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Abstract

This paper gives a survey of an extension of the classical maximum
principle, namely the P function method.
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1 Introduction

The intention of this paper is to survey some extensions (the P function
method) and applications of the classical maximum principle for elliptic
operators.

It is well-known that every subharmonic function in a bounded domain
Q (i.e. Au >0 in ) satisfies the classical maximum principle

maxu = maxu.
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The subbiharmonic function u(z) = —z} — |z|? in the ball Q = {(x1, ...,
x| |z| < R} (ie. A%u < 0in Q) shows that there are no classical maximum
principles for the biharmonic operator A?u (and for higher-order elliptic
operators at all). Still some results can be proven.

The first proof of a maximum principle for an elliptic equation of higher-
order that has a similar form to the classical maximum principle was given
by Miranda [33].

Miranda showed that for the biharmonic equation A%u = 0, where u is a
smooth function defined on a plane domain the function |Vu|? — uAu takes
its maximum value on the boundary of the domain. Later, in [37], Payne
uses functionals containing the square of the second gradient of the solution
to semilinear equations of the form

A%y = f(u)
to deduce integral bounds on (A%u)2.

Since then many authors have extended the Miranda’s result. For exam-
ple, maximum principles for fourth order equations containing nonlinearities
in u or Au can be found in works of Payne [37], Schaefer [57], [60], [61].
Similar results are proved by Zhang [72], Mareno [30], [31] (studied some
equations from plate theory), Danet [5], [6], [7], [9], Tseng and Lin [68], etc.
(see the references cited here).

Most recently the authors in [9] obtain maximum principles results for
the more general variable coefficient m- metaharmonic equation

AU — 1 (2) A" A a2 () A2 — - Fap(z)u=0 inQ. (1)

using P functions containing terms of the form (Au). Here ) is a bounded
domain in IR"™.

The survey paper [8] is devoted to the P function method and gives a
presentation of research of the past years on applications of the P function
method in second order elliptic problems. Historical notes and an extensive
survey of the literature is added. The present paper intends to continue our
previous work [8] by presenting contributions to the P function method for
higher order elliptic equations.

2 Main Results

2.1 The general case (m arbitrary)

First we present a maximum principle for the general equation of order
2m.
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Theorem 2.1 ([9]) Let u be a classical solution of (1), i.e. C*™(Q) N
C?*m=2(Q)). We consider the function Py
Pi = (A" ) + 2a,,_o(A™?u)? 4+ (A™Bu)? 4 - Ul
Suppose that am—_1, am—2 >0 and A(1/am—2) <0 in Q. If

“ a? _ An+d
o\ 2am_1 + 1 (diam )2’

2

> max{l —|—supa1, | —|—supam,3},
Q

2am 1

ag
— - > A . ,
a1 sup{|a1]+ + |am 3|}

and
a2
( 0 +1>am_2>1 in Q
2am—1

then, either there exists a constant k € IR such that P1/wy = k in Q
or P1/wy does not attain a monnegative maximum in Q. Here wi(x) =
1—a(@?+ - +122) € C°(R™), anda is a positive constant.

Remark. The coefficient ag can be replaced by a,,—j, 7 =4,...,m —1
if there exists a j = 4,...,m — 1 such that

2

am_j

0, 1 > kngax {2+Supak}

2

5 +2>sup{|ao|+ |am,j,1|—|—|am,j+1|—|—---+\am,3\},
Gm—1

and

a’ .
" 41 apm_e>1 inQ.
2am—2

We now show that the uniqueness result and the maximum principle
holds ([9]).
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Theorem 2.2 There is at most one classical solution of the boundary value
problem

{ AU — a1 () AT U A a2 (2) AT 2u 4 - (1) ag(z)u = f inQ

u=g1, Au=g,..., A" lu =g, on 012,

(2)

provided the coefficients ay,_1,...,ay satisfy the conditions imposed in The-
orem 2.1.

Remark. The boundary value problem

Ay 42"y =0 inQ = (0,7) x (0,7)
u=Au=---=A""ly=0 ond,

has (at least) the solutions ui(z,y) = 0 and ug(x,y) = sinzsiny in . This
example shows that if we do not impose some restrictions on the coefficients
Gm—1, - - - , a9, then the uniqueness result might be violated.

In [2] the authors pose an interesting open problem: If f = 0in 2, g2 =

- =gm =0on Im > 3,n > 2,a,1 = - =a = 0in Q do all

the solutions of (2) satisfy the maximum principle (3) where C' > 1 is a

constant? This problem, as it turns out, can be solved when € is a class C?
domain ([63]). Here we present a version for arbitrary domains ([9]).

