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COSZICAL PHYSICS l  

To one who has spent many years over 
the solution of a problem which is some- 
what isolated from the more general ques- 
tions of his subject, i t  is a satisfaction to 
have this opportunity for presenting the 
problem as a whole instead of in the piece- 
meal fashion which is necessary when there 
are many separate features to be worlied 
out. I n  doing so, I shall try to avoid the 
more technical details of my subject as well 
as the temptation to enter into closely 
reasoned arguments, confining myself 
mainly to the results which have been ob- 
tained and to the conclusions which may be 
drawn from them. 

I n  setting forth the present status of the 
problem, another side of it gives one a 
sense of pleasure. When a comparison be- 
tween the worlr of the lunar theorist and 
that of the observer has to be made, it is 
necessary to take into consideration the 
facts and results obtained by astronomers 
for purposes not directly connected with 
the moon: the motions of the eartli and 
planets, the position of the observer, the 
accuracy of star catalogues, the errors of 
the instruments used for the measurement 
of the places of celestial objects, the per- 
sonality of the observers-all these have to 
be considered; in fact, almost every one of 
the departments of the astronomy of posi- 
tion must be drawn upon to furnish neces- 
sary data. The time has now arrived when 
it may perhaps be possible to repay in some 
measure the debt thus contracted by fur- 
nishing to the astronomer, and perhaps 
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also to the student of geodesy and, if I may 
coin a word, of selenodesy, some results 
which can be deduced more accurately from 
a study of the moon's motion than in any 
other way. A long-continued exploration 
with few companions which ultimately leads 
to territories where other workers have 
already blazed paths gives the impression 
of having emerged from the thick jungle 
into open country. The explorer car1 once 
more join forces with his brother astron- 
omers. Ile can judgc his own results more 
justly and have thein judged by others. 
Tf, then, an excuse be needed for over-
step1)ing the limils which seem, by silent 
consent, to have been iinposed on those who 
devote themsrlves to lunar problems, it con-
sists in a desire to show that these limits 
are not necessary and that a study of the 
motion of the moon can be of value and can 
coi~t~ihuteits share to the common funds 
of astronomy. 

The history of the motion of the moon 
has been for morc than two centuries a 
struggle between the theorists and the ob- 
servers. Ever sir-iee the publication of the 
'Principia " and the enunciation of the 

law of gravitation by Isaac Newton, a con-
stant effort has been maintained to prove 
that the moon, lilie the other bodies of the 
solar system, obeyed this law to its faythest 
consequences. While the theory was being 
advanced, the observers merp continllally 
improving their in~t~urnentsand their 
m~thods of observing, with the additional 
advantage that their efforts had a curnnla-
tive effect: the longer the tirnc covered by 
their observations, the more exact was the 
knowledge obtainrd. The theorist laclced 
the latter advantage: if he started anew he 
could only use the better instixments for 
analysis provided by the mathematician. 
IIe mas always trying to forgc a plate o f  
arnior ~v1iic.h thc nhserve~ witll a prn wl~ose 
powrr was incrcasinq ivith the time could 

not penetrate. I n  the struggle the victory 
rarely failed to rest ~irith the observer. 
Within the last decade we theorists have 
made another attempt to forge a iie~v plate 
out of the old materials; whether we have 
substantially gained the victory must rest 
partly on the eviclence I have to place he- 
fore you to-day and partly on what the ob- 
server can procli~ce in the near future. 

There are three well-clefined periods in 
the history of tlie subject as far  as a coni- 
plete development of the moon's nzotiou is 
conceriled. From the publication of the 
"Principia " in lG87, when Newton laid 
down the broad outlines, until the middle 
of the eighteenth century, bnt little prog- 
ress was made. It seems to have required 
over ha11 a century for analysis by symbols 
to advance sufficiently far  for extensive 
applications to the problems of celestial 
mechanics. Clairant and d'hlembert both 
sncce~ded in rescuing the problem from the 
geometrical form into which Newton had 
cast it and in reducing it to analysis by the 
methods of the calcalils. T11c.y were fol-
lowed by T~eonard Euler, tvho in my opinion 
is the greatest of all the successors of Isaac 
Newton as a lunar theorist. JIe initiated 
practically every nlelhod which has been 
used since his time. ancl his criticisn~s show 
that he had a good insight into their rela- 
tive advantages. A long roll of names fol- 
lotvs in this period. I t  was eloscd by the 
publication of tlie theories of Delannay and 
IPanscn and the tables of the latter, shortly 
after the middle of the nirletecnth century. 
From then to the end of the century the 
published memoirs deal with special parts 
of the theory or with its more general 
aspects, but no complete development ap-
peared which conld supersede the results 
of Illansen. 

