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1 Introduction

1.1 Outline of paper

In this paper, I will give an overview of basic regularity theory for (elliptic)
partial differential equations, mainly concerning Holder spaces C*. I will then
devote a significant portion of the text to proving Moser’s version of a Harnack
inequality. Finally, I will discuss the extraordinary regularity results of De
Giorgi, Nash, and Moser that were discovered in the mid 1950s and early 1960s,
and then some of the applications of these results to existence and uniqueness
theorems for various partial differential equations.

1.2 Notation

We will use a notation borrowed from [2]. We call Q C R™ a domain if it is an
open and connected set. If €2 is a domain and X is an open subset of ), then
we write 2 CC to mean that X C Q and X is compact. If u is a sufficiently
differentiable function, we write

ou 0%u
Diu= D, u= i =
! i 8a:i ’ *J 6l‘i8$j
for the partial differential operator. If o is a multi-index, o = («, ..., ay,) then

we write D¢ if we mean

D =D .- Dp»
By C°(Q) we mean the set of continuous functions u : Q@ — R, and if k > 1
we denote C*(£2) by the set of continuous functions from €2 to R such that the
derivatives D%u for |a| = a1 + ... + a, < k exist and are continuous. For a ct
domain, we write v = (v4,...,v,) to mean the outward unit normal along 0f.

2 Overview of Holder spaces

Holder spaces are a fundamental tool in studying partial differential equations,
and they will come into use particularly in the later section when we develop
the regularity results of De Giorgi, Nash, and Moser. Following Jost [3], we
will first prove the Moser-Harnack inequality, after which we will discuss some
applications of this inequality to elliptic partial differential equations, and then
finally discuss regularity results for variational problems. We first begin with a
definition for the Holder seminorms and Holder spaces.

Definition 1 (Hélder semi-norms and Holder space C™*#). Let p € (0, 1] and
K C R™ be compact. Given u € C°(K), we define the Holder semi-norm [u],, o
by
[U]M,Q = sup |’U,(.’)3) — u(y)|
atyeq oyl
For m > 0 and p € (0,1], we say u € C"*(Q) if u € C™(Q) and [D™], x < 00
for all K C 2.



We define the Hélder norms as follows.
Definition 2 (C* and Holder norms). Let  be a bounded domain. We define
the C° norm | - [p.q and C™ norm | - |0 by
|ulo,o = sup[ul, ||U||cm(§) = [ulmsq = z |Dku|o;ﬂ
Q2 k<m
The Holder norm | - |, 4,0 is defined by
Hu”cm,u(ﬁ) = |ulm 0 = Z |Dku|0;ﬂ + [D"u] 0
k<m

Definition 3 (Sobolev space W*?). If Q C R" is a domain, we say that an
integrable function v : 2 — R is the a-th weak derivative of u, written v = D%u,
if

/ vodr = (—1)1¢! / uD® pdx for all ¢ € 2(Q)

Q X

For k € N and 1 < p < oo we define the Sobolev space WP as
WEP(Q) := {u € LP(Q) : D*u € LP for all |a| < k}

The corresponding norm H~||Wk,p(Q) is given by

1/p

lullyrs o) = | D ulPdx
(2 o

|| <k

Lemma 1. Let fi, fo € C%(Q) := C%* where Q C R™. Then we have that
1+ fo € C¥(Q), and moreover we have the estimate

|fifalca@) < |faloe) {sgplfll} + | filce ) [Slgllp|f2|]

Proof. The proof of this is quite simple. We need only use the triangle in the
following:

[[1(x) fo(@) = [i(W) ()l _ [f1(x) = f1(y)
|z —y|* Tz —yle
The result follows immediately since fi, fo € C¢. O

|[f2(x) = fa(y)

| |
| f2(2)| + P— [f1(2)]

3 Moser-Harnack inequality

We follow Jost [3] and Moser [4], [5] here. We want to understand the weak
solutions to the homogeneous equation Lu = 0 where L is defined by

Lu = zn: 0 <aij(x) 0 (x)) =0

e (%
X Z;
=1 9% Ozi




where the coefficients a” are measurable and bounded, i.e., there is finite A > 0
such that

sup|a”( ) <A<oo
ij,x

and that the coeflicients also satisfy the ellipticity condition

n

NEP <> a (2)6g; (1)

ij=1

where 0 < A < A, and sup(+) is understood as ess sup(-). The notion of subso-
lutions and supersolutions will be used in establishing the Harnack inequalities.

Definition 4 (Sub- and supersolutions). Let u € W2(Q). We call u a weak
subsolution (resp. supersolution) of L, denoted Lu > 0 (resp. Lu < 0) if for all
positive functions ¢ € Hy?(Q), we have that

/X Zaij(a:)Diungbd:c <0 (2)
4]

(resp. [>. > 0 for supersolution). All the inequalities are assumed to hold
except possibly on sets of measure zero.

From this definition, it is clear from the following relation that if f € C?(R)
is convex, and u is a subsolution (Lu > 0), then f owu is also a subsolution:

. Ou 0
L(fou)= Za (”f %>:f’<“>Lu+f”<“>iZj“”agZaZ (3)

In fact, if the first and second derivatives of f are integrable, we can perform
integration by parts to deduce the following lemma:

Lemma 2. Suppose f € C?(R) is conver and u is a weak subsolution for L.
Then f ow is in fact a weak subsolution for L provided we can integrate f so
that the chain rule for weak derivatives holds.

