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Approximation by polynomial solutions of PDEs of
higher order and boundary value problems
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Dedicated to Paolo Emilio Ricci, on the occasion of his 65th birthday

Abstract!. Let E be a partial differential operator of order 2m with real constant co-
efficients in any number of variables. Denote by {wx} a basis of polynomial solutions of
the equation Fu = 0. We survey some recent results concerning the completeness of the
system {(wk, Ovwr, -+ , 00 'wi)} on the boundary of a bounded domain in LP and in C°
norms. In particular necessary and sufficient conditions for the completeness to hold are
given.

1. INTRODUCTION

Let F be an elliptic partial differential operator
m
(1) Bu= Z aq(x) D%
|a]=0
where the coefficients a,, belong to C*°(R™).

Let K be a compact set in R™ and 2 a domain containing K. Let f be a function
which is continuous on K and such that Ef = 0 in the interior of K (if nonempty).

A classical problem in the approximation theory is to find conditions under which
f can be approximated on K in a certain norm (for example the uniform norm) by
a sequence of particular solutions of the equation Fu =0 in Q.

For example, if f is a holomorphic function of one complex variable, we may
ask when f can be approximated in some norms by polynomials or by rational
functions. The classical theorems of Weierstrass, Runge and Mergelyan are the
main results in this area.

These kind of problems have been widely studied and extended to general elliptic
partial differential equations.

Even if necessary and sufficient conditions are not known for general elliptic op-
erators, several results are nowadays available for such operators (see, for example,
[1, 16, 17]).
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Theorem 1. Let K be a compact set and A, B two open sets such that K C A,
A C B C R". Suppose that

(i) E and E* satisfy the unique continuation property in B;
(it) K\ OK satisfies the restricted cone hypothesis;
(iit) B\ K is connected.
Then S = Q(K), where S is one of the following spaces:

s={p 190 = [ e sty ve o=}

(H being a fized compact set such that H C B\ A) ;

S=<p | Iy, - ,ymeH:p(I):chs(x,yj)
j=1

If E has constant coefficients, Theorem 1 holds also with
S ={p | pis a polynomial, Ep =0}
under some additional conditions (see [17]). For a short proof of Theorem 1 hinging
on potential theory, we refer to [13].
The problem of completeness can be stated in a more sophisticated way, as

proposed many years ago by Picone.
Let us consider a BVP for the operator E:

FEu=0 in Q
Byu=f, on ¥ (h=1,--+,s)

which is supposed to be an index problem. Then there exists a solution of the
problem (2) if and only if (fi,- -, fs) satisfies a finite number of compatibility

conditions: _
> /fth,ﬁ“da:o k=1, ,r.
h=1 7%

Let S be a family of particular solution of the equation Fu = 0 defined in a
larger domain A D Q. The problem proposed by Picone is to prove that the system
{(Byw, "+ ,Bsw) | w € S} is complete in the subspace of [LP(X)]* whose elements

(v1,- - ,vs) are orthogonal to the vectors ( Y“), e ,1/J£k))

S
Z/vh%(lk)dozo k=1,---,r.
h=1 "%

It is worthwhile to remark that in the very particular case n = 2, E = A,
Q={(z,y) eR? | 22+9y%2 <1}, S ={ResF, ImF | k=0,1,2,---} (z = z+iy),
the completeness of the system {w]g | w € S} in C°(X) (or in LP(X)) is nothing
but the completeness of the trigonometric system.

The first to prove some completeness theorems in the sense of Picone was Fichera,
which proved the following results concerning the Dirichlet, the Neumann and the
mixed problem for Laplace equation

(2)

Theorem 2 ([12]). Let Q@ C R™ be a bounded domain whose boundary ¥ belongs to
C2?. Let {wy} denote the system of harmonic polynomials. Then
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(i) the system {wy} is complete in L?(X);
(ii) the system {Dywy} is complete in the space {v € L*(X) | [yvdo =0};
(#1) the system {wi|s,, Ovwi|s,} is complete in L?(X1) x L*(X3), where 1 and
Yo are such that X1 Ny = ) and ¥ = 3, U Xy, X having the same
superficial measure as 3y, (k= 1,2).

