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STUDY OF THE CONTINUOUS SOLAR SPECTRUM
IN THE VISIBLE RANGE

by A. S. RAMANATHAN
(Kodaikanal Observatory, India)

ABSTRACT. — Lamb darkening observations made under excellent observing conditions are given
for twenty-two wavelengths in the continuous spectrum of the sun in the region A 3 600-A 6 800 ;
these observations were made at a time when the disc was completely free from spots and also other
forms of solar activity were at a minimum. It is verified that for the visible region between A 4 000
and A 6 000 the variation of continuous absorption coefficient with wavelengih agrees with the
theoretical values given by CHANDRASEKHAR and BREEN for the H ion. However beyond 6 000 A
divergence between theory and observation begins to appear. Variation of optical depth with
temperature for h 5 000 is deduced from observations.

INTRODUCTION

It is well established that the observed energy distribution over wavelengths
in the spectrum of the sun, whose effective temperature is 5 713° as deduced from
the solar constant, deviates considerably from the Planckian radiation curve
for 5713°. This means that the sun does not radiate strictly like a black
body. The main object of any theory of the photosphere is to account for this
discrepancy between the effective temperature and the colour temperature and
for the observed variation of limb darkening with wavelength. Such a theory, of
which the investigation by CraLoNGE and KourcanNoFrFr is a recent example,
usually bases itself upon accurate observational data relating to the variation
of limb darkening with wavelength and to the variation of intensity as a

function of wavelength at the centre of the solar disc or for the disc as a whole. As

the thickness of the solar atmosphere is small compared to the radius of the sun,
it is important that the measurements of limb darkening required by a photo-
spheric theory, which has to explain the variation of the continuous absorption
coefficient, should be extended as close as possible to the extreme limb. Such
measurements have been made by several workers [1], of whom ABBOT Was the
earliest, in the continrucus spectrum of the sun extending from the ultraviolet to
the infrared. But in recent years greater emphasis seems to have been laid upon
measurements in the infrared and the ultraviolet than in the visible part of the
solar spectrum. CanavaceiA and CHALONGE [2] have however recently studied
the darkening towards the solar limb over the spectral range from A 3 150
to A6 000, but they regard their measures to be of the nature of only a first
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approximation. There is indeed an urgent need for accurate measurements of limb
darkening in the visible region of the solar spectrum and under as perfect observing
conditions as possible.

From an analysis of the measurements so far available CHaALONGE and
KourGcANOFF-[3] have come to the conclusion that between A 4 000 and 2 12 000
the observations are consistent with the hypothesis put forward by WiLpr [4]
that the negative hydrogen ion is the sole source of opacity in the solar atmos-
phere, while CHANDRASEKHAR and Miincu [5] believe that the agreement between

theory and observation is sufficiently good over the whole spectral range from

4 000 A to 24 000 A. It is with the object of providing really reliable measu-
rements of the solar limb darkening in the visible region and with the
view of examining how far the theory of absorption by the H-ion agrees
with observations made under the best possible condmons that the present
work was undertaken

OBSERVATIONS OF LIMB DARKENING

Ezxpertmental details. — Limb darkening observations in the wavelength range
A 3600-2 6 800 were carried out with the help of a plane grating spectrograph in
angular mounting fed by an 18-inch Foucault siderostat and an 8-inch achromatic

. object glass of about 91/2 feet focal length giving a solar image of about 28 mm in

diameter. The grating is ruled on speculum and the collimator and the camera
objectives are of glass. ~ Further details about the spectrograph are given in [6].

