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FOREWORD

The observed relative strengths of lines of the Silicon (Si) II, III, and IV spectra play an -
important role in the classification of B and O type stellar spectra. If the observed strengths
of the silicon lines are to be interpreted reliably in terms of effective temperature, log g,
and the abundance of silicon, a grid of profiles and equivalent widths of the observed lines
of Si II, III, and IV must be calculated using realistic model stellar atmospheres and a
realistic theory of line formation. Interpolation within,this grid will then lead to the de-
sired information about temperatures, gravities, and abundances.

To provide such computational material is the task Lucas W. Kamp has set for himself. He
adopts a set of non local thermodynamic equilibrium (NLTE) model atmospheres for B
stars computed by D. Mihalas_and, using realistic model atoms for the first, second, and
third ions of silicon, he solves the equations of statistical equilibrium and of radiative trans-
fer to obtain the equivalent widths and line profiles of most of the lines of Si II, HI, and IV
which can be observed in the ultraviolet and visible spectra of B stars. The computed equiv-

I alent widths are listed in extensive tables and selected .profiles are displayed to give norms
against which observed profiles may be compared.

This body of computed results complements the data on computed hydrogen and helium
lines for the same model atmospheres which have been provided by L. H. Auer and
D. Mihalas. Its availability forms a milestone in the interpretation of B-type spectra. This
material will be particularly useful for interpreting the ultraviolet spectra of B stars which
will be observed from astronomical satellites.

ANNEB. UNDERHILL
Chief,
Laboratory for Optical Astronomy
Goddard Space Flight Center
Code 670
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STATISTICAL EQUILIBRIUM CALCULATIONS FOR SILICON

IN EARLY-TYPE MODEL STELLAR ATMOSPHERES

Lucas W. Kamp*

Goddard Space Flight Center

INTRODUCTION

This paper'describes a series of calculations for lines of 36 multiplets of Silicon (Si) II, III,
and IV in a set of 23 model stellar atmospheres, forming a grid covering a range in effective
temperature (Trff) from 15,000 to 35,000 K, and in log g (gravity) from 2.5 to 4.5. The cal-
culations do not invoke the assumption of local thermodynamic equilibrium (LTE) for the
populations or source functions, and are therefore called non local thermodynamic equili-
brium (NLTE). They assume statistical equilibrium and solve the resulting rate equations
for the ionic level populations simultaneously with the radiative transfer equations in the
spectral lines. The "complete linearization" scheme of Auer and Mihalas (1969) is used,
with modifications by Kamp (1973). In the latter paper, using a 16-level model atom for
Si III and IV, calculations were done for four model atmospheres with log g = 4 and
Trff = 25,000 to 45,000. These results and subsequent calculations showed that in the
highest temperature region several difficulties prevented the models from adequately repre-
senting real stars. However, it was felt that results justified detailed computation of a grid
of models in the range approximating B-type stars, which would be of significant aid in
interpreting stellar spectra.

The author thanks Drs. S. R. Heap, A. H. Karp, M. A. J. Snijders, and A. B. Underfill! for
their valuable advice and assistance. He is especially indebted to Dr. M. A. J. Snijders for
many discussions and for his aid in performing the machine computations.

DESCRIPTION OF THE CALCULATIONS

Method

For clarity, we briefly summarize the computational procedure used (Kamp 1973). One
computer program calculates an initial solution for the populations of the levels in three
iterations, using the equivalent two-level-atom (ETA) approximation for the lines and
Lambda-iterations for the continuum radiation field. This solution is fed into a second

•Resident Research Associate, National Academy of Science, National Research Council, on tenure at Goddard Space
Flight Center, 1972-1974. Dr. Kamp is now a member of the faculty of the Department of Astronomy, Boston
University, Boston, Massachusetts.



program, which iterates linearizations of the radiation field in the important transitions
(including the modification described by Auer, 1973) until convergence, producing a final
solution for the populations. The latter is fed into a third program, which utilizes depth-
dependent Voigt profiles for the lines (in contrast to depth-independent Gaussian profiles
used in the preceding steps), to compute emergent flux profiles suitable for comparison
with observations, for a limited set of lines. These three steps will hereafter be referred to
as the ETA, Linearization, and Profile steps, respectively.

Data

The model atmospheres used are those of Mihalas (1972), unblanketed, with H, He, and a
mean light element (C, N, and O) in NLTE.

Energy levels from Moore (1965) and other data for the states of Si II, III, and IV, included
in the computations, are given in table 1.

As in Kamp (1973), fine structure in the levels is not included in the first two steps. A level
of the model atom generally corresponds to a spectroscopic "term" and has the energy of the
spectroscopic "level" belonging to the term with the highest statistical weight. In the Profile
step, all levels are included, with populations distributed according to statistical weight.
Sufficient levels were included so that the energy difference between the highest level and the
continuum was of the order of the mean thermal energy of the gas (~kT, where k is the
Boltzmann constant). A separate subroutine computes collisional coupling to hydrogemc
levels beyond the highest explicitly-included level. These points are important in order to
obtain the correct iomzation balance, which depends on collisional coupling between the
highest levels and the continuum, and radiative coupling between the lower levels and the
higher ones.

When high-lying levels of different orbital angular momentum (1), but the same principal
quantum number (n), differed by less than 0.5 eV, they were frequently grouped together
in a single pseudo-level (e.g., 6d, 6f, 6g,"6h into 6 <dh> ), summing the statistical weights.
In the Profile step such levels were separated, with populations distributed according to
statistical weight (the same procedure as that followed for fine-structure levels).

Oscillator strengths (f-values) for the bound-bound transitions between the states are given in
table 2, along with their source and an accuracy estimate. Column 1, Vacuum Wavelength,
indicates the wavelength of the transition which is used in the ETA and Linearization steps.
Only one line of each multiplet is included. When several levels have been combined into a
mean level, the wavelength of a connecting transition may not correspond to any actual
spectral line. In such a case, if the transition involves a line for which calculations are
done in the Profile step, the correct wavelength is shown in column 1 with the notation P
(for Profile) in column 3. Columns 2,3, and 4 identify the upper and lower levels of the
transition and the multiplet numbers. Column 5 shows the total f-value for the multiplet.
In column 6 is entered the effective f-value (f^)' of the strongest resolvable line(s) of
the multiplet, scaled to give the correct (gf)-value when the total g-value of the lower level



Table 1 (Sheet 1 of 2)
Energy Level Data for Si II, III, and IV

Spectroscopic
Term

(1)

EnergyK")
(2)

Statistical
Weight

(g)
(3)

Model
Level

Number
(4)

JCOS0J

B-ne-i
(5)

e-*c+i
(6)

Sill

Doublets
3p2PD

3p2 2D
4s 2S
3 d 2 D
4p2PD

4d 2 D
4f 2FD

5p2PD

5<dg>
6<dh>
7<di>
8<dj>
9(dk>
Quartets
3p2 2P
<3p3d>4

Limit (3s2('S)nl)
Limit (3s3p(3P)nl)

0.0
5.532544
6.550073
7.935528
8.125158

10.102461
10.355642
10388551
11.41774
11.9652
12.28S51
12.49835
12.64222

4.310797
12.45
13.18384
18.49530

6
10
2

10
6

10
14
6

42
_ 14

90
120
154

12
32

1
2
3
4
5
6
7
8
9

10
11
12
13

14
15

0.95
088

—
0.25
0.99
0.18

—
0.98
-
-
-

—
—

0.91
0.88

0.59
0.96
0.06
0.76
0.53
0.93

—
0.47

—
-
-

—
—

0.94
0.96

Si III

Singlets
3s2 'S
3p 'P?
3p2 lDj
3p2 'S
4s 'S
3d'D2

4p'PD

4<df>'
5<fg>'

0.0
8.288441

12.221452
15.344423
15.906961
16.576500
17.648719
20.482806
23.030201

1
3
5
1
1
5
3

12
16

1
2
3
4
5
6
7
8
9

—
0.99
0.66
0.95

—
0.07
1.00

—
—

0.47
0.35
0.54
0.074
0.57
0.58
0.068

—— •

NOTES. Column 1 is the Spectroscopic description of the level.
Column 2 is the energy in inverse micrometers.
Column 4 shows the sequential numbers assigned in the computations, and which are shown in figure i.
Columns S and'6, the absolute |Cos$|indicates the accuracy of the quantum defect calculation for the cross

section. Qis the angular momentum quantum number of the orbital electron, which changes by +1 or
-1 in a transition. The highest accuracy ts shown by 1.00.



