
THE POSITION OF THE CENTRAL STARS OF PN ON THE HR DIAGRAM 

S . R . Po t ta sch 

Kapteyn As tronomica l I n s t i t u t e 

P . O . Box 800 

9700 AV Groningen 

The Ne ther lands 

1. INTRODUCTION 

C e n t r a l s t a r s can be p l a c e d on the HR diagram i f t h e i r e f f e c t i v e tempe-
r a t u r e ( T e f f ) and r a d i i a r e known. Knowledge of the r a d i u s can sometimes 
be r e p l a c e d by another i n d i c a t i o n of the l u m i n o s i t y . The d i s t a n c e , which 
a lways p l a y s an important , r e a l l y c r i t i c a l r o l e , i s not w e l l known. Thi s 
i s the e s s e n t i a l reason that there i s so much u n c e r t a i n t y about the 
p o s i t i o n on the HR diagram. 

The s i t u a t i o n as i t was s e v e r a l y e a r s ago i s the f o l l o w i n g . K a l e r 
(1983) s t u d i e d the c e n t r a l s t a r s of an e x t e n s i v e group of l a r g e , 
presumably evo lved n e b u l a e . He assumed the d i s t a n c e could be ob ta ined 
from the S h k l o v s k i i method. H i s r e s u l t a n t d iagram, which i s shown as 
F i g . 5c , covers mainly the r e g i o n a f t e r the n u c l e a r burning has s topped . 
The c e n t r a l s t a r p o s i t i o n s a r e c o n s i s t e n t w i t h t h e o r e t i c a l e v o l u t i o n 
c a l c u l a t i o n s f o r core masses between 0.5 and 0.8 Μ Θ . 

I have approached the problem i n a somewhat d i f f e r e n t way 
( P o t t a s c h , 1983 ) . The s t a t i s t i c a l methods of determining d i s t a n c e were 
d i s c a r d e d . Only those c e n t r a l s t a r s were used whose d i s t a n c e could be 
determined i n an independent way. The f a c t that they a r e independent of 
the s t a t i s t i c a l methods does not mean they a r e c o r r e c t , because d e t e r -
mining a c c u r a t e d i s t a n c e s i s d i f f i c u l t . The g e n e r a l conc lus ions i n d i -
c a t e d : ( 1 ) the e x i s t e n c e of l e s s luminous c e n t r a l s t a r s than p r e d i c t e d 
by the Schönberner (1981) 0.55 Μ Θ e v o l u t i o n a r y t r a c k , and ( 2 ) the 
e x i s t e n c e of very h igh temperature c e n t r a l s t a r s . 

A t h i r d approach to the problem i s g i v e n i n the work of Mendez e t 
a l . ( 1981 , 1985 ) . Here the p r o f i l e s of the s t e l l a r H and He l i n e s a r e 
measured a t h igh r e s o l u t i o n . With the h e l p of model atmospheres , the 
p r o f i l e s a r e f i t t e d to d e r i v e T e ^ ^ and the g r a v i t y g . U s i n g t h e o r e t i c a l 
e v o l u t i o n t r a c k s , g may be s e p a r a t e d i n t o the c e n t r a l s t a r mass M c g , and 
the s t e l l a r r a d i u s R. Th i s l e a d s d i r e c t l y to the l u m i n o s i t y . The d i s -
tance i s a b y - p r o d u c t . The method can only work i f the model atmospheres 
i s approx imate ly c o r r e c t . The atmospheres used a t present can only 
reproduce s t a r s w i th an a b s o r p t i o n l i n e spectrum which l i m i t s the 
a p p l i c a b i l i t y of the method. 

A r e l a t e d method of o b t a i n i n g i n f o r m a t i o n from the e v o l u t i o n a r y 
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t r a c k s makes use of a comparison between the p r e d i c t e d n e b u l a r ages and 
those o b s e r v e d . This has e s p e c i a l l y been a p p l i e d by Schonberner (1981) 
who p l o t s the p r e d i c t e d a b s o l u t e magnitude M Y as a func t ion of p r e d i c t e d 
a g e , and compares these wi th the observed v a l u e s . He has obta ined the 
r e s u l t that most c e n t r a l s t a r s have core masses between 0.55 Μ Θ and 
0.6 MQ . I n the comparison knowledge of the d i s t a n c e i s necessary and 
these have been o b t a i n e d from the S h k l o v s k i i method. Another important 
assumption which goes i n t o t h i s method i s a knowledge of a t what time in 
the t h e o r e t i c a l e v o l u t i o n the nebulae i s e j e c t e d . Schonberner (1981) 
assumes that t h i s occurs when the s t a r has a temperature of 5000 K, but 
t h i s i s a p p a r e n t l y an a r b i t r a r y c h o i c e . 

We s h a l l r e p o r t here on the most recent developments i n these 
approaches , h o p e f u l l y in a c r i t i c a l way. 

2 . DISTANCES TO PLANETARY NEBULAE 

As mentioned a b o v e , the d i s t a n c e de terminat ion i s c r i t i c a l f o r p l a c i n g 
the c e n t r a l s t a r on the HR d i a g r a m . The use of s t a t i s t i c a l d i s t a n c e 
s c a l e s i s becoming more and more s u s p e c t , not only by myself ( e . g . 
P o t t a s c h , 1984; 1987; G a t h i e r , 1983) but by o thers as w e l l ( e . g . Wood et 
a l . , 1986; Kinman et a l . , 1 9 8 7 ) . I f e e l that i t i s very dangerous to use 
f o r an a r b i t r a r y sample of nebu lae because of the ev idence that young 
n e b u l a e a r e much more a f f e c t e d than o l d e r ones . This immediately b i a s e s 
the e v o l u t i o n . K a l e r s r e s u l t s u s i n g S h k l o v s k i i d i s t a n c e s w i l l be d i s -
cussed b e l o w . 

