SCHAUDER ESTIMATES UNDER INCOMPLETE
HOLDER CONTINUITY ASSUMPTIONS
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Dedicated to Charles Loewner on the occasion of his 70th birthday

1. Introduction. In 1934 Schauder [6], [7] obtained a priori
pointwise estimates for solutions to general second order linear elliptic
differential equations. These estimates have been generalized and
simplified by many authors, but by far the most general estimates
of this type so far are the interior estimates of Douglis and Nirenberg
[3] and the estimates up to the boundary of Agmon, Douglis, and
Nirenberg [2]. In the latter paper the boundary-value problem

L(x, Dyw = f in a domain & ,
Bi(x, Dyu = @; on a portion of the boundary
9(32112! "'ym)r

is considered, where L is uniformly elliptic of order 2m and the B;
satisfy the “complementing condition” with respect to L. Roughly
speaking, under certain smoothness assumptions on the coefficients of
L and B;, on <7, and on the functions u, f, ;, a priori bounds on
certain derivatives of # and their Holder difference quotients are
obtained in terms of the maximum values in & (or <) of certain
derivatives of f and @; and their Holder difference quotients. As a
byproduct at one stage near the beginning, an estimate is obtained
(their Theorem 2.2) for the case of constant coefficients and a half-
space domain, in which no Holder difference quotients occur. This
estimate leads to a maximum principle. The history of this latter
kind of estimate is also extensive, but maximum principles of greatest
generality seem to have been obtained by Agmon [1].

The present paper explores the possibility of obtaining a priori
pointwise estimates involving Holder difference quotients not with
respect to all, but only with respect to some of the independent
variables x;. With a few exceptions, the argument follows in basic
outline the argument in [2]. Also the notation of [2] is preserved
where possible. Throughout the paper n + 1 denotes the number of
independent variables, and ¢q of them (0 < ¢ < » + 1) are distinguished
from the others in that relevant functions are considered to be Holder
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continuous only in the distinguished variables.

The first step is the derivation of certain potential theoretic re-
sults in § 2. Results of this nature go back to Hilder, Petrini, Korn,
and Lichtenstein (see the survey in [5]). These are applied in §3 to
functions given by convolutions with a fundamental solution to an
elliptic operator as kernel, and in § 4 to solutions of the basic boundary
value problem with compact support when the operators have con-
stant coefficients and <7 is a half-space. These results are in the
form of sufficient conditions on the operator P(D) in order that P(D)u
may be estimated in terms of certain derivatives and “distinguished”
Holder difference quotients of Lu and Bju. Also a necessary con-
dition on P(D) for such estimates to hold is given. Let L and B,
denote the operators obtained from L and B; respectively by deleting
all differentiations with respect to distinguished variables, and % a
solution to the basic boundary-value problem with L and B; replaced
by L and ﬁj. As a corollary it is found (in the constant coefficient,
half-space case) that u and 4 differ by a function whose appropriate
derivatives have estimable Holder difference quotients in all variables.

In §§5 and 6 the results are extended to a class of problems
with variable coefficients and domains with curved boundaries by the
method [2, 3]. The distinguished variables are now certain local
curvilinear coordinates. When ¢ < % this method appears to be in-
applicable to the general class treated in [2, § 7]; in addition to the
assumptions made there, we must impose the requirement that co-
ordinate transformations exist which map small neighborhoods adjoin-
ing <7 into hemispheres and which transform L and B; into operators
L' and B such that, on the flat boundary of the hemisphere, f/(a;, D)
= Mx)Ly(D) and Bj(x, D) = ,Bj(w)ﬁjo(D) (the notation I/, B; is explained
above). In §6 the case ¢ = n is given special attention. It is shown
that essentially every result in the area of the usual Schauder esti-
mates (¢ = n + 1); i.e., every result in §§ 1-7 of [2], has its analog
with ¢ =n. In particular, existence and uniqueness occurs in the
classes of functions corresponding to ¢ = » exactly when it occurs
in the classes corresponding to ¢ =% + 1. In §§5 and 6 the coef-
ficients in the operators L and B; are assumed to be completely
Holder continuous.

The author expresses his gratitude to Professor L. Nirenberg
for his suggestions.

2. Potential theory. Let x be a point in n-space. We shall
distinguish its first ¢ (0 =< q¢ < n) from its last » — ¢ coordinates and
write = = (%, ), where % = (%, ---,%,) and Z = (%4, *++, %,). If
qg=n we write =%, and if ¢ =0,x=2%. The concern in this
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section will be with functions u(x, t) defined in the (» + 1)-dimensional
half-space t > 0 by a singular integral

@.1) u(a, &) = [K@ — v o)y .

In certain cases w may be extended to be a continuous function in
the closed half-space ¢ = 0; then we shall use the notation u(z, 0)
without further explanation. Our object is to exhibit conditions on
the kernel K under which certain boundedness and/or continuity
properties of % will be implied by similar properties of g.

Explicitly, we assume K(x;t) to be continuous except for x =1t
= 0, and that there is a constant C, such that

(2.2) DeK(x; t) > C(jx [P + t7)~wnoew (r=0,1)

where here and below D* denotes any fth order derivative. We
also assume that

(2.3a)

|, K@ 0dg| = Ca( g+ gy omem

y—space

ifl<g=n-—1,

(2.3b) [K(@#Z;t)| < Cit(|Z |* + ¢~ Wpet

if ¢=0, and

(2.3¢) | Kwna=c, for all 5 >0
yi>

if ¢ =n. In certain important cases the integral in (2.8a) will van-
ish; then we shall simply say that C, = 0.

Concerning ¢g(x) we assume that it is in L.., has compact support,
and is uniformly Holder continuous for some exponent a (0 < @ < 1)
with respect to the variables Z (in case ¢ > 0); i.e.,

3w |Z — & |
It will be convenient to use the norm

[9]¢ = truemax |g| + the above 1.u.b. for ¢ >0 ;
= truemax|g| for ¢ =0.

THEOREM 2.1. Under these assumptions the norm [u]l exists for
all t =0 and

(2.5) [u]e < Cilgls, 0=q¢g=mn,
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where C, depends only on C,, C,, n, q, and «.
If in addition C, =0, then u(x,t) is Holder continuous in all
variables meluding t, and

[u(@, ) — w(@, &) _ ‘
(2.6) Lu.b. oo FETt P [u]. = Cilgls .

This theorem, in the case ¢ = n, yields the results proven in [2,
§ 3] (under slightly different hypotheses on K). Its proof is trivial
in the case ¢ =0, so we assume q > 0. We shall employ the rep-
resentation

@7 we, t) = |dg| K@ — v; Do) — 9@, DA
+ |dao@, 0| K@ — v a7,

which is equivalent to (2.1). If ¢ == it is understood that the
symbols Sdg? and 7 are to be omitted where they occur. Let z =
(%, Z) and &’ = (&', 2') be any two points in x-space. Let 6 = |x — 2’|,
S the set of points ¥y with | —%'| < 20, |9 — %'| < 20, and E the
exterior of S. Then using (2.7) we write

wx, t) —u@,y=0L+ --- + I,

where
1= | K@ —v;9low) — 9@, D)ldy
I, = ~SSK(w’ —y; Olgl) — 9@; y)ldy ,

L= [K@ -0~ K& — 4 9lla@) — 9@, Dy ,

L= _S|@—§’1>28d9[g(%’ 9 — @, 'g)]SK(m, — y; t)dy ,
L=~ S‘;_Q,K%dg[g(ﬁ', v) — 9@, g)]gli—}bzaK(x, — ¥ 1)ay
1, = |aalo@, 9) — 0@, 9| Kz — v; Dy,

1, = {49 9@, D)|[K@ — v; ) — K@@' — ;0147

In case ¢ = n we set I, = 0 and disregard the integration with re-
spect to ¥ in I,_,.

Since | g(y) — 9@, 9| = [9]s |7 — 2 |* < [9]i |y — x|, it follows that
| I,| < const. [g]30%. Using (2.2) again we see by the usual argument
that I, and I, are subject to the same estimate. I, and I; may be
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estimated by (2.3a):
L1, 1 L] = Clghot|( 9 + #)¢7r0-dg < const. [g]:o”

To estimate I, we set » = |J — 2’| so that |K(z' — )| < Cr™", and
obtain, if ¢ < n, | I;| =< cont. [g]‘;B“S o r~"t-idy < const. [g]L0%. If

ly=2/1<28J 8
q =n we use (2.3¢) to obtain the ysame estimate.

The estimates obtained so far tell us that
(2.8) |u(e, t) — w(x', )| < const. [g]L |2 — o' |* + | L] .

Now I, will vanish provided that either (a) C, =0, or (b) z and z’
differ only in their first ¢ components; ie., x = (%, %), 2’ = (@, 2).
Condition (b) is sufficient because

[IK@ — 2 8) — K@ — ;)47 = (K@ — 7, & — 5 )47
_ §K(5c”—g,o?—g;t)dy:().

Now assume condition (b) to hold, so that the last term in (2.8)
does not appear. Taking the l.u.b. of the left side, (2.5) is proven
for the case 1 < ¢ < n. It is easily extended, however, to the case
q = 0 by using (2.1) and (2.3b).

To prove the second part of Theorem 2.1 we assume condition
(a); i.e., C, =0, so that again the last term in (2.8) disappears. The
only thing left to prove is Holder continuity with respect to ¢. Let
t, t" be two numbers such that 0 < ¢ < t’. Since the last integral in
(2.7) also vanishes we may write

u(w, 1) — (o, t) = |av](| K — v 92 o) — 9@, D1ag .

Again (2.2) tells us that this integral is absolutely convergent, so we
write it as

St ngt(x — ¥ Olgly) — 9@, Pldydr = L + 1,
where

Is = St,g . dydf ,
loe—yi<t/—t

t

and

IQ = S"g cee dyd'[ .
le—yi>t'—t
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Setting 0* = |o — y|* + 7%, we may estimate
2t/ —t
|1,] = const [gls|  07+dp = const [ghI#)* — t° + (¢ — t)°]
i
< const [g]¢ [t —t|*,
and
| I,| < const[g]s|t —¢ lgw r*edr < const [g]L |t —t|*.
t'—t
Combining these results with (2.8), (2.6) is easily obtained, completing
the proof of Theorem 2.1.

