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We give estimates in L?, 1 < p <2, of the second order deriva-
tives of the Green potential of f € L?, for convex domains. This is
done by interpolating between estimates in L' and L? of functions
in atomic H' and L?, respectively. The crucial step is obtaining the
atomic estimate which is done by adapting to the present situation, a
technique introduced by Dahlberg and Kenig.

0. Introduction. The purpose of this paper is to prove that for a
convex domain Q in R”, the second order derivatives of the Green
potential of f, V,Gf, are in LP(Q) if fe LP(Q) with 1 <p <2.
To avoid technicalities we assume throughout the paper that n > 3.
The main results of the paper are

THEOREM 1. Suppose D is a convex domain above a Lipschitz graph
in R", i.e, D={x,> ¢(x')} where ¢ is a convex Lipschitz function
with Lipschitz constant bounded by M and x' € R*!. Let G be
the Green function for D and let the Green potential for f € LP(D),
1 <p <2, be denoted by Gf. Then we have that

/ V,GfPdx < ¢ / 1P dx,
D D

where V, denotes the second order derivatives and the constant ¢ only
depends on the Lipschitz constant M . O

Via a patching argument we will derive the case of a bounded convex
domain from the results of Theorem 1.

THEOREM 2. Let Q be an open, bounded and convex domain in
R"”, n> 3. Let G be its Green function. Suppose 1 < p < 2. Then
V,Gf € LP(Q) and

/ V2GfPdx < C / fPdx,
Q Q
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where C can be taken to depend only on the Lipschitz character of the
domain. ]

We note that a Lipschitz requirement is superfluous in the case
of a bounded domain since every bounded and convex domain is a
Lipschitz domain. That the theorems are not true for any Lipschitz
domains follows from simple examples, see e.g. [D]. It is readily seen
from the following simple example that we have to require p < 2 in
general. Let Q be an infinite cone in R? with vertex at the origin
and opening angle 6. Let 9(x,y) =y in {(x,y): y > 0}. Take
v = ¥(z*) where a = n/6. Then the second order derivatives of v
behave as |z|*2. Hence, |Vyv| € L? (Jz] < 1) iff p2 —a) < 2.
The work in this area can provisionally be divided into two groups,
see [MSa] and [MP)]. In the first group attention is focused on global
smoothness conditions on the boundary; in the other group the singu-
larities are localized, and one considers a finite number of singularities
of a specific type on the boundary, e.g. such as edges, polyhedral an-
gles, conical points, etc. It is desirable to treat not only a finite number
of singularities, but to give a global smoothness condition in the spirit
of the first group of works, allowing for (not necessarily localized)
singularities of the type mentioned in the other group. Convexity is
of course such a condition. Although the case p = 2 of Theorem 2
is a classical result of Kadlec [Ka], for other p’s one has considered
domains with a finite number of singularities on the boundary. We
again refer to [MP], see also [Ko], especially the powerful method of
[MP] for estimates in related L?-spaces and Holder classes for more
general elliptic boundary value problems and domains, with a finite
number of singularities on the boundary. Recent results are contained
in [JK] for estimates in a bounded Lipschitz domain with data in
Sobolev and Besov spaces. Theorem 2 is well-known to be true for a
bounded smooth, i.e. C!-!, domain, cf. [G]. For p = 2, Theorem
2 is also true for combinations of the smooth and convex case. Here
‘combinations’ is taken to mean bounded Lipschitz domains fulfilling
a uniform outer ball condition. Thus the domain admits not only a
finite number of singularities on the boundary. See [A].

In fact, it is a classical result that for Q open and bounded, and
f€L*Q), Gf is the unique solution in H}(Q) solving

{ ~Au=f inQ
y(u)=0 onoQ,
where y is the trace operator on the boundary of Q. Further, if Q is
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of the type mentioned above, then also ||V,u|| @) < ClIfll Q) - The
proof for a convex domain in this case, p = 2, rests on the following
simple application of Green’s formula. We have

2 2y
/leul x = Z/ Bx,axjax,ax} ax

— Z / (;9;1} 8x28xj dx + boundary integral

2, 52y
= Z / gxl; §x2 dx + boundary integral

= / |Au|* d x + boundary integral.
Q

The boundary integral, in the case of zero boundary condition, turns

out to be
ou\?
ag(tl&%’) (8_11) dO' ,

where tr.% is the trace of the second fundamental quadratic form on
the boundary, i.e. the mean curvature. For a convex domain we have
tr% <0 and consequently

/|V2u|2dx§/ |Au|* dx.
Q Q

Of course, in the above considerations a suitable approximation of the
boundary with smooth boundaries has to be used.

The natural way to try to extend the result to other p’s is to interpo-
late. However, it is not immediately clear how to extend the estimates
to L'(Q) since, as indicated above, the available proof technique is
strongly L2-dependent. Moreover, if f € L! then it is in general
not true that V,Gf € L!. In fact, V,Gf € L' may fail even if
f € C*(Q), see [JK]. However, one can use the atomic space H),
as a substitute for L! when interpolating, to obtain the desired result
for 1 <p <2. See [CW].

Theorem 2 follows from Theorem 1. The proof is given in §4. To
prove Theorem 1 we will adapt to the present situation, a method that
originated with Dahlberg and Kenig, [DK], for solutions to Laplace’s
equation. As indicated above we interpolate between L? and atomic
H!. We thus have to show that V,Gf is a bounded operator on L?
and from H}, into L' respectively. The L? case is a more or less
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direct consequence of the estimate

