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Abstract. A fraunhofer line profile depends on various parameters, partly related to the photospheric 
structure (T, Pg , Pe, Vconv, Vturb), partly to the atom or ion involved (such as oscillator strength, 
energy levels), partly also resulting from the interaction of the relevant kind of particles with the 
photosphere, and the photospheric radiation field. In this paper we shall mainly pay attention to the 
determination of: 

the maeroturbulent (eonvective) velocities, Vconv (r); 
the damping constant y (r); 
the abundance, Ael; 
the distribution funetion Q7(Vconv,r) of the eonvective veloeities at each depth r; 

the souree funetion, S (r); 
the microturbulent velocities, Vturb (r). 
The particular diffieulty with these unknowns is that they are, as a rule, coupled in the resulting 

line profiles, that is: the shapes and intensities in these profiles are determined by the combined 
influenee of these unknowns (together with the other above-given parameters). 

In this paper we describe a method to determine these six unknowns empirically by separating 
them, in analysing aecurate high-resolution observations of line profiles of a multiplet. The unknown 
functions and quantities are consecutively determined in the above given succession. For each deter­
mination another, appropriate part of the line profile is used. In some cases the influence of the 
mutual eoupling of the various parameters eannot be eompletely eliminated, and an iterative method 
has to be used. 

The method is summarized in Table II and section 2, and is further explained in seetions 3 to 8. 
It is applied to an infrared CI multiplet. The main results are the following: 

Ca) the convective velocities are zero for ro < 0.1; deeper they increase steeply to a maximum 
value ofmore than 3 km/sec at ro R! 0.15; for greater depths there seems to be a slow decrease. 

(b) The elements having these veloeities must be smaller or much smaller than 0.n5. 
(e) The eonvective motions are isotropie. 
(d) The Cmiero-)turbulent velocity eomponent is as assumed in the Utrecht Referenee Photo· 

sphere 1964. 
(e) The log of the abundanee of C with respect to His: 0.635 - 4 ± 0.02. 
(f) The damping eonstant derived from the observations of this multiplet agrees reasonably weIl 

with the results of theoretical predietions. 
(g) Deviations from Loeal Thermal Equilibrium occur only at depths less than ro = 0.1. 

1. Introduction 

The precise shape of a line profile in solar or stellar spectra depends on at least six 
parameters, most of which are functions of depth. The parameters are: 

the abundance Ae1 of the relevant element; 
the source function S (r); 
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28 C. DE JAGER AND L. NEVEN 

the convective velocity component vJr); 
the distribution function ({J (vconv) of convective velocities at each optical depth; 
the (micro-)turbulent velocity component vtCr); 
the damping constant ')I(r). 
Naturally, there are still other parameters or constants wh ich are equally im­

portant in defining a li ne profile, such as the excitation and ionisation potentials, the 
oscillator strength of the transition, and the statistical weight of the levels involved; 
furthermore, other functions defining the structure of the photosphere, such as the 
temperature, the gas- and e1ectron pressures must be known. 

In most cases this latter group of constants and functions may be considered 
known, at least in the first approximation. Anyway, they can, in principle, be deter­
mined from laboratory measurements, or from investigations of the solar continuous 
spectrum. 

The particular difficulty with the six unknowns listed above is that they can only 
be determined from studying line profiles. 

In this paper we describe a systematic method for finding these six unknowns from 
the observed line profiles and their centre-to-limb variation. In this connection we 
should like to stress that it is not essential for our method to have centre-to-limb 
observations available, and that the method would also be applicable to stellar 
spectra, provided that the spectral resolution and the photometrie accuracy are 
sufficiently high as to warrant that the observed line profiles are very reliable. Natu­
rally, it is more difficult to obtain information about the depth dependence of the 
unknowns from stellar spectra, than is the case in the solar spectrum. 

As a rule the six unknowns A eJ, S (r), vc(r), ((J(vc), Vt(T) and ')I(T) influence the 
whole observed line profile, this means that they are coupled in the equations which 
determine the emergent spectrum. Hence, one could try to determine their va lues by 
computing theoreticalline profiles as functions of arbitrarily chosen values of the six 
parameters, and, by trial and error, determine their best values. This method would 
be very labourious and is in practice impossible. Therefore, it is preferable to try to 
separate the variables, and to find them by investigating those parts or those proper­
ties of the line profiles that are solely or nearly complete1y determined by that par­
ticular unknown parameter. After having found the six unknowns, a detailed compu­
tation of the Ene profile should be performed, as a final test, and the result of such 

TABLE I 
Spectroscopic data of the CI multiplet near 10700 A; transition: 3s3po - 3p3D. The gf-values were 

taken from GOLDBERG, MÜLLER and ALLER (1960) 

wavelength E.P. (electron volts) j log gf 

10691.24 7.46 8.61 2-3 + 0.32 
10683.09 7.45 8.61 1-2 + 0.05 
10685.36 7.45 8.60 0-1 - 0.28 
10729.59 7.46 8.61 2-2 - 0.41 
10707.36 7.45 8.60 1-1 - 0.41 
10754.02 7.46 8.60 2-1 - 1.58 
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THE ANALYSIS OF HIGH-RESOLUTION FRAUNHOFER LINE PROFILES 29 

a final computation could still lead to an improvement of values for one or more of 
the parameters. Such a method has been developed in the course of the last few years 
by the present authors. 

As a test-case we chose the 6lines ofthe CI-multiplet 3s3p O - 3p3 D near 10700 A. 
The main properties of this multiplet are shown in Table 1. The observations are 
described in DE lAGER and NEVEN (1967). Preliminary reports on this investigation 
have appeared elsewhere; we determined first approximation values of 

vJr) 
vlr) 
S(T) 
Ac 
Ac 
Y(T) 

from line asymmetries \ 
f 1· ·d h (DE lAGER and NEVEN, 1964); rom me-core Wl t S 

from central intensities (DE lAGER and NEVEN, 1966a); 

from the line wings (DE lAGER and NEVEN, 1966b). 

After having performed these preliminary investigations we realized that the sequence 
of computations followed in the above mentioned papers is not the most logical one. 
For a really systematic method, that should, at least in principle, be applicable to any 
high-resolution line profile in solar or stellar spectra, the sequence of operations 
should be arranged differently. This has been done in the present paper. 

We believe that the method described here satisfies the demand that the determi­
nation of each of the parameters is separated from the others. In determining those 
parameters that are coupled (e.g. the line wing profiles are determined by the product 
of Ae) and y) we first derive one of the parameters from such apart of the line profile 
where it is not coupled with the other parameters (e.g. in the above example we first 
derive Ac from the weak lines of the multiplet and then find y from the line wings). 

The change of the sequence of operations naturally forced us to repeat the earlier 
computations referred to above; consequently some of the earlier results have changed, 
but in most cases only slightly. These new results are given in this paper. Furthermore, 
we pay special attention to an estimation ofthe uncertainties in the derived quantities, 
and the work should be completed by an exact integration of some parts of the line 
profile, on the basis of these parameters. This final computation should then serve 
as a test to see whether the solution found is really capable of describing the complete 
line profile with all its details. 