I t i s necessary to s e p a r a t e the groups of nebulae a c c o r d i n g to how 
the d i s t a n c e has been determined . Thi s i s not only because there may be 
inherent sys temat ic e r r o r s which r e f e r only to that p a r t i c u l a r g r o u p , 
but a l s o because there a r e important s e l e c t i o n e f f e c t s present which 
should be known when in tercompar ing the r e s u l t s . 

The four groups a r e : 
( 1 ) that d i ccussed by G a t h i e r (1984) and G a t h i e r and Pot tasch 

( 1 9 8 7 ) . They have used d i s t a n c e s determined i n v a r i o u s ways , but two 
methods dominated the sample . These a r e the e x t i n c t i o n d i s t a n c e diagrams 
d i s c u s s e d i n d e t a i l by G a t h i e r e t a l . (1986a) and the 21 cm a b s o r p t i o n 
method ( G a t h i e r e t a l . , 1 9 8 6 b ) . The sample of the above authors has been 
modi f i ed to remove the expans ion d i s t a n c e s determined us ing photographic 
p l a t e s , f o r reasons which w i l l become c l e a r p r e s e n t l y . 

( 2 ) that d i s c u s s e d by Mendez e t a l . ( 1 9 8 7 ) , which uses the a n a l y s i s 
of the c e n t r a l s t a r l i n e p r o f i l e s as d i s c u s s e d a b o v e . Only the l a t e s t 
r e s u l t s have been used , s ince these authors cons ider them more r e l i a b l e . 
They a r e c l e a r l y s e l e c t e d as the b r i g h t e s t known c e n t r a l s t a r s having an 
a b s o r p t i o n l i n e spectrum. 

( 3 ) that d i s c u s s e d by K a l e r ( 1 9 8 3 ) . This group r e p r e s e n t s d i s t a n c e 
de terminat ion u s i n g the S h k l o v s k i i method and was chosen as a comparison 
w i t h the group having independent d i s t a n c e . Thi s p a r t i c u l a r study was 
chosen above o thers us ing the same d i s t a n c e method f o r two r e a s o n s . 
F i r s t , i t has been w i d e l y c i t e d and appears to be r e p r e s e n t a t i v e . 
Secondly , only l a r g e evo lved nebu lae a r e inc luded i n the sample , f o r 
wich the e r r o r s i n the mass a r e p r o b a b l y l i m i t e d to an o r d e r of magni-
tude and the d i s t a n c e i s p r o b a b l y c o r r e c t to about a f a c t o r of 2 . 
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( 4 ) a sample of g a l a c t i c center nebulae s e l e c t e d f o r t h e i r f a i n t -
n e s s . Many a r e r e c e n t l y r e p o r t e d by Kinraan e t a l . ( 1 9 8 7 ) · Some have been 
d i s c u s s e d by Webster ( 1 9 7 5 ) . Radio continuum f l u x d e n s i t i e s have 
r e c e n t l y become a v a i l a b l e f o r a l l ( G a t h i e r e t a l . , 1983; Z i j l s t r a , 
u n p u b l i s h e d ) . 

These samples w i l l now be compared assuming the d i s t a n c e g i v e n by 
the above authors i s c o r r e c t . F i g . 1 i s a h i s togram of the i n t r i n s i c 
6 cm continuum f l u x d e n s i t y which the nebulae would have i f p l a c e d a t 
the g a l a c t i c c e n t e r , f o r the f o u r samples . The r e s u l t s of Jacoby (1980) 
i n a survey of nebulae i n the M a g e l l a n i c Clouds i s inc luded f o r compa-
r i s o n . For many of the nebulae s t u d i e d by K a l e r (1983) and the M a g e l -
l a n i c Cloud nebulae r a d i o measurements a r e not a v a i l a b l e . I n that case 
Hß f l u x e s were used and converted to r a d i o continuum assuming T e = 10** Κ 
and H e + / H = 0 . 1 . The e x t i n c t i o n g i v e n by the authors was u s e d . 

F i ^ - Histogram showing the intrinsic 

6 cm radio continuum flux density which the 

nebula would have if placed at the galactic 

center, for the four samples of nebulae 

discussed in the text. 

Kaler sample 

GalhiPr PoMasch 
sample 

. a _ J _ c _ 
Mendez et ; 
sample 

Galactic Center 
sa iop l r 

Maqel lanir Clouds 
survey (Jacoby ) 

01 0/. 1 A 10 AO 100 
Radio Continuum Flux Density (mJy) 

From the f i g u r e i t i s c l e a r that the nebulae i n both the Mendez et 
a l . sample and ( t o a s l i g h t l y l e s s e r e x t e n t ) the G a t h i e r - P o t t a s c h sample 
a r e i n t r i n s i c a l l y e q u a l l y b r i g h t and a r e an o r d e r of magnitude b r i g h t e r 
that the a v e r a g e nebula as d e f i n e d by the M a g e l l a n i c Cloud o b j e c t s . By 
c o n t r a s t the nebulae i n K a l e r 1 s sample a r e g e n e r a l l y very f a i n t o b j e c t s 
i n d e e d . Some of them a r e f a i n t e r than the b e s t s u r v e y ' s of the M a g e l -
l a n i c Clouds could d e t e c t . By comparison, the g a l a c t i c center sample of 
f a i n t nebulae seem to be b r i g h t . 

