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§1. Introduction

Let © be an open set in r-dimensional Euclidean space R* whose
points are described by a fixed coordinate system x=(x,,-::,x,). Let
L(X) be a polynomial of v-variables X =(X,,-,X,) with complex
coefficients. Replacing X by partial differentiations D= (D,, -+, Dy),

D,,=—1,—a—a~ ({=+v/—1), we get a partial differential operator with constant
i Ox,

coefficients L(D). Let 9’(Q) be the space of distributions defined in
(See L. Schwartz [11]) and take a linear subspace E of 9Y(Q2) which is

stable under the operations of partial differentiations.
Let us consider a differential equation of the form

1.1) L(Dyu =0

where # is an unknown element of E.
When we have a factorization of L(X) into mutually prime factors®

1.2) L(X) = P(X)Q(X) ,

it is very common in applied mathematics to seek for a general solution
of (1.1) in the form of a sum

1.3) U =u+u,, u,u, € E,
where #, and u#, are solutions of the equations corresponding to the
factors, i.e.
1.4) P(Dyu, =0,
QDu, =0, in 2.

1) Factorizations are always considered in the polynomial ring C[Xj,:-,Xy] over the
complex number field C.
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It is clear that an element of the form (1.3) with (1.4) is always a
solution of (1.1). But a general solution of (1.1) cannot be decomposed
in the form (1.3) with (1.4) unless the domain Q and the factorization
(1.2) are specified.”

Our subject in the present paper concerns the possibility of decom-
positions of solutions of the equation (1.1) into the form (1.3) with (1.4)
in some special cases. It is said that this is also a problem proposed
by Hadamard.

In §2 we shall treat a simplest case where Hilbert’s Nullstellensatz
gives all what we need. In §3 we give two lemmas which will simplify
later proofs. In §4 we shall give an approximation theorem when Q is
convex and shall remark that L. Ehrenpreis’ fundamental principle [3]”
will lead us to a precise result. In §5 we shall treat polynomial solutions
in the case when the differential operator L(D) is homogeneous. Some
results in this paragraph will be exploited in the next. In §6 we shall
treat (real) analytic solutions in the case when Q is a simply connected
domain in R? and the differential operator L(D) is homogeneous, and shall
give a generalization of a classical theorem in function theory.

When Q is the whole space R”, V. P. Palamodov [9] solved the
problem for a various kind of spaces of ordinary and generalized functions
by giving an explicit form of a general solution of the equation (1.1)
by means of his detailed study of Fourier transformation of generalized
functions.

I thank here my colleagues for helpful discussions and especially
Prof. M. Yamaguchi for his critical reading of the manuscipt.

§82. A simplest case

A simplest situation is realized when the hypersurfaces in C* defined
by P(X)=0 and Q(X)=0 are disjoint®. In this case the following theorem
holds.

Theorem 2.1. If the hypersurfaces defined by P(X)=0 and Q(X)=0
are disjoint, then for any open set Q in R® and for any linear subspace
E of 9D'(Q) which is stable under the operations of partial differentiations,
every solution u in E of equation (1.1) is decomposed uniquely in the form
(1. 3) with (1.4).

2) It is the case even in a classical theorem in function theory. C.f. also Theorem 4.1

and §6.
3) Complete proof has not yet been published.
4) The well known result in the case of ordinary differential equations corresponds to

this case.
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Proof. In the polynomial ring C[X,, -, X,], consider the ideal
A =(P, Q) generated by the polynomials P(X) and Q(X). Since the affine
variety corresponding to this ideal is the empty set by assumption, 2
should coincide with the whole ring C[X,, -+, X,] according to Hilbert’s
Nullstellensatz (See [127]). Thus there exist two polynomials R(X) and
S(X) such that

2.1) 1 = RZX)QX)+S(X)P(X).

Substituting the differentiations D for X and applying on an element «
of E, we get

(2.2) u = R(D)Q(D)u+S(D)P(D)u .
If » is a solution of (1.1) then (2.2) gives clearly a decomposition of
the form (1.3) with

u, = R(D)Q(D)u,

2.3) u, = S(D)P(D)u

satisfying (1.4). Now, if we assume that # is decomposed in the form
(1.3) with (1.4) in two ways:

u=u-+u,,
U =0,+0,.
Then,
w=u—0v =—u,+v,

should satisfy the simultaneous equations
(2.4) PDw = QDw = 0.

Substituting this element w in the identity (2.2), we get w=0. That is,
the decomposition of the form (1.3) is unique.

ReMArRk 1. Although #, and #, are uniquely determined, the polyno-
mials R(X) and S(X) in (2.3) are not uniquely determined. But we
cannot in general reduce R(X) and S(X) into constants. Therefore even
when # is an ordinary function solution of (1.1), (1.3) might decompose
u into a sum of distribution.

