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ABSTRACT

Model 'atmospheres have been constructed over a wide range
of temperature and gravities., The caondition of radiative equilibrium
is enforced using a variation of the temperature correction scheme
devised by M. Krook, thus extending the work of Gingerich to the
realm of higher temperatures; flux constancy is attained to within

+1% to a depth of T = 10 or more, the standard wavelength being

STD
either A4000 or A 5050, The source function is determined from the
Milne-Eddington equation allowing for coherent scatteriﬁg in the con-
tinuum, The properties of the atmospheres are described and given
in detailed tabular form, and data of rather general use is presented,

For each model we have computed HB and Hy profiles and
equivalent widths, and for the hotter models, profiles and equivalent
widths of A\4686, \4200, A4542, A5412 of He II and A5876, N4713,
N4438, and A4121 of He I, Interpolating formulae are devised to
describe the temperature and gravity variations of the line strengths,

A fit is carried out between theory and observations made with
the 100" coude”scahner of six O-type stars, yielding the effective tem-
perature, gravity, and an estimnale of the helium abundance for these
stars, It is found that the computed hydrogen and ionized helium lines
appear consistent with observation whereas the computed neutral
helium lines seem to he incorrect for these spectral typesa.

The results indicate that a typical O9 star has the following
properties: 8_ = 0,146, log g = 4. 2, N(He)/N(H) ~ 0,15 or d. 2, and

from an assumed mass-luminosity law we find: R/RO:: 10, ﬂ/"ﬂe: 60,



and L/Lez 1.4 x 105. The helium abundance derived here is in sub-
stantial agreefnent with that found by the Kiel group but in disagreement
with nebular studies., The masses and radii are probably quite doubtful
because of the possible incorrectness of the assumed mass-luminosity

law,



ADDENDUM

Since comipletion of this thesis we have fuund a regrettable
error in the input routine which causes the fluxes to be computed
incorrectly by a few percent, Not all of the models are affected, nor
have we determined yet the magnitude of the errar. The numerical
results will be corrected at the first possible opportunity; the

methodology is sound.,



: ChaE ter
1

II

ITI

v

TABLE OF CONTENTS

INTRODUCTION
THE COMPUTATION OF THE MODELS

1. Introduction
2, Assumptions and discussion of general
equations
3. Computation of the physical variables
a, Gas pressures
b. Density
c, Geometric depth
de Radiative and adiabatic gradients
€. The opacity
f. The optical depth
g. 'he integration procedure
4, Further numerical details
5. The temperature correction procedure

PROPERTIES OF THE MODELS

1. The temperature-depth relationships
2. The temperature-pressure relationship
3. Stability of the models
a. Convection
b. Radiation pressure
4, Continuum properties
a. Colors
b. Bolometric corrections
c, Continuum jumps
d. Behavior of vaJVdV

THE PROFILES OF THE HYDROGEN AND
HELIUM LINES

« General considerations

The radiation damping constants
Stark broadening

The transfer problem

Results for the hydrogen lines
Results for the ionized helium lines
The neutral helium lines

~JC\U1:F(.NNF-‘

L]

Page

14
15

15
16
17
18
21
21
47
52

64

64
79
87
87
92
93
93
97
99
102

103

103
107
109
113
115
123
126



ChaEter

COMPARISON OF THEORY WITH OBSERVATION

l. Observational technique
2o Observational results
3. The fitting procedure

REFERENCES

APPENDICES

I

II

IIT

v

TABLES OF MODEL ATMOSPHERES

CONVECTIVE MODEL ATMOSPHERES IN THE
MIXING LENGTH APPROXIMATION

1, The convection equations

2o Thermodynamical quantities

3. The integrations

4, The temperature correction procedure
DAMPING CONSTANTS
COMPUTATIONAL DETAILS

H AND He PROFILES

Page
128
128
131.
142

152

157

188
188
191
193
196
203
207

220



-1-

Chapter I

INTRODUCTION

Our knowledge of the helium abundance in early type stars
follows from the spectroscopic analysis of their atmospheres, In the
late to middle B stars we observe the lines of neutral helium, while
in the early B and O type stars we observe both neutral and ionized
helium lines, As astrophysical theory has become more sophisticated,
more and more detailed techniques have been applied to the analysis of
t_he se spectra, so that today we attempt to construct detailed models of
the atmospheric structure of these objects and predict line profiles
which may be comp‘ared with observation, The procedure has beenv
demonstrated well by the studies of Traving (1955, 1956). Miss Underhill
(1948, 1951a, b, 1956, 1957, 1961), and Jugaku (1959), These studies
suffered most {rom inadequate line broadening theories for the hydrogen
and helium lines; furthermore, no quickly convergent systematic
method of enforcing the condition of flux constancy throughout the model
had yet been devised, and the enormous amount of labor involved in
constructing a model precluded making a large number of them, Also,
the observational data available was often less accurate than one would
wish,

Recently the situation has improved in practically every respect.
In the first place, the development of very high speed electronic com-
puters allows the construction of a large number of quite accurate
models with an amount of work that is not prohibitive. These com-

puters also allow more accurate numerical treatment of the line profile
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problem; indeed potentially much more accurate than given here,
Secondly, the line broadening theories have been markedly improved so
that while the older theory could give results wrong by a factor of two,
there are several indications that the newer theory is reliable to about
10%, Thirdly, the problem of insuring flux constancy throughout the
model may now be considered solved as the result of the fundamental
improvement made by Krook (1963) over all previous techniques, This
method has afforded us an objective way of correcting the temperature
distribution of a model to obtain constant flux in a fairly small number
of iterations, Finally, but by no means least important; the recent
development of the coude’photoelectric spectrum scanner by Dr., J. B.
Oke offered promise of allowing observations to be gathered without the
necessity of the tedious calibration process which represents one of the
fundamental limitations to the accuracy of photographic spectroscopy.
The photographic process still has some advantages over the scanner,
but if we are content to study a few spectral features in detail rather
than surveying the entire spectrum, the scanner is superior,

Thus in every sense the time seemed opportune to restudy the
helium abundance problem and to attempt to redetermine the atmos-
pheric properties of the early spectral types. To this end we observed
the O stars {(to have access to both ionized and neutral helium lines),
and developed a set of computer programs to construct constant-flux
models, using a slight modification of Krook's procedure; curves of
growth; and the hydrogen and helium line profiless We have of course

not solved the problem, but progress has been made. The models
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necessarily remain uncertain insofar as the largest portion of the flux
emerges in the presently unobservable ultraviolet, We found that be-
cause we neglected the effects of the hydrogen line blanketing the
boundary temperatures of our models are too high,and as a consequence,
we cannot correctly predict neutral helium line intensities. We can,
however, obtain Te,» log g, and an estimate.of the helium abundance
from the hydrogen lines and ionized helium lines, which we appear to
predict correctly,

We still need more observations and more models in the impor-
tant high-temperature regions, We were unable to obtain models
forming a tight enough grid at high tempe ratures because we were
forced to inch our way up the temperature scale step by step; to fill
in the grid more tightly will be easier and can be done more quickly,

It is to be hoped that further observations will be obtained with slower
scan rates, paying closer attention to fewer spectral regions., And
eventually, we may hope that the models will be revised to allow for
blanketing by hydrogen lines with the consequent revision of the bound-
ary temperatures, |

The form of this thesis is somewhat of a hybrid, It can scarcely
be considered of a theoretical nature in the usual sense, since the num-
ber of new formal developments given here is small, and yet to call it
an observational thesis would be an affront to many an observer., It is
instead a computational work in which we attempt to find numerically
the fit. between theory and observations The procedure is not particularcly

elegant, but it is probably the soundest approach to making the connection,



-

In chapter II we discuss the method of computation of the models and
give results in chapter III. Chapter IV discusses the computed hydro-
gen and helium line profiles, and chapter V gives the comparison between

theory and observation.
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Chapter 1L

THE COMPUTATION OF THE MODELS

1., Introduction

In this chapter we will describe in detail the method of com-
putation of the model atmospheres used in the present study, A dis-
cussion of the actual results will be deferred until the next chapter.
One of the main purposes of the present set of computations is to
achieve model atmospheres in a high degree of radiative equilibrium,
This goal is attained by constructing a sequence of models and iterating
to obtain constancy of the f1u>lc throughout the atmosphere, The devi-
ations from flux constancy are used to correct the model so that the
next iterate more fully satisfies this condition, The number of actual
numerical calculations required is enormous, and the solution of the
problem was carricd out using an IBM 7090 computer.

Needless to say, a number of approximations and idealizations
have necessarily been made; in general these approximations affect
the physics of the situation since these problems are more fundamen-
tally difficult to cope with than are numerical difficulties. The latter
of course can be very troublesome, as is shown by the long time
required to convert the computer program from a series of flow
diagrams to a working system, But in the final analysis, almost any
numerical problem Cah be solved satisfactorily if one is willing to
spend sufficient time in the computations while physical problems
often require theoretical or experimental information not at hand, or

insight and understanding beyond the capabilities of the investigator.
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This .is unfortunate since ultimately we are not interested in numerical
accuracy for its own sake, but we wish to deal with real entities: the
stars, The problem is complicated by limitations in the observations
as well (see the ve i-y instructive remarks of A. Unsold, 1958). Thus
at the outset we should emphasize the assumptions that have been made

and the physical restrictions that have been imposed,

2. Assumptions and discussion of general equations

In this section we will write down the principal equations to be
solved and discuss the assumptions made, For a derivation of these
equations, see Aller's textbook (1953) and Chandrasekhar's monograph
(1950), as well as the review article by Munch (1960),

(a) The atmospheres are assumed to be plane parallel.
This assumption is valid (Gingerich, 1961) for all but the most dis-
tended stellar envelopes., This assumption allows us to write the

equation of transfer as:

BIV (N: T)

b B'rv

= Iv- Sv (2.1)

In equation 2.1, p = cos 0, 6 being the angle between the pencil of
radiation under consideration and the outward normal; Iv = specific
intensity at frequency v, Sv = the “"source function," that is, the
emissivity per unit mass, J divided by the extinction coefficient
(KV+ crv); Kk, = the true absorption coefficient; o, = the scattering
coefficient; T = - g(KV+ o‘v)p dx, the optical depth; and p = the
density of stellar material in gm/cm3o K, and ¢, are per gram of
stellar material, and dx is an element of physical length along the

normal to the atmosphere,
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With the assumption of this equation of transfer, we are led to

11
formal solutions for the mean intensity J, = -ZS' Iv(p) dp and the

flux Fv = ZSH_: Iv(p) pdp. These definitions of J_v and Fv assume the
radiation fielc; does not depend upon the azimuthal angle about the nor-
mal to the atmosphere, Note further that F, is the "astrophysical
flux"; the actual "physical flux" in ergs/cmz-sec is given by 3 = F .

These definitions are all quite standard. The formal solutions for

J and F are then
1% 1%

0
1
J (7)) = 55‘0 s,(t )E, [t -7 |dt, (2, 2)
2+ O0 'Tv
F lr,))=2 S Sv(tv)Ez(tv—'rv)dtv—S‘ S ([t )E (7 -t )dt
'Tv o
(2. 3)
e—xt
where El(x) and Ez(x) are the exponential integrals En(x) :Sm - dt,
1t

The problem is thus to determine the run of the physical variébles
as a function of depth in the atmosphere, from this to determine the
source function at each point, and then perform the integrations Iindi—
cated by equations 2, 2 and 2,3, Since the absorption and scattering
coefficients are strongly dependent upon frequency, the optical depth
scale and source functions must be established as functions of frequency
at each depth., In the present computations we consider 30 frequencies
and 50 depths. The distribution of points in frequency has been chosen
to ch#racterize the features of the continuous energy distribution while
the depth points are chosen so as to specify the run of physical variables,

completely enough not only for the atmospheric computations,but also
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for line strength computations. Since the calculations have been
carried out over thec temperaturc range of 7,000 °K to 50 000 OK,
it was necessary to change the frequency points at temperatures greater
than 24,000 °K in order to account for the radiation beyond the Lyman
limit and also the absorption edges due to Helium.

(b) The atmosphere is assumed to be in hydrostatic equilib-

rium. Thus if p is the total pressure, we have

&l&

= - pg (2.4)

where g 1is the surface gravity of the star, GM/RZ, assumed to be
constant throughout the atmosphere. Now since dr, = - (I{v +trv)p dx

we have

dp __8 (2. 5)

This equation is valid so long as the physical conditions of the atmosphere
allow it to be quiescent. In view of the dramatic dynamical phenomena
observed in such an ordinary star as the sun, we may well wonder about
the validity of this simple equation; but for the moment it is the best we
can do. We shall in fact find cases where the assumption of this equa-
tion leads to results which clearly indicate that it is invalid, as is
already known from observations in the case of supergiants,

The total pressure p is the sum of the partial pressures pg
and P where P, is the radiation pressure and pg is the gas pres-
sure. In turn we regard the gas pressure as the sum of the partial

pressures p_ and Pa where P, is due to free electrons and Pa is

due Lo atoms and ions, Since it is convenient to consider pg as the
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dependent variable and p. as distinct from it, we will write:

dp dp
e - - (2. 6)

dTV ‘(KV +0‘v) d"rv

Now the amount of momentum transferred per unit time per unit area
by the radiation field to a slab of material in the atmosphere is
-pdxe -ES'OOFV(KV+0'V)dV, the minus sign being due to the fact that F,
is taken poc;itive outward while x is measured positive inward. Thus
we have:

w®
dp g FV(KV‘FO'v)dv
g 0

(k,to,)

™
= "E (20 7)

a7 " Tk *+o)

It will be noted that thus far we have assumed the equation of

hydrostatic equilibrium is integrated in terms of the monochromatic

optical depth at some definite frequency (which we shall usually call

the "standard frequency"). This frequency may be arbitrary, but as

the classical analyses of the "grey" transfer problem have shown, it
is often advantageous to use a mean opacity defined in one of many
possible ways. One of the most satisfactory of these means is the

@
flux~-weighted mean ¥ = Sl Kvdev/F and a good approximation to it

170 ooy an 0 an
is the Rosseland mean —__’;= S.O T{: 5T dv / i dv (see for

example, the discussions by Chandrasekhar, 1950; Kourganoff, 1952;
Michard, 1949; and Saito, 1959). While the integrations in the present
computations have been carried out monochromatically, the standard

frequency used for the integration was usually chosen to correspond as
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is convenient to the Rosseland mean; as we shall note below, the results
are quite independent of the actual frequency used.

This procedure allows the folloiwing simplificationt in the first
integration for a given model we have no a priori knowledge of the
fluxes F . Thus we cannot calculate dpr/d'rv, If, however, our
standard frequency is chosen so that roughly (Kv-hrv)STD = (k+a)

then we have

N

S Fv(Kv+Uv)dv S FV(KV+UV)dV oT

I
c (Kv -I-u'v)

T
STD ¢ Kto

H
afa
brf
1
o

{2, 8)

This approximate value for dpr/d'rv is used in the initial integration
and is replaced in each subsequent iteration by the actual value found
using the fluxes predicted by the preceeding model, Once some accurate
models have been constructed in this way, we may interpolate the

initial gucss more accurately from these previous results.

We might state here some reasons for having not used a mean
absorption coefficient, First, the main use of a mean absorption coef-
ficient is to allow the use of the grey body temperature distribution.

But this temperature distribution implies a unique relationship between
the boundary temperature and the effective temperature. We shall see
below that this relationship is in fact a function of the effective tempera-
ture of the model, Second, it is computationally more expedient to use
a monochromatic abso.rption coeffi;ient since either the mean must

be computed at each point (which in the present case would be roughly
30 times as time-consuming) or vast tables must be precomputed and

interpolated (a tricky and dangerous procedure in the case of the



-11-

opacity). Furthermore, if the latter alternative be followed, these
tables must be re-computed whenever an additional opacity source is
considered. Since we have access to high-speed computers today, it

is relatively pointless to try to reduce the problem of stellar atmos-
pheres to the grey problem, since they are in fact extremely non-grey,
and modern techniques allow us to consider the temperature distribution

as a functional relationship to be found a posteriori,

(c) The atmosphere is assumed to be in strict radiative

equilibrium. This implies that the transfer of energy by convection

is ignorcd, Indeed, all dynamical effects are ignored. This represents
a rather severe limitation to the range of applicability of the computations
in regions where the hydrogen and helium ionization zones are impor-
tant, On the other hand, no entirely satisfactory theory of convection

is available at present, and indications are that probably in the atmos-
phere the radiative gradient lies closer to the true temperature gradient
in some cases than does the adiabatic gradient commonly used in the
interior., To help evaluate how serious are the potential effects of con-
vection both the radiative and adiabatic temperature-pressure gradients
have been computed, and in some models an estimate was made of the
magnitude of the convection flux by use of a mixing length theory, It

was found in some models that the convection flux computed in this

way exceeds the total flux assumed to be passing through the atmosphere,
while in other models it was only a negligible fraction of the flux, In

the latter case the radiative gradient is the correct one to use. In the

former case the models presented here have questionable validity,
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(d}) The opacities considered are limited. Because the
continuous absorption coefficients are unknown for most atoms and ions,
the present computations include only the true absorption coefficients
of H, H, H+, He I, and He II, and the scattering coefficients from
free electrons and from Rayleigh scattering by neutral H., While this
list probably includes most of the more important sources of opacity,
many possibly important sources are not included, and this should be
recognized as potentially a rather severe limitation of the accuracy of
the results. In fact, evidence has been presented recently that there
are serious discrepancies between the theoretical predictions of model
atmospheres and actual observations in the rocket ultraviolet (Stecher
and Milligan, 1962) which show a profound ultraviolet deficiency below
A 2400A in thc radiation of carly typc stars, when comparced to models,
A less pronounced discrepancy of this nature had been noticed some
time ago in the sun, and Varsavsky (1957) suggested that it was due to
additional absorption by a ’fl_ransition of collisionallg prfduced H2 from
its unstable (1so)(2 pojz level to its (1so)(2 sa) Z level. This
same mechanism has beenUreviewed by Stecher (1962) and Zwaan (1962)
based on recent calculations of the absorption coefficient of the transi-
tion by Erkovich (1960), For the early type stars, Stecher and Milligan
proposed that high opacities might result from combinations of H and
He atoms and ions; in particular they suggest opacity due to I—I;,

HeH+ and HeH++, however, no opacity formulae are yet available,
and the problem is under study by Mr. R. H. Norton.
An alternative suggestéd by Meinel (1963) is that in general

temperatures for the B stars are much lower than previously thought
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and we observe not a deficiency of the flux at X\ 2000, but an excess at
A 2400 due to a recombination of excited H atoms yielding ultimately
the unstable ’ z ' molecule which dissociates and emits a photon,
The implicationsgof this mechanism are most interesting as Meinel
shows, The Meinel mechanism probably will not cause as large a
change in the results as would the absorption at A 2000, but serious
modifications of the results given here may be necessary in the future,
Certainly as information becomes available on other sources of opacity
they will be included in the computations, and the results revised
accordingly.

(e) The effects of the spectrum lines is not included.
These effects will drastically alter the temperature distribution near
the surface of the star (Traving, 1956). Iu particular, for the A type
stars one would expect the Blamer lines fo be important, and for
earlier types the Lyman lines become important, Ultimately it is
hoped to include the Hydrogen lines in the transfer problem in a rigorous
way at the outset, and in fact this seems quite feasible with present
computers,

(f) Probably the most difficult problem with the present
computations is that the populationsg of the levels and the ionization
fractions are assumed to be given by the Boltzmann distribution and
the Saha equation respectively, while the Kirchoff-Planck law is
_assumed to hold for that part of the source function dominated by ab-
sorption terms. The fact is that important deviations from these distri-
butions occur near the surface of the photosphere. This represents a

serious defect if, for example, very precise line profiles are required



-14-

for strong lines, although this is certainly not the only difficulty here.
'On the other hand, indications are that this presents no important trouble
if the atmospheres are used to study the continuum energy distribution
or used to find stariting values for stellar interiors computations (Lecar,
1963). As will be described below, we have computed a quantity which
allows assessment of these 'deviations.

In summary it should be recognized that we are still dealing with
fairly high order idealizations of stellar atmospheres, Perhaps the
principal gain made in the present computations is that we now have a
fairly homogeneous set of models over a wide range of temperaturbes
and gravities in which the flux constancy is of the order of 1 per cent

and in some cases better,

3. Computation of the physical variables

The solution of the pressure equation is carried out in logarithmic

form so that we actually integrate:

(2. 9)

legIOE&__ 1 !- g —dpr]
d'rv 2,3025851. pg ] xvjr o, d'rv

The starting value procedure will be given below. At each step, using
an initially assumed T(Tv) relationship we have pg and Ta. Log P,

is found by interpolating in a table of log pg(pe, 8). Having p'e we
evaluate and then evaluate dpr/d'rv either using the grey approximation
or by interpolation in a table from the previous model, Thus we can
evaluate the derivative and proceed with the integration by standard

numerical methods, We will give the details of the computation of all
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relevant physical quantities in Appendix IV, and merely outline the
procedures here, Numerical results for 28 models are given in
Appendix I,
(a) Gas pressures

The table of gas pressures is computed at the beginning of a
series of integrations for a given model. The table is made large
enough so that it generally suffices for not only the initial model but
the successive iterates as well; if, however, the boundary conditions
are revised outside the range of the table by one of the later iterates,
the table is automatically recomputed, Uniform steps are taken in
the arguments log P and 6, and log pg is computed at each of these
points; this mesh of points is chosen sufficiently fine that accurate

interpolation may be done, Here

pg=pA+pe =NAkT+NekT (2.10)
(b) Density
The density of stellar material in grarns/cm3 is

—

p= 2, [(mANA)iJrMIONNiOb?iJ *m N,

i

=z [mATOM(NATOM * NION)] (2.11)

i
1
. since obviously the mass equivalent of the ionization energies is en-

tirely negligible., But
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Z a. A,
- 1774

Z [mATOM(NATOM+ Niow! |, = Nt AL
]'- .

A

1

Ton
(2.12)

= NrnH = 1
AHE o

since NH = N/ya.. Thus defining
La 1

>‘o..A.
w et Y (2.13)

l.L -
AHZ ey

and recognizing N =(pg- pe)/kT, we have

(p_- pe)

p = pmyy —S (2.14)

(c) Geometrical depth
The geametrical depth follows from "inverting" the hydrostatic
equilibrium equation and using the known run of the pressure, density,

and opacity to find the depth h. Thus

dp

T—gT_ [ g i J (2.15)
I{V‘Pcrv p dh i (KV+0’V) d'rv *

so that

- 2,3025851(p_/p)d log,, p
dh = g 10 g (2.16)

[g - (k,*0)dp_/AT ]

Finally,
d{log,, p,)

[g-(k,to )dp /d7T ]

b P
h(b) - h(a) =Sl (2, 3025851) —pﬂ (2.17)
a
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The quadrature is performed using the trapezoidal rule,
(d) Radiative and adiabatic gradients

The radiative gradient is defined as

dlog T .p dT _p 4T, dr
vdelogp T dp =T(d‘T)(dp) (2.18)

g {Radiative

(j—:_:) is found by direct numerical differentiation of the T(T) relation-
ship. As is always the case, numerical differentiation is delicate and
unstable, In some cases noticeable oscillations occur in the values of
the radiative gradient, These are due primarily to the fact that the

final T(T) represents many interpolated and integrated correction

some, graphical smoothing of the points helps, or a low order differ-
entiation formula can be used to enhance stability, Thig is not an
important problem at present, but certainly will be if the convection
problem is treated, (%) is found from the equations above, This
gradient is to be éompared to the adiabatic gradient which we have
computed using the résults of Krishna-swamy (1961); his expression
accounts fully for the effects of ionization and radiation pressure.
Since helium 1s fairly abundant relative to hydrogen, and can still be
present after most of the hydrogen i8 ionized, it is important to ac-
count for the fact that it has two ionization potentials, This complicates
the problem, but the cumplication can be avoided il we noule Lhal since
the two ionization potentials are so widely separated, helium can for
all practical purposes be considered as two distinct atoms, and the

contribution of each added separately to the ionization terms., Of
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course the contribution to N is to be added in only once, This

ATOMS
treatment assumes no overlap of the three ionization stales, and is not
strictly correct, but certainly is adequate for present purposes.
(e) The opacity
’The total opacity is considered to consist of a pure ahsarption
term K and a coherent isotropic scattering term T These quantities
are very sensitive functions of the temperature, electron pressure, and

frequency, so they are computed directly in each case instead of attempt-

ing to interpolate them from tables, Let:
av(H)k = absorption coefficient per neutral atom of H

O‘V(H_)v Pe = absorption coefficient of H~ per neutral atom of H

o.V(Hg) = absorption coefficient of H; per neutral atom of H

and per H ion
avGHe) = absorption coefficient per neutral atom of He
+ . .y . N
av(He ) = absorption coefficient per singly ionized atom of He,

Then, letting

T Za‘iAi _ grams of stellar material
W ="a A"~ ram of H (2.19)
H H g
N
Y = NHe_ (2. 20)
H
1°w® +N-T};I TN TN (2. 21)
H H H H, H'zr
N, .+ :
L NN INoT TN TN (2.22)
H “H- " gt H,™ H

2 2
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N.

He
i, = (2. 23)
3 NHe+ NHe"' * NHe'H'
Neg +
He
f, = (2. 24)
K NHe+ NHeJr * NHe++
we have for Kk, in sz[ gram of stellar material:
=t | £ (a (H) +P o (H) + pi,a (H)
Kv‘pmH hlav e v ) P29,
b
+ Y(fya, (He) + f,a (He") )J (2. 25)

Each of the absorption coefficients includés the effects of stimulated
emission,

We should remark here that although the partition functions used
in this study differ greatly at high temperatures from previous calcu-
lations, the opacities are not appreciably affected, This comes about
because while the absorption coefficient contains a factor of 1/BO,
the fraction of Neutral H atoms is proportional to B0 (when the hydro-
gen is mostly ionized--which is also when B, becomes large); so
to first order the terms in BO canccl,

The six contributors to the total extinction coefficient are of
varying importance for different temperature-pressure-wavelength
regions, Through most of the range of models to be presented H is
the dominant source of opacity., For the hottest models He Il and &
are important. For the very hottest models, we have dominance by

electron scattering alone in the outermost layers {where the ionization
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is very high because of the very low pressures) and in the very deepest
layers (where the ionization is high due to high temperature despite
high pressures). This sometimes makes the solution of the equation of
transfer difficult, especially near the long wavelength side of the
Lyman edge whe re all other opacity sources are quite small. At low
gravities, the scattering terms become increasingly important, and

the equation of transfer increasingly difficult to solve. At lower tem-
peratures the negative hydrogen ion begins to become important for
high gravity models. Rayleigh scattering becomes important for low
temperatures as hydrogen is mostly in its ground state, and is in-
creasingly important for low gravity models where the decrease in
electron pressure causes the contribution of H™ to the opacity to
greatly diminish., In such cases, we have essentially pure scattering
at wavelengths near the long wavelength edge of the Lyman limit, and
the solution of the equation of transfer may fail completely. Typically
the scattering terms decrease very rapidly inward for most models (the
highest temperature éases being the exceptions). In the regions near
the Lyman edge where the Rayleigh scattering terms are important,

the opacity may very rapidly diminish at some point as the relatively
sudden excitation of hydrogen atoms from the ground state and ionization
of hydrogen begin, This is reflected quite strikingly in a plot of the
monochromatic optical depth versus the standard depth; the curve rises
very steeply at first, and suddenly rolls over and becomes very nearly
flat. This behavior is quite reminiscent of the behavior of the hydrogen
ionization edge in the well-known Stramgren—sphere problem of plane-

tary nebulae, We shall show some of these features graphically below,
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(f) The optical depth
Once we have integrated the equation of hydrostatic equilibrium
we have the information required to calculate tables of monochromatic
opacities as a function of depth, We may then directly perform the

aume rical quadrature

T ok, (0
TV('T) = 0 W dt (2. 26)

to find the monochromatic optical depths, as well as

T(T) = i —E—t)-T dt (2, 27)
o ¥stp®

to find the mean optical depth (which in fact is never used in thesc
calculations). In the computations given later, we have found the Planck
mean opacity and depth, although the flux-weighted mean follows im-
mediately from the tables of dpr/d'rv, as is evident from equations
2,6 and 2. 7.
(g} The integration procedure

To obtain a starting value for the integration of the hydrostatic
equilibrium equation, we set 6 = 60, which is determined either from
the grey solution or from a preceeding model. A first guess at log P
is obtained from (log PJg "~ 0 (0.13 log g - 3.06) +0.72 1+ 0,34 log g.
We then form tables of log pg(pe, GO) and KSTD(pe’ 60) starting from
(log pe)o-" 0. 5, and taking steps of 0,025 in log P.- We may then find
'rv(pg) by direct integration of the hydrostatic equation, now regarding

pg as the independent variable, by Simpson's rule. This integration
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is continued until either T, = 0.001 or until 20 steps have been taken,
If the latter occurs and T, is still less than 0,001, (log pe)O is
stepped by 0.3, and another attempt is made., If, on the other hand,
7,= 0.001 and less than ten steps have been taken in the integration,
(log pc)O is decreased by 0.4 and another attempt is made. This is
done up to 8 times; if no satisfactory result is found by then, it is
assumed that something has gone wrong with the computations, and
they are automatically terminated, If both criteria are satisfied,

we obtain (log pg) and (log pe) at 7, = 0.0005 by backwards inter-
polation; these values are adopted as the starting values. This pro-
cedure is quite uniform, apd has the advantage of making no restrictive
assumptions about the functional behavior of the physical variables
other than assuming the temperature gradient is negligible at the very
boundary when measured o6n an optical depth scale., In the results
quoted below, any results quoted at the surface or at T, = 0 strictly
speaking refer to T = 0,0005,

From these starting values, the integration is continued taking
first log pg as the independent variable, and finding 'rv(log pg) in
steps of & log pg = 0,05, This procedure is advantageous because
of the very steep preséure gradients encountered near the surface
when pg is measured on a T, scale. The first step is made using
a four point Runge-Kutta formula, and the integration is continued
using a Milne predictor-corrector formula. This procedure is amenable
to automatic truncation error control, which is set so that the relative

truncation error in each step is = 10-5. The Milne formula is:
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Predicted _ Ax .
Nl —Yn+-zz[55fn—59fnl+57fn , - 91 _3J
Corrected _ Ax
Y nhl =Y, "3z (gfnﬂ+ 198, = M a? fn—Z] (2.28)
: . Predicted .
where fn+1 is computed using Vot . The evaluation of the

derivatives is carried out in single precision arithmetic, and the
ordinates are kept in double precision. This greatly reduces the prob-
lem of round-off errors.

dr

The integration is continued in this manner until > 1,

?1"16'5'}3:%'
At this time, log pg at the standard depths is found by backwards
interpolation, and the integration is continued now using T, as the
independent variable using equations 2, 28; again the relative truncation
error is held at = 10~5. From the resulting table of 1og'pg as a
function of T, We find log P, by backwards interpolation in the gas
pressure table and then evaluate all the other physical quantities des-
cribed above., Figures 1l and 2 show the final run of gas, electron, and
radiation pressure for a model with Ge = 0,14, log G = 4,0, and
N(HE)/N(H) = 0,15. The run of the radiation pressure was obtained

by integrating the known run of dpr/d'r; p,. was set =0 at the
boundary, and it merges with the black body value, -lg aT4, at T~ 10,
At much greater depths it deviates from this value due to unsatisfactory
numerical extrapolation, These graphs show the (typically) steep
pressure gradient at the surface, Figure 3 shows a compai‘ison of

the radiative and adiabatic gradients; this model is stable against con-

vection,
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4, Solution of the transfer equation

If scattering can be neglected, and we assume LTE, then we
simply set Sv = Bv and perform the integrations indicated in equations
2,2 and 2.3 to determine the mean intensities and fluxes, This is
done at each frequency for the chosen set of optical depths. The details
of the quadrature will be given below. As mentioned previously, the
frequencies are chosen so as to account for the ionization edges of
H, He, and I—Ie+ since these are the most important opacity sources,
In this calculation we simply lump v, with K i such a procedure is
unsound, however, since the radiation scattered depends upon the local
mean intensity, and is largely independent of the local temperature,
This decoupling of the local radiation field from the local tefnpe rature
distribution can drastically alter the frequency distribution of the
radiation and causes large changes in the emergent flux whenever the
scattering terms are large. The source function which most simply

accounts for the presence of scattering is:

K (2
o - v i .V
ov(tv) T K Dv(tv) i o TK Jv(tv) (2.29)
v Ty v Ty

This yields the well-known Milne-Eddington integral equation since
the mean intensity is in turn dependent upon the source function as
shown in equation 2, 2.

| The question of "When is scattering important?" is difficult to
| answer; it depends upoﬁ the physical conditions encountered in the
model. As mentioned above, for hotter stars electron scattering is

important while for cooler stars Rayleigh scattering is important,
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The problem is worst on the long wavelength side of an absorption edge,
where the true absorption terms are generally smallest, though for
some temperatures and gravities, Rayleigh scattering can dominate
over a large range into the visual part of the spectrum. Further,

very dramatic changes can occur in the nature of the source function
near the surface as is shown in figure 4; the case illustrated is by no
means the most extreme case encountered., To anticipate a bit, we
might mention that the dominance of scattering near the surface can be
troublesome in attempting to obtain a temperature correction to make
the model satisfy the flux constancy condition,since the integrals used
in the computations are sometimes heavily biased by scattering terms,
which as noted are uncoupled from the tempe rature distribution, and
peculiarities such as temperature inversions may result,

It is this writer's opinion that the effects of scattering have
generally been under-rated, and that in the most accurate work one
should solve the Milne-Eddington equation in most cases, It should be
remembered that while Fv may be small in wavelength regions in
which scattering dominates, this is frequently compensatled by the large
frequency range over which this condition occurs, In particular, the
range 912 A < A\ <3646 A is a large frequency interval;, and the inte-
grated effects of F  and of scattering upon this F  are non-negligible
for almost any star.

Liet us now turn to the problem of solving equation 2,29. The
basic procedure is that of using an iterative solution suggested by
Stromgren (see, e,g., Aller's book, 1933, p. 267 £ff.), Letus form

the difference ‘Iv - Bv“ Now:
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L]

1 [
2z go Sv(tv)El [tv-Tv ]dtv

JV(TV)

H

1 ("% Ky %y
_Z-S‘ Kv+U Bv(tv) +K +a Jv(tv) Ell.rv—tv[dtv

v v v

g
v
{Bv(tv) + T (JV-BV)§ Ell'rv-tv fdtv

H
] R
(..’j
8

™
P, (J,- Bv)El ‘Tv -t ['dtv
(2. 30)

— 1
B, (7,) = 'Z'S‘o B (t,)E, |t -7 |dt, (2. 31)

Thus finally

e 0]
(T (r)-B (r))=[B (r) - B (7,)] +1§§ P, (I, -BE, [T, -t |dt,
(o]

(2.32)

Equation 2,32 is solved by iteration as follows: as a first estimate

guess, let us take Jv = _B_'v so that substituting back into the equation

we have

(J'V- Bv)l = (Jv- Bv)o + Al = (Bv - Bv) +A1

00
—_ 1 _
=(B,-B) +'?:SO P, (B, - Bv)Ell'rv'tv ,dtv

Now using (J’V— Bv)l in the integral of equation 2, 32 it is clear that
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the new estimate of (J - B is the same as the old plus an additional
term of the form %S‘ AlEl ,'Tv-tv !dtv. Thus we will have
(JV- B = (Bv- BV) +Z Am (2.33)
m=]
and
1 (“’0
= 7). p, A (Elt,-T ldt, (2.34)

This procedure is straightforward, although very time consuming,
and converges well so long as the scattering terms are not overwhelming.
In practice we have considered convergence complete when AS/S < 0,001,
Since the solution of the Milne equation is the lengthiest part of the com-
putation, we have attempted to speed convergence by two means,
namely, by attempting to make a better first guess for the solution and
by trying to estimate a better correction between successive iterates.

To make a better first guess we argue that when scattering
terms are dominant, the solution for the source function is formally
the same as solving the classical "grey body® problem which is in
fact a pure scattering problem., The only thing lacking is a suitable
normalization for the mean intensity, Thus we must have at least

approximately

J ()= To(r+q(r)) (2. 35)

where J* is a suitable normalization factor, Experience has shown

that when P, 0.85 or p, "~ 0.9, on the one hand the grey solution
%

is roughly valid while on the other hand a decent estimate of J  is

given by Ev from the lower layers, Thus if 'rj is the depth at which
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p. ~ 0.9 we write
v

¥*

J (7)) = Ev('rv) forT =T/ (2. 36)
and
-EV(T:Q) *
J AT ) s ————— (THq(T)) fOFrT =T (2.37)
TV gl Voo

This first guess is sometimes quite superior to the estimate of J'V= Ev'
However, as Mr, R. H, Norton has shown, the normalization constant
3¥* as described here is still essentially arbitrary, and this first
guess can be quite badly in error relative to the true solution; in such
cases convergence is never obtained either by the usual Stramgren
procedure or by using equations 2. 36 and 2,37, These cases occur
in practice when the redward edge of the Lyman limit is dominated by
Rayleigh scattering terms to great depth. The fundamental difficulty
is that the kernel of the equation is singular, so that Yinformation"
propagates only very slowly in the solution when P, 1, Then the same
correction term is repeated over and over, so that even though at a
given stage AS/S < 0.0l, the final solution may differ by an order of
magnitude! When this failure has occurred in the results‘ to be given
later, specific mention will be made,

To obtain a better estimate of the correction to be applied between

successive iterates, let us call A the correction term predicted between

two successive iterates. Then the next estimate of JV— Bv will be
(o)
(Jv- Bv)New = (Jv— Bv)Old ¥ 50 arer El ITv_tv }dtv (2.38)

But the kernel of the integral is singular, so that to at least a rough
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approximation, we can write

@ 00
50 h’s(f;v)pv('cv)E1 l‘rv—tv ldtv ~ A(Tv)pv('rv).}o E1;7v-tv Idtv (2. 39)
where
e 1
g Epfr,-t, ldt, =1- S E,(7) | (2. 40)

0

Thus we derive an improved estimatz of the correction term to be

applied, namely:
* 1
AT =A[1+(1-FE, (1)) p(r)] (2. 41)

Note that when using this procedure we do not form explicitly the
sequence of terms and sum them as in equation 2. 33 but instead work
directly with each successive J,- B, . Test cases have shown a saving
of around 40% in the number of iterates required to obtain convergence
when we use equations 2. 36, 2.37 and 2. 4l.

Having solved the Milne equation at each frequency we perform
the integrations of equations 2, 2 and 2.3 to find JV and Fv. The
detailed bzhavior of cv/((rv+l{v) and of SV, Jv and Fv relative to
B, are among the more interesting results of the computatiens, and
may best be studied graphically. To reproduce all of the results ob-
tained would, however, be prohibitively laborious at present, so we
will offer the following generalities and illustrate them with a few
diagrams.,

l. For most stars, P, is a very sharply monotone decreasing
function of depth at most frequencies, On the long wavelength side of

the Lyman limit the effects of scattering are the greatest and persist
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to large optical depths (see figure 5). For the hottest stars, p, may
increase at the greatest depths considered, showing the overwhelming
importance of electron scattering. Small plateaus or "bumps" are
sometimes evident on plots of p, as a function of depth; it is inter-
coting to apcculate whether these may be places where a sudden small
increase in o occurs because of the rapid ionization of some element
at that depth, but it would be hard to prove that they are not in fact
small numerical errors due to non-smooth table interpolation for

log pg(pe, 8) or for the partition functions,

2. If the monochromatic opacity of the wavelength under con-
sideration is larger than the mean, J  is less than B at the surface
because Jv includes an empty hemisphere in which there is no radi-
ation, At depth, Jv tends toward BV, the more rapidly when P,
decreases rapidly. These features show in figures 6-11 for \ 9127,
A3647  and X\ 5050,

3, If the monochromatic opacity is small relative to the mean,
.]'v at the surface may be either greater or less than Bv" The former
follows if the fact that Jv includes an empty hemisphere is more than
compensated by the increased transparéncy which allows radiation
from greater depths to reach the surface and/or if scattering provides
a radiation leak from the interior independent of the local temperature.
This case is well illustrated by the X.912+ solution in figure 6. The
reverse case obviously occurs when the empty hemisphere prevails;
this is well illustrated by the X3647+ solution in figure 8,

4, Because of the general dominance of o, over K, for high

temperature models at the boundary, Sv approaches ‘Iv very closely
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for frequencies, and may show order of magnitude differences from
Bv as well as sharp reversals as shown before in figure 4, These
order of magnitude differences occur only when scattering is important
and the frequency under consideration is relatively far in the ultra-
violet, so that Wien's approximation holds for P’v' Then even a
shallow temperature gradient causes a very rapid variation of Bv’
while Jv shows only the relatively slow variation of a quasi-grey
solution,

Having the monochromatic intensities and fluxes we now may
form S’vo dev and S‘vo Jvdv where Yo is the highest frequency
conside:ed; this is doneo by direct nume rical quadrature using Newton-
Cotes formulae over the frequency points., In all cases the highest
frequency carried is adequate for the computation of the cmergent
fluxes, but it is possible that in the 6 = 0,25 model frequencies beyond
the Lyman limit should have been considered at great depths in the
model, It is unlikely, however, that serious errors were made since
graphical inspection of all of the physical characteristics of this model
show them to be perfectly well behaved compared to those of neighboring
models, If Vi, repreéents the lowest frequency considered, the
contribution SVL should not be neglected, The Rayleigh-Jeans approxi-
mation for BVO must be valid for v < Vi and we argue that aside from

a normalization constant, a v2 law should be a good approximation

for Jv and Fv as well. Thus we include terms of the form

v
F, = F(VL)(V/V%)Z for v < v, so that S\OLdev = };VLF(VL): and
similarly for S‘ I"Jvdv., This procedure should account for the infra-

o
red tails quite adequately.
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el
It is of interest to form also the integrals S KVJvdv, 3 l{vadv,

ovJvdv KvJvdv KVBVdv
4175 & s 4w§————-— and 4n§———-—-— which are also computed
v hv hv

by direct numerical quadrature. The first two integrals are of value

in enforcing the condition of radiative equilibrium; the third integral
gives us a measure of the eiffects of scattering; the remaining three
may be identified with the number of scattering, absorptions and emis-
sions respectively. Figure 12 shows a plot of the first three integrals
as a function of depth for the model previously illustrated; the curves
for other models are extremely similar in shape, differing basically
by a scale factor. We find from graphs of §Jvdv that the scale factor
is not proportional to T: as is required by elementary theory. The
relative size of gchvdv to S‘KvJvdv shows a striking increase with
increasing temperature at the highest temperature considered; thus
with Ge = 0,18, 0.157, 0.14, and 0,101, the ratio of gKvJvdv to
yavJvdv is about 16,6, 8.8, 6,0, and 1,48 respectively.

In strict thermodynamic equilibrium, the last two integrals
above should be equal when colligional ionizations can be neglected
(thm, 1960), which is the case for H and He under the conditions
relevant here. In practice, after constructing a model atmosphere,

we may check the consistency of the assumption of LTE by forming the

K J dv
vy
g hv
C=zs —m7 (2, 42)
g- KvadV
v

ratio:

When this ratio is 1, the model is self-consistent; appreciable deviations

of this ratio from 1 may indicate substantial deviations from LTE. It
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comes as no particular surprise that such deviations are in fact found
near the surface of the models as is shown for typical models in
figure 13, C as a function of depth is given for each model in Ap-
pendix I

Tt shoitld be noted here that the upper limit of integration in
practice is only v _, the highest frequency considered in the model;
this will tend to emphasize the difference between the two integrals,
particularly When. v, corresponds to the Lyman edge. This is true
because since K, is generally huge when A< 9121‘0&, Jv must be
= Bv except for T, <1l. Thus an appreciable contribution of the form

alce] Kvadv
5 —gp— must be added to each integral. This clearly works in the

o}
direction of making the ratio more nearly unity. At the very surface,
howéver, the oppositc is truc since J = 17 B, (Jv includes a hemix

sphere of empty space), and this may work in the direction of further
increasing the de;riation of the ratio from unity. When no frequencies
shortward of the Lyman limit are included in the computations, to
aid in the estimation of such effects we make the simplified assumption
that the opacity is due to hydrogen and may be written as

K, = k(v (-2 ) e /T %ﬂl-e“h"/kT)

v

where

* 1,045 x 10714

p'm

c (c3. 1012)f1‘g‘ (2. 44)

H
Here fl is the fraction of H that is neutral, g is a mean gaunt

factor, and p' is defined in equation 2,19, We then find:
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Yoo s -kv_/kT £0
S kB dv =25 L o 0T L 5 26 x 1020 )e 1300 (5,45
v C w
o .
® K B dv * hy i
vor®  gnC o, _ 33, 1 ,
4-rr§ = e Byl ) = 4 %1077 (—)E(31.3030) (2. 46)
v C )
O
® pB * & hv ~-mhv_/kT
K 2 dv = ZkC S L (m — +l)e °
J_ S BT 2 2 KT
C m
ms=1
* hy -kv_/kT f
rEE (2He O = 4,48 %1000 (L )(31.303 041)-10713+ 66
< T 1
C W
(2.47)

where we have set g = 0,9 and made use of the fact, in equation 2,47
that usually hv_/kT >> 1. d integral is the one of interest

in the present context, the others are useful in the temperature cor-
rection procedure., Computation of this integral usually shows it to

be a guite substantial fraction of the total number of ahsorptions, so

the surmise made above is correct. Nonetheless, we have (conserva-
tively) not included tI;is contribution in the values given for C in
Appendix I, so the values given there represent the most pessimistic
estimate of deviations from thermodynamic equilibrium, It is seen
then that the deviations are really not too bad, for a study of continuum
properties at least. At the same time we must realize that the integrals
above conceal all detailed information about the distribution of the atoms
in their individual states, so that the population of a given level may
differ enormously frolrn the LTE value even though the ratio studied

here is about unity, Only a complete solution of the problem will

answer all of the questions that may be raised concerning, for example,
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the computation of line strengths,

Further numerical details

We should, for completeness, give the detailé of the numerical
quadrature used in computing the flux and intensity integrals. This
particular computation has proven one of the most difficult to deal with,
This is due basically to two conflicting criteria: on the one hand the
singular properties of the kernels ’El(x) and EZ(X) make it necessary
to very carefully cover the interval of integration, and on the other
hand the computations must be made as rapidly as possible because of
the very largé number of flux and intensity integrals necessary, which
is compounded by the necessity of iterating to find the source function
as described previously, Direct numerical integrations schemes fail
in the latter respect, basically because the exponential integrals are
rather time-consuming to compute even though elegant approximation
formulae exist for them (Hastings, 1955). On the other hand, the
use of quadrature formulae involving only two or three points
(Chandrasekhar, 1950) is fast, but does not have the accuracy one
would desire (Underhill, 1961) in view of the large number of inter-
mediate steps required to construct a flux-constant atmosphere,

A compromise suggested by Cayrel (1961) has been adopted
here., Basically the formulae are derived assuming the source function
may be represented by a quadratic interpolating formula over some
‘'short interval, and the integrations against the exponential integrals
may then be done explicitly., 7The result is a formula involving only
the values of the ordinates and some weights for each of these ordinates,

Thus the integrals may be done as quickly as the source functions may
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be found; since the points are chosen on a 'rv scale, while the source

~functions are tabulated at fixed points ona 7T scale (and thus at

STD
arbitrary points on a T, scale) the source function is determined at
the requisite points by interpolation in tables of S{7). Thus the limit
to the speed of the integration is determined by the speed of the inter-
polation; to this end special interpolators were written in machine
language to allow interpolation forward and backward in a table starting
from the last value interpolated at in the previous lookup. The time
savings gained in the use of these special routines compared to the use
of standard routines available on the library tape made the difference
between doing the problem and finding the problem simply too expensive
in terms of computing time, The Cayrel method has the advantage that
the points in the integration may be chosen to be as close together as
desired to insure accuracy. Cayrel has discussed the problem of doing
the partial interval in S‘TV , and this will not be re-discussed here,
Tables 1 and 2 list the wgights used in the present computations. The
notation is the same as used by Cayrel and will not be redefined here,
The formulae are exact for polynomials of order 2, and direct numerical
tests against the Hopf function q(§) have shown that they will give the
correct fluxes and intensities to at least five places. Tests against
E3(x), E4(x), E5(x) (which were interpolated from tables to simulate
the interpolation of the source function) have shown no errors larger
than 0,03 % when compared with the values given by Kourganoff (1952),
The formulae have been found to be roughly three times faster than
direct numerical integration (which gave poorer accuracy) even before

the special interpolators were devised,



TABLE 1
WEIGHTS FOR THE CALCULATION OF MEAN INTENSITY INTEGRALS
Interval A B C D
0,000 to ,002 -8,141 377(~=5 T.304 053(-3 -5.842 500(-~4 1,000 000{=-2
»003 +004 3,408 020{(-4 4,668 T03(=3 2,355 927({-4 5.639 301(-3
,004 006 -1,633 923(-3 8.110 780(-3 -1,724 014(-3 4,948 241(-3
»006 .008 7,040 058{-4 3,033 377(-3 6.574 573(~4 4,544 T11(-3
+008 .010 -1.063 192(-3 6.311 485(-3 -1,103 938(-3 4,259 082(-3
»,010 .015 1,224 223(-3 7.278 768(~3 1,057 052(-3 1,009 482(-2
015 +020 1,550 182(=-3 5,740 567(~-3 1,432 222(-3 9,003 583(-3
020 +025 1,093 399(-3 6,008 440(-3 1,001 822(=3 8,386 769(~-4
+025 ,030 1,039 875(-3 5,607 608{-3 9,651 558(-4 T.841 271(=-3
- 030 040 2,508 441(-3 0,280 321(-3 2,277 802(-3 1.479 559(=-2
2040 «050 2,078 163(-3 8,874 467(-3 1,899 548(-3 1,340 632(-2
+050 +060 2,031 475(=-3 T.975 232(-3 1.887 529(~-3 1,233 949(=-2
2060 +070 1,838 989(~3 T.548 133(-3 1,718 372(-3 1,147 653(-2
2070 2080 1,797 889(~3 6,944 865(—-3 1,694 325(-3 1,075 419(-2
2080 +100 3,366 012(- 1,281 565(~ 3.026 343(-3 2,026 941(-2
+100 +125 3,794 569(~ 1,431 385(- 3,379 152(-3 2,278 655(=~2
»125 +150 3.370 736(- 1,285 444( - 3,039 791(-3 2,029 282(-2
+150 +175 3.036 461(- 1,166 221(- 2,763 420(-3 1,830 577(~-2
2175 +«200 2,779 06T7(=- 1,062 937(~ 2,548 518(=2 1,666 732(-2
»200 «225 2,530 776(~ 9,810 552(- 2.332 311(-3 1,528 313(-2
.225 <250 2.350 029(- 9,034 620{ - 2.176 966( -~ 1.409 238(~
250 2275 2,169 493(- 8,400 063(~- 2,016 593(~- 1,305 353(=-2
+275 300 2,020 598(- T.816 405(~ 1,884 462(~ 1,213 701(-2
«300 «350 3,768 690(~ -1,412 793¢~ 3.304 635(- 2.264 192(-2
=350 400 3.308 779(- 1,243 716(~ 2,926 472(- 1,985 538(=2
»400 +450 2,925 331(- 1,103 967(-2 2,604 490(~ 1,755 950(-2
«450 500 2,602 697(- 9,860 377(- 2,329 494(~ 1,563 328(-2
500 .600 - 4,651 701(~ 1,680 320(-2 3,775 070(~ 2,798 868(-
+600 »700 3,777 631(~ 1,373 393(=-2 3,106 799(~ 2,271 898(-~
+700 800 3,108 708(~ 1,135 613(-2 2,582 907(- 1,868 844(~
800 900 2,583 396(-: 9,476 672(-3 2,163 695(~ 1,552 983(-
«900 1,00 2,164 580(~ 7.964 810(~ 1,824 880(~ 1,300 920(~
1.00 1,10 1,825 602(~- 6,734 115(- 1,547 879(~ 1,006 020(-
1,10 1,20 1,547 579(~ 5,723 211~ 1,317 822(- 9,299 545~
1.20 1.40 2,626 877(~ 9,054 760(- 1,925 463(~ 1,584 08a(-2
1,40 1,60 1,928 245(- 6,684 311(~ 1,430 837(~- 1,162 193(-2
1.60 1,80 1,432 409(-~- 4,988 350(~- 1,073 198{ - 8,630 834(~3
1,80 2,00 1,074 280(~- 3,754 999(~ 8,111 819(-4 6,471 313(-3
2.00 2,50 1,996 845(- 5,864 546(- 1,006 879(~ 1,222 513(-2
2.50 3.00 1,019 288(-~ 3.029 689(-3 5,289 204(-4 6,228 730(-3
3.00 4,00 1,027 597(- 2.417 443(-3 2,768 068(-4 6,524 191%- ;
4,00 5,00 2,990 118(- 7,166 471(-4 8,522 207(-5 1,889 676(~
54,00 6,00 9,110 919(- 2.210 536(-4 2.694 246(=5 5.741 478 -4;
6,00 8,00 5,206 675(~- 8,741 266(=-5 2,580 520(-6 3.600 825(~4
8,00 12,0 . 8,859 564(- 8,726 995(-6) =7.,391 918(-T) 7.533 125(-5)
12,0 20,0 1,558 821(-7) 7.933 380(-8) -1,380 576{(-8) 1,900 433(-6)
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TABLE

