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A SPECTROGRAPHIC STUDY OF MIRA CETP 

By ALFRED H. JOY 

ABSTRACT 
Spectral variations.—131 spectrograms taken with the 60-inch and 100-inch re- 

flectors cover the whole range of the star’s variation during the last ten years. Spectral 
changes are recurrent. The titanium bands vary with magnitude (Table III). Bright 
lines of ionized iron are seen near maximum. Although at minimum there are no emis- 
sion lines, bright hydrogen lines appear soon after and have their greatest intensity 
near maximum. Low-temperature emission lines of iron, magnesium, and silicon ap- 
pear after maximum is well past. The weaker absorption lines fade out at minimum. 
Spectral changes depend mostly on the magnitude of the star. 

Absorption spectrum.—Measures of individual lines of band structure show that 
the bands give the same velocities as the absorption lines. Seven new titanium oxide 
bands to the violet of X 4354 have been identified by laboratory comparisons. The ab- 
sorption lines belong to temperature classes I and II. The most prominent elements are 
iron, vanadium, chromium, manganese, calcium, and magnesium. Titanium lines are 
weak. Radial velocity measures give a curve (Table VI) which is represented by ellip- 
tical elements. 

Emission lines.—The bright lines measured are given in Table VIII; the probable 
identification of 32 of these lines is in Table X. Estimates of the intensities at different 
phases have been made for 36 of the stronger lines (Table IX). The emission lines give 
a velocity curve (Table XIV) which shows outward motion relative to the absorption- 
line curve except at minimum, when the difference is zero. The maximum difference is 
19 km/sec. at phase 56 days. The velocities of both bright and dark lines are the same 
at recurring cycles (Table XVII). The intensities of the bright lines at maximum de- 
pend on the magnitude of the star (Table XIX). At the unusually faint maximum of 
1924 several peculiar features were noted in the region X 4584-X 4905, which, in part, 
are tentatively attributed to magnesium hydride. 

Physical conditions.—The spectroscopic absolute magnitude at the normal maxi- 
mum of magnitude 3.5 is estimated to be —0.3, corresponding to a parallax of 0^017. 
From the angular diameter of 0^056 measured with the interferometer, the linear 
diameter is found to be 490,000,000 km, and the surface brightness 7.5 mags, fainter 
than the sun. For an assumed mass 5 times that of the sun the density is 1.1 X10— 7, and 
the surface gravity 4X10-5, that of the sun. The temperature is estimated to vary from 
2300o to 18000 K. The observed bolometric variation in energy of about one magnitude 
agrees with the observed variation in visual magnitude, when account is taken of the 
shift in the energy-curve toward the red for these temperatures, and the excessive ab- 
sorption of the titanium oxide bands at minimum. 

The visual companion.—The spectrum of a companion was seen on plates taken 
near minimum. Its approximate position was determined from the spectrograms. 
Later its presence was confirmed visually by Aitken. In 1923 the magnitude was 9.8, 
but it seems to be a variable. It has an early type spectrum with bright lines of hydro- 
gen, helium, and ionized iron and calcium. No absorption lines are present except those 
connected with emission bands of the hydrogen series. The violet component of the 
hydrogen fines is affected by the variation of both stars. 

Discussion.—The application of recent results to the problem of the variation of 
Mira and similar stars is briefly discussed. 

The purpose of this contribution is to give a summarized descrip- 

tion of the extraordinary changes which take place in the spectrum 

1 Contributions from the Mount Wilson Observatory, No. 311 
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of the long-period variable o Ceti, to extend the material published 

in several papers1 by Adams and the writer, and to give the results 

of further study of the spectrograms of the star made with the 60- 

inch and 100-inch reflectors during the years 1916-1925. 

Mira is the brightest and the best-known star of its class. In 

most respects its behavior is typical. The long-period variables are 

distinguished by periods averaging about 300 days. Most of them 

have M-type spectra with emission lines, particularly of hydrogen. 

Since the discovery of its variation in 1596, the light changes in 

Mira have been followed with very fevr interruptions. The mean 

period is 330 days, but the interval from maximum to maximum may 

vary by as much as 30 days. The magnitude at maximum is nor- 

mally about 3.5, with extremes of 1.5 and 5.6. The minimum is also 

uncertain, varying from 8.0 to 10.0, but most frequently is about 9.2. 

The red color of the variable has made the estimates of its brightness 

somewhat uncertain, especially at minimum phase. 

A number of observers have studied the spectrum of the star at or 

near maximum. Stebbins2 in his extended research in 1903 was able 

to follow it to lower magnitudes, but the faintness of the star at 

minimum phase made it impossible at that time to secure satis- 

factory spectrograms. 

Observations were begun at Mount Wilson in 1916, primarily to 

note the effects of changing absolute magnitude on the spectrum. 

As observations continued, points of astrophysical interest de- 

veloped which had not previously been considered in full, so that it 

was deemed advisable to try to cover the whole cycle of variation. 

Accordingly more time has been devoted to this star than to any 

other thus far observed spectroscopically at this Observatory. 

The completion of the 100-inch reflector in 1919 made it possible 

to secure spectrograms at minimum with sufficient dispersion to 

study the velocity variation of bright and dark lines throughout the 

period, as well as to note numerous other data bearing on the physi- 

cal conditions in and about the star. The intrusion of a secondary 

1 Publications of the Astronomical Society of the Pacific, 29, 112, 1917; 30, 193, 1918; 
32, 163, 1920; 33, 107, 1921; 35, 168, 1923; 36, 290, 1924. Publications of the American 
Astronomical Society, twenty-ninth meeting, p. 14, 1922; thirtieth meeting, p. 64, 1923. 

2 Lick Observatory Bulletins, 2, 78, 1903; Astrophysical Journal, 18, 341, 1903. 
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SPECTROGRAPHIC STUDY OF MIRA CETI 283 

spectrmn at minimum led, in 1920, to the consideration of the 

existence of a faint companion,1 and to its visual detection2 in 1923. 

I. THE GENERAL COURSE OF THE SPECTRAL VARIATIONS 

The major physical processes taking place in the star seem to 

repeat themselves without essential change in succeeding cycles of 

its light variation. The outstanding features of the spectrum depend 

for the most part upon the magnitude of the star as well as upon the 

phase. 

At maximum the star is of spectral type M5-M6, with strong 

bands of titanium oxide and sharp hydrogen emission lines. The 

290 o 40 80 120 160 200 240 280 days 

Fig. i.—Light-curve of Mira from observations of the American Association of 
Variable Star Observers. 

bright lines of hydrogen have their maximum intensity at or soon 

after the maximum of light. They are accompanied by faint emis- 

sion lines of ionized iron. The appearance of most of the other bright 

lines is delayed for three or four months until the star has reached 

fainter magnitudes. 

When the star is fainter than the eighth magnitude the bright 

lines of the companion are well seen and its continuous spectrum 

shows sufficient strength to give the combined spectrum a curious 

distorted effect which is especially noticeable in the region of the 

bands. As the brightness diminishes the bands increase in strength 

and the absorption lines fade until at minimum only a few lines can 

1 Publications of the American Astronomical Society, twenty-ninth meeting, p. 14, 
1922. 

2 Aitken, Publications of the Astronomical Society of the Pacific, 35, 323, 1923. 
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be seen. Certain lines of chromium, calcium, and vanadium seem 

to be the most persistent. The strong calcium line at X 4226 under- 

goes a tremendous change, reaching a width of about 25 A at 
minimum. 

The sharp emission lines of hydrogen disappear at about magni- 

tude 8.5 and reappear at about the same brightness on the rising 

branch of the light-curve. There are numerous other emission lines, 

mostly sharp in character like the hydrogen lines, the time of whose 

appearance is apparently determined by their temperature class. 

The silicon lines XX 3905 and 4103 are seen near maximum, but the 

extremely low-temperature magnesium line X 4571 is not found until 

a magnitude of 5.5 is reached about 80 days after maximum. All 

bright lines disappear at minimum, or very soon after, so that during 

an interval of 20-40 days soon after minimum no emission lines 

whatsoever are given out by the variable itself. 

2. THE OBSERVATIONS 

The observations have extended over a sufficient length of time 

to be fairly representative of the spectrographic behavior of the 

star. All portions of the light-curve have been covered. The 

maxima observed have varied from 2.8 in 1923 to 4.7 in 1924; the 

extremes of minima were 9.4 in 1921 and 8.5 in 1922. 

In general the spectrograms were taken with a single prism and 

an 18-inch (46 cm) camera at the Cassegrain focus of the 60-inch 

and 100-inch reflectors. The usual dispersion was about 35 A to the 

millimeter. In a few cases a 40-inch (102 cm) camera was used near 

maxima, and cameras of 7 and 10 inches at the fainter minima. 

When possible the exposures were timed to show the continuous and 

dark-line spectrum rather than bright lines only. The plates have 

been made by a number of observers to whom much credit is due for 

the results obtained. Some of the spectrograms taken at minimum 

of light during the poor observing conditions of winter were particu- 

larly difficult to obtain. 

The magnitudes used in this discussion are based on curves 

generously furnished from the Harvard College Observatory by Pro- 

fessors Bailey and Shapley and on observations published by the 

American Association of Variable Star Observers. The brighter mag- 
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SPECTROGRAPHIC STUDY OF MIRA CETI 285 

nitudes agree closely with the estimates published in the Astro- 

nomische Nachrichten by Nijland, but those below 7.5 are system- 

atically brighter, chiefly because of the different system of magni- 

tudes for the comparison stars adopted by Nijland. 

The dates of observed maxima and minima for the years in ques- 

tion are given in Table I. 
TABLE I 

Maxima and Minima 

Mag. 

Maxima 

Observed Date 

1916, Nov. 14 
1917, Oct. I 
1918, Sept. 20 
1919, Aug. 6 
1920, June 30 

1923, Mch. 6 
1924, Feb. i 
1925, Jan. 4 
1925, Dec. 4 

Calculated 
Date 

Nov. 16 
Oct. 12 
Sept. 7 
Aug. 3 
June 28 
May 24 
Apr. 19 
Mch. 15 
Feb. 8 
Jan. 3 
Nov. 29 

o-c 

— 2C 

— II 
+13 
+ 3 
-F 2 

- 9 
- 7 
+ i 
+ 5 

Mag. 

Minima 

Observed Date 

1920, Mch. 21 
1921, Jan. 27 
1921, Dec. 28 
1922, Nov. 6 
1923, Oct. 6 
1924, Sept, i 
1925, Aug. i 

The question of phase in a case of this kind is a difficult problem, 

and thus far no adequate method has been suggested by which ob- 

servations made in different cycles can be satisfactorily combined. 

Some have taken as phases proportional parts of the time actually 

elapsing between maxima and minima or between one maximum and 

the next. In this discussion of o Ceti, where the irregularities are 

small as compared with the whole period and where phases are used 

chiefly in connection with radial velocities which, at best, have a 

large probable error, the use of a mean period has seemed admissible. 

All phases given in this paper are based upon maxima determined 

from the mean elements 

Max. = 2421184+330 days. 

These elements give the calculated maxima of Table I. It will be 

observed that the deviations of the observed maxima from the calcu- 

lated values do not exceed 13 days. 

Table II is a list of the 131 spectrograms of 0 Ceti used in this 
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TABLE II 
Observations of o Ceti 

Plate 

y 5252. 
5258. 
5299- 

5413- 
5480. 
5492- 
5559 • 
5615 • 
612O. 
623s. 
6236. 
6243. 
627O. 
6306. 
6338. 
6369. 

6531- 
6594. 
6724. 
7413' 
7524. 
7551. 
7645 • 

7773' 
7795' 
8597. 
8694. 
8789. 
8805. 

C 185. 
y 8872. 

8918. 

C 230. 
246. 
250. 
260. 
278. 
287. 
500. 

7 9395- 
9436. 
9454« 
9567- 

C 760. 
766. 
801. 

Date 

1916 
Nov. il 

12 
Dec. 5 

1917 
Jan. 4 

31 
Feb. i 

9 
Mch. 3 
Aug. 27 
Sept. 30 

30 
i 
5 

26 
i 

Oct. 

Nov, 
23 

1918 
Jan. 2 

23 
Mch. 2 
Sept. 23 
Oct. 26 
Nov. 16 
Dec. 15 

1919 
Jan. 16 

18 
Aug. 16 
Sept. 10 
Oct. 14 
Nov. 3 

8 
13 

Dec. 12 
1920 

Jan. 7 
14 
15 
29 

Feb. 6 
12 

June 29 
July 27 
Aug. s 

23 
Sept. 22 
Nov. 20 

21 
29 

J.D. 

1179 
1180 
1203 

1233 
1260 
1261 
1269 
1291 
1468 
1502 
1502 
1503 
1507 
1528 
1534 
1556 

1596 
1617 
1655 
i860 
1893 
1914 
1943 

1975 
1977 
2187 
2212 
2246 
2266 
2271 
2276 
2305 

2331 
2338 
2339 
2353 
2361 
2367 
2505 
2533 
2542 
2560 
2590 
2649 
2650 
2658 

Mag. 

3-7 
3-7 
3- 8 

4- 4 
5- 2 
5-3 
5-5 
6.2 
5-9 
3-6 
3-6 
3-6 
3-6 
3-7 
3-8 
4.1 

5-1 
5-7 
7.1 
3-5 
3-9 
5- 2 
6- 5 

7- 7 
7.8 
3-4 
3-8 
5*3 
6.2 
6.4 
6.6 
7-7 

8.4 
8.5 
8.6 
8.9 
9.1 
9.2 
3-1 
3-4 
3- 6 
4- 4 
6.0 
8.1 
8.2 
8.4 

Phase 

325 
326 

19 

49 
76 
77 
85 

107 
284 
318 
318 
319 
323 

14 
20 
42 

82 
103 
141 

16 
49 
70 
99 

131 
133 

13 
38 
72 
92 
97 

102 
131 

157 
164 
165 
179 
187 
193 

i 
29 
38 
56 
86 

145 
146 
154 

Spectrum: 

M7 
7 
7 

7 
8 
8 
8 
8 
8 
6 
6 
6 
6 
7 
7 
7 

7 
8 
8+B/Î 
6 
6 
7 
8 

8+B/S 
5 
6 
7 
8 

8 
e+B/S 

e+B/3 
e+By 
9+Bô 
9+Bô 
e-j-B/3 
e-j-Bô 
6 
5 
5 
7 
8 
9+B7 
9+Bô 
9+B7 

Dark Lines 

km/sec. 
+63-4 

62.4 
64.2 

70-3 
58.2 
58.5 
66.2 
54-5 
635 
65-4 
64. I 
62.7 
64.6 
63.8 
63-4 
69.7 

60.0 
64.1 
48.7 
59-1 

68.5 

53-4 
65.8 
56.2 
60. i 
56.9 

61;.o 
64.6 
60.1 
61.5 
59-5 
6.7-5 
46.3 

+46.1 

Wt. 

3 
3 
3 
3 
i 

0-5 
i 

0-5 

Bright Lines 

km/sec. 
+42.8 

46.4 
46.3 

40.3 
40.7 
40.3 
46.4 
39-5 
47-4 
49-7 
46.0 
51-5 
45-2 
49.2 
49-3 
48.3 

40.6 
40.2 
38.3 
48.0 

49.1 
45-2 

48.4 
46.3 
44-3 
40.8 
4I.6 
38.9 

45-8 
53- 3 

51-8 
55-3 
56.6 
55-4 
57-2 
54- 0 
56.4 
47.6 
42.4 
37-8 

50.2 
49.2 

+48.5 

Wt. 
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TABLE II—Continued 

Plate 

C 847 
859 
861 
867 
874 
878 

7 10276 
10381 
IO435 
10503 

C 1364 
1375 
1401 
1442 
1474 
1478 
1482 
1483 
1488 
1494 

1515 
1546 
1547 
1597 

7 11148 
11254 

C 1845 
1897 
1950 
1996 
2013 
2017 

2040 
2041 

7 11564 
C 2090 

2091 
7 11609 

11622 
11623 

C 2171 
2353 
2383 
2482 
2487 
2579 

Date J.D. Mag. Phase Spectrum 
Dare Lines 

Wt. 

