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ABSTRACT. It has been shown in several independent investigations that 
the multiple-shell phenomenon is prevalent in planetary nebulae. 
Despite the common classification, the multiple shell planetary nebulae 
are a heterogeneous group of objects, as testified by the wide variety 
of their morphologies and physical structures. There are two types of 
double-shell structures that are seen frequently: one has an inner 
shell expanding supersonically into a faint, subsonically expanding 
halo, and the other has a bright attached envelope co-expanding with 
the inner shell. The physical structures and relative elemental 
abundances in the shells are reviewed, and their possible formation 
mechanisms are discussed. 

I. INTRODUCTION 

Many planetary nebulae (PNe) have been reported to contain "two 
concentric rings," "faint envelopes," or "extended halos" by Curtis 
(1918), Duncan (1937), Minkowski and Osterbrock (1960), and Millikan 
(1974). A catalog of such nebulae, called "multiple shell planetary 
nebulae" (MSPNe), has been compiled by Kaler (1974). All of Kaler's 
MSPNe can be described by: 1) the outer structure is a regular ring 
that encircles at least half the extent of the inner nebula, and 2) 
there is a break in the surface brightness profile at the interface of 
the inner and outer shells, giving the double-shell appearance. In a 
recent compilation of MSPNe (Chu, Jacoby, and Arendt 1987), 41 nebulae 
are included, and the number is rapidly growing with the addition of IC 
1297, NGC 6751, and many southern MSPNe reported in this symposium 
(Aller, Keyes, and Feibelman 1986; Gieseking and Solf 1986; Ruiz, 
Heathcote, and Weiler 1987; Lutz, Lame, and Balick 1987). 

A30 and A78 have not been included in the list of MSPNe although 
they have different abundances and expansion velocities in their inner 
and outer regions, indicating multiple ejections (Jacoby and Ford 1983; 
Reay, Atherton, and Taylor 1983a; Jacoby and Chu 1987; Pismis and 
Moreno 1987; Manchado, Pottasch, and Mampaso 1987a). The exclusion is 
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somewhat arbitrary, and is intended only to narrow down the scope of 
MSPN studies, since A30 and A78 are clearly at a very different 
evolutionary stage from the conventional MSPNe (Iben et al. 1983). 

There are several candidates for a new kind of MSPN; they have 
been reported as PNe with extended halos (at a level of 10" 3 - 10" 4 

times the peak surface brightness). For example, faint emission lines 
are still detected at twice the known radius of NGC 1535 (Bässgen et 
al. 1986; Weller and Heathcote 1987a) and other nebulae (Bässgen et al. 
1987). The most convincing evidence for the existence of faint halos 
comes from the high-dispersion spectroscopic observations: unresolved 
lines are detected outside the boundary of the fast expanding main 
nebula of NGC 6210 and NGC 6309 (Chu and Jacoby 1987). It is pre-
mature to include such halos in this review; however, they deserve 
future consideration. 

II. FREQUENCY OF OCCURRENCE 

It is perhaps fortuitous that ALL PNe with well-known names have double 
shells, for example, the Dumbbell, the Eskimo, the Helix, the Owl, the 
Ring, and the Saturn nebulae; nevertheless, it is a good indication 
that the multiple-shell phenomenon is common in PNe. 

In the Catalogue of Galactic Planetary Nebulae (Perek and Kohoutek 
1967), about 25% of the resolved PNe have "outer envelopes." In a 
recent deep CCD image survey of 44 PNe, Jewitt, Danielson, and 
Kupferman (1986) find that 2/3 of them have extended halos, defined as 
material beyond the 10% isophotal boundaries. Bässgen et al. (1987) 
find spectroscopically that 15 out of the 20 PNe they studied have 
halos. Although some of these outer envelopes and extended halos are 
the lobes of bipolar nebulae (e.g., NGC 650-651 and NGC 6781) and some 
consist of only irregular wisps and filaments (e.g., NGC 6309 and NGC 
6772), most of them do have shell structures. These surveys imply 
unanimously that a significant fraction of PNe have multiple shells. 

