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ORIGIN OF PLANETARY NEBULAE 

Ian W. Roxburgh 
Queen Mary Col lege , Univers i ty of London, London El 4NS. 

1. INTRODUCTION 

My i n t e r e s t in the o r i g i n of p lanetary nebulae goes back to 1967 
when I proposed that the envelopes of g i a n t s with degenerate carbon-
helium cores were dynamically unstable and would be completely e j e c t e d 
to form a planetary nebula. E s s e n t i a l l y the same proposal was made 
almost s imultaneously by Lucy (1967) and Paczyn'ski (1967) . For some 
years a f t e r that I worked on the dynamical e j e c t i o n with W. van der 
Reijden, but for the l a s t few years my i n t e r e s t s have been in other 
areas , p r i n c i p a l l y so lar phys ics and g r a v i t a t i o n theory. What then 
can I contr ibute to a d i s c u s s i o n on Planetary Nebulae? Not a d e t a i l e d 
review of work in t h i s area; for t h a t , the reader i s re ferred to review 
a r t i c l e s by Sa lpeter (1971), Osterbrock (1973) and Mi l l er (1974). 

The t h e o r e t i c i a n working in so lar phys ics faces d i f f e r e n t problems 
from h i s co l l eagues in s t e l l a r phys i c s , p a r t i c u l a r l y from h i s co l l eagues 
working on s t e l l a r evo lut ion and the e j e c t i o n of planetary nebula s h e l l s 
The so lar p h y s i c i s t has an abundance of observat ional data and he cannot 
e a s i l y get away with h igh ly i d e a l i s e d t h e o r i e s . He has not been notably 
s u c c e s s f u l in expla in ing the embarassingly d e t a i l e d observat ions; he 
cannot explain the heat ing of the corona, the supergranulat ion, the 
e l ec t ron proton and helium temperatures in the so lar wind, the so lar 
Lithium Beryllium and Boron abundances, the so lar o s c i l l a t i o n s and those 
under-abundant neutr inos . This has made me somewhat more re luc tant to 
accept that the t h e o r e t i c a l models we use in s t e l l a r phys ics are qui te 
as v a l i d as i s u s u a l l y be l i eved and i t i s t h i s (healthy) scept i c i sm that 
I wish to contr ibute to a d i s c u s s i o n on the o r i g i n of planetary nebulae. 
I cannot do b e t t e r than to remind you of the words of John Locke (1689), 
the "founding father" of B r i t i s h e m p i r i c i s t phi losophy: 

" i t i s there fore worthwhile to search out bounds between 
opinion and knowledge, and examine by what measures in th ings 
whereof we have no c e r t a i n knowledge we ought to regu la te our 
assent and moderate our persuasions" 

With these words r inging in our ears , what can be sa id about the o r i g i n 
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of planetary nebulae? From the observat ional s ide there i s s u f f i c i e n t 
evidence to advance the hypothes is that the progeni tors of p lanetary 
nebulae are luminous red g iant s ( c . f . Osterbrock 1973); we s h a l l take 
t h i s as a working hypothes i s . Our f i r s t task i s t o see what the theory 
of s t e l l a r evo lut ion has to say about the in terna l s tructure and evolu-
t i o n of s t a r s from the main sequence to the g iant phase. Our second 
task i s to h i g h l i g h t the u n c e r t a i n t i e s in these c a l c u l a t i o n s . Next, we 
consider various proposed t h e o r i e s and comment on them. F i n a l l y , we 
consider the problem of binary s t a r s . 

2. THE THEORY OF STELLAR EVOLUTION 

The r e s u l t s of c a l c u l a t i o n s on the evo lut ion of s t a r s are sketched 
in Figures 1 and 2. On the main sequence, s t a r s convert hydrogen in to 
helium in t h e i r centra l reg ions ; s t a r s l i k e the sun have no centra l 
convect ive zone, but more massive s t a r s do. Af ter the exhaustion of 
hydrogen, the s t a r ' s helium core c o n t r a c t s , f or s t a r s M < 2.5M@ de-
generacy pressure h a l t s the contrac t ion , and they take up a giant s t ruc -
ture with a hydrogen burning s h e l l . When the core mass grows to about 

FIGURE 1 
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FIGURE 2 

Internal Structure of Stars 

IM0 

2 M0 

4Mo 

0.5M@, helium i g n i t e s in the degenerate core g iv ing r i s e to the helium 
f l a s h leading to a non-degenerate helium burning core , and the s tar now 
resembles i t s more massive counterpart that went s t r a i g h t to helium 
burning a f t e r main sequence hydrogen exhaust ion. 

