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Abstract . Regardless of the degree of e l abora t ion of series of mode ls , jus t how c a n they be used for 
ca l ibra t ion pu rposes? A n d h o w m u c h is this ca l ib ra t ion sensitive to the qua l i ty of the mode l t heo ry? 

These t w o ques t ions a r e the basis of o u r discussion, which cove r s : I - T h e general principles of the 
use of mode l a t m o s p h e r e s in stellar ca l ib ra t ion (1 - T h e two d imens iona l classifications; 2 - T h e use 
of the tota l luminos i ty ; 3 - T h e cases of Vega a n d Si r ius ; 4 - T h e ca l ib ra t ion of S T — Teff r e la t ion) ; 
I I - T h e failures of t he t w o p a r a m e t e r s mode l a tmosphe res (1 - T h e obse rva t iona l need for m o r e -
than- two-pa ramete r s classification; 2 - T h e a b u n d a n c e of e lements , the line fo rmat ion , a n d the mode l 
a t m o s p h e r e s ; 3 - Var ious sources of u n a d e q u a c y of m o d e l s ; 4 - Enve lopes o r shell fea tures ; their 
influence on mode l -bu i ld ing ; 5 - T h e case of H D 45677. Diagnos t i c of ear ly- type s t a r s ; 6 - Var ious 
unexplained spectral fea tures) ; I I I - T h e present s ta te of the mode l fac tory (1 - T h e classical m o d e l s ; 
2 - N e w concepts in the descr ip t ion of a stellar a t m o s p h e r e ; 3 - N e w a p p r o a c h e s in model m a k i n g ; 
4 - Conclusions) . 

Resume. I n d e p e n d a m m e n t d u degre d ' e l abora t ion des reseaux de mode les , comment peu t -on s 'en 
servir p o u r la ca l ibra t ion des spect res? E t a quel degre une telle ca l ibra t ion est-elle sensible a la qualite 
des modeles util ises? 

Ces deux ques t ions fo rment la base de n o t r e discussion, qui couvre les po in t s su ivan t s : I - Principes 
generaux de l 'u t i l isat ion des mode les d ' a t m o s p h e r e dans la ca l ib ra t ion stellaire (1 - Les classifications 
a deux d imens ions ; 2 - L 'u t i l i sa t ion de la luminosi te to t a l e ; 3 - Le cas de Vega et Si r ius ; 4 - La cali­
b ra t ion de la re la t ion T S — T e f f ; I I - Les echecs des classifications uti l isant des mode les a 2 pa rame t re s 
(1 - Le besoin observa t ionne l p o u r une classification a plus de deux p a r a m e t r e s ; 2 - L ' a b o n d a n c e 
des e lements , la fo rmat ion des raies , et les mode l e s ; 3 - Differentes sources d ' i n a d a p t a t i o n des modeles 
a la rea l i te ; 4 - Carac te r i s t iques d ' enve loppes o u de c o u c h e s ; leur influence sur la cons t ruc t ion des 
mode les ; 5 - Le cas de H D 45677; le diagnost ic des etoiles c h a u d e s ; 6 - Diverses observa t ions spec-
t roscopiques n o n expl iquees) ; I I I - L ' e t a t actuel d e Tusine a mode les (1 - Les modeles c lass iques ; 
2 - N o u v e a u x concepts d a n s la descr ip t ion d ' u n e a t m o s p h e r e s tel la ire; 3 - Nouvel les approches en vue 
de la cons t ruc t ion des mode l e s ; 4 - Conclus ions) . 

T h e c o n c e p t of m o d e l a t m o s p h e r e h a s i ndeed m a d e its first a p p e a r a n c e in a s t rophys ics 

a s ear ly as a t t h e t i m e o f Secchi , w h e n co lo r s a n d t e m p e r a t u r e s were assoc ia ted in a 

o n e - t o - o n e r e l a t i o n . . . . A c t u a l l y , t h e first m o d e l s ever u sed , m u c h la te r , were ' b l ack-

bod i e s ' . 

Very s lowly, t h e d e v e l o p m e n t o f t he classif icat ion o f s te l lar l ine spec t ra ( indepen­

den t ly of the i r co lo r s ) , by t h e H a r v a r d S c h o o l , u n d e r t h e l e a d e r s h i p of P icker ing , 

A . C a n n o n , A . M a u r y . . . , in a s equence A , B, C . . . b r o u g h t a c o n s i d e r a b l e a m o u n t of 

n e w i n f o r m a t i o n . T h e d i scovery o f t h e S a h a i o n i z a t i o n law, t h e ident i f ica t ion of spec­

t ra l l ines it a l l owed , h a s h e l p e d t o ach ieve th i s t r a n s f o r m a t i o n o f t h e H a r v a r d ini t ia l 

s equence ( comple t e ly ar t i f ic ia l , ba sed o n a s imp le l abe l l ing ) , i n t o t h e well k n o w n , 

a n d still in use , s e q u e n c e : O B A F , e t c . . . . : th i s i m p o r t a n t s t ep , t o w h i c h such scientis ts 

as R. N . Russe l l , C . P a y n e . . . h a v e c o n t r i b u t e d in a n essent ia l w a y , a l lowed t o identify 

t h e spec t ra l s equence wi th a temperature s e q u e n c e ; t h e s t a r s w e r e n o m o r e classed 

B. Hauck and B.E. Westerlund (eds.), Problems of Calibration of Absolute Magnitudes and Temperature of Stars, 173-221. 
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a c c o r d i n g t h e B a l m e r l ines in tens i t ies , b u t a c c o r d i n g the i r t e m p e r a t u r e . T h e new clas­
sif icat ion, t o g e t h e r w i t h i ts c a l i b r a t i o n in T, w a s n o t in a t o o b a d a g r e e m e n t wi th t h e 
t e m p e r a t u r e scale ba sed o n t h e co lo r s o r on t he energy d i s t r i b u t i o n in t h e visual r ange . 

W e shal l n o t go i n t o a de ta i l ed s t u d y of t h e h i s to r ica l d e v e l o p m e n t s . * 
B u t we shou l d n o w m e n t i o n t h a t , a s ear ly a s t h e first d e t e r m i n a t i o n s o f radi i f rom 

in te r fe romet r i c m e a s u r e m e n t s , in cases whe re pa ra l l axes were k n o w n f r o m t r i g o n o ­
m e t r i c m e a s u r e m e n t s , t e m p e r a t u r e s were d e t e r m i n e d f r o m a n e s t i m a t e of the to ta l 
flux - w i t h o u t m u c h n e e d o f a reference t o t h e b l a c k - b o d y m o d e l , o r t o a n y o t h e r 
m o d e l (see Sec t ion 1.3). 

W e shal l find, in t h e fo l lowing , t h e s i m u l t a n e o u s use o f a s imi la r ' d o u b l e ' m e t h o d o ­
logy in t h e f r a m e w o r k o f t h e very soph i s t i c a t ed m o d e l s a n d de ta i l ed m e a s u r e m e n t s we 
c a n f o u n d n o w in t h e l i t e r a t u r e . 

Le t u s c o m e b a c k t o t h e S a h a - l a w c a l i b r a t i o n of t he H a r v a r d classif icat ion. 
I t a l lowed i m m e d i a t e l y n o t o n l y t h e r e m o v a l of s o m e a m b i g u i t i e s , b u t essent ia l ly 

t h e poss ib i l i ty of m a k i n g eas ier t h e i n t e r p o l a t i o n of a n y newly m e a s u r e d s ta r in t he 
g r id o f t h e c o m p a r i s o n s t a r s u sed for t h e c a l i b r a t i o n of t h e classif icat ion. I t a l lowed 
the re fo re i m m e d i a t e l y t h e i n t e r p r e t a t i o n of a n y s te l lar s p e c t r u m in t e r m of ' t e m p e r a ­
t u r e ' . 

S ince t h e n , m u c h h a s been d o n e in us ing a lways m o r e e l a b o r a t e m o d e l s t o ca l ib ra t e 
s te l lar classif icat ions. T h i s sen tence essent ia l ly defines w h a t will be t h e top ics I i n t end 
t o c o v e r : 

(a ) Rega rd l e s s o f t h e deg ree o f e l a b o r a t i o n - phys ica l o r n u m e r i c a l - o f a series of 
m o d e l s , j u s t HOW c a n t h e y b e u sed for c a l i b r a t i o n p u r p o s e s ? W h a t a r e t h e PRINCIPLES 
invo lved in th i s u s e . . . w h e n fac ing t h e s te l lar spec t ra , g a t h e r e d in t h e la rge piles of 
t r a c i n g s o n o u r d e s k ? a n d : 

(b) Jus t h o w m u c h a r e t h e resu l t s of th is c a l i b r a t i o n t e c h n i q u e SENSITIVE to the 
degree of e l a b o r a t i o n o f t h e m o d e l s , t o the i r q u a l i t y ? N o w a d a y s , j u s t h o w far have 
w e p r o c e e d e d in th i s e l a b o r a t i o n ? A n d w h a t d o we h a v e t o d o in o r d e r t o m a k e a 
b e t t e r p rog re s s , i n d e p e n d e n t l y of t h e p rog re s s of t h e o b s e r v a t i o n s ? 

A s I feel we have i n d e e d MUCH TO DO, I w a n t i m m e d i a t e l y w a r n ser ious ly the o b ­
servers t h a t , still for a l o n g t i m e , t h e y s h o u l d b e very c a u t i o u s in u s ing m o d e l s , impl i -
c i te ly o r expl ic i te ly , w h o m e v e r t hey m a y c o m e f r o m ; a n d I ce r t a in ly d o n o t i n t end t o 
g ive t h e m recipes they c o u l d b l i n d l y a p p l y . . . . 

1. General Principles of the U s e of Mode l Atmospheres 
in Stel lar Calibration 

T h e y h a v e been desc r ibed of ten (see S t r o m g r e n , 1963; D e J age r , 1955 ; Pecke r , 1955; 
V a n R e g e m o r t e r , 1959, fo r e x a m p l e ) . B u t I feel t h a t , a t least sho r t l y , I s h o u ld t ry 
t o r e p r o d u c e once m o r e t h e bas i c o r g a n i g r a m s , w i t h very few m o d i f i c a t i o n s . . . (F i ­
g u r e 1). 

* See, in the b ibl iography, art icles of b o o k s m a r k e d with the s ign* , which give s o m e historical view 
o r s o m e bibl iographical s tudy, o n this ques t ion . 
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Fig. 1. T h e o rgan ig ram of T e f f — g ca l ibra t ion p rocedures . O n the left side, the observed d a t a ; o n 
the r ight , the hypothes is of the theo ry , a n d its pa rame te r s . T h e ques t i on -marks refer to the tes ts : 
A r e the R, Jl values direct ly deduced f rom observat ions compa t ib l e wi th the T e f f , g values deduced 
f rom spectral da t a a n d a t m o s p h e r e s t h e o r y ? A r e the Se, Jt, R values deduced from observa t ions 
compa t ib le with those deduced f rom in ternal s t ruc tu re t heo ry? In o the r t e rms , a r e the observat ions 

compa t ib le wi th e i ther o n e o r t he o the r of the t w o sets of hypo theses a n d theor ies? 

1.1. THE TWO-DIMENSIONAL CLASSIFICATIONS 

O n o n e s ide, we h a v e t h e o b s e r v e d d a t a . F o r all s t a r s , t hey a r e essent ia l ly spectral 
data, a n d they give o n l y re la t ive va lues o f t h e v a r i a t i o n of in tens i ty ac ro s s t h e spec­
t r u m . T h e spec t ra l d a t a a r e i n d e e d o f a g rea t c o m p l e x i t y . Al l c lassif icat ions ( f rom 
t h e r o u g h e r o n e s , p u r e l y q u a l i t a t i v e , well a d a p t e d t o faint ob jec ts , t o t h e precise 
q u a n t i t a t i v e classif icat ions, w h i c h c a n be used on ly for t h e b r igh te s t s ta rs ) a re select ing 
spec t ra l d a t a as spectral 'criteria', a s sensit ive as poss ib le t o t he phys ica l q u a n t i t i e s 

https://doi.org/10.1017/S0074180900055261 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900055261


176 J. C. PECKER 

t h a t seem t o be r e l evan t t o t h e a u t h o r s of t h e classif icat ions.* S o m e a r e g o o d ind ica­
t o r s o f t e m p e r a t u r e , s o m e o t h e r s o f p r e s su re , - for e x a m p l e , t h e w i d t h of t h e meta l l i c 
l ines , func t ion of co l l i s iona l b r o a d e n i n g , is dec reas ing w h e n t h e p r e s s u r e o r t he dens i ty 
d e c r e a s e s ; for e x a m p l e , t h e r a t i o o f H e II t o H e i l ines , w h e n o b s e r v a b l e (ear ly- type 
s ta r s ) , is inc reas ing w i t h t e m p e r a t u r e . Bu t a l r e a d y n o w , we feel s o m e a m b i g u i t y : 
o t h e r p a r a m e t e r s a r e in f luenc ing t h e l ine w i d t h , such as m a g n e t i c fields, microfields 
o f n o n - t h e r m a l ve loc i t i e s ; e t c . . . . W e shal l h a v e t o c o m e b a c k la te r o n t h a t k ind of 
difficulties, w h i c h m a y lead , w h e n igno red , t o m i s l e a d i n g c o n c l u s i o n s . 

A t least , o n e c a n say t h a t it c a n be , a n d it h a s been , r e a s o n a b l y asse r t ed t h a t (a-
p a r t f r o m s o m e i r regu la r i t i es o r misfi ts , o n w h i c h we shal l c o m e b a c k ) al l spec t ra c a n 
b e fitted i n t o a two-dimensional classification, all spec t r a c a n b e defined by t h e given 
d a t u m of t h e spectral type (ST) a n d o f the luminosity class ( L C ) , w i t h m o r e o r less 
a c c u r a c y , a c c o r d i n g t h e w a y s t h e y h a v e been m e a s u r e d , a n d a c c o r d i n g the i r b r igh t ­
ness . T h i s is a pu re ly e m p i r i c a l resu l t , a t least a s it a p p e a r e d t w e n t y o r even ten years 
a g o , a n d is t h e bas is of t h e well dese rved success of t h e M K class i f icat ion, for e x a m p l e . 
I t m e a n s t h a t t h e m o d e l s t h a t a r e i n t e n d e d t o fit t he o b s e r v a t i o n s s h o u l d a l so be 
defined by t w o p a r a m e t e r s , a n d t h a t , in genera l , will b e sufficient . . . . Th i s idea 
h a s been , for years , o f a g rea t h e l p ; n o w a d a y s , it l o o k s m o r e l ike a severe a n d artificial 
l i m i t a t i o n , w h i c h h a s b e e n of ten a c t i n g as a b r a k e aga in s t a n y p r o g r e s s in t h e in ter ­
p r e t a t i o n of s te l la r spec t ra . 

O f cou r se , t h e first p a r a m e t e r t o use is the effective temperature T e f f , w h i c h defines 
t h e t o t a l flux of energy w h i c h c rosses e a c h s q u a r e c e n t i m e t e r of t h e a t m o s p h e r e d u r i n g 
e a c h second of t i m e , a s s u m i n g impl ic i te ly ( this a s s u m p t i o n is e s sen t i a l : t h i n k of H 
a n d K l ines , t h i n k a l so o f fast r o t a t o r s , such as t h o s e de sc r ibed b y M a e d e r a t th i s 
mee t ing! ) t h e fact t h a t t h i s flux is t h e s a m e a t all p o i n t s of t he s te l lar su r face : 

T h i s q u a n t i t y h a s n o t t h e m e a n i n g o f t h e t e m p e r a t u r e o f a n y given well defined reg ion 
in t h e a t m o s p h e r e ; it j u s t r e m i n d s i ts use r o f t h e p a r a m o u n t i m p o r t a n c e t a k e n in t he 
ea r ly d a y s of spec t ra l c lass i f ica t ion b y t h e b l a c k - b o d y r e p r e s e n t a t i o n o f t h e s p e c t r u m . 
H e r e , it is re la ted essent ia l ly t o t h e flux pe r c e n t i m e t e r s q u a r e of t h e s te l lar surface 
a n d does n o t need t o b e l i n k e d w i t h t h e to ta l l u m i n o s i t y . 

T h e o t h e r p a r a m e t e r is , n a t u r a l l y , t h e gravity, g, w h i c h defines t h e p r e s su re p in t he 
a t m o s p h e r e , p r o v i d e d h y d r o s t a t i c e q u i l i b r i u m is a s s u m e d t o b e p re sen t . T h e n , we h a v e : 

* W e d o no t wan t t o give he re a n y exhaus t ive list, a n d we send back the r e a d e r t o the classical 
pape r s of F e h r e n b a c h (1958), K e e n a n (1963), S t romgren (1963), to the art icle by Schmid t -Ka le r 
(1965); some m o r e recent sys tems include the Spite system (1966), the Barbier -Morgulef f -Gerbald i 
(1972) system, or iented t o w a r d s metall ici ty indices, a n d the I R systems (see Pecker , 1971), or iented 
t o w a r d s envelopes cri teria. 

00 

(1) 

0 

d p = - gg-dh. (2) 
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A s the op t ica l d e p t h (a t a f r equency v) is defined b y : 

d r v = — XVQ dh, 

o n e sees easi ly t h a t 

d p = (g/xv) d t v . 

(3) 

(4) 

If t he opac i ty is nea r ly c o n s t a n t , t h e n p is nea r ly e q u a l t o (g/H) f, a n d , - eve ry th ing 

b e i n g the s a m e (a d a n g e r o u s s e n t e n c e : ' t o u t e s choses e g a l e s d ' a i l l e u r s ' e n f r a n g a i s ! ) , -

well defined by g, a t a n op t i ca l d e p t h f n e a r un i ty . 

Bu i ld ing m o d e l s w i t h a g iven Teff a n d a given g, a s s u m i n g s o m e m o r e o r less n a t u r a l 

a s s u m p t i o n s , o f phys ica l n a t u r e , a b o u t t h e n a t u r e o f t h e s t a t i o n a r y e q u i l i b r i u m 

reached in a s te l lar a t m o s p h e r e , a n d the i r ana ly t i ca l express ions , a b o u t t h e symmet r i e s 

o f t h e g e o m e t r y , . . . b u t a s s u m i n g t h a t n o t h i n g else differed f r o m s t a r t o s tar , o n e is 

t h u s ab le t o bu i ld artificial spec t r a d e p e n d i n g u p o n t w o p a r a m e t e r s . T h e n it is poss ib le 

e i the r t o ass ign t o a g iven s ta r (used a s a c a l i b r a t i o n s ta r ) a va lue o f Tef{ a n d g, o r t o 

ass ign , to each set o f va lues o f T e f f a n d g, a c o m b i n a t i o n S T - L C , u s i n g for bu i ld ing 

these c o r r e s p o n d e n c e s any set o f t w o cr i te r ia used by t h e obse rve r s t o define S T o r L C , 

o r m e a s u r e d in t h e s p e c t r u m o f t h e p a r t i c u l a r c a l i b r a t i o n s t a r u n d e r s tudy . 

Le t us a s s u m e n o w t h a t th i s o p e r a t i o n is easy a n d u n a m b i g u o u s * (!!!). Le t us n o t e 

essent ia l ly he re t h a t , a p a r t f r o m t h e phys ica l unce r t a in t i e s o n t h e phys ics of t he a t ­

m o s p h e r e itself, o u r t h e o r e t i c i a n h a s been led (by t h e ins i s tance o f t h e observer ) t o 

a d m i t a priori t h a t n o t h i n g else b u t Tef[ a n d g var ies f r o m s ta r t o s tar . I n o t h e r t e r m s , 

h e h a s forced h imse l f t o a d m i t a u n i q u e chemica l c o m p o s i t i o n , n o va r i a t i on of t h e 

m a g n e t i c fields (as they c a n n o t be c o m p u t e d f r o m T e f f a n d g), t h e un ic i ty of r o t a t i o n 

(for t h e s a m e r e a s o n ) , perfect s imi l i tudes in t he enve lopes o r shel ls , e t c O n e sees 

n o w t h a t th i s classical m e t h o d o l o g y m i g h t be ser ious ly m i s l e a d i n g ; th i s , a t least for 

t w o r e a s o n s : 

(a) the ' c r i t e r i a ' m i g h t be d e p e n d i n g u p o n a d d i t i o n a l p a r a m e t e r s , even if carefully 

se lec ted; 

(b) t he m o d e l s themse lves m i g h t , t h r o u g h s o m e phys ica l c o u p l i n g , d e p e n d u p o n 

neglec ted p h e n o m e n a , a n d m i g h t the re fore be comple t e ly i n a d e q u a t e . 

1.2. THE USE OF THE TOTAL LUMINOSITY 

T h e use o f m o d e l s , t o d e t e r m i n e t h e T e f f a n d g o f a g iven c a l i b r a t i o n s ta r , o r t o de ter ­

m i n e t he r e l a t ion S T , L C vs T e f f , g, is poss ib le if t h e s p e c t r u m is k n o w n w i t h a sufficient 

r e so lu t i on . B u t i t d o e s n o t need t h e use o f a n y o t h e r m e a s u r e d d a t a t h a n t h e s p e c t r u m . 

A n o t h e r w e l l - k n o w n a p p r o a c h is poss ib le , u s ing n o t t h e s p e c t r u m , b u t o t h e r o b ­

servable q u a n t i t i e s - p a r a l l a x , m a g n i t u d e , even tua l ly m a s s . 

T h e effective t e m p e r a t u r e c a n i n d e e d be l i nked w i t h t h e t o t a l luminosity of t he s ta r , 

if i ts radius R is k n o w n : 

* A severe difficulty comes in par t i cu la r f rom the fact tha t m a n y much-used cr i ter ia a re no t so well 
defined in te rms of the profile of the filter utilized for the measuremen t s . 

Se = 4nR2aTet (5) 
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B u t let u s n o t e t h a t t h i s r e l a t i o n is a m b i g u o u s , a s Teff c a n i n d e e d , w h e n t r e a t e d a s 
a n a t m o s p h e r i c p a r a m e t e r , d e p e n d u p o n t h e p o i n t o n t h e s te l lar s u r f a c e . . . . S o (5) 
defines a T e f f w h i c h m a y be different f rom the Teff in (1). 

L e t u s n o t e a l so t h a t th i s J# is o n l y radiative e n e r g y ; m e c h a n i c a l energy h o w e v e r 
m a y be i m p o r t a n t , a n d is g e n e r a t e d a s well in t h e cen t r a l p a r t s o f t h e s ta rs . 

