Chapter 14
The Moser Iteration Method and the Regularity
Theorem of de Giorgi and Nash

14.1 The Moser—Harnack Inequality

In this chapter, as in Chap. 11, we shall consider elliptic differential operators of
divergence type. In order to concentrate on the essential aspects and not to burden
the proofs with too many technical details, in this chapter we shall omit all lower-
order terms and consider only solutions of the homogeneous equation. Thus, we
shall investigate (weak) solutions of

d

d . ad
Lu = Z T (a’/ (x)ﬁu(x)) =0,

ij=1

where the coefficients a”/ are (measurable and) bounded and satisfy an ellipticity
condition. We thus assume that there exist constants 0 < A < A < oo with

d

AEP < ) dT(EE < AJEP (14.1.1)

ij=1

for all x in the domain of definition 2 of u and all £ € R¢.!

'As an alternative sometimes adopted in the literature, one could define the constant A by the
inequality

sup |aij (x)| <A

i.j.x
for all x € £2. Of course, these two possible definitions of A are not equivalent, but the relevant
difference is only that, in the estimates below, A would have to be replaced by d A if the alternative
definition were adopted. In fact, in subsequent sections, we shall also switch to that alternative
convention.
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354 14 Moser Iteration Method and Regularity Theorem of de Giorgi and Nash

Definition 14.1.1. A function u € W'?2(£2) is called a weak subsolution of L, and
we write this as Lu > 0, if for all ¢ € Hol’z(.Q), ¢ >0in £2,

/ Zaij (x)DjuDjpdx < 0. (14.1.2)
25

Similarly, it is called a weak supersolution (Lu < 0), if we have > in (13.1.2).

Inequalities like ¢ > 0 are assumed to hold pointwise almost everywhere, here
and in the sequel. Likewise, sup and inf will denote the essential supremum and
infimum, respectively. Finally, as always, # will denote the average mean integral:

1
pdx = —/ @dx.
]é 121 Je

In order to familiarize ourselves with the notions of sub- and supersolutions, we
shall demonstrate the following useful lemma.

Lemma 14.1.1. (i) Let u be a subsolution, i.e. u € CZ(Q), Lu > 0, and let
f € C*(R) be convex with f' > 0. Then f o u is a subsolution as well.

(ii) Let u be a supersolution, f € C*(R) concave with f' > 0. Then f ouis a
supersolution as well.

(iii) Let u be a solution, and f € C*(R) convex. Then f o u is a subsolution.

Proof.

0
L(f ou) = Za,(”ﬂ) <) - ' e 2 L

(14.1.3)

which implies all the inequalities claimed. O

We now wish to verify that the assertions of Lemma 14.1.1 continue to hold for
weak (sub-, super-)solutions. We assume that f”(«) and f”(u) satisfy approximate
integrability conditions to make the chain rules for weak derivatives

Di(f ou) = f'(u)D;(u)
and

Di(f ou)= f"(u)Diu fori =1,...,d
valid. (By Lemma 10.2.3 this holds if, for example,

sup | f'(y)| + sup | f"(»)] < 00.)
yER yER
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We obtain
/QZaUD,-(fou)DN) :/Zaijf’(u)DiuDjw
i,j i,
- / S a DD (f (w)g)
i.j

- / ZaijDiuf”(u)Djufp.
i.j

The last integral is nonnegative because of the ellipticity condition, if f is convex,
ie., f"(u) > 0, and ¢ > 0, and consequently yields a nonpositive contribution
because of the minus sign in front of it, if u is a weak subsolution and f”(u) > 0.
Therefore, under those assumptions,

/ Y a Di(fouyD;jp <0,
2 ij

and f o u is a weak subsolution.
In the same manner, one treats the weak versions of the other assertions of
Lemma 14.1.1 to obtain the following result:

Lemma 14.1.2. Under the corresponding assumptions, the assertions of
Lemma 14.1.1 hold for weak (sub-,super-)solutions, provided that the chain rule
for weak derivatives is satisfied for f € C*(R).

From Lemma 14.1.2 we derive the following result:

Lemma 14.1.3. Let u € W'2(82) be a weak subsolution of L, and k € R. Then
v(x) := max(u(x), k)

is a weak subsolution as well.

Proof. We consider the function
f:R—->R,
S (y) := max(y, k).
Then
v= fou.
We approximate f by a sequence ( f,),en of convex functions of class C? with

fi5) = £ fory ¢(k—%,k+ 1)

n
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and

£/ <1 forally.

Then, as in the proofs of Lemmas 10.2.2 and 10.2.3, by an approximation argument,
f, ouconvergestov = f ouin W2, Therefore,

/QZa’/D,-ijqo:nli)n;OLZa”Di(fnou)quo
i.j i.J
<0 forge H()I’Z(Q),go >0

by Lemma 14.1.2. O
Remark. Of course, we also have a result analogous to Lemma 14.1.3 for weak
supersolutions. For k € R, if u € W12(£2) is a weak supersolution, then so is

min(u(x), k).

We now come to the fundamental estimates of J. Moser:

Theorem 14.1.1. Let u be a subsolution in the ball B(xy,4R) C RY (R > 0), and
assume p > 1. Then

2 1
sup u <c¢ (L) ! (][ (max(u(x), 0))” dx) ’ , (14.1.4)
B(x0.R) p—1 B(x0.2R)

with a constant ¢y depending only on d and 3.

Remark. If u is positive, then obviously max(u,0) = u in (14.1.4), and this case
will constitute our main application of this result.

Theorem 14.1.2. Let u be a positive supersolution in B(xo,4R) C R%. For 0 <
p< ﬁ, and if d > 3, then

% (&) .
(][ ur dx) < ——— inf u (14.1.5)
B(x0.2R) (ﬁ _ p) B(x0.R)

with ¢, again depending on d and % only. If d = 2, this estimate holds for any

0 < p < oo, with a constant c; depending on p and % in place of c2/ (ﬁ — p)z.

we let L be the

Remark. In order to see the necessity of the condition p < #,

Laplace operator A and

u(x) = min (|x|2_d,k) for some k > 0.
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According to the remark after Lemma 14.1.3, because |x|>~¢ is harmonic on R? \

{0}, this is a weak supersolution on R, If we then let k increase, we see that the
d .

L 7=z -norm can no longer be controlled by the infimum.

From Theorems 14.1.1 and 14.1.2, we derive Harnack-type inequalities for solutions
of Lu = 0. These two theorems directly yield the following corollary:

Corollary 14.1.1. Let u be a positive (weak) solution of Lu = 0 in the ball
B(x9.4R) CR? (R > 0). Then

sup u <c3 inf u, (14.1.6)
B(xo,R) B(xo,R)

with c3 depending on d and % only.
For general domains, we have the following result:

Corollary 14.1.2. Let u be a positive (weak) solution of Lu = 0 in a domain 2 of
R4, and let 2y CC 2. Then

supu < cinfu, (14.1.7)
20 20

. . A
with ¢ depending on d, 2, §2o, and 7.

