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ABSTRACT

Equivalent widths of 82 Cr 1 lines, 70 Fe 1 lines, and 74 T3 1 lines are measured in the spectra of four
sunspots of average area 55 millionths of the visible hemisphere of the sun. Separate curves of growth
for Cr1, Fex, and Ti1 are constructed. Excitation temperatures of 4030° + 80°, 4200° % 150°, and
3800° + 100° are obtained for Cr1, Fex, and T% 1, respectively.

I. INTRODUCTION

Physical conditions in a stellar object are derived generally from a study of its con-
tinuous spectrum and its absorption- or emission-line spectrum. Both aspects of the
solar spectrum have been observed in considerable detail, and the observations have
been used by many investigators for constructing a satisfactory solar model. In the case
of sunspots, however, the observational data are mainly confined to the continuous spec-
trum of sunspots, as in the works of Pettit and Nicholson (1930), Wanders (1935),
Wormell (1936), Richardson (1933), Waldmeier (1939), and the more recent works of
Das and Ramanathan (1933), Michard (1953), and Ramanathan (1954). But, except
for the semiquantitative but extensive study of atomic lines in the sunspot spectrum by
Charlotte Moore (1932) and the measurement of equivalent widths of about 50 Fe 1 and
Ti1lines by ten Bruggencate and von Kliiber (1939), there is a complete lack of quanti-
tative observational material on the Fraunhofer spectrum of sunspots. One object of the
present study is to provide sufficiently accurate quantitative data with respect to some
absorption lines in the spectrum of sunspots. In this paper are reported the measurements
of equivalent widths of 82 Cr 1 lines, 70 Fe 1 lines, and 74 T 1 lines.

C. Moore (1932) has estimated the intensities of 6312 atomic lines in the spot spec-
trum on the Rowland scale of intensities. By comparing the intensities of 1000 lines of
Ca, Ti, Cr, Mn, Fe, and Niin the spectra of the spot and the photosphere, she derived
a2 value of A0 = —0.19, where § = 5040/ T. Further, by assuming an effective tempera-
ture of 5740° for the photosphere, she derived an effective temperature of 4720° for the
spot. But if we bear in mind that the temperatures concerned here are not effective
temperatures but excitation temperatures and that the excitation temperature of the
photosphere is much lower than 5740°, the value for the spot needs modification. In fact,
ten Bruggencate and von Kliiber (1939) have obtained a much lower value of 3800° for
the excitation temperature of sunspots from the lines of Fe 1and T% 1. This point will be
discussed in detail later in this paper. But in order to provide stronger observational
support for this argument, in the latter part of this paper the excitation temperature for
?mspotz 1; redetermined by constructing separate curves of growth for the lines of Cr 1,

er,and 77 1.

II. OBSERVATIONAL MATERIAL
@) GENERAL

The spot spectrum plates used in this investigation are the same as those taken by
one of the authors (Ramanathan 1934) with the plane-grating spectrograph of the Kodai-
kanal Observatory, and used by him for measuring the flux ratio Ig/7» of umbral to
photospheric intensity throughout the visible spectral range. The optical arrangement,
photographing technique, and method of standardizing the plates are all fully described
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in his papers. Here only the procedure of making the microphotometer records will be
described. But the information about the observed spots is retabulated in Table 1 for
ready reference.

TABLE 1

KKL NUMBERS AND AREAS OF THE OBSERVED SUNSPOTS

| !

] | Area of Spot in ‘::;ai:f]g $ -

Soot N { Dates of | Date of Central | Millionths of | 1o & "~
pot No [ Qbservations 1 Meridian Passage \'isibl; Hemi- Visible Hemi-

l; i sphere sphere

| !
KKL 9920 ..... | Dec. 18,19,20,1952 | Dec. 18,1952 470 85
KKL9922...... | Dec. 20,22,23,1952 | Dec. 20,1952 285 50
KKL 9929. . ..., | Jan. 10,11,12,1953 . Jan. 12,1953 175 29
KKL9930...... ; Jan. 14,15, 1953 y Jan, 15,1953 177 40