I f the n e b u l a r b r i g h t n e s s of the G a t h i e r - P o t t a s c h ( G P ) and the 
Mendez e t a l . (M) samples appear s i m i l a r , i n most o ther ways they a r e 
s u b s t a n t i a l l y d i f f e r e n t . F i r s t of a l l most of the GP nebulae a r e a t low 
g a l a c t i c l a t i t u d e , because the method of d i s t a n c e de terminat ion i s 
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a p p l i c a b l e only f o r low l a t i t u d e s . The M nebulae i n c o n t r a s t a r e u s u a l l y 
h i g h e r l a t i t u d e o b j e c t s . I n that r e s p e c t they a r e s i m i l a r to the K a l e r 
sample . Another important d i f f e r e n c e between the GP and M samples i s the 
b r i g h t n e s s of the c e n t r a l s t a r . A h i s togram of the a b s o l u t e v i s u a l 
magnitude of the c e n t r a l s t a r f o r the GP and M samples i s shown as F i g . 
2 . As can be seen from the f i g u r e there i s a d i f f e r e n c e of a t l e a s t 5 
magnitudes ( a f a c t o r 100) on the a v e r a g e between the samples . 

G a t h i e r - P o t t a s c h 
sample 

Ω 2 h 

- H i s t o g r a m g i v i n g t h e a b s o l u t e 
v i s u a l m a g n i t u d e o f t h e c e n t r a l s t a r f o r 
F i g . 

t w o o f t h e s a m p l e s d i s c u s s e d i n t h e t e x t . 

Mendez et a l . 
sample 

8 6 4 2 0 - 2 - 4 

Absolute visual magnitude Mv 

T h i r d l y there i s a d i f f e r e n c e i n morphology between the two 
samples . The M sample conta ins most ly symmetric nebulae which a r e 
d e s i g n a t e d as Type I I i n the c l a s s i f i c a t i o n of P e i m b e r t . The GP sample 
conta ins a s u b s t a n t i a l number of Type I nebu lae as w e l l . Th i s i s a l s o 
r e f l e c t e d i n the abundances of he l ium and n i t r o g e n . For example, the 
h i s togram i n F i g . 3 shows the n i t r o g e n - o x y g e n r a t i o f o r those nebulae i n 
the two samples where i t has been w e l l determined ( r e f e r e n c e s i n the two 
papers c i t e d ) . A comparison w i th a l l g a l a c t i c p l a n e t a r i e s ( e . g . 
P o t t a s c h , 1984) i s g i v e n i n the bottom p a r t of the d i a g r a m . I t can be 

Gathier Pottasch 
sample 

Mendez et al. 
sample 

π η 
All Galactic 
Nebulae 

HII 
regions 

F ig» 3 - H i s t o g r a m c o m p a r i n g t h e n i t r o g e n -
o x y g e n r a t i o o f t w o o f t h e s a m p l e s w i t h a l l 
k n o w n g a l a c t i c p l a n e t a r y n e b u l a e . An a r r o w 
i n t h e l o w e r d i a g r a m i n d i c a t e s t h e N/0 
r a t i o i n H I I r e g i o n s . 

03 0.45 Q67 1 T5 23 34 5.1 76 11 17 26 

Nitrogen/Oxygen ratio MO"1) 
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seen that the h i g h e r N/0 v a l u e s a r e w e l l r e p r e s e n t e d i n the GP sample 
but a r e h a r d l y represen ted i n the M sample . The K a l e r sample i s not 
p l o t t e d but h igh v a l u e s of N/0 a r e a l s o presen t ( K a l e r , 1983 ) . The 
consequences of t h i s w i l l be d i s c u s s e s p r e s e n t l y . 

3. TEMPERATURE OF THE CENTRAL STAR 

Before p r e s e n t i n g the HR diagrams a few words can be s a i d about the 
s t e l l a r t e m p e r a t u r e s ^eff Much recent work has been done. The energy 
b a l a n c e method has been improved and a p p l i e d to a l a r g e number of 
nebu lae ( P r e i t e - M a r t i n e z and P o t t a s c h , 1983) . New magnitudes have become 
a v a i l a b l e f o r improved Z a n s t r a temperatures (Reay e t a l . , 1984; Shaw and 
K a l e r , 1985; Walton e t a l . , 1986; G a t h i e r and P o t t a s c h , 1 9 8 7 ) . F i n a l l y 
Mendez e t a l . ( 1 9 8 7 ) h a v e d e t e r m i n e d Teff from the ( a b s o r p t i o n ) l i n e 
p r o f i l e s . Only i n the l a s t case have model atmospheres been used i n 
i n t e r p r e t i n g f l u x r a t i o s as t emperatures . I n the o ther cases b lackbody 
r a d i a t i o n has been assumed. W h i l e t h i s may not be c o r r e c t , model atmos-
pheres only r e p r e s e n t an improvement i f they a r e the c o r r e c t model f o r 
the p a r t i c u l a r s t a r under c o n s i d e r a t i o n . 

