disc, causing this region to be strongly coupled to the field. 
However, material deeper inside the disc may not be strongly coupled to 
the field, due to the inability of ionising radiation to penetrate to these 
regions, so that a substantial portion of the disc angular momentum may 
not be available to power the centrifugal drive. Also, it may be necessary 
to explain the occurrence of molecular outflows during the protostellar era. 

(ii) The mass flux in the outflow is equal to the mass flux through unit 
area integrated over the Alfvenic surface. 

Mw = J Pn Vn • dA (2.6) 

where Pn is density, Vn the polloidal velocity of the neutrals and dA an 
elemental area. 

(iii) Angular momentum is transported in the wind by the neutrals and 
by the magnetic field. The total specific angular momentum of the outflow 
(field and neutrals) is constant and depends only on the conditions at the 
Alfvenic point. It does not depend on Btl> or vt/J, since in order for vt/J to 
remain finite at r 0 (the cylindrical Alfven radius), the field must arrange 
itself such that L = 11ra 2 (Weber and Davis 1967). Thus, the specific 
angular momentum of the outflow is determined by the position of the 
Alfvenic point and the torque exerted by the outflow on the disc is given 
by:-
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(2.7) 

where / 9 is a geometric factor depending upon the structure of the polloidal 
field and f2 is the disc angular velocity. This torque is responsible for driving 
accretion through the disc onto the central object such that the accretion 
rate Ma is given by:-

(2.8) 

This relationship illustrates the principle of the lever-arm by which. as well 
as carrying off its own angular momentum, outflowing material may extract 
additional angular momentum from the disc by means of a magnetically 
mediated torque. 

(iv) The terminal velocity ofthe outflow (that is, the velocity at the fast 
magnetosonic point) is given approximately (assuming rigid body rotation) 
by 

(2.9) 

(where rd is the disc radius) again illustrating the lever-arm principle. If 
the Alfvenic radius is ten times the radius of the disc, then a 50km s- 1 

outflow may be powered by a disc with rotational velocity 5km s-1 • As 
the disc angular velocity decreases, the lever-arm decreases in length and 
magnetic braking and outflow acceleration becomes less efficient. 

(v) Pudritz (1985) describe a 'self consistent' model of SF in which 
accretion of disc material onto a protostellar core leads to the production 
of FUV photons. These photons create a disc envelope in which f3 ~ 1 
holds and which is, therefore, strongly coupled to the field. This envelope 
material is efficiently accelerated away from the disc in the form of a bipolar 
outflow, extracting angular momentum from the disc in the process. The 
subsequent magnetic braking of the disc leads to enhanced accretion onto 
the core and the cycle is closed. 

(vi) Pudritz and Norman (1986a) describe a two regime SMR/FMR 
(slow magnetic rotator/fast magnetic rotator) disc in which the majority of 
the rotational energy, mass and magnetic flux are concentrated in the outer 
(FMR) disc regions, whereas most of the thermal energy is concentrated 
in the inner SMR region. By means of such a two component disc, these 
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authors attempt ·to explain the range of collimation in observed outflows 
from the poorly collimated large scale ("" 1018cm) molecular outflows to 
the ·highly collimated ("' 1015

-
111cm) optical outflows and stellar jets. It is 

assumed that the optical outflows and jets are associated with the inner 
SMR region of the disc and are more or less thermally driven whereas the 
outer FMR region is responsible for the massive molecular outflows which 
are centrifugally driven. It is proposed that the inner optical outflows are 
pressure confined by the surrounding large scale molecular outflow, which is 
itself magneticallly collimated. Instabilities in the boundary region between 
the FMR and SMR portions of the disc have been used as an explanation 
for the FU Orionis phenomenon. 

2.4 Herbig-Haro Objects 

Although discovered in the early 1950s (Herbig 1951, Haro 1952) Herbig
Haro (HH) objects remained an enigmatic phenomenon up until the late 
1970 s. Progress in the understanding of HH objects has been extensively 
reviewed over recent years (e.g. Mundt 1987, Schwartz 1985, Schwartz 
1983a, Schwartz 1983b, Canto 1983) and so only a brief resume will be 
given here. 

HH objects have been described variously as 'emission nebulae' and 
'semi-stellar knots' and are usually identified on the basis of their optical 
emission line spectra. However, attempts to compress HH objects into one 
restrictive category will inevitably fail since the population of the group is 
in many respects diverse. Morphological diversity is evidenced by HH7-11 
and HH102 for example, the former being a group of semi-stellar knots, the 
latter exhibiting an extended nebulous form. A description of HH objects 
as emission line nebulae can also be misleading since a significant reflective 
component is quite often seen (e.g. HH24, HH102, HH100, HH57). 

It was originally thought that HH objects represent the pre-stellar clumps 
of material from which PMS objects such as T Tauri stars will eventually 
form. However, faillure to find spatial coincidence between HH objects 
and T Tauri stars soon cast doubt on this hypothesis. Current thinking 
requires that HH objects result from the interaction of the energetic out
flows from YSOs with the clumpy cloud material in which these YSOs are 
embedded-a link that was first suggested by Osterbrock {1958). 
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Schwartz (1975) suggested that the optical emission line component of 
many HH object spectra is consistent with recombination behind shocks 
of moderate veloci'ty (50 --+ 140km s- 1 

) and pre-shock density (50 --+ 
300cm-3 ). The structure of the shocks is currently a matter for debate 
and several models have been proposed. 

Detection of linear polarisation at optical wavelengths in HH24 (Strom 
et al. 1974) implies a reflective origin for the illumination of this object. 
However, as mentioned above, the emission lines are characteristic of a low 
density origin and are expected to be intrinsic to the HH object. The 
observed linear polarisation most probably arises from the reflection of 
(mainly) broad band radiation from the associated YSO (SSV63 in the 
case of HH24) by dust in or surrounding the HH object: The polarisation 
of light from HH objects is discussed by Scarrott et al. 1987a, 1987b and 
1987c corresponding respectively, to HH24, HH57 and HH100. 

2.4.1 Emission Spectra 

The optical emission line spectra of HH objects are characterised by lines 
such as [SII], [OI] (comparable in strength to Ha), [NI], [Fell] (comparable 
to H,B) and weak [NII] and [OII] and possibly [OIII] (Dopita et al. 1987). 
Some HH objects possess a red continuum which may be the result of 
reflection. 

Bohm et al. (1981) confirmed the existence of a UV excess in HH1 
(previously observed by Ortolani and D'Odorico 1980) and noted that the 
excess is too large to be explained in terms of the shock used to model 
the emission in the optical wavelength range 3700 --t noooA. Bohm et al. 
conclude that in the range 1200--+ 3000A, HH1 has a luminosity L > 1L0 
and that the emission increases monotonically with decreasing wavelength. 
Also, the high energy region of the UV spectrum (in HH1) appears to be 
dominated by high ionisation emission lines such as [CIV], [CIII], [SiiV] and 
[OIII]. These UV emission lines also appear to be over-luminous compared 
with the predictions of the shock model used to explain the optical emission 
(this may partly be due to the use of an inappropriate extinction curve). 
The UV continuum excess was explained in terms of the H2 two-photon 
{2p) process by Dopita et al. (1982) and Schwartz 1981. Schwartz {1981) 
attempted to reconcile the UV excess problem by means of a two component 
shock model in which a low velocity shock gives rise to the optical emission 
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and a high velocity shock gives rise to the UV emission. It was suggested 
that such a two component model may occur in the interaction of a stellar 
wind with a dense dump~a head on shock would result in a high excitation 
region whereas a more oblique shock would lead to a (more extensive) low 
excitation region (see §2.4.3.1). However, it has been suggested by Mundt 
and Witt (1983) that a significant proportion of the UV emission from HH1 
and HH2 results from the reflection by dust grains of light originating in 
the Orion reflection nebula. 

In a 2Jlm survey, Elias (1980) detects H2 emission towards several HH 
objects. He concludes that the emission arises in fairly dense gas (::::; 
104cm-3

) excited by low velocity shocks (15km s- 1 
). Such conditions are 

not concomitant with those invoked -to explain the optical emission which 
tends to reinforce the idea of a clumpy medium with regions of high and low 
excitation. A list of HH objects detected in H2 is given by Mundt (1987}. 

2.4.2 Velocities of HH objects 

Many HH objects exhibit considerable proper motions and, hence, tan
gential (to the line of sight) velocities. The measurement of the proper 
motions of 66 HH knots has been accomplished by Schwartz et al. (1984) 
and references therein. The maximum observed tangential velocity to date 
is 350km s-1 in the case of HHl. However, proper motion estimates do, of 
course, depend on the assumed distance to the HH object and often this 
is under some dispute. Mundt (1987) also suggests that 65 per cent of the 
tangential velocities estimated to be under 100km s- 1 may be in error by 
more than 50 per cent. 

The backward projection of the HH object proper motion vector often 
intersects an identifiable PMS star or previously known IR source, thus 
providing direct evidence of a physical association between the two. In
deed, such an extrapolation of proper motion vectors has been used as a 
means of limiting the survey area in the search for embedded IR sources 
associated with visble HH objects and has met with considerable success 
{Cohen et al. 1985 and references therein). In some cases, two or more HH 
objects are seen to be rece,ding in different (often diametrically opposite) 
directions from a common IR source or PMS star providing strong evidence 
for collimated (bipolar) outflow or ejection from these central objects. 

Examples of this phenomenon are HH1 and 2 recetding from the opti-
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Figure 2.4: The frequency distribution of the observed tangential velocities 
for 63 HH knots (from Schwartz 1986). 

cally obscured VLA source, HH46 and 47 with oppositely directed colin
ear proper motions in the Gum nebula and HH32 A,B,C and D receeding 
from AS353A. The frequency distribution of tangential velocities-as de
rived from the observed proper motions-is shown in Figure 2.4 for 63 HH 
knots. These knots represent individual condensations and not necessarily 
independent HH objects. The data is taken from a compilation by Schwartz 
(1986). Although high tangential velocity HH objects clearly exist, 50 per 
cent of the population shown in Figure 2.4 have velocities < 120km s-1 • 

High resolution spectroscopy can provide detailled information on the 
radial motion of gas associated with the HH object. Emission line widths 
and velocity extents of up to 420km s-1 have been observed in HH32 by 
Hartigan et al. (1984). Such large emission line widths are most easily 
interpreted in terms of emission line shocks. However, the relationship 
between the high velocity gas motion and the velocity of propagation of the 
emitting region (the HH object) through space depends on the geometry 
adopted for these shocks (i.e. the model) and their orientation relative to the 
line of sight. Figure 2.5 shows the frequency distribution of radial velocities 
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Figure 2.5: The frequency distribution of the observed radial velocities of 
46 HH knots from Schwartz (1986) and Canto (1981 ). 

for 46 HH knots taken from Schwartz (1986) and Canto (1981 ). 

The sample possesses a very noticable blue shifted asymmetry with 
more than 70 per cent of HH knots exhibiting a negative radial velocity. 
This asymmetry is most easily interpreted as an observational selection 
effect. Since SF regions are preferentially observed towards the extremities 
of molecular clouds, red shifted HH objects will be systematically more 
heavilly obscured and thus harder to find than blue shifted ones. 

The association of some HH objects with bipolar molecular outflows is 
suggested by their observed spatial coincidence and enforces the opinion 
that these phenomena are manifestations of a common SF event. In such 
cases the HH objects are commonly associated with the blue shifted lobes of 
the outflow as would be expected from the distribution shown in Figure 2.5. 
They exhibit proper motions typical of participation in a large scale outflow 
from the central object. HH28 and HH29 in the L1551 bipolar outflow and 
HH7-11 associated with the bipolar outflow in NGC1333 are examples of 
such a coexistence and the additional support provided by HH objects for 
the interpretation of the large scale molecular gas motion as gravitationally 
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unbound outflow: 

2.4.3 Theoretical Models of HH Objects 

Any theoretical model of HH objects must be able to satisfactorily explain 

c 

1. The chara,teristic emission line spectrum and its intensity 
; 

2. The large proper motions and/or radial velocities shown by many HH 
objects 

3. The spatial alignments and associations between HH objects and 
nearby YSOs. 

Support for the idea that the HH ermsswn spectra are typical of a 
combination of low and high velocity shocks was presented in §2.4.1 and 
current theoretical treatments, as well as reflecting obsen-ation, illustrate 
the range of conditions and geometries under which these shocks may arise. 
Four models for the generation of HH objects will be considered, all have 
points for and against them. If we consider it unlikely that a single global 
formation mechanism is active in the Galaxy then the observed population 
may be satisfactorily explained in terms of these four models. 

2.4.3.1 Shocked Cloudlet Models 

Schwartz (1975), Schwartz (1978) and Schwartz and Dopita (1980) examine 
the interaction of a centrally generated isotropic stellar wind with dense 
clumps or cloudlets in the surrounding cloud medium. The obstruction of 
a supersonic stellar wind by a dense cloudlet is expected to result in the 
formation of a luminous bow shock and the acceleration of the cloudlet away 
from the wind source. Schwartz (1978) presents emission line width and 
radial velocity data for the complex of knots in HH1 and 2 and proposes an 
interpretation in terms of such a wind-cloud interaction with the geometry 
illustrated in Figure 2.6. 

In this model the shocked material is the stellar wind. The component 
of the stellar wind normal to the main shock (2) must move subsonically 
behind the shock resulting in the formation of a high excitation region (3). 
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Figure 2.6: The shocked cloudlet model (after Schwartz 1985). 

-
It is this high excitation 'head' region that may be expected to produce 
the UV emission observed in some HH object spectra, provided that the 
pre-shock wind velocity is sufficient. The component of the wind impacting 
obliquely with the main shock (7) will be refracted and will retain a signif
icant proportion of its pre-shock velocity (i.e. it will remain supersonic). 
Oblique shocking and supersonic flow behind the shocks are predicted by 
the observed emission line widths. These regions in the 'wings' of the bow 
shock are expected to be responsible for the low excitation optical part of 
the emission spectrum. Since they are more extended than the high ex
citation 'head' region, they account for most of the observed luminosity 
of the HH objects. The dotted lines represent the boundary between the 
subsonic and supersonic flow regions. The pressure at the front face of 
the cloudlet may drive a low velocity shock through the cloudlet itself (6). 
Schwartz (1978) suggests that the IR H2 emission observed towards many 
HH objects is characteristic of such a low velocity (15km s-1 ) shock. 

R.Ozyczka and Tenorio-Tagle (1985) model the bow shocks around dense 
clumps in a supersonic wind and find that (i) the shocks can extend over 
a region covering 15 times the cloudlet diameter and (ii) the shape of the 
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shock is strongly·dependent upon the wind velocity. It seems likely, there
fore, that for low velocity winds only the gas at the head of the bow shock 
is sufficiently excited to radiate (optically) whereas for high velocity stellar 
winds optical emission may be seen over an extended region (i.e. in the 
wings of the bow shock). This suggests that HH objects with optically vis
ible bow shocks (e.g. HH34, HH1 and 2) are associated with high velocity 
stellar winds. 

2.4.3.2 Interstellar Bullets 

The interstellar bullet model was first proposed as a possible explanation 
for maser emission and HH emission in regions of SF by Norman and Silk 
(1979) and also by Rodriguez et al. (1980). In this model masers are 
presumed to be the precursors of HH objects. 

It is envisaged that an expanding shell of swept up cloud material
propelled outwards by a centrally generated stellar wind-becomes prone 
to the development of Rayleigh-Taylor instabilities. As a result of these 
instabilities, dense clumps of material may form which are also swept 
up by the ram pressure of the stellar wind. These clumps are typically 
denser ("" 1011cm-3

) than those supposed in the shocked cloudlet model of 
Schwartz since they are intended to be a source of the observed H2 0 maser 
emission. As the clumps are accelerated outwards (at 100 -+ 200km s-1 ) 

they plough into the cloud material surrounding the region of SF leading to 
the development of a preceeding bow shock. The clumps also expand with 
distance from the central object so that after 103yrs they may be 10-1pc 
from the star and of radius loJ AU with a density of"" 105cm-3 (Norman 
and Silk 1979). At these densities all maser activity will have ceased and 
radiation from the preceeding bow shock will have taken over. The physics 
of the bow shock is expected to be the same in this model as in the shocked 
cloudlet model with the exception that in this case the shocked agent is the 
cloud material. 

Both the shocked cloudlet and the interstellar bullet models make pre
dictions about the expected variation of the HH object excitation with its 
velocity away from the exciting source. The former model predicts that 
high velocity HH objects should be less energetic than low velocity ones 
whereas the latter model predicts the reverse. However, discrimination be-
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tween the two models on this basis is not simple since there is evidence for 
both cases. Schwartz (1986) shows that HH object excitation (as measured 
by the excitation parameter [OII]/[01]) increases with velocity in the case of 
the HH1 knots suggesting the interstellar bullet model. However, the same 
excitation parameter appears to decrease with velocity in HH43 (wherein 
the highest excitation component also appears closest to the exciting star) 
suggesting the shocked cloudlet model. 

Tenorio-Tagle and Rozyczka {1984) suggest an alternative origin for the 
interstellar bullets. They propose that secondary clumps may form in the 
cooling material swept up by conical shocks which they envisage occurring 
as the main shock wraps around the primary clump and converges on the 
far side. 

A critique of both the shocked cloudlet model and the interstellar bullet 
model lies with their difficulty in accounting for the observed luminosities 
of HH objects since the stellar wind is assumed to be isotropic and the 
HH objects subtend a very small solid angle at their central star. This 
problem has lead many authors to consider mechanisms for the focussing 
and collimation of stellar winds. 

2.4.3.3 Focussed Wind Models 

Several models of HH objects involving a focussed or collimated stellar wind 
or outflow as the energising agent have been proposed. Two such models 
will briefly be considered here. 

(1) Canto's focussed stellar wind model 

Following Canto {1980), Canto and Rodriguez (1980) envisage a YSO em
bedded within a cloud possessing a density gradient. The interaction of 
the stellar wind from a YSO with an isotropic density distribution would 
normally result in the formation of a spherically expanding shell of swept 
up cloud material surrounding a spherical stellar wind bubble. However, in 
the presence of a density gradient in the ambient medium the stellar wind 
bubble will expand preferentially in the direction of least density resulting 
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in the formation of an ovoid (rather than spherical) cavity. This geometry 
is illustrated in Figure 2. 7. 

At the boundary of the ovoid cavity, rather than being stopped by a 
head-on shock (as in the case of a spherical cavity), the stellar wind is 
shocked obliquely and refracted towards the apex of the cavity furthest 
from the star. In this apical region, the stellar wind converges and shocks 
again, this time against itself. It is proposed that the HH object is formed 
from the cooling material behind this second shock. A critique of this model 
lies in its difficulty in accounting for the observed high velocities of some 
HH objects (§2.4.2) since the shock cooling region is expected to remain 
more or less fixed in space. 

(2) Konigl's focussed stellar wind model 

Konigl (1982) attempts an interpretation of all bipolar outflow phenomena 
within the context of a single collimated stellar wind model. The model is 
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similar to that proposed by Canto in that it describes the interaction of an 
initially isotropic stellar wind with the density gradient in the surrounding 
cloud. Konigl sho~s that as the stellar wind bubble expands then, under 
certain conditions, it may become unstable to the formation of de Laval 
nozzles. The outflow is then channelled, through the de Laval nozzles, 
into two (assuming that the star has formed at the centre of the density 
distribution) oppositely directed supersonic jets. 

The interaction of the supersonic jet flow with the ambient cloud ma
terial may result in the acceleration and excitation of clumps, as described 
in the shocked cloudlet and interstellar bullet models, and the formation of 
HH objects. Such a synthesis of models is particularly attractive in view of 
the spectroscopic support for bow shocks in HH objects and in view of the 
less stringent stellar wind energy requirements afforded by the collimated 
outflow models. 

Sudden changes in the pressure of the medium through which the jet 
propagates may induce oscillatory behaviour in the jet boundary resulting 
in internal cross shocks and perhaps Mach discs. Such periodic expansions 
and rarefactions of the jet material and the attendant oblique shocks may 
afford an explanation for the recent observation (e.g. Mundt 1986) that 
HH objects sometimes represent the brightest knots in faint (and therefore 
previously unobserved) optical emission line jets. 

A further point in favour of the focussed wind models is the morpho
logical similarity between many optical bipolar and cometary nebulae and 
the theoretically predicted wind cavity geometries. A natural explanation 
for bipolar nebulae could be the reflection of light from the central object 
by the walls of the swept out stellar wind cavity. A particularly striking 
illustration of this conjecture is the HH57 nebulosity in which HH57 and a 
recently identified FU Orionis star appear to be connected by two nebulous 
'arms' reminiscent of the walls of an ovoid cavity (Scarrott et al. 1987b). 

2.5 Evidence for Discs around YSOs 

As was discussed in §1.6.3, the evolution of a rotating cloud in the presence 
of a magnetic field leads naturally to anisotropic collapse and the formation 
of a central disc structure. Such disc structures (of both interstellar and 
circumstellar proportions) are a ubiquitous factor in all current theoretical 
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models of bipolar outflow. Also, although planetary formation is poorly 
understood, it is thought that the solar system must have evolved from some 
sort of disc structure, perhaps similar to the highly flattened structure found 
recently around the star (3 Pictoris (Smith and Terrile 1985). At present, 
therefore, the existence of discs around YSOs is a theoretical necessity. The 
observational verification of these structures can be divided into direct and 
indirect evidence. 

2.5.1 Indirect Evidence 

Polarisation measurements of both optical and IR sources identified as the 
central exciting stars in regions of energetic outflow have shown that many 
such objects exhibit considerable linear polarisation. This polarisation has 
been interpreted as evidence for the existence of dusty discs surrounding 
and obscuring the central YSOs. 

In the optical regime, linear polarisations of 10 per cent (much greater 
than typical interstellar polarisations) have been observed towards many 
suspected YSOs (see for example Scarrott et al. 1986 and references therein). 
This topic will be discussed in detail in Chapter 7. 

In theIR (2.3J.Lm), Sato et al. (1985) present aperture polarisation mea
surements for nine sources associated with high velocity molecular outflow 
and observe levels of polarisation in the range 4 ~ 20 per cent. These 
authors note that the PA of polarisation tends to be perpendicular to the 
bipolar outflow axis. Hodapp (1984) also observes significant polarisation 
towards nine IR sources associated with collimated mass outflow and con
cludes, similarly, that the angle of polarisation lies preferentially perpen
dicular to the outflow axis. 

Both Sato et al. (1985) and Hodapp (1984) suggest that the scattering 
of starlight from dust grains in non-spherical circumstellar shells (i.e. discs) 
is responsible for the observed IR polarisations. However, Scarrott et al. 
(1987d), in a study of optical polarisations find compelling evidence for 
magnetically induced polarisation in a number of objects associated with 
bipolar outflows. The relative merits of these polarising mechanisms will 
be discussed in Chapter 7. 

The observation of cometary and bipolar nebulae illuminated by sources 
totally obscured in the visible provides more indirect evidence for the ex
istence of dusty discs around these sources (although bar-like obscuring 
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geometries would equally suffice in some cases). 

2.5.2 Direct Evidence 

Molecular line observations have provided a considerable amount of direct 
evidence for the existence of non-spherical gas condensations in association 
with YSOs. Although the angular resolution of the mm observations is 
generally not good, it is often sufficient to determine the shape of the gas 
condensation and its location relative to nearby YSOs on size scales typ
ically,....., 10-1pc (i.e. 'interstellar' dimensions). Such condensations have 
been detected in 12CO, 13CO, NH3 and CS {each molecule emits within 
a characteristic density range-increasing density in the order given) and 
many appear to be disc-like. 

Canto et al. ( 1981) observe a disc structure around R Mon in CO 
emission which they propose is the collimating structure for the bipolar 
outflow, also observed in CO. The major axis of the CO disc structure is 
perpendicular to the CO outflow axis, as required by current theories of 
molecular outflow collimation and ejection. 

The Nobeyama 45m dish has been used to observe several disc-outflow 
systems with the following conclusions (Kaifu 1987): 

1. Discs have a double peaked structure expected of a toroid viewed edge 
on-a toroid being a disc with a central hole. 

2. The polar cavities of the molecular toroids appear to 'fit' the apical 
regions of the molecular outflow, that is, the outflow appears to take 
place from the surface of the toroid. This conjecture is supported 
both by the spatial and velocity distributions of the emitting gas. 

Kaifu et al. (1984) observe such a toroid in the CS J= 1-+ 0 transition 
towards the 11551 molecular outflow. The CS toroid appears perfectly 
positioned between the red and blue shifted CO lobes and lies in a plane 
perpendicular to the major axis of the CO outflow. The proposed exciting 
source of the outflow, 11551 IRS5, lies between the two peaks of the CS 
toroid. Kaifu et al. (1984) find evidence for rotation of the CS toroid, 
although this has not been independently confirmed (Moriarty-Schieven et 
al. (1987) find no evidence for rotation in their CS measurements). The 
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proposed rotation is in the same sense as that detected by Uchida et al. 
(1987) in the blue shifted CO lobe. 

Torrelles et al. (1983,1985,1986) present surveys of the inversion tran
sition of NH3 , made with a 37m single dish, in regions of high velocity 
molecular outflow. Torrelles et al. (1983) find that 7 out of 10 observed 
bipolar outflows show NH3 emission. The NH3 distributions suggest elon
gated condensations of size "' 10-1pc (= 104AU) surrounding the outflow 
sources and orientated with their major axes in a plane perpendicular to 
the outflow axes. They detect NH3 emission associated with the L1551 
outflow but find that the distribution appears to be orientated along the 
axis of the outflow (rather than perpendicular to it) which is not suggestive 
of a collimating torus. Torrelles et al. (1985) present VLA observations 
of the NH3 transition in L1551 which show an emission region positionally 
offset from L1551 IRS5. They also note the orthogonality of the structures 
detected in their 1983 single dish survey and the single dish survey of Kaifu 
et al. (1984). Torrelles et al. {1986) observe nine molecular outflow regions 
and observe NH3 emission towards three of these. However, in this survey, 
most of the NH3 structures are unresolved within their 1.4 arcmin beam. 