Table 1 (Sheet 2 of 2)
Energy Level Data for Si II, III, and IV

Spectroscopic
Term

(1)

Energy/^ ''\
\ m /

(2)

Statistical
Weight

(g)
(3)

Model
Level

Number
(4)

|COS0|

8-HM
(5)

c-ne+i
(6)

Si III (continued)

Triplets
3p 3PD

3p2 3P2

3d3D3

4s 3S
4p 3P°
4d3D3

5<fg>3

Mixed
6<fh>
Limit (3s(2S)nl)
Limit (3p(2P)nl)

5.311501
13.010052
14294374 «
15.337705
17533626
20. 1 59948
23.030235

24 263938
27.01393
34.18879

9
9

• / ,»b5, r -,,
3
9

15
48

97
1 ;

10
11

. , , . r,, 12 ,

13
14
15
16 ,

17

0.94
0.92
0.73

—
1.00
0.78

—

—

005
0.009
0.98
0.25
0.003
1.00

—

—

Si IV

3s
3p
3d
4s
4P
4d
4f
5s
5p
5d
5<fg>
5f
5g
6<dh>
6<fg>
6h
7<fi>
8 <dj>

00
7.174864

16.037441
19.397889
21.842867
25.000802
25.412903
26.541795
27.657903
29.149760
29.3718
29.371899
29.383792
31 5230
31.530528 '

• 31.531736
32.826
33.665

2
6

10
2
6

10
14
2
6

10
32
14
18
64
32
22
80

128

1
2
3
4
5
6
7
8
9

10
11*
l i t
12t
12*
13t
14t

13*,15t
14*

—
098
0.93

—
0.99
0.94

—
—

1 0
093

—
-
-
-
-
—
—
-

0.47
050
085
045
037
096

—

041
026
099

—
-
—
—

—
—

—
-

*Used only in cooler models.
fUsed only in hotter models.



is used. This quantity, f^, is used in the radiative transfer equations of the ETA and Lineari-
zation steps (Kamp, 1973).

In column 1, when C alone occurs, the calculation was done by the author, using the tables
of Oertel and Shomo (1968). A lower-case n in column 7 indicates that different sources
give discrepant results, which are discussed here

Si II180 7.49 A Beck and Sinanoglu (1972) gives a value a factor of three higher than the
adopted mean, while Hoffman (1971) is a factor of three too low.

Si II389 7.11 A. Shulz-Gulde( 1969) is 50 percent larger than the other determinations
and was not used.

Si II 6348.86 A • The theoretical calculation of A. W. Weiss:was inferred from Hey (1959) and
Wiese et al (1969), assuming that the two former values were averaged in the latter
source. The results of A. W. Weiss and of Berry, et al. (1971) agree and their mean was used |
here. However, the measurements of Hey (1959) and Schulz-Gulde (1969) are less by almost
a factor of two. An unweighted mean of the four sources gives f = 1.2. Equivalent widths
calculated with the f = 1.2 value will be discussed later.

SiII5057.39 A: As for the Si II, 6348.86 A line, the calculations of A. W. Weiss
are almost a factor of two higher than the measurements of Hey (1959) and Schulz-Gulde
(1969). However, the latter values have low accuracy, and Schulz-Gulde has scaled
his results to force the f-value of this line to its value in the Coulomb approximation,
slightly higher than that of Weiss. Our adopted value is slightly lower than that of Weiss.
The consequent re-scaling of the results of Schulz-Gulde (1969) seems to bring most of
them into better agreement with other determinations (but not Si 6348.86 A).

Si III 1298.95 A. Calculations of Wiese, et al. (1969) and Trefftz and Zare (1969)''and Beck
and Sinanoglu (1972) agree to within 5%. The measurements of Berry, et al. (1971) and
Irwin and Livingston (1973) have a much larger scatter, but their weighted mean is close
to the theoretical value.

Si III 997.39 A. Calculations of Wiese, et al. (1969) and Trefftz and Zare (1969) agree, but
are more than twice the measurement of Berry, et al. (1971), which has a quoted accuracy
of 20%. The two sets were averaged.

Si III 3087.13 A, 4553.90 A, 3807.61 A. The measured values of Berry, et al. (1971) for
these lines are 20 to 30% below the theoretical determination of Trefftz and Zare (1969)
and have a claimed accuracy of 10%. The former values were adopted.

Si IV1393. 75 A. The measurement of Berry, et al. (1971), which has a large uncertainty,
agrees with the calculation of Wiese, et al.(1969), claimed to be reliable. However, the
measurement of Irwin and Livingston (1973), with a higher quoted precision, disagrees
by 20%. A very high replenishment ratio was noted for the latter determination, which
implies the possibility of large errors (Berry, et al., 1971), and we did not use this value.
(The replenishment ratio is the ratio of the cascade repopulation rate to the decay depopu-
lation rate and measures the degree of interaction of other transitions with the one of interest.)



>

o
H

H
**-f 

H
H

•4->
i> 

»—
 T

-C
 

^
^
 2c«

c2 
"^cH

M
 

O
 

U

c -5
 -

0 
^

Accuracy
Estimate

(8)

+
+2

s »
lla

 
-

is <i

_ S
o

f
"
" 

S
^

Multiple!
Numbers

from
Moore (1965)

(4)

(
fl 

_

|-
1

=

„8 |
S 

S
 

G
I

 H

3
-s

<
 

S
?

.-

I

-
-
-
-
-
-
-
 
»

-

u
jO

Q
c

o
Q

c
Q

c
Q

C
tu

c
o

Q

cOO 
_^ 

_^

—
 
U

J
 

"̂ 
U

J~
 
—

 —
 

u
l

*̂
 

*n
 

m
 

in
2

 
to

 
S

 
2

w
-

i
O

O
«

^
)

^
-

O
O

O
O

r
*

l
(

N

—
 
\

O
O

O
O

O
O

 
—

 
—

 
O

(N

0
 

„
,

Z
 

r
*
^

«
.P

w
o

Q
i.t4

.4
.t4

,

£
 £

 4
f S

 ?
 *

 
^
r -

f *
 
*
 
£

S- 
? 

, M 
°

o. 
a

 
v>

 
-o

ie
$

S
S

8
 =

 »
8

8
2

S
S

iS
iis

s
s

s
S

s

\.

O
 

—
 .
 

(
^
 
f
)
 

T
f

Q
 

Q
Q

Q
O

Q
 

Q
Q

Q
O

Q
Q

C
OU
J

C
O

o
 

o
o

o
o

o
 

—
 o

o
o

o
o

00

o
 

o
o

o
o

o
 

—
 o

 
—

 —
 o

 —

—
 

~- 
fN

 
\O

 
S

O
 —

 
(N

>
 
>

 
o
 
o
 
o

 
—

 
—

b
D

in
r
-
lr

-
i-

-
r
-
r
-
r
-
l 

1 
1 

t

r-i 
o

 
o

 
—

 
—

•a
B

.o
-a

a
.-a

^
-a

a
-a

a
.a

.a
£

s? ;;£
^

 w
isS

*^ 2
;:;?

