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Solutions of Restricted Threé-Body
Problem Represented by Means of
Two-Fixed-Center Problem

Ricuarp F. ARENSTORF! AND Mirt C. DaviDsoN JR.2

NASA George C. Marshall Space Flight Center,
Huntsville, Ala.

HE restricted three-body problem asks for the description

of the general motion of a particle P of negligible mass
moving subject to the Newtonian attraction from two other
bodies P; and P, with positive masses which rotate in circles
about their center of gravity. The two-dimensional case only
will be considered, where P moves in the plane of P;, Py, and
the equations of motion will be established first in a convenient
form.

Let (2, y) be the coordinates of P in a fixed Cartesian coor-
dinate system of the two-dimensional Euclidean space with
its origin at the c.m. of P, P,. The units of time, mass, and
length are chosen such that the gravitational constant is 1,
the masses of P; and Py are 1 — wand u with 0 < g < 1, and
the distance between P; and P, equals 1. The position vec-
tors of P, P;, P; can be characterized by complex numbers
and then are determined as z = =z + gy, —pueit, (1 — u)e.
The latter two actually describe the circular motion of Py, P,
under their Newtonian attraction. Then (with dots denoting
derivatives by time f)
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is the equation of motion of P. The coordinate transforma-
tion z = z + Ty = e*(x; + i22) to a rotating Cartesian coordi-
nate system, in which P, P;, P, have the coordinates (zi, x2),
(—u, 0), (1 — u, 0) leads to the differential equations of the
plane restricted three-body problem:
=20+ a+ U, 2]
Ey = —28% + %+ U,

with

Il
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where variables as subseripts denote the corresponding partial
derivatives, here and in the following. With the Hamiltonian
function

H = H(z, y) = ”é“(ylz + oy s — iy — U (4]
one can rewrite [2] in canonical form

4 = H,, g = —H., k=12 5]

Besides H, consider the simpler Hamiltonian function
E=E@y=3u+y)-U 6]

with U from [3]. Replacing H with E in [5] gives (in the
second coordinate system, in which P; and P, remain fixed)
equations of motion for P, where P is subjected to the New-
tonian attraction from P; and P, alone, and not also to
centrifugal and coriolis forces as in [5] using [4]. Thus one
gets the so-called Euler problem of two fixed centers, which is
solvable by a transformation to elliptic coordinates and a new
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time variable in elliptic functions (Euler, 1765); see Ref. 1.
This fact becomes important in the analytic representation of
the solutions of the restricted three-body problem by means
of the solutions of Euler’s problem to be given in Eqs. [17-21].

Matrix notation is introduced next. Let 2z be the (matrix)
column with elements 1, 2, 31, ¥2; (against the foregoing no-
tation) similarly let w be the column of wui, us, v, vs; H,’ be
the column of the partial derivatives H.,, H.,, H,, H,,; and
H = H(x,y) = H(2); similarly, B, if E = E(w). Finally,
define a 4 X 4 matrix

(0

00 1
where 0 = <O 0) andl = < 1 g) Then [5] can be written

as & = JH,'; similarly, w = JE,' is the differential equation
of the Euler problem, if £ = E(w) is given by [6] with w in-
stead of z.

Let ¢ be the column with elements &, &, m, 5., which are
again real variables but subject to the conditions (—pu,0) =
(&, &) = (1 — w0). Then, according to the existence
theorems, there is determined a unique function w(f¢) as
solution of Euler’s problem with the initial values ¢, satisfying
(for sufficiently small l¢| depending on {)

For fixed initial values ¢{*, the solution w(¢, {*) can be con-
tinued analytically along the real ¢ axis as long as (—u, 0) =
[ (8, 8%) ,ua(8, )] = (1 — p,0) for £ = 0, which means until a
collision occurs with P; or P.. If w(t,{*) is holomorphie for
0 = t = t* say, then E is holomorphic in the variables w, u.,
1, vo on the set given by w = w(,{*) for 0 £ t £ t* and as a
consequence w(t,{) is a holomorphic function of &, &, n, 7,
and ¢ for ¢ in some four-dimensional complex neighborhood
of {*and 0 =< ¢t < ¢* (see Ref. 2). Thus w(t,{) especially has
continuous partial derivatives respective to ¢ or { in some
domain of the five-dimensional real ¢, &, £, m, 72 space, and
one can assume that, with a point (¢%¢), t* > 0, also all
points (¢,¢) for 0 = ¢ < t* belong to this domain, which is de-
noted by D. For fixed real ¢, let D, denote the set of all four-
dimensional points {, for which (¢,{) belongs to D. Then by