Proof. Supposing that f is sufficiently integrable, we have thatD;(f o u) =
f'(w)D;(u) and D;(f ou) = f"(u)D;u for each i = 1,...,n. We then have that

/Q;jaijDi(fou)quS/sz/(u)Diuqus
/ZaﬂDuD /Za”Duf” \D,u

Since f is convex and because of the ellipticity condition (), if u is a weak
subsolution and f’(u) is positive, then we have that

/ > " a"Di(fou)D;j¢ <0
Q i,j

Therefore f ow is a weak subsolution. O



We need one more lemma before beginning the Moser iteration.

Lemma 3. If u € WH2(Q) is a weak subsolution of L and k is some real
number, then the function v defined by

v(z) = max (u(z), k)
is also a weak subsolution to L.

Proof. We can write v as a composition of functions v = f o u where f(x) :=
max(xz, k), where k € R is as in the statement of the lemma. For such an f there
is a sequence (f,) of convex, twice differentiable functions such that f, — f
and f, is equal to f for all z outside of the interval (k — %, k + %), and such
that |f/(x)| <1 for all z. We then have that f, ou — fou in W2 norm, so
that we have for any 0 < ¢ € H&’Q,

a’DjvD;¢ = lim/ Di(fnou)D;é
/QZ o= Jin [ S0howD,

Finally, by ([2]), this means that the above quantity is a a weak subsolution, since
each f, are convex. O

3.1 Moser iteration and estimates

The goal of this section is to establish Moser’s result [5] on general Harnack
inequalities. We will first prove two more general theorems (Theorems [ and
2) from which we will deduce the more well-known forms of the inequalities
appearing in these theorems.

Let us now denote the average mean integral { by

f)(ﬁdﬂ@zﬁm)/ﬂfbdx

We will be using the average mean integral in order to have our constants be
independent of the size of the ball that we are integrating over.

The two main results of this section are due to Moser [5]. We follow Jost’s
presentation here [3]. The theorems are as follows.

Theorem 1. If u is a subsolution to L in the ball D(xo,4R) C R™ for some
R >0, then for any p > 1 we have

2/p 1/p
sup u<c (p> ][ (max (0, u(x)))? dz (4)
D(z0,R) p—1 D(z0,2R)

If w is a positive function, then ([f]) takes the form

P 2/p 1/p
sup u < ¢ () ][ uPdx
D(zo0,R) p—1 D(x0,2R)

The constant c; depends only on the dimension n and on the ratio of the
ellipticity bounds, %



Theorem 2. If u is a positive supersolution to L in the ball D(z9,4R) C R™,
then for any dimension n > 3 and for any p € (0, d%‘ZQ), we have that

n—2

1/p
][ uPdx < 0722 inf w (5)
D(z0,2R) (L—p) D(zo0,R)

where ¢ca = o (n, %)

These two theorems immediately imply the more familiar looking version of
the Harnack inequalities: if u is a positive weak solution to Lu = 0 in the ball
D(z,4R) in R™, then there is some constant C' depending only on n and %
such that

sup u<C inf wu (6)
D(zo,R) D(z0,R)
This local result extends to general domains in R™ in the following manner. If
u is a positive weak solution to Lu = 0 in some 2 C R", then for any X CC Q
(i.e., X C Q and X is compact), we have that

supu < Cinfu (7)
X X

where C’ depends on n, 2, X, and % To see this, let {B;}Y, be a finite subcover
of X, with the balls B; C Q, each of radius R, such that B; N B, is non-empty
for all v. Then if y1,y2 € X, we can take y; € By and y2 € Bjy4y for some
positive integer m. Then by applying (@) to each of the balls B;, we get that

u(y1) < supu(x) < Cinfu(z)
By, By

< C sup u because B; N B;y1 is non-empty
Bri1
< C? inf u
By
< C? sup u < ...
B2

< Cm+1 Blkrif u< Cm+1u(y2)

Therefore () holds for general domains @ C R™.
We can now begin to start proving Theorems (Il) and [@). If u is positive
and xg € R", then we define ¢(p, R) as

1/p
o(p, R) := (][ updx>
B(zo,R)

The following two lemmas will be necessary for the whole proof of the two
theorems.



Lemma 4. We have the following behaviour of ¢(p, R) as p — +o0.

lim ¢(p, R) = sup u (8)
P00 B(zo,R)

li ,R)= inf 9
L o(p, R) pinf v (9)

Proof. Let p/ > p be arbitrary. If u € L¥' (), then we have that ¢(p, R) is an
increasing function of p for fixed R by Holder’s inequality:

p’=p

(o) et () o)
- (W /Q“)

We also have that ¢(p, R) is bounded above by ¢(oc0, R) := lim,_ ¢(p, R) since

1/p
é(p,R) < (Rln /B(%’R) (ess sup u)p> = ¢(00, R)

However, by definition of ess sup, for every € > 0 there exists § > 0 such that if
we denote the set A as

A={z € B(zo,R):u(x) > sup u-—c}
B(zo,R)

then the measure of A is strictly greater than . We therefore have that

1/
o(p,R) > [Rln/Aupdx} ’

( 5\ P
> = (supu —¢)
)

Therefore we have that for any ¢ > 0, lim,_,o ¢(p, R) > supu — . Therefore
we also have that lim,_,. ¢(p, R) > sup u, which implies (§). By applying the

above limit to the function % instead of u, we get ([@). 0

We now prove the final lemma necessary for the proof of the desired theo-
rems.