Theorem 2.3 We consider the boundary value problem (2), where f = 0

inQand go=--+=gm =0 on 0.
Then
max |u| < C'max |ul, (3)
Q EI9)
holds for all solutions of (2) provided the coefficients am—1, ..., ao are subject

to one of the conditions imposed in theorem 2.1.

Theorem 2.4 (/52])
Suppose that u € C*™HL(Q)NC?™~Y(Q) is a solution of (1). Furthermore
forn >4 one defines

Py = V2(A™?u) - VAH(A™ ) — V(A™ ) - V(A" u)+

+ a”é_l V(A" ?u) - V(A™ ?u) 4+ %V(Amf?’u) V(A )
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n—4 4—n e :
e [ - [ e it
=0

where the functions ¢o, ..., ¢m—_2 € CO(Q) N C?(Q) satisfy 2?52 p?+1<
a for some positive constant o, and |VZul? = U,ij Wyij - Additionally, one
imposes the conditions

m— m—1
S <p S v va<n
i=0 i=0
for constants v >0, 5 >0
¢i > g
1 _v(n+2)
9>1 11— =>
am 2 = 9 am 1 2 - 2(7’2,—4)’
A2ai _ V(Lm_i . Vam_i 07 i = 1737

Am—i

Aay,_ s — 4vam—2 “Vam_2
—

Am—2

‘ Bin—4) v Véi-Voi | B
A¢123max{2(n+2)+2,a,4¢i},Z—O,...,m 2.

Then, Po is subharmonic in €.

We briefly indicate how theorem 2.4 can be used to obtain integral
bounds on the square of the second gradient of A™ 2u. Suppose that the
hypotheses of theorem 2.4 are satisfied and the m conditions

Au=0,i=0,...,m—05,

A2y
on

A3y
Am—? —
Y on

hold on 0€2. Let A denote the area of 2. Using theorem 2.4 and integration
by parts we get

=0, A™ 3y =

=0,
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/ IV2(A™20)|?de < g max { IV2(A™20) |2 + G—a(2) (A" Hu)?+
Q

Before treating some particular cases, we shift our attention from n di-
mensional to one dimensional case and mention the following result (2 de-
notes an open interval («, 3)) ([5])

Theorem 2.5 There can be at most one classical solution of the problem

"

u®™ — du® + c(z)u® —b(z)u” + a(z)u=f inQ
w=gi, v =go, v =gs,...,u™ =g, ondQ,

where m > 6 is even, d >0 and b >0, a,c >0, (1/a)”,(1/¢)” <0 in Q.

The result follows since the function
—(m = 3)um VM) 19— (m —3)/2 + 1)[ (u™)? — um= Dy )]

"

+H(u")? = du"u] + (@) (") /2 + a(z)u® /2
assumes its maximum value on 0f2, where u is a solution of
u® — du(® 4 ¢(z)u™ — bz)u" + a(z)u=0 inQ.

Similarly, we can treat the problem

4

u®™ + du® — c(z)u® +b(z)u” —a(z)u=f nQ
w=gi, v =go, W =gs,...,u"™ =g, ondQ,

where m > 5 is odd.
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2.2 The particular case m =4

In this section we consider classical solutions (i.e., C%(Q) N C%(Q)) of
Aty — a(z)A3u + b(z) A%u — ¢(z)Au + du = 0, (4)

in the bounded plane domain §2, and present ([5]) a maximum principle for a
certain function defined on the solutions of (4). Then we use the maximum
principle to prove a uniqueness result for the corresponding boundary value
problem.

Theorem 2.6 Let u be a classical solution of (4). Assume that

a>0, A(l/a)<0 inQ,
b>0 1ing,

c>0, A(l/c) <0 inQ,

and
d>0

are satisfied. Then the functional

Py = W (aw2 + U (a2 4 a(uf? - udu) + V(A% - AZud?

assumes its maximum value on Q. The result also holds if a and ¢ are

nonnegative constants.

An important application of the above presented maximum principle is
the following uniqueness result:

Theorem 2.7 There is at most one classical solution of the boundary value
problem

Aty — aA3u + b(x) A% — cAu+du= f inQ, (5)
u=g, Au=~h, A’u=i, Adu=j ondQ,
where a,c > 0, b and d satisfy the hypotheses of theorem 2.6, and the cur-
vature k of 0 (2 is a smooth plane domain ) is strictly positive.
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We suppose that u1 and ug are two solutions of (5). Defining v = u3 —uso,
we see that v satisfies (4) and

v=A~Av=A%%=A%=0 on dN. (6)
By virtue of theorem 2.6

Py < I%?ZXP4 in Q. (7)
Since v = A%v = 0 on 052, we have
0
V| = )8—2‘ on 0N (8)

and

2’U
v(a) = |20

n 012, 9)

where 9/0n denotes the outward directed normal derivative operator.
It can be shown that (introducing a normal coordinate system)

g—z = 8(§;U) =0 on 0. (10)
By (6), (7), (8), (9) and (10) we get
Py <0 in Q,
which gives
—vAv — A%wA3 <0 in Q. (11)

Integrating (11) over Q and using Green’s identity we obtain

/|v@|2+/ V(A20)2 < 0.
Q Q

Hence v = 0 in Q by continuity.

