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Chapter 1

Apriori interior estimates

for constant coefficient
PDE.

In the last chapter we saw that we can estimate [D?u]ca for the solution to
Au(z) = f(z) in terms of f and sup |u|. And very importantly, we also saw
that such estimates leads to existence of solutions for PDE with coefficients
that are close, in C®—norm, to that are close to the coefficients of A (that
is a;j(x) = d;;). We will use this knowledge to construct solutions to general
variable coefficients PDE.

In particular, if we consider a general linear PDE with variable coeflicients:

Lu(z) = _Zl a;;(z) gngzi + z;bL(x)ﬁgif) +c(x)u(x) = f(z) inQ, (1.1)

where a;;(x),b;(x) and c(x) € C* Then if we consider a small enough ball
B,(2°) € Q then

a;;(z) = aij(:co), bi(x) = bi(xo) and c(x) ~ c(xo) in Br(aco).

This means that in the small ball B,.(z°) we will have that L- is close to a PDE
with constant coefficients:

L) = 3 a5 + Y b G+ la)ute) = f(a) in Bola”)

ij=1

(1.2)

One usually say that a PDE like (1.2) has frozen coefficients and the method
we will use is often called freezing of the coefficients.

Thus if we understand constant coefficient PDE better then we should be

able to better understand a variable coefficient equation. The method is quite
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2CHAPTER 1. APRIORIINTERIOR ESTIMATES FOR CONSTANT COEFFICIENT PDE.

subtle, and it is not at all clear at this point that freezing of the coefficients
will yield any useful results. However, in this chapter we will prove a simple
regularity result for constant coefficient equations. In the next chapter we will
show that we can actually freeze the coefficients to get a good regularity theory
for variable coefficient equations.

Before reading the rest of this chapter it is advisable to read the appendixes
on Banach spaces and interpolation inequalities.

Proposition 1. Assume that ) is a bounded domain and that u(x) € C%(Q)
solves the following constant coefficient PDE

= OPu(x) )
Z a;j Dwi0w; f(z) in
=1

where a;; are constants satisfying the following ellipticity condition

n

MNP < ) agiy < AJEP (1.3)

ij=1

for some constants A,\ > 0 and all £ € R™.
Then, for any 0 < a < 1 there exists a constant C = C(\, A, n, ) such that

lulloze oy < € (Nullew) + 1 flles, @) -

Proof: The proof is very simple. We will show that a change of variables
transforms u(z) into a harmonic function v(x) and the estimates for u(x) follows
from the corresponding estimates for harmonic functions. We will do the proof
in several steps - some of them we will only sketch.

Step 1: We may change variables to transform wu(z) into a harmonic func-
tion.

Since the matrix A = [a,;] is symmetric we may write it as
A=0"Do,

where O is an orthogonal matrix (with rows consisting of the eigenvectors of
A) and D is the diagonal matrix with the eigenvalues of A along the diagonal.
Using that A is elliptic, (1.3), we know that the eigenvalues of A are bounded
from above and below by A and A > 0 and we may thus take the square root of
D. Now define P = /DO, then it follows that A = PTP. Expressed in terms

of components:
n
Ajf = E PijPik-
i=1

So if we define



then

1=1 =1 Jj=1
0?u(Pz) " " 0?u(Pz)
Z PiPik e = Y (Zpijpik> =
Nyl O0x;0xy, I\ Oz 0z,
- 0?u(Pr)
= Z a; 32,008 f(Px)

Thus it follows that Av(z) = f(Px).
It follows from Proposition 1 (Part 5 of these notes, also reformulated in
Proposition 2 in the appendix) that

lolloz ey < € (Iullow + 17 P, o) (14)

Step 2: Bound of |Vu(x)| on compact sets.

Since P is an orthogonal matrix times a diagonal matrix with diagonal ele-
ments in [v/\, V/A] it follows that P is invertible. We may therefore write

u(z) = v(P ).

In particular,
Vu(z) = P~! - Vu(P 'x),

But since all eigenvalues of P~ lay in the interval [A=1/2, \=1/2] it follows that

[Vu(z)] (P~12)], (1.5)

< Vo
f
Now for any compact set K C €2 we have that
P(K)={Pz; x € K} C P(Q) = {Pz; z € Q},

and if
dist(K,09) =d  then dist(P(K),dP(Q)) > VAd. (1.6)

In particular for any z € K C Q2 it follows (1.4), (1.5) and (1.6) that

(2)
_ ¢ (Il + PN, o)
c |

Vu(@)l < dist(K, Q)

(1.7)
Step 3: Estimates for D*u(x) and [D?*u]ce (k).