2

WEIGHTS FOR THE CALCULATION OF FLUX INTEGRALS

Interval A B C D
0,000 to ,002 =1,959 220(-3 7,907 550{ -3 -1,976 887(-3 4,000 000(-3
»002 004 «3,730 598(-3 9,395 957(=-3 -2,739 931(=-3 3,946 893(-3
+004 2006 -8,767 802(-3 2,143 381(-2 -8,779 963(-3 3,004 860(-3
. 006 .008 1,299 885(-4 3,597 535(~-3 1,217 062( -4 3,866 997(-3
008 +010 -1,033 753(-2 2,450 386(~2 -1,035 122(-2 3,831 837(-3
.010 .015 3,176 285(~4 8,798 856(=3 2,829 484(-4 9,496 705(~-3
<0185 020 1,694 555(~3 5,857 505(~3 1,665 055(-3 9,305 304(~3
+020 <025 9,599 307(-4 7.159 087(=3 9,300 629(~4 9,131 045(=-3
«025 .030 3,786 136(-4 8,162 T24(-3 . 348507 785(-4 8,968 972(~-3
.030 +040 2,852 698(~3 1,173 539( =2 2,759 421(-3 1,763 344(-2
040 +080 2,502 011(-3 1,189 466(=~2 2,413 485(-3 1,707 078(-2
+050 +060 2,649 013(-3 1,109 811(-2 2,568 850(-3 1.655 669(=-2
+060 070 2,648 958(~3 1,063 359(-2 2,573 925(~3 1,608 092{-2
2070 .080 2,349 971(-3 1,079 599(=-2 2,280 067(-3 1.563 670(=-2
«080 +100 5,013 771(-3 1,988 566(~2 4,757 139(-3 3,043 844(-2
100 «125 6,022 910(-3 2,334 458(-2 5.664 665(-3 3.612 725(-2
125 +180 5,635 201({-3 2,204 925(-2 5,314 127(=-3 3,397 843(-2
«150 +175 5,289 703(-3 2,087 741{=-2 4,998 082(-3 3.205 194(-2
«175 +«200 5.071 517(=-3 1,961 905(-2 4,805 927(=~-3 3.030 573(-2
200 225 4,717 288(-3 1,877 695(-2 4.472 211(-3 2,871 003(-2
225 «250 4,509 045(-~3 1,776 377(-2 4,283 059(-3 2,724 267(-2
« 250 2785 4,293 491(-3 1,687 315(=3 4,083 012(=3 2,588 650(=2
0275 300 4,086 737(-3 1,605 768(-2 3.890 787(=3 2,462 T90(-2
«300 350 7.807 836(-3 2,983 594(-2 7.101 055(~3 4,691 152(~-2
350 «400 7.115 910(=3 2,715 588(=2 6,494 066(-3 4,267 127(=-2
+400 «450 6,482 936(-3 2,483 418(-2 54930 709(- 3,893 680(-2
+450 +500 5,932 990(-3 2,274 374(-2 5,439 529(~3 3.562 291(=-2
«300 «600 1,087 035(=2 4,004 706{=~2 9,190 013(-3 6,532 87T7(=2
+600 » 700 9,192 899(-3 3,396 645(~2 - T.819 477(-3 5,623 679(-2
.700 800 7.823 158(~3 2.808 404(=-2 8,887 548(-3 4,698 943(-2
.800 <900 6,685 173(-3 2,481 881(-2 5,737 600(-3 4,017 034(~
900 i,00 5,740 998(-3 2,133 660(-2 4,944 345(~ 3,448 082(~
1,00 1,10 4,944 206(-3 1,840 713(-2 4,270 813(- 2,969 910(~
1.10 1,20 4,270 487(-3 1,592 413(- 3.698 050(- 2,565 622(~
1,20 1,40 T.37T7 425(-3 2,577 454(~-2 5.566 3532(~ 4,444 164(-
1,40 1,60 5.57T1 637(=-3 1,953 337(=2 4,234 677(~ 3,355 597(~
1,60 1,80 4,238 263(-3 1,490 116(-2 3,240 630(-~ 2.522 128(~-
1,80 2,00 3.243 051(-3 1,142 947(~ 2,492 033(~- 1,952 610(-
2,00 2.50 6.144 434(~ 1,831 940(- 3,212 147(~- 3,753 427(-
2,50 3.00 3,244 899(- 9,754 508(- 1,730 055(~- 1,979 770(-2)-
3,00 4,00 3.364 056(~ 8,027 911(~ 9,466 0T4(-4 2.128 385(~
4,00 5,00 1,014 367(~ 2,455 033(~ 2,977 1718(-4 6,396 460(-
5,00 6,00 3,167 167(~ T.740 129( =~ 9,566 080(~ 1,992 9239(-~
6,00 8,00 1,846 060(~4 3,124 593(- 9,780 400(- 1,273 030(=s
8,00 12.0 3,223 516(-5 3,198 989( -~ -2,672 8352(~ 2,731 012(-~
12,0 20,0 5,829 295(=7) 2,978 730{(=7) «5,174 127(=8) 7,086 628(=6)
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One final numerical detail we must mention is thatar =ssary
evil forced upon us is table extrapolation, Tinis occurs in the llowing
places:

1. Extension of tables of S, (or Bv) to compute flux If
Tv('r=6()) -7, (at the last depth at which SV is to be found) is ‘0,
the upper limit in the flux quadrature, then the table is extrapolated
by making a least squares fit of the form Sl', =a + bT + cVT to the last
five points of the table., This fitting function is admittedly quite arbi-
trary, but it has the desirable property of not running away a large
depth while still accounting for some curvature in S, Tests have
shown that the answers are reasonable, and since this region often
contributes only negligibly to the final F the errors made here are
not serious,

2. Extension of tables of p ~and Am in salving the Milne
equation, Here only linear extrapolation could be used because otle r
functions were unstable, p, may go negative, in which case it is set
to zero,

3. Extrapolation of dpr/d'r and T(T). Since the monochro-
matic fluxes are available only to some fixed depth and the temperature
corrections extend only to the same depth, the tables of these functions
must be extrapolated. The same fitting function is used as in 1 above.
In the case of T, the fif is made to %—(’I‘/Te)4 which in the grey case
~ is linear at depth. Earlier models dpr/d'r was extrapolated gsing a
function of the form a +hT + c'rz which often blew up in the interior
and even caused negative pressure gradients at the last two points of
the atmosphere in some cases. The present function does not have this

undesirable property, but may tend to zero at depth. It is now evident
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that the proper way to extrapolate dpr/d'r is to recognize that at depth

approachcs 1 aT4 so that dpr/d'r must go to 2 T3 4T

P 3 d dr °

T

5. The temperature correction procedure

Having now computed all of the quantities describing the radi-
ation field, we examine the atmosphere to see if the model satisfies

the condition of radiative equilibrium. In particular we demand that
1)‘Kvadv =‘§KVJvdv (2. 48)

and (logically equivalent) that
D'T4
gF dv = constant = ——r (2.49)
v ™

These two criteria are the same in principle, but are quite different

in practice. Several authors have attacked the problem of satisfying
these conditions with varying degrees of success (e, g. Osawa, 1956;
Swihart, 1956a, 1956b, 1956¢; Przybylski, 1955), Gingerich (1961) has
discussed these earlier attempts in detail, and has given a good dis-
cussion of the practical differences in the two requirements, so no
discussion will be given here. Recently, a fundamental advance in the
problem has been offered by Krook (1963), and by Avrett and Krook
{(1963). Application of these new methods to the case where scattering
is neglected has been made by Gingerich (1962), For logical complete-
ness, we will review the Krook equations here and show how they have
been extended in a very simple way to account for the effects of scatter-
ing, Some time after the present equations had been used with good

success, an extension of the Krook-Averett procedure to the scattering
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case by those authors becams available (Avrett and Krook, 1962).
Since the equations used here are so very much simpler than those
suggested in the paper just cited, and since satisfactory convergence
is obtained in practice, no attempt was made to use the extended pro-
cedure as suggested by Avrett and Krool.

The monochromatic equation of transfer is:
pgr =1,- B, (2. 50)

Now write n, = KV/K, where K is the opacity at the standard frequency,
Then:

ol
v

M oT = nv[.lv" bv] (2. 51)

We now attempt to derive a correction to both the temperature and the
depth distribution in such a way as to improve the constancy of the flux
in the atmosphere, In particular, let the improved temperature T be
given in terms of the present temperature TO and a correction Tl’
and the improved depth T be given in terms of the present depth t

and a correction Ty+ SO that
= + . «52
T=T_  +A\T; *.. (2.52)
and
TEtENT T (2.53)

Then expand all quantities relevant to the radiation field in terms of
their present values and first order corrections depending upon the

corrections in depth and temperature. Thus we write:
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1 =1+t +,.. (2. 54)
v v 14
| } r
n, (1) =M, (8) + Arn (6) (2. 55)
(2. 56)

va = BV(TO) + )\T]_BV(TO) T oeuo

where T denotes d/dt and ° denotes (8/8T),. M\ is a separation

Then substituting into the equation of transfer we find:
1

a1’ 81 T
SRS LA
”’[at Bt J

parameter.

4 T ' \ o 1 .
= [\1 + }\.Tl + L) 'J[nv+)\71nv+ °.°J[IV+KIV+ e ‘BV(TO)—XBVT]--,-. o s }

(2.57)

Now collecting terms of equal order in A, and setting X\ =1 we have:

Zero order equation:

o1° -
b nv[r - B (T )j (2. 58)
or
dH? . :
K:CE 11v[Jv B BV(TO)J (2.59)

First order equation:

1 — —
EEK— = Il - T ZDB (T )4+ T' + "T )‘ IO-B (T ) (2. 60)
P T, 1°v' "o » 1Ny 1_‘ v Tulto .

Now define:

. T‘e o 1 1 0 0 @ o)
5€ = yip R Hv 75‘ pLIvdp, H =S\O Hvdv

W

]

+1 g
1 1 1 I 1
Hv = ES‘ |.LIv dp , H -S Hvdv
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5= H° + !

We now assume that the Eddington approximation is valid for the per-

turbations in JV so that

1 1 o, [H
J3{0) =3 H (0) = V3 HV(O).[;I—O] (2. 61)
and
141
1 1 2 1.1
K, = 7.& . plde= 37, (2.62)

21 - 1 | S 4 o
ot ~ 3 ot n,H, * [Tlnv-'- Tlnv]Hv . (2.63)

To solve this equation readily we demand:

87"
v

—a—t— =0 (2. 64)

(this is not a restrictive assumption in the sense that it merely lumps

further terms into the specification of 'rl). Then:

00 n
S HS-ﬁY-dv
-rl'z--rl[ oV ]+(1-3%) (2. 65)
H H

Equation 2, 651is to be solved subject to the boundary condition that

'rl(O) = 0. An analytical solution may be written for this linear equation,
but it is simpler to effect the solution by direct numerical integration,
which in this case was done using a fourth order Runge-Kutta formula.,
Thus We have obtained the depth correction, To obtain a second equa-
tion; which will yield the temperature correction, we integrate equation

2.60 over angle and obtain
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M sty 4] et [0 (T3] 2. 66
ot ‘n'v_ | v( o)_l LARLY Tlnv_b I v v( o)J (2 66)

Making use of the relations

1 o
dH dH
= T T (2.67)

and

-

1 —
S“yﬂzd" = V3 [1{—0@ JganS(O)dv = 3 [1 - —%—C— Jj n, H2(0)av

1°(0) H°(0)
(2. 68)
we find aftcr integrating over frequency and grouping tcrms:
e o]
T, = 1 (1+7-) dH -3 [1 - — ]S HS(O)dv
© ., H° (O)
g n. B (To)dv
(‘-00

+T 30 (J,-B )n dv (2.69)

Since we have already determined T and 'rlr from the solution of
equation 2,65 we have all of the information required to determine the
temperature correction T1° In the solution of equations 2,65 and 2, 69

4 . . dau°®

n, is obtaincd by dircct numcrical differentiation; —— is unstablc if

dt
computed by numerical differentiation, so we substitute for it
S.nv(Jz— Bv(To) )dv, obtained from equation 2,59.
Thus we have the distribution T = To + T1 at the points
=t + Te By inte rpolation in this relation we find T at the standard

values of T adopted for the computation of the models. The model

may then be recomputed using these corrected values for T(T),
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When scattering terms are present,the corrections to the tem-
perature and depth distributions are,in principle much more difficult
to obtain both because oif the more complicated form of the source
function and because of the decoupling of the radiation field from the
local temperature distribution by the scattering terms. As mentioned
above, an elaborate set of correction formulae has been given by
Avrett . and Krook (1962), A simplified approach is possible, however,
by noting the analogy in the formalism between the pure absorption case

and the scattering case with S, in the equation of transfer instead of

B :
v
BIV
b <L 8 =L [ame)B, tp3)] (2. 70)
Now let
n = KV+QV (2 71)
v [KV'#UV)STD

so that in analogy to equation 2, 51:

d
L =M g LL,- ((1-p,)B, +p,J)] (2.72

Expanding as in equations 2. 52 through 2, 56 with the additional

equation:

’
Py =P, () +rp (t) +... (2.73)
we find: o
o1, o
{zero order) T *"”v[Iv‘ (p,J, + (l-pv)BV] (2. 74)

and



-58-

1
BIv v

. 4
.(fll‘St order) p - = (Tlnv+ 'i‘lﬂv)[ IS-(PVJV"‘(I'PV)BV)]

1 L4 o °
tn (L e, (B,-T,)-(p, I, H1-p )T, B )]
(2. 75)

This treatment differs from that of Avrett and Krook for scattering in

nlicit derivatives nf w and o 714
11C1lT gerivatives 01 1iG O W1t

ps K, ar
v v v

o

raanacrt to tha +ans
TCopeir LU il v IiL—

Y

r
v and Pye

perature are not taken, but are lumped implicitly in 1
Integrating the first order equation over angle as before and

taking its first moment again assuming equations 2. 61, 2.62 and 2. 64,

we find precisely the same equation as before for the depth correction

while the temperature correction is given by:

4 > o
T, = (1+'rl)§o n,({1-p,)J,-B )dv

(8 0] e
g n,(1-p,)B, v

+ “ry! 4 V3 [ *ho
T\ [n,0-p,)-n,p,1(J,-B )dv+V3 o H (1-p )7 av
o (o]

(2.76)
which again may be computed directly once equation 2.65 has been
integrated to give the depth correction,

Generally speaking this correction procedure has been found to
be both stable and effective., If a grey distribution is assumed to
: coﬁst‘ruct the initial model, characteristically the flux predicted be-
comes much tvo large in the inlerior (perhaps by a few hundred per

cent). The first few temperature corrections have their greatest effect



~-59.-

in bringing the flux in the interior to its proper value, Convegence
generally becomes quite slow after several iterates, and it is important
from the standpoint of economy to make as good a first guess at the
temperature distribution as possible; in practice we have taken fairly
large temperature jumps between successive models, and then inter-
polated the temperature distributions for intermediate models, Be-
cause of rather unexpected peculiarities of the shape of th_e temperature
distributions along a temperature sequence, this sometimes trapped
us into making very badkfirst guesses (see the results displayed in
Chapter 3). When scattering is important the flux usually deviates
several per cent too low at the boundary if the Milne-Fddington equation
is not solved. This comes about since merely setting Sv = Bv does
not account for the efficient radiation leak provided cfficicntly in the
ultraviolet by scattering, and the local Bv at the surface simply can-
not provide adequate flux,

Figures 14 and 15 show the deviations from flux constancy for a
typical model. The curve with vertical hash marks is the result after

two corrections, ignoring scattering, the curve marked with open

circles is after three corrections, and the curve with horizontal hash
marks is after four corrections. Note that after the third correction,
the convergence in the interior is complete and there is an improvement
only at the boundary, The effects of scattering were next accounted for
and the Milne equations solved, resulting in the curve marked with
filled circles. One iteration using equations 2.65 and.2. 76 resulted

in the plain curve, These results show clearly the important effect

of the scattering terms near the surface. The general procedure of
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constructing a sequence of models ignoring scattering at first,and then
putting in the scattering only in the last iterate or two,is much more
economical than solving the Milne equation each time since a full
scattering model takes from three to four times as long to construct
as a model in which we simply set Sv = Bv° Thus thc most important
deviations from flux constancy can be effectively removed by the
ordinary Krook procedure ignoring scattering in the transfer equation,
and the final touching-up of the solution made allowing for it. The
results given in Appendix I have all been obtained in this way.

For the highest temperature models, the convergence was ex-
tremely slow due to the overwhelming dominance of scattering, and
this shows that the present procedures should really be improved for
the sake of economy. It was found, however, that in certain regions
in the model the corrections predicted by equations 2. 65 and 2, 76
could be doubled and tripled to effectively speed up convergence to the
correct solution. The actual recipe for doing this is based on experience
and intuition, and this game is not recommended for the novice, Also,
the instant at which we allow for scattering terms is dictated largely
by experience, The only problem encountered by ignoring scattering
in each iteration is that flux often falls so low at the surface that a
spuriously large temperature correction is attempted here and a tem-
perature inversion results, This can be remedied at least in part by
not including the o, terms in integrals of the form S'Kvadv and
S.ICV.Ivdv even though this is logically inconsistent with ignoring the
scattering terms and taking S, = Bv., If this fails, the computer pro-

gram used at present forces a non-inverted digtribution at the surface
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by smoothly hooking the preceeding non-inverted temperature distribu-
tion to the one just obtained from the correction procedure. Indeed,
one reason we almost invariably have to do more than one scattering
model after a sequence of models in which it is not allowed is to let
the conditions at the surfﬁce relax into their proper values after being
badly bludgeoned so as to avoid the temperature inversions,

One peculiarity of the Krook-Avrett procedure which should
be noted here is the tendency for the integrated flux at the boundary to
be too low even when scattering is quite negligible. This difficulty may
stem from the approximations made in equations 2,61, 2,62 and 2, 64;
the deviations are rarely extreme, and considering the other approxi-
mations made, it does not seem worthwhile to devote a great deal of
effort to attempting to correct the situation,

In summary we might offer the remarks that good models (at
least within the framework of assumptions) can be constructed by the
procedures described in this chapter, but the job is non-trivial because
we are confronted with a highly nonlinear problem and can use only
first order equations in its solution, Good models also require much

persistence,
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Chapter III

PROPERTIES OF THE MODELS

In this chapter we will summarize somec of the results derived

from the models,

1. The temperatﬁre—depth relationships

Since we have altered the temperature distribution in the models
by successive iterations to obtain finally flux-constancy, the form of
the temperature-depth relation now has some interest. To be sure,
this relation is arbitrary in the sense that the depth scale is merely
an intermediate parameter and the temperalure-pressure relalion is
the relation of real physical interest; it is discussed later. Nonethe-
less, for a chosen 7T

T(T is somewhat meaningful if a

STD)

group of models is intercompared.

STD?

One parameter of interest is To/Te° The results derived from
the models computed are shown in figure 16; the parameter of the curves
is log go This interesting graph shows that marked deviations occur
from the grey body value for this ratio, Considering first the log g = 4
temperature sequence, we see that the most pronounced deviation occurs
near Oe = 0,18; the ratio approaches the grey value again for the
Be = 0.14 model, and falls a bit lower for the Be = (0,101 moaodel., The
curve is not wcll defined in the region between these last two models;
it would be very desirable to have a Ge = 0,127 model to determine the
behavior of To/Te at this point, The log g = 3.5 models at ee = 0.14

and Ge = 0,18 are shown by open circles; they lie much closer to the
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Fig. 16
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grey body line, as would be expected since electron scattering constitutes
a more important source of opacity for these lower gravity models.
The gravity sensitivity of the boundary temperature is rather surprisingly
large at these higher temperatures in view of the much smaller and more
confused gravity sensitivity at lower temperatures., This may come
about since the major effects of the relative increase in importance of
‘electron scattering occurs near the Lyman absorption edge. In the
cooler models, a much smaller part of the total flux is emergent here,
and thus the net effects of increased scattering will be smaller here,
In this light the greater gravity sensitivity at the higher temperatures
appears quite reasonable, The two "low" helium-abundance models are
plotted as filled circles; they show no significant deviation from the
"normal" helium-abundance curve,

It should be remarked that the previously constructed models
(see M;nch, 1960, table 4; and Kolesov, 1962) showed a dip in the ratio
of To/Te near Ge = 0,18, The lack of homogeneity in the assumptions
.underlying the computations causes the results to scatter badly, how-
ever, and the lack of flux constancy in many of the models made them
subject to some suspicion, Furthermore previous results showed no
indication of a gradual progression of the ratio to a low at Be = 0,18
as is shown here, but instead scattered around a value of 0, 8 on the
range 0,2 = Se = 0.7, some even lying above the grey value. The
present computations are sufficiently homogeneous that we can assert
the ecffcct is rcal,

Figure 17 shows a related parameter, the depth at which

e(TSTD) = ee. The sams= general features show; the depths are generally
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larger than the depth if the model were grey. Thus the temperature
distributions startata lower boundary value and rise more slowly than
the grey relation. In the curve shown in this figure the maximum devi-
ation occurs at Ge = 0. 2, instead of Ge = 0.18. Again the low gravity
models lie much closer to the grey solution; as before, the "low"
helium abundance models show no significiant deviations from the
"normal" abundance models. The low gravity model at Ge = 0,18
happens to fall right on the grey value, but this is almost certainly
only fortuitous agreement. The depth of Ge for cooler models shows
gravity sensitivity, and the value drops below the grey value. There
are mitigating circumstances here, however; namely, these models
have extensive zones which are unstable against convection. Thus by
forcing a radiative solution, T increases too rapidly with respect to
pg. The relation between pg and T is not as sensitive, so in a rough
way we would expect that allowing the proper convective gradient might
decrease the gradient of T against T and thus cause the depths of
Ge to become larger. No special emphasis should be placed upon the
detailed shape of the curves at low gravities since only a few points
are available here, and the curves are drawn largely by considerations
of smoothness and similarity (if not by a good measure of imagination),
In an attempt to understand these variations, we followed the
suggestion commonly made that such deviations should be in some sense
correlated with the non-greyness of the radiation field, We formed an
index of non-greyness by measuring, by planimstry, the fraction of the
total flux that lies above the flux given by a black body curve at tem-

perature Te; obviously an equal fraction of the total flux will lie below
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this same black body curve, The results are shown in figure 18, It is
seen that while the curves do not match identically, a qualitative agree-
ment holds for the most striking features in that the lowest temperatures
have only a small fraction of "non-overlapping" flux, and going to higher
temperatures the fraction becomes larger, At Be = 0,14 there is ab-
ruptly good overlap again; this coincides nicely with the corresponding
"greyness" of To/Te and 'r(ee) shown in figures 16 and 17, At

Ge = 0,101 there is again a small trend towards greater non-overlap of
the fluxes, in agreement with the other properties mentioned. The
measure fails to show the gradual deviation from "grey" properties
culminating near Ge = 0,2 as is shown by the two preceeding figures,
but we certainly cannot expect this conjecture to be correct in every
detail, nor is the measure we have used necessarily the most relevant
one, In any case the qualitative agreement is satisfying insofar as it
goes,

To study the systematics of the shape of the T(7) rclation, in
figures 19-25 we have plotted Q(7) = % (T/Te)4, which is analogous to
the grey body T + q(T). Inspection of these curves shows a progressively
greater deviation from greyness as we go from Be = 0.4 to Ge = 0, 21,
The curves go to progressively lower boundary values (although the
sharp drop at the surface of the Be = 0, 21 model may be spurious--
see the remarks preceeding Appendix I), and have progressively

. shallower slopes. At higher temperatures there is a sudden reversal
of these trends, and the gradienls become steeper until 0e = 0,157;

then the Be = 0,14 and 0,101 models reverse again and go towards
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progressively shallower gradients, These sudden and unexpected re-
versals in the nature of the temperature distribution made extrapolation
from model to model completely unreliable, and we were led into
{confidently) making bad guesses at the run of the temperatures for

the initial model; and using a fair amount of computing time to get back
to the correct solution, It might be interesting to construct a three-
dimensional graph of these curves, Since our grid of models is not

vet very closely spaced, we still will be able to make only relatively
rough guesses at the shape of the temperature distribution for other
intermediate models because of the complicated behavior the tem-
perature-depth relations displajr.

The gravity sensitivity of the temperature-depth distribution is
shown clearly in figure 25, A small caution here is that these values
include the extrapolated tail of the temperature distribution, but in
return we see that these extrapolated values appear perfectly reasonable,
As we would expect from the increasing importance of electron scatter-
ing, the very low-gravity models lie much closer to the grey solution,
This also holds for the low-gravity models at Se = 0,14 and 0,18,

The change of helium abundance has only a very small effect
upon the shape of the T(T) relationships for the Ge = 0,14 and 0,18
models,

Finally, we might mention that an attempt was made to fit the
temperature distribution analytically. It was found that a least-squares

Ty fe—107 4 ge—SO'r -300T

fit of the form: Q(T) =a +bT + c=r + de” + he
gives a fit good to about 3% or better for models with Be = 0,4, no

accurate fit could be made which did not "overshoot" near the surface,’
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This implies there are probably better fitting functions than the ones
tried, and they could best be found by using a multiple non-linear
regression technique, The main reason for attempting an analytical
fit in the first place is to find if the coefficients are predicfable at a
chosen Be; then we would be able Lo make much better first guesses
at the temperature distribution for the initial model, It turns out that
this cannot be done easily with the fits made since the coefficients are
rapidly oscillating functions of Ge, probably because we have left too
many degrees of freedom open in using a seven term filting function,
Use of a non-linear fitting technique might lead to a lower order fit
which.is as good or better, and in this case the coefficients might be
smoother functions of Se. Such a search would not be a waste in view

of the present expense of making a good model,

2. The temperature-pressure relationship

Since in the final analysis any optical depth we use in constructing
a model is arbitrary, we must realize that the fundamental relationship
is rather that between the temperature and pressure, Therefore we
musl conflirm thal the physical properlies of vur moudels do not in fact
depend upon which specific optical depth (be it a monochromatic or
mean depth) is used to construct them, This was verified for the
present computations in that the Ge = 0.4 model was constructed twice,
once choosing A 5050 as a standard and once with A4000 as standard;
the resulting temperature-pressure distributions are virtually identical,

Perhaps another check would be useful, but this writer feels that we can
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be fairly certain it would yield the same result,

Up to this point our approach has been "empirical” in the sense
that we have just used numerical results at face value. It would be of
value if we could now offer some synthesis in the form of reducing our
results to a definite formulation, The possibility of doing this was
suggested to me by Dr, L. Searle who pointed out that J. C. Stewart
in his thesis (1956) had developed the idea of homology invariant at-

mospheres, In short, Stewart assumes an opacity law of the form

-11/2

K= K(Po, To)o pt (valid for the Planck mean of hydrogen) where

t = T/TO and p = pe/PO; TO is the boundary temperature and Po is
free at present, Further he assumes pg = Pg(Po, To)p and writes

p(P,T)=C.P_ and K(P,T):CPT4/Z. Finally assumin
g o’ "o 1o o' "o oo g

2
t4 = (T/TQ)4 = [ 7+2/3)1/(2/3), the hydrostatic equilibrium equation

-11/2 19/2 _ o2

may be written as t3dt = K pt dp which integrates to t +

constant where PO has now been chosen to cancel out all multiplicative

factors in the equation, Applying the boundary condition that t =1 when

p = 0 we finally have p2+1 = tl9/2° All of the constants are now knowns

C, = 2[X + (Y/8)(1+y)] /[X + % y¥], C, =175 x10°(x + ¥y),

1 2 _ 16 g
Q=X+% Y1 +y), y= Hell/total He, and P7 = =
8 ! : o) 57 7. 61 9%)172(.)

where X and Y are the mass fractions of H and He,
defined as usual, Thus choosing a composition, 60, and g we may
find Po’ and then the run of P, Vs, T by a simple formula, It should

be noted that the asymptotic result pe t19/4

was first given by
Chandrasekhar (1931). To find if such a simple result might follow
from the present computations we plotted log P, V8. log T and found

that on the range 0,25 =6_ = 0.4 all the curves are of the same shape
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and differ by only a zero point shift in each coordinate. The exact
shape of the curve differed from Stewart's prediction (scc figurc 26)
but has precisely the same asymptotic behavior at depth, This strongly
suggested the possibility of reducing all the models on this temperature
range to a single dimensionless relationship if we could find the scaling
rule, As independent variable we also chose t = T/TO; to scale P

we must choose a fairly well-defined value, We have chosen a value,
p:, in analogy with Stewart's PO; that is, we take p: such that when
tlg/2 =z 2, pe/p: =z 1, Thus log p: is simply the value of log p, at
log T = log T +(2/19)log 2 = log T_ + 0,0317, We then derived the
mean relationship of log (pe/p:) vs. log (T/TO) given in table 3 by
simply plotting all the curves shifted by the log pZ determined above
on the same graph and drawing a smooth curve through all the points,
The average scatter is less than * 0,02 in log pe/p: s so that on this
range of effective temperatures, use of the results in table 3 gives a
model atmosphere to within about * 5% in p, once the suitable p:
has been found, The final step is to derive a formula for p:; we
expect the functional relationship to be similar to that given by Stewart
for log P_ so that we write log p: =aloggtblog T +c - —12— log Q.
From the Se = 0,5 models at log g = 4 and 4,44 (even though these
curves do not have precisely the correct shape) and by comparison of
log p, forthe 0_ = 0,25, log g = 3,8 model with that expected from
smooth extrapolation of the log g = 4 results, we verified that p:
does scale as gl/z' so that the constant a in our equation is 1/2..
Over most of the relevant range, we find the slope of log p: vs, log T

is 2,12 as compared with 2, 75 given by Stewart. Finally, since we have



-82-

Table 3

DIMENSIONLESS TEMPERATURE - PRESSURE RELATION

log(T/T_)  log(p_ /p_) log (T/T,) log (p_/p.)

0,00 -1, 10 0.25 1,35
0,01 -0, 40 0. 26 1, 40
0,02 -0,18 0,27 1,45
0,03 -0, 03 0, 28 1, 50
0,04 0,10 0, 29 1,55
0,05 "0:20 0. 30 1,59
0.06 0, 28 0,31 1, 64
0,07 0,35 0,32 1, 69
0.08 0. 42 0,33 1,73
0,09 0. 49 0,34 1,77
0,10 0. 56 0.35 1,82
0,11 0, 62 0,36 1,86
0.12 0. 68 0.37 1. 90
0,13 0. 74 0,38 1,93
0,14 0. 80 0.39 1.97
0,15 0. 85 0, 40 2. 01
0,16 0. 91 0,41 2,06
0.17 0. 96 0.42 2,11
0.18 1,01 0,43 2,15
0,19 1,06 0,44 2, 20
0. 20 1,11
0,21 1,17
0, 22 1,22
0. 23 1,27

0.24 1.31
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used NHe"/NH = 0,15, Y = 0.375, and taking y = 0 (the correct value
near T*) we have Q = 0,672, Thus we evaluated the constant ¢ and

finally obtain
* 1 1
log p, =5 log gt 2.12log T - 5 log Q - 8,577 (3.1)

The use of this equation and table 5 gives us a very quick and reasonable
accurate estimate of the run of the electron pressure against tem-
perature for the region of validity of the fits. This result should be

of value in two contexts: 1, finding stai‘ting values for stellar interiors
computations, and 2. interpolation among models obtained by actual
integration,

The shape described by table 3 is no longer valid for models at
lower temperatures as shown by figure 27 for the Ge = 0, 565 model,
The differences in shape may be attributed to a possible change in the
opacity law as other opacity sources become important, and, more
likely, to that fact that these models are unstable against convection
so that the radiative gradient forced through them is very badly dis-
torted from the gradient that would exist if convecﬁon were allowed
in the computations, This is verified in part since the gravity sequence
of models at Be = 0,5 show the most distorted shapes in the
log P~ log T plane for the high gravities, while at the lower gravities,
where the effects of convection become less important, the models look
more like the standard curve; indeed, the model with Ge = 0,5 and
log g =1 fits Stewart's original curve almost exactly, This might be
attributed to the fact that the general level of ionization is much higher

in the low gravity stars so that they tend to simulate stars of higher
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temperature at higher gravities, At higher temperatures the picture
is more confused, as might be expected from the large variations
present in the T(T) relation., The Be = 0,21 and Ge = 0,18 models
show a much too shallow slope near the very surface, whereas the
Be= 0.157 model goes the other direction and shows an extremely
steep slope at the surface; this latter model is almost unique in

that the temperature scale is very compressed relative to the pressure
scale, At still higher temperatures the curves have qualitatively
similar shapes but do not agree closely among themselves or with the
standard relation, Therefore it seemed pointless to propose a.
multiplicity of approximate fits, but instead be satisfied that we found
any connection among models at all,

One other important result is that changing the helium abun-
~dance in the Ge =z 0,14 model and Ge = 0,18 model has little effect
upon the run of log P VSe log T, In particular, the 0,14 curveé may
be brought into good coincidence by shifting the high helium abundance
curve by 10,003 in log T for constant log P.s and the shift for the
0,18 models is around 0,005 in log T for constant log P.e Thus to
high accuracy, a change of a factor of three in the assumed helium
abundance has no effect upon the relation between température and
electron pressure, The gas pressures will of course be different, but
we could derive a sequence of models with helium abundance as the
parameter merely by using the same T - P, relation and revising
the gas pressures; then we should integrate the dp/dT equation, taking
pg as the independent variable and find the new depth distribution,

This would certainly give models accurate enough to be used; for
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example, in line computations where the helium abundance is to be
regarded as free, and would be much more economical than actually

recomputing the models for each helium abundance.

3. Stability of the models

We are concerned basically with two types of stability, namely,

stability against convection, and stability against radiation effects,

{a) Convection

In many of the models computed the radiative gradient exceeds
the adiabatic gradient in one or more places in the atmosphere, so that
the model is unstable against convection, Table 4 summarizes the data
on the convective zones encountered. If a model does not appear in the
list it was stable against convection, We give the depths at which the
radiative gradient is first larger than the adiabatic gradient, and the
depth at which it is again exceeded by the adiabatic. Also listed is the
ion currently undergoing ionization, In some cases an estimate was
made of the ratio of the flux carried by the convection to the total flux
using the Biermann mixing-length theory (see the summary by Demarque,
1960) with a ratio of the mixing length to pressure scale height of unity,
Those models in the table in which the ion is indicated by H + He
have hydrogen ionization zones which are overlapped at depth by
helium ionization zones, The results are shown in figure 28, In this
figure solid curves denote the onset of convection and dashed curves
denote the depth at which convection ceases; no emphasis should be

placed on the form of the curves for the gravity sequences having
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0.5 = Be = 0,7 since too few points are available to determine them
more than schematically, -

The depths given here are the depths at which convection occurs
assuming that convection does not occur (i, e, forcing the radiative
gradient). The logical contradiction muet be removed by considcring
models in which both processes are simultaneously allowed; this was
attempted, but ultimately we met failure because we were unable to
enforce the condition of constancy of the total flux at that time. What
is needed is é temperature correction procedure which allows for the
convective as well as the radiative terms, Such a procedure is given
in Appendix II where we have rewritten the Krook-Avrett equations to
include a convective term given by.the simple mixing length theory; we
hope to apply this technique in the near future.

Despite the contradiction just mentioned, the results given here
still indicate places where the assumption of a radiative model is invalid,
The worst region is for Ge = 0,5, Here the convection will carry a flux
several times larger than the total flux through the atmosphere if the
strict radiative gradient is enforced, The situation that occurs is il-
lustrated in figdre 29; as the hydrogen begins to ionize the opacity also
increases rapidly, leading to an enormous radiative gradient, while
at the same time the ionization lowers the adiabatic grad‘ient, The
result is a convective zone of great extent, and which transports con-
siderable energy., Almost certainly the true temperature-pressure
gradiént must lie very near the adiabatic gradient in these cases, In
this region, the effects of convection become less serious at lower

gravities because of the rapid drop in the gas density for these models,
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as is shown by the fragmentary data on the ratio of the convective flux
to total flux, In the cases where the convective flux is only a very small
fraction of the total flux even assuming a strict radiative gradient, we
may feel fairly safe that the departures of the ti‘ue temperature gradient
from the radiative gradient are quite small, and probably safely neg-
lected. This holds true particularly for the hottest models which have
zones of only limited extent and which carry essentially no flux con-
vectively, Another consequence of the occurrence of convection in the
models is that the density gradient usually becomes negative in the
convective zone; this is clear considering that when we force a radiative
gradient, T increases too rapidly with respect to P, so p must
decrease,

It would seem thaf: as a result of these computations we must
be forced to admit that probably any line strength computations done
in high gravity models on the critical range 0,5 = Ge = 0.7 will be
seriously influenced when convection is allowed., On the other hand,
if this is the case, we gain in the sense that a set of such computations

may tell us something about the convection,

(b) Radiation pressure
As pointed out some time ago by Miss Underhill (1949) there
is a minimum gravity at which the radiative pressure gradient becomes
larger than g/lc so that the net gas pressure gradient is negative; at
such points the model may be dynamically unstable and large-scale
mass motions may occur, This situation was encountered in the model

having ee = 0,6 and log g =1, on the range T(5050) = 0,5 to 0.8, This
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is a slightly higher gravity than given by Miss Underhill's approxi-

mate arguments, but is certainly of the right order., Rather surprisingly,
such a condition was not encountered for the Ge = 0,5, log g =1 model,
All of the other models constructed do not show this type of instability
(excluding the spurious occurrences due to incorrect extrapolation of

the radiative pressure gradient), Such effects have long been observed

in low gravity stars in that turbﬁlence is a well-established phenomenon

for the supergiants,

4, Continuum properties

(a) Colors

We have computed the colors of the models using a program
written by Jo B, Oke, The sensitivity functions of the filters and photo-
cell used in the computations contain arbitrary scaling factors, so that
the computed colors differ from those of the Johnson-Morgan system
(1953) by constants, These constants were evaluated by computing the
colors of black bodies and forcing a fit to the values given by Matthews
and Sandage (1963) in their table A3, It was found that a perfect fit
could not be obtained between the results computed by Oke's program
and either of the sets of data in the table cited. This may be due to
errors in integra.’cioh, differences in the sensitivity functions used, or
differences in the meéethod of taking the U magnitudes to zero extinction
(although the B-V colors showed small discrepancies as well), The
disagreements are not serious, and we will not attempt a critical
analysis of this difficulty.

The colors normalized as well as possible to the Johnson-Morgan
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system are given in table 5 and plotted in figure 30; the parameter of
the curves is log g. Also plotted in the figure is the locus of unreddened
main sequence stars, The black body curve is also shown with some
temperatures (in units of 103 degrees) marked, The colors of the
models agree qualitatively with those of the main sequence stars for

Ge = 0.6, Better agreement is not expected since the effects of line
absorption were not included in the models; these effects are most
important on the range 0 < (B-V) < 0,4 where the overlapping of the
hydrogen lines causes the characteristic "S" shape of the observed
main sequence color curve, For this reason, no direct comparison can
be made between model and star by use of these colors, It would be
dangerous to try to "unblanket" the observations to compare with the
models since the hydrogen lines remove a substantial part of the flux

in the ultraviolet and redistribute it elsewhere, The only satisfactory
approach will be to put the hydrogen lines into the model., This may

be done to first order by simply using one of the models given, com-
puting the hydrogen line opacities, overlapping the lines near the
Balmer jump and computing the emergent fluxes, These fluxes may be
used to compute new colors, and the difference between the total flux

of the unblanketed and blanketed models may be used to revise the
effective temperature downward, This procedure is only approximate
because the presence of the lines will alter the temperature distribution
and change the model. The only completely satisfactory solution is to
include the lines in the transfer probhlem at the ontset; this can be done
with existing computers, The first step indicated above would still

be useful, however, because it would give a better estimate of the flux
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Table 5

COMPUTED COLORS OF MODEL ATMOSPHERES TRANSFORMED
TO JOHN SON AND MORGAN SYSTEM

Be log g Vv U-B B-V B. C,
0.101 4 26 59 -1, 30 -0,29 -4,27
0,14 4 2. 95 -1, 24 -0, 29 -3, 21
0,14% 4 2,95 -1, 24 -0, 28 -3, 21
0,14 3.5 2. 95 -1,26 -0, 26 -3,21
0,157 1 3, 20 -1,19 -0, 28 -2.96
0,18 4 3. 54 -1,10 -0, 27 -2.71
0.18% 4 3.54 -1.09 -0, 27 -2.71
0.18 3.5 3,47 -1,13 -0, 26 -2, 64
0,21 4 3,86 -0, 99 -0,23 -2.40
0,25 3.8 4,21 -0, 86 -0,22 -1,96
0.28 4 4,42 -0, 75 -0, 20 -1,67
0.32 4 4, 66 -0, 63 -0,18 -1,32
0.36 4 4,88 -0, 52 -0,16 -1,04
0,40 4 5.08 -0, 41 -0, 14 -0.78
0. 50 4,44 5. 59 -0, 21 -0,07 -0.32
0, 504 4 5, 60 -0.19 -0,08 -0, 30
0. 50 3 5. 54 -0, 17 -0,09 -0,28
0, 50 2 5, 54 -0, 20 -0,07 -0,27
0,50 1 5, 68 -0, 42 0,06 -0,41
0. 565 4 5e 95 -0, 14 0.00 -0.14
0. 60 4,44 6. 22 -0, 21 0,10 -0, 16
0. 60 4 6, 18 -0.15 0,01 -0,12
0, 60 3 6010 0,04 0,01 -0.04
0. 60 2 6.05 0, 00 -0,03 0,01
0. 60 1 6,01 0,02 0,02 0,05
0, 70 4,44 6. 85 -0,30 0,27 -0,13
0. 70 3 6. 73 -0, 10 0,20 0,00
0.70 2 6. 66 0,02 0,14 0,07

*N(He)/N(H) = 0,05
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toward which we should attempt to iterate the model when the lines
are included,

Further, we cannot legitimately use the computed colors even
differentially up and down a gravity sequence for, as is well known,
the Stark hroadened hydraogen line profiles are sensitive to pressure,
and therefore gravity,

At the high temperature end the computed colors lie above the
main sequence curve, This may indicate that the hottest main sequence
stars observed have lower temperatures than the hottest models we
have computed, but again we are conironted with the unknown blanketing
effect of the overlapping hydrogen lines. This effect is more pronounced
in the U, so the models.essentially move down the curve they define.
Better agreement would be obtained with higher gravitics if the blanketing
is negligible, It should be noted here that accounting for the overlap of
the Lyman lines in the highest temperature models will tend to lower
the effective temperature associated with a given computed color, but

again we cannot yet reliably estimate how much,

(b) Bolometric corrections

In table 5 and in figure 31 we give the computed bolometric cor-
rection as a function of effective temperature normalized to the values
given by Popper (1959), The values given here cannot be connected
directly with observations because of the diffliculties discusse(i abuve
in making a connection between the colors and the effective temperature
scale, A slight gravity dependence of the bolometric correction is
evi&ent at the lower temperatures considered, These values will have

to be revised when models including the effects of lines are constructed
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insofar as the flux redistributed by the lines ultimately ends up in the
visual pass-band, One would expe.ct that accounting for this effect

(as well as any additional ultraviolet opacity sources), the bolometric
corrections at a given Ge will become a bit smaller, On the other
hand if the mechanism suggested by Meinel (see chapter II) is operative,
the bolometric corrections may become substantially larger,

It is interesting to note that the values of the bolometric cor-
rections increase as 5 log Te on the range 4.3 = log Te = 4, 55,
whereas the differgnce between the B, C, 's of the Ge = 0,101 and
Se = 0414 models is praportional to 7.5 log T,o This latter slope is
consistent with what would be obtained if the radiation in the visual
pass-band had finally assumed the shape of a black body distribution

since the Rayleigh-Jeans approximation will be valid and F << T,

visual

. 4 3
Then Ftotal?/F would be proportional to (o*Te)/(cTe) T,

visual
so that the B.C. would go as 7.5 log T_.

(c) Continuum jumps

The continuum jumps due to the sudden onset of absorption
beyond a series limit are quantities readily obtained theoretically and
have been s.hown to be of great utility observationally (see, for example,
Barbier and Chalonge, 1941; and Chaioﬁge and Divan, 1952). The con-
tinuum jumps at the Balmer and Paschen edges are given in figures 32
and 33; the ordinates are Am = 2,5 log I+/I_ at A3647 and N8204
respectively, and the parameter of the curves is log g. As is known
from basic conéideratioﬁs, these jumps peak at some definite temperature

%

T and-'decrease with both higher and lower temperatures, The lower
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the gravity, the lower is T*. It should be noted that here again the
details of shape of some of the curves as drawn may be incorrect be-
cause only a few points are available and they are drawn largely from
considerations of similarity and symmetry.

Changing the helium abundance in the Qe = 0,14 and 0,18 models

does not alter the Balmer or Paschen jumps perceptibly,

. (d) Behavior of gkavdv

One curious result, discovered accidentally while plotting graphs
of the various properties of the models, is that SKvJvdV as a function
of depths gives practically a unique curve for the models on the range
0.25 = Be = 0,4, which 1s precisely the range for which there is a
unique shépe to the log pe(T) relationship, as discussed above. If we
recall that since S‘ k, B, dv = S k,J,dv quite accurately for these models,
wc should have K,J,dv = ';E(¢T4 /m) where K is the Planck mcan,
Following Stewart's analysis we find that this quantity should behave
as (Const. )T;5/4p,/t3/2. The fact that the curves do not depend upon
the value of TO or Te shows that we cannot use this simple theory

to explain this result, though it is undoubtedly connected with the unique

P, (T) relation,
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Chapter IV

THE PROFILES OF THE HYDROGEN AND HELIUM LINES

Because of the complications of interstellar reddening and
line blanketing, we may not easily compare our models to observations
of the continuua of stars; furthermore, for the hottest models, the
continuum is insensitive to changes in the physical parame ters of
interest (Te’ log g, N{He/H), so we look instead to the computation
of line profiles, which are directly observable, to give us this cor-
respondence between models and stars, In Section l, we shall speak
of hydrogen lines, but it is to be understood that we mean both hydrogen
and ionized helium lines, the exception being that the effects of radiation

damping for helium are ignored completely,

1. General considerations

The final absorption profile of a hydrogen line is most impor-
tantly influenced by the following three processes:
(a) Lincar Stark cffcct causcd by colligione of ions and clectrons
with the radiating atom
(b) Doppler broadening due to thermal or mass ("turbulent")
motions
(c) Radiation damping or resonance damping,
Each of these processes may be described by some broadening function
b(AX) which for convenience we may assume is normalized to unity,
i €4 SOO b(AX)dv =1, If this b(ALN) represents the combined effects

-00
of the above three broadening mechanisms, then the line absorption
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coefficient {per atom in the proper state) corrected for stimulated

emission is

%

2
07 = I8 . pan)- (- e‘h"/kT)
mc

(4.1)

To find the net result of all the broadening mechanisms; we make the
important assumption that the processes are statistically independent,
so that the combined broadening function is merely the result of folding
the individual broadening functions in the usual way, Let the Stark

broadening function be S(AX) normalized in ordinary frequency

2
units, The doppler broadening function is simply —1 exp (-Zé%— )
™ A)‘D
where
1/2
_ M| 2kT 2
Ahp = ¢ [p.mH * VTuRB ] (4. 2)

The damping terms give us a dispersion profile with half intensgity
width y. Now assuming statistical independence of the broadening,

it does not matter in what order we perform the folding procedure, We
choose to fold together first the doppler and damping profiles; the

result is the well-known Voigt function

w2
e 7 d

H(a, v) = %S‘ (4. 3)

—o alHv-Y)?

where a = (y/4'rrA'yD) (y being in wavelength units), and v = Ay/A'yD,
This function is normalized by multiplying by 1/\/-17 « JThe Voigt

function has been studied quite carefully, and several convenient approxi-
mations for it exist (see e. g« Hunger, 1956; Harris, 1948), so that it

may be treated as a known function. (I am indebted to Dr, B. Baschek
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. for an unpublished approximation for the function H,(v). ) Performing

1
now the folding against the Stark profile we obtain:
K Vi 62 @
ﬁv(A)\.) = s(A)..+V°AXD)H(a, v) dv (4, 4)

-0

This formula was previously given by Miss Underhill (1951b),

Since 1:': must be computed so often; it is important for
economy's sake to perform the indicated integration as speedily as
possible, If the damping parameter is small, H(a,v) — e—vz, which
suggests the use of the Gauss-Hermite quadrature. To estimate
whether this is possible, we note that the damping effects are greatest
for the first members of the series since the effects of Stark broaden-
ing are smallest here, and also the damping parameters are largest
here (because of the rapidly decreasing f values for higher series

members), Table 6 gives the damping parameters for some cases of

astrophysical interest,

Table 6
a
- 6 ANy at L, Ly H, Hy
x10% A=1000A  x107% x107° x 107> x 1074
4,2 0.12 0,147 1.9 8.2 1.2 7.7
3.2 0,16 0,127 1,7 6. 2 1.2 7.6
1.8 0,28 0,096 1.8 4,7 1.2 8. 2

1,0 0,50 0,072 2.2 4,8 1.5 9.7
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It is clear that the damping terms are indeed small; we have not
forsaken them entirely, however, since Miss Underhill has argued
convincingly (1951b) that they are still important for the Lyman lines,
and also Cayrel and Traving (1960) have shown that resonance damping
(see e, g, Breen, 1961) is important for H, at cooler temperatures.,
Thus to retain generality we have chosen to allow the possibility of
damping, It should be noted in passing that we should always perform
the folding in equation 4,4 rather than just add the additional damping
terms to, say, the electron damping in the Stark profile, since other-
wise improper normalizalion may result, DBecause of the smallness
of a, we see that we may indeed use the Gauss-Hermite formula:

o 2 y
S' e * flx)dx = Z Wif(xi)

-0 ,
1=l

where the points X, and weights w, are tabulated by Kopal (1955).
Thus we write:
2 W 2 ' 2
% -
L, (A\) = \—[rl;l%—i S‘ [ev H{a, v) s(AXtve AXD)] eV Av

-0
2

‘/' 2 N v
f )
= gf:: z w.e ' H(a, vi)s(Ak’l'ViAXD) (4.5)

i=1

2

v,
~ . . i . .
For convenience we may include the e factor in the weights, so

that writing

2
V.

1
w = w.e (4. 6)

we have finally:
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15 an = ‘['"esz w.H(a, v.)s(AN+v, AN ) (4. 7)
v mec L/, @@y Vi®ADp .