Proof. This Harnack inequality on £2, follows by the standard ball chain argument:
Since £2y is compact, it can be covered by finitely many balls B; := B(x;, R) with
B(x;, R) C £ (we choose, e.g., R < %dist(aﬂ,.{?o)), i = 1,...,N. Now let
V1, V2 € £2¢; without loss of generality y; € By, y» € B+, for some m > 1, and
the balls are enumerated in such manner that B; N B # @ for j =k,... .k +
m — 1. By applying Corollary 14.1.1 to the balls By, Bj41, ..., we obtain

u(y1) < supu(x) < czinfu(x)
By By

< c3 sup u(x) (since By N Biy1 # 0)
Byt

fcg inf u(x) <...
Bj+1

m+1

m—+1
=¢ 3

inf u(x) <" u(yr).
Bitm

Since y; and y; are arbitrary, and m < N, it follows that

supu(x) < c§v+1 infu(x). (14.1.8)
2 - 20
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We now start with the preparations for the proofs of Theorems 14.1.1 and 14.1.2.
For positive u and a point x(, we put

1

¢(p,R) := (][ u”dx)p .
B(x0,R)

Lemma 14.1.4.

lim ¢(p,R) = sup u =:¢(c0, R), (14.1.9)

P> B(x0.R)

lim ¢(p,R)= inf u=:¢(—o0, R). (14.1.10)
p—>—00 B(xo,R)

Proof. By Holder’s inequality, ¢(p, R) is monotonically increasing with respect to
p. Namely, for p < p’ andu € L7 (£2),

(k) < )7 (L) =G )

Moreover,

#(p.R) < ( (supu)p)p = ¢(co, R). (14.1.11)

|B(‘x07 R)l B(X(),R)

On the other hand, by the definition of the essential supremum, for any ¢ > 0, there
exists some § > 0 with

> 6.

x € B(xo,R) :u(x) > sup u—e
B(xo,R)

Therefore,

- 1
1 ’ 8 »
R - p _° _
s )2(|B(xo,R)| ) = (Tgeemn) oru=o:

XEB(x0.R)

and hence
lim ¢(p,R) > supu—c¢
p—>00

for any € > 0, and thus also

lim ¢(p, R) > supu. (14.1.12)
p—>00
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Inequalities (14.1.11) and (14.1.12) imply (14.1.9), and (14.1.10) is derived similarly
(or, alternatively, by applying the preceding argument to l). O

Lemma 14.1.5. (i) Let u be a positive subsolution in §2, and for q > 3, assume

vi=ul e L*(2).
Foranyn € HOI’Z(.Q), we then have

2
/n |Dv|* < Az( ) /|Dn|2 2, (14.1.13)

(ii) If u is a supersolution instead, this inequality holds for q < 3.

Proof. The claim is trivial for ¢ = 0. We put
f(u) =u*?  forg >0,
f(u) = —u* forg <O0.

By Lemma 14.1.2, f(u) then is a subsolution in case (i), and a supersolution in case
(i1). The subsequent calculations are based on that fact. (In the course of the proof
there will also arise integrability conditions implying the needed chain rules. For
that purpose, the proof of Lemma 10.2.3 requires a slight generalization, utilizing
varying Sobolev exponents, the Holder inequality, and the Sobolev embedding
theorem. We leave this as an exercise for the reader.) As a test function in (14.1.2)
(or in the corresponding inequality in case (ii), we then use

o= f'(w-n. (14.1.14)
Then

/Zaij(x)Diuquo
Q=
ij
:/ ZaijDiuDjuf’/(u)nz—f-/ Zai/Diuf/(u)ZnDjn
25 2
ij i.j

/ 2|q] 2q — I)Za’/D ubD; w2 4 /94|q|2a’7D,-u uzq—lnDjr).
i i

(14.1.15)

In case (i), this is < 0. Applying Young’s inequality to the last term, for all ¢ > 0,
we obtain

2|q|(2q—m/|Du|2 22,2 <2|q|Ae/|Du|2 22,2

2141 A
+—|i| /u2‘1|Dn|2.
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With
2qg — 1

. A
o2 A

we thus obtain

4 A2
Dul? 22 < /ZqDZ,
[ 1pu < GoTa | 1P

A2 [ 29 \?
D22<_ /2D 2.
[ <55 (525) [ 210

In case (ii), (14.1.15) is nonnegative, and since in that case also 2¢g — 1 < 0, one can
proceed analogously and put

i.e.,

_1-2g 2
2 A
to obtain (14.1.13) in that case as well. O

We now begin the proofs of Theorems 14.1.1 and 14.1.2. Since the stated inequali-
ties are invariant under scaling, we may assume, without loss of generality, that

R=1 and x,=0.
We shall employ the abbreviation
B, := B(0,r).

Let
0<r <r<2r, (14.1.16)

andletn € Hol’z(B,) be a cutoff function satisfying

n=1 on B,
_ d
}’}:O OHR \Br7 (14.1.17)
|D77| = /A
r—r

For the proof of Theorem 14.1.1, we may assume without loss of generality that
u is positive, since otherwise, by Lemma 14.1.3, we may consider the positive

subsolutions
vi (x) = max(u(x), k)
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for k > 0 (or the approximating subsolutions from the proof of that lemma), perform
the subsequent reasoning for positive subsolutions, apply the result to the v, and
finally let k tend to 0.

We consider once more

v=ul

and assume that v € L?(£2). By the Sobolev embedding theorem (Corollary 11.1.3),
for d > 3, we obtain

d—2
d
‘fvﬂf gmr”f|Dﬁ+f V. (14.1.18)
B,/ B B

If d = 2 instead of dz—fz, we may take an arbitrarily large exponent p and proceed
analogously. We leave the necessary modifications for the case d = 2 to the reader

and henceforth treat only the case d > 3. With (14.1.13) and (14.1.17), (14.1.18)

yields
o d
(f W4) 55%‘; (14.1.19)
B,s '\
/ 2 2
2
ES%((riﬂ)(ngl)_%O' (14.1.20)

Thus, we get v € L7 (£2). We shall iterate that step and realize that higher and
higher powers of u are integrable.
We put s = 2q and assume

with

Is| > p >0,

choosing an appropriate value for u later on. Because of r < 2r/, then

N s N2
¢ < 14.1.21
C_Cb(r—r’) (s—l) ' ( )

with c¢ also depending on w. Thus, by (14.1.19) and (14.1.21), since v = uz, we
get for s > pu,

dS ’ % ds r/ s %
¢(d—2’r) = (][/v ) 567(r_r/) (s—l) o(s,r) (14.1.22)

@ I




362 14 Moser Iteration Method and Regularity Theorem of de Giorgi and Nash

1
with ¢; = ¢¢ . For s < —pu, analogously,

ds 1 Fo\TH
¢(d __2”) 2c—7(r_r,) P (s.7) (14.1.23)

(we may omit the term (‘i—l)_'%' here, since it is greater than or equal to 1).

We now wish to complete the proof of Theorem 14.1.1, and therefore, we return
to (14.1.22). The decisive insight obtained so far is that we can control the integral
of a higher power of u by that of a lower power of u. We now shall simply iterate
this estimate to control even higher integral norms of # and from Lemma 14.1.4 then
also the supremum of u. For that purpose, let

d—2
I'n :1+2—n,
= gy >
n n+1 2-

Then (14.1.22) implies

2
1+277 (G5)p )p(/_z)”
T (Gh) e

<@ (s,

& (Sn+1,7nt1) < C7 ( & (S Tu)
and iteratively,

()™ »
G (Sn+1,Tnt1) < ng (@) d(s1.71) < c9 (p —

1)p d(p.2). (14.1.249)

(Since we may assume u € L?(£2), therefore ¢ (s,, r,) is finite for all n € N, and
thus any power of u is integrable.) Using Lemma 14.1.4, this yields Theorem 14.1.1.