Lemma 5. a) If u is a positive subsolution to L in €, then for ¢ > % assume
that v = u? € L*(Q). Then for any 1 € H)® we have that

A2 2q 2
2 2 o A7 2,2
Lo <3 (524) [ pn (10)




b) If u is a supersolution, then this inequality is true when q < %

Proof. We know that for (a), f(u) is a subsolution by Lemma [} for (b), f(u) is
a supersolution. So define ¢ = f'(u) - 7?; then ¢ € Hy*(Q) and so we have that

/ >_a(w)DuD;¢ = / >_ @ DiuDsuf" (upn® + / > Diuf'(w)2n D
Q%55 Qi @i

(11)
:2M@q—U/‘§lMJme22+Mﬂ/‘§aﬂDuﬁqlD
Q<
2,7

<0 case (a)
>0 case (b)

Now, recall Young’s inequality: if a,b are positive real numbers and p,q are
conjugate exponents, then ab < % + %. For case (a) we can apply Young’s
inequality to the last term: for any € > 0 we have that, using the ellipticity
estimate,

2|q|A
22— 1 [ IDuPurr? < 2lalac [ Dafuro+ 208 [y
Q Q Q

A (a)

Since this inequality holds for all € > 0, we can take ¢ =
(and e~! for case (b)) to get that

4 A2
Dul?*u 2q2 < /qunz @/Dv2n2<—/v2Dn2
[ 1pu < SegrgE Lo e [ < 5 [
O

We can now begin with the proofs of Theorems[Il and 2l Note that in each
of the theorems, the inequalities are scaling and translation invariant, so we can
assume that the problem is concerned with a ball of radius 1 centred at the
origin; namely, zo = 0 and R = 1. Also note that by Lemma [B] we can consider
the case when w is a positive function, for otherwise we could consider functions
of the form

vg(z) = max{u(z), k}
where k > 0 is an arbitrary positive constant, and applying the following proof
for positive functions and letting & | 0.

For brevity we will denote B, := B(0,7) C R", and let 7’ be a number such

that 0 < 7’ < r < 2. We define cutoff function n € Hy*>(B — r) such that

n=1 on B,

n=0 on B; (12)
Dn| <
1Dl < ———

So let us define v = u? again, and assume v € L?(2). Recall the following
form of the Sobolev embedding theorem:



Theorem 3 (Sobolev embedding theorem). For1 < p < n andu € H"?(B(zo, R))
(where B(xg, R) C R™), we have that

S 1/p
][ W <e R”][ | Dul? +][ luf?
B(ZL’Q,R) B(:IZ(),R) B(CEQ,R)

and c depends only on p and n

Thus for n > 3 we have that

d—2

(é U> e (ﬁfB Do + ]i v2> (13)

Putting ([I0), (I2)), (I3) together then gives us that

!

d—2

T
<][ ded2> <C+ v (14)
B, B,

Here, C is a constant that is bounded above by

7! 2 2q 2
<
C<qqg l(rr,) (2(]1) +1

Therefore we have that v € L%(Q) We iterate this step to get that larger
and larger power of u are integrable. (“Moser iteration”!) So let s = 2¢ and
assume that |[s| > p > 0 for some lower bound p, whose exact value is to be
determined. What matters is that it is strictly bounded away from zero. Then,
since r < 2r’ by construction, we have that

eso(5) ()

where ¢y depends on p as well. Since v = u/2, for s > u the relations () and
([I6) imply that

. % ’ 2/s 2/s
¢(n”_2)—<]{3 ) <a(25) (55) een an

(15)

!

where c3 := cé/ ®. When s < —p we similarly have that

ns s \ 1 oo\ " 2sl N
¢<n2’r>2(51> 03(7"7”) ¢(S’r)2(rr’> o(s,7)




since s < —u. We can now perform the iteration we spoke of earlier. The idea
is that we can appropriately bound the integrals of larger power of v by smaller
powers of u. So let us define numbers s,,, r.,, 7, for m € N as

n \" n Tn
sm:p<n2> , Tp=14+27" r%:zrn+1>?
Then we can use (I0) to get that for any m € N,
m 4( 2 )m
1+ 2—m—1 p (nz2> e
A(Sm+1,Tm+1) < €3 e o ¢(SmsTm)
2—m ( n ) 1
n—2

n \—m
_ m(n—z)

= C4 QS(SW“ Tm)
Thus we define iteratively ¢(smt1,Tm+1) by

n

k() (o P
Homstsrmn) < & sy = (S21) e ()

But Lemma [ allows us to take the limit m — oo to deduce that

2/p 1/p
ess supu := ¢(oc0,1) < C” (p) ][ uPdx
p—1 B(0,2)

which is precisely Theorem [II

We now begin with proving Theorem 2l We will assume that u is strictly
positive for this proof; say, there is some £ > 0 such that u > ¢ > 0 on the
domain. This will allow ¢(s,r) to be finite when s is negative. After proving
the theorem for u > € > 0, if we want to prove the theorem for v > 0, we can just
apply the theorem to v+ ¢ > 0 and then take the limit as ¢ | 0. So we continue
with the previous Moser iteration for when s < —pu. Letting r,, = 2 +27™
again, ([I8)) implies that

(725(7,11,,3) < k0¢(*oov 2) < kOQS(*OOv 1) (20)
for some constant ky. We iterate this procedure until we get the relation