ReEMARK 2. If the space E contains the exponential functions, the de-
composition of the form (1. 3) is unique only when the surfaces P(X)=0
and Q(X)=0 are disjoint. Since, if P(X)=0 and Q(X)=0 admit a
simultaneous solution € C”,

w = ei<x’§>7 <x’ §> = x1E1+"' +xV§‘V ’
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is a simultaneous solution of (2.4). Hence for any decomposition in the
form (1.3) with (1.4): u=u,+u,, u=(u,+w)+(u,—w) also gives such a
decomposition.

§3. Lemmas.

Now let
P(X) = P(X)1 - Ppy(X)m,
QX)) = QX)) -+ QuX)'n

be the factorizations into irreducible polynomials. Then, in the factori-
zation (1.2) of L(X), that P(X) and Q(X) are mutually prime means that
in (3.1) there is no element common to {P,,--,P,} and {Q,,--,Q.,}.
Thus, when the surjectivity of differential operators with constant coef-
ficients is known® for E (See Introduction), the following elementary
Lemmas 3.1 and 3.2 will reduce the problem to the case when P(X) and
Q(X) are themselves irreducible and distinct.

(3.1)

Lemma 3.1. Let E be an abelian group (written additively) and let
Dis s Dm @iyt » 4w be a commuting family of not necessarily distinct
surjective endomorphisms. If we have that

Ker (p:q;) = Ker (p;)+Ker (¢;)”
for any pair of i,j (i=1,-,m; j=1, - ,n), then, we have that
Ker (P, *+* Dty -+ 4n) = Ker (p, -+ pm) +Ker (g, -+ ¢4) -

A topological version of the above lemma is the following

Lemma 3.2. Let E be a topological abelian group (written additively)
and let P,y Dm; Qs > dn be a commuting family of topological homo-
morphisms™ of E onto itself. If we have that

Ker (p:q9;) = Ker (p;) +Ker (g;)
for any pair of i,j (i=1,-,m; j=1,2, -, n), then we have that
Ker (p, -+ Pmtls =+ 4n) = Ker (P, -+ pm) +Ker(g, - g)

(“—" means the closure operation).

5) C.. [3], [5], [7], [8].

6) Ker (p;)={x;p;(x)=0}; for two subgroups E,, E,, E,+E,={x+y;x€E,, u€E,}.

7) A topological homomorphism means an algebraic homomorphism which is continuous
and open.
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For the convenience of proving the above lemmas, we add two more

Lemma 3.1 Let E be an abelian group and let p and q be two
commuting surjective endomorphisms. Then the following two conditions
are equivalent.

(1°) Ker (pq) = Ker (p)+Ker (g) ;
2°) pKer (q) = Ker (q).

Lemma 3.2 Let E be a topological abelian group and let p and q
be two commuting surjective topological homomorphisms. Then the follow-
ing two conditions are equivalent.

(1°) Ker (pg) = Ker (p)+Ker (¢);
2°) pKer (¢) = Ker (q).

Proof of Lemma 3.1’. (1°) implies (2°). It is clear that pKer (q)
CKer (g¢) since p and ¢ are commuting. Now x be any element of Ker (g).
Since p is surjective, there exists an element y of E such that x=p(y).
Thus we have pg(y)=q(x)=0, i.e. y€ Ker (pg). Thus, by (1°) there exist
v, €Ker (p), y.€ Ker (¢) such that y=y,+y,. Hence x=p(y)=p()+5(y)
= p(y,). Thus we get x =p(y,) € pKer (¢). This means that Ker (¢)=
p Ker (¢).

(2°) implies (1°). That Ker (pg)=Ker (p)+Ker (¢) is clear, since p
and g are commuting. Let x be any element of Ker (pgq), i.e. pg(x)=0.
Put y=p(x). Then y€ Ker(g). Therefore, by (2°), we have an element
z€ Ker (g) such that y=p(z). Hence u=x—z¢€ Ker (p), since p(u)=p(x)—
p(z)=0. Thus we get that x=u+2¢€ Ker (p)+Ker (¢). This means that
Ker (pg)=Ker ( p)+Ker (g).

Proof of Lemma 3.1. By assumption we get that p, Ker (¢,) =Ker (g;),
(1=1,2, -+ ,m) according to Lemma 3.1’. These relations express that
bDis+ »Pm can be considered as surjective endomorphisms of Ker (g;).
Thus we get that p, .- p, Ker (¢;)=Ker (¢;), since any composition of
surjective mappings is surjective. Since condition (1°) in Lemma 3.1’
is symmetric for p and ¢, we get that ¢; Ker (p, - p,.)=Ker (p, ** D).
By the same argument again we have that g, --- ¢, Ker (p, - p,,) =
Ker (p, -** pm). This means that Ker (p, = P ¢, - ¢) = Ker (p, *+* pp) +
Ker (g, -+ ¢,) according to Lemma 3.1".