1 |

b) MICROPHQTOMETER RECORDS

Two plates of proper densities for each of the two larger spots (KKL 9920 and KKL
9922) and one plate for each of two smaller ones (KKL 9929 and KKL 9930) were select-
ed in every one of the five spectral regions, viz., Na D region, Mg b region, H8 region,
Ca g region, and H and K region. These plates were run through the Cambridge record-
ing microphotometer of this observatory. The plate to be measured was placed with the
direction of dispersion parallel to the direction of motion of the plate. To insure exact
parallelism, the scanning spot of light was first brought to one end of the spectrum and
was adjusted to be on the central portion of the umbra by getting the maximum deflec-
tion of the electrometer needle. The plate was then moved so that the other end of the
spectrum was brought under the scanning spot of light. If the direction of dispersion was
not parallel to the direction of motion, the spot of light did not fall on the center of the
umbra, and the deflection was not maximum. In that case the plate was rotated around.
a vertical axis by means of the screw provided for this purpose and was also moved cross-
wise until the deflection was maximum. The plate was then run backward to the original
position, and the adjustment was made again to get maximum deflection. The process
was repeated until the spot of light remained over the umbral region of the spot spectrum
throughout the run of the plate. If the records were now made by setting the scanning
spot of light on the middle of the umbra to start with, only the spectrum of the umbra
would be recorded. Each microphotometer tracing covered a range of about 14 A (1 cm
of the plate) with a magnification of 50 on the recording paper. In this way a dispersion
of 1.435 A/mm on the plate was magnified to 0.287 A/cm on the record. About 25 records
were thus necessary to cover the complete range of 300 A on the plate. The scanning slit
of the microphotometer had a width of 0.03 mm, while the slit of the spectrograph was
0.04 mm wide, so that the resolving power of the spectrograph was not affected by that
of the scanning slit of the microphotometer. The length of the scanning slit was always
kept less than the diameter of the umbra of the spot under examination. Thus if the
scanning slit is properly adjusted on the center of the umbra, only the unmixed spectrum
of the spot umbra would be analyzed.

For each plate four microphotometer tracings of the standardization spectrum also
were made at equal wave-length intervals, and each record was used for about 75 A to
convert densities into intensities.

[ ) REDUCTION OF OBSERVATIONS

Eighty-two lines of Cr 1, 70 lines of Fe 1, and 74 lines of 7% 1, chosen according to their
membership in multiplets and according to the availability of theoretical or experimental
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gf-values, were identified by comparing the microphotometer records with those in the
Utrecht Photomelric Atlas of the solar spectrum. In this comparison the intensities of the
lines in photospheric and spot spectra, on the Rowland scale, as given in the Mount Wil-
son Revised Rowland Table, were used. There was not much difficulty in identification,
though on some records a few lines could not be definitely identified because of too much
blending with other lines or because of their faintness. These doubtful cases were ignored.
However, in many cases the line wings had to be drawn plausibly, to reach the con-
tinuum. This cannot be avoided in the case of the spot spectrum, which is extremely com-
Pplicated, and hence not all the lines have clear-cut wings reaching the continuum.

The density profile of every identified line was converted into an intensity profile by
means of the standardization-curves in the usual way. The value of r, the ratio of the
intensity at a point in the line to the intensity at the corresponding point in the con-
tinuum, was determined. In most of the lines, except for a few broad ones, the con-
tinuum intensity was constant in the region of the line. Equivalent width was then easily

TABLE 2
PROBABLE ERRORS OF MEAN EQUIVALENT WIDTHS

i
No. of Per Cent ‘ No. of Per Cent
. No. ) . No.
Asysl.g'ncd Individual Probable | Ax.qxgmed Individual Probable
Weight M Error ! Weight Error
easures i Measures
of Mean of Mean
4 /6 6 2. 3and 4 12
.......... -“. 5 4 { 1 -Jr 2 15
oo | S PR
6 10 I
3o 5 8 i
4 6 i
i

obtained by working out the area [(1 — r)d) by the trapezoidal rule. On an average,
four to six individual measurements were possible for every line. The average equivalent
widths of the lines in milliangstroms are tabulated in the fourth column of Tables 3, 4a
and 4b, and 5. These tables include, also, the estimated intensites of the lines in the spot
spectrum in the ninth column (from the Revised Rowland table) and the weight assigned
to every line in the eighth column. In assigning the weights, both the number of individu-
al measurements and the probable error of the mean were taken into consideration.
Table 2 gives the criteria used.