One of the problems i n the temperature de terminat ion has been the 
i n t e r p r e t a t i o n of the d i f f e r e n c e between the hydrogen Z a n s t r a tempera-
t u r e , T Z ( H ) and the i o n i z e d hel ium Z a n s t r a temperature T z ( H e I I ) . I t 
has long been known that the l a t t e r i s o f t e n h i g h e r than the former . Two 
i n t e r p r e t a t i o n s have been g i v e n : ( 1 ) the nebula i s o p t i c a l l y t h i n i n 
hydrogen i o n i z i n g r a d i a t i o n , w h i l e i t i s o p t i c a l l y t h i c k e r i n r a d i a t i o n 
which w i l l doubly i o n i z e he l ium, ( 2 ) the a c t u a l atmosphere d e p a r t s from 
a b lackbody i n the sense that there i s excess r a d i a t i o n shortward of 
λ 228 Â . W h i l e the f i r s t e x p l a n a t i o n p r o b a b l y p l a y s a r o l e i n a few of 
the very l a r g e n e b u l a e , ev idence i s now accumulat ing that d e p a r t u r e from 
b lackbody r a d i a t i o n a r e the important e f f e c t i n most c a s e s . Two a r g u -
ments may be c i t e d . 

The f i r s t argument i s the f o l l o w i n g . I f a p l o t i s made of the r a t i o 
T z ( H e I I ) t o Τ ( H ) a g a i n s t Τ ( H ) , t h e r a t i o i s much l a r g e r f o r smal l 
v a l u e s of T Z ( H ) and approaches u n i t y a t temperatures above 1 0 5 K. Such 
a p l o t i s shown i n F i g . 4 . S ince e l e c t r o n s c a t t e r i n g becomes r e l a t i v e l y 

2.0 r 

Flg. - The ratio of the Hell Zanstra 
temperature to the Η Zanstra temperature is 
plotted against the latter quantity (from 
Gathier and Pottasch, 1987). 

1.8 

T z (HeII) 

Tz(H) 1 6 

1.4 

1.2 

1.0 

8 ο 

4χ104 7x104 10s 2 x10s 4x10s 
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a more important source of o p a c i t y w i th i n c r e a s i n g temperature , i t may 
be expected that the h i g h e r temperature s t a r s emit more l i k e b l a c k b o d i e s 
than the low temperature o b j e c t s . Hence the r a t i o w i l l decrease wi th 
i n c r e a s i n g temperature as o b s e r v e d . The s c a t t e r i n the p o i n t s i n the 
d iagram i s l a r g e and p r o b a b l y r e a l . I t may r e f l e c t d i f f e r e n t atmospheric 
s t r u c t u r e at any g i v e n temperature . 

The second argument d e r i v e s from a comparison of the v a r i o u s 
temperature de terminat ions f o r i n d i v i d u a l o b j e c t s , such as shown i n 
T a b l e 1 . Here a l l the s t a r s a r e l i s t e d whose temperature i s determined 
b o t h f r o m a s t u d y o f the l i n e p r o f i l e s ( T P R O F I L E ' M e n c * e z e t a l « > 1987) 
and f r o m the e n e r g y b a l a n c e method ( T E B , P r e i t e - M a r t i n e z and P o t t a s c h , 
1 9 8 3 ) . As can be seen from the T a b l e , t P R Q F I L F a l w a Y s l * e s between T Z ( H ) 
and T z ( H e I I ) , u s u a l l y c l o s e r to T Z ( H ) . Th i s i s not expected i f the 
d i f f e r e n c e i n the two Z a n s t r a temperatures i s due to o p t i c a l depth 
e f f e c t s i n which case t P R Q F I L E should be the same as T z ( H e I I ) . I t may be 
concluded t h a t , except f o r the l a r g e , low s u r f a c e b r i g h t n e s s n e b u l a e , a 
v a l u e i n between T Z ( H ) and T z ( H e I I ) should be used when only Z a n s t r a 
temperatures a r e a v a i l a b l e . 

TABLE 1 - STELLAR TEMPERATURES OBTAINED BY VARIOUS METHODS 

NEBULA T Z ( H ) T z ( H e I I ) ^PROFILE T E B 

NGC 1535 37 70 58 67 
NGC 2392 27 66 47 78 
NGC 3242 59 91 68 60 
NGC 6891 34 <50 50 40 
NGC 7009 68 90 75 60 

IC 418 36 - 36 30 
IC 2448 49 86 55 70 

R e f e r e n c e s : P r e i t e - M a r t i n e z and P o t t a s c h , 1983; Mendez et 
a l . , 1987; Shaw and K a l e r , 1985; G a t h i e r and P o t t a s c h , 1987. 

The v a l u e s of T E B g i v e n i n the T a b l e a r e computed assuming the s t a r 
r a d i a t e s as a b l a c k b o d y . They would be reduced , e s p e c i a l l y f o r the h i g h -
e r temperatures i f the model atmospheres g i v e n by Mendez et a l . (1987) 
were used . This would sometimes make the agreement wi th T pR0FILF ^ e t t e r > 
but sometimes i t would be w o r s e . I n c o n c l u s i o n , i t appears that the com-
b i n a t i o n of the d i f f e r e n t methods y i e l d s an e f f e c t i v e temperature which 
i s p r o b a b l y r e l i a b l e to 20%. O b t a i n i n g more a c c u r a t e v a l u e s of T^eff i s 
now very d i f f i c u l t because of presen t u n c e r t a i n t i e s i n the atmospheric 
s t r u c t u r e . I f T Z ( H ) and T z ( H e I I ) a r e e q u a l , the temperature may be 
more a c c u r a t e . 