The efficacy of molecular line observations in the search for toroids 
around YSOs is demonstrated by the number of detected candidate struc
tures (Kaifu 1987 lists 11 bipolar outflows in which toroids have been de
tected in a plane perpendicular to the outflow axis). It is probable that the 
CS structure observed by Kaifu et al. (1984) in L1551 represents the ex
pected molecular toroid around L1551 IRS5 and that the NH3 structures of 
Torrelles et al. {1983) can be interpreted as swept up gas-i.e. part of the 
molecular outflow. Nevertheless, the need for caution is evident and ideally 
more than one molecular species should be surveyed. Also of relevance are 
the mm interferometric measurements of Sargent et al. (1987). 

IR observations have been successful in detecting extended asymmetri
cal dust distributions around several YSOs. 

Cohen et al. (1985) present IR photometry of sources associated with 
HH objects and find evidence for extended emission from several of these 
sources. For objects in which the emission is resolvable, the axial ratios 
imply a toroidal dust distribution orientated perpendicular to the associ
ated outflow (i.e. the emission is resolvable perpendicular to the outflow 
but not parallel to it). In the case of SVS 13 (the IR source associated 
with HH7-11) Cohen et al. {1985) estimate a radius of 400AU for the dust 
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toroid. 
The near IR speckle interferometric observations of Beckwith et al. 

( 1984) detect the presence of extended emission around HL Tau and R 
Mon, which they attribute to the scattering of light from dust within halo 
structures around these stars. The dimensions of these dust distributions 
are 320 x 200AU (HL Tau) and 1300 x 1300AU (R Mon). 



·Chapter 3 

Polarisation and Polarimetry 

Many physics textbooks offer a discussion on the nature of polarised light 
at various levels of sophistication (see, for example, Hecht 198i for a lucid 
treatment) and so a description here is not warranted. The mathematical 
formulation is particularly relevant since the measurement of astronomi
cal polarisation involves the determination of the Stokes parameters of the 
incident light. Astrophysically important sources of polarisation include 
the intrinsic polarisation of synchrotron emission, the scattering of light by 
small particles and the selective extinction of light by regions of aligned 
anisotropic dust grains. In regions of SF the most common source of po
larisation is the scattering of light from dust grains and this mechanism, in 
combination with polarisation by extinction (aligned grains) can account 
for all of the optical polarisation measurements to be described shortly. 
Consequently, other polarising mechanisms will be neglected. The theory 
of the scattering of light from dust grains is a complicated issue (Greenberg 
1978, van de Hulst 1957) and since no attempt has been made to numer
ically model the data to be presented it is not necessary to go into the 
quantitative details here. However, looking ahead slightly, one of the main 
themes to emerge in the qualitative analysis of the polarisation data is the 
importance of polarisation by extinction in regions of SF where the local 
magnetic field is capable of aligning dust grains. The polarisations arising 
from such magnetically aligned grains allow a determination of the mag
netic field geometry (projected onto the plane of the sky) the implications 
of which are discussed in chapter 7 for SF regions in general. The processes 
by which grains may be magnetically aligned are, therefore, most relevant 
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and are now discussed. 

3.1 Polarisation by Extinction 

For polarisation by extinction to occur, two requirements are necessary. 
Firstly, the dust grains must in some way be optically anisotropic, that 
is, the cross sections for absorption and scattering must differ between 
orthogonal axes. This is most easily achieved if the dust grains are flattened 
or, in the more extreme case, needle shaped. Secondly, the grains have to 
be aligned so that a net effect can be observed. 

It is now generally accepted that grain alignment in the ISM is achieved 
by means of the Galactic magnetic field via the mechanism of paramagnetic 
relaxation suggested by Davis and Greenstein (1951 ). Over the years, and 
in parallel with increasingly sophisticated models of interstellar grains, the 
original Davis-Greenstein (DG) theory has been slightly modified in order 
to more accurately accommodate aspects of the accumulated polarisation 
data. 

Paramagnetic relaxation occurs when a paramagnetic substance is placed 
in an alternating magnetic field of high enough frequency or, conversely, if it 
rotates rapidly in a static field. In either case, if the relaxation time of the 
magnetic dipoles is long compared with the timescale on which the field 
changes occur then the magnetisation will lag behind the field (Morrish 
1965). The introduction of such a phase lag, ¢, leads to a complex form 
for the magnetic susceptibility, X = x' + ix", where x" = x' tan¢. The 
component of the magnetisation associated with the aligning torque L is 
then that component associated with x". Since L = M 1\ Bit can be shown 
that L = ~(w 1\ B) 1\ B, where w is the angular velocity of the spinning 
paramagnetic grain (Spitzer 1978, for example). It can be seen that this 
torque acts perpendicularly to the magnetic field reducing the component 
of angular momentum in this direction and causing the spin axis of the 
grain to line up with the magnetic field. 

Within the context of the ISM, the alignment of a thermally spinning 
grain by this mechanism depends primarily upon two quantities, fJ and h. 
1] is a ratio of temperatures, Tgra/Trot where Tgra is the internal tempera
ture of the grain and Trot is the 'rotation temperature' of the grain. Trot 

depends on the temperature of the gas since it is assumed that the grain 



Polarisation 62 

spins up on collision with the gas atoms (this is called thermal spinning 
alignment-TSA). For paramagnetic relaxation (DG alignment) to occur, 
the· gas temperature must be greater than that of the dust so that the 
external field variations dominate the thermal fluctuations of the dipoles. 
When Tgra = Trot no alignment is possible and when Tgra > Trot 'inverse' 
DG alignment is predicted where the angular momentum vector precesses 
in a plane perpendicular to the field direction (Greenberg 1978). 8 is a ra
tio of characteristic times, rc/ r m, where Tc is a timescale for collision of the 
grain with gas atoms and Tm is a timescale for magnetic grain alignment. 
Although gas-grain collisions are necessary to provide the rotational energy 
in the TSA model, such collisions also randomise the grain orientation so 
that, if a net alignment is to be observed, they cannot be too frequent. 
Therefore, we should have Tc > T m. 

It is thought that both the above conditions ( 1} < 1, 8 > 1) are satis
fied in the hot rarefied gas of the ISM so that DG alignment should be at 
least qualitatively successful in these regions. However, in order to explain 
polarisation by extinction in dense molecular clouds and, ip~o facto, SF 
regions, it may be necessary to modify the basic (TSA) DG mechanism. 
The temperature constraint, Tgra < Trot' is particularly inhibitive in cloud 
regions since it is expected that the dense gas will be efficiently cooled by 
molecular line radiation (Goldreich and Kwan 1974). In addition, the dust 
may be thermally heated by young stars so as to prevent TSA occurring at 
all. In the case of molecular clouds, a more attractive variation of the DG 
alignment mechanism is available in the form of 'suprathermal spinning' 
alignment (SSA instead of TSA) or 'pinwheel' alignment (Purcell 1979). 
When hydrogen atoms collide with a grain, some of them may stick to the 
grain and diffuse over its surface. If these hydrogen atoms then combine 
exothermally at specific catalytic sites on the grain surface, then a signifi
cant proportion of the binding energy of the H2 molecule may become avail
able (0.2 -t 2eV= ejection velocity of 4 -t 14kms-1-Spitzer 1978). If the 
recombination sites are unevenly distributed over the grain surface, as seems 
likely, then the ejection of the H2 molecules will result in an unbalanced 
torque causing the grain to spin. Angular velocities "" 109 rad s-1 (Purcell 
1979)-much greater than those possible assuming thermal rotation- can 
be achieved by this method. The advantage of SSA in the treatment of 
SF regions is that the temperature constraint T gra < Trot is circumvented 
since suprathermal spinning corresponds to thermal spinning at a gas tern-
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ning at a gas temperature of""' 104 K. However, an additional constraint is 
imposed in its place. \Vhen considering SSA, it is important that grain re
surfacing; or erosion does not occur on a timescale comparable with or less 
than Tm, the timescale for magnetic alignment. \Vhen re-surfacing occurs, 
the active catalytic sites on the grain will move about causing a change 
iu the spin axis. The grain will spin clown and the angular velocity may 
'cross-over' through zero and reverse sign. It is found that the efficiency 
of SSA depends on the frequency of these cross-overs. Spitzer and McG
lynn (1979) show that complete disorientation of the grain occms in t"wo or 
three cross-overs so that for effective alignment, the suprat.hermal spin np 
process must be long lived relative to T m. In the ISM this is unlikely to be a 
problem since denudation by UV radiation should prevent the formation of 
grain mautles and ensure that grains are stripped to their refractory cores. 
However, in the UY-shiddecl interiors of moleculnr clouds the re-surfacing 
of grains, especially by the formation of icy rnantles (Johnson 108:2) nmy 
become a problem. In these regions it must also be assumed that there is 
sufficient hydrogen available in atomic form to drive the SSA process. Fur
ther evidence for SSA is provided, for example, by detailed inwstigation 
of the interstellar polarisation curves ( Aannestad and Greenberg 1983) and 
the uncomfortably high magnetic field levels predicted by TSA (see Cugnon 
1987 for a review). 

3.2 Imaging Polarimetry 

The Durham Imaging Polarimeter is an inst rnment designed to map the 
liuear polarisation of extended astronomical objects. Its construction and 
method of operation and the way in which the polarisation information are 
extracted from the observations have been described at length elsewhere 
(Scarrott et al. 1983). In 1984, the polarimeter was interfaced with a CCD 
detector system based on a GEC P8600 'thick' chip (Wright and MacKay 
1981) to form the 'CCD Imaging Polarimeter System', which is described 
by Draper (1987). The chip has a red response up to ~ 1J.Lm, negligible 
fringing problems and a low read-out noise (typically 8 electrons pixel- 1 ) 

and so the CCD-polarimeter combination is an ideal probe of faint, obscured 
and highly polarised regions of SF. 

The 'dual beam' nature of the polarimeter allows the object to be si-
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multaneously imaged in orthogonal polarisation states so that variations in 
the transparency of the night sky can be corrected for. In order to do this, 
a set of four such double exposures is required so that, in total, at least 
eight polarisation measurements of the object are made. This process also 
allows the elimination of possible differences in the sensitivities of the two 
polarimeter channels. From these eight images, the I, Q and U Stokes pa
rameters, and therefore all the necessary information for the determination 
of linear polarisation, may be obtained. A natural 'by-product' of this form 
of integral polarisation measurement (as opposed to aperture polarimetry) 
is the production of a final total intensity image as well as a polarisation 
map (hence 'imaging' polarimetry). 

When observing, each separate exposure is kept reasonably short ( typi
cally 5 minutes) in order to minimise data contamination by sporadic events 
such as cosmic ray air showers and the effects of cumulative telescope track
ing errors. Moving the telescope between sets of four exposures allows all 
of the object to be covered. The different fields can be aligned using com
mon stars and combined during the data reduction stage. Also, since the 
number of exposure sets that can be combined is indefinite, the 'depth' of 
the final image is constrained only by the available telescope time and not 
by the saturation limit of the CCD. 

All of the data to be presented have been reduced using image process
ing software developed for the Durham polarimeter. A standard reduc
tion technique is employed throughout and any minor deviations from this 
procedure are indicated as they arise. The philosophy and details of the 
reduction technique are discussed by Warren-Smith (1979). 

For reference in later chapters, the spectral responses of the polarimeter 
filters are given in Table 3.1. 
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Filter Mean A (nm) Peak A (nm) FWHM (nm) 

None 680 720 345 
v 556 532 90 
R 669 647 172 
Re 670 632 111 
I 784 745 125 
z 933 928 65 

Table 3.1: Spectral responses of various filters when combined with a re
sponse typical of the P8600 chip used in the CCD Polarimeter. 



Chapter 4 

The Haro 6-5 System 

The Haro 6-5 system lies in the vicinity of the B216 and B217 condensations 
within the dark cloud complex in Taurus (Heyer et al. 1987a) which is 
estimated to be at a distance of 140pc (Elias 1978). The Taurus complex 
extends over approximately 900pc2 and contains many features typical of a 
region of prolific low mass SF such as condensed cloud cores, embedded IR 
sources, T Tauri stars, molecular qutflows, HH objects, optical nebulosity 
and emission line jets. Haro 6-5 (also known as FS Tau) has been classified 
as a T Tauri star (Haro 1953) and Cohen and Kuhi (1979) estimate a 
bolometric luminosity of 1.3L0 for this star. The coordinates of Haro 6-5 
are a(1950)=4h 18m 57.68 8(1950)=26° 50' 32" from Strom et al. (1986). 

4.1 Previous Observations 

Mundt et al. (1984) present multi-waveband CCD imaging of the region 
surrounding Haro 6-5 and report the detection of an emission line jet. They 
associate this jet with a nearby star-like object located at the apex of a small 
triangular reflection nebulosity approximately 20 arcsec west of Haro 6-5. 
They designate this object Haro 6-SB suggesting that it lies at the centre 
of a bipolar outflow and is probably, therefore, the energy source for the 
jet. The jet consists of two bright knots (designated A and B by Mundt et 
al. 1987) linked by fainter nebulosity and appears curved in the images of 
Mundt et al. (1984) so that knot B (the closer of the two to Haro 6-5B) is 
not colinear with knot A and Haro 6-SB. 

Observations by Mundt et al. 1987 with a spectrograph slit oriented 
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along the line joining Haro 6-5B and knot A (PA 53 deg. ) confirm the 
emission line nature of the jet and show that knot A possesses a spectrum 
typi·cal of HH objects. In contrast, the spectrum of knot B appears rel
atively featureless and is therefore unusual. The line emission from knot 
A and the fainter regions of the jet to the north-east of Haro 6-5B is blue 
shifted with heliocentric radial velocities in the range -30 --+ -70km s- 1 • 

Detection of red shifted emission from the region to the immediate south
west of Haro 6-5B indicates the presenc~ of a counter jet and reinforces the 
earlier suggestion of bipolarity in the nebulosity associated with Haro 6-
5B. These authors also detect strong Ha and Fell line emission from the 
triangular reflection nebulosity to the north-east of Haro 6-5B suggesting 
tha,t if this star is the illuminator, then it is probably an emission line T 
Tauri star. Both Haro 6-5 and Haro 6-5B are VLA 6cm continuum sources 
(Brown et al. 1985) 

Vrba et al. (1985) present visual and JHKL photometry of Haro 6-5 and 
Haro 6-5B and note that Haro 6-5 exhibits IR colours typical of T Tauri 
stars such as DG and HL Tau-both strong candidates for the possession 
of dusty circumstellar discs (e.g. Beckwith et al. 1984). Haro 6-5B shows 
a relatively flat spectrum between 1 and 3J.Lm and appears less heavily 
reddened than Haro 6-5. Optical polarimetry of Haro 6-5 by these authors 
reveals a level of polarisation of 3.3 per cent at PA 93 deg. 

Strom et al. (1986) identify Haro 6-5 with the IRAS source 04189+2650 
and note that, in order to account for all of the observed FIR flux, this star 
should have a bolometric luminosity of~ 3.810 . These authors also present 
narrow band [SII] CCD images of the Haro 6-5 system which show the blue 
shifted emission line jet, red shifted counter-jet and velocity discontinuity 
centred on Haro 6-5B in agreement with Mundt et al. (1987) 

4.2 New Observations 

Polarimetric data on the Haro 6-5 system were obtained using the Durham 
CCD Imaging Polarimetry System (§3.2) in conjunction with the 1m tele
scope of the Wise Observatory, Israel and the 2.5m Isaac Newton Telescope 
(INT) on 1985 Feb 22 and 1987 Jan 2 respectively. 

It is probable that the INT data are contaminated at low light levels by 
the scattering of extraneous (i.e. dome originating) light into the telescope 
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Observatory Wise Obs. INT 

Tel. Aperture 1m 2.5m 
Focus f/13.5 f/15 
Date 1985 Feb 22 1987 Jan 2 
Image Scale ("/pix) 1.202 0.434 
Filter R R 
Exp. time 300s 500s 
No. of exp. 12 12 

Table 4.1: A summary of the Haro 6-5 polarimetric observations. For filter 
passbands see Table 3.1. The exposure times are a rough guide only since 
the depth of the final image depends upon the degree of overlap between 
the component fields. 

beam during observations and this effect has been compensated for by the 
use of non-linear fits to and subsequent subtraction of the sky background. 

The observations are summarised in Table 4.1 and the data were reduced 
in the manner outlined in §3.2 

4.2.1 Wise Observatory Data 

Figure 4.1 shows a brightness contour and polarisation map of the Haro 6-5 
system in the R waveband derived from the Wise Observatory data. The 
contours are spaced logarithmically at intervals of 0.35 magnitudes and 
various features to be discussed below are indicated. llluminating centres 
in the system are labelled Haro 6-5A, B and C. Each vector represents an 
integration over a 3 pixel (:::::: 3.6 arcsec) square bin, the inter-bin spacing 
being 2 pixels (:::::: 2.4 arcsec ). The vectors are plotted in the conventional 
manner, parallel to the E field. 

In Figure 4.1, the star Haro 6-5 appears as the dominant stellar luminos
ity peak embedded in surrounding nebulosity. Henceforth, this star will be 
designated 'Haro 6-5A'. Approximately 15 arcsec to the west of Haro 6-5A 
lies the triangular patch of reflection nebulosity referred to in §4.1, with the 
unresolved brightness knot Haro 6-5B at its south-western apex. Nebulos
ity exists further to the south-west of Haro 6-5B and appears as an arcuate 
structure containing two brighter condensations. This nebulosity is seen 
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to be somewhat ·detached from the main body of nebulosity surrounding 
Haro 6-5A and Haro 6-5B, as evidenced by the 'pinching' of the brightness 
contours between the two regions. 

The emission line jet of Mundt et al. (1987) extends to the north and 
east of Haro 6-5B with the brightness peak in our image at position (-
26,20) in an arcsec coordinate system centred on Haro 6-5B. This peak 
corresponds to knot A of the Mundt et al. {1987) jet and it lies at PA 
~ 53 deg. with respect to Haro 6-5B. This is the region of the jet most 
prominent in the contoured image. The elongated structure labelled 'arc 1' 
is ~ 40 arcsec in length at PA 19 deg. and seems to be a continuation of 
the north- eostern edge of the triangular nebulosity close to Haro 6-5B. A 
fainter nebulous arc stretches between the north <?UIStern extremities of the 
jet and arc 1 structures and appears to bridge the gap between these two 
regions. There is also evidence in Figure 4.1 for the presence of a further 
nebulous arc (labelled 'arc 2') extending from the south- E'~:>.Stern edge of the 
triangular nebula for ~ 40 arcsec at PA 87 deg. However, this feature is 
rendered less obvious by its line of sight coincidence with nebulosity close 
to Haro 6-5A. 

The broad R band contour map in Figure 4.1 is similar to the narrow R 
band CCD images of Mundt et al. {1984) as would be expected. However, 
there are subtle differences between the two sets of data which, presumably, 
result from the different pass-bands used as well as the differences in image 
scale and resolution. The arc and bridge of nebulosity to the north-east 
of Haro 6-5B are not evident in the images of Mundt et al., whereas we 
barely detect the fainter and inner knot B regions of the jet. It is possible 
that the inner jet regions are not distinct in our broad R image due to the 
superposition of the bright nebulosity associated with Haro 6-5A and B. 

The polarisation map shows high levels of linear polarisation throughout 
the whole of the Haro 6-5 system, a situation that is typical of reflection 
nebulosity in which polarisation is induced by the scattering of light from 
dust grains. A polarisation of 20 per cent appears to be representative for 
the system although this value is substantially reduced in certain localities. 

The star Haro 6-5A illuminates the nebulosity to its immediate south, as 
is indicated by the symmetry of the polarisation pattern in this region. The 
influence of Haro 6-5A on the remainder of the encompassing nebulosity is, 
however, much less obvious. The arc 1 and bridge nebulosities to the north 
and east of Haro 6-5B show a roughly centrosymmetric polarisation pattern 
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Figure 4.1: A brightness contour and polarisation map of the Haro 6-5 sys
tem in the R waveband, derived from Wise Observatory data and described 
in the text. 
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centred on the region of the triangular nebula neighbouring Haro 6-5B, 
suggesting that the dominant illuminating source is located here. A least
squares fit to the polarisation vector orientations in the arc 1 and bridge 
regions gives an optimum source position for these outlying nebulosities 
within the bright central region of the triangular nebula. This centre of 
illumination is designated Haro 6-5C and appears to be a discrete source 
quite distinct from (and, from our viewpoint, brighter than) Haro 6-5B, 
which lies ~6 arcsec to the south-west. On this basis a source at the 
location of Haro 6-5B seems unlikely as an illuminator of these outlying 
nebulosities. 

The polarisation pattern overlying the triangular nebula housing Haro 6-
5C is not completely centrosymmetric and is, therefore, difficult to recon
cile with polarisation induced purely by the single scattering of light from 
a nearby point source. However, the slight curvature evident in this pat
tern suggests illumination from the direction of Haro 6-5B to the south
west, but the degree of curvature is such that the source position would lie 
some way beyond the position of Haro 6-5B itself (if polarisation by simple 
scattering is assumed). The brightness knot at the position of Haro 6-5B 
(which is assumed to be the unresolved stellar image) is polarised at a level 
and orientation similar to that of the triangular nebula immediately to the 
north-east. 

4.2.2 INT Data 

Figure 4.2 shows brightness contour and polarisation maps of the Haro 6-5 
system in the R waveband derived from INT observations. The contours 
are spaced logarithmically at 0.6 magnitude intervals and the illuminating 
sources are labelled as in Figure 4.1. The polarisation vectors correspond 
to integration over 7 pixel (::::: 3 arcsec) square bins with inter-bin spacing 
of 5 pixel (::::: 2.2 arcsec). A cut in total intensity is imposed below which 
no vectors are plotted. Figure 4.3 shows an increased spatial resolution 
polarisation map of the central brighter regions of the Haro 6-5 system. In 
this map the integration bins are 5 pixels square with an inter-bin spacing 
of 3 pixels (::::: 1.3 arcsec ). 

The nebular structure appears much the same as that discussed in the 
previous section in connection with the Wise Obs. data. The most notice
able differences (arising from changes in the seeing and image scale) are 
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Figure 4.2: Brightness contour and polarisation maps of the Haro 6-5 sys
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that the star, Haro 6-5B, now appears to be resolved from the surround
ing nebulosity and the edges of the triangular nebula are now quite sharp, 
whereas they appeared rounded in the lower resolution Wise Obs. data. 
Also in these data, Haro 6-5B is seen to be embedded within the south
western apex of the triangular nebulosity. The two condensations in the 
counterlobe nebulosity are also now clearly visible. 

The east-west elongation of the intensity contours to the north of Haro 6-
5A provides evidence for an arc-like extension to the south-eastern edge 
of the triangular nebula (arc 2 in Figure 4.2). However, on the basis of 
the intensity data alone, it is very difficult to decide which regions of the 
nebulosity surrounding Haro 6-5A are associated with this star and which 
with Haro 6-5B. 

The polarisation map of the central regions of the Haro 6-5 system 
in Figure 4.3 agrees completely with the equivalent field of Figure 4.1, 
confirming that the two independently obtained data sets are consistent. 
The polarisations overlying the triangular nebula are again seen to be not 
totally consistent with polarisation due purely to the scattering of light 
originating from the position of Haro 6-5B. Instead, the vectors show levels 
and orientations similar to those overlying Haro 6-5B itself. Now that 
the image of Haro 6-5B has been resolved, its polarisation may be more 
confidently measured. The results for Haro 6-5A, B and C are given in 
Table 4.2 along with the measurement of Vrba et al. (1985). 

These authors also calculate a mean linear polarisation of 1.8 per cent 
at PA 23.5 deg. for ten background stars (selected from the catalogue of 
Moneti et al. 1984) located within 1 deg. of the Haro 6-5 system. However, 
a polarisation of 1.8 per cent is nuch greater than the expected interstel
lar polarisation at the distance of the Taurus clouds (about 0.4 per cent 
assuming a distance of 140pc and 3 per cent per kpc) suggesting that this 
polarisation is induced mainly by dust associated with the cloud complex 
itself. This interpretation is supported by the observed orthogonality of 
the magnetic field orientation and the direction of elongation of many of 
the cloud condensations within the Taurus association (Moneti et al. ). The 
figure of 1.8 per cent then represents the polarisation along a line of sight 
to the back surface of the Taurus clouds (since the measured field stars 
are almost certainly background objects) and the polarisation to the front 
surface of the clouds will be considerably less. Since the location of the 
Haro 6-5 system relative to the front and back surface of the Taurus clouds 
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Figure 4.3: A polarisation map of the central regions of the Haro 6-5 system, 
as discussed in the text. 
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Data Haro 6-5 Date Aperture p (%) PA (deg.) 
Source (arcsec) 

Wise A 22/2/85 5 8.4 ± 0.4 75 ± 2 
Wise B " " 7.7±1.6 149 ± 6 

Wise c ,, 
" 10.3 ± 0.7 144 ± 2 

INT A 2/1/87 5 10.1 ± 0.5 82 ± 1 
INT B " " 7.2 ± 1.5 150 ± 6 

INT c " " 10.9 ± 0.6 142 ± 2 
Vrba A 14/3/85 ? 3.3 93 

Table 4.2: Polarisation measurements of the Haro 6-5 sources using a circu-
lar aperture of diameter 5 arcsec. The 'Wise and INT data are taken through 
R band filters (Table 3.1). The data of Vrba et al. 1985 is unfiltered. 

is unknown, no correction for 'interstellar' polarisation has been made. 

The counterlobe nebulosity to the south-west of Haro 6-5B shows very 
high levels of polarisation (typically 30 ~ 40 per cent and up to 50 per cent 
in places) and a centrosymmetric vector pattern consistent with illumina
tion by Haro 6-5B. This observation diminishes the likelihood of a centre of 
illumination to the south-west of Haro 6-5B for the triangular nebulosity, 
since such an illuminator would be expected to influence the polarisation 
pattern of the couuterlobe region-an effect not observed. 

A most noticeable feature in the polarisation map of Figure 4.3 is the 
band of parallel polarisation vectors overlying Haro 6-5A itself. To the 
immediate ~>'est of this parallel baud there is evidence for a null point in the 
polarisation pattern. There is no obvious corresponding null point to the 
eo..st of Haro 6-5A. 