As a last remark we should add that, though this systematic method is applied 
to a certain group of spectrallines (an infrared C multiplet) and some new results are 
communicated, it is not chiefly for these results that this paper has been written, but 
rather for giving an exposition of our method. The results would have to be confirmed 
by similar studies of other fraunhofer lines. These investigations are now und er way. 

2. General Course of the Systematic Analysis 

Before starting with a detailed discussion we give, in Table 11, a reviewing summary 
of the method developed in this paper. 

© Kluwer Academic Publishers • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1967SoPh....1...27D&amp;db_key=AST


1
9
6
7
S
o
P
h
.
.
.
.
1
.
.
.
2
7
D

30 c. DE JAGER AND L. NEVEN 

TABLE II 

Review of consecutive steps in the analysis 

other 
para-

remarlcs unknown function determined part of meters 
or quantity symbol 

from li ne influ- see section 

encing text 

result 

convective (or: line i 
macro-turbulent) vcCr) asymmetries 0.7 ;$ -;- ;$ 0.95 !p(vc) 1 3 
velocities 10 

product of damping i 
constant and abundance y(r)· Ac line wings -:- ;$ 0.95 4 

10 

abundance Ac core of 1.1,11 ;$ 0.05 A Vc, Vt, S 2 5,7 
weak line 

distribution function of !p(vc) shape of medium part 5 
convective velocities weak line 

source function S (r) central in- .1,1 = 0 VC, A, (vt) 3,4 6,7 
tensities of 
strong lines 

(micro-)turbulent vt(r) cores of i S 4 8 
velocities strong lines - < 0.7 

io '" 

To this Table we should add the following remarks (see the numbers in column 5 
of Table II): 

(1) The result on vc(r) will be infiuenced by the assumption aboutthe distribution 
function q>(vc), e.g. a two-element model will need another vc(r) curve than a three­
element model. 

(2) The abundance will be determined by using the weakest line of the multiplet; 
this line, at 10754.02 A is so weak that the source function S (r) is equal to the 
Planck function B (r) in the region where the line is formed (this is shown in section 6); 
furthermore, the turbulent velocity Vt is small in this region. If the line is situated on 
the linear part of the curve of growth knowledge of Vt is not even necessary for de­
termining Ac. Hence an acceptable assumption on Vt(r) will be sufficient for a reliable 
determination of Ac. 

(3) The source function is determined from the central intensities of strong lines. 
The absorption in the line cent re is also determined by the turbulent velocities but not 
strongly so. Hence a reasonable assumption about Vt(r) will be sufficient for a first 
approximation of S (r). 

(4) The turbulent velocities should only be determined with the Goldberg-Dnno 
method in that region of the line profile where the method can be applied, that is, 
where the line asymmetry, due to convective velocities is zero. The allocation of 
optical depths to the vcvalues found depends on the assumed S (r) relation. Hence 
Vt (r) depends greatly on S (r). 
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Onee Vt (T) being found a new determination of S (T) should be made. This iteration 
:hould eonverge very rapidly, sinee S depends only weakly on Vt(T). In the present 
)aper even this iteration did not appear neeessary: the Vt (T) eurve found in first order 
lpproximation turns out to be virtually equal to the adopted zero-order Vt (T) eurve. 

Testing of the results: A final test of the results should include the eomplete 
theoretieal eomputation of the line profiles on the basis of the values found for the 
üx parameters. This part of the investigation is not shown in this paper. 

3. The Convective or Macroturbulent Velocities v c 

By convective velocities we mean the part of the veloeity fie1d that produees a sight­
line motion of the whole relevant part of the photosphere from whieh the lines 
originate. Sueh motions eould as well be ealled macroturbulent veloeities. By ealling 
them in either way we do not want to prejudiee upon the interpretation ofthe observed 
phenomena. 

The eonveetive velocities were derived from the asymmetries of the spectrallines. 
All investigated lines show a small but distinet asymmetry, which is moreover a 
funetion of depth in the !ine profile. This asymmetry is areal property of the line 
since it does not disappear after the profile has been corrected for the influenee of 
the apparatus profile. It is shown clearly by Figure 1, that the deep part of the eor­
rected profile (for r = i!io < 0.75) is no longer asymmetrie (erosses in Figure 1) but 
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Fig. 1. As an example this figure shows the measured asymmetry in the profile of the C line at 
A 10691 at cos e = 1.00. Dots give the asymmetry found before the correction for the apparatus 
profile; crosses give the asymmetry of the corrected profile. Abscissa: wavelength distance in mA. 
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32 C. DE JAGER AND L. NEVEN 

that the asymmetry is noticable in the upper part. This proves (1) that the apparatus­
profile corrections are needed, and (2) that the asymmetry of the corrected profiles 
is areal phenomenon. The asymmetry reflects the convective or large-scale motions 
in the photosphere. These are expected to be zero in the high atmosphere (hence: 
for large values of(l- r )), and larger deep in the atmosphere. However, the convective 
velocities cannot be derived direct1y from the asymmetry, since their derivation pre­
supposes knowledge of the contribution of the hot and cold elements of the photo­
sphere to the observed line. 

For each line, for eaeh value of cos () and for aseries of depressions d ( = 1-r) = 
0.10, 0.15, ... ete., the line asymmetry .dA was measured. Here .dA is defined as the 
wavelength distanee from the axis of the line to the unshifted position of the line centre. 
Hence .dA=HAred(i)+Aviolet(i)). We were not able to measure absolute values of 
the line displacements, but we assumed that .dA=O for the deep parts of the line 
profile, which assumption seems to be reasonable (see Figure 1). 

These asymmetries, then, were converted into quantities, v' having the dimension 
of a velo city, and defined as 

I AA 
v =C-. 

A 

These v' values are not the real eonveetive velocities ve , but are related to them in a 
way still to be defined. In order to find Ve we have to determine the relation between 
v' and the average optieal depth T6 to whieh this quantity refers. As a matter of fact 
v' is the result of an integration over the depth of the whole photosphere, but a 
sufficient approximation for T6 is obtained if we assurne that the intensity I (AA) in 
the line profile, at the wavelength distance AA from the line eentre is equal to the source 
function S at the average optieal depth offormation T~. Furthermore we shall ass urne 
L.T.E., henee S=B, at least in the layers where the line asymmetry originates. This 
assumption finds its justification in seetion 6 of this paper, where it will be shown that 
deviations from L.T.E. are only of importanee for TO;':;;O.l. 

Furthermore we shall show in this section that conveetion is unimportant in this 
uppermost part of the photosphere. 

