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PREFACE 

Discs are known to exist around many types of star, from the initial stages of their 
formation to their eventual demise. Data have been gathered using a wide variety of 
techniques ( IUE, optical polarimetry, IRAS, sub-millimeter, radio masers etc.), and in 
view of the expected launch of ISO in the near future and the plans for EDISON, it 
was an appropriate time to examine the current status of research in this area. Around 
30 astronomers/astrophysicists met in the Coseners' House, Abingdon, to discuss Dusty 
Discs. This was the 9th RAL Workshop on Astronomy and Astrophysics, and followed the 
established pattern of informal presentations on key topics and lots of discussion 'around
the-table'. The speakers were asked to remember the discussions when writing up their 
presentations for these proceedings. The workshop aimed to bring together observers from 
a broad range of wavelengths and theoreticians to survey current knowledge and map 
future avenues of research. The contents of these proceedings show how well this aim was 
realised. A very wide range of observational and theoretical topics were addressed and 
these topics generated a great deal of lively discussion. The organisers are grateful to all 
the participants for their contributions. 
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Dusty Stellar Discs : An Overview 

Ramon D Wolstencroft 
Royal Observatory 

Edinburgh EH9 3HJ 

1 INTRODUCTION 

My task is to set the scene, i.e. to briefly review the field of dusty stellar discs focussing 
particularly on areas where our current understanding and observational data need to 
be clarified and improved. I plan to cover the ground in a chronological sequence, and 
will discuss not only pre-main sequence discs and the discs that survive onto the main 
sequence, but also the evidence for post main-sequence discs, which may not be generically 
related to the discs seen around young and middle aged stars. The review will cover (some 
of) what we know of the properties of discs and what we understand about the processes 
which act on the discs during their lifetime. 

2 FORMATION OF STARS AND DISCS 

2.1 Low Mass Stars 

It is widely believed that circumstellar discs are a natural and perhaps inevitable by
product of the low mass (M ~ 2 M0 ) star formation process. The broad theoretical 
outlines of how discs may form have been described by Shu, Adams & Lizano (1987). 
They identify four main stages (see their fig. 1 ): (a) dense cores within a molecular 
cloud slowly collapse under the constraints of ambipolar diffusion; (b) an individual core 
collapses from the inside outwards with low angular momentum material building an 
accreting protostar and material of high angular momentum forming a nebular disc; (c) 
a strong stellar wind starts up along the rotation axis of the star-disc system, reversing 
the infall in the polar directions and sweeping up material to form a CO bipolar outflow; 
and (d) the solid angle of the outflow grows and the central star becomes visible either 
directly or indirectly via scattered light; eventually the infall stops. The timescales for 
these processes are believed to be "" 106 yr for phase (a) ( timescale before dynamical 
collapse) and "" 105 yr for (b) to (d). The main phase of disc evolution takes place as 
viscous forces cause matter to migrate inwards and angular momentum to be transported 
outwards: during this phase classical T Tauri stars evolve into weak-line T Tauri stars 
as inner disc accretion slows and the wind weakens. The crucial question of what drives 
the neutral wind, which in turn is thought to drive the CO outflow, is most probably 
answered in terms of MHD forces acting on matter accreting at the inner edge of the 
disc: either the matter arriving at the inner edge of the disc becomes part of the neutral 
wind directly (see e.g. Pudritz and Norman, 1986), or material flows inwards from the 
inner edge of the disc towards the stellar equator before being accelerated away from a 





boundary layer in an MHD driven wind by the so-called X-celerator mechanism (Shu et 
al. 1988; 1991). 

The above view applies of course only to single stars and since the majority of main 
sequence stars are known to be in binary or multiple systems (Duquennoy & Mayor, 1991) 
it is evidently incomplete: the subject of interacting and merging protostar-disc systems 
and the formation of binary systems needs to make considerable progress before we have 
complete confidence that the above outline scenario applies to most stars. 

2.2 Evidence for young discs around high mass stars 

Current theories of the formation of higher mass stars (M > 2 M0 ) do not, as far as 
I am aware, allow for the effects of rotation or magnetic fields so that the possibility of 
disc formation is precluded (see e.g. Palla & Stahler 1991). Nevertheless there is some 
evidence for discs in some higher mass stars which theory will need to explain in due 
course. 

Ultracompact (UC) HII regions ( < 1017 cm) are presumed to be energised by newly 
formed 0 and B stars. The discovery of CO bipolar outflows associated with some UC 
HII regions suggests that collimating discs may be present around at least some high mass 
YSO's: examples are G5.89 - 0.39, GGD27, DR21 and NGC2024 (IRS5). In some cases 
the molecular disc has been detected in the transitions of high density tracer molecules 
such as NH3 and CS. A good example is G35.2- 0.7N, studied by Brebner et al. (1987) 
who find a massive 150M0 , slowly rotating molecular disc whose major axis is orthogonal 
to the outflow: OH masers, which trace the inner parts of the disc, are seen and define a 
position angle which is also orthogonal to the outflow. 

Intermediate mass Herbig Ae/Be stars (M rv 2M0 to5M0 ) as a class exhibit a strong 
infrared excess which is associated with circumstellar dust (see, e.g. Catala, 1989). Ev
idence concerning the spatial distribution of this dust is only available for "' 10 of the 
57 known Ae/Be stars. In the case of RMon and RCrA, optical polarization maps show 
a polarization disc (Ward-Thompson et al., 1985; Scarrott et al., 1989) which can be 
interpreted in terms of a physical disc (Bastien and Menard, 1988; Gledhill, 1991 ). For 
LKHo:234 Dent et al. (1989) interpret their 1100J.Lm JCMT continuum maps in terms of 
a dust ring that may have evolved from a dust disc. Finally, Corcoran et al. (1992) find 
that the high velocity forbidden lines in 6 AejBe stars are always blue-shifted implying 
that the red-shifted component of the optical outflow is obscured by a disc: this is exactly 
analogous to the result found by Apenzeller et al. (1984) for T Tauri stars and cited as 
evidence for discs. 

3 PROPERTIES OF PRE-MAIN-SEQUENCE DISCS 
AROUND LOW MASS STARS 

In section 2.1 we briefly described how discs may form as a normal, and perhaps inevitable, 
accompaniment to the low mass star formation process: we now use this as a framework 
to examine and discuss what is known about these discs and in particular the frequency of 
occurrence of discs. Thermal emission from discs allows us to study the innermost discs of 
T Tauri stars at short wavelengths (2 to SJ.Lm) and the cool outer parts at 1mm. If outflows 
are driven by accretion and if gradual erosion of the inner disc region occurs as a result, 
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we expect older discs preferentially to show a decrease of near infrared excess but little 
change of mm wave emission. The study of over 80 T Tauri stars in the Taurus-Auriga 
dark clouds by Skrutskie et al. (1990) at 2.2JLm and lOJLm confirmed this effect with 50% 
of young ( < 3 x 106 yr) stars having detectable inner discs but j 10% of older stars having 
discs(> 107 yrs); 1.3mm continuum measurements of 86 T Tauri stars also in the Taurus
Auriga dark clouds by Beckwith et al. (1990) yielded a 42of the disc mass on the stellar 
age. The gradual erosion of the inner disc or growth of the inner dust free zone with age 
could in principle have an alternative explanation, namely the growth of planetisimals, 
and it is not yet clear how to distinguish between the alternatives. Another factor noted 
in section 2.1. that could influence disc occurrence is the presence of a binary companion: 
Beckwith et al. (1990) found statistical evidence that stars with close companions have 
very small or no detectable disc masses. 

The micron to millimetre spectral energy distribution may be modelled to yield the 
temperature and mass distribution within the disc (see Beckwith et al., 1990). The disc is 
assumed to be thin and flat, to follow a power law for temperature T(r) = T(ro)(r/r0 )-q 
and surface mass density a(r) = a(ro)(r/ro)-P, and to be optically thin or thick at). > 
or< lOOJLm. Such a disc, either passively heated by the parent star or heated by viscous 
frictional jostling of disc particles (reprocessing disc), should have q =3/4 and vFv ex: va 
where a= 4- 2/q = 4/3. However Beckwith et al. (1990) find that very few discs have q 
=with most in the range 0.50 to 0.65 i.e. flat vFv spectra. Various suggestions have been 
made to explain this slower decline in T(r) than predicted, e.g. in terms of flared discs 
which would be preferentially heated at larger (Kenyon & Hortmann, 1987); however it is 
not clear which if any of these suggestions is correct. Model fits yield dust temperatures 
at ro = lA U in the range 50 to 250K for the Beckwith et al. sample with a median value 
of about lOOK. 

Disc masses may be deduced from the optically thin millimetre emission provided the 
grain emissivity, Kv , disc radius, Rv, and the parameters (p, T(r0 ), q) are known. Kv 
is the most difficult of these quantities to estimate (Beckwith & Sargent, 1991) and as a 
result the masses deduced are uncertain by a factor of about 5. Assuming that the gas 
to dust ratio of 100 typical of the interstellar medium also applies to the discs, the total 
disc masses for the Beckwith et al. (1990) sample fall in the range 0.001 to 1 M8 . 

4 DISCS AROUND MAIN SEQUENCE STARS 

How many of the discs seen around low mass YSO's have survived by the time the parent 
stars have reached the main sequence, and what processes dominate the evolution of discs 
in the late pre-main-sequence phase? To answer these questions we require a survey of 
the infrared excesses and Av values of a large well defined sample of main sequence stars 
: this would provide (a) information on the frequency of occurrence of dust shells and 
discs for different spectral types and (b) constraints on the timescale for the evaporation 
of discs. The possible mechanisms involved include the accretion of dust particles onto 
the star (e.g. by the Poynting Robertson effect combined with the effect of grain-grain 
collisions), grains swept up by stellar winds and the growth of planetisimals to form 
planets and comets: each process will have a characteristic timescale which should act as 
a discriminant in deciding whether one process dominates. 

Apart from the well known evidence from IRAS of dust discs around (3 Pictoris, Vega 
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and Fomalhaut a number of IRAS-based lists of candidate stars with possible discs have 
been published (e.g. Sadakane & Nishida, 1986; Aumann, 1985; Walker & Wolstencroft, 
1988) and are being followed up (see e.g. Barlow & Skinner, this conference). Early type 
stars tend to dominate these lists because of "luminosity bias" (T4 dependence), but after 
due allowance for this selection effect, Aumann (1988) concludes that the incidence of 
dust shells, and by inference dust discs left over from their pre-main-sequence phase, is 
about equal around main sequence A, F and G stars, and that discs are the rule rather 
than the exception: this result was based on a volume limited sample of stars within 25pc. 
On the other hand a magnitude limited sample of 5706 high latitude B to M stars taken 
from the SAO catalogue yielded only 379 stars with a significant infrared excess (Stencel 
and Backman, 1991). 

The disc around beta Pictoris is unique in having the largest infrared excess associated 
with any main sequence star and in being seen optically as a nearly edge-on disc as a result 
of light from the star scattered by the disc particles (Smith & Terrile, 1984). Models of 
the disc have been developed by various authors based on a variety of data and are 
not readily reconciled. For example optical imaging polarimetry by Gledhill, Scarrott & 
Wolstencroft (1991) shows a relatively constant polarization of about 178 = 15 and 35 
arcsec from the star (240 to 560 pc) and a surface brightness ex B-4

: modelling these 
data with an edge-on disc having power law size and number density distributions yields 
n( a) ex a-4·0 , p( r) ex r- 2 ·75 and an average grain size "' 0.2J-Lm. Scattered light from 
such a grain population ought to be blue but the disc has a neutral colour according 
to Paresce and Burrows (1987), and Artymowicz et al. (1989) have concluded that the 
grains must therefore be larger than 1J-Lm. On the other hand the grain temperature at 80 
AU derived from 10.8 and 19.2J-Lm imaging by Telesco et al. (1988) is 130K, considerably 
higher than the black body temperature of 50K at that distance implying small ( 0.2J-Lm) 
silicate grains (see also Telesco and Knacke, 1991). It appears that a hybrid model is 
needed to reconcile these anomalies: Backman, Gillett & Witteborn (1992) suggest a two 
component model with sub-micron grains and a relatively low total density within 80 AU, 
and a sharp transition beyond 80 A U to a higher density disc with an average grain size 
"' 3J-Lm. Note that in these models the grain temperature at 80 AU lies in the range 90 
to 140K corresponding to the sublimation temperature for ice, suggesting a physically 
plausible reason for the two zone model. If this disc is typical it is clear that considerable 
caution will be needed in fitting acceptable models to other discs where there is less data. 

5 POST MAIN SEQUENCE DISCS 

In pre-main-sequence objects the presence of optical or molecular outflows is a clear sign 
that discs may be present to collimate the outflow or even perhaps to be a vital element 
in its generation. Bipolar flows are also often seen in post AGB objects with about 
60% and 15% of planetary nebulae showing respectively a weakly or strongly bipolar 
morphology implying the current or past existence of such flows. Many proto-planetary 
nebulae are likewise known to be strongly bipolar. If discs are responsible for these 
post main sequence bipolar flows it seems very unlikely that they are relics of the main 
sequence discs. Morris (1981, 1987) first drew attention to this problem and suggested 
that where the central star is a close binary an accretion disc may naturally form in the 
orbital plane of the binary when both stars are sources of a stellar wind. The frequency of 
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main sequence binaries of all separations is sufficiently high ( 60%) (Duquennoy & Mayor, 
1991) to lend support to this idea. Examples of systems where there is strong evidence 
for a disc include the planetary nebulae NGC2346 and NGC6302 which exhibit molecular 
tori oriented normal to the bipolar lobes (Zuckerman & Gatley, 1988; and Payne, Phillips 
& Terzian, 1988 respectively): the suggestion here is that a central dust disc may be 
shielding the molecules of the torus from dissociation. OH231.8 + 4.2 is an evolved star 
at the centre of a bipolar nebula which exhibits a polarization disc (Scarrott, Rolph & 
Wolstencroft, 1990) which is strong evidence for the presence of a circumstellar disc. 

A final postscript to this overview of stellar discs concerns the fate of planetary systems 
during the post-main-sequence phase of stellar evolution. Stern, Shull and Brandt (1990) 
argue that the comets of the Kuiper disc and the Oort cloud will be partially evaporated 
during this luminous phase of evolution and provide large amounts of H20, OH and 
complex molecules in the envelopes of these stars and that the time variable OH and H20 
maser structures seen within 10 to 100 AU of the star may be associated with orbiting, 
evaporating comets. In a similar vein Struck-Marcell (1988) argues that SiO masers in 
Mira-type stars may be associated with the magnetospheres and orbital wakes of Jovian 
planets. 

6 CONCLUSIONS 

In this very active field there are naturally a multitude of questions that need to be 
addressed. Arising out of this overview I have selected a handful of questions that I 
believe deserve special attention at this workshop: 

1. how can we improve our understanding of the role of disc accretion and MHD forces 
in the generation of outflows? 

2. how does the presence of a binary companion influence the formation, survival and 
properties of a CS disc? 

3. do most low mass stars lose most or all of their disc mass by the time they reach 
the main sequence, and if so what role does planetisimal formation play? 

4. do most high mass (M > 2M0 ) stars have discs? 

5. why does the disc temperature profile T(r) decline more slowly than predicted? 

6. why is f3 Pie the only main sequence star with an optically visible disc? 

7. how common are post main sequence discs and do they only form in close binary 
systems? 
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An Investigation of Circumstellar Discs using an 
Imaging Polarimeter 

S.M.Scarrott, P.W.Draper & T.M.Gledhill 
Physics Department, 

University of Durham, 
South Road, Durham, DHl 3LE . 

Abstract 

Optical polarization studies of nebulous stars in all stages of evolution show un
expected features which are attributed to the effects of circumstellar discs, possibly 
of solar system dimensions, and we discuss the various mechanisms which could ac
count for these observations. We also present a simple scattering model to explain 
the polarization characteristics of the nebula surrounding the main- sequence star 
f3 Pictoris which suggests that the disc-like structure contains a population of dust 
grains which is not untypical of the general interstellar medium. 

1 INTRODUCTION 

Many stars in pre-, post- and main-sequence evolutionary stages act as illuminators of 
reflection nebulae created by the scattering of the central starlight by surrounding dusty 
material. In this scattering process the light is polarized such that the E-vector of the 
emergent radiation is perpendicular to the scattering plane and this leads to the charac
teristic circular pattern of vectors seen in polarization maps of reflection nebulae. 

Fig. 1 shows a polarization map of the well-known cometary reflection nebula NGC2261 
illuminated by the pre-main-sequence star R.Mon seen as the star-like knot in the contour 
map. At offsets 2:: 20 arcsec from the illuminating star the vector pattern is quite circular 
and centred on R.Mon; this is the expected pattern for a simple reflection nebula illumi
nated from within by a single point-like source. However, in the immediate neighbourhood 
of R Mon this circular pattern breaks down and is replaced by a band of polarization vec
tors forming a near parallel array across the head of the nebula which terminates in null 
points (zero levels of polarization) on either side of the star. This pattern is not expected 
in the simple reflection scenario and has become known as the polarization disc since it 
appears to be related to an assumed circumstellar disc of material surrounding the central 
illuminator. 

Fig. 2 shows a large scale map of the RN091/L43 nebulosity which again shows the 
regular circular pattern of a simple reflection nebula, this time illuminated by the T
Tauri star (RN091) seen as the bright central knot in the contour map. However, in the 
high spatial resolution map of the very central region (Fig. 3) the circular pattern again 
gives way to create the polarization disc with parallel vectors and null points. Although 
the intensity contours (left hand frame) are approximately circular the polarized intensity 
contours (right hand frame) are quite different and show a "pinching" effect which suggests 
the level of polarization is systematically reduced on either side of the star. The line 
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Figure 1: Polarization and intensity contour maps of the cometary nebula NGC2261 
illuminated by the star R.Mon. At large offsets from the star the polarization pattern 
is generally circular and is representative of a simple reflection nebula illuminated by a 
single star. In the region of R.Mon the circular pattern breaks down to be replaced by 
a band of polarization vectors which form a near parallel array across the head of the 
nebula terminating in null points on either side of the star. This pattern is not expected 
for a simple reflection nebula and has become known as the polarization disc. 
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joining the null points (which also defines the plane of the pinching) is perpendicular to 
the major axis of the optical nebula which is elongated towards the northeast. Does this 
imply that there is a physical link between the two features - for instance, does the disc 
collimating the optical outflow also give rise to the polarization disc in some manner? 

~ u 
w 
(J) 

u 
0:::: 
<( .....___, 

I 
1-
0:::: 
0 
z 
I
W 
(J) 
LL 
LL 
0 

I() 
N 

0 
N 

~ 

;? 

I() 

0 

RN091 V FILTER 

-:55 -:50 -25 -20 -15 -10 -5 0 5 -:55 -:50 -25 -20 -15 -10 -5 0 

OFFSET WEST (ARCSEC) 
100 % Polarisation 

5 10 

Figure 2: Polarization and intensity contour maps of the nebulosity in the 143 dark cloud 
illuminated by the T-Tauri star RN091. Note the regular circular polarization pattern 
typical of a simple reflection nebula. 

The polarization disc is seen in the majority of pre-main-sequence nebulae associated 
with outflows in star forming regions. It is also seen in some post-main-sequence systems 
such as bipolar proto- planetary and planetary nebulae. In Table 1 we give a compilation of 
systems known to have polarization discs and note some of the salient features of individual 
objects. The list is not exhaustive and the limited number in the post-main-sequence 
group is indicative of the fact that there are fewer known examples of the cometary /bipolar 
phenomenon due to the brief transitory nature of this stage of evolution. 

2 FEATURES OF THE POLARIZATION DISC 

The salient features of the polarization disc are summarized as follows: 
i) The polarization disc consists of an anomalous band of polarization centred on the 

illuminating star of cometary and bipolar reflection nebulae. 
ii) This band is normally present regardless of the direct visibility of the central source. 

10 



Object 

HL Tau Neb 
HH46/47 
Pars 21 
NGC2261 

HH102 

HH34 

GM29 

Serpens 
HH100 

NGC6729 

LkHa233 
RN091/L43 

Par22 
GGD30 

M2-9 
Boomerang 

Nebula 

Illuminator Features 

HL Tau* 
HH46IRS 
Pars 21* 
R.Mon* 

L1551IRS5 

HH34IRS 

PV Cep* 

SVS2* 
HH100IRS? 

R/T CrA* 

LkHa233* 
RN091* 

Central star* 
Hidden star 

Pre-main-sequence objects 

Jet emanating from central star. 
Bipolar nebulosity, HH objects. 
Cometary nebula in dark cloud. 
Cometary nebula, slight vestige of counter lobe. Orienta
tion of polarization disc changed by 20° in 2 years. Circular 
polarization also observed. 
Stellar jet, bipolar molecular outflow. Polarization parallel 
to bright rim in inner region. 
Stellar jet surrounded by nebulosity. Source polarized per
pendicular to jet axis. 
Source polarized, polarization parallel to bright rim. Bipo
lar. Polarization pattern changes in months. 
Bipolar nebula. 
Comma shaped optical nebulosity offset from possible 
source. 
Cometary nebula with polarization discs around the stars 
R & T CrA. RCrA disc changed orientation by 80° in ten 
years. 
Bipolar nebula. 
Outflow region in dark cloud, similar to morphology to 
L1551/HH102/IRS5 and HH46/47. 
Bipolar nebula. 
Outflow region in dark cloud, similar to RN091/L43. 

Post-main-sequence objects 

Central star* Emission line planetary nebula, bipolar geometry. 
Central star* Highly polarized proto- planetary bipolar nebula. 

OH231.8+4.2 Hidden star Vaguely bipolar. Has Herbig- Haro knots. 

Table 1: A summary of cometary and bipolar nebulae with polarization discs. Illuminators 
marked with an asterisk are visible stars. 
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Figure 3: Intensity contour(left ), polarization vector( centre), and polarized intensity con
tour (right) maps for the inner parts of the RN091 nebulosity. The polarization disc with 
its null points is clearly visible in the innermost part of the system. Note how the intensity 
contours are approximately circular whereas the polarized intensity ones are "pinched". 
These features are well reproduced in the model calculations shown in Fig.5. 
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iii) When the central source is apparently visible it is significantly linearly polarized 
in a similar manner to the surrounding anomalous band of polarization in the nebula. 

iv) The position angle of the polarization of the central object varies with wavelength. 
v) Circular polarization in the central source and disc region has been found in some 

circumstances. 
vi) In cases where molecular bipolar outflows are present the polarization disc is not 

necessarily perpendicular to this outflow axis. The disc is usually perpendicular to the 
optical axis. 

vii) In systems with small scale stellar jets it is found that the inner parts of the jet 
and the source (where visible) are polarized with orientations perpendicular to the jet 
aXIS. 

viii) The extremities of the polarization disc show null points. 
x) In the case of NGC2261 and NGC6729 the polarization disc has been found to 

change orientation on time scales of months/years. 

3 POSSIBLE ORIGINS OF THE POLARIZATION 
DISC 

The features of the polarization disc seem to provide circumstantial evidence for associ
ating it with a circumstellar disc of dusty material but before we can pursue this idea any 
further we must consider the processes which lead to the polarization. 