We have to remark that one can repeat Fichera’s proof with small changes and
obtain the same completeness theorems (i) and (ii) in LP(X) (1 < p < o0) or in
C’(%), assuming that ¥ is a Lyapunov boundary (i.e. X € C1*).

As far as (iii) is concerned, it is clear that completeness in L?(X1) x L%(Z)
implies completeness in LP(X;) x LP(35) for 1 < p < 2. However the completeness
of the system {wy|s,, dywk|s, } in LP(31) x LP(X2) for p > 2 is still an open problem.

After Fichera’s result, several other completeness theorems have been proved for
particular BVPs. However while very general completeness theorems analogous to
the Mergelyan one are known, this is not the case for the completeness theorems
as proposed by Picone. In the literature there are several results which are con-
nected to particular boundary value problems for the harmonic and the biharmonic
equation, the Helmotz equation, the elasticity system, the heat equation, general
2nd order elliptic equations and higher order elliptic equations with constant coef-
ficients in two variables. We refer to [13] for a list of references updated until 1979,
to which we would like to add [2, 3, 4, 5, 6, 11, 18].

In the present paper we present some recent results ([8, 9, 10]) connected to the
Dirichlet problem for general higher order elliptic equations. They are the only
known completeness results for polynomial solutions of general partial differential
operators of higher order in any number of variables.

Section 2 is devoted to some theorems in potential theory. They provide a key
ingredient of the proof and seem to be interesting in themselves.

In Section 3 we describe the completeness results for an elliptic operator E with
constant coefficients satisfying a Garding inequality (see (19) below). In particular,
we show that a certain algebraic condition on the characteristic polynomial of E is
necessary and sufficient for the completeness theorems to hold.

It is interesting to remark that - generally speaking - the existence and uniqueness
of solution of the Dirichlet problem (which is a consequence of (19)) does not imply
the relevant completeness for polynomial solutions.

2. SOME RESULTS IN POTENTIAL THEORY

Let © be a bounded domain in R”, whose boundary ¥ is supposed to be C'. By
v, we denote the inward unit normal vector to ¥ at the point x € 3.
Let s(x — y) be the fundamental solution for Laplace equation

1
— log|z —y| if n=2
27

sz —y) =
e lz—ql>™ fn>3
¢, being the hypersurface measure of the unit sphere in R"™.
The following formulas are very well known
. 1
(3) lim | @(y) 0y, s(z —y)doy = —5 @(zo) + /E @(y) Oy, s(z0 — y) doy

g
ze»jo =
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. 1
@ im0 —9)do, = 5 ol + [ o)d,sa—u)do,

zGVIO

6 i ([ o050, [ oo, sa = 1)do, ) = —plao)

cerd,
0
where zg is a point on ¥, z € v} (z € v, ) means that z is taken on the inner
(exterior) normal at xo and 2’ is its symmetric with respect to zg. These formulas
can be proved under different hypothesis for ¥ and ¢. For example, (3) and (4)
hold if & € C**, p € LY(X) and zy is a Lebesgue point for ¢.

Under the same hypothesis formula (5) follows from (3) and (4). However (5)
can be proved directly, supposing merely ¥ € C! (see the Appendix of [14]).

Let us consider now more general kernels. We recall that the function A is said
to be essentially homogeneous of degree «, if h(z) = hi(z) log|x| + ho(z), where
ha(oz) = o*h(x), x # 0, 0 > 0 and hy(x) is a homogeneous polynomial of degree «
if o is a nonnegative integer, hq(z) = 0 otherwise.

The next result generalizes formulas (3) and (4)

Theorem 3 ([7]). Let h € C2(R™\ {0}) be even (h(—z) = h(x)) and essentially

homogeneous of degree 2 — n. Suppose that ¥ € CYA, ¢ € LY(X) and xq is a
Lebesgue point for . Then

im | o(y) Op, h(z —y)doy, =

z—xq

zEu;’U z
(6) = a0) 1 (e0) 9(o0) + [ 1) Ol =) do,

Jim | o(y) Orh(x —y) doy =

wevg,
7 = —n(an) o) plan) + [ ) Ol — ) e
where y(xo) is given by

why — % / Aho(€) log ¢ - vy, | doe if n=2
[§]=1

(8)  v(zo) = )

2 /§=1[(2 —n)h(€) — Ah(E) log |¢ - vy || doe if n>3.

