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R-SEPARATION OF VARIABLES FOR THE
FOUR-DIMENSIONAL FLAT SPACE LAPLACE AND
HAMILTON-JACOBI EQUATIONS
BY
E. G. KALNINS AND WILLARD MILLER, JR.!

ABSTRACT. All R-separable orthogonal coordinate systems for the complex
equations 34,9, ¥ = 0 and S4_,(3; W) = 0 are classified and it is shown
that these equations separate in exactly the same systems.

1. Introduction. We study the problem of R-separation of variables for the
complex flat space Laplace and Hamilton-Jacobi equations
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Here the complex metric is ds®> = 3%_,(dz')>. We show that these two
equations separate in precisely the same orthogonal coordinate systems and
classify all possibilities. In particular, we show that the R-separable coor-
dinates correspond to coordinates which permit pure separation for the
Helmbholtz equations on the manifolds E, (flat space), S, X S,, S3 X E, and
S, where S; is the complex j-dimensional sphere. Detailed group theoretic
classifications of separable coordinates on the first three manifolds appear in
earlier papers by the authors [1], [2] while an analysis of S, will appear shortly
[3]. It follows from these results that each R-separable system {x’} for (1.1)(a)
is characterized by a triplet of second-order commuting symmetry operators
{L,, Ly, L;} in the enveloping algebra of o(6, C), the symmetry algebra of
this equation. The R-separable solutions ¥, of (1.1)(a) corresponding to {x/}
are characterized by the eigenvalue equations

LY, =a¥,, i=123 (12)

4 ¢X’

where a,, a,, a; are the separation constants [4]. This relationship between
0(6, C) and separation of variables for (1.1)(a) permits use of group represen-
tation theory to derive properties of the R-separated solutions [5].

The problem of orthogonal R-separation for (1.1)(a) was treated in 1905 by
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Bocher [6] who constructed all systems whose coordinate surfaces are families
of confocal cyclides. As we shall show, Bocher’s method actually suffices to
construct all orthogonal R-separable systems for (1.1)(a). However, Bocher’s
method is very special and does not permit one to conclude that all separable
coordinate systems have been found. In this paper, based partially on
techniques of Eisenhart [7] we develop a more general method which allows
us to obtain an exhaustive list of separable systems for (1.1)(a), each of which
has a simple geometric and group theoretic interpretation. Moreover, we are
able to establish the equivalence of separation for (1.1)(a) and (1.1)(b).
Similar comments hold for the distinct real forms of these complex equations,
e.g., the real Laplace and wave equations with their Hamilton-Jacobi coun-
terparts. One need only modify the results obtained here by classifying the
possible real metrics with the appropriate signature. In particular, our results
show that the lists of orthogonal R-separable coordinates for the wave
equation found in [1], [2], [4] are complete.

In §2 we examine the problem of R-separation for the Laplace and
Hamilton-Jacobi equations in arbitrary n-dimensional Riemannian spaces
and prove some lemmas which clear up a number of obscurities and
ambiguities which have appeared in the recent literature devoted to
separation of variables. In §3 we prove that for n = 4 every conformally flat
metric in Stickel form is conformal to a Stickel form metric which satisfies
the Robertson condition. This result is used in §4 to find a complete list of
such metrics and obtain the principal results announced above.

For the singular case n = 3, corresponding results were obtained in [8]. We
expect the techniques and results of this paper to extend to the case n > 4
and to some nonflat metrics. In another paper we will classify the
nonorthogonal R-separable coordinate systems for (1.1).

The equations and coordinate systems treated in this paper are of great
interest for applications because of their close connection with the wave
equation and the Hamilton-Jacobi equations of classical and relativistic
physics. In particular, most of the special functions of mathematical physics
arise as solutions of (1.1)(a) via separation of variables and many of their
properties can be obtained from the representation theory of o(6, C) (5], [9]D.

2. R-separation. We begin by examining the general problem of R-separa-
tion for the Laplace and Hamilton-Jacobi equations

@) AY= \/—;g S 8,(VE g9,%) =0,

ij=1
n
®) AW=3S gl Wo W =0. Q1)
ij=1
Here, ds? = S g;dx'dx’ is a complex Riemannian metric, g = det(g;) #0,
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3,8%; = &, and g; = g;. We restrict our attention to orthogonal coordi-
nates

ds?* = D HP (dx')'=3 g, dx' dx’.
J )
By R-separation of (2.1)(a) we mean that the assumption

n
Y=M(x,...,x") Il 4(x)
J=1
permits the separation of this equation into n ordinary differential equations,
one for each factor 4;. Similarly, separation of (2.1)(b) means that the
assumption

W= 3 B(x)
Jj=1

permits the separation of the Hamilton-Jacobi equation into n ordinary
differential equations.

(2.1)(a) has been studied by Moon and Spencer [10] who find that
necessary and sufficient conditions for R-separability are (1) that the metric
take the form

HY=(S/My)Q, i=1...,n (22)
where S is a Stickel determinant, S = det ®, ® = (®;)) where ¢, = (D‘,(x‘),

M;, is the (i, 1)- cofactor of the Stickel matrix ®, and Q(x',..., x")is an
arbitrary function, (2) that

HM? _ T
-@-g—= .I[l.é(xj), H=Hl,000’Hn’ (2°3)
J-
and (3) that M satisfy
n M, -1 -1
El 5 3(fAuM ™) +aM ™1 =0 (24)
where « is a constant.

