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1 Harmonic functions

1.1 The Dirichlet problem and minimization

Let © C R™ be a bounded, open set and A = 1" ; 9;; be the Laplacian.

Definition 1.1. A function u € C%(Q) is said to be harmonic if Au = 0, subharmonic if
Au > 0 and superharmonic if Au < 0 in .

We are concerned with existence of harmonic functions with prescribed boundary value,
i.e. with finding a solution u € C%(Q2) N C°(Q) of the Dirichlet problem:

Au=0 in
{ u in €2, (1.1)

U=y on 0f),

where g € C°(09) is given.
Problem (1.1) is closely related to the following variational problem: find a minimizer for

1
Dlu) = = [ |Du*dz
2 Ja

in the class
A={uecC?*(Q)NC’Q):u=gon dN}.
Indeed, if a minimizer exists then for any ¢ € C2°(Q) we have
d
0= —Dlu + ty]

= = Du-DcpZ—/AUQO
dt =0 /Q Q

and so, due to the arbitrariness of ¢, u is harmonic.
Dirichlet thought that the existence of minimizers of D was clear, and did not require a
proof. It turns out that this is not the case, and that minimizers of variational integrals do

not always exist:

Example 1.2. Consider the functional

1 1
fm=ﬁa+ﬁwm,

defined on A = {u € Lip([0,1]) : u(0) = 0,u(1) = 1}. The sequence un(z) = (1 — n@)x (<1,
shows that the infimum of F on A is 1, but clearly it cannot be achieved. !

This example already shows that the existence of minimizers is subtle. In fact, although
any minimizer of D is a harmonic function, the converse is not true (see Example Sheet 1):

Example 1.3. There is u € C°°(D) N C%(D) such that Au = 0 in D, but D[u] = co. In this
case, with g = ug1, there is no extension of g to W12(D).

The above shows that the variational approach is in some sense unsuitable (although we
will return to it later), and so we will take a different approach.



1.2 Basic properties of harmonic functions

We begin with the following key result:

Proposition 1.4 (Mean value property). Let u € C?(2) be subharmonic. Then, for every
ball By(zo) € 2, we have

1
u(x)S_l/ udff:f uda,
NWpT™ 0By (z0) 9B (0)

u(z) < 1n/ udx:][ udz.
wnT Br(xo) Br(xo)

Here o denotes the area measure of the sphere and w,, = |B;(0)|, so that o(0B1(0)) = nwy,.

o< [
BP

=t / Du(zg + pw) - wdw
Sn—1

Proof. We have

Au = / Du(z) - E=%0 41 ()
(zo) 0By (x0) p

d
_ n—1
=p /S"l —apu(xo + pw) dw.

Since this holds for all p < r, we see that p — fS"71 u(xg + pw) dw is increasing, so
1

/ u(zo + pw) dw < / u(zo +1w) dw = —— / u

§n—1 §n—1 T dB(x0)

and sending p — 0, by continuity of u, we find that

nwnrnflu(:vo) < / U.
OBr(x0)

This proves the first inequality, and after integrating in r we find the second one. O

Corollary 1.5 (Strong maximum principle). Let Q be connected. If u € C%(2) N C°(Q) is
subharmonic then it cannot achieve its mazimum in ) unless it is constant.

Proof. By continuity the set S = {x € Q : u(z) = maxqu} is closed, and by the mean value
inequality it is open. Hence it is either empty or ). O

The strong maximum principle holds for more general equations, although the proof is
then more involved. We will return to this point later. Let us note two further consequences:

Corollary 1.6. Let u,v € C?(Q2) N C%Q). Then:

(i) Comparison principle: if u is subharmonic, v is superharmonic and u < v on 0S) then
u <wvin Q.

(ii) Uniqueness: two harmonic functions on € that agree on 0 are equal.
Proof. (i) follows from u — v being subharmonic, (ii) follows from (i). O

An important fact is that the mean value property characterizes harmonic functions:



Proposition 1.7. If u € C°(Q) satisfies the mean value equality
u(z) = ][ u(y)dy for all B,(x) C Q,
B (x)
then w € C*°(Q) and it is harmonic.

Proof. For u € C?(Q) this follows from the proof of the mean value inequality. For the
general case, see Example Sheet 1. ]

Another important consequence of the mean value formula is:
Theorem 1.8 (Harnack inequality). Let u € C?() be harmonic and u > 0. If By.(z9) C Q
then

sup u < 3" inf w.
BT-(JZ()) B'r(x())

Proof. If y1,y2 € By(zg), then B.(y1) C Bsr(y2) C Bar(xo) C Q, so by the mean value
formula
1

1 n
n/ udr < n/ udngn/ udr = 3"u(y2),
Wl ) Br(y1) WnT"" J Bs, (y2) wn (37) Bsr(y2)

as claimed. O

u(yr) =

Corollary 1.9 (Harnack’s Principle). Given an increasing sequence of harmonic functions
(uj) on 2, either uj(x) — oo for all x € Q or there is a harmonic function u such that u; — u
locally uniformly.

Proof. Fix some z¢ € Q. If (uj(zo)) is Cauchy, then for any € > 0 we have 0 < uy,(zg) —
um(zp) < € provided n > m are sufficiently large, so by Harnack’s inequality we see that
SUPg, (z)[Un — Um] < 3"¢ whenever Bs,(zo) € (2. O

Corollary 1.10 (Liouville’s theorem). If u € C*°(R"™) is harmonic and bounded from below
then it is constant.

Proof. With m = inf u we have supp, (v —m) < 3"infp, (v —m) — 0 as R — oc. O

Proposition 1.11 (Derivative estimates). Let u € C%(Q) be harmonic. If B.(xg) C € then

C(n
Duteo)] < S8l .-

Proof. Note that, for any 4, the function u,, is harmonic, therefore

2TL
unia0) = | £ s, da| = |
B7'/2(x0)

n

2
< 7\|U||Loo(aB7./2(xo))-

— / uy; do
WnT 837'/2(330)

By the mean value formula, if = € 9B, (7¢) then B, 5(x) C B;(z0), so

1 /2)\"
u@) < - (3) Nl ey

Wn

as wished. O



Proposition 1.12. Let u € C*°(Ba,(x0)) be harmonic. Then

nkek—1k!

|0%u(zo)| <

k max_|ul, la] = k.
T By (zo)

Proof. By induction. Let
p=01-0)r, 0 < (0,1).

Let o = 8 + e;, with |3| = k. Then

O%u(xo)| = |9:0%u(z0)| < — max |9°u

|0%u(zo)| = | (o) pB(:co)| B
Using the induction hypothesis,
kekflk"
0%u < —+.———— max |u
o= e B
Since r — p = Or and p = (1 — @)r, this becomes

TL

nk-l—lek—lk!
max_|ul.

0% u@o)l = Jirigrg —g) A,
Set § = L then

A 1—(1+1>k(k+1)<(k+1)
16 """ er1—0) k °

and the conclusion follows. O

Remark 1.13. By the mean value formula, for any = € B, /5(20),

u\xr) = u u = u .
wp ™ B (x) T owpr” Bar(z0) wpr™ LH(Bar(@o))

Hence

B, 2(z0) (z0))*

Theorem 1.14. Let u € C*(Q2) be harmonic. Then u is analytic.
Proof. Fix z € Q, and let By,(x) C Q. Let |h| < r. Then

u(x + h) =u(x +Z {h181+---+hn0n)ju (z) + Ri(h),

where
1
kl

Using the previous proposition,

BlERk  pkek—1p RinZe\*
]Rk(h)]§| ' nle max |u| < [hin"e max |ul.

Ri(h) = [(h181 +- 4 hnﬁn)ku} (z + 6h), for some 6 € (0,1).

k! rk By(x) T Bar(z)

So if || n*e < %, then Ry(h) — 0 as k — oco. Therefore the power series of u is convergent,
and w is analytic. O



1.3 Perron’s method and barriers

We now return to the Dirichlet problem (1.1), with the goal of constructing solutions. Let
us note that, in the case of a ball, one can always solve (1.1) explicitly:

Proposition 1.15. Let g € C°(0B,(0)), and deﬁne

u(z) = nw‘:r'Q Jom.0) Tm y|n do(y) if x € B,(0),
9(x) if 7 € OB,(0).

Then u € C*°(B,(0)) N C°(B,.(0)) is harmonic.

2—|I|2

nwpr|z—y|™

Proof. The smoothness of u in the interior is clear. Now let P(x,y) = A direct

computation shows that
2 -y
A,P =2 T "

and so u is harmonic. Moreover, we have

/ P(z,y)do(y) = 1.
8B,.(0)

This can be seen in many ways, but follows for instance by taking g = 1 and showing that,
in that case, also u = 1. Indeed, from the definition it is easy to see that u is radial, i.e.
u(z) = u(Qz) for all Q € O(n), hence u(x) = ¢(|z|). Since u is harmonic, we have

-1
Aung(?“)—&-n

g =0,

and so p(r) = A+ Br2™" if n > 3 and p(r) = A + Blogr if n = 2. Since u is smooth we
must have B = 0, i.e. u = u(0) is constant, but

,,42
u(0) = /8 do(y) = 1.

B, MWprr™

For the continuity, let o € 0B,(0) and for € > 0 choose § > 0 so that |g(z) — g(zo)| < €
if x € 9B,(0) N Bs(xo). Then, for x € B,.(0) N Bj2(x0), we have

ju() — g(o)| = \ /8 o P9 lo) — (o) da<y>]

< / +/ ] P(z,y)lg(y) — g(xo)| do(y)
8B, (0)NBs(x0) 8B (0)\Bs(xo)
r2 _ | p|2)pn—2
<et % 2[|9llcoa0)
()
and so u(z) — g(zg) as * — xo. O

Given g € C%(99), let us consider the classes
L ={ueC*(Q)NC’Q): +Au < 0in Q,4+u > +g on IN}.

Note that S # (), since the constant function maxgng € Sy, and mingog € S_. By the



comparison principle, we have v < u for each v € S_,u € S;. Now we define:

us(x) = sup u(x), u*(x) = inf wu(z).
ueS_ u€St

Lemma 1.16. The functions us and u* are harmonic in 2.

Proof. We just prove that u, is harmonic in a ball B C Q. Fix xg € B, then by definition
there is a sequence v; € S_ with v;(z9) = u«(z¢). Define

v; = max{vy,...,v;} € S_,

and let v} be the harmonic extension of v}|sp to B, given by Proposition 1.15. Observe that
v} is an increasing sequence and that therefore, by the comparison principle, so is v7. By
the maximum principle, the sequence v}’ is bounded above by supgyq g and so by Harnack’s
Principle there is a harmonic function s with v7 — h locally uniformly in B.

We claim that h = u, in B. Certainly h < u, and h(xg) = u«(zo). If h(z) < uy for some
z € B, let w € S_ be such that w(z) > h(z) and define w; = max{v?,w}. Define also w}, w]

similarly to before, so again w} — h for some harmonic function h. Since v < w} we must

have h < h and again h(zo) = h(zg), so by the Strong Maximum Principle in fact h = h.
However, this is a contradiction:

h(z) = li;n wi(z) > w(z) > h(z) = h(z).

This finishes the proof. O

At this point, it is not clear if u,, u* are equal, or whether they achieve the boundary data;
in fact, this is not the case in general.

Definition 1.17. A point 29 € 99 is regular if for every g € C°(99Q) and every ¢ > 0
sufficiently small there isv € S_ and w € Sy such that g(zg)—v(zo) < € and w(zg)—g(xp) < €.

Remark 1.18. Note that (1.1) has a solution for every g € C°(99) if and only if every point
of 09 is regular. Indeed, if (1.1) always has a solution u we can take v,w as u — e and u +¢
respectively. For the other direction, note that if xq is regular then

9(wo) — € < v(x0) < uk(wo) < u*(w0) < w(wo) < g(wo) +¢

and so, sending € — 0, we conclude that u, and u* attain the boundary value g continuously.
By uniqueness they also coincide and therefore (1.1) is solvable.

Barriers provide a useful criterion for a point to be regular:

Definition 1.19. Given xg € 92, an upper barrier at xg is a superharmonic function b €
C%(92) N CY(€2) such that b(zg) = 0 and b > 01in 2\ {z0}.

Lemma 1.20. Suppose that xg € ) admits upper barriers. Then xg is reqular.