III. SOURCES OF ERROR AND ACCURACY OF MEASUREMENTS

The following principal sources of error should be mentioned:

@) Scatlering of pholospheric light inio the umbral spectrum.—In the case of measure-
ment of the continuous spectrum of the spot umbra, the amount of light scattered into
the umbra can be estimated roughly by Wanders’ (1935) method. But 1t is very difficult
and uncertain to get an idea of the effect of scattering in the case of Fraunhofer lines.
But from the small scattering corrections for the ratio of umbral to photospheric inten-
sity obtained by Ramanathan (1954), we expect the error on account of scattering to be
small. It has been completely neglected in this investigation.

b) Stray light inside the spectrograph.—We have not used a monochromator to limit
the spectral range admitted into the spectrograph. Instead of that, we have used colored
filters to allow only a few hundred angstroms to enter the spectrograph. Stops at suit-
able places inside the spectrograph further reduced the stray light. The plates also did
not show any appreciable background of scattered light. A small amount of scattering
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LINES OF 7e I
Est. Int. Gbserved log SRIA
Multiplet o (RB) in ° Mf
¥o. Aok Spot Sp. ¥ inmk Xe 1av 2og Bfx, 1og W/ Wt
318 L8sa. 17 [ 231 2.863 +6.223 -h.326
851,50 8 451 2.839 6.483 4,035 §
4503.33 7 W7 2. 45,782 h.523 3
%919.00 T 315 2.853 46.291 -k, 154 3
1920,52 0 is6 2.820 +6.691 -5.033 4
%938.82 6 2 2.863 +5.649 4 .5h1 13
4585.56 5 100 2.883 5,46 -3 598 4
5006,12 7 276 2.820 608k & .259 ¥
50uh.22 4 o 2.83% #5051 N 4
383 5068. 7 110 2.927 45.319 4 564 %
5192.36 6 282 2.985 +6.170 -4.265 %
5232.95 g 389 2.527 +6.567 -k, 156 L
5266.57 8 37 2.9685 +6.284 -%.181 &
5281.8% 9 156 3.025 +5.833 ~4.530 3
553 5215.19 L Y] 3.252 - .45 3
5217.%0 & w09 3.197 *5.528 -k .660 4
5229.86 " uz 3.269 5,747 -k 669 |13
5253, 47 3 otk 3.265 +5.145 -4.851 4
5263,32 I 9 3.262 45,845 b Y
5273.17 3 10k 3.278 *5.75% -5.705 3
5283.63 10 210 3.227 +6.293 b1 3
5302.31 7 1k 3.269 5,992 %.575 3
5324.19 [} 30 3.197 +6.630 -4.208 3
5339.9% 6 g 3.232 +65.049 ~b.55h Y
5393.18 T 168 3.227 +5.935 ~L.507 9
965 5001.87 6 100 3.865 5. -4.693 3
501k.55 2 131 3.926 16,533 -h.583 &
5022.24% 2 101 3.967 +6.363 <3.697 3
984 h9T3.10 [ o6k 3,540 +6.097 -h.891 3
4585.26 3 057 3.912 46,206 - .5k2 3
5005.T2 I3 105 3.867 +6.53% -5.678 i