¢(p> 2) < /ﬁ(b(/% 3) (21)

for some constant k. So we need only prove that

To prove this, we will need the John-Nirenberg theorem, which we present with-
out proof (see Theorem 9.1.2 of Jost [3] for a full proof):

10



Theorem 4. Let By := B(z, Ro) C R™ be a ball and let w € W (B(zq, Ro)).
Suppose that for all B = B(xz, R) C R™ we have that

/ |Du| < R*?
BonB

Then there is some o > 0 and By < oo such that

[ et 2
Bo

where ug is the mean of u on By, i.e.,

1
U0 = ol(B(0, 1)) /B“

Thus the inequality

/ eau/ e ou :/ ea(u—uo)/ e—a(u—ug) SBSRSn
Bo Bo Bo Bo

So let us define functions v := logu and ¢ := %772 where 7 is a cut-off

holds.

function, n € Hy*(B(0,4)). Since u is a supersolution, then have that
0< a’D;¢pD;u = —/ > aijDilev—i—/ 2n a’D;nD;v
D LD DL

Thus using the Cauchy-Schwarz inequality and the ellipticity estimate we get
that

)\/ 772|D’U‘2 S / ,’72 aijDﬂ)D"U S 2/ n aijDiUD"U
B(0,4) B(0,4) Z ! Z j

g B(04) 7
1/2 1/2
<on| [ gpoop| | [ joip
B(0,4) B(0,4)
‘We thus have that
A2
[oepesa(S) [ oo (23)
B(0,4) B(0,4)

In order to apply Theorem ] we need to bound the integral of | Dv| by a constant
times R"~!. So let B(xz, R) C B(0,7/2) be any ball, and choose cut-off function
1 such that

n=1on B(z,R)
n = 0 outside B(0,4) N B(z,2R)

6
Dn| < —
\nIfR

11



Thus (23) implies that there is some constant ¢ such that

1
|Dv|* < c—
][B(z,R) R?

and from here we can apply Holder’s inequality to get that
/ |Dv| < vol(B(z, R))y/cR"!
B(z,R)

Now we can apply Theorem Mt let o be as in the theorem, and define p :=
W, and then apply the theorem to the function w defined by

1 1
Jevol(B(0,1)) ~ /evol(B(0, 1))

Lo o=
B(0,3) B(0,3)

which finally gives the desired inequality: ¢(u,3) < %/ ¢(—pu,3) Having proved
[22), we deduce the theorem from 20)) and (ZI).

w =

log u

to get that

4 Applications of Moser-Harnack inequality

With the inequalities proved in the previous section, we are in place to demon-
strate the Holder continuity of weak solutions to the elliptic equation Lu = 0.
Both de Giorgi and Nash proved the following result, but we will follow Moser’s
proof which is based on the Moser-Harnack inequality.

Theorem 5. Let u € W12(Q) be a weak solution to Lu =0, i.e.,

Lu = gn_:l aij [aij(x)a(zju(x)} =0 (24)

where the coefficients a’ (x) are measurable and satisfy the ellipticity conditions:
for all x € Q and £ € R™, we have that

n

AP < Y a8, o (x) <A (25)

4,j=1

where 0 < A < A < oo as before. Then there is some o € (0,1) such that
u € C*(Q), i.e., u is Holder continuous in Q. Thus for any X CC Q, there is
a € (0,1) and constant ¢ > 0 such that for any z,y € X,

lu(z) —uy)] < clz —y[* (26)

where ¢ depends only on the difference supx v — infx u, and o depends only on
the dimension n, the ellipticity ratio %, and X

12



Proof. Let x € Q. For positive radius R > 0 and ball B(z, R) C Q, we define
M(R) and m(R) as

M(R)= sup u, m(R)= inf u
(R) Sup (R) st

We claim that both m(R) and M (R) are finite. To see this, define for any k > 0
v(z) = max{u(z), k}

Then by Lemma Bl we know that v is a positive subsolution to L. Then v is
locally bounded by Theorem [l and by the proof used in the Harnack inequality,
we get that u is bounded as well.

So now let us define the oscillation of u in the ball:

w(R) :== M(R) — m(R)

Notice that w(r) is an increasing function. If we can prove the following in-
equality

L=~

w(r) < ¢ (%)aw(R) 0<r< (27)

for some « € (0, 1), then this will prove that u is Holder continuous, as for any
y € B(x,r) we would have that

. w(R)
u(lr) —u < sup u— inf v=w(r)<ec
(@) = ulw) < sup w— dnf u=w(r) < e

[z —yl* (28)
Now, for any € > 0, we have that the functions
M(R)—u+e>0
u—m(R)+¢e>
are positive solutions to Lu = 0 in B(z, R). We thus have the inequalities

M(R) —m <> = B?E%)(M(R) —u) < C/B(ia?,f%)(M(R) —u)

R ;o
M<4>—mUH:Jf%w—mmDSCB&%FWHM+M

-t pn-n )

Adding these together we get that

13



So define k = gi% Then £ < 1, so that we have w (£) < rkw(R). Therefore

w (4%) < k?w(R), and inductively for any m € N, we have that

w (ﬁ) < k"w(R) (30)

So let » > 0 be such that 471% <r< 4%, and choose o > 0 such that

< 1
k< —
S
Then this proves (1), since we have
R .. .
w(r) <w e (w(r) is increasing)
< k"w(R) (inequality (30))

< () v < (5) v Gmcere (i)

So we have shown that any weak solution v € W2 to the elliptic Lu = 0
is Holder continuous for some « € (0,1). This regularity result has significant
applications, the first of which is a stronger version of the maximum principle,
and the second of which is an analogue of Liouville’s theorem.