Proof. Define M = maxyq |g| and, for each M > ¢ > 0, let § > 0 be such that |g(z)—g(z0)| <
e when |x — x| < d for x € 9Q. Now let b be an upper barrier and note that by compactness
infg, g (40) 0 > 0, hence we can find &k > 0 such that kb(z) > 3M if |x — x| > §. Now define

v(z) = g(xo) —e —kb(z),  w(x) = g(xo) + ¢ + kb(x),

and observe that v € S_,w € Sy. Moreover w(zg) — g(xo) = € and g(zo) — v(xg) = €, so the
conclusion follows from the above remark. O



Proposition 1.21. Let Q) satisfy the exterior sphere condition, i.e.
for every xo € 0N there is an open ball B with BNQ =0, BNQ = {x0}.
Then every point of 02 admits upper barriers and is therefore reqular.
Proof. For xg € 90 let B = Bg(y) be a ball as in the statement. Let b(z) = R*™" —|z—y|?>™"

if n > 2 and b(x) = logm—éy‘ if n = 2. Then it is easy to see that Ab =0 in R\ {y}, so b is
an upper barrier. ]



2 Variational methods

2.1 Existence of Lipschitz minimizers

We now turn to constructing minimizers of rather general variational integrals

.F[u]—/QF(Du) dz.

The Dirichlet energy is a particular example of such a functional, but we can consider other
examples, such as the area functional

—/ \/1+ |Dul?dz,
Q

or the exponential energy

Elul :/Qexp(]Du|2)da:

A basic question at this point is what is the class of functions in which we should look for
minimizers. This is a surprisingly subtle question, and in the general setting different choices
may lead to different minimizers (see Example Sheet).

In this course we will minimize F over Lipschitz functions; by Rademacher’s theorem,
such functions are a.e. differentiable and hence, whenever the integrand satisfies F' € C(R"),
the above integrals are perfectly well-defined. Let us give the precise definition:

Definition 2.1. Let g € Lip(0f2) and Lip,(Q) = {v € Lip(2) : v = g on 9Q}.
A function u € Lip(f2) is a minimizer of F if Flu| < F[v] for all v € Lip,,(£2).

We are particularly interested, as in the above examples, in conver integrands F': R” — R.
In this case, there is a clean relationship between minimizers and solutions of PDEs. Let us
recall the notion of weak solution:

Definition 2.2. A function u € Lip(Q2) is a weak solution of
div(F'(Du)) =0 (2.1)
if, for all ¢ € Lipy(Q2), we have

/(F’(Du),D@ dz =0.
Q

Recall that F is convex if F(0& + (1 — 6)&2) < OF (&) + (1 — 0)F (&) for all &,& € R”
and 0 € (0,1). Tt is strictly convez if the inequality is strict when & # &. If F € C1(R™),
convexity is equivalent to the inequality

F(&) > F(&) +(F'(&),& — &),  &,&eR™
Proposition 2.3 (Euler-Lagrange equation). Let F € C*(R") and let u € Lip(£2).

(i) If u is a minimizer of F then u is a weak solution of (2.1).
(ii) If F is conver and u is a weak solution of (2.1) then w is a minimizer of F.

Proof. For (i), take any ¢ € Lipy(Q2) and let f(t) = Flu+ ty]. We can then write

ft) - f(0) // L F(Du(x) + s Dp(x ))dsdx—/h( t) de,

9



where we set

1 t
h(z,t) = t/ (F'(Du(x) + s Dp(x)), Dp(z)) ds.
0
Since u is a minimizer, we must have

0 = lim J(t) = J(O) =lim [ h(z,t)dz
t—0 t t—0 Jq

provided the limits exist. Moreover, for |t| < 1, we have
‘h('7t)’ < HD(IO”LOO(Q)‘|F,|’LOO(BLip(¢)+Lip(u)(0))7
thus the limit exists by the Dominated Convergence Theorem, and since for a.e.  we have
. o / .
lim b, ) = F'(Du(x)) - Do),
the conclusion follows.
For (ii), by the convexity assumption, we have a.e. the inequality
F(Dv) > F(Du) + (F'(Du), Dv — Du)
whenever v € Lip(Q) and so

Flo] > Flu] + /Q (F'(Du), D(v — ) da.

If moreover v = u on 0f2 then the last integral vanishes since u is a weak solution of (2.1). [

In order to construct minimizers for F, we use the Direct Method. The key is the following
lower semicontinuity result:

Lemma 2.4. If F € CYR") is convexr and if uj — u in C°(Q) with Lip(u;) < k, then
Lip(u) < k and

lim inf Flu;] > Flu].

j—00

Proof. The fact that Lip(u) < k is clear. Approximate F'(Du) in L'(£2,R™) by a sequence
Ge € C°(Q,R™). Then, by convexity,

/ F'(Du)dx < / F'(Du;)dz — / (F'(Du) — G¢,Duj — Du) dz — / (Ge,Duj — Du) dz
Q Q Q )

:/F/(Duj)dx+o(1)+/(uju)divGEdm
Q Q

as € — 0, where we integrated by parts. Hence the conclusion follows by first sending 7 — oo
and then ¢ — 0. ]

We say that u € Lip(Q, k) if u € Lip(Q2) with Lip(u) < k.

Proposition 2.5. Let F € C1(R") be convexr and g € Lip(0Q, k). Then F has a minimizer
u in Lip, (€2, k). If Lip(u) < k then u is a minimizer in Lip,(Q).

Proof. Take a sequence (u;) C Lipy (2, k) such that Flu;] — infLipg(Q,k) F. Such a sequence
is equi-bounded and equi-continuous, hence by the Ascoli-Arzela Theorem it converges (up

10



to a subsequence) uniformly to u € Lip, (€2, k). By Lemma 2.4,

Flu] < liminf Flu;] = inf F,
j—00 Lip, (2,k)

hence u is a minimizer in Lip (€2, k).
Now if Lip(u) < k, given w € Lip,(2) we can find ¢ small enough so that tw + (1 —t)u €
Lip, (£, k). Since F' is convex and u minimizes J in Lip,(Q, k), we have

Flu] < Fltw + (1 — t)u] < tFw] + (1 — t)F|u],
ie. Flu] < Flw]. O
Thus, to meaningfully solve the minimization problem in Lip(£2) we need to prove a priori
gradient estimates on minimizers.
2.2 Weak maximum principle

Definition 2.6. Given a variational integral F, we say that u € Lip(Q2) is a super-minimum
(respectively sub-minimum) if Flv] > Flu] for all v € Lip, (©2) with v > u (respectively v < u).

Proposition 2.7 (Comparison principle). If F' is strictly convez, u is a super-minimum and
v 18 a sub-minimum in Lip(Q) with v < u on 0 then v < u in Q.

Proof. If not, then the open set O = {v > u} € 2 is non-empty. Consider the competitors
M(z) = max{u(x),v(z)} and m(z) = min{u(x),v(z)}, so that Flu] < F[M] and Flv] <
F[m], or equivalently

/O F(Dv)dz < /O F(Du) do < /O F(Dv) dz,

i.e. equality holds. But then, by strict convexity of F', with w = “JQ”’, we have

/O F(Dw)dz < /O %F(Du)—i—%F(Dv): /O F(Dv) < /O F(Dw) da,

since w > w in O and w = u on 00. O

Corollary 2.8. If u is a super-minimum and v is a sub-minimum of F in Lip(Q2) then
sup(v — u) < sup(v — u).
Q o0

Proof. It is easy to see that u 4 supyq (v — ) is a super-minimum which is not smaller than
v on 02, hence it is above v in § by the proposition. O

Lemma 2.9 (Reduction to the boundary). Let u € Lip(Q2) be a minimizer of F in Lip(Q).
If F is strictly convex then

wp @) =@l ula) — ()] )

e T =yl ceQuean T — Y|

Proof. For x1,z9 € Q distinct, let 7 = x5 — 21 and define v, = u(- + 7), Q; =7+ Q. Then
both wu, u, are minimizers in QN Q.. Hence, by the corollary, there is z € (QU2;) such that

lu(zr) — uw2)] = fu(er) = ur(21)] < |u(z) = ur(2)] = [u(z) —u(z +7)|.

11



Since (2N Q) C INUIN,, either z or z+ 7 is in IN. If we let M be the right-hand side in
(2.2), and as both points are in ©, we see that

[u(z1) — u(z2)| < M|7t| = M|x1 — 22,

and the claim follows. O

2.3 Gradient estimates and barriers
Let d be the distance function to 92 and let Q; = {z € Q : d(x) < t}.

Definition 2.10. Given a boundary datum g € Lip(9f2), an upper barrier (resp. lower bar-
rier) is a function b € Lip(£2;) such that b = g on 9, b is a super-minimum (resp. sub-
minimum in ; and b > supgg g on 9 (resp. b < infyq g).

Proposition 2.11. If F is strictly conver, g € Lip(02) and there are upper by and lower
barriers b—, then F has a minimizer in Lip,(€2).

Proof. Consider the Lipschitz functions

ot {min{b*,supag g} in Q, - {max{b,supag g} in Q,

Supgq g in Q\ Q, ) infaq g in Q\ Q,

which are respectively super- and sub-minimum for F in Q. Let k > Lip(v™"), Lip(v™) and let
u be a minimizer for F in Lip,(§2, k) given by Proposition 2.5. By the comparison principle
we have

iffg<us< Sup g,
and since also b~ < u < b™ in 9€); by assumption, in fact we have by the comparison principle
v <u<wv'in Q,
with equality on 9. Therefore, given x € 2,y € 0L}, we have
v (z) = v (y) < w@) —uly) <v'(z) —vT(y)

and from Lemma 2.9 we see that Lip(u) < k as well. The conclusion then follows from
Proposition 2.5. 0

[Strictly speaking, we have used results of the previous section for (super/sub)minima in
Lip(2, k), but the same proofs go through without modifications.]

Thus our task is now to construct barriers. It turns out that this depends on the convexity
properties of F. Our first observation is that, just as for Proposition 2.3, a function b € C2?(Q)
is a super-minimum if and only if

L(v) := (F"(Db), D?b) = div(F'(Db)) < 0.

For simplicity we will write A(§) = F”(£). When F is strictly convex this is a positive definite
matrix and so there are numbers A, A such that, for every v € R", we have

MO < AE)v-v < A
It turns out that the existence of barriers depends on these values, as well as on the function

E(§) = (A€, &) = AV (§)&&;:

12



Lemma 2.12. Suppose that Q2 is C? and that g € C?>(R™). If
€IACS) (2.3)

< 400,

lim sup

tlooe E(6)

then upper and lower barriers exist.

Proof. Throughout the proof, C' denotes a constant depending only on €2, g,n. We look for
barriers of the form

b(z) = g(z) + ¥ (d(x)),
where 1) is smooth, ¥(0) = 0,7’ > 0 and ¢” < 0. We have Db = Dg + ¢/(d)Dd, and
Lb= (A, D?g) +1'(d)(A, D?d) + " (d)(ADd, Dd)
V"(d)
Y'(d)?
Y"(d)
Y'(d)?
where we write A = A(Db) for simplicity. Now (A, D?g) < CA, so by the Cauchy-Schwarz
inequality for the A-inner product,

= (A, D%g) +¢'(d)(A,D%d) + (AD(b—9),D(b—9))

= (A, D?%g) + ¢/ (d)(A, D?d) + (£(Db) + (ADg,Dg) — 2(ADb, Dg))

1 1
2|(ADb, Dg)| < 2\/5(Db)\/<ADg,Dg> < 5€(Db) +2(ADg, Dg) < SE(DD) + CA,

where again A = A(Db). Thus, since 9" < 0:

¥"(d)
¥'(d)?
(%S(Db) - CQA) :

Lb < CA + ¢/ (d)(A,D2d) +

Y"(d)
¥'(d)?

(36(Db) - CA)

< Ci(1+ |Db))A +
since
¥/(d) = Db — Dg| < [Db| + C.
Now let 9’ be large enough, so that by (2.3) we have
1 1
CoA < ZE(Db)’ C1(1+ |Db))A < ngg(Db),

for a new constant C3, which depends also on the limit in (2.3). Thus

1 P"(d)
£h < JE(Db) <03 + w’(d)2> .

Now choose
Y(t) =log(1 + ot)/Cs,

so that Z,IE&C)% = —C3 and £b < 0. If we take to = 1/1/0, on , we have

, 1 o 1 o 1 o
1[)(d(1‘)) Cgl—i-(fd(:ﬁ) - 031+Ut0 Cgl"’ﬁ

Since as ¢ — oo we have that t) — 0, Db — oo, by choosing o large enough we find an upper
barrier. Finally, if b is an upper barrier for —g then —b™ is a lower barrier for g, so similarly
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there are lower barriers. O

We note that (2.3) always holds if F” is uniformly elliptic, i.e. if inf¢cgn % > 0. However,

this condition is not necessary, since F'(&) = exp(|¢|?) also satisfies (2.3).

2.4 The area functional

Let A(§) = /1 + [€]? be the area integrand. Then (2.3) does not hold, and so the previous
proposition is not applicable. However, we will see in the example sheet that, under suitable
conditions on 2, the above construction can nevertheless be adapted to the case of the area.

