
THE CURVE OF GROWTH OF GAMMA CYGKI

by

Frances Sherman Bailey

A Thesis

submitted to the faculty of the

Department of Physics

in partial fulfillment of 

the requirements for the degree of

Master of Science

in the Graduate College 

University of Arisona

1942

Approvedi
Director Thesis



&&&&&

*i«$HE5' 4

nit :$ w . 66# w  8et#y. *

B R A R
k#f«*



£97  9 /

/

TABLE OF CONTENTS

CHAPTER PAGE

I. Introduction.......................... . 1

II. The Tempo rnture of Gamma Cygni • • • ....... . . 1 7

III. The Abundance of Fe I In Gamma Cygni....... . . 26

Bibliography •• ...............  . . . . . . . . 3 0

14 /'i3D



Chapter I. Introduction

The curve of growth of a star is a plot showing the measured intensity 

of the absorption lines in the star1s spectrum as a function of the number 

of absorbing atoms in the star* s atmosphere. It will be shewn that this 

plot may be used to determine the kinetic temperature of the star1# atmosphere 

and other facts concerning the conditions at the surface of the star* In 

order to determine a curve of growth it is necessary to have a high-dispersion 

spectrogram of the star. The low-dispersion spectra which are used in most 

investigations of stellar spectra do not show enough unblended lines to walca 

a curve of growth determination. As a result, curves of growth have been 

determined for only a few bright stars. Within the next few years astronomers 

hope to determine curves of growth for all of the brightest stars, including 

at least one of each spectral and luminosity class.

Gamma Cygni is a particularly interesting star because it has a 

temperature approximately equal to that of the sun whereas its luminosity 

is much greater. It is a supergiant star having a radius more than ton 

times that of the sun and a mean density equal to less than \% of the moan 

density of the sun. Therefore a comparison between Gamma Cygni and the sun 

shows the difference between a large rarefied supergiant star and a relatively 

dense dwarf star of the same temperature.

The material used in the investigation consisted of two high dispersion 

spectra of Gamma Cygni taken with the Coudft spectrograph of the 62-inch 

reflector of the McDonald Observatory. The data for these two plates are



shown in Table I. Ittorophotaneter tracings were made of these plates with 

the Moll microphotometer of the Steward Observatory. The tracings of Cd 1S9 

were made by the author and those of Cd 38 were made by Mr. Jay B. Treat.

The magnification of the scale of the plate on the tracing was determined 

by making a tracing of an accurate glass millimeter scale and was found to 

be 42.9 times. .

Table I '

* 2 —

Plate Date W, L. range Linear dispersion 
Short W. L. end Long W. L.

Cd 139 1941, July 16 4000 to 4700 2.0 A/mm 5.4 A/mm

Cd 38 1940, Aug. 9 4400 to 8700 2.4 V m 16 A/mm

Both plates were provided with photometric standardisation. Plate 

Cd 139 was accompanied by a spectrum made with the step spectrooeneltcweter 

of the McDonald Observatory, Standardisation tracings were made across the 

step-spectrum at three places corresponding to wavelengths 4050, 4360, and 

4650 approximately. Plate Cd 38 was standardised by means of two sets of 

spots made with the tube sens!tcmeter of the McDonald Observatory. One 

se%. of spots was made with a red filter and the other with a green filter. 

Every measure of a spectral lime was compared with the standardisation 

traced on the same day whose wavelength was nearest that of the line.

The wavelengths and identifications of the limes in these spectra 

had already been measured by Dr. loach1. proa an inspection of this wave­

1. P. E. loach, unpublished.
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length table, two elements were selected for measurement of the curve of 

growth. The lines of the element Ti II were measured by the author and the 

lines of Pe I were measured by Mr. Jay E. Treat.

The reductions of the measures were made In the usual way. First 

a characteristic curve was dram of density as a function of the logarithm 

of intensity for the standardisation tracing. The density is as usual 

defined as the logarithm of tho ratio of tho clear plate scale reading to 

the reading on the standard step or spot. All readings were measured in 

millimeters from "total darkness”, i.e., the position which is recorded on 

the tracing when no light enters the photocell of the microphotmeter. The 

values of the intensities of the standardizations are known, and were 

supplied by Dr. Elvey of the McDonald Observatory. They are recorded in 

Table II.

Table II

Standardisation Intensities

p or Spot Log Intensity Log Intensity
of Step (Cd 139) of Spot (fid 38)

1 1.73 1.95
. 2., : 1.59 1.91
3 1.46 1.67

■■ 4- . 1.53 1.61
5 1.21 1.33
6 1.07 1.22
7 0.93 1.09
G 0.79 0.87
9 0.66 0.71
10 0.52 0.67
11 0.58 0.41
12 0.24 0.26
13 0.12 0.16
14 0.00

To get tho total intensity of a spectral line, the tracing of 

the line is measured at intervals of 1 millimeter along the dispersion. 