In order to prove Theorem 14.1.2, we now assume u > ¢ > 0, in order to ensure
that ¢ (o, r) is finite for ¢ < 0. This does not constitute a serious restriction, because
once we have proved Theorem 14.1.2 under that assumption, then for positive u, we
may apply the result to u 4 ¢. In the resulting inequality for u 4 ¢, namely

; o
(][ (u+ 8)”) <——— inf (u+e),
B(x0.2R) (ﬁ _ p) B(x0.R)

we then simply let ¢ — 0 to deduce the inequality for u itself.
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Carrying out the above iteration analogously for s < —p withr, =2 + 27", we
deduce from (14.1.23) that

d (=1, 3) < cro9(—00,2) < crop(—0o0, 1). (14.1.25)
By finitely many iteration steps, we also obtain
¢(p.2) < cugp(p,3). (14.1.26)
d

(The restriction p < —= in Theorem 14.1.2 arises because according to Lemma
14.1.5,1n (14.1.19) we may insert v = u? only for g < % The relation p = Zqﬁ
that is needed to control the L”-norm of u with (14.1.19), by (14.1.20) also yields
-2,
the factor (745 — p)  in (14.1.5).)
The only missing step is

¢ (., 3) < cogp(—p, 3). (14.1.27)

Inequalities (14.1.25)—(14.1.27) imply Theorem 14.1.2. For the proof of (14.1.27),
we shall use the theorem of John—Nirenberg (Theorem 11.1.2). For that purpose,
we put

1
v=Ilogu, ¢ = ;7}2

with some cutoff function 7 € HOI'Z(B4). Then
/ ZaijDiquju = —/ }'}zzaijDiijV—‘r / ZnZaijDinDjv.
B By By
Since u is a supersolution, the left-hand side is nonnegative; hence

)L/ n2|Dv|2§/ nZZaijDiijv§2/ nZaijDinDjv
By By By

1 1

2 2

sZA(/ n2|Dv|2) (/ |Dn|2)
By By

by the Schwarz inequality, and thus

A2
/ n* |Dv]* < 4 (—) |Dyl*. (14.1.28)
By A By
If now B(y, R) C B3+% is any ball, we choose 7 satisfying

n=1 onB(y,R),
n =0 outsideof B(y,2R) N By,

8
Dn| < —.
InI_R
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With such an 7, we obtain from (14.1.28)
2 1 .
|Dv|” < y—5 with some constant y.
B(y.R) R

Thus, by Holder’s inequality,

/ |Dv| < wq /YR
B(y,R)

Now let « be as in Theorem 11.1.2. With u = #, applying that theorem to
1 1
w= V= log u,

Wiy @iV

we obtain
Lo

B3 B3

and hence

2
¢(n.3) < prop(—p.3),
and hence (14.1.27), thus completing the proof.

In order to see what the Harnack inequality for supersolutions can tell us about
subsolutions, we now state

Corollary 14.1.3. Let v be a bounded weak subsolution on B(xy,4R). There exists
a constant 0 < &y < 1, independent of v and R, with

sup v<(1—=23p) sup v+ VB(x0.R)- (14.1.29)
B(x0,R) B(x0.4R)
Proof. We abbreviate
V4 R = Sup v
B(x0.R)

and have
V4 4R — VR =][ (V44r—V)
B(x0.R)

< Zd][ [Vyar — V|
B(x0.2R)

<c(V44r —V4R)
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by Theorem 14.1.2 (for p = 1), since vy 4 — v is a nonnegative supersolution on
B(x0,4R). Consequently,

c—1 1
V4 4R + EVB(XO,R)- O

V+ R =

This corollary tells us that unless v is constant, its supremum on the smaller ball is
smaller than the one on the larger ball in a way controlled by the difference between
the supremum and the average. Thus, it can be interpreted as a quantitative version
of the maximum principle. More generally, a (sub)solution defined on some ball is
more tightly controlled on a smaller ball. Such explicit quantitative controls are very
important in the regularity theory for solutions of elliptic equations, as we shall see
in subsequent sections.
A reference for this section is Moser [27].

Krylov and Safonov have shown that solutions of elliptic equations that are not of
divergence type satisfy Harnack inequalities as well. In order to describe their results
in the simplest case, we again omit all lower-order terms and consider solutions of

d 2
Mu := i __ =0.
u ”2;1 a’ (x) FE u(x)

Here the coefficients a/ (x) again need only be (measurable and) bounded and
satisfy the structural condition (14.1.1), i.e.,

d
k|§|2 < Z a"f'(x)g,-gj forallx € 2,& € RY
ij=1
and
sup la”/ (x)] < A
i,j.x

with constants 0 < A < A < oo.
We then have the following theorem:

Theorem 14.1.3. Let u € W?>(R2) be positive and satisfy Mu > 0 almost
everywhere in B(xy,4R) C R?. For any p > 0, we then have

1/p
sup u < ¢ (][ u? dx)
B(x0.R) B(x0.2R)

A

with a constant ¢y depending on d, 5, and p.
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Theorem 14.1.4. Let u € W24 (2) be positive and satisfy Mu < 0 almost
everywhere in B(xo,4R) C RY. Then there exist p > 0 and some constant cs,
depending only on d and % such that

1/p
(][ u? dx) <c¢p inf u.
B(x0,R) B(xo.R)

As in the case of divergence-type equations (see Sect. 14.2 below), these results
imply Harnack inequalities, maximum principles, and the Holder continuity of
solutions u € W24 (£2) of

Mu =0 almost everywhere £2 C R?.

Proofs of the results of Krylov—Safonov can be found in Gilbarg—Trudinger [12].

14.2 Properties of Solutions of Elliptic Equations

In this section we shall apply the Moser—Harnack inequality in order to deduce
the Holder continuity of weak solutions of Lu = 0 under the structural condi-
tion (14.1.1). That result had originally been proved by E. de Giorgi and J. Nash
independently of each other, and with different methods, before J. Moser found the
proof presented here, based on the Harnack inequality.

Lemma 14.2.1. Letu € Wl’z(.Q) be a weak subsolution of L, i.e.,

d
9 . 0
Lu— Z Pl (a” (x)ﬁu(x)) > 0 weakly,
ij=1

with L satisfying the conditions stated in Sect. 14.1. Then u is bounded from above
on any §20 CC $2. Thus, if u is a weak solution of Lu = 0, it is bounded from above
and below on any such §2y.

Proof. By Lemma 14.1.3, for any positive k,
v(x) := max(u(x), k)

is a positive subsolution (by the way, in place of v, one might also employ the
approximating subsolutions f, o u from the proof of Lemma 14.1.3). The local
boundedness of v, hence of u, then follows from Theorem 14.1.1, using a ball chain
argument as in the proof of Corollary 14.1.2. O

Theorem 14.2.1. Let u € W'2(2) be a weak solution of
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d

d . ad
_ U (x)— =
Lu= i;I T (a (x) P u(x)) 0, (14.2.1)

assuming that the measurable and bounded coefficients a” (x) satisfy the structural

conditions
d

MEP <= ) d"(0EE. |a ()] <A (14.2.2)

ij=1

forall x € 2, & € R, with constants 0 < A < A < oo. Then u is Holder
continuous in §2. More precisely, for any 2o CC 2, there exist some « € (0,1)
and a constant ¢ with

lu(x) —u(y)| < clx—yl* (14.2.3)
forall x,y € §2o. o depends on d, %, and $2y, ¢ in addition on supg u — infg, u.
Proof. Let x € 2. For R > 0 and B(x, R) C £2, we put

M(R) := sup u, m(R):= inf u.
(R) B(X’I;) (R) A

(By Lemma 14.2.1, —oo < m(R) < M(R) < 00.) Then
w(R) := M(R) —m(R)

is the oscillation of u in B(x, R), and we plan to prove the inequality

o R
w(r) < ¢ (%) o(R) for0<r= (14.2.4)
for some « to be specified. This will then imply
R
u(x) —u(y) < sup u— inf u=w(r) < cow( ) |x — y|*. (14.2.5)

B(x.r) B(x.r) R~

for all y with |[x — y| = r. This, in turn, easily implies the claim.
We now turn to the proof of (14.2.4):

M(R)—u and u—m(R)

are positive solutions of Lu = 0 in B(x, R).l Thus, by Corollary 14.1.1,

'More precisely, these are nonnegative solutions, and as in the proof of Theorem 14.1.2, one adds
& > 0 and lets & approach to 0.
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M(R)—m (5) = sup (M(R)—u) <c; inf (M(R)—u)
4 B(x, %) B(x. %)

o wn-u (%))

M (5) —m(R) = sup (u—m(R)) <c; inf (u—m(R))
4 B(x.®) B(x. )

o (2) ).