As noted previously, the region of nebulosity to the south (and east) of 
Haro 6-5A appears to be directly illuminated by this star. The region to 
the south-west of Haro 6-5A, although in general showing lower levels of 
polarisation than in the south and south-east, may also be interpreted as 
reflection nebulosity associated with Haro 6-5A. The region to the north 
of Haro 6-5A shows lower levels of polarisation and evidence for another 
null point and is clearly complex in that the polarisation pattern cannot 
be attributed to the scattering of light from any one of the hitherto known 
sources in the field (i.e. Haro 6-5A, B or C). The region to the north-east 
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of Haro 6-5A appears to be illuminated from the direction of Haro 6-5B or 
c. 

4.3 Interpretation 

Before proceeding to an interpretation of the data, the main features noted 
so far will be summarised 

1. The polarisation patterns in the vicinity of the stars Haro 6-5A and 
Haro 6-5B are inconsistent with centrosymmetric scattering patterns. 
A band of parallel polarisation overlies Haro 6-5A. Both stars are 
significantly polarised, the polarisation angle of Haro 6-5B being per
pendicular to the jet axis. 

2. There is evidence for at least three sources of illumination within the 
Haro 6-5 system: The star Haro 6-5A illuminates nearby nebulosity 
to the south and possibly also to the north. The star Haro 6-5B 
illuminates the counterlobe nebulosity to its south-west and probably 
the triangular region of nebulosity to its north-east. The brightness 
peak Haro 6-5C at the centre of the triangular nebula illuminates the 
outlying arc 1 and 'bridge' nebulosities. 

3. The polarisation of the triangular region of nebulosity cannot be ex
plained in terms of simple scattering of light originating from any of 
the three known sources of illumination in the system. 

4. The nebulosity to the north of Haro 6-5A is polarised in a complex 
manner indicating that scattered light from more than one illuminator 
contributes to this region or that more than one polarising mechanism 
is operative (or both). 

4.3.1 Evidence for Circumstellar Discs 

A significant polarisation has been measured for the star Haro 6-5B (Ta
ble 4.2) which is similar in degree and orientation to that overlying the 
triangular nebula to its north-east. Since it has been shown that the trian
gular nebula houses Haro 6-5C, the illuminator of the outlying nebulosity 
in the system, this suggests that Haro 6-5B is intimately associated with 
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and an integral part of the Haro 6-5 system as a whole, and not just a 
foreground or background object. 

4.3.1.1 The Polarisation Map 

In view of the polarisation of Haro 6-5B, the quasi-centrosymmetric nature 
of the vector pattern overlying the neighbouring triangular nebula may now 
be seen as evidence for the presence of two competing polarising mecha
nisms in this region. This phenomenon has been found to occur frequently 
in the polarisation patterns close to the illuminating sources of cometary 
and bipolar nebulae and has previously been interpreted as evidence for 
circumstellar discs containing grain-aligning magnetic fields (for example. 
Scarrott et al. 1987d). 

In such situations it is proposed that a circumstellar disc (in this case 
a disc around the star Haro 6-5B) is threaded by a predominantly toroidal 
magnetic field (i.e. a field component in the plane of the disc). Alignment 
of the dust grains within the disc by this magnetic field (via the DG mech
anism, discussed in §3.1) ensures that light from regions viewed through 
the disc carries a component of polarisation by extinction parallel to the 
plane of the disc, superimposed on any existing polarisation. When the disc 
overlies reflection nebulosity illuminated by a central source (for example, 
Haro 6-5B) then a centrosymmetric vector pattern, typical of scattering 
from such a source, is seen in conjunction with polarisation induced by the 
extinction of light within the disc. The result is a pattern characterised by 
a band of parallel vectors overlying the illuminating source that becomes 
more and more centrosymmetric with distance from this source, as the in
fluence of the disc (and its extinction) diminishes. A further consequence 
of this polarisation model is the generation of two null points in the vec
tor pattern in the equatorial plane of the disc. These points define the 
positions at which, relative to the line of sight to the observer, the two 
polarising mechanisms act in antagonistic fashion and to equivalent extent 
such that the resultant polarisation is exactly zero. 

Alternatively, the quasi-centrosymmetric or 'elliptical' nature of the vec
tor pattern may be produced if the triangular nebulosity is illuminated by 
an intrinsically polarised source (Notni 1985). The 'intrinsic' polarisation is 
produced by anisotropic light scattering close to Haro 6-5B-the anisotropy 
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being created by a circumstellar disc. Null points in polarisation can be 
generated in the equatorial plane of the central disc, as with the aligned 
grain model and an appropriate geometry is discussed in chapter 7. 

However, both mechanisms require the presence of a circumstellar disc 
oriented with equatorial plane parallel to the stellar polarisation. The po
larisation map of Figure 4.3 therefore suggests that Haro 6-5B is surrounded 
and partially obscured by a circumstellar disc inclined with equatorial plane 
at PA ::::::: 150 deg. 

One possible way of distinguishing between the two polarising mecha
nisms is to subtract off the polarisation of the star from the map and to 
note the effect of this upon the vector pattern in the nebulosity close to 
the star. If the distortion of the scattering pattern is due to the polarising 
effects of a uniform distribution of overlying aligned grains, then a constant 
PA polarisation (the polarisation of the star) will have been 'added' to the 
polarisation due to scattering at each point in the nebula. The subtraction 
of this constant polarisation should therefore result in the restoration of a 
centrosymmetric scattering pattern. In the case of an intrinsically polarised 
source, the distorting effect is dependent upon the scattering geometry and 
will vary throughout the nebula with angular offset from the disc polar axis 
and the subtraction of a constant polarisation should not produce a cen
trosymmetric pattern. If a non-centrosymmetric pattern does result after 
the subtraction of the stellar polarisation it is still difficult to eliminate the 
effects of aligned grains since the precise extent of the disc and its influence 
on the polarisation pattern is not known (that is, the overlying dust will 
not be distributed uniformly). However, if a centrosymmetric pattern does 
result then this suggests that the distortion of the source region polarisation 
pattern is due to the effects of aligned grains. 

On this basis, the polarisation of Haro 6-5B has been subtracted from 
the map of Figure 4.3 and the result is shown in Figure 4.4. The exercise ap
pears partially successful in that the vector pattern overlying the triangular 
nebulosity now shows more evidence for a centre of symmetry coincident 
with Haro 6-5B than previously (a similar procedure applied to Haro 6-5C 
does not have the same effect). The resultant pattern is not strongly cen
trosymmetric, however, which suggests that either the effects of extinction 
toward the triangular nebula have been over-compensated for or that the 
light from Haro 6-SB is to some extent 'intrinsically' polarised. The coun
terlobe nebulosity, on the other hand, appears little changed and shows a 
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strongly centrosymmetric polarisation pattern centred on Haro 6-5B. This 
may simply be due to the large levels of polarisation associated with this 
nebulosity rendering the region insensitive to the polarisation subtraction. 

The distortion of the polarisation pattern in the Haro 6-5A region, tak
ing the form of a band of parallel vectors, has already been noted and, in the 
light of the preceeding discussion, may be taken as polarimetric evidence 
for the presence of a disc around this star. Further evidence for such a disc 
is provided by the existence of a null point in the polarisation pattern to the 
immediate west of the band of parallel vectors (at approximately ( -17,-1) 
in the coordinate system of Figure 4.3). A corresponding equatorial null 
point to the east of Haro 6-5A is not seen, but this is probably due to the 
influence in this region of scattered light originating from Haro 6-5C (or B }. 
The orientation of the vector band overlying Haro 6-5A in the INT data 
(and, indeed, the PA of the polarisation of the star itself) suggests that the 
equatorial plane of the disc lies at PA 82 deg. The effect of subtracting the 
polarisation of Haro 6-5A from the INT map is shown in Figure 4.5. The 
scattering pattern in the nebulosity to the south of Haro 6-5A is strength
ened confirming this star as the illuminator and the null point previously 
seen to the west of Haro 6-5A disappears. This suggests that a component 
of the polarisation of Haro 6-5A does overlie and has been successfully re
moved from the nebulosity to the south of the star and that the distortion 
of the pattern in this region iJ due to the effects of overlying aligned grains. 

4.3.1.2 Total Intensity Image 

Further evidence for the existence of an obscuring disc around Haro 6-5B 
and an indication of its extent on the plane of the sky is afforded by the 
structure in the brightness contour map of Figure 4.2. The axis of the 
triangular nebulosity, as defined by the line joining the brightness peak 
Haro 6-5C to Haro 6-5B, is approximately perpendicular to the plane of 
the hypothesised disc as would be expected if this nebulosity is illuminated 
by Haro 6-SB through the polar regions of the disc. The detached nature 
of the counterlobe nebulosity is most easily explained if a disc associated 
with Haro 6-SB is inclined relative to the line of sight so that it overlies and 
obscures the region between this structure and Haro 6-SB. If the counterlobe 
and triangular nebulosities do define the cones of illumination imposed on 
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Figure 4.4: A polarisation map of the Haro 6-5B region derived from INT 
data and superimposed on selected brightness contours. The polarisation 
of the star has been subtracted from the map. 
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Figure 4.5: A polarisation map of the Haro 6-5A region derived from INT 
data and superimposed on selected brightness contours. The polarisation 
of the star has been subtracted from the map. 
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Haro 6-5B by the surrounding disc, then this inclination of the disc suggests 
that the counterlobe nebulosity is oriented into the plane of the sky whereas 
the-triangular nebulosity projects out of the plane of the sky. Such a nebular 
tilt is endorsed by the velocity measurements of emission lines to the north
east and south-west of Haro 6-5B by Mundt et al. (1987). 

The brightness contours shown in Figure 4.2 do not give a clear indi
cation of a disc at the position of Haro 6-5A but instead show a general 
elongation of isophotes to the north-west of Haro 6-5A. These contours, 
however, give little indication of the relative importance of the known il
luminating centres in this region and are not. therefore, a reliable basis on 
which to interpret polarisation attributable solely to Haro 6-5A. An analy
sis of the nebular structure associated "';th Haro 6-5A can be accomplished 
more easily by examination of the polarised intensity and colour data. It 
will now be shown that these data strongly support the postulation of a 
disc of obscuration around Haro 6-5.-\ oriented with equatorial plane at PA 
82 deg. 

4.3.1.3 Polarised Intensity Image 

Figure 4.6 shows contours of polarised intensity in the R waveband and the 
corresponding polarisation map of the brighter nebular regions (i.e. not 
including the outlying nebulosities) of the Haro 6-5 system, derived from 
INT data. The contours are spaced logarithmically at intervals of 0.5 mag. 

The three illuminating sources and much of the nebular structure seen 
in total intensity can readily be identified in Figure 4.6. However, in the 
vicinity of Haro 6-5A several interesting features are evident. Firstly, the 
null point to the west of Haro 6-5A is clearly visible as a pronounced pinch 
in the polarised intensity contours immediately surrounding this star. Sec
ondly, these contours are elongated in an approximately north-south direc
tion. This elongation is consistent with (and, indeed, can be explained by) 
the postulation of a disc of obscuring material at PA 82 deg. Such a disc 
will constrain the illumination of the surrounding nebulosity by Haro 6-5A 
so that more light escapes in a north-south direction (through the polar 
regions of the disc) than in an east-west direction (through the equatorial 
regions). 

The fan-shaped extension to the polarised intensity contours to the 
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south of Haro 6-5A is reminiscent of a cone of illumination of the nebulosity 
in this region by Haro 6-SA and supports the contended disc geometry. 

4.3.1.4 R-1 Colour Image 

Figure 4. 7 shows the R band INT polarisation map superimposed on con
tours of R-I colour index derived from the Wise Obs. data. The zero point 
of the contoured image is arbitrary and regions which are relatively red
der or bluer than the zero point are labelled 'R' and 'B' respectively. The 
contours are spaced linearly at 0.05 magnitude intervals. 

The three illuminators in the Haro 6-5 system are again quite clearly 
visible. Haro 6-SB appears slightly redder than its surroundings whereas 
Haro 6-5C is one of the bluest regions (as would be expected for the bright
est part of a reflection nebulosity). Haro 6-5A is noticeable as the reddest 
object in the system and is surrounded by red contours elongated in ap
proximately the same direction as the band of parallel vectors overlying the 
star. This elongated structure is most easily interpreted in terms of a layer 
of obscuration overlying_ and reddening Haro 6-5A. This provides direct 
evidence for the existence of a dusty circumstellar disc around Haro 6-SA 
oriented with equatorial plane at PA 82 deg. and is consistent with the 
indirect evidence provided by the total intensity and polarisation data. 

The fan-shaped extension of the red contours to the south of Haro 6-5A 
is similar to the structure seen in polarised intensity in Figure 4.6. Two 
explanations for this structure are: 

1. The disc around Haro 6-5A is inclined relative to the line of sight so 
that it overlies and reddens the region to the south of the star. If 
this is the case, then it may be expected that the polarisation pat
tern in the reddened region will contain a component of polarisation 
due to extinction and will not, therefore, appear as a perfect cen
trosymmetric scattering pattern. Instead, the pattern should appear 
flattened in the east-west direction-the direction of the proposed 
toroidal magnetic field in the disc- to an extent dependent upon the 
degree of extinction. Evidence for such an effect is seen in Figure 4.5 
which shows the result of subtracting the polarisation of Haro 6-5A 
from the remainder of the map. The vector pattern is more like a 
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Figure 4.6: Contoured polarised intensity image and polarisation map of 
the central regions of the Haro 6-5 system in the R waveband, derived from 
INT data. 
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centrosymmetric pattern indicative of single scattering after the po
larisation subtraction. 

2. The star Haro 6-5A has an intrinsically red continuum spectrum and 
so the red contours simply delineate the regions of nebulosity illumi
nated by this star. The similarity between this fan-shaped region of 
contours and that seen in the polarised intensity image is now to be 
expected since both result from the scattering of light from Haro 6-5A. 

It is possible that both effects are in operation. The nebular regions 
illuminated by Haro 6-5A may be relatively red and the region to the south 
of Haro 6-5A may be influenced by a component of the magnetic field 
thought to be associated with the disc around this star (although this does 
not necessarily entail a tilt of the disc relative to the line of sight). It has 
been noted in the case of other PMS systems (e.g. R Mon-,Varren-Smith 
et al. 1987a) that the regions above and below circumstellar discs may be 
threaded by a magnetic field which links the disc field with the uniform 
large-scale cloud field. 

The colour image provides little convincing evidence for the existence of 
an obscuring disc around Haro 6-5B. However, the effects of the obscuration 
around Haro 6-5B appear to be more pronounced than in the case of Haro 6-
5A, as evidenced by the distinct paucity of light between the counterlobe 
nebulosity and the nebulosity surrounding Haro 6-5B. Since there is little 
information available in this region there can, therefore, be little evidence 
for (or against) the existence of a disc around Haro 6-B. 

Two further noteworthy features are evident in Figure 4.7. The inner 
red contours associated with Haro 6-5A curve away from this star to the 
south-west in an arcuate fashion to form a 'spur' traceable for nearly 10 
arcsec. A similar structure can be seen to the north-west of Haro 6-5A 
although in this case the contours can not be traced back to the star and, 
consequently, the structure appears somewhat detached. 
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4.3.2 The Illuminating Sources 

It h?-5 been suggested that the arc 1 and bridge nebulosities of Figure 4.2 are 
illuminated by the optically bright source Haro 6-5C located at the centre 
of the triangular reflection nebula. However, since the triangular nebula 
appears to be illuminated by Haro 6-5B, some 6 arcsec to the south-west 
of Haro 6-5C, the relationship between the two sources and the nature of 
the latter source is not immediately clear. Both Haro 6-5B and Haro 6-5C 
are colinear with the elongated knot A of the emission line jet and form an 
axis at PA 53 deg. approximately perpendicular to the equatorial plane of 
the proposed obscuring disc. 

Is Haro 6-5C a consequence of the illuminating/exciting effects of Haro 6-
5B or is the situation reversed? 

A plausible explanation is that the nebulosity in the Haro 6-5 system 
(excluding the Haro 6-5A region which will be discussed shortly) is illumi
nated by both Haro 6-5B and Haro 6-5C to differing extents. If Haro 6-5B 
is deeply embedded within a circumstellar disc, then the disc may control 
the illumination of the surrounding nebulosity by this star to such a degree 
that only regions lying very close to the polar axis of the disc receive sig
nificant light directly from Haro 6-5B. Hence, the extinction to Haro 6-5B 
increases rapidly with angular offset from the polar axis so that regions 
such as arcs 1 and 2 are illuminated primarily by Haro 6-5C. The bridge 
region appears more or less on the polar axis and so it is not possible to 
tell which is the dominant illuminator of this nebulosity. 

In this scheme, Haro 6-5C would represent a region of intense scatter
ing of the light originating from Haro 6-5B rather than (for example) an 
embedded star1

• 

The counterlobe nebulosity appears to be illuminated solely by Haro 6-

5B with no evidence for illumination by Haro 6-5C. This is consistent with 
the postulation of a dense circumstellar disc around Haro 6-5B which would 
be expected to block out the light from Haro 6-5C and prevent it from 
reaching the counterlobe region. 

The polarisation pattern to the north of the star Haro 6-5A may be 

1Vrba, Rydgren and Zak (1985) detect a peak in JHKL emission in the region and 
locate it 6 arcsec to the north-east of Haro 6-5B. However, there appears to be some 
confusion over the coordinates of this emission peak, which the above authors attribute 
to the star Haro 6-5B. In fact, an offset of 6 arcsec to the north-east of Haro 6-5B locates 
the IR peak at the position of the source Haro 6-5C 
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Figure 4. 7: R band INT polarisation map and contoured R-1 colour index 
from Wise Observatory data. 
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explained in terms of the superposition of two scattering patterns. One 
pattern is centrosymmetric about Haro 6-5C orB, the other about Haro 6-
5A. A nebular geometry which could give rise to such a superposition will 
now be discussed. 

4.3.3 The Proposed Geometry 

It is proposed that the Haro 6-5 system has a geometry consisting of two 
nebulous bicones2 , one centred on Haro 6-5A and the other on Haro 6-5B, 
tilted relative to one another such that, on the plane of the sky, they ap
pear to intersect to the north of Haro 6-5A. This geometry is illustrated 
schematically in Figure 4.8 and Figure 4.9 which also indicates the polar
ising influences held to be operative in each region. The two bicones and 
their equatorial discs are shown superimposed on the nebular outline. In 
this model it is supposed that a toroidal magnetic field exists within the 
discs and is responsible for the anomalous source region polarisation pat
terns discussed earlier. The orientation of the local cloud field is shown and 
important PAs are indicated. In the interest of clarity, only the Haro 6-5B 
bicone is outlined in Figure 4.9. The positions of the three illuminating 
sources are shown. The possible roles of the local magnetic field in the 
Haro 6-5 system will be discussed in §4.5. 

4.3.3.1 The Haro 6-5B Bicone 

The more easily distinguished bicone is the one centred about Haro 6-5B 
which also appears to be the larger of the two (whether this difference in 
size is real or an effect of projection or perspective is not yet clear). 

The north-eastern cone is delineated by the edges of the central trian
gular nebula and by the nebulous arcs 1 and 2, the latter extending across 
the face of the nebulosity associated with Haro 6-5A. Evidence of the path 
traced by arc 2 (and, therefore, the edge of the north-eastern cone) can be 
seen in the total intensity image of Figure 4.2 as an east-west elongation 
of the brightness contours to the north of Haro 6-5A. In addition, the two 
apparently separate groups of contours in the polarised intensity image of 

2The two solids are not strictly bicones since they possess finite diameter waists 
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Figure 4.6 (coordinates (-20,-2) and (-16,2) respectively) are also indica
tive of discrete superimposed nebulosities. Assuming these boundaries, the 
opening angle of the Haro 6-5B bicone is approximately 58 deg. 

The brightness peak of knot A of the emission line jet lies on the axis of 
the Haro 6-5B bicone at PA 53 deg. which is approximately orthogonal to 
the equatorial plane of the disc around Haro 6-5B (150 deg-Figure 4.9). 
The bicone is inclined to the plane of the sky such that the north-eastern 
cone is tilted towards us and the equatorial disc partially overlies and ob
scures the counterlobe region to the south-west. 

In this geometry, Haro 6-5C may be interpreted as a region of intense 
scattering from the surface of the bicone or from the surface of the disc 
(viewed through the bicone ). The 'waist' of the bicone i-s :::::: 8 arcsec in 
diameter which, at a distance of 140pc is equivalent to '"" 10:1 AU. In the 
present geometry this dimension is equated with the inner diamctrr of the 
circumstellar disc around Haro 6-5B. 

It is tempting to identify the bridge of nebulosity as the outer boundary 
of the north-eastern cone. HoweYer, the R band image of Mnudt et al. 
( 1984) clearly shows that the faint portions of the jet extend well beyond 
this point casting doubt on such an interpretation. 

4.3.3.2 The Haro 6-SA Bicone 

This structure is much less clearly defined than the Haro 6-5B bicone and 
the geometry shown in Figure 4.8 is inferred indirectly from the polarisation 
data. Both Figure 4.6 and Figure 4.7 show evidence for a conical extension 
of contours to the south of Haro 6-5A, but do not show a corresponding 
structure to the north. However, it is known that Haro 6-5A contributes to 
the illumination of the region to the north from the interpretation of the 
polarisation map (§4.3.2). Hence, it is assumed that a cone of nebulosity, 
similar to the one to the south, extends to the north of Haro 6-5A to form 
a bicone centred on this star. The axis of this bicone is at PA 352 deg., 
again approximately orthogonal to the equatorial plane of the obscuring 
disc around Haro 6-5A-for which there is strong evidence. 

It is not clear to what extent, if any, the Haro 6-5A bicone is inclined 
to the plane of the sky. It has been shown that there is a component of 
extinction to the south of the star indicative of an intrusion of the disc 
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magnetic field into this region. This suggests that the disc may overlie the 
region to the south of the star to some extent, although in the absence 
of corresponding information to the north of the star (due to the complex 
polarisation in this region) this is difficult to corroborate. However, such a 
nebular tilt would ensure that the northern cone projects out of the plane 
of the sky and the southern cone into it-an orientation compatible with 
that of the Haro 6-5B bicone. 

4.4 Polarimetry of the Jet Region 

In order to assess the degree of coincidence of the total and polarised in
tensity structures in the jet region more easily, Figure 4.10 shows total and 
polarised intensity images contoured so that they appear in the same co
ordinate system ( arcsec offset from Haro 6-5B ). The data are deriwd from 
the R band INT observations and a linear background subtraction has been 
applied in an attempt to remove the reflection nebulosity in which the jet 
is embedded. This was done by fitting a planar surface to regions on either 
side of the jet and extrapolating the surface underneath the jet. 

The region of the jet seen in the total intensity image corresponds to the 
elongated knot A region. As discussed in §4.2.1, the inner knot B region 
and the fainter extended portions of the jet are not immediately evident in 
these broad R band observations. 

In the total and polarised intensity images of Figure 4.10 the main peak 
in polarised intensity is located at (-27.5,20) and the peak in total intensity 
at (-26.5,20.5) in the coordinate system of Figure 4.10. The separation 
between the two peaks is :::::::: 1 arcsec and appears to be real rather than due 
to any misalignment of the images. Similarly, none of the other polarised 
intensity knots are coaxial with the jet (as defined by the total intensity 
image), but appear slightly displaced to one side or the other. 

Figure 4.11 shows a montage of polarisation maps superimposed on 
contoured total and polarised intensity images (the polarisation vectors 
are derived from the same background-subtracted data as the images in 
Figure 4.10 and should, therefore, only represent properties intrinsic to the 
jet). 

Part (a) of Figure 4.11 shows polarisation vectors obtained by sampling 
over 5 pixel (:::::::: 2.2 arcsec) diameter circular bins spaced at regular intervals 
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Figure 4.10: Contoured total (left) and polarised (right) intensity images of 
the knot A region of the jet derived from the INT data and in a coordinate 
system centred on Haro 6-5B. The contours are linearly spaced. 
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along the axis of-the jet (PA 53 deg. ). The contour spacing is linear. The 
vectors in the northern portion of the jet appear chaotic due to the lack 
of polarised intensity in this region. In the central and southern regions, 
the polarisation levels range from less than 10 to about 20 per cent and 
PAs lie in the range 136 ---+ 161 deg. with a mean value of ~ 148 deg. 
-approximately perpendicular to the jet axis. Although, individually, the 
measurements are characterised by large errors, the collective trend in ori
entations is suggestive of the scattering of light originating from a source 
of illumination located somewhere along the axis of the jet. 

Part (b) of Figure 4.11 shows the polarisation map of (a) superimposed 
on contours of polarised intensity (spaced as in Figure 4.10). The vectors 
that deviate markedly from perpendicularity with the jet axis correspond 
to areas of low polarised intensity. 

The polarisation vectors corresponding to the polarised intensity peaks 
are shown in part (c). The polarised intensity peak closest to the brightness 
peak of knot A is polarised at 14 ± 8 per cent with PA 150 ± 15 deg. (within 
a circular aperture of diameter ~ 2.2 arcsec ). The individual measurements 
in this map are characterised by large errors (typically 50 per cent) but the 
coherence of the vectors suggests that the polarised intensity peaks are not 
corrupted by cosmic rays or aberrant pixel values. 

Part (d) shows polarisation values obtained by integrating over 3 pixel 
(::::: 1.3 arcsec) diameter circular apertures spaced at regular intervals along 
the axis of the jet and along two parallel axes running down the edges of 
the jet. The random nature of the polarisations down the sides of the jet 
suggests that the background subtraction has been successful and that the 
vectors on the jet axis do represent polarisation intrinsic to the jet. 

Since the polarised intensity structure revealed by the INT observations 
is close to the error levels, some possible sources of error will be considered. 

1. The polarised intensity knots in the INT data are due to sporadic 
events such as the incidence of cosmic rays in the detector. If this 
is the case, then it is difficult to explain the consistent polarisation 
angles at the position of these peaks which suggest that the jet does 
contain a component of scattered light. 

2. The polarised intensity structures somehow result from the way in 
which the background nebulosity has been subtracted. The polarisa-
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Figure 4.11: A montage of polarisation maps superimposed on contoured 
total and polarised intensity images as discussed in the text. 
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tions and position angles at these points might then arise from con
tamination of the knot A data by remaining background reflection 
nebulosity which would uaturally form part of the general centrosym
metric pattern seen elsewhere in the system. However, although this 
remains a possibility the polarisation measurements of Figure 4.11 
part (d) suggest that any background reflective component has been 
removed from around the jet. 

3. It does not seem possible to reject any of the data on the grounds of 
spatial coincidence with polarimeter grid edges or chip defects since 
the locations of such potential sources of error are known quite accu
rately. 

