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Preface

This text originated from the Ph.D. course given by the first author at the Scuola Normale
Superiore in the academic year 2009-2010. The second and third authors, students of
S.N.S. at that time, wrote down the first version of the notes. Since then the course has
been replicated several times and the text has been gradually revised and expanded by
the authors, until the present version.

All the material covered in this book is by now classical, the most recent contents
being related to the theory of viscosity solutions. The presentation, the sequence of
topics and even many proofs have been strongly inspired by the books by Giaquinta [41]
and by Caffarelli-Cabré [15], the latter for the regularity theory of viscosity solutions.
As in Evans’ book [35], the guiding philosophy has been not to present the results in
their maximal generality and under sharp technical assumptions, but rather to introduce
the reader to the basic techniques of this beautiful and fundamental theory through the
discussion of model cases. For this reason, this work is meant as a textbook and not as
a reference book. Besides the treatises we already mentioned, the interested reader can
consult many excellent and more systematic books on elliptic partial differential equations
such as [44], [45], [49], [67], [83] among others, as well as the forthcoming monograph [74]
on nonlinear Calderén-Zygmund theory. Further sources, more specific to the Calculus of
Variations are, for instance, [24] and [47].

Ph.D. courses at S.N.S. are often attended also by students in the last years of their
undergraduate studies. For this reason the course, while advanced in many respects, is
meant to be self-contained, with four short appendices on Sobolev spaces, basic Real and
Harmonic Analysis, Hausdorff measures and convex functions. Taking these appendices
into account, only a basic knowledge of Functional Analysis and Measure Theory (and
preferably also some fluency with Sobolev spaces of functions of one independent variable)
is required.

Special thanks go to Guido De Philippis and Giuseppe Mingione, for their valuable
comments. We also wish to thank the many students that, over the years, pointed out
typos and inaccuracies in the preliminary versions.



Main Notation

ACB
AEB
<'7'>

Wn

LP(Q; R™)
foudp
Ug,s

Lip(€; R™)
Cr(;R™)
Cka(Q; R™)
C(;R™)
Op U

Vu

Vu

Au

inclusion of sets, not necessarily strict;

relatively compact inclusion, meaning that A is a compact subset of B;
standard inner product in R

Euclidean norm in R?, induced by the standard inner product;

ball with center z and radius r (also B, = B,.(0), B = By);

Lebesgue measure in R";

volume of the unit ball in R";

Lebesgue LP space of R™-valued functions defined over 2;

mean value, namely [, udpu/p(2) (also denoted ug);

mean value of the function u on the ball By(z);

space of R™-valued functions (uniformly) Lipschitz continuous in €;
space of R™-valued functions continuously k-differentiable in €2;
subspace of C*(Q; R™) of functions with k-th derivatives a-Holder continuous;
space of R™-valued smooth functions compactly supported in €2;

a-th partial derivative (weak or classical);

gradient of u (weak or classical);

Hessian of u (weak or classical);

Laplacian of u (weak or classical);

Sobolev W#P-space of R™-valued functions defined over €2;

subspace of WkP(Q; R™) of functions with null trace at the boundary;
Sobolev H*?-space of R™-valued functions defined over Q;

subspace of H*?({2; R™) of functions with null trace at the boundary;
Hilbertian Sobolev H*?-space of R™-valued functions defined over €2;
subspace of H*(€; R™) of functions with null trace at the boundary.



1 Variational aspects of some classes of elliptic prob-
lems

We shall start our discussion presenting some basic existence results of weak solutions for
certain classes of linear elliptic partial differential equations, see also [6],[8] or [20].
Let us consider the generalized Poisson equation

—Au=f—-> 0, F*
{ u € Hy (4 R) 1)

with data f, F* € L*(€;R) for some open, bounded and regular domain  C R". We
shall convene that the word regular is used in this monograph to describe any domain (2
that is locally the epigraph of a C! function of (n — 1) variables, written in a suitable
system of coordinates, near any boundary point.

This equation has to be intended in a weak sense, meaning the following: we look for
functions u € Hy(2;R) satisfying

/Q<Vu, V) de = /Q(fgo + ZF“@aEa(p) de Ve e CF(;R). (1.2)

Equivalently, by continuity of the bilinear form in the left-hand side of (1.2) and density
of C2°(Q;R), the previous condition could be requested to hold for any ¢ € H}(Q;R).

In order to obtain existence we just need to apply Riesz’s theorem to the associated
linear functional F(v) = [, (fv+ 3, F*0,,v) dx on the Hilbert space Hj(€2; R) endowed
with the scalar product

(u,v) ::/Q<Vu, Vv) dx, (1.3)

which is equivalent to the usual one thanks to the Poincaré inequality (first version)

proved in Theorem A.12. Let us notice that, at this stage, no regularity assumption on
() is needed.

We can consider many variants of the previous problem, basically by introduction of
one or more of the following elements:

1. more general differential operators instead of the Laplacian;
2. inhomogeneous or mixed boundary conditions;
3. systems instead of single equations.

Our purpose now is to briefly discuss each of these situations, before moving to more
general existence results which are the object of the second part of this chapter.



1.1 Weak solvability results

The first variant is to consider scalar problems having the form
- Za,,@ afa (Aaﬂaxﬂu) = f - Za 8IaFa
u € H} (O R)

where, as before f, F* € L*(Q;R), and A € R™ " is a constant matrix satisfying the
following requirements:

(i) A%® € R™" is symmetric, that is A% = AP

(ii) A has only positive eigenvalues, equivalently, A > cI for some ¢ > 0, in the sense of
quadratic forms.

Here and in the sequel of this book we use the capital letter I to denote the identity n x n
matrix. It is not difficult to show that a change of independent variables, namely letting
u(z) = v(A~'z), transforms this problem into one of the form (1.1). For this reason it is
appropriate to deal instead with the case of a non-constant matrix A(x) € L*(2; R™*")
satisfying:

(i) A(z) is symmetric for Z"-a.e. x € Q;
(ii) there exists a positive constant ¢ such that

A(z) > ¢l for L"-ae. x € (1.4)

As indicated above, the previous problem has to be intended in weak sense and precisely
we require

/Q (AVu, V) dx = /Q(fgo + ZF“E)%QD) de Vo e CF(;R). (1.5)

By continuity and density, as explained above in a special case, this condition is equivalent
to require the validity of the identity above for all ¢ € Hj(2;R). In order to obtain exis-
tence we could easily modify the previous argument, using the equivalent scalar product

(u,v) ::/QZA“B&%uaxﬁvdx.
.p

However, in order to drop the assumption on the essential boundedness of A, we prefer here
to proceed differently and introduce some ideas that belong to the so-called direct method
of the Calculus of Variations. Let then A : 2 — R™*™ be a measurable map satisying
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the assumptions (i) and (ii) above, and let us consider the functional F : H}(Q;R) —
R U {+o0} defined by

F(v) = %/Q<AVU,VU> dx—/ﬂfvdx — ;/QFO‘&M'U de. (1.6)

First we note that, thanks to the assumption (1.4) on A, for all € > 0 it holds

¢ 2 1 2 a2 £ 2 2
Fw) 25 [ 1voPde— o [ + 3 IF o= [ @+ Vo) de

Choosing € < ¢/2 we get

c 1 e
S ¢ 2 .. 1 2 |2 € 2
}"(v)_4/Q\Vv\ dx zg/ﬂ(lf] + Ea |FY)%) dx Q/QU dx

and now, thanks to the Poincaré inequality (Theorem A.12), we can choose € even smaller

to obtain )
c 2 2 a2
F =g [ Ve g [ 1P+ PP

In particular F is coercive, that is to say

lim F(v) = +o0. (1.7)

H”“H& (Qyr) 0

As a result, in order to look for its minimum points, it is enough to consider a closed ball
of H}(;R).

Moreover F is lower semicontinuous with respect to the weak convergence. Indeed,
using Fatou’s lemma and the fact that u, — u in Hl(Q; R) implies Vaupy — Vu ZL"-a.e.
in  for a suitable subsequence h(k), it is not difficult to prove that F is lower semicon-
tinuous with respect to the strong convergence (we shall also prove this in Theorem 1.10,
in a more general framework). In addition, F is convex, being the sum of a linear and
a convex functional. It follows that F is also lower semicontinuous with respect to the
weak convergence (this is a standard fact, see e.g. Corollary 3.8 in [§]).

Now, take any minimizing sequence (uy) of F: since HJ(£;R) is a reflexive space
(being Hilbert), we can assume, possibly extracting a subsequence, that u, — u for some
u € Hj(;R). Hence, by lower semicontinuity,

< liminf = inf 1.
Flu) < im in F(up) H&l(r;Z;R)f (1.8)

and we conclude that u is a (global) minimizer of F. Actually, the functional F is strictly
convex and so u is its unique minimizer.



If A is essentially bounded (meaning that A(z) € L*(;R™")) we get dF(u) = 0,
where dF is the differential in the Gateaux sense of F, i.e.

AF () [ ] 1= Tim T0FE0) = F (W)

e—0 £

Vo € Hy(S4R) .

A simple computation gives
dF(u) [p] = / (AVu, V) dx — / feodr — Z/ F*0,, pdx (1.9)
Q Q — Ja

and the desired result follows.

Even in the case when |A| € L2 _ we can still differentiate the functional, but a priori

only along directions ¢ € C2°(2;R), and recover that u satisfies the weak formulation of
our equation.

1.2 Inhomogeneous boundary conditions

We now turn to study the following boundary value problem for v € H'(2;R):
—Au=f—-> 0, F* inQ
u=gq on 0f2

with f, F* € L?(Q;R) and a suitable class of functions g € L*(0Q;R).

Since the immersion H'(€2;R) < C°(Q;R) does not hold if n > 2 (see Example 2.8),
the boundary condition has to be considered in the weak sense described below. Unless
otherwise stated, we indicate with {2 an open, bounded and regular subset of R"; recall

that for any such domain the equality H'*(;R) = W!?(Q;R) holds, see Theorem A.7
in Appendix A.

Theorem 1.1. For any p € [1,00) the restriction operator
T:CH % R) — C°(0%R) (1.10)

satisfies || Tul|zr@or) < ¢, Q)||ullwirmr). Therefore it can be uniquely extended to a
linear and continuous operator from H'P(C;R) to LP(OQ;R). This operator is called
trace operator and it is still denoted by T'.

Proof. We prove the result only in the case when  is the subgraph of a C* function f
inside the domain €’ x (a,b), where ' C R" ! open, a’ = inf f > a, showing the estimate
in question for the piece of the boundary defined by

[:={(, f(z): 2" eQ'}.
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(Here we use the notation z = (2/,t) with 2’ € ' and t € (a,b)). The general case can
be easily obtained by means of a partition of unity.
By the fundamental theorem of calculus, for all ¢t € (0,4’ — a) we have

fa") P f(x')
wij%ﬂ—W%ﬂwWSL/ émwﬂmm~swﬂm*/ O, u(a, PP dr
-t a

An integration with respect to 2’ now gives
lu(x, f(2') —t) —u(2, f(2") P da’ < (b— a)plf |0, ulP dz.
o Q

So, using the inequality |r + s|? < 277!(|r|P + |sP) and recalling the form of the area
element of a graph, one gets

1
—_— upda<2p1/ u(z', f(a) —t pd:&’—i-Qplb—apl/ 0, ulP dx
T [pdo <2 [t s - ) p=ar [ 1o,

where L is the Lipschitz constant of f, namely

b M) = 1)

vty |y =

which can obviously be bounded from above by the supremum of the length of the gradient
V£ since f € C1(QV;R).

Now we average this estimate with respect to ¢t € (0,a’ — a) and exploit the fact that
the determinant of the gradient of the map (z/,t) — (2/, f(2') — t) is identically equal to
-1, to conclude

1 or—1
— [ |ufPdo < updx+2p_1b—ap_1/ Oy, ulPdr. [
[ pio < 2 [ =0y [ ol

Because of the previous result, for v € H'P(Q;R) we will interpret the boundary
condition u|pg = g as
Tu=g. (1.11)

It can also be easily proved that T'u is characterized by the identity

/ua%cpdx:—/goﬁxaudx—i-/ oTuvedo Vo€ CHOYR) (1.12)
Q Q 20

where v = (v4,...,1,) is the unit normal vector, pointing out of €.
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Remark 1.2. It is possible to show that the previously defined trace operator T is not
surjective if p > 1 and that its image can be described in terms of fractional Sobolev
spaces W*P characterized by the finiteness of the integral

Ju(z) —ul)l”
- ]x— B

with s =1 — 1/p (see [2]). For instance, if 2 is a (n + 1)-dimensional halfspace, then the

image of the trace operator is exactly Wi (092;R) and a similar result holds for regular
open sets. The borderline case p = 1 is special, and in this case E. Gagliardo proved in
[39] the surjectivity of 7.

We can now mimic the argument described in the previous section in order to obtain
an existence result, provided the function g belongs to the image of T', thus assuming that
there exists a function u € WH2(Q;R) = H*(Q;R) such that T% = g. Indeed, if this is
the case, our problem is reduced to showing the existence of a solution for the equation

—Av=f— PN 8, F in Q
v € H} (O R)

where f: f and Fo = Fo — Or, u. This is precisely the first problem we have discussed
above and so, denoted by v its unique solution, the function u = v 4+ w satisfies both our
equation and the required boundary condition.

Finally, let us discuss the so-called Neumann boundary conditions, involving the be-
havior of the normal derivative of u on the boundary. Like we did above, we shall denote
by v = (v4,...,1,) the outward pointing unit normal of 9§2. We consider a problem of
the form

=305 00 (AP0, u) + M= f =30 0, F in Q

Za,g AaﬁVaaxﬁU =g on 0f2

with A%? a real matrix and A > 0 a fixed constant. In fact, if A\ = 0, the existence of
a solution to the Neumann problem is not guaranteed, as it is shown by the ordinary
differential equation v” = 1 with boundary conditions «’(04) =1 and «/(1-) = 0.

For the sake of brevity, we just discuss the case when A = §*% and F = 0 so that
the problem above takes the form

—Au+Adu=f in

du=yg on 02

11



In order to give it a precise meaning, we first observe that if u, v € C1(€;R) then

/(Vu, V) dx——/vAudx—i—/ vo,u do. (1.13)
Q Q 20

Thus it is natural to require that, for any v € C*(Q;R), a solution u satisfies

/QKVu, V) + A dx = /Qvfda:%—/mvgda. (1.14)

In order to obtain existence (and uniqueness) for this problem when g € L?(9Q; R), it is
enough to apply Riesz’s theorem to the continuous linear functional

f(v):/Qufdx+/mvgda

with respect to the bilinear form defined on H'(£2;R) by
a(u,v) := / [(Vu, Vv) + Auwv] dz, (1.15)
Q

which is clearly equivalent to the standard Hilbert product on the same space since A > 0.

1.3 Elliptic systems

In order to deal with systems, we first need to introduce an appropriate notation. We
will consider functions u : 2 C R™ — R™ and, consequently, we will use Greek letters
(say «, f3,...) in order to indicate the coordinates in the starting domain of such maps
(so that o, 5 € {1,2,...,n}), while we will use Latin letters (say i, j, k, .. .) for the target
domain (and hence i, j € {1,2,...,m}). We will need to work with matrices with four
indices like A%ﬁ (i.e. rank-four tensors) whose meaning should be clear from the context.
Our first purpose now is to see whether it is possible to adapt some ellipticity condition
(having the form A > ¢l for some ¢ > 0) to the case of vector-valued maps. The most
natural idea is to define the Legendre condition

> AYa = clg?,  VEeR™T (1.16)
a,B,1,j

where R™*™ indicates, as above, the space of m xn real matrices and c is a strictly positive
constant. Let us employ such a condition in order to prove an existence and uniqueness
result for the system

gy Oen (AL ) = i = S 0 FE i=1,...,m
u € H (S R™)

12



with data f;, F* € L*(;R).
The weak formulation of the problem is

/ > A0, 00,0 dr = / [Z fid + ) FPop, ¢ | dr (1.17)
Q@ ai

0,8,

to hold for every ¢ € C}(€; R™). Now, if the matrix Af‘jﬁ is symmetric with respect to the
transformation (a,i) — (5, 7) (which is implied, for instance, by the symmetries in both
(o, B) and (i,7)), then it defines a scalar product on H}(€; R™) by means of the formula

(o) = [ 30 A0 00,0 de (1.18)

08,0,

If, moreover, A satisfies the Legendre condition (1.16) for some ¢ > 0, it is immediate to
see that this scalar product is equivalent to the standard one (i.e. with AZ-O;-B = §°A4;;) and
so we are led to apply again Riesz’s theorem to conclude the proof.

It should be noted that in the proof of such an existence result (and, in particular, in
the scalar case) the symmetry hypothesis with respect to the transformation (o, 1) — (3, )
is not really necessary, since we can exploit the following:

Theorem 1.3 (Lax-Milgram, [68]). Let H be a (real) Hilbert space and leta : Hx H — R
a bilinear, continuous and coercive form, the latter assumption meaning that

a(u,u) > N|u|®> Yu e H,

for some X\ > 0. Then for any F' € H* there exists up € H such that a(up,v) = F(v) for
allve H.

Proof. By means of Riesz’s theorem it is possible to define a linear operator T': H — H
such that
a(u,v) = (Tu,v) Yu,v € H

where (-,-) denotes the scalar product on the Hilbert space H. Notice that such 7' is
continuous since
|Tul* = (Tu, Tu) = a(u, Tu) < ¢|lul| | Tu],

where ¢ is a constant of continuity for a(-, -) and hence one immediately derives an upper
bound on the operator norm of 7', namely ||T|| < ¢. Now we introduce the auxiliary
bilinear form

a(u,v) = (TT u,vy = (T*u, T"v) ,
for T* the adjoint of T" with respect to (-, -); we remark that a(-,-) is obviously symmetric
and continuous. Moreover, thanks to the coercivity of a, we have that a is coercive too,
because

Mlull* < alu, w) = (Tu,u) = (u, T*u) < |ul| |Tu]| = [[ull v/a(u, v)
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and so a(u,u) > X2 |lul|>. Since @ determines an equivalent scalar product on H we can
apply again Riesz’s theorem to obtain a vector v} € H such that

a(up,v) = F(v) YveH.
By the definitions of 7" and a the thesis is proved by simply setting up = T*u/z: indeed
F(v) = a(up,v) = (T*uy, T*v) = (Tup,v) = a(up,v) Vv e H. O

As indicated above, we now want to formulate a different notion of ellipticity for the
case of vector-valued maps. To this aim, it is useful to start by analyzing the scalar case
in more detail. First of all, we wish to compare the two following conditions:

(E) A > M, that is (Av,v) > X|v|? for all v € R™" (ellipticity);
(C) aalu,u) = [, (AVu, Vu) dz > X [, |Vul* dz for all u € H}(Q;R™) (coercivity).

We stress that here and in the discussion below the matrix A € R™*™ is constant.
It is obvious by integration that (F) = (C') and we may wonder about the converse
implication. As we will see below, this holds in the scalar case (m = 1, see Proposition
1.4) and fails in the vectorial case (m > 1, see Example 1.5).

Proposition 1.4. Let (C) and (E) as above, m = 1 and let A be symmetric. Then (C)
is equivalent to (E).

Proof. Let us prove that (C) implies (E). The computations become more transparent if
we work with functions having complex values, and so let us define for any u, v € Hg(2; C)
the Hermitian form

ax(u,v) ::/Q<AVU,W> dx:/QZAaﬁamauTﬁvdx.
o,

Here Vu € C" stands for VRu + :V3u, where Ru and Su are respectively the real and
imaginary parts of u. A simple computation, exploiting the fact that the matrix A is
symmetric (as it is the case in our setting), shows that

as(u,u) = as(Ru, Ru) + as(Su, Su).
Hence, (C) implies
aa(u, ) > /\/ Yl dz, (1.19)
Q

since patently |Vu|? = |VRu|? + |[VSul®>. Now consider a function ¢ € C°(Q;R) and
define u,(x) = p(x)e™¢. Since A is constant, we have that

1
ﬁaA(uﬂ u‘r) = /9302 ; Aaﬁgafﬂ dx + o, = Z Aaﬁgagﬁ/ (102 dr + o,

.8 &

14



with o, — 0 as 7 — +00, and similarly

1
—2/]Vu7\2 dq::/<p2]§\2 dx + o, .
T Ja Q

Hence, exploiting our coercivity assumption and letting 7 — +oo in (1.19) we get

(Z ALy A|f|2) /Q P da >0 (1.20)

a?ﬁ

which immediately implies the thesis (it is enough to choose ¢ not identically zero). [

Actually, every single part of our discussion is still true in the case when A = A%%(z)
is, for instance, a bounded Borel function in €2 and we can conclude that (E) holds for
ZL"-a.e. x € ): we just need to choose, in the very last step, an appropriate sequence of
rescaled and normalized test functions concentrating around xy, for any Lebesgue point
xo of all components of A. The conclusion comes, in this situation, by invoking Lebesgue’s
differentiation theorem.

For the reader’s convenience we recall here some basic facts concerning Lebesgue
points. Given f € Li _ (R™R) and zy € R", we say that zy is a Lebesgue point for

loc

f if there exists A € R such that

lim |f(y) — A dy = 0. (1.21)

r¢0 Br (550)

In this case A is unique and it is sometimes written
A= fzo) = lim f(x). (1.22)
T—T0

Notice that both the notions of Lebesgue point and the value of ]? are invariant in the
Lebesgue equivalence class of f. The Lebesgue differentiation theorem asserts that for
ZL"-a.e. w9 € R" the following two properties hold: z, is a Lebesgue point of f and
f(xg) = f(zg). Notice however that the validity of the second property at a given zy does
depend on the choice of a representative of f in the Lebesgue equivalence class.