The residual line intensity r = i / io has to be multiplied by io, the continuous in­
tensity at 10700 A, to give the emergent intensity. F or io we took the eontinuum intensi­
ty eomputed for the Vtreeht Reference Photospheric model 1964 (V.R.P. 1964: 
HEINTZE, HUBENET and DE JAGER, 1964). In our previous analysis of the maero­
turbulent veloeities (DE JAGER and NEVEN, 1964) we took for io the measured eontinuum 
intensity, whieh seems better from the formal point of view, but sinee the measured 
eontinuum intensity at 10700 A and those eomputed for the V.R.P. model deviate 
still by a few pereent, using the observed continuum would give rise to systematic 
errors in the result, beeause all other eomputations have been based on the V.R.P. 
model. In a way this shows the tentative charaeter of detailed photospherie analyses 
based on Fraunhofer line studies. 

Figure 2 gives v' as a function of the average optieal depth of formation T6. The 
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[6 scale differs from that previously given because of the reasons just given. There is 
:I. considerable scatter of the data but this is not surprising since the measured asym­
metries are very sm all (V' =0.38 km/sec corresponds to an asymmetry ofO.01 A). The 
re1atively good agreement between results found for different cos ß-values looks fairly 
satisfactory. 

The average trend is that v' ~O for To;:;;O.l, and increases further with depth. The 
me an v' (T6) values, derived from averaging observations made at different cos ß but 
corresponding to the same T6 values are given in Table UI. 

TABLE 111 

Depth dependence of the observed asymmetries of the C-lines, and deduced macrotubulent velocities 
for two different distribution functions of the velocities: Al = 0.5 corresponds to a two-element 

model; Al = 0.33 to a three-element model 

v' = L1Je(TO) • C (km ) Vc (km/sec) for: 
TO 

Je sec Al = 0.33 Al = 0.5 

0.080 + 0.05 ± 0.06 
0.125 - 0.17 ± 0.1 + 3.5 ± 2.0 + 2.3 ±1,4 
0.17 - 0.38 ± 0.1 + 4.1 ± 1.1 + 2.8 ± 0.7 
0.26 - 0.6 ± 0.2 + 3.8 ± 1.3 + 2.5 ± 0.8 
0.43 - 0.55 ± 0.2 + 1.7 ± 0.6 + 0.76 ± 0.3 

One result that immediately catches the eye is that large-scale motions are ap­
parently absent in photospheric layers above To = 0.1. This upper boundary lies much 
higher than the upper boundary assumed in Mrs. Böhm-Vitense's theoretical model 
of the convection zone. Another result, also very important, is that there is no system­
atic difference between v' -values belonging to the same optical depths but derived 
from observations at different values of cos ß. This shows that the large-scale velocities 
are not simply directed up- and downward, but that they are isotropie, at least in the 
observable part ofthe photosphere (T6;:;;0.3 to 0.5), which forms the very uppermost 
layer of the convection zone. This observation could be an argument for the inter­
pretation of these ve10cities in terms of (macro-)turbulence rather than convection. 

The next problem is to find the relation between the observed asymmetries and 
the real convective velocities. This problem has been tackled by us in the following 
way: Since all C is virtually neutral in the upper parts of the solar photosphere, the 
relative contribution to the line absorption coefficient ofthe various kinds of elements 
is proportional to the area Ai of the element considered, and to the factor 10- 7 .451\ 

where 7.45 is the excitation potential of the lower level of the transition considered, 
and ßi = 5040/Ti • With a three-column model, the resulting contribution to the con­
vective velocity at any depth is approximately given by 

I A 1v1 10- 7 .4581 - A 3V 3 10- 7 .4583 

V =------~3-----------------

L Ai 1O-7.458i 

i= 1 

(1) 
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Fig.2. Deduced values of v' (= asymmetry, expressed in km/sec), determined from the various 
lines and plotted against ro for the V.R.P. Model. The main results are: (a) v' is about zero for 
ro < 0.1 and increases with increasing ro; (b) there is no clear anisotropy in the large scale motions: 
the average value of v'(ro) seems the same at each value of cos 8. The asymmetries are small: 

v' = 1 km/sec corresponds with an asymmetry of 0.03 A. 
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Here we have assumed that column 2 is not subjected to up- or down ward motions~ 
Obviously Al, A z and A 3 are unknown, but we assume conservation of mass and 
hence 

where P = Pg/1/ RT is the density. 
With Equation (2) the Equation (1) becomes 

I 

AlVl (10- 7.45 01 _ Pl 1O-7.45Ih) 

P3 
V =------~3~---------------

L Ai 10- 7 .45 (lj 

i= 1 

(2) 

(3) 

Equation (3) gives a relation between Vl' the convective velocity of one ofthe elements 
and the observed line asymmetry v'. To solve V l from the observed v' values we have 
to make an assumption, either about Al or about (}l. We thought it to be the safest 
assumption to take (}l from the V.R.P. model since the temperature fluctuations in 
this model explain reasonably weIl the measured intensity fluctuations in the granu­
lation, at least in the centre of the disco We shal1 take Al as a parameter, and assurne 
either Al =0.5 (two-element model), or Al =0.33 (three-element model). 

The resulting vl-values and their me an errors are shown in the last two columns 
of Table III and will also be shown in Figure 5, section 5. Although the values de­
crease with increasing depth above 1"0 =0.1, their mean errors are large so that a dear 
depth dependence cannot be considered as demonstrated. We provisionally assurne 
the empirically determined convective velocity to be constant with depth (for 1" 0> 0.1) 
and equal to the weighted me an value: 

2.0 ± 0.3 km/sec (m.e.) for a two-element photospheric model, or 
3.1 ± 0.4 km/sec (m.e.) for a three-element model. 

In reality the solar photosphere will consist neither of two kinds of elements only, 
nor of three elements, since it is likely that we have more complicated distribution 
functions for temperatures and velocities. However, adetermination of such functions 
would make extremely high demands both upon the quality of the observations as 
weIl as upon the theory used. An attempt to decide between the two possibilities, and 
to refine slightly the distribution function of the macroturbulent velocities will be 
made in section 5. 

4. Determination of the Product Ac x Y(1"o) 

As a next step we discuss the extreme wings of the line profiles, and determine from 
these the product Ac·y(ro). The separation between Ac and y(ro) can only be made 
after Ac has been found (see seetion 5). 
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4.1. THE ABSORPTION COEFFICIENT IN THE WINGS OF FRAUNHOFER LINES 

In the well-known notation the absorption coefficient K(V) at a dis placement v= 
A),/A),o in the region of a Fraunhofer line is given by 

where K c is the absorption coefficient in the line center. 
For large values of v, and for a ~ 1 : 

Furthermore 

a 
H(a,v)= 1_. 

ynv2 

y y),2 
a-------

- 2Awo - 4ncA)'0' 

v = A),/A),o, 

Ine2 ),2m 
KC =-Y-2- -41 (1_e- c2!AT), 

mc LJAo 

(4) 

(5) 

(6) 

(7) 

(8) 

where m is the number of c1assical oscillators per gram; Ael is the abundance of the 
element = Ne1/NH ; br,s is the fraction of the atoms in the relevant ionization and 
excitation level; B = NH/ NHe ; mH is the mass of the hydrogen atom. The other symbols 
have their usual meaning. 