The spectrograms were obtained in the second order of the grating, where the
linear dispersion was 2 A per millimeter and also partly in the first order where the
scale of the spectrum was half that in the second order. From 3 600 A to 5 300 A
the spectrum was photographed in the second order, while for the range from
5300 A to 6 800 A the first order of the grating was used. Thus there was no
need to use colour filters for eliminating the effect of overlapping spectra. The
experimental procedure was as follows:the image of the sun was guided on to the

- slit plate so as to place it symmetrically on the slit which was about 0,04 mm in

width and 32 mm in effective length. With the help of a metal disc placed imme-

‘diately in front of the slit and having a circle of about 28 mm in diameter engraved

on it, the focussed image was centred upon the slit so that the vertical diameter
of the image exactly coincided with the slit. The focussing of the image on the
slit plate was made visually always by looking through a colour filter appropriate
to the particular region for which the spectrograph was adjusted. With this
arrangement spectrograms were taken in the various regions of the spectrum cover-
ing the entire visible part. Thus on the plates were obtained spectra of the
focussed diameter of the sun’s image. The exposures were quite short varying
between 2 and 7 seconds. The whole visible region was photographed in eight
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sections and in each section several plates were obtained on several days in the
months of December and January 1952-1953 when the observing conditions were
exceptionally good and the disc of the sun was completely free from spots. The
photographic plates (8 1/2” x 6 1/2”) used were Ilford Process for the region
3 600 A-4 500 A Ilford Selochrome for the region 4 600 A-5 000 A, Ilford Special
Rapid Panchromatic for the region 5 000-A-6 000 A and Ilford Astra VIII for
the region 6 000 A-6 800 A. The whole range of wavelengths between 2 3 600
and A 6 800 photographed covered about 1 225 mm. All the plates were deve-
loped in total darkness for 5 minutes in M. Q. developer taking the usual precau-
tions to eliminate EBEruHARD effect. Each plate contained one spectrum of the
sun as well as a series of density marks for determining its characteristic curve.
The procedure for obtaining the density marks was as follows : the slit of the
speclrograph was opened to its fullest extent of about 2,5 mm and a previously
calikrated step slit was placed at a fixed distance immediately in front of it. The
details of the procedure for impressing the density marks on the plates are des-
cribed in [6]. It was found that an exposure varying between 5 and 20 seconds
gave suitable densities with the step slit for microphotometry in all the regions, -
while the exposure times for the solar spectrum varied between 2 and 7 seconds.
Thus the ratio between the time of exposure for the solar spectrum and that for
the density marks was never more than three. For this ratio, it was assumed
that the characteristic curve of the photographic plate is not affected. In order
to keep thisratio always less than three a high quality Kodak Neutral Filter was used
behind the slit when the solar spectra were taken and removed while taking the
standardisation spectra.

RepucrioN orF OBSERVATIONS

The spectra obtained represent the spectra of the focussed diameter of the
sun’s image extending from one limb to the other and can therefore be used for
measurements of limb darkening for various wavelengths in the continuous
spectrum. A determination of the variation of intensity in the continuous
spectrum parallel to the Fraunhofer lines is intended to give the variation of inten-
sity from limb to limb along a diameter of the solar disc for the particular wave-
lengths under consideration. This requires that two important conditions should
be fulfilled : (@) that the spectrograph slit is absolutely uniform in width throughout
its length so that whatcever variation is measured along the spectrum is entirely
due to limb darkening, (b) that the spectrograph is completely free from astig-
matism. As regards (a) the slit, although of excellent construction, was care-
fully tested for uniformity of breadth by photographing the spectrum in some
spectral region with the slit illuminated by uniform unfocussed sun light. The
spectrogram was then run through a recording microphotometer across the conti-
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nuum in a direction parallel to the Fraunhefer lines. This showed that the slit
jaws were perfectly straight, but the slit width had a very slight uniform taper
from one end to the other, which made the intensity of the spectrum decrease
uniformly along the length of the slit. While it could be completely eliminated
for any fixed width of theslit, this tapermg could not be entirely avoided when the
slit had to be opened and closed several times for photographing the standardi-
sation spectra on the different plates. However, this had no objectionable
influence on the results, for by taking corresponding points on either side of the
centre of the image and averaging, the real intensity for each point could be cor-
rectly determined. In actual measurement corresponding points on either side
of the centre were found to differ utmost by about 6 %, though in many cases
the difference was much less.  So far as condition (b) is concerned, various tests

. were made for detecting signs of astigmatism, but the spectrograph appeared to

be completely free from this defect.

TABLE I

Values of for various wavelengths in the visible region.

