
E M P I R I C A L  

II: 

N L T E  A N A L Y S E S  OF S O L A R  S P E C T R A L  

L I N E S  

The Formation of the Ba II A4554 Resonance Line 

R O B E R T  J.  R U T T E N  

Sterrewacht 'Sonnenborgh', the Astronomical Institute, Utrecht, The Netherlands 

(Received 10 August, 1977) 

Abstract. The center-to-limb behaviour of the Ba II A4554 resonance line is analyzed together with data 
from the extreme limb, flash intensities and profiles of other Ba II lines. An empirical NLTE method is 
employed in which the observed profiles are compared with synthesized profiles based on a standard 
one-dimensional model atmosphere, with the line source function, the barium abundance, the collisional 
damping and the atmospheric turbulence as free parameters. 

The line profiles from the extreme limb furnish considerable constraints on the formation of Ba tI 
A4554. Its wings reverse into emission well inside the solar limb, a phenomenon which cannot be 
explained by any frequency-independent line source function. Accounting for effects of partially 
coherent scattering in the line source function is a necessary and adequate step to reproduce the 
observations both over the disk and near the limb. The form of the empirically derived frequency- 
dependent line source function is discussed. 

Results are given for various parameters (J-values, solar barium abundance and isotope ratios, 
collisional damping, microturbulence and macroturbulence). 

The A4554 profile of disk center shows a depression in its blue wing resembling asymetries found in 
various stellar spectral lines. 

1. Introduction 

This paper presents the first attempt to derive the source function and other 
formation parameters of a solar spectral line from observations of the complete 
center-to-limb behaviour of its profile, including profiles from the extreme limb of 
the Sun. Such profiles were obtained for the Mg ~ A 4571 intercombination line and 
for the Ba II A4554 resonance line at the 1970 solar eclipse (Rutten, 1977); the 
Ban  A4554 line is analyzed here. 

The Ba II spectrum is of interest, firstly because barium is a 'magic neutron 
number'-step in the formation of the heavy elements and shows strengthened lines 
in barium star spectra (Bidelman and Keenan, 1951; Burbidge and Burbidge, 
1957; Warner, 1965). 

Secondly, the large atomic weight of barium (137.4 in the chemical scale) makes 
its lines less sensitive to thermal broadening: their thermal Doppler widths are only 
half that of calcium. The barium lines are therefore good indicators of non-thermal 
broadening by systematic motions, turbulence and collisions. Indeed, the super- 
granulation velocity pattern is best seen in A 4554 (Noyes, 1967). 

Thirdly, the solar Ba II spectrum offers a test of spectroscopic diagnostic tech- 
niques. It contains the only unblended resonance line of the dominant ionization 
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stage of an element in the visible region other than Ca ii H and K. Baii  A4554 is 
quite similar to Ca tIK in atomic origin, but of course far weaker. 

Previous analyses of the Ba II lines in the photospheric spectrum were largely 
devoted to the determination of the barium abundance (Goldberg et al., 1960; 
Lambert and Warner, 1968; Holweger and Miiller, 1974). The most extensive of 
these is the recent analysis of the Ban  lines at disk center by Holweger and Miiller, 
who assumed LTE and an updated version of Holweger's (1967) model atmos- 
phere. Tandberg-Hanssen (1964) and Tandberg-Hanssen and Smythe (1970) 
analyzed the NLTE formation of the two BaiI resonance lines high in the 
chromosphere from integrated line strengths in flash spectra which show unexpec- 
ted strength ratios of the two lines, 

In the present analysis the usual assumptions are made that the solar atmosphere 
consists of homogeneous parallel layers, and that the averaged effects of non- 
thermal motions and of inhomogeneities can be described with the microturbulent 
and macroturbulent limits of uncorrelated, gaussian-distributed velocities. The 
empirical NLTE approach of Wijbenga and Zwaan (1972; the first paper in this 
series) is taken. As in the classical LTE method the emergent line profiles are 
synthesized by direct integration of the source function. The line source function, 
however, is not fixed by the electron temperature but specified with adaptable 
height-dependent NLTE-departure coefficients, to be determined by trial-and- 
error fitting. The other line formation parameters are likewise derived empirically. 

As in any interpretation of solar spectral lines, a problem is posed by the large 
number of parameters that enter. The remedy usually taken is to restrict the 
number of parameters by simplifying assumptions, such as the validity of LTE, of 
complete redistribution, of model atom calculations, or the neglect of the height 
dependence and anisotropy of the turbulence parameters. In the empirical method 
used here no such a priori assumptions are made. It is then essential to calculate 
profiles for many different parameter sets and so obtain the 'response function' of 
the line for each parameter. Even then, as in any other approach, a good fit does 
not guarantee uniqueness. The advantage of the empirical method is that no 
uncertainties are hidden - in fact the uniqueness problem is clearly evident. 

As discussed by Wijbenga and Zwaan (1972), redundancy may be obtained by 
analyzing complete spectra with connecting transitions, which are observed not only 
over the disk but also from the limb. Data from the extreme limb extend the normal 
center-to-limb variation with a range in which large changes occur in line forma- 
tion. Such data are readily incorporated in the empirical fitting approach. 

The additional constraints furnished by the profiles of 3.4554 from the extreme 
limb play indeed an important part in this analysis. The wings of the line change 
into emission relative to the local continuum at ~ 1500 km inside the limb. 
Surprisingly, these features appeared to be difficult to explain, turning the analysis 
into a test of the spectroscopic method itself. 