/|V2u|2dx§/ |Aul? dx,
Q Q

for a convex domain, together with some suitable local formulation.
For our purposes a function a € L*(R") is an atom if
(i) suppa C B = B (Py)
(ii) fafloo < 1/|B]
(iii) fadx =0,

and H},(R") = {feL'(R"): f=34ja;, S |ij|<oco, a;is an atom}
with norm || - || = 3" |4;|. It follows that it is sufficient to show that
there is a constant ¢ such that [, |V,Ga|dx < c¢ for all atoms a.
Using the scaling properties of atoms the problem can be reduced to
consider the case of atoms with support in a ball with radius one.
For such atoms two cases arises, depending on whether the distance
of the ball to 9D is less than or greater than some strictly positive
number. It will be seen that it is sufficient to show that Ga has the
right decay outside some ball of fixed radius. This is shown, utilizing a
variant of the method of [DK], by using a reflection principle to have
a solution u, extending Ga, of a uniformly elliptic PDE operator
L, with bounded measurable coefficients and ellipticity constant only
depending on the Lipschitz constant M, and Lu = 0 outside the
support of the reflected atom. Thus the representation formula of
[SW] applies to give a better decay than the fundamental solution
outside the support of the extended atom. This will take care of the
case when the distance from the support of the atom to 9D is small.
When this distance is large, the radius of the smallest ball containing
the support of the extended atom might be arbitrarily large. In order
to have the decay outside a ball of uniform radius, we have to substract
off a solution, corresponding to the reflected part of the atom, with
the same decay properties.

Acknowledgment. During the final preparation of this paper, the
author learned that Tom Wolff has obtained (unpublished) weak type
(1, 1) estimates for the second order derivatives of the Green poten-
tial. The method of proof uses the maximum principle and so does
not apply to other boundary conditions, e.g. the Neumann problent.
These problems can be treated by the methods of this paper and the
results will appear elsewhere. The results of Wolff have been reproved
by Steve Fromm, MIT, and used for higher order regularity properties
of the solution in the case of higher regularity of the data. He also
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considers, corresponding to less regularity, the case of one derivative
in the x-variable and one in the y-variable, of the Green function
G(x, y). These mentioned results will be contained in a forthcoming
thesis.

1. Preliminaries. Let in the following ¢: R*~! — R be a convex
Lipschitz function with Lipschitz constant bounded by M > 0. Let
D= {(x', xn) eR* 1 xR:x, > ¢(x')} denote the domain above the
graph of ¢ in R”. Define Dg = D N Bg(0) for R > 0 where Bg(0)
is the ball centered at the origin with radius R. When deriving the
estimates for HJ}, we will lean on estimates for the L? case. The L2
case includes the case of an atom. We reserve the notation a for an
atom.

As is well-known, if Q is an open setin R", n > 3, then Q has a
Green function Ggq, or just G, and if Q; C € then Gq < Ggq , cf.
[H]. We denote by Gf the Green potential of f, i.c.

Gf(x)= [ Gx.NIWdy,  xeQ
The following is a result of Dahlberg, [D].

THEOREM 1.1. Let D C R" be a Lipschitz domain and set p; =
4/3, pp=3n(n+3)"! for n > 3. Then there is a number ¢ = (D) >
0 such that if 1 <p <p,+¢ and q is given by 1/q =1/p—1/n,

then ” U
(/D|VGf|‘1dP> SC(fD[flPdP)

where C only depends on p and D. Also, there is a constant C only
depending on D such that

n/n—1
{PeD: VGf(P)>A}<C (rl / ]f|dP) ,
D
where |E| denotes the Lebesgue measure of a set E . O

For future reference we note the following simple consequence of
the above theorem.

REMARK 1.2. For 1 < p <2 we have that

(f IVGflpdx)l/pSC( / ifl"dX)l/p,

for Q an open, bounded and convex domain in R”, n > 3. To see

this, note that since % = .zl? — 1 for the estimate of Theorem 1.1 to
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be true, we have that ¢ > p, and therefore a simple application of
Holder’s inequality to the gradient side yields the statement in the case
when 1 < p < p,. Since p = p, corresponds to ¢ = 3 the statement
follows also for the range p, <p <2. O

Another straightforward consequence of Theorem 1.1 is

LeEMMA 1.3. Suppose Q is a bounded Lipschitz domain in R", n >
3 and that f € L*(Q). Then Gf is the unique solution in H}(Q) of
the Poisson equation

{ -Au=f inQ,
y(u)=0 onoQ,

where y is the restriction operator on 0Q. O

We recall some properties of uniformly elliptic divergence form
PDE operators. Let 4(x) = (a;;(x)) be an n x n-dimensional sym-
metric matrix valued function in an open set @ where the entries
a;;(x) are realvalued measurable functions. Let L denote the opera-
tor -7 i, E%a,- j(x)aixj. Then L is uniformly elliptic with elliptic-
ity constant A in & if thereisa A > 1 such that

TP < a0 < AP

for all £ € R". Suppose f is a distribution in & . We call u a (weak)
solution of Lu = f in & if u € L} (@) and [, < AVu, Vo >
dx = f(p) for all ¢ € C°(¢). Here L%,loc(@’) denotes the space
of functions in leoc(é’ ) with distributional derivatives of first order
in L2 (@). As in [DK] we introduce the following reflection proce-
dure for a solution of a divergence form PDE operator, which will be
used in the sequel. Let, as above, D be the domain above a con-
vex Lipschitz graph with Lipschitz constant bounded by M. Let
® : D — D~ be reflection in the boundary 9Q along the xj-axis,
given by by the bi-Lipschitzian map ®(x’, x,) = (x', 20(x’) — xp)
Define A(x) = (a;;(x)) to be an n x n-dimensional symmetric matrix
valued function given by

(x) forxeD,

Ax) = { B(x) forxeD-,
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where I(x) is the identy matrix and

1 0 ... 0 258 (x')
0 1 0 258 (x')
B(x) = : : - : :
0 0 1 257 (x")
202(x) 2ZL(x) ... 22 (x) 1+4Vp(x)P

From now on, we let L be the operator corresponding to this par-
ticular 4 unless otherwise indicated. It is not difficult to see that
L is a uniformly elliptic, self-adjoint, divergence form operator with
bounded real valued measurable coefficients and ellipticity constant 4
only depending on the Lipschitz constant M .
For a function u# on D we define ¥~ on D~ by u~ = uo®~! and
we put
. u(x) forx e D,
i) = { :
—u~(x) forxeD~.

