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ABSTRACT. Over the p a s t decade, we have come to r e a l i z e t h a t mass l o s s 
on the asymptot ic g i a n t branch (AGB) p l a y s a s i g n i f i c a n t r o l e i n the 
format ion o f p l a n e t a r y nebulae ( P N ) . Mass e j e c t e d d u r i n g the AGB can 
now be o b s e r v e d in h a l o e s of PN and we b e l i e v e tha t the main s h e l l o f PN 
i s formed by the i n t e r a c t i o n of t h i s m a t e r i a l w i t h a l a t e r - d e v e l o p e d 
c e n t r a l - s t a r wind . I n t h i s r e v i e w , we show tha t the e v o l u t i o n from AGB 
to PN can be t r a c e d i n a continuous i n f r a r e d sequence . Thi s sequence 
p r e d i c t s p r o p e r t i e s o f p r o t o - P N which a l l o w them to be i d e n t i f i e d . 

1. INTRODUCTION 

Since bo th the n e b u l a and the c e n t r a l s t a r o f a p l a n e t a r y n e b u l a (PN) 

o r i g i n a t e from a p r o g e n i t o r s t a r on the asymptot ic g i a n t branch ( A G B ) , 

the s tudy o f the format ion o f PN cannot be i s o l a t e d from the e v o l u t i o n -

a r y s t a g e s immediately p r e c e e d i n g the PN. F i g u r e 1 shows the e v o l u t i o n -

a r y pathway l e a d i n g to the format ion o f PN. As a s t a r e v o l v e s up the 

AGB, i t l o s e s mass a t an i n c r e a s i n g r a t e u n t i l i t i s t o t a l l y obscured by 

i t s own c i r c u m s t e l l a r dust enve lope . A t t h i s t ime, the photosphere i s 

no l o n g e r v i s i b l e and the s t a r w i l l appear as an i n f r a r e d o b j e c t . I t i s 

u s e f u l to d e s i g n a t e t h i s s t a g e as the l a t e AGB ( L A G B ) . When mass l o s s 

reduces the mass of the hydrogen envelope ( M E ) to a c e r t a i n v a l u e ( M E 

-10 M Q f o r a core mass [ M C ] o f 0.60 M Q , Schönberner 1983) , the s t a r 

w i l l turn to the l e f t and evo lve towards the b l u e s i d e o f the H-R 
_ g 

diagram. When M E i s down to 10 M Q ( a g a i n f o r M c » 0 . 6 M Q ) , the envelope 

i s so d i s r u p t e d that l a r g e - s c a l e mass l o s s i s no l o n g e r p o s s i b l e to 

c o n t i n u e . We w i l l d e f i n e t h i s p o i n t as the end o f the LAGB and the 

b e g i n n i n g of the p r o t o - p l a n e t a r y nebu la (PPN) phase . The e f f e c t i v e 

temperature o f the s t a r w i l l cont inue to i n c r e a s e due to the l o s s of 

enve lope mass as the r e s u l t o f hydrogen s h e l l b u r n i n g . The PPN phase 

w i l l l a s t -1500 y r u n t i l the c e n t r a l s t a r i s hot (T*~30,000K) enough to 

i o n i z e the c i r c u m s t e l l a r n e b u l a . Recombination l i n e o f hydrogen and 

f o r b i d d e n l i n e s of metals w i l l make the n e b u l a e a s i l y o b s e r v a b l e i n the 

v i s i b l e . I n t h i s t a l k , I w i l l d i s c u s s the p h y s i c a l p r o c e s s e s i n the 

LAGB and PPN phases and t h e i r e f f e c t s on the format ion o f PN. 

401 

S. Torres-Peimbert (ed.), Planetary Nebulae, 401-410. 
©1989 by the IAU. 

https://doi.org/10.1017/S007418090013880X Published online by Cambridge University Press

https://doi.org/10.1017/S007418090013880X


402 

PLANETARY NEBULAE 

-FAST WIND 
BEGINS 

MASS LOSS 
STOPS 

TO 
WHITE 
DWARFS 

T T 

\! 
INTERACTING 
WINDS 

* ONSET OF 
PHOTO-IONIZATION 

LAG Β 

MASS LOSS 
BEGINS 

log ( T # / T @ ) 

Figure 1. Evolutionary paths from AGB to PN in the H-R diagram. 