The intensity corresponding to each measurement is obtained by entering
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tee density in the characteristic curve described above. The ratio# of 

inteneitiee in the line to the intensity of the continuous background are 

expressed in percent of intensity absorbed. Then a curve, is plotted of per 

cent absorption as a function of distance along the dispersion. The area 

under this curve is a measure of the Intensity of tee line. The unit in 

which the area is expressed is the area of a rectangular absorption line 

which has an absorption of 100j£ and a width of 1 milli-Aagstrom. The 

intensity of a spectral line expressed in these units is called the "equivalent 

width" in milli-Angstroms and is hereafter designated W. The areas were 

measured with a pianino ter.

Most ef the lines were measured with respect to the true continuous 

background of tee spectrum. For a few of tee lines, it was not possible to 

do thisj and the lines were measured with respect to a local background 

whose intensity was below that of the true background because of the crowding 

together of blended spectral lines. For these lines, Thackeray* s2 ratio r 

is listed. The quantity r is the ratio of tee intensity ef the local back­

ground to that of tee true background. As Thackeray has shown, tec true

equivalent width of a spectral line is to a first approximation the equivalent■ ... - - ‘ * • ■ • , •. •
width measured with respect to tee local background, divided by r.

In the case of lines which were blended on one side, the unblended 

side was measured and its equivalent width multiplied by two. For more

seriously blended lines an estimation was made of tee proportion of absorption
'

due to tee different members of the blend.

Five lines of Ti II which appeared on two tracings show that the 

probable error of a measurement of Ti is IS milli-angstroma or about 4jS.

2. Thackeray, Ap.J., 84, 435, 1956.



On tho other hand, twenty lines ef Ti II between XX 4400 and 4700 which 

appeared on the overlap between Cd 139 and Cd 38 show a large systematic 

error between the two plates. The equivalent width measured on Cd 139 

averages one-third higher than that on Cd 38,

This systematic error is almost certainly due either to a difference 

in reciprocity failure for the two plates or to the effect of comparing 

intensities integrated over a large wavelength range in the standard spots 

with monochromatic intensities in the spectrum. It is probably due to a 

combination of both of these causes.

In line spectrophotometry it is customary-to ignore reciprocity 

failure. Spectra are taken at the telescope with long exposures of several 

minutes or hours depending on the brightness ef the star and the type of 

emulsion and then are standardised by relatively short exposures of a few 

seconds or minutes in the senelteamter depending only on the type of 

emulsion. The characteristic curve obtained from the standardisation is 

then assumed to be applicable to the.spectrum, although students of photo­

graphic photometry know that it is in general not applicable. A difference 

in the error Introduced by this false procedure in the case of the spectro- 

sensitoaster end tube sens!toaster may explain our systematic error between 

the two plates.

Since this error is probably a function of wavelength and since the 

overlapping region for which it was determined is but a small portion of the 

entire spectral range, no attempt was made to reduce tho measures of one 

plate to the scale of the other. For those lime which were measured on both 

plates, the average value of W was used. The systematic error produces a 

spurious probable error of about 35 milli-Angstroms.

- 5 -
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future Inveetiga-bors o&y Avoid this error by determining the extent 

of reciprocity fsilore of the emulsion used end Applying a eorresponding

correction to the char*eteriStic curve of the standard.

fAbies H I  and If show the measured results for Fe 1 and fi II* respec­

tively* the excitation potentials end term designations were obtained from 

Ittss Moore1 s jijjaitipiat fable of Aetrephysloal Interest.. the final column 

in Tables III and 17 will be discussed in Chapter II.

Br. loach’s wavelength table for Gamma Cygni ecmtains visual estimate#

of the strengths of the lines. Table V shews the average equivalent width 

for each visual intensity step up to 10* as determined by the Fe 1 and fi II 

lines. Figure % shows the same material in graphical form.
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Table III

Fe I Intensities (Treat)