A rigorous derivation of the multiple-shell occurrence rate is 
given by Chu, Jacoby, and Arendt (1987). They have examined the 126 
PNe in the New General Catalogue (NGC) and Index Catalogue (IC), and 
carefully analyzed the selection biases in this sample. They find that 
in the 56 nearby (< 3 kpc) optically thin PNe in NGC/IC, at least 28 
have multiple shells. They conclude that more than 50% of PNe go 
through the visible multiple-shell phase during their lifetime. 

It should not be surprising that the multiple-shell phenomenon is 
so prevalent, since the multiple-shell appearance is indicative of 
abrupt changes in stellar mass loss during the PN formation, and the 
mass loss from the central star of a PN does change drastically in both 
rate and velocity from the progenitor AGB phase to the current PNN 
phase (cf. Kwok 1987; Cerruti-Sola and Perinitto 1985). 
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I I I . MORPHOLOGY OF MULTIPLE SHELLS 

I n an e a r l i e r attempt to c l a s s i f y m u l t i p l e - s h e l l morphology, K a l e r 
(1974) d e f i n e d b r i g h t d o u b l e , weak d o u b l e , g i a n t h a l o , and t r i p l e s h e l l 
n e b u l a e , a c c o r d i n g to the r e l a t i v e s u r f a c e b r i g h t n e s s , s i z e , and number 
o f s h e l l s i n a n e b u l a . As more h i g h - q u a l i t y images become a v a i l a b l e , 
i t i s c l e a r tha t some o f h i s weak double s h e l l n e b u l a e (He 1-5, IC 289, 
and NGC 2610) a r e j u s t f a i n t e r c o u n t e r p a r t s o f the b r i g h t doubles 
( e . g . , NGC 1535 and NGC 7354) , and the weak double n e b u l a NGC 2438 i s 
m o r p h o l o g i c a l l y s i m i l a r to the g i a n t h a l o n e b u l a e ( e . g . , NGC 6826 and 
NGC 6891) except tha t i t s ou ter s h e l l i s l e s s than 5 times as l a r g e as 
i t s inner s h e l l . This problem i s remedied i n the new c l a s s i f i c a t i o n 
scheme (Chu, Jacoby, and Arendt 1987) d e s c r i b e d i n the remainder of 
t h i s s e c t i o n . I n the new scheme, the c l a s s o f weak double n e b u l a i s 
d i s a s s e m b l e d . Some o f the weak doubles a r e combined w i t h the g i a n t 
h a l o n e b u l a e and c a l l e d Type I ; the o thers a r e combined w i t h the b r i g h t 
doubles i n t o Type I I . 

For convenience , on ly the d o u b l e - s h e l l morphology i s c l a s s i f i e d 
b e l o w , s i n c e nebu lae w i t h more than two s h e l l s can be decomposed into a 
smal l number o f d o u b l e - s h e l l u n i t s . The t r i p l e s h e l l nebu lae may 
c o n s i s t o f d i f f e r e n t types o f outer and inner double s h e l l s . Images of 
MSPNe can be found i n papers by Chu, Jacoby, and Arendt (1987) and 
B a l i c k ( 1 9 8 7 a ) . Some r e p r e s e n t a t i v e examples a r e g i v e n i n F i g u r e 1. 

Type I i s c h a r a c t e r i z e d by f a i n t ou ter s h e l l s w i t h n o t i c e a b l e 
l i m b - b r i g h t e n i n g , o f t e n c a l l e d f a i n t h a l o s . The d e t a i l e d outer s h e l l 
s t r u c t u r e may v a r y from the smooth and r e g u l a r cases of NGC 2438, NGC 
6826, NGC 6891, and NGC 7662 to the i r r e g u l a r f i l a m e n t a r y cases of He 
2-111, NGC 6543, and NGC 6720. About 30% of the known MSPNe have type 
I double s h e l l s . 