^
|
 

I
 ̂

.
l
 
1

£
X

ft2
S

8
8

8
3

&
ft*

8
8

»
§

o
S

S
°

-
°

?
^

P
^

*
S

--„

13.S 
c

IB
 

O
 

-o
•"•> 

"O
 

-S
 

B
o\ /— v B 

a 
S

SO '̂
 

ed
 c

ON J- 
• 

S
 
.„-

—
 < o^ iS

 
x 

e*
-^

 -^
 
p
 
o
 
o

H
ill

9 «
l-i

i & I- § i
|
 
S

 
§

3
0

*
 
M J5 6

 #
E

^
.o

 g
2

flllll
-I!l3

§
°5

_ 
a

§ S
?

t^
§

!i
-l^

?
5
 i

1 8
 "c

 | 2
 "

 
S

jz, 3
 

c
 

t-
" 

c
 £

 
c

U
M

li
J2'2 ^r OT s s
:
|
5
7
1
|
1

E 
c- B ~ &«

»
 

2
 

S
 S

 S
-«

r

g S s 
-s B

I
l
l
^
l
i

t 8s^g
|a

§
S

§
|
?

5
"S S

,|| " ̂
*  b^ N

i
" 

-s
fjs

i!
s
 - s

 •» -
2 

5 § 2 g
-^

 
. u

 »
 
S

.
,̂ 

ra
 "7J 

Ji 
o

^ 
a S

.* S
u »

 i ̂
€

x g S
 E-  H S

0
1 jS

 €
 

7
3

 -a
 'S

>
c
 *

 
<

•>
 

o
 «

Is
ip

l
S

..S
JJ5

«t 
^ 

<i> 
— «" c

0
^

^
?

?
 
§

 g
o

 N 
P

»
 S

 &
t 

<
2

 T
J <

^ 
S

-^a
S

 
S

 g
- 

E
-o

J
 
T

3
 N

 ̂
 

U
 S

H
ilH

f £
1
=

1
i-s

-;§
i

*
is

"
J

t«
*

|
1
|
I
|
ll

"S
jls

ifj
x
 

o
 _

r _
r c

 .b
 
j.

rs 
!a

 «
 

S
 

e
 O

, S

|
ll|
lii

"2 «> g- S —
 n 

»
3 e 1 1 £.w w
»
 

+
+



>
^
 -a

"* i
<*- ™
o _r

CN 
M£

Linearued
Transition
Number

(9)

£
•£

a
 

a

l
l
 
§

4
jfl

•H
-

8=
 

£
&

if*- §
£

*V

It-
 

£
H

S

in
*- 

«
 

£
V

 
k. 

O
N

"§ IS
 E

 C
 

^
3

i^
i -

s
z 
|

2
J
i E

 u
 ̂

c
 

g
 3

 
rn

§
 £

 
«

 
~

Z
 

H

1s
i 

S
ts i-

*c
H

a
 

c
 

'—
 '

Is
* 

~
*
J

Q
 
Q

 Q
 O

inO
 

*0
 
—

 
f>

o
 o

 o
 o

r̂(S
 
0
0
 f>

 
O

O
 

—
 
O

 <
N

1 
1 

1 
1

(N
 n

 
ro

 n

S 1
 1

 S

f 
t
i
l

oo oo o\ 
».

1
 t

r- 
oo

v» \o 
v* o*

S
K

P
S

»*- 
>o c* 

»«
oo 

r^ 
oo ov

*• ^
 
rt v

o

V
)

—
 

r
*

*
m

^
v

i
«

o
r

-
o

o
 

o
 

—
 ~

Q
a

o
u

J
U

J
a

Q
C

Q
a

a
a

a
O

Q
O

a
a

O
D

O
Q

Q
O

c
Q

 
c

o
Q

cON

oT 
r-

^
 

, 
^
 
\o

 
-o

^ 
^-.TJ-^T 

^
- 

t
^

r
^

t

H
 

"
 
H

 (-*
 H

 
H

-' 
U

.. 
K

 
H

 H

^
-
^

.
^

-
^
 

^
^

^
-

^
^

^
u

^
u

t

i^
 
^

 
—
 . 

o
o

 
O

^
^

O
 

''O

m
r
^

o
^

r
O

r
-
4

 
o

r
- 

—
 o

o
r

-
o

^
^

^
n

 
—

 o
o

r
j T

J
-
O

O
 
—

 O
O

O
O

 
0
 

—
 O

O
O

O
O

O
O

O
O

O
O

 
O

O

to
«

/>
 
^
 

—
 0

0
 

'
O

^
t

'
O

 
M

V
^

O
 

—
 

^
0

*
0

^
0

^
-
0

0
*

0
0

^
0

0
 

O
*

^
»

n
u

^
»

O
O

O
»

n
O

N
O

O
>

o
r
^

o
r
-
o

<
^

io
r
- 

—
 o

o
r
-
o

t
-
^

-
»

O
(
N

O
s

in
 

o
o

 o
O

 
—

 O
O

O
O

O
—

 
O

O
O

O
O

O
O

O
O

O
O

 
O

O

^
p

00

s
 

a  
2 =

 s
00

 
2
 

O
O

. 
°
 

o
 
—

 <
N
 
o

 
«
n
 

. o
o
 
M

—
 
f
N

f
n

 
—

 
v

O
C

\ —
 

—
 

—
 

C
M
 

f
N

1
^
 

O
v

t
^

O
^

'
'
^

^
o

>
>

>
>

>
>

>
>

>
 

o
>

 
o

>
M

>
>

>
o

o
D

S
b

D
D

D
S

D
^

m
^

T
r

S
t
-

o
o

^
-

b
 

3
D

<
n
 

—
 

(N
 

r̂
—

 
O

 
r- 

r- 
—

 
—

 —
^
r
-
ir

-
 
—

 <
n

^
tv

>
N

O
o

o
r
^

r
-
r
-
r
-
o

o
o

o
o

N
 

—
 —

 Q
 

o
o

S
 M

-l-
 ?

r
M

o
"
|^

^
|-

?
-
c

c
g

,
£

g
^

a
«

,
o

ft*ftftft^
s

5
****2

2
S

S
2

*s
*

i-y 
«. 

P
-^«Q 

».c is
,*-

r
.
_
 

~
 

f
*

«
-

"
 

~
T

3
 

tiT
^

a
«

 
a

 
a

. a
 
^
 
-
o
 

a
.

v
v
a

.
<

*if) 
m

 
m

m
^

'p
o
 

^
^
" 

*/ir*i

o
o

o 
—

 —
 o

o
^

to
v

*
O

"
>

v
^

<
N

fn
o

o
'O

r
-
o

o
 

—
 »

o
»

rt 
f*>

c*

O
\-

O
«

r
^

r
4

r
-
(
N

'O
O

r
>

io
\ 

—
 ~

\o
 O

v
o

o
i/iw

-w
-io

o 
m

r-
<

N
O

»
O

O
O

^ 
—

 
—

 
o

<
N

x
t-

(
*

i^
r
o

o
*

«
'N

r
>

*
^

'O
O

\ 
—

 o
s

(
N

C
N

m
o

o
w

t
^

m
r

M
o

o
o

o
m

f
*

—
 •

*
n

w
>

O
x

>
O

H
r

4
 

-
^
 ^

—
 
—

 
„ 

<
N

" —
 —

 —
 

—
 ^

 
to

" o
\~

 <
N

" fi 
<
*£

 ri 
a
o
" —

 
—



>T
3

j-
ID

 
•"*COCa

N
 

-
 
5

§
 

*
 

"
P

 
S

T
O

 
^
 

E
E

 
^
-

=
 

S
 2

>
»
 

u

«
 

^3
 

^~.
3
 

E
 

?3

<
 tf

-«-f-

O
 

^
-
s

3
 

^

£

ufc
"
 
3

 
-A

.