1 l ;y  own theory, which was completed a 
few years ago, is rather the lulfilment to 
the 1.ltmost of the ideas of others than a 
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new mode of finding the moon's motion. 
Its object was severely practical-to find 
in the most accurate way and by the short- 
est path the complete effect of the law of 
gravitation applied to the moon. I t  is a 
developrrrent of Rill's classic memoir of 
1877. I-Iill in his turn was indebted to 
some extent to Euler. His indebtedness 
would have been greater had he been aware 
of a little-known paper of the latter, "Sur 
la Variation de la Lune," in which the 
orbit, now called the variation orbit, is ob- 
tained, ancl its advantages set forth in the 
words : "Quelque chimerique cette question 
j'ose assurer que, si 1,011 rBussissoit 5 en 
trouver une solution parfaite on ne trou- 
veroit presque plus de difficult6 pour d6ter- 
miner le vrai niouvement de la Lune r6elIe. 
Cette question est donc de la dernihe im- 
portance et il sera toujours bon d'en appro- 
fondir toutes les difficult&, avant qu'on en 
puisse esperer une solution complBte." 

I n  the final results of my work the devel- 
opment aims to include the gravitational 
action of every particle of matter which 
can have a sensible effect on the moon's 
motion, so that any differences which ap- 
pear between theory and observation may 
not be set down to want of accuracy in the 
completeness with which the theory is 
carried out. Every known force capable 
of calclnlalion is included. 

So much for the theory. Gravitation, 
however, is only a law of force: we need 
the initial position, speed and direction of 
motion. 7'0 get this with sufficient accuracy 
no single set of observations will serve; the 
new theory must be compared with as great 
a number of these as possible. To do this 
directly from the theory is fa r  too long a 
task and, moreover, i t  is not necessary. I n  
the past every observation has been com-
pared with the place shown in the "Nautical 
Almanac" and the small differences be- 
tween them have been recorded from day 

to day. By taking many of these differ- 
ences and reducing them so as to corre-
spond with differences a t  one date, the 
position of the moon at that date can be 
found with f a r  greater accuracy than could 
be obtained through any one observation. 
At the Greenwich Observatory the moon 
has been observed and recorded regularly 
since '1750. With some 120 observations a 
year, there are about 20,000 available for 
comparison, quite apart from shorter series 
a t  other observatories. Unfortunately 
these observations are compared with in- 
correct theories, and, in the early days, the 
observers were not able to find out, with the 
accuracy required to-day, the errors of their 
instruments or the places of the stars with 
which the moon was compared. But tve 
have means of correcting the observations, 
so that they can be freed from many of tlie 
errors present in the results which were 
published a t  the time the observations were 
made. We can also correct the older 
theories. They can be compared with the 
new theory and the differences calculated: 
these differences need not even be applied 
to the separate observations, but only to 
the observations combined into properly 
chosen groups. Thus the labor involved in 
making use of the earlier observations is 
much less than might appear at  first sight. 

For  the past eighteen months I have been 
engaged in this worlc of finding the differ- 
ences between the old theories and my owl, 
as well as in correcting those observatioar 
which were made a t  times before tlie rc- 
sources of the astronomer had reached 
their present stage of perfection. I have 
not dealt with the observations from the 
start:  other workers, notably Airy in the 
last century and Cowell in this, have done 
the greater part of the labor. My share 
was mainly to carry theirs a stage further 
by adopting the latest theory and the best 
modern practise for the reduction of the 
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observations. In  this way a much closer 
agreement between theory and observation 
has been obtained, ancl the initial position 
and velocity of the moon a t  a given date 
are now known with an accuracy compara- 
ble with that of the theory. I shall shortly 
return to this problem and exhibit this 
degree of accuracy by means of some clia- 
grams which will be thrown oil the screen. 

I have spoken of the determination of 
these initial values as if i t  constituted a 
probleni separate from the theory. Theo-
retically i t  is so, hut practically the two 
must go together. The increase in accuracy 
of the theory has gone on successively with 
increase in accuracy of the deterniinatioa 
of these constants. We do not find, with a 
new theoiy, the new constants from the 
start, bnt corrections to the previously 
adopted values of these constants. I n  fact, 
all the problems of which I am tallring are 
so much interrelated that i t  is only justi- 
fiable to separate them for the purposes of 
exposition. 

Let ~ x ssuppose that the theory and these 
constants have been Pound in numerical 
form, so that the position of the nioon is 
shown by means of expressions which con- 
tain nothing nnkriown but the time. To 
find the moon's place at  any date we have 
then only to insert that date ancl to per- 

a ions. form the necessary mlmerical calcul t '  
This is not clone clirectly, on account of the 
labor involved. What are linown as 
"Tables of the Moon's Motion" are formcd. 
These tables constitute an intermediate 
step between the theory and the positions 
of the moon which are printecl in the "Nan- 
t ied  Almanac." Their sole use ancl neces- 
sity is the abbreviation of the work of 
calculation required to predict the moon's 
place from the theoretical values which 
have been found. For this reason. the 
problem of producing efficient tables is not 
properly scientific: i t  is mailsly economic. 

Nevertheless, I have found i t  as interest- 
ing and absorbing as any problem which 
involves masses of calculation is to those 
who are naturally fond of dealing with 
arithrnetical work. i\7y chief assistant, BIr. 
11. B. IIedriclr, has employed his val~iable 
experierlce in helping me to devise new 
ways of arranging the tables and making 
them simple for use. 

A table is mainly a device by which cal- 
culations which are coiltinually recurring 
are performed once for all time, so that 
those who need to malie such calculatiorir 
can read off the results TI-om the table. In 
the case of the moon, the tables go in pairs. 
Each term in the moon's motion depends 
on an angle, and this angle dppencls on the 
date. One table gives the value of the 
angle at  any date (a very little calclilation 
cnahles the computer to find this), and the 
second table gives the vdue of the t e ~ n i  for 
that angle. As $lie same angles are continn- 
ally recurring, the second table will serve 
for a11 time. 