Since the above constants do not depend on t or ¢, this last
argument yield an immediate corollary:

COROLLARY 2.1: Let
0, t) = |43\ K@ — ; o) — 0@, 917,

the first term in (2.7). Then U may be ewtended as a completely
Holder-continuous function to the closed region t =0, in which it
satisfies the estimate (2.6).

3. Interior-type estimates. In using Theorem 2.1 to obtain Scha-
uder estimates the kernel K will be interpreted as a derivative of a
fundamental solution or of a Poisson kernel for an elliptic boundary
value problem. In this section we treat the case when K is a de-
rivative of a fundamental solution.

The following norms and pseudonorms will be employed extensive-
ly. They refer to functions defined in the half-space ¢ >0 (or on
the hyperplane t =0). The differentiability properties needed for
the quantities below to be well-defined will be obvious. These norms
and pseudonorms will correspond to those in [2, § 5]. Subscripts will
always denote the order of differentiation, and superscripts the in-
dependent variables with respect to which the Holder difference
quotients are to be taken.

]Dl¢(ﬁf7 ﬁy t) _ DZ@(%,y 557 t)l + l'u.b. lDlg)l ,

[¢]g+w = 1:9--?-

(3.12) FRrd
D'p#, &, t) — D¢, &, 1) |
t=1Lub. | 5 L) 4 b, | Dipl,
It Tonee (=P 4+ |Z— &P | D' |
where, as before, ¥ = (v, -+, x,). In particular

l . l ’
[Pl = Lub. | D g’(“" ?—— tf)lf’(x’ D ¢ 1luwb. | D],
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(3.1b) [Plt+e = Lu.b. | D' |,

and
[Pl = [Pl = [Plita

in the sense the latter is used in [2], for instance. Of course, in
all of these the l.u.b. is taken over all derivatives of order . Also
we define

l
|P|ite = 2 Lub. | Dip| + [@]ifs,
(8.1c) =0

! .
| P t4e = S Lub. | Dip| + [Plisa .

Corresponding to these norms we define #?,, as the class of
functions @ defined in the half-space ¢ > 0 with continuous and
bounded derivatives of order < [, and piecewise continous and bounded
derivatives of order ! which are uniformly Holder continuous in %.
The class % {f, has an analogous definition.

The symbol D* will denote any derivative of order ), at least
one of whose differentiations is with respect to a component of Z;
i.e., D* = (8/6x;)D ", where i < q.

REMARK: Let N be any integer = 1. Assume f(x) has absolutely
continuous derivatives of order » — 1, that ¢ > 0, and that [f]i.. %8
finite. Then every derivative Df is Holder continuous with respect
to all variables, and

3.2) [D*f1z = C@)[flsa s

where C depends only on «.

Proof. It is sufficient to consider the case x=1,9g=1,n = 2,
for the general case may be reduced to this case by freezing all but
two of the independent variables and replacing f in the proof by
some D*'f, By assumption, then % and # have single components;
call them « and y for simplicity, so that f = f(x,y). The absolute
continuity guarantees the identity

176w+ 0 = 2.6 e = [ TAe + b = filo, Mldy
to hold for all values of %, y, h, and k. It follows that
WA,y + 1) — £, 0] = | A + ) — A, W

1A v+ ) — Ao,y o+ RlaE
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x+h

|1 v — Silo vz
The first term on the right is bounded in absolute value by kA*[f]iis,
and each of the other two by

el @d8 = bl

Dividing through by hk* and setting o = h/k, we have the estimate

— 1 @—1 2 17
ey B = fla, ) (6 S [ Raof 0 4+ 32—07)
for all values of o. Taking the l.u.b. of the left over all #, ¥, and
k, and the g.l.b. of the right over g, we have [f.]2 < C(@)[f] ia-
As mentioned, this generalizes immediately to (3.2).
The following lemma will constitute an application of Theorem
2.1 to the case when K(x — y;0) is a fundamental solution of an
elliptic differential operator in the variables # with constant coef-
ficients, and containing only derivatives of order 2m. The constant
H will be defined as an upper bound for the ellipticity constant of
L, and for the coefficients of L. It is shown in [4] that a fundamental
solution I'(x) to L always exists having the property

(3.3) | D*I'(x) | < const | & [~ "~*(1 + |log|x]]),

the log term being omitted unless n# is even and 0 < k < 2m — n.

THEOREM 3.1. Assume 1 < q <mn. Let !l be any number = 2m,
and let f(x) have derivatives of order l-2m which are uniformly
Holder continuous with respect to . If 1 >2m we also assume
the derivatives of order 1 — 2m — 1 to be absolutely continuous, and
of 1 =2m, f(x) is to be integrable. (That derivatives D'™*"f are
wntegrable for 1 > 2m follows from the absolute continuity assump-

tion.) Also we assume f to have compact support. Then if

(3.4) o@) = I — v @iy ,
every derivative D exists and
(3.5) [Dw]z < const [£)i-snsa -
The constants here depend only on H,n, m,l, and «.
Proof. The case ¢ = n is a well-known result, so we take 0 <

g <n — 1. Differentiating equation (3.4) I — 1 times while integra-
ting by parts if necessary we have
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(3.62) Dty = Sf) o — ) D)y

Now let ' be a point, all except one of whose coordinates are the
same as those of z. We shall derive the following representation for
the corresponding difference quotient:

(3.6D) D-w(x) — D'~ o'
| — o |
e e )
|z — o' |
— D' (@, §)ldy .

Let «; be the component of & with respect to Whigh a differentiation
occurs in the operator D* ' in (3.6a), so that D' = (6/dx;)D*™*.
‘Then, since D, ['(x — y) = — D, (x — y),

| 1D 1@ = ) — D@ — v)ldy;
= —lim [D™['(z — y) — D™ *['(&’ — y)]

Y joroo

+ lim [D*™"(x — y) — D™ I"(&x' —y)] =0,

yjor—oo

as can be seen from the behavior of I” at infinity indicated in (3.3)
(using also the mean value theorem in the case » = 2). It follows
immediately that

D=v(x) — Do(a)
o —a|
_ Srdyg ﬁ2m—~11"(x . y) . ﬁ2m~1['(xl _ y)
e — o'
[D'=*"f(y) — D**"f (@, §)ldy; ,

‘where gdy signifies integration with respect to all variables except

y;. But this integral is absolutely convergent, as can be seen by
applying the mean value theorem to the difference quotient in the
integral, using (3.3), and recognizing that the integrations with re-
spect to components of ¥ may be considered as only over a finite
range (since f(y) has compact support); the order of integration is
therefore immaterial and (8.6b) is valid. Defining D’ as the deriva-
tive in the direction from 2 to 2’ and D®" = D’D*' we subtract
the absolutely convergent integral

gﬁmr(x, WD () — D"f (&, §)dy
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from each side of (3.6b), obtaining on the right an integral which is
bounded in absolute value by const.|x — &' |°[f)i-sm+e- This last
estimate is obtained by the usual process of splitting the region of
integration into the sphere |y — #| < 2|x — 2’| and its exterior, and
applying the mean value theorem in the latter region. Now letting
«' — x, this bound vanishes, and furthermore the left side of (3.6b)
approaches D'w(x). Hence

@7 D= [Dmre— D) — DG 9.

This integral is reminiscent of the first term on the right of (2.7);
and in fact we shall apply Corollary 2.1 directly in proving the theo-
rem. We identify K(x — y; 0) with D™['(x — y) and 9(y) with D~
f(¥); then according to Corollary 2.1, (3.5) will follow from (2.6) if
the hypotheses (2.2) and (2.8a) with ¢ = 0 are true. But (2.2) follows
from (3.3) and (2.3a) from our representation of K as a derivative.
Theorem 3.1 is thereby proved.

4. Boundary-type estimates. In this section L(D) will again be
an elliptic differential operator with constant coefficients containing
only terms of order 2m; but now it will be an operator in the n 41
variables «,, - -+, &,, t. Similarly, let B{(D)(j =1, ---, m) be operators
with constant coefficients and only terms of order m;. We assume
L and B; to satisfy the root condition and complementing condition
stated in [2, §1]. The concern here will be with the boundary-value
problem

L(D,, Dyu = f(, t) (t >0)

(4.1) B,(D)u — q)J(x) (t = 0, J = ly M) m) .

We initially assume all functions to be infinitely differentiable and
to have compact support; this restiction will be removed at the end
of the section (Theorem 4.6).

First we review some important results from [2] concerning rep-
resentations of the function wu(x,t). Let I be any integer with
l = max (2m, m;), and P(D) a differential operator, each term of which
is of degree [. Then

(4.2) P(D)u(z, t) = P(D)u(z, t)
+ 5 [PO)K Az — v; Olitw) — wwlay

where v(z, t) = gf(w — 4y, t — 1) fy(y, 0)dydr, I'(® — y,t — 7) is a funda-
mental solution for L, f, is a sufficiently smooth extension of f(x, )
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to the whole space such that fy has compact support, ;(x) =
B,(D)v(x, t)|,—, and K; are Poisson kernels given explicitly in [2].

Section 8 was concerned with estimating the first term on the
right of (4.2) in terms of properties of f. We shall now consider
the other terms and develop estimates for functions given by

4.3) wiz, ) = | K@ — v )9,y = v, t>0).
It is proved in [2] that

(4.4 [w]ie = Cloiliemyrw - \ (¢ = my)
(for the notation see (3.1)). Also it is proved in [2] that

(4.5) [P(D)w]s = Clpsli-mi

provided P(¢, 7) (obtained from P(D) by replacing 8/6x; by & and
8/ot by 7) is of the form

P(Ey 7'-) = éél—m"Bj(Er T) ’

where &5 gtands for any monomial of degree I — m; in the variables
&, alone.

