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VIL—On the Adelphic Integral of the Differential Equations
of Dynamics. By Professor E. T. Whittaker, F.R.S.

(MS. received September 21, 1916. Read November 20, 1916.)

§ L. Ordinary und singular periodic solutions of « dynamical system.—
The present paper is concerned with the motion of dynamical systems
which possess an integral of energy. To fix ideas, we shall suppose that
the system has two degrees of freedom, so that the equations of wmotion
in generalised co-ordinates may be written in Hamilton’s form

dg, #H dy, @H dp,  eH dp, @H
7{}‘_5]%’ dt " p,’ dt _6?1’ dt Zq,

(1)

where (g,, ¢,) are the generalised co-ordinates, (p,, p,) are the generalised
momenta, and where H is a function of (q,, g,, p,, ;) which represents the
sum of the kinetic and potential energies.

The successive states of the system may be illustrated by the motion
of a point whose co-ordinates referred to the axes are (¢, g,): the curve
described by such a point is called a frajectory. Particular interest
attaches to those trajectories which are closed curves: these are known as
periodic solutions.

I wish to draw attention in the first place to a distinetion which should
be made in regard to these periodic solutions; the matter may perhaps be
elucidated most readily by considering a particular problem, namely, that of
the motion of a particle on the surface of an ellipsoid under no external
forces. 'The particle describes a geodesic on the surface, so the periodic
solutions are simply those geodesics which are closed curves. Now for a
geodesic on an ellipsoid we have Joachimstal’s equation

pd = constant,

where p denotes the perpendicular from the centre of the ellipsoid on the
tangent-plane at the point, and d is the diameter parallel to the tangent
to the geodesic at the point. The same equation holds for the lines of
curvature on the ellipsoid; so that every geodesic may be associated with
a line of curvature, namely, that line of curvature for which pd has the
same value as it has for the geodesic. We shall speak of the geodesic as
“belonging to” the line of curvature. There is only one line of curvature
having a prescribed value for pd, but there is an infinite number of geodesics
having this value for pd, so that an infinite number of geodesics “ belong
to” each line of curvature. Now the line of curvature consists of two
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closed curves on the ellipsoid (being in fact the intersection of the ellipsoid
with a confocal quadric): the region between these two portions of the
line of curvature is a belt extending round the ellipsoid: and all the
geodesics which belong to this line of curvature are comprised within this
belt,* and touch the two portions of the line of curvature alternately. The
matter is represented schematically in the diagram, where ABCDEF and
PQRSTU are the two portions of the line of curvature, and AJRKELPMCT
is an arc of one of the geodesics belonging to it, touching one of the

Q

portions of the line of curvature at A, C, E, and touching the other
portion at R, P, T.

In order that the geodesic may be closed, it is necessary (as in all poristic
problems) that a certain parameter (depending in this case on the value of
the constant pd of the line of curvature) should be a rational number: the
geodesic is unclosed if this parameter is an irrational number. If it is
closed, then there are oo! other geodesics which belong to the same line of
curvature and which are also closed ; but if it is not closed, then no other
geodesic belonging to this particular line of curvature can be a closed
geodesic.t

* Ignoring the exceptional case of those geodesics which pass through an umbilicus.

+ This is obvious in the case when the ellipsoid is of revolution: for then the two

portions of the line of curvature are parallel circles on the surface, and the oo! geodesics

which belong to this line of curvature are obtained from each other by mere rotation about
the axis of symmetry.
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Now consider the connection between the oo! members of the family
of geodesics which belong to the same line of curvature. It is known *
that if
b (915 925 Py Ps) = Constant

is an integral of a dynamical system, then the infinitesimal contact-trans-
formation which is defined by the equations

=€% 3q =€87¢a, Spl—--—ei(—é, 3p2=—€?is

8¢, =
ooy " ’ apy “n Cqs

(where ¢ is a small constant) transforms any trajectory into an adjacent
curve which is also a trajectory. If we apply this theorem to the motion on
the ellipsoid, we find without much difficulty + that the infinitesimal trans-
formation which corresponds to the integral

pd = Constant

transforms any geodesic into another geodesic which belongs to the same
line of curvature.

Summing up, we see that the %? geodesics on an ellipsoid may be classi-
fied imto oo famalies, each family consisting of oc! geodesics : the members of
any one family are either all closed or all unclosed : and a certain continu-
ous group of transformations, which is closely associated with the integral
pd = Constant, transforms any geodesic into all the geodesics which belong
to the same family.

Besides these geodesics which can be arranged in families, there are
on the ellipsoid three other closed geodesics, namely, the three principal
sections of the ellipsoid. These have quite a different character: they
are solitary, instead of belonging to families: and the infinitesimal
transformation which has just been mentioned tranforms them not
into other geodesics but into themselves—that is, they are invariant
under the transformation. This last property suggests a resemblance
with the theory of “singular solutions” of ordinary differential
equations of the first order: for if a differeytial equation of the first
order admits a particular infinitesimal transformation, then this
infinitesimal transformation changes the ordinary integral-curves into
each other, but it leaves invariant the singular integral-curve. On
account of this resemblance I propose to call a periodic solution
(of a dynamical system with two degrees of freedom) ordinary if

* (f., e.g., my Analytical Dynamics, § 144.

t As this problem of motion on an ellipsoid is only a special case of the general theory
which is given later, I do not give the analysis relating to it in detail.

VOL. XXXVII. 7
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it belongs to a continuous family of oo! periodic solutions for which the
constant of energy has the same value, and which are transformed into
each other by the infinitesimal transformation belonging to a certain
integral (this is specified more closely later on); but a periodic solution is
to be called singular if there is no periodic solution adjacent to it which
corresponds to the same value of the constant of energy: the above-
mentioned infinitesimal transformation leaves the singular periodic solutions
invariant.

