ON A CLASS OF ELLIPTIC PARTIAL DIFFERENTIAL
EQUATIONS IN FOUR VARIABLES

R. P. GILBERT

1. Introduction. Bergman [1]-[6], [11] has considered the ellip-
tic partial differential equation,

o'r + A(), or
ox

wOlp, ()

1.1 TJ7]= +CrH¥ =0, (£=1,2,3)
where A(r?), C(r*) are analytic functions of the real variable * = x,x,
[t =1, 2, 3] (Repeated indices mean the summation convention is used.)
In this paper we shall investigate the four variable analogue of this
equation, T, [?] = 0, and show that many of Bergman’s results carry
over to this case. Here, we need in many instances, the methods of
several complex variables in order to find the natural generalizations.
In Bergman’s theory,* the integral operator B, [f] plays an im-
portant role in studying the solutions of (1.1). In our case, there is
an analogous operator [7]-[10], which is a four-variable analogue to

B, [f]:
1

HIX] = Bifl =~ || L@ 0,9, X =@ oo,

(1.2) w= x1<1 + —%—) + 73%(1 — 7}%) 4 xs(% _ %) + w(% + %)

and D= {|&| =1} x {{9| = 1}. The operator B, [f] maps analytic func-
tions of three-complex variable onto harmonic, function-elements of
four-variables. One may realize how analytic functions are transformed
into harmonic functions, by considering the powers of %, which act
as generating functions for the homogeneous, harmonic polynomials,
HX],

(1.3) wr = ki HP[X e~

»1=0
The polynomials H}X) [k,1=0,1,+--,7; 2 =0,1,2,--+] form a
complete, linearly independent system [13] [7] [8]. From the Cauchy
formula for two complex variable we have an integral representation
for these polynominals given by,
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1 See Bergman [1], Chapter II.
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kl — 1 2 Ek—1anl—1
(.4) HrX] = 4Ar? S|e1=18m1=1u gy e

It is clear then, that the analytic function,

n

(L.5) FO0,8) =3 3 Gumu e,

n=0m,p=0

is mapped onto a harmonic function,

)

HX]=3 3 t..H7X],

72=0m,p=0

defined in the small in the neighborhood of the origin, [X] = (0). We
shall refer to (1.6) as the normalized associate of H[X] with respect
to B, (see Bergman [1] pg. 62, Kreyszig [14] and Gilbert [8]).

2. The derivation of a Bergman integral operator generating
solutions to T, [¥] = 0. We shall establish the following theorem,
which is four-variable analogue of Bergman’s [5].

THEOREM 2.1. Let H(r,7), |7]| <1, be a solution of

@1 (1 —H,. — 4 + DH, + TZ'(H" + %H + BH) =0,
where

2.2) B= —%A,—zA——"z—A”—k c, r=ua,,

and H,[rt is continuous at r =7 = 0. Then,
2.3) 7(X) = 2[f]

__ [ g (e .
T Arn? Sm=1 Ui SIEI=1 3 Sr=—1E(r’ o) f(l — 7°); 7, §dz,

where

— 1
2.4) E(r,7) = exp( < So A4~dfr>H('r, 7,
18 a solution of (1.1).

The proof of Theorem 2.1 follows closely the proof given by
Bergman for the three-variable case. First, we list several formal
relationships which exist bétween the variables:

me = (1t 5) + 0 -5) < (g -3)

= +p(3+ %)’ =0,



ON A CLASS OF ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS 1225

ou OF ou oFE or ou OF

(2.6) ox, 0, ~ ow, or oz, = r or
@.7) x%E— — :Tr%f_ Sy
@9 sl oy,

and

(2.9) — uy 7, &] = — g;&“ (’L‘ _ %) £.