(4.4) corresponds to the case ¢ = n; (4.5) to the case ¢ = 0. Our
primary aim in this section will be to supplement these estimates
by (1) extending them to intermediate values of ¢, 0 < g < m, and
(2) deriving, for ¢ < m, a necessary condition on P(&, 7) for such
estimates to hold.

First we shall review and develop certain properties of the
Poisson kernels. The kernels are given by

(4.6)  Kj(x; 1) = 47""K; (=, 1),

(e ) — b Ny, o) (@-& + tr)ms*e
;i@ ) b“Sm:lSv M+, 7)

(log ﬁ—é—;—*ﬁf— + cj,s)dt .

Here b, , and ¢;, are appropriate constants; M*(&, t) = [[i.(z — zi(€))
where 7{(£),k =1, -+, m are the m roots of L(£, 7) = 0 with positive
imaginary part (L(&, 7) is the polynomial obtained by replacing 8/ox;
by & and 9/6t by t in L(D,, D,)); the contour v surrounds the m
roots 7}(£) and lies entirely above the real axis; N;(&, 7) are poly-
nomials in = such that

Ni(é7 T)Bk(E’ T) -~ — 5.
@7 gy et de = b, .
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In (4.6) and elsewhere below, if n» =1 then S dw, is to be
1§1=1
understood as >%.—...

We shall state three lemmas concerning integrals such as ocecur
in (4.6).

LemMMA 4.1. Let F(&) be a function of the real vector & con-
tinuous on the sphere |E| =1. Let 7, be a complex constant with
Im 7,#+ 0, and k an integer = 1. Then

lg|e\=1F(E)(w'E + try) Mo | = C(|x | + )77,

C depending on t,, k, and max | F'|.
The proof of this lemma is given in Appendix 1 of [2]. This
same estimate will clearly hold if the integrand is replaced by

| Fe o)a-¢ + to)dr,

where v is a finite contour in the complex z-plane bounded away

from the real axis, and F'(¢, 7) is continuous for zev, |&| = 1.
LeMMA 4.2, If x=m; +s+ 1,

(4.8a) | D*K; .| < C(| o |* 4 t)mimyts=n

If D} is any derivative of order » = 0 in the variables x, then

(4.8b) | | DAB(D)K(x; t) | < Ct(| o |* + t)H»my—mi—n=2-0 |

If k+j, x=m; —m, + s, then

(4.8¢) | D}B.K; (%, t)| < Ct(| x| + t2)a/m mymers=a-v

In all these, C depends only on the ellipticity constant, bounds for
the coefficients in L and B;, the complementing condition constant,
and all integers mentioned.

Proof. These estimates follow from Lemma 4.1 and the properties
of N; and are given in [2] (egs. (2.13), (2.15)).

LEMMA 4.3. Let the first ¢ (0 < g < n — 1) coordinates of n-space
be distinguished as in § 2, and write x = (&, %), £ = ,&). Writing
L(g, 7) = L&, &, 7), let the polynomial L(E, 7) = I(0, &, 7), and simi-
larly Ei(é, 7) = B0, , 7). Let If,-,, be the Poisson kernels correspond-
ing to L and B; in (n — q + 1)-space. Let P(D) be a homogeneous
differential operator of order >m;+ s+ q and P the operator
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obtained from P by omitting all differentiations with respect to com-
ponents of T. Then

(4.9) . PDK, (@ 0)d% = P(DK;.(&1) .

This lemma is proved in Appendix A.

The following is an interesting consequence of Lemma 4.8 and
the results of §2. In this and the other theorems of this section,
C denotes a constant depending only on the quantities listed in Lemma
4.2,

THEOREM 4.1. Corresponding to the function w(x) given by (4.3)
define
K& — 9, )p:(&, 9)d7 ,

A
y—space

(w, t) = Ronpifa) = |

so that & appears only as a parameter in the function @;. Also de-
Jine W(x,t) = w — ®. Then if | = m;,

/\
(4.10) [Wlo < dAPiTion, i »

2N .
where the symbol [.],., s defined as is [.]},, except that the
quantity inside brackets is considered a function of % alone (and
dependence on % is ignored).

This means that w and @ differ by a function whose appropriate
derivatives have estimable Holder difference quotients with respect
to all n — ¢ + 1 variables Z,¢. Actually the proof will show that
-only those derivatives whose order with respect to components of %
is greater than [ — m; need be excluded.

Proof. Let D' be any derivative of order ! in the variables %
and t. We assume | — m; to be even; a similar proof goes through
for the odd case. Applying (4.6) and integrating by parts, as is done
in [2], we have

(411)  D'w = D'Epp; = DA eretim) K s famimig

From (4.8a) we know that (2.2) holds for the kernel D'g4%®rs—timp .
80 we may decompose the convolution into two terms as in (2.7):

Dw =1 + I,
where

I = SdﬁSD‘A‘””‘”“‘” "K; (@ — y; t)

4RI y(y) — AN (y) 53 ]dG
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and satisfies
[LL:* < ClPi]in, e

(according to Corollary 2.1); and

I, = (§~ Digumta-timp K qx)s U2 C-mp () [~ |

2—space
which, according to Lemma 4.3, is simply
DzAAu/z)(n+s—z+mﬁj{j's*dulz)(z—mygpj s=L+1I,,
where
I = Dijam (n+s-t+m;)j€j.8*julz)(z—m1)¢j(§, 7,
and
I, = DUjumers-ttny K, s Jume=nig (%, §) = D'Kqpi(E, §) = D'id(z, t) ,

the operators 4 and 4 denoting the Laplacian in # and # respec-
tively. Now (8.2) yields the estimate

(4.12) [40m0=m9p,(E, Pz < ClPili-mra »

hence the usual boundary estimates ([2], or Theorem 2.1 with ¢ = n)
indicate that

(4.13) Ll = ClPdnyra -

But since D*W = I, + I, (4.10) is proven.

We are now ready to develop the two principal theorems of this:
section. The complementing condition states that for every & + 0,
the m operators B,(&, 7) are, as polynomials in 7, linearly independent.
modulo M+(&, 7). It follows that every polynomial P(&, 7) admits a
decomposition of the form

(4.14) P, 7) = alg, DM, ) + i a(&)Byi&, ),

where a(§,7) is a polynomial in 7z, but a(£,7) and ai£) are not.
necessarily polynomials in &.

THEOREM 4.2. (Sufficient condition.) Let the polynomial P(E, T)
be normalized and homogeneous of degree | = max[m;]. Let q be in
the range 0 < q < n — 1.* If there exists a polynomial A &, ) and
polynomials ay; (&) (of degrees | — m;) such that

*¥ If ¢ =n we know from [2] that (4.16) holds for every p of degree [.
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@15)  P(0,4,7) = A ILO, & ) + 50u@)Bi0, &, 7) ,
then

(4.16) [PDW]L = C@T -, -

THEOREM 4.3. (Necessary condition.) Again let 0 <qg<n — 1.
A mecessary condition on P(£,7) (normalized and homogeneous of
degree 1) in order that the estimate (4.16) hold for all @; infinitely
differentiable and with compact support is that there exist a poly-
nomial A&, 7) and functions a,(8),1<j=<m, with au(—&) =
(=1)"™a,;(€) such that (4.15) holds.

The difference between the two conditions is that only in the
first case are the a,;(¢) assumed to be polynomials. The author is of
the opinion that the condition in Theorem 4.2 is necessary as well as
sufficient. Theorem 4.3 is proved in Appendix B.

Proof of Theorem 4.2. The case ¢ = 0 is essentially the above-
mentioned result (4.5) obtained in [2]. Therefore assume 1 =¢ =
n — 1. From (4.15) it follows that

Haﬂ=&@ﬂM&ﬂ+é%®&@ﬂ+Q@ﬂ,

where Q is a polynomial every term of which contains as factor
some component of &, We write

PDw= W, + W,,
where (using (4.3), (4.6)),
W, = A(D, D)L(D)K j*p; + a(D)B;Kp; ,
W, = (3 au(D)B; + QD)4 9K, ;.
{Here s is an integer of the same parity as » such that n + s + m;
—1>0.) Since LK; =0, we may write
W, = B;K;xa,;(D)p; .

Also, writing R = 3»; @:B; + Q, we follow the procedure in [2] and
write
W2 — R(D)A(l/Z)(n+s+mJ—l)Kj S*A(lm(l—m")(,z’j

if I — m; is even, and

W =73 R(D)_ﬂ_A(l/z)(n+s+m_,—-l—1)Kj,s* 0 AW E=my=Dg
k 0w, Y,
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if | —m; is odd. For simplicity we consider only the even case.
Theorem 2.1 may now be applied by identifying the u in it with W,
or W,, g with a,;®; or 44 ™dp, and K with B;K; or R4%?n+smi=0
K;,. Conditions (2.2) and (2.3a) must be verified. The first follows
from (4.8a), and for (2.3a) we use Lemma 4.3 and (4.8b):

[BiKdz | = | B.R;| = CH( & ]+ pyomimsen
also, using (4.8¢) and the fact that Q(0,%,7) =0,

|SRA(IN)(n+s+m;—l)Kde%’ — ’ R(O’ D’ Dt)d(llz)(n+s+mj—l)Kj’s ‘

é % ! aOi(_ﬁ)A’\(lﬂ)(n+s+mj—l)_§iI€j'S I = Ct(l 2 IZ + tz)(1/2)(—ﬂ+q—-l) )

This establishes Theorem 4.2.

COROLLARY 4.2. If D' is any derivative of order 1 imvolving
at least one differentiation with respect to a component of %, then

(4.17) [D'w]zt < ClP Y- tw -

Proof. The operator D' is a particular case of the type treated
in the theorem but in this case W, =0 and R(0, ﬁ, D,) =0, so that
in applying Theorem 2.1 we see that C, = 0 and the second statement.
in that theorem holds.

We shall now return to the system (4.1). Our object will be to
find operators Q(D) such that Q(D)u will be estimable in various
senses in terms of f and @;. Our first result is an immediate con-
sequence of Theorems 3.1 and 4.2. For these we shall think of ¢ as
the (n + 1)-st component of z,t = #,.,, and let [#]}, denote

[alr4 = Lub. | D'u(w) | + Lu.b. 'Dlul(zl) - fl‘au(wm ’

where the l.u.b.’s are taken over points %, x,, %, in the domain of
definition of u, and over derivatives D' which involve at least one
differentiation with respect to a component of Z.

