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AREA INTEGRAL ESTIMATES FOR HIGHER
ORDER ELLIPTIC EQUATIONS AND SYSTEMS

by B.E.J. DAHLBERG, C.E. KENIG, J. PIPHER
and G.C. VERCHOTA

Introduction.

The classical formulation of boundary value problems for constant
coefficient elliptic operators, or systems of operators, involves continuous
data on the boundary of a (smooth) domain and leads to the existence and
uniqueness of solutions continuous up to the boundary. If the given data is
not continuous but exists only in some LP space, it may still be possible to
obtain unique solutions with this data. The data would be taken on in the
sense of nontangential limits and one obtains nontangential LP estimates
on the solution which guarantee uniqueness in this class.

Let us recall the situation for harmonic functions in, say, the upper
half space R% [30]. Given data f(z) € LP(R™!), 1 < p < oo, the
function u(z,y) = Py * f(z) (where P,(x) denotes the Poisson kernel)
is the unique solution to the Dirichlet problem : Au = 0, uly—o = f(z)
with appropriate decay at oo, and for which the nontangial maximal
function of u is also in LP(R™"!). The nontangential maximal function
of u is Nu(z) = sup{|u(z,y)| : |z’ — z|] < cy}, the supremum of
values of u taken in the cone I'(z) = {(¢/,y) : |2’ — z| < cy} with
aperture determined by c. The nontangential maximal function plays a
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rule analogous to the role of the Hardy-Littlewood maximal function in the
context of the Lebesgue differentiation theorem — via this maximal function,
nontangential limits are controlled. (In fact, for the Poisson integral of an
LP function u(z,y) = Py* f(x), Nu(z) and the Hardy-Littlewood maximal
function of f are comparable.) In the setting of harmonic functions, the
LP-Dirichlet problem is uniquely solvable if, for every f € LP(R™}),
there exists a harmonic v which converges (nontangentially, i.e. through
sequences (z',y) — (z,0) restricted to the cone at z) to the data, and
which is in the class Nu € LP. Then as a consequence of linearity one has
the estimate ”N(u)”Lp(R'n—l) < C”f”Lp(Rn—l).

The LP-behavior of the nontangential maximal function gives very
precise control over the growth of solutions to this elliptic boundary value
problem, but it is not the only means of obtaining such control. One can
also measure the LP norm of the square function of solutions u, defined for
z € R" ! by S(u)(z) = { Jo@ IVul@, y)|2y>"dz'dy} . There are several
reasons one might prefer LP estimates on the square function of a solution :
the ‘geometric’ content of this quadratic expression, the connection with
measuring Sobolev/Besov norms and the invariance of the square function
under certain important linear operators that may not always be singular
integral operators (e.g. Riesz transforms).

Our objective in this paper is to demonstrate the L? equivalence
(0 < p < 0) between the nontangential maximum function and the square
function of solutions to the homogeneous equation for higher order elliptic
systems on Lipschitz domains. Such results, in special cases, have been
proven in earlier works [10], [25], [5]. Here we make no restriction on the
order of differentiation or the size of the (determined) systems. The systems
considered consist of only a principle part, satisfy the Legendre-Hadamard
condition and are real symmetric.

In extending the square function estimates from the situation of
harmonic functions in R, there are three essential difficulties to be
overcome. First, the boundary of our domain 2 is not smooth and the
quantity which replaces the factor of y = dist((x,y); R"~!) in the definition,
namely 6(X) = dist(X, 09), is not more than once differentiable. Second,
the elliptic operators are of higher order and may not have a quadratic
form which is coercive (see [2] for example). In particular this means that
the quadratic form associated to the operator is not in an obvious way
related to the quadratic expression used in the definition of the square
function. (Such relations exists when the operator can be written as a sum
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of squares however.) Finally, the situation of higher order systems is yet
more complicated, and we develop an argument for reducing the case of
systems of equations to single equations.

We can illustrate the elementary new arguments used to prove the
square function estimates on nonsmooth domains just in the case of
functions harmonic in a Lipschitz domain 2. The idea is to use a variant
of the ‘adapted’ distance function of Dahlberg [11] invented by C. Kenig
and E. Stein [2]. The adapted distance function has been used to prove
quadratic estimates in other settings — [22] for Clifford valued monogenic
functions and [18] for solutions to parabolic equations.

Let © C R™ be the domain above the graph of a Lipschitz function
and let §(X) for X € Q be the adapted distance function as discussed in
§1 below. The properties of § we need here are (i) 6(X) = dist(X, 99), (ii)

8%5()() = Dné(X) > ¢ >0, (iii) [V&(X)| < ¢”, (iv) 6(X)|VVE(X)[?dX
is a Carleson measure, and (v) VD,§ = (D,8)? Y. VD,8j where each §;
J

has the property that |Dn6;(X)|26~1(X)dX is a Carleson measure and
1Da55(X)| < .

Let us now give the argument which proves

S2(u) do =~ N?%(u) do
a0 a9

for v harmonic in Q, as above, and which illustrates the main ideas
needed to prove the analogous result for higher order homogeneous elliptic
equations possessing coercive bilinear forms.

We first note that to dominate the nontangential maximal function
of a harmonic function u in Q by the square function of u, it suffices to
dominate ||ullz2(00,d0) bY [1S(u)llL2(00,d0)- For harmonic functions, this
follows from Dahlberg’s theorem on the L2-solvability of the Dirichlet
problem ([9]). For biharmonic and polyharmonic functions, one needs the
L? solvability results of [14] and [32], and for the general case of higher
order elliptic equations or systems of equations, one invokes the results of
[27] and [33]. With this in mind, let us take a function w, harmonic in
Q) Cc R™, and show that

/ wldo < C | S%*(u)do = c/ 8(X)|Vu(X)|? dX
onN o0 Xe

where §(X) is the adapted distance function. If N = (Ny,..., N,,) denotes
the unit normal vector to the boundary of 2, then N,, > ¢ > 0 for some ¢
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that depends only on the Lipschitz constant of Q. Thus,

/uzdagC u?N, do = — /D )dX
on oN

D,é
—— n _— D,
2/QuDudX 2/Qu uD(SdX

=_2f Dy (D65anu> — 6Dy, (“11))"5“) dx.

The first integral above is zero, since § = 0 on 91, and the second integral
above gives rise to three terms, upon distributing the derivative.

/6D anu

|Dnu|2 Su / —-D,D,é
/5 AX + | 5osDnDnudX + 6uDyu( Dy ) ax

—1+2+3.

1 1
Term 3 is bounded by C(fﬂéanuP) i (fn 26[VV6|2) * since Dp6 >
¢ > 0. By the Carleson measure property of 6]\7V¢5|2 dX, this is in turn

controlled by ( Jo 8IVul?dX ) ( Joa N 2(u)da) . Term 1 is equivalent to
S50 S%(u) do and it remains to handle term 2. Here we shall introduce the

Vé D;6
ity 1 =Y N2, wh t each X N = dsoN; = - H
quantity ; 7 where at eac |V 5] and so ik ence

bu 9
2= | 55Dn DnuZN dX

ou [, .9
/ b5 | NaD Dnu+ZND D,ul;| dX.
Now N;D,Dpu = (N;D, — NnDj)Dnu + N,D;Dpu. The expression
N;D, — N,D; for 1 < j < n—11is a tangential derivative to the level
sets of §, and we shall integrate by parts noting that tangential derivatives
of 6 are zero. This may be done by using the co-area formula. So, for
N,

%‘—g(Nan — N, D;)DpudX

Q n

* uN;
= tdt Y (N.D, - N,D\D,
/0 /6:;5 |V(5|Dn6( ]D" D])D udot

ulN;
= /Q 8§Du|V6|(N,D; — Nan)(—D—m) dx
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where do; denotes surface measure along § = t. It is by this application of
the co-area formula that the integration by parts in the proof of the main
lemma of §2 is done. When the tangential derivative falls on u, we get a
term equivalent to [, §|Vu|? and when the derivative falls on (D,8)~! or
|V6|~! we again use the Carleson measure property and Cauchy—Schwartz

to get a ‘mixed’ term of the form ( [y, N?( u)) (fonS%(u ) . The term
where the derivative falls on NN is also controlled by a product of this

Ja g 6N N.D;Dpu. Again,

we introduce tangential derivatives by expressing N;D,Dju = [N;Dy
n—1
NpDjulDju+ N,D;Dju. The expression Z bu N 2D;D;u cancels with
bu
D6
derivatives is handled exactly as before, integrating by parts. This settles
one half of the L? equivalence. See Theorem 1 of §2 below.

form. For 1 < j < n, it remains to evaluate

=Dy Dpu by using harmonicity of u and the term with the tangential

We now give the argument for the converse inequality, which will
require using the additional Carleson measure property (v) above

2 / Xn:IDju(X)Pé(X)dX: / A(u?)s
(1) = /Q div[§V (u?)] — V6V (u?)