Type I I i s c h a r a c t e r i z e d by b r i g h t ou ter s h e l l s tha t appear 
a t t a c h e d to t h e i r inner s h e l l s . There a r e d i f f e r e n t degrees o f 
symmetry i n geometry and s u r f a c e - b r i g h t n e s s v a r i a t i o n i n the type I I 
d o u b l e - s h e l l morphology. Some nebu lae have ou ter s h e l l s w i t h s i m i l a r 
th ickness i n a l l d i r e c t i o n s . Among these some have extremely smooth, 
f e a t u r e l e s s outer s h e l l s ( t y p e I I a ) , f o r example, IC 3568 and NGC 1535; 
w h i l e the o thers have s i g n i f i c a n t b r i g h t n e s s v a r i a t i o n i n the outer 
s h e l l s ( t y p e l i b ) . The v a r i a t i o n i s o f t e n a m p l i f i e d i n the [Ν I I ] l i n e 
images, f o r example, M2-2 and NGC 7662. Some n e b u l a e have a marked 
e l o n g a t i o n i n the inner s h e l l which seems to be b r e a c h i n g out of the 
o u t e r s h e l l ( t y p e l i e ) , f o r example, IC 289, NGC 6058, NGC 6804, NGC 
7009, and NGC 7354. Note that there a r e s t i l l d i f f e r e n c e s i n s u r f a c e 
b r i g h t n e s s v a r i a t i o n , p a r a l l e l to the d i s t i n c t i o n between type I I a and 
type l i b , among the type l i e n e b u l a e ; perhaps f u r t h e r c l a s s i f i c a t i o n i s 
w a r r a n t e d . There a r e a l s o some p e c u l i a r n e b u l a e w i t h such i r r e g u l a r 
s t r u c t u r e s i n t h e i r outer s h e l l s that they do not f i t i n any of the 
t h r e e s u b c l a s s e s above , f o r example, NGC 1545, NGC 2392, NGC 4361, and 
NGC 6026. About 70% of the known MSPNe have type I I double s h e l l 
s t r u c t u r e s . 
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F i g u r e 1. 
Examples of d i f f e r e n t 
m u l t i p l e - s h e l l 
morpho log i e s . 
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Finally, there are a small number of nebulae classified "peculiar" 
for one of the two reasons: 1) The double-shell structure seems to be a 
hybrid of types I and II. Since only A2 and IC 1295 are in this 
category, a separate classification is not justified for the time 
being. 2) The outer shell is so irregular that neither of the two types 
can describe its structure, for example, NGC 3132, NGC 6369, and the 
outer shells of NGC 6804. Some of these outer shells may be illumi-
nated interstellar medium, as they seem to be part of the more extended 
nebulosity in the vicinity, for example, NGC 6857 and NGC 6894. 

The two aforementioned morphological classes have very little 
overlap in properties such as size of the outer shell, relative sizes 
of the shells, and the relative surface brightness of the shells (Chu, 
Jacoby, and Arendt 1987). The type I MSPNe usually have outer diameter 
larger than 0.5 pc, while those of the type II MSPNe are smaller than 
0.5 pc. The type I MSPNe mostly have the ratio of outer to inner radii 
greater than 2, while for the type II MSPNe it is smaller than 2. The 
surface brightness of the outer shell is usually less than 5x10" 3 times 
that of the inner shell for the type I MSPNe, while the type II MSPNe 
have outer surface brightness about 0.1-0.5 times the inner surface 
brightness. 

There are several triple shell nebulae. Four of them, NGC 2022, 
NGC 6826, NGC 6891, and NGC 7662, have type II inner double-shells and 
type I outer double-shells. NGC 3132 has peculiar inner double-shells 
and type I outer double-shells. NGC 6720 and NGC 6751 contain two type 
I halos (Moreno and Lopez 1987; Chu and Jacoby 1987). The triple-shell 
identification may be debatable for NGC 3242, NGC 6804, and NGC 6894; 
these three nebulae have type II inner double-shells and peculiar 
outermost structure, of which a circumstellar origin is uncertain 
(Rosado 1986; Chu, Jacoby, and Arendt 1987). 

