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On the Rotation of Celestial Bodies.

By

Shinzo Shinjo and Yoshikatsu Watanabe.
(Received May 27, 1918.)

Although the rotation of celestial bodies or of celestial systems
has hitherto very often been discussed, the amount of their angular
momenta, strange to say, has not so far been made the subject of
thorough investigation, except in the case of our solar system. The
main cause of this may of course lie in the fact that good reliable
parallaxes have always been rare. Since, as is well known, the an-
gular momentum of an isolated body or of an isolated system must
remain forever constant, any knowledge of its amount will always prove
to be a valuable and important data for the discussion of the evolution
of such a body or system.

Three years ago we calculated the masses and angular momenta
of certain binary systems—11 visual binaries with known parallaxes,
and 8 eclipsing spectroscopic binaries—and found the remarkable fact
that not only the masses but also the angular momenta of these binary
systems, were of about the same order of magnitude, the latter being
indeed several hundred times greater than that of our solar system.
Upon this- fact we built our theory of the cause of the rotation of
celestial bodies; and showed that the observed fact could be well
accounted for, if we assumed the binary systems to have been built
up of a large multitude of meteorites, each about the size of the
asteroids in our solar system. So far was the result which we presented
before the annual meeting of the Tokyo Mathematico-Physical Society
in 1915%. This was not, however, printed in full.

Later the number of binary systems with known parallaxes largely
increased so that we could test our theory by a far gréater multitude

1 Proc. Tokyo Math.-Phys. Soc., 8, 116 (I915).
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of cases, and build it up on a broader and consequently’ firmer basis.
Especially the recent publication by Adams of five hundred parallaxes
determined spectroscopically provided us with a solid stand-point and
so gave us an opportunity to take up the subject afresh.
The material at hand may be classified as follows:—
(A) Visual systems with known parallaxes.
(a) Those for which the orbits are known.
(b) Those for which sensible orbital motions have
been observed.
(¢) Triple systems.
(d) So-called wide pairs, of which the components
are widely separated.
(B) Eclipsing spectroscopic binaries, for which both lines are
observed.
These will be considered in turn.

(A) Visual Systems with Known Parallaxes.

In order to find out visual systems with known parallaxes, the
first thing is to compare the catalogues of double stars with the list
of known parallaxes.

For the former, we took
Burnham’s General Catalogue of Double Stars, 1906,
Aitken’s Catalogue of the Orbits of Visual Binary Stars, in Lick
Obs. Bull. No. 84, 19058,
as our main sources, and supplemented them, when necessary, from

See—Evolution of Stellar Systems, vol. I, 1896,

Lohse—Doppelsterne, Potsdamer Publ. Nr. 58, 1908,

Aitken—Measures of Double Stars, Lick Obs. Publ. XII, 1914,

and other sources.
For the latter, we consulted principally
Adams—The Luminosities and Parallaxes of Five Hundred Stars.
First List. Ap. J. 46, 1917,
as a reliable basis, and supplemented it, when necessary, from
Comstock—The Luminosity of the Fixed Stars, A.J. No. 597, 1907,
Flint—Results for Stellar Parallax, Washburn Obs., A.J. No. 631,
1912,
v. Maanen—Stellar Parallaxes, Mt. Wilson Obs., A.J. 723, 1917,
Miller —Stellar Parallaxes, Sproul Obs., Pop. Astr. 24, 670, 1916,
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Mitchell—Stellar Parallaxes, Leander McCormick Obs., Pop. Astr.,

- 25, 23, 1917, . o

Elkins and others—Stellar Parallaxes, Yale Obs. Transactions.
We regret that we had not Kapteyn’s compilation of measured paral-
laxes at hand, and so could not avail ourselves of it.

As may be easily seen from the formulae of calculation, the un-
certainties of orbital elements have, generally speaking, only minor
influence, in comparison with those arising from the uncertainties
attached to the measured values of parallaxes. The significance of
the result of calculation depends mainly on the selection of good
parallaxes. .

As to reliability of the values of parallaxes, measured by several
observers, by several methods often totally different in principles of
measurements, it is naturally very difficult to find appropriate criterion
for assigning relative weights, Not entering into any detailed discussion,
we, as a preliminary trial, arranged the parallaxes somewhat as
follows :—

(i) Large parallaxes, for instance, those of @ Centauri, Sirius, etc.,

(i) Parallaxes derived from radial velocity observations, for

instance, those of ¢ Hydrae, x Pegasi, etc.,

(i) Parallaxes determined spectroscopically by Adams’s procedure,

(iv) Parallaxes determined relatively either by photographic, or

by heliometric method,

(v) Parallaxes determined by meridian observations.

In case of (i) or (ii), we adopted the values as final ; for (iii) and
(iv), we gave equal weights; and when (v) are the only values so far
determined , we rejected them at all, as of inferior quality.

As the result of comparison of the catalogues of double stars with
those of known parallaxes, we find that there are over 200 systems
common to both. Only 56 of them have their orbits known, deter-
mined with more or less degree of certainty; and for these we are
able to calculate their masses and angular momenta with ease, if we
only assume the ratios of the masses of their components. These
form of course the principal material of our present investigation, being
the sub-class (a) above mentioned.

For the remainder, we have then, first of all, to discriminate those
which form real physical systems, leaving aside those which are only
optical pairs. As our preliminary criterion, we selected only those,
for which the relative movements of the components were surely ob-
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servable and yet were largely surpassed by the common  proper
motions of the systems. Evidently, these are very probably physical
systems and should give at the same time some information concerning
their masses and angular momenta; these belong to our sub-class (b):