Note that the integrals in the right hand side of (6) and (7) are singular integrals,
due to the strong singularity of the kernels.

As remarked in [11], the function 7 can be expressed by means of the Fourier
transform of the kernel h:

9) 1(w0) = 5 F(AR)(ve,) = 207 F (1) ()

where the Laplacian A has to be understood in the sense of distributions and #
denotes the Fourier transform

FW@) = [ by ey
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We have also

Theorem 4 ([7]). Let h € C*(R™\ {0}) be even (h(—z) = h(x)) and essentially
homogeneous of degree 2—n. Suppose that . € Ct, ¢ € LY(X) and z¢ is a Lebesgue
point for ¢. Then

i ([ o) 0uhte ~ oy~ [ o) 0nnia’ ~y)do, ) =

T—xQ

z€v ;rn

(10) = 2vp(0) ¥(0) ¢ (20)
where y(xo) is given by (8) (or (9)).

If we try to prove a completeness theorem in the uniform norm, (10) is not suffi-
cient anymore, and it is necessary to have a jump formula for a potential generated
by a measure u € M(S), where M(Y) is the dual space of C°(X).

Theorem 5 ([10]). Let ¥ € C'. Let h € C?(R™\ {0}) be even and essentially
homogeneous of degree 2 —n. If u € M(X), for any p € CN(R™) we have

lim </ p(xg)dazg/(9zk:h(ngy)duyf
0—0t \ Jyg, b3

where 7y is given by (8) (or (9)).

p(xfg)doxfg/ Oz h(z—p —y) duy> = 2/ vryp dp
> )

e

Here {¥,} is a family of “parallel surfaces” contained in Q if o > 0 (in R\ Q if
0 < 0) and tending to 3 (as ¢ — 0) in a certain sense. For all the details we refer
to [10].

Let us consider now an elliptic operator E with real constant coefficients and no
lower order term, i.e.

(12) Bu= Y a.D"u
|a]=2m
with a, € R, such that
(13) Q) = > a & >0 , VEeR"\{0}.
|a|=2m
As shown by Fritz John [15], the functions

. e [ Lo g
S0l =9) = amiy1(am — 1) (A /m:l Cam

for n odd, and

S0 =¥) = iy am)1 do

-1 n)2 [(z —y) - &P log |(z —y) - €]
! () /5|=1 Q&)

for n even, provide a fundamental solution for (12).
Theorems 4 and 5 lead to the following results
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Theorem 6 ([9]). Let ¥ € Ct. Let p € LY(X) and z9 € X be a Lebesgue point for
. For any multi-index o with |a] = 2m — 1, we have
Jim ( /2 ¢(y) Dy[So(x = y)] doy — /2 o(y) Dy [So(2" — y)] de) =
(14) =€
v®(xo)

= QU P

Theorem 7 ([10]). Let ¥ € C'. Let o be a multi-inder with |a| = 2m — 1. For
any p € CMR™) we have

lim (/ p(xg)do%/Dz‘So(ngy)duyf
2, ®

o—0t

(15) —/E p(x_g)dUI_Q/ZD;‘SO(x_Q—y)d,uy> :—/Z%;)pdu.

Jump formulas (14) and (15) are useful also when we consider the elliptic oper-
ator (1) with real constant coefficients and lower order terms.

—e

3. COMPLETENESS THEOREMS FOR HIGHER ORDER OPERATORS IN LP AND IN C°

Let us consider a higher order operator

(16) Eu= Z aeD% , aq €R.
la<2m

which is supposed to be elliptic (see (13)).
Moreover we suppose that

(17) ago,...,00=0.

The last condition is necessary and sufficient for the existence of polynomial
solutions of the equation Eu = 0. In fact, if a(,... ¢y # 0 and py is a polynomial of
degree k, Epy = a(o,... 0)Pk + qk—1, qk—1 being a polynomial of degree less than or
equal to k — 1. This shows that there are no polynomial solutions of the equation
Ep=0.