IV. PHYSICAL STRUCTURES DERIVED FROM INTERNAL MOTIONS 

The most direct way to probe the physical structure of MSPNe is through 
the study of internal motions. The relative motion of the shells 
allows us to determine the dynamical evolution and to test critically 
the PN-formation models. In the high dispersion spectroscopic 
observations it is essential to resolve the shells spatially, as well 
as spectrally. Welty's (1983) kinematic study of MSPNe was hampered by 
his lack of spatial resolution; only integrated Fabry-Perot spectra 
were obtained, and no definitive conclusion could be reached. Sabbadin 
(1984, and references therein) obtained long-slit échelle observations 
for a large number of MSPNe; however, most of the outer shells were 
undetected. The Eskimo nebula has been extensively studied by Reay, 
Atherton, and Taylor (1983b), O'Dell and Ball (1985), Gieseking, 
Becker, and Solf (1985), and Balick, Preston, and Icke (1988); the 
internal motion of the Eskimo is so complex that no consistent model to 
explain the kinematic features in both [0 III]- and [Ν II]-lines is 
available yet. 
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( c ) ( d ) 

( a ) ( b ) 

( e ) 

F i g u r e 2. [Ο I I I ] é c h e l l e l i n e images of MSPNe. a ) NGC 6826. The 
spectrum of the h a l o i s on the l e f t and tha t o f the inner s h e l l s a long 
the minor a x i s i s on the r i g h t , b ) NGC 7662. The spectrum of the 
h a l o i s on the l e f t , and that o f the inner s h e l l s a l o n g the major a x i s 
i s on the r i g h t . Each pane l i n a ) and b ) has 300 km/s a l o n g the X-
a x i s and 130" a long the Y - a x i s , c ) NGC 1535. d ) IC 3568. Both 
p a n e l s a r e from the same exposure , windowed d i f f e r e n t l y to show the 
f e a t u r e s a t h i g h e r or lower b r i g h t n e s s l e v e l s , e ) M2-2. An [0 I I I ] 
image i s on the l e f t , and an é c h e l l e l i n e image i s on the r i g h t . The 
s l i t was NS o r i e n t e d , p a s s i n g through the c e n t e r . 
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Chu and Jacoby (1988) have obtained long-slit echelle/CCD 
observations of 28 MSPNe, with special effort to detect the faint outer 
shells. The discussion in this section is based mainly on this set of 
homogeneous data. Some échelle line images are reproduced in Figure 2. 
The patterns of internal motion, archetypical examples, and their 
associated morphologies are summarized below: 

i) The inner shell expands supersonically into a faint halo which 
expands subsonically or mildly supersonically. 
Example - IC 4593, NGC 6751, NGC 6826, NGC 6891, and NGC 7662. 
Morphology - type I outer shells. 

ii) The outer shell is an attached envelope, co-expanding 
supersonically with the inner shell. For any nebulae with an 
ellipsoidal inner shell, the expansion velocity of the outer 
shell is similar to that of the inner shell along the minor 
axis, but slower than that along the major axis. 
Example - (round) NGC 1535 and NGC 2610. 

(ellip.) NGC 2022, NGC 6058, NGC 7009, and NGC 7354. 
Morphology - (round) type IIa, and (ellip.) type lie. 

iii) The outer shell expands independently from the inner shell. 
Example - He 2-111*, M2-2, NGC 6720, and the Helix*. 
Morphology - type I and type lib. 

(*: He 2-111, Webster 1978; the Helix, Walsh and Meaburn 1987) 

iv) The outer shell expands faster than the inner shell! 
Example - IC 3568, NGC 6826*, and NGC 6891*. 
Morphology - type IIa and type lie. 
(*: referring to the inner two shells) 

v) Peculiar motion. 
Example - NGC 2392, NGC 4361, and NGC 6369. 
Morphology - type H p and type P. 

Three important inferences can be drawn from these results. 
First, the nebular morphology is not a sufficient condition for the 
physical structure, hence should not be cited as supporting evidence 
for particular formation models. For example, IC 3568 and NGC 1535 
both have perfectly smooth and symmetric outer shells and have been 
used to demonstrate the snowplow phase of the two-wind model (Balick 
1987a, 1987b). However, as the line images in Figure 2 show, the outer 
shell of NGC 1535 expands at a velocity similar to that of the inner 
shell, while the outer shell of IC 3568 expands faster than its inner 
shell; neither case can be explained as snowplow action. 