We conclude this section by showing that the Dirichlet problem for the area functional
is quite different from the one for the Dirichlet energy, and the following result should be
contrasted with Example 1.3:

Proposition 2.13. If u € C?*(Q) N C%(Q) is a solution of
div(4’(Du)) =0,
then Alu] < oco.
In fact, this result follows from the following general:

Lemma 2.14. Let u € Lip(Q?) be a minimizer of F and assume that F is convex and has
linear growth, so there is a constant M > 0 such that

F(& + &) < F(&) + M&.
For any v € C*(Q) we have

Flu) < Fu]+ M [ |u—v|ds" L.
onN

Proof. Take 7. € Lipy(£2) so that n.(x) = 1 if d(z) > ¢ and n.(x) = d(x)/e otherwise. Take
the competitor w. = n.v + (1 — n:)u € Lip, (£2), so

/QF(Du) < /QF(Dwg) = /QF(%DU + (1 —n:)Du+ (v —u)Dn;)

< | FDo+ (1= nDu) + Mo~ uliD|
1 €
< / nEF(Du)+(1nE)F(DU)+M/ / lv —u|ds™ 1 dt
9) € Jo J{d=t}
%/ F(Du)+M/ lu —v|d™
Q Fele)
as € — 0, by the dominated convergence theorem. O

Proof of Proposition 2.13. Apply the lemma in the domains {d > ¢} with v = 0, noting
that u minimizes A in those domains. O
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3 Maximum principles

In this chapter we will develop various forms of the maximum principle that will apply to
subsolutions of very general scalar elliptic PDEs, and will also see some applications to linear
and nonlinear problems. As opposed to what we did for the Laplacian, we will start with the
weak maximum principle, and will deduce the strong one from it by passing through the Hopf
boundary point lemma.

We will deal with second order differential operators in non-divergence form,

n n
Lu(z) := Z a;j(z)0ju(x) + sz(x)&u(z) + c(x)u(z), u € C%(9), (3.1)
i,j=1 i=1
where  is a domain in R", a;;,b;,¢ : @ — R and a;; = aj; (this is no loss provided that
u € C?). We say that L is elliptic in Q if (a;;) is positive-definite everywhere in 2, meaning
that for every = € Q there exist constants 0 < A(x) < A(z) < oo such that

A@)[E]? < ai(2)6&; < Az)|EfP V€ eR™

Here and throughout we are implicitly summing over repeated indices. Let us make a few
remarks before we begin:

e For most of this section we will not assume any regularity at all for the coefficients,
which makes these results very robust and applicable to nonlinear problems.

e We will prove qualitative results, as opposed to quantitative estimates, and our hy-
potheses will be of a qualitative nature (e.g. boundedness with an arbitrary constant).
In particular, for the weak maximum principle no uniform ellipticity will be needed.

 Divergence form operators, Lu = 0;(a;j0ju), can be expanded to non-divergence form
operators provided that the coefficients (a;;) are regular enough (say C!). For coef-
ficients with lower regularity (which arise, for example, as the PDE satisfied by the
derivatives of minimizers of variational integrals) we need the theory of weak solutions,
which we will study at the end of the course. The upshot is that a maximum principle
is avaliable, but not all of the results in this chapter hold true.

3.1 The weak maximum principle

Definition 3.1. If L is elliptic in Q and u € C?(Q2)NC°(2), we will say that u is a subsolution
(resp. supersolution) to Lu = 0 if Lu > 0 (resp. Lu < 0).

Theorem 3.2 (Weak maximum principle). Suppose that Q@ C R™ is a bounded open set, L is
elliptic in Q0 and |b;|/\ is bounded in Q. Given u € C*(Q) N C°(Q) such that Lu > 0 in €,

we have:
(i) if ¢ = 0, then supq u = supgq u.

(it) if ¢ <0, then supg u < supyn u™ = max {supyq u, 0}

Proof. We first assume that ¢ = 0 and show (i). Note that if we have the strict inequality
Lu > 0, then u cannot have an interior maximum (i.e. a strong maximum principle holds):
indeed, if 29 € Q attains the maximum, then Du(zg) = 0 and D?u(z) < 0, so that Lu(zg) =
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aij(%0)0i;(x0) < 0 is a contradiction. Since u is continuous on Q and € is bounded, the

maximum in §2 exists and hence must attained in 052, yielding the weak maximum principle.
In order to achieve the strict inequality, consider v(x) := €7 and u. := u + ev. Then

o1v = yel™t, Owv=0 fori#£1l
and
v = 2™, Oijv =0 for (i,7) # (1,1).
Thus
Lu. = Lu+ eLv > (v2a11 + vb1)e?™ > y(yA — |b1])e™™ > 0
provided that we choose v > supg, |b1]/A. Then the weak maximum principle holds for u. and
supu < sup e = Sup u. = sup u + esup e’*1.
Q Q o9 o0 a0
Letting € N\, 0 the first assertion follows.

For the second assertion, let m := supyn u. We are claiming that v < m in Q in case m > 0,
and u < 01in Q in case m < 0. Let Q7 := {u > 0} and denote Lou := a;j0;ju+b;0;u = Lu—cu.
Then, assuming that QT # &, Lou = Lu —cu > Lu > 0 in Q) so that (i) applied to v in QT
gives

0 <supu=supu = sup u = supu.
Qt o0+ o0+NoN onN
Here we have used the fact that, by continuity of u, at any point x € 9Q" N Q we must
have u(x) = 0. Now 0 < supggu = m leads to a contradiction if m < 0, so Q* = @ in this
case and hence u < 0 in . Finally, if m > 0, then also by continuity Q" # @ and thus
SUPQ U = SUPqQ+ U = SUPgo U = M. O

Remark 3.3. The weak maximum principle is in general not valid for ¢ > 0, at least when it
is not small. For example, given any bounded smooth domain €2, let (1 be the first Dirichlet
eigenfunction for the Laplacian and A; > 0 its eigenvalue, which satisfy

—Ap1 = A1 in Q, @1 =0 on 09Q.

It is a well-known fact that @1 > 0in Q, but (A+c¢)p; = 0 with ¢ = A; > 0. For concreteness
one can take the cube 2 = (0,7)” C R" and ¢ (x1,...,2y,) = sin(z1) - - - sin(x,, ), with Ay = n.
In Example Sheet 2 we will see that A; is in fact the sharp threshold.

Remark 3.4. If ¢ < 0 and u < 0 on 012, the weak maximum principle does not give any
better bound that v < 0 in Q. Indeed, let @ = (—1,1) C R and
cosh(ax)
ulz) == cosh(a) ’
which satisfies u = —1 on 92 and
—a? cosh(azx) + o cosh(ax)

Au(z) — u(z) = cosh(a) =0,

but u(0) = — cosh(a)~! can be made arbitrarily close to zero by taking a suitably large.
However, we will later see that in general the strict inequality u < 0 holds in €2, thanks to the
strong maximum principle.

16



Corollary 3.5. Suppose that Q is a bounded domain in R™, v € C?(Q) N C%(Q) and L is an
elliptic operator whose coefficients satisfy supq |b|/A < 0o and ¢ < 0. Then:

o if Lu <0 in §, then infqu > infyq(—u™), where v~ = max{—u,0};
o if Lu =0 in §, then supgq |u| = supgq |ul.

Remark 3.6. The weak maximum principle is valid more generally assuming only that [b]/A
is locally bounded in © and u € C%(Q); in that case, the conclusion is that

supu < limsupu™ ().
Q =00

To see this, apply the above version in the set . := {z € Q : dist(z, Q) > ¢}, where |b|/\ is
bounded, and pass to the limit:

supu = limsup supu < limsup supu™ = limsupu™(z).
Q e\ Qe eNO0 90 z—00

Corollary 3.7 (Comparison principle). Let Q and L be as above, and suppose that u,v €
C?(Q) N C%Q) satisfy Lu > Lv in Q and u < v on 0. Then u < v in Q.

Proof. Since u —v < 0 on 9 and L(u — v) > 0, the weak maximum principle gives that
supg u — v < supgo(u —v)T = 0 and the conclusion follows. O

Corollary 3.8 (Uniqueness for the Dirichlet problem). Let Q and L be as above, and suppose
that u,v € C%(Q) N C°(Q) satisfy Lu = Lv in Q and u = v on Q. Then u=v in Q.

Proof. Apply the comparison principle in both directions. ]
A simple comparison argument gives also the following useful estimate:

Proposition 3.9 (Maximum principle a priori estimate). Suppose that L is elliptic with ¢ < 0
and 3 := supq |b| /A < 0o. Let u € C?(Q)NC%Q) and f: Q2 — R. Then

Lu>finQ) — Supu<supu +C’sup|f|
o0

where C' > 0 depends only on B and the diameter of Q). In particular,

I

Lu=finQ = sup|u| <Sup|u|+Csup

Proof. Up to a translation, we may assume that  C (0,d) x R"~! where d is its diameter.
Let

v(z) :==suput + M (ead - e‘ml) sup ~— /1
o0 o A

for M,a > 0 to be determined later. It is clear that v > supygu™ > 0 on Q. We compute
a;0;;€*"" 4 b;0;€™"! = (a2a11 + aby)e**t > (a2)\ —afN)e* > a(a — B)\.
Choosing o := +d~' and M = (a(a — B))"! = 1+d6 this gives

Lv <cv— ¥a(a — [)Asup ‘f|
Q

|f!
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since this is just supg(|f|/A) > |f|/A. Now the comparison principle yields u < v in €2, so

S <s <s T4 e’ S |f| S T4+ et d’s |f|
upu < supv < supu ———————sup -~ =supu up ——
Q Q a9 ala=PB) o A an 1L+dB o A
and the other inequality follows from applying the estimate to —u as well. O

3.2 The Hopf boundary point lemma and the strong maximum principle

It is often useful to complement the weak maximum principle with a rigidity statement
that excludes the presence of local maxima unless the solution is constant. We will derive
that from a related boundary rigidity statement. In contrast to the weak maximum principle,
which is global, these are local statements. Moreover we will need the stronger condition of
uniform ellipticity:

Definition 3.10. An elliptic operator L with ellipticity constants 0 < A(x) < A(x) is called
uniformly elliptic in Q if A/X is bounded in Q.

Theorem 3.11 (Boundary point lemma of E. Hopf). Let Q C R™ be a bounded open set and
suppose that a point y € 082 satisfies the interior sphere condition, that is, AR > 0 and z € Q
such that Br(z) C Q and y € OBg(z).

Suppose that L is an elliptic operator in Q with (|ai;| + |bi| + |c|)/A bounded (this implies
that L is uniformly elliptic). Suppose that u € C*(Q) N C°(QU {y}) satisfies u(x) < u(y) for
all x € Q and Lu > 0. Assume one of the following:

(i) c=0in Q;
(i) ¢ <0 in Q and u(y) > 0;
(iii) u(y) = 0 and no assumption on the sign of c.
Then, if v denotes the outer normal to ) at y, it holds that

lim inf uly) —uly —tv)

> 0.
t\,0 t

In particular, if O,u(y) exists, then it is strictly positive.

Proof. Assume first (i) or (ii). Consider the annulus A := Br(z)\Br/2(#) and the “Gaussian”
v(x) == e e_O‘RQ,
which is nonnegative on A and satisfies v(y) = 0. We have
Oiv(z) = —2a(x; — Zi)efo‘h”*z'2
and
diju(x) = 4a’(z; — 2) (2 — zj)e_odx_z‘2 — 2a5ije_a|x_z|2.
We compute, using the inequalities ¢ < 0 and 2|x — z| > R:
Lv = {aij(4a2(xi — zi)(x; — 25) — 2adi5) + bi(—2a(x; — 2)) + c} eeleAl” el
> {40&2%'(301’ — zi)(%j — zj) — 2005 — 2bia(z; — ) + C} el

> [40®Mz — 2? — 20K\ — 2K'\aR — K"A| eelo=F
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>\ [0?R? - a(2K + 2K'R) — K" e~ > ¢

provided that we choose a large enough. Now consider w := u — u(y) + v for £ > 0 small,
which satisfies

Lw = Lu — cu(y) + eLv > —cu(y) > 0.

On 0BR(z) clearly w < 0 because v vanishes there. Since u—u(y) attains a negative maximum
on the compact set dBg/5(2) and v is equal to a positive constant there, we can choose £ > 0
so that w < 0 there as well. Hence, by the weak maximum principle applied to A, w < 0 on

A, ie u(z) —u(y) +e(v(z) —v(y)) < 0. Setting z = y — tv we have
W -vy=) _ Aoy

lim inf uly) — uly — tv) > —¢liminf Y = e

N0 t = N0 t At —o > 0.