We can, however, do better thair con-
struct one table for each tenn. The same 
angle can be made to serve for several terins 
and consequently one table may be con-
structed so as to include all of thenr. I n  
other words, instead of looking out five 
nnrribers for five separate terms, the com- 
pnter looks out oue number which gives 
him the sun1 of the five ternls. The more 
ternis we can put into a single table the 
less work for the astronomer who wants 
the place of the moon, and therefore the 
more efficient the tables. A still better de- 
vice is a single table which depends on two 
angles, known as a double-entry table; 
many more terms can usually be included 
in this than in a single-entry table. The 
dolll~le interpolation on each such table is 
avoided by having one angle the same for 
many double-entry tables and interpolating 



SCIE 

for that angle on the sum of the numbers 
extracted from the tables. 

The problem of fitting the terms into the 
smallest number of tables is a problem in 
combinations-something like a mixture of 
a game at  chess and a picture-puzzle, but 
unlike the latter in the fact that the inten- 
tion is to produce ease and simplicity in- 
stead of difficulty. This work of arrange- 
ment is now completed and, in fact, about 
five sixths of the calculations necessary to 
form the tables are done; over one third of 
the copy is ready for the printer, but, 
owing to the large mass of the matter, i t  
will take Prom two to three years to put 
it through the press. The cost of perform- 
ing the calculations and printing the ~vorlc 
has been inet from a fund specially set 
aside for the purpose by Yale University. 

A few statistics will perhaps give an idea 
of our worli. Hansen has 300 te rns  in his 
three coordinates, ancl these are so grouped 
that about a hundred tables are used in 
fir~cling a complete place of the moon. We 
have included over 1,000 terms in about 
120 tables, so that there are on the average 
about eight t e r m  per table. In  one of our 
tables we have been able lo include no lcss 
than forty terms. Each t a b l ~  is made as ex- 
tensive as possible in order that the interpo- 
lations-the bane of all such calculations- 
shdl  be eagg. The great majority of them 
involve multiplications by numbers lcw 
than 100. There are less than ten tables 
which mill involve multiplications by num- 
bers between 100 and 1.000 and none 
greater than the latter number. The com- 
puter who is set to work to find the longi- 
tude, latitude and parallax of the moon will 
not need a table of logarithms from the 
beginning to the end of his work. The rea- 
son for this is that all multiplications by 
three figures or less can be done by Crelle's 
well-known tables or by a computing ma-
chine. But Mr. Ixedrick has devised a table 

for interpolation to three places which i s  
more rapid and easy than either of these 
aids. I t  is, of course, of use generally for 
all such calculations, and arrangements 
are now being made for the preparation 
and publication of his tables. The actual 
work of finding the place of the moon 
from the new lunar tables will, I believe, 
not take more time-perhaps less--than 
from Hansen7s tables, as soon as the comd 
puter has made himself familiar with them. 
Fortunately for him, i t  is not necessary to 
understand the details of their construc-
tion: he need only know the rules for ilsiiig 
them. 

I am now going to show by means of 
some diagrams the deviations of the moon 
from its theoretical orbit, in which, of 
course, errors of observation are included. 
The first two slides exhibit the average 
deviation of the moon from its eomputed 
place for the past century and a half in  
l o n g i t ~ d e . ~  The averages are taken over 
periocls of 414 days and each point of the 
continuous line shows one such average. 
The dots are the results obtained by New- 
comb from occultations; the averages for 
the first century are taken over periods of 
several years, and in the last sixty years 
over every year. In  both cases the same 
theory ancl the same values of the constants 
have been used. Only one empirical term 
has been taken out-the long-period fluc-
tuation found by Newcomb having a period 
of 270 years and a coefficient of 13". I 
shall show the deviations with this term 
included, in a moment. 

The first point to which attention should 
be drawn is the agreement of the results 
deduced from the Greenwich meridian ob- 
servations and those deduced from occulta- 
tions gathered from observatories d l  over 
the worlcl. There can be no doubt that the 
Anctuations are real and not due to errors 

2 Monthly Notices R.A.S., Vol. 73, plate 22. 
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of observation. A considerable difference 
appears abont 1820, for wfiirh I llave not 
been able to account, but  I have reasons for  
thinking that the difference is mainly due to 
errors in  the occultations rather than in  the 
meridian values. I n  the last s i d y  years the 
djfl'erences become comparatively small, 
and the character of the deviation of the 
moon Srom its theoretical orbit is well 
marked. This deviation is obviotxlp of a 
periodic character, but  attempts to analyze 
it into orre or two periodic terms have not 
met wit11 success: the ncm'oer of terms re- 
quired for the purpose is too great to allow 
one to feel that they have a real existence, 
and that  they woilld combine to represent 
tbe motion in the future. The straight line 
character of the deviations is a rather 
inarliecl peculiarity of the curves. 