It should be noticed that we have inserted the condition for
which the constant of energy has the same value.” If we suppose the
constant of energy to vary, an “ordinary” periodic solution is in general
a member of a continuous family of oo? periodic solutions, whereas a
“gingular ” periodic solution is a member of a family of oc! periodic
solutions.*

There are marked differences between the properties of “ordinary ” and
those of “singular” periodic solutions. For instance, the “asymptotic
solutions ” of Poincaré + can exist only in connection with singular periodic
solutions, and not in connection with ordinary periodic solutions; an illus-
tration of this is again afforded by the theory of geodesics on quadries ;
for the only asymptotic solutions among the geodesics of quadrics are
those geodesics which wind round and round the hyperboloid of one
sheet, becoming ultimately asymptotic- to the principal elliptic section
of the hyperboloid: and this elliptic section is a singular periodie
solution.

We must now examine into the existence of families of “ordinary”
periodic solutions in the general dynamical system with two degrees of
freedom. For this purpose we recall that in the solution of such systems
by infinite trigonometric series,] the generalised co-ordinates (¢,, q,) are
ultimately expressed in the following way : each co-ordinate is a sum of

terms like
(”um cos (mﬁl + n/Bz)

where m and m are integers (positive, negative, or zero); the coefficients
@mn are functions of two of the constants of integration, o, and «, only ;
and the angles 8, and 3, are defined by equations

Bi=mit+e, By=pit+e,

* The case of geodesic problems is exceptional, as in them the value of the constant of

energy is immaterial.
T Nouvelles Méth. de la Méc. Cel., i (1892), iii (1899).
t Cf, eg., chap. xvi of my Analylical Dynamics.
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where y, and u, are functions of a, and «, only, and ¢, and ¢, are the two
remaining constants of integration.

Periodic solutions evidently arise when the constants @; and a, are
such that u, is commensurable with u,: the period of the solution is
then 2x/v, where v is the largest quantity of which u, and u, are integer
multiples.

Suppose then that a, and a, have such values. Then if the constant ¢, be
varied continuously, we obtain a family of periodic solutions, each having
the same period (since this does not depend on ¢,). The constant of energy
depends only on a, and a, and is therefore the same for each of these
periodic solutions. The family is therefore a family of “ ordinary ” periodic
solutions.

It might hastily be supposed that by varying e, as well as ¢, we should
get a family of oo? periodic solutions. But it is easily seen that the trans-
formation which is obtained by varying ¢, may be obtained by combining
the transformation which consists in varying ¢, with that which consists
in adding a small constant to {. Now this latter transformation merely
transforms every orbit into itself (each point being displaced in the direction
of the tangent to the orbit), and so may be disregarded. The ¢, and ¢,
transformations are therefore to be regarded as not distinet from each
other.*

Singular periodic solutions are found chiefly in domains where the
solution by purely trigonometric series is not possible.

§ 2. Definition of the adelphic integral.—Having now distinguished the
“ordinary ” and “singular” periodic solutions of a dynamical system, we
shall consider those infinitesimal transformations which change each
trajectory of the system into an adjacent trajectory, in such a way that
every ordinary periodic solution 1is changed into am adjacent periodic
solution of the same family, ie. having the same period and the same
constant of energy. In the notation we have just been using, this trans-
formation corresponds to a small change in ¢,. This transformation will
be called the adelphic transformation.t The adelphic transformation
changes any solution of the dynamical system, whether periodic or
not, into one of oo! other solutions which stand in a particularly close
relation to it, being in fact derived from it by a change of the constant
¢, only.

# The only case of exception is when all the orbits of the system are periodic.

+ From &berguds, brotherly, because these orbits stand in very close relation to each
other, and also because the integral corresponding to the transformation stands in a much
closer relation to the integral of energy than do the other integrals of the system.
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To the adelphic transformation there corresponds an integral of the
dynamical system : this integral we shall call the adelphic integral of the
system.

As there is only one really distinet adelphic transformation of a
given dynamical system with two degrees of freedom, so there is only
one really distinct adelphic integral: all other adelphic integrals may
be obtained from this by combining it in various ways with the integral
of energy.*

In practically all the known soluble problems of dynamics with two
degrees of freedom, the integral which enables us to effect the solution is
an adelphic integral. Thus, when the trajectories are the geodesics on an
ellipsoid, the adelphic integral is the equation pd=Constant. When the
problem is that of two centres of gravitation, the adelphic integral is Euler’s
integral of that problem. When the solubility of the problem is due to the
presence of an ignorable co-ordinate, say ¢, the corresponding integral
(namely p,=Constant) is adelphic.

In the present paper we shall find the adelphic integral for the general
dynamical system with two degrees of freedom, and make this the basis
from which to complete the integration of the system. It will appear that
by this procedure we are enabled to overcome the difficulty formulated in
Poincaré’s celebrated theorem, that “the series of Celestial Mechanics, if
they converge at all, cannot converge uniformly for all values of the time
on the one hand, and on the other hand for all values of the constants
comprised between certain limits.” This unsatisfactory feature of the
usual seriés springs from peculiarities which are deep-seated in the
nature of the problem, and which are difficult to discern by the
methods of solution employed in Celestial Mechanics. By fixing our
attention in the first place on a single integral of the dynamical
system, rather than attempting at once a complete sclution, we shall
find what these peculiarities are; for they manifest themselves very
clearly in connection with the adelphic integral, and (as we shall see)
may be so taken account of in its determination, that they no longer
remain to trouble us in the final stages of the complete integration
of the dynamical system.

§ 3. The form of the Hamiltonian function—We now proceed to
inquire how the adelphic integral of a dynamical system with two degrees
of freedom may be determined.