Theorem 6. Let u € W2(Q) be a weak subsolution to L, i.e., Lu > 0 weakly.
Let the coefficients {a%} of L satisfy the ellipticity estimates

NP <Y a¥ (@&, o (@) <A
i

for all € € R™ and x € Q. Suppose that for some open ball B(yg, R) CC Q we
have
Sup u =supu (31)
B(yo,R) Q

Then we have that u is constant on the whole domain Q.

Proof. We first note that if ([BI)) is true, then there is another ball B(zg,ro)
with B(zg,4rg) C Q such that

sup =supu (32)
B(zo,m0) Q

Moreover, by Theorem[B] we can take supg u to be finite since SUPB(ye,R) U < 0O.
If M is a number such that M > supq u, then M — u is a positive subsolution
to L, and hence we can apply Theorem [Z taking the limit we get that

M =supu (33)
Q

14



Again by Theorem [2 relations (32]) and (B3] imply that

][ (M—u)<c¢ inf (M—u)=0
B(Cl)o,Q’r’o) B(:L’(),’l‘[))

Since M is equal to the supremum of u over the domain, we also have that
u < M, and hence in the ball B(xg,2r), we have that

u= M (on B(zg,2rg)) (34)

Now we have found that u is constant in a ball of radius 2rg; we would like
to extend this result to the whole domain. So let y € 2 be arbitrary. Then there
is a sequence of balls B; := B(z;,r;) for i = 0,..., N such that B(x;,4r;) C Q,
and B;_1NB; #0 fori=1,...,N, and that y € By. Since BygN By # (), and
since we have already shown that u = M on B(xg,2rg), we thus have that

supu =M
B1

and hence by the same argument as before, we get that w = M on the ball
B(z1,2r1). Evidently we can iterate this process for each ball to obtain that

u= M on B(zyn,2ry)

Since y € B(xn,7nN), we get that u(y) = M, and since y € Q was arbitrary, we
get that u = M on all of . O

One last result of the Harnack inequality is the following.

Theorem 7. Let u be a bounded weak solution to Lu = 0 defined on all of R™,
where again L has measurable coefficients a¥ that satisfy the ellipticity condition

NES a(2)6g;,  la" (z)] < A
%,

for some constants 0 < A < A < o0, and all z,& € R™. Then u is a constant
Sfunction.

Proof. Since u is bounded, we know that its supremum and infimum over R”
are finite, and so if « is an constant such that

a < infu
Rn

then we know that u — « is a positive subsolution to Lu = 0 on all of R™. Thus
we know that for any R > 0 and such an «,

0< sup —agc{ inf u—a}
B(0,R) B(0,R)

Therefore, taking the limit as R — oo, we get that o = infg» u. We thus have

that

Ogsupu—agc[inf—a} =0
R Rm™

which implies that u is constant on all of R™. O

15



5 Regularity for variational problems

We will prove a special case of de Giorgi’s work [I], again following Jost [3].
The focus will be on elliptic Euler-Lagrange equations, and the main result is
the following; the proof of which will take considerable work.

Theorem 8. Let F' : R® — R be a C* function satisfying the following for
some constants K, A < oco and A > 0 for all y € R™:

(i) ’gTF(y)‘ < Kly| for eachi=1,...,n

.o 2 e
(i6) NP < X, 5 Gy &y < AIEJ? for all € € R”

and let Q C R™ be a bounded domain. Let u € W12(Q) be a minimizier of the

variation problem
V) = / F(Dv(x))dz
Q

In particular, for all ¢ € H3’2(Q), we have that
I(u) < I(u+¢) (35)
Then u itself is a C*° () function.

The variational problem makes sense because (i) implies that F' is bounded
by some constant multiple of (1+ |y|?), and since 2 is bounded this implies that
for any v € WH2(Q), we have that

I(v):/QF(DU) < 00

So we first get the Euler-Lagrange equations for the minimizer of the functional
I. In the rest of the problem we will use the notation F, := gj.

Lemma 6. In the settings of Theorem[8, we have for all ¢ € H&’Q(Q) that

/ Z Di¢p =0 (36)

where Du is the vector Du = (Diuy, ..., Dyuy).

Proof. By property (i) in the referred theorem, we have that
n
| S FuDDio < nik [ D06 < dK Dol Dol < o
i=1

Thus by the Lebesgue differentiation theorem we can differentiate through the
integral sign to compute

—Iu+t¢ /ZF (Du + tD¢)D;¢ (37)
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Since u is the minimizer, this implies that

d
4 1+ 19))1y = 0 (38)
Substituting ¢ = 0 into B7)) with (B8] gives the desired inequality. O

With the help of this lemma, we now need only prove the following theorem:

Theorem 9. Let A7 : R® — R be smooth functions fori = 1,...,n, satisfying
three conditions for some constants K, A < oo and positive constant X > 0 for
ally € R™:

(i) |AY(y)| < K|y for alli=1,... n.
(id) NEP < 7oy 2552685 for all € € R™

o [04%w)
(ZZZ) ‘W’ SA

Then if u € W12(Q) is a weak solution to Y dx; A7 (Du) = 0 in Q C R™, i.e.,
for all ¢ € Hy*(Q) we have

/Q Z AY(Du)D;ip = 0 (39)

Then u € C™(Q).