Conditions (2.2), (2.3) are obviously essential. However, the requirement
that @ be a constant in (2.4), while not necessarily incorrect, is rather
misleading. In fact, a closer analysis of the R-separation problem for (2.1)(a)
shows that it is necessary and sufficient for a to be of the more general form

n L (x/
a(x,,...,x") =3 %2 +¢, ¢ EC 25)
=1 H

In this case the function ¥ = II"_, 4,(x") satisfies
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n I;
> —'—‘a (9 ;‘I')+—Q—-\If +c¥ =0, (2.6)
j=1 H?

an equation which separates into ordinary differential equations

1 i(fdA)HA +2c<1>..A.=o j=h...,n @7
.6 dx’ dx’ Ji‘Yj ’ ey lly .
where €y . . ., C, are the separation constants.

On the other hand the multiplier M associated with a given R-separable
coordinate system {x',...,x"} is not unique. We say that two nonzero
functions M, M are -equivalent if there exist nonzero functions pj(x »Jj=
L...,n, such that M = p;'(x") - - - p7'(x")M. Then ¥ = MA, - ‘A, =
MA,,..., A, where Aj p;4; so ¥ is R-separable with  multiplier M if and
only if 1t is R-separable with multiplier M. Note that M satisfies (2.3)12.5)
with £, /; replaced by

L=07% T=b+5p(e7Y/5 +n(57)" 28)
It follows that we can always choose the functions p; such that l =0 for
J=1,...,n; hence M is equivalent to a multiplier M for which a in (2.5) is

a constant. Thus the criterion for R-separability as given in [10] can be saved,
although one thereby loses the flexibility due to equivalence transforms.

There is another degree of freedom in the description of R-separation due
to the fact that the characterization (2.2) of the metric in terms of Stickel
determinants may not be unique. Suppose ds? is a metric and M a function
satisfying (2.2)-(2.5), hence defining an R-separation of (2.1)(a) in the coor-
dinates {x »+-0,x"} and let ® be a Stickel matrix in these coordinates,
S = det &, and 0 a function such that

SO/ M, (29)

where M, is the (i, 1)-cofactor of &.

LEMMA 1. The Stickel matrix ® determines an R-separation in the variables
{x', ..., x"} with multiplier M equivalent to M.

Proor. Comparing (2.2) and (2.9) we have 0S/(0S) = M, / q fori=
1,..., n.Since M,;, M,, are independent of x' we have QS = kQS where k is
a nonzero constant. By renormalization of 0 we can assume without loss of
generality that k = 1. It follows immediately that M, = M;, for all i. From
(2.3), if the matrix ® is to determine R-separation w1th multlplxer M then M
must satisfy

HM?/QS = fI () (2-10)

Jj=1
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for some nonzero functions f; (2.3) and (2.10) then imply
il (i) _ M
=\ 5] M
Thus M is equivalent to M and it is enough to establish the lemma for
M= M.

Expanding S in cofactors we have

S=30,M,=3 (I’uMn

so the identity 0S = OS leads to

9 $ o 0
== &,(x)=. 2.11
Q = Jl( ) I{jz ( )
To show that M = M determines an R-separation corresponding to (2.9) we
must establish (2.4) for S replaced by S and « by a corresponding function &.
Now

X

Q.

M.
S Lo (fauM)) =

53 2

g" axf(fjax"M - l)

&h

~ Ql~ 3
J

Thus

a=> —%(g(xf) + ¢,®;(x’)). QED.
j=1 H;

The above result shows that if a coordinate system is R-separable then any
Stickel matrix ® satisfying (2.9) can be used to define the separation.

It is well known [11], [12] that a necessary and sufficient condition that
(2.1)(b) be separable in the coordinates {x, ..., x"} is (2.2). Thus every
R-separable system for (2.1)(a) also separates (2.1)(b) but the converse is not
generally true.

It is also well known [12] that a necessary and sufficient condition for
separability (M = 1) of the Helmholtz equation A,0 = E®, E # 0, corre-
sponding to the metric d§ = 37 A% (dx/)? is

RS R_T i) = ) 2.12
iS00 s L L) =hp.oos by, (2.12)

J=1

i.e., that d5? be in Stickel form and that the Robertson condition be satisfied.
Eisenhart [12] has shown that the Robertson condition is equivalent to the
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requlrement R; = 0 for i # j where R; is the Ricci tensor with respect to the
metric d52,
The following result will prove useful.

LEMMA 2. Let {x',..., x"} be an R-separable system for (2.1)(a)such that
ds* = 3, HXdx')? where H? = Qh} and ds* = 3 ;hX(dx’)? satisfies conditions
(2.12). Then the multiplier can be chosen to be M = Q(z"”)/ 4, Furthermore

J
AM~'+aM-' = = 2 ’( ) — +c, (2.13)
J=1
ALY +a¥ =0 (2.14)
where ¥ = M¥.
ProOF. From (2.12) we have
H Q(n-z)/zh - n.
s~ 5 =¢ 2”’}15 *)
whereas (2.3) yields
__ = A{-2 H x/
oS Pty

Thus M is equivalent to the multiplier 0 @~"/4, Q.E.D.
Note from (2.14) that ¥ satisfies a “Helmholtz equation with separable
potential”, hence it can be completely separated: ¥ = 117,14 (%)

LEMMA 3. Suppose d§? = Sh}(dx’)” satisfies conditions (2.12) and that H} =
Qh?. Then (2.1)(a) is R-separable corresponding to the system ds* = S H, z(dxf )
if and only if M = Q@~"/4 satisfies (2.13).