5048544 2 056 3.543 *5.631 -5.955 L
TARLZ b (b)
LINES OF Ze I
Bst. Int. Cozerved log gtA
Multiplet {RR) 1o ° -
Bo. Aind  gpotsp. Winma  XeaV ogi/k,  log WA M. Bamarks
1 5110.41 9 16 0.000 -L.369 = ,6hh 3
51586.29 5 0.000 -b.T05 -5.852 3
5168.91 5 251 0.051 -h.525 ~4,3% 3
5208, 12 312 0.087 -5.835 -h.222 13 Blend Cr 520k.51
2 434724 2 032 0.000 .892 -5.133 b
%375.95 9 135 0.000 «3.609 -L.511 »
5399 3 035 0.051 873 . Y
h27.32 4 151 0.051 -3.615 -h.l3g L
435,16 B 137 0.087 -4.873 ~k.510 3
1.66 7T 16 0.087 -3.79Q . iko 2
3 4206.70 6 0.051 B.h72 k.85 3
4216.19 5 17h 0.000 -3.920 -b.38% )
4258.33 L 1 0.087 -h 672 -h.h36 5
42918 3 051 559 . »
15 5265.55 1 515 0.855 -2.018 ~h.010 13
5328,05 n 0.9 -2.169 -2.099 &
53T1.50 1 431 0.95k -2.3ks -4.096 3
5397 .14 b3 330 0.911 -2.635 %21k 3
5h05.79 n 39 0,986 -2.585 . pY
5429, i ST 0.95% -2,551 5,17 2
5h3k,54% 8 197 1,007 -2, “3.L41 1
36 51T 8 7 1.478 -3.207 ~4,398 ]
37 5227.19 [ 1.550 -1.888 <k.059 &
5270.39 9 351 1.601 -1.993 <4.130 %
b1 hask.15 9 238 1.478 -1.672 i.256 3 Blent T+ end h29%.05
%337.06 T by 1.55L -2.139 <l b6k 3
4383.56 15 942 1578 -0.450 ~3.668 5
hhol, i0 5 1.551 -0.776 -3.812 b
45151k 8 326 1.601 -1.253 .32 &
42 L0204 9 3k2 1478 -1.30L -4.089 L3
4290.80 9 333 1.551 ~1.308 5,106 3 Blend A250.92
k2T1.78 12 ™ L.478 -0.862 ~3.761 IS
§307.51 T 828 155, -0.733 -3.716 3 Bland T4+ and CH both weak,
4325.78 8 619 1.601 -0.6T3 ~3.8kh &
&3 koS 6 505 155 -1.163 -3.899 %
bo5.63 8 1066 1478 -0.568 ~3.519 Y
106361 15 673 155 =0.611 -3.78 |3
TS 15 601 1.601 =0.666 -3.825 2
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LINES OF 74 I
Est. Int. Ovserved log gt
Maltiplet ° (RR} in .
o, MoK  spot'Ep.  Winmk Xetov og¥fx, Lgw/) W Rezarks
3 5396.58 3 oT3 0.000 b1k ~h.865 4
5426.26 i 029 0.020 -3.851 -5.272 3
4 5147.48¢ 3 060 0,000 ~3.082 -4.933 3
5152.19% 3 139 0.020 -3.051 -h.563 3
5173.75 b 237 0,000 -2.129 -4.339 &
5192.98 H in 0,620 ~1.994 4,583 [
5210.39 6 157 0,048 -1.859 ~h.521 3
5219.71% 3 0% 0.020 -3.363 -5.019 &
5252.11 1 o. -3, -k.786 &
5 L59T7.10% 3 0.000 ~3.172 k921 4
5009.65+ & 037 0.020 -3.302 -5.132 4
5014.19 - 0.000 ~2.278 -h.6k3 h Blend 501k.282 & 501%.128
506h.66% 7 of2 0.0k -1.995 -3.791 L
5039.97 5 083 0.020 -2.08 -5.783 b
n 3982.45 3 127 0.000 -2.3% ~b.h96 b
4009.66 k 121 0.020 -2.737 -k.520 3 Bland Fe 4009.72
12 3981.78 3 163 0.000 ~1.354 -5.388 3 T4 -Fet
3985.77 5 120 0.020 -1.203 -4.522 L