There are two main mechanisms for inducing polarization in starlight: one is simple 
scattering which has already been discussed and leads to the simple circular veCtor pat
terns, the other is dichroic extinction. In this latter process non-spherical dust grains 
are aligned in a magnetic field such that their long axis is perpendicular to the field di
rection. If initially unpolarized light passes through a region containing aligned grains 
the transmitted light is found to have a net polarization with its orientation parallel to 
the component of the magnetic field perpendicular to the line of sight. The polarization 
arises because the grains extinguish the vibrations in the incident light parallel to the 
long axis of the grain in preference to the other vibrations. This process accounts for the 
polarization of many of the stars in the Galaxy and"' 1-3% polarization per magnitude 
of extinction is typically observed. 

From the outset we know that the polarization disc cannot arise from single scattering 
of unpolarized light from a central source- the simple reflection nebula hypothesis- since 
the observed pattern of vectors lacks the required centro-symmetry and the central star 
itself is observed to be polarized on a par with the surrounding band of polarization in the 
nebula. We must accept that at least two polarized components are present and compete 
with each other in specific regions so that their cancellation effects produce the observed 
null points. The three most obvious combinations are- scattering and dichroic extinction, 
multiple scattering (the scattering of light previously polarized by scattering elsewhere 
in the nebula) and the scattering of light polarized at source. Various models have been 
proposed based on these combinations and we will briefly discuss their individual merits 
and drawbacks. 
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3.1 Scattering and dichroic extinction 

This was the original explanation of Gething, Warren-Smith, Scarrott and Bingham (1983) 
to account for the polarization disc in the cometary nebula NGC2261. In this model the 
grains in a circumstellar disc are aligned by a toroidal magnetic field so that the light from 
the central star is both scattered and extinguished in the disc. Since the field lies in the 
plane of the disc then the dichroic polarization will be in the plane of the disc whereas the 
scattered polarization will be perpendicular to the disc; these polarization orientations 
are orthogonal and can therefore cancel to give null points. In addition, the direct light 
from the central object is extinguished and not scattered so it is polarized parallel to the 
disc as defined by the null points as observed. In this model the circumstellar disc must 
at least have the dimensions of the polarization disc. 

This explanation was preferred until the polarization discs of the cometary nebulae 
NGC2261 and NGC6729 were found to change orientations with time. This creates a prob
lem with reorienting the magnetic field and a hybrid model involving a polarized source in 
addition to scattering and dichroism was proposed (Scarrott, Draper and Warren-Smith 
1989). 

3.2 Multiple Scattering 

If the circumstellar disc is optically thick then the emergent radiation may have been 
multiply scattered with polarization induced in each scattering. However, the resultant 
polarization pattern should still be centra-symmetric but with reduced levels of polariza
tion. 

Bastien and Menard (1988) produced a model in which the disc is so dense that it 
is opaque in the equatorial plane and radiation can only escape along the disc's axis. 
This polar radiation is then scattered by the optically thin lobes and illuminates the 
periphery of the disc where it is scattered again. This "double" scattering automatically 
produces the band of polarization associated with the polarization disc due to the assumed 
geometry. This model fails to explain one of the main observations which is that the central 
object, when seen directly as a star-like object, is polarized in the same sense as in the 
polarization disc. It also has difficulty in accounting for the observed temporal changes 
in the orientation of the polarization disc. 

3.3 Scattering of light polarized at source 

In this situation the (apparent) central and unresolved source emits linearly polarized 
light which, when scattered by the dust grains within the nebula, leads to the observed 
pattern. Notni (1985) proposed the idea and and it was considered in detail by Draper 
(1988) for the NGC2261/RMon complex. The scattering of partially polarized light is 
equivalent in some ways to having competing polarizing processes and cancellation may 
occur. 

Gledhill (1991) carried out model calculations based on this concept. He assumed 
that the nebula was a simple cylinder uniformly filled with optically thin dust and with 
a mini bipolar nebula on the cylinder axis acting as the polarized source. Fig. 4 shows a 
schematic diagram of his model whose main features are: 

i) There is no large scale dust disc, just a uniform and optically thin assembly of 
scattering centres. 
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Figure 4: A schematic diagram of the polarized source modeL The upper part shows 
the simple cylindical geometry of a uniform and optically thin distribution of scattering 
centres illuminated by a central polarized source. For any offset position from the star the 
light we receive is the sum of the scattering along our total line of sight in the cylindrical 
nebula. The lower part shows the geometry of the polarized source; it is a mini bipolar 
nebula which is spatially unresolved and illuminates the nebula with a combination of 
(unpolarized) direct starlight and (polarized) light which has been scattered off the lobes. 
The level of polarization of the light from the source depends on the viewing angle and the 
diagram illustrates how maximum polarization occurs in the equatorial plane while the 
light emerging along the bipolar axis is unpolarized. Intermediate levels of polarization 
are seen at other viewing angles. 
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ii) The mini bipolar, which is spatially unresolved, illuminates the nebula with a com
bination of (unpolarized) direct starlight and (polarized) light which has been scattered 
off the lobes. The level of polarization from the source as seen by a grain in the nebula 
depends on the relative orientation of the line of sight to the star and the axis of the bipo
lar nebula. Maximum source polarization, as seen by a scattering centre, occurs when it 
is located in the equatorial plane of the bipolar. 

Fig. 5 shows predictions for this model for various combinations of source strength 
and tilt of the large scale nebula. It is quite clear that the model can account for most 
of the observed properties of polarization discs and, although it is simplistic in many 
ways, its basic message is that it is the scattering process and geometry that creates the 
polarization feature rather than a large scale accumulation of scattering material in the 
form of a disc around the illuminating stars of cometary and bipolar nebulae. 

With this polarized source model we still have to account for the mini bipolar nebula 
which acts as the unresolved polarized source. We propose that it is created by collimation 
very close to the star by a circumstellar disc which must be quite small relative to the 
extent of the polarization disc as defined by the location of the null points. In the case of 
RN091 where the polarization disc is rv lOOOAU this collimating disc would have to be 
I'.J 10' sAU in size, i.e. of solar system dimensions. Based on the time scale of the variations 
in the orientation of the polarization disc in NGC2261 Draper (1988) proposed that the 
size of an appropriate disc should be I'.J 15AU. Rudnitskij (1987) proposed a model to 
explain the brightness variability of cometary nebulae such as NGC2261 and NGC6729 
in which he had a small circumstellar disc ( I'.J lOAU ) precessing in the gravitational 
potential of a much larger and more massive disc (1000' sAU, lOO' sM0 ) with periods of the 
order of tens of years. This disc produces a collimated optical outflow and its precession 
creates variable illumination. We expect that our bipolar is of similar ilk but now the 
precession produces a polarized source whose axial direction changes with time and so 
permits the polarization disc to vary in orientation in time scales of years. 

This polarized source model creates the polarization disc purely on geometrical grounds 
without recourse to a dust disc with dimensions similar to the separation of the null points 
(1000' sAU). Observationally we do not see a visible disc in direct intensity images and 
this is in agreement with this model. The absence of a visible disc has always remained 
a problem with the scattering/ dichroism and multiple scattering models which required 
enhanced dust density on the spatial scale of the polarization disc. 

At the present time it appears that the polarized source model is most able to account 
for the polarization disc around the illuminating stars of cometary nebulae but we cannot 
rule out that the larger scale discs, which are seen in molecular line studies, have a dichroic 
effect on the polarization in the off-nulcear regions of these nebulae where the effect of 
the polarized source is less manifest (Draper 1988). 

4 THE {3 PICTORIS DISC 

In contrast to the polarization discs discussed in the previous sections the main sequence 
AS star (3 Pie is surrounded by a visible nebula ( I'.J 50 arcsec = 250AU in extent) which 
is widely believed to be produced by light from the central star scattered by dust grains 
distributed in a highly flattened disc viewed almost edge-on (Smith and Terrile, 1984; 
Paresce and Burrows, 1987; Gledhill, Scarrott & Wolstencroft 1991). 
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Figure 5: Predictions from the model illustrated in Fig. 4. Each of the frames (left to 
right) shows maps of intensity, polarization and polarized intensity respectively. The top 
frames show the results if the source is unpolarized (i.e. we have switched off the scattered 
component) and the axis of the cylinder is in the plane of the sky: the contour maps (left 
and right) have circular inner isophotes and the polarization vectors have the circular 
pattern expected for a simple reflection nebula. The centre frames show the results if 
98% of the light is scattered (i.e.virtually all the light is coming from the nebular lobes) 
and the axis of the cylinder is in the plane of the sky: the intensity contours (left ) become 
elongated while the polarized intensity ones (right) show the "pinching" in the equatorial 
plane. The polarization pattern (centre) is no longer circular, we have a polarization disc 
with null points. These figures show features very similar to those displayed in Fig. 3 for 
RN091. The lower frames have the same parameters as for the centre frames except that 
the nebular axis is tilted at 30° to the plane of the sky so that the top and bottom parts 
of the nebula are seen mainly by forward and backward scattered light respectively. The 
polarization disc and "pinching" of the polarized intensity isophotes still persist. 
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Currently there is a considerable difference between grain size estimates based on 
various observations in the optical, NIR, IR and FIR domains. Detailed modelling of the 
combined optical imaging and the (unresolved) IRAS fluxes led Artymowicz, Burrows & 
Paresce (1989) to suggest grain radii in the range 1 to 20 t-tm while imaging of the disc at 
10t-tm and 20t-tm by Telesco et al. (1988) indicates sub-micron grain sizes. The detection 
of the 10t-tm silicate feature in emission in fJ Pie by Telesco and Knacke (1991) can be 
interpreted in terms of grain radii rv 0.2pm. Observations of the fJ Pie disc at 800pm led 
Becklin & Zuckerman (1990) to suggest that two grain populations are present. 

Gledhill, Scarrott and Wolstencroft (1991) have mapped the optical polarization in 
the fJ Pie disc and their results confirm that the nebulosity is seen by reflected light 
originating in the central star. The level of polarization in such situations is a sensitive 
measure of the size of the scattering particles and in the next section we present a model 
which predicts the optical polarization, brightness distributions and colour in the (3 Pie 
nebula. A comparison with observations will then enable us to place constraints on the 
grain sizes in the disc. 

4.1 A scattering model for the f3 Pie nebula 

The geometry of our model is illustrated in Fig. 6 and consists of an assembly of grains 
confined to a thin disc centred on the illuminating star and viewed edge-on. We assume 
that the scattering grains have size and number density distributions which are both 
power laws viz, 

n( a) ex a-h, where n( a) is the number of grains of size a and h is the size index, 
and 
p(r) ex r-k, where p(r) is the total number of grains per unit volume at a radial 

distance r from the central star and k is the number density index. 
We have assumed the grain material to be silicate (m= 1.63 -0.05i) on the basis of the 

presence of the 10 t-tm feature although it is not expected that the model predictions will 
be over sensitive to the precise choice of grain composition. The calculations used Mie 
scattering throughout and full integrations along the line of sight were made with due 
regard to the varying grain number density; it was assumed that the nebula is optically 
thin and that the radius of the disc was 50 arcsec (the exact size of the disc is not important 
as the model may be spatially scaled to the data as necessary). Our philosophy in judging 
the model predictions was to fit the polarization, brightness fall off and colour in that 
order. In the model we assumed that grains with sizes between 0.01 and 3 t-tm were all 
present and their relative contributions would be decided by the size index h. 

We ran the model for a range of values of the indices h and k. As expected, we found 
that the polarization was most sensitive in limiting the size index to the range 4 ± 0.3 
while the brightness fall off was most influential in constraining the number density index 
k to 2.75±0.25. Fig. 7 shows the model fits to the experimental data using these optimum 
values and the fits are quite acceptable. 

The model colours for the nebula in terms of the colour parameters defined by Paresce 
and Burrows1 are as follows 

1The relative colours, Qr,Qv and Qb of the nebula are Qr=(Rn/R.)/(In/1.); Qv=(Vn/V.)/(In/1.); 
Qb=(Bn/B.,)/(In/1.) where Bn,Vn,Rn,In and B.,,V.,,R.,,I., are the brightnesses in the standard filters for 
the nebula and the central star respecrively. 
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Figure 6: A schematic diagram of our scattering model for the f3 Pie nebula. We assume 
that the disk is seen edge-on and that the dust number density and grain size distribution 
are power laws given by p( r) and n( a) respectively. For any offset distance we integrate 
the scattering along our line of sight in the nebula to predict the surface brightness and 
polarization for comparison with our observations. 
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Figure 7: A comparison between the model predictions (solid lines) and our data for 
the variation with offset distance from the central star for the surface brighness (top) , 
polarized intensity (centre) and polarization (bottom). The optimum values for the two 
model parameters are h = 4 ± 0.3 and k = 2. 75 ± 0.25 where h and k are the indices for 
the grain size and grain number density power laws respectively. 
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Qr 

Paresce-& Burwws o-.84 ± 0.28 LOU ± 0.22 1.24 ± 0.24 

Our model 1.77 1.47 1.23 

Rayleigh particles 9.8 4.29o 2.28 

Values of Q ~1, Q = 0 and Q > 0 corresponds to red, neutral and blue nebular colours 
respectively. For comparison we give the colours expected for Rayleigh particles and it is 
clear that our model colours ar_e considerably more neutral than one might expect from 
a system which has a large component of very small grai-ns. This is due to two factors; 
first, the most effective grain size is much larger than the small Rayleigh particles and, 
secondly, in Mie scattering the colour of the scattered light depends on the scattering 
angles with the forward scattered radiation being blue and backward scattered radiation 
red to neutral. In our model, and for that matter in any model with a strong grain 
number density fall off, small angle scattering is severely inhibited and hence the nebula 
is redder than one might expect. Our model predicts slightly bluer values for Qb and Qv 
than observed but we could redden our results by allowing for extinction in the nebula. 

The optical data for polarization, surface brightness and colours for the (3 Pie nebula 
are well described by a. population of silicate grains with a power law size distribution 
and a sub-micron mean grain size, typical of the ISM. However, it is known that when 
considering scattering from grains with a power la\v size distribution the most effective 
scatterers are those with sizes approximately equal to the wavelength of the observations. 
Our proposed size distribution does contain super-micron sized grains and it may well be 
that measurements at longer wavelengths select out these larger grains and that the appar
ent discrepancies between the size of grains required to account for various observations 
may well represent this selection effect. 

The fact that the optical observations of the j3 Pie nebula are explained in terms of 
grains with properties typical of the general ISM suggests that the circumstellar material 
surrounding this star may be the leftovers from the original star formation process rather 
than material condensing out of any mass loss processes from (3 Pie itself; we make this 
statement in view of the fact that recently condensed grains, e.g. those found in nebulae 
surrounding mass losing AGB stars, tend to be much smaller than those in the ISM. 

5 CONCLUSION 

The ubiquitous polarization disc which is seen in cometary and bipolar nebulae regardless 
of their evolutionary state appears to be a geometrical effect produced when a source 
emitting polarized light illuminates the nebula.. We propose that the source is a mini 
bipolar nebula which is spatially unresolved and is created by the collimating effect of a 
circumstellar disc of solar system proportions. 

We have modelled the nebular disc around the main-sequence star j3 Pie and find that 
we can explain the optical polarization, surface brightness distributions and colour with 
a power law size distribution of silicate grains. The grains giving rise to these optical 
features are sub-micron in size and are typical of those in the ISM. It may well be that 
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the larger super-micron grains within this distribution are responsible for theIR and FIR 
emiSSIOns. 
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Abstract 

Observational evidence for the existence of maser discs around massive young 
stars is presented, with particular emphasis on sources with bipolar molecular out
flows. In several cases molecular line data indicate a massive disc or toroid orthog
onal to the outflow, with OH masers tracing the inner (disrupted) portions of the 
disc, on scales of 1000 A.U. In Orion-KL H2 0 and SiO masers have been found to 
trace disc structure on scales smaller than 100 A.U. 

1 Introduction 

One of the most important discoveries in the field of star-formation has been the recogni
tion that young stars exceeding a solar mass undergo a phase of energetic outflow (Bally 
& Lada 1983; Lada 1985; Bachiller & Gomez-Gonzalez 1992; and references therein). The 
outflow is typically bipolar. The outflow occurs while the young star is deeply embedded 
in its parent molecular cloud, and is recognized by its disruptive effect on the surrounding 
gas. Outflow velocities of typically 30 km s-1 are observed in the cool molecular gas, 
while the ionized gas in Herbig-Haro objects and optical jets can have velocities an order 
of magnitude greater than this. The outflow phase is important for the evolution of both 
the young star and the molecular cloud. However many of the basic physical processes 
have yet to be identified. There is no agreed model of the outflow mechanism, the colli
mation mechanism, or the parameters of the outflowing wind. One of the observational 
difficulties is the high visual extinction to the central source, which is usually many tens 
of magnitudes. 

Molecular masers offer the possibility to address some of these questions. The maser 
lines are excited close to the young stars, in regions which are heavily obscured at optical 
and near-infrared wavelengths, but too compact to be detected at mm and far-infrared 
wavelengths with current technology (Cohen 1989, and references therein). Masers pro
duce bright, readily detectable signals, and they can be studied at milliarcsecond resolu
tion using radio interferometers. Water masers are known to have large proper motions, 
and to participate in the outflow (Genzel et al. 1981). The hydroxyl (OH) masers gen
erally cover a smaller velocity range, and may trace shocks in the ambient molecular gas 
(Elitzur & de Jong 1978). The newly discovered methanol masers fall into two spectral 
classes, one of which appears to be closely associated with OH masers near the young 
star, and the other (Class I methanol masers) which appear to be associated with the 
outer lobes of the bipolar molecular outflow (Menten 1991; Plambeck & Menten 1990). 
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outer lobes of the bipolar molecular outflow (Menten 1991; Plambeck & Menten 1990). 
SiO and other maser species are too poorly studied at present for any general conclusions 
to be drawn. 

At this workshop I would like to present results from a systematic study of OH masers 
associated with bipolar molecular outflows (Brebner 1988). The main part of the project 
dealt with the Bally & Lada (1983) sampl~ of molecular outflow sources. In addition two 
further sources were studied: G35.2-0.7N, which is known to have a well developed bipolar 
outflow and orthogonal molecular disc (Little et al. 1985), and W75N, a well-knownmaser 
and molecular outflow source. One of the aims of the project was to search for evidence 
of collimated outflow or disc structure on the small scales probed by the OH masers. 

2 Single Telescope Observations 

The 45 sources in the Bally & Lacla (1983) sample were searched for OH maser emission 
in 1984/5 using the Mkii telescope at Jodrell Bank. The 1612, 1665 and 1667 MHz lines 
were searched to a limit of 1 Jy in order to identify sources suitable for interferometric 
study (Prestwich 1985). Ten maser sources were detected. In addition three further OH 
maser sources are known which were below the detection level of this survey (Evans et 
al. 1976; Pankonin et al. 1977; Cohen, unpublished data). Most of the OH masers were 
previously known, the only new discoveries being M8E and S140. It is notable that the 
OH masers detected in our survey are much less luminous, as a group, than the strong 
OH-HII region masers which have been mapped hitherto (e.g. Gaume & Mutel1987). 

A literature search for 22 GHz water masers associated with the Bally & Lada sources 
was also conducted. The results of these two surveys are shown in Figure 1. OH masers 
are found in only the most massive systems, namely those massive enough to produce 
detectable HII regions. All the sources with OH masers also have H20 masers (upper 
histogram). H20 masers (without OH) are also found in some, but not all, of the low 
luminosity systems (middle histogram). Sources without OH or H20 maser emission are 
generally low luminosity objects (lower histogram). 

3 Interferometer Observations 

Absolute positions for most of the OH maser sources were measured in 1986 using the 
VLA in A-configuration. Details of these measurements will be published in the Monthly 
Notices of the Royal Astronomical Society. In all cases but one the OH maser sources 
were found to coincide closely with the geometrical centre of the bipolar outflow. The 
exception was DR21, where the main OH maser cluster lies 3 arcmin to the North of 
DR21, at the postion designated DR21(0H) or W75S, with no OH 18cm maser emission 
at the position of DR21 itself. (For this reason DR21 was excluded from the statistics in 
Figure 1). 

MERLIN maps were made of the OH 18 cm maser sources W3(0H), W3-IRS5, MonR2, 
M8E, G35.2-0.7N, AFGL2591, DR21(0H), W75N, CepA and NGC7538, in 1984/6 (Breb
ner 1988). The results on G35.2-0.7N have been published by Brebner et al. (1987), and 
provide a clear case of a maser disc. In this source the OH masers have an elongated 
distribution which exactly mimics, on a much smaller scale, the enlongated molecular 
disc observed by Little et al. (1985) in the ammonia (1,1) and (2,2) lines. The density of 
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Figure 1: OH and H20 maser detections for the Bally & Lada (1983) sample of bipolar 
outflow sources, shown as functions of the source luminosity. The upper histogram shows 
the OH masers. These sources also have H20 masers. The middle histogram shows H20 
masers without OH detection, and the lower histogram shows sources not detected in OH 
or H20. 
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the disc increases towards the centre. The ammonia lines trace gas densities of about 6 x 
1011m-3 at a radius of 5 x 1015m, and the OH masers trace gas densities of about 1013m-:t 
at a radius of about 3 x 1014m. The progressively smaller distributions of ammonia (1,1), 
(2,2) and (3,3) emission provide evidence for central heating of the disc. However whereas 
the ammonia data have a regular velocity pattern which allow a disc rotation curve to 
be measured, and a disc mass to be calculated (150 solar masses), the OH masers have a 
chaotic velocity pattern. The large spread in OH maser velocities shows that the masers 
cannot be gravitationally bound to the cental source: radio continuum data suggest a 
central B0.5 star, with a mass of 14 solar masses, whereas a mass of 100 solar masses 
would be needed for bound motion. This is consistent with recent proper motion mea
surements of OH masers in CepA (Migenes et al. 1992) and W3(0H) (Bloemhof et al., in 
press), which indicate that the OH masers are in a zone of expansion. Such a zone could 
be produced by the disruption of the inner part of a molecular disc by an energetic stellar 
wind, as envisaged in some models for bipolar outflow, or simply by the expansion of the 
HII region, as in the model by Elitzur & de Jong (1978). 

There are several other candidates for similar OH maser discs in our sample. Data on 
the source W3-IRS5 are reproduced in Figure 2. As in G35.2-0.7N we see an elongated 
maser distribution with a chaotic velocity field. In this source the maser distribution is 
also orthogonal to anE-W bipolar molecular outflow (Claussen et al. 1985). AFGL2591 
and W75N provide further examples of this phenomenon. In AFGL2591 the OH masers 
are associated with the inner edge of the ammonia cavity found by Torelles et al. (1989), 
and are distributed orthogona.l to the well-known molecular outflow. In W75N the OH 
masers have a curious arrow-shaped distribution which points along the molecular outfow 
(Fischer et al. 1985). In all these cases the OH masers lie at projected distances of about 
1000 A.U. from the central source and compact HII region. 

In some other cases the maser results are inconclusive. The case of DR21 has already 
been mentioned. In addition to DR21(0H), the MERLIN maps reveal a new OH maser 
centre which lies a further 2 arcmin to the North of DR21(0H). Discs or outflows at these 
OH maser sites have yet to be identified. In M8E only a single maser spot was measured; in 
MonR2 there are several maser centres close to the centre of the outflow; and in NGC7538 
there are now several outflows known, as well as several maser centres. Further details 
on these sources will be published in Monthly Notices of the Royal Astronomical Society 
(Brebner & Cohen, in preparation). Clearly no one simple disc scenario can apply to the 
diversity of bipolar outflow sources. However it is clear that maser discs can be identified 
in a substantial fraction of cases. 