THEOREM 4.4. Let the mormalized polynomial P(E, ) of degree
l = 2m satisfy (4.15) and u,f, and ¢; of compact support satisfy
(4.1). Then

(4.18) [P(Dju)e = CUFl-mia + X [Plinyra) -

Furthermore if | > max[m;] and q > 0, then
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(4.19) [@]7a = CUSNiamia + 2 [Pili-nyea) -
B J

Proof. We use representation (4.2). Theorem 3.1 yields
7170 = CLfl-amia s
and
[v]tve = CLf 1 amsa -

The latter is obtained directly for derivatives D'v containing at least
one differentiation with respect to a component z;,(1 <1 =<n) by
setting ¢ = n; but we may differentiate Lv = f | — 2m times with
respect to #,., and solve for &'v/0x.,, in terms of such, thus obtain-
ing the estimate in general.

Thus it follows that

["l/\f]ln—mJer é C[f]ln~2m+w
and
["’pj]ln——mj-kw .—<_: C[f]lll-—szrm (fOI‘ l > /n’Lj) .

The former, together with Theorem 4.2, yields (4.18). To derive
(4.19) we represent

DK jxp; = D™ KxDVmip; |

then apply Theorem 4.2 with ¢ = n to obtain (4.19).

THEOREM 4.5. All the interior and boundary-type estimates
proved so far (i.e., Theorems 3.1 and 4.-4.4) remain true when the
smoothmess requirements of the functions involved are relaxed to the
extent that they have only the differentiability anmd boundedness
properties implied in the statement of the corresponding estimate.
For example, (4.18) is true if only UE B e, fE€E E 1 omia, and
Pj € g‘ll—-mrkw-

Proof. The theorem follows from the fact that every function
P e Zl,, may be approximated by functions @, € %™ in such a way
that lim, , | ®;|%1s = | ?|{1s. The @, may, for example, be defined by
@(x) = j(x)xp(x), where j. is the Friedrichs mollifier, j.(z) = =", (2/¢),
Ji(x) being a function in %" with gjl(w)dw =1, and 7, =0 for
|| > 1. Then it is an easy consequence of the “smearing” action
of j. that |@. | =< |®[. Also it is seen that at every point x where
@ is continuous, @.(x) — @(x). Since for every 0 we can find such a
point of continuity « with |@(@)] > |®|— 4, it follows that
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lim, ,inf |®.|§ = |®[}. Combining the two inequalities, we have
lim, ., |®: | =|®5. But the same reasoning may be applied to de-
rivatives and difference quotients of @, since these processes commute
with the convolution. Hence

lsiirol | Pe lg+w = ‘ P H+w

as stated. Now in treating a typical Theorem such as 4.4, we first
continue w a short distance into the region ¢ < 0 as a function with
the same smoothness properties as it has for ¢ > 0, then define u, =
Jexu, fo = Lu., and ®;, = Bju,|,—,. Then the theorem is true for wu,,
o Pies but  [Pu.]l — [Pul, [fe]i2mia — [fTi-sm+ar and [@je]gmr{-w -
[2)-m j+ay S0 it is true as stated.

5. Variable coefficients. The foregoing results concerning equa-
tions with constant coefficients in a half-space permit the derivation
- of certain similar results for more general domains and variable coef-
ficients. The procedure we shall use is basically that in [2, §7];
however, the arguments here will be more involved, and in the case
q < n, the results are much less general.

Let & be a domain in (» + 1)-dimensional space with boundary
e , and consider the problem

L(x, Dyu = f () , ve,

(5.1) Bj(z, Dy = ¢,(x), ®we.

L(x, D) is assumed to be uniformly elliptic in & with ellipticity
constant FE, and to satisfy the root condition of [2]. Also the B;
are to satisfy the complementing condition of [2] with “determinant
constant” 4.

As before let ¢ be an integer, 0 < ¢ < %, and ! an integer with
! = max [2m, m;]; but now we permit the = sign in this latter in-
equality to hold only in the case m; < 2m for all j. Let t, = max
[1,7 — 2m] and g¢; = max[1,] — m;]. We assume the coefficients of
L and B; to belong to classes zl.(2) and %ﬁﬁm(g) respectively,

and to have |- [, and |- |7}, norms bounded by the constant H.
In addition to these assumptions on L and B;, we shall require
that coordinate tranformations may be introduced which, at least
locally, flatten out the boundary <7, and such that the operators L
and B; transform into operators of a special type. This special type
is that in which the coefficients of all derivatives of order 2m in L
and those of order m; in B;, which involve only differentiations with
respect to “undistinguished” variables, be constant on the new flat
boundary. As will be shown in § 6, this assumption involves no loss
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of generality when ¢ = n (this is the case when there is one ‘“undis-
tinguished” direction, and it is normal to T ). However for ¢ <n
it limits substantially the generality of the results. There is one
exception however: the case when m =1,B,=1,¢ =0, and ® =1 or
2. In this case such transformations as required above are always
possible; however in this case the same a priori estimates may be
obtained much more easily by use of the known maximum principle
for second order elliptic equations.

Theorem 5.1 treats the case when the domain <7 is the half-
space %,., >0, and L and B; are of the special type. Theorem 5.4
indicates the same results to hold if L and B; may be transformed
locally to operators of the special type, <7 at the same time being
flattened locally. Theorem 5.2 treats the case when L and B; are
of special type throughout <r; then the full Holder continuity of f
is no longer required.

Constants appearing in this and the following section which
depend only on E, 4, H, m, m;, «, and | will all be denoted by the
letter C. Whenever an operator appears with a tilde (~) over it, it is
to be understood that every term of the operator involves at least
one differentiation with respect to a component of ¥ or in a “dis-
tinguished direction.”. Symbols such as | - |2?", where <, is a sub-
domain of &7, simply mean the same as |- |%., except that the func-
tion in brackets is considered to have only <7, as its domain of defi-
nition. We shall also use the symbol | % |}/, as defined on page 526.
An operator Q(x, D) with variable coefficients is said to be normalized
if the Lu.b. of all its coefficients for all # in its domain of definition
is one.

THEOREM 5.1. Let L(x, D) and Bj(x, D) satisfy the above condi-
ttons, and in addition assume L and B; to be of the forms

(5.2) L(x, D) = L(D) + L(x, D) + Ly(%, D) + lower order terms ,
(5.83) Byw, D) = B;(D) + Bj(x, D) + lower order terms '

where L, and Bj;, have constant coefficients, and L, has coefficients
which vamish for ©,., = 0. Let w(x), f(x), and @,(x) satisfy (5.1) in
the half-space x,., > 0, and have smoothness and boundedness prop-
erties which will guarantee the norms in (5.5) and in the proof of
the theorem to ewist. Let P(x, D) be any homogeneous normalized
operator of degree | with coefficients in &7, whose | - |}ii norms are

! Terms of the form R(z, D)B;(x, 0) (¢ # 7), R an operator of degree m; — m;, would
also be permissible in the expression for Bj; but if they are present we may replace
B; by Bj— RB; and ¢; by ¢; — R(x, D)p;, obtaining an equivalent boundary-value
problem in which they no longer appear.
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bounded by H, and which may be represented in the form
(5.4) P(w, D) = A(x, D)L(D) + X a,(z, D)B;(D) + P(x, D) + Pz, D) .

where P, vanishes for x,., =0, ond the a; involve no differenti-
ations with respect to %,,,. Then

(6.58) | P@ Doult < O{1f e + 35195 llonyra + 101}

G50) WIS Ol e + 35195 fomgra + [0}

Proof. The proof will employ the following two lemmas, the
first of which is contained in the results of [2].

LEMMA 5.1. Let we & e, f€EE  nia Pi€E g‘}_m] be solutions
to (6.1) in an arbitrary domain < with smooth enough boundary.
Then

(5.6) [l = CUF [Hmia + 211 Piliem; + K2

Proof. If | > max [2m, m;] this follows directly from [2, Theorem
7.3]: there &7 is identified with <, [ is rep]aced by I — 1, and the
inequalities | £[ 4 1ra = | £ [P inrre a0d |9, 11718000 < | 95112, are em-
ployed. The other possibility is that max [m;] < 2m and I = 2m. Let
S, and S, be concentric balls with radii 1 and 2 respectively, and center
in &. Let a be some number such that the hyperplane %, = a in-
tersects S,. Define Fi(x) = Szlf &, 2, -+, ®,.,)d& (We may need to ex-
tend f outside <z for this to be defined), and F; =0 for 8 > 1. Then
Theorem 9.3 of [2] is applicable: set p =2m — 1 and & = S,. The
conclusion of that theorem is:

|’LL |ln+11+51 = C{Z | FB |Z+1'S2 + Z |¢i ;ﬁil—mﬁ“ + |u |g} B

But | F, |zt < 4| f|»™ and Fs = 0,8 >1, so (5.6) holds in this case
also if a superscript S, is adjoined to the norm on the left. But it
does not appear on the right and its center is arbitrary, so (5.6) is
valid as written.

LEMMA 5.2. Consider again the case when the domain < is
the halfspace x,., > 0. Let b(x) be a function imn & ri. such that
b(x) =0 for z,., =0, and |b|}2 < H. Then for every derivative of
order 1,

(5.7) b@) D" [ = Gl [imsa + 2| @[y + 0]}
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Proof. Let v — b(x)u. Then
L(x, Dyv = bf +0§k§%n_lck(x)D"u = F(x),
B0 lyyue0 = 5 (0D U 0 = 0,3
It follows from Lemma 5.1 that
[ Fli%nsa = CUF 1 Sne + 20195 1y + 2[5}
and
95 limyia = CUSIn + S Ps 1oy + 0[5}
Hence from the main boundary estimate of [2] (Theorem 7.3),
[v]tia = C{f [i25mea + 2P limy Ul + [0}
But since for every derivative D' we have
bD'u = D'v + lower order terms

and since the lower order terms may be estimated by (5.6), and also
since |v|} = Clul}, (5.7) follows.

