
P A R T I 

I N F L U E N C E O F A B U N D A N C E S U P O N 

S T E L L A R A T M O S P H E R E C A L C U L A T I O N S 

https://doi.org/10.1017/S0074180900008627 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900008627


I N F L U E N C E O F A B U N D A N C E S U P O N S T E L L A R A T M O S P H E R E 
C A L C U L A T I O N S 

B. B A S C H E K 

Lehrstuhl fur Theoretische Astrophysik, Universitat Heidelberg, Germany 

Abstract. The basic equations for constructing a stellar atmosphere (hydrostatic equilibrium, flux 
constancy, radiative transfer, convective instability) are briefly summarized. While the parameters T e f f 
(effective temperature) and g (surface gravity) are directly contained in these equations, the element 
abundances e/ enter only indirectly through the thermodynamic properties (such as electron pressure, 
entropy, . . . ) and the absorption and scattering coefficients of stellar matter. 

The equation of state, convection, the effects of the absorption coefficients (particularly of line 
absorption) on the temperature stratification, and the role of velocity fields (microturbulence) are 
discussed in some detail, emphasizing their dependence on the abundances. 

From a given model atmosphere, a 'theoretical spectrum' (colours, bolometric correction, line 
strengths etc.) can be calculated. The (relative) fluxes emerging at the surface are essentially deter
mined by the temperature gradient and the absorption coefficients at the frequencies under considera
tion. The basic goal of quantitative classification, however, is the inverse problem, namely to deduce 
the stellar parameters from selected observed spectral criteria. Aspects relevant to this problem such as 
the question of uniqueness and the occurrence of possible systematic errors (even when using differen
tial analysis techniques) are briefly sketched and illustrated by some examples. 

1. Introduction 

Spectral classification is based on the observation of selected spectral criteria (such as 
intensity ratios of lines, colours e tc . ) which are compared with those of a set of standard 
stars defining the classification system. The ul t imate goal is t o derive the basic stellar 
parameters , including the abundances of the elements. This requires a quanti tat ive calibra
t ion of the criteria in t e rms of these parameters so that observed spectra can be compared 
with theoret ical spectra. T h e mos t detailed and reliable procedures to achieve quanti tat ive 
spectral classification m a k e use of mode l a tmosphere techniques . 

As this Sympos ium is devoted t o the discussion of abundance effects in classification, 
it seems useful t o give a brief summary of the theoret ical background for calculating 
stellar a tmospheres with par t icular emphasis on the influence of the element abundances 
u p o n the a tmospher ic s t ruc ture . In order t o illustrate the basic effects of the abundances 
n o detailed discussion is required. It suffices to use fairly simple - long known -
approximat ions . Of course , any actual reliable calculation of theoret ical spectra should 
involve very elaborate models . Details of the physical and numerical problems of stellar 
a tmospheres can be found, for example , in the books by Mihalas ( 1 9 7 0 ) or by Unsold 
( 1 9 5 5 ) . Effects of abundances have recently been considered by Pecker (1973) in a 
discussion of the use of mode l a tmospheres for temperature-gravity calibration. 

In the following, the basic equa t ions governing the s t ructure of the a tmosphere will be 
summarized, followed by a discussion of the effects of the abundances on the structure 

B. Hauck and P. C. Keenan (eds.), Abundance Effects in Classification, 3 - 1 5 . All Rights Reserved. 
Copyright © 1976 by the 1A U. 

https://doi.org/10.1017/S0074180900008627 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900008627


4 B. BASCHEK 

( through the t he rmodynamic proper t ies and the absorpt ion of stellar ma t t e r ) . Finally, the 
relat ionship be tween theoret ical and observed spectra and some o ther aspects relevant to 
spectral classification will be briefly discussed. 

2. Basic Parameters and Equations 

We consider a 's tandard model a tmosphere ' which is assumed to be homogeneous , plane-
parallel, in hydros ta t ic equi l ibr ium with constant (radiative plus convective) flux. 
Fu r the rmore , local t h e r m o d y n a m i c equilibrium (LTE) is assumed to hold (con t inuous 
scattering may be allowed for, bu t is not included here) . The a tmospher ic s t ructure and 
hence the emergent radiat ion is then determined by the parameters (some 94, in prin
ciple): 

(i) effective t empera tu re Tcff 
(ii) surface gravity g, and 

(hi) relative element abundances e,- (usually expressed as a tomic numbers , normalized to 
log eH = 12.00) . 