3998.65 3 215 0.048 ~1.011 -k,270 b
4008. L o83 0.020 ~2.063 -5.685 3 Blend Fe 4003.88
Lozk.58 4 1k 0.048 -2.029 =k,548 3
35 5366.64 2 038 0.815 -3.206 «5.150 L
5389.18 3 026 0.809 -3.289 -5.317 Py
37 5238.57% 2 o3k 0,855 -2.758 -5.188 b
5216.57 ° 037 0.832 -3.006 -5.152 b
5250.92 ] 0.822 =3.170 ~%.882 'S
38 4981, 7k 7 ns 0.845 ~0.535 ~h.633 b
1591.07+ 5 113 Q. «0.649 ~4,645 5
k995,51 & 122 0.822 ~0.793 -4.613 b
501%.28 8 155 0.809 ~1.047 4,539 5 T4 - Po (Weak)
5016.17% 5 053 0.845 -1.588 ~4.975 b
5020.03% 6 8o 0.832 “l.545 % b
5022.88 § ns 0.822 -1,480 «k,6k0 4
5024 .85+ 7 055 0,815 -1.638 -5,56L 4
3 4299.65 3 263 0.822 -1.872 ~h21h 3
431k.81 1 pE 1Y 0.832 ~1.360 <k, 2
h326.36 1 178 0.822 -2.106 <5391
L k274.60 3 177 0.815 -2.227 ~5.383 3
4281.38 2 039 809 -2.210 -5.0l0 5
4286.02 b 161 0.822 -1.360 -h.kes & Blend CE 5286.09
4287.41 2 053 0.832 -1.360 ~b.508 3
k289.08 b 133 0.815 -1.27h -4.508 b
4290.96 6 N7 0.609 =L.klg -k,564 3 ™ - CE
k295.756 b 0.809 -1.383 ~5.841 3 ™ - Cr
4298. b 0.815 -1.135 -k,580 3
4300.58 3 25% 0.822 ~0.930 &.229 3 CE -7
h301.11 T 268 0.832 -0.837 4,208 3 % - CE (W
4305.92 8 264 0.845 K <b,213 3 BTend cH 5306.15
53 48ko.89 6 a55 0.896 ~1.589 -k.94s5 3
5880.28 5 o3t 1.08 -2.765 -5.278 2
5918.56 6 059 1,062 -2.542 -5.00L 4
5866.46 0 o719 1.062 -1.819 -4.87L 3
5899.3% 6 063 1.048 -2. 4,972 B
5922.13 6 038 1.042 -2.366 ~5.193 b
S9%L.TT 9 068 1.048 2,485 o 3
™ 5280.50 3 ol 1,08 -2.625 ~5.079 3
528443 2 o6k 1.042 -2.TT2 -5,917 2 Fo, ™ 2
5295.79* 3 ok 1.062 ~2.416 -5.122 b
B h055.04 3 130 1.0k2 -1.T83 5. hgh 'Y Zr, T4 - Fe
%060,27 1 030 1.048 -1.617 -5.131 2
hoék..22 2 332 1,08 -1.848 . 3
%065.09 2 056 1.048 -1.783 4627 2 T, Mo
10 5035.92 7 124 1.hs5k -0.853 -b,609 [ Blend N1 5035.98
5036.57 5 124 1.k37 -0.961 -k.609 B
5038.41% b 1.h24 -1.060 -4.883 L)
15% 5953.17 [ 051 1.8719 -1.199 -5.0867 b
5565.8% 6 1.87L -1.2% <5.132 b
5978.55 6 038 1.865 -1.311 -5.187 3
136 5265.57 1 1.8719 -1.207 &.520 »
5283 .44 1 o7h 1 -1.280 4. 3
5297.2% 1 050 1.865 -1.31 k. 3
157 4885.09% b [0 1.879 -0.T20 4,838 3 +
o 3 051 1.87n -0.837 4,983 3 T4 - la (Weax)
3913 .62% 4 1.865 -0 -5.079 b
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might, however, have been present in the spectral regions in the neighborhood of the
H and K lines. The presence of small amounts of scattered light inside the spectrograph
would not materially affect the equivalent widths.