w(t,§) =2 91

for ¢ in Dy, there is given a mapping of D, into the four-dimen-
sional real zi, Z2, %, ¥2 space, with the unique inverse {=
w(—t,z), since E does not depend explicitly on ¢ and because
of the uniqueness of the solutions of [8]. Furthermore, this
mapping determines a canonical transformation between {
and z; namely, the functional matrix M of the mapping [9] is
symplectic (2);* that is,

satisfies M’JM = J identically for (¢,{) in D. Here a prime
denotes the transposed matrix, and M consists of the (matrix)
TOWS Us, Uz, D1y U2 using the notation introduced earlier.

For the proof of this statement take partial derivatives re-
spective ¢ in [8] and obtain
M; = w;t = w; = JEwwlM

where E,,’ = E,. is similarly defined as M and is symmetric.
Thus, putting @ = M'JM = Q{,{),

Qi=M/IJM+ M'JIJM,= M'Eu.'IM + M'JJE',,]M = 0
since J' = J1 = —J. Hence Q is independent of ¢, but
M(0,¢) is the unit matrix by [8] and [10]; thus Q(;,{) =
Q(0,0) = J for all t,{ for which M is defined.

By the canonical transformation [9], new dependent
variables { are introduced now into [5]. To obtain the result-
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ing canonical differential equations for { and the corresponding
Hamiltonian, let 2(¢,2,) be the uniquely determined solution of
[5], with initial values z,:

Zt(t)zo) = JHz, [z(t,zo)] Z(OyZO) =% [11]

and define {(t,z0) = w[—tz2({,20)], so that {(0,2) = 2 and

Z(t,Zo) = w[t;g‘(t:zo) ]
Then

JH Tw(t,0)] = wiltr) + wet,O) ¢ultz0) = JE [w(t,$)] + M¢
where { = {(t,20). Using [4] and [6], put

F(w) = H(w) — E(w) = wp — Uiy
Ft,0) = Flwt,)] [12]

Then with [10] and the foregoing
P = M'F, = M'J\M¢ = —J¢, ¢ = JFY
or
Cut, 20) = JF (0] ¢(020) =2  [13]
By [6] and [8], abbreviating w(t,{) by w, ete.,

1—u U
Ue = v V= — U ) — = (u -1
1t 1 12 - (uy + u 7‘23(1+” )
1 —
Uyt = V2 Vo = — 3Mu2—%u2
T To

Hence by [12], F(£,{) = wpuse — s is the negative rota-
tional impulse around the origin of a particle at time ¢, which
moves along a Euler trajectory determined by [8] coming
from the initial values {. Now

Fo= uwy — wwye = p(l — p)(ra=® — 19wy
FO,0 = F(
hence by [12]

Ft,0) = & — B+ (1 — u)j;t(rf3 — N uy(s,O)ds  [14]

where under the integral r; stands for ry[ui(s,{), ua(s, )],
(k = 1,2) as determined by [3] with w.(s,{) instead of z;, and
by the solution w(s,{) of [8] with s instead of £.

Now let v be the column with elements o, a, 81, B2, which
are real variables again. The canonical system v = JF,’
with F = F(y) = asffi — aif8: from [12] has the general solu-
tion v = v(t) = R(t)y(0), where the 4 X 4 matrix R(¢) is

given by
w0 = (0 sp)
st = ( oy on0) (151
0= (5 o)
Defining

G = Ft,0) ~ F(¢)
Gty) = GQLR(DY]

then the canonical transformation ¢ = R(f)v leads from [13]
to the canonical system v = J@,/, similarly as [9] led from
[5] or [11] to [13]. Thus one obtains the representation

where the function v is uniquely determined by
’Yg(t,Z()) = Jé'y,'[ty’Y(t:ZO)] 'Y(OJZO) = %o [18]

the latter by [13] and since R(0) is the unit matrix. Here by
[12, 14, and 16]

[16]
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Gty = wt = w [t = nYuls ROV 9]

where ri,r, are defined similarly as in [14] but with R(¢)v in
place of {. By the remarks preceding [9], the representation
[17] of the general solution of the restricted three-body prob-
lem [4] and [5] is valid as long as ¢ = R(#)v(t,2,) isin D..