Bright Lines 

Wt. 

1921 
Jan. 4 

21 
24 
29 

Feb. 15 
17 

July 14 
Aug. 18 
Sept. 10 

21 
Oct. 6 

8 
13 

Nov. 7 
22 

Dec. 7 
8 
9 

ii 
14 

1922 
Jan. 9 
Feb. 4 

5 
Mch. 9 
July 6 
Aug. ii 

31 
Sept. 28 
Oct. 9 
Nov. 5 
Dec. 5 

26 

1923 
Jan. 2 

2 
25 
27 
27 

Feb. 7 
24 
24 

Mch. 28 
July 24 
Aug. 18 
Oct. 19 
Oct. 20 
Dec. 17 

2694 
2711 
2714 
2719 
2736 
2738 
2885 
2920 
2943 
2954 
2969 
2971 
2976 
3001 
3016 
3031 
3032 
3033 
3035 
3038 

3064 
3090 
3091 
3123 
3242 
3278 
3298 
3326 
3337 
3364 
3394 
3415 

3422 
3422 
3445 
3447 
3447 
3458 
3475 
3475 
3507 
3625 
3650 
3712 
3713 
3771 

9.3 
8.9 
8.9 
7.1 
5-7 
6.8 
7- 5 
8.2 
8.3 
8- 5 
8.3 
7-9 

7.8 
7.8 
5-5 
5-0 
5.0 
3.8 
2.9 
2.9 
3-2 
7-7 
8.4 
9.2 
9.2 
8.1 

190 
207 
210 
215 
232 
234 

51 
86 

109 
120 
135 
137 
142 
167 
182 
197 
198 
199 
201 
204 

230 
256 
257 
289 

78 
114 
134 
162 
173 
200 
230 
251 

258 
258 
281 
283 
283 
294 
311 
311 

13 
131 
156 
218 
219 
277 

M9+B0 
—I-B7 
—KBß 
9+Be 
9+B7 
9-Í-B7 
7 
8 
8 
8+B/3 
8 
8+BÔ 

9+Bô 
9-l-B'y 
9+B5 
-+B0 
-+B0 
—[-By 
9+BÔ 

e+By 
9-j-By 
9+Bô 
8+By 
8 
8 
9+B/3 
9+By 

9+Bô 
9+Bô 
9+By 

9+By 
8+By 
8 
7 
7 
6 
5 
5 
5 
8+Be 
8+Be 
9+Bô 

km/sec. km/sec. 
+47*6 

+47*5 0*5 

49.1 
57*1 
54*5 
59*8 
56.1 

0*5 
3 
2 
2 
3 

52.7 

58.0 

49 
60 
58 
59 
57 
63 

i 
1 
2 
3 
2 

0.5 

55*7 
65.6 
58.8 
62.3 
60.9 
58.7 
64*3 
69.2 
65.1 

2 
0.5 

3 
3 
3 
3 
3 
2 
2 

40.5 
37*8 
51*8 
44.0 
49*6 
45*9 

54*4 
45*8 
48.6 
49*4 
49.6 
59*6 
50.6 

46.0 
40.0 
49*8 
47*2 

58.9 0*5 

43*2 
55*6 
52.0 
44*3 
41.1 
49*3 
48.1 
5i*o 
57*7 

+56.3 

8+BS +53-0 
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TABLE LE—Continued 

Plate 

T 12363 
12447 

C 2663 
7 12461 

12471 
C 2710 

2930 
2934 
2989 
3037 
3068 
3078 
3091 

G 47- 
713185. 

13191. 

13193 
13200, 
13201. 
13202, 
13203, 

C 3406, 
3410 
3511 
3516 

713819 
13828 
13849 
13891 
13892 

C 3604 
3605 

7 I3925 
13926 
13928 
13931 
13933 

13990 

Date J.D. Mag. Phase Spectrum 
Dark Lines 

Wt. 

Bright Lines 

Wt. 

1924 
Jan. 12 

26 
Feb. ii 

13 
14 

Mch. 11 
Aug. 12 
o 13 
Sept. 7 
Oct. 8 
Nov. 6 

14 
Dec. 3 

1925 
Jan. 3 

8 
IO 
IO 
10 
11 
II 
II 
II 

July 29 
3° 

Sept. 8 
23 

Oct. 7 
8 

26 
Nov. 25 

25 
Dec. 7 

7 
22 
22 
23 
24 
25 

1926 
Jan. 21 

3797 
3811 
3827 
3829 
3830 
3856 
4010 
4011 
4036 
4067 
4096 
4104 
4123 

4154 
4159 
4161 
4161 
4161 
4162 
4162 
4162 
4162 
4361 
4362 
4402 
4417 
4431 
4432 
4450 
4480 
4480 
4492 
4492 
4507 
4507 
4508 
4511 

4512 

4539 4.0 

303 
317 

3 
5 
6 

32 
186 
187 
212 
243 
272 
280 
299 

o 
5 
7 
7 
7 
8 
8 
8 
8 

207 
208 
248 
263 
277 
278 
296 
326 
326 

8 
8 

23 
23 
24 
25 
26 

53 

M7 
7 
7 
7 
7 
7 
-+Be 
9 
-+BÔ 
9+B5 
9+BS 
8+BÔ 
8 

7 
7 
7 
7 
7 
7 
7 
7 
7 
9+Bô 
9+B5 
9+B/5 
9 
8 
8 
7 
6 
6 
6 
6 
6 
6 
6 
6 
6 

km/sec. 
+61.7 

57 
64 
63 

61.3 

67.5 
69.9 
61.7 

57.8. 

61.4 
61.5 

+ 61.9 

km/sec. 
+51 

41 
49- 
43 
45- 
47 
51-4 
54-3 
47.6 
50.2 
44.8 

51.6 

48.2 
48.6 
47.8 

+41.9 

0.5 
0-5 

I 
I 
I 
I 

O.5 
I 
I 
I 

0*5 

i 
i 
i 

0-5 

NOTES TO TABLE II 
Plates y 6243, 6338, and 9454 were taken with the 40-inch camera; y 5252, 7524, 

C867,874, 878, 1546,1547, 1597, 2041, 2353, and 2383 with the 7-inch camera; C 2487, 
2930, 2934, 3037,3068,3078,3410,3511, and 3516 with the 10-inch camera. C185,1401, 
1950, 2487, 3605, y 13191,13192,13193, and G 47 show the red region of the spectrum. 
7 13185 was taken by Mr. Sanford with 3 prisms and 18-inch camera; 7 13891, 13892, 
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NOTES TO TABLE II—Continued 

13925,13926,13928,13931, and 13990 were taken with 3 prisms and 40-inch camera to 
study the structure of Hy and E8. G 47 was taken by Mr. Merrill with a grating spectro- 
graph attached to the 100-inch reflector. 7 7645, 7773, 8872,8918, C 230, 246, 801, 859, 
861, 874, 1364, 1482, 1483, 1488, 1515 are too weak to show much of the continuous 
spectrum. 

The slit was set at 450 position angle for C1482, 1483, 1488, 1494, 2017, and at 
1350 for C 1474, 2013, 2040, 2041. 

The exposure times vary from a few minutes up to four hours. The number of 
plates taken by various observers is: Hubble, 1; Duncan, 2; Humason, 2; Hoge, 5; 
Strömberg, 5; Sanford, 6; Merrill, 10; Adams, 31; Joy, 69. 

study. The sixth column gives the estimated spectral type for each 

date. The classification used is based on the recommendation of the 

International Astronomical Union in 1922, which gives 0 Ceti at 

normal maximum as an example of type M6e, and R Leonis of type 

M8e. This system permits the inclusion of all the Me stars thus far 

observed, at minimum as well as maximum, within the subdivisions 

o to 10. Obviously it is a great advantage to be able to classify all the 

spectra showing well-developed titanium oxide bands in one spectral 

class. The typical stars used here in connection with this classifica- 

tion were chosen by Mr. Merrill and the writer and are given in Con- 

tribution No. 264, Astrophysical Journal, 58, 241,1923. The spectrum 

of the companion is B and the appended Greek letter shown in the 

sixth column of the table is that of the hydrogen bright line farthest 

to the violet seen in the spectrum of the companion. 

The measured radial velocities of dark and bright lines with their 

corresponding weights are given in the last columns of the table. 

3. SPECTRAL TYPE 

A casual inspection of the plates taken at different phases shows, 

as has been noted by several observers, a considerable variation in 

type, which, in general, appears to follow the change in brightness. 

This relationship is indicated in Table III and Figure 2. 

If the spectral type thus determined is a function of temperature, 

the relationship is important and indicates an actual physical change 

in temperature in the region where the bands and absorption lines 

originate. 

While the general characteristics of the spectra certainly depend 
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mostly on magnitude, there is no escape from the conclusion that 

many peculiarities of individual lines or regions vary in different 

cycles. Thus, the spectra at the bright minimum of 1922 and the 

faint maxima of February, 1924, without doubt, were somewhat dif- 

ferent from the usual spectra at corresponding magnitudes. 

TABLE III 

Relationship oe Type and Magnitude 

Mean Type No. Plates 

Ms.2. 
M6.3. 
M6.9. 
M7.6. 
M8.0. 
M8.4. 
M9.0. 

13 
8 

ii 
8 

15 
26 

0.5 0.6 0.7 0.8 0.9 1.0 

Fig. 2.—^Variation of spectral type with logarithm of the magnitude (abscissae) 

4. THE CONTESTUOUS SPECTRUM AND BANDS 

With slit spectrograms it is not possible to study satisfactorily 

the relative intensities of different portions of the continuous spec- 

trum. Nevertheless, it is evident, as Stebbins1 has shown, that the 

spectrum is relatively stronger in the region X4000--X4200 at 

minimum than at maximum. Mr. Merrill finds the same effect in 

other Me stars. Doubtless a similar result is indicated by studies of 

color indices of M-type stars, from which it appears that the color 

index increases very little, if any, after passing Mo. It is also ap- 
1 Lick Observatory Bulletins, 2, 90,1903. 
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parent that the region to the red of X 6200 is relatively strong as com- 

pared with the yellow and green regions. The relative intensities in 

the visual region at different phases are well shown in Shane’s1 

curves. 

The data are not sufficient for a quantitative interpretation of 

these changes in the continuous spectrum. It is only necessary to 

point out that two effects are certainly present. The spectrum falls 

off toward the violet as the energy shifts toward the red with decreas- 

ing temperature, and there is a large amount of absorption arising 

from the greatly increased strength and extent of the titanium oxide 

bands. These two causes appear to work together near minimum to 

produce the relatively weak continuous spectrum in the region 

X 4200-X 6200. Some general absorption may be present, but this 

cannot be proved without better photometric measures of the spec- 

trum than are now available. The subject will be referred to again 

in Section 12 in connection with a discussion of the temperatures. 

The predominating feature of the spectrum of o Ceti and the later- 

type long-period variable stars is the presence of the strong absorp- y 

tion bands identified by Fowler2 with titanium oxide. The strength- 

ening of these bands in the green and yellow regions of the spectrum 

plays a considerable part in the light-curve as determined from 

visual observations. Even if no other causes produced changes in 

magnitude, the light of the star would still be greatly cut down by 

the increasing absorption of the titanium oxide. Figure 3 illustrates 

the strength of the bands near Hß. The figure is taken from Koch 

microphotometer curves of plate Y 7795. The type is estimated as 

M8. The positions of these titanium bands in the photographic re- 

gion have been determined by Stebbins, Plaskett, Sidgreaves, and 

others, and in the red region of the spectrum by Merrill3 and Shane.4 

It has been usual to measure the position of the heads of these bands, 

and from such measures Frost and Lowater5 have suspected that 

the bands give the same velocity as the emission lines; but the results 

have not been satisfactory, because photographic spreading makes 
1 Ibid., 10, 133, 1922. 
2 Proceedings of the Royal Society, A, 79, 509, 1907. 
3 Scientific Papers, Bureau of Standards, No. 318, 1918. 
* Lick Observatory Bulletins, 10, 132, 1922. 
s Astrophysical Journal, 58, 272, 1923. 
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it impossible with the dispersion usually employed in stellar observa- 

tions to set accurately upon the head of the band. Measures by dif- 

ferent observers show large discordances. Settings are not likely to 

be made in the same manner on plates of different density or upon 

different bands on the same plate. For these reasons it has not been 

thought worth while to attempt to measure the heads of the bands. 

It was found possible, however, to measure a certain group of 

lines in the structure of one of the bands of o Ceti. The same struc- 

tural details were identified on a plate of a Her culis. Plates y 6243 

4669 4760 Hß 4954 

Fig. 3.—Koch microphotometer curve showing the absorption of titanium oxide 
bands from XX 4650 to 4955. Spectral type M8. 

and y 6338, taken with the 40-inch camera, and 7 13185, with 3 

prisms and 18-inch camera, show especially sharp detail in the 

region X 4609-X 4623, which is reproduced in Plate XX e. The dis- 

persion at this point is 20 A per millimeter for the first two plates, 

and 17 A per millimeter for the last plate. The lines used are blended 

pairs and triplets in the tail of a band whose head is at X 4585. Al- 

though many such could have been measured, a series of twelve 

blends was thought sufficient for the investigation of the velocity 

given by the bands. The lines are beautifully defined on these plates 

and settings can be made with the utmost precision. The groups 

were identified and their wave-lengths determined from two different 

furnace plates kindly lent by Mr. King, using strontium and tita- 

nium lines as standards. 
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The results of the measurements, on the Rowland system, are 

given in Table IV. The wave-lengths measured in o Ceti have been 

corrected by the amount of the velocity found from the absorp- 

tion lines of the spectrum. The results show conclusively that the 

bands give the same displacements as the absorption lines of the 

star and indicate that the band absorption originates in the star’s 

TABLE IV 

Comparison op Ti02 in o Ceti and in the Laboratory 

Laboratory Mean X (2 plates) o Ceti 
Mean A (3 plates) 

Difference 
o Ceti — 

Laboratory 

4608.179, 
4609.247. 
4610.199. 
46II.337- 
4612.478. 
4613.624, 
4614.922, 
4616.090, 
4617.288, 
4618.593, 
4619.891, 
4621.102, 

Mean difference 

4608.090 
4609.152 
4610.199 
4611.430 
4612.490 
4613.665 
4614.955 
4616.124 
4617.344 
4618.570 
4619.839 
4621.106 

—0.089 
“ .095 

.000 
+ .093 
-f .012 
+ .041 
+ -033 
+ .034 
+ .056 
— .023 
— .052 
+ .004 

+0.001 

atmosphere under conditions similar to those producing the atomic 

absorption lines. 

Several hitherto unrecorded bands appear near the usual minima, 

and also at the peculiar maximum of 1924. These are degraded to- 

ward the red, but the heads are not strongly marked. Their approxi- 

mate positions are: 

XX 4130-50 XX 4242-44* XX 4315-25 
4165-90 4250-68 4328-34* 
4212-38 4270-78 4338-48 

All except the two which are starred have been identified as 

belonging to the titanium oxide band-spectrum. Plates for this pur- 

pose, taken with the furnace, into which had been introduced a con- 

siderable current of oxygen, were kindly supplied by Mr. King. 