W. L. W ( bb) r -Log w/x

#071.72 427 1 3.98
4152.09 470 1 3.94
4145.88 409 1 4.01
#17.15 215 1 4.28
4011.45 63 1 4.#
40SS;O7 409 1 4.00
40#.# 144 1 4 46
4014.92 325 1 4.10
4071.5# 427 1 3.98
4044.60 234 1 4.24
##2.45 298 1 4.144079.85 206 1 4.30
4081.57 66 1 4.87
4109.63 274 1 4.18
014.47 165 1 4.#
4132.92 172 1 4.38
4134.65 298 1 4.14
4226.21 163 1 4.40
4264.# 329 1 4.10
4184.91 208 1 4.30
Oil.# 411 1 4.01
4202.03 641 1 3.89
4247.67 338 1 4.09
4202.12 490 1 3.92
4250.78 393 1 4.03
4271.78 439 1 5.98
4307.88 SOI 1 3.94
4828.75 490 1 8.96
m e a ? 260 1 4.21
4239.81 # 0 1 4,15
42##.97 55 1 4.89
4291.50 164 1 4.42

E. P. of Multiplet Log gf-Tte
Lew Level 

1.601 a3F2 - ySp2 -1.69
1.601 2 s -2 15
1.551 5 4 -1.97
2.747 a %  - wSDg

2.648 b*?* - y5̂
2.648 4 4
2.577 5 3
2.548 4 5
2.588 3 4
2.819 b3P2 - s3Sf -3.31
2.835 1 1 -3.54
2.846 0 1 -4.05
2.819 b3P2 - M -4.61
2.855 1 i -2.64
2.819 2 2 -2.65
2.833 1 2 -3.11
2.819 2 3 -3.38
2.855 s6f® - 18
2i019 bsP2 - -3.43
2.819 2 2 -2.96
2.8# 0 1 -5.6#
2.835 1 2 -3.44
1.478 a5?* - zsog
1.478 4 4 -2.11
l.#l 3 8 -2.18
1.478 4 5 -1.67
1.551 3 4 -1.60
1.601 2 3 -1.69
0.000 »®d4 - z7p% -3.40
2.681 a6Sg - ySog
2.716 4 4
0.051 a5% - -3.43
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tubU III (Coat'd)

W.L. w (ma) T -Log W/A B. P. of iMUflet Log
- Low Level -

4597.99 165 1 4.44 - f
4*11.27 185 1 4.40

.7 6.911\ . v - Z^Pg
4618.79 820 1 4.16 2.936 b3Cg - ySo? -5.194*47.40 179 1 4.41 2.936 1 1 -3.824661.70 66 1 4.86 2.977 4 3 —5.244691.43 159 1 4.65 2.977 4 4 -3.974710.26 104 1 4.66 3.005 3 3 -4.0#4720.99 42 1 6.05 2.977 4 5 -5.254740.36. ... 150 1 4.56 3.005 8 4 -5.26
4674.60 62 1 4.57 1.651 : . :* ■

a*Pg - z3p§
4924.84 256 1 4.52 2.269 a.3p - ySpo -4.125049.73 859 1 4.17 2.269 1 1 -3.376141.68 66 0.83 4.89 2.414 1 1 -4.27§267.29 183 0.85 4.46 2.474 0 1 -4.19
4871.28 344 1 4.15 2.865 z7F9 - e?D_
4872.12 514 1 4 19 2.870 t • i
4878.18 527 1 4.17 2.875 0 14890.72 580 lj-.: 4.11 2.8*5 2 ■ ' 24891.54 508 1 4.20 2.839 4 5 ...v' 14908.29 285 1 4.24 2.670 1 24919.03 809 1 4.20 2.853 5 34920.53 616 1 8.90 2.820 5 44967.48 675 1 8.87 2.839 4 4 . : • '
4966.66 346 1 4.1* 2.853 3 46044.16 184 1 4.44 2.8# 4 5
4939.69 218 1 4.56 0.855 - s5F94994.15 230 1 4.54 0.911 4 16012.05 428 1 4.07 0.855 -3.466040.98 879 1 4.12 0.954 3 260*1.62 326 1 4.20 0.911 4 45083.33 256 1 4.50 0.964 8 36107.66 416 1 4.09 0.986 V-'.:2 .. ■/ ■ 26125.81 552 1 4.16 1.007 1 16127.58 158 0.85 4.61 0.911 4 55142.71 627 1 5.99 0.954 1 46160.88 228 0.84 4.56 0.986 2 36151.92
r; .