—/ div(u®Vé) + u*Aé
Q

= / u?| V6| do + / u?AS8.
on Q

The first integral above is bounded by the desired term [ N?(u)do

D
and to handle the second integral, we introduce the quantity F"E and
integrate by parts using D,,. Thus "

2
/Q ASD,, 5 /5D 5]

and there are three terms arising from distributing the differentiation:

—— [ 5 .(2 -1
I= /Q 8 - (2uD,u)A8(Dno)

SC(/élD"ulz)%'(/ s 5)%
Q

< 18| 2(do) - IV (W)l 22 (d0) -
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11~ [ sutae Ll
which is bounded by N?%(u) do.
onN
IIT = — /Q 6u2ADn6—D—1n—6
- _/Qdiv [5u2D16an6] - vpn(g.v(%%)
= /Q [WDMS : VuDu—; —VD,6- ((%%)u% + VD6 - vaﬁ“‘%].

The first integral is bounded by (|| N(u)]|z2) - (]|S(w)||z2) and the second is

bounded by || N (u)||%. For the third term, we use the extra fact about Dy,

namely that VD, 6 = (D,6)? Y VD,8;, where each | D,6;|26~! is Carleson.
J

Let us replace VD, 6 by the expression (Dn6)2VDn5 and integrate by parts
once again :

/ VD,6 Véu?D,6 = — / D,6A6u’D,6 — 2 / D,6V6 - VuuD,$
Q Q Q

- / D,6u*V6-VD,6 + / D,6|Vé|u?D,6 do.
Q on

The first integral is dominated by

(/QanéP&—luz)% : (/Qu2|A6|26)% < C/BQN2(u) do,

using both of the Carleson measure properties of §. The remaining integrals
are handled similarly. See Theorem 2 of §3 below.

We note that the first equality in (1), which relates the square
function to the differential operator and pertains to the coercivity problem
mentioned above, is generalized by line (14) of §3 below. We also note that
the LP equivalence (p # 2) between nontangential maximal functions and
square functions of solutions can be obtained via the powerful technique
of good-\ inequalities ([6]). We briefly sketch the arguments in the higher
order situation in §4.

We shall now point out some important applications of Theorems
1 and 2. The first concerns the weak maximum principle in non-smooth
domains. It was shown in [26] that a weak maximum exists for gradients of
biharmonic functions in Lipschitz domains in R? or R3 or in C' domains
in R", any n. That is, if AAu = 0 in Q and N(Vu) € L?(do) then in
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fact ||V||Le (@) < C||Vul|p(q). (This was later proved in [28] for V™~ 1y
for A™u = 0 in such domains.) As noted in [26] such an estimate has
new consequences for the classical Dirichlet problem posed for continuous
data. The main ingredients necessary to derive weak maximum principle
are the following. First, one requires L? solvability of the Dirichlet and
Regularity problems (see [27] and [33] for higher order equations and
systems). Second, and most important, one must extend solvability of the
Regularity problem to p near 1. In three dimensions, for second order
elliptic systems, this is first done in [13]. These ideas were used in [26]
for the biharmonic equation. Finally, one needs an LP relationship between
solutions and their Riesz transforms for p near 1. This can be obtained
from the LP equivalence between nontangential maximal functions and
square functions. The observation that these three ingredients lead to weak
maximum principles was first made in [26], but see also [13], [4] and [29] for
other applications. For a sketch of the proof of the weak maximum principle
for higher order systems see [33].

Precise Sobolev/Besov space estimates on solutions are a second
important application of square function estimates. These in turn lead to
the existence and uniqueness of inhomogeneous Dirichlet problems for these
higher order equations and systems of equations. Such a program has been
carried out in the case of Laplace’s equation in Lipschitz and C' domains in
[19] and for the biharmonic operator in [1]. These inhomogeneous problems
with Sobolev space data reduce to homogeneous problems with data in the
appropriate trace spaces. One of the key ingredients in carrying out this
program is determining precisely which Sobolev spaces tie the solution to
Dirichlet or regularity problems with LP boundary data. Thus, for example,
the estimate

/ 8(X)|V™u(X)|?dX < 400
Q

for solutions u to 2m-order elliptic operators, together with interior esti-
mates implies that V™~ 1u belongs to the Besov space A%?(1).
2

1. Preliminaries.

We define an elliptic symmetric K-system as follows. By D we

a 0
denote the vector of first partial derivatives (8_X1’ ceey a—X:) with X =
(X1,...,X,) €ER™ Let LFl = D"‘a’;’ﬁDﬁ, for m, k, and [ positive

lal=|Bl=m
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integers, o = (a1,...,0,) and B = (fi,...,0,) multi-indices, and a’gfﬁ
real constants. Let L'*(¢) = Y5 £*afL¢P for € € R™. Then L is a
|a|=|Bl=m

symmetric K-system if Lu = ‘E Lyt for u = (ul,---,uk), k=1,---K
and L* = L%, If in additionl,-__ zve assume that the Legendre-Hadamard
condition holds : Re f: LFY(&)¢C, > E|€|*™[¢|? for some E > 0, ( =
(¢1y--+,Cn) € C*, & keyl=]§”, then L is a (strongly) elliptic symmetric K-
system. When K = 1, L is in general a single higher order elliptic equation.

Q2 C R” is Lipschitz if there are a finite number of neighborhoods
that cover the boundary 052 so that within each neighborhood, 82 may be
given as the graph of a Lipschitz function ¢ : R®~! — R. The maximum of
the Lipschitz norms of each ¢ together with the number of neighborhoods
essentially describe the Lipschitz nature of . See, for example, [9], [27].
Dirichlet data will be taken in LP(O) spaces with respect to surface
measure do where in general 1 < p < oco. Thus boundary values will be
taken in the sense of nontangential convergence a.e. do. To do this we define
nontangential approach regions for each Q € 0D

Q) =Ta(Q) ={X €Q:|X - Q| < (1+a)dist(X,00)}
where a > 0 is taken large enough depending on the Lipschitz constant
associated with . Then if }l{iinQ uw(X) = g¢(Q) we say that u has

Xer()

nontangential limit g(Q) at Q.

The nontangential maximal function of a function u in Q is defined by
Nu)(@) = sup [u(X)].
Xer(Q)

Let Q be the domain above the graph of a Lipschitz function ¢ :
R™ 1 — R. We will need to recall the adapted distance function associ-
ated to € introduced in [11] as well as a version of this defined by [21].