Conversely, suppose that (17) is satisfied and let py be a polynomial of degree
k. Denote by ¢, the number of the coefficients of a generic polynomial of degree
k in n variables. Since Epj is a polynomial of degree at most k£ — 1, the equation
Epy, = 0 is equivalent to a linear homogeneous system of ¢, ;—1 equations with ¢,
unknowns. Such a system admits eigensolutions, because ¢, -1 < ¢y %, and this
proves that there are polynomial solutions of the equation Ep = 0.

Let us consider now the Dirichlet problem

Eu=0 in O
Mu=f, on¥Y (h=0,---,m—1).
Our aim is to give the relevant completeness theorems for polynomial solutions.

More precisely, if {wy} is a basis of polynomial solutions of the equation Fu = 02,

2Saying that {wr} is a basis of polynomial solutions of the equation Eu = 0, we mean that
FEwy, = 0 and that any polynomial solution w of the equation Ew = 0 can be written as a finite
linear combination of wy.
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we want to prove that the system {(wg,Oywg,---,07 twy)} is complete. The
completeness will be considered in different spaces.

It is well known how to construct a basis of polynomial solutions when F = A™:
it {Vis} (s=1,--- ,ppn,h =0,1,---) is a complete system of spherical harmonics,

where ppr, = (2h +n —2)(h +n — 3)!/((n — 2)!A!), the system

|x|h+2ths <|%> (]:Ov ym—1, =1, pnp, h:Oala)

provides a basis of polyharmonic polynomials.

In [3] an explicit method is given for elliptic equations of higher order without
lower order terms in two independent variables. For more general operators we
refer to [19, 20, 21].

Let us consider now two different cases. At first, we consider elliptic operators
of order 2m with no lower order terms, i.e. operators of the form (12), such that
(13) holds.

The following result was proved in [8] (the particular case F = A™ was consid-
ered in [11])

Theorem 8. Let Q C R™ be a bounded domain such that R™ \ Q is connected and
¥ € Ct. Denote by {wy} a basis of polynomial solutions of the equation Eu = 0.
The system {(wk, Oywy, -+ , 07 Lwy)} is complete in [LP(Z)]™ (1 < p < 00).

When the operator E contains lower order terms, the situation is more delicate.
We start recalling a condition introduced by Malgrange in [17]: we say that a
polynomial Q satisfies the M -condition if all its irreducible factors over C vanish at
the origin.

Let E be the operator (16) which now we prefer to write as

0,m
(18) Bu= Y (~1)"la,, DD (ag =0)
Ipllql
and suppose that it satisfies Garding inequality
0,m o
(19) Z apq/ Dy DPudx > C HuH%Vm,z(Q) VueC®(Q).
plla 79

We remark that Garding inequality (19) implies the ellipticity of the operator
E.

Generally speaking, Theorem 8 does not hold for such more general operators.
However the next theorem provides a necessary and sufficient condition for the
completeness result to hold.

Theorem 9 ([9]). Let Q C R™ be a bounded domain such that R™\ Q is connected
and ¥ € Ct. Let E be the operator (18) and suppose that the Gdrding inequality
(19) holds. Let us denote by @ the characteristic polynomial

o,m
(20) Q) = D (~1)Playyerta.

Ipl,lql
Let {wi} be a basis of polynomial solutions of the equation Fu = 0. The system
{(wr, Oywi, -+, O Lwr)} is complete in [LP(Z)|™ if and only if the polynomial
(20) satisfies the M -condition.
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It is worthwhile to remark that if £ does not contain lower order terms and
it is elliptic, the Garding inequality (19) and the M-condition are both satisfied.
Therefore Theorem 9 implies Theorem 8.

Recently Theorem 9 (and then also Theorem 8) was extended to the case of
uniform norms, where 11 played a key role.

Theorem 10 ([10]). Let Q C R™ be a bounded domain such that R\ is connected
and ¥ € Ct. Let E be the operator (18) and suppose that the Gdrding inequality
(19) holds. Let {wy} be a basis of polynomial solutions of the equation Eu = 0.
The system {(wk, Oywr, -+, 0" Lwy)} is complete in [CO(X)]™ if and only if the
polynomial (20) satisfies the M -condition.

We remark that the Garding inequality (19) and the M-condition are indepen-
dent of each other, as some examples can show (see [9, p. 95]).
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