Now, using relations (2.5)-(2.9) we compute formally, that

or 1 ﬂ _d_‘E_ +1 .
02,01, T A4nm Slﬂl=1 n S|e|=1 & §r=—1f[u(1 % ¢]
NP )
0,0, o ’
and consequently
1\1
2
rwy= L] dnf s f{ E e
! A7 Jmi=1 p = & 0x,0%, or
1 1
0—7— —)K
oE  w©, ou 2< 7:> ) }
A ad 5
o + (x'* or,  u 0w, oz + CBde
2.11)
o(c- L)LE.
- _Lg i’lg iéig“ "B _ T/ r
Az Jini=1 p Jiei=1 & 0,0, or
03— 1)
+ AE, — AT— + CE(dr

In order to verify that is a solution of T,[¥] =0, we show that the
terms in the brace of the integrand (2.11) vanish identically. By
setting E(r, 7) = H(r, 7) exp (—— 1/2 SOA'rdr), and computing the terms
involved we obtain

L{(l — ™)H,, — ¢ + 1)H, + TT(H EH,)

rT r
(2.12) i

—— A — 2 A2 —_—— —
+rz'( TA— 24+ A+C) } ( 2§A'rdfr>—0
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consequently, if a solution H(r, 7) exists to (2.1), then (2.3) represents
a solution of T(¥) = 0.

One can show the existance of an absolutely, and uniformly con-
vergent solution,

(2.13) H(r,7) =1+ S, t7b™(r) ,
n=1

where the {6 (r)} are sequences of functions defined by the recurrence
formulas

b® + 7B =0
@.14) {(@n— 1)bY + rba? — @n— B 4 rBh*D =0, (n=2,3, -+
BW(0) =0, (n=1,2, -

and where |7| = 1, and » < p < P,/1/ 2 (distance of the first singularity
of B from the origin). The recurrence formulas are obtained by sub-
stituting the series (2.13) into (2.1), and the convergence may be proved
by the method of dominants as Bergman has done in the case of
three-variables [5].

As an illustration of the above method we consider the Klein-
Gordon equation

(2.15) 0% —m¥=0,

which describes the motion of massive, free elementary- particles, of
spin zero. Here our recursive formulae become

@n — )b + vz — (2n — B — rmd M =0, (n=2)
o +rm*,  b™(0)=0,

which have the solution,

W — _om—1(mry"?  (mry"
(2.16) N g -

Consequently,

E(r,ty=H(r,t) =1+ i.:: 2™ ()

2.17) r
= (1 — 7% cosh (mzr) + e sinh (mtr) .

3. A Class of vector solutions. In an earlier paper [8] we

introduced a class of harmonic vectors H[X], whose components were
given by
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—1 dy d§
6n  mxI=| | i 0N,

where N, is a component of the vector,

@2  Noo=(1+ % i1~ 371?] [% B %] ”[% i ‘}7']>

and 4 = ﬁ f In the same way we introduce a class of solutions to
TJ?7] = 0 by setting

qrﬂ-(X) = Qn[f]

3.3) - 1 ﬁl_)l de +1 o
B Z??’Smﬂ 7 Sm =1 = Nu, 5)5 E(T,T)f[u(l 7); 7, €ldz .

If X is chosen so that the integrand is absolutely integrable we may
exchange orders of integration and write (3.3) as

1 dn ds o,
v, =] L B [ LN, — i, £l

— zg E(r, HJX (1 — ©)]dz .

(3.4)

We next consider the line integral,
(3.5) [, 7uX1ds, = 2| dm, | E(r, DBIXA - e,
T T 0

where ¥ lies on the hypersphere, || X|| = R
Here we may interchange orders of integration and write

Sz 7 (X)dw, = 2 S E(R, z){g HX(1 — T”)]dx“}dr

<
3.6) E(R 7)
=2 | ZED A Yldy.Jdz ,
where
3.7) F={Y|Y.=(1—Dop=1234Xec3}.