From [18] and [19], v(f,20) has a Taylor expansion by
powers of ¢ of the form

Y(E2) = 20 + v P @)+ vYP )+ . .. [20]

with positive radius of convergence. Therefore, the simplified
function w[t,R(t)z,] of ¢ represents an osculating approxima-
tion to 2(,2p) of [11] for ¢ = 0 at any z.

For small u (in case of Pi, P, denoting earth, moon one has
p = g5, [17] and [19] show that G{(t,v) remains small as
long as the two-dimensional points, whose coordinates are the
first two elements of the columns 2(¢,2,) or B(t)v(t,20), do not
approach P, or P,. Then v(i,29) stays nearly equal to z, by
{181, since G(¢,v) is a holomorphic function of v especially,
which implies an estimate of G.,(#,v) in terms of the maximum
of |G(t,7)|-

Since G(t,7v) is a rather complicated function, numerical in-
vestigations have been made into the behavior of v(¢,2,) using
a high speed digital computer (IBM 7090). By numerical in-
tegration of [11] and then essentially of [8], the authors
calculated

Y(te) = R(—tw[—tz(tz)] = 20 + 8(1,2) [21]

rather than integrating [18]. These calculations, performed
for a multitude of trajectories in the earth-moon case, show
that in fact 6(¢,2) remains practically zero for time ranges
0 = ¢t = ¢* with t* roughly from 1 to 1 depending on the
trajectories, which started not too near earth and were chosen
to achieve a near lunar circumnavigation. Roughly, ¢* re-
sulted to be near the time of closest approach to the moon,
and 6(%,2o) starts to deviate sharply from O for ¢ > £*. Also,
one can determine empirically an approximate expression for
6(t,29) valid for different z, and thus represent by [17] and
[21] approximately certain families of earth-moon trajectories.
Then expressing the solution of [8] in terms of theta functions
yields an analytic representation of this approximation to the
solutions of [11] over a finite time range.

Finally, it is of particular interest to observe the following
“functional equation”:

2[t,R(s)z) = R(s)z(t,20) [22]

which is approximately valid with surprising accuracy for real
tand s with [¢] + |s| < t* if y(t,20) = 2 for [¢| < t*. This was
found empirically but can also be understood from the follow-
ing approximate consideration. By [19], G(t,v) is a holomor-
phic function of ¢ and v for R(#)vy in D, The assumption
¥(s,20) = 2 for 0 = s £ ¢* implies G,(s,20) = 0 by [18]; thus
G, (s,z) is nearly zero and then v(s,2) =~ z for sufficiently small
|2 — 20| and real s with R(s)y(s,2) = R(s)zin D,, 0 < s < t*.
Therefore, if [¢] is sufficiently small, then

’Y[S,Z(t,Zo)] = Z(t,ZO)

for R(s)z(t,2,) in D,. But this holds also for sufficiently small
Is| by [20]; hence it holds under the assumptions made for
[22] with suitable t*. Similarly

vLE(s)z) = E(s)2
if R(OR(s)z in D,. This and [17] imply
wls,R(s)z(tz)] = wis,R(s)v[s,e(tz)]} = 2[s,2(¢,20)]
= 2(t+ s,20) = wlt + 8, RE+ 8)v{E + s,20)]
wlt + s, R + $)2]
Hence, with R({ + s) = R()R(s) from [15],

2
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R(s)z(tzs) =~ w[t,ROR(s)z,] =
U){t,R(t)')’[t,R(S)ZQ]} = Z[t,R(S)Zo]

which is [22].

The functional equation can be visualized easily, since by
[15], B(t)z is equivalent with S(f)z, Sy for x = (a1, x.),
y = (41, ¥2), and S(f)x represents a rotation of the position
vector x around the origin through the angle —¢. If zis not too
near P; or Py, then by [22] one can generate and dynamically
describe a family of solutions z[t,R(s)z,] of the restricted
three-body problem [5] which begin near P; and end near P,
fort = t £ t (; < 0 < 1y, for instance, using s as parameter.
It is not difficult using the foregoing consideration and [21]
practically to determine suitable ranges for s, &, &, if 2(¢, 2) is
known.

It is finally remarked that [22] is not purely local in nature
but describes a property of the trajectories of [2] and thus
also of [1] “in the large.” This demonstrates at least one use
of [17] and [20] and is related to the physical meaning of
F(t,{) mentioned before [14]. TFurther investigation of the
properties of this function as given by [12] deserves an effort
in view of {9, 11, 13], and of Ref. 1.
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Linearized Steady Motion of Pluri-
Reacting Mixtures'

L. G. NaporiTaNO?

Istituto di Aeronautica, University of Naples,
Naples, Italy

IN Ref. 1 it has been proved that, when the chemical charac-
teristic time is much smaller than the macroscopic char-
acteristic time, the linearized steady flow of a singly reacting
mixture is equivalent to that of an inert gas mixture with
volume viscosity. Parallel statements for unsteady motion in
the so-called acoustical approximation are proved in Ref. 2.

