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ABSTRACT. In this paper a positive answer is given to the following question of W.K.
Hayman: if a polyharmonic entire function of order k vanishes on k distinct ellipsoids
in the euclidean space R™ then it vanishes everywhere. Moreover a characterization of
ellipsoids is given in terms of an extension property of solutions of entire data functions
for the Dirichlet problem answering a question of D. Khavinson and H.S. Shapiro. These
results are consequences from a more general result in the context of direct sum decom-
positions (Fischer decompositions) of polynomials or functions in the algebra A (Bg)
of all real-analytic functions defined on the ball Bgr of radius R and center 0 whose
Taylor series of homogeneous polynomials converges compactly in Br. The main result
states that for a given elliptic polynomial P of degree 2k and sufficiently large radius
R > 0 the following decomposition holds: for each function f € A(Bg) there exist
unique ¢,7 € A (Bpg) such that f = Pq+ r and A¥r = 0. Another application of this
result is the existence of polynomial solutions of the polyharmonic equation Ay = 0 for
polynomial data on certain classes of algebraic hypersurfaces.
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1. INTRODUCTION

Recall that a complex-valued function f defined on a domain G in the euclidean space
R"™ is polyharmonic of order k if f is 2k-times continuously differentiable and

AFf(r)y=0forallz e G
where A* is the k-th iterate of the Laplace operator A = aa—;+...+ 9" For k = 1 this class

ox2
of functions are just the harmonic functions, while for kK = 2 the term biharmonic function
is used which is important in elasticity theory. Fundamental work about polyharmonic
functions is due to E. Almansi (2|, M. Nicolesco (see e.g. [52]) and N. Aronszajn [4], and
still this is an area of active research, see e.g. [29], [30], [41], [42], [47], [60]. Polyharmonic
functions are also important in applied mathematics, e.g. in approximation theory, radial

basis functions and wavelet analysis, see e.g. [8], [37], [43], [44], [45], [46] and [48].
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In [35] W.K. Hayman and B. Korenblum proved that a polyharmonic function f : G —
C of order k vanishing on k distinct spheres {z € R" : |z — x| =7} for m = 1,.. )k
is identical zero provided that the balls {z € R" : |z — z,,,| <}, } are contained in G for
m = 1,...,k; moreover they have proved that it is even possible to replace one of the
spheres by the boundary of a domain whose closure is contained in G. They raised the
question whether spheres can be replaced by more general hypersurfaces like ellipsoids in
R™, see also [36]. In this paper we shall present a positive answer to this question for a
large class of algebraic hypersurfaces (including the case of ellipsoids) for polyharmonic
functions defined on R™ for arbitrary dimension n, generalizing previous results of M.
Balk and M. Mazalov in [9] and [10] for dimension n = 2. However, our method of proof
goes far beyond the question of uniqueness and they allow us to prove a conjecture in
[39] saying that ellipsoids are exactly the compact algebraic hypersurfaces in R™ for which
the solutions of the Dirichlet problem for entire data functions extends to entire harmonic
functions. Moreover we shall give an analogue of this result for the polyharmonic equation
AFf=0.

Our methods of proof are related to two influential papers: the first one is due to M.
Brelot and G. Choquet [14] which provides important basic results about harmonic and
polyharmonic polynomials. It is shown there that a non-trivial homogeneous non-negative
polynomial P of n variables is not a harmonic divisor. Recall that a polynomial P is a
harmonic divisor if there exists a non-zero polynomial ¢ such that P - ¢ is harmonic, so

A (Pq) = 0.

We refer to [1] and [3] for a characterization of all quadratic harmonic divisors and the
significance of this notion. The result of Brelot and Choquet is an immediate consequence
of the fact that a homogeneous harmonic polynomial is orthogonal over the unit sphere to
all polynomials of lower degree. We shall prove the following generalization: A homoge-
neous polynomial P of degree m is a solution of the equation A*u = 0 if and only if P is
orthogonal to all polynomials of degree less than m — 2k + 2. It follows that a non-trivial
homogeneous non-negative polynomial of degree greater than 2k — 2 is not a k-harmonic
divisor, so there is not a non-zero polynomial ¢ such that

AF (Pg) = 0.

The second source is the fundamental work [50] of D.J. Newman and H.S. Shapiro
about direct sum decompositions of entire functions which have been proven to be useful
in a variety of mathematical problems like holomorphic solutions of the Dirichlet and
Goursat problem, see [56] and [39], to mixed Cauchy problems, see [19] and [20], and for
the discussion of weak maximum principles, see [21]. In [24] we will discuss applications
of our method to the mixed Cauchy problem for data on singular conics, and in [25] to
the Goursat problem for the Helmholtz operator.

In order to motivate direct sum decompositions we recall the theorem of Almansi saying
that for every polyharmonic function f : G — C of order k on a star domain G there
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exist harmonic functions hy, ..., hy on G such that
(1) f (@) = [z[* by (@) + [P by () + o+ ho (@),

where |z|* := 22 4 ... + 22 is the euclidean distance of z = (zy,...,z,) € R”, see p. 4 in
[4], and p. 122 in [4] for a further essential extension. This result, proved by Almansi
in 1899 in [2], generalizes the Gauf§ decomposition of a polynomial f, which is basic in
the theory of harmonic functions, see [5], [43] or [61]. The question which we address
to is whether the special role of the function |x|2 in (1) can be taken over by a general
polynomial P (x) where one allows the coefficient functions h;,j =1, ...,k to be solutions
of an accompanying linear differential operator @) (D) with constant coefficients. It is
convenient to adopt a notion introduced by H.S. Shapiro in [56]: Suppose that E is a
vector space of infinitely differentiable functions f : G — C defined on an open subset
G C R™ which is a module over C [z, ..., z,], the space of all polynomials in n variables
with complex coefficients. A polynomial P and a differential operator @ (D) forms a
Fischer pair for the space E, shortly we say that (P,Q (D)) is a Fischer pair, if for each
f € E there exist unique elements ¢ € ¥ and r € E such that

(2) f=P-q+rand Q(D)r=0.

Here @ (D) is the linear differential operator obtained from the polynomial ) by replacing
the variables x; by the partial derivatives 0/0z; for j = 1,...,n. It follows from the Gau8
decomposition that (|z|>,A) is a Fischer pair for C[zy, ..., x,]. This classical result was
generalized by E. Fischer' in 1917 (see [27] or [17]): (P, P* (D)) is a Fischer pair for
any homogeneous polynomial P, where P* denotes the polynomial obtained from P by
conjugating its coefficients. Important ingredient of the proof is the Fischer inner product
[-,:]z on Clzy, ..., x,] defined by

[P,Qlp = [Q(D)P] (0) = alcads

where we use the standard notation for multi-indices a = (o, ...,a,) € Ni, and o! =
ol a,! and 2% = 27*...2%, and P and @ are given by P (z) = ZaeNg cor® and Q (z) =
ZaeNg dox® (where the sums are assumed to be finite). In [50] and [56] the corresponding

Hilbert space norm /[P, P]; is called the Fischer norm, while in [12] and [63] the term
Bombieri norm is used. In passing, let us note that the Fischer inner product is also
used in the recent work of C. de Boor, A. Ron and T. Sauer in the context of polynomial
interpolation problems and algorithms for H-bases, see [16] and [55] and the references
cited there.

In 1966 D.J. Newman and H.S. Shapiro proved a Fischer type decomposition (see [50]
for the precise statement) for the Bargmann space F, (also called Fock or Fischer space)

ISee [32], p. 217 and p. 228, for some biographical comments and remarks on the Riesz-Fischer
theorem for Hilbert spaces.
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defined as the space of all entire functions f : C* — C which satisfy

®) 915, = = [ P e < o

where dz is Lebesgue measure on R*". Since || P||, = /[P, P|j for any P € C[zy, ..., 2],
and polynomials are dense in F,, the Bargmann space F,, is the completion of C [z, ..., ;]
under the Fischer norm, see [11]. In [56] H.S. Shapiro has generalized Fischer’s result:
(P, P* (D)) is a Fischer pair for the algebra &, of all entire functions in C" for any
homogeneous polynomial P. Furthermore A. Meril and D. Struppa showed in [49] that

(x?,@ (D)) and (Q, g—;) are Fischer pairs for &, for polynomials ) having a non-zero
i
coefficient at SL’? .
A new type of a Fischer pair has been recently recognized in [6]: (P, A) is a Fischer
pair for C[zy, ..., x,] whenever P is a nonhyperbolic quadratic polynomial, so P is of the

form
n

Z bfx? + Z c;x; +d,
J=1 Jj=1

where at least one b; # 0. More generally, let us call a polynomial P nonhyperbolic if its
principal part is non-negative on R". Recall that the principal part (also called the leading
term, see [16]) of a polynomial P is the non-zero polynomial P such that P = Z?:o P;
with homogeneous polynomials P; of degree j for j =0, ..., k. Further a polynomial P is
called elliptic if there exists C' > 0 such that its principal part Py satisfies C P, () > |z|"
for all z € R".