=

-
p—t

This expression has the advantages of high accuracy resulting from the
use of an integration formula which is exact for polynomials of high
order as well as the fact that the functions appearing in the kernel are
easily accessible to numerical computation. The formula employed
has N = 19, so that relatively few computations are necessary, As
mentioned previously the damping terms are neglected for He II,

so that we have taken simply

Ve
(9]

m

1’;(A7~.) =

N
fE w,s(AX + v, AN ) (4. 8)

i=1

which is the folding of the Stark profile with the dbppler profile,

2, The radiation damping constants

It is worthwhile to describe here the details of computation of
the damping constants. Radiation depopulations of level n may occur
by downward spontaneous and induced emissions or upward absorptions
" to another discrete level or to the continuum, Let us write the result
of all bound-bound transitions as (I" ) and the results of ab-

n’bound
sorptions to the continuum as (rn)free' Consideration of the bound-

bound transitions gives (see Aller, 1953, p. 129)

-hv__,/kT;
n'bound - mec f n'n 2
; n A
n'<n
£ w b o/kT -1
+Z —_2 (e "1) (40 9)
A
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2
For hydrogen, g = 2k”, and the f values of the transitions may be
computed from the formulae of Menzel and Pckcris (1935), If we

hV/kT) as the continuum absorption coefficient from

write an(v)(l-e
level n, corrected for stimulated emission, then the number of de-

populations of level n into the continuum is

® a (Ma-e/ET)
(rn)free N S;, hv Ty dv (4.10)
o
This may be estimated by writing a(v) = -3 g(v) and setting J,= B,
v
(i,e. assuming T, E,), so that we find
2c®
(Fn)free = —C_ gEl(uo) (4.11)

where u_ = hv=kT, and E; is the first exponential integral function,
For hydrogen c* = (2,815 x 1029)/n5 so that

8
6,26 x10° =
(Fn)free - —-—r_l-g—— gEl(uo) (4.12).

The total damping widths of a line from level n to level m is
T = +T (4.13)

(see e, g« Wooley and Stibbs, 1953),

The actual computations were carried out for n = 1,2,350003 70
In the computation of each I"n, 60 levels were considered for the
bound-bound transitions, The f Vvalues were obtained using the rigorous
formula of Menzel and Pekeris, In the case of the bound-free transi-

tions we set g =1 - 0.1728 _ 0.0496 , which is the value at the series
,H2/3 YE
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limit and thus slightly unde restimates ‘g which has been given more
accurately by Baker and Menzel (1938)., But in view of the generally
small size of the damping terms, it is clear that no serious error is
committed in this approximation, Tables of A)\R (defined such that
a= ANg/ANy, Ahg in Rjice. Ahp = 1080 2T /anc where T is the

full intensity half-width) are given in appendix III for Lyman, Balmer,

and Paschen lines up to n = 7, A table of Fra (the full inten-

upper d

gity half-width in frequency units) is also given for n=1,2,..., 7.

3. Stark broadening

The determination of the profiles of hydrogen lines broadened
by Stark effect interactions during collisions with ions and electrons
is a formidable theoretical problem. In the past the accuracy of the
results was severely restricted by various simplifying assumptions,
in particular the neglect of electron impacts (Odgers, 1952). For-
tunatcly for astronomers, this problem has recently been the subject
of intensive investigation by several physicists (Griem and others,
1959, 1960, 1961, 1962; Kolb and Griem, 1958), They have shown that
while the assumptions made in the past (adiabaticity and statistical
broadening) are valid for the relatively slowly moving ions, they break
down for the fast-moving electrons, For the electrons, the assumption
of adiabaticity must be removed, and the time-dependent quantum
mechanical problem must be solved, This is done in the impact ap-
proximation, and results in a dispersion profile for the electrons which

is combined with the Holtzmark profile for the ions. So far the new
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results have been used in the computation of line profiles in the sun
(Traving and Cayrel, 1960), F stars (Searle and Oke, 1962) and a limited
range of B stars (Aller and Jugaku, 1959), These computations have
shown good agreement between the profiles predicted by model at-
mospheres and those observed, Further, the laboratory investigations
of Wiese, Paquette, and Solarski (1963) have shown excellent agree-
ment with the Griem theory., We therefore may use the theory with
great confidence,

The present results extend the previous ones to the very high
temperature stars using the model atmospheres listed in appendix I,
and give profiles of the ionized helium lines as well, We will now
summarize the details of the computations,

The Stark broadened profile is given as S(a) where a = AK/FO,
AN being the distance in A from the zero field position of the line
and FO =1.25 x 10_9(Ne)a/3 is the normal field strength in e, s, u,

The usual normalization is S‘ OOS(o.) da = 1. To normalize in ordinary
frequency units as required ir;oeoquation 4,4, we take

10832

S(AXN) = S(a) « ( =T
o

) (4.14)

Detailed tables for the cores of the lines have been given (Griem, Kolb,

and Shen 1962a and 1962b) for Lo.’ L Ha’ H,, H, and H,, We have

B? B’ ,‘{’ 6
used these tables to interpolate values of S(a) for the core of the
‘line when the tempe rature and density fell within the table, When the

tables do not apply for the temperature and density under consideration,

the approximate theory given by Griem (1960) is used to fill in the line
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core., Similarly the detailed tables are used for He II A 4686 and
A3203 when they are applicable, and the approximate theory is used
elsewhere,

The wings of the lines may be computed using the asymptotic
formulae given by Griem, Kolb, and Shen (1959). They write the ab-

sorption coefficient as
alAN) = a. (AN [L + R(N_, T)AN/2] (4.15)
ION e’ *

where in the wings, the ion broadening on the a scale is simply

S(a) = C/as/z, The constants C have been given for the 6 hydrogen
lines and 2 ionized helium lines meﬁtioned above, The function

R(Ne, T) expresses the ratio of the electron broadening to ion broaden-
ing and the multiplicative factor Axl/z gives a net A):z dependence,
which is c;haracteristic of a dispersion profile, This function has been
tabulated for the 8 lines mentioned, Considerable simplification in

the computations resulted from avoiding the problem of interpolating
in these tables by following the suggestion of J, B, Oke that the
behavior of R(Ne’ T} can be reproduced to within ~ 1% by using

Griem's approximate formula

372 6 g 24 .2

4,62 4x10°2T be+a

RN T) = =172 [1°g10("b“—7—2N1.2 )- 0'125J ANV
(4.16)

scaled by some constant factor. a and b are respectively the
principal quantum numbers of lower and upper levels of the transition,

The need for such a factor is apparently due to the approximations
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made for the values of the transition matrix elements entering the exact
formula. Thus setting A = (exact result from tables of r(Ne, ™ )/(ap-
proximate value of R obtained from equation 4,16) we obtain the

results listed in table 7.

Table 7
Line A
L 1,81
a
L 1,65
B
H 1.48
a
H 1.13
B
H 1,06
Y
HG 0,97
He II A4686 0,816
He II X 3203 0, 599

With these values of A we may reproduce the value of R with good
accuracy, and we have a simple analytical expression that completely
accounts for the variation with temperature and electron density,

In a later paper Griem (1962a) showed that the expression given
above for the wing had to be modified to allow for strong collisions,
and we have used his modified theory in the present compulalions,

Since detailed tables have not been given for higher series mem-
bers, and for other cases of astrophysical interest, é. g. the Paschen
and P.ickering lines, we use the approximate theory for these lines,

including the modifications given in the later paper. A comparison
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by Griem of his approximate formulae with the exact results for the

first few Balmer lines shows the errors made are sufficiently small
that the approximate theory may be used with good confidence for the
higher series members,

It should be noted here that we assume that the perturbers are
singly ionized only. The effects of doubly charged pefturbers has been
discussed by Griem (1961) who points out that in the quasi-static approxi-_
mation the broadening scales as ZN;‘/3 compared with (ZNZ)Z/3
which, for a given electron density, is the mean field strength of an
equivalent number of singly charged ions. This if all of the ions are
doubly charged, the error is a factor of 21/3, or 10%-15% (the order of
accuracy of the theory itself}. If we assume N(He)/N(H) = 0,15, and
assume both H and He are completely ionized,; the effect of doubly
charged particles is only about 6%, Further, allowing for the fact that
breadening by electrons is as important as the ion broadening, the effect

drops to about 3%, Therefore no serious error is made here.

4, The transfer problem

The atomic absorption coefficient obtained above is converted .
to a mass absorption coefficient (per gram of stellar material) by
multiplying by F*/pmH where F' is the number of neutral H atoms
in the proper excitations state., Thus if fl is the fraction of all H
~atoms that are neutral,

] 2 = (X /KT 1/n%)
F¥ = £ -%T[,)e ION (4.17)
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whe re BO(T) is the partition function of neutral H., Now writing

%%
JZVF

1 v = (4.18)
MMy

we find the total monochromatic optical depth at a distance AN from

the centcr of the line is

tV::

dTSTD {4.19)

g.fr K +o + 4 (A)
v 1% 1%

0 (Kv+ Gv)STD

where K, and o, are respectively the mass absorption coefficient
and mass scattering coefficient in the continuum at the center of the

line, and (Kv+ o—v) are the corresponding quantities at the standard

STD
‘wavelength used in the construction of the model, lv here is the total
line absorption coefficient; thus the problem of overlapping lines is
treated by computing the absorption coefficient for each and summing
all contributions, The emergent flux is then given by
oo

Fv(Ax) = ZS.O S(tv)EZ(tv) dtv (4. 20)

this integration being performed as described in Chapter III. The source

function has been takes as Jv = Bv in most cases, In a few cases we

have taken SV(AX) = (l-fV)Bv + erv where now

o
1%

Py = Kv+ 0’v+ ﬂvCAXY (4. 21)

We again solve for the source function by the methods indicated in
Chapter II, For the sake vf economy we found it useful to take as the
first estimate of the source function at a given AN, that found at the

preceeding A\, We start from the point farthest in the line wing using
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the continuum source function {(found by solving the Milne-Eddington

cquation) and proceed towards the core of the line, Now since

pv(Jv-Bv) = (Sv— Bv) we estimate Jv at point i in terms of the
. . ) 1 ' .
source function at point i-1 as: Jv,i = - 1(SV--BV)i_1+ B . With
,i-
we estimate (S -B )., If |S
v v

this estimate of J
V, 1

v, i_su, i-1 I/Sv, i-1
is everywhere <5 x 10-3, we do not solve the Milne equation but
merely use the estimated value of Sv,i in equation 4,20. For larger
changes we again solve the Milne equation, At each point the newly
computed flux is compared with the value obtained using Sv = Bv;
whenever the difference is less than 1/2%, the black body solution is
assumed to be valid throughout the remainder of the core of the line,
If more than one line is present, we skip an equal distance beyond the
core of the line we are currently approaching and test again; successive
skips are made until we again reach a place where the Milne equation
must be solved, Naturally it is found that important changes in the
emergent flux occur only in the line wings; however, since the con-
tinuum flux also changes, the residual intensities R(A)\) =FV(AX)/Fcont.
change throughout the line,

To obtain the equivalent width of the line we have performed the
inte gration ‘(OO (l—Rv) d\ using a three point Lagrangian integration

“ -00
formula for unequally spaced points,

5. Results for the hydrogen lines

The results given here assume the source function is simply

the black body function and that in equation 4,2, v = 0, Detailed

turb
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profiles for HB and HY are tabulated in appendix V, For models with
Ge = 0,157, the blending with the overlapping Pickering series line is
accounted for by direct addition of the absorption coefficients of each
line, The vacuum wavelengths of the lines were determined from the
ionization terms values given in Miss Moore's tables (1948).

One rather remarkable result of the computations is that the
equivalent widths of Hﬁ and H'Y are very nearly the same over the
entire temperature and gravity range considered although the detailed
profiles are, of course, appreciably different, A graph of log W for
HY is given in figure 34, The profiles are nonetheless similar enough
that the following qualitative remarks hold for both lines,

At Ge = 0,7, the gravity sensitivity of the line profile is small,
Near the core (&N <10 ;&), the profile becomes broader with decreasing
log g« This may be understood in terms of the increased degree of
jonization which occurs for the low g models at these low temperatures;
this increases the number of perturbing electrons available and gives a
broader profile, In the wings, the situation changes in that the residual
intensity is successively larger for the log g = 3, 4.44, and 2 models.
The total equivalent widths reflect these features; the log g = 3 model
has the greatest equivalent widths, followed by log g = 4,44 and
log g = 2 successively, The total variation in equivalent width is only 10%.

At Oe = 0, 6, we obtain already a monotone gravity dependence
except near the very core (AN < 5A), The profiles for the log g = 4
and 4,44 modcls have virtually no gravity sensitivity, and they differ
by about only 1 or 2 per cent, The log g =3 profile falls onto the

higher gravity profiles to within1l or 2 per cent for A\ <10 A (except
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at the center of the line), and at larger A\'s departs appreciably from
these profiles. The log g =2 and log g =1 profiles stand quite dis-
tinct from the others,

At Ge = 0,5, the profiles are all distinct as a function of gravity,
The broadest profile obtained in the present computations is the
Be = 0.5, log g = 4,44 case which still shows a depression of 5% into
the continuum at A\ = 50 A,

For a given gravity, as is well known, the lines first increase
in strength with increasing temperature, attain a maximum intensity,
and then decrease in strength monotonically, The maximum equivalent
widths appear to be reached at ee = 0,54, 0,56, and 0. 60 for log g = 4, 3,
anci 2 respectively.

The effects of the Pickering series lines is shown in figure 35;
here it is seen that the helium lines add appreciably to the equivalent
widths only for BeS 0.16. The cross in figure 35 is the equivalent
width of IIY (including Pickering line) for the model with N(He)/N(H) =
0,05, The equivalent widths derived for H_ and H‘Y ignoring the

B

Pickering lines are given in table 8.

Table 8
Ge log g W(Hﬁ) log W W(HY) log W
0.101 4 0,99 -0,003
0.14 4 2,02 0,304 2,01 0,303
0,14* 4 1.98 0.296
0,14 3.5 0.98 -0,011 0.94 -0.025
0.157 4 3,05 G, 484 3.08 0,488

*N(Ne) /N(H) = 0. 05; otherwise N(He)/N(H) = 0,15,
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It is important to note that at Ge = 0,14, changing the helium to hydro-
gen ratio by a‘factor of 3 produces only a quite unimportant change in
equivalent widths of the line, as might be expected from the similarity
of the log T - log P, relation as discussed in Chapter III, At ee= 0,18,
the change is again small; and in the opposite direction, Thus over this
range the helium abundance gives rise to important changes in the ob-
served equivalent widths of the hydrogen lines only because of the
contribution of the Pickering series line to the blend., It should also be
noted that at these temperatures the hydrogen lines are still sensitive
to changes in the gravity,

To determine the true importance of the radiative damping terms
discussed in section 2 we computed the cases where they were likely
to have the largest effects, namely the ee = 0,101 and the E)e = Ue 5,
log g =1 models, both allowing for radiative damping and not. It was
found that there was no detectable change in the Ge = 0.101 case;, while
the F)e = 0,5 profiles were altered' noticeably only in the steépest part

of the profile, corresponding to a trivial increase in the half-widths of

the core of the line, Therefore radiation damping can safely be neg-

lected in all cases for the Balmer lines (as was done in these compu-

tatibns; the profiles tabulated for the Ge = 0.5, log g =1 model do,
however, include the damping). The damping parameters tabulated in
appendix IIT thus have no relevance to this work, but it is hoped they
“may be of value in other concepts,

Since the ultimate goal of this study is to comparc theory with
observation, w.e really need a fine network of models at various tem-

peratures and gravities; such a network has not yet been constructed
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at all the points desired, but will be done at the first opportunity, We
therefore rcsorted to attempting to fit our results with a simple inter-
polating formula, and will use this formula below to fit the ocbservations;
this procedure may yet lack accuracy because insufficient data is at
hand to devise an acceptable relation, but at present we have no alter-
native, and furthermore we may use the results of such a procedure
to make a better guess for the atmospheric parameters to make a
model for a specific star. We expect the strength of Hy, say, to be
the sum of a contribution from H and from He (due to the overlapping
Pickering line), so we write W(HY) = Wl(H) + Wz(He). For a given
gravity we expect W1 and WZ to be functions of Ge; elementary
theory indicates that roughly W is proportional to gl/3, 50 we write
wi(H) = f(Ge)gp(ee), where the exponent of the gravity is assumecd to be
a function of Ge (this was found to be necessary). Similarly we write
W,(He) = (Y)9(g) h(6,), where Y = N(He)/N(H).

Now from the results at Ge = 0,14, log g = 4, we find W(H) = 2,17
for Y = 0,15, W(H'Y) =2,04 for Y =0,05, and W(H'Y) =1,98 for
Y = 0. Thus we find that the increase of the strength of the He com-
ponent of H’Y is linear in Y, so we take h(0,14) = 0,18, {£(0.14) =1.98,
and q=1, At Ge = 0,14, log g = 3.5 we have W(Hy) =1,22 for
Y = 0,15, and we adopt W(H'Y) = 0,91 for Y =0, sou that Wz(he) = 0, 31,
In this way we find that the relative importance of the He component
increases by a factor of 1l.72 = V3 so we have nearly a g-l/z depen-
dence.. Thue for lack of better information we adopt WZ(I—Ie) =
h(Ge)(Y/O.15)(g/104)_1/2. Similarly, by using the computed results at

Ge = 0,14, 9, = 0,18, and interpolating graphically at Be = 0,25 we find
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0,676 0,384 0, 238
» 8 s g

that Wl(H) is proportional to g and respéctively.

The temperature dependence of the exponent was found, by trial and

error, to be fitted well by p(ee) =1,18 x 10-2(Te/104)3 +0.126, Finally,

we wrote simply f(Be) =1,98 + 63, 5(9é-0.14) for Be = 0,157, and

f(@c) = 3,06 + 50, 5(90- 0.157) for GC = 0,157, and similarly h(ee) =

1, 51 - 9.498. In this way we were led to adopt the interpolating formula:
1. 98 + 63,5(6_-0,14)

[1.18x10"%(T_/10%)3+0.126]
W(Hy) = ( £ ) ©

10%
3. 06 + 50, 5(8_-0,157)
41/2
Y 107,77
4 (0—;-1-5)(10 51 - 9.406)(—g—-) (4¢ 22)

with the understanding that if the second term goes negative it is set

to zero. This formula should have decent accuracy at least on the

range 3.5 =1logg=4,5 and_ 0,14 = ee = 0,18, although it will be

important to check it carefully when further computations are available.
We may expect to use the strength of HY as an indicator pri-

marily of the temperature and gravity. It will be important also to com-

pare the theoretical profiles with the observed profiles since the equiva-

lent width measured depends where the continuum is placed, although

this can be done relatively unambiguously for the O stars., Further,

if turbulent motions are present, and indications are that they are

indeed present {Slettebak 1956), the equivalent width alone will lead to

an incorrect value of the tempe rature and gravity, Since this study

does not introduce new data on the profiles of the lines, a detailed

comparison with other observers' data will be deferred until later,
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6. Results for the ionized helium lines

The computed profile for the Pickering series lines A4200,

A 4542, and A5412 as well as for W4686 are given in appendix V,

and their behavior is plotted in figure 36; we should emphasize that
only a few points are actually available, so that the curves in figure 36
are only reasonable estimates of the detailed behavior of the line
strengths., A model at Ge = 0,12 is badly needed to define clearly the
maximum intensities of the lines., The earlier apparent discrepancy
found by Miss Underhill (1951) that the helium lines were less intense
in her "O5" model than in her "0Y, 5" model appears merely to be the
result of the true maximum intensity of the lines occurring near

Oe = 0,125 (Te = 40, OOOOK) (see also Traving, 1955); the indicators that
allow us to distinguish clearly between the two sides of the maximum
are the hydrogen and neutral helium lines, both of which are monotone
decreasing on this range.

The resulting line profiles are very extended and shallow,
emphasizing the observational difficulty of obtaining accurate measures
of their intensities, Of the four lines computed, only A 4686 saturates
heavily in the core, so the computed strengths should not be very sensi-
tive to the boundary temperature of the model, which of course is the
region of greatest uncertainty of the model. It is seen that A 4686
decreases in intensity at the highest temperatures more rapidly than

.the Pickering lines, This may mean that as the Boltzmann factor
(which usually favors the n =3 lower level of A4686) approaches
unity at even higher temperatures, the greater statistical weight and

sensitivity to Stark broadening of the lower level (n =4) of the
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Pickering series becomes dominant in determining the relative inten-
sities of the lines,

As in the case of the hydrogen lines, we fitted analytical
interpolation formulae to the computed points; the formulae are less
elaborate than the hydrogen line formula because of the smaller number
of data points available to make the fit; and may be correspondingly less
reliable, They should be most reliable near Ge = 0,14, But again this

is the best we can do at present; thus we write:

W(A4200) = £(8_)(¥/0.15)°* 0% (g /10%)0+ 064 (4, 23)
W(A4542) = fz(eé)(y/o.u‘s)‘o" 204, no%0.174 (4, 24)
W(r5412) = £,(0_)(Y/0.15)" #10(g/10%)0+ 198 (4. 25)
W(A4686) = £,(6_)(Y/0.15)% > 73(g/10%)0 28 (4. 26)

It is apparent that the ionized helium lines are relatively insensitive

to gravity changes, but their strong temperature sensitivity makes them
ideal for temperatu_re determinations, The value of f(GC) is obtained
either graphically or by interpolating in tables derived from the smooth
curves shown in figure 36, The formulae derived here will be used to
fit the observations below;,; and we wish to stress now that conclusions
based upon them ’may need revision when more models become available,
Probably at best we can only make a good estimate of the paramctcrs

for which we should construct the next model in ordér to fit the obser-
vations, and continue this process until either we obtain a good fit or

conclusively fail,
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7. The neutral helium lines

The neutral helium lines are broadened primarily by the quad-
ratic Stark effect, The theoretical treatment of the problem has
recently been completely revised by Griem, Baranger, Kolb, and Oertel
{1962) to include the effects of non-adiabatic impacts with electrons;
this theory has been shown to be in excellent agreement with labora-
tory measures, We have computed the profiles and equivalent widths
of four neutral helium lines, X4121, X 4438, X 4713, and A 5876; the
results are listed in appendix V. The { values for A5876 and A\4713
were taken from Trefftz, et al, (1957) and for A4121 and X\ 4438 from
Jugaku (1959),

The first three of these lines are members of the sharp singlet
and triplet series, which are not as well observed in stellar spectra
as are the diffuse series lines, However, since no theory exists for
most of the diffuse series lines, we were able to use only A 5876,

The computations show the lines are formed in the very outermost
layers of the atmosphere for the O stars, and (except A 4438) are
saturated so that their strengths depend strongly upon the boundary
temperature of the models Indeed, as will be shown below, our com-
puted intensities are all too small for the O stars, although they may
be correct and useful for lower temperature stars where the lines are
formed deeper in the atmosphere, The discrepancy between observed
and computed intensities is most probably due to too high a boundary
temperature for our models; Traving (1956) showed that taking the

Liyman lines into account in his model of 10 Lac lowered the boundary
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temperature from about 27, 000°K to 18, OOOOK. This will affect the
computed equivalent widths of the neutral He lines since the residual
intensities in the core of the lines (which contribute most to the equiva-
lent widths) are given by the boundary BV(T), which has essentially the
Rayleigh-Jeans value and therefore proportional to the temperature,
Thus the residual intensity may decrease by a factor of 2/3 which,

in the case of A5876 for ee = 0,14 roughly doubles the equivalent
width of the line, As may be seen below, the discrepancy with obser-
vation is a factor of this order for A 5876 for 10 Lac. Thus we have
another indication that at least the outer layers of our models will

need revision; but to include the hydrogen lines is still a big job, and

will take some time yet,
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Chapter V

COMPARISON OF THEORY WITH OBSERVATION

1l Observational technique

Observations were made using the coude’scanner of the 100 inch
telescope, This instrument is a slit instrument capable of high reso-
lution; it has becen described briefly by Oke and Greenstein (1961). The
instrument makes use of the standard spectrograph collimator
(f.1. =192") and the conde 114" camera with the plateholder removed.
Normally it is used with grating 46B which yields a dispersion of
2.8 x?&/mm in the second order., The scanner makes use of two 1P21
photomultipliers, one of which (unrefrigerated) monitors two bands
50 A on either side of the region scanned, and the second (refrigerated
with dry ice) scans the intensity in a 55 A band by means of a prism
moved in the focal plane of the camera in the direction of the disper-
sion, The wavelength region to be studied is selected by rotating the
grating using a pre-calibrated scale; fine scanning can be done at
several rates by changing the gear train from a driving motor to the
cam which moves the prism, The signal from each tube is fed to a
preamplifier located in the spectrograph room via two short lengths
of low capacitance coaxial cable, and thence to two General Radio Corp.
amplifiers. Coarse gain changes (decade steps) are made at the pre-
amplifier; fine gain changes in the scan signal are made using 1/2
.magnitude steps in an auxiliary resistor network connected to the G. R,
amplifier, and in the monitor signal using a continuously variable

helipot, The output uf the monitor amplifier is input to a Moseley
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voltmeter as a reference signal; the output from the scan amplifier

is input to the Moseley as the signal to be measured, The output of
the Moseley is the ratio of the scan signal to the monitor signal, and
is fed directly to a moving-chart recorder, Thus in principle the
‘instrument removes the effects of extinction (which is constant over
fhe wavelength region covered) and seeing and guiding errors, which
cause large fluctuations in the total intensity of the light entering the
slit, In practice, the compensation is not quite perfect, so that ap-
preciably noisier scans result when seeing is poor, Apparently one
reason for this imperfect compensation is the variation in sensilivily
across the face of the phototubes, which do not match exactly, Another
troublesome effect which occurs when observations are made at large
zenith distances is that atmospheric dispersion of the image gives it

a "hot" and "cold" side, so that the slope between the two monitor
points depends upon the position of the image upon the slit, and guiding
errors or seeing tremor cause this slope to fluctuate, intrqducing
another source of noise into the tracing, Still another d_ifficulty is that
since we do not integrate as one could with a photographic plate,

we must widen the slit to work on faint objects, with a consequent loss
of resolution, In the present observations the stars studied were
mostly of the 6th magnitude, and it was necessary to use an entrance-
exit slit combination of 800-500 microns, although in some observa-
tions of 10 Liac the slits were narrowed to 500-300 microns, The former
slit width implies,then,an infinitely narrow line from a source, filling
the entrance slit,would be observed to have a triangular profile whose

base is 2.8 A, This relatively low resolution made it impossible to
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observe accurate line profiles, and as a result we give here only equiva-
lent widths, which of course are completely unaffected by the wide slit
since the instrumental intensity response is linear., Further, the
problem of blends is worsened, so with this slit width one should ob-
serve only stars of early type where most of the lines are well
separated,

One of the strongest arguments for the scanner is that we now
have an instrument whose response is absolutely linear, and requires
no linearity calibration with all of its associated uncertainties, This
freedom from all of the intermediate steps required by the usual photo-
graphic processes promises a much higher systematic accuracy and
far outweighs the difficulties mentioned above,

The usual observing procedure was to scan through the wave-
length region towards increasing A followed immediately by a scan
in the reverse direction; this procedure was often repeated; giving
two or more pairs of observations, although in some cases only 3 or 2
scans were obtained, At wavelengths longer than 4650 A a Wratten 2A
filter was inserted in the beam to eliminate the overlapping third-
order ultraviolct, |

We attempted to survey the entire observable spectrum,; and as
a guide used the list of lines in 10 Lac published by Traving (1956);
this unfortunately led this inexperienced observer to overlook the
neutral helium lines at A 5015 and A 5047, which are readily acces-
sible to our equipment, To allow the survey, the scan rate most often

used in these observations was to move the prism 5 mm/rnin {(with an
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effective dispersion of about 2,3 A/rnrn), although a limited number of
scans were made at 3 mm/min and 1, 6 mm/min, In my opinion the
1.6 mm/min scans are so superior to the scans at higher rates for
these fairly faint {at the conde) stars, that the slower scans of fewer
spectrum features are strongly recommended,

The observations were reduced by superposing pairs of scans
and drawing in a visual average of the tracings. The continuum was
drawn in as a straight line; if the continuum sloped (as it would when
the tube sensitivity changed through the region considered), it was
rectified to full scale by using a uniformly expanding ruler; this pro-
cedure proved to be both accurate and quictks The equivaleni widihs
was then determined by direct planimetry., The exact dispersion of
the instrument was calibrated directly by scanning an iron arc spectrum,

and was found to be given accurately by the relation: Effective dis-

persion = 2, 2815 + 2, 75 x 10”2 (4000-\) & /mm where \ is in A,

2. Observational results

The program stars were selected from the lists of early type
stars given by Slettebak (1949, 1956) on the basis of having the lowest
observed rotational velocities; stars with known emission features were
also avoided, The stars whose observations will be discussed here are

listed in table 9,
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Table 9
Star Spectrum m ' rotSin i, reference

HD34078 09ssk 5.4=<m_ = 6,1 0 km/sec (1)
HD34656 07 6. 79 90 kim/sec (1)
HD47839 07n 4, 65 90 kmy'sec (1)
HD55879 09s 5. 99 0 km/sec (1)
HD57682 09V 6. 44 20 km/sec (1)
HD214680 09 V 4, 88 0 km/sec (1), 25 (lzr)n/sec

(1) Slettebak, 1949, 1956

(2) Abt and Hunter, 1962

In addition we will refer to the results for T Sco published by Traving
(1955) and Jugaku (1959). At this point I would like to acknowledge
that some scans of L4686 in 10 Lac and HD34078 were kindly obtained
{for me by Drs, L. Searle and I. B. Oke.

The measured equivalent widths are given in tebles 10 and 11,
and plots of the hydrogen line strengths are shown in figure 37, and of
the ionized helium lines in figure 38. A blank in one of the tables does
not necessarily mean that the line is not present in the spectrum, but
merely that the region may not have been scanned, When possible,
an estimated standard deviation of the mean is given; if only two
scans were available, the reduction procedure treated them essentially
as one observation and no error is estimated. In many cases three
scans, say A, B, and C, were combined in pairs AB and BC and

were treated as two observations, Obviously this gives double weight .
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Table 10

SUMMARY OF 100" PHOTOELECTRIC
OBSERVATIONS OF 10 Lac (HD214680)

Wtor n A
4121
.90+,02 4 4119
.TL4.02 9 ;116
48+£,02 6 4102
3.31%.10 6 4097
.19 2 4089
.81+.04 5 4076
13401 4 4026
ATE02 4 4009
242,02 4 4004
154,02 4 3995
dl2+01 4 3970
J2+.02 3 3965
714,02 4 3962
134,01 4 3934
O4+01 2 3820
05401 4 3807
.15+.02 4 3806
15£.04 2 3760
A4+,01 9.5 3757
.99+.03 11.5 3754
.08 2 3727
61,02 5 Z634
.11£02 5
3.15+£.09 4
.05 1
.09 1
04 1
.09 1
.03 1
06401 2
J24£03 3
,10£01 3
AA4402 3
.06 2
A4lE01 2
11403 3
07 1
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to one scan (usually taken to be the best of the three), 0 that the error
quoted here does not have a rigorous meaning, but is basically just a
useful guide to the internal consistency, We also give the number of
individual scans employed in forming the mean; in the case of 10 Lac,
some scans were assigned 1/2 weight, while no such distinction was
made for the other stars, We note in passing that measures of )\,4200
in 10 Lac unfortunately were not obtained because of equipment failure
during the observations, Finally, in the last column of table 11 and

in figure 39 we give mean values for the intensity of the diffuse singlet
and triplet series in the four 09 stars (unless otherwise noted); these
series show a very regular behavior with small scatter, which should
be important to study theoretically, Unfortunately a definitive theory
does not yet exist for the line broadening of the diffuse series, so we
must leave the matter as an observational result only,

It is quite discouraging to inter-compare the published observed
equivalent Widt‘hs of lines in the O stars; there exist large systematic
differences from observer to observer, and it will be of prime impor-
tance to obtain many more accurate observations of these objects with
the highest photomestric accuracy possible before we regard agreement
or disagreement with theory as decisive, The most dramatic dis-
crepancies occur for the hydrogen lines, For example, various
measures of HB and HY in HD47839 differ by a factor of about 1. 5 to
2; this star is a variable, and while spectrum variations may be present,
it is difficult to believe that the variation could be this large, Similarly,

measures of H line strengths in 10 Llac show a range of almost a factor
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of 2 and variability is certainly not the cause here, It appears that
systematic errors have entered significantly into many of the obser-
vations of these objects, We therefore have correlated the present
observations with those of previous observers, The correlation for

10 Lac of the present measures with those of Traving {1956) is shown
in figures 40 and 41, It is gratifying to note there is no pronounced
systematic difference between the two sets of observations; Hﬁ and
HY agree essentially exactly, although H§ and He disagree, Further
observations will be required to resolve this discrepancy, but it may
fairly be noted that the present measures of H5 are from tracings of
very high quality. Since H'Y falls in the most reliable photometric
region, it alone will be adopted to characterize the strength of the
hydrogen lines, We note here that the I-I!3 measurement for HD55879
is quite uncertain, and needs badly to be remeasured,

The results of the correlations with other observers are given
in table 12, The tabulated quahtity is the slope of the line through the
origin which best fits the scatter diagrams of the two sets of observa-
tions; in many cases, only a few points were common to both sets of
observations, so the slopes given here are only approximate and
should not be used for transfdormation purposes, As the table shows,
the best agreement was obtained with Traving's and Williams's (1934,
1936) measures, and the worst with those of Rudnick (1936). We em-
phasize again the need for further observations of these stars in order

to carry out more accurate analyses,
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Table 12
Table Gives WObserver/WMihalas
Roach

Observer/ Traving Williams Oke Rudnick Slettebak and

Star Blitzer
34078 LO:
34656 0.96 0,76
47839 0. 86 0,78 0, 54 0,78
55879
57862 . 0,82

0,55 for W< 0,4

214680 1, 00 1. 00 Wm -0,17 for 0. 83

w>0.4

3. The fitting procedure

From the observations we must untangle three unknowns: the
temperature, the gravity, and the helium abundance, In our original
attempt to find suitable fitting parameters, we adopted the ratios
L W(x4542) + W(N5412)] /[W(N4713) + W(A4121)] and W(N4686)/W(N4713)
as temperature indicators. They are ideal for the purpose as reference
to equations 4, 22-4, 26 shows they should be quite insensitive to helium
abundance and gravity changes; taking sums of line strengths has the
advantage of decreasing the effects of observational errors, We then
used the absolute strength of H'Y as thé gravity indicator, With these
values for Be and lég g, we compared the strengths given by our
 interpolating formulae w‘ith the observed line strengths of all He
lines except A 5876 and derived a new estimate of the helium abundance,

We then could repeat the cycle until we obtained a consistent set of
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atmospheric parameters, When this procedure was actually carried
through for 10 Lac it was found that self—consisten£ answers were ob-
tained from H'Y and the ionized helium lines while the neutral helium
lines gave helium abundance estimates that scattered by a factor of 4,
The probable reason for this has alréady been discussed; we therefore
abandoned the neutral helium lines as primary indicators, Instead,

we make use of the fact that a given value for the equivalent width of

a line defines a unique locus in the log g - Oe plane for an assumed
value of N(He)/N(H). The intersection of the locus of HY with those
of the four observable ionized He lines gives log g and Te for the
star, The intersection of all loci will be more or less at a point
depending upon how closely the assumed helium abundance matches
that in the star. By picking the value for which we obtain the best fit
we can estimate the correct helium abundance. In practice, it turns
out tﬁat the loci of the ionized helium lines determine the temperature
while the locus of H‘)’ determines essentially the gravity, And as
might be expected, it also turns out that the goodness of fit is not ex-
tremely sensitive to the helium abundance,; so while one value is usually
somewhat superior to the others, the derived abundances really are
only estimates, This problem will be alleviated when correct predictions
of the neutral helium line strengths can be made, since then we no
longer need to force the ionized helium lines to do the double duty of
indicating both temperature and He abundance, But at the same time
this relative insensitivity to the He abundance implies that our esti-
mates of Ge and log g should be fairly reliable, The actual fits are

shown in figures 42-47; in cases where estimates of the accuracy of
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the observations are available, the dashed lines show the effects of
changing the observed value by -+ some error. In general the scatter
due to observational error is smaller than the inconsistency of obser-
vation with theory so that the dispersion of the intersection of thé loci
should give a decent estimate of the errors possible in the derived
values,

(a) HD34078 - This is a fairly good fit yielding 0_ = 0,148 +

0. 003, log g = 4,18 = 0,04, and N(He)/N(H)z 0.2, We may regard this
star as a typical 09 star.

(b) HD34656 - This fit is relatively poor, but both increasing
and decreasing the He abundance makes matters worse, Therefore
we adopt Ge = 0,139 + 0,0045, log g = 4,06 = 0,08, and N(He) /N(H) =
0.2, The confidence that can be placed in thig result will be increased
when we obtain more observations of the lines already observed as well
as an observation of %4686,

(c) HD47839 - This star shows the lowest helium abundance
of any in this study., We estimate ee = 0,134 = 0,0015, log g =
4,31 % 0,62, and N(He)/N(H) = 0,1, The fit is good. Rather interesting-
ly, the neutral helium line computations are consistent with observation
for this object; this may be because the lines are not as full.y saturated
as at slightly lower temperaturess In any casc wc need a measure of
N4542 as well as more reliable computed line strengths at this tem-
perature; otherwise the fit is good.

| (d) HD55879 - This interesting object (see figure 38) is fitted
best, although still poorly, by a very high helium abundance, Thus we

estimate that N(He)/N(H) may be as high as 0,3 or more! Also we
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find Oe =0.156 £ 0,007, and log g =4.1 0,08, Aside from the ever-
‘present desire for better observations, we cannot regard this deter-
mination as definitive since we may have extrapolated our line strength
estimation formulae beyond their range of validity, and obtained
spurious results. This can be ascertained only with further computa-
tions, In any case this star certainly merits further study,

(e) HD57682 .- Here we have too little data; we have oniy two
observed He lines, so that we can force an exact fit for some He
abundance, which obviously may be quite different from the true
abundance, If we assume N(Ile)/N(II) = 0,25, we force a fit to within
the observational error, and \4121 fits fairly well also, We estimate
Ge =0,146 £ 0,002, and log g = 4.1 = 0.045 which again we regard
as typical of an 09 star, pending further dbservation; the helium
abundance is undetermined,

(f) 10 Lac (HD214680) - This is the best fit of all, giving
©_ = 0,144 + 0, 0015, log g = 4,20 * 0,04, and N(He)/N(H) = 0,15, As
mentioned before, A4200 has not been observed here, but the other
three lines are so counsistent we can have good confidence in the result,
The inconsistency of the neutral He lines is clearly shown in this fit,
the closest agreement being given by A4438 which is the weakest of
the three lines and the least saturated,

(g) Tgeo - From the He line measures of Jugaku (1959) and the
value given by Traving (1955) for H‘Y we estimate Ge = 0,160 + 0,006,
log g =4,01%0,06, and N(He}/N(H) = 0,2, The fit is inferior for both
higher and lower He abundance, The temperature derived here is

markedly lower than that proposed by Jugaku, and again it will be
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important to check the validity of our line strength estimation formulae.
"Also it would be desirable to have obscrvations on the same photometric

system as the present set,

In summary we would estimate that a typical O9V star has

0, = 0.146 and log g = 4.2, and that the best estimate for N(He)/N(H)

is 0,15 to 0,20, The values for log g are lower than those derived
previously, as to be expected from the broader hydrogen lines given

by the new theory compared to the older Holtzmark theory. The difference
is large considering we can reproduce the observed intensities of the
hydrogen lines at log g = 4.2 whereas Traving was unable to do so for

10 Lac assuming a log g of 4,45,

The value for the He abundance is in substantial agreement with
the value published by the Kiel group (Traving 1955, 1956) and in dis-
agreement with Miss Underhill's work (1948). This latter determination,
however, rested upon a considerably less firm theoretical basis than
either the present study or those by Traving and must be rejected.
Further, thg determination of the He abundance from stellar atmos-
pheres is in disagreement with that from nebular studies (see ed g
Mathis, 1962). Whether the disagreement is due to errors of analysis
or represents a real difference seems undecidable at present, and I
would regret seeing the results given here used as evidence in any
speculations,

Finally, making use of the empirical mass-luminosity relation
in this range {taken from data summarized by Schwarzschild, 1958) in

the form:
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L _ M
].Og -I—J—G = 2. 45 10g -Wml‘ 0. 822 (5,1)
. _ 2 4 - cM/me .
and making use of . L. = 4¢7R O'Te and g = GM/R® we may write:
10g_7.’1'_=-0567+27610g(T/T®)-'0 69 log (g/ge) (5. 2)
Mo ' of Tet T T TR TRkl °
R _1 n g
1 =5 = 5 (1 -1 .
og | > (log M, o8 oo (54 3)
and
L R e
log +=— = 2 log =— tHlog ~— 5.4
& o 8 Rp TTo8 T o (5. 4)

In these equations we have assumed Mbol(e) = 4, 63 and adopting
Te(G) = 5760°K and log g (®) = 4.44 (Schwarzchild, 1958) we find the

values given in table 13,

Table 13

Star Spectrum Te log g log %—6 log IL:\_O: log -]—_‘]-"-@
HD34078 O9ssk  3.4x10% 4.2  1.73  0.985 5,054
HD34656 O7 3.62x10% 4,1 1.87 1. 105 5,402
HD47839 O7n 3.76 x 105 4,3 1,78 0,960 5,176
HD55879  O9s 3.23x10% 41 1,73 1.035 5,062
HD57682  O9V 3.45 x 104 4.1 1. 81 1.075 5, 258
o9V 3.5x10% 4,2 176 1000 5,136

HD214680

Thus we obtain for a typical O9V star: L /'M@

~ 59, R/R o3 10, 5,

and L/L@ ~1l.4 x 105. These numbers are still very tentative in view
of the rather large extrapolation made of the mass-luminosity relation,

In particular, it is worth noting that the mass for HD34656 is above the
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largest stable mass according to the calculations of Schwarzschild and
Harm (1959). This may indicate that equation 5,1 is invalid 01; that we
have derived incorrect values of Se and log g for this object; we
consider the former to be more likely., All of the other stars in the

‘list are near to, but below, the limit of pulsational instability.

It is to be hoped that both further observation and improved
theory will soon improve our present estimates of the properties of

these stars,
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Appendix I

TABLES OF MODEL ATMOSPHERES

In these tables are summarized the mosi immportant data con-
cerning 28 flux-constant models constructed according to the msthods
described in chapter II, Each model represents the result of about
three iterations neglecting scattering (sometimes moxre) followed by
about two taking scattering into account in the solution of the transfer
equation (again sometimes more for the hottest models). The data
given are basically those quantities which are frequency-independent
since a tabulation of frequency-dependent quantities would clearly be
prohibitive, The exception to this rule is that the emergent mono-
chromatic fluxes are given. The information given here will allow
the reconstruction of any monochromatic quantities with the aid of
modest computing facilities,

The first line of the tables gives the assumed effective theta,
log g, helium abundance, and the total flux (this is the physical flux
% = wF). The first column gives Tgrp, The standard wavclength was
chosen as A 5050 for all models with ee > 0,4, and as A4000 for all
models with Be = 0.4, Next follows 0(7), log pg(T), and log pe(T),
Now follows the fraction of hydrogen that is neutral (except for some of
the cooler models in which the fraction of hydrogen that is ionized is
given), the fraction of ilelium that is neutral and that is singly ionized;
fhe notation is exponential, i,es 9.07-4 implies 9,07 x 10'4. Then we
give (K-hr)STD_ in cngm_l, dpr/d'r, and the logarithmic adiabatic

gradient V A single underscore is placed in this column at the depth

AO
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where the radiative gradient exceeds the adiabatic gradient, so that this
region is'unstable against conveclion; a double underscore denotés the
depth at which the adiabatic gradient is again greater. No double under-
scorve means the adiabatic gradient remains smaller throughout the
remainder of the model. The last two columns give the chosen wave -
lengths in X and the emergent fluxes F, (not including the factor of ).
at these wavelengths; an asterisk before one of these enfries denotes
that the iterations for the source function did not converge, as described
in chapter II, so these values may be badly in error and should be used
with due caution. Immediately below this table of fluxes is given the
extreme values of the error in the flux, these values are the extrema

on at least the range 0 =7 = 14, In most cases the low value repre-

STD
sents the point right at the surface of the model. Since the errors are
generally not symmetrical about zero, one may choosev to make a small
adjustment in the value of the flux given at the top of the page; as well
as to ee, in order to force coincidence with the mean computed flux,

It is appropriate here to make some notes concerning individual
models:

(2) The quality of flux constancy is poorest for the Gé = 0,101,
log g = 4 and Ge = 0,5, log g = 1 models,

(b) As mentioned in chapter III, the model with Be = 0, b,
log g = 1 shows a negative pressure gradient on the range 0.5 = Ts050 =
0.8 due to the predominance of dpr/dT.

(c) The very steep temperature drop right at the surface of the

ee = 0, 21 and the (-)e = 0,5, log g = 2 models is probably spurious;
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this came about because a temperature inversion demanded by the cor-
rection procedure was not allowed. However, the computed inversion
in this case was only a small overshoot which arose because the drop
at the surface was so sharp. This shows that temperature inversions
should be examined carefully when they occur since in a case such as
this they may be smoothed graphically and another iteration will not
give an inversion again.