The visual systems with known parallaxes, so far found out and
taken into consideration, are shown, together with necessary data for
calculation, in the following tables:—
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TasLE 1.
Visual Systems, for which the orbits are known.
rbital Element: Parallax
No.|BGC Name « 5 Orbital ments ar: Remark
P l a e Spk. Trig. |Adopted
h m ¥y ”
1 | 12755 3 3062 o 1.0 [+5793/ 104.61 1.371 0.450 0.038 0.036 0.037
2 104; OF 4 o 115 |+35 56 135.2 .53 .506 115 -
3 335{ 8 395 o 32.2 {—25 19 25.0 .66 .1761 066 066
4 426| 7 Cassiop. | o 43.1 [+57 17 {gg;g ::;? ggz 12‘6’ 191 190
5| lo7o) Y Androm,BC) 1 57,9 |44t 51 55.0 .346 B2 .007 -
6| 1144 228 2 7.6 [+47 1 123.1 .899 300 069 069
7| 1471 20 Persei AB [ 2 47.4 [+37 9 33.33 .16 .60 .040 013 .027 | triple
8| 2109 o0 Eridani BC| 4 10,7 |— 7 49 180.0 4.791 134 200 .182 2191 | triple
9 | 2134 55 Tauri 4 14,2 |+16 17 88.9 .57 625 .025 025
10| 2381 B 883 4 45.7 (41054 16.61 g 443 .033 007 .020 g&;gg;'?;n
10 2383 § s52 4 46.2 [+13 29 56.0 .528 027 .007 027
12 | 3474] OF 149 6 30,2 (+27 22 85.9 .55 460 : <048 048
13 | 3596 Sirius 6 40.8 |[—16 35 4884 7.594 .588 .376 .376
14 | 4122 ¢ Gemin, 7 28.2 (+32 6| 346.82 | 5.756 441 -100 .08o 090
15 | 41871 Procyon 7 34.1 {4+ 529 39 4.08 324 331 309 .320
16 | 4310 9 Argus 7 47.2 |=—13.38 23.34 .69 .75 035 —
17 | 4414 B 581 7 s8.4 [+12 35 46.5 .53 .40 082 082 | triple
18 | 4477| ¥ Cancri AB { 8 6.5 |4+17 57 59.11 858 381 043 033 038 | quadruple
19 | 477% ¢ Hydrae AB| 8 41.5 [+ 6 47 15,3 .23 .65 w025% 004 025 | quadruple
20 | 5005/ 3 3121 9 12,0 [+29 o 34,00 669 .33 083 067 075
25 | 5223} @ Urs. Maj. | 9 45.3 |+54 32 99.70 .32 .44 -—.038 —
2z | 5734 £ Urs, Maj. jrr 12.9 |+32 6 6o.0 2.508 .397 :gg 158 .158
23| 5811 OF 235 11 26,7 |+61 38 71.9 .78 051 031
24 | 6243] Y Virginis |12 36.6 [~ 0 54 { 194.0 3.983 897 078 068 073
25 | 6495 42 Comae 13 5.1 (418 .3 25,56 642 461 .062 062
26 | 6578 B 612 13 34.7 |+I1 15 23.05 228 .52 .26 —
27 | — |« Centauri |14 32,8 |—60 25 81,185 | 17.71 .529 \759 .759 | triple
28 | 7034 £ Bootis 14 46.8 {+19 31 | 148,46 4.988 <545 152 230 To1
29 | 7251 4 Coron. B. |15 19,1 |+30 39 41.51 .89t .278 069 078 074
30 | 7259| 2 Bootis 15 20,7 437 42 | 275.73 1.482 6ot .052 055 054 | triple
30l 73321 OF 208 15 32.5 [+40 8 52.0 799 581 046 046
3z | 7368 Y Coron. B. [15 38.5 |+26 37 73.0 .736 031 031
33 { 7487| £ georpii 15 58.9 [—1r 6 44.70 .72 .75 .053 053 | triple
34 | 7383 ¢ Coron. B. |16 0.9 |+34 7| 3700 3.82 049 031 049
35 | 7649 ) Ophiuchi (16 25.9 [+ 2 312 | 134 1.0 .021 021
36 | 7717 % erculis |16 37.5 (43I 47 34.53 | 1.355 | .457 066 -ug 092
37| 7783 3 2107 16 47.9 [+28 50 | 186,21 1.0 .387 .006 —
38 | 79290 B 416 17 12.2 |[—34 53 41.47 1.86 .17 .170
39 | 8099 26 Draconis |17 34.0 |+61 57 197.3 1.gos 522 076 087 081
40 | 8162)y. Herculis BCl17 42.6 |+27 47 43.23 1.30 .20 001 095 .093 triple
4x | 8340 70 Ophiuchi 18 o.4 |+ 2 31 88.395 | 4.548 5<6)o .205 .187 196
4z | 8372| g9 Herculis 118 3.2 |+30 33 { gg‘f;l :;x: ..;63 108§ 074 105
43 | 8679 A 88 18 33.2 |— 3 17 12,12 176 273 033 .033
44 | 89331 B 648 18 53.3 (432 46 45.83 1.04 .308 073 .116 .09%
45 | 8g6s| ! Sagittarii [18 6.3 |—30 1 21,17 .565 .185 g —
46 | o914l Secchiz, BC |19 "7.8 [+38 37 58.0 40 .50 .024 .024 | triple
47 | 96aB| § Cygni 19 419 +44 53 | 376.66 | 2.39 .327 049 | .049
48 | 10363| (3 Delphini |20 32.9 [+14 15 26.79 .480 .350 038 .017 028
49 | 10643} ¢ Equulei 20 54.1 [+ 3 55 97.4 61 .038. 048 043
50 | 10820| § Equulei |21 9.6 [+ ¢ 36 5.70 27 .39 gg: .067 070
o wove < Crant o v [warar [ 419 | S5 |3 | e | en | (Gpomen
. . .025%
52 | r1222| % Pegasi 21 40.1 |+23 11 ¥1.37 .2) .40 ‘068 -040 025
53 | 11763 Kriiger 60 |22 2435 [+57 12 ;i; ) ;gg 251 .256 254
54 } 12200 {3 80 23 133 |+ 4 52 xgg.z ;:5 048 .016 .032
55 | 12701] 85 Pegasi ABlz3 57.0 [+26 33 25.70 -78 .43 095 099 098

% derived from radial velocity observations.



204 Shinzo Shinjo and Yoskikatsu Watanabe.

TasLe II.

Visual Systems, for which orbital motions have been observed.