Now as Bergman [1] [5], and later Mitchell [16] have done in the
case of the equation Ti[Z] = 0, we assume the associate of H,(X) is
rational,

3.8 A — pl(u!vié) _ 22P[X 77,5]
@8 o8 = D, 9, §) =% PlX;7n,¢ "’

and then
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H.(X[1 - 7))

®.9) =L an d¢ PIX;(1—7%);7,¢]
N 4n25m=15m=1 7 € PIX;(1—1;7,¢& N.(9, )% .

It has been shown in Gilbert [9], that the integral (3.9) may be
evaluated in terms of Weierstrass integrals of the first, second and
third kind [18]. (see also [1], [16], [10]).

With this in mind, let us define the families of sets,

Gi(z) = {X | pX (1 — 7%); 7] = 0; Y1}
Si(c) = {XIR<P2, %153 ] ) =(— 1)L(@2:ﬁ(pgn—l VIX(1— r”)];ﬂ) - ovr;}

&) = {lev, R( %‘7—;) - 0} u {XlR(po, _Z%) — 0, v:y} :

(3.10) &(r) = &i(r) U &i(r) U &i(7) ,

where
VG = T1_TA(X;7) — Au(X, 7)]

is the Vandermonde determinant associated with the equation,

(3.11) PIX;7,€] = 35 pIX; 7" =0,

and R(f, g) is the resultant of f and g.

The genus P[X(1 — 7%)] of the Riemann surface R[X (1 — 77)] which
lies over the 7 plane and is associated with the algebraic equation
P[X(1 — 7%;n, €] = 0 (r-fixed) is constant for

vXe(E*— & ()} .
Furthermore, let
(3.12) H[X(L —7%; 7, €], H[X (L — 2%; 7, ¢l, HIXA — ;0,60 1, €]

be Weierstrass integrands of the first, second, and third kind respec-
tively, associated with the Riemann surface R[X (1 — 7%)], and let their
periods taken over o[X (1 — 7%)] cycles K [X(1 — %] be given by

20,[ X (1 — 7], 27ag[ X (1 — 7%)], 2[X(1 — 7%)]

(B =12 -, p)’ (C( =12, ""p) y
and their periods over the conjugate cycles K [X(1 — z%)] be given by
(3.14) 2Bu[X (1 — )], 27X (L — )], DXL — 9] .

(3.13)

For each fixed value of X, and ¢ we may evaluate the integral
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(8.9) by first integrating with respect to &,

Q1) HIXA- =g 5, BTN &N, ¢y
TR SEPIX A — o, 8]

(where .&Z(r) is that subset of {|7| =1} for which the root &, =

AJX (1 — 7%); 7] lies inside {|&| = 1}, and then by using the Weierstrass
decomposition theorem [18], [1], [10] to write,

7]£P1[X(1 - TZ); /B S]Nﬂ-(yi! E)
0 2.
_ag' Z[X(l_' T): 7, E]

= 3 CulX (A — DNELX( — 7, 63 7 €]

(3.16) b
— 3 (Gl XA — ) HWX (L — ;7 6] — gulX(1— ]

x Ha[X(1 - <7, €]}

6 T 2. r _ y .
+ %{é F}W[X(l — 7%, 7, 5]}’ écﬂv[x(l Z')] -0,

where 0 = o[ X (1 — %], r = r[X (1 — 7?)] is the number of infinity points
of the integrand (4.15), and the F,[X(1 — 7%); 7, &] are rational funec-
tions of 7, £&. Using Theorem 1 from Gilbert [9] we then may express
HJX(1 — 7%] in the form,

7 ko r
HX1- )] = 3 5 {5 CulXA — ]
% log E#[X(l — 7%; 7]?”; o, Dvs Evs Mo &l
EM[X(l — 7%); 77512)\), N My Evs Nos &ol

o - . E w[X(l - ‘1'2); 7)(2)\), E(zx)]
@17+ 5 (CulX (1 - ) log e TR L STl
) E’v ,,[X(l _ 2.2); (2)\), E(M)]
— Cual X(1 — 7%)] log —=2 k2 op
ual X ( )] log B X1 — t9; o, 5;(»2)‘-_1])