(1) As discussed previously in chapter II, the extrapolation of
dpr/d'r by a quadratic proved unsatisfactory as is shown by it "blowing
up" at depth in several models; the places where this has occurred are
obvious from the tables following. Tn most cases this caused no trouble,
but in the three log g = 2 models, the gas pressure at the last two
points shows a spurious negative gradient due to this divergence, and the

last few entries of the table are probably unreliable.
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Eff. 8 = 0.101

]

. 136
. 135
.135
. 135
. 135
.135
. 135
. 134
.134
. 133

. 133
132
132
.131

1.357
1.511
.71
1.843
1.942
2,086

3. 986

4,146

4, 288
4,379
4,477
4, 546
4,609
4, 670
4, 727
4, 858
4. 963
5, 041

Log PG log PE

1.082
1.235
1.435
L. 567
1. 666
1. 809
1,912
1. 992
2,135
2,234

2.309
2.369
2.418
2,461
2, 584
2.668
2,731
2.792
2. 841
2.917

2,976
3.024
3.064
3.099
3,157
3.205
3.247
3,283
3.344

3.396

3,439
3,478
3,512
3.543
3,609
3. 666
3.712
3,752
3.815
3.863

3,995
4,090
4,196
4,269
4,333
4,394
4, 451
4,582
4,687
4, 765
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APPENDIX I

Log G = 4.00
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1.867

1.975
2.103
2, 740
2,981
3,206
3,454
3,725
4, 507
5, 282
5.916

dp,/fdv

1.17+4
1.17+4
1.16+4
1.16+4
1.15+4
1.14+4
1.13+4
1.12+4
1.09+4
1.08+4

1.06+4
1.05+4
1.03+4
1.02+4
9. 85+3
9. 5543
9.31+3
9.03+3
8.78+43
8.40+3

8.0743
7.79+3
7. 5543
7.3443
7.00+3
6. 7143
6.4843
6.26+3
5. 9043
5.6143

5,38+3
5.1743
4, 99+3
4,82+3
4,52+3
4.26+3
4.0443
3.8743
3,85+43
3,76+3

3,3543
2,83+43
2.3443
2,04+3
1,6743
1.3243
9, 8442
1.99+2

N(He}/N(H} = 0. 15

Va

.. 250
-+ 250
«250
.250
. 250
«250
. 250
. 250
. 250
» 250

. 249
. 249
» 249
. 249
. 249
. 250
» 250
. 250
+ 251
. 252

.252
.253
. 253
.254
. 255
. 255
. 256
. 256
. 257
. 257

1N Flux
*227 2.32-3
*264 3.04-3
*313 4,36-3
386 6.50-3
504 9.87-3
504 1.00-2
567 1.12-2
649 1,22-2
758 1.30-2
912 1.34-2
912 2.25-2
990 2.19-2
1083 2.10-2
1196 1.98-2
1335 1.83-2_
1511 1,64-2
1740 1,42-2
2051 1.17-2
2051 1.19-2
2303 1.02-2
2625 8.55-3
3053 6.85-3
3647 5.19-3
3647 5.31-3
4235 4,16-3
5049 3.09-3
6252 2.13-3
8205 1.30-3
8205 1.31-3
14588 4.43-4
AF/F
-2,49,-0.52
T o}
. 000 . 724
. 004 . 730
.010 . 736
.40 . 768
. 080 . 800
. 200 . 861
. 400 « 907
. 800 . 944
1.40 . 967
2,00 V977
4,00 » 991
2.00 . 993
14,0 .998
18,0 . 998
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Wwhwbdbuvown

Eff, 6 = 0, 140 Log G = 4.00 Flux = 9,52 + 13 N(HE)/N(H} = 0.15
T 9 LogPG LogPE HI HEI HEIl  {kto)gpp dp_/dr Va A Flux
0,000 .184 1,606 ~1.,309 1,98-5 2,00-5 8.39-1 3.07-1 3.4043 . 238 *227 2. 60-
0,001 .184 1,738 1, 440 2.30-5 2,47-5 8,72-1 3.13-1 3.54+3 . 240 *264 3.01-
0,002 184 1,916 1. 616 2.81-5 3.27-5 9.08-1 3.27-1 3,66+3 . 242 313 2.67-
0,003 .183 2,036 1.736 3.21-5 3.92-5 9.26-1 3.41-1 3, 7943 . 243 386 3,68-
0,004 .183 2,126 1,825 3.55-5 4.46-5 9.36-1 3.54-1 3.90+43 . 244 504 1,66-
0,006 .182 2,255 1,955 4.09-5 5.36-5 9.47-1 3.79-1 4, 06+3 .246 504 1,22-
0,008 .182 2,348 2,048 4, 52-5 6,07-5 9.53-1 4,01-1 4,17+3 . 246 567 1. 50
0.010 . 181 2.420 2,120 4, 88-5 6, 66-5 9.60-1 4,22-1 4, 2343 . 247 649 1,87-
0,015 .180 2,549 2,249 5.56-5 7.75-5 9.60-1 4.68-1 4.3043 . 248 758 2.39-
0.020 .178  2.639 2,338 6.06-5 8.49-5 9.60-1 5.06-1 4,34+3 . 248 912 3,08-
0,025 17T 2,707 2,407 6.46-5 9.04-5 9.59-1 5.40-1 4,35+3 . 248 912 1.24-
0,030 176 2.762 2. 461 6.80-5 9.50-5 9.58-1 5,71-1 4, 29+3 . 248 990 1, 23-
0.035 .175 2.807 2.507 7.08-5 9.84-5 9. 56-1 5.98.1 4. 2643 . 248 1083 1. 21-
0,040 .174 2,846 2,547 7.32-5 1.01-4 9, 54-1 6,24-1 4,23+3 . 247 1196 1.16-
0,060 L170 2,963 2,664 8.04-5 1,07-4 9, 44-1 7.10-1 4.07+3 . 246 1335 1.09-
0.080 .168 3,044 2,744 8.53-5 1,10-4 9,32-1 7.77-1 3, 94+3 . 243 1511 9.92-
0,100 .165 3,107 2,807 8.87-5 1.11-4 9,20-1 8.36-1 3.8243 . 241 1740 8,75~
0,125 .163 3.168 2.869 9,22-5 l.11-4 9,02-1 9,00-1 3, 6843 . 237 2051 7.37-
0,150 .160 3,218 2,919 9,.50-5 1.10-4 8,84-1 9.58-1 3,56+3 . 234 2051 7. 64~
0, 200 ,157 3,295 2,998 9.97-5 . 1,08-4 8.52-1 1.060 3,3843 , 228 2303 b. 64-
0, 250 .154 3,354 3,058 1.03-4 1.06-4 8.18-1 1.150 3, 2243 . 223 2625 5.61-
0.300 .152 3,402 3,107  1.06-4 1,02-4 7.85-1 1,213 3,1043 . 219 3053 4, 54-
0, 350 .150 3,443 3,148 1,08-4 9. 78-5 7.48-1 1. 286 3,0143 . 215 3647 3,51-
0, 400 .148 3,477 3.186 1.10-4 9.39-5 7.14-1 1.359 2,93+3 212 3647 3.77-
0, 500 .145 3,534 3,243 1.13-4 8.67-5 6.54-1 1,481 2, 7543 . 209 4235 2.97-
0. 600 . 143 3. 580 3,291 1,15-4 7.93-5 5,95-1 1,589 2, 60+3 , 207 5049 2,22~
0,700 ,141 3,619 3.330  1,17-4 7.31-5 5, 46-1 1,687 2,473 , 207 6252 1.53
0. 800 .139 3,653 3.364 1,19-4 6. 76-5 5.02-1 1,778 2,36+3 . 207 8205 9. 42
1.00 .136  3.709 3.422 1,21-4 5.80-5 4,28-1 1.939 2,1743 . 209 8205 9,57
1.20 .133 3,756 3,469 1.23-4 5,00-5 3.66-1 2,081 2,0243 . 213 14588 3,24
1,40 131 3,795 3. 509 1.25-4 4,41-5 3,21-1 2,209 1, 90+3 .26
1. 60 .130 3,829 3,546 1,27-4 3.93-5 2.84-1 2.335 1.80+3 . 220 AF/F
1, 80 .128 3,860 3,577 1.28-4 3.52-5 3.53-1 2. 441 1,7243 . 224 -1.13,0,51
2. 00 .127 3,887 3,605 1.30-4 3.16-5 2,26-1 2. 537 1, 64+3 . 227
2. 50 124 3,945 3.664 1.32-4 2.52-5 1,78-1 2. 750 1, 5143 . 235 T [o}
3,00 .12 3,993 3,741 1, 34-4 2.03-5 1,431 2,928 1,4043 , 241 . 000 . 801
3,50 .119 4,034 3.756 1.36-4 1,70-5 1,19-1 3,088 1.32+3 . 246 . 004 . 806
4,00 117 4.070 3,792 1,37-4 1, 44-5 9.98-2 3,227 1, 2543 . 251 . 010 . 811
5. 00 114 4,132 3,854 1.40-4 1.10-5 7.53-2 3.475 1,16+3 . 257 . 040 . 837
6. 00 L1110 4,182 3.905 1.41-4 8.57-6 5.84-2 3.679 1,08+3 . 262 . 080 . 863
8,00 107 4,264 3.988 1.44-4 5.87-6 3.96-2 4.039 9.63+2 . 268 . 200 . 905
10.0 .104 4,328 4,053 1.47-4 4,36-6 2,91-2 4,327 8.82+2 . 271 . 400 . 939
14,0 .099 4,427 4,15] 1,50-4 2, 79-6 1.85-2 4,503 7.7412 . 275 . 800 . 963
18,0 .096 4,502 4,226 1,52-4 2.02-6 1.33-2 5. 202 6,97+42 . 278 1,40 .978
22,0 .093 4,563 4, 287 1,54-4 1.58-6 6.49-3 5. 566 6,17+2 . 279 2.00 . 985
26.0 .091 4,616 4, 340 1,56-4 1, 28-6 7.19-3 5. 891 5, 42+2 ., 280 4,00 . .993
30,0 .089 4,661 4,385. 1,58-4 1,08-6 7.86-3 6.183 4, T1+2 . 281 8,00 . 997
40,0 .085 4,758 4,482 1,62-4 7.81-7 5, 79-3 6. 905 3,03+2 . 283 14,0 . 999
50, 0 .083 4,838 4,562 1,66-4 6.20-7 3.96-3 7.595 1.45+2 .284 18.0 . 999
60,0 .080 4,907 4,631 1,70-4 5, 20-7 3.33-3 8.272 - . 286 .
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0. 000
0.001
0,002
0,003
0.004
0.006
0.008
0.010
0.015
0,020

0,025
0.030
0,035
0.040
0,060
0.080
0.100
0.125
0,150
0,200

0, 250
0.300
0.350
0. 400
0, 500
0. 600
0. 700
0. 800
1,00
1.20

1. 40
1.60
1,80
2,00
2,50
3.00
3.50
4.00
5.00
6.00

8.00
10,0
14.0
18,0
22,0
26,0
30.0
40.0
50.0
60.0

Eff. 0 20,140

174
.173
172
.172
.172
171
171
.170
.169
. 169

.168
. 167
167
.166
.164
.162
.160
.158
157
. 154

.152
.150
.148
. 146
. 144
. 141
.139
.138
.135
.132

. 130
.128
126
.124
.121
.118
.116
.114
.110
.107

.103
.100
. 095
.091
. 088
. 086
. 084
.080
.078
«075

1.017
1.142
1,317
1,440
1, 534
1.674
1.776

1.856

2.00]
2.102

2.179
2. 240
2,291
2.334
2,460
2,545
2.609
2,670
2,719
2,795

2.855
2.903
2,944
2,980
3,040
3.089
3.130
3.166
3.227
3,278

3.1322
3,360
3,394
3.425
3,491
3,546
3.593
3.635
3,704
3,761

3,854
3.926
4,037
4,120
4,188
4, 247
4,308
4,444
4,538
4,618

Log PG Log PE

0,735
0. 860
1,034
1,155
1,248
1.386
1,487
1,566
1,709
1,810

1.886
1.947
1,998
2,041
2.166
2,252
2.317
2,381
2.430
2,507

2.567
2.616
2.657
2,693
2. 754
2,804
2, 848
2. 885
2. 947
2.999

3.043

3,082

3,116
3,147
3,214
3,268
3,316
3.358
3,428
3,485

3,578
3.650
3,761
3,844
3.912
3.971
4,032
4,168
4,262
4, 343

-162-

Log G=3.50

HI HE I
9.13-6 2.31-6
1,04-5 3,07-6
1,27-5 4,71-6
1.45-5 6, 25-6
1,60-58 7.68-6
1.87-5 1,03-5
2.08-5 1,26-5
2.27-5 1,46-5
2.65-5 1.88-5
2. 94-5 2, 19-5
3,18-5  2.44-5
3.38-5 2.65-5
3,56-5 2,82-5
3,71-5  2.95-5
4,17-5  3,30-5
4.49-5  3,46-5
4.74-5 3.52-5
4,98-5 3,52-5
5.15-5  3,45-5
5.43-5  3,31-5
5.64-5 3,12-5
5,80-5  2,90-5
5.94-5 2,72-5
6.06-5 2,53-5
6.23-5 2.22-5
6.38-5 1,95-5
6.52-5 1,73-5
6.62-5 1,53-5
6.79-5 1,23-5
6.93-5 1,00-5
7.05.5% R.42-4
7.15-5  7,14-6
7.24-5  6.16-6
7.31-5  5,34-6
7.47-5  3,96-6
7.87-5 3,00-6
7.68-5  2,42-6
7.75-5  1,97-6
7.90-5  1,44-6
8,00-5 1,08-6
8.19-5  7.13-7
8,33-5 5,18-7
8.59~5  3,30-7
8.75-5  2,35-7
8., 90=5 1,82-7
9,05-5 1,48-7
9,28-5 7,16-8
9.92-5  7,05-8
1,03-4  8,04-8
1,06-4 T.40=-8

Flux = 9.52 +13

HE I

2.40-1
2.78-1
3,47-1
3.99-1
4,40-1
5.03-1
5.46-1
5,77-1
6, 26-1
6. 53-1

6.69-1
6.80-1
6.85-1
6,88-1
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3,10-1
3.11-1
3.13-1
3,15-1
3,17-1
3,22-1
3.27-1
3,31-1
3.43-1
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dp_far

3.1843
3,22+3
3,2743
3.32+43
3.36%3
3.45+3
3.5343
3.60+3
3. 7443
3.86+3

3.95+3
3.98+3
4,0343
4.06+3
4.10+3
4,0743
4,02+43
3.94+43
3.8613
3, 6843

3.5543
3.4343
3.3143
3.2043
3.0243
2.87+3

2, 7443

2. 6443
2. 4643
2.3243

2.2243
2.13+43
2.05+3
1. 9943
1.86+3
1, 7543
1.6743
1,6043
1.49+3
1.4043

1.27+3
1.1743
1.04+43
9. 44+2
8, 4812
7.57+2
6, T1+2
4, 6842
2.76+2
9.35+1

N(HE)/N(H) = 0.15

Va

. 237
. 235
.233
. 232
231
. 230
. 230
. 230
. 230
.230

.230
. 230
. 230
.229
.228
. 227
. 226
.225
L224
.24

. 223
224
. 224
. 225
. 227
. 230
232
. 234
. 238
. 241

. 244
. 246
. 248
. 250
. 252
« 254
. 256
. 256
« 258
. 259

. 260
. 260
. 261
. 262
. 262
. 263
. 263
. 265
. 266
. 267

A

*227
*264
313
386

504
567
649
158
912

912

990
1083
1196
1335
1511
1740
2051
2051
2303

2625
3053
3647
3647
4235
5049
6252
8205
8205
14588

AF/F
-1.44,0,

« 000
. 004
.010
. 040
.080

. 200

. 400

. 800
1. 40

2.00
4.00
8.00
14.0
18.0
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. 741
. 732
. 737
. 765
. 797

. 858
. 908
« 950
. 973
« 983
<993
« 998
+ 999
+999



0. 000
0,001
0.002
0.003
0. 004
0.006
0. 008
0,010
0.015
0.020

0.025
0.030
0.035
0,040
0,060
0.080
0.100
0,125
0,150
0. 200

0, 250
0.300
0.350
0. 400
0, 500
0. 600
0, 700
0. 800
1,00

1,20

1,40
1. 60
1,80
2,00
2,50
3.00
3.50
4.00
5.00
6,00

8,00
10,0
14,0
18,0
22,0
26.0
30.0
40.0
50.0
60.0

Eff. 8 = 0.140

0

.183
. 183
.182
.182
.182
.181
.181
.180
.179
.178

177
.175
.178
174
.170
.168
. 165
163
.16l
.158

.155
153
. 151
.149
. 146
144
. 141
.140
.136
134

132
. 130
.128
.127
<124
.121
.119
L117
114
.111

.107
. 104
. 099
.095
.093
.090
.088
.085
.082
.079

Log PG

1.583
1.702
1,866
1.980
2,067
2.194
2,286

2.358 °

2.487
2,57

2,645
2, 700
2.746
2,785
2,903
2,985
3,048
3.110
3.160
3.240

3.302
3,352
3.395
3.432
3.493
3,543
3.585
3.622
3,683
3,734

3,777
3.814
3,846
3,875
3.938
3.988
4,032
4,069
4,133
4,185

4,269
4,335
4,435
4,511
4,572
4,624
4,670
4,766
4,844
4,913

Log PE
1,284

- 1,402

1. 566
1.679
1. 766
1.893
1, 985
2,057
2.186
2,275

2, 344
2.399
2. 445
2.484
2.602
2, 684
2, 747
2. 809
2. 860
2. 940

3.002
3,052
3.096
3,134
3.195
3, 246
3, 288
3,325
3,387
3.438

3.481
3.519
3,552
3,581
3. 644
3,695
3,739
3,777
3,841
3,893

3.977
4,043
4,143
4,219
4, 280
4,332
4,378
4,474
4,553
4,621

-163-

Log G = 4,00
HI HE 1
1.90-5 1,80-5
- 2.17-5  2.18-5
2.61-5  2,84-5
2.96-5  3,40-5
3.26-5 3.85-5
3,75-5 4.63-5
4,15-5 5.26-5
4,48-5 5.79-5
5.12-5 6.81-5
5.60-5 7,52-5
5.98-5  8.06-5
6.30-5  8.48-5
6.57-% 8. R1.5
6.80-5 9.09-5
7.49-5 9.75-5
7.97-5 1.00-4
8,33-5 1.02-4
8,64-5 1,02-4
8.92-5 1.01-4
9.39-5 1.01-4
9.74-5  9.84-5
1.00-4 9.53-5
1.02-4  9.22-5
1.04-4  8,88-5
1.08-4  8,25-5
1,10-4 7.60-5
1.12-4 7. 04-5
1.14-4  6.50-5
1.17-4  5.59-5
1.20-4  4,85-5
1.22-4 4,28-5
1,24-4 3.80-5
1,25-4  3.40-5
1,26-4 3.04-5
1,30-4 2.46-5
1.32-4  2,01-5
1,34-4 1,67-5
1.35-4  1,40-5
1,38-4 1.05-5
1.39-4  8.09-6
1.42-4 5,43-6
1,44-4 3,98-6
1,47-4  2.51-6
1.49-4  1,78-6
1.51-4 1.38-6
1.53-4 1,11-6
1,54-4  9,23-7
1.58-4  6,56-7
1.61-4 5,13-7
1,64-4  4,25-7

Flux = 9.52 + 13

HE II (k+e) gy dp,_/dr

8,02-1 3.60-1 3.3843
8,36-1 3.68-1 3.48+3
8,78-1 3.82-1 3,58+3
9.00-1 3.96-1 3.6843
9.13-1 4.09-1 3.7843
9.29-1 4,34-1 3.9243
9.37-1 4.57-1 4. 0443
9,42-1 4.78-1 4,1143
9.49-1 5.25-1 4. 2243
9.51-1 5,65-1 4. 2913

9.51-1 6.00-~1 4.3343
9.50-1 6.32-1 4, 28+3
9. 48-1 h.60-1 4,.2743
9,46-1 6.86-1 4, 2543
9.37-1 7.75-1 4.1143
9.25-1 8.45-~1 3.97+3
9.12-1 9.06-1 3. 8443
8.95-1 9.70-1 3.69+3
8.76-1 1.028 3, 5643
8.45-1 1.130 3.3343
8.15-1 1.218 3.1643
7.78-1 1,293 3,01+43
7.45-1 1.343 2.9243

7.12-1 1.408 2.8243
6.53-1 1.521 2. 6443
5.95-1 1,619 2. 4943
5.47-1 1.710 2,373
5.01-1 1,791 2.27+3
4,27-1 1.938 2.10+43
3.66-1 2,066 1.9643

3,20-1 2,183 1.86+3
2.82-1 2,293 1.7743
2.50-1 2.389 1.70+3
2,23-1 2.476 1.63+3
1,77-1 2.678 1,52+43
1,43-1 2,847 1,4243
1,18-1 2,995 1,3543
9.86-2 3.123 1,2843
7.33-2 3.354 1,20+3
5,61-2 3.544 1,1243

3.73-2 3.878 1,0143
2,71-2 4,153 9.31+2
1,70-2 4,611 8.27+2
1,20-2 4.986 7. 52+2
6.07-3 5.319 6, 75+2
7.03-3 5. 620 6.02+2
7.86-3 5.897 5. 34+2
6.89-3 6.563 3. 7242
3.43-3 7.191 2.21+2
2.87-3 7. 802 7.58+2

N{HE)/N(H) = 0,05

1S

*227
*264
313
386
504
504
567
649
758
912

912

990
1083
1196
1335
1511
1740
2051
2051
2303

2625
3053
3647
3647
4235
5049
6252
8205
8205
14588

AF/F
-1.23,0.

T
, 000
. 004
.010
.040
. 08¢

. 200
. 400
. 800
1. 40
2,00
4,00
8,00
14.0
18.0
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. 782
. 786
.793
. 826
. 856

.903
. 937
. 964
<979
.985
. 994
. 998
+999
+999



0. 000
0.001
0.002
0.003
0.004
0.006
0.008
0.010
0.015
0.020

0,025
0.030
0,035
0, 040
0.060
0.080
0.100
0.125
0,150
0. 200

0. 250
0.300
0.035
0, 400
0. 500
0. 600
0. 700
0. 800
1,00

1.20

1.40
1. 60
1. 80
2,00
2. 50
3,00
3.50
4.00
5. 00
6. 00

8.00
10.0
14,0
18.0
22.0
26.0
30.0
40.0

60, 0

Eff. 8 = 0,157

)

. 230
. 229
. 228
. 226
. 225
.223
. 222
. 220
.218
.215

.213
211
. 209
. 208
. 203
.199
.196
.192
.189
.185

.182
.179
.176
.174
.170
. 167
.164
. 161
. 157
. 154

.151
.148
. 146
<144
.139
.135
132
. 130
126
122

117
.114
.108
. 104
, 101
. 099
097
. 093
.090
.088

1, 544
1,694
1,882
2.004
2.094
2,221
2.312
2,381
2. 506
2.593

2,660
2.714
2,759
2,798
2.916
2,998
3,061
3.125
3.176
3.258

3,321
3.372
3,415
3.452
3,515
3,566
3,609
3,646
3,708
3,759

3,802
3,839
3,871
3,899
3,958
4,005
4, 044
4,078
4,134
4,180

4, 255
4,316
4,410
4,482
4, 542
4,593
4,638
4,733
4,811
4,877

Log PG LlLog PE

1,243
1,392
1, 581
1,703
1,792
1.919
2,010
2.079
2, 204
2. 291

2.358
2.412
2. 457
2. 496
2.614
2,696
2. 760
2,823
2.874
2.956

3,019
3.070
3,114
3.151
3,214
3.264
3,308
3.346
3,409
3,461

3.504
3.543
3. 576
3. 605
3,665
3,714
3,754
3.792
3. 850
3.898

3.975
4.037
4,133
4. 206
4,265
4,317
4,362
4,458
4. 535
4. 601

-164-

Log G = 4.00
HI HE I

2.96-5 1,14-4
3.47-5 1.42-4
4,28-5 1.94-4
4.90-5  2,34-4
5,38-5  2,66-4
6.15-5 3,12-4
6. 75-5 3.44-4
7.23-5 3,68-4
8.14-5 4,04-4
8,79-5 4,18-4
9.29-5  4.22-4
9.73-5 4,30-4
1,01-4 4,.28-4
1.04-4 4,23-4
1.12-4 4,07-4
1.18-4 3,91-4
1,23-4 3.77-4
1.27-4 3.57-4
1.30-4 3,42-4
1,37-4 3.29-4
1.42-4 3.14-4
1,45-4 3.00-4
1.48-4 2,90-4
1.50-4 2.80-4
1,54-4 2. 66-4
1.56-4 2,52-4
1,58-4 2,43-4
1. 60-4 2.34-4
1.63-4 2.19-4
1.65-4  2,06-4
1,67-4  1,95-4
1,68-4 1,83-4
1.69-4 1,72-4
1. 70-4 1,61-4
1.71-4 1,37-4
l,71-4 1,13-4
1,71-4  9,54-5
1.,71-4  8,02-5
1, 72-4 5, 93-5
1.71-4 4,43-5
1,72-4  2,82-5
1.73-4 1,98-5
1, 76-4 1.17-5
1.78-4 8.01«6
1.80-4  5,98-6
1,81-4 4, 74-6
1.83-4 3,916
1.88-4  2,73-6
1.92.4 2.10.6
1,96-4 1,72-6

Flux = 6,02 + 13

HEI  (ktogpp dp_/ar

1.00+0 3,13-1 2.3343
1.00+0 3,28-1 2,43+3
1.00+0 3, 54-1 2,5243
1.00+0 3.79-~1 2.59+3
1,00+0 4,00-1 2.63+43
1,00+ 4, 39-1 2.6743
9. 99-1 4,73-1 2,68+3
9.99-1 5,03-1 2.67+3
9.99-1 5.67-1 2,63+43
9.99-1 6,20-1 2, 58+3

9.99-1 6. 64-1 2,54+3
9.99-1 7.06-1 2,48+3
9.99-1 7.42-1 2,4243
9.99-1 7. 74-1 2.3843
9., 99-1 8,85-1 2.23+43
9.99-1 9. 72~1 2.11+3

9.98-~1 1,047 2,02+3
9.98-1 1,123 1.9343
9.97-1 1.190 1.84+43
9.96-1 1.315 1.74+3
9.94-1 1,416 1,67+43

9.93-1 1.499 1,61+3
9.91-1 1.574 1.57+3
9. 88-1 1, 640 1.52+43

9.83-1 1,757 1.45+3 -

9. 76-1 1,870 1.40+3
9. 68-1 1.965 1,35+3
9. 59-1 2.052 1.32+3
9,37-1 2.209 1.26+3
9.09-1 2.349 1.2243

8,80-1 2,442 1.19+3
8.46-1 2. 569 1,17+3
8.10-1 2. 686 1.15+43
T7.71-4 2. 798 1.13+3
6, 74-1 3,061 1,0943
5, 74-1 3,296 1.05+3
4,91-1 3.510 1.01+43
4,18-1 3. 722 9. 69+2
3. 15-1 4, 046 9.00+2
2.38-1 4,303 ‘8.37+42

1.54-1 4,722 4,34+2
1,08-1 5.061 6.64+2
6.43-2 5,619 5. 7612
4.38-2 6.063 5.10+2
3.26-2 6,462 4,45+2
2,58-2 6.833 3,84+2
2, 12-2 7.186 3.2642
l.32-2 8,019 1,92+2
1.11-2 8. 784 6. 64+1
9.01-3 9. 519 -

N{HE)/N(H) = 0. 15

. 200
196
.198
.202
.212
. 223

. 240
.252
. 266
. 274
.278
. 281
. 284
. 287
. 290
.292

A Flux
227 6.,15-9
264 9,9-10
313 2,48-8
386 4.73-7
504 8.89-6
504 1.60-4
567 2.02-4
649 2.87-4
758 4,51-4
911 7.47-4
911 9.34-3
990 9,26-3
1083 9,04-3
1196 8.65-3
1335 8.09-3_
1511 7.36-3
1740 6,47-3
2051 5.44-3
2051 5.53-3
2303 4.81-3
2625 4,07-3
3053 3,31-3
3647 2.60-3
3547 2.97-3
4235 2.34-3
5049 1,75-3
6252 1.21-3
8205 7.50-4
8205 7.70-4
14588 2,62-4
AF/F
-1.14,0.76
T Cc
. 000 . 861
. 004 . 849
.010 . 849
. 040 .871
. 080 .893
. 200 . 930
. 400 . 957
. 800 . 977
1.40 .988
2,00 .991
4,00 . 994
8.00 .997
14.0 . 999
18.0 . 999



0. 000
0. 001
0.002
0,003
0.004
0.006
0.008
0.010
0.015
0.020

0,025
0,030
0.035
0. 040
0.060
0. 080
0.100
0.125
0.150
0. 200

0. 250
0. 300
0.350
0. 400
0. 500
0. 600
0. 700
0. 800
1,00

1.20

1. 40
1. 60
1,80
2,00
2. 50
3.00
3.50
4.00
5. 00
6. 00

8,00
10.0
14,0
18.0
22,0
26.0
30,0
40,0
50.0
60.0

Eff, 8 =0.180

]

. 299
. 292
. 286
« 284
« 281
. 277
274
. 271
. 266
. 262

. 258
. 257
. 254
» 252
. 246
. 241
. 237
. 233
« 230
. 225

221
.217
.214
.211
. 206
. 201

.181

172
L 167
162
. 158
+ 155
. 149
. 145

137
.132
. 124
.118
«113
.110
.107
. 100
. 096
.092

1. 445
1.615
1.815
1.939
2,028
2,154
2,242
2.311
2,433
2.519

2,584
2.638
2. 682
2.721
2. 837
2.919
2,981
3.044
3.095
3,175

3,238
3,288
3.332
3.369
3.432
3,484
3,528
2. 566
3.631
3. 684

3,729
3,769
3.804
3,835
3.902
3.956
4,003
4.043
4,109
4,163

4.245
4.307
4,396
4,461
4,515
4. 562
4.603
4,690
4,763
4,827

Log PG Log PE

1,143
1.313
1,513
1.637
1,726
1,852
1. 940
2.009
2.131
2,217

2.283
2,336
2,381
2,419
2.535
2.617
2.679
2.742
2.793
2,873

2.936
2,987
3.030
3,067
3.130
3,182
3,226
3.264
3.329
3.382

3,428
3,467
3,502
3.534
3. 600
3.655
3.702
3,743
3.810
3.865

3,950
4,015
4,111
4,180
4,235
4,282
4,324
4,413
4,487
4, 552

Log G = 4.00

HI HE I
5.64-5  6,46-3
6.43-5  5.94-3
7.88-5  6,59-3
9.01-5  7.27-3
9, 85-5 7. 57-3
1.10-4  7,75-3
1.19-4  7,64-3
1.26-4  7.55-3
1.39-4  7,24-3
1.47-4  6,68-3
1.53-4  6.18-3
1.60-4  6,19-3
1.64-4  5,87-3
1.68-4  5,58-3
1.80-4  4,85-3
1.88-4  4,32-3
1.93-4  3,89-3
1.98-4  3.42-3
2.01-4  3.08-3
2.08-4  2,69-3
2.13-4  2.34-3
2.16-4  2,06-3
2.18-4 1,84-3
2.20-4  1,67-3
2.23-4  1,42-3
2.24-4  1,22-3
2.26-4 1,09-3
2.28-4  9.77-4
2.30-4  8,24-4
2.31-4  7,16-4
2. 32-4 be46-4
2.33-4  5,92-4
2.34-4  5,50-4
2.35-4  5,14-4
2.36-4  4,53-4
2.37-4  4,07-4
2.38-4  3,77-4
2.37-4  3,51-4
2.38-4 3,12-4
2.38-4 2,774
2.35-4  2,16-4
2.31-4  1,65-4
2.27-4  9.68-5
2.21-4  5,54-5
2.17-4 3.41~5
2.15-4  2,38-5
2.13-4  1,67-5
2.09-4  8,29-6
2.07-4  4,93-6
2.06-4  3,29-6

-165-

Flux = 3.48 +13

HE II

9. 94-1
9.94-1
9.93-1
9.93-1
9. 92-1
9.92-1
9.92-1
9.92-1
9.93-1
9, 93-1

9.97-1

9.98-1
9.98-1
9.98-1
9.98-1
9.98-1

9.98-1 -

9.99-1
9.98-1
9.98-1
9.98-1

9.97-1
9. 96-1
9,95-1
9.93-1
9,88-1
9.81-1
9. 71-1
9.58-1
9.26-1
8, 78-1

7. 52-1
6.09-1
3.82-1
2,31-1
l,48-1
1.05-1
7.53-2
3.87-2
2.36-2
1.59-2

(kte)gppn dp./dT

3.43-1
3.68-1
4,13-1
4,52-1
4, 87-1

5, 45-1 .

5. 94-1
6.37-1
7.27-1
8.00-1

8.60-1
9, 22-1
9.72-1
1.018
1,174
1,299
1,402
1.510
1.604
1,775

1.910
2,021
2,121
2.207
2.362
2.488
2,601
2,700
2.871
3.017

3,153
3,271
3,380
3,475
3.683
3.851
4,011
4,234
4, 456
4.728

5, 266
5. 787
6,673
7.217
7. 588
7.927
8,171
8, 704
9.192
9,665

1.55+3
1.52+3
1.51+43
1.51+3
1.50+3
1.46+3
1,43+43
1.38+3
1.3143
1.24+3

1.19+3
1.16+3
1.13+3
1.10+3
1.0243
9. 7942
9.47+2
9.11+2
8. 79+2
8.30+2

8.05+2
7.82+2
7.61+2
T.42+2
7.12+2
6,86+2
6.66+2
6.48+2
6.19+2
5. 93+2

5. 6942
5, 54+2
5,43+2
5.32+2
5.18+2
5,05+2
4,92+2
4.82+2
4.82+2
4,81+2

4. 76+2
4,59+2
4,38+2
4.09+2
3.82%2
3,54+2
3.2542
2, 54+2
1.82+2
1.10+2

N(HE)/N(E) = 0. 15

A Flux
227 3,2-15
264 2.8-13
313 2.4-11
386 1.96-9
504 1,43-7
504 2.72-6
567 5, 62-6
649 1,34-5
758 3,.42-5
911 8,96-5
911 5.87-3
990 5.72-3
1083 5.51-3
1196 5.21-3
1335 4,85-3
1511 4.40-3
1740 3,89-3
2051 3.310-3
2051 3,31-3
2303 2.93-3
2625 2,54-3
3053 2.12-3
3647 1.72-3
3647 2.12-3
4235 1.70-3
5049 1,28-3
6252 8.99-4
8205 5.68-4
8205 5.90-4
14588 2,05-4
AF/F
0.35,1.93
T C
.00 .951
.004 . 897
.010 . 888
. 040 . 894
. 080 .913
. 200 . 946
. 400 . 969
. 800 . 985
1,40 .993
2,00 . 995
4,00 . 998
8.00 <999
14,0 1.00
18.0 1,00



0.000
0,001
0.002
0.003
0.004
0,006
0.008
0.010
0.015
0.020

0.025
0,030
0.035
0.040
0.060
0,080
0,100
0.125
0.150
0. 200

0. 250
0. 300
0. 350
0, 400
0. 500
0. 600
0. 700
0,800
1.00
1.20

1. 40
1. 60
1. 80
2.00
2. 50
3.00

4, 00
5. 00
6.00

8. 00
10.0
14,0
18.0
22.0
26.90
30.0
40.0
50.0
60.0

Eff. 8 = 0.180

1,165
1.281
1,443
1,556
1,641
1,767
1.859
1.931
2,062
2,154

2.225
2.283

Log PG Log PE

0,863
0.979
1.141
1.254
1,339
1,466
1.557
1. 629
1, 760
1.852

1. 924
1,981
2.030
2.072
2.197
2,286
2,353
2.419
2.474
2. 558

2,623
2. 675
2. 720
2. 758
2.822
2. 869
2,913
2,983
3.019
3.074

3.121
3.161
3.195
3,227
3,294
3.349
3.395
3.435
3.498
3, 547

3.623
3. 684
3,776
3.848
3.909
3, 964
4.011
4,115
4, 206
4,283

Log G=3.5

HI HEI
2.86-5 6. 55-4
3.18-5 6.81-4
3.79-5 8, 28-4
4.30-5 9.175-4
4.72-5 1.09-3
5,40-5 1.25-3
5.94-5 1.35-3
6.37-5 1.40-3
7.18-5 1.47-3
7.75-5 1.45-3
8.19-5 1.41-3
8.62-5 1.41-3
8.94-5 1.37-3
9.21-5 1,33-3
1.01-4 1,22-3
1.07-4 1.14-3
1,11-4 1.06-3
1.16-4 9.75-4
i.19-4 9.06-4
1,25-4 8,34-4
1,30-4 7. 56-4
1,32-4 6.88-4
1.35-4 b.35-4
1.36-4 5,87-4
1.38-4 6.32-4
1.39-4 9.44-4
1,40-4 4,07-4
1.41_4 A_73-4
1.43-4 3.26-4
1.44-4 2,92-4
1,45-4 2.70-4
1,46-4 2.52-4
1,46-4 2,38-4
1.47-4 2,25-4
1.48-4 2.03-4
1.48-4 1.82-4
1.47-4 1,65-4
1.47-4 1.49-4
1.46-4 1,20-4
1.44-4 9.22-5
1l,42-4 5,62-5
1.40-4 3, 54-5
1.39-4 1,83-5
1,39-4 1,10-5
1,40-4  7,55-6
l.41-4 5, 64-6
1,42-4 4,44-6
1.46-4  2,87-6
1.51-4  2,16-6
1.56-4 1,75-6

-166-

Flux = 3.48 + 13

HE I

9. 99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1

9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1
9.99-1

9. 99-1
9.99-1
9.99-1
9.99-1
9.98-1
9.97-1
9.98-1
9.97-.1
9.95-1
9.92-1

9,88-1
9.83-1
9. 77-1
9.69-1
9.44-1
9.07-1
8.62-1
8.07-1
6.86-1
5.55-1

3.58-1
2.34-1
1,24-1
7.56-2
5,22-2
3,89-2
3,05-2
1.94-2
1,43-2
6,77-3

(x+odspp dp /aT

3.02-1
3.09-1
3.22-1
3.35-1
3.47-1
3.69-1
3.88-1
4,06-1
4.43-1
4.74-1

5.01-1
5.27-1
5.50-1
5, 70-1
6.41-1
7.00-1
7.49-1
8.01-1
8.47-1
9.30-1

9.96-1
1.051
1.099
1. 140
1.242
1.406

1.3643
1.38+43
1.3943
1.4243
1.44+43
1.4643
1.47+3
1.47+3
1. 44+3
1.4143

1.38+3
1,35+3
1.3143
1,2943
1,2143
1,15+3
1.1143
1,06+3
1.02+3
9.68+2

9,39+2
9. 1442
8. 95+2
8.78+2
8, 58+2
8,38+2
8.16+2
7. 9842
7. 7142
7.47+2

7. 2442
7.1342
7.00+2
6.88+2
6. 7142
6. 59+2
6.53+2
6, 47+2
6.36+2
6, 2212

5. 85+2
5, 3242
4, 7142
4, 24+2
3. 7142
3, 2072
2, 69+2
1, 46+2
2, 58+1
0,00

N(HE)/N{H) = 0. 15

Va

.251
.251
.252
.253
. 253
.254
. 254
. 255
. 256
.258

. 258
.259
. 260
. 261
. 263
. 2064
. 266
. 267
. 268
. 270

.271
. 272
.273
274
274
274
.275
.274
. 274
.272
. 270
. 267
. 264
. 260
. 248

. 224
.215
.203
. 201

210
.225

.2

. 263
267
. 270
274
. 877
. 279

A

227
264
313
386
504
504
567
649
758
911

911

990
1083
1196
1335
1511
1740
2051
2051
2303

2625
3053
3647
3647
4235
5049
6252
2208
8205
14588

AF/F
-1.05, 1,

. 000
. 004
.010
. 040
.080

. 200

+ 400

. 800
1.40
2.00
4,00
8.00
14.0
18.0

Flux

1.3-13
6.6-12
3.3-10
1.58-8
6.86-7
1.01-5
1.79-5
3.70-5
8.30-5
1.90-4

4,96-4
5.06-3
5.09-3
5.02-3
4.83-3
4,54-3
4.11-3
3,57-3
31.60-3
3.20-3

2.79-3
2.33-3
1.89-3
2.21-3
1.78-3
1.35-3
9.56-4
£.06-4
6.23-4
2.19-4

49

.862
. 840
.844
.862
. 886

«931
. 961
.982
.99
. 994
7
.998
<999
+ 999



0.000
0,001
0,002
0,003
0,004
0. 006
0,008
0,010
0,015
0,020

0,025
0.030
0.035
0. 040
0. 060
0. 080
0,100
0,125
0,150
0, 200

0, 250
0,300
0,350
0, 400
0, 500
0, 600
0. 700
0, 800
1,00

1.20

1,40
1,60
1,80
2,00
2.50
3,00
3.50
4, 00
5.00
6.00

8,00
10,0
14.0
18,0
22.0
26,0
30.0
40,0
50.0
60.0

Eff. 8 = 0,180

1.405
1,565
1.759
1,881
1.970
2.096
2,186
2,255
2.379
2,466

2.532
2, 586
2,631
2.671
2. 788
2.870
2.933
2,996
3,048
3.129

3,191
3.242
3,288
3,323
3,386
3,438
3,481
3,518
3,583
3.636

3. 680
3.719
3,755
3,786
3.853
3.907
3.954
3. 994
4,061
4.117

4, 203
4, 269
4,368
4,441
4, 500
4, 550
4, 593
4, 682
4,754
4.816

Log PG Log PE

1.103
1. 264
1.457
1. 579
1.668
1.794
1,884
1.953
2.077
2.164

2,230
2, 284
2,330
2. 369
2. 484
2. 568
2.631
2. 694
2, 746
2,827

2,889
2. 940
2.984
3.021
3.084
3,136
3.180
3.216
3,281
3.334

3,378
3.417
3,453
3,485
3,551
3. 606
3.652
3.693
3,761
3.816

3.904
3.971
4,073
4,147
4, 206
4. 256
4. 300
4.390
4,462
4,524

Log G = 4,00
HI HE I

5.39-5 6. 20-3
6. 22-5 6.23-3
7.66-5 7.23-3
8.71-5 7.84-3
9.49-5 8.04-3
1.06-4  8,08-3
1.14-4 7.88-3
1.21-4 7. 74-3
1.33-4 7.36-3
1.41-4 6. 74-3
1.46-4 6.20-3
1.53-4 6.24-3
1.58-4 5.92-3
1,61-4 5.62-3
1.72-4 4.84-3
1,80-4 4,28-3
1.84-4 3.81-3
1.89-4  3.32-3
1.92-4 2.96-3
1,99-4 2. 59-3
2,03-4 2. 25-3
2,05-4 1.97-3
2.08-4 1.76-3
2,09-4 1.58-3
2.12-4 1.33-3
2.13-4 1.14-3
2,14-4 1.64-3
2.15-4 9.03-4
2.17-4 7.63-4
2.18-4 6.62-4
2.19-4 5.97-4
2.19-4  5,43-4
2,21-4 5,06-4
2.21-4 4. 74-4
2,23-4 4.18-4
2.23-4 3.76-4
2. 24-4 3.48-4
2,23=4  3.24-4
2,24-4 2.88-4
2.24-4 2.56-4
2.23-4 2,00-4
2.21-4  1.,55-4
2.19-4 9,46-5
2.17-4  5.93-5
2.16-4 3.96-5
2,15-4 2. 79-5
2, 14-4 2,06-5
2,13-4 1.13-5
2,13-4 1.14-6

2,13-4

4,98-6

-167-

Flux = 3.48 + 13

HE II

9.94-1
9.94-1
92.93-1
9. 92-1
9.92-1
9.92-1
9.92-1
9.92-1
9.92-1
9.93-1

9.94-1
9. 94-1
9. 94-1
9.94-1
9.95-1
9. 96-1
9.96-1
9.97-1
9.97-1
9.97-1

9.98-1
9.98-1
9.98-1
9.98-1
9.98-1
9. 99-1
9.98-1
9.99-1
9.98-1
9.98-1

9,97-1
9.96-1
9.94-1
9.93-1
9.87-1
9, 79-1
9.68-1
9. 54-1
9.18-1
8,67-1

7.39-1
6.00-1
3.87-1
2.51-1
1.71-1
1.23-1
9.17-2
511-2
3,29-2
2.32-2

(x+o)gpp dp /ar

1.48+3
1, 49+3
1.49+3
1.49+3
1.4843
1, 44+3
1.39+43
1.3443
1,27+3
1,21+3

1, 1643
1.13+43
1.1042
1.07+3
1.00+3
9.58+2
9, 29+2
8.95+2
8. 64+2
8.12+2

7.89+2
7. 68+2
7. 50+2
7.33+2
7. 0442
6,83+2
6, 75+2
6.63+42
6,27+2
6, 4742

7.25+2
5.13+2
5.33+2
5, 48+2
5,35+2
5.22+2
5,04+2
4. 90+2
4.90+2
4.87+2

4. 7412
4, 5312
4, 29+2
4,07+2
3.84+2
3.62+2
3, 40+2
2.85+2
2.3042
1,1742

NtHE)/N(H) = 0,05

. 250

. 280
. 285
. 292
. 296
. 297

A

Flux

5.2-15
3,6-13
2.7-11
2,05-9
1,44-7
2.08-6
4.51-6
1,11-5
2.95-5
7.94-5

5, 62-3
5,55-3
5.40-3
5.16-3
4.82-3
4.39-3
3,88-3
3.30-3
3,30-3
2.92-3
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-168-

Eff, 8 = 0.210 Log G = 4.00 Flux = 1,88 + 13 N(HE)/N(®) = 0.15

T e Log PG LogPE HI! HE I HE II (K+¢-)STD dpr/d‘r Va A Flux
0,000 +346 1,387 1.082 1.25-4 1.00-1 9.,00-1 3,66-1 8,77+2 . 241 227 5,3-1
0,001 337 1.568 1,264 1,39-4 8,73-2 9.13-1 4,03-1 8,18+2 . 243 264 1.3-1
0,002 ,330 1,772 1,467 1,70-4 9,09-2 9,091 4, 68-1 T, 7042 . 242 313 2.9~1
0. 003 « 327 1,895 1. 591 1,954 9. 602 9. 04-1 5, 22-1 703442 . 241 386 5, 8-1
0,004 .324 1,983 1,679 2,13-4 9. 80-2 9,02-1 5, 68-1 7.03+42 . 241 504 9.82-
0.006 .320 2.106 1,802 2,44-4 1,03-1 8,97-1 6, 50-1 6. 57+2 . 240 504 4.36-
0,008 .,318 2.192 1.887 2,68-4 1,07-1 8.93-1 7.21-1 6, 2442 . 238 567 1.93-
0,010 ,317 2,258 1,953 2.91-4 1.13=1 8.87-1 7.86-1 6,04+2 .237 649 8.51-
0.015 .313 2,374 2.069 3.29-4 1,17-1 8.83-1 9,18-1 5. 86+2 . 235 758 3,67-
0,020 .310 2,455 2.150 3.52-4 1,16-1 8, 84-1 1.026 5, 72+2 . 235 911 1.51-
0.025 .307 2.517 2,212 3,67-4 1.13-1 8,87-1 1,117 5. 60+2 . 236 911 2, 86-
0,030 .305 2,567 2,262 3,83-4 l.11-1 8.89-1 1,202 5.55+2 . 237 990 2.82-
0,035 .303 2,610 2,305 3,91-4 1,07-1 8,93-1 1,275 5.4742 . 238 1083 2, 74-
0.040 ,301 2,646 2,341 3.97-4 1,03-1 8.97-1 1,340 5,40+2 . 240 1196 2, 64-
0,060 ,294 2,756 2.452 4.09-4 8.75=2 9.12-1 1, 557 5,18+2 . 247 1335 2, 50~
0.080 .289 2,833 2,529 4.13-4 7. 58-2 9, 24-1 1.727 5.03+2 .253 1511 2,32~
0.100 .285 2.893 2. 590 4.11-4 6.53-2 9.35-1 1. B65 4.92+2 . 260 1740 211~
0,125 .280 2,954 ©2,651 4,05-4 5,44-2 9. 46-1 2,006 4, 7842 . 267 2051 1,86~
0.150 .275 3,004 2,701 3,99-4 4,63-2 9. 54-1 2,127 4, 66+2 . 273 2051 1.86-
0, 200 .269 3,083 2. 780 3.93-4 3,66-2 9. 64-1 2.338 4, 4242 . 281 2303 1.69-
0. 250 . 263 3. 144 2. R42 3. R6-4 2.94.2 9. 71-1 2. 506 4. 2842 . 287 2625 1,51~
0,300 ,258 3,195 2,893 3,79-4 2.40-2 9, 76-1 2. 643 4, 14+2 .292 3053 1.30-
0,350 ,254 3,239 2.936 3,73-4 2,03-2 9.80-1 2, 768 4,03+2 .296 3647 1.10-
0,400 .250 3,276 2.974 3,67-4 1,74-2 9.83-1 2.874 3.92+2 .299 3647 1.49-
0, 500 .244 3,340 3,038 3.59-4 1,33-2 9,87-1 3,062 3. 75+2 .304 4235 1.22-
0. 600 . 238 3.393 3,091 3,52-4 1,056-2 9.90-1 3. 216 3,60+2 « 307 5049 9. 36~
0, 700 .234 3,437 3.135 3.49-4 8,80-3 9.91-1 3,364 3.48+2 310 6252 6. 69-
0, 800 .230 3,476 3.174 3.46-4 7.46«3 9.93-1 3. 490 3.38+2 .312 8205 4, 34-
1,00 .224 3,542 3. 240 3,40-4 5.63-3 9, 94-1 3. 709 3.22+42 .314 8205 4, 58-
1,20 .218 3,596 3.294 3.36-4 4,47-3 9,96-1 3. 892 3.08+2 .316 14588 1. 64-
1,40 .214 3,642 3,341 3.35-4 3,73-3 9.96-1 4,066 2.96+2 .318
1,60 .210 3,683 3.381 3.32-4 3,17-3 9.97-1 4,213 2. 84+2 .319 AF/F
1. 80 .207 3,718 3.416 3,32-4 2.80-3 9,97-1 4,362 2, T6+2 .320 -0.42,0,94
2.00 .204 3,750 3,448 3,31-4 2.49-3 9,97-1 4,492 2. 69+2 . 320
2. 50 . 197 3,818 3,516 3,30-4 1, 96~3 9. 98-1 4, 783 2, 5712 « 322 T C

3,00 .192 3,873 3,571 3,28-4 1,60-3 9.98-1 5,012 2,47+2 <322 .000 . 819
3. 50 .188 3,920 3,618 3,28-4 1,38-3 9.98-1 5, 231 2.39+2 323 . 004 . 881
4. 00 .184 3,961 3.659 3,27-4 1.20-3 9.98-1 5,415 2,32+2 322 .010 . 889
5,00 .178 4,029 3,728 3,27-4 9.97-4 9.97-1 5. 761 2, 26%2 .322 . 040 .911
6. 00 .173 4,085 3.784 3,25-4 8.48-4 9.96-1 6,022 2421+2 .319 . 080 <931

8,00 .165 4,174 3.873 3.23-4 6, 74-4 9.91-1 6, 445 2, 14+2 .31 . 200 <959

10,0 158 4,244 3,943 3,21-4 5.73-4 9.83-1 6, 784 2.13+2 ., 299 .« 400 977
14,0 .148 4,350 4,050 3,16-4 4,52-4 9.49-1 7.330 2,14+2 . 800 . 989
18.0 141 4,428 4,130 3,13-4  3,76-4 8,91-1 7.912 22,1142 ,230 1,40 « 995
22,0 .136 4,489 4.193 3,08-4 3,14-4 8.07-1 8, 514 2,10+2  ,205 2.00 . 997
26,0 131 4,538 4,245 3,02-4 - 2,60-4 7.08-1 9.126 2.09+2  ,l92 4.00 .999
30,0 127 4,579 4,290 2,98-4 2.12-4 6,04-1 9. 757 2.09+2 .187 8.00 1.00
40.0 +119 4,658 4,373 2,88-4 1.21-4 3,77-1 10,93 2.09+2 <199 14,0 1,00
50,0 114 4,718 4,435 2,79-4 7.01-5 2.31-1 11,68 2,09+2 224 18,0 1,00

60,0 .109 4,767 4,487 2,72-4 4,27-5 1,47-1 12,17 2,10+2 . 247
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-169-

Eff, 8 = 0,250 Log G = 4,00 Flux = 9,37 +12 N(HE)/N(H) = 0.15
L4 0 Log PG LogPE HI HE I HE I ‘“"STD dpr/d‘l' v A A Flux
0, 000 .385 1.216 0. 901 2.67-4 4, 76-1 5. 24-1 3.41-1 3.30+2 .215 911 1.10-3
0,001 .385 1,399 1.081 3,76-4 5.65-1 4.35-1 3.76-1 3.37+2 « 209 994 1,16-3

0,002 «384 1, 604 1,283 5. 60-4 6.61-1 3.39-1 4,38-1 3.43+2 .« 204 1094 1.17-3
0,003 .383 1.728 1.405 7.02-4 7.08-1 2.92-1 4,91-1 3,47+2 . 201 1215 1.17-3
0,004 381 1.815 1,491 8.16-4 7.34-1 2, 66-1 5.38-1 3.50+2 +199 1367 1.15-3
0,006 .379 1,937 1.612 9.86-4 17.62-1 2.38-1 6.19-1 3.52+2  .197 1563 1.10-3
0,008 .377 2.021 1. 696 1.10-3 7. 74-1 2.26-1 6.88-1 3.53+2 . 195 1683 1,07-3
0,010 ,376 2,086 1,761 1.20-3 7.79-1 2.21~-1 7.49-1 3.52+2 .193 1823 1.04-3
0,015 «371 2,201 1,875 1.33-3 7.80-1 2,20-1 8,77-1 3.49+2 . 189 1989 9.95-4
0,020 .368 2,281 1. 956 1.40-3 7. 71-1 2,29-1 9.82-1 3.56+2 . 186 2188 9.46-4

0.025 .364 2,342 2,018 1.42-3 7.58-1 2.42-1 1.071 3.42+2 . 182 2431 8,90-4
0,030 ,.362 2.392 2.068 1,44-3 7.48-1 2,52-1 1,153 3.37+2 179 2735 8.29-4
0,035 ,359 2,434 2,110 1,44-3 7, 34-1 2,66-1 1,224 3,34+%2 177 3126 7.55-4
0.040 356 2,470 2.146 1.43-3 7.18-1 2.82-1 1.289 3.30+2 . 174 3647 6.78-4
0.060 .348 2,578 2.257 1.37-3 6.60-1 3,40-1 1.512 3.16+2 .168 3647 1.04-3
0,080 ,341 2,654 2,335 1,30-3 6.02-1 3.98-1 1,686 3,05+2 .164 4019 9,36-4
0.100 .336 2.713 2.395 1.22-3 5.48-1 4.52-1 1.834 2. 95+2 . 143 4475 8.09-4
0,125 ,329 2,773 2,457 1,13-3 4,82-1 5,18-1 1.994 2,8442 . 164 5049 6,824
0.150 .324 2,821 2,507 1.05-3 4, 24-1 5. 76-1 2.121 2, 74+2 .168 5792 5, 58-4
0,200 316 2.897 2.585 9.53-4 3.41-1 6, 59-1 2. 349 2, 60+2 176 6790 4,39-4

0,250 .309 2,957 2,648 8,74-4 2, 76-1 7. 24-1 2.535 2.46+2 . 186 8205 3,30-4
0.300 .303 3,007 2.699 8.07-4 2,24-1 7.76-1 2. 683 2,35+2 . 197 8205 3.56-4
0,350 .298 3.049 2.742 7.58-4 1.87-1 8,13-1 2.813 2,26+2 .208 10503 2,34-4
0,400 .293 3,085 2.779 17.16-4 1.56-1 8,44-1 2.924 2,18+2 219 14588 1,34-4
0,500 ,285 3,148 2,843 6,58-4 1,16-1 8,84-1 3,119 2,05+42 . 237 14588 1.34-4
0,600 ,279 3,199 2,835 6.11-4 8.85-2 9.12-1 3,275 1,94+2 .252 17790 9.32-5
0,700 .274 3,243 2,940 5.79-4 7.07-2 9.29-1 3,416 1,85+2 .264 22793 5.94-5
0.800 .269 3,282 2,979 5.53-4 5, 74-2 9,43-1 3,534 17742 » 274 22793 5, 94-5
1.00 .261 3,348 3,045 5,18-4 4,07-2 9.59-1 3,749 1. 65+2 .288 30186 3.50-5
1.20 .255 3,402 3,100 4,91-4 3.05-2 9,70-1 3.930 1, 54+2 . 298 44675 1,66-5

1.40 .249 3,448 3,146 4.75-4  2.43-2 9.76-1 4,098 1.4642 .304

1. 60 245 3.489 3,187 4.62-4 1,98-2  9,80-1 4,246 1.3942 .309 AF/F

1.80 .241 3,525 3,222  4.52-4 1,67-2 9.83-1 4,386 1.3342  ,313 -0, 84, -0,07

2,00 .237 3,557 3,255 4.44-4 1.43-2  9.86-1 4,510 1.2842 .316

2. 50 230 3,625 3,323  4,32-4 1.04-2  9,90-1 4,803 1,19tz 321 T C

3.00 .224 3.682 3,380 4.20-4 7.93-3  9.92-1 5.034 1.1142  .324 . 000 . 720

3.50 219 3.729 3,427 4,14-4  6,43-3  9,94-1 5, 256 1,05+42  ,326 . 004 . 750

4,00 215 3,771 3,469 4.,08-4  5.30-3  9.95-1 5, 441 1,0042 ,328 010 . 786

5.00 .208 3,841 3,539 4,02-4 3.98-3  9,96-1 5. 792 9.35+1  ,330 . 040 872

6.00 .202 3.898 3,596 3.95-4 3.09-3  9,97-1 6.063 8.78+1  ,331 . 080 .916

8.00 .193 3,988 3.687 3.88-4 2,15-3  9,98-1 6. 530 7.95+41 332 . 200 . 958
10,0 .186 4,059 3,757 3.82-4 1.65-3  9,98-1 6.907 7.39+41 . 333 . 400 .979
14,0 L175 4,167 3,865 3.76-4 1.14-3  9,97-1 7.497 6.69+1  ,330 . 800 .99)
18.0 .168 4,248 3.946 3.70-4 B8.92-4  9,95-1 7. 950 6.19+1  ,325 1,40 « 996
22.0 162 4,313 4,011 3,68-4 7,52-4 9,90-1 8,335 6,2241  ,316 2,00 . 997
26,0 J157 4,366 4,065 3.65-4 6.60-4 9.83-1 8,657 6.69+1  .305 4,00 . 999
30.0 152 4,412 4,112 3,62-4 5,94-4 9.74-1  8.926 7.5941  ,292 8.00 1.00
40.0 .144 4,503 4,203 3,58-4 4,85-4  9,34-1 9.596 1.1842 255 14,0 1.00
50,0 .138 4,565 4.267 3.49-4 4.04-4 8.T71-1 10.16 1.87+2 ,223 18,0 1,00
60,0 133 4,607 4,312  3.38-4  3,34-4  7,84-1 10.62 2.83+2  , 201