Going back to the previous discussion, it is very interesting to note that the argument
above does not give a complete equivalence when m > 1. On the one hand, the coercivity

condition

() > )\/ Vuf de we HY(Q:R™) (1.23)
Q

can be applied to test functions having the form wu.(z) = ¢(z)be’™* with a € R" and
b € R™ and implies the Legendre-Hadamard condition

Z AZB%% >\ forall { =a®0, (1.24)

a’/87i)j
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that is the Legendre condition restricted to rank-one matrices &, = a,b’. On the other
hand, explicit examples show that the Legendre-Hadamard condition is in general strictly
weaker than the Legendre condition.

Example 1.5. When m = n = 2, let the tensor Af}ﬁ be chosen so that

> AL = det(8) + e ¢ (1.25)

a7ﬁ7i7j

with ¢ > 0. Since any rank one matrix has vanishing determinant, the Legendre-
Hadamard condition with A\ = ¢ is fulfilled. On the other hand, our quadratic form,
restricted to diagonal matrices with eigenvalues t and —t, equals

—1? + 2t%.
It follows that even the Legendre condition with A = 0 fails when 2¢ < 1.
Nevertheless, the Legendre-Hadamard condition is sufficient to imply coercivity:

Theorem 1.6 (Garding, [48]). Assume that the constant matriz A%’B satisfies the Legendre-
Hadamard condition for some positive constant A and the symmetry condition AZ-B = A?f‘.
Then aa(u,u) > X [ |Vul® dz for all u € H'(R";R™).

In the proof of Garding’s theorem (see [48]), we denote by S(R";C) the Schwartz
space of smooth C-valued functions that decay at oo faster than any polynomial, and by
@ and @ the Fourier transform of ¢ and its inverse, respectively defined by

B(6) = (2m) ™2 / o(x)e ¢ di (1.26)

n

and

Blo) = 2m 7 [ gl (1.27)

n

We will also make use of the Plancherel identity:

/n v d = . pde Ve, € S(R™;C). (1.28)

Proof. By density it is enough to prove the result when u € C°(R™;R™) (indeed, recall
that H'(R";R™) = HJ(R™;R™) as was discussed after Definition A.10). In this case we
use the representation

ul€) = (2m) "2 / o(@)e " da

n

16



that is u(§) = @(§) for some ¢ € S(R™; C™). Therefore, we have that

—_—

aﬁauj<£) = —i$a90j ;

hence

oul oul —
aa(u,u) :/ Yo AP —de=—i" > A?‘f/ Lopizsot de
na,ﬁ,j,l / afa agﬂ Bl ! R™

— [ A5 ) .

R™ o8,

the last passage relying on the Plancherel identity (1.28) and the constancy of AJO.‘IB . Now,
notice that we can apply our hypothesis to get

> A ag aght > Mal*[b]”
a,B,7,l

with a = 2 € R" and b = ¢(x) € C", so that

aa(u,u) >\ [ |z |e(z)]? de. (1.29)
Rn

If we perform the same steps with 6*/4;; in lieu of A]O.‘lﬁ we see at once that

Vul* (€ de = | |e[*lo(@)] da. (1.30)
Rr Rr
Comparing (1.29) and (1.30) we conclude the proof. O

Remark 1.7. Garding’s theorem marks in some sense the difference between pointwise
and integral inequalities. It is worth mentioning some related inequalities that are typ-
ically nonlocal, meaning that they do not arise from the integration of a pointwise in-
equality. An important example is Korn’s inequality (see, for instance, [63]):

/ Vul? dz < c(n, p) /

for p € (1,00). A variant of this example is the Korn-Poincaré inequality: if €2 is an open,
bounded and regular set in R™ and p € (1,00), then

p

t
Vot Vo' 0 forallue CXRSRY,  (1.31)

2

p

Vut (Vo) " (1.32)

inf / |u(x) — Bz — ¢’ dx < C(Q,p)/
Q Q 2

c€R™, Bt=—B
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1.4 Necessary minimality conditions

The importance of the Legendre-Hadamard condition is also clear from a variational
perspective. Indeed, let v : @ C R® — R™ be a locally Lipschitz function, that is
u € WI’OO(Q;]Rm) for some open, bounded and regular set {2 C R", fix a Lagrangian L

loc
and define a functional

L(u, Q) = / L(z,u,Vu)de  VQ €Q.

We say that u is a local minimizer for L if

L(u, ) < L(v, Q)  forall v € W(Q;R™) such that {v #u} € V¥ € Q. (1.33)

loc

We will make the following standard assumptions on the Lagrangian: we assume that
L:QxR™x R™™ — R is Borel and, denoting the variables as (x, s, p), we assume that
L is of class C' in (s,p) with

sup (| L] + |0sL| + |0,L|) < 400 (1.34)
K

for any domain K = Q' x {(s,p) : |s| + |p| < R} with R > 0 and ' € Q. In this case it
is possible to show that the map

t— | L(x,u+to,Vu+tVy)de
Q/

is of class C* for all u, ¢ € Wl’OO(Q; R™) and @' € 2, and its derivative equals

loc
/ [0sL(z,u+to, Vu+tVe) - o+ 0,L(z,u+to, Vu+tVy) - Vy| dx

(the assumption (1.34) is needed to differentiate under the integral sign). As a conse-
quence, if a locally Lipschitz function u is a local minimizer and ¢ € C2°(£2;R™), since
L(u, ) < L(u+ ty, ) we can differentiate at t = 0 to obtain

/Q/ [Z@SiL(x,u, Vu)p' + Zapfélz(l’, u, Vu)@magoi] dxr = 0.

% a,t

Hence, exploiting the arbitrariness of ¢, we derive the FEuler-Lagrange equations in the
weak form:

Z Oz, Opo L(x, u, Vu) = 0, L(x, u, V) i=1,2,...,m.
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Exploiting this idea, we can associate to many classes of partial differential equations
appropriate energy functionals, so that the considered problem is nothing but the Euler-
Lagrange equation for the corresponding functional. For instance, neglecting the bound-
ary conditions (that can actually be taken into account by an appropriate choice of the
ambient functional space), an equation having the form

—Au = g(z,u)

arise from the functional
1, 9 s
L(I,S,p)=§|p| - g([L’,T’)dr.
0

Our aim is now to find another necessary minimality condition corresponding to the

stability inequality
2

We need to add hypotheses on the Lagrangian L, in analogy with what has been done
above: in this case we require that L is of class C? in (s, p) and

> 0.
t=0

sup (|0s0sL| + |050,L| + |0,0,L]) < 400
K

for any domain K = ' x {(s,p) : |s| + |p| < R} with " € Q. The necessary minimality
condition is then given by

0 < T(p.p) = / (AVp, V) +2(BVp.0) + (Co.o) dr Yo € CX(QR™), (135)

where the dependence on x and all indices are omitted for the notational convenience,

and we have set
A(x) = 0,0,L(x,u(z), Vu(z))
B(z) = 0,0sL(x, u(x), Vu(z)) (1.36)
C(z) = 0,0;L(x,u(zx), Vu(x))

and we allow the symbol (-,-) to denote the standard Euclidean product in R% where
the value of d may vary as one considers different terms (in the equation (1.35) above,
corresponding to the three terms we have d = mn,d = m,d = m respectively).

We can finally obtain pointwise conditions on the local minimizer u by means of the
following theorem, whose proof follows along the lines of the argument presented for
Proposition 1.4 (namely the assertion that coercivity implies ellipticity when m = 1).
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Theorem 1.8. Consider the bilinear form on H}(Q;R™) defined by
O(u,v) = /(AVUVU+BVU-U+CU-U) dr, (1.37)
Q

where A = A?jﬁ(x), B = Bfi(z) and C = Cy;(x) are Borel and L™ functions. Moreover,
assume A to be symmetric, namely A?jﬂ(x) = A?ia(x) for L"-a.e. x € Q. If O(u,u) >0
for all uw € Hg(;R™) then A(x) satisfies the Legendre-Hadamard condition with A\ = 0
for L"-a.e. x € ).

Hence, in our case, we find that 0,0, L(z, u(x), Vu(x)) satisfies the Legendre-Hadamard
condition with A = 0 for Z"-a.e. x € Q.

1.5 Lower semicontinuity of integral functionals

Tonelli’s theorem is a first powerful tool leading to an existence result for minimizers of
integral functionals of the form

L(u) ::/QL(:E,u(x),Vu(x))dx (1.38)

in suitable functional spaces (which may allow, for instance, to impose various sorts of
boundary conditions). With respect to the (somewhat more general) setting presented in
the previous section, we take € = 2 € R”. In particular, notice that we work on a set of
finite Lebesgue measure.

Before stating Tonelli’s theorem [91] (see [83] for a broader discussion and contextual-
ization), we recall a useful characterization of uniformly integrable families of functions.
A comprehensive treatment of this subject can be found for instance in [97], see also [5,
Theorem 1.38] or [19].

Theorem 1.9 (Dunford-Pettis, [33]). Let (X, A,u) be a finite measure space and let
F C LY(X, A, n);R). Then the following facts are equivalent:

(1) the family F is sequentially relatively compact with respect to the weak-L' topology;

(i1) there exists ¢ : [0,00) — [0, 00|, with ¢(t)/t — +00 as t — oo, such that
[otfanst vies
(iii) F is uniformly integrable, i.e.
Ve>0 36>0 st pld)<d = /A|f|du<s VfeZ.
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Theorem 1.10 (Tonelli, [91]). Let L: Q x R™ x R™" — R be a Lagrangian® satisfying
the following properties:

(1) L is non-negative;

(2) L is lower semicontinuous with respect to the variable s and the partial derivatives
Ope L exist and are also continuous with respect to s;

(3) p+> L(z,s,p) is conver®.

Then any sequence (u,) C WHHQ; R™) converging in LY(Q; R™) (the limit denoted by u),
with |Vuy| uniformly integrable, satisfies the lower semicontinuity inequality

liminf £(up) > L(u). (1.39)

h—o00

Proof.  We start by noticing that there is a subsequence uy,) such that

li}rgiogfﬁ(uh) = klgxolo L(unk))

and, possibly extracting one more subsequence, we can assume that
Upy — u L "-a.e. in (L
Thanks to Theorem 1.9 we can also assume the weak-L' convergence of the gradients
Vupey — g in Ll(Q;RmX”).

Passing to the limit in the integration by parts formula, this immediately implies that u
belongs to WH1(Q; R™) and that Vu = g.

By virtue of Egorov’s Theorem (see, for instance, [36]), for all € > 0 there exists a
compact subset K. C €2 such that

o [Q\ K [ <e
o 0,L(z,upm(x), Vu(z)) = 0,L(x,u(x), Vu(x)) uniformly on K.;

e 0,L(z,u(x), Vu(x)) is bounded on K..

! As usual, we denote the variables by (z,s,p) €  x R™ x Rm*",
2We will see that this assumption can be considerably weakened.
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Because of the convexity assumption (3) and the non-negativity of L as per (1), we can
estimate

liminf L(up) = lim L(uppy) = lim [ Lz, upe)(z), Vupg) (2)) do
h—o00 k—o0 k—oo [

> 1iminf/ L(z, up) (), Vupm(x)) dx
K.

k—o00

> lim inf [L(z, upy(x), Vu(@)) + (O L(z, unp (), Vu(x)), Vupp (z) — Vu(z))] do

k—o0 K.

2/ L(:B,u(x),Vu(x))dx+li]£r_1>glf/K (O L(z, un@(z), Vu(z)), Vupuy (z) — Vu(z)) dz.

Hence, the weak-L!convergence Vupy — Vu ensures that

h—o00

lim inf £(up) 2/ L(z,u(z), Vu(z)) dx

and as € — 0 we achieve the desired inequality (1.39). O

Before stating the following corollary, we recall that Theorem A.13 provides the com-
pactness of the inclusion WH(;R) C L'(Q;R) whenever Q C R" is an open, bounded
and regular set.

Corollary 1.11. Let 2 C R™ be an open, bounded and reqular set and let L be a Borel
Lagrangian satisfying hypotheses (2), (3) as in Theorem 1.10 and

(1°) L(x,s,p) > ¢(|p|) + c|s| for some ¢ : [0,00) — [0, 00| with tlgglo o(t)/t =00, ¢>0.

Then the problem
min {£(u) : w € WH(Q;R™)}

admits a solution.

Proof. The conclusion follows from a classical application of the direct method of
Calculus of Variations, where hypothesis (1°) provides the sequential relative compactness
of sublevels {£ < ¢} with respect to the so-called sequential weak-W'! topology (i.e.
strong convergence in L' of the functions and weak convergence in L! of their gradients)
and semicontinuity is given by Theorem 1.10. O

At this point one could ask whether the convexity assumption in Theorem 1.10 is
natural. The answer is negative: as the Legendre-Hadamard condition is weaker than the
Legendre condition, here we are in an analogous situation and Example 1.5 fits again.
Let us define a weaker, although much less transparent, convexity condition, introduced
by Morrey in [75].
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Definition 1.12 (Quasiconvexity). A continuous function L : R™"™ — R is said to be
quasiconvex at A € R™*" if, for all Q2 C R™ open and bounded, it holds

][ L(A+ Vy)dz > L(A) Ve CO(Q;R™). (1.40)
0

We say that L is quasiconvex if it is quasiconvex at every point A € R™*™,

Remark 1.13. Obviously we can replace the left-hand side in (1.40) with the quantity
frvproy LIA + Vi) da: this follows from the identity

_ (1 Ve 20} {Ve 7 0} .
]{2L<A+w) de = (1 t )L(A) R AR CRa LD

This remark makes it clear that the role played by €2 in this definition is only fictitious.
Let us further observe that whenever (1.40) is valid for 2, then:
e it is valid for every ' C (Q, as follows immediately by the definition;

e it is valid for zy + A2, for ;g € R™ and A > 0, by simply considering the transfor-
mation p(z) — p(zo + Az) /.

Furthermore, a simple approximation argument gives
][ L(A+Vy)der > L(A) Ve € Lip,(2;R™), (1.41)
Q

that is to say for all Lipschitz functions having compact support in €.

The definition of quasiconvexity is related to Jensen’s inequality (see [50] or [84] for
the proof), which we briefly recall here.

Theorem 1.14 (Jensen). Let us consider a probability measure 1 on a closed convex

domain C C R?, with fc Ip| du(p) < +o0, and a convex, lower semicontinuous function
L:C — RU{+oo}. Then

[ £ dnt) = £ ( / pdu(p)) | (1.42)

Notice that the left-hand side of such inequality always makes sense because the neg-
ative part of L has at most linear growth. Thus the integral is well-defined, attaining
either a finite value or +oo0.
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Now, let f € L'(2;R™*™) and consider the law p of the map f with respect to the
rescaled Lebesgue measure "/ .£"(Q2), that is to say the push-forward measure defined
for any Borel set S C R™*" by

)= LU

Observe that the summability of f € L'(Q;R™") gives [ |p|dp < +oo. If L : R™*" —
R U {400} is lower semicontinuous and convex, thanks to Jensen’s inequality one has

frvenas= [ wo)au =1 ( / mpdmm) 1 ( / fdx) | (1.43)

In particular, we can prove the following assertion:

Proposition 1.15. Any convex lower semicontinuous function L : R™ ™ — R U {400}
1S qUaSICONVEL.

Proof. Since for any ¢ € C°(£2; R™) one has

]{2 (A4 V(x)) de = A,

by applying (1.43) to the L' function f(x) = A+ V(z) we conclude. O

Therefore, quasiconvexity should be considered as a weak version of convexity: indeed,
if L is convex then the inequality (1.43) holds for all maps f, thanks to Jensen’s inequal-
ity; on the other hand the condition (1.40) concerns only gradient maps (more precisely
gradients of maps coinciding with an affine function on the boundary of the domain).
Equivalently, quasiconvexity should be understood as defined by (1.42) for measures u in
R™*™ generated by gradient maps (see [79] and [62]).

Remark 1.16. The following chain of implications holds:
convexity = quasiconvexity = 0,0,L(A) satisfies Legendre-Hadamard with A = 0.

The second implication can be justified by differentiating twice the smooth map

t— /(A +tVy)dz,
Q
which has a local minimum at ¢ = 0 for any given choice of the test function ¢ (where

() is any open and bounded set in R" containing the support of ¢). Indeed, with a
straightforward computation one obtains

/ (0p0, L(A)V @, V) dx > 0,
Q
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which implies the Legendre-Hadamard condition with A = 0 (as already seen above, when
we discussed how (1.23) implies (1.24)).
All these notions are equivalent when either n = 1 or m = 1. Furthermore:

e an integration by parts easily yields
/ det(A + Vo) dr = det(A)|9] Vo € CF(Q;R").
Q

Hence, the determinant map det : R?*? — R (cf. Example 1.5) provides a quasicon-
vex function that is not convex when n = m = 2, and considering the determinant
of a 2 x 2 minor allows to handle the case min{m,n} > 2 as well;

e when max{n,m} > 3 and min{n,m} > 2, Sverak showed in [95] that there exist
highly nontrivial examples, building on an algebraic result in [90], showing that

the Legendre-Hadamard condition does not imply quasiconvexity (see also [24] and
[32]);

e the equivalence between Legendre-Hadamard condition and quasiconvexity is still
open for n =m = 2.

Let us recall that we introduced quasiconvexity as a “natural” hypothesis to improve
Tonelli’s theorem. The following Theorem 1.20 confirms this fact.

Definition 1.17 (w*-convergence in W), Let us consider an open set Q@ C R™ and
fi € WE(Q:R™). We write f — f in w*-Wh(Q;R™) if

o fi — [ uniformly in €;
o ||V fillLoo(rm) is uniformly bounded.

Proposition 1.18. If fi — f in w*-WbH®(Q;R™), then f € W'°(Q;R™) and Vf;, —
Vf.

This is a direct consequence of the fact that (V fi) is sequentially compact in the w*-
topology of L*°, and any weak* limit provides a weak derivative of f (hence f € W1
the limit is unique and the whole sequence of derivatives w*-converges).

Before stating Morrey’s lower semicontinuity theorem we give a quick proof, based on
a blow-up argument, of Rademacher’s differentiability theorem.

Theorem 1.19 (Rademacher). Given @ C R" open, let f : Q C R* — R™ be a lo-
cally Lipschitz function. If xo € Q) is a Lebesque point of the weak gradient V f, namely
fBr(m) \Vf—L|ldz — 0 asr |0 for some linear map L : R — R™, then f is differentiable
at o and the (classical) gradient at xo is equal to L. In particular, any locally Lipschitz
function is differentiable £"-a.e. and its differential coincides £"-a.e. with the weak
gradient.
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Proof. The property which we need to prove can be equivalently stated as follows:
f+(y) = L(y) uniformly on B; as r | 0,

where f.(y) = (f(xo + 1ry) — f(x0))/r are the rescaled maps. Notice that the functions
f, are uniformly Lipschitz continuous in B; and uniformly bounded (because f,.(0) = 0),
hence the family (f,.) is relatively compact in C°(Bj;R™) as r | 0. Hence, it suffices
to show that any limit point fo(y) = lim; f,(y) coincides with L(y). A simple change
of variables shows that Vf.(y) = Vf(zg + ry) in B; (where gradients are obviously
understood as weak gradients), thus

Vi~ Ldy=f [9f-Ljdo

B By (z0)

It follows that V f, — L in L'(B;; R™*"), hence we are in position to invoke Proposition
1.18 and conclude that fy € W'(By;R™) and by comparison Vf, = L in L*, hence
Z"-a.e. in By. By the constancy Theorem A.5 we get fo(y) = L(y) + ¢ for some constant
¢, which obviously should be 0 because fy(0) = lim; f,,(0) = 0. O

Theorem 1.20 (Morrey, [75]). Assume that L : Q x R™ x R™"™ — [0,00) is contin-
uous and u € WH(Q;R™). If L(z,u(x),-) is quasiconver for £L"-a.e. x € S, then
the functional L defined by (1.38) is lower semicontinuous at u with respect to the w*-
Whee(Q; R™) convergence. Conwversely, if L lower semicontinuous at u with respect to
the w*-Wh*(Q; R™) convergence, one has that L(x,u(x),-) is quasiconvexr at Vu(x) for
L"-a.e. x €.

Proof.

Part I: Necessity of quasiconvexity. It is sufficient to prove the result for any Lebesgue
point gy € Q of Vu. The main tool is a blow-up argument: if @ = (—1/2,1/2)" is the
unit cube centered at 0, Q,(z¢) = o +7Q C Q and v € Wol’OO(Q; R™), we set

Lo(v) = / L(zo + 1y, u(zo + 1) + 1o(y), Valzo + ry) + Voly)) dy.
Q
The formal limit as r | 0 of £,, namely
Lo(v) = / L(zo, u(wo), V(o) + Vo(y)) dy
Q

is lower semicontinuous at v = 0 with respect to the w*-Wh>(Q; R™) convergence because
of the following two facts:
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e cach £, is lower semicontinuous at 0 with respect to the w*-WH=(Q;R™) conver-
gence, indeed

L,(v) = rin/@(%) L (m,u(:ﬂ) +rv (‘” ;”’0) ,Vu(z) + Vo (x _rxo» dz

(e (o () - [ st Vute )

e being xy a Lebesgue point for Vu, for any bounded sequence (v,) € Wy >°(Q; R™)
it is easily checked that the continuity of L gives

lim sup £, (vp) — Lo(vn)| = 0.

r—0t p

Let us introduce the auxiliary function
H(p) := L(xg, u(xg), Vu(zo) + p).