This works exactly the same as in step 1. That is we may write D?u and
[D%u]ce in terms of v and use (1.4). O
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Chapter 2

Apriori interior estimates
for PDE with variable
coeflicients.

We are now ready to prove interior apriori estimates! for equations with variable
coefficients. We will prove the following estimate

lulleze o < € (Iflles, o + lulle)

Che.2)

where C'= C(n,a, Q, A\, A) and on the coefficients in the equation:

n

D

i,j=1

8x 81:] * Z 8;1:1 + c(z)u(z) = f(z) (2.1)

We have already seen all the ideas that we are going to use. Our method
of proof will be to freeze the coefficients. In particular, if the coefficients of the
equation are close to constant, say that |a;;(z) — a;;(z")] < € for some small
€ >0 in a ball B,.(2°) then we may write equation (2.1) as

- 0? - 0%u(x
z:: &r 5('% Z:: aij(x) — ai(«") &clcf)'xj B (2:2)

<e

- Zbi(x) au(;) —e(z)u(z) in By ()

LAn apriori estimate is an estimate for an equation that is made before we know that
solutions exist. Typically one assumes that there exist a solution in some Banach space, say
C?nf( ), and then proves that there is a bound on the norm of that space that does not
depend on the solution.
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We can view this as a constant coefficient equation (with right hand side de-
pending on u) and apply Proposition 1 and derive that

Cior(;t,(z)(BT'(mO))) ?

where F(z) is the right hand side in (2.2). Now ”F”C&t.(z)(BT(wo)) will depend
on u. But since we multiply the second derivatives of the u—term by something
of order € in (2.2) the dependence will not be significant if € is small enough.

Therefore we can estimate the C2.*(B,(2°)) (or even the norm in Q) if
a;j(z) ~ a;j(x°). But, and here is the second main idea?, if the coefficients are
continuous then |a;j(x) — a;;(z°)| < € in B, (2") for any 2" if r > 0 is small
enough. And since we can cover any compact set K C by finitely many balls
B, (x) it is enough to do prove the regularity in a small ball.

We are now ready to state and prove the Theorem.

lullcz.e g, 20y < C (Hu”C(BT»(ZEO)) +[|F|

Theorem 1. Let u € C%
a solution to

H(Q), where Q is a bounded domain and « € (0,1), be

int

n

Lu(z) = Z 8;10 8:133 + Z (%UZ + c(x)u(z) = f(x) in Q.

i,j=1

Assume furthermore that a;;(z), f(z ) € C*(2) and that a;;(x) satisfy the
ellipticity condition \|&|* < >y @i ()€€ < A[€|?. Then there exists a constant
C=C(n,a, A\ A, a;5) such that

lulleze o < € (1151

Proof: Let K C ) be a compact set. We need to show that

Cﬁ;r,,@)(Q) + Hu”C(Q)) .

2
. Dk _ Dk
Z (dlbt (K, 8Q sup |D3u(x)> +dist (K, aQ)Q‘W sup | D" u(x) u(y)|
j=0 TEK z,yEK |z — y|~

<c (I

But by the interpolation inequality (Proposition 4 in the appendix.) it is enough
to show that

Cﬁut,(g)(g) + HUHC(Q)) .

Dk’ _ Dk
dist (K, 8Q)2+a sup |D%u(z) u(y)]
z,ye K |x - y|a

< C (Ifllog, o, + lullow) - (23)

Che.(2)

We will prove the Theorem in three steps. First we will cover K by balls
Bs, (z%) in a very specific way, then we will prove (2.3) for an ball Bs(x*). In
the final step we will show that it is enough to prove the Theorem for the balls
Bs,. (%) in order to prove the Theorem.

Step 1: Let K C Q be a compact set and € > 0 be a fixed constant (to be
determined later) depending only on the coefficients of L. Then we may cover
K by a balls Bs, (z*). Where the balls B, (z*) may be chosen to satisfy

2Freezing of the coefficients was the first



1. B45K({Ek) C Q,
2. |aij(z) — a;j(x*)| < € in Bs, (a*),
3. 0 > w if dist(K, 0Q) is small enough.

Since ||aij|lce() < oo there is a p > 0 such that for any 2 € Q we have
|ai;(x) — ai;(y)| < € for every y € B, (x). Now let us denote

dist (K, 092)

K = 4

and § = min(dg, ). Then obviously K C Uge g Bs(x). Since K is compact we
can find a finite sub-cover Bs(z*) as described in step 1.