-170-

Eff. 6 = 0,280 Log G = 4.00 Flux = 5.95 + 12 N(HE)/N{H).= 0,15
v 8 logPG LogPE HI HE I HEI  (k+e)gpn dp /dr Va A Flux
0.000 ,429 1,335 1,003 1,46-3  9,47-1 5,30-2  3.73-1 2,4442 24l 911  6.36-4
0,001 .427 1.528  1.196 2.11-3  9.62-1 3.84-2 4.42-1 2,58+42 244 994  6.59-4

0,002 .426 1,729 1,396 3.12-3 9,73-1 2.72-2 5.54-1 2, 70+2 + 249 1094 6, 76-4
0.003 .424 1,845 1,512 3,83-3 9.77-1 2,30-2 6,44-1 2, 7542 . 251 1215 6, 87-4
0.004 423 1,926 1,693  4.34-3 9.79-1 2.10-2 7.20-1 2.8042 « 253 1367 6.87-4
0.006 ,420 2,039 1,705 5.09-3 9.81-1 1.93-2 8,46-1 2.83+2 » 254 1563 6,77-4

0,008 417 2,117 1.784  5.54-3 9.81-1 1.90-2 9.51-1 2. 84+2 » 255 1683 6. 68-4
0.010 .415 2,177 1,844 5,85-3 9.81-1 1,90-2 1.041 2, 8442 + 255 1823 6, 54-4
0,015  ,410 2,286 1,952 6.26-3 9.80-1 2,01-2 1.227 2.81+2 . 255 1989 6.37-4
0,020 . 406 2,362 2.028 6.32-3 9.78-1 2,21-2 1,373 2. 7842 » 254 2188 6o 16-4
0,025 ,402 2,421 2,087 6,25-3 9. 75-1 2,48-2 1.496 2. 7442 . 252 2431 5. 90-4
0.030 .399 2,469 2.136  6,24-3 9.73-1 2,68-2 1,608 2. 70+2 , 251 2735 5.61-4
0,035 .39 2.510 2,177  6.10-3 9. 70-1 2.98-2 1, 706 2, 6642 . 249 3126 5. 24-4
0,040 «393 2, 545 2,212 S. 92-3 9. 67-1 3.30-2 1.791 2. 6312 . 246 3647 4. 80~4
0.060 ,383 2,652 2,320 5.32-3 9. 53-1 4,67-2 2,077 2. 50+2 236 3647 8.42-4
0.080 .375 2,728 2,397 4,77-3 9.37-1 6.30-2 2. 299 2.39+2 . 225 4019 7.56-4
0.100 .369 2,788 2,457 4,31-3 9, 19-1 8,14-2 2,484 2.30+2 214 4475 6. 58-4
0.125 .361 2,848 2,519 3.81-3 8.91-1 1.09-1 2,681 2. 2042 . 201 5049 5. 60-4
0,150 «355 2. 898 2. 569 3. 42-3 8,61-1 1.39-1 2.854 2.11+2 . 189 5792 4, 62-4
0.200 ,346 2.976 2,649  2,94-3 8.05-1 1.95-1 3,167 1, 98+2 175 6790 3,66-4

0, 250 .338 3,037 2.712 2.57-3 T.44-1 2. 56-1 3,431 1,86+2 .165 8205 2, 76-4
0,300 . 331 3,086 2, 764 2, 28-3 6,79-1 3,21-1 3,662 1, 7742 159 8205 3.04-4
0,350 ,326 3,128 2,808  2,07-3 6. 20-1 3,80-1 3.864 1,7042 .15 10503 2.01-4
0, 400 .320 3.165 2, 846 1,90-3 5. 62-1 4,38-1 4,052 1. 6312 . 156 14588 1.14-4
0. 500 .312 3,226 2. 910 1,66-3 4,67-1 5.33-1 4,389 1.53+2 .159 14588 1.17-4
0,600 ,305 3,276 2,963 1,47-3 3,85-1 6,15-1 4,674 1, 4442 .166 17790 8.19-5
0.700 .299 3,319 3,008 1,34-3 3.23-1 6, 77-1 4,919 1,37+2 .174 22793 5. 20-5
0, 800 .294 3.356 3,046 1.24-3 2,72-1 7.28-1 5.128 1,31+42 2184 22793 5, 24-5
1,00 .286 3,418 3.111 1,10-3 2.01-1 7.99-1 5. 488 1,20+2 TZ203 30186 3.10-5
1,20 . 279 3,470 3.164 1,00-3 1,53-1 8,47-1 5,779 1,12+42 222 44675 1,47-5

1. 40 .273 3,514 3,209  9.36-4 1,23-1 8,77-1 6,046 1,06+2 . 238

1. 60 .269 3,553 3,248 8,84-4 1.00-1 9.00-1 6,272 1. 0042 .252 AF/F

1,80 » 264 3,587 3,283  8,49-4 8,40-2 9,16-1 6. 484 9. 59+1 » 263 -0,91,0.12
2,00 .26 3,618 3,315 8.15-4 Te11-2 9.29-1 6.669 9.19+1 . 274

2. 50 253 3,684 3,381 7.60-4 5.11-2 9.49-~1 7,103 8. 4741 . 292 T C
3.00 246 3.739 3.436 17.17-4 3.81-2 9.62-1 7.441 7.88+1 .306 . 000 . 730
3,50 .241 3,785 3,483  6.90-4 3,04-2 9. 70-1 7.769 Te4341 +315 . 004 « 765
4,00 . 237 3.826 3.524 6.67-4 2,46-2 9.75-1 8.043 7. 0441 322 .010 . 803
5, 00 «229 3,894 3.592  6.40-4 1,79-2 9.82-1 8.558 6, 53+1 .331 . 040 . 887
6, 00 .223 3,950 3.648 6,17-4 1,35-2 9.86-1 8.966 6,10+1 «337 .080 .928

8,00 214 4,039 3.737 5,91-4 8.89-3 9.91-1 9. 683 5, 48+1 344 ° ,200 . 965

10,0 .206 4,108 3.806 5.72-4 6.48-3 9.94-1 10,26 5.08+1 . 347 . 400 . 982
14,0 .195 4,214 3,912 5,51-4  4,08-3 9.96-1 11,17 4, 58+1 «350 . 800 . 992
18.0 187 4,294 3,992 5,37-4 2,94-3 9.97-1 11,90 4,234 .352 1,40 . 996
22,0 .181 4,357 4,005 5¢29-4 2.30-3 9.97-1 12,50 4, 2841 «.352 2,00 . 998
26,0 176 4,410 4,109 5,22-4 1,90-3 9.97-1 13,01 4, 6741 «351 4,00 . 999
30,0 <171 4,456 4,154 5,15-4 1,62-3 9.97-1 13,45 5,38-1 .349 8.00 1.00
40,0 .163 4,545 4.243 5,04-4 1,22-3 9,94-1 14,28 8. 60+1 .342 14,0 1.00
50.0 156 4,611 4.309 4,94-4 9.98-4 9.89-1 14,84 1,39+2 .329 18.0 1,00

60,0 «151 4, 661 4. 360 4. 82-4 8, 53-4 9,81=1 14,86 2.1212 +313



0.000
0.001
0,002
0,003
0.004
0,006
0,008
0.010
0,015
0.020

0,025
0.030
0.035
0,040
0,060
0,080
0,100
0,125
0,150
0, 200

0, 250
0,300
0, 350
0. 400
0. 500
0. 600
0, 700
0. 800
1.00
1.20

1. 40
1,60
1.80
2.00
2. 50
3.00
3,50
4,00
5.00
6.00

8.00
10,0
14,0
18,0
22,0
26,0
30,0
40,0

60,0

Eff. 9 = 0,320

.479
. 477
. 475
473
.47
. 468
+ 465
. 462
. 456
. 451

+ 446
+ 443
. 439
. 436
. 424
.415
. 408
. 400
« 393
. 382

,373
. 366
« 360
.354
. 345
.337
.330
.325
.316
.308

. 302
.« 296
. 292
. 287
. 279
. 272
. 266
.261
. 253
. 247

. 236
. 229
.217
. 208
« 202
.196
.192
.182
175
169

Log PG Log PE

1,286
1.481
1.678
1.792
1.871
1.982
2.059
2,118
2.225
2.301

2,359
2,407
2,447
2,482
2,590
2,666
2.726
2.787
2.838
2,918

2,981
3,032
3,076
3.114
3.178
3,231
3,275
3.313
3.377
3.429

3,473
3,510
3.544
3,574
3,638
3.691
3,736
3.775
3,841
3.896

3.983
4,051
4,155
4,233
4,296
4,349
4,394
4,483
4, 549
4, 599

0,952
1,146
1,342
1. 455
1. 534
1,643
1. 720
1. 779
1,886
1. 961

2.020
2. 068
2.109
2,144
2,252
2,330
2.390
2,452
2+ 503
2, 584

2, 647
2, 700
2, 745
2,784
2, 849
2,904
2. 950
2. 99¢
3,057
3. 112

3,158
3.197
3,232
3,264
3.330
3.385
3,430
3.470
3,538
3.592

3. 680
3. 749
3,853
3,931
3,994
4,047
4,092
4,181
4, 247
4, 297

Log G = 4.00
HI HE I
7.69-3  9.97-1
1,10-2  9.98-1
1.60-2  9,99-1
1,9322  9.99-1
2.16-2  9.99-1
2,46-2  9.99-1
2,63-2  9.99-1
2.73-2 9.99-1
2,82-2  9,99-1
2.78-2 9. 98.1
2.68-2 9. 98-1
2.62-2  9.98-1
2,51-2  9.98-1
2.40-2 9.97-1
2.05-2  9.96-1
1,76-2  9,94-1
1.54-2  9.91-1
1.31-2  9.88-1
1,14-2 9.83-1
9.34-3  9.73-1
7.85-3  9,60-1
6,70-3  9.43-1
5, 90-3 Ge 25-1
5.26-3  9.04-1
4.40-3  8.60-1
3.75-3  8.08-1
3.31-3  7.56-1
2.97-3 7,02-1
2.50-3  6,02-1
2.17-3  5.11-1
1.96-3  4,40-1
1,79-3  3.78-1
1.67-3  3,29-1
1,55-3  2.83-1
1.37-3  2,08-1
1.24-3  1.57-1
1.16-3  1,25-1
1.09-3 1.01-1
1.00-3  7.26-2
9.37-4  5,38-2
8.58-4  3,44-2
8,10-4  2,42-2
7.50-4  1,44-2
7.16-4  9.81-3
6.94-1 7.30-3
6.78-4  5,76-3
b6.64-4  4,72-3
6,41-4  3,22-3
6.23-4  2,43-3
6. 05-4 1,95-3

-171-

Flux = 3,49 + 12

HE II

2.86-3
2.10-3
1.51-3
1,31-3
1.22-3
1.16-3
1.17-3
1.21-3
1.35-3
1.57-3

1,83-3
2,04-3
2.34-3
2.68-2
4,21-3
6,16-3
8,56-3
1,24-2
1,71-2
2.72-2

4,02-2
5, 68-2
T,48-2
9. 58-2
1,40-1
1.92-1
2, 44-1
2.98-1
3.98-1
4,.89-1

5, 60-1
6, 22-1
6. 711
7.17-1
7.92-1
8.43-1
8,75-1
8.99-1
9.27-1
9.46-1

9.66-1
9. 76=1
9.86-1
9,90-1
9.93-1
9.94-1
9.95-1
90 96-1
9.97-1
9.96-1

(kto)grp dp /fdv

4,08-1

- 4,98-1

6.37-1
7.46-1
8.37-1
9.87-1
1.110
1.215
1,432
1. 604

1,746
1,876
1,986
2,084
2,406
2, 657
2,858
3.064
3,240
3,557

3,817
4,030
4, 234
4,416
4, 757
5,057
5,343
5, 584
6.055
6,472

6. 841
7.161
7. 449
7. 697
8,251
8, 689
9.088
9. 422
10,05
10,52

11,37
12,04
13,13
13,98
14,70
15,32
15,86
16. 90
17.62
18,05

1.75+2
1.91+42
2.03+2
2.08+2
2.12+42
2, 16+2
2.17+2
2.16+2
2, 14+2
2.11+2

2,09+2
2,05+2
2.02+2
1.99+2
1.89+2
1,80+2
1.73+42
1.64+2
1,58+2
1,46+2

1.38+2
1.31+2
1,25%2
1.19+2
1.11+2
1,04+42
9.91+1
Y. 44t1
8,67+1
8.05+1

7.58+1
T.17+1
6.85+1
6.56+1
6.03+1
5, 59+1
5.26+1
4.97+1
4, 59+1
4,27+

3,81+
3.52+1
3,134
2,86+]
2.89+]
3171
3.68+1
6,03+
9. 90+l
1,53+2

N(HE)/N(H) = 0. 15

Va

.252
. 249
242
. 235
. 230
.223
.219
.217
.214
. 2158

. 218
» 219
. 222
224
235
. 242
. 248
. 252
. 252
- 248

.239
. 227
.216
» 204
+ 189

.165
. 159
.155
156

.160
.166
173
3182
223
. 240
. 255
.278
. 297

.319
332
. 346
.352
. 366
.358
.359
. 360
<360
.387

1N Flux
911 3.05-4
994 3.25-4
1094 3.42-4
1215 3.57-4
1367 3.68-4
1563 3.73-4
1683 3.73-4
1823 3.72-4
1989 3,68-4
2188 3.64-4
2431 3.57-4
2735 3.50-4
3126 3.39-4
3647 3,24-4
3647 6.53-4
4019 5,89-4
4475 5.18-4
5049 4,45-4
5792 3.72-4
6790 2,99-4
8205 2,28-4
8205 2.56-4
10503 1.72-4
14588 9.83-5
14588 1.02-5
17790 7.14-5
22793 4, 55-5
22793 4,60-5
30186 2.73-5
44675 1,31-5
AF/F
-0. 40,0, 59
T C
. 000 . 740
. 004 .. 175
.010 .811
. 040 . 893
.080 . 932
. 200 . 969
. 400 . 985
. 800 «993
1,40 « 997
2.00 -998
4,00 <999
8.00 1.00
14,0 1,00
18.0 1.00



0, 000
0,001
0.002
0,003
0,004
0.006
0,008
0.010
0,015
0.020

0,025
0,030
0,035
0. 040
0,060
0, 080
0, 100
0,125
0,150
0, 200

0. 250
0. 300
0.350
0. 400
0. 500
0. 600
0. 700
0. 800
1,00

1. 20

1.40
1. 60
1,80
2,00
2. 50
3,00
3.50
4,00
5, 00
6. 00

8.00
10.0
14,0
18.0
22.0
26.0
30,0
40,0
50,0
60.0

Eff, 0 = 0.360
-]
.525 1,243
.523 1,440
.520 1,638
.518 1,752
.516 1,832
.512 1,943
.509 2,020
.506 2,080
» 499 2.187
.493 2,263
.488  2.321
.483 2,369
» 479 2. 409
L475 2,443
.463 2,549
.452  2.624
.444 2,683
«435 s 74
L428 2,792
.415 2,870
.406 2,933
.397 2,984
.391 3,028
.384 3,066
.374 3,131
.366 3,184
.359 3,229
.352° 3,269
.342 3,335
.334 3,389
.327  3.434
.322 3,473
.317 3,508
.312 3,538
. 303 3. 603
.295 3,655
.289 3,700
.284 3,738
.275  3.803
.268  3.856
.257 3,940
.249 4,006
.237 4,108
.228 4,184
.22l 4,246
.215 4,288
L2100 4,342
L200 4,430
<192 4,496
.186 4,547

lLog PG log PE

0. 901
1.096
1,288
1.399
1,477
1,585
1. 661
1,720
1,828
1,905

1.963
2,012
2,054
2,090
2.199
2,271
2,338
2,400
2. 450
2. 531

2. 595
2, 647
2,692
2.730
2. 796
2. 850
2,897
2,937
3,005
3.060

3.108
3,149
3,185
3.217
3,285
3.340
3.387
3,428
3. 494
3. 549

3,635
3,702
3,805
3,882
3,944
3,996
4, 040
4,128
4,194
4, 245

Log G = 4.00

HI HE T
3, 55-2 1.0040
4,97-2 1, 0040
6.95-2 1.0040
8,18-2 1,0040
8.99-2 1,00+0
9,95-2 1,00+
1.04-1 1,0040
1,06-1 1,0040
1.07-1 1, 0040
1,03-1 1,000
9, 76-2 1,00+0
9, 46-2 1.0040
8, 96-2 1,00+0
8.48-2 1,004
6,96-2 1,00+0
5,83-2  9,99-1
4,97-2  9.99-1
4,12-2 9. 981
3.60-2  9,98-1
2.77-2 9.96-1
2,26-2 9. 94-1
1. 87-2 9. 91-1
1,61-2  9,87-1
1,40~2 9,83-1
1,13-2  9,73-1
9.32-3 9.59-1
8.02-3 9.43-1
7.02-3 9,25-1
5, 67-3 8. 82-1
4,76-3 8,33-1
4,18-3 7.85-1
3,73-3 Te34-1
3,40-3 6, 86-1
3,11-3 6.36-1
2.66-3 h.32-1
2,31-3 4,38-1
2.09-3 3,68-1
1,91-3.  3,10-1
1,69-3 2. 31-1
1,52-3 1. 75-1
1.32-3 1,13-1
1,20-3 7.91-2
1.06-3  4,61-2
9.85-4  3,08-2
9.38-4  2,27-2
9.06-4 1,78-2
8.,72-4 1.39-2
8,25-4 9,01-3
7.79-4  6,17-3
7.53-4  4,75-3

-172-

Flux = 2.18 + 12

HE T

1,85-4
1.39-4
1,04-4
9.18-5
8, 74-5
8, 60-5
8.93-5
9.41-5
1.11-4
1.34-4

1,64-4
1,87-4
2. 22~
2.60-4
4.45-4
6. 95-4
1.02-3
1. 573
2.16-3
3.87-3

6.10-3
9,14-3
1,27-2
1. 71-2
2. 74-2
4,12-2
5. 68-2
7.53-2
1,18-1
1.67-1

2,15=1
2. 66-1
3,14-1
3, 64-1
4. 68-1
5, 62-1
6.32~1
6.90-1
7. 69-1
8.25-1

8,87-1
9,21-1
9, 54-1
9. 69-1
9. 77-1
9, 82-1
9.86-1
9.91-1
9. 94~1
9.95-1

etedgpp dp/dT

4,40-1
5.44-1
6.98-1
8.16-1
9.14-1
1,077
1,207
1.324
1,565
1,764

1. 926
2,078
2. 210
2,328
2.713
3,011
3,248
3.490
3.706
4,042

4,328
4, 557
4. 766
4. 943
5. 280
5. 544
5. 822
6,061
6, 505
6. 909

7.303
7,634
7. 974
8,286
9.015
9. 600
10,14
10, 59
11,38
11,99

13,01
13,81
15,08
16,08
16,96
17,74
18,26
19,53
20, 20
20.78

1.35+42
1.49+2
1,60+2
1. 6442
1,67+2
1,70+42
1, 70+2
1.70+42
1,67+2
1,65+2

1,62+2
1,60+2
1, 537+2
1, 5442
1.46+2
1,39+2
1,33+2
1,272
1,21+42
1,13+2

1.06+2
1.00+2
9, 56+1
9.16+1
8,52+1
7.98+1
7.56+1
721941
6, 59+1
6,10+1

4.72+1
5, 42+1
5,17+1
4, 94+1
4. 54+1
4,19+1
3,941
3.7141
3.4241
3,1741

2.81+1
2. 58+1
2, 28+1
2,08+1
2.10+1
2,32+1
2.73+1
4. 58+1
7. 62+1
1,18+2

N(HE)/N(!:I) = 0,15

1Y Flux
911 1.53-4
994 1.67-4
1094 1.81-4
1215 1,93-4
1367 2,04-4
1563 2,12-4
1683 2.15-4
1823 2,17-4
1989 2. 194
2188° 2.20-4
2431 2, 22-4
2735 2, 24-4
3126 2. 26-4
3647 2, 25-4
3647 5.19-4
4019 4,71-4
4475 4,184
5049 3,63-4
5792 3.06-4
6790 2,49-4
8205 1.92-4
8205 2.21-4
10503 1.49-4
14588 8. 66-5
14588 9,00-5
17790 6.35-5
22793 4,07-5
22793 4,13-5
30186 2,46-5
44675 1.18-5
AF/F
-0.36,0,52
T 9
. 000 . 750
. 004 . 784
.010 .818
. 040 .89
. 080 . 934
- . 200 <970
. 400 . 986
. 800 . 994
1.40 . 997
2.00 . 998
4,00 . 999
8,00 1,00
14,0 1,0



0,000
0.001
0.002
0.003
0,004
0.006
0,008
0.010
0.015
0,020

0,025
0,030
0.035
0,040
0,060
0.080
0. 100
0,125
0,150
0, 200

0. 250
0.300
0,350
0, 400
0. 500
0. 600
0. 700
0. 800
1,00

1. 20

1,40
1,60
1,80
2. 00
2. 50
3.00
3.50
4,00
5, 00
6.00

8,00
10,0
14,0
18,0
22,0
26.0
30,0
40.0
50,0
60,0

Eff. 6 = 0,400

0

. 571
. 568
. 565
. 562
. 560
. 556
. 552
. 548
. 541
. 534

. 528
. 524
.519
. 514
. 500
. 489
. 480
. 470
. 461
. 448

.438
428
421
414
.403
.394
« 386
+379
+368
. 359

.352
«345
. 340
+335
.325
<317
.310
«304
. 295
. 288

. 276
. 267
« 255
. 245
. 238
.232
. 227
217
. 209
.203

1,271
1,456
1,652
1.769
1.851
1.967
2,048
2.109
2.219
2.294

2,351
2.398
2.436
2.468
2, 566
2,634
2,687
2. 741
2,785
2,856

2.912
2. 959
3,000
3,036
3.097
3.148
3.192
3,231
3,296
3.350

3.396
3.435
3,471
3.502
3.568
3.623
3,668
3,707
3,772
3.825

3.908
3,973
4,072
4,146
4,207
4. 257
4,301
4,387
4,453
4,503

Log PG Log PE

0.898
1.068
1,247
1,353
1.428
1. 536
1.614
1.673
1,784
1. 866

1,927
1. 978
2.022
2. 060
2.173
2.252
2,314
2.375
2. 425
2.502

2. 564
2,614
2. 657
2. 694
2. 758
2,810
2,855
2.895
2. 961
3.016

3,063
3,103
3,140
3.172
3.241
3.298
3,345
3,387
3,455
3,511

3. 598
3,665
3, 766
3,842
3.903
3. 955
3.998
4,085
4,151
4,201

-173-

Log G = 4.00
HI HE I
1.57-1  1.00+0
1.98-1  1,0040
2.52-1  1,0040
2.82-1  1,0040
3.01-1  1.00+0
3,21-1  1,0040
3.30-1  1,0040
3.32-1 1,0040
3.30-1  1,0040
3.18-1 1,0040
3,02-1  1.00+0
2.92-1  1,00+0
2.78-1 1. 00+0
2.64-1  1.00+0
2.18-1  1,0040
1.82-1  1,00+0
1.54-1 1,0040
1. 26-1 1.00+0
1.06-1  1,00+0
8.17-2  9.99-1
6.49-2  9,99-1
B.25-2 9.99-1
4.42-2  9,98-1
3.77-2  9.97-1
2.93-2  9.95-1
2.34-2  9,92-1
1,96-2 9.,88-1
1.68-2  9,84-1
1.30-2  9,72-1
1.06-2  9.57-1
9,04-3  9,40-1
7.88-3 9, 20-1
7.03-3  8,99-1
6.32-3 8, 74-1
5,18-3 8.,13-1
4,35-3  7.40-1
3,.84-3 6, 75-1
3.43-3 6.10-1
2.93-3  5,04-1
2.56-3  4,13-1
2,133 2,90-1
1.87-3  2.11-1
1.57-3  1,27-1
1.40-3  8,48-2
1.30-3  6.14-2
1.,22-3  4,68-2
1.16-3  3,71-2
1,07-3  2.34-2
1.01-3 1,642
9,62-4 1,23-2

Flux = 1.43 + 12

HE It

. .
101
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2.08-5
2.50-5
4,61-5
7.65-5
1.18-4
1.93.4
2.94-4
5. 38-4

9.02-4
1,43-3
2.08-3
2,92-3
5,02-3
8.03-3
1.17=-3
1.63-2
2,78-2
4,30-2

6,00-2
8,00-2
1.01-1
1,26-1
1.87-1
2, 60-1
3.25-1
3.90-1
4.96-1
5,87~1

7.10-1
7.89-1
8,73-1
9.15-1
9,39-1
9.53-1
9.63-1
9.77-1
9.84-1
9.88-1

(kto) gy dp_/dr

4.57-1
5.44-1
6.69-1
7.64-1
8.44-1
9.83-1
1,104
1,209
1.451
1.670

1,861
2,034
2.202
2.356
2.871
3,276
3.611
3,940
4,210
4,641

4. 980
5. 236
5,467
5. 661
6,012
6,292
6. 549
6,777
7.192
7.558

7.912
8, 240
8,560
8. 854
9. 528
10,14
10, 74
11,28
12,25
13.06

14,38
15,38
16,93
18,10
19,07
19,90
20, 60
22,05
23.09
23,82

1. 12+2
1, 22+2
1,29+2
1.32+2
1,34+2
1.34+42
1,35+2
1. 34+2
1.3242
1.30+2

1. 2542
1, 25+2
1.23+2
1,22+2
1,15+2
1,09+2
1.05+2
9. 98+1
9. 54+1
8,85+1

8.33+1
7, 88+1
7. 53+1
7. 2141
6, 7141
6. 28+1
5, 9411
5, 65+1
5.17+1
4, 7811

4, 48+1
4,22+1
4,02+1
3. 8441
3.52+1
3.26+1
3,05+1
2,87+1
2.63+1
2. 4341

2.15+1
1,97+1
1. 72+1
1,57+
1.59+1
1. 76+1
2,08+1
3, 54+1
5.93+1
9.27+1

N(HE)/N(H) = 0,15

Va
.127

.109

.082

A Flux
911 8,08-5
994 8.98-5
1094 9.89-5
1215 1.07-4
1367 1.15-4
1563 1.21-4
1683 1,24-4
1823 1,27-4
1989 1.30-4
2188 1,34-4
2431 1.38-4
2735 1,44-4
3126 1.50-4
3647 1.57-4
3647 4.19-4
4019 3.82-4
4475 3,42-4
5049 2.99-4
5792 2, 55-4
6790 2.10-4
8205 1,64-4
8205 1.93-4
10503 1,32-4
14588 7.71-5
14588 8,06-5
17790 5,715
22793 3.68=5
22793 3, 74-5
30186 2,23-5
44675 1.08-5
AF/F
-0.65,0.35
T C
. 000 . 758
.004 .79
.010 . 823
. 040 .898
. 080 . 936
. 200 . 972
. 400 . 987
. 800 . 995
1.40 .998
2.00 . 999
4,00 <999
8.00 1.00
14,0 1.00
18,0 1.00



0. 000
0, 001
0,002
0,003
0, 004
0. 006
0,008
0,010
0.015
0,020

0,025
0,030
0,035
0,040
0, 060
0, 080
0.100
0.125
0.150
0. 200

0, 250
0, 300
0, 350
0. 400
0, 500
0, 600
0, 700
0, 800
1,00

1.20

1,40
1, 60
1,80
2,00
2. 50
3. 00
3. 50
4,00
5,00
6,00

8,00
10,0
14,0
18,0
22.0
26,0
30.90
40,0

60,0

Eif, 8 = 0,500

. 682
. 680
678
. 676
«674
<672
« 669

. 521
« 508
. 498
. 488
. 473
. 460

. 451
. 442
. 434
. 427
414
. 402
«394
. 386
374
.363

. 349
.338
322
. 310
. 302
« 295
. 289
0 277
. 269
. 262

2, 045
2, 250
2,471
2. 603
2. 697
2,827
2,917
2.985
3.107
3,189

3,251
3.299
3,339
3,373
3,469
3.531
3.575
3.617
3, 647
3. 690

3.719
3. 740
3.756
3,769
3,788
3.801
3.812
3,820
3,833
3,843

3,851
3,859
3,865
3,872
3,886
3,899
3.912
3,924
3.948
3.971

4,014
4,053
4,122
4,180
4. 229
4,271
4,308
4, 383
4,441
4, 487

Log PG Log PE

0,913
1,041
1,175
1. 257
1.317
1.405
1,471
1,522
1,621
1.696

1,759
1.809
1,856
1.898
2,034
2,140
2,228
2.324
2. 405
2.534

2. 641
2,730
2. 806
2.871
2,977
3,064
3.130
3.187
3.271
3,333

3.377
3.411
3,438
3. 459
3. 500
3, 528
3,550
3, 568
3,600
3, 627

3,674
3,717
3.788
3,849
3, 900
3.945
3,984
4,063
4.125
4.174

-174 -

Log G = 4,44
HI HE I
9.09-1 1,0040
9,24-1  1,0040
9,39-1  1,0040
9.46-1  1,00+0
9.50-1 1,0040
9.55-1  1,00+0
9.58-1  1.0040
9.59-1  1,00+0
9,62-1 1,0040
9.62-1  1.00+0
9,62-1  1,0040
9.62-1 1,004
9.61-1  1.004+0
9.61-1  1,00+0
9.56-1  1,0040
9,52-1  1,0040
9,46-1  1,00+0
9. 39-1 1. 00+0
9,30-1  1,00+0
9,14-1  1,0040
8.96-1  1,00+0
8,.76-1 1,00+0
8.55-1  1.00+0
8,33-1  1,0040
7.90-1  1,0040
7.43-1  1,0040
6.97-1 1,00+0
6.51-1  1,00+0
5,65-1  1,00+0
4,85-1  1,0040
4, 20~ 1,00+0
3.62-1  1,0040
3,14-1 11,0040
2.71-1 1,000
1.99-1  1.00+0
1.47-1 Ye 99~1
1.15-1  9,99-1
9.14-2  9,98-1
6.46-2  9,95-1
4,77-2 9.92-1
3.10-2  9.81-1
2.28-2  9.66-1
1.51-2 9, 24-1
1.15-2  8.71-1
9.42-3  8,13-1
8.08-3  7,53-1
7.15-3  6,94-1
5,69-3 5,611
4.85.3  4.56-1

4,27-3

3,72-1

Flux = 5.95 + 11

HE II

1.28-8
1,11-8
9.31-9
8, 54-9
B.17=~9
7.87-9
7.86-9
7.97-9
8,52-9
9,40-9

1.05-8
1,15-8
1.27-8
1.42-8
2.10-8
3,03-8
4, 25-8
6.31-8
9.08-8
1.67-7

2, 84-7
4.63-7
7.04-7
1.04-6
2.01-6
3,61-6
5.90-6
9.23-6
1.96-5

3.72-5

6.22=5
9.92-5
1,48-4
2,17-4
4, 60-4
8,87-4
1,48-3
2.34-3
4, 64-3

oo
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{kte) gy dp /dr

1.91-1
2.16-1
2,49-1
2, 74-1
2.97-1
3.37-1
3, 74-1
4, 06-1
4.80-1
5. 51-1

6,20-1
6. 82-1
7. 49-1
8,15-1
1.081
1.361
1,662
2.081
2, 536
3.511

4, 644
5. 949
7.356
8,914
12,21
15,92
19,63
23,46
30, 64
37.05

42,14
46, 24
49, 45
51.79
55,38
56, 69
57.15
56, 89
56, 51
55,73

55.15
55,33
56, 61
58,96
61, 51
64,12
66,73
72,40
77.19
80, 86

3.91+1
3,73+1
3.58+1
3.46+1
3,361
3, 24+1
3,15+
3,10+1
3.0141
2, 94+1

6, 89+1
2.88+1
2.86+1
2, 84+1
2, 8141
2. 80+1
2. 79+1
2.78+]
2,77+l
2, 75+1

2, 71+1
2.67+1
2,621
2, 58+1
2,48+1
2,394
2,3141
2,231
2.09+1
1.96+1

1,86t1
1. 7741
1,70+1
1,63+]
1,50+1
1,39+1
1,314l
1,23+41
1.12+41
1,04+

8,97H
8,074
6.9740
6. 2840
6, 5240
7.5340
9.3240
1,72+l
3, 0041
4, 76+1

N(HE)/N(H) = 0,15

Va

.088
.092
. 100
.105
.108
113
117
.119
123
125

.125
126
126
.125
22

:115

A\ Flux
911 1.91-5
994 2,19-5
1094 2,45-5
1215 2.70-5
1367 2.94-5
1563 3.18-5
1683 3.31-5
1823 3,48-5
1989 3.72-58
2188 4,03-5
2431 4,46-5
2735 5.04-5
3126 5.80.5
3647 6.73-5
3647 2.34-4
4019 2.18-4
4475 2.01-4
5049 1,82-4
5792 1.62-4
6790 1.39-4
8205 1.13-4
8205 1.36-4
10503 9.80-5
14588 6.02-5
14588 6.37-5
17790 4,57-5
22793 2.97-5
22793 3,03-5
30186 1,82-5
44675 8,84-6
AF/F
-0, 68,0,62
T C
. 000 . 789
. 004 . 806
.010 .820
. 040 . 858
.080 . 889
. 200 . 937
. 400 . 969
. 800 . 988
1. 40 . 995
2.00 . 997
4,00 . 999
8,00 1.00
14,0 1.00
18. 0 1. 00



0.000
0,001
0. 002
0,003
0. 004
0,006
0, 008
0,010
0.015
0.020

0.025
0.030
0,035
0. 040
0, 060
0,080
0,100
0,125
0.150
0. 200

0, 250
0, 300
0, 350
0. 400
0. 500
0, 600
0, 700
0, 80O
1,00

1. 20

1, 40
1. 60
1.80
2,00
2, 50
3.00
3. 50
4,00
5. 00
6. 00

8.00
10.0
14,0
18.0
22,0
26,0
30,0
40,0
50,0
60.0

Eff, 9 = 0, 504
[
.688 1,706
685 1,907
.683 2,131
.681 2,266
679  2.361
.676 2,493
«673 2,585
«671 2,655
666 2.777
.661 2,860
656 2,921
652 2.969
.648 3,009
<645 3,042
.632 3,135
622 3,195
.b612 3,237
602 3,277
» 593 3. 305
»578 3,345
»565 3,372
»554 3,392
»544 3,407
.536 3,420
521 3,438
.509 3,451
«498 3,462
»489  3.470
+474  3.484
461 3,469
«451 3,506
«443 3,515
«435 3,524
.428 3,532
.415 3,552
403 3,571
395 3,589
+387 3,607
«375 3,640
364 3,672
«350 3,729
«339 3,778
323 3,860
.311 3,926
- 302 3,980
«295 4,025
289 4,064
278 4,142
«269 4,200
«262 4,246

Log PG Log PE

0, 688
0,818
0. 956
1,041
1,105
1.197
1,266
1,320
1,424
1.504

1,569
1.621
1,671
1,714
1,853
1.961
2,049
2,145
2. 224
2,349

2. 449
2.534
2. 603
2, 664
2,759
2,835
2,893
2.939
3,009
3.057

3,092
3,118
3,139
3,156
3,191
3,218
3,241
3,262
3,300
3,333

3,393
3,445
3,530
3,599
3,655
3.703
3,745
3,827
3,889
3,936

-175-

Log G = 4.00
HI HE

8, 79-1 1,00+0
8,99-1 1,0040
9.18-1 1.00+0
9,27-1 1,0040
9,33-1 1.0040
9.39-1 1,0040
9.42-1 1,00+0
9. 45-1 1,00+0
9, 47-1 1, 0040
9,47-1 1.00H0
9.47-1 1,00+0
9,46-1 1.00+0
9.45-1 1.00+0
9. 44-1 1,00+
9,37-1 1.00+0
9. 29-1 1.00+0
9, 20-1 1.00+40
9.09-1 1,0040
8.96-1 1,0040
8.71-1 1,00+40
8, 45-1 1.0040
8,15-1 1,0040
7.86-1 1.00+0
7e 55-1 1,00+
6,95-1 1.0040
6,33-1 1, 0040
5, 75-1 1,0040
5,18-1 1,004
4,21-1 1,0040
3,40-1 1,0040
2.79-1 1,00+0
2,30-1 1,0040
1.93-1 1,00+0
1,61-1 1,0040
1,12-1 9.99-1
8,08-2 9.98-1
6,252 9,97-1
4, 94-2 9, 96-1
3,49-2 9.91-1
2.60-2  9,85-1
1,73-2 9,67-1
1.30-2 9,42-1
8,86-3 8,77-1
6. 84-3 7. 99-1
5. 68-3 7o 20-1
4,92-3 6, 44-1
4,38-3 5, 74-1
3, 54-3 4,31-1
3.03-3 3,30-1

2. 683

24 57-1

Flux = 5. 67 +11

HE I1

1.53-8
1.34-8
1,12-8
1.03-8
9.91-9
9.67-9
9. 77-9
1.00-8
1,09-8
1,23-8

1.40-8
1,56-8
1,75-8
1,.98-8

[
L

.
b ]

N =0 O
B P

&

o OB O

N H
1 [
[V R Y Teale Al o S 0 RN RN |

w?wocm
1

WO OW -y
o o by
11

1,14-4
1,84-4
2.78-4
4.10-4
8, 78-4
1.69-3
2.81-3
4,41-3
8,61-3
1,51-2

3.32-2
5.82-2
1,23-1
2,01-1
2,80-1
3.56-1
4, 26-1
5,69-1
6. 70-1
To43=1

{kta)orpy dp /dT

1,57-1
1,73-1
1,94-1
2.12-1
2, 29-1
2.59-1
2,86-1
3, 11-1
3,70-1
4, 28-1

4, 84-1
5.35-1
5.91-1
6, 461
8,73-1
1,117
1.379
1,748
2.147
2,988

3. 954
5,054
6,211
7,469
10,02
12,73
15.27
17.69
21,75
24, 81

26, 90
28, 24
29.17
29, 68
30, 27
30,14
29,99
29. 69
29. 57
29,41

29,75
30, 46
32,16
34.18
36, 20
38,08
39,86
43,45
46,15
43,02

3.88+1
3,79+
3.70+1
3.6141
3, 5441
3,43+1
3.35+1
3.30+1
3,21+1
3.14+1

3,09+1
3,07+41
3,05+1
3.02+1
2,98+
2,94+1
2,92+1
2.89+1
2.86+1
2.80+1

2, 7441
2. 69+1
2.63+1
2,571
2, 47+1
2.38+1
2.29+1
2,21+
2.07+1
1.95+1

1.85+1
1,76+1
1. 69+
1,62+1
1, 50+1
1,39+
1,30+1
1,224
1,12+
1,03+

8.9240
8.04+40
6, 93+1
6, 2440
6. 45+0
T.4440
9. 1940
1.69+1
2, 94+]
4, 68+1

N{HE)/N(H) = 0,15

Va

.084
.086
. 090
.093
. 096
.100
.102
. 104
.106
.107

.108
.108
107
.107
. 100
. 097
094
091
. 087

. 084
.082
. 080
.079
.078
.078
L0778
.079
.082
.087

.092
. 097
. 104
. 111
.128
. 149
167
. 184
.210
. 226

232
. 222
+194
. 174
. 164
160
+159
.166
.178
« 196

A Flux
911 1.74-5
994 2,01-5
1094 2.27-5
1215 2.52-5
1367 2,74-5
1563 2,95-5
1683 3,07-5
1823 3,22-5
1989 3.44-5
2188 3,73-5
2431 4,13-5
2735 4,69-5
3126 5,45-5
3647 6,39-5
3647 2.36-4
4019 2.19-4
4475 2,01-4
5049 1.82-4
5792 1,60-4
6790 1,37-4
8205 1.12-4
8205 1.36-4
10503 9.72-5
14588 5,94-5
14588 6.30-5
17790 4,52-5
22793 2.04-8
22793 3,00-5
30186 1.80-5
44675 8.78-6
AF/F
-0.87,0.57
7 [0}
. 000 . 790
.004 . 807
.010 . 820
. 040 . 859
. 080 <891
. 200 . 941
. 400 .972
. 800 « 989
1,40 « 995
2,00 « 997
4,00 « 999
8,00 1.00
14.0 1. 00
18.0 1. 00



T

0.000
0.001
0.002
0.003
0.004
0.006
0.008
0.010
0.015
0.020

0.025
0.030
0,035
0.040
0.060
0.080
0.100
0.125
0,150
0, 200

0. 250
0,300
0.350
0, 400
0, 500
0, 600
g, 700
0, 800
1,00

1.20

1.40
1,60
1.80
2,00
2. 50
3,00
3.50
4, 00
5. 00
6, 00

8,00
10,0
14,0
18,0
22,0
26,0
30,0
40,0
50, 0
60,0

Eff.

8

. 683
. 681
. 679
677
. 675
. 672
. 669
. 666
. 659
. 653

. 648
. 644
. 639
. 635
. 621
. 609
. 599
. 588
. 578
. 564

. 551
. 541
. 531
. 523
. 510
. 498
. 488
. 479
. 465
. 453

. 444
.436
. 429
. 422
. 409
.+ 398
. 389
. 381
.370
. 360

. 345
. 334
.318
. 306
. 298
.291
. 285
2273
. 264
. 257

6 = 0.500

Log PG

0,620
0. 841
1.096
1,251
1.362
1. 515
1.620
1.698
1.834
1.924

1.989
2,040
2,081
2,114
2,207
2,266
2. 306
2,345
2.372
2,411

2. 440
2,462
2. 480
2,495
2,522
2.544
2. 564
2. 583
2,617
2,648

2,676
2,703
2,728
2,752
2. 805
2. 852
2.893
2,931
2,995
3.048

3,134
3.201
3.301
3.375
3.434
3.483
3,524
3,602
3,655
3,689

Log PE

0.048
0.208
0.384
0.492
0. 570
0,683
0. 765
0. 830
0. 950
1.039

1.113
1,170
1.222
1,268
1.411
1,517
1.599
1,684
1,752
1.849

1.923
1.980
2,025
2,061
2,115
2.158
2.190
2,218
2,262
2.300

2,331
2. 361
2.388
2.413
2,468
2.516
2. 558
2.597
2,662
Lo 717

2.806
2,875
2,981
3. 060
3.122
3.173
3,215
3,296
3.351
3,385

-176-~

Log G = 3,00

H1 HE 1
5.80-1 1,00+40
6. 51-1 1,00+0
7.23-1 1,00+40
7. 58-1 1.00+0
7.79-1 1,00+0
8,02-1 1,00+0
8.14-1 1.00+0
8.21-1 1,00+0
8.28-1 1,00+0
8.28-1 1,00+0
8. 24-1 1.00+0
8.21~1 1,00+0
8,15-1 1,00+0
8,09-1 1,00+40
7.81-1 1,00+0
7.51-1 1,00+0
7.19-1 1,00+0
6, 78-1 1.00+0
6,37-1 1.00+0
5. 661 1,00+0
4,98-1 1,00+0
4,33-1 1,00+40
3,79-1 1.00+0
3,29-1 1,0040
2,54-1 1.00+0
1,97-1 1.00+0
1,56-1 1.00+0
1,26-1 1,00+0
8,70-2 1,00+1
6.32-2 9.99-1
4,90-2 9.99-1
3,91~ 9.98-1
3,22-2 9.98-1
2,70-2 93.97-1
1.91-2 9. 93-1
1.42-2 9. 88~-1
1.14-2 9.81-1
9.34-3 9.72-1
7.04-3 9, 51-1
5, 54-3 Y5 20-1
4,00-3 8,48-1
3,17-3 7.63-1
2,31-3 5,98-1
1,87-3 4. 59-1
1.60-3 3,56-1
1,42-3 2.81~1
1,29-3 2, 26-1
1,08-3 1.40-1
9.43-4 9.32-2
8,38-4 6,52-2

Flux = 5,85 + 11

4,02-1
5. 411
6. 44-1
7.19-1
7.74-1
8, 60-1
9.07-1
9,35-1

(k*olspp dp /a7

1,79-1
1.79-1
1,82-1
1,88-1
1.96-1
2,13-1
2.31-1
2.49-1
2.93-1
3.39-1

3.87-1
4,31-1
4,80-1
5.30-1
7.35-1
9. 54-1
1.183
1.491
1.804
2,370

2.918
3.424
3.855
4,221
4. 758
5.139
5,371
5,536
5.710
5,805

5.872
5. 928
5.979
6.025
6.180
6,308
6,464
6,610
6,944
7,247

7.876

8,475

9.512
10,41
11,13
11.71
12,20
13,01
13,38
13,36

3,3241
3.59+1
3, 78+1
3,86+1
3.92+1
3.95+1
3.96+1
3. 94+1
3.90+1
3.86+1

3.82+1
3.79+1
3. 75+1
3,724}
3,63+1
3, 54+1
3.47+41
3.3841
3.30+1
3.15+1

3.04+1
2,93+1
2. 84+1
2, 7541
2.61+1
2.49+]
2.39+1
2.30+]
2. 1441
2.02+1

1.91+1
1.82+1
1, 75+1
1. 68+1
1, 56+1
1,45+1
1.36t1
1. 28+1
1,18+
1,09+

9. 4840
8, 58+0
7.4240
6, 7140
6.91+0
7.88+0
9. 6340
1, 7441
3.00+1
4, 75+1

N(HE)/N(H) = 0. 15

VA
.103
.094
. 086
. 082
. 081
.079
.078
.078
.077
.076

.076
.075

. 075
.073
.072
.072
. 071
L.071
.072

.073
.075
077
. 080
. 087
. 095
. 104
113
. 134
. 155

174
L 191
. 206
.218

. 252
. 248
. 232

.183
L 166
. 155
. 159
.169
182
. 196
. 230
. 258
. 280

kN Flux
911 4.19-6
994 5.10-6
1094 6.08-6
1215 7.09-6
1367 8.10-6
1563 9,18-6
1683 9.83-6
1823 1.06-5
1989 1.18-5
2188 1.34-5
2431 1. 56-5
2735 1.88-5
3126 2.31-5
3647 2.87-5
3647 9.95-5
4019 9.41-5
4475 8.78-5
5049 8.05-5
5792 7.22-5
6790 6.26-5
8205 5.19-5
8205 6.30-5
10503 4, 54-5
14588 2.81-5
14588 2.96-5
17790 2.15-5
22793 1.41-5
22793 1. 44-5
30186 8. 78-6
44675 4, 34-6
AF/F
-0.38,1.17
T C
. 000 . 785
. 004 . 802
.010 .818
. 040 . 865
080 < 90v
. 200 . 948
. 400 . 974
. 800 . 989
1.40 . 995
2,00 . 997
4,00 . 999
8.00 1,00
14.0 1,00
18,0 1.00



-177-

Eff. 6 = 0,500 Log G = 2.00 Flux = 5.85 + 11 N(HE)/N(H) = 0,15
4 [} Log PG Log PE HI HE I HE II (K+a)STD dpr/d'r VA A Flux
0.000 . 710 -0,345 -0,786 3.42-1 1.00+0 1.22-7 1,78-1 2.47+1 . 152 *911 9.06-6
0,001 .696 -0.153 ~-0.590 3.37-1 1,00+ 1,76-7 1.89-1 2, 64+1 . 148 994 1.23-5
0.002 .686 0.078 -0.373 3,68-1 1, 00+0 2,00-7 1.95-1 2. 7841 . 137 1094 1,64-5

0.003 . 680 0.223 -0.237  3,90-1 1,00+0 2.14-7 2,02-1 2.92+1 . 130 1215 2.12-5
0.004 .675 0.328 -0.138  4,02-1 1.00+0 2.30-7 2.10-1 3.03+41 .125 1367 2.64-5
0,006 .668 0,475 -0.003  4.25-1 1,00+0 2.45-7 2,22-1 3.19+1 . 116 1563 3.18-5
0,008 ,665 0.580 0.091 4,47-1 1,00+0 2.47-7 2.31-1 3.3241 . 110 1683 3,46-5
0.010 ,664 0.662 0.158 4,74-1 1.,00+0 2,28-7 2.35-1 3.4241 . 105 1823 3.73-5
0.015 .658 0.810 0.292 5.00-1 1.00+0 2.38-7 2.56-1 3.55+1 .098 1989 4.05-5
0,020 . 652 Q. 911 0. 388 5,08-1 1, 00+0 2,65~ Lo 8U~1 3. 66+1 . U94 L1838 4. 41-5

0,025 .647 0.986 0.463
0.030 .643 1,044 0.524
0,035 .638 1.091 0.577
0,040 .634 1.131 0.624
0,060 .619 1,241 0. 759
0,080 ,608 1.312 0.853
0.100 .597  1.362 0.924
0,125 .586 1.410 0.992
0.150 577 1.447 1.045
0. 200 .562 1.505 1.122

B
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0,250 . 550 1. 550 1,179 1,44-1 1,00+0 2,17-5 1,019 3.11+41 . 122 8205 1,17-4
0.300 .539 1.588 1.227 1.13-1 1.0040 3,79-5 1.080 3,0041 . 135 8205 1.42-4
0,350 . 530 1. 621 1. 265 9.12-2 1.0040 6,04-5 1.123 2.91+1 . 147 10503 1.00-4
0,400 . 522 1. 650 1.299 7.45-2 1.00+0 9.30-5 1,159 2.83+1 . 159 14588 6.05-5
0, 500 . 508 1,702 1.356 5.,32-2 1, 0040 1,88-4 1,212 2. 70+1 . 180 14588 t.39-5
0, 600 . 496 1,747 1,405 3.93-2 1. 0040 3.48-4 1,251 2.59t1 £+ 198 17790 4,59-5
0. 700 486 1,787 1.447 3.07-2 9. 99-1 5. 78-4 1. 282 2.49+1 213 22793 2.99-5
0, 800 . 478 1.823 1,484 2.45-2 9.99-1 9,09-4 1,309 2.41+1 . 224 22793 3.05-5
1.00 . 463 1,885 1,549 1.69-2 9.98-1 1.92-3 1.356 2,27+1 . 240 30186 1,84-5
1,20 . 451 1.939 1,604 1.24-2 9.96-1 3,56-3 1,396 2, 1441 . 250 44675 8.95-6
1,40 . 441 1.986 1. 651 9.78-3 9.94-1 5.79~3 1,439 2., 04+1 . 255
1.60 . 433 2.028 1,693 7.91-3 9,91-1 8.91-3 1,476 1.96+1 . 258 AF/F
1.80 . 426 2,065 1,731 6.60-3 9.87-1 1,29-2 1,510 1,89+ . 257 -1,10,0.38
2,00 . 419 2.099 1,765 5,59-3 9,82-1 1.81-2 1.543 1.82+1 . 255
2. 50 .405 2,171 1,839 4,05-3 9,65-1 3.50-2 1.624 1,70+1 . 246 T C
3,00 .394 z.231 1,900 3,07-3 2.39-1 6. 11-2 1. 696 1, 59+1 . 231 . 000 . 937
3.50 . 385 2,282 1.952 2.51-3 9,08-1 9, 24-2 1,770 1.50+1 .216 . 004 . 803
4,00 <377 2.326 1.997 2,09-3 8. 68-1 1,32-1 1,841 1,42+1 . 202 .010 . 800
5.00 .364 2.399 2.073 1,60-3 7.82-1 2.18-1 1,987 1.31+1 . 183 . 040 . 848
6.00 .354 2.457 2.135 1,28-3 6.80-1 3,20-1 2,117 1,22+1 172 . 080 . 887
8.00 . 339 2. 548 2,231 9,51-4 4,99-1 5,01-1 2,354 1.08+%1 .70 . 200 <941
10.0 . 327 2,617 2.305 7.71-4 3, 61-1 6.39-1 2. 544 9.874 . 179 . 400 . 970
14,0 . 311 2. 721 2.414 5.86-4 2,00-1 8.00-1 2.803 8,736 207 . 800 . 987
18.0 .299  2.800 2.495 4.91-4 1, 22~-1 8, 78-1 2.991 8,018 T233  1.40 . 994
22.0 . 289 2. 863 2. 559 4,35-4 8.08-2 9.19-1 3.132 8,250 . 251 2,00 . 996
26,0 . 282 2.914 2,610 3,97-4 5,70-2 9.43-1 3,238 9,278 . 264 4,00 . 999
30,0 . 275 2. 955 2.652 3,69-4 4,21-2 9,58-1 3,312 1.1141 . 273 8. 00 1.00
40,0 .263 3,022 2.720  3,18-4 2,222 9, 78-1 3,347 1,92+41 .285 14.0 1.00
50.0 . 254 3.044 2.742 2.75-4 1.27-2 9,87-1 3.157 3,224 .289 18.0 1.00
60,0 .246 3,016 2,714 2,32-4 7.31-3 9.93-1 2,735 5,021 . 287