The s t ructure of the a tmosphere , i.e. r(r) , pe(r), Pgir) e tc . , is obta ined by solving the 
equat ion of hydrostatic equilibrium, 

together with the condi t ion for flux constancy, 

C O 

F = J Fv&v + ^conv = — fin = independent of r . (2) 

Here r is the optical d e p t h at an arbitrarily chosen reference frequency PQ, K is the 
corresponding absorpt ion coefficient K = K„Q, Pg is the gas pressure, pe the electron 
pressure, Fv are the m o n o c h r o m a t i c radiative fluxes, and ^ c o n v is the convective flux. 

The calculation of the radiative fluxes involves solut ion of the equa t ion of radiative 
transfer for the intensi ty Iv (a t each frequency v) in to which the absorpt ion coefficients 
K V „*nter: 

c o s ^ — = Iv-S„. (3) 

Fo r simplicity, scattering is not considered in the present discussion, and the source 
function Sv is set equal t o the Kirchhoff-Planck function BV(T). 

Finally, Equat ion ( 2 ) has t o be supplemented by the Schwarzschild cri terion according 
to which convective instability occurs if 
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/d iogrx /d i o g r \ 
\ d log Pjjr /adiabat ic \ d ^ p J ' ° g ^ / radiative 

(4) 

Besides the absorpt ion coefficients K V , some thermodynamic properties of the stellar 
ma t t e r have to be known in order to calculate the a tmospher ic s t ruc ture by Equat ions (1) 
through (4) . 
In particular, the equat ion of state 

is needed for the integrat ion of t h e equat ion for hydros ta t ic equi l ibr ium. Fur the rmore , 
the en t ropy is required t o evaluate the adiabatic gradient and convective flux. 

With t he assumpt ion of LTE, t h e the rmodynamic quant i t ies and the K V are determined 
(i) by T and pe t h rough the Saha-Boltzmann equat ions , and (ii) by the abundances e z of 
the const i tuents . If molecule formation is impor tan t the equat ions for the molecular 
equilibria have to be added . 

The K V comprise also line absorption besides con t inuous absorpt ion . For its calcula
t ion, in addi t ion to the popula t ion in the lower level, the profile function has to be 
known . It depends a m o n g others on the partial pressures of per turbing a toms (collisional 
damping, propor t ional to pc or p^ in most cases) and on the velocity fields (micro-
turbulence , see Section 3.4) . 

It should be remarked tha t line absorpt ion is not only impor tan t for determining the 
tempera ture stratification (b lanket ing) but has to be considered (in the ultraviolet) also in 
t he radiative pressure te rm of the hydros ta t ic equat ion for early-type stars. 

The parameters 7*eff, g, e,- which determine a model a tmosphere are of different nature . 
While Tcff and g are directly conta ined in the basic equat ions , the abundances ei enter 
only through the thermodynamic properties and the absorption coefficients. An element 
which does not con t r ibu te t o these quant i t ies ( ' t race e lement ' ) has no influence upon the 
s t ructure of the a tmosphere . However, before cons t i tuents can be neglected as trace 
elements in mode l calculat ions their possible influence has to be carefully examined. For 
example , potassium con t r ibu tes abou t > 3 0 per cent t o the electron pressure in cool stars 
(T<> 3000 K) despite its low abundance of only about 1 0 " 7 . eH (see, e.g. Bode, 1965) . 

3 . 1 . E Q U A T I O N O F S T A T E 

The the rmodynamic quant i t ies are sums of the cont r ibut ions of the cons t i tuents so that 
the relative abundances e, simply enter as weights (when T and pe are taken as indepen
dent variables). If f^T, pe) is the fraction of element / in ionization state /, the equat ion 
of state for the case of negligible molecule formation can be wr i t ten in the form (see, e.g. 
Mihalas, 1970) : 

pg = pg(T9pe\ p= p(T,pe) ( 5 ) 

3 . Effect of Abundances on the Atmospheric Structure 
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2 e i 

P g ( T , P e ) = P e , ( l + F ^ _ ) (5a) 

1 J 

Pg - Pe 

P(T>Pe) = mil > 

where ju= 2 e7- is the mean molecular weight (JUz- = a tomic weight of e lement / ) . 

For high tempera tures , pglpe

 % 2 for hydrogen-domina ted ma t t e r , and ^ 1.5 for 

hel ium-dominated mat te r . For lower tempera tures , when hydrogen and hel ium are largely 

neutral and the metals M mos t ly singly ionized, pglpe

 % ( e # + e / / e ) / €M-

In cases of partial ionizat ion, essentially the abundance e,- competes with the factor 

e xion/A:7* 0 f m e Saha equa t ion (Xj 0 n ionizat ion potent ia l ) . Fo r example , in cool stars 

e lements with low Xi 0 n s u c n a s ^ become impor t an t ; or in t he in te rmedia te t empera ture 

range, the CNO group significantly cont r ibutes to pe if hydrogen is strongly deficient (e.g. 

in the helium star HD 3 0 3 5 3 , Nariai, 1967) . 