Tlle actual deviations on a smaller scale 
are shown in  the next slide; the great em- 
pirical term has here been restore(% and is 
shown by a broken line. 'l'h,~ coutinnons 
line represents the Greenwich meridian ob- 
servations ; the dots are  Newcomb's re.;nlts 
for  the occultations before 11730. the date 
a t  whjcli the meridian observations begin. 
With a very slight al~lount of smoothing, 
especially since 1850, this diagram may be 
considered to show the actual deviations of 
the moon from jts theoretical 01-bit. 

The next slide sho~vs the avertlgc values of 
the eccentricity and of the pobitioli of t l l ~  

The deviations are those from the 
values which I have obtained. f t  is obvious 
a t  once that tllere is little or nothing syste- 
matic about them; they may be pu t  clown 
almost entireIy to errors oP observation. 
The diminislling liingnitude of the devia- 
tions as time goes on is good evidence for  
this; the aiacumcy of the observations has 
steadily increared. The coeriicient of the 

3 Tables IT., ZIT. of a paper orr "The Perigee 
and Eccentricity of tho Moon," ilfo?zt711yNotices 
E.A.S., Narch, 1914. 

t;em on which the eccentricity depends is 
found with a probable error of 0".02, and 
the portion frorn 1750 to 1850 gives a value 
for i t  ~ ~ h i c h  agrees with that deduced from 
tlle portion 1850 to 1901 within 0".01. 
The ecc~ntricity is the constant which is 
now known with the highest degree of accu- 
racy of any 01those in the moon's motion. 
F o r  the perigee there was a difference from 
the theoretical motion which would have 
caused the horizontal average in the curve 
to he tiltecl up one encl over 2" above that  
a t  the other end. I have taken this out, 
ascribing it lo a m o n g  value for  the earth's 
ellipticity ; the point will be again referred 
to later. 'Phe actual value ohtained from 
the observations themselvcs has been nsed 
in the diagram, so that the deviations shown 
are deviations frorn tile ohserved valire. 

The next slide shon-s the cleviations of 
the mean inclination and llie motion of the 
nocle, as well as of the rnran latitude from 
the valites dcdnced from the oh~ervatiorrs.~ 
TI^ these casp;: the obsen-atious only run  
from 1847 to  1901. It did not secm worth 
while to extend them back to 1750 for  i t  is 
evident that 12le errors are mainly acci-
dental, and the mean results agreed so 
closely tvitlr those obtained by Newcomb 
from occultatiolls that  little wonlcl have becn 
gained by the use of the much less accurate 
observations n~aclr befovc 18-47,The theo- 
retical motion of the x-rode differs from its 
observ~d vltl~le by a quantity which ~vould 
havc tilted up one cncil of the zero line about 
0".5 above the other; the kypotl~esis 
aclopted in  the case of the perigee will ac-
count for the difference. 

T l ~ cmean latihrcle curve Lq interesting. 
I t  should represent the mean deviations of 
the moon's center from the ecliptic; but 
.I((Thehlenn Lat~tudes of the Sun and ~ f o ~ n , ~ ~  

Wonthl:y Kotices X.A.S., January, 1914; "The De-
ternliuniion of the Constants of the Node, the In-
clLnatiorr1 tho Earth's Ellipticity, and the Obliquity 
of the 13cliptic," tb., June, 1014. 
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i t  actually represents the deviations from a 
plane 0".5 below the ecliptic. A similar 
deviation was found by Newcomb. Certain 
periodic lerms have also been taken out,. 
The explanation of these terms will be re- 
ferred to directly. 

The net result of this worlr is a deter-
mination of the constants of eccentricity, 
inclination, and of the positions 01the peri- 
gee and node with practical cel-taiilty. The 
motions of the perigee and node here agree 
with their theoretical vahies when the new 
valixe of the earth's ellipticity is used. The 
only outstanding parts requiring explana- 
tion are the deviations in the mean longi- 
tude. If inquiry is made as to the degree 
of accuracy which the usual statement of 
the gravitation law involves, i t  may be 
said that the index which the inverse square 
law contains does not differ from 2 by a 
fraction greater than 1/400,000,000. Thk 
is deduced from the agreement between the 
observed and theoretical motions of the 
perigee when we attribute the mean of the 
differences found for this motion and for 
that of the node to a defective value of the 
ellipticity of the earth. 

I have mentioned the mean deviation of 
the latitude of the moon from the ecliptic. 
There are also periodic terms with the mean 
longitude :is argument occurring both in the 
latitude and the longitude. My explana- 
tion of t h e  was anticipated by Professor 
Bakhuysen by a few weelis. The term in 
longitude had been found from two series 
of Greenwich observations, one of 28 and 
the other of 21 years, by van SteenwijB, 
and Professor Bakhuysen, putting this with 
the deviations of the mean latitude found 
by PIansen and himself, attributed ihem to 
systematic irregularities of the moon's 
limbs. 

What I have done is to find (1) the devi- 
ation of the mean latitude for 64 ycars, (2) 
a periodic term in latitude from observa- 

tions covering 55 years, and (3)  a periodic 
term in longitude from observations cover- 
ing 150 years, the period being that of the 
mean longitude. Further, if to these be 
added Newcomb's deviations of the mean 
latitude derived ( a )  from immersions aiid 
( b )  from emersions, we have a series of five 
separate determiiiatioas-separate because 
the occaltatioils are derived from parts of 
the limb not wholly the same as those nsed 
in meridian observations. Now all these 
give a consistent shape to the moon's limb 
referred to its center of mass. This shape 
agrees qualitatively with that which may 
be deduced from Franz's figure. 

