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A REDUCTION OF THE THREE BODY PROBLEM
BY MEANS OF TRANSFORMATION GROUPS

BY
JAMES W. SAUVE

Introduction. In Newtonian mechanics, the equations of motion of three
bodies of mass m; and position (x* y’z%), i =1,2,3 are given by the differential
system

Xt = my(x® = xDryp + ma(x* — xHrs = F'(x,y,2),
(1.1) X7 = my(x" = xM)ryp + my(x® — x*)rys = FA(x,9,2),
%° = my(x' = x*)rys + my(x® = x})ryy = F(x,,2),

with similar equations for ', z*, i = 1,2,3, where
ry = [ = %)+ = y) + (& = 29)*]'72,

(1.2) x = @x4Lx4x%), y=044%), z=("2%20,
W o= dwjde.

First integrals of this system resulting from conservation of linear momentum,
angular momentum, and energy are well known. Moreover, the use of these
integrals has led to a number of explicit reductions of (1.1) from order eighteen
to order six. (A complete bibliography of the earlier methods of reduction can be
found in [1, Chapter 2]; more recent methods are those of Whittaker [2, pp.
339-351], Wintner [3, pp. 306-319], and Wintner and van Kampen [4].)

The fact that the first integrals of linear and angular momentum are due to the
invariance of a Newtonian system under the Galilean group is also well known;
this invariance has been used in one form or another in most of the more recent
reductions, usually in the form of contact transformations. In this paper, it will
be shown that the entire reduction of (1.1) is the result of its invariance under
continuous transformation groups, and also that the use of these groups will,
for practical purposes, give no further reduction of the system.In order to dem-
onstrate the equivalence of the reductions, the necessary coordinate changes
will be patterned on those given by Whittaker; similar results could be obtained
by following any of the classical methods.

We will begin with a brief review of the theory of continuous transformation
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22 J. W.SAUVE [July

groups as applied to differential equations. The summation convention will be
used throughout.

1. Standard treatments of the theory of transformation groups can be found
in [5], [6], and [7]; the application to differential equations is developed in
[7, Chapter 12], [8] and [9]; [10] contains an elementary exposition for the
case of two variables.

DermirioN 1.1. Let G be a Lie group with identity element e, and M" a dif-
ferentiable manifold. Let T : M" x G — M" be a differentiable map from an open
neighborhood of M" X e (in the differentiable manifold M" x G) into M". Then
T is a local Lie transformation group (LLTG) if (1)

1.3) T[T(x,gy),8,] = T(x,8,81) Wherever defined;

(2) for each compact subset K of M" there is a neighborhood Ny of e in G such
that, for fixed g in Ny, the map

1.4 Tp:x—> T(x,8)

is a homeomorphism of K onto some subset K, of M".

Norte: We identify two such local Lie transformation groups if they coincide
on some neighborhood of M” x ein M" x G. If the map T is defined, and satisfies
(1.3),forall gin G and x in M", then T is a global Lie transformation group. In this
paper all transformation groups are assumed to be local. In the case in which
G = R’ (real r-dimensional space), g = (a*,a?,--,a"), a’ real, and e = (0,0, -++,0);
in this case T is called an r-parameter transformation group. Every such group
can be generated by r one-parameter groups.

Since a local transformation group is described by a Lie group, for each LLTG
there is associated a unique Lie algebra L, called in this case an infinitesimal
transformation group. L is a finite-dimensional subalgebra of L(M"), the algebra
of all differentiable vectorfields on M™ If M" haslocal coordinates (z,x* x2,---,x" 1),
and T is a one-parameter LLTG,

T(t,a) = 1(t,x,a),

(1.5) . a real,
T(x',a) = & (t,x,a),

then the corresponding Lie algebra is generated by the basis element
1.6) u = h(t,x)D, + f(t,x) Dys,

where

h(t,x) = Da(t,%,a)|a=0, f(t,%) = DEt,%,a)|a=0,

x = (x},x%,-,x"" Y, D, = 0/ow.