Koch microphotometer curves assisted greatly in studying the struc- 

ture of the bands. One of the most prominent of these new bands is 
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that at XX 4212-4238 which is of especial interest because it falls 

upon the great absorption region due to X 4226 of calcium and is 

responsible for a part of the absorption heretofore attributed to 

neutral calcium. 
5. ABSORPTION SPECTRUM 

The dispersion used in the observations of o Ceti does not permit 

of a detailed study of a large number of lines at different phases of 

the star’s light, but it does give a fair determination of the velocity 

and makes it possible to observe the behavior of the outstanding 

lines of the spectrum. 

The spectrum at maximum, as has been pointed out by previous 

observers, contains a large number of absorption lines, especially 

in the region X 3900-X 4350, where the bands are less intense. The 

identification of these lines shows that those which are measurable 

with the dispersion used are, with very few exceptions, low-tempera- 

ture lines of classes I and II belonging to the elements iron, vana- 

dium, chromium, manganese, calcium, and magnesium. Mr. Merrill 

has called my attention to the presence of the pair XX 4044 and 4047 

of neutral potassium which is strengthened at fainter magnitudes. 

The lines of vanadium are remarkable for their number and 

persistence. They are the only lines of moderate intensity which can 

be measured near the minimum. The weakness of titanium is strik- 

ing. The explanation must be along the line of King’s experiment.1. 

He found that, when the bands of titanium oxide were strengthened 

by the introduction of oxygen into the furnace, the usual titanium 

lines practically disappeared. The supply of atomic titanium seems 

largely to be exhausted by the formation of the TiD2 molecules which 

produce the bands. The presence of a considerable amount of oxygen 

is necessary to obtain this result. 

The only lines of titanium actually measured on our plates with 

ordinary dispersion are X 4314 and the stronger members of the low- 

temperature multiplets at X 4300 and X 4535, and these are notably 

weakened as the bands strengthen. Several other titanium lines ap- 

pear faintly at maximum if higher dispersion is employed. 

The absorption lines generally used in the velocity measures are 

given in Table V. The identifications and wave-lengths are given 
1 Mt. Wilson Contr.y No. 114; Astrophysical Journal, 43, 342, 1916. 
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in the Rowland and International systems. The temperature class is 

that found by King in the electric furnace. Additional lines of less in- 

tensity are visible on the plates taken with greater dispersion, such 

TABLE V 

Absorption Lines 

Element Temp. Class 
Wave-Length 

Rowland IA. 

Estimated Intensity 

Max. Mag. Mag. 8.5 

Fe 

Cr. 

Mn, 

Ca. 

Ca. 
Cr. 
Ti. 

Sr+. 

Sr... 
Mg.. 
Ba+, 

IA 
I 

II 

in 

i 

n 

ii 

n 

i 
i 
ii 

X4291.630 
4144.038 
4202.198 
4376.107 
4427.482 
4005.408 
4045*975 
4063.759 
4071.908 
4250.626 
4271.760 
4294.301 
4308.081 
4325.939 
4383.720 
4404.927 
4415.293 
4260.640 
4282.565 
4408.582 
4092.821 
4109.905 
4115.330 
4116.634 
4128.251 
4379-396 
4390.149 
4395.413 
4497-023 
4254.505 
4274.958 
4030.918 
4033.224 
4034.644 
4226.904 
4318.817 

4299.410 
4314.964 
4077.885 
4215.703 
4607.510 
4571.275 
4554.211 

473 
873 
033 
934 
314 
,247 
,816 
598 

,742 
,471 
,606 
,130 
,908 
, 766 
550 

■755 
, 128 
,482 
.408 
.420 
.671 
•753 
,178 
.482 
.098 
•239 
.992 
•255 
•859 
■35° 
.804 
•773 
.079 
•499 
.748 
.658 

4289.725 .569 
,242 
805 
735 
546 

■337 
105 

.044 

4 
2 
2 
4 
2 
4 

10 
5 
3 
4 
5 
3 
4 
8 
6 
5 
2 

4 
5 
3 
2 
4 
3 
4 
4 
6 
6 

12 
10 
8 
5 
4 

(3A) 
2 

12 

4 
8 

20 
IS 

5 
4 
4 

e 2 
i 

e 14 
e 14 
e 2 

1 
2 
3 
2 
1 
2 
i 

ei5 
i 
i 
i 
i 
1 
2 
3 
4 
3 
2 
4 
3 
4 
3 
6 
6 

25 
20 
0 
4 

(25A) 
5 

25 
2 
6 

12 
4: 

20 
e 27 

1 
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as those of Co, Cr, Fe, Ti, and V belonging entirely to classes I and 

II. The intensity of the lines is estimated for maximum and for mag- 

nitude about 8.5. At minimum the continuous spectrum of the com- 

panion makes estimates too uncertain to be of value. As the star 

declines in brightness the fainter lines of the various elements tend 

to disappear. Several of the lines become emission lines and are 

marked with the letter e. 

The multiplet group of titanium lines of class II at X 4535 blends 

to form a strong line at maximum, which weakens and becomes 

emission in character as the star approaches minimum. XX 4299.4 

and 4314.9 of titanium behave in much the same way. These lines 

are probably affected by the shortage of titanium caused by the 

strengthening of the bands, as well as by the general weakening of 

absorption lines of the lowest temperature classes. 

The ultimate lines of ionized calcium, barium, and strontium are 

very strong at maximum but are much weakened toward minimum. 

H and K of calcium are not easily photographed in o Ceti because of 

the weakness of the spectrum in the violet and because of the inter- 

ference of the spectrum of the companion at minimum. On the few 

plates having sufficient exposure at this phase, the H and K lines 

appear to be present but decidedly weakened. The encroachment of 

the bright line X 4216 may hasten the disappearance of the strontium 

line X 4215 at about magnitude 7.5. When the star is fainter than 

the eighth magnitude, this region becomes engulfed in the tre- 

mendous absorption of the calcium line X4226 whose width at 

minimum light is fully 30 A. 

Several enhanced lines of iron and titanium, such a.s XX 4233, 

4352, 4395, 4417, 4501, 4549, and 4584, are found in the spectrum of 

a Orionis, but the reduced temperature in o Ceti, even at maximum, 

and in stars of the later M-types, makes their appearance weak or 

doubtful. At minimum light they seem to be entirely lacking in the 

variable star. 

The chromium lines XX 4254 and 4274 and the calcium line X 4226 

strengthen with decreasing temperature and become enormously 

strong at minimum. An unknown strong line, or perhaps a band- 

head, at X 4738 acts similarly. The line is not sharp and is some- 

what shaded toward the red. Its width is about 2 A at minimum, and 
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its wave-length from 45 plates, corrected for the absorption-line 

velocity of the star, is X 4738.297. A search among known lines and 

bands has failed to reveal the origin of this strong absorption line. 

It seems very probable that it may be the head of an absorption 

band which falls off toward the red. 

6. THE RADIAL VELOCITIES DETERMINED PROM 
ABSORPTION LINES 

The measurements for the determination of radial velocity have 

been shared in part by Mr. Adams and Misses Burwell and Stone, 

but all the plates have been measured once, and usually twice, by 

the writer. 
TABLE VI 

Absorption-Line Normal Points 

Weighted Weighted 
Mean Phase Mean V 

Weighted Weighted 
Mean Phase Mean V 

days km/sec. days km/sec. 

7 
16 
41 
70 
89 

+64.0 
64-3 
63.7 
63.0 
60.9 

+60.0 

113 
147 
238 
278 
288 
312 

+57-5 
54-9 
53*8 
59-8 
61.2 

+63.0 

Although the dispersion used is less than that desirable for 

radial velocity measurements involving a comparatively small range, 

it should be borne in mind that the absorption lines, especially near 

maximum, are numerous and of superior quality, and that the re- 

sults are based upon a large number of measures. Furthermore, the 

absorption lines used throughout the whole period of the star’s 

variation, which are listed in Table V, are unusually homogeneous 

in character, being without exception strong low-temperature or 

ultimate lines of a small number of elements. The average number 

measured on each plate is 12 for the whole series. At minimum 

fewer lines were available than at maximum. In forming the 

normal points, weights, based on the number of lines, the number of 

measures, the dispersion employed, and the quality, were assigned to 

each plate. 
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After arranging the dark-line velocities given in Table II in order 

of phase, eleven normal places, of comparable weight, were formed. 

These are given in Table VI and áre represented by open circles on 

the curve of Figure 4. 

Fig. 4.—^Velocity-curves for absorption lines (above) and emission lines (below). 
Thejbroken middle line represents the velocities of the emission lines of ionized iron. 

290 o 40 80 120 160 200 240 280 days 

Fig. 5.—Curve showing differences between absorption and emission velocities 

Although it is not thought that the variable star is a spectro- 

scopic binary, the curve drawn through the normal points can be 

described best in terms of the usual elements of an elliptic orbit. 
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The following elements are satisfactory. A least-squares solution has 

not been attempted. 

P=33° days 
K=$.g km/sec. 
7=+58.2 km/sec. 
C0 = 2Ó5?2 
e=o.20 

a sin i= 26,200,000 km 
ml sin3 i ^ 
(w+Wï)2-0,007 

The striking feature of the velocity-curve is its resemblance in 

form to the light-curve. The maximum positive velocity occurs at 

maximum, and the greatest velocity of approach at minimum, light. 

The case is thus opposite in phase to that of the Cepheids, for 

which maximum velocity of approach occurs at maximum of light. 

Previous observers1 have not failed to consider the possibility 

of variable radial velocity but have made observations only at the 

star’s brightest phases, which correspond to the broad maximum of. 

the velocity curve. The evidence has accordingly pointed to the con- 

clusion that the velocity was constant. 

Thus Campbell’s observations2 in 1897 and 1898, including 7 

plates with phases from --36 to +55 days from maximum, show a 

range of only 3 km/sec. His results, which were obtained with three 

prisms, are given in Table VII. In themselves, these observations 

show no indication of variation in velocity, but their deviations 

from the Mount Wilson curve are not larger than might be attributed 

to error in observation. On the other hand, the series of single- 

prism observations by Stebbins3 in 1902, with phases up to +83 days, 

show a distinct tendency, when reduced to velocities, to follow the 

variable velocity-curve here given. 

Merrill has made numerous observations of the velocities of 

other long-period variables, but as these photographs likewise 

1 Küstner, Astrophysical Journal, 27, 301, 1908; Haskett, Journal of the Royal 
Astronomical Society of Canada, 1, 45, 1907; Merrill, Publications of the Detroit Observa- 
tory, 2, 65, 1916; Lunt, Astrophysical Journal, 48, 265, 1918; Harper, Publications of the 
Dominion Observatory, 4, 334, 1920; Frost and Lowater, Astrophysical Journal, 58, 265, 
1923* 

2 Astrophysical Journal, 9, 31, 1899. 3 Lick Observatory Bulletins, 2, 81,1903. 
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show the absorption spectrum only near maximum, there is no evi- 

dence at hand from other stars of this class. He has reached the 

conclusion that in the case of X Ophiuchi,1 where a companion star 

checks the velocity of the variable, and probably in other stars of 

this class, the absorption lines give the true velocity of the star. The 

present results for o Ceti, if typical, complicate the problem, inas- 

much as it raises the question whether the velocity of translation of 

the star is the 7-velocity ol the curve or the velocity at either maxi- 

mum or minimum. Statistical methods may ultimately furnish the 

answer; but it is impossible at present, on account of the small range 

TABLE VII 

Observations by Campbell 

Phase C.-Mt. W. 

Nov. 10—1897. 
Dec. 15  

iS  
Aug. 29—1898. 
Sept. 4  

19  
Nov. 29  

— 20 days 
+15 
+15 

-30 
-iS 
+55 

+63.4 km/sec. 
62.0 
60.7 
62.8 
63-7 
61.8 
62.3 

+0.2 
~i.8 
-3-I 
+1.1 
+ 1-3 
-1.7 
+0.4 

of variation and the lack of direct methods of attack, to come to any 

conclusion. 

The variable X Ophiuchi is visible for so short a period that it 

is not possible to determine whether the absorption-line velocity 

varies or not. The companion of Mira is so faint and so difficult to 

separate spectrographically that it cannot be satisfactorily used for 

determining the velocity of the system. The only evidence available 

is that from the bright lines of the compamon, shown on a few plates 

mostly of small dispersion, which give the same velocity as the 

variable (both bright and dark lines) at minimum. It is possible 

that the bright lines are displaced to the violet, as in B.D. 

+ ii°4673. Merrill’s2 computations would seem to indicate that for 

the Me stars in general a small value of the K-term is given by use 

of the velocities of the absorption lines at maximum. 

1 Mt. Wilson Contr., No. 261; Astrophysical Journal, 57, 251, 1923. 
2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 255, 1923. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

6A
p J
 

 6
3.

 . 
28

1J
 

SPECTROGRAPHIC STUDY OF MIRA CETI 301 

7. EMISSION LINES 

The emission lines of hydrogen in o Ceti were first noticed1 in 

1887 by Pickering as one of the earliest results of the photographic 

observation of stellar spectra with the objective prism at the 

Harvard College Observatory. Later, other long-period variables 

were found to have the same bright lines. This characteristic then 

became the criterion by which numerous variables of this type were 

detected from inspection of their spectra, and thus far only a few 

M-type stars emitting bright hydrogen lines have failed to exhibit 

the Mira type of variation in light. The exceptional cases include 

six of the faintest dwarfs: W.B. ioh234, i6h9o6, Furujhelm 54 and 

58, and the companions of Castor2 and o Eridani;3 and six giants:4 

W Cephei, Boss 1985, 5650, H.D. 42474, B.D. +6i°8, and C.D.M. 

—33°i6843. The dwarfs are not known to vary in brightness. Some 

of the giants have an irregular variation of small range. All but the 

last star have spectra which are essentially different from that of 

o Ceti and need not concern us in this discussion. C.D.M. —33°i6843, 

to which our attention was directed by Miss Cannon, gives, however, 

a typical Me spectrum, yet among several hundred stars of this type 

it is the only one known to maintain constant brightness. 

The hydrogen lines on our plates are usually considerably over- 

exposed in order that the absorption lines of the spectrum may be 

measured. The Baimer series has been recorded from Ha to Hl but 

the region for which this study is fairly complete extends only from 

X 3950 to X 5000. The behavior varies with the line and also de- 

pends to some extent upon the particular cycle considered, but, in 

general, the magnitude of the star seems to be the controlling factor. 

The cycles repeat themselves with only slight inconsistencies. 

When the star reaches a minimum none of the hydrogen lines is 

bright. With increase in fight there is a sudden appearance of hydro- 

1 First Annual Report of the Photographic Study of Stellar Spectra, Cambridge, 1887; 
reprinted in Nature, 36, 32, 1887. 

2 Adams and Joy, Publications of the Astronomical Society of the Pacific, 32, 158, 
1920; 34, 174, 1922. 

3 Leonard, ibid., 33, 272, 1921. 

4 Adams and Joy, ibid., 33, 263, 1921; Adams, Joy, and Humason, 34, 175, 
1922; 37, 161, 1925. 
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gen emission at about the seventh magnitude, which is first seen in 

Hô and, a short time later, in Hy. In the course of a week or two, these 

two lines attain great strength, Hb remaining the stronger until well 

past maximum. The greatest intensity is reached about a month after 

maximum light. The decline then sets in; Hy becomes somewhat 

stronger than Hb, and both disappear together near magnitude 8.0. 