As an example of the application of Lemmas 2 and 3 we consider the
notion of R-separation of the flat space Helmholtz equation

% 092
=Gy

as introduced by Moon and Spencer [13]. These authors show that a
necessary condition for R-separation of (2.15) in the coordinates {x/} is that
the metric satisfy (2.2) and (2.3) with Q = 1. However, the above lemmas
then imply that (since R; = O for flat space) we can choose the multiplier M
so M =1. Thus {x’} permits R-separation of (2.15) iff it permits pure
separation. It follows that R-separation for (2.15), and any Helmholtz
equation for an Einstein space, is a useless concept.

~¥=E¥, E#0, (2.15)

3. The Robertson condition. We shall now restrict our attention to (2.1)(a)
for which ds? = T H; 2(dx”)2 is a flat space metric, i.e., the complex Laplace
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equation in n variables. Then condition (2.2) for R-separation implies ds? =
Q ds? where ds* = ThX(dx’), h; = S/ M. Thus d§? is in Stickel form and
corresponds to a conformally flat space. To solve the separation of variables
problem for the Laplace equation one must necessarily study these confor-
mally flat metrics in Stéickel form. In [7] Eisenhart has investigated these
metrics and we list some of his formulas which are relevant to our study.

The condition that d5? be in Stickel form is

3%nk2  dlnk? dlnk? . dlnk? dlnk?  3Ink? dlnk?
axfax*  ax/  axk ox/  oxk axk o/ ’
G#k. (31

In consequence of (3.1) the components of the Riemann curvature tensor for
i, J, k different may be written

Ry = 3 h23%nh?/ox/axk (32)
and the nondiagonal elements of the Ricci tensor are
S _ 3 3%nll'R}
B= 20 =8 er ¢3)

where II' indicates the product of the 4’s except A and h,. For n > 4 the
necessary and sufficient condition that ds® be conformally flat is that the
conformal curvature tensor Cy identically vanish [14], i.e.,

l a a a n
Cije = Ryge + (&R — EuRy + EuRy — ;Ry,)
R A A A A
+ (n—D(n-2 (8ugy — 8u) = O, =15 (34)

Given the metric d§? the function Q = e is determined by solving the
equations

Ay =(n—2)"(Rg;/2(n — 1) — R)) — 1 ,A, ()
where
N=Ayz=AA, A, =3 ax!

and A ; is a second covariant derivative of A with respect to g,.
For n = 3 it was shown explicitly in [8] that by suitable renormalization of

Q it is always possible to choose d5? such that R; = 0fori +# j. Forn =4 we
have

THEOREM 1. Let di* = S}_ ¥ (dx’) be a conformally flat metric in Stickel
form. Then there exists a nonzero function q such that d§*= qds* =
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SqhX(ds’) where the metric ds? is in Stickel form and such that R; =0 for
i .

Our proof of this result is rather complicated and will be accomplished

through a series of lemmas valid for all n > 3, some of which are interesting
in their own right.

LEMMA 4. Let d§? = 37_ h¥(dx’)* be conformally flat and in Stickel form.

Then there exist nonzero functions X;(x’), ¥, (x/, x*) = =¥, f(x', ..., x")
such that
BW=xfIl ¥ Jj=1...,n (3.6)
k#j

v,
(@) (Zf) =0, (b)@k(:l,y’T*ik) 0 Gik#. 6D

(Here 3%/ 3x/dx* =9,f)
Proor. From (3.1) for i = k we find
9In(h?/K) =0, i+,

)

K = 9,85 B = g0
where @;, ¢;, ©; are functions such that 3,p; =9,p; = 0. The condition
Cii = 0(J, i, k #) implies

Rji = (hiz / (n = 2))R;. (3.8)
From (3.2) and (3.3) we find
ln(I['A2/h2"=2) = 0, so 3ln(h?/h?) =0

J!
for i, I distinct from j, k. It follows that

h'-z = H ‘I’il(x‘, xl)@y, ’!,2 = H ‘I’j,(xj, xl)eyo
Iij I#iyj
These results are consistent for all values of i and j only if (3.6) is valid.
Substituting (3.6) into (3.1) we obtain the conditions (3.7)(a), (b). Q.E.D.

LEMMA 5. Let d§* = 3" \h¥(dx’)* be in Stickel form. Then d§* = €** ds? is
in Stdckel form iff

Jor all unequal j, k. The nondiagonal elements of the corresponding Ricci tensors
are related by

Ry=Ry +3(n = %0  (jk+#). (3-10)
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Proor. (3.9) follows directly from (3.1), and (3.10) is a consequence of
identity (28.6) in [14]. Q.E.D.