It is known that once we have a maximum principle for an equation, the
nonexistence of a nontrivial solution of the zero-boundary problem will be
a consequence.

An inverse result, of establishing a maximum principle from some nonexis-
tence results was carried out by Schaefer and Walter (Theorem 2, [63]).
Using their result and our theorem 2.7, we obtain the following maximum
principle
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Corollary 2.1 Suppose that u is a classical solution of the boundary value
problem
Ay — aA3u+bA%u — cAu+du=0 inQ,
{ Au=0, A?u=0, Au=0 on 0L,

where a,b,c > 0, d satisfy the hypotheses of theorem 2.6, and the curvature
k of 00 (2 is a smooth domain ) is strictly positive. Then there exists a
constant K > 0 such that

max |u| < K max |ul.
Q o0

Remark.

1. Similar uniqueness results can be inferred using theorem 2.6. It can be
shown (see [5]) that there is at most one classical solution of the boundary
value problem

9(A%w) .

Aty — aA3u+ b(2)A%u — cAu+du=f inQ
u=g, Au=h, A?u=i, =5, =J ondQ,

2. We note that Dunninger [11] developed a maximum principle from
which follows the uniqueness for the classical solution of the boundary value
problem

A’u+cu=f inQcCIR",
u=g,Au=~h ondf,

where ¢ > 0 is a constant.

An uniqueness result for solutions of a more general fourth-order elliptic
equation, under the same boundary conditions follows from Corollary 1, [72].

The uniqueness question for solutions of the boundary value problem
(here a,b > 0 and ¢ > 0 in Q)

A3y — a(x)A%u + b(z)Au — c(z)u = f inQ C IR",
u=g, Au=h, ANu=i1 on 02,

has been settled in a satisfactory way by Schaefer [58] (the constant coeffi-
cient case with n=2) and Goyal and Goyal [17] (the constant and variable
coefficient case).

We see that our uniqueness result (theorem 2.7) is a generalization of
results of Dunninger, Goyal and Schaefer.
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2.3 The particular case m = 3.

This subsection is dedicated to maximum principles for a class of linear
equations of sixth order. As a consequence of these maximum principles we
will obtain uniqueness results for boundary value problems of sixth order.
This section is based on the paper [7].

Schaefer [58] investigated the uniqueness of the solution for the boundary
value problems

{ A3y — a(x)A%u + b(z)Au — c(z)u = f inQ C IR (12)

u=g, Au=h, ANu=i on 02,

where a, b, > 0, ¢ > 0 are constants, and the curvature of 02 is positive.
Our aim here is to remove via the P function method dimension and
geometry conditions (convexity and smoothness) with, of course, further

conditions on the coefficients a,b and c.
We deal with classical solutions (i.e. u € C%(2) N C*(Q)) of

A3y — a(x)A%u +b(z)Au — c(x)u =0 inQ CR",n>2. (13)

The uniqueness results can be inferred from the following maximum prin-
ciples.

Theorem 2.8 Let u be a classical solution of (13) and suppose that

a(b+ c)? - 8n+8
b?(a—1) = (diam )2’

(14)

holds, where a > 1,b,c are constants. We consider the function Ps given by
Ps = (aA%u + bu)? + ab(a — 1)(Au)? + b*(a — 1)u?.

Then, either there exists a constant k € IR such that Ps/wy = k in Q or
P5/wi does not attain a nonnegative maximum in .

By computation and using equation (13) we have in Q

A((aAQu + bu)Q) > 2(aA?u + bu)(aA3u + bAu)
= 2(@3(A2u)2 + abeu® 4 a?(b + c)uA?u +
ab(1 — a) AulA’u + b*(1 — a)ulu),

A(ab(a — 1)(Au)2) > 2ab(a — 1) AuA?u,
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A(b*(a — 1)u?) > 2b*(a — 1)ulu.

That means that

AP; > 2a(a®(A%u)?u+ a(b+ c)ulu + beu?)
b 2 b+ c)?
= 2a <aA2u + ;cu> +2a <bc _ ZC) >u2 (15)

b 2
_a(b+o) o2

>
- 2

Hence Pj5 satisfies the differential inequality

a(b+ c)?

AP”*%%afn

P5>0 in(.

Since (14) holds, we can use a version of the generalized maximum prin-
ciple (lemma 2.1, [7] ) to obtain the desired result.