3.2 . C O N V E C T I O N 

Element abundances affect the Schwarzschild 'criterion (4) since they enter into the 

adiabatic as well as in to the radiative gradient. For the adiabatic gradient , abundan t 

e lements and the electrons have t o be taken into account according t o the expressions for 

the specific heats or the derivatives of the ent ropy. The radiative gradient on the other 

hand is determined essentially by the mean absorpt ion coefficient and its pressure 

dependence , so tha t the ez- enter th rough the equat ion of state and the K V . 

An impor tan t applicat ion is the comparison of the hydrogen convect ion zone in cool 

metal -poor popula t ion II stars with that in normal stars. T h e lower metal abundances 

imply lower H~ absorpt ion and hence , from the hydros ta t ic equa t ion , a higher gas pressure 

at a given optical dep th . This results in convection zones extending higher up into the 

a tmospheres of metal -poor stars, and in flatter t empera ture gradients (Krishna Swamy, 

1969) . 

3 .3 . A B S O R P T I O N C O E F F I C I E N T S A N D T E M P E R A T U R E S T R A T I F I C A T I O N 

The s t ructure of the a tmosphere , essentially 7T[r), depends critically on the distr ibut ion 
of t he absorpt ion coefficients with frequency, i.e. o n the non-grayness of the K V . Most 
weight is given to the frequency range where, roughly speaking, the m a x i m u m flux 
occurs. This fact can be taken in to account , for example , by referring the r -sca le to the 
Rosseland mean opaci ty , 

This is a good approx imat ion (diffusion approximat ion) in the deeper layers, whereas 
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near the surface o the r mean values, e.g. the Planck mean, are more appropr ia te . 
Insight into the dependence of 7Tr) .upon the K V , especially when line absorpt ion is 

impor tan t , can be gained by simple approximat ions , e.g. the picket-fence model of 
Chandrasekhar (see Mihalas, 1970) , or the approximat ion by Hunger and Traving (1956) . 
The lat ter makes use of the m o m e n t s of K V , weighted by the Planck funct ion, 

oo 

MS = f KV

SBV&V; s = - 2 , - 1 , 0 , 1 (7) 
o 

The coefficients Q*ka and La in the approximate expression for the tempera ture stratifica

t ion 

T*(rR) = I T^(TR + Q ~ J J Lae-*offR ) (8) 

can be characterized by only two m o m e n t s , M _2 and Af, (Af0 is essentially the normaliza
t ion of BV, and M_X is used up for the definition of the Rosseland scale). While M_2 is 
de termined by the lowest K V , MX (corresponding to the Planck mean) takes account of 
the peaks of the absorp t ion , e.g. of the absorpt ion by strong lines. The surface tempera
ture depends essentially on Mx, approximate ly T4(o)/T4

c[j « M\ Vz. 

Besides the dis t r ibut ion over frequency ( 'crowding of l ines ') , the effect of abundances 
on T(T) depends also on the dis t r ibut ion of the line strengths on the curve of growth. For 
example., many overlapping faint lines or wings of s t rong lines will behave like a quasi-
con t inuous absorp t ion , and have an influence which is different from that of more 
isolated medium-st rong lines. T h e general effect of line absorption on T(TR) ( 'blanketing') 
is to increase the t empera tu re in deeper layers ( 'backwarming ' ) and to decrease it near the 
surface; the flux is redis t r ibuted: the decrease by the lines ( 'b locking ' ) is compensated by 
an increase in-relatively line-free ranges of the spec t rum. 

For a crude or ienta t ion abou t the order of magni tude of the cont r ibu t ion of various 
elements to the line absorp t ion , we may make use of the fact that bound-bound and 
bound-free t ransi t ions steadily merge at the absorpt ion edge, so tha t the height of the 
edge can be taken as some measure for the line absorpt ion. In the hydrogenic approxima
t ion (principle q u a n t u m number n, effective charge Z ) , the absorpt ion coefficient an per 
a t o m in state n is about 8 x 10~ 1 8 nZ~2 cm 2 at the edge (see e.g. Allen, 1973) . Thus we 
may expect line absorpt ion of e lement / to be impor tan t for the s t ructure of the atmos
phere , (i) if t he abundance et is sufficiently high and the frequency vn of the edge falls in 
a range where t he con t inuous absorpt ion K V C is low, i.e. if etfina^ / Z e f becomes com
parable t o K v c {fin: fraction of e lement / in state n), and (ii) if vn falls in a range where 
the Rosseland weight funct ion is large. 