Step 2: The following estimate holds

o«

int

6% D% ulleg, (s ey < Co (Nullow +1flleg, , @)

where Cp, depend on the coefficients a;;, b; and ¢ through their C*(£2)—norm
and the ellipticity constants A\, A and also on the dimension n.

Here we use the freezing of the coefficients argument and write, in the ball
Basy (xk)

" 0%u(x " 0%u
Z aij(x O)ﬁxlgxi Z:: aij(z) — aij(«")) 6951(;:63

where F(z) is defined by the last inequality.
Viewing this a s a constant coefficient PDE we may use Proposition 1 to
deduce that

S D? g, (B ) < C (Iullew + 1Fllos,  (masy)) <
= 0%u(z)
<C | llule@ + I flla, @@ T Z (aij(x) — aij(z)) 9207, +
| 3=1 s, @

)2 +lle@u@)lcy, @ | <

Ci(;t,(Q)(Bz‘sK)

C (”UHC(Q) + Hf”Cf?,t,(z)(Q)) T
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. &?u(x)
+ > aij @) = ai; (@) oo ) |5—m + (2.4)
g1 ( 261{) 8.]3 83:] Cint,(z)(BQJK)
<e
. ?u(z)]
3 o) — e, | g
= (Basyc) | Qw05 | Cat i (Basge)
<e
n
&u(z)
+ ) [aij(2) —aij(xo)}ca B +
i1 25}( al'zalrj Cint,(Q)(BQtSK)
" Qu(x)
+C leb Deage |2 5o + llelow lu@)les, , sy | <
i=1 v ’

CLy (2)(Bzsg)
<C (HuHc(Q) + HfHCff,t,@)(Q)) T

" Qu(x)

+C Z 16: ()]l o0 or

+llellow Iu@)len, . (5

=1 Che (2)(3251()

+CL0% | D%, i,y + OOk [P

52
STK[ 2u]cint(B26K)
where the constant C, depend on the coefficients a;;, b; and ¢ through their
C*(©2)—norm and the ellipticity constants A, A and also on the dimension n. We
have also used that [']Cﬁit,@)(B%K < Coxlles, (Bas,,) and the final “underbrace”
holds if € is small enough.
Using Propoisition 4 in the appendix we can deduce that

CL&%( HDQuHCmt(BQ‘SK) o

< CLCOK|ID?*ul oy (Bas ) + €CLOk [D?u] (2.5)

<
Che(Basy) —
2

§
< CLCK D ullcyBasy) + =5 (D]

where the last inequality holds if € is small enough.
We may also use the the interpolation inequality to estimate the lower order
terms:

¢ Z\Ib (@)l e ()

i=1

Z 3;1:z

+ llelcw lu@)len, , ) | <
Cﬁ;t,(z) (B2sg)

(2.6)

§
< CLCECS%(HDQM Cint(Ba2s ) + TK [‘D2 ]

mt(BQ(FK) ’



Using (2.5) and (2.6) in (2.4) we can deduce that, for a somewhat larger C7,,

0| D?ul

O (Bas e (a)) S

< G (e + 1flg, @) + (2.7)

52
+3TK||D2u|

Cne (Bas e (x%))-
Rearranging terms in (2.7) implies the statement in step 2.
Step 3: Proof of the Theorem.
Since the balls Bs,. (z¥) cover K it follows directly from step 2 and that

S > dist(i(,aﬂ) that

lullew) +1fllcs, , @

in

9T dist(K, 00)?

sup [ D?u(z)| < Cq
K

dist(K,09
3

Moreover, for any two z,y € K such that |z — y| > ) it follows that

x,y € Bs, (x*) for some ball and thus

ullo@) + Hf”C:f,t,(z)(Q)
dlSt(Ka aQ)z'f‘a

|D2u(m) — D2u(y)‘ <
|z —yl|* T -yl K

‘D2u(a:)fD2u(y

)| for |z — y| < dst09)

<
lz—y|~ 8 =
%((SK). But if |z —y| < %MK) then there exists a ball Bs,. (z*) such that

x,y € Bs, (2¥) so we may use step 2 again and conclude that

So we only need to estimate

|D2u(1:) - DQu(y)| _ llullc) + ||f||c;xm(2)(9)
|z — y|* - dist (K, 002)2+e

Thus it follows that

lulle@) + 1fllce (@)
dist(K, 00)2(| D%l go (o) < v
ist(K, 09)7|[ D ull g, @) < C dist(K,0Q)> e

where C' = C(n,a,Q, A\, A, a;;). The Theorem follows by the interpolation in-
equality Proposition 4. O
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Appendix A

Barnach Spaces.