The analysis is presented in order of increasingly complex line formation, starting 
with the classical LTE approach. In Section 2 the empirical method and the atomic 
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data are described. In Section 3 the observations are reviewed. Section 4 presents 
line synthesis results for LTE and various degrees of NLTE assuming complete 
frequency redistribution. In section 5 a wavelength-dependent line source function 
is introduced for A 4554, which is discussed in Section 6 together with other results. 
A more detailed account may be found in Rutten (1976). 

2. Formulation 

2.1. LINE SYNTHESIS PROGRAM 

A spectral line synthesis program was used which applies curved-layer geometry to 
calculate profiles near or above the limb as well as on the disk (Rutten, 1976). Only 
a brief description is given here. The program calculates emergent line profiles from 
a one-dimensional atmospheric model by evaluating 

co y 

--oo --co 

where Ix is the emergent monochromatic intensity along the line of sight defined by 
the viewing angle 0 or the projected height above the limb ho, y and y' are 
geometrical depth variables along the line of sight, and h measures the radial height 
above the solar limb. The limb (h = 0) is defined as usual in eclipse analyses as the 
location where the continuum at 5000 ~ has a total tangential optical depth of 
unity; the height scales of the model atmospheres are shifted so that this definition 
applies. The height h = 0 is then close to the inflection point in the continuum 
decline. The parameter e~ is the total emission coefficient per cm 3, Kx is the total 
absorption coefficient per cm 3. These are evaluated for specified wavelengths 
covering the profile at every height point of the model atmosphere. The continuous 
absorption and emission processes are assumed to be in LTE; Thomson and 
Rayleigh scattering are included. The line absorption and emission coefficients are 
calculated assuming complete redistribution, and taking into account the neutral, 
first and second barium ionization stages, hyperfine structure, temperature-depen- 
dent partition functions, stimulated emission and various collisional broadening 
processes. Further details may be found in Rutten (1976), and also in Landi Degl' 
Innocenti (1976). 

2.2. ATOMIC DATA 

The Ba IT lines used are specified in Table I and Figure 1. The empirical oscillator 
strengths (Table I) have been taken from the compilation of the Ban  spectrum by 
Miles and Wiese (1969). The theoretical oscillator strengths are respectively from 
the list of Kurucz and Peytremann (1975) and from calculations with the scaled 
Thomas-Fermi program of Van Rensbergen (1970). In all calculations the experi- 
mental values were used. 
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Fig, 1. Energy level diagram for B a n .  The wavelengths of the analyzed transitions are underlined. 

The radiative damping constants in Table I are the sums of all contributing 
transition probabilities given by Miles and Wiese (1969), neglecting absorption and 
stimulated emission. The collisional damping constants C6 specify the Van der 
Waals broadening by neutral H and He atoms, using the Bates-Damgaard approx- 
imation for the mean square atomic radii (Uns61d, 1955, expr. 82.48, 84.41ff.). The 
coefficients OL 6 and ~ 6  define power-law fits to the newer damping values of 
Deridder and Van Rensbergen (1974, 1976): 

")16 "~- c~6 T~e6 Nn ,  (2 )  

where 1' is the full half-width of the damping profile in angular frequency. These 
values, kindly calculated by Deridder, are based on a theory in which the Van der 
Waals potential is replaced by a Smirnov-Roueff potential for the close interactions 
(Van Rensbergen et al., 1975). The other collisional broadening processes (Stark 
broadening, quadrupole broadening) are negligible, as are the predicted cotlisional 
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line shifts (Rutten, 1976). In view of the uncertainty in the collisional damping its 
value was treated as a free parameter by introducing the usual arbitrary multi- 
plication factor. 

Hyperfine structure (HFS) must be included for/~4554 (Holweger and Miiller, 
1974). The most recent tabulation of experimental data on HFS in Ba ii lines is that 
of Brix and Kopfermann (1952). Table II specifies their values of the fine structure 
constant A, and also theoretical values that were kindly calculated by Deridder 
with the Goudsmit-Fermi-Segr6 formula for hydrogen-like spectra, including the 
relativistic and alkali corrections (Kopfermann, 1956, expr. 26.24ff). The 
agreement with the measured values is excellent. The splitting patterns of all lines 
of Table I were determined from the calculated values following Candler (1964). 
The isotope shifts and terrestrial abundance ratios were taken from Brix and 
Kopfermann (1952). The splitting pattern of the ~4554 line has appreciable width 
(Figure 2). Fortunately, the 3-component simplification given in Table I is 

TABLE II 

Measured (A,~) and computed (A~) hyperfine structure constants in 
10 .3 cm -1 for various Ba II levels 

Ba 135 Ba 137 

Term Am Ac A,~ Ac 

6s 2Sa/2 121.5 121.8 135.5 
5d 203/2 - -  3.56 - -  
5d 2D5/2 - -  1.49 - -  
6p 2P~/2 20.8 21.7 23.2 
6p 2P~/2 4 3.47 5 

6d 2Ds/2 ~0 0.38 ~0  

135.96 
3.97 
1.66 
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3.88 
0.43 
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Fig. 2. Splitting pattern of the A4554 line for terrestrial isotope ratios. The various components are 
identified by their isotope numbers; the central component is chiefly due to Ba 138. 
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sufficiently precise. The other Baii  lines have less extensive HFS patterns. The 
total widths of the patterns of A 5854, A 6142, and A 4131 are respectively 10 m~, 
14 m ~  and 5 m.~, and were neglected. The 23 m-~ wide pattern of the A6497 line 
was approximated by the four components listed in Table I. 