Al though the inclusion of line absorpt ion is straightforward in principle, the large 
number of lines which in m a n y cases have to be taken into account , causes problems (lack 
of a tomic data , ques t ion of completeness for lines considered, numerical t r ea tmen t ) . 
Calculations with a direct inclusion of the stronger lines have, for example , been per
formed for the ultraviolet b lanket ing in early-type stars by Morton and his collaborators 
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(e.g. Mihalas and Mor ton , 1965 ; Adams and Morton, 1968) . Besides the direct approach, 
statistical me thods have (in part icular using opaci ty dis t r ibut ion functions) been devel
oped to deal with a large number of lines (e.g. Labs, 1 9 5 1 ; Bohm, 1954 ; S t rom and 
Kurucz , 1966; Carbon, 1 9 7 3 ; Pey t remann , 1974; Gustafsson etal., 1975) , or the problem 
of calculating line-blanketing has been avoided by using scaled (solar) t empera tu re stratifi
cat ions in a restricted range of parameters . Particularly when the influence of abundances 
on the model is to be investigated, an accurate and consistent t r ea tment of the line (and 
associated cont inuous) absorpt ion is impor tan t , a schematic incorpora t ion of line 
blocking does not seem sufficient. A detailed discussiori and comparison of the different 
me thods is, for example , conta ined in the recent paper by Gustafsson et al ( 1975 ) . 

3.4. V E L O C I T Y F I E L D S 

In spectral analyses, the a tmospher ic velocity field is most ly idealized as being composed 
of microturbulence and macroturbulence/ . One would expect tha t , in principle, the velo
cities can be calculated from the parameters which de termine the a tmosphere (and the 
layers below i t) . This view is suppor ted by observed correlat ions be tween the micro-
turbulent velocities ? wi th 7 ^ , ^ ZAQ t he metal conten t (see, e.g., Baschek and Reimers, 
1969 ; Nissen, 1970; Gustafssun and Nissen, 1972'; Reimers , 1973) . In pract ice , however, 
the microturbulence has to be t reated as an independent addi t ional paramete r , which is 
derived empirically from the line spect rum, since the present theory of hydrodynamic 
phenomena does not allow its calculation with sufficient accuracy. 

Microturbulence influences the s t ructure of a stellar a tmosphere th rough its contr ibu
t ion to the pressure and th rough the increase of the wid ths of the line absorpt ion coeffi
cients and hence of the line b lanket ing: (i) the left-hand side of Equa t ion (1 ) has t o be 
modified by adding a t e rm \ d(p £ 2 ) / d r * This t e rm has t o be t aken into account if £ 
becomes comparable t o or larger than the velocity of sound, for example , in supergiants 
(see e.g., G r o t h , . 1 9 6 1 ) and possibly in some helium stars ( low velocity of sound) such as 
HD 124448 in which Schonberner and Wolf (1974) find £=10 km s" 1 . (ii) The Doppler 
width entering the line absorpt ion coefficient is increased according t o A i > D / y = ( v 2

t h e r m a | 
+ %2)Vzlc. Note that the lines on t h e flat part of the curve of growth whose strengths 
are sensitive to £ cons t i tu te an impor tan t cont r ibut ion t o the line blanket ing in many 
cases. 

We may expect tha t mic ro tu rbu len t velocities correlate wi th t h e velocities in the 
convect ion zones (e.g. Bohm-Vitense , 1971) which in t u rn depend on the element 
abundances . Although meta l poor popula t ion II stars have hydrogen convect ion zones 
extending higher u p in to the a tmosphere (see Section 3 .2) , the mixing-length theory 
predicts their micro turbu len t velocities t o be smaller. This is because t hey are de termined 
by non-local (overshoot ) p h e n o m e n a which originate from layers below the upper 
bounda ry of the convect ion zone (Bohm-Vitense , 1971) where the convective velocities 

* The contribution of macroturbulence to the pressure depends on the special structure of the velocity 
field. 
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are smaller in the metal-poor stars. The observed low micro turbulence in popula t ion II 
stars, however, is as ye t no t quanti tat ively unders tood (Bohm-Vitense , 1975) . 

3 .5 . E F F E C T S O F A B U N D A N C E S IN N O N - S T A N D A R D M O D E L S 

So far we have discussed the essential effects of abundances on the a tmospher ic s t ructure 
w i t h the s tandard assumpt ion of a homogeneous plane-parallel and flux constant a tmos
phere in hydros ta t ic and local t he rmodynamic equi l ibr ium. Non-LTE calculations, for 
example , in general yield level popula t ions different from those in LTE so that quant i ta
tive differences, say in the absorpt ion coefficients, may arise. However, as the abun
dances influence the s t ruc ture only indirectly th rough the t h e r m o d y n a m i c propert ies and 
the absorpt ion coefficients, no basically different effects occur when more general 
assumpt ions are made . 