We will present the following far reaching generalization of Theorem 2.8 in [6]: if the
polynomial P of degree 2k is nonhyperbolic then (P, A¥) is a Fischer pair for C [z, ..., 1,] .
For the proof of this result we introduce the space RF, of all measurable functions
f :R™ — C such that

() 117 = [ 1f @ e o < oc,

which we call the real Bargmann space and which is the basic technical tool in our in-
vestigations. Let us emphasize that RF,, differs from the Bargmann space F, in many
respects; however it is very suitable to introduce real methods like non-negativity for the
concept of Fischer pairs. One basic observation is the following fact: a homogeneous poly-
nomial f of degree > 2 (k — 1) is polyharmonic of order % if and only if it is orthogonal
to all polynomials g of degree < deg f — 2 (k — 1) with respect to the scalar product of
the real Bargmann space. This result leads rather quickly to a solution of the question of
W.K. Hayman for polyharmonic polynomaials.

The next important step is the passage from the polynomial case to suitable spaces of
real-analytic functions. It turns out that the following space is very useful: Let Bg :=
{z € R": |z| < R} be the open ball in R" with center 0 and radius 0 < R < oo, and let
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A (Bg) be the set of all infinitely differentiable functions f : By — C such that for any
compact subset K C Bp the homogeneous Taylor series Y~ f,, (z) converges absolutely
and uniformly to f on K, where f,, are the homogeneous polynomials of degree m defined
by the Taylor series of f, i.e. that

fm (z) = llZ: 52;: (0) z* for m € Ny.
It is known that A (Bg) is isomorphic to the set of all holomorphic functions on the
harmonicity hull of Bg, see Section 8.

Using our results for the polynomial case we can show that (P, A¥) is a Fischer
pair for A (Bgr) whenever Py is a homogeneous elliptic polynomial of degree 2k. The
question under which conditions (P, A¥) is a Fischer pair for A (Bg) for non-homogeneous
polynomials is much more involved and subtle; moreover the answer has applications to
the Dirichlet problem and boundary value problems of higher order PDE’s as we shall see
below. Our main result says that for a given elliptic polynomial P the pair (P, A*) is a
Fischer pair for A (Bg) whenever the radius R is large enough; an explicit bound is given
depending on P and the ellipticity constant C'. For R = oo this implies that (P, A¥) is a
Fischer pair for the algebra &, of all entire functions for any elliptic polynomial.

Our results enable us to solve (at least partially, i.e. for a class of algebraic hypersur-
faces) the following questions of D. Khavinson and H.S. Shapiro (see [39], p. 460): Let Q
be a bounded domain in R" such that 0€) is a real-analytic hypersurface.

(I) Suppose that for every entire function f the solution of Dirichlet’s problem for €2
with data f | 92 is harmonically extendible to R™. Must 2 be an ellipsoid?

(IT) Suppose that for every polynomial f the solution of Dirichlet’s problem for €2 with
data f | 09 is a polynomial. Must €2 be an ellipsoid?

Problem (II) has been discussed by several authors: Based on ideas in [39] a positive
solution of question (II) was given in [15] for the case n = 2 such that the boundary 052 is
equal to an algebraic set, i.e. the zero set of a polynomial ¢ (which satisfies some natural
conditions). We shall extend this result to arbitrary dimension.

It seems that problem (I) has not been solved even for the simplest domains in R2.
We give the following solution of question (I): suppose that 1) = 11...¢, is elliptic where
Y1, ...,y € Ry, ..., x,] are irreducible and no v, is a scalar multiple of some v, for k # j.
Assume that there exist open sets U;,j = 1,...,7 such that v; changes sign on U; and
such that

Uin{z € R": ¢, (z) =0} C 9N
for j =1,...,n. If degy > 2 then (I) is not satisfied. In other words, (I) implies that ¢ has
degree 2, and using the boundedness of the region, it follows that v defines an ellipsoid.
Let us now give a short outline of the paper. In Section 2 we show that nonhyperbolic

polynomials P of degree 2k induces Fischer pairs (P, A¥) for C[xy,...,1,]. Section 3
contains a proof of Hayman’s conjecture for the polynomial case. In Section 4 it is shown
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that (P, A¥) is a Fischer pair for A (Bg) whenever Py, is homogeneous of degree 2k and
elliptic. In Section 5 we discuss uniqueness of the Fischer decomposition in the general
case. In Section 6 we prove the main result about non-homogeneous Fischer pairs (P, A¥)
for A(Bpg) and large radii R. In Section 7 we deduce an Almansi type theorem from our
main result. In Section 8 it is shown how these results carry over to the space &, of all
entire functions.

In Section 9 we present the main result, the solution of Hayman’s conjecture for poly-
harmonic functions on R™. Section 10 contains the above-mentioned characterization of
ellipsoids via condition (I) or (II) and some analogues for the polyharmonic equation.

In the appendix 11 we collect some basic results about Fischer pairs. Although most of
the results are known and relatively simple to prove (the original source is [27]), we have
included some proofs in order to hold the paper self-contained.

Finally let us introduce some notation. The natural numbers are denoted by N and we
put Ng = NU{0} . A real-valued function f changes sign on a set U if there exists x,y € U
with f(x) <0 < f(y). If R is a ring we denote by R [z1, ..., x,] the ring of polynomials
in n variables with coefficients in R. By deg P we denote the degree of a polynomial P.
A polynomial P is called homogeneous of degree m if P (rxz) = r™P (x) for all » > 0 and
x € R™. In order to emphasize in formulae that a polynomial P is homogeneous of degree
m we write often P,, instead of P. Frequently we use spherical coordinates x = rf/ where
r > 0 and @ is in the unit sphere S"~! defined by

S*l={z eR": || =1}.

Moreover wy,_1 := fS"71 1d6 denotes the area of S*1.
The author is indebted to Prof. Ognyan Kounchev for stimulating discussions and
valuable comments on the subject.

2. FISCHER PAIRS FOR C [z, ..., 2,

Define a scalar product on C [z, ..., x,] by setting for f,g € Clzy, ..., 2]

(f,9) = - flz)g@)e 1 dz.

A simple argument, using partial integration, shows that for j =1,...,n

<8%jf,g> = — <f, a%jg> +2(z;- f,9)-

Then a straightforward computation gives

(Af, g) = <f’Ag>—|—2j;<$ja_%f7g> - <f>33ja_xjg>.

Assuming now that f, g are homogeneous one obtains the following conclusion:
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Proposition 1. For homogeneous polynomials f and g of degree my and my resp. the
following identity holds:

(5) (Af,g9) = ({f,Ag) +2(my —my) (f,9).

Theorem 2. Suppose that f is a homogeneous polynomial, and let k € Ny with 2 (k — 1) <
deg f. Then A*f = 0 if and only if (f,g) = 0 for all polynomials g with 2 (k — 1)+degg <
deg f.

Proof. Let us prove the necessity part. Clearly we can assume that ¢ is a homogeneous
polynomial. Let my, = deg g and m; = deg f. We prove the claim by induction over k. If
k = 0 then the assumption A¥f = f = 0 clearly implies (f,g) = 0 for any polynomial
g. Suppose the statement holds for k& and assume that A¥*!f = 0 for a polynomial f
with deg f > 2k. Then A*f; = 0 with f; := Af and deg fi > 2(k —1). By induction
hypothesis we know that 0 = (f1,g) = (Af, g) for all homogeneous polynomials g with
degg < deg fi —2(k — 1) = deg f — 2k. Then (5) shows that

(6) 0= (f,Ag) +2(ms —my)(f,9)
for all homogeneous polynomials g with m, < m; — 2k. Hence it suffices to show that (6)
implies 0 = (f, g) for all homogeneous polynomials g with m, < my — 2k.

We prove the latter statement by a second induction over a new variable s € N: let k
be fixed, we claim that 0 = (f, g) for all homogeneous polynomials g with m, < my — 2k
and A’g = 0. If s = 1, this means that ¢ is a harmonic polynomial with m, < m; — 2k.
Then equation (6) implies 0 = (f, g) . Assume that the statement holds for s, and let g;
be a homogeneous polynomial such that m,, < m; — 2k and A**'g; = 0. By the Gau}
decomposition, g; = \x!z g+ h, where h is a harmonic homogeneous polynomial of degree
< deg gy and g is homogeneous. Then (6) implies

(7) 0= <f,A(|x|zg)>+2(mf—mg—2) (f, |x|29>.

We know that A*A(|z]> g) = A*t1g; = 0. Thus by induction hypothesis (f, A(|z]? g9)) =0.
Hence (7) yields 0 = (my —my — 2) <f, |x|29>. Since m, + 2 = m,, < my we conclude
(f, || g) = 0. Since we already know that (f,h) = 0 we arrive at (f,g) = 0 and the
induction is completed.

Now let us prove the sufficiency part (which is not needed later) by induction over k.
If k = 0 we may take g = f and obtain that (f, f) = 0 which implies f = 0. Assume the
statement holds for k, and let f be a polynomial of degree > 2k such that (*) (f,g) =0
for all polynomials g of degree < deg f — 2k. Define F' := Af. Then for any polynomial
g with degree < deg F' — 2 (k — 1) = deg f — 2k we have by (5) and our assumption (*)
(twice applied)

(Fog) = (Af,9) = {f, Ag) +2(mg —mg) (f,9) = 0.
By induction hypothesis we conclude that A¥F = 0, hence A*"1f = 0. The proof is
complete. O
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Theorem 3. Let P be a nonhyperbolic polynomial of degree 2k. Then (P, A¥) is a Fischer
pair for C[xy,...,x,]. Moreover,

(8) AF(Pq) # 0 and AF (Py.q) #0
for any polynomial q # 0 where Py s the principal part of P.