4. RESULTANT HR DIAGRAMS 

The HR diagrams f o r each of the samples a r e shown as F i g . 5a , b and c. 
On F i g . 5a the GP sample i s p l o t t e d . The f i l l e d c i r c l e s i n d i c a t e those 
nebu lae which have h igh h e l i u m / n i t r o g e n abundance and which a r e known as 
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Type I n e b u l a e . A b o u t h a l f o f the sample have Teff g r e a t e r than Ι Ο 5 Κ 
w h i l e two of the s t a r s (NGC 2440 and 7027) have temperatures of between 
3 and 4 χ 10 5 K. There i s a tendency f o r the s t a r s f a l l i n g near the h igh 
core mass t r a c k s to a l s o have h igh n i t r o g e n abundance but there i s one 
except ion (NGC 6369) which should be b e t t e r s t u d i e d . The s t a r s whose 
p o s i t i o n f a l l s near the low mass t racks a l l appear to have normal He and 
Ν abundances . 

Two s t a r s d i s t i n g u i s h themselves i n F i g . 5a . The s t a r a t l o g ^eff = 

4 .42 , l o g L/L© = 2.2 i s from the nebula He 2-131. I t ' s d i s t a n c e has been 
measured by the e x t i n c t i o n method both by M a c i e l (1985) and by G a t h i e r 

l o g L / L e 

logT e f f (k ) 

l ° 9 L / i 

Fig. 5 - HR diagrams. The solid lines 
are theoretical prdictions for various 
core masses. For the three lowest core 
masses they are taken from Schönberner 
(1981) and for the two highest core 
masses from Wood and Faulkner (1986). 
Evolutionary ages in 10 3 yr are indi-
cated by tickmarks. If the first is 
taken as zero the rest are: 0.546 M©: 
10, 50, 100, 200, 320, 400, 500. 0.565 
M»: 2, 5, 10, 20, 25, 40; 0.644 Μ Θ: 
1.5, 2, 4, 4.5, 4.6, 5.5, 20, 40; 0.76 
and 0.89 0.1, 0.4, 1, 3, 10, 30. 

On these diagrams the various samples are plotted: 
a_. The Gathier-Pottasch sample. The filled circles are those stars whose nebula shows high 
nitrogen and/or helium abundance. The open circles indicate normal abundance, while for 
the other nebulae not enough abundance information is available. 
b. The Mendez et al. sample. The two circles connected by a line indicate the same star 
with two different assumptions going into the distance determination. 
c. Two samples are given. The crosses are the Kaler sample while the triangles are 
galactic center sample. 
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et a l . ( 1 9 8 6 a ) . I t i s i n a p a r t of the diagram where c e n t r a l s t a r s are 
not expected accord ing to the e v o l u t i o n c a c u l a t i o n s . As M a c i e l po in t s 
o u t , the s t a r i s somewhat be low the g a l a c t i c p lane ( b = - 1 3 ° ) which 
cou ld make the e x t i n c t i o n method l e s s r e l i a b l e . Mendez et a l . (1987) 
a l s o i n d i c a t e that the d i s t a n c e may be g r e a t e r . This po in t i s t h e r e f o r e 
l e s s c e r t a i n than the o t h e r s . On the other hand i t should be cons idered 
as ev idence that c e n t r a l s t a r s may indeed popu la te that p a r t of the 
d iagram. 

The o ther s t a r which i s worthy of s p e c i a l note i s that i n the lower 
l e f t ( l o g T e f f = 5 . 3 , l o g L / L 0 = 1 . 4 ) . Th i s i s the c e n t r a l s t a r of the 
l i t t l e s t u d i e d nebula NGC 6565. The d i s t a n c e seems to be w e l l d e t e r -
mined. I t i s a smal l nebula and t h e r e f o r e q u i t e young. One might t h e r e -
f o r e expect that the c e n t r a l s t a r i s i n t r i n s i c a l l y b r i g h t . I n s t e a d i t i s 
v e r y f a i n t (Reay et a l . , 1984; G a t h i e r and P o t t a s c h , 1987) and the 
Z a n s t r a temperature i s much l o w e r ; t h i s lower temperature i s confirmed 
by the r a t h e r low n e b u l a r e x c i t a t i o n c l a s s ( 5 ) . This s t r a n g e behaviour 
may be caused by an extremely r a p i d e v o l u t i o n of the c e n t r a l s t a r , so 
that the nebulae has not yet reached e q u i l i b r i u m wi th the r a d i a t i o n from 
the c e n t r a l s t a r . F u r t h e r study of t h i s nebula i s d e s i r e a b l e . 

F i g . 5b shows the Mendez et a l . sample. The m a j o r i t y of these s t a r s 
have a h igh luminos i ty ( l o g L / L 0 - 101*) and temperatures i n the range 25 
to 75000 K. There a r e almost no s t a r s i n t h i s range i n the GP sample. 
The theory p r e d i c t s that very few s t a r s should be found i n t h i s range 
because the e v o l u t i o n proceeds very r a p i d l y . We s h a l l r e t u r n to the 
q u e s t i o n of the time s c a l e p r e s e n t l y . I t i s a l s o remarkable the none of 
these h igh luminos i ty s t a r s shows a c l e a r l y h i g h e r n e b u l a r n i t r o g e n 
a n d / o r hel ium abundance, whereas most of the h igh luminos i ty o b j e c t s in 
the GP sample c l e a r l y do . 

A f u r t h e r p o i n t to note on F i g . 5b i s the presence of a c e n t r a l 
s t a r a t low luminos i ty and low temperature . The r e c e n t l y d i s c o v e r e d 
n e b u l a , EGB 5, i s f a i n t and not w e l l s t u d i e d . However i t f a l l s c l e a r l y 
i n the same r e g i o n of the d iagram exc luded by the e v o l u t i o n c a l c u -
l a t i o n s . 