Combining Equations (4)-(8) one obtains 

K(A)') = C ),4 ygf Ae! br,s (1 _ e- C2 / AT) 
1 A), 2 g , (9) 

with 
e2 B 1 

Cl = 3 -- -- = 0.26, 
4nmc 4 + B mH 

if we assume that B is 5.5 (Unsöld mixture). If we further introduce the "wing­
parameter" 

Equation (9) becomes: 

v = 0.26 yf gAc 
A),2 ' 

K(A)') = ),4 br,s (1 _ e- C2 / AT) V. 
g 

(10) 

(11) 

This formula is applicable to all spectrallines, provided that one confines oneself to 
that part of the line profile where the wing approximation K"'" AA - 2 is correct. 
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4.2. THE EMPIRICAL DETERMINATION OF y(rO) 

For an assumed value of V and for a given model of the photosphere, one can easily 
compute by numerical integration the corresponding selective optical depth: 

ro 

fK(V) 
r(V)= -dro , 

Ko 
o 

where K o and ro are the absorption coefficient and optical depth for A= 5000 A. 
Similarly one finds the continuous optical depth r", for the continuous spectrum at 
10700 A. With K= K", + K(V), and r =r", +r(V) one derives the relative line depression 
d(V) with 

00 f B (ro) e -rA. sec 11 sec e dr", - f B (ro) e -Bec 11 sec e dr 

d(V) = 0 00 0 (12) 

f B(ro)e-rA.secli sec [}. dr", 

o 

In Equation 12 we have introduced B instead of Sand, hence, have assumed L.T.E. 
This is justified by our finding (see section 6) that Si: B only for r 0< 0.2, and, as 
will be shown furt her on, that the depression dis formed mainly in very deep layers, 
where ro > 0.6 (see the average ro-values, denoted by r6, and given in the last two 
lines of Table II). It is important to have an impression of the average depth of for­
mation r6 of the line depression. This may be found in good approximation as 
folIows: 

If we call 

then 
00 

f roLl (ro) dro 

* 0 ro =-00----

f Ll (ro) dro 
o 

(13) 

The procedure of the investigation was as folIows. First we computed the d (V) and 
the r6(V) relation. The computations were made for the Utrecht Reference Model 
1964 of the Photosphere (HEINTZE, HUBENET and DE JAGER, 1964) separately for each 
of the three columns of this model. We chose a small value of Vand assumed a sec (J 

value. For these values the corresponding value of the depression d was computed 
with the IBM 1620 computer of the Ucc1e Observatory. If d was smaller than 10- 3 , 
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the computation was repeated for a new V-value, three times larger than the previous 
one; if d was greater than 10- 3 , the resulting values of d and of T6 were printed and 
the computations were repeated for a new value of V, which was 1.4 times larger than 
the previous value. This procedure was repeated until a value of d was reached 
exceeding 0.08, the arbitrarily chosen upper limit. 

The computations were made for the three columns of the V.R.P. 1964 model, 
and for six values of cos 0, ranging from 0.3 to 1.0. In Figure 3 we show, as anexample, 
the resulting values of d and of T6 as a function of V for the three columns of the model 

0 ~ , l~ d 
0 ' . . 

I ""x 

0.02 ~ 
~~ ~ ~ 

~ 

x 

I 

1.5 

0.04 

~ Model URP 

• Average column 
xHot 
oeold 1.0 

I I 
0 10 20 0 10 20 

Vx 1021 

Fig. 3. Computed values of the line depression as a function of the wing parameter V for the three 
elements of the U.R.P. model; for cos e = 1.00. 

in the case cos () = 1.00. The differences between the d (T6) values for the three columns 
are small but by no means negligible; at certain V-values the ratio between the 
extreme values amounts to a factor 2. 

The relative contribution of the three kinds of photospheric columns is unknown 
but we assumed them to be equally important, i.e. we took a three-element model 
with Al = 0.33 and determined the straight mean value ofthe depressions (solid curve) 
which we call d. We do not show the results for other values of cos (); they appear 
to be nearly identical to those found for the disc centre, at least for d< 0.05. This is 
apparently due to the fact that the gradient of B (T;) is nearly constant in the relevant 
parts of the photosphere. 

For d-values smaller than about 0.05 it appears possible to write d = K. V, where 
K is a constant. 

In order to determine y the following procedure was followed. The observed 
depressions d in the extreme line wings were represented by: 
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A cos () = 1.0 

10691 0.0240 
10683 0.0235 
10685 0.0095 
10730 0.0078 
10707 0.0095 

We know furt her that 

C. DE JAGER AND L. NEVEN 

TABLE IV 

c-values for the CI lines [Ä 21 

0.75 0.60 0.50 

0.0215 0.0240 0.0150 
0.0145 0.0095 0.0095 
0.0067 0.0025 0.0030 
0.0063 0.0062 0.0053 
0.0075 0.0016 0.0066 

d=K.V 
Here c and Kare constants. 

0.40 

0.0150 
0.0110 
0.0056 
0.0045 
0.0057 

From the Equations (14) and (15) making dobs=dwe derive: 

v = c/K (L1A)2 . 

Combining Equation (16) with Equation (10) one obtains 

AcY = c/(O.26 f gK). 

0.30 

0.0110 
0.0090 
0.0058 
0.0030 
0.0025 

(15) 

(16) 

(17) 

Here, all right-hand member quantities are known, so that Ac may be found: The 
c-values are given in Table IV, and the values of K, derived from the computations 
described in this paper are given in the second li ne of Table V. 

TABLE V 

Iterative determination of Acy, and 1"0*; the Table gives the mean va lues of Acy, derived from the 
five lines, observed at the same value of cos () 

cos () 1.0 0.75 0.60 0.50 0.40 0.30 

K x 1024 2.15 2.2 2.27 2.4 2.4 1.8 
(AcYh x 10-6 1.74 1.17 0.69 0.88 1.06 0.97 

1"0* 1.9 1.5 1.3 1.1 0.9 0.7 

K x 1024 2.8 2.9 2.6 2.1 1.8 1.3 
(Acy)2 x 10-6 2.61 1.89 1.32 1.90 2.30 2.23 

1"0* 2.3 1.8 1.6 1.3 1.1 0.8 

K x 1024 2.7 2.7 2.4 2.1 1.7 1.3 
(Ac}')s x 10-6 2.70 2.03 1.43 1.90 2.43 2.23 

1"0* 2.3 1.8 1.6 1.3 1.1 0.8 
-~~--

4.3. ITERATIVE DETERMINATION OF Acy(t) 

With the c- and K-values from Tables IV and V, and with the average optical depth 
offormation t6 computed with Equation (13), one immediately derives from Equation 
(17) the values of AcY (t6)' It then appears that AcY is not a constant function of the 
optical depth, which is contrary to the assumption underlying the present derivation, 
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~here a constant value of Acy(ro) was presupposed. Hence, for a correct determi­
lation of AcY ('t'6) we have to proceed by iteration. 

We consider the derived values of AcY('t'6) as fust approximations. A smooth line, 
;alled (A CY)l('t'O), is drawn through the points; the value at ro=l (arbitrarily chosen) 
s called (A CY)l{1). 