We will prove this theorem after a few lemmas. We will see that the most
essential part of the proof relies on Theorem [l which we recall were initially
proved by de Giorgi and Nash.

Lemma 7. Assuming the setup of Theorem[d, for any X CC Q we have that
u € W22(X), and the inequality

lullzzxy < ellullyrz
where ¢ depends on A\, A, and dist(X, 092).
Proof. Let e; denote the j-th unit vector in R", and let h be such that

|h| < dist(supp ¢, 9Q)
so that ¢y, _p(x) := ¢(x — heg) € Hy*(2). We then have that

0= /Q;Ai(Du(m))Di%,h(a?)dx = /Q;Ai(Du(x))Diqb(x — hey,)dx
= /Q > AY(Duly + hex)) Dig(y)dy

i=1

:Azmwmmw@
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We therefore have, by subtracting ([B9)) from the above, that

/ >~ [A(Du(a + hew) — A'(Du(e)] Diga) = 0 (40)

We therefore have that for a.e. x € €,

1

A'(Du(zx + hey)) — AY(Du(z)) = /0 %Ai(tDu(x + hex) + (1 — t)Du(z))dt

(41)

1 d
:A Ay (tDu(x + hey) + (1 — t) Du(x)) D; (u(z + hey,) — u(z)) | dt
j=1

We can now define coeflicients azj as the following:
1
a) (x) = / A;j [tDu(z + heg) + (1 — t)Du(x))] dt
0
We can then use (??) to rewrite [ J) as

/Q Za;j(g:)pj (Afu(z)) Dip(a)dz =0 (42)

where ARu(z) is notation for the forward difference

Aﬁu(x) _ u(z + he;z) — u(x)

Notice that the coefficients aZj also satisfy the ellipticity conditions. Then let
n € C}(X') where X’ is such that

XccX ccQ

with both of dist(X’,8) and dist(X,0X’) greater than 1 dist(X,d<2), such
that 7 is bounded as follows:
0<n<l1

nx):=1forze X
8

Dpl < —————

Dl < Gx o)

and |2h| < dist(X’, 9Q). We then continue with (??) to deduce that

)\/ \DAZU\QUQ S/ Z azj (DjAZu) (DiAZu)nQ
Q Q .

ij=1

= —/Q Z a;LijAZu -2 (Din) Ahu

4,J=1
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But from here we can apply Young’s inequality to get that the above is bounded
by, for any € > 0,

A
.. < EA/ |DAY|? + —/ |ARul?| Dn|?
Q € Ja
In particular, we can take € = A/2A to get that

/ DAL < o / Abuf? < ¢ / |Duf?
Q X/ Q

Therefore we have shown that HDAZ
that D?u € L*(X), and hence

“Hp(x) < c||Dull2(q)- We thus deduce

[1D%ul| 2y < clDull 20y (43)

(X)
It follows that u € W22(X), as was to be shown. O

Note that AP is an approximation to the derivative, so that in the limit as
h — 0, if we let a” and v be defined as

a”(z) = Ay (Du(x))
v=Dru
Then we get that
/ > a¥(z)DjvDi¢ = 0 for all ¢ € Hy*(Q)
Q=1
Therefore, applying Theorem [Al to v, we get the following lemma.

Lemma 8. Assuming the conditions of Theorem[d, we have that Du € C*(Q)
for some Hdolder exponent « € (0,1). In particular, this means that

u € Ch(Q)
for some 0 < a < 1.

Therefore for each kK = 1,...,n, we have that v = Dyu is a solution to the
divergence-type equation

Z D; (a”(z)Djv) =0 (44)

where te coefficients a*/ (x) again satisfy the ellipticity requirements

MNEP <> a6, o (z)] <A

i,j=1
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for all £ € R™ and « € €. But by the above lemma, we know that since the
A? are smooth and Du is Holder continuous, we also know that the coefficients
a are Holder continuous as well. So in order to prove Theorem [ we need to
develop some results for these particular types of equations. We will bring in a
few lemmas in order to do so. The first of which is known as the Caccioppoli
inequality.

Lemma 9. Let (AY), i,j = 1,...,n be a matriz such that |AY| < A for each
1,7 as well as

Nel2< S Alige
i,j=1
for all € € R™. Say u € W12(Q) is a weak solution to the differential equation

n

> Dj(A"Diu) =0 (45)

i,j=1

inside Q. Then for any x¢ € Q and radius r with r < R < dist(zq, 0), we have

that
C
pup< s | u— k2 (46)
/B(xo,r) (R =7)2 JB(o, R\ B(wo.r)

for any k € R.
Proof. We define a cut-off function n € Hé’z (B(z9, R)) by confining 0 <n <1

with the following conditions

n=1on B(zo,R) = Dn =0 on B(zg, R)
2
Dp|l < ——
1Dl < 57—
Then let ¢ be a test function defined by

¢ = (u—p)n?

so that we can get

0= /Q Z AYDauD; ((u— p)n?)

ij=1
:/ Z AY DyuDjun? —|—/ 2 Z A¥ Dyu(u — p)nDyn
=1 @ ij=1

From this we can use the fact that we are dealing with elliptic coefficients and
the fact that Dn = 0 on the ball B(xg,r) to deduce from Young’s inequality
that

n

A |Dul*n? < / Z A" DyuDjun?
B(zo,R) B(zo,R) ij=1

A
< chn / Duf?? + 2n / D2 — pf?
B(zo,R) € JB(z0,R)\B(z0,r)
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for any € > 0. In particular, we can take ¢ = %ﬁ to get that

c

D < s | fu—
/B(mo,m (R =1)? JB(2o,R)\B(zo,r)

Using the fact that [5, |Du|? < JB(z0.R) | Du|*n?, the lemma is now proved.
O

We now will show the Campanato inequalities.