Finally I would like to mention Orion-KL, a source which we did not reobserve, but 
one which provides the nearest and perhaps the most interesting maser disc. The H2 0 
masers in Orion-KL have long been known to partake in the molecular outflow (Genzel 
et al. 1981). The centre of the outflow coincides, within the errors of measurement, 
with IRc2. The OH masers have a complex distribution which may be interpreted in 
terms of an inner cavity in a molecular disc (Johnson, Migenes & Norris 1989). The OH 
distribution is fairly extensive. Interior to it are a separate population of "shell" H2 0 
masers, which are distributed NE-SW orthogonal to the outflow and centred on IRc2 
(Genzel & Stutzki 1989). Finally SiO masers are found in the innermost part of the 
maser disc, also distributed NE-SW, and also centred on IRc2. The SiO masers have a 
regular velocity pattern which can be interpreted in terms of an expanding and rotating 
ring (Plambeck et al. 1990). The ring is only 40 A.U. in radius. The pattern seen 
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Figure 2: OH maser distribution for W3-IRS5, as mapped with the MERLIN and VLA 
interferometers (Brebner 1988). The reference position is 02:21:53.14 +61:52:19.3 (1950 
coordinates). The radial velocities with respect to the local standard of rest are indicated. 
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here is very reminiscent of the regular excitation sequence of masers seen in circumstellar 
envelopes of red giants. In that case OH masers occur furthest from the star, H20 masers 
occur nearer, and SiO- masers occur nearest of all (Cohen 1989, and references therein). 
There is a simple physical explanation in terms ofexcitation temperatures of the different 
molecular transitions. It may be that the same basic sequence is present in star-forming 
regions, but that it is confused because H2 0 masers are too easily excited1 and so occur 
not only in the molecular disc, but also in the high-velocity outflow. 
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Abstract 

We present calculations of model spectral energy distributions for dusty circum
stellar disks in low-mass pre-main sequence systems, and we compare these results 
with new millimetre and submillimetre continuum observations. Beckwith and Sar
gent (1991) observed many of the T Tauri systems studied here at 600, 800 and 
1100 J.Lm and we have extended this coverage down to 350 J.Lm and up to 2 mm in 
the hope that disk parameters (e.g. mass and dust opacity) might be better con
strained. We investigate model-fitting by sampling in a 2-dimensional parameter 
space to illustrate the ambiguity of the simultaneous determination of disk masses 
and dust grain opacities. The answer to the question posed in the title of this report 
is: much, but with due regard for the inherent uncertainties involved. 

1 Introduction 

We consider low-mass (T Tauri) stars which have recently (t < 107 yr) become optically 
visible and which are still on their pre-main sequence vertical convective tracks. T Tauri 
stars are typically observed to have effective temperatures T eff ~ 4200K (e.g. Cohen and 
Kuhi 1979), for which a blackbody spectrum would peak at a wavelength A rv 1 J.Lm. 
However, it is often the case that infrared fluxes which are far in excess of those expected 
from a single-temperature blackbody are observed and, for some T Tauri stars, there is 
little or no decline in the spectrum with increasing wavelength until A exceeds rv 100 
J.Lm. Mendoza (1966, 1968) was first to explain this excess IR emission by suggesting the 
existence of circumstellar dust grains which are in thermal equilibrium with the radiation 
field of a given host star; i.e. grains which absorb optical and UV photons emitted at 
the stellar surface and then radiate copiously at longer wavelengths. (The alternative 
hypothesis is free-free emission from ionized material near the photosphere: however, it 
has been shown- e.g. Cohen and Kuhi (1979) and Beckwith et al. (1990) -that this 
process is incapable of generating sufficient fluxes to account for the observed NIR and 
millimetre continuum excesses). The question of the geometrical distribution of the dust 
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has been shown- e.g. Cohen and Kuhi (1979) and Beckwith et al. (1990) -that this 
process is incapable of generating sufficient fluxes to account for the observed NIR and 
millimetre continuum excesses). The question of the geometrical distribution of the dust 
grains has until recently been rather controversial- see Shu, Adams and Lizano (1987) 
- but it is now generally agreed that they probably reside in circumstellar disks whose 
orbital axes are parallel (and coincident) with the rotational angular momentum vectors of 
the central stars (Kenyon and Hartmann 1987, Adams, Lada and Shu 1987, 1988, Strom 
et al. 1988, 1989, Cohen, Emerson and Beichman 1989, Weintraub, Sandell and Duncan 
1989, Adams, Emerson and Fuller 1990, Beckwith et al. 1990, and Beckwith and Sargent 
1991). 

Adams, Lada and Shu (1987, 1988) have developed a theoretical treatment of continuum 
emission from dusty disks in low-mass systems. The principal observational input is the 
fact that the optically thick infrared (10 Jlm :::; A :::; 100 Jlm) spectral energy distributions 
(logvF11 v. log v) ofT Tauri systems with IR excesses often follow a power law, always 
with a positive (and sometimes near-zero) spectral index (n). A power law infrared 
spectral energy distribution is consistent with a power law distribution of temperature 
(Tn) with radius (w) in a circumstellar disk, i.e. Tn oc w-q, where 1 /z :::; q :::; 3 / 4 , 

corresponding to 0 :::; n :::; 4
/ 3 • These disks can be divided into two broad categories: (1) 

passive disks (n = 4 h) which have negligible intrinsic luminosity but which absorb and 
re-radiate up to 1

/ 4 of the stellar luminosity; (2) active disks (n < 4 h) which reprocess 
stellar photons and which have an intrinsic energy source. Active disk emission dominates 
the bolometric luminosity of the flat spectrum (n ::::::: 0) sources. Adams, Lada and Shu 
(1988, hereafter ALS) concentrated on the flat-spectrum sources and assembled spectral 
energy distributions for a small sample of T Tauri systems for comparison with their 
model spectral energy distributions. The long-wavelength (>. > 100 Jlm) portion of a 
spectral energy distribution is of particular importance, for it is at these wavelengths that 
some/all of a disk might be optically thin; in this situation, estimates of the mass of a 
disk may therefore be made using millimetre observations, once the frequency-dependent 
dust grain opacity is specified. Above the IRAS long-wavelength limit (135 Jlm), ALS 
had access only to detections/upper limits at 1.3 and 2.6 mm for three of their sources, 
but they were able to provide some estimates of disk masses. Adams, Emerson and Fuller 
(1990, hereafter AEF) improved on this by making broad-band photometric observations 
of about a dozen T Tauri systems in Taurus-Auriga and Ophiuchus in the wavelength 
range 350 {lm to 1100 {lm. (Their sample included most of those studied by ALS). They 
compared spectral energy distributions predicted by the ALS model with the data on 9 
of their sources and obtained estimates of disk masses. We have extended this work with 
350 Jlm to 2000 Jtm broad-band photometry of 21 T Tauri systems in Taurus-Auriga, 
eight of which were members of the sample studied by AEF (HL Tau, DG Tau, GM Aur, 
T Tau, DO Tau, HK Tau, UY Aur, and DK Tau). AEF have already found evidence 
for the presence of circumstellar disks in six of the sources observed by us. We have 
confirmed many of their measurements of flux densities and, in most cases, provide new 
measurements at 850, 1300 and 2000 11m. All but two (SAO 76411A and V819 Tau) of 
the 13 new sources we observed are included in a catalogue compiled by Cohen, Emerson 
and Beichman (1989, hereafter CEB), who listed details of the composite spectral energy 
distributions of 72 T Tauri systems in Taurus-Auriga; ratios of bolometric luminosity 
(Loo!) to stellar luminosity (L.) are listed for some 8 of these new sources (GG Tau, RY 
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Tau, Cl Tau, UZ Tau, CY Tau, Haro 6-37, DM Tau, and DN Tau). Although Loot/1* ~ 
0.91 for CY Tau, which is indicative of no significant dust emission in this system, the 
remaining 7 sources have Lbal/L* in the range 1.10 to 2.44; some of these may therefore 
possess appreciable disks. 

This report is arranged as follows. In Section 2 we describe our photometric observations 
and the corrections we have made for atmospheric extinction. We present flux densities 
and upper limits in Section 3 and we combine our measurements with IRAS photometry 
and the results of NIR observations to construct spectral energy distributions for each of 
our sources. Section 4 provides a brief outline of the ALS continuum emission model. In 
section 5 we compare the observed spectral energy distributions with those generated by 
the model and in Section 6 we investigate the implications for the masses of disks. Our 
conclusions are given in Section 7. 

2 Observations 

2.1 Instrument and Method 

All observations were performed with the common user broad-band detector UKT14 (Dun
can et al. 1990) at the Nasmyth focus of the 15m James Clerk Maxwell Telescope1 on 
Mauna Kea, Hawaii. UKT14 is a 3 He-cooled one-channel bolometer with a filter wheel 
and a variable iris; the filter bandpasses encompass atmospheric transmission windows 
from 350 to 2000 fJm. Our observations were made on 1990 December 30 and 31 (UT) 
and on 1991 January 1 and 3. The atmospheric opacity during the first two nights was 
unusually low and permitted observations of stellar sources down to 350 11m with good 
signal-to-noise. Although the opacity was higher on 1991 January 1, detections could 
still be made down to 600 fJm. Atmospheric conditions degraded considerably by 1991 
January 3, but we were able to make several detections at the longer wavelengths. 

The data were sky-chopped to eliminate atmospheric emission and beam-switched to 
reject local background. Sky-chopping on all sources was performed at a frequency of 
7.8125 Hz. The chop throw for the target (stellar) sources was nominally 60" R.A.; this 
was executed at constant declination to ensure that the reference beam remained in the 
same position on the sky. 

The typical pointing accuracy of the JCMT (Matthews 1991, JCMT Guide) is approxi
mately 2" rms in both azimuth and elevation under stable conditions (i.e. steady tem
peratures in the carousel). The usual tracking accuracy is less than half this amount over 
periods of about an hour. We peaked up on Mars using a five-point routine at the begin
ning of each night and made any necessary adjustments. (Mars was in Taurus throughout 
our observations). The pointing was then checked in the same way on at least three fur
ther occasions each night to correct for any error accumulated as targets were tracked on 

1The James Clerk Maxwell Telescope is operated by the Royal Observatory Edinburgh on behalf of 
the Science and Engineering Research Council of the United Kingdom, the Netherlands Organisation for 
Scientific Research, and the National Research Council of Canada. 
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the sky; we found that the average pointing adjustments required were less than 0".5 in 
azimuth and elevation. 

We used an aperture of 65 mm FWHM throughout the observations, which is the max
imum permitted by the UKT14 Fabry lens. Circumstellar disks in T Tauri systems are 
expected to be rv 100 AU, so that the angular diameters are expected to be approxi
mately 2" at the distance (140 pc) of the Taurus molecular cloud. The telescope beam 
sizes corresponding to the maximum detector aperture vary between 16".8 (HPBW) at 
800 J.lm and 27":5 at 2000 J.lm and should therefore have been adequate to collect most 
of the emission from disks. 

Observations were made with broad bandpass filters at nominal wavelengths of 350, 450, 
600, 800, 850, 1100, 1300 and 2000 J.lm. These filters are matched to the corresponding 
atmospheric transmission windows, but the effective frequencies and the band-passes are 
dependent on the water vapour content of the atmosphere at the time of any given obser
vation, particularly for the shorter wavelength windows. Centre frequencies, bandwidths, 
beamwidths and responsivities a.re listed in Table 1. 

). Centre v Bandwidth Beamwidth0 Responsivity 
(J.tm) (GHz) (GHz ( arcsec;FWHM) (Jy mv-l 

2000 150 40 27.5 36.7 
1300 233 64 19.5 15.1 
1100 264 75 18.5 14.1 
850 354 30 17.8 16.9 
800 394 103 16.8 8.4 
600 480 119 17.5 9.8 
450 685 84 17.5 18.0 
350 870 249 18.5 26.8 

Table 1: UKT14/ JCMT System Characteristics 

°For 65 mm aperture 

2.2 Correction for Atmospheric Extinction 

We need to be able to correct for extinction in the atmosphere before we can determine 
the flux density of a source at any given zenith angle. On none of our four nights was 
the transmission of the atmosphere sufficiently stable to permit accurate determination of 
optical depths from plots of logarithm of signal strength against air mass. However, if we 
know the UKT14 responsivity in each of the filter bandpasses, we can go on to determine 
optical depths directly. Sandell (1991, private communication) has provided values for 
the UKT14 system responsivity. The presence of deep atmospheric absorption lines in 
the band-pass of the 600 J.lm filter means that the responsivity of UKT14 at 600 J.lm is 
very sensitive to the amount of water vapour in the atmosphere at any given time. It is 
therefore difficult to calibrate, since particularly stable conditions (i.e. constant optical 
depth) are required. The most stable of our four nights was that of 1991 January 1. A 
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plot of the logarithm of signal strength against air-mass using our 600 J.Lm measurements 
of Mars on this date yields a value of 9.8 ± 3.1 Jy mV-1 for the 600 J.Lm responsivity. In 
the absence of any other knowledge of the responsivity on the three remaining nights, we 
have used this value for all our 600 J.Lm observations. We note that the resulting 600 J.Lm 
flux densities fit very smoothly onto the continuum spectra of the T Tauri systems (see 
below), which suggests that our 600 ltm calibration is approximately correct. 

This is not the forum for detailed discussion of the minutiae of the determination of 
atmospheric opacities and the application of extinction corrections. However, full details 
are given by Mannings and Emerson (1992). Briefly: we observed Mars using the full set 
of filters on four occasions during each night. Expected values of flux densities for Mars in 
each of the filter bandpasses have been calculated, which were then used in combination 
with the above values for responsivity to obtain the optical depths in each bandpass. We 
also observed the proto-planetary nebula CRL 618 and the data from these observations 
have been used to check the atmospheric opacities determined from the Mars photometry. 
On average, the zenith optical depths determined using the Mars photometry and the CRL 
618 photometry differ by less than three standard deviations. Table 2 shows for each night 
the average atmospheric transmission at the zenith and the corresponding average optical 
depth for each filter bandpa.ss determined using the Mars photometry. Also shown are 
the ranges over which the zenith optical depths varied during each night. 

3 RESULTS 

3.1 Flux Densities and Upper Limits 

Table 3 presents our determinations of flux densities and their uncertainties for the T 
Tauri systems we observed. All upper limits to flux density entered in the Table are 3a
and all entries with 3 < signal-to-noise ::; 5 are indicated. The remaining entries in the 
Table have signal-to-noise ratios in excess of 5. Often we made several observations of a 
given source in the same filter. Where this was the case, we have computed the weighted 
mean flux density and uncertainty. All uncertainties listed in Table 3 are propagations 
of both the statistical uncertainty in the measurement of signal voltage at the detector 
and the uncertainty in the determination of atmospheric opacity at the time of any given 
observation. The uncertainties in the Table do not include any systematic errors arising 
from (small) uncertainties in the computation of the flux densities of Mars or from the 
uncertainties in the knowledge of the UKT14 responsivities. Six of the T Tauri systems 
we observed were also detected by AEF in 1989 January (approximately two years before 
our observations) using the same instrument. Repeated detections were made of HL Tau 
at 600, 800 and 1100 J.Lm, DG Tau at 350, 450, 600, 800 and 1100 J.Lm, GM Aur at 1100 
J.Lm, and T Tau at 350, 450 600, 800 and llOO J.Lm; the two sets of measurements of flux 
densities agree to within two standard deviations. 
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Date Filter (J.Lm) % Transmission Mean T at Zenith Range in T 

1990 Dec 30 350 41 0.90 0.80 - 1.01 
1990 Dec 31 48 0.74 0.66- 0.78 
1991 Jan 01 17 1.76 1.35 - 1.93 
1991 Jan 03 14 1.96 1.72 - 2.42 

1990 Dec 30 450 45 0.80 0.71 - 0.88 
1990 Dec 31 51 0.67 0.60- 0.71 
1991 Jan 01 20 1.62 1.24 - 1.78 
1991 Jan 03 11 1.79 1.46 - 2.26 

1990 Dec 30 600 53 0.63 0.59 - 0.67 
1990 Dec 31 59 0.53 0.49 - 0.57 
1991 Jan 01 26 1.33 1.07 - 1.47 
1991 Jan 03 26 1.34 0. 75 - 1.85 

1990 Dec 30 800 75 0.29 0.25- 0.34 
1990 Dec 31 79 0.23 0.22- 0.25 
1991 Jan 01 58 0.54 0.47 - 0.60 
1991 Jan 03 51 0.67 0.50 - 1.06 

1990 Dec 30 850 78 0.24 0.20- 0.28 
1990 Dec 31 82 0.20 0.16 - 0.22 
1991 Jan 01 68 0.39 0.36 - 0.44 
1991 Jan 03 67 0.41 0.32- 0.52 

1990 Dec 30 1100 96 0.04 0.02- 0.07 
1990 Dec 31 95 0.05 0.04- 0.06 
1991 Jan 01 88 0.12 0.10 - 0.16 
1991 Jan 03 90 0.10 0.06 - 0.17 

1990 Dec 30 1300 98 0.02 0.002-0.05 
1990 Dec 31 96 0.04 0.003 - 0.10 
1991 Jan 01 89 0.11 0.09 - 0.14 
1991 Jan 03 92 0.08 0.05- 0.14 

1990 Dec 30 2000 98 0.02 0.006- 0.04 
1990 Dec 31 98 0.02 0.003- 0.03 
1991 Jan 01 93 0.07 0.07- 0.09 
1991 Jan 03 89 0.12 0.09- 0.18 

Table 2: Transmission properties of atmosphere derived from Mars photometry 
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GG T&u 

DG Tau 0. 70±0. 13 0 57±0 .07 1 10±0. 10 1.19±0.03 1.62±0. 11 5.19±0.54 

GM Aur j0. 20 o .23b±o.o7 0 .50±0.07 0.70±0.03 1.09±0.06 2 .88±0.23 2.60±0.46 

DLT&u o.12b±o.oa o.19b±o.o6 0.26±0.03 0.44±0 .04 0.55±0.05 0.67±0.05 1.28±0.17 1.39±0.18 
V819 T&u j0.04 

T T&u 0 . 11 b± 0 .35±0.04 0.34±0.05 0.92±0.05 0.80±0.04 1.35±0.16 3 .23±0.41 7.54±0.97 

DO T&u j0 ,27 0.31 ±0.03 1.06±0.14 1.088 ±0.24 

RY T&u 0.13b±0.04 o .2sb±o.o9 0 .56±0.03 0 .54±0.06 0 .96±0.04 1.92±0.16 2.43±0.33 
Cl T&u jO . ll j0 . 19 

H6·13 0 .17b ±0.05 0 26±0.04 0 .34 ±0.07 0.34±0.03 0.64±0 .04 1.10±0.10 2.01±0.18 

DR T&u j0 . 17 0. 18b ±0.04 0 .49±0.07 0,35±0.03 0.61±0.05 1.34±0. 24 1.85±0.38 
SAO 76411A j0.08 

HK T&u o.12b±o.o3 0.39±0.08 jl. 76 
UZ T&u j0 . 19 0 .27±0.04 0 .42±0 .04 0.34±0.03 0.66±0.08 1.11 ±0.22 j1.10 

CY T&u j0 . 10 0 . 18b±0.04 0 .17±0.03 0 .19b±0.06 0.19b±0.06 j0.60 

H6-37 o . tob±O.o3 0 .19±0.03 0 25±0.03 0.42b±O .ll 
UY Aur j0 . 12 j0.80 
DK T&u j0 . 11 

DM Tau o. 12b±o.o3 a . 11b ±o.o4 jl.22 

DN T&u 0 . 19b ± 0.04 

Table 3: Measured flux densitiesa forT Tauri systems 

aUpper limits are 30' bN.B. 3jsignal-to-noise::;5. 

3.2 Spectral Energy Distributions 

Figures 1-14 show plots of the spectral energy distributions of those T Tauri systems we 
observed at signal-to-noise ratios in excess of 5. The millimetre and submillimetre data 
points are taken from the present work; our reference sources for all other data points are 
listed below each Figure. The plots show smooth declines in luminosity with increasing 
wavelength in the low frequency region; the slopes of our long-wavelength composite 
spectra are also often in agreement with those we would anticipate by extrapolating from 
the IRAS far-infrared measurements, which suggests that the system calibrations we used 
and the determinations we made of optical depths are approximately correct and that 
any remaining uncertainties due to systematic error are small. The plotted curves are the 
predictions of the model discussed below. 

4 Theory of Emission from Circumstellar Disks 

We assume that the dust particles responsible for the observed submillimetre emission 
reside in circumstellar disks. These disks are assumed to be spatially thin (scale height H 
< < radius, w) - in which case any line-of-sight cutting an inclined disk will sample only 
a single radius - a.nd to be isothermal in the vertical direction. The radiative transfer 
equation can then be integrated to give the monochromatic specific intensity, 

lv(w,8) = Bv[Tn(w)] [1- el-rf(w,O)J) (1) 

where w is radius from the centre of the host star, 8 is the angle of inclination of the 
disk plane to the plane of the sky, Bv is the Planck function, T D is the radius-dependent 
absolute temperature in the disk, and Tv is the optical depth in the disk along the line-

35 



"' "' 
T Tau 

.,; 

...-. 
~ 

'-
~ 

N N ..... 
~ "' 

'<t : .-·:r. ....... 
till ·; /3= 1. 0 o; 

...:I 

0 //r 
M 

:1 
"' Nll 

...-. 
~ 

~ 
~ 

N s... 
1=: 

.:':!:. 
till 
0 

...:I 

"' "' 
T Tau 

.,; 

"' ....-. M 
~ 

~ 
:::.. 

