SCHAUDER THEORY I: INTERIOR ESTIMATES FOR LAPLACE

JACOB STERBENZ

ABSTRACT. These are companion notes for Math 231A on lectures from Wednes-
day 10/7/09 to Monday 10/12/09.

1. WEAKLY HARMONIC FUNCTIONS AND WEYL’S THEOREM

Recall that a function u € L], is said to be weakly harmonic in a domain Q C R"
if:

// ulApdr = 0, Vo e 5o (9Q).
Q

Notice that if u € H'(£2) then one can integrate by parts and the definition becomes:

// Vu-Vedr = 0, VpelCieQ).
Q
The most basic fact about weakly harmonic functions in the following.

Theorem 1.1 (Weyl’s Theorem). Let u € Lj,, be weakly harmonic in Q. Then by
changing u on a set of measure zero we have u € C*°(Q), and for each subdomain

Q' C Q and integer k > 0, there is a constant C = C(QV,Q, k) such that:
(1) [ VEu Loy < Cllullpiay -

Proof. The idea of the proof is to first establish (1) assuming that the solution u
is already smooth. Then we can conclude the statement of the theorem assuming
only that u € L] . via the Arzela-Ascoli theorem and a suitable approximation
procedure.

The proof of (1) for smooth u is in Evans Chapter 2.2, but we also give a quick
proof here. As usual, we induct on the value of k. If & = 0 then (1) follows
immediately from the average value property over solid balls B(zg,r) C € with
x € . Notice that the constant C' in (1) will become large via this procedure as
O gets closer to 0N (basically it behaves like distance™™). Once we have (1) for
k = 0, we can prove it for k = 1 by differentiating and then using the average value
property and the divergence theorem:

1 1 T
k) = B i) peon® B@o. )] Jopwon 1

Using the L estimate for u just obtained on the RHS we arrive at the bound:
[ Vullze@y < CllullLia)

for any nested pair ' C Q. By repeating this k times for a sequence of such nested
domains, we have by induction and Holder’s inequality the estimate (1).
1
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It remains to deal with the general case u € L}, .. Here we only need to show that
for any such function which is also weakly harmonic in §2, then for every smaller set
Q' C Q there exists a sequence of smooth functions u¢, harmonic in ' for 0 < e < 1
sufficiently small, and with u¢ — w in L*(Q’). This is provided via the standard

mollification:
// "o (e N —y))uly) dy
R’IL

where o > 0 is in C§° and [ podz = 1. O

As an immediate consequence of estimate (1) we have the following:

Lemma 1.2 (Local Decay of Integrals for Harmonic Functions). Let Au = 0 be
in H*(Q)). Then there exists a universal constant C' > 0 such that for any pair of
concentric balls B,(xo) C By(xo) C Q2 one has:

(2) // |Vu|?de < C // |Vul?dz |
B (Io) wo
2ar < (2 n+ \Vu— Vu, . [%d
_x P \ U Jzo,r €z Y
B (:E() 'f‘ Br(iﬂo)

where f_ = |B(xo)] B, a0y -

Proof. Notice that both of these bounds are invariant under the change of scale
u(z) ~ u(Az) for any A > 0. Thus, we may assume that » = 1. In both cases we
may assume WLOG p < % for otherwise the estimate is immediate.

The first bound (2) is direct consequence of (1). Using this estimate with k = 0,
we have for any harmonic u the inequalities:

S(20)) S P%||U||L1(Bl(wo)) <p?|u 22(B1 (z0)) -

@) Nullezs, @) S P2

Applying this to the harmonic function Vu instead of u yields the desired result.
Notice that by the same kind of reasoning used to show (4) we also have for any
harmonic function in By (zg):

IVullL2 B, @) < CP2I LB (s0)) -

We apply this to prove (3) by first using the Poincare estimate on the harmonic
function (Vu — Vu, ) (which has zero average), yielding the estimate:

J[ ey Paes [ 9vu- Tu,,) P
B, (x0) By (zo)
< pn+2// | VUIO p| dJC .
Bl(a:())

We conclude by using the average value property which allows us to trade the

averages via Vu, = Vu, ;. O
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2. LocAL APPROXIMATION BY HARMONIC FUNCTIONS

Our next order of business is to understand the regularity of weak solutions
to Poisson’s equation Aw = F. We will approach this subject in such a way
that we assume as little as possible about F. As a first step in this direction, we
pause to discuss how well arbitrary H' functions can be approximated by harmonic
functions. This is contained in the following elementary result.