2. ASCEND OF THE ASYMPTOTIC GIANT BRANCH 

W h i l e convent iona l s p e c t r a l c l a s s i f i c a t i o n schemes s top a t about 
s p e c t r a l c l a s s M10 f o r e v o l v e d s t a r s , i t i s now r e c o g n i z e d that there 
e x i s t AGB s t a r s that have e v o l v e d beyond t h i s l i m i t . The IRC, AFGL, and 
IRAS i n f r a r e d sky surveys have d i s c o v e r e d many h e a v i l y reddened s t a r s 
which have l u m i n o s i t i e s h i g h e r than M i r a V a r i a b l e s and a r e l i k e l y to be 
LAGB s t a r s . Since the s t e l l a r photosphere o f LAGB s t a r s a r e obscured by 
dust e j e c t e d d u r i n g the mass l o s s p r o c e s s , one has to r e l y on r a d i o and 
i n f r a r e d techniques as probes of t h e i r p r o p e r t i e s . For o x y g e n - r i c h 
s t a r s , the c i r c u m s t e l l a r envelope (CSE) g e n e r a l l y shows the 9.7 /xm 
s i l i c a t e f e a t u r e e i t h e r in emiss ion or a b s o r p t i o n ( M e r r i l l and S t e i n 
1976) i n the i n f r a r e d and OH maser emiss ion in the r a d i o (Herman and 
Habing 1985) . For c a r b o n - r i c h s t a r s , the 11.3 /im SiC f e a t u r e i s u s u a l l y 
p r e s e n t and the s t r u c t u r e of CSE can be s t u d i e d by r o t a t i o n t r a n s i t i o n 
of CO in the r a d i o (Knapp and M o r r i s 1985) . 

Among these f o u r d i a g n o s t i c t o o l s , the 9.7 μτα s i l i c a t e f e a t u r e i s 
p a r t i c u l a r l y u s e f u l . I t i s observed i n over 2000 s t a r s by the IRAS Low 
R e s o l u t i o n Spectrometer (LRS) and shows a v a r i a t i o n i n s t r e n g t h from 
s t r o n g emiss ion to s t r o n g a b s o r p t i o n ( V o l k and Kwok 1987a) . The 
i n f e r r e d o p t i c a l depth i n the f e a t u r e ranges from 0.1 to >100, imply ing 
a change i n mass l o s s r a t e of over 3 o r d e r o f magnitudes among AGB 
s t a r s . Since the t r a n s i t i o n from emiss ion to a b s o r p t i o n occurs a t τ ( 9 . 7 
μιη)~4, a lmost a l l s t a r s showing s i l i c a t e a b s o r p t i o n f e a t u r e s a r e wi thout 
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o p t i c a l c o u n t e r p a r t s (Kwok, Hr ivnak , and Bore iko 1987) , and a r e t h e r e -
f o r e members of LAGB s t a r s . W h i l e p r e c i s e l o c a t i o n s o f LAGB s t a r s on 
the H-R diagram a r e d i f f i c u l t to determine due to u n c e r t a i n t i e s i n both 
L * and T*, the d i s t r i b u t i o n o f the s i l i c a t e a b s o r p t i o n o b j e c t s i n a 
c o l o u r - c o l o u r diagram shows that they l i e on a w e l l - d e f i n e d band (Olnon 
et al. 1984; B e d i j n 1988; Kwok, Hr ivnak , and Bore iko 1987) . I n compari-
son, s t a r s which show the s i l i c a t e f e a t u r e i n emiss ion ( e . g . M i r a 
v a r i a b l e s ) occupy p a r t o f the c o l o u r - c o l o u r d iagram to the l e f t o f the 
a b s o r p t i o n o b j e c t s ( F i g u r e 2 ) . I f we i n t e r p r e t t h i s band as an e v o l u -
t i o n a r y sequence, then we have a p i c t u r e o f AGB s t a r s e v o l v i n g from the 
c o l o u r temperatures of >600 Κ f o r M i r a v a r i a b l e s to -250 Κ f o r extreme 
LAGB s t a r s . 
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Figure 2. Colour-colour diagram of AGB and LAGB stars. The filled circles are LRS 

class 25-29 sources with good fluxes at all four bands and the triangles are LRS class 

31-39 sources with good fluxes at 12,25 and 60 μτη bands. A number of class 30 sources 

with possible confusion with HII regions are not plotted. 
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3. INFRARED LINK BETWEEN THE AGB AND PN 