Given a test function ¢ € C°(Q;R™), we work with the @-periodic function ¢ such that
¥|g = ¢ and the sequence of highly oscillating (being +-periodic) functions

on(x) = %w(hx) ,

which obviously converge uniformly to 0 as we let h — oo. Since Vg (x) = Vip(hzx) we

also have v, = 0 in W (Q;R™), so that, thanks to the lower semicontinuity of Ly at 0,
one has

H(O) = £o(0) < liminf | H(Vou(x))dz = liminf — [ H(V(y))dy

h—o00 Q h—00 n Qn
- / H(Vib(y)) dy = / H(Vi(y)) dy,
Q Q

where Q, = (—h/2,h/2)". This is precisely the quasiconvexity property for L(zq, u(zo),-)
at Vu(xo).

Part II: Sufficiency of quasiconvexity. We split the proof in several steps, reducing
ourselves to increasingly simpler cases. First, since any open set {2 can be monotonically
approximated by bounded open sets with closure contained in €2, we can assume that €2
is bounded and that L € C°(Q x R™ x R™ ™). Since ) can be written as the disjoint
union of half-open cubes, by the superadditivity of the liminf we can also assume that
2 = @ is a n-cube with side length ¢. We further set

M :=sup {|(z, Vuy(z))| : 2 €Q, heN},
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where (uy,) is a sequence that is converging to w in w*-W1>(Q; R™), as encoded in Defi-
nition 1.17. Now, considering the decomposition

L(z,up(2), Vup(2)) = [L(z, up(z), Vug(x)) — Lz, u(z), Vup(x))] + Lz, u(z), V()

we see immediately that it is enough to consider Lagrangians L;(z, p) which are indepen-
dent of s (just take Ly(z,p) = L(z,u(x),p), quasiconvex with respect to p for £"-a.e.
x € Q). Here we have exploited the continuity assumption on the Lagrangian L together
with Definition 1.17 to ensure that the argument of the third slot of L varies in a compact
set.

The next step is to reduce ourselves to Lagrangians independent of x. To this aim,
consider a modulus of continuity w for Li(-, p) that is uniform as p varies in the ball By,
and a decomposition of @ in 2*" cubes Q; with side length £/2%, with points z; € Q; such
that L;(x;, ) is quasiconvex. Then, adding and subtracting L, (z;, Vu,(z)) and using once
more the superadditivity of liminf, we get

h—o00 h—o00

liminf/QLl(:U,Vuh(x))dac > ' liminf/Q' Ly(x;, Vug(z)) de —w (%) Zg"(Ql)
Since ), Z™(Q;) = (", if we are able to show that

lifrlninf Ll(q:i,Vuh(x))de/ Ly(z;, Vu(x))dx Vi,

%

we obtain
li}lgg}f/QLl(x, Vun(z)) de > Z/ Lz, Vau(z)) do — w (g) o
> /QLI(Q;, Vu(z)) dz — % (ﬂ) o

As k — oo we recover the liminf inequality.

Hence, we are led to show the sufficiency of lower semicontinuity for quasiconvex
Lagrangians of the form Lo(p) = Li(z;,p). In the following argument we shall use the
fact that continuous quasiconvex functions are locally Lipschitz. This property can be
obtained noticing that bounded convex functions w are Lipschitz, with the quantitative
estimate
SUpp,, () W — Infp,, () w

r

Lip(w, B, (x)) <

(see Subsection D.1) and quasiconvex functions g satisfy the Legendre-Hadamard condi-
tion, hence g(p) is separately convex i.e. convex as a function of each variable p$.
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We consider two cases: first, the case when the limit function w is affine and then, by
a blow-up argument again, the general case. Assume now that u is affine, let A = Vu
and consider a smooth function ¢ : Q — [0, 1] with compact support. Thanks to (1.41),
we can apply the quasiconvexity inequality to the test function given by ¢ = (u — u)v
with R(p) = La(p) — L2(0) to get

R(A) < ][ R(A 4+ 6 (up — ) + (un — ) @ Vi) da
Q
< ][ R((1 —¢)A+YVuy + (up —u) @ V) dx
Q
A — d 0o (Q)- —uld R
<c(1a1 {0 vde 4 1Voliman) f o= uld) + f REwTw)
< <|Ay 7{2“ ~ ) do + 5up |V =(aizns) ]{1(1 ) d:c)

+wwwmmmfmrmm+wawx
Q Q

where the last two inequalities rely on the aforementioned local Lipschitz property (for
R(-)), and we have denoted by ¢ > 0 the corresponding Lipschitz constant. At this stage,
we pass to the limit first as h — oo and then as ¢ 1 1 to obtain the result.

Finally, we consider the general case, using Theorem 1.19 and a blow-up argument.
Assume that the lim inf fQ Lo(Vuyp,) dz is in fact a limit, which we shall denote by m, and
consider the family of measures p;, := La(Vu,)Z". Being this family bounded, we can
assume with no loss of generality that p;, weakly converge, in the duality with C.(€2; R), to
some positive Radon measure p. Recall that the evaluations on compact sets K and open
sets A are respectively upper and lower semicontinuous with respect to weak convergence,
ie.

pu(K) > limsup pp(K), w(A) < liminf pp,(A). (1.44)

h—00 h—o0
In particular p(€2) < m, so that, if we show that u > L(Vu)Z", we are done. By
Lebesgue’s differentiation theorem for measures (see Proposition C.7, which suffices for
our scopes, and [72] or [30] among others for a broader contextualization), it suffices to

show that .
B,
lim&)nf #(Br(wo)) > Lo(Vu(zo)) for L"-a.e. xy € . (1.45)
r WpT™
We shall prove this property at any differentiability point zy of u such that L. is quasi-
convex at Vu(zg). To this aim, let r; — 0 be a sequence for which the lim inf is achieved,

and € > 0. For any ¢ we can choose h; > i so large that
/ Ly(Vuy,) dx < u(B,,(z0)) + i ) ][ lup, — uldx < h (1.46)
By, (z0) v By, (z0) v
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Now consider the following rescaled functions

up, (o + 13y) — u(xo)

vi(y) = ™ ) w;(y) = r
that patently satisfy
B, 1
B T’i ? B1

Since w;(y) — Vu(xg)y uniformly in B;, thanks to the differentiability assumption, we
obtain that v; converge to the linear function y + Vu(xg)y in L'(B;; R™). Therefore, by
the previous step, we have

B, 1
lim inf Mﬁ%)) > lim inf/ Ly(Vv;) dy — = > wy, La(Vu(zg))
1—00 Ti 1—00 B (3

0

The previous result shows that quasiconvexity of the Lagrangian is equivalent to se-
quential lower semicontinuity of the integral functional in the weak*-WW1>° convergence.
However, in many problems of Calculus of Variations only L bounds, with o < oo, are
available on the gradient. A remarkable improvement of Morrey’s result is the following:

Theorem 1.21 (Acerbi-Fusco, [1]). Suppose that a Borel Lagrangian L(z, s, p) is contin-
uous in (s,p) and satisfies

0<L(z,s,p) <c(I+[s[*+[p|*)  V(z,s,p) € QxR x R™"

for some o > 1 and some constant c. Suppose also that the map p — L(z,s,p) is

quasiconvez for all (x,s). Then F is sequentially lower semicontinuous with respect to the
weak WH*(Q; R™)-topology.
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2 Classical regularity theory for linear problems

In this chapter, we begin studying the local behavior of (weak) solutions u € H,. (£2; R™)
of a system of equations given by

Y Ou (AL Ou?) = i = > On FY

a,B,j a

with A} € L®(R), f; € L2 (% R) and F € L2 (% R).

We will see how the Caccioppoli-Leray inequality can be employed, following an idea
due to L. Nirenberg, to prove existence of higher-order weak derivatives of u and suitable
integrability results thereof, and how to translate these estimates into actual regularity
results by means of the Sobolev embedding theorems. In the last section of the chapter,

we will also briefly discuss the boundary regularity of weak solutions.

1

e, M (2.1)

2.1 Caccioppoli-Leray inequality

We start by stating the basic energy estimate for weak solutions of problems having the
form (2.1). Recall from Chapter 1 that we use the symbol | - | to denote the pointwise
Hilbert-Schmidt norm of matrices and tensors, even though some estimates would still be
valid with the (smaller) operator norm. For instance, we shall set

|A%ﬁ|2 — Z (AZB)Q‘
a767i7‘j

Theorem 2.1 (Caccioppoli-Leray inequality, [11] and [70]). If the Borel coefficients A%’g
satisfy the Legendre condition with A > 0 and

sup |AY (2)] < A < +oo,
A

then there exists a positive constant ccp = cor (X, A) such that, for any ball Bgr(xy) € 2
and any k € R™, it holds

CCL/ |Vul? dx < R_z/ lu(z) —k:|2dx—i—R2/ |f(a:)\2da:—|-/ \F(az)\de
Bprya(o) Br(zo) Br(zo) Br(zo)
(2.2)

Before proceeding to the proof, let us present two important remarks.

Remark 2.2. (1) The validity of (2.2) for all £ € R™ depends on the translation invari-
ance of the equation, meaning that u + k is a solution if and only if v is. Moreover,
the inequality has a natural scaling invariance, as well as the equation: if we think
of u as an adimensional quantity, then both sides of (2.2) have dimension length" %,
because f ~ length™ and F ~ length™'.
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(2) The Caccioppoli-Leray inequality could already be regarded as a basic regularity
result since for a general function u the gradient Vu cannot be controlled by the
variance of u! In the sequel of this chapter, we shall employ it several times to
derive other, more conventional, regularity results i.e. results concerning existence
and quantitative bounds for higher derivatives of weak solutions of elliptic equations
and systems.

Remark 2.3 (Absorption scheme). In elliptic regularity theory it often happens that one
can prove, for some a < 1, an estimate of the form

A< BA* 4+ C.

The absorption scheme allows to bound A in terms of B, C' and « only and works as
follows: by the Young inequality

b ePa? VI

+ R

ab=ca- <
€ P elq

(with 1/p+1/¢ =1)

so that for p =1/« (hence ¢ = 1/(1 — «)) one obtains

PA Bq
ASBA‘HLCS—6 +—+C.
p  €lq

Now, if we choose € = £(«) sufficiently small, so that 2e? < p, we get
Ba
A<22 420.
glq
Let us prove Theorem 2.1.

Proof. Without loss of generality, we can consider zo = 0 and £ = 0. As customary in
regularity theory, we choose test functions depending on the solution u itself, namely we
set

p =’

where n € C°(Bg; R) is a cutoff function with n = 1in Bg/s, 0 <n < 1 and |Vn| < 4/R.
Since u solves (2.1), we have that

/BR<AVu,V90> dx_/BR<f790> dx—/BR(F,V@) dr = 0. (2.3)

Moreover
Vo =1n*Vu+2nu ® Vn, (2.4)
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so plugging (2.4) in (2.3) we obtain

0= / n?{AVu, Vu) dv + 2/ n{AVu,u ® Vn) dx
Bpr Br

_/BR<f,¢>dx_/BRn2<F,vu>dg;—2/BRn<F,u®vn>da:. (2.5)

Let us deal with each summand separately.

e By the Legendre condition, we can estimate

/BR "’ {AVu, Vu)dv = / Z nQA%ﬁamauiﬁxﬁuj dx

Br o8,

> )\/ n?|Vul? dz.
Br

e We have
2/ nAVu (u® Vn) de = 2/ Ui Z A%’Bujaxaui o1 dx
Br Br o, 3,1,
< 2 [ ol alul|Vul| V| do
Br

SA

< 2 [ oVl julds

Br

4A 4A

< € |\ VulPde + — [ |u]? du,
R Br Re Bgr

where the first estimate is due to Cauchy-Schwarz inequality, the second one relies
on the boundedness of coefficients A%ﬁ and the estimate on |Vn|, and the third one
is based on the Young inequality (applied for p = g = 2).

e By the Young inequality and since n? < 1,

/BR<f,sO>dx - /BRnQZfiu"dx

7

1 R?

< — 2do + — 2 dx.
S M U
e Similarly, one has
/ " (F,Vu)dr = ZnQFf@xauidx
Br Br a,t
A

IN

1
2 2 2
- n”|Vu da:—l——/ F|*dz.
4/BR | | >\ BRl |
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e Again by the same arguments (Schwarz inequality, estimate on |Vn| and Young
inequality)

2/ n(F,u® Vn)de = 2/ ZnFiauiaxanda:
Br B

R i

4
< 4/ |F|? dx + — lu|? da.
R2
Bgr Br

Therefore, from (2.5) it follows that

)\/ n?|Vu)® dz < / " {AVu, Vu) dv
Br Br

4he A 4N 1 4
< ([=—+Z 2|\Vu|*d — =+ = / 2d
< (R +4)/BR77| ul x+<R€+2R2+R2> BR|U| x

R? 1
+—= | |fPde+|<+4 / |F|? d.
2 Br A Bgr

By choosing ¢ sufficiently small, in such a way that 4Ac/R = A/4, one can absorb the
Dirichlet-energy term on the right-hand side, and the thesis follows after just noticing

that
/ n?|Vul? dz > / |Vul? dx.
Br Bry2

0

Remark 2.4 (Widman’s hole-filling technique, [96]). There exists a sharper version of
the Caccioppoli-Leray inequality, let us illustrate it in the simpler case f = 0, F = 0.
Indeed, since

4
W’?‘ < EXBR\BR/Q’
following the proof of Theorem 2.1 one obtains
/ Vu(z)| de < — lu(z) — k|2 da, (2.6)
Bgr/2 R Br\BRr/2

which holds true for some positive constant ¢ that does not depend on R. If we choose
k= JCBR\ By U dz, the Poincaré inequality (A.28) in the regular domain B; \ By, and a

scaling argument give

Vu(x zdxgc Vu(z)|? dz. 2.7
/Bm| () / V() 2.7)

Br\Bg/2
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Adding to (2.7) the term chR/2 |Vu(z)|?> dz, we get

(c+ 1)/ |Vu(z)|? de < c/ |Vu(x)|? dz.
Br/2 Br
Setting 0 := ¢/(c+ 1) < 1, we obtained the decay inequality

/ IVu(z)|* de < 9/ \Vu(z)|* de.
Bry2

Bgr

Iterating (2.6) d times, with d integer satisfying 29r < R < 24*1r it is not difficult to get
/ |Vu(z)|* do < 2% (L)a/ |Vu(x)|? dz 0<r<R (2.8)
B, R Br

with (1/2)* =0, i.e. a =logy(1/6). When n = 2, this implies that u € C%*/2(Q;R™), as
we will see.

The following is another example of “unnatural” inequality, which provides additional
information on functions that satisfy it.

Definition 2.5 (Reverse Holder’s inequality). Let o € (1,00). A non-negative function
f e Lg (S5 R) satisfies a reverse Holder’s inequality with exponent o if there exists a

constant ¢ > 0 such that

][ fédr <c <][ fdx) VBg(z) € Q.
Bra(x) Br(=)

We will see, in the sequel of this section, that the gradient of a solution of an elliptic
equation having the form described above satisfies a reverse Holder’s inequality. Combin-
ing this fact with the Gehring’s Lemma (see [40]), it is possible to obtain various regularity
results. In particular, one can follow this path to obtain a full solution of Hilbert’s XIX
problem when n = 2, namely for functions of two variables.

2.2 Sobolev embeddings

For the sake of completeness, we now recall the Sobolev inequalities and the associated
embedding theorems. Detailed proofs will be provided later on: concerning the cases
p =n and p > n, we will see them in the more general context of Morrey’s theory (see
Subsection 3.1). We will treat the case p < n while dealing with De Giorgi’s solution of
Hilbert’s X 71X problem since slightly more general versions of the Sobolev inequality are
needed there (see Subsection A.3 for the proof of this result and Subsection 3.6 for the
applications of these tools to Hilbert’s regularity question). These topics are treated in
most classical textbooks, and we refer the reader to [2, 8, 36] among others for a broader
discussion.
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Theorem 2.6 (Sobolev inequalities). Let Q be either the whole space R™ or an open,
bounded and reqular domain.

e [f1 < p < n, denoting with p* := n"—_";) > p the Sobolev conjugate exponent (charac-

terized by the relation 1% = i — %), we have the continuous embedding

WYP(Q;R) < LP" (O R).
o If p = n, we have the inclusion of W'"(;R) in the space BMO(S;R) of func-

tions of bounded mean oscillation; this provides exponential integrability in bounded
subsets of Q.3

e [fp > n, we have the continuous embedding

WEP(OQ;R) — C™/P(Q; R).

Remark 2.7. For purely notational convenience, we agree to define p* = oo whenever
p > n. This extension will be tacitly assumed in the sequel of this monograph, see for
instance the proof of Theorem 3.35.

Example 2.8. Consider the ball By/2(0) C R”, with n > 2, and the radial function

u(x) :=log(|log |x||). Such a function is smooth in By/5(0) \ {0}, its derivative being

T
Vu(r) = —o .
o) = P og ]

For any 0 < ¢ < 1/2 and for any test function ¢ € C} (By/2(0); R), we compute

/ U0y, pdr = — / @O udr — / wpvy dA"T,
By /2(0)\Be(0) By /2(0)\B:(0) 9B:(0)

where v, = %‘“' is the a-th component of the normal v on 9B.(0). For the latter summand
we can estimate

| wpradn| < togloge)
8B.(0)

/ Uo A1
9B-(0)

< nw,e" *log | log(€)|”(IDHLOO<B1/2(O);R)

e—0

— 0.

Therefore the function u belongs to H! (B1 /2(0); R), even though it is not continuous in
the whole ball B /,(0).

3The result is basically sharp, as the example of (—logl|z|)* € W' (B;,2(0);R) for n > 1 and
a € (0,1 —1/n) shows.
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Remark 2.9. Combining the Poincaré inequality with the inequality

. 1/p* 1/p 1/p
( |v — v 1| d:v) < ¢ {( v —vg1|” dm) + ( |Vol? da:) } ,
B By By

coming from the continuity of the embedding WP < LP" we get

. 1/p* 1/p
( |v — vg1|? dx) <c ( |Vol? dx) ,
B1 B

for some constant ¢ depending on ¢; and cpy; (cpr; being the constant in the Poincaré
inequality (A.28)). Here we have adopted the following notation: v, s stands for the mean
value of the function v over the ball By(x).

By a standard scaling argument this gives

. 1/p* 1/p
<][ lu — ug g|” dx) <cR (][ |Vul? da:) : (2.9)
BR BR

If u solves an equation of the form (2.1) with f = F = 0, combining (2.9) with the
Caccioppoli-Leray inequality when p* = 2 (that is to say p = 2n/(n + 2) < 2), we write

1/2 1/2 1/p
2R (ﬁ |Vul? da:) < <]{9 |u — g g|? dx) <cR (]{9 |Vul? dx) .
R/2 R R

This way we proved that |VulP satisfies a reverse Holder’s inequality with exponent given
by @ = 2/p > 1 and multiplicative constant ¢/ cé/ L2, namely

1/2 . 1/p
Br/2 Br

Cor

Remark 2.10 (Embedding for higher order Sobolev spaces). Recall first that higher order
Sobolev spaces W*P(Q; R), with k > 1 integer and 1 < p < oo, are recursively defined as

WHEP(QR) := {u € WHP(Q;R) : Vu e WHP((;R")}.

Together with the Sobolev embedding in Theorem 2.6, applied for p > n, another way to
gain continuity when p < n is to use the Sobolev spaces W*?, with k sufficiently large. In
fact, we obtain a continuous embedding of W*?(Q;R) into a space of Holder continuous
functions as long as k > L%J (where |-| denotes the integer part). More precisely, if we let
) denote (as above) an open, bounded and regular domain in R” the following statements
hold:
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(i) If kp < n, we get WEP(Q;R) — LI(Q;R) for all 1 < ¢ < p} where pj is obtained
from p iterating the *x operation k-times, namely

1
p, p N

(i) If kp = n, we get W*P(Q;R) — LI(4R) for all 1 < ¢ < oo;

(iii) If kp > n and k — 2 ¢ N, we get WEP(Q;R) — Cb(Q;R) for £ = |k — =] and all
0<a<k-I1l-—n/p;

(iv) If kp>nand k=2 =C+1 €N, we get WEP(Q;R) — CH*(Q;R) for all 0 < o < 1.

2.3 A priori estimates and the Nirenberg method

Let us now consider the case that u € H._ (£;R) is a weak solution of an elliptic equation
of the form (2.1): if we do not assume existence of derivatives of higher order, or higher
integrability of the weak gradient, the arguments presented in the previous remark are
not immediately applicable to provide classical regularity results (i.e. differentiability)
of u, even when the data on the right-hand side are actually smooth. The scope of the
following discussion is precisely to present a general approach to gain better integrability,
hence interior regularity, for weak solutions of linear elliptic problems.

In order to illustrate Nirenberg’s method in the simplest possible setting, let us initially

consider a (local) solution u € HE .(Q;R) of the Poisson equation

—Au=f  feLi(%R).
Consistently with what has just been stated, our scope is to prove that u belongs to
HE.(Q;R). This will be the key step in transferring regularity from the data to the
solution.
When we talk about an a priori estimate, we mean the following argument. Suppose
that we already knew that 0, u € H,. (2; R): then it would not be difficult to check (using
the fact that higher order weak derivatives commute, as this is the case for classical ones)

that this function solves
—A(Op u) = Oy, f

in a weak sense. Hence, for any ball Br(zg) € 2, by the Caccioppoli-Leray inequality we
get

1
CCL/ IV (D, )| dz < 73 |0, ul” da +/ |f]? dx. (2.10)
Brya(zo) Br(zo) Br(=o)

38



We have chosen the Poisson equation because constant coefficients differential operators
commute with convolution, so in this case the a priori regularity assumption can be a
posteriori removed. Indeed, we can now repeat the argument and gain estimate (2.10)
for u * p. in lieu of u (with f x p. in lieu of f), since u x p. satisfies

—Aux*p.) = f*p..