Proof of Lemma 3.2. (1°) implies (2°). It is clear that p-Ker ()&=
Ker (q), since p Ker (¢)=Ker (¢) and Ker (¢) is closed by the continuity
of q. Now le x be an arbitrary element of Ker (¢) and V be a neigh-
bourhood of 0. Since p is surjective, there exists an element y of E such
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that x=p(y). Since pg(y)=g(x)=0, we have that ye€ Ker (pg). Since p
is continuous we can take a neighbourhood W of O such that p(W)ZV.
Now according to condition (1°), we can take two elements y, and y,
such that y, € Ker (p), y,€ Ker (¢) and y,+y,—y€ W. From this it follows
that p(y,)—x€p(W)ZZV or pKer(g)N(x+ V)==¢. Since V is arbitrary,
this implies that x € p Ker (¢).

(2°) implies (1°). It is clear that Ker (pgq)==Ker (p)+Ker (¢). Now
let x be an element of Ker (pg). Put y=p(x). Then peKer(q). Let V
be a neighbourhood of 0. Since p is a surjective open mapping, p(V)
is also a neighbourhood of 0. According to condition (2°), y€ p Ker (g).
Hence pKer (¢)N(y+p(V))==¢, i.e. there exists an element x,< Ker (¢)
such that p(x,)€y+p(V). Thus for some ve V, p(x,)—y=p(), that is,
plx+v—x,)=0. Putting x,=x+v—x,, we get x,€Ker(p) and x+v=
%,+x,. Thus we get that (x+ V) (Ker(p)+Ker(g))==¢. Since V is
arbitrary, this means that x € Ker (p)+Ker (¢).

Proof of Lemma 3.2. We can proceed in an analoguous way to in
the proof of Lemma 3.1, using Lemma 3.2’ instead of Lemma 3.1/, and
expressing the continuity of mappings through the closure operation.

ReMARKS. The assumption that mappings be topological homomor-
phisms is satisfied when E is a Fréchet space and mappings are conti-
nuous surjective linear mappings, according to the homomorphism theorem

(See Bourbaki [1].)

8§4. Indefinitely differentiable solutions

In this paragraph we shall give an approximation theorem for C~
(indefinitely continuously differentiable) solutions, i.e. the fact that any
C~-solution can be approximated by decomposable C~-solutions when
the domain Q is convex. And then we shall show how a result announced
by Ehrenpreis [3] leads to the exact decomposition. We shall mainly
exploit results and methods developped in Malgrange [7].

Let £(Q) be the space of indefinitely continuously differentiable func-
tions defined in Q with the standard topology (See [117]). It is a Fréchet
space. Its dual &(Q) is the space of distributions with compact supports
in Q. The Fourier transforms of the elements of £(Q) are completely
characterized by Paley-Wiener’s theorem (See [11]).

Theorem 4.1. Let Q be a convex open set in R’. Then a necessary
and sufficient condition for any solution uc E(Q) of the equation

(4.1) P(D)Q(D)u = 0
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to be approximated by the solutions of the form wu,~+u, with
4.2) P(Dyu, = 0, QD)u, = 0, u,€ &)

in the topology of E(Q) is that the polynomials P(X) and Q(X) are
mutually prime.

Proof. Necessity of the condition: Assume the contrary and let G(X)
be the greatest common divisor and H(X) be the least common multiple
of P(X) and Q(X). By assumption, G(X) is not a constant and we have

(4.3) P(X)Q(X) = H(X)G(X)

Since an element of the form u,+wu, with (4.2) is always a solution of
the equation

(4. 4) H(D)u =0

and since the space of all solutions of this equation is a closed subspace
of £(Q), all the solutions in &(Q) of the equation (4.1) should be solutions
of (4.4), for we assumed that every solutions of (4.1) could be approxi-
mated by decomposable solutions. According to the formula (4.3), this
means that G(D)H(D)u =0, u € £(Q) implies H(D)u =0. But since H(D) is
a surjective mapping of £(Q) to £(Q2) (See [7]), any element of £(Q) is of
the form H(D)u. Therefore the above argument shows that the equation
G(D)u=0, u € £(Q) implies #=0. But since G(X) is not a constant, there
exist a point € C¥ with G(£)=0. We have thus a non-zero solution in
E(Q), u(x)=ei<*¢>, of the equation G(D)»=0. This contradiction proves
the necessity of the condition.