I throw on the screen two diagrammatic 
representations5 of these irYeg1zlarities ob- 
tained by Dr. F. IIayn from a long series 
of actual measures of the heights and 
depths of the lunar formations. The next 
slide shows the systematic character more 
clearly. It is from a paper by Franz? I t  
does not show the character of the heights 
and depths a t  the limb, but we may jndge 
of these from the general character of the 
high and low areas of the portions which 
have been measured and which extencl near 
to the limbs. I think there can be little 
doubt that this explanation of these small 
terms is correct, and if so i t  supplies a satis-
factory cause for a number of puzzling in- 
eclualities. 

The most interesting feature of this re- 
salt is the general shape of the moon's limb 
relaiive to the center of niass and its rela- 
tion to the principle of isostasy. Here we 
see with some definiteness that tllc cclgc of 
the southern limb in gencral is further from 
the moon's center of mass than the nor1,hern. 
TIence we must conclude that the density 
a t  least of the crust of the former is lcss 
than that of the latter, in accordance with 

6 Ahh. der Math.-Phys. El. der E o n .  Sachs. Ges. 
der Wiss., Vols. XXIX., XXX. 

6 Eonigsberger Astr. Beob., Abth. 38. 
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the pririciplc mentioned. The analogy to 
the f i g u r ~  of the earth with its marked land 
and sea hemispheres is perhaps worth 
pointing out, but t i h ~  higher grounci in the 
moon is  rnainly on the sonth of its equator, 
while that on t h ~  earth is north. Unfor-
tnnatcly we lrnow riothiug about t11~ other 
facp of the moon. Nevertheless i t  seems 
worth while to direct the attention of geol- 
ogists to facts which may ultimately have 
sonic cosmogonic applications. The astron- 
omical dificulties are immediate : different 
corrclctions for meridian observations in 
latitude, in lonqitndr, on Miistilig A, for  
occultations and for the photographic 
nrcthotl, will be required. 

I next turn to a qucstiou, the chief intcr- 
est ol' whicli is geodetic rather than astroii- 
omical. I have nientioned that  a certain 
value of the earth's ellipticity will make the 
obsc~rved motions of the perigee and node 
agree with their theoretical values. This 
value its 1/293.7 -t .3. Now TTelmert's 
value obtained from gravity determinations 
is  1/298.3. The conference of "'Nautical 
Almanac" Directors in 1911 adoptcd 1/37'. 
There is thus a considerable discrepancy. 
Other evidence, however, car) be brought 
for~vard. Nut long ago a series of simul- 
taneous observations a t  the Cape and Green- 
wich Observatories was made i n  order to 
obtain a new valne of tho moon's parallax. 
After five years' worli a hundred simulta- 
neous pairs were obtained, the disc~~ssion of 
tvhich give evidence of their excellence. 
Mr. Cromnlelin, of the Greenwich Observ- 
atory, who undertooli this discussion, deter- 
mined the ellipticity of the earth by a 
comparison betiveen the theoretical and ob- 
served values of the parallax. I Ie  found 
an  ellipticity 1/294.4 t1.5 closcly agree- 
ing  with that  which I have obtained. 
li'inslly, Col. Clarke's value obtained from 
geodetic measures was 1/293.5. We have 
thus three quite different deterniinations 

ranging round 1/294 to set against a fourth 
determination of 1/298. 7'he term in the 
latitude of the rnoon which has often been 
used fo r  this purpose is of little value on 
acconnt of the coefficient heincr: also d e p ~ n d -  
ent on the value of the obliquity of the 
ecliptic; sirch cvid~nce as i t  presents is  
rather in favor of the larger vnliie. I omit 
ITjll's value, obtained from gravity deter- 
minations, because i t  is obviously too large. 

EIcre, t h ~ n ,  i~ a definite iwlxe. To satisfy 
the oh~ervatioas of the moon in  a t  least 
three different parts, a value near 1/294 
must be used; while the vahxe most care-
fully foancl Proln gravi ty  determinations 
is 1/398. As f a r  as astronomy is concerned, 
Ille moon is the only body for which a cor-
rect valne of this constant i.s important, and 
it wolnltl seem inadvisable to use a value 
which will oxlxsr a dis;~grcemeut bctwcen 
theory and observation in a t  least three 
clifferent ways. T t  is a qi~estion whether 
the confercllce value sl-iould not be changed 
with lhe advent of the new lunar  tables. 