Finally, for case (iii) consider L := L — ¢*, which has negative 0-th order coefficient. Then
Lu(z) = Lu(z) — ctu(z) > —ctu(z) > —ctu(y) = 0 and we can apply case (ii). O

From this it is easy to deduce the strong maximum principle:

Theorem 3.12 (Strong maximum principle). Let @ C R™ be a (not necessarily bounded)
domain, and L a (locally uniformly) elliptic operator in Q such that (|ai;| + |bi| + |c[)/ X is
locally bounded. Suppose that u € C?(Y) satisfies Lu > 0, and that u attains its mazimum M
inside ). Assume one of the following:

(i) ¢c=0in Q.
(i) ¢ <0 in Q and M > 0.
(iii) M =0 and no assumption on the sign of c.

Then uw= M in SQ.

Proof. Consider the set ¥ := {u = M} C Q. Since 2 is connected and ¥ is nonempty and
relatively closed, it is enough to show that ¥ is open. Let x € ¥ and choose R > 0 such
that Br(z) C Q. We claim that Bg/y(x) C X; otherwise, choose 2z € Bprjs(x) \ ¥ and let
r:=dist(z, X), so that r < |z — z| < R/2, which implies that B,(z) C Br(z)\ X C Q\ X.
Choose a point y € ¥ realizing |y — z| = r. Since u < M = u(y) in B,(z), the Hopf
boundary point lemma (with the corresponding hypothesis) applied to B,(z) € 2 gives that
Du(y)-(y—z) > 0 and hence Du(y) # 0, contradicting the fact that y is a local maximum. [

Corollary 3.13 (Uniqueness for the Neumann problem). Suppose that  C R™ is a bounded
domain which satisfies the interior sphere condition at every point of 0. Let L be a (uni-
formly) elliptic operator satisfying supq(|ai;| + |b;] +¢)/X < 00 and ¢ < 0, and suppose that
u,v € C%(Q) N CY(Q) solve the same Neumann problem:

Lu = Lv in Q, dyu = d,v on O0N).
Then uw — v is constant.

Proof. We first observe that either supg(u—uv) or supg (v —u) is nonnegative; otherwise u < v
and v < u, so u = v in 2 and we are done. Thus we may assume that m := supg (v —v) > 0.

Since L(u — v) = 0, by the strong maximum principle m cannot attained inside {2 unless
u—wv is constant, hence u—v < m in 2. Finally, let y € 0£2 be a point attaining the maximum,
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so that the Hopf boundary point lemma applies and we get that 0, (u — v) > 0, contradicting
the Neumann condition. ]

Remark 3.14. If ¢ < 0 at some point in €2, then the only constant solution is zero. Thus,
this is a true uniqueness statement unless ¢ = 0.

3.3 The comparison principle for quasilinear equations
We finish this chapter by applying the above techniques to nonlinear operators of the form
Qu(z) = a;j(z, Du)0;ju(x) + b(z, Du),

which are called quasilinear in the literature (since the highest derivatives of u appear linearly).
The fact that the coefficients are independent of u is a technical condition required for the
next result, and can be relaxed but not too much. Note that the Euler-Lagrange equations
of functionals of the form

Flu] = /Q F(Du) da,

for F' € C? satisfying D?F > 0 everywhere, can be written as
aZ]F(DU)awu = le(DF(DU)) = 0,

so critical points (minimizers) solve a quasilinear elliptic equation Qu = 0 as above with
a;j(p) = 0;;F(p) and b = 0 above. In particular, F' € C3, the next theorem is applicable.
This is the case for example with the area functional A(p) = /1 + |p|?.

Theorem 3.15. Let Q@ C R" be a bounded domain, and suppose that a;; = aj; : 2 x R" — R
and b : Q x R® — R are of class C'. Let u,v € C*(Q) N C°Q) and suppose either that
(aij(z,Du(x))) or (a;j(x,Dv(z))) is elliptic in Q. Then, with Q as above,

Qu>QuinQ and u<wv on I = either u < v in Q oru=v in Q.

Proof. We assume that (a;j(x, Du(z))) is elliptic (the other case is proved in the same way).
Write

0 < Qu — Qv = a;j(x, Du)d;ju — a;j(x, Dv)0d;;v + b(x, Du) — b(z, Dv)
= aj;j(z,Du)d;j(u — v) + (a;j(z, Du) — a;j(x, Dv)) d;jv + b(x, Du) — b(x, Dv)
= Aij(2) 045 (u — v) + Bi() O (u — v),

where
1
By(z) := / [0, aij(x, Dv + t(Du — Dv))d;;v + 8y, b(x, Dv + t(Du — Dv))] dt.
0

Since A;j, Bx € C%(Q) and (A;;) is locally uniformly elliptic, we may apply the (remark after
the) weak maximum principle and obtain that uw — v < 0 on 9 implies that u — v < 0 inside
Q. Finally, if equality holds at some interior point, the strong maximum principle gives that
u — v = 0, proving the dichotomy. O
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4 Morrey—Campanato spaces and Schauder theory

In this chapter we develop the classical perturbation theory of Schauder for linear elliptic
equations of the form

Lu() = ay(2)d;yulz) + bi(2)du(z) + c(w)u(z) = f(x), (4.1)

which we have studied before. Schauder estimates tell us that, provided that the coefficients
and the right hand side are Holder continuous, u also has Holder continuous second derivatives.
Furthermore, the method developed here is very flexible and also gives optimal results for
solutions to equations in divergence form or with merely continuous coefficients.

In order to obtain these estimates, we will introduce two new related families of spaces that
express Holder continuity as a suitable decay condition for LP norms, the so-called Morrey
and Campanato spaces. Besides the technical advantage of allowing us to consider solutions
u € W22, the integral decay conditions defining them will hold immediately for harmonic
functions, and will transfer easily to more complicated equations thanks to its robustness.

Schauder estimates are also useful as a-priori estimates, that is, even if we assume from
the outset that u € C*®. In this case, the global version of the estimates, together with the
continuity method, will allow us to show solvability of the Dirichlet boundary value problem
for very general second order elliptic equations.

4.1 Holder, Morrey and Campanato spaces

Definition 4.1. For a € (0,1] and a subset & C R", a function u:  — R is said to be
a-Holder continuous, and we write u € C%*(Q) = C*(Q), if [u]c0.0(q) < 00, where

w(x) — u(y
[u]co.aq) == sup M
z,y€Q:x#y ’l‘ - y|

When 2 is bounded, the space C%%()) is a Banach space with the norm

[ullco.a ) = llull e @) + [ulco.aq)-

If €2 is unbounded, the condition [u]co.a(g) < +00 imposes also a sublinear growth condition
on u at large scales, in addition to the continuity condition. Therefore, some authors restrict
the supremum to pairs z,y € Q with |z — y| < 1. This defines an equivalent space in case €2
is bounded and connected, which will be our focus, so we will not worry about this subtlety.

Note that C%*(Q2) = C%%(Q). As usual, we say that u € CIOOS(Q) if any point in 2 has a
neighborhood Q' where v € C%(Q'). We also define for k € N the spaces C**(12) in a similar
way.

In these notes, we will follow Campanato’s approach to Schauder theory. For this ap-
proach, we will introduce the following spaces, which are naturally motivated by the two
decay estimates of Lemma 4.11:

Definition 4.2. For zp € Q and r > 0, let Q(zo,7) = QN B, (xp). Given 1 < p < oo and
> 0 we define:

(i) the Morrey space LP*(2) as the space of those functions in LP(£2) such that

lalf iy == swp e / ul? dar < o
xoGQ,0<r<diam(Q) Q(xoﬂ')
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(ii) the Campanato space LPF(2) as the space of those functions in LP(2) such that

[“]%p,u(Q) = sup 7“_“/ [u — () gy |P dz < o0,
20€Q,0<r<diam(Q2) Q(zo,r)
where we exceptionally write (u)g,,r := m fﬂ(xo ry wdz. We write
1wl zr () = llull ey + [u]crn.

Both Morrey and Campanato spaces are Banach spaces, although we will not use this fact.
Let us first look quickly into Morrey spaces. They are only interesting when p € [0,n],
and they serve as a scale of function spaces between LP and L°°:

LPY = [P, LP" = [, LPH ={0} if pu > n,

as can be easily checked using Lebesgue’s differentiation theorem. Holder’s inequality shows
that L9* are ordered, i.e. LY* C LP* whenever ¢ > p and 2 is bounded.

We now investigate in more detail Campanato spaces. Here and in the rest of this section,
we implicitly assume that ) is bounded and satisfies the following mild regularity condition,
which is always satisfied for smooth or even Lipschitz domains:

|Q(r, 20)| > er™  for all xp € Q,7 € (0, diam(Q)). (4.2)
We will split our analysis in the cases p < n and p > n; the critical case y = n is more subtle,

it turns out that the space it defines is independent of p and is called BMO.

Theorem 4.3 (Characterization of Campanato spaces). Let p € [1,00).

(i) 0 < pu < n: then LPF(Q) and LPH(Q) are equivalent spaces.

(i) n < p < n+p: then LPH(Q) and COY(Q), with o = ”;f", are equivalent spaces.

Proof. Let us first dispense with the easy inclusions. For each p > 0, we have LP* C LPH:
using (a + b)P < 2P~1(aP + bP) and Jensen’s inequality, we have

/ [u — (u)gor[P dz < op—1 l/ |ulP da + |Q(m0,r)\|(u)xo,r|p1 < 2”/ |ulP da.
Q(zo,r) Q(zo,r) Q(zo,r)

The inclusion C%* C LP"HP is also easy, because we can take averages of the pointwise
estimate |u(z) —u(y)| < [u]co,a(2r)%, which holds for all z,y € B,(zp). Thus

1

|Q(1‘0,7“)| Q(z0,r) [U(m) B U(y)} dy

u(e) = ()zo,r| = < [u]co.a (2r)"

and so, integrating in x, we get
/Q ) (@) = (Wao,r[7 d2 < [u]fo,0 (2r)°P|Br(20)] < Clulgo.or" P,
0,

Hence the rest of the proof is dedicated to prove that L£P* is contained either in a Morrey
space in case (i), or in a Holder space in case (ii). Throughout the proof, we let C' denote a
generic constant depending on n,p, 4 and 2.

The key point in the proof, in either of the two cases, is to have good estimates on the
growth of the averages f(r) = [(u)z,»|F, as 7 — 0. To do so, we want to estimate how much
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f can change from one dyadic scale to the next. Given 0 < r < R and x, z¢ € {2, we have
|(W)ao,r = (Wao,mlP < 277 (Ju(x) = (w)ao,r P + [u(@) = (W)aq,r )

and so, integrating in x and using (4.2), we get

op—1
()agr — ()ag 1l < 2o’ (/ ft — () I dz + / |u—<u>xo,rrpdx>
cr Q(z0,R) Q(zo,r)

C
< (R4 1) [ulf

R
S CT‘T [U]IL)‘,P»H )

since r < R. Thus, taking the p-th rooth, we get

® _n R » ug=n
((W)agr — (W)ag 1] < CRE p[u]ﬁp,u—c(yR“p (] o

r
Now we assume that r, R are in adjacent dyadic scales. To be precise, fix 0 < p < diam(£2),
which we think of as a fixed constant, corresponding to the initial dyadic scale, and take

r= 2_(k+1)p, R = 2_kp.

With these choices, the previous estimate takes the form
p—n

() g pyzisr — (W) g pyor] < Clulgrn (2) 7 (4.3)
2

and notice how the behavior of the right-hand side will change depending on whether we are

in case (i) or (ii). Let us sum (4.3) from the initial scale k = 0 to some large scale k = N — 1
to get

p=n 2N% -1
|(U)xo,p/2N — (Wag,pl < Clulgpnp > ﬁ . (4.4)
P —

At this point, we split the analysis depending on whether y < n or p > n.
Let us first deal with the case (i), where p < m; in this case, the term in parentheses in

n—p

(4.4) is comparable to 2N , and so we obtain
n—n

’(u)a:o,p/2N - (u):vo7p| < C[U]U’v“ <2l])\7>p . (4.5)

Now let r € (0,diam(f2)) be arbitrary. We can thus find a unique N € N and a unique
3 diam(Q) < p < diam(€2) such that r = p/2V. Thus (4.5) yields

|(u)x0,1“ - (U)I07P|p < C[U]Izp,urﬂ_n

and using the triangle inequality as before gives

r“/ lulP < Cr™# (/ |u — () go,r
Q(zo,r) Q(zo,r)

< C[u]ﬁp,u + CrH ([u]ﬁp,uru_n + p—n/Q |U|p>

P (Wao,r — (Wao,pl” + Tn|(u)xo7p|p>
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< Clult,,. + C diam( )_“/Q [al? < Cluly -

Now let us deal with case (ii), so we assume that ;1 > n. Going back to (4.3), note that
since > n this inequality asserts that, for fixed p and zg, the sequence (( 20 p/2k)
Cauchy and so it has a limit, say u(xg). By Lebesgue’s differentiation theorem, we must have

u(zg) = u(xg) for a.e. xp in Q.