We next indicate a proof showing that if u € H}(Dg) where Dg =
D N Bg(0), then u~ € H}(®(Dg)). Approximate u with smooth
functions u; in H}(Dgr) and smooth the boundary with ¢,(x’) =
@ *pa(x')+ Ma, where a > 0, x denotes convolution and ¢, is a ap-
proximate identity; ¢,(x)=(1/a""2)¢(x/a) with 0<¢ € CPR" 1),
supp¢ C B;(0) and [¢$,dx’ = 1. Then we have that Vi, — U in
L3(®(D,)) where Vi =44 (v). Here a; i depends on j and k
in a suitable manner and u; ,(y) = u;o ®_!(y). We have denoted by
@, the function defined as ® but relative to D, = {(x’, @,(x))}.
Now,

av;k B Ou,

09a,,

0y;

(@3 () + 224 (@ (7))

/
B, 0",

for 1 <i<n—1 and similar for i = n. Hence [y, )|%:ilzdy <C
independent of i, j and k. Consequently, using weak convergence
in L?(®(Dg)), we have that a subsequence of %’—" converges weakly
so that u~ € H'(®(Dg)). Furthermore, since v, € Hy(®(Dg)) it
follows that u~ € HJ(®P(Dg)). Thus we have proved the statement.
From this fact follows easily that if # is a function in D such that
¢u € H}(D) for each ¢ € C°(R"), then yu~ € Hy(D™) for each
w e CP(RM).
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PROPOSITION 1.4. Let f € L%(D) and suppose u is a solution to
—Au = f as distributions in D. Suppose further that ¢u € H} (D) for
each ¢ € C(R"), and Vou € L*(D). Then @t is a weak solution to
Li=f in R".

Proof. Take w € Cg°(R") and choose R > 0 such that supp ¥ C
Br(0). Put
2u(x) forxeD,
axz( *) = { —% (x) forxeD.
Then, since yu and yu~ € HO1 , it follows that

s = [ a03¥ ) dx

0Xx;j
ou
= —ydx — / uyr;do
D axll// a X W H
— _(9__15 dx+/ u wyr - do
axz v oD, v i
on
= dx.
/(0) 8X,W

Hence, & € H. (R"). Next we show that for each y € C°(R") we

have that [p. < A(x)Vil(x), Vy >dx = f(p). For R > 0 such that
supp ¥ C Bgr(0) it follows that

/ (A(X)Vii(x), Vi) dx
N

=/ Vth//dx—/ (B(x)Vu~, Vy)dx,
b -

/VuVy/dx:—/(Au)y/dx+/ (8—%) vdo,
D D ap, \OV

since V,u € L?(D). Further, a change of variables, x = ®~1(y)
having Jacobian +1, leads to

and

(B(x)Vu=, Vy) dx:/ VuVydx
- DN~ (Dy)

= _/ (Au)l/?dx+/ (—8—”) ydo,
DN~ (D) o(bne(Dy)) \9V



LP-INTEGRABILITY OF SECOND ORDER DERIVATIVES 209

where ¥ = y o® € H'(D) and the last equality is valid since Vyu €
L2(D). Finally, while ¥ =y on 9Q we have

/H(A(x)Vﬂ(x) , Vy)dx

:_/(Au)y/dx+/(Au)y7dx
; du ’ ou
+ [, () vao- [, (55) v

:/sz//a’x—/th/?dx
=/sz//dx—/D_f“(t[/odrl)dx=+/fl//dx. 0

2. The L2-case. Let, as in the previous paragraph, D be the set
above a convex Lipschitz graph ¢ with Lipschitz constant bounded
by M. Let G be the Green function of D in R", n > 3. Assume,
for the time being, that ¢(0) = 0. This condition, of course, has no
real significance but makes the statements to follow more convenient.

LEMMA 2.1. Suppose f € L*(D). Then Gf € L*(Dg) for each
R>0,

||Gf“L2(DR) < CR||f”L2(D) »
and —AGf = [ as distributions in D .

Proof. Estimating the Green function with the Newtonian kernel,
the local L2-estimate follows directly, for the case n > 4, from the
estimate for the Riesz potential I, of smoothness 2; I,(f)(x) =
¢ g |X=y|*""f(y)dy . We need a better estimate. Since D is convex
and the Laplacian is rotational invariant we might as well assume that
D c {x, > 0}. Hence, for x € D we have

G < [ Gee, IOy < [ Gulx, Il dy,
D x,>0
where Gy 1is the Green function for the halfspace and f is extended
by zero outside D . Splitting the domain of integration into two parts
where {|y| <2|x|} and {|y| > 2|x|} respectively, it is easy to see that
the local estimate can be achieved for the first part by comparing with
the Newtonian kernel and estimating as in Youngs inequality. For
the second part we note that Gy(x, y) = c(|x — y|>~" — |x* — y|*™")
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where x* = (x’, —x,) so that a simple application of the meanvalue
theorem shows that Gy(x, y) < 2(n — 2)xu|xg — y|'™" with xy =
(x', (1-20)x,) and 0< @< 1. It is not difficult to see that there is a
constant ¢ > 0 independent of x and y such that Ggy(x,y) <
¢xy|x — y|'~". The inequality now follows from the theorem cited
above, with o = 1. As a consequence of this inequality it is suffi-
cient to consider the case of compact support of f when proving the
equality —AG f = f. For such functions the equality is an easy conse-
quence of the definition of the Green function and the same equality
for minus the Newton potential. O

Define D; = D,,. Suppose [ € L?*(D) and ¢(0) = 0. Let u; €
H}(Dj) N H*(D;) be the unique solution in H}(D;) to
—Auj=f inDj,
{ 7(u;)=0 ondD;.
Then u; = G;f where G, is the Green function of D;. From the
previous lemma follows

LEMMA 2.2. For each Ry > 0 there exists a jy such that for j > jo
we have

“uj“[}(DRO) < CRO ;

where Cg_ does not depend on j. O

The following lemma is a classical fact due to the convexity of D;,
cf. [G, p. 139].

LeEMMA 2.3. For each Ry > 0 thereis a jy such that for j > j, we
have

IlequILZ(DRO) < “VZUJ'“Lz(DJ) < “f“LZ(DI) <2y »

where V, denotes second order derivatives, i.e.