Sufficiency of the condition: According to Lemma 3.2 and Remark
in the previous paragraph, we have to prove the sufficiency only in the
case when P(X) and Q(X) are distinct irreducible polynomials. Let U
be the totality of solutions # in £() of the equation (4. 1), U, (resp. U,)
be the totality of solutions #, (resp. #,) in £(Q) of the equation P(D)u,=0
(resp. Q(D)u,=0). We have to show that U,+%U, is dense in U. To
this end, according to Hahn-Banach’s theorem (See [1]), it is enough to
show that any element in £(Q) which is orthogonal to 9, and €, is also
orthogonal to U. Now, let T be an element of £(Q) orthogonal to v,
and U,. According to [7], there exist two elements S, and S, in £(Q)
such that

T = P(—D)S, = Q(—D)S,.
Taking their Fourier transforms, we get that

1) = P(—)S(0) = Q(—£)S0),
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T(;‘), SAI(Q‘) and SAZ(C ) being entire analytic fuctions of & € C* of Paley-Wiener
type, i.e. of exponential type and slowly increasing on. R*. Now consider
the following function

F(&) = S(8)/Q(=¢) = S,&)/P(—¢).

F(¢) is analytic everywhere except at those points where P(—¢) and
Q(—¢) vanish simultaneously. The set of these exceptional points is an
algebraic set of complex dimension at most v—2, since P(—X) and Q(—X)
are distinct irreducible polynomials. Now, arguing as in Hoérmander
[4, Lemma 2], we can claim that F({) is really an entire function. Thus
we get that 7(¢) should be of the form

1(&) = P(—0)Q(—E)F ().

From this formula, according to [7], F(¢) should be of Paley-Wiener type,
and there exists a distribution S of compact support such that F(£)=S(¢).
Thus, taking the inverse Fourier transforms, we get that

(4.5) T=P(—D)Q(—D)S.

Now, according to Lions’ theorem of supports [6], S should be in £(Q)
since Q is convex. (4.5) shows that 7 is orthogonal to UJ. This com-

pletes the proof.

ReEMARK 1. The above theorem holds also for 9Y(Q) replacing &(Q).
The arguments will be analoguous as in the above. The necessity of the
condition follows from the surjectivity of differential operators in 9'(Q)
with convex Q (see [8], [5]). The sufficiency can be proved from the
duality between 9Y(Q) and 9(Q) by using the characterization of the
Fourier transforms of the elements of 9)(Q).

REMARK 2. Let us remark here that the above theorem can be
sharpened if we admit a result announced in L. Ehrenpreis [3]*. His
fundamental principle (a) (See [3, pp. 162-163]), here in our special case,
takes the following form.**’

For a fixed pair of polynomials P(X) and Q(X), if © is a convex
open set in RY, then the totality of elements of the form P(—D)S—
Q(—D)T, S, Te £(Q) constitutes a closed subspace of £'(Q).

From this, we can deduce the following precise

*) C.f. footnote 3).
*%)  Ehrenpreis states his fundamental principle for a wide class of spaces which he calls

analytically uniform and localizable and claims that £(&£) with convex £ is such a space.
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Theorem 4.2. Let Q be a convex open set in R’, and P(X) and
Q(X) be two mutually prime polynomials. Then every solution u € £(Q)
of (4.1) can be decomposed in a sum #=wu,+u, with (4. 2).

Proof. Using notations in the proof of the previous theorem, we are
to show that the following continuous linear mapping

®: UxU,—>U

defined by ®(u,, u,)=u,+u, is surjective. (The topology of U, x U, be the
usual product topology.) Since U,xU, and U are Fréchet spaces, for
the proof of surjectivity of @, it is enough to show that the transposed
mapping

YU —-U'xU,/

is one-to-one and that the image ®(U’) is weakly closed in U,/ xU,
(See [1]). According to Theorem 4.1, the image ®(U, xU,) is dense in
qJ. Hence ¥’ is one-to-one. To prove that ®(U’) is closed, it is enough
to show that ®(U )N (U° x V°) is weakly closed for every pair of suf-
ficiently small neighbourhoods U and V of zeros of U, and U, (See [1]).
(U°, V° denote the polars of U and V (See [1])). Since the topologies
of U, and U, are induced by that of £(Q2), we may assume that U° and
v° be of the forms

v° = {U; U,e Uy, I<KU, u>| < plw,) for all u,e Uy},
Ve = {0,; U.€ U, IKU,, u>| < pu,) for all u,€ Uy},

where p denotes a continuous seminorm of £(2). Now let us notice
here that @’ is the restriction mapping, i.e. ®(U y=(U,, U'z) means that

U;=the restriction of Uon U; (i=1,2). This is clear from the duality
formula

O, u+uy =<0, u>+<U0,, u>, u, € U,, u, € U,.