A Y

7‘\SINGOI 0.2 0.3 0.4 0.5 —0.6 0.7 0.8 0.85 0.9 0.95 0.98
IN Ao

3 600 1.000 .987 .975 . 947 .908 .853 .782 .676 .60S  .527 .409 .287
3623+ 1.000 .989 .973 .950 .921 .873 .794 - .705 .639 .557 .448 .315
3 659 1.000 .995 .978 .954 .915 .868 .799 .714 .667 .594 .497 - .349
3 692 1.000 .992 .974 .947 914 .870 .805 .712 .646 .572 .460 .339
3714 1.000 .988 .976 .953 .924 .884 .831 .741 .679 .596 .468 .345
3 726 1.000 .991 .976 .952 .920 .881 .823 .730 .656 .582  .458  .327
4 094 1.000 .989 .976 .962 .931 .902 .851 .779 .726 .653 .556 .468
4 221 1.000 .982  .963 .943 .917 .875 .818 .746 .698 .632 .546  .453
4 485 1.000 .991 .  .973 .950 ~.914 .886 .849 777 .734 .667 .582  .490
4 532 1.000 .990 .979 .958 .938 .910 .869 .816 .765 .705 - .610 .505
4 753 1.000 .988 .977 .962 .939 .909 .870 .815 .769 .7T09 .622 .515
4 830 1.000 .992 .978 .961 .940 .911 .868 .807 .764 .710 - .625 .530.
4 995 1.000 .989 .976 .961 .940 .914 864 .796 .750 .687 .600 .504
5078 1.000 .993 .979 .963 -.939 .908 .866 .805 .760 .713 .634 .555
5190 1.000 .989 .975 .954 .927 .895 .853 .794 .755 .706 .630 .537
5305 1.000 .989 .978 .963 .942 915 .877 .820 .778 .736 .652 .546
5339 1.000 .989 .980 .963 .943 .912 .872 .810 .771 .708 - .623  .533
5500  1.000 .995 .991 .979 .966 .944 .912 .858 .820 .760 .676 .591
51750 1.000 .994 .989 .980 .966 .946 .916 .865 .825 .768 .68l  .588 -
6210 1.000 .997 .985 965 .944 .923 .895 .853 .828 .779 712  .637
6 397 1.000 .994 .983  .973 .961 .945 .922 .894 .870 .830 .757 .657
6 670 1.000 .992 ,981 ,969 . .963 .942 .915 ,882 ,862 .827 .771  .692
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The plates were taken onlyin the early hours of the morning when the observ-
ing conditions at Kodaikanal are at their best. Although about 100 plates were
actually taken a selection for correct density for microphotometry had to be
made. The plates finally chosen were 30 in number ; these were photometered
with a Cambridge Recording Microphotometer. About thirty wavelengths in
all were chosen where there was a good continuous spectrum seemingly free from
the influence of strong absorption lines. Careful comparison with the Utrecht
Photometric Atlas however showed that a few of these wavelengths were
not entirely free from the influence of Fraunhofer lines and were therefore
rejected. The final measurements reported in the present paper give the values
of limb darkening for 22 wavelengths. Threeindependent limb darkening curves
were prepared for each wavelength and in each case the intensities at points .2, .3,
4, .5, .6, .7, .8, .85, .9, .95 and .98 radius from the centre on either side were -
measured, averaged for corresponding points on both sides and expressed as
fractions of the intensity at the centre. The three curves for each wavelength
gave quite consistent values which agreed within 2 9. The averages for each
wavelength are collected in Table I.

DEFINITION OF THE LIMB AND SOURCES OF ERROR

Under the conditions in which the spectrograms were secured, the definition
of the sun’s image was excellent. Accordingly the spectrum lines showed fine
definition, except in the region 3 600 A-3 800 A, where the definition of the
spectrum was somewhat impaired due to the presence of appreciable diffuse light
inside the spectrograph. The repetition of the measurements in the region
3 600 A-3 800 A and its extension to the limit of the ozone band using a prism
spectrograph is contemplated.