3. Observations 

3.1. DISK DATA 

High-quality profiles of the five Ba ~I lines were used, each observed at five 
positions on the solar disk. They were obtained with the McMath Solar Telescope 
and Vacuum Spectrograph at Kitt Peak National Observatory. Except for the 
A 4131 line, these data were collected by L. Testerman of KPNO as part of the 'Fast 
Center-Limb Survey'. They were reduced by H. Nieuwenhuijzen, who applied the 
standard KPNO restoration procedures (Evans and Testerman, 1975), and who 
also obtained similar observations of the A4131 line. The rms-error in these 
measurements is about 0.2% of the continuous intensity. Comparable observations 
of the A4554 line, obtained with the spectrometer at the Jungfraujoeh Scientific 
Station, were kindly provided by L. Neven. They agree with the KPNO data to 
within 0.5% of the continuous intensity. Since the fitting with the computed profiles 
was not pursued to better resolution than 1% of the continuous intensity, the 
quality of these profiles is quite sufficient. 

3 . 2 .  L I M B  D A T A  

The Utrecht expedition to the 1970 eclipse obtained profiles of the A4554 
resonance line from the extreme limb of the Sun (Houtgast et al. ,  1976; Rutten, 
1977). The unusual use of a slit ensured sufficient spectral resolution for the 
derivation of detailed line profiles. The height calibration of the spectrograms, 
based on a slit-jaw film, is better than 100 km. An absolute intensity calibration was 
not obtained. 

The eclipse profiles of A4554 are divided into two groups (Rutten, 1977). The 
first covers the range 1//x = 4 - 22, where/x is the cosine of the viewing angle of the 
Moon's limb at mid-exposure. These profiles are still so far from the limb (1//x = 22 
corresponds to h0 = - 7 2 0  km, where h0 is the projected height above the limb), 
that the uncertainty in the definition and location of the observed limb is not 
important and that the advance of the lunar limb during the exposures may be 
neglected. Because the seeing was poor during the observations, the mid-exposure 
lines of sight represent lower cutoffs of an integration over the height of the yet 
uncovered atmosphere. The second group consists of three profiles at and above 
the limb (Figure 11). These profiles have not been used in the analysis because of 
their uncertainties; they serve as a test afterwards. 

In Figure 3 eclipse profiles and KPNO profiles are compared for the region of 
overlap. The agreement is good except for the far wings which have larger intensity 
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Fig. 3. A comparison of Kitt Peak observations (lines) and eclipse data (dots) for different 
values of 1//z for which they overlap (tz is cosine of the viewing angle). Ordinate: relative intensity 
(continuum = 100%), with a vertical offset of 40%for the top profiles. Abscissa: wavelength separation 

from line center. 

in the eclipse profiles. This difference is probably due to systematic errors in the 
photometric calibration that result from local over-exposure around h4554. 
Fortunately this over-exposure decreases towards the limb (Rutten, 1977). The 
eclipse profiles show less boxy cores than the KPNO profiles due to their lower 
spectral resolution. 

3.3. ASYMMETRIES 

The h4554 resonance line shows asymmetry in its core and in the shoulders of its 
wings. At disk center the line core has a boxy, asymmetrical shape caused by the 
hyperfine splitting of the odd barium isotopes. The asymmetry in the wings at 
-0.1 ~ from line center is more puzzling. It is not immediately apparent because 
there is no clearly defined line center due to the HFS splitting. The asymmetry 
appears during profile fitting: the synthesized profiles are higher at the blue shoul- 
der than the observed profile. The depression is largest at disk center (Figure 6a). I 
describe it as a discrepancy of the blue wing rather than of the red (or a shift of the 
line core with respect to the wings, cf. Magnan and Pecker, 1974) because it is 
possible to fit the line core, red wing and far blue wing simultaneously, while fits to 
the blue shoulder consistently destroy fits of the core together with the near and far 
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red wing. A 'Minnaert plot' (Figure 4) illustrates this (Minnaert, 1935; Uns61d, 
1955, p. 245). From trial calculations (Rutten, 1976) it was concluded that this 
asymmetry is not due to errors in the continuum determination, to a different 
barium isotope ratio or to the presence of a single blend. It is caused either by a 
number of small, deeply formed blends or, more likely, by effects of moving 
inhomogeneities. Similar blue-wing depressions have been reported for some stel- 
lar spectra (Smith and Parsons, 1975, 1976). In the following, the fitting procedure 
was concentrated on the line core, the whole red wing and the far blue wing. 
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Fig. 4. A Minnaert plot for the h 4554 line at disk center. The computed profile is for the best-fit model 
(Section 5). Ordinate: relative intensity (continuum= 100%). Abscissa: relative intensity divided by 
squared wavelength separation from line center. The wild behaviour on the left is caused by far away 
blends. The far wings of the computed and observed profiles agree well, showing that the observed line 
core and damping wings define the same line-center wavelength. Their extrapolation intersects the 
ordinate at 100%, confirming the continuum determination. The difference between the computed blue 

and red shoulders is due to hyperfine structure; the observed difference is appreciably larger. 
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4. Calculations Based on Complete Redistribution 

4.1. LTE EVERYWHERE 

It is impossible to reproduce the h 4554 profiles on the disk with LTE  calculations 
for any model with a chromospheric temperature rise, because emission cores are 
then inevitable on the disk. Since these are not observed on the disk or at the limb, 
LTE calculations can only reproduce the observed profiles when less realistic 
electron temperature models are used that have no outward rise. This is the 
strategy of Holweger and Miiller (1974), whose model decreases smoothly to 
3900 K at 500 km above the limb. They find that the cores of the stronger Ba II 
lines (A4554, ,~6497, h5854)  for this model are too shallow at disk center, and 
conclude that this discrepancy confirms the presence of NLTE effects in high layers 
noticed for the Ba II lines in Holweger's 1967 study. Since the use of such a model 

for strong lines is in itself an implicit NLTE formulation, this is rather an under- 

statement: the discrepancies show that the B a n  lines do not adhere to the average 
NLTE excitation temperature defined by their model above the temperature 
minimum. 