Clearly, Theorem 1 will follow from Lemma 5 provided we can find a
function ¢ such that

R}k + %(” - 2)39 =0, Ui k #). (3.11)

Eisenhart [12] has shown that the nondiagonal elements of the Ricci tensor
for a metric in Stickel form are given by

Ry =23,In [I'n2. (3.12)
Thus if d5? satisfies the hypotheses of Lemma 4 then (3.11) requires

99 = — 13 f

or

e2w =f-ltltz AR t,. (3.13)

where f, = t,(x) is a nonzero function. The transformed metric d5> has the
form

B=Xxt---1,11¥,. (3.14)
Ij
The condition that (3.14) be in Stickel form, i.e., the condition that e?®
preserves Stickel form is easily determined from (3.7) or (3.9).

LEMMA 6. The metric ds? of Lemma 4 is conformal to a metric ds? in Stickel
Jorm which satisfies the Robertson condition iff there exist nonzero functions
t(x",i=1,...,n, such that

G (b0¥) =0 (j# k). (3.15)
To complete the proof of Theorem 1 we will show that if {¥,, = —¥,,} is
a set of functions satisfying (3.7)(b) then there exist nonzero functions (¢}
such that (3.15) holds for n = 4. Let i, j, k be three distinct indices. Then
(3.7)(b) is equivalent to the existence of functions 8 ,(x?, x®) such that
‘I’jk = 9”-‘1’,* + eik‘l'ﬁ,
¥y = 60,%; + 6,%;, (3.16)
These relations imply the equalities
@) (88 — ¥ = (O — 6,0,)¥,,
©) (88 — 0,) ¥y = (8,0, — DY,.
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The functions ©,, are not uniquely determined since, for example, the
functions

0,=06;+ h(x-’)‘Ify., ik = O — h(x’)¥y,
also satisfy (3.16). Now fix x’ = x/ such that the {¥ .5} x1=xy are all nonzero
and normalize the functions {@©,} such that @ ®j, = 1. It follows from
(3.17)(a) that @, = ©,,/@,. Similarly for fixed x’ = x§ we can normalize so
that ©,,0, = 1, thus (3 17)(c) implies ©,; = ©,0,;. We conclude that @ =
9,,‘ , independent of x’. Then (3.17)(b) 1mphes 0y =0y /9,, for all x'. We
have now determined functions such that the last two equatlons of (3.16) hold
for all x‘. Defining ©; = 07, ©,, = O3 for all x' we can verify that the

first equation of (3.16) is also valid. It follows easily that there exist nonzero
functions #, = #,(x“) such that ©3' = — /1,0, ' = — ¢,/1, 50

I+ 1, 4+ 7Y, =0 (3.18)
Thus there exist functions b,, a = i, j, k, such that

@ ¥, =bg' =kt = (4)"(a — ),
®) =5 - by =) g =) G19)
(© Yu=bt = bt = (1) (a — ),

where ¢, = b,t,. Again the functions b, and c, are highly nonunique since it is
only the differences ¢; — ¢; (independent of x%), etc. which appear in (3.19).
By addition of an appropriate function we can assume ¢, = ¢;(x’). Then
(3.19)(@), (c) imply ¢; = ¢/(x', x’), ¢, = ¢;(x*, x*). From (3.19)(b) we have
%(c; —¢)=0s0
¢(x’, x7) = ¢(xb ¥') = ¢ (%', x*) = ¢ (xb x*) = h(x).

By adding — h(x’) to all functions ¢, we get new functions &, = &,(x“) which
also satisfy (3.19). Thus 9, (£,4.¥;) = 0, etc.

Now suppose 9;ln ¥; # 0 for some ¥;. Then 9,c; #0, 9;c; # 0. Next

consider the functions ¥;;, ¥;, ¥, for I # i, j, k. Arguing as above we find
-nonzero functions s, = s(x?), and functions d, = d,(x°), a = i, j, /, such that

ss¥y=d—d, ss¥y=d—d, ss¥;=d—d. (3.20)

Since d; and d; are nonconstant we can compare expressions (3.19) and (3.20)
for ¥; to obtain (to within trivial multiplications and additions by scalars)
either ¢, =s,, ¢,=d, or t,/s,=1/d,, ¢,=—-1/d,, a=i, j. If 4 is
nonconstant we easily obtain a uniform representation of the six functions
¥,s in the form #,2,¥,, = ¢, — cg. If, however, 9,d, =0 then we have
relations of the form £,5,%, = h, t,5,%, = h;, b, = h(x") which do not assume
the appearance (3.19). Still, setting #, = 5,4, we find
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9 (%) =0y (1,4,%y) = 0.
Now consider ¥,,. Treating ¥,, ¥,, ¥, and reasoning as above we see
that there exist nonzero functions u, = u,(x*) such that
¥, + ¥, + u¥, =0.
If 9,d, # 0 then
Y= —c¢ t¥y=c-g¢
so
4 ¥ = —(hti/u) ¥y + w¥y)

= (c/wt)(ut; — wety) + (1/wt))(cpit = cxthy)- (3:21)
Since 9,(#,4,¥,;) = 0 we see that if 9;(1) # O then there exists a constant a
such that
c,uktk - Ckult[ = a(u,t, - uktk).
Thus
a,d (tktl‘I’kl) = 0. (3.22)
If, however, u;7, = B = const then since 9,c; # 0 we have ut, = ¥, = const,
50 again (3.22) holds.
Now suppose 9,d; = 0. Then
titk\I,ik = c,‘ - ci, tltl‘l'il - l
so
4t ¥ = (c/wt)tpy — (1/wt)(cty + tuy). (323)
If 9,(1,2;) # O then there exists a constant « such that
ckt,u, + tku,‘ = at,u,
and (3.22) holds. If ¢, = B then since 9;c; # 0 we have #u, = 0, which is
impossible. Thus (3.22) holds in all cases.