Proof. Suppose that A¥ (Py,q) = 0 for a polynomial ¢ # 0. By Theorem 2, (Pyq,g) = 0
for all polynomials g of degree < deg (Pq) —2(k — 1) = degq + 2. So we can take g := ¢
and obtain that

0= (Pug,q) — / 10 ()] Pop () e~ e
Rn

Since Py, > 0 we conclude that ¢ = 0, a contradiction. Hence AF (Pyq) # 0 for all g # 0.

By Theorem 37 in the appendix, (P, \x|2k) is a Fischer pair. Finally Theorem 38 shows
that (P, A*) is a Fischer pair for C[zy, ..., z,] and that A* (Pq) # 0. O

[ am are very indebted to H.S. Shapiro [57] for providing and permitting me to com-
municate the following example. It shows that the operator A* in Theorem 3 cannot be
replaced by a general homogeneous elliptic differential operator.

Example 4. There ezist elliptic homogeneous polynomials P, Q) of the same degree such
that (P,Q (D)) is not a Fischer pair: Let d = 2 and P (z,y) = z* + y* + 1222y and
Q (z,y) = 2* +y* — 222 It is easy to see that P,Q are homogeneous elliptic polynomials
and that (P, Q) = 0. It follows that

0=(P,Q)p= (1P (D)(Q)=P(D)(Q)0)=P(D)(Q-1).
Hence (Q, P* (D)) is not a Fischer pair.

3. HAYMAN’S CONJECTURE FOR POLYNOMIALS

Let us recall the assumptions in Hayman’s conjecture: a polyharmonic function f :
R"™ — C of order k vanishes on k different ellipsoids 57, ..., S. Hence we can find irreducible
polynomials 1, ..., ¥ € Rzy, ..., x,] of degree 2 such that

S;={xeR":¢;(x) =0} for j =1,..,k,

and it is clear that each v, j = 1,..., k, changes sign on R". Since S, ..., S; are pairwise
different it is also clear that 1; is not a scalar multiple of v; for k # [. We want to prove
that f is identical zero.

These remarks motivate the following terminology:

Definition 5. Let ¢ € R [y, ..., x,] be a polynomial and write ) = ..., as a product of
irreducible polynomials in R [x1, ..., z,]. Then 1 is called square-free if no 1; is a multiple
of some 1 for | # j. In other words: i does not have multiple prime factors. The
polynomial v is called non-degenerate if each irreducible factor ¢; changes sign on R™ for
j=1,..r
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Let us emphasize that the zero set Z, := {x € R" : ¢ (z) = 0} of a polynomial ¢ €
R [x1, ..., 2] is in general not connected, even if ¢ is irreducible, cf. the examples on p.
60 in [13]. Theorem 4.5.1 in [13] shows that an irreducible polynomial v; changes sign on
R"™ if and only if the zero set

Zy, ={x € R" : ¢; () = 0}

has dimension n — 1, and it is also equivalent to the fact that 1); has a nonsingular zero.
Hence the notion of a non-degenerate square-free polynomial incorporates the fact that
we are dealing with a finite union of pairwise different hypersurfaces. The following is a
simple extension of Theorem 4.5.1 in [13]:

Theorem 6. Let i) € R |[xy, ..., x,] be square-free and assume that each irreducible factor
Y, 7 = 1,...,7, changes sign on given open sets U; for j = 1,...,r. Suppose that f €
R (21, ..., 2] vanishes on Zy, NU; for j =1,...,r. Then there exists ¢ € R[zy, ..., z,] such

that f = qwlwr

Now we can give an affirmative answer to the conjecture of W. Hayman for the class
of all polyharmonic polynomials. Let us recall that a nonhyperbolic polynomial has even
degree.

Theorem 7. Let ¢ € Rxy,...,x,] be square-free, nonhyperbolic and assume that each
irreducible factor v;,j = 1,...,r, changes sign on given open sets U; for j = 1,...,r.
Suppose that f € Rxy,...,x,] vanishes on Zy NU; for j = 1,..,r. If AFf = 0 with
k= %degw then f = 0.

Proof. Suppose that f # 0. By Theorem 6 we can write f = g1 for some polynomial ¢ # 0.
Theorem 3 shows that AF (f) = A¥ (1q) # 0. This contradiction shows that f =0. [

As mentioned in the introduction, a positive solution to Hayman’s conjecture for the
case n = 2 has been given in [9] and [10]. However, for the polynomial case our result is
stronger since in [9] it is assumed that 1 is elliptic on R?. So the following example is not
covered by their results:

Example 8. Let 1y, ..., be nonhyperbolic, sign-changing irreducible polynomials in n
variables of degree 2 (e.g. paraboloids). If the polynomial f vanishes on the pairwise dif-
ferent sets Zy, = {x € R" : ¢; (x) = 0} for j =1,...k, and A*f =0 then [ is identically

ZET0.

The result in Example 8 was proved for k£ = 1 in [6], p. 643; it generalizes a result in
[28] saying that a harmonic polynomial p (x,y) in two variables z, y which vanishes on the
parabola z = y* must be identically zero. Moreover, the authors in [28] have shown that
there exists a non-zero harmonic function f on the space R? vanishing on the parabola
x = y? (while this is not possible for the curves x = y™ for m > 2). This shows that
Theorem 7 does not hold for harmonic functions f : R" — C (for k = 1). We shall show
that an analog of Theorem 7 for polyharmonic functions f : R" — C is valid if we assume
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that ¢ is elliptic. However, this needs some more efforts to be carried out in the next
sections.

4. HOMOGENEOUS FISCHER PAIRS FOR A (Bg)

In this section we want to prove that (P, A¥) is a Fischer pair for the algebra A (Bg)
whenever P is a homogeneous elliptic polynomial of degree 2k. At first we need estimates
between the norm || f,,|| defined in (4) of a homogeneous polynomial f,, of degree m and
the maximum norm on the sphere. Let us define

I, = / e rmdr for m € Np.
0

This integral can be computed explicitly: for the even case (see p. 265 in [54]) we have

VT (2m)! Vrl-3:-5-...-(2m—1)

9 Iy = ———27"" = — < m!
(©) =Ty Tl 2 om =
while in the odd case a simple substitution argument gives

< e 1 [ 1

(10) Iopi1 = / e "ty = —/ e x"dr = —m!.

0 2 Jo 2

We need some elementary estimates, and for convenience of the reader, we include the
proof.

Proposition 9. Forn > 1 definen* := § — 12> 0 for even n, and n* := (n—1) /2 >0
for odd n. Then for any m >0

(11) 411 (m4+n" =1 < Lypin < (m+n")!

where we define (—1)! := 2. For m,k € Ny with m + n* > k the following estimates
(m+n*—1)! < Lomin—1 < (m +n*)!

12
( ) (m—i—n*—k—l)‘ - [gm,QkJrn,l - (m+n*—k)'

<

1
2
hold.

Proof. If n is even then 2m +n — 1 = 2l 4+ 1 for some | € Ny, so m +n* = [. Then
Lyin—1 = 5 (m+n*)! for each m > 0 by (10). Clearly Ippmip—1 > 3 (m+n* —1)! for

m +n* > 1. For m +n* = 0 we have Iy, 1,1 = %, and with the convention (—1)! := 2,
one obtains that (11) also holds in this case. The inequality (12) follows from the fact
that 12m+n—1 — (m“l‘n*)'

Iom—2k4n—1 (m+4n*—k)!*

If nis odd then 2m+mn—1=2l, so m+n* = 1. Then I, 1,1 < (m+ n*)! by (9). For
the lower estimate in (11) note that for m +n* > 1
Vrl-3-5-.-(2(m+n*)—1) - NZ3

DLmyn—1 = ~— 1)
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If m+n*=0then Iy, n 1= ‘/777 > i (—1)!. The upper estimate in (12) follows from the
identity

Lomin— 1
I = = (2m4 207 — 2k + 1) (2m 4 2n% — 2k + 3) .. (2m + 20" — 1),
Lom—2ktn-1 2
If m+n*—k > 1 one obtains the lower estimate as well. If m +n* — &k = 0 one
has to be careful with the first factor, but the lower estimate is valid by interpreting

(m+n*—k—-1=(-1)!=2. O
The next estimate is straightforward:

Proposition 10. Let f,, be a homogeneous polynomial of degree m. Then
(13> Hme < VWn-1y Iomin—1 er.g%%)fl ’fm (‘9)‘ .

Proof. Let us take spherical coordinates x = 76 where r > 0 and # € S*~!. By homogene-
ity of f,, we have f,, (rf) = r™f (0) for all r > 0 and § € S*"'. Thus

(14) (s fon) = [ 1 (@) e dr = f2m+"—1/s [fon (O] 6.
R n—1
A standard estimate for the last integral gives now (13). O

Theorem 11. Let n € N be fixed. Then for all homogeneous polynomials f,, of degree
m € Ny and for all § € S**

(1 —|—m)("_1)/2
(15) |fm (0)] < v/ 2Wn—1ﬁ | fimll -

Proof. In this proof we use several results from the theory of spherical harmonics which
can be found in [5]: By the GauB decomposition we can write f = Ay, + hp_o |z|* +
ceee T N—2m, |x|2m2 with harmonic homogeneous polynomials h,,_s; of degree m — 235, and

my = [2] where [2] denotes the largest integer < z. Then

(16) F(0) = hon (0) 4 Pz () + .. 4 Py, (6)

and |f (0)]* = > im0 m—2j (0) hyn—21 (0). Since hy,_9; and hy, 9 are harmonic and homo-
geneous polynomials of degree m — 25 and m — 2l the orthogonality relations imply

(17 [ ar@rao=3" [ i@ a.