* The integral of energy corresponds to that infinitesimal transformation which changes
every orbit into itself, each point of an orbit being displaced in the direction of the tangent
to the orbit,
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The differential equations will be taken in the Hamiltonian form
dg, _0H dg, oH dp, _H dp, _oH (1)
dt op,’ dt op,’ dt < oq,’ dt o, =
where
H(q,, 92, 11, po) = Constant . . . . . (2)

is the integral of energy.

In general—at any rate in the problems of practical importance—it is
possible * to choose the generalised co-ordinates in such a way that H can
be expanded as an infinite series proceeding in powers of 4/q; and 4/q,, and
in trigonometric functions of multiples of p, and p,: that is to say, in terms
of the type

71¥™qaH" cos (ipy +7p,)

where m and # are integers (positive or zero) and ¢ and j are integers
(positive or negative or zero): moreover, if we call (m+mn) the “order”
of a term, the terms of lowest order are linear in ¢, and g, and free
from p, and p, so that they may be written (s,9,+5,9,), where s,
and s, are constants. In most cases we find also the condition that
m—|4| is zero or an even integer, and n—|j| is also zero or an even
integer.

The Hamiltonian function H may therefore be expanded in the

form
H=s891+ 50+ Hy+ Hi+ H;+ . . . : : -3

where H, denotes the terms of order r, so we may write

H,=9,%U, cos p; + U, cos 3p;) + ¢12,H{ U cos py + U, cos (2p; +p,) + Ugcos (2p; - p,)}
+ 011 q,{ Ugcosp; + Uscos (2p, + py) + Ugeos(2p; —p1) } + 0,H{Ugcosp, + Ujg cos 3p, },

and

H,=q¢ %X, + X, o8 2p, + X, cos 4p,)
+ 7,8, H{ X, cos (p; + py) + X 08 (py — p,) + Xgcos (3p, +p,) + X, cos (8p, — py)}
+719,{ X + X cos 2p; + X, cos 2p, + Xy, cos (2p; + 2p,) + X, cos (2p; — 2p,)}
+ 113, H{ X 5 €08 (py +py) + Xy 008 (py — o) + X5 008 (py + 8py) + Xy cos (py — 3p,) }
+ 2 X, + X g 008 2p, + X g cos 4p, },

the coeflicients U,, U, . . . Uy, X, X,, . . . X, being constants.

It will appear that it is necessary to distinguish three cases: in each
case an adelphic integral exists and will be determined, but the form of the
adelphic integral is different in each of the three cases.

* Of., e.g., Analytical Dynamaics, §§ 184-6.
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CasE L. The ratio s,/s, is an irrational number.

Casg II. The ratio s,/s, is a rational number, say equal to m/n (where
m and n are integers and the fraction m/n is in its lowest terms) and
terms in cos (np, —mp,) are absent from H,.

Cask IIL. The ratio /s, is a rational number, say equal to m/n, and
terms in cos (np, —mp,) are present in H,.

We shall now determine the adelphic integral in each of these cases
in turn.

§ 4. Determination of the adelphic integral in Case I.—Let us then
first suppose that the Hamiltonian function is expanded as in § 3, and
that the ratio s,/s, is an irrational number. We shall now show how
to set up formally a series which, if it converges, is an integral of the
system.

If ¢(qy, 9o, Py Pg)=Constant is an integral, we must have (from the
equations of motion)

ap oH opoH op 0H op oH _

ol (4)
29, op; 892 aPz Bpl 891 ap2 692

an equation which we may write (¢, H)=0.

Let us see if this equation can be satisfied formally by a series proceeding
in ascending powers of /g, and /g, and trigonometric functions of p, and p,
(like the series for H), whose terms of lowest order are (s,q; —8,g,) : so that
we may write

$=8101— 80y + b3+ by + by +
where ¢, denotes the terms which are of degree » in ,/q, and /g,.

Substituting in equation (4), and equating to zero the terms of lowest
order, we have

¢3 a¢3 3 aH3

+826P2 0P1 o Py
This evidently implies that to any term A cos (mp,+np,) in H, there
8, M — 8,1
M+ 8,1
may be written down at once. Having thus determined ¢, we equate to
zero the terms in equation (4) which are of order 4 in 4/¢; and 1/g,: this

gives the equation

corresponds a term A cos (mp,+np,) in ¢;: so the value of ¢,

Oy a¢4 oH,
13[’1 ap2 l a = 8p=— ap + (¢3’ 3)

As the quantities on the right-hand side are all known, we can solve
this equation for ¢, in the same way as the preceding equation was
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solved for ¢,: and thus combining our results we obtain for our integral-

series ¢
Constant = ¢=s,9, — .9, + ¢,(U; cos p, + U, cos 3p;)

. 28, — 8, 2s; +3,
+ qlq._):{ - U, cosp, + -281 m s;U4 cos (2p, +p,) + 2—31 N s;UE' cos (2p, Ap.z)}

N s — 28, . s, + 2s, p
+ ql-.'g2{U6 cos p, + 51 m 23;[).7 cos (2p, + py) + 81 — 2s;US cos (2p, —p])}
+ q2?{ —Ugcos p, — U,y cos 3]72}

LT 1 1
T [{2;51 13,0Vt g

Bt cos (2, +Po){ 25 63,3,
by | AL T A2 U.U.-. U,U,+U,U
1 5 +8, s +2 0T (28, - s2)(31 —2s,) °°8 37e

U, U, + Xz} cos 2p, + U,U0,+X }COb 4p1]