1.7

Since any r-parameter LLTG is generated by one-parameter groups, L will always
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1965] A REDUCTION OF THE THREE BODY PROBLEM 23

have a basis consisting of elements of the form (1.6). Moreover, in the neigh-
borhood of a point in L(M") at which it does not vanish, (1.6) can, by a proper
change of coordinates, be reduced to the form

(1.8) 12 = Di"‘

A LLTG T can be extended to transformation groups of the associated line-
element bundle and curvature line-element bundle of M". The corresponding
Lie algebras L’ and L", called respectively the first- and second-extended Lie
algebras of L, have basis elements of the following form (corresponding to (1.6))

u' = h(t,x)D, + f/(t,x)D,; + gX(t,x,p) D,
(1.9) u” = h(t,x)D, + f¥(t,x) D,; + g’(t,x,p) D,s + k’(t,x, p,7) D,s,

where (indicating partial differentiation with a variable subscript)
(1.10)  gtxp) = (ff = hp’) + (fl = hup))P",
k(1,3 p,1) = (famb D™ = hoexmp*D"P?) + 2(f e = hep”)p"
+ (fi = hyp’) = 2(hap*+ B)r? + (f — hap”)r.

DEerFINITION 1.2. Let M” be a differentiable manifold with local coordinates
(t,x%,-,x""1). A first-order differential equation

(1.12) dx/dt = F(t,x)

(L.11)

is a cross-section from an open set U of M" into L(M™). A second-order differential
equation

(1.13) d’x|dt* = G(1,x,p)

is a cross-section from an open set 6 of L(M") into K(M"). If 6 = p{ *(U) (the
projection map), then we say that (1.13) is defined over U.

DerFINITION 1.3. A first-order differential equation is said to be invariant under
a local one-parameter transformation group T with infinitesimal generator u if,
for each diffeomorphism of an open set U, of M" onto an open set U, of M"
(both contained in U) defined by T, the induced map T’ of L(6,) onto L(6,)
carries the cross-section p = F(t,x) above 6, onto the corresponding cross-section
above 0,. If T is given explicitly by (1.5), then (1.12) is invariant under T if
dé[dz = F(z,&) for all a. This will be true if and only if u'[p — F(t,x)] =0 when
evaluated on the cross-section p = F(t,x).

This definition has an obvious extension to the case of an r-parameter trans-
formation group, in which case the equation u'[p — F(t,x)] = 0 must hold for
each element of a basis for L. A similar definition applies to (1.13), and in this
case invariance is had if and only if u"[r — G(t,x, p)] = 0 when evaluated on the
cross-section r = G(t, x, p) (cf. [9, p. 18]).
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24 J. W. SAUVE [uly

The following theorems, on solutions of differential equations through the use
of local transformation groups, are stated only for first-order equations; any
differential equation involving higher derivatives can, by addition of variables,
be reduced to such a first-order system. Also, all solutions are assumed to be local:
in a suitably restricted neighborhood in which both the differential equation and
the LLTG are defined.

THEOREM 1.1. Let (1.12) be a first-order differential equation defined on an
open subset of R", and suppose (1.12) is invariant under a LLTG T with Lie
algebra L. If

(a) dimL=n -1,

(b) L is a solvable Lie algebra,

(c) line elements of (1.12) are nowhere tangent to an integral curve of T,
then solutions of (1.12) can be obtained by quadrature.

Details of the proof can be found in [7, pp. 449-451], and in [9, pp. 75-77].
The essential steps are these:

(1) A base can be chosen for L in such a way that (u,,---,u,_;) is an ideal
in (ug, -, Up_4q), S=1,---,n —2; the corresponding LLTGT,_, is normal
inT, guy.

(2) u, can be reduced to normal form i, = D5. by a proper change of coordi-
nates; then @, = i,.

(3) ,[p — F(£,%)] = Fe(f,X) =0, so that (omitting the bars in the new co-
ordinates) (1.12) becomes

(@) dx'dt = Fi(t,x',,x""%, i=1,-,n-2,
(1.149)
(b) dx*~'/dt = F"(t,x', -, x""2).

In this new form for the equation, (a) is a system or order n — 2; when this has
been solved, (b) can be solved by quadrature.