For a number of y e a r s , I have argued tha t the CSEs c r e a t e d by mass l o s s 
on the AGB should be o b s e r v a b l e i n PN and t h e i r presence may have 
s i g n i f i c a n t e f f e c t s on the format ion o f PN (Kwok 1980, 1982) . The 
r e c e n t IRAS sky survey has r e v e a l e d that PN have c o o l dust components, 
and Pot tasch et al. (1984) have found tha t the c o l o u r temperatures of 
e v o l v e d PN l i e i n the range o f 40-100 K. An a n a l y s i s o f young PN by 
Kwok, Hr ivnak , and Mi lone (1986) shows tha t the near i n f r a r e d emiss ion 
from PN i s due to thermal f r e e - f r e e emiss ion from the i o n i z e d gas 
whereas dust emiss ion i s r e s p o n s i b l e f o r the f a r i n f r a r e d emiss ion . 
They a l s o found that the c o l o u r temperatures o f young PN a r e h i g h e r than 
those o f e v o l v e d PN, w i t h t y p i c a l v a l u e s i n the range o f 100-200 K. 

The f a c t that the c o l o u r temperatures o f young PN a r e i n between 
the c o l o u r temperatures of LAGB and e v o l v e d PN s t r o n g l y sugges t s that 
the i n f r a r e d emiss ion i n these o b j e c t s a l l o r i g i n a t e s from the dust CSEs 
which a r e e j e c t e d d u r i n g the LAGB phase b u t have c o o l e d d u r i n g the PN 
s t a g e . F i g u r e 3 shows a p l o t o f the r a d i o b r i g h t n e s s temperature 
a g a i n s t 60 μπι o p t i c a l depth f o r 266 PN. These two parameters a r e used 
because they both a r e d i s t a n c e - i n d e p e n d e n t and a r e gauges o f the 
dynamical ages of the gas and dust components r e s p e c t i v e l y . The s t r o n g 
c o r r e l a t i o n found i s ev idence tha t the gas and dust components o f PN a r e 
both expanding w i t h time and the l o c a t i o n o f i n d i v i d u a l PN i n F i g u r e 3 
i s a measure of i t s r e l a t i v e a g e . 

100 

t Ä (χ10~ 6) 
10000 

Figure 3. The 5 GHz radio brightness temperature plotted against 60 μια optical depth for 

266 PN. The filled and open circles are respectively VLA and single-dish measurements. 
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From the above d i s c u s s i o n s , i t has become obv ious tha t there e x i s t s 
an cont inuous i n f r a r e d sequence connect ing the e v o l u t i o n a r y s t a g e s of 
AGB and PN. The c o l o u r temperature decrease s m o n o t o n i c a l l y from >600 Κ 
f o r M i r a V a r i a b l e s to 250-600 Κ f o r LAGB s t a r s , to 100-200 Κ f o r young 
PN and then to 40-100 Κ f o r e v o l v e d PN. I t i s important to note that 
w h i l e the change i n c o l o u r temperature i s monotonie and r e f l e c t s the 
e v o l u t i o n o f the dust CSE, the p h y s i c a l r eason f o r the decrease i s 
d i f f e r e n t i n the AGB and PN phases . During the AGB and LAGB when mass 
i s c o n t i n u o u s l y e j e c t e d from the s t a r , the l o w e r i n g o f c o l o u r tempera-
t u r e i s the r e s u l t o f i n c r e a s i n g o p t i c a l depth i n the CSE. However, 
beyond the LAGB, o p t i c a l depth o f the enve lope b e g i n s to decrease and 
the change i n c o l o u r temperature i s the r e s u l t o f geometr ic d i l u t i o n . 

4. THE PR0T0-PLANETARY NEBULA PHASE 

Renz in i (1983) has sugges ted that many PN may remain undetec ted i f the 
c e n t r a l s t a r s evo lve too s l o w l y . The common occurrence of PN t h e r e f o r e 
i m p l i e s that the PPN s tage cannot be more than a few thousand y e a r s i n 
d u r a t i o n , o therwi se the n e b u l a would have been d i s p e r s e d b e f o r e i t i s 
i o n i z e d . I f we adopt the t r a n s i t i o n time o f -1500 y r c a l c u l a t e d by 
Schönberner (1983) then the r a t i o o f PPN to PN i s a p p r o x i m a t e l y the 
r a t i o o f t h e i r r e s p e c t i v e l i f e t i m e s , or 5-15%. From the number of PN i n 
the IRAS P o i n t Source Cata logue (>1000) we t h e r e f o r e expect that there 
shou ld be 50-150 PPN de tec ted by the IRAS s u r v e y . 