T h i s q u a n t i t y is l i n k e d n a t u r a l l y wi th t h e s tel lar a b s o l u t e m a g n i t u d e M, wh i ch 
d e p e n d s n o t on ly u p o n t h e flux p e r c m 2 of t h e s te l lar sur face , b u t a l so u p o n t h e size 
o f t h e s t a r : 

Mb = - 2.5 log & + c o n s t a n t . (6) 

T h e subsc r ip t b is u sed for ' b o l o m e t r i c ' ; b u t we c a n hereaf te r de le te th i s subsc r ip t , 
M b e ing c lear ly t h e m a g n i t u d e c o r r e s p o n d i n g t o the t o t a l flux o f t h e s ta r . T h e con ­
s t a n t in f o r m u l a (6) is d e t e r m i n e d by t h e reference t o t h e so l a r va lues . F o r t he S u n , 
o n e h a s ( T a b l e I ) : 

MbQ = 4 .62 

SeQ = 3.866 x 1 0 3 3 . 

Sun 

Sir ius A 

Vega 

T A B L E I 

Basic d a t a used in this p a p e r 

ST. L C G 2 V 
6.960 x 101 0 c m 

= 3.866 x 10 3 3 

= 1.989 x 10 3 3 g 
5.785 K 

l o g # 4.44 

ST, L C A l V 
S 0T00612 
m (T375 
mv -1.43 

1.75 
R = 1.22 x 1 0 n c m 

1 = 2.28 
Jt = 4.54 x 103 3 g 
B-V = 0.01 

ST, L C A O V 
S = 0T0037 

0T123 
RIRq = 3.23 
R = 2.25 x 101 1 c m 
Ttlv = + 0.05 
B-V 0.00 

± (TOOOl 
± 0?006 
± 0.02 

± io% 

± OT0005 
± 0T008 

± 0.02 

Mb = 4.62 Allen (1963) 

Brown et al. (1967) 
Jenkins (1952) 
Allen (1963) 
f rom Sy 

Allen (1963) 

Allen (1963) 

B r o w n a n d Twiss (1956, 
Jenkins (1952) 

1964) 

Allen (1963) 
Allen (1963) 

Bolomet r i c cor rec t ion , in the AO region 
BC = -42.5 + 10 logr 4- 29000/r Allen (1963) 
(general in te rpo la t ion formula) 
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T h e r e f o r e t he c o n s t a n t is e q u a l t o 88.587 + 0 . 0 1 , t he e r r o r be ing essent ia l ly d u e t o t h e 
i n t e rna l d i spe rs ion o f t h e w h o l e m a g n i t u d e sys tem, i nvo lv ing t h e c o m p a r i s o n o f t h e 
S u n ' s m a g n i t u d e t o t h e s te l la r s t a n d a r d s . 

T h e r a d i u s R a n d t h e g rav i ty g a r e a l so re la ted by a r e l a t i o n w h i c h b r ings in t h e 
mass Jt: 

Clear ly t h e k n o w l e d g e o f M ( i .e. o f 3?) w o u l d t h e n b r i n g t h e a d d i t i o n a l k n o w l e d g e 
o f t h e r ad iu s , a n d of t h e m a s s Jt o f t h e s tar , if J e f f a n d g a r e k n o w n f r o m the s p e c t r u m , 
- even if o n e d o e s k n o w di rec t ly these quan t i t i e s , a s poss ib le in a few cases (b ina r i e s . . . ) . 
If w e k n o w Jt t h r o u g h t h e s t u d y of a b i n a r y sys tem, t h e n w e h a v e t h e poss ib i l i ty o f 
a n in te res t ing check o f t h e cons i s t ency of t h e w h o l e ana lys i s . 

B u t in o r d e r t o p r o c e e d in s u c h a way , aga in , we need s o m e a d d i t i o n a l use of t h e 
m o d e l , a n d a very essent ia l o n e indeed . F o r t h e obse rved q u a n t i t y is n o t t he total 
absolute magnitude M, b u t t h e visual absolute magnitude Mv9 if we k n o w , t h r o u g h t h e 
m e a s u r e m e n t of t he p a r a l l a x m, h o w to d e d u c e it f rom t h e visual apparent magnitude 

T o e x t r a p o l a t e t h e visible s p e c t r u m to u n o b s e r v a b l e p a r t s , i.e. t o c o m p u t e t he b o l o -
me t r i c co r r ec t ion ( — BC=MV — M), we need t h e m o d e l s . T h e w e l l - k n o w n re la t ions 
invo lv ing m a g n i t u d e s a r e : 

T h e r e is he re s o m e a m b i g u i t y . T h e a b s o l u t e m a g n i t u d e is of ten c o m i n g n o t f rom 
t r i g o n o m e t r i c pa ra l l axes , b u t f r o m 'absolute magnitude spectral criteria'. T h i s is t h e 
case , for e x a m p l e , for t h e O - s t a r s : in the i r case , t he n u m b e r of s ta rs of k n o w n pa ra l l ax , 
t h a t cou l d be used for c a l i b r a t i o n , is so smal l as t o a l m o s t fo rb id the i r use . T h e a b s o ­
lu te m a g n i t u d e c r i t e r ia a r e of ten used to assign t o a s t a r a L C : b u t i ndeed the la t te r 
is still pure ly a q u a n t i t y c h a r a c t e r i z i n g on ly t he a t m o s p h e r e , a n d q u i t e i n d e p e n d e n t 
of t he r ad ius . If it f o u n d t h a t t h e L C is a l so a to ta l l u m i n o s i t y c r i t e r ion , it m e a n s 
essent ia l ly t h a t t he r e is , a t least in t h e s ample s in use , a s t r o n g s ta t i s t ica l co r r e l a t i on 
be tween t h e t h r e e q u a n t i t i e s T e f f , g, a n d T w o of t h e m seem t o be sufficient t o define 
t h e t h i r d o n e , in p r ac t i ce . 

T h i s impl ies t h a t t h e r e exis ts a n Jt — S£ r e l a t i on , i n d e p e n d e n t o f R. W e k n o w f r o m 
empi r i ca l ev idence t h a t i n d e e d th i s is a c tua l l y t h e case . 

T h i s cou ld i m p l y a l so t h a t t h e r e is a s ingly jT e f f , g r e l a t i on , i n d e p e n d e n t of t h e 
l u m i n o s i t y : b u t th i s is n o t t r u e : we h a v e several s equences in t h e H R d i a g r a m . T h e 
fact t h a t ac tua l ly , w e h a v e s u c h sequences impl ies t h u s a n o t h e r r e l a t ion . O n the surface 
o f F i g u r e 2, w h i c h is t h e l ocus o f s t a r s in t h e (r e f f , g, space , s t a r s d o n o t a p p e a r 
e v e r y w h e r e : a s econd a d d i t i o n a l r e l a t i on the re fore m u s t ex is t ; a n d th i s co u ld be a 
Jt — R r e la t ion . 

Ac tua l ly , these t w o a d d i t i o n a l r e l a t ions a r e given by t h e t h e o r y of s tel lar in te r io rs , 

g = GJtjR2. (7) 

M = m + 5 + 5 1ogn7 

m — mv = M — Mv = BC. 
(8) 

(9) 
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a n d they b o t h d e p e n d u p o n t h e t h r e e quan t i t i e s R. E m p i r i c a l ev idence h o w e v e r 
gives s o m e a d d i t i o n a l we igh t t o t he i r exis tence, a s it is w e l l - k n o w n . 

T h e m o d e l a t m o s p h e r e s , t o g e t h e r wi th t he use of m e a s u r e d spec t ra , a r e t h u s a l low­
i n g s o m e d e t e r m i n a t i o n of 7\ff, g, BC9 (which m a y d e p e n d , a n d i n d e e d does , of t h e 

Fig . 2. Two-dimens iona l sequences in the Teff-g-J? space. T h e empir ica l possibil i ty of two-dimen­
sional classification forces the representa t ive point of a given s t a r t o fall on a single surface; the 

existence of sequences on the H R d i ag ram forces the representa t ive po in t t o fall on 
s o m e l imited bands of tha t surface. 

m o d e l s in use) . T h e y d o n o t tell a n y t h i n g else. If we use a n y o b s e r v a t i o n a l l uminos i t y 

cr i te r ia , in a d d i t i o n , t o c l a im we k n o w JSf, it m e a n s the re fo re t h a t we assume s o m e 

in t e rna l equ i l i b r ium r e l a t i o n w i t h o u t saying so . W e a s s u m e such r e l a t i ons a r e val id 

a t least for b o t h t he s t a r s used for t h e s a m p l i n g of t h e classif icat ion a n d for t h e s ta r 

u n d e r s tudy . 

T h e t r o u b l e is o f c o u r s e t h e s ta t i s t ica l c h a r a c t e r o f t h e v a r i o u s p h a s e s of t h e p r o c e ­

d u r e . A given s ta r m i g h t a l w a y s n o t satisfy t he i n t e rna l e q u i l i b r i u m e q u a t i o n s (s ta r 

n o t yet o n t h e m a i n s equence , a l r e a d y h a v i n g left t h e m a i n s e q u e n c e , e t c . . ) - o r t h e 

a t m o s p h e r i c t r a d i t i o n a l e q u i l i b r i u m e q u a t i o n s . . . . 

1.3. THE CASE OF SIRIUS AND VEGA 

I n b o t h cases , a c c u r a t e k n o w l e d g e , a n d pa r t i cu l a r ly , d i rec t d e t e r m i n a t i o n s of t h e 
r a d i u s R, a n d a re la t ive a d e q u a c y o f t he m o d e l a t m o s p h e r e s s h o u l d a l l ow checks . 

W e can essent ia l ly c o m p u t e T e f f f r o m the m e a s u r e d d a t a o f m a g n i t u d e s , of r a d i u s , 
o f pa ra l l ax , a n d f r o m t h e i n t e r p o l a t e d s ta t is t ica l va lues of BC (wh ich is relat ively 
sma l l , by c o n v e n t i o n , in th i s S T reg ion , nea r A 0 - A 1 ) . 
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T h e values we h a v e used a r e col lected in T a b l e I, w h e r e is a l so i n c l u d e d a n in t e rpo la ­
t i o n f o r m u l a for t h e BC. 

T h e n we can wr i t e t he t w o E q u a t i o n s (5) a n d (9) -f (8) + (6), a s fo l lows : 

log J 2 \ = - 3.147 + 4 log T e f f + 2 l o g K (10) 

l o g J ^ 2 = - 0Amv + OAA - 2 ( 1 + logo?) + 

+ 4 l o g T e f f + 1 1 . 6 0 0 / T e f f + 1 8 . 4 3 5 , (11) 

w h e r e A r ep resen t s t h e in te r s te l l a r ex t inc t ion expressed in m a g n i t u d e s . A s s u m i n g n o 
in te rs te l la r a b s o r p t i o n (B-V is very smal l i ndeed , see T a b l e I ) , w e get for each s ta r a 
set o f t w o curves &(Ten). T h e i r in t e r sec t ion gives t h e va lues of r e f f we need - w i t h o u t 
i n t e rven t ion of t h e m o d e l a t m o s p h e r e e x c e p t for t h e e v a l u a t i o n o f t h e BC - obv ious ly 
a o n e of first a p p r o x i m a t i o n . . . (see F i g u r e 3). T h e e s t i m a t i o n o f t h e e r ro r s o n t h e 
m e a s u r e d d a t a a l lows t o de l inea t e t h e m a r g i n of t he d e t e r m i n a t i o n s . 

T h e first su rp r i se is t o find for Vega a re la t ively l ow t e m p e r a t u r e - lower indeed 
t h a n m o s t of t h e d e t e r m i n a t i o n s m a d e f rom t h e de ta i led use o f m o d e l s (Tab le I I ; 

B C 1 r 

Fig. 3. T h e bo lomet r i c cor rec t ion general ly in use. Ful l l ine: L C 1; mixed l ine; L C I N ; in ter rupted 
l ine : L C V (on the r ight pa r t of the d iag ram) . O n the left pa r t of the d i a g r a m , all s ta rs a re falling on 
the same curves. A : accord ing Schmid t -Ka le r (1965); B : accord ing Allen (1963); C : accord ing H a r r i s 
(1963). O n e has es t imated the e r r o r m a d e on the B C for o n e t en th of spectra l type t o be of the o r d e r 

of 0.3 mag . , in the B s ta r a rea , where this e r ro r is m a x i m u m . 
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(a) De te rmina t ions of Teff of a n AO s ta r (after Keenan , 1963) 

m e t h o d a u t h o r s 

9 5 0 0 M o d e l A t m o s p h e r e H u n g e r (1955) 
10700 Eclipsing b ina ry K o p a l (1955) 
10500 Eclipsing b ina ry P o p p e r (1959) 
10900 M o d e l A t m o s p h e r e M e l b o u r n e ( I960) 
9 4 0 0 M o d e l A t m o s p h e r e Bless (1960) 

(b) F u n d a m e n t a l de te rmina t ions of Teff (after H a r r i s , 1963) 

(stars wi th observed angu la r d iameters ) 

fi Sco B1.5 V 27 500 K Har r i s (1963) 
a C M a AO V 9 3 5 0 K P o p p e r (1959) 
fi A u r A 2 V J 0 5 0 0 K P o p p e r (1959) 
Sun G 2 V 5 7 8 4 K Allen (1950) 
yy G e m M l V 3 6 5 0 K P o p p e r (1959) 
a B o o K 2 H i p 4 0 9 0 K K u i p e r (1938) 
a T a u K 5 I I I 3 7 8 0 K K u i p e r (1938) 
a Sco M l l b 3 2 3 0 K K u i p e r (1938) 
oc Or i M 2 I a b 3 4 6 0 K K u i p e r (1938) 
/ *Peg M 2 I I - I 1 I 3 0 8 0 K K u i p e r (1938) 
o Cet M 6 (var) 2 3 6 0 ( ± ) K K u i p e r (1938) 

This list is based o n angu l a r d iamete rs f rom Pease, 1931; m o r e a n d bet ter da t a shou ld n o w be c o m ­
pu ted from the lists of measu remen t s by Brown a n d Twiss. In the present publ ica t ion , we ob ta in 
f rom these new measu remen t s (see F igu re 4 ) : 

a C M a A l V 1 0 1 0 0 K (this publ ica t ion) 
a Lyr AO V 8 2 0 0 K (this publ ica t ion) 

(c) Effective t empera tures f rom mode l a tmosphe res (after Ha r r i s , 1963) 

0 5 44600° Underh i l l (1957) 
0 9 36800° Underh i l l (1957) 
B2 V 27800° Underh i l l (1957) 
AO V ( a Lyr) 9500° H u n g e r (1955) 
A 3 V 8900° O s a w a (1956) 
A 9 V 7560° Osawa (1956) 
F 2 V (<r Boo) 6800° C o d e (1954) 

These ancient de te rmina t ions a r e indicated o n F igure 4 a n d a r e obviously superseded by m a n y m o r e 
mode l s since publ ished. 

(d) Var ious values used in l i te ra ture for a Sirius mode l a t m o s p h e r e 

9700 l o g # = 4.3 B o y a r t c h u k (1962) 
9 7 0 0 4.3 K o h l (1964) 
9 7 0 0 4.3 Gehl ich (1969) 

10000 4.0 S t r o m et al. (1966) 
10080 4.44 W a r n e r (1966) 
10200 4.35 Schild et al. (1971) 
10290 4.3 L a t h a m (1971) 
10500 4.0 G r o s (1972) 

T A B L E I I 

S o m e de te rmina t ions of effective t empera tu res , e i ther directly, o r f rom mode l a tmospheres 
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F i g u r e 4) . A c c o r d i n g t o t h e u sua l ST— J e f f scale, it c o r r e s p o n d s t o A 0 - A 1 (Sir ius) , 
b u t t o A 4 - A 5 (Vega) i n s t ead o f AO . . .Vega a p p e a r s a s c o l d e r t h a n S i r i u s ! . . . 

C a n we discuss t h e e r r o r s in a n y r e a s o n a b l e w a y ? T h e T a b l e I gives t h e va lues , f r o m 
t h e or ig ina l sou rces , o f t h e e r r o r s t h a t affect e ach m e a s u r e m e n t . The re fo re , we c a n 
e s t i m a t e : 

ASCll^l = 2AR/R s 0.03 (Si r ius) (12) 

^ 0 . 2 7 (Vega) 
o r 

J log ^ 0 . 0 1 2 (Sir ius) 

S 0 . 1 2 (Vega) 

A&2I&2 = OAAm + 0AAA + lAwjw + 0AA (BC), (13) 

=• 0 .056 (Sir ius) 

^ 0 .154 (Vega) 
o r 

J l o g J ^ 2 ^ 0 . 0 2 (Sir ius) 

^ 0 . 0 7 ( V e g a ) . 

W e have e s t i m a t e d t h e e r r o r o n BC t o be of 0.04 (see F i g u r e 4 ) , w h i c h seems t o be 
sheer pess imism, in t h e p r e sen t s t a t e of usual m o d e l a t m o s p h e r e s . F r o m (12) a n d (13) 
- see F igu re 5 - , o n e o b t a i n s t h e fo l lowing v a l u e s : 

S i r ius : 9500 < T e f f < 1 0 7 0 0 

V e g a : 7700 < T e f f < 9 9 0 0 . 

A source o f e r r o r h a s been n o t e d by P o p p e r (1959) : t he i n t e r f e rome t r i c m e a s u r e m e n t s 
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I 1 1 I L_ 

0 5 B0 B5 AO A5 FO 
Fig . 4b . T h e T e f f - ST ca l ibra t ion , (a) f rom FO to M s tars , accord ing K e e n a n (1963). T h e different 
curves refer to different L C . (b) from 0 5 to FO, accord ing var ious a u t h o r s . O p e n circles denote mode l 
a tmosphe re s used by H a r r i s (1963) (see Tab le 3). Black circles d e n o t e a few direct de t e rmina t i ons : 
(3) M D 164402, Duf ton (1972); (5) ( Per , Cayre l (1958); (6) H D 96248, Duf ton (1972); (7) pi Sco , 
H a r r i s (1963); (8) n Leo , Wolff (1971); (10) a L y r (this inves t igat ion) ; (11) Sir ius , P o p p e r (1959); (12) 

Sirius, this inves t igat ion; (13) ft A u r , P o p p e r (1959). 

of t h e d i a m e t e r a r e affected by t h e l i m b d a r k e n i n g . By a s s u m i n g a l i m b - d a r k e n i n g 
coefficient o f 0 .45, P o p p e r finds a d i a m e t e r of 0.0072 i n s t ead of t h e 0 .0068 m e a s u r e d a t 
t h a t t i m e by B r o w n a n d Twis s (1956 ,1964 ) . T h i s inc reases \ogSfl by 0 .05 a n d decreases 
t h e t e m p e r a t u r e o f S i r ius , b y a b o u t 100°. 

H o w e v e r , P o p p e r , u s i n g t h e s a m e ana lys i s a s we m a d e , finds for S i r ius 9350° + 340°. 
H i s va lue for BC is different f r o m o u r s by a b o u t 0 .07 : t h i s w o u l d inc rease o u r \ogJ?2 

by 0.03 a n d w o u l d n o t be sufficient t o b r i n g o u r va lues t o a n a g r e e m e n t . W e shal l 
c o m e b a c k o n the BC, - b u t a t t h i s s tage we d o n o t u n d e r s t a n d t h e difference be tween 
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o u r ca lcu la t ions a n d P o p p e r ' s . T h e mv is - 1 . 4 3 for us , - 1 . 4 7 in his c o m p u t a t i o n . 
B u t t he d i a m e t e r va lue is defini tely smal le r in t h e m o r e recen t m e a s u r e m e n t s by B r o w n 
et al. (1967) t h a n t h e m e a s u r e m e n t s used by P o p p e r . 

C a n we u n d e r s t a n d w h y we o b t a i n t e m p e r a t u r e s t h a t s eem t o o h i g h for Si r ius , t o o 

35.0 

34.5 

1 1 
l o q X 

1 ' ' ^ 

It / 
— " ^ ^ ^ S I R I U S 

, T « 10~3 

6 7 8 9 10 11 12 

Fig. 5. D e t e r m i n a t i o n of Teff a n d S? for Sirius a n d Vega. T h e curves represen t the functions de­
scr ibed in the text (Equa t ions (10) a n d (11)). 

l ow for V e g a ? If, i n s t ead of h a v i n g p u t A = 0 in t h e e q u a t i o n s , we w o u l d have t a k e n 
s o m e pos i t ive va lue for t h e a b s o r p t i o n , w e w o u l d h a v e o b t a i n e d h i g h e r t e m p e r a t u r e s , 
m o r e c o m p a t i b l e for V e g a w i t h t h e u sua l c a l i b r a t i o n s : A va lue o f A ^ 0 . 7 m a g . (Vega) 
is indeed fitting t h e d a t a . B u t it s eems rea l ly h igh , a n d difficult t o reconc i le w i t h t h e 
very low va lue o f t h e c o l o r i n d e x B—C, unless we a s s u m e a p rac t i ca l ly grey c i r c u m -
ste l lar a d d i t i o n a l a b s o r p t i o n o f t h a t o r d e r o f m a g n i t u d e . 

W e have so far n o t d e t e r m i n e d t h e va lue o f g; we c a n d o it for Si r ius , w i t h o u t 
reference t o t h e m o d e l a t m o s p h e r e , a s Si r ius is a w e l l - k n o w n d o u b l e sys tem. W e t h e n 
o b t a i n : 

log g = 4 .309 

T h e e r r o r is t h e n 

Agjg = AJt\Jt + 2ARJR ^ 0 . 1 3 

h e n c e A log g =* 0 . 0 6 . 

Le t us discuss t h e t w o cases separa te ly , us ing the v a r i o u s ava i l ab le d a t a . 
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1.3.1. Case of Sirius 

T h e smal l m e a s u r e d va lues of R d o n o t fit e i ther t h e s ta t i s t ica l r e l a t i on for t he 
s ta t i s t ica l va lue o f Teff d e d u c e d f r o m t h e spec t ra l t y p e A l V (o r t h e a b o v e va lue o f 
T e f f (F igu re 6). I t m e a n s t h a t we h a v e t o r e d u c e t h e r a d i u s R, t h u s p u s h Si r ius u n d e r 
t h e M S ; g h a s t o be a c c o r d i n g l y inc reased , a n d Jt dec reased . C a n we accep t such a n 
e r r o r in the ana lys is o f a b i n a r y sys t em so well k n o w n ? I t is d o u b t f u l ; w e a r e t e m p -
t a t e d t o class Si r ius as a n A 1 V I , o r t o class it a s a A 4 - A 5 V w i t h a n a b n o r m a l l y h igh 
r e f f . . . b u t w h y ? A n d a n y w a y , is th i s l i nked w i th t h e fact t h a t S i r ius seems t o have 
p r o p e r t i e s s imi la r t o meta l l i c - l ine s t a r s ? 