167 0.84 4.49 1.007 1 .. 2



Table III (Coat’d)

If, L. 17 (taa) r -LOG V a E. >. of 
Low Level

MulUplet hot gf->v9

5041.76
5107.65

505
416

1
1

4.00
4.09

1.478
u m A r * l

1111,65 578 1 4.14 1.478 4 4 -3.06
6216.29 182 0.81 4.46 1.601 2 2
5507.55 1ST 1 4.4# 1.601 2 3
5552.88 296 1 4.26 1.551 3 4
5079.10 429 1 4.07 2.188 tt5P, - y5po
sose.«7 516 1 4*20 2.167 3 2
5198.75 104 0.09 4.70 2.213 1 2
5202.52 347 1 4.18 2.167 3 3
5250.72 sss 1 4.20 2.188 2 3
5167.56 581 1 5.96 1.478 ttSy . ,SDo -2.64
5270.40 815 1 4.01 1.601 2 1 -2.91
5528.29 28 0.09 6.28 1.551 3 3
5541.05 342 1 4.19 um. 2 2
5446.84 507 1 4.08 1.601 2 3

6665.61 116 1 4.63 2.414 . a3P1 - ySpg
5528.29 28 0.89 8.28 0.911 &bP4 - i5!S -2.47
@571*55 480 1 4.05 0.954 1 1 -2.69
5597.14 420 1 4.11 0.911 4 4 -2.94
5405.76 584 1 4.15 0.986 2 1 -2.865429.74 472 1 4.06 0.954 3 3 -2.885454.52 440 1 4.09 1.067 l 0 -3.11
5446.84 507 1 4^5 0.986 2 -2.99
5455.58 459 1 4.10 1.007 1 1 -3.30
5497.46 SSS 1 4.19 1.007 1 2
6606^1 298 1 4.27 0.986 2 * -
5615.64 214 1 4*42 2.577 bsFg -
6667.16 348 1 4.21 2.697
#101.#* 96 1 4.76 2.548 4 3

6065.55 224 1 4.43 2.697 b3p2 - ySpg ..?

6157.65 546 1 4.2# 2.677 5 3
6200.34 142 1 4.64 2.697 2 3
6230.65 IBS 0.88 4.32 2.548 4 4

6136.68 296 1 4.12 2.443 a*#* • a®<$g -3.56
6191.46 282 1 4.34 2.422 5 4 -3.44
6252.62 180 1 4.54 2.394 6 6 -3.3#
6256.20 156 1 4.60 2.443 4 4 -4.64
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Table H I  (Cont*d)

w. L. W (bb) r -Log W A

6270.08 99 1 4.W
8966.16 158 1 4.60
6254.21 246 1 4.41
6421.49 343 1 4.27
6592.78 94 1 4.85

E. P. of 
Lew Level

Multiplet Log

2.846 b5P - y^D?
2.889 1 2

2.269 &SP2 -
2.269 2 2

2.716 *sg4 - y3^
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fable IV

71 II Intensities

W. L. W (ma) r -LegW/x E. P. of 
Low Level

4028.55 666 1 4.04 1.884
6#8.#3 224 1 4.26 1.886
40S4.S7 266 1 4.24 2.686

4161.62 163 1 4.41 1.079
4176.66 458 1 5.96 1.079
4184.61 608 a 4.12 1.0784190.24 249 i 4.22 1.079
4168.66 663 i 4.06 2.579
4171.91 626 i 3.90 2.6864174.08 219 i 4.28 2.586
4287.89 441 i 8.99 1.078
4294.10 420 i 4.01 1.0794887.96 640 i 3.91 1.07#4344.29 670 i 3.88 1.079
4290.38 481 i 3.96 1.160
4800.06 754 i 3.76 1.1764801.93 427 i 4.00 1.1664*07.91 558 i 3.90 1.1604312.88 472 i 3.96 1.1764514.98 491 i 3.94 1.1664520.96 588 i 3.87 1.1804360.71 545 i 4.10 1.176
4316.80 319 i 4.14 2.059
4550.26 270 i 4.21 2.0394560.84 377 i 4.06 2.062
4641.67 325 i 4.13 1.11

4367.68 399 i 4.04 2.579
4386.86 305 i 4.16 2.686
4574.82 576 i 3.88 2.052
4421.95 290 i 4.19 2.062

Multiple*

" a
“X i  -

s 
Z*

y.0

-a.ss
-0.70
-1.84

+0.89
4-0.5*
- 0.11
0

-0.10
-0.10
-0,80
-1.06

1.04
•1.16

%
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table 17 (cont'd)