In a previous analysis of the Wise Observatory data, Gledhill et al. 
{1986) quoted a level of polarisation of 18 ± 2 per cent for knot A on the 
basis of transverse profiles through the jet in total and polarised intensity. 
In order to verify this measurement an attempt was made to subtract off the 
nebulosity in which the jet is embedded. However, due to the small image 
scale characterising the Wise Obs. data, it was not possible to uniquely fit 
the data in the jet region with a -planar surface. Instead, the polarisation 
in the knot A region of the jet has been measured by integrating within 
an aperture centred on the jet and by then moving this aperture (by ±8 
arcsec in a direction perpendicular to the jet axis) so as to sample the 
nebular polarisation on either side of the jet. By subtracting the average 
normalised Stokes parameters in these two 'sky' regions from those in the 
jet region, an estimate of the polarisation intrinsic to the knot A region of 
the jet can be obtained. In order to get the best possible signal to noise 
ratio, a rectangular aperture (12 by 3.6 arcesec) encompassing the whole 
of the knot A region of the jet was used. This proceedure results in a 
polarisation level of 20 ± 2 per cent at PA 142 ± 2 degrees intrinsic to the 
jet. So as to eliminate the effects of possible cosmic ray events within the 
aperture, the data were checked for consistency by using both halves of the 
data set separately to obtain independent (apart from flat-fielding errors) 
estimates of Q and U. 

Applying this process to the INT jet, using apetures of the same physical 
size and location, gives a polarisation of 7 ±3 per cent at PA 150± 11 degrees. 
Clearly, in order to reconcile this measurement with the Wise Obs. data 
it is necessary to assume that the polarisation of the jet is variable. Such 



Haro 6-5 97 

a variability could be produced by changes in emission line strengths or 
by fluctuations in the brightness of an illuminating source. Gledhill et al. 
(1986) pursued the· possibilities of a jet seen by scattered emission light 
(originating from a source located somewhere along its axis) and found it 
extremely difficult, in the case of Haro 6-SB, to reconcile such a model with 
the existing observations. 

If the knots in Figure 4.10 do represent the localisation of polarised 
intensity then this suggests a restricted occurrence of scattering within 
the jet at the time of the observations. Such a situation may arise if the 
scattering centres exist in small 'pockets'. 

4.5 Discussion 

It is interesting to contrast the straight-edged morphology of the Haro 6-SB 
bicone with that of other optically bipolar systems in which less symmetric 
geometries are often seen. Many bipolar nebulae exhibit paraboloid ge
ometries which are sometimes regular (e.g. LkHa208) or, as is more often 
the case, distorted to varying degrees (e.g. PV Cephei and R Mon). The 
distorted system.S may be characterised by more than one axis of symmetry 
and in some cases, the symmetry axis appears to rotate in P A with offset 
from the illuminating source (e.g. R Mon: Warren-Smith et al. 1987a). 
However, the Haro 6-SB bicone possesses a single symmetry axis oriented 
at PA ~53 deg. along and about which the nebular features are distributed. 

The Haro 6-SB system possesses the main attributes of other regions 
exhibiting molecular outflow (an extensive disc, evidence for an associ
ated magnetic field and a bipolar nebular geometry) and is inclined at a 
favourable angle to the plane of the sky for the detection of such an out
flow, if present. Molecular outflow is occurring in other regions of the 
Taurus cloud complex (most notably in the 11551 cloud) which, because 
of its proximity to Earth, affords an ideal opportunity for the study of 
this phenomenon. Haro 6-5A must also be viewed as a potential candi
date for a molecular outflow since, although the nebular geometry is much 
less well defined than in the case of Haro 6-5B, there is strong evidence 
for the association of an obscuring disc and threading magnetic field with 
this star. However, Heyer et al. (1987b) present a molecular line survey of 
IRAS sources in the Taurus clouds but do not note any peculiar line wing 
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emission in the vicinity of Haro 6-5. 
The Haro 6-5B and Haro 6-5A bicones have been presented as separate 

nebular complexes, as is indicated by all the available data. The relation
ship between the two systems is more difficult to ascertain. Two possibilities 
are: 

1. The Haro 6-5A bicone is a background system lying partially behind 
the foreground nebulosity of the Haro 6-5B bicone. 

2. The two systems are at approximately the same distance in which 
case the dust to the north of Haro 6-5A may be illuminated by both 
this star and by Haro 6-5C or B. 

On intuitive grounds, it does not seem likely that the Haro 6-5A system 
is the closer of the two since the nebular structure associated with this star 
is much less well defined and (apparently) smaller in angular extent than 
that associated with Haro 6-5B. However, it is quite possible that the two 
systems are at totally different stages of PMS evolution, in which case it 
would be premature to judge the issue on geometrical grounds alone. 

The magnetic field structure in the Taurus complex has been mapped 
over a large area by Moneti et al. (1984) by the measurement of the optical 
and IR polarisations of background stars and the assumption of DG grain 
alignment. The resultant polarisation map (figure 1 in their paper) shows a 
uniform magnetic field oriented approximately perpendicular (on the plane 
of the sky) to the Galactic plane and the elongated cloud condensations and 
possessing a smooth variation in PA over a large area. Vrba et al. (1985) 
select 10 stars within 1 deg. of Haro 6-5(A) from the observations of Moneti 
et al. and obtain a mean PA of 23.5±4.1 deg. Assuming DG alignment, this 
is the mean P A of the large-scale magnetic field in the Haro 6-5 region. The 
Haro 6-5 system appears to be located within the outline of an elongated 
cloud (DL-1 oriented with long axis at PA :::::: 140 deg. in figure 1 of Moneti 
et al. 1984). If the Haro 6-SB system has formed within this elongated 
cloud, then it has formed in such a way that the PA of the equatorial plane 
of the circumstellar disc about Haro 6-5B is now approximately parallel to 
the PA of the long axis of the cloud. 

Mechanisms of cloud collapse were reviewed in § 1.3 where it was seen 
that a cloud threaded by a magnetic field is likely to collapse anisotropically 
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along the magnetic field lines leading to a highly flattened sheet-like struc
ture. The degree of contraction perpendicular to the field lines depends 
upon the level of competition between inertial and magnetic forces and on 
the occurrence of any flux leakage or slippage. 

Heyer et al. (1987a) present wide-angle CO intensity maps of the B216-
B217 region (in which the Haro 6-5 system is assumed to lie) which clearly 
show a cloud structure elongated with PA :::::: 125 deg. Velocity measure
ments indicate that the cloud is rotating and therefore may be sheet-like, 
suggesting that the threading magnetic field has had a dominant and con
trolling influence on the collapse of this structure. This interpretation is 
strengthened by polarimetric observations of background stars in the B216-
B217 region by the same authors. An average polarisation of 28 ± 7 degs. is 
deduced which, on the assumption of DG alignment, suggests a magnetic 
field orientation approximately perpendicular to the axis of elongation of 
the B216 and B217 clouds. In such a situation it is to be expected that 
further collapse into sub-condensations and, ultimately, circumstellar discs 
will be controlled by the same magnetic field, leading to the formation of 
discs lying almost exactly within the plane of the parent cloud-sheet, as 
seems to have occurred in the Haro 6-5B system. 

The location of Haro 6-5A within the Taurus complex and within the 
above described scheme is not so easy. The PA of the proposed disc about 
this star (82 deg. ) is not parallel to that of the Haro 6-5B disc nor to 
to the B216-B217 cloud orientation. However, an interesting relationship 
between the various symmetry axes in the Haro 6-5 system is illustrated 
in Figure 4.8. It appears that the Haro 6-5A disc and the Haro 6-5B disc 
are inclined at similar angles to the cloud magnetic field orientation on the 
plane of the sky as determined by Vrba et al. (1985). 

Examination of the R waveband CCD images of Mundt et al. (1984) 
clearly shows the emission line jet to be curved. Although the elongated 
knot A region lies on the Haro 6-5B bicone axis, the inner portions of the 
jet appear to deviate away so that knot B lies off the axis. A simple back
ward projection would suggest that the jet originates between Haro 6-5A 
and Haro 6-5B where no source is presently known. Is it possible that 
the curved jet results from the superposition of two separate and inclined 
linear jets? Such a superposition would appear excessively fortuitous and 
therefore unlikely, also, the smooth curvature of the jet evident from the 
CCD frames is strongly suggestive of a single coherent structure. In addi-
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tion, similar curved jet features, apparently displaced from their proposed 
sources, are seen elsewhere. The jet in the HL Tau system (to be discussed 
shortly) is an example. 

Magnetic fields and accretion discs are, as in the case of other outflow 
manifestations, playing an increasing role in the formulation of theoretical 
models of emission line jets. The observed configurations of emission line 
jets should not, therefore, be viewed in isolation but within the framework of 
an integrated outflow generation mechanism. Evidence has been presented 
in the preceeding sections for the existence in the Haro 6-5 system of a 
magnetic field configuration concomitant with the model assumptions of 
Uchida and Shibata. It is expected that, in the regions above and below a 
circumstellar disc, the topology of the local magnetic field will undergo a 
transition such that a predominantly polloidal field exists outside the elise 
and a predominantly toroidal field exists inside it. If the jet is intimately 
associated with the magnetic field topology then such a transition may be 
expected to reproduce itself in the obserwcl jet configuration. In other 
words if the jet is formed by, for example, a column of material being 
'squeezed out' from the inner disc regions and constrained to move along 
the magnetic field lines, then the jet will provide a map of the magnetic 
field and will consequently appear curved. 

Finally, the polarisation level of Haro 6-5A is much greater than that 
measured by Vrba et al. 1985 (3.3 per cent), although the measurements 
are not directly comparable due to the differences in effective passbands and 
apertures used. Cohen and Kuhi (1979) quote a visual extinction of two 
magnitudes to Haro 6-5A, however, the photometry of Vrba et al. (1985} 
yields a value of 5.4 magnitudes on the assumption of an intrinsic V-K 
colour of 3 magnitudes and normal interstellar reddening. The latter value 
is more in line with our R band polarisation measurements. 



Chapter 5 

The HL/XZ Tau System 

HL and XZ Tau are a pair of T Tauri stars located in the northern region of 
the L1551 cloud which itself lies towards the south of the Taurus dark cloud 
complex. The L1551 cloud is well known for the molecular outflowl optical 
nebulosity, HH objects and emission line jet associated with theIR source 
L1551-IRS5. To the north-east of L1551-IRS5 another IR source, L1551 
NE, illuminates optical nebulosity (Draper et al. 1985b ). The HL/XZ Tau 
system possesses its own emission line jet and shows some evidence for 
associated high velocity molecular gas. In addition, the two stars appear 
to be surrounded by morphologically complex optical nebulosity. There is 
strong evidence, therefore, for (at least) three SF regions in the L1551 cloud 
suggesting that the phenomenon is relatively common in this area. 

5.1 Previous Observations 

Mundt and Fried (1983) present CCD imaging of the HL and XZ Tau region 
through their R band and Ha filters, and report the detection of a jet to 
the north-east of HL Tau at PA 36 ± 3 deg. They note that, whilst the jet 
appears to be colinear with fainter and more extensive nebulosity, its axis 
does not in fact connect with HL Tau but passes ::::::: 5 --+ 7 arcsec to the 
south-east of this star. 

Strom et al. (1986) present a velocity survey of the region based on 
CCD imaging of the [SII] line in which the jet to the north-east of HL 
Tau appears blue shifted. A corresponding red shifted structure to the 
south-east of this star is also seen, but is less obviously jet-like. 

101 
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The long slit· spectroscopic observations of Mundt et al. (1987) in
dicate that the blue shifted heliocentric velocities in both [SII] and Ha 
emi~sion from the north-eastern jet increase from ~ -140--; -180km s- 1 

with distance from HL Tau. The existence of a small patch of red shifted 
( +63km s- 1

) Ha emission to the south-east of HL Tau (also seen in [SII]) 
is noted, although, in view of the complexity of the nebulosity surrounding 
HL and XZ Tau, the relationship, if any, between this patch of emission 
and the red shifted structure detected by Strom et al. (1986) is not clear. 
A 6cm VLA continuum survey by Brown et al. (1985) detects both HL 
and XZ Tau as well as a third optically invisible source. Mundt et al. 
(1987) suggest that this latter source (designated VLA1-HL Tau at. posi
tion a(1950)= 411 28m45.2", 8(1950)= 18°7'42") may be responsible for the 
emission line jet to the north-west of HL Tau. The existence of this YLA 
source, however, has not yet been corroborated (Cohen and Jones 1987). 
On the basis of their velocity measurements, Mundt et al. (1987) declare 
the existence of a bipolar flow in the region, probably centred on the VLA 
source VLA1-HL Tau. 

Calvet et al. (1983) detect broadened CO line profiles in the region 
and deduce the presence of high velocity molecular gas. Both red and 
blue shifted gas is detected, although the red shifted component may be 
contaminated in part by the extensive molecular outflow associated with 
L1551-IRS5 further to the south. Higher resolution {30 arcsec) CO mapping 
by Torrelles et al. (1987) also reveals the presence of both red and blue 
shifted gas in the vicinity of HL and XZ Tau. On a geometrical basis these 
authors find it unlikely that HL Tau is responsible for the high velocity gas 
since both red and blue shifted components lie closer to XZ Tau on the 
plane of the sky. 

The spectral energy distribution of HL Tau, extended into the far-IR by 
the observations of Cohen (1983), suggests that the radiation from this star 
is dominated by long wavelength (up to lOOJ.Lm) emission. The unusually 
large ratio ofiR to optical luminosity (630) leads Cohen to suggest that HL 
Tau is seen through an edge-on circumstellar disc. A bolometric luminosity 
of 7.2L0 and visual extinction of 7 magnitudes are derived for HL Tau. 
It is suggested that the HL Tau system may be at a very early stage of 
PMS evolution, possibly as young as 105 years, in which case the star may 
be surrounded by a loosely bound assembly of warm !R-emitting material 
rather than a compact disc. 



HL Tau 103 

A circumstellar disc is also indicated by the near-IR speckle interfero
metric observations of Beckwith et al. (1984) which reveal a region of ex
tended scattered light around HL Tau of dimensions 320 by 200 AU (roughly 
consistent with the estimates of Cohen 1983). These authors interpret the 
light as reflection from a 'fat' circumstellar disc, probably inclined to the 
plane of the sky. 

Beckwith and Sargent (1987) present interferometric 13CO observations 
of HL Tau and conclude that the star is surrounded by an elongated con
densation of gas which they identify with a disc oriented with equatorial 
plane at PA 147 deg. 

5.2 New Observations 

Polarimetric data on the HL and XZ Tau region were obtained at the 2.5m 
Isaac Newton telescope (INT) of the La Palma Observatory on 1987 Jan 
4th. The Durham CCD imaging polarimeter system (described in §3.2) was 
used at the f/15 Cassegrain focus and a total of 20 unfiltered exposures were 
made. In each of these exposures the object was imaged simultaneously 
in orthogonal polarisation states. The length of exposure- varies between 
CCD frames so that, upon subsequent recombination and normalisation, 
information is available in both the faint nebular and bright stellar regions. 
The data is unfiltered giving a broad bandpass of about 450nm to 1000nm 
with peak response around 720nm (Table 3.1 ). 

The image scale is ~ 0.43 arcsec pixel-1 • A linear rather than constant 
sky subtraction is used in order to guard against possible contamination 
of the exposures by dome-originating scattered light, otherwise the data 
reduction is as outlined in §3.2. 

5.2.1 Imaging 

Figure 5.1 shows a contoured total intensity image of the HL and XZ Tau 
region obtained from a combination of 16 of the 20 unfiltered CCD frames. 
The image has been smoothed by the application of a 3 pixel2 filter. The 
centroids of the three stars HL Tau, XZ Tau and LkHa-358 are indicated 
by '+' and are labelled. HL Tau lies at the centre of the coordinate sys
tem. The approximate location of the VLAl-HL Tau source, obtained by 
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offsetting its coordinates (taken from Mundt et al. 1987) from those of 
XZ and HL Tau (from Strom et al. 1986) is shown by '*' (at (-9,7) in 
the ·arcsec coordinate system ceutred on HL Tau). The image of XZ Tau 
is badly charge smeared in these exposures and so the affected pixels have 
been removed to leave the blank region in the centre and to the south of XZ 
Tau. The XZ Tau centroid shown has been obtained from a separate series 
of short exposure (50 sec. each) CCD frames. These frames will also enable 
measurement of the polarisation of XZ Tau, however, they have been ex
cluded from the composite image shown contoured in Figure 5.1 since they 
contribute only noise to the majority of the nebulosity. The 'spurs' to the 
immediate east and west of XZ Tau result from diffraction of the stellar 
Image. 

The dominant luminosity peaks, corresponding to the stars HL and XZ 
Tau, are separated by ~ 24 arcsec on the plane of the sky. The image of 
XZ Tau, although surrounded by faint nebulosity, is stellar in appearance 
(ignoring the diffraction and charge smearing effects) whereas that of HL 
Tau is clearly not. The latter star is surrounded by contours which are 
extended and irregular suggesting that HL Tau is embedded within optically 
bright nebulosity. The PA of elongation -of the contours surrounding HL 
Tau is roughly 145 deg. LkHa358 also has the appearance of a nebulous 
star, in this case the nebulosity is elongated in an east-west direction. 

To the north-east of HL Tau lies the blue shifted emission line jet first 
reported by Mundt and Fried (1983). In the present unfiltered data the jet 
consists of three knots, labelled A, Band C, which together form a structure 
~ 18 arcsec in length. It is not possible to draw a straight line through 
all three of the knots shown in Figure 5.1, suggesting the existence of an 
element of curvature in this structure. An axis at PA 40 deg. passes through 
knots A and B whereas the outer knot C appears displaced slightly to the 
north of this line. The effect, however, is rather subtle, and the deviation 
from linearity over the length of the detected jet is small. In any case it is 
not possible to cause an axis through any two of the knots to intersect with 
HL Tau or any other optically visible source. A simple backward projection 
of the jet passes about 5 arcsec to the south-east of HL Tau. The VLA 
source, suggested by Mundt et al. (1987) as an exciting source for the jet, 
is located at the south-western tip of the jet (as indicated by the '*' in 
Figure 5.1) and lies close to the axis at PA 40 deg. 

The bright features of Figure 5.1 appear to be superimposed upon a 
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background of extensive and, in places, highly structured nebulosity. The 
fainter nebulosity appears quite amorphous and seems to be distributed 
fairly evenly about .HL Tau in a broad swathe running from the tip of the 
jet in the north-east to LkHa358 in the south-west. The brighter nebulosity 
is more organised and structures can be discerned extending from spurs 
on the inner contours surrounding HL Tau to form a system of multi
directional arcs. Several possible arcs are indicated by curves in Figure 5.1. 
The regions between the arcs are occupied by fainter, connective nebulosity. 
To the north-east of XZ Tau a linear structure measuring ~ 11 arcsec in 
length is visible. Faint nebulosity extends to the east of XZ Tau in an 
arm-like extension terminating in a brighter globule. Two outlying patches 
of nebulosity can be seen to the north-east and to the north of XZ Tau. 
One of these patches appears globular, the other irregular, both seem to 
be detached from the main body of nebulosity and the irregular patch is 
approximately colinear with the jet. 

The luminous structure in the HL/XZ Tau region is clearly complex 
and, on the basis of morphology alone, it is difficult to decide what roles, 
if any, each of the hitherto detected sources play in the generation and 
maintenance of the observed nebulosity. 

5.2.2 Polarisation Mapping 

Figure 5.2 shows a linear polarisation map of the HL/XZ Tau region derived 
from the unfiltered INT observations. Each vector represents an integration 
over a 7 pixel ( ~ 3 arcsec) square bin, the inter-bin spacing being 5 pixels 
( ~ 2.2 arcsec ). Selected brightness contours are plotted to indicate the 
extent of the faint nebulosity and the relative locations of the optically 
bright sources are shown by '+'(as in Figure 5.1). Also, a total intensity 
cut is imposed on the map so that no vectors are plotted outside the lowest 
brightness contour. 

Large levels of polarisation are evident throughout the great majority 
of the HL/XZ Tau system suggesting that the nebulosity is seen primarily 
by reflection. In the regions to the north-east of HL Tau, polarisations 
reach 50 per cent in places with 30 --+ 40 per cent being typical whereas 
lower values of 20 per cent are representative in the regions to the south 
and south-west of the star. To the south-east and north-west of HL Tau 
polarisation levels are lower still, generally 10 --+ 20 per cent. In addition 



HL Tau 

I 
,~ 

X 
'~ 
_j 

I 

or 

-~---------,:,co,-----,,-~. ----r----,------.---, 
L{) 

' 
I 

0£ 02: 

N) 
CJ 
.c 
0. 
CJ 
I 

I 
~ 

_j 

Ol 

(I 

:::) 

0 
f-

N 
>< 

0 oL- oz:- or-
n o 1 l H to LJ + J o N ::> e s J J'v' 

106 

=:; 
0 

0 r--
0J 

__j 

I 

'+-

0 

0 
(f) 

Q) 

s 
u 

0 Q) 
N (f) 

I u ..__ 
<r: 

0 
~ 
I 

Figure 5.1: A contoured brightness map of the HL/XZ Tau system, as 
discussed in the text. 
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there are regions within the lowest brightness contour where the polari
sation becomes extremely low or disappears entirely. In agreement with 
pre~ious observations, HL Tau itself appears considerably polarised. The 
central regions of XZ Tau have been removed due to the effects of charge 
smearing and so the polarisation of this star will be obtained from the four 
short exposures not used in Figure 5.1. 

Although the levels of polarisation vary considerably throughout the 
nebular complex, the pattern formed by the vectors is more coherent. Ignor
ing, for the moment, the nebulosity in the region of XZ Tau and LkHa358, 
the majority of the polarisation map displays vector orientations symp
tomatic of illumination from the vicinity of HL Tau. However, instead 
of the circular arrangement of vectors seen in the case of isotropic illumi
nation by a single unpolarised central point source, local perturbations in 
vector orientation appear to be superimposed on a general elliptical pattern 
centred on HL Tau. The major axis of the ellipse appears to be inclined 
at approximately the same position angle as the axis of elongation of the 
contours immediately surrounding HL Tau, which in turn is parallel to 
the angle of polarisation of the star itself. Returning now to the outlying 
nebulosities, a transition region is evident in the polarisation pattern to 
the south-west of HL Tau. Beyond this region, to the west, the prevailing 
source of illumination is LkHa358 as evidenced by the symmetric distribu
tion of vector orientations to the east and west of this star. Again, a precise 
circular vector arrangement is not seen although in this case the residual 
curvature in the pattern is sufficient to identify LkHa358 as the dominant 
influence. A casual inspection of the polarisation data suggests, therefore, 
that there may be two separate reflection nebulae in this area-one associ
ated with HL Tau and one with LkHa358. 

The polarisations of the three stars HL Tau, XZ Tau and LkHa358 have 
been measured using a circular aperture centred on each star. The results 
of this simulated aperture polarimetry are given in Table 5.1. The mea
surements of Vrba et al. (1976) and Bastien {1982) are shown in Table 5.2. 
When making comparisons between these tables it is relevant to note that 
the results of aperture polarimetry are dependent upon the size of the aper
ture used, especially when the object is embedded within strongly polarised 
reflection nebulosity-as in the case of HL Tau. Under these circumstances 
it is advantageous to be able to fit the aperture to the stellar image after 
the observations (when the average seeing conditions are known) such that 
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Figure 5.2: Polarisation map of the HL/XZ Tau region derived from the 
unfiltered INT data and discussed in the text. 
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Source INT data 
P (%) PA (deg.) 

XZ Tau 1. 7 ± 0.3 87 ± 5 
HL Tau 15.2 ± 0.3 143 ± 0.5 

4.2 ± 2 LkHa358 4.1 ± 0.3 

109 

Table 5.1: Polarisation measurements for the three stars, derived from 
the unfiltered (peak response 720nm) INT data. In each case, a circular 
aperture of diameter 5 pixels ( ~ 2.2 arcsec) was used. 

Source Vrba Bastien 
p (%) PA (deg. ) p (%) PA (deg. ) 

C·Z.~ 
XZ Tau 1.4 ± 0.3 93 ± 5 0.9±i 100 ± 5 
HL Tau 12.3 ± 0.6 144 ± 1 11.2 ± 0.2 147 ± 1 

Table 5.2: Polarisation measurements for the three stars taken from Vrba 
et al. 1976 and Bastien 1982. The measurements from Bastien 1982 are 
for an aperture size of 14 arcsec and correspond to a peak wavelength of 
754nm. 

it contains as much of the direct starlight as possible (a significant propor
tion of the polarisation may reside in the wings of the stellar profile) but 
is not contaminated by the surrounding nebulosity. In this case, a 5 pixel 
( ~ 2.2 arcsec) diameter aperture is used. The difference in wavebands used 
will also affect the comparison of results. 

Vrba et al. (1976) list the polarisations of 23 stars lying toward the 
L1551 cloud. An estimate of the orientation of the magnetic field threading 
this cloud can be obtained by averaging the results of Vrba et al. for stars 
which are clearly peripheral to the cloud (and therefore more likely to be 
field stars) and have polarisations greater than or equal to that expected 
for a star at the distance of the Taurus clouds and by assuming that nearly 
all of the polarisation takes place within the clouds. A PA of 75 deg. 
is obtained for the field along with a polarisation of 1.8 per cent which is 
assumed to be intrinsic to the Taurus cloud material in the L1551 direction. 
The location of HL Tau, XZ Tau and LkHa358 relative to the near and 
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far sides of 11551 (and, indeed, relative to one another) remains unknown 
and so it would be inappropriate to 'correct' the figures of Table 5.1 for the 
polarising effects of the 11551 cloud. However, it is worth noting that if 1.8 
per cent at PA 75 deg. is subtracted from the polarisation of H1 Tau shown 
in Table 5.1 than a figure of 16.6 ± 0.4 per cent at PA 146 ± 3 results. The 
polarisation angle of H1 Tau in the IRis also 146 deg. (Hodapp 1984) in 
excellent agreement with the PA of the molecular disc (147 deg. ) reported 
by Beckwith and Sargent (1987). 