Fig. 6. T h e case of Sirius. T h e a r r o w s o n the r ight indicate direct de t e rmina t ions . T h e heavy line 
o n the left, paral lel t o the r e f f axis , is t aken f rom F igure 5. T h e curves c o r r e s p o n d t o the usual cali­

b r a t i o n for class V s tars . 

1.3.2. Case of Vega 

T h e m e a s u r e d va lue o f R is t o o h i g h for t h e genera l ly a d m i t t e d s ta t i s t ica l va lue o f 
T e f f - a n d m u c h t o o h i g h for t h e n e w o n e . A fac to r o f 1.5 t o 3 h a s t o b e app l i ed . W e 
t h i n k therefore t h a t w h a t e v e r is t h e r e a s o n for t h e Teff a n o m a l y , t h e s t a r Vega is 
p r o b a b l y well a b o v e t h e m a i n s e q u e n c e a n d c a n b e c o n s i d e r e d as o f L C IV , (as sug­
ges ted a lso by B C D class i f icat ion) . T h e l uminos i ty , a c c o r d i n g t h e u s u a l c a l i b r a t i o n , 
is a l l r ight . Bu t a c c o r d i n g t h e n e w m e a s u r e m e n t s of J e f f , t h e s t a r is twice o f th ree t i m e s 
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o v e r l u m i n o u s conf i rming t h a t t h e s ta r m i g h t be co lde r a n d b igger t h a n its usua l c las­
sif icat ion, - let us say A 4 - 5 I V ( F i g u r e 7). 

A h igh va lue for t h e ex t i nc t i on m a y be t he cause o f t h e t r o u b l e ; b u t it w o u l d still 
k e e p Vega a b o v e t h e M S . A n e r r o r in t he o t h e r m e a s u r e m e n t s is un l ike ly l a rger t h a n 

I I l I ^ J J 
B 5 AO A 5 FO ST 

Fig. 7. T h e case of Vega. Conven t ions as in F igure 6. 

t h e m a r g i n s we h a v e a d o p t e d . The re fo re , o n e is forced t o a d m i t t h a t , a t least in t h e 
case of Vega , poss ib ly in t h e case of Sir ius t o o , s o m e t h i n g else is b a d l y w r o n g . . . I t 
b r i ngs t h u s t he q u e s t i o n : 'how valid indeed is the usual S T — 7" e f f calibration!" A s th i s 
r e l a t i on d e p e n d s very l i t t le u p o n t h e L C , t he poss ib le c h a n g e s in L C d o n o t affect th is 
bas ic q u e s t i o n . 

O f cour se , we k n o w t h a t n o n e of t h e t w o s ta rs is a ' b o n a fide' s t a r ; even for S i r ius , 
w h i c h seems t h e less a b n o r m a l , w e k n o w t h a t t h e use o f DB t o fix t h e S T gives A 0 - A 4 ; 
b u t t h e g r ad i en t s q>b9 (puv o f t h e P a r i s classif icat ion give B 8 - B 9 . W h e n e v e r we h a p p e n 
t o k n o w be t t e r a s ta r , i t s eems i n d e e d a n un iversa l ru l e t h a t we p u t it progress ive ly 
o u t of p o w e r as a s t a n d a r d , . . . i sn ' t it t r u e ? Af te r a n ex tens ive use o f s te l lar d e m o g ­
r a p h y , we f o u n d n o w t h a t t h e m o r e classical s t a r s , a s Si r ius , Vega , o r S M o n o c e r o t i s 
a r e indeed p sycho t i c i n d i v i d u a l s ! - B u t they a r e n o t . . . W e j u s t h a p p e n t o k n o w t h e m 
be t t e r n o w . A n d we s h o u l d n o t fo rge t t h a t , a c c o r d i n g F r e u d ' s views o n psychos is , t h e 
o n l y t h i n g w r o n g a b o u t such ind iv idua l s is t h e w a y w e t a ck l e t h e m , . . . i.e. t he t h e o r y 
o f m o d e l a t m o s p h e r e s . 

I n the p a r t i c u l a r case o f Si r ius o r Vega , obv ious ly n o m o d e l , in t h e l ong series of 
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ava i l ab le t ab les , repl ies in a n y sat isfactor i ly w a y t o t h e o b s e r v e d difficulties. I n t h e 
case of Si r ius , recen t a t t e m p t s b y M . G r o s (1972) t o i n t r o d u c e a c h r o m o s p h e r e , a s 
sugges ted by t h e U V o b s e r v a t i o n s of S techer (1969) a n d C a r r u t h e r s (1968, 1969), d o 
n o t r e a c h a n y c o m p l e t e l y sat isfying so lu t ion . H e r m o d e l is r e p r e s e n t e d in F i g u r e 8 ; 
t h e r e m a i n i n g d i sc repanc ies a r e c l ea r o n he r c o m p u t e d U V s p e c t r u m (F igu re 9). 

W e m a y n o t e o n th i s figure t h a t t h e U V s p e c t r u m is genera l ly m u c h smal le r t h a n 
t h a t p red ic t ed b y t h e m o d e l s - d u e t o l ine a b s o r p t i o n , m o s t p r o b a b l y . 

Fig. 8. T h e mode l s of Sir ius. accord ing S t r o m et al. (1966) a n d G r o s (1972). 

W h a t k i n d of m o d e l s s h o u l d be used to reconci le c o m p u t e d spec t r a wi th obse rved 
spec t r a , in b o t h cases of V e g a a n d Sir ius , - a d m i t t i n g t h a t t h e y c a n n o t b e t he s ta t i s ­
t ica l ly va l id m o d e l s r e p r e s e n t i n g r o u g h l y well s t a r s o f t h e m a i n s equence - if a n y such 
m o d e l does ex i s t ? . . . 

(a) I n t h e case of S i r ius , t h e r a d i u s is p r o b a b l y s m a l l e r t h a n in t h e m a i n s e q u e n c e ; 
t h e t e m p e r a t u r e is p r o b a b l y co r rec t . The re fo re , t h e m o d e l is sufficiently well defined 
b y t h e u sua l va lues o f g a n d r e f f . H o w e v e r , t h e c a l i b r a t i o n o b v i o u s l y d o e s n o t w o r k 
t o o w e l l . . . . C a n we t h i n k t h e BC is in e r r o r ? If so , t h e m o d e l is in e r r o r itself, t h e 
ene rg y is d i s t r i bu t ed i n t h e s p e c t r u m in a different w a y t h a n in t h e case o f a n o r m a l 
' c lass ica l ' m o d e l . M u c h flux is mi s s ing in t h e U V . T h e r e f o r e , t h e BC is p r o b a b l y 
smal le r , a n d & 2 ^ s o - W e sha l l t h e n have t o l ower t h e t e m p e r a t u r e ; w h i c h fits a 
n u m b e r of t h ings (g, R, Jt), a s wel l a s t h e m e a s u r e m e n t s o f DB.... T h e d i s t r i bu t i on of 
t h e r a d i a t i o n in t he s p e c t r u m , s t rong ly affected by a n a b n o r m a l b l a n k e t i n g effect, 
m i g h t lead t o a n a b n o r m a l t e m p e r a t u r e g rad ien t , a n d t h e n t o a n excess of co lo r , a s 
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Fig . 9. T h e U V spec t rum of Sirius. Accord ing mode l s by S t r o m et al. (1966); G r o s (1972), and 
measu remen t s by Stecher (1969, 1970), a n d C a r r u t h e r s (1968, 1969). 

s h o w n by t h e m e a s u r e m e n t s o f t h e q>b a n d <pM„.... I n t h a t case , t h e use o f series of 
' h o m o l o g o u s ' m o d e l s de r ived f r o m t w o - d i m e n s i o n a l g r ids w o u l d be w r o n g a n d mis ­
lead ing . Le t u s n o t e t h a t t h e v a r i o u s a u t h o r s w h o h a v e c o m p u t e d T e f f for Sir ius - in­
d e p e n d e n t l y of o t h e r differences in t h e d a t a - h a v e used different va lues for the BC. 
O u r va lue , w i t h t h e a d o p t e d t e m p e r a t u r e , was 0 .40 ; P o p p e r ( w h o h a s been us ing 
la rger rad i i , c o m i n g f r o m p r e v i o u s series o f m e a s u r e m e n t s by H a n b u r y B r o w n a n d 
Twiss , 1956, 1964) u s e d 0 . 2 7 ; P e a s e h a s u sed t h e va lue 0.72. H o w e v e r , t h i s d o e s n o t 
satisfy u s : a c h a n g e in t h e BC c h a n g e s £ £ 2 : b u t , a c c o r d i n g t h e fact t h a t t h e represen­
ta t ive curve for S£2 is a l m o s t flat, t h e to ta l o b t a i n e d l u m i n o s i t y w o u l d be decreased , 
w h i c h pushes t h e r ep re sen t a t i ve p o i n t in d i a g r a m 6 still fu r the r a w a y f rom w h e r e it 
s h o u l d be . 

O u r on ly s o l u t i o n is i n d e e d t o accep t a sma l l e r r a d i u s , a l a rge r g - a n d t o h o p e t h a t 
such m o d e l s will fit be t t e r t h e visible spec t ra a s d o t h e u sua l m o d e l s ; o f cou r se t h e 
BC will h a v e t o b e r ev i s ed ; b u t t h i s will n o t b e sufficient!. . . U n d o u b t e d l y , t h e bu i l d ing 
o f m o d e l s r i cher in the i r phys ica l va lue a s t h e o n e s n o w in use , wil l g rea t ly h e l p ; b u t 
it h a s still t o be d o n e ! 

(b) T h e case of V e g a is en t i re ly different, as a l r e a d y seen. W h a t k i n d of m o d e l co u l d 
p u t t he p i c tu r e m o r e c o h e r e n t ? H e r e s o m e c i r cums te l l a r grey a b s o r p t i o n m i g h t d o the 
t r ick . W h a t w o u l d d o s o m e c h a n g e in t h e BC! I n o r d e r t o i m p r o v e t h e t e m p e r a t u r e 
fit, we s h o u l d n o t , a g a i n , c h a n g e t h e l u m i n o s i t y t o o m u c h ; the re fo re , a c h a n g e in t h e 
r a d i u s w o u l d fit t h e class ical Tcff va lue , p r o v i d e d w e d i m i n i s h t h e 1956 H a n b u r y 
B r o w n a n d Twiss va lue , by a fac to r 2.7. I t is h igh ly un l ike ly t h a t we can d o t h a t . 
T a k i n g a A 4 S T va lue for Tcff w o u l d n o t fit t he l ine s p e c t r u m , unless s o m e s t r o n g 
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a b u n d a n c e a n o m a l y exis ts . H e r e , we feel t h a t a s s u m i n g a c i r cums te l l a r a b s o r p ­

t i o n is a be t t e r cho ice - b u t a s m a l l va lue for g will st i l l b e necessa ry . A n d we s tay 

u n h a p p y . . . I n d e e d s imi lar d i s c o u r a g i n g conc lus ions a re r e a c h e d in a very t h o r o u g h 

ana lys i s b y H a r d o r p a n d Scho lz (1968) , as well as by H e i n t z e (1968) w h o feels a l so 

t h a t a smal l va lue of g is necessary . 

C o m i n g b a c k t o a sen tence a l r e a d y expressed ear l ier . . . t h e w r o n g t h i n g is the t h e o r y 

o f s te l lar a t m o s p h e r e s ; a n d we m u s t n o t use b l ind ly t h e classical t h e o r y . D r a s t i c 

c h a n g e s h a v e t o b e d o n e in it. 

(a) T h e U V s p e c t r u m ( a n d , as w e shal l see for o t h e r s t a r s , t h e I R s p e c t r u m ) will 

force us t o modi fy t h e c a l c u l a t i o n s o f t h e BC. M o d e l s a r e u n a d e q u a t e . 

(b) T h e y a r e u n a d e q u a t e b e c a u s e , poss ib ly , o f a b n o r m a l a b u n d a n c e s , o f ex tended 

a t m o s p h e r e s , o f c i r cums te l l a r p h e n o m e n a (see Sec t ion 3). 

(c) T h e c o n t r i b u t i o n o f c h r o m o s p h e r i c layers t o t he r e f f m a y affect t he 7 e f f d i rect 

m e a s u r e m e n t s w i t h o u t affecting t h e layers whe re t h e c o n t i n u u m s p e c t r u m is f o rmed 

- o r affecting t h e m very l i t t le . 

(d) T h e L T E classical ana lys i s o f t h e s p e c t r u m h a s t o be p u t u n d e r s t r o n g susp ic ion . 

(e) T h e t r e a t m e n t of b l a n k e t i n g in t h e usua l ly ava i l ab le m o d e l s is p r imi t ive . 

W h a t is th i s s t udy o f t h e difficulties e n c o u n t e r e d in t h e case of S i r ius a n d Vega 

t e a c h i n g to u s ? After a l l , b o t h s t a r s a r e a m o n g s t t he s t a n d a r d s t h a t h a v e been used to 

e s t ab l i sh t h e ave rage c a l i b r a t i o n o f spec t ra l sequences . S o , t h e fit SHOULD b e excel lent 

. . . A n d it is n o t ! 

E v e n if t h e m o d e l s w e r e sys t ema t i ca l ly w r o n g , o n e c o u l d say t h e y s h o u l d be w r o n g 

in t h e s a m e way . W e h a v e j u s t s h o w n it is n o t t rue . The re fo r e , t h e use o f DIFFERENTIAL 

s p e c t r u m analys is (essent ia l ly b a s e d o n the fact t h a t if m o d e l s a r e w r o n g they a re 

w r o n g in t h e s a m e w a y for t h e t w o s ta r s t o be c o m p a r e d ) s h o u l d be a b a n d o n e d . 

Inc iden t ly , we shal l see l a t e r t h a t , for s imi la r r e a s o n s , we s h o u l d a b a n d o n t h e differ­

en t ia l cu rve o f g r o w t h ana lys i s a s wel l , a n o p i n i o n we h a v e expressed several t imes 

w i t h o u t be ing e n o u g h c o n v i n c i n g so far - a t least , we feel s o . . . ! 

1.4. CALIBRATION OF S T - r e f f RELATION 

T o ca l ib ra t e t h e r e l a t i o n used in o u r p r eceed ing d i scuss ion o f t h e cases of Vega a n d 

Si r ius , u se h a s b e e n d o n e o f w e l l - k n o w n (let u s say ' w e l l - k n o w n ' i n s t ead , w i th q u o t a ­

t i o n m a r k s ! . . . ) s ta rs . T h e T a b l e I I t a k e n f r o m H a r r i s a n d K e e n a n , gives t h e bas ic 

d a t a used in such c a l i b r a t i o n s . T h e c u r v e s of F i g u r e 4 s h o w t h e r e l a t i on , as finally es­

t ab l i shed , a c c o r d i n g t h e s a m e sources . T h e in te rna l d i spe r s ion revea l s t h e s a m e k i n d 

o f effect as d iscussed for Vega a n d S i r ius a n d c a n be c o n s i d e r e d a s rea l a n d phys ica l , 

n o t a s s p u r i o u s . 

C lea r ly , t he t w o - d i m e n s i o n a l m o d e l s a r e o n l y a h i s to r ica l s t ep , b u t we m a y foresee t h a t , 

for o b v i o u s r ea sons o f c o n v e n i e n c e , i t will stil l be app l i ed , in p r a c t i c e , for m a n y years . 

A t least , w h e n d o i n g s o , a n i m p o r t a n t q u e s t i o n will h a v e t o be a n s w e r e d ( a n d , w h e n ­

ever feasible, i.e. rare ly , r e p l i e d ) : let u s a s s u m e ( F i g u r e 10) t h a t t h e use o f t w o cr i te r ia 

k1 a n d k2 gives, u s ing a set o f iso-A^ a n d iso-A:2 cu rves , in t h e J e f f — log g p l a n e , a l l o w s 

t h e d e t e r m i n a t i o n of o n e p o i n t in th i s d i a g r a m . T h e use o f k3 a n d k4 gives a n o t h e r 
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I I I I I ^ 

2 3 4 5 log g 

Fig . 10. T h e basic difficulty in us ing two-d imens iona l de te rmina t ions of T e f f a n d g . T h e p rob lem is : 
by using two different sets of t w o cr i ter ia , o n e find different so lu t ions . T h e heavy t r iangle is the average 
of such de te rmina t ions , represented by do t s . Wi th bet ter mode l s , the d ispers ion m a y be r e d u c e d . . . 
But will the average t r iangle be s t rongly displaced o r no t , in the twodimens iona l d i a g r a m ? 

• « ' • ' ' 1 » * " "—'—" « ' 1.3' 1 '* • • • • 
7400 7200 7000 6800 6600 6400 6200 7*00 7200 7000 6800 6600 6400 6200 

T e T e Fig. 11. (according Osmer ) - Two-d imens iona l analys is ; an ac tua l case . T h e two-cri ter ia m e t h o d 
appl ied to two sets of cr i ter ia (left: Hy, a n d C i; r ight , Hy and DB) and to s o m e s t a r s : 1: <p C a s ; 2 : 
a P e r ; 3 : H D 10 494 : 4 : 4 - 60° 2532. O n e can see h o w a b n o r m a l is especially the case of s tars 1 a n d 4. 
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p o i n t . A n y set o f t w o c r i t e r ia will a l l ow us t h e d e t e r m i n a t i o n of a n e w set o f va lues for 

r e f f a n d g. T h e d i spe r s ion o f t hese p o i n t s is d u e , in p a r t , t o e r r o r s in m e a s u r e m e n t s , in 

t h e essent ia l p a r t h o w e v e r t o t h e need for a d d i t i o n a l p a r a m e t e r s , a n d to t h e u n a d e -

q u a c y of t h e m o d e l s . 

T h e q u e s t i o n n o w i s : ' a s s u m i n g t h a t we i n t r o d u c e p r o p e r l y t h e t h i rd , f ou r th , e tc . 

. . . p a r a m e t e r s , a n d t h a t w e use excel lent m o d e l s for t h e s t a r in c o n s i d e r a t i o n , we shall 

find, in s t ead of a few p o i n t s , a s ingle o n e , w i th in t h e m a r g i n of e r r o r s . Wi l l th i s p o i n t 

fall n e a r t h e cen te r of g rav i ty o f t h e first g r o u p of s e p a r a t e p o i n t s d e t e r m i n a t e wi th t he 

first a p p r o x i m a t i o n t h e o r y ? O r will i t b e s t rong ly d i sp laced w i t h respec t t o th i s g r o u p ? 

I n t h e l a t t e r case , t h e t w o - p a r a m e t e r s classical a p p r o a c h is n o t even g iv ing a co r rec t 

o r d e r o f m a g n i t u d e , even w h e n al l poss ib le sets of t w o c r i t e r i a a r e used , a n d , a l t h o u g h , 

th i s d i scuss ion is ra re ly d o n e in a sys temat ica l way , we h a v e a h i n t t h a t th i s is indeed 

very of ten t h e case , a n d t h a t a n ex t r eme ly s t r o n g w a r n i n g , o n c e m o r e , s h o u l d be m a d e , 

a g a i n s t t he classical t w o - p a r a m e t e r s m o d e l a p p r o a c h . A recen t e x a m p l e is c lear ly 

g iven by F i g u r e 11 , d r a w n a c c o r d i n g O s m e r (1972). 

2. Failures of the Two-Parameters Mode l Atmospheres 

2 . 1 . THE OBSERVATIONAL NEED FOR MORE-THAN-TWO-PARAMETERS CLASSIFICATIONS 

W e h a v e seen clear ly t h a t even t h e bes t s ta rs ava i l ab le for c a l i b r a t i n g t h e classif icat ion, 

w h e n e v e r they c o u l d be a p p r o a c h e d b o t h by di rec t m e t h o d s a n d b y m o d e l a t m o s p h e r e s 

m e t h o d s , gave resul ts n o t so easy t o in te rp re t . T h e y d o n o t fit very wel l t h e s ta t i s t ica l 

r e l a t i o n s es tab l i shed prec ise ly b y the i r use - w h i c h p r o v e s n o t so m u c h a n u n a d e -

q u a c y of t h e s ample s w h i c h h a v e b e e n used , t h a n t h e bas ic u n a d e q u a c y of t he 

ve ry idea of t h e feasibi l i ty of a t w o - p a r a m e t e r s s a m p l i n g . 

A c t u a l l y , i n d e p e n d e n t l y of t h a t k i n d of c o n s i d e r a t i o n s , if b e c a m e s o o n a p p a r e n t , 

w h e n e v e r a n y t w o - d i m e n s i o n a l sys t em of spec t ra l c lassif icat ion w a s used , t h a t it w a s 

incons i s t en t w i t h t h e o t h e r s , a n d the re fore unsufficient. T h i s w a s s h o w n t h r o u g h 

several types of a p p r o a c h e s . 

(a) I n t h e Pa r i s B C D class i f icat ion, for e x a m p l e , s o m e s t a r s fall o u t of t h e ' su r face ' 

w h e r e al l n o r m a l s ta rs a r e fa l l ing ; in o t h e r t e r m s , t h e sur face h a s a rea l n o n - z e r o 

w i d t h , w h i c h does n o t c o r r e s p o n d o n l y t o t h e i n t e rna l d i spe r s ion o f m e a s u r e m e n t s , 

b u t t o t h e real need for a t h i r d classif icat ion p a r a m e t e r . I n t h e B C D classif icat ion, in 

a d d i t i o n t o kx a n d DB (wh ich give in p r inc ip l e T e f f a n d g)9 t h e use o f t h e g r ad i en t (pb o f 

t h e c o n t i n u o u s s p e c t r u m seems necessary . T h e ' su r face ' m e n t i o n e d a b o v e is i ndeed 

c o n s t r u c t e d in t h e space DB9 k u q>b. 

I t is in te res t ing t o n o t e t h a t t h e effect seems t o be especia l ly n o t i c e a b l e for t h e 

'meta l l i c - l ine s t a r s ' a n d for t h e s u b d w a r f s - i nd i ca t i ng m o r e o r less t h a t t h e effect is 

t h r o u g h the i r c o n t i n u o u s s p e c t r u m , a n effect o f me ta l l i c a b u n d a n c e . A s t h e con t i n ­

u o u s s p e c t r u m is d i rec t ly l i n k e d t o t h e m o d e l , th i s on ly c o m m e n t m a k e s us bel ieve 

t h a t t h e influence of me ta l l i c l ines a n d meta l l i c c o n t i n u u m , n o t o n l y o n t h e s p e c t r u m , 

b u t a l so , a n d essent ia l ly , o n t h e m o d e l itself, is o f a n o t i c e a b l e i m p o r t a n c e , as we shal l 

see la ter . 
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( b ) Several s t a r s a r e d e n o t e d in t h e u sua l classif icat ions, by s o m e a d d i t i o n a l s y m b o l , 
s u c h as t h e le t ters e ( for emi s s ion ) , p (for pecu l ia r ) o r still / , o r o t h e r s , t o ind ica t e 
a b n o r m a l spec t ra l f ea tu res , of ten a p p e a r i n g in emiss ion . T h i s is gene ra l ly t h o u g h t t o 
i m p l y enve lopes , o r e x t e n s i o n o f t h e a t m o s p h e r e , w h i c h t h e m o d e l s r a re ly p red ic t w h e n 
u s e d in t h e classical s i m p l e - m i n d e d w a y . 