For n = 4 the only remaining possibility is that d,,ln ¥, = 0, for all a,
b=i,j, kI, a# b. Then ¥, = A(x°)B®(x®). A case-by-case analysis
employing (3.7)(b) and much simpler than the above shows that there always
exist nonzero functions #,(x%), a =i, j, k, I, such that 9,,(z,%,¥,) = 0.
Indeed if ¥, = A(x/)B(x*) with a,A # 0, 3, B # 0 it is easy to show that the
7, can be chosen so that 4, = 4~, #, = B~\. If each \I'a,, is a nontrivial

function of at most one variable then we can choose #; = - - - = ¢, = 1. This
completes the proof of Theorem 1 for n = 4.

LBMMA 7. For n > 4 let ds* = T\ HX(ds’)* be a flat space metric such that

= Q di* where d§* = 3" lhz(abc")2 is in Stdckel form and satisfies the

Robertson condition. Then the coordmates {x..., x"} permit R-separation
Jor the flat space Laplace equation A,¥ = 0 iff
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n L(x/
R=3 ’(2) +c (324)
j=1 kb

where R is the scalar curvature corresponding to the metric ds>.

PrOOF. By Lemmas 2 and 3 the coordinates {x*} permit R-separation iff
A,0=2/% + aQ*=D/4 = O where

and 52 is the Laplace-Beltrami operator corresponding to the metric d§
Since ds? is conformally flat (3.5) holds for Q = ¢*°. Multiplying both sides of
(3.5) by A2, setting i = j and summing on j we readily obtain

(n-2)

A (n—-2)/4
AT |

RQ®™=2/4=0. QED. (3.25)

THEOREM 2. Let {x*} be a coordinate system for four-dimensional flat space
with metric ds* = 33_ | H3(dx’)2. Then {x*} permits R-separation of variables
for the flat space Laplace equation iff ds* is conformal to a metric ds* =
2} 1B (dx’)? such that (1) d§? is in Stickel form, (2) ds* satisfies the Robertson
condition R; = 0 (i # j), and (3) the scalar curvature of ds* can be expressed in
the form (3.24).

It follows from Lemma 1 that the validity of condition (3) is independent of
which metric 5 is chosen satisfying conditions (1) and (2). Thus to find all
R-separable systems for the flat space Laplace equation it is sufficient to
compute all conformally flat metrics d§? which satisfy conditions (1) and (2),
and then compute the scalar curvature of each to determine if condition (3) is
satisfied.

Due to the crucial importance of Theorems 1 and 2 in this paper we
indicate an alternate proof of these results. Let the metric ds? satisfy the
hypotheses of Theorem 1. From Lemmas 4 and 5 it follows easily that
ds* = h[%5? = 34_ | H; 2(dx’)2 is also in Stickel form where

H2=1, = ¢(x") (T + TE)(T] + 1Y), (3.26)

J k,1=2,3,4 are dlstmct, and T':{ ¥,; are functions of {x', x/} alone.
Indeed the trick of multiplying by Ay * allows us to take f = [¥,,¥,;¥,,] ! in
Lemma 5 and (3.26) follows 1mmed1ately from (3.7)(b) with i = 1.
Now, fixing the variable x we observe that the metric HZ(dx%)? +
Hi(dx®? + H(dx*? in {x? x*, x*) satisfies the Stickel conditions (3.1) as
well as the Robertson condition for metrics in three variables. These are
precisely the conditions Eisenhart used to classify the possible Stickel forms
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in three variables [12]. He found that the forms were of four types, the most
complicated of which is
'2 =(Ty— Ty )(Ty— Ty )‘I'%p Jj =234 (3.27)

where T); is a function of {x', x’} alone. (Here we must modify Eisenhart’s
results by allowing each function to depend on x'.) Substituting (3.27) into
(3.26) and imposing the remaining conditions (3.7)(b) for i = 2, 3, 4, we can
compute all possibilities for T';, ¥,;. One such solution is

. (g-a)G-0)
Hf = ——— —9(x)
(01 = 0)(0) — )
where o; = 0,(x). Multiplying ds* by (0, — 6;)(6; — 0;,)(0, — ¢;) and absorb-

ing g(x") through a renormalization of x! we obtain the metric
B2 =(0,— g)(o,— 0)(0; — o), ijk1=1234, (328)

j’k’l=2’3’4’

which is conformal to d5?, in Stickel form, and satisfies the Robertson
condition. A similar case-by-case study employing Eisenhart’s other three
standard forms in three variables leads in a straightforward manner to the
exhaustive list (4.1)~(4.7) and verifies Theorem 1.

4. The classification of separable systems. Here we implement the results of
Theorem 2 by constructing (for n = 4) all conformally flat metrics ds* =
Ehz(dxj)2 which are in Stickel form and satisfy the Robertson condition
R; =0, i % j. It is a straightforward application of Eisenhart’s results in [12]
to classify all metrics ds?> which are (1) in Stickel form, (2) satisfy the
Robertson condition and (3) satisfy (3.8).