£
 |

 £
 
£

U
J^
3

0
, 

^
-
,

Q
 

^
 

U
-
 

U
-
J

2

—
 

i«
 

\O

—
 

S
 

_
 
O

*
1

=
 1

 
o
 -^

 S
3 

§ £ a
E

 
Z

 
g

S
 1

 E
 «

 
-

5
 

E
 o

 S
 

C

z
 

i-

OO
.

O2 6 
M

1j ^
 

s"'
8.

crt

i
f
 

-
« >*

rN 
m

 ^t

^
 

r
q

 
f*

^
 p

f^
 

fQ
 Q

 
f)

H
e

 
c
 
c

_
 
£
 
U

 
—

 —
 —

 U

tox 
^o

 *o
 

*n
^
 

w
^
 O

 
ro

 
^
t 

0
0
 T

f

^O
 
O

 
O

 
O

 
O

 
O

 
O

1*1o•^
 

(N
 r- 

rs
 

O
 

O
s
 

o
o

r- 
O

 
O

 O
 
O

 
0
 —r^m

0
 

_
 

-
o

\O
 

^
"
 

\O
 
^

g; 
>

 
°
 o

D
 

—
 D

 
(N

 w
^ oo

 ro

6
 

IN
 IN

 m
 4

 
lA

, vt

Q
 o. 5^ o. Q

 'X
 

^
•0

 
Q

.
 
^
 

Q
,
 
T

3
 ̂

 
^
^

Q
 

c« o. Q
 'X

<•» 
m

 
****** 

«^7
•O

 
w

) 
D

. T
>

 
"-'

O
 

m
 

—
 O

 
—

 r- oo

r> oo tr 
*^>

 O
 

oo O
\O

 
O

 
-^

 
«
rt 

0
0

 
^
-
 

—

>t/5-

OO 
O

 
—

_
 

_
 

^
0

c 
^
 

O
N

 
c

 
ta

-

H
h

- 
'
^

H
h

"
O

H
~

O
O

h
"

O
h

"
O

 
H

U

u
-
-
-
 

£
. 

—
 r, r, u

 - —

O
s

\
o

r
n

o
 

rj 
^
 

—
 o

o
 

o
o

 —
 ^

 
^
o

 
s
o

 
(N

r
^

r
j 

—
 

—
 
O

O
O

 
—

 
o

o
 
—

 
O

r
^

o
o

 
—

 
s

o
m

f
N

O
m

O
O

-
^

O
O

O
O

v
i
O

 
—

 
r

^
o

^
o

—
 

—
 
(
N

r
^
-

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

0
0

0
0

^
0

 
—

 0
0

—
 

-
i
/
^

o
-
™

~
"

O
 

—
 (

N
^

-
r
n

r
^

-
o

o
o

o
o

o
o

o
o

o
o

 
—

 o
 
—

 o
o

o
o

°
 

O
 
—

 r^
 
ro

 
\O

 
0
0
 

rN
—

 
(
N

f
N

r
o

^
m

s
o

 
—

 
—

 
—

 
—

 
—

 
—

 
r-4

'^
^

^
S

S
S

S
S

S
S

S
S

J
^

^
S

^
S

§
&

D
,O

,-O
 

"»3 
«> o- <—

 o. 
o

.ca
.2 

<« w
 

n, u.

w
i 

O
. 

1
3

 
«

 
C

L
 

T
3

m
 

P
I 

rn
 

T
J- 

^- 
^

w
j 

—
 

s
O

*
n

f
n

O
O

^
O

r
s

t
O

^
-

0
0

*
O

s
O

s
O

T
*

O
 

—
r
-
o

o
>

r
im

 
—

 
o

s
m

w
^

s
o

w
-

iO
s

O
s

s
o

s
o
 

—
 
o

o
v

io
o

—
 T 

—
 ~ 

—
 

—
 

^- 
«

 
H

i" fN
 

^-* r*^ <
N

C
M



I
I

"8 
§ 

s
S ~ S

, 
~

g
 
g

 
£

 
£

3 1
 

S
^
 
Ub 

i~~
o
 

~
V

I

>
 

1)

__ 
'J

^—
 

—
 

""
S

^

«
 

irt 
-O

s
i 

1
 «

 S
z 

o

2 
—

S 
J5

 E
 «

 
^

jj 
E

 o
 S

 C

a.§
 
1

 
fi

u
. 

U
 

_
u

 h
-

D
.

if 
^

3
 

u
 

^
 

_
M

>
 f
f
l

—

a
 
!2

 a
 
a

U
 
O

 U

H
 —

 ~
 
0

O
 

O
 
—

—
 
—

 O
 
''i

o
 
o
 
o

 —

in
0

 
0

 —

—
 
—

 o
 

^
o
 
o
 
o

 
—

^r 
*• «

 
o

=
 =

 =
 =

c
-l 

ro
 

O
 
—

3
 i^

 _
 v

V
O

 
N

O
 
V

. 
V

)

V
J

fN
 

vO
 t̂* O

N
r-i 

^- 
o
\ o

o

^
 
£
 
5
 K

—
 

—
 

C
M

 (N

-
 

—
 
±

Q
 
Q

 
Q

 
Q

 
O

 Q

0O
 

O
 0

o
 —

 o
 

o

r^
 
r
 | r

i 
O

 O
 O

v
i 

i- 1
 r i

f-j 
r
 i 

r
 i 

i/-i 
u
-
i 

O

—
 

O
 

O
 

—
 

—
 —

oo

0
 

r~
 

o
o

>
 
>

 
>

 
O

 
O

^D
 
^
 

^
 

r'j 
r<

i 1

r^l r~l m
 

O
 —

T
 T

 T
 °f - 

6

•̂
 'Sb

ofl —
 ^

 
O

. T
3
 i~

*? *?
 f 

"?
 "?

 "?

w 
a -o

^
^
S

S
—

 
m

 
ro

 m
 
O

 
r*i

rs 
—

 ~- 
oo N

O
 vi

*V
I

u—
 '

•£
;
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Si IV 4089. 98 A. Berry, et al. ( 1 97 1 ) finds a value significantly higher than the calculation
of Wiese et al. (1969), with a large replenishment ratio, but a small quoted error. Irwin
and Livingston (1973) cast some doubt on the measurement in question, and we ignored
it in favor of the theoretical one.

In column 8 the accuracy estimate follows the convention of Wiese et al. (1969); but, in
this table, only B (within 10%), D (within 50%), and E (greater than 50%) are used.

Column 9 indicates the transitions which were included explicitly in the Linearization step,
listing their sequential numbering for each ion. It should be emphasized that it is only for
these transitions that the radiation field and the level populations are fully consistent. It
is also only for these transitions that computations were done in the Profile step.

Grotrian diagrams of the model atoms used are shown in~ figures 1 through 4. The transi-
tions which were linearized are shown by solid lines, the remaining ones by dashed lines.

For Si IV, two model atoms were used, according to the temperature range. The levels in
table 1 (sheet 2 of 2) and transitions in table 2 (sheet 4 of 4) of the two models are marked
by * for that used in the cooler range, and t for the hotter one. These two model atoms are
shown in figures 3 and 4.

Depression of Continuum Level

The cutoff used in the summation over non-explicitly-included hydrogenic upper levels
(Kamp, 1973, equation 12, where the constant k was inadvertently miswritten as h) is
now calculated from the density of charged particles. We follow the theory of Fischel
and Sparks (1971), who assume quasi-static linear Stark broadening. The validity of this
mechanism is questionable for high-ion states of heavy elements, as the quadratic Stark
effect holds here, and according to Griem (1964, p. 87), electron impacts are the primary
broadening agent. However, the results are quite insensitive to the cutoff level, over a
broad range of this level, hence, it seemed justified to introduce at least an estimate for
the density-dependence. We use equation (28) of Fischel and Sparks (1971) to derive for
the principal quantum number of the hydrogenic cutoff level:

where N is approximately the number of charged particles (see Fischel and Sparks, 1971),
for which we include H II, He II, He III and free electrons.