Holweger and Miiller varied only the collisional damping multiplication factor 

per line to fit the equivalent widths of all B a n  lines at disk center with a single 
abundance value (A = N(Ba) /N(H)  = 1.3 x 10-1~ This procedure is the reverse of 

Holweger's 1967 analysis in which he varied the abundance for a given Van der 

Waals damping constant. 
Variation of more parameters is needed to improve the fits of Holweger and 

Miiller (1974) in the cores of the lines and to extend them to other positions on the 
disk (Rutten, 1976). 

4.2. NLTE IN HIGH LAYERS ONLY 

The next step is to use an atmospheric model with a chromospheric temperature 
rise and to admit departures from LTE above the temperature minimum, in 
accordance with the conclusions of Holweger and Miiller (1974). 

The continuum model of Vernazza et al. (1976, model M, henceforward called 

VAL) is used, shifted in height over 361 km in order to conform to the eclipse 
height scale. The ground state population of Bai i  is assumed to be in LTE,  so that 
the h4554 line can be discussed in terms of its upper level departure coefficient 
only, i.e. its source function or excitation temperature.  This is a good approxima- 
tion in the photosphere where barium is exclusively in the first ionization stage: the 
ionization to Ba iii occurs above ~-400 kin, in layers that contribute only to the 
saturated h 4554 core. Here departures from L TE in the ionization equilibrium are 
probable, but they do not strongly influence the disk and limb profiles. (Barium has 
at 10 eV the lowest second ionization potential of all elements.) 

Figure 6a shows a very good fit to the disk profiles of h4554 that was obtained 
with the excitation temperature of Figure 5. The low minimum of the VAL model, 
here extended to larger heights, results in a good fit of the deep cores. The fit was 
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d e r i v e d  in  s u c c e s s i v e  a p p r o x i m a t i o n s  in  w h i c h  t h e  e x c i t a t i o n  t e m p e r a t u r e ,  t h e  

a b u n d a n c e ,  t h e  d a m p i n g  a n d  t h e  t u r b u l e n c e  w e r e  v a r i e d .  D e t a i l s  of  t h i s  fit  a r e  n o t  

d i s c u s s e d  h e r e  b e c a u s e  s o l u t i o n s  of  t h i s  t y p e  a r e  i n c o m p a t i b l e  w i t h  t h e  e c l i p s e  
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observations discussed below. This fit serves only to demonstrate that a generaliza- 
tion of the Holweger-Miiller procedure, applied to a more extended observational 
material, yields quite acceptable results - provided that only disk profiles are taken 
into account. 

At about 1500 km inside the limb, the wings of the A4554 profile turn from 
absorption into emission. Above the limb such wing reversals are to be expected for 
lines with outwardly decreasing source functions as in Figure 5, when the line 
opacity at line center is still large enough to cause self-absorption, but not on the 
disk, where the continuous optical depth along the line of sight exceeds unity. Such 
emission must be accounted for by straylight or by source function effects. The 
straylight due to the bad seeing during the eclipse caused an averaging of the line 
profile over all uncovered solar atmosphere above the lunar limb, resulting in an 
apparent relative lowering of the observed continuum level. This blurring contri- 
butes therefore to the emission wings. Since the shape of the blurring function is not 
known, calculated profiles are given for the two extremes of no blurring at all and of 
'homogeneous' blurring. In the latter case, the intensities are integrated outward 
without a weighting function, and scaled to the integrated continuous intensity, 
simulating slitless observations. This case is probably close to reality for 1//x < 10 
( h o > - 3 6 0 0  km), because the diameter of the seeing disk was about 5" or 3600 km 
(Rutten, 1976; the projected slit width was only 0':7). 

Figure 6b shows profiles of A4554 at the limb together with profiles calculated 
with the fit of Figure 6a. The computed profiles show no emission wings at all, not 
even for homogeneous blurring. Figure 1 lb shows calculated profiles closer to and 
above the limb for the same fit. The unblurred profiles show self-absorption at the 
limb (ho= 0), but adding the line emission above the limb results in its disap- 
pearance and even in a slight emission core for h0 = -200  km. The profiles are very 
much different, even in their gross shape, from the observed profiles from these 
regions (Figure 1 la). 

4.3. NLTE E X T E N D E D  T O  D E E P  L A Y E R S  

The failure of line source functions in reproducing the eclipse data when allowing 
departures from LTE only above the temperature minimum led to the examination 
of a variety of line source functions with an arbitrary height dependence. A large 
number of profiles were calculated for widely different sets of the various 
parameters. In spite of the large number of adjustable parameters, the observed 
profiles could not at all be fitted simultaneously with any line source function. This 
points to a deficiency in the basic assumptions of line formation. In the following 
section the introduction of a wavelength-dependent line source function will be 
presented as a remedy. In this section, the failure of the frequency-independent line 
source functions will be illustrated. 

All calculations started with the definition of the run of the excitation tempera- 
ture of the line with height by specifying a f t , ( h ) -  relation. The abundance and 
damping were varied to obtain fits in the cores and the wings of the disk profiles 



8 0 0 0  

respectively. The flanks of the profiles were then fitted by changing the turbulence 
parameters. A re-adjustment of the damping and abundance was often needed. 
Finally, profiles were calculated for the extreme limb and integrated using various 
blurring functions for comparison with the eclipse observations. 