We next define: 

Next, we repeat the procedure described in the preceding part ofthis section; however, 
n expression (11) and in all subsequent expressions K(AA) is replaced by 
I((AA)·"'l (ro). 

We thus find from Equations (17) and (13) new values Acy(r6). These are not yet 
the second approximation: this is found by a multiplication of these values by '" 1 (ro), 
yielding: 

Again we draw a smooth line through the points (AcYh('t'6) and thus define a curve 
(Acyh('t'o), a value (AcY)z (1), and a function "'z(ro). 

The iteration is continued until for all 't'6: 

where G is a small quantity. Three approximations appear to be sufficient. 
In practice we encounter the problem of how to extrapolate the function '" out­

side the optical depth region defined by the r6-values. To that aim we assumed, on 
the basis of theoretical expectations, that for small ro-values 

and that for large ro-values 

These assumptions are necessary but not critical. 
The resulting Acy(r6) values found in three approximations are given in Table V; 

the last-approximation data are also shown in Figure 4, together with the extrapo­
lation curve used. 

One comment we should make in this graph is that it is surprising how deep the 
average optical depth of formation of the line wings is: the 't'6 values go up to 2.3. 
This shows that it is indeed possible to investigate empirically the deep photospheric 
layers, by concentrating on the line wings. 

Next we make abrief comparison of our derived AcY('t'o) values with the results of 
theoretical predictions. Thereby we shall make use of our later finding (section 7), 
that log Ac =O.635-4. 

Roughly, one may state that y('t') consists of two components, YH'He(r), which is 
due to collisional damping by passing neutral particles, and Ye ('t') which is due to 
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7.0 ,---~----,----- -,------,-------., 

logAy 

6.5 

2 3 1 0 

Fig. 4. Finally adopted Acy(ro) relation. 

damping by the quadratic Stark effect of neighbouring electrons. It is possible to 
separate the two components from the observational resuIts; hence, to find YH,He(rO) 

and Ye(rO)' 

Theoretically, one knows that 

5040 
log YH,He = 3.84 + log Pg + 0.7 log T + 

1 ( no) 2 1 [( 13.6 Z)2 (13.6 Z)2 ] + og - + - og -
Lnr H 5 Xr - Xr,s up Xr - Xr,s low 

~ logK2 + 10gPg, where K 2 is a very slowly varying function of depth. 
F or the electron broadening one has 

5 5040 
log Ye = log K + log Pe + -log - ~ log K1 + log Pe. 

6 T 

From the curve given in Figure 4, and using log Ac = 0.635 - 4, one finds 

K 1 = 5.40 X 106 . 

K2 = 2.48 X 104 . 

The theoretical value for K2 found from the above equation is 1.61 x 104 • 
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The logarithmic difference between this theoretical value, and the experimentally 
determined one, is 0.2, which might indicate that the gas pressure log Pg has been 
assumed too small by about 0.2 in the region between 'Lo = 1 and 2. So little is known 
of the gas pressure in the deep layers of the photosphere that such an increase of Pg 

should not be excluded apriori; however, we have to await the further analysis of 
other Fraunhofer lines before we shall be able to draw a final conclusion. 

As to the electron broadening our result, K 1 = 5.40 X 106 would give log K = 6.84. 
There are no measurements or theories yielding reliable values for K 1 , but the 

value found here is of the same order as those derived from laboratory measurements 
for lines of similar elements. Altogether this is a reasonable agreement between the 
empirical solar values of Y('L) and the values found from theory or expectation. 

5. Determination of the Abundance A; Choice between two- and three-element Models 

For adetermination of the abundance of carbon the stronger lines of the multiplet 
are not suitable, because of two reasons: 

(a) the cores of the strong lines are emitted by the uppermost parts of the photo­
sphere, where the source function cannot be assumed equal to the blackbody function; 
neither are the wing parts suitable, since these are subject to the uncertainty of the 
y-values; 

(b) in the uppermost parts of the photosphere the microturbulent velocity com­
ponent may be appreciable and may strongly influence the line profiles. 

However, the weaker fines are emitted by the deeper photospheric levels, where 
microturbulence is weak. It is true that convection is appreciable in these layers but 
this quantity has been determined in section 3. 

Furthermore the ambiguity still remaining between a two- and three-element 
model of the photosphere may be removed by considering the widths of relatively 
weak lines. 

Our procedure is the following: 
(1) We use the profile of the line A 10754.02, observed in the cent re of the disc; 

no centre-limb observations being available ofthis line. This line, which has a central 
residual intensity of 0.841 after correction for the apparatus profile, is reasonably 
weak, though not "weak" in the formal sense of the word, but this is not of importance. 

(2) For this line we compute the central residual intensity for two variants of the 
V.R.P.-model, and for five arbitrarily chosen values of the product Mg. 

Variant A: two-element model; V.R.P., with however vc=O for 'Lo<O.l, and 
vc =2.0 km/sec for 'Lo>O.1. 

Variant B: three-element model: V.R.P., with however V c =0 for 'Lo <0.1; 
Vc = 3.1 km/sec for T O >0.1. The three elements of the photosphere are assumed to 
have the same area. 

(3) A comparison of the computed and the observed central residual intensities 
yields by interpolation values of the abundance Ac for each of the two variants. 

(4) Since the abundance Ac is then known, we also know y, since in section 4 we 
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found AcY as a function ofthe depth TO' We next compute for each ofthe two variants 
the whole line profile; a comparison of the results of the computations with the 
observations enables us to decide between the two variants. 

Below we give some further details and results of the computations. 
Step 1: The profile ofthe line, corrected for the influence ofthe apparatus is given 

in Table VI. For this line log gf= - 1.58 (GOLDBERG, MÜLLER and ALLER, 1960). 
Steps 2 and 3: The central residual intensities were computed for the two variants, 

and for various values of the product Ac gf From the results we derive as the "best" 
abundance: for the two-element variant (variant A): log Ac =0.53-4; for the three­
element variant (variant B): log Ac = 0.63 - 4. 

TABLE VI 

Observed and computed line profiles of the weak CI line 
at 10754 A. The computations were made for log A 
= 0.635- 4. The zero point ofthe wavelengthscale is not 
the same for the observed and the computed profiles 

(influence of convention) 

computed 

AA(A) obs 

- .390 .983 
.360 .980 
.330 .977 
.300 .972 .982 .996 .988 
.270 .966 
.240 .956 .954 .968 .959 
.210 .946 
.180 .937 .916 .930 .920 
.150 .914 
.120 .899 .879 .893 .881 
.090 .869 .862 .878 .865 
.060 .865 .848 .864 .852 
.030 .846 .838 .856 .843 

- .010 .836 .854 .842 

0 .841 .8365 .854 .843 

+ .010 .838 .856 .844 
.030 .848 .843 .861 .851 
.060 .856 .857 .875 .865 
.090 .874 .874 .892 .883 
.120 .898 .894 .910 .902 
.150 .925 
.180 .940 .932 .947 .940 
.210 .948 
.240 .961 .966 .981 .974 
.270 .974 
.300 .978 .989 1.003 .996 
.330 .987 
.360 .991 
.390 .990 
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Step 4: A detailed computation of the line profile was made next, for the two 
ariants, each of them with its "own" corresponding abundance. The computed 
alfwidths, as compared with the observed ones are: 

for the two-e1ement model 
for the three-element model 
observed 

Vc (km/sec) 

4 

3 

0.258 A 
0.297 A 
0.288 A 

I - -- - - - - - - - - - - - - - - - - - - -

2 -

01 0.2 0.3 OA 1: 05 
o 

<'ig. 5. Convective velocities Vc far a three-element photospheric model with a distribution of 
elements hot: mean : cold = t : t : t. The dashed line gives the adopted curve. 