¢) Finite resolving power of the spectrograph.—The finite resolving power would con-
siderably affect the profile of the spectral line. But it would scarcely affect the equivalent
width of the line, particularly with the high dispersion of 1.435 A/mm used here. As we
are concerned only with the total absorption in the line, no correction is necessary on this
account.

d) Setting of the scanning slit.—This was done with the greatest possible care. The
length of the slit was always kept smaller than the diameter of the umbra. But slight
adulteration of the umbral spectrum by the spectrum of the neighboring penumbra might
have occurred in the case of the smallest spot, viz., KKL 9929.

To form an idea of the accuracy of the measurements, the percentage probable error
of the mean equivalent width was determined for every iine. It is given in Table 2. This
table shows that there is considerable scatter in the individual measurements of a line.
This is due to the nonhomogeneity of the spots observed, the umbral areas of which vary
from 30 to 85 millionths of the visible solar hemisphere. Moreover, the inherent difficul-
ties in observing the spot spectrum are also responsible for this discord. But as no sys-
tematic variation of equivalent widths with the area of the spot was observed, the values
of all the four spots were averaged.

If we further compare the equivalent widths of 32 Fe 1 lines in Table 4a and 17 Ti1
lines marked with an asterisk in Table 5 observed at Kodaikanal with those obtained by
ten Bruggencate and von Kliiber (1939), it will be evident that our values are systemati-
cally lower than their values by about 30 per cent. This is perhaps to be expected, be-
cause the spots observed by them were rather larger (80 millionths of the visible solar
hemisphere) than those observed by us (average area 55 millionths of visible solar
hemisphere). From the recent thesis by Michard (1953) it seems likely that the larger
spots are cooler than the smaller ones; if that is so, the lines due to neutral atoms may
be expected to be weaker in smaller spots than in the larger ones.

IV. CONSTRUCTION OF THE CURVE OF GROWTH
a) GENERAL
To construct a curve of growth, we generally plot log W /X against log 9/, where ¥
is the equivalent width, A the wave length, and 7 the number of atoms responsible for
producing the absorption line. By assuming thermodynamic equilibrium, we get,
%
log 7,M =log no+log gf A~ 0x.+log —k—+A log 70,

where )
f = Oscillator strength of the line,

g = Statistical weight of the lower level,

# = 5040/T,
xe = Excitation potential of the lower level,
no = Number of atoms in the ground state,
E = Mean absorption coefficient,

k, = Continuous absorption coefficient for wave length A,

and log k/k, and A log o are correction terms. The first corrects for the variation of the
continuous absorption coefficient with wave length, while the second converts the
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values of log #/\ to a single value of Bo/By. Wrubel (1950) has given the corrections
A log 7o for converting all measurements to the same value of Bo/B; = %. If we assume
a boundary temperature of 3500° for the spot, By/Bi varies from 0.19 to 0.37 as X varies
from 4000 to 5700 A. As the lowest value of By/B; in Wrubel’s data is %, the correction
A log 7o could not be determined in the present case. For a boundary temperature of
4000°, Bo/B; would vary from 0.22 to 0.42 as X varies from 4000 to 5700 A. Even then,
the correction A log 7o cannot be determined for all lines. But the correction, being al-
ways small, will not affect the shape of the curve of growth or the determination of
excitation temperature.

Ten Bruggencate (1947) had determined empirically the correction for variation of
continuous absorption coefficient. It is now known that the negative hydrogen ion, which
is the principal source of opacity in the photosphere, is also the principal cause of opacity
in the spot (Michard 1953). The correction was therefore determined from the mean
absorption coefficient computed by Chandrasekhar and Miinch (1946) and the con-

*0 o weghl 4
A v w3
u . 2
X 1

~60
~60 LogfNyh-— -50 —40 -30 -20 -10

Fi6. 1.—Curve of growth for lines of Cr1. 8 = 1.25

tinuous absorption coefficient of the negative hydrogen ion given by Chandrasekhar
(1946), by assuming an effective temperature of 4200° for the spot.

In the construction of the empirical curve of growth, log 7, need not be taken into
consideration, as it forms simply an additive constant. Hence in all cases log W/\ was
plotted as ordinate against log gf\ + log k/k, — 8x. as abscissa.

b) LINES OF Cr1

The relative gf-values for the lines of Cr 1 were taken from the experimental data of
A. J. Hill and R. B. King (1951). Values of log 5, for all lines were calculated for various
values of 6, and those of log W/ were plotted against log n/\ in every case. A mean curve
of growth was drawn for every value of 8. The deviation A from the mean curve was
found for all points, and ZA? was obtained by taking into account the weight assigned
to each point. It was found to be least for § = 1.25 + 0.025. This corresponds to an
excitation temperature of 4030° + 80°. The curve of growth for Cr 1 is drawn in Figure 1.