Theorem 2.9 Let u be a classical solution of (13) and suppose that

‘1 (a+c)? - 8n +8
X ab—1) ° (diam )2’

b>1 inQ, A(1/(b—1)) <0 inQ

holds.

If
Ps = (A%u+u)? + (b— 1)(Au)? + (b — 1)u?

then, either there exists a constant k € IR such that Pg/wy = k in Q or
Pg/w1 does not attain a nonnegative maximum in €.

If a = c in Q2 then, Pg attains its maximum value on 0 (the restriction
(16) is not needed).

Theorem 2.10 Let u be a classical solution of (13), where a > 0 in Q, and
c 1s of arbitrary sign in . Suppose that

02+1< 4n + 4
sup — —_
Qp 2a (diam )2’

b>0, A(1/b) <0 inQ,
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holds.
If
P; = (A%u)? + b(Au)? + u?

then, either there exists a constant k € IR such that P7/wi = k in Q or
P7/w; does not attain a nonnegative maximum in €.

Theorem 2.11 Let u be a classical solution of (13) and suppose that

su E c+ (c+ 1) < 2n + 2
X a\"T1a—1) " (am0)?

b=0,a>1 inQ, A(l/a)<0 inQ,

c>0, A(1/c) <0 inQ
holds.
We consider the function Pg given by

Pg = (A%u — Au)? + c(Au — u)? + a(Au)?.

Then, either there exists a constant k € IR such that Pg/w; = k in Q or
Pg/wi does not attain a nonnegative maximum in €.

Now an uniqueness result follows from the above mentioned maximum
principles.

Theorem 2.12 There is at most one classical solution of the boundary
value problem (12), where a,b and c satisfy the conditions of Theorem 2.8
or Theorem 2.9 or Theorem 2.10 or Theorem 2.11.

For various uniqueness results for sixth order boundary value problems
the reader is referred to [7].
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2.4 The particular case m = 2.

In 1971, J. Serrin [65] and H. Weinberger [71] proved that if © is a
bounded domain in IR™ with smooth boundary

Au= -1 in €,
U= on 0f2,
% =c on 0f2,

(where ¢ is a constant) then 2 is a ball of radius |nc| and the solution is
radially symmetric about the center.
Serrin’s proof is based on the classical maximum principle and on the method
of moving parallel planes.Weinberger’s method is more elementary. It also
uses the maximum principle but relies on Green’s theorem to establish cer-
tain identities. Unfortunately, Weinberger’s argument does not extend to
more general results.

Using the following maximum principle Benett [1] was able to show that
an analogous result holds for a fourth order problem.

Theorem 2.13 The function

n 2
Py=Y" 8“'—vuvm /f

12 (dwp?

assumes its maximum value on 0, where u is a solution of A%u+ f(u) =0

in QCc R f <0 inR.

Corollary 2.2 ([1]) Let Q be a bounded domain in IR™ with C**¢ boundary,
and suppose that the following overdetermined problem has a solution in
u € C*09)

A’y=—-1 inQ,
gu _ on 082,

on
Au=c on 09 (c - constant).

Then Q is an open ball of radius [|c|(n? + 2n)]% and u is radially symetric.

The above mentioned result allows a characterization of open balls in
IR™ by means of an integral identity:
Let Q be a smooth bounded domain in IR™ and suppose that there is a real

constant M so that OB
/ Bdx =M —ds
0 a0 On
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holds for any function B in C*(Q) satisfying

A’B=0 inQ,
B=0 on 0f).

Then €2 is an open ball.

Finally, we state our last maximum principle for an fourth order equa-
tion.

Theorem 2.14 ([7])
Let u be a classical solution of

A%y — a1 Au+ ap(z)u=0 inQCIR", (17)

where a1 = const. > 0, ag > 0 in Q.
Suppose that

1 (ap—1)\> on + 2
- e 1
Sgp <a1 a1< ao > > < (diam 2)2 (18)
Let 1 1
Py = §(Au — au)?® + §(Au)2 + u?.

Then, either there exists a constant k € R such that Pig/wi = k in Q or
Pio/w1 does not attain a nonnegative maximum in SQ.

If 2
a? > <(10a; 1) in Q, (19)

then the function P1g attains its mazimum value on 02 (here the assumption
(18) is not needed).

Remark. A classical result ([2]) tells us that the boundary value prob-
lem

u=g, Au=~h on 02, (20)
has a unique solution if a1, ap > 0 and if Aag < 0 or A(1/ag) < 0 in Q.
Theorem 2.14 tells us that if a; > 1 and ag > 0 then the boundary value

problem (20) has a unique solution. We see that no smoothness restrictions

are needed on the coefficient ag.

{ A%y — a1 (2)Au+ ag(z)u = f inQ C R"
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