m. L. W (m) r -Log V a E. P. of 
Low Level

4391.04 285 1 4.19 1.226
4395.85 825 1 4.13 1.258
4411.94 504 1 4.16 1.219
4428.27 145 1 4.49 1.228
4427.92 158 1 4.46 1.258
4*94.07 402 1 4.04 1.218
4399.78 522 1 3.92 1.2524407.66 563 1 4.06 1.2164418.84 569 1 4.08 1.2524432.09 177 1 4.40 1.252
4395.04 620 1 3.92 1.079
4445.61 608 1 3.87 1^764460,49 700 1 3.81 1.079
4411.08 280 1 4.19 2.081
4456.64 224 1 4.50 8.110
4488.88 527 1 4.18 5.110
4441.72 440 1 4.01 1,175
4464.46 537 1 3.92 1.158
4470.86 630 1 3.85 1.1804496.43 140 1 4.80 1.176
4444.56 410 1 4.04 1.111
4468.50 545 1 3.91 U12S4501.28 626 1 3.93 1.111
4469.16 419 1 4;03 1.079
4495.65 214 1 4.32 1.075
4506.74 212 1 4.32 1.126
4145.14 568 1 4.09 1.126
4524.69 557 1 3.91 1.226
4644.02 276 1 4.22 1.258
4868.85 268 1 4.26 1.219
4680.47 82 1 4.66 1,228

Hultiplet T.nEaS° „ -ji ff

-0,50
+1.00
+0.92
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Table 17 (coat'd)

W. L. W (ma) r -LogWV E. P. of 
Low Level

4529.49 374 1 . 4.09 1.665
4549.64 W 1 4.03 1.5774571.98 652 1 3.84 1.566
4633.97 590 1 3.69 1.232
4663.77 565 1 3.91 1.2164589.96 544 1 3.92 1.232
4549.62 430 1 4.03 1.176
4809.27 132 1 4.54 1.175
4629.34 474 1 5.99 1.175
4636.55 152 1 '"4.46 1.1604655.71 228 1 V4.il 1.1564662.76 194 1 4.38 1.160
4719.51 172 1 4.43 1.286
4821.01 28 1 5.23 1.111
4849.17 282 v 1 4.24 1.1264866.62 323 1 4.18 1.111
4762.78 479 1 4.00 1.079
4798.54 276 1 4.24 1.0754806.34 83 . 1 4.76 1.079
4779.99 299 1 4.20 2.056
4805.10 397 1 4.08 2.062
4874.02 258 1 4.28 3.081
4911.20 281 1 4.24 3.110
5005.17 201 1 4.40 1.559
5013.70 289 1 4.24 1.575
5037.81 40 0.91 5.06 1.575

3.061
3.110

Multiplet

- *

b2P a  - z2S°.

a2D1| - y2po.
4  ■ ij

b2D1|L -

c^Dji - x2^

y>9

~0.90
4-0.81
>0.73

•(-0.29+0.0#
-0.87

6010.22
5072.50

230
497

1
1

4.34
4.(K)
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Table I? (coat'd)

w. L. W (ma) r -Log * A E. P. of 
Low Level

5129.16 425 1 4.08 1.884
5131.51 142 0.83 4.48 1.8855188.74 755 1 3.83 1.8845185.91 421 1 4.09 1.886
5164.08 572 1 3.95 1.559
6188.70 519 1 4.00 1.6755226.55 930 1 3.75 1.5595262.16 619 1 4.00 1.575
5211.54 173 0.89 4.43 2.679
6268.62 291 1 4.26 2.586
6356.80 452 1 4.09 1.675
6381.03 556 1 4.18 1.5696418.78 321 1 4.22 1.575
6491.69 888 0.98 3.86 2.062

Multiplet Log aSs
2.8

-0.71
f0.42
-̂0.24
-0.72 t
-0.48
-0.82

+O.SO
•+0.18
-1.00
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1. 1. Average W
Cd 159 Vvetber Cd 38 Kuaber Both Plates

of Lines of Lines

1 0 101 11 101
2 63 1 93 5 88
3 144 ' ' 1 202 14 198
4 131 5 259 19 232
S 245 S 322 24 309
6 501 16 337 . 22 322

7 352 6 440 10 408
8 490 8 501 14 467
9 486 3 668 1 529

10 438 16 440 2 438
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Roach Intensities

Figure !♦ Equivalent width aa a function of 
Boadi1® intensity estieates
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Chapter II, Cygni

In Chapter I the curve of growth was defined as the plot showing line 

intensity as a function of the number of atoms absorbing; the line} and the 

method of measuring line intensity was explained. The methods of determining 

the number of atoms will now be discussed.

The number of atoms which absorb a lino is equal to the number of 

atoms in the lower level of the lino multiplied by the probability that an 

atom will make that transition. The number of atoms in the lower level is 

proportional to -j/kT

where g is the statistical weight (2j -H) of the lower level, B is the 

excitation energy, k is the Boltzmann constant, and T is the temperature la 

degrees absolute. It will be convenient to deal with the common logarithm

of the number of atoms and therefore the above expression is rewritten

y . i o - * *  . ■

'there >  is the excitation potential of the lower level, and 6 has the valu 

6040/r.