We now claim that 4 is a continuous representative for u. Sending N — oo in (4.4), as u > n,
we obtain

< C[U}Lnup%. (46)

|a@(x0) — (w)xy,p
Thus we see that (u),,, — @(x) uniformly as p — 0; since x — (u),,, is continuous, we deduce
that also @ is continuous. Thus we can identify v with its continuous representative .
We now prove that, in fact, u is Holder continuous: given x,y € Q and writing p = |z —y|,
using (4.6) we have

u(z) = u(y)] < [(W)e2p — w(@)] + [(W)z,2p = (W)y,20] + [(w)y,20 — u(y)]
pn
< Clulgpnp 7 + [(Wa,2p = (W)y,20]-
Thus it remains to deal with the last term. Since Q(zx, p) C Q(y, 2p), we have

(a2 — (w)y 2y’ < Cp / (Wazp — (1) 2P 2
Q(z,p)

< w1y ( [ )~ gz [ ) - <u>y,zp\pdz>
Q(z,2p) Q(y,2p)

< 2] o

(4.7)

This, combined with (4.7), yields the conclusion. O

Theorem 4.3(ii) is interesting in that it gives an integral (rather than pointwise) charac-
terization of Holder spaces. Note that Holder spaces are only interesting for a < 1, so the
restriction p < n + p is natural, although not strictly necessary for the above argument.

We now observe that Theorem 4.3 actually implies Morrey’s embedding theorem (Corollary
4.5). To see this, we first state the following:

Lemma 4.4. Let p € (1,00) and p > 0. If [Du| € LP*(Q) then u € LEFP(Q).

loc

Proof. We have

1 1
— p - p p
T /B . [ = (W) p | do < O o Duf dz < C|Dull}, (g,

by the Poincaré inequality. O
Corollary 4.5. Let p >n. If u € WHP(Q) then u € CI%S‘(Q) with a =1 — 2.

Proof. By Lemma 4.4, if u € W1P(Q) then Du € LP(Q) = LP%(Q) and so u € L}P(Q). The

loc
conclusion then follows from Theorem 4.3(ii). O
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Remark 4.6. The corollary also holds globally in € provided that its boundary has some
mild regularity. Indeed, if Q has the extension property for W1# (Lipschitz boundary suffices),
then we can apply the above to an extension to R™ and conclude.

4.2 Decay estimates for equations with constant coefficients

We will deduce the Schauder estimates for solutions to general equations (with Holder con-
tinuous coefficients, lower order terms and right hand side) from the corresponding estimates
for equations with constant coefficients and no lower order terms/right hand side.

For scalar equations, up to a change of variables, these are simply harmonic functions, for
which we have already seen a complete regularity theory. Nevertheless, as a preparation for
the next section, we will phrase the relevant decay estimate in the language of Campanato
spaces, and prove it using a fundamental technique which will be crucial when we study
weak solutions to divergence-form equations with rough coefficients in the last chapter: the
Caccioppoli inequality.

Since the proof is the same, we will already present the general Caccioppoli inequality: let
a;j € L™(RQ) satisfy a;; = aj; and the strict ellipticity condition

MEP < agj()&& < AJEJ? for all £ € R™ and almost every z € €, (4.8)

and consider functions u € W12(Q2) solving 9;(a;;(z)0;u) = 0 distributionally, that is,
/ a;j(x)0iu(x)0jo(x) de =0 for every ¢ € C2°(2). (4.9)
Q
Notice that by density this also holds provided that ¢ € Wol 2(Q)

Theorem 4.7 (Caccioppoli inequality). Suppose that u € WH2(Q) solves (4.9) in Q with
(aij) satisfying (4.8). Then, if n € CZ(R),

A
[ D) de < 3 [ uDof de,
Q Q

In particular, if By(xz¢) C Br(xo) C £,

/ Du|? dz < 4A/)\2/ lu|? da. (4.10)
By (x0) (R —=71)? JBg(xo)

Proof. We will use n?u as a test function; before that, we compute
aij0i (17u) d; (nu) — ai;Opud; (1 u)
= aijudmndj(nu) + aindrdi(u) — a;mdmd5(Tu) — aijnudiud;n
= a;ju?0indjn + ainudmoTu — ainudrd;n
= a;;u*9mo;n,

using the symmetry of a;;. Hence, using (4.9),
/\/ [D(ru)|? < / a;;0;(1u) 05 () =/az‘ju23ﬂ79j77+aijaiuaj(WQU)
Q Q Q

:/aiju28in8jn§A/u2|Dn|2.
Q Q
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The second assertion follows from choosing n € C°(Bpr(zo)) with n = 1 on B,(xp) and
IDn| < 7% everywhere. O

Remark 4.8. This is actually a very general estimate:

e The inequality also holds when u is a subsolution of the corresponding equation, provided
that v > 0.

o This also holds for elliptic systems, whose coefficients satisfy appropriate (Legendre or
Legendre-Hadamard) ellipticity conditions.

Remark 4.9. As motivation for what follows, let us inspect Caccioppoli’s inequality closer.
There are two things which are yet to take advantage of:

(i) since u — g is a solution to (4.9) whenever u is a solution and uy € R is any constant,
we can replace |u|? by |u — uo|? on the right hand side of (4.10).

(ii) since we took 7 to satisfy Dy = 0 on B,(x() in the proof, we can actually reduce the
domain of integration on the right hand side to the annulus Bg(z¢) \ By (x0).

Thus we get an improved inequality

4N/
/ |Dul? dz < /2/ lu — up|* du, up € R. (4.11)
By (20) (B = 7)% JBr(0)\B: (w0)

We will use the first point together with the Poincaré inequality below in this section, while the
full strength of (4.11) will be exploited in Example Sheet 4 by means of Widman’s hole-filling
trick.

We will get the strongest estimate with a choice of uyp € R which minimizes the right hand
side. The next exercise shows that the optimal choice is given by the average of u:

Exercise 4.10. Let 1 < p < oo and consider, for u € LP(2), the problem

inf / |u(x) — upl? dz.
Q

ug€ER
(i) Show that, when p = 2, the infimum is attained at (u)q = ﬁ Joudaz.

(ii) Show that, for general p, we still have for any ug € R the inequality
/ lu — (u)qlP de < 2p/ |u — up|P de.
Q Q

Taking ug to be an average will allow us to use Poincaré’s inequality (see Example Sheet
3 or [3, Section 5.8]). Recall that, when Q = B,.(x(), we write (u)q = (4)g,,-- We then have:

Lemma 4.11 (Decay estimates for homogeneous equations with constant coefficients). Let
u € Wﬁ)f(ﬂ) be a weak solution of (4.9), where (ai;) is constant and satisfies (4.8). We have

/ lul? dz < C’(T> / lu|? dz, (4.12)
By (z0) RJ " JBr(xo)

r n+2
[ @afae<e(p) [ e sl (4.13
Br(z0) Br(zo)

for any B(z¢) C Br(zo) € 2, where C = C(n, A\, A).
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Proof. Let us first prove (4.12). By rescaling and translating (i.e. by considering u,, p =
u(zo + R-) instead of u) we can assume that 29 = 0, R = 1. Let k be an integer such that
k> 3, i.e. such that Wk2 c €% By Caccioppoli’s inequality, we have

J

Since the coefficients are constant, each derivative of u also solves (4.9), and either using the
fact that u is harmonic up to a linear change of variables and thus smooth, or using a version
of (4.10) with difference quotients, we deduce that all derivatives of u are in T/Vlig Therefore
(4.10) gives

|Dul?dz < C(/\,A)/ lul? da.

1 B
p)

lull e, ) < Cllullwrzs, ) < CA M) ullp2s,),

and for r < 2_k, we have
/ lu|? dz < CT”HuH%oo(BQ_k) < C’r”/ u|? dz.
B, By

This is the only interesting case, because if » > 27% then the inequality holds trivially with
C = (2", since [ |uf*de < [ |ul* da.

We now prove (4.13), which follows by applying the previous inequality to the derivatives
of u. Let us first assume that r < %; as before, this is the only interesting case. Applying the
Poincaré inequality, (4.12) and Caccioppoli’s inequality, we have

/ [u — () gy r|? dz < CTQ/ |Du|?dz
By (zo) By (zo)

< CT2<T> / |Du|?dx
R Bpr/2(0)

r n+2
<c(p) [ u- @l
R Br(=o)

When r > %, we can simply estimate

n+2
[ @aefles [ jus @aade <2 (1) [ jus il
Br(x0) By (o) Br(zo)

where in the first inequality we used Exercise 4.10. 0

The above decay estimate can be adapted to handle equations with a right hand side in
divergence form. This will be the main tool in the proof of Schauder estimates.

Lemma 4.12. Suppose that u € VVlf)’f(Q) is a weak solution to div(ADu) = div F', where
F e L2 (Q,R"), that is,

loc

/ a;j0udjp do = / F;0;p dx Vo € C°(Q), (4.14)
Q Q
with A constant satisfying (4.8). Then the following hold whenever By(z¢) C Br(xg) € §2:
/ IDul? < C (r> / IDul? + C |F|?, (4.15)
B (o) R/ JBa(ao) Br(ao)
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r

n+2
/ IDu — (Du)ay | < C <) / IDu— (Du)oy pl> + C IF = (F)uo. g7,
By (w0) R Br(o)

Br(zo)
(4.16)
where C' = C(n, A, \) > 0.

Proof. Decompose v = v + w, where v and w are the unique solutions to

v=u on 0BR(xo)

div(ADv) =0 in Bgr(zo), and div(ADw) =div F in Bg(xg),
n
w=0 on 0Bg(xo),

respectively. Note that w (and thus also v) exists by the Riesz representation theorem on
VVO1 2(Br(o)) together with the Poincaré inequality. We show (4.16), since (4.15) is analogous
but easier. By Lemma 4.11, we get

n+2
/ IDv — (Dv) gy |2 dz < c(r) / IDv — (Dv)gy. 5l dz
By (20) R Br(xo)

and so, using the triangle inequality and Exercise 4.10, we get

/ D — (D) < 2 / Do — (D02 +2 / Dw — (Dw)sy
B'r(wO) Br(xo) BT'(xO)

n+2
<c(p) [ - @omafrz [ Dw (Dl (417)
Br(xo) B (z0)
r\"t? 2 2
<C| = |Du — (Du)g.r|" + C |[Dw — (Dw) . r|*
R Br(z0) Br(x0)

We now want to estimate the last term, using FExercise 4.10 to write

/ Dw — (Dw)y, g|>dz < / |Dw|? dz.
Br(zo) Br(zo)

The weak formulation of the PDE satisfied by w states that

| abwppide= [ (mDgde= [ (P (FlynDe)do
Br(zo) Br(z0) Br(z0)

for any ¢ € WOLQ(BR(.’L'Q)). Thus, taking ¢ = w and using the ellipticity of A, we get

A Dw|? < / (ADw, Dw) dz
Br(zo) Br(o)

1/2 1/2
< (/ - (F)xo,Ryzdx> (/ Ddex> .
Br(zo) Br(zo)

Combining the previous estimates, (4.16) follows. For (4.15) one uses (4.12) instead of (4.13)
and estimates without subtracting the average. O
4.3 Interior Schauder estimates

The fundamental idea in Schauder theory is to reduce the study of (4.1) to the constant
coefficient case, so we begin by proving estimates in that case. We will deduce the C%®
estimates when the right hand side is in C%® from C'“ estimates when the right hand side
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is as in (4.14) with F € ¢%.
We have already done all the hard work, and now we just need to put it together with the
help of the following useful elementary lemma:

Lemma 4.13 (Iteration lemma). Consider a non-decreasing function ¢: (0, Rg] — [0, 400)
which satisfies, for some constants A, B,e >0 and 0 < 8 < «,

o(r) < A[(%)a +5}¢(R) + BR? forall0 <r < R<Ry.

Then there is C = C(a, 8, A) and ey = eo(a, B, A) such that, if e < eg, we have

o(r) < C{(bg;)—i—B}rﬁ for all0 <r < R < Ry.