Finally, it should be men t ioned that some stars such as the peculiar A stars have 
a tmospheres which are chemically inhomogeneous. Inhomogenei t ies occur across the 
surface, as is more or less direct ly observed, but possibly also abundance gradients with 
dep th have to be considered in view of the diffusion or the magnetic accret ion hypothesis 
for A p stars. 

In the present discussion, only the basic effects of abundances on the s t ructure of a 
stellar a tmosphere are considered. No a t t emp t is made to give a systemat ic discussion of 
results obtained for various regions of the HR diagram. Recent ly , investigations (con
taining also references to previous work ) of the influence of metal abundances on 
mode l a tmospheres have been carried out by Pey t remann (1974) in the range 5000 < 
r c f f < 8500 K and 2 < l o g s < 4 . 5 , b y Bohm-Vitense ( 1 9 7 5 ) for 4 0 0 0 < Teff < 8 0 0 0 K 
and L/L(, < 9 0 0 0 M/MQ, and by Gustafsson et al ( 1 9 7 5 ) for 3 7 5 0 < T e f f < 6 0 0 0 K a n d 
0.75 < log g < 3 . For the cool giants considered by these au thor s , differences of the metal 
abundance within the range - 3 < l o g ( e M / e H ) / ( e M / e H ) 3 < 0 do not lead t o very pro
nounced effects on t h e model atmospheres, e.g. Bohm-Vitense finds that differences of 
o n l y < 200 K occur in the t empera ture stratification T(f^). Gustafsson et al. find empiri
cally tha t , at given 7 ^ , AT is p ropor t iona l to Alog e M / e H . 

4 . Theoretical and Observed Spectra 

So far, we have followed the ' theore t ic ian ' s point of view': a theoret ica l spect rum is 
calculated from the parameters Tcff, g, and e,-. One can calculate grids of model a tmos
pheres, calculate all desired spectral quant i t ies with their dependence on the e( and hence 
obta in the calibrations for spectral classification. F rom the s tandpoin t of applicat ions, 
particularly of classification, however , the inversion of this procedure is of prime interest : 
observed, suitably chosen spectral criteria are t o be fitted t o a theoret ical calibration 
which then allows to read off basic stellar parameters . It is desirable t o know the sen
sitivity of the criteria to the parameters (i .e. the accuracy which can be achieved) or how 
far the parameters can be uniquely de termined. 
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4 . 1 . R E M A R K S O N T H E BASIC S T E L L A R P A R A M E T E R S 

Since a (s tandard) stellar atmosphere is de termined by T c f f , g and e,, the natural way to 

explore the influence of abundances on its s tructure and on the emergent radiation is to 

keep r e f f and g fixed, and to consider various e,-. Comparing stars wi th the same T e f f and 

g is equivalent to compar ing stars with the same T e f f and 'specific luminosi ty ' 

LjJl(^stellar mass). 

O n the o ther hand , the s t ructure of the entire star is de termined by its m a s s ^ 0 and 

composi t ion e 7 ° at b i r th , and by its age t (if ro ta t ion , magnet ic fields, mass transfer from 

a companion e tc . are neglected) . H e n c e . ^ , L, r e f f , g, ,and the atmospheric composi
tion* €j depend on^#0,ef and t. ( In pract ice, however, present theor ies of mass loss and 

mixing do not allow to calculate changes of Ji and et during the stellar evolut ion) . The 

atmospheric parameters r e f f g, ex may therefore be correlated as a consequence of the 

star 's evolut ion, so that it may not always be appropr ia te t o vary the abundances indepen

dent ly of T c f f a n d g . 

As a special example we consider stars on or near the main sequence. Here e,=e° 

(apart from except ional cases) because the a tmospheres still have the original composi

t ion , so that TQff=Tcn{^0,ej,t) and g=g {Jt0,ejyt). Conversely, if we compare two main-

-sequence stars with different abundances (e.g. a popula t ion II star with a popula t ion I 

star) , bu t identical r e f f and g, their masses and ages will be different. 

4.2 . R E M A R K S O N T H E U N I Q U E N E S S O E T H E D E R I V E D A T M O S P H E R I C P A R A M E T E R S 

As spectral classification should be applicable to a large n u m b e r of stars, the number of 

independent spectral criteria is necessarily restricted. Obviously, the number of para

meters which are to be derived has t o be less than or at mos t equal to the number of 

criteria. In pract ice, this enforces a restriction in the number of e lements which can be 

considered individually. Usually, the elements are grouped together and abundances for 

the metals or for t he CNO group e tc . are derived upon the assumpt ion that within each 

group the relative e l e m e n t abundances are held fixed, e.g. at their solar values. 