I n  looltiuq forrsard to future detcimina- 
tions of t h i ~  constant, it secrns to be quite 
possible that direct. obs~rvations of the 
moon's parallax are likely to fnrnisli a t  
least as accurate a value of the earth's 
shape as any other method. This c:in he 
clone, I believe, much better by the TTar- 
vard pho1,ographic itlethod illan by merid- 
ian observations. 'L1mo identical instru-
ments are advisable for the best r ~ s u l t s ,  01763 

p1;zced in tlhe iiorthcrn and the other in the 
southern hemispllere from 60" to 90" apar t  
in latitude and as ricarly as possihle on the 
same meridian. On nights 1~11jcli are fine 
a t  both stations, from fifteen to twenty 
paim of plates could be olitainctl. In a few 
months it is probable that somc 400 pairs 
might he obtained. These should frrrnish 
a value for the parallax with a probable 
error of a1)0~1t 0".02 and a value for  the 
ellipticity within half iz unit of the denom- 
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inator 294. I t  would be still more inter- 
esting if the two instruments could be set 
up on meridians in different parts of the 
earth. The Cape and a northern observa- 
toly, Upsala for example, would furnish 
one arc; IIarvard and Arequipa or Santi- 
ago another. If it were possible to connect 
by triangulation Australia with the Asiatic 
continent, a third could be obtained near 
the meridian of Brisbane. Or, accepting 
the observed parallax and the earth's ellip- 
ticity, we could find by observation the 
lengths of long arcs on the earth's surface 
with high accuracy. 

I n  any case, I believe that the time must 
shortly come when the photographic method 
of finding the moon's place should be taken 
up  more extensively, whether it be wed for 
tlie determination of the moon's parallax 
and the earth's ellipticity or not. The 
Greenwich meridian observations have 
been and continue to be a wonderful stlore- 
house for long series of observations of the 
positions of the sun, moon, planets and 
stars. In  the United States, I-Iarvard Ob- 
servatory has adopted the plan of securing 
continuous photographic records of the sky 
with particular reference to photometric 
work. TJnder Professor Pickcring it will 
also continue the photographic record of 
the moon's position as long as arrange-
ments can be made to measure the plates 
and compute the moon's position from them. 

In  spite of the fact that I-Iarvard Ob- 
servatory has undertaken to continue for 
the present the work of photographing the 
moon's position, I believe that this method 
should find a permanent home in a national 
observatory. I t  has already shown itself 
capable of proclueing the accuracy which 
the best modern observations of Greenwich 
can furnish, and no higher praise need be 
given. If this home could be found in the 
southern hemisphere, and more particularly 
in Australia, other advantages would 
accrue. 

But we should look for more than this. 
I n  an observatory whose first duty might 
be the securing of the best daily records of 
the sky, the positions of the sun, stars, 
planets, a couple of plates of the moon on 
every night when she is visible would be a 
small matter. What is needed is an organ- 
ization so constructed as to be out, of the 
reach of changing goven~mental policy with 
a permanent appropriation and a staff of 
the highest character removed from all 
political influences. I t  could render im- 
mense service to astronomers, not only in 
the Empire but all over the tvorltl. The 
pride which every Englishman feels who 
has to work with the records of the past 
furnished by Greenwich mrould in course& of 
time arise from the ~vorlc of a similar estab- 
lishment elsewhere. Those of us who live 
in a community which, reckoning by the 
age of nations, is new, know that, in order 
to achieve objects which are not material, 
sacrifices must be made; but we also know 
that such sacrifices are beneficial, not only 
in themselves, hut as exerting an indirect 
influence in promoting tlie cause of higher 
education and of scientific progress in every 
direction. In  saying bhis I am not advo- 
cating the cause of the few, but of the 
majority ; the least practical investigations 
of yesterday are continually becoming of 
the greatest practical value to-clay. 

No address before this section is complete 
without some speculation and a glance to- 
wards the future. I shall indulge in both 
to some small extent before closing. I have 
shown you what the ouktanding residuals 
in the moon's motion are: they consist 
mainly of long-period fluctuations in the 
mean longitude. I have not mentioned the 
secular changes because the evidence for 
them does not rest on modern observations 
but on ancient eclipses, and these are 
matters too debatable to discuss in the 
limited time allotted to me for this address. 
I t  may be said, however, that the only 
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secular motion which is capable of being 
determined from the modern observations 
and is not affected by the discussion of 
ancient eclipses-namely, the secular mo- 
tion 01the perigee-agrees with ik theo-
retical value well within the probable error. 
\Tit11 this remark I pass to the empirical 
terms. 

Thcse unexplained differences between 
theory and observation may be separated 
into two park.  First, Newcomb's term of 
period between 250 and 300 years and co- 
efficient 13", and, second, the flactuation? 
which appear to have an approximate 
period of GO to 70 years. The former ap- 
pears to be more important than the latter, 
but from the investigator's point of view 
i t  is lcss so. The force depcncls on the 
degree of inclination oC the curve to the 
zero line or on the curvature, according to 
the hypotliesis made. In either case the 
shorter period term is nluch more striking, 
and, as I have pointed out on several occa- 
sions, i t  is much more lilcely to lead to the 
sources of these terms than the longer 
period. I t  is also, at  least for the last sixty 
years, much better determined from obser- 
vation, ancl is not likely to be confoundecl 
with unlcnown secular changes. 