Three schematic types of line source function are represented by the excitation 
temperatures in Figure 7. Within the formulation of Section 2, the emission wings 
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Fig. 7. Schematic diagram of formal excitation temperatures that define three types of line source 
functions for the A4554 line. 

near the limb must be caused by a rise of the line source function at their height of 
formation above the local Planck function at the height of formation of the 
continuum. The type 1 line source functions resemble the Holweger (1967) and 
Holweger-Miiller (1974) excitation temperature models which, while decreasing 
monotonically outwards, run higher than the electron temperature of the current 
continuum models from -200 km onwards-a  behaviour that still has to be 
explained (Athay, 1972, p. 183). However, higher excitation temperatures than 
these are needed, similar to Tanaka's (1971a, b) and Van Dessel's (1975)results for 
other ion line emission near the limb. These higher excitation temperatures (type 2 
line source function of Figure 7) must decrease to a low value near 300 km, where 
the line source function is fixed by the deep cores of the disk profiles almost 
independently of all other parameters. The saturated cores are not very sensitive to 
the abundance, and also not to the micro- and macroturbulence because of the 
HFS-broadening. The steep outward decrease leads then to too narrow inner wings 
of the disk profiles. 
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Finally, narrow humps as in the type 3 line source functions (Figure 7) give 
proper emission wings. However, the microturbulent velocities needed to wash the 
hump out in the wings of the disk profiles are unacceptably high (~5  km s -1 at 
100 km). Moreover, the hump produces too shallow cores in the lines of multiplet 
2, of which the line source functions will follow the hump at least partly because 
their metastable lower levels will be largely in collisional equilibrium with the 
ground level. 

In these calculations the assumption of LTE in the ionization equilibrium was 
tested by entering arbitrary ionization temperatures into the Saha equation. After 
compensation of the barium abundance the net effect is a change of the shape of the 
contribution function. Large changes produced noticeable changes in the profiles, 
but attempts to fit all profiles simultaneously were not successful. 

5. Calculations Based on Partial Redistribution 

5 .1 .  F O R M U L A T I O N  

The extensive analysis summarized in the previous section shows that simple 
one-dimensional frequency-independent line source functions cannot explain the 
formation of the emission wings of Ba n ~4554 near the limb simultaneously with 
the disk profiles. I then rejected the assumption of complete redistribution (CRD), 
inspired by the example of Vardavas and Cram (1974), who showed that the 
introduction of partial frequency redistribution (PRD) in the wings of the Ca II K 
line leads to a completely different source function for the K1 feature. 

For the much weaker Ba IIh 4554 resonance line, PRD effects were not expected 
to be important on the disk because the part of the profile that is not redistributed 
by Doppler shifts (•A ~> 3Aho) is formed in deep layers where collisional damping is 
large, so that any frequency coherency will be destroyed. However, very close to 
the limb the wings are formed so high in the atmosphere that the collisional 
damping YCOLL drops below the radiative damping YRAD. Indeed, for a line of sight 
at ho = -1500 km (where the emission wings start to appear), the optical depth at 
Ah = 0 . 1 ~  (~>5AAD) is unity at --100 km, about the level where ~/RAD = YCOLL. 
Effects of PRD are therefore to be expected for observations from h0 = -1500  km 
outwards. These effects move progressively towards the line core, because for 
increasing height both temperature and mieroturbulence decrease, reducing the 
already small barium Doppler width substantially. 

Thus, effects of PRD are expected in the formation of the h4554 resonance 
wings near the solar limb, where indeed the emission wings occur. A problem is 
now encountered with our method of empirically fitting profiles from trial-and- 
error line source functions: the various population mechanisms must be known for 
a precise determination of the relative probability of resonance scattering 
throughout the profile and the atmosphere. In the absence of reliable kinetic 
equilibrium calculations, the empirical approach was maintained by specifying an 
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approximate wavelength-dependent line source function 

S[ (h) = (1-a)So(h)+aS~(h) 

with 

(3) 

a(a ,h )=  1 - e x p [ -  I AA o], (4) 

where SO is the line source function at line center and $1 is the line source function 
for the wings. The parameters o" and p are fitting parameters that determine the 
extent of the Doppler redistribution by thermal and small-scale non-thermal 
motions, and the steepness of the transition between the two source functions. They 
are similar to the parameters employed by Vardavas and Cram (1974) in the 
scattering term of the Ca n K source function. 

This simple approximation mimics the proper wavelength-dependence in having 
a Doppler-redistributed core and a steep transition to the partially coherent line 
source function in the wings. It fails in being asymptotically independent of 
wavelength in the far wings. However, in the 14554 line these are formed so deep 
that collisional redistribution destroys the coherence; the use o f  a single source 
function in the wings seems a reasonable approximation. The wavelength- and 
height dependence of the mean intensity J, the scattering probability and the 
Zanstra factor "/RAD/('/RAD + 3~COLL) result together in the shape of Sl(h), to be 
determined empirically. 

5 . 2 .  T H E  BEST-FIT M O D E L  FOR 14554 

Profiles of the A 4554 line from the disk and from the limb were calculated for a 
variety of frequency-dependent line source functions of the type given by Equation 
(3), using the VAL model. An extensive trial-and-error procedure as described in 
Section 4 yielded a 'best-fit model', defined by the excitation temperatures of 
Figure 8a. These are thickly drawn where they are best defined: the line cores over 
the disk are most sensitive to the So core source function around 300 kin, while the 
emission wings near the limb are sensitive to the S~ wing source function in deeper 
layers. The CRD-PRD transition parameters of the best-fit model are o-= 3 and 
p =4 respectively, and may range between o-= 2 .5-  3.5 and p = 3 -  6, in good 
agreement with the values of Vardavas and Cram (1974) for their similar 
parameters. 