Now, let {(U®, U,~} be a filter in ®(VU)N(U° x V°) which con-
verges weakly to an element (U, U,) in U/xU,. We are to show
that (U,, U)) is in ®(VU’). Let U be the restriction of U*e€ 9’ on
U, (i=1,2) and UV € £(Q) be an extention of U, this being possible
by Hahn-Banach’s theorem (See [1]). Again by Hahn-Banach’s theorem,
we can extend U (i=1, 2) to elements of £&/(Q) preserving the seminorm
inequalities that defined U° and V°. Hence there exist S,, S, € £(Q)
such that
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[KUC+P(=D)S©, 1< p(f), feEQ),
[KUC+Q(=D)S,®, o1 < p(f), feEQ) .2

This means that filters {U“+P(—D)S,’} and {U“+Q(—D)S,} are
contained in an equicontinuous set in £’(2). Since an equicontinuous set
is weakly compact, taking finer filters and keeping the same notations, we
can make these filters converge weakly. Let V, and V, be their limits, i.e.

lim (U +P(—D)S,®) = V,

(4.6)
lim (U +Q(—D)S,®) = V,.

Then it is clear that V,, V, are extensions of U,, U,. Moreover, from
(4.6) we see that

Vi—V, = lim (P(—D)S,°—@(—D)S,*) .

Hence, by Ehrenpreis’ fundamental principle stated above, we can find
S, S, € &(2) such that

V.—V, = P(—D)S,—Q(—D)S, .

Thus, U= V,—P(—D)S,=V,—Q(—D)S, is a simultaneous extension of
U, and U,. Hence (U,, U,)=%(U), where U is the restriction of U on
. This completes the proof.

§ 5. Polynomial solutions

A main result in this paragraph is Theorem 5.2, Corollary 5.3 will
be used in the next section. Let & be the totality of complex valued
polynomial functions of » real variables, °, be the totality of polynomials
of degree at most # and P be the totality of homogeneous polynomials
of degree n. P, and P are finite dimensional vector space. We denote
their dimensions by 6, and d“ respectively.

—1)
(5.1) am = U= 4, = a0 d ™,

Theorem 5.1. Let L(X) be non-vanishing polynomial. Then L(D) is
a surjective endomoyphism of P, i.e.

(5.2) L(D)P = .

9) Since U® is an extension of U, (resp. [,(»), other extensions of I, (resp. U,®)
should be of the form UW+P(—D)S;, S,€&(L) (resp. UD+Q(—D)S,, S,€E&(2). For, any
element which is orthogonal to U, (resp. U,) is of the form P(—D)S; (resp. Q(—D)S,).
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More precisely, if the lowest degree of non-vanishing term of L(X) is I, then

(5- 3) L(D)g)nJrl = g)n (ﬂ = 07 ]-y 2: “') .
When L(X) is homogeneous, then
(5.4) L(D)Pr+D = P,

Proof. We proceed by induction on the number of variables v.
When v=1, L(D)=L(D,) should be of the form L(D)=R(D,)D! with
R(0)==0. It is clear that R(D\)%,.,=%,.,. That is, R(D,) may be re-
garded as an endomorphism of the finite dimensional vector space &,.;.
Moreover R(D,)f==0 if f is a non-zero polynomial. To see this it is
enough to compare the degrees of 1st and 2nd terms of the right hand
side of the following formula

R(D,)f = R(0)f+(F(D)—R(0))f, R(0)==0.

Since an endomorphism of finite dimensional vector space whose
kernel is zero should be surjective, we should have that R(D)%P,+;=SL ;.
Hence L(D)%P,+;,=DiP,.,=P,.

Now assume that the theorem holds when the number of variables is
v—1 and let us prove it in the case of v variables (v>2). By a suitable
linear transformation of variables (the coefficient of transformation matrix
being real), we may suppose that L(X) contains the term c-Xi(c==0).
Now, we proceed by induction on #. Since L(D)x! is clearly a non vani-
shing constant, we get that L(D)%P,=%,. Assuming that L(D)P,.;=P,,
we are to show that L(D)%P,i,.;,=%P,.,. Let f be an element of %,,,.
Then 9f/ox,€ P,. Thus we can find an element w€ &,,, such that
L(D)yu=02f/ox,. Take an element v of %,.,., such that ov/ox,=u (a
primitive of v with respect to the last variable x,). Thus we get that

(5]
ox,

{L(Dw—r} =0.