N N s... 
1=: M 

-.::-.......... 
till 
0 r; 

...:I 

0 
M 

:i/ 
~ :' 

"' te N11 12 

"' M 

T Tau 
.,; 

M 

"' 
:'i.'/ 

N 

"' 
//~·; 
; · /3= 2 r; 

0 

"' 

"' N 
• 11 12 13 1-4 16 1(1 

Log[v] 

Figure 1. Spectral energy distribution ofT Ta.uri. Solid 
triangles are the data points from this paper. Other data 
(open triangles) are from Cohen and Schwa.rtz (1976), Ry
dgren, Strom "and Strom (1976) and Ha.rvey, Thronson 
and Gatley (1979). Dotted curves: from right to left, the 
model spectra. for Mo = 0.01, 0.1, and 1 M0. Solid curve 
is the model spectrum in the optically thick limit. 
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Figure 2. Spectral energy distribution of HL Tauri . 
Solid triangles are the data points from this paper. Opti
cal and near-infrared data (open tri angl es) are from Ry
dgren et al. (1984) ; other infrared data (also open t rian
gles) are from Cohen (1983), CEB, and the IRAS point 
source catalogue. The open squares (1.4 and 2.7 mm) are 
from Woody et al. (1989). The dotted curves show, from 
right to left, the model spectra for Mo = 0.01, 0.1, and 
3 M0 (/3 = 2) . The solid curve is the model spectrum in 
the optically thick limit . 
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Figure 4. Spectral energy distribution of HK Tauri. 
Solid triangles are the data points from this paper. Op
tical and infrared data (open triangles) are from Myers 
et al. (1987) . The 12, 25, 60, and 100 p.m data points 
(also open triangles) are from CEB. The 450, 800, and 
1100 p.m points (open squares) are from AEF. The dot
ted curves show, from right to left, the model spectra for 
Mo = 0:01, 0.15, and 1 M0 (/3 = 2). The solid curve is 
the model spectrum in the optically thick limit. 
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Figure 3. Spectral energy distribution of GM Aurigae. 
Solid triangles are the data points from this paper. Opti
cal and NIR data (open t riangles) are from Cohen (1974), 
Cohen and l(uhi (1979), and Rydgren and Vrba (1983). 
The 12 Jlm data point (solid square) is from CEB; other 
FIR data (open triangles) are from the IRAS point source 
catalogue. The dotLed curves show, from right to left, the 
model spectra for Mo = 0.01, 0.1, and 1 M0 (/3 = 2). The 
solid curve is the model spectrum in the optically thick 
limit. 
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Figure 5. Spectral energy distribution of GG Tauri. 
Solid triangles are t he data points from th is paper. Opti
cal and infrared data (open triangles) are from Cohen and 
Kuhi (1979), Rydgren et al. (1984), and Herbig and Bell 
(1988) ; far-infrared data (also open triangles) are ftom the 
ffi.A S poin t source. catalogue. T he doHed curves show, 
from right to l ef~. the model spectra fo r Mo = 0.01 , 0.1, 
&nd 1 Me (fJ = l) . T he solid curve is Lhe model spectrum 
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Figure 6. Spectral energy distribution of DG Tauri . 
Solid triangles are the data paints from this paper. Solid 
squares are FIR data from the IRAS point source cata
logue. Open triangles are MlR and FIR data from Cohen 
et al. (1985). The 1.4 and 2.7 mm data points (open 
squares) are from \Voody et al. (1989). The solid curve 
shows the model spectrum in the optically thick limit. 
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Figure 8. Spectral energy distribution of RY Tauri. 
Solid triangles are the data points from this paper. Opti
cal and NIR data (open triangles) are from Cohen and 
Kuhi (1979), Rydgren et al. (1984), and Herbig and 
Bell (1988) . The 50p.m upper limit is from Harvey et 
al. (1979). Other far-infrared data points are from the 
IRAS point source catalogue . The solid curve shows the 
model spectrum in the optically thick limit. 
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Figure 7. Spectral energy distribution of DL Tauri. 
Solid triangles are the data points from this paper. Op
tical and infrared data (open triangles) are from Cohen 
and Kuhi (1979), Rydgren et al. (1984), and Herbig and 
Bell (1988). The 100 p.m data point is from CEB; other 
far-infrared data (open triangles) are from the IRAS point 
source catalogue. The solid curve shows the model spec
trum in the optically thick limit. 
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}'igure 9. Spectral energy distribution of Haro 6-13. 
Solid triangles are the data points from this paper. Op
tical and NIR data (open triangles) are from Cohen and 
Kuhi (1979), Myers et al. (1987), and Herbig and Bell 
(1988). Far-infrared data points (also open triangles) are 
from the IRAS point source catalogue. The solid curve 
shows the model spectrum in the optically thick limit. 
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Figure 10. Spectra.! energy distribution of UZ Tauri . 
Solid triangles a.re the data. points from this paper. Op
tical a.nd infrared data (open triangles) are from Cohen 
and Kuhi (1979), Rydgren et al. (1984), and Herbig and 
Bell (1988) . The 12, 25, 60, and 100 Jlm data points (also 
open triangles) are from the IRAS point source catalogue. 
The solid curve shows the model spectrum in the optically 
thick limit. 
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Figure 12. Spectra.! energy distribution of DR Tauri. 
Solid triangles are the data points from this paper. Opti
ca.l and infrared data (open triangles) are from Cohen and 
Kuhi (1979), Rydgren et al. (1984), and Herbig and Bell 
(1988). Fa.r-infrared data points (also open triangles) are 
from the IRAS point source catalogue. The solid curve 
shows the model spectrum in the optica.lly thick limit. 
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Figure 11. Spectra.! energy distribution of Haro 6-37. 
Solid tria.ngles are the data points from this paper. Opti
ca.l and infrared data (open triangles) are from Cohen and 
Kuhi (1979), Rydgren et al. (1984) , and Herbig and Bell 
(1988) ; far-infrared data (also open triangles) are from 
the IRAS point source catalogue. The solid curve shows 
the model spectrum in the optically thick limit . 
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Figure 13. Spectra.l energy distribution of CY Ta.uri. 
Solid triangles are the data points from this paper. Op
tica.l and infrared data (open triangles) are from Cohen 
a.nd Kuhi (1979), Rydgren et al. (1984), and Herbig and 
Bell (1988). The FIR data points (also open triangles) are 
from CEB. The solid curve shows the model spectrum in 
the optica.lly thick limit. 
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Figur~ 14. Spectral energy distribution of DO Tauri. 
Solid triangles are the data points from this paper. Op
tical and NIR data (open triangles) are from Myers et al. 
(1987). The 12, 25, and 60 Jlm data points and the lower 
100 Jlm point (also open triangles) are from the IRAS 
point source catalogue. The upper 100 Jlm point is from 
Evans et al. (1986). The 600, 800 and 1100 Jlm points 
(open squares) are from AEF. The solid curve shows the 
model spectrum in the optically thick limit. 
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of-sight. The latter quantity is, by definition, given by 

'v KvE(w) 
T =---'~ 

v - cos8 (2) 

where Kv is the mass opacity of the disk material and E is the radius-dependent surface 
column density in the vertical direction. If we build a disk from an infinite set of annuli 
with radii from some inner value Ro out to the full disk radius Rn then the flux density 
Fe due to the entire disk observed at distance d is given by 

(3) 

where g.( 8) is the mean shadowing function describing occultation of part of the disk by 
the star (ALS) and T!SM is the interstellar optical depth along the line-of-sight to a given 
T Tauri system. 

The above formulation is quite general and is applicable to any circumstellar disk. Our 
aim is to use the observed spectral energy distributions to constrain disk quantities such 
as mass and opacity index; it can be seen from equation 3 that if we are to make any 
headway then we must specify the form of the radial distribution of temperature in the 
disk. In the case that observed emission is optically thin, we must also write down the 
radial distribution of the surface column density. For these functions we adopt the disk 
emission model of ALS. In this model both the temperature and the surface column 
density take power law radial dependencies - a form which is also adopted by Beckwith 
et al. (1990) -i.e. 

(4) 

(
Ro ) P E(w) =Eo ~ (5) 

where T 0 and Eo are the absolute temperature and surface column density, respectively, 
at the inner radius of the disk . The indices, q and p, are both real and > 0. Consider the 
temperature distribution in equation 4. Disk emission dominates the total radiative flux 
observed at wavelengths in excess of "' 10 11m. (T Tauri stars have effective photospheric 
temperatures typically~ 4200 K, for which the Planck spectrum peaks at about 1 11m). 
This disk emission will be optically thick at all radii for wavelengths less than about 100 
11m ( v ~ 1014 GHz); it is then easy to demonstrate that substitution of a power law 
temperature distribution into equation 3 likewise produces a power law spectral energy 
distribution, v Fe ex: vn, over the same wavelength interval, with 
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z 
n=4-

't 
(6) 

(Note that 100 J.Lm is also approximately the wavelength of the peak of the Planck spec
trum at the minimum disk temperature, which corresponds to the outer edge of the disk. 
See also below). The majority of the T Tauri systems studied in this paper clearly exhibit 
power law spectral energy distributions from the near-infrared (NIR) to the far-infrared 
(FIR); see Figures 1 to 14. Adams and Shu (1986) and Adams, Lada and Shu ~1987) 
demonstrated that so-called passive disk emission, which originates solely in the repro
cessing of photons intercepted from the radiation field of a central host star, can produce 
a temperature index of q = 3/4, which leads to an infrared spectral slope n = 4/3~ Such 
a temperature distribution is also generated by Keplerian accretion which gives rise to 
so-called active disk emission. This can be seen by balancing the blackbody radiation 
through the top and bottom surfaces of a given dis-k annulus with the work done by a 
torque exerted on the annulus by disk material within the radius of the annulus (see 
Lynden-Bell and Pringle 1974 and Adams, Lada and Shu 1987}; the distinction between 
passive reprocessing and- active radiation by viscous accretion therefore lies in the fevel of 
the observed emission rather than in the slope of the spectral energy distribution observed 
in the infrared. Though we expect both these processes to be operating in any disk which 
is accreting, examination of many of the spectral energy distributions we observe indicates 
that the foregoing does not completely account for the infrared excesses in all T Tauri 
systems: all the systems considered here have i-nfrared_spectral slopes which are less than 

I 

4/3. Indeed, several have flat (n ~ 0) spectra, which implies q ~ 1/2, i.e. it would appear 
that the disk temperature often falls off with increasing radius much more slowly than 
expected. Kenyon and Hartma.nn (1987) suggested that the assumption of a flat disk be 
dropped for such systems; they proposed a flared disk, leading to enhanced reprocessing 
of stellar photons. ALS 1)oint out that whilst such flaring is quite adequate to explain 
infrared slopes down to n ~ 2/3, the great infrared excesses of the flat-spectrum sources 
cannot be entirely generated in this way unless the bulk of the reprocessing dust surface 
exists at altitudes significantly above the scale height of the gas, which is very unlikely 
because of dust settling. A third emission process is therefore required for the extreme 
flat-spectrum systems: one possibility is the propagation of spiral density waves in the 
disk, generated by gravitational instabilities (Ada.ms, Ruden and Shu 1989). We proceed 
here with the assumption that all disks are flat and we postulate that any infrared slope 
n < 4/3 requires a. second dissipative torque acting on the material within a disk. Adams, 
Lada and Shu (1987) showed that a power law temperature function will result regard
less of the mechanism(s) actually producing the dissipa.tive torque(s) (be they viscous, 
magnetic or gravi ta.tional), so long as the assumption of axial symmetry is appropriate. 
Given the uncertainty in the nature of the infrared excesses, we will assume only that 
a temperature power law holds and, rather than attempting to predict a value for q ab 
initio, we will determine its value by direct inspection of the spectral energy distribution 
observed for each T Tauri system. It is important to emphasise that the results we present 
here depend only on the power law forms we adopt for the temperature distributions, and 
not on the details of the o1·igin of such power laws. 

We assume that any given element of the surface of a circumstellar disk radiates both the 
energy intercepted from the stellar radiation field, and the flux produced by (unspecified) 
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active emission processes in the disk. Following ALS - who provide a rigorous treatment 
of mutual heating and mutual shadowing of a star and flat-disk system- the resulting 
disk temperature distribution can be expressed using the dimensionless variable u = R./w: 

(
Lintrinsic) 4q 1 T 4[ · -1 

2 / u -a * stn u 
471" R. 1r 

- u(1- u2)I/2j. (7) 

T,. in this equation is the effective photospheric temperature. R. is the stellar radius, 
obtained from knowledge ofT. and the bolometric stellar luminosity, L •. a is the Stefan
Boltzmann constant. The quantity Lintrinsic is the bolometric luminosity of the disk gen
erated by active disk emission processes. Analytically, Lintrinsic can be obtained in terms 
of T 0 , Ro, Ro, and q by integrating aTn4 (w) over all w using the power law distribution 
in equation 4. The dimensionless quantity f arises when we integrate across the disk to 
obtain Lintrinsic and is given by 

J = 1 [1 - ( Ro ) 4q-2l· 
4q- 2 Rn 

(8) 

We see that f"' unity when q > 1 /2; f -> ln(Ro/Ro) ("' 10) as q -> 1/2; 

We will therefore employ equation 7 for the temperature distribution2 when we generate 
model spectral energy distributions (using equation 3) for comparison with our observed 
spectral energy distributions. The exponential optical depth term in the flux density 
equation cannot be neglected at wavelengths for which disk material is optically thin, which 
appears to be the case for a few of the systems studied here at millimetre wavelengths 
(see also below). We must then consider the normal surface column density, ~(w), and 
the frequency-dependent mass opacity Kv. (Note that we lose the dependency on the 
inclination angle of the disk, as expected for optically thin structures). The power law 
distribution of ~ postulated by ALS has a proportionality constant which is determined 
by the total mass of the disk (Mn) and the power law index p (equation 5): 

>: _ (2-p)Mn 
"-'o- 21l"R

0
2 [(Rn/Ro) 2-P -1]' (9) 

ALS show that the model spectra are insensitive to the value of p. AEF employed p 
= 7/4 when considering optically thin emission; this was simply a representative value 
and was taken from the protostellar theory described by Cassen and Moosman (1981). 
We will adopt the same value for p here whenever we observe optically thin emission. 
Substituting for Tv(w) in equation 3 in the case Tv(w) -> 0, 

2 Reprocessing of stellar photons provides a relatively small contribution to the emission observed 
at millimetre/submillimetre wavelengths for disks which have high active luminosities. At such low 
frequencies, equation 4 can be used in equation 3 without making an appreciable difference to the emergent 
spectral energy distribution. 
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(10) 

i.e. with Tv(w) specified by equation 7, 

(1!) 

Optically thin emission can therefore allow a determination of the mass of a disk if we 
know the mass opacity, ""v· The latter is commonly taken to be a power law at low 
frequencies, i.e. 

(12-) 

(e.g. Draine and Lee 1984, ALS). We will specify the opacity index (/3) and employ the 
scaling adopted by AEF - see below - to estimate disk masses from optically thin 
emission at millimetre wavelengths. 

5 Comparison of Model Predictions with Observa
tions 

We begin by listing the various relevant quantities. T* (photospheric temperature), Av, 
(extinction), q (temperature index) and (} (disk inclination) are fixed, and no adjustments 
are made to their values. L* (stellar luminosity) is adjusted to fit the short-wavelength 
data, but its value is of no consequence when fitting the long-wavelength observations. 
For those disks which appear to be optically thick even out to .A ,....., 1 mm (see below), 
only 2 quantities are adju~ted, namely Lintrinsic (disk luminosity) and Ro. A total of 4 
quantities are adjusted when we consider observed long-wave spectral energy distributions 
which can be fitted only by optically thin spectra: Lintrinsic (disk luminosity), Ro, Mo, 
and """ (mass opacity). The number of observed long-wavelength data points (60 JLm to 
2mm) for each T Tauri system is typically~ 10. 

1. T *, the effective photospheric temperature. This quantity is required by equation 7 
for specification of the temperature distribution in the disk. It is also combined with the 
bolometric stellar luminosity to estimate the stellar radius. A catalogue of pre-main se
quence stars compiled by Cohen and Kuhi (1979) includes data for the majority of our T 
Tauri systems. They supply both spectral classifications and a scale for the conversion of 
spectral class to effective temperature. Cohen and Kuhi (1979) caution that the definition 
of Teff is unclear for a star with various emitting regions, each of which might contribute 
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significantly to the bolometric stellar luminosity (e.g. photosphere, chromosphere, ex
tended atmosphere and the disk itself). The use of spectral type is therefore the crudest 
way in which one may characterise the effective temperature of a T Tauri system. With 
this caveat, and in the absence of other knowledge ofT,., we use the catalogued spectral 
classes. 

2. L,., the bolometric stellar luminosity. Its value is required in order to estimate stellar 
radius (using T .. ); its value has no bearing on the long-wavelength model spectrum. For 
more than half our sources we have employed the luminosities catalogued by CEB as initial 
estimates; indeed, we found that several of the CEB stellar luminosity values required no 
further adjustment. CEB adopted a distance of 160 pc to the Taurus-Auriga complex. 
We employ a distance of 140 pc throughout the present work and have therefore scaled 
down all CEB luminosities accordingly. This also permits direct comparison of our results 
with those of AEF. 

3. Lintrinsic, the bolometric luminosity of the disk arising from active emission processes. 
We need a value for Lintrinsic in order to compute the run of T D ( w) across the disk. 
Initial estimates for each of the T Tauri stars in our sample were made in the following 
way: we summed the (scaled-down) integrated luminosity listed by CEB in the 3 bands 
0.44 to 0.67 J-Lm, 0.67 to 3.5 pm, and 3.5 to 7 J-Lm; to these we added the 7 to 135 J-lm 
luminosity determined from IRAS observations (where available) by summing across the 
4 contiguous IRAS bandpasses; finally we trapezoidally integrated from 135 J-Lm to the 
longest wavelength at which we detected a given T Tauri system with UKT14 (typically 
1100 J-Lm). (All luminosity components were estimated assuming spherically symmetric 
emission at a distance of 140 pc). The bolometric luminosity so estimated needed to be 
adjusted downwards by an average of 45% to obtain agreement between the predicted 
and the observed spectral energy distributions. 

4. Av, the visual extinction. Knowledge of this quantity is needed only to generate a 
realistic model spectral energy distribution in the visible part of the spectrum, which is 
dominated by stellar emission rather than disk emission. Its value is of no consequence 
when considering the mass and radius of a circumstellar disk. The average value for our 
sample ofT Tauri systems is Av = 1.2 magnitudes (from the catalogue of Cohen and Kuhi 
1979). Interstellar K-band extinction will be about 10% of this value, and is therefore 
negligible, whilst we expect essentially no interstellar extinction at millimetre wavelengths. 
We employ the values of Av listed by Cohen and Kuhi (1979); no adjustments are made 
to this quantity. 

5. q, the disk temperature index. For most of the T Tauri systems we observed, we have 
estimated the temperature index by fitting a straight line to the NIR photometry and the 
IRAS FIR data-points, and then relating the infrared slope to q via equation 6; where 
statistical uncertainties in flux densities are available, we have made a weighted fit. Values 
of q estimated in this way range from 0.515 (T Tau) to 0.684 (CY Tau); only CY Tau 
has a value of q which is greater than the minimum ( q ::::::::; 2/3; see above) which can be 
reasonably accounted for by disk flaring. By far the majority of our sample would appear 
to have infrared excesses indicative of active disk radiation processes. These estimates of 
q were used, with no adjustment, when computing model spectral energy distributions. 
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6. (), the angle of incli-nation of the disk plane-~ We have no knowledge of this quantity 
for any of the systems in our sample and we assume a value of 45° throughout this work. 
Since () enters our calculations as a cosi1ie term, any flux densities computed for disks 
which are, in reality, inclined at angles in the range 0° ~ () ~ 45° will be underestimated 
by a maximum of only about 30%. We must have disks inclined by fJ > 82° before our 
assumption of 8 = 45° overestimates the flux densities by factors ~ 5. A value of 45° is 
therefore a good working assumption, since we expect the majority of our sample of disks 
to be inclined at < 82° if they are drawn from a parent population which is randomly 
orientated. 

7. 1\. 11 , the mass opacity. All disks are optically thick to radiation up to wavelengths of at 
least 1 "' 100 J-l.ln. Some disks might have regions which are optically thin to emission at 
longer wavelengths (AEF, Beckwitli and Sargent 1991) ahd for these we must specify the 
long-wavelength mass opacity of dust grains if we are to compute model spectral energy 
distributions and estimate disk masses using our millimetre flux densities. We employ 
the dust opacity profile used by ALS and AEF, whiCh assumes a mixture of silicate and 
graphite grains. The opacity of the grains is well determii1ed for wavelengths up to"' 20 
Jlm, at which n- 11 = 7.2 cm2 g- 1 • Though it is genera.lly agreed that the grain opacity falls 
off as a power law- K11 <X vf3 -at wavelengths > ZO Jlm, the precise value of the index is 
not known. (See Emerson 1988 for an elementary review of emission from dust grains in 
star-forming regions). ALS proposed a value (3 = 2, which is the same as that computed 
for interstellar dust grains by Dra.ine and Lee (1984). However, the grains in warm, dense 
circumstellar disks ma.y be different from those in the interstellar medium; AEF briefly 
review other proposals for the value of (3, all of which lie in the range 1 ~ (3 ~ 2. Taking 
the above value of n- 11 at ). = 20 pm, the extremes of this range in (3 lead to values of K 11 

at 1100 J-Lm which differ by a. factor of 55; it can be seen from equation 11 that estimates 
of disk masses using our millimetre flux densities will differ by the same amount. 

8. Disk mass (Mn) and outer radius (Ro). Where emission is optically thin we have 
attempted to fit our millimetre flux densities by adjusting Mn. Ro is treated as a free 
parameter in all cases. 

5.1 Results 

Model spectral energy distributions (SEDs) generated for our T Tauri systems are plotted 
in Fig. 1 to 14. 

Consider the long-wavelength data (>. ~ 60 J-Lm): it is apparent that 9 of the 14 obser
vational SEDs can be fitted very well by SEDs computed for disks which are optically 
thick at all observed wavelengths, even out to 2 mm. Neither the disk mass nor the dust 
opacity enter the calculations for such disks and one can set only a lower bound to the 
value of Mo. These lower limits are listed in Table 4. The remaining SEDs (i.e. those for 
T Tau, HL Tau, GG Tau, GM Aur, and HK Tau) can be fitted only by spectra computed 
for disks which are optically thin at millimetre/submillimetre wavelengths. 
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Source Rn Mm in 

(AU) (M0) 
DG Tau 42 0.05 
RYTau 25 0.02 
UZ Tau 40 0.01 
DL Tau 52 0.06 
H6-13 33 0.03 
H6-37 50 0.05 

DR Tau 33 0.02 
CY Tau 150 0.3 
DO Ta.u 25 0.006 

Table 4: Lower limits to masses of optically thick disksa 

aNote. for (3 = 1 and "'v = 0.1[,\(pm)/250]-P cm2 g- 1 

(cf. Beckwith and Sargent 1991) 

6 Discussion 

Clearly, the five SEDs which can be fitted only when we consider optically thin long
wave emission are those which show the greatest promise for extracting information on 
disk properties. However, one must be cautious. Recall from equation (10) that, not 
surprisingly, the disk mass and the dust opacity enter as a product in our calculations 
of flux densities at long wavelengths. vVe can therefore determine Mo from a model fit 
only once we specify the opacity profile, "'v· This situation would be relieved somewhat 
if we were to find that the observed long-wavelength flux densities lie in the Rayleigh
Jeans region of the (composite modified blackbody) SED; then, with vF v <X Mov3+,13, 
the long-wave opacity index could be obtained directly from inspection of the slope of 
the SED. However, for the typical outer disk temperatures3 found here (To ::::::: 35 K), 
the Rayleigh-Jea.ns approximation to the Pla.nck law is valid only when ,\ 2: 1100 pm 
and cannot therefore be used. Instead, we make no such assumption and we determine 
instead a likely range of disk masses for the anticipated range in dust opacities. This is 
illustrated in a crude fashion in Figure 1 (T Tauri), where we have plotted model spectra 
for Mo = 0.01, 0.1 and 1 M0 and (3 = 1, 3 /2, and 2. 

Can we identify some combination of Mo and (3 which provides a markedly better fit to 
the long-wave data for T Tauri (e.g.) than other combinations? Clearly it would be a 
hopeless task to attempt to answer this by simply inspecting the SEDs and judging by 
eye. Observe the '3-dimensional' surface plots in Figure 15, where reduced x2 is plotted 
against both Mo and (3. We have restricted our values of (3 to the range 1 to 2 (see 
also AEF for discussion on this point). (For these calculations, Ro was fixed a priori at 
the upper limit value determined not from the model but by simply assuming the disk is 
optically thick at 60 pm). Note the wedge-shaped distribution of reduced x2 in Figure 

3 Remember that the cool, outer regions of a disk will make by far the dominant contribution to the 
long-wavelength portion of a SED 
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15, which opens out along the Mn dimension as we move in the f3 dimension from f3= 
1 to 2. We would clearly gain little by selecting the overall best fit and observing the 
corresponding values of Mn and f3 . Our conclusion for the example of T Tauri is that 
the disk mass probably lies in the approximate range 0.03 to 0.07 M0 , knowledge of its 
actual value depending on the value adopted for (3. Compare this range with the lower 
limits to disk masses listed in Table 4. 