One important source of error is the blurring of the solar image due to scintil-
lation and scattering in the atmosphere. According to MiNNAERT and his co-
workers [7], due to the diffusion of the sun’s limb, each point along a solar radius
is blurred according to a Gaussian curve,

. a 24 ot

j = - e— &+ ).a
where £ and v are cartesian coordinates in units of solar radius, measured in the
direction of and normal to the solar radius. This assumption is essentially the
same as that of WanpEers [8]. The quantity ¢ @’ called scintillation constant is
very large when diffusion effects are very small. Assuming that the limb 1s really
a straight edge, the effect of the diffusion process will be to distort the intensity

profile into an S-shaped curve. The position of the true limb is at the point
— 99 —
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of inflection of the curve. A family of theoretical curves can be constructed with
parameter ¢ a’, so that by comparing the observational curves with the theore-
tical curves one can determine the scattering constant ¢ « °, which can be used to
determine the true intensities near the limb. Estimates of ¢ a ’ were thus made for
all the observational curves and it was found that while in the region 4 000 A-

4 500 A ¢ a’ varied between 28 000 and 50 000 the variation was between 80 000

“and 110 000 for wavelengths above 4 500 A. There was considerable blurring

in the region 3 600 A-3 800 A and estimates of a’ here varied between 3 000
and 10 000.

Another source of distortion of the solar image is the image-forming lens. The
actual lens used in our observations is however a high-quality telescope objective
constructed by Gnuss and its contribution to the blirring of the irhage can be
taken to be very small (*).

The spectrograph used in this work was provided with several diaphragms
with a view to reducing stray light' to a minimum. The spectrum plates actually
showed extremely faint backgrounds over the whole range photographed, except-
ing in the range 3 600 A-3 800 A where the background was appreciable. The
presence of scattered light inside the spectrograph can affect limb darkening measu-
rements. In our measurements a correction for background was made for every
plate.

Since in most of the cases the estlmates of scintillation constant was very
large, it is evident that the effect of scintillation is very small and hence the correc-
tion due to diffusion is generally negligible Since the error introduced by a
scintillation constant 30 000 at sin 6 = .98 is about 0.1 %, it was considered safe
to earry out the measurements upto sin 6 = .98, without correction for
diffusion. The position of the true limb was determined in each case by locating
the point of inflection of the S curve. A number of trial cases showed that the
point of inflection of the S density curve is the same as the point of inflection of
the S intensity curve. This is due to the fact that the diffusion effect has been
small throughout. '

COMPARISON WITH OTHER OBSERVERS

An examination of the results here reported shows that our values are consis-

- tently higher than the values of any other previous observer. This disagreement
" is to be traced to the method of measurement used by us. = The procedure followed

(*) The observations of the limb darkening were first made under equally good observing conditions,
using the same spectrograph, but a different image-forming system, viz. an 18-inch parabolic mirror of -
about 10 ft. focal length. But these showed excessive limb darkening which was evidently due to the
vignetting of the solar image caused by the parabolic mirror and the Cassegrain arrangement,

—23 —

C.N.R.S. ¢ Provided by the NASA Astrophysics Data System



. 18R

17,

1954AnAp. .

7 A. S. RAMANATHAN [ANNALES D'ASTROPHYSIQUE

by other observers is such that, for the registration of intensity, they had to bring
in succession different points on the sun’s diameter on to the registering appa-
ratus, which necessarily involved uncertainties arising from possible changes in
observing conditions or from imperfect guiding of the solar image or from both.
But the method which we have followed is free from such uncertaintes, because
the spectrum of the whole diameter of the sun is recorded all at once in a very
short interval of the order of 2 to 7 seconds. In this procedure, therefore, there
is far less chance of the relative values of the intensities at different points on the
diameter being affected. Incidentally, it may be noted that our observations
in the A 3600 region agree nearly with the values given by CHALONGE and
Canavacara for the wavelengths in this region. Inour case there was considerable
diffuse light inside the spectrograph and also the limb profiles showed that consi-
derable correction was necessary for the intensities near the limb. In view of
our results obtained by a method which seems freer from the uncertainties indi-
cated above, it seems justified to conclude that the true limb darkening is less
than what others have observed.