Near minimum the emission lines go over into absorption lines. The 

relative changes in the hydrogen lines are illustrated in Plate XIX. 

fla is present as a bright line on the few plates sensitized for the 

red portion of the spectrum. Relative to the continuous spectrum, 

it appears to be weaker than Hß. Shane1 found Ha nearly equal to 

Hß in intensity. He also noted that Ha was displaced about 1A 

toward the violet, relative to the other bright lines, on all his plates. 

This displacement appears to be confirmed, in part at least, by 

rough measures of the Mount Wilson plates. 

Hß and HÇ have been seen and measured each cycle. They make 

their appearance near the time of maximum, and, on account of their 

weakness, vanish after three or four months, at about magnitude 6.5. 

HÇ seems to reach its .maximum somewhat later than Hß. He and 

Hrj are similar in strength on our plates. They appear about a month 

after maximum and fade out at about the same time as Hß and HÇ. 

Hd and Hi were found on two plates only, at phases of 49 and 77 

days. 

In a general way the hydrogen series has its greatest strength at 

Hb and declines toward red and violet. The weakness of He, Hk, 

H\, Hß, and are explained by local absorption, as suggested by 

Miss Clerke for He, and by Shane for the other lines. 

The hydrogen lines are fairly sharp on one-prism spectrograms 

and there is little indication of any lack of symmetry. Higher dis- 

persion reveals Hy and Hb to be composite, each consisting of three 

components. The separation of these components seems to be con- 

stant, but the relative intensity has changed since they were first 

observed. Campbell2 found at the maxima of 1898 that Hy was 

made up of a strong central component with a lesser one to the violet 

1 Lick Observatory Bulletins, 10, 131, 1922; Publications of the Astronomical Society 
of the Pacific, 32, 234, 1920. 

2 Astrophysical Journal, 9, 31, 1899. 
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SPECTROGRAPHIC STUDY OF MIRA CETI 303 

and a weak one on the red side. ¿75 was symmetrical with a strong 

central line and two equal side components. Wright1 was able to see 

but two components of fly in 1899, but when he examined it in 1909 

for indications of the Zeeman effect it was triple, with much the 

same intensity relations as found by Campbell in 1898. On plates 

taken with three prisms by Mr. Merrill and the writer at the last 

maximum in December, 1925, the three components of fly are not 

well resolved, but seem to decrease slightly in intensity toward the 

red, the violet component being the strongest, flô, however, shows 

a strong central line with a very weak companion to the violet and a 

line of intermediate intensity well separated on the red side. Plate 

XX/ shows its appearance on November 25,1925. In the succeeding 

three months the central component of ¿75 strengthened relatively, 

so that the close violet component was almost lost. There was no 

certain change in fly. The separations are practically the same as 

those found by Campbell, but the intensities are quite different. The 

whole line or band shifts its position in accordance with the velocity- 

curve given in Section 8. As far as observed, the other bright lines 

have been found single. 

No explanation can be suggested which satisfactorily accounts 

for the peculiar structure of these hydrogen lines. The components 

are unsymmetrical in position and intensity. The separations of the 

components are 0.29 A to the violet side and 0.46 A to the red. The 

Zeeman and Stark effects seem to be ruled out. Since they shift as 

a unit, the components must originate in the same portion of the 

star’s atmosphere. Unsymmetrical double reversal is a possible 

cause. 

In addition to the emission lines of hydrogen, numerous other 

bright lines have been observed. Campbell2 in 1897 

measured XX 4308 and 4376 and identified them, from 3-prism plates, 

with the corresponding iron lines. He concluded that they have the 

same displacements as the bright hydrogen lines. He also called 

attention to the bright line X 4103 which Plaskett3 later identified 

with Rowland’s line X 4103.1, Si Mn. Plaskett refers to seven other 
1 Lick Observatory Bulletins, 6, 60, 1910. 
2 Astrophysical Journal, 9, 31, 1899. 
3 Journal of the Royal Astronomical Society of Canada, 1, 56, 1907. 
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bright lines in addition to the hydrogen lines. Numerous emission 

lines are recorded by Stebbins, Kiistner, Adams and Joy, and Frost 

and Lowater. Merrill finds that most of these lines occur in other 

long-period variable stars. 

All the bright lines and bright places resembling lines, which have 

been measured, are listed in Table VIII. The wave-lengths from the 

Mount Wilson measures, given in the first two columns, have been 

corrected by the mean displacement of any or all of the following 

bright lines measured on the plate: Hb, Hy, XX 4202, 4216, 4291, 

4308, 4376, 4571. These are among the strongest and most fre- 

quently recurring bright lines, and there can be no question of the 

correctness of their identification1 with hydrogen and the low- 

temperature radiation of iron and magnesium. 

The validity of the assumption that all the bright lines are sub- 

ject to the same displacement is still open to question, but the agree- 

ment found here for the hydrogen lines and the low-temperature 

lines makes it reasonably certain that this is the case for these groups 

at least. The case is not so clear for some of the remaining lines, 

such as X 4233 of ionized iron and XX 3905 and 4103 of silicon, which 

belong to higher temperature classes and probably originate at 

different levels. For the many lines with no plausible identifications 

the corrections are presumably in the right direction. 

The third column of Table VIII gives the probable error of the 

mean wave-lengths computed from the internal agreement of the 

measures, the fourth column the probable identification, and the 

fifth, the number of Mount Wilson plates upon which the wave- 

length is based. The line may have been present on other plates as 

well, but omitted in measurement on account of its weakness or poor 

definition. No lines are included which have not been found on at 

least three plates, unless measured by other observers. 

The remaining columns contain the wave-lengths published by 

other observers. In the last column are the wave-lengths of the 

bright lines found by Merrill2 in long-period variables other than 

o Ceti. The values which are starred have been supplied by Mr. 

1 Adams and Joy, Publications of the Astronomical Society of the Pacific, 35, 168, 
1923. 

2 Mt. Wilson Contr., No. 265; Astrophysical Journal, 58, 197, 1923. 

% 
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TABLE VIII 

Emission Lines in o Ceti 

Wave-Length 

Rowland I.A 

Proba- 
ble 

Error 

Identi- 
fica- 
tion 

No. 
Plates Stebbins Plaskett 

Frost 
and 

Lowater 
Me Stars 
Merrill 

3770.83 
3797.96 
3835-65 
3852.90 
3889.33 
3905.82 
3907-83 

3938.57 

3970.30 

4006.94 
4030.75 
4101.89 
4103.15 
4119-75 
4122.92 
4138.75 
4166-. 00 
4170.81 
4I73-63 
4178.98 
4202.18 
4206.86 
4216.35 
4229.47 
4233-49 
4249.49 
4258.45 
4291.64 
4308.10 
4340.64 
4352.52 
4372.74 
4376.09 
4427.49 
4434.16 

4458.95 
4461.47 
4461.75 
4482.27 
4489.73 
4511.66 
4521.56 
4533-95 

44 

16 

80 
61 
74 
00 
60 
77 
60 
84 
65 
47 
82 
02 
70 
19 
31 
33 
34 
30 
49 
94 
48 
36 
58 
93 
33 
00 

79 
31 
59 
il 
57 
50 
40 
78 

=*=0.04 
.00 
.03 
.07 
.01 
.02 
.02 

Ek 
El 
EQ 
Er, 

Ht 
Si 

04 

03 Ee 

-03 
.07 
.00 
.01 
.02 
-03 
.02 
.01 
.05 
.04 
.05 
.01 
.03 
.01 
.02 
.01 
.06 
.04 
.01 
.01 
.00 
.04 
•03 
.01 
.02 
.03 

Mn 
Eô 
Si 

Fe+ 

Fe+ 
Fe-{- 
Fe 
Fe 
Fe 

Fe+ 

Fe 
Fe 
Fe 
Ey 

Fe 
Fe 

2 
2 

16 
2 

31 
13 

2 

4 

il 

9 
2 

51 
39 
10 
6 

23 
16 

5 
3 

35 
32 
10 
18 
4 

40 

7 
10 
30 
58 

9 
12 
31 
11 

3 

3750 
3770 
3798 
3835 
3852 
3889 
3905 
3907 
3932 
3938 
3967 

3978 
3997 
4002 
4007 
4030 
4101 

4178 
4202 

4216 

4233 

4308 
4340 

4372 
4376 
4427 
4433 

.03 

.03 

.02 

. 10 

.06 

.02 

.02 
=0.09 

Fe 
Fe 
Fe 
In 

20 
12 
9 
5 
4 

13 
4 
4 

4511 

5 
85 
09 
53 
84 
24 
69 
51 
78 
43 
82 

Standard 
3905.78 

Standard 
3852.76 
Standard 
Standard 
3907.60* 

Standard 

3938.47* 
3967.66* 
Standard 
3977-92 
3997.87* 
4001.90* 

Standard 
4103.20 
4119.81 

Standard 
4103.15 

4138.78 
4166.09 

4138.80 
4166.03 

9 
24 

4I73-83 
4179.09 

4202.01 
4206.68 

4030.66 
Standard 
4103.18 
4119.65* 
4122.98* 
4138.80 
4166.09* 
4171.04* 
4173.60* 
4178.98 
Standard 

04 

45 
4229.76 
4233.61 4233-42 

4215.90 

4233-5I 

Standard 

4375-98 

Standard 
Standard 
Standard 
4352.61* 
4372.74 
4376.00 

4454-41 
4457.06 
4458.79 
4461.44 

4458.99 
4461.52* 

4511-73 
4521-54 

4511.62 
4521.70 
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TABLE VIII—Continued 

Rowland 

Rowland I. A 

Proba- 
ble 

Error 
Identi- 
fica- 
tion 

No. 
Plates Stebbins Plaskett 

Frost 
and 

Lowater 
Me Stars 
Merrill 

4S71•3I• 
4578.96. 
4584.05. 

4861.49. 
4923-95• 
5018.62. 

.14 
-79 
.88 

=*=0.01 
*05 
.20 

Mg 

Fe+ 

27 
3 
2 

4571.15 

4559-88 
4562.15 

•31 
.78 
-45 

.02 

.07 
0.23 

Hß 
Fe+ 

26 
6 
4 

4861.67 Standard 

4584.08 
4633.72 
4634.94 
4639.26 
4756.72 
4801.33 
4803.18 
4838.68 

Standard 

Standard 
4579-01 

Standard 

Merrill from manuscript. In many cases the lines were measured on 

three or four plates only, but it is of great interest to note that they 

are found in other stars. 

Wave-lengths are given on the Rowland system, except in the 

second column where the International values are given for com- 

parison. Stebbins’ wave-lengths are corrected by —0.67 A to allow 

for the displacement of the bright lines, while a correction of +0.25 A 

suggested by Plaskett has been applied to his wave-lengths to reduce 

them to the bright hydrogen lines as standards. Merrill omits the 

wave-lengths of six hydrogen lines and of 3905, 4202, 4308, and 

4571, used as standards by which the displacements of the other 

lines are corrected. 

In some cases it is not easy to determine whether a measured 

point is actually an emission line or a narrow region of continuous 

spectrum between two absorption lines; but if the line has been seen 

by different observers under different instrumental conditions and 

with different dispersions there can be little doubt that the emis- 

sion is real. 

Of the 66 lines given in Table VIII, 49 have been measured on 

our plates and, after careful examination, have been considered to be 

real emission lines. The 17 remaining lines recorded by other ob- 

servers, excluding ff/c, which is too far in the violet, have been looked 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

6A
p J
 

 6
3.

 . 
28

1J
 

SPECTROGRAPEIC STUDY OF MIRA CETI SO? 

for on our plates, but either they are not present or else appear to 

be continuous background rather than real lines. Nine lines are in- 

cluded which are not recorded by other observers; of these 7 have 

been identified with reasonable certainty. 

It is of interest to consider the strength of the bright lines and 

the time of their appearance with respect to changes in brightness 

of the star. Table IX gives the relative intensities estimated on an 

arbitrary scale, as found on well-exposed plates chosen as representa- 

tive of the line-intensities at different magnitudes and phases. The 

Fig. 6.—^Intensities of hydrogen lines for different magnitudes. The ordinates are 
relative intensities on an arbitrary scale. The scale of the abscissae is given in magni- 
tudes projected from the light-curve. 

estimates must be regarded as rough comparisons only, since the 

atmospheric transmission, as well as photographic and instrumental 

effects, has not been taken into account. On the whole, it has 

seemed better to arrange the plates in the order of magnitude rather 

than phase, since temperature in the star is probably the controlling 

influence in the variation of the emission. The intensities observed 

follow the magnitudes more consistently than any other single factor. 

The strength of the continuous spectrum on a scale of 5 is given 

in the second column. The following columns give data for the 36 

strongest and most important lines. Some of these appear as absorp- 

tion lines for a portion of the cycle. The intensities of absorption are 

then preceded by the letter a. Asterisks in the table indicate that the 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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line is not to be expected on account of over- or underexposure at 

that point in the spectrum. 

Figures 6 and 7 represent graphically the changes in intensity of 

several of the lines. In order that the intensities may be compared 

with the normal light variation of the star, the mean light-curve has 

been included in Figure 6, and the scale of the abscissae is given in 

magnitudes projected down from the light-curve. Thus, intensities 

are plotted according to magnitude, but the horizontal spacing is 

the time scale of the light variation. 

Fig. 7.—Intensities of emission lines for different magnitudes. The scale and co- 
ordinates are the same as in Fig. 6. In the lower part of the figure the curves below the 
zero-line represent the intensity of absorption on an independent scale. 

Inspection of Table IX shows two principal groups of bright 

lines. The first, whose lines are strongest near the maximum of the 

star, includes the hydrogen series and the enhanced iron lines; the 

second comprises the low-temperature lines which have been at- 

tributed to iron, magnesium, manganese, and indium, and have their 

maximum intensity four to six months after maximum light. 

He is apparently an exceptional case in the hydrogen series for 

it reaches its greatest intensity very much later than the other 

hydrogen lines. This peculiarity may be accounted for on the basis 

of Miss Clerke’s1 explanation of its weakness. The H line of calcium 

is so strong at the maximum of the star that it absorbs the radiation 

x Problems in Astrophysics, p. 226, 1903. 
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TABLE IX 

Intensities of Emission Lines 

Plate Int. Mag. Phase EV 3Ç 3905 He 4006 4030 HS 4103 4119 4122 4138 4166 
C 3068. 
C 2013. 
C 2040. 
C 1597. 

12363. 

11564- 
C?>o9o. 

12447- 
11609. 
5258. 

6235- 
11622. 

C 500. 
9395- 
7413- 
6306. 
5299. 

13201. 
6369. 

C 2663. 
10276. 
6531- 
7551- 
8789. 
5559- 
6594- 
9567. 
8805. 

10381. 
8872. 

11254. 
6724. 

10435• 
C 1845. 

10503. 

~ 7795- C 760. 
C 1897. 
C 801. 
C 246. 
C 250. 
C 1442. 
C 1474. 
C 1478, 
C 1488, 
C 867. 
C 878. 
c 3037. 8.9 

272 
230 
258 
289 
303 
281 
283 
317 
294 
326 
318 
311 

I 
29 
16 

14 
19 
8 

42 
3 

51 
82 
70 
72 
85 

103 
86 
92 
86 

102 

114 
141 
109 
134 
120 

133 
145 
162 
154 
164 
165 
167 
182 
197 
201 

215 
234 
243 
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TABLE IX—Continued 

Plate Int. Mag. Phase 4170 4173 4179 4202 4206 4216 4233 4258 4291 4308 Hy 4352 
C 3068. 
C 2013. 
C 2040, 
C 1507 

12363. 