7 Conclusions 

We have performed millimetre and submillimetre continuum observations of a sample of 
T Tauri systems in Taurus-Auriga. Comparison of model spectra with our data allow 
estimates to be made of the masses of the dust component of circumstellar disks. Many 
of our lower-bound estimates to disk masses exceed the minimum mass solar nebula, a 
result which is important to studies of the formation of planetary systems. 

Any future progress in elucidating disk properties perhaps depends principally upon an 
improved knowledge of dust opacities and grain morphology. The fitting of model spectral 
energy distributions to single-point (spatially unresolved) continuum observations (AEF, 
Beckwith and Sargent 1991) will probably not yield such knowledge, though useful bounds 
may be set to the masses of disks in T Tauri systems. The correlation in Beckwith and 
Sargent (1991) of small x2 with large uncertainties in M0 and opacity index f3 is a good 
illustration of the difficulties we encounter when attempting to simultaneously constrain 
both disk masses and dust opacities (i.e. we find that good fits are not necessarily unique 
fits). One should also remember that dust opacity profiles are unlikely to be independent 
of radius in the disk, for it would seem unlikely that grain structure/composition would 
remain unchanged across a temperature range of between 1 and 2 orders of magnitude. 
Is it reasonable to speak of a single opacity profile without reference to location in the 
disk? Perhaps so, with regard to the millimetre-wave emission, the bulk of which arises 
in the outer disk regions. However, the possibility of radial dependence does introduce a 
further degree of uncertainty. At least two lines of attack present themselves. As pointed 
out by Beckwith and Sa.rgent (1991 ), one can investigate mass opacities by combining 
measurements of disk masses and the distribution of material from line observations to
gether with measurements of the distribution of optical depth from (spatially resolved) 
continuum maps. A more direct approach to investigating grain structure and properties 
will be available in the future, following the launch of ISO; the results of sensitive spectral 
observations with the LvVS (Long-Wavelength Spectrometer- 45 to 180 J.Lm) are awaited 
with much interest. 
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Observational Constraints on a Proto-stellar Disc 
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Abstract 

Sub-millimetre continuum data are presented of the p Oph A dark cloud, and 
are combined with a new maximum entropy deconvolution of the IRAS data of 
the region. In addition to the known sub-millimetre source SMl, the data show 
strong sub-millimetre emission from a candidate protostar, VLA1623, which has a 
highly collimated bipolar outflow and strong radio emission, but appears to have 
no detectable infra-red emission. SMl also has no infra-red emission, but has no 
radio emission or bipolar outflow either. It is hypothesised that SMl is in an earlier 
evolutionary state than VLA1623, possibly pre-stellar. The envelope of VLA1623 
is modelled, and seen to be consistent with a radial density distribution of p( r) ex 
r- 112 • This disagrees with theoretical predictions, but is not unique. There is no 
evidence in the data for any large-scale disc ( ""lOOOAU) around VLA1623. Rather, 
the data point to a "cored-apple" circumstellar structure. There is also no evidence 
in other authors' interferometer data for a smaller ( rv250AU) disc. It is speculated 
whether a disc is necessary for bipolar outflow collimation or generation, or if some 
other effect such as magnetic pinching is sufficient. However the data cannot rule 
out the presence of a small-scale disc ( ""80AU), which is optically thick at 2.7mm. 

1 In search of protostars 

Discs are now a widely-accepted facet of the evolution of young stellar objects (YSO's), 
however much remains unclear about the role which they play, how early in the evolution
ary cycle they form, and whether they are necessary for the collimation and/or driving 
of bipolar outflows. In this paper I will concentrate on the nature of proto-stellar discs 
(ie: discs around protostars) and present some recent observations of a newly-discovered 
candidate protostar. Take as a working definition of a protostar: 

A condensed object which will become a star, which contains as yet only a small fraction 
of the mass which it will contain when it reaches the main sequence. 

A class of objects has been identified, which have been referred to as protostars ( eg: 
Adams, Lada & Shu 1987), which are known technically as "Class I" sources (Lada 1987), 
based on their 1-10J.im spectral index. These objects are optically invisible, were discov
ered by their near infra-red emission, and have steeply-rising infra-red spectra toward 
longer wavelengths. However, recent work has cast some doubt on the suggestion that 
Class I sources are true protostars as defined above:- Stahler & Fletcher (1991) modelled 
the luminosity function of embedded clusters and found that the expected fraction of em
bedded sources which are protostars is <1% for most of a young cluster's life. Therefore 
protostars are rare, whereas Class I sources are not so rare- eg: Wilking, Lada & Young 
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Figure 1: Sub-millimetre continuum isophotal contour maps superposed on grey-scale 
images of SM1 and VLA1623 at (a) 800pm, (b) 450pm and (c) 350pm. The resolution of 
all maps is 13 arcsec. The positions of SM1 and VLA1623 are marked. The other crosses 
mark the positions of GSS30 and S2. 

protostars are mre, whereas Class I sources are not so rare - eg: Wilking, Lada & Young 
(1989) found that for the p Oph cluster, there were roughly equal numbers of Class I, II 
& II sources, so rv33% of the embedded sources were Class I. 

Submillimetre luminosity is a direct measure of the mass of cold dust at a given 
temperature surrounding an object, and hence of the total mass of circumstellar material 
surrounding the protostar, and the younger a protostar, the more circumstellar material 
it should have, and hence the greater the sub-millimetre luminosity should be. Barsony & 
Kenyan (1992) found that the sub-millimetre luminosity of a sample of embedded sources 
in the Taurus dark cloud was not correlated with their near-infrared colours. Furthermore, 
they found that the submillimetre luminosity of Class I sources is not significantly greater 
than that ofT Tauri stars (TTS), which are much more evolved objects. Irrespective of 
any model, protostars should have more circumstellar material than TTS. This is however 
complicated by the effects of temperature gradients. 

Therefore we need to look for something younger than a. Class I object if we are to 
find a true protostar, by the above definition. Such an object may not be detectable at all 
in the near-infrared, mid-infrared, or even in extreme cases in the far-infrared, and may 
possibly only be detected in the sub-millimetre and at radio wavelengths. 

Protosta.rs are generally believed to coalesce from density enhancements (clumps) in 
molecular clouds. Hydrostatic equilibrium of a. clump is only possible if its mass M is less 
than a critical mass Mcr·it (Shu 1977) given by: 

l\1crit = 1.18 G~~2 Pe~~ /2 
where a is the isothermal sound speed. In this instance the radial dependence of 

density is p(r) ex: r- 2 . If the mass of a. clump exceeds the critical mass, then collapse to a 
protostellar object commences. The collapse begins at the centre and a collapse expansion 
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Figure 2: IR.AS 12-f.lm image of the p Oph A region. The position of S1 is marked. 

wave ( CEW) travels outwards from the centre. Within the CEW the radial dependence 
of density is p(r) ex: r-312 (Shu 1977). The accretion luminosity is given by L=GMM/R. 
(Adams, Lada & Shu 1987). 

2 The p Oph dark cloud 

The nearby ( d=160pc) p Oph dark cloud was first mapped in SO by Gottlieb et al (1978), 
who found 2 dense cores, which were subsequently named p Oph A and B (Loren et al 
1980). p Oph A & Band other dark clouds in the region are connected by filaments, which 
can be seen in 13CO, and were christened 'the cobwebs of ophiuchus' (Loren 1989a&b ). A 
small clump in one of the filaments hosts the bipolar outflow source IR.AS16293 (Walker 
et al1986). 

A rich cluster of embedded IR sources fills the majority of the p Oph region (Wilking, 
Lada & Young 1989, and references therein), the brightest of which, Source 1 (Grasdalen, 
Strom & Strom 1973), lies near the peak of p Oph A. Source 1 (hereafter Sl) is known to 
be an embedded B3 star with an associated HII region (Andre et al1991, and references 
therein), responsible for heating an extended region of dust to Trv30K, which was observed 
at 80f.lm and named IR.S1 (Harvey, Campbell & Hoffmann 1979). S1/IRS1 was identified 
with the IR.AS source 16235-2416 (Ward-Thompson et al1989). Thus it appears that p 
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Figure 3: Maximum entropy reconstruction of the IRAS 12-pm data of the S1 region. The 
origin is at 1611 23m308

, -24°16'0" and axes are n1arkecl in seconds of RA and arcminutes. 
Note the smaller scale of this map, and the higher resolution. The two point-like sources 
are GSS30 and S2, a.nd the extended source is S1/IRS1. 

Oph is a rich, nearby, star-forming region, and a. good place to search for protostars. 
The first sub-millimetre continuum search of p Oph was carried out by Ward-Thompson 

et al (1989), who discovered an emission peak near to the peak of p Oph A itself, which 
they named SMl. They mapped this peak at 350, 800 & 1100 J.Lm and speculated that 
it may be a. candidate protosta.r. However their observations lacked the spatial resolution 
to confirm this hypothesis. 

The first (and so fa.r only) bipolar outflow to be discovered in the core of p Oph A 
was reported by Andre et a.l (1990), and ·was seen to be centred to the south-west of the 
peak of SMl. Subsequently a 6-cm radio source - VLA1623.4-2418 (hereafter VLA1623) 
wa.s found to lie at the centre of the bipolar ou tfiow (Leo us et al 1991). 

Neither SM1 nor VLA1623 was detected in the IRAS raw data, and neither has any 
known nea.r-IR association. It was speculated that they are therefore candidate protostars, 
and ideal for further study. 

3 Sub-millimetre sources in p Oph A 

Figure 1 (a) - (c) shows three sub-millimetre continuum isophotal contour maps su
perposed on grey-scale images of a. roughly 2.5-a.rcmin square region around SM1 and 
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)..j{lm SM1 VLA1623 

800 6.7±1.5 3.0±1.0 
450 37±9 25±5 
350 70±20 22.5±7.5 

Table 1: Source peak flux densities in Jy per 13-arcsec beam. 

VLA1623. Figure 1(a) shows an 800-{lm map, which has a resolution of 13 arcsec, and 
Figure 1 (b) & (c) show 450- & 350-{lm maps respectively, smoothed to the same resolu
tion. The maps were made using the James Clark Ma.xwell Telescope (JCMT) situated on 
Mauna Kea, Hawaii. Calibration was performed using the planet Uranus (for full details 
of calibration proceedure, mapping parameters etc, see Andre, Ward-Thompson & Bar
sony 1992- hereafter AWB). The two sub-millimetre sources SM1 & VLA1623 are clearly 
resolved in all three maps. Source peak flux densities, measured in Jy per 13-arcsec beam, 
are listed in Table 1 for both SM1 & VLA1623. 

SM1 appears to be located in the middle of an extended ridge-like structure running 
north-south which also contains other clumps (see Figure la). South of SM1 the ridge 
turns to the south-east to form an arc-like structure, whose centre appears to lie some
where to the east, in the direction of Sl. This may be indicating that S1 is interacting with 
the ridge in some way - either by means of its stellar wind or its HII region. VLA1623 
appears to lie on the edge of the ridge furthest away from S1, and hence it is easier to 
define its properties than those of SM1, which is confused by the more extended structure. 

Figure 2 shows an IRAS 12-pm image of the p Oph A region taken from Ward
Thompson et al. (1989). Note that this is a much larger region than is shown in Figure 1 
( rvl.5° square). S1/IRS1 (alias IRAS16235-2416) can be clearly seen along with a number 
of other sources (cf: Wilking, Lada & Young, 1989). However, SM1 & VLA1623 cannot 
be seen in any of the raw IRAS data clue to their proximity to Sl. Therefore it was 
decided to use a maximum entropy method (l\IIEM) to deconvolve the IRAS raw data, in 
an attempt to resolve the t-wo sub-millimetre sources. 

Figure 3 shows a maximum entropy reconstruction of the IRAS data of the S1 region. 
This map is at a much larger scale than Figure 2, and has much greater resolution. No 
prior information was given to the maximum entropy routines about the sources in this 
field, however point sources are now seen which are coincident with the known IR sources 
S2 and GSS30 - neither of which have previously been detected in the IRAS data -
and an extended source is seen at the position of S1/IRS1. MEM also recovered all IRAS 
sources in the field, and did not find any sources which were not previously known near-IR 
sources. The method has also been used on the IRAS data of M51 (Bontekoe et al1991) 
and W49 (\Vard-Thompson, Berry & Robson 1992), and is a very powerful technique 
for improving the resolution of IRAS data (see Narayan & Nityananda 1989 for a recent 
review of astronomical implementations of lVIEM). 

There are no IRAS sources coincident with either SM1 or VLA1623. The same pro
cedure was repeated with the IRAS data. at 25, 60 & 100 {lm with similar results. Upper 
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Figure 4: Spectral energy distributions of (a} Sl\11 and (b) V1A1623, plotted as log (flux 
density) against log (frequency). The IRAS upper limits come from the maximum entropy 
deconvolution, and the sub-millimetre datapoints come from this paper and AWB. 

limits could therefore be placed on the IRAS flux densities of Sl\11 & V1A1623 which are 
much tighter than was previously possible (Ward-Thompson 1992). These flux densities, 
together with those in Table 1, and data taken from the literature (AWB and references 
therein), are plotted on Figure 4 (a) & (b) for Sl\11 & V1A1623 respectively. Also plotted 
on Figure 4 are single-temperature grey-body fits to the data, with, for Sl\11, T=27K and 
JJ=l.5, and for V1A1623, T=20K and JJ=l.5. 

The fits suggest bolometric luminosities of order 410 and 0. 7510 for SM1 & V1A1623, 
and the sub-millimetre fluxes indicate circumstellar masses of 0.7±0.31\10 & 0.6±0.31\10 
respectively. However, note that the mass of Sl\11 is more difficult to define (as mentioned 
above) due to its confusion by the extended ridge. The fact that S-Ml (which is closer to 
Sl) is warmer than V1A1623, may be indicating that S1 is the main source of heating for 
the p Oph A core, as hypothesised by vVa.rcl-Thompson et a.l (1989). 

The total mass derived for the p Oph A core from these measurements (calculated 
within the lowest 800-p;m contour of Figure 1(a)) is "'10-151\10 . This is in very good 
agreement with the mass derived from CO isotope measurements by 1oren, Wootten & 
Wilking (1990) of 121\18 , and gives confidence in the derived masses of the two sources. 

In summary, V1Al623 is a low-mass, low-luminosity, cold source, on the edge ofthe p 
Oph A core, which has a bipolar outflow, and is also seen in the radio continuum. SM1 is 
a similar but slightly warmer source (possibly due to external heating by Sl), apparently 
in the centre of the p Oph A core, which has no outflow and no radio continuum emission 
from its peak. On the basis of this, }t is hypothes'ised that V1A1623 is a. candidate 
protostar, whilst SM1 is in an earlier, possibly pre-stellar phase (AWB). The remainder 
of this paper will concentrate on V1A1623. 
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VLA1623 

RADIAL FLUX PROFILE AT 350 MICRONS 
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Figure 5: Azimuthally averaged radial flux density profile at 350J.Lm of VLA1623 compared 
to the predictions of the Vlolfire-Cassinelli model for a p(r)cx:r- 112 radial density profile 
(solid line). 

4 The "protostar" VLA1623 

If the luminosity of VLA1623 is clue to infall and accretion alone, the equation quoted in 
section 1 can be used to derive the mass of the central core, or protostar, itself. Using a 
typical sound speed for p Oph of 0.35kms- 1 (Adams, Lada & Shu 1987), the mass infall 
rate is 10-5M0 /yr, and hence, for the luminosity found for VLA1623, the mass which 
has already accretecl onto the core is rvl0-21VI0 . This means that the protostellar core 
contains only a few percent of the mass of the circumstellar envelope, and is consistent 
with VLA1623 being a true protostar. 

The azimuthally averaged radial intensity profile of VLA1623 was compared to the 
planet Ura.nus, which had an apparent diameter of 3.5 arcsec at the time of the ob
servations. It was seen that VLA1623 was more extended than Uranus, and had been 
partially resolved in the sub-millimetre data at all wavebands. The deconvolved FWHM 
of VLA1623 at 450ttm is 11±4 arcsec, and a consistent result was obtained at 350 & 800 
J.Lm. All of the derived parameters of VLA1623 are listed in Table 2. 

The dust radiative transfer code of \Volfire & Cassinelli (1986; 1987) was used to model 
VLA1623. This code fits both the spectral energy distribution and the radial intensity 
profile sim1tltaneously, for a. centrally heated core or YSO, given certain input parameters, 
and observational constraints, such as total luminosity and mass. It was found that the 
fits were most sensitive to the radial dependence of density p(r), and further, that the 
best fit to the data was given by p(r)cXl·- 112 (AWB). Figure 5 shows the radial flux profile 
of VLA1623 compared to the r- 112 density profile, after it has been convolved with the 
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Parameter Value 

FWHM ""'2000AV 
Td 20±5K 

TJ50tsm ""'0. 2 
NH ""'1Q24cm -2 

Lbot 0. 75±0.25 10 

Me 0.6±0.3M0 

Table 2: Derived parameters of VLA1623. 

JCMT beam, showing that it is consistent. 
This is in d-isagTeernent with the theoretical prediction of p(r)oG·-312 for a collapsing 

protostellar object (Shu 1977). However, this is not the only such object with a shallow 
density gradient. An identical radial density power law was found for LkHa198 (Natta et 
al1992) in a spherical envelope, although the data for this object also required an inner 
disc (or else strong emission from P AH 's) to explain its near-IR spectrum. 

5 Outflow without a disc? 

Lin & Pringle (1990) proposed the existence of la.rge-sca.le collimating discs around YSO's 
with radius ""'1000A V to explain the generation and collimation of bipolar outflows. No 
evidence was found in any of the sub-millimetre data. of VLA1623 for a large-scale disc 
of this nature. On the contrary, the bulk of the circumstellar material lies in a roughly 
spherical envelope. To be undetected a disc would have to have a radius <250AV. 

However, even a disc such as this has been ruled out by recent 2.7-mm interferome
ter observations at OVRO (Audre & Sargent 1992), which show that VLA1623 has no 
compact disc component such as that found in the case of 11551-IRSS (Keene & Masson 
1990). The data. cannot. rule out the presence of an edge-on disc which is geometrically 
thin, but optically thick a.t 2. 7mm. Such a disc would require T <20K and R<80A V 
(AWB) to escape detection. So a disc such as those envisaged by Adams, Lada & Shu 
(1987) remains possible, provided it is extremely optically thick. 

Instead, the sub-millimetre observations along with the bipolar outflow appear to point 
to a "cored-apple" geometry for VLA1623. In this model, the outflow clears a cavity along 
the axis of the apple, while infa.ll occurs in all other directions (AWB). Such a structure 
may subsequently evolve into a disc. 

If this hypothesis is correct, then a highly collimated bipolar outflow may be possible 
without the presence of a disc. Perhaps something similar to the hydromagnetic, centrifu
gal wind model of Pelletier & Pudritz (1992) could collimate the outflow. Although their 
model requires a disc initially, they subsequently find that 'magnetic pinching' serves to 
recollimate the outflow at. some distance from the disc. 
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6 Conclusions 

The candidate protostar V1A1623 has been mapped in the sub-millimetre and shown to 
have a spherical envelope with a shallow (r- 112 ) density gradient. Although it has a well
collimated bipolar outflow, it shows no evidence for a disc-like structure of the nature of 
that around the archetypal outflow source 11551-IRS5. Rather the data seem to indicate 
a 'cored-apple' geometry for the circumstellar material, with the outflow sweeping a cavity 
along the axis of the apple. If there is a disc around V1A1623 at the centre of the envelope 
it has to be optically thick at 2.7mm and have a radius <80AU. 
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Abstract 
Long-Period Variables are characterised by two phenomena: Pulsation and mass 

loss . This paper reviews characteristics of these evolved stars and discusses the re
sults of correlations between observational stellar (pulsational) and circumstellar 
parameters, which point to a. significant impact of the pulsational period on dust 
formation in the envelope. It is proposed that stellar pulsation determines the struc
ture of circumstellar envelopes and might also lead to a non-spherically symmetric 
geometry; detailed models of pulsating stars are clearly needed. 

1 Pulsation and Mass Loss of Long-Period Variables 

At late stages of their evolution most stars become cool giants or supergiants. A charac
teristic of these evolved stars is va.ria.bility. Pulsating variables with periods ranging from 
60 up to 2000 days form one group of variables stars- the Long Period Variables (LPVs). 
The detection of blue shifted components in atomic lines in optical spectra of evolved 
stars revealed another characteristic (Deutsch 1956): Mass loss by which stars build up a 
circumstellar envelope. 

There is observational and theoretical evicl-ence that all LPV s are surrounded by cir
cumstella.r envelopes. These envelopes were found to exhibit a. large variety of spectral 
features which trace different components. In tlre following, a. short overview is given; 
more details can be found in proceedings of three conferences on cool stars, stellar evo
lution and stellar pulsation ( Menessier and Omont (eels.) 1990, Wallerstein ( ed.) 1990, 
Cacciari and Clementini (eels.) 1990). 

• Dust: Depending..on the chemical composition (oxygen-rich or carbon-rich) charac
teristic features at 9.7_or 11.3 microns can be found. The continuum emission from 
the star beyond 10 microns is dominate-d by the contribut-ion of the cool d-ust with 
temperatures befow 800 K, for example the IRAS colours give an indication of the 
amount of dust in circumstella.r envelapes. 

• Motecules: The main tracers of the molecular component are carbon monoxide 
(CO) lines a.nd hydroxyl ( 0 H) maser lines. These lines originate in the expanding 
envelope, where the lii1e width is determined by the expansion velocity. Depending 
on the optical depth of CO typical profiles- from spherically symmetric envelopes 
can be described as either flat-topped I double-peaked (optically thin) or parabolic 
(optically thick) (Knapp and Morris 1985). 
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• Atomic gas: Due to stellar pulsation the structure of the atmosphere is mainly 
determined by shock waves, which can be traced for example by the highly variable 
hydrogen lines (e.g. Gillet, Maurice and Baade 1983). 

The spectral features detected in circumstellar envelopes have been used to determine 
mass loss rates. They range from 10-8 (early K giants) to 10-5 M0 /yr (obscured OH/IR 
stars). However, the mass loss rate for a particular object can vary one order of magnitude 
or even more, where uncertainties are mainly introduced by poorly known parameters 
like distance of the object, density distribution in the envelope, gas-to-dust ratio and 
chemistry. 

A consistent description of the ma.<;s loss process in pulsating long-period variables 
is the following scenario: 1) Material from the stellar atmosphere is first pushed out 
to several stellar radii by means of shocks (e.g. Willson and Bowen 1986) or acoustic 
waves (Pijpers and Habing 1989). 2) Grains are formed via condensation processes in the 
atomic and molecular gas (Gail and Sedlmayr 1986). 3) Finally, radiation pressure on 
grains causes the circumstellar material to expand (Kwok 1975). 

2 Stellar versus Circumstellar Characteristics 

Dynamical models have been developed using a set of time-dependent hydrodynamical 
equations coupled to the moment equations describing the dust formation (Fleischer, 
Gauger and Sedlmayr 1991 ). The scenario outlined in the previous section can be un
derstood quantitatively by these models which link processes occurring in the stellar 
atmosphere to mass loss. 

Since the structure of the stellar atmospheres depends on stellar parameters of LPVs, 
such as pulsational period and amplitude- ultimately on mass and radius- most questions 
concerning the evolution of LPVs might only be answered once these stellar parameters 
have been determined: 

• Do all giants follow a. similar path through the Asymptotic Giant Branch (AGB) to 
become Planetary Nebulae? 

• On which parameters does the evolutionary path of a cool giant depend? 