6-1 1,00+0 3,048-7 3.04-1 3.7241 . 091 2431 4.85-5
1-1 1. 0040 3.48-7 3.29-1 3,71+1 . 089 2735 5,43-5
1,00+0 4,03-7 3.55-1 3.72+1 .088 3126 6.19-5
1.00+0 4, 68-7 3.82-1 3,73+ .088 3647 7.11-5
1.00+0 8.20-7 4,82-1 3,69+1 .087 3647 2,39-4
1.00+0 1.36-6 5, 74-1 3. 6341 .088 4019 2,28-4
1,00+0 2.13-6 6.59-1 3,55+ .090 4475 2.12-4
1,00+0 3,61-6 7.50-1 3.47+1 . 095 5049 1.93-4
1.00+0 5, 73-6 8.,27-1 3.38+1 . 100 5792 1.71-4
1,00+0 1.17-5 9.38-1 3.23%1 2110 6790 1,45-4



0.000
0.001
0.002
0.003
0.004
0.006
0.008
0,010
0_015
0.020

0.025
0.030
0.035
0.040
0.060
0.080
0,100
0.125
0.150
6.200

0. 250
0. 300
0. 350
0,400
0. 500
0. 600
0, 700
0,800
1.00

1.20

1.40
1,60
1.80
2,00
2. 50
3.00
3.50
4.00
5.00
6.00

8.00
10.0
14,0
18.0
22.0
26,0
30.0
40,0
50,0
60,0

Eff. 6 = 0. 500

]

. 659
. 658
. 657
. h87
. 656
. 655
. 654
. 653
. 651
. 648

. 646
. 644
. 641
. 639
. 630
.622
.614
. 605
. 598
. 585

. 573
. 563
. 554
. 546
.532
. 520
. 509
. 499
. 483
<469

. 457
. 447
.438
430
414
. 400
. 389
.379
. 363
. 350

.331
. 316
. 295
. 280
. 268
. 258
. 250
. 235
. 224
.215

Log PG

-1.60
-1.44
-1.24
-1.11
-1.01
-0.857
-0, 748
-0. 663
-0. 508
-0, 400

-0.317
-0.251
-0.196
-0, 150
-0.018
0.071
0.136
0.198
0. 247
0.328

0.392
0. 443
0. 486
0.523
0. 586
0,639
0, 686
0.729
0.804
0.869

0. 927
0.978
1,023
1.064
1,148
1,213
1,266
1.311
1,382
1. 440

1.543
1,632
1.775
1,885
1.977
2,056
2,126
2,273
2.396
2. 501

Log PE

-1.932
-1.780
-1, 580
-1.445
-1.344
-1.196
-1.089
-1.005
-0.853
-0.748

-0, 667
-0, 602
-0, 548
-0, 502
-0, 369
-0, 279
-0.212
~-0. 148
-0.097
-0.014

0.053
0,105
0.149
0,186
0. 251
0. 305
0. 352
0. 395
0.471
0,536

0. 595
0. 646
0,692
0.734
0.821
0, 891
0. 949
0.996
1,073
1.134

1,240
1.330
1.473
1584
1,675
1,754
1.824
1.972
2,004
2. 200

Log G = 1.00
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HE 1

1.00+41
1.00+0
1.0040
1. G0+0
1.00+0
1.00+0
1.00+0
1.00+0
1.00+0
1.00+0

1.00+0
1.00+0
1.00+0
1.00+0
1.00+0
1,00+0
1.00+0
1,001t0
1.00+0
1.00+0

1.004+0
1.0010
1.0040
1.0040
1.0040
9.99~1
9. 98-1
9.97-1
9.93-1
9.86-1

9.76-1
9. 60-1
9. 39-1
9.11-1
8,18-1
6,85-1
5.52~1
4.23-1
2.49-1
1.43-1

5.76-2
2.86-2
1.03-2
4.94-3
2.85-3
1,85-3
1.31-3
6,90-4
44 52-4
3.36-4

~178-

Flux

HE 1I

3.70-5
2,75-5
1.82-5
1.3R-5
1.12-5
8.50-6
7.04-6
6.15-6
5.03.6
4.57-6
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9.42-1
9,71-1
9.90-1
9.95-1
9.97-1
9.98-1
9.99-1
9.99-1
9.99-1
9.99-1

= 5,85+ 11

{(K*to)grp

2.40-1
2,40-1
2.40-1
2.40-1
2.41-1
2.41-1
2,42-1
2,42-1
2,44-1
2.46-1

2,48-1
2,50-1
2,53~1
2.56-1
2.65-1
2,74-1
2,82-1
2,89-1
2,96-1
3.06-1

L
[T |
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dpr/d'r

2,02+1
2,04+1
2.06+1
7. 0R+1
2, 10+1
2, 1441
2.18+1
2.21+1
2.29+1
2.35+1

2.41+1
2.45+1
2.49+1
2. 5241
2. 60+1
2, 64+1
2. 6641
2, 6611
2. 6541
2. 56+1

2. 54+1
2, 53+1
2.52+1
2,51+1
2, 49+1
2.46t1
2,43+1
2, 4041
2.34+1
2. 2941

2. 2441
2. 1941
2. 1541
2, 11+1
2.04+1
1,97+
1.91+1
1.86+1
1.81+1
1, 7541

1.65¢+1
1,57+
1,47+1
1. 38+1
1,29+
1,21+
1,13+1
9.354
7. 504
5, 706

N(HE)/N(H) = 0,15

VA
. 247
. 245
. 243
. 241
. 239
. 235
. 231
. 228
<222
.218

.215
.212
211
. 210
. 208
. 210
.213
. 217
. 221
. 227

.232
. 236
. 240
. 242
. 246
. 248
. 250
. 250
. 251
« 250

. 248
. 245
. 241
. 236
2224
L2186
.213
. 215
. 225

2236

. 247
. 252
.255
. 256
. 256
. 257
. 257
. 258
. 288
. 259

A Flux
*911 2.30-5
*394 2.65-5

*1094 2.86~5
*12158 2.77-5
*1367 1.73-5
*1563 2, 60-5
*1683 3.14-5
1823 3.75-1
1989 4,44-5
2188 5. 22-5
2431 6,06-5
2735 6.97-5
3126 7.93-5
3647 8,88-5
3647 1. 68-4
4019 1.70-4
4475 1.69-4
5049 1.63-4
5792 1.53-4
6790 1.37-4
8205 1.15-4
8205 1.21-4
10503 9.21-5
14588 5.90-5
14588 5,98-5
17790 4,43-5
22793 2.96-5
22793 2.98-5
30186 {.84-5
44675 9.07-6
AF/F
-1,71,2.75

T C
. 000 . 728
. 004 . 730
.010 . T37
. 040 L1767
. 080 . 799
. 200 . 867
. 400 . 925
. 800 . 966

1. 40 . 985
2.00 . 992
4,00 . 998
8. 00 1,001
14.0 1,001
18. 0 1.001



0. 000
0.001
0.002
0.003
0,004
0. 006
0,008
0.010
0.015
0. 020

0.025
0,030
0.035
0. 040
0,060
0.080
0. 100
0.125
0. 150
0. 200

0. 250
0. 300
0.350
0. 400
0. 500
0. 600
0. 700
0. 800
1.00

1. 20

1,40
1. 60
1.80
2.00
2. 50
3.00
3.50
4.00
5.00
6. 00

8. 00
10.0
14.0
18,0
22.0
26,0
30,0
40.0
50.0
60,0

Eff, 8 = 0,565

9

. 734
<733
. 732
. 731
. 730
. 728
. 727
. 726
. 723
. T19

LT17
. 714
L 711
., 709
. 700
. 692
. 684
.675
. 667
. 653

. 639
. 628
. 617
. 607
. 589
.574
. 561
. 549
. 530
. 514

. 501
. 490
. 481
<472
. 455
. 441
. 431
. 421
. 407
.395

.378
. 365
. 347
.335
.325
. 317
<311
.298
. 289
. 281

2. 066
2.263
2.479
2. 608
2. 699
2,828
2.917
2.986
3.108
3.192

3,256
3.307
3. 349
3. 385
3.489
3,558
3,609
3,656
3,693
3.746

3.782
3. 808
3.829
3.844
3.867
3.883
3.895
3.903
3.915
3.923

3.929
3.933
3.937
3.940
3.946
3.951
3.955
3.959
3.966
3.973

3.987
4,000
4,028
4,056
4,083
4,108
4.132
4,185
4,229
4, 265

Log PG Log PE

0. 559
0.669
0,788
0,860
0.913
0. 990
1.046
1.091
1,177
1,242

1.296
1,341
1.381
1,418
1.539
1.635
1.717
1.807
1.887
2,022

2.137
2. 240
2,329
2.412
2. 551
2,669
2.769
2,856
2,995
3.103

3.185
3.252
3.305
3.351
3.430
3,486
3.523
3, 549
3.582
3,606

3,634
3.655
3.689
3.720
3,749
3,776
3.802
3.859
3.907
3.945

-17 9~

Log G =4.00

HI HE 1
9.63-1 1.00+0
9. 70-1 1.00+0
9. 76-1 1.00+0
9.79-1 1.00+0
9. 81-1 1,000
9.83-1 1.00+0
9.85-1 1.00+0
9. 86-1 1.00+0
9.87-1 1.00+0
9.87-1 1.,00+0
9.88-1 1,00+0
9. 88-1 1.00+0
9.88-1 1,0040
Y. 88-1 1. 00+
9.87-1 1.00+0
9.86-1 1.0040
9.85-1 1.00+0
9.84-1 1,00+0
9.82-1 1.00+0
9, 78-1 1.00+0
9.74-1 1.00+0
9.68-1 1,00+0
9.63-1 1.00+0
9. 56-1 1.00+0
9.42-1 1.00+0
9. 25-1 1.00+0
9.07-1 1.00+0
8.87-1 1.00+0
8.43-1 1.00+0
74951 1.00+0
7.47-1 1.00+0
6.97-1 1.00+0
6.50-1 1.00+0
6,01-1 1.00+0
4,96-1 1.00+0
3.99-1 1.00+0
3.26-1 1,00+0
2. 65-1 1,00+0
1.87-1 9.99-1
1.34-1 9.99-1
8.02-2 9.97-1
5.39-2 9.93-1
3.07-2 9.80-1
2,08-2 9.60-1
1.56-2 9.32~1
1.26-2 8.99-1
1,05-2 8,62-1
7.60-3 7,581
6,07-3 6, 55-1
5.10-3 5. 60-1

Flux = 3,59 + 11

HE II

1

.
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3.29-3
6.97-3
1.96-2
4,00-2
6.76-2
1.01-1
1.38-1
2.42~1
3,45-1
4.40-1

(Kra)grp
6,99-2
7.86-2
9.11-2
1.01-1
1.09-1
1. 24-1
1.36-1
1.47-1
1.71-1
1,93-1

2.14-1
2.32-1
2.51-1
2.70-1
3.41-1
4,12-1
4.85-1
5.82-1
6.86-1
9.10-1

1,169
1,472
1,812
2, 206
3.121
4,270
5. h0A
7.181
10,85
15,20

19.71
24,50
29.15
33.85
43,75
51,90
57.32
60.82
63,82
64.35

62.39
59. 97
56. 41
54. 49
53. 29
53.10
53,31
54, 64
56,42
57.92

dpr/d‘r

2.38+1
2. 2241
2.10+1
2,01+1
1. 94+1
1.85+1
1,78+]
1. 74+l
1.68+]1
1,63+1

1.59+1
1.58+1
1.57+1
1,.55+1
1.52+1
1,62+1
1.51+1
1.51+1]
1.52+1
1, 54+1

1, 56+1
1,58+]
1, 59+1
1, 60+1
1,61+1
1, 61+1
1. 89+1
1.57+1
1.52+1
1.46+1

1.40+1
1.34+1
1,29+
1.25+1
1.16+1
1.09+1
1.02+1
9, 64+0
8.84+0
8.14+0

7.03+0
6.31+0
5. 3610
4. 77+0
4.91+0
5.66+0
7.03+0
1,314
2.314)
3.69+1

N(HE)/N(H) = 0.15

‘7A 1N Flux
.118 91l 7.64-6
. 128 994 8.80-6

. 142 1094 9.92-6
. 150 1215 1.11-5
. 157 1367 1.44-5
. 166 1563 1.35-5
172 1683 1.44-5
177 1823 1.55-5
. 184 1989 1,74-5

. 188 2188 2.00-5
.191 2431 2, 34-5
.192 2735 2.82-5
.193 3126 3.47-5
.194 3647 4,32-5
.193 3647 1.50-4
.190 4019 1.44-4
.186 4475 1.37-4
. 180 5049 1,29-4
. 174 5792 1.19-4
S162 6790 1.06-4
. 152 8205 9.12-5
. 142 8205 1.06-4
. 134 10503 8.14-5
. 127 14588 5.60-5
. 116 14588 5. 60-5
. 107 17790 4,08-5
101 22793 2.72-5
.096 22793 2.72-5
.089 30186 1.65-5
.086 44675 8,05-6
. 084

.083 AF/F

. 083 -0.42, +0. 62
.083

.085 T C
.089 . 000 . 762
.093 . 004 . 787
.099 .010 . 804
111 . 040 . 843
126 . 080 .871

. 157 . 200 .919
.185 . 400 . 957
.219 . 800 . 984

. 225 1,40 . 994

. 216 2.00 . 997
.203 4,00 . 999

. 191 8.00 1.00
.170 14,0 1.00
.162 18,0 1.00
.162



-

0.000
0.001
0.002
0.003
0.004
0.006
0.008
0,010
0.015
0.020

0,025
0.030
0.035
0, 040
0.060
0.080
0.100
0.125
U.150
0. 200

0.250
0.300
0.350
0.400
0. 500
0. 600
0. 700
0. 800
1.00

1.20

1,40
1,60
1.80
2.00
2. 50
3.00
3. 50
4,00
5. 00
6. 00

8.00
10.0
14,0
18.0
22.0
26.0
30.0
40,0
50,0
60.0

Eff. 9 = 0. 600

9

. 783
. 783
. 783
. 782
. 782
. 781
. 780
779
. 776
. 774

. 771
. 768
. 766
. 763
. 754
. 746
. 739
. 730
P4
. 708

. 695
. 683
. 673
. 663
. 645
. 630
. 616
. 603
. 581
. 562

. 546
. 532
. 521
. 510
. 489
. 472
«459
. 447
. 430
. 416

. 397
.382
. 363
. 349
. 339
» 331
.324
.311
. 301
. 294

2.758
2,916
3.096
3.209
3. 290
3,406
3,488
3.552
3. 666
3,746

3. 806
3.855
3,896
3. 931
4,032
4,100
4,150
4,198
4,236
4,291

4,330
4, 360
4,383
4,401
4,430
4,450
4,466
4,478
4,494
4,506

4,514
4,519
4, 524
4, 527
4,534
4,538
4, 541
4, 543
4, 547
4, 549

4. 554
4,557
4,564
4,571
4,578
4. 586
4,593
4,612
4, 631
4, 650

Log PG Log PE

0. 556
0.636
0.728
0,787
0.830
0. 895
0. 944
0,985
1,063
1.124

1.174
1,218
1,257
1,293
1,411
1. 505
1. 586
1.676
1,755
1,888

2.002
2.104
2. 194
2.278
2,423
2. 553
2. 665
2, 768
2.943
3.090

3.210
3.312
3.399
3.477
3,623
3,737
3.820
3. 887
3.976
4,040

4.113
4,152
4,192
4,213
4, 228
4. 240
4. 250
4,275
4, 296
4,318

~180-

Log G = 4. 44

HI HE I
9.93-1  1.00+0
9.94-1  1,0040
9. 95-1 1,00+0
9.96-1  1,00+0
9.96-1  1,0040
9.97-1  1,00+0
9.97-1  1,0040
9.97-1  1,0040
9,97-1  1,00+0
9.97-1  1.00+0
9.97-1  1.00+0
9.98-1  1,0040
9.98-1  1,0040
9, 98-1 1,000
9.97-1  1.0040
9,97-1  1,00+0
9,97-1  1,00+0
9.97-1 1,004
Y. 961 1, 00+0
9.96-1  1.00+0
9.95-1  1,00+0
9.94-1  1.00+0
9.93-1  1,00+0
9.92-1  1,0040
9.89-1  1,00+0
9.86-1  1,00+0
9,82-1  1,00+0
9.77-1  1.00+0
9.67-1  1,0040
9,54-1  1,00+0
9.40-1  1,00+0
9.24-1  1,00+0
9.07-1  1.0040
8.88-1  1,00+0
8,40-1  1,00+0
7.83-1  1.00+0
7.30-1 1,00+
6.74-1  1,00+0
5,77-1  1.0040
4.84-1  1,0040
3,47-1  1,0040
2.54-1  9,99-1
1.52-1  9.98-1
1.01-1  9,95.1
7.28-2 9.90-1
5.59-2  9,84-1
4.48-2 9, 76-1
2.95-2  9.49-1
2.18-2  9.13-1
1.74-2  8.70-1

Flux = 2.82 + 11

HE II

1,28-8
2.2108
5.72-8
1,30-7

2,56-1
4.69-7
7.86-7
1.26-6
3.24-6
7.27-6
1.35-5
2.38-5
5.51-5
1.14-4
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(k¥o)grp dp /a7

5.08-2
5.89-2
7.04-2
7.90-2
8.62-2
9.85-2
1,09-1
1.18-1
1,39-1
1.57-1

1,73-1
1.89-1
2.04-1
2.19-1
2. 74-1
3,29-1
3.83-1
4, 53-1
9. 25=-1
6,72-1

8.32-1
1.008
1.195
1.403
1.862
2.414
3.049
3.799
5.638
8,022

10. 87
14,27
18.11
22,59
34, 81
49,78
64,65
80, 49
107.4
131.7

162.1
176.4
182.2
177.9
172,0
166.3
160.3
151.8
146, 7
144.3

1.42+1
1.31+41
1.23+1
1.18+1
1.14+41
1.10+1
1,06+41
1.04+1
1.02+1
9. 92+1

9. 74+0
9. 71+0
9, 62+0
9. 5510
9. 4240
9. 3840
9. 3840
9. 39+0
Y. 4240
9, 5140

9. 65+0
9. 8040
9. 95+0
1.01+1
1.04+1
1.06+1
1.08+1
1.10+1
1.12+1
1.13+41

1.12+41
1.10+1
1,08+
1,06+1
1.01+1
9. 58+0
9.06+0
8. 59+0
7.93+0
7.3340

6.32+0
5. 66+0
4, 81+0
4, 2240
3, 62+0
3,06+0
2.53+0
1.3240
1.97-1
0.00

N(HE}/N(H) = 0. 15

VA
.223
. 237
. 254
. 263
. 270
. 279
. 284
. 288
. 294
. 297

. 299
. 301
. 301
. 302
.301
.298
. 295
. 290
. 286
. 276

. 266
L2556
. 245
. 236
.218
. 201
. 186
173
.152
.135

124
115
. 109
. 104
.097
.092
. 091
. 090
. 090
.093

. 100
L 110
.132
. 155
L1176
.193
. 204
214
. 207
196

A Flux
911 4.92-6
994 5.67-6
1094 6.43-6
1215 7.33-6
1367 8,33-6
1563 9. 68-6
1683 1.06-5
1823 1.18-5
1989 .3B-5
2188 1.63-5
2431 1.97-5
2735 2.42-5
3126 3,01-5
3647 3,76-5
3647 9.96-5
4019 9.93-5
4475 9.86-5
5049 9,735
5792 9. 42-5
6790 8. 84-5
8205 7.94-5
8205 8.63-5
10503 7.11-5
14588 5,03-5
14588 5, 24-5
17790 3.90-5
22793 2.55-5
22793 2. 58-5
30186 1.56-5
44675 7.58-6
OF/F
-1,38,0,.48
T C
. 000 . 808
. 004 .822
.010 .832
. 040 .853
. 080 .870
. 200 . 905
. 400 . 939
. 800 .974
1.40 . 991
2,00 . 995
4,00 . 998
8.00 1.00
14,0 1.00
18.0 1,00



T

0.000
0.00]
0,002
0,003
0,004
0.006
0,008
0,010
0,015
0,020

0,025
0,030
0.035
0. 040
0,060
0. 080
0,100
0,125
0,150
0. 200

0. 250
0,300
0.350
0. 400
0. 500
0. 600
0, 700
0.800
1.00

1,20

1. 40
1,60
1. 80
2,00
2. 50
3.00
3. 50
4,00
5. 00
6,00

8,00
10.0
14,0
18.0
22.0
26,0
30.0
40,0
50, 0
60,0

Eff. © = 0,600

]

. 782
. 781
. 780
. 780
. 779
. 778
L7177
776
. 772
. 769

. 767
. 764
. 768
. 759
. 749
. 741
. 733
. 724
.716
. 701

. 688
676
. 665
. 655
. 637
. 620
. 606
. 593
. 571
. 552

« 573
. 524
.513
. 503
.483
. 467
. 454
. 443
.427
.414

.395
.381
. 361
.348
.338
.330
.323
.310
. 301
.293

2,407
2.575
2,765
2. 881
2. 965
3,083
3,167
3,231
3.346
3,427

3,487
3,536
3. /77
3.612
3,713
3.781
3.831
3,879
3.915
3.968

4,006
4. 034
4.056
4.074
4.100
4.118
4,132
4,142
4,156
4,166

4,172
4,177
4,180
4,183
4, 188
4,192
4,194
4,197
4, 200
4, 203

4, 208
4,214
4,224
4,235
4, 246
4, 257
4,269
4,298
4.326
4,352

Log PG log PE

0,383
0,474
0. 575
0,638
0. 685
0.754
0, 806
0. 848
0. 930
0,993

1. 044
1.089
1.129
1,166
1,286
1,383
1. 466
1.557
1.638
1.773

1. 890
1.995
2,087
2.173
2.321
2,452
2. 566
2. 667
2.838
2.978

3,089
3.183
3. 260
3.329
3. 455
3. 550
3,617
3,668
3.730
3,774

3,821
3.845
3.873
3.890
3. 906
3.919
3,933
3. 965
3.996
4,025

~181-

Log G = 4,00

HI HE I
9.89-1  1,00+41
9.91-1  1,0040
9,93-1  1,00+0
9,94-1  1,0040
9.94-1  1.00+0
9.95-1  1,00+0
9,95-1  1,0040
9.95-1  1,00+0
9.96-1  1.00+0
9.96-1  1.00+0
9.96-1  1,0040
9.96-1  1.00+0
9. 96.1 1.00+0
9.96-1  1.00+0
9.96-1  1,0040
9.96-1  1,00+0
9.95-1  1,00+0
9. 95-1 1.,00+0
9.94-1  1.00+0
9.93-1  1.00+0
9.91-1  1,0040
9. 90~1 1,00+0
9.88-1  1.0040
9,86-1  1,0040
9.81-1 1, 0040
9,75-1  1,00+0
9. 68-1 1,00+0
9,60-1  1.0040
9,42-1  1.00+0
9.20-1  1.00+0
8.97-1  1,0040
8. 701 1.00+0
8.43-1  1,0040
8.13-1  1,0040
7.40-1  1,0040
6.60-1  1,00+0
5.87-1  1,00+0
5.15-1  1,0040
4,08-1  1.0040
3,19.1  1,0040
2.01-1  9,99-1
1.38-1  9,98-1
7.50-2 9.95-1
4,90-2  9,88-1
3,52-2  9,78-1
2.70-2  9.65-1
2.19-2  9,49-1
1,48-2 8,98-1
1,12-2  8,36-1
9.17-3  7.71-1

Flux = 2,82 + 11

HE II
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{k+0) gy dpr/d'r

3.82-2
4,42-2
5,272
5.92-2
6.46-2
7.38-2
8.17-2
8.88-2
1.04-1
1.18-1

1.60+1
1.47+1
1,38+1
1.32+]
1.27+1
1.21+1
1.18+1
1, 15+1
1. 12+1
1,09+

1,06+1
1,06+1
1,05+]
1.04+1
1.03+1
1.02+1
1.02+1
l.021t1
1.03+1
1.04+1

1.06+1
1.08+1
1.10+1
1.12+41
1.15+1
1.18+41
1,191
1.20+1
1.21+1
1.20+1

1.17+1
1.1441
1.11+41
1,08+1
1.02+41
9, 6440
9. 0040
8. 4440
7.7640
7.18+0

6,29+0
5, 6440
4, 7910
4, 1440
3.4840
2,85+0
2. 2540
8,36-1
0.00

0.00

Va

.193
. 208
.226
. 237
. 245
. 255
.262
. 266
.273
. 277

. 280
. 281
. 282
. 282
. 280
. 276
. 272
. 266
. 259
. 246

. 233
. 220
.208
.198
.178
162
. 148
. 137
120
. 109

. 101
. 096
.092
. 090
. 087
.086
. 086
. 087
091
.097

112
<130
. 167
. 196
214
. 220
.219
. 203
.186
174

N(HE)/N(H) = 0. 15

A Flux
911 4, 68-6
994 5.42-6
1094 6.16-6
12158 6. 97-6
1367 7.84-6
1563 8.96-6
1683 9. 75-6
1823 1.08-5
1989 1.26-8
2188 1,49-5
2431 1.80-5
2735 2.23-5
3126 2.80-5
3647 3.53-5
3647 1.09-4
4019 1.07-4
4475 1,05-4
5049 1,02-4
5792 9,73-5
6790 9,02-5
8205 8.01~5
8205 8,945
10503 7.22-5
14588 4,99-5
14588 5,24-5
17790 3.88-5
22793 2,54-5
22793 2.58-5
30186 1.56-5
44675 7.60-6
AF/F
-1.19,0.60
T C
. 000 . 809
. 004 . 823
.010 .832
. 040 .854
. 080 .872
. 200 . 908
. 400 . 944
. 800 . 978
1.40 . 993
2.00 . 996
4,00 . 998
8.00 1. 00
14,0 1.00
18.0 1.00



0. 000
0.001
0.002
0.003
0.004
0.006
0.008
0.010
0.015
0.020

0.025
0.030
0,035
0, 040
0.060
0,080
0.100
0,125
0.150
0. 200

0,250
0. 300
0. 350
0. 400
0. 500
0. 600
0. 700
0. 800
1,00
1.20

1.40
1,60
1.80
2.00
2. 50
3.00
3.50
4. 00
5.00
6. 00

8.00
10.0
14,0
18,0
22,0
26,0
30.0
40,0
50,0
60,0

Eff. 6 = 0,600

]

. 786
. 784
. 782
. 781
. 780
L 777
. 775
. 773
. 769
. 765

. 761
. 758
. 755
. 752
W 741
. 731
. 722
L712
. 703
. 686

. 672
. 658
. 646
. 636
. 617
. 600
. 587
. 574
. 552
. 535

.523
. 511
. 501
.492
474
. 459
. 448
. 437
.422
. 410

.391
.378
«359
. 346
. 336
. 328
. 321
.308
.298
« 290

1. 586
1.771
1,982
2,111
2.203
2,331
2,420
2,489
2.610
2,692

2,755
2,804
2,845
2.880
2. 980
3,046
3,093
3,137
3,171
3,219

3,251
3,274
3,292
3,305
3,324
3.337
3,346
3,352
3,361
3,367

3,371
3.374
3,376
3.379
3.383
3,386
3,389
3,392
3.399
3.405

3,418
3.433
3,463
3.493
3.523
3.551
3,577
3.636
3,686
3. 730

Log PG log PE

-0,069
0.041
0.163
0.239
0. 296
0.378
0. 439
0, 488
0. 581
0.653

0.712
0. 760
0.804
0. 844
0.976
1,082
1.171
1.270
1,357
1.503

1,627
1.737
1.832
1.918
2.063
2.188
2.290
2,379
2.525
2.632

2,705
2.769
2,818
2,860
2.928
2,971
2,997
3.017
3.039
3,055

3,077
3.095
3.128
3.161
3,193
3.222
3.251
3.315
3.369
3,416

-182-

Log G = 3.00

HI

9. 74-1
9. 78-1
9.83-1
9.85-1
9.86-1
9.87-1
9.88-1
9.89-1
9.89-1
9.90-1

9.90-1
9.90-1
9.90-1
9.90-1
9.89-1
9.88-1
9.86-1
9.84-1
9.82-1
9.78-1

9.72-1
9. 66-1
9.59-1
9.51-1
9.34-1
9.12-1
8.90-1
8.63-1
8.03-1
7.40-1

6.83-1
6.20-1
5.60-1
5.00-1
3.79-1
2.80-1
2.13-1
1.63-1
1.05-1
7,06-2

3,91-2
2.51-2
1.37-2
9,10-3
6, 793
5.43-3
4,56-3
3.33-3
2,68-3
Le 30~3

HE I

1.00+0
1.00+0
1,00+0
1.00+0
1.00+0
1.00+0
1.00+0
1.00+0
1.00+0
1.00+0

1.00+0
1.00+0
1,00+0
1.00+0
1,00+0
1,00+0
1.0040
1,00+0
1,00+0
1.00+0

1.00+0
1.00+0
1,00+0
1,00+0
1,00+0
1.00+0
1.00+0
1, 00+0
1.00+0
1.00+0

1,00+0
1,00+0
1,00+0
1.00+0
1,00+0
1.00+0
1.0010
1.00+0
9.99-1
9.98-1

9. 95-1
9.89-1
9.67-1
9.31-1
8, 84-1
8,30-1
7.70-1
6, 25-1
5.00-1
4,02-1

Flux = 2.82 + 11

HE II

5,00-3
1.11-2
3.29-2
6.88-2
1,16~1
1.70-1
2.30-1
3, 75-1
5,00-1
5, 98=1

(K+0)gppy dp./dT

2.32-2
2.53-2
2.87-2
3.16-2
3.42-2
3.88-2
4, 28-2
4, 65-2
5.47-2
6.23-2

6.95-2
7.60-2
8.27-2
8.93-2
1.15-1
1.42-1
1. 70-1
2,08-1
2,49-1
3.40-1

4,48-1
5. 78-1
7.27-1
9.02-1
1,317
1,855
2. 491
3.259
5,147
7.293

9.288
11,49
13, 59
15,59
19,28
21. 66
22,75
23,20
22,93
22,10

20,53
19,29
17.89
17,25
17,08
17.14
17,27
18,07
18.93
19,75

1.89+1
1.81+1
1, 73+1
1,67+
1.61+1
1.54+1
1.49+1
1.46+1
1.41+1
1.37+1

1, 34+1
1.33+41
1.31+41
1.30+1
1,28+1
1. 2841
1.28+41
1.29+1
1.30+1
1.32+41

1,.34+1
1.36+1
1.37+1
1,38+1
1,38+1
1,38+1
1,38+1
1,37+
1.31+1
1.25+1

1.18+1
1.15+41
1.12+1
1.09+1
1.02+41
9. 5640
9. 0040
8. 50+0
7. 8340
7. 2440

6. 2840
5. 66+0
4, 8540
4, 2840
3, 7010
3.1640
2. 6640
1,48+
3.99-1
U, 0U

N(HE)/N(H) = 0.15

VA
.139
. 146
157
. 165
. 170
.178
. 183
.187
.193
. 196

. 197
.198
.198
. 197
194
.188
.182
174
LY,
. 154

. 142
. 131
122
.115
. 104
. 096
. 090
.086
.081
.078

077
077
.078
.079
.083
.090
.098
.108
.130
. 155

. 200
. 227
.238
.218
. 195
.178
L 167
. 156
. 157
. 165

A Flux
911 3.90-6
994 4, 66-6
1094 5.39-6
1215 6.09-6
1367 6.73-6
1563 7.47-6
1683 7.97-6
1823 8.66-6
1989 1.02-5
2188 1.21-5
2431 1,48-5
2735 1.85-5
3126 2.38-5
3647 3.10-5
3647 1,28-4
4019 1.23-4
4475 1.17-4
5049 1.11-4
5792 1.03-4
6790 3.30-5
8205 8.05-5
8205 9.57-5
10503 7.40-5
14588 4,.89-5
14588 5.20-5
17790 3.81-5
22793 2.50-5
22793 2.55-5
30186 1.55-5
44675 7.57-6
AF/F
-1,05,0.78
T C
. 000 .811
. 004 .825
.010 .834
. 040 . 857
. 080 . 878
. 200 . 918
. 400 . 957
. 800 . 986
1,40 . 996
z. 00 . 997
4,00 . 999
8. 00 1.00
14,0 1.00
18.0 1,00



T

0. 000
0.001
0.002
0.003
0.004
0. 006
0.008
0.010
0.015
0.020

0.025
0.030
0.035
0.040
0. 060
0. 080
0.100
0.125
0,150
0. 200

0. 250
0. 300
0.350
0. 400
0. 500
0. 600
0. 700
0. 800
1.00

1. 20

1. 40
1, 60
1. 80
2.00
2. 50
3.00
3.50
4. 00
5. 00
6.00

8. G0
10.0
14.0
18.0
22.0
26.0
30.0
40.0
50.0
60.0

Eff. 8 = 0,600

]

. 790
. 789
. 788
. 786
. 785
. 782
.779
. 776
. 770
. 765

. 760
. 756
. 752
. 748
. 734
. 722
711
. 699
. 688
. 670

. 655
. 641
. 630
. 619
. 601
. 585
.572
. 561
. 542
. 526

. 513
« 503
. 493
.485
. 468
. 453
. 442
. 433
. 418
. 405

. 387
. 374
.354
. 341
. 330
v 322
. 315
. 301
. 291
. 282

0.315
0,572
0,883
1.074
1,207
1.388
1,510
1,599
1,751
1.851

1,924
1,980
2,025
2. 062
2.167
2,232
2,277
2.317
2,346
2.385

2,410
2,427
2,439
2,449
2.461
2.470
2,475
2,479
2,485
2.488

2,491
2. 494
2.497
2,499
2.506
2.514
2,523
2,533
2,544
2.576

2. 621
2,664
2.740
2.803
2.855
2.898
2.934
2.997
3,026
3,021

Log PG l.og PE

-0, 767
-0.622
~0.448
-0.336
-0.255
-0,138
-0.055
0,011
0.131
0,222

0.295
0.354
0,408
0. 4587
0.612
0.733
0.834
0. 942
1,036
1.182

1.302
1.405
1.491
1, 565
1,684
1,780
1,852
1.911
1.994
2,047

2.082
2,105
2.122
2.134
2. 155
2,170
2.183
2.195
2,218
2,241

2,288
2.333
2.414
2,481
2.537
2, 584
2. 622
2. 690
2,721
2. 717

Log G = 2.0

HI1 HE 1 HE I1
8.917-1 1.00+0
9.22-1 1,00+0
9, 44-1 1,00+0
9, 54-1 1.00+0
9, 59-1 1,00+0
9.65-1 1,00+0
9.68-1 1.00+0
4. 70-1 1.00+0
9. 72-1 1.00+0
9.73-1 1,00+0
9.73-1 1.00+0
9.72-1 1,00+0
9. 72-1 1,00+0
9. 71-1 1.0040
9,67-1 1,00+0
9.63-1 1.00+0
9.57-1 1.00+0
9.50-1 1.00+0
9.41-1 1.00+0
9.23-1 1.00+0 1.44-8
9.03-1 1,004 2.75-8
8.80-1 1.00+0 4.94-8
8.55-1 1,00+0 8,23-8
8.27-1 1.00+0 1.33-7
7.70-1 1.00+0 2.99-7
7.05-1 1.00+0 6,20-7
6.40-1 1,00+0 1.16-6
54 T4~1 1.00+0 2.05-6
4,51-1 1.,00+0 5,46-6
3.45-1 1.00+0 1.27-5
2.67-1 1.0040 2.52-5%
2.05-1 1.00t0 4, 68-5
1. 60-1 1,00+0 8,02-5
1, 26-1 1.00+0 1.33-4
7.55-2 1,00+0 3.58-4
4,78-2 9.99-1 8,37-4
3.33-2 9.98-1 1,62-3
2.41-2 9.97-1 2.90-3
1,49-2 9,93-1 6,90-3
9.99-3 9.86-1 1.42-3
5.75~3 9,61-1 3.90-2
3.92-3 9.21-1 7.93-2
2.38-3 8,06-1 1.94-1
1.73-3 6,70-1 3.30-1
1,37-3 5.43-1 4, 57~-1
1,15-3 4,34-1 5,66-1
9.98-4 3.47-1 6,53-1
7.57-4 2.03-1 7.97-1
6. 04-4 1,231 8,77-1
4, 86-4 7.50-2 9,25

-183~

Flux = 2,82 + 11

N(HE)/N(H} = 0,15

(K+o)STD dpr/d'r VA
3,27-2 1,45+ . 142
2,78-2 1, 60+1 L 136
2,41-2 1, 70+1 . 130
2.33-2 1,75+1 . 129
2.34-2 1. 78+1 L 128
2.45-2 1.79+1 . 129
2.61-2 1.78+1 . 130
2,77-2 1,76+1 . 131
3,20-2 1,73+1 . 133
3.64-2 1,70+ . 133
4,09-2 1.67+1 . 133
4,51-2 1. 6641 132
4,96-2 1.65+1 . 131
5.42-2 1. 64+1 . 130
7.34-2 1.62+1 . 124
9,47-2 1.61+1 118
1.18-1 1.61+1 .112
1,52~ 1,61+1 . 106
1.91-1 1. 60+1 . 100
2,78-1 1.59+1 . 092
3,86-1 1, 58+1 . 086
5.18-1 1.57+1 . 082
6,671 1.56+1 .079
8.39-1 1.55+1 076
1,223 1.51+1 .073
1.676 1.48+1 .072
2,139 1.45+1 .07
2.613 1,41+1 .072
3.454 1,35+1 .074
4, 087 1.29+1 .079
4,479 1,244} . 085
4, 688 11941 . 093
4,785 1.15+1 . 103
4, 786 1.12+1 .114
4, 650 1,04+1 . 143
4,437 9. 80+0 L3176
4, 244 9, 2610 . 202
4,072 8, 78+0 .225
3,852 8.14+0 . 249
3.690 7.58+0 . 256
3,557 6. 6940 . 242
3. 546 6.10+0 . 216
3,686 5,30+0 .178
3,898 4, 81+0 162
4,109 4.90+0 . 160
4,277 5, 48+0 .165
4,414 b, 5640 174
4,572 1.14+1 . 203
4, 459 1, 94+1 . 233
4, 080 3.043+41 257

A Flux
911 2.46-6
994 3,27-6
1094 4,16-6
1215 5,07-6
1367 5.87-6
1563 6.58-6
1683 6,99-6
1823 7.52-6
1989 8.83-6
2188 1.05-5
2431 1.28-5
2735 1.63-5
3126 2.14-5
3647 2,85-5
3647 1.43-4
4019 1.36-4
4475 1,28-4
5049 1.18-4
5792 1,08-4
6790 9.50-5
8205 8,05~
8205 1.01-4
10503 7.52-5
14588 4,179-5
14588 5.13-5
17790 3.74-5
22793 2.46-5
22793 2, 52-5
30186 1.53-5
44675 7.53-6
AF/F
~-0.80, 0. 89
T C
. 000 . 794
. 004 . 819
.010 . 830
. 040 . 856
. 080 . 880
. 200 . 929
. 400 . 967
. 800 . 989
1. 40 . 995
2.00 . 997
4,00 999
8.00 1,00
14,0 1,00
18,0 1.00



0. 000
0,001
0,002
0,003
0.004
0,006
0,008
0.010
0.015
0.020

0,025
0,030
0,035
0,040
0,060
0,080
0.100
0.125
0,150
0. 200

0. 250
0,300
0. 350
0, 400
Q. 500
0. 600
0. 700
g, 800
1,00

1. 20

1. 40
f. 60
1.80
2,00
2. 50
3,00
3,50
4,00
5. 00
6,00

8,00
10,0
14,0
18,0
22.0
26,0
30,0
40,0
50,0
60.0

Eff. 6 = 0.600

[:]

. 794
. 791
. 789
. 787
. 785
. 781
. 778
776
771
. 766

. 761
. 757
. 752
748
733
719
707
. 693
. 681
.662

. 646
.632
. 620
.609
.592
.576
. 564
. 553
.535
. 520

. 508
. 497
.488
. 479
.462
.448
.436
. 426
.410
.397

.378
.363
. 342
. 327
.316
. 307
. 299
.283
L272
. 263

Log PG Log PE

-1,02
-0,.844
-0.592
-0.409
-0, 2A7
-0,054
0.101
0.222
0,438
0. 586

0.695
0.779
0, 846
0, 901
1,046
1.130
1.184
1.229
1,258
1.293

1,311
1.321
1,326
1.328
1,328
1,325
1.322
1,319
1.317
1,320

1,328
1.339
1,352
1,367
1.409
1,452
1.494
1.533
1,605
1, 666

1,762
1.835
1,946
2,031
2.103
2,166
2,223
2,346
2.450
2. 540

-1. 600
-1, 740
-1,293
-1.166
-1.06R
-0, 921
-0.811
-0.725
-0, 571
-0, 456

-0. 365
-0. 289
-0,222
0,163
0.022
0.160
0.269
0, 381
0,471
0,603

0,698
0,771
0,822
0,861
0.911
0.938
0,952
0. 961
0.971
0.979

0.989
1,002
1,016
1.032
1,075
1.118
1,161
1,201
1,275
1.338

1. 441
1.520
1,637
1.725
1.799
1,863
1.920
2,044
2.148
2,238

-184-

Log G = 1,00

HI HE I
5.93-1 1.00+0
6.43-1 1.00+0
7.15-1 1, 00+0
7.57-1 1,0040
7.85-1 1. 00+0
8.20-1 1,00+0
8.40-1 1.00+0
8,53-1 1.00+0
8,75-1 1.00+0
8.86-1 1.00+0
8,91-1 1,00+0
8.93-1 1,00+0
8,93-1 1,00+0
8.92-1 1.00+0
8,80-1 1,00+0
8.62-1 [.00+0
8.41-1 1.00+0
8.10-1 1.00+0
7.75-1 1,0010
7.05-1 1.,00+0
6,291 1,00+0
5.49-1 1,00+0
4, 75-1 1.00+0
4,03-1 1,00+0
2.89-1 1.00+0
2.01-1 1.00+0
1.42-1 1,00+0
1,02-1 1,00+0
5, 73~2 1,00+0
3,48-2 1,00+0
2.34-2 1,00+0
1,65-2 9.99-1
1,23-2 9.99-1
9.42-3 9.98-1
5,64-3 9.94-1
3.69-3 9,87-1
2.69-3 9, 76-1
2.04-3 9,59-1
1,37-3 9,11-1
9.92-4 8.37-1
6.47-4 6, 60-1
4,71-4 4, 75-1
3,22-4 2.43-1
2.54-4 1,32-1
2.18-4 7.90-2
1,96-4 5.,16-2
1.82-4 3,60-2
1,64-4 1.80-2
1,57-4 1,09-2
1,54-4 7.39-3

Flux = 2.82 + 11

HE II

5.22-9
4. 50-9
3.44-9
2.91-9
2.62-9
2,30-9
2.15-9
2.08-9
1.95-9
1,98-9

2.12-9
2.34-9
2.60-9
2.93-9
4.88-9
8.11-9
1.30-8
2,28-8
3.01-8
8.90-8

1,88-7
3,757
6.82-7
1,20-6
3.11-6
7.41-6
1.54-5
Z.96=5
8.81-5
2.18-4

4,454
8.33-4
1,42-3
2.30-3
5.94-3
1.31-2
2.41-2
4,09-2
8.86-2
1.63-1

3.40-1
5.25-1
7.57-1
8.68-1
9.21-1
9.48-1
9. 64-1
9.82-1
9.89-1
9.93-1

(k+o)

1.01-1
9.01-2
7.39-2
6.46-2
5.86-2
5.14-2
4,76-2
4, 54-2
4.23-2
4,20-2

4.31-2
4,50-2
4, 74-2
5.04-2
6.50-2
8.36-2
1,05-1
1,37-1
1, 74-1
2.50~1

3.34-1
4,22~-1
5.00-1
5,70-1
6, 70-1
7.23~1
7.41-1
(a45-1
7.20-1
6.92-1

6.69-1
6, 51~1
6.38-1
6,28-1
6,17-1
6,14-1
6,18-1
6. 24-1
6. 46-1
6, 70-1

7,251
7.80-1
8,56-1
9,04-1
9.41-1
9.77-1
1.012
1,101
1,194
1, 289

STD

dpr/dT

1.02+1
1,06+
1,114
1,1641
1.2041
1, 28+1
1,34+
1, 39+1
1,48+1
1, 55+1

1,61+
1.62+1
1.65+1
1, 68+1
1,734
1.76+1
1,77+1
1,78+
1, 7841
1, 75+1

1.72+1
1,70+1
1.67+1
1. 65+1
1,59+1
1,54+1
1,49+1
1,45+
1,38+l
1.32+41

1,27+
1.23+
1,20+
1,17+
1.12+41
1,07+1
1,03+1
9. 964
9.399
8,915

8.191
7. 689
6,819
6,323
5.736
5,178
4, 642
3.362
2,141
9.61-1

Va

.152
.152
152
. 151
. 150
. 146
. 141
<137
. 130
. 124

. 119
.115
112
. 109
.100
. 090
.086
. 083
.080

.079
. 080
.083
.086
. 097
113
. 131
151
,187
. 214

. 230
. 240
. 246
. 250
. 254
. 253
. 249
. 244
. 230
. 215

. 198
. 197
. 215

4

. 253
. 257
. 263
. 266
. 268

N(HE)/N(H) = 0.15

A Flux
*911 8,55-7
*994 1,40-6

*1094 2.21-6
*}1215 3.36-6
1367 1. 86-6
1563 6. 68-6
1683 7.67-6
1823 B. 72-6
1989 1.04-5
2188 1,22-5
2431 1.46-5
2735 1,80-5
3126 2.30-5
3647 3,02~5
3647 1.31-4
4019 1.32-4
4475 1.29-4
5049 1.22-4
5792 1.12-4
6790 9, 88-5
8205 8. 26-5
8205 1.04-4
10503 7.61-5
14588 4,76-5
14588 5.08-5
17790 3.70-5
22793 2.44-5
LL{93 2. 50-5
30186 1,53-5
44675 7. 54-6
AF/F
-0.75,1.33

T C
. 000 .819
.004 . 805
. 010 . 801
. 040 .838
. 080 . 869
. 200 . 927
. 400 . 965
. 800 . 986

1,40 . 994
2.00 . 996
4,00 . 998
8,00 1,00
14,0 1,00
18,0 1,00



-185-

Eff. 8 = 0,700 Log G = 4.44 Flux = 1.52 + 11 N(HE)/N(H) = 0.15
T ] Log PG Log PE HI1 HE I HE 11 (K+¢)STD dpr/d'r VA A Flux
¢. 000 .916 3,184 -0.181 3,94-4 1.00+0 1.47-2 7.30 . 361 511 1.60-6
0.001 .915 3,372 -0.074  3.18-4 1.00+¢ 1.85-2 6. 63 .367 994 1.72-6
0.002 .914 3,563 0. 041 2.56-4 1.00+0 2.36-2 6.13 373 1049 1,86-6
0.003 .912  3.675 0.117 2.32-4 1.00+0 2.78-2 5. 87 .375 1215 2.15-6
0,004 . 910 3. 753 0.175 2.18-4 1.00+0 Je 132 5,07 <376 1367 2.56-6
0.006 .906 3.861 0. 256 2.02-4 1.00+0 3.71-2 5.45 .378 1563 3.27-6
0,008 .904 3,938 0. 361 1.92-4 1.00+0 4,19-2 5.29 .379 1683 3.79-6
0.010 .902  3.997 0. 362 1.85-4 1.00+0 4.61-2 5. 21 .380 1823 4.47-6
0,015 .899 4.103 0. 440 1.71-4 1,004+ 5.43-2 5.08 .381 1989 5.90-6
0,020 . 896 4,177 0. 500 1. 74-4 1.00+0 6.15-2 4, 98 .382 2188 7,73~
0.025 .893 4.235 0. 551 i.71-4 1.00+0 6.81-2 4. 89 .382 2431 1.02-5
0.030 .891 4,281 0. 594 1,60-4 1.0010 7.43-2 4. 87 .383 2735 1.35-5
0.035 .888 4.320 0. 634 1.60-4 1.00+0 8.03-2 4. 82 .383 3126 1.81-5
0.040 .885 4.353 0. 669 1.61-4 1. 00+0 8.60-2 4. 79 .383 3647 2,41-5
0,060 .876 4,451 0.785 1.71-4 1.0040 1.08-1 4. 69 .382 3647 4,08-5
0,080 .867 4.517 0.878 1.87-4 1,004+ 1. 28-1 4, 64 .381 4019 4,43-5
0.100 .859 4,567 0. 957 2.05-4 1.0040 1.48-1 4.62 . 380 4475 4.80-5
0.125 .849 4.614 1,046 2.31-4 1.00+0 1, 74-1 4. 59 .378 5049 5.16-5
0. 150 . 841 4, 652 i.124 2.60-4 1. 0040 2.01-1 4.57 377 5792 5,45-5
0.200 .825 4,708 1.255 3.23-4 1,0040 2, 54-1 4,53 373 6790 5.55-5
0.250 .812 4,748 1,368  3.96-4 1.004+0 3.10-1 4. 52 .370 8205 5. 44-5
0. 300 .800 4,778 1.470 4.79-4 1.00+0 3.70-1 4,52 . 366 8205 5.56-5
0.350 . 788 4,802 1. 561 5. 69-4 1.0040 4, 34-1 4,52 362 10503 5.10-5
0.400 .778 4.822 1,644 6,71-4 1.00+0 5.02-1 4.53 .358 14588 4,22-5
0. 500 . 760 4,853 1,789 8,96-4 1.0040 6, 46-1 4. 57 . 350 14588 4.31-5
0.600 .744 4,875 1.919 1.17-3 1.0040 8,08-1 4. 61 . 342 17790 3.38-5
0.700 ,730 4,893 2.032 1.48-3 1.00+0 9.83-1 4, 64 .334 22793 2.22-5
0.800 ,716 4,907 2.136 1.83-3 1.00+0 1.176 4, 68 <326 22793 2.23-5
1,00 .694 4,928 2.316  2.69-3 1,.00+0 1.610 4. 76 310 30186 1,35-5
1.20 .674 4.943 2,472 3.76-3 1.00+0 2.124 4. 86 294 44675 6.56-6
1.40 .656  4.954 2.606 5.03-3 1.00+0 2.701 4.95 . 278
1,60 .641  4.963 2.728  6.57-3 1.00+0 3.371 5.04 .262 AF/F
1.80 627 4,970 2,837 8.34-3 1.00+0 4,129 5.13 . 247 -1.08,1.33
2.00 .614 4,975 2,937 1.04-2 1.00+0 5,004 5.22 .232
2. 50 .587 4.985 3,146 1,67-2 1. 00+0 2.42-8 7. 598 5.38 .202 T C
3.00 . 5h4 4,962 3,326 2.51.2 1. 00+0 6.60.8 11,13 5,47 .176 . 000 . 867
3.50 . 545 4,997 3.470 3.49-2 1.00+0 1,50-7 15,43 5. 44 . 158 . 004 . 855
4.00 .528 5.000 3,597  4.69-2 1.00+0 3,.09-7 20,91 5.39 .143 .010 . 847
5. 00 .504 5,005 3.780 7.26-2 1.00+0 9,16-7 33,50 5. 27 125 . 040 . 863
6.00 .483 5,007 3.930 1.05-1 1.00+0 2,30-6 50,61 5.10 .113 . 080 .876
8,00 .454 5,011 4,131 1, 75-1 1.00+0 8,65-6 91,77 4. 57 102 . 200 . 902
10.0 .434 5,013 4,261 2.47-1 1,00+0 2,23-5 137,2 4.13 .098 . 400 . 928
14.0 .408 5,015 4.413  3.84-1 1, 0040 8,28-5 223.8 3,56 .096 . 800 . 959
18,0 .389 5,017 4. 501 5,08-1 1,00+0 2,20-4 296,7 3.15 .099 1.40 . 981
22,0 375 5,018 4, 556 6., 07-1 1.00+0 4,69-4 348,1 2. 72 104 2. 00 . 9920
26.0 .364 5,020 4. 591 6,86-1 9, 99-1 8,81-4 379,7 2,30 110 4,00 . 998
30,0 .355 5,021 4,616 7.46-1 9.99-1 1,50-3 398.0 1.93 .118 8,00 1.00
40.0 .337 5,023 4,649  8.41-1 9. 96-1 4,33-3 404.8 9. 64-1 <139 14,0 1.00
50,0 .323 5,026 4,667 8,94-1 9,90-1 9,67-4 390,0 6, 68-1 .162 18,0 1.00
60,0 «313 5. 029 4, 679 9. 241 9.82-1 1,83-2 372.9 0. 00 .183