[
(2, + s,)(2s1 5

%_y,U,-U,U, U+ 6g’UU+ - }
T AL +2 + (=X
UOS,,(&:P2>{ 63,8 U U+ D U, - U,U,
+ 8 — 8y (25, + s, )(sl+2¢52) 4 .sIA
48, 08y X—“
o _SOU LU — U, U, - S U,U, - 2S1+32U2U4+(sl+89) 5

c0s (3p, +p,) [ 10s,s, U.U.+_ 5 UU.-3U.U
T e 4, (@5 ) 4 2s) 7 Bs 4, b8 TU28

2s,
%5, i: 32U1U4 + (38 - SQ>X6}

231? 5 UsUs =300

+

cos (3p, —p,,){ 10s;5, UU
2 +
T Ve TR TP P

_ 2y U, +(3sl+so)X}

2s, — Z
! 2 8s o
9 [ 4-U U, + — U U+ — 2
* e | ©0 201\ 25, +, — 5 O (51 + 200)(s; — 2y) ;
2 yyu _,ﬁ,_U.U +x, b
281 +s, 3Y¢ 281 — 3¥s 9
{)
§Up— — U U+ — U U + U 1Vs
+ cos 2p, { + 2s,U T og -2, 08 31“' ’
83 e
ot U Us -X }
(25, - .52)(231 +8,) 4 10
cos (2p, +2p,) { -2, jf;, U % U
+ 261 -432 V 2'51 + SOU U9 * sl U 1 + 232 .
2, 63 \
2 U U P U U _ 1 28, — 2s X
+sl+282 ! 7+ S1+ 84 5 ) "
| cos (2p;, — 2po){ 2 yu U U
cos (2 9 - + U U,
‘1 + 231 — 232 281 — 8, 59 281 10
: _ 282 _ 630 X ,1,4w 2 2s.)X \
8- 28‘,U1U3 s+ 2 U U7 2sy 52U3U5 * <-‘SI i 52) 121_
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1+ q.g,8 | o8 (» '*fpv){ _ 48 ¢ 631 T -5 g
249 54, UsUy P ‘L U9+ ‘ U,U, - T,U, " 232U3U‘
6s,s

+ U U “-—‘ 2 U, U, 9 X

281 + (2s1 —~ S7>(81 (2) sVt (51— 8) ”J
+o 2Py, - isl Urlia+ 254 U0, - U
17 % $1

S U BN S 65,5, _ 48 A
~ 9, U,Ug (50 25,)(25, +8) +82)U4U7 231 = 82U5Ue +(8+ '52))&141

9 7 9_‘5"

+Ci_s(£1__+3p?)f3 UU,- 2 U,U $i V.U
s, + 3s, 1 sl-l-ds2 5,+32s, °°7

10s,s,
———3——U Uy + (s, — 3s,
237)(231 +82) 4 8+< LE )}&lo)
+ 2B 5y e e
\ 5, — 3s,
108130 }
U, U s, + 38,) X
[_ (s1+ 2s, W28, —s,) ° 7t (34 38,) 8
{ 1 { s \.. ]
2l UsU; UgUg - X Wy +] 1 UU-X 4p,
+ [lsﬁ-‘s, sUr+ s,—2s, ° 8 lsf A (8, 2s,)(s;+2s,) * 8 1Y 08 %P,
+ terms of the 5th and higher orders in 4/, and 4/¢, . . . . . (B)

The terms of higher order in the series may be determined in the
same way as the terms in ¢, and ¢, and we thus obtain the complete
expansion of ¢.

We may note that instead of assuming (s,q, —s,q,) as the lowest term
of our integral, we might have assumed ¢, or q,, or any linear function
of ¢, and ¢q,; the integral then obtained would be merely a linear combina-
tion of our integral (5) with the integral of energy, whose lowest terms
are (8,1 +85q5)-

We may further note that in the above process, when finding ¢, we
may if we please add to ¢, any terms of the form aq,®+B8q,q, +vq,?, where
a, B, y are constants; for these terms are annulled by the operator

(31;‘ +szi>, and therefore ¢, satisfies its differential equation just as
Py 0Py

well when these terms are present as when they are absent. The intro-
duction of these terms into ¢, will cause changes in the terms of higher
order—in ¢,, ¢, ete.: and the sum total of all the changes will merely
amount to adding to our function ¢ a quadratic function of the two
integrals which we know, namely, the integral of energy and the integral
(5) itself.

Similarly we may add any terms of the form (aq,®+ 89,%q, +v9,9,>+¢¢,%)
to ¢4 the ultimate effect is merely to add to our integral a cubic function
of itself and the integral of energy. There is evidently nothing to be
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gained by doing this, and we may therefore omit these arbitrary terms
in®,, ¢o Ps - - -

§ 5. An example of the integral found in § 4, with remarks on ts
convergence—As an example, consider the dynamical system which is
specified by the Hamiltonian function

1 + 3.24g,% cos p,
3(1 + 2ig,? cos p, + 2¥q, cos? p,; + 2g, cos? py)?’

H = 2q, sin? p, + ¢, sinp, —

or expanding,
H = 24¢, + ¢, + 2%g,}( — cos p; — } cos 3p,)
+2-%gdg,{ — 2cos p; —cos (p; +2p,) —cos (p, — 2} + - ... . (6)
The corresponding integral, obtained by substituting in formula (5) is
Constant = ¢=23q, - g, + 2ig,#( — cos p; — 1 cos 3p,)
+2-Yg3ge{ ~ 2cos py + (1 — 4/2)%cos (p, +2p,) + (1 +4/2)2 cos (py — 2p)} + - . - -
, | ™
Now it may be verified readily by differentiation that this dynamical system
possesses the integral
Constant = (g.% sin p, + 23g,1g,} sin p, cos p, — 21¢,3¢,? sin p, cos p,)?
o 1+t cosp,
(1 + 23g,} cos p, + 23g, cos? p, + 2g, cos? p,)t’

which when expanded takes the form
Constant=¢, + 2-1(1 - \/Tz')qlifqz cos (p, + 2p,)
= 241+ 4/2)qtg; cos (p, — 2py) + - - . . . . . (8)

It is evident, on comparing the series, that the series (7) is what would
be obtained by subtracting twice the series (8) from the series (6), which
represents the integral of energy. This shows that for the particular
dynamical system we are considering, the ¢-series (5) is identical with the
expansion, formed by ordinary algebraic and trigonometric processes under
conditions which ensure convergence, of a known integral: and the
convergence of the series (5), for sufficiently small values of /g, and Jg,,
is thereby established for this particular system.