Af ter helium exhaustion in the core , s t a r s with M < 7M@ develop a 
degenerate carbon-oxygen core , a helium burning s h e l l , a helium i n t e r -
mediate reg ion , a hydrogen burning s h e l l and a hydrogen envelope. 
During t h i s next phase of evo lu t ion , the helium s h e l l burning goes 
through thermal pu l se s in which the luminosity of the s h e l l r i s e s to 
very large va lues MO6 L@, although for very short t imes. At t h i s s tage 
the t o t a l luminosity of the s t a r i s large , 103-10 i+ L@ and the radius i s 
very large ^200 R@, so the model s t a r s have the proper t i e s of red g i a n t s . 
At t h i s s tage of evo lut ion we b e l i e v e that s t a r s < 4M@ e j e c t t h e i r hy-
drogen envelopes to form planetary nebulae, the remnant core evolving 
to become a white dwarf. Q u a l i t a t i v e l y the scheme f i t s the observed 
data." 

3. PROBLEMS IN STELLAR EVOLUTION THEORY 

Deta i led q u a n t i t a t i v e models of s t e l l a r e v o l u t i o n , of which there 
are very many in the l i t e r a t u r e , can, however, only be developed under 
c e r t a i n s i m p l i f y i n g assumptions - and i t i s here that we have to "search 
out the bounds between opinion and knowledge". Let me examine a few 
problem areas. 
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3.1 Convection 

The "theory" of turbulent convect ive energy transport used in a s t ro -
phys ics i s wrong: the only quest ion i s how wrong i s i t ? The problem 
i s to determine the average value of f l u c t u a t i n g v a r i a b l e s in the energy 
equation of a f l u i d . In the as trophys ica l model, several assumptions 
are made - f i r s t , that the layer i s th in compared to a s c a l e h e i g h t , 
secondly, that v i s cous d i s s i p a t i o n i s n e g l i g i b l e and f i n a l l y , that the 
remaining energy transport term can be est imated by assuming "blobs" of 
f l u i d t r a v e l a mixing length conserving entropy and in pressure e q u i l i -
brium with the surrounding medium. Al l these assumptions are of dubious 
v a l i d i t y and the th in layer approximation i s not v a l i d . The errors in 
the theory are l i k e l y to be s i g n i f i c a n t in es t imat ing the ex tent of con-
v e c t i v e overshooting at the boundary of convect ive zones, the s tructure 
of low temperature convect ive envelopes and the magnitude of convect ive 
v e l o c i t i e s ( c . f . Roxburgh 1976). The problem i s even more severe when 
considering time dependent convect ion. Unfortunately , we are s t i l l a 
very long way from developing a correct theory, but r e s u l t s that are 
dependent on the "theory" of convect ion should be considered with 
caut ion. 

3 .2 Coronal Driven Mass Loss 

The sun has a corona and r e s u l t i n g mass l o s s in the so lar wind. 
However, the theory of these phenomena i s poorly understood and extra-
p o l a t i o n to other s t a r s , though necessary , should be t rea ted with 
caut ion. I t i s genera l ly b e l i e v e d , though not proven, that the corona 
i s heated by the d i s s i p a t i o n of a c o u s t i c or magneto-acoustic waves that 
are generated by the turbulence in the convect ive zone. The ra te of 
conversion of turbulent convect ive k i n e t i c energy in to a c o u s t i c wave 
energy in subsonic turbulence i s genera l ly taken to be proport ional to 
the Mach number to the e ighth power. I f the turbulence becomes s o n i c , 
a very large f r a c t i o n of the energy f l u x could end up as waves and u l -
t imate ly as mass l o s s . The ra te of t h i s mass l o s s and hence i t s terminal 
speed w i l l need a theory analogous to that of the so lar wind, and t h i s 
theory i s not wel l understood, p a r t i c u l a r l y the plasma turbulence and 
energy transport ( c . f . Singer and Roxburgh 1977). 