:;'rom this result we conclude that the three-element variant describes the observations 
jetter than the two-e1ement variant does. If the small difference between the half­
vidth computed for the three-element variant and the observed value is to be taken 
eriously one would conclude that the "best" subdivision of the photosphere should be: 

Area of the hot and cold columns, each i, 
Area of the average column l 
The abundance would then be: log A c =0.61-4. 

The corresponding convective velocity assumed constant with depth beyond 
:0=0.1 would then be 2.9 km/sec. 

We shall provisionally assume these latter results. In the next section the source 
ünction will be determined. It will then appear that the very center of the weak line 
~ still slightly influenced by the fact that Si=B for 1"0;:S0.1. This fact will force us to 
nake a new determination of Ac after having found S (1"0), and, after that, to deter­
nine a second approximation S (1"o)-curve (section 7). However, altogether it will 
lppear that these second-approximation corrections to Ac and S (1"0) are small. 
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6. The Source Function S (T) 

It is fairly certain that in the deep parts of the solar photosphere the source function 
S(T) equals the Planck function; deviations from L.T.E. are only expected to occur 
in the high photospheric layers. For this reason it seems appropriate to use the central 
intensities ofthe stronger spectrallines of the multiplet for an empirical determination 
ofthe source function and its variation with depth in the photosphere. Another reason 
for using the central parts of the lines is that the absorption coefficient at the wave­
length of the unshifted line cent re can be computed fairly easily, though the treatment 
is complicated by the demand that the convective velocity and its variation with depth 
should be known. The convective velocities have been determined in section 3. In 
section 5 it was shown that the three-element variant represents the photospheric 
structure best. 

A second complication in the treatment arises since the assumed abundance of 
carbon influences the results; it is not possible wholly to separate the effects of S (T) 
and of Ac on the centralline intensities. A first approximation value of Ac has been 
determined in section 5, by using the central intensity of a weak line. In that determi­
nation we assumed L.T.E. in the regions where this line is formed; it is shown in this 
section that this assumption is reasonable. A third complication may come from the 
influence of the microturbulent velo city field. The values of K(JA=O) are obviously 
influenced by the Vt(T) curve. Hence, the derived S (T) will depend on Vt(T), but not 
very strongly so. The vlr) relation will be determined in section 7. In view of this 
cross-relation between the deduced Vt (T) and S (T) curves, our procedure will be first 
to determine S (T), using the Ac and Vc values found in sections 5 and 3, starting with 
a provisionally assumed Vt(T) relation, namely that of the V.R.P. 1964 model. 

With the resulting S (T) function we shall compute the central intensities of the 
!ines. Small differences with respect to the observed values will occur; this will lead 
to new Ac and S values, wh ich are derived in section 7. In section 8 we shall compute 
Vt(To). 

If we call Ao the wavelength of the centre of the undisplaced li ne as it would occur 
in the- solar spectrum if there was no convection, and JA the wavelength distance 
between the center of the displaced absorption coefficient profile and Ao, then 

where upward velocities are counted positive. 
For each depth in the solar photosphere the selective absorption coefficient K(AO) 

(per gram of solar matter) at the wavelength Ao may be computed according to the 
expression 

(18) 
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.vhere 

s the Doppler width. 
An essential assumption underlying Equation (18) is that the central part of the 

.ine profile can be approximated by a Doppler profile. This approximation is accept­
ible since Vc and hence, JA is small, so that the damping effect does not infiuence the 
value of K(Ao). The total optical depth 'C in the line center can easily be determined 
for a given model of the photosphere and the low chromosphere. 

After that, the intensity in the line center can be computed. This has been done 
for the five strongest lines ofthe multiplet given in Table I, and for six values of cos (), 
between 1.0 and 0.30. As a model we have used the Utrecht Reference Photosphere 
1964 (URP). In order to obtain an empirical determination of the source function 
S ('C) we proceeded in four successive steps: 

(1) Observed central residual intensity times absolute value of continuous in­
tensity --+ observed intensity in the line center; that is I (cos ()). 

(2) I (cos ()) --+ S('C) via a Laplace transformation. 
(3) The relation 'C('Co) is computed for the URP assuming the carbon abundance 

found in section 5. 
(4) The deduced S ('Co) is compared with the B('Co) function given by the model. 

For a consistent model one must have S ('Co) = B('Co) for the weakest line, since the 
discussion of section 5 was based on that assumption. 

Step 1: The continuous intensity at 10700 A, computed for the U.R.P. model and 
:or various values of cos (), was multiplied by the observed residual intensities in the 
ave lines (functions of cos ()) to give the "observed" absolute intensities in the line 
centers (see our remark on pag. 32). 

Step 2: By a least-squares procedure I (cos ()) was represented by a second degree 
polynomial 

l·hen it follows that 
I (cos ()) = a + b cos (J + C cos 2 (J • 

c 
S ('C) = a + b'C + - 'C 2 • 

2 

Here 'C is the monochromatic total optical depth in the line center (sum of continuous 
and selective optical depths). 

Step 3: Since there is no empirical way of determining the relation between 'C and 
'Co, where 'Co is the monochromatic optical depth in the continuous speetrum at 
5000 A, we must compute this relation. This was done, assuming L.T.E., the URP 
model, and the carbon abundanee found in section 5 (log Ac =0.61-4). Onee such a 
relation has been derived, we can transform S ('C) into S ('Co)' This result can then be 
compared with B( 'Co) for the model, where B is the Planck function. If it turns out 
that S = B, our three assumptions could be correct; if not, one or more of them may 
be in error, either the model, or the abundance, or the assumption of L.T.E. 
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Fig. 6. Empirically determined source function S(ro) for the Iines of the CI multiplet for 
logAc = 0.61 - 4. 

o 

The relation between '"C and '"Co was computed for the V.R.P. model, but only for 
the average component of it. This simplification is correct only for the parts of the 
lines that are formed in layers for which '"Co <0.1. In deeper layers convection will play 
apart. It will turn out that this simplification is not fully justified for the three weakes1 
lines, so that a correction has to be applied to the results derived from these lines. 