1
If F(zx,t) = ct + n; * p(x), where ni(z) = Fl_—ln(%) is a smooth com-
pactly supported bump function, and if ¢ is sufficiently large (depending
F
only on ||V¢|lw), then %_t >c >0 for ¢ = d(|Ve|oo). Thus, every

X €Q can be represented as (z, F(z,t)) for z € R*™!, ¢ > 0, and one
defines 6(z, F(z,t)) = t. Then §(X) = dist(X,00Q), Dp,é6(X) > C” > 0,
|[V6(X)| < C™, and §(X)|VVE(X)|?dX is a Carleson measure. It is easy
to see that t|VV F(z, t)|?dzdt is a Carleson measure and the Carleson prop-
erty of 6 follows from the relationships between the derivatives of § and of F'.
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Transverse differentiation of F' or ¢ has an additional important property.
If we define ¥¢(y) = y;n(y), then Dyny(y) = — ZZ: aiyl\llz(y), so that if 7 is
chosen appropriately to be radial and even, [ ¥¥(y) = 0 for each i and so
—t—llllz * b(z)|2dzdt is also a Carleson measure for any b € L. In terms of §

this means that VD, 6 may be replaced by terms of the form VD, é where
6 has the properties that |D,,6(X)|26~1(X)dX is a Carleson measure and
|D,,6| is uniformly bounded depending only on [|Vy|leo- In fact we may

take Dp6(X) = Dpd;(X) = ¥ % %cp(a:), (1 £j <n—1). These facts will
J
prove useful in proving Theorem 2 of §3. In general the Carleson measure

properties of § that will be used take the form
/ [ulP|VV§26dX < C / N(u)Pdo
Q aQ

and
[ wEipadPstax <o [ Nwpds, 0<p<os
Q N

The square function for a function v in Q C R" is defined by

1/2
_ [Vu(X)[?
Sw)(Q) = ( /F o X=QF dX) :

For solutions to elliptic symmetric K-systems of order 2m Lu = 0 it
will be established in §4 that for any 0 < p < o0

N(V™ )P do
onN

is equivalent to

/ S(V™ )P do.
E19)

When p = 2, by Fubini’s theorem, this equivalence is the same as the
equivalence between

N(V™u)? do
o)

and

/ |V™u(X)|? dist(X) dX.
Q

This latter equivalence is proved in §§2 and 3.
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The following lemma is a standard interior estimate for solutions v of
K-systems Lv = f ([15], p. 517, [3]) using L? averages. To express it in this
way requires an interior estimate assumption on f itself, which hypothesis
will be met in the cases of interest to us. The distance of X to 99 will be
denoted dist(X).

LEMMA I (Interior estimates). — Let L be a 2m-order K-system as
above and let v € C?™(Q) satisfy Lv = f on Q C R", a Lipschitz domain.
Suppose further that sup|V* f| < Cr=*{fp, |g| where g satisfies an interior

B

estimate : 3C7 > 0, so that

1
sup |g| < Cl(fBz,,lglz) * for B, CQ
B,

with dist(Bs,,00Q) = r. Then, for some c; > 0 independent of v, but
depending on the Lipschitz character of 2,

/ dist> 1 (X)|[V™Hu(X)|2dX
Q

5c2{ /Q |V (X)|? dist(X)dX + /Q dist2m+1(X)[g(X)|2dX}.

LEMMA II. — Let Q C R™ be a bounded Lipschitz domain and fix
a point P* € Q. Let F € C*(Q) with F(P*) = 0. Then for any € > 0 there
exists C; < oo depending only €, P* and the Lipschitz nature of ) so that

/ |[F(X)[2dist(X)dX <e | N(F)%do + C. / |VF|? dist(X)dX.
Q Q

on

Proof. — By [24] (see for example [31]) 2 may be approximated by
domains Q' C Q with Lipschitz nature the same as that of  so that
there is a homeomorphism A : 9Q — 99’ with maxgean |Q — A(Q)| as
small as we want. Choosing an appropriate Q' the first term on the right
dominates fQ\Q, |F|? dist(X)dX and by the standard Poincaré inequality
the remainder of the left side may be dominated by the second term on the
right. O

LEMMA III. — Let 2 C R™ be a bounded Lipschitz domain and let
F € C*(Q). Then there exists a Lipschitz domain Q" c Q and a constant
C with C and dist(2”,0Q) > 0

(1) N(F)’do <C | N(VF)%do+C / F2dX.
on o "
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Proof. — By the fundamental theorem of calculus we have for each
Q€ o

N(F)(@) < |F(Q)+ CN(VF)(Q).

Similarly with a domain 2’ and homeomorphism A as in the proof of the
last lemma we get

IF(@)] < |F(AQ))| + CN(VF)(Q).
Thus,

N(F)2do <C [ N(VF)’do+C | F?do’'.
onN oN o

Now one can average with respect to a continuum of such domains Q' and
obtain (1). O

2. Square function dominates maximal function in L2.

The essence of the argument showing that the L? norm of the
nontangential maximal function is dominated by the L2 norm of the square
function is in the proofs of the next two lemmas.

MAIN LEMMA 1. — Let Q2 be the domain above a Lipschitz function
¢ :R*™! = R and let v € C*™(Q) be compactly supported in R" and
satisfy Lv = f for any elliptic K-system L of order 2m as in §1. Let
6(X) be the adapted distance function of §1. Then there is a constant C
depending only on ||V¢||s,m,n, K and E so that

/ |V 192N, do < C[ / IV™0[26(X)dX
N Q
+ / lg|*8*™+! (X)dX
Q
(1) + IN(V™ 1) | zcom { /Q |90 dist(X)dX )

1
+ (/ |g|262m+1dX)2}+/ IfIIV’"‘lvlém(X)dX]
Q Q
where g is as in Lemma I of §1.

To prove this we will repeatedly apply the inequality established
below.
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LEMMA 2. — With the hypotheses of Lemma 1 and multi-indices
|e| =m —1 and |8| > m,

| /Q Db DPu(Dys)™PI6lP1-m x|
< c[ /Q |V™u|? dist (X )dX + /Q lg|?6°mtldXx
) N0 eny - [ 197000 dii()ax)
+[IN(V™ ) [ L2 (a0) - (/Q |gl262m+1dX)%

+ ‘ / D"‘vDﬁDnv(Dné)m‘1""16“’”1‘de’]
Q

where g is the upper bound for Lv = f satisfying the assumptions of
Lemma I of §1.

Proof. — We write the integral on the left side of (2) as
(1+18] =m)~* /Q D*vDPy(D,8)™ -8 p, (61+18lI-m)dx
=-(1+18l —m)‘l/QD“DnuD%(Dna)m—1—|ﬁ|51+|ﬂ|—de
+/QD"‘vDﬁv(Dné)m—2—iﬁlD3551+|ﬁ|—de
-1 +18 ~m)“/QD“vDﬂDnv(Dng)m—1—|ﬂ|51+|ﬁ|—de_

By the Schwarz inequality the first integral is bounded by

: 3
(3) (/ |val26dX) (/ |v|ﬁlv|262|ﬂ|_2m+1dX) .
@ Q

By the lemma on interior estimates (3) is bounded by

(4) c / [V™|26dX + C / lg|26Zm+1d X,
Q Q

By the Schwarz inequality, interior estimates and the Carleson mea-
sure property of § the second integral is bounded by [N (V™ v)| 12(s0)
times the square root of (4). O

Proof of Main Lemma. — By the Gauss divergence theorem the left
side of (1) is equal to a sum of terms of the form

/ DYvD"DpvdX  where |y|=m—1.
Q
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We apply Lemma 2 a total of m times in order to repeatedly bound
the last term of Lemma 2. The result is (1) with

(5) / DYwDYDI (D) ™6™ dX
Q

in place of the last term in (1).

We next remark that on the boundary of a domain one may inter-
change the indices of components of the unit normal vector with the indices
on spacial derivatives by introducing tangential derivatives on the bound-
ary as the following typical calculation shows:

N*NYD;D*y = NYNYD;D*v + N¥(N*D; — N’ D;) D"y
(see the remark before Theorem 3.3 in [27]).