The possibilities are

[1] B} = X,(0;— 03), h = X;(0, = o)),

4.1
B = X3(03 — 04), B3 =X,(05— 0y),
where the functions X, g; depend on x’ only,
[2] h} = X, (0, — 0y), ;= X,(0, — o), 42)
h = X30,05(03 — 0y), h; = X40105(03 — 0,),

[3] A} = 0050, B} = X, (033 + 03,)(04 + 043)

B} = X3 (03 + 023)(034 + 043), i = X4(0i2 + 024)(0a3 + 034),
43)

where o; is a function of x‘ alone,

[4] R = X,(0; — 9)(0; — 0 )(0; — 7)), 44
with i, j, k, I distinct,
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[5] Kl =X,k = @(x")Xy(02 + 03,)(024 + 042),
B = (x")X3(052 + 023)(034 + 043), (45)
h; = @(x") X (04 + 024)(043 + 034),
[6] B =X, h}=X,f(x"),
B} = X30(x")(03 — 04), h} = Xp(x")(0; — 0y),
[7] h% =Xy h% = Xzf(xl)» h§ = ng(xl)»
b2 = X,h(x").
We now examine the remaining conditions imposed by the requirement
Giis = Ry — ’;'(hjzRiI + k. Rjj) "‘%thzhiz =0 4.8)
for i # j. Using the relations
R, = %h,:zR,d,,‘, R= ;h,‘zR,,
we see that (4.8) is equivalent to
2hZhR; + 2)},2th,‘,,,¢ = iy’h,':’R,,,, + }y’h,’R,w
+h,’h,ij,!, + h,zhflgw 4.9

(46)

@7

where i, j, k, [ are distinct. Writing
By = WhiRy + WhIR
we can express (4.9) in the form
2By = By, + By . (4.10)

Permuting {i, j, k, I} we obtain two further conditions of this form and the
three conditions are readily seen to be equivalent to

Bkl,ii = B,q’” = Bld,l]' (4.11)

We will substitute the various differential forms [1}H{7] into (4.11). Once the
possible conformally flat metrics d§* have been determined we will compute
the functions Q = e* from (3.5).

We first consider metrics of type [1]. If all the o; are not constants then the
metric may be taken in the form

B =X, (x'= %), h=X(x'-x?,

4,12
B= X0 Y, K= X, (2 - x9, @12

i.e., we can set o, = x' for all i. The condition B,, 3, = 0 is equivalent to
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sl -(2))]

R TR N (A

(4.13)

Differentiating this equation successively with respect to x! we get that
1/Xx)® =0so

3’17 = f(x") = a(x")’*+ b(x")'+ ex' + d; 4.14)

similarly, (X,)~! = — f(x?). An analogous computation yields

1 2 1
X h(x) = —a(x*)’ - e(x%)’ - gx* — k, X, —h(x%).

If a # 0 the metric takes the form
o ) [ (&)’
4 (=" = a))(x' = a))(x' — a3)
_ (@)
(%% = a))(x* = a)(x* — a3)
(P =xh (@)
4 (%° = By)(x* = by)(x* — b,)

_ (@)
(x* = by)(x* = by)(x* - b,)

This metric corresponds to the choice of elliptic type coordinates related to
the reduction o(6, C) D o(3, C) X o(3, C) of the symmetry algebra o(6, C) of
the Laplace equation. If the roots {a;} are distinct and the roots {b,} are
distinct we may take @, = a, b, = b, a, = b, = 1, a3 = by = 0. The corres-
ponding four space coordinates can be chosen as

. (4.15)

RN - ST VI

3 ‘;' i&; & ';' it (4.16)
P=—"2 4 _ 3

§i+i&° §+i°

where 2+ 2+ ¢2=1 and £ +£2+ §2 = —1. In each case we have
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chosen Lameé type coordinates on the two-sphere S, according to

gz — ilx_z - (x _ 1)(-" - l) {2 — (xl - a)(xz - a)
' a a-—1 3 aa—1) ’
2o =Xt (* - -1 2o (x* = b)(x* - b)
P 2T b-1 S h(b-)
(4.17)
The function Q is given by

0 =[V=x%*/b +{- (- B)(x* - b)/b(6 - 1) |
Note that the Riemann space is S, X S,.

When some of the roots are equal in (4.14) the coordinates still take the
form (4.16) but § and £ are now chosen as other separable systems on the
two-spheres of radii 1 and i respectively [4].

If, alternatively, a = 0 in (4.14) the metric can be taken in the form

w—ﬂ[ @y @
(

ds* = 4 xl—a)(x'-a) (¥ a)(x*-a)

(¥ = x% (dx®)’ (dx*y’
+e l (2= b)) (¥ — b)) (x* = b)(x* - b)) ] (18)

This metric corresponds to the choice of elliptic coordinates related to the
reduction 0(6, C) D &(2, C) X &(2, C). If the roots {a;} and {b;} are distinct
we may take a, = b, = 1, a, = b, = 0. The four space coordinates can be
chosen as

2= 0 ~(1- ()1 - ()] 2= Ve,
23 = cQ I/Z[_(l — (x3)2)(l - (x4)2)]l/ , 2= CQI/2x3x4

(4.19)

where
= 12 2)2 2( (32 42 -2
Q=1 or Q=[(x) + () -1+ () - (¢ —1)]
(Here the two choices of Q lead to conformally equivalent coordinates.) For
general choices of {g;} and {5,} the coordinates z* are of the form
2'=0V% 22=Q'y, 2=QY% z*=0Y5,  (420)

where (x,y) and (X, y) are chosen from among the various inequivalent
elliptic coordinate systems in the complex Euclidean plane for which the flat
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space Helmholtz equation separates [2]. Here Q is either 1 or [x? + y* + X2
+72]72. The case Q = 1 corresponds to flat space E,.