The resulting S (co)-values, expressed through Planck's law in excitation 
temperatures, are shown in Figure 6. The solid line gives the kinetic temperatures 
(corresponding to S = B); the various symbols give Tex for the cores of the fivc:: 
strongest lines, and for various co-values. 

The main result is that the assumption of deviations from L.T.E. is inevitable f01 
'"Co< 0.1. In fact S ('"Co) decreases continuously outward, whereas B( '"Co) increases out­
ward for '"Co <0.02. In view of the strong evidence from many sources for an increast 
of Tin the low chromospheric layers it seems impossible to change the model in sucb 
a way that S would become equal to B. Consequently Kirchhoff's law does not rep· 
resent line formation at Co <0.1. 

There is another result that needs some attention. At '"Co ~0.07 there seems to OCCU1 

a fairly sharp kink in the S('"Co)-curve; for Jarger '"Co-values (log '"Co> -1.2), S ('"Co: 
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;eems to run almost parallel to the B(ro)-curve. Contrary to what would be expected 
t looks as if lilll,; .... 00 S (r) i= B( -c). 

This phenomenon can be explained fairly easily. It is due to the influence of 
::onvection which, as we know from section 3, starts rather abruptly near or even 
;lightly below -co=O.I; Ve reaches fairly high values already at that level. The fact 
~hat the -co-values corresponding to certain specific S-vaJues had been computed for 
the average photospheric model, neglecting convection, made our absorption coef-
5cients too large, and the resulting -co-values too small. 

Hence we have got here another, independent indication that convection starts dose 
to -Co =0.1. 

It is possible to estimate the convective velocities, necessary to bring S (-co) in 
agreement with B(-co) for -co~O.1. The average horizontal distance between the 
S (log -co) and B (log -co) curves is: .1 log -Co ~0.3, so that the average absorption coef­
ficients used in the computation were too large by a factor 2 approximately. Hence, 
if .1 A is the displacement of the lines due to convection, then the average reduction in 
K due to convection is: 

-l + 2 x i (exp (- /.1 A/.1 AD)2) = 0.5. 

Hence, with T~ 5500° and vt ~ 1.5 km/sec, one would obtain Ve =C.1A/A=3.3 km/sec. 
lhis value turns out to be dosely equal to the average convective velocity derived in 
;ections 3 and 5 (there we found vc~2.9 km/sec). 

This result shows again that the convective velocities reach values of about 3.0 
km/sec near -Co =0.1 (again supporting the three-column model), and the position ofthe 
kink in the S(-co) curve suggests that convection starts rather sharply ne ar -Co =0.08. 

Also this result is in agreement with the finding in section 3. 
We are now in a position to draw an average S (-co) curve, which is the broken 

iine in Figure 6. The extrapolation between log -Co = - 1.2 and - 0.8 is not certain 
but can never be very much in error. We should furt her stress that this part of the 
photosphere is the most difficuIt part for the present discussion since at least three 
cffects combine in this region and cannot be separated, namely deviations from 
L.T.E. and the influence of Ve and Vt. 

For log -Co < - 4.5 the source function is not known but we have smoothly extra­
polated the empirical S (-co) curve down to an excitation temperature of 3800° which 
seems to be the limiting photospheric excitation temperature, as may be inferred from 
the central intensities of very strong fraunhofer lines. 

Verification ofresult: With the S (-co) curve thus obtained we computed the profile 
of the weakest line (A 10754) for the centre of the disco The computations were made 
with the parameters (T, Pe, Pg, Ve, Vt) of the U.R.P.-model, assurning three columns, 
with the weighting factors as determined in section 5, the S (-co) curve derived above, 
and log Ac = 0.61 - 4. 

For this line we found: 

computed central residual intensity 0.848, 
observed value 0.841. 
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The fact that these vaJues are not equal indicates the influence of the S (ro) curve 
being unequal to B(ro) at To <0.1. With the given abundance assuming S (ro) == B(ro), 
we should have found the observed value. This compels us to apply a small correction 
to the Ac-value derived in section 5. 

7. Second Approximation Values of Ac and of S ( r 0) 

With the Sero) curve of Figure 6 a new relation was computed between 1/10 and 
log Agl This relation appears to be nearly linear in the range of interest. In order to 
equalize the observed and computed values of the residual central intensities it ap­
pears necessary to change Ac slightly and to take 

Log Ac = 0.635 - 4. 

However, the assumption of another Ac-value also changes S (ro). With this new 
value for the abundance the procedure from seetion 6 for determining S (ro) was 
repeated; the resulting new S (ro) points are given in Figure 7. Table VII compares 
our final value of the abundance with other values. 

It is obvious, from comparison of Figures 6 and 7, that there is no great difference 

6000~.-. I 

I log Ac = 4635 

(0 K) 

5000 

--­.-' . 

~ / 

l' / 

/ 
/ 

7 

4000L-_______ -L _______ ~ ______ ~ ____ _L ________ ~ 

-5 -4 -3 -2 -1 
log 1 0 

o 
Fig. 7. Empirically determined source function Sero) for the CI multiplet for log A = 0.635 - 4. 
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TABLE VII 

Some recent determinations of the solar abundance of carbon 

Author 

GOLDBERG, MÜLLER, and ALLER (1960) 
BASCHEK (1962) 

ANDREWS and MUGGLESTONE (1963) 

SCHADEE (1964) (from molecules) 
This paper 

8.72 
8.65 

log Ac + 12 

( 8.68 (Aller-Pierce model) 
) 8.69 (Swihart model) 
( 8.77 (De Jager model) 

8.55 ± 0.17 
8.635 

51 

:,etween the two S (ro) curves. It is, furthermore, important to notice that there is a 
;ertain scattering in the points due to the uncertainties in the observations. 

In order to show the limitations caused by these uncertainties we have drawn two 
possible Tex-curves representing S (ro). Henceforth we shall call the corresponding 
wurce functions S1(rO) (the uppermost curve) and S2(rO). We think that S2(rO) may 
~le a bett er representation than SI (ro). 

I I I I 
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Fig. 8. Comparison of observed and computed central intensities for the five strongest lines of the 
multiplet assuming the SI (ro) , and the S2(ro) curves. 
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With the two adopted S (ro) curves we have computed the central intensities for 
the five strongest lines for all six values of cos (). These results are shown in Figure 8. 

Furthermore we give in Figure 9 the computed and observed profile of the weak 
line at 10754 A far the L.T.E. case and for the two S (ro) curves. 

1.0 r---,-----r----,---,---------,----,------,----,----~I 

o 

+ 

.9 

.8 

-.4 - .2 o 

o 

+ 

CI 10754 A 
• observed 
o computed B 

computed S1 
~ computed S2 

+ .2 

Fig.9. Observed and computed line profiles of the weak line at 10754 A. The computations 
were made for the L.T.E. case (S == B), and for the two S (ro) curves of Figure 7, and assuming 

log Ac = 0.635 - 4. 