We will need some notation from functional analysis in order to simplify the
exposition somewhat. The point of this appendix is not to cover functional
analysis, which is a very large area of mathematics. But just to remind ourselves
of some basic notions. We start with the following definition.

Definition 1. We say that a set A is a linear space over R if

1. A is a commutative group. That is there is an operation “+" defined on
A x A~ A such that

(a) For any u,v,w € A the following holds: uw+ v = v+ u (addition is
commutative), (u+v) +w =u+ (v+w) (addition is associative).

(b) There exists an element 0 € A such that for all u € A we have
u+0=u.

(c) For every u € A there exists an element v € A such that u+v = 0,
we usually denote v = —u.

2. There is an operation (multiplication) defined on R x A — A such that

(a) For all a,b € R and u,v € A we have a- (u+v) =a-u+a-v and
(a+b)-u=a-u+b-u.

(b) For all a,b € R and u € A we have (ab) -u=a- (b-u).

Examples: 1: The most obvious example is if A = R™ and “+” is normal
vector addition and “- is normal multiplication by a real number.

2: Another example that will be much more important to us is if A is a
set of functions, say the set of functions with two continuous derivatives on 2.
Clearly all the above assumptions are satisfied for twice continuously differen-
tiable functions if we interpret “+” and “.” as the normal operations.

Many linear spaces satisfies another important structure: that we can mea-
sure distances. Distances allow us to talk about convergence and to do analysis.
We will only be interested in spaces where we have a norm.

11



12 APPENDIX A. BARNACH SPACES.

Definition 2. A norm ||-|| on a linear space A is a function from A+ R such
that the following azioms are satisfied:

1. For any u € A we have ||u|| > 0 with equality if and only if u =0 (The
Positivity Aziom).

2. For any u,v € A we have ||lu+v| < ||u|]| + [|v]| (The Triangle Inequality).

3. For any v € A and a € A we have |a - u| = |a||u|| (The Homogeneity
Aziom).

If a linear space A has a norm we say that A is a normed linear space, or just
a normed space.

Examples: 1: The linear space R™ is a normed space with norm ||(u, ..., u,)|| =
(u? +ud + ... +u)/2
2: The set of continuous functions on [0, 1] is a normed space under the

norm 1
Jull = / () d.

lullc2(qy = sup |u(x)| 4 sup [Vu(z)| + sup |D2u(m)|, (A.1)
xeQ) e e

3: If we define

Then the set of two times continuously differentiable functions u(z) on Q for
which [|u]|c2(q) is finite forms a normed space: C?(Q2). Notice that 1 ¢ C%(0,1)
even though 1 is continuous with continuous derivatives on (0, 1).

The final property that we need in our function-spaces is completeness.

Definition 3. Let A be a normed linear space. Then we say that A is complete
if every Cauchy sequence u? € A converges in A.

Remember that we say that v/ € A is a Cauchy sequence if there for every
€ > 0 exists a N, such that ||/ — u¥|| < € for all j,k > N.. So if A is complete
and u/ is a Cauchy sequence in A then there should exist an element u® € A
such that lim;_,o [[u/ — u’|| = 0.

Examples: 1: It is an easy consequence of the the Bolzano-Weierstrass
theorem that R™ is complete. In particular, every Cauchy sequence is bounded.
Therefore the Bolzano-Weierstrass theorem implies that it has a convergent sub-
sequence. That the Cauchy condition implies that the entire sequence converges
to the same limit is easy to see.

2: The space of continuous functions on [0, 1] with norm |jul| = fol |u(z)|dx
is not complete. For instance if

0 ifo<z<g—3
u! (z) = %(x—(%—%)) if%f%<x<%+%
1 if 545 <<l
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then v/ is continuous and forms a Cauchy sequence. However the limit is clearly

0 ifo<z<i
W)= & ifz=1

2 2

1 ifi<a<l

But u? is not continuous and therefore not in the space of continuous functions
on [0, 1]. Therefore that space is not complete.
However, if we consider the space C([0, 1]) of continuous functions with norm

lulleqo,ay = sup |u(x)]

z€|0,

then we get a complete space. This since the limit lim;_, - u’(z) is uniform and
continuity is preserved under uniform limits.

It is important to notice that the properties of the space is dependent on the
norm. Continuous functions with an integral are not complete, but continuous
spaces with a supremum norm are complete.

3: The space C%(§2) with norm defined by the supremum as in (A.1) is also
a complete space.

Clearly, in order to do analysis on a linear space it is desirable that the linear
space is complete. We therefore make the following definition.