(4) It is not true in general that the process just described can be repeated
(i.e., that u,_, can be reduced to normal form without reintroducing x, into the
system); however, because of condition (b) these same steps can be applied to
(1.14) (a); because of condition (a), the process can be continued with successive
coordinate changes until, at the (n — 1)st step, the system has the form

(1.15) dx'/dt = F'(t).

This can be solved by quadrature; then, reversing the procedure, the remaining
solutions can be obtained by a process which alternates coordinate changes with
quadratures.

Even though the conditions of Theorem 1.1 are not satisfied, some reduction
of (1.12) may be possible, as is indicated by the following theorems.
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1965] A REDUCTION OF THE THREE BODY PROBLEM 25

THEOREM 1.2. Assume the condition of Theorem 1.1, except that condition
(b) is replaced by

() 0=LycL,cL, - < L,=Lisaseries of ideals in L, with L; maximal
inLj,.

If L; has dimension p;, then, by a change of coordinates, (1.12) can be reduced
to a collection of differential equations of orders

(ps - ps—l)’ (ps—l - ps-Z)s “‘s(Pz - pl)spl .
Proof. [7, pp. 451-456].

THEOREM 1.3. Assume the conditions of Theorem 1.1, except that condition
(a) is replaced by

(@) dimL=r (r<n-—1).
Then (1.12) can be reduced to a system of order n —r — 1; when this system
has been solved, the remaining solutions of (1.12) can be obtained by quadrature.

Proof. The steps indicated in the proof of Theorem 1.1 may be followed without
change, except that a complete reduction is not possible because of the dimension
of L. After r changes of coordinates, the LLTG has been exhausted, and the
remaining system has dimension n — r — 1.

Even though the group is not solvable, a variant of Theorem 1.3 may be used
if certain special conditions are satisfied:

THEOREM 1.4. Assume that (1.12) is invariant under a LLTG T, of dimension
r, and that L is an ideal in the corresponding Lie algebra L, while L— Ly, = L,
is a subalgebra of L (not necessarily an ideal). Then, if L, is solvable, Theorem
1.3 may be applied, using L, as the Lie algebra. The system remaining after
this reduction is still invariant under L, .

Proof. As pointed out in the proof of Theorem 1.1, the essential condition
for a stepwise reduction is the existence of normal subgroups (or ideals in the
algebra). Since L, is a subalgebra, it can be treated as an algebra, ignoring Ly ;
on the other hand, since L, is an ideal in L, any change of coordinates reducing
L, to normal form will not affect a later reduction using L,. This will be clear
in the reduction which follows, where Theorem 1.4 will be used extensively.

2. In discussing the reduction of (1.1) by the use of Lie groups, the first task
is to determine the maximal LLTG (or, equivalently, the maximum number
of independent local one-parameter groups) which leave (1.1) invariant. For
convenience in computation, we make the change of variables

Q.1 x*3=yi X6 =7 i=1,2,3.

A local Lie group G leaves (1.1) invariant if and only if, for each element u of L
(the Lie algebra corresponding to G), it is true that
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26 J. W. SAUVE [July
(22) u' [ — Fi(x)]=0

in some neighborhood of a point P on the surface r' = F(x) at which u is defined
and does not vanish. In the ten dimensional space with coordinates (¢,x), u and
u” are given by (1.6), (1.9); note that for the system (1.1) in which F'(x) is inde-
pendent of p’, i,j=1,---,9,

(2.3) u'[r' — Fi(x)] = k'(t, %, p, ) — u[ F'(x)].

To determine the Lie algebra L which leaves (1.1) invariant, we regard h and the
f* as unknown functions in (2.2), and replace the F* by their known values. From
(2.3) we have immediately

Fiemp D™ = hagegmp* D" D' + 2(fre— hoeeP)P* + fir = hu’
@4 = 2(hp* + h)r' + (fix — had W —fF =0, i=1,-,9,
in a suitably defined neighborhood of P. Substituting F'(x) for !, computing F/,
and collecting terms as coefficients of the masses, we have
(2.5  Mi(t,x,p)+Mi(t,x, pym, +Mi(t,x, p)m, +Mi(t,x,p)ms=0, i=1,---,9,
where
(26) Mg = fieemD"p™ = hyacemD* D" D" + 2 (fi = B )0* + fro — hul',
Mi = (f—hap)) (' = X)) rdy + (F3 — heap) (6! = X)/ris
@n + (s = hesp)* = X))y + (fs = hesp ) (6* = x9)¥is
+(fis = hep) (X" = xP)rly + (foo = heop ) (&7 = %°)/ri5,