Now to proceed with the proof of Theorem 5.1, let &, be the
class of homogeneous operators of degree ! which have a representa-
tion of the form (5.4), and whose coefficients

(1) are in 2™ and have |- |;*' norms bounded by H; and

(2) have first derivatives with respect to «,,, in &% with norms
| - |=+* bounded by H. Let & be the subclass consisting of those
operators in &, with coefficients in 27/, whose |- |} norms are
bounded by H. Let 6 be a fixed number, 0 < § <1, which will be
defined later. We define the number M as

M = 46— lub | Q(z, D)u |3 + lub | Q(x, Dyw |2 + [@]r2
&o &

with the lub’s taken over all operators Q(x, D)c &, and & respec-
tively. Then from the definition of | - |% there is a point y and an
operator Q(x, D)€ &, or in &, or a derivative D', such that one of
the following four quantities is > §M:

U, =40 Qy, Dyw(y)| ,
U, = | Q(z, Dyu(z) — Q(y, D)u(y) |
(5.8) |2 —7"
U, = | Du(y) |,
U, = | D'u(z) — D'u(y) |
lz—y|”

(for some z with 2 = %),

(for some z),
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with -U, and U, missing if ¢ = 0. We shall carry out the proof first
under the assumption that U, > {M. The proof for other cases will
then require only slight additional arguments. Therefore we assume
¢>0,Qe®, and U,>tM. It may be assumed that [z —y| =
since if not, the quotient U, will be < 20=%|Qu |}, and there will be
a point %’ such that

U; = 46| QW', Dyu(y) | > 25-*|Qufy > U, > 4 M.

The argument thus reduces to the case when the first of the four
quantities in (5.8) is > $M, which case is treated separately.

Let {(t) be a & .. function of a single variable such that {(t) =1
for |t] <1 and {(t) =0 for || > 2. Define

(56.9a) w(x) = C<w—g%>u(x)

if both ¥ any 2z are further than 25 from <& ; i.e., both % and 2 have
(n + 1)-st component = 20; and

(5.9b) w(x) = c(ﬁ%ﬂ)u(x)

if either y or z is nearer than 20 from <r; here y, is the projection

of y onto =7, so that if ¥ = (y,+++ Yurr), Ys= (W, ***, Yu 0).

Let us assume the latter alternative (5.9b) to be the case; the
proof for the former is similar. First, on the basis of (5.4), also
considering (5.2) and (5.3), we may express Q(y, D) as

(5.10) Q(y, D) = Q\(y, D) + Q(y, D),
where @, vanishes for ¥ on < and

@, D) = Ay, D)Ly, D) + 3. a,(y, D)Bi(ys D) + Qyy, D),

where L’ and B] are those parts of L and B; consisting of highest
order terms only. Let us decompose the quotient U, as follows:

(5.11) -51;—M< |Q(, D)u(lzg—— Cg(ly, D@ < p gy
Z—17
where
7, = | 9E D) = 9@, D) u@)| ,
|z -7l
T2 — Ql(y! D)u(z) _ Ql(yy D)u(y) I ,
|Z -7
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T, = 19:y, Du(z) — Quly, D)) | |
|2 —g

OWing to the smoothness of the coefficients of @ and to the definiton
of &, we have

(6.12) T, < Co*lub| Q(x, Dyu(x)|s = CoM .
ee&

Theorem 4.4 (4.18), with Theorem 4.5 may be invoked to estimate
T,. In view of the definition of @, that theorem tells us the follow-
ing (where we have used u(y) = w(y), w(z) = w(z); notice also that
condition (4.15) “neutralizes” @,):

(5.13) T, = | Qu(y, D)w(]zz - @1{% Dyw(y) |
=Y
= C{[L' (Y5, D)yw(@)]i-am+a + ZJL [Bi(Ys, D)w]i-m+a} -
(ys, of course, is to be considered a constant when the norms on the
right are computed.) To further estimate the terms on the right,

we introduce the symbol S; to denote the sphere of radius 66 about
yg. First, for any derivative D",

(5.14) D*="L{(ys Dyw = D" L'(ys, Dyu + X 7@ D)D" u .

From (5.1), (5.2),

(5.15) D}*™L'(yz, Dyu(x) = D**"L(x, Dyu(x) + DI*™(L(ys, D)
— L(x, D))u(x) — D**"L,(x, Dyu(x) + l.o.t.
= D" f(x) + Q*(x, D)u — L(x, D)D" u(x)
+ Lo.t.,

where
Q*(z, D) = (L(ys, D) — L(x, D)D" .
Also
(6.16)  [ED""f(@)]; = [fi-emsa + 07°Lf 12w = COLSTi2mta -

Now since the coefficients of I are in &}, Q* is a combination of
derivatives of the form D' with coefficients bounded in |- |»*' norm
by 6Ho, for x€S;. Since also |{[|2** < C6~*, we have

[Q*(z, Dyul; = COLE]}, o + 0*~[a]) .
By a standard calculus lemma (see for example [2, §5]),

[l < el@]lia + Cle) |u s
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for arbitrarily small e. Choosing ¢ = 6%, we have

(5.17) [£Q*u]: < COM + C(O) |ul; .

Lemma 5.1 easily yields

(5.18)  [(-(lower order terms)|: = C{| fli-on + 2| @5 fi-m, + |uli} .
For the same reasons

@)D D W)z = CORIS fi-mjra 221 P i-amra + []3} -

Combining this result with (5.14-18), we find
[L' (Y5, DYw]} smia = COM + CON| fli-smia + 2| Pil1-m, + 0[5}
+ [(Ly(%, D)D" ul; .

In exactly the same way one obtains

B!y DYl i < COM + CONI S fm + 5195 icmyra + |9}
Combining these results with (5.138), (5.12), and (5.11), we have
(5.19) M= COM + CONIfamia + 2| @i llom,ia + [0 3}

+ [(L(%, D)D" ul; + Ty,

with C, independent of &. The last two terms may be estimated
with the use of Lemma 5.2. We shall illustrate the method by
estimating 7,. By hypothesis the coefficients of @, are in &7l and
vanish for z,., = 0; hence we may take out a factor x,,, from each
and have left a function in &2+, More specifically, define b(x,.,) to
be an infinitely differentiable function with |b[}, < H assuming the

values

b, ) — |7 O0=2,,=12),
S | 1=2,.).

Then b may be factored out, and we have
Q2(x9 D) = b(wn+1)Q4(ws D)

where the coefficients of @, are in 2™ with |- |2 norms bounded
by H. Since b satisfies the hypotheses of Lemma 5.2,

| b(2,1)Qu(y, Dyw() 2" = C{ f[1Zinsa + X1 @i l1-m, + w3} .
But since z,,, = ¥,.,, we may write

(5.20) T, = | b(Y,1)Qu(Y, D)u(z) — b(Y,:)Quy, D)u(y) |
|2 =g
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_ 16(20:11)Quy, D)u(2) — b(y,:1)Qu(y, D)u(y) |

|z —7
= 1 0(®,)Quy, Dyu(@) 27 = CUS[Homsa + 2 @5 lm, + 1% li] .

The same estimate holds for the next to last term in (5.19), so that
in all,

(6.21) M= COM + CONI S mia + 21 Ps l1-myra + [}

If any one of the other three quantities U, U,, or U, in (5.8) is
assumed to be > M, then an inequality similar to (5.21) with other
constants C,, C,, C,, all independent of §, may be derived, In the
case U, > iM, then we define w again according to (5.9) (forgetting
about z). T, will be missing from (5.11) and 7, and T; are no longer
quotients, but rather 40—*|Q.(y, D)u(y)| and 40| Q,(y, D)u(y)| re-
spectively. Theorem 4.5 again yields (5.13) except for an extra
factor 0-® on the right. Repeating the argument from this point
on, we obtain (5.21) with C,0M replaced by C,0*~*M. U, and U, may
be treated in similar manners.

Now the definition of ¢ is clear:

(5.22) 0 = min [(2C))*~2, (2C,)7, 2C5), (2C)™],

so that C0'* <1/2, and C;0 <1/2 (t =2, 3,4). Putting all terms in
M on the left, (5.21) now implies (5.5a). Also since |% |72 = | % |} e
@i < M+ | %14, and since the last term here may be estimated
with Lemma 5.1, (5.5b) is deduced and the theorem proved.

The condition (5.2) imposed on L is really only a condition on L
at the boundary z,.,; consequently the full Holder-continuity of f is
needed for the estimate (5.5). The following theorem will only utilize
f’s Holder continuity with respect to Z; but as a price for it a con-
dition on L analogous to (5.2) is imposed throughout the domain; and
also the class of operators which are estimable is reduced.

THEOREM 5.2. Let L, B;, u, f, and @; satisfy the hypotheses of
Theorem 5.1, except that f is required merely to be in ZF! sp-u, and
L(z, D) is of the form

(5.23)  L(x, D) = L(D) + L(x, D) + lower order terms.
Then
(5.24) [ |te = CUlf liamsa + 20 [ Pillomyra + [0}

Proof. The proof is the same in outline as that of Theorem 5.1;
the following are the only differences. The pseudonorm [#];f. takes
the place of M, so that U, and U, are missing from the list in (5.8).



536 PAUL FIFE

Taking the case U, = 1/8[#]}, Theorem 4.4 (4.18) is again invoked
to yield (5.22). Again this takes the place of (5.13) and the argument
is the same, except that the superscripts » in (5.16-19) are to be

replaced by ¢, and last two terms in (5.19) are now missing. This
proves the theorem.

Theorems 5.1 and 5.2 were based on the assumption that & is,
or may be mapped onto, a half-space in such a manner that the
transformed operators L and B; satisfy certain properties. The fol-
lowing theorem serves to indicate that such a transformation property
of &r, L, and B; need only be local; i.e., we assume only that every
point in & near the boundary has a neighborhood which may be
mapped onto a hemisphere, L and B; being transformed under this
mapping in the desired manner.