11564- 
C 2090. 

12447. 
11609. 

5258. 
6235. 

11622. 
C 500. 

9395. 
7413- 
6306. 
5299- 

13201. 
6369. 

C 2663. 
10276. 
6531- 
7551. 
8789. 
5559. 
6594- 
9567. 
8805. 

10381. 
8872. 

11254. 
6724. 

10435. 
C 1845. 

10503. 

7795. 
C 760. 
C 1897. 
C 801. 
C 246. 
C 250. 
C 1442. 
C 1474- 
C 1478. 
C 1488. 
C 867. 
C 878. 
c 3037. 

8.4 
8.3 
7.8 
7-1 
5-9 
5-5 
5-0 
4.9 
3-8 
3-7 
3-6 
2.9 
3-1 
3-4 
3-5 
3-7 
3-8 
3- 8 
4.1 
4- 7 
4.9 
5.1 
5- 2 
5-3 
5-5 
5-7 
6.0 
6.2 
6.4 
6.6 
6.8 
7-1 
7-2 
7.5 
7.6 
7-8 
8.1 
8.2 
8.4 
8.5 
8.6 
8.8 
9.0 
9.2 
9-3 
9.4 
9-3 
8.9 

272 
230 
258 
289 
303 
281 
283 
317 
294 
326 
318 
SU 

I 
29 
16 

14 
19 

8 
42 

3 
Si 
82 
70 
72 
85 

103 
86 
92 
86 

102 
114 
141 
109 
134 
120 

133 
145 
162 
164 

165 
167 
182 
197 
201 

215 
234 
243 

a2 
as 
a2 
a2 
as 
a6 
34 
a2 
34 
34 
a2 
a2 
a2 
ai 
33 
a2 
&2 
a2 
a2 
33 
ai 
ai 

40 
60 
35 
75 
45 
35 
80 
55 
80 
30 

25 
35 
60 
35 
30 
30 
50 
40 
40 
18 
40 
35 
40 
40 
20 

30 
25 
20 
45 
35 
25 

5 
3 
I 
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TABLE IX—Continued 

Plate Int. Mag. Phase 4372 4376 4427 4434 4458 4461 4482 4489 4511 4S2I 4571 Hß 
C 3068. 
C 2013. 
C 2040. 
c 1597. 

12363. 

11564. 
C 2090. 

12447. 
11609. 
5258. 
6235. 

11622. 
C 500. 

9395 • 
7413. 
6306. 
5299. 

13201. 
6369. 

C 2663. 
10276. 
6531. 
7551. 
8789. 
5559- 
6594. 
9567. 
8805. 

10381. 
8872. 

11254. 
6724. 

10435 - 
C 1845. 

10503. 

^ 77§5' C 760. 
C 1897. 
C 801. 
C 246. 
C 250. 
C 1442. 
c 1474. 
C 1478. 
C 1488. 
C 867. 
C 878. 
c 3037. 

8.4 
8.3 
7.8 
7-1 
S • 9 
5.5 
5-0 
4.9 
3.8 
3.7 
3.6 
2.9 
3.1 
3-4 
3.5 
3.7 
3.8 
3.8 
4.1 
4.7 
4.9 
5.1 
5.2 
5.3 
5.5 
5.7 
6.0 
6.2 
6.4 
6.6 
6.8 
7.1 
7-2 
7-5 
7.6 
7.8 
8.1 
8.2 
8.4 
8.5 
8.6 
8.8 
9.0 
9.2 
9.3 
9.4 
9-3 
8.9 

272 
230 
258 
289 
303 
281 
283 
317 
294 
326 

318 
311 

i 
29 
16 

14 
19 

8 
42 

3 
Si 
82 
70 
72 
85 

103 
86 
92 
86 

102 
114 
141 
109 
134 
120 

133 
US 
162 
154 
164 

165 
167 
182 
197 
201 

215 
234 
243 

1 
2 
1 

20 
8 

S 
40 
30 
40 
4 
5 

12 
10 

2 
2 

3 
2 
2 

12 
2 

12 
10 
18 
10 
3 
I 
5 
i 
3 

proceeding from He. As the star decreases in brightness and becomes 

cooler H diminishes in width and allows the bright He to appear. 

This explanation requires the presence of at least a portion of the 

calcium gas at levels above the origin of the He emission. The change 

in the strength of H is well illustrated in the reproduction of Steb- 

bins, spectrograms1 and is likewise shown on several of the plates 
1 Lick Observatory Bulletins, 2, 81, 1903. 
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312 ALFRED H. JOY 

used in this investigation. Shane1 has accounted for the weakness of 

Hk, ¿7X, and Hi; by the corresponding absorption of the low- 

temperature lines of iron and vanadium. 

The lines of silicon seem to be less sensitive to temperature 

changes and do not show a distinct maximum. In the electric furnace 

King2 has found that these lines occur at intermediate temperatures 

corresponding to the iron lines of class III. The lines of the low- 

temperature group, with the exception of X4308 and probably 

X 4202, which are in class II, belong to temperature class I. 

The bright lines whose identification seems to be reasonably 

certain are listed in Table X. 

Hydrogen lines.—The identification of the hydrogen lines has 

been accepted since they were first observed by Pickering in 1886. 

The question of their relative intensities is as yet not completely 

solved. The Balmer series behaves in stars as a high-temperature 

series, and it is to be expected that these lines, if they occur at all, 

will be strengthened by the maximum temperature. As will be seen 

in Figure 6, the maximum intensity of the hydrogen lines occurs 

very near maximum light. 

Enhanced lines.—As has previously been pointed out,3 enhanced 

lines are found in giant M-type stars owing chiefly to their low 

density. They may well occur in the extreme tenuity of the atmos- 

phere of 0 Ceti. Although the agreement of the wave-lengths is not 

fully convincing, especially in the case of X 4233, the identification 

with ionized iron may be considered as entirely probable. Several of 

the enhanced lines found in o Ceti are bright in certain S-type stars 

and in M-type stars such as W Cephei, which are of the same order 

of temperature as Mira. They also appear together in emission in 

the bright-line B-type stars. The consideration of the atomic origin 

of the lines thus identified, as worked out by Russell,4 has hastened 

the conclusion. They are without exception the strongest members 

of the multiplets arising from the lowest levels of the ionized atom 

1 Lick Observatory Bulletins, 10, 133, 1922. 
3 Publications of the Astronomical Society of the Pacific, 33, 106, 1921. 

3 Adams and Joy, Publications of the Astronomical Society of the Pacific, 35, 328, 
1923. 

4 Unpublished series relationships in Fe-\~- 
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and would presumably be the first to be affected by any cause tend- 

ing to produce emission lines. 

TABLE X 
Identification of Emission Lines 

Measured 
Wave-Length 

Rowland 

Laboratory 
Wave-Length 

Rowland LA. 
Element Temp. 

Class 
Atomic 
Origin 

Time op Max. 
Intensity 

Mag. Phase 

3770-83- 
3797.96. 
383S-6S- 
3889.33- 
3905.82. 
3970.30. 
4O30.7S. 
4IOI.89. 
4IO3.I5. 
4138.75- 
4173.63. 
4I78.98. 
42O2.18. 
4206.86. 
4216.35. 
4233.49. 
4258.45. 
4291.64. 
4308.IO. 
4340.64. 
4376.O9. 
4427.49. 
4461.75- 
4482.27. 
4489-73- 
45II.66. 
457I-3I- 
4584.O5. 
4861.49. 
4923.95. 
5OI8.62. 

377O.75 
3798.02 
3835-51 
3889.18 
39O5.66* 
397O.2I 
4030.90 
4IOI.89 
4I03.I0t 
4138.S8§ 
4173-63 
4179.02 
4202.19 
4206.86 
4216.35 
4233.32 
4258.48 
4291.62 
4308.08 
4340.63 
4376.09 
4427.47 
4461.82 
4482.34 
4489.91 
4511-47t 
4571-28 
4584.01 
4861.51 
4924.09 
5018.61 
6563.04 

58 
85 
36 
05 
53 
08 
77 
74 
95 
43 
47 
86 
03 
70 
18 
16 
33 
47 
91 
47 
93 
31 
66 
18 
75 
31 
ii 
84 
33 
92 
44 
82 

Hi 
HQ 
HV 
HÇ 
Si 
He 
Mn 
H8 
Si 
Fe+ 
Fe+ 
Fe+ 
Fe 
Fe 
Fe 
Fe-h 
Fe 
Fe 
Fe 
Hy 
Fe 
Fe 
Fe 
Fe 
Fe 
In 
Mg 
Fe+ 
Hß 
Fe+ 
Fe+ 
Ha 

III 

Ï’ 

III’ 

I 
IA 
I 

IA 
IA 
II 

I 
I 
I 
I 

IA 
I 
I 

2P-11D 
2P-10D 
2P- 9D 
2P- 8D 

2P- 7D 
is6- ip6 

2P- 6D 

2Í4- ip* 
2p4- id'4 

2p4- if'4 

ifr- Ig'3 
id5- ip'7 
id5- ip'7 
2p4- id'4 

id5- ip'7 
id5- ip'7 
if3- Ig'3 

2P- sD 
id5- if'7 
id*- if'7 
id*- if'7 
id5- if'7 
id5- if'7 
ip2- is2 

iS- ip3 

2Î*- id'4 

2P- 4D 
IS1 

IS1 

2P- 3D 

ip'6 

6- ip'6 

4- 4 
4.4 
5- 0 
5- 0 
5.2 
5.7 
7.2 
3.8 
5.2 
3.5 
3-5 
3-6 
8.0 
8.0 
7-8 
3-8 
7-8 
8.0 
8.6 
3-7 
7- 8 
8.0 
8- 3 
8.0 
8.0 
6- 5 
8.4 
3-5 
3-7 
3-5 
3-5 

50 
50 
65 
65 
70 
85 

125 
20 
70 
o 
o 

10 
145 
145 
140 
20 

140 
145 
165 

15 
140 
145 
160 
145 
145 
no 
165 

o 
15 
o 
o 

* King, unpublished. 
t King, Publications of the Astronomical Society of the Pacific, 35, 330, 1923. 
§ Calculated from known terms. 
Xlbid., 37, 27, 1925. 

The strongest and most persistent of the enhanced bright lines 

are XX 4233 and 4179. X 4233 is sharper and better for measurement. 

As it occurs with great frequency, the measures should be of high 

accuracy. X4179 is stronger than X4233 at maximum light but 

often is not sharp. It seems to be involved in a strong portion of the 

continuous spectrum, which may affect its observed wave-length. 
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As shown in Table XI, the enhanced lines of iron, in the mean, 

are displaced somewhat toward the red as compared with the hydro- 

gen and low-temperature lines used for determining the wave-length 

correction. In other words, if we assume that the identification of 

these lines is correct, they have on the average a positive velocity 

relative to the eight lines used in forming the bright-line curve. As 

shown in Figure 4, these lines give points falling between the bright- 

and dark-line curves. Their origin must then be at a level of the 

star’s atmosphere between the low level producing the absorption 

lines and the higher levels emitting the bright lines of hydrogen and 

the low-temperature lines. 
TABLE XI 

Wave-Lengths of Enhanced Iron Lines 

Measured 
Wave-Length 

4138.7s  
4173-63  
4178.98  
4233-49  
4584-08  
4923-97  
5018.62  

Weighted mean diff, 

Laboratory 
Wave-Length 

4138.38 
4173-63 
4179.02 
4233-32 
4584.01 
4924.09 
5018.61 

Diff. Wt. 

+0.17 2 
0.00 I 

— 0.04 2 
+0.17 
+0.07 

4 
i 

+0.09 

A similar effect has been pointed out by Merrill1 for the en- 

hanced iron lines of B.D. +ii°4673. 

The middle broken line in Figure 4 shows the mean course of the 

velocities for the enhanced lines XX 4138, 4173, 4178, and 4233. The 

lines XX 4924 and 5018 have a few measurements only and are 

located in a region of the spectrum where the focus is not good on 

our plates. They are not satisfactorily determined, as will be seen 

from their probable errors, and have not been used in forming the 

mean curve. The individual lines do not agree closely with one 

another. Hence this curve should not be taken as comparable in 

accuracy with the other curves, but the evidence points to a solution 

along these lines. 

Bright lines of silicon and indium.—Table IX shows that the 

silicon lines XX 3905 and 4103, and X4511, which may belong to 
1 Publications of the Astronomical Observatory, University of Michigan, 2, 74, 1916. 
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indium, have intensity-curves quite different from those belonging 

to the low-temperature group. A comparison of these lines, similar 

to that for the enhanced lines, is given in Table XII. Apparently 

these lines arise from levels not far from those producing the en- 

hanced iron lines and have corresponding velocities. 

The identification of the indium line is still uncertain. This line, 

together with X 4101.9, which is coincident with Hb, is one of the 

ultimate lines of indium. A plate taken by King1 with the electric 

furnace shows that these two lines are strong even at a temperature 

of 16000. If present in the sun, X 4511 is very weak; and it has not 

TABLE XII 
Wave-Lengths of Silicon and Indium Lines 

Measured 
Wave-Length 

Laboratory 
Wave-Length Diff. 

3905.82 
4103.15 
4511.66 

Mean diff. 

3905.66 
4103.ii 
4511-47 

+0.16 
+0.04 
+0.19 

+0.13 

been found in absorption in Mira at maximum. The atomic weight 

of indium is high, but like most of the elements which show bright 

low-temperaturelines, it has a low ionization potential. It is unfor- 

tunate that the presence oí Hb makes it impossible to observe the 

other member of this pair. 

The low-temperature lines.—Among the lines which reach their 

greatest intensity when the star has cooled after its outburst at 

maximum brightness are several iron lines, X4571 of magnesium, 

and perhaps X 4030 of manganese. These lines originate at the lowest 

levels of the atom and maintain a considerable intensity in the 

electric furnace at very low temperatures. 

In view of the interest attaching to the series relationships of the 

iron multiplets and of the criticism2 of the identification of these 

lines, it seems worth while to give the multiplets of iron involved here 

as worked out by Walters3 and Delaporte.4 

1 Publications of the Astronomical Society of the Pacific, 37, 27, 1925. 
2 Baxandall, The Observatory, 46, 82, 1923. 
3 Journal of the Optical Society of America, 8, 248, 1924. 
* Zeitschrift für Physik, 23, 135, 1924, and 26, 1, 1924. 

« 
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The lines which have been measured as bright in Mira are marked 

with an asterisk. The arc intensities in the laboratory and King’s 

temperature classification are added. The wave-lengths are I.A. 

IRON MULTIPLETS 

I. 4232.724 (8) IA 4199.990 (9) IA 
*4258.322 (10) IA 

n. 
*4489.744 (12) IA 

4466.557 (12) I 
4471.66 (calc.) 

*4482.176 (4) IA 
4435.154 (10) IA 
4445.480 (1) IA 

*4461.658 (12) I 

m. 4325.770 (35) n 4250.791 (25) n 
*4307.910 (35) n 

4149.77 (calculated) 
*4206.703 (12) IA 4134.433 (1) 
*4291.465 (10) IA *4216.185 (10) I 

4389.251 (10) IA 
4405.01 (calc.) 

*4427.313 (12) I 

4147.675 (10) m 
*4202.032 (30) I 
4271.764 (35) n 

4325.73 (calc.) 
4347.239 (i)IA 

*4375-934(iS)I 

The four strongest members of multiplet I are bright in Mira. 

The absence of the diagonal member X 4232 is puzzling. It may be 

too faint in the star. 