Definition 4. We call a complete linear space is a Banach space.

A.1 Banach spaces and PDE.

Banach spaces helps us to formulate questions in PDE in a new way.
The initial way to view a PDE is to view it point-wise. That is, for the
Laplace equation for instance, we think of a solution as twice differentiable

function w(z) that should satisfy > . , 63;(;)
There is nothing wrong with this viewpoint, and as a matter of fact everything
we do in Banach spaces will depend on results we derived by using this point of
view. However, as the equations becomes more complicated it is reasonable to
look for a simplified conceptualization of what a PDE is. By formulating a PDE
as a problem in Banach spaces we are able to leave the point-wise viewpoint
behind and consider the PDe as a mapping between Banach spaces.
Let us consider a function u € C?(2) and we let

= f(z) at every point x € Q.

- Pu(r) & ou(x)
L — - .
ule) = 37 oy (o) g5t + D) o+ clouto)
be an elliptic partial differential operator with continuous coefficients.! Then
for any u € C?(Q2) we clearly have that Lu(x) € C(Q).

1We already know that it is more natural to consider PDE with Holder continuous coeffi-
cients. But it is enough to have continuous coefficients for us to introduce the next idea.
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We can thus view the partial differential operator L as a map between Banach
spaces: L : C%(Q) — C(Q). That is, for every u € C?(f2) there exists an
f € C(Q) such that Lu(z) = f(x). Similarly, L maps the subset

C’S(Q) = {u € C*(Q); u(x) = g(x) on 9Q} C C*(Q)

into C(Q).

Solving the PDE
Lu(z) = f(x) inQ
u(z) = g(x) on 0N

)
for a given f € C(Q2) and g € C'(99Q) is therefore the same as finding an inverse
L' of the mapping L : CZ(Q) — C(€). If such a mapping exists then the
solution is given by u(z) = L~ f(x).

There are several reasons to change the re-conceptualize of a problem in
mathematics. One reason is that changing the point of view might clarify a dif-
ficult concept, simplify statements or show that several problems have a similar
underlying structure?. The most important reason to change the point of view
on a subject is however that one might be able to use different techniques and
prove new results in the new conceptualization.

In this section we will only reformulate some of our results in this new
language and fix some notation. In later chapters we will prove some fixed point
theorems?® in Banach spaces that will help us to prove existence of solutions to
PDE with variable coefficients.

Example: In Theorem 1 in Chapter 2 (in the first part of these lecture
notes) we proved that if f € C*(R™) then

uw) = [ N-or©d. (A.2)
where N(x) is the Newtonian kernel, solves Au(x) = f(x). Using the Liouville
Theorem it is easy to see that the function u(x) is the only solution to Au(z) =
f(z) that tends to zero as z — oco.

If we consider A as an operator
Az CIR") ={ue C*(R"); lim u(z) =0} = C(R").

Then Theorem 1 actually shows that the inverse of the Laplacian, A1, is well
defined on C%(R™) C C(R™) and given by (A.2).

Example: We know that A is does not have a well defined inverse from
C.(R™) to C?(R™) since there are functions u ¢ C?(R") with Au € C.(R"), see
exercise 3 in the first part of these notes.

2For instance, viewing a PDE as a mapping between linear spaces highlights a similarity
between PDE and linear algebra that might not be so easy to see otherwise.

3Specifically, the contraction mapping principle that we will use to develop a technique
called the method of continuity.
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Based on the above two examples it is a reasonable question to ask between
what spaces does A have an inverse? Or more generally, when does a variable
coefficient PDE L- have an inverse. In the next section we will introduce some
Banach spaces that we know are of importance in inverting PDE.

A.2 Some Banach spaces that are important for
PDE.

We already know that the Holder spaces C*(Q) are important in PDE theory.

Definition 5. Given a domain Q and u a k-times continuously differentiable
function on Q we will use the notation, for k € N and « € [0,1],

k
. Dk . Dk
[ullcr.a (@) = Z sup |D?u(z)| + sup | D u(z) : u(y)|
j=17€Q ,yeQ |z —yl

Furthermore, we let C*(Q) denote the set of all two times differentiable
functions for which |[ul|cr.e(q) < oo.

When o = 0 we will disregard o and the last term in the definition of
[|ul| .oy and write

k
llullcr.e @y = lluller @) = ngngﬂu(x)L
j=1"

and when k£ = 0 and « € (0,1) we will write ||u[|co. ) = [|ul|c«()-
It is easy to that the space C**(Q2) is a Banach space.