A more subtle quest ion concerning the uniqueness of derived parameters arises due to 

the fact tha t (as long as molecule format ion is un impor t an t ) the theoret ical spect rum is 

determined if T(T) a n d p e ( r ) are given together wi th the abundances es of those elements s 
which exhibit observable s t ructures (lines, absorpt ion edges, ..) in the spectral range 

considered. This may be realized in some detail , e.g. by making use of the Eddington-

Barbier approximat ion for the flux FV emerging from the stellar surface, 

oo 

FV = 2 / Bv(TV)E2 ( r , ) d r „ * B v ( r v = \) , (9) 
o 

where TV is the optical d e p t h at the part icular frequency v unde r considerat ion, andJB^ the 

exponent ia l integral of o rder 2 . Since in spectral classification we are more concerned 

*Note that not all kinds of observed abundance differences are directly related to stellar evolution. 
For example, the anomalies found in Ap stars or white dwarfs are probably due to processes which 
operate in the outer layers only. 
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INFLUENCE OF ABUNDANCES UPON STELLAR ATMOSPHERE CALCULATIONS 1 1 

with relative intensit ies, we consider the ratio of fluxes at t w o frequencies v and v+Av 
with corresponding opt ical d e p t h s r a n d 7+Ar (or absorpt ion c o e f f i c i e n t s a n d K+AK). Let 

r b e the reference scale for which Bv(T{j)) is regarded as k n o w n , t hen , for small Av and Ar, 

^ ^ 1 - At ( , ) + Av\— ) + . . . (10a) 

F, V 3 r / T = i M 3^ / T = 2 
R = 2 / 3 

with AT =. / AK/K dT- F ° r a spectral line, the variation of Bv wi th frequency can be 
neglected o^er the line, and AK is to be identified with the line absorpt ion coefficient 1, 
so tha t the depression in the line is 

Fi 2 / 1 \ / 3 In Bv \ 

Here (1/K) denotes the ratio of line to con t inuous absorp t ion coefficient averaged over the 

layers down t o r = 2U-
We infer from Equat ions (10 ) that spectral features (such as line strengths, colours, 

bolometr ic correct ions etc.) primarily depend (i) on the relative t empera ture gradient, 

and (ii) on the line and con t inuous absorpt ion in the ' layers of fo rmat ion ' . <1/K> is (a) 

directly propor t ional to the rat io of the abundance es of the e lement producing the line 

t o tha t of the main con t r ibu to r t o the con t inuum (in most cases hydrogen) , and depends 

(b ) on the level popula t ions , i.e. exci tat ion and ionizat ion condi t ions which are deter

mined by T and pe. The T-pe relation is therefore more direct ly significant for dis

cussions of stellar spectra t h a n the fundamental parameters themselves. Incidentally, this 

was pointed out already in 1958 by Unsold w h o discussed the effect of different e7- in 

cool stars, within the framework of coarse analysis, by keeping mean values of T and pe 

fixed. 

Is it now possible tha t different combinat ions of the mode l parameters ( 7 ^ , g, e z ) 

result in the same T-pe relation and in the same spec t rum? In this generali ty, this seems 

possible only for the ra ther academic case that the e lements s having observable spectral 

features (lines) are not t he same elements that significantly influence the a tmospher ic 

s t ructure . If, however , only a selected number of spectral criteria (e.g. only con t inuum 

and Balmer lines) and /o r only a restricted spectral range (e.g. only the visible for early-

t ype stars) is considered, the p rob lem of the uniqueness is not trivial, i.e. spectral classifi

cat ion is more vulnerable t o ambiguit ies than more detailed spectral analyses. 

For example , in cool stars hel ium does not exhibit lines in the visible and does not 

cont r ibu te to the e lectron pressure and the opaci ty . The s t ructure of an a tmosphere wi th 

such an abundan t 'passive' cons t i tuent cannot be distinguished from tha t of a star with 

e.g. no hel ium and a different (higher) gravity. Ano the r impor tan t example is the role of 

the ultraviolet line b lanket ing in early-type stars: it has been shown (e.g. Mihalas and 

Mor ton , 1965) tha t , for t he same gravity, the T-pe relat ion of a star wi thou t metals is 

very similar in the format ion layers of the visible spec t rum to tha t of a star with metals 

(and hence with ultraviolet l ine-blanketing) which has a different effective tempera ture . 
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Related problems occur, for example , for the in terpreta t ion of the spectra of A p stars 
(see e.g. Leckrone, 1973) , or for t h e connect ion of classification of h o t stars in the 
ex t reme ultraviolet with tha t established in the visible. 