2
2
0°u,

axjaxk

”VzujHLZ(D]) = Z

(D))

Using a classical ‘interpolation’ inequality, cf. [Ag, p. 26], it now
follows from the above lemmas that also the intermediate derivatives
are estimated uniformly in ;.
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LEMMA 2.4. For each Ry > 0 there is a jo such that for j > j, we
have
”vuJ'HLZ(DRO) < CRO s

where CR, does not depend on j . |

THEOREM 2.5. Let D be the domain above a Lipschitz graph and let
fe€L¥D). Then Gf(x) = [,G(x,y)f(v)dy solves —AGf = [ in
D and yGf € H{(D) for each y € C°(R"). Furthermore, VoG f €
L*(D) and [, |V,Gf1* < [plf*dx.

Proof. 1t is sufficient to consider the case ¢(0) = 0. From Lemma
2.1 follows that G f 1is a solution of the equation and from the same
lemma also follows that G f(x)<oo fora.e. x € D. Since G;(x, y) —
G(x,y) on D, an application of the Lebesgue dominated convergence
theorem gives that G, f(x) — Gf(x) for a.e. x € D. Furthermore
|G;f1* < (G|f])* € L'(Dg ), and so another application of the same
theorem gives that G;f — Gf in L*(Dg) for each Ry > 0, so
that the distribution derivatives of G;f converge to the derivatives
of Gf. From the previous lemma we have that for each R; there
is a subsequence of VG, f converging weakly in LZ(DRO). Hence,
by uniqueness of weak limits we have that VG f € L*(Dg ). There-
fore, VGf is defined a.e. globally and belongs to L? locally. More-
over, yG;f € Hj(Dg ) by choosing Ry and j large enough. Again,
the previous lemma shows that V(yG;f) are uniformly bounded in
Lz(DRO) so that a subsequence of yG;f convergesto wGf weakly in
Hj(Dg). Tt follows that wGf € Hj(Dg ). In particular, yGf has
a trace on the boundary and choosing i appropriately we see that
Gf=0on 0D. -

From Lemma 2.3 we have that a subsequence of V,G;f, defined
to be zero extension of V,G;f outside D;, converges weakly to an
element in L?(D). Consequently, VoG f € L*(D). Now

IV2G A1 = (V2GS VaGf — Va2Gif) + (V2GS ,V2G, f)
<eé+ ”VZGf”LZ(D)”VZij”LZ(DI)
<eée+ ”szf”LZ(D)“f”LZ(D)

for each ¢ > 0. This implies the estimate of the lemma. o

3. The atomic estimate. In this section the following lemma is the
main result.
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LEMMA 3.1. There is a constant C such that for all atoms a and all
domains, D, above convex Lipschitz graphs, ¢, with Lipschitz constant
bounded by M , the following estimate is true;

/ |V,Galdx < C.
D
Moreover, C depends only on M . 0

As mentioned in the introduction, the main fact that needs to be
established is that there is a fixed radius such that for each atom a,
Ga has an extension u that solves Lu = 0 outside a ball with this -
fixed radius. When the distance between the support of the atom and
the boundary 9D is large, applying the reflection procedure of §1 will
give that the smallest ball containing the support of the reflected atom
is large. This explains the different cases, (i)-(iii), appearing below.

Before getting into the details of Lemma 3.1 we recall a standard
result from PDE. Following [LStW] and [GWi], let G, be the Green
function for L in R”. Then there are constants K; only depending
on the ellipticity constant A of L such that

K] K2

We sketch a proof of the following particular, but to us useful fact.

PROPOSITION 3.2. Suppose f € L*(R") and has compact support.
Then the Green potential of f corresponding to L,

GLf@)= [ Gulx, y)f)dy

belongs to H! (R™) and it is a weak solution of Lu = f in R".

loc

Proof. Since G f can be estimated pointwise by the Newton poten-
tial of the absolute value of f, it is clear that Gy f € L*(R")+ L (R")
and therefore we have that G, f € leoc(R") . It is not difficult to see
from the results of [LStW], that

Gf(xa y)SKGﬁ(x3y)SK|x—y|2_na

for x, y in a compact set, and R sufficiently large. Here K does not
depend on R and Gf denotes the Green function for the Laplacian
in Bgr(0). Hence,

| 168 P dx < C,,

Ry(0)
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where Cg does not depend on R and supp fu Bg (0) C Bg(0).
It now follows that GRf — GLf in LZ(BRO) and consequently, the

distribution derivatives of Gf f converge to those of G f.
We claim that [; |VGRf|*dx < Cg for R big enough. This fol-
Ry(0)

lows from an easy variant of a standard Cacciopoli type inequality. To
see this, choose Ry so that supp f C BRO(O). Take y € C°(R"), 0<
v<1, w=1on BR0+1(0) and such that suppy C BR0+10(0)- Let
R be fixed and put for convenience ug = GRf € H}(Bg(0)). Now u

solves
E / ai,ijuRDi¢dX=/ fodx,
l] Rn Rn

for each ¢ € C§°(Bgr(0)). Take R subject to R > R+ 10 and let
¢ = yur. Then we have

[ vuPdx< [ Vsl
B, (0) B,(0)

< Z/ (a,-,ijuRD,-uR)y/dx
= /B0

= Z/ ai, jDjur(Di(yugr) — urD;y) dx
= JB,(0) :

= fl//uRdx-—Z/ ai,j(DjuR)uRD,-t//dx.

B (0) i JBR(0)
Hence, using Holder’s inequality it is enough to give a uniform es-
timate of the L2 norm of the derivatives D; wDjug over the set
BR0+10(0)\BR0(0) , which is immediate from a standard Cacciopoli es-
timate and the uniform estimate for the potentials themselves. The
claim is proved. By weak convergence of a subsequence in L2(BRO(O))
we get that VG f € L%(Bg (0)), as a consequence VG f € L} (R").
Using the weak convergence again, it is immediate that G f is a weak
solution in R”. O

Recall that for a function v in D we define
- v(x) forxeD,
w={ " :
—v7(x) forxeD—,
where v~ (x) = uo ® !(x) for x € D~. Obviously, in general

¥ # v in D~ for a function v defined in R”. Now, Ga(x) =
JpG(x,y)a(y)dy for x € D. From Thm. 2.5 and Prop. 1.1 follows

that Ga is a weak solution to Lu =4 in R”.
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ProposiTION 3.3. Grd = Ga.