Lemma 2.1 (Harmonic Approximation Lemma). Let w € H'(B,(z¢)), and let u
weakly solve the Dirichlet problem: Au = 0 in B,(xo) with ulpp, (z,) = W|5B, (z0)
(in the trace sense). Then there is a universal C > 0 such that for any 0 < p < r
both:

// |Vw|?dx
BP(QJO)
(5) < C’[ (B)n// |Vw|2d9:+// |V(u—w)|2das} ,
r BT((IJU) Br(lo)
// Vw - Yuw,, [*dx
Bp(zo)
P\ 2 2
o <c[(®)7 ]  ve-Su, Pas [ Va—w)Pal
T IO) BT(I())

where w,, . = By (z0)| ™" [z (o) W A

Proof. To prove (5), we use the triangle inequality and estimate (2) to bound:

// |Vw|?dz < // |Vu|>dz + // |V (u —w)|’dz ,
Bo(wo) Bp(xo) Bp(xo)

3)"// |vu\2dx+// IV (u — w)|?de ,
r B,(x0) B,.(x0)

B)n// |Vw|2dx+// IV (u — w)|?da .
r By (z0) B;(zo)

To prove (6) we begin with:

// Vw - Yw,, p| dz // —mwo,p\de + // |V (u —w)|[>dz
o (o) Io) By (wo)
// (u— ) |2dx
B (To)

Using again the estimate || f |2 < || f||z2 to treat the last term on the RHS above,
and estimate (3) to treat the first, we have:

n+2
// [Vw — wa0p| dx § - // |Vu — Vu,, [*dx
By, (x0) T B (z0)
+ // IV (u—w)*dz ,
B, (z0)
n+2
O e, P
r BT(:C()) 7
+ // IV (u—w)*dx ,
By (o)

A

A

N
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where we have bounded the expression [f 5 \[Vu, . — Vw, |2dx which comes

up in the second inequality with yet another use of || f ||z < || f||z2. O

3. LocAL DECAY OF INTEGRALS OF SOLUTIONS TO THE POISSON EQUATION

We would now like to prove decay estimates line (2)—(3) for solutions to the
equation Aw = F. Recall that we say this equations holds weakly in a domain 2
for au € HY(Q) if:

(7) / Vw -V dx +// Fodr = 0, VpelC§eQ).
Q Q
The basic result of this section is the following:

Proposition 3.1 (Decay of Local Integrals for Poisson’s Equation). Suppose that
w € HY(Q) solves (7). Then if F = f+>,0:f; (weakly) where f € LP(Q) and
fi € LY(Q) for aa =2 — T=1-2¢ (0,1), then for any set of concentric balls
B,(x0) C Br(zo) C Q the following estimate holds:

1) n—24+2«a
) // oy VS (%) (IIfIIim)JrE 0 fi ||iq(m+|w||zl<m> :
p(To P

Furthermore, if we instead assume that o = 1 — % € (0,1) and f; € C*(Q), then
the following improvement is valid:

P n+2a
// Vo - Va,, o 5 (£) (IIfIIZLp(Q>+Z|fi||%0(9)+|w||2}11m>>-
i

B (Zo

Before embarking on the proof, we need one piece of technology. Recall the
following:

Theorem 3.2 (Sobolev Embedding Theorem). For any test function ¢ € C§°(2)
the following estimate is valid 1 < p < n:

(10) o122 0 < Coll Ve oo

Proof. The proof of this theorem is given in Theorem 1 of Section 5.6 of Evans.

See also Section 8.3 of [1]. O

Proof of estimate (8). To simplify notation, we drop the z( index from B,(x¢) etc.
Using the harmonic approximation estimate (5) we immediately have that:

(11) // Vul?dr < ( // IVl dx+// w — u)dz |

where Au = 0 in B, with (w —u) € H}(B,). The first term on the RHS above is
of the desired form, so it remains to estimate the second. Via integration by parts
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and Holder’s inequality we have:

// (w — u)|*dz
_ —//Br(w—u)A(w—u) dz |
_ _//Br(w—u)fd;c—|—//BrV(w—U)'(fi) de

Slhw—ully 2oy o WA 2 ) TV = W) llz2s,) -1 () 22, -

Therefore, by applying the Sobolev estimate (10) to the first term on the RHS
above, and then Young’s inequality to both terms, we arrive at the bound:

J], wwmitas < e[ wentaeeet (111 2 100 )

Absorbing the first term on the RHS to the left, and then again using various
instances of Holders inequality we have:

/ / — )z S 2 (| ) + 1) Bas,)) -
Plugging this last line into the RHS of (11) we have:

p " n— «
IVwlee, S () 1V0 s, + 722 (1 0, + 1 ) s, -

Unfortunately, this is not quite the same form as (8). However, this is fixed using
the following lemma. O

Lemma 3.3 (Iteration Lemma). Let I(p) be a monotonically increasing quantity
defined for 0 < p < 1 and such that:

(12) 1) < A(Z) 1) +1'N
for any p <r <1 and fited A,N >0 and 0 < b < a. Then there ezists a universal
constant C = C(A,a,b) such that:

(13) I(p) < C’(g)b |:I(T)+N} , when 0 < p<r<1.