M} = [ 2hs* + h) + (f = haph] (6 = xr,
29 + (b = heap") 6% = x)rds + (i — heap )6 = ¥,
+ (il = haep ) (5° = x)rds + (i — hop") 6° = X",
(b = hop)(5° = %013y + (f = fIrs + 32 —x W,

M5 = [ —2(hap® + k) + (f1s — hap)] (> — xY)/rs
2.9) +(f2 = hap ") (x* = X135 + (fos — heap") (6 — x*)/ris
+ (fis = hsh) (x° = X°)135 + (fir — haap")(x° — xT)ris
+ (= hap ) ° — D3+ =i +3(6> = xHYris,
@10) W= W) == =)+ (F* =) =2+ (=T = %),
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1965] A REDUCTION OF THE THREE BODY PROBLEM 27

QI Y =Y, =("=fHx'=x%) + (f* = = x)+ ([ =) = %),

with similar expressions for M{, j =2,3,--,9; k=1,2,3.

Since my,m,,m; are nonzero constants, it follows from (2.5) that M§- =0,
i=1,2,---,9; j=0,1,2,3. In particular M} =0, so that, from (2.5) (since the
p' are independent coordinates)

(a) fti =0, (b f:h =0, i#j, (0 Zf:‘t —h,=0,

(212) (@) fisme =0, i#], (©) fest =2y = O,

(f) hx!xk = 05 i?j’k = 1929"'99°
From (2.12), (a), (b), (d),
(2.13) Fit%) = Pt + o) + cjx ] i,j = 1,29,

where p* and o are functions of x' alone, and cj’ are constants. Since f(t,x)
is analytic, fi;« = fl.s, so that, from (2.12), (d), (¢),

(2.14) h =0,

or h(t,x)=At) —d jxj », where the d; are constants. Moreover, from (¢) and (2.13),

ﬂiixi = a;ixi =0, so that

(2.15) p=bx'+cy; o =cx'+cl; (nosummation)

which, with (c), gives 2b° = 4,,, or

(2.16) A=b'"t* +dot+dy,.

It is immediate that b' = b’ = b, and we then have
.17 h = dx' +dot +dyy + bt
(2.18) fi= c,':xj +ciot +ciy + bx't,

where cj», d; and b are all constants, i,j =1,2,--,9.
Using these values for h and f*' in M}, M;, and M5, and collecting terms as
coefficients of the independent variables x’, x'p’, we have, from M},

2.19) aa=ci=ci=cl=ci=ci=0; dy=dy=ds=ds¢=dg=d, = 0,
while, from M3

(2.20) e =ci=cl=ci=c3=¢}=0; di=dy=d,=dg=d,=dy=0.
Repeating this substitution for M3, M§, M3, MS, M7, M%, M3, we have

fl=clxt + clx* + X7 4 et + cdy + bx't, i = 1,4,7,
fJ'

cix? 4+ olx® + cfx® + oot + ¢f; + bXIt, j = 2,58,
2.21
(221) f* = ckx® 4+ ckx® + cEx® + ot + f + bXMt, k= 3,6,9,

h = bt* + dyt + dy.
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28 J. W.SAUVE [July

When these values are substituted into M}, M3, a similar calculation gives

b =0,

C111 = 0121 = Cil= Ky, cio= Cfo= C?o= K4,

C‘il = Cil= cf1= K, c‘lt0= cfo= Cf0= Ks,
(2.22) 0711 = Cf1= C?1= K, 0170= Cfo= 0190= Ks,

—g = —cG=—c=c =0 =c =Ky,

—¢c; = —cg=—¢=1¢ =c¢; =c5 =K,

—ci= —¢f= —¢cg=cf =c; =c5 =Ko,

dyy = Ko, (2/3)dyo = Cii = Ky, i=1,-9.