At this stage, we claim that passing to the limit as ¢ — 0 we obtain that u € HZ_(;R)
and that the same inequality holds for u, starting from the sole assumption u € H}. (; R).

Indeed, if we combine (2.10) with the standard bound

/ |w * p.|? dx < / lw|? dx
BT(JTO) Br+5(1‘0)

applied to both the first derivatives of u and to the datum f, we obtain that the family
(OpoOpyuc) is uniformly bounded in Lf (Q;R) for any given choice of the indices «, 3,
and since Vu. — Vu in L?_(Q;R) we conclude (just invoking Proposition A.4) that
u € HE . (Q;R) and the weak derivative d,,0,,u coincides with any subsequential limit of

(8%8905%) as one lets ¢ — 0.

The situation is more delicate when the coefficients A%ﬁ are not constant, so that dif-
ferentiating the equation would introduce extra terms on the right-hand side. Nirenberg’s
idea (see [78]) is to introduce discrete partial derivatives

u(z + hey) —u(r)  Thou —u

Apqu(z) = 3 = h ().

Remark 2.11. Some basic properties of differentiation are still true and easy to prove:
e (sort of) Leibniz property

Apo(u) = (Th o) Ap ot + (Ap o)V = (Thov) Ap st + (Apa0)y;

e integration by parts (ultimately relying on the translation invariance of Lebesgue
measure, which grants the identity [um, vdx = [v7_p qudx)

/cp(x)Ah@u(x) dr = —/u(m)A_h@go(x) dr Yo e CHQ;R), |h] < dist(supp (¢), 09).
Q Q

In the next lemma we characterize functions in W', with p > 1, in terms of uniform
L? bounds for the corresponding discrete partial derivatives.
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Lemma 2.12. Consider v € LY (4 R), with 1 < p < oo and fir o € {1,...,n}. The
partial derivative 0, u belongs to L} (4 R) if and only if the family (A o) is uniformly

bounded in LY}, . as one lets h — 0, more precisely if

VQ' e Fe=c¢(Q) such that

[ @ra) o] < clelln, Vi€ CHER)

with 1/p+1/p" =1 and |h| < dist(€2', 0€2)/2.

Proof.  Let us start by assuming that d, u € L} (©;R) and show that (A,,u) is
uniformly bounded in L} (€2;R). To that scope, one needs to recall the following estimate
(also needed in the proof of the Rellich compactness result, Theorem A.14), which holds

true for any |h| < dist(', 09)

inR

ITh.a = Olliogrmy < \h\p/ / |00 (W)I” dy ds = |h]"[|0z, 01170
|h

where we employed Holder’s inequality and Fubini’s theorem. Hence

[ @] < 18naullaa ol

10z0 vl Lo, 1Pl o ) < B0l oy 1l o (0 )

IN

where Q" := Q- for h = dist(Y,092) /2, thus our thesis is proven with
() = |10z, ull vz

For the converse implication, fix a domain ' € Q: we have

/ w0y, pdr| =

with ¢ = ¢(€?') and hence, given the duality relation between LP(Q'; R) and L” (2';R), the
weak derivative 0, u exists and belongs to L? (€;R). O

Let us see how Lemma 2.12 allows to obtain a regularity result, still in the simplified
case of the Poisson equation. Suppose f € H} (Q;R) and, as above, Au = f for some

€ H} .(Q;R). Then translation invariance and linearity of the equation imply

hm/ UA_p o dx

< e 1R
h—0 < c[loll (R)

h—0

= ‘—lim/ (Apqu) @dr

loc

_ATh,oau = Th,afa _A(Ah,au) = Ah,ocfa

for any ' € Q and for |h| < dist(€?',012). Thanks to Lemma 2.12, A, , f is bounded in
L2 .(€;R) and thus by the Caccioppoli-Leray inequality [V Ay, 4u| is bounded in L2 .(Q; R).

loc loc
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As Ap o(Vu) = VA, 4u is uniformly bounded in L2 (Q; R™), thanks to Lemma 2.12 again
(applied componentwise) we get

0. (V) € L2 (4 R™).

loc

This is the model case to be kept in mind throughout this section.

After these preliminaries about Nirenberg’s method, we are now ready to prove the
main result concerning H? regularity.

Theorem 2.13. Let 2 be an open domain in R". Consider a map A € Co’l(Q;Rm2X"2)

loc
such that A(x) = A%’B(a:) satisfies the Legendre-Hadamard condition for some continuous,

positive ellipticity function X : Q — R, as well as the uniform bound

sup \Azﬁ(m)\ <A < Ho0.
TE

Then, for every u € HL_(;R™) weak solution of the equation

- 0, (A0, 7)) = f; =Y 8, F* i=1,....m
J B

a7/37j

with data f € L} (;R™) and F € HL_(Q;R™*™), one has that u € HE (Q;R™) and for

loc

every choice of subsets Q' € Q" € Q there exists a constant ¢ := c¢(V,Q", A) such that

|V2u\2d:c§c(/ \u|2dx+/ |f|2dx+/ |VF|2dx>.
Q/ Q// Q// Q//

In order to simplify the notation, in the following proof let v denote the unit vector
corresponding to a given fixed direction and consequently 73, := 75, and Ay, 1= Ay 5.

Remark 2.14. Even though the conclusion above concerns a generic domain ' € 2, it
is enough to prove it for balls inside 2. More precisely, if 2R < dist(€)', 9€2), we just need
to prove the inequality

/ |V2u|* dr < c(/ |u|2d35+/ |f|2d93+/ |VF]2dm)
Brya(zo) Bar (o) Bar(o) Bar (o)

for any x¢ € Q. The general result can be easily obtained by a compactness and covering
argument. In fact, a standard argument allows to prove a scaling-invariant counterpart
of such an estimate, namely

1 1
CN/ |V2ul? dr < = |u|2da:+/ |f|2al93+—2 |VF|?dx,
Brya(zo) R Bar(zo Bar(z0) R Bzr(z0)
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where ¢y = c¢n(A) is a constant only depending on Af}ﬁ and possibly on the ambient
dimension. We leave the details to the reader.

Notice also that the given statement is redundant, since the term ) _ 0, F can always
be absorbed into f. We will see however that the optimal estimate, which does not involve
derivatives of f, is obtained precisely doing the opposite, i.e. considering heuristically f
as a divergence.

Proof. ~ We assume 2y = 0 and, by the previous remark, F' = 0 (possibly renaming
f). In addition, we prove the result under the stronger assumption that the Legendre
condition with constant A holds uniformly in €2. The general case can be dealt with using
Korn’s technique, along the lines of the discussion we are about to present in the proof
of Theorem 3.16, since for systems with constant coefficients coercivity can be obtained
invoking Theorem 1.6.

First note that the given equation is equivalent, by definition, to the identity

/(AVU, V) dr = /(f, @) dx (2.11)
Q 0

for all p € C2°(2; R™). If we apply it to the test function 7_p with |h| < dist(supp(p), 02)
and we do a change of variable, we find

/(Th(AVu), V) dr = /(Thf, ©) dx. (2.12)
Q Q

Subtracting (2.11) to equation (2.12) and dividing by h, we get (thanks to the aforemen-
tioned discrete Leibniz property)

/Q (rn AV (Aptt), Vo) dr — /

(@t oo - / (AvA)Vu, Vo) de,

Q

which is nothing but the weak form of the equation

Y Ou (A0 0) = f1 =) 0,,GF i=1,....m (2.13)

a7/87j

for v = Apu and with data f':= A, f and G :== —(A,A)Vu.

Now, the basic idea of the proof is to use the Caccioppoli-Leray inequality. However,
a direct application of such an inequality would lead to an estimate having the L? norm of
f" on the right-hand side, and we know from Lemma 2.12 that this norm can be uniformly
bounded in h only if f € H _(Q;R™). Hence, we will rather revisit its proof, trying to get
estimates depending only on the L? norm of f (heuristically, we see f’ as a divergence).

To this aim, take a cutoff function n compactly supported in Bg, with 0 < n < 1,
identically equal to 1 on Bpg/, and such that |Vn| < 4/R, and consider equation (2.13)
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with the test function ¢ := n?Ayu = n?v with |h| < R/2. Using Young’s inequality as in
the proof of Theorem 2.1, we get
3\ 4\
— n*|Vo|? dx < i n*|Vo|? dz
4 Br R Br

AN 4 , 1
— + = d 200, f d —+4 G]*d
+(R€+R2)/BR]U\ :1:—1—/BR771) wf x+<)\+)/BR| |*dx,

with A, A depending only on A.

As in the proof of Theorem 2.1, we choose £ > 0 so to absorb the term corresponding
to the L2-norm of nVu in the left-hand side of the inequality, so that, up to some constant
¢ > 0 depending on (A, A, R), we get

c/ n21V0\2dx§/ \v[2dw+/ nszhfdx—l—/ |G|? dz. (2.14)
Br Br Br Br

We now study each term of (2.14) separately. Firstly

/ |v|2d:€§/ |Vul? dx
Br Brin

by means of the estimate on incremental ratios as mentioned in the proof of Lemma
2.12. The right-hand side can in turn be estimated using the classical Caccioppoli-Leray
inequality for u between the balls Bsg/o and Byg, and it gives an upper bound of the
desired form.

Concerning the term [ n?vA,f dz, by means of discrete integration by parts and the
Young inequality, we can write

/ oA, f dx
Br

The first term in the right-hand side of (2.15) can be estimated (since |Vn?|* < 64/R?)
with

1
§§/ \Ah(nzv)\zdxjtj/ |f|? da . (2.15)
BR € BR

12
/ |V (n*v)|* dx < 2/ n*|Vol* dx + —28 lv|? da,
Brn R

Brin Brin

so that, choosing £ sufficiently small and using the inequality n* < n?, we can absorb the
first term and use once more the Caccioppoli-Leray inequality to estimate | Brn lv|? dx.

The term involving the L?>-norm of G' can be estimated in the very same way, using this
time also the local Lipschitz assumption on A to bound Aj,A, so that finally we put
together all the corresponding estimates to obtain the thesis (the conclusion comes from
Lemma 2.12 and then letting A — 0 in the estimate involving v = Aju). U
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Remark 2.15. It should be clear from the proof that the previous result only concerns
interior regularity and cannot be used in order to get information about the behavior of
the function u near the boundary 0€2. In other terms, we can not guarantee that the
constant ¢ remains bounded as ' invades Q (so that R — 0), even if global regularity
assumptions on A, u, f and F are made. The issue of boundary regularity requires
different techniques, that will be described in Section 2.5.

Remark 2.16. Given a problem having the form considered in the statement of Theorem
2.13 if we make stronger assumption on the data we can iterate the method above to get

stronger conclusions. For instance, if f € HL_(;R™),F € HZ (;R™ ") and A €

loc loc

Cﬁ)’i (Q; R’”ZX”Q) then one can apply this argument to any first partial derivative of u to

gain that in fact u € H2 (Q;R™). It follows that if f, F and A are smooth (C*), then so

loc
will be the solution w.

2.4 Decay estimates for systems with constant coefficients

Our next target towards the development of a general regularity theory is to derive some
refined decay estimates for solutions of homogeneous equations defined by differential op-
erators with constant coefficients. These will come into play in Chapter 3 when presenting
Schauder theory.

Lemma 2.17. Let A = A%ﬁ be a constant matrixz satisfying the Legendre-Hadamard
condition for some X\ > 0, let A = |A| and let uw € H._ (;R™) satisfy the system

loc

Y O (AP O?) =0 i=1,....m

a?ﬁhj

Then, these two inequalities hold true for any B,(x¢) C Br(xg) € Q-

/‘ Mfdxch<£>é/ uf? da (2.16)
By (o) R/ JBpao)

n+2
/ U — g, .| dz < cg (%) / | — gy p|” da (2.17)
By (x0) Br(zo)

with cp = cp(n, A\, A), cg = cg(n, A\, A) depending only on n, A and A.

We remind the reader that u,, s stands for the mean value of the function u on the

ball BS(ZUQ).

Proof. For the sake of readability, we split the proof in two steps.

44



Part I: proof of (2.16). By a standard rescaling argument, it is enough to study the
case R = 1. In the sequel of this proof, let k be the smallest integer such that k > n/2
(and thus H* — CY). First of all, by the Caccioppoli-Leray inequality, we have that

CCL/ \Vul® do < / ul® da
By /2(20) Bi(zo)

for some positive constant cor, = cor (A, A). Now, for any o € {1,2,...,n}, we know that
Orou € HL (;R™) by Theorem 2.13, and since the matrix A has constant coefficients,
this function solves the same linear equation. Hence, we can iterate the argument in order

to get an estimate having the form

/ Z |Vou|? < ck/ u|? dz
BQ_k(xo) Bi(z0)

d<k

for some ¢, = ci(n, A\, A) > 0, where we have denoted by V%u the tensor collecting all
partial derivatives of order k of the function u (thus consisting of n*m components).
Consequently, thanks to our choice of the integer k, we can find a constant kK = k(n, A, A)
such that

sup |ul*dr < I@'/ u|? da.
B, _1 (o) Bi (o)

In order to conclude the proof, it is appropriate to distinguish two cases. If r < 27% then

/ lul?*dz < w,r™ sup  |uf* < /ﬂ;wnr”/ |u|? d,
By (o) B, (x0) Bi(z0)

where w,, denotes the Lebesgue measure of the unit ball in R™. Hence, for this case we
have the thesis, provided we simply set cp = k(n, A\, A)w,. If instead r € (27%,1), then we
just need to rely on the trivial inequality fBr(ifO) lul*dz < fBl(xo) |u|* dz and ensure that

Cp 2 an

We can now prove the second inequality, that concerns the notion of variance of the
function u on a ball.

Part II: proof of (2.17). Again, it is useful to study two cases separately. If r < R/2,
then by the Poincaré inequality (see Theorem A.16) there exists a constant cp ;; such that

/ u — g, ,|” dz < cP’Hr2/ \Vul® da
BT(IO) B”'(xo)
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and so

2 n
/ lu — uxo,r\Q dr < cppricp <—T) / |Vul? dz
By () R Br/a(o)

CpIT 2\ " 2
< —cp | = U — Uy g|” dx
ccr R Br(z0)

respectively by the previous result applied to the gradient Vu and by the Caccioppoli-
Leray inequality. For the case R/2 < r < R we need to use the following fact (see Remark
2.18 below): the mean value u,, , is the unique minimizer of

m—> lu —m|* dz . (2.18)
Br(z0)

If we give this for granted, the conclusion is easy because

n+2
[oumwl s [ jumwaf a2 (1) [ il do
B (x0) By (o) R Br(zo)

so that the claimed inequality holds true provided we require cg > 2"*2-max { LI en: 1}.

cCcL
O
Remark 2.18. Let us go back to the study of
inf / |u —mP dx (2.19)
meR QO

for 1 < p < oo and u € LP(;R) where Q is any open, bounded domain in R". As we
pointed out above, this problem is easily solved, when p = 2, by the mean value uq: it
suffices to notice that

/|u—m|2dx:/|u|2dx—2m/udx+m2$”(9).
Q Q Q

Nevertheless, this is not true in general when p # 2. Of course

inf/|u—m|pdx§/|u—uQ]pdx
meR O 0

but we also claim that, for any m € R, we have
/ lu — ug|” dr < 2”/ lu—m|" dx. (2.20)
Q Q
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Since the problem is clearly translation-invariant, it is sufficient to prove inequality (2.20)
for m = 0. But in this case

/|u—uQ|pdx§2p_1/|u|pdx+2p_1/|uQ|pd$§2p/ |ul? dx |
Q Q Q Q

thanks to the elementary inequality |a + b[? < 2P7*(|a|? + [b|?) and to the fact that

/\uQ\pdng\ude
Q 0

which is a standard consequence of the Holder (or Jensen) inequality. Incidentally, let us
remark that for any given p > 1 the minimum for (2.19) is unique by strict convexity of
the function ¢ — [¢[P.

2.5 Regularity up to the boundary

Following the same conceptual scheme of Section 2.3, let us first consider a simple special
case. Suppose we have to deal with the Poisson equation

—Au=f in (2.21)

where Q := (—a,a)""" x (0,a) is a rectangle in R" with sides parallel to the coordinate
axes. We consider the equation in H'(2;R), with Dirichlet boundary condition u = 0 on
{z, = 0}. Let us use coordinates r = (2, x,,) with 2’ € R"™! and assume f € L?(Q;R).

The rectangle ' = (—a/2,a/2)" ! x (0,a/2) is not relatively compact in €2, neverthe-
less via Nirenberg’s method one can prove estimates of the form

10, Vul® dr < %/ IVl dx—l—c/ |f|?
9% a” Ja Q

fory=1,2,...,n—1, with ¢ > 0 a purely dimensional constant. Indeed, this is achieved
by choosing test functions of the form ¢ = n*A,, ,u, where the support of 7 is allowed to
touch the hyperplane {z,, = 0} (because of the homogeneous Dirichlet boundary condition
on u). Equation (2.21) can then be rewritten as

0%u

and here the right-hand side Ay u + f belongs to L?*(€; R). We conclude that also the
second derivative in the z,, direction is in L?(€'; R), hence u € H?*()';R). Notice that this
argument only requires only the validity of the homogeneous Dirichlet condition on the
portion {z,, = 0} of the boundary of €. In addition, this homogeneous Dirichlet condition
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also ensures that all functions 0, u, with v = 1,...,n — 1, have null trace on {z, = 0},
which is crucial for the iteration of this argument with higher-order derivatives (see the
statement of Theorem 2.20 below).

Now we want to use this idea in order to study the regularity up to the boundary for
linear elliptic problems having the general form

=Y 00 (A0 ) = f; =Y 0, FF i=1,....m (2.22)

a,B,j
for u € H} (2;R™). We make the following hypotheses:
(a) feL*(R™);
(b) F € H'(Q;R™*™);

)

)

(c) A€ COHQR™);
(d) A(x) satisfies the Legendre-Hadamard condition uniformly in ;

(e) © has a C* boundary, namely the domain is locally the epigraph of a C* function,

up to a rigid motion.

Theorem 2.19. Under the previous assumptions, the function u belongs to H*(£2;R™)
and

ull r2irmy < c([1f | L2mm) + | F |l @mmeny),

for some constant ¢ = c¢(2, A, n).

Proof. Since we already have the interior regularity result at our disposal, it suffices
to show that for any zy € 0N there exists a neighborhood € of zy in € such that
u € H?(Y;R™), with suitable estimates. Without loss of generality we shall assume
Ty = 0.

Part I: flat boundary. Assume first we can find a neighborhood €y of zyp = 0 in R”
such that QN is a rectangle of the form (—a, a)"™! x (0, a) for some a > 0. By applying
Nirenberg’s method as described above in the special case of the constant coefficients
operator —A we get 9, u' € H'(QV;R) fory=1,2,...,n—1and i = 1,2,...,m, where
we have set Q' = (—a/2,a/2)""! x (0,a/2).

At this stage, equation (2.22) readily implies that Zj 8xn(AZ“6xnuj) e L*(V;R)
for any ¢ € {1,2,...,m}. In turn this gives, by the Leibniz rule, that the function
>0, Az, ! belongs to L*(Q;R) for any choice of 4; this argument is formal because
one of the factors is only a distribution (a priori not yet a function). To make this step
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rigorous, we work with the difference quotients in the x,, direction and employ the dis-
crete Leibniz rule: since by Lemma 2.12 the difference quotients 3, Ay (A7 "0y, u/) have
uniformly bounded L? norm in ) = {x € Q' : dist(x,dQ) > h}, we obtain that the
same conclusion holds true for ). AP'Ayd,,uw’. However, the matrix A7 is invertible
with det(A7") > A™ (as a consequence of the Legendre-Hadamard condition applied to
£ =a®bfor a, =) and thus we get

lim sup |ARO,, u |? dx < +o00
h—0t  JQ

which gives 92 v/ € L*(€¥;R), again by invoking Lemma 2.12.

Part II: flattening the boundary. By assumption, there exist a defining function
h € C*(R"!;R) and a neighborhood € of the origin in R™ such that (up to a rigid
motion, so that the hyperplane {z,, = 0} is tangent to 0 at the origin)

QN ={xeQ: z, > h(a)}.

As a result, we can define the change of variables z/, = x,, — h(z’) and the function
H(z',x,) = (2,2, — h(z")) mapping QN Qy onto H(2N ) (which contains a rectangle
of the form Q = (—a,a)" ™! x (0,a)). We further set

Q' = (—a/2,a/2)" ! x (0,a/2), Q' :=HYQ).