Specifically, we assume that some portion I”; of the boundary i
(it may happen that I, = :/'7) is covered by a network of ¢ families
of “distinguished curves,” each of class =7/, with no two curves
of the same family intersecting each other, and no two curves from
any two families tangent at any point. Then there will be ¢ curves,
one from each family, passing through each point in I,. It is
along these curves that we shall assume certain functions to be Holder
continuous. If I", # .9., we speak of another portion I, with I, U ", =
<, and I', overlapping I', so that the boundaries I, and I', are
bounded away from each other by some number d, >0. We also
assume these ¢ families may be extended in some manner to cover a
subdomain <7, adjacent to I';, <7, having the properties that QZQ n
< =T, every point of <7, is nearer than 2d, to I',, and every point
of &r-<r, is further than d, from I';-T,.

Our smoothness assumptions on < will be very much the same
as those made in [2, Theorem 7.3]. First of all, we assume I, to be
of class & 7. and to satisfy the other requirements which are imposed
in Theorem 7.8 of [2] on the boundary portion I” spoken of there.
Next, concerning [/, and <r,, we suppose there is some number
d < d, such that evey point ye &, has a neighborhood N, whose
boundary contains a portion of 7", and which may be mapped by a
one-to-one i, mapping .7, onto the hemisphere 57 (|Z] =1, %,
> 0) of radius 1 and center at origin in (» + 1)-dimensional Z-space
in such a manner that the following conditions are fulfilled:

(1) The image of y is closer than 1/3 to the origin.

2 N,n < is mapped onto the flat portion 92.’0 of the boundary
of 5#. Also, denoting the image of N, N &, by 5#,, the distin-
guished curves in N, N &, are to be mapped onto line segments in
57, which are parallel to the first ¢ coordinate axes. In accordance
with our usual practice, the first ¢ coordinates of a point Z in 57,
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will be grouped together in Z, and the others in % (these will not
be defined outside 97,,).

(8) L and B; are transformed into new operators L, and B;,
with the same smoothness, ellipticity, and complementing conditions
as the original ones. We assume the same constant H will serve for
the transformed operators independently of .

(4) The transformed operators L, and B;, may be expressed, in
57, in the form:

(5.25) L&, D) = \,(®)Lo(D) + L&, D) + L.,(%, D)
+ lower order terms ,

where D denotes differentiation with respect to the Z, L, is an
operator with constant coefficients, I:l,, vanishes on ;7/6 (i.e.,forz,,,=0);
and for e 5%, each term of L, involves a differentiation with
respect to a component of T (this with be true of all operators below
with a “~"). Also for %,,, =0,

(5.26) B;(&, D) = B,(®)Bin(D) + B;,(z, D) + Lo.t.

Note that the ellipticity and complementing conditions guarantee )\,
and B, to be bounded away from zero by a constant depending on H.

Referring back to the original coordinate system, let & be the
class of operators P(x, D) defined in < with coefficients in &1},

whose | - |2 norms are bounded by H, with the property that when
subjected to any transformation .7,, P assumes the form

(5.27) P&, D)= A&, D)Lo(D) + Sa,(&, D)B;,(D) + P, D) + P,,(7, D),

where P, and P,, have the same properties as L, and L,. Let &
be the subset of & consisting of those P which assume the form

(5.28) P,%, D) = P&, D)

with each transformation .77,. Of course for points z in <&-o,
there are no distinguished directions and consequently there is no
condition (except smoothness) imposed on P(x, D) there.

The symbol [y(2)]2.Z: will be used below to denote

(5:29) (112 = lub| D(w) | + lub LD = D@ |

| % — @,y |®
where the first lub is over all points ¢ € &, and derivatives of order
l; the second, over all derivatives D' and points z,, 2,€ <7, such that
whenever x,€ N, , the images #, and ¥, have the same components z
(i.e., x;, and %, may be joined by a curve pieced together from portions

of distinguished curves). A similar meaning is attached to | |9:2:
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and [ [{,4"

THEOREM 5.8. Let L, B;, and < satisfy the above conditions.
Let w,f, and @; satisfy (5.1) and have the differentiability prop-
erties tmplied below. Then if P(x, D)e &,

(5.31) | P(x, Du|v? < C{| f|ttnia + Z1o; 1158 + 3| @, |ty
+ | wl} .

Furthermore, if Pe @ , then
(6.32) [Puls = C{flthmia + T 1050 + 2o, [ty + (1wl

Proof. We first define a third class %, consisting of all oper-
ators P(x, D) with the same properties a those in &, except that
the coefficients need not be differentiable in any tangential direction.
Nevertheless, they are to be in z2**. In other words, when subjected
to any .7 ,, the coefficients are to be in Z*** and to have Holder
continuous derivatives with respect to Z,,,. The corresponding norms
are to be bounded by H. Let 6 be a number to be defined later,
and define

(5.33) M = 46~=lub| P(z, D)u |3 + lub | P(z, Dy [¥“" + lub | Pu 2+ .
&, g 2

Then there is a point ye€ &7 and an operator Q(x, D)e & (or &,) or
an operator Q(x, D)e & such that one of the following four quan-
tities is > 1M:

(5.34) U, = 46| Q(y, Dyu(y) |,
U, = 19 Dyu(z) — Qy, Dyu(y)|
[z —yl*

(for some ze &7, with z =¥ for every transformation .7~ )

U, = | Q, Dyu(w) | ,
u, = 18 Du(z) — Ay, Dyu(y) |

" (for some ze¢ &) .
|z —y|

If y¢ &, U, and U, are missing from the list, and if ¢ = 0, U, and
U, are missing.

First we assume ¢ > 0,ye &, Qe &, and U, > M. It may be
assumed that ze€ N, and that |z —y| < (see the proof to Theorem 5.1).
Subject the coordinates to the transformation .77,. Then |Z — 7| <
0" = (1/k¥)0, where x is the minimum expansion coefficient for the
transformations .7,. We assume ¢ to be small enough so that ¢’ <
4. Define
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(5.352) w(F) = c( )u(x),
if both 7 and Z are further than 20’ from .57, and
, 7Y — T —Ys 7
(5.35b) w(F) c( = )u(x)

if not (here 7, is the projection of 7 onto S#,). Since |7| < 4 and
|y —z| =% it follows that w always has support in _22.

We assume alternative (5.35b) as the proof for the other is similar.
It is seen from (5.25), (5.27) that after transformation the operator
¢ may be written as

(5.36) Q@, D) = @@, D) + Q(#, D),

‘where

(7, D) = A((y' f’ Ly D) + 3 J(?? l;) B\, D) + Qy@, D),

‘where L, and Bj, are those parts of L, and B;, consisting of high-
est order terms only, and @, vanishes for %,., = 0. Then

(5.37) tM=T,+T.+ T;,

-where

_ 1(Qz, D) — Q@, D)u(z) L

|z -y
RZIQ@DM@~Q@DME
lz — ¥ '
T — |9, Dyw(z) — Q(y, Dyu(@) |
|z -y

"The smoothness of the coefficients of operators in & tells us
(5.38) T,=CM.
Theorem 4.4 (4.18), with the aid of (5.36), may be applied to yield

(.39) T, = 1@ D)w) — Q7 Dyw(@)]
1z —yl*
= C{[L)(Fa) DYW]}—smsa + Z [B; (75, DYW)i— 10} -

Let S;; be the sphere of radius 6’ about ¥ so the support of w is
in S;. As in (5.14), we have

DL (45, Dyw = {D**"L(¥5, Dyu + ka(x)(D"C)D’ u ,
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and from (5.25),

DL Li(#s, DYw(®) = N(#2)(\y(®)) DL L,(&, Dyu + Qx(x, Dyu(z)
(5.40) + M7 ) M(@)) L1y, D)D" u(T)
+ lower order terms ,

where
@*@, Dyu = {L,(@s, D)D" — \(22)M@) "L, (®, D)D'*"}u .

Since L,(%, Dyu = f(&) and \, is estimable from above and below in
terms of H, the first term on the right in (5.40) makes a contribution
to DL (¥,, D)w which is estimable in [-]z norm by C(©)|f|’smse
(as in (5.16)). Now Q*(&, D) is clearly the image under .7, of an
operator in &, and furthermore this operator has coefficients bounded
in |-]2™ norm by Co6 for some C depending only on H. Therefore, as
in (5.17),

[£Q*@, Dyw(@)]z** < COM + CO) | u ).
Thus by continuing the reasoning we obtain

(5.41) |Ly(¥a D)w]?—2m+w = CoM + CON| fIi-smea + 2| P; ?—mj + 3}
+ [T N(@)) " Ly, D)D" u]s .

In the same manner we obtain

(5.42) [BLy@a DYWli_n,cu < COM + CONIF[Lan + 3 | 2:(@) 1120,
+lulg .

In this latter we use the fact that
| PA@) 11 %00 < CU@s 11055 + | @5 11002

then combine (5.41) and (5.42), estimate 7, and the last term im
(5.41) by Lemma 5.2, define ¢ to be small enough so that all terms.
involving M may be transposed to the left side of the inequality,
and (5.81) is proved for this case. A similar proof goes through if
the other alternative in (5.85) holds or if U, U, or U, is >%M and
ye <, Finally, if y¢ &7,, the boundary estimates of Agmon, Douglis,.
and Nirenberg [2, Theorem 7.3] may be applied directly to estimate
U, and U, in terms of |f|}*1722 and X |®; | n ffa,. This completes the
proof.

6. The case ¢ = n. In this section we shall see that Ssomewhat
more concerning equations with variable coefficients may be said when
q = n than when ¢ < n. In fact, most of the properties of solutions
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of elliptic boundary value problems which are true under complete
Holder-continuity assumptions (¢ = 7 + 1) of the functions involved
are also true (or analogs of them are true) under assumptions cor-
responding to the case ¢ =mn. Assuming ¢ =n we shall be able (1)
to demonstrate improved versions of Theorems 5.1 and 5.3, and (2)
to prove an existence theorem concerning problem (5.1).