Various hypotheses have been advanced 
within the last few years to account for 
these terms. Some of them postulate 
matter not directly observed or matter with 
unlmown constants; others, deviations of 
the Newtonian law from its exact cxpres- 
sion; still others, non-gravitational forces. 
14. St. B1aneat7 examines a variety of cases 
of intramercurial planets and arrives at the 
conclusion that such matter, if it exists, 
must, have a mass comparable with that of 
Mercury. Some time ago I examined the 
same hypothesis and arrived a t  similar re- 
sults. The smallest planet with density 

7 Annales de la. Bacultd des Sciences de Toulouse, 
3 007. 

four times that of water, which would pro- 
duce the long inequality, must have a disc 
of nearly 2" in its transit across the sun 
and R still larger planet nrould be neces- 
sary to produce the shorter period terms. 
Rut ollserva tional attempts, particularly 
those macle by Perrine and Campbell, have 
always failed to detect any such planet, and 
Professor Campbell is of the opin io~~ that a 
body with so large a disc could hardly have 
been overlooked. If we fall back on a 
swarm instead of a single body, we replace 
one dificulty by two. Tlie light from such 
a swarm would be greater than that from a 
single body, and would therefore n~alte 
detection more lilrely. If the swarm were 
more diffnscd we encounter tlie difficulty 
that i t  would not be held together by its 
own attraction, and would therefore soon 
scatter into a ring; such a ring can not give 
periotlic changes of the lcincl required. 

The shading of gravitation by inter-
posing matter, e. g., at  the time of eclipses, 
hau been examined by B~t t l i nge r .~  For 
one reason alone, I believe this is YeTy 
doubtful. I t  is difficult to see how new 
periodicities can be produced; the periods 
should Ire cornhinations of those already 
present in the moon's motion. The sixty to 
seveuty ycars' fluctuation stands out in this 
respect because its period is not anywhere 
near any period presentin the moon's mo- 
tion or any probable combination of the 
moon's periods. Tndeecl Dr. Bottlinger's 
curve s l~o~vs  this: there is no trace of the 
fluctuatjon. 

Some four ycars ago I examined" num-
ber oC hypotheses. The motions of the 
magnetic field of the earth and of postn- 
lated fields on the moon had to be rejected, 
mainly because they caused impossible in- 
creases iu tho mean motion of the perigee. 
An equatorial ellipticity of the snn7s mass, 

8 Diss., li'rcibttrg i. Xr., 1912. 

Anaer. Jour. Sc., Vol. 29. 
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combined with a rotation period very nearly 
one month in length, appeared to be the 
best of these hypotheses. The obvious ob- 
jections to it are, first, that such an ellip- 
ticity, small as i t  can be (about 1/20,000), 
is difficult to understand on physical 
grounds, and, second, that the rotation 
period of the nucleus which might be sup- 
posed to possess this elliptic shape in the 
suq7s equator is a quantity which is so 
doubtful that it furnishes no help from ob- 
servation, although the observed periods 
are well within the required limits. Dr. 
Hale's discovery of the magnetic field of 
the sun is of interest in  this connection. 
Such a field, of non-uniform strength, and 
rotating with the sun, is mathematically 
exactly equivalent to an equatorial ellip- 
ticity of the sun's mass, so that the hypoth- 
esis might stand from the mathematical 
point of view, the expression of the symbols 
in words being alone different. 

The last-published hypothesis is that of 
Professor Turner,lo who assumes that the 
Leonids have finite mass and that a big 
swarm of them periodically disturbs the 
moon as the orbits of the earth and the 
swarm intersect. I had examined this my- 
self last summer, but rejected i t  because, 
although it explained the straight line ap- 
pearance of the curve of fluctuations, one 
of the most important of the changes of 
direction in  +his curve was not accounted 
for. We have the f u ~ t h e r  difficulty that 
continual encounters with the earth will 
spread the swarm along its orbit, so that 
the swarm with this idea should be a late 
arrival and its periodic effect on the moon's 
motion of diminishing amplitude; with re- 
spect to the latter, the observed amplitude 
seems rather to have increased. 

The main objection to all these ideas con- 
sists in the fact that they stand done: 
there is as yet little or no collateral evi- 

10Hmthly Notices, December, 1913. 

dence from other sources. The difficulty, 
in fact, is not that of finding a hypothesis 
to fit the facts, but of selecting one out of 
many. The last hypothesis which I shall 
mention is one which is less definite than 
the others, but which does appear to have 
some other evidence in its favor. 

The magnetic forces, mentioned above, 
were changes in the directions of assumed 
magnetic fields. If we assume changes in 
the intensities of the fields themselves, we 
avoid the difficulties of altering portions of 
the moon's motion other than that of the 
mean motion. We know that the earth's 
magnetic field varies and that the sun has 
such a field, and there is no inherent im- 
probability in attributing similar fields to 
the moon and the planets. If we assume 
that variations in the strength of these 
fields arise in the sun and are communi- 
cated to the other bodies of the solar sys- 
tcm, we should expect fluctuations having 
the same period and of the same or oppo- 
site phase but differing in magnitude. I t  
therefore becomes of interest to search for 
fluctuations in the motions of the planets 
similar to that found in the moon's orbit. 
The material in available form for this pur- 
pose is rather scanty; i t  needs to be a long 
series of observations reduced on a uniform 
plan. The best I know is in Newcomb's 
"Astronomical Constants." He gives there 
the material for the earth arranged jn 
groups of a few years at  a time. The re- 
sults for Mercury, given for another pur- 
pose, can also be extracted from the same 
place. For Venus and Mars, Newcomb un- 
fortunately only printed the normal equa- 
tlons from which he deduces the constants 
of the orbit. 