(c) Several s ta rs d i sp lay ' s y m b i o t i c ' spec t ra , w h e r e a r e j u x t a p o s e d , s imu l t aneous ly , 
fea tures c o r r e s p o n d i n g t o very different types of s ta r s . T h e y of ten c o u l d b e i n t e rp re t ed 
n o t in t e r m s o f b i n a r y s p e c t r u m , b u t by us ing d e t a c h e d enve lopes a n d t h e l ike , w h e r e 
phys ica l c o n d i t i o n s s t r o n g l y differ f r o m t h o s e of t h e classical p h o t o s p h e r e . 

T h e ' she l l ' t y p e spec t r a b e l o n g m o r e o r less t o th i s c l a s s ; of ten obse rve r s , a l t h o u g h 
they agree o n t h e ' t y p e ' o f pecu l i a r i t y d i sp layed by t h e s p e c t r u m , d i sagree o n t h e 
i n t e r p r e t a t i o n , a n d n a t u r a l l y , a s a way of c o n s e q u e n c e , o n h o w v a r i o u s s t r ange s ta rs 
a r e re la ted , phys ica l ly , e a c h t o t h e o the r . 

A c c o r d i n g l y , t h e o r e t i c i a n s s h o u l d indeed cer ta in ly c o n s i d e r t h e s y m b i o t i c c h a r a c t e r 
of a s p e c t r u m as very gene ra l , in all s te l lar a t m o s p h e r e s . 

(d) Several s t a r s , c lassed in a ce r t a in way , a c c o r d i n g o n e t y p e o f classif icat ion, a r e 
c lassed in a n o t h e r w a y a c c o r d i n g a n o t h e r t ype o f classif icat ion. T y p i c a l of th is case 
a r e t he me ta l l i c l ine s t a r s . B u t w e s h o u l d n o t e here t h a t ' m e t a l s ' ( indeed , o t h e r e l emen t s 
t h a n H a n d H e , a c c o r d i n g s o m e a u t h o r s ) c a n n o t be c o n s i d e r e d a s a who le . T h e r a t i o 
o f a b u n d a n c e s of t w o g iven e l e m e n t s seem t o va ry very m u c h , f r o m a s t a r t o a n o t h e r 
o n e , a n d th i s v a r i a t i o n differs f r o m t h e t w o e l emen t s selected t o a g r o u p of t w o o t h e r 
e l emen t s . T h e r e a r e 'me ta l l i c - l ine s t a r s ' ; b u t t he re a r e a l so ' b a r y u m s t a r s ' , ' e u r o p i u m 
s t a r s ' , ' h e l i u m - p o o r s t a r s ' , ' h e l i u m - r i c h s t a r s ' , e t c . . . . 

A pa r t i cu la r ly difficult r eg ion o f t h e H R d i a g r a m is t h a t o f t h e co ld s tars . T h r e e 
a d d i t i o n a l p a r a m e t e r s (a t l eas t? ) a r e necessary . T h e figure in S c h m i d t - K a l e r (1965) 
s h o w s th i s qu i t e c lear ly . S o d o e s F i g u r e 6.1 a n d T a b l e 6.3 in Page l (1971) , w h o q u o t e s 
Fawe l l a n d G r e e n e . 

Several cases i l l u s t r a t ing t h a t t y p e of difficulties h a v e been q u o t e d in t h e l i t e ra tu re . 
T h e fo l lowing list o f s t a r s is o n l y a pa r t i a l list of e x a m p l e s o f t he non-su i t ab i l i t y of a 
t w o - d i m e n s i o n a l c lass i f icat ion, a c c o r d i n g to S c h m i d t - K a l e r . 

(i) Emis s ion l ine s t a r s o f ea r ly t y p e s : O e , Be, A e 
s u c h a s q> Pe r , x D r a , H D 45677 , e t c . . . . 

(ii) S ta r s w i t h s t r o n g l y b r o a d e n e d l ines (Bnn , A n n , F n n ) 
such as r\ U M a . 

(iii) A-s t a r s w i th p e c u l i a r s p e c t r a : A p , F p 
such as a A n d , p C r B . 

Gene ra l l y , t h e a b u n d a n c e s o f ions M n II, Si II, E u II, C r n , Sr II seem h ighe r 
t h a n n o r m a l . 

( iv) Meta l l i c - l ine s t a r s : A m , F m 
T y p e : a G e m B . 

T h e r a t i o C a II (K- l ine ) t o meta l l i c l ines is a b n o r m a l l y w e a k . 
(v) W o l f - R a y e t s t a r s W N 5 t o 8, W C 5 to 8 

T y p e s : H D 192163, 192103. 
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T h e s e s ta r s h a v e b r o a d emis s ion l ines of i ons of e i t he r C o r N . 

(vi) P o p u l a t i o n I I s t a r s 

T y p e s : F t o M . 

S u c h a s 5 L e p , H D 140283. 

T h e i r spec t ra a r e c h a r a c t e r i z e d by a b n o r m a l in tens i t ies of C H a n d / o r C N b a n d s 

(poss ib ly d u e t o a b n o r m a l a b u n d a n c e r a t i o s C /me ta l s ) . 

(vii) C a r b o n s ta rs 

T y p e s C 0 - C 9 ( R a n d N ) 

T y p e : U X D r a 

T h e b a n d s of C 2 a n d C N a r e a b n o r m a l l y e n h a n c e d . 

(viii) S-Stars 

T y p e S 

such a s : R A n d 

T h e ox ide b a n d s ( Z r O , Y O , L a O , T i O ) a n d t h e t e c h n e t i u m l ines a r e over - in tense . 

T h e s e a r e very c l ea rcu t cases . B u t let us r e m e m b e r t h e case o f S i r ius a n d of Vega , 

w h i c h , a l t h o u g h of ten u s e d a s s t a n d a r d s for t h e c lass i f icat ions, c a n n o t be label led 

u n a m b i g u o u s l y ! . . . W e c a n the re fo re cons ide r t h a t t h e success o f t h e t w o - d i m e n s i o n a l 

c lassif icat ion h a s been i n d e e d h i d i n g its bas ic u n a d e q u a c y . . . . 

2.2. THE ABUNDANCES OF ELEMENTS, THE LINE FORMATION, AND THE MODEL 

ATMOSPHERES 

S o m e o f t h e difficulties de sc r ibed h e r e a b o v e a r e o b v i o u s l y d u e t o t h e d i spe r s ion in t he 

v a r i o u s a b u n d a n c e - r a t i o s . 

O f cou r se t h e first check t o d o , w h i c h w o u l d be qu i t e c o n v i n c i n g ( cou ld it be d o n e 

w i t h o u t a m b i g u i t y ) , is t h e d i rec t d e t e r m i n a t i o n of a b u n d a n c e s . 

I n a series o f p a p e r s , qual i f ied b y s o m e a u t h o r s , in a r e g r e t t a b l e way , a s ' r e g r e t t a b l e ' 

( n o q u o t a t i o n is necessary) , several a u t h o r s , i nc lud ing myself, h a v e s h o w n t h a t , in t he 

so l a r case , u s ing a m o d e l d e d u c e d f r o m the empi r i ca l ana lys i s o f t h e c o n t i n u u m d a t a , 

t h e a b u n d a n c e s of several m e t a l s a r e difficult t o d e t e r m i n e , a p r i o r i , f r o m t h e classical 

L T E ana lys i s of t h e cu rve o f g r o w t h , o r of ind iv idua l l ines . I m p o r t a n t e r r o r s were the 

c o n s e q u e n c e of t h e L T E ana lys i s . S imi l a r resul t s h a v e b e e n o b t a i n s ince for t he S u n , 

b y D e J a g e r a n d N e v e n (1967, 1968), a n d by W i j b e n g a a n d Z w a a n (1972) , for B s ta r s , 

a n d h e l i u m , b y H e a r n (1970, 1971), for O - B s ta r s a n d M g , by M i h a l a s (1972). 

W e shal l c o m e b a c k o n s o m e a spec t s of th i s d i scuss ion . C lea r ly , w h a t e v e r is t he 

i n t e r p r e t a t i o n of l ine in tens i t i es , a b u n d a n c e s differences affect p r i m a r i l y t h e l ines , 

a n d t h r o u g h t h e l ines , spec t r a l b r o a d - o r n a r r o w - b a n d ana lys i s . I nd i ce s o f meta l l i c i ty 

c a n b e d e d u c e d f rom different t y p e s o f c lassif icat ion, u s e d for different degrees o f 

s te l lar b r igh tness . T h e <pb o f t h e B C D classif icat ion is a n i n d e x o f me ta l l i c i t y ; so is t h e 

mx i ndex of t h e S t r o m g r e n c lass i f ica t ion; o r aga in t h e i ndex of t h e B a r b i e r ' s m e t h o d , 

r ecen t ly deve loped by Morgu le f f a n d G e r b a l d i , w h i c h is a c o m b i n a t i o n of t he G B 

(b lue g r ad i en t 4 0 1 0 - 4 0 7 0 A ) , DB, H/? p h o t o m e t r i c m e a s u r e s (Barb ie r , 1960; Barb ie r , 

Morguleff , 1964; Morgu le f f a n d V e r o n , 1970; G e r b a l d i , 1972). I t is n o t useful he r e 

t o l ist t h e indices of meta l l ic i ty t h a t exist in t he l i t e r a t u r e ; b u t t hey a r e m a n y . . . . 
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S o m e a u t h o r s c o n s i d e r t h a t a b s o l u t e a b u n d a n c e s a r e n o t necessa ry in classif icat ion 
p u r p o s e s , so l o n g as w e c a n d e t e r m i n e ( t h r o u g h such m e t h o d s as differential cu rve of 
g r o w t h analys is ) re la t ive a b u n d a n c e s f r o m s ta r t o s tar . T h e c o m m e n t w e m a d e a b o u t 
t h e B C D classif icat ion s h o w s t h a t differential ana lys i s , a s we h a v e a l r e a d y said, c a n , 
a t t h e m o s t , be q u a l i t a t i v e , as s t r u c t u r e s o f m o d e l s a r e affected b y a b u n d a n c e de te r ­
m i n a t i o n . M o r e o v e r , o t h e r t h i n g s c a n affect t he m o d e l s , a n d give p l a c e t o s p u r i o u s 
a b u n d a n c e differences, t h a t a r e d e d u c e d o n l y f r o m s o m e i d e a a p r i o r i a b o u t t h e 
s imi l i tude of t h e c o n v e n i e n t m o d e l s . . . . 

The re fo re , we c a n a s well c o n s i d e r t h e effects we h a v e j u s t l i s ted a s i n d i c a t o r s of t h e 
fact t h a t m o d e l s o f t h e u s u a l w a y a r e n o t un iversa l , a n d t h a t we s h o u l d w o r r y a b o u t 
t h e t w o - d i m e n s i o n a l c lass ical g r ids o f m o d e l s . A n d o f c o u r s e , t h e first t h i n g is t o l o o k 
for t h e effect of t h e a b u n d a n c e s n o t on ly o n t h e spec t ra , b u t a l so o n the m o d e l s 
themse lves . 

H o w t h e exis tence o f a va r i e ty o f a b u n d a n c e s d o inf luence t h e m o d e l a t m o s p h e r e s 
a n d , hence , t h e T e f f , g c a l i b r a t i o n s ? 

T h e e l emen t s o t h e r t h a n h y d r o g e n ( and he l ium, in ea r ly - type s ta rs ) a r e m o r e o r less 
' i m p u r i t i e s ' . T h e y c a n inf luence t h e m o d e l s t h r o u g h : 

(i) t he c o n t i n u u m o p a c i t y ; 
(ii) t he l ine o p a c i t y ( ' b l a n k e t i n g effect'). 

2 . 2 . 1 . The Continuum of Elements Other than Hydrogen 

T h e d iscuss ion of t h e c o n t i n u u m o p a c i t y is poss ib le in v a r i o u s p a r t s of t h e H R d ia ­
g r a m , w h e r e different s tud ies h a v e l o o k e d for t h e inf luence of t h e m o s t significant 
c o n t i n u a , pa r t i cu l a r ly in t h e U V p a r t o f t h e s p e c t r u m . A s precise ly m o s t o f t h e meta l l i c 
c o n t i n u a affect on ly t h e U V s p e c t r u m , o b s e r v a t i o n a l tes ts a r e difficult; t h e on ly p o s ­
sible tests a re t h e s o m e w h a t d o u b t f u l l ine in tens i t ies ana lyses . 

T h e fo l lowing e l emen t s h a v e been cons ide red in s o m e d e t a i l : H e , H e + , C , N e , N e + , 
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Fig. 12. (after G r o s , 1972): T h e influence of Silicon a b u n d a n c e o n the 
c o m p u t e d spec t rum of Sirius in the U V . 
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N a , M g , A l , C a , Si. O t h e r e l e m e n t s h a v e been a l so i n t r o d u c e d in t h e c o m p u t a t i o n s , 
w i t h less a c c u r a t e q u a n t u m - m e c h a n i c a l d a t a . T h e F i g u r e 12 s h o w s a p a r t i c u l a r case 
w h e r e a b u n d a n c e differences h a s led t o differences o f s p e c t r u m in t h e wave- leng ths 
w h e r e t h e r e spons ib le i o n s a r e n o t a b s o r b i n g , a c c o r d i n g G r o s . 

W e s h o u l d n o t e he re t h a t t h e m o d e l s a r e t o b e cr i t ic ized for m a n y r e a s o n s (poss ib ly 
different in e a c h case) , b u t , a s t h e y a r e m o r e o r less h o m o g e n e o u s series o f m o d e l s , 
t h e inf luence o f m e t a l c o n t i n u a o n t h e spec t ra l c r i t e r ia is o f s ignif icance. 

Obv ious ly , n o t h i n g m o r e rea l i s t ic c a n b e sa id a t th i s s t age - excep t a s t r o n g w a r n i n g : 
o n l y a few e l emen t s h a v e been p r o p e r l y cons ide red , in m a n y respec t s in a qu i t e 
p r i m i t i v e way , a n d t h e o n l y resu l t w e get is a n o r d e r of m a g n i t u d e o f t h e effects t h a t 
h a v e t o be a d d e d t o effects o f a n o t h e r n a t u r e ( N L T E , for e x a m p l e ) , w h i c h m a y be 
m u c h l a r g e r . . . . 

A n o t h e r p o i n t t o m a k e a t th i s p o i n t is t h e i m p o r t a n c e of space o b s e r v a t i o n s , in 
o r d e r t o c lear u p t h e o p a c i t y sou rces t h a t affect t he U V , a n d t h e s t r u c t u r e o n t h e o u t e r 
l ayers of the a t m o s p h e r e w h i c h a l so affect t he U V s t rong ly . 

2 .2 .2 . The Effect of Spectral Lines (Blanketing) on Model Atmospheres 

I r respec t ive of t he a b u n d a n c e p r o b l e m , t h e p r o b l e m of b l a n k e t i n g is in i tself a fo rmi­
d a b l e p r o b l e m . 

S tud ies of t h e b l a n k e t i n g effect h a v e been d o n e several t i m e s in t h e case o f t he so la r 
a t m o s p h e r e , us ing the m e a s u r e d in tens i t i es of t h e l ines in t h e o b s e r v e d s p e c t r u m as 
b o u n d a r y c o n d i t i o n s t o t h e p r o b l e m . 

T h i s ques t i on h a s b e e n of ten o b s c u r e d by a confused t e r m i n o l o g y . Ac tua l l y , t h e 
effect o f l ines of all so r t s is m a n i f o l d . A n h is tor ica l s e m a n t i c a l n o t e is n o t , a t th i s p o i n t , 
c o m p l e t e l y o u t of p lace . W e shal l a t least o u t l i n e such a n o t e . 

T h e first s tudies m a d e a b o u t t h e b l a n k e t i n g effect c o n s i d e r e d o n l y t h e ' p u r e a b s o r p ­
t i o n ' l ines , a n d in a still m o r e res t r i c ted way , on ly t h o s e , a m o n g s t s u c h l ines , w h i c h were 
n o t l i nked w i t h t he ad jacen t c o n t i n u u m by s o m e a t o m i c t r a n s i t i o n s ( l ines which we 
sha l l call ' i m p u r i t y l ines ' we re t h u s t h e on ly o n e s t o be c o n s i d e r e d rea l ly) . 

T h e y c o n c l u d e t h a t t h e effect o f i n t r o d u c i n g such l ines in t he s p e c t r u m h a s several 
effects (F igu re 13): 

(a ) t o lower t h e ' su r face t e m p e r a t u r e ' - {the superficial cooling), - a n d , cor re la t ive ly 
(because t he rad ia t ive flux h a s t o be k e p t c o n s t a n t ) , t o inc rease t h e t e m p e r a t u r e in t h e 
d e e p e r layers , a r o u n d t h e d e p t h s w h e r e t h e c o n t i n u u m is f o r m e d (backwarming effect). 

(b) t o modify t h e r e l a t i on b e t w e e n a n y m e a n o p a c i t y coefficient x a n d x0 (a t A = 
= 5 0 0 0 A ) , in t h e sense t h a t x is i nc reased , a n d cor re la t ive ly f a l so , a t a g iven d e p t h T 0 , 
o r a t a g iven geome t r i c a l he igh t h. 

(c) t o block t h e ene rgy in t h e l ines (blocking effect): t h i s is a c o n s e q u e n c e of t h e 
effect ( b ) : t h e necessary , obse rved , dec rease of t h e in tens i ty in t h e l ines h a s t o be 
c o m p e n s a t e d , t h e t o t a l flux b e i n g wel l defined for a g iven m o d e l , b y a n increase s o m e ­
w h e r e in t h e c o n t i n u u m ; th i s effect h a s t o be expressed w i t h m u c h c a u t i o n ; t h e on ly 
poss ib le base o f reference for t h i s i nc rease b e i n g t h e c o n t i n u u m of a m o d e l a t m o s p h e r e 
o f t h e s a m e Tef[ as t he m o d e l w i t h l ines , b u t th i s o n e c o m p u t e d w i t h o u t t h e l i n e s . . . . 
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F ig . 13. T h e var ious aspec ts of the b lanke t ing effects (schematic) . T o p full l ine : unb l anke t ed m o d e l ; 
d o t t e d l ine : mode l b lanke ted by ' s ca t t e r ing ' l ines ; mixed l ine : effect of ' p u r e a b s o r p t i o n ' lines. - Bot ­
t o m : do t t ed l ine : spec t rum c o m p u t e d wi thou t lines f rom unb lanke ted m o d e l ; full l ine : ac tual spec­
t r u m , c o m p u t e d f rom unb lanke t ed m o d e l ; mixed l ine : flux c o m p u t e d f rom blanketed mode l . 

T h e ' p u r e sca t t e r ing ' p rocesses , in l ine f o r m a t i o n (we c o n t i n u e he re t o use t he classi­
cal t e r m i n o l o g y , h o w o b s o l e t e as it m a y a p p e a r n o w ) , d o n o t t a k e a n y ene rgy f rom the 
r a d i a t i o n field; t hey j u s t mod i fy i ts a n g u l a r d i s t r i bu t i on . A c c o r d i n g l y , t h e effect (a) is 
a b s e n t ; n o modi f i ca t ion o f t h e va lue o f T0i n o b a c k w a r m i n g e i ther , is p resen t . B u t 
t h e effect (b) ( an d as well t h e b l o c k i n g effect) is p resen t . I t m e a n s t h a t t h e re la t ion 
T ( f ) is n o t modif ied , b u t t h e r e l a t i on T(T0) is modif ied , a n d the re fo re a n y express ion 
T(rx) o f t h e m o d e l is i n d e e d a l so modi f i ed ; so is t h e s p e c t r u m F(X). 

T h i s h a s been d iscussed several t imes . Le t u s refer t o t h e d i scuss ion b y t h e a u t h o r of 
o n e o f t h e first exhaus t i ve d i scuss ions a l o n g these l ines . B u t n e i t h e r h a s it been t h e 
first, n o r t h e o n l y o n e . M a n y a u t h o r s h a v e c o m p u t e d b l a n k e t e d m o d e l s o f all sor t s . 
N o t o n l y t h e d i scuss ion o f t h e sou rce - func t ion in use is o f i m p o r t a n c e ; b u t a l so t h e 
w a y t o schemat i ze b y a few typ ica l - l ines , t h e d o z e n s o f t h o u s a n d s l ines t h a t a r e t o be 
t a k e n i n t o a c c o u n t : s o m e a u t h o r s use r e p r e s e n t a t i o n s such as t h e s y m b o l i c ' p icke t -
f e n c e ' ; s o m e use i n s t ead m o r e rea l i s t ic typ ica l l ines . 

W e shal l n o t a t t e m p t h e r e t o rev iew all these w o r k s . Le t u s q u o t e o n l y t h e ear ly a n d 
class ical resul t o f M u n c h (1946) essent ia l ly iden t ica l t o o u r s chema t i ca l desc r ip t ion , 
a n d t h e fine recen t e x a m p l e s o f b l o c k i n g effect by M i h a l a s . L e t u s q u o t e a l so t h e S t r o m -
K u r u c z resul ts for P r o c y o n w h e r e 3 0 0 0 0 l ines h a v e been t a k e n i n t o a c c o u n t . 

https://doi.org/10.1017/S0074180900055261 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900055261


198 J. C PECKER 

I n t h e m o d e r n w a y o f l o o k i n g a t t h e b l a n k e t i n g effect, we m u s t c lear ly d i s t i ngu i sh : 
(a) t h e impur i ty - l ines c o o l i n g ; (b) t h e c o n t i n u u m - c o u p l e d l ines (o r p o p u l a t i o n coo l ing , 
a c c o r d i n g T h o m a s ' s t e r m i n o l o g y ) . 

2 .2 .2 .1 . Impurity lines. W e forget a b o u t t he n o w o b s o l e t e use o f ' a b s o r p t i o n ' vs ' sca t ­
t e r i n g ' l ines. T h e genera l sou rce - func t ion is 

as of ten d iscussed ( T h o m a s a n d A t h a y , 1 9 6 1 ; T h o m a s , 1965; Jefferies, 1968; M i h a l a s , 
1970, t o q u o t e s o m e o f t h e m o r e i m p o r t a n t r e fe rence -books ) . 