+ B (FIX W — 27, V] - FulX(L — 272, 7]}

Here we have assumed that X ¢ &) for vz €]0, 1].
We next introduce the families of sets,

ANT) ={X|VIXA - 2%; 9] =0; vpe|p| =1},
A7) = {X|P[XQAQ — 2%; 9] = 0; vpe|p| =1};

for each fixed X ¢ &*7)3 only a finite set {r,}
C(0, 1) > X e (AZ%ck) U AT)) k=1,2,--+, NX].
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Let us define the intervals on (0, 1),
AIX] = {r| 11 <T < T},

where we take 7, =0, and 7, = 1; for V73 7€ 4,[X], (where X is fixed
and ¢ &%r)) there can be no poles of HEP,.N,/0P,/0¢ (defined on the
Riemann surface associated with P, = 0), which coincide with the path
of integration |7| = 1. Another way of saying this is that,

Xeg//s(f) (fork:l,z:""N[X]),

hence for each k, the number of poles, 7,[X] inside {|7| = 1} remains
constant for all 7€ 4,[X]. We designate these values of 7 as the set
of points

(3.18) NK] = {%kEX]}= . r=rlX].
From the definition of the set {z.} it also follows that
Xe(éj./lfa(‘c) k=12, ..., NI X)),
TELy

hence the Riemann surface
R[X(1 — 7%)] associated with P[X(1 —7%;7,&] =0

[equation (3.11)] has constant genus for all < 4,[X]. Consequently,
our evaluation of ¥ ,[X] is made by computing a term (3.17) for each
z-interval 4,[X], where
o= po[X1—™]=p (a constant) for te 4[X],
r=rXQ1L—->)]=7r (a constant) for Te d,[X],

and summing the integrals

Tk

(3.19) 7,[X] =2 ’j‘i)g E(r, 7)HJX (1 — )de

= Tk—1

We now return to evaluate the integral (3.7), where £’ is a closed
curve lying on the hypersphere || X || = R,

V={X|on=uus); 0 =8 =1},

and ¥ is the image of ' under the mapping, y. = (1 — )=, for ©
fixed, and 0 =<7 =< 1. The integration involved on the right-hand-side
of (4.7) is then over the two-dimensional region,

(3.20) F={Y|y.=Q—)rs); 0=s=1, 0=t =1}

We assume further, that <’ is chosen such that for r-fixed
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T N{2Z%) U A7)}

is a discreet set of points {X,(7)}r-;; consequently, as 7 varies the
points X,(7) trace out curves I,. This construction (see Mitchell [16])
suggests a subdivision of the s-interval such that for
s€ (sm Sut1)y [07 1] = % [sll-—-lv SM-]

there are a constant number of intersections of the curves I, (k=
2, -+, M) with the ray{X| X =1 — )X();0=7 <1, s fixed). I,
is that subset of ¥ for which se€(s,_, s.), and N, is the number
of z-sub-interals [0, 1] is broken into such that for 7€ 4,[X], Xe T,
the number of poles 7., and the genus 0, will remain constant. This
leads us to consider the line interval broken up into the sum,

m Na (Xa+1 Tk
(3.21) 5 zg {g E(r, HP[X(1 — T”)]dz'}dacu ;
@=1k=1JXgy Ti—1
the superscript « in the integrand indicates, that for each (s,-, Sa)
interval we must perform a different Weierstrass decomposition (3.17).
The end points s, are found to be those s-values for which I
coincides with &* N {s = s.} for a finite number of z-subintervals.

4. Considerations from the theory of algebraic surfaces.
Using (3.1) the line integral (3.5) may be written as

S%, VX ]dw, = 2 L,d%SZE(r, D H,[X(1 — o)]dt

(4.1) N _#S%'dxw S:E(r, T)Slm:lgmﬂ%?l %:—f(u(l T E)

X N1, &)dz

__iyﬁmﬂﬁwj an dg F@, 7, &dv;

2r*Jo 1 —17° =1 & S@lm,e,r)

€', &, 7) is the image of T’ under the map v = u[X; 7, A — 7%
where 7, &, and 7 are held fixed, and the integrand is assumed abso-
lutely integrable.