I f we accept the e x i s t e n c e of the i n f r a r e d sequence d i s c u s s e d i n 
§3, then the i n f r a r e d p r o p e r t i e s o f PPN can be i n t e r p o l a t e d from those 
of LAGB and young PN. This sugges t s an i n t e r m e d i a t e c o l o u r temperature 
of 150-250 K. As a PPN has v e r y l i t t l e hydrogen atmosphere, we a l s o do 
not expect i t to be a s t r o n g p u l s a t o r ( H a b i n g , van der Veen, and G e b a l l e 
1987) . A search of PPN u s i n g these c r i t e r i a were c a r r i e d out by Kwok 
and Hr ivnak a t the Canada-France -Hawai i Te l e scope ( C F H T ) . A number of 
IRAS sources of low c o l o u r temperatures were found w i t h b l a c k b o d y - l i k e 
energy d i s t r i b u t i o n s and w i t h no o p t i c a l c o u n t e r p a r t s . 

As the remnant dust CSE cont inues to expand and the enve lope 
o p t i c a l depth cont inues to d r o p , the s t a r w i l l e v e n t u a l l y become v i s i b l e 
a g a i n . By extending the r a d i a t i v e t r a n s f e r models f o r AGB s t a r s to 
beyond the AGB, V o l k and Kwok (1987b) f i n d a d i s t i n c t s p e c t r a l shape f o r 
PPN. A search of the LRS c a t a l o g r e s u l t e d i n a number o f sources 
showing agreement w i t h the model p r e d i c t i o n , one o f them b e i n g 
18095+2704. This IRAS source was i d e n t i f i e d a t the CFHT w i t h a r e l a -
t i v e l y b r i g h t s t a r o f 11 mag. O p t i c a l spec troscopy a t the Dominion 
A s t r o p h y s i c a l O b s e r v a t o r y shows that i t has a s p e c t r a l type o f F3 l b 
( H r i v n a k , Kwok, and V o l k 1988) . A combined v i s u a l and i n f r a r e d spectrum 
from 0.36 to 100 μιη f o r 18095+2704 i s shown i n F i g u r e 4. Assuming 
L * = 1 0 4 Ιφ and T*=6000 K, a model f i t to the spectrum s u g g e s t s tha t the 
inner r a d i u s o f the dust s h e l l i s l o c a t e d a t 7x10 cm. U s i n g the 
expans ion v e l o c i t y of 7 km s" 1 d e r i v e d from OH o b s e r v a t i o n s ( L e w i s , 
Eder , and T e r z i a n 1985) , i t i s e s t imated tha t the s t a r had a mass l o s s 
r a t e o f 2x10 M Q y r " 1 a t the AGB and the s h e l l was detached from the 
s t a r -325 y r a g o . 
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Figure 4. The IRAS LRS spectrum of 18095+2704 combined with the ground-based and IRAS 

photometry, and plotted together with a PPN model. The temperature and luminosity are 

assumed to be 6000K and 1 0 4 L Q respectively. The dotted line shows the resultant 

spectrum after the addition of an extinction component of the form exp[-1.406/Χ(μχα)]. 

The d u a l - p e a k s p e c t r a l b e h a v i o u r o f t h i s PPN c a n d i d a t e i s s i m i l a r 
to the PPN cand idate s found from n o n - v a r i a b l e OH/IR s t a r s ( v a n der Veen, 
Habing , and G e b a l l e , these p r o c e e d i n g s ) . As PPN e v o l v e i n t o the e a r l y 
s t a g e s o f PN, p a r t o f the nebulae w i l l b e g i n to be i o n i z e d . The OH 
sources w i t h r a d i o continuum emiss ion found by Z i j l s t r a et al. ( t h e s e 
p r o c e e d i n g s ) c o u l d r e p r e s e n t some o f the youngest PN o b s e r v e d . 