• What are the properties of the precursors of asymmetric planetary nebulae? 

DATA 
As stated earlier, two main characteristics describe the cool giant phase: Stellar pul

sation and mass loss. In a. first step towards understanding qualitatively the impact of 
stellar on circumstellar parameters, correlations between observational characteristics of 
the star and its circumstellar envelope were searched for. 

The characteristics are: 
for the star 

• P - the stellar period. 

• f - the ratio between the rise time from the minimum to the maximum of the light 
curve (Vardya 1988) and P. 
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for the circumstellar en vel ope 

• Vexp - the expansion velocity, derived from molecular lines. 

• 19.7 - the intensity of the silicate dust feature, being the ratio of the peak flux at 
9. 7 Jlm to the flux of the underlying continuum, as defined by Mitchell and Robinson 
(1981 ). 

For about 100 stars expansion velocities, based on CO or OH measurements, and 
periods have been retrieved from the literature (Mattei 1983, Herman and Habing 1985, 
Knapp and Morris 1985, Wannier and Sahai 1986, Sivagnanam et al. 1989, Heske 1989). 
For most of the sample stars f values were available (Herman and Habing 1985) or were 
derived from the visual light curves (Mattei 1983). For the measurements of the 9. 7 Jlm 
intensities the IRAS low resolution spectra (IRAS Science Team 1986) have been used. 

RESULTS 
Expansion velocity versus stellar period (FIG.l) 
For periods below 400 days the expansion velocity is confined to a range between 4 and 

14 km/s, for periods longer than 600 days the velocity remains rather constant between 
10 and 30 kmjs. In the transition region between400 and 600 days there is a large scatter 
in the Vexp values. The distribution suggests that there are two groups of variables, each 
characterised by a typical expansion velocity. The Vexp- P relation thus can be described 
as a step function where the transition between the two groups occurs at a period of 500 
days. 

• "rapid" long period variables (P < 500 d) with typically Vexp = 10 km/s. 

• "slow" long period variables (P > 500 d~with typically Vexp = 20 km/s. 

According to models of grain condensation the velocity of the expanding envelope is 
determined by grain properties (e.g. size) and the dust condensation radius (Kwok 1975, 
Bowen 1988). Small outflow velocities can be tlle result of a large dust condensation 
radius or large grains, which_ would be the case for the "rapid" long period variables (Mira 
variables, carbon-rich stars and super giants); smaller grains or smaller condensation radii 
would result in a larger outflow velocity, which would be the case for the "slow" group 
(OH/IR stars). For each group of variables there seems to exist a. typical condensation 
radius and/or a typical size of the grains. In the transition region between 400 and 600 
days the dust condensation parameters are not determined: For similar periods highly 
different expansion velocities can be found. 

Intensity of silica.te featme versus stella1· period (FIG.2) 
The distribution of log 19 .7 vs. P shows that for periods up to about 500 days (Miras, 

supergiants and a few 0 H /IR stars) the silicate feature can be found in emission, beyon-d 
(OH/IR stars) it only appears in absorption. The results of model calculations of silicate 
feature intensities (log 19.7) as a function of optical depth of the dust b-y Mitchell and 
Robinson ( 1981) revealed a similar sequence. 

The model intensities of the silicate feature for a constant dust density throughout the 
envelope are indicated in Fig.2 by clashed lines. For an outer envelope radius of 106 R* 
(R2 ) the feature can never be observed in emission; for 100R* (Rt) emission is expected 
for low optical depths of the dust and pure absorption for optical depths higher than 

62 



30 

• • • 
r--'1 • • • (/} 

20 ·~ • """'-s • •• • • • • • • ~ • • • • 
'--' . ' #e • • ... t. • • • p.. • • >< 10 . :i: Q) • > •• 

• • 
0 

0 500 1000 1500 2000 
Period [d] 

Figure 1: Expansion velocity versus stellar period. 

0 ·- .......... ___ .. • 
1.'- ..... ··-a) ' • --...... \ --,. • 

tlO -1 R2 0 \ ,...., 
I 
• 

-2 

0 500 100(} 150G 2000 
Period [ d] 

Figure 2: Intensity of the 9.7ttm feature versus stellar period 

63 



00 
0 -

30 

• • • •• • • , . 
·.:·)·· 

•• • ....... . . . .. . 
•. I • 

• 
0 ~~-LJ-~~-l-L~~~-l-L~~~~ 

1 

0 

-1 

.... ~ . , . 
• • 
• 

• 

• 
• 

• 

-2 ~~~~~~~~~~~~~~~~~~ 
0 .2 .4 .6 .8 1 

f Rise Time/Period 

Figure 3: Upper - Expansion velocity versus f. Lower- log 19.7 versus f. 

unity. The data follow the same pattern as the model intensities which suggests that with 
increasing period the optical depth of the dust increases. 

The combination of the results from Fig.l and 2 indicates that LPV s with rather short 
periods are surrounded by an optically thin dust envelope expanding with a low velocity; 
the dust envelope around LPVs with longer periods is optically thick and expands with 
a higher velocity. It can be concluded that the pulsational period has a major impact on 
the dust formation in the circumstellar envelope. 

Intensity of silica.te feature and expa.nsion velocity versus f (FIG.3) 
The sample of stars for which f values were determined includes oxygen- and carbon

rich Mira variables and OH/IR stars. The f values are confined to a range between 0.2 
and 0.7. In contrast to the previous relations no correlation of Vexp or 19 .7 with f has been 
found. 

The main parameters that describe pulsation are the period and the amplitude. 
Whereas the period can be observed directly, the amplitude can only be traced indirectly 
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via an appropriate spectral feature. The f value can serve as such a tracer. The fact that 
no correlations between f and Vexp or I9 .7 are found is taken as an indication that simi
lar pulsational amplitudes can lead to highly different characteristics of the circumstellar 
envelope. 

INTERPRETATION WITHIN A NE\V MODEL 
In a recent study of the pulsationa.l behaviour of long-period variables, these stars 

were modelled as a driven keplerian oscillator, i.e. the star consists of a pulsating core
'interior'- which drives the surrounding stellar material- 'mantle' (Icke, Frank and Heske 
1992). The calculations show that such a. driven oscillator causes weak chaos. The most 
important parameters in the model are the mass, which determines the period, and the 
amplitude of the oscillation of the 'interior' and the 'mantle'. This- model can account for 
observed characteristics of long-period variables, such as regular and irregular variability, 
increasing mass loss rates at the end of the evolution on the AGB. However, one of the 
main results is that stars with similar spectral features do not necessarily have to be in 
the same evolutionary phase nor have their stetlar parameters to be similar (weak chaos). 
This led to the conclusion that stars which start out with only slightly different parameters 
can show very different variability and follow a completely different evolutionary path. 

The presence, and absence, of correlations between stellar and circumstellar parame
ters support the results from those model calculations: The highly different circumstellar 
features for similar f values (Fig.3) and the step function in the Vexp- P plot (Fig.1). The 
result of increasing optical depth of the dust with increasing period (Fig.2) might also be 
understood with previous models which predict increasing mass loss as the star evolves. 
However, from the driven oscillator model it is clear that a sequence as in Fig.2 should 
not be directly translated into an evolutionary sequence. Stars which exhibit a. similar 
intensity of the 9.7Jtm feature ma.y have a similar mass rather than the same age. 

3 Discs around Long-Period Variables? 

A large fraction of planetary nebulae show a non spherically symmetric geometry (e.g. 
Icke, Preston and Ba.lick 1989). The various shapes of these planetary nebulae can be 
modelled numerically by a fast low density wind running into the remnant circumstellar 
envelope with an asymmetric density distribution (Icke 1992). Such a non-spherically 
symmetric envelope must have been built up during evolutionary phases preceeding the 
planetary nebula stage, i.e. when stars are long-period variables. It would be expected 
that a similar fraction of these stars show aspherica.l mass loss. 

The CO line offers an indirect method to detect asymmetric mass loss. At high spectral 
resolution, higher than 1 km/ s, any deviation of the profile from the expected flat-topped, 
double-peaked or parabolic profiles would indicate a non-spherically symmetric geometry
of the envelope. 

One example is the C0(1-0} line observed in TX Psc, a carbon-rich semi-regular 
variable, a narrow peak is superimposed on a broad component (Heske 1989). The CO 
spectrum is reproduced in Fig.4. Follow-up n1.apping observations revealed extended CO 
emission over more than 40 arcsec in diameter (Heske, te Lintel Hekkert and Maloney 
1989). The distribution of the integrated C0(1-0) line emission shows a feature which 
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Figure 4: TX Psc - high resolution spectrum of CO(l-0). 

would not be expected for the emission distribution from a spherically symmetric envelope 
(Fig.5, the contour units are K-km/s): The peak emission is elongated. 

The first star where observational evidence for a. non-spherically symmetric envelope 
has been detected was V Hya (Tsuji et al. 1988), like TX Psc a carbon-rich semi-regular 
variable. TX Psc is the second example of a LPV where an indication of an asymmetric 
circumstellar envelope has been found . 

4 Conclusions and Outlook 

The problem of non-spherica.lly symmetric mass loss from Long-Period Variables is still 
rather unexplored on the observational side. To get more insight, new candidates for 
asymmetric circumstella.r envelopes should be searched for and their spectral charac
teristics would have to be compared with those from LPVs with spherically symmetric 
envelopes. Such a. comparison of stellar characteristics is expected to give hints of the 
origin of an asymmetric structure. 

The difficulties in studying non-spherica.lly symmetric envelopes around LPVs rise 
from the fact that these envelopes, in contrast to planetary nebulae, are still rather com
pact and asymmetry is less pronounced. To investigate the geometry of those envelopes 
mapping in the CO(l-0) and (2-1) lines with high spectral resolution and high signal-to
noise would be needed. However, this type of observation is very time consuming since 
CO lines from most stars are relatively weak. 

With imaging at different infrared wavelengths the distribution of the dust in the 
envelope could be studied directly. Due to the strong contrast between stellar and cir
cumstellar infrared emission from LPV s, detectors of a high dynamic range would be 
needed. ISO, the Infrared Space Observatory (see paper elsewhere in these proceedings), 
will offer this possibility. 

On the theoretical side, the understanding of the structure of dynamical atmospheres 
and envelopes around Long-Period Variables has continously been increased in the last 
few years. At this point, the results of recent models of stellar atmospheres and stellar 
pulsation as well as the correlations between stellar and circumstellar characteristics dis
cussed in this paper point to the direction into which further steps should be taken: To 
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Figure 5: TX Psc - Contour map of the integrated CO(l-0) intensities. 

reveal evolutionary paths of Long-Period Variables and to understand asymmetric mass 
loss, detailed models of pulsa.ting stars and their evolution are needed. 
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ABSTRACT \Ve review the observational evidence for disk-like out
flows from evolved stars and discuss theoretical ideas for their origin. 
Disk-like structures are seen around AGB stars, bipolar proto-planetary 
nebulae, planetary nebulae and SN 1987 A. Most of these structures are 
consistent with an equatorially enhanced radial outflow, but some show 
the signature of rotation, consistent with rotating disks. Theoretical 
models fall into two classes: single-star and binary models. Primor
dial disks, non-radial pulsations and magnetic fields are the main in
gredient in the major single-star scenarios, while binary interaction can 
affect stellar outflows in at least three different ways (stellar merging, 
common-envelope ejection and gravitational wind interaction). We es
timate that a.t least "" 35% of all stellar outflows from evolved stars are 
affected by binary interaction. 

1. INTRODUCTION 

One of the main topics of this workshop are protostellar disks as they are com

monly observed in star-forming regions . Their origin is easy to understand: a 

typical star-forming core has too much angular momentum to collapse directly 

into a protostar. Any matter that is accreted onto the protostar therefore first 

has to pass through a. disk where its excess angular momentum can be dis

persed by viscous processes. For evolved stars, the situation is completely 

different. Since during its evolution, a star continues to lose angular momen

tum by various processes (most of the angular-momentum loss already occurs 

in the pre-main-sequence phase), a.ny evolved, single star will be a slow rota

tor. It would therefore be surprising to find disk-like structures around evolved 

stars (unless such structures are remnants of protostellar disks). Nevertheless, 

there is ample observational evidence that just such disk-like structures exist. 

69 





Some of the evidence is quite indirect and, in some cases, other interpretations 

are possible. This review has two purposes. The first is to summarize the 

observational evidence for disk-like structures around evolved stars and the 

second to systematically discuss the various ideas that have been advanced to 

explain them. One of the main question we want to address is whether such 

disks are the result of some intrinsic property of single stars (like rotation, 

pulsations or magnetic fields) or whether they require an external agent in the 

form of a companion star. 

2. OBSERVATIONAL EVIDENCE FOR DISKS 

Throughout this paper, we will use the term "disk" rather loosely. Unlike 

protostellar disks, the disk-like structures around evolved stars are not neces

sarily Kepleria.n disks. In most cases, the observational evidence is consistent 

with radial outflows which are strongly enhanced in the equatorial direction. 

(An equatorial outflow is kinematically fundamentally different from Keple

rian rotation.) On the other hand, there are some systems which show the 

kinematical signature of rotation. 

Most of the evidence for disks awund evolved stars comes from systems 

that have already evolved beyond the asymptotic giant branch (AGB) and 

are either in the planetary nebula stage or in the transition to it. We have 

grouped the evidence for disks in five classes and present them in a sequence of 

evolutionary order. Vve start with disks around AGB stars, followed by disks 

around proto-pla.neta.ry nebulae and disks around different types of planetary 

nebulae. The final class, containing the nebula around SN 1987 A as its single 

member, does not fall into this order, but may nevertheless be an instructive 

example for this phenomenon. (For related reviews, see Morris 1990; Olofsson 

1992.) 

2.1 Disks around AGB stars 

The evidence for disk-like structures around AGB stars is rather sparse, since 

their circumstellar envelopes ( CEs) can rarely be resolved spatially. In the 

cases where the geometry of CEs can be resolved, it is usually consistent with 

spherical symmetry. Maser maps (based on H20, SiO or OH maser emission) 

occasionally show a ring-like or elongated geometry for the emission region 
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(e.g., W Hya [Reid and Menten 1990]; R Agl [Lane et al. 1987]; OH26.5+0.6 

[Bowers and Johnston 1990]), but in most cases are consistent with a spherical 

geometry ( 0 lofsson 1992). 

A noticeable exception is the late-type carbon star IRC ±10216 ( = CW 

Leonis), which is a strong and extended, nearby IR source. Its large, intrinsic 

polarization already suggests that the observed light is scattered light from 

a CE and that the central star is obscured by an opaque disk (Serkowski 

1972). This picture has been largely confirmed by infrared (IR) Michelson 

interferometry (McCarthy et al. 1980) and speckle interferometry (Dyck et al. 

1987). The IR image is highly flattened at 2.2-5 J.Lm with an aspect ratio 

between the major and minor axis of about 2. On the other hand, at 10.3 J.Lm 

the image is almost circular; it shows only a small asymmetry ("" 10- 20 %) 

with a major axis perpendicular to the the major axis at shorter wavelengths. 

A plausible model for IRC +10216 can be constructed, in which the 2.2 J.Lm 

emission is scattered light from two bipolar lobes, while the 10.3 J.Lm emission 

is thermal radiation from an equatorial disk seen at relatively high inclination 

(Dyck et al. 1987). In this model, IRC ±10216 would be a likely progenitor 

for a bipolar planetary nebula. 

The M3- 5 supergiant VY Canis Majoris also shows strong evidence for a 

circumstellar disk around an evolved star (note that VY CMa has occasionally 

been considered a protostar because of its proximity to a star-forming region; 

e.g., Herbig 1970). Interferometry maps (McCarthy 1979) and OH maser maps 

(Moran et al. 1977) show an elongated geometry for the CE which is consistent 

with a circumstellar disk. 

The carbon star V Hydrae is a particularly interesting object. A CO radio 

map (Kahane et al. 1988) shows a bipolar geometry for the CE. In addition, 

the optical photospheric spectrum suggests that V Hya. is rotating with v sin i 

between 10 and 20 km s- 1 • This implies that V Hya is rotating close to 

break-up. However, since such a star would have been broken up on the main 

sequence, this system can only be understood if V Hya has or had a binary 

companion which provided a source of angular momentum and helped to spin 

it up (see Sec. 5.1, 5.5 ). V Hya may therefore provide direct evidence for a 

possible link between rapid rotation of the central star (induced by a binary 

companion) and anisotropic outflows. 
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2.2 Bipolar Proto-Planetary Nebulae 

Bipolar proto-planetary nebulae (PPN) constitute a relatively well defined 

class of objects which show evidence for non-spherical outflows (see, e.g., Mor

ris 1987). They are believed to be transition objects between the AGB and the 

planetary nebula (PN) phase. In comparison to their probable descendants, 

bipolar PNe, they are relatively rare. This suggests that the lifetime of the 

PPN phase is relatively short (......., few 103 yr). PPNe generally are reflection 

nebulae; their central stars appear to be hidden by disk-like structures. The 

inferred spectral types of these central stars vary from 0 to M. 

An excellent representative of this class is the PPN CRL 2688 ("Egg Neb

ula"). In the optical, it is a strongly bipolar reflection nebula consisting of two 

egg-shaped lobes separated by a dark lane (Ney et al. 1975). The inferred spec

tral type of the hidden central star lies between F2I and F5I (Cra.mpton et al. 

1975; Cohen and Kuhi 1977). The chemical composition of the envelope resem

bles that of a carbon star (see the references in Bieging and Nguyen-Quang

Rieu 1988). The obscuring dark lane has been mapped in HCN by Bieging 

and Nguyen-Quang-Rieu (1988). The HCN emission is strongly centrally con

centrated, but shows fa.int extensions along the dark lane. No HCN emission 

is seen from the reflection nebula. This morphology suggests a toroidal den

sity distribution for the HCN emitting gas. The velocity field, as measured 

in HCN, supports this picture. Its most important feature is a velocity gra

dient of 2 km/s along the dark lane. The most straightforward interpretation 

of this velocity gradient is that it is caused by a rotating circumstellar disk. 

The inferred specific angular momentum, 1/!11, is......., 7 x 1021 cm2 s-I, which 

corresponds to a minimum (Keplerian) disk size of......., 100 AU (see Sec. 5.3). 

Thus CRL 2688 may provide strong evidence for a rotating circumstellar disk. 

The OH/IR star OH231.8±4.2 ("Rotten Egg" or "Kalabash Nebula") 

provides another interesting example of this class. It is surrounded by a narrow 

IR bipolar nebula with Herbig-Haro-like objects. The inferred spectral type 

of the central star, which is hidden within an equatorial dust disk, is M9 Ill 

(Cohen 1981; Morris 1981). The outflow velocity (as determined from OH 

maser emission) increases from ......., 10 km s-1 in the equatorial plane to ......., 200 

km s- 1 in the polar direction (Bowers 1991). The large polar velocity and the 

narrow collimation of the outflow (Reipurth 1987) can only be understood, if 

the central system is a binary consisting of a reel giant and a more compact 
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companion which provides the source of the fast outflow (see Morris 1987 and 

Sec. 5.3). The presence of a blue companion star is also indicated by an excess 

in the blue continuum from the reflection nebula (Cohen et al. 1985). Because 

of its probable binary nature, OH231.8±4.2 may provide an important link 

between evolved binaries (in particular symbiotic binaries like R Aqr [Solf and 

Ulrich 1985]) and bipolar PNe. 

The IR source IRAS 09371±1212 resembles OH231.8±4.2 in many re

spects. Because of its strong ice feature, it is also known as the "Frosty Leo 

Nebula" (Forveille et al. 1987; Rouan et al. 1988). Unlike OH231.8±4.2, the 

bipolar lobes are not collimated, but consist of the two hemispheres of a single 

spherical envelope which are separated by a sharply defined dark lane. Thus, 

IRAS 09371 ± 1212 provides particularly good evidence for a disk-like structure 

around a. bipolar PPN, which in this case must be seen almost edge-on. 

2.3 Butterfly Planetary Nebulae 

"Bow-tie" or "butterfly" planetary nebulae are presumably the descendants of 

bipolar PPNe. They form a. distinct class of PNe (see Sec. 3), comprising"" 10-

20% of all PN e. A large fraction of butterfly PNe are chemically classified 

as type I PNe (Peimbert 1978), i.e., as helium- and nitrogen-rich PNe. Their 

geometry is strongly bipolar and ha.s the appearance of an hourglass, where the 

ionized gas is constrained at the waist by a disk of cool material. Significant 

effort has been spent on imaging this cool and largely neutral component 

(Rodriguez 1989). It has been detected in a. number of objects as thermal CO 

emission, shock-excited H2 emission, OH maser line emission or as 21-cm HI 

em1ss10n. 

A prime example of this class is NGC 2346 (for other examples, see, e.g., 

lcke et al. 1989). It has been classified as a "middle butterfly PN" (in Balick's 

[1987] classification scheme; see Sec. 3). In Ha and [Nil], the central region has 

the appearance of a tilted ring. A molecular envelope has been detected both 

in CO (Healy and Huggins 1988) and H2 (Zuckerman and Gatley 1988). The 

geometry of the CO emission is oblate with a major axis perpendicular to the 

bipolar axis. The H2 emission lies outside and closely traces the ionized gas 

of the PN. It is peaked near the waist of the butterfly nebula. This strongly 

supports the picture in which the expanding PN shell is obstructed by a disk 

of material in the equatorial plane (also see Mea burn et al. 1985) and where 
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the H2 emission is excited by the shock interaction of the PN shell with the 

circumstellar envelope, in particular the equatorial disk. Interestingly, the 

central star of NGC 2346 is a main-sequence A star, which presumably is the 

companion of the undetected, hot component which ionizes the nebula. Thus, 

at least in the case of NGC 2346, the butterfly geometry may be directly 

connected with the binary nature of the progenitor system (a point we will 

return to again in Sec. 5). 

2.4 Elliptical Planetary Nebulae 

Elliptical PNe are a second, more common class of PNe which show evidence 

for non-spherical envelopes. The molecular envelopes (as seen, for example 

in CO) often have a toroiclal (disk-like?) geometry. It is generally believed 

that this neutral gas torus constrains the expansion of the HII region in the 

equatorial plane. This leads to a collimation of the flow and explains the 

larger velocities in the polar direction commonly observed in elliptical PNe 

(see, e.g., Ba.lick et aJ. 1987). Emission peaks in the ionized component along 

a PN's minor axis provide direct evidence for a constraining torus, since the 

shock-excited emission should be strongest along the direction of maximum 

impediment. 

A typical example of an elliptical PN is NGC 7027. The emission from 

the ionized component shows strong emission peaks along the nebula's minor 

axis (Ma.sson 1989). A molecular envelope (as seen in CO [Bieging et al. 1991]) 

encloses the ionized portion of the nebula. The CO emission is very dumpy, 

which suggests that the AGB mass loss was neither spherically symmetric nor 

uniform in time. The overall geometry of the molecular envelope is axisym

metric and is aligned with the symmetry axis of the ionized component. The 

inner part of the envelope, just outside the HII region, has the geometry of a 

torus, although not necessarily the geometry of a disk. 

NGC 3132 represents another interesting example. The H2 emission of 

the elliptical shell of the PN is strongly peaked along the minor axis (Storey 

1984), which again suggests the presence of a toroidal envelope constraining 

the nebula in the equatorial plane. This toroiclal envelope has been mapped in 

CO by Sahai et al. (1990). Most interestingly, the velocity distribution of the 

CO emission has a velocity gradient of 5 km s-1 along the plane of the inferred 

torus. Just as in the case of CRL 2688 (Sec. 2.2), this may be interpreted as 
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the signature of rotation. However, the specific angular momentum of matter 

in the torus ( J /M "" 7 x 1022 cm 2 s- 1 [Sahai et al. 1990]) would in this case 

be uncomfortably large and imply a. minimum (Keplerian) disk size of 0.05 pc 

(see Sec. 5.3). 