U s i n g such a f o r m u l a , t h e t r e a t m e n t of t he b l a n k e t i n g effect, i n s u r i n g t h e conse rva ­
t i o n of t he r ad ia t ive flux, is poss ib le a n d can b e p e r f o r m e d by m o d e r n m e t h o d s of t h e 
t r ans fe r so lu t ion , such as F e a u t r i e r s ' s - used by D u m o n t (1972) - , o r G e b b i e ' s a n d 
T h o m a s ' s (1971) - t h e T C B m e t h o d , n o w in t h e p rocess o f b e i n g a p p l i e d by its a u t h o r s 
a n d F . P rade r i e . I t g ives , q u i t e n a t u r a l l y , resul t s t h a t a r e s o m e w h a t i n t e r m e d i a r y 
b e t w e e n the t w o classical e x t r e m e cases . 

T h e p r o b l e m s w h i c h faced t h e ear l i e r w o r k e r s in t h e field face n o w t h e p re sen t 
o n e s . I t seems t o us t h a t t h e m e t h o d o f ' t y p i c a l l ines ' ( such as d e v e l o p e d , in t h e ear l ie r 
c o n t e x t , by L a b s , 1951 , o r Pecke r , 1951) is t h e on ly poss ib le o n e t o ach ieve real is t ic 
resu l t s . Bu t n o w , it wil l b e necessa ry t o ass ign t o e a c h l ine o f t h e a c t u a l s p e c t r u m a 
ce r t a in r a n g e of t he p a r a m e t e r s e, rj o f t h e sou rce - func t ion , a n d of t h e in tens i ty p a r a ­
m e t e r (gfAbL X). C lea r ly , i t is far f r o m easy! . . . 

2 .2 .2 .2 . The continuum-coupled lines (or population effects). M o r e i m p o r t a n t still is 
t h e i m p o r t a n c e (heavi ly e m p h a s i z e d by T h o m a s , in t h e p r i nc ip l e s , a n d used in c o m ­
p u t a t i o n s b y A u e r a n d M i h a l a s (1972)) of t h e effect o f t h e l ines a s soc i a t ed w i t h t h e 
n e i g h b o u r i n g c o n t i n u u m . W e c a n u n d e r s t a n d easi ly t h a t i o n i z a t i o n s (by r a d i a t i o n o r 
co l l i s ion) a r e i ndeed c o u p l i n g t h e e l ec t ron t e m p e r a t u r e a n d t h e r a d i a t i o n field. 

T o descr ibe t h e effect, le t u s s c h e m a t i z e t h e o p a c i t y b y t h e t w o levels + c o n t i n u u m 
a t o m . T h e n t h e s p e c t r u m h a s t w o c o n t i n u a a n d o n e l ine . O n e c a n c o m p u t e a m o d e l 
Mt by fo rge t t ing t h e o p a c i t y in t h e l ine . O n e c a n , a t t h e c o n t r a r y , t a k e it i n t o a c c o u n t : 
t h e effect o f t h e l ine will b e c o m m a n d e d by Nl9 n u m b e r o f a t o m s in t h e level /, a n d is 
s t r ong ly c o u p l e d w i t h b o t h c o n t i n u a . T h e s ta t i s t ica l e q u i l i b r i u m e q u a t i o n s c a n be 
w r i t t e n , in t h e case w i t h t h e l i n e : 

00 

1 +e + tj 
(14) 

= - J v a v dv - N j i V e C 1 2 - NlNeClK + 
(15) 

0 

+ N+NeCKl + N2A2l + N2NeC21 
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dN2 

0 = - N 2 Jvav dv - N2NeC2K - N2A2l - N2NeC21 + (16) 
0 

N + 

+ N+NeCK2 + A f x J V e C 1 2 

Ne. (17) 

I n t he simplified case ( w i t h o u t t h e l ine) , t h e u n d e r l i n e d t e r m s , c o r r e s p o n d i n g t o 
col l i s ion - a n d r a d i a t i o n - i n d u c e d t r a n s i t i o n s be tween levels 1 a n d 2 a r e van i sh ing , 
t h e l ine be ing absen t . W i t h o u t e n t e r i n g in t h e de ta i l s , t h e t h r e e e q u a t i o n s a b o v e 
give t he r a t i o s Nl/Ne9 N2/Ne a n d t h e va lue of Ne; t hey give very different resul t s 
in b o t h ca ses : c lear ly , in t h e case w i t h o u t - l i n e , t h e level 2 is s t r o n g l y o v e r p o p u -
la ted , t h e d o m i n a n t t e r m A2lN2 b e i n g uneffective. T h e n t h e L a l ine , w h e n t a k e n i n t o 
a c c o u n t , h a s for d i rec t effect t o decrease t h e o p a c i t y in t h e ad j acen t c o n t i n u u m 
( B a l m e r c o n t i n u u m ) , a n d the re fo re t o increase t he flux in t h e s a m e B a l m e r c o n t i n u u m , 
for a given va lue of Teff, a s well as t h e t e m p e r a t u r e in t h e layers o f f o r m a t i o n of th i s 
c o n t i n u u m . 

T h e va r ious e x a m p l e s g iven by A u e r a n d M i h a l a s (1972) o r M i h a l a s (1971) s h o w 
t h a t t h e effect o f l ines is g rea t o n a m o d e l ; it inf luences t he m o d e l in r a t h e r d e e p 
l a y e r s : in deepe r layers if H a is c o n s i d e r e d a l o n e t h a n if L a is c o n s i d e r e d a l o n e ; a n d 
in o p p o s i t e d i rec t ion ( in N L T E ) as easily u n d e r s t o o d w h e n l o o k i n g for t h e effect o f 
v a r i o u s levels (n = 2 is p r i m a r i l y a h e a t i n g c o n t i n u u m , w h e n e v e r n = 3 coo l s - see 
M i h a l a s , 1971). W o u l d all l ines b e cons ide red , i t is l ike ly t h a t even deepe r layers 
w o u l d be influenced a n d spec t ra l c r i t e r ia ca lcu la ted f rom t h e m o d e l w o u l d be s t rong ly 
affected. A de ta i led s t udy , w h i c h is still in t h e b e g i n n i n g , of t h e spec t ra l c r i te r ia t h a t 
a r e the less sensi t ive t o these effects w o u l d be very va luab l e . 

2 .2 .2 .3 . The effect of different abundances; abundance determinations. A c c o r d i n g t h e 
t w o p reced ing p a r a g r a p h s , it a p p e a r s c lear ly t h a t , b o t h t h r o u g h t h e influence of 
c o n t i n u u m a b s o r p t i o n , a n d t h r o u g h t h e influence of spec t ra l l ines , t h e chemica l c o m ­
p o s i t i o n affects definitely t h e m o d e l a t m o s p h e r e s , a n d l eads t o different c o m p u t e d 
spec t ra , a c c o r d i n g t h e c o m p o s i t i o n . A t th is p o i n t , we s h o u l d w a r n a g a i n b o t h obse rve r s 
a n d theo re t i c i ans aga in s t t h e c o m m o n e r r o r of u s ing differential cu rve -o f -g rowth 
ana lys i s t o have a h i n t o n t o w h i c h k i n d of chemica l c o m p o s i t i o n s h o u l d b e used in 
t h e ' m o d e l i n g ' o f a g iven s te l lar a t m o s p h e r e . 

W e s h o u l d he re s t a t e t h a t t h e differential cu rve o f g r o w t h m e t h o d is h igh ly q u a l i t a ­
t ive w h e n we h a v e t o c o m p a r e s ta r s t h a t a r e cons ide r ed a s n o r m a l , t o s ta rs t h a t a r e 
cons ide red as a b n o r m a l , a n d prec ise ly because o f the i r ' a b n o r m a l i t y ' . T h e a b n o r ­
m a l i t y m a y be , o r m a y n o t be , a m a t t e r of chemica l c o m p o s i t i o n ; w h e n it is t he case , 
t h e a b n o r m a l c o m p o s i t i o n m a y h a v e d i s t o r t ed comple t e ly t h e m o d e l a n d led t o a b s u r d 
d e t e r m i n a t i o n s , t h e t e m p e r a t u r e g rad ien t s c o m i n g explici te ly in t h e cu rve of g r o w t h 
ana lys i s . I n a d d i t i o n , N L T E effects, a s we have sa id , m a y be very i m p o r t a n t . 

A very g o o d e x a m p l e of th i s is g iven in t he case of t h e h o t s t a r s , b y M i h a l a s , for 
several l ines, H- l ines , o r M g n l ines . . . o r for fea tures o f t h e c o n t i n u u m such as t h o s e 
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n o t e d by M i h a l a s o r b y M a e d e r (1971). Le t us n o t e t h e fact t h a t a co r r ec t N L T E 
t r e a t m e n t forces t h e a p p a r e n t v a r i a t i o n of M g a b u n d a n c e w i t h S T t o a p p e a r a s 
s p u r i o u s ( M i h a l a s , 1972)! 

A n o t h e r effect o f v a r i o u s a b u n d a n c e s is t h a t o f t h e r a t i o H e / H , w h i c h affects 
s t rong ly t h e c o n t i n u u m . T h e F i g u r e 14, der ived f rom t h e t ab le s o f K l i n g l e s m i t h (1971) 
(qu i t e c r i t icable ac tua l ly in m a n y w a y s , b u t a t least sufficiently extens ive a n d h o m o ­
g e n e o u s for tes ts of t h a t so r t ) s h o w s t h a t t he m o d e l s w i t h different H / H e r a t i o w o u l d 
give p lace t o different e v a l u a t i o n s o f r e f f a n d g. 

Fig . 14. T h e two-d imens iona l analysis a s a function of hel ium con ten t (after the c o m p u t e d spectra 
of Kinglesmi th , 1971). T h e curves represent , for the abundances X= 1, K = 0, t he iso-Hy (dot ted 
lines, labeled in tenths of a n g s t r o m s ) a n d the iso-Cfl — V) (full lines) labelled in magn i tudes . T h e 
o p e n circles cor respond t o t h e s a m e de te rmina t ion m a d e with X= 0.67; Y= 0.33; a n d the crosses to 
X=0.143; Y=0.857. O n e sees the inf luence of the as sumed a b u n d a n c e s o n t he r e f f de te rmina t ion 

( c o m p a r e w i th F igures 10 a n d 11). 

B u t , a l o n g t i m e a g o a l r e a d y , U n d e r h i l l h a s ins is ted o n t h e fact t h a t a p p a r e n t c h e m ­
ical c o m p o s i t i o n differences ( such as be tween W C a n d W N s ta r s ) a r e s p u r i o u s a n d 
d u e on ly , o r a t least m o s t l y , t o s t r u c t u r e differences. S imi l a r v iews h a v e b e e n expressed 
of ten in t h e case o f A m a n d A p s t a r s , a s well a s in t h e case of s o m e l a t e - type s ta rs . 

A t th i s s t age , w e d o n o t n e e d t o say m o r e , a l t h o u g h t h e subjec t is i m m e n s e l y la rge 
a n d still far f r o m be ing e x p l o r e d in a n y sa t i s fac tory w a y . 

2 .3 . VARIOUS SOURCES OF UNADEQUACY OF MODELS 

E v i d e n c e for u n a d e q u a c y o f m o d e l s h a s t o c o m e , in a n y p a r t i c u l a r case , f r o m the fact 
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t h a t a m o d e l a t m o s p h e r e m a d e t o fit s o m e , o r m o s t , o f t h e o b s e r v e d fea tures , does n o t 
fit t h e m al l . 

A p a r t f r o m t h e a b u n d a n c e p r o b l e m (for w h i c h we c a n a t leas t ad jus t t h e a b u n d a n c e 
p a r a m e t e r s so t h a t t o inf luence p r o p e r l y t h e m o d e l s a n d t h e c o m p u t e d s p e c t r u m , l ines 
i nc luded , a n d t o fit t h e o b s e r v a t i o n s for a few l ines o f e a c h s ignif icant e l e m e n t ) we m u s t 
m e n t i o n t h a t m a n y k i n d s o f unce r t a in t i e s in t h e l ine sou rce - func t ion a r e l ead ing t o 
severe difficulties. E v e n if w e t r e a t p r o p e r l y t h e va r ious levels o f a g iven e lement , a F e 
a b u n d a n c e (for e x a m p l e ) m a d e t o fit t h e F e I l ines , d o e s n o t fit t h e F e n l ines , o r even 
d o e s n o t fit all F e i l ines . A few e x a m p l e s a r e given by A u e r a n d M i h a l a s (1972) a n d 
M i h a l a s (1971), a n d c o n c e r n H e I a n d H e II l ines . 

W i t h o u t be ing ab l e he r e t o d o a n y t h i n g else b u t t o l ist a few a d d i t i o n a l difficulties 
r e l a t ed t o l ine f o r m a t i o n , we c a n m e n t i o n the fo l lowing facts , m o r e o r less we l l -known , 
a n d often, if n o t a lways , neg lec ted in t h e m o d e l bu i ld ing . 

2 . 3 . 1 . Fluorescence Phenomena 

F o r t u i t o u s wave l eng th co inc idence in t he s p e c t r u m of t w o e l emen t s coup le s s t rong ly 

the i r spec t rum. W h e n e l e m e n t s o f smal l a b u n d a n c e a r e invo lved , it modifies the i r 

spec t ra , b u t does n o t affect t o o m u c h t h e m o d e l s . B u t if t h e l ines in q u e s t i o n a re used 

a s c r i te r ia t o ad jus t a m o d e l t o a n obse rved s p e c t r u m , th i s m a y l ead t o severe e r ro r s . 

T h e F igu re 15 s h o w s t h e case o f H e l ines w h e n o n e d o e s t a k e i n t o a c c o u n t t h e over ­

l a p be tween nx —n2 l ines of h y d r o g e n , a n d 2nt—2n2 l ines o f ion ized h e l i u m H e n . F o r 

/ / / / / / / / / / ^ / / / 54 eV 

1216 HI 
Lyo( 

R S Z P

5 5 4 1 2 
±-^L 10124 

_ U 6 8 6 

1640 

304 
He II 
Ly <x 

40 eV 

Fig. 15. T h e p u m p i n g of the H e n t rans i t ion 2 - 4 by the L a line. 

e x a m p l e A1640 H e II ( 2 -3 ) w e a k e n s because L a ( H , 1-2), p u m p s H e n (2 -4 ) a n d t h e 
c a s c a d e 4 - 3 - 2 b r ings e x t r a emi s s ion in t h e H e l ine . T h e P i cke r ing l ines , a t t h e c o n t r a r y 
(« = 4) s t r eng then , b e c a u s e of t h e p u m p i n g t o t h e 4 t h level. O f p a r t i c u l a r in teres t is 
t h e b e h a v i o u r of t h e n e a r - I R l ine 10124. 

Le t us n o t e here t h a t t h e use o f H e n 4686 in s tel lar classif icat ion (it is ac tua l ly used 
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for O a n d W o l f - R a y e t s ta r s ) m i g h t be mis lead ing , if m o d e l s d o n o t t a k e i n t o a c c o u n t 
in a p r o p e r w a y t h e fluorescent effect we m e n t i o n he re , a n effect w h i c h , a l t h o u g h n o t 
e n o r m o u s , is far f rom negl ig ib le . 

2 .3 .2 . Magnetic Fields 

I n l ines of h igh L a n d e fac tor , a m a g n e t i c field induces a s t r o n g s e p a r a t i o n of the 
Z e e m a n c o m p o n e n t s , a n d the re fo re r educes t h e s a t u r a t i o n effect, g iv ing p l ace t o t h e 
e n h a n c e m e n t of to ta l in tens i t i es o f t h e invo lved l ines. 

O n c e such effect is suspec ted , it is o f cou r se poss ib le t o d e t e r m i n e t h e m a g n e t i c 
field, a l t h o u g h , even in t h e so la r case , th i s o p e r a t i o n is far f r o m a c c u r a t e , unless we 
c a n use t h e po la r ized-prof i les ana lys i s . A n d a n y w a y , t h i s wil l b e q u i t e unsuff icient : 
we m u s t indeed t a k e t h e l ine sp l i t t i ng i n t o a c c o u n t w h e n so lv ing t h e t r ans fe r p r o b l e m 
- w h i c h we h a r d l y k n o w h o w t o d o wel l , except by very e l a b o r a t e m e t h o d s . T h e solu­
t i o n of t h e p r o b l e m is m a d e still m o r e difficult by t he fact t h a t m a g n e t i c fields can 
va ry o n the s te l lar surface . 

2 .3 .3 . Large Scale Doppler Broadening of Lines 

J u s t as t h e m a g n e t i c b r o a d e n i n g e n h a n c e s s o m e l ines , l a rge scale ve loc i ty fields ( ro ta ­
t i o n , convec t ive m o t i o n s , e x p a n s i o n ) d o affect spec t ra l l ines . T h e y n o t affect in t h e 
first o r d e r t h e to t a l in tens i ty o f t h e l i n e : t he sp l i t t ing o c c u r s af ter t h e t rans fe r in t he 
a t m o s p h e r e . Bu t they d o affect defini tely t h e profiles - hence t h e t rans fe r s o l u t i o n , hence 
t h e m o d e l . So w h e n a m o d e l d o e s fit in tens i t ies , b u t c a n n o t fit t h e profi les unless a 
la rge-sca le veloci ty field is a s s u m e d , o n e s h o u l d s t a r t t o w o r r y a b o u t t h e u n a d e q u a c y 
o f t h e m o d e l itself, w h i c h d o e s n o t say indeed a n y t h i n g a b o u t h o w t o p red ic t the 
veloci ty field, b u t wh ich d e p e n d s u p o n it ( th is effect h a s been d iscussed in Pecke r a n d 
T h o m a s , 1961). 

2.3.4. Small Scale Doppler (Non-Thermal) Broadening of the Lines 

T h e r e , even t he to ta l in tens i ty of t h e l ines is affected; b u t t he profile a l so , as well 
k n o w n . T h e e r ro r s m a d e o n t h e m o d e l itself, by a s s u m i n g n o n - t h e r m a l veloci ty field 
a t a l l , o r s o m e unrea l i s t i c o n e , m i g h t still b e large , a n d in t e rvene , a s in t h e th ree p re ­
c e d i n g case , t h r o u g h t h e mod i f i ca t i on of t he first t e r m of t h e n u m e r a t o r of t h e source -
func t ion 5 V ( fo rmula 14) t h r o u g h t h e b l a n k e t i n g effect c a l c u l a t i o n s . I t is t o o easy 
(in b o t h cases (2.3.3.) a n d (2.3.4.) t o fit o b s e r v a t i o n s by ' a d h o c ' veloci t ies fields wh ich 
a r e j u s t a ' d e u s ex m a c h i n a ' , w h i c h n o phys ica l t h e o r y c a n p r e d i c t in a co r r ec t way . 

2 .3 .5 . Envelopes and Shells 

T h i s p r o b l e m seems t o m e so i m p o r t a n t as t o need a c o m p l e t e p a r a g r a p h of th i s 
sec t ion of o u r r e p o r t , m o s t l y b e c a u s e i ts i n t e rven t ion in t h e t h i n k i n g a b o u t m o d e l s is 
r ecen t (no t because t he effect will be la rger t h a n t he o t h e r sources of u n c e r t a i n t y a b o v e 
q u o t e d in 2 .3 . /1 . -4 . ! ) . 
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2.4. ENVELOPES OR SHELL FEATURES; THEIR INFLUENCE ON MODEL BUILDING 

W h e n e v e r a shell is suspec ted , t h r o u g h the a p p e a r a n c e in t h e s p e c t r u m of emiss ion 
l ines - or , a t a n h i g h e r d i spe r s ion , o f s t range ly s h a p e d profi les - t h e m o d e l m a k e r 
s h o u l d s ta r t t o se r ious ly w o r r y . 

T h e first idea is t h a t s o m e of t h e fea tures of the s p ec t r a a re , in a w a y , s u p e r i m p o s e d 
t o t h o s e of a normal s p e c t r u m . The re fo re , o n e is t e m p t a t e d t o co r r ec t for the emis ­
s ion fea tures (emiss ion co re s o f l ines) a n d t o give as ' u n d i s t u r b e d s p e c t r u m ' a sub -
s t r ac t ed s p e c t r u m m o r e o r less i n t e r p o l a t e d a n d s u p p o s e d l y well r ep re sen ted by a 
classical m o d e l a t m o s p h e r e . 

T h e fact t h a t such a n a t t i t u d e is genera l ly n o t b a d l y just i f ied h a s been p r o v e d in t h e 
case of several Be s t a r ana lyses , such as t h o s e f r o m B u r b i d g e a n d B u r b i d g e (1953), 
a m o n g s t t h e p i o n e e r s , t i l l , m o r e recent ly , t hose f r o m De lp l ace , D o a z a n a n d Br io t , 
w i t h o u t m e n t i o n i n g t h e m a n y o t h e r s imi la r ana lyses ( F i g u r e 16). 

S h e l l a b s o r p t i o n 

Fig. 16. A typical shell-feature in an ear ly- type s tar spec t rum. 

U n f o r t u n a t e l y , th i s h a p p y c i r c u m s t a n c e is n o t t he h a p p y e n d . 
O n o n e h a n d , s o m e a p p a r e n t ' d i l u t i o n ' effects a r e d u e on ly t o a b a d t h e r m o d y n a m -

ical t r e a t m e n t , a n d m o r e precise ly t o N L T E over p o p u l a t i n g g r o u n d levels. W e h a v e 
t o k e e p in m i n d t h a t t h e s p e c t r u m is a n i m a g e of t h e v a r i a t i o n o f t h e source - func t ion 
S w i th s o m e T , n o t w i t h h; t h e r e l a t i on x(h) c o m e s finaly f r o m theo re t i ca l cons ider ­
a t i o n s except in very r a r e cases ( s o m e ec l ips ing b ina r i e s , for e x a m p l e ) . 

O n the o t h e r s ide , t he se d o u b t s d o n o t h i d e t h e real fact t h a t t h e s ta r s ( the Be s ta rs 
a r e a g o o d case) a r e i n d e e d s u r r o u n d e d by a c o m p l e x enve lope o f d u s t a n d gas , o f 
w h i c h the obse rvab l e effects a r e man i fo ld : 

(a) in t h e visible s p e c t r u m , n o t on ly t he emiss ion fea tures a r e visible, b u t t he s t a r 
is u n d e r l u m i n o u s , w h e n it is poss ib le t o d e t e r m i n e its l uminos i t y . 