Thus we are left with eleven arbitrary constants, renamed K,,:--,K;;. The
functions f*and h of (1.6) must then be of the following form, if the LLTG T is to
leave (1.1) invariant:

f' =K+ Kyt + Kyx' — Kpx* — Ky,

f? =K+ Kst + K;;x* - K;xs— Kgx8,

f3 = K+ Kut + K;yx® — K.x% — Kgx®,

f* = K, + Kst + Kox'+ Ky x* + Kox',

fP =K, + Kst + K;x* + Ky x° + Kox®,
(2.23) f® = K, + Kst + K;x* + K ;x® + Kox°,

f7 = K3+ K¢t + Kgx' — Kox* + KX,
8 = K3+ K¢t + Kgx? — Kox® + K 1%,
f° = K3+ Kgt + Kgx® — Kox® + K 1x°,
h = 32Kyt + Ky

Every element u of the Lie algebra L satisfying (2.23) is thus a member of the
eleven-dimensional Lie algebra with the following base, obtained by letting
K,'=1,Kj=0,j5éi,i=1,“',11: .

uy: D+ D,.+D,s, uy: tDy+tD,+tD,s,
Uy: Dys+ Dys+ Dy, Us: tDys+ tDys + tDys,
usz: Dy7+ Dys+ Dyo, Ug: tD.,7+1tDs+ tDys,
224)  u;: —x*Dy — x°D. — x°Dys + x'Dye + x*Dys 4+ x°Dys

Ug: —x7Dx1 - stxz - ngxs + xle7 + xszs + stx9

I

Ug: — x7Dx4— stxs - ngxs + x4Dx7 + stxs + x6Dx9

Uyo: Dy, uyy: (3/2)tD, + x'D,, (summation).
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1965] A REDUCTION OF THE THREE BODY PROBLEM 29

Since condition (2.2) is necessary and sufficient, it follows that the eleven-
parameter group G whose Lie algebra L is generated by (2.24) is the largest LLTG
leaving (1.1) invariant. We now wish to use this group to obtain a reduction of
(1.1); to do this, it will be more convenient to return to the (x, y,z) coordinates
(2.1), and to write (1.1) as a first-order system

ax'jdt = p'  dylldt = ¢, dZijdt = ¥, i= 1,23,
(2.25)
dp'ldt = Fi(x,y,z), dq'ldt = F**(x,y,z), dr'ldt = F**%x,y,2),

where the F' are defined as in (1.1), and the p’,q',r* are new variables, defined
by (2.25)(*). In these variables, the base for the Lie algebra becomes

Uy Dy + D2 + Dy,

uy: Dy + Dya + Dys,

u3: D, + D2 + D,

uy: tDy+ tDya+ tD+ Dy + Dz + Dy,

us: tDyi+ tDp + tDys + Dy + Dy +-Dys,
(2.26) ug: tD,i+ tD, 2+ tD,s+ Dy + D + Dy,

ur: YDy — x'Dy + ¢'Dy — pDy (summation),

Ug: ziDy. - y'Dy + r'D,,; - ¢'D,,

ug: %Dy — 2Dy + pDy — rDy,

Uyo: Dy,

gyt 3tD, + 2x'Dy + 2y’Dy¢ + 27'D, — p"ng - qiin - rD,.

Since the dimension of L is less than the order of the equation (2.25), a complete
solution is not possible, even locally, by the reduction theorems in §1. Moreover
u,, ug, and u, generate a simple three-dimensional subalgebra of L, so that the
algebra is not solvable, and Theorem 1.3 does not apply. However, we can use
Theorem 1.4. For an examination of the Lie products will show that the sub-
algebra L, generated by u;, ug, g, 19, and u,, is normal in L, and that the
remaining base elements u,, u,, Uz, Uy, Us, and ug generate a solvable (actually
abelian) algebra L,. Ignoring L,, a reduction of (2.25) can be obtained using
Theorem 1.3 and L,. Once again, we assume that we are considering solutions

(1) The attempt to determine the maximal LLTG leaving (2.25) invariant leads to a dif-
ferential system as difficult to solve as (2.25)itself, unless we assume that, in #, (1.6), the fiare
independent of p#, ¢, r#; in this case the result is identical with (2.24), or, more exactly, with
(2.26), which is of the form u’ (1.9).
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30 J. W. SAUVE {Tuly

(or reductions) in the neighborhood of a point P at which both the system (2.25)
and the algebra (2.26) are defined.