4 . 3 . S Y S T E M A T I C E R R O R S IN D I F F E R E N T I A L A N A L Y S E S 

A theoret ical calibration of classification criteria is subject t o sys temat ic errors which 
seem unavoidable even in sophist icated model a tmosphere calculat ions. Differences in the 
stellar parameters A 7 e f f , Alog g, Alog e z , however, can be ob ta ined wi th higher accuracy 
because all kinds of sources of sys temat ic errors largely cancel when stars of similar 
s t ruc ture are compared . Differential evaluation of calibrations obtained by model 
atmosphere techniques can be regarded as the most reliable procedure in theoretical 
stellar classification. (This , of course , does not mean that absolute calibrations are 
dispensable). 

One should realize, however , that the range of interest for element abundances is so 
wide that even in differential work systematic errors cannot be excluded. Consider two 
stars wi th identical 7"cff and g, then their a tmospher ic s t ructures are similar only if all 
relevant Alog e7- are small enough, i.e. if a trace element ( as defined in section 3 ) remains 
a trace element , and if, for example , an important con t r ibu to r to the opaci ty remains 
impor tan t , etc . 

For example , in solar-type stars a decrease of the metal abundance by a factor of 1 0 or 
more leads to a reduced line b lanket ing and hence a different T(T). Fu r the rmore , strong 
lines in the metal-rich star which depend on the van der Waals broadening will shift on to 
the flat part of the curve of growth which depends on the micro turbu len t velocity, so 
tha t also systematic effects in the relative strengths of the lines may arise. On the o ther 
hand , an increase of the meta l con ten t in solar-type stars raises the quest ion how far the 
lines included for the b lanket ing calculations are comple te . The overabundances of iron-
group elements and rare ear ths are found in some peculiar A stars t o be so large that they 
dominate the line, absorpt ion in the ultraviolet and hence lead to a different 71(r)as 
compared to normal stars of similar Teff and g (e.g. Leckrone , 1 9 7 3 ; Leckrone et aL, 
1 9 7 4 ) . 

5. Conclusion 

Quant i ta t ive stellar classification relies upon the calculation of theoret ical spectra which 
can best be obta ined by using mode l a tmospheres . In order t o minimize the systematic 
errors inherent in model and line computa t ions , differential m e t h o d s should be preferred. 

Besides the direct ( 'observable ' ) dependence of spectral features ( l ines, colours etc.) on 
the abundances of the e lements which produce the respective feature, the spectrum 
depends also implicitly on e lement abundances through their influence u p o n the s t ructure 
of the a tmosphere , i.e. essentially u p o n the T~pe relation. 

While effective t empera tu re and gravity are directly conta ined in the basic equat ions 
from which the model a tmosphere is to be const ructed, the abundances enter only 
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indirectly through the t h e r m o d y n a m i c propert ies (mainly electron pressure and en t ropy) 

and through the absorpt ion coefficients of the stellar mat te r . Since the emergent inten

sities depend crucially on the t empera tu re stratification which in tu rn depends strongly 

on the absorpt ion coefficients, the latter have to be consistent wi th the element abun

dances. In particular the inclusion of the absorpt ion by numerous meta l lines - which 

cannot be neglected for most t ypes of stars - requires considerable numerical effort (even 

in the case of LTE) . The micro turbulent velocity has to be considered as an addit ional 

parameter since at present it cannot be expressed in terms of the basic parameters with 

sufficient accuracy. 
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1 4 B. BASCHEK 

D I S C U S S I O N 

R. Kandel: In connection with velocity fields, there are of course many problems. I would consider 
your 'second' effect, viz. the effect of line broadening, the fundamental one, since the 'velocity fields' 
are in fact derived from broadening observations. My remark is that, whenever the 'turbulent pressure' 
term in the HSE equation becomes important, it is very likely that dissipation terms also will become 
important. Some time ago Anthony Hearn in A. and A. found that the energy requirements of 
microturbulence were uncomfortably high in A stars. For Betelgeuse, many authors found a 'super
sonic' microturbulence of 10 km s if one applies Hearn's calculations to this, one finds a mechanical 
energy flux of the order of the total flux of the star is required by the dissipation of such micro
turbulence. Thus there is a serious problem, and velocity fields must, if they are real, be included in 
the energy transfer too . 

Baschek: I agree, as for the fairly hot stars studied by A. G. Hearn. For cooler stars with their 
strong hydrogen convection zones, the problem does not seem so serious to me. 

Foy: This comment concerns the turbulence. I have checked the effect in the abundance deter
minations of the changes in stellar structure due to the turbulent pressure (Foy, thesis, 1974) . 

Consider a model defined by Teff = 4 5 0 0 K, log g = 2.50 and [ M / H ] 0 = 0.0. Ignoring turbulent 
pressure whereas the turbulent velocity changes from 0.0 to 5.0 km s"1 induces errors in abundance 
determination less than 0.10 or 0.15 dex (depending upon the lines). So this is not very large, 
compared to the usual error bias (?) in such works (typically 0.20 dex). 