Lemma 1. The space C**(Q) is a Banach space with the norm |[u|cr.o (q)-

Proof: Tt is trivial to verify that C*® () is a linear space and that ||u||cr.a (€2)
is a norm. That C*%(Q) is complete follows by the Arzela-Ascoli Theorem. []

It is quite often that we only need information about the Holder continuity,
we will therefore define the semi-norm*

u(z) — u(y)|
U]oa(q) = sSup ————
[ ] @) z,yeN |.’L‘ - y|a

We have also seen that the C** () space is not always suitable for expressing
our theorems. We will therefore use introduce the alternative norms |[uf| x.o g

and [|ul| 5k .o () that we use in our interior estimates.
int, (1)

4A semi-norm is satisfies all the requirements for a norm except that ||u| = 0 < u = 0.
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Definition 6. For any k—times continuously differentiable function u(x) de-
fined on a domain Q we denote by HUHCk,a(Q) the least constant T’ such that
ant

<Tr

k
. X Dk o Dk
> <di5t(Kv o)’ sup IDJu(sc)l)*dist(K’am““ sup [27ul2) = Duly)]
=0 zeK oyeK |z — y|*

for all compact sets K C €.
More generally, we will define ||ul| .o () to be the least constant I' such
int, (1)

that

k+l+a sup \Dku(x) - D’“u(y)|
z,y€K |z —yl®

k
Z (dist (K, 00) ™ sup |Dju(x)|>+dist (K,00)

j:O reK

for all compact sets K C ).
Furthermore we will denote by C’fn?(ﬂ) and C’Z;?(l)(Q) the Banach spaces of

k—times continuously differentiable functions for which the norms HU”Ck,a(Q)
int
and Hu||Cfff<l)(Q) are bounded.
It is easy to see that Cf;ta (©) and Ciknf‘(l)(Q) are Banach spaces with their
respective norms.
The norms of the spaces CF(Q) and Ci];’ta(l)(ﬂ) controls the functions in

int
the interior of Q. In particular if u € Ci,;fj(l)(Q) then u € C**(K) for any
compact set K C 2. However, the norm |[u[|cx.« (k) Will depend on the distance
dist(K,01?) and in general functions in C’{Z’z(l)(Q) will have infinite C*(()
norm. Some examples might clarify the situation.

Examples: 1. Consider u(z) = sin (ln (%)) defined on (0,1/2). Clearly
u(z) is bounded and continuous so u(z) € C(0,1/2). However, u ¢ C*(0,1/2)
since Du(z) = —2 cos (In (1)) which isn’t bounded. But u(z) € C,(0,1/2)

since for any compact set K = [k,1/2 — ] C (0,1/2) we have

(1))

sup |u(x)| + ksup |Du(z)| <1+k  sup
K rzeK

TE€ z€[k,1/2—K]
Thus [Jullcz (0,1/2) = 2-
2: Let u(z) = 1=z be defined on (—1,1). Then u(z) is unbounded so
u ¢ C*(—1,1) for any k or a.
However, u € C’iln’ta(l)(—l, 1) since for any compact set K = [—1 + k,1 — K]
we have
D -D
ull gre = rsup |u(z)| + &% sup |Du(x)| + £*T* sup |Du(z) uw)l < o0
int, (1) rzeK rzeK z,yeK ‘QZ‘ - y‘a

where the upper bound is independent of x € (0, 1).

<T
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Observe that the norm on Cllfﬂta W (—1,1) allows the function and its derivative
to tend to infinity at the boundary of 2. The parameter [ determines how fast
the function and its derivatives may go to infinity. For instance the above

function u € Cikn’to‘(l)(—l, 1) for any ! > 1 but not for any { < 1.

It is important to realize that these norms, even though they appear to be
artificial, they are natural. For instance we may formulate the interior regularity
result for harmonic functions as:

Proposition 2. Let Q be a domain and assume that u(x) is a solution to
Au(z) = f(x) in Q

assume furthermore that [u| < M in Q and that f € C¢, @) (Q) then there exists
a constant Cy, o such that

lullezqay < Cra (I lles, o @ + lullow) - (A3)

The proof of Proposition 2 is a direct consequence of Proposition 1 in the 5th
part of these lecture notes together with an interpolation inequality that we will
prove in the next appendix. Notice that the norms Hu”Ci{?(Q) and || f] Cate i) (D)
appears in the statement - and that these norms makes the statement of the
Proposition much more compact than the formulation of Proposition 1 in the
fifth part of these notes. The norms are natural in the sense that (A.3) is optimal
and we can not prove a stronger statement without adding further assumptions
on the boundary data of v and on the geometry of Q.