Second, there is direct evidence from the échelle line images that 
most of the outer shells in MSPNe are filled with material, instead of 
being hollow shells. The strongest evidence comes from the lack of 
linesplitting in the profiles which are several times the instrumental 
resolution. A hollow shell would have given rise to a linesplitting of 
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twice the expans ion v e l o c i t y . W h i l e the l a c k of l i n e s p l i t can be due 
to e i t h e r l a r g e t u r b u l e n c e i n the s h e l l ( H i p p e l e i n , Bässgen, and 
Grewing 1985) or the presence o f m a t e r i a l moving t a n g e n t i a l l y to the 
l i n e - o f - s i g h t , the f i l l e d - e n v e l o p e geometry i s i n e v i t a b l e . A 
s u p e r s o n i c t u r b u l e n c e w i l l d i s p e r s e the s h e l l and d i f f u s e back to f i l l 
the gap between the s h e l l s . For a f i l l e d - e n v e l o p e geometry, there i s 
a lways m a t e r i a l moving t a n g e n t i a l to the l i n e - o f - s i g h t . This s i t u a t i o n 
i s seen i n bo th type I and type I I outer s h e l l s , as i l l u s t r a t e d i n the 
h a l o o f NGC 7662 and the outer s h e l l o f NGC 1535 ( F i g u r e 2 ) . The 
o b s e r v e d [0 I I I ] v e l o c i t y FWHM i n the h a l o of NGC 7662 i s 47 km/s, 
w h i l e the ins trumenta l p r o f i l e i s on ly 9.5 km/s. This r e s u l t i s 
s i g n i f i c a n t l y d i f f e r e n t from what H i p p e l e i n , Bässgen , and Grewing 
(1985) d e r i v e d from t h e i r l a r g e a p e r t u r e F a b r y - P e r o t o b s e r v a t i o n s ; 
t h e i r r e s u l t s a r e p r o b a b l y spur ious due to the enormous contaminat ion 
o f the s t r a y l i g h t and the l a c k of s p a t i a l r e s o l u t i o n . 

T h i r d , the i n t e r n a l motion i n MSPNs can be used to determine 
whether they a r e b i p o l a r nebulae v iewed a long the p o l e s . Based on the 
d e t e c t i o n o f mo lecu lar H 2 i n NGC 6720 (Zuckerman and G a t l e y 1988) and 
the morphology of NGC 2438, i t has been sugges ted tha t these two 
n e b u l a e may be b i p o l a r nebulae ( B a l i c k 1987a) . However, the r a d i a l 
expans ion v e l o c i t y of both h a l o s a r e much s m a l l e r than t h e i r inner main 
n e b u l a e (Chu and Jacoby 1987) , c o n t r a r y to what i s expected i n b i p o l a r 
n e b u l a e ( W e i l e r and Heathcote 1987b) . W h i l e never b e i n g suspected , the 
p e c u l i a r MSPNe NGC 4361 and NGC 6369 do have k inemat ic c h a r a c t e r i s t i c s 
o f b i p o l a r s t r u c t u r e . The H e l i x n e b u l a e , NGC 7293 might be b i p o l a r , 
too (Walsh and Meaburn 1987) . 

V . RELATIVE ABUNDANCES OF THE SHELLS 

Very few s p e c t r o s c o p i c i n v e s t i g a t i o n s of MSPNe have emphasized the 
d e t e c t i o n o f both s h e l l s . Future o b s e r v a t i o n s should be p lanned to 
d i f f e r e n t i a t e the s h e l l s . 

Type I h a l o s a r e f a i n t , hence on ly the b r i g h t e s t ones have been 
o b s e r v e d - NGC 6543 and NGC 6826. These two MSPNe have been s t u d i e d by 
Manchado, P o t t a s c h , and Mampaso (1987b) and Middlemass , C l e g g , and 
Walsh ( 1 9 8 7 ) . Both conclude tha t the h a l o of NGC 6826 has h i g h e r 
e l e c t r o n temperature and lower He and Ν abundances than the inner 
s h e l l . N e v e r t h e l e s s , they d i s a g r e e on the abundance v a r i a t i o n i n NGC 
6543 - one group conclude lower abundances i n the h a l o , w h i l e the other 
group conclude uni form abundances throughout the n e b u l a . The o r i g i n of 
the d isagreement i s i n the e l e c t r o n temperature they d e r i v e f o r the 
inner s h e l l . Given the compl ica ted i o n i z a t i o n s t r u c t u r e r e v e a l e d in 
the images o f NGC 6543 ( B a l i c k 1987a) , i t i s p r o b a b l y easy to ge t 
d i f f e r e n t temperatures i f d i f f e r e n t r e g i o n s a r e sampled. 