If f(u,n, &) = p,(u, 1, &)/pu, 1, §) is rational, then we may evalu-
ate (3.22) by the theory of algebraic surfaces [19][17]. For instance,
let us consider the algebraic surface ¥ defined by

4.2) P, 7, 8) = 3 a1, O,

where the a,(7, £) are polynomials in 7, & and ¢ is the degree of « in
;. Furthermore, if p, = (6/6u)Py(u, 7, &), then the resultant of p, s
with respect to u is [12],
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a, 0 0 qa, 0
a, @ (@ — Da, 0
al
0
223 [ 0
(4.3) R(py q9) =
a, gy Oy 0 qay,
0 Qq (q - 1)“1
0
0
0 0 a, 0 Og—y

(which is also the disecriminant of p, with respect to u); the u-roots of
0, =0, u = u,(n, &), may be found by computing

oR oR
4.4 - / — / _ ete.
(4.4) U %, 0, = ete

Py(u, 1, &) may be expressed as factors of its w-roots as

P17, &) = a, I1 [u — w7, §)) .

The roots u,(7, &) (v=1,2, ..., q) are distinct for all
7,8 ¢{(, &) | R(p,, ps) = O} .

For each fixed value of 7 we may determine a set of values (7, &) for
which u,(7, &) lies inside €*(, &, 7) and the set for whicn the root lies
outside. For instance, setting 7 = ¢®, & = ¢, and using the para-
metrization x, = x,(s), (0 =<s <1) we may determine when the root
u, lies on @' by taking the real and imaginary parts of the equation,

4.5) uls; a, B} = u[X(s); €%, e*F](1 — %) = u,(e®, €*) = u,{a;B}

and then eliminating s to obtain @ = @(B;7), (k =1,2, ---, N). This
gives us a subdivision of the a-interval, say,

0 < a{v) < i (y) < a;w-u - < 1 (azp. = ¢ (By T))

such that for a € 4Y(B, 7) = (o, ay).,) the root u, lies inside €', A
further subdivision may then be made such the same set of roots
{u,v € I(B, 7) lie ingide €' for all @€ 4,.(B, 7). Consequently we have
for (4.1).

_ 1
@) - H E(r, 7) S S 2o, 7,8) dE dn g,
w2 Jo 1 — 72 vel®,n) JZe,n JiEl=1 ps(’vv, 7, S) ‘E 7
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Here .7 (&, 7) is the union of certain closed subintervals on the unit
7-circle,

4.7) ZE, 1) = LVJ {n = e ae 4B, 7)}

Next, we wish to obtain a subdivision of the s, and 7 intervals
similar to the one obtained in the previous section. Essentially, the
problem is the same, to find the subintervals (z,, 7.4;) and Fi(z) =
(Y(7), Y,..(7)), where Y,(z) are end points on the curve,

(4.8) F() ={Y | 9. = 1 — z.8); 0 <8 =< 1; r-fixed},

such that the I intersects . in a constant number of points.? We
consider a point Y(7)eJi(r) for T€(Tu Tur). If Y(r)ell, then
Y(t)e #%7) U #7%c); returning to our definition for _#%r) and
4%t), we realize that this implies the existence of an 7(z) with
|7(z)| = 1, such that either Y(zr)e . #7[t; 9(7)] or Y(zr)e +Yr; n(7)].°
Now, in order to find the z-subdivision we note that Y(7) either inter-
sects Z® (or .#7% in a finite number of points (as z-varies) or in a
finite number of z-subintervals.* In the latter case, this gives us [one
of the s-points of subdivision in the previous section] a Y (z)-point
subdivision or as we have shown above a point of subdivision of the
integration path |7| = 1. The z-interval is now subdivided so that
there are a constant number or intersections in each subinterval. One
obtains then the following sum of integrals for (4.6).