The l a s t two samples a r e shown i n F i g . 5c . The c r o s s e s a r e the 
K a l e r sample . As can be seen , there i s only one h igh luminos i ty c e n t r a l 
s t a r i n the sample . The s t a r s f a l l mainly i n that p a r t of the HR diagram 
p r e d i c t e d by e v o l u t i o n a r y c a l c u l a t i o n s f o r s t a r s which have stopped 
n u c l e a r burn ing and a r e s l o w l y c o o l i n g . The e v o l u t i o n i s p r e d i c t e d to be 
much s l o w e r i n t h i s r e g i o n and i t would be expected that most c e n t r a l 
s t a r f a l l t h e r e . This i s a l l the more t r u e s ince the nebulae were 
s e l e c t e d as l a r g e , low s u r f a c e b r i g h t n e s s and thus presumably o ld 
o b j e c t s . The c h a r a c t e r of t h i s sample w i l l remain the same even i f the 
i n d i v i d u a l d i s t a n c e s used a r e i n e r r o r by a f a c t o r of 2 . 

The sample of f a i n t g a l a c t i c c e n t r a l s t a r s i s shown by the t r i a n g l e 
i n F i g . 5c . For these s t a r s the d i s t a n c e i s b e t t e r known than f o r any of 
the o b j e c t s d i s c u s s e d so f a r . A l l the o ther p r o p e r t i e s a r e not so w e l l 
known. The temperature has been taken from the e x c i t a t i o n c l a s s of the 
n e b u l a e (Kinman e t a l . , 1987) u s i n g the c a l i b r a t i o n g i v e n i n Po t ta sch 
( 1 9 8 7 b ) . The luminos i ty has been taken as 150 times the Hß luminos i ty 
which i s approx imate ly what i s expected t h e o r e t i c a l l y f o r an o p t i c a l l y 
t h i c k nebu la and a l s o what has been found i n p r a c t i c e i n the GP sample . 
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As can be seen from the f i g u r e , many of these f a i n t nebulae f a l l i n the 
same r e g i o n of the HR diagram as EGB 5 and He 2-131, and which i s 
exc luded by the e v o l u t i o n c a l c u l a t i o n s - I t seems that a t l e a s t some of 
them a r e r e a l . This poses a problem f o r the t h e o r y . 

I n c a l c u l a t i n g the luminos i ty of the g a l a c t i c center nebulae i t was 
assumed that the nebulae a r e o p t i c a l l y th i ck f o r r a d i a t i o n which can 
i o n i z e hydrogen . The ev idence f o r t h i s i s presented i n F i g . 6, which i s 
a p l o t of the n e b u l a r mass a g a i n s t i t s r a d i u s . The g a l a c t i c cen ter 
n e b u l a e form a sequence i n which the mass v a r i e s as the r a d i u s over the 
e n t i r e range of mass observed ( 0 . 0 1 M@ to 0.4 Μ Θ ) . The only r e a s o n a b l e 
i n t e r p r e t a t i o n of t h i s i s that the nebula i s o p t i c a l l y th i ck a t every 
s t a g e . The mass then i n c r e a s e s w i t h r a d i u s because as the d e n s i t y 
d e c r e a s e s the same number of i o n i z i n g photons can i o n i z e an i n c r e a s i n g l y 
g r e a t e r mass. Kinman e t a l . (1987) have reached the same conc lus ion f o r 
these n e b u l a e . 

~ 0.1 

Fig. 6 - A plot of the nebular mass 
against the nebular radius for the 
nebulae studied in the various 
samples. The circles are from the GP 
sample, the crosses are the M sample 
while the squares are the galactic 
center sample. The Kaler sample falls 
on a line at M » 0.18 MQ with radius 
between 5 and 20 χ 1 0 1 7 cm. 

0.003 

0.3 0.5 

Nebular Radius (101 7cm) 

The o ther samples have a l s o been p l o t t e d on F i g . 6. Both the GP and 
M samples show the same k ind of mass i n c r e a s e as the r a d i u s i n c r e a s e s , 
i n d i c a t i n g that most must be o p t i c a l l y th ick ( i o n i z a t i o n b o u n d e d ) . I n 
c o n t r a s t the K a l e r sample would f a l l on a h o r i z o n t a l l i n e a t M = 0.18 Μ Θ 

between a r a d i u s of 5 x 1 0 1 7 cm and 20 χ 1 0 1 7 cm, only p a r t l y o v e r -
l a p p i n g wi th any of the i n d i v i d u a l l y determined v a l u e s . 
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5. EVOLUTIONARY TIME 

On the t h e o r e t i c a l e v o l u t i o n t r a c k s i n F i g . 5, the time i t takes f o r the 
e v o l u t i o n i s i n d i c a t e d by t i k marks which a r e g i v e n v a l u e s i n the f i g u r e 
c a p t i o n . I n g e n e r a l the e v o l u t i o n becomes very r a p i d f o r h igh masses 
because the n u c l e a r burning occurs more r a p i d l y . The zero po int i s a r b i -
t r a r y however, i f i t i s de f ined as the time s ince n e b u l a r e j e c t i o n . The 
e j e c t i o n time i s not known i n the e v o l u t i o n c a l c u l a t i o n s as i t could 
occur on the AGB or a t any time a f t e r the s t a r l e a v e s the AGB. This time 
i s known o b s e r v a t i o n a l l y however assuming that the n e b u l a r expansion 
v e l o c i t y has been c o n s t a n t . The t ime, or n e b u l a r a g e , i s then the r a t i o 
of the nebu lar r a d i u s to the expansion v e l o c i t y . 