The relative probabilities of transitions obeying Bussel-Saunders 

coupling have been computed. For a line this quantity may be designated as

The theoretical strength of the multiplet of which the line is a is aS
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and has been computed by Goldberg3 4 5. This quantity aS lo the strength of a 

multiplet in terms of tho quantity cr2, a function of the total and orbital 

quantum numbers of the transition electron. Although the absolute value of 

is in general not known it is a constant for any given transition array 

which may include several multiple#* The relative intensity of the line in 

tho multiplet is e, which has been tabulated by Tfhite and Eliason*. The 

relative intensity a divided by the sum of all the relative intensities £s 

for the multiplet gives the fractional part of the multiplet strength con­

tributed by the line. Since the multiplet strengths are relative, aSe
. T"*™*

gives only a relative value for tho number of absorbing atoms. However, 

this could be given in absolute terms if the quantity , mentioned above, 

were known.

In plotting a curve of growth the customary abscissa is log H f, where 

H is the number of atoms in the lower level per unit area of the star and 
t is called tho "oscillator strength". It has the nature of a transition 

probability, but may be thought of as the atom's ability to absorb the lino, 

expressed in terms of the absorptive power of a classical oscillator. For 

most atoms f is not known and it is therefore impossible to obtain the actual 

number of atoms. For a number of lines of Fe I, however, absolute values of 
f have been determined by ling3.

If two lines of Fe I have the same intensity, their values of H f must
' ‘

be equal. We know that I is proportional to g • 10 . Therefore if the

3. Goldberg, Ap.J., 82, 1, 1935, and 84, 11, 1939.
4. White and Eliasen7>hys. Rev., 44,“TS3, 1933.
5. King, #.J., 87, 24, 1988, and VF, 78, 1942.
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values of f, g, and p for each line are known, the temperature may be 

computed. The temperature determined in this /way is called the "bxcitatlma 

temperature*. . ......  ...

An excitation temperature for Gamma Cygni was determined by this method 

using all the lines of Fe I for which the f values were available. For some 

lines not in King’s table, the f values were determined from a plot made by 

Dr. Roach* which shows f as a function of age for Fe I lines in the sun.

To determine the excitation temperature log w/x was plotted as a 

function of log gf for all lines. The lines arose from seven different lower 

levels. A curve was drawn through the points representing the lines arising
from each level; The horizontal displacemont of one of those seven curves

with reject to another equals C - 3^^) 8 . Table VI shows the intersection

of these seven curves with the horizontal lino log w/X = -4.4.

Table VI.

Determination of the excitation temperature of Gamma Cygni

Lower Level log gf (log W/X , -4.4)
a % o.oma -3.SQ
a V 0.963 -2.90
aSf 1.66 . -2.14
asF ■ ; 2.41 ' ' " : -1.60
a % . 3.« -i.se
b8? 2.83

b®8 2.9T - -#.# . ' ' '

1. F. E. Rc»ch, unpublished.



Figure II shows J- plotted as e function of

log gf = *9+ constant

The slope of the best straight line through those points is \/B * A

least-squares solution yields

0 = 0.909 ± 0.005.

Therefore the excitation temperature is

Tox = aoio. = 0600° K.
The curve of growth may now be plotted with abscissae equal to 

log gf - . Let us first see what the nature of the curve will be.

Mizraaert and Mulders® were the first to explain the form of the curve of 

growth. ■■ ' ' _';■

The atoms in the atmosphere of a star are not stationary but move with 
velocities which depend on the temperature according to the kinetic theory 

of gases. Therefore because of Doppler effect an absorption lino formed by 

these atoms has a width proportional to the dispersion. in velocity. As the 

number of absorbing atoms is increased the line will become deeper but not 

appreciably wider $ and the increase in w/A will be directly proportional 

to the number of absorbing atoms. As the central absorption approaches 100?C, 
the curve of growth flattens out as log w/ a approaches a saturation value. 

Here another effect which tends to widen the lines becomes important. This 

effect is known as radiation damping. Radiation damping may be described in 

terms ef the classical eeelllater, vAieh, as it absorbs light, vibrates with 
frequencies other them the fundamental. In this case the increase in k/X is

6. Zeltsohrift fttr Astrophysik, 1, 192, 1930, and 2, 1«, 1SS1.
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Log gf = X Q + CONSTANT

Figure II* The determination of '& - 0,90



proportional to the square root of the number of absorbing atoms. For a 

small number of atoms this effect is negligible compared frith tho thermal 

Doppler effect) but as the latter becomes saturated, the radiation damping 

continues to increase the intensity of the line.