Let Z,, (n,0) be a zonal harmonic of degree m with pole at § € S"~!, so for each harmonic
polynomial h of degree m the following identity

(18) hO) = [ hZ i
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holds. Then f(0) = >_7%) Jsu-1 hm—25 (1) Zim—2j (n,0)dn by (16) and (18). The Cauchy-
Schwarz inequality, applied to each summand, yields

o)l < Z ([ hstntan) vas

where [, 1 [Zm—2; (n,0)|* dn = Um-2; for j = 0,...,ma, and a,, is the dimension of the
space of all harmonic polynomials of degree m. The Cauchy-Schwarz inequality for R"
yields

(19) |<Z s P (3

Since Y 7% am-gj < (M + 1) am, (17) and (19) lead to

1
FO1<VTTman( [ 1o
Now we use the estimate a,, < 2 (m + 1)" >, so with (14) we arrive at (15). The former
estimate can be derived in the following way: For n > 2 it is proved in [5] that

(n+m — 3)!

n—2—|—2mn_3m—|—l
(n—2)Im! H ‘

om — 2) =
(n+2m ) — 7

Ay =
1=1

For [ > 1 and m > 1 we have m(l—1) > 2(I—1) > I, so l +m < m - [. Since
n—2+4+2m <2(m+1)(n—2) for n > 2 the result easily follows for [ > 1 and m > 1.
Clearly this estimate is also valid for m = 0 and m = 1. In case of dimension n = 2 it is
well known that a,, = 2 for all m > 1. O

The following result is the analogue of Lemma 1 in [56].

Proposition 12. Suppose that f,, are homogeneous polynomials of degree m for m € Ny.
Then Y fm converges compactly in By if and only if

1/m
(20) lim sup < max | fn (9)|> <R!
m—oo \0eSn—1
if and only if
(21) lim sup (M>l/m <R
mM——00 V m! -

Proof. Suppose that Y~ f., converges compactly in Bg. Let p < R. Then there exists
M > 0 such that >~ *°_|fm ()| < M for all |z] < p, in particular

" fm ()] < M
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for all # € S*~!. This implies limsup,, .. (maxgegn—1 |fon (8)])/™ < p~!. Since this holds
for any p < R we arrive at (20).

We show now that (20) implies (21). By (13) and the inequality I3,,4n—1 < (m +n*)! <
m! (m+n*)" (see (11)) we obtain

1/m
(Mzh) " < all sy £, )
m:

By taking the limit superior m —— oo and using assumption (20) one obtains (21).
Suppose that (21) holds. Let p < R and take § > 0 so small such that 5 < 1. Since

R < (R—6)"", there exists mq such that || fn] /vm! < (R—08)"" for all m > my,.
Since Iy in_1 > %l (m — 1)! we obtain from (15)

i (0)] < V2w, 1 (1 +m)(n—1)/2
o V I2m+n71
< 22w, (14+m)2(R—06)"".
Let z = rf with » < p. Then

n;)rm | (0)] < 2\/2%17;)(1 +m)"/? <ﬁ)m

clearly converges uniformly for r < p, so > ~_ fm (x) converges uniformly for [z| < p. O

VZon1 (14+m)"?
vm!

[ fmll <2

[ fon

The following is the main result of this section:

Theorem 13. Let 0 < R < o0 and Py, be a homogeneous polynomial of degree 2k such
that C Py, (z) > |z|** for all z € R™ for some constant C' > 0. Then, (Pay, AF) is a Fischer
pair for A(Bg).

Proof. For f € A(Bg) write f =Y °_ fm where f,, are homogeneous polynomials of
degree m. Assume that m > 2k. By Theorem 3 ( Py, A¥) is Fischer pair for C [z, ..., 7,,]
hence we can write

(22> fm:PZk'T<fm)+Tm

where T (f,,) is homogeneous of degree m — 2k, and r,, is homogeneous of degree m, see
Theorem 37 in the appendix. Since Afr,, = 0, Theorem 2 yields (r,,,T (fn)) = 0 (note
that deg T (f,n) < degry, — 2 (k —1)). Then

(23)  C U T ) = CPAT (f) T () 2 (o T () T (fu))

where we have used for the last inequality our assumption C'Pay (z) > |z|*". Further we
know that (cf. formula (14))

(21) Damthtn = (R () T () ) = (T () T ()

[2m72k+n71
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Now (24) and (23) and the Cauchy-Schwarz inequality imply

(25) 1T (fu)|” <0M||fmll 1T (fu)l -

2m—2k+n—1

Thus we have proved the fundamental inequality

2m 4k4+n—1
(26) IT (Fm)ll < CF=—= | fu

2m—2k+n—1
which will be used later frequently. Since Io;,_agin—1 < 2/9pm—2k1n—1 by (12) one arrives
at the weaker estimate

(27) 1T ()| < 2C | finll -
Note that m! < (m — 2k)!m? for m > 2k. It follows that

[T Ry 2k/m2k><”fm”) o
(m — 2k)! - Vml

It is not difficult to see that the limit superior of the right hand side is less than or equal
to R™! since f € A(Bg). By Proposition 12, ¢ := > >, T (f,,) converges on compact
subsets of Bg, so ¢ is in A(Bpg). It follows from (22) that r := ) >°_ r, converges
compactly in Bg and that f = Py,q + r. Since the locally uniform limit of polyharmonic

functions is polyharmonic, we infer A¥r = 0. The proof is complete. ([l

In order to conclude that (P, @ (D)) is a Fischer pair for A (Bg) it is not sufficient that
(P,Q (D)) is a Fischer pair for Clzy,...,x,]. A counterexample is constructed in [56],
p. 532, for the space A (R?) with the homogeneous polynomials Q (z,y) = x* + y? and
P, (z,y) = y (tx — y) for suitable t € R.

5. UNIQUENESS OF DECOMPOSITIONS

It follows from Theorem 3 that (P — d, A¥) is a Fischer pair for C[zy, ..., z,] for all
real numbers d if P, is non-negative. At first it might be a temptation to conjecture
that (Pa, — d, A¥) is a Fischer pair for A (Bg) for any R > 0 and any real number d.
However the following simple example shows that this far from being true: If d > R%*
then P := |z|** — d is invertible in A (Bg) and we can write for any f € A(Bg) the
following trivial and useless decomposition

f=u+ Pqwith ¢:= (f —u) P~' € A(Bg)

where u € A(Bg) is an arbitrary harmonic function. Thus uniqueness fails, a sharp
contrast to the polynomial case where existence and uniqueness are related, see Theorem
37. On the other hand, Theorem 19 in this section will show us that (|z|** — d, A¥) is a
Fischer pair for A (Bg) whenever d < R?*.
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It is also very instructive to consider the one-dimensional case: then AF is just the

operator % and a function ¢ is in A (Bg) if and only if its power series converges in
{r eR: |z| < R}.

Theorem 14. Let n = 1 and let P be a polynomial of exact degree 2k in one variable,
and let R > 0. Then (P, AF) is a Fischer pair for A(Bg) if and only if all zeros of the
polynomial P in the complex plane are contained in the disk {z € C: |z| < R}.

Proof. Let 2, ..., zo1. be the zeros of P. Suppose that there exists a zero of P, say z1, which
is not in {z € C: |2|] < R} and that (P, A¥) is a Fischer pair for A (Bg). Then u(z) :=
(x — 23) ... (x — 29;,) has the property that d**u/dz** = 0, so we can write u = 0P +u. On
the other hand, the decomposition u = Pz_—lz1 +0 holds since 1/ (z — z;) isin A (Bg) . This
contradicts to the uniqueness of the Fischer decomposition. For the converse, note that
the existence of the Fischer decomposition follows from standard interpolation theory.
For uniqueness, suppose that f = Pg; +u; = Pgs + uy. Then Py = u with ¢ = q1 — ¢
and u := uy — u; and d*u/dx?* = 0. It follows that u(z;) = 0 for j = 1,...,2k. Since u
has degree 2k — 1 this yields u = 0, hence ¢ = 0. U

Let us turn now to the question of uniqueness of the Fischer decomposition. The next
theorem shows that a solution ¢ € A (Bg) of the equation Py = u for a function u defined
in neighborhood of 0 satisfying A*u = 0, must be zero if the radius R is sufficiently large.
This yields the uniqueness of Fischer decompositions in the space A (Bg) for large radii
since f = Pqy + u; = Pgy + ug implies that Py = u with ¢ = ¢4 — ¢2 and u 1= ugy — uy
and AFy = 0.

It is instructive to consider in Theorem 15 the case n = 1 again: Then P is a univariate
polynomial of degree 2k and it is assumed that ¢ is of the form

u ()
where v is a polynomial of degree < 2k. The conclusion of the theorem is that the
convergence radius of ¢ is bounded by a number given in terms of the coefficients of

the polynomial P. Note that the assumption degu < deg P = 2k is essential in order to
guarantee that ¢ # 0 has a singularity.