Proof. There is an R such that supp @ C Bg(0) and a simple
estimate gives |C?Zz| < C in R"\ Bg,(0). A similar estimate of G.d&,
using the bound of G, gives |Grd| < C in R” \ Br+1(0). Moreover,
L(Ga — Gra) = 0. It is immediate that this solution has a limit zero
at infinity, that it is continuous, and therefore bounded in R”. Thus,
Theorem 4 of [Mo] shows that the solution is a constant which, in
view of the limit at infinity, must be zero, i.e. Gra = Ga. O

We start by showing that Lemma 3.1 can be reduced to a particu-
larly simple situation. A straightforward verification gives that for a
translation of coordinates in the integral of the lemma, the new func-
tion is expressed as the Green potential of an atom with center on
the nth coordinate axis and a Green function for a domain above
a convex Lipschitz graph ¢ with the same Lipschitz constant as the
original graph and obeying ¢(0) = 0. As a consequence it is sufficient
to prove the lemma in this latter situation.

We now claim that we can simplify the situation even further. The
following standard procedure exploits the dilation properties of atoms.
Suppose D is given as the domain above the convex Lipschitz graph
¢ with Lipschitz constant bounded by M and suppose that ¢(0) =0.
Assume a is an atom with supp a C Bg (F,) and put a*(x) = a(x)
in D and zero otherwise. Let A : R” — R” be the C*-isomorphism
given by y = A(x) = RLa(x“Pa)‘*‘Paa x=A1y)=Ro(y — Pa) + Py

andlet D = A(D). Now 8D = A(OD) and D is convex since A maps
lines onto lines. Further, y' = x'/R,;, y, = Rl((o(x’ ) —P,;) + P, since
P, is on the x,-axis. Let #(y') = 2-(p(x') — P,) + P, so that D =
{(#, $(3))}. Therefore D is a domain above a Lipschitz graph with
Lipschitz constant bounded by M . Define w(y) = R'2(Ga)(A~'(y))
in D and let b(y) = Rja(A"'(y)) for y € R”. Then ~Aw = b as
distributions in D and b is a function with the following properties,
(i) supp b C {y : [A7'(¥) — Pu| < Ra} = {y : [y — P4| < 1} so that

suppb C B{(P;) and P, is on the yjy-axis,

(i) [15lleo = RENl@(A™!())lloo < 1

(iii) [bdx =0.
Hence, b is an atom in R” and solves —Aw = b in D. As in the case

of a translation it is, as above, a straightforward verification to show
that w is expressed as a Green potential. A more smooth way to show
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this is to argue as in Proposition 3.3. Let G be the Green function
of D. Then A(Gb w) = 0 in D and it follows from Theorem
2.5 and Proposition 1.4 that the extension by an odd reflection in
the boundary, of this solution solves the homogeneous case of the
differential operator L in R”. Now this solution is bounded and has
a limit zero at infinity. Thus it must be identically zero, i.e. w = Gb.
Moreover, using a translation as above we can assume that ¢(0) =0,
and the statement is demonstrated.

In short; we have seen that without loss of generality we can restrict
ourselves to consider, in Lemma 3.1, the case supp a C B(P;) with
P, on the x,-axis and ¢(0)=0.

For this situation we now split into three different cases.

ProrosiTiON 3.4, Assume ¢(0) = 0. There isa Ry > 1 and a
R, > 1 only depending on the bound of the Lipschitz constant M such
that the following is true. For each atom a, with suppa C B((FP,)
where P, = (0,...,0, p,) is on the x,-axis, we have that if

(1) pa £ —1 then suppa C D,

(i) pa > —1 and P, € Bg (0) then suppa C (By(F;) N D)U
O(By(PaN D)) C B,

(ili) pa > —1 and P, ¢ Bg (0) then B\(P;) C By(Fa) C D and
(D(Bl( a)) C Biou(Py) C By 1+M)(P ) C D™, where Py = —P; =

0,...,0, —pa).

The proof of this result follows without difficulty from the cone
property enjoyed by a Lipschitz domain.

3a. Estimates at infinity.

PROPOSITION 3.5. Let a be an atom such that suppa C B (P;) with
P, on the x,-axis and ¢(0) =0. Let a~ be extended by zero outside
D~ . Let (i)-(iii) be the cases of Proposition 3.4. There is a constant
C only depending on the Lipschitz constant M and not on the atom
a, such that in case

(') Ga=0in D,
|Ga )| < C for |P| > Ry,

(111) |(Ga+ Gra )(p)| < C for |P— P, > 2 and |Gra—(p)| < C

for |P-P;|>2(1+M).

Proof. Assertion (i) is obvious. A simple estimate shows in case
(ii) that |Ga(P)| < 1/(n - 2)n’w, for |P — P,| > 2. Therefore all
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points P € D for which |Ga(P)| > 1/(n — 2)n’w, are contained
in By(P,). Thus all points for which |Ga(P)| > 1/(n — 2)n*w,
are contained in Bg , which is the statement in (ii). Consider now
(iii). The function Gra~ solves Lv = a~ in R” and supp a- C
O(B(Pys)) C B(i128)(P(P,)) where ®(P,) = —P, = P; . For P such
that |P — P;| > 2(1 + M) we have from the estimate of G, that
|Gra=(P)| < C where C only depends on the ellipticity constant
A of L. Using Proposition 3.3, it follows that (Ga + Gra™)(P) =
Joe GL(P, Q)@+ a)dQ = [pGr(P, Q)adQ. Again, exploiting
the estimate of G gives the desired estimate. Remembering that A
only depends on the bound of the Lipschitz constant A/, the lemma
follows. O

We now refine these crude estimates at infinity using the representa-
tion theorem of [SW]. We will have use for the following well-known
result. For a proof, see Moser [Mo].