It is clear that H : ¥ — € is invertible and, denoted its inverse by G, both H and G
are C? functions. Moreover VH is a triangular matrix with det(VH) = 1. Furthermore,
the maps G and H induce isomorphisms between both H! and H? spaces (via change
of variables in the definition of weak derivatives) and thus it suffices to show that the
function v(y) = u(G(y)) belongs to H*(Q;R™). To this aim, we need to check that v
solves in (2 the problem

=Y (AP Ou?) = fi— O B i=1,...m (2.23)

a7/8’j

subject to the boundary condition v = 0 on {y, =0} N Q, to be interpreted in the usual
weak sense of traces, and where it has been set

fily) = £(GY), Fr(u)=>_ Fo. H(G)), Ay = 0, H*AL 0, H(G(y)).
Y o, B

(2.24)
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These formulae can be easily derived by means of an elementary computation, starting
from the weak formulation of the problem and applying a change of variables in order to
express the different integrals in terms of the new coordinates. For instance

Z z) dr = Z £ (Gly)) det(VG(y)) dy,

but then we recall that det(VG) = 1 and we can set ¢(y) = ¢(G(y)) so that the previous
equation takes the form

> | @@ dr =37 | T ) dy

The computation for F or A is less trivial, but there is no conceptual difficulty. We just
see the first one:

S [ @ arde = 3 [ FGwLHCW) T d
-3 | F (G0, )0, 1 (Gl dy

which leads to the conclusion. Note that here and above the arbitrary test function ¢ has
been replaced by the arbitrary test function ). However, we should be concerned whether
the conditions we have imposed on A (in particular, the Legendre-Hadamard condition)
still hold true for A. This is indeed the case and we can verify it directly by means of the
expression of A given in equation (2.24). For any a € R™ and b € R™

> A Wacaght = Y AT(G(Y))0s,, HY(GC(Y))dabs, H (G (y))ash't’
a,B,i,j a,Byi,5 o,
> > D ATT(G(Y)0, HY(G(Y))aads, H (G(y))asb't?
o' ,Bi,j o,B

> AN 0, G Y b

and the conclusion comes from the invertibility of the Jacobian of the map H at G(y).
Thus, A satisfies the Legendre-Hadamard condition for an appropriate constant A" > 0
depending on A and H, and of course A € C’O’l(fl’; R).

Through this transformation of the domain, we can finally apply the argument pre-
sented in the first part of the proof applied here to the domains (€, ) and find that
veH 2(@’ ;R), with suitable integral bounds. Coming back to the original variables we
obtain the H? regularity of u in Q" and the claimed estimates. ]
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If both the boundary of the domain and the data are sufficiently regular, this method
can be iterated to get the following theorem.

Theorem 2.20. Assume, in addition to the hypotheses above, that f € H*(Q;R™) and
also F € HMY(Q;R™"), A € CPHQ,R™ ") with Q such that 9Q € C**2. Then u €
Hk+2(Q;Rm).

We are not going to present the detailed proof of the previous result, but the basic ideas
to get started consist in noticing that (under those assumptions) all tangential derivatives
to u also belong to H(Q; R™) and differentiating the equation with respect to each fixed
tangential direction to derive a system having the form

Y 0an (AL 00y (0 u)) = Ou fi = Y (a%@%Ff) +Y O, (a%Ag;ﬁaxﬂufD .

a,B,j e B3
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3 Interior regularity for nonlinear equations

So far, we have just dealt with linear problems and the wealth of different situations was
only based on the possibility of varying the elliptic operator, the boundary conditions and
the number of dimensions involved in the equations. We will see now that Nirenberg’s
technique is also particularly appropriate in dealing with nonlinear partial differential
equations, as those arising from Euler-Lagrange equations of non-quadratic functionals.

Consider a function L € C*(R™*";R) and assume the following:

(i) there exists a constant C' > 0 such that |V2L(£)| < C for any ¢ € R™*™;

(ii) L satisfies a uniform Legendre condition, namely
> 90, LD)EE] 2 AP, Ve e R,
a,B,1,]

for some A > 0 independent of p € R™*™.

. . 2 . .
For notational convenience, set B® := 2L and AP a—LB and notice that A% is
) ) 87’1’ 1) apgap- 1]

symmetric with respect to the transformation («, i) — (5, J).
Let 2 C R™ be an open domain and let u € H} _(Q;R™) be a local minimizer of the
functional
wr— L(w) = / L(Vw) dz.
Q
We wish to discuss the implication

LeC®=uc(C™

which is strictly related to Hilbert’s XIX problem (initially posed for functions of two
variables and in the category of analytic functions, see [52]). In the sequel of this chapter
we will first treat the case n = 2 and much later the case n > 3, which is significantly
harder.

Recall that u is a local minimizer for £ when

u' € HE (Q;R™), supp(u —u') Cc Q' € Q = L(Vu')dx > / L(Vu) dx.
Q/ /
If this is the case, we have already seen how the Euler-Lagrange equation can be obtained:
considering perturbations of the form u' = u + ty, with ¢ € C°(Q2; R™), one can prove
(using the fact that the regularity assumptions on L allow differentiation under the integral
sign) that

d D'
0 o [/Q (Vu+tVo) dx] . C%i /Q *(Vu) D dx

52



Now, suppose 7 is a fixed coordinate direction (and let e, be the corresponding unit
vector) and h > 0 a small positive increment: if we apply the previous argument to a test
function having the form 7_j ,p, we get

a I
> RN

dr =0

%
a

and consequently, subtracting this equation to the previous one and dividing by h

o 7
Z/AM(B;“(W))&@ dz = 0.
oyl Q

Lo

However, as a consequence of the regularity of L, foranya =1,... ,nandany:=1,...,m
we can then write

B (Vu(z + hey)) — B (Vu(x)) = /01 iBf‘(tVu(x + hey) + (1 — t)Vu(z)) dt

dt
1 J J
S / APVl + he) + (1 — V(@) dt| |2 @ + hes) — 27 (@)
57 0 J axﬁ axﬁ
and setting
_ 1
A6 (2) = /0 APV u(e + hey) + (1 — V() dt
we rephrase the previous condition as
0N}, ~u oy’
AP . dx =0
a%]/g; zg,h(x) axﬁ axa ) €z
Hence, the function w = A ,u solves the equation
= Oao (A, 0u) = 0 i=1,...,m. (3.1)

a,B,j

It is obvious from the definition that ZZB ,(x) satisfies both the Legendre condition for
the given constant A > 0 and a uniform upper bound on the L* norm. Therefore we can
apply the Caccioppoli-Leray inequality to the problem (3.1) to obtain a positive constant
¢, not depending on h, such that

/ V(Anu) de < — A ul? de < — Vul? do
Br(zo) R Bar(zo) R Bsr+n(z0)
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for any Br(z¢) C Bar(zg) € Q. As a result, by Lemma 2.12, we deduce that
ue H2(OR™), (3.2

and in fact the Hessian V?u satisfies an L? integral bound of the type above. Moreover,
we have that

(i) Apyu— 0y uin LY (Q;R™) (this is clearly true if u is regular and then the result
for u € HI%C(Q R™) follows via a standard approximation argument; furthermore
we can exploit the fact that the operators Ay, are uniformly bounded, in the sense

encoded in the previous estimate, to gain weak H' subsequential convergence);

(ii) as a result of part (i), w = 0, u satisfies the equation

= 0, (A (Vu)Dy,u’) =0 i=1,....m, (3.3)
a,B,3

in the standard weak sense. In fact, notice that
1
/0 A (1% u(z + hey) + (1 — £)Vu(x)) dt "3 A% (Tu(z)

in L} _ for any 1 < p < oo, as an easy consequence of the continuity of translations

in L} . and the continuity of A.

In order to solve Hilbert’s XIX problem, we would like to apply a classical result by
Schauder (see [85]) saying that, if w is a weak solution of a problem in divergence form,
namely if

=Y 0u (B Opw’) =0 i=1,....m
a,B,3
then
B e CO(QR™) = w e O (4 R™),

and so u € C?*(Q;R™) and B € CV(Q;R™*""). At that stage, this differentiation
argument can be iterated infinitely many times as long as L € C'*°. But to do so we first
need to improve the regularity of B(x) = A(Vu(x)). As a matter of fact, at this point
we only know that A(Vu) € Hﬁ)C(Q; R™ ") while for this argument to work we would
rather need A(Vu) € C’O’“(Q,Rm X"2). When n = 2 we can apply Widman’s technique
(based on equation (2.8)) to the problem (3.3) to obtain Hélder regularity of Vu, both
in the scalar and in the vectorial case. The situation is much harder in the case n > 2,
which requires deep new ideas. The celebrated theory by De Giorgi-Nash-Moser solves

the problem in the scalar case, while for vector-valued maps new difficulties arise.
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3.1 Holder, Morrey and Campanato spaces

In this section we introduce the Hélder spaces C%®, the Morrey spaces LP* and the
Campanato spaces £P*. All these spaces, besides the standard Lebesgue spaces, play an
important role in elliptic regularity theory.

Definition 3.1 (Hélder spaces). Given A C R", u: A — R™ and a € (0,1] we define
the a-Holder semi-norm on A as

ulxr) —uly
[u]co,a(A;RnL) ‘= sup M
z#YeA |£L‘ — y|

We say that u is a-Holder in A, and write uw € C**(A;R™), if [u]co.o(arm) < 400.

If Q C R"™ is open, we say that u :  — R™ is locally a-Hélder if for any x € §2 there
exists a neighborhood U, & § such that [u]co.eq,rm)y < +00. The corresponding vector
space of functions is denoted by CO%(Q; R™).

loc

If k € N, the space of functions of class C*(Q; R™) with all i—th derivatives Viu with
i| <k in CO(Q;R™) will be denoted by C**(Q; R™).

Remark 3.2. The spaces C%%(Q2; R™) are Banach spaces when endowed with the norm
[ull o, o (QRM) — ||uHck QR™) [VkU]COvQ(Q;Rm)-

Definition 3.3 (Morrey spaces). Assume @ C R"™ open, A > 0 and 1 < p < co. We say

that a function f € LP(Q;R) belongs to LPA (S, R) if

sup r_’\/ |fIP dz < 400
Q(zo,r)

0<r<dg, o€

where Q(xg,r) == QN By(xg) and dg is the diameter of Q. It is easy to verify that

P
11| 2o om) = ( sup 7’_)‘/ £ dw)
0<r<dq, xgEN Q(zo,r)

is a norm on LPM(;R).

Remark 3.4. We mention here some of the basic properties of the Morrey spaces LP:

(i) LPA(Q;R) are Banach spaces;
(i) L R) = LA(O: R);
(iti) LA R) = {0} if A > n
(iv) L R) = L=(%R);
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(v) Lo (;R) C LPAQ;R) if © is bounded, ¢ > p and (n — \)/p > (n — p)/q.

Note that the condition (n — \)/p > (n — u)/q can also be expressed by requiring A < A,
with the critical value A. defined by the equation (n—\.)/p = (n—u)/q. The proof of the
first result is standard, the second statement is trivial, while the third and fourth ones
are straightforward applications of Lebesgue Differentiation Theorem (see Section B.3).
Finally, the last one relies on the Holder inequality:

(/Q(J:,r)|f’ dx) = </§vl(a:,r) ’f| dx) (wnrn) B

= g 5O = | I,
for some constant ¢ = ¢(n, p, q).

Definition 3.5 (Campanato spaces). Assume Q@ C R"™ open, A >0, 1 < p < co. We say
that a function f € LP (Q;R) belongs to the Campanato space LPMQ;R) if

sup 1 / )~ e < o0 (3.4)
Q(xo,r

z0€S), 0<r<dg

where, as before, dg is the diameter of €2 and
Jaor == ][ f(z)dx. (3.5)
Q(zo,r)

It is easy to verify that
\ 1/p
Moo= (s [ (@)= fu )
IOEQ, 0<T<dQ Q(xoﬂﬂ)
is a seminorm on LPM(Q;R).

The mean f,,, defined in (3.5) might not be optimal in the calculation of the sort of
p-variance in (3.4), anyway it gives equivalent results, thanks to inequality (2.20).

Remark 3.6. As in Remark 3.4, we briefly highlight the main properties of Campanato
spaces.

(i) As defined above, ||- ||z (or) is merely a seminorm because constants have null £7*
norm. If 2 is connected, then £P* modulo constants is a Banach space.

(ii) L£%* C LP* when 2 is bounded, ¢ > p and (n — \)/p > (n — p)/q.
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(iii) C%* C LP"FTeP because we can take the average in 2’ of the pointwise estimate
|f(x") = f(x)] < [fleoemr)(2r)®, which holds true for every x, 2" € B,(x¢), thereby
getting the same estimate with f,,, in lieu of f(2). By integration on Q(xg,r) we
get

/Q( : |f(:13) - fxo,7"|p dr < [f]goya(g)(QT)apgn (Br(x())) = [f]go’a(Q;R)zapwnrn—kap .

We will see that the converse statement holds (namely functions in these Campanato
spaces have Holder-continuous representatives in their Lebesgue equivalence class),
and this turns out to be very useful since it allows replacing the pointwise definition
of Holder spaces with an integral one.

Actually, Campanato spaces are interesting only when A > n, precisely because of
their relationship with Holder spaces. On the contrary, if A < n, Morrey spaces and
Campanato spaces are basically equivalent. In the proof of this and other results we need
a mild regularity assumption on €2, namely the existence of a constant ¢, > 0 satisfying

L (2N By(x9)) > cr™ Vao € Q, Vr € (0,dg) . (3.6)

For instance, this assumption is satisfied by bounded regular domains (or even bounded
domains that are locally epigraphs of of Lipschitz functions), while it rules out domains
with cusps.

Theorem 3.7. Let Q@ C R™ be an open bounded set satisfying (3.6) and let 0 < A < n.
Then the spaces LP*(S;R) and LPAQ;R) are equivalent, namely

| Nzer@mr) = [lerr@ry + - lr@p)-

Proof. Throughout the proof we let ¢ denote a positive constant which is only allowed to
depend on ¢, in (3.6) and on n, p, A\, and which may vary from line to line or even within
the same line.

Without using the hypothesis on \, one can easily prove that LP* C £P*: indeed
Jensen’s inequality ensures

/ oo P dz < / @) de
Q(zo,r) Q(zo,r)

and thus we can estimate

[0 gasbte < 22 ([ pwpans [ jfapa)
Q(xo0,r) Q(zo,T) Q(zo,r)

< 2p/ |f(z)]Pdzx .
Q(zo,r)

57



Conversely, we would like to bound r~* fQ(CIfo,T) |f(z)[Pdz in terms of [f]zer@r) +
| fllrur) for every 0 < r < dg and every zp € Q. As a first step, by the triangle
inequality we have

J Ly N e e N e (A A O}
xo,r zo,T

so that we only need to obtain a suitable upper bound for the summand | f,, .|?.
To that goal, let us consider the following inequality involving means on concentric
balls: when xy € 2 is fixed and 0 < r < p < dgq, it holds

C*rn|f;{;07r - f$07p|p S / |fx0,r - fa}07p|p dl’
Q(zo,r)

< o ( / Fror — F(@) P da + / (@) = Fanl” dx)
Q(z0,r) Q(zo,r)
< 2p_1[f]z/:’p,h(ﬂ;R) (TA + pA) < 2p[f]iP’A(Q;R)'0A’

thus we obtained that

A A—n

_n A P % A-n
Frnr = Foool < elflesnmr P07 = clflesnam (£)7 077" (3.7)

Now fix a radius R > 0: if r = 2= **VR and p = 27FR, inequality (3.7) means that
A—n

R\ »
Froigaes = Frpiys] < Alewnos (52) (3.5)
and, adding up these summands for £k =0,..., N — 1, we get that
n—>\
an 2V —1 R\ 7
|f:}co,R/2N - f:Bo,R| < C[f]LP’A(Q;R)R P (m) < C[f]gp,/\(Q;R) (2_N> (39)

thanks to the fact that A < n.
Let us go back to our purpose of estimating |f,,.|?: we choose R € (dq/2,dq) and
N € N such that r = R/2¥. Again, by the triangle inequality

|fmo,7“|p < 2p_1 (’fﬂco,r - fﬂco,R|p + |fro,R’p)

and since
| fao, R < CdéanH[ip(Q;R) d

the only thing left to conclude is to apply inequality (3.9) in this case:
|fm0,r - fmo,R|p < C[f]ip,A(Q;R)T)\_n-
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Therefore we can conclude that

AP < (W + 4 )
Q(zo,r)
O

Remark 3.8. When the dimension of the domain is n, the Campanato space £1" is very
important in harmonic analysis and elliptic regularity theory: after John-Nirenberg semi-
nal paper [61], it is customary to denote this space BM O (for bounded mean oscillation).
It consists of all functions f : {2 — R such that there exists a constant ¢ > 0 for which
the inequality

/ |f(z) = feor] dx < cr™ Vr e (0,dg), Vay, € Q
Q(zo,r)

is satisfied. Notice that L>(2;R) C BMO(£2;R) as one can see, for example, by consid-
ering Q = (0,1) and f(z) = logz. For any a, r > 0 it is easy to check that

a+r a+r
/ |logt—log(a+r)]dt:/ (log(a—i—'r’)—logt)dt:r—i—alog(%) <,
a a a+r

viewing the interval (a,a+r) as the one-dimensional ball of center a+1/2 and radius /2.
Hence, we conclude logx € BMO(;R). Notice that in this calculation we replaced the
mean faaw log s ds with log(a + r), but, up to a multiplicative factor 2, this is irrelevant
with respect to the conclusion. On the contrary, it is obvious that logx ¢ L>(£2;R) so
the inclusion in question is indeed strict.

Theorem 3.9 (Campanato, [17]). With the notation above, when n < A\ < n + p the
Campanato spaces LP* are equivalent to the Hélder spaces C%* with o = (X — n)/p.
Moreover, if Q is connected and \ > n + p, then LP is equivalent to the set of constants.

Proof. As in the proof of Theorem 3.7, the letter ¢ denotes a generic constant depending
on the exponents, the space has dimension n and the constant c, satisfies (3.6).

Let A = n + ap. We already observed in Remark 3.6 that C%* C £P*, so we need to
prove the converse inclusion: given a function f € £, we are looking for a representative
f in the Lebesgue equivalence class of f which belongs to €%,

Recalling inequality (3.8) with fixed radius R > 0 and = € €0, we obtain that every

sequence of the form (f, r/ox) has the Cauchy property. Hence, we define

flw) = Jim Fly) dy.
= JO(z,R/2¥)
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Clearly, by the very definition of f(z) we have

oo U@ fempldy—0 = [ ) - f@Pdy o, @10)
Q(x,R/2%) Q(x,R/2%)
but since ¢, < L"(Q(z, 1)) < w,r™, for r € (R/2, R/2%) we have

2wy,

][ @) - F@)Pdy < ][ ) - Fa)P dy,
Qz,r) Cx Q(z,R/2%)

so that (3.10) implies that
L. v -fara —o asrio.
Q(x,r

In particular, notice that f does not depend on the chosen initial radius R. Let us prove
that 3
f € C™"(R).

We employ again an inequality from the proof of Theorem 3.7: letting N — oo in the
first inequality of (3.9), we get that

|f(l') - fw,R' S C[f]ﬁp,)\(Q;R)Ra

with a = (A — n)/p; as a result, given z,y € ) and choosing R = 2|z — y|,

(@)= FWI < 1f (@)~ foml+ | for—Furl+ 1 fyr—FW)| < clflerrmle—yl®* +| for— fonl.

Therefore, the theorem will be proved once we estimate |f, g — fy g To this aim, we
simply exploit the inclusion Q(y, R/2) C Q(x, R) and the very definition of £P* to get

C*Q_an|fz,R - fy,Rlp < / |f:c,R - fy’R|p dz
Q(y,R/2)

< o ( / (2) = fonlrdz + / |f<z>—fy,R|pdz)
Q(z,R) Qy,R)
< 2°[flrom R

It follows that
A=n o
\fe.r — fyrl < c[fleerryB 7 < cf]eerqp)lz — vl

which implies the claim.
The second assertion in the statement of the theorem is a well-known fact about Holder
functions with exponent larger than one, and therefore the proof is complete. O
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The following inclusions readily follow by the Hoélder and the Poincaré inequalities,
respectively.

Proposition 3.10 (Inclusions between Lebesgue and Morrey spaces, Morrey and Cam-

panato spaces). For all p € (1,00), L (;R) C L (4 R). In addition,

loc loc

Vu| € LP2(4R) = ue LOOP(Q;R) . (3.11)

loc loc

Corollary 3.11 (Sobolev embedding for p > n). Ifp > n, then WLP(Q;R) € C2%(Q;R),

loc

with « =1 —n/p. If Q is bounded and regqular, then WP (Q;R) C C%*(Q; R).

Proof. By the previous proposition we get

we WPR) = |[Vule Ll (4R) = LPP(O;R). (3.12)

loc loc loc

At that stage, by virtue of Theorem 3.9 we actually obtain u € CP%( R) for @ = 1—n/p
as in the statement above. If  is bounded and regular we apply this inclusion to a WP
extension of u to obtain the global C%* regularity. U

3.2 Hilbert’s XIX problem and its solution in the two-dimensional
case

Let Q C R" open, let L € C?*(2;R™*™) and let us consider a local minimizer u of the
functional

U|—>/L(Vv) dx (3.13)

in the sense discussed in Section 1.4. We assume that V2L (p) satisfies the Legendre
condition (1.16) with A > 0 independent of p and is uniformly bounded.