(b) th is u n d e r l u m i n o s i t y m a y exist , even t h o u g h t h e r e is n o visible emiss ion l ines . 
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T h e emiss ion fea tures m a y a p p e a r in t h e U V a n d th i s j u s t m e a n s t h a t t he c h r o m o -

s p h e r i c r eg ions m a y h a v e different b e h a v i o u r s ( a cco rd ing t h e c h r o m o s p h e r e th i ckness , 

poss ib ly ) . 

(c) in t h e I R , t h e e n v e l o p e m a y s t r o n g l y r ad i a t e , e i the r t h r o u g h d u s t b l a c k - b o d y 

r a d i a t i o n , o r t h r o u g h free-free emis s ion o f t h e ion ized gas o f t h e H i a n d t h e H II 

r e g i o n s u r r o u n d i n g the s t a r (Pecker , 1 9 7 1 ; D y c k a n d M i l k e y , 1972). 

T h e phys ica l p r o p e r t i e s o f t h e e n v e l o p e will b e d iscussed l a t e r o n . A t th i s s tage , we 

m a y w o n d e r h o w t h e d i a g n o s t i c of such s ta rs m a y be affected especia l ly w h e n keep ing 

in m i n d t h a t , af ter a l l , S i r ius a n d V e g a , a l t h o u g h they a r e n o t s h o w i n g c o n s p i c u o u s 

emi s s ion profi les, may h a v e (a t leas t Vega ) ex tended a b s o r b i n g a t m o s p h e r e s , a n d t h e 

fact t h a t t h e S u n itself h a s a n e x t e n d e d a t m o s p h e r e w h i c h c a n n o t b e read i ly fo rgo t t en , 

a s i t i nc ludes o u r E a r t h i tse l f . . . ! 

A very in te res t ing p a r t i c u l a r case (qu i t e s imi lar , seemingly , t o S M o n o c e r o t i s ) , is 

t h a t o f H D 45677, w h i c h h a s b e e n obse rved very extensively , a n d t o w h i c h we shal l 

d e v o t e t h e f o r t h c o m i n g p a r a g r a p h . 

2 .5 . THE CASE OF H D 45677 . DIAGNOSTIC OF EARLY-TYPE STARS 

T h e s t a r is well k n o w n as a va r i ab l e Be s tar , wi th a s t r o n g I R excess, a s obse rved by 

L o w et al (1970), o r by A l l en a n d Swings (1971). 

W e shal l a s s u m e t h a t t h e I R excess is d u e t o a t h i n spher ica l d u s t she l l ; a r g u m e n t s 

in f avor o f such a n i n t e r p r e t a t i o n h a v e been given e l sewhere (Pecker , 1971), b u t we 

s h o u l d k e e p in m i n d t h a t a r g u m e n t s in favor of t he i n t e r p r e t a t i o n b y t h e free-free 

r a d i a t i o n o f H ~ have b e e n recen t ly g iven in s imi la r cases ( D y c k a n d M i l k e y , 1972) - a 

c o n t r o v e r s y wh ich s h o w s us i m m e d i a t e l y t h e feeling t h a t t h e d i a g n o s t i c is far f rom 

o b v i o u s . 

A n y w a y , t he I R o b s e r v a t i o n s of H D 45677 can be i n t e rp r e t ed a s t h e r a d i a t i o n of a 

shell o f T2 = 750°; R2 = 600 R*, x 2 t I R = 0 .34 ; T 2 , V i s = 4 (which c o r r e s p o n d s r o u g h l y t o 

A = 2.5 l o g e 4 = 4.3 m a g . o f vis ible e x t i n c t i o n ; we h a v e a s s u m e d a 1/A ex t inc t i on law) . 

T h e b o l o m e t r i c co r r ec t i on , t h u s r e a c h i n g several m a g n i t u d e s , is e n o r m o u s , a n d 

w o u l d n o t have been guessed , k n o w i n g on ly t h e visible s p e c t r u m . 

T h e m a n y c o n s e q u e n c e s o f th i s c o n c l u s i o n a r e n o t t o be desc r ibed h e r e ; let us on ly 

r e m e m b e r t h a t , obv ious ly , a b s o l u t e m a g n i t u d e cr i ter ia h a v e n o t m u c h m e a n i n g in 

t h i s c o n t e x t . . . . 

B u t we c a n n o t escape t h e c o n c l u s i o n s t h a t m a n y ea r ly - type s t a r s a r e s u r r o u n d e d by 
shel ls , enve lopes , a n d t h e l ike . W h e n w e h a v e on ly u n d e r h a n d s t h e v is ib le i n f o r m a t i o n , 
s o m e i m p o r t a n t d a t a a r e l ack ing . 

T h e a b s o l u t e m a g n i t u d e o f O s t a r s h a v e b e e n c a l i b r a t e d b y severa l a u t h o r s , a n d 
q u i t e recent ly , by B u r n i c h o n , (1972) w h o h a s reviewed o t h e r w o r k o n th i s q u e s t i o n 
( F i g u r e 17). T h e resul ts a r e i n d e e d d is t ress ing (see a l so B l a a u w , 1963). T h e use o f 
different s amp l ings , o f different c r i t e r ia , is obv ious ly t h e m a i n c a u s e o f t h e d i spe r s ion ; 
a n d n o m e t h o d is real ly p r o t e c t e d a g a i n s t sys temat ic e r ro r s . 

T h e m e t h o d used b y B u r n i c h o n is ce r ta in ly a m o n g s t t h e m o s t re l iab le . She cons ide r s 
o n l y O s ta rs be long ing t o mu l t ip l e sys tems in wh ich s ta rs of o t h e r types a r e presen t . 
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Fig. 17. (after Burn ichon , 1972) - (a) T h e scale of abso lu te magn i tude , acco rd ing var ious a u t h o r s , 
for O - B s tars . T h e curves refer t o : ( K ) K o p y l o v (1955); ( H ) H a c k (1963) ; ( F ) Fi tzgerald (1969); 
(B) B laauw (1963); (J) J o h n s o n a n d I r i a r t e (1958); ( W E ) Weaver -Eber t (1964); they a r e also labeled 
by the L C , in r o m a n n u m b e r s . - (b) C o m p a r i s o n of the absolu te magn i tudes ob ta ined by Burn ichon 
(1972), with those ob ta ined by o the r a u t h o r s : (K) K o p y l o v (1958); (CA) , Cont i a n d Altschuler , 

(1972) ; (U) Underh i l l (1955). 

T h e la t t e r a r e c a l i b r a t e d , u s i n g wel l e s t ab l i shed a b s o l u t e m a g n i t u d e c r i t e r ia ( f rom t h e 
B C D classif ication of s t a r s o f t y p e A F G ) . H o w e v e r a s t r o n g d o u b t still ex is ts : a r e 
t h e A F G used in t h e c a l i b r a t i o n o f t h e O s ta rs u n d e r s t u d y rea l ly well c a l i b r a t ed t h e m ­
selves? T h e i r b e l o n g i n g t o a m u l t i p l e sys t em (which is r a t h e r y o u n g , a s p r o v e d by t h e 
exis tence in it o f a n O s ta r ) m i g h t h a v e affected t h e Mv — S T r e l a t i o n used for the i r 
s t u d y . 

A p a r t f r o m t h e Mv — S T r e l a t i on , a n o t h e r sou rce of u n d e t e r m i n a t i o n o f t he l u m i ­
nos i t i es is t h e b o l o m e t r i c c o r r e c t i o n BC. C lea r ly , it is a lways t o b e s t rong ly p u t u n d e r 
q u e s t i o n in t h e case of Be a n d O e s t a r s , - a s s h o w n b y t h e e x a m p l e of H D 45677. 

T h i s a t least a s s u m e d t h a t t h e r e l a t i o n Teff — S T is well d e t e r m i n e d ; b u t it is i ndeed 
j u s t a s b a d a s t h e Mv — S T c a l i b r a t i o n , as s h o w n by t h e use of several sets of m o d e l s 
( F i g u r e 18). 

T r u l y e n o u g h , th is s t a t e o f affairs is usua l ly cons ide red as pecu l i a r t o e i ther t h e 
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Fig . 18. (after Burn ichon) - T h e r e f f — DB re la t ion, f rom model a t m o s p h e r e s , in the O - B region. 
( M A ) : Miha las a n d A u e r (1970); (F ) Feau t r i e r (1967 (LTE) , 1968 ( N L T E ) ) ; ( H M ) H i c k o k a n d M o r t o n 

(1968); (D) D u m o n t (1972). 

e a r ly - type s ta rs , o r , for s imi la r r e a s o n s , t o s o m e la te - type s ta r s , such a s T T a u s ta rs . 

B u t t h e case o f Vega , a n d poss ib ly Si r ius , h a s s h o w n us t h a t i ndeed we s h o u l d ca r ry 

o u r wor r i e s all a l o n g t h e spec t ra l s equence . 

2 . 6 . VARIOUS UNEXPLAINED SPECTRAL FEATURES 

W e h a v e q u o t e d t h e I R excesses o b s e r v e d for ea r ly - type s t a r s ; we have q u o t e d the U V 

fea tu res obse rved for S i r i u s . . . . T h e r e a r e s ta rs w i th U V excesses, in n u m b e r . . . All of 

t h e s e fea tures a r e genera l ly u n e x p l a i n e d , a t least quan t i t a t i ve ly ( a n d we c a n n o t be 

satisfied by a n y qua l i t a t i ve i n t e r p r e t a t i o n , wh ich m a y b e qu i t e u n c o n s i s t e n t . . . ) T h e 

case of t h e s ta r B D + 3 9 ° 4 9 2 6 , w h i c h h a s a very la rge Z > B ( = 0 . 7 1 ) a s s h o w n by D i v a n 

( 1 9 6 3 ) , a n d conf i rmed l a t e r by several a u t h o r s , ce r ta in ly d o e s n o t fit t h e usua l cal i ­

b r a t i o n p a t t e r n . 

O f a different n a t u r e a r e t h e d i sc repanc ies d u e t o t h e unident i f ied a b s o r p t i o n fea tures 

o f m a n y spec t ra . A m o n g s t t h e m o s t c o n s p i c u o u s o f t h e m is t h e d i s con t inu i t y a t 

4 8 0 0 A, d i scovered by Berger et al. ( 1 9 5 6 ) , w h i c h seems t o p r o v e t h e exis tence o f s o m e 

f r ee -bound a b s o r p t i o n inc reas ing ly in t ense for increas ingly h o t s t a r s . T h i s fea ture m a y 

b e t h e or ig in o f s o m e difficulties e n c o u n t e r e d in fitting t h e c o n t i n u u m s p e c t r u m 

b y m o d e l a t m o s p h e r e s ( K r i k o r i a n , 1 9 7 2 ; F igu re 19) . S o m e unsuccessful a t t e m p t s to 

r e p r o d u c e th is 4 8 0 0 A d i s con t inu i ty have been m a d e ( V a n R e g e m o r t e r , 1 9 5 9 ) , b u t 

t h e r e is n o need t o s tudy t h e m in deta i l now. 
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Fig. 19. (after Kr iko r i an , 1972). T h e DB — (pb re la t ion for L C V s ta rs , accord ing mode l a tmosphe res 
(dot ted line) and the B C D ca l ib ra t ion (full line). O n e sees tha t , whe the r o n e used one o r the o ther of 
the two pa ramete r s for the ST de te rmina t ion , e r ro rs of a few tenths of spectral type can be m a d e . 

All th is sec t ion is m e a n t t o say t h a t m o d e l s , a r r a n g e d in t w o - d i m e n s i o n a l g r ids , 
h o w well m a d e they m a y be , a r e i n d e e d u n a d e q u a t e . W e m u s t n o w l o o k , in t h e p resen t 
s t a t e of t he use of m o d e l s for c a l i b r a t i o n p u r p o s e s , o n t h e p ro spec t i ve aspec t s of th i s 
q u e s t i o n . T h i s will o c c u p y t h e las t sec t ion of th i s r e p o r t . 

3 . T h e P r e s e n t S t a t e of the M o d e l F a c t o r y 

3 .1 . THE 'CLASSICAL' MODELS 

W e shal l n o t list he re t h e v a r i o u s numer i ca l aspec t s of t he m o d e l m a k i n g bus iness . 
I shal l send b a c k t h e r e a d e r t o m y p a p e r of 1965, in Annual Reviews, in wh ich is 
desc r ibed t h e essent ia l o f t h e m e t h o d o l o g y of non -g rey m o d e l s , a n d t o M i h a l a s ' s b o o k : 
essent ia l ly these references c o n c e r n p rac t i ca l ly on ly R E m o d e l s , w h i c h is a severe 
res t r i c t ion . 

N e i t h e r sha l l I t ry t o review al l m o d e l s t h a t h a v e been bu i l t s ince t h a t t i m e : m a n y 
h a v e been d o n e ; s o m e a r e exce l l en t . . . I shal l on ly refer t o t h e p a p e r s o f M i h a l a s a n d 
assoc ia tes , m o s t l y for ea r ly - type s ta r s , of V a r d y a for l a te - type s t a r s , w h e r e s o m e refer­
ences can b e found . I w o u l d l ike t o a t t r a c t t h e a t t e n t i o n , a t t h i s o c c a s i o n , t o t he fact 
t h a t a c o m p l e t e tabulation o f m o d e l s is a s o m e w h a t o b s o l e t e p r o c e d u r e ( m a y I say 
' u n f o r t u n a t e l y ' ? ) , t h e r e a s o n s b e i n g (a) t h e g rea t n u m b e r of p a r a m e t e r s t h a t c a n be 
i n t r o d u c e d , (b) t he fact t h a t c o m p u t e r s a r e ava i l ab le in m a n y p l aces , e n a b l i n g scient is ts 
t o use n o t t a b u l a t e d m o d e l s b u t b o r r o w e d p r o g r a m s . T h e r e f o r e , o n e refers on ly t o 
m o d e l s 'bu i l t w i t h t h e F e a u t r i e r ' s p r o g r a m ' o r ' w i t h t h e M i h a l a s ' s p r o g r a m ' , w i t h o u t 
neve r seing these m o d e l s ac tua l ly p u b l i s h e d . I t d o e s n o t he lp t h e o n e w h o is supposed 
t o give a c lear a c c o u n t of t he use of m o d e l s a n d the i r va l i d i t y ! . . . 

0.6 

0.5 

0.4 
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I n s t e a d , I shal l t ry t o descr ibe , m o r e o r less a c c o r d i n g a p a p e r n o w u n d e r c o m p l e ­
t i o n b y Pecke r et al. (1973) , t h e necessa ry e v o l u t i o n o f p o i n t o f view wh ich shou ld 
d o m i n a t e , in t he years t o c o m e , t h e w h o l e a p p r o a c h t o s te l lar a t m o s p h e r e s (see T h o m a s , 
1970), g o i n g p r o b a b l y a s far a s t b e l im ina t e t h e c o n c e p t o f gr id o f m o d e l s , t h e n u m b e r 
o f p a r a m e t e r s b e c o m i n g real ly excessively la rge for a l l o w i n g us t o a p p l y s imple in ter­
p o l a t i o n m e t h o d s in o r d e r t o der ive a m o d e l for a given o b s e r v e d s tar . 

Le t u s first agree o n o n e s e m a n t i c a l defini t ion. W e shal l call classical & m o d e l a t ­
m o s p h e r e wh ich essent ia l ly satisfies a few e q u i l i b r i u m e q u a t i o n s , a n d d e p e n d s u p o n a 
few p a r a m e t e r s . Need les s t o say, t h e r e is n o m o r e q u e s t i o n t o use b l a c k - b o d i e s , o r even 
g rey m o d e l s , a l t h o u g h t h i s is still of ten d o n e b y obse rve r s w h o h a v e n o t p a i d e n o u g h 
a t t e n t i o n t o the e v o l u t i o n o f t h e p r o b l e m in t h e las t t h i r t y yea r s . 

Ac tua l l y , t h e first n o n - g r e y m o d e l s , very r o u g h indeed , b u t r a t h e r s t i m u l a t i n g , still 
n o w , in the sense t h a t t he i r m e t h o d o l o g y is still ab le t o t e a c h us a lo t a b o u t t he a t m o ­
sphe r i c s t ruc tu res , were d u e t o R u d k j o b i n g (1947) a n d M u s t e l (1940). T h e i r m e t h o d s 
c o u l d n o t been app l i ed t o a n y rea l is t ic opac i ty l a w ; b u t t h e S t r o m g r e n ' s m e t h o d w a s 
o n i ts w a y (Pecker , 1950, 1951) a n d i ts first app l i ca t i ons w a s i n d e e d t h e b e g i n n i n g o f 
a n e w e r a : gr id o f grey m o d e l s a r e n o t a n y m o r e a c c e p t a b l e , s ince we k n o w h o w t o 
b u i l d non -g rey ones . Le t us he re n o t e t h a t grey m o d e l s h a v e a t e n d e n c y t o give a lways 
a va lue o f T t n t o o low for a g iven spec t ra l t ype , c o m p a r e d t o t h e n o n - g r e y m o d e l s . 
T h e n e w era , however , c o u l d n o t b e effective ( in view of t h e n u m e r i c a l complex i ty of 
t h e p r o b l e m ) before t h e ava i l ab i l i ty o f la rge c o m p u t e r s ; n o w a d a y s , n o n - g r e y m o d e l s 
i n c o r p o r a t e b l a n k e t i n g effect - a t leas t in a simplif ied w a y - , a n d a r e t h e bas i s o f t h e 
i n t e r p r e t a t i o n of stel lar spec t ra , a n d of t h e ca l i b r a t i on in r e f f a n d g o f t h e S T a n d L C 
scales. 

T h e difficulties a r e sti l l h o w e v e r fa r f r o m b e i n g r e m o v e d ; b u t , essent ia l ly , t hey a r e n o 
m o r e o f a numer i ca l n a t u r e , b u t m u c h m o r e o n a phys ica l , o r even c o n c e p t u a l n a t u r e . 

T h e m o d e l s t h a t can be n o w ( S e p t e m b e r 1972) cons ide red as ' c lass ica l ' a r e : 

- In radiative equilibrium (RE). I t imp l i e s t h a t Tefr is g iven , a n d F=(cr/n) 7 e f f

4 is 
c o n s t a n t t h r o u g h o u t t h e a t m o s p h e r e . T h e chemica l c o m p o s i t i o n c a n be modif ied, 
a c c o r d i n g t h e wishes o f t h e a u t h o r ; t h e opac i t y i n t r o d u c e d in t h e m o d e l s c an be a n y 
o p a c i t y t h o u g h t t o be s u i t a b l e ; it c a n t a k e l ine opac i t y i n t o a c c o u n t . T h e on ly res t r ic­
t i o n is t h a t w e have t o t r e a t t h e o p a c i t y in a c c o r d a n c e w i t h t h e o t h e r h y p o t h e s e s o f t he 
m o d e l s . 

- In hydrostatic equilibrium (HE). I t impl ies a given va lue o f geff9 c o n s t a n t in t he 
a t m o s p h e r e , a n d t h e va l id i ty o f e q u a t i o n (2). N o t e t h a t geff m a y b e different f r o m g9 

b e c a u s e o f t u r b u l e n c e , o r o t h e r m e c h a n i s m s a b l e t o t r ans fe r m o m e n t u m : we m e a n 
o n l y t h a t p var ies in t he a t m o s p h e r e a c c o r d i n g t h e E q u a t i o n (2), w h e r e # e f f is a c o n s t a n t . 

- In plane parallel geometry (PP) 

- In local thermodynamical equilibrium (LTE), w h e r e t h e p o p u l a t i o n s o f all a t o m i c 
levels - a n d hence opac i t i es - s t r ic t ly fol low the laws of B o l t z m a n n a n d Sah a . 
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- Without any magnetic field, or velocity fields of systematic nature (i .e. m a c r o -
veloci ty fields: e x p a n s i o n , r o t a t i o n , convec t i on ) . 

F o r t u n a t e l y , t h e m e a n i n g of t h e w o r d ' c lass ica l ' is qu i ck ly c h a n g i n g . 
N o w a d a y s , t h e h y p o t h e s i s L T E , a t least in t he c o n t i n u o u s o p a c i t y c o m p u t a t i o n s , 

is n o t a n y m o r e necessary , s ince t h e w o r k of F e a u t r i e r (1968) , A u e r a n d M i h a l a s 
(1972) , a n d o the r s . T h e b l a n k e t i n g a c c o u n t h a s even been t a k e n i n t o a c c o u n t in m o d e l 
b u i l d i n g - b u t genera l ly n o t in a c o m p l e t e w a y a n d a l m o s t a l w a y s in L T E : i t is e i ther t he 
i m p u r i t y b l a n k e t i n g ( such as t h e m o d e l s of Brad ley a n d M o r t o n (1969) , o r V a n Ci t t e r s 
a n d M o r t o n (1970), w h o t a k e i n t o a c c o u n t U V l ines) - o r t h e b l a n k e t i n g by l ines 
c o u p l e d t o t he c o n t i n u u m (such as t h e m o d e l s o f A u e r a n d M i h a l a s , 1972), w h e r e 
N L T E a re essent ia l . S o m e t i m e s , m o d e l s inc lude b o t h N L T E effects a n d l ines. T h e 
p a p e r s by A u e r a n d M i h a l a s (1972) a n d M i h a l a s (1971) s h o w t h e inf luence of these 
i m p r o v e m e n t s in t h e m o d e l s , a n d t h e qua l i t y of t h e n e w m o d e l s w h e n c o m p a r e d to 
t h e obse rva t ions . Pa r t i cu l a r ly i l lus t ra t ive is t h e case of M g II l ines in ea r ly - type s ta rs . 
I t is r e m a r k a b l e t o n o t e t h a t N L T E , wh ich w a s still heresy , less t h a n t en years a g o , 
seems n o w of such a q u a n t i t a t i v e i m p o r t a n c e . . . 

T h e P P hypo thes i s h a s been a l so m o r e o r less o v e r c o m e : H u m m e r a n d R y b i c k i , 
Cass inel l i (1971), Cass ine l l i a n d H u m m e r (1971), L u c y a n d o t h e r s , h a v e i n t r o d u c e d 
w a y s of c o m p u t i n g m o d e l s in spher ica l s y m m e t r y , a n d even w i t h l aws different f rom 
H E ( laws such as g o e r " " , a p p l i c a b l e t o s o m e e x t e n d e d a t m o s p h e r e s ) . S imi lar ly , t h e 
t r ans fe r t in s tochas t i c m e d i a is r e a c h i n g a s ta te w h e r e i t will s o o n b e poss ib le t o use it 
in a t m o s p h e r e m a k i n g . M a e d e r a n d P e y t r e m a n n (1970) h a v e c o n s i d e r e d r o t a t i n g 
m o d e l s where T e f f is a func t ion o f t h e l a t i tude . E t c . . . . 