5. TERMINATION OF THE AGB 

An important q u e s t i o n on the o r i g i n o f PN i s the time s c a l e o f the 
e j e c t i o n o f the n e b u l a . This ranges from the t r a d i t i o n a l t h e o r i e s of 
sudden e j e c t i o n where the proces s occurs i n a few y e a r s ( c f Roxburgh 
1978) , to ~10 3 y r (Tuchman, Sack, and B a r k a t , 1979) and ~10 4 y r (Herman 
and Habing 1985) i n the "superwind" models . The term "superwind" has 
i t s o r i g i n i n tha t the mass l o s s r a t e d u r i n g t h i s phase i s h i g h i n 
comparison to the Reimers' formula (Reimers 1975) . However, i n f r a r e d 
and r a d i o (CO) o b s e r v a t i o n s show that mass l o s s r a t e s o f AGB s t a r s w i t h 
s p e c t r a l types l a t e r than M3 a r e a l r e a d y much h i g h e r than t h a t g i v e n by 
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the Reimers ' formula . Since the mass l o s s r a t e s o f AGB s t a r s i n c r e a s e 
w i t h l u m i n o s i t y ( o r t i m e ) , one c o u l d r e f e r to the v e r y l a s t s tage ( < 1 0 4 

y r ) o f mass l o s s as a "superwind" phase , a l though the d i s t i n c t i o n i s 
s t r i c t l y semantic . I n my o p i n i o n , i t i s not a p p r o p r i a t e to r e f e r to the 
OH/IR phase as the "superwind" phase because the LAGB phase , which 
c o i n c i d e s w i t h the o b s e r v a t i o n o f OH/IR s t a r s w i t h no o p t i c a l counter-
p a r t s , c e r t a i n l y l a s t s more than 1 0 s y r . Furthermore , a mass l o s s r a t e 
of on ly few times 10 M Q y r " 1 w i l l complete ly obscure the photosphere 
of the s t a r and such mass l o s s r a t e s cannot i n any sense be c o n s i d e r e d 
"super". 

I f the AGB i s indeed terminated by the complete removal o f the 
hydrogen envelope through s teady mass l o s s , then can PN be noth ing more 
than i o n i z e d CSEs? This p o s s i b i l i t y was f i r s t r a i s e d by Paczynski 
(1971) and has s ince been r e - d i s c u s s e d by o ther authors (Harpaz and 
Kovetz 1981) , and most r e c e n t l y by T a y l o r , P o t t a s c h , and Zhang ( 1 9 8 7 ) . 
This s c e n a r i o of PN format ion was c o n s i d e r e d by Kwok (1981) to be 
inadequate f o r three reasons : 

1. D e n s i t i e s o f PN s h e l l a r e h i g h e r than the o b s e r v e d d e n s i t i e s 
i n AGB CSEs. 

2. Expansion v e l o c i t i e s o f PN s h e l l ( -20-50 km s " 1 ) a r e h i g h e r 
than expans ion v e l o c i t i e s o f AGB s t a r winds ( -3 -20 km s " 1 ) . 

3. Many PN have w e l l - d e f i n e d s h e l l - l i k e morpholog ies whereas AGB 
winds have smooth d e n s i t y d i s t r i b u t i o n s . 

A l l these three p o i n t s a r e s t i l l r e l e v a n t today . D i r e c t compari-
sons o f the d e n s i t i e s of s h e l l and h a l o of PN a l s o s u g g e s t a d i f f e r e n c e 
i n d e n s i t y of a f a c t o r -10 ( J e w i t t , D a n i e l s o n , and Kupferman 1986; 
Bässgen et al., these p r o c e e d i n g s ) . Expansion o f AGB s t e l l a r winds a r e 
w e l l determined by CO and OH measurements and the d i s c r e p a n c y between 
these v a l u e s and PN v e l o c i t i e s a r e s t i l l s i g n i f i c a n t . B r i g h t n e s s 
d i s t r i b u t i o n s of CO i n IRC+10°216 shows an i n v e r s e square d e n s i t y law 
w i t h no d e f i n i t e s h e l l s t r u c t u r e (Kwan and L ink 1982) . These problems 
i n d i c a t e that another p h y s i c a l proces s i s needed to a d e q u a t e l y e x p l a i n 
the format ion of PN. 