(By Corollary 14.1.1, ¢; does not depend on R.) Adding these two inequalities

and analogously,

yields
R R cp—1
M- - — | < M(R) —m(R)). 14.2.6
(5)-m(5) = @ -mwy. as20
: a1
With 9 := f,l‘+1 < 1, thus

) (;) < vw(R).

Iterating this inequality gives

R
10) (4_;1) <v"w(R) forn eN. (14.2.7)
Now let
R R
yTER <r< TR (14.2.8)

We now choose « > 0 such that
o
U< l .
—\4

R
o) <o (4_;1) since w is obviously monotonically increasing

Then

<9%"w(R) by (14.2.7)

< () o
<4 (%)a o(R) by (14.2.8),

whence (14.2.4). O
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We now want to prove a strong maximum principle:

Theorem 14.2.2. Let u € W'2(2) satisfy Lu > 0 weakly, the coefficients a’/ of L
again satisfying

LR <) al (0EE. (x| <A
i.J
forall x € 2, € € RY. If for some ball B(yy, R) CC £2,

sup u = supu, (14.2.9)
B(yo.R) 2

then u is constant.

Proof. 1f (14.2.9) holds, we may find some ball B(xq, Ry) with B(xy,4Ry) C £2
and
sup u = supu. (14.2.10)
B(x0.Ro) 2
Without loss of generality supg, u < 00 because sup g, gy # < 00 by Lemma 14.2.1.
For
M > supu,
2

M — u then is a positive supersolution, and we may apply Theorem 14.1.2 to it.
Passing to the limit, the resulting inequalities then continue to hold for

M = supu. (14.2.11)
2

Thus, as in the proof of Corollary 14.1.3, we get from Theorem 14.1.2 for p =1

M—-u)y<c inf M—-—u)=0
ﬁ(xolRo) B(x0.Ro)

by (14.2.10) and (14.2.11). Since by choice of M, we also have u < M it follows
that
u=M (14.2.12)

in B(X(), ZR()).

Now let y € £2. We may find a chain of balls B(x;, R;), i = 0,...,m, with
B(.X,', 4R,) C £, B(.X,'_l, R,-_l)ﬂB(xi, Rl) 75 Ofori =1,...,m, y € B(Xm, Rm)
We already know that u = M on B(xq,2Ry). Because of B(xy, Ro) N B(x1, Ry) #
0, this implies

sup u=M,;
B(x1,R1)

hence by our preceding reasoning

u=M onB(x;,2Ry).
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Iteratively, we obtain
u=M on B(x,,2R,),

and because of y € B(x,,,, Rin),
u(y) = M.
Since y was arbitrary, it follows that

u=M inS2. O

As another application of the Harnack inequality, we shall now demonstrate a result
of Liouville type:

Theorem 14.2.3. Any bounded (weak) solution of Lu = 0 that is defined on all of
R?, where L has measurable bounded coefficients a'/ (x) satisfying

Mgl = Y al (EE. o ()] < A
i.j

for fixed constants 0 < A < A < oo and all x € R?, £ € R?, is constant.

Proof. Since u is bounded, infr © and supys u are finite. Thus, for any
u < infu,
R4
u — 1 is a positive solution of Lu = 0 on RY. Therefore, by Corollary 14.1.1,

O< supu—pu<c inf u—
- B(O,II)Q) f=a (B(O’R) M)

forany R > 0 and any p¢ < infRs u, and passing to the limit, then this also holds for

n= 1ﬂgdfu.

Since ¢3 does not depend on R, it follows that
0<supu—pu=<cs (infu—p,) =0,
R4 R4

and hence
u = const. O
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14.3 An Example: Regularity of Bounded Solutions
of Semilinear Elliptic Equations

In this section, we shall show how the Harnack inequality naturally applies for the
regularity of solutions of nonlinear equations. We take up once more the semilinear
equation (12.2.7)

Au+ I'(uw)|Du)* =0 (14.3.1)

with a smooth function I'(x), on an open and bounded 2 C R?. In Sect. 12.2,
we have shown that a weak solution u € W'71(£2) for some p; > d is smooth.
We recall that this condition implies that u is bounded, by the Sobolev embedding
Theorem 11.1.1 (see also Morrey’s Theorem 11.1.5). In this section, we wish to
show that all bounded solutions are smooth, as an application of the Harnack
inequality. The crucial point will be to find auxiliary functions constructed from
a solution that are subharmonic and to which therefore a Harnack inequality can be
applied.

We start with the following computation for a smooth solution u. Let xo € §2,
and C > 0, and p some constant.

u(x)—p)? d u(x)—p)?
AeCU®)=p)" — Z ﬁ(ZC(M—p)MXieC( (x)=p) )
i

= 2C(u— p) AueCW>)=p)’
+2C|Duf2eC =’
+4C2(u — p)?| Du|2eCw—p)
= —2CT(u)(u— p)| Duf2eC@®)=p?
+2C| Duf2eCw0=r?
+4C2(u— p)?| Du?eC =P,

If we now assume

I'(u) <a, (14.3.2)
and choose C with
a’ <C, (14.3.3)
then
AeCEI=P? > (14.3.4)

i.e., we have constructed a subharmonic function from a solution of (14.3.1).

Since we wish to prove a regularity result, we cannot yet assume that u is a
classical solution of (14.3.1). We need to consider weak solutions; u € W12(2)
with I" (u) bounded is called a weak solution of (14.3.1) if
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/ (Z DiuD;¢p — F(u)|Du|2(p) dx =0forallg € Hi? N L™®(2); (14.3.5)
i

here, we need to require that the test function ¢ be bounded in order to ensure that
the integral | |Du|?¢ be finite. For a weak solution of (14.3.4), (14.3.5) then is
also satisfied in the weak sense when the conditions (14.3.2) and (14.3.3) hold (see
Sect. 14.1 for weakly subharmonic functions), i.e.,

/ Z D; (e€“=P")Dyn(x)dx < 0 forall n € HI2(2).n>0;  (14.3.6)
2

here, we need to require u to be bounded in order to ensure that, computed by the
chain rule, D;(e€“®=P?) is in L2(£2). For the details, so that you can see how
a computation in the smooth case is translated into one in the weak case via an
integration by parts (the reasoning is the same as in the proof of Lemma 14.1.2):
The inequality (14.3.6) then is obtained via

/Z D; (ec(“_]’)zD,-n = /ZZC(H - p)DiueC(”_”)zDin
i i
i
-2 / > DiuD; ((u— p)e“)n

= / | Dul*T (u)2C (u — p)eC@P’y
—/2C|Du|2ec(“_mzn

—/4C2|Du|2(u - p)zec(”_p)zn
<0
for n > 0, using (14.3.2), (14.3.3) as before.