DiscussioNn or THE OBSERVATIONS

CuaLoNGE and Koureanorr have worked out a method for determining the
variation of the optical depth (r,) in the sun’s atmosphere as a function of the
wavelength A, — a method which has been used by a number of later workers.
This procedure depends upon two types of observational data; namely (a) mea-
sures of limb darkening for various wavelengths, and (b) measures of intensity as
a function of the wavelength at the centre of the disc. In the preceding parts of
the present paper we have made a fresh determination of (a) in the visible part of
the solar spectrum under the best possible conditions. It is also our intention
to determine (b) under equally satisfactory conditions, but so far, for various
reasons, it has not been possible to accomplish this. For the present there-
fore we accept the intensity distribution in the continuous spectrum between the
I'raunhofer lines as a function of wavelength at the centre of the disc as derived
by MuLpEers from various comparatively recent observations. Although later
studies have shown that MurLDERS’s intensity distribution is considerably in error
in the ultraviolet and the infrared parts of the spectrum, his values are satisfac-
tory in the visible range (*).

We follow CmarongeE and KourGanNorr’s procedure for determining the

(*) More recent observations of the absolute intensity distribution at the centre of the disc are however
available from the work of Canavacaia and CHALONGE [2]. But they cover only a small range A 4 000-
A 4 900 in the visible region. In any case these values do not differ materially from those of Mulders,
(Zs. f..4p., 11, 132, 1936.)
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variation of 7, with A, using our measures of the darkening towards the limb in
the visible range between 4 000 A and 6 600 A and MuLpERS’S intensity distri-

bution at the centre of the disc for the same spectral range. We start with the
usual expression

(1) I;\(O,Q) = hA‘oo B, (ty) e~"r5ec 0 sec bdry, . ...

where dv, = kypdz, k), = coefficient of continuous absorption and p = den-
sity. By(m.) is the Pranck function for the temperature corresponding to T,.

Now, in actual limb darkening observations we measure the quantity

’ _ I)\(O,B)
(2) i (I))\ (6) - I)\(0,0) .
Therefore from (1) and (2) we obtain
(3) @7\ (6) = ~/0-c>° b)\ (T)\) e~ s‘me. sec edT)\ PP
in which 4 _
: _By(m)
(4) : by (7)) = (0,0 "

Various representations have been tried by different writers for b,(t).
CuALONGE and KourcaNorrF [3] assumed that it could be expressed in the form

: 1 -
(5) by (m) = @y + Byma k31T
which means that
(6) @, (0) = a + By cos 6 4y, cos? 0 ...,

- It is possible to determine «,, ) and y; by the method of least squares for
each wavelength for which limb darkening observations are available. Making
use of these coefficients, it can be seen how far the assumed empirical formula
faithfully represents the limb darkening curve. In principle, one is not justified
in limiting the series upto only three terms. It is necessary to include terms of
higher powers of cos 6 and evaluate their coefficients by the method of least
squares. But nevertheless the formula (6) will remain an interpolation formula
and may not hold good for large optical depths due to inaccuracies in observation.

KourcanNorrF [9] has proposed another empirical expression for b,(ty) which
may be written as . , |

(7) ‘ by (13) = Ay + Bity, + G Ey (7)) + Dy E; () +
where A;, B,, G, etc. are empirical constants to be determined for each wave-

length from the limb darkening observatlons and Ey(t,), Es(7y) etc... are the expo-
nential integrals defined by

(8) E, (z) = foo yre—Vdy ....
— 95—
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Substituing (7) in equation (3) we get

where u = cos .

In order to decide which of the two representations (5) and (7) fits better with
the observations three different wavelengths were chosen in the entire region
investigated and for these three wavelengths the coefficients were evaluated first
in (5) and then in (7) by the method of least squares, and the sums of squares of

al

+Dx[%—u+»u210ge <1+i>]+

[ANNALES D’AsTROPHVEIQUE

residuals were computed in both cases for these three wavelengths.

1s much superior to (5).