Hence define the symmetric K by K matrix A = A(X) on all of Q
to have entries ), N*(X )affﬁNﬁ(X) 1 < k,l £ K where we write

la|=|B|=m
L¥= %  D>k,DP, the L* as in §1. Here N(X) is the normal at X,
|la|=|B|=m
. V§(X)
v1z.l—vm, on the level surface {§ = §(X)}. By the Legendre-Hadamard

condition A has a uniformly bounded inverse for all X and we rewrite (5)
as

(6) /Q A~Y(D") - A(D" D™ 1y)(D,8) ™6™ dX.

Next for each 1 < k < K the components of the vector obtained from
operating with the matrix A may be analyzed by

K
™ > Y NeafyN*D'DFHW
I=1 |a|=|B|=m

K
=Y > D*afyDPu'NY(N)"H+
=1 |a|=|B8|=m
terms with one tangential derivative on 2m — 1 spacial derivatives of v.

This follows by 2m applications of the “typical calculation” mentioned
above. The last term in (1) is now obtained from the first term on the right
of (7) when inserted in (6).

The tangential derivative terms of (7) all typically look like the last
term of the “typical calculation” with |v| = |u| = 2m — 1. Since the
tangential derivative is along the level sets of §, transferring it by integration
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by parts to the other functions in (6) results in either one more derivative
on DYv or a second derivative on 6 when an N or D,6 or coefficient from
A~ is differentiated. Since D, § is uniformly bounded away from zero and
|V4| is uniformly bounded from above, (6) now yields two more types of
integrals which may be bounded by

/ | V™| |V2m‘1v|6de+/ |vm—ly| |V2mly| |[VV6|6™dX.
Q Q

An application of Young’s inequality and the interior estimate of Lemma, I
with i = m — 1 to the first integral yields the first two terms on the right
of (1). By the Schwarz inequality the second integral is bounded by

(/lem—lvF |VV6|26dX)%(/Q|V2m_1v|262m‘1dX)%

which by the Carleson measure property of § and Lemma I again yields the
third summand on the right of (1). O

We may now prove the theorem of this section

THEOREM 1. — Let 2 C R™ be a bounded Lipschitz domain with
connected boundary. Fix a point P* € Q. Let L be any elliptic symmetric
K-system of order 2m from §1. Let u be any solution to Lu = 0 so that
u(P*), Vu(P*),...,V™ u(P*) vanish. Then there exists a constant C
depending only on the Lipschitz character of ,n,m, K and E so that

(8) N(V™lu)ldo < C / |V™u(X)|? dist(X)dX.
on Q

Proof. — Since it suffices to establish (8) on domains approximating
Q from the inside as in Lemma II with a constant independent of the
approximation we may assume that all nontangential limits for v and its
derivatives exists on 0Q. Consequently by [27] (see [33] for systems) the
left side of (8) is dominated by C [, |[V™ 'u|*do with C' depending only
on the Lipschitz nature of 2.

By definition of bounded Lipschitz domain, 02 may be covered by a
finite collection of open right circular truncated cylinders {Z;} where each
Zj is centered at a boundary point, has a lateral diameter diam Z;, the
concentric double 2Z; is associated with a rectangular coordinate system
and Lipschitz function ¢; : R*™! — R such that 2Z; N Q = {(z,s) :
@;(x) < s < 20||Vg;lloo diam Z;, |z| < diam Z;}, and 2Z; N Q° = {(z, s) :
s < pj(x)}N2Z;.
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For each cylinder let x; be a smooth cut-off function supported in
2Z;, identically equal to 1 in Z;, and so that |V*x;(X)| < C(diam Z;)~*
for all K > 0 and X € R". Putting u; = x;u we will prove for any € > 0
and each j

(9) / |V™lu;|?do < C. / |V™u(X)|? dist (X )dX
aNN2Z; Q

+e [ N(V™u)ildo
a0

where C: < oo depends only on ¢ and the Lipschitz nature of 2. By
choosing ¢ small enough depending only on the Lipschitz nature of Q2
(8) follows. We have 002N 2Z; C A; = {(z,pj(z)) : = € R*'} with
IVejlleo < M where M depends only on the Lipschitz nature of  and
suppu; C {(z,8) : s > ¢;(z)}. Let N = (N',...,N™) denote the inner
unit normal vector on A;.

Then the left side of (9) may be dominated by
/ |V lu,|?doe < C / V™= Lu;|2N"do
BQﬂ2Zj Aj

where C' depends only on M. Applying the main Lemma, with f = Lu;
and |f| < |g;| since Lu = 0 implies we may take
2m
g; = C) _(diam Z;)~*|V*™Fy,
k=1
we obtain

/ |V~ ly, |2 do
o0n22;

gc[ / |V™u;|? dist(X)dX + / |g;? dist®™ ! (X)dX
Q Q
(10) + IN(V™ )| 200 ( /Q V72 dist(X)dX )
1
12 3: 2m+1 2
+(/Q|g]| dist(X) dX) )

+/ | Luj| IVm_luj|distm(X)dX].
Q

That g; satisfies the interior estimates in the hypothesis of Lemma I is
standard (see e.g. Lemma 4.1 of [27]). The first term on the right of (10)
contains terms dominated by

/ |VFu|? dist(X)dX k=0,...,m.
Q
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By repeated application of Lemma II these may all be dominated by
(11) £ Z N V*u)2do + C. / |V™u|? dist(X)dX

for any € > 0 and C¢ as in the statement of Lemma II. This in turn by
repeated use of Lemma III may be dominated by

m—
e[| NV 'uldo+e) f |VFu2dX
on k=0 "

+ C. / |V™u|? dist(X)dX
Q

for any € > 0 where Q" C Q is as in Lemma III. Now the vanishing at P*
justifies the Poincaré inequality and we get for any € > 0

C / |V™u;| dist(X)dX <e / N(V™ 1u)2do
Q N
+Ce / |V™u|? dist(X)dX
Q

Standard interior estimates [20] may be applied to the first m — 1
terms in the definition of g; to reduce the second term on the right of (10)
to the first.

The || N(V™ u;)||12(aq) factor in the third term on the right of (10)
may after repeated application of Lemma IIT be dominated by

. m—1 1
CINCT™  0)lony +C Y ( [ [VFuax)’
k=0
and then via the Poincaré inequality by just ||[N(V™ 'u)||r2(s0). The

second factor is dominated by the square root of the right side of (11).

Applying Young’s inequality to the last term on the right of (10), it
may be dominated by, for example,

c / lg;|? dist(X)*™~1dX + C / |V Lu;|? dist(X)dX.
Q Q

Now there are just enough powers on the distance function so that the g;
integral can still be dealt with as described above and the other term is
lower order.

All together an inequality of the type (9) follows. O
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3. Maximal function dominates square function in L? - Part 1.

Let L = (L*)§,_, be an elliptic symmetric K-system homogeneous
of order 2m. When K > 2 one may define adj (L) to be the K-system
of cofactors of (L*!). Then adj(L) is symmetric and homogeneous of order
2(K—1)m. The Legendre=Hadamard condition for adj(L) follows from that
for L and elementary properties of positive definite symmetric matrices.
Likewise define det(L) to be the single elliptic operator homogeneous of
order 2K'm obtained by taking the determinant of (L*"). Then

Ladj(L) = adj(L)L = det(L)I
where [ is the K x K identity operator.
If Lu = 0 in Q we want to show that

(1) / |V™u|? dist(X)dX < C / N(V™ lu)2do
Q o0

with C' depending only on the Lipschitz nature of 2. We will show in this
section that (1) follows for K-systems, K > 2, under the assumption that
it holds, for scalar solutions to single homogeneous equations of order 2m
for any m. In particular we will assume that (1) holds for the operators
det(L) with m replaced by Km.