2.5 The Bipolar Nebula around SN 1987 A 

SN 1987 A is surrounded by a complex, but well-structured nebula which is 

now glowing in recombination radiation (excited by the supernova UV flash). 

Since the whole nebula was ejected in the final stages of the evolution of the 

presupernova system, it provides a direct imprint of the late evolution of the 

progenitor. The nebula consists of three main components. A ring of material 

("" 1.6 lt. yr across) makes up the central portion of the nebula (Wampler 

et al. 1990; Jacobson et al. 1991 ). Two elliptical loops protrude from the 

northern and the southern portion of the ring, and the northern part of the 

nebula is bounded by a. structure that has the appearance of Napoleon's hat 

(Wampler et al. 1990). The whole nebula. is strongly axisymmetric and all 

parts share a. common axis of symmetry. The ring and the elliptical loops 

resemble some bipolar PNe, and several attempts to model this nebula based 

on an interacting-wind model (Sec. 3) have been published (Luo and McCray 

1991; \i\la.ng and Ma.zzali 1992; Lunclqvist 1992). The ring could be the product 

of an equatorial outflow (excretion disk?) which was swept up by the energetic 

wind in the supernova progenitor's final blue-supergiant phase (Podsiadlowski 

1991 ). Detailed hydrodynamical models (e.g., Lundqvist 1992) also require a 

disk-like structure for the mass loss from the progenitor in its red-supergiant 

phase. Thus, the ring around SN 1987 A may provide the best evidence to 

date for a disk-like structure around an evolved star. The physical reason for 

this mass-loss asymmetry is not yet clear. However, the ring and several other 

anomalies may suggest that the progenitor system was a. binary, either at the 

time of the explosion or at least in the not-too-distant past (Podsiadlowski 

1992). 

3. THE SHAPING OF PLANETARY NEBULAE 

Before we review the theoretical ideas to explain non-spherical mass loss from 

evolved stars, it is worth vvhile to make a. small excursion and discuss the shap-
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ing of PNe. A very successful to account for the variety of observed shapes has 

been the interacting wind model developed mainly by K wok and his collabo

rators (e.g., Kwok et al. 1978; Yolk and Kwok 1985; and also Pikel'ner 1968, 

1973; Kahn and West 1985). In this model, the PN shell is produced by the 

interaction of two winds. The first wind is the cool, slow wind emitted by the 

nebula's AGB progenitor. It has a typical mass-loss rate M ,....., 10-5 M 0 yr-1 

and a wind velocity v,....., 10 km s- 1 • After the AGB star has lost all (or almost 

all) of its envelope, the central degenerate-dwarf core is exposed and a hot 

wind starts to emanate from this hot core (with M ,....., 10-7 -10-8 M0 yr-1 

and v ,....., 103 km s- 1 ). This fast wind will now snowplow into the earlier slow 

wind and sweep it up into the bright shell which produces the spectacular dis

play of a planetary nebula. The model requires an additional ingredient, since 

most planetary nebulae are axisymmetric, but very non-spherical (,....., 20% are 

spherical,,....., 30% are elliptical,,....., 30% are bipolar, and,....., 20% are butterfly). 

It is probably the density contrast (i.e., the ratio of the density in the equa

torial plane to the density in the polar direction) in the slow AGB wind that 

determines the final geometry of the PN. This is the basis of the empirical 

classification scheme by Balick ( 1987). It has two classification parameters: 

the first is the initial density contrast in the AGB wind (no, mild or strong) 

which determines the morphological class of the PN (spherical, elliptical or 

butterfly), and the second is the evolutionary stage of the PN (early, middle 

or late). The majority of all PNe can be well classified by this scheme. An 

important theoretical issue is the relation between the density contrast and 

the resulting morphological class. The studies by Balick et al. (1987) and Icke 

et al. ( 1989), largely confirmed by the fully hydrodynamical calculations by 

Soker and Livio (1989), show that a spherical PN results from a density con

trast,....., 1, an elliptical PN from a density contrast,....., 2 and a butterfly PN from 

a density contrast,....., 10 (::<:. 5). Icke et al. (1989) emphasize that a continuous 

variation of the density contrast can produce most observed PN morphologies. 

While this has been a. great success for the interacting-wind model, the model 

does not and cannot explain the origin of the large density contrasts which are 

responsible for elliptical and butterfly PNe. In particular, the large density 

contrast required to produce butterfly PNe suggests that the AGB mass loss 

resembles more an equatorial (disk-like?) outflow than an oblate wind. The 

physical mechanism( s) that could explain these large density contrasts will be 
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the subject of the remainder of this review. 

4. SINGLE-STAR SCENARIOS 

Can a single AGB star produce a disk-like outflow? AGB envelopes are only 

loosely bound, and we should expect that every AGB wind will be spatially 

anisotropic and varying in time (as is often observed). However, to produce a 

disk-like outflow, one requires a mass-loss mechanism that has a well-defined 

symmetry axis. Several such mechanisms have been proposed, and we will 

now discuss them in turn. 

4.1 Primordial Disks? 

Perhaps the simplest model to explain the observed disk-like structures is that 

they are relics of protostellar disks (Matese et al. 1989; Pringle 1989). Such a 

model has to overcome several problems. One is tha.t such disks are not ob

served around main-sequence stars (apart from Vega-like disks which contain 

very little [observable] mass). In addition, the composition of the observed 

disk-like outflows frequently shows the signature of nuclear processing, which 

implies that at least part of the material must have undergone nuclear pro

cessing in the star and been ejected subsequently. Matese et al. (1989) solve 

these problems by suggesting that the protostellar disk material condenses out 

into comets, which are practically invisible (except for their possible role in 

replenishing the dust grains in Vega-like disks). As the central star evolves 

up the giant and asymptotic-giant branch, these comets start to sublimate 

because of the increasing central luminosity and associated flux temperature, 

injecting visible dust grains into a circumstellar disk. In addition, these dust 

grains can now act as nucleation cores for the condensation of dust grains 

out of the (asymptotic) giant wind, which contains nuclear-processed mate

rial. Even though the stellar wind may be perfectly spherically symmetric, 

the dust production will thus be strongly amplified in the comet plane. This 

model could potentially explain many of the apparent disk-like structures dis

cussed in Sec. 2. Hml\'ever, in order to be dynamically important and to affect 

the shaping of strongly bipolar PNe, the disk mass has to be comparable to 

the mass in the PN shell (at least several tenths of a M 0 ). Such large disk 

masses are not inconsistent with the masses inferred for protostellar disks, but 
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may be increasingly difficult to hide around ordinary stars. On the other hand, 

the discovery of such massive comet disks would lend credence to this general 

idea. 

4.2 Rapid Rotation? 

Rapid rotation of the wind-emitting star is another mechanism that could 

produce an equatorially enhanced outflow (e.g., Calvert and Peimbert 1983). 

However, for rotation to be dynamically important, the surface rotation ve

locity has to be a significant fraction of the star's brea,k-up velocity (e.g., Poe 

and Friend 1986). This is not possible for a single evolved star. Even if the 

star was a rapid rotator on the main sequence, it could only be a slow rotator 

in a subsequent giant phase (if the star's specific angular momentum remains 

constant, the ratio of its surface velocity to the break-up velocity decreases 

approximately as rv R-112
, where R is the stellar radius). In addition, a. star's 

specific angular momentum tends to decrease during its evolution because of 

efficient magnetic braking, which stars are likely to encounter during vari

ous evolutionary phases. Thus, rotati011 cannot be important for producing 

disk-like outflows unless there is a. source of angular momentum. A binary 

companion could provide such a. source, since mass transfer or tidal locking 

can provide a mea.ns by which orbital angular momentum is converted into 

spin angular momentum (see Sec. 5.1). 

4.3 Non-Radial Pulsations 

Non-radial pulsations may also be able to produce non-spherical winds, pro

vided that cool giant winds are driven by acoustic modes (e.g., Pijpers and 

Ha.bing 1989). Such a model still requires a. source for the asymmetry. Pijpers 

(1992) has suggested that evolved stars could have rapidly rotating cores which 

may drive axisymmetric acoustic modes into the overlying envelopes and ul

timately lead to equatorially enhanced outflows. He is presently investigating 

whether the propagation of non-radial modes through a spherical envelope 

leads to a.n enhancement or a. diminution of the asymmetry. We will have to 

wait for these results, before we will be able to assess the importance of this 

scenano. 
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4.4 Magnetic Fields 

Magnetic fields are another important factor that can affect the geometry of 

stellar winds (Pascoli 1992). To be dynamically important, the wind Alfven 

velocity has to be of the order of the break-up velocity. For a typical AGB 

star, this means that the surface magnetic field has to be of order a few Gauf3. 

Such values may not be unreasonable, since much larger magnetic fields have 

been inferred from observations of masers around several AGB stars (Barvainis 

et al. 1987; Cohen 1992). However, it is not entirely clear how representative 

these maser magnetic field strengths are for the whole wind-driving region. In 

any case, a strong stellar dynamo is required to generate a magnetic field of 

"" 1 G. Pas coli ( 1992) suggests that this dynamo is situated near the bottom of 

the convective envelope of the AGB star (with a magnetic field B"" 2 X 103 G 

at a distance 1' "" 1011 cm) from the center. This dynamo generates toroidal 

bubbles (not in equilibrium with the ambient medium) which start to rise. As 

the bubbles float to the surface, their magnetic field decreases as r-1 • When 

they encounter the steep density gradient near the surface (in a transition 

zone), they rapidly expand and drive a disk-like, magnetized wind. 

This model leaves several questions open. One is the question of the 

origin of the strong dynamo. In addition, even if such a dynamo exists, how 

will such a system avoid magnetic braking, which here should be very efficient 

and rapidly slow clown the star, until the dynamo is too weak to affect the 

outflow? Just as in the case of rotation, it seems that the model requires a 

source of angular momentum ("which a. dynamo converts into magnetic energy). 

Again a binary companion could be the solution. RS CVn binaries provide an 

excellent example for binary-induced magnetic activity (e.g., Rodono 1992). 

In these systems, the primary subgiant is tidally locked to the orbit, and the 

magnetic activity is presumably caused by tidally induced dynamo action. 

5. BINARY SCENARIOS 

Since the vast majority of all stars are believed to be members of binary sys

tems (e.g., Abt and Levy 1976, 1978; Kraicheva et al. 1978, 1979; Duquennoy 

and Mayor 1991) and since binary interaction can affect stellar mass loss in 

a variety of ways, it seems only natural that the non-spherical structures fre

quently seen around evolved stars could be connected with binary evolution 
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(e.g., Paczyriski 1985; Iben, 1989; Eggleton 1990). On the other hand, Zuck

erman and Aller (1986) and Zuckerma.n and Gatley (1988) have argued that 

duplicity is generally not important for the shaping of PNe. Their conclusion 

is based on two main arguments. The first is that only a minority of PNe 

('"" 20%) can be classified as circular PNe. The majority is either bipolar 

(rv 50%) or elliptical('"" 30%). However, binaries which are sufficiently close 

to affect the mass loss from AGB stars are not common enough to account 

for 80% of all systems. Since therefore not all asymmetrical PNe can be the 

result of binary interaction, Zuckerman and Aller (1986) conclude that du

plicity may not play an important role in general. The second argument is 

that strongly bipolar PNe (in particular, butterfly nebulae) tend to be found 

at lower galactic latitude than the average PN (Zuckerman and Gatley 1988). 

This suggests that they are connected with a massive-star population rather 

than with a binary population. 

We do not think that these arguments are cogent. In fact, the second 

argument appears to be a non sequitur. Even if butterfly PNe were connected 

with more massive stars - the evidence is actually not very strong - this 

would not rule out the possibility that they are all binaries; they may just 

be massive binaries. The first argument, while stronger, is also not without 

counter-arguments. The most extreme view is represented by Paczyriski (1985) 

who has argued tha.t duplicity may be a. prerequisite for the PN phenomenon 

and that all PNe are the product of binary evolution. This hypothesis is 

probably too extreme. Nevertheless, one should remember that a large fraction 

of all stars are found in relatively close binaries and that mass loss rates are 

often found to be enhanced in interacting binaries. As a consequence, PNe in 

binaries may be more conspicuous. This may introduce an important selection 

effect, although it will be difficult to assess quantitatively. One can also reverse 

the argument. Since we know that close binaries are common and since most 

types of binary interaction tend to generate axisymmetric flows, we should 

expect that duplicity plays an important role in the shaping of at least some 

PNe (also note that bipolar outflows are often observed around interacting 

binaries; see, e.g., Sol£ 1984). 

The truth probably lies somewhere between these extremes. A binary 

mechanism may only be required for PNe that need extremely large density 

contrasts in their AGB outflows. Perhaps all butterfly PNe ("" 10-20%) and 
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most other bipolar PNe ("" 30%) have close-binary progenitors, while the ma

jority of elliptical and all circular PNe have single or wide-binary progenitors. 

In the following, we will discuss systematically how binary interaction can 

affect the outflows from evolved stars and, in Section 6 we will return to the 

question of binary- versus single-star scenarios. 

5.1 Rapid Rotation 

In Sec. 4.2 we concluded that an evolved star can only be rotating rapidly, 

if there is a source of angular momentum. A bina1·y companion can provide 

such a source, provided that orbital angular momentum can be converted into 

spin angular momentum. Tidal locking and mass transfer provide two possible 

conversion mechanisms. 

The rotation of any star that is close to filling its Roche lobe will be tidally 

locked to the orbit, i.e., the star's rotation period will be synchronous with 

the orbital period (provided that the binary mass ratio, q = M 2 / M 1 is larger 

than"" 0.2; Sparks and Stecher 1974). vVe can write the ratio of the rotation 

velocity, Vro1, to the brea.k-up velocity, 'Vbreak, of a tidally locked star as 
3 

V rot. ( ) !. ( R 1 ) 2 --- 1+q2-
Vbreak - a 

1 

where R1 is the radius of the tidally locked star (star 1) and a is the binary 

separation. For a. star that almost fills its Roche lobe, this ratio varies from 0.33 

(for q = 1) to 0.41 (for q = 0.2). Thus, any tidally locked star that is close to 

filling its Roche lobe will rotate at a significant fraction of its break-up velocity. 

Since, in addition, its mass-loss rate is likely to be significantly enhanced 

compared to that of a single, non-rotating star (e.g., Tout and Eggleton 1988), 

this effect alone ma.y be able to produce strong, equatorially enhanced outflows. 

Mass accretion can also produce a rapidly rotating star, since a star has 

to accrete only a. few %of its own mass to accrete enough angular momentum 

to be spun up to break-up velocity (e.g., Packet 1981). However, in order to 

produce a rapidly rotating evolved star by accretion, the accreting star already 

has to be a. giant, when mass transfer begins. This requires somewhat special 

conditions for the possible binary parameters (the masses have to be very 

close and the orbita.l period relatively long and in a narrow range). Therefore, 

accretion can only be important in a. small fraction of all systems (perhaps in 

a few%). 
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5.2 Gravitational Focusing 

The presence of a companion star will also affect any wind emanating from an 

evolved primary, because it provides an attractive force to gravitationally focus 

the wind even if the wind is spherically symmetric in the primary's reference 

frame (Fabian and Hansen 1979; Morris 1981; Kolesnik and Pilyugin 1986; 

Pilyugin 1987). The various proposed scenarios differ significantly in their 

assumptions, and none of them can be considered fully realistic. 

For example, Morris ( 1981) argues that the primary is not in synchronous 

rotation with the orbit (in order to avoid that material that is focused by the 

companion is accreted by the companion). In this case, a typical gas stream 

from the primary that is deflected by the companion towards the orbital plane 

may hit an opposing gas stream when it reaches the midplane, producing a 

strong shock in the orbital plane and losing all of its vertical momentum. The 

result of this interaction is disk-like outflow from the system. 

On the other hand, Kolesnik and Pilyugin (1986) assume that the primary 

is rotating synchronously and that all the material that comes within a Bondi

Hoyle radius of the companion is accreted by the companion. Thus, in this 

model, the density is diminished (!) in the equatorial plane. In fact, Kolesnik 

and Pilyugin ( 1986) conclude that, when the wind ejection velocity is much less 

than the binary orbital velocity, all of the matter ejected in the equatorial plane 

is accreted by the companion, a.ncl that there is no outflow in the equatorial 

plane at all. Such a. model does not seem to be consistent with the evidence 

for disk-like structure around evolved stars and PNe discussed in Sec. 2. 

Finally, Pilyugin ( 1987) considers the competing effects of accretion by 

the secondary and rotation of the primary (see Sec. 5.1) and finds that the 

outflows can either be equatoria.lly enhanced or diminished. 

5.3 The Circumbinary Disk Model 

The simple binary models above cannot account for all the features of all PPNe 

and PNe. For example, they cannot explain the large velocities observed 

in the bipolar flows of some PP Ne (e.g., OH 231.8+4.2; Sec. 2.2) and the 

large rotation rates inferred for some circumstellar outflows (e.g. CRL 2688 

[Sec. 2.2]; NGC 3132 [Sec. 2.4]). The latter can best be seen by determining 

the equivalent Keplerian disk radius implied by the inferred specific angular 
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momentum for these disk-like structures. The specific angular momentum, 

J /M, can be directly related to a Keplerian disk radius, Rr<ep, by the relation 

~ ~ 27r JG Ms Rr<ep, 

where G is the gravitational constant and Ms the mass of the system. Adopting 

a characteristic system mass Ms ~ 5 lv/8 , one finds a Keplerian disk radius of 

"' 100 A U for CRL 2688 (with J / Af "' 7 x 1021 cm2 s-1 ) and "' 10,000 A U for 

NGC 3132 (with Jflv!"' 7 x 1022 cm2 s-1 ). This means that the mass outflow 

must be rotating with the local Keplerian velocity up to this radius (as, for 

example, in an excretion disk of this size). The simple gravitational focusing 

model is not consistent with such a large disk radius, since the gravitational 

effects become negligible within a few binary separations (at larger distances, 

material is freely streaming and the specific angular momentum is conserved). 

These considerations among others led Morris ( 1987) to modify his orig

inal binary model, mainly by also including the effects of accretion onto the 

secondary. If the accreted material has too much angular momentum to fall 

directly onto the secondary, an accretion disk will form. This disk will grow 

by viscous processes and will eventually, when the disks grows beyond the sec

ondary's Roche lobe, form an excretion disk surrounding the whole binary. As 

the disk grows, it intercepts an increasing fraction of the mass lost from the 

wind and may, according to Morris, grow to very large size. Thus, this model 

may be able to explain the large inferred rotation rate seen in the outflow from 

CRL 2688, a.lthough it may have difficulties in accounting for the much larger 

rotation rate inferred for the outflow from NGC 3132. In addition, Morris 

hypothesizes that the accretion disk around the secondary could be the source 

of an energetic bipolar wind. It seems that such a model is ideally suited to ex

plain the bipolar PPN OH 231.8+4.2 (Sec. 2.2). OH 231.8+4.2 may therefore 

provide strong support for this scenario. 

5.4 Common-Envelope Models 

In all binary models discussed so far, the binary was either detached or semi

detached. However, binary interaction can affect the stellar outflows in much 

more dramatic ways. The most dramatic is by common-envelope evolution. 

When a. star with a deep convective envelope (e.g., all giants) fills its 

Roche lobe, mass transfer is generally dynamically unstable, if the mass of 
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the primary exceeds a large fraction (,....., 0. 7-1) of the mass of the secondary 

(Paczyriski 1970). The reason is that the radius of the Roche lobe usually 

shrinks when mass is transferred from the more massive to the less massive 

component, while the radius of a star with a deep convective envelope tends 

to increase when mass is taken off adiabatically. Thus, a Roche-lobe-filling 

giant will overfill its Roche lobe by a.n increasingly larger amount, which is 

inherently unstable and leads to a. mass-loss runaway. On the other hand, the 

companion star cannot a.ccrete at the same rate at which mass is transferred. 

The excess material will pile up on top of the secondary, and the secondary 

itself will grow to giant dimensions and soon fill its own Roche lobe. Beyond 

this point, all mass lost from the primary will flow into a common envelope 

which surrounds both binary components (Paczyt1ski 1976). The common en

velope consists mainly out of the material of the giant's envelope. Immersed 

in it are the core of the giant and the more-or-less unaffected companion star, 

orbiting about the common center of mass. However, the orbiting binary core 

experiences dynamical friction and frictional drag because of its motion rela

tive to the common envelope and the two binary components start to spiral 

towards each other (on a characteristic timescale of 103 -104 yr). A large 

fraction (,....., 1/3 [Livio and Soker 1988)) of the orbital energy released by the 

spiral-in process is deposited in the envelope and, in effect, heats the envelope. 

There are now t"wo possibilities. The first is that the orbital energy deposited 

in the envelope exreC:'ds the envelope's binding energy. In this case, the enve

lope will be ejected, producing a. bright PN display and leaving behind a very 

compact binary nucleus. The second possibility is that the energy deposited 

in the envelope is not sufficient to unbind the envelope. In this case, the im

mersed secondary -vvill a.t some point fill its own Roche lobe and will start to 

be dissipated/disrupted. As a result, the secondary will be completely dis

solved a.nd, in the end, the system will have coalesced completely into a single 

star. This merged system has some highly unusual properties. It will be a 

rapidly rotating giant (see Sec. 5.5), a.nd the composition of the envelope may 

show chemical anomalies, since it is likely that the envelope will be completely 

mixed with material tha.t has undergone some nuclear processing. Common

envelope ejection should generally occur in initially wide binaries (because of 

the smaller binding energy of the common envelope), while complete coales

cence should occur in initially relatively close binaries (because of the larger 
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envelope binding energy). For typical binary distributions, coalescence should 

be more frequent than common-envelope ejection. 

We would expect that any outflow from a common-envelope system will 

be axisymmetric and highly non-spherical. Since the envelope itself is rotat

ing with near break-up velocity, any wind from the system will not only be 

enhanced, but also concentrated towards the equatorial plane (e.g., Boden

heimer and Taam 1984; Livio and Soker 1988). However, the details of the 

common-envelope phase are not well understood theoretically, and different 

authors have emphasized different mass-loss mechanisms. Livio et al. {1979) 

argue that, during the early common-envelope phase when the envelope is still 

eo-rotating with the immersed binary, the envelope fills the critical surface 

through the outer Lagrangian point, 12. This leads to a low-velocity outflow 

through 12 and the formation of a ring around the system, which will subse

quently diffuse out into an excretion disk. Later on, when the binary core is 

orbiting relative to the envelope, the spira.ling-in binary is likely to strongly 

perturb the surrounding envelope, for example, by inducing a powerful mag

netic dynamo (Bieging and Nguyen-Qua.ng-Rieu 1988) or exciting non-radial 

pressure modes { Soker 1992a). In the first case, this may lead to a strong, 

magnetically coupled outflow (perhaps necessary to explain systems like CRL 

2688 [Bieging and Nguyen-Quang-Rieu 1988]) and, in the second case, to an 

additionally enhanced equatorial mass loss. Finally, the strong deformation of 

the common envelope, when its mass ha.s decreased to less than ~ 10-3 MC!Jl 

may lead to a collimation of the mass loss along the rotation axis and produce 

the fast jets seen or inferred in several PNe (Soker 1992b ). 