In multiplet II all lines of the diagonal, and no others, appear in 

emission. X 4375 is by far the strongest member. XX 4482 and 4489 

are extremely weak. The strong satellites XX 4435 and 4389 reach 

the condition where emission and absorption neutralize each other. 

Multiplets I and II are inter-system combinations of quintets 

and septets. Both arise in the d' level, which is the lowest level 

known in the neutral iron atom. The inter-system combination 

seems especially favorable to the production of the bright lines. All 

these lines belong to King’s class I or I A, but they are not among 

the “raies ultimes” of De Gramont, which are farther in the violet. 

Multiplet III is an f-g' triplet combination arising from the 

lowest triplet level. Two members only are bright. The absorption 

of the other members is much diminished at the time when the 

bright lines have their greatest intensity. XX 4250.8 and 4271.8 are 

blended with the neighboring high-temperature iron lines, XX 4250.1 

and 4271.2, respectively, but the latter are relatively weak at the 

temperature of Mira and should not affect the multiplet lines to any 

great extent. Merrill1 has found that at the positive pole of the arc 

XX 4202 and 4307 are unchanged in intensity, but that XX 4250.8, 

1 Mt. Wilson Contr., No. 253; Astrophysical Journal, 56, 479, 1922. 
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4271.8, and 43251 are slightly strengthened. This difference is in the 

direction found in 0 Ceti. The star appears to furnish an exceedingly 

sensitive test of the response of these lines to different degrees of 

excitation, and, in turn, their behavior should reveal very accurately 

the conditions prevailing in the star. Doubtless the most important 

factor is that of temperature. 

With this problem in mind, Mr. King has been kind enough to 

examine some spectrograms of iron taken with the furnace and 

carbon plug. He finds that as the temperature of the plug is in- 

creased the low-temperature lines are the first to appear in absorp- 

tion. The line X 4307 shows easily and X 4202 very faintly, together 

with X 4375 and several of the low-temperature iron lines which are 

bright in o Ceti, with a plug temperature of 2000o and a vapor 

temperature of about 16000; but X 4325 does not appear at all. For 

some unknown reason XX 4202 and 4307 are more sensitive to 

changes in excitation than the other members of the multiplet.2 

At maximum the lines of this multiplet, as well as the strong low- 

temperature lines of class I, are the usual type of absorption lines. 

Lower temperatures following maximum have the effect of increas- 

ing the emission, so that the core is filled up until the absorption is 

entirely neutralized, and later some of the lines appear entirely in 

emission. These emission lines increase in strength to a maximum 

at magnitude about 8.0 and then decrease again toward minimum. 

The intensities of the strong lines of multiplet III are given in 

Table XIII and illustrate the behavior of these lines in absorption 

and emission at different phases of the star’s variation. The cases 

for XX 4202 and 4307 are somewhat puzzling, but when the behavior 

of all the other members of the multiplet is considered, the prob- 

ability for the suggested identification is strengthened. 

Several of the lines do not appear actually to become emission 

lines, but they can no longer be recognized as absorption lines on 

these plates; of the two emission lines, X 4202 is the weaker and the 

first to appear as a bright line; X 4307 appears later and remains 

bright until well past minimum. 

1 Unpublished. 
2 Note added to proof: Miss Moore finds that XX 4202 and 4308 are less winged 

in the sun than XX 4325 and 4371. Astro physical Journal, 63, 6, 1926. 
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The low-temperature line of magnesium at X 4571, which is an 

inter-system combination between a single and threefold level, is 

strongest at minimum light and remains bright even longer than 

X 43°7* 

Unidentified lines.—If we accept the identification of all the 32 

lines given in Table X, there remain 18 lines whose origin cannot be 

traced. Some of these may in reality be only portions of the con- 

tinuous spectrum giving the appearance of bright lines. Other lines 

appear to be real, but a search among the laboratory spectra of the 

elements fails to suggest any likely identification. 

TABLE XIII 

Intensities in f-g' Iron Triplet 

Plate Mag. 4147 4202 4250 4271 4307 4325 

T 8597. 
T 5492 ■ 
710503, 
C 2383, 
C 867, 
C 1597 

13 
77 

120 
156 
215 
289 

ai 
ai 
ai 

o 
o 
o 

ai 
64 

612 
610 

O 
a2 

a4 
a2 
ai 

o 
ai 
ai 

a3 
as 
a2 
o 

ai 
a2 

ai 
o 

612 
620 

64 
a2 

as 
as 
a2 
o 
o 

a2 

From the times of their occurrence with respect to the star’s 

changes, it is possible to predict the nature of the sources in which 

identifications may be expected. Thus XX 4166, 4461.5, and 4521 oc- 

cur at or near maximum and should be expected in comparatively 

high-temperature sources, while XX 3852, 3907, 3938, 4372, and 4579 

are evidently of low-temperature origin. 

8. RADIAL VELOCITIES GIVEN BY THE EMISSION LINES 

The hydrogen lines and Hy, the iron lines XX 4202, 4216, 

4291, 4308, and 4376, and the magnesium line X 4571 have been em- 

ployed for determining the radial-velocity curve of the bright lines. 

These are the lines used as standards for correcting the wave-lengths 

of the bright lines. Since they are the strongest and most persistent 

of the bright lines, they are well suited for measurement over a con- 

siderable portion of the star’s period. Hô and Hy are the only lines 

of the group which appear during increasing light and near maxi- 

mum. During decreasing light, the hydrogen lines are concurrent 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

6A
p J
 

 6
3.

 . 
28

1J
 

SPECTROGRAPEIC STUDY OF MIRA CETI 319 

with several of the other lines for a large part of the time. There is no 

evidence that any of the lines give different velocities; in fact, curves 

for the individual hues show satisfactory agreement with the mean 

curve based on all eight lines. 

These lines are sharp and of superior quality for measurement 

on our plates. Campbell1 and Plaskett2 found that the hydrogen 

lines at least are not symmetrical” and that measurements were 

affected by the strength of the line on the plate. In practice the 

micrometer wire has been set upon the tips of the strongly exposed 

bright lines. This precaution, which is always possible with plates 

on which the spectrum of the star is narrow, seems to have avoided 

any systematic error that might have entered because of asymmetry. 

TABLE XIV 

Normal Points for Emission Lines 

Mean Phase 

16 
49 
78 
96 

116 
134 

days 

Mean V 

km/sec. 
+47.1 

43-2 
42.4 
41.5 
45.1 

+48.3 

Mean Phase 

148. 
163. 
194. 
297. 
327. 

days 

Mean V 

km/sec. 
+48.9 

53-0 
52.0 
48.0 

+47-8 

The measures of the whole series of plates have been examined with 

this in mind, and a special series of plates was taken on January 11, 

1925, with exposures ranging from 1 to 35 min.; but no error of this 

kind seems to be present. Settings can be made on the bright lines 

with great accuracy. On the whole, it appears that, although the 

number of lines used is much smaller, the velocity-curve determined 

from the bright lines is not greatly inferior in accuracy to that deter- 

mined from the absorption lines. 

The velocities found from the eight standard bright lines, with 

their weights, are given in the last two columns of Table II. They 

have been combined into the eleven normals given in Table XIV. 

These are represented by circles with central points in the lower 

portion of Figure 4. The plates showing bright lines have been 
1 Astrophysical Journal, 9, 31, 1899. 
2 Journal of the Royal Astronomical Society of Canada, 1, 52, 1907. 
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weighted arbitrarily, as in the case of the absorption lines. The 

normals are means with nearly equal total weight. 

The plot of the normal points shows conclusively that the veloc- 

ity given by the emission lines is not constant and does not follow 

the course of the velocities obtained from the absorption lines. Per- 

haps the most striking, and doubtless an important, feature of the 

curve is that at the time of minimum light the bright lines give a 

velocity which agrees closely with that found from the absorption 

lines. The portion of the bright-line curve showing the rise from least 

to greatest velocity is well determined on account of the number of 

lines available during this interval. 

TABLE XV 

Absorption minus Emission Velocities 

i6 
49 
78 
96 

116 
134 

Phase 

days 

i—e 

km/sec. 
+ 16.7 

19.1 
17.9 
17.4 
12.2 

+7-7 

Phase 

148 
163 
194. 
297. 
327- 

days km/sec. 
+ 6.1 

0.9 
0.3 

14.0 
+ 16.1 

It is unfortunate that other observers have not followed the star 

to later phases, for it is often possible to photograph the bright lines 

when it is not practicable to make exposures of sufficient length to 

secure the continuous spectrum. The principal features of the 

bright-line curve are, however, supported by the observations of 

Stebbins1 on Mira and by those of Merrill2 for four other long-period 

variables. In both cases a range of about 8 km/sec. is shown with 

a minimum velocity at a phase of about 50 days, followed by a sharp 

rise. Stebbins failed to recognize this variation because of the small 

amount of material (9 plates) available and the inclusion of a num- 

ber of lines which are not subject to this variation in velocity. 

Standing by itself, the velocity-curve of the bright lines seems 

to suggest no explanation of its behavior. If, however, the velocity 

changes are compared with the dark-line curve a clue is unfolded 

1 Lick Observatory Bulletins, 2, 91, 1903. 
2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 237, 1923. 
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which needs consideration and may be of considerable value in in- 

terpreting the phenomena of the emission lines. 

In Table XV the differences between the bright-line normal 

points and the corresponding points on the dark-line curve are given. 

Figure 5 is a plot of these points. 

It will be noted that there are no points between phases 194 and 

297 days on account of the weakness and absence of emission lines 

at that time. Nevertheless, the points seem to represent a curve 

whose maximum, minimum, and form can be expressed by the 

elliptic elements 
X=g.5 km/sec. 
7 =+10.8 km/sec. 
0=0.24 
a>=3ii° 
T=i$$ days 

a sin ¿=42,000,000 km 

The maximum difference of velocity is found at phase 56 days, 

the periastron or most rapid velocity change is at 155 days, and at 

phase 180 days there is practically no difference in velocity between 

bright and dark lines. The curve through the bright-line normal 

points in Figure 4 has been derived by correcting the dark-line curve 

by the differences shown in the curve of Figure 5. The dotted por- 

tion of the curve is not covered by observations and it would, per- 

haps, be well to omit that portion entirely. 

9. RELATIONSHIP BETWEEN SPECTRAL CHANGES AND 
LUMINOSITY VARIATION 

With Figures 1-7 before us it is possible to obtain a compre- 

hensive idea of the relations between the physical processes taking 

place in the star, even though we cannot clearly outline the forces 

which are at work. 

The following points appear to be well taken: 

1. All physical changes repeat themselves with only slight de- 

viations in succeeding cycles. 

2. The spectral type of the star, and presumably the temperature 

of the absorbing strata, vary with the total luminosity, the earliest 

type and highest temperature occurring at maximum light. This ap- 
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plies generally, to different cycles as well as to changes during a 

single cycle. 

3. The appearance and intensity of the emission lines depends 

essentially on magnitude rather than on phase. It is necessary, how- 

ever, to distinguish between the ascending and descending branches 

of the light-curve, which have quite different spectroscopic behavior. 

For example, in 1917 and 1918, when the light-curves were decidedly 

different in form, the appearance and intensity of the bright lines 

seemed to conform more closely to the magnitude changes than to 

the time elapsed since the préceding maximum. A number of illus- 

trations of this effect may be s§en in Table IX where both magnitude 

and phase are given. The relationship was discovered in an attempt 

to arrange all the spectrograms in an unbroken sequence. 

4. The hydrogen and enhanced iron lines have their maximum 

intensity of emission when the star is brightest, or shortly after. 

Certain low-temperature lines appear as bright lines after maximum 

light and reach their greatest intensity at about magnitude 8.5. 

5. The velocity-curve of the absorption lines is similar in shape 

and phase to the light-curve. It is opposite in phase to the usual 

Cepheid curve but has a similar eccentricity. This curve is doubtless 

the fundamental velocity-curve of the lower layers of the star’s 

atmosphere. It is subject to correction owing to the fact that the 

velocities are integrated over the whole disk. Such a correction 

would increase the range of variation if the changes are due to 

pulsation or convection currents. 

6. The emission lines of hydrogen and the bright low-temper- 

ature iron lines have the same displacement. 

7. The velocity-curve of the hydrogen and low-temperature 

emission lines is more intelligible if referred to the absorption-line 

curve. At minimum the two curves give equal velocities. The great- 

est difference in velocity is 56 days after maximum. The bright lines 

always show an outward velocity with respect to the absorbing 

strata. 

8. The low-temperature bright lines appear when the difference 

in velocity is greatest and disappear near minimum when the differ- 

ence is zero. 

9. The bright enhanced lines and the lines of silicon (and 
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indium) have smaller displacements than the hydrogen and low- 

temperature lines and probably lie at low levels in the atmosphere. 

They show in less degree the velocity changes indicated by the 

emission lines of higher level. 

IO. COMPARISON OP OBSERVATIONS AT DIPPERENT CYCLES 

The radial velocity from the absorption lines has been measured 

near maximum by a number of observers during the last twenty- 

eight years. A comparison of the mean results obtained within 

thirty days of maximum is given in Table XVI. 

TABLE XVI 
Velocity at Maximum 

Maximum Mag. No. Plates Prisms Observer 

Nov. 1897. 
Oct. 1898. 
June 1902. 
Dec. 1906. 
Dec. 1906. 
Dec. 1906. 
Dec. 1906. 
Jan. 1915. 
Jan. 1915. 
Jan. 1915. 
Dec. 1915. 
Dec. 1915. 
Nov. 1916. 
Sept. 1917. 
Sept. 1917. 
Sept. 1918. 
Sept. 1918. 
Sept. 1918. 
Aug. 1919. 
Aug. 1919. 
June 1920. 
Mah. 1923. 
Feb. 1924. 
Jan. 1925. 
Jan. 1925. 

3-7 
2.9 
3*5 
3-9 
3-9 
3-9 
3*9 
3-9 
3-9 
3-9 
3-5 
3-5 
3-8 
3-6 
3-6 
3-6 
3-6 
3-6 
3-3 
3-3 
3- 1 
2.8 
4- 7 
3.8 
3.8 

km/sec. 
+62.0 

62.8 
66. 
65-4 
66. i 
64.2 
7i- 
70. 
54. 
63-7 
63.4 
66. 
63-3 
64. I 
66. 
68. 
70. 
59-1 
65.8 
69. 
64.8 
66.2 
62.0 
66.4 

+61.3 

Lick, Campbell 
Lick, Campbell 
Lick, Stebbins 
Ottawa, Plaskett 
Bonn, Kiistner 
Yerkes, Frost 
Yerkes, Frost 
Yerkes, Frost 
Ottawa, Harper 
Detroit, Merrill 
Cape, Lunt 
Yerkes, Frost 
Mt. Wilson 
Mt. Wilson 
Yerkes, Frost 
Yerkes, Frost 
Ottawa, Harper 
Mt. Wilson 
Mt. Wilson 
Yerkes, Frost 
Mt. Wilson 
Mt. Wilson 
Mt. Wilson 
Mt. Wilson 
Mt. Wilson 

These observations may be grouped according to magnitude as in 

Table XVII. 

It is clear that the velocities from the absorption lines do not 

vary with the maximum magnitude of different cycles to any ap- 

preciable extent, and, in fact, are constant within the errors of 

measurement, as earlier observers have concluded. The velodty- 
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curves for each season separately show that the whole velocity-curve, 

as well as the maximum, is very probably constant; but the con- 

clusion does not carry much weight because of the lack of data. 