Proof. Fix r. By monotonicity, it suffices to prove this for all p of the form p; =
M~Fr, where M is a sufficiently large parameter to be chosen in a moment. Set
I; = I(p;) where 0 < j < k. This Iy = I(r) and I}, = I(p). We are trying to show
that:

(14) I, <CM~ (I, + N).
From (12) we have the one step bound:
I; < AM™“I;_; + (M*7r)’N .
By inductively repeating this estimate ¢ times starting at j = ¢ we have the series:

I, < (AM~9'I, +ZAM =Y (M)
j=1
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Using this with & = ¢, and choosing M so large that AM®~2 < % we have:

k
I < M7y +rbA- "M Z 277 M7YN .
j=1
The dyadic sum converges, and using r < 1 we have (14). O

Proof of estimate (9). This is done in almost exactly the same was as above. Start-
ing with the approximation bound (6) we have:

// |Vw — NV, p\dm< // [Vw — waop\da:—k// (w —u)|*dz

where again Au = 0 in B, with (w—u) € Hg(B,). We begin to estimate the second
term on the RHS as above, which gives the preliminary estimate:

p n+2
||Vw7mzo,p ||%2(Bp) S <;) vaimmmp ||%2(BT)

+ 11 f ||i7gf2(37‘) + 1 (fi = fil@o)) 1225, -

Here we have subtracted off the center values of the f; in the corresponding integral:

// V-t de = [[ =09 (@) - fia) da
-/ / V=) (fle) ~ filro)) d

We now wish to estimate the last two terms on the RHS of the previous estimate
in such a way that we can apply the iteration estimate (13). For the first such
term, we directly have by an application of Hélder’s inequality and the definition
a=1-12 that

ﬂ+a
171, 2oy < 720 S o)

To conclude, we claim that there exists a universal constant C' depending only on
a such that for all f; € C*(B,(z)) the following estimate holds (uniform in 7):

(16) I fi = fi@o) 228, oy < Cr2te| fillco (s, (o)) -

Indeed, WLOG we can assume that f;(xg) = 0 because such an estimate is clearly
true for constant functions. Then by the definition of C'* we have:

|fi(z —z0)| < |z —20|®|| fi oo (B, (20)) »

so integrating this inequality squared we have for f; vanishing at xg:

I fillZ2s,y) < IIfi %’a(Br)// < |z[**dz < Coar™ || fillta(s,) -

This concludes the demonstration of (9). O
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4. CAMPANATO’S INEQUALITY

In the proof of the second estimate (9) in the last section, we used the fact
that any function in C® has a decaying L? norm on small balls if we first subtract
off its central value (estimate (16)). We would like to show a kind of converse to
this estimate, which will allow us to turn the integral decay estimates (8)—(9) into
Holder regularity. This is done via the following:

Theorem 4.1 (Campanato’s Inequality). Let Q@ CC R™ be an an open set with
Lipschitz boundary 0Q. Then if w € L*(Q) is a function such that the following
estimate holds uniformly on all balls B,(xo) with xo €  and 0 < p < 1:

(17) lw—w,, , 2B, @ne) < P2TON,

for some constant N > 0 and o € (0,1). Here we are defining the averages over
truncated balls:

Jaa /]
Wy , = T w(x)dz .
e = Bl 0] e

Then by changing w on a set of measure zero we have w € C*(QY), and there evists
a constant C' = C(a, Q) > 0 such that:

(18) lwlea@ < CIN+[wllrag) -

Proof. Since the estimate is linear in w, we may assume that N = 1. Recall that
the definition of the Holder norm is:

lw(z) —w(y)|
W | g = sup|w(z)| + sup .
|| HC ) e | ( z,yc) |£L' - y|a

We’ll bound first the L* norm and then deal with the Hélder component.
The Lipschitz requirement on 92 comes in as follows: It is not too difficult to
see that for any such domain there exists a constant ¢ = ¢(2) > 0 such that:

B,(@) Q| > cp,

uniform in z € Q and p < 1. In particular, if z,y € ) are any two points, and
1> p,0 > 2|z — y| are any two real numbers with %a < p < 100, then we have
the uniform inequalities (for sufficiently small ¢):

(19) [By(@) N Bo(y) N0 > clBy@) N > o,
Nl = o™

(20) |Bo(z) N Bo(y) N Q] > ¢|Bs(y) ?