Schonberner (1981) and o thers s ince have t r i e d to make use of a 
comparison of the p r e d i c t e d time w i t h the n e b u l a r age to d e r i v e the mass 
of the c e n t r a l s t a r . P l o t s have been made of the a b s o l u t e magnitude of 
the s t a r a g a i n s t the n e b u l a r a g e . An example of such a p l o t i s shown in 
F i g . 7. The t h e o r e t i c a l curves make use of the assumption that the 
n e b u l a r e j e c t i o n occurs when the s t a r has a temperature of 5000 K. On 
the diagram we have p l o t t e d the i n d i v i d u a l s t a r s from the sample of M 
and GP. The sample f a l l s i n the mass range lower than 0.64 M@, wi th the 
m a j o r i t y l e s s than 0.57 M©· This i s complete ly i n c o n s i s t e n t w i t h the 
mass found f o r t h i s sample of s t a r s from the HR d iagram. I f the M 
l u m i n o s i t i e s and d i s t a n c e s a r e c o r r e c t , e i t h e r the t h e o r e t i c a l times are 
not c o r r e c t or the z e r o po in t (assumed time when e j e c t i o n o c c u r s ) i s not 
c o r r e c t . Mendez et a l . f a v o r the l a t t e r c o n c l u s i o n . I t has the conse-
quence that a l l masses d e r i v e d u s i n g t h i s diagram a r e i n c o r r e c t , because 
the a b s c i s s a ( f o r the t h e o r e t i c a l c u r v e s ) must be s h i f t e d by an unknown 
amount, which may have a d i f f e r e n t v a l u e f o r each n e b u l a . 

But one of the o ther p o s s i b i l i t i e s cou ld a l s o be wrong. For 
example , Mendez e t a l . g i v e a luminos i ty f o r NCG 2392 which p l a c e s i t 
s l i g h t l y above the M = 0.89 M© t r a c k . On t h i s t r a c k the times f o r e v o l u -
t i o n from a s t a r of 15000 Κ to i t s pre sen t 47000 Κ i s c a l c u l a t e d to be 

Σ: 

Time (years) 

Fig. 7 - Absolute visual magnitude of the central star is plotted against nebular age. The 
theoretical curves assume that the nebula was ejected when the star reached a surface 
temperature of 5000 K. The circles from the M sample while the crosses are from the GP 
sample. 

https://doi.org/10.1017/S0074180900139051 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900139051


491 

l e s s than 100 y e a r s . The p i c t u r e of the nebulae made by C u r t i s (1918) 
more than 70 years ago does not n o t i c e a b l y d i f f e r from i t s present mor-
p h o l o g y , s u g g e s t i n g that 70 years ago the amount of i o n i z i n g r a d i a t i o n 
was the same or a t l e a s t very s i m i l a r . Thus e i t h e r the luminos i ty g i v e n 
i s too h igh or the t h e o r e t i c a l times a r e not c o r r e c t . 

There a r e a l s o i n d i c a t i o n s from the GP sample that the t h e o r e t i c a l 
times a r e wrong . For example, NGC 2440 and 7027 a r e p r e d i c t e d to have 
e v o l v e d from a s t a r of Τ = 10000 Κ i n 100 to 200 y e a r s , ye t they have 
observed ages of 8000 and 1000 y e a r s r e s p e c t i v e l y . One must a g a i n con-
c lude that the e j e c t i o n must have taken p l a c e b e f o r e the s t a r reached 
5000 to 7000 K, thus i n v a l i d a t i n g the use of diagrams such as F i g . 7 to 
determine the core mass. But a g a i n C u r t i s 1 p i c t u r e s of these nebulae 
show that they a r e e s s e n t i a l l y the same 70 years ago as they a r e today . 
There was no t r a c e of a c e n t r a l s t a r 70 years ago i n e i t h e r of the 
nebu lae i n d i c a t i n g th ta they had a h igh tepmerature even then. They do 
not appear to e v o l v e as q u i c k l y as p r e d i c t e d . 

The o p p o s i t e e f f e c t i s a l s o p r e s e n t , e s p e c i a l l y i n the GP sample . 
The s t a r s c l u s t e r i n g near the M = 0.55 t rack have p r e d i c t e d ages of 
the o r d e r of 10^ years or o l d e r yet the observed n e b u l a r age i s u s u a l l y 
younger than IO 1 4 y e a r s . Thi s problem may be r e l a t e d to that of the s t a r s 
which f a l l i n the lower r ighthand p a r t of the HR diagram and which , 
a c c o r d i n g to t h e o r y , evo lve too s l o w l y to be seen as p l a n e t a r y n e b u l a , 
yet which a p p a r e n t l y a r e r e a l n e b u l a e . 

6. SUMMARY 

W h i l e new o b s e r v a t i o n s have become a v a i l a b l e i n the p a s t 5 y e a r s , they 
conf irm only the rough o u t l i n e of the t h e o r e t i c a l e v o l u t i o n and l e a v e 
many problems f o r f u t u r e c o n s i d e r a t i o n . For example, there i s a d i r e c t 
c o n f l i c t between the d i s t a n c e s found by Mendez et a l . (1987) and those 
determined e a r l i e r by L i l l e r e t a l . (1968) f o r the same nebulae from 
n e b u l a r expans ion . I t i s easy to say that n e b u l a r expans ion i s a very 
d i f f i c u l t t echn ique , but whether the r e s u l t s a r e wrong should be c a r e -
f u l l y i n v e s t i g a t e d . The model atmosphere t echn ique , a l s o conta ins 
assumptions which a r e d o u b t f u l . W h i l e i t has been t e s t e d w i t h success on 
some hot s t a r s , PN c e n t r a l s t a r s may be d i f f e r e n t enough to cause 
important e r r o r s . 