Lemma 14.3.1. Letu : B(xy,4R) — R (B(x0,4R) a ball in R?) be bounded, with

sup  fu(yn) —u(y2)l = M, (14.3.7)
Y1,Y2€B(x0,2R)

and satisfy
AeCU®=p? > ¢ (14.3.8)
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in the weak sense for every p € R. Then there exists some
M <M
with

sup  |u(z1) —u(z)| = M'. (14.3.9)

21,22€ B(x0,R)

Proof. By (14.3.7), we can find some x; € B(x,2R) with

meas ({x € B(xo, R) : Ju(x) —u(x))| < %}) > imeas(B(xo, R) = %Rd.

4 4
(14.3.10)
We consider the auxiliary function
(x) 1= A eClu =)
g(x) = o .
We have
pwi= sup g(x) <1 (14.3.11)
x€B(x0,2R)
On the other hand, by (14.3.7), there exists some y € B(x¢,2R) with
M
lu(y) —ulx)l = —-
hence
p> e iCeM? (14.3.12)
On {x € B(xo., R) : |u(x) — u(x1)| < %} [as in (14.3.10)], we have
—_Lom?
g(x) <e 1", (14.3.13)
We then consider the auxiliary function
h(x) = p—g(x) = 0on B(xp,2R). (14.3.14)

From (14.3.12)and (14.3.13), we have
_QCMZ _ECMZ M
h(x) > e 4 —e 16 on {x € B(xp, R) : |u(x) —u(xy)| < T( (14.3.15)

By (14.3.8) and the definitions of g, &,

Ah(x) < 0 weakly in B(xo,2R), (14.3.16)
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so that, with (14.3.14), we can apply the Harnack inequality for positive
superharmonic functions, Theorem 14.1.2, to obtain

¢
inf h(x) > — / h(x)dx for some constant ¢ > 0
X€B(x0,R) R B(x0,R)

S (e_gcw _ e—%CMZ) (14.3.17)

for some constant ¢’ that is independent of u, by (14.3.15) and (14.3.10). O

The key of the proof was, of course, the Harnack inequality. The principle is that
when we can control a supersolution 4 on some sufficiently large part of the ball
B(xo,2R) from below, then we can control /1 everywhere from below on the smaller
ball B(xy, R).

Clearly, we can iterate the proof of this lemma, to show that, given ¢ > 0, we
find some 6 > 0 with

sup  [u(r) —u(&)| <e.

&1.62€ B(x0,6)

The iteration works because, by (14.3.15), whenever supg ¢ ep(x,2r) |u(j§1)2 —
u(£,)| > €, then we can decrease that supremum on B(xo, R) by at least ¢/(e €€ —
e_%cgz) for some constant ¢’ that does not depend on u.

Thus, we have

Theorem 14.3.1. Let u be a bounded solution of

/ (Z DiuD;¢p — F(u)|Du|2(p) dx = Oforallp € Hy* N L™®(2) (14.3.18)
2\

with a smooth and bounded function I'. Then u is continuous in §2.

Once we know that u is continuous, we can derive further regularity properties
of u. As in Sect. 12.2, one shows in the end that u« is smooth. In the special case
where u is a solution of the variational problem (12.2.8), this is particularly easy.
We simply take a function f with f’/(u) = /g(u) which is possible since u, hence
g(u) is continuous. Then the variational problem [ g(u)|Du|*> — min becomes
the variational problem f |Dv|2 — min for v = f o u, i.e., the Dirichlet integral,
that we have already treated in Sects. 10.1 and 11.2. Since f is differentiable with
positive derivative, the regularity of v then translates into the regularity of u, indeed.
Actually, inspired by this argument, we may also want to treat (14.3.1) in a similar
manner. We simply solve

@' (u) = I'(u) and f’(u) = e®® (14.3.19)
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and then have

A(f ou) = f'wAu+ f"w)| D@
= e®O(Au+ &' ()| DW)?)
= e®“(Au+ I'w)|Dw)P),

and so, f o u is harmonic, hence regular, when u solves (14.3.1). There are
technical issues involved, like the solvability of (14.3.19) for a continuous u, the
weak formulation of the preceding formula, and the necessary iteration to get from
continuity to smoothness, however, that we do not address here.

When we want to proceed in a more analytical manner, we can obtain the
following Caccioppoli inequality:

Lemma 14.3.2. Let u € W'2() be a bounded and continuous weak solution of
(14.3.18) in 2. Assume |I'(u)| < a. For all xo € $2, there then exists a radius
Ry < dist(xo, 052), depending only on the modulus of continuity of u and the bound
ain(14.3.2), such that for all radii 0 < r < R < Ro, with up = up(x,,r) (the mean
value of u on the ball B(xy, R)), we have

2 32 2
Duf? < ——— = ugl?. (14.3.20)
B(xo.r) (R —71)? JB(xo.R)\B(xo.r)

Proof. We choose 1 € HOI’Z(B(xO, R)) with

n=1 on B(x,r); hence Dn =0 on B(xo,r),

Dy < :
1Dl = 2 —

As in Sect. 11.2, we employ the test function
¢ = (u—up)y’

and obtain

/ \DuPr = — / 2DyunDin(u— ug) + / I ()| DuP(u — )
B(xo.R) B(xo,R)

B(x0,R)
1
<o iuas | w-wllonf
4 JB(xo.R) B(xo,R)
+a sup |u—ug| | Du|*n?.

B(x0.R) B(x0.R)
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By continuity of u, we may choose R so small that a suppg(,, ) [u — ur| < %. We
then obtain

/ |Du|2n258/ (u—up)?| D
B(x,R) B(xo,R)

32

< lu—ugl>. (14321
(R = 1) JB(xo. R\ B(xo.r)

This yields (14.3.20). O

The key point here is that we can use a test function like u(x) — ug or u(x) —
u(xo) that, because of the continuity of u, on a sufficiently small ball B(xy, R) leads
to an arbitrarily small factor for the nonlinear term I (u)|D(u)|* so that it can be
dominated by the linear term.

We have seen the use of such an inequality already in Sect. 11.2, and we shall
see in Sect. 14.4 below how the Caccioppoli inequality can be used to show higher
results.

References for continuity results via Moser’s Harnack inequality for equations
and systems of the type (14.3.1) are [15,26]. As the example at the end of Sect. 12.2
shows, weak solutions of elliptic systems of the type considered here need not
be continuous, even if they are bounded. However, continuous weak solutions are
smooth; see [24].

14.4 Regularity of Minimizers of Variational Problems

The aim of this section is the proof of (a special case of) the fundamental result of
de Giorgi on the regularity of minima of variational problems with elliptic Euler—
Lagrange equations:

Theorem 14.4.1. Let F : RY — R be a function of class C™ satisfying the
following conditions: For some constants K, A < co, A > 0 and for all p =

(p1.....pa) €RY:

i [Lp=kipl (=14

.. 2
(ii) M|EP <X GranlkiE; < A& forall § € RY.

Let 2 C R? be a bounded domain. Let u € W'*(2) be a minimizer of the
variational problem

Iv) = /Q F(Dv(x))dx,

ie.,

Iw) < I(u+¢) foralge Hy*(82). (14.4.1)
Then u € C*(£2).
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Remark. Because of (i), there exist constants ¢y, ¢, with
|F(p)| <c1+alpl. (14.4.2)

Since §2 is assumed to be bounded, this implies
I(v) = / F(Dv) < o0
2

forall v € Wl'z(.Q). Therefore, our variational problem, namely, to minimize / in
W12(£2), is meaningful.