Now fix 2,y € Q and p, o > 2|z — y| such that B,(z), B,(y) € Q and 150 < p <
100. Then we study the differences:

‘wm,p - My,a" < |U}(Z) - Mz,p‘ + |w(z) - wy,cf| .

Averaging in z both sides of this over the intersection B = B,(x) N B, (y) N{Y, using
(19)—(20), the Cauchy Schwartz inequality and also the similarity bounds on p, o
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we have:
(21) Iwmp Wy ol
1
|B‘ |’U} wz,p' dz + @ |IU(Z> _wy,al dz )
w,, dz—i—i -—w, | dz | ,
<|B mQ|/B (@) o |Bo(y) N QY B (y) vel )

SC(p 3 lw—wsyllB,m + o Hlw—w,,lls,w)
< Cp® = Co®
Ifweset t=yand p=r,0= %r in the above estimate we have:
%rl < Cr* )
for any nested sequence of balls B%T C By(z). Telescoping this estimate and
summing dyadically over j < £ < k — 1, we have:
k—1
(22) |w:62 ip — We - k7‘| 022_0(2 ¢ < Ca ( )a :

l=j

|w$,r - wa},

In particular, the averages w)(z) = w, -5 form a C°(Q) Cauchy sequence which
converges uniformly to a continuous limit @. By the Lebesgue differentiation the-
orem, this limit function is such that w = w almost everywhere. In particular,
by changing w on a set of measure zero it becomes continuous, and for any point
x € Q we have from taking k¥ — oo and r» = 1 in (22), followed by a use of the
Cauchy-Schwartz inequality, the uniform L°° bound:

jw(z)] < CL+[|wlL2(B @) -
Thus, we have control of the sup norm component of || w || ca g)-

It remains to bound the difference quotient portion of the Hoélder norm. For
x,y € Q we set p = 0 = 2|z — y| in estimate (21) and use the k — oo version of
(22), which gives:

|’U}((E) - U)(y)| < |U)(.’E) _wz,p| + ‘w(y) - wy,p| + |wz,p - w
< Cp* = Cle—y|* .

This is enough to conclude our demonstration of (18). O

y7p| )

5. INTERIOR SCHAUDER ESTIMATES FOR THE LAPLACIAN

We would like to use the estimates (8)—(9) proved in the above section to show

that any weak solution to Aw = F has a certain amount of Hélder regularity
assuming that F does. For example, assuming that VZw € C%(f)) implies that
F € C%(Q), so in general we cannot do any better that gaining two derivatives over
F. The following estimate shows that we in fact can recover this optimal amount
of regularity:
Theorem 5.1 (Interior Schauder Estimates). Let w € H(Q) be a weak solution
to (7). Then for every a € (0,1) there exists a uniform constant C' = C(«,Y) such
that if Q' CC Q is any smooth subdomain with d = d(Q, Q') = dist(0Q, Q") then
the following estimates hold:
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i) If F=f+32,0ifi (weakly) where f € LP(Q) and f; € LI(Q) fora =2— 3 =
1—%€(0,1), then w € C%(Q) and:

(23) lwlloa@y < CAd™ 2 (| fllzr@) + | (F) llLag) + | w lm@)) -
i) If instead assume that f € LP(Q) for o =1—2 € (0,1), and f; € C%(Q), then
Vw € C%(Q) and:

(24) [ Vwllca@y < Cd™ 27 (|| fllr + | (fi) loa@) + wllm @) -

As an immediate application of these bounds, we have the classical Schauder
estimate:

Corollary 5.2 (Basic Interior C*“ Estimate). Let Aw = F in the sense of dis-
tributions. Then if F € C*(Q) with o € (0,1) we must have w € C%*(Q),
we have for every subdomain Q' CC Q a uniform constant C = C(«a,Q,Q) =
Clo, Q)dist™ 2 ~17%(00, ') such that:

(25) [wlcza@)y < C(IFllcoy + Il wllm)) -

Proof of estimate (25). By density, we can assume that v € C*°(€). From the
first estimate (23) and using the boundedness of F and Holder’s inequality, we
have (25) for with the LHS replaced by ||w [|ca(qry for a € (0,1). Applying the
second bound (24) and again using an L estimate for F', we can upgrade this to
LHS=||w ||c1.a(q). Finally, by differentiating the equation Au = F' and using the
C® estimate contained in (24) for the corresponding RHS, we have the full estimate
(25). O
Proof of the estimates (23)—(24). These estimates follow almost immediately from
(8)—(9) combined with the inequality (17)—(18). For (24) this is direct. In the case
of (23) we first use the (rescaled) Poincare estimate:
[w—wg 1B, xo) S Pl VW B,(0) »

and then plug the LHS of this last line in the RHS of (23) to get the needed decay
of the form (17). O
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