Remark on scaling: One heuristic way to see that (A.3) is natural is to
consider the “scaling” of the estimate. Since Au(x) involves two derivatives it
is natural that if Au = f then u should have two more derivatives than f. This
explains that we have a (2,a) norm on the right hand side in (A.3) whereas
the left hand side is only a Holder a—norm. Since we are not making any as-
sumptions on the boundary data of v in Proposition 2 we can not expect the
derivatives of u to be bounded - in particular if the boundary data is discon-
tinuous at z° € 9 then u can not have any continuous extension to Q. So the
best estimate we can hope for is an estimate that allows |Vu(z)| and |D?u(z)]
to tend to infinity as  — 9. This explains why we have the “int” in the
C2(Q)—norm in (A.3).

The difference between the C?%(£2) and the Cfr;ta (©2)—norm is that the latter
norm allows

|Vu(z)| ~ dist(x, 0Q)7*, (A.4)
| D?u(x)| ~ dist(z,00Q) 2 (A.5)

and ) )
D - D
wp 1DPul@) = Duly)

~ dist({z,y},00) "2~ A6
Sup P ({z, y},09) (A.6)
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whereas the C%%(Q)-norm requires uniform bounds in the entire domain €. To
see that the exponents —1, —2 and —2 —a in (A.4), (A.5) and (A.6) are natural
we rescale the equation. We use the estimate (A.4) as an illustration. Assume
that dist(2?, Q) = 2r then the function v(z) = u(rz + z°) will solve

Av(x) = r2f(re + z%) in By(0),

since
n
i=1

Since suppg, (o) [v| < supg, |u| we can conclude that [Vv(0)| is bounded indepen-
dently of r. But |[Vo(0)] = r|Vu(z")| and if 7|Vu(z)| is bounded independently
of r a dist(z°,0Q) then |Vu(x)| ~ dist(z,0Q)~! which is what what (A.4)
states. If you consider the proof of Proposition 1 (in part 5 of the lecture notes)
again you will see that that is exactly how we prove the estimates.

Finally, we need to say something about the [ = 2 in the Hf||ci<;t,(2)(g)fnorm
of (A.3). But we see directly from the scaling in (A.7) that I = 2 is the optimal
[ since if | f(2°)] ~ dist(2°, 9Q)~2 (that is the growth of f allowed by the norm
”f”C{Et,(z)(Q) with [ = 2) then the right hand side in (A.7) is bounded since

r ~ dist(z°, 992).

0%v(x) - (7“2 Pu(rz + 20)
0
=1

2 = 2
s Ox;

) = r?Au(re +2°) = r? f(ro + 2°). (A7)

%

Further properties of the Holder spaces: In addition to being a Banach

space the Holder spaces C**(Q), CF*(Q) and C’ikn’f‘(l) (Q) also have a multiplica-
tion defined®: if ¢(x), p(x) € C**(Q) then ¢(z) - p(x) € CH*(Q) (and similarly
k,« k,«
for C;2(2) and Cinm(l)(Q)).
We will only prove this for k£ = 0, the general case is an easy consequence of

this and the product rule for the derivative.

Proposition 3. Assume that ¢(z), p(z) € C*(Q) then ¢(x) - p(x) € CH(Q)
and

(9 Plea) < (19llc@@lee@) + lellow@loe@)) - (A.8)

Proof: The proof uses the same trick as the proof of the multiplication rule
for differentiation. In particular, we may estimate

< lp(@)lle(x) = oY)l + ()| [6(y) — d(2)| < (A.9)
< llo(@)lloq) lo(@) = @) + lleWlo@) [o(y) = ()],

where the last inequality follows since [[¢(2)||¢(q) = suP,cq |¢(2)| by definition.

5The technical term is that C*%(Q), C*®(Q) and Cﬁf(l)(Q) are algebras over R.

int
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If we divide both sides in (A.9) by |z — y|* it follows that

[¢(x)e(x) — d(y)e(y)]

|z —y|*

lp(z) — p(y)]
|z —y|*

6(v) — 6(x)| _

lz —yl*  —

< lo@)llen) HleWllew)

< (I9lle@lelce@) + llellcw Blee@)

by the definition of [p]ce (o) and [¢]ca (). Taking the supremum over z,y € Q
yields the result. O
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Appendix B

Interpolation inequalities

An interpolation inequality is exactly what it sounds like. Given two inequalities
we might derive a third inequality that somehow lies between the other two. In
this chapter we will show that if the second derivatives and the function value
(zeroth order derivatives) of u is bounded, then the first derivatives are bounded
as well. We will only prove the two simple interpolation inequalities that we
need