For a constant microturbulence of 1.5 km s -~ the excitation temperatures of 
Figure 8a produce the wavelength-dependent line source function of Figure 8b. 
The markings indicate the heights where rx = 1, respectively for disk center and for 
a line of sight near the limb with h0 = -500 km (crosses). The latter line of sight is 
representative of the eclipse observations, while the Moon blocks no photosphere 
yet and the depth rx = 1 is still well defined (closer to the limb the contribution 
function widens rapidly, and the regions 'behind the limb' contribute also). 

The profiles calculated with this line source function show an excellent fit to the 
eclipse profiles when homogeneously blurred (Figure 9b). The three profiles across 
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the limb (Figure 11a) are also well produced in character (Figure 11c). For these the 

abundance was raised slightly to produce the little dip in the core at h0 = 0 km and 
h0 = 200 kin, which increase is a plausible correction to the assumed LTE  ion- 
ization to Ba iII above 500 km. The good correspondence is in striking contrast with 
the complete dissimilarity of the CRD predictions (Figure l lb ) .  

The empirically determined wing source function departs from B at the height 
where 3'RAD ~ YCOLL. At the center of the disk the wings have ~-a << 1 at this height; 
fo r /x  = 1 there is no difference between profiles calculated with the wavelength- 
dependent  line source function and profiles calculated with the core source function 
So applied to the whole profile. But towards the limb the formation of the wings 
rises to these heights: for /x--0.25 and /x = 0.16 there are differences o f ~  10% 
between such profiles, and neglect of the raised wing source function would lead to 
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underestimation of the abundance and the horizontal component  of the micro- 
turbulence (Rutten, 1976). For the line of sight with h0 = - 1 7 7 8  km (1//z = 14) the 
calculated profile has raised wings, but not yet in emission (Figure 9b). It is the 
addition of radiation from larger heights that causes emission already for this line of 
sight. The assumption that the blurring is homogeneous represents an upper limit to 
this addition, so the derived wing source function is a lower limit. 

An excellent fit to the disk profiles (Figure 9a) was obtained with the micro- 

turbulence of Figure 10. The profiles from the limb with this microturbulence fit the 
observations reasonably well (Rutten, 1976), though less than for the constant 
microturbulence (1.5 k m s  -1) of Figure 9b. Their  narrow cores imply a small 

horizontal component,  whereas a steep outward increase fits the disk profiles better 
towards the limb: the hump in the horizontal component  of Figure 10 represents a 
compromise. The low value above 400 km is quite significant, as is the anisotropy. 

The macroturbulence determination is quite firm, because the HFS-splitting of 
the A 4554 line unexpectedly facilitates the separation of the microturbulence and 
the macroturbulence. For any microturbulence, the triple splitting pattern of Figure 
2 is discernable in the line core unless macroturbulent smearing is applied. The 
value needed to smooth it into the observed asymmetrical, boxy core at disk center 
is sharply determined to 1 . 1 •  -I. Larger values make the core too 



254 ROBERT J. RUTI'EN 

rounded. Towards the limb the fitting calculations gave 2.0+0.2 kin s-l; the 
anisotropy in the macroturbulence is significant. These values apply to the layers 
just above the temperature minimum. 

The value for the barium abundance of the best-fit model (A = 2.5 • 10 -1~ or 
log eB, = 2.40) was determined primarily from the wings. The saturated cores of the 
A4554 profiles are not very sensitive to the abundance, except that for A ~  < 
1 x 10 -1~ the boxy HFS pattern is not filled out properly. In the wings the usual 
ambiguity between the parameters in the product f ay  is present. The Deridder- 
Van Rensbergen damping constant and the oscillator strength of Miles and Wiese 
(Section 2) were used, but none of these parameters could be determined to better 
than 30%. 
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5 .3 .  C O M P A R I S O N  WITH O T H E R  D A T A  

The best-fit model for the h 4554 line was tested on the other B a  u lines of Table I. 
Their profiles were calculated and fitted by adjusting only the damping multi- 
plication factor and the macroturbulence.  Reasonable  fits were obtained for the 
lines of multiplet 2. 

The empirical gf-values of Table I and the abundance value of the best-fit model  
were used. The damping multiplication factors are 2, 1.7 and 3 for A 6142,  A 6497 

v e r  h o r  and 15854 respectively. The macroturbulence values are: v . . . . .  = 1.1, v . . . . .  = 
v e r  hor 2 . 0 k m s  -1 for 1 6 1 4 2  (as for 1 4 5 5 4 )  and v . . . . .  = U . . . . .  = 1 and 1.5 kms  -1 for 
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6497 and ~ 5854 respectively. There was no difference between profiles calculated 
with the best-fit model's PRD line source function or a CRD variation (the So core 
source function of Figure 9 applied to the whole profile), except for the strong 
A6142 line. The PRD fit of this line is better than the CRD fit. More details may be 
found in Rutten (1976). 

No good fit was found for the weak ~4131 line. Its upper level population is 
unknown, while its lower level is formed out of LTE already deep in the atmos- 
phere due to the NLTE source function of the A4554 PRD wings. In classical 
analyses, however, this weak line would be expected to be formed in LTE. This line 
had extra weight in Holweger and Miiller's (1974) determination of the barium 
abundance because it is hardly sensitive to the collisional damping. Figure 12 shows 
the Holweger-Mfiller disk-center fit and its extension towards the limb. The fit is 
poor away from disk center. It was improved by adjusting the macroturbulence, 
which procedure is representative of changing the total turbulence for this weak 
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line. The profile at /x = 0.2 can be fitted with a large increase of the horizontal 
macroturbulence (Figure 12), but then the calculated profiles are too shallow at the 
intermediate positions. Appreciable adjustment of the line source function is 
therefore necessary. Thus, the a 4131 line shows deviations from LTE, to a larger 
extent than the differences between the VAL model and the Holweger-Miiller 
model furnish. Valuable constraints are provided by the inclusion of profiles from 
intermediate disk positions also in abundance analyses. 