On the observational side, Bond and Livio ( 1990) conclude that ,....., 15% of 

all PN e have close-binary cores (with periods less than a few days), confirming 

that common-envelope ejection leads to the formation of a significant fraction 

of all PNe. The real fraction could even be much higher, since it is extremely 

difficult to detect binary cores with periods of weeks to months (Bond and 

Livio 1990). The morphologies of most PNe are either butterfly /elliptical or 

peculiar (i.e., do not fall in any well-defined class). This is consistent with 

the above theoretical picture (Bond and Livio 1990). A notable exception is 

Sp 1 which is perfectly round. Bond and Livio (1990) have suggested that this 

could be a toroida.l PN seen almost pole-on. 
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5.5 The Merger Model 

In the discussion of common-envelope evolution in Sec. 5.4, we mentioned that 

one of its likely outcomes is the complete coalescence of the two stars. This 

provides another mechanism to produce non-spherical outflows from evolved 

stars. Even though this channel has received fairly little attention in the past 

(e.g., Bond and Livio 1990; Eggleton 1990), it may in fact be one of the most 

common. As noted above, the merged system will be a single star that is 

rotating near break-up. Thus, immediately after coalescence, we expect the 

stellar wind to be strongly enhanced and directed preferentially in the equa

torial plane -just as desired. However, magnetic braking by a magnetically 

coupled wind, carrying away spin angular momentum, is also likely to be im

portant in this phase and will slow down the star efficiently. If this effect is 

combined with the evolutionary expansion of the star, we suspect that the 

star will eventually become a slowly rotating giant again. Except for possible 

chemical anomalies, it will then look like an ordinary single giant, but it may 

still be surrounded by a disk of previously ejected material FK Comae stars 

are rapidly rotating giants (Bopp and Stencel 1981) and are believed to be 

merged binaries. V Hya (see Kahane et al. 1988 and Sec. 2.1) may be an ex

cellent example of a very evolved merged system, although one can probably 

not rule out that it still has a close binary companion. 

6. CONCLUSIONS 

To conclude the review, let us now return to the question of how important 

binary interactions are for producing disk-like outflows around evolved stars 

and, in particular, for the shaping of PNe. In the previous section, we showed 

that there are three different evolutionary channels which are all expected 

to produce axisymmetric, but non-spherical outflows. The occurrence of a 

particular channel depends on the initial binary parameters, most importantly 

on the initial period. Binaries with relatively short periods (perhaps with 

periods ,..._, 10 d -1 yr) are likely to experience a common-envelope phase and to 

coalesce (see, e.g., FK Comae and V Hydrae). Systems with somewhat longer 

periods ( ,..._, 1 yr -10 yr) will also undergo a common-envelope phase, but should 

be able to eject their envelopes (e.g., NGC 2346). While systems with even 

longer periods ("'-' 10-100yr) will not experience Roche-lobe overflow, their 
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winds may still influenced by binary interaction (e.g., OH 231.8+4.2). If we use 

the rule-of-thumb that the orbital period distribution for binaries is flat in log P 

and that each decade of log P contains 10% of all binaries, we can estimate 

the frequencies of the various channels as "' 15% for merging, "' 10% for 

common-envelope ejection and rv 10% for detached, interacting systems (note 

that the estimate for common-envelope ejection is in approximate agreement 

with the observational estimate by Bond and Livio [19901). Even though these 

estimates are very crude and ignore important selection effects, they show that 

the outflows from a. significant fraction of all stellar systems (at least "' 35%) 

are affected by binary interaction. Vve therefore have to conclude that binary 

interaction is likely to be important, not only to explain disk-like outflows 

around evolved stars, but also for the shaping of PN e (although probably not 

in all cases). 
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Abstract 

Long period variable stars on the Asymptotic Giant Branch are observed to be 
losing mass in the form of cool dusty molecular stellar winds at rates from 10-7 

to 10-4 M 0 yr- 1 • The driving force for this mass loss is thought to be radiation 
pressure on dust particles. The dust transfers its momentum to gas molecules via 
collisions. This paper discusses the existing evidence for this scenario. New results, 
from analysis of 22GHz H2 0 maser observations made by MERLIN, show that the 
crucial acceleration past the stellar escape velocity of the central star takes place 
in the inner circumstellar envelope around the central star. The analysis of the 
velocity fields of the circumstellar envelopes of VX Sgr and VY CMa using the 
model described by Chapma.n & Cohen (1986) will be discussed. 

1 Introduction 

Long period variable stars (LPVs) are found on the Asymptotic Giant Branch of the H-R 
diagram. Their typical physical parameters are as follows :- R. "" 1011 -1012m; M. "" 0.8-
10 M0 ; T sur· face "" 2000-3000 K. These stars undergo radial pulsations with periods of 
300-3000 days. They are losing mass to the ISM at rates of between 10-7 to 10-4 M0 yr-1 • 

The more massive stars have longer periods and greater mass loss rates. The circumstellar 
envelopes (CSEs) of these stars can be optically thin (miras) or optically thick (OH-IR 
stars). This phase of stellar evolution is thought to last 105 years. It is thought to be the 
main mechanism for replenishing the ISM with gas and dust. 

This article will review, and add to, the evidence that the process of mass loss seen in 
these stars is essentially radiation driven. This was first proposed by Goldreich & Scoville 
(1976). They proposed that radiation pressure on dust, and the subsequent collisions 
of the dust with gas, radially accelerates material past the stellar escape velocity and 
away from the star, out into the ISM. Their model was further refined by Bowen (1988) 
who incorporated the radial pulsations of the photosphere into the model. Chapman & 
Cohen (1986) used observations of several different maser transitions observed towards 
the supergiant VX Sgr to measure the velocity field in its CSE and see how it compared 
with the model proposed by Goldreich & Scoville (1976). They also showed that in the 
case of VX Sgr the critical acceleration of the material past the stellar escape velocity 
Vesc takes place in the inner CSE in which the 22GHz water masers are found. 
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In section 3 the evidence for acceleration past Vesc the inner CSE will be outlined. 
This is based upon 22GHz H20 maser MERLIN observations of the physical structure of 
this region. Section 4 will briefly outline the evidence for the existence of dust in CSEs 
and consider one example of observational evidence that supports the assertion that it 
is the agent by which photon momentum is transferred to gas molecules in the CSEs 
of LPVs. Section 5 will formally outline the model of Goldreich & Scoville (1976), and 
discuss the contributions made by Chapman & Cohen (1986) and Bowen (1988). Also it 
will consider more recent work on the role of dust in causing radial acceleration in CSEs. 
In Section 6 other mechanisms that could cause the observed radial acceleration will be 
discussed. The conclusions and further work will be given in section 7. First, in section 
2, I will outline why, and how, circumstellar masers are used to trace the radial velocity 
field in CSEs. 

2 Masers As Velocity Field Probes 

At the moment the velocity fields of the CSEs of these stars are investigated using, 
primarily, spectral line interferometric observations of their circumstellar 43GHz SiO, 
22GHz H20, and OH 1612MHz maser emission. Because of their different inversion and 
radiative decay properties, we can use these masers to probe different regions of the CSE. 
This allows us to build up a comprehensive picture of the physical structure and velocity 
field of a CSE. The 43GHz SiO maser arises high in the extended stellar atmosphere. 
The maser emission is centred on the stellar velocity. There is no correlation between the 
stellar mass loss rate and the expansion velocity of the SiO masing region. Gas is not 
undergoing radial acceleration in this region. Dust has yet to form. This maser traces 
the physical conditions on the inner edge of the dust condensation zone. It is quenched 
if T < 1200 K and nH2 > 1016m-3 (Elitzur (1992), and references therein). SiO begins 
to condense out of the extended stellar atmosphere in these conditions and form dust 
particles. This maser is a probe of the region where mass loss is established. The 22GHz 
H2 0 maser is detected in the inner CSE. Its pumping mechanism has been successfully 
modelled by Cooke & Elitzur (1985). The maser is quenched if nH2 > 1015m-3 . It is seen 
in the temperature range 300 to 900 K. The maser region is bounded by well defined inner 
and outer radii. The inner boundary is determined by collisional quenching (Cooke & 
Elitzur 1985). This maser is seen in an expanding thick shell around the star with inner 
and outer radii typically being 1012 and 1013m respectively. The OH 1612MHz maser is 
found in the outer CSE at a distance from the central star of 1014 to 1015m. It has an IR 
pumping scheme (Elitzur 1982). This maser is quenched if nH2 exceeds 4 x 1011 m-3 and 
if the medium is optically thin at 119pm. These control the size of the inner and outer 
radii, respectively, of the OH 1612MHz maser emission zone. 

Interferometric observations in spectral line mode of these masers have been made 
towards LPV stars. Maps of the maser emission described above are to be found in 
Lane (1984), Lane et al. (1987), and Bowers, Johnston & Spencer (1983). Kinematic 
analysis of the masers' cloppler velocities and relative positions allows velocity-radius 
diagrams of the maser distribution to be plotted. Figure 1 shows the simplest case of a 
thin shell with single expansion velocity. Different radial velocities correspond to different 
slices through the shell in this case, and the plot of radius vs velocity is simply an ellipse 
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(Cohen 1989). Chapman & Cohen (1986) analysed observations of the 3 maser transitions 
described above and the OH 1665/7 MHz mainline maser transitions and performed such 
an analysis. Figure 2 summarizes their results. The OH 1612MHz masers trace the 
expected radius-velocity ellipse, but the other masers have more complex radius-velocity 
signatures. These can be interpreted in terms of a smooth increase in expansion velocity 
with distance from the central star. From Figure 2 it can be seen that the SiO maser 
emission is close to the star and has an expansion velocity of .-v2 km s-1 • The H20 maser 
emission is seen in a thick shell further out. The OH 1612MHz maser emission is seen in 
a thin shell at a much greater distance from the star than the other two masing regions. 
The information this plot provides about the velocity field of the CSE of VX Sgr was used 
to test the validity of the model proposed by Goldreich & Scoville (1976) (see section 5.1 
and Figure 5). 
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Figure 1: A typical OH 1612MHz spectrum and an outline of the Thin- Shell Model 
(Cohen 1989). For a uniformly expanding thin shell each radial velocity corresponds to 
a slice through the maser shell perpendicular to the line of sight. The radial velocity V 
and radius a (a = 1· sin 8) of such a slice are related by the equation of an ellipse, which 
is given in this figure. 
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Figure 2: The Velocity-radius diagram made from maps that were made from the 6 maser 
transitions observed towards VX Sgr ( Chapman & Cohen 1986). The maser symbols are 
given in the top right hand corner of the diagram. Three distinct masing regions are 
clearly seen for the SiO, H20, and OH 1612MHz masers. 
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3 The Inner CSE 
Emission. 

3.1 Physical Structure 

As Seen By 22GHz H 20 Maser 

We have mapped the 22GHz H20 maser emission seen towards three mira variables and 
three supergiant stars (Yates & Cohen 1992). Their integrated line emission maps are 
shown in Figure 3. The extent of the emission region generally increases with mass loss 
rate. The miras have relatively simple structures compared to the supergiants. The 
supergiants have complex structures. There is evidence for circumstellar discs, especially 
around VY CMa. Both VY CMa. and NML Cyg show evidence of bipolar outflows in 
the form of weak H20 maser features situated symmetrically each side of the central star. 
These features are well separated from the main body of H20 emission ( circumstella.r 
disc) and in the case of VY CM a. are found to lie above and below the circumstella.r disc. 
It is clear that the structure of the inner CSE is not spherica.lly symmetric. There is clear 
evidence for toroida.l and disc-like structures in this region. 

3.2 Velocity Field Analysis 

For VY CMa., S Per, RT Vir, and IK Tau it was possible to plot velocity-radius diagrams 
of the H20 masers. These are presented in Figure 4. The dashed ellipses represent the 
inner and outer radii of the ma.sing region. The expansion velocity of an ellipse is the 
point where the ellipse intersects the velocity axis. The escape velocities at the inner and 
outer radii are also given in Figure 4. In all four cases the circumstella.r material is bound 
to the star at the inner radius (Yexp < Ye se), but unbound at the outer radius (Yexp > 
Yesc). Thus the expansion velocity increases with radius through the H20 maser region. 

4 Dust 

The main evidence for the existence of dust comes from the observed IR silicate line at 
9.7 J-Lm, IRAS colour-colour plots, and recent 11 J-Lm interferometry results (Bester 1991). 
The 9.7 J-Lm is always observed whether in emission (mira.s) or absorption (OH-IR stars). 
It shows that stellar radiation is being absorbed by silicate dust in the CSE. IRAS colours 
for these sources show a clear IR excess over the black body spectrum between 12 and 
60 J-Lm. This is because the dust is re-radiating stellar photons at IR frequencies. The 
interferometry data. at 11 J-Lm show dust to within 3R* of the stellar surface of the mira 
0 Ceti. This places dust close to its theoretical condensation zone of 2 to 3R*. 

There is some direct observational evidence that radiation pressure acting on dust 
grains influences mass loss from OH-IR stars. Lewis, Eder & Terzian (1990) report that_ 
a. clear correlation is seen between the expansion velocities of CSEs of a. sample of OH
IR stars (derived from their OH 1612MHz spectra.) and their IRAS (25-12)J-Lm colours. 
Lewis, Eder & Terzia.n (1990) argue that this correlation is seen because the dust, which 
has been "energised" by stellar photons from the central star, does actually cause the the 
radial acceleration observed in CSEs. 
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Figure 3: 22GHz H2 0 maser integrated line emission maps of the inner CSEs of U Her, 
RT Vir, IK Tau, S Per, VY CMa and NML Cyg from Yates & Cohen (1992). They 
are presented in order of increasing mass loss rate. It is seen that envelope size generally 
increases with increasing mass loss rate. The ma.ss loss rates are from Bujarrabal, Gomez
Gonzalez & Planesas (1989), Knapp et al. (1982), Gehrz & Woolf (1971), and Zuckerman 
& Dyck (1986). 
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Figure 4: Velocity-radius plots of the 22GHz H20 maser distributions about VY CMa, S 
Per, RT Vir, and IK Tau (Yates & Cohen 1992). The black dots are the individual maser 
spots. The· dashed ellipses show the inner and outer radii of the maser distributions. 
The escape velocity Vesc at each radius is also given. The masses and distances used to 
determine Vesc are listed in table 4 of Yates & Cohen (1992). 
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5 Modelling The CSE Velocity Field 

5.1 Modelling the Expanding Wind 

Goldreich & Scoville (1976) proposed that radial acceleration is caused by radiation pres
sure which acts on dust grains that condense in the extended outer atmosphere of the 
central star. Dust grains transfer photon momentum to the gas molecules by 
collisions with the gas molecules. The gas flow is supersonic, hence the thermal pres
sure term in an equation of motion becomes unimportant. Goldreich & Scoville (1976) 
proposed the following equation of motion for gas and dust particles in the CSE, 

dv ~(r)L* GA1* 
v-= ---. 

dr 47rr2c r2 
(1) 

v is the radial gas velocity, L* is the stellar bolometric luminosity, M* is the stellar mass, 
and r is the radial distance from the star. ~(r) is the dust opacity per unit mass and is 
defined as follows, 

(2) 

agr is the cross section of the grains, n9 ,. is their number density, Q is the radiation 
pressure efficiency factor, and p is the gas density. If all the dust condenses out at 2R* ~ 
is constant. However observations of the CSE of IRC+ 10011 during a. lunar occultation 
showed that ~ increases from the stellar surface to about 10R* ( Goldreich & Scoville 
1976). They modelled ~ as, 

(3) 

r and .6. are model dependent parameters. 
Chapman & Cohen (1986) tested this model with their analysis of the velocity field 

of VX Sgr. In Figure 5 the expansion velocity is plotted against radial distance from the 
star. Two curves are shown. The clashed curve describes the motion of a dust particle 
if ~ is constant after 2R*. The full curve is the motion of a particle if ~ is modelled as 
follows, 

(4) 

R; is the inner radius of the CSE and r is the initial dust opacity. The parameter A 
controls the terminal velocity and dust opacity and B controls d~fdr. A similar analysis 
has been done for VY CMa (Ya.tes & Cohen 1992) and is shown in Figure 6. Both figures 
show that the assumption that K is constant in the equation of motion is not valid. The 
model velocity field reaches the terminal velocity too soon in both cases. K increases with 
distance from the star out to lOOR •. This is probably due to grain growth which increases 
the cross-sectional area. of the dust. In the inner CSE this is probably due to collisions of 
the dust particles and to dust still condensing out of the gas. In the OH 1612MHz region 
all the dust should have condensed out of the gas and collisions will be rare. In this region 
the formation of ice mantles on the dust ( Justtanont & Tielens 1992) will increase ~
This analysis does suffer from a lack of good reliable data, especially 43GHz SiO and OH 
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Figure 5: Vexp plotted against R/R* for VX Sgr (Chapman & Cohen 1986). The dashed 
line is a fit to the SiO data point and the 11 km s-1 H20 point assuming "' is constant. 
The "' calculated from this is 0.04 m2 kg-1 . The bold line is a fit to the data points with 
K=K(R) (equation 4). The model parameters calculated from the fit to the four points 
are r = 0.033 m2 kg-1 , A=17.9, and B=28.8. 

mainline data. To solve the equation of motion using the K(r) proposed by Chapman & 
Cohen (1986) at least four reliable data points are required. The OH mainline points in 
Figure 6 are an example of the problems we face. 

5.2 Incorporating Radial Pulsations 

The model of Goldreich & Scoville (1976) did not address how the SiO particles got to 
the region where they could condense out of the stellar photosphere (2 to 3R*). Radiation 
pressure cannot drive gas in sufficient quantities from the stellar atmosphere and obser
vations of SiO masers (Lane 1984) show SiO molecules to be still in the gaseous state 
at 2R*. However observational evidence provided by Hinkle, Scharlach & Hall (1984) 
showed cyclical motions of cool gas in the extended outer layers of the photospheres of 
several miras. The measured velocities of 20 km s-1 are sufficient to take material 2 to 
5R* above the photosphere. These cyclical motions are due to the radial pulsations of 
the stellar atmosphere. The expansion is adiabatic, so the gas cools and becomes less 
dense, so allowing dust to form. Bowen (1988) proposed that acceleration of circumstellar 
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Figure(}; Yexp plotted against R/R* for VY CMa (Yates & Coherr 1992). The dashed 
line is a fit to the SiO data point and the OH 1612MHz data point assuming K is constant. 
The K calculated from this is 0.123 m2 kg-r. The bold line is a fit to the data points with 
K=tb( R} {equation 4). 'Phe model parameters- ca.lcutated from the fit -to- the SiO, H:20, 
and OH-1612MHz points are r = 0.045 m2 kg-1 , A=21.4, and B=16.2. The SiO point 
is derived from Lane (1982}; the H20 points are fr~m Yates & Colien (1992); the OH 
mainline points are derived from Benson & Mutel c198-2); the OH 1612MHz point is from 
Bowers, Johnston & Spencer (1983). 

material and the subsequent mass loss results from the combined effects of atmospheric 
extension by shocks, followed by radiation pressure on the newly formed dust grains which 
is accompanied by collisiona.l momentum transfer to the gas. Bowen (1988) modelled the 
motion of gas with and without dust. He found that the gas around a typical mira type 
star failed to achieve Yesc unless dust was present. Dust forms in the shock enhanced 
densities of the cool outer regions. It serves- as an effeetive agent for transferring mo
mentum from the radiation field of the star to the gas. Using this work Berryer (1991) 
calcufated a minimum grain ffux of 1031 s-t. At thfs flux dust will cause an accelerating 
outflow that will achieve Yesc· Fleischer, Gauger & Sedlma.yr {1991) have included dust 
formation, dust growth and evaporation in Bowen's model. This is a good first attempt 
at modelling the variation of the dust opacity from theoretical considerations. 
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6 Other Mechanisms for Acceleration 

6.1 Sound 

The alternative main mechanism proposed for causing the observed radial acceleration 
in LPVs is sound. Pijper & Habing (1989) proposed that the mass loss rates and low 
terminal velocities of LPVs can explained by radial acoustic waves. The energy flux in 
these waves should be a few per cent of the thermal energy flux and the dissipation length 
of the wave is 2: R .. (a weakly dissipating sound wave). Their model velocity fields were 
similar to those of Goldreich & Scoville (1976) , Chapman & Cohen (1986), and Yates & 
Cohen (1992). These acoustic waves produce a slow wind which accelerates over a long 
distance. Pijper & Habing (1989) claim that dust is not required to drive the observed 
mass loss. If there are a range of wavelengths present in the CSE, the wave-vectors 
acquire non-radial components. This can cause the CSE to have an aspherical structure 
and inhomogenities in the wind (masers?). 

6.2 Radial Pulsations 

Judge & Stencel (1991) proposed that long- period photospheric variations can drive stellar 
winds. They calculated that more than enough energy exists in long- period variations 
to account for wind energy losses and have suggested a program to study correlations 
between photospheric flux variations and chromospheric and wind diagnostics. 

6.3 Gradual Dust Formation 

Bowers (1992) pointed out that the natural progression often quoted in the literature:
Vmax(SiO) < Vmax(HzO) < Vmax(OH 1612MHz) is not always the case. This would cause 
problems for the present models of smooth radiative acceleration of dust up to a terminal 
velocity (assuming RsiO < RH2o < RoH161 z) . Also Bowers (1992) claims that there is 
no sudden change of velocity between any of the species which might be attributed to 
a sudden burst of dust formation at a given radius. He argues that dust formation is a 
gradual process and that gas is being accelerated within the SiO maser shell. He makes 
the important point that non- uniform/ chaotic processes could be important for causing 
outflow. 

7 Conclusion 

The 22GHz H20 maser emission of LPVs provides evidence for acceleration past the escape 
velocity in a specific region of the CSE (Chapman & Cohen (1986) and Yates & Cohen 
(1992) ). In the near future theoretical work on extended stellar atmospheres and CSEs 
will benefit from the recent completion of the MERLIN upgrade and the VLBA. These 
two interferometers will provide much better spectral line data on maser emission with 
which to test kinematic models. The recent discovery of the sub-mm water maser lines 
at 96, 232, 321 GHz (Menten & Melnick 1991) and the 325 GHz (Yates, Cohen & Hills 
1992), should allow us to put limits on the physical conditions in the inner CSE (Neufeld 
& Melnick 1991 ). The appearance of FIR spectral line interferometers will allow us to 
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observe dust in velocity space. This will allow us to see if gas motions (maser observations) 
and dust motions (FIR observations) in a CSE are related. Modelling velocity fields 
semi-empirically e.g. (Chapman & Cohen 1986) and theoretically e.g. (Fleischer, Gauger 
& Sedlmayr 1991) will provide two approaches to understanding the behaviour of dust 
grains in CSEs. It will tell us how the dust affects the bulk dynamics of the outflow 
and help us understand the processes of dust formation and growth in different parts of 
the CSE. A complete treatment should include nucleation; growth, from nucleation until 
saturation, of the dust grains; the dependence of Q on grain size; momentum and energy 
coupling of the grains to the gas; grain dynamics, and sputtering, at supersonic velocities. 
Also the role of non-linear processes (chaos) in establishing and driving outflow should 
be investigated. The body of evidence for radiation (dust) driven winds is large and still 
increasing. Developments in theory, and new observations, will allow us to show that 
radiation (dust) driven winds are the major cause of the radially accelerated outflows 
seen around long period variable stars. 
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