Proof. Since ¢ > 0 we may assume without loss of generality that A > % Let us take

v = O‘—;ﬁ We choose 7 € (0,1) with 247% = 77 and ¢¢ so that g < 7¢. Thus
d(TR) < A(T% 4 €0)p(R) + BR® < 2A7%¢(R) + BR® = 77¢(R) + BR".
Thus, iterating once, we get
#(T?R) < 77¢(TR) + BrP R < tY¢(R) + " BR’ + BrPR® = 1Y ¢(R) + BR*7° (1 + 7 7P).
Hence, iterating the first estimate k times, we get
¢(r"R) < M ¢(R) + BRPrFDP kf 7i=F)
i=0

(k—l)ﬂ 1 — Tk('yfﬁ)

= "¢(R) + BR1 —p—

< ork+VB(4(R) + BRA).
Now for 0 < 7 < R, let k € N be such that 7**'R < r < 7*R. Then

g
o(r) < 6(r*R) < Cr S (o(R) + BRY) < C [o(m) + BR) (1)
as wished. 0

Theorem 4.14 (Constant coefficients). Let u € VVI})CZ(Q) be a weak solution of (4.14), where
A is constant and elliptic. If F' € E?g’é(Q,Rn) for € [0,n 4+ 2) then Du € E?O’ff(Q,]R”), with
the estimate

IDull g2y < CUIDull 2y + [Fl ez,
where Q" € Q' € Q and C = C(n, Y, Q" N\ A, ).

Proof. Choose Ry > 0 such that Br,(xg) € Q' for all zp € Q”. For a fixed zg € Q" and
0 <r < Ry, let

o(r) = / |[Du — (Du)zom|2dx.
Br(xo)

Now the campanato decay of F' together with (4.16) show that

r n+2 5
6(r) < c(R) 6(R) + C[F]%,R*  Y0<r<R<Ro,
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so Lemma 4.13, applied with a =n+2, 8 =pu <n+ 2 and € = 0 yields

o
o)< ((R) o(R) + C[F]%z,urﬂ < C (R [Dulffs + [Flia,.) 7
which gives the conclusion. O

As a corollary we get £** estimates for the second derivatives of solutions to equations
with constant coefficients where the right hand side is in £2#:

Corollary 4.15. Let u € VVliCQ(Q) solve
aw@iju = f (4.18)
for a constant elliptic matriz (a;;). If 0 < p < n+2 and f € Elzo’g(Q), then D?u €
LEM(Q,R™™), with the estimate
ID%ull 20y < € (IDull 2oy + [flezen))
where Q" € QY € Q and C = C(n, Y, Q" N\, A, u).

Proof. We claim that for each 1 < k < n, ug := Opu solves an equation of the form (4.14):
0i(a;;0;0ru) = 0;F; where F; = 0;1, f: for every ¢ € C°(9),

/aijajakuaisﬂz—/aiﬁjuaﬁksﬂ:/az’j@juakSOZ/f3k¢=/f5zk3i80
Q Q Q Q Q

where the integration by parts is justified since u € W22, Now Theorem 4.14 gives the desired
estimate after summing over k. O

We now treat the case of variable coefficients in nondivergence form. For simplicity we
deal with equations of the form

agj(x)Ou(z) = f(z), (4.19)
without lower order terms—those can be taken into account by the same method.
Theorem 4.16 (Variable coefficients). Fix o € (0,1). Let u € VV@S(Q) be a solution of
(4.19), where f € Cloo’g(Q) and a;; € CPO’S(Q) satisfies the strict ellipticity condition (4.8).
Then D*u € C%Z(Q,R"X”), with the estimate
ID?u|cow@n < CUD?ull 2y + | Fllcow (o)),
where Q" € QY € Q and C = C(n, Y, Q" N\ A, 0,[A] o).

Proof. The idea is to treat the case of variable coefficients as a perturbation of the constant
coefficient case. In particular, we use Korn’s trick: fix g € Q and let @;; := a;;j(xp). Then

ai0u=yg,  g(x) = — (ay(x) — i) diju(z) + f(x) € Li.

Recall that uy, := Jyu solves an equation of the form (4.14) with F; = &;39 € L?, so Lemma
4.12 gives (after summing over k):

r

n+2
[ omrue oo (R) [ e PP+ C [ o= (@l
B (0) R Br(o) Br(o)
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and

/ D2l < ¢ (T) / D2uf? + 0/ 92 (4.20)
Br(z0) R Br(zo) Br(zo)

Using the fact that A € C%° and discarding the average for the second term, we have:

/ 19— (@aprl <2 / 1 = (Faoil +2 / (@15 — ayP|D%uf?
Br(zo) Br(=o) Br(zo)

(4.21)
< C[f]%znwaRnJrzg + CR2U/ ‘DQUP,
Br(zo)
Thus, writing
or) = / D% — (D), da,
By (o)
we arrive at
r\nt2
qb(r) = C<) qb(R) + C[f]%z,n+20Rn+2U + CR2U/ |D2u|2, (4.22)
& Br(zo)

In order to be able to conclude, we need an estimate on the last term in (4.22). This will
come from (4.20) and a similar computation to (4.21), using the fact that f is bounded:

[omrparso(f) [ prpaec | g
Br(z0) R Br(zo) BRr(zo)

< c(r) / D22 dz + C 2 + CRZ"/ D2uf? do
R Br(zo) Br(zo) Br(zo)

gc[(r) +R2”]/ D2uf2dz + CR”| |
R Br(zo)

Let 6 > 0 be arbitrarily small and suppose without loss of generality that R < Ry < 1 is
sufficiently small. Since R < R™79, if we set 9(r) = i) B (o) |D?u|?, we can apply Lemma

4.13 to ¢ with a = n, B =n — ¢ and R?® < R3? < ¢, where gy > 0 is given by the lemma.
This gives

/B o) ID?u|? dz < C(8, Ro) <HD2U’”%2(BRO(CE0)) + ‘fH%OO(BRO(ZO))> e

and now we can complete the proof. Returning to (4.22), we see that

n+2
o(r) < C ((R) B(R) + (1 120s + [Dull32) RZ“R”-é)

and so, by Lemma 4.13, we have that D?u € £2"72779()) = 00’0_6/2, by Theorem 4.3(ii).

loc — Yloc
Thus in particular D?u is bounded (with an estimate) and (4.22) improves to

o) <0 ( () o+ (1 + 02uiz) 2 )

which, again by Lemma 4.13, yields ¢(r) < 727, Thus D*u € £2"727(Q) = €7 with the

loc loc
claimed estimate. O
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By iterating the above result, we obtain the following useful result:

Theorem 4.17 (Higher-order regularity). Let u € VVEE(Q) be a solution of (4.19). If a;; €
CEo(Q) satisfies the strict ellipticity condition (4.8) and f € C’{ZZ(Q) for some k > 0 and

loc

o € (0,1), then we have u € CFT37(Q).

loc

Proof. Differentiate the system and argue inductively, see Example Sheet 3. To make it
rigorous one can use, for example, difference quotients. ]

4.4 Global Schauder estimates

So far we have seen Schauder estimates for a solution w in any interior subdomain of
Q). However, when u solves a boundary value problem with sufficiently regular data, then u
satisfies the Schauder estimate in the whole domain ).

Theorem 4.18 (Global Schauder estimate). Fiz o € (0,1). Let u € W2%(Q) be a solution
of (4.19), where f € C%(Q) and a;; € C*°(Q) satisfies the strict ellipticity condition (4.8).
If in addition Q is of class C* and u = ¢ on OQ for a function o € C*7(Q), then D?u €
CY7(Q,R™™"™), with the estimate

ID*u| co.o ) < Clllullwz2(qy + [I.flcos @) + llellcze@),
where C' = C(n,Q,\, A, 0,[A]co.0).

Proof (sketch). By considering v — ¢, which solves a;;0;;(u — ¢) = f — a;;0;50 € C7(£2),
we may assume ¢ = 0. Let Ry > 0 be such that for each xo € Q with dist(zg, 9Q) < Rg/2
there exists a C*7 diffeomorphism ¥ = ¥, mapping an open set U C R™ containing B Ro (20)
onto By, with W(U N Q) = By := By N {z, > 0}, U(zg) = yo = (0,¢) for some 0 < t < 1/2,
and ||| cz.o @y + 19 lc2o(p,) < C, for a constant C = C(Q) independent of xo. We will
analyse the PDE satisfied by uoW~! on B} and then transplant the estimates back into (2, to
get C%7 estimates at distance at most Ry/2 from the boundary; for the rest of 2 the interior
estimates will apply.

Note that in general there is a first order term in the PDE satisfied by u o =1 coming
from the chain rule. To deal with it, we may either assume that u € C%?(2) (in fact it is
natural to assume u € C%(Q) in the context of a priori estimates) and add the first order term
to the right hand side (it is C7), or extend the Schauder theory to handle such terms. Here
we will simply ignore the first order term to illustrate the main ideas.

Thus we have reduced the problem to showing that if u € W22(B;") solves

aijaiju = f in Bii_,
u =20 on 9By = 8BfrﬂBl,
then
[ 1w @uwnrl <€ (Iflcogap) + ID%ulaap) | BV (423)
BR(yo)ﬂBl
for each i,k € {1,...,n}, yo = (0,t) and 0 < t, R < % Moreover, by further composing with

a linear map (which together with its inverse is bounded by A and ||a;;||co and hence distorts
balls by a bounded amount), we may assume that a;;(0) = d;;.
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We start by fixing 1 < k < n — 1, considering uy, := dyu € WH2(B]"), which vanishes on
8oBf , and try to follow the proof of the interior Schauder estimate. Given 0 < r < R < %,
if R <t we are in the interior case and the decay of the Campanato seminorm from Bgr(yo)
to By(yo) is exactly the same. Otherwise, if R > ¢, freeze the coefficients at a;;(0) = J;;, let
g = f — (aij — 0i;)0iju, and split up = u + v with

Av =0 in Br(yo) N By, d Aw = div(gey) in Bgr(y) N By,
an
v=u ond(Br(yo) N B) w=0 on 9(Br(yo) N By ).

C(t+ R)° < CR?. In order to show decay for the harmonic function v we observe that odd
reflection extends it to a (smooth) harmonic function o on the whole ball Br(yp), since
Bgr(0,t) N {z, < 0} C Bg(0,—t). Thus, as in Lemma 4.11, using the Poincaré inequality, the
even symmetry of [D?%|?, and a boundary version of the Caccioppoli inequality! we have for
r<R/2:

Dv — (Dv +2§/ Dv — (Do 2
/BT(yo)me | ( )Br(yo)ﬂBl | By (yo) "B | ( )B'r(y())‘
= / D3 — (Da)Br(yO)‘g
By (o)

< Cr2/ D252 < Cr™*2 sup |D%*o)?
Br(yo) Br(yo)
< C,r_n—l-QR—n/ |D2’D|2
Br/2(yo)
< Cr"PRTT D3|
Bry2(yo)NB;

T

n—+2
2
= ¢ (R> /BR(yO)ﬂBT |DU - (DU)BR(yO)mB;_’ 7

and similarly for the Morrey decay.

Since these are the only ingredients needed for the proof of the Campanato estimates, we
get that the estimate of (4.23) holds for each i < n and k < n. Finally, using the equation
we get that Oppu = a,,}(f — 2 (i,j)#(nn) @ij0iju) and thus (4.23) holds also for (i, k) = (n,n),
whence D?u € £27+27(Q) = C7(Q). O

Note that there are also higher order global estimates: the statement is as in Theorem
4.17 but removing all the “loc”, with the additional conditions that u = ¢ on 92, and both
¢ and Q are of class C**29. The proof is by induction on k, flattening the boundary, and

In the last line, we are applying the Caccioppoli inequality to the harmonic functions ¢ = 8;%, which are
even or odd in x,, depending on i. For the even case, the standard Caccioppoli inequality in the doubled
domain suffices, using that (¢) gy (0,t)uBg(0,—t) = (w)BR(O,t)ﬁBI" For the odd case, (¥)g,0,HuBR(0,—t) = 0,
but one can prove that

< cC ¥ = (¥) +?
/BR(o,t)mBl+ Br(0,t)nB} Br(0)NB,

by an easy contradiction/compactness argument, provided that ¢ is harmonic and odd.
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using the global Schauder estimates for the tangential derivatives first. We skip it since it is
mostly a matter of bookkeeping and all the ideas have already been introduced.

We end this section by improving the estimates of Theorem 4.18 so that no derivatives of
u appear on the right hand side. Interestingly this is easier to do in the global setting—for the
local estimates it is also true but requires a tricky covering argument (see Example Sheet 3).
As we will see in the next section, even the LP norm of v can be removed.

Corollary 4.19. Let Q,u, f, ¢ and (ai;) be as in Theorem 4.18. Then

HUHCZU(Q) < C(HUHLP(Q) + HfHCO’U(Q) + HSOHCM(Q)),
for any p < oo, where C depends only on n,c,Q, A, [|Al|coq) and p.