On account of the different methods of measuring the bright lines 

used by various observers, it has not seemed worth while to include 

TABLE XVII 
Velocity and Magnitude at Maximum 

these lines in Table XVI. The Mount Wilson results for the maxima 

of eight different cycles give the values of the mean velocities of 

bright H8 and Hy within 30 days of maximum as shown in Table 

XVIII. 
TABLE XVIII 

Velocities from Emission Lines at Different 
Maxima 

Mag. at Max. No. of Plates 

2.9-3.I 
3•4-3•6 
3.7-3.8. 
4-7  

km/sec. 
+48.5 

47-9 
47-4 

+46.3 

The tendency for larger values of the velocity to occur at brighter 

maxima is suggested, but the result may be accidental, since at 

maximum light only two lines are available for measurement. 

From estimates of intensity, we have the approximate relation- 

ship of intensity of bright lines to maximum brightness at different 

epochs as grouped in Table XIX. The values are rounded off from 

those given in Table IX, and supplemented by a few estimates not 

included there. It is assumed that the effective exposure for the con- 

tinuous spectrum is the same for all the plates considered. The re- 

sults are very rough, but they give an idea of the strengthening of 

the emission lines with increased brightness at maximum. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

6A
p J
 

 6
3.

 . 
28

1J
 

SPECTROGRAPHIC STUDY OF MIRA CETI 325 

The hydrogen lines are thus affected, not only at the time of 

maximum, but throughout a considerable portion of the particular 

cycle involved, as is apparent in the two cycles reaching maximum 

in June, 1920, and March, 1923, when the magnitudes were 3.1 and 

2.8, respectively. The strength of Hß at bright maxima is remark- 

able. There seems to be some evidence that at times of unusual 

activity Hy is strengthened with respect to Eb. This was certainly 

true in 1923 (mag. 2.8). One is led to conjecture whether the normal 

TABLE XIX 

Emission-Line Intensities at Different Maxima 

Mag. at Max. 
Et> 

Intensity 

By Hß 

2.9-3.ï. 
3-4“3.6. 
3- 7-3-8. 
4- 7  

65 
50 
45 
35 

75 
40 
35 
30 

40 
15 
6 
2 

order of intensities of the hydrogen lines might not prevail at a very 

bright maximum, such as that recorded by Herschel (mag. 1.5). 

The spectral type would then be expected to be Mi or M2, and the 

conditions would perhaps be the same as in those stars of class Míe, 

such as T Centauri, whose hydrogen lines decrease in strength toward 

the violet. 

Lockyer1 has collected the published data on this point. Of the 

6 maxima fainter than the normal magnitude, 3.5, all have Hb 

stronger than Hy\ but for the 6 maxima brighter than 3.5, Ey is 

stronger than ZiS on one occasion and equal to it at two other 

maxima. One of the latter two is the maximum of 1923 when the 

Mount Wilson observations indicate that Ey was the brighter. Esti- 

mates show that for maxima of magnitude 3.5 or brighter, Eb aver- 

ages 10 per cent stronger on the scale of Table XIX than Ey, while 

for maxima fainter than magnitude 3.5, Eb is 54 per cent brighter. 

The spectral type at maximum varies in a marked degree with 

the magnitude, as is shown in Table XX. 

During the last ten cycles of Mira’s variation two extraordinary 
1 Monthly Notices of the Royal Astronomical Society, 84, 563, 1924. 
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departures from the usual procedure have occurred. First, at the 

minimum of November, 1922, the star did not fall below magnitude 

8.5, which is twice the normal brightness. Second, the maximum of 

February, 1924, was so feeble that the greatest brightness (mag. 

4.7) did not exceed one-third its normal maximum. These remark- 

able occurrences seem to be due to causes extraneous to the forces 

which produce normal variations and the minor irregularities ac- 

companying them. 

The spectrograms taken at these times are marked by several 

peculiar features. At the minimum of 1922 the usual conditions 

seemed to prevail, except that X 4308 was abnormally weak until 

TABLE XX 

Spectral Type at Different Maxima 

Mag. at Max. 

2.9. 
3*1 • 
3-4. 
3*5' 

Type 

M5 
6 
5 
6 

Mag. at Max. 

3.6. 
3-7- 
3-8. 
4.7. 

Type 

M6 
7 
7 
7 

September 28, phase 162 days, magnitude 8.2. By November 5, 

phase 200 days, magnitude 8.5, a great change in the appearance 

of the spectrum had taken place. The whole series of bright hydro- 

gen and low-temperature lines had disappeared, although only 

normal changes had taken place in the bands and in the few ab- 

sorption lines which could be seen. Thirty days later, December 5, 

phase 229 days, magnitude 8.3, the star had begun to increase in 

brightness. The spectrum was strong in the region X 4000-X 4200 

and great numbers of absorption lines were present which would not 

normally be seen in such strength until two months after minimum. 

Slow and gradual changes ensued while the star was reaching the 

maximum of February, 1923, which was the brightest (mag. 2.8) of 

the last 20 years. No unexpected features were noted after Decem- 

ber 5. From a spectroscopic viewpoint the minimum of 1922 seems 

to have hurried through its changes with extraordinary rapid- 

ity. If the time allotted for the changes had been twice as great, the 

minimum would have passed as a normal one. The light-curve shows 
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the effect to a lesser degree; the minimum occurred 15 days, and the 

following maximum, 9 days in advance of the time predicted by 

mean elements; the preceding decline in brightness was nearly 

normal to the seventh magnitude; the minimum was flat, and the 

rise to maximum very steep. 

The exceptionally low maximum of February, 1924, is especially 

interesting because of the appearance at that time of a new and un- 

known series of bright lines or bands and the presence of broad ab- 

sorption bands in the region X 4600-X 4900, which have not hitherto 

been noted in any stellar spectrum. These peculiarities may be 

seen in Plate XX where spectrogram C 2663 is reproduced alongside 

C 2171, taken March 28, 1923 (mag. 3.2), for comparison. , 

The most prominent bright band, after correction for the usual 

velocity of bright lines, has its center at X 4844.7. Its width is about 

7 A. Other strong bright regions less than 1 A in width are found at 

XX 4535.5, 4649.15, 4672.76, 4695.40, and 4867.53. These have the 

appearance of rather wide bright lines, but must be related to the 

accompanying bands, for there seems to be an absorption band from 

5 to 15 A in width to the violet of each of the bright regions. The 

absorption is not more than one-fourth the intensity of the titanium 

oxide band at X 4803, and seems to fade toward the violet, opposite 

to the titanium bands. 

In order to separate the peculiarities of the maximum of 1924 

from a normal maximum, Koch microphotometer curves of plates 

C 2663 and C 2171 were compared. By subtracting the normal curve 

from the abnormal one, dark bands were disclosed in the regions 

The relative intensity of absorption is given in parentheses. The 

two strongest bands are affected by titanium absorption, which, at 

the maximum of 1924, was somewhat greater than normal. 

Regions of strengthened emission are indicated at: 

XX 4649-4661 (2) 
4669-4695 (4) 
4804-4816 (3) 
4843-4905 (7) 

XX 4584-4647 (6) 
4658-4666 (1) 
4686-4713 (1) 

XX 4722-4758 (2) 
4760-4803 (6) 
4815-4842 (2) 
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The band structure may be tentatively identified with that of 

magnesium hydride, which has been positively recognized in the 

spectrum of sun-spots, but does not appear in the solar spectrum 

itself. A comparison of these wave-lengths with Fowler’s laboratory 

spectrum1 of magnesium hydride shows so many features in common 

that if there were any positive evidence of the presence of the strong 

absorption band in the green with its head at X 5210, the identifica- 

tion would be quite certain. Spectrogram 7 12447 shows a portion 

of the green region faintly, but beyond X 5167 the titanium band 

cuts down the continuous spectrum to a mere shadow. What little 

evidence this plate affords may be said to be favorable to the identi- 

fication, but it is hardly conclusive. 

These unusual features are found on all six plates from January 

12 to March 11, 1924, and doubtless are intimately connected with 

the cause of the low maximum. It is unfortunate that no spectro- 

grams were taken in the visual region at this maximum in order to 

show whether there were other absorption bands farther to the red. 

The weakness of the bright hydrogen lines at the 1922 maximum 

may be due, in part, to loss of hydrogen taken up by the molecules 

of the hydride. 

The new titanium bands described in Section 4 are especially 

strong at this maximum. 

II. ABSOLUTE MAGNITUDE, SUREACE BRIGHTNESS, 
MASS, AND DENSITY 

Unfortunately, the distances of the Me stars are not well enough 

known to permit the calibration of the absolute-magnitude curves of 

spectral lines. Several of the lines which give acceptable values for 

the spectroscopic absolute magnitude of giant M stars may, how- 

ever, be used to estimate the luminosity of 0 Ceti. Those found prac- 

ticable are XX 4077, 4215, 4258, and 4490. By using the curves for 

the ordinary M stars, the absolute magnitude of 0 Ceti at normal 

maximum is found to be —0.8. The computations of Merrill and 

Strömberg,2 and also those of Wilson referred to in the same paper, 

indicate that the spectroscopic values thus found for Me variables 
1 Philosophical Transactions of the Royal Society of London, A, 209, 478, 1909. 
2 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 104, 1924. 
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are too bright by about one-half a magnitude. The corrected abso- 

lute magnitude of Mira at normal maximum would be —0.3. The 

corresponding parallax is o''oi7, which is in reasonable agreement 

with the best statistical determinations. With this we must be con- 

tent for the present for, unfortunately, trigonometrical parallaxes of 

o Ceti cannot be used until they have been properly corrected for 

the effect of the companion in displacing the photographic images. 

It is probable, however, that in a few years the relative motion of the 

companion will be sufficient to permit the determination of a 

dynamical parallax. 

The luminosity lines show sufficient change in intensity to 

indicate clearly that the spectroscopic absolute magnitude becomes 

considerably fainter as the visual brightness decreases. The lack of 

suitable reduction curves makes it impossible, however, to evaluate 

the corresponding absolute magnitude differences. 

Using the parallax of o'ioiy found above and the angular diam- 

eter of o''o5ó measured by Pease1 with the interferometer, we find 

the linear diameter to be 354 times that of the sun, or 490,000,000 km 

(310,000,000 mi.). At normal maximum (mag. 3.5) the average sur- 

face brightness per unit area is 7.5 magnitudes fainter than that of 

the sun. 

The giant character of Mira leads us to believe that its mass is 

rather great, but there seems to be no direct method of determining 

it at present. The combined and individual masses may ultimately 

be found from its orbit and its orbital movement with respect to 

other stars. 

The researches of Scares2 indicate that the mass should be be- 

tween i and 10 times that of the sun. If we take an intermediate 

value of 5O, the corresponding density for the star is 1.1 Xio-7 as 

compared with the sun, or about one ten-thousandth that of our at- 

mosphere. The surface gravity is very low, being 4 X iq_s times that 

of the sun. 
12. TEMPER ATURE r T 

An estimate of the effective temperature at normal ipaxipium 

(mag. 3.5, type M6) may be obtained by extrapolation froip Abbot’s 
1 Publications of the Astronomical Society of the Pacific, 37, 90, 1925. • ■ v' 
2 Mt. Wilson Contr., No. 226; Astrophysical Journal, 55, 202, 1922. 
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table.1 He finds from radiometric measures of stellar spectra and 

comparison with black-body energy curves the values given in Table 

XXI. The normal maximum temperature of o Ceti must therefore 

be very nearly 2400o K. For the Me stars, many of which are of 

later type than Mira, Merrill,3 from a comparative study of the be- 

havior of stellar lines in the electric furnace, has estimated the tem- 

perature to be 2200o K. 

TABLE XXI 

Abbot’s Stellar Temperatures 

a Tauri 
ß Pegasi 
a Ononis 
a Herculis 

Temperature 

3000o K 
2850 
2600 
2500 

King3 has shown that when sufficient oxygen is present the 

titanium oxide bands appear strongly in the electric furnace from 

1900o to 2600o. 

Nicholson and Pettit,4 from thermocouple measures of total 

radiation, with and without a water cell, find temperatures of 2300o 

and 18000 K for average maximum and minimum, respectively, dur- 

ing the last four cycles. For the same period they observed an aver- 

age total energy change from maximum to minimum of 1.1 mag- 

nitudes. 

If we assume that the change in visual brightness varies as the 

radiation at X 5750, which is the maximum of the visibility curve for 

these stars, we have from Planck’s law of energy distribution, 

c2 

B1 e^-i 

1 Mt. Wilson Contr.y No 280; Astrophysical Journal, 60, 105, 1924. 
2 Ml. Wilson Contr., No. 265; Astrophysical Journal, 58, 200, 1923. 

3 ML Wilson Contr., No. 114; Astrophysical Journal, 43, 341, 1916; Publications of 
the Astronomical Society of the Pacific, 36, 140, 1924. 

4 Unpublished. 
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where Bt and B2 are the visual luminosities at maximum and mini- 

mum, respectively, and Ti and. T2 the corresponding temperatures. 

Taking C2 = 14300, Ti = 2300o K, and T2 = 18000 K, 

B* 
-^=3.3 mag. 

By the fourth-power law these temperatures indicate a difference in 

energy of 1.1 magnitudes. 

Thus, according to black-body laws, a change in total energy of 

1.1 magnitudes at these temperatures corresponds to a visual range 

of 3.3 magnitudes. The average visual variation of Mira for the same 

period is 5.3 magnitudes. The difference between the observed visual 

range and the amount calculated from the radiometric measures is 

2.0 magnitudes. This difference can be attributed to the excessive 

absorption of the titanium oxide bands at minimum. 

Suitable plates for photometric testing of the energy in different 

spectral regions at maximum and minimum are not available, but an 

idea of the absorption produced by the titanium bands may be 

gained from a comparison of Mira at maximum, when the type is 

M6, with a K5 giant star, in which the bands are not noticeably 

present. 

For this test, spectrograms of Mira and Boss 646 were made with 

the 100-inch telescope on December 6, 1925, when the stars were at 

the same zenith distance. The regular Cassegrain spectrograph was 

employed, but to avoid troubles from atmospheric dispersion the slit 

was opened to one-half a millimeter. Ilford Panchromatic plates 

were used and developed together with dilute Rodinal. A strip at 

the edge of each plate was exposed to a Mazda lamp through a 

graduated photographic wedge whose energy transmission was cali- 

brated by Mr. Pettit. Koch microphotometer curves of the spectra 

and the graduated strip were made. Areas under the curve were 

measured and reduced to relative energy by the wedge constants. 

In this way it is possible to compare the relative energy in the two 

stars for any part of the spectrum between XX 4100 and 6800. 

A rough estimate of the absorption of the titanium bands can 

now be made by comparing the energy distribution in 0 Ceti at 

maximum with that of Boss 646. If we equalize the energy of the 
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two stars for the limited region XX 4100-4300, where the bands do 

not show, by applying the proper factor to the measured energy of 

one of the stars, then the remaining portions of the two spectra, 

comprising practically the whole visual region, will show unequal 

energies arising from the difference in temperature and from tita- 

nium absorption. A comparison of black-body energy-curves for 

temperatures of 3000o and 2500o K shows that the visual region of 

the cooler star ought to give 2.0 times as much energy as that of the 

Fig. 8.—Black-body curves for 18000 and 2300o K, showing a difference in total 
radiation of 1.1 magnitudes. The shaded portions represent the region XX 3000-6700 
and indicate the much larger difference in the visible radiation, which at these tem- 
peratures is only a small fraction of the total radiation. 

hotter star when the regions from XX 4100-4300 are brought to 

equality. Measures of the microphotometer curves show, on the con- 

trary, that, when the violet regions are equalized, 0 Ceti shows less 

energy in the visual region (XX 4300-6700) than Boss 646 by a factor 

of 3.0. It is evident that the titanium oxide absorption is represented 

by a factor of 6.0, or 1.9 magnitudes. Inspection of plates taken at 

minimum indicates that the increase in strength of the bands at 

minimum is of the same order, and that the discrepancy of 2.0 mag- 

nitudes between visual and radiometric measures may be fully ac- 

counted for in this way. The greatest outstanding uncertainty is due 

to our lack of knowledge of the extension of the titanium bands into 
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the infra-red. A study of the actual amount of titanium absorption 

at different phases would be a valuable contribution to the problem 

of the star’s variation. 