Hydrogen and Helium Line Blocking

The Lyman and Balmer lines through n = 1 8 of H I and He II were included as opacity
sources. We also interpolated between the highest line of each series and the corresponding
photo-ionization edge, to get a pseudo-continuous opacity. The formulae and data of
Underbill and Waddell (1959) were used, but the Stark-broadened profiles were recalculated
with the semiempirical correction for .the quasi-static electron contribution according to
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Edmonds, Schluter,'and Wells (1967). It should be emphasized that our calculations do
not employ model atmospheres that are line-blanketed by H and He, their effects on the
temperature structure of the atmosphere are not included.

These line opacities contribute significantly to the background opacity of several silicon
lines. Since we treat the background opacity (all opacity not due to the line transition
itself) as constant over the line profile, the opacity due to H I or He II lines may occasion-
ally be represented unrealistically in cases where a silicon line with strong wings lies close
to an' H I or He II line. The most significant example is the Si III 1206.5 A line in the
cooler models where H I Ly-a (1215 A) dominates its red wing, an effect we ignore. In
this case, our results for the line profile are unreliable, although the effects on the popula-
tions (and hence, other lines) are not likely to be significant.

Autoionization

Autoionization and its converse process, dielectronic recombination, were included in an
approximate manner. The process is treated as a transition between a level "n" of ion i
and a level "k" (usually the grpund level) of ion i + 1, as shown in figure 5. This transition
actually occurs in two steps' an inner-electron jump (corresponding to the transition k ->• S.
in ion i + 1) from "n" to the level "d," lying above the first iomzation limit of ion i, fol-
lowed by the autoiomzation of "d." Assuming that the transition probability for auto-
ionization of "d," Ad (auto) is much larger than all other radiative decay processes from

IONIZATION
POTENTIAL

OFi \

ENERGY

0.0

H

lONi ION i

Figure 5. Autoionization process diagram

15



"d," we obtain for the transition rate between "n" and "k":

R(n-k ,e ) = N n B n d J , (2a)

and frorh the usual argument invoking detailed balance in LTE, for the converse rate (in-
volving dielectromc recombination to "d")

N & .
R (k, e -m) = — Nk Bnd Bp (e""/" - 1) + J I (2b)

M k 1 , 1

Here "e" denotes the free electron, N's are number densities and starred quantities are LTE
values. The radiation field is taken to be the continuum value. We assume the frequency
v = vkl and the Einstein coefficient Bnd = Bkl. The By is the Planck function.

In reality Ad (auto) decreases with the cube of the effective quantum number (Shore, 1969)
and the approximation preceding equation (2a) rapidly breaks down. Since detailed data
are unavailable, we omitted this process for (hv - In) > some cutoff energy (In is the loni-
zation potential of n). For Si II, the cutoff energy was taken to be around the mildly auto-
lonizing 3s3p4d levels (Shenstone, 1961), for Si III below 3p4f 1F3 (Toresson, 1960). This
treatment gives a crude estimate of the importance of this process, which turned out to be
dominant in no case. The only rates that were significant compared to photoionization
processes occurred for Trff > 30,000 in the Si III 4f singlet level. Their validity is uncertain,
due to lack of relevant atomic data.

Separation of Ions

The calculations for each ion state were done separately due to requirements of computer
space. Care was taken to couple these calculations by including the most important levels
of the other ions and by starting with the calculation for the lowest ion which has a signif-
icant ( > 10%) lonization fraction in the upper and middle layers of the atmosphere where
the lines are formed. These results are then fed into the calculations for the remaining
ions. Tests show that the errors thus introduced into the ion balance are probably less than
5% in all cases. Errors of this order in the populations have negligible effect on line forma-
tion, as long as the ratio of upper- to lower-level populations of the lines are correct. These
ratios are unaffected by the errors in question.

Damping Constants

In the Profile step, absorption and stimulated emission were included in the estimate of the
radiation damping constant. The effects were generally negligible, except on the strong UV
lines.

Recently, some theoretical work has been done on the quadratic Stark broadening of ionic
lines. Table 3 shows the quantity [log (reN^) + 6] for 5 lines of Si II using the semi-classi-
cal calculations of Sahal-Brechot and Segre'(1971) (SBS), Sahal-Bre'chot (1969) (SB), and
Jones, Bennett and Gnem (1971) (JBG) and the general approximation formula used in
Kamp (1973), equation 3b below.
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Table 3
Log IN1 for Five Lines of Si II

Wavelength (A)*

1526.70
1260.16
3857.11
4132.04
2906.54

SBS/SB

" 0.30
0.43
0.75
0.89
1.55

JBG

0.58
0.79
1.09
1.13
1.74

General Formula

0.24
0.45
0.48
0.98
1.37

*See table 2.
J , - (

The roughly factor-of-two difference between the two sets of semi-classical results would be
removed if there were a confusion between full and half half-widths in one source. How-
ever, there is no justification for this hypothesis. In view of the large discrepancy between
the two sets of theoretical calculations and the fair agreement between one of these (SBS/
SB) and our general formula, use of the latter was continued in most cases. Only for the
strong UV lines of Si III and IV, where the agreement between the general formula and the
results of SBS is not as good, and where electron damping can be significant, were the theo-
retical values used. These values were fitted to a parametric expression for the electron
damping width''

re = Q^eT
Q\ (3a)

The general formula otherwise used is from Cowley (1971):

*,v 2 „

(3b)

where nu * is the effective quantum number of the upper level of the transition, and Z is the
residual charge on the ion. In table 4 are shown the values of Qj and Q2 used and, for
companson, the value of Ql predicted by equation (3b).

Photoionization Cross Sections

It should be mentioned that unexplained discrepancies by factors of 2 to 4, exist between
our photoionization cross sections, calculated using the quantum defect formulae and data
of Peach (1967) and those given by Silk and Brown (1971) for the ground states of Si II,
III, and IV. In order to facilitate evaluation of possible errors, the relevant quantum-defect
parameters used in this work are given in table 5 (where fxis the quantum defect and x is the
electron energy in atto-Joules (10~18 Joule). Note that 2.18 a J = 1 Rydberg.

These parameters were generally computed by the author from data in Moore (1965). In
some cases, they were taken from Toresson (1960) or Shenstone (1961).
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Table 4
Q

Quadratic-Stark Broadening Constants Used in Fe = Qj • T • Ne

Si III
Si III
Si III
Si III
Si IV
Si IV
Si IV

Wavelength (A) ggg
(from Table 2.

col. 1) Q

1206.50 1.1 (5)*
1298.95 3.5(5)*
1113.23 4.7(5)*
997.39 1.0(6)*

1393.75 5.2 (5)*
1128.35 2.1 (4)*
1066.62 8.3 (5)*

/SB
General Formula (Eq. 3b)

Q2
 Qi

-0.23 9.0(5)*
-0.3 7.0(5)*
-0.4 2.0 (4)*
+0.05 2.2(4)*
-0.4 7.2 (5)*
-0.5 1.5 (4)*
-0.3 5.1 (4)*

•Numbers in parentheses are powers of ten.

Table 5
Quantum Defect Parameters

Channel Quantum Defect ju0 a/i/3x*

SiIIns 2S 1.376 -0.1275
S i I I n d 2 D 0.275 0.338
Si III np 1 P° 0.78 0.0
SiIVnp 2 P° 0.508 -0.0349

*X = electron energy in alto-Joules (10'18J)

For levels for which the quantum defect theory was used, the value of I cos 0 I is given in table 1,
columns 5 and 6, where 0 = v + HQ + \ i r \ the notation of Peach (1967). This parameter is a
measure of the sensitivity of the cross section to small errors in the integrals entering into
the tabulated functions of Peach, the most reliable case being where I cos 01=1.00.