A typical curve of growth therefore starts m t h  a slope of 45° where 

1l/\ is directly proportional to If. Then the slope decreases as w/\ 

approaches saturation. Finally the slope increases again to a maximum slope 

of 22?5, where w/A is proportional to /if' • It is easy to see that for 

a star with a high temperature tho 46® portion of the curve will be long 

whereas for a low temperature it will be short.

Figure III shows the curve of growth for Gamma Cygni. The tiro straight 

lines are the lines of thermal Doppler effect and radiation damping drawn 

from Miss Rubens tela* s curve of growth for the sun? The curves of growth for 

Fe I (filled eireles) and for Ti II (open circles) were adjusted horizontally 

until they were made to fit within the lines. , The solid curve is the curve 

of growth for Gamma Cygni. For comparison, the dotted curve is that of the 

sun. Evidently Gamma Cygni has a higher temperature than the sun.

It is unfortunate that the lines of Fe I and Ti II for which relative 

Intensities were available did not include lines very far from the flat 

portion of the curve of growth. The results can be strengthened if another 

element or other elements are measured which have lines on the two straight 
portions of the curve.

Five pointe on the curve were chosen for a determination of the velocity
' : a :Vtemperature. Menzelu has shown that the equation for the flat portion of the

7. P. J. Rubenstein, Ap. J., 92, 114, 1940.8. Kernel, Ap. J., 84, 462, 1536.
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curve of growth can be written*

m  , /»s Y x .  ¥ /<3
x  /o? («yj? ¥  p  )

,t,S e ^ ' ^ o

#bere Xq ■ the central intensity of line (Harvard*e abscissa for 

the curve of growth?»8)

^  o thermal velocity in unite of velocity of light

- 1.7 x 10”6 (determined for the sun by Hiss fiubenstoin7)

Table VII shows the five points that were used and the resulting values 

of v/e. Since liensel•a equation fits the middle portion of the curve best, 

only the three middle points were used in the determination of the most probable

Table VII

The velocity temperature of Gamma Cygni
log w/x log XQ v/c average of 

middle 3
v in 
key sec 7vol

•4.6 0.6 0.955 x 10~*

-4.4 1.2 1.513 .

-4.8 1.8 2.24 2.30 x 10"5 6.9 160,000°X
-4.1 2.2 3.16

-4.0 2.8 1.78

thermal velocity. This velocity was found to be 6.9 kn/eeo. This value 

is in good agreement with the velocity of 7 kra/aec which Struve and Elvey9 

found for Alpha Persei, a star similar to Gamma Cygni in spectral type and

9. Struve and Elvey, Ap.J., 79, 409, ISM.
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luminosity.

Prom the equation

T 5 -[^ZT tihereya - 55.8 (Fe)

the velocity temperature can be computed. The value of Tuhich results

is ieo,ooo°K.
Another method by ishich a star* s temperature may be determined is the 

comparison of the spectral energy distribution of the star's radiation -with 

a black-body distribution. The temperature so defined is called the 

"effective temperature*. Kuiper*0 has made a table from, uhich the effective 

temperature of a star is obtained as a function of spectral typo and

luminosity. Gamma Cygni is a giant Fg star; Sniper's table gives an
 ̂ - _ _  ■■■■-.: - ■ "approximate valueofSdOO0!. The excitation temperature is also 5600°K.

The anomalously high value of tho velocity temperature ehioh occurs 

in some stars has been explained satisfactorily by Struve and Elvey as being 

due to turbulence. That is, there are macroscopic mass motions of the gas 

■which makes up the star' s atmosphere and this turbulent motion produces 

the effect of a temperature of 160,000°K. The actual temperature at the 

surface of Gemma Cygni is approximately SSOO0!. 10

10. lulper, Ap.J., 88 , 464, 1958.



Chapter III. The of Fe I in e*gi*i

The determination of absolute f-values for Fe I by King5 makes it 

possible to determine the abundance of Fe I in stars for ahich tiie curve of 

growth is known. The number of atoms of an unionized element in a square
centimeter column of the star* • atmosphere is

^Lfs % 10 Hi = BHi
gL x W - X9

is the number of atoms in the level i. Or

log R* = log B 4-log Bi f - log f.

The summation of g • 10**^ is found to be 29.25. If leg S f is known from 

the curve of growth, each line of Fe I yields a separate determination of HQ.