3 .3 Rotation .and Magnetic F ie lds 

Attempts to include r o t a t i o n and magnetic f i e l d s in s t e l l a r evolu-
t i o n are s t i l l in t h e i r infancy . However, the simple observat ion that 
in non-rotat ing models of s t e l l a r evo lut ion the centra l dens i ty increases 
by f a c t o r s of the order of 106 should make us caut ious s ince a contrac-
t i o n of the centra l reg ions would increase the r a t i o of magnetic and/or 
r o t a t i o n a l energy to g r a v i t a t i o n a l energy, producing s u b s t a n t i a l depar-
tures from spher ica l symmetry and p o s s i b l y dynamical i n s t a b i l i t y . I f 
a turbulent dynamo operates in the surface convect ive zones of g i a n t s , 
i t could play a major r o l e in c o n t r o l l i n g or at l e a s t i n f l u e n c i n g the 
geometry of mass l o s s . 

3 .4 Physical Processes 

There s t i l l remain u n c e r t a i n t i e s over the opac i ty of s t e l l a r mate-
r i a l and neutrino energy l o s s e s . 
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3 .5 Dynamical Phases 

At c e r t a i n s tages of s t e l l a r evo lu t ion , the helium f l a s h , s h e l l 
f l a s h e s , mass e j e c t i o n , o s c i l l a t i o n s , e t c . , i t i s necessary t o fo l l ow 
the dynamical evo lut ion on a very short time s c a l e . Substant ia l pro-
gress has been made on one-dimensional models, but very much l e s s on 
two or three-dimensional hydrodynamics, and anyway, these problems o f t e n 
require a model of time dependent convect ion. 

4. THEORIES OF NEBULA EJECTION 

While we must regard any models with caut ion , t h i s i s no excuse for 
inac t ion; can we g ive at l e a s t q u a l i t a t i v e reasons for a s tar t o e j e c t 
i t s envelope to form a planetary nebula? Several sugges t ions have been 
proposed drawing on some of the expected proper t i e s of evolved g i a n t s . 
These proper t i e s are: 

(a) A degenerate carbon-oxygen core , helium and/or hydrogen burn-
ing s h e l l s , probably s i g n i f i c a n t l y d i s t o r t e d by r o t a t i o n and 
magnetic f i e l d s 

(b) Thermal f l a s h e s given very dramatic increases in the helium 
s h e l l source luminosity L^e ^ 106 L@ 

(c) The t o t a l luminosity i s very large and rad ia t ion pressure be-
comes comparable to grav i ty L ^ 4TTCGM/K 

(dj The s tar has a very large radius and t h e r e f o r e a very small 
escape speed V50 km/sec 

(e) The surface layers are very cool and have s i g n i f i c a n t l y deep 
i o n i z a t i o n zones, the t o t a l energy in the envelope, grav i ta -
t i o n a l k i n e t i c and i o n i z a t i o n energy becomes p o s i t i v e 

( f ) The s t a r s have very vigorous sonic convect ion and there fore 
probably coronae and coronal ly driven mass l o s s . 

Giant s t a r s have another property that i s probably s i g n i f i c a n t ; the 
central and surface reg ions do not react back on each other . For in-
s tance , the luminosi ty of the s tar i s determined by the core mass and 
not by the envelope mass. The radius on the other hand i s determined 
by the luminosi ty and not by the envelope mass. Thus, i f the s tar i s 
uns table , l o s ing mass does not s t a b i l i z e the s t a r , so that complete 
e j e c t i o n of the envelope i s probable. 