For levels of orbital quantum number S. > 3, the cross section was computed using the
hydrogenic formula, with an effective residual ionic charge derived from the ionization
potential of the level. (This is always quite close to the ionic charge plus one.)

It is not anticipated that even quite large errors in the cross-sections would seriously affect
the ion balance, as a scale factor error in the cross section does not change the ratio of
photoionization to recombination.
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Computation of Equivalent Widths (EW)

Figure 6 shows a sample line profile.

The equivalent width (EW) of a line is defined by

Here, Rx = F(X)/FC is the residual intensity, F(X) is the (flux) intensity at wavelength X in
the line, Fc is the continuum intensity and the limits of the integration are the points where
R - 1 „ . » - . " > 'Rx - 1.

Residual intensities indicated by the tick marks in figure 6 for a given line profile were
computed from line center out to a point where (a) the intensity is within 1 percent of
the continuum level, and (b) the slope of the residual intensity versus displacement from
line center in Doppler widths is less than 5 X 1 0"5 . The stepsize varied from one half to
24 times a unit stepsize. The bandwidth could not exceed 2000 unit stepsizes. To enable
increase of the bandwidth, the unit stepsize was made an integer multiple of the Doppler
width (A), the maximum used was 5A. The computed points also were fit by a third-order
spbne routine, which did an analytic integration to give the EW. The corresponding curve
is shown in figure 6. A linear extrapolation from the last computed point to the continuum
was added to this EW. This correction is never large, reaching 5 percent of the total for the
Si III XI 206.5 line in the coolest models, but being usually much less. In the case of a line
whose wing is overlapped by another, numerical quadrature plus a linear extrapolation across
the overlap was done to estimate the EW. However, if the intensity turnover point lies in-
side the half-width, the lines are considered unresolvable.

The extrapolation across the overlap introduces some error in the resulting EW, with respect
to an unoverlapped computation of the same line. This error is at most 10%, and occasionally
there is a systematic effect, e.g., a decrease in the EW.of the Si IV wavelength 1 393.75 line
with increasing v^. In such a case, the total EW of the blend and the line profile are more
reliable parameters.

LINE DATA TABLES FOR Si II, III, AND IV

The computational results are presented in tables of equivalent widths, optical depths and
parameters describing the line shape. The index to these tables (page viii) shows for which
effective temperatures (Tgff), gravities (g) and microturbulent velocities (v() computations
were done for each ion. A list of the lines computed in the Profile step is given in table 6,
which shows the vacuum wavelengths, lower and upper spectroscopic levels, and f-values
of all the component lines of the multiplets. The line data are presented in tables 7 through
104.
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Figure 6. Sample line profile with definition of quantities shown m tables 7 through 104.

The equivalent width, EW, in tables 7-104, column 4 is defined by the dashed lines in figure
6. The dashed lines have a slope equal to one-half the slope of the dotted lines, which are
drawn through the two points preceding the top or turnover point. Q, H, and T, figure 6,
denote the full widths at quarter, half, and three-quarter residual line depths, columns 9-11
of tables 7 ff. S is the shift from the center of H to the line-center wavelength, column 12.
R0 is the residual intensity at the line center, column 8 of the tables.
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Table 6 (Sheet 1 of 3)
Lines of Si II, III, and IV Computed in the Profile Step

Vacuum
Wavelength

A

Lower and Upper
Spectroscopic

Levels

Transition Number |
(From Table 2, col. 9)

Figure
Number

Si II

1808.00
1533.43
1526.70
1264.73
1265.00
1260.42
992.68
989.87

3857.11
3863.69
2073.36
2072.68
6348.86
6373.13
4132.06
4129.22
2906.54
2905.13
5057.39
5057.73
5042.43
4202.08

3p 2 P t - 3 p 2 2 D 2

3p2P2 - 4 s 2 S
3p 2 Pj - 4 s 2 S
3p2P2 - 3 d 2 D 3

- 3 d 2 D 2

3p 2 Pj - 3 d 2 D 2

3p 2P 2 - 4 d 2 D 3

3p2P, - 4 d 2 D 2

3 P
2 2 D 3 - 4 p 2 P 2

3p 2 2D 2 -4P2?,
3p 2 2D 3 - 4 f 2 F 4

3p2 2D2 - 4 f 2 F 3

4s 2S -4p 2 P 2

-4p 2 P 1

3d2D3 - 4 f 2 F 4

3d2D2 -4f 2 F 3

3d 2D 3 - 5 f 2 F 4

3d2D2 - 5 f 2 F 3

4p2P2 - 4d 2 D 3

- 4 d 2 D 2

4p 2 P t - 4d 2 D 2

4d 2 D 3 - 8 f 2 F

1 0.006 7
2 0.109 9
2 0.109 11
3 0.76 . 13
3 0.084 13
3 084 15
4 0.2 17
4 0.2 19
5 0.042 21
5 0.035 23
6 0.093 25
6 0.093 27
7 1.01 29
7 0.51 31
8 0.49 33
8 0.51 35

10 0.13 37
10 0.13 39
11 0.79 41
11 0.09 41
11 0.88 43
13 0.048 45

Si III

1206.50
1206.56
1207.52(1)

1298.95
1303.32
1294.55
1298.89
1301.15
1296.73
1113.23

3s2 * S - 3p ' P
3p ' P - 3d ' D
3p2 'D -3d' 1D
3p3P^ -3p 2 3 P 2

t

1 1.7 47
4 1.78 47

0.41 47
9 0.414 '49

- 3 p 2 3 P j 9 0.137 49
3p3po - 3 p 2 3 P 2

-3P2 3?,
-3P 2 3P 0

3P
3P? -3P2 3?,

3p3If -3d 3 D 3

9 0.229 49
9 0.137 49
9 0.183 49
9 0.55 49

10 0.748 51
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Table 6 (Sheet 2 of 3)
Lines of Si II, III, and IV Computed in the Profile Step

Vacuum
Wavelength

A

Lower and Upper
Spectroscopic

Levels

Transition Number i
(From Table 2, Col. 9)

f Figure
Number

Si III (Continued)

1113.20
1113.17
1109.97
1109.94
1108.36
997.39

1417.24
1312.59
1842.55
5741.33
2559.96
3087.13
4553.94
4569.13
4576.03
3807.61
3797.20
3792.52

-3d 3 D 2

-3d 3 D t

3p3P? -3d 3 D 2

-3d 3 D t

3p3P£ - 3 d 3 D j
3p3pO -4S3S

3p 1 P - 3p2 l S
-4s 1 S

3p2 1 D - 4p 1 P
4s ' S - 4p ! P •
3d l D - 4f l F
3d3D3 -4p3P2

4s 3S -4p3P2

-4 P
3 P X

-4p3P0

4p3P2 -4d 3 D x

4p3P, -4d 3 D
4p3PD - 4d 3 D

10 0.133 51
10 0.0089 51
10 , 0.668 51

" 10 0.223 51
10 0.893 51
1 1 0.083 53
2 0.261 55
3 0.048 57
6 0.096 59
7 0.7 61
8 0.44 63

12 0.12 65
13 0.51 67
13 0.306 69
13 0.103 71
14 0.8 73
14 0.8 75
14 0.8 77

Si IV

1393.75
1402.77
1128.35
1122.50
1066.61
1722.53
1722.56
4090.02
4117.26
3166.63
3150.48
3763.50
2287.75

3s 2S -3p2P3/2 1 0.536 79
-3p2P1 / 2 1 0.266 79

3P
2P3/2 - 3 d 2 D

3 p 2 P 1 / 2 - 3 d 2 D
3d 2 D - 4 f 2 F
3d 2D s / 2-4p 2P 3 / 2

3d2D3 / 2-4P
2P3 / 2

4s 2S -4p2P3 /2

3 0.68 81
3 0.68 83
7 0.51 85
6 0.148 87
6 0.0247 87
8 0.784 89

-4p2P1 /2 8 0.391 91
4p2P3/2 - 4 d 2 D
4 p 2 P J / 2 - 4 d 2 D
4d 2 D -5P

2P3 / 2

4d 2 D - 5 f 2 F

,9 1.
9 1.