In this case, we have seen that u satisfies the Euler-Lagrange equations, for (3.13) they
are

> 0p, (OpeL(Vu)) =0 i=1,...m. (3.14)

We have also seen in the introductory discussion of Section 3 how, differentiating (3.14)
along the direction x,, one can obtain

Opo (0pe0 s L(VU)Opyr ! ) =0 i=1,...,m. (3.15)
;A < i Py it )
a,0,]

In the spirit of Hilbert’s XIX problem, we are interested in the regularity properties
of u. Fix y € {1,...,n} and let us set

w(z) = 0, u(z) € L*(GR™),
Alx) = V2L(Vu(r)),
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thus (3.15) can be written as an elliptic problem in divergence form, namely

Zaxa<A°‘ﬁ 8w]):0 i=1,....m. (3.16)

a,B,]

Since w € H..(;R™) by virtue of our earlier discussion, we can use the Caccioppoli-

Leray inequality for w, in the sharp version of Remark 2.4. As explained at that stage,
combining it with the Poincaré inequality (choosing k equal to the mean value of w on
the ball Br(zo) \ Bry2(20)), we obtain

/ |Vw|? do < CR_z/ lw — k|*dx < c/ |Vwl|? d,
Br/2(0) BRr(x0)\Bgr/2(x0) BRr(x0)\Br/2(z0)

thus, adding chRﬂ(IO) |Vw|? dz to both sides,one gets

/ |Vw|? do < - |Vw|? dz.
Bpr/a(o) c+1 Br(zo)

Now, if 6 := 57 <1 and o = —log, 0, we can write the previous inequality as

1 «
/ IVw|? dz < (—) / IVw|? d. (3.17)
Br/a(0) 2 Br(z0)

In order to get a power decay inequality from (3.17), we state this basic iteration lemma.

Lemma 3.12. Consider a non-decreasing function f : (0, Ry] — [0, +00) satisfying

19)<(3) 10 vesm

Fr) <20 <%>af(R) V0 <r<R<R,

Proof. Fix r < R < Ry and choose a number N € N such that

for some a > 0. Then

o1 <7 S 5N

It is clear from the iteration of the hypothesis that

R 1\
— 1< (= R
thus, by monotonicity,

f(r) < f(27VR) <27V f(R) = 2027 WV f(R) < 2°(r/R)* f(R).
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Thanks to Lemma 3.12, we can derive from (3.17) the decay estimate

/ ]Vw\2dx§c<£>a/ Vwl’de VO0<p<R,
By (x0) R Br(zo)

therefore |Vw| € L*(Q;R). So, invoking Proposition 3.10, this gives w € £y (Q; R™).
All these facts are true in any number n of spatial dimensions, but when n = 2 we can
apply Theorem 3.9 to get

w e CO’Q/Q(Q;Rm).

loc

Since 7 is arbitrary, it follows that u € Clu®/?(€; R™) and A = V2L(Vu) € CL%?(Q; R™* ),
The Schauder theory that we will consider in the next section will allow us to conclude
that

u € 02’a/2(Q; R™).

loc

More specifically, this conclusion is gained by simply applying Theorem 3.17 to each
function of the form 9, u, which solves equation (3.16)). As long as L is sufficiently
regular, the iteration of this argument solves Hilbert’s XIX problem in the C'* category.

We close this section with a more technical but useful iteration lemma in the same
spirit of Lemma 3.12.

Lemma 3.13. Consider a non-decreasing function f : (0, Ry] — [0, +00) which satisfies
for some coefficients a > 0, b > 0 and € € [0,1) and exponents o > 3 > 0 the following
mequality

f)<al(2) +e| sm+or vo<p<RZ R, (3.18)

e < (%) - (3.19)

for some v € (B, ), then there exists a non-negative constant ¢ = c(«, 5,7, a)

If

fo) <e|(£) FR)+b°]  VO<p<R< R (3.20)

Proof.  Without loss of generality, since ¢ € (0,1) we assume a > 1/2. We choose
7 € (0,1) such that
2a7% =17, (3.21)

thus (3.19) is equivalent to the inequality

e <7 (3.22)
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The following basic estimate uses the hypothesis (3.18) jointly with (3.21) and (3.22):

f(rR) < a(r® +¢)f(R) + bR’
< 2ar®f(R) + bR’ = 77 f(R) + bR". (3.23)

The iteration of (3.23) easily gives

f(7'2R) < 7Vf(TR) + rPRP < TZ’Yf(R) + 7bR? + brPRP
= 7 f(R)+ bR TP(1L+177F) .

Thus, it can be easily proven by induction that

N-1
1 —_ TN(')/*B)
N N~ B (N-1)8 k(y=8) — Nv B (N-1)8
frYR) <Y f(R) + bR°T gor =7"7f(R) + bR’ < TP )

So, given 0 < p < R < Ry, if N satisfies
NHR < p < TNR,

we can conclude our proof by simply choosing the constant ¢ = ¢(«, 3,7, a) in such a way
that the last line in the following chain of inequalities holds:

flo) < fEVR) < TVF(R) + T

8
= 777 (T(NH)Vf(R)) + ; _7_7_(7_5) (bRﬁT(NJrl)ﬁ)

—28

() 1) oy 0
(8 o)

A

IA

O

Remark 3.14. The fundamental gain in Lemma 3.13 is the passage from R to p® and the
loss of the additive term involving e, provided that € is small enough. These improvements
can be obtained at the price of passing from the power « to the (marginally worse) power
v < a.

3.3 Back to linear problems: Schauder theory

For the sake of simplicity, we present Schauder theory in a local form, namely with the
specific goal of obtaining interior estimates for solutions to suitable second-order elliptic
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equations. We refer the reader to our references, for instance [45] for a treatment of the
boundary (and thus global) estimates, which rely on some ideas that are analogous to
those used in Section 2.5). We shall first describe a model result for constant coefficients
operators, and then we will consider the case of Hoélder-continuous coefficients.

We consider the problem, in divergence form, given by

-3 o, (A;;ﬂawﬁuj> -3 0. F  i=1....m (3.24)

a,B,j

to be solved for u € H{

L (Q;R™), for data F' € H}}
local regularity result:

loc

(Q; R™*™). We prove the following

Theorem 3.15. If A%’B are constant and satisfy the Legendre-Hadamard condition for
some A > 0, then for all p < n + 2 it holds
F € LM (Q;R™™) = Vu € L2F(Q; R™™).

loc loc

In particular, if p > n and o = (u —n)/2, then, by Theorem 3.9, one has

F e CYYQR™™) =  Vu e Cr%(Q;R™™).

loc loc

Proof. In this proof, we let ¢ = ¢(n, A, |A|) denote a positive constant whose value can
change from line to line and even within the same line. Let us fix a ball Bg(z) € Q2 and
compare u with the solution v of the homogeneous problem

> 50y (A?“.ﬂaz Uj) =0 in Bg(zo)
R T (3.25)

v=1u on 0Bg(zo)

where the boundary condition is understood, as discussed in Subsection 1.2, in terms of
trace operator.

Notice that v € H2.(Q; R™) by virtue of interior H? estimates for u. As a result, since
Vv belongs to HL (£2; R™*") and its components 0. v solve the same problem (because
we have supposed to have constant coefficients), we can use the decay estimate (2.17) for
balls with radii 0 < r < R’ < R and then pass to the limit R’ 1 R. Hence, if 0 < p < R,

(2.17) provides the following inequality:

2 p\"2 2
/ Vo(e) — (Vo) 2 dz < (£) / Vo(z) — (Vo) nl2de.  (3.26)
B, (x0) R Br(0)

Now we try to employ (3.26) to get some estimate for u, the original solution of the
inhomogeneous problem (3.24). We can write u = w+v, where w € H}(Bg(zo); R™), and
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using Vu = Vv + Vw, then the variance-minimizing property of the mean and (3.26),
eventually Vv = Vu — Vw and (Vw),, r = 0, we can write

[ 19u@) = (Va s
By (o)

2 ( / Vw(e) — (V) [? de + / Vo) = (Vo)a 2 dx)
Bp(l"O) Bp(xO)

2 AN 2
<2 Vul) - Velwaldote(£8)7 [ [Vue) - (Vo)sal ds
By (o) R J o)

IN

9 p n+2 9
< c/ |Vw(x)|*dx + ¢ <—> / IVu(z) — (V) r|" do.
Br(zo) R Br(zo)

The auxiliary function
f0) = [ [Vula) = (Vua P do
Bp(wO)

is non-decreasing because of the minimality property of the mean (Vu),, ,, when one
minimizes m + | B, (o) |Vu(x) — m|?dz. In order to check that f satisfies the hypothesis

of Lemma 3.13, we have to estimate [, . +|Vw|*dz. We can consider w as a function in
H'(R™;R™) (null out of Bg(xg)) so, by Garding inequality (Theorem 1.6) we obtain

/ Vw(z)|? dz < c/ (AVw(x), Vw(z)) dx
Br(zo)

Br(zo)

:c/B ( )(F(w),Vw(x))dx
e /B AP = Fay, V() dr (3.27)

Applying Young’s inequality to (3.27) and then absorbing a small multiple of [ Br(zo) |Vw|? da
in the left-hand side of (3.27), we get

[ Ve@Pdr<e [ @) Pl do < cllFlleos e R

Br(zo) Br(o)

where we have fixed a larger reference ball Bg,(z) € 2 and we only consider R < Ry.
Therefore we obtained the decay inequality of Lemma 3.13 for f witha =n+2, 8 = u

and € = 0, then

7o) < e ()" 1) +ep

that is Vu € LF(Q; R™ ™). O

loc
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In the next theorem we consider the case of variable, but continuous, coefficients,
proving in this case a L?* regularity of |Vu| with 1 < n; as we have seen, at that stage
the Poincaré inequality then provides Holder regularity of w if u+ 2 > n.

Theorem 3.16. Considering again (3.24), suppose that the coefficients A%’B are continu-
ous in Q and A satisfies a (locally) uniform Legendre-Hadamard condition for some X > 0.
If F € LYM(Q;R™™) with i < n, then |Vu| € LEH(Q;R).

loc loc

Since p < n, Campanato spaces and Morrey spaces coincide, so that we decided to
phrase the result above using Morrey spaces for the sole sake of simplicity.

Proof.  This proof relies on Korn’s technique, whose basic idea is that of freezing the
coefficients in a sense that we are about to explain. We use the same convention on ¢ of
the previous proof, namely ¢ = ¢(n, A\, sup |A]) and allowed to vary in each inequality.
Fix a point zy € {2 and define

F(z) = F(x) + (A(z0) — A(2)) Vu(z),

so that the solution u of (3.24) also solves

—Z@xa Aaﬁ (70) 0%, w (x z:@waFCY i=1,...,m.
a,B,j

Write u = v+ w, where v solves the homogeneous equation (3.25) in Br(zo) and with the
condition v = u on 0Bg(xo) with frozen coefficients given by A(zg). Using (2.16) for Vv
and arguing as in the previous proof we obtain

/ Vu(z)Pde < c(ﬁ)"/ \Vv(:v)]de—i—c/ V(o) de

B, (w0) R/ JBa(wo) B (o)

c(ﬁ)"/ \vu(x)|2dx+c/ |F(2) = Fug il
R Br(wo) Br(zo)

Thanks to the continuity property of A, there exists a (local) modulus of continuity w in
whose terms we can write the estimate

dz.

IN

/ \F(az) —]55,;071;5|2 dr < 2/ |F(x) —FxO,R|2d:E+2w2(R)/ |Vu(a:)\2dx.
Br(zo) Br(zo)

Br(zo)
(3.28)
As a result, since F' € L2#(Q; R™*"),

loc

/ F(2) = Eup al? da < 201 F |20 (5 oy R + 202(R) / V()2 da.
Br(zo)

Br(zo)
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We are then ready to use Lemma 3.13, for a suitable choice of a and b, with
f(p) ::/ \Vu(x))*dz, a =n, B =p<nande=w*(R)/a.
Bp(l’O)

Thereby, we can conclude that if R is under a threshold depending only on ¢, o, § and w
we have

Fp) < e (%) () +cp

which means |Vu| € L2#(Q;R), as desired. O

loc
Using this preliminary result, we can now prove Theorem 3.17 Schauder’s estimate for
solutions of elliptic problems in divergence form. Let us also remark that for equations
in non-divergence form the corresponding result is (restricting for simplicity to the scalar
case)

2
> A(x) aj gxﬁ €CLi(R) = weCRl(LR), (3.29)

aﬂB

if A is of class C%“ (see, for instance, [45, Section 6.1]).

The proof of Theorem 3.17 follows along similar lines, i.e. starting with second deriva-
tive decay estimates for constant coefficients operators, and then freezing the coefficients.
Notice also that both (3.29) and the conclusion of Theorem 3.17 below are easily seen to
be optimal, considering 1-dimensional ordinary differential equations of the form au” = f

or (au') = f'.

Theorem 3.17 (Schauder, [85]). Suppose that the coefficients A%ﬂ(x) of equation (3.24)
belong to C¥%(2;R) and A satisfies a (locally) uniform Legendre-Hadamard in S for some
A > 0. Then the following implication holds

F e CRd(BR™™) = Vue Cpd(QR™™),

loc loc

that is to say

F c £2,n+2a(Q;Rm><n) — VU c £2,n+2a<Q;Ran>'

loc loc

Proof.  With the same idea of freezing coefficients (and the same notation, too), we
estimate by (2.17)

9 P n+2 9
[ V@)~ (Ve < e (8) [ V() - (Y rf do
By (o) R

Br(zo)

+ c/ |F(x) — Fpy gl dz. (3.30)
Br(z0)
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Additionally, the Hélder property of A allows to rewrite (3.28) as
/ |F) = By’ de < 2/ F() — Fyy nl? de
Br(zo) Br(zo)

4 R / V(@) dr. (3.31)
BR(Q?())

Since F € C2%(Q; R™™), we obtain

loc

/ |F(2) — Fyy > dz < cR™2 4 CRQO‘/ \Vu(z)|* d.
Br(zo)

Br(zo)

Theorem 3.16 applied with g =n — a < n tells us that |Vu| € L*#(Q;R), thus

/ |F(z) — Fyy g|* do < cR™2 4+ cR™ . (3.32)
Br(zo)

Combining (3.32) with (3.30) and applying Lemma 3.13 with exponents n+ 2 and n + «,
we get Vu € L2"F(Q; R™ "), so that Vu € C%/2(Q; R™*"), in particular |Vu] is locally
bounded. Using this information we can improve (3.32) as follows:

/ |F(z) — Epy.p|* doe < cR™H2.
Br(zo)

Now we reach the conclusion, again by Lemma 3.13 with exponents n + 2 and n + 2a.
OJ

3.4 The space of BMO functions

Given a cube @ C R", we define

BMO(Q;R) := {u € L'(Q;R) : sup lu — ug| de < —i—oo} :
Q'CQ JQ
where u¢ denotes the mean value of u on " and ()’ varies in the class of all open cubes
contained in () whose sides are parallel to those of ). We also define the seminorm ||u|| g0
as the supremum above. An elementary argument replacing balls with concentric cubes
shows that BMO ~ L' that is to say: the two spaces consist of the same elements
and the corresponding semi-norms are equivalent, see also Theorem 3.26 below. Here we
recall a special case of the inclusion that was proven in Proposition 3.10.

Theorem 3.18. For any cube () C R™ the following inclusion holds:
Wh(@Q;R) = BMO(Q; R).
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Proof. First, we remind the reader that W™ (Q;R) continuously embed into the space
{u: |Vu| € L'"71(Q)}, as an immediate consequence of the Holder inequality. Then, by
the Poincaré inequality, there exists a dimensional constant ¢ = ¢(n) > 0 such that for
any square Q' C ) with sides of length h

|u —ug| dx < ch/ \Vu| dz < c||Vul| 101 "
Q' Q'

and thus the conclusion readily follows. 0

However, it should be clear that the previous inclusion is far from being an equality
as elementary examples show. In that respect, we shall now extend to functions of n
variables the example presented in Remark 3.8. To that scope, we first state a simple
sufficient (and necessary, as we will see) condition for a function to belong to BMO.

Proposition 3.19. Let u : Q — R be a measurable function such that, for some b > 0,
¢ >0, the following property holds:

VC CQ cube, Fac €R s.t. Z*(CN{ju—ac|>0c}) <ce ™ ZL"(C) Yo >0. (3.33)
Then u € BMO(Q;R).

The proof of the proposition above is straightforward, since

1/yu—uc|dxg/yu—ac\dx—/ L7(C N {Ju—ac| > o)) do < S27(C).
2 C C 0 b

Example 3.20. Thanks to Proposition 3.19 we can check that log || € BMO((0,1)";R).
Indeed, log |z| satisfies (3.33) (the choice of the parameters b and ¢ will be specified later).
To see this, fix a cube C' C (0,1)", and let h denote the length of its side. Then, we define

£ = gleaéc\:d, n:= arggm, ac = log¢,

so that

ac—u:log(‘%o > 0.

We estimate the Lebesgue measure of CN{{ > |z]|e”} = C'N{ac —u > o}: naturally we
can assume that & > ne?, otherwise there is nothing to prove, so

g7 2 n = ¢ — diam(C) > ¢ — Vnh,

then it follows that

g< Vb

—1l—e°
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Finally

1 1 (vn)"w,
_ n _ < _ n s < NV S " no
hn.ﬁf (CNn{lu—ac|>0c}) < hn.ﬁf (Bee—s) < = e_a)ne ,

so that distinguishing the cases 0 < 1 and o > 1 we see that (3.33) holds with b = n and

¢ = max{e", (v/n)"w, (1 —e 1)}
The following theorem by John and Nirenberg was first proved in [61].

Theorem 3.21 (John-Nirenberg (first version), [61]). There exist constants ¢y, ¢y depend-
g only on the dimension n such that

L ({Ju —ug| > t}) < cre/Itlemo Q) vue BMO(Q;R)\ {0}.  (3.34)

Remark 3.22. In the argument we present here, we will find explicitly ¢; = e and
ca = 1/(2"e). However, these constants are not sharp.

Remark 3.23. From Theorem 3.21 we can infer that (3.33) is not only a sufficient,
but also a necessary condition for u being an element of BMO(Q;R). Indeed, Theorem
3.21 applies to every subcube C' C @ and the BMO seminorm ||u||gyo(c;r) is obviously
bounded by ||ul| sro@r)-

Before presenting the proof, we discuss here two very important consequences of this
result.

Corollary 3.24 (Exponential integrability of BMO functions). For any 0 < ¢ < ¢y there
exists K(c, c1,c2) such that

][ eclimuQl/lvlisyo qo < K (e, ¢y, ) Vu € BMO(Q;R) \ {0}.
Q

Proof. The conclusion follows from a direct computation:

/ eclvmvel gy = ¢ / e’ L" ({Ju — ug| > t}) dt < cey / eleme)t dt =
Q 0 0

cCq

co —C’

where we assumed for simplicity |u|smo@) = 1, £™(Q) = 1 and we used the John-
Nirenberg inequality. The general case is then obtained via standard scaling arguments.
O

Remark 3.25 (Better integrability of W functions). The previous theorem ensures
that functions in the class BMO (and hence also in W) have exponential integrability
properties. This result can be partly refined by the celebrated Moser-Trudinger inequality,
that we quote here without proof. The result first appeared in [92], and short after a
different proof was obtained by [76] which allows determining the corresponding sharp
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1/(n—1

constant. For any n > 1 set «, := nw,| ) and consider a bounded domain € in R"”,

with n > 1. Then

n/(n—1)
sup /exp Qp, <ﬂ) dr : ue Wy (4 R)\ {0} p < +oo.
Q [eeflywr.n

Getting back to our discussion, it is clear that we can also exploit Theorem 3.21 to
gain better integrability (in L? spaces) of BM O functions, as is specified by the following
statement.

Theorem 3.26. For all p € [1,00) there exists a constant ¢ = c(n,p) such that

(][ W dz) "< lullswo  Yu € BMO(Q:R).
Q

As a result, the following equivalences hold:
LPM(Q;R) ~ BMO(Q;R) ~ LY(Q; R), (3.35)

meaning that the three sets contain the same elements and the corresponding semi-norms
are all equivalent.

The proof of Theorem 3.26 relies on a simple computation, similar to the one presented
before in order to get exponential integrability. Indeed, assuming ||u||gpmo = 1, (3.34)
gives

][ lu — ug|” de = p/ L ({|u—ug| > s})s" ' ds < clp/ e 2851 ds.
Q 0 0

We can now proceed with the proof of the John-Nirenberg inequality (3.34).

Proof. By homogeneity, we can assume without loss of generality that ||u||gyo = 1. Let
a > 1 be a parameter, to be specified later. We claim that it is possible to define, for

any k > 1, a countable family of open, pairwise disjoint subcubes {Qf}ze I contained in
Q) such that

(i) |u(x) —ug| < 2"ak ZL™ae. on Q \ Uics, QF;
(i) Yier, £7(QF) < 075 27(Q).

The combination of linear growth in (i) and geometric decay in (ii) leads to the exponential
decay of the Lebesgue measure of the superlevels: indeed, choose k such that 2"ak <t <
2"a(k + 1), then

L ({Ju—uq| > t}) < 2" ({|u — ug| > 2"ak}) < a™*.27(Q)
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by the combined use of the previous properties. Now we want a™* < c¢;e™? for all
t € [2"ak,2"a(k + 1)), which is certainly verified if we impose

_ _ n
a kE _ cle c22 a(kJrl).