Proposition 4. [INTERPOLATION INEQUALITY] Suppose that v € C(Q) then:

1. If D%u € Cint,(2)(Q2) then, for any e > 0, there exists a Cc such that the
following inequality holds

IVl

Cint, (1) < CEHUHC(Q) + 6||l)2u| Cint,(2)* (B'l)

2. If [D2u]cui( () s bounded then, for any € > 0, there erists a Cc such

2)

that the following inequality holds

[1D?ul

Cony < Cellulle) + elD*uleg,  @)- (B.2)

3. The same is true without the “int” and (1) in the norms.

Remark on the proposition. The proposition might seem to be very
abstract (in particular if one is unused to the rather intricate definitions of
the norms). But what it states is that it is enough to control [lul|c(q) and
| D%l in order to control the norm

Cint,(2)

HUHC;"M(Q) = HUHC(Q) + ||VU| Cint, (1) + HUHC(Q) + HD2U'| Cing,(2) "

Similarly, ||ullc(q) and [DQU}CQE‘&)(Q) controls the norm Hu”Cﬁ,’?(Q)'

Proof: We will only prove the first two points since the third point is anal-
ogous.

21
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To show (B.1) we let 2° € 2. We need to show that

dist(«*, 00)|Vu(a")| < Cllullcry + el D%

Cint,(2) " (B'3)

If we can show (B.3) then (B.1) follows by taking the supremum over all 2° € .
If we let 4d = dist(z?, 92) then

c
sup |D2u(‘r)| < @HDZ’M Cint,(2)

Bg(z0)

and from Taylors Theorem we can conclude that, for any 0 <t < d,

: Ct
inf |€-Vu(z)| > |[Vu(a®)] — ﬁHDzuHC

B.4
By (z) ( )

int,(2)?

0
where £ = |§ZE§0§|'

Now for any y',y? € Bg(x°) such that y? = y* + s¢ there exists, by the mean
value theorem a z € By(2°) on the line between y* and y? such that

2381(13)) u(z)| 2 Ju(y') —u(y®) = |(y* —y') - Vu(z)| > (B.5)

=|s¢-Vu(2)|

Cs?
> 5[Vu(z®)] ~ o D%

Cing,(2)

where we used (B.4) with s = ¢ in the last inequality.

dist(z°,09)
S

Rearranging (B.5) and then multiply both sides by we see that

Csdist(z°, 09)

2dist (20, 092)
20HL O oy + S

int,(2) —

But 4d = dist(2°,09) and s > 0 is arbitrary so we can choose s = ced for an
appropriate ¢ > 0 and conclude that

c > dist(2°, 00Q)|Vu(a)|.

int,(2) =

C
;HUHC(Q) + €| D?u|

This is exactly what we want to prove with C, = C/e, (B.1) follows.

Next we prove (B.2).The proof is very similar to the proof of (B.1). However,
we will need to use a second order Taylor expansion instead of a first order
expansion. As before we fix an 29 € Q and set 4d = dist(z?, Q).

We aim to show that for 20 € Q

dist(z?, 00)?| D*u(z°)| < Cel|ullc(a) + €[D2U}C.Qt)(2)(9). (B.6)

in

Notice that it is enough to show that for all unit vectors n

dist(z°,09)*| Dju(a’)| < Cellullc) + elD*ules, , @)

| D?ul|c > dist(z2, 09)|Vau(2°)| | Vu(z?)|.
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where D, = 7 -V is the directional derivative in the 7 direction. There is no
loss of generality to assume that 17 = e;, otherwise we may change basis for our
coordinate system so that n = e;.

Using a Taylor expansion we see that, for y° = 29 + se; and |s| < d,

Ou(z” 1 0%u(x”
) - (w0 + 25t - ) + 5 T a2 =
1

ou(z?) 1 0%u(x®) )

0 0 2

=|u — | u(x”) + s+ = S < B.7
00 (ule”) + T s s 3 555 (.7

|3|2+a 2
S C d2 [D U}Cio;.r,,(’z)(g)'
Let us, for the sake of definiteness assume that % < 0 then we may
1

choose s such that s%wo) < 0 and conclude from (B.7) that

1

1oPu(at) 5 _ s
T3 =0 @ Do @

uly’) — u(z®)
which implies that

0u(z?)
ox?

4 S| 2
< 57|‘U||C(Q) +C?[D U}Cﬁtw(sz)a

which gives (B.6) if we choose |s| small enough and that 4d = dist(z°,09). O