Four type I I double s h e l l s have been s t u d i e d w i t h s p a t i a l 
r e s o l u t i o n - the inner two s h e l l s o f NGC 3242, NGC 7009, and NGC 7662 
( B a r k e r 1983, 1985, 1986) , and NGC 6826 (Jacoby , Q u i g l e y , and A f r i c a n o 
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1987) . None of the n e b u l a e , except maybe NGC 7662, show any 
s i g n i f i c a n t abundance d i f f e r e n c e s between the inner and outer s h e l l s . 
I n NGC 7662, there a r e b r i g h t [Ν I I ] knots ( B a l i c k 1987a) which may 
have h i g h e r n i t r o g e n abundance, a l though t h i s has not been emphasized 
by Barker ( 1 9 8 6 ) . 

V I . FORMATION MECHANISMS OF MULTIPLE SHELL PLANETARY NEBULAE 

Given the v a r i o u s m o r p h o l o g i c a l , k inemat i c , and chemical s t r u c t u r e s in 
the s h e l l s , the v a r i o u s MSPNe must have been formed d i f f e r e n t l y from 
one another . Al though t h e o r e t i c a l c a l c u l a t i o n s o f PN e v o l u t i o n have 
begun to i n c l u d e three s tages of mass l o s s p r o c e s s e s ( S c h m i d t - V o i g t and 
Koppen 1987a, b ) , there i s s t i l l a l ong way b e f o r e the m u l t i p l e s h e l l s 
can be s a t i s f a c t o r i l y modeled. Below a r e t e n t a t i v e s u g g e s t i o n s of the 
format ion mechanism f o r each type o f m u l t i p l e - s h e l l s t r u c t u r e . 

The f a i n t , s u b s o n i c a l l y expanding h a l o s undoubtedly correspond to 
the s low wind from the AGB phase . The d o u b l e - s h e l l nebu lae w i t h a 
s imple inner s h e l l and a h a l o a r e good c a n d i d a t e s f o r Kwok's (1983) 
two-wind format ion , s ince both the morphology and k inemat ics o f the 
s h e l l s a r e q u a l i t a t i v e l y c o n s i s t e n t w i t h the model p r e d i c t i o n s . On the 
o ther hand, the inner s h e l l c o u l d have been c r e a t e d by an enhanced mass 
l o s s r a t e i n a "superwind," too . 

The 11 co -expanding enve lope"- type ou ter s h e l l s a r e d i f f i c u l t to 
e x p l a i n , s ince the outer s h e l l seems to be c o a s t i n g a l o n g r a t h e r than 
a c t i v e l y i n t e r a c t i n g w i t h the inner s h e l l . I t c o u l d be tha t the break 
between the s h e l l s was formed by an a b r u p t change i n the mass l o s s r a t e 
of a "superwind . 1 1 N e v e r t h e l e s s , i t remains to be e x p l a i n e d how the 
s h e l l s manage to f i g h t d i f f u s i o n and mainta in a s teep d e n s i t y g r a d i e n t 
a t the i n t e r f a c e . 

The MSPNe that conta in two or three independent ly expanding 
systems c l e a r l y need m u l t i p l e e j e c t i o n s . I n the case o f M2-2 ( F i g u r e 
2 ) , the outer and inner s h e l l s have d i f f e r e n t expans ion v e l o c i t i e s and 
e l l i p t i c i t i e s . Such a r a p i d change ( w i t h i n a few χ 10 3 y r ) in the 
e j e c t i o n proces s might be due to a b i n a r y core ( I b e n and Tutukov 1987) . 