Orbital Moti - Parall
No.| BGC Name a & i fon e ax Remark
Date r [i] Spk. Trig. [Adopted
hom 1864.35 347"86 53% " "
o, .3 8 .
56 | — |[Gr.34 o 12.7|4+43%27/ 1308.85 3865 sg-o o.270 | o-270
57 | 1393( 0 Persei 2 37.4|+48 48 38323; ;;'%‘ :gg,g 100 088 004
849. 8. .2 B
58 | 1854]S) 443 3 402441 9 }:ggz_gg ses | 42 055 | 055
ik 1884.71 0.93 295.6
59 |. 3239| ¥ Gemini 6 8.8422 32 1800.44 g'°9 207.4 041 005 023
- 1870.57 .29 39.0 N
6o | 481s| Fed. 1334 8 46.0/471 11 {1903.96 487 a6 113 086 -059
1848.48 r0.62 351.8 .
63 | 4866/ ¢ Urs. Maj. 8 52.4)4-48 26 < 1881.35 9.50 | 357.0 .09 .09 | triple
A—(BC) o430 | B.31 | 359.4
B—C { 1903.38 | 0.3 | 203.3
1905.32 0.68 ¥95.4
62 | 4972| Lal. 18115 9 76|+53 7 {ig‘;gfz ":‘9’; g‘;g 160 152 156
: .68 X 87. .
63 | 5331 o Leonis BC | 10 3.0/4-12 27 {fggig' 2:{% 827’; 048 .048 | triple
A—(BC) 176.7
1889.9% 0.86 321.0
64 | 5652] & Urs. Maj. | 10 57.6/4-62 17 {< 1895.78 0.85 | 303.5 .05 .05
A—B 1898.77 0.57 284:0 B cal
y 1862.2 296,1 optica’
65| 3706 Fed. 1831 AC| 11 8.7|+74 T {,902.2; ol ers 72 088 | 080 | oirPnion
. 857.8 3
66 | 5812 88 Leonis 11 26.6{+14 55 {13358; :g'i; g:i; 055 055
. 1844.52 10.43 265.5
67 5838| Urs. Maj. 2go| 11 33.5(+45 40 ] { ‘§°°‘2§ Qgg 250.7 .030 038 034
1899.7 2, 114.9
68 | 6442| Lal, 24652 13 11.9|417 35 {1906.84 314 1114 087 087
: 1873.10 8,88 | 3s50.5
69 | 66307 Bootis 13 42.5{417 57 { lgg&gs 85t 3358 052 040 046
: K . 2,
70 | 6993 € Bootis 14 40.6|4-27 30 {igggé :gg 33’:9:'33 021 .050 021
. 8- . .
75 | 7060 Pi14.212 14 51.6]—20 58 {ig&;’g ;;;; :ggg 174 374 174
1836.81 2,73 | 196.6 .
g2 | 7318 8§ Serpentis 15 30.0/4+10 52 |< 1870.33 3.8 191-3 018 018
1004.47 3.57 | 185.9
1850.50 3.03 273.2
73 | 7631| * Scorpii 16 23.3(—26 13 |< 1874.93 3.05 | 271.4 o014 030 022
1895.58 3.00 271.9
. 1841.00 4.80 | 219.6
. 36 A Oph. | 17 g.2/—26 27 { 1904.52 429 | 190.0 166 152 .166 eriple
74| 79°5Y 30Scorpii | 17 10.1}—26 24 732 86
. 839. .68 .
75 | 7914| & Herculis 17 10.1{+14 30 {;92323 :.69 :;4.6 .013 015
1838.54 12,70 135.9
76 | 8798|Pos. Med. 2164 18 41.7|459 29 |4 1836.62 16.86 147.4 .229 20 260
1905.05 17.04 I57.1
876. .86 | 221.0
77 | 9137|2486 59 g.5/+49 40 {;952 ;Z oas | 2176 057 045 | 051
N . 1890.8: 3,71 45.5 ~
78 | 9485 0 Cygni 1 33.8/449 59 11398'55 3j5§ 42_, 0f6 073 069
. T ey . 130.0
70 | 9360| 16 Cygni 19 39.2{+50 17 118;;.95 %:6 lgs.o 047 047
1841.81 3.50 315.%
8o | 96o2| ¥ 2576 19 41.0433 20 |< 1882.19 3.07 302.1 042 042
: ug)og.gg 2.45 291.5
. . bt . . 72,
81 | 9617| % Cygni 1) 42.¢|+33 30 {18:<8.<;2 :g;; ;IZ .68 | oS8
9602 . .055 lquadruple?
82 { o3 786
. 1874. . 17.0 .
83 | 9724| B Aquilae 19 soul+ 6 o },qgg.gj o e .07z o71 [ 072
. .. 1841, 11.8, 273.8
84 | 10509( Y Pelphini 20 4z.0/+15 46 1834.SZ u.xg 2,70.6 022 076 .049
1831-20 15.62 90.8
85 | 10732| 61 Cygni 21 2.4/+38 15 |< 1865.20 18.50 | 110.8
3 3 vE xgo:.oo 22.41 126.7 -235 "311 -303
1892.49 0.50 259.0
86 | 1x125| 24 Aquarii 21 34.4{— o 30 [< 1898.33 0.60 | 267.2
1903.5% 0.53 275.1 048 o017 033
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Orbital Motion - Parallax
NoBGC|  Name * e Date r 1 8 Spk. | Trig. |Adopted| “omrE
87 | t1z14| P Cygni 21 39.7|428 17 iggffg 2?’; :;:g .046 046
83 11514] Boss 5682 22 1.8/482 23 ;ggggg ;_'3;%(7) ;22 022 .07 015
¢ | Probably
89 | 11690| Boss 5772 22 18.8|420 21 | (P=420, [a—2.5, {i=00) 048 .060 054
9o | 11716| Boss 5786 22 21,5+ 3 53 ;g;gég :gg ;i;: 046 067 .056
91 | 11957} £ Pegasi 22 417411 40 igggggs i;‘;‘z ;’!gi a9 03
92 | 12608| Boss 6129 23 47.5|4+74 50 {:ggigg g;f ??g 132
93 | 12740 OX 547 AB 23 50.2|4+45 © {:zgzg 1?’; ;;212 098 0938 [triple
(AB)—C 328
Tasre III
Visual Multiple Systems.
Orbital Motion Adopted
No. Name Magn. Date I r l 8 Parallax
77 5
17 8 581 8.7, 8.7, 10.5 { 187818 4.76 184.8 0’_’082
(AB)—C 190511 469 1965
18 | ¢ Cancri 5.6, 6.3, 6.0, — 038
(AB)—(CD) (P=6773, a=5".49)
C-D (P=17.43, a=0158)
19 ¢ Hydrae 3.7, 5.2, 7.5, 12.5 -025
(AB)—-C (P =650, a=322)
(AB)--D 19°76
33 £ Scorpii I 183241 693 764
(AB)—C | 1871921 709 69'5 053
1908-00 7442 625
40 ¢ Herculis { 1850-69 3074 242-8
-5, 10.0, I10. 007
A—(BC) 35 5 1895:53| 3202 244°2 ©93
46 | Secchi 2 186034 398 229'3
80, 87, & {
A—(BC) o 5 57 1902:98| 413 | 2199 o024
7 20 Persei, (AB)—C 5.6, 6.7, 10.0 14:00 027
8 o Eridani A—(BC) 4.5, 9.4, 10.8 82:26 191
27 a Centauri 0.0, 1.§, I1.0 20”12/ 759
30 p Bootis, A—(BC) 45, 7.2, 7.8 198-29 -054
49 ¢ Equulei, (AB)—C 5.8, 6.3, 71 1074 038
61 |  Urs. Maj. 3.1, 9.5, 9.8 L. 09
’ i Table 11 .
63 o Leonis 1.5, 8.4, — } given in table 0438
k 36 A Ophiuchi . ” .
74 30 Scorpi 54 5.4, 7.0 732 166
X 2576
8 { 3, 7.8, 51, 8. :
2 + Cygni 7.8, 7.8, 51, 8.1 786 055
93 | o2 547, (AB)—C 8.3, 83, 95 328 ‘098
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- Formulae of Calculation for Visual Systems.
Sub-class (a).
If we take the distance of the sun from the earth, the mass of the
sun and the year as our units of length, mdss and time, and put