5.2.2.1 The HL Tau Region 

A higher spatial resolution polarisation map of the region surrounding H1 
Tau is shown in Figure 5.3. The position of the V1A source is marked. The 
integration bin size for the polarisation measurements is 5 pixels ( ~ 2.2 
arcsec) s

7
quare with an inter-bin spacing of 3 pixels(~ 1.3 arcsec). 

The finer detail afforded by the closer bin spacing in this map empha
sises the deviations from circular centrosymmetry previously inferred from 
the inspection of _Figure 5.2. Most conspicuous is the polarisation of H1 
Tau itself which, apart from being unusually large (Table 5.1 ), lies within 
an elliptical arrangement of vectors running across the star with major axis 
in a north-west south-east direction. The polarisation levels decrease with 
distance from the star along this direction with evidence for null points in 
the polarisation pattern at about 5 arcsec on either side of the H1 Tau 
centroid. Analogous polarisation structures have been found in connec
tion with the stars Haro 6-5A and Haro 6-5B, also in the Taurus complex, 
and a model involving magnetised discs of obscuration around these stars 
(chapters four and seven) has been suggested. 

Taking a broader view, the regions most consistent with a circular cen
trosymmetric vector pattern centred on HL Tau are contained within the 
north-eastern quadrant of the polarisation map. This quadrant also con
tains the highest levels of polarisation as well as the jet and V1A source 
(Mundt et al. 1987). Even so, local perturbations in vector orientation 
are still quite evident in this north-eastern quadrant of the map. A closer 
examination of the vector pattern surrounding this star will be given in 
§5.3. 

Centrosymmetry is less obvious in the regions to the west and south-
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west of HL Tau and in many cases the vectors have orientations similar 
to those overlying HL Tau-although the residual curvature indicative of 
a scattering pattern associated with this star is still evident. The polarisa
tion levels here are also slightly lower than those to the north-east of HL 
Tau. Again, an analogous effect is observed in the Haro 6-5 system in the 
triangular nebulosity to the north-east of Haro 6-5B and, to a lesser extent, 
in the nebulosity to the south of Haro 6-5A. 

The north-west south-east line running through HL Tau (and defined 
by the polarisation angle of the star) appears to divide the map into two 
manifestly different parts. To the south and west of this line the vector 
orientations are approximately elliptical suggesting a source of illumination 
to the north-east of HL Tau (assuming simple scattering) whereas to the 
north-east circularity is more evident in the vector pattern. In addition, 
the polarisation levels along this supposed dividing line are markedly lower 
than those typical elsewhere in the map. In the south-western extremity 
of Figure 5.3 the effects of illumination from LkHa358 begin to become 
apparent. 

5.2.2.2 The LkHa358 Region 

A polarisation map centred on LkHa358 is shown in Figure 5.4 and has 
the same integration bin size and spacing as that of Figure 5.3-in fact, 
the two fields overlap slightly. In this overlap region the effects of illumi
nation from both sources (HL Tau and LkHa358) can be seen, resulting 
in an 'S' shaped vector pattern. To the north the scattering of light from 
HL Tau seems to dominate whereas to the south, the influence of LkHa358 
is more apparent. However, it is difficult to determine the exact extent of 
the influence of these two sources in this region. As mentioned previously, 
the curvature evident in the vector pattern surrounding LkHa358 identi
fies this star as the predominant illuminator of the arm-like extension of 
nebulosity in which it resides. The curvature does not extend to circularity 
though, and the pattern appears to be 'flattened' along a north-south line. 
This is interesting in view of the angle of polarisation measured for the star 
which is also approximately north-south. If a component of the polarisa
tion overlying LkHa358 also affects the reflected light from the surrounding 
nebulosity then the modified scattering pattern may be expected to resem-
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Figure 5.3: A higher spatial resolution polarisation map of the region sur
rounding the star HL Tau. 
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ble the flattened vector orientations actually observed. The polarisation 
pattern in the vicinity of HL Tau shows a similar flattening of the vector 
orientations along a line parallel to the polarisation of this star. 

5.2.2.3 The XZ Tau Region 

A polarisation map of the XZ Tau region is shown in Figure 5.5 with in
tegration bin size and spacing identical to that of Figures 5.3 and 5.4. A 
polarised intensity cut has been imposed on this map so that vectors corre
sponding to nebulosity thought to be too faint for a reliable determination 
of the polarised quantities are not plotted. Also, a cut in total intensity en
sures that no vectors are plotted outside the lowest brightness contour. The 
position of XZ Tau is marked (at ( -24,-1.5) in the arcsec coordinate system 
centred on HL Tau) and the VLA source is also shown to the north-west 
of this star. 

The strong scattering pattern in the western and northern part of the 
map is that associated with HL Tau. The influence of the HL Tau scattering 
pattern is identifiably bounded but without any evidence of the continuity 
in polarisation level and angle seen in the transition between scattering 
patterns in the LkHa358 region. Instead, the polarisation levels and angles 
seen in the central and western regions of Figure 5.5 appear comparatively 
disorganised and, in many places, non-existent suggesting that no addi
tional source of illumination is present here. However, to the north and 
east of XZ Tau, it is still possible to identify groups of vectors whose ori
entations are consistent with illumination from the direction of HL Tau 
indicating that light from this star does get through in places to create the 
effect of 'islands' of reflection nebulosity. These 'islands' are separated by 
regions devoid of vectors where no polarisation above the intensity cuts is 
detected. However, the nebulosity surrounding XZ Tau is faint (a compar
ison of the map with the composite image of Figure 5.1 may be helpful 
although it is relevant to note that the 3 separate fields have been nor
malised to one another) and in addition, the region was mapped using 
shorter exposure times so that the results presented here do not preclude 
the future establishment of polarisation by a deeper imaging survey. 

With this reservation in mind, there is no evidence in Figure 5.5 to sug
gest that XZ Tau illuminates any of the surrounding nebulosity. The possi-
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Figure 5.4: A higher spatial resolution polarisation map of the region sur
rounding the star LkHo358. 
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bility of a physical association between XZ Tau and some of the surrounding 
nebulosity still exists, however, since the polarisation data in themselves are 
not ·inst.ructive in the interpretation of features that are intrinsically unpo
larised. For example, the linear feature (at PA::::: 10 deg. ) to the north-east 
of XZ Tau does not register in the polarisation pattern suggesting that it is 
seen by emitted rather than reflected light. However, the exposure level is 
such that a polarisation of less than 5 per cent in this region would be un
detected. The PA of the linear feature and its proximity to XZ Tau would 
favour this star as the progenitor and such a conclusion cannot be excluded 
on the basis of the polarisation data (although it may be argued that the 
virtually global influence of HL Tau indicated by the polarisation pattern 
elsewhere is a reason for the association of all nebular features, polarised or 
not, with HL Tau). In addition, no polarisation is measured for the glob
ular nebulosities at the eastern edge of the field (as shown in Figure 5.1) 
although, again, a polarisation level of less than 5 --t 10 per cent would 
not be detected in these observations. However, in view of their compact 
semi-stellar appearance, these nebulosities may be good candidates for HH 
objects. 

5.3 Interpretation and Discussion 

Before proceeding to an interpretation of the data, the salient points pre
sented so far are briefly summarised. 

• HL Tau is the most important illuminator in the HL/XZ Tau system 
and is responsible for the majority of the observed reflection nebulos
ity. The star LkHa358 also supports reflection nebulosity, although 
the scattering of light from this star appears to be a locally restricted 
phenomenon. There is no evidence to suggest that XZ Tau is respon
sible for the illumination of any of the nebulosity in the HL/XZ Tau 
region. The role of the VLA source is not clear. Although it is located 
close to the axis of the emission line jet of Mundt and Fried (1983) and 
has been suggested as the exciting source of this structure, its position 
in relation to the remainder of the nebulosity appears arbitrary. 

• All three stars are polarised beyond the levels expected for normal 
interstellar extinction at the distance of the Taurus cloud complex. 
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Figure 5.5: A polarisation map of the XZ Tau region as discussed in the 
text. 
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The excess polarisation of XZ Tau is small however, and its polarisa
tion is very similar to those of field stars located on the periphery of 
the 11551 cloud. In contrast, the polarisation level of HL Tau is very 
large. LkHa:358 is polarised to an intermediate extent. 

5.3.1 Evidence of a Disc and Outflow Nature for HL 
Tau 

The polarisation pattern surrounding HL Tau, shown in Figure 5.3, pro
vides several clues for the interpretation of this nebulous region and for the 
formulation of a model consistent with current ideas on PMS stellar evolu
tion. The polarisation of HL Tau itself, 15.2 ± 0.3 per cent at PA 143 ± 0.5 
deg. (Table 5.1 ), whilst being unprecedentedly large is also angled similarly 
to the group of vectors closely surrounding the star. 

It must be explained why regions closely surrounding HL Tau both along 
the axis of the proposed circumstellar disc and perpendicular to it, show po
larisation angles similar to the polarisation angle detected for the star. The 
observed elliptical distribution of vector orientations and the evidence for 
null points in th~ polarisation pattern dose to the star cannot be explained 
in terms of single scattering alone. Instead, an additional polarising mech
anism, capable of acting in an antagonistic fashion so as to produce null 
points, must be invoked. The deviation from circular centrosymmetry of 
the polarisation pattern is suggestive of the intrusion of a component of the 
polarisation overlying the central star into the surrounding regions-that 
is, the pattern appears flattened as if by the superposition of a constant 
angle polarisation. 

Such a polarising mechanism can be accommodated within the context 
of a magnetic disc of obscuration which, in compliance with the available 
data, is posited to exist around the star HL Tau. The extinction of light 
passing through the disc by magnetically aligned dust grains provides the 
additional source of polarisation, the PA being determined by the orienta
tion of the magnetic field. It is assumed that the geometry of this magnetic 
field is predominantly toroidal with respect to the disc axis (that is, the 
field lines lie mostly within the plane of the disc) as seems plausible from 
simple dynamical considerations of disc systems with significant angular 
momentum (§2.4.7.1 and §7.4). The extra assumption of DG alignment 
leads to the proposal of a disc and magnetic field oriented at P A 143 de g. 
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parallel to the polarisation of HL Tau. The way in which the two polari
sation patterns (scattering and extinction) may be expected to combine to 
produced the features discussed above was detailed in connection with the 
Haro 6-5 system in §4.3.3.1 and will also be discussed in chapter 7. 

Alternatively, the polarisation of HL Tau and the elliptical distortion 
of the surrounding scattering pattern may result if the light leaving the 
immediate vicinli'y of the star is intrinsically polarised (Notni 1985). In 
this case it would not be necessary to invoke the effects of magnetically 
aligned grains. 

Further information may be obtained from the map of Figure 5.3. It has 
already been mentioned that the polarisation vectors just to the north-east 
of HL Tau show a greater element- of curvature than their counterparts to 
the south-west. Similarly, and moving out from the star, the vector ori
entations in the north-eastern quadrant of the map appear predominantly 
circular whereas those in the south-western quadrant retain a more ellip
tical distribution. This effect can also be seen in Figure 5.6 which shows 
the polarisations plotted radially with respect to HL Tau rather than in a 
square matrix. 

An explanation may be provided within the context of the aligned grain 
model mentioned above if the polarising influence of the disc is more potent 
to the south-west of HL Tau than to the north-east. Such a situation may 
occur if the disc overlies to a greater extent the former region. To achieve 
this the disc may either be more extensive to the south-west or, more likely, 
it is tilted out of the plane of the sky. Such a nebular tilt would ensure that 
the disc polar axis points out of the sky towards us to the north-east of HL 
Tau and into the sky away from us to the south-west. It is interesting to 
note that the emission line jet to the north-east of HL Tau is blue shifted 
(Mundt et al. 1987). 

Alternatively, if an intrinsically polarised source is to be prefered, the 
range of scattering angles available in the nebular medium must differ be
tween the north-east and south-west quadrants. An elliptical distribution 
of vector orientations may also result if the nebulosity is partially illumi
nated by light from the extended bright disc in addition to the central point 
source of HL Tau. 

The enhanced levels of polarisation in the north-eastern and south
western quadrants of the polarisation map of Figure 5.3 would normally 
signify the presence of two cones of illumination above and below the plane 
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Figure 5.6: Linear polarisation in the HL Tau region. An integration bin 
size of 3 pixels (::::::: 1.3 arcsec) diameter is used and the bins are spaced 
regularly at intervals of 3 pixels along lines radiating from the position of 
HL Tau. Deviations from circular centrosymmetry are apparent by the 
non-perpendicularity of the vector with the radial line. 
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of the circumstellar disc posited to exist about HL Tau. However, inspec
tion of Figure 5.1 reveals that such an interpretation is not immediately 
endorsed by the total intensity data which instead show a general elonga
tion of the brightness contours surrounding HL Tau in a north-west south
east direction-the orientation of the proposed circumstellar disc. Until 
now, the parallels between the HL/XZ Tau region and the Haro 6-5 system 
{discussed in the previous chapter) have been notable, however an impor
tant difference arises here. The disc around HL Tau is an optically bright 
structure with more light reaching us through its equatorial regions than 
through its polar regions. On the contrary, the disc around Haro 6-5B is 
a dark structure which restricts the illumination of the surrounding nebu
losities to a bicone centred on its polar axis. In the case of HL Tau, the 
polarisation map shows that the most favourable scattering geometries are 
located in the regions above and below the plane of the circumstellar disc-a 
situation typical of bipolar reflection nebulae-even though these areas are 
fainter than the disc regions. The apparent reverse in the luminosity struc
ture typical of bipolar reflection nebulae (dark disc, bright nebula) may be 
explained if the system is particularly youthful, as has been suggested pre
viously {§5.1 ). In one possible early evolutionary scenario, a loosely bound 
'proto-disc' may be sufficiently rarefied to reflect a significant proportion of 
the light incident upon it into the observer's line of sight, thus appearing 
as a bright elongated structure. The faintness of the nebulosity above and 
below the plane of the disc may be due to a paucity of dust in these regions. 
If the dust in the lobes of bipolar reflection nebulae originates in the disc 
and is maintained, perhaps, by the disc outflow mechanisms thought to be 
responsible for, among other things, molecular outflow, then the regions 
above and below the plane of the disc around HL Tau may be expected 
to brighten with time. It is therefore proposed that the differences in ap
pearance between the HL Tau and Haro 6-5B systems are due mainly to 
the two systems being at different stages of PMS evolution. In addition, 
on the basis of morphological similarity, Haro 6-5A and HL Tau may be at 
comparable evolutionary stages. An extension of this discussion appears in 
§5.4 

The decrease in polarisation levels in the equatorial disc regions is prob
ably due to a combination of less favourable scattering geometry, competi
tion between polarisation by scattering and polarisation due to extinction 
by aligned grains and possibly also an element of de-polarisation due to mul-
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tiple scattering caused by the higher optical depth for a light path through 
the plane of the disc. 

As well as illustrating the elongation of the central brightness contours 
along the plane of the proposed circumstellar disc, Figure 5.1 also shows 
a series of spurs projecting out from these central contours and extending 
like horns into the faint nebulosity. Four main horns are seen, one at 
each 'corner' of the disc and, in the light of the preceeding discussion, 
it is tempting to identify these structures as the first indications of the 
walls of a bipolar cavity still under construction. Further evidence for this 
interpretation is provided by the polarised intensity image shown contoured 
in Figure 5.7. Two disc 'horns' are clearly visible, one to the east of HL Tau 
_and one to the north, indicating that these structures are bright in reflected 
light as would be expected of the walls of a bipolar cavity. However, because 
varying exposure times were used in order to limit the effects of charge 
smearing during observations, the composite image of Figure 5.7 contains 
one field that is under exposed relative to the remainder leading to the 
three vertical strips of noisy data. Unfortunately, the region to the west of 
HL Tau coincides with one of these noisy fields so that the detection of the 
two horns on this side of the disc in polarised intensity is not clear. 

Also visible in Figure 5. 7 is the pronounced pinching of polarised in
tensity contours on either side of the star HL Tau to form the waist-like 
structure indicative of the lower levels of polarisation along a line at PA 
~ 145 deg. This orientation is nearly parallel to the polarisation angle of 
HL Tau and to the proposed disc equatorial plane. If the lower levels of po
larisation are attributed to a degree of competition between the scattering 
pattern centred on HL Tau and the polarisation due to extinction by aligned 
grains within the disc, then the geometry observed in Figure 5. 7 supports 
the earlier contention of a magnetic field lying predominantly within the 
plane of the disc. 

5.3.2 The Jet Region 

Previous observations of the jet region in HL Tau were outlined in §5.1 and 
a brief description of the appearance of the jet in the new data was given 
in §5.2.1. In the unfiltered CCD data shown contoured in Figure 5.1 the jet 
consists of three knots arranged in a linear fashion at P A ~ 40 de g. This 
structure can also be seen in the Ha CCD images of Mundt et al. (1983) 
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Figure 5.7: Contoured polarised intensity image of the HL/XZ Tau region. 
The contour spacing is logarithmic with intervals of 0.3 magnitudes. 



HL Tau 123 

and to a lesser extent in the narrow band [SII] images of Strom et al. (1986). 
In addition to these three knots, there is a patch of nebulosity to the north
east-apparently detached from the main body of nebulosity-and also a 
'spur' on the intensity contours to the south-west near to the location of 
the VLA source. This spur may correspond to the 'thumb' of [SII] emission 
detected by Strom et al. (1986) at PA 40 deg. to the north-east of HL Tau. 
Although all of these features are approximately colinear, the manner in 
which they are related to one another and to the presently known sources 
in the HL/XZ Tau system is not clear. 

In the polarisation maps of Figure 5.2 and Figure 5.3 the vector ori
entations in the jet region are typical of the uniform curvature scattering 
pattern centred on HL Tau, with no indication of a correlation between the 
intensity structure of the jet and the polarisation PAs. This observcttion 
is augmented by the radial polarisation plot shown in Figure 5.6 which 
shows that, although deviations from circular centrosymmetry about HL 
Tau clearly exist, they do not correlate with the jet structure. In addition, 
this polarisation map shows no evidence for the illumination of the nebu
losity from the position of the VLA source (the optical invisibility of this 
VLA source does not, on -its own, eliminate it as an illuminating source
HH1 and 2 in L1641 appear to be illuminated by an optically invisible VLA 
source). A further polarisation map with measurements made at selected 
positions in and around the knots of nebulosity that comprise the jet is 
shown in Figure 5.8. The polarisation angles have been turned through 
90 deg. so that for scattering from a central source the vector orientations 
should be radial with respect to that source position. The polarisations at 
the positions of the three knots appear consistent with illumination from 
the direction of HL Tau as does the remainder of the map. There are two 
explanations for this observed polarisation structure; either (i) the whole 
of the jet region (including the knots of nebulosity) is seen by the scatter
ing of light originating from HL Tau or (ii) the jet is purely an emission 
line feature and, therefore, intrinsically unpolarised. In the latter case the 
scattering arises in the background reflection nebulosity and on the basis 
of the polarisation data alone it is not possible to constrain the location of 
the jet exciting source. 

Referring back to the contoured polarised intensity image of Figure 5. 7 
and comparing with the contoured total intensity image of Figure 5.1 it is 
evident that the 'inner' two knots of the jet, knots A and B at positions 
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Figure 5.8: Polarisation measurements in the jet region. The vectors are 
plotted at right angles to the E vector so as to appear radial with respect 
to their source of illumination (assuming simple scattering). 

(-19.2,14.9) and (-16.3,10.8) in the arcsec coordinate system centred on 
HL Tau, are not represented at all in polarised intensity. The third 'outer' 
knot C of the jet (position ( -21.9,20)) corresponds with a region of enhanced 
polarised intensity which, if intrinsic to the jet, suggests that it contains a 
significant component of reflected light. However, this region of the map 
lies within one of the noisy data strips mentioned earlier and so must be 
treated with increased caution. The detached appearance of the polarsation 
structure corresponding spatially with the outer knot of the jet may result 
in part from a less than perfect normalisation between adjacent fields. In 
view of this an open verdict will be recorded on the polarisation of this 
outer knot. 

The three knots appear approximately colinear on the plane of the sky 
and, at first sight, would seem to represent a physically coherent structure. 
However, this does not obviate curvature in or out of the plane of the 
sky. As mentioned previously, the three knots also appear in the Ha CCD 
images of Mundt and Fried (1983) and in the [SII] CCD images of Strom 
et al. (1986), although the line emission from knot C appears fainter than 
that from knots A and B. Examination of the narrow band [SII] images 



HL Tau 125 

of Strom et al. (1986) reveals that the jet appears to change shape with 
wavelength and in addition, as the wavelength increases, the end of the jet 
(knot C) gradually disappears. 

This suggests that the emission from the outer knot is more blue shifted 
than that from the rest of the jet material, an effect that could be explained 
if the jet bends towards us with distance from HL Tau. An alternative 
explanation would be that the jet material is accelerating/decelerating with 
distance from its exciting source. The change in shape of the jet with 
wavelength, if a real effect, is more difficult to account for, but if different 
regions of nebulosity are being picked up at different wavelengths then this 
raises the possibility of a system of outflowing gas more spatially extensive 
than that identified with the original jet. 

As well as being bright in [SII], the jet is clearly visible in the Ha frame 
of Strom et al. (1986) wherein there is evidence to suggest that the inner 
knots may be connected to the star (HL Tau) by a faint spur of emission 
nebulosity. If this is the case, then it would necessitate a curvature of the 
inner portion of the jet since, as mentioned previously, a projection of the 
axis defined by the three bright knots would pass to the south of HL Tau. 
It must be said that, on the basis of the data presently available, it is not 
possible to distinguish between HL Tau and the VLA source as the exciting 
source of the jet. There appears to be nothing special about the VLA 
source except that it lies close to the bright optical region of the jet which 
is also detected in the VLA survey (Strom et al. 1986 referring to Brown 
et al. 1985). However, if it can be shown that the jet is curved, then this 
factor might prove inconsequential, indeed, there would be a possibility of 
interpreting the VLA source as a region of higher excitation corresponding 
to the position at which the jet deflection occurs. A curved jet was proposed 
in the previous chapter in connection with the star Haro 6-5B, although in 
that case there were no additional contending sources. 

Another interesting feature of the [SII] images of Strom et al. (1986) is 
the bright patch of nebulosity to the south of HL and XZ Tau visible in both 
the -80km s- 1 and +30km s- 1 frames (but slightly brighter in the latter) 
and which these authors refer to as the 'southern jet'. This structure is 
clearly visible in our unfiltered CCD data (Figure 5.3 for example) although 
it appears much fainter than the majority of the nebulosity in the region. A 
polarisation above the imposed cuts is detected in the two brighter knots of 
the emission structure but it is not possible to confidently attribute it to the 



HL Tau 126 

effects of illumination by HL Tau, which is responsible for the vast majority 
of the polarisation in the region. Another reason to doubt the association 
of the [SII] structure with HL Tau is that its position, relative to HL Tau, 
is difficult to reconcile with the disc and outflow theory expounded in the 
previous section since it lies close to the equatorial plane of the disc and 
would also appear to lie outside the proposed outflow structure as defined 
by the 'disc horns'. If we wish to associate this southern [SII] feature with 
the jet, also quite visible in [SII] emission, then this argument would tend 
to weaken the association of the jet with HL Tau. The angle subtended by 
the jet and the southern [SII] feature at the location of the VLA source is 
less than the 180deg. expected for diametrically opposing outflows but then 
again it is greater than the angle subtended at the position of HL Tau. 

5.3.3 XZ Tau and LkHa358 

The suggestion of a link between the star XZ Tau and the nebulosity in the 
region has so far been avoided on the basis that it does not appear to be 
responsible for the illumination of any of the observed reflection nebulosity 
and that its level of polarisation is atypical of_ values expected from obser
vation of other stars identified with PMS outflow activity (the polarisation 
of HL Tau is at the opposite extreme). However, the XZ Tau region has 
been mapped using relatively short exposures and so polarisations of less 
than about 10 per cent would not be detected. 

The polarisation of XZ Tau (Table 5.1) is very similar in level and 
orientation to the value calculated for the intrinsic polarising effect of the 
dust within the Taurus clouds (1.8 per cent at PA 75 deg. ), suggesting 
that it is a field star located behind the clouds and not involved with the 
SF activities in L1551. However, the classification of XZ Tau as aT Tauri 
star is a testamnent to its youth and supports an association with a SF 
region such as L1551. Association with L1551 is also suggested by the 
proper motion measurements of Cudworth and Herbig (1979) which show 
that XZ Tau, HL Tau and several other emission line stars in the vicinity all 
share common proper motion vectors within the errors. Two solutions seem 
possible; either XZ Tau is intrinsically unpolarised and is located at the back 
of (but still within) the Taurus clouds in which case its apparent association 
with HL Tau is a line of sight coincidence; or, XZ Tau is intrinsically 
polarised in which case it could be located anywhere along the line of sight-
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but still preferably within the Taurus clouds. In contrast, the polarisation 
angle of HL Tau is similar to that of 11551 IRS5 (a well identified outflow 
source) in theIR and VSS4 (situated close to the IRS5 outflow). 

The star LkHa358 supports its own reflection nebulosity independent 
of that associated with HL Tau. The east-west elongation of this nebu
losity is apparent (Figure 5.1) as is the brightness spike to the east of the 
star. This spike is also visible in the contoured polarised intensity image 
of Figure 5.7 (suggesting that it represents a region of enhanced light scat
tering) but appears positionally displaced from an axis running east-west 
through the star. The polarisation of LkHa358 (Table 5.1) is significantly 
above the 1.8 per cent level of the background stars and the angle of the 
polarisation is approximately perpendicular to the east-west nebular elon
gation. It is therefore suggested that the star LkHa358 is surrounded by a 
disc of obscuring and polarising material oriented with equatorial plane in 
a north-south direction and is responsible for the illumination/production 
of a bipolar outflow of material occurring along an east-west axis. In this 
scheme, the brightness spike could be caused by the reflection of light from 
the eastern cavity wall, naturally explaining the positional offset from the 
outflow axis. Such an effect is seen in other PMS systems, for example R 
Mon (Warren-Smith et al. 1987a). The proposed HL Tau and LkHa358 
outflows appear to intersect on the plane of the sky to form the 'cross
over' region of polarisation seen in Figure 5.4 and described in §5.2.2.2, 
and their relative size suggests that the LkHa358 outflow may lie some 
distance behind that of HL Tau (assuming the size differences are not due 
to evolutionary effects). 