First we consider the problem when < is the half-space z,,, > 0.
‘The assumption ¢ = n means that all functions concerned are Holder
continuous in all directions except possibly that of the x,,,-axis.

THEOREM 6.1. Let L and B; satisfy the ellipticity, complement-
ing, and smoothmess conditions stated as hypotheses to Theorem 5.1.
If w(@) € Elia [(X) € Elosmiar Pi(®) € Elmyrar Sabisfy (5.1) for x,., >
0, then

6.1)  Jullae + 7[5+ = Clf [feomsa + 2195 [omyra + 0}

Proof. We shall first show that without any further hypotheses,
L and B; may be put into the form (5.2), (5.3), and that the corre-
sponding set & includes all derivatives D?. Then an estimate of
the form (6.1), with, however, |f|/*i.ie replacing |f|7 ..., on the
right, clearly follows immediately from (5.5). With no loss of gener-
ality we may assume the coefficient of *™/6x%™, in L(x, D) to be identi-
cally 1. Then setting L(D) = 6*/ox¥:, and L, = 0, (5.2) is obtained.
Since the complementing condition assures us that in each B; there
is a derivative 9™i/0x,{, with non-vanishing coefficient, we do the
same thing here (B;, = 0™i[0x,i,). Also every derivative D? is trivially
of the form (5.4) with, in fact, P, =0 and a; = 0, so is contained
in &.

Lastly we must show that (6.1) is correct as it stands, rather
than with |f|/3.+. on the right. To do this we refer to the proof
of Theorem 5.1, in particular to (5.19). At that stage the proper
superseript n appears on the right, but it is changed to n + 1 when
the last two terms are estimated (by means of Lemma 5.2). In the
present case, however, these last two terms are absent (we have
mentioned that L, = 0, and T, is absent because @, = 0 in (5.10)), so
that the superscript n remains, and (6.1) is valid.

We now pass to the analog of Theorem 5.3. In that theorem
q families of distinguished curves were assumed to cover <, a
portion of <. It will be more convenient in the present case to
speak of a one-parameter family of n-dimensional hypersurfaces cover-
ing <7,, the boundary portion I', = <7, N <7 being one of this family.
This amounts to the same thing, and the proof is unchanged; moreover
this permits the inclusion of the important case when I', = < but
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<7 may not be covered with an n-parameter family of curves with
the required regularity properties holding everywhere (for example,
when & is a sphere in 3-space). Along with this change in point
of view, assumption (2) preceding Theorem 5.3 should be changed to
require that these n-dimensional hypersurfaces be mapped onto hyper-
planes Z,,, = const. We shall discard hypothesis (4) altogether.
Lastly we define a new domain <, with the properties that <, U
D= D, T, N T = I, tI'=<,I'h=0and o, is an interior
domain.

THEOREM 6.2. Let &, &, &, L, and B; satisfy the hypotheses
of Theorem 5.3, with the above modifications, and excluding (5.25),
(5.26). Then if w(x), f(x), p; satisfy (5.1) and have the required
smoothness properties,

62) [T+ lul? = U2 1712+ 21912 e + ) -

Proof. Since q =n, any operators L and B; automatically sat-
isfy (5.25) and (5.26); and in fact with L,, = 0. Also clearly any
derivative D' is in &, and any such directional derivative involving
a differentiation in a direction tangent to a distinguished hypersurface
is in &. Hence (6.2) would immediately follow from Theorem 5.3 if
the first two terms on the right were replaced by |f|/*i.4+s. But as
in Theorem 6.1, the fact that L,, = 0 and that P,, is not needed in
(5.27) results in our not having to require D'~*"f to be Holder con-
tinuous in the one undistinguished direction, for points in < -<,.
This completes the proof. This theorem is analogous to Theorem 7.3
of [2].

The domain <7, was introduced not only for greater generality,
but also because in general such a domain would be needed for
topological reasons; it is not always possible to cover the entire domain
<7 with a regular family of hypersurfaces, one of which is <. It
is therefore important that such a covering be resticted to <,.
However the theorem may be improved to the extent that f still
need not be fully Holder continuous in <7, If there is a second
family of distinguished hypersurfaces covering <7, in a regular man-
ner, and not necessarily fitting in with the first family in <, N &,
then the second term on the right of (6.2) may be replaced by
| f l}”_%,,i,,, which is of course to be understood as defined with re-
ference to the second family. The proof offers no difficulties but we
shall not give it.

Our final task will be to prove that a solution to the basic prob-
lem (5.1) may be expected to exist under the smoothness hypotheses
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corresponding to ¢ = m, provided one exists under the stronger hy-
potheses corresponding to ¢ = n + 1. But first we consider questions
of uniqueness. It is clear from the remark on page 517 that if
feE () (and ;€ & ?_mﬁw(g )) then any solution u € &7, (=)
N &A=, to (5.1) is in &i(=). For any lth order directional
derivative D'u written in terms of local coordinate system, which
involves a differentiation in a distinguished direction is completely
Holder continuous; but then the only derivative D' not involving
such a direction is also completely Holder continuous, for it may be
expressed by means of the differential equation in terms of f and
derivative D'. Hence under the hypotheses of Theorem 6.2, if problem
(5.1) has at most one solution in (<) for every f€ & mnia( D),
then it has at most one solution ue &7, (=, N <, for every
SEE T smia N E 1 i3mia ).

THEOREM 6.3. If uniqueness holds in problem (5.1) with q¢ = n,
then the term |u |y may be omitted from (6.2).

Proof. If this were not true, there would be a sequence u”> of
functions in 7, (=Z,) N €1(=,) with | Lw Z‘f;m%ﬁ, | Lu [;‘_f,}w, and
| Bjw* |12 s+ bounded, but [« |; and |@ [}f; or [u ];”+'?1—>00. Define the
new sequence %’ = u’/|u’|;. Then

—y —y | D —y |n y
L [t 50 + | L 2002 + S| B 12— 0,

but |%* |3 = 1, and according to (6.2), |#’ |~ and |@”[*Z are bounded.
From this last fact we know the derivatives of the form D'’ to be
equicontinuous, and there is a subsequence @* — # with D'i* — D',
and D' — D, » =1 — 1, all these convergence processes being
uniform. Write L in terms of local coordinates Z; where % =
@y +++,%,). Then if a(x) is the coefficient of 8/6z%", in this ex-
pression, we have 8'*/0x.., = 3 (coeffs.) D'u* + lower order terms +
(a(x)) (@ */ox.2™)Lu*. Since the last term approaches 0 as k — o,
0'u*/ox,., converges uniformly to a function, which will therefore be
o'ufox .., and # will satisfy

L =0in &,
B;# =0 on .
But # = 0, which contradicts the uniqueness assumption, and the

theorem is proved.

THEOREM 6.4. Let &7, &,, &, L, and B; satisfy the hypothe-
ses of Theorem 6.2. Suppose the problem (5.1) has a unique solution
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(/AS %?ﬂ(@) fO’I’ every fe (g?lemﬂx(g) a’nd Pj € g?——m:ﬁm(g)' The/n
it has a wunique solution u€ &7.(D)N EHuD,) for every fe

B il D) N Clna ) and Pj€ E 1 yal D).

Proof. Given any f€ &' smial Z) N E i ), let the family
f«(x) be made up of functions in &1}...(=) such that as ¢ —0,
DM, — DM, n <1 — 2m, for every point in < at which the latter
derivatives are continuous; and |f. 7_‘.?:,}” —|f I?_‘?;,}M. For example,
we could set fi(x) = joxf with j, as defined in the proof to Theorem
4.6. By assumption and Theorems 6.2, 6.3, for each & there is a
unique u(x) € 11.(=) such that

Lu&‘:fs in =,
Bju5=¢j on gy

and
~ n n 7&9 @ n
| i, 'Ji'g + | . Il+%l < C{ feliSmsa + | S l?jzlm+j + 2| p; [l-mJ+w}-

Hence the norms |, |;‘;r;’@ and |u,. I?;? 1 form bounded sets. We shall
show that the set of functions u. is compact in &7, (=,). The
boundedness of the norms |, |7fs, shows the set of derivatives Du,
to be equicontinuous. Denoting by <, the portion of &, that remaing
after a d-neighborhood of every point of discontinuity of D'*™f has
been deleted, it is clear that the D' *"f, will be equicontinuous in
. Solving the differential equation for 0'u,./(0%,.,)’, the only Ith
order derivative not of the form D¥u., we see that it, hence all D,
are equicontinuous in <75 and a subsequence of the u. converges to
a function u; which satisfies the differential equation Lus = f in =,
and the boundary conditions Bu; = ®; on <7. Now taking a sequence
of positive numbers 0, — 0 and a diagonal subsequence of the u., we
find that the latter converges to a function u € &}, (=) N EHAZ,)
which satisfies (5.1).

APPENDIX A. Proof of Lemma 4.3. What we shall show spe-
cifically is that if the contour v and function F'(, 7) are as in Lemma
4.1, k > q, and F is differentiable with respect to & for €7, |§| =
1, then

(A.1) Sg_mdﬁg dwESyF(S, B D)@ + £ + tr)tdr

l§1=1
_ @ri)(k —q—1)! S
k-1 -

A

1§1=1

dow: SyF(O, B 7Y@ & + tr)tridr .

With this established, (4.9) will follow as a special case, in view of
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(4.6) (see the definition of b;, in [2]). The lemma tells us nothing
new in case ¢ = 0. First we prove it for the case ¢ =1,% = x,; an
obvious iteration process will then yield the result for the general
case. First we recognize that

deeSyF(s, @£ + to)tdr

1 ) 1
= — d 1 . et
1—k oz, S@;l “’587 =P o)ars + o) e

where “PV” indicates that the integral is taken in the principal
value sense. This is easily checked by forming the derivative as the

limit of difference quotients. Letting I denote the left side of (A.1),
it follows that

Z =400

T1—k

z)=—o0

A2 1=_1 {Swdwegyé_ F(&, & z-)(a:-&—l—tr)“"dr}

Now let {s(&,) be an infinitely differentiable function depending on a
small parameter 6 > 0, such that

C&(EI)ZO for |51| >1—0
Cs(6) =1 for |&|<1—20.