TABLE 1T
N 2.e% FoRr (5) 2e? For (7)
TPTO THREE TE‘RMS UPTO THREE TERMS
4221 A .00009333 .00006150
5190 A .00032516 .00013115
6397 A .00098978 .00023680

Accordingly the representation (7) was chosen and the coefficients A;, B, and
Cy in (7) for each wavelength finally evaluated by the method of least squares

are given in table IIl, correct to 6 decimal places.

TABLE IIT
Values of the coefficients Ay, By, Cy in (7).

rN A
4 094
4 221
4 485
4 532
4 753
4 830
4 995
5078
5190
5305
5 339
5 500
5 750
6 210
6 397
6 670

Ay,
0.795589
0.556468
0.740157

.045408
.018700
.898535
.881561

741962 -

.741703

.911871
.161714
.254201
.955283
.355158
.084631

1
1
0
0
0
0
1.006890
0
1
1
0
1
1

l

O DD DO DO OO0 DO OO OO

By,
.407953
.540680
.414560
.234330
.242130
.306925
.335244
.386176
.385659
.229873
.300800
. 134552
.064842
.212154
.035758
.105123

— 2% —

Ca
— 0.648039
— (.328139
— 0.519293
— 0.916613
— 0.858392
— 0.669678
— 0.696688
— 0.412198
— 0.431464
— 0.783411
— 0.687516
— 0.941008
— 1.031074
— 0.559736
— 1.069778
— 0.637799

Ay + Gy
0.147550
.228329
.220864
.128795
.160308
.228857
.184873
.329764
.310239
.223479
.224355
.220706
0.223127
0.395547
0.285380
0.446832

oo M oo Bl e Bl oo B we I oo B e B eI an B ao B an)
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If we put 6 = Tin equation (9), we getthelimb intensity @, (—;—C> = A, —}—C;‘-,
expressed in terms of the intensity at the centre Taking MurLpERS’ values

for the intensity at the centre of the disc it is possible to obtain I, ( 0, > at the

extreme limb [(Ay + G,) (I,(0, 0)] and hence the boundary temperature of the -
sun. Different writers have obtained different values for this temperature. Our
observations yield the value 4 793° 4 125°. 'In the calculations which follow
we therefore adopt 4 800° as the boundary temperature. Table IV gives the

'boundary temperatures obtained for different wavelengths (*).

TABLE IV
Boundary temperature. — T,

AN A T,K) 1w A T,(°K)

4 094 4779 5190 4997

4221 5 057 5305 4683

4485 4951 . 5339 4675

4 532 4555 5500 4614

4 753 4 622 5750 4555

4 830 4859 6210 4984

4 995 4 637 6 397 4 615 A

5078 5 086 6 670 5026  Mean = 4 7930 L 1250

~

DETERMINATION OF by(ty)

Once A,, B, and C, are determined for each wavelength, it is easy to calcu-
late by (7)) with the aid of the equation (7) with 3 terms for various values of
and for different wavelengths. Tables of Ey(t) for various values of 1, are avai-
lable from KourcAaNoFF’s book [10] on Transfer Problems, which we have made
use of in evaluating b,(s5)). The results are given in table V. Since b(7))

Bx(Tx)
. 17\(07 0)
different values of 7, and hence the temperature distribution with optical depth
for each wavelength. The values of T as a function of v, and A are assembled
in table VI. Then the temperatures thus obtained are plotted against r, for
various wavelengths. From these curves it is possible now to read off t, for each
wavelength for some chosen temperatures. We have chosen the temperatures
5 0000, 5 5000, 6 0000, 6 500° and 7 000° and for these, 7,’s for all the wavelengths
are read off. These values are assembled in table VIII. Then T, is plotted
against A for all the chosen temperatures (fig. 2).

it is 'now possible to determine By (ma) for each Wairelength and for

(1) It is well known that the true surface temperature is lower.