5.4 Discussion and Summary 

The geometry proposed for the HL/XZ Tau system comprises two bipolar 
outflows, one centred about HL Tau and one about LkHa358, with axes 
oriented approximately perpendicular to the equatorial planes of their re
spective circumstellar discs (which lie at PA 143 deg. in the case of HL Tau 
and PA 4.2 deg. for LkHa358-as defined by the polarisation data). 

The jet of Mundt and Fried (1983) appears to be contained within the 
north-eastern lobe of the HL Tau bicone (which is envisaged as accounting 
for the majority of the nebulosity in the region) although it is not entirely 
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clear whether it is causally associated with H1 Tau or with some other 
source (for example, the V1A source-Mundt et al. 1987). The angle 
between the jet axis ( ~ 40 de g. ) and the equatorial plane of the disc as 
determined from the polarisation measurements is about 77 deg. although 
there is evidence to suggest that the jet is not straight. It is suggested 
that the H1 Tau bicone is tilted relative to the plane of the sky such that 
the north-eastern lobe projects towards us whereas the south-western lobe 
projects away from us into the 11551 cloud material. The 1kHa358 outflow 
may also be tilted so that its western lobe is the more obscured explaining, 
perhaps, why a brightness spike is not seen to the west of this star. 

The molecular line observations of Torrelles et al. (1987) indicate the 
presence of both red and blue shifted CO emission in the H1/XZ Tau region 
(§5.1 ). If, as they suggest, the red shifted gas is part of the extensive 11551 
IRS5 outflow, located to the south, and only the blue shifted component 
is indigenous to the H1/XZ Tau region, then the location of this blue 
shifted lobe to the north-east of H1 Tau is entirely consistent with the 
disc-outflow geometry presently suggested for this star. This blue shifted 
emission may, therefore, represent the molecular counterpart of the optical 
outflow proposed in §5.3.1. 

The map of Figure 5.3 shows evidence for the existence of null points 
in the polarisation on either side of H1 Tau at ~ 5 arcsec from the stellar 
centroid and within the plane of the circumstellar disc (PA 143 deg. ). 
The generation of such null points will be discussed in § 7 .1.2 and § 7 .1.3 
in the case of both scattering and aligned grain models. If the nebulosity 
is illuminated by an intrinsically polarised source, the location of the null 
points relative to the star may give some indication of the inner radius 
of the (dusty) circumstellar disc although in the case of the aligned grain 
model the location of the null points depends upon the degree of overlying 
polarisation by extinction. At a distance of 140pc, 5 arcsec ~ 700AU 
and, in addition, the radial extent of the nebulosity in Figure 5.3 along 
a line at PA 143 deg. is about 17 arcsec suggesting an outer disc radius 
of ~ 2, 500AU. The latter figure can be compared with the outer radius 
of 1600AU determined by Beckwith and Sargent 1987 (for a distance of 
160pc). Assuming a molecular hydrogen density of 106 em -J, a disc of radius 
2,500AU (and thickness of 700AU) would have a mass of"' 10-1M0 -of 
the same order as the mass estimated for the H1 Tau disc by Beckwith 
and Sargent. However, this figure appears to be too small by at least 
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one order of magnitude to support a disc driven molecular outflow. For 
example, in order to produce the nearby 11551 IRS5 molecular outflow, 
the ·hydromagnetic acceleration model of Pudritz and Norman predicts a 
disc of mass~ 10M8 around IRS5 (Pudritz and Norman 1986b). Although 
blue shifted CO emission has been detected to the north-east of HL Tau a 
bipolar outflow centred on this star is not seen and this, then, may be due 
to an insufficiently massive circumstellar disc. Three possibilities can be 
forwarded at this point: 

1. HL Tau is one of the youngest PMS stars observed (as suggested by 
Cohen 1983) and is still in the process of building up a large cir
cumstellar disc. Eventually, this disc will become sufficiently massive 
(and will have entrained sufficient magnetic flux) to power a molec
ular flow and will become sufficiently dense in its central regions to 
collimate the light from HL Tau into channels along its polar axis 
forming a bipolar nebula. In this scheme, the blue shifted CO to the 
north-east of HL Tau represents an emerging molecular outflow and 
the optical structure outlined in Figure 5.1 represents a prototype 
bipolar nebula, as suggested in §5.3.1. 

2. HL Tau is an evolved PMS star and much of the material that sur
rounded the star has been dissipated to leave the 'remnant' material 
seen today. Such a dissipation could have been facilitated by a strong 
stellar wind or by a past molecular outflow phase. In this scenario, the 
disc material may be in the process of forming planets (as suggested 
by Cohen 1983 and Beckwith and Sargent 198i). The CO emission 
to the north-east of HL Tau now represents the remains of the past 
molecular outflow and what may have once been a bipolar nebula has 
now become indistinct due to the dissipation of the collimating disc. 

3. There was insufficient mass in the protostellar condensation out of 
which HL Tau formed to produce a circumstellar disc capable of pow
ering a molecular outflow or efficiently collimating the light from HL 
Tau. 



Chapter 6 

The PV Cephei System 

In 1977, Cohen et al. and Gyulbudaghian et al. reported remarkable 
changes in the optical appearance of the nebulosity ( G M- 29) associated 
with the variable star PV Cephei near NGC7023. A 1952 August 8th sky 
survey red print of the region shows a linear 'streak' of nebulosity almost 1 
arcmin in length and clearly detached from PV Cephei, whereas in the 1976 
December 26th image of Cohen et al. (1977) the streak had disappeared 
to be replaced by a fan shaped nebulosity with PV Cephei at its south
ern apex. The object had adopted a structure typical of cometary nebulae. 
Cohen et al. (1977) estimate a spectral type A5 V with Av = 7.9±0.2 mag
nitudes for PV Cephei and suggest that the star brightened considerably 
between 1952 and 1976. 

Cohen et al. present a series of observations detailing variations in 
the brightness of the star PV Cephei and in the luminous structure of its 
associated nebulosity between 1977 July and 1979 November. During this 
period, there is evidence for the intermittent presence of the streak first seen 
on the 1952 plate and which in the images of Cohen et al. (1981) appears 
as a curving extension of the eastern edge of the northern nebular fan. A 
bright bar is seen to the north of PV Cephei in several of the images and 
appears to be separated from the star by a 'gap' or area of decreased nebular 
brightness. There is also evidence to suggest that the brightness variations 
of the star are periodic with changes of several magnitudes over periods of 
months. The model proposed by Cohen et al. (1981) involves the conical 
illumination of ejected material by aT Tauri star-PV Cephei-surrounded 
by a dense circumstellar torus. In this model, the bar to the north of PV 
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Cephei is identified with the inner edge of this torus, (shock excited by the 
strong winds from PV Cephei) and the variations in the luminous structure 
of the nebular fan are temporally correlated manifestations of the stellar 
brightness fluctuations. 

Levreault (1984) presents CO observations of the region which reveal 
the presence of a bipolar molecular outflow centred on PV Cephei with 
the blue shifted lobe to the north of the star and the red shifted lobe to 
the south. This velocity distribution confirms the nebular tilt suggested 
by Cohen et al. (1981). However, the outflow axis appears skewed relative 
to the symmetry axis of the optical nebulosity and the blue shifted lobe is 
spatially more extensive and lies at a greater distance from PV Cephei than 
the red shifted lobe to the south of the star~ The latter observation is taken, 
by Levreault, as evidence of a density gradient within the surrounding cloud 
material which operates to restrict the progress of the red shifted outflow 
which is oriented into the cloud. In contrast, the blue shifted lobe is oriented 
towards the edge of the molecular cloud and can, therefore, expand more 
freely. The model invoked by Levreault (1984) is, in many respects, similar 
to that of Cohen et al. (1981) with the exception that the collimated stellar 
wind excavates two oppositely directed ca\;ties in the molecular cloud and 
it is the reflection of starlight from the inner walls of the northern cavity 
that is responsible for the optically visible nebulosity. The location of PV 
Cephei within a dense globule associated with the L1158 cloud lends further 
credibility to a PMS interpretation of its nature. 

The bipolar nature of Levreault 's model predicts the existence of an op
tical counterpart to the nebulous fan seen to the north of PV Cephei which 
would correspond to the red shifted molecular flow. Both Levreault and 
Opal (1987) and Neckel et al. (1987) report the presence of an optically vis
ible counterfan to the south of PV Cephei and note its reddened appearance 
in comparison with the northern fan. In fact, the southern counterfan was 
first detected in CCD frames taken in 1984 June by Scarrott et al. (1986). 
Additionally, Neckel et al. (1987) report the existence of blue shifted HH 
emission lines at two points in the northern fan. 

Torrelles et al. (1986) failed to detect ammonia emission towards the PV 
Cephei region suggesting an upper limit of 1.4 arcmin for the dimensions 
of any high density gas structure. 
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Date 

Aug'81 

Jun 84 

Filter Detector 

Re Elec'graph 

V,R,I GEC CCD 

Mode 

Direct 1 

Direct 1 

Focus 

f/7 

f/13.5 
Jun 84 None " Polarimeter " 
Aug 84 I " " " 

Oct 85 R RCA CCD Direct f/7 
Jul 86 R " Polarimeter f/13.5 

132 

1 (A focal plane reducer, used in all the polarimetric observations, was also 
used here) 

Table 6.1: A summary of the observations to be discussed in this chapter. 

6.1 Present Observations 

Polarimetric and direct imaging of PV Cephei and its nebulosity is pre
sented covering a 5 year period from 1981 Aug to 1986 Jul. Data were 
recorded at the 1m telescope of the Wise Observatory, Israel, using a vari
ety of detectors and filters. The observations are summarised in Table 6.1 
and the spectral characteristics of the filters appear in Table 3.1. All the 
data were obtained and reduced in a similar fashion using common observ
ing and reduction techniques (§3.2). The polarimetric observations were 
made with the Durham CCD Imaging Polarimeter described in §3.2. The 
exposure times for individual CCD frames are typically between 5 and 10 
minutes, a number of these exposures being combined to make a final image. 

6.1.1 Imaging Observations 

Figure 6.1 shows a greyscale representation of the PV Cephei region cov
ering a field approximately 7 arcmin square (north is up and east is left). 
The image is derived from a combination of three direct I-band CCD frames 
taken in 1984 June. The nebulosity associated with PV Cephei is located 
left of centre and clearly comprises two fan-shaped structures together form
ing a bipolar or biconical nebula centred on the star. The brighter northern 
lobe was first observed in 1976 whereas the smaller southern fan is the one 
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first seen by Scarrott et al. (1986). 
Surrounding the brighter nebular regions is the extensive faintly lumi

nous cloud material which covers most of the field. PV Cephei lies close 
to the northern boundary of this cloud which is also angled approximately 
perpendicularly to the biconical axis of the bright nebulosity. A paucity of 
stars in the vicinity of PV Cephei suggests that the object may have formed 
within a particularly dense region of the cloud-an observation augmented 
by the dark area to the immediate east of the star. 

Figure 6.2 shows a sequence of greyscale pictures of PV Cephei and 
its nebulosity derived from V,R and I-band (left to right) CCD images at 
low and high brightness levels (top and bottom respectively). All of these 
images were obtained in 1984 June, at which time the object exhibited 
an 'hourglass' structure typical of bipolar nebulae with no evidence of the 
previously observed streak, even at the lowest brightness levels. In all three 
wavebands the northern nebular fan is separated from the image of PV 
Cephei at brighter levels by a dark lane several arcsec wide which can be 
identified with the 'gap' described by Cohen et al. (1981). A similar dark 
lane or gap, this time visible at low light levels and especially in the I-band 
image, separates the southern counterfan from the star. The southern fan 
is not discernible in the V-band and becomes progressively more evident 
through R and I. Although the brightness of the northern fan varies between 
the three wavebands (a conclusion endorsed by Levreault and Opal1987 for 
their filter system) the variation is nowhere near as dramatic as that of the 
southern fan suggesting that the light from the southern fan is much more 
heavily reddened. This point ties in with the previously proposed models 
of the system and the CO observations of Levreault (1984) which require 
that the axis of the PV Cephei bicone be inclined such that the southern 
lobe projects into the plane of the sky and into the dense interior of the 
parental cloud. 

To the immediate east of PV Cephei and visible against the faintly 
luminous cloud material, an approximately triangular dark region can be 
seen which appears to fit neatly into the obtuse angle formed by the eastern 
edge of the PV Cephei bicone. A similar but smaller and fainter dark region 
exists to the west of PV Cephei. The appearance of these dark regions varies 
between the three wavebands as would be expected if they result from the 
obscuration of the background light by an intervening dense portion of 
the cloud. However, the level of the cloud luminosity increases from V to 
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V/R/I band images (1984 Jun) 



PV Cephei 134 

I, as evidenced by the relative prominence of the cloud boundary to the 
north of PV Cephei, so that optimum contrast between the dark regions 
and ·the surrounding cloud occurs in the R-band. Figure 6.2 also shows 
variations in the structural appearance of the northern fan between the 
three wavebands (particularly along the eastern and western edges) and in 
the relative brightness of the star and nebula. 

The changes in the optical appearance of the PV Cephei nebulosity with 
time were followed quite closely in the late 1970s by Cohen et al. (1981) 
and are described briefly in the opening section of this chapter. Prior to 
1976, however, little is known of the history of this variable nebula other 
than its appearance as a linear streak on the 1952 sky survey plates. The 
observations presented in this chapter extend the monitoring of this object 
into the 1980s and reveal a continuing sequence of changes in its optical 
structure during the period 1981 Aug to 1986 Jul. The greyscale pictures 
of Figure 6.3 show PV Cephei as it appeared at various times during this 
period. The pictures are derived from direct R-band imaging with both 
electronographic and CCD detectors and are displayed at low and high 
brightness levels (top and bot tom respectively). 

The 1981 electronograph image clearly shows the presence of the streak 
which has characterised this object well in the past. There is no evidence 
of the streak in the 1979 Nov image of Cohen et al. (1981) suggesting a 
reappearance of this feature during the interim period of 2 years. As seen 
in 1981 the streak forms a curving northerly continuation of the eastern 
edge of the northern fan which was also present at this time and extends for 
approximately 115 arcsec along its arc from the star. At a distance of 500pc 
(Cohen et al. 1981) 115 arcsec corresponds to approximately 1lightyear on 
the plane of the sky which strongly suggests that the secular nature of the 
streak results from variable illumination. Such a conclusion is supported by 
the R-band image taken in 1984 Jun (Figure 6.3) at which time the streak 
was again absent. The change in the luminous structure of the nebula 
between 1981 and 1984 appears to have resulted almost entirely from the 
fading of the streak with comparatively little change in the brightness of 
the northern fan. The latest R-band image of 1986 J ul shows some evidence 
for a reappearance of the streak although it does not have the prominence 
of the feature observed in 1981. 

Although the southern counterfan was seen for the first time in 1984 it 
is not possible to say whether or not it was present in 1981 since (at the 
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brightness levels observed in 1984) it would have been below the detection 
threshold of the electronographic data. Its appearance in the 1984 CCD 
images may, therefore, result from the increased detector sensitivity rather 
than from any real brightening. 

The luminous bar to the north of PV Cephei, separated from the star 
by the dark lane and clearly visible in the V, Rand I images of Figure 6.2 
(1984 Jun), was interpreted by Cohen et al. (1981) as the inner shock ex
cited edge of a collimating torus centred on PV Cephei and as such would 
be expected to represent a relatively permanent nebular feature fixed in 
space. However, the bar is completely absent from the R-band image of 
1985 Oct (Figure 6.3) which instead shows a more extensive and irregular 
patch of nebulosity further to the north. By 1986 Jul the bar had reap
peared, the northern irregular patch of nebulosity had disappeared and the 
object looked very much as it did in 1984 Jun except for the more extensiYe 
appearance of the nebular fan and the observed tendency for the streak to 
reappear. These changes strongly suggest that the bar, like the streak, is a 
transient illumination effect. 

The fluctuations in the internal structure of the northern fan have been 
accompanied by changes in its overall shape. Whereas in 1984 Jun the 
eastern and western edges of the fan were curved convexly so as to form a 
parabola, by 1985 Oct (when the bar was absent) the edges had straightened 
and even become slightly concave outwards. Again these changes were 
reversed by 1986 Jul by which time the convex shape had reasserted itself. 

Since 1981, the apparent major axis of the northern lobe has rotated to
wards the west. In 1981 it was oriented almost exactly north-south whereas 
in the most recent image (1986 Jul) it is at PA 345 deg. This rotation re
duces, but does not eliminate, the difference in PA between the optical axis 
and the axis of the CO outflow noted by Levreault (1984). 

A summary of the main changes in the optical appearance of the nebular 
features (streak, bar and fan) can be found in Table 6.2. 

6.1.2 Polarimetry 

The imaging polarimetric observations of PV Cephei to be discussed in 
this section were obtained on two separate occasions in 1984. A comparison 
between the direct images and the polarimeter images of 1984 Jun and 1984 
Aug suggests that there was very little change in the optical appearance of 



PV Cephei 

Date 

1981 Aug 

1984 Jun 

1985 Oct 

1986 Jul 

Opening Angle 

de g. 

73 

72 

70 

73 

136 

PA of Nebular Axis Appearance 

de g. 

0 Streak and N fan both 
present. S fan not detected. 
Bar and gap seen previously 
not evident. 

347 

345 

345 

Streak disappears, bar and 
gap visible, S fan seen 
for the first time separated 
from the star by dark lane. 

No streak. Bar disappears 
to be replaced by nebulos
ity further to the N. Dark 
gap appears to brighten or 
fill in. Overall shape of N 
fan changes. 

Bar and gap back agam. 
Appearance very similar to 
1984 Jun except for slight 
evidence of the streak. 

Table 6.2: A summary of the changes observed in the optical appearance 
(R-band) of the PV Cephei nebulosity between 1981 Aug and 1986 Jul. 
The PAs of the nebular axis are for the northern fan only. 
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PV Cephei and its nebulosity between these two dates. The polarisation 
maps corresponding to these two observations (the unfiltered and !-band 
maps-Table 6.1) will, therefore, be discussed jointly on the assumption 
that any innate differences result from the different passbands used. 

Figure 6.4 and Figure 6.5 show two linear polarisation maps derived 
from the unfiltered and !-band CCD observations of 1984 Jun and 1984 
Aug respectively. The maps are superimposed on contours of total intensity 
(spaced at 0.35 magnitude intervals) which reveal the appearance of the 
nebulosity at the time of the polarimetric observations. These contours 
show the star PV Cephei, the bipolar arrangement of the northern and 
southern fan, the bright bar to the north of the star and the intervening 
dark gap. The spatial coverage of the observations is incomplete and the 
polarimeter field is slightly displaced in R.A. between the two maps with 
the result that only the central regions (±10 arcsec east-west of the star) 
are duplicated. In both cases, the integration bins are 5 pixels ( ~ 6 arcsec) 
square with inter-bin spacing of 3 pixels(~ 3.6 arcsec) 

The polarisation maps show little evidence for the centrosymmetric vec
tor pattern typical of many bipolar nebulae (e.g. R Mon, Warren-Smith et 
al. 1987a) and symptomatic of the scattering of starlight by the nebular 
lobes. The classification of the northern fan as a reflection nebula (Cohen et 
al. 1981) is, therefore, immediately in doubt. Instead, the vector patterns 
appear uncorrelated with the underlying brightness maps, the polarisation 
levels seem to decrease systematically from south to north and the vectors 
show a tendency to be oriented in a north-east south-west direction al
though regional variations are quite evident. A more detailed examination 
of these polarisation maps reveals a number of unusual features:-

1. Despite the novelty of the majority of the polarisation pattern, a fa
miliar feature can be seen in the vicinity of PV Cephei. A substantial 
degree of polarisation is recorded for this star, which is similar in level 
and angle to that measured in the immediately surrounding nebulos
ity. The result is the band of parallel vectors which has been found 
to characterise the optical polarisation measurements of other PMS 
objects associated with bipolar nebulosity and molecular outflow and 
which seems, therefore, to be an integral part of this energetic phase of 
early stellar evolution. The discovery of anomalous polarisation pat
terns in the vicinity of two more identifiably PMS systems (Haro 6-5 
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Figure 6.4: An unfiltered linear polarisation map of the PV Cephei nebu
losity taken in 1984 Jun and described in the text. 
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Figure 6.5: An I-band linear polarisation map of the PV Cephei nebulosity 
taken in 1984 Aug and described in the text. 
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and HL Tau) has been discussed in the preceeding chapters where 
an interpretation in terms of the polarisin.e; effects of magnetically 
aligned dust grains within circumstellar discs was found to be an at
tractive explanation. Since a circumstellar disc around PV Cephei 
has already been proposed (Cohen et al. 1981) a similar interpre
tation may be viable in the case of this object (§6.2). Polarisation 
measurements for the star PV Cephei, obtained by integrating within 
a circular aperture of diameter 5 pixels ( ~ 6 arcsec) centred on the 
star, are listed in Table 6.3. The polarisation angles of the star and 
the central parallel band region are approximately perpendicular to 
the major axis of the northern fan (Table 6.2) which is itself rotated 
a_bout 15 deg. east from the CO outflow axis (Levreault 19s-4). 

2. Towards the southern fan levels of polarisation in the range 10 ~ 15 
per cent are typical with vector orientations contributing to a mildly 
curved pattern initially suggestive of reflection nebulosity illuminated 
by PV Cephei. However, a closer inspection of the map reveals that 
it is not circularly centrosymmetric about PV Cephei but is instead 
symptomatic of the north-east south-west trend in vector orientations 
typified by the polarisation band overlying the central star. This trend 
extends into the dark lane separating the southern fan and the central 
stellar region and also into the dark material to the east of the star 
(especially visible in the I-band map) so that the whole area composes 
a regular pattern indifferent in form to the underlying brightness dis
tribution and the presence of PV Cephei. Some residual evidence of 
a scattering pattern does exist in the southern fan and a comparison 
of the two maps reveals a closer approximation to a scattering pat
tern centred on PV Cephei in the case of the unfiltered data. This 
suggests a wavelength dependence of the polarisation pattern with 
the effects of polarisation due to scattering becoming more apparent 
at longer wavelengths (a combination of the red colour of the object, 
the I filter passband and the spectral response of the CCD give the 
unfiltered data the longer effective wavelength). 

3. The eastern edge of the northern fan is of particular interest since it 
corresponds in position with the enigmatic streak (§6.1.1) intermit
tently visible in this object. Although the streak was absent through
out our polarimetric observations, the vector pattern in this region 
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is decidedly unorthodox. The streak region is best covered by the 
1-band map of Figure 6.5 which shows levels of polarisation in the 
range 7 ~ 12 per cent with vectors oriented along the eastern edge 
of the fan, being in places parallel to the brightness contours. The 
resulting pattern forms a band of polarisations matching positionally 
the luminous streak but persisting when the latter is absent. This 
band is inclined relative to the band overlying the star but connects 
smoothly with it to form a single continuous arc. The vector orienta
tions in the streak region are essentially radial relative to PV Cephei 
and orthogonal to the 'tangential' angles expected for polarisation in
duced by the scattering of light from this central object. Looking at 
the unfiltered map, these effects are less obvious than in the 1-band 
map, partly because of the incomplete spatial coverage of the streak 
region in these data. In addition, however, the vectors do seem more 
inclined to the eastern edge of the northern fan in the unfiltered map 
and appear similar in orientation to the parallel band of polarisations 
in the central (PV Cephei) region. As a result, the continuous arc 
of polarisation seen in the 1-band data does not appear although a 
scattering pattern centred on PV Cephei is still not evident. Again, a 
wavelength dependence of the polarisation pattern is suggested with 
vectors tending to rotate anticlockwise between the 1-band and unfil
tered maps. 

4. The polarisation levels throughout the remainder of the northern fan 
are identifiably lower than those observed elsewhere in the PV Cephei 
system with values of 5 per cent or less being representative. In both 
the unfiltered and I band maps, the polarisation pattern in the vicin
ity of the bright bar is similar to that overlying the star and the 
southern fan (with the exception of the lower percentage levels) al
though between the two maps the previously mentioned anticlockwise 
rotation of vectors is evident. Further to the north null points in the 
polarisation pattern are seen in the 1-band map which mark the on
set of a region of chaotic polarisation extending to the northern edge 
of the field. A similar chaotic region appears in the unfiltered map 
but displaced further to the north. These chaotic regions are not due 
to the effects of noise (since the northern tip of the fan is still quite 
bright) but must instead represent an unusual combination of polar-
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Date Waveband P (%) PA (deg.) 

1984 J un Unfiltered 
1984 Aug I 
1986 Jul R 

9.7 ± 0.9 71 ± 3 
11.4 ± 0.8 72 ± 2 
13.5 ± 0.9 74 ± 2 
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Table 6.3: Polarisation measurements of PV Cephei for a 5 pixel ( ~ 6 
arcsec) diameter circular aperture. 

ising influences. In general, the polarisation pattern in the northern 
fan appears more orderly in the unfiltered data. The western edge of 
the northern fan is best covered by the unfiltered map which shows a 
continuation of the polarisation pattern seen in the bright bar region 
with perhaps a slight increase in the percentage levels. There is also 
a slight tendency for the vectors to turn up along the edge of the 
fan as observed on the eastern side. Unfortunately, this region is not 
covered by the 1-band data in which the edge-aligning effect appears 
to be more prominent. 

6.2 Interpretation 

An interpretation of the PV Cephei system must address the two main is
sues raised by the observations of the preceeding section. Firstly, although 
the PV Cephei system exhibits a typical bipolar morphology, its polarisa
tion is largely atypical. Unlike structurally similar objects (e.g. R Mon) 
the polarimetric observations show no evidence of a reflective origin of the 
bright nebulosity. Secondly, the northern fan undergoes repeated and dra
matic changes in luminous structure on timescales "' months. 

On the basis of the polarisation maps of Figure 6.4 and Figure 6.5 it is 
not possible to distinguish between the central star and the nebular lobes 
(except for the lower percentage levels in the northern fan). Instead the 
vectors form part of a regular pattern covering the great majority of the 
field suggesting a single polarising mechanism of significant spatial extent. 
The uniformity of the polarisation pattern and the independence of the 
nebular brightness imply that the mechanism of polarisation is foreground 
to the PV Cephei system. 
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Figure 6.6: R-1 colour index. Dark regions are relatively red and light re
gions relatively blue. The same image is displayed at two levels of contrast. 