Theorem 15. Let P be polynomial of degree 2k, let P = Py, + ... + Py be its homo-
geneous decomposition, and assume that CPy, (x) > |x|* for all x € R". Let Ep =
{s €{0,...,2k — 1} : P, # 0} and lp the cardinality of Ep; further a denotes the smallest
and (3 the largest element in Ep. Define

D:= max max |P,(6)].
s=0,...,2k—1 geSn—1

If p € A(Bg),¢ # 0, is a solution of the equation Py = u in a neighborhood of zero for
some real analytic function u with A*u = 0 then

R <IpCD for some v with 2k — 8 < v < 2k — a.
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Proof. Using the technique provided in (14) we obtain for any homogeneous polynomial

Om+; of degree m + j

I _

2 Ak+2m+n—1 2 2

[ Pot—jomjl|” < 77— max [Poy—j (0)]" [|omjl”-
Domy2j1n—1 oesm

Further by (12) for j = 1,..., 2k

* I ‘
Lijtrom4n—1 < (m—l—n- + 2k)! < (m+n* _|_2k)2kfj.
Loy ojin—1 (m+j +n*)!
Hence we have the estimate
* k—1;
(28) | Pok—jPmill < Dag—j (m +n" 4 2k)"" 2 [|pmjll -

The equation Py = u, valid in a neighborhood of 0, implies that Porp,, +.... + Poomior =
Umaor Where we have written ¢ = Zf::o Om and u = anozo Um, and ¢, and u,, are
homogeneous polynomials of degree m. Since ¢ # 0 there exists a natural number m with
|l¢ml|l # 0. Note that A*u = 0 implies that A*u,, o, = 0. By Theorem 2 we conclude
that (Upyor, om) = 0, and therefore (Porpm + ... + Popmiok, om) = 0. It follows that
| Pok P, om)| < Zjil |(Pok—jPm+j, Pm)|- The Cauchy-Schwarz inequality and division
by ||@ml|| implies
2k

[(Porpm, Pm)|
W < Z || Pok—jpmrjl -

j=1

On the other hand,

1 _

k 2k+2m+n—1

C (Pospms o) 2 (ol oy om ) = I Y2
2m~+n—1

Hence the last two equations imply that

2%
— I m-r+n—

(29) O 2 ol <31 Pt s -
Domyn—

By (12), for m > 1

Dgvomin—1 _ (K+m+n*—1)! & k

30 > > (m+n")" >m".
( ) IZm—&-n—l o (m +n* — 1)' - ( ) -
With (29) and (30) and (28) we arrive at the inequality

2%k

L1

(31) C™'m [lpm| < Z (m +n* +2k) 727 Doy |9l -

j=1

Note that the last sum has exactly {p summands. Further we can estimate Dy,_; < D
for the coefficients with Dy,_; # 0. For an inequality of the type a < by + ... + b; with
positive entries it is trivial to conclude that there must exists an index s € {1, ...,[} such
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that a < lbs. Thus for given m there exists m; > m and m; < m+2k (writing m; = m+j
with 0 < j < 2k) such that

—L(mi—m
C it [lwl| < Dip (m 40+ 20)* 720 |l

Repeating this argument for ,,, (note that ||pm,| # 0), one obtains ms > m; and
my < mq + 2k such that

—L(ma—m
C™ i g | < Dlp (ma +n* 4 2) 727" |l |

Let us define my := m. By induction we obtain a sequence m; for j = 1,2, ... such that

J
(32) Cmb..mb_y [lomll < D' || @m, || T (mr—1 +n* + 9k)k—2mr—mr1)

r=1
Note that m;_; < m;, so m; — oo for j — oo. It is easy to see from the construction
of m; and (31) that m; < m;_y + 2k — a and m; > m,_1 + 2k — (. It follows that
m; <m+ (2k —a) j and m; > m + j (2k — ) for all j.

Further (32) implies that
o, | 1

>bhi—— o,
e wer el

where we have defined

k. k ko J
mEm?..m?"
by = 2 L gl (m,_1 +n*+ 2k)%(mr_mr‘1)_k )

T V mj! r=1

Note that for j > 2

bj = bj_l

b 1 \/(mj—l +n*+ 2/€)mj_mj’1
p— 71 '
’ (14_#*_1_}_ 2k )k (qu—i-l)....mj

mj—1

j—1 (mj—l +nt+ Qk)%(mj*mj—l)*k
m<

Since (mj_1 +n* +2k)™ "7 > (mj_1 + 1) ....m; we have

* 2k \ 7"
bjzbjl(u LA ) .

mj;—1 m;—1

Let now € > 0. Then there exists jop € N such that 1+ —m"_* -+
. . 7T
It follows that b; > (1+&) Vb, and

?_klg(l—i—g) for all 7 > 7.

mgy—

[, | —k(j—jo) 1
J > (1 J—=Jo b i m
22 (L) by s el
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for j > jo. Since m; — oo it is clear that "§/||¢n,|| — 1. Since m;/j is a bounded sequence
there exists a subsequence such that v := limm,, /j,. Clearly 2k — 3 < v < 2k — . Then

s k 1 1/
lim sup ™ ”SO o> (1+¢e)” ; (l C’D) )
r—00 P
.. . . -1 —k/v 1 1/
Proposition 12 implies R~ > (1 + ¢) (ZPCD> . Now let ¢ — 0. O

It is instructive to consider the special case P = Py, — 1. Then [p =1 and D = 1, and
a = 3 = 0. Then we obtain the following result:

Theorem 16. Let P be a homogeneous polynomial of degree 2k such that CP (x) > |z|*
for all x € R™. Suppose that ¢ € A(Bg),¢ # 0, satisfies the equation (P — 1) ¢ = u for
some function u with A¥u = 0 in a neighborhood of 0. Then R?** < C.

6. INHOMOGENEOUS FISCHER PAIRS

In the following it is convenient to introduce a new notation: If (P, Q(D)) is a Fischer
pair there exist for each polynomial f unique polynomials ¢ and r such that f = Pq+
r with @ (D)r = 0. Since the decomposition is unique we can define operators Tp :
Clzy, ..., zyn) = Clxy,...,x,] and Rp : Clxy, ..., x| — Clz1, ..., 2,] by putting Tp (f) := ¢
and Rp (f) :=r. So we write now

(33) f=P-Tp(f)+Rp(f).

It is easy to see that Tp and Rp are linear operators. Let

(34) P(iﬂ):Pk—%PS

be the decomposition into a sum of homogeneous polynomials. We consider the polyno-
mials Ps in (34) as multiplication operators P; : Clxy,...,x,] — Clzy,...,x,] defined by
P (f) = Fsf.

In the next theorem we describe the operator Tp via the simpler operator 1" := Tp, .

Theorem 17. Let Q be a homogeneous polynomial of degree k and P be a polynomial of
degree k of the form (34) and assume that (P, @ (D)) is a Fischer pair. With the above
notations the identity

(35) Tp (fm) = > A (fm)

j=—1
holds for all homogeneous polynomials f,, of degree m where
k=1 k—1

(36) =y ) . ZTP ..... TP, Tfp

s0=0s1=0 5;=0
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with the convention that A_y (fm) =T fm
Proof. The proof follows by induction over the degree m. O

Theorem 18. Let P a be polynomial of degree 2k and P = Pop—...— Py be its homogeneous
decomposition, and assume that C Py, (z) > |z|** for all x € R™. With the notations of
Theorem 15 assume that R is so large such that

(37) IpCD < R for all v with 2k — § < v < 2k — a.
Then (P, A¥) is a Fischer pair for A(Bg).

Proof. 1. Tt follows from Theorem 15 that condition (37) implies the uniqueness of the
Fischer decomposition. Next we show that (37) implies

RQk
ZSEEP RS '

Recall that Ep := {s € {0,...,2k — 1} : P; # 0}, and « is the smallest and [ the largest
element of Ep. If R > 1 then ZSQEP R* < [pR®. Then

(38) CD <

2%k
R— > l R*P < CD
ZSEEP RS ZP
where we have used for the last inequality the condition (37) for v = 2k — (3. Similarly, if
R <1, then ) o R* <IpR* and as above one proves that (38) is fulfilled as well. In
the sequel we shall show that (38) implies the existence of the Fischer decomposition.

2. Let f € A(Bg), and write f = > f,, with homogeneous polynomials f,, of degree
m. We want to estimate the summands Tp ( f,,,) , and we are doing this by estimating norms
of the summands occuring in (36). We may assume that m > 8k which clearly implies
that

m—+n*
39 _
(39) m — 4k +n*
Consider the tuple (s, ..., so) as fixed and define
(40) d, :=deg P, T....Ps, Tfrn =m~+so+ ... + 5, — 2k (r + 1)

for r = 0, ..., 5. Note that d, = d,_1 + s, — 2k. Further s, < g < 2k for r =0, ..., 7. So
it is clear that d; < d;—; < ... < dp. If d; > 0 and d; — 2k is negative, this means that

the polynomial T’ [st T.. P, T fm] is the zero polynomial, so we have only to consider the
case that d; — 2k > 0. Further for [ = 0, ..., one has with b := 2k — (3

(41) d;—; > 2k + 1b,
which follows by induction over [, namely d;_q41) = dj_; — s;_; + 2k > 2k + bl — 3 + 2k.
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Next we shall prove that for each £ > 0 there exists a constant A, > 0 (not dependent
on (S;, ..., So)) such that for all m > 8k

| TPy, T... Py, T f| p 26 AL (14 £)FOTD

(42 T S e P
3. Let us prove (42). By the fundamental inequality (26) we have
TP T P T < c% P T P T o]
Moreover
| Py, T....Py T fl|* < D? Lodyin TP, \T...P Tl

2(dj—s;)+n—1
It follows that

| TP, T... T fr|| < CDE; || TPy, T....PyT fr]|

j—1

where

(43> E] — [2djf4k+n71 Ide+n71 .
[2dj72k+n71 IQ(dj_sj)+n—1
[terating this argument we arrive at the estimate

(44) | TPy, T....Poy T fi|| < C7H DI E; B | T | -
Recall that ||T"(fn)|| < 2C|| fml], see (27). If we can prove that for all m > 8k

E...E okH+LA_(1 4 g)k+D)
(45) Bj = It M U (m + n*)k ( * 6)

(dj —2k)! — (m — 4k)!
then (44) implies our claim (42).