If we allow any of the functions o; in [1] to be constant it is straightforward
to show that we just get special limiting cases of the coordinate systems
already discussed. We refer the reader to the literature [2], [4] for lists of these
systems.

Systems corresponding to metric [2] are conformally equivalent to metric
[1] systems. This can be shown by dividing the metric coefficients by 0,0, and
absorbing this factor into Q.

For metrics of type [3], if all the functions o; are nonconstant the metric
coefficients can be chosen as

B} = x%%%4, B = X,(x® — x3)(x® — x%),
3 2Y(y3 4 2 4 2\ 4 3 (4.21)
= X;(x° — x*)(x° = x*), h3=X;(x* = x*)(x* = x°).

Making the transformation x! — (x*)~1, i = 2, 3, 4, and extracting the factor
1/x%x* we obtain the new metric

B =1, h}=X;(x*— x*)(x? - x%),
=X — ) - xY), B =Xt — (= 5% (422)

where X/ are new functions of the variables x'. It is also readily seen that if
the o; are nonconstant for a metric of type [5] then this metric can also be
reduced to (4.22). Dropping the primes in (4.22) we now proceed to evaluate
the possible functions X;. Substituting (4.22) into By, ;, = B34 and dividing
by x2 — x* we obtain the condition

(- x“)’[(x3 - x)(x* - xz)( =+ ) +2(x% + x* — 2x3) ]
3
+ (x* - ):3)3[(x2 - x3)(x? - x‘)( :\’l—) +2(x% + x4 - 2x2)( XL )]

+ (x* - .7c2)3[(.x4 - x%)(x* - x3)( }1— )’ +2(x2+ x3 - 2x")( -)—(1— )] =0.
4 4
(4.23)

Differentiating this equation twice with respect to x>, x* and four times with
respect to x2 we find (X, )® = 0so0

XL: = f(x?) = a(x)* + B(xH’ + y(x?)* + 8x% + ¢, (4.24)

and in general X;~! = f(x’),i = 2, 3, 4. If « # 0 we have the metric
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4 sl — IVl — K 2
d§2=(dx')2+2 : a'(x ix)(x 1x)(dx?
i=2 (x' = a))(x' — a)(x' = a3)(x' — ay)
(i, j, k #). (4.25)
This metric corresponds to the choice of elliptic type coordinates related to
the reduction 0(6, C) 5 0(2, C) X 0(4, C). If the roots {a;} are unequal they

may be chosen as a, b, 1, 0, respectively. The corresponding four space
coordinates are

z!' = Fsinhx!, z22=9F, z3=,F, z*=,F,
F = (mo — cosh x')"l, nmn+n+p+9i=1, (4.26)
and the choice of coordinates on the sphere S; is

- —(x* = a)(x® — a)(x* - a) —(x% = b)(x* — b)(x* — b)

2

Mo (b—-a)l - a)a > M= (@a—b)(1-b)b ’
—( =) - )(x* -1

e ST o)

Here

-2
e a@-aet-a 2 .,
e [ -5 - a)a coshx| .
If some of the roots are equal, this just amounts to a new choice of elliptic
coordinates on the sphere S;: - 9 = 1, see [1]. Here the Riemannian space is
S; X E,.

If a = 0 the metric is

I R e ) a0 C. 9
& = (dx’) +§2 x = a)(x' - a)(x' —a;)

(4.28)

The metric corresponds to the choice of elliptic type coordinates related to
the reduction o(6,C) D &(4,C) D (3, C). Here we have assumed for
illustrative purposes that f(z) is a third order polynomial although all metrics
with deg f(z) < 3 correspond to reductions of this type. If all the roots in
(4.28) are distinct we may take @, = a, a, = 1, a; = 0. The corresponding
choice of four space coordinates is
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1/2

9

2= Q%! 2= Ql/z[ (x® = a)(x® — a)(x* — a) ]

a(a-1)

2 1y(x® - 1)(x* - 1) 12 2.3 .4 11/2
z3=Q'/2{(x )(xl_a)(x )] , 24__.Q1/z[x);x] ,

(4.29)
where

-2
Q=1 or Q=[(x‘)2+x2+x3+x‘—a—l] .

(The two choices for Q yield o(6, C)-equivalent coordinates.) For general
cases of type [3] metrics it is straightforward but lengthy to show that no new
coordinates appear. For metrics of type [5] allowing some of the functions o
to be constant produces systems which run through the various separable
coordinates on the sphere S; [1], [2]. Here, with Q = 1, the Riemannian space
is flat.