It is by considering particular dynamical systems such as this, in which
the convergence of the series can be proved, that I have formed the opinion
that the series (5) is in general convergent, for sufficiently small values of
q, and g, so long as the ratio s/s, is an irrational number. A general
proof of its convergence would probably be very difficult, and I have not
as yet succeeded in obtaining one. But the following considerations may
be adduced in support of the opinion of convergence.

Since the ratio s,/s, is an irrational number, none of the denominators
(8, +82)s (8,—85), (28;585) (28,—8,), (5,+28,), (38;+8,), . . . can vanish, and
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therefore no term of the series can be infinite. The series is a power-series
in g, and ,/g,, and it has been derived from another absolutely con-
vergent, power-series in ,/¢, and ,/¢,, namely, the series for H, by operations
which are of an ordinary algebraical and trigonometrical combinatory
character, except as regards the operation of introducing the divisors of
the type (ms,+ms,) (where m and n ave positive or negative integers) in
the integrations. We may therefore expect that the series will converge
for sufficiently small values of /g, and ./g,, unless the smallness of some
of these divisors causes the series to diverge for all values of /g, and ./q,,
however small. Now the values of the integers m and n may indeed be
so chosen that the divisor (ms, +ms,) may be as small as we please: but
|m|and || are then large, and since |m| and |n|are not greater than the
order of the term, this small divisor can occur only in a term of high order,
where it will be more or less neutralised by the high powers of /¢, and
Jq.: and it was in fact shown many years ago by Bruns * that this state
of things is consistent with the absolute convergence of a series. The
example given by Bruns was the series

where ¢; and g, are proper fractions and A is a positive irrational number,
whieh is an algebraic number, v.c. a root of an irreducible algebraic equation
Af+G AT G A2 L L, 4£G,=0
with integer coefficients G. If we multiply the numerator and denominator
of any term in Bruns’ series by
(m-~nA)(m-nA") ...

where A’, A”, . . . are the other roots of the algebraic equation, then the
denominator becomes a polynomial in m and n with integer coefficients:
and as it is never zero, it must be at least equal to unity: while in the
numerator we now have a polynomial in m and n of degree (s—1): whence
it follows at once that Bruns’ series converges.

The series (5) is much more complicated than Bruns' series: and
although the analogy so far as it goes is favourable to the convergence of
(5), yet our opinion must rest mainly on the undoubted convergence of (5)
in the case of particular systems where a test is possible.

§ 6. Use of the imtegral found in § 4 in order to complete the integra-

.tion of the system.—Still restricting ourselves to Case I, in which the
ratio s,/s, 18 an irrational number, we now know two integrals of the
dynamical system, namely, the integral of energy (which is obtained by

* Astr. Nach. 109 (1884), p. 215.
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equating the Hamiltonian function to a constant) and the integral expressed
by equation (5). But it is known * that if, in any conservative holonomic
dynamical system with two degrees of freedom, we know one integral in
addition to the integral of energy, the system can be completely integrated,
w.e. we can find expressions for the co-ordinates and momenta (q,, g Py P5)
in terms of the time and 4 arbitrary constants of integration. We shall
now perform this process, which incidentally will show that the integral (5)
is the adelphic integral of the system.

If we add the integral of energy to the integral (5), and divide
throughout by 2s,, we obtain

L=¢+ rllﬁ{lUl cos p, + ser cos 31’1}
1

+ 190t {2 U cos (2p, +po)+ U cos (2p, - zu)}

L, - I +
+q1dq, {E;L 5 COS p; + ;_-17;7%21 . 08 (2p, +p,) + iz 252U8 cos (2p, ~ pl)}

+ terms of the 4th and higher orders,

where [, denotes an arbitrary constant.
Similarly by subtracting the integral (5) from the integral of energy,
and dividing by s,, we obtain

_PQ)}V

"px)} .

+ qg’é‘{:\UQ cos p, + }Um cos 31021. + terms of the 4th and higher orders,
2 2

o1 1
L=g¢+ 9192""{;2{]3 €S Pet o s2U4 cos (2p,

“°1

' 2
+ 41”Q2{él—_|‘_—.2—82U7 cos (2p,+ ) —

J

where [, represents a second arbitrary constant.

It is an easy matter to obtain ¢, and ¢, from these equations in terms
of (1,, 1, py, p,) by successive approximation : in fact, the first approximation
gives q,=1,, §,=1,, and the second approximation gives

q=l— ll'lf{%Ul cos p, + LU2 cos 3p, }
“1

o Ucos(2p1+p2)+ 2 U5cos(2;)1—1)2)}
s

12\2

- lllzg{s_Us cos p,; + U7 cos (2p, +p,) +o U cos (2p; = Pl)}
1

1

+ terms of the 4th and higher order in /7, and \/l‘,,

* C’f Ly 6.0., Analytical Dynamics, § 121.
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s f1
Q=1 lll;{.‘- U, cos p, + U4 cos (2p, +p,) - —25—1; R T, cos (2p, —pg)}
178

_]71)}

1
28+
—1,{

9131 U cos (2p, + p,

- 12:}{ ?UQ cos p, + lUm cos 3p2}
2 2
+ terms of the 4th and higher order in 4/¢, and 4/,