On the screen is shown a slide which ex- 
hibits the results for the earth and Mer- 
cury compared with those for the moon. 
Jn the uppermost curve are reproduced the 
minor fluctuations of the moon shown 
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earlier; the second curve contains those of 
the earth's longitude; the third, those of 
hIercury7s longitude. [By accident the 
mean motion correction has been left in the 
earth curve; the zero line is therefore in- 
clined instead of being horizontal.] It 
will be noticed th:~t the scales are different 
and that the earth cui-ve is reversed. I n  

spite of the fact that the probable errors of 
the results in the second and third curves 
arc not much less than thcir divergencies 
from a straight line, I thinli that the cor- 
relation cxllibited is of some significance. 
If i t  is, we have here a force whose period, 
if geriocl in the strict sense it has, is the 
same as that of the effect: the latter is not 
then a resonance from combination with 
another period. We must therefore look 
for some kind of a surge spreading through 
the solar system and affecting planets and 

satellites the same way but to different de- 
grees. 

The lowest curve is an old friend, that of 
Wolf's sunspot frcqueney. put there, not 
for that reason, but because the 1inow11 con- 
nection for the last sixty years between 
sunspot frequency and prevalence of mag-. 
netie disturbance enahlcs 11s with fair prob- 

ability to extend the latter back to 1750. 
With some change of phase the periods of 
h ~ g h  and low maxima correspol-td nearly 
with the fll-tctuatio~ls above. The eleven- 
year oscillation is naturally eliminated 
from the groap results for the earth a ~ i d  
llercury. One might expect i t  to be prrs- 
ent in the lunar culvc, I ~ u t  owing to its 
shorter period we should probably not ob-
tain a coefficient of over half a second. 
Sotwithstanding this fact, i t  is a valid ob-
jection to the hypothesis that there is no evi- 
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dence of i t  in the moon's motion. Reasons 
may exist for this : but until the meellanism 
of the action can be made more definite i t  is 
hardly worth while to belabor the point. 

The llypothesis presents many difficulties. 
Even if one is disposed to admit provision- 
ally a correlation between the four curves 
-and this is open to considerable doubt- 
it, is difficult to understand how, under the 
electron theory of magnetic storms, the mo- 
tions of rnoon and planets can be sensibly 
affected. I am perhaps catelling at  straws 
in attempting to relate two such different 
phenomena with one another, but when we 
are in the presence of anomalies which 
show points of resemblance and which laeli 
the property of analysis into strict periodic 
sequences some latitude may be permissible. 

I n  conclusion, what, i t  may well be asked, 
is the future of the lunar theory now that 
the gravit~~tionaleffects appear to have 
been consiciered in such detail that further 
numerical work in the theory is not lili-ely 
to advancc our knowledge very materially? 
What goocl purpose is to he served by con- 
tinuous observation of the moon and com- 
parison with the theory Z I believe that the 
answer lies mainly in the investigation of 
the fluctuations alrezciy mentioned. I have 
not referred to other periodic terms ~vhich 
have been f o m d  because the observational 
evidence for their real existence rests on 
founclations much less secure. 'I'hese need 
to be examined more carefully, and this ex- 
amination mnst, I think, depend mainly on 
future observations rather than on the rec- 
ords of the past. Only by the greatest care 
in making the observations and in elimi- 
nating systematic and other errors from 
thern can these matters be fully eluci-
ciated. If this can be achieved and if the 
new theory and tables serve, as they should, 
to eliminate all the known effects of gravita- 
tion, we shall be in a position to investigate 
with some confidence the other forces which 

seem to be a t  work in the solar systcm and 

at which we can now only guess. Assist-

ance should be afforded by observations of 

the sun and planets, but the moon is near- 

est to us and is, chiefly on that account, the 

best instrument for their detection. Doubt-

less other investigations will arise in the fu- 

ture. But the solution of the lrilown prob- 

16ms is still to be sought, and the laying of 

the coping stone on the edifice reared 

through the last two cellturies can not be a 

simple matter. Even our abler successors 

will hardly exclaim, with Hotspur, 

By Iieaven, methinks, it were an easy leap 

To pluck bright honor from the pale-faced moon. 


They, like us and our predecessors, must go 

through long and careful investigations lo 

find out the neF trnths before they liave 

solved our difficulties, and in their turn 

they will discover new problems to solve 

for those who follow them: 


"For the fortune of us, that are the noon's Inen, 
doth ebb and flov7like the  sea, being governed, as 
the sea is, by the moon. " 

E. W. BROWN 

BOTANY IN  TDE AGRICULTUBAL COLLEGE 

FIVEyears ago, there was, I believe, no col- 
lege in the United States which required that 
plant physiology be studied by any student of 
agriculture. There were a very few eol-
leges in which it was possible for students 
of agriculture to take as much as one year's 
work in this subject, but the number of such 
places was exceedingly limited and remains 
so. The college of agriculture of the Uuiver- 
sity of the Philippines was foundcd at  that 
time; and having a free hand in planning its 
course of study, I provided that every student 
not only could but must take one full year of 
plant pliysiology, and that students taking the 
course regularly must have this year of physi- 
ology before being admitted to the study of 
agriculture itself. 

There were several reasons for taking this 
ratlier radical step. Decidedly the strongest; 