This means that g=L(D)y—f is a polynomial of degree at most n+1
and depending only on x,,---,x,_,. Thus, by the induction hypothesis,
we can find a polynomial w of degree at most #+1-+/ and depending
only on x,,-,x,_, such that L(D)w=L(D,, ---,D,_,, O)w=g, since L(D)
contains the term c¢.Di. Thus L(D)v—w)=f and v—wé€ P,,+,. This
proves (5.3) and (5.2). (5.4) follows from (5. 2), since L(D)P+P> P,

Corollary 5.1. Let H, be the space of those polynomials u of degree
<n which satisfy (1.1) and H™ be the space of those homogeneous
polynomials of degree n which satisfy (1.1). Then we have :
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(i) dim H, = (d,—d,_;, if n>1{
{ dy, if n<ll
(ii) If L(X) is homogeneous,
dim H® = [ d"—d" P, if n>1
; d™, if n<l.
Proof. By the above theorem we have that %,,,/H,., is isomorphic
to &,, and if L(X)is homogeneous we have that P+»/H™+? is isomorphic

to @“°. Equating the dimensions respectively we get the conclusion
stated above.

Corollary 5.2. Assume that v>2 and L(X,, -, X,_,, 0)==0, then we
have : for any n>1

. 2
1 Hn = Hn—l H
(i) o,
(ii) aiHm:Hw—D, when L(X) is homogeneous.
Xy

Proof. As in the proof of Theorem 5.1, we may assume that L(X)
contains the term c-X! (c==0). Let # be an element of H,_,. Then it

v =u. Then we
ox,

L(Dw=0. Hence g=L(D)v is an element of %,_, depending

is clear that there exists an element v € &, such that

o

v

only on x,,-,x,_, (or g=0, if n<l/). Then, by Theorem 5.1, there -

exists an element we€ %, which depends only on «x,,.-,x,_, such that

L(D)yw=g. Thus we have that L(D)v—w)=0, ie. v—w € H,. Since

g;v =0, we have 8_%;11)_)2% This proves (i). (ii) follows from (i) since,
v x\l

L(X) being homogeneous, each homogeneous part of a solution polynomial

should also be a solution.

have that

Theorem 5.2. Let L(X) be a homogeneous polynomial and L(X)=
P(X)Q(X) be a factorization. Let H™ (resp. H{™) be the space of those
homogeneous polynomials u, (resp. u,) of degree n such that P(D)u,=0
(resp. Q(D)u,=0). If P(X) and Q(X) are mutually prime, then we have
that for any n

H® = HP+ Hy .

(Since P(X) and Q(X) should also be homogeneous, this is the same to
say that polynomial solutions of (1.1) decompose in the form (1.3) with

(1. 4))
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Proof. Since the statement has no sense for v»=1, we proceed by
induction on » beginning with the case »v=2.> When »=2, homogeneous
polynomial splitting into linear factors, by a suitable real linear trans-
formation of variables we may assume that

P(X) = (Xl_ale)Ml (Xl"'asz)‘Lm
Q(X) = (Xl_ﬂlxz)vl e (XI_B"XZ)\‘” .

Here, {«,,--,a,} and {8,,---,B8,} are disjoint, since P(X), QX) are
mutually prime. Since differential operators are surjective for the space
of polynomials, according to Lemma 3.1, we have only to treat the case

P(X) = X1—aX2:
Q(X) = XI—BX2

where @ and B are distinct complex numbers. Now we proceed by induc-
tion on #n. For n=0, HO=H{® + H is clear. Assuming the statement
for n, let us prove it for #+1. Take an element w€ H"*V, Then

%EH ™, Hence, by the hypothesis of induction, there exist »,€ H{™®
2

v,€ H{® such that ou

=p,+v,. Hence, by Corollary 5.2, there exist
2
u, € H™, u, e H™* such that au‘=vl, auz:vz. Hence 9
ox, ox, ox,
Thus f=wu—u,—u, is a homogeneous polynomial of degree (#+1) depend-
ing only on x,. Since f clearly satisfies

(Dl_aDz)(D1_BD2)f =0,

(u—u,—u,)=0.

f should be a constant or of the form cx,. Therefore it only remains
to prove that x,€ H>+ H{". But since #,=ax,+x,€ H" and %,=8x,+
x,€ H®, we have a desired decomposition :

1 -1

X, = U, + Uy .
1 a__ﬁl a_ﬂz

Now assume that the statement is true for » and let us prove it
for v+1 (»>>2). We may again assume that P(X) and Q(X) are irre-
ducible and distinct homogeneous polynomials. Therefore P(X)=0 and
Q(X)=0 respectively define two distinct irreducible hypersurfaces V, and
Vo in the v-dimensional complex projective space P,(C) that is realized
as the hyperplane at infinity of C*+!. Therefore the sections of V, and
Vo by a general hyperplane F (isomorphic to P, ,(C)) are again two

10) The case v=2 cannot be reduced to the case v=1.