P = period of revolution, in years ' o
a = semi-major axis, in arc } of the relative orbit,
e = eccentricity,

? = parallax,

my, m, = masses of the components,

M = my+m, = mass of the system,

a = —Z—" = ratio of the component masses,

H = anéular momentum of the system,

then we have, as can be easily verified, for the mass and angular
momentum of a double star system

(5)

M= —p—> (1)
(L ? terms due to the
_ 2 — __ ¢ rotation of both
H=2r—ps Vi-e (1 +a) + components (2)

Since the second part in the expression of A is usually insensible
compared with the first part, we have not taken it into account in
our calculation.

The values of a, the ratio of the masses of two components, are
determined in some cases, as for instance, in the table IV.

The values of a, however, are not always well determined,
since they result from absolute measurements, which are usually not
so accurate as relative measurements. As may be seen from the
table, the values range usually between 1 and 0.5, and such a
slight variation has only minor influences on the values of A. The

variation of

a -Za)z according to the variation of a is shown in the
annexed diagram, For these two reasons, we have put a=1 through-
out, for all systems in our calculation.

Sub-class (b).

For the visual systems of the sub-class (4), where the orbits are
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TasLE IV.

Visual Systems for which
is determined.

No. Star o

4 |  Cassiop. 076
13 | Sirius *393

. 6 (Curtiss

14 | ® Gemin, {I_((Boss) )
15 | Procyon 33
22 | & Urs. Maj. 1-09
24 | y Virginis Ix

27 | « Centauri -85
28 | ¢ Bootis -87
34 | ¢ Coron. B. 47
36 | z Herculis “43
41 | 70 Ophiuchi 82
55 | 85 Pegasi 1-8

not known, and hence the masses and
angular momenta of the individual
systems are not to be calculated by
the ordinary methods, we proceeded
to estimate the probable values by the
following considerations.

From the relation

2= GMar/1-F,

where % denotes twice the areal velo-
city of the relative orbital motion and
G stands for the constant of gravita-
tion, we obtain easily :

(rr a0 \?
12—
1 dt I % I

T X —
M= 47* ap® v 1—e  (cosizf ’
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H= 1/GM3a(1—e2)><—(I—ia—)z
()
1\t dae I a 1
= 4 app 1-¢ (1+a) (cosip’

where 7 denotes the distance, and 0 the position angle of the com-
ponents, and ¢ the inclination of the orbital plane. '

Since the values of a,¢ and ¢ are not known, we replaced them
by probable values, using for 2 the relation between ¢ and the mean

value of 7,
¥ = ' cos 7,
i N B ) :_I_Jw
time mean of # 77" i a0 yval K d
* 2
=2 — &Y _‘._e{Q_A_( _f_)
- Tag(I ‘) (1+ecost)’ I-}_z,a’

0

and putting mean values for ¢,7 and 7, under the supposition ¢ to vary
from zero to one, 7 and ; to vary from 0° to 9o°, we have

(Y
L7

M= 237‘1.—2 7 X €y, (3)
(0
_ 7
H = 32n27><€z- (4)

We added the factors ¢ and ¢, as reserve, since the probable
ranges of ¢, 7 and ; might not be such as we assumed; and deter-
mined them by applying these formulae to the case of sub-class (a),
where the apparent orbits also are known, and comparing the values
so obtained with those calculated by the formulae (1) and (2). As
the result of comparison in 25 cases, we obtained

o =15 i I-5,
=19 1 (5)
These formulae we used for sub-class (&), and also for the case of
multiple systems, sub-class (¢), in combination with (1) and (2).
The uncertainties thus introduced into the results in cases (&) and
(¢) are not so large, as is to be expected at the first sight, compared
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with those arising from other sources. The uncertainties arising from
inferior quality of parallaxes are always pretty large, and affect all
the sub-classes without exception.

Sub-class (d).

In case where the relative motion ofs the components is either
not known or very small, and the relative position of the components
is the only available data, it is evidently too bold to attempt any esti-
mate of the amount of the angular momentum. The following proce-
dure, howev&®, may serve to give some idea of the magnitude even
in such cases.