Three known nebulae have outer s h e l l s expanding f a s t e r than the 
inner s h e l l s . The dynamical t imesca l e (s r a d i u s / e x p a n s i o n v e l o c i t y ) i s 
l o n g e r f o r the inner s h e l l than f o r the outer s h e l l . I t i s u n l i k e l y 
that a f a s t expanding s h e l l s i e v e s through a s l o w e r s h e l l ; the outer 
s h e l l must have been p r e f e r e n t i a l l y a c c e l e r a t e d . The a c c e l e r a t i o n 
cou ld be due to s imply the d i f f u s i o n i n t o vacuum ( S c h m i d t - V o i g t and 
Koppen 1987a) or the r a d i a t i o n p r e s s u r e on the dust (Mathews 1978) . At 
l e a s t one of the n e b u l a e , IC 3568, i s we l l -known f o r i t s h i g h dust 
content (Cohen, H a r r i n g t o n , and Hess 1984) . 

The p e c u l i a r MSPNe a r e h a r d to unders tand because of the 
i n s u f f i c i e n t data a v a i l a b l e . Some of them, p a r t i c u l a r l y NGC 4361 and 
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NGC 6369, may be b i p o l a r nebulae p r o j e c t e d a l o n g c e r t a i n a n g l e s . 

V I I . FUTURE WORK 

C l e a r l y , - there i s a l o t to be done i n the f u t u r e , bo th o b s e r v a -
t i o n a l l y and t h e o r e t i c a l l y , i n o r d e r to unders tand the MSPNe b e t t e r . 
S e v e r a l i n v e s t i g a t o r s have r e c e n t l y o b t a i n e d a l a r g e number of data on 
morpholog ies and i n t e r n a l motions . I n the f u t u r e , i t i s important to 
model the 3-D s t r u c t u r e of i n d i v i d u a l nebu lae and e x t r a c t q u a n t i t a t i v e 
i n f o r m a t i o n such as the r a d i a l d e n s i t y p r o f i l e and the v e l o c i t y law 
w i t h i n the s h e l l s . More l o w - d i s p e r s i o n s p e c t r o s c o p i c o b s e r v a t i o n s are 
needed to determine the e lementa l abundances i n the s h e l l s o f MSPNe. 
T h e o r e t i c a l l y , models o f PN format ion w i t h v a r i a b l e wind or b i n a r y 
cores shou ld be pursued f u r t h e r . 

REFERENCES 

A l l e r , L . H . , Keyes , C. D . , and Feibelman, W. A . 1986, A p . J . , 
311. 930. 

B a l i c k , B. 1987a, A . J . , 94, 671. 
. 1987b, t h i s volume. 

B a l i c k , Β . , P r e s t o n , Η . , and V i c k e , V . 1988, submitted to A . J . 
B a r k e r , T. 1983, A p . J . , 267, 630. 

. 1985, A p . J . , 294, 193. 

. 1986, A p . J . , 308, 314. 
Bässgen , M . , Bässgen , G . , B a r n s t e d t , J . , Grewing , M . , and B i a n c h i , L . 

1986, M i t t . A s t r . G e s . , N r . 67, p . 342. 
Bässgen , M . , Bässgen , G . , Grewing, M . , C e r r a t o , S . , and B i a n c h i , L . 

1987, i n t h i s volume. 
C e r r u t i - S o l a , M . , and P e r i n o t t o , M. 1985, A p . J . , 291, 237. 
Chu, Y . - H . , and Jacoby, G. H. 1987, i n t h i s volume. 

. 1988, i n p r e p a r a t i o n . 

Chu, Y . - H . , Jacoby, G. H . , and A r e n d t , R. 1987, A p . J . S u p p l . , 64, 529. 
Cohen, M . , H a r r i n g t o n , J . P . , and Hess , R. 1984, A p . J . , 283, 687. 
C u r t i s , H. D. 1918, Pub. L i c k O b s . , 13, 57. 
Duncan, J . C. 1987, Αρ . J . , 86, 496. 
G i e s e k i n g , F . , Becker , I . , and S o i f , J . 1985, Α ρ . J . ( L e t t e r s ) , 

295. L17. 
G i e s e k i n g , F . , and S o l f , J . 1986, A s t r . Α ρ . , 163, 174. 
H i p p e l e i n , Η. Η . , Bässgen , M . , and Grewing , M. 1985, A s t r . Α ρ . , 