Baschek: At T = 4 5 0 0 K, the velocity of sound is about vs = 8 km s ' 1 , so that in your example 
(t/vs)2 is at most about 0.4 and hence no drastic effects upon the structure are expected. 

Bell: In the analysis of stars for which high values of £ are found, was that high value of % included 
in the calculation of the atmosphere used for the analysis? 

Baschek: In most cases, not. One should realize, however, that an inclusion of £ in the hydrostatic 
equation would imply knowledge about its dependence with depth, e.g. should for some reason £ be 
proportional to p"2 \ then T j f P S 2 = u - * n special cases, e.g. for the A supergiant aCyg, some information 
on £(T) has been derived and its eftect on the pressure has been taken into account (Groth, 1961 - see 
references). 

Schatzman: One should be very careful about assuming that the chemical composition in the 
atmosphere is the same as the initial composition. Time scale of diffusion, even including macroscopic 
transport of some sort, is sufficiently short to produce changes in chemical composition. 

De La Reza: We are studying in collaboration with Dr Querci the influence of abundances on the 
structure on the atmosphere of carbon stars. We chose a group of elements that constitute the 
principal electrons donors as K, Na, Ca, Mg. The point is to study the global problem, i.e. introduce an 
initial abundance of the element, see what is the effect on the atmosphere, with this calculate the 
theoretical profile and compare with the observations. If the fit is not good we continue with this 
iterative scheme up to obtaining complete agreement. From preliminary results for a giant star of 
= 3500° . The effect to put 10 times more number of K and Na atoms as in the sun is to raise the 
temperature to 200° K in a certain region of the atmosphere. We expect that this effect is even greater 
in lower values of Teff. 

Schatzman: It is difficult to make any predictions. For stars earlier than late F for example, the 
diffusion takes place mainly at the bot tom of the convective zone. The velocity of diffusion varies 
very much with the depth of the lower boundary of the HCZ. We can expect age effects depending 
upon the spectral type. One more difficulty is due to the inhibition of diffusion under gravitational (or 
radiation pressure) drag by macroscopic motions (stochastic motions). Anyhow, differences are to be 
expected when comparing main-sequence stars of different age and of spectral type earlier than F8 for 
example. 

Garrison: I would like to comment on a small, but extremely important misconception about 
spectral classification which stellar atmospheres theoreticians often express. While it is true that MK 
spectral classification uses a restricted number of line ratios as Guidelines, the ultimate criterion is that 
the entire blue-violet spectrum matches that of the standards. This considerably reduces the chance for 
error because it is very rare that in the entire spectrum, abundances will mimic Teff and log g. Thus 
the star will be called peculiar by the perceptive classifier, even though he may not know exactly why 
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it doesn't match. If something is wrong, it usually doesn't match in detail and the classification is a 
signal to the high-dispersion spectroscopist of theoretician to investigate the star in more detail to 
determine why. 

Baschek: I think there is a steady transition from classification based on very few parameters (e.g. 
two or three colours) over spectral classification to detailed model analyses. In my talk, I used the term 
'spectral classification' or 'classification' in a general sense. 

Kandel: Are electrons still important in cool stars? If so, as you pointed out, potassium is not a 
trace element, but then one has to worry about non-LTE effects. Auman and Woodrow in a recent 
Astrophysical Journal have shown departures from the Saha equation for cool giants and supergiants. 
The critical thing appears to be the collision of cross-sections with neutral atoms and molecules. 

Baschek: At temperatures of about 3000 K electrons are still important. Regarding non-LTE 
effects, I agree that they have to be carefully examined whenever some indications for their impor
tance show up. 

Jaschek: You have mentioned some work relating to stellar atmosphere calculations done for 
different metal abundances. My question is if you could detail a little bit more which are the regions 
of the HR diagram covered by such studies. 

Baschek: To my knowledge, systematic abundance studies are more or less restricted to the region 
(F-K) where the 'metals' as a group are important for the atmospheric structure. In early-type stars 
and in cooler stars, where molecules are important, investigations are complicated by the fact that 
more than one abundance has to be considered to vary. 

Bidelman: Could you expand your remark concerning spectral classification in the far ultraviolet a 
bit? 

Baschek: In early-type stars, the bulk of radiation is in the far ultraviolet. I wonder how far a 
classification system which has been introduced outside this range, i.e. in the visible, can be extended 
into the ultraviolet or how far it will match an ultraviolet classification scheme. Will it be too coarse, 
will ambiguities arise or . . .? 

De La Reza: As far as the influence of the changes in the electron density is concerned we have 
to consider not only the abundance effects but also the non-LTE effects. For instance, Auman and his 
collaborators are investigating the non-LTE effects for M stars and these are quite large. In the future 
we have also to investigate the abundance effect on this. 
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