We know from the general theory of Dynamics * that the expressions
thus found for ¢, and g, must be the partial differential coefficients with
respect to p; and p, of some function of (I;, [, p,, p,): and, in fact, we have

obviously
W W
1 apl b2 2 Epg 3
where

W =1,p, +,p, - zlg( SLUI sin p, + %UQ sin 3p1>
1 1

1, . 1 o 1 .
— lllgé{_U3 sin p, + 5 ] U4 sin (2p, +p,) + oo 32U5 sin (2p, —p2)}
-1 {*U sin py + %, U sin (2p, +py) + -pl)}
- lgff\_s;Ug sin p, + EEZUIO sin 3p2}
+ terms of the 4th and higher orders in /I, and /I, . . .9

The terms in which p, and p, occur otherwise than in the arguments
of trigonometric functions are
py(l; + terms of the 4th and higher order in /I, and /I,)
+P2(12+ 9 N T ) )
Denote the coeflicients of p, and p, in this expression by a, and a, re-
spectively : express [, and [, in terms of «, and a, by reversion of series,

and replace [, and [, throughout in the series (9) by these values in terms
of a; and a,; so that we now have

W=qa,p;, +aop,— alg(éUl sinp, + % U, sin 3p1>
1 1

- ayayt {1 Uysin p, +y ! U,sin (2p, +p.) + P 1_ 5 U, sin (2p, ~ pg)\

1 S. + s?
- “15"12{67[76 sin p, + )+ ;;1_ U sin ( p,)}
1 <53 =8y
- azsﬁ{lUg sin p, + LU10 sin 3p2}

+ terms of the 4th and hlcrher orders in Jal and . . (10)

* Cf., ey., Analytwal Iymamies, §121.
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and now p, and p, do not occur except in the arguments of trigonometric
functions and in the terms (a; p; + a; P,)-
Now the equations

oW oW
o ey,
define a contact-transformation from the variables (q,, q,, p;, p,) to the
variables (a;, a5, B, B;) : s0 in terms of these new variables the differential
equations take the form

dal oH da, oH dB,_ 0oH 4B,  ¢H

oW oW
da, T P,

0= , 131:

e P ol it S - 11
Uﬁl dt —8B,’ dt da,’  dt (a, (1)

But we know that ¢, =Constant and «,=Constant are two of the integrals
of the system, since [, and [, are constant: and therefore

oH oH

=0 s Ap T 0 ’

a181 aﬁ?
so when H is expressed in terms of (a;, a;, 3;, B:), it will be found to involve
a, and q, only : and then the second pair of equations (11) give

- _H(ay,a,),
B1= 2, + € 12
By= BH(;‘:’ %)t +e J
2

where ¢, and ¢, are arbitrary constants.
Thus we have the complete solution of the dynamical system expressed
by the equations

oW ow_ .

o, T
W BH(al, az)t @I= aH(al,a2)t+
da, da, da, da, €2

where W is given by equation (10), and the four arbitrary constants of
integration are (a,, a5, €, ¢;). On referring to the form of W, we see that
these equations enable us to express ¢, and g, as purely trigonometric
series, the arguments of the trigonometric functions being of the form

mfB, +nG,,

where m and n are integers (positive, negative, or zero) and where 3; and
B, are linear functions of the time, given by equations (12). We have
thus obtained expressions for the co-ordinates in terms of the time, by
means of series in which the time occurs only im the arguments of
trigonometric functions.

It is moreover evident that a change in ¢, in which the other constants
of integration (e;, a,, a,) are left unaltered, does not affect either of the
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constants !, and [, (since these depend only on «, and a,) and therefore does
not affect the constant of the integral (5) or the constant of energy: this
shows that all the orbits, which differ from each other only in having
different values of the constant ¢, have the same values for the constant of
the integral (5) and the constant of energy: and hence that the infinitesimal
transformation which corresponds to the integral (5) transforms these
orbits into each other: that is to say, the integral (5) is the adelphic
integral of the dynamical system.

§ 7. Determination of the adelphic integral in Case I1.—We now pro-
ceed to the discussion of “Case II,” in which the ratio s,/s, is a rational
number (say equal to m/n), but no termin cos (np, —mp,) is present among
the third-order terms in the Hamiltonian function H. Certain terms of
the series (5) now contain in their denominators the factor (ns,—ms,),
which vanishes since s,/s,=m/n: and therefore the series (5) as it stands
cannot converge in Case II, unless the terms which have zero denominators
have numerators which also vanish. We have here come upon the real
root of the principal difficulty of Celestial Mechanies: by removing it here,
s0 as to obtain a valid adelphic integral in Cases II and III, we shall be
enabled to remove it from the whole subject.

To fix ideas, we shall suppose that s,=2, s,=1, so that s/s, has the
rational value 2, and the denominator (s; —2s,), which oeccurs frequently
in the series (5), is zero.

In this case the equation for ¢, becomes

90y 30y _ooH, OH,

o, Opy 9Py 31;;,

and indeed the equation for any one of the functions ¢,, ¢, ¢.. . . . takes
the form
2% +ai”‘ = a known sum of terms of the type ¢, *q,*" sin (kpy +/p,).
Opy 9py i
Now in integrating the differential equations for ¢,, ¢, . . . in § 4, we

used only the « particular integral,” which corresponds term-by-term to the
known function on the right-hand side of the equation: so that, e.q., the
integral of the equation
a¢3 a¢3__ $q1
81—+ 82 =g, isInp
Gp, " p, AT 1
would be taken to be

b= -1 €os ;.
81

The reason for this was that the “ complementary function,” or arbitrary
part of the solution of the differential equation, is a function of (s,), —s,p,),
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and so does not contain terms of the type appropriate to ¢, But when
8;=2, s,=1, the arbitrary part of the solution of the differential equation
does contain terms of the type proper to ¢, and these must be taken
account of ; so that we must take the integral of the equation

o gy S
to be
b= — 3,7 cos p, + agylq; cos (p; — 2py),

where a is an arbitrary constant. In this way we obtain terms with
arbitrary coefficients in ¢, 6, ¢, . . .: and these arbitrary coefficients
must be chosen in such a way as to remove terms with vanishing denomi-
nators from the subsequently determined part of ¢. This principle enables us
to obtain, in Case II, an adelphic integral free from vanishing denominators.