152. 213. 
I b e n , I . , J r . , K a l e r , J . Β . , T r u r a n , J . W . , and R e n z i n i , A . 1983, 

A p . J . , 264, 605. 
I b e n , I . , J r . , and Tutukov, Α . V . 1987, i n t h i s volume. 
Jacoby, G. Η . , and Chu, Y . - H . 1987, i n t h i s volume. 
Jacoby , G. Η . , and Ford , H. C. 1983, AP. J . , 266, 298. 
Jacoby , G. H . , Q u i g l e y , R. J . , and A f r i c a n o , J . L . 1987, Pub. A . S. P . , 

99, 672. 
J e w i t t , D. C , D a n i e l s o n , G. Ε. , and Kupferman, P. N . 1986, A p . J . , 

https://doi.org/10.1017/S0074180900137696 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900137696


115 

302. 727. 
K a l e r , J . Β. 1974, Α . J . , 79, 594. 
Kwok, S. 1983, i n IAU Symp. No. 103, " P l a n e t a r y N e b u l a e " , ed . D. R. 

F l o w e r , ( R e i d e l : D o r d r e c h t ) , p . 293. 
Kwok, S. 1987, i n "Late Stages o f S t e l l a r E v o l u t i o n " , eds . S. Kwok and 

S. P o t t a s c h , ( R e i d e l : D o r d r e c h t ) , p . 321. 
L u t z , J . , Lame, N. J . , and B a l i c k , B. 1987, i n t h i s volume. 
Manchado, Α . , P o t t a s c h , S. R . , and Mampaso, A . 1987a, i n t h i s volume. 

. 1987b, i n t h i s volume. 
Mathews, W. G. 1978, i n IAU Symp. No. 76, " P l a n e t a r y N e b u l a e " , ed . 

Y . T e r z i a n ( R e i d e l : D o r d r e c h t ) , p . 251. 
Middlemass , D . , C l e g g , R. E. S . , and W a l s h , J . R. 1987, i n t h i s volume. 
M i l l i k a n , A . G. 1974, A . J . , 79, 1259. 
Minkowski , R . , and O s t e r b r o c k , D. 1960, A p . J . , 131, 537. 
Moreno, Μ. Α . , and Lopez , J . A . 1987, A s t r . Α ρ . , 178, 319. 
O ' D e l l , C. R . , and B a l l , M. E. 1985, A p . J . , 289, 526. 
Perek , L . , and Kohoutek, L . 1987, C a t a l o g u e o f G a l a c t i c P l a n e t a r y 

Nebulae ( P r a g u e : Czechos lovaak Academy o f S c i e n c e ) 
P i s m i s , P . , and Moreno, M. A . 1987, i n t h i s volume. 
Reay, Ν . Κ . , A t h e r t o n , P. D . , and T a y l o r , K. 1983a, M. N . R. A . S . , 

203. 1079. 
. 1983b, M. N. R. A . S . , 203, 1087. 

Rosado, M. 1986, Rev. Mexicana. A s t r . Α ρ . , 13, 49. 
R u i z , M. T . , Heathcote , S. R . , and W e i l e r , W. G. 1987, i n t h i s volume. 
S a b b a d i n , F. 1984, A s t r . A p . S u p p l . , 58, 273. 
S c h m i d t - V o i g t , M . , and Koppen, J . 1987a, A s t r . Α ρ . , 174, 211. 

. 1987b, A s t r . Α ρ . , 174, 223. 

W a l s h , J . R . , and Meaburn, J . 1987, M. N . R. A . S . , 224, 885. 
W e b s t e r , B. L . 1978, M. N . R. A . S . , 185, 45p. 
W e i l e r , W. G . , and Heathcote , S. R. 1987a, i n "Late Stages o f S t e l l a r 

E v o l u t i o n " , eds . S. Kwok and S. R. P o t t a s c h , ( R e i d e l : D o r d r e c h t ) , 
p . 409. 

. 1987b, i n t h i s volume. 
W e l t y , D. E. 1983, Pub. A . S. P . , 95, 217. 

https://doi.org/10.1017/S0074180900137696 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900137696


Manue l Pe imber t and Luis F. Rodr igu 

https://doi.org/10.1017/S0074180900137696 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900137696