We shall first derive the Euler—Lagrange equations for a minimizer of /:

Lemma 14.4.1. Suppose that the assumptions of Theorem 14.4.1 hold. We then
have for all ¢ € H(}’Z(.Q),

d
/ Y Fp(Du)Digp =0 (14.4.3)
2

i=1

(using the abbreviation F,, = oF

_
Proof. By (i),

d
| 0o <k [ 1DvI1D] = d K IDVg) 1Dl
i=1

and this is finite for ¢, v € W12(£2). By a standard result of Lebesgue integration
theory, on the basis of this inequality, we may compute

d
—1 t
5 (u+1t9)

by differentiation under the integral sign

d
3 tip) = /9 > F,(Du+tDg)Di¢. (14.4.4)

In particular, I(« + t¢) is a differentiable function of # € R, and since u is a
minimizer,

d

Equation (14.4.4) for t = 0 then implies (14.4.3). O
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Lemma 14.4.1 reduces Theorem 14.4.1 to the following:

Theorem 14.4.2. Let A" : R? — R, i = 1,...,d, be C®-functions satisfying
the following conditions: There exist constants K, A < oo, A > 0 such that for all
peRY:

(i) |[A(p)| =Klpl (G =1.....4d).

(i) MEP < - Y REE, forall § € RY.

ap
A (p)
(iii) ’_ap, ‘fA.

Let u € W'2(82) be a weak solution of

d
0 .

§ :TAI(DM) =0 inf2CR?, (14.4.6)
xl

i=1

i.e., forall p € HOI’Z(Q), let

d
/ Z A" (Du)D;p = 0. (14.4.7)
fo

i=l1

Then u € C*(£2).

The crucial step in the proof will be Theorem 14.2.1, of de Giorgi and Nash.
Important steps towards Theorem 14.4.2 had been obtained earlier by S. Bernstein,
L. Lichtenstein, E. Hopf, C. Morrey, and others.

‘We shall start with a lemma.

Lemma 14.4.2. Under the assumptions of Theorem 14.4.2, for any ' CC 2
we have u € W*2('), and moreover; lullw22i0y < ¢ lullprzg), where ¢ =
c(A, A,dist(£2/,082)).

Proof. We shall proceed as in the proof of Theorem 11.2.1. For
|h| < dist(supp ¢, 082),

@k —n(x) := @(x — hey) (ex being the kth unit vector) is of class Hol’z(.Q) as well.
Therefore,

d
():LZAi(Du(X))Di(pk,—h(x)dx

i=1

d
:/ ZAi(Du(x))Difp(x—hek)dx

i=1

d
- /9 > A'(Du(y + he) Dig(y)dy

i=1

d
- /Q ZAi ((Du)y) Dig.

i=1



14.4 Regularity of Minimizers of Variational Problems 379

Subtracting (14.4.7), we obtain
/Z (A" (Du(x + her)) — A" (Du(x))) Dig(x) = 0. (14.4.8)
For almost all x € 2
Al (Du(x + hey)) — Al (Du(x))

1
::/ gAf@DMx+hq)+(r—nDuu»dr
0

= /01 Zd: A;j (tDu(x + heg) + (1 —t)Du(x)) D; (u(x + heg) — u(x)) | dr.
. (14.4.9)
We thus put
al (x) = /01 AL, (tDu(x + hey) + (1 — 1) Du(x)) dt,
and using (14.4.9), we rewrite (14.4.8) as
/9 > a4 (0D, (”(x + he}i‘) _ ”(x)) Dig(x)dx = 0. (14.4.10)
i.j

Here, because of (ii) and (iii),
MEP <) a) (&g <dAJE] forall§ e RY.
i.J
We may thus proceed as in Sect. 11.2 and put
0 = 3 (Wl + heg) —u(e) 7’
with n € CJ(£2"), where we choose 2 satisfying
Q' cc R’ cce,

dist(£2”, 02), dist(£2/, 082" > i dist(£2’, 0£2), and require
0<n=l,
n(x)=1 forx e £,

Dyl<-—o
1Dl = G a0
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as well as
|2h| < dist(£2”, 352).
Using the notation
u(x + hey) —u(x)
h 9

Azu(x) =

(14.4.10) then implies
x/ |DAzu|2n2§/ Za (D; Alu) (D; Alu)
2
——/ > aj D A{u2n(Din)Afu by (14.4.10)
2 .
dA
< sdA/ DA + —/ | ALul*|Dn? forall e > 0,
Q & Jo

A
244>

/|DAku| n <c1/ |Azu|25c1/ |Dul®
Qr 2

by Lemma 11.2.1, with ¢, independent of /2. Hence

and with ¢ =

|DALu 2oy < e1 1 Dull 2 - (14.4.11)

Since the right-hand side of (14.4.11) does not depend on /, from Lemma 11.2.2 we
obtain D?u € L?(£2’) and the inequality

| D%ul 20y < c1 DUl 2(q) - (14.4.12)
Consequently, u € W22(£2'). O
Performing the limit 2z — 0 in (14.4.10), with
a’ (x) = A;j (Du(x)),
(14.4.13)

V= Dku,

we also obtain

2
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By (ii), (iii), (@ (x)); j=1...a satisfies the assumptions of Theorem 14.2.1. Applying
that result to v = Dju then yields the following result:

Lemma 14.4.3. Under the assumptions of Theorem 14.2.1,

Du e C%(R2)
for some o € (0,1), i.e.,
ue CH(R).
Thusv = Dyu,k = 1,...,d,is a weak solution of
d
>~ Di(a’(x)D;v) =0. (14.4.14)
i,j=r

Here, the coefficients @’/ (x) satisfy not only the ellipticity condition

d
MEP < Y aV(0EE, a7 ()] <A

ij=1

forall £ € RY, x € 2,i,j = 1,....d, but by (14.4.13), they are also Holder
continuous, since A’ is smooth and Du is Holder continuous by Lemma 14.4.3. For
the proof of Theorem 14.4.2, we thus need a regularity theory for such equations.
Equation (14.4.14) is of divergence type, in contrast to those treated in Chap. 13,
and therefore, we cannot apply the results of Schauder directly. However, one can
develop similar methods. For the sake of variety, here, we shall present the method
of Campanato as an alternative approach. As a preparation, we shall now prove
some auxiliary results for equations of type (14.4.14) with constant coefficients. (Of
course, these results are already essentially known from Chap. 11.)

The first result is the Caccioppoli inequality:

d
MEP < Y AUk, forallE e RY
ij=1
with A > 0. Let u € W'2(2) be a weak solution of
d

Z D; (AVDiu) =0 inS2. (14.4.15)

ij=1
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We then have for all xy € §2 and 0 < r < R < dist(xg, d82) and all n € R,
C 2
|Duf < ——— lu—pl*. (14.4.16)
/l;(xo,r) (R—r)? B(x0,R)\ B(xo.r)

Proof. We choose 1 € HOI’Z(B(xO, R)) with

n=1 on B(xg,r), hence Dn=0 on B(xg,r),

Dyl < :
1Dl = 2 —

As in Sect. 11.2, we employ the test function

o= @—wn
and obtain

OzleﬂDmDAW—m#)
i.j

:i/EZAUDﬂdbuﬁ4—/2§:AUDMOF—MMDjW
i.j i.j

Using the ellipticity conditions, we deduce the inequality

A | Dul*n? f/ X:A"]AD,-uDjun2
B(xo,R) B(x0,R)

<eAd | Dul* n?
B(x0,R)

A
+=d 1Dyl u— ),
€ B(x0.R)\ B(xo.r)

since Dn = 0 on B(xo, r). Hence, with ¢ = A

1
24d’

C
/ |Dul’ p? < —2— 5 / lu—pul*,
B(x0.R) (R = 1) JB(xo,R)\B(xor)

and because of

/ |Du|zs/ |Dul? 7,
B(xq,r) B(x0.R)

the claim results.