It is the purpose of this note to prove two similar state-
ments for the linearized steady motion of mixture in which »
reactions take place; namely: 1) when all pertinent relaxation
times are much smaller than the macroscopic characteristic
time, the linearized steady flow of a pluri-reacting mixture is
equivalent to that of an inert gas mixture with a volume
viscosity depending on the equilibrium state of the mixture;
2) when m relaxation times (1 < m < n) are much smaller
than the macroscopic characteristic time, the linearized
steady flow of an n reacting mixture is equivalent to that of a
“viscous’’ mixture in which (n — m) reactions take place, the
equivalent kinematic volume viscosity being the same as that
for case 1.

To prove these statements, one describes the local
thermodynamic state of the mixture in terms of the inde-
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pendent variables v, s, A, where v and s are specific volume
and entropy, respectively, and A is an n dimensional vector
whose n components A; are the affinities of the n reactions
taking place in the mixture.

All needed thermodynamic information is then given by the
first-order homogeneous function ¢ = ¢(A, s, v) (the
“fundamental relation’”), where ¢ = ¢ — A-¥ is a thermody-
namic potential defined (see Ref. 3) as the nth order Lagrange
transform of the specific energy (e) with respect to the n di-
mensional vector £ whose ¢th component £; is the progress
variable of the 7th reaction. The conjugate dependent quan-
tities & T (temperature), and p (pressure) are functions of
the basic set (A, s, v) and are defined in terms of the partial
derivatives of ¢ according to the Gibbs relation:

dp = —§&-dA — pdv + Tds 1}

In the fluid-dynamic evolution of a system not too far from
equilibrium conditions, the local thermodynamic state can
be considered as a first~order deviation (subscript 1) from an
equilibrium state (subscript 0), identified by the set (0, vy, so).
The first-order deviation, when all molecular transport effects
are negligible, is identified by the set (A, ¢4, 0); the first-order
disturbances &, py, T are linear combinations of (A, »;, 0)
through the second-order derivatives of ¢ computed at the
“point’’ (0, ve, 8). Introducing the (n X n) matrix ® and the
n dimensional vector ¢ defined by

i = — (D%/0A04,) ©; = (-52%/ 04 ,0v)

7. 1,...n [2]

where the subseript (0) indicates values computed at (0, v,
), 1t is

P= —¢-Ar — (a0/v0)(1/00) [2a]
il = (I)Al — @iy [Qb}

where a,® = 1,2(0%/v%a—p is, by definition, the “equi-
librium” speed of sound. The matrix @ is positive definite
upon the intrinsic stability of the system.

The basic conservation equations for the first-order, steady
disturbances introduced by initial and/or boundary conditions
into an otherwise constant property equilibrium flow field can
then be written, if V is the velocity vector and D/Dt = V-V,
as

(DVy/Dt) — (a0*/v0)Vey = V(p-Ay)
Dv,/Dt = wy -V, Ds,/Dt = 0 [3]
DA,;/Dt = —®1.L-A; + & o(Dv,/Dt)

where @~ is the inverse matrix of @, and the last equation
follows from the expression D§/Dt = —L-A; for the sub-
stantial time rate of change of & and from ¥q. [2b]. The
(n X n) matrix L = L(ve, so) is positive definite (upon the
positive character of the entropy production) and symmetric
(upon the Onsager’s relation).

Eqgs. [1-3] make it possible to prove the forementioned
statements. Identify first the ‘“‘pertinent’’ relaxation times.
Diagonalize the matrix L. @ (where L~1is the inverse of the
matrix L) through a similarity transformation, i.e., let

B; = N-A N,(L—-l,(I)),NAI = A (Aqu = )\iaw‘)

where 6;; = Ofor¢ ¢ jand 6;; = 1 for¢ = j.
Performing these substitutions, the last of Egqs. [3] be-
comes

which shows that A has the dimension of time. On the other
hand, by known matrix theorems, the A;’s are the n roots of the
determinantal equation

L@ — \U| =0

(U is the unit matrix), and, since both @ and L~ are positive