THEOREM 3.6. Suppose R > 1 and that L is a uniformly elliptic
divergence form operator with realvalued, bounded and measurable co-
efficients in Bg(0) with ellipticity constant A. Then, if u € H}(Bg(0))
is a solution of Lu = 0 in Bg(0) we have that u € Cl?)’c"(BR(O)). If
”u”L""(BR(O)) < 0o we also have

[u(P) — u(0)| < cllufl L=z 0y PI1*

for P € Bgr(0). Here ¢ and o > 0 depend only on A and not on u
or R. The exponent o is bounded away from zero in terms of A, i.e.
1/a is bounded in terms of A. O

THEOREM 3.7. Suppose L is a uniformly elliptic divergence form
operator with realvalued, bounded and measurable coefficients in R”"
and ellipticity constant A. Let P* € R" and let g* be the fundamental
solution of L in R" with pole at P*, i.e. g*(P) = Gr(P, P%), so
that

¢i|P — P27 < g®(P) < | P — PAJF",
for constants c¢; only depending on A. Suppose u solves Lu = 0
*weakly in |P — P2| > R and that u is bounded there. Further, suppose
that u is continuous on |P — P%| > R. Then there exist constants U,
a, ¢>0 and v >0 such that ¢ and 1/v are bounded by a constant
only depending on A, and

U(P) = Uss +ag®(P) + w(P),
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Jor |P—P%| > R where w is a bounded solution of L in |P—P*| > R
with bound given by

[w(P)| < cR"™2||ull = p_psisp) - [P — P27

Furthermore, o = K[u)/K[g"] where K[v] = [(AVv, Vy)dx fora
solution v of L in |P — P%| > R and any w € C>®(R") such that
w=0in|P-—P*<R+1 and y =1 in a neighbourhood of infinity.

Proof. 1t is sufficient to consider the case P* = 0. We follow
[SW] more or less verbatim only giving a more explicit estimate of
constants in our special case, where the function is bounded outside
some bounded set. Denoting by G the function g2(P) = G.(P, 0)
multiplied by a suitable constant only depending on A, we have

Ix|*>7" < G(x) < c|x ",

for some constant ¢ only depending on A. The function given by
the well-defined quotient u(y/|y|?)/G(y/|y|*) solves a uniformly el-
liptic equation in 0 < |y| < R~! where the differential operator L'
is of the same type as L and with an ellipticity constant A’ only
depending on A. It follows from the results in [SW] that w(y) =
u@/Iy)?) = ts)/G(y/|¥|?) is the unique solution of L' in |y| <
R~! continuously attaining the boundary values given by the func-
tion (u(y/|y|?) —us)/G(¥/|¥|?), which is continuous on the boundary
{y] = R~1. As a consequence

u(y/Iy[?) ~ oo
W] ;oo -n < m
lwlly, (IyI<R™Y) lyl=R"" G(y/Iy1?)
U(x) — oo 2
=ma T om | SR e gr)

since limyy|_, #(X) = U . Furthermore, for |x| > R we have that

U(x) = too + w(0)G(x) + (w (l'ixl‘f) - w(O)) G(x).

This is the sought for expansion of the theorem since (w(y) — w(0))
solves L'g =0 in |y| < R™!, and by the previous theorem

(o 5)-=0) o

for |x| > R. Here ¢ depends only on 4. It follows from the results
in [SW], Lemma 1 and Lemma 2, that a = K[u]/K[G]. This finishes
the proof of Theorem 3.7. O

) - 2_
SR Null (x> ry - X177 x50,
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LemMA 3.8. Assume ¢(0) = 0. Let a be an atom with supp a C
By(P,) and P, on the xn-axis. Let (ii) and (iii) below be the cases of
Proposition 3.4. Then we have for atoms of case

(i) Jp\s,, (0 [V2Galdx < C,
(iti) fpyp,(p, [V2Galdx < C.

Here C depends only on M and not on the atom a.

Proof. Let Ry and R; be given as in Proposition 3. 4. We first claim
that for atoms of case (ii) we have for the solution Ga of LGa = &
that Ga( ) = w(P) for |P| > Ry where w is a solution of Lw =0
in |P| > Ry with |w(P)| < cRg“2|P[2_”_” and ¢ and 1/v > 0 are
bounded in terms of 4 and do not depend on the atom a. For atoms
of case (iii) we claim the following. For the solutions Ga+ Gra~ and
Gra- of Lg=a and Lg = a~ respectively, we have that

{ (Ga+ Gra™)(P) = wi(P),
Gra~(P) = wy(P),

where the w;’s are solutionsof Lg =0 in |P—F,| > 2 and |P-P;| >
2(1 + M) respectively. The w;’s fulfill, |w(P)| < ¢|P — P,|* """ for
|P—P,| > 2 and |wy(P)| < c|P-P;|> " for |P~P;|>2(1+M),

where ¢ and 1/v > 0 are bounded in terms of 4 and do not depend
on the atom a. In view of Proposition 3.5, Theorem 3.7 and the facts
that the supports of a and a~ are contained in a compact subset of
Bg,(0) or |P—Fy|>2, |P—P;|>2(1+ M), so that the solutions
are _continuous on the boundary, we need only prove the following;
K[Ga] 0 in case (it) and K[Ga+GLa ] = K[Gra~] =0 in case (ii1).

In case (ii) we have for y € C°(R") such that ¥ =0 in |P| < Ry+1
and ¥ =1 in a neighborhood of infinity, that 1 -y € C5°(R"). Thus

_K[Ga] = /(AVE?Va,V(l _ )y dx = /aa _y)dx

=/&dx=/adx—/ a~ dx =0
b _

since [,-a~dy = [a (®(x))dx = [,a(x)dx. From Proposition
3.3 we get K[Ga+ Gra™] = K[GLa + Gra~] = K[Gra]. Therefore,
taking w € C*°(R") suchthat y =0 in |[P-F;J <3 and w =1 in
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a neighborhood of infinity, we get

—K[Gva +Gra’] = /(AVGLa,V(l —w)dx

:/a(l—l//)dx=/adxzo

from the vanishing mean property of atoms. In the same way we have
K[Gra"]= 0. The claims are proved.