Lemma 10. Under the setting of Lemma [9, we also have the following two

inequalities.
[owkza(q) [ e (47)
B(zo,r) R/ JB(eo,R)

/ 2 P2 2 (18)
<y ( ) / ‘u — Uavg g,
B(zo.r) R B(xo,R) B0 R

Proof. Tt is of no loss of generality to assume that r < %. So choose k > n; by
the Sobolev embedding theorem, we then have that

u

- ua'UQB(zO,R)

W 2(B(xo, R)) € C°(B(x0, R))

So u € Wk2(B(z0, %)), and hence we have

T.n
/B(x " |U|2 < cpr” B?;lol;)r) |U‘2 < CGW ||Ullwk,2(3(mo’§))
0, xo,

r’ 9
<ar [
R"™ JB(xo,R)

We therefore have [@7). Since the equation in question has constant coefficients,
we also know that Du is a solution, so that when r < % we get that

d
/ \Dul? < C7Ld/ | Dul? (49)
Blzo.r) R% JB(@o,2)
and so by the Poincare inequality, we get that
/ |u — um,g|2 < Cg’]"2/ | Dul? (50)
B(xo,r) B(xo,r)

Lemma [@ then implies

Y N T 61
B(zo, ) B JB(ao,R)
The inequalities (49)), (BQ), (&I together prove the lemma. O

Using Campanato’s inequalities, we can derive the desired regularity result.
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Theorem 10. Let a¥(x) be C* functions on Q C R™ fori,j =1,...,n, satis-
fying the elliptic bounds

AéP? < Z a”(x)&&s,  la (z)] < A

ij=1
for each £ € R™ and x € Q, and i,j =1,...,n, for some 0 < A < A < oo. We
then have that any weak solution v to
Z D; (aij(x)Div) =0 (52)
i,j=1
is a CY(Q) function for any o/ € (0,a).
Proof. For arbitrary zo € Q we rewrite a* as
a’ = a"(zg) + (a" (z) — a" (z))

Then if we define AY := a%(x), equation (??) turns into

Y Di(AYDiv) = Y D; ((a" (o) — a” (x))Dv) = > D;(f(x))
ij=1 ij=1 j=1

where we define f7 as the sum
Fw) =2 ((a"(x) — a” (2)) Div) (53)
i=1
We therefore have the following equality for each ¢ € Hé ’Q(Q):
n B n )
/ > AYDjvD;¢ = / > D¢ (54)
Q=1 Q=
From here, we proceed by taking some ball in B(zg, R) C 2, and letting w €
H"'2 be the weak solution inside the ball to
Z D;(A" D;w) = 0 inside B(wo, R); w =wv on dB(z¢, R) (55)
i,j=1

Such a function exists by the Lax-Milgram lemma. Then we know that w is the
solution to the differential equation for all ¢ € Hé 2 inside the ball:

n

/ > AYDwD;¢ =0 (56)
B(zo,R) i,5=1
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Recall that we are trying to find some z = w — v such that

B(¢,2) : = /ZAijDiszgi): —/ZAijDiij¢
=: F(¢)

for all ¢ € Hy*(B(xo, R)).
Now, noting that (B3] is a linear differential equation with constant coef-
ficients, we know that w is a solution implies that Djw is as well for each k.

Thus we get that
/ |Dwl? < ¢10 (1) / | Dw|? (57)
B(zo.r) R/ JB(xo,R)

and since w and v are equal on the boundary of the ball B(zg, R), we can set
¢ = v —w to be a test function in (B6) to get that

n

/;(Qto,R) Z

i,j=1

n
A DywDjw = / > A9D;wDjv (58)

B(zo,R) ;=1

We then use the Cauchy-Schwarz inequality together with (??) and (??) to get

that
nA 2
/ |Dw|* < <> / | Dvl|? (59)
B(zo,R) A B(z0,R)

So then (54) and (56)) give us that for any ¢ € Hy*(B(zo, R)), we have

n

/B(xU,R) Z

i,j=1

AijDi(’U—U))Dj(b:/B( R) Z f]DJ¢

i,j=1
Since this holds for any ¢, we can take ¢ := v — w to get that

n

1 3
Dv—w QSf/ AYD;(v —w)D;(v—w
/B(mo,R)| ( ) A JB(zo,R) Z i( el )

" 1,5=1

1 / tL
== FD;(v —w)
A B(IO,R); !