The principal value integral (A.2) may be converted into an ordinary
integral by subtracting from the coefficient of &' in the integrand
any even smooth function of & which takes on the same value as
the original coefficient when & = 0. For this function we choose

F(0, (1 — &)™ 0)Co(E)(A — &)@ -E(L — &)™ + to)'* .

Carrying out the subtraction in three parts, we obtain I = I, + I, +
I, where

2. . B(1 _ #2)y-1/2. £\ (—n+3)/2
:_1_{5 _dweg F(&, & 7) — F(0, 80 — &)™ 1)) — &) )
1§1=1 Y &

1—k
(@£ + tr)“"dr}:i: ,
L= ], e Fo. g0 — s anen — sy
(£ + tr)F — (v +Eg§.§(1 — &) 4 z-t)l—kdr}i: ’
. )

— B(1 — £2)-1/2. e (—nt3)/2,
& 1-— k{SlH:ldweSyF(O’ 1 & T)Cs(&)(l &)

(i + BB — &)V 4 oty — (B8 — &)V + to) df}“ .
&

—oco
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The coefficient of (---)*** in the integrand of I, is a continuous and
bounded function of & on [£]| = 1; hence by Lemma 4.1 the integral
is bounded by C(|z|* + t)** (C possibly depending on 4), which
approaches 0 as x, — +o. Hence I, = 0.

Next we use the mean value theorem to write the fraction in
the integrand of I, as

- 5‘2'”2 —La8k — D@ + 281 — &) + 1),

and observe that

a-— 52“”2 —1 for £, < 1/2.

It is then easy to see that for «, large enough and &, < |z, |™?, the
integrand of I, is bounded by C(&, t)|«,|™* independently of & and
7. Also for & = |#,|™* and «, large enough the integrand is bounded
by C@©, %, t)|x& | < CO, %, t)| %, | (since k=2). Both of these
bounds approach zero as x, — + oo, so we conclude that I, = 0.

To analyze I, we use the fact that
. 1 ~
[, 6 ddo. = | | 6@ &1 g - orrd:,
and obtain, after rearranging terms,

(A-8) I=1I—_1 S dwgSyF(O,E;z‘) X

1—k b=
5@+ o[ aoes + tereias)” e

Now changing to a new integration variable v = x.&,,
| ows + toyrende, = |+ a8 + toyrdu
’%LDHP—Kﬁmm&+£é+wrwa.

First we estimate the last integral. For z, large enough, & >1—
20, |4 + 2.8 + tr| > x,/2, so that the integral is less in absolute
value than 20x,(x,/2)~* = Cox;™*~*, For r < k — 1 this vanishes as
%, — +oo, and for »r = k — 1 it remains bounded by Cié. As for the
first integral,

e S (W + & + try~du = lim—E—(u + &8 + tr)f“‘"] ‘=0
R r+1—Fk oy

for r<k—1. For r =k — 1 the same integral
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= lim log B ELEFIT  ppy

T —too —x, + 5’}\5 + tr

Hence all terms of the summation in (A.3) vanish except the one
with » =k — 1, and

2w,
=2 |
k—1Mh

A
=1

da)gSyF(O, & 7)(&, & + to)*dr + 0(3) .

But since 6 may be arbitrarily small, the term here of order i is
really zero, and we have proven (A.l) for the case ¢ = 1. But if
q > 1 the above procedure may be iterated by integrating successively
with respect to %,, ---, #,, Thus Lemma 4.3 is proved.

APPENDIX B. Proof of Theorem 4.3. We shall prove that a
necessary condition for (4.16) to hold is that in every representation
(4.14), the a;(&) satisfy

(B.1) 50, — &) = (=1)""ia,(0, §) .

That this implies the condition stated may be demonstrated by setting
a,i(§) = a0, &) and showing that there is a polynomial A&, z) such
that

a(0, &, )M (0, &, 7) = A&, 7)L(0, &, 7) .
Since
P(—%, —1) = (—=1)'P(, 7), M (¢, —7) = (—=D)"M (5, 7)

where M+(Ey T)M~(€7 T) = L(‘s’ T)y and BJ'(_E) —T) = (—l)mJBJ(éy T)v we
have from (4.14) and (B.1)

a(0, &, 7)M*(0, &, 7) + 2. a0, 8)By(0, ¢, 7)
= P(0,&,7) = (—1)'P(0, =&, —7)
= (=1)*"a(0, —&, —t)M~(0, &, 7) + £ as(0, §)Bi(0, &, 7) .
Hence
(=1 "a(0, —&, —7)M~(0, &, 7) = a(0, &, )M *(0, &, 7) .

But for &+ 0, M*(0,&,7) and M—(0, &, 7), as polynomials in 7, have
no factors in common; hence M—(0, £, ) must divide a(0, &, 7):

a(0, & 0)M*(0, &, 7) = A&, )M~M* = AE, 7)L(0, §, 7) .

Now we proceed to show that (B.1) is necessary. Assume, on
the contrary, that there is a value £ =&, such that a;0, — &) +
(—1)"ia(0, &). We shall construct a family of functions ¢%(x) such
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that [@5]i-.. j+a are bounded as ¢ — 0, whereas [Pw*]’, are not (here w*
is defined in terms of ¢j by (4.3)). We may rotate the coordinate
system so that &, is directed along the z,-axis; also since the a; are
homogeneous of degree | — m;, it may be assumed that |&,| =1: &, =
©, ---,0,1).

Define

7(s) =0 for s < —e¢,

=g "™ for s> ¢,

and smooth it off in the range —e¢ < s < ¢ so that it is an infinitely
differentiable function whose derivatives of orders <! — m; are mono-
tonically increasing in —e < s <e. Our sequence ¢ will be

P5(@) = (@)l 2 ]) ,

where {(s) is a & .. function with { =0 for |s|>1 and ¢ =1 for
|s| <1/2. It is easily checked that (6'~™i/6x} ™i)p%(x) is bounded in-
dependently of ¢; hence so is [@%]i .. e We shall show that P(D)w®
may be made arbitrarily large by choosing & and ¢ small. We assume
l — m; to be even; the proof for odd case is similar. At this point
we apply representation (2.7) to (4.3) after integrating by parts as
before; and for this purpose we redefine % = (%, ---, z,_,), & = ,.
Hence

P(Dyw* = PAY =t K k[ 400 Pp5(y) — 40Py, « v oy By Y]

+ Sjwd(”?)(l-‘mj)q);(xl et xn—l; yn)K*(xﬂ ——y”; t)dy”
where

K*(@,; t) = gr PAC et K (0 )z, - das, .

Since the behavior of @7 with respect to the variables x,, -+, 2,
is essentially independent of &, the bracketed expression in the first
term on the right is certainly bounded by const.|® — ¥ |*, where the
constant is independent of €. Hence by the methods of Theorem 2.1,
this first term and its Holder difference quotients are bounded by a
constant independent of e. Also Lemma 4.3 with (4.6) and (4.14)
tell us

* . — P(Ov S&m T)Nj(or gm T)
K*(%,; t) = const. E,,Z'ﬂgy MOt Dt T ] dr

— P(O, Sny T)Nj(or Sni Z.) -1
= const. egﬂgy M0, 20 0) [(x.&, + tT)

— (%,&, + troy)YdT +
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+ const. Z (x,,En + tfo)‘lg a(0, &,, T)N,(0, &,, 7)

Za (O En)B (O E'm 7'-)1\7.7(0 En’ T) dT
M*0, &, 7)

where 7, is a point on v and on the imaginary axis: ¢, = ¢|7,|. The
first term on the right may be written as
const. > tS drgr PNJ
b

Ep=x1

(®,&, + to)do ,

hence estimated (Lemma 4.1) by const. t(2% + t°)~*. By virtue of the
properties of N;, the final term may be expressed as
2 (@6, + tr))"'a;(0, &,) = a,(0, D{(w, + tr)) ™ + (—=, + tt5) ™

— (—®, + tt)(a;(0, 1) — a;(0, —1))
2040, 1)zt n Aa;
a2 + | T, [t %, — Tob

’

where Aa,,- = aj(O, 1) —_ aj(O, —"1). Thus

Aaj

K*(x,; t) = Ki(x,; t) + const.
T, — Tt

where |Kj| < const. t(x; + t*)~*. Therefore, using the fact that
[t/((%, — ¥.)* + t)]dy, is bounded independently of ¢ and z,, and
42 0-mdpe () is bounded independently of &, we have (setting & = 0)

Pw(0, x,)

= W + const. (da)|” ¢(1v. )LL) [,

d l “mj yn) - tTO]—Idyn ,

where | W¢| < const. (independent of ¢). Now this last integral may be
written as I, + I,, the two parts corresponding to the ranges —e <
¥, < 1/2 and 1/2 < y, < 1 (the integrand vanishes for %, < —e and
¥, > 1). At this point we set «, = 0. Then since (d'™i/dy’ ™)) (y.,)
=( —m;)! for y,>¢ and |y, — tr,|* <4 for y, > 1/2, I, is easily
estimated as

| 10, t) | < const. (I — m;)!

For I, we obtain

const. I,(0, ) = (Aa,)S Dxmip—y, — tr,] dy,,
= —(da; (D' " (¢,)) log (—y, — try)] s +
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(Aaa)g Di=mitin® log (—y, — tT,)dy,
= —(da;)(l — m;)! log (—1/2 — tz,)
+ (Aaj)S;D“"‘f“Yf(yn) log (—vy, — try)dy, .

The first term in the last expression is independent of ¢ and ¢. By
construction, D' ™i*'p*(y,) is a nonnegative function vanishing for

|y, | > ¢ such that S Dmitipedy, = (I — my)). Since <, is imaginary,
—e

— Relog (—y, —tt,) = ¥ [log (v + 17, [) | = 4 [log (" + " |7, [) |

for ¢t and & small enough and |vy,| < e. Therefore the last integral
in the expression for I,(0, t) is unbounded as ¢ and ¢ approach 0, and
the theorem is proved.
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