We assume first the value of @, which may in most cases be
reasonably derived from a consideration of their magnitudes and colors,
and put ’

M= mf1+a). 6)
Then, since
a

H= VGMsd(I-ez) X—m;

we have, proceeding just as in the previous case,

H= 2711/ ¢_.vVi—¢ xmE ¥,
I 2
+a ~/I+—€—
2
and then, putting
. e = 05,

as seems to be appropriate in the case of wide pairs, we obtain
finally
H=[rous]xmirAx— 2 . (7)

Vita

are shown graphically in the diagram.

The values of

I+a
The formulae, (6) and (7), we used for the case of wide pairs,
sub-class (&).
(B) Eclipsing Spectroscopic Binaries.

For spectroscopic binaries with known elements, we have

_(asinz_’)"_;{.s. o }
M= = ysin’ 2% xay )’ (8)

5 L . o
H = 2t M Piy1—¢ G 9)



210 Shinzo Shinjo and Yoskikatsu Watanabe.

where (asinZ) and P are known from observations. Hence, if @ and ¢
also be known, we would be able to calculate M and H. Now, if a
spectroscopic binary be an eclipsing variable at the same time, we
could find 7, and, if both the lines of a spectroscopic binary be ob-
servable, we could find a.
Comparing .
Campbell—Second Catalogue of Spectroscopic Binaries, Lick
Obs. Bull,, 181, 1910, ’
with
Shapley—A Study of the Orbits of Eclipsing Variables,
Contrib. Princeton Univ. Obs. No. 3, 1915,
we find 19 systems common to both; and, if we confine ourselves to

those for which both lines are observable, we obtain at last ten sys-
as
(1+ a
with a, we dare not assume the value of @ when it is unknown. The
3

tems left for our purpose. Since the expression varies largely

values of are shown in the diagram.

a
(1+ap
The material with necessary data for calculation is given in the
following table.

TaBLE V.
Eclipsing Spectroscopic Binaries.

No.Shapley| H.R. Name « 3 dz v ;’oz‘l':; e i o
94 8 815 | RZ Cassiop. 2 3;-‘9 +69°13/| 1195 1-170 ‘55
g5l 11 936 | 8 Persei 3 17440 34 2-867 1-641 | 0°039, ‘5
96/ — | 1458 | & Tauri 4 302+ 957 3571 [ 3748 | 0000 47
97 22 | 2088 | 8 Aurigae 5 522|444 56 | 3960 | 11-899% o005 77° | ‘99
o8 28 3129 | V Puppis 7 55:3(—48 58 1455 | 12-200% 1
991 5056 | « Virgo 13 19.9|—10 38 4-014 6930 |o'10 ‘51

100 49 5586 | & Librae 14 556/— 8 7| 2328 2450|0054 81'5| .70

101 53 6431 | u Herculis 17 136|433 12 2051 2.800 | 0053 *39

102 6I — | RX Herculis | 18 260|412 32 1779 2590 | 0:00 I

103 66 7106 | B Lyrae 18 464|433 15 | 1291 34°339 | 011 22

*  (@;+ap) sin 4,

The Result of Calculation.

The results obtained according to the foregoing formulae are
put together in the following tables, :
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TasLe VL
Masses and Angular Momenta of Visual Double Stars. (a)

No. Name Magn. Spk. ‘;ﬁ‘;fl’lt:f M H
1 | 2 3062 65, 7°5 Gz, G8 oll.o87 47 856
3 | B 395 78, 85 G6 066 16 100

. 1-3 161
4 | n Cassiop. 36, 79 Go, Ko 190 { o { 132
6 | X 228 67,76 069 15 -30
9 | 55 Tauri 7'5, 93 ‘025 15 107
10 | B8 883 79, 7'9 ¥8 *020 33 238
11 | B 552 7.0, 100 ¥6 027 24 256
12 | 02 149 69, 9.4 ‘048 20 ‘44
13 | Sirius —16, 90 A -376 35 366
14 | « Gemin. 2.0, 28 A ‘090 22 362
15 | Procyon 05, 135 Fq *320 13 8z
20 | 2 3121 76, 7'9 K4 075 -61 21
22 | & Urs, Maj. 44, 49 Fo, G1 158 11 6.8
23 | 0% 235 59, 7°2 F -051 -69 29
24 | y Virginis 36, 37 A8 -073 43 463
25 | 42 Comae 52, §°2 ‘062 17 100
28 | & Bootis 48, 67 G6, K3 191 -8 49
29 | . Coron. B. 56, 6°1 Go 074 1o 53
3t | o2 298 74, 77 046 19 143
32 | vy Coron. B. 71, 76 A -031 25 248
34 | o Coron, B. 58,68 Gi1, Fg ‘049 35 74'4
35 | » Ophiuchi 40, 61 A ‘021 6-0 1331
36 ¢ Herculis 30, 65 G1 ‘092 27 235
38 | 8416 60, 80 170 -8 28
39 | 26 Draconis 53, 10'0 Go 081 ‘33 13
41 | 70 Ophiuchi 4°1, 61 Gog, K7 ‘196 16 133
: . 22 32
42 | 99 Herculis 52, 105 F6, — -105 { a1 { 9
43 | A 88 72, 72 033 1o 37
44 | P 648 52, 87 Fog - ‘098 *57 21
47 |8 Cygni 30,7.9 A ‘049 8 77
48 | B Delphini 40, 50 F3 028 7-0 113
50 | 3 Equulei 53,54 Fg 070 16 67
. . 67 { 131
51 | ¢ Cygni 38, 80 F1 037 { s 101
53 | Kriiger 6o 96, 11'3 Mb 254 46 13
54 [ B 8o 83,93 Go -032 L2 &5
55 | 85 Pegasi 58, 110 G1 ‘098 8 27
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TasLe VIL
Masses and Angular Momenta of Visual Double Stars. (4)
No. Name Magn. Spk. ?i?fltfg M H
m m