Now assume « is an atom of case (iil). Let %, = {x € D : 2" <
|x — Py| < 2™*1} for m=0,1,2.... Take ¢ € C°(R") such that
¢ =1 in B4(0)\ B,(0) and supp ¢ C Bg(0)\ B;(0). Put

bm(x) = ¢((x — Fa)/2"™).

Then ¢, =1 on %, and supp @, C Byws(Py) \ Byn(Ps). Now
A(dmGa) = ¢mAGa+2{V by, VGa)+(Ga)Ap,, € L*(D) and ¢, Ga =
0 on 0D. Hence,

/ |V2(Ga)|2dx5/1)|V2(¢mGa)|2dx§/D|A(¢>mGa)]2dx.

m+1

Since supp ¢,, C CB{(P;) and AGa = 0 in this set we have A(¢,,Ga)
= 2V ¢,,VGa + GaAg,, there. The following variant of a well-known
result, see [Mo], reduces estimates of VGa to an estimate of Ga.

LEMMA 3.9. For any n € Cg°(R") with suppn C BB, (P,) we have

/n2|VGa|2dx 54/14/ |Vn|>Ga® dx. O
D D

The proof follows easily by noting that nGa € Hé(D) according
to Theorem 2.5 and consequently #2Ga € HO1 (DNn{|x = P > 1}).
Returning to the proof of Lemma 3.8, the last lemma implies that

‘/m |V2(Ga)|*dx <2 [4/D|V¢mIZIVGa|2 a’x+/ 1Gal?|Apm|? dx}
<2 [424%‘/@ 2|y (8%)

+ / 1Ga12|A¢m12dx}
D

dx

¢
(2m)4 /Dﬂ{2’"<}x—Pa]<2’””}

< |Ga|* dx,
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where ¢ only depends on A. From the above claim it follows that for
x € D we have Ga(x) = Ga(x), and for x e DN {2" < |x — P,| <
2m+3} we have , with ¢ only depending on 1, that

|Ga(x)| < |(Ga + Gra™)(x)| + |Gra~(x)|
<clx — PPV 4 clx — P7JF,

if |x — P;| > 2(1 + M), which is the case since Byyan(P;) C D™
Moreover, there is a constant ¢ only depending on the Lipschitz con-
stant M, such that for x € D we have |x — P,| < |x — P;|. There-
fore, for x € DN {2™ < |x — P, < 2™*3} we have that |Ga(x)| <
¢|x — P,|>~" with ¢ only depending on M . This implies

/ |Va(Ga)|*dx < _° Ix — P, 22-1) g
4

(2m) /Dn{z"‘<|x—Pa|<2"‘”}

m+1

c
<
—(2m)?
< C(zm)‘(n—ﬂu).

(zm)n(zm)2(2~n—v)

Consequently,

/ |V2(Ga)ldx3\/§7/m+1l [ wsGapax

< (C(szO)nz—m(n+2u))l/2
<c27™,

where ¢ depends only on A and Ry and not on the atom a. Finally,
while 2¥ > 1 we have

00 1\™
leGd‘ dx<c (7) <C,
/D\Bz(Pa) ngo 2

with a constant C only depending on M and not on the atom a.

Next we consider an atom of case (ii1). Let %, = {p e D :2™Ry <
|P| < 2™*1Rg} for m = 0,1,2.... Take ¢ € C°(R") such that
¢ =1 in Byg (0) \ Bog (0) and supp¢ C Bgr (0) \ Bg,(0). Put
dm(x) = ¢(x/2™). As before we get

| IVaiGaytax < | 1A@nGa)P dx.
/4 D

m+1

Since supp ¢, C {|x| > Rp} and AGa = 0 there, we have A(¢,,Ga) =
2V¢nVGa + (Ga)Ad,, in this set. Using a lemma similar to Lemma
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3.9, we obtain

/ IV2(Ga)>dx <

m+1

c /
(2™)* JpngaR <ix|<2™ R )

where ¢ only depends on 4. Since, by the claim, we have on Dn{lx| >
Ro} that |Ga(x)| = |Ga(x)| = |w(x)| £ cRI?|x|>*"""" we get in the
same way as above

|Gal?dx,

/ Vo (Ga) 2 dx < c2-mn+2)

m+1

and consequently

0o 1 m
IV,Galdx <c (—) <C,
/D\BZRO(O) ,E) 2v

with a constant C only depending on M and not on the atom a.
This finishes the the proof of Lemma 3.8. O

3b. Proof of Lemma 3.1.

Proof of Lemma 3.1. As we have seen it is enough to prove Lemma
3.1 for the case suppa C B;(P,) with P, on the x,-axis and ¢(0) =
0. Any atom of this type is either an atom of case (i), (ii) or (iii).
If suppan D = @ then Ga = 0 and the assertion of the lemma is
certainly true. Let now B be either Bg (0) or B,(P,) depending on
whether a is an atom of case (ii) or case (iii). Utilizing the estimates
of Lemma 3.8 we get

/IVzGa)dxzf |V2Ga|dx+/ V,Ga| dx
D DNB D\B
1/2
< (|B|/ !VzGa|2dx) e
BND
1,2
< (|B| / [AGalzdx) +C
D
1/2
< <|B| |a|2dx> +C
BI(PH)

< (|B|/|Bi(P)NV*+C < C,

where C’ depends only on M . This finishes the proof of the lem-
ma. O
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4. Main results.

Proof of Theorem 1. Define for each 1 < k,/ < n the operator
Ti,1: L*(R") — L*(R") by

D, G fi D,
(T ={ g e

where Dy ;G f denotes the distributional derivative of Gf in D with
respect to the variables x; and x;. The linearity of this operator is
immediate and by Theorem 2.5 it is bounded. It is also defined for
atoms and the following simple considerations show that it is also
bounded: H,,(R") — L'(R"). Suppose [ =3";4a; € H,(R"). The
partial sums converge to f in L!(R") and consequently the Green
potentials of the partial sums converge to Gf in L] (R"). Hence,

Dy, Gf = 32;4;Dy ;Ga; as distributions in D. Since Dy ,Ga; €
LY(D) by Lemma 3.1 and

N N
Zi]’Dk 1Ga; SCZ M’J|7
j=M LI(D> j=M

we see that the partial sums of the derivatives form a Cauchy sequence
in LY(D). Therefore, Dy ,Gf € L'(D) and

”Dk,le”Ll(D) < C|’f’|H;l(R").