Figure 6.6 shows a greyscale representation of the R-1 colour index de
rived from the direct imaging observations of 1984 June (Table 6.1). The 
zero point of the index is arbitrary and regions of nebulosity which are 
relatively redder or bluer appear darker and lighter respectively. The noise 
contributed by the faintly luminous surrounding cloud material has been 
removed by imposing intensity cuts on the constituent R and I images. 

Immediately apparent is the difference in colour between the northern 
and southern fans with the southern fan being considerably redder (this re
sult can be deduced directly from the sequence of images in Figure 6.2 which 
clearly show the southern fan increasing in brightness with wavelength). 
The relative reddening of the southern fan correlates with previously pro
posed models of the PV Cephei system and with the CO observations of 
Levreault (1984) which require that the axis of the PV Cephei bicone be 
inclined such that the southern lobe projects into the plane of the sky and 
into the dense interior of the parental cloud. Levreault and Opal (1987) 
find a roughly linear increase in R-1 colour index (for their filter system) 
between the northern fan, the central regions and the southern fan and 
conclude that the tilted nebular geometry offers a plausible explanation of 
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their observations assuming a standard interstellar gas to dust ratio and 
reddening. However, an additional feature seen in Figure 6.5 is the redden
ing of the edges of the northern fan relative to its central region, an effect 
more prominent along the eastern edge. The existence of two dark regions 
of obscuration to the east and west of PV Cephei was discussed in §6.1.1. 
The colour data now suggest that these regions of obscuration, evidently 
associated with the surrounding cloud structure, overlie and redden the 
edges of the northern fan, especially the eastern edge. 

A comparison of Figure 6.5 with the polarisation maps now reveals that, 
although the vector pattern is independent of the nebular brightness, it is 
in fact well correlated with the nebular colour. Where the nebulosity is 
relatively red-in the north-eastern streak, the southern fan and around 
the star-the polarisation levels are large and the orientations coherent. 
In the relatively blue central regions of the northern fan, the polarisation 
levels are at their lowest with the pattern in places becoming chaotic. Some 
of the highest polarisations are recorded outside the optical bicone in the 
region of dense obscuration to the east of PV Cephei (described above). 
These considerations all point to an association of the polarisation with 
the nebular environment (rather than with -the nebulosity itself) and the 
induction of polarisation by extinction by aligned dust grains contained 
within the complicated density distribution surrounding this object. Such 
an interpretation explains naturally the correlation of the polarisation pat
tern with the nebular colour, since both effects depend directly upon the 
amount of intervening dust. 

If it is assumed that the grain aligning agent is the magnetic field, then 
this field must be intimately associated with the dark material surround
ing and overlying the nebulosity and with the proposed circumstellar disc 
around PV Cephei. Evidence for a circumstellar disc around PV Cephei 
includes collimated molecular outflow, collimated optical nebulosity, strong 
IR excess (Neckel and Staude 1984), dark lanes and patches of obscuration. 
Evidence that the disc contains a grain-aligning magnetic field is provided 
by the parallel band of polarisations overlying the star, the relative PAs 
indicating a toroidal field configuration within the disc. The polarisation 
measurements for the star can be easily accommodated; assuming a spec
tral type A5, and a distance of 500pc (Cohen et al. 1981) then V= 17.76 
(Levreault and Opal 1987) requires a visual extinction of~ 7 magnitudes 
which is sufficient to account for the polarisation levels of Table 6.1 assum-
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ing a polarising efficiency of about 2 to 3 per cent mag- 1 which is typical 
of interstellar dust and DG alignment. If we assume DG alignment in the 
rest of the nebula then the observed polarisation pattern, at least in the 
reddened regions, should form a map of the magnetic field projected onto 
the plane of the sky. The local field lines thus appear to run along the 
eastern edge of the northern fan- following the streak-and curve round 
and connect smoothly with the toroidal field trapped within the circum
stellar disc. The polarisations in the vicinity of the southern fan suggest 
this region may be seen through the polarising grains aligned by this disc 
field. 

Polarisation of the nebula by aligned dust grains within the circum
nebular arid circumstellar material allows a convenient explanation of the 
observed variation of the polarisation pattern with waveband in terms of a 
shifting balance between the two polarising mechanisms in operation (scat
tering and extinction). In the longer wavelength unfiltered data (Figure 6.4) 
the remnant of an underlying scattering pattern begins to show through the 
extinction pattern. This is particularly evident along the eastern edge of 
the northern fan where it is suggested that the magnetic field orientation 
is essentially orthogonal to the polarisation angles expected for a scatter
ing pattern centred on PV Cephei. In the unfiltered data, an intermediate 
vector orientation (neither parallel nor perpendicular to the eastern edge) 
persists. 

Relative to the eastern streak, the central region of the northern fan 
appears conspicuously blue in the greyscale image of Figure 6.5 suggesting 
that the extinction thought to be responsible for the anomalous polarisa
tions in the former region is less prevalent here. The polarisation maps of 
Figure 6.4 and Figure 6.5, however, provide little evidence for a scattering 
pattern (centred on PV Cephei) in this region, indeed, the polarisation lev
els throughout the majority of the northern fan are unusually low. Such 
a situation (low polarisation in conjunction with bright nebulosity) would 
be expected if the northern fan is an emission nebula and, therefore, in
trinsically unpolarised. The small polarisation levels observed could then 
originate within a thin overlying screen of aligned dust grains. Although 
emission lines are observed in the light from the northern fan, the nebular 
spectrum appears very similar to that of the star. On the assumption that 
the emission line spectrum is not emitted isotropically-now a natural con
sequence of the bipolar morphology- Cohen et al. (1981) conclude that 
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the northern fan is seen by reflection. A reflective origin of the northern fan 
is suggested by the more recent spectroscopy of Neckel et al. (1987) who 
also· detect two small regions of HH emission in the vicinity. In addition, 
it seems unlikely that the northern fan is an emission line nebula for the 
following reasons: 

1. The optical imaging observations presented in §6.1.1 detail the dra
matic changes in the luminous structure of the northern fan over 
periods ""' months. In addition, the CCD observations of Levreault 
and Opal (1987) between 1984 August and 1985 August suggest that 
there were " ... no obvious changes in the morphology of the neb
ula ... " during this period. 'l'hese images appear very similar to 
the 1984 June images of Figure 6.2. However, by 1985 October, the 
appearance of the northern fan had altered radically (as detailed in 
Table 6.2) indicating that major changes in luminous structure can 
occur in 2 months or less, which, at 500pc, is the approximate light 
travel time across the northern fan. In the case of an emission line 
nebula, changes in the flux of ionising radiation followed by rapid 
recombination are necessary to explain this. For a typical HII re
gion (Dyson and Williams 1980) an order of magnitude calculation 
shows that recombination times of ,......, months require gas d8nsities 
,......, 106cm-3

• Assuming a gas-to-colour-excess ratio of 5 x 1021 atoms 
cm-2 mag- 1 , normal interstellar reddening (R=3) and a distance of 
500pc, then for nH ""' 106cm-3 a path length of 1 arcsec on the sky 
would correspond to ~ 10 magnitudes of extinction in the visual. 
Such high obscuration is not indicated by the optical appearance of 
the northern fan. 

2. Cohen et al. (1981) suggest a spectral type AS for PV Cephei corre
sponding to a main sequence effective temperature of~ 8500K which 
is insufficient to radiatively ionise the northern fan. Since PV Cephei 
is most likely a T Tauri star and to the right of the mainsequence it 
will be even cooler. 

3. The shock excitation of nebular material (by strong stellar winds) can 
provide an alternative source of ionising radiation. T Tauri stars are 
characterised by strong stellar winds and Cohen et al. (1981) suggest 
that the bright bar to the north of PV Cephei is such a region of 
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shock excitation. However, the disappearance of this feature between 
1985 August and 1985 October implies that it results from variable 
illumination and is not a source of UV emission. 

4. The northern fan does not have the colours of a hydrogen emission 
nebula, particularly, it appears bright in the I waveband. 

Since it is not possible to satisfactorily interpret the northern fan as an 
emission nebula and since photometric and spectroscopic evidence points 
to a reflective origin, then an explanation of the unusually low polarisation 
levels, other than by an intrinsic lack of polarisation, must be sought. 

It is in fact possible to reconcile these difficulties using the_ polarising 
mechanism held to be operative in the more highly polarised regions of the 
PV Cephei system-polarisation due to extinction by magnetically aligned 
grains-on the assumption of a suitable magnetic field geometry. In order 
to explain the low polarisation levels in the northern fan, polarisation by 
extinction and the underlying polarisation by scattering must combine an
tagonistically so that a high degree of cancellation occurs. Assuming DG 
alignment, such a combination may prevail if the magnetic field lines thread
ing the nebula are essentially radial with respect to the star in contrast with 
the 'tangential' scattering polarisations. Although exact cancellation is un
likely the residual effects of inexact cancellation may explain the chaotic 
nature of the polarisation pattern observed in parts of the northern fan. 
The structure in the polarisation pattern of the whole PV Cephei system 
then results from the changing balance between polarisation by extinction 
and polarisation by scattering, this balance being affected by the relative 
orientation of the magnetic field and the radius vector to the star and by 
the amount of overlying dust. 

6.3 Summary 

The geometry proposed for the PV Cephei system is illustrated in Figure 6. 7 
and will now be summarised. 

1. The PV Cephei system consists of a biconical nebula centred on the 
star which is in turn surrounded by a circumstellar disc oriented with 
equatorial plane perpendicular to the axis of the bicone. In the latest 
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image (1986 July) the PA of this axis is 355 deg. and the opening 
angle of the northern cone is ~ 73 deg. In common with previous 
models, it is supposed that the bicone is inclined to the plane of the 
sky so that the brighter northern cone projects towards us whereas the 
fainter southern cone is angled into the sky and presumably therefore 
into the dense interior of the surrounding cloud. In addition, such 
a nebular tilt ensures that the equatorial disc partially overlies and 
obscures the southern cone creating the dark lane to the south of 
the star. These effects result in the colour and luminosity differences 
between the southern and northern cones. 

2. There is substantial evidence for the presence of a circumstellar disc 
around PV Cephei oriented as shown in Figure 6.7 (§6.1.2). In ad
dition it is suggested that the disc is threaded by a predominantly 
toroidal magnetic field component responsible for the alignment of 
dust grains contained within the disc (by the DG mechanism) caus
ing the polarisation by extinction of light transmitted through this 
region. The result is the parallel band of vectors seen in the vicin
ity of PV Cephei in the polarisation maps and the large polarisation 
level observed for the star itself (Table 6.3). Similar features are seen 
in many other bipolar objects with more orthodox (i.e. scattering) 
polarisation patterns. In these objects grain alignment by a magnetic 
field via the DG mechanism has been found to provide a satisfactory 
explanation of the polarisation measurements (see, for example, Scar
rott et al. 1987d). The correlation in PA between the polarisation of 
PV Cephei, the biconical axis, the circumstellar disc and other nebu
lar features strongly suggests that the polarisation by extinction (and, 
therefore, the aligning magnetic field) is associated with the circum
stellar and circumnebular material rather than with foreground cloud 
material which would not be expected to show such a close correlation 
with the nebular geometry. 

3. A detailed examination of the polarisation, colour and brightness data 
suggests that the PV Cephei system is a highly obscured reflection 
nebula. In order to explain the peculiar polarisation measurements 
it is necessary to invoke the magnetic field geometry shown in Fig
ure 6.7. The field lines associated with the northern cone are oriented 
approximately north-south but curve round smoothly in the vicinity 
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of PV Cephei to connect with the toroidal field in the disc. To the 
south of the star the nebulosity is seen through this (tilted) circum
stellar disc and its embedded magnetic field. It is not possible to 
construct a self consistent model of the northern cone as an emis
sion line nebula nor can the observed polarisations be produced by 
intrinsic polarisation of the light from PV Cephei. 

There is evidence in both the imaging and polarimetric observations 
for a distribution of dense obscuring material around the entire PV Cephei 
system, probably representing the remains of the protostellar condensation 
out of which the star has formed. If so, then this material would be expected 
to share a dose association with the circumstellar disc, which presumably 
results from the infall of such material, and may exist in the form of a 
disc 'halo' or envelope. There also appears to be more obscuration to the 
east of PV Cephei than to the west, suggesting that the circumnebular 
condensation is non-axisymmetric. 

Neckel and Staude (198it) conclude from their spectroscopic observa
tions that the material in the northern lobe of the PV Cephei system is 
"highly rarefied" in comparison with the surrounding cloud material, i.e. 
it is a relatively empty cavity situated within the dense cloud. It is thought 
that such cavities may be excavated within clouds by the action of energetic 
winds, either from the star itself or from the surrounding disc. In particu
lar, hydromagnetically powered disc winds are expected to be intrinsically 
collimated (§2.3. 7) and should result, therefore, in the formation of two 
diametrically opposed structures. The subsequent illumination of the inner 
walls of these cavities (by the central star or perhaps by another source) 
may present an elegant explanation of bipolar nebulae. 
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Figure 6.7: The proposed geometry for the PV Cephei system as discussed 
in the text. 



Chapter 7 

General Discussion 

The previous three chapters present in some detail the polarimetric obser
vations of candidate PMS objects and their immediate environs. Each of 
the sources considered is associated with some permutation of features con
sidered typical of regions of SF (collimated optical nebulosity, collimated 
molecular outflow, jets, circumstellar discs etc.) many of which are de
scribed in chapter two. Although only three separate regions of SF are 
considered here, they provide quite a representative cross section of these 
features. In order to reach more general conclusions concerning the pro
cesses involved in the formation of stars in molecular clouds, it will be 
necessary to interpret the results of chapters four to six in the light of ob
servations (both polarimetric and otherwise) of a wider sample of objects, 
and to discuss the implications in terms of existing theories of SF. 

In the past, imaging polarimetry has been used to model reflection 
nebulae on the assumption of both single and multiple scattering of light 
originating from a central stellar source and symmetric biconical or hi
paraboloid geometries (e.g. Shirt 1984}. Although such scattering geome
tries were originally only intended to be ideallistic, it is evident now that 
there are nebular systems which are too complex to allow the application of 
these models at all. Consider, for example, the Haro 6-5 system described 
in chapter four. Although a bicone centred on the star Haro 6-5B is re
quired, to explain the polarisation of all the nebulosity contained within the 
boundaries of the bicone (as it appears on the plane of the sky at least) it is 
necessary to assume illumination by three distinct optical sources in com
bination with spatially variable polarisation due to extinction by aligned 
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grains. In other cases where only one source of illumination is required the 
geometry may appear more sophisticated, for example PV Cephei where 
asymmetry is evident in the luminous structure of the nebulosity, the dis
tribution of circumnebular obscuring material and the polarisation pattern. 

Consideration of the deviations from circular centrosymmetry of a po
larisation map can provide important information on polarising processes 
alternative to simple scattering. In particular, polarisation by extinction 
due to magnetically aligned dust grains is of considerable interest in view 
of the correlation between high densities (extinction) and enhanced mag
netic fields predicted by the cloud collapse scenarios described in chapter 
one. If it can be shown that grain alignment by the magnetic field via the 
DG mechanism (chapter 3) is a viable process in SF re-gions, then imaging 
polarimetry should prove a useful technique for directly investigating the 
field geometry in regions where alignment occurs. This is particularly im
portant since, as well as being instrumental in the cloud collapse leading to 
the formation of a stellar precursor, it is becoming increasingly apparent 
that the cloud magnetic field should evolve with t.he protostar in such a 
way as to play a crucial role in its PMS development and, to some extent, 
control its interaction with the environment. 

These interactions may take the form of magnetically mediated and 
controlled outflows of material from the circumstellar environment, which 
forms an important component of the hydromagnetic disc wind theories 
of Uchida and Shibata (1985) and Pudritz and Norman (1986b). These 
theories offer alternative magnetic topologies in the vicinity of the central 
object-in the case of Uchida and Shibata, the field near to the star is 
predominantly toroidal (relative to the outflow axis) whereas in the models 
of Pudritz and Norman the field in this region is predominantly polloidal 
(§2.3. 7). Although the expectation of such field configurations is theoreti
cally well grounded, whether or not they represent in reallity the conditions 
under which stars form is still unknown. If the magnetic field structure close 
to the PMS object can be determined, it should be possible to distinguish 
between these two disc wind theories and to further constrain future mod
elling. 
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7.1 Polarisation of the Source Regions 

It has been seen in chapters four to six that the structure in the polarisation 
patterns close to all of the major optical sources examined (Haro 6-SA and 
B, HL Tau, LkHo358 and PV Cephei) is anomalous in the sense that it 
cannot be explained in terms of polarisation due to single scattering alone. 
In each case, in order to explain the deviations from circular centrosymme
try about the central source it is necessary to invoke a secondary polarising 
mechanism additional to single scattering. Such additional polarisation 
may arise from the effects of extinction by aligned dust grains or, alter
natively, from the effects of secondary or multiple scattering. In chapters 
four to six, discussion of the source region polarisation was oriented pri
marily toward the former polarising mechanism for the simple reason that 
it provides an interpretation of all of the observations. However, the two 
mechanisms will now be debated on a more equal basis. 

7.1.1 The Observational Evidence 

As a group, the central objects discussed in chapters 4, 5 and 6 are po
larised at levels in the range 7 to 15 per cent. In each case, however, 
the precise manner in which the vector pattern in the surrounding neb
uloisty deviates from circular centrosymmetry about the star is in some 
way different- particularly, the degree of curvature incorporated into the 
central vector pattern appears to vary between objects. In the case of PV 
Cephei, for example, there is very little evidence for a scattering pattern 
and the polarisation of the star forms part of a band of vectors of similar 
length and orientation covering quite an extensive region. The polarisa
tions in the vicinity of Haro 6-5A also show a tendency to form a band 
of parallel orientations, although this structure is less spatially extensive. 
On the other hand, the polarisation patterns centred on Haro 6-5B and HL 
Tau are characterised by an element of curvature so as to appear 'elliptical'. 
This elliptical pattern is accomparied by two null points in polarisation 
which lie on the major axis of the ellipse (which passes through the star 
and is oriented parallel to its polarisation) on either side of the star and 
approximately equidistant from it. 

Similar polarisation structure has been observed in other objects all of 
which show some degree of collimation of the optical nebulosity implying the 
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Object Illum. Source Optical Struc. References 

Boomerang double star bipolar 1,2 
L1551/HH102 IRS 5 cometarya 3 
Parsamyan 21 Apical star cometary 4 
Serpens svs 2 bipolar 5 
Chamaeleon IR source bipolar 6 
NGC6729 RCrA cometary 7 
NGC2261 RMon bipolar 8 

abipolar in co. 

Table 7.1: Collimated optical nebulae with anomalous source region polar
isation structure. 

References for Table 7.1 
1. Neckel et al. 1987 

3. Draper et al. 1985a 

5. Warren-Smith et al. 1987b 
7. Ward-Thompson et -al. 1985 

2. Taylor and Scarrott 1980 

4. Draper et al. 1987b 

6. Scarrott et al. 1987e 
8. Warren-Smith et al. 1987a 

presence of a circumstellar disc. A summary of some of these observations 
appears in Table 7.1. In each case a parallel band or elliptical distribution 
of vector orientations overlies the source region-even if the source itself 
is optically invisible. In addition to the observations in Table 7.1, the 
case of HH24 may be mentioned. In this object a band of parallel vector 
orientations overlies the elongated knot B region adjacent to the IR source 
SSV 63. However, it is not possible to say whether SSV 63 is located within 
this band or not since it lies at the edge of the optical nebulosity (Scarrott 
et al. 1987a). 

7 .1.2 Polarisation by Scattering 

Aperture polarimetric observations of candidate PMS objects associated 
with collimated optical nebulosity and/or collimated molecular outflow re
veal a tendency for the angle of polarisation to be approximately perpen
dicular to the axis of collimation. In the case of the spatially resolved po-
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larisation maps discussed above and those listed in Table 7.1, the parallel 
band of vectors or the major axis of the elliptical distribution of vectors is 
also· oriented preferentially perpendicular to the collimation axis. The two 
results are in most cases the same since the polarisation angle of the central 
object usually defines the orientation of the anomalous polarisation struc
ture further out. Hodapp (1984) and Sato et al. (1985) present aperture 
polarimetry of sources associated with bipolar outflow at IR wavelengths 
and note this orthogonality between polarisation angle and collimation axis. 
Both authors suggest that the polarisation of the sources results from the 
scattering of light within anisotropic circumstellar dust shells (or discs) in 
the manner described by Elsasser and Staude (1978). 

The asymmetrical dust distribution is necessarily located close to the 
star in order for the scat terecl light to contaminate the polarimetric aper
ture centred on the star. In effect the star lies at the centre of a mini-bipolar 
nebula which may have dimensions of a few hundred AU. The scattering ge
ometry of Elsasser and Staude (ES) is illustrated in Figure 7.1. Most of the 
features of aperture polarimetry can be explained with the ES model; for ex
ample, the range in polarisation ( 4.6 ---+ 22.1 per cent) of the sources within 
the sample of Sato et al. (1985) can be explained by assuming variations 
in the degree of circumstellar extinction causing changes in the fraction of 
intrinsically unpolarised direct starlight included within the aperture. Al
though polarisation by scattering appears to be favoured in the literature, 
these results can be accommodated just as easily by an aligned grain model 
(of the type discussed in previous chapters). 

However, the results of aperture polarimetry cannot usefully constrain 
the nature of the polarising mechanism since the parameters associated with 
the dust in SF regions are not accurately known and are not necessarily the 
same as those derived for dust in the ISM. Hodapp (1984) shows that theIR 
polarisations of some objects may adequately fit a modified Serkowski curve 
(for instance, HL Tau) whereas others do not. But there would seem to 
be no reason, a priori, to assume that polarisation by extinction in special 
environments such as SF regions should follow an interstellar polarisation 
curve. 

A more stringent requirement that must be satisfied by any polarising 
mechanism is the explanation of the polarisation patterns in the central and 
head regions of bipolar and cometary nebulae. Notni (1985) demonstrates 
how an elliptical polarisation pattern centred on a star may be produced 
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Figure 7.1: The scattering geometry of Elsasser and Staude (1978). 
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on the assumption of a scattering model similar to that of ES in which 
the starlight is in some way 'intrinsically' polarised before scattering in the 
nebular medium. However, many factors, particularly optical morphology, 
require the presence of large discs of obscuring material around bipolar 
and cometary nebulae, oriented with equatorial plane perpendicular to the 
nebular collimation axis. The centrifugal outflow theory of Pudritz and 
Norman (e.g. 1986) suggests disc radii of"' 103

-
4 AU. Since light in the 

ES and N otni models is assumed to be 'intrinsically' polarised close to the 
star, then to proceed with this polarising mechanism within the context of 
bipolar and cometary nebulae it seems necessary to assume the existence 
of two obscuring discs, a big one and a small one-or to conform with pre
existing terminology, a circumstellar and an interstellar disc. The existence 
of two discs is by no means unlikely and may in some cases be necessary 
(Ward-Thompson et al. 1985). In addition, parallel bands of polarisation 
may be produced, according to Notni, in "moderately optically thick" envi
ronments in which forward scattering angles are preferred. These bands of 
parallel vector orientations are characterised by almost constant percentage 
levels across the central/head regions of bipolar/cometary nebulae--for ex-
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ample, PV Cephei and the Chamaeleon (Scarrott et al. 1987e). Although, 
as suggested by Notni (1985), an increase in extinction may favour more 
forward scattering angles (causing the circumstellar region to be polarised 
similarly to the star itself), the scattering must still occur within the con
fines of the bipolar/ cometary geometry causing a range of scattering angles 
to be deployed and a change in the percentage levels of polarisation with 
angular offset from the star. The effects of illumination by an intrinsically 
polarised source need to be modelled in detail in order to ascertain whether 
or not the source region polarisation patterns ohserved can be explained in 
this way. 

7.1.3 Polarisation by Aligned Grains 

The most well studied occurrence of polarisation by aligned grains is the po
larisation of direct starlight during transit through the interstellar medium. 
Under interstellar conditions the dominant grain alignment process is the 
Davis-Greenstein (DG) paramagnetic relaxation mechanism (discussed in 
chapter 3) which causes the grain major axis to be oriented perpendicular 
to the Galactic magnetic field resulting in a polarisation angle parallel to 
the field. 

Optical aperture polarimetric observations of stars seen through, or em
bedded within, dusty (molecular) clouds associated with SF (e.g. Vrba et 
al. 1976, Moneti et al. 1985 and Cugnon 1987 for a review) suggest that 
polarisation by magnetically aligned grains is also operative in at least the 
peripheral regions of these clouds. Such a conclusion is supported by (i) 
the observation of polarisation levels in excess of the expected interstellar 
polarisation at the distance of the cloud suggesting that a component of 
polarisation is induced within the cloud itself; (ii) the correlation between 
polarisation levels and line of sight obscuration indicative of polarisation by 
extinction; (iii) the uniform nature of polarisation angles over large areas 
on the sky suggesting a spatially extensive grain aligning influence such 
as may be provided by the large scale magnetic field threading the cloud. 
The subsequent assumption of DG alignment allows a determination of the 
magnetic field configuration in the cloud periphery (where the majority of 
stars shine through) which often reveals a field orientation in accordance 
with the observed cloud geometry (for example, the cloud may appear flat
tened along the field lines in a manner consistent with the predictions of 
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magnetically controlled cloud collapse-§1.3.5 and also §4.5 ). 
However, the extension of this mechanism of polarisation to the dense 

centtal regions of SF clouds and circumstellar environments must necessar
ily take account of the disparate nature of these regions and the ISM. In 
particular, the efficacy of the thermal spinning (TSA) mode of the DG align
ment process is subject to the temperature constraint T gra <Trot (chapter 
three) which may become a severe impediment in SF regions where gas 
densities are high and cooling mechanisms efficient and where grains may 
be heated by radiation from YSOs. 