0. 000
0.001
0,002
0.003
0,004
0.006
0.008
0.010
0.015
0.020

0.025
0.030
0.035
0. 040
0.060
0.080
0.100
0. 125
0.150
0.200

0. 250
0. 300
0. 350
0. 400
0. 500
0. 600
0. 700
0. 800
1,00

1. 20

.40
1. 60
1.80
2,00
2. 50
3. 00
3. 50
4. 00
5,00
6.00

8.00
10.0
14,0
18.0
22.0
26,0
30.0
40..0
50.0
60,0

Eff. 8 = 0.700

8

.881

2.041
2.239
2. 445
2,567
2,654
2.775
2,860
2,925
3.043
3,125

3.188
3.238
3,281
3.317
3.424
3,495
3, 547
3. 597
3,634
3.690

3.730
3,760
3,783
3.802
3,831
3.851
3,867
3.879
3,897
3,908

3.916
3.922
3.926
3.929
3.938
3.938
3.940
3.941
3,943
3.945

3.946
3.948
3,950
3,953
3,955
3,958
3,962
3,971
3.981
3.991

Log PG lLog PE

-0, 522
-0.417
-0, 308
-0, 242
-0.194
-0.128
-0.076
-0.036
0.039
0.096

0.139
0.176
0.212
0. 245
0.355
0,454
0. 538
0. 630
0.712
0. 850

0. 969
1,076
i.170
1.258
1.410
1,547
1.667
1.777
1.971
2.138

2.282
2,407
2. 516
2.615
2. 806
2,962
3.075
3.170
3.294
3.383

3,482
3.533
3,578
3,597
3.608
3,615
3,621
3.634
3,647
3,660

-186-

Log G = 3.00

HI HE I
2.93-3  1.00+40
2.34-3  1,0040
1.85-3  1,00+40
1.62-3  1,0040
1.47-3  1.00+0
1.29-3  1,00+0
1.19-3  1,00+0
1.12-3  1.00+0
1.01-3  1,0040
9.46-4  1.00+0
9.01-4  1.0040
8.71-4  1,0040
8, 58-4 1,0040
8.51-4  1.0040
8.61-4  1,0040
9,23-4  1,0040
1.00-3  1.0040
l.12-3 1,00+0
1.25-3  1,0040
1.53-3  1.00+0
1.86-3  1.00+0
2o lB-3 1,00+0
2.65-3  1.00+40
3.13-3  1,0040
4.20-3  1,00+0
5,53-1  1,00+0
7.08-3  1.00+40
8.94-3  1,00+0
1.35-2  1.00+0
1.96-2  1,0040
2.70-2  1,0040
3.60-2  1.0040
4.62-2  1,0040
5.82-2  1,0040
9. 22-2 1,00+0
1.36-1  1,0040
1.82-1  1,0040
2.34-1  1,00+0
3.32-1  1,0040
4.36-1  1.00+0
6.03-1  1,0040
7.22-1  1,0040
8.49-1  9,99.1
9.08-1  9,98-1
9.38-1  9,95-1
9.55-1 9,911
9.66-1  9,85.1
9.80-1  9,63-1
9.86-1  9,29-1

9.90-1

8,84-1

Flux = 1,52 + 11

HE II

(K+a')STD dpr/d'r

7.20-3
8.52-3
1,04-2
1.17-2
1.29-2
1.47-2
1,63-2
1,77-2
2.06-2
2.30-2

2.52-2
2,71-2
2.91-2
3.11-2
3,84-2
4,63-2
5, 41-2
6,42-2
7. 46-2
9,59-2

93,1840
8.38+0
7.77+0
7.4140
7.13+0
6. 80+0
6.57+0
6. 44+0
6.23+0
6,05+0

5.924+0
5, 88+0
5. 8140
5. 7440
5. 60+0
5. 52+0
5.49+0
5. 45+0
5.42+0
5.40+0

5. 4340
5.47+0
5. 5240
5. 57+0
5.7140
5. 8410
5.97+0
6.09+0
6.32+0
6. 50+0

6. 6340
6.69+0
6,71+0
6, 7010
6. 60+0
6. 4540
6, 2140
5. 99+0
5.63+0
5. 2810

4,62+0
4.154+0
3.51+0
3.07+0
2.60+0
2, 1640
1.7440
7.59-1
0.00+0
0.00+0

N(HE)/N(H) = 0. 15

V.A
.278
.295
.311
.320
.325
333
.338

341
<346
. 349

. 351
.353
«354
. 354
.35%
.353
.351
. 347
. 343
.335

.327
.318
. 308
. 299
. 281
. 262
. 245
. 228
. 199
174

.154
.138
126
117
.101
.092
. 087
. 085
. 083
. 083

.089
.097
.120
. 148
L175
.198
214
. 227
. 215
. 197

X Flux
911 9.23-7
994 1.06-6
1094 .19-6
1215 1,37-6
1367 1.59-6
1563 1.95-6
1683 2.23-6
1823 2.62-6
1989 3,786
2188 5,28-6
2431 7.30-6
2735 1.01-5
3126 1.41-5
3647 1.95-5
3647 5.29-5
4019 5.48-5
4475 5.69-5
5049 5, 90-5
5792 6.03-5
6790 5.99-5
8205 5.72-5
8205 6.09-5
10503 5,40-5
14588 4,20-5
14588 4.36-5
17790 3.35-5
22793 2.21-5
22793 2.24-5
30186 1.36-5
44675 6.66-6
AF/F
~1,43,0.76
T C
. 000 . 810
. 004 . 815
.0l10 .824
. 040 . 858
. 080 . 877
. 200 . 904
. 400 . 932
. 800 . 966
1,40 . 988
2,00 . 994
4,00 . 998
8.00 1.00
14,0 1.00
18.0 1.00



T

0,000
0.001
0.002
0.003
0.004
0,006
0.008
0.010
0,015
0.020

0,025
0.030
0.035
0. 040
0.060
0,080
Q.100
0.125
0. 150
0. 200

0. 250
0. 300
U. 350
0. 400
0. 500
0. 600
0.700
0. 800
1.00
1. 20

1. 40
1,60
1. 80
2. 00
2. 50
3.00
3. 50
4.00
5. 00
6. 00

8.00
10.0
14,0
18.0
22.0
26,0
30.0
40.0
50.0
60.0

Eff. 6 = 0,700

9

.882
.882
.882
.881
. 881
.879
.878
.877
.874
. 870

. 867
. 865
.862
. 859
. 849
. 840
.832
.822
.813
. 797

. 783
<770
« (D8
. 746
. 726
. 708
. 692
677
. 651
.629

.611
. 595
. 581
. 569
. 545
. 525
. 509
. 496
. 476
. 460

. 437
. 420
.397
.381
. 369
+360
.352
+337
.325
. 316

Log PG

1,140
1,379
1.634
1,782
1.884
2,025
2.121
2,195
2,323
2,411

2,477
2.529
2,573
2,610
2.716
2,786
2,838
2,886
2,924
2.978

3.016
3.044
3.Ubb
3,083
3,108
3,126
3.138
3,147
3,160
3,167

3.172
3,175
3.177
3.179
3,181
3,182
3.183
3.183
3,184
3.184

3,185
3,186
3,190
3.195
3,201
3,208
3.214
3,226
3,228
3.214

Log PE

-0, 993
-0, 870
-0, 738
-0. 659
-0.603
-0, 521
-0. 463
-0.416
-0.328
-0. 260

-0, 205
-0,158
-0.116
-0,077
0.050
0.151
0,237
0.333
0, 418
0. 561

0. 685
0.796
U. 895
0.988
1,149
1.292
1,418
1.533
1,728
1.892

2.023
2,136
2.230
2,312
2,461
2,571
2,643
2. 697
2. 758
2. 793

2.825
2.838
2. 850
2,859
2. 867
2,875
2,883
2,899
2. 906
2. 896

-187 -

Log G = 2,00
Hi HE I
9.92-1  1,0040
9.94-1  1,0040
9,95-1  1,0040
9.96-1 1,00+
9.96-1  1.00+0
9.97-1  1.00+0
9.97-1  1,0040
9.97-1  1.00+40
9.98-1  1.0040
9.98-1  1,0040
9.98-1  1.0040
9.98-1  1.00+0
9.98-1  1,0040
9.98-1  1,0040
9.98-1  1,0040
9.98-1  1.00+0
9.97-1  1.0040
9.97-1  1.0040
9. 97-1 1,001+0
9,96-1  1.00+0
9,95-1  1,00+0
9.94-1  1,00+0
9.92-1  1,0040
9.91-1  1,00+40
9,88-1  1,0040
9.83-1  1,0040
9,78-1  1,00+0
9,72-1  1.00+0
9.56-1  1,00+0
9.36-1  1,0040
9.12-1  1,0040
8.84-1  1,0040
8.54-1  1,0040
8.20-1  1,00+0
7.30-1  1.00+0
6.27-1  1,00+0
5.33-1  1,0040
4.42-1  1,00+0
3,09-1  1,00+0
2.10-1  1.0040
1.09-1  1,0040
6.37-2  9,99-1
2.92-2  9.94-1
1.68-2  9,85-1
1,10-2 G, 68~1
7.96-3 9, 44-1
6.10-3  9,12-1
3,67-3 8,031
2.52-3  6,66-1
1,83-3 5,231

Flux = 1,52 + 11

HE 11

W) grp

4,88-3
5.00-3
5,49-3
5,97-3
h.42-3
7.22-3
7.92-3
8.55-3
9. 96-3
1,12+42

1,24-2
1,35-2
1.46-2
1.57-2
1,98-.2
2,39-2
2.81-2
3.35-2
3. Vé~4
5.12-2

6.47-2
8.00-2
9.69-2
1.16-1
1,61-1
2,19-1
2,89-1
3,77-1
6.11-1
9.44-1

1.370
1,913
2. 556
3.325
5. 451
7. 961
10, 20
12.23
14, 69
15,83

15,79
14,84
13.05
11,76
10,88
10. 26
9.817
9,088
8,510
7,867

ap /ar

8.95+0
8, 7240
8,48+0
8.2040
7.97+40
7. 6540
7.4240
7.28+0
7. 0440
6. 8440

6. 6940
6. 66+0
6, 5840
6. 5110
6.36%0
6.30+0
6.2740
6, 25+0
6, 251U
6. 28+0

6,36+0
6, 4540
6. 5540
6, 6540
6.87+0
7.05+0
7. 2040
7.31+0
7.4740
7.51+0

7.44+0
7.38+0
7.274+0
7.1640
6,88+0
6. 60+0
6.29+0
6.01+0
5.6240
5. 2540

4. 6140
4,1640
3.5640
3.2040
3,261
3, 68+0
4, 4640
83,0140
1,38+
2,19+1

N(HE)/N{H) = 0. 15

Va

. 208
. 220
. 237
. 248
. 255
. 265
. 272
L2760
.283
. 287

. 289
.291
. 291
.292
. 291
. 287
. 283
. 278
272
. 259

. 247
. 234
.222
. 210
.188
. 169
.153
. 139
L118
.104

.094
. 087
.083
. 080
. 076
,076
.077
.079
.086
. 097

.125
. 159
.216
. 243
. 242
. 227
. 208
172
. 157
. 156

A Flux
*911 5,537
%994 6. 65-7

*1094 7.69-7
*1215 8, 74-7
1367 9,85-7
1563 1.16-6
1683 1.30-6
1823 1,53-6
1989 2.43-6
2188 3.64-6
2431 5.32-6
2735 7.75-6
3126 1,13-5
3647 1.63-5
3647 6.26-5
4019 6.31-5
4475 6.36-5
5049 6.41-5
5792 6,38-5
6790 6.19-5
8205 5,78-5
8205 6,49~5
10503 5. 55-5
14588 4,11-5
14588 4,33-5
17790 3.28-5
22793 2.18-5
22793 2,22-5
30186 1.36-5
44675 6.66-5
AF/F
-1,57,0.74

T C
. 000 .815
. 004 . 835
.010 . 844
. 040 . 863
. 080 .877
. 200 . 905
. 400 . 937
. 800 . 974

1.40 . 992
2. 00 . 996
4,00 . 999
8. 00 1.00
14,0 1,00
18,0 1.00



-188-

Appendix II
CONVECTIVE MODEL ATMOSPHERES IN THE
MIXING LENGTH APPROXIMATION
In this appendix we shall consider how to extend the work reported
above to allow for the presence of convection. The equations developed
in section 4 have not yet been used in computation, but an attempt will

be made to apply them in the near future,

l. The convection equations

According to the Schwarzschild criterion, the layers in a stellar
atmosphere or interior become unstable against small perturbations
whenever the actual logarithmic temperature gradient (with respect to

pressure) exceeds the corresponding adiabatic gradient. That is, when

d los T S d 105 T (Ao 1. 1)
dlog p d log p oo
g g ADIABATIC

This gives rise to mass motions in the atmosphere which can transport
considerable energy. This flux must be added to the radiative flux;
the total (convective flux + radiative flux) must satisfy the flux constancy
condition throughout the atmosphere, This in turn implies that the tem-
perature distribution may be rather noticeably altered compared to that
which would prevail if radiative equilibrium were strictly true,

A phenomenological approach to the convection problem was
given by Biermann (summarized by Demarque, 1960) and will be used

here, Let:
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VAE((%—%?-&—E) (A, 1L, 2)
€ Py / ADIABATIC

Vg = ddlf)o pT ) (A, L. 3)

€ Py / RADIATIVE

and

v = Jdlog T (A. 1L, 4)

dlogp
g

that is, V., 1is the gradient which would prevail if convection were

R

ignored; V is the true temperature gradient which is intermediate
between the adiabatic and the radiative gradients,

By equating the work done by the bouyancy forces to the mean
kinetic energy of a rising element of gas one finds the root mean square

convective velocity is given by:

"‘2"1/ 2 !

v - (gH)l/Z(ﬁ)(V—VA)l/ZQl/Zo 1

=75 (A, IL. 5)

where { is the !

'mixing length"; this is the distance in which the rising
element loses its identity and merges into the surrounding m=dium,

The factor of 1/\[2 accounts roughly for viscous energy dissipation,

and

Q:1_(§_}E.g__!i

5 Tog T (A, IL 6)

)

p
allows for the change in effective mean molecular weight of the gas due
to the presence of radiation pressure and due to ionization. An expres-
sion for Q will be given later on. H 1is taken here to be the local

pressure scale height in the atmosphere,
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p

H=z —-—E& — (A, I1. 7)
P,

P18 K3y

For the present calculations, the local scale height is computed at each
point in the atmosphere, and the ratio £/H is takeu as a conslant which
is spacified at the outset,

The expression for the convective flux is then:

| e S
TFeony = 3 P(,pTV(ﬁ)(V - \7A) (A, I1, 8)

whe re cp is the specific heat of the gas at constant pressure.

Befure proceeding further, we should justify this choice of con-
vective theory; there are essentially two reasons for it. First, the
equations written below will depend upon the coavective theory chosen
through some functional coefficients in the differential equations for the
depth and temperature corrections; the same perturbation procedures
may be applied to any convection theory for which the expression for
the convective flux can be written down in terms of the local pressures,
temperatures, etc, Since for the moment we are more concerned with
establishing flux constancy in the presence of convection than with the
details of the convective theory, the mixing length theory will suffice
for illustrative purposes, Second, if we forget the physical interpre-
tation of the "mixing length" and regard the ratio ({ /H) as merely an
efficiency parameater for the transport of convective flux, we may, by
suitable choice of ({/H), interpolate smoothly between the pure radiative

solution [ (£/H) = 0] and the adiabatic solution [ ({/H) — o]. By
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forming a one-parameter family of models we can attempt to determine
in a simple way what spectroscopic quantities may be sensitive to the
presence of convection., If no such quantity can be found, then for the
moment we may ignore convection; on the other hand, if some sensitive
criterion is toundy, we will have an cbhservational hold upon the problem,

and may feel justified to attempt using a more sophisticated theory,

2, Thermodynamical quantities

To find the flux numerically, we must have expressions for VA’
Cp’ 8p/at, etc, We assume that the gas under consideration consists
of a set of n components each with a fractional abundance vl; we
assume that each component may ionize once with the exception of
helium, which is abundant enough to merit consideration of both its
ionizations. This problem is treated by recognizing that since the
second ionization potential lies some 30 volts above the first there is
effectively nu inlerlocking belween moure Lhan lwo lvnizalivn states at o
time, so that it may be considered as two atoms, each with abundance
v.. . Of course, it is counted only once in the sum over the nuclei,

He

For such a gas we may write:

Gas pressure: PV = NKT ) v (1 +x) + % aT? (A, TL 9)
AV i 3
:

N

Internal energy: U = % NkT / Vi(l + Xi) + NZ VXX + aT4V (A, II,10)

/

Lo
i i
- X, »-XA/kT
Saha's equation: N.\}ST (Z vixi) l—; = CiTS/Ze ! (i=1,..0,n)

(Ao IIo 11)
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where in writing equation A.IL, 11 we have ignored the temperature and
pressure dependence of the partition functions., The expression for

the adiabatic gradient derived by Krishna Swamy was given in chapter 11,
and will not be written again here., For the specific heats we have quite

generally that:

_, 80U
CV = ( -g*T )V (Ao L. 12)
and
L 2y
cp=lgp) *rl BT)p (A.1L.13)
A straightforward but lengthy calculation leads to:
3 ‘ v.x. (l-x.) E—l
K 3 _ 2 i i’ kT
C T (i +12B)(1+x) + 1 _
M s = X
\ Xi 2
+ —
X
2 X
+(%§—§vx(l—x)—l€—%) — 5
— ! 2x - <x >
(A, 11, 14)

and

- .2
(.g. + 208 + 1652)(1 + x) +Zvixi (1-Xi)( _%)

<

A .
X 1

k i
C_ =
>'Vixi(l—xi) —

5 N\ X; Ts L

T...
% - <x%> J

— 2 -
x[ AL Jl_ X(1H)(3 + 4p) -
x4 2x- <x™> i

< X5
VASEACE N l

(A, IL, 15)
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- \ 2
where x :,___/V X., <x > =zvix. y and :ZviAi‘/AH" Also B = PR/Pg’
1 4

= + = = 4 ind:
P PR P, and PR 3 aT”, Further we find:

X .

i

dlog p (®-<x>>) 15 zvixi(l’xi)ﬁ

g X Tex-<x > xX-<x >

3. The integrations

Starting with an assum=d T(T)} relationship we integrate the
equation of hydrostatic equilibrium in the usual way. At each point
both the adiabalic and radiative gradients are computed and compared,

The radiative gradient is computed as

= B (dIy d7
VR- T(d'r) (dp) (A, 11, 17)
where dT/dT is determined by direct numsrical differentiation, When
the radiative gradient exceeds the adiabatic gradient, we must estimate
the true superadiabatic gradient and proceed., Now in the deep interior,

the flux transported by radiation is proportional to the temperature

gradient. Thus in the interior we may write Frad/Ftotal = \//VR,

or - F 1- \7/\7R.. This relationship is no

Fconv/Ftotal =1 rad/Ftotal =

longer strictly valid in the atmosphere but holds only approximately,

Usees" the boundary. The situation

basically because the radiative flux
is entirely analogous to the difference between writing the temperature
gradient equation for the interior, and having to find the temperature

distribution in the atmosphere by other means. Consequently we can -

not estimate V completely accurately, and in general, iterations will

be required to enforce the condition of constancy of flux; it is, however,
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a useful starting point. Within this frameswork we have

I \7A)3/Z 1. &
R

or

AT -V Py v (A.IL.19)

A R a L
whe re
\Y% 2
_ _'R.,1 1/2 4
A = e (1) (gQH) pcpT/o*Te (A, I1. 20)

-----

. 3/2 . .
Rearranging terms we have A(V - VA) / +{V - \/A) = \/R— \7A, and
linally, writing

¥ = (V- vA)l/Z (A. 1L, 21)

we obtain

3 2 -
AxT +x7 + (\/A— VR) =0 (A, II. 22)

This cubis is solved for x by use of the regula falsi, starting with the

. VA VR 11/3
two extreme estimates x =0 and x = —x J . Successive iterates

are made on x until |Ax> +x% + (\7A—\7R)’ = 10“6, We then have the

true temperature gradient

_dlog T

* dTogp (A, I1. 23)

In addition we have the hydrostatic equilibrium equation

dr  _ 2.3025851 p

dlngp‘(‘g‘j‘p].
K T

(A, II, 24)

These last two equatious are integraled simultaneously as a function of
log p. At each point, the radiative gradient is evaluated using dT/d'T

as the current value of T (since the T scale is now floating, T and
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p are the physically relevant parameters), and compared to the adiabatic
gradient, The current value of T 1is used also to find the appropriate
dpr/d'r for the hydrostatic equilibrium equation. The integrations are
now continued until either 7 = 60 (the last depth considered) or

VR = VA’ at which point the solution is continued using the radiative
gradient in the usual manner,

It should be noted that the simultaneous integration of A, II. 23
and A,Il. 24 amounts to a fundamental revision of the T(r) relation-
ship in the convective region, If the radiative solution is to be continued
beyond this region, we proceed as follows: we backwards interpolate
to find log pg('r) at the standard T's in the convective region; we then
interpelate to find T at these values of log pg. Now we find the T at
which the last T in the convective region would have occurred using
the old T{T) relationship; a constant is added to this 7T to make it
equal to the last (new) 7T found in the convective zone, and the whole
old T(T) relationship is shifted hy this amount, The values of T at
the remaining standard depths beyond the convective zone are found by
interpolation in this shifted table. In this way we have hooked the old
radiative solution onto the convective solution while assuring continuity
of T at the boundary. Incidentally, from this new T(7) relation we
must form new tables of dT/dT and dp_/dT before we can proceed;
these are found by direct differentiation, and by interpolation against
the old temperatures and dpr/d'r 's to find the values at the new standard
temperatures, One difficulty never arises, namely, we never run off
the end of the old temperature distribution; this is because while the

7{p) relationship changes only a small amount, the T{p) relationship
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always gives a smaller T at a given p (since V = \_/R).

Now when we actually evaluate the radiative and convective
fluxes, we find, as anticipated because of the inexactness of A.IL 22
in the atmosphere, the total flux is not a constant, even though this is
implicit in the msthod of solution, So we are forced to change the
temperature distribution to attempt to obtain flux constancy; this is
done by a modified Krook procedure, It should be noted that the method
of integration just outlined starts from a model in radiative equilibrium.
Thus it is assumed that a certain number of iterations using the ordinary
Krook procedure will be necessary to attain at least fair flux constancy,
Second, it should be realized that the above procedure is used only once
because of the inexactness of the approximation FR/F = V/\7Ro
After going through the above procedure once, the major revisions to
the temperature-pressure scale will have been effected; further iterations
are made by integrating the hydrostatic equation in the usual way with
the currcntly assumecd (T{7) rclationship, and corrccting this T(7)
distribution by the iteration procedure described in the next section,

which allows for the convection terms,

4, The temperature correction procedure

The total flux is written JC = UTg/fhr. We consider this to be
divided into two parts, H, the radiative flux, and HC, the convective
flux, After calculating a model call the resultant radiative flux H® and
the resultant convective flux Hz. Now in general we find HO+ Hz + J4C,

Therefore we wish to revise the T(T) relationship by calculating a
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perturbation to the temperature scale (Tl) and to the depth scale (’Fl)-
These changes will change the radiative and convective fluxes; call

these changes H1 and Hi respectively, We now demand

HO + H + HO + Hcl = 4C (A, TL. 25)

In our previous attempt to allow for convection we essentially set the
term HlL to zero, and tried to iterate to a non-constant radiative flux
JC - Hzo This failed and resulted in an oscillatory divergence of the
error in the flux because, to first order, an increase in the radiative
gradient increases the radiative flux and also the difference between the
radiative gradient and the adiabatic gradicnts, hence also the convective
flux, This positive feedback made the whole procedure unstable. FOT
this reason it is essential to include the term HIC explicitly,

We therefore write the Krook equations as

(. o ® n 1
TD Hvawr[( HO-——-va:HO+HO+H-JC (A. IL. 26)
. ¥ 1 v om c c

and

1 oo
d o o 1 |_ H™(0) v !‘n d
- {JC -H - H_- H } V3 00) go n H,(0)dav - TU B (T )m, dv

+'rl) J—B)dV+T\ n,(J,

} . 11, 27)
B))dv (A
The main change is to introduce expressions for I—Ii in terms

of ’rl and Tlo Now

—(J-z-ﬂﬂl'-(H)l/2 l/Zp [V-V, ]3/2 H +H1 (A. II. 28)

C
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o]
= gy +g*71

E
f
{

13/2

Let us first determine the variations in [V-‘VA

due to changes

(A. 11, 29)

where ¥ denotes d/dt, and a= lc:ge 10. We take N as a separation

parameter to be set to unity later after collecting terms of equal order

in A\, By definition

= dlog T dlog T = dr
T dlo d7T d lo
g Pg g Pg
Consider first:
dlog T _1dT 1 1,1 4T .t
ar T o dr’ T 'o,(TO+XTﬂ dt dr
Sl 11 (S ML
a To )\T1 dt dt (1+ ;\77)
{1+ =) 1
To
T' AT )\T'
SR (U S
aT T 1 4
o) T
o)
Therefore
T 7!
dlog T, _,dlogT o1 ?+_i
( dr ) ( dr )o (1 TO Tl o )

(A. IL, 30)
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Now consider

d log pg . 84
dr T ok
Pg ,
o
. 8%
= .].'_. (1+ AT ___._) ° 1 o 1
a OKO 1 o pr «
Pg 8 1+\r, & 14T, =
l1p 1
g
The refore
4 r
dlogp dlogp_ o g P
By a{—— 8y * ar & g KD
{ 7 Yy = I Yy 1 )\71 o ATy pg )\'rl KO) (A, 11, 31)

Combining A, IL. 30 and A.IL 31 we have

r 14 ’
T T r p 1290
V=V 1-mt -7 4t 4 {-"3+._§- (‘;] (A.IL 32)
rIﬂo - K p g%
g
Turning now to the adiabatic gradient:
oV
- I
V=V FAT, 5 + ATV, (AL 33)
whe re the indicated derivatives may be computed numerically. Thus:
! r ’
T T r o gy
. . 0 0 1 14 1 _ K ,'g *
V-VaAs V-V PV g - T - 71["3*7‘"3]
o} o LK P gy
g
v r
A —
" Tl ) - VA
and
e 2 -
(\7~vA)3/ } (\/O~VZ)’/Z
4 r =
- T T r o B i oV r
,,,,, 1 ’ 1 K g % A .
, Vol tT TS TS5 ) |- TV
145 . _ ° © pg Ed
& = _ \\—70
(7 - %)

(A, IL 34)
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For brevity call the second term in the bracket &, We write now the

additional expansion

o 4 oc o 1
c = c T ANT,C +>\T—-—-E:c I ¢
P p I'p 19T P P
(A, II. 35)
Q=Q 4*)\TQY+)\T»§—9=Q +Q
o 1 10T 0 1

where again the indicated derivatives may be computed numerically.

Now using A,1L 34 and A.IL 35 we find that

+ & (A, II. 36)

Finally, grouping terms to form the coefficients of the perturbations

and multiplying by H(C)/HO we obtain:

HO
aft) = —
H
Coefficient of le
V 8\7A
o} -
H dc T 0T
B(t) = _< _.1_+_1._(__E)+_1._(?_9)1_3_{
o T o aT Q 'oT 2 0 0
H o Cp 0 (V _\/A)
(A.II.37)
Coefficient of T,: ’ 7
1 o o7 JPg Bx _r
HO | gy ! IS ;3-;3_" A
Y(t):._.f P PO 43 g *
1° | o° < Q, 2 (V-7

(A. IL, 38)



-201-

Coefficient of le

o)
H 0O
C 3 vV
6(t) = — - (A, 1L, 39)
H ZTO AV VA
Coefficient of 71:
0
Hc v°
e(t) == | (A. 11, 40)
H (V —VA)

Thus

H HO+H y '
— g =aolt) - p)T * y(t)T 5(t) T,- e(t)T, (A, IL, 41)

H° H°

so that from equation A, Il. 26 we obtain

{1+e(t) )7{: [1 - }fg(t) + a(t)J + B(t)T1

(A, IL 42)

1

7 +6(t) T

This is the first of our desired equations, To obtain a second equation

we consider equation A, Il 27, Now in every case encountered so {ar

Loy = se- 1°(0). Further,

we have HE(O) =0 and H(lj(O) = 0, so that H
in order to obtain a solution, we are forced to make a bold approxima-
tion and set dch/dt = 0. There is no a priori justification of this step,

but if we do not allow this, the solution becomes extremely complicated.

Thus tentatively we write:
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LA e o SO (.
’T]S N, -Bdv £ 7 o (T -8B )dv - Tl) B (T )n, dv
O bl O
v o N[ dH) oo
=V3 (1 - "6‘“) n,H,(0)dv - — —§ n (3 -B)dv
H(0) Yo o
(A, II. 43)

qu° w0
We have used in equation A.II. 43 the identity AP = g‘ Y]V(ij—Bv)dv
Yo

and it is understood that thc derivative dH(C)/dt is to be taken
numerically,

To obtain the corrections 7 and T1 we integrate the simul-
taneous equations A.Il.42 and A.IIL 43, starting from the value of
T and T1 at the outer edge of the convective zone. It is not evident
at present whether some of the terms in these equations might be
negligible, In any case, there is no difficulty, in principle, of effecting
the integration by standard numerical methods, At the inner edge of
the convective zone, we relurn to the usual Krook equations, although
there is no formal difference in the two sets of equations if we set
a{t), B(t)y +o0, mMlt), de/th 0 outside the convective zone, It may,
however, be expedient computationally to consider the two zones
separately, It may be noted that although we have set the source
function s, = B, we may include the effects of scattering in the con-
tinuum simply by introducing terms in p, and pt as was done in

chapter II,
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APPENDIX III

DAMPING CONSTANTS FOR LINES IN ANGSTROMS

L

a
1.301-4
9.824-5
7.783-5
6.395-5
5.409-5
4, 687-5
4.146-5
3.733-5
3.413-5
3.162-5
2.962-5
2.801-5
2,671-5
2.565-5
2,477-5
2.404-5
2.343-5
2,248-5
2.177-5
2.124-5
2,083-5
2.049-5
2.023-5
2,000-5
1.981-5
1.965-5
1.952-5
1.940-5
1. 929-5
1,920-5
1.912-5
1,905-5
1. 899-5
1.893-5
1.888-5
1.884-5
1.879-5
1.871-5
1.865-5
1.860-5
l.856-5
1.853-5
1. 851-5
1.849-5
1.847-5

Lg
6.996-5
5.075-5
3. 849-5
3.017-5
2.428-5
1.998-5
1,677-5
1.433-5
1,244-5
1.096-5
9,793-6
8.854-6
8.096-6
7.477-6
6. 967-6
6. 543-6
6.188-6
5.631-6
5.219-6
4.905-6
4, 657-6
4,457-6
4, 292-6
4,152-6
4,032-6
3.928-6
3.837-6
3,756-6
3. 684-6
3.619-6
3.561-6
3,.508-6
3.460-6
3.416-6
3.376-6
3.339-6
3.305-6

"3.,232-6

3.171-6
3.121-6
3.079-6
3.043-6
3.013-6
2.987-6
2.964-6

L
Y
5.502-5
3.916-5
2.906-5
2.224-5
1.744-5
1.395-5
1.136-5
9.406-6
7.906-6
6.742-6
5.828-6
5.105-6
4,527-6
4.062-6
3.683-6
3.373-6
3.117-6
2,724-6
2.442-6
2.232-6
2.071-6
1.943-6
1.839-6
1,752-6
1.678-6
1.614-6
1.557-6
1.507-6
1,462-6
1.421-6
1.385-6
1.351-6
1.320-6
1.292-6
1.266-6
1.241-6
1.219-6
1.169-6
1.127-6
1.091-6
1.060-6
1.033-6
1.009-6
9.883-7
9.696-7

L

4,881-5
3.437-5
2.520-5
1.902-5
1.469-5
1.155-5
9.233-6
7.490-6
6.160-6
5.136-6
4,338-6
3.711-6
3.215-6
2.819-6
2.501-6
2.243-6
2.033-6
1.717-6
1.497-6
1.338-6
1.219-6
1.127-6
1.053-6
9.935-7
9.428-7
8.992-7
8.612-7
8.276-7
7.975-7
7.704-7
1.457-7
7.232-7
7.025-7
6.835-7
6.658-7
6.495-17
6.342-7
6.004-7

5.716-T7

5.467-7
5.251-7
5.062-7
4. 894-7
4.745-7
4,612-7

L
€

4, 559-5
3.189-5
2.321-5
1,737-5
1,328-5
1.033-5
8.154-6
6.523-6
5.285-6
4,335-6
3.599-6
3.024-6
2.572-6
2.214-6
1,928-6
1.699-6
1.514-6
1.240-6
1.054-6
9.229-7
8.,274-7
7.554-7
6.992-7
6.540-7
6.165-7
5, 847 -7
5.573-7
5.331-7
5.116-7
4,922-17
4,746-17
4, 586-7
4.439-7
4.303-7
4,177-7
4,061-7
3.952-7
3.710-7
3. 504-7
3.325-7
3.170-7
3.033-7
2,912-7
2.803-7
2.706-7

L

y
4,368-5
3.043-5
2.204-5
1.640-5
l,245-5
9.614-6
7.523-6
5.961-6
4,777-6
3.872-6
3.173-6
2.629-6
2.204-6
1,868-6
1.603-6
1,391-6
1, 221-6
9.728-7
8.068-7
6.925-7
6.112-7
5.514-7
5.058-7
4.698-7
4,405-7
4,160-7
3.950-7
3.767-7
3.604-7
3.459-7
3.327-7
3,207-7
3.097-7
2.996-7
2,902-7
2.815-7
2.734-7
2,553-7
2.399-7
2,266-7
2.149-7
2.046-7
1.955-7
1.874-7
1.801-7



0

0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.22
Q.24
0.26
0.28
0.30
0.32
0.34
0.36
0,38
0.40
0.42
0.44
0.46
0,48
0. 50
0.52
0,54
0. 56
0.58
0.60
0.65
0.70
0.75
0.80
0.85
0. 90
0.95
1,00

H
a

2.673-3
2.203-3
1.893-3
1.675-3
1.513-3
1.390-3
1.293-3
1.215-3
1.151-3
1,098-3
1.053-3
1.016-3
9.834-4
9.552-4
9,306-4
9.089-4
8.897-4
8.573-4
8.311-4
8.094-4
7.914-4
7.761-4
7.631-4
7.518-4
7.420-4
1.335-4
7.260-4
7.193-4
7.134-4
7.082-4
7.035-4
6.992-4
6.954-4
6.920-4
6.889-4
6.861-4
6.835-4
6.781-4
6.738-4
6.703-4
6.674-4
6.651-4
6.632-4
6.616-4
6.602-4

Hy
1.270-3
1,047-3
9,006-4
7.971-4
7,208-4
6.624-4
6.165-4
5,798-4
5,497-4
5.248-4
5.,038-4
4,861-4
4,708-4
4, 576-4
4, 461-4
4,360-4
4,270-4
4.119-4
3.997-4
3,897-4
3.813-4
3.742-4
3,682-4
3.,630-4
3.585-4
3,h45-4
3.510-4
3,479-4
3,452-4
3.427-4
3,406-4
3.386-4
3,368-4
3.352-4
3.337-4
3.324-4
3.312-4
3.287-4
3,266-4
3,249-4
3.235-4
3.223-4
3.214-4
3.205-4
3,198-4

-204-

H
Y
9.362-4

7.729-4
6.654-4
5.898-4
5.340-4
4,914-4
4, 580-4
4,312-4
4.094-4
3.913-4
3.761-4
3.633-4
3.523-4
3.428-4
3.345-4
3.272-4
3.208-4
3.100-4
3.013-4
2. 941-4
2. 882-4
2.832-4
2,789-4
2,752-4
2.720-4
2,692-4
2.668-4
2, 646-4
2.627-4
2,610-4
2.595-4
2.581-4
2.569-4
2.557-4
2. 547-4
2,538-4
2.530-4
2.512-4
2.498-4
2,487-4
2.477-4
2.469-4
2.463-4
2.457-4
2.453-4

[ASIE AR ST A

Hg

7.976-4
6.592-4
5.682-4
5.041-1
4. 569-4
4,.209-4
3.927-4
3.702-4
3.518-4
3.366-4
3.238-4
3,130-4
3.038-4
2. 9Y58-4
2.889-4
2.828-4
2,775-4
2, 685-4
2.613-4
2.553-4
2.504-4
2.463-4
2,428-4
2.397-4
2,371-4
2,348-4
2.328-4
2.311-4
2.295-4
2,281-4
2.269-4
2. 258-4
2.248-4
2.239-4
2.231-4
2.223-4
2.217-4
2.202-4
.191-4
.182-4
.175-4
.169-4
2. 164-4
2.160-4
2.156-4

H
€

7.249-4
6.996-4
5.172-4
4.593-4
4.167-4
3.841-4
3.587-4
3,383-4
3.218-4
3.081-4
2.966-4
2,869-4
2,786-4
2, 715-4
2,653-4
2.598-4
2,550-4
2,470-4
2.405-4
2,353~-4
2,.309-4
2,272-4
2.241-4
2,214-4
2.191-4
2,171-4
2.153-4
2.138-4
2.124-4
2.112-4
2,101-4
2.091-4
2.082-4
2,075-4
2.068-4
2.061-4
2.055-4
2,043-4
2,034-4
2.026-4
2,020-4
2,.015-4
2,011-4
2,007-4
2,004-4



0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0. 20
G.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
0.38
0. 40
0.42
0.44
0.46
0.48
0. 50
0.52
0. 54
0.56
0.58
0.60
0.65
0.70
0.75
0. 80
0. 85
0.90
0.95
1.00

P

Qa

1.131-2
9.167-3
7,741-3
6.726-3
5.967-3
5.380-3
4.912-3
4,530-3
4,214-3
3.947-3
3.720-3
3.523-3
3,352-3
3.202-3
3.068-3
2.949-3
2.843-3
2.660-3
2.508-3
2.381-3
2.272-3
2,179-3
2.098-3
2,027-3
1,964-3
1.909-3
1.859-3
1,814-3
1.774-3
1.,738-3
1.705-3
1.675-3
1,648-3
1.622-3
1,599-3
1.578-3
1.,558-3
1.515-3
1.479-3
1.449-3
1.423-3
1.401-3
1.382-3
1.366-3
1.352-3

-205-~
Pg

4.620-3
3.742-3
3.159-3
2.744-3
2.434-3
2.194-3
2.003-3
1,847-3
1.717-3
1.608-3
1.515-3
1.435-3
1.,365-3
1.304-3
1.249-3
1.201-3
1.157-3
1.082-3
1.020-3
9. 685-4
9.242-4
8.860-4
8.528-4
8.238-4
7.981-4
7.754-4
7.551-4
7.369-4
7.205-4
7.056-4
6. 921-4
6.798-4
6.686-4
6. 583-4
6.488-4
6.401-4
6.321-4
6. 144-4
5.997-4
5.873-4
5.768-4
5.678-4
5. 600-4
5.532-4
5.473-4

P
Y
3.090-3
2.504-3
2.115-3
1.838-3
1.631-3
1.470-3
1.343-3
1.239-3
1.152-3
1,080-3
1.018-3
9. 645-4
9.178-4
8.768-4
8.405-4
8.081-4
7.791-4
7.292-4
6.880-4
6.533-4
6. 238-4
5.984-4
5.763-4
5. 570-4
5. 400-4
5.249-4
5.114-4
4.993-4
4.884-4
4.785-4
4, 696-4
4,615-4
4, 540-4
4,472-4
4,410-4
4.352-4
4,299-4
4.182-4
4.085-4
4,004-4
3.935-4
3.875-4
3.824-4
3.780-4
3.741-4

pé
2.466-3
1.999-3
1,689-3
1,468-3
1,303-3
1,176-3
1,074-3
Y. 917-4
9.230-4
8,652-4
8.159-4
7,733-4
7.362-4
7.036-4
6.748-4
6.491-4
6. 260-4
5.864-4
5.537-4
5.262-4
5.027-4
4,826-4
4,651-4
4.498-4
4,363-4
4. 244-4
4,137-4
4,041-4
3,955-4
3.877-4
3,807-4
3.742-4
3.684-4
3.630-4
3.581-4
3.535-4
3.493-4
3.402-4
3.326-4
3.262-4
3,208-4
3.161-4
3.122-4
3.087-4
3.057-4



o

0,04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0,15
0.16
0.17
0.18
0.19
0.20
0.22
0.24
0.26
0.28
0. 30
0.32
0. 34
0.36
0.38
0.40
0.42
0.44
0.46
0. 48
0. 50
0.52
0. 54
0.56
0.58
0. 60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1. 00
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RADIATIVE DAMPING CONSTANTS FOR HYDROGEN
Table Gives Full Half-Width Gamma In Ordinary Frequency Units

n=1

1.742-9
1.197-9
8.535-8
6.230-8
4.626-8
3.476-8
2.636-8
2.013-8
1.546-8
1.192-8
9.222-7
7.154-7
5.562-7
4.332-7
3.379-7
2.639-7
2.063-7
1.264-7
7.773-6
4,788-6
2.954-6
1.826-6
1.130-6
6.999-5
4.340-5
2.693-5
1.672-5
1.039-5
6.462-4
4.020-4
2.502-4
1.558-4
9.705-3
6.048-3
3.769-3
2.350-3
1.466-3
4.507-2
1,387-2
4,275-1
1.318~-1
4.066-0
1.255-0
3.874-1
1.196-1

2

1.575-9
1.306-9
1.130-9
1.007-9
9.163-8
8,473-8
7.934-8
7.504-8
7.155-8
6.868-8
6.628-8
6.426-8
6.254-8
6.106-8
5.978-8
5.866-8
5.768-8
5. 604-8
5.474-8
5.368-8
5. 280-8
5. 207-8
5.145-8
5.092-8
5.047-8
5.008-8
4.974-8
4.944-8
4.918-8
4.895-8
4,875-8
4,857-8
4,841-8
4.826-8
4.813-8
4,802-8
4.792-8
4,771-8
4,754-8
4.742-8
4,732-8
4.724-8
4,718-8
4,714-8
4,710-8

3

7.625-8
6.196-8
5.248-8
4.573-8
4,070-8
3.680-8
3.370-8
3.118-8
2.910-8
2.734-8
2.584-8
2.455-8
2.342-8
2.244-8
2.156-8
2.079-8
2.009-8
1.890-8
1.791-7
1,708-8
1.638-8
1.578-8
1,525-8
1.479-8
1.439-8
1.404-8
l.372-8
1.344-8
1.318-8
1.295-8
1.275-8
1.256-8
1.239-8
1.223-8
1.209-8
1.195-8
1.183-8
1,157-8
1.135-8
1.117-8
1.102-8
1.089-8
1,079-8
1.069-8
1.061-8

4

4.490-8
3.621-8
3.042-8
2.629-8
2.320-8
2.080-8
1.889-8
1.733-8
1.603-8
1.493-8
1.399-8
1.318-8
1.247-8
1,184-8
1.129-8
1.079-8
1,035-8
9.587-7
8.951-7
8.414-7
7.955-7
T7.559-7
7.214-7
6.910-7
6. 641-7
6.402-7
6.187-7
5.993-7
5.818-7
5.659-7
5.514-7
5,381-7
5.259-7
5.146-7
5.042-7
4,945-7
4,856-7
4.658-7
4.490-7
4.346-7
4,222-17
4.114-7
4.020-7
3.936-7
3.862-7

5

2.962-8
2.380-8
1.993-8
1,716-8
1.505-8
1.348-8
1.219-8
1,114-8
1.027-8
9.529-7
8.895-7
8.346-7
71.867-17
7.444-7
7.068-7
6.732-7
6.430-7
5.909-7
5.476-7
5.109-7
4,796-7
4,525-7
4, 288-7
4,079-7
3.894-7
3.729-7
3.580-7
3.446-7
3.324-7
3,213-7
3.112-7
3.019-7
2.933-7
2.854-7
2,780-7
2.712-7
2, 648-7
2,507-7
2.387-7
2,283-7
2.193-7
2,114-7
2,044-7
1.982-7
1,926-7

6

2.101-8
1.686-8
1.409-8
1.211-8
1.063-8
9.481-7
8. 560-7
7.807-7
7.180-7
6.649-7
6.195-7
5,801-7
5.457-7
5.153-7
4. 883-7
4, 642-7
4,425-7
4.050-7
3.738-7
3.474-7
3.248-7
3.053-7
2,882-7
2.731-7
2.597-7
2,478-7
2.370-7
2, 273-7
2.185-7
2,104-7
2,030-7
1.963-7
1.900-7
1.842-7
1.789-7
1.739-7
1.692-7
1.589-7
1.501-7
1.424-7
1,358-7
1,299-7
1.247-7
1,201-7
1.159-7

7

1.569-8
1.257-8
1.050-8
9.018-7
7.906-7
7.043-7
6.352-7
5.787-7
5.316-7
4,918-7
4,576-7
4, 281-7
4,002-7
3.794-7
3.592-7
3.410-7
3.247-7
2.965-7
2.731-7
2,532-7
2.362-7
2,215-7
2.086-7
1,973-7
1.872-7
1.782-7
1,701-7
1.627-7
1.561-7
1.500-7
1,444-7
1.393-7
1,346-7
1.302-7
1.262-7
1.224-7
1.189-7
1,110-7
1.043-7
9.854-6
9.347-6
8.900-6
8. 504-6
8,150-6
7.832-6
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Appendix IV

COMPUTATIONAL DETAILS

In this appendix we give the details of computation of the pres~

sures and opacities,

(a) Gas pressure

Let
a, = Ni /NH, the abundance of element i relative to
hydrogen
fi = the fraction of element 1 in ionization state j
" (j=1 for single ionizations, etc,)
then: A N
) a, jo L. .
N ZJ i LJ i j
R (A.IV.1)
N v
A ) a
/d !
i
so that

T
f 7 1
log p, =logp, *log 1+ ! (A. IV, 2)

Din
>
J

\
) a.
fod

1 1:.]

i
We sum over H, He, and eleven other elements., Two ionization
potentials are allowed for helium, and up to two for the other elements,

Thus we have

Nji
(Nli>
£ — 2
‘tj,i- N N N (A. IV, 3)
1+(21)+($1°(2,1)
N N N
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Now from Saha's equation,

N, 2B .(6,p_)
J+l - _ J+1 rPo
log NJ' = exj log P, - 2.5 log 6 + log (W) + 8,778
(A, IV, 4)
where
6 = 5040/T
Xj = ionization potential (in e, v, ) of the element in ioniza-
tion state
Bj(e,pe) = the partition function of ionization state j
Xy kT
~Z g€ w,(8,p,) (A, IV, 5)
£

whe re in turn

X, = excitation of energy level { of state j
g, = statistical weight of energy level [
W£ (e,pe) = probability that an atom in energy state £ of state

j 1s unperturbed.

In practice the partition functions of H and He are interpolated from
tables stored in the memory of the computer. These tables were com-
puted on the basis of the perturbation theory of de Jager and Neven (1960).
This theory assumes the atoms are perturbed by the linear Stark effect,
and while it is not a definitive theory (except possibly for hydrogen), it
was felt that it might be more quantitative than the se.mi-classical argu-
ments used in the past (Unsgld, 1948, 1955), A criticism of the theory

has been advanced by Zwaan (1960). The newer and older theories give
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quite different results at very high temperatures, but are not too
terribly different at most temperatures (see also the remarks of
Leftus, 1962)., It should be noted, however, that for the hottest models
to be presented, the ionization equilibrium for H and He differs
substantially from the results of previous authors (e.g. Underhill,
1951a, 1957; Traving, 1956; Saito, 1954, 1959) who have not taken the
partition functions into account,

de Jager and Neven give log W as a function of v =

2 .
3 log 1\per‘curber + 4 logn, and W may be determined by direct

interpolation for v =16, 2, while for v = 16,2, the asymptotic rela-
tion log W = 14,69 - v is valid. In the computations we assumes= the

most important perturbations result from interactions with protons and

- _ _ 5.2
electrons, so that Nperturber = ZNe = Zpe/kT. For hydrogen 8,5 2n -,

2
and Xn = Xion ™ anR so that the sum
o @
3 -X. /KT np2, 2
S ¢ W Ne Xn/KT _ 5 ion’“" N 2 -RZ%/n KTy ()
n=] n=l

(A. IV, 6)

The sum was performed directly until n/Z = 15, at which point the
term exp (—RZZ/nsz) was set =1, and the sum approximated simply
by an integral. The computation of the integral was facilitated by
fitting log Wn(N) by a series of straight line segmients such that

log W* = a t hv for v =v= Ve This range of [vl, VZ] corresponds

. ) 3 - 1, 2
to some range [nl, nz] such that n, = antilog ( 7 ( 5 log N + Vj>:)o :

Thus on the range [nl, nZ] we have a contribution to the partition
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function of

2
Xion/kT n, , (atyhlogN) ,
n~ 10 n

2e dn
™
n
-X. /kT 2 4h+3
_ ion L Zh/3 n .
= 2e 1(}aN m (A. .[Vo 7)
n
1
o)
2. . o
Thus the sum } = S is quite easily evaluated. For neutral helium,
fnd 157

the sum over %gez lower non-hydrogenic terms was carried out directly
using the term values given by Miss C. E. Moore (1948). Higher terms
were added in by the hydrogenic approximation as described above,
This procedure should be valid since the £ states of a given n level
have the highest statistical weights for the nearly hydrogenic states.
Some lower terms were estimated by finding the defect A in the
formula Tn = TOO- ZZR/(n+A)2 for low lying terms, and then extrapo-
lating up a series,

The partition functions for the other eleven elements are taken
from Aller's book (1953, p. 78). The abundances of the elements are
taken from the work of Goldberg, Maller, and Aller (1960), Strictly
speaking we should use accurate partition functions for the metals when
computing the gas pressures, but in practice this is too laborious.
Furthermore, the moment that hydrogen begins to ionize even slightly,
its contribution to the electron pressure outweighs that of the metals,
In any case the pressures are fairly insensitive to the assumed values
of the partition functions, The assumed meatallic partition functions
and the relative abundances are collected in table A.IV.1l. The metal

abundances are usually set equal to the solar abundances (as is the case
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Table A.IV.1

PARAMETERS FOR COMPUTATION OF GAS PRESSURES

Element Jog N

The helium abundance is specified explicitly for each model,

5

H

He

Na
Mg

Al

o, for metal = 0,001623,

12,00

6. 20
7. 50
7o 30
6,15
6. 57

5. 91

9 6

x 10~
x 107
x 107
x 10~
x 10~
> x 107
x 107
x 107
x 10~

x 10”7

Iﬂ P°

13,595
24, 580
11,264
14,54
13,614
5,138
7. 644
5, 984
8,149
10,357
6,111
7. 90

7. 633

ZB1

B
o

log

0,10

-0.,12

A,
i

1,008
4,003
12,01
14,008
16,000
23,000
24, 32
26,98
28,09
32,07
40,08
55, 85

58, 71
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for all of the results given later), but may be set to any chosen multiple

of this value,

In certain pressure-temperature regions the presence of H2
and HZ molecules significantly affect the hydrogen ionization equili-
brium, Such effects are included when important, following Vardya
(1960, 1961). Fits to Vardya's tables are used to make a rough first
estimate of the concentration of H2 and HJZr, and the final equilibrium

is determined by a simple iteration process,

(b) The opacity
1, Neutral H

Let x =1/\ where \ is in microns, Then per neutral H atom:

e | 12 _-31.30364 0+ (1-1/n°)
= 2,08975 x 10 > gbf(x’ n) 3
’ B (8,p) ~ n
O e n:no
31,303640 :
31303640 r Tz b /T
62.607290 | °© g%, 6) - 1J 1-e )

(A. IV, 8)
The summation in equation A, IV, 8 is the sum over all bound-free
continua contributing at the frequency under consideration, that is, n,
is chosen to correspond to the first absorption edge lying redward of
this frequency, The sum is always carried out over the first 12 levels,
Following Unsold (1955) the sum is replaced by an integral over all
higher levels; to this is added the contribution from free-free absorptions,

The result is the second term in equation A, IV, 8 in which we set
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% -
n =12,5, The bound-free gaunt factors gbf(x, n) are interpolated

from tables given by Karzas and Latter (1960) for n= 7, For n = 8,

8t is simply set =1, The free-free gaunt factor gff(x, 0) is inter-
polated from tables given by Berger (1956) for 0,90434 =< 0 < 0, 8686;

i1 B lies outside this range it is assumed to have the closest tabular
value (i.e. either 0.0434 or 0,8686), The wavelength range for Berger's
tables is 500 = A = 10,000 A, If X lies outside this range it is again
set equal to the nearest tabular value. The crrors madc in this way

are negligible.