U n f o r t u n a t e l y , s u c h i m p r o v e m e n t s b r i ng in so m a n y n u m e r i c a l complex i t i e s , t h a t 
it seems so far imposs ib l e t o t a k e t h e m i n t o a c c o u n t a n d , a t t h e s a m e t i m e , t o keep 
rea l i s t ic opac i t y laws . 

Very l i t t le effort h a s been d o n e t o c o m p u t e m o d e l s d e p a r t i n g f r o m R E . Convec t ive 
z o n e s of first a p p r o x i m a t i o n (mix ing- l eng th t h e o r y ) h a v e been used for i n t e r m e d i a t e o r 
l a te - type s ta rs . Bu t a rea l ly h y d r o d y n a m i c a l l y cons i s t en t s o l u t i o n , a l t h o u g h n o t far , 
poss ib ly , f rom c o m p l e t i o n (Spiegel , L a c o u r , Z a h n , see Souffrin (1971)) , h a s n o t been 
p e r f o r m e d so as t o o b t a i n rea l i s t ic m o d e l s . L e i b a c h e r ' s a p p r o a c h c a n be a lso t a k e n 
i n t o ser ious c o n s i d e r a t i o n w h e n e v e r p r o p a g a t i n g w a v e s m a y c h a n g e significantly 
t h e s t ruc tu re of t h e a t m o s p h e r e . B u t aga in , we a r e a t t h e b e g i n n i n g of a l o n g 
r o a d . . . 

S imilar ly , t h e i n t r o d u c t i o n o f m a g n e t i c fields, o r ve loci ty fields, h a s given p lace t o 
in t e re s t ing s o l u t i o n s o f t h e t r ans fe r p r o b l e m s (let u s q u o t e t h e recen t w o r k s b y 
S i m o n n e a u a n d b y M a g n a n , a m o n g s t m a n y o t h e r s ) ; b u t th i s d o e s n o t g o far e n o u g h 
as t o affect t h e m o d e l s . 

O n t h e o t h e r h a n d , even t h e ' c lass ica l ' m o d e l s a r e n o t , w i t h i n t h i s very l imi ted c o n ­
cep t , very sa t i s fac tory in m a n y p a r t s of t h e H R d i a g r a m , b e c a u s e o f a n i n a d e q u a t e 
t r e a t m e n t of t h e o p a c i t y sources . T h e m o l e c u l a r l ines a n d c o n t i n u a , t h e s tab le ions , 
e t c . a r e h a r d l y g o i n g o u t o f t h e s h a d o w p u t o n t h e m b y t h e unce r t a in t i e s in m o l e ­
cu la r , a t o m i c , ionic ene rgy t r a n s i t i o n s physics , o r by t h e f o r m i d a b l e numer i ca l w o r k 
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assoc ia ted w i th a co r r ec t t r e a t m e n t , even in t he classical f r ame (see Tsuj i , V a r d y a , e t c . . . . ) . 

3.2. NEW CONCEPTS IN THE DESCRIPTION OF A STELLAR ATMOSPHERE 

I n spi te , o r because , o f t h e lar&e d r a w b a c k s a n d smal l i m p r o v e m e n t s of t h e classical 
t h e o r y of m o d e l a t m o s p h e r e s , t h e r e is n o w a d a y s a s t r o n g m o v e m e n t t o w a r d s a new 
l o o k a t a s tel lar a t m o s p h e r e . W h e n e v e r t he classical a t m o s p h e r e is m o r e o r less a 
b o u n d a r y ( r a the r s h a r p ) b e t w e e n t h e s ta r a n d t h e v a c u u m o u t s i d e , we h a v e n o w a 
t e n d e n c y t o cons ide r i t , a s , in essence, a t r a n s i t i o n r eg ion b e t w e e n t h e in t e rna l p a r t s 
o f t h e s ta r a n d t h e in te rs te l la r m e d i u m , a r eg ion w h i c h m a y be a s e x t e n d e d indeed as 
t o cove r t h e space b e t w e e n t h e deepes t p a r t in t h e s t a r f r o m w h e r e p h o t o n s c a n escape 
d i rec t ly t o t h e obse rver , t o t h e p l a c e w h e r e a t o m s (o r g ra ins ) d o n o t k n o w a n y m o r e 
t o wh ich s ta r they be long . 

I n th i s sense, t he a t m o s p h e r e is t h e r eg ion w h i c h covers n o t o n l y t h e classical a t m o ­
s p h e r e ( ' p h o t o s p h e r e ' ) b u t a l so t h e v a r i o u s k i n d s of ex tens ions o r enve lopes . 

M a n y th ings h a v e t o be sa id a b o u t t h e new concep t s . W e shal l on ly t ry t o a b s t r a c t 
t h e m he re , a s t hey will b e desc r ibed in m o r e de ta i l s in t h e series o f p a p e r s t o c o m e 
( G e b b i e , Pecker , P r a d e r i e , T h o m a s a n d o the r s ) a n d in t h e r e p o r t o f t h e P res iden t of 
C o m m i s s i o n 36 o f t he I A U ( T h o m a s , 1973). 

T h e in ters te l la r m e d i u m is cha rac t e r i zed by t h e exis tence , local ly , o f a g rea t m a n y 
degrees of f r eedom, a s t a t e i ndeed o f c o m p l e t e degeneracy . T h a t i s : we c a n n o t desc r ibe 
t h e s ta te of t h e m e d i u m by o n l y i ts t e m p e r a t u r e , o r by o n l y t h e t e m p e r a t u r e a n d the 
r a d i a t i o n field.... M a n y o t h e r p a r a m e t e r s ( local , o r n o t ) a r e i ndeed necessary! 

A t t h e c o n t r a r y , t h e i n t e rna l p a r t s of a s ta r a re c o m p l e t e l y d e g e n e r a t e d ; t he t em­
p e r a t u r e fixes every o t h e r p r o p e r t y of t he m e d i u m , except t h e dens i ty ( they a re n o t 
c o u p l e d each t o t h e o t h e r ) : W e h a v e a b lack b o d y in T E . 

W h e n go ing f rom ins ide t o o u t s i d e , the degenerac ies p rogress ive ly d i s appea r . 
R a d i a t i o n escapes , a n d is n o m o r e in e q u i l i b r i u m w i t h t h e local p r o p e r t i e s of t h e me­
d i u m , be ing s o m e w h a t d i l u t e d ; t h i s h o w e v e r is still in T E , a s co l l i s ions d o m i n a t e , a n d 
a s , the re fore , t h e local t e m p e r a t u r e c o m m a n d s t h e p o p u l a t i o n o f a t o m i c energy levels ; 
t h e B o l t z m a n n , Saha , M a x w e l l l aws a r e still val id - n o t a n y m o r e t h e P l a n c k law. W e 
shal l cal l th i s r eg ion t h e lower photosphere. T h e escape of p h o t o n s is t h e m a j o r phys ica l 
p h e n o m e n o n wh ich c rea te s t h e m o d e l . 

W h e n p r o c e e d i n g o u t s i d e t h e p h o t o s p h e r e , t he B o l t z m a n n - S a h a l aws s t a r t s t o be 
n o m o r e val id. N L T E effects s t a r t t o p reva i l . Bu t , st i l l , t h e e scape o f p h o t o n s is the 
w a y t h e t h e r m o d y n a m i c a l s t r u c t u r e of t h e a t m o s p h e r e is bu i l t o u t . W e shal l call th i s 
r eg ion t h e 'upper photosphere" essent ia l ly in R E (see P e c k e r a n d T h o m a s (1961) as o n e of 
t h e first p a p e r s w h e r e is desc r ibed th i s b e h a v i o u r ) . 

W h e n go ing still o u t s i d e , t h e flux of p h o t o n s is n o t a n y m o r e t h e essent ia l p h e n o m ­
e n a . M o s t o f t h e p h o t o n s t r u l y e n o u g h d o escape , a n d a r e o n l y p a r t l y d e c o u p l e d f r o m 
t h e t r a n s p a r e n t m e d i u m ( the o p a c i t y h a s decreased , t h e p h o t o n s t rave l w i t h less in ter­
a c t i o n w i th t he m e d i u m ) . B u t w e s t a r t t o d e p a r t f r o m R E ; t h e m e c h a n i c a l energy 
p l ays a n i m p o r t a n t p a r t , b u t t h e dens i ty is still h igh e n o u g h for t h e flux of mechan ica l 
ene rgy (waves) t o in te rac t w i th t he m e d i u m . W e have t h e 'chromosphere". 
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A n d we mee t next t h e 'corona' w h e r e defini t ion of t h e local c o n d i t i o n s is r eques t i ng 
t h e so lu t ion of ene rgy e q u a t i o n s t a k i n g so la r w i n d i n t o a c c o u n t . 

T h e r e t h e m a g n e t i c c o n d i t i o n s b e c o m e p r e d o m i n a n t l y i m p o r t a n t a n d c o m m a n d 
t h e flow of m a t t e r a n d t h e ene rgy b a l a n c e . V a r i o u s r eg ions c a n be f o u n d in t he c o r o n a , 
a c c o r d i n g the v a r i a t i o n of t e m p e r a t u r e ; t h e ex tens ion of th i s r eg ion is l ead ing to a 
dec rease o f t he p h o t o n dens i ty , a c c o r d i n g a law in r ~ 2 , o f m a s s dens i ty in the so la r 
w i n d , a c c o r d i n g a law in r~2n(n< 1), b u t t o a still smal le r dec rease in t he m a g n e t i c 
field (in r " 2 n (n < 1)), t h e difference be tween n a n d 1 be ing essent ia l ly d u e t o t he g e o m ­
e t ry of m a g n e t i c l ines of forces. 

W e h a v e so far m a d e a d i s t i nc t ion o f va r i ous r eg ions in t e r m of ene rgy ba l ance a n d 
m e a n free p a t h . I t affects t h e d i s t r i b u t i o n of T a n d Q w i t h s o m e op t i ca l d e p t h in t h e 
d e e p reg ion , w i th geome t r i ca l d e p t h in t he o u t e r reg ions . 

W e m u s t a l so i n t r o d u c e a d i s t inc t ion be tween reg ions in t e r m of m o m e n t u m ba l ance . 
T h e r e the p ressu re t e r m s c o m e in t h e p ic tu re , a n d so t he H E hypo thes i s . I n t h e deepes t 
p a r t s of t h e a t m o s p h e r e , t h e m o m e n t u m t ransfer is loca l , a n d t h e H E is p reva i l ing , 
c o m m a n d i n g the dens i ty s t r u c t u r e , wheneve r t h e R E c o m m a n d s t h e t e m p e r a t u r e 
s t ruc tu re . W h e n g o i n g o u t s i d e , t h e m o m e n t u m t rans fe r c h a n g e s i ts cha rac t e r , d u e t o 
t h e m e a n free p a t h o f m a t e r i a l par t ic les . A b o u t w h e r e t he N L T E o r N R E effects 
s t a r t s t o p reva i l , t h e H E s t a r t s t o fail ( th is co inc idence be ing ac tua l l y fo r tu i tous a n d 
ce r ta in ly n o t genera l ) . A c c o r d i n g t h e case , a n d the phys ica l p rocesses w h i c h d o m i n a t e s 
in t h e h y d r o d y n a m i c a l ( a n d still ou t s ide , h y d r o m a g n e t i c a l ) e q u a t i o n s , t he dens i ty 
s t r u c t u r e m a y h a v e different b e h a v i o u r s . W h e r e a s t h e s p e c t r u m ( m a d e o u t of p h o t o n s ) 
is a n i m a g e of t he v a r i a t i o n of t h e s t ruc tu re ( t h r o u g h v a r i o u s source - func t ions ) w i th 
op t i ca l d e p t h , n o d i agnos i s (except for objec ts of non-neg l ig ib le a p p a r e n t size, us ing 
even tua l ly in t e r f e romet r i c M i c h e l s o n - t y p e devices , o r for such objec ts as ecl ipsed 
s t a r s - e i ther by a c o m p a n i o n , o r by t h e M o o n ' s l i m b , o r else) gives t h e va r i a t ion of 
dens i ty wi th h, o r of a n y op t i ca l d e p t h wi th h, s o m e t h i n g t h a t in gene ra l , on ly a pure ly 
theore t i ca l (i.e. t h r o u g h a t heo re t i ca l d i agnos i s o f t h e o b s e r v a t i o n s ) t r e a t m e n t c a n 
o b t a i n . W e have the re fo re a p p e a r a n c e s ( ' symbio t i c ' spec t ra , shell spec t ra , ex tended 
enve lopes spec t ra ) of w h i c h t h e spec t ra l charac te r i s t i c s a r e of ten well descr ibed , b u t 
d o n o t necessar i ly fit a c o n c e p t u a l defini t ion of t h e w o r d s used for th i s de sc r ip t i on . 
F o r c o m m o d i t y p u r p o s e s , w i t h n o ce r t a in ty of fitting t h e usua l m e a n i n g of the w o r d s 
in the i r pure ly spec t roscop ica l def in i t ion , we shal l use t h e w o r d 'extended atmosphere', 
wheneve r H E does n o t h o l d a n y m o r e , 'shell', w h e n e v e r t h e r e is even a n increase o f 
t h e to ta l dens i ty o u t w a r d s , s o m e w h e r e , 'dust-shell', o r ' H i-shell', o r else, wheneve r 
o n l y o n e o f t h e v a r i o u s c o m p o n e n t s of t he c i r cums te l l a r m a t t e r u n d e r g o e s a n e a t 
inc rease a t s o m e d i s t ance o f t h e s t a r ; 'envelope' w h e n e v e r t h e dens i ty is very n e a r t h e 
in te rs te l la r dens i ty , b u t t h e phys ica l c o n d i t i o n s a r e never the less still affected by t h e 
vicini ty of t h e s ta r ( e x a m p l e s : t h e H II reg ion , t h e C II r eg ion , a r e essent ia l ly envelopes) . 

T h e F igu re 20 gives a s chema t i ca l desc r ip t ion o f o u r t e r m i n o l o g y . W e send b a c k 
t h e r eade r t o P e c k e r - T h o m a s (1961), t o t he M u n i c h C o l l o q u i u m ( p a p e r s by T h o m a s 
(1969) a n d Pecke r (1969)) , t o t h e Menze l jub i l ee s y m p o s i u m ( T h o m a s ) , a n d to t h e 
f o r t h c o m i n g series o f p a p e r s by G e b b i e , P r ade r i e , P e c k e r a n d T h o m a s , for fur ther 
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Fig. 20. Terminology of the theory of stellar a tmospheres (accord ing concepts developed by Pecker 
et al.9 1973). T h e frequency vi co r r e sponds to the m o r e t r anspa ren t p a r t of the c o n t i n u u m 

spec t rum, V2 to the m o r e o p a q u e . 

deta i l s a n d a be t t e r phys ica l ins igh t c o n c e r n i n g t h e p h e n o m e n a affecting each p a r t o f 

t h e a t m o s p h e r e - e a c h ' r e g i o n ' - a n d even t h e ' s u b r e g i o n s ' (defined, w i th in each reg ion , 

fo r e x a m p l e t h e p h o t o s p h e r e , by t h e v a r i o u s sources o f o p a c i t y wh ich affect p r e d o m ­

i n a n t l y a p a r t - s u b r e g i o n - o r a n o t h e r of t h e p h o t o s p h e r e : for e x a m p l e t he re is a 

p h o t o s p h e r i c s u b r e g i o n defined b y t h e r eg ion affected b y t h e e scape o f L y m a n c o n ­

t i n u u m p h o t o n s , a n o t h e r o n e defined b y t h e e scape of t h e B a l m e r c o n t i n u u m p h o t o n s , 

- a n d the l ike) . 

3.3. N E W APPROACHES TO MODEL MAKING 

T h i s n e w t y p e of c o n c e p t s o b v i o u s l y influences t he m e t h o d s t o a p p l y t o bu i ld m o d e l s . 
A n d we c a n n o t , a t t h e p r e s e n t t i m e , conceive of a c o m p l e t e l y sel f -consis tent m e t h o d 
of s o l u t i o n ; obv ious ly , w e c a n t r e a t s o m e p r o b l e m s s u c h as t h e t r ans fe r of r a d i a t i o n , 
w h e n e v e r we a r e a t t h e in fancy for h y d r o d y n a m i c a l t r ans fe r , a n d still a t t h e foetal 
s t a t e for t h e h y d r o m a g n e t i c a l t r ans fe r . . . 

So far as the r a d i a t i o n e q u i l i b r i u m c o n d i t i o n is the on ly o n e c o n c e r n e d , we need , t o 
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s t a r t wi th , a g e o m e t r y , a c h e m i c a l c o m p o s i t i o n , a va lue for t h e flux o f r ad i a t ive energy , 
a n d a law for t h e m o m e n t u m t rans fe r . 

T o express t he R E , it is c u s t o m a r y to i m p o s e t o t h e sou rce - func t ion the classical 
c o n s e r v a t i o n e n e r g y : 

00 

j xv [ J v - S V ] dv = 0 a t all d e p t h s . (18) 

o 

A s Sv is re la ted t o Te, we c a n wr i t e th i s in s o m e expl ic i t w a y - a l t h o u g h th is is n o t 
q u i t e ea sy ; essent ia l ly it c a n b e wr i t t en a s fo l lows : 

7 W ( 7 ; , e t c . . . . ) (19) 

a n express ion w h i c h impl i e s s o m e k i n d of i t e ra t ive p r o c e d u r e , t h e first m e m b e r cor ­
r e s p o n d i n g t o t h e « t h a p p r o x i m a t i o n , t he second t o t h e (n— l ) t h a p p r o x i m a t i o n . 

I t is essent ia l ly w h a t h a s b e e n d o n e ear ly by S t r o m g r e n , in a very s lowly conve rg ing 
m e t h o d , m o r e recent ly by G e b b i e a n d T h o m a s , in t h e very far r e a c h i n g so-cal led 
T C B m e t h o d , w h e r e t h e v a r i o u s sources of opac i t i e s i n t e rvene in successive t e rms , a n d 
c a n be i n t r o d u c e d progress ive ly w h e n p r o c e e d i n g f r o m t h e s t a t e o f degene racy of t h e 
i n t e rna l layers t o t h e o u t e r l aye r s ; t he G e b b i e - T h o m a s p r o c e d u r e h a s t h e a d v a n t a g e 
o f giving a phys ica l w a y t o i m p r o v e a n y p rov i s iona l s o l u t i o n t a k i n g i n t o a c c o u n t on ly 
s o m e c o m p o n e n t s o f t h e o p a c i t y , a n d t o , a cco rd ing ly , r e a c h b e t t e r so lu t ions . F o r 
e x a m p l e , t h e i n t r o d u c t i o n of t h e b l a n k e t i n g effect c a n b e m o r e easy in the i r m e t h o d 
t h a n in a n y o the r . Essen t ia l ly , t h e m e t h o d g r o u p s t h e t e r m s in i so l a t i ng in e ach o f 
t h e m a T C B ' ( t e m p e r a t u r e c o n t r o l l e d b r acke t ) . 

W e d o n o t need he re , a n d d o n o t w a n t , t o en t e r in t h e de ta i l s o f t h e phys ica l m e a n ­
ing of th is p r o c e d u r e . W e w a n t o n l y t o n o t e t h a t t h e fa i lure of t h e S t r o m g r e n ' s m e t h o d 
w a s pa r t l y d u e t o t h e fact t h a t in t h e so lu t i on of E q u a t i o n (19), t h e s econd m e m b e r is 
s t rong ly d e p e n d i n g u p o n t h e va lues of Te a n d Q; wheneve r , essent ia l ly , in t he T C B 
m e t h o d the i n t e r a c t i o n w o r k s m u c h m o r e qu ick ly , a s t he s e c o n d m e m b e r d e p e n d s 
m u c h m o r e s l ight ly o n these p a r a m e t e r s . T h i s seems essent ia l ly d u e t o t h e fact t h a t t he 
i n t e r ac t i on p r o c e d u r e o p e r a t e s o n a smal le r p a r t of t h e in tegra l s o f E q u a t i o n (18). 
I t ac tua l ly s u b t r a c t s o u t f r o m E q u a t i o n (19) la rge t e r m s , e q u a l in b o t h m e m b e r s , 
w h i c h therefore d o n o t affect t h e c o n s t a n c y of t h e flux, c o n c e n t r a t i n g o n the smal l , 
u n e q u a l t e r m s , w h i c h , a t a g iven d e p t h , fix Te. 

T h e m e t h o d c o n v e r g e s so qu i ck ly , a n d is so easy t o a p p l y , t h a t it c a n be h a n d l e d 
w i t h a r e a s o n a b l e a c c u r a c y b y desk c o m p u t e r s o r even sl ide ru les a t leas t o n s imple 
p r o b l e m s . 

B u t th i s does n o t ye t so lve e i the r t h e H D p r o b l e m s , o r t h e M H D . . . 
A t least , w e s h o u l d n o w c o m m e n t o n t h e fact t h a t al l p a r t s o f t h e a t m o s p h e r e , all 

r eg ions a n d s u b r e g i o n s , a r e i n d e e d i n t ima te ly c o u p l e d e a c h t o t h e o t h e r , a n d there fore 
o n e is bad ly in e r r o r w h e n t r e a t i n g a s t a r as i so la ted f r o m t h e o u t e r r eg ions , shells o r 
enve lopes , o r e x t e n d e d r eg ions , w h i c h necessar i ly s u r r o u n d s it. 

T h i s coup l ing , in a w a y , h a s been k n o w n for a very l o n g t i m e . T w o sub- reg ions 
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influence each o t h e r , a n d give n o n - g r e y m o d e l s different f r o m grey m o d e l s ; t h e b l an ­
k e t i n g effect affects d e e p layers w h e r e l ine a b s o r p t i o n m a y be very smal l , e t c . . . . 

B u t we m u s t n o t e a l so t h a t a n enve lope , o r a shel l , of ten ac t s a s a reflecting wal l , 
o r semi-reflecting — s e m i - t r a n s p a r e n t wal l . A n H n — H i t r a n s i t i o n r e g i o n , for e x a m p l e , 
is a n H i w a l l ; a n d t h e diffuse L y C r a d i a t i o n ins ide a n H II r eg ion is s imi l a r t o t h a t 
o f a b l a c k - b o d y of a b o u t 1 0 4 K . T h i s r a d i a t i o n falls b a c k t o t he s ta r , a n d t h e usua l 
b o u n d a r y c o n d i t i o n 7 ( c o s 0 < O ) = O c a n n o t be readi ly a p p l i e d t o a s te l la r p h o t o s p h e r e . 
T h e w h o l e t h ing , p h o t o s p h e r e a n d enve lope , h a s t o b e t r e a t e d a s a w h o l e , in t h e s a m e 
n u m e r i c a l p r o c e d u r e , because o f t h e exis tence of s u c h c o u p l i n g s . 