4. Let us prove (45). Since d, = d,_1 + s, —2k and 2k < d; < d, < d,_; we first observe
that forr=1,.... 7

(46) (dp_y — 2k)! < (dy — 2k)! - (dp_y — 2K)°F7

Note that d,_y — 2k = d, — s, hence (46) implies that for r =1,..., 5
d,_1 — 2k)! 1,

(47) B, = (dy—1 = 2k) E.B,_1 < (dy — 5,)" 2" E,B,_;.
(d, — 2k)!

Using (12) we obtain for £, defined in (43) the estimate

(dy — 2k +n* —1)!
(d — k+n*—1)!

(48) E, < (d, +n*)7* .
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Since (d, +n*)/(d, — s,) > 1 and 0 < s, < 2k we have
(d +n)* _ (dr )"
oS P
(dr - 57’)2 " (dT - 87")
Thus (48) and the last inequality imply

dr — 2k +n* —1)!
(d —k+n*—1)1"
Ifd, > 2k (egforallr =0,....,5—1) thend, —2k+n*—1>n*>0and d, —k+n*—1 >
k+n*—12>0forallr=0,...,5. Hence we can estimate
(dr—2k+n*—1)!< 1
(b, kD = (& 2k 4 o)
For the special case d; = 2k we obtain from (49) that (using d; < dy < m)
k—1Ls; (n* = 1)! K w\k
(dj —s;)" 2V Ej < m(dj+n) <2(m+n")".

It follows that in both cases, d; = 2k and d; > 2k (for the latter case use (49) and the
fact that d; — 2k +n* > 1+ n* in (50)), the estimate

(49) (d, — ,)5° 3 E, < (d, +n")* (

(50)

(dj = s5) 3" By < 2(m )
holds. For r =0, ..., — 1 we have d; > 2k, so (47), (49) and (50) imply that

7j—1

(dr+n*)k
51 B; <2(m+n*)*

Note that m — 2k < dy < m by (40), so dy — 2k > m — 4k. Then the definition of By in
(45) and the estimates (48) and (50) for Ey yields

1 (m + n*)%sO

2 B0 a0 (m— k)"

Now we still have to estimate
j—1

. (do+nM" i (d )
7Tj = H - A = H - %
(d, — 2k +n*) (dj_i — 2k +n*)

r=1 =1

Since the function x — (x + n*) / (x — 2k + n*) is decreasing for © > xy := 2k —n*, and
zo < 2k <d, and dj_; > 2k + bl, see (41), we obtain

j—1 k
2k 4+ bl +n*
welI(*)

=1
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Let now € > 0, and choose [, € N so large such that 2k + n* < ebl.. Define
! k
- 2k +n*
A = 1 .
1=1
Then m; < A, forall j =0,..,lc +1; for j —1 > [. we have

Jj—1 k

2k +n* ;

WﬁAe'H(” bl ) <A (14e)"TY.
I=l.

Then (51) and (52) show that

. 1
R A (14 )P0 (4 7y 2

B;<2(m+n* .
i< 2 ) (m —4k)! (m — 4k +n*)*

Note that sy < 2k and use now (39) to estimate the last factor by 2¥. Hence we obtain
(45).

5. Now we want to estimate |TPSjT....PSOTfm (x)| for x = rf with § € S*! and
0 <r <p<R. Define Fp (r) := >, p r°. By continuity of (r,e) = Fp (r) (1 + e)F Jrk
and (38) one may take p < R so large and € > 0 so small such that

cpE@U+el

2k
By (15) we can estimate for x| =r < p
| TP, T...PoT fr (x)| = rB~% max TP, T....PsyT fr (8)]
esn—

S /2wn_1rd,7 2k‘< ];(d 2k))+ - ||TPS]TPSOTH .
v n-—

Note that d; < m, so 1+ d; — 2k < 1+ m. Further Iy, —op)in-1 > zlx<dj — 2k —1)! by
(11). Since 1/ (s — 1)! < 242 for s > 0, we have
1 1+ (d; — 2k 1
coaVI W — 2y VIEM
IQ(dj—2k)+n—1 (dj - 2k)' \/ (d] — 2]{3)'

Now (42) shows that

(53) TP, T.... P, T fr (r0)| < (1+€)*UHD Cit2pittpdi=2k | ¢ 11 U,
where

2k+2A€
(54) U, = 4y/on1 (1+m)""* (m + n*)

V(m —4k)!
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Using (40) it follows that

- |
|Ajfm ()] < C [(1 +e)t C’Dr P 2kGHD T Z 3 Z S0t ts;

so€Ep sj€Ep

Since )

soeEp - Dusepp T T = [F (r))’™ one arrives for r < p at

‘Tme (7’9)| < E ‘Ajfm (TG)‘ < Hme UnCp™ H,y, (pe)
j=-1
where we have defined
j+1

m

H,, (r0) := Z

j=—1

(1+4¢)"CDF (r)

r2k

Since (14 ¢)" CDF (p) < p* there exists a constant M > 0 such that H,, (pf) < M for
all § € S and for all m € N. Thus we have for 0 <r < p

ST 1 Tofu (00 < CM S 07| fonll Une

m=8k m=8k
It is easy to see that the latter sum converges since f € A(Bg), cf. Proposition 12 and
the definition of U,,. O

The following result illustrates the last theorem:

Theorem 19. Let D be a real constant and let Po, be a homogeneous polynomial of
degree 2k such that C' Py, (z) > |z|**. If R?* > CD then (Py, — D, A¥) is a Fischer pair
for A(BR) .

7. THE ALMANSI THEOREM REVISITED

In this section we will present an Almansi-type theorem where we replace the polynomial
|2|? in formula (1) by an elliptic homogeneous polynomial P (z) of degree 2k; the coefficient
functions h; will be solutions of the equation AFh; = 0. We start with the following
observation:

Proposition 20. Let (P,Q (D)) be a Fischer pair for a space E, and let T : E — E and
R : E — E be defined by the equation f = PT (f)+R(f) with R(f) € E,Q (D) R(f) = 0.
Then for each f € E and each natural number N there exists hg, ....,hy € E with

(55) f=ho+ Phy+ ...+ P hy + PNHITNF ¢
and Q (D)h;j =0 for j =0, ..., N. Furthermore h; = R(T?f) for j =0,...,N.
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Proof. For N = 0, the statement follows from the fact that (P,Q (D)) is a Fischer pair.
We apply now the induction principle and assume that the statement is true for N. Since
(P,Q (D)) is a Fischer pair we can write TV*! f = PT (TN f) + R (TN f) . Insert this
in (55) and define hyyq := R (TVFLf). O

Note that for £ = C|zy,...,2,] and f € C|zy,...,z,] one may take Ny so large such

that TNs+1f = ( since T diminishes the degree of f. So the last proposition can be seen
as a generalized Gaufl decomposition.

Theorem 21. Let 0 < R < 0o and P be a homogeneous polynomial of degree 2k such
that CP (z) > |z|** for all x € R™ for some constant C > 0. Then for each f € A(Bg)
there exists a sequence of function h; € A(Bg), j € Ny such that A*h; =0 for all j € Ny
and

F@) =3 hy @) P (@)

for all |z| < R/ ¥/CM where M := maxgegn—1 | P (0)].

Proof. 1. We define h; as in Proposition 20. By the formula (55) it suffices to show that
|PNTN f ()| — 0 for |z] < p < R/ ¥/CM for N — oo. Let us write f = Yo fu
with homogeneous polynomials f,, of degree m. Now we use results from the proof of
Theorem 18. We take the tuple (s, ...,s;) =0 and P, =1 for r =0, ...,j. Then D :=1,
dj =m—2k(j+1) and TP, T... Py T fy, = T2 f,,,.

2. It is easy to see that CM > 1. Let p < R/¥/CM and r < p. Take § > 0
such that p?* < (R—0)* /CM, and take ¢ > 0 and €, > 0 so small such that w :=
p(l+e)/(R—6)<1and
(56) (1+¢e)fCMuw® < 1.