56 | Gr. 34 77, 10°7 Ma 0”270 o9 133
57 | 0 Persci 42, 1000 F7 *094 10 ° 17-0
58 | X 443 82, 88 ‘055 64 90
59 | n Gemin. 3 88 G6 023 23 10
60 | Fed. 1384 7.5, 76 | K6, K5 ‘099 18 -8
62 | Lal 18115 74, 74 | K7,K5 156 40 121
64 | « Urs. Maj. 20, 11T K 05 22 186
65 | Fed. 1831 AC 70, 102 Ks -080 55 54
66 | 88 Leonis 64, 84 Fo ‘055 25 883
67 | Urs. Maj. 290% 59, 80 Fg .034 102 774
68 | Lal. 24652 7:1, 10°2 K1 087 29 12
69 | r Bootis¥ 48,114 Fo ‘046 81 446
70 | & Bootis 30, 63 G8 ‘021 12 ! 220
71 | Pi. 14h.212 7, 8 K6 174 2:0 345
72 | & Serpentis 30, 40 018 47 184
73 | « Scorpii 1, 71 Gz ‘022 ‘56 68
75 | a Herculis 30, 61 Gs ‘015 47 254
76 | Pos. Med. 2164 82, 87 Mb 260 ‘35 2-3
77 | T 2486 60, 65 G3, G2 ‘051 42 160
78 | 6 Cygni 50, 14'3 F4 069 ‘58 44
79 16 Cygni* 51, 53 GI1, G3 ‘047 67 682
83 | B Aquilae 34, 11°3 Gy 072 19 479
84 | v Delphini* 4'0, §0 K1 049 16-0 429
85 | 61 Cygni 53, 50 K7, K7 303 2:0 293
86 | 24 Aquarii 65, 69 Fo6 ‘033 34 11
87 | ¢ Cygni 40, 50 046 35 2’5
88 | Boss 5682% 62, 70 Fy ‘015 98 40X 104
89 | Boss 5772 60, 92 Fs3 ‘054 -56 38
90 | Boss §5786% 6-0, 125 Fo ‘056 -08 ‘23
91 ¢ Pegasi 5, 18 ‘09 36 109
92 | Boss 6129 68, 11-7 K3 (132 .24 10

*

Probably the adopted parallaxes are:largely in error,
of M and H are consequently rejected in forming the statistical table X.

The corresponding values
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TasLe VII.
Masses and Angular Momenta of Visual Multiple Systems. (c)
7 Adopted| Assumed|
No. Name Magn. Spk. Parallax % M H
7 | 20 Persei 56, 67, 100 F2 o"-027 AB 0.19 025
» o5 llABC 29| 77
8 | O Eridani 45, 94, 10.8 Ko ‘191 BC 49 27
2 ABC 1% 84-9
AB 13 16
17 | B581 87, 87, 105 082 ABC 12 s
- AB 33 | ar3
18 | % Cancri 56, 6:3, 60, —| Fo, Go ‘038 CD 24 37
ABCD 66 | 318
AB : -6
19 | ¢ Hydrae 37, 5°2, 7°5, 12'5] Go, T'6 ‘025 33 2
ABC 51 | 203
2 ABD 40 | 320
27 | o Centauri oo, I'5, 110 Go 759 {AB 19 172
‘I ABC 21 | 267
30 |  Bootis 45, 72, 78 Fo,Go | ‘054 BC 27 ‘94
2 ARBC 81! 74°5
33 | & Scorpii 48, 51, 72 053 AB 13 5%
ABC 29 772
40 | p Herculis 35, I0-0, 105 | G4, Mb ‘093 BC s 102
ABC 13 376
. BC 4 90
46 | Secchi 2 80, 87, 87 024 {ABC 65 | a7
61 .U 09 BC o) 12
. Maj. ‘I, 95, 98 i
1 ¢ Urs, Maj 3 95, 9 Ag {ABC 7 93
63 | « Leonis I'5, 84, — B8, Ko | 048 {BC 26| 14
36 A Ophiuchi 5 lABC 13 | 209
74 30 Scorpil 54, 54, 70 i K1, — 166 AB ‘17 .50
‘5 ABC 26 195
T 2576 AB 9| 84
82 {x Cygui 78 78, 51, 81 055 CD 42 | 364
ABCD 51 |zo0x103
AB . .
93 | UZ 547 83, 83, 95 098 { Yo | =59
‘5 ABC 29 | 645




214 Shinzo Skinjo and Yoshikatsu Watanabe.

TasLe IX.

Eclipsing Spectroscopic Binaries.

No. Name Magn. Spk. D(Sn:_ilt y M H
94 Rz Cassiop. . 6:4—76 A o021 1-00 o021
95 B8 Persei 2:2—34 B8 ‘076 .66 14
96 d  Tauri ' 4.4 Az — 50 424
97 8  Aurigae 2122 Ap 12 48 475

100 3 Librae 4'8—57 A ‘035 1'50 *55
102 Rx Herculis 7:0—7.5 A ‘30 176 68
98 vV Puppis 41—48 Bip .056 343 900
99 o«  Virgo 12 B2 —_— 154 313
101 u  Herculis 46—~53 B3 ‘058 94 95

103 B Lyrae 34—43 Bzp gggg 306 132

Taking geometrical means of each kind separately, we obtain the
mean values and the probable dispersion ranges as follows :—
TapLe X.

The Mean Values and the Probable Dispersion Ranges of the Masses
and Angular Momenta.

No. M H
Vispal doubles with known orbits (a) 36 I-4_>_il-6 9 iz-z
Visual doubles X x
: I . .
with known orbital motion (b) 25 ot 6 "no =2
. . X X
Visnal multiple systems (c) 15 1771y 83 T2z
Eclipsing Spectroscopic binaries
type A 6 rg_’im, 0-8:1'8
type B 4 20 il-z 43 f_z
Our solar system —_ 1o 0022
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From these values we may conclude that

(i) The masses and angular momenta of star-systems are, on
the whole, of the same order of magnitude, thus con-
firming the result obtained by us three years ago,

(ii) The multiple systems have somewhat greater angular
momenta, the masses remaining about the same,

(ili) Our solar system has an angular momentum, over hundred
times less,

(iv) For spectroscopic binaries, the angular momenta are com-
paratively less than for those of visual systems, the
masses, however, being considerably greater.

We may here add, for sake of reference, a result obtained else-
where, regarding the direction of the orbital planes of visual systems.
The distribution of the orbital planes of visual systems has been. inves-
tigated by See', Bohlin?, Poor® and others. Although the conclusions
arrived at by these investigators are diversified, yet we would not be
much in error if we summarized them as follows :—

(v) There is no positive evidence that the distribution of the
orbital planes has any regularity.