S imi lar ly , t h e fact t h a t in te r s t e l l a r m e d i u m s u r r o u n d s a s t a r b r e a k s t h e H E h y p o t h e ­
sis qu i t e qu ick ly . F o r e x a m p l e , if « i n t e r s t . = 1 0 2 , if we a s s u m e t h e dens i ty low in t h e 
p h o t o s p h e r e is fo l lowing t h e H E law, o n e h a s : 

n = n o e - * * 9 (20) 

whe re n0= 1 0 1 5 for 1, a n d h = 0 ( typical values) . 
T h e n , n= 1 0 2 for e~Kh= 1 0 " 1 3 o r AT* = 30. T h i s is i ndeed n o t so far f rom the p h o t o ­

s p h e r e . . . A n d if we a s s u m e t h e B a l m e r c o n t i n u u m f o r m e d n e a r n=n0, t he L y m a n 
c o n t i n u u m m a y well be f o r m e d n o t far f rom t h e n= 100 l im i t . . . a fact wh ich c h a n g e s 
s t rong ly t he t rans fe r s o l u t i o n i tself in t h e L y m a n c o n t i n u u m . A typ ica l e x a m p l e of 
th is is t h e H II — H i t r a n s i t i o n r eg ion , w h e r e H E h a s c o m p l e t e l y ceased t o be val id , 
a n d wh ich c o r r e s p o n d s r o u g h l y t o t h e r eg ion w h e r e t h e L y m a n p h o t o n escapes f rom. 

T h a t k i n d of effect c a n c h a n g e cons ide r ab ly t h e c lass ical m o d e l s - as s h o w n by 
M i h a l a s in p r e l i m i n a r y c o m p u t a t i o n s dea l ing , t ru ly e n o u g h , w i t h e x t r e m e cases, b u t 
never the less r a t h e r d e m o n s t r a t i v e ( M i h a l a s , 1972). 

A s o o n as t h a t k i n d o f effects need t o be t a k e n i n t o a c c o u n t , c u r v a t u r e has a l so to 
c o m e in t h e p i c t u r e ; a n d a lo t o f usua l a p p r o x i m a t i o n ( the classical E d d i n g t o n a p p r o ­
x i m a t i o n 3K=J for e x a m p l e ) a r e n o m o r e val id (we h a v e t o use K=J i n s t e a d ) : the i r 
use in t h e c o m p u t i n g p r o c e d u r e s m i g h t be very mis l ead ing . 

W e can therefore conce ive o f t h e c o m p u t a t i o n p r o c e d u r e o f a m o d e l in t he fo l lowing 
w a y : 

(i) c o m p u t e a ( T e f f , g9 c lass ical c o m p o s i t i o n ) - c lassical p h o t o s p h e r e ; 
(ii) use th i s f i r s t - a p p r o x i m a t i o n m o d e l t o r e d e t e r m i n e ( o u t of L T E ) n e w a b u n d a n c e s , 

i m p r o v e d o p a c i t i e s . . . , a n d n e w Te v a l u e s ; 
(iii) c o m p u t e t h e l i m i t a t i o n s of th i s m o d e l : w h e r e is t h e ' u p p e r p h o t o s p h e r e ' s ta r t ­

ing , w h e r e is t h e ' c h r o m o s p h e r e ' s t a r t i n g . . . a n d , a c c o r d i n g l y , t r e a t p r o p e r l y , a b o v e 
t h e a p p r o p r i a t e layers , t h e p h o t o n t r a n s p o r t , a n d t h e m e c h a n i c a l t r a n s p o r t . 

(iv) a t e ach of t hese successive p o i n t s , i n t r o d u c e t h r o u g h t h e T C B , t he co r rec t 
N L T E opac i t i e s , t h e co r r ec t geome t r i e s , t h e co r r ec t ene rgy i n p u t w h e n feasible, t he 
co r rec t m o m e n t u m b a l a n c e (if feasible) - wh ich imp l i e s s o m e k n o w l e d g e a b o u t t h e 
H D a n d M H D b e h a v i o u r of t h e o u t e r layers . 

O f cou r se , a t t h i s s tage , t h e b a d t r e a t m e n t of H D a n d M H D c a n force us t o use t h e 
c o m p a r i s o n be tween t h e o b s e r v a t i o n a n d the bes t R E - m o d e l t o infer s o m e be t t e r 
k n o w l e d g e of the H D - M H D physics of the m o d e l . A n d t h e n , t h e l imi t a t ion is 
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basical ly s t r o n g : if we use m o d e l s t o i m p r o v e t h e k n o w l e d g e o f the i r b e h a v i o u r , h o w 

c a n we use t h e m t o c a l i b r a t e o b s e r v a t i o n s ? 

3.4. CONCLUSIONS 

H a v i n g expressed several t i m e s a l r e a d y in th i s r e p o r t t h a t r a t h e r pess imis t ic view, we 
s h o u l d exp la in w h y t h e t w o - d i m e n s i o n a l classical m e t h o d s h a v e been w o r k i n g so 
well - a n ac tua l fact t h a t m a n y a u t h o r s a r e u s ing t o jus t i fy t he i r r e l uc t ance t o a c h a n g e 
in a p p r o a c h t o t h e ' gene ra l i zed t h e o r y of a t m o s p h e r e s a n d e n v i r o n m e n t s ' we have 
j u s t been ou t l i n ing . 

T h e m a i n r e a s o n o f th i s success is t h a t m o s t o f t h e a b n o r m a l i t i e s a r e loca ted in t h e 
o u t e r layers , n o n - p h o t o s p h e r i c , a n d there fore , it h a s been pos s ib l e t o descr ibe w i t h a 
ce r ta in set o f T e f f , # e f f , A i e f r t h e p h o t o s p h e r i c r eg ions . B u t we m u s t b e consc ious t h a t 
t h e p a r a m e t e r s f o u n d f r o m t h e bes t fit be tween m o d e l s a n d o b s e r v a t i o n s m i g h t n o t 
necessar i ly be t h e g o o d o n e s , t h e phys ica l ones - a s t h e d e e p e r r eg ions a re c o u n t e r -
affected by t h e u n o b s e r v e d (o r l i t t le obse rved) o u t e r r eg ions . T h e y a r e j u s t ' a d h o c ' 
p a r a m e t e r s . 

T h e ' g r o b a n a l y s e ' o f U n s o l d , w h i c h essent ia l ly d i s t ingu i shes b e t w e e n the Teff of t h e 
d e e p p h o t o s p h e r e a n d t h e T0 cha rac t e r i s t i c of t h e r eg ions w h e r e t h e l ines a re f o r m e d 
does n o t modi fy th i s c o n c l u s i o n , a s t h e T0 in q u e s t i o n is s o m e k i n d of exc i ta t ion -
i o n i z a t i o n t e m p e r a t u r e , far f r o m iden t ica l t o a n ave rage e l ec t ron t e m p e r a t u r e of these 
layers . Ac tua l l y , o n e s h o u l d descr ibe a n ' a d h o c ' m o d e l w i t h , a t e a c h layer , th ree 
k i n d s o f t e m p e r a t u r e : r e x c . i o n ; r r a d i a t i o n ; Te... 

T h e a d e q u a c y o f these p a r a m e t e r s for a ' r e p r e s e n t a t i o n ' of t h e o b s e r v a t i o n s is n o t 
in ques t i on . T h e success of t h e m e t h o d s rely o n t h e fact t h a t t h e v a r i o u s layers a r e 
s t rong ly c o u p l e d - w h i c h w e ce r ta in ly d o n o t deny . Af te r a l l , d u e t o the k ind of 
coup l i ngs t h a t exist , t h e n u m b e r o f significant p a r a m e t e r s is n o t l a rge . . . W h a t a r e 
t h e y ? H o w m a n y ? 

Cer ta in ly , t he t h e Jt, t h e R, t he X, t h e Y, c o u p l e d by t h e two e q u a t i o n s of 
in te rna l s t r uc tu r e ( a n d t o g e t h e r wi th a phys ica l a p p r o a c h t o t h e v a r i o u s phys ica l 
p h e n o m e n a l inked w i t h t he e scape of energy a n d m o m e n t u m f r o m t h e s t a r ' s in t e rna l 
reg ions) a r e a m o n g s t w h a t w e need t o desc r ibe t h e s ta r , a n d in p a r t i c u l a r i ts a t m o ­
sphere . These t h r ee p a r a m e t e r s m i g h t be indeed r ep l aced by !T e f f , g, a n d t h e m a i n 
chemica l c o m p o s i t i o n p a r a m e t e r , H / H e . 

Bu t a l so t he age, w h i c h m a y affect t he o u t e r layers very s t r o n g l y a n d there fore , 
indi rec t ly , t h e p h o t o s p h e r e itself: enve lopes a r e t h i c k e r for y o u n g s t a r s , shells p r o b a b l y 
(as in t h e case o f p l ane t a r i e s ) for s ta r s t h a t h a v e u n d e r g o n e uns tab i l i t i e s a n d m a t t e r 
e ject ion, a n d w h i c h a r e the re fo re r a t h e r evolved objec ts . 

B u t a l so t h e details o f t h e chemica l c o m p o s i t i o n ( n o t o n l y H / H e , o r H / ( H + H e + 
+ o the r s ) ) , such a s t h e r a t i o s F e / C , C / O , e t c . . . . d o p lay a p a r t . S u c h deta i ls a r e a 
func t ion o f t h e age ( t h r o u g h e v o l u t i o n a r y p rocesses i nvo lv ing n u c l e a r r eac t ions , 
diffusion p rocesses , e t c . . ) o r o f t h e s te l lar p o p u l a t i o n ( l o c a t i o n in t h e G a l a x y of t he 
b i r th -p lace of t h e s t a r , c o m p o s i t i o n o f p ro to s t e l l a r m a t t e r . . . ) - o r a func t ion o f b o t h . 

Th i s is, finally, m o r e t h a n t w o p a r a m e t e r s . B u t t he fact t h a t m o s t of the s ta rs used in 
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t h e ca l ib ra t i ons a r e m e m b e r s , m o r e o r less, of t he so la r n e i g h b o u r h o o d , exp la in essen­
t ia l ly w h y age effects o r s te l lar p o p u l a t i o n effects h a v e been o f very l i t t le influence 
u p o n t h e a p p a r e n t q u a l i t y of t h e t w o - d i m e n s i o n a l c lass i f icat ions (be ing a d m i t t e d t h a t 
t h e r a t i o H / H e does affect l i t t le t h i s c a l i b r a t i o n ) . T h i s s t a t e m e n t b r i n g s a ' se r ious 
w a r n i n g ' : t h e c a l i b r a t i o n s va l id n e a r t h e S u n c a n be c o m p l e t e l y w r o n g for s ta rs o f t h e 
h a l o , o r for s ta rs in t h e M a g e l l a n i c C l o u d s . . . 

A n d o u r discuss ion b r ings n o w a n o t h e r ' s e r ious w a r n i n g ' : if, b y u s i n g c o h e r e n t 
g r ids of m o d e l s , we f o u n d a va lue o f Teff9 a n d g9 for a g iven s ta r , we still sha l l h a v e t o 
reca l i b r a t e these va lues , a c c o r d i n g eve ry th ing else we m a y k n o w a b o u t t h e s ta r (en­
ve lopes a n d ages , p o p u l a t i o n s a n d chemica l c o m p o s i t i o n , m a g n e t i c fields, e t c . . ) i n t o 
a n o t h e r set o f va lues o f Teff9 a n d g, t h a t a r e rea l ly , phys ica l ly , l i n k e d t o t h e va lues o f 
££9 Jt9 R9 X9 Y... c h a r a c t e r i z i n g rea l ly t h e s ta r a s a w h o l e (as i l lus t ra ted ear l ier by 
F i g u r e 1). 

T h e best c o n c l u s i o n is ce r t a in ly t h a t , as m u c h a s poss ib le , w e s h o u l d t r e a t s ta rs as 
ind iv idua l s , n o t j u d g i n g a p r io r i f r o m a n y classif icat ion s c h e m e the i r a t m o s p h e r i c 
p a r a m e t e r s , - o r , if forced t o d o s o , d o i n g it w i th a sufficient deg ree o f self-defidence. 
By n o m e a n s can we say t h a t t h e d i agnos i s o f effective t e m p e r a t u r e s a n d gravi ty is 
sti l l in i ts q u a n t i t a t i v e s t a g e ; we c a n indeed o b t a i n n o m o r e t h a n a c c e p t a b l e a p p r o ­
x i m a t i o n s , a n d t h e m o d e l a t m o s p h e r e t h e o r y is j u s t a t its s t a r t ! . . . 
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Papers of historical interest , reference papers and general w o r k on mode l s a r e designated by the 
symbol • . 

D I S C U S S I O N 

Thomas: In the case of ear ly- type s ta rs we k n o w tha t those s tars a r e loosing mass , which means tha t 
the a tmospheres a r o u n d t h e m m u s t be expand ing . H o w good a r e the mode l a tmosphe re s which t ake 
in to account expans ion velocities? 

Pecker: T h e p rob l em is a very complex one . F o r example , the t ransfer in s o m e intense lines (a 
t ransfer which we k n o w to affect the mode l t h r o u g h b lanke t ing effects) is comple te ly different, ac­
cord ing to the velocity field, a s the abso rp t ion coefficient is displaced wi th respect to the incident 
profile of the line, a t a n y dep th . Actua l ly it ha s been possible to inc lude t h a t type of effects in relatively 
s imple a tmospheres , where o the r refinements have no t been appl ied (for example , in grey a tmospheres ) , 
A good example of wha t c a n be d o n e is given by the work by M a g n a n (in the process of publ ica t ion) , 
w h o is using the M o n t e - C a r l o m e t h o d . I expect tha t this field will p rogress significantly in the coming 
y e a r s ; the s i tuat ion is n o t t o o good , bu t less ' d i scourag ing ' t h a n in the case of convective layers for 
example . But the ma in p r o b l e m will then b e : 'wha t type of velocity field to i n t r o d u c e ? ' . A n d if one 
wan t s a physically consis tent reply t o this ques t ion , then , I mus t confess t ha t I th ink we a r e still a very 
long way off. 

Demarque: This is p robab ly a d i scourag ing quest ion, bu t o n e of i m p o r t a n c e to stellar inter ior 
research . Y o u have said very little a b o u t convect ion in stellar a tmosphe res . 

Pecker: I fully agree with D r D e m a r q u e . Indeed , the ionizat ion of the ma in c o m p o n e n t s of a s ta r 
gives place t o a convective zone , m o r e o r less deep in the pho to sphe r e , a t least for spectral types later 
t h a n AO. But a t the present t ime no t only d o we no t k n o w h o w t o c o m p u t e well the T, pe d is t r ibut ion 
in this zone ( the mixing-length theo ry has well k n o w n d r a w b a c k s ; improvemen t s a re , I believe, o n 
the way th rough the w o r k of Spiegel, Souffrin, Z a h n and o the r s , bu t it is still a t a very pre l iminary 
s tage) , bu t we d o a l so n o t k n o w well h o w to c o m p u t e the effects of the convect ive zone in the ou t e r 
layers where mechanica l energy t r a n s p o r t s ta r t s to play a role . T h e i m p o r t a n t w o r k by Leibacher 
gives certainly a be t te r basis t o this p r o b l e m , bu t again we a r e only s ta r t ing t o u n d e r s t a n d the physics 
a n d still very far f rom being ab l e t o c o m p u t e ready- to-be-used mode l s ! Indeed , the s i tua t ion is 'd is ­
courag ing ' ! ! 

McCarthy: D o you cons ider it t o be possible tha t some k ind of a scheme for classifying stellar 
mode l s could be m a d e as an aid t o observa t iona l a s t ronomy . Such a classification scheme could be 
ana logous to tha t which has o n several occasions p roven so helpful in observa t iona l stellar spec­
t roscopy . 

Pecker: W h y n o t ? I th ink this wou ld indeed be an excellent idea. A p a r t f rom a Teff, geff, a b u n d a n c e 
classification, this classification would indicate in each case wha t k ind of degeneracy has been in­
t roduced to improve the mode l c o m p a r e d t o wha t I call 'c lassical ' mode l s in m y paper . This would 
essentially m a k e clear at w h a t height (when proceeding from the inside) the mode l in considera t ion 
ceases to be valid. 
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Jaschek: T h a t means essentially t ha t o n e can explain s tars which in the M K system a r e called nor ­
m a l , wi th pe rhaps the except ion of the supergiants . 

Pecker: Y o u canno t , I th ink , say y o u ' expla in ' them. At least, y o u m a y ' r ep re sen t ' t h e m by a set of 
pa rame te r s , such as 7 E F F o r log g b u t t he physical mean ing of t ha t set of p a r a m e t e r s is still t o be 
ques t ioned, even for class V s ta r s , in m a n y a reas of the H R d i a g r a m (ear ly- type s ta r s , la te- type s tars , 
A m s t a r s . . . ) . Wi th this res t r ic t ion, I agree with you , a n d wou ld say tha t for m a n y s tars of class V, 
n o obvious con t rad ic t ion c a n be detected between models derived in o r d e r to represent any given set 
of observed cri teria. 

Eggen: Is it possible t ha t the difficulties you have been discussing a r e the cause of the observed spread 
in stel lar meta l a b u n d a n c e (omi t t ing t h e ex t reme h a l o s tars)? 

Pecker: P robab ly par t ly , bu t on ly pa r t ly . In each specific case, a careful discussion shou ld be done , 
t o reply t o the ques t ion : " I s the spect ra l a n o m a l y we measu re in a given g r o u p of lines due t o meta l 
a b u n d a n c e s differences, o r is it d u e t o a b n o r m a l N L T E effects, t o shells, t o effects of convect ion o n 
t empera tu re gradients a n d so f o r t h . . . ? " 

Jaschek: I conclude f rom w h a t y o u said tha t you would no t t rus t a b u n d a n c e differences between 
s t a r s smaller t han a factor of 5. W h a t worr ies m e is tha t m a n y pho tome t r i e s a r e de tec t ing small meta l 
a b u n d a n c e s differences, which a r e ca l ib ra ted o n a tmospher ic analyses which apparen t ly a re somewha t 
shaky . 

Pecker: I d o certainly sha re y o u r w o r r y . Small differences in meta l con ten t m a y often be due t o some 
u n d u e simplification (differential m e t h o d s ? ) of the de te rmina t ion of a b u n d a n c e s in s tars tha t m a y 
have different s t ructures . I c a n refer t o the a l r e a d y o l d discussion of W R s t a r s : Underh i l l years ago , 
denied tha t the difference be tween W C a n d W N is a n a b u n d a n c e difference; a n d we should not forget 
t h a t when applying differential m e t h o d s , o n e implies t ha t m a n y th ings a r e identical in the t w o s tars 
in compar i son - f rom N L T E effects t o differences in grad ien ts of the t e m p e r a t u r e (even in LTE) , 
between s tars having for example convect ive zone of different i m p o r t a n c e . 

Hack: W h a t d o you th ink a b o u t t h e super -meta l r i c h s tars found by the spec t ropho tome t r i c m e t h o d 
of Sp in r ad? I n a pape r by Sp in rad spec t rograms a n d t racings a r e r epo r t ed of a S M R star a n d of a 
so-called n o r m a l s tar , which look pract ical ly identical . 

Pecker: I a m puzzled, a s y o u a r e , by the k ind of facts you a r e s ta t ing. I w o u l d be t empted to say 
t h a t the Sp inrad classification scheme m a y be sensitive to meta l a b u n d a n c e and/or o the r factors in 
t h e a tmosphe re . Bu t 1 h a v e n o t s tudied this scheme in detail a n d I d o n o t cons ider m y reply as satis­
factory! 

Newell: If I m a y a d d t o the s to ry of a C e n ; while the re a r e perplexing cyclic changes in the he l ium 
spec t rum a n d in the meta l line spec t rum, there appea r s to be n o c o r r e s p o n d i n g change in the Balmer 
j u m p , Paschen slope, a n d h y d r o g e n line spec t rum. I t is h a r d t o a d m i t significant changes in effective 
t empera tu re a n d effective surface gravi ty dur ing the cycle. 

Golay: 1 should like t o ask Pecker t o give m e some bibl iographica l i n f o r m a t i o n : I suggest tha t 
Pecker d r aws at the b l a c k b o a r d a H R d i a g r a m a n d gives the b ib l iograph ic references of the best 
m o d e l s for each p a r t of H R . 

Pecker: I a m n o t p r e p a r e d t o give list of mode l s , s o r ich h a s been the p r o d u c t i o n of ' r a t h e r g o o d ' 
mode l s in the recent years . Only a s examples of very good mode ls , I cou ld q u o t e Aue r -Miha l a s mode l s 
for ear ly- type s tars - H u m m e r - M i h a l a s mode l s for nuclei of P l a n e t a r y N e b u l a e . . . a n d on the o the r 
s ide of the d i ag ram, A u m a n n o r Tsuji mode l s for cold s ta rs . Bu t good mode l s p r o d u c e d by a u t h o r s 
such as Pey t r emann , C a r b o n a n d associa tes , a n d m a n y o the r s , w i thou t be ing 'perfect ' ( none is 
perfect!) should obvious ly b e q u o t e d . I shal l t ry t o d r a w a ' concep tua l ' d i a g r a m of the sor t you wan t , 
if possible for inclusion a s a n append ix t o this discussion, in t ime for being publ i shed wi th it (F igure 21), 
I cer tainly d o agree o n t h e fact t h a t such a d i a g r a m would be a very interes t ing guide t o have u n d e r 
h a n d . 
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Fig . 2 1 . Ast rophysica l complexi t ies ; sources of opaci ty . On abscissa, t he spect ra l type - including 
the very h o t U V stars t h a t c a n exist (for example in y o u n g galaxies) ; in o rd ina t e , the luminosi ty class , 
including class 0, t o which be long s o m e s ta rs of t he Magel lan ic C loud . In the upper part, the let ters 
designate the complexi t ies t ha t have t o be in t roduced in m o d e l s : C is for c u r v a t u r e ; R for non-grey 
radia t ive equi l ibr ium, m for magne t i sm, K for convective layers , X for ex tended a tmospheres . T h e 
shaded a rea c o r r e s p o n d t o those relatively well filled by hones t - to -good mode l s . In the lower part, 
E is for e lectron scat ter ing, H for ionized hel ium, h for neu t ra l he l ium, N for negat ive hydrogen ion , 
M for molecules ; b lanke t ing by impur i t ies a n d a tomic h y d r o g e n have t o be p u t in all cases. Clearly 

this is highly schemat ica l ; it has no t b e e n found sui table to pu t in the 
d i a g r a m any par t icular selection of m o d e l s . . . 
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