1 . 93
1 95

10 0.337 97
11 0.7 99
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Table 6 (Sheet 3 of 3)
Lines of Si II, III, and IV Computed in the Profile Step

Vacuum
Wavelength

A

Lower and Upper
Spectroscopic

Levels

Transition Number ,
(From Table 2, col. 9)

Figure
Number

Si IV (Continued)

2518.33
6703.06
6669.41
4213.60
4632.57
4655.61

4 f 2 F - 5 g 2 G
5p2P3/2 - 5 d 2 D
5p2P1/2 - 5 d 2 D
5d 2 D - 6 f 2 F
5f 2 F -6g 2 G
5g2G - 6 h 2 H

12 1.35 101
, 14 1.52 103

14 1.52 105
15 0.64 107
16 1.
16*,17t 1.

07 109
7 111

^Approximated by using level number 8 (Table 1) as upper level and using the background opacity of transition
number 1.

* Used only in hotter models.
f Used only in cooler models.

As a special case, the 6348.86 A doublet of Si II was re-computed with an alternative f-
value, because this quantity is rather uncertain for this very important line, as explained
above under Description of Calculations, Data. The equivalent widths for this case are
presented in table 105.

All computations were done with an abundance of N (Si) = 3 X 10"s X N(H), except that at
two points N(Si) = 1.2 X N(H) was also done (tables 29, 30, 101, 102)

The format of tables 7 through 104 is as follows:

Column 1: Vacuum wavelength (in A) of the principal line.

Column 2: Vacuum wavelengths of overlapping lines. If there are none, 0.0 is entered.

Column 3: Theory used. NLTE = results of our full calculation? LTE = results assuming
local thermodynamic equilibrium for the populations.

Column 4: Equivalent width (EW) in A, of the principal line. This is the EW of column 6
if no resolvable overlapping lines are present. Otherwise, it is computed by
numerical quadrature, in which case it should be treated as an approximate
estimate only (see Computation of Equivalent Widths (EW), above.
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Column 5. Log (EW/A), where A is the Doppler width

Column 6. EW of entire blend, computed by the spline fit (see the Computation of Eqiiiva-
'ent Widths (EW) section of this document).

Column 7 Log TO , the optical depth in the line.

Column 8. R0 = residual intensity at wavelength of column 1 .

Column 9. W = full width at one-quarter residual line strength (see figure 6).

Column 10. W = full width (A) at half maximum.

Column 11: W = full width at three-quarters residual line strength. (= 0.0 if an overlap-
ping line lies between the one-half and three-quarters residual bne strength points
of a wing).

Note. If R0 > 1 (emission line), the widths in columns 9 to 1 1 are all set equal to zero.

Column 1 2: Line center shift = difference between the center of the one-half maximum
depth points and the wavelength of column 1 (= 0.0 if there are no unresolv-
able overlapping lines).

Column 13. e& = LTE abundance (in units of the abundance used in the NLTE case) re-
quired for the LTE EW to equal the NLTE one (of column 6), assuming a
linear log EW - log (abundance) relation. When one of the two cases (NLTE
or LTE) is in emission, this cannot be computed and e# is left blank.

The quantities in columns 7-1 1 refer to the principal line, in the case of an overlap.
Those of the above quantities which describe the line profile are illustrated in figure 6.

The residual line strength is defined as (R^- R0)/(l - RO), where RX is the residual intensity.

The Doppler width (A) used above was computed using a mean temperature for the line-
forming layers (between 2/3 and 4/5 of Teff), which is constant for all lines in a given model
atmosphere.

The optical depth in the line, TO , is defined by.

r

where T is the total optical depth at the line center frequency, TC is the continuum (back-
ground) opacity, and the former is evaluated where the latter has the value of one. Some
properties of this quantity (TO) include the fact that it equals the ratio of line-to-continuum
opacity, if this ratio is constant throughout the atmosphere, which is commonly assumed
when solving the radiative transfer equation in the Milne-Eddmgton approximation (Mihalas,
1970, Chapter 1 1 , and Wrubel, 1949), also, that in the classical Schuster-Schwarzschild
approximation, TO equals the total line center optical depth.
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The LTE overabundance, e<?, can also be used to derive general information about the
behavior of a line with changing abundance. From the above definition of e&, we have for
the slope m of the LTE curve of growth at the value of log TO given in column 7.

log (EW/A) - log (EW ft/A)
m=-

where starred quantities refer, as usual, to LTE values, and the two terms in the numerator
are given directly in column 5 of tables 7 through 104. These computations show that in the
cooler part of our grid, the derived value of m is quite close to the NLTE slope, to within a
mean error of 2% for our Si II and III lines at 20,000 K, log g = 4. However, at 35,000 K,
log g = 4, for the Si III and IV lines, the equality only holds to within 25%, plus a systema-
*.- • f i. 4 inn> c^ xn-rr-1 I', * H.J lu.JuC-I »' ' tJ T33/ ' ' ' ' ' ' "'tic increase of about 10% of the NLTE value over me LTE one.

To supplement the information described above, graphical profiles of the lines listed in
table 6 are presented in figures 7 through 112 (at the end of the text, immediately following
table 105). Each line is shown in two figures, at a point m the grid at which it is close to max-
imum strength. One figure (the figure number of which is given in table 6) shows the NLTE
profile. The other shows two profiles computed in LTE, one profile for the standard abun-
dance and the other for N(Si) = 7.5 X 10"5 N(H). A detailed explanation accompanies the
figures. These line profiles are presented to aid in the interpretation of the information of
tables 7 through 104, which was abstracted from such profiles, as shown in figure 6. They
should also be useful in relating our EWs to those-defined differently, e.g., integrated out to
99% residual intensity.

DISCUSSION OF POSSIBLE ERRORS

The possible sources of errors can be divided into four categories. Each of these is discussed
below.

Inconsistencies in the Computations

Errors or inconsistencies m the calculations have been kept to a minimum (as far as is known),
by ensuring a self-consistent solution of populations and radiation fields in the important
transitions. The ETA solution for non-linearized transitions was not strictly consistent, but
in practice approached this situation closely, being restricted to weak lines. Similarly, the
non-consideration of the effects of Si on the model atmosphere probably incurred no signif-
icant errors (Kamp, 1973). The only known serious inconsistency in these computations
was in the populations of C, N, O and Ne, of which the first five ion stages were included, -
as opacity sources and for which NLTE populations were computed by a one-level atom
approximation, as in Kamp (1973). This approximation neglects the effects of those ele-
ments on the energy balance, although an almost equivalent amount of a mean light element
was included in the linearized equations in the construction of the model atmospheres
(Mihalas, 1972). Furthermore, the approximation used overestimates the NLTE effects due
to the omission of higher levels, (see Description of the Calculations, Data, above.) In practice, |
the effects of these approximations were not serious, except in the case of the hottest- and
lowest-gravity models of our grid.
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Here, the photo-ionization of Si IV, whose edge lies just longward of the He II Lyman edge,
is very sensitive to the opacity due to C III. In this region, C III is the dominant opacity
source (of those included in this work) and convergence between the C population and the
continuum radiation field is very slow in the Lambda-iterations performed in the ETA step.
Therefore, for log g = 3 (or 3.3) and Teff > 30,000 K, and for all Trff = 35,000 K models,
we used the "mean light element" results of-Mihalas (1972), redistributed over the levels
of C, N and O which were normally included. Because of the crudity of the treatment of
the lonization balance for C and because of the neglect of the probably most important
opacity source, line blanketing, we can expect that for these models, our results are less
reliable than usual; the sense of the error is likely to be that we underestimate the strengths
of the Si IV lines.