Proof. We use an interpolation inequality which is proved the same way as Example Sheet 3,
(Q3) but for a general domain: for any u € C*9(£)) and any § > 0 it holds

ullc2(qy < [D*ulce () + Ksllull roo),

with Ks depending only on n,,0 and é. Since [[ully22(q) < Cllul|c2(q), Wwe may insert this
on the right hand side of the global Schauder estimate and get

[D*u] o) < Clllullwzz) + [1fllcoe @) + llelloze @)
< C(8[D*U]co(a) + Ksllull oy + | fllcow o) + lellczeq)-

Choosing § = % and absorbing gives the result. O

4.5 Schauder theory as an existence theory

Recall that our strategy in Section 2 was to first construct, using Functional Analytic
methods, weak solutions of equations in divergence form, and then to prove regularity of such
solutions. In Schauder theory, instead, one can construct regular solutions directly without
passing through some generalized notion of solution. This does not require any variational
structure and thus works for very general operators such as (4.19) (and even (4.1) with
appropriate conditions). For this reason, Schauder theory is not just a regularity theory, but
an existence theory as well, and in fact it is substantially older than the approach based on
Sobolev spaces.

In this subsection we explain how to use Schauder theory to obtain existence of solutions
to the problem

(4.24)

Lu=f in Q,
u=¢ on 0.

over a smooth (say C%%) bounded domain 2, where ¢ € C%%(Q), f € C%*(Q) and L is as in
(4.1) with a;;,b;,c € C%*(Q) strictly elliptic (a;;&:€ > A%, A € RT). Note that by changing
f to f — Ly we may assume that ¢ = 0. There are two crucial ingredients in the method:

(i) Solvability of the Poisson equation: for f € C%%(Q) there is a unique solution u €
C?*(Q) of

Au=f in Q,
u=>0 on 0f).
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(ii) Global Schauder a priori estimates: For f € C%%(Q), any solution v € C*(Q) of (4.1)
satisfies the a priori estimate

lullgeeg < CEON @, laillgoay Ibillcon: Ielooa@) I o (4:25)

One can solve (i) using the methods from Analysis of PDE: one constructs a weak solution
u € Wol ’Q(Q) using the Riesz representation theorem, then shows a global estimate
ullw220) < CllfllL2)

(see Theorem 4.26 of APDE) and finally uses Theorem 4.18 to show that u € C%%(Q).
To prove (ii), we first obtain the weaker estimate

”Ucha@) <O, A a ”aij”ca(ﬁy Hbi”ca(ﬁ)a HC”ca(ﬁ)) (||UHCO(§) + ”f”co,a(ﬁ)> , (426

which comes from writing a;;0;ju = g := f — cu — b;0;u € C**(), applying Corollary 4.19,
and then closing the estimate as in the proof of Corollary 4.19 by using interpolation and
absorbing (see (Q5) of Example Sheet 3 for an interior version of this).

In order to upgrade (4.26) to (4.25), we need that f =0 = u = 0, that is, uniqueness for
the Dirichlet problem is a necessary condition—and in fact, arguing by compactness one can
see it is also sufficient. Nevertheless, for concreteness, we will just assume ¢ < 0: in this case
one has the a priori estimate from Proposition 3.9 which shows that [[ul|coq) < C|fllco(q)
and thus establishes (4.25).

Let us now see how (i) and (ii) combined yield an existence theorem for linear strictly
elliptic equations. We consider two operators

LQZAZX—)Y, Li=L:X—=>Y,
where
X =C*(@Q)N{ulog =0}, Y =C"0Q).

From (i) we already know that Ly is surjective, and our goal is now to show that L; is
surjective as well. That this is the case follows from the a priori estimate (ii) together with
the following abstract result:

Proposition 4.20 (Continuity method). Let Lo, Li: X — Y be bounded linear operators
between Banach spaces. Set

Li=(1—t)Lo+tL;, te]0,1].
Suppose that there is a constant C > 0 (independent of t) such that
llullx < C||Lyully for allu € X, allt €10,1]. (4.27)

If Lg is surjective, then so is L.

Proof. Suppose that Ly is surjective, for some s € [0,1]. By (4.27), Ls is injective as well
and hence it has a bounded inverse L;': Y — X. We now rewrite the equation L;u = f as

Louw=f+ (Ls— L)u= f+ (t —s)(Lou — Lu)
or, in yet another way,

u=L;'f+ (t —s)L7 (Lou — Liu) = Tu.
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Thus we need to find a fixed point of T: X — X. We estimate
1Tu = To| < |L7HI(ILoll + 11 IDIE = slllu = v].

According to (4.27) we have ||L;1|| < C and so if [t — s| < 2(C(||Lo|| + || L1]))) "' = ¢, we can
apply the contraction mapping theorem to find a fixed point of T. Thus, if L is surjective
then so is L; whenever |t — s| < ¢, and the conclusion follows by iterating finitely many
times. O

As a result of this discussion and the fact that the coefficients of Ly = (1 — t)A + tL
are uniformly bounded in C%(Q2), so that (4.25) yields (4.27), we have proved the following
theorem:

Theorem 4.21. Let 0 < o < 1 and Q C R™ be a bounded C*>® domain. Suppose that
Lu = a;;0;5u + b;0ju + cu is a strictly elliptic operator with coefficients in C*(Q?) satisfying
c <0, and p € C*%(Q) and f € C¥Q) are given functions. Then there exists a unique
solution v € C*%(Q) to the Dirichlet problem (4.24).
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5 Hilbert’s 19th problem

In this section we study regularity properties of minimizers of the energy

Flu] = / F(Du) dz,
Q
where we assume that F': R™ — R is smooth and satisfies

NP < F'(n)lg, €] < Alel? (5.1)

for all n, & € R™, thus F is strongly convex and has bounded Hessian. In particular, minimizers
are characterized as weak solutions of

div(F'(Du)) = 0. (5.2)
In order to understand the key point in the regularity of solutions to (5.2), let us write
A(z) = (a;j(z)) = F"(Du(z)) € ngxn’f. (5.3)

We have the following proposition, whose proof we briefly postpone:

Proposition 5.1 (W?%2-estimate). Let F' satisfy (5.1) and let u € WH2(Q) be a solution of
(5.2). Then u € T/Vlif(Q) and it satisfies the second order non-divergence form equation

le(F’(DU)) == (‘%F(Du)&,]u == aijf)iju =0.
Moreover, for any v € {1,...,n}, w = 0yu is a weak solution of the divergence form equation
div(ADw) = 0. (5.4)

Corollary 5.2. In the setting of Proposition 5.1, suppose that u € C’llog(Q) for some a > 0.
Then u € C*(R).

Proof. If u € CY then the coefficients a;; := 0;;F(Du) are Holder continuous, so we can
apply Theorem 4.16 to deduce that u € C%(€). But then a;; is Ciu%(€2), and so we can

loc

apply Theorem 4.17 to deduce that u € CB’Q(Q). Iterating this reasoning we conclude that

loc
u € C®(Q). O
We note that Corollary 5.2 holds even when a = 0, by the last part of (Q2) of Example
Sheet 3. Thus the key step in deducing smoothness of solutions to (5.2) is to show that Du
is continuous: if this is the case, one can essentially linearize (5.2).

Remark 5.3 (Non-strongly convex integrands). Note, from (5.3), that if v € Lip(Q2) with
Lip(u) < L then it suffices to require that F' be strongly convex in B (0). So if we consider
e.g. Lipschitz minimizers of the area functional, we can apply the above results: even though
F(&) = 1+ [€|? doesn’t satisfy (5.1), it satisfies it in B (0), with A\, A depending on L.

Therefore, in the rest of this section we concentrate on the equation (5.4) above satisfied
by the directional derivatives of minimizers, that is,

Lu=—div(ADu) =0, AP < (A(@)6, &) < Al¢?, (5.5)

for a.e. x € Q2 and all £ € R™. Here, the coefficients are measurable. Our goal is to show that
weak solutions of (5.5) are continuous; once this is shown, by the previous discussion and, in
particular, by Corollary 5.2, we have proved smoothness of minimizers.

We now prove Proposition 5.4. First, recall the following properties of difference quotients:
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Proposition 5.4 (Weak derivatives vs difference quotients). Let u € L}, (Q) with p € (1,00).
For o € {1,...,n}, we have dyu € L} () if and only if (O at)h<n, C LL. . is uniformly

loc

bounded. In the latter case, O qu — dpu in LY, ().

loc
Proof of Proposition 5.1. Given ¢ € C*(Q), for all h sufficiently small we have ¢(- —
hey) € C*°(§2) and so, since u is a weak solution of (5.2), after changing variables,

/Q<F’(Du(x + hey)) — F'(Du(z)), Dp) dz = 0.

Using the Fundamental Theorem of Calculus, we have

1

F'(Du(z + he,)) — F'(Du(x)) = /O %F’(tDu(x 4 hey) + (1 — )Du(x)) dt

1
= (/ F" (tDu(x + hey) + (1 — t)Du(z)) dt) (Du(x + hey) — Du(z)) .
0
Thus, writing Ap(x) for this integral, and dividing by h, we get

/ (ApOhDu,Dy) dz =0, (5.6)
Q
where we note that, for all £ € R™ and for a.e. x € ),

NP < (An(2),€) < AP

Here we use the notation 0y ,v = %

Bsor(xp) and h is small enough, we obtain

C C
|0, Dul? dz < — |0 ul? < / |Du|? dz,
/BR/2<ro> ! R Jpp@e T R g

where the last inequality is standard for difference quotients. Thus, using again the same
proposition, we see that Du € I/Vl(ljf(Q, R™). To derive the PDE for 0,u, we pass to the limit
as h — 0 in (5.6): we claim that, up to subsequences, we have

Oh-Du— 8, Duin I2.(Q), A, — Ain L2.(),

so that A,0p,Du — AD(8yu) in L% (9). The first convergence follows from the above
estimate. For the second convergence, we argue as follows: for any € > 0 we have

/ |Ap(z) — A(z) ) dz < 2/ <|Ah|2 + |A|2) dz < C’(A)sz/ |Du|? dz.
{|Du|>e—1} {|Du|>e—1} Q

Since A is smooth, in the ball {|Du| < 71} there is a constant C. such that |A’| < C., hence

. Thus, by Caccioppoli’s inequality, whenever

1

/ |Ap(x) — A(z)*dz < Ce? + CE/ / t*|Du(x + hes) — Du(z)|* dz dt.
Br(zo) 0 J{|Du|<e='}NBr(zo)

Thus, by continuity of translations in L?(Bg(z0)), we have

lim |Ap(x) — A(z) > de < Ce?
h—0 Br(z0)

and, as € > 0 is arbitrary, the claim follows. ]

38



5.1 A few remarks about weak subsolutions

Let us note the following basic examples of subsolutions:

Lemma 5.5. If u € Wh2(Q) is a subsolution of (5.5), then:
(i) if f € C*(R) is conver, non-decreasing with 0 < f' € L®(R) then f ou is also a
subsolution of (5.5);
(ii) the function uy = max{u,0} is also a subsolution of (5.5).
Proof. To prove (i), let 0 < ¢ € W01’2(Q) be arbitrary and take ¢p = (f' ou)p € W01’2(Q).
Then, by (5.5),
(ADu, DY) = {ADu, (f' o w)Dg) + p(ADu, D(f' 0 u)
— (AD(f 0 4), D) + " (u){A D, Du) > (AD(f o ), D)
for a.e. x in 2. The conclusion follows by integrating.
To prove (ii), consider the family of functions f.(t) = ((t4 +efyl/4 — 5) L{>0}, which are
such that fo(t) = t4. Applying (i) to f-(u), we can use the Dominated Convergence Theorem

to conclude that uy = fy(u) is also a subsolution of (5.5). O

We next recall Caccioppoli’s inequality, which we proved in Chapter 4 (Theorem 4.7) and
we noted that it applies as well to nonnegative subsolutions.

Lemma 5.6 (Caccioppoli’s inequality). Let u € WY2(By) be such that u > 0 and Lu < 0.
Then

/ D(nu)*dz < C | w?|Dp*dz
B1 Bl

for allm € C°(By).

5.2 De Giorgi—Nash Theorem

The final goal of this course is to prove the following;:

Theorem 5.7 (De Giorgi-Nash). Let u € W2(Q) be a weak solution of (5.5). There is
a = a(n,\,A) > 0 such that, whenever Q' € €,
[ullco.aoy < Cllullrze),

for a constant C = C(Q, Q' ,n, A\, A).

We will always take n > 3. Indeed, the case n = 2 is much simpler, and was shown by
Morrey in 1938 (20 years before), and will be addressed in Example Sheet 4.

We follow essentially the strategy of De Giorgi to prove Theorem 5.7. The proof is split
into two key steps: we first show that solutions are necessarily bounded, and then we show

that bounded solutions are in fact Holder continuous.
We now begin with the first step in the proof of Theorem 5.7.