2. Negative hydrogen ion

The very convenient interpolating function given by Gingerich
(1961), corrected for typographical errors, is used. This formula in-
cludes the effects of stimulated emission; Gingerich estimates a
numerical accuracy of = }Z % for it, Since the partition function of
hydrogren was not accounted for by Gingerich, the absorption coefficient
is multiplies by Z/BO(G, pe) before adding it to the hydrogenic ab-

sorption coefficient,

3. Nuetral He
The absorption edges arising from the lowest terms are com-

puted using the best opacity formulae available, We allow explicitly

for the 118 - kP, 235 -k °P, and 2 'S - i

S. S. Huang (1948); the 2 P - ¥k 'D and 2 °P - k °D edges as given

graphically by L. Goldberg (1939); and the 2 °P - k °S and 2 P - k 'S

P edges as computed by

edges as given approximately by Ueno (1954)., The highe r levels are
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treated in the hydrogenic approximation as discussed by Munch (1960},
Ueno {1954), and Ueno, Saito, and Jugaku (1954),

To speed the computation, approximate analytical fits to the
results cited above were made., These fits are good so long as helium
is not the most abundant constituent of the atmosphere., For a pure
helium atmosphere, one might wish to take greater care in computing
these cross sections. In the present models, the only neutral He
edge of importance is from the ground state, which gives an edge at
A 504,

Again defining x = 1/X where A\ is in microns, we obtain for

the absorption coefficient per atom in the lower state specified:

11s -k e
o, =1071% 0, 06156 - 2023709 IIBL D31 4o = 5303333
% (A IV, 9)
=107 4, 0566 + 2202387 gor 19,8305 = x < 33,3333
(A, IV.10)
2 38 - K jP:
2107181, 539099 + e 80372 _ 59 73594
X
for 3.845468 < 6, 6666667 (A, TV.11)
a, =107 -0, 563994 + lé:.%}?(_?lﬂ | for 6. 6666667 = x =< 13, 426423
(A IV, 12)
o = 10718 -0, 03308745 + 12429452 9.022659 |

X

for 13, 426423 < x (A, IV.13)
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2 s -k p:
L =108 -4, 21036 +—W] for 3,20333 = x < 6, 6666667
(A, IV, 14)
a, = 107180 0, 494206 + 229570129 808290721 1o ¢ eeeqsor

x

(A, IV.15)
Some of the formulae given above can go negative, but only when the
absorption is infinitesimal anyway; a test is made for this and they are
set to zero when it occurs (the total mass absorption coefficient will
already be dominated by the contribution from some other atom or by
scattering terms so this is of no importance in practice), Now letting

XX = loglO x we have,

2 1P - K 1D:
o, = exp [ -2.3025851 + (15,4351 + 3,4727 « xx)] (A.IV.16)
23p _ k3D

a, = exp [ -2.3025851 « (16,12903 + 0, 67124 + xx + 1, 6735 XXZ]

(A, IV.17)

2P -k 3s:
o, = exp[ - 2.3025851 « (16, 575272 + 3, 3exx]] (A, IV.18)

21p - i ls:
a, = exp [ - 2.3025851 - (16,6304 + 3.6~ xx)] (A.IV.19)

The term values and statistical weights necessary for the excitation

equilibrium calculations are taken from the tables of atomic energy
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levels by Miss C. E. Moore (1948), All levels with principal quantum
number = 3 are considered in the hydrogenic approximation with ap-
propriate statistical weights. As in the case of H, all necessary
partition functions are interpolated from tables stored in the memory

of the computer.

4, Ionized He

The absorption coefficient for ionized helium is given by a
hydrogenic formula; in the present computations the summation was
carried out over all terms with n = 15, and the gaunt factors are set

to unity,
+
-
. .. t . .
The absorption coefficient of HZ is most conveniently obtained
from the emission coefficient, using the relationship k6 = jv/BV(T),

valid in LTE. The emission coefficient may be found {rom the work of

Bates {1952), Buckingham, Reid, and Spence (1952), and Boggess (1959).

: (c'+de 8)

It is conveniently written in the form jv =10 NHNH+° Now

NZ

NygNgg+ = £

where N2 = (p/p,ImH)2 and f1 and fz are respectively the ionization

!

fractions of H and H+° p' is defined in equation 2.19. Therefore,

1O((; tde 8)
K (per gram of stellar material) = p o ————m {A. 1V, 20)
’ B, (T)- (1)°
v M
The coefficients ¢ and d are given in table A,IV,2; BV(T) is

available from other computations, so this calculation is quite simple



0,05
0,10
0,15
0,20
0. 25
0, 30
0.35

0. 40
0. 50
0, 60
0,70
0.80
0. 90
1.0

PARAMETERS FOR THE COMPUTATION OF THE

C

1,821
2. 556
20 981
3,275
3,499
3, 684
3.836

3. 967
4. 182
4,356
4,499
4,611
4, 727
4,817

=217 -

Table A, IV, 2

H;ABSORPTKNJCOEFFKHENT

D

-0, 01917
-0, 04473
-0,07137
-0, 09884
-0,1268
-0.1544
-0, 1845

-0, 2138
-0. 2738
-0, 3354
-0, 3985
-0, 4626
-0, 5280
-0, 5946

X

1,0
1.11111
1,25
1,42857
l. 66667
2.0
2.5

3,33333
4.0

5,0

6. 66666
10,0
20,0
32,916

4,817
4,915
5,013
5,127
5, 243
5,395
5, 551

5, 751
5. 863
5,989
6,099
6. 289
6. 235

-0, 595
-0, 671
-0, 766
-0,893
-1, 067
-1,319
-1, 716

-2,424
~3,020
-3,976
-5, 708
-9, 606
-26, 70
- 00
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and quick, The stimulated emission is included.
The scattering coefficient is considered to be the sum of the

following two contributions:

6. Thompson scattering from free electrons

The scattering coefficient from free electrons is independent of

the frequency of the radiation scattered, The cross section per electron

~-25

is o, = 6,655 x 10 cmz, so0 that the mass absorption coefficient is

T

given by o, = (TTNG where Ne here is taken to be the number of free
electrons per gram of stellar material, Writing

n, (ele ctrons/cm3)

Ne = 5— X Natoms (per gm of stellar material)
(per cm™)

Natoms
we easily find the first term in the product is given by pe/(pg— pe)
while the second term is simply 1/(|¢mH) where p was defined in

equation 2,13. Thus

6, 655 x 10‘25 1
Te © m * T /p -1
© KMy pg/ e

(A, IV, 21)

7. Rayleigh scattering from neutral hydrogen

When a photon interacts with an atom having a transition between
energy levels whose characteristic frequency is much higher than that
of the photon, the photon undergoes Rayleigh scattering, The calcu-
lation of the scattering cross section follows directly from the dispersion
profile of a classical oscillator in the limit mentioned above, When
more than one transition is possible we may sum over all such scattering

cross sections weighting each by the appropriate { values of the
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transitions, In the present calculations this sum was approximated
by allowing a transition of f-value 0,42 at the position of Ly (x = 8, 23)
and a "synthetic" transition of f-value 0,58 at the Lyman continuum
edge (x = 10,97). Using the results for the cross section of a classical

oscillator (e, g Aller, 1953, p, 113 ff,) we finds

ch(x) {(per gram of stellar material)

f .o -
HOT 0. 42 0, 58
= [', 523 2.2 10, 97 2.2 j (A.IV. 22)

where fH = fraction of H in ground state = (fraction of neutral H) x
(Z/BO, e, pe) )o To avoid the obvious singularities of this function, we

set o(x) = ¢(5,84) for x = 5,84, and o(x) = 0 beyond the Lyman limit
(x =10, 97). The latter condition is clearly necessary from physical
considerations, The former condition was chosen so that L, was
located half-way between the Lyman edge and the cut-off of the dispersion
formula, Hence we have essentially taken care of the "“far wings" of

the Lyman lines; a more detailed treatment is needed for the actual

region of formation of the Lyman lines,
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APPENDIX V
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HB PROFILES

Table Gives Resldual Fluxes, Unit of Flux,
and Equivalent Width

The Blending with the Overlapping Pickerlng 3Serices Is Included

6 e .101 14 L4 14 LABT
log & 4 4 4 3.5 i
an @)

-15 0.996 0.991 0.992 0.997 0.985

-10 0.989 0.978 0.981 0.993 0.967

-8.0 0.982 0.967 0.970 ©0.988 0.951
5.0 0.965 0.945 0.952 0.976 0.925
-4.0 0.920 0.902 0.915% C.941 0.880
-3,25 0.888 0.877T 0.893 €.910 0.859
-3.00 0.87% 0.863 0.381 0.890 0.846
-2.75 0.856 0.848 0.868 ©.366 0.83

-2430 0.827 0.818 0.846 ©.808 0.82

2,15 0.823 0.810 0.838 0.799 0.81i1
-2.00 0.826 0.811 0.835 0.806A 0.789
-1.75 0.841 0.817 0.833 0.840 0.782
~1.50 0.857 0.816 0.827 ©.864 0.768
-1.25 0.862 0.799 0.807 0.866 O.T44
-1.00 0.858 0.785 0.793 0.856 0.726
-0.8 0.8341 0.764 0.772 0.829 0.702
0.6 0.824  0.743 0.754 0.800 0.671
0.4 0.814 0.731 0.T42 ©.778 0.652
-0.3 0.818 0.728 0.739 C.784 0.6%9
0.2 0.810 0.725 0.737 0Q.772 0.636
0,1 0.816 0.728 0.740 0.783 0.639

0.0 0.809 0.724 0.737 0.770 0.624

0.1 0.816 0.728 0.740 0.783 0.639

0.2 0.810 0.725 0.737 0.772 0.636

0.3 0.818 0.728 0.739 0.784 0.639

0.4 0.814 0.731 0.742 0.778 0.652

0.6 0.824  0.743% 0.754 0.800 0.671

0.8 0.842 0.764 0.772 0.8%0 0.702

1.0 0.861 0.786 0.793 0.858 0.726

1.5 0.896 0.824 0.8% 0.899 0.768

2.0 0.919 0.852 0.857 0.924 0.800

3.0 0.946 0.892 0.900 0.953 0.847

4,0 0.963 0.921 0.923 0.970 0.881

6.0 0.980 0.954 0.955 0.985 0.926

8.0 0.988 0.972 0.972 0.992 0.952

10 0.993 0.981 0.982 0.995 0.967

15 0.997 0.992 0.992 0.998 0.955

20 0.998 0.996 0.996 0.999 0.992

25 0.999 0.997 0.998 0.999 0.995

20 0.999 0,998 0.998 1.000 0.997

35 1.000 0.999 0.999 0.998

40 0.999 0.999 0.998

Unit of 3.,53-3 2,45-3 2.,44-3 2,.56-3 1.91-3
Flux
w(k) 1.38  2.21  2.07 1.28  3.06
log W 0.140 0.345 0.316 0.107 0.486

% N(He)/N(H) =0.05, otherwise N(He)/W(H) = 0.15.
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HpB PROFILE3

Table Gives Resldual Fluxes, Unit of Flux,
and Equlvalent Width

ge .13 L10% ) .21 .25 .23 32 .36 %
log, 8 4 4 3¢5 4 3.0 4 i1 4 2
i (%)

0.0 0.527 0.525  0.533  0.%26  0.55%  0.511 0.472  0.436 0.401
0.1 0.529  0.527  0.590 0.526 0,553  0.511  0.472  0.436 0.401
0.2 0.536 0.533 0.595 0.533 0.553 0.512 0.472 0.436 0.401
0.3 0.536  0.532  0.595 0.533 0.554  0.512  0.473 0.436 0.402
O.L" 01)59 00347 O 612 0,)_)7 O‘i’)_S 0'515 0047_5 0-43(‘) O-"\'OZ*‘
0.6 0.602 0.593 0.649 0.603 0.573 0.530 0,433 0.453 0,416
0.3 0.645 0,642 0.705 0.634 0.5.53  0.542  0.502  0.464 0.426
1.0 0.675  0.609 0,736 0.650 0.602  0.553  0.512  0.474 0.436
1.5 0.720  0.715 0.733 0.003  0.631L  0.579  0.536  0.497 0.453
2.0 0.754% 0.749 0.J17 0.711  0©.660 0,604 0.561 0.522 0Q.400
3.0 0.504 0.800 0.664 ©0.758 0.711 0.651 0.608 0.563 0,526
4.0 0.04%2 0.539 0.893 0.798 0.753 0.695 0.652 0.612 0.570
6.0 0.69b e 094 0.941 U« 860 0.82Y Q1(0 0.7(50 0.0691 0.0435
3.0 0.929 0.923 0,964 0,901 0.379 0.327 0.791 0.736 0.710
10 0.951  0.950 0.976 0.929 0.913 0.869 0.338 0.803 0.771
15 0.977 0.977 0.990 0.966 0,953 0.932 0.912 0.891 0.865
20 0.938 0e907 U995 U. 931 0.977 0.961 U.91+6 0.95{1- U.917
25 0.992 0.992 0.997 0.9388 0.986 0.976 0.967 0.958 0,947
30 0.995 0,995 0.998 0.992 0.991 0,934 0.978 0.972 0.964

35 0.996 0,996  0.999 0,995 0.994 0.989 0.985 0.980 0.974

40 0.998  0.997 0.999 0.996 0.995 0.992 0.989 0.986 0.931
50 0.998  0.993 0.939 0.998 0.997 0.995 0.994 0.992 0,989
60 0.999 0,999 1.000 0.993 0.958 0.997 0.996 0.995 0.993
50 1,000 1.000 0.999 0.999 0,998 0.998 0.938 0.997

Unit of 1.33-3 1.38-3 1.49-3 1.00-3 7T.26-4 5.02~4 4.69-4 3,31-4 3.13-k4
Flux

w(f)y 412 419 2.6 5,19 6,09 S.21  9.77  11.35 13.21
log W  0.615 0.622 0.429 0.715 0.785 0.914 0.990 1.055 1.121

# 11(He)/li(H) = 0.05, otherwise H(He)/W(H) =

U]



Log P24
ogX% .

ax(

0.0 0.340
O.l 0-540
0.2 0.341
0.3 0.341
0.4 04344
0.6 0,302
0.8 0.359
1.0 0,366
1.5 0.384
2.0 0.403
3.0 0.438
4.0 0.471
6.0 0.531
8.0 0.582
10 0.627
15 0.718
20 0.786
25 G837
30 0.875
35 0.903
40 0.924%
50 0.952
60 0.968
80 0.984

Unit 1.88-4
Flux

W (ﬂ) 2k .37
log W 1.387

;[.\0
3
e

A A A T AN A R A A AN

EE¥BBEY °

.

[esX @)

- .
uxoS§§k§ g
~N U~ ~JUTW

[elelsloNeNolNoRoNoRoXoRoNoNoY e ol
.
()Y o

« o o e

20.85
1.319

«5
3.0

0.320
0.320
0.320
0.320
Ol}gq‘
0.351
0.363
0.377
0.410
0.442

0.501
0.556
0.652
00731
0.794
0.892
00938
0.962
0.975
0.983

0.987
0.993
0.995
0.998

2.00-4 2.01-4 1.78-4

12.22

1.087

and Equlvalent Width

o5
2.0

0.270
Ce270
0.270
0.271
0.278
0.383
0.418
O 444
0.506
0.564

0.667
0.750
0.857
0.914
0.945
0.977
0.988
0.993
00996
0.997

©.998
0.999
0.999
1.000

5.9k
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Hﬂ PROFILES
Table Gives Resldual Fluxes, Unit of Flux,

.5
1.0

O.414
Q. 414
0.415
0.415
0.417

1.48

0.774 0.171

# Radiation Damping Included

. 565
4.0

0.359
U.359
0.359
0,360
0.363
0.372
0.380
0.389
0.413
0.437

0.482
0.522
0.590
O.6M
0.689
O.7TT4
0.831
0.873
0.903
0.925
O.941
0.963
0.975
0.988

1.31-4

20.40
1.309

18.43
1.265

[O)

4,0
0.345
O 545
0.345
0.345
0.348
0.366
0.381
0.397

0.434
0.468

0.524
0.570
0.640
0.692
0.73

0.808
0.857
0.891
0.916
0.934

Ce948
0.966
0.977
0.988

1.03-4

18.13
1.258

00988
0.994

1.13-4

15.52
1.191

l1.21-4

10.90
1.038
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HB PROFILES

Table Gives Residual Fluxes, Unit of Flux,
and Equivalent Width

ge . .7 .7 .7
log ¢ 1.0 4. 3.0 2.0
ar(8)
0.0 0.263 0.317 0.338 C.307
0.1 0.263% 0.317 C.338 C.307
0.2 0.263 C.317 0.338 C.307
0.3 0.264 0.324 0.333 C.307
0.4 0.266 0.381 0.343 C.307
0.6 0.363 C.466 0.426 C.403
0.8 0.411 0.510 C.465 0.441
1.0 0.445 0.545 C.497 0.473
1.5 0.518 0.609 0.559 0.534
2.0 0.588 0.656 0.605 0.582
%560 0.710 0.719 0.671 C.651
4.0 0.303 0.763 G.718 0.702
6.0 0.904 0.820 0.783 0. 774
8.0 0.948 0.856 0.826 0.823
10 0.968 0.882 0.357 0,359
15 0.988 0.921 0.906 C.916
20 0.994 O.944 0.935 0.947
25 0.996 0.958 0.954 0.965
20 0.998 0.968 0.966 0.976
35 0.998 0.975 0.974 0.983
40 0.999 0.980 0.980 0.987
50 0.999 0.987 0.988 0.993
€0 1,000 0.991 0.992 0.995

Unit 1.25-4 5.06-5 5e84-5 6.39-5

Flux
w(i) 4,02 8.96 10.03 9.41
log W  C.692 0.952 1.001 0.974
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Table Glves Residual Fluxes, Unit of Flux,
and Egquivalent Width

The Blending wlth the Overlapping Pickering 3eries Iz Inecluded

fe .101 14 L14% 14 LA57
log & L L 4 3.5 &
0
A (1)
-15 0.997 0.992 0.993 0.998 0.987
-10 0.991 0.980 0.983 0.994 0.969
-8,0 0.984 0.969 0.975 0.990 0.9%4
~5.0 0.908 0.948 0.954% 0.979 0.927
~4,0 0.928 0.908 0.918 0.947 0.879
~3.0 0.3887 0.874 0.888 0.906 0,841
-2.75 0.87. 0.862 0.875 0.889 0.826
-2.50 0.859 0.050 0.06% 0.869 0.812
-2.32 0.350 0.854 0.871 0.853 0.824
-2.17 0.840 0.841 0.357 0.837 0.806
-2.00 0.833 0.828 0.843 0.821 0.789
-1.92 0.832 0.823 0.838 0.818 0.781L
-1.67 0.839 0.820 0.834 0.834 0.774
~1.5 0.845  0.806 0.817 0.848 0.751
~1.25 0.350 0.786 0.795 0.856 0.70%
-1.00 0.8483  0.770 0.779 0.851 0.70&
-0.8 0.836 0.751 0.760 0.830 0.680
-0.6 0.820 0.729 0.733 0.801 0.653
~0.4 0.805 0.712 0.723 0.779 0.626
-0.3 0.803 0.705 0.716 0.766 0.614
-0.2 0.797 0.701 0.713 0.760 0.611
0.1 0.798 0.701 0.713 0.765 0.606
0.0 0.795 0.700 0.711 0.75%  0.604
0.1 0.798 0.701 0.713 0.765 0.606
0.2 0.797 0.701 0.713 0.760 0.611
0.3 0.803 0.705 0.716 0.766 0.614
0.4 ¢.805 0.712 0.725 U.7TT9 0.626
0.6 0.821 0.729 0.738 0.801 0.653
0.8 0.8339 0.751 0.760 0.832 0.68C
1.0 0.857 0.770 0.779 0.858 0.704
1.5 0.091 0.812 0.820 0.900 0.751
2.0 0.916 0.846 0.852 0.927 0.789
?.o 0.947 0.892 0.896 0.956 < 0.841
1.0 0.965 0.923 0.925 0.972 0.880
6.0 0.982 0.957 0.958 0.987 0.928
8.0 0.990 0.974 0.975 0.993 0.954
10 0.994 0.983 0.984 0.995 0.970
15 0.997 0.993 0.993 0.998 0.987
20 0.999 0.996 0.996 0.999 0.993
25 0.999 0.998 0.998 0.999 0.996
20 1.000 0.998 0.999 1.000 0.997
35 0.999 0.999 0.998
Unit of 4,31-3 2.97-3 2.96-3 3.,08-3 2.32-3
Flux
w(&) 1.5 2.17  2.06 1.2 3.09
log W 0.127 0.336 0.309 0.085 0.439

% II(He) /N (H) =0.05, otherwise l(He)/N(H) = 0.15.
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HY PROFILES

TaLle Gives Residual Fluxes, Unit of Fiux,
and Equivalent Width

e .18 L18% .13 .21 .25 .28 .32 .36 e}
log g 4 4 7.5 4 3.8 4 4 4 &
ax(R)

0.0 C.497  0.491 0.560  0.484  0.492 O.447 C.404  0.3606 0.330

G.1 0500 0.494 0.562 0.487 0.493 0.447 0.405 0.366 0.330

C.2 0.509 0.501 0.575 0.496 0.494 0.448 0.405 0.367 0.330

0.3 0.524 0.516 0.578 0.512 0.496 0.451 0.507 0.369 0.332

C.h 0.539 0.530 0.602 0.533 0.502 0.456 0.41>3 0374 0.338

0.6 0.587 0.580 0.650 0.570 0.520 0.471 0.427 0.388 0.3%0

0.8 0.619 0.614 0.687 0.591 0.538 0.486 0.440 0.400 0.362

1.0 0.646 0.641 0.716 0.609 0.554 0.500 0.454 C.413 0.373

1.5 0.697 0.694 0.769 0.646 0.591 0.532 0.485 0.443 0.401

2.0 0.736 0.733 0.803 0.682 0.627 0.564 0.516 0.472 0.429

3.0 0.793 0.790 0.860 0.740 0.690 0.621 0.573 0.529 0.483

4.0 0.837 C.834 0.898 0.788 0.745 0.675 0.627 0.583 0.535

6,0 0.896 0.894  0.945 0.8bH7 0.828 0.762 0.719 0.677 0.630

8.0 0.931 0.930 0.966  0.903 0.882 0.827 0.789 0.751 0.708

10 0,953 0.952 0.978 0.932 0.918 0.873 0.841 0.809 0.772

15 0.979 C.979 0.991 0.968 0.962 0.937 0.918 0.898 0.873

20 0.989 0.989 0.996 0.983 0.980 0.965 0.952 0.941 0.926

25 0.993 0.993 0.997 0.990 0.988 0.979 0.971 0.96% 0.954

30 0.9956 0.996 0.598 0.993 0.992 0.986 0.981 0.976 0.969

25 0.997 ©0.997 0.999 0.996 0.995 0.990 0.987 0.983 0.979

40 0.998 0.998 0.999 0.997 0.996 0.993 0.991 0.988 0.985

50 0.999 0.999 1.000 0.998 0.998 0.996 0.995 O. 993 0,991

6C 0.999 0.999 0.999 0.999 0.998 0.997 0.996 0.995

80 1.000 1.000 0.999 0.999 0.999 0.999 0.998 0.997

Unit ol 1.66-3 1.65-3 1.78-3 1.19-3 8.51-4 6.89-4 5.40-4 4.34-4 3.354-4
Flux

W) L1 hope 2.68 5.29 6.20 8.31 2.91 11.48 13.28
log W 0.620 0.626 0.428 0.724 0.792 0.920 0.996 1.060 1.123

# l(He) /N (H) = 0.05, otherwise N(He)/J(H) = 0.15.
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HY PROFILES

Table Gives Resldual Fluxes, Unit of Flux,
and Equivalent Width

fe .5 504 .5 .5 W5 565 .G .G .G .6
log g  4.44 4.0 3.0 2.0 1.0 4.0 Lohy 4o 2.0 2.0
()

0.0 0.269 0.258 0.250 0.7211 0.3G62 0.283 0.288 0.272 0.234 0.200

0.1 0.269 0.258 0.250 0,211 0,362 0.283 0.288 0.272 0.234 $.209
0.2 0,269 0.258 0.250 0.212 0,362 0©.284% 0,288 0.272 0.234 0.209
0.3 0.27L 0.20L 0,253 0.222 0,364 0.286 0.289 0.276 0.236 0.209
Ok 0.274 0.2066 0.263 0,263 0.376 0.290 0.295 0.283 0.251 0.223
0.6  0.283 0.2¢8 0.285 0.338 0.562 0.300 0.312 0.301 0.278 0.272
0.6 0.292 0.288 0.301 0.370 0.669 0.311 0.332 0,320 0.298 0.297
1.0 0.300 $.298 0.317 0.401 0.788 0.322 0.351 0.338 0.317 0.320
1.5 0,321 0.323 0.355 0.475 0.892 0.350 0.393 0.379 0.359 0.371
2.0 0.342  0.348 0.392 0.5%6  0.938 0.378 0.430 0.416 0.397 0.416
3.0 0.283 0.294 0.460 0.668 0.97T4 0.428 0.491 0.476 0.461 0.495
4.0 0.421 0.436 0.525 0.760 0.986 0.473 0.539 0.524 0.515 0.562
6.0  0.488 0.5 0.640  0.872  0.995 0.548 0.613 0.600 0.601 0.5675
8.0 0.546 0.576 0.734 0.926 0.997 0.608 0.668 0©.658 0.669 0.562
10 0.598 0.634 0.804 0.954 0.998 0.659 O0.711 O0.704 0.724 0.827
15  0.703 0.749 0.904 0,982 0.999 0.755 0.789 0©.788 0.8323 0.918
20 0.782 0.820 0.948 0.991 1.000 0.822 0.841 0.844 0.885 0.956
25  0.340 0.884 0.969 0.995 0.869 0.879 0.884 0.924& 0.974
3 0.882 0.919 0.980 0.997 0.903 0.906 0.913 0.943 0.984
35  0.912  0.942 0.986 0.998 0.928 0.926 0.933 0.963 0.989
4 0.934%4 0.957 0.990 0.998 0.945 0.942 0.949 0.975 0.992
50 0.960 0.976 0.995 0.999 0.967 0.963% 0.968 0.935 0.996
60  0.974 0.984 0.997 1.000 0.978 0.974 o.9gg 0.990 0.997
80 0.937 0.992 0.998 0.989 0.987 0.989 0.995 0.999

Urnis 2.06-4 2.06-4 2,20-4 2.18-4 1.79-4 1.39-4 9.89-5 1.05-4 1.19-4 1,30-4
lux

W(R) 24,35 21.11 12.12 5.79 1.39 21.48 19.87 19.49 16.36 11.11
log ¥ 1.395 1.325 1.084%  0.762 0.142 1.332 1.293 1.200 1.214 1.045

# Radlatlon Damping Included
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W(R)
log W

4.61
0.664
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0.251 0.264 0.233
0.251 0.204 0.233
0.262 0.265 0.233
0.297 0.267 0.233
0.356 0.314 0.278
0.422 0.374 0,347

0.467 0.413 0.384
0.503 0.446 0.416
0.570 0.509 0.478
0.619 0.557 0.528
0.687 0.627 0.601
0.734 0.677 0.657
0.796 0.748 0.737
0.836 0.796 0.794
0.865 0.83%2 0.837
0.910 0.890 0.905
0.93%6 0.925 0.942
0.965 0.963% 0.976
0.973 0.973 0.983
0.979 0.980 0.988
0.986 0.988 0.993
0.991 0.992 0.996
0.995 0.996 0.998
4.69-5 5.63-5  6.32-5

9.96 11.32 10.48
0.998 1.054 1.020
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I0NIZED HELIUN LINE PROFILES (»4200)

Table Gives desldual Fluxes, Unit of FPlux,

.101 .14
4 &4
0.854% 0.916
0.855 0.916
0.859 0.918
0.868 0.921
0.378 0.925
0.888 0.928
0.897 0.932
0.919 0.941
0.9%6  0.950
0.950  V.YuT7
0.961 0.964
0.969 0.970
0.976  0.975
0.984 0.982
0.989 0.937
0.995 0.993
0.997 0.996
0.998 0.997
0.999 0.998

0.729 0.603
-0.137 -0.220

and Eguivalent

Sy

O COQOOO0OO0OO0O0
. . 5
[\
@]

3.13-3

0.305
_O * 516

14
3¢5

Ut W0 (D\]\ﬂgé:

MDA Y U=V UNIOW

00000 COOOO0OOOOOC
. - L] . .
VoI G

OOV 0
O
I

0.559

-0.252

Width

ERSAVIES

-157

IS
W
G
ul
N

QOO WO WO

LI hd e s ®
\C“‘)J\O\O\D\O\O\OK)\O\O
\C =1 Wi v

2.44-3 1.75-3 1.74-3 1.88-3

0.162 010 .004 .036

-0.789 -2.011 -2.396 -1.443

H(He)/li(H) = 0.05, otherwise N(He)/N(H) =0.15
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IONIZED HELIUM LIKE PROFILES (M4542)

Table Gives Residual Fluxes, Unit of Flux,
and Egulvalent Width

ge .101 14 L1405 14 157 .18 184 .18
log & 4 4 4 5.5 4 4 4 3.5
o]
A (4)

0.0 0.823 0.855 0.901 0.805 0.968
0.1 0.825 0.857 0.902 0.809 0.969
0.2 0.829 0.862 0.905 0.819 0.969
0.4 0.842 0.873 0.914 0.846 0.970
0.6 0.857 0.884 0.922 0.869 0.971
0.8 0.370 0.894 0.930 0.889 0.972
1.0 0.883 0.903 0.937 0.905 0.974
1.5 0.910 0.923  0.952 0.935 0.978
2,0  0.930 0.938 0.964 0.955 0.982
2.5 0.947 0,951 0.972 0.968 0.985
3,0 0.960 0.960 0.979 C.976 0.988
Z.5 0.969 0.968 0.984 0.982 0.990
L5 0.976 0.974 0.987 0.986 0.992
5.0 0.984  0.982 0.992 0.992 0.994
€.0 0.989 0.988 0.995 0.994 0.996
8.0 0.994 0.993 0.997 0.997 0.998
10 0.997 0.996 0.998 0©.998 0.999
12 0.998 0.997 0.999 0.999 0.999
15 0.999 0.998 0.999 0.999 1.000
20 0.999 0.999 1.000  1.000

25 1.000 1.000

30

Unit  3.98-3 2.76-3 2.74-3 2.86-3 2.15-3 1.54-3 1.54-3 1.66-3
Flux

w(X) 0.306 0.743 0.427 0.608 0.213 .012 .005 044
log W -0.094 -0.129 -0.369 -0.216 -0.672 -1.904 -2.277 -1.355

* Ii(He)/H(H) = 0.0bH, otherwise li(He)/II(H) =0.1lb.
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IONIZED HELIUM LINE PROFILES (rA4686)

Table Gives Residual Fluxes, Unit of Flux,
and Egquivalenl Widih

B
> 0
>0

R ¢ ]

fe .101 o 14 o L4 o 14 .157 .18 .18% .18
4 4 & 3.5 4 4 4 3.5

.0 0.798 0.71 0.726 0. 756 0.724 0.910 0.936 0.842
.1 0.798 0.71 0.727 0.756  0.738 0.915 0.941 0.852
.2  0.798 0.715 0.730 0.757 0.774 0.931 0.953% 0.885
4 0.808 0.781 0.313 0.776 0.868 0.963 0.976 0.949
.6 0.854 0.846 0.878 0.872 0.910 0.979 0.987 0.972
.8 0.880 0.876 0.908 0.898 0.934 0.986 0.99% 0.983
.0 0.896 0.896 0.927 0.915 0.951 0.991 0.995 0.989
.5 0.925  0.926 0.954 0.944  0.971 0.996 0.998 0,994
.0  0.946 0.946 0.969 0.962 0.981 0.998 0.999 0.996
.5 0,960 0.958 0.978 0.973 0.986 0.999 1.000 0.998
.0 0,970 0.966 0.984 0.980 0.989 0.999 0.998
5 0.977 0.974 0,988  0.98%  0.992 0.99Y 0.999
.0 0,982 0.979 0.990 0.988 0.993 1.000 0.999
.0 0.989 0.986 0.994 0.993 0.996 0.999
.0 0.992 0.990 0.996 0.995 0.997 1.000
.0  0.996 0.994 0,998 0.997 0.998

10 0.998 0.997 0.999 0.998 0.999

12 0.998 0.998 0.999 0.999 0.999
15 0.999 0.999 1.000 0.999 1.000
0 1.000 0.999 1.000

Unit 3.77-3 2.61-3 2.,60-3 2.72-3 2.04-3 1.47-3 1.46-3 1.58-3

1(3) 0.715 0.824 0.566 0.613% 0.425 0.092 0.057 0Q.144

log W -0.146 -0.084 -0.247 -0.213 -0.371 -0.034 -0.243 -0.842

% [(He)/N(H) =0.05, otherwise N(He)/l(H) =0.15.
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IOLIZED HILIUM LINE PROFILE3S (» 5412)

Yavle Glves Hesidual Fluxes, Unit of Flux,
and Eguivalent Wi dth

8e .101 .14 o 144 14 157 .18 .18 .18
log g 4 4 4 3.5 4 4 4 3.5
(o]
ax (A)

0.0 0.834 ¢.805 0.844 0.806 0.945 0.985
0.1 0.835 0.809 0.847 0.808 0.946 0.986
0.2 0.838 0.818 0.856 0.816 0.947 0.986
0.4 0.849 0.842 0.878 0.844 0.952 0.988
0.6 0.864 0.863 0.897 0.871 0.957 0.990
0.8 0.877 0.380 0.912 0.892 0.962 0.992
1.0 0.389 0.895 0.925 0.909 0.967 0.993%
1.5 0.913 0.921 0.948 0.937 0.976 0.996
2.0 0.933% 0.940 0.963 0.955 0.982 0.997
3.0 0.959 0.964 0.980 0.975 0.990 0.999
3.5 0.968 0.971 0.985 0.981 C.992 0.999
4,0 0.974 0.97 0.988 0.985 0.994 0.999
5.0 0.982 0.98 0.993 0.990 0.996 1.000
6.0 0.988 0.989 0.995 0.993 0.997

8.0 0.993 0.993 0.997 0.996 0.999

10 0.996 0.996 0.998 0.998 0.999

12 0.997 0.997 0.999 0.998 0.999

15  0.998 0.998 0.999 0.999 1.000

20 0.999 0.999 1.000 1.000
25 1.000 1.000

20

35

Unit 2.91-3 2.04-3 2.03%-3 2,13-3 1.59-3 1.16-3 1.,15-3% 1.25-3
Flux

w(R) 0.817 0.785 0.496 0.625 0.221  .0l12  .005  .042
log W -0.088 -0.105 -0.304 -0.204 -0.656 -1.929 -2.284 -1.395

# Ii(He)/N(H) = 0.05, otherwise N(He)/N(H) =0.15.
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0.936
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W(A) 0.129
log W -0.889
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FEJTRAL HZL1U LIUE PROVILES (24121)

Table Gives Resldual Fluxes, Unit of Flux,

4% 14
4 3.5

1.000
0.999
0.999
0.999
0.998 1.000
0.998 0.999
0.997 0.999
0.994 0.996
0.982 0.976
0.924 0.879
0.854 0.823
0.827 0.803
0.848 0.823
0.912 0.878
0.973 0.975
0.990 0.996
0.995 0.999
0099 0-999
0.99 0.999
0.998 1.000
0.999
0.999
0.999
1,000
3.23-3 3.35-3
0.073 0.088
-1.134

.157
4

0.995
0.993
0.991
0.989
00986
0.981
0.97%
0.960
0.920
0.795

0.657
0.639
0.656
0.777
0.885
0.939
0.962
0.934
0.9581
0.986

0.989
0.991
0.994
0.996
0.997
0.997
0.998
0.999

2.52-3

0.210

.18
k

TR
gOZ)\OO\Hg'\’IH

0.201

-1.057 -0.677 -0.536

and Equivalent Width

.18%
L

0.997

0.192

#* N(He)}/N(H) = 0.05, otherwise N(He)/N(H) =0.15.

.18
3.5

0'996
0.994
0.993
0.991
0.988
0.984
0.978
0.965
0 0907
0.715
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0.99

0.998
0.998
0.999

1.93-3

0.240

.21 .25
4 3.
0.937 0.987
0.981 0.982
0.978 0.978
0.972 0.973
0.966 0.966
0.956 0.956
0.941  0.942
0.918 0.920
0.869 0.876
0.676 0.691
0.51 0.50
0.49 0.48
0.512 0.502
0.658 0.673
0.828 0.842
0.888 0.897
0.922 0.926
0.942  0.946
0.956 0.9508
0.965 0.967
0.972 0.974
0.977 ©0.978
0.984 0.985
0.988 0.989

0.9

0.348 0.341

-0.717 -0.620 -0.453 -0.467
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NEUTRAL HELIUX LINE3 (M4121)

Table Gives Residual Fluxes, Unit of Flux,
and Egquivalent Width

6e .28 .32 .36 .40
log g 4 4 4 4
o]
A)(A)
"'102 00986 00992 00996 00998
-1.0 0.982 0.983 0.994 0.997
-0.9 0.978 0.986 0.993 0.997
-0.8 0.973 0.983 0.992 0.996
-0.7 0.967 0.980 0.990 0.995
-0.6 0.958 0.974 0.987 0.994
-0.5 0.946 0.967 0.983 0.992
"Ocl“' 00928 00956 00977 00989
-0.3 0.899 0.939 0.968 0.984
-0.2 0.816 0.899 0.948 0.974
-0.1 0.655 0.801 0.892 0.947
0.0 0.578 0.741 0.847 0.914
0.1 0.646 0.778 0.862 0.917
0.2 0.769 0.844 0.399 0.939
0.3 0.858 0.904 0.942 0.967
0.4 0.902 0.935 0.96 0.980
0.5 0.927 0.952 0.97 0.986
0.6 0.944 0.964 0.980 0.990
0.7 0.957 0.972 0.985 0.992
0.8 0.965 0.978 0.988 0.994
0.9 0.972 0.982 0.990 0.995
1.0 0.97 0.985 0.992 0.996
1.2 0.9 0.989 0.994 0.997
1.4 0.988 0.992 0.996 0.998
1.6 0.990 0.994 0.997 0.998
1.8 0.992 0.995 0.997 0.999
2.0 0.994 0.996 0.998 0.999
3.0 0.997 0.998 0.999 1.000
Unit of T37-4 5.74-4 4.60-4  3,73-4
Flux
w(&) 0.279  0.174  0.098  0.053

log W -0.555 -0.760 -1.007 -1.277
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NEUTRAL HELIUX LINE PROFILES (A4438)

Table Gives Reslidual Fluxes, Unit of Flux,
and Equivalent Width

fe .14 14 .14 157 .18 .18% .18 .21 .25
log g 4 4 3.5 4 4 4 3.5 4 3.8
Q
AX(A)

-1.2  1.000 0.998 0.997 0.999 0.999 0.996 0.996
-1.0  0.999 0.998 0.996 0.999 0.998 0.994 0.005
-0.9 0.999 0.997 0.99 0.998 0.998 0.993 0.994
0.8 0.999 0.997 0.99 0.998 0.99Z 0.992 0.992
0.7 0.998 1.000 0.996 0.993 0.997 0.99 0.989 0.990
-0.6 0.998 0.999 0.994 0.990 0.996 0.995 0.986 0.986
-0.2 0.997 0.999 1.000 0.932 0.986 0.995 o.99g 0.981 0.981
-0. 0.995 0.998 ©0.999 0,987 0.980 0.992 0.98 0.972  0.973
-0,3 0,987 0.995 0.992 0.974 0.962 0.985 0.971 0.951 0.954
-0.2 0.958 0.983 0.973 0.929 0.904 ©0.956 0.893 0.875 0.883
-0.1 0.921 0.965 0.945 0.848 0.768 0.869 0.750 0.710 0.71l3
0.0 0,898 0.953 0,930 0.817 0.728 0.833 0.721 0.665 0.664
0.1 0.91¢ 0.959 0.9 0.831 0.751 0,850 O.747 0.693 0.697
0.2 0.942 0.976 0.972 0.897 0.85 0.924 0.877t 0.816 0.828
0.3 0.975 0.991 0.992 0.947 0.926 0.966 0.954% 0.907 0.917
0.k 0.990 0.096 0.098 0.974 0.060 0.084 0.982 0.0h7 0.053
0.5 0.995 0.998 1.000 0.985 0.976 0.991 0.990 0.967 0.971
0.6 0.997 0.999 0.990 0.984 0.994 0.993 0.973 0.980
o.g 0.998 0.999 0.993 0.988 0.996 0.995 0.984% 0.985
0. 0.998 1.000 0.995 0.991 0.997 0.997 0.988 0.989
0.9  0.999 0.996 0.993 0.998 0.997 0.990 0.991
1.0 0.999 0.99 0.995 0.998 0.998 0.992 0.993
1.2 0.999 0.99 0,996 0.999 0.999 0.995 0.995
1.4 1.000 0.999 0.997 0.999 0.999 0.996 0.997
1.6 0.999 0.998 0.999 0.999 0.99] 0.99]
1.8 0.999 0.998 1.000 0,999 0.99 0.99

2.0 0.999 0.999 1.000 0,998 0,998
3.0 1.000 1.000 . 0.999 0.999

Unit 2.37-3 2.86-3 2,97-3 2,23-3 1.60-3 1.60-3 1,72-3 1.15-3 B8,26-4
of Flux

w(ﬁ) 0.046 0.020 0,026 0.090 ©.135 0.070 0.118 0.173 0.166
log W -1.334 -1.705 -1.587 -1.044 -0.871 -1.152 -0.926 -0.763% -0.780

% N(He)/N(H) - 0.05, othcrwise N{He)/N(H) -0.15.
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HEUTRAL HELIUL LINES (A4438)

Table Gives Rezidual Fluxes, Unit of Fluz,
and Eguivalent Width

6e .28 32 .36 40
log g 4 4 4 4
Ax(R)

0.996 0.998 0.999 1.000
0.995 0.997 0.999 0.999
0.994 0.997 0.998 0.999
0.993 0.996 0.998 0.999
0.991 0.995 0.998 0.999
0.988 0.993 0.997 0.999
0.984 0.991 0.996 0.998
0.977 0.988 0.994 0.998
0.965 0.982 0.992 0.997

» °

L N 3

OCOWAPFNOW O~NOWUIEFWUNDHOFE DWWV O-ICRO O

0.935 0.968 0.986 0.995
. 0.855 0.935 0.973 0.989
. 0.807 0.901 0.954 0.981
. 0.816 0.900 0.950 0.978
. 0.868 0.922 0.960 0.982
. 0.924 0.954 0.976 0.989
. 0.954 0.972 0.986 0.993
. 0.970 0.982 0.991 0.996
. 0.979 0.987 0.99%4 0.997
. 0.985 0.991 0.995 0.998
. 0.988 0.993 0,996 0.998
. 0.991 0.994 0.997 0.999
. 0.993 0.996 0.998 0.999

0.996 0.998 0.999 1.000
0.997 0.998 0.999

0.998 0.999 0.999
0.998 0.999 1.000

6.69-3 5.25-4 4,23-4  3.46-4

VMR MHHFHHO OOOOOOOOOé éééééé)éé)l—i—‘!—‘-‘

¢ & & e =

<
2
g()
H

W(K) 0.115 0.063% 0.030 0.013

log W -0.938 -1.200 -1.523 -1.880
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Ax(K)

0.998
0.997
0.997
0.996
0.994
0.992
0.986
0.950
0.826
0.749

0.728
0.724
0.728
0.748
00824
0.945
0.983
0.991
0.994
00995

0.996
0.99
0.99
0.999
0.999
0.999

0.999
1.000

¢ & o & 8 8 * o

e o o o

L ] L] - [ )
DOMAENOW 0 O WO I Rol B Seg 00 O N

LWOHHEFHHHO C)C)O()C)O(DCDC)é 6!5&)6<5é)é<5;4¢

Unit 2.59-3
of Flux

w(k) 0.189
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KEUTRAL HELIUNM LINE PROFILES (A4713)

Tables Give Residual Fluxes, Unlt of Flux,
and Equivalent Widths

oL
4

0.999
0.999
0.999
0.999
0.998
0.997
00995
0.978
0.901
0.805

0.763
0.753

2.58"3

0.140

-14
345

2.69-3 2.02-3

0.142

.151

0.995
0.992

0.268

log W -0.723 -0.854 -~0.847 -0.573

.18
A

0.991
0.987

0.341
-0.467

.18%
)

RuE

QO oI
\O U1 o ot

0.265
-0.576

% H(He)/H(H) =0.05, otherwise N(He)/N(H) =0,15.

018

0.289

.21
%

g2
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90
0.992
0.994
0.995
0.998

1.05-3

0.377

-0.539 -0.424

0.356
-0.449
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NEUTRAL HELIUM LINES (A4713)

Table Gives Residual Fluxecs, Unit of Flux,
and kguivalent Width

6e .28 .32 .36 40
log g 4 4 4 4
ax(3)

-1.2 0.989 0.994 0.997 0.999
"10 00985 00992 00996 00998
-0. 0.982 0.990 0.996 0.998
-0, 0.972 0.985 0.993 0.997
"'Oo 0.965 00981 0.991 00996
-0, 0.954 0.975 0.988 0.995
-0. 0.936 0.965 0.984 0.993%
-0. 0.888 0.943 0.974 .988
-0. 0.712 0.853 0.929 .969

0

0
0.548 0.707 0.838 0
0.528 0.670 0.809 0.
0.548 0.706 0.836 0.915
0.709 0.846 0.922 0
0.877 0.933% 0.966 0
0.926 0.958 0.979 0.
0.947 0.970 0.986 0.994
0,960 0.978 0.990 0.995
0.969 0.983 0.992 0.996
0.975 0.986 0.994 0.997

0.980 0.989 0.995 0.998
0.983 0.991 0.996 0.998
0

- L ] L - L] . - L] -
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e @ .
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0.988 0.993 . 997 0.999
. 0.991 0.995 0.9938 0.999
. 0.99 0.996 0.998 0.999
R 0.995 0.998 0.999 1.000
. 0.998 0.999 1.000
Unit of 6.18-4  4.88-4 3.95-4 Z.24-4
Flux
w(®) 0.298 0.176 0.092 0.046

log W -0.526 -0.754 -1.038 -1.351
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NEUTRAL HELIU. L1LE 2ROFTILES (A 5870)

Tables Give Resldual Fluxes, Unilt of Flux,
and Equlvalent Widths

ec .14 LA JL 157 .13 .18 .18 .21 .25
log & 4 4 3.5 4 4 4 3.5 4 3.8
AN R)

0.0 0.767 0.778 0.796 0.689 0.590 0.591 0.646 0.60? 0.646

0.1 0.767 0.778 0.796 0.689 0.590 0.591 0.646 0.602 0.646

0.2 0.767 0.778 0.797 0.689 0.590 0.591 0.646 0.602 0.646

0.3 0.767 0.779 0.798 0.639 0.591 0.592 0.646 0.603 0.646

0.4 0.768 0.781 0.802 0.691 0.601 0.611 0.649 0.615 0.651

0.5 0.773 0.796 0.811 0.715 0.679 0.724 0.682 0.733 0.786

0.6 0.815 0,860 0.8%2 0.844 0.841 0.897 0.836 0.841 0.860

0.7 0.920 0.962 0.954 0.909 0.888 0.934 0.927 0.863 0.878

0.8 0.954 0.981 0.989 0.926 0.90 0.945 0.940 0.878 0.892

0.9 0.963 0.985 0.994 0.936 0.91 0.954 0.949 0.891 0.903

1.0 0.969 0.988 0.995 0.944 0.924 0,961 0.95 0.902 0.913

1,2 0.977 0.992 0.997 0.956 0.938 0.971 0.966 0.919 0.929

1.4 0,983 0.994% 0.998 0.965 0.950 0.977 0.973 0.933 0.942

1.6 0.986 0.995 0.998 0.972 0.958 0.932 0.978 0.94 0.951

1.8 0.980 0.996 0.999 0.977 0.965 0.985 0.982 0.952 0.959

2.0 0.991 0.997 0.999 0.980 0.970 0.98 0.985 0.959 0,965

2.5  0.994 0.998 0.999 0.987 0.980 0.992 0.990 0.971 0.975

3,0 0.996 0.999 1.000 0.990 0.985 0.994 0.993 0.979 0.982

3.5 0,997 0.999 0.993 0.989 0.996 0.995 0.984 0.936

4.0 0.998 0.999 0.994 0.991 0.997 0.996 0.9837 0.989

5.0 0.998  1.000 0.996 0©.994 0.998 0.997 0.992 0.993

6.0 0.999 0.998 0.996 0.998 0.998 0.994 0.995

8.0 0.999 0.999 0.998 0.999 0.999 0.997 0.997

Unit 1,76-%3 1.76-3 1.86-3 1.38~3 1.01-3 1.01-3 1.09-3 1.09-3 5.51-4
of Flux

w(k) 0.392 0.306 0.277 0.552 0.731 0.560 0.556 0.806 0.709
log W -0.407 ~0.514 =-0.557 -0.258 =-0.136 =-0.252 =-0.255 =0.094 ~-0.149

* N(He)/N(H) = 0.05, otherwise H(He)/N(H) =0.15.
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NEUTRAL HELIU:I LINES (A5876)

Table Gives Residual Fluxes, Unit of Flux,
and Equivalent VWidth

fe .28 .32 .36 40
log g 4 4 4 4
AM(R)

0.0 0.612 0.580 0.555 0.602

.612 0.580 0.559 0.626
.612 0.583 0.633 0.770
614 0.668 0.812 0.912
.712 0.871 0.942 0.976
.876 0.938 0.971 0.987
0.950 0.977 0.990
914 0.958 0.981 0.992
.924 0.964 0.984 0.994
.932 0.968 0.987 0.995

.939 0.972 0.988 0.996

.950 0.978 0.991 0.997
0.958 0.982 0.993 0.998
0.965 0.985 0.994 0.998
0.970 0.987 0.995 0.998
0.974 0.989 0.996 0.999
0.982 0.992 0.997 0.999
0.986 0.994 0.998 0.999
0.990 0.996 0.998 1.000
0.992 0.997 0.999

0.994 0.998 0.999
0.996 0.998

0.998 0.999
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Unit ol 4.55-4 3.66-4 3024 2.52-4
Flux
W(k) 0.606  0.424  0.305  0.200

log W -0.217 -0.373 -0.516  -0.698