The helium s h e l l f l a s h e s led Rose (1966) to propose that these 
grew in amplitude u n t i l they led to mass e j e c t i o n , perhaps in bursts 
rather than cont inuously . Faulkner (1970) and Finzi and Woolf (1971) 
proposed that as the luminosi ty approaches the Eddington l i m i t , the 
envelope i s forced out by rad ia t ion pressure . In the Rose model the 
energy for e j e c t i o n comes from the helium s h e l l f l a s h ; in the F inz i , 
Finzi and Shaviv (1974) model the energy comes from a hydrogen burning 
s h e l l . 
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The dynamical i n s t a b i l i t y model proposed by Lucy (1967), Roxburgh 
(1967) and Paczynski and Zilkowski (1968) i s driven by the low value of 
γ in the deep i o n i z a t i o n zones and by the f a c t that the t o t a l energy 
of the envelope i s p o s i t i v e ( g r a v i t a t i o n a l , thermal and i o n i z a t i o n ) ; 
the energy of recombination can, in p r i n c i p l e , lead to envelope e j e c t i o n . 
Early s t u d i e s by Paczynski, Zilkowski and myself found such i n s t a b i l i -
t i e s from an ad iabat ic a n a l y s i s , but s ince the thermal and dynamical 
t imes are comparable a more s o p h i s t i c a t e d a n a l y s i s was needed. This was 
undertaken by Keely (1970) who undertook a d e t a i l e d n o n - l i n e a r , non-
ad iabat ic a n a l y s i s , and found f i n i t e amplitude o s c i l l a t i o n s with periods 
comparable to those of the Myra v a r i a b l e s , but no e j e c t i o n . Subsequent 
c a l c u l a t i o n s by Smith and Rose (1972) found a small amount of e j e c t i o n 
leading them to suggest that the s tar e j e c t e d many small mass s h e l l s . 
Kutter and Sparks (1974) and Spry (1975) repeated these c a l c u l a t i o n s for 
higher l u m i n o s i t i e s and found o s c i l l a t i o n s of Myra type g iv ing way to 
t o t a l envelope e j e c t i o n for large l u m i n o s i t i e s . Table 1 g ives some 
of these r e s u l t s . 

TABLE 1 

Μ = 1·1Μθ, Mc = 1·0Μθ 

L/L@ Log R Log T e f f Period 1 

3100 13.04 3 .55 0 .5 
6500 13.25 3 .54 1.1 
9200 13.31 3 .53 1.4 

12,000 13.36 3 .53 1.7 
19,000 EJECTION 

However, the d e t a i l s of these models depend on the assumptions that 
went i n t o t h e i r c a l c u l a t i o n s , and in p a r t i c u l a r the quest ion of whether 
the s t a r l o s e s i t s envelope by mul t ip le e j e c t i o n or one s i n g l e e j e c t i o n 
remains unanswered. 

The whole problem i s complicated by the n e g l e c t of a c o u s t i c or 
magnetic acous t i c wave generat ion in the convect ive zone and the proba-
b i l i t y of chromosphere/corona production and an a s s o c i a t e d wind. The 
o s c i l l a t i o n s in the Myra phase would a l s o produce acous t i c waves and a 
corona so we should expect mass l o s s by a wind during the Myra phase. 
I f we attempt to es t imate the production of n o i s e and extrapo la te from 
the so lar case we f ind very large mass l o s s r a t e s , increas ing with in -
creas ing s t e l l a r luminos i ty . By the time the luminosi ty has r i s e n to 
lO^Lg), the whole envelope could jus t evaporate in a time of 101* years . 

At the present t ime, we should not f b e l i e v e 1 any of the t h e o r i e s , 
but qu i te probably many of the e f f e c t s are important. For example, as 
the s tar increases in luminosi ty we might expect (a) increas ing wind 
l o s s , (b) Myra-like dynamical o s c i l l a t i o n s , (c) decreasing envelope 
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mass from the wind, (d) occas ional small s h e l l e j e c t i o n s caused by He 
s h e l l f l a s h e s , (e) dynamical e j e c t i o n of the remnant envelope, ( f ) ac-
c e l e r a t i o n of the e j e c t e d envelope by rad ia t ion pressure . However, a l l 
the 'models' s u f f e r from the d i f f i c u l t i e s in modell ing the s tructure and 
dynamics of s t a r s , and without a dramatic advance in turbulence theory 
the answers are more l i k e l y to come from observat ion than theory. 

5. BINARY STARS 

One p o s s i b l e t e s t on t h e o r i e s i s i f the remnant s tar i s a binary. 
Recently, Mendez and Niemela (1977) have reported that the centra l s t a r 
in NGC 1360 i s a spec troscop ic binary with a period of 8 days and a 
t o t a l mass of the order of a so lar mass. This i s d i f f i c u l t to r e c o n c i l e 
with most t h e o r i e s , but p a r t i c u l a r l y with the dynamical i n s t a b i l i t y 
model s ince the maximum dimension of the system i s only of the order of 
20 R@, not 200 R@. I f more binary systems are found, t h i s w i l l be of 
cons iderable va lue . 