Finally, chromospheric intensities were calculated for the five Ban  lines observed 
by Dunn et al. (1968), who specify line lengths integrated over wavelength as well 
as over the height of yet uncovered chromosphere, for a range of lunar limb 
positions above ho = 100km. For all observed Baii lines these values are 
considerably higher above h0=300km than the values computed by similar 
integrations from the best-fit model. This discrepancy (up to a factor 4 for a 4554) 
remains even when the assumed LTE ionization equilibrium is changed so that 
barium remains singly ionized at all heights. This is unlikely, and in fact extra 
ionization to Ba iii is to be expected because the ionization energy from the BaiI 
ground level equals the radiative energy in the PRD-wing of La, which is formed at 
these heights (Barium is the only element with a second ionization potential below 
the La excitation potential). 

Subsequent calculations with arbitrary upper level departure coefficients showed 
that with steep increases above h ~ 1000 km these high chromospheric intensities 
can be reproduced. They cannot occur much lower in the chromosphere because 
then the cores of the profiles over the disk and near the limb are too much affected. 
Tandberg-Hanssen (1964) derived similar steep increases for the 6P populations 
from statistical equilibrium calculations for temperatures and densities quite 
different from the Val model. 

Similar difficulties to reproduce the high values of the Dunn et al. (1968) 
emission strengths of various Ti II lines from the disk source functions of Pecker 
and Pottasch (1969)were experienced by Groeneveld (1974), who suggested that 
either errors in the photometric calibration or the presence of inhomogeneities 
cause this discrepancy. The results of Tanaka (1971a), based on independent 
observations, also indicate that inhomogeneity is the major aspect of the chromos- 
pheric spectrum above h ~ 500 km. 

6. Discussion 

6.1. THE LINE SOURCE FUNCTION OF A 4554 

The best-fit model presented in the previous section reproduces the observed 
A4554 profiles satisfactorily, both over the disk and at the extreme limb; it is 
compatible with the other Bair lines. Effects of NLTE and PRD are essential 
elements of this interpretation, in contrast to the analysis by Holweger and Miiller 
(1974). Various processes may contribute to increase the complexity of line forma- 
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tion even further: increased rugosity near the limb (i.e. the projection effects of 
inhomogeneous structure; cf. Redman, 1943), the increase of inhomogeneity with 
height towards the chromosphere, and anisotropic scattering near the limb. The 
inhomogeneities are taken at least partly into account with the turbulent smearing 
parameters, in which the rugosity enters as (extra) height and angle dependence. 
Although a multi-component model may in principle explain the emission wings 
observed near the limb without PRD effects, it will be difficult to reconcile its 
necessarily large effects in layers well below the temperature minimum with the 
disk profiles and the line cores near the limb. Prime importance has been given to 
the effects of frequency redistribution because the PRD effects have to be present 
near the limb where the wings are formed with 'YRAD > '~COLL. They produce 
changes especially in the wings, and in still deep layers. 

Above the temperature minimum, the inconsistency of the chromospheric Ba II 
emission line strengths with the photospheric line source functions indicates that 
the one-dimensional approach fails as a first approximation. This is in agreement 
with Tanaka's (1971a, b) conclusions and also with Canfield and Steneel's (1977) 
demonstration that the emission lines in H and K, formed near the temperature 
minimum, show no fine structure except when they are interlocked to strong 
chromospheric lines. 

The results given here demonstrate the need for kinetic equilibrium calculations 
in a model barium atom. These will be hampered by the poor atomic data available, 
the hyperfine structure, by the necessity to incorporate the connected transitions to 
the metastable 6D levels which have coherency effects of their own, and by the 
anisotropy of the Doppler width near the limb, of which the influence on the 
redistribution cannot be specified when the cause of the anisotropy is not better 
known. A first step to such calculations has become available with the generaliza- 
tion of the complete linearization method to include PRD in the presence of 
connected metastable levels by Milkey et al. (197.5). Their application to the 
Ca Ii K line (Shine et al., 1975) confirmed and extended the results of Vardavas and 
Cram (1974). 

Although the best-fit model represents only a first approximation to the forma- 
tion of the ;t 4554 line, its basic structure (Figure 8) is well determined. Its essential 
elements are the discrete high wing source function below the temperature mini- 
mum, and the slowly decreasing low core source function at and above the mini- 
mum. While this structure was found in a completely empirical manner, it is well 
understandable. The core source function shows the same behaviour as the Ca ii K 
line source function at the location of the K1 dip (Shine et al., 1975). Since K1 is 
outside the Doppler-redistributed K-line core, the K1 line photons represent an 
ensemble independent of the rest of the K line, comparable to the similar indepen- 
dent ensemble of ;t4554 core photons, because the line absorption coefficient 
decreases from K3 to K1 over the Ca/Ba abundance ratio (104) and both lines are 
similarly formed by scattering. The rest intensities of K1 and the core of 14554 are 
indeed about equal. 
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The wing source function departs from B at the height where ARAD ~/~COLL. 
Above this height PRD effects are possible; they become pronounced for lines of 
sight that give a total optical depth of unity or larger above this height outside the 
Doppler-redistributed core. This is the case for h0~-1500  km. The important 
aspect of PRD in A4554 is that the independent line wing, uncoupled from the 
core, assumes the character of a weak line. The monochromatic mean intensity J~ 
enters in the scattering contribution to the line source function instead of the 
profile-averaged mean intensity ~J~b~ dh. In the narrow A4554 line Jv is large 
already at 4 or 5 Doppler widths from line center, and J rises substantially above 
the continuum source function B in higher layers due to the steep gradient of B (h) 
in the blue (cf. Vernazza et al., 1976, Figure 23). Thus, the weakness of the A 4554 
wings, the importance of scattering, and the steep gradient of B~(h) contributing to 
the wings combine to a large wing source function in high layers, independently of 
the non-'weak character of the line core. 