— 27 —
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ROLE OF NEGATIVE HYDROGEN ION

The curves plotted in fig. 2 have now to be compared with the curves that
can be obtained by making use of CHANDRASEKHAR’S values for the absorption
coefficients for the H=ion. We again follow here the method first suggested by
Cuaronge and Kourcanorr[3]. Let us suppose that the H—ion is the only
absorbent in the wavelength region considered. Then if k; (T) be the absorption
coefficient of the H~1ion given by CHANDRASEKHAR and Breen [11],

(10) Tx:fklpdx:‘/‘k)\ <pg—%> 4T :fk;\a,TdT

where a; 1s a coefficient depending only on T.
Differentiating (10) we have

(11) —2 = apk, (T) ....

Therefore, plotting d—?; against k&, (T), we should obtain a straight line passing

through the origin and having a slope ar, if H-1onis the only source of continuous
absorption in the region considered.

TABLE VII

Values of Empirical ©’s for various temperatures.

A/ To(K) 5 000 5500 6 000 6 500 7 000

4 094 .015 113 .355 .870  1.880
4 221 20 415 950  1.755
4 485 005 L1100 .380 930 1.845
4 532 .018 110 313 780 2.000
4753 035 120 .355 .855  2.120
4 830 .010  .110  .375 950 2.040
4 995 .040 .150 .420 .990 2.000
5 078 110 465 1.120  2.075
5 190 140 490 1.140  2.100
5 305 030 .145 412 1.050  2.425
5339 030 .155 455  1.070  2.180
5 500 .035 135 .370 1.020 2.500
5 750 .035 140 355 1.030  4.650
6 210 135 .500 1.350 2.850
6 397 030 .128 .365  1.250

6 670 115 460  1.610  4.440

— 30 —
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dry, ‘
We have determmed —aﬁ for different temperatures from the T, Versus T

curves and have plotted these values against k; given by CHANDRASHEKHAR and
Breen. The temperatures chosen are 5 000°, 52500, 55000, 5 7500, 6 0000,
6 2500, 6 5000, 6 7500, and 7 000°. The graphs are shown in fig. 1. An exami-

T=5750K T= 7000 K . ;
o8
‘ ‘ g—rﬂ—xto +
06 o’
adi/\—)( IO o ° % 2
04 .
Rix10
1 2 o 3
02 : o
, T=6750 K .
0 Rax 10 o 3
2 4 6 8 ®
da. 3 °
. x10 o "% 2,
T=5500 K . RN I :
04 © o o
gixloz’ ° ST e, © :
02 T ° k,\,gloze
{ 2 3
Rax 15 . T= 6500 K
0 3
2 4 6 8
T=5250k oWy S 2
‘ ST
]
05 d 5 . Rax 10
Frax10 i 3 3 T
02 T=6250 K
0t 5
FPo Y
Raxid® a‘ﬂxto o o 0
2 + 6 8 19 0
T=5000 K : u3
Ry x 10
° 1 2 ] 4
e ° o v
4G x10 bl e T=6000 K :
o1 ° °  {os
° %‘lxld b e 00
005 jo¢
Ry 0 ) Rax loz,b
2 P 3 5 10 1 2 3 4 5
Fia. 1. — Determination of the coefficient ay for different temperatures.

nation of these graphs shows that there is a certain amount of scatter in the plots,
presumably dte to uncertainties in the observations. Nevertheless, the best
curve that could be drawn was clearly a straight line passing through the origin.
From these graphs the best value of a; was determined in every case. These
values are collected in table VIII.

3] —
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TABLE VIII
ToK) ~ 5000 5250 5500 57560 6000 6250 6500 6750 7000

iy X 10728 .01273  .03112  .06352 .11274 .18834 .34233 .61750 .89189 1.4308

We use the relation
~T
mT):fF ay by (T) dT

for calculating the optical depth of a layer of temperature T in an atmosphere
where absorption is uniquely due to the H-ion. We adopt T, = 4 800° K. We
have performed the integration of the equation mentioned above graphically
after plotting a.k, against temperature for various wavelengths. Hence we get
the variation of 7,(T) with wavelength for various chosen temperatures. The
values are assembled in Table IX. We have chosen again the same temperatures
viz. 5 0000, 5 5000, 6 0000, 6 5000, and 7 000°, so that we can compare these syn-
thetic curves with the empirical curves obtained from observations. In fig. 2
o’s represent the empirical plots and X’s represent the synthetic plots. An exa-
mination of the figure shows that the curves follow one another fairly closely and
therefore indicate that the H—ion is the only source of continuous absorption in

TABLE IX

Values of synthetic s for various temperatures.