From the results in [CW, p. 596] we see that 7} ;: L?(R") — L?(R")
is well-defined and bounded. Suppose that f € L?(R"). According
to [CW] we can decompose f as f = g+ h e L*(R") + H.,(R") and

then
D, ,Gg+ Dy, lGl’l forx e D
T =T, +T, h= ’ ’
k1S =T 18+Tk { 0 for x € D-

Hence, for f € LP(D) extended by zero outside D, we get that
Dy ,Gf € (D) and

1D i Gz oy = 1 Tk i fllr ey < CU ey,
This finishes the proof of the theorem. O

e LP(R").

An open subset Q of R” is said to be Lipschitz if its boundary
is locally given as a Lipschitz function. That is, for every x € 9Q
there is a rectangular neighborhood V' of x in R” and a, with the
usual coordinate system, isometric coordinate system {y;, ..., Vn}
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such that V' = {(y;,... ,yn) 1 —a; <y; <aj, 1 £ j<n} and
fulfilling the following properties. For every y' = (y1, ..., Yn-1) €
Vi, e < an/2, QNV ={y=(',ym) €V : yn < 9())}, and
QNV ={y=0",yn)€V: yo=0()}. Here V’ is the projection
of V onto the first # — 1 coordinates and ¢ is a Lipschitz function.

Via a patching argument we can now reduce the case of a bounded
convex domain to the graph case.

Proof of Theorem 2. Every bounded and convex domain is a Lip-
schitz domain. Accordingly, for each x € 9Q there is a coordinate
neighborhood ¥, and a Lipschitz function, ¢, , describing the bound-
ary locally. There is no restriction to assume that ¢(0) = 0 and that
Qc {y:y,>0}. Let xy be a point on the negative y,-axis and
let Q, be the shadow domain of Q from Xx;. That is, let for each
0 € S"1, the line through x, with directional vector § be denoted
by £5. Let x, be the point nearest to Xxp in the set £y N Q, if this
set is non-empty. Then Q, = Jg{x : x € £y, |x — x0| > |xg — X0[}
where the union is taken over all # such that 4, N Q # @. Now,
Q, is a convex domain above a Lipschitz graph and Q c Q, . Tak-
ing the coordinate neighborhood V, smaller if necessary, we can ar-
range it so that (9Q,\0Q) N Vyx = @. In virtue of the compact-
ness of 9Q we can cover it by a finite number of the Vy’s, {V;},
j=1,..., N. Let ¥, be an open, compactly contained subset of Q
with a smooth boundary and such that {V;}, j=0,..., N, cover
Q. Let {©;} be a partition of unity on Q, subordinate to the cover
{V;}Yy so that Gof = }°;0,Gqf. From Remark 1.2 follows that
h;j = A®;Gqf) € LP(Q). We first consider the case j > 0. We
have that Q C Q; = Qx] foreach j=1,..., N and Q; is a convex
domain above a Lipschitz graph. Let G; be the Green function for
Q;. We claim that G;h; composed with a rotation and a transla-
tion, which we surpress notationally below, equals ©;Gq f. Taking
the claim for granted we see that V,0,Gq f € LP(Q), by Theorem 1.
Moreover,

IV20;Gafllr @) < ClIVaGikjllrq) < Cllhjlie) = Cllkjlig
< C((AB))Gafllrr )
+2(VO; - VGaflrg + 110 fllrw)
< Clfllr@) >

where C is independent of 1 < j < N and f € LP(Q). For the case
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j = 0 the estimate
V280G Sl @) = IV200Gafllry < Clfllr )

is a standard result using uniqueness and existence in W2:7(Qy), a
priori estimates and an approximation technique with L? functions.
That is, we use a standard local regularity theorem. Summing up we
have

(*) IV2Gafllr @) < Clflr@)-

We next consider the dependence of the constant C in (x). The
constant in Remark 1.2 actually depends on |Q2|. To get the constant
in (%) independent of this quantity we argue as follows. First we
prove Theorem 2 under the additional condition that |Q2| = 1. Then
the general version of the theorem is a consequence of a rescaling since
the inequality scales in the proper way. This is of course not true for
the estimate of Remark 1.2.

It remains to prove the claim. For notational convenience we drop
the index j, denote Q; by D and prove that Gh(y) = (BGqf)(Ry)
where R is a translation and rotation. Since (0Q;\0Q)NV; = @ the
function (©;Gqf)oR is well-defined in D . Let f; € C;°(Q) converge
to f in LP(Q). Then (BGqfj) o R € H}(D), V2((0Gqfj)oR) €
L*(D) and g; = —A((©Ggqfj)oR) € L*(D) . Hence, the odd reflection
of (BGqf;)o R, in the boundary 9D, is a weak solution of Lu = g;
in R”. By Theorem 2.5, LGg; = g; since Gg; solves —AGg; =
g; weakly in D. Consequently, the difference of the solutions is a
solution of the homogenuous equation in R", and it has a limit zero
at infinity. Hence, it is bounded. Therefore, Gg; = (©Gqf;) o R in
D. It is easily seen that Gof; — Gqf in LP(Q) and the same is
true for the gradients. Hence, (©Gqf;) o R converge to (©Gqf)oR
in L”(D) and also, g; converge to g = —A((0Gqf)oR) in LP(D).
The functions g — g; have support in Q. We extend them by zero
outside Q. Since |G(g—g;)(»)| is estimated by the Newton potential,
(N *|g - g;jl)(»), it is easy to see that Gg; — Gg in L (D). Since

suppGg; C Q we have that suppGg C Q and as a consequence

Ggj — Gg in LP(D). The claim is proved. a
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