6. THE INTERACTING WINDS MODEL 

The I n t e r a c t i n g S t e l l a r Winds model o f Kwok, Pur ton , and F i t z G e r a l d 
(1978, h e r e a f t e r KPF) was an attempt to address the problems mentioned 
i n §5. This model p o s t u l a t e s the presence o f a f a s t wind which shapes , 
a c c e l e r a t e s , and compresses the remnant AGB wind m a t e r i a l in to PN. I f 
t h i s model r e p r e s e n t s the u n i v e r s a l format ion mechanism of PN, then 
three c o n d i t i o n s must be s a t i s f i e d : 

1. Remnants of CSE of AGB p r o g e n i t o r a r e s t i l l p r e s e n t i n PN; 
2. h i g h v e l o c i t y wind from the c e n t r a l s t a r i s a common phenomen 
on; 

and 3. masses o f PN i n c r e a s e w i t h age as the remnant CSE i s swept up 
by the c e n t r a l - s t a r wind. 
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W h i l e the e x i s t e n c e o f c e n t r a l - s t a r winds and h a l o e s around PN has 
been known f o r some time (Smith and A l l e r 1969; Duncan 1937) , t h e i r 
common occurrence i n PN was not conf irmed u n t i l r e c e n t l y . The IUE 
s a t e l l i t e found Ρ Cygni p r o f i l e s i n resonance l i n e s o f c e n t r a l s t a r s o f 
many PN (Heap e t al. 1978) w i t h v e l o c i t i e s r a n g i n g from 1400 to 5000 km 
s" 1 , and mass l o s s r a t e s between 10 to 10 M Q y r " 1 ( G r e w i n g , these 
p r o c e e d i n g s ; P e r i n o t t o , these p r o c e e d i n g s ) . F a i n t h a l o e s a r e now 
b e l i e v e d to be p r e s e n t i n over 50% of a l l PN ( J e w i t t , D a n i e l s o n , and 
Kupferman, 1986; Chu, Jacoby, and Arendt 1987; B a l i c k 1987) . Maps o f H 2 

molecules show that the molecules a r e d i s t r i b u t e d o u t s i d e o f the main 
s h e l l (Zuckerman and G a t l e y 1987) . OH and CO molecules which a r e common 
i n AGB CSEs a r e found i n i n c r e a s i n g number o f PN (OH: S e a q u i s t and Davis 
1983; Payne, P h i l l i p s , and T e r z i a n , these p r o c e e d i n g s ; Z i j l s t r a et al. 

these p r o c e e d i n g s ; CO: Thronson 1983; Healy and Hugg ins , these proceed-
i n g s ; W a l s h , C l e g g , and U k i t a , these p r o c e e d i n g s ) . Atomic hydrogen has 
a l s o been de tec t ed (Rodr iguez and Moran 1982; T a y l o r and Pot tasch 1987) . 
The presence of dust continuum emiss ion from the remnant CSE has a l r e a d y 
been d i s c u s s e d i n §3. 

The masses o f PN remain a c o n t r o v e r s i a l i s s u e . There i s , however, 
good ev idence that the i o n i z e d masses of PN range over three o r d e r of 
magnitude ( P o t t a s c h 1980) . I o n i z e d masses determined from the r a d i o 
survey o f compact PN a l s o p o i n t to s i m i l a r c o n c l u s i o n s (Kwok 1987) . I t 
i s p o s s i b l e that some of t h i s v a r i a t i o n i n mass i s due to i o n i z a t i o n 
e f f e c t s , b u t the i n t e r a c t i n g winds proces s may a l s o c o n t r i b u t e toward 
the l a r g e o b s e r v e d mass r a n g e . 

The above summary of r ecen t o b s e r v a t i o n s sugges t s t h a t the q u a l i t a -
t i v e p r e d i c t i o n s o f KPF have been l a r g e l y conf irmed. I t i s , however, 
important to t e s t the q u a n t i t a t i v e p r e d i c t i o n s o f the model as w e l l . I t 
has been shown that a t l e a s t i n the energy c o n s e r v i n g c a s e , the observed 
c e n t r a l - s t a r wind mass l o s s r a t e s and v e l o c i t i e s a r e adequate to e x p l a i n 
the o b s e r v e d masses and v e l o c i t i e s o f the PN s h e l l ( V o l k and Kwok 1985) . 
With k inemat ic in format ion o f the h a l o now a v a i l a b l e through 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 (Chu, these p r o c e e d i n g s ; Bässgen et al.t these proceed-
i n g s ) , i t i s p o s s i b l e not on ly to t e s t the v a l i d i t y o f the dynamical 
models b u t a l s o to determine whether the wind i n t e r a c t i o n s a r e energy or 
momentum c o n s e r v i n g . 