Figures 10 to 14 inclusive give the complete observed li ne profile of the stronger 
lines for the six values of cos (), compared with the computed profiles. The compu­
tations were made for the line center and the wings; they have not yet been made for 
the centra1 parts of the profiles; these parts can only be computed after a determi­
nation of the turbulent velocity component vt(ro). On the other hand, the influence 
of turbulence is not very important for the weak line (Figure 9), since this 1ine is 
formed in fairly deep layers, where turbulence is unimportant. 
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ig. 10. Observed and computed line profiles for A 10707; open circ1es: computed with B or SI; 
filled circ1es: computed with S2. The line gives the observed profile. 
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Fig. 11. Line profiles of A 10730. 
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Fig. 12. Line profiles of ). 10 685. 
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Fig. 13. Line profiles of A 10683. 
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Fig. 14. Line profiles of A 10691. 

A summary of the main results shown in Figures 8 to 14 may be formulated as 
follows: 

Ifwe assurne 
log Ac = 0.635 - 4; 
the S2«0) curve ofFigure 7; 
Vc = 2.9 km/sec for 1"0 ~ 0.1 ; 
the y-values from Figure 4; 
cp(vJ according to the subdivision hot: average: cool elements =i : * : i; 
the V t curve for the V.R.P. 1964, 

then one obtains a good agreement between observations and computations for the 
three strong lines of the multiplet. For the weaker lines the computed central intensi­
ti es are a bit too low, but the deviations from the observed values are complete1y 
within the range of uncertainty of the S( 1"0) curve, as may be inferred from a com­
parison ofthe results computed for Sl«O) and for S2«0)' 

Hence there is no use in attempting to find further approximations to Ac and/or 
S «0)' The accidental probable error in log Ac may be estimated at ± 0.01 or 0.02, 
apart from a possible uncertainty in the assumed log gf-value which may be the source 
of larger systematic errors. We may further point out that the main source of error 
in solar abundances is now the gf-values, uncertainties in the photospheric model do 
not playapart. See also Table VII. 
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8. Tbe Microturbulent Velocity Component and its Variation witb Deptb 

The line of sight microturbulent velocity component has been determined from the 
line profiles by the method of Goldberg-Unno: 

For two lines with gf-values (gf)1 and (gf)2 we measure the line widths 2AAl and 
2AA2 at the same value ofthe depression d. We take care of measuring 2AAl and 2AA2 
in the deepest central part of the line, where the profile of the absorption coefficient 
may still be assumed to be symmetric and to have a Gaussian shape, and where the 
influence of convection may be neglected. 

Since the lines occur in the same wave1ength region and are due to the same 
element and are part of the same multiplet, the se1ective absorption coefficients 
necessary to produce adepression d in the two lines must be equal. Hence 

With the given gf-ratio and the measured AA values we may solve for AAD from any 
pair of lines and for any depression d. This was done for d-values ofO.05; 0.10; 0.15 ... 
etc. It then appeared that all results derived from the largest d-values (smallest 
AA-values) yielded the same AAD-values, at least for a given value of cos fJ, but that 
measurements taken at smaller depressions yielded larger values of AAD. This is to be 
expected. At small d-values the absorption coefficient profile is no longer Gaussian, 
and damping and the additional broadening by convective motions playapart. 

For each value of cos fJ a histogram of all the derived values of AAD was made 
for all possible combinations of the lines. One then obtains adefinite cJustering of 
the values of AAD ne ar a small value (see Figure 15). Larger values occur also, but 
these are far more scattered and are clearly the result of measurements at values of 
the depression too small to have only the influence of turbulence. The extra broaden­
ing for smaller values of d is due to the fact that for these values convection plays a 
part in broadening the !ine profile. The role of convection as a broadening mechanism, 
and the consequent errors creeping into the results derived by the Goldberg-Unna 
method, have never been weIl estimated or described. Part of the strange results 
derived by this or similar methods within the last few years may be ascribed to thü 
neglect. 

The center of gravity of the maximum in the AAD-histogram for small values was 
taken as the "best" AAD-value. We thus got the results presented in Table VIII (second 
column). The average line depression d to which these measurements apply has been 
derived and is given in Table VIII, third column. 

Clearly these results have to be transformed into a curve that gives the variatior 
of the average particle velocity, or better: of the microturbulent velocity componen1 
with depth; or with cos fJ, in the atmosphere. Such a derivation was made, based or 
the assumption that an emergent intensity I is mainly emitted by the layers whert 
Ttotal ~ 1, so that the source function S (T = 1) = I. With this assumption, and usin~ 
the S2(To) curve derived in the preceding section an observedintensity !immediatei) 
gives S ( = 1), and hence Tex> Tkin and the average optical depth of emission whicl 
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cos J 
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0.30 

100 150 200mA 

Fig. 15. Statistics of the derived values of LlAD. 

we shall call 1'6. A short computation then yields the vcvalues given in Table VIII. 
It is seen from this table that the first vcvalue is certainly not fully reliable since 1'6 
appears to be too large and to lie in the region where convection is not negligible, 

TABLE vIII 

Doppler widths of CI lines, and microturbulent velocities 

cos () LlAD d Tkin TO* Vt (km/sec) 

1.00 0.1085 0.32 5190 0.12 1.44 
0.75 0.109 0.30 5015 0.085 1.55 
0.60 0.118 0.30 4835 0.058 2.06 
0.50 0.116 0.27 4820 0.055 1.98 
0.40 0.1235 0.27 4630 0.034 2.36 
0.30 0.115 0.20 4730 0.044 1.97 
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so that this vcvalue must be an upper limit (indicated by the symbol v in Figure 16). 
In Figure 16 these velocity components are plotted against "their" 'T6-value, and 

compared with the vt('T) values ofthe V.R.P. model. The agreement seems reasonably 
satisfactory and may be reconciled with theoretical ideas, according to which the 
"microturbulence" should in reality be interpreted as a field of pressure waves 
emerging from the convection zone and propagating outward. If there was no dissi-

3j-----------,------------,-

Vt (:~~n 

o~ __________ ~ __ __ 
015 010 005 

1 0 

o 

Fig. 16. Turbulent velocities in the upper photosphere computed with the S2(TO) curve of Figure 7. 
The solid line gives the relation assumed in the V.R.P. model. The dashed line corresponds to the 

relation Vt = const. P-}. The value of the constant has been adapted. 

pation of energy the vt('T)-variation would be steepest. In that case, since the flux of 
pressure waves 

and since vsound ~ constant: 

This latter relation is represented by the dashed curve in Figure 16, which agrees 
fairly weH with the observed vt-values and with the solid line ( = vcvalues from the 
V.R.P.-model). This suggests that dissipation of mechanical energy is not very im­
portant in those parts of the photosphere for which 'To > 0.04. 

Since our empirical vt-values agree with the V.R.P. vcvalues, on the basis of which 
the S ('T 0) curve was determined in section 6 it is apparently not necessary to determine 
S ('To) anew in a third iteration by using the new vcvalues. In fact, because of the 
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smallness of the differences between the empirical vt-values found here, and these 
assumed for the U.R.P. 1964 model we tend to consider the new results as a confir­
rnation of the vcvalues assumed in the U.R.P. 1964 model. 
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