By (53) there exists A. > 0 such that for all m > 8k
(T2 o (r0)| < (14 £)"070 CO823 0y 202 | £ U,
From the definition of U,, in (54) we see that U,vm! < Cym® for all m > max {n*, 1}
where o = 3k‘+%n. Since mm — 1 there exists mg such that mm < (1 + &) for all m > my.
Since R™! < (R—6)"" and f € A(Bpg) there exists m; such that % < (R—19) ™ for
m > my. It follows that for all m > max {mg, m;}
. . ) Py 1+ ey m
Ti+2 - (re)| < ¢, (1 k(j+1) CJ+2 m,.—2k(j+2) [ 2 " =2 .
T2, (r0)] < C1 (1+2) " —

Since |P (rf)] < Mr?* for all r > 0 and 6 € S"~! it is now easy to see that for r < p and
m > max {mg, m }

| | j+2 1 "
‘Pﬁ_z (7“9) T]+2fm (7«9)‘ < Cl [(1 + e)k C’M}J pm (R—i_—&s) .
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3. Let us take now j so large such that 2k (j + 2) > max {mg, m; } . Since T+ f,, = 0 for
m < 2k (j + 2) it follows that

[P T ()| < Y [P () T (16)

m=2k(j+1)

Y

so the index m of each summand satisfies m > max {mg, m;}. Thus we have with w :=
p(1+e)/(R=9)

j+2 &
>, w”
m=2k(j+2)
42 1

|PI2 (r0) T2 (r0)| < O [(1+a)k0M]

= O [(1 +e)f C’Mw%}

1—w’

Since (14 ¢)" CMw? < 1 by (56) we see that |P72 (r0) T9+2f (r0)| converges to 0 for

all » < p. The proof is complete. 0
8. FISCHER PAIRS FOR ENTIRE FUNCTIONS

In this section we want to discuss the algebra A (Bg) from the viewpoint of complex
analysis. Let us recall some notations: For z = (1, ...., z,) € C" we define |z|> = |z > +
.+ |za)? and ¢ (2) = 22+ ... 4 22. The set

Bp = {z eC": 2P+ /|2 = lg(2)] < RQ}

is called the harmonicity hull of By, see [4]. The set é;z for R =1 is identical with the
classical domain Ryy of E. Cartan (see [4, p. 59]), or the Lie ball in [38]. It is well known
that

(57) BS, 5= {2€C 2| < R/V2} C B
As pointed out in [59], the following equality
max{|f (z)]: z € é}} = max {|f (z)| : € Br}
is valid for each homogeneous polynomial f (x) and the following result holds, see [59]:

Theorem 22. The algebra A (Bg) is isomorphic to the space of all holomorphic function
on Br. In particular, A (R™) is isomorphic to &,.

From this the following is immediate:

Theorem 23. Let P be an elliptic polynomial of degree 2k. Then (P, AF) is a Fischer
pair for the algebra &, of all entire functions.
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9. HAYMAN’S CONJECTURE FOR ENTIRE FUNCTIONS

In this section we extend the results of Section 3 to polyharmonic functions f : R* — C.
Roughly speaking, analogous results are valid under the stronger assumption that the
polynomial v is elliptic.

The following result is the analog of Theorem 6 for analytic functions. The result
seems to be part of mathematical folklore and we refer to [31] and [62] for the necessary
background in algebraic geometry.

Theorem 24. Let ¢ € Rz, ..., z,] be square-free and assume that each irreducible factor
Y, 7 = 1,...,7, changes sign on the open set U; in R™ for j = 1,....,r. Suppose that f :
C" — C is an entire function which vanishes on {x € R : ¢, (x) = 0}yNU; forj =1,..,r.
Then there exists an entire function q : C* — C such that f = qi1...9,.

Now let us formulate the main result of this Section:

Theorem 25. Let ¢ € Ry, ...,x,] square-free and elliptic and assume that each ir-
reducible factor 1;,j = 1,...,r, changes sign on given open sets U; for j = 1,...,r.
Suppose that f : R® — C has an entire extension, and that f wvanishes on the sets
{x eR":p; (x) =0}NU; for j=1,...,r. If AFf =0 wéthk:%degw then f = 0.

Proof. Let fbe the entire extension of f. By Theorem 24 we can write fv: qy for some
entire function ¢. Then f and the restriction of ¢ to R" are clearly in A (R™). Theorem
15 shows that ¢ = 0. U

W. Hayman and B. Korenblum have constructed a non-zero biharmonic function f :
R? — C which vanishes on infinitely many analytic Jordan curves. So the assumption of
algebraic curves seems to be crucial for this kind of result.

10. APPLICATIONS TO DIRICHLET PROBLEMS

Let 2 be a domain in R™ with boundary 0f2. A solution of the Dirichlet problem for
a continuous data function f : 9Q — C is any continuous function u : Q — C which is
differentiable of order 2 on 2 such that Au (z) =0 for all x € Q and u (§) = f (§) for all
& € 090 If Q is bounded the solution is unique by the maximum principle.

The following theorem was proved in [39] for the case R = oo by elementary methods
from potential theory; here we identify the space of all entire functions with A (R™). We
give a proof (for arbitrary R > 0) by means of the Fischer decomposition, cf. Remark 1
on p. 463 in [39].

Theorem 26. Let ) be the ellipsoid {x € R™ : Y77, a;’x? < 1} with a; > 0 for
j=1,...n If f € A(Bg) and

R> max |aj]
then the solution w of the Dirichlet problem for f | 02 extends to a harmonic function on
Bg.
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Proof. We apply Theorem 19 to 1) = by — 1 with ¢ () := 37, a;zx? Then Cboy () >

.....

uw and Au (x) =0 for all x € Bg. Since ¢ (z) = 0 for = € 01, it follows that f (z) = u (x)
for all z € 0€). The proof is complete. O

Since (1, A) is a degree-preserving Fischer pair for the ellipsoid 2 the following well-
known property is easily proved: if f € C|[xy,...,x,] has degree < m then the solution u
of the Dirichlet problem for the data function f | 99 is a polynomial of degree m, see also
[7]. It was proved in [39], p. 467, that this property characterizes ellipsoids in the class of
all bounded domains €2 whose boundary 02 is an irreducible algebraic set, see also [18],
[33], [34] and the recent developments in [22], [23] for rational or algebraic data functions.
We now prove the following stronger result:

Theorem 27. Let 1)y, ..., € Rz, ..., x,] be irreducible and assume that 1 = 1y..4h, is
square-free and nonhyperbolic. Let ) be a domain in R™ with boundary 02 and assume
that for each j =1, ...,r there exists an open set U; such that

(58) {y € R": ¢y (y) = 0} N U, C 90

and ; changes sign on U;. If degv > 2 then there is no polynomial solution of the
Dirichlet problem for the data function |a:|2 restricted to OS.

Proof. Since 1 is nonhyperbolic the degree of v¥» must be even, say 2[. Since degy > 2
we know that [ > 1. Suppose that there exists a harmonic polynomial u which is equal
to f () := |z|> on AN. It follows that f — u vanishes on Zy, NU; for each j = 1,...,7.
By Theorem 6 there exists a polynomial ¢ with f —u = 1q. Further f —u # 0 since f is
not harmonic. We conclude that ¢ # 0. Since [ > 1 we have that Alf = Al ]93\2 =0, so
Al (1q) = 0. On the other hand, Theorem 3 implies that 0 # A! (¢»q) . This contradiction
proves the theorem. O

As an example, consider the square 2 := (—1,1) x (=1,1) in R? and ¢ (x,y) =
(x—=1)(z+1)(y—1)(y +1). Clearly 9 is square-free and nonhyperbolic, and condition
(58) is satisfied. Since degt) = 4 it follows that the solution of the Dirichlet problem for
the data function 2 + 2 can not be a polynomial.

Now we turn to Problem (I) mentioned in the introduction:

Theorem 28. Let i)y, ...,1, € Ry, ...,x,] be irreducible and assume that 1 = y...0, is
square-free and elliptic. Let ) be a domain in R™ with boundary 02 and assume that for
each j = 1,...,r there ewists an open set U; such that

(59) {y e R" 1 4h; (y) = 0} NU; C 00

and ; changes sign on U;. If degtp > 2 then there is no entire solution of the Dirichlet
problem for the data function |ar;|2 restricted to OS).
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Proof. The proof of Theorem 27 carries over verbatim if one uses now Theorem 24 and
15. [

The following wvariation of the Dirichlet problem was discussed in [15] (for the case
n =2): for f € C|xy,...,z,] find a differentiable function u : R™ — C of order 2 such that

(60) Au(z) =0forallz € R", and u (&) = f (&) forall £ € Zy,

where Zy, = {z € R" : ¢ () = 0} and ¢ € Ry, ..., x,] is square-free and non-degenerate.
Note that R™ \ Z, is in general the union of several disjoint connected components, so
R"™\ Z,, is not the boundary of a domain . It was asked in [15] which polynomials v solve
the following basic problem: For any polynomial f there exists a polynomial solution u
of (60). It was shown in [15] for n = 2 that the only bounded sets Z,, satisfying the basic
problem are the ellipses. Now we generalize this result to arbitrary dimension.

Theorem 29. Let ¢ € Rlxy, ..., z,| be square-free and non-degenerate, and assume that
Zy 15 compact. Then the following statements are equivalent:

a) ¥ is an elliptic polynomial of degree 2.

b) (¥, A) is a Fischer pair for Clxy, ..., 2,]

¢) For every polynomial f there exists a polynomial solution u of (60).

d) For f (x) = |z|* there exists a polynomial solution u of (60).