The reduction using L, is well known: it is simply the reduction due to conser-
vation of linear momentum. Specifically, the three basis elements u,, u,, and uy
can be reduced to normal form (1.8)

(2.27) ﬁl = Dgs, 122 = D;,J, 123 = Dis

by the change of coordinates which moves the origin of the space to the point
(x%y%2%:

it = xl—x3, %2 = xz—x3, %= x3,
=1 _ .1 3 =2 _ .2 3 -3 _ .3
(2.28) y=y =y, ¥ =y -y, v =y,
= z1- 23 2 = 22— 23 73 = Z3,

In these coordinates, the remaining base elements of L, become
ity = tDgs+ Dy + Dpz + Dps,

(2.29) s = tD;s + Dql + qu + Dqs,
ilg = tDyps+ D+ D2+ Dis.

By the change of coordinates (2.28), the variables % 3 7, Z® have been eliminated

from (2.25); therefore the terms in Dss, Dys, D;s and their counterparts in the
extended algebra play no part in the invariance of the remaining fifteenth-order
equation, and may be omitted in (2.29). Then a change of coordinates similar
to (2.28):

pz_p39 133=P,

=t -0 B
q-2

(2.30) 7' =4q'-4% =g -4 ¢ =47,
Flo= p 3, F2 o= p2_ 3 =P,

will reduce (2.29) to normal form:

(2.31) y= Dy, us = Dp, g = Dp,

which means that the variables 5, §°, and 7> have also been eliminated, and
(2.25) has been reduced to a system of order twelve, together with six other
equations which can be solved by quadrature when a solution has been found
for the remaining differential system. Explicitly, dropping the accents on the
new variables, and omitting the equations which can be solved by quadrature,

dx'ldt = p', dy'ldt = q', drildt = ¥, i = 1,2,
(232) dp'ldt = F*—F3% dq'|dt= F*—FS dr'jdt= F' —F°,
dp?ldt = F*—F°, dqg*ldt= F°—FS, dr*/dt= F®—F°,
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1965] A REDUCTION OF THE THREE BODY PROBLEM 31

where
rp = [ =2+ 0 =)+ @ - 2P,
rs = [+ 0 + @)1
rs = [0+ 02 + T,
(233) F' = my(x® — x"[ryy —myx'[rys,
F? = my(x* = x*)[ry, — mx2[rys,
F? = mx'[ri3 + myx?rys,

with similar expressions for F*, i = 4,-+,9.

In order to demonstrate the equivalence of the remaining reduction to that
of Whittaker, we make the further change of variables, (corresponding to a trans-
formation to the center of mass), not strictly needed for the reduction by means
of transformation groups:

= myp' — my(myp* + myp*)[m,

2.34 -
(2.34) p* = myp* —my(mp' + myp?)m,

with similar equations for §', #, i =1,2, where m =m, + m, + ms. In these
coordinates, (2.32) becomes, omitting bars,

dx'ldt = (1/my + 1/m3)p* + (1/m3)p?,
2 _ 2 1
(2.35) dx*|dt = (1/my+ 1/m3)p* + (1/m3)p*,
dp'fdt = — mymyx*[rys+ myma(x® = x)res,
dpzldt = - m2m3x2/r13 + m1m2(x1 —_ xz)/rlz,

with, again, similar expressions for dydt, dq'/dt, dz'[dt, dr'[dt, i = 1,2.

This system is still invariant under the subalgebra L, with basis elements
Uq,Ug, Ug, Uggs Uyq - A straightforward computation will show that these five basis
elements have the same form (2.24)in the new coordinates (i.e., after the change
of coordinates (2.28), (2.30), (2.34)) that they had in the original ones. Once again,
the invariance of (2.35) under L, is not affected by omitting those terms in D,s,
Dy, D,s, Dy, Dy, and D,s, and their corresponding terms in the extended
algebra.