P r e v i o u s dynamical c a l c u l a t i o n s u s u a l l y assume an ad hoc mass l o s s 
formula f o r the c e n t r a l s t a r ( e . g . V o l k and Kwok 1985) . The t h e o r e t i c a l 
formula r e p o r t e d by K u d r i t z k i ( t h e s e p r o c e e d i n g s ) may a l l o w the i n c o r -
p o r a t i o n o f a r e a l i s t i c formula i n dynamical c a l c u l a t i o n s . With the 
improved models o f c e n t r a l s t a r e v o l u t i o n (Schönberner , these proceed-
i n g s ) and models o f n e b u l a r dynamics, c a l c u l a t i o n o f the e v o l u t i o n o f 
the n e b u l a r spectrum has become p o s s i b l e ( S c h m i d t - V o i g t and Koppen 
1 9 8 7 a , b ) . Comparison o f the t h e o r e t i c a l r e s u l t s and o b s e r v a t i o n s may 
become one of the most f r u i t f u l a r e a o f r e s e a r c h i n t h i s s u b j e c t . 

7. CONCLUSIONS 

I n t h i s conference , Chu r a i s e d the q u e s t i o n "What i s the d e f i n i t i o n of 
p l a n e t a r y nebula?" This i s a v e r y v a l i d q u e s t i o n . My response i s that 
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we should c o n s i d e r the term "the PN system" which c o n s i s t s o f a c e n t r a l -
s t a r wind , a s h e l l , and a h a l o , i n a d d i t i o n to the c e n t r a l s t a r . The 
t r a d i t i o n a l meaning of PN r e f e r s on ly to the s h e l l component, which may 
have d e n s i t i e s , v e l o c i t i e s , or composi t ions which a r e d i f f e r e n t from the 
o ther two components. 

S i g n i f i c a n t p r o g r e s s e s have been made i n the u n d e r s t a n d i n g o f the 
t r a n s i t i o n phases between AGB and PN s ince the l a s t IAU symposium. 
O b s e r v a t i o n s i n the f a r i n f r a r e d from the IRAS s a t e l l i t e have l e d to the 
i d e n t i f i c a t i o n o f a continuous i n f r a r e d sequence connect ing the AGB, 
LAGB, PPN and PN phases . This proposed sequence o f e v o l u t i o n i s 
summarized i n T a b l e 1. 

A number of cand idates o f PPN have now been i d e n t i f i e d . Fur ther 
i d e n t i f i c a t i o n and o b s e r v a t i o n s o f PPN i n the next few y e a r s w i l l 
h o p e f u l l y s e t t l e the q u e s t i o n of the o r i g i n o f p l a n e t a r y n e b u l a e . 

TABLE 1 
EVOLUTION FROM AGB TO PLANETARY NEBULAE 

e v o l u t i o n a r y 
phase 

example o p t i c a l 
image 

p e r i o d 

( d a y s ) 

c o l o u r 
tempera-
t u r e ( K ) 

s i l i c a t e 
dust 

OH 

AGB M i r a 
V a r i a b l e s 

b r i g h t 300-600 >600K emiss ion yes 

LAGB OH/IR 
s t a r s 

no o p t i c a l 
c o u n t e r p a r t 

600-2000 250-600K a b s o r p t i o n s t r o n g 

post -AGB 19454+2920 no non-
v a r i a b l e 

150-250 ? weak 

p r o t o - P N 18095+2704 yes non-
v a r i a b l e 

150-250 emiss ion weak 

young PN Vy2-2 
Hb 12 

b r i g h t non-
v a r i a b l e 

100-200 emiss ion s i n g l e 
peak 

PN many b r i g h t non-
v a r i a b l e 

<100 no no 

The ground-based o b s e r v a t i o n s of IRAS sources and the models o f PPN 
e v o l u t i o n a r e done i n c o l l a b o r a t i o n w i t h D r s . B . J . Hr ivnak and K.M. V o l k 
r e s p e c t i v e l y . This work i s supported by an o p e r a t i n g g r a n t from the 
N a t u r a l Sc iences and E n g i n e e r i n g Research Counc i l o f Canada. 
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