Denote the fundamental solution matrix for L by I'(X) [20], pp. 75-76.
Put N = adj(L) and M = det(L)I and denote the fundamental solution
matrices for N and M by 'y and I'p respectively. Then L'y = TN.
Given a solution Lu = 0 in 2 and a multi-index |a| = m define

(2) w(X) = / Tny(X —Y)D%u(Y)dY.
Q
Then
Nw = D%
and
Mw =0
in Q.

Since the components of w and all derivatives of those components
each satisfy a single elliptic homogeneous equation of order 2K'm, our
assumption yields

/ |[V2E=Dmy 2 dist(X)dX < C [ N(VZE-Dm=1y)24s,
Q N
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Since N is of order 2(K — 1)m,

/ | D%u|? dist(X)dX = / INw|? dist(X)dX
Q Q

<C N(v2(K—1)m—lw)2da,
on

and (1) follows from the following lemma by letting W = DPw for any
|B8] = 2(K — 1)m — 1 and w defined by (2).

LEMMA. — Let L be an elliptic symmetric K-system homogeneous
of degree 2m and Lu = 0 in Q2. Let B be a K by K matrix of functions
such that V?"B(-X) = —V?™B(X) and V?*"B(tX) = t!~"V?™B(X) for
any t >0 and all 0 # X # R™. Let |a| = m and put

W(X) = /Q LB(X - Y)D*w(Y)dY, X €q.

Then there is a C < oo depending only on L, B and the Lipschitz nature
of Q so that

(3) IN(W)llL200) < CIN(V™ )| L2 (00)-

Proof. — Let x be smooth cut-off function supported in a covering
cylinder 27 such that x =1 in Z. Define @ = xu and

(4) W(X) = /2 o LB(X — Y)D*u(Y)dY.

It suffices to obtain (3) with %Z N N in place of I on the left side.

Hence for Q € $ZN8Q, N(W)(Q) < N(W)(Q)+N(W —W)(Q) and
the last term is easily controlled by

m—1
C > (IVFull L2 o0y + 1 VFull L2(0)
k=0
since a single application of the Gauss divergence theorem yields
= 1
W-w)X)|<C ———|V™ Y (u — @) (P)|dP
I( )(X) ooz |X—P|n—1| (u —a)(P)]
1
+C |V u — @) (Y)|dY
o IV = D)

and (1 — x)u is supported uniformly away from X when X is in the
truncated cones at Q.

To control N(W) define, as on p. 16 of [27], the mth primitive G_,,
of & so that D*4u_,, = @ and @_,, is also supported in 2Z N Q. Here a
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rectangular coordinate system has been chosen so that the derivative D,,
is transverse to 022 N 2Z. Then integrating (4) by parts to transfer the
operator L onto %_, and the derivatives D* D" yields as in line (3) p. 15
of [27]

(5)  NOV)Q < N(K(V1am))(Q)

+ sup | / D®D™B(X — Y)Li—m(Y)dY
Xer)'J2z

where K represents potential operators on 02 that by [8] have the property
||N(’C(f)) lzra0) < CpllfllLran)y, 1<p < oo.

But now the right side of (5) may be dealt with as in the proof of
Theorem 4.6 of [27] by using Theorem 3.2 and Lemma 4.5 of that paper to
control the first term and Lemma 4.4 [27] to control the second. (See [33]
for a discussion of the extension of these results to symmetric K-systems.)

Altogether and summing over all covering cylinders
m—1
INW)lL2o0) < €Y (IVFull 200 + [IVFullL2()) -
k=0
Since the definition of W is unchanged upon subtracting any polynomial
of degree m — 1 from u, Poincaré inequalities on © and 92 may be justified
to yield (3). O

We remark that it is the proof of this lemma with its reliance on the
Riesz transform results of [27] and [33] where symmetry of our real systems
plays a role. For some of the difficulties encountered with nonsymmetric or
complex coefficient systems see [34] and [35].

3. Maximal function dominates square function in L? - Part 2.

Part 1 above showed that the inequality (1) holds for solutions to
K-systems if it is known that (1) holds for solutions to single homogeneous
equations of order 2m,m € Z,. Now we will show that (1) must hold
for these latter solutions if it is known that (1) holds for solutions to
homogeneous equations Mu = 0 where M is elliptic and of the specialized
form

(6) M= Z ao(D*)?, aq >0 for all |a| = p.

la|=p
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The pointwise quadratic form over the Sobolev space HP(f2) associated
with M is then

Z ao(D*u(X))?, an>0forall|a|=p
lee|=p
which is clearly equivalent to |VPu(X)|? so that trivially

(7) / |VPu(X)|% dist(X)dX < C j Z ao(D%u(X))? dist(X)dX.
Q
lal=p
In part 3 below it will be shown how the latter quantity can be dominated
by the right side of (1) plus a term that can be hidden on the left.

As an example of the type of elliptic operators we need to analyze
here, consider in R* the 4th order operator

L = D} + (D1D3)? + (DyD3)? + (D3D1)? — 4Dy Dy D3 Dy.
Given any € > 0 L. = L + e(D} + D3 + Dj) is an elliptic operator. L is
derived from a corresponding semipositive definite polynomial known as a
Motzkin polynomial [23]. It has been shown (see also [7]) that L does not

admit a form of the type required by the first hypothesis of the Aronszajn-
Smith coerciveness Theorem [2], p. 161, i.e. that the form be a sum of

squares
k
/ 3 |P;(D)uf2dx
Q

=1
where the P;(D) are homogeneous constant coefficient polynomials. It is
easy to show that the same is true for L, when ¢ is small.

The Aronszajn-Smith result is apparently still the best available for
obtaining inequalities somewhat more general than (7) with C' depending
only on the Lipschitz nature of Q (see comments [2], p. 167), but clearly
cannot be used for operators such as the L..

Instead we rely on a theorem due to Habicht [17], pp. 300-302 on
strictly positive homogeneous polynomials with real coefficients, i.e. any
of our elliptic operators L. By examination of the formula (11.3.2) of [17],
p- 302 one can assert that any elliptic homogeneous operator L with real
coefficients will satisfy

NL=LN =M
where M is as in (6) and N is another elliptic homogeneous operator like L.

But now L, M and N have precisely the same formal relationship as
they did in Part 1 above and one can argue in the same way. We conclude
that



AREA INTEGRAL ESTIMATES FOR HIGHER ORDER ELLIPTIC EQUATIONS 1445

(1) holds for solutions to Lu = 0 if it is known to hold for solutions to
Mu =0 with M as in (6).

3. Maximal function dominates square functions in L? - Part 3.

Consider now elliptic operators L = 5" a,D?* where a, > 0 for
la|=m

all |a| = m. We will establish the inequality
® 3 la]=maa / (D*u(X))2 dist(X) dX < C / NV 1u)? do
Q a0

for solutions to Lu = 0. As explained in Part 2 above this suffices to
establish (1) for all elliptic K-systems.

As with the model case of harmonic functions, after replacing the
distance function with the adapted distance function §(X), our immediate
goal is to use integration by parts twice in order to rewrite the left side
of (8) as boundary integrals plus solid integrals with the latter integrals
having two derivatives on 6. In order to do this we will use the following
combinatorial lemma and a modification of it, Lemma 4, below. Denote
the permutation group on m elements by P,, and members of P, by
(2) = (41, -, %m)-

LEMMA 1. — Let each of Dy, ..., D,, denote a differential monomial
Sx O 8% Let u € C*™. Then
1 n
1
2 _ 2(D. - w)?
(Dl o Dmu) = m Z Dil(Dlz N Dzmu)
(1)EPm
1 m—2
© — = S () m—-1-k)
m!
k=0
X Di1 Diz
(1)EPm

(1)1'3 “ee D,—m_kuDil ...D
+ (=1)™uD?...D?u.

D? ...D? u)

tm—k L im k41

Here when m = 1 this can be read as

(Dyu)? = %D%uz —uD?u.
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The proof of Lemma 1 is by induction on m and uses the next lemma
to take care of an intermediate term.