That the masses of celestial bodies are, on the whole, of about
the same order of magnitude, has been noticed by many investigators.
This fact has also been theoretically accounted for by Jeans* and Ed-
dington®, the former finding the cause in the phenomenon of rotation,
the latter, on the contrary, in the phenomenon of radiation pressure.
Which is the proper explanation of the fact, is an interesting question,
requiring further consideration.

Cosmogonical Considerations concerning the Origin
of Celestial Rotation.

The observed facts so far stated in the foregoing could surely not
be a product of mere accidence. That almost all star-systems so far
investigated have, broadly speaking, about the same amount of angular
momentum, requires a sufficient reason to accouant for it; and indeed,
it seems to us, the search for the appropriate cause leads directly to

1 Evolution of Stellar Systems. 1, 1896.

2 A. N. 176, 196, 1907.

3 A. . 23, 145, 1914,

4 Jeans, Monthly Notices R. A, 8., 77, 186 (1917).
5 Eddington, do. 77, 16 (1916).
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the very question of cosmogony,—How was our stellar universe created,
and how has it evolved to its present state ?

The theories hitherto proposed to account for the origin of celes-
tial rotation seem always to have been merely qualitative. ~Chamber-
lin and Moulton' attribute it to near approaches of celestial bodies,
which might eventually take place during their translational motion
through space. Jeans® attributes it to the tidal action between the
celestial bodies, which might have been large enough at an early stage
of evolution of these bodies. These two theories have therefore one
thing in common, that is, they look at the rotation of celestial bodies
as transformed from their translational motion through space. We do
not know whether these theories are able to account for the observed
facts quantitatively. ‘ .

See® assumes the primordial forms of celestial bodies to have been
large swarms of meteorites, immense in number. According to him,
it must have been rather rare that the condensation of these swarms
took place in just such a manner as to cause no rotation; on the
contrary, rotation, in one sense or other, would enevitably follow as
a consequence of the condensation of these meteoric swarms. The
idea seems to us quite right in principle ; he has not, however, given
any quantitative account of it.

Theoretical Calculation.

Let us begin by considering the following problem :(— A meteoric
swarm of immense multitude is assumed to have a spherical symmetry,
the density of meteoric distribution and the ““mean square” velocity
of individual meteorites being functions of the distance from the center.
The size of all meteorites is assumed to be the same, and the velocity
distribution at any point to follow Maxwell’s law of velocity distribu-
tion for gaseous molecules. Let us call such a swarm for later
reference a primordial swarm. It is required to find the probable
amount of angular momentum of such a primordial swarm.

Let the probability that a meteorite taken at random should lie
just in an elementary volume dxdydz at (x,9, z) be expressed by

3

p (%3, z) drdydz,

1 Moulton, Ap. J. 22. 165-181, 1905.
2 Jeans, Ap. J. 22, 102, 1905.
3  See, Evolution of Stellar Systems, 2, 1910.
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so that Jp (%3, 2) dwdyds = 1, . (10

in which the integration is to be extended over all the space within
the swarm. Further, let the probability that the velocity-components

of a meteorite at (%, 2,2) should lie between # and z+du, v and
v+dv, w and w+dw, be expressed by

P (u, v, w, x,9, &) dudvdw,

so that J.p (u, v, w, x, 9, z)r dududw = 1, (1)

the integration being taken to extend over all the values of #, 7z, w
which are possible at (z,, £). ’ ’

The functions p and p should satisfy, besides the conditions (10)
and (11), the so-called equation of continuity, which may be written
in the form R

U w
T e

dp , Opzu _ ' '
W‘ + J =0, (12)
where we put

' qududvdw =,
‘J.v P dudvdw = 2,
Jw ? dua’vdzq =w.
Since we assume the swarm to be in a stationary staté, we have :

oo _ 9 _
2 —° @ 5o=0

and hence the equation (12) will be satisfied, if
A=v=1w=0,

which is the case when the swarm has a spherical symmetry, and

accordingly p is an even function with respect to #, » and w,
. Let now

m = the mass of a single meteorite,
7 = the number of meteorites in the swarm,
M = nm = the total mass of the swarm,
H = the resultant angular momentum of the swarm ;

and put further
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3

j(vz-— wy) - p(u, v, w, %, 9, 2) - p(#, 9, 2) dudvdwdrdyds =,
j(ux—uz) p(w, v, w, 2,9, 2) p(x,9, 2) dudvdwdrdydz =v,, | (13)
Jr—22) - p0,,, 5.3, p(3:, ) dusdvatodzayds=rs,

J

J(vz— wy)e p(u, v, w, %, 9, 2) + 1(x, 9, 2) dudvdwdrdydes =z,

J(wx— uz)’ p(u, v, w, %, 9, 2) - p'%,9, 2) dudvdwdrdydz =14, ; (14)

J.(uy— vx) p(u, v, w, %, 9, 2) p(%, 9, 2) dudvdwdzdydz = 15,

In case of spherical symmetry, we shall have obviously

v =y =y =0,
and
p=p=p= _;_I B(y) . 7 p(r) dxdyde = &,
where

A = the “mean square” velocity at (z,7, 2),

¢ = a kind of “ mean square ” velocity taken throughout the
swarm, as specified by- the equation,

% = the radius of gyration of the swarm about an axis
through the center of mass of the swarm. '

We have then for the square of the resultant angular momentum
of the swarm

n 2 n 2 n
H*= m’[{z(v‘z‘—- wi.yi)} +{§(wﬁz— uizi)} + {; (”x}’i_”txi)}‘z] :
Further, the compound probability that a meteorite ¢ lying in an
elementary volume at (#, 7, #,) has its velocity-components between #
and u+du, v, and v, +dv, w, and 2w, +dw,, and a second meteorite
my lying in an elementary volume at (2, 7, 2,) has its velocity-compo-
nents between #, and #,+du,, 7, and v+ dv, w, and w,+ dw,, and
so on, will be
oz - pluwgox 2, dndodwdrdyda,
X 0 Yo25) + w1070 V223 dts vy dxodysdz,

---------

X 0(Zn V) * P UV Wn, Vtin) Bty v, B, A, dy A2,
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Consequently we obtain as the mean square va]ue of the resultant
angular momentum of such a swarm, .