ATK 5 000 5 500 6 000 6 500 7 000

4094  0.008 0.099 0.324  0.802  1.750
4221  0.008 0.097 0.326 0.835  1.831
4485  0.008  0.102  0.351  0.903  1.985
4532  0.008 0.104 0.346  0.898  1.987
4753  0.008  0.109  0.373  0.937  2.038
4830  0.008 0.116  0.382  0.957  2.098
4995  0.009 0.121  0.395 0.993  2.169
5078  0.010 0.121  0.400 1.023  2.215
5190  0.009  0.122  0.405 1.031  2.265
5305  0.010 0.123 0.416 1.069 2.344
5339 0.011  0.127 0.411 1.05¢  2.315
5500  0.012  0.133  0.430 1.087  2.386
5750  0.012  0.137 0.445 1.124  2.474
6210  0.012 0.149 0.483 1.219  2.671
6397  0.013 0.150 0.489 1.224  2.703
6670  0.013  0.153 0.495 1.250  2.746.
32—

C.N.R.S. ¢ Provided by the NASA Astrophysics Data System



. 18R

17,

1954AnAp. .

t. 17, n° 1, 1054] STUDY OF THE CONTINUOUS SOLAR SPECTRUM 16

the visible range of Wavelengths from 4 000 A to 6 000 A. The observational
curves, however, indicate that beyond 6 000 A the divergence between theory
50| A

4.50

4.00

. o
00t T=6000K oo o _ Soao-y
0 T T e ° o
0.00 ,
4000 4500 5000 5300 6000 6500 000 A

T= 5000 K o v . Qo o °
0.00 | Srem T R g ore - aa mn o Amemm o S RTTg
4000 4500 5000 5500 6000 6500 7000 A
Frc. 2. — Variation of T\ with A for a fow typical temperatures. Solid curves represent empi-

rical 73’s computed from the observed limb darkening and Mulders’ intensity distribution for the
centre of the disc.

" Broken curves represent synthetic 73’s obtained from the graphical integration of equation (11)
using. Chandrasekhar’s absorption coefﬁclents for H- ion and Mulders’ 1ntens1ty distribution for the
centre of the dise.

— 33 —

C.N.R.S. ¢ Provided by the NASA Astrophysics Data System



. 18R

17,

1954AnAp. .

17 A. S.

RAMANATHAN ’ [ANNALES D’ASTROPHYSIQUR

and observation is already beginning to show up. However without extending
the limb darkening observations further towards the longer wavelengths and at
the same time determining more accurate values of absolute intensity at the centre

of the disc, it is impossible to say whether this divergence is genuine. |

VARIATION OF TEMPERATURE WITH OPTICAL DEPTH For 5 000 A

It is usual to characterise the opacity of the photosphere by a relation

7500

7000¢

6500+

6000

5500t

5000
T5000
45 L -
005 0.5 5 15 20 35
Fre. 3. — Variation of temperature with

optical depth for A = 5 000 A.

between the temperature and the optical
depth for the wavelength 5 000 A.

We have determined this relation by
graphically integrating the expression

5(T) = /. "~ ayky(T)dT
for various temperatures for the wavelength
5000 A. A graph is drawn (see fig. 3) re-
presenting the variation of optical depth with
temperature for this wavelength.

In conclusion, my sincere thanks are
due to Dr. A. K. Das, Director of this obser-
vatory for suggesting this problem to me and
for giving me all facilities and guidance
throughout the course of this investigation.
Thanks are also due to Mr. K. D. ABHYANKAR
for assistance in computations and to Mr. P.

MapuAvAN Navar for suitably preparing the diagrams for the press.

Manuscrit recu le 20 décembre 1953.
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