LEMMA 2. — With the hypotheses of Lemma 1

(10) m > D;uD;,Di,...D} u

m—2
= (=)™ Y (-DF(k+1)
=0

k=
X Y DiyDi(Di,...Di,_uDy,...D; ...D} u)
()€Pm
+ (=)™ > (Di, ... Diu)? = (m—1) Y uD...D} u.
())€Pm ())€Pm

Proof. — When m = 2 this reads
2(DyuDy D3u+ DouDyD3u) = 2Dy Do(uDy Dau) — 2(Dy Dou)? — 2uDi D3u

which is true.

For the inductive step assume (10) holds for m. Let (j) € Pmya.
When summed in (j) the identity

DjuD;,D? ...D3 w+Dj,uD?D;,D3 ...D} | u

Im+1 Im+1
—D.D. . D. D2 2 —_D. D . D. D2 2
= Dj, Dj,(uDj, D;,Dj, ... Djm+1u) Dj, Dj,uD;, D, D5, ... D5 u
2 2
— uDj1 ...Djm+1u
becomes

(11) 2 > DjuD;D}...Dj u

JIm+1
(j)epm+l
= Y [D;D;,(uD;,D;,D},... D} . u)
())EPm+1
— D;,Dj,uD;, D;,D3 ... D2 u] —(m+1)lwD;... D2, u.
Next let P/, denote permutations of the m elements {1,2,...,5 — 1.

j+1,...,m+1}. Then
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m Z Djl DjzuDjl Dsz?- D2

Jm +1
(1) EPm+1
m+1
=mY_ Y DiDjuD;D}...D? Dju
i=1 (i)ePi,
m+1 m—
=2l Z Fle+1) >
=1 =0 ('L)E'P]
D, Di,(Ds, ... Dy, DjuD;, ... D D} . ...D} Dju)

+ (=)™t > (D, ... Di, Dju)? — (m—1)

()EPH
> DjuD} ...D? Dju
()P,

where the inductive hypothesis has been used. Thus

(12) -m Y D;D;,uD;D;,D} .. D3  u
() EPm+1
= (-m+ Z (k+1)x Y D;Dj,
(5)EPm+1
(Djs"‘Djm k+1uDj1 .- Jm k+1D12m k+2 D?m+1 )

+ (=)™ (m+ 1Dy .. m+1U) +(m—1)
> DjuD;D} .. D'~’ u.

Jm+1
(1) E€Pm+1

Multiplying (11) by m, substituting (12) for the second term under
he summation on the right side, combining like terms, and noting that the
first term on the right side of (11) becomes the kK = m — 1 term of (10) we
obtain (10) with m + 1 in place of m. 0

Proof of Lemma 1. — The m = 2 case reads

1
(D1D2u)2 = §(Df(D2u)2 + D%(Dlu)z) — D1 Ds(uD1Dou) + uD%D%u.
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Assume (9) holds for m. Then

m+1 m+1
m (m + 1)'(D1 Dm+1u)2 = -m—— Z (Dj1 e Djm+1u)2

(j)epm+1
m+1
_mtl 12N S (Da- Dy Dy
=1 ())ePi,
m+1'T rm 9 2
= —_m Z [E Z Dil (Di2 e Diij’U,)
=1 ()ePi,
m—2
- Z(_l)k(m_l_ Z Dthz(Dla 'Lm chJuDil"'Dim-k
k=0 (1)ePL,
D? ... ...D} Dju) ™ 3 DjuDi...D? Djul
(1)€'PJ
_m + 1
S DA(D Dy?
(4)EPm+1
m—2
~ LN ) m—1— k)
m k=0
> D;D;,(Dj,...Dj, ,,uDj ...Dj. D} .. .D?  |u)
(§)EPm+1
mm+1 1
+ (-1 Z DjluDle_? D]2m+1

(])GPM+1

where the third equality uses the inductive hypothesis. Dividing by (m+1)!
and using Lemma 2 on the last term we obtain

m+1
——(Dy.. Dppu)?=—n Y D(Dj,...Dj, 0’
(J)E'Pm-H

m+1 1
1 -1-
- (m+1,z< Fom1-h
x Y. D;D;(Dj,...Dj, ,,uDj ...D; D ..D? u)
() €EPm+1
11

Cm(m+1)! & Z( Dk +1)
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X Z Dlejz(Dj3 ...Djm_k+1uDj1 "'Djm—k+1D?m R4z D§m+1 )
(j)epm+l .

1
+ E(Dl co- D) + (=1)™*uD? ... D} 1w

The two summations in k¥ combine to yield the summation in k of (9)
when m is replaced with m + 1 and the lemma follows. O

The equation Lu = 0 will be used to eliminate the last terms arising
from the application of Lemma 1 to the left side of (8). The remaining terms
allow us to transfer two derivatives to the (adapted) distance function.
Unlike the first term, however, the middle summation does not directly
yield boundary terms like the right side of (8). To remedy this we resort to
primitives as in the proof of the lemma from part 1 above. Here v_; will
denote the kth primitive of v and 0 will represent the derivative such that
0Fv_j. First a preliminary lemma.

LEMMA 3. — With the hypothesis of Lemma 1 and v € C?*™,m > 2,
(13)

m—1

Z( 1)k ! z 8D12(D13 1m k+1uDi21Di2"‘Dim—k+1
k=1 (i) EPm

2 2
D'lm k+2 ° Dimv—l)
m
=Y [(-1)™*o* > 8 *uD}...D} v_
k=2 (Z)E’Pm
+0* Y Di,...Di,,, ,0**uD}D;,...D;, ., D} . . ...D} vy
(1)EPm
> 0Dy, (D, ... Di,,, 0" 'uD}D;, ... Di
()€Pm
Dz2m+3 k- Dizmv—k)]‘
Proof. — The m = 2 case reads

Do (uD?*Dyv_1) + 8Dy (uD2Dyv_;) = 20*(uD3D3v_,)
+ 0%(DauD%Dyv_5 + DyuD2Dyv_s)
— GDQ(BquDw_g) - 8D1 (8’LLD§D1’U_2).

We will establish (13) with m+1 in place of m assumming (13) holds



1450 B.E.J. DAHLBERG, C.E. KENIG, J. PIPHER & G.C. VERCHOTA

as written. Hence

m

PBCHAEDS
k=1 (1)€Pm+1
8Di,(Diy ... Dy, ;uD} Dyy ... D, D} ... DZ | v_y)
=)™t Y 0%wDi...DZ  v_s)
(’L)G'Pm+1
m—1
D IIC DS
k=1 (1) EPm+1
?(Dsy ... Diyy_ynuD? D%, Diy ... Dy D2 .. D7 v_3)
+ Z 82 12 .. ‘Lm+1U’Di21 Diz e Dim+1v_2)
(1) EPm+1
m
LD ICHAEDY
k=2 ()EPm+1
(Diy .. Dipy_youD} Diy ... Dy D7 .. .D} | v_5)
> D,(Di,...D;,,,0uD} D, ...D;,  v_s)
(1) EPm+1
m
DD
k=2 (1) €EPm+1
OD;,(Di, ... D;,,_, ,0uD; D;, ... Dy, D . ...DI |v_).

Here we have used the identity
D({UV) = 8*(UDV_,) + 8*(DUV_,) — OD(0UV_;)

to each term on the left, obtaining three sums on the right from which we
have isolated the mth term, the 1st term and the 1st term respectively.

Using the fact that we are summing over the permutation group, the
first and second summations in k£ now add to zero.

m+1
Replacing 3 with Y Y asin the proof of Lemma 2 and k with
Pm+1 =1 P,

k + 1, the third summation in k£ may be calculated using the inductive
hypothesis with du in place of u and D?v_, in place of v;. The third
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summation becomes

m

Z[(—Um—ka? 3 8 WD?...D, v_ps
k=2 (V) EPm+1
> Di...Di,, 0" WD}Di,...Di,,, D} . .
(i)epm+1
lzmﬂv k—1
Z aDlz i3 * 1m+2 kakuD2 'Dim+2—kDi2m+3_k
(1) EPm+1

Dmev k—l)] .