Taken a t f a c e v a l u e we must take the t e n t a t i v e conc lus ion that 
there a r e two d i s t i n c t groups of c e n t r a l s t a r s w i t h core masses g r e a t e r 
than 0.65 M©. The one, r e p r e s e n t e d i n the GP sample , a r e those f a i n t 
s t a r s a s s o c i a t e d w i th Type I n e b u l a e , having very h igh temperature and 
whose nebulae have h igh n i t r o g e n and hel ium abundance. The o ther h igh 
core mass s t a r s , found i n the M sample, have more symmetric nebulae a t 
h igh g a l a c t i c l a t i t u d e s . They have nebulae w i t h a v e r a g e Ν and He 
abundances . The s t a r s a r e i n t r i n s i c a l l y much b r i g h t e r and e v o l v e more 
s l o w l y . 

I t appears from both samples that a c o n f l i c t between observed and 
p r e d i c t e d n e b u l a r ages e x i s t s . P a r t of i t can be removed by assuming 
that the nebula was e j e c t e d a t a very e a r l y s tage i n the e v o l u t i o n from 
the AGB. Since t h i s e j e c t i o n time cannot be p r e d i c t e d , the comparison of 
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observed and p r e d i c t e d ages which have appeared i n the l i t e r a t u r e a r e 
v e r y q u e s t i o n a b l e . The core masses d e r i v e d from t h i s comparison and the 
c o n c l u s i o n that most PN have core masses c l o s e to 0.58 M@ i s t h e r e f o r e 
d o u b t f u l . 

F u r t h e r p r o g r e s s i n v o l v e s the de terminat ion of more accurate 
d i s t a n c e s . I t a l s o i n v o l v e s the more d e t a i l e d study of nebulae i n the 
g a l a c t i c b u l g e , whose d i s t a n c e i s q u i t e r e l i a b l y known. 

REFERENCES 

B a r l o w , M. 1987, Mont. N o t . Roy. A s t r o n . Soc . 
C u r t i s , H . B . 1918, L i c k O b s . P u b l . V o l X I I I , p . 57 
G a t h i e r , R. 1984, T h e s i s , U . of Groningen 
G a t h i e r , R . , P o t t a s c h , S . R . , Goss , W . M . , van Gorkora, J . H . 1983, A s t r o n . 

A s t r o p h y s . 128, 325 
G a t h i e r , R . , P o t t a s c h , S . R . , P e l , J . W . 1986a, A s t r o n . A s t r o p h y s . 157, 

171 
G a t h i e r , R . , P o t t a s c h , S . R . , G o s s , W.M. 1986b, A s t r o n . A s t r o p h y s . 157, 

191 
G a t h i e r , R . , P o t t a s c h , S . R . , 1987 ( t o be submit ted) 
Jacoby, G . H . 1980, A s t r o p h y s . J . S u p p l . 42 ,̂ 1 
K a l e r , J . B . 1983, A s t r o p h y s . J . 271, 188 
Kinman, T . D . , F e a s t , M . W . , L a s k e r , B . S . 1987 
M a c i e l , W. 1985, Rev . Mex. A s t r o n . A s t r o f i s . 1TJ, 199 
Mendez, R . H . , K u d r i t z k i , R . P . , Grusch inske , J . , Simon, K . P . 1981, 

A s t r o n . A s t r o p h y s . 101, 323 
Mendez, R . H . , K u d r i t z k i , R . P . , Simon, K . P . 1985, A s t r o n . A s t r o p h y s . 142, 

289 
Mendez, R . H . , K u d r i t z k i , R . P . , H e r r e r o , Α . , H u s f e l d , D . , G r o t h , H . G . 

1987 ( submi t t ed to A s t r o n . A s t r o p h y s . ) 
L i l l e r , M . H . , L i l l e r , W. 1968, IAU Symp. 34 ( R e i d e l , D o r d r e c h t ) 
P o t t a s c h , S . R . 1984, IAU Symp. 103, e d . D . F lower ( R e i d e l , D o r d r e c h t ) 
P o t t a s c h , S . R . 1984, P l a n e t a r y Nebulae ( R e i d e l , D o r d r e c h t ) 
P o t t a s c h , S . R . 1987a, T o r i n o Workshop P r o c . 'Mass l o s s i n s t a r s ' 

( R e i d e l , D o r d r e c h t ) 
P o t t a s c h , S . R . 1987b, ESO Workshop P r o c . ' S t e l l a r e v o l u t i o n ' 
P r e i t e - M a r t i n e z , Α . , P o t t a s c h , S . R . 1983, A s t r o n . A s t r o p h y s . 126, 31 
Reay, N . K . , P o t t a s c h , S . R . 1983, A s t r o n . A s t r o p h y s . 126, 31 
Schonberner , D . 1981, A s t r o n . A s t r o p h y s . 103, 119 
Shaw, R . A . , K a l e r , J . B . 1985, A s t r o p h y s . J . 295, 537 
W a l t o n , N . A . , Reay, N . K . , P o t t a s c h , S . R . , A t h e r t o n , P . D . 1986, P r o c . IUE 

Conf. (ESA S P - 2 6 3 ) , p . 497 
Wood, P . R . , B e s s e l l , M . S . , C o p i t a , M . A . 1986, A s t r o p h y s . J . 311, 632 
Wood, P . R . , F a u l k n e r , D . J . 1986, A s t r o p h y s . J . 307, 659 

https://doi.org/10.1017/S0074180900139051 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900139051