The line intensities were fitted to a curve of growth with abseieea 

log The Harvard formula for Xq is

K, = 1.162 i 10-6

Substituting the appropriate value#*

X = 5000 (an average value) 
f* * 55.8 (Fe)

T = 160,000°%

H f

log H f = log Xq 4-11.9?.

Since the curve of growth yields log Xq as a function of log , Hc

Table Till shows the results of this computation for all unblended Fe I
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lines for which f-valuea are available. The average value of H

*o = (4.4± 2.6) x 101*

Roach and Phillips11 and King11 12 have determined H0 for the sun. The 

value by Roach and Phillips which was computed from the Harvard curve of 

growth is
H0 m (S.lt.0.55) x W 1®

these values indicate that the amount of unionised iron in a one 
square centimeter column of the atmosphere of Gemma Cygni is approximately 

the samo as that of the sun. Since the temperature of Gamma Cygni is higher 

than that of the sun, and the pressure lower, the effects of both temperature 

and pressure must bo to increase the number of ionized atoms of Gamma Cygni 

as compared with the sun. Therefore the total number of iron atoms may bo 

higher in Gamma Cygni than in the sun.

It is a pleasure to thank Dr. F. E. Roach for the suggestion of the 

problem and for hie guidance during its completion. I also wish to thank 

Dr. Otto Strove of the HcDoeald Observatory for the use of the plates and 

Dr. 6. F. Carpenter of the Steward Observatory for the use of the Moll 

eierephotometer. Special thanks are due to Mr. Jay E. Treat for his share in 

making the tracings and for his measurements of the Fe I lines.

11. Roach and Phillips, unpublished
12. ling. Ip. J., 95 , 82, 1942.



TableTXII

Abundance of Fe I in Gamma Cygni
Multiplot A -LogV* Log B "Log f L°S Bo H0 x 10-18
aSF - y^F° 4071.72 5.98 2.21 0.85 18.17 1.484152.09 3.94 2.21 1.39 18.87 ' 7.414145.88 4.01 2.01 1.43 18.25 1.78
b3P - rSS° 4044.60 4.24 1.48 18.45 2.824062.45 4.14 3.55 1.48 19.00 10.00
b3P - u3do 4091.67 4.87 8.50 2.70 18.32 2.094109.83 4.18 5.65 0.58 17.98 0.954114.47 4.40 3.30 0.80 17.30 0.204152.92 4.38 S.S5 1.05 17.83 0.684134.85 4.14 5.30 1.55 18.84 6.91
b3P - y5P° 4154.60 4.10 3.30 1.60 19.05 11.224184.91 4.30 3.50 1.13 17.90 0.79

- s56° 4202.12 3.92 1.84 1.73 18.93 8.514250.78 4.05 2.01 1.62 18.25 1.784271.78 5.98 1.84 1.30 18.12 1.324507.88 3.94 2.01 1.06 18.30 1.994325.75 3.95 2.21 0.85 18.21 1.62
a5D - z7P° 4216.17 4.21 0.62 8.11 17.39 0.254291.60 4.42 0.67 4.92 18.74 5.50
b30 - ^ 6° 4647.40 4.41 5.07 2.22 18.47 2.954661.70 4.86 3.20 2.51 19.07 11.744691.45 4.53 5.20 2.24 18.34 - 2;i94710.26 4.BS 8.52 2.23 18.20 1.S8' 4720.99 6.06 8.20 5.50 18.80 6.30
&3p - yS0O 4924.84 4.82 2.79 2.80 18.99 ' 9.776049.75 4.17 2.79 2.05 18.74 5.495141.68 4.89 sas 2.58 18.04 1.106273.29 4.46 5.69 1.97 18.71 5.11
* %  - *5F° 5012.05 4.07 1.20 5.73 18.22 16.59
a3F - 85F° 6171.62 4.14 1.84 2.69 18.61 3.23
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VIII (con%*

Multiplet ^

a*»* 5328.29
5371.55 
5397.14 
5405.76 
5429.74 
5434.52 
4446.64 
5455.58

a5H - z36° 6136.68
8191.46 
6252.62

-Log W/^ Log B

5.28 '-1.34
4.05 1.48
i.ll ; 1134
4.15 1.66
4.08 1.48
4.09 1.90
4.08 1*66
4.10 1.90

4.82 2.72
4.34 2*61
4.54 2.51

-log f Log Hq

2.62 15.83
2.69 18.62
3.07 16.51
2.65 16.25
2.87 18.72
2.69 18.80
2.80 19.07 •
2.65 18.70

2.81 16.48
Z.M 18.27
MJ® 17.67

H0 x 10-1*

11.74
8.01
2.82
1.86
0.47

147455

O
 ^
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