The A4554 emission wings are therefore similar in origin to the weak limb 
emission lines of Ce ii outside H and K (Canfield, 1969, 1971) and to the weak ion 
lines in the violet discussed by Tanaka (Tanaka, 1971a, b), whose 'fishbone' line 
source function structure is here exhibited within the A 4554 source function. 

The similarity of the Ba H A4554 resonance line to the Ca ii K line extends not 
only to their atomic level structure, but also to the presence of effects of PRD in 
their formation. The large abundance ratio (Ca/Ba ~- 104) results in quite different 
manifestations of these. While in the strong H and K lines it is the location of the 
CRD-PRD core-wing transition above the temperature minimum which leads to 
pronounced line structure, in A4554 it is the weakness of the PRD wings that 
results in observable emission within the limb. 

6.2. T U R B U L E N C E ,  I N H O M O G E N E I T I E S  

The microturbulence and macroturbulence of the best-fit model are both height 
and angle dependent. Since they measure the solar velocity fields and inhomo- 
geneities (including rugosity) at all scales, these dependencies are not surprising: all 
resolvable components (granulation, oscillations) vary with height and angle. 
Clearly the classical turbulences are not a physically correct description of these 
effects (cf. Rutten et al., 1974). Here, the turbulences have served as final fitting 
parameters, chiefly to demonstrate that the observations can be reproduced. The 
details of the microturbulence model, as the hump in the horizontal component 
(Figure 10), should therefore be regarded as fitting peculiarities that also contain 
the errors of the model, for instance in the atmosphere and in the representation of 
the distribution effects. The coupling of the anisotropy of the inhomogeneities with 
the line source function will be more complicated than the simple Doppler width 
relation of Equation (4). Still, the empirical microturbulence of Figure 10 conforms 
roughly to the usual pattern (Canfield and Beckers, 1975): anisotropy and a 
minimum near the temperature minimum. The anisotropy of both the micro- 
turbulence and the macroturbulence above the minimum are significant. 
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The flash intensities above 500 km of Dunn et  al. (1968) are so large that 
inhomogeneities must be a prime aspect of their explanation (Section 5). 

6.3. 14554 ASYMMETRY 

The blue-wing depression of the A4554 line at disk center is largest where the 
profile is most sensitive to PRD effects. This suggests PRD-enhancement of the 
sensitivity of the profile to systematic motions: coherently scattering wing photons 
may be blocked by Doppler shift in high layers rather than escape freely (cf. 
Vardavas and Cram, 1974). Such enhancement may explain that the A4554 line is 
the only one in the solar sample of Smith and Parsons (1976) that shows an 
asymmetry similar to the blue-wing depressions observed in stellar lines. 

The asymmetry observed in the emission peaks of the line at the limb (Figure 
11a, spectrograms 26 and 27) is also of interest. The observed blue peak is 
larger - similar to the averaged Ca ii K2 peaks and the Mg ii h2 and k2 peaks, which 
originate at about the same height in the atmosphere. This asymmetry may again 
reflect enhanced sensitivity to differential motions, through Doppler trapping of 
scattering photons followed by re-emission towards the observer. The profile from 
the last eclipse spectrogram (Figure l la ,  nr. 28) shows a higher red peak, in 
agreement with the calculated profile (Figure 11c). The peaks of this profile lie 
within the range of Doppler redistribution and apparently show the asymmetry due 
to the hyperfine structure only. 

6.4 .  B A R I U M  ABUNDANCE 

The increased complexity of the A 4554 formation leads to increased uncertainty of 
the barium abundance value. The abundance value found here with the Deridder 
and Van Rensbergen (1974) collisional damping constant (log eBaSUN = 2.40) is twice 
the LTE value of Holweger and Miiller (1974). The difference seems a good 
representation of the uncertainty range, to which the approximations in the PRD 
line source function and in the ionization equilibrium contribute. The meteoritic 
abundance value (log e = 2.32, cf. Holweger and Miiller 1974) is contained in this 
range. 

Holweger and Miiller's conclusion that the solar isotope ratios of barium equal 
the terrestrial values is confirmed, in the sense that the ratio (Ba135+ 
B a 1 3 7 ) / ( B a 1 3 4 + B a 1 3 6 + B a 1 3 8 )  agrees. No further distinction is possible 
because the odd isotopes contribute equally to the A4554 splitting pattern 
(Figure 2). 

6.5. ATMOSPHERIC MODEL 

The uncertainties in the best-fit model do not warrant a reliable test of different 
atmospheric models with the Bai i  data. Calculations were performed also with the 
HSRA model (Gingerich et  al., 1971), for which similar fits can be obtained with 
slight changes of the other parameters. Reversely, the differences between the 
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VAL and the HSRA models are small compared to the effects analysed here, so 
that the main conclusions are not affected by model uncertainties. 
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