Theorem 5.8 (From L? to L™®). Let u € W2(By) be such that Lu < 0. Then

lusllzoe(B, ) < Ol A A)[[us || 22(5y)-
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Proof. Let 6 > 0 be arbitrary, to be chosen later depending only on n, A, \. By multiplying
u by a suitable constant, it is enough to show that

lutllrzsy <6 = |ulle(s, ) <1 (5.7)

Let us set ug, = (u—(1—27%)),, and also By, = Bi ok, ar = ka uf dz. Note that, according
to Lemma 5.5, Luy < 0. Our goal is to derive an 2item‘cion formula for ay.

Let nx be a cutoff function with 0 < np < 1, n = 1 in By, mx = 0 outside By_1 and
|Dny| < C2F. First, by Lemma 5.6, since up < up_1, we have

/ ID(nux)|* de < C2%ay,_y.
Bi_1

By Sobolev’s inequality, we also have

2/2*
(/ Jug|* d$> < (/ k| dl‘)
By, Br_1

here we assume that n > 3, as we already dealt with n = 2 before. On the other hand, by
Hoélder’s inequality we have

2/2*
ak:/ up dz < (/ |ug|* dm) |{uk>0}ﬂBk|2/".
By, By,

Finally, by Chebyshev’s inequality, and since By C By_1, we have

2/2*
<[ D)
Br_1

{ur, >0} N By| < ‘{uk—l >27%} N Bk—l‘ < 2%/ |up—1|* do = 2°%ay,_y.

Bg-1

Thus, once we combine the above estimates, we get
ap < 02(2+4/n)ka11€ﬁ/n'

The crucial point in this iteration estimate is that the exponent of a;_; is larger than one,
which guarantees that a; converges super-exponentially:

Lemma 5.9. Suppose that there are constants C,v > 1 such that
ap < Ckaz_l for all k € N.

Then limy_,oo ap, = 0 provided that ag is small enough, depending only on C| .

Proof. Indeed, we have

2 k=1 i o Ak k Ak SR ki b
ap < Ckaz,l < Ck+(k_1)7a272 <... < sz':o v (k z)ag _ aa Cﬁ leo AT < (aocy)v ’

k—i

ST <ooasy > 1. The claim follows by choosing ag so that agCM < 1. [

where M, =352
Hence we deduce that, by choosing [ B, u%r dx = ag < J suitably small, we have

/ (u—1)2dz < lim ujdz =0
By /2

k—o0 Bk

and so u < 1 in By /9, proving (5.7). O
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We now proceed to the second step of De Giorgi’s theorem, and we show that bounded
solutions are Holder continuous.

Theorem 5.10 (From L* to C%%). Let u € WY2(By) be such that Lu = 0. Then
[ullcoa (B, ) < Cny A M[ullee )
for some exponent o = a(n, A\, A) > 0.

Before proceeding with the core of the proof, let us show the following simple but important
result:

Lemma 5.11 (De Giorgi’s isoperimetric inequality). Let u € W2(By1) and consider the
subsets

Ap = {u <0}, A ={u> 1}, E={0<u<3}
of By. Forp > 1, there is a constant C = C(n) such that
1
[Aol[A1] < C|[Dul| - |E[7,
1,01 _
where >t = 1.

Proof. Let us take

u in FE,
u=+<¢0 in Ag,
1 .

5 in Ay,

which is still a Sobolev function, since e.g. & = min{max{u,0}, 3}. We also have [Du| < |Dul
a.e. and so, by replacing u with 4, we can assume that © = 0 on Ag and u = % in A;. Now

|| A4y = 2 /A /A fu(z) — u(y)] dz dy
<2 /B [[u(@) — ()] + lu(y) — (u), | dz dy

1
=4Bi| [ |u(z) = (w)p,|de < C(n)/ [Dufdz < C(n)||Dul| s | E]7,
B E

since Du=0in B; \ E. O

The previous lemma shows that Sobolev functions in WP cannot have arbitrarily fast
jumps, if p > 1, but the conclusion fails if p = 1 (see Example Sheet 4).

As we will see in a moment, Theorem 5.10 is a relatively straightforward consequence of
the following key result:

Lemma 5.12 (Oscillation lemma). Let u € W12(By) be such that
u <1 in B, Lu <0 in Bsy.
There is 0 = 0(u,n, A\, A) > 0 such that
O<pu<H{u<0}nBy = supu<l-—6.

By )2

41



Proof. Similarly to the proof of Theorem 5.8, we consider the sequence of subsolutions of L
given by

up = 28 (u— (1 —27%)) L.

Note that 0 < u;, < 1 in Bs, since u < 1, that ug = u4, and moreover let us register three
basic properties of this sequence:

(i) the sets {0 < uj, < 3} are disjoint for all k € N;
(1) {urs1 >0} C {u > 3}
(iii) {u <0} C {ur, =0},

Let us fix 0 > 0, to be chosen later, and suppose that 0 < p < [{u < 0} N By|. We claim
that there is kg = ko(n, d, 1) such that

/ u,%o dz < 6% (5.8)
B1

Indeed, suppose that ug, ..., ug+1 do not satisfy (5.8). Then from (ii) we obtain
o= 0B = [ > 0N Bil 2 [ kg do = 8
By
while from (iii) we obtain
{ur =0} N By| > p,

and so we can use the lemma to conclude that

2 42

IDukl|72(p,) {0 < uk < 31N Bi1| > c(n)d*p®.

Caccioppoli’s inequality gives us an upper bound on the energy of the sequence, since

/ |Dug|?dz < C | wuidx <C.

B1 B2
The last two inequalities thus show that

{0 < uy, < 33N By| > e(n, A\ A, 1),

an estimate which is uniform in k. Thus from (i) we see that for kg sufficiently large, depending
only on ¢ and 4, (5.8) must hold.

Now let C' be the constant in Theorem 5.8 and let us choose § < % Applying Theorem
5.8 and (5.8), we find that

N =

[uko | Lo (B, 1) < Clltgllr2(m,) < €6 <
Thus, recalling the definition of ux, we have
u < %2*’“0 +(1—27k)y=1 -2 htl) =1 _¢,
as wished. 0

Remark 5.13. Note that Lemma 5.12 can be seen as a quantitative form of the strong
maximum principle (proved for nondivergence equations in Theorem 3.12). Indeed, suppose
that u is a smooth non-constant subsolution such that supg, u = 1. Then while the strong
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maximum principle says that 1 — supp, U > 0, Lemma 5.12 asserts that one can in fact
quantify the difference 1 —supp, o U > 6 > 0 just in terms of the ellipticity constants A, A and
in terms of ;1 = |[{u < 0}|, which is a measure of how far v is from being identically 1.

Proof of Theorem 5.10. We claim the following oscillation decay estimate: writing as
usual oscpu = supp u — inf g u, there is a constant § = 6(n, A\, A) > 0 with
oscp, ,u < (1 —0)oscp,u. (5.9)
Once this is proved, the conclusion follows from iteration. Indeed, by translating w it is enough
to prove that it is Holder continuous at 0, so let k € N be such that 4=*+1) < |z| < 47F,
Then, by iterating (5.9) k-times, we have
lu(z) — u(0)] < oscp,_,u
< (1 —6)*oscp,u
k
< (1= 0)" (2l|ull L(s,))

_ 2
=47 (2ull e im) < galallullz=s),
provided we set o = —log,(1 — 0).
In turn, (5.9) is a simple consequence of Lemma 5.12. Indeed, consider the function
2 ( sup32u+inf32u)
u 'CL‘) - )
0SCRB,U 2

v(z) =

which is defined so that supg, v = 1,infp, v = —1. Hence we can assume (up to switching
the sign of v) that |{v < 0} N By| > 3|Bi| and so, applying Lemma 5.12 with v instead of u,
we find that

v<1—-0in By, = oscBl/QUSQ—H.

Rewriting this inequality in terms of u yields oscp, ,u < (1— g) oscp,u, which is exactly (5.9)
up to redefining 6. O

5.3 Precise Holder regularity in two dimensions

The above proof of Theorem 5.7 (and in fact, any other known proof) returns an expo-
nentially small Holder exponent: precisely, with L = %, the proofs yield

a%exp(—C’Lﬁ), C,pg>1.

It is an open problem, going back to De Giorgi, to show that the best possible exponent is
instead algebraic in L, and in fact that one can even take o < %n) The motivation for this
conjecture comes from the following simple example:

Example 5.14. Take spherical coordinates (r,w) € (0,00) x S*~!, and consider the operator

1 1
L=—=0,(Lr""10,") + — Agn-1.
r r

n—1-"T

We may write £ is standard Euclidean coordinates if we denote by J(w) the orthogonal matrix
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which associated to the change of coordinates, and then we set

,L:NMPﬂmT:RH%L—U§ﬁ®%T

where P = diag(L,1,...,1). Then the corresponding ellipticity constant (which is kept un-
changed in this change of coordinates) is L, as can also be verified directly. The case L = 1,
in particular, is the usual laplacian.
If u(r,w) = r*(w), then
Lu = L(up + "Tflur) + T%Agn—lu
=72 (La(a+n —2)v + Agn1v) .

Ean

o] Then we have

Now we take v to be a first spherical harmonic, i.e. v(w) = w; =
—Agn-1v = (n — 1)v.

One way of seeing this is by noting that z; = rw; is harmonic, and so from the above
calculation (with o = L = 1) we find

0=Ax; =7 ((n—1)v+ Agn1v) .
Thus, with this choice, we find
Lu=r""2(Lafa+n—2)—(n—1))u,

and we find that u is a solution if

and we take the positive root to guarantee that u is in the right space. This means that we

always have
a(n,L) < % (\/(n—2)2+4(nL_1) - (n—Q))

Note that, when L — oo, the right-hand side becomes

1 4(n—1) g ifn=2
2(¢m—m%+ L —W—D)~{%il if n > 2.

(n—2)L

We now show that the previous example is sharp when n = 2.

Theorem 5.15. Let u € WH2(By) be a weak solution of (5.5) when n = 2. Then u €
CY(By), with o = \%L, where L = %

loc
Remark 5.16. One can think of the previous theorem, and in fact also of Theorem 5.7, as an
a priori estimate. Indeed, suppose that A. — A a.e. and in L'(Q), and consider the solutions
of the regularized problems

div(A:Du.) =0, ue € u+ Wy ().
Then u. € C®°(Q) and u. — v in WH2(Q): indeed, with w. = u. — u € WH2(Q) then
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div(A:Dw;) = div((A — A-)Du)) and so we have
)\/ Dw,.|*dz < /<A5Dw5, Duw,) dz
Q Q
= [ (4= 49w, Du) dz < D120y (e — A)Dul2(a.

Hence |[Dwel|r2(q) — 0 as ¢ — 0.

Proof of Theorem 5.15. In fact, we will prove that with
o(r) E/ (ADu, Du) dz,

the function r—%/ ‘Ed)(r) is non-decreasing in (0, 1). Once this is shown, it follows in particular
that Du € L%?/ ﬁ, and hence u € C’loo’g for the desired a. Equivalently, we will show the
differential inequality

21 ¢ VL
— 4 — r) < —ro(r).

o+ 2 o(r) < Gord (1)
The RHS is easy to calculate, since ¢/(r) = [, ST<A Du,Du) dz. Through the approximation
argument mentioned in the previous remark, we can further assume that both u and the
coefficients A are smooth. Note that, for any up € R, div((u — up)ADu) = (ADu,Du) and
so, by integration by parts, we have

o(r) = / div((u — up)ADu) dz = / (u — up)(ADu,v)do.

T T

d —2/VL _
0< EIOg(T P(r)) =

It is now convenient to use polar coordinates: let R(#) be the rotation matrix by angle 6,
and note that

Du(z) = R(#)Du, Du = (d,u, L 0pu).

Also v = R(0)ey. So, if we write P = R(—60)AR(0), which is a symmetric matrix with the
same eigenvalues as A, we have

o(r) = / (u— u0)<P]5u, e1) = / (u — up)(p110ru +p12%89u) do.

The ellipticity bounds on (5.5) imply that

1 2
A< pi <A, A< =poy — 22 <A
>P11 > = (P 1)y Pb22 P

and so, by Cauchy—Schwarz,

1/2 2 1/2
o(r) < (/T p11(u — ug)? dU) </& (M@ru%— j%i@gU) da) )

We now choose ug to be the average of u over S, and apply Wirtinger’s inequality:

27 27
/ w?dt < / w2 dt
0 0
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whenever w is 27 periodic and has zero mean. Thus

_ A 2 ((99U)2
2 2 2 P
/ST pll(u ”U,()) do < A/ST (8911,) do < XT /ST (p22 — %?) 5

Hence we find that

VL / Pra ) (Opu)’ p12 1 ’
< — - — + Oru + -0
¢(r) < —-r o) e VP110ru oo
= \/257’ (PDu, Du) do
Sy
= \/zzr (ADu, Du) do,
Sy

from which the conclusion follows.
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