For metrics of type [4] we can take o, = x’ and substitute the metric
coefficients into By, 34 = B3, to get

S [(xf = F)x' = $) = 2T
=1

= 0 - - 5 )
- 2[3(.75')2 = 2x'(x' + %/ + x¥)
+ (x' + xixk + xka)]( %I )] =0 (430)

where {i, j, k, I} is an even permutation of {1, 2, 3, 4}. These equations have
the general solution

6
Lafoy= D e, i=1234 431
Xi m=0
If ag # 0 then it is always possible to take a, = 0 and change coordinates
according to x’ — (x’)~1. Pulling out the factor (x'x*x*x*)~! we see that X;!
can quite generally be taken such that a5 = 0. The metric is then
4 (¢ = ¥)(x' - xR - &)

it =3

i=1 Lo(x'—a)

This metric corresponds to the various types of elliptic coordinates possible

(ax'). (4.32)
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on the sphere S, related to the reduction o(6, C) 5 o(5, C). If the {a,} are all
distinct then the four space coordinates are

Zi=QV%, i=1234 Q=(+1n)" (4.33)

5
2 =1

i=]

The coordinates on S, are

]'[4._ .(xj — a.)
P S 434
U Hj;&i( a, — q] ) ( )

When some of the roots are equal then (4.32) corresponds to one of the
various degenerate elliptic type coordinates on S, [3], [4]. (It is interesting to
note that the {x/} in these cases are the general cyclidic coordinates in which
the Laplace equation separates [4]. We have shown that these cyclidic
coordinates correspond to elliptic coordinates on S,.)

If deg f(z) < 4 the resulting differential form corresponds to various types
of elliptic coordinates in flat space which are related to the reduction
0(6, C) D &(4, C)[2], [4]. If deg f(2) = 4 with distinct roots then

I_.(x" - a)

2 _

@)y =0 [Leia; — a) ’
4 I (x — a)

=1 or 172 = = U .
¢ ¢ Ex s{a — a)
(The two choices of Q are o(6, C) equivalent.) If some of the roots are equal
to deg f(z) < 4 the resulting coordinates are of the form z’ = Q'/%* where
the {z'} are separable flat space coordinates and Q = (Z4_,(z')») 2

This completes our classification of separable systems for the Hamilton-
Jacobi equation (1.1)(b). Since each of the Riemannian spaces E,, S, X S,,
S; X E,, S, which arise in this classification has constant scalar curvature R,
it follows from Theorem 2 that all these systems permit R-separation for the
Laplace equation (1.1)(a).

(4.35)

THEOREM 3. An orthogonal coordinate system permits separation of variables
Jor the flat space Hamilton-Jacobi equation

4 2 4
2(55)-0 = Z @y
i=1\ 3z° i=1
iff it permits R-separation for the Laplace equation
4
%y

=0.
=1 3y
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Furthermore the metric associated with each such coordinate system {x’} can be
written as

ds* = Q d* = Q[ » h?(dx’)’}

i=]

where ds* permits true separation of variables for the Helmholtz equation
A,® = E® on one of the manifolds: (1) E,, (2) S, X S5, (3) S3 X E,, (4) S4. All
separable systems on these manifolds permit R-separation for the Laplace
equation.

REFERENCES

1. E. G. Kalnins and W. Miller, Jr., Lie theory and the wave equation in space time. 11: The
group SO(4, C), SIAM J. Math. Anal. 9 (1978), 12-33.
. , Lie theory and the wave equation in space time. IV: The Klein Gordon equation and
the Poincare group, J. Mathematical Phys. (to appear).
3. , Orthogonal separable coordinates for the Laplace-Beltrami operator on the complex
Jour-sphere (preprint).
, Lie theory and the wave equation in space time. V: R-separable solutions of the wave
equation, J. Mathematical Phys. 18 (1977), 1741-1751.
5. , Lie theory and the wave equation in space time. I1I: Semi-subgroup coordinates, J.
Mathematical Phys. 18 (1977), 271-280.
6. M. Bocher, Die Reihentwickelungen der Potentialtheorie, Leipzig, 1894.
7. L. P. Eisenhart, Stackel systems in conformal Euclidean space, Ann. of Math. (2) 36 (1935),
57-170.
8. C. Boyer, E. G. Kalnins and W. Miller, Jr., R-separable coordinates for three-dimensional
complex Riemannian spaces, Trans. Amer. Math. Soc. 242 (1978), 355—376.
9. W. Miller, Jr., Symmetry and separation of variables, Encyclopedia of Applicable Mathe-
matics, Vol. 4, Addison-Wesley, Reading, Mass., 1977.
10. P. Moon and D. E. Spencer, Theorems on separability in Riemannian n-space, Proc. Amer.
Math. Soc. 3 (1952), 635-642.
11. P. Stackel, Uber die integration der Hamilton-Jacobischen differentialgleichung mittels
separation der variabelen, Halle, 1891.
12. L. P. Eisenhart, Separable systems of Stackel, Ann. of Math. (2) 35 (1934), 284-305.
13. P. Moon and D. E. Spencer, Separability conditions for the Laplace and Helmholtz equations,
J. Franklin Inst. 253 (1952), 585-600.
14. L. P. Eisenhart, Riemannian geometry, 2nd printing, Princeton Univ. Press, Princeton, N. J,,
1949, pp. 89-92.

ScHOOL OF MATHEMATICS, UNIVERSITY OF MINNESOTA, MINNEAPOLIS, MINNESOTA 55455 (Cur-
rent address of Willard Miller, Jr.)

Current address (E. G. Kalnins): Department of Mathematics, University of Waikato, Hamil-
ton, New Zealand