The basis elements u,, ug, uy generate a simple subalgebra L, in L,, while
L,=L;— L, is an ideal in L; generated by u,, and u,,. Using Theorem 1.4
once again, we now consider only the subalgebra L.

Since L, is simple, a normalization is not possible. However, the transfor-
mation to the “‘invariable plane” also reduces L; to a desirable form. For if
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X" = (e3ld)x’ — (e,/d)z’,
YW= (= creafed)x’ + (dfe)y’ — (caesfed)z,
2" = (cgfe)x’ + (cafe)y’ + (csfc)z’,

@3 = (ealdyp ~ (eulay,

g = (—ciefed)p’ + (d[e)g’ — (caesfed)r,

i = (efe)p + (cafe)g’ + (esfo),
where
¢y = my(yiry — 4121) + my(yar2 — q222),
¢y = my(z;py — X171) + Ma(22P2 — Xa73),
(2.37) c3 = my(x1q1 — P1y1) + Ma(X2d> — p2y2) »
¢ = [(e)? + (c)* + (ca)’ 12,
d = [(c)” +(e3)’]",
then
i; = (cs¢/d)y" 'Derr — x''Dyrs + gDy — p''Dya.
+ y*'Dyar —x*'Dya. + ¢*'Dyar — p*' Dy,
(2.38) = (csc/d)y,

ilg (Clc/dz)Y,

ﬁ9=0,

where we assume ¢, ¢3, ¢, and d to be expressed in the new coordinates, (note
that (2.35) is unchanged in form by the coordinate change (2.36)). Thus one of the
three basis elements has been reduced to zero and, in fact, the other two are
linearly dependent. For dc,/dt = dc,/dt = dc,/dt = 0, as can be shown by deriving
(2.37) with respect to t, and using (2.35). Therefore ¢, , ¢,, ¢35, ¢, and d are all
constant functions of ¢, and @, and #; differ only by a constant factor. Moreover,
if in the new coordinates (2.36) we again let

(2‘39) 51 — ml(yl Irl r_ q llzll + y2/r21 _ q21221)

with &,, é;, ¢ and d similarly derived from (2.37), a straightforward substitution
will show that &; = é, = 0, while é; = ¢ =d, a constant.

The remaining generator #, is reduced to normal form by the change of co-
ordinates corresponding to the ‘‘elimination of the node’’:
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v = arctan a/b, 1 = arctand/c’,

&= b+ yald, M= 2ed,

N = Z [ = pla(x'b + y'a)/d"* + q'b(x'b + y'a)jd’?
(2.40) —c"bp'zY|d’? —ac"q'Z'[d'*],

I = ‘22:1 A/d")(p'Z'a — q'2'b + r'z'c"),
2 = ('b + q'a)d’, i=1,2,
H' = (—plac” + q'bc” + r'd’?)|c'd’,
where
a =292 =22, b= 22—z, = xyl—xly?
2.41)

dr - (az + b2)1/2’ cl = (az + b2 + cll2)1/2,
and where the accents are omitted in the old coordinates. Thus
(2.42) it; = —(ccs/d*)D, =D,.
Moreover, (2.39) becomes, in the new coordinates (2.40),
2
¢, = csciescv X (E'H'sin?v — n'E'sin?v)

i=1
+ Isinusinv cosv — N sin? v cost = 0,

(2.43) ¢, = csclcscy E (n'E' — E'HYsinv cosv
i= 1
+ Isinisin®v + N sinv cosv cost =0,
63 = N,
which immediately gives
I =0,
2 3
(2.44) Ncost = X (FH' —4'E),
i=1

N = ¢ (aconstant).