To that scope, we first express c;, ¢o in terms of a requiring

22"«

_ n
e = a, cre ¥ =1

so that ¢y = loga/(2"a),¢; = a and then we maximize cy(«) with respect to o« > 1 to

find .

a=e€e, C =¢€, CQ—Qne.
Now we just need to prove the claim. If £ = 1 we simply apply the Calderén-Zygmund
decomposition (see Subsection B.4) to f = |u — ug| for the level a and get a collection
{Qi}icr,- We have to verify that the required conditions are verified. Condition (ii)
follows by Remark B.19, while (i) is obvious since |u(z) — ug| < a Z"-a.e. out of the

union of Q! by construction. But, since ||u|/gryo = 1, we also know that

Viel, f lu —ug|dr <1< a,
1 k3

K3

hence we can iterate the construction, by applying the Calderén-Zygmund decomposition
to each of the functions |u— uQ}\ with respect to the corresponding cubes @}. In this way,

we find a family of disjoint cubes {Qfl}, each contained in one of the previous ones, that
is Qf,l C Q] for every i,l. Moreover Remark B.19 and the inductive assumption give (for
k=2)

n 2 1 / 1 n 1 1 n
g & T < E — — 1 < E — % Q) < — & Q
— ( 'L,l) = i N Qll |U UQZ|d.T = i o ( 'L) = a2 ( )7

which is (ii). In order to get (i), notice that
Q\(Jei c (@ \ UQ%) U (U(Q% \ UQ?,»)
il i i I

so for the first set in the inclusion the thesis is obvious by the case k = 1. For the second
one, we first observe that

lug — ugr| < ][ lug — uldx < 2"«
K3 Ql

(3
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and consequently, since [u —ugi| < o on Q; \ UiQ7,; we get
lu(z) —ug| < u(x) —ug| + |ugr —ug| < a+2"a < 2" - 2a.

With minor changes, we can deal with the general case k > 1, provided the family of
subcubes satisfies also the condition

(ili) |ug — ug; | < 2"ak for every i € Ij.

To check conditions (i), (ii) and (iii) at each inductive step & > 1 is what we need to
conclude the argument and the proof. 0

Theorem 3.21 can be extended considering LP norms, so that the case of BMO maps
could be recovered as a suitable limit, as p — oo, of the following more general result.

Theorem 3.27 (John-Nirenberg (second version), [61]). For any p € [1,00) and a func-
tion u € LP(Q;R) define

p
KP(u) := sup {ZZ 2" (Qy) <fQ1]u(x) — ug,| dx) : {Q:} partition of Q} :
Then there ezists a constant ¢ = ¢(p,n) such that
lu = uqllLy, < cKp(u).
Since
Y C C Q cube, £™(C)r ][ lu— uc|dz < K,(u) < |ullpyo
c

it is not hard to see that indeed K,(u) — ||u||pmo as p — oo.
The proof of Theorem 3.27 is basically the same as Theorem 3.21, the goal being to
prove the polynomial decay

P
L ({lu—uql > 1)) < LK) >0,
instead of an exponential decay.

The following important result improves the classical interpolation theorems in LP
spaces, replacing in the target the L> norm with the BMO norm. This is crucial for the
application to elliptic equations, as we will see in the next section.

Theorem 3.28 (Stampacchia’s interpolation, [87]). Let Q, Q. C R™ be cubes, define D =
L>(Q;R®) and take p € [1,00). Consider a linear operator T : D — BMO(Q.;R), that is
continuous with respect to the norms (L>(Q;R*), BMO(Q.;R)) and (LP(Q; R®), LP(Q.; R)).
Then for every r € [p,00) the operator T is continuous with respect to the (L"(Q; R*), L"(Q4; R))
topologies.
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Proof.  First of all, notice that it suffices to present the proof for s = 1: indeed, the

general case when u = (u', ..., u®) follows by applying this result to the components

T'u:=T(0,...,0,u?,0,...,0), j=1,...,s

(where u/ is in the j-th slot of T') thanks to the linearity of the operator T in question.

Therefore, we shall assume from now onwards, and throughout the proof, that s = 1.
We fix a partition {Q;} of Q. and we regularize the operator T with respect to {Q;} by
defining

T(u)(z) := . Tu(y) = (Tu)g,l dy Ve,

where (T'u)q, denotes the mean fQ_ Tw. Here and below we do not write the dependence

of T from {Q;} for the sake of brevity. We claim that T satisfies the assumptions of
Marcinkiewicz theorem (see Theorem B.12). Indeed

(1) T is obviously 1-subadditive;

(2) L>® — L*> continuity holds by the inequality®

| Tu]| L = SQP][ Tu(y) — (Tu)q,| dy < ||Tullsao < || caaro;re=)l|ullre ;
g Qi

(3) LP — LP continuity holds too, since by Jensen’s inequality
5 P
Tty = 327 (@) (170t = (T )
< Z |Tu — (Tu)q,|” dy
< Z /Q () +1(Tu)a ) dy < PTull, < T2 gl
Thanks to Marcinkiewicz theorem B.12 the operator

T:DcCL'(Q:R) — L(Q.;R) (3.36)

is continuous for every r € [p, 00|, and the corresponding operator norm ||| £(LrLr) can
be bounded independently of the chosen partition {Q;}. We now need to exploit this

1Given two Banach spaces (X, | - [lx) and (Y, - ||y) and a linear, continuous operator 7' : X — Y,
we denote by || - [[z(x,y) the operator norm [|T']|z(x v = supj, <1 [Ty
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preliminary result to gain boundedness of the operator T. In order to extract useful
information from Theorem 3.27, for r € [p, 00), we estimate

K0 = s Y 2 (@) (. 1Tut) ~ (o)

{Q:}
= sup ITeqiyullz- < |7

7

|TE(LT;LT)||U||2T7

where we used the continuity property of T : L"(Q;R) — L"(Q.;R) stated in (3.36).
Therefore, by Theorem 3.27, we get a constant ¢ = ¢(r,n,T)

ITu— (Twgllzy, < cllullr  Vue D,

where L7 is the Marcinkiewicz space recalled in Definition B.3. Since the operator u —
(T'w)g obviously satisfies a similar LI estimate (because, by Jensen’s inequality, it is
a continuous operator L™ — L") and the norm L! is 2-subadditive, we conclude that
|Tu||zy < cllul|z- for all w € D. Again, thanks to Marcinkiewicz theorem, with exponents
p and r, we have that the continuity L™ — L" holds for every 1’ € [p,r). Since r is
arbitrary, we got our conclusion. O

3.5 Regularity in L? spaces

We are now ready to employ the harmonic analysis tools seen in the previous section to
the study of regularity in LP spaces for elliptic problems, by first considering the case of
constant coefficients and then dealing with continuous ones. Suppose that (2 C R" is an
open, bounded and regular set (even though all main results could also be extended to
the case of Lipschitz boundary), assume that the coefficients A%ﬂ satisfy the Legendre-
Hadamard condition with A > 0 and are bounded from above (in Hilbert-Schmidt norm)
by A, and consider the equation given by

Y Ou (A Ou?) = =D 0 FY i=1,...,m (3.37)

a767j

where a priori we require, as usual, u € H}(Q; R™).
Keeping in mind the statement of Theorem 3.28, we define

TF :=Vu

and wish to interpolate between estimates that have already been obtained along the
course of our discussion. To that aim, we shall assume that the results presented in the
previous section can actually be extended to more general domains than squares and in
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particular to bounded and regular domains. The necessary modifications, of notational
character, are left to the reader.

That being said, one can exploit the Caccioppoli-Leray inequality to prove that the
linear map T : L?(Q; R™* ") — L2(2; R™*") is continuous (the proof goes along the lines
of the argument presented for Theorem 2.19, which deals with higher-order integrability).
On the other hand, thanks to the work of Campanato (specifically, see Theorem 3.15),
we also obtained the continuity of T : £2* — £2* when 0 < X\ < n + 2, thus choosing
A = n and using the equivalence (3.35) we see that 7" is actually continuous from BMO
to BMO, and in particular we can regard it as a linear continuous operator

T : L™(Q; R™™) — BMO(SQ; R™™). (3.38)

Therefore, we can apply Theorem 3.28, with s = mn, to each component of the map T
i.e. to the linear functionals ' ' '

T F := (Vu), = 0, u'
and we finally get that

T:D — LP(Q;R™™) (3.39)

is (LP, L?)-continuous if p € [2,00). Since the (unique) extension of 7' to the whole of L?
still maps F' into Vu, with u solution to (3.37), we have proved the following result:

Theorem 3.29. For all p € [2,00) the operator F +— Vu in (3.37) maps LP(£2; R™*™)
into LP(Q; R™ ™) continuously.

Let us explicitly remark the importance of weakening the norm in the target space in
(3.38): we passed from L (for which, as we will see, no estimate is possible) to BMO.

Our intention is now to extend the previous result for p € (1,2), by means of a duality
argument.

Lemma 3.30 (Helmholtz decomposition, [51]°). If p > 2 and B is a matriz satisfying the
Legendre-Hadamard inequality with constant X > 0, and uniformly bounded from above
(in Hilbert-Schmidt norm) by A, a map G € LP(Q;R™ ™) can always be written as a sum

G = BV + G, (3.40)
where ¢ € Hé’p(Q;Rm), G is divergence-free
Zaxa(é?)zo inQ, foralli=1,...,m

and the following inequality holds:
IVollr < cullGller, (3.41)

for some constant cy = cg(n, 2, A\, A) > 0.

>The classical decomposition result is named after Helmholtz [51], nonetheless we use here a more
recent version for LP functions, see [25].
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Proof. Tt is sufficient to solve in H}(€; R™) the equation div(BV¢) = div(G), namely

Y 0., (BI(V Z% GY  i=1,....m

a,B,j

and set G := G — BV¢. The estimate (3.41) is then just a consequence of Theorem 3.29.
U

Fix ¢ € (1,2), so that its conjugate exponent p = ¢’ is larger than 2, and further
set D = L*(Q;R™™). Our aim is to prove that T : L*(Q;R™*™) — LI(Q;R™*™) is
(L%, L7)-continuous: we are going to show that for every F' € D, TF belongs to (LP) ~
L? with a uniform estimate. In the chain of inequalities that follows we are using A*,
that is the adjoint matrix of A, which certainly also satisfies the Legendre-Hadamard
property if A does. Lemma 3.30 is exploited in order to decompose the generic function
G € LP(Q2;R™ ™) as in (3.40), so that we can write

sup (TF,G)z =  sup /Q<TF(3:),G(3:)>dx

IGllLr<1 IGllLr<1

= sup /(Vu(:p), AV o(z) + G(x)) d
Q

[GllLp<1

< sup /Q<AVu(:c), Vo(x)) dx

IVollLp<cm

— s /Q<F(g;),v¢(a;)>dx < cull Fllse.

IVellr<cu

If we approximate F' € LI(Q;R™ ") in the L7 topology by functions F}, € L?(Q;R™*")
we can use the (L9, L7)-continuity to prove existence of weak solutions to the equation in
H0 , when the data are just in L?. Notice that the solutions obtained in this way have
no variational character anymore, since their energy fQ AVu, Vu) dz need not even be
finite (for this reason they are sometimes called very weak solutions). As a consequence,
the uniqueness of these solutions needs an ad hoc argument, which is once more based on
the Helmholtz decomposition.

Theorem 3.31. For all q € (1,2) there exists a continuous operator R : LI(Q; R™*™) —
Hé’q(Q;Rm) mapping the datum F to the unique weak solution u to equation (3.37).

Proof. We already illustrated the construction of a solution wu, by a density argument
and uniform L? bounds. To show uniqueness, it suffices to show that if u € HS’Q(Q; R™)
the equations

>0, (AP0 =0, i=1,....m

a,B,j
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imply « = 0 identically in Q. To this aim, we define G = |Vu|7?Vu € LP(Q; R™ ") and
apply the Helmholtz decomposition, thereby writing G = A*V¢+G with ¢ € HS P(Q;R™)
and G € LP(Q2; R™*™) divergence-free. By a density argument with respect to both u and
¢ (notice that the exponents are dual) we obtain

/<é, Vu) dx = 0, /(AVu, V) dr =0
Q Q
and hence

/Q\Vur] dr = /Q(GVu) dr = /Q<A*V¢, Vu) dx = /Q(AVu, Vo) dx = 0.
([

Remark 3.32 (General Helmholtz decomposition). Thanks to Theorem 3.31, the Helm-
holtz decomposition showed above can actually be obtained for every p € (1, 00).

Remark 3.33 (W?? estimates). By differentiating the equation and multiplying by cutoff
functions, we easily see that Theorem 3.29 and Theorem 3.31 yield for any p € (1, 00) the
implication

— Za,ﬁ,j 8$a (A%Baxﬂuj) = f’L 7 = ]_7 oo, — = W27P(Q'Rm)
|Vu| € LP (Q;R), f € LP (Q;R™) loc 175 ‘

loc loc

Remark 3.34 (No L™ bound is possible). As it was claimed above, let us show here that
T does not map L* into L*>°, with 2 = By C R". First we prove that this phenomenon
occurs if T' is known to be discontinuous, then we prove that 7' is indeed discontinuous.

To check the first claim, let (Q;) be a countable family of pairwise disjoint closed balls
contained in €: by a scaling argument we can find (since also the rescaled operators of
T on Qf are discontinuous) functions Fy € L*(Qg; R™*™) with ||Fy||cc = 1 and solutions
u, € H(; R™) to the equation (3.37) with ||Vug|l > k. Then it is easily shown (for
instance by approximation with finite families of balls) that the function

ug(x) if x € Qy
u(z) == .
0 if z e \ Uk

belongs to H}(Q;R™), solves the equation with datum

Flz) = Fi(z) ?f x €
0 ifx € Q\Uka,

but its gradient is patently not bounded.
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So, it remains to prove that T is necessarily discontinuous, which we will do restricting
our discussion to the scalar case for the sake of simplicity. By the same duality argument
used before, if T were continuous we would get an estimate of the form

IVullpr < el Fllz

whenever u € Hg(; R™) solves equation (3.37) for m = 1.

Hence, a standard approximation argument (based on convolution of the right-hand
side, and Rellich compactness theorem) would imply the existence, for any vector-valued
measure g in €2, of solutions of bounded variation, i.e. functions u € L'(;R), whose

distributional gradient, denoted here by Du = (Dyu, ..., Dyu), is a vector-valued measure
satisfying
> / AP0, ¢ dDgu =) / D, ddu® Yo € C(4R). (3.42)
a,f 0 a Q
and
Dul(©) < clul(©). (3.43)

where |u| (resp. |Du|) denotes the total variation of the measure p (resp. Du). We refer
the reader to Chapter 3 of [5], see in particular Proposition 3.13 and equation (3.11),
for further details. On the other hand, we claim that the inequality (3.43) cannot be
true. Indeed, when n = 2 and m = 1, consider the identity matrix A*® := §*% and the
corresponding Laplace equation

—Av =&, (3.44)

where Jy is the Dirac measure supported in 0. The well-known fundamental solution of
(3.44) is
1
o(w) = B ¢ o2 o),
T

so that v € W,2P(R?;R) for any p < 2, with Vo(z) = —(27)~'z/|z|?, and (understanding
the second derivative in the pointwise sense) |VZv| ¢ L'(;R), since

V2u(z) = ——— (I _ 2@) .

-~ 27la? |z
Now, for any n € C°(2;R) with = 1 on By, we have
—A(0p,,(vn)) = =0y, (=60 + vANR + 2(Vv,Vn))
so if we introduce the vector measure p whose components are defined by

:ul = _60 + UAU + 2<VU7 V77>a M2 = 07
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we have that the function w = 9,,(nv) € L'(R?;R) is a distributional solution in R? to
the equation
—Aw = — Z O 17

It follows that & = w — u, where u is as in (3.42) for this datum pu, is a distributional
solution to the Laplace equation in B;, and therefore standard properties of harmonic
functions (for instance the mean value property and a convolution argument applied to
@) imply that @ is equivalent in Bj to a smooth function. By the properties of u and , it
follows that the distributional derivative of w = @ — w is locally representable in 2 by a
measure with finite total variation. By our choice of n, this implies the same conclusion
for 0,,v = w in By /s, and a similar argument gives the analogous result for d,,v. Since
|V2v| is not summable in By, we have reached a contradiction.

Now we move from the case of constant to that of continuous coefficients, using Korn’s
technique (similarly to what was previously discussed in the proof of Theorem 3.16).

Theorem 3.35. Given an open set Q C R" let u € H},
equation

Y Oa (AP (@) Oav’) = i = 0w FY i=1,....m
a,B3,3 [e

(;R™) be a solution to the

with continuous coefficients Afjﬁ which satisfy a uniform Legendre-Hadamard condition
for some X > 0. Given positive real numbers p € (1,00) and q such that its Sobolev
conjugate exponent ¢ = qn/(n — q) equals p, let us suppose that F' € Li. (Q;R™ ™) and
fe Ll (QR™). Then |Vu| € L} (Q;R).

Proof.  For the sake of simplicity, we limit ourselves to give the proof for p > 2. The
corresponding estimates for p € (1,2) can be recovered by means of a duality argument
along the lines of the discussion presented above.

Given s > 2, we will now show that

loc loc

\Vu| € LP(R) = |Vu| € L), P(4R), (3.45)
where we shall write a A b in lieu of min {a, b} for the sake of notational convenience.
Proving such an implication is actually sufficient to complete the proof because we do
know that ]Vu| € L2 .(Q;R) (which would be the case s = 2) and in finitely many
iterations s* becomes larger than p, thereby proving the claimed assertion. To avoid
ambiguities, let us remind the reader that it is tacitly understood that s* = cc if s > n
as was pointed out in Remark 2.7.

Fix a point zy € Q and a radius R > 0 such that Br(xy) € : we choose a cutoff
function n € C° (Bgr(xo);R), with 0 < n < 1 and n = 1 in Bgjs(z). We claim that
nu belongs to Hy* "(Br(xz); R™) if R < Ry, where Ry is a small positive constant to
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be determined later depending on the modulus of continuity of A at xy. This implies, in
particular, that |[Vu| € L¥"?(Bp/2(z0); R) and thus completes the proof of the aforemen-
tioned implication. With that goal, we proceed in three steps.

Step 1. We start by localizing the equation. Standard algebraic computations imply
the following chain of equalities:

[ A )0 ple)

a,B,7 RmD

— Z /BR(%) Aio}ﬁ(w) (W(x)axﬁuj(:c) + uj(x)ﬁxﬂn(x)) Oy, () da

a,B,3
-y / AL () (O (2) D, (10 () + 17 (1), (), ()
a,8,j ¢ Br(xo0)
— Oy ()0, m(x)p()) dc

and hence, we can write the equation solved by nu in the form

Z /BR(mo) AZE(I)aﬂ% (nuj)(m>8$a QD('T) dx

a?ﬁ?j
—/ filx +ZF“ Or, (n) ()
BR($0)

+ 37 A (@) (4 (2)0,, (20, 0(2) — 0uyd ()0, () p(2))

a,B.j
_ /B ( )ﬁ.(x)gp(a:)+ZE“(m)6maso<x)dx

where we have defined

and

Fp(x) = ZA )0, 1().

At that stage, if we freeze the coefficients at the point xy we can rewrite this equation in
the form

= > 00 (A5 (0) 0y (1)) = fi = Z@xa =) (Alw) = A(0))5; 0y ()],
8.

a,B,j
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for every t =1,...,m.

Step 2: in order to write the datum f in divergence form, let us consider the problem

—Aw = f
w € H(Q;R™)

which we can always solve provided we require €2 to be bounded and regular, which can
always be assumed as our problem is of purely local character. Thanks to the previous
LP regularity result for the case of constant coefficients, since f € L ?(€2; R™) (because

we assumed that |Vu| € L"?(Q;R)), we have |V?w| € LSAq(Q R) (see also Remark 3.33).

loc loc

By virtue of the Sobolev embedding theorem, we then get |Vw| € L (sha)” (©2;R), hence

loc

IVw| € LM (4 R) = LEP(Q; R),

loc loc

since we are indeed assuming ¢* = p. Now we define

F*(z) := F(z) + Vw(z) € LL/7(Q; R™™).

loc

Step 3: set E = Hy* "(Bg(xo); R™), denote by || - || the corresponding Hilbertian
norm and let us define the operator © : E — FE which associates to each V' € E the
function v € E that solves

=" 04, (A3 (20)0 Zaxa (F)e =) 0, [(Alz0) — A(2))50,, V7). (3.46)

a,B,j a,B,j

The operator O is well-defined because |F*| € L¥"?(Bg(xg);R), as we saw in the previous
step, and we can take advantage of regularity theory for constant coefficients operators,
which provides a scaling-invariant constant ¢ > 0, independent of R, such that

[V (v1 — v2)

emre < el (Alzo) = A) V(V1 = V2)]

Ls*Ap-
Hence, it follows that the operator © is indeed a contraction, since one can write
1
lor =2l = IV (01 = v2) [ oo < cl| (Alzo) = A) V(Vi = Vo)l < IV = Va)l|5
if R is sufficiently small, only depending on the oscillation of A in Bg(zy). That being
said, let us denote by v, € E the unique fixed point of © : £ — E. We already know that

the function nu already solves (3.46), but in the larger space Hy*""(Bg(xo);R™). Thus
we gain nu € Hy® "(Bg(xo); R™) if we are able to show that v, = nu, and to see this
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it suffices to show that uniqueness holds in the larger space as well. With that goal in
mind, we consider the difference

Var 1= 0, — qu € Hy*"(Bg(x0); R™) C HE(Bgr(z); R™)
which clearly satisfies (in weak sense)
- Z axa Aaﬁ (Ui*)) =0.
B,

At that stage we obtain v,, = 0 as a direct consequence of the variational characterization
of the solution. This concludes the proof. 0

3.6 De Giorgi’s solution of Hilbert’s XIX problem

We start by briefly recalling here the context and setting of Hilbert’s XIX problem [52].
One is concerned with local minimizers u of scalar functionals of the form

wl—>/QL(Vw)dx

where L € C? satisfies the following ellipticity property: there exist two positive constants
A < A such that AT > V2L(p) > A for all p € R" (this implies in particular that |V2L|
is uniformly bounded). We have already seen that under these assumptions it is possible
to derive the Euler-Lagrange equation satisfied by u, which takes the form

> Ore (Fpe L(Vu)) =
By differentiation, for any direction v € {1,...,n}, the equation for v := 0, u is

> 0, (paps L (V) 0,0) = 0
a,B

Recall that, in order to derive this equation, we needed to work with the approximation
Apu (in lieu of 9, u), with the interpolating operator

gﬁfﬁ(m) = /1 Opaps L(tVu(z + hey) + (1 — t)Vu(x)) dt

and to exploit the Caccioppoli-Leray inequality in gaining those uniform integral estimates
that are necessary in order to take the limit as A — 0 in the approximation scheme in
question.
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One of the striking ideas of De Giorgi [26] was basically to split the problem, that is to
deal with v and v separately, as Vu is only involved in the coefficients of the equation for
v. The key point of the regularization procedure is then to show that under no regularity
assumption on Vu (i.e. nothing more than measurability), if v is a solution of the equation
above, then v € C’O’Q(Q; R), with o depending only on n and on the ellipticity constants

loc
A, A. If this is true and we now assume L € C%?(R™;R), we can proceed as follows:

v € C"(Q;R) = u € OV R) = 9,0,L(Vu) € C™P(Q;R) = v € CHP(Q; R).