§ 8. Study of a particular dynamical system, as om llustration of the
method of § T.—We shall now illustrate the working of this principle by
an example. Consider the dynamical system which is specified by the
Hamiltonian function

. . 1
H = 2¢, sin? p, + g, sin? p, +
1 LENE 7 2(1 + 2g,% cos p, + g, cos? p; + 2q, cos? p,)?

B 14 ¢, cos p,
(1 + 2g,% cos p, + ¢, cos® p; + 2q, cos? p,)?

(13)

If this be expanded in ascending powers of /g, and ,/q,, we obtain

H =2g, + ¢, +9,}( - 5 cos py — § cos 3p,) + ¢, (1§ + 5 cos 2p, + 3§ cos 4py)
+¢495{ — 3 — 3 cos 2p; - 3 cos 2p, — 5 cos (27)1 +2p,) — £ cos (2p; - 2p,)}
+ @2{ — % - 2 cos 2p, — {3 cos 4p,} + terms of the 5th and higher order
in 4/qq and v/go,
so that in this case s,=2, s,=1.
As explained at the end of § 4, we may assume that the lowest term
of the adelphic integral is simply ¢,. Then if we write
b=qat st +ds+ . ..
the equation to determine ¢, is
C¢’3 +C¢’3 0,
Py 9p,
soby §7,
b3 =0q,'q; cos (p, — 2p,),
where « is an arbitrary constant.
The equation for ¢, now hecomes

8¢'4 Oy _ — 4,9 {(6 + 9a >sm2pq (3 +9 >%m(2p1 + 2p,) - <3+ >sm(2pl - Op,)‘l
2o, o

+ ¢,2(3 sin 2p, + £ sin 4p,)
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of which the integral is

4= qlqg{ - (3 + 9{) cos 2p, — (% + %’) cos (2p; +2p,) + ( + %) cos (2p, - '2202)}
.

+ g,%( - § cos 2p, ~ {5 cos 4p,).

The equation to determine ¢, is now

90bs  Ops _ oHj
a.pl + ap2 - apz + (¢3 ’ H-l) + (¢4 3 HS)’

and we have to choose a so as to annul the terms in sin (p, —2p,) on the '
right-hand side of this equation. On calculating these terms, we find

<from Z—?—ﬁ %q41g, sin (p; - 2p,)
2
3 ..
(from (¢, Hy)) B %(1 + f)‘h”-‘gg sin (p, - 2p,)
(from (¢, H,)) ++§2ag,3g, sin (p, - 2p,).

The quantity a must therefore satisfy the equation

39 3a "
29 _ 42_5<1 " T) +123420,

which gives
a= -2.

Substituting this value of a in ¢, and ¢, our integral becomes

Constant =g, — 2¢,'q, cos (p, — 2p,)
+ ;9,13 cos 2p, + } cos (2p, + 2p,) — § cos (2p, - 2p,) } + ¢,%(— § cos 2p, — 55 cos 4p,)
+ terms of the Sth and higher orders in /g, and /g, . . . . (14)

Now it may be verified by differentiation that the dynamical system
specified by equation (13) possesses the integral
Constant = } {,/2¢, sin p, + ¢;,%/2g, ¢os p; sin p, — 2,/2¢,g, sin p, cos p,}?

~ 1+g,!cosp, (15)
(14 2g,* cos p; + g, cos? p, + 2q, cos? p,)! ) '

and this integral is adelphic, as may be shown by completing the solution,
or more simply by remarking that the integral (15) is a function of the
variables (1/¢;, v/q2, Py, Py) Which is one-valued and free from singularities
for a certain range of values, and therefore the infinitesimal transforma-
tion corresponding to it will also be one-valued and free from singularities,
and so must transform closed orbits into closed orbits.

But on expanding this integral (15) in ascending powers of 4/q, and
v/ qy by the multinomial theorem, we arrive at the series (14). This shows
that, for the dynamical system we are considering, the series obtained by
the process of §7 converges for all real values of p, and p, so long as |q, |
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and | q,| are inferior to certain fixed guantities, and that the series repre-
sents the adelphic integral of the dynamacal system.

§ 9. Determination of the adelphic integral in Case I1I1.—The principle
for the removal of vanishing divisors from the adelphic integral, which
was explained in § 7 and illustrated in § 8, is not sufficient for the purpose
if the Hamiltonian function contains, among its third-order terms, a
term in cos (syp, —s,p,): for this term gives rise to a vanishing divisor
in ¢, and the arbitrary terms which are used in order to annul terms

. with vanishing divisors do not come into operation early enough to
remove vanishing divisors from ¢..

In this “ Case IIT” we must make use of another principle (concurrently
with the principle of § 7) which may be explained thus: Suppose that an
integral of a system of differential equations in variables (7,, g,, ;, p,) is of
the form

f(QD 9o P pQ) + g__(ql! 92};?1, pZ) =7

where vy is the arbitrary constant and u is a definite constant formed of
quantities occurring in the differential equations. The integral in this
form ceases to have a meaning when y tends to zero. But we may derive
from it an integral which has a meaning when u—0, by merely supposing
first that u is different from zero, and multiplying the equation throughout
by u, so that it becomes
rRGs 90 Prs Po) +9(21 9o P1> Po) =py
and then making u~>0; the equation becomes

9(qp 9 Py P2) =6
where ¢ denotes Lt, o (uy). This is the desired form of the integral when
M 18 zero.