The overlapping of bands is so general at low temperatures that 

nearly all of the continuous spectrum in these regions is reduced more 

or less in intensity. The more refrangible rays on the violet side of 

X 4200 are not absorbed and, as Stebbins1 has pointed out, are thus 

relatively stronger at minimum. 

Figure 8 shows the calculated energy-curves at maximum and 

minimum, for temperatures 2300o and 18000 K, and a difference in 

total radiation of 1.1 magnitudes. It is instructive to note the small 

percentage of energy falling within the visual region and the large 

effect of temperature change upon the amount of visible light. 

The question of the applicability of black-body laws to a star 

of this character is still open. There may be complications connected 

with the nature of its variability and its bright lines, but it seems 

very probable that when the effects of bands and atmospheric ab- 

sorption are taken into account, the radiation given out will closely 

follow the normal energy-curve. 

13. THE DISCOVERY OF THE VISUAL COMPANION 

Although the emission line oí Hß belonging to the companion 

appears on spectrograms of o Ceti taken in 1918, it was not until the 

minimum of January, 1920, that it was possible to obtain spectra at 

minimum and to appreciate the extraordinary character of the 

hydrogen lines and the peculiar effect of the superposition of the 

continuous spectrum of the companion on the banded spectrum of 

the variable star. During the next two years minima occurred during J 

the winter months and little progress was made in solving the prob- 

lem. Although Professor Barnard failed to resolve the star under bad 

conditions of seeing, the impression of duplicity gained in strength. 

The position angle and distance of the source of the peculiar spec- 

trum were roughly estimated from spectrograms taken with the slit 

in different position angles to be 135° and €>''3 respectively.3 

1 Lick Observatory Bulletins, 2, 90, 1903. 
2 Publications of the American Astronomical Society, twenty-ninth meeting, p. 15, 

1922; Popular Astronomy, 31, 237, 1923. 
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In 1923 the star seemed to be elongated on the slit of the spectro- 

graph. At our suggestion, Dr. Robert G. Aitken examined the star 

with the 36-inch refractor of the Lick Observatory on October 19 and 

found it to be an easy double; position angle, i3o?3; distance, o''90; 

magnitude of the companion, about 9.8.1 At the minimum of 1924 

there was alittle or no evidence of change.”2 

The companion was noticeably fainter in 1925. On the spectro- 

grams taken in July the continuous spectrum of the companion was 

relatively weak as compared with the two preceding years. On 

August 25, during a visit to Mount Hamilton, Drs. Aitken and 

Moore showed the writer the star with the 36-inch refractor. The 

companion was at least magnitudes fainter than the primary and 

was not easily seen under the rather poor conditions of seeing then 

prevailing. They pointed out that, under similar conditions, it would 

have been easy to observe at the two preceding minima. The Sep- 

tember spectrograms show no trace of the continuous spectrum of 

the companion and only faint indications of the bright hydrogen 

lines. Unquestionably, the companion is also a variable star of long 

or irregular period. It was, doubtless, too faint to have been seen 

by Aitken in 1903 and Doolittle in 1905. 

The maximum brightness seems to have been reached in 1922 or 

1923 and to have fallen off rapidly in 1925. A number of the stars 

of its spectral type with bright lines have been found to be irregular 

variables. 
14. THE SPECTRUM OE THE COMPANION 

During minima of o Ceti it has been possible to secure spectro- 

grams of the companion with very little interference from the 

brighter star. The outstanding features of the spectrum are: the 

hydrogen lines, made up of very strong emission components with 

absorption centers; the strong continuous spectrum whose intensity 

distribution resembles that of the late B-type stars; the bright bands 

of helium and ionized calcium; and the fairly sharp but weak bright 

lines of ionized iron. 

No absorption lines are seen except those accompanying the 

hydrogen series. The spectral type is probably about B8. This de- 
1 Publications of the Astronomical Society of the Pacific, 35, 323, 1923. 
2 Ibid., 36, 296, 1924. 
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termination is based on the continuous spectrum, on the fact that 

bright helium is present, and on analogy with similar stars in which 

^helium absorption lines make their classification possible. 

H.D. 50138 has similar hydrogen lines, while H.D. 1611141 has 

bright lines of ionized iron. The bright bands of helium and of H 

and K of calcium seem to be unique. They are 4 or 5 A in width and 

usually are not suitable for accurate measurement. They have ap- 

proximately the same displacement as the sharp bright lines of iron. 

The helium lines, XX 4026, 4388, 4471, 4713, D3, and probably 4922 

and 5016, are present. 

The hydrogen series has been observed from fla to He. The lines 

fall off in intensity toward the violet, as is usually the case with 

bright-line stars other than the Me variables. Ha has been seen on 

three photographs, but its exact character and strength cannot be 

determined on account of overexposure in that region. He is faintly 

seen on a few plates. The other lines, Hß, Hy, and Hô, are much 

alike in structure and, on account of their great intensity, are easily 

observed with moderate exposures. Hy is much stronger with re- 

spect to its continuous spectrum than Hy of the Me star at its 

maximum intensity. Hß about three times the intensity of Hy, 

and Hb is correspondingly weaker. 

The hydrogen lines are made up of three parts : a strong emission 

component about 4 A in width, displaced about 2 A to the red from 

its normal position after allowing for the velocity of the star; a 

strong absorption line 2 A in width, displaced to the violet about 1 A; 

and a violet emission component of variable strength lying 3 A to 

the violet of the normal position of the hydrogen lines. 

The hydrogen lines, at times, resemble those of P Cygni. The 

violet components of Hß, Hy, and Hb are nearly equal in intensity, 

showing only a slight strengthening from violet toward the red. As a 

result the violet component is stronger with respect to the red in 

Hb than at Hß. At some minima the violet component is very faint, 

while in 1923 it was comparable with the red component. The rela- 

tive maximum strength of the violet component of Hß at the succes- 

sive minima from February, 1920, to August, 1925, was 1, 5, 5, 5,10, 

2, 2. Further, the violet component is proportionately brighter near 
1 Merrill, ibid., p. 225, 1924. 
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the minimum phase of the Me star. Its maximum strength is found 

in every case on plates taken between the phases 205 and 230 days. 

The intensity increases up to the time of minimum and decreases 

TABLE XXII 

Intensities of the Violet Component of Hß 

Phase 

days 
201, 
204, 
230. 
256, 

Phase Intensity 

167 
182 
197 
198 

days 

Intensity 

4 
5 
2 
O 

Fig. 9.—Curves drawn from thermocouple deflections showing photographic 
intensities of Ey in the spectrum of the companion of Mira, {a) C 2482, October 19, 
1923; phase 218 days, (b) C 1494, December 14, 1921; phase 204 days, (c) C 1547, 
February 5, 1922; phase 257 days. The vertical line represents the normal position of 
Hy. Scale, 3 mm= 1 A. 
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thereafter. For example, in 1921 the estimated intensities were as 

given in Table XXII. 

The intensity thus appears to vary with the brightness of the 

companion and inversely with that of Mira. 

There is no certain indication of variation in the position or 

intensity of the red emission component. Figure 9 illustrates the By 

line at three different phases. The curves are formed from thermo- 

couple deflections taken with a narrow slit at intervals in the region 

of By and give accurate relative intensities of the photographic 

blackening in that region of the spectrum. The vertical line indicates 

TABLE XXIII 

Emission Lines of Companion 

X (Rowland) 

4233.33- 
4302.35. 
4303.34 
4351-93 
4416.98, 
4489.35 
4491-57 
4508.45: 

X (LA.) 

. 16 

.18 

.18 
•77 
.81 
.21 
.41 
.29 

X (Rowland) 

4520.40.. 
4522.80.. 
4534.34-• 
4549.64.• 
4556.06.. 
4584.02.. 
4924.II.- 
5018.63.. 

X (LA.) 

.24 

.64 

.17 

.48 

.90 

.84 
•92 
•44 

the position oi By displaced toward the red to allow for the velocity 

of the star as determined from the bright lines. 

It will be noted that the absorption line is so strong that, in each 

case, the curve falls well below the level of the neighboring con- 

tinuous spectrum. The absorption seems to fall farther to the violet 

as the violet component becomes weaker, but this effect may bé 

apparent rather than real. 

The whole band extends about equal distances on either sidè of 

the normal position of By, but the absorption line is situated well 

to the violet of the center. 

Emission lines of ionized iron, as given in Table XXIII, have 

been identified. Many of these lines are very faint on our spectro- 

grams. As they are also of poor quality for measurement, the results 

show a wide range and should be given small weight. Table XXIV 

shows the velocities resulting from the identification given above. 

The mean velocity of +51.0 km/sec. is nearly that of both dark 
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338 ALFRED H. JOY 

and emission lines of the Me star at minimum. During the three 

years covered by these observations there was probably no change 

in velocity. 

The bright lines comprise most of the stronger lines of ionized 

iron in the blue region of the spectrum. Lines belonging to other 

elements, if present, are too faint to be seen. 

If the maximum apparent magnitude of the companion star is 

9.8 and the absolute magnitude of the principal star is —0.3 at 

TABLE XXIV 

Velocity of Companion from Bright Lines 

C 2482 
2930 
2989 
3037 
3406 
3410 

Weighted mean +51*0 

normal maximum (mag. 3.5), the absolute magnitude of the com- 

panion is +6.0. It must be considered as an early-type dwarf star, 

and is the only one thus far found to have a bright-line spectrum. 

15. DISCUSSION 

It is not the purpose of this paper to attempt a theory of the 

variation of the stars of the Mira type. The problem of the under- 

lying cause of the periodic physical convulsion which produces the 

variation of these stars is one which will ultimately yield to theo- 

retical attack when sufficient observational material is at hand. It 

may be well to consider briefly the bearing of recent study on the 

question. 

If the velocity-curve shown by the absorption lines can be inter- 

preted as a spherical pulsation of the star, it would mean a consider- 

able change in the size of the disk and a corresponding variation in 

the total luminosity. The largest size would be during the star’s 

increasing light and the smallest on the decreasing branch. At maxi- 

mum and minimum it would have intermediate dimensions. The 
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semi-variation of radius given by the elements of the orbit of the 

dark lines is 26,200,000 km, which is a pulsation of about 11 per cent 

about a mean position. Since the velocities are integrated over the 

whole disk of the star, the actual changes would be about one-third 

greater.1 This amount is comparable with the relative change found 

for Cepheids and is a much smaller percentage variation than that 

found in a Orionis by interferometer measures of diameter. It ap- 

pears doubtful, indeed, whether the full change, which would pro- 

duce a variation in brightness of one-half a magnitude or more due 

to variation in the size of the disk, actually occurs. Such a distortion 

of the light-curve should be detected in the visual curve and will cer- 

tainly be noticed, if present, in the bolometric curve. In case the 

spherical pulsation is disproved, alternative explanations may be 

sought in non-spherical pulsations or atmospheric currents such as 

have recently been considered in the case of the sun. 

It is not possible to admit of a two-body system in explanation 

of the radial velocity changes, since, even with the most favorable 

inclination and masses, the orbit of the secondary star would be well 

within the limit of the known dimensions of the primary. 

The emission lines themselves play little or no part in the light 

variation, for the total light given out by bright lines is less than 

i per cent of the total visual light. They are, however, of the 

greatest interest from a physical standpoint. A thorough knowledge 

of their origin and behavior might open up the whole problem and 

would shed much light on the question of stellar atmospheres under 

conditions of extremely low density and gravity. 

The emission lines of hydrogen and the low-temperature lines of 

iron and magnesium give the same velocities, irrespective of the 

time of their first appearance. Thus, they seem to originate in a 

moving stratum or shell, rather than in explosions or prominences 

shot out at intervals from the atmosphere. Even the emission lines 

of silicon and ionized iron, which are produced under conditions 

of greater excitation, seem to share the same velocity changes in a 

less degree. 

Except at the time of minimum light, the movements of this 

1 Shapley and Nicholson, Proceedings of the National Academy of Sciences, 5, 422, 
1919. 
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shell, as recorded by the emission lines, are always outward with 

respect to the reversing layer where the absorption lines are pro- 

duced. The hydrogen lines appear with the rise in temperature and 

show increasing velocity until well after maximum. The low-tem- 

perature lines appear after maximum when the temperature has 

fallen sufficiently, but do not find favorable conditions for excitation 

during the time of rising temperature. When the temperature has 

dropped to minimum all bright lines disappear for a time. 

The location of the emitting layer relative to the absorbing layer 

cannot be determined conclusively. Emission is usually to be ex- 

pected at the higher levels, but the behavior oí He and several of the 

ultra-violet hydrogen lines suggests an overlying layer or diffuse 

cloud of absorbing calcium and iron. Possibly the peculiar distribu- 

tion of intensities found among the hydrogen lines having wave- 

lengths longer than He may also be accounted for by absorbing 

hydrogen. 

It should be kept in mind that we see the integrated light from 

the whole disk of the star and that lines which are bright at thé 

center may or may not be bright at the limb; and, further, that varia- 

tion of the darkening at the limb would tend to mask luminosity 

changes. 

Recognition of the temperatures involved at maximum and 

minimum connects the problem of the star’s variation more closely 

with that of other types of physical variation of stars. For, taking 

into account the fact that a large loss of light in the visual region re- 

sults from a small change in bolometric magnitude at these temper- 

atures and allowing for the increasing absorption of the titanium 

oxide bands, we find that variation in energy arising from internal 

causes is of the order of one magnitude. This leads to the conclusion 

that the physical changes may be traced to sources similar to those 

prevailing in the hotter variable stars and that the whole group of 

physical variables may be found to form a sequence from the 

shortest to the longest periods. 

Temperature estimates have been derived from studies of the 

spectra and, more recently, have been amply confirmed by radio- 

metric observations. The agreement of these results indicates that 

the temperatures are known within about 5 per cent. 
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The important part played by the titanium bands is evident upon 

inspection of spectrograms taken at different phases of the star’s 

variation. General absorption may also be present, but it seems 

clear that its effect must be small as compared with the titanium 

absorption. 

The companion is a most unusual star. It will be interesting to 

observe its future variation in brightness, as well as its motion, and 

to confinn the influence of the principal star on its emission lines. 

It is a pleasure to acknowledge the assistance rendered by many 

members of the Observatory staff during the progress of this study. 

All the members of the spectroscopic department have taken part 

in the observations, measurements, or computations. Mr. Ellerman 

has reproduced photographs for study and prepared the illustrations. 

Miss Ware has made the microphotometer curves. Messrs. Nichol- 

son and Pettit have assisted very greatly in the sections concerning 

temperature and energy distribution. Mr. King has supplied labora- 

tory plates which have helped in the solution of several puzzling 

questions. Mr. Merrill has given advice on many occasions. Mr. 

Adams has shared in much of the work, especially in the earlier part 

of the investigation covered by our joint papers, and has continued 

his interest throughout. 

Mount Wilson Observatory 
March 1926 
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