Now replace k with £ — 1 and the three isolated terms supply the
missing k = 2 terms.

]
The next lemma gives us what we need when u = v.
LEMMA 4. — With the hypotheses of Lemma 3,
m—2
S (-D¥m—1-k) Y DiDi(Di...Di, uDs ... Di, D}
k=0 (3)EPm
..D} v)
m
=3 —1)[( )™ke? Y 8 %uD? ... D2 vy
k=2 (i)EPm
+8* > Di...Di,,, 0" *uD}Di,...Dy, ., D} . . ...D} vy
(2)EPm
Z aDlz (Dls 1m+2 kak_IUngl Diz s Dim+2—kDi2m+3_k
(:)EPm
D2 v_ k)]
m—
+ Z(m—k) Z 8Di2(Di1D,-3.. i — k+18k ! "'Dim—k+1
k=1 (1)EPm
D?m Ktz ' .Dfmv_k)
m—1
- Z (m - k) Z Dil Di2 (Di3 . os Dim_k+18kuDi1 N Dim—k+1 Dfm k42
k=1 (3)€EPm

Dzvk)
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Proof. — The m = 2 case reads
2D; Dy(uD; Dav) =20%(uD? D3v_5)
+ 82(D2uD%D2v_2 + DluD%Dlv_g)
— 0D5(0uD?Dav_3) — 8D, (duD2Dyv_3)
+ 0Dy(D1uD1Dyv_1) + 0D1(DouD1Dav_1)
—2D1Dy(0uD1Dyv_1).

Using the identity
D1Dy;(UV) = 0Do(UD1V_1 + D1UV_y) — D1D2(0UV_,)

and summation over the permutation group, the m+ 1 case can be written
m—1

Z(—l)k(m—k) E DilDiz(Di:; "'D‘im+1—ku‘Di1 "'Dim+1—k
k=0 (1) EPm+1

D12m+2 k- Dl2m+1v)
m
=Y (-1)**' > 0Di,(Ds,...Di,,, uDiDiy... D,
k=1 () EPm+1
2 2
D'Lm+3 kT D1m+1v—1)
+m Z 8D,-2 (DilDia . ..DimHuDil ...Dim+1’v_1)
(1) EPm+1
—-m Z Di1 Diz (Dla e D,-m+16uD,-1 cen Dim+1’l)_1)
(i)E'Pm+1

+ Z (m —-1- ) Z DilDiz (l)l3 .o Dim_kBuDil e Dim-k
k= (1) EPm+1

D? ..D? | wv_y).

tm+1—k ° Zm+1

Now Lemma 3 is used on the first term and the inductive hypothesis
as in the proof of Lemma 3 on the last term. O

Combining Lemmas 1 and 4 we obtain
(14) (D%u)? = = m0™ uD**u_pyq — (m — 1)0™uD**u_,y,
+ terms of the form

V(v lyvmTitky ) for k=0,...,m

whenever |a| = m. With this observation we can prove the main lemma
of this section. Let 2 be a bounded Lipschitz domain and let Z denote
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a covering cylinder with associated cut-off function x as in the proof of
Theorem 1.

LEMMA 5. — Let L= Y a,D?* as described above and Lu = 0

|a]=m
in a neighborhood of 2Z N Q. Let v be a cut-off function like x except
supported in (1/4)Z and identically 1 in (1/8)Z. Then

15 > aa /Q (D*u(X))%yp(X) dist(X)dX

|a]=m
<C. / N(V™ 'u)do +¢ / |V u(X)|? dist(X)dX
onNn2z 22NN

where C, depends only on the Lipschitz nature of Q and € > 0.

Proof. — Asin §2 it suffices to obtain our estimate for approximating
smooth domains €.

Define @ = xu and primitives %_j as the proof of the Lemma from
Part 1 where a coordinate system has been chosen so that D, is transverse
to 00 N 2Z. Let 6§(X) denote the adapted distance function of §1 with
respect to the coordinate system. Then § may be substituted for dist on
the left of (15) and the result is by (14) equal to

-m / D YLy 196dX — (m — 1) / DM uLii_pmp6d X
Q Q
+ terms of the form / V(v RGO édX, k=0,...,m.
Q

Here because of the choice of coordinate systems D,, plays the role of
0 from (14) while L is actually a rotation of the original L. That L is no
longer in precisely the form (6) is of no consequence.

The first two terms are lower order by virtue of Lu = 0. They may
be analyzed, for example, by line (7) on p. 18 of [27] together with interior
estimates like Lemma 4.1 of that paper. The result is an upper bound of

m—1
(16) cy / |V7iu|?dX.
j=0 JZnQ

For the main terms, whenever a derivative lands on the cut-off
function % when using the divergence theorem the result is a lower order
term no worse than [, [V™~tuV™+kg_.|6dX.

Such a term is also bounded by (16) using the Schwarz inequality,
Hardy inequalities like Lemma 4.2 of [27] and interior estimates like Lemma
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4.1 of [27]. Thus in the following we will disregard any terms arising from
derivatives falling on .

Hence, applying the divergence theorem twice to the main terms leads
to boundary integrals of the form

/m . |V Ly VRG] | V6|do
N3
and solid integrals of the form

(17) / vV lymT kg pV2edX.
Q

By the Schwarz inequality and Corollary 4.7 of [27] the boundary
terms are bounded by (16) plus

(18) C“Vm_lﬂH%?@ZnaQ)-

Dy
D,é
(17) and apply the divergence theorem removing the D,, derivative from the
numerator of the introduced term. This results in three types of integrals

B
I= / vy vtk V2D, 6 ——dX,
q D6

For the solid integrals we introduce the term into the integrals

II = / D, (V™ luvm—1tkg_ V26 8 dX, and
Q

D,é

§
= | vV R V28D ———dX.
111 /Q VYT G VR DR s

The Schwarz inequality allows one to apply the Carleson measure
property of § in III to obtain a bound of the type

||N(Vm_1+kﬁ_k)“iz(%zr189)’ k:O,...,m

which in turn is bounded by (16) plus (18).

The product rule followed by applications of Young’s inequality,

2
ab < ea® + Z_s’ bounds II by the sum of C. times the bound for III plus
integrals of the type
s/ |V 29édX, k=0,...,m
Q

for € > 0 to be chosen later.

By Hardy type inequalities (e.g. [27], p. 17) and interior estimates
(e.g. [27], p. 16 these may in turn be bounded by

602/ [VIu|?6dX.
=072

ZnQ
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For integrals of type I the divergence theorem is used again to remove
a V from V2D, 8. Integrals of type II and III are again obtained together
with the new integral type

/ vm-luvm-1+ka_k¢v1)n6v—5dx.
Q D,é

Now the crucial fact from §1 that VD,é may be replaced by VD,é
where § has the property that |Dn5|26‘1dX is a Carleson measure is used.
Using the divergence theorem to remove the V from VD, now yields a
boundary integral of the type already bound, a type II integral where D,,8
replaces (V26)6, and type III integrals where (D,8)(V.D,6) or (D,6)(V26)
replaces (V26)(D26)6.

Summarizing we may write

m—1
(19) 3 a4 /Q (D*u)*$8dX SCE(ZO /2 IViu2dX
j=

o= znQ

+ ”vm_l'au%z@ZﬁBQ)) + E/;ZOQ |Vmu|26dX

where C; < oo and € > 0 may still be chosen depending only on the
Lipschitz nature of 2.