Proof. The implication a) — b) follows from Theorem 3. Assume now b), and let f be a
polynomial. Then we can find polynomials ¢, u such that f = ¥q+u and Au = 0. Clearly
one has that f (§) = u (§) for all £ € Z,,. The implication ¢) — d) is trivial. Let us assume
now d). Since Zy, is bounded the principal part of ¢ or — is non-negative, see Lemma
30. So we may assume that v is nonhyperbolic, and the degree of 1) must be even, say
2[. Now we argue as in the proof of Theorem 27: Suppose that degvy > 2, then [ > 1.
By assumption d) there exists a harmonic polynomial u which is equal to f (z) := |z|°
on Zy. It follows that f — u vanishes on Z;. By Theorem 6 there exists a polynomial ¢
with f — u = 9q. Further f — u # 0 since f is not harmonic, so ¢ # 0. Since Alf =0
(recall that [ > 1) we obtain that A!(¢)g) = 0. Theorem 3 implies that 0 # Al (q).
This contradiction shows that degy < 2. If deg < 1 it is clear that Z, is non-compact.
Hence degy = 2. Using the compactness of Z,, it is easy to see that 1 is elliptic. O

Lemma 30. Let P, ..., P, be continuous real-valued functions on the sphere S*™' and
define P (rf) := r*P, (0) + ... + Py (0) . If there exists 0,0, € S*1 with P, (0;) < 0 <
Py (02) then the set {(r,0) : P (rf) = 0} is not bounded.

Proof. Left to the reader. O

Now we consider the polyharmonic equation A*u = 0. In analogy to the last results
define the following problem: for f € C [z, ..., z,,] find a differentiable function v : R — C
of order 2k such that

(61) AFy (z) =0 for all z € R", and u (&) = f (&) for all ¢ € Z,
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where ¢ € R [y, ..., x,] is square-free and non-degenerate. Then one can prove with the
same methods:

Theorem 31. Let k be a natural number and assume that ¢ € R [xq, ..., x,] is square-
free, non-degenerate and nonhyperbolic of degree > 2k. Then the following statements are
equivalent:

a) ¢ is an elliptic polynomial of degree 2k.

b) (1, A¥) is a Fischer pair for C [y, ..., x,)

c¢) For every polynomial f there exists a polynomial solution u of (61).

d) For f (x) = ||** there exists a polynomial solution u of (61).

The Dirichlet problem Afu = 0 of order k for a domain  is defined in [58] in the
following way: Let f : R" — C be k — 1 times continuously differentiable. Then a
function u : 2 — C is called a solution of the Dirichlet problem for the data function f if

w is k — 1 times continuously differentiable on Q and 2k times continuously differentiable
on €2 such that AFu (z) = 0 for all z € Q and

0“ 0«
Do (=) = Oz
If the boundary 0f2 is sufficiently smooth then the Dirichlet problem has a unique solution
u for the data function f, see [58]. For a constructive solution of this problem in case of
concentric spheres we refer to [26].

Consider as an example the domain Q := {x € R" : ¢y, (x) < 1} for the polynomial
Yor (z) = 23 + ... + 22*. Theorem 31 shows that for any polynomial f there exists a
unique polyharmonic polynomial u of order k such that u (z) = f (x) for all x € 9Q2. On
the other hand, the solution of A*u = f for a polyharmonic function u : Q — C is only
unique if we specify boundary conditions as in (62). Indeed, the polynomial solution u
satisfies the equation f (x) = (Yor — 1) ¢ (z) +u (z) for all z € R™, and from this one can
determine the partial derivatives 2-u (z).

An analogous result holds for entire functions by using Theorem 18: for any function

f € A(R™) there exists a unique polyharmonic function r defined on R” of order k such
that f (z) = r (z) for all z € 0.

(62) f(z) forall z € 02 and |a| < k — 1.

11. ApPPENDIX: FISCHER PAIRS FOR C [z, ..., 7;]

A Fischer pair (P,Q (D)) for C[xy,...,z,] is called degree preserving if degr < deg f
in (2). By P, (k) we denote the set of all homogeneous polynomials of degree k with
complex coefficients. If @ € P, (k) it is easy to see that @ (D) maps P, (m) into {0} for
m < k and into P,, (m — k) for m > k. We first cite from p. 168 in [17]:

Proposition 32. If Q € P, (k) then the map Q (D) : P, (m) — P, (m — k) is surjective
for allm > k. In particular, the map Q (D) : Cz1,...,x,] — Clxy, ..., z,] is surjective.



30 HERMANN RENDER

The next result, due to A. Meril and D.C. Struppa in [49], gives an operator-theoretic
characterization of Fischer’s pairs:

Theorem 33. Let P,Q be arbitrary polynomials and let E either be C[z1, ...,x,] or &,.
Then (P, Q (D)) is a Fischer pair for E if and only if the ”Fischer operator” Fo p: E — E
defined by Fo p(q) := Q (D) (P -q) is a bijection.

The following example, taken from [49], is very instructive: it shows that the degrees
of P and @ of a Fischer pair (P,Q (D)) may be different. Moreover in this example
the reversed pair (@, P (D)) is not a Fischer pair (see [49]) showing that the notion of a
Fischer pair is not symmetric.

Example 34. Let n =2 and P (x,y) = v — y* and Q (z,y) = x. Then each f € C|x,y]
can be uniquely written in the form f = (x —y*)q + r for polynomials q and r with
Q (D)r = 0. The function r is given by r (z,y) = f (y*,y), so it satisfies 8%7’ (z,y) = 0.
It follows that (P, Q (D)) is a Fischer pair for C[x1, ..., x,] which is not degree preserving.

The following lemma is part of mathematical folklore, and we include the proof only
for completeness.

Lemma 35. Let (P,Q (D)) be Fischer pair for Clxy,...,x,] and Q) homogeneous. Then
deg P > deg ().

Proof. If deg P < deg@ it follows that @ (D) (P) = 0 since @ is homogeneous. Then
we can write P = P-1+40 and P = P -0+ r where r = P satisfies @ (D)r = 0. This
contradicts to the uniqueness property of a Fischer pair. 0]

Theorem 36. Let (P,Q (D)) be a Fischer pair for Clzy,...,x,] and P,Q # 0 homoge-
neous. Then deg P = deg @), and there exists a constant ¢ # 0 and a polynomial v such
that Q* = cP +1r and Q (D)r = 0.

Proof. Let us write Q* = Pq—+r for some polynomials ¢ and r with @ (D) r = 0. Since @ is
homogeneous it is clear that @ (D) (Q*) is a positive constant, say ¢. Thus ¢ = @Q (D) (Pq)
and therefore ¢ # 0. Suppose that deg (Pq) > deg ). Then Pq has the principal part Pg,,
where g, is the principal part of ¢ (note that P is homogeneous). Since () is homogeneous,
either @ (D) (Pg,,) = 0 or it is a polynomial of degree deg (Pg,,) —deg Q) > 0. The latter is
not possible since @ (D) (Pq) is a constant. Now @ (D) (Pg,,) = 0 implies that (P, Q (D))
is not a Fischer pair for C[xy,...,x,]. This contradiction yields deg Pq < deg (). Hence
deg P < deg @), and by Proposition 35 deg P = deg (), so degq = 0. OJ

Now we give equivalent characterizations for a Fischer pair (P, Q (D)). By the above
example, the homogeneity is a crucial assumption in the following theorem:

Theorem 37. Let P,(Q) be homogeneous polynomials of the same degree k. Then the
following statements are equivalent:
a) (P,Q (D)) is a degree preserving Fischer pair for Clxzy, ..., Z,)



REAL BARGMANN SPACES AND FISCHER DECOMPOSITIONS 31

b) (P,Q (D)) is a Fischer pair for C[xy,...,x,].

c) For f € Clxy, ..., xy,) there exist ¢, 7 € Clxy, ..., x| with f = Pq+r and Q (D) r = 0.

d) The map Fgpm : Pn(m) — P, (m) defined by Fopm(q) = Q(D)(P-q) is a
bijection for any m € Nj.

e) Q (D) (P-q)#0 for any non-zero homogeneous polynomial q.

Proof. The implications a) — b) — c¢) are trivial. Assume that ¢) holds. Let f € P, (m)
withm € Ny. Let g € P,, (m + k) with Q (D) g = f. By property ¢) there exist polynomials
g and r such that ¢ = ¢P +r and Q (D) r = 0. Write ¢ = Ziio q and r = Zl]\io r; where
q; and r; are homogeneous polynomials of degree [. Since P is homogeneous of degree k
we obtain

g () = g (te) =Y " (2) P () + )t (z).

Clearly this implies ;P + 74 = 0 for [ # m. Hence g = ¢, P + 71 x. It follows that
f=Q(D)g=Q(D)(gnP), so Fg pm is surjective, hence bijective. The equivalence of
d) and e) is evident, so we only have to prove d) — a). Clearly d) implies that Fg p is
surjective. Suppose that Fy p (¢) = 0 for some polynomial ¢q. Then 0 = ¢gP + r for some
polynomial  with @ (D)r = 0. Using the homogeneity argument given in the proof of
¢) — d) one obtains that 0 = ¢, P + r,,+x for the homogeneous polynomials ¢, and r,.
Then g,,, = 0 by assumption d) and we conclude that ¢ = 0. By Theorem 33 (P, Q (D)) is
a Fischer pair, and it is degree preserving by property d). U

The extension of the algorithm for polynomials of the form P — h when degh < deg P
is straightforward: the existence of a decomposition is proved by induction over the total
degree, the uniqueness depends on a homogeneity argument. The details are omitted.

Theorem 38. Let (P,Q (D)) be a Fischer pair for homogeneous polynomials P, Q) of the
same degree k > 1. Let h be a polynomial with degh < deg P. Then (P — h,Q (D)) is a
degree preserving Fischer pair.
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