¢) LINES OF Fel

For the lines of Fe1 in Table 45 the relative gf-values are available from the data of
R. B. King and A. S. King (1938). The excitation temperature was obtained in the case
of these lines by the same procedure as was used for Cr 1 lines. £A? was found to be
minimum for § = 1.17 + 0.015, corresponding to a temperature of 4300° + 50°,

Experimental gf-values are not available for the Fe 1 lines in Table 4a. But the theo-
retical intensities of these lines have been computed by ten Bruggencate and von Kliiber
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(1939). Values of log SRI\ were obtained from their values of log (SRI/Awp) by adding
log 2m+/ (2RT /1) = 5.884; and these values were used in place of log gfA. The rest of the
procedure was the same as that used above. In this case the scatter was least for § =
1.23 + 0.015, corresponding to an excitation temperature of 4100° + 50°.

In order to get a single curve of growth, we have adopted a value of 1.20 + 0.04 for
8, i.e., a value of 4200° + 150° for the excitation temperature for the lines of Fe 1. Fur-
ther, the two curves of growth had to be shifted with respect to each other in the direc-
tion of the abscissa to make them coincide. The values of log SR had to be reduced
by 6.25 to bring them to the same scale as that of log gfA. The. composite curve of
growth for Fe 1 obtained in this way is drawn in Figure 2. :

d) 1ves o Tir
The relative gf-values for T4 1 lines are also given by R. B. King and A. S. King (1938)..
They were used for drawing a curve of growth for 7% 1 and for getting the excitation tem-

o Wepht
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Fro. 2—Curve of growth for lines of Fe1. 6 = 1.20, For O A [] X points, log /A = log gfA +
log E/k, — Ox. (lines in Table 45). For @ A points, log p/\ = log SRIN + log k/k — 6x, — 6.25 (lines
in Table 44).
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Fr6. 3. —Curve of growth for lines of Ti~. = 1.325 .
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perature for 7% 1. Following the procedure described earlier, we got 8 = 1.325 & 0.04,
ie., an excitation temperature of 3800° & 100°. The curve of growth for T4 1 is drawn
in Figure 3.
V. DISCUSSION OF THE RESULTS

In order to compare our results with those of others, we have retabulated them in
Table 6. From Table 6 it will be seen that the excitation temperatures obtained here are
somewhat higher than those obtained by ten Bruggencate and von Kliber (1939). The
differences are not great when the errors of measurement are considered. But, as ex-
plained in Section ITI(3), this may be traced back to the smaller area of the spots ob-
served in the present case.

TABLE 6

EXCITATION TEMPERATURE FOR SUNSPOTS

Metal Present | c. Moo
eta. Investigation ion Kliber "

Y &'3 SO 3800°-£100° 3700° |..eeiiiiveaiann
Fel.......ccc.... 4200° £+ 150° 3900° J...ciiiieennn..

2 S 4030°+ 80° f...iiieviiiiiiieniinaaan
Ca, T3, Cr, Mn, Fe,

R OOus i IEUUUURIUNI RUSUR 4720°+ 20°

TABLE 7

EXCITATION TEMPERATURE FOR PHOTOSPHERE

Excitation Tem-

Author Element perature for

Photosphere
ten Bruggencate and von Klitber (1939). {g,:i 5040°
> ]
K. O. Wright (1944).................. {}:C;f[ ok
R. B. King and K. 0. Wright (1947)... Vi 5400°
Sandage and Hill (1950).............. CrI 3790°
Ti1 4900°

Michard (1953)...... et Fex 4670°-5000°

” i+ 5250°

‘We now return to the question of the high value obtained by Moore (1932). As men-
tioned in the introduction, we should use the excitation temperature of the photosphere
to calculate the excitation temperature of the spot and not the effective temperature. In
Table 7 are assembled the values of excitation temperature for the photosphere ob-
tained by various authors. a - . ’

If we adopt the mean value 4900° for the excitation temperature of the photosphere,
we get from Moore’s value of A§ = —0.19 a value of 4130 for the excitation temperature
of the sunspots. This is in quite good agreement with the values now obtaihed and also
with those by ten Bruggencate and von Kliiber.

In conclusion it is our pleasant duty to thank Dr. A, K. Das, director of this Ob-
servatory, for his interest and guidance throughout the course of this investigation. We
bave also to thank Mr. P. Madhavan Mayar for preparing the diagrams for the press.
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