226 S. MATSUURA

distinct irreducible hypersurfaces in P,_,(C) if »>>3 or two disjoint finite
point sets if »=2. Such a hyperplane F can be obtained by a linear
transformation from a given coordinate hyperplane and moreover we may
assume that the transformation matrix has real coefficients'”. Thus we
may assume, after a suitable (real) linear transformation of variables,
that X,=0 defines such a hyperplane F. Now we proceed by induction
on n. For n=0 the statement is clear. Assuming it for #, let us prove

it for n+1. Let # be an element of H™*", Then —gfieHW. Hence
Xy

there exist v,€ H™, v,€ H{® such that ou =v,+v,. By Corollary 5.2,
Xy
(n+1> n41) aul _ auz o
we can find u,€ H", u,€ HS such that =v,, —2=v,. Thus
ox, ox,

2
X,
x,. According to the above assumption, P(X,, .- ,X,_,, 0) and Q(X,, ---,
X,_,, 0) are mutually prime and, therefore by the induction hypothesis,
there exist f,€ H"*", f,€ H{**" depending only on «x,, -+, x,_, such that
f=f,+f,. Thus we get the desired decomposition

U = (u1+f1)+(u2+f2) .
This completes the proof.

(u—wu,—u,)=0. Thus f=u—u,—wu, is in H"* but is independent of

Corollary 5.3. Let P(X) and Q(X) be mutually prime homogeneous
polynomials of two varaibles, then the space of those polynomials u which
are simultaneous solutions of the equations

(5.5) P(D)u = QD) =0

constitutes a finite dimensional vector space. More precisely, if the orders
of P(D) and Q(D) are I, and 1,, then polynomial solutions of (5.5) are of
degree at most I, +1,—1.

Proof. We are to show that dim H{™ N H=0, if n>/,+/,. That
is the same to say that H™=H™+ H{ is a direct sum or that

(5.6) dim H = dim H{ +dim H{.
According to Corollary 5.1 and (5.1),

dim H™ = d™—d®n=1 = [, 1, if n>1,+1,
dim H{ = d™—d»-w =1 if n>1,
dim HP = d®™—d*w =1,  if n>1,.

11) As for these elementary facts from algebraic geometry, see, for instance, [13].
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Thus we see that (5.6) holds if n>/,+/,.

RemArRk. If L(X) is not homogeneous, we can easily see, by simple
examples, H,=H, ,+H,, does not hold. That is, to decompose a poly-
nomial solution # of L(D)x=0, we should use #, and #, and of higher
degree than that of .

§6. Analytic solutions in a simply connected domain in R’.

It is a classical theorem in function theory that a real harmonic
function defined in a simply connected domain Q in R? can be represented
as the real part of a holomorphic function in Q. This is equivalent to
say that a complex valued continuous function # which satisfies

2 2
oxt oxi

can be decomposed into a sum
U =u,t+u,
with

(2-iZJu =0, (Z+i2 ) —o.
ox, ox, ox, ox,
The condition that Q is simply connected is essential as is easily seen
by simple examples.

Since harmonic functions are necessarily (real) analytic, Theorem 6.1
below gives a generalization of the classical fact above.

In this paragraph, for a domain Q in R’ () shall denote the
totality of (complex-valued) real analytic functions defined in Q.

Lemma 6.1. Let Q be a bounded convex domain in R* and L(X) be
a non-zero homogeneous polynomial of two variables. Then L(D) is a sur-
jective mapping of A(Q) onto itself.

Proof. Since L(X) splits into linear factors we have only to treat
the case where L(X) is of the form

(6.1) LX) = X,—aX,.

First let us assume that « is not real. Then, L(D) is an elliptic operator.
Let f be an element of _1(Q). Since f is in £(2) and Q is convex,
according to [7], there exists an element € &(Q) such that L(D)u=f.
But since L(D) is elliptic, # should be in A(Q) (See [10]). This proves
the surjectivity of L(D). Now if « is real, by a suitable linear trans-
formation, we may assume that
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L(D) = D,.

Thus, in this case, the surjectivity of L(D) is nothing but that every
fe€ AQ) has a primitive u € J(Q) with respect to x,. Since Q is bounded
and convex, such a primitive can be obtained in the form

ux, ) = ft, x)dt

where A\Mx,) =ax,+b, (a, b: real constants) is so chosen that the inter-
secting points (%", 25), (x%, x°) of the line x,—A(x,)=0 and the boundary
of Q attain the two extremal values of the second coordinate, i.e.

xP=infx,. 2P =supx,.
Q Q
Such choice is possible, since Q is bounded aud convex.

Theorem 6.1. Let L(X) be a homogeneous polynomial and L(X)=
P(X)Q(X) be a factorization into mutually prime factors. Let Q be a
simply connected domain in R*. Then every solution uc A(Q) of (1.1) can
be decomposed into the form

(6.2) u=u+u,, u,, u,c AQ)

with (1.4).
Further, if the degree of L(X) is I, then the decomposition (6.2) is
unique up to a certain polynomial of degree at most [—1.