Our case is not so simple as this, since the vanishing divisor occurs not
only in the inverse first power, but in an infinite series containing all
the inverse powers. The method we follow, which will be illustrated in
the next article, is really equivalent to using the principle of § 7 in order
to remove all inverse powers of the small divisor except the first, and
then using the principle of this article in order to remove this inverse
first power.

§ 10. Example of the principle of § 9.—We shall now show by consider-
ing a particular dynamical system how the principle just mentioned is
applied in order to obtain an adelphic integral free from vanishing divisors
in “ Case II1.”

Consider the dynamical system whose Hamiltonian function is

H =g, - 2¢,+¢,2U, cos p; +¢,9,tU, cos (2p; + p,) (16)
VOL. XXXVIL 8
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Now if the Hamiltonian function is

H=s,q, + 8,9, + ¢,}U, cos p, + ¢,9,4U, cos (2p; +p,),
where s, and s, are arbitrary, the adelphic-integral series to which we are
led by the method of § 4 is

Constant =s,q; — 8,9, + ¢, TU; cos p, + =1 — 82 q1q2¥U4 cos (2p, + p,)

U Ugiigt 4 cos 7’1 +Ps) + 2 cos (3p, +P2)}

‘7sl 81+ 8, 38, + 8,
+ U12U4q 2,4 S [_ 3 cos(d4p,+py) 6 cos(Zp, +p,)
L s +5,\ 3s s,  ds, +s 3s,+s, 2s.+4,
6 cos p2}
81+8 5

2(9s,+s,) cosp 4 cos(3p,+ 2,;2)}
+ 01Uk, s, + 32{(s1 +8,)(38,+8,) 8 8 +8 38 +2s,

5s, +. cos p.
+U,U2qt 1+ 8 1
dal Zo+s " (B ts)sts) g
+ terms of the 6th and higher orders in /g, and N2 . (1N
In our problem s,=1, 5,=—2,80 25, +35, i3 a vanishing denominator. This

denominator makes its appearance in the fourth term of the above expression,
and occurs in every subsequent term, being squared in the coefficient of the
fifth-order term g,% ¢,} cos (2p, +p,). We must now modify this series (17)
80 as to obtain an integral which has no vanishing denominators.
In the first place, we apply the principle of § 9: the lowest term which
is affected by the vanishing denominator is the term
25, — = 3 .
m:%% Uy cos (2p; +p,) :
we therefore try to form an integral whose lowest term (discarding the
non-essential factors (25, —s,) and U)) shall be
¢,95F cos (2p, +p,) .
If then we suppose this integral to be
Constant = =g, ¢, cos (2p, + py) + Py + ¢+ P +
where ¢, denotes the terms of degree r in 4/q, and 4/¢,, and substitute in
the equation (¢, H)=0, we find on equating to zero the terms of order 4
that ¢, is to be determined from the equation
é‘i‘ —_ 2% =
o, op, 51
The integral of this is
i by = 0,295¥U, {2 cos (p, +p,) — cos (3p; +py)}
to which, however, we may add terms of the type
agy® + By + v45° . . . . . (18)

39U, {2 sin (p, + p,) +sin (3p, +p,) }
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where a, 8, y are arbitrary constants, since these terms satisfy the
differential equation and are of the type praper to ¢,. It should be noticed
that these terms are not now superfluous, as they were in the general case
studied in § 4; for in the general case the addition of such terms to ¢, would
merely be equivalent to adding on an arbitrary quadratic function of the
integral of energy and the adelphic integral: but in our present case the
adelphic integral does not begin with terms linear in ¢, and g,, and therefore
a quadratic function of it does not account for terms like those in (18).
The arbitrary constants in (18) are to be determined in such a way as to
make terms with vanishing denominators disappear from the higher-order
terms of ¢. Thus, writing now

b, =022, U, {2 cos (p, +p,) — cos (3p; +p,)} + ag,?

and substituting in the differential equation satisfied by ¢, which is

s _ 905 _

2= (b H) . . . . . (19
we find that on the right-hand side of (19) the terms involving sin (2p, + p,)
(which would lead to vanishing denominators on integration) are

— 39,%¢,tU * sin (2p, + p,) — 4aq,%q,4U, sin (2p, + p,)
and these will collectively vanish provided

Uy?
U4

a=-}

In this way, by repeated application of the principle of § 7, we are able to
remove all terms with vanishing denominators and obtain an adelphic
integral free from them. '

§ 11. Completion of the integration of the dynomical system im Cases
IT and II11.—Having now in §§ 7-10 overcome the difficulty caused by the
presence of terms with vanishing divisors in the adelphic integral in Cases
II and III, we can use this integral in order to integrate the dynamical
system completely, Jjust as was done for Case I in § 6. We thus obtain
expansions for the co-ordinates in terms of the time in all cases: but these
expansions are completely different in form, according as the dynamical
system falls under Case I, I1, or III. This result supplies the underlying
explanation of Poincaré’s theorem that the series of Celestial Mechanics
cannot converge uniformly over any continuous range of values of the
constants: for the series to which he was referring were of the kind which
we have classified under Case I, and we have seen that when the constants
8,, 8, are continuously varied, these series must be replaced by the series
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appropriate to Case IT or Case III, whenever the ratio s,/s, passes from an
irrational to a rational value. The advantage of solving by means of the
adelphic integral is that the forms of the adelphic integral corresponding to
the three cases can be readily determined: and thus the difficulty is
removed before the adelphic integral is used in order to obtain the complete
expressions for the co-ordinates in terms of the time.

(Issued separately April 30, 1917.)
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