@9 =133 S” _ELEL)S S pi(vy, 7, €) dE 7 4
2 FSoimoverim® Jeam 1 — 72 JZum o= py(w,, 1, &) € 9

over dyv,n, &) = 0. LX) is the index set of those roots, v, of p, =0
which lie ingide €'(%, &, 7) where the others remain outside; U¥-o(Tr-1, Ta)=
[0, 1] is the subdivision of the z-interval and 7.(7) (#=1,2, -+, N,)
are the points on |7| =1 which correspond to the N,, Y-points on
either . Z3%t) or _4#7%) for 7€ (Thy, To).

The cartesian product {|&| = 1} X (7)) (for fixed 7) is a tubular
chain [16] on & On 8 p,(v, 9, &)/ps(v, 7, §) may be represented as

. Gy, 1, 6)
(4.10) by _ PG, %, 5) ,
Y R(p,, ps)

where R(p,, p;) = Ci(v, 9, &)p, + Cy(v, 7, &)Ds, C,, C, are polynomials [19]

2 This construction of subintervals is due to Mitchell [16] who employed it in the
three-variable case.

8 #3[z; ()] is a restriction of -#3(z); see definition of .#3(c).

4 In the definition of “#3(z), and .+3(r) the &-variable does not appear, hence it plays
no part in our subdivision. Because of this we may make a similar subdivision as in
the three-variable case [16].
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[10], and » is given by (5.4). If we designate the polar curves D,

on £ by
D, = {.%(77, §=0v= aZi/gi}

then we may rewrite (5.9) as,

N Na T
@11 — L [* B[ [ 0u18C0.0.8,,
mEAS0a=ovelp(@ Jrpmy 1 — 72 JZum = @) 11 g.(n, &)*

which may be reduced by partial fractions and subtraction of certain
improper integrals [19] [10] to the form,

N N T k
(4.12) —?1_2 S S : E("_TZ)S & Ve 0 8) gegy |
T2A=0p=0vel\w(@ Jeay 1 — 72 Jgumo=1 g, (7] £)

0

The functions,

W, 7, §) = % ,

23

are algebraic functions defined on the Riemann surface R, associated
with the polar curve D,; consequently W.(v, 7, &) has a Weierstrass
decomposition such as illustrated in (3.16)

W, 7, €) = 3. duuHolas £ 7, )

Po o ~

(4.13) - ﬂz=“1 {ha'BHa's(n’ S) - ho‘BHa-ﬂ(vy 5)}
+ LS P9}, Sdea=0

dﬂ = 42 b b = oo b
where the terms have a similar meaning as before in (3.16). Each
Zt) is the wunion of intervals on the unit 7-circle, ZF(7) =
U (¥(z), ni.(7)), hence using a result from Theorem (2) of Gilbert
[10] we have for (5.9)

__Léog s S” E(r,7)

2T A0 imovenp@ deat 1 — 72
« {zk:I %"[% o log Ey(ﬂéﬁl’ 37115 Vows Ecas Noos Exo)
o
(4 14 o=li=1La=1 Eo' ;g)y é?); Nows Eu-w; Neo0s Eo-o)
B (6 10g B 8 o Bealih €5 )
=1 E.s(mi?, &7 Eqa(0:?, &7

+ ‘;31 (Fvw(y)égl—l’ Ség—ll - ch(vég), ér{)))]} .
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From the above discussion we have proved the following theorem,
which is the four-variable analogue of results by Bergman [1] [5] and
later Mitchell [16].

THEOREM 4.1. Let ¥ (X) = 2.[f] be the uth component of a vector
solution to T [¥] = 0, where f(u, n, &) is a rational Brassociate of a
harmonic function H[X]. Let T be a simple, closed curve on the
hypersphere || X|| = r meeting the above discussed conditions. Then

the integral of (3.21),

may be evaluated in terms of an expression (4.14).
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