Applicability of the Model Atom Used

Although care was taken to ensure realistic treatment of the most important lines, the
limited set of transitions which we could include implies that results for some lines are less
accurate because some interlocking transitions were neglected. That is, the EWs for the
Si III X3808 multiplet can be expected to be less accurate than usual, because the upper
level of this transition (4d 3D) is actually connected to at least four higher levels (Toresson,
1960), whereas we only include one and that in the ETA approximation (figure 2).

In the cooler models the results seem to be relatively insensitive to interlocking transitions.
This is because for these models, the level populations are within a few tenths of percents of
LTE values over the region of line formation (except for the cores of strong lines). The
observed uniform NLTE strengthening of the weak and intermediate strength lines is due
to a general relative underpopulation of upper levels with respect to the lower ones. How-
ever, in the hotter models, the level populations may deviate from their LTE values by
orders of magnitude in the region of line formation, and NLTE effects on the lines are large
both in the sense of strengthening and weakening. The basic cause of this temperature-
related phenomenon is the well-known increasing relative importance (at a given optical
depth) of radiative rates, which are subject to dilution effects, with respect to collisions
with electrons, which are in LTE.

Atomic Data Used
r

The greatest source of errors in the results given in tables 7 through 104 lies in the f-values
used. An estimate of the propagation of errors therein to the denved EWs can be obtained
from consideration of the curve of growth (Mihalas, 1970, chapter 11). Since most of the
lines for which we give results lie on the flat and damping parts of the curve of growth, the

, logarithmic derivative of EW with respect to f* is about 1 /2 or less. Assuming a value of 1 /2,
then we see from table 2, column 8, that for practically all of the lines for which we give EWs
we obtain a maximum error estimate for EW of about 25%, while for almost one-half of
these lines, including the most important ones, the uncertainty is 5% or less. As the latter
value is probably better than the errors to be expected in the observations, the situation is
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fairly satisfactory. However, due to considerations discussed above under Applicability of
the Model Atom Used, the error estimate for the hotter models must be increased due to the
interlocking effects between transitions and also to the increased slope in the curve of growth
ofNLTEEWs.

The damping width (F) is important only for strong (log TO ~ 3.0) lines which generally he
in the UV wavelength region. For these lines, an error in the f-value is added directly to
that of the natural damping width. From Wrubel (1949), we estimate 3 log EW/d log F =
0.5 in the linear damping region. This implies that for these lines, the sensitivity of EW to
errors in f& is almost squared, as the stimulated radiation and quadratic Stark broadening
are much less significant than broadening due to spontaneous decay, which is usually dom-
inated by the transition in question.

Uncertainties remain in the collisional rates where the same values were used as in Kamp
(1973). Tests indicate that errors in these parameters of less than an order of magnitude
do not seriously affect the results.

Applicability of the Model Atmospheres Used

Questions about the validity of the model atmospheres used to interpret observed stars,
though important, are beyond the realm of this discussion. Rather, it is one of the pur-
poses of this work to provide the computations which can be used to investigate these
questions.
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"

oo*oc^-
*~~"fcv«o
Hr-H

r—
 I

,1-S

;V•H•
*

*Oa^Mor"**UJĤO
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Table 105
Equivalent Widths (EW) of Si II 6348.86 A Doublet

forf(multiplet)= 1.2

T noeff

15,000
15,000
15,000
15,000
17,500
17,500
17,500
17,500
17,500
20,000
20,000
20,000
20,000
20,000
22,500
22,500
22,500
22,500
25,000
25,000
25,000
25,000
27,500
27,500

Model
logg

4.0
4.0
3.0
3.0
4.0
4.0
4.0
3.0
3.0
4.0
4.0
4.0
3.0
2.5
4.0
4.0
3.0
3.0
4.0
4.0
3.0
3.0
4.0
4.0

v flrMvt V.K/S./

0
5
0
5
0
5
0
5

15
0
0*
5
5

15
0
5
0
5
0
5
0
5
0
5

EW (A) of 6348.86 line
NLTE

0.1612
0.2694
0.1865
0.3220
Oil 508
0.2358
0.1625
0.2615
0.5947
0.1303
0.1025
0.2107
0.2255
0.3629
0.1181
0.1775
0.1148
0.1719
0.0857
0.1226
0.0084

-0.0247
0.0442
0.0568

LTE

0.1106
0.1784
0.1147
0.1869
0.0985
0.1586
0.0928
0.1540
0.3110
0.0812
0.0642
0.1302
0.1202
0.2047
0.0667
0.1038
0.0595
0.0914
0.0541
0.0798
0.0336
0.0428
0.0367
0.0481

EW (A) of 6373. 13 line
NLTE

0.1312
0.2227
0.1538
0.2703
0.1233
0.1930
0.1344
0.2132
0.4707
0.1059
0.0815
0.1699
0.1806
0.2659
0.0949
0.1379
0.0914
0.1291
0.0668
0.0908
0.0035

-0.0165
0.0313
0.0370

LTE

0.0951
0.1592
0.0995
0.1692
0.0856
bf.1413Ij

0.0821
0.1377
0.2606
0.0710
0.0549
0.1136
0.1037
0.1538
0.0575
0.0869
0.0503
0.0734
0.0448
0.0627
0.0236
0.0273
0.0269
0.0325

"Model has abundance of 0.4 X standard.
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LINE PROFILES FOR Si II, III, AND IV

Figures 7 through 112 depict the line profiles for all the spectral lines included in the com-
putations described by this report.

Two figures are shown for each separate line. The first is computed using the general theory
of line formation (called "non-LTE" or "NLTE"); the second is computed making the
assumption of local thermodynamic equilibrium for line formation (called "LTE"). The
figures for the LTE case each contain two curves, corresponding to standard and 0.4 X
standard abundance. ("Standard abundance" is that used in the NLTE cases and equals
3X ia

A list of the lines included is given in table 6, in which the last column shows the number of
the figure with ,the NLTE profile of the corresponding line. The figures fall into two groups,
(a) those which include only one spectral line, and (b) those which include more than one
spectral line (the maximum is six). In case (a), the line profile is symmetrical about the line
center, hence only one-half of the profile is shown. In case (b), the strongest line is called the
"principal line"; the other lines are called "overlaps."

The format of the figures is as follows: The abscissa is the displacement in Angstroms (A)
from the wavelength of the center of the principal line. The ordinate is the residual flux,
the flux in the line profile divided by the continuum flux.

The three lines of data in the lower, left-hand corner of each graph identify ( 1 ) the wave-
length; (2) the spectroscopic energy levels involved in the transition which give rise to the
principal line, with the lower level at the left; and (3) the specification of the model atmos-
phere for which the profile was calculated. The specific data are shown below.

1 808 .004 A- Vacuum rest wavelength of the center of the principal line.

Silicon II

[— 3p = one p-electron with principal quantum number (n) = 3. Description of
2 .3P 2P2 the outer electrons of the level.

2P2 = spectroscopic notation for the total quantum numbers of the level.

Silicon II
2 3P2 2D4 L3p2 = two p-electrons with n = 3.

1 2°4 = spectroscopic notation for the total quantum numbers of the level.

17,500 K, the effective temperature in 1000 K.
175 4'0 00 ^arithm of the gravity.

' ' L Microturbulent velocity in km/s, e.g., O.O.-
I LTE or NLTE, the theory of line formation used.

The overlaps are not listed on the graph. They can be determined from table 6 or from
column 2 in the appropriate table of tables 7 through 104.
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