However, the applicability of TSA is becoming increasingly doubtful in 
regions other than SF molecular clouds, for example, in the ISM efficient 
TSA requires magnetic field strengths consistently in excess of those sug.: 
gested by observation. A more effective grain aligning process is afforded by 
the suprathermal spinning (SSA) mode of the DG mechanism in which the 
ejection of hydrogen molecules from the grain surface causes the grain to 
rotate rapidly. The particular advantage of SSA in circumstellar environ
ments is that the temperature constraint mentioned above is circumvented 
since the grain rotation is independent of the kinetic temperature of the gas. 
Additionally, under the assumption of SSA, the internal temperature of the 
grain should never exceed its rotational temperature so that the angular 
momentum axis of the grain will always line up parallel to the magnetic 
field (that is, 'inverse' DG alignment does not occur) and (assuming that 
the grain spins about its minor axis) the resultant polarisation angles will 
also be parallel to the field. However, the adoption of SSA involves the two 
extra assumptions mentioned in chapter 3. Firstly, there must be sufficient 
hydrogen present in atomic form to drive the suprathermal spin-up process, 
which is by no means a foregone conclusion in the interior of a 'molecu
lar' cloud. In these situations dissipative processes such as magnetic flux 
slippage may ensure that there is a constant turnover of atomic hydrogen. 
Secondly, the timescale for grain re-surfacing must be much greater than 
the timescale for magnetic alignment. With these reservations in mind, SSA 
appears to be the most attractive grain aligning mechanism in circumstellar 
environments. 

Assuming, then, the feasibility of SSA in these environments, the char
acteristic source region polarisation patterns described above may be sim
ply explained in terms of a combination of polarisation by scattering and 
polarisation by extinction with no necessity for the existence of an intrin-
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sically polarised source. The elliptical and parallel band vector patterns 
are then generated by the superposition of a constant position angle vector 
pattern resulting from polarisation by aligned grains and a scattering pat
tern circularly centrosymmetric about the illuminating source. In order to 
explain the observed alignments of the major axes of the elliptical patterns 
or the axes of the parallel vector patterns with the equatorial planes of 
the circumstellar discs seen in many PMS systems (or, if no disc is seen, 
the preferential alignment of these polarisation axes perpendicular to the 
outflow or nebular axis) it is necessary for the component of polarisation 
due to extinction to be also parallel to the plane of the discs. 

The adoption of SSA immediately requires that the grain aligning mag
netic field also be oriented predominantly parallel to the disc plane. The 
close correlation seen in many PMS systems between the polarisation pat
tern of the central region and the nebular morphology suggests that the de
viations from circular centrosymmetry arise close to the source within the 
circumstellar material. Specifically, the situation is best explained if the 
grain aligning magnetic field lies within the circumstellar disc and exhibits 
a predominantly toroidal configuration with respect to the nebular or out
flow axis. Such toroidal field geometries may result during the anisotropic 
collapse of clouds with significant angular momentum (§1.3.6). 

Variations in the precise manner in which the central polarisation pat
terns deviate from circular centrosymmetry may be attributed to the chang
ing level of competition between polarisation by aligned grains and polar
isation by scattering. This level of competition will in turn be influenced 
by such factors as the line of sight extinction to the object, the nebular 
geometry-particularly the extent of the circumstellar disc and its magnetic 
field, the degree of nebular tilt and the parameters affecting the polarising 
ability of the grains and the extent to which they are aligned. Where 
a parallel band of polarisation vectors is seen, the effects of polarisation 
by extinction dominate whereas in the case of an elliptical distribution of 
vector orientations, an element of curvature due to the underlying scatter
ing pattern is perceived. The existence of null points in some polarisation 
patterns is a natural consequence of this competition in which the polaris
ing mechanisms combine most antagonistically along a line parallel to the 
equatorial plane of the disc and its entrapped grain aligning magnetic field. 
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7.2 Scattering or Aligned Grains? 

In previous chapters, the source region polarisation patterns have been in
terpreted in terms of a combination of polarisation by aligned grains and 
polarisation by single scattering, in the manner described above, since this 
mechanism can provide a simple explanation for all of the observed polarisa
tion features given a suitable magnetic field geometry. The same cannot be 
said however, of the pure scattering mechanism described in §7.1.2 which, 
although it may adequately generate elliptical vector patterns, could not 
be responsible for the polarisation pattern seen in the PV Cephei system 
where very little evidence for scattering exists. Indeed, the polarisation pat
tern in the majority of the PV Cephei system is what might be e~pected 
if the underlying scattering pattern was 'turned off' to reveal the distribu
tion of obscuring material and the topology of the overlying grain aligning 
magnetic field. This object shows strong evidence for the existence of a 
toroidal magnetic field component within the circumstellar material. How
ever, even if the existence of toroidal magnetic fields within circumstellar 
discs is generalised to include all PMS objects, this still does not obviate a 
contribution to the polarisation by scattering from a polarised source. 

In the Serpens nebula it seems probable that the optical condensation 
identified with the central IR source SVS2 is, in fact, a region of intense 
scattering with the star itself remaining optically invisible (Warren-Smith 
et al. 1987b ). If such is the case, then it is likely that a significant portion 
of the Serpens nebula may be illuminated by an 'intrinsically polarised' 
source-an effect that should increase with polar angle from the nebular 
axis. However, within the same object there is strong evidence for the ex
istence of spiral irregularities in the polarisation pattern of both the inner 
and outer nebular regions (again, Warren-Smith et al. 1987b ). Such po
larisation structure cannot be reconciled with scattering alone but can be 
accommodated by an aligned grain model on the assumption of an appro
priate (spiral) magnetic field geometry. A similar effect is observed in the 
northern lobe of the nebulosity associated with R Mon (NGC2261) wherein 
subtle deviations from a circularly centrosymmetric vector pattern betray 
the presence of aligned grains and suggest a field configuration with helical 
symmetry (Warren-Smith et al. 1987a). Effects such as these, in which the 
polarisation pattern appears distorted and in a manner which is asymmet
ric, cannot be explained by scattering from an intrinsically polarised source 
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(which should lead to symmetry about the polar axis). 
Temporal variations in the polarftmtion levels and angles of PMS ob

jects such as T Tauri stars and young IR sources are quite well known. 
In principle, variations in polarisation level can be explained in terms of 
changes in the line of sight obscuration which may arise from the bulk mo
tion of clumpy material close to the star. It is more difficult to account for 
changes in the polarisation angle, however, since it is unlikely that grain 
re-alignment can occur on such short timescales (""' years). Magnetically 
aligned grains within precessing discs offer a possible solution close to the 
star provided that the dynamical timescales are short enough. Where vari
ations in polarisation are accompanied by and correlated with fluctuations 
in the brightness of an object or where changes in the polarisation angle 
of the source are correlated with changes in polarisation angle further out 
in the disc or nebula, then an interpretation of the polarisation in terms 
of scattering is favourable (§7.1.2). In addition, the polarisation reversals 
exhibited by some stars (changes in the polarisation angle of 90 deg. at 
certain wavelengths) are best interpreted in terms of scattering (Bastien 
1987). 

It seems likely, therefore, that in order to satisfactorily interpret the 
complete range of polarimetric observations, both polarising mechanisms 
(scattering from a polarised source and extinction by aligned grains) will 
be required. The same conclusion is reached by Bastien (1987) and by 
Heckert and Zeilick (1985) who suggest that the relative importance of the 
two polarising mechanisms should be determined for each object on an 
individual basis. 

7.3 Models Involving Magnetic Fields 

The importance of the magnetic field at various stages in the dynamic evolu
tion of a SF molecular cloud was briefly reviewed in chapter 1. Particularly, 
the flux to mass ratio in the diffuse ("' 103cm-3

) initial pre-collapse phase 
is a critical factor in determining whether or not a cloud is unstable to 
gravitational contraction (§1.3.3). Once contraction ensues, its progress is 
likely to be regulated by the process of magnetic braking (§1.3.5) by which 
angular momentum is transported outwards from the central condensing 
regions into the surrounding cloud material. As long as the flux-freezing 
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assumption holds then the magnetic field will continue to be influential in 
the development of any protostellar condensations. 

In dense cloud cores, the magnetic field may begin to decouple from the 
neutral mass at densities as low as 106cm-3 (Mouschovias et al. 1985) which 
is of the same order of magnitude as the gas density obtained by Kaifu et 
al. (1984) for the molecular disc around L1551 IRS5. It seems necessary 
that the flux-freezing assumption must break down at some point during 
the collapse of the central dense region of the cloud in order to allow the 
formation of condensations with stellar densities but without the enormous 
magnetic fields predicted by a constant mass to flux ratio (the so called 
'magnetic flux problem'). In addition, magnetic fields appear to inhibit the 
formation and growth of fragments (Phillips 1986) whereas the majority of 
stars seem to be associated with binary or multiple systems. 

On a simplistic level, it seems likely that there will exist a volume of 
space in the densest region of the contracting cloud within which the bulk 
of the material will be free to evolve independently of the magnetic field. 
The size of this region will depend upon the range in density over which 
the field is able to effectively decouple from the neutrals. The material 
within the volume is fated to become part of a protostellar object and, if 
magnetic braking has been particularly efficient in the previous stages of 
cloud contraction, it may collapse in approximate free fall to form a slowly 
rotating star. A range of angular momenta at the point at which the field 
decouples from the neutral material, resulting from the varying efficiency 
of magnetic braking in different collapse situations, may be the cause be
hind the range of angular velocities seen in stars and stellar systems. If a 
significant amount of angular momentum is present at the onset of the non
magnetic central collapse, then the resulting protostar, as well as spinning 
rapidly, may be surrounded by a rotating (centrifugally supported) disc of 
accreting material. 

If we assume that, outside the decoupled volume, the neutral material 
is still essentially well coupled to the field then, during the formation of 
the central protostar, magnetic braking should continue to operate in these 
regions resulting in a condensed circumstellar environment. The presence of 
the frozen-in magnetic field means that the contraction will be anisotropic 
producing a massive magnetised disc (much larger than the centrifugally 
supported central disc mentioned above). Even if this assumption is not well 
founded, a magnetised circumstellar disc may still be expected to occur for 
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the following reasons; (i) Once the central star forms and hydrogen fusion 
begins, the ionisation fraction of the surrounding material will rise and 
any field present will again be locked into the majority neutral material; 
(ii) During any temporary decoupled phase, although neutral material is 
relatively free to move inwards across the field lines under the force of self
gravitation, a loss or exclusion of magnetic flux from the central regions of 
the cloud will not necessarily occur so that a significant field component 
may be retained in the 'remnant' material after the formation of the star. 

These considerations allow the formation of two circumstellar discs
a small inner one and a large outer one. If this is the case, then both 
of the polarising mechanisms discussed in the previous sections may be 
accommodated within the same system. 

• The inner disc is expected to be in approximate centrifugal equilib
rium having decoupled from the cloud field during the protostellar 
stage although it may at some point become associated with the 
magnetic field generated by the central object. The collimation of 
starlight by the inner disc may result in the production of an 'in
trinsically' polarised source if it has dimensions of~ 100 AU or less 
and is, therefore, unresolved at optical wavelengths. The material in 
this central disc may eventually form planets or fall onto the star. 
Alternatively, it could be dispersed by an energetic stellar wind. In 
addition, an inner disc may be associated with highly collimated out
flow structures such as the optical jet observed in the HH34 region. 

• The large outer disc carries most of the mass and angular momen
tum of the system and is expected to remain strongly coupled to the 
cloud field. This large magnetised disc may be responsible for the 
polarisation by extinction of starlight passing through it, in which 
case the threading magnetic field must have a predominantly toroidal 
configuration in order to reproduce the observations. In addition, the 
molecular outflows to be discussed in the next section are expected 
to be associated with this structure. 

It is not clear how the process of fragmentation fits into this scheme 
although it may have something to do with the amount of angular momen
tum present when the inner cloud regions collapse to form the protostar 
(for example, instead of an inner disc occurring around the protostar, a 
satelite object may form instead). 
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7.4 Implications for Outflow Acceleration 

The· scenario outlined above suggests the formation of a star surrounded 
by a disc of predominantly molecular material which will be threaded by 
and coupled to the central part of the magnetic field that has evolved with 
the contracting cloud. These are the conditions under which the hydro
magnetically accelerated molecular outflows of Pudritz and Norman (1986) 
and Uchida and Shibata {1985) are expected to occur. However, the ef
ficacy of these acceleration mechanisms depends to a large extent of the 
geometry of the magnetic field as it leaves the circumstellar disc regions 
and this in turn will be determined by the way in which the cloud has 
collapsed-particularly, the degree of magnetic braking that has occurred. 

The results of imaging polarimetry suggest that (at least some) circum
stellar discs contain a grain-aligning magnetic field with an approximately 
toroidal (with respect to the disc polar axis) geometry. Such a conclusion 
seems necessary in order to explain the source region polarisation pattern 
in the PV Cephei system. A way in which a central toroidal magnetic 
field can be generated was outlined in §2.3.7.1 and involves the twisting of 
field lines by the differential rotation of a circumstellar disc. This process 
should be generally applicable and suggests that toroidal fields resulting 
from the rotational winding of field lines may be a natural consequence of 
the evolution of a magnetised rotating circumstellar disc. 

The acceleration models of Uchida and Shibata (1985) suggest that 
the large scale molecular mass outflows seen in many regions of SF (and 
reviewed in §2.3) can be driven by the induction of a toroidal field com
ponent within a rotating molecular disc. Relaxation of the twisted field 
lines converts angular momentum in the disc to linear momentum in the 
outflow, thus braking the disc in the process. However, the model calcula
tions begin at a point where the disc is assumed to be threaded by a purely 
polloidal field (B.p = 0) and so fail to take account of any previous evolu
tion of the cloud which may lead to a B.p component within the disc. In 
addition, the models assume axisymmetry ( 8/8¢ = 0) which is bound to be 
an over-simplification. For example, in the case of the PV Cephei system 
(chapter 6) there is strong evidence to suggest that the distribution of cir
cumstellar and circumnebular material is non-axisymmetric with a greater 
accumulation of obscuration to the east of the star than to the west. If we 
assume that the local magnetic field is closely associated with this material 
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(and perhaps partly responsible for its distribution) then it too is likely 
to be non-axisymmetric. The detection of spiral structure in the density 
and·magnetic field distributions in the Serpens nebula (Warren-Smith et 
al. 1987b) provides further evidence of non-axisymmetry. 

The assumption of axisymmetry is also inherent in the centrifugal accel
eration mechanism of Pudritz and Norman (1986) wherein the field thread
ing the disc is predominantly polloidal and rigid body (disc) rotation is 
normally assumed. The efficiency of centrifugal acceleration depends to a 
large extent upon the geometry of the field as it leaves the disc surface or 
envelope. If the field in these regions is inclined to the plane of the disc 
i.e. if it has a polloidal component then centrifugal acceleration is possible. 
A transition between toroidal and polloidal field geometries in the vicinity 
of a circumstellar disc features in the model proposed for the PV Cephei 
system (Figure 6. 7) and in this situation it is possible that both centrifugal 
acceleration and magnetic twist acceleration can operate simultaneously. 

Pudritz and Silk (1987) model the evolution of rotating magnetised 
'pancakes' in axisymmetric geometries and note that the build up of a 
toroidal field component is opposed by the effects of ambipolar diffusion 
with the ratio Bct>/Bz never exceeding unity in their calculations. However, 
these conclusions may not be significant in situations in which the angular 
momentum and local magnetic field axes are inclined. In such 'obliquely' 
rotating systems toroidal field components may develop more readily in 
the circumstellar region. In addition, if the condition that the disc is self
gravitating is relaxed then it may be considered likely that in the presence 
of ambipolar diffusion there will exist a central keplerian portion of the disc 
within which rotational wind up of the field lines may occur. Beckwith and 
Sargent (1987) find evidence for a keplerian velocity curve in the case of 
the disc around HL Tau. 

In any case, a departure from axisymmetry (in which the rotation axis 
is aligned with the large scale magnetic field) in outflow acceleration and 
cloud collapse models seems necessary if the non-axisymmetric field and 
density distributions observed in some circumstellar environments are to 
be explained. In particular, the processes of cloud collapse, magnetjc brak
ing and magnetic acceleration need to be studied in situations ~re the 
angular momentum axis of the system is inclined relative to the magnetic 
field. It has been shown that magnetic braking is more efficient in the case 
of a perpendicular rotator than a parallel one (Dorfi 1982) leading to heav-
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ier damping of the perpendicular component of angular momentum and, 
hence, a gradual alignment of the rotation axis with the magnetic field. 
This argument has sometimes been used to justify the selection of models 
in which the rotation/outflow axis is exactly parallel with the local field 
(hence considerably simplifying the model) but in reality it is more likely 
that a dispersion of outflow orientations will exist (perhaps centred about 
parallelism with the field). The hydromagnetic acceleration mechanisms are 
most efficient when the rotation axis is aligned with the field ( axisymmetry 
as normally assumed) and in cases where the rotation axis lies perpendicu
lar to the field it is difficult to envisage how any outflow acceleration could 
occur at all. A distribution of field-rotation axis inclinations may go some 
way, therefore, to explaining the observed diversity of molecular outflow 
parameters such as velocity and degree of collimation (the latter of which 
cannot be explained in terms of geometry alone-§2.3.3). 

In addition, CO observations of bipolar molecular outflows suggest that, 
in general, the major axes of the outflows are significantly inclined to the 
local magnetic field. Table 7.2 lists the projected (onto the plane of the 
sky) PAs of the major axes of several bipolar molecular outflows (and col
limated optical nebulosities) and the local magnetic field (as determined 
by interstellar polarisation measurements). These results are displayed in 
Figure 7.2 which clearly shows a clustering of outflows around the local 
magnetic field direction. With the exception of G L 490, all of the outflows 
are oriented within 40 deg. of the magnetic field suggesting that it has been 
influential in their formation (although the errors on some of the measure
ments are quite large). However, after taking the errors into account, the 
orientations of nine of the fifteen outflows deviate significantly from par
allelism with the field emphasising the importance of considering oblique 
rotation. 
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Object PA~Iow (deg. ) PAfield (deg.) jPAflow-PAjield I 

Cep A 102 ± 5 86 ± 17 16 ± 18 
DG Taua 226 ± 21 45 ±55 1±5 
GGD 12-15 137 ± 5 170 ± 20 33 ± 21 
GL 490 35 ± 5 116±7 81 ± 9 
GL 961 145 ± 5 170 ± 20 25 ± 21 
GL 2591 45 ± 202 40 ± 31 5 ± 37 
H6-5Aa 355 ± 13 23 ±56 28 ± 7 
H6-5Ba 53± 63 23 ±56 30 ± 7 
HH7-11 142 ±54 147 ± 97 5 ± 10 
HL Tau 56± 33 75 ±58 19 ± 7 
11551 62±5 75 ±58 13 ± 7 
Mon R2 134 ±5 170 ± 20 36 ± 21 
Orion KL 128 ± 5 109 ± 22 19 ± 23 
RMon 177 ± 5 170 ± 20 7 ± 21 
S106 20±4 58± 9 38 ± 10 

a Optical nebulosity rather than molecular outflow 
b From Cohen et al. 1984 (with a token error of ±5 deg. added) unless 
otherwise annotated 
c From Dyck & Lonsdale 1979 unless otherwise annotated 

Table 7.2: Projected PAs of the major axes of 12 bipolar molecular outflows 
and 3 collimated optical nebulosities and their local magnetic fields. 

References for Table 7.2 
1. Mundt et al. 1987 

3. This work 

5. Moneti et al. 1984 
7. Turnshek et al. 1980 

? Measured from Lada et al. 
1984-axis indis¢'tinct 
4. Hodapp 1984 

6. Vrba et al. 1985 
8. See §5.2.2 
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Figure 7.2: The distribution of 15 outflow orientations with respect to the 
local magnetic field direction. 
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Concluding Remarks 

There is evidence for bipolar structure in each of the three SF regions con
sidered although in each case the nebulosity is in some way morphologically 
unique. Optical polarimetry has been used to determine the illuminating 
sources in each system. 

• The reflection nebulosity surrounding Haro 6-5B has been interpreted 
in terms of a straight edged bicone centred about this star. The 
nebulosity to the north-east of the star appears to outline the edges of 
one cone whereas the 'counterlobe' structure lies within the bounds of 
the south-west projecting cone. Haro 6-5A (FS Tau) also illuminates 
nebulosity, however, this nebulosity does not appear to have a well 
determined geometry. In addition to these two stars, a further centre 
of illumination exists in the Haro 6-5 system (Haro 6-5C) and may 
result from the intense scattering of light originating from Haro 6-5B 
by circumstellar or circumnebular material. 

• A bipolar configuration has been suggested for the reflection nebulos
ity surrounding the star HL Tau although the geometry is less well 
defined than in the case of Haro 6-5B. The nearby star LkHa358 also 
appears to be associated with bipolar nebulosity. 

• PV Cephei illuminates a well defined bipolar nebula whose edges ap
pear curved rather than straight as in the case of Haro 6-5B. The 
optical structure of this nebulosity has varied dramatically and contin
uously throughout the period of the observations presented. Changes 
can occur on timescales of "'-'months. 

The ubiquity of dense obscuring discs of gas and dust in systems ex
hibiting bipolarity is becoming evident. These discs play central roles in 
both the theoretical attempts to explain the collimation and acceleration of 
bipolar flows and in the explanation of unusual source region polarisation 
patterns. 

• In the Haro 6-5 system there is strong evidence for the existence 
of discs of obscuration around both Haro 6-5A and Haro 6-5B. The 
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Haro 6-5B disc is probably responsible for the collimation of the op
tical bicone, the disc equatorial plane being oriented perpendicular 
to the biconical axis. The polarimetric observations support previous 
suggestions of discs around the PMS stars HL Tau and PV Cephei
in each case the disc plane lies approximately perpendicular to the 
collimation axis. 

Speculation on the nature of bipolar nebulae can only be useful within 
a larger context encompassing other forms of bipolarity, particularly the 
large scale molecular outflows associated with many PMS sytems (§2.3). 
Theoretical interpretation of molecular outflow appears to be converging 
under the weight of evidence towards the hydromagnetic disc wind theories 
described in §2.3. 7. In particular, the magnetic twist acceleration model 
of Uchida and Shibata predicts the accumulation of a significant magnetic 
field component in the plane of a circumstellar disc. 

• The existence of such toroidal magnetic field configurations can ac
count for the polarimetric observations described in chapters 4, 5 and 
6 and the assumptions and implications are discussed in chapter 7. 
An alternative interpretation of some (but not all) of the source region 
polarimetry is available in the form of illumination by an intrinsically 
polarised source. In order to interpret the wider body of polarimetric 
evidence it is necessary to assume that illumination by intrinsically 
polarised sources and polarisation by magnetically aligned grains are 
both viable processes. Each object must be considered on an individ
ual basis in order to assess the relative importance of these processes. 

• The hydromagnetic acceleration models predict the establishment of 
disc outflows which have cylindrical geometries and are concentrated 
into shells surrounding relatively hollow cavities. The illumination of 
the inner walls of these cavities by a centrally located source would 
provide a simple and natural explanation of the bipolar nebulae ob
served, assuming that the outflow contains dust-presumably swept 
up from the disc material. 

• Of the three regions considered, only the PV Cephei system exhibits 
a bipolar molecular outflow although blue shifted CO emission exists 
to the north-east of HL Tau. 
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Imaging polarimetry is an ideal tool for investigating the nature of the 
magnetic field in the region surrounding au accreting protostellar object as 
long as the effects of scattering (single or otherwise) can be distinguished. 
Current theoretical models of cloud collapse and outflow acceleration en
visage axisymmetric magnetic field distributions, usually with the angular 
momentum axis aligned with the parental cloud field direction and must 
therefore represent idealisation. 

• The axes of the nebulosity in both the Haro 6-5 and HL Tau systems 
are significantly inclined to the local magnetic field as determined by 
polarisation measurements of background stars. This indicates that 
oblique rotation may have been important in these regions at the 
cloud collapse stage (§7.4). 

The observation of field geometries around regions of collimated nebu
losity is of great value and needs to be extended. Deep CCD imaging has 
already shown that, in some systems, dark matter associated with a disc 
forms part of a more spatially extensive structure. These structures may be 
seen in silhouette against any background luminosity and can extend quite 
a way out from the central disc regions. The mapping of the polarisation 
in these regions should prove useful in determining the way in which the 
cloud magnetic field connects with the disc and how it is oriented relative 
to the axis of symmetry. 

• The imaging polarimetric observations of the PV Cephei system re
veal a non-axisymmetric distribution of matter and magnetic field 
around the star. It is expected that this material represents the rem
nant protostellar material out of which the star has formed and that 
it is closely associated with the more symmetric central disc. 

Deep CCD polarimetry of other bipolar outflow regions promises to re
veal circumstellar discs as but the central, dense, symmetric components of 
more extensive and irregular accretion complexes. Observational determi
nation of the density and magnetic field distributions is necessary in order 
to accurately constrain and check the theoretical models. Without such 
constraint models concerned with hydromagnetic acceleration, magnetic 
braking and cloud collapse may become unrealistic. 
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Both the Haro 6-5 and HL /XZ Tau systems contain linear emission line 
features that have previously been interpreted as 'jets' of material emanat
ing from identified PMS sources in the area. An alternative explanation is 
provided by Canto et al. (1986) who suggest that the observed emission 
line structures may result from the thermalisation of a stellar wind by the 
walls of an ovoid cavity. In any case it seems likely that the emission line 
radiations are generated by recombination behind weak shock fronts (in 
common with HH object spectra) and typically they show red and blue 
shifts ,....., lOOkm s- 1• These factors can be accommodated by both models 
(in the jet model the shocks may result from succesive compression and 
rarefaction of the highly collimated jet material as it passes through the 
ambient cloud) although in individual cases the optical morphology may 
favour one or the other. 

In the Haro 6-5 system the jet appears to curve away from the most 
likely exciting source, Haro 6-5B. If this feature is indeed a jet emanating 
from this source then it must undergo a considerable deflection close to the 
star. Alternatively if the 'jet' results from the interaction of an energetic 
(but not highly collimated) outflow from Haro 6-5B (or some other source) 
with the wall of an excavated cavity or perhaps with the edge of a partic
ularly dense cloud region then the shape of the jet will be determined by 
the geometry of the interaction. However, it is then necessary to explain 
why the brightest part of the jet in the optical lies on the axis defined by 
the proposed Haro 6-5B bicone and disc. 

Similar arguments apply in the case of the jet in the HL Tau system 
which lies close the axis defined by the disc around HL Tau but appears to 
curve away from this star. The mechanism by which these jet like features 
are produced and their exact points of origin clearly remains uncertain. 

The streak feature intermittently visible in the PV Cephei system is 
best interpreted in terms of the transient illumination of a cavity wall. 
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