14.4 Regularity of Minimizers of Variational Problems 383

The next lemma contains the Campanato estimates:

Lemma 14.4.5. Under the assumptions of Lemma 14.4.4, we have

d
/ ul* < c3 (L) / Ju? (14.4.17)
- R
B(xo,r) B(x0,R)

as well as

2 r\d+2 2
/ ‘M — MB(xo,r)| <y <§> / |u — MB(xo,R)| . (14418)
B(xo.r) B(x0.R)

Proof. Without loss of generality r < §. We choose k > d. By the Sobolev
embedding theorem (Theorem 11.1.1) or an extension of this result analogous to
Corollary 11.1.3,

W*2(B(xo, R)) C C°(B(xo, R)).

By Theorem 11.3.1, now u € wk2 (B (xo, é)), with an estimate analogous to
Theorem 11.2.2. Therefore,

d
2 d 2 r
lul” < csr® sup |ul” < co———r llullyro R
/B(xo,r) B(xo.r) RA—2k WE(B(x0.3))

d

r 2
<37 |u|” .

R Jp(xo.8)

(Concerning the dependence on the radius: The power r¢ is obvious. The power R?
can easily be derived from a scaling argument, instead of carefully going through
all the intermediate estimates). This yields (14.4.17). Since we are dealing with an
equation with constant coefficients, Du is a solution along with u. For r < é, we
thus obtain

d
/ IDuf? < 70 |Duf*. (14.4.19)
B(xo.r) R Jp(x, %)
By the Poincaré inequality (Corollary 11.1.4),
/ |t — upgn|” < c8r2/ |Dul®. (14.4.20)
B(xo.r) B(xo,r)

By the Caccioppoli inequality (Lemma 14.4.4)

C9 2
|Dul* < — u—upeop)| - (14.4.21)
/B(X(»l;) R? B(xo,R) | (o
Then (14.4.19)—(14.4.21) imply (14.4.18). u]

We may now use Campanato’s method to derive the following regularity result:
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Theorem 14.4.3. Let a'/ (x),i,j =1,...,d, be functions of class C*, 0 < a < 1,
on 2 C RY, satisfying the ellipticity condition

d
MEP < Y dV(x)EE; forall €RY x € 2 (14.4.22)
i,j=1
and
la"(x)| <A forallx € R.i,j=1,....d, (14.4.23)

with fixed constants 0 < A < A < co. Then any weak solution v of
d
> D;(a’(x)Div) =0 (14.4.24)
i,j=1
is of class C'*' (2) for any o with0 < o/ < a.

Proof. For xy € §2, we write

a’ = a" (xo) + (a” (x) — a” (xo)) .

Letting
AV = aV (xo),
(14.4.24) becomes
> D (A"Div) = " D; (@’ (x0) —a”’ (x)Div) =Y D; (f7(x))
ij=1 ij=1 j=1
with
d
Sy =" ((@" (xo) — a” (x)) Div) . (14.4.25)

i=1

This means that

d d
/ > ATDwD;g :/ > fiDjp forallg € Hy?*(2).  (14.4.26)
2 =1 2=

For some ball B(xy, R) C £2, let

w e H'"*(B(xo, R))
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be a weak solution of
d
> D, (A7Diw) =0 in B(xo. R),
ij=1 (14.4.27)
w=1v ondB(xg, R).

Thus w is a solution of

d
/ > AYD;wDjp =0 forallg € Hy*(B(xo.R)). (14.4.28)
B(xo.R) ;7=

Such a w exists by the Lax-Milgram theorem (see appendix). Note that we seek
z=w—vwith

B(¢,2) ::/ZAifDisz<p
=: F(p) forallg € Hy?(B(xo, R)).

Since (14.4.27) is a linear equation with constant coefficients, then if w is a solution,

sois Dyw, k = 1,...,d (with different boundary conditions, of course). We may
thus apply (14.4.17) from Lemma 14.4.5 to u = D w and obtain
2 r\¢ 2
/ IDw] < 10 (—) / |Dw|?. (14.4.29)
B(xo.r) R/ JBxo.R)

(Here, Dw stands for the vector (Diw, ..., Dgw).) Since w = v on dB(xg, R),
¢ = v —w is an admissible test function in (14.4.28), and we obtain

d d
/ > ATDwDjw = / > ATD;wD;v. (14.4.30)
B(x0,R) B(xo,R)

ij=1 i.j=1

Using (14.4.27), (14.4.23) and the Cauchy—Schwarz inequality, this implies

Ad\?
/ |Dw|* < (—) / |Dv|*. (14.4.31)
B(xo.R) A B(x0.R)

Equations (14.4.26) and (14.4.28) imply

d

/B(xo,R) Z

i,j=1

d
4D -mbe= [ 3 fidgg
Bo.R) 2
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for all ¢ € Hol’z(B(xo, R)). We utilize once more the test function ¢ = v —w to

obtain
1 ..
/ |D(v—w)|2§X/ > ATDi(v—w)D;(v—w)
B(x0.R) B(x0.R) ij
1 .
= fDj(v—w)
A B(x0,R) Xj: /

IA

by the Cauchy—Schwarz inequality, i.e.,

1 12
D —w) < —/ £if.
/Bm,m A% Jxo.r) Z]:| |

We now put the preceding estimates together. For 0 < r < R, we have

/ |Dv|2§2/ |Dw|2+2/ |ID(v — w)|?
B(xo.r) B(xo.r) B(xo.r)

! - 2)2
l(/B(xo,R)W(V W /Bm,m;v

1
2

j|2

(14.4.32)

r\¢ 2 2
= (%) DV 42 [ D —w)
R7 Jp(xo.R) B(xo.r)

by (14.4.29) and (14.4.31). Now

/ IDv—w)[? S/ |ID(v—w)|*, sincer <R
B(xo.r) X0.R)

1 / P2
1 by (14.4.32)
2 B(xo,R) Z]: | ‘ g

IA

=

<5z o @G-’ [ |pvf
ij B(xo,R)

L]
XEB(x0.R)

by (14.4.25)

< Clsza/ |Dv|*,
B(xo,R)

since the a”/ are of class C*. Altogether, we obtain

d
/ |Dv* <y ((L) + Rz"‘) / |Dv|?
B(xo.r) R B(xo.R)

(14.4.33)

(14.4.34)
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with some constant y. If (14.4.34) did not contain the term R?® (which is present
solely for the reason that the a/ (x), while Holder continuous, are not necessarily
constant), we would have a useful inequality. That term, however, can be made to
disappear by a simple trick. For later purposes, we formulate a somewhat more
general result:

Lemma 14.4.6. Let o(r) be a nonnegative, monotonically increasing function
satisfying
ANZ
o(ry<y ((E) + 8) o(R) + kR’

forall0 <r < R < Ry, with i > v and § < 8o(y, i, v). If 8 is sufficiently small,
for0 <r < R < Ry, we then have

o(r) <y (%)V o(R) + kr',

with y1 depending on y, L, v, and k| depending in addition on k (k; = 0 ifk = 0).
Proof. Let0 < t < 1, R < Ry. Then by assumption

o(zR) < yt* (1 +8t7")a(R) + kR".
We choose 0 < t < 1 such that

2pth =1t

with v < A < pu (without loss of generality 2y > 1), and assume that
ot < 1.
It follows that
o(tR) < t*0(R) + kR"
and thus iteratively for k € N

a(rk“R) < rxo(th) + k" RY

k
T(k+l)Aa(R) + K_L,kvRv Z tj()k—v)
j=0

)/()‘L'(k"’_l)v (O'(R) + KRU)