By applying a Poincaré lemma like Lemma 4.3 of [27] as on page 20
of that paper, the lower order derivatives on u that appear in 2Z and on
2Z N 2Q may be eliminated and (15) follows. O

THEOREM 2. — Let 2 C R™ be a bounded Lipschitz domain with
connected boundary. Let L be any elliptic symmetric K-system of order
2m from §1. Let Lu = 0 in Q. Then there exists a constant C depending
only on the Lipschitz character of Q,n,m, K and E so that

(20) /Q |V™u(X)|? dist(X)dX < C /6 . N(V™ 'u)?do.

Proof. — As explained in Parts 1 and 2 above it suffices to prove the
result for L as in Lemma 5. By interior estimates only the portion of 2 near
the boundary need be considered for the left side of (20). The boundary

1
can be covered by a finite number of covering cylinders {—Z j} with the Z;

otherwise having the same properties as in the proof of Theorem 1. Since
the left side of (8) dominates the left side of (20) with a multiplicative
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constant depending only on ellipticity, a finite number of applications of
Lemma 5 yields

/ [V™u|? dist(X)dX < C. / N(V™ u)do + ¢ / [V™u|? dist(X)dX
Q o0 Q

where € > 0 may be chosen depending only on the stated quantities,
completing the proof. a

4. LP equivalence of maximal function and square function.

From Theorems 1 and 2, which give the equivalence between the L?
norms of the nontangential maximal function and the square function of
solutions to Lu = 0 on every Lipschitz domain, a series of near-standard
arguments give the L? norm equivalence for all 0 < p < oo. In the two
lemmas which follow, we provide the necessary details to prove the good-A
inequalities from which one obtains the next theorem ([6], [16], [10], 12).

THEOREM 3. — Let ) be a bounded Lipschitz domain in R™ with
constant M and suppose Lu = 0 in Q, where L is a 2m order elliptic
symmetric K-system. Then, if 0 < p < oo, 3C > 0 depending only on
m,n, N, M and p such that

c™!' [ N(V™luPdo < / S(V™lu)Pdoe < C | N(V™ lu)Pdo.
on

o0 80
(For the left-hand inequality it is necessary to assume a normalization:
u(P*) = Vu(P*) = ... = V™ y(P*) for some P* € Q.)
LEMMA 1. — If L is a 2m-order elliptic symmetric K-system and

Lu = 0 in Q C R", a Lipschitz domain with Lipschitz constant M, then
3y > 0 sufficiently small and ¢ > 0 both depending only on M such that
for all A > 0, o{Q € 99 : S(V™ 1u)(Q) > 2\, N(V™ 1u)(Q) < yA} <
ey {Q € 09 : S(V™1u)(Q) > A}

Proof. — Let Aj(Qj,7;) be a Whitney decomposition of
{S(V™1u) > A}
That is, {Q;} is a sequence of points in {S(V™ 1u) > A} such that
(a) {S(V™1u) > A} = UA;, where Aj(Q;,7;) = B(Qj,7;) N AN
(b) ZXB(QJ‘ ;)(X) < C, where C depends only on u and M.
J
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(c) Each B; = B(Qj,r;) is such that 9Q N B; is the graph of a
Lipschitz function and,

(d) 3ro = 7ro(Q2) such that if r; < r,, then there is a point @ in
B(Qj,2r;) N 0Q with S(V™1u)(Q}) < A\
As in [12], a sawtooth region D; associated to
E; = Ajn{S(V™ 1u) > 2\, N(V™ tu) < yA}
may be constructed so that

@) U C@ nB@ary) c D; ¢ U (T(Q) N B(Q,cery)) for
QEE; QEE;
some fixed ¢;, ¢y independent of j

(ii) 0D; NOQY = E;

(i) 0D, is c starlike Lipschitz domain with Lipschitz constant less
than a fixed multiple of M and

(iv) diam D; =~ ;.

We fix now a particular A; with r; < r,. By interior estimates
and property (d) above it can be shown that, for any 7 > 0,7 may be
chosen sufficiently small so that S, (V™ 'u)(Q) > /2 for Q € E; where
Srr,; is the square function defined by integration over the truncated cone
I'7r;(Q) = T(Q)NB(Q, 7r;). Suppressing the j-subscripts, we wish to shown
that o(E) < cy?0(A). Summing, then on j gives the Lemma. Then we have

i 2—n|m,,|2
o(E) < 2 /E/F,(Q) §(X)* V™ ul*dX do(Q)

where §(X) =~ |X — Q|. If the aperture of the cones used to define N is
chosen larger than those used to define S, this last term is bounded from
above by

iz / / d(X)?> ™| V™u(X)|?*dX do.
A* Jop Jr.

Here 7 has been chosen sufficiently small so that I'-(Q) C D for all Q € 09,
and the collection forms a family of cones for the square function with
respect to the new domain D and d(X) denotes dp(X) = (X,0D) = |X —

Q|. By Theorem 2, this is in turn dominated by ' Jop Na(V™tu)?do <
y20(A), by (iv) and |[V™ 1u| <4\ in D. O

LEMMA 2. — Let L be a 2m-order elliptic symmetric K-system and
suppose Lu = 0 in a Lipschitz domain €2 C R™ with Lipschitz constant
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M and that u(P*) = Vu(P*) = ... = V™ u(P*) = 0 for some P* € Q.
Then, for sufficiently small v > 0 and € > 0, there is a constant ¢ > 0, ¢, 7, &
depending only on K,m,n and M, such that

o{N(V™ ) > 4N\, S(V™ 1u) <A N {S(V™ 1u) > YA}
< eY?o{N(V™1u) > 2},
(where, for any set G C 0%, the set G% is defined by

a(A Q) < }

{Qeaﬂ s STy

Proof. — We make the a priori assumption that ||S(V™ )| Lr(40) =
R < 400 for some 0 < p < 400, since our goal is to use the lemma to bound
[N (V™ )], by [|S(V™ 1u)||,. This fact together with interior estimates
on solutions and the normalization on u (the vanishing of V™~ lu(P*))
implies that for any compact subset K of €2,

sup {|D?u| : |8] < m} < C(K, R).
XeK

As in [10], this estimate can be used to handle the ‘large’ surface balls in the
Whitney decomposition of {N (V™ 1u) > A}. Thus, let A be one of these
surface balls from this Whitney decomposition (defined as in Lemma 1)
whose radius is less than 7,. Set E = AN {N (V™ lu) >4\, S(V™~lu) <
YA} N{S(V™tu) > yA}:.

By choosing + sufficiently small we can ensure that N,..(V™ 1u)(Q) >

2)\ when Q € E, where N,,.(v)(Q) = sup [v(X)|. This is straight
Xer(Q)NB(Q,rr)
forward using interior estimates and assuming that the square function is

defined with respect to cones with a larger aperture than those used to
define N(V™~1u). (See for example [10] and then [25].)

Let D be the sawtooth region associated to E. Then, for ¢ sufficiently
small, and Ax = {Q € A: X € I'(Q)}, we have

/ / do(X)|V™u(X)[2dX

R e

g™ (X)|V™u(X)PdX do(Q)

_c. /
AN{S(Vm—1u)<yA} JT(Q)

< CA*N%0 (D).
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Recall that D is a starlike Lipschitz domain; let p, be the star-
center. We claim that we may assume the normalizations: u(p,) = ... =
V™= 1u(p,) = 0, by subtracting off a polynomial from u. This depends on
the estimate |V™ 2u(p,)| < X + ¢y < 2) for «y small enough so that if u*
is the normalized u, then N(V™~14*) > 2\ when N(V™ ) > 4\. Thus,
for this normalized u, we may use the L? result of Theorem 1 to obtain

o(E) < % / N2(V™ly)do
E
c m—
<3z aDNf,(v Yu)do

< / S2,(V™ 1u)do
oD
=< / / dp(X)| V™ 1u(X)2dX
D

< % / /D do(X)|V™ 1u(X)[2dX < cy?o(A).

Summing over the regions E and § completes the proof. O
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