1/2

1/2 n
1 )
< - / |D(v —w)|? / Z |72 (by Cauchy-Schwarz)
A 1) B(wo,R) B(zo,

R) j—1

We thus have that

1 n )
/Bm,m po-wP<g [ YIpP (60)

(zo,R) j=1
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Putting all of the previous inequalities together, we have by (&) and (B9) that
for any 0 < r < R,

/ |Dv|* < 2/ | Dw|* + 2/ |D(v —w)|?
B(zo,r) B(zo,R) B(zo,R)

d
<cn (%) / | Dol + 2/ |D(v —w)|?
B(zo,R) B(zo,R)

Therefore we have that

/ D@ —w)|? < / D@ — w)]? (since r < R)
B(zo,r) B(zo,R)

<w/ (xO,R)DﬂF (by @)

2

< )\2 sup la® (z0) — a* ()] | Dol (by B3))
B(zo,R)
< CR%/ | Dvl? (since a¥ € C%)
(wo,R)
(61)

Finally, this means that we have the good estimate

oo G emel [l

We need only worry about the R2® term in the above. We can make this term
bounded by the following lemma.

Lemma 11. Let o(r) be a positive increasing function such that for any 0 <
r < R < Ry with p>v and § < §o(vy, 1, v),

o(r) <~ ((%)# + 5) o(R)+ KkR"

If 8y is small enough, then again for 0 <r < R < Ry we have that

r

a(r) <m (E>V o(R)+ k11"

where y1 = 11 (7, 1, v) and k1 = K1 (7, s v, K).
Proof of Lemma. Let t € (0,1) and R < Ry. By assumption, we thus have that
o(tR) < ~t* (1+ 6t ") o(R) + KR”

So let t be such that t* = 2yt*, with v < X\ < p, and assume that dot * < 1.
We then have that
o(tR) < t*o(R) + KR"
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We can continue this inequality iteratively to get for any m € N,

o(t™(R) < tro(t™R) + st™ R”
< t(m-{-l))\o_(R) + kt™RY Z tj()\—u)
3=0
<tV [o(R) + kR]
So let m € N be large enough such that t™2R < r < ¢™*!R, and then we get
the desired inequality:

o(r) <o (t"H(R)) <m (%)V o(R) + ki

O

This lemma will allow us to deal with the R?® term in (6Z), but we will
prove one last lemma before doing so.

Lemma 12. Let f € L%, Then if we denote fq, as the average of f over the
ball B(zo, R), then we have that

/ 1 = faul? = inf F - B
B(xzo,R)

BER JB(z0,R)

Proof. The function F(3) := [, |g—0|? is convex and differentiable since f € L.
Its derivative is given by

F’(ﬂ):2/g(ﬁ—f)

and so F'(0) = 0 when 3 = #(Q) fQ f. Since F' is convex, this critical point is
a minimizer of the functional. O

Finally we return to the proof of Theorem [0l Let us use Lemma [I1] in
equation (62)) for 0 < r < R < Ry and R2* < §j to get that for any e > 0,

n—e
[l se(5) [ b (63)
B(zo.R) R B(z0,R)

Repeating this procedure, we get that

2 T2 2
[ pw- 0wl <a(3)T [ 1De- 0P (6
B(zo,R) R B(zo,R)

where the average is taken over the ball B(zg, R). From Lemma [[2] we also
have that

/ D — (Dw)ary® < / Dt — (D) oy ?
B(zo,R) B(zo,R)
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By (B8], this means that

n

1 g
/ |Dw — (DU)aU‘Q < X/ Z AY (Diw = (Div)av) (Djw — (Djv)av)
B(zo,R) B(zo,R) j j—1

n

/ Z Aij (Dlw — (Div>av)(Dj’U - (DJJU)(“))
B(zo,R) j j—1

1
BB

n

1 / 3
+ = AY(Div)ap(Djv — Djw)
A JB(zo,R) ”221 ’ !

Since u — v € Hy*(B(zo, R)) and A% (D;v),, is constant the last term is zero,
and so by Cauchy-Schwarz we get that

AQ
/ Dw — (Dw)f? < o2 / IDv— (Dv)wl?  (65)
B(z0,R) A B(z0,R)
So by Holder inequality and (G1]), we get that

/ 1D — (D)2 < 3/ Dw — (D) 2
B(zo,r) B(xzo,r)

+ 3/ |Dv — Dw|? + 3/ [(Dv) gy — (Dw)qay)?
B(zo,r) B(zo,r)

§3/ |Dw7(Dw)(w|2+6/ |Dv — Dwl|?
B(Zo, ) B(wo, )

< 3/ |Dw — (Dw)go|* + C5R2°‘/ | Dov|?
B(zo,r) B(zo,r)

(66)

where all the averages here are taken over the ball B(zg,r). Putting this all

together, (63), &4, [G3), and (€6) give us that

r n+2
/ 1Dv— (D) < 5 () / 1Dv — (Dv)us|? + C7R2a/ Du|?
B(zo,7) B(zo,m) B(zo,R)

n+2
< cg (1) / |Dv — (Dv),w|2 + cgRMEH2e
R B(0.R)

We then use Lemma [I1] to finally get that

r\ n—et2a
/ |Dv — (Dv)av|2 < ¢ (*) / |Dv — (D'U)Lw|2 4 /pnetla
B(zg,r) R B(z0,R)
(67)
Campanato’s theorem thus proves the theorem. O

We can now finally complete the proof of Theorem
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Proof. Let v = Du and use Theorem [I0 to deduce that v € che for any o < «
non-zero. Therefore we have that u € C* for any 0 < o/ < a. We can then
differentiate with respect to =¥ and use that each of the derivatives

DiDwu, G k=1,....m

satisfy the same equation, so that we can apply the theorem again to deduce
that D%u € CLO‘”, and so that u € €3, Evidently we can iterate this process
to deduce that u € C*< for each natural number k, with ay € (0,1) for all k.
This means u € C'°. O
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