Because of (2.42), the variable v has been eliminated from the system, and can be
obtained by quadrature; (2.44) gives values for the variables I, 1, and N in terms
of the remaining variables. Thus, the succession of coordinate changes which
reduces the simple group to a ‘‘normal’’ form has at the same time reduced the
order of the differential equation by four. It now is of order eight, and is given
explicitly by
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dét/dt (1/my + 1/m3)E' + (1/m3)E* + Ant,
dg?jdt = (1/my + 1/m3)E* + (1/m3)E! + An?,

dptldt = (1/my + 1/m3)H' + (1/m3)H* — AE?,
dy*ldt = (1/my + 1/m3)H?*+ (1/mz)H' — AE?,

(2.45) d='[dt = AH' — By* —mms&'[py + mymy(E® — EY)py,,
d=?/dt = AH? + By' — m,m3E3[p, + mymy(E' — EH)/pys,,
dH'/dt = — AE' — C[(1/m, + 1/m3)n* — (1/m3)n*] + BE?

—myman'[py + mymy(n* —n")py2,
dH?[dt = — AE? — C[(1/my + 1/m3)y* — (1/m3)y'] — BE*
— myman’*[py + mymy(n' = n*)p12,
where

A = 2R7*[(1)2my +12m3)(n*)? +(1/2my +1/2m3) (") —n'n?[m3]P,
B =2R7*[(1/2my +1[2m3)(n*)? +(1]2m, +1f2m3)(n")* -nyn*[ms(N* - P?),

C = —R73(N?*-P?),
R = 71162 —71251’
(2.46)
P = Hlfl _ 51111 _ H2§2 _ 52’12’
py = [(61)2 4 (01)2]3/2 ,
py = [EH* + @™,

P12 = [(E' =& + @' —n»*].
There still remains the two-parameter LLTG whose algebra L, has as basis

110 and u,,.After the changes of coordinates (2.36), (2.40), these two basis
elements have the following form:

uyo = Dy,

(2.47)

2
uyy = 3tD,+ NDy+ID; + X Q2+ 2nP— Hip — ER).
i=1
The system (2.45) is no longer invariant under this two-parameter group since,
by introducing the constant N, it is no longer homogeneous, and does not admit
u,, . However, if we consider N as a variable for the moment (so that the system
is of order nine, with the added equation

(2.48) dAN/dt =0
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1965] A REDUCTION OF THE THREE BODY PROBLEM 35

which is again homogeneous), then this new system is invariant under the group
with Lie algebra generated by (2.47).

Since the algebra L, is solvable, Theorem 1.3 can be used to obtain the final
reduction. Of the two basis elements, u,, is already in normal form, and indicates
only that the differential equation is autonomous. So far as this author knows,
uy; (or the corresponding one-parameter group) has never been used in the
reduction of the three body problem. If the reduction by the use of transformation
groups is to reflect the classical reductions, then u,; must correspond to the
conservation of energy; but there is no apparent reason why this should be so,
especially since u,, has time (f) as an explicit variable, and, on the other hand,
conservation of energy does not demand homogeneity. However, the use of the
energy constant, given in terms of the original variables by

h = (1/2) '21 [(P") + (') + ())*Im; — mymar' 5

(2.49) =
—myms[r' i3 — mymy[r'y,,

(where r/; = [(x* = x%)* + (o' — y))? + (2 — 2%)*]"/?), does reduce u,, to normal
form. For if

o=, n*' = n’h,
(2.50) ¢ = —12(ogh)¢,  E'=(@E)h,  i=12,
& = h H" = (HY*h, =12,

nt' = n'h, N’ = N2,

then, in these new variables,
(2.51) iy; = Dg, o = h73D,.

The normal form of i, ; shows that ! has been eliminated, and the system reduced
to order eight. Since both N and h are both constants, N’ is a constant, which
reduces the system to order seven. Finally, since k4 is a constant, i, is still in
normal form and can be used to reduce the system to order six, a reduction which
will not be given explicitly.

We are thus able, by the use of the eleven-parameter Lie group whose Lie
algebra has as basis (2.24), to obtain a reduction of the differential equation (1.1)
from order eighteen to order six, which corresponds exactly with the classical
reductions. Since (2.24) is maximal, no further reduction is possible by this method.

The author would like to thank Daniel C. Lewis, Jr. for his help in the prep-
aration of this paper, and the referee for his many helpful suggestions leading
to its revision.
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