]II,,(H ) = m"J[{ ian ,(%)izi— w; yi)}é+ { 2 (wx;— utzi)}

.

2

im1
n . 2
+ {2:11 (59— 'Z’q:xi)} :I X
plaper yizy)  p(H 120) coeens P00, V,20) 0(Hn Yutn) X
du v dwidodyde, ... Doty B0, 10, Ay a2,
.[LZ (ve2 ""wd’t)2+ ++ 22 (zas— wh)’h)(”kzk tUkJ’Ic) + +J

g1 h, k==l

hitk

D p eed X dmdvldwldxldyla’zl cees !

in which the integration is to be ex’oended over all the possible values
of w7, 1181, #v0a%, P92, and so on.
Remembering now that

J 2ep duidvidw;dxidyidzi = f 7 dx,a’y;a’zi [ ? dz)idf)idw; = I, ’

we obtain, after reduction

n

M(H?) = w? {2 j(v,-zi— W, 30)' P - p dudvdwdzdyda,+ +

Gl

+2 2 J (vpzr— i 1) * 2 * p dundv,dew,dx,dydzs %
B =1
hxk

j(vkzk—wk W) P+ p Awdvdwidadyde, + +} ,
and further, by virtue of the abbreviations in (13) and (14),
M(H?) = m {n(p§+ L p§)+ﬂ(n—1)(»§+pg+p§)}. (15)

If we confine ourselves to the case of spherical symmetry, as
assumed in our present problem, and write, for brevity, /A instead of
M,(H?), we obtain at last

‘ 252 2
H? = 3um’clh = —?’f—i—[”—, (16)
or n = _36_W_ﬂ4_2 (16)
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This is a remarkable result of great importance. After we had ob-
tained the above relation, we have noticed that a similar formulae was
also found by Jeans' as early as in 1905. .

To recapitulate: In a primordial swarm of meteorites, let

7 = the number of meteorites,

M = the total mass of the swarm,
# = the radius of gyration about an axis through the center
of mass,

(Lt

¢ =a “mean” value of the *“mean square” velocity of indi-

vidual meteorites ;

then the angular momentum of such a swarm is not in general zero,
but may be expected to be”of the magnitude-

If this primordial swarm be left to itself, widely separated from other
celestial bodies, and hence free from any tidal action due to external
causes, then it will retain its angular momentum forever constant,
throughout its whole career of evolution.

In passing, it may be remarked that if » increases indefinitely,
M remaining constant, then /7 tends to sero. Physically interpreted,
this amounts to saying that if a gaseous nebula with spherical sym-
metry be left to itself and condenses according to its own gravitation,
the resulting body would probably show no sign'of rotation.

Numerical Calculation.

As a numerical example, let us consider the following problem :—

If we were to assume that our solar system had evolved from

a primordial swarm of meteorites, isolated from other celestial

-bodies, what would have been the size of the individual meteo-
rites in the primordial swarm?

We take for the mass and angular momentum of the primordial swarm,
the present values of our solar system, so that

M=1, H = 0.022.

1 Jeans, Ap. J., 22, 101, 1905,
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As to the size of the primordial swarm and the * mean square”
velocity of the meteorites, there seems to be no appropriate measure
from which to éstimate their probable order of magnitude; they might
vary according to different opinions. We put, as a rude trial,

e=1(=%)

% = 10° (=0.5 parsec).

Putting, then, these values in the formula (17), we obtain

# = ca 104,
and hence .
(O __ earth’s mass
m = 14 B)
10 3 X 10

Thus, if we assume the meteorites to have about the same density
as our earth, they should be in size about 20 km in diameter, i.e.,
about the size of the asteroids now circulating between the orbits of
Mars and Jupiter.

Theory Proposed.

In the light of all that has been stated above, we propose a
theory of celestial rotation as follows :—

The celestial bodies are looked upon as having evolved from
primordial swarms of meteorites, isolated from one another, gaseous
nebulae being thereby decidedly excluded, since we consider the indi-
vidual meteorites to have been about the size of the asteroids in our
solar system. Although the constituent meteorites are moving at
random, just like gaseous molecules, yet such a swarm as a whole
is seen to have a finite amount of angular momentum; and the latter
would manifest itself as a sensible rotation, as the primordial swarm
gradually condenses, by virtue of its own mutual gravitation.

The size of the meteorites in one swarm may very probably have
varied from those in another. Swarms consisting of larger meteorites
would have, in general, a larger angular momentum; they would very
probably condense, in the stage of their evolution, into two or more
bodies, and thus form double or multiple systems. Those consisting
of medium-sized meteorites would have, in general, a medium angular
momentum ; they might have first condensed into single bodies, and
then have divided themselves by Poincaré-Darwin procedure, and thus
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evolved to most spectroscopic binaries. Lastly, those consisting of
smaller meteorites would have, in general, a smaller angular momen-
tum, and hence, unable to divide themselves by rotation, they would
condense into single bodies,—probably leaving, by the way of evolu-
tion, small remnant planets, here and there, and thus would have
evolved to the so-called planetary systems, such for instance as our
solar system.

Although there is undoubtedly a general tendency toward equality
in both the masses and angular momenta of the primordial swarms,
yet it is enevitable that there were always some small differences in
individual cases. Such small differences, which might have arisen
either accidentally or according to the situation of the birth-place in the
stellar universe, would control the further evolution of those swarms.

Resumé.

1. For 76 visual systems and 10 spectroscopic binaries, the masses
and angular momenta have been calculated, and it has been found
that they are, broadly speaking, of about the same order of
magnitude.

Further details of the observed facts have been recapitulated
above.

2. The probable amount of the angular momentum of a primordial
swarm of meteorites, having spherical symmetry, and isolated from
all other external influences have been theoretically calculated.

3. As the result of comparison of the theoretical considerations with
the observed facts, a theory of the origin of celestial rotation has
been proposed.

4. Probable division of celestial bodies into binary and planetary
systems has been accounted for, from the consideration of their
angular momenta.