IA

IA

(where Yy, as well as the subsequent y;, contains a factor %). We now choose k € N
such that

_L,k+2R <r< 'L'k+1R,



388 14 Moser Iteration Method and Regularity Theorem of de Giorgi and Nash
and obtain

o(r) < U(Tk+1R) <y (%)V o(R) + k1. O

Continuing with the proof of Theorem 14.4.3, applying Lemma 14.4.6 to (14.4.34),
where we have to require 0 < r < R < R, with R(z)" < &y, we obtain the inequality

d—e
/ IDVP < e (i) / |Dv)? (14.4.35)
B(xo.r) R B(x0.R)

for each ¢ > 0, where c¢;3 and R, depend on &. We repeat this procedure, but this
time applying (14.4.18) from Lemma 14.4.5 in place of (14.4.17). Analogously to
(14.4.29), we obtain
2 r\d+2 2
/ |DW - (DW)B(X()J)| =cCu (ﬁ) / ’DW - (DW)B(X(),R)| :
B(xo,r) B(xo,R)
(14.4.36)

We also have
2 2
/ |Dw — (DW) pxo.r)|” < / |Dw — (DV) Bxo.i)| -
B(x0.R) B(x0.R)

because for any L2-function g, the following relation holds:

2 .
/ |2 — gB(o.0)| = inf / lg—«l”. (14.4.37)
B(x.R) *€ER JB(x0.R)

(Proof: For g € L*(R2), F(x) = fQ lg — /c|2 is convex and differentiable with
respect to «, and

Fi0 = [ 20c- o
2
hence F’ (k) = 0 precisely for

a1l
k=—1_ g,
121 Jo

and since F is convex, a critical point has to be a minimizer.)

Moreover,
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[ 1pw= O]
B(xo,R)

1

= A7 (Diw — (Div) pxo.r)) (Djw — (D V) Bxo.r))
B(xo,R) i.j

1

=7 / > AT (Diw = (Div)o.w) (Djv = (D) Bxg. 1)
B(x0.R) i

+ A Z AV (Div)B(x(),R) (D/V - Djw)
B(xo,R) ij

by (14.4.30). The last integral vanishes, since A" (D; V) B(x,R) 1S constant and v—w €

Hol’2 (B(xo, R)). Applying the Cauchy—Schwarz inequality as usual, we altogether
obtain

A2
/ |Dw— (DW) g | < = d> / |Dv — (DV) oy |* - (144.38)
B(x0.R) B(x0.R)

Finally,
2 2
/ ‘DV — (DV)B(_X()J‘)‘ = 3/ |DW - (DW)B(X()J)‘
B(xo.r) B(xo.r)

+3 / |Dv — Dwl|?
B(xo,r)

2
+ 3/ ((DV)B(X()J) - (DW)B(X()J)) :
B(xo.r)

The last expression can be estimated by Holder’s inequality

1 2
/ (— (Dv — Dw)) < / (Dv — Dw)>.
B(X(),r) IB()C(), r)l B(X(),r) B(X(),r)

Thus

2
/ ‘DV - (DV)B(X()J)‘
B(xo.r)
2
< 3/ |Dw — (DW) pron|” + 6/ |Dv — Dw|?
B(xo,r) B(xo,r)

< 3/ |Dw — (Dw)B(XO,,)\2 + clsto‘/ |Dv]* (14.4.39)
B(xo.r) B(x0,R)



390 14 Moser Iteration Method and Regularity Theorem of de Giorgi and Nash

by (14.4.33). From (14.4.36), (14.4.38), and (14.4.39), we obtain

[ by @vmnf
B(xo,r)

r\d+2 2 2 2
<cis (—) |Dv— (DV)pxo.n|” + c17R | Dv|
R B(x0.R) B(x0.R)

r

d+2 5 ot
< ci6 (ﬁ) / iDV - (DV)B(xO,R)| + cig R (14.4.40)
B(x0.R)

applying (14.4.35) for 0 < R < Ry in place of 0 < r < R. Lemma 14.4.6 implies

2
/ |DV_ (DV)B(X()J)|
B(xo.r)

r

d+20—¢ 2 _
<cC9 (—) / |DV - (DV)B(XO,R)| + Czord+2a 3
R B(x0.R)

The claim now follows from Campanato’s theorem (Corollary 11.1.7). O

It is now easy to prove Theorem 14.4.2:

Proof of Theorem 14.4.2: We apply Theorem 14.4.3 to v = Du and obtain v €
C'"; hence u € C2¥. We may then differentiate the equation with respect to
x* and observe that the second derivatives D jku, jok = 1,...,d, again satisty
equations of the same type. By Theorem 14.4.3, then D%u € C'"; hence u €
c3e’, Iteratively, we obtain u € C™ %" for all m € N with 0 < «,, < 1. Therefore,
ue C*®.

Remark. The regularity Theorem 14.4.1 of de Giorgi more generally applies to
minimizers of variational problems of the form

1(v) = /Q F(x,v(x), Dv(x))dx,

where F € C®(2 x R x R x RY) again satisfies conditions like (i), (ii)
of Theorem 14.4.1 with respect to p, and #F (x,v, p) satisfies smoothness
conditions with respect to the variables x and v uniformly in p.

References for this section are Giaquinta [10, 11].
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Summary

Moser’s Harnack inequality says that positive weak solutions u of

ad
Lu= Z o ( ’](x)—u(x))

satisfy an estimate of the form

sup u < const inf u
B(x0.R) B(x0.R)

in each ball B(xp, R) in the interior of their domain of definition 2. Here,
the coefficients a”/ need to satisfy only an ellipticity condition, and have to be
measurable and bounded, but they need not satisfy any further conditions like
continuity. Moser’s inequality yields a proof of the fundamental result of de
Giorgi and Nash about the Holder continuity of weak solutions of linear elliptic
differential equations of second order with measurable and bounded coefficients.
These assumptions are appropriate and useful for applications to nonlinear elliptic
equations of the type

0
Yo ( Y (u (x))—u(x))

Namely, if one does not yet know any detailed properties of the solution u, then,
even if the AY themselves are smooth, one can work only with the boundedness of
the coefficients

a’ (x) := AV (u(x)).
Here, a nonlinear equation is treated as a linear equation with not necessarily regular
coefficients.
An application is de Giorgi’s theorem on the regularity of minimizers of
variational problems of the form

/ F(Du(x)) (14.4.38)x — min

under the structural conditions

@ 15 (p)| < Klpl,

(i) AEP <Y gpFa(;)Széj < A|g|* forall £ € RY,

with constants K, A < co, A > 0.
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Exercises

14.1. Formulate conditions on the coefficients of a differential operator of the form

d d
Lu = igl % (aij (x)a_?clu(X)) + ; %(bi(x)u(x)) + c(x)u(x)

that imply a Harnack inequality of the type of Corollary 14.1.1. Carry out the
detailed proof.

14.2. Asin Lemma 14.1.4, let

1/
¢(p,R>=(]£( Rupdx) ’

for a fixed positive u : B(xg, R) — R.

Show that
lim ¢(p, R) = exp (][ log u(x) dx) .
=0 B(xo,R)

14.3. Show the regularity of bounded minimizers of

/Qg(x, u(x))| Du(x)|*dx

where g is smooth, bounded, and > A for some constant A > 0.
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