Proof. We proceed as follows. We first prove the decomposability
locally and then extend it in the large by analytic continuation along
polygons in Q. Since the surjectivity of differential operators is not
known for a general simply connected domain, localization shall be two-
fold.

1) The case when £ is comvex. According to Lemma 3.1 and
Lemma 6.1, we may assume that

P(D) = D,—aD,
Q(D) = DI_BDZ
where «@ and B are distinct complex numbers. Let a¢=(a,, @,) be a point
in Q. By a translation of coordinates we may assume that a,=a,=0.
Let uc A(2) be a solution of P(D)Q(D)u=0. Put
fo(x2) = u(0, x,),
fi(x,) = (D)0, x,) .
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Now chose two analytic functions g,(x,) and %,(x,) solutions of the follow-
ing ordinary differential equations in x,

(6 3) (a_lB)ngo = fl'—BDQfo ’
(a"B)Dzho = aD, f,—f,

with initial conditions

(6.4) g,0) = £0),
h,(0) = 0.

&., h, are analytic functions in x, defined near the origin. Now consider
the Cauchy problems :

(D1_aD2)u1 = 0 with u1(0» xz) = go(xz) ’ and
(DI_BDZ)uZ = 0 with #,(0, x,) = ho(xz) .

According to Cauchy-Kowalevski’s theorem, analytic solutions #, and %,
exist in a neighbourhood of the origin. Then

(6.5) V=uU—u—u,
is a solution of the Cauchy problem :

(6.6) P(D)Q(D) = 0, with
v(0, x,) = (D)0, x,) =0.

In fact, conditions (6.3) and (6.4) were so chosen that (6. 4) should satisfy
(6.6). Hence, according to the uniqueness of solution to the Cauchy
problem, » should vanish in a neighbourhood V of the origin. To sum-
marize, we have shown that for each point ¢€ Q and for every solution
u of the equation

P(D)Q(D)u =0, ue A(Q),

there exists a circular neighbourhood V, of ¢ in which # has a decom-
position such that

u=u-+u,, u,u,€ AV,
with
P(Du, =0, QDu,=01in V,.
Consider a covering {V;},; of Q consisting of such circular neighbour-
hoods (I being an index set). Now we proceed to the global decompo-

sability. Let u€ A(Q2) be a solution of P(D)Q(D)u=0. For a pair of
i, j€ I, consider the decompositions :
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(6 7) U = u§i3+u§i3’ ugi)) ugi) € J(V,) 1)
= ugj)—l'u;j)» ugi)’ ugj) € J(V])»

with

(6.8) _ P(DYyu% = 0, QDY = 0 in V;,

P(DYu? = 0, QDYus> =0 in V;.

If the intersection V;N V; is not empty,

(6.9) W= U — U = —yd+yP
should satisfy
(6.10) PDyw = QD)yw =0 in V;NV;.

Since a==p8, this equation implies that w is a constant on V;N V;.
Therefore, adjusting by a constant, we can get a decomposition of # in
the union V;UV,. Continuing this process, we can extend a given
decomposition in a V; along any polygon starting at a point in V;. The
resulting decomposition should be univalent since Q is simply connected.

2) The general case. Let L(X)=P(X)Q(X) be the given factorization
into mutually prime factors. We denote by /, and /, the degrees of P(X)
and Q(X) respectively'”. Consider a covering {V;},,, of Q consisting of
convex subdomains of Q. And let u€ () be a solution of L(D)u=0.
For each pair of V;, V;, according to case 1), we have decompositions
of the form (6.7) with (6.8). If V;N V;==¢, then the corresponding
we A(V;NV;) defined by (6.9) should satisfy (6.10). By a translation
of coordinates we may assume that V;(1 V; contains the origin (0, 0). Let

(6.11) w=2 W,

be the Taylor expansion of w around the origin. w, denotes the homo-
geneous part of degree z. Since P(X) and Q(X) are homogeneous
polynomials, each term w, should satisfy (6.10). Thus, according to
Corollary 5. 3,

(6.12) w,=0 if n>0+0,=1.

This shows that w should be equal to a polynomial of degree </—1
around the origin and hence everywhere in V;[1 V; because of its ana-
lyticity. Thus, adjusting by a polynomial of degree <</—1 we can get
a decomposition of # in the union V;U V;. Thus, as in the case 1), we

13) Since we know the surjectivity of differential operators only for convex £, we cannot
assume here that P(X) and Q(X) be linear factors.
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can get a global docomposition because of simply-connectedness of Q.
The last statement in the theorem can be proved by the same argument
as in the above, using the Taylor expansion (6.11) and (6.12). This
completes the proof.

KyoTo UNIVERSITY.
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