F i n a l l y , one may conjecture that S i r i u s Β i s the remnant of a 
planetary nebula. Here the s t a r s are we l l - s epara ted and should have 
evolved without i n t e r a c t i o n ; i f the orb i t was o r i g i n a l l y c i r c u l a r , then 
for the present e c c e n t r i c i t y to be 0 . 6 , S i r i u s Β must have had a mass 
of 3 M@ be fore envelope e j e c t i o n . This i s in reasonable agreement with 
models which pred ic t a remnant core of order 1 M@ from a s tar of mass 

6. CONCLUSION 

In the in troduct ion , I quoted the advice of John Locke; i f we heed 
that advice i t i s c l e a r that whi le there are several p l a u s i b l e schemes 
for the o r i g i n of p lanetary nebulae, we should "regulate our assent and 
moderate our persuasions". There i s much to be done before we can, or 
at l e a s t before I can, "bel ieve" any one theory. I f I am to s i n g l e 
out the major problem, i t i s turbulent convect ion. While convect ion i s 
important at . a l l s tages of s t e l l a r e v o l u t i o n , i t i s p a r t i c u l a r l y in the 
l a t e g i a n t s that are thought to be the precursors of p lanetary nebulae 
that the theory i s needed in d e t a i l , and that theory i s lacking . In-
s tead, the astronomer f a l l s back on the mixing length theory because he 
has to use something; unfor tunate ly , i t looks as though he w i l l have to 
do so for many years t o come. I a l s o f e e l that asymmetric e f f e c t s w i l l 
be important, p a r t i c u l a r l y i f the dr iv ing mechanism i s s i t e d deep down 
i n s i d e the s tar - t h i s could p o s s i b l y g ive r i s e to the asymmetries in 
the e j e c t e d nebula. Perhaps we are r ight to think that p l a n e t a r i e s 
come from double s h e l l source s t a r s , but I think i t w i l l need a great 
deal of work before we can be sure how the s h e l l i s e j e c t e d . 
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DISCUSSION 

Kaler: Would you comment on the p o s s i b i l i t y that i t i s not j u s t one 
process , but perhaps many of them which act to produce d i f f e r e n t kinds 
of s h e l l s at d i f f e r e n t po in t s in a s t a r ' s l i f e t i m e ? 

Roxburgh : I don't think on t h e o r e t i c a l grounds we are able to say which 
of these processes i s the one that happens or i s the one that happens 
f i r s t . There are jus t too many u n c e r t a i n t i e s in evolv ing s t a r s to that 
s tage . 

Terzian: Could the observed evidence of 'mul t ip le envelopes' put re -
s t r i c t i o n s on some of the models of e j e c t i o n which you described? 

Roxburgh : The e a r l i e r suggest ion by Rose was that i f you got at l e a s t 
a th in s h e l l and helium s h e l l f l a s h e s then maybe you got a s e t of nebu-
lar e j e c t i o n s . The only way in which e j e c t i o n has been numerical ly 
demonstrated has been for complete e j e c t i o n . I c e r t a i n l y think i t i s 
p o s s i b l e that you could get small e j e c t i o n s t r iggered by s h e l l f l a s h e s . 

F ie ld : We observe s t e a d y - s t a t e winds from red g i a n t s , but the planetary 
phenomenon seems to be much more impuls ive . In your d i s c u s s i o n , the two 
phenomena seem to be i n t e r r e l a t e d . Would you c l a r i f y the d i s t i n c t i o n ? 

Roxburgh : Yes, you get a large mass l o s s in a steady wind up u n t i l the 
s tage where you have reduced the envelope mass to a r e l a t i v e l y small 
amount and then that i s e j e c t e d c l ean ly fo l lowing the wind that has been 
e j ec t ed be fore . 

A l l e r : Can one predic t the chemical composition of the e j e c t e d layers? 
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Presumably, i t w i l l depend on the masses of the precursor s t a r . 

Roxburgh : One can make p r e d i c t i o n s , but they depend on the assumptions 
you put i n , p a r t i c u l a r l y the proper t i e s of convect ion at the bottom of 
the convect ive envelope. 
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