Notice that the above implications rely upon the fact that 9,0,L is Holder continuous
by assumption and on the Schauder estimates contained in the statement of Theorem 3.17.
Since v is any partial derivative of u, we eventually get u € C?*#(Q;R). If L is more
regular, by continuing this iteration (now using Schauder regularity for elliptic equations
whose coefficients are C'7, C?7 and so on) we obtain the implication

L e C(ER) =ve C*(R)
and also, by the tools developed in [53] by E. Hopf, one can conclude that in fact
LeC?’(R)=veC’(R),

which is the complete solution of the problem raised by Hilbert.

Actually, let us remark that the problem in question has already been solved in the
simpler case when n = 2: by means of Widman’s hole-filling technique, we could prove
that [Vo| € L**(Q;R) and hence v € £2*T2(Q; R) for some o > 0, which is enough, if
n = 2, to conclude that v € C%2 (Q;R). This was presented in detail in Subsection 3.2.

In order to proceed, we start by accurately describing our setup. Let {2 be an open
domain in R™, consider two constants 0 < A < A < 400 and let A*? be a Borel symmetric
matrix satisfying the inequalities A\ < A(z) < Al for Z"-a.e. x € Q. We want to show
that if u € H. (€ R) solves the problem

—> " O, (A% (2)Dpulx)) =0
a,B

then u is locally Holder-continuous. Some notation is needed: for B,(x) C € we define

the superlevels
Alk,p) = {u > k} 0 B,(a),

where the dependence on the center x shall be omitted. This should not generate con-
fusion, since we work with a fixed center, unless otherwise stated. In this section we
derive various functional inequalities, however we shall not be concerned with finding the
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sharpest constants, but only with the functional dependence of these quantities. There-
fore, in order to avoid unnecessary complications of the notation, we use the same symbol
(generally ¢) to indicate different constants, possibly varying from one passage to the
next one. However we indicate the functional dependence explicitly whenever this is
appropriate and so we use expressions like ¢(n) or ¢(n, A\, A) many times.

Theorem 3.36 (Caccioppoli inequality on superlevel sets). For any k € R and radii
0 < p < R such that B,(x) C Bg(z) € Q we have

CCL,L 2
Vil dy < s [ w2, (3.47)
/A(k,p) (R=0)% Jag,r)

with CcrL,L = 16/\2/)\2.

Remark 3.37. It should be noted that the previous theorem generalizes the Caccioppoli-
Leray inequality, since we do not restrict to p = R/2 and we work with superlevel sets
A(k,p) and A(k, R).

Theorem 3.38 (Chain rule). Ifu € I/Vlicl(Q, R), then for any k € R the function (u—k)*

belongs to Wil (;R). Moreover we have that V(u — k)* = Vu a.e. on {u >k}, while
Viu—k)" =0 ae on{u<k}.
Proof. Since this theorem is rather classical, we just sketch its proof. By the arbitrari-

ness of u, the problem is clearly translation-invariant and we can assume without loss of
generality k& = 0. Consider the family of functions defined by

Vi2d+e2—¢ ift>0
gos(t) =

0 else.

Notice that the corresponding derivatives ¢’ (t) are uniformly bounded and converge to

the characteristic function -0y as one lets ¢ — 0. Moreover, let (u,) be a sequence of
C! functions approximating v in VVli)Cl(Q, R). We have that for any n € N and € > 0 the
classical chain rule gives V [p-(u,)] = ¢.(u,)Vu,. Passing to the limit as n — oo one
obtains the equality V [p:(u)] = ¢L(u)Vu, to be understood in L (£;R). At that stage,
we can pass to the limit as € | 0 and use the dominated convergence theorem to conclude

that Vut = x>0, V. O
We can now proceed to the proof of the Caccioppoli inequality on level sets.

Proof.  Let n be a cutoff function supported in Bg(z), with n = 1 on B,(z) and
V| < 2/(R — p). If we exploit the weak form of our equation with the test function
0 :=n*(u—Fk)T we get

/ n*(AVu, Vu)dy = —2/ n{AVu, Vn(u — k)") dy
A(k,R) Br(z)

A / 9 2 4e / 9
— n° |\Vu|” dy + ——— u—k)*dy
€ JA(k,R) [Vl (R—p)? Ak R)< )

)

IN
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for any € > 0, by our upper bound on V7 and by Young’s inequality. Hence, we set
e = 2A /) so that we obtain

A 8A?

2 2 2 2
n“(AVu, Vu dyg—/ n“|Vu dy+—/ u—k)* dy.
/A(k,R) < ) 2 A(k,R) Vul AR —p)? A(k,R) ( )

Thanks to the uniform ellipticity assumption, and the fact that on the smaller ball 7 is
identically equal to 1, we eventually get

16A2
w%@g—/ u— k)2 dy,
/A(k,p) Vel N(R = p)? Jag.r) ( )
which is what we had claimed. [l

The second great idea of De Giorgi was that (one-sided) regularity could be achieved
for all functions satisfying the previous functional inequality, regardless of the fact that
these were (or were not) solutions to an elliptic equation. For this reason he introduced
a special class of objects.

Definition 3.39 (De Giorgi’s class). We define the De Giorgi class DG () as follows:
DG (Q):={u: JceR st.VkeR, B.(x) € Bgr(x) € Q,u satisfies (3.47)} .

In this case, we also define c},o(u) to be the least constant, greater or equal than 1, for
which the condition (3.47) is verified.

Remark 3.40. From the previous proof, it should be clear that we do not really require
u to be a solution, but just a sub-solution of our problem. In fact, we have proved that

16A?

— Za’”a (A% (2)0,,u(z)) <0 in weak sense = u € DG(Q), che(u) < BV
o,

In a similar way, the class DG _(€2; R) (corresponding to supersolutions) and ¢, (u) could
be defined by

C
Valrdy < s | (u— k) dy
/{u<k}me(x) (R —=p)? Jiu<kinBar()

and obviously u — —u maps DG () in DG _(Q) bijectively, with ¢}, (u) = cpo(—u).

The main part of the program by De Giorgi can be divided into two steps, whose
central goals correspond to proving the following two assertions:

(i) If u € DG*(Q), then it satisfies a strong maximum principle in a quantitative form
(more precisely the L? to L™ estimate in Theorem 3.43);
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(ii) If both u and —u belong to DG (Q), then u € CY*(; R).

loc

Let us start by discussing the first point. We define these two quantities, of crucial
importance:

Ummwzj&)w—hf@, V(h.p) = 2" (Alh.p).

Theorem 3.41. The following properties hold:
(i) both U and V' are non-decreasing functions of p, and non-increasing functions of h;

(i1) for any h >k and 0 < p < R the following inequalities hold:

¢ chglu) o/n
U(k,p) < ﬁU(k,R)V/ (K, p),

with ¢ = ¢(n).

Proof. The first statement and the first inequality in the second statement are trivial,
since for the latter one

(h—1)PV(h,p) = /m;h—mwys/?)w—kf@
u—kY2dy=U(k,p) .
< wa Y2 dy = Uk, p)

For the second inequality, let us introduce a Lipschitz cutoff function n satisfying 0 <7 <1
at all points and supported in Bgyp)2(x) with n = 1 on B,(z) and |Vn| < 4/(R — p).
We need to note that

4
/ n?|V(u—k)*Pdy < ol )/ (u—k)?dy
B(R+p)/2() (R p) A(k,R)
and

16
/ ((u— k:)+)2|V77|2 dy < YA 3RV / (u — k)2 dy.
B(rypy/2(®) (R—p) A(k,R)

Combining these two inequalities, since c¢f,(u) > 1 by its very definition, we get

" — 2 40cpq(u) u— k)2
LTRSS v LR
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and by the Sobolev embedding inequality for the function n(u — k)t this implies

(/ (u—k)* dy)w < M/ (u —k)*dy
Alk,p) ~ (R=0)* Jawr)

for some constant ¢ = ¢(n) only depending on the dimension n. In order to conclude, we
just need to apply Hélder’s inequality, for indeed

2/2*
vtk = [ wewrays ([ @e-nTa) v
A(k,p) A(k,p)

with p=2*/2=n/(n —2), p =n/2. O

In proving the quantitative maximum principle that has been alluded to above, we
will rather exploit a weaker form of such inequalities, namely

1
V(h < —UWKkR
( 7p) _— (h . k)Q ( 7 )7
Ulh,p) < 206 o0 gyvem, gy
) — (R _ p)2 Y ) Y
for a constant ¢ = ¢(n).

We can view these inequalities as joint decay properties of U and V'; in order to get
the decay of a single scalar quantity, it is convenient to define ¢ := USV" for some choice
of the (positive) real parameters &, 1 to be determined. We obtain:

: 1

US(h, p)V(h, p) < (h _U‘/;)Zn (R—p)%¥

USt(k, R)V ™ (k, R).

where cyy = ¢ - ¢h(u), a convention that will be systematically adopted in the sequel
of this section. To the scope of determining some decay inequality for ¢, we look for
solutions (0,&,n) to the system

E+n=05  — =0n
n

Setting 7 = 1 (by homogeneity this choice is not restrictive), we get £ = nf/2 and we can
use the first equation to conclude that

1 1 2
— /42 A4
0 2+ 4+n (3.48)

Note that 6§ > 1: this fact will play a crucial role in the following proof. In any case, we
get the decay relation




Theorem 3.42. Let v € DG, (), Bg,(z) € Q. For any hy € R there exists d =
d(ho, Ro, ¢he(w)) such that
u < ho +d

ZL"-a.e. on Bp,s(z), where

noy2 ¥ (ho, Ro)’™"

& = pl)leholu) P E

with the constant p(n) depending only on the dimension n.

Corollary 3.43 (L? to L™ estimate). If u € DG, (), then for any ball Br,(z) € Q and
for any hyg € R

1 6—1
3 h =
esssup < o+ (anplo) e (e o)) (Vb)) =
Brqy/2(x) wn I Ry

Proof. This corollary comes immediately from Theorem 3.42, once we express ¢ in terms
of U and V and recall that £ +1 = 6¢ (that is (0 — 1) = 1), by means of simple algebraic
computations. O

Remark 3.44. From Corollary 3.43 with hy = 0, we can get the maximum principle for
u, as anticipated above. Indeed

esssup(u' < gfn)leha (] {  utdy
Bry/2(2) Br, (2)

with g(n) = p(n)w?.

We are now ready to prove Theorem 3.42; the first main result of this section.

Proof. Define hy, := hg+d —d/2? and R, := Ry/2+ Ro/2P*!, so that h, 1 (ho + d) while
R, | Ry/2. Here d € R is a parameter to be fixed in the sequel of the proof. From the

decay inequality for ¢ we get
~ opt+2\ 26 /op+1 2
(p(h;me)a 1CgUV ( RO ) ( d >

and letting ¢, := 2*P¢(h,, R,) this becomes

Sp(thrla Rp+1) < ‘P(hpv Rp)

Ypr1 < Py [2“c5UV245+22p(2£+2)R(;Q£d—22—up(9_1)wz_1} ‘
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This is true for any p € R but we fix it so that (26+2) = u(6—1), leading to a cancellation
of two factors in the previous inequality. Having chosen p, if we require d to satisfy

el 2T IR IR = 1

then we get at once 1, < tp. Hence, 2¢¢t,,, 220" Ry d~2 < 1 and the decay inequality
yields ¢y < 1;. By induction, it follows that ), < 1), for all p € N. Therefore, we get
o(hy, R,) < 27"Pp(hg, Ry) — 0 and, hence, by the monotonicity properties of ¢ we derive

gD(ho + d7 RO/Q) < Qp(hpv R0/2> < 90<hpa Rp) - 07
as it was claimed. But notice that the previous condition on d is satisfied if we set
d* = p(n)[che(u)]"* Ry "y !

thus the conclusion follows. O

We can now discuss the notion of oscillation, which will be crucial for the conclusion
of De Giorgi’s argument.

Definition 3.45. Let Q) C R" be an open set, B.(x) C ) relatively compact andu : 0 — R
a measurable function, which we assume to be locally bounded. We define its oscillation
on B,(x) as

w(B(x))(u) := esssupu — essinf u
By(z) Br(z)

When no confusion arises, we will omit the explicit dependence on the center of the ball,
thus writing w(r) in lieu of w(B,(x)).

It is a direct consequence of the previous results that if u € DG () N DG_(Q2), then

1 1

2 3
esssupu§c<][ u2dy) , —essinfugc(][ u2dy)
Br/Q(fv) BT(CE) B'r/Z(x) Br($)

for a constant ¢ which is a function of the dimension n and of ¢pg(u). Here and in the
sequel of our discussion we shall denote by c¢pg(u) the largest number between ¢} (u)
and cps(u) and by DG(2) the intersection of the spaces DG (€2) and DG_(Q).

Summing up what we have achieved so far, under these assumptions we get

wW(Brya(2))(u) < 2¢ ( ]{9 " u? dy) " :

Let us now discuss the relation between the decay of the oscillation of v and its Holder
regularity. We prove this result passing through the theory of Campanato spaces.
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Theorem 3.46. Let Q C R™ be open, k > 0, a € (0,1] and let u : Q@ — R be a measurable
function such that for any B.(z) C Q we have w(B,(x)) < kr®. Then u € CLY (% R),

loc
that is, there exists in the Lebesque equivalence class of u a C’f)o’f representative.

Proof. By definition of essential extrema, for Z"-a.e. y € B.(r) we have that
essinfp () u < u(y) < esssupg, (,) u. If we denote, as above, by u, , the average value of u
over the ball B,.(z), these inequalities imply at once that essinfp, () u < u,, < esssupg, ()
and hence the inequality |u — u,,| < kr® is satisfied Z"™-a.e. in B, (z). Thereby, we have
proved that u € £>"*2(Q;R), but this gives u € CP% (% R) (regularity is local since no
assumption is made on ), which is the claim. 0]

This theorem motivates our interest in the study of the oscillation of u, that will be
carried on by means of some tools recalled in Section A.3.

Broadly speaking, De Giorgi’s proof of Holder continuity is geometric in spirit and
ultimately based on the isoperimetric inequality. Notice that, as discussed in Section A.3,
the isoperimetric inequality is also underlying the Sobolev inequalities, which we used in
the proof of the sup estimate for functions in DG (€2). To proceed further, we first need
the following lemma.

Lemma 3.47 (Decay of V). Let @ C R™ be open and let u € DG (). Suppose that
By, (x) € Q and ko < esssupp, (u) < M is such that

1
V(ko,r) < éfn(Br(x)), (3.49)
then the sequence of levels k, = M — (M — ko) /2" for v > 0 satisfies

(vm,r))?“* < o De()

rn v

)

for some constant ¢ = c(n).

Proof. Take two levels h, k such that M > h > k > kg and definew:=uAh—uAk =
(uAh—k)T. By construction @ > 0 and since u € WH(Q; R) we also have u € WH((; R).
It is also clear that Vu # 0 only on A(k,r) \ A(h,r). Notice that (3.49) gives

ZL"{u=0}NB,(z)) > L"({u <k} N B,(z)) = ZL"({u < ko} N By (7)) > %3”(37»(1“))

and so we can apply the relative version of the critical Sobolev embedding (Theorem
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A.28) and Holder’s inequality to get

1*
(h — k)" 2" (A(h, 1)) = / atdy <c (/ |Vl dy)
A(h,r) B (x)

1*
= c(/ |Vu|dy)
A(k,r)\A(h,r)
1*/2 .
< ( / \Vu\%zy) (L7 (A, )\ Al r))
A(k,r)

for some ¢ = ¢(n). We can now exploit the De Giorgi property of u, namely the fact that

2 CBG(U) 2 2 2
/ Vul® dy < 5 / (u— k) dy < (M — k)’wpcho(u)r™
A(k,r) Bar(x)

r

in order to obtain
(h = k)2V (h, )" < cwnchg(w)(M — k)" 2(V (k,7) — V(h,7)). (3.50)

At this stage we can conclude the proof by applying (3.50) for h = k;y1 and k = k;, so
that

vV (ky,r)?" <Y V(K )
=1

< dewpche(u)r"? Z [V (ki,r) = V(kit1, 7))

< dewlcho(u)r 2,

O

Theorem 3.48 (C*“ regularity). Let Q@ C R"™ be open and let w € DG(S). Then u €
CY(Q;R), with 2a = —log, (1 —270F2) where

loc

no—1

v =clepg(u)] o1 (3.51)

forc=c(n) and 6 > 1 given by (3.48), the only positive solution to the quadratic equation
nh(0 —1) = 2.

Proof. Pick an R > 0 such that Byg(z) € Q and consider for any r» < R the functions
m(r) := essinfp, (z)(u) and M(r) := esssupp, (,)(u). Moreover, set w(r) = M(r) — m(r)
and u(r) := (m(r) + M(r)) /2. We apply the previous lemma to the sequence defined by
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k, = M(2r) — ‘;ﬁ? (so that kg = u(2r)), but to do this we need to check the hypothesis
(3.49), which means

2" ({u> p(20)} 1 B,(x)) < 527 (B, ().

However, it is certainly the case that either £"({u > pu(2r)} N B,(z)) < 3£™(B,(z)) or
ZL"({u < p(2r)} N B, (z)) < 1.2"(B,(x)). We will proceed assuming the first alternative
occurs, however the second case is analogous, provided we work with —u instead of w.
Notice that it is precisely here that we need the assumption that both v and —u belong
to DG (Q).

Using Lemma 3.47 it is easily seen that the choice of v as in (3.51), with ¢ = ¢(n) large
enough (and chosen so that v is a positive integer), provides

m,r))w—w? .

TTL

DO | —

(np(m)) [ ()] (

Moreover, notice that this choice of v has been made independently of r and R (this
is crucial for the validity of the scheme below). Now apply the maximum principle, as
encoded in Corollary 3.43, to u with radii /2 and r and hg = M (2r) — 3523 =k, (for the
previous choice of ) to obtain

V (o, r))<‘“>/2

TTL

M (5) < s Gt et )~

and, by the appropriate choice of v that has been described, we deduce

M <g> < ho + M(27“2) — hyo _ M(2r2)+h0 M) - w(2r)

ouv+2 '

If we subtract the essential minimum m(2r) and use m(r/2) > m(2r) we finally get

o () = wen (1 - 2V1+2)

which is the desired decay estimate. By the standard iteration argument, as per Lemma
3.12 with the obvious changes, we find

w(r) < 4% (R) (}%) 0<r<R
for 2a = —log, (1 — 2*(”2)) and the conclusion follows from Theorem 3.46. UJ
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4 Regularity for systems

In the last section of the previous chapter we presented De Giorgi’s regularity result for
solutions u € H(2;R) of the scalar elliptic problem

> 0p (A% () D yulx)) = 0
a,B

with bounded Borel coefficients A*? satisfying A\I < A < AI: we proved that in fact
u e COY(QR), with ¥ = 9(n, A, A).

It is natural to investigate similar regularity properties for systems, still under no
regularity assumption on A (for otherwise Schauder theory would be applicable). In [29],
dating back to 1968, Ennio De Giorgi provided a counterexample showing that the scalar
case is somewhat special: he obtained a surprisingly elementary example of a solution to
an elliptic problem, actually the unique minimizer of a convex variational problem, which
fails to be Hoélder continuous.

This is the object of the first section of this chapter, and we will then proceed from
there to the discussion of various partial regularity results for local minimizers of suitable

elliptic functionals.

4.1 De Giorgi’s counterexample to regularity for systems

When m = n, consider
u(z) = z|x|". (4.1)

We will prove (cf. equations (4.7), (4.8) and (4.9) below) that, choosing

n 1
T2 (1_ (2n—2)2+1>’ “2)

the function u is the unique solution of the Euler-Lagrange equation associated with the
uniformly convex functional

L(u) := %/1 [( (n —2 Z&“u +nZTT;8IJu ) ) + |Vu(x)|2] dr. (4.3)

If n > 3 then |u] ¢ L*°(By;R), because

n 1 3 1
_7:§<1_ (2n—2)2+1> 25(1_\/7) !

and this provides a counterexample not only to Holder regularity, but also to local boun-
dedness of solutions. In the case n = m = 2 we already know from Widman’s technique
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(see Remark 2.4) that any solution u to a uniformly elliptic problem in divergence form, as
per equation (2.1) with f = 0, F' = 0, is locally Holder continuous, nevertheless De Giorgi’s
example shows that this regularity cannot be improved to local Lipschitz continuity.
Let us remark that the matrix A(z) (that is uniquely characterized by the equation
u) = fBl 0B Aa’g( )0y, 'Oy v dx) is smooth away from the origin, where it has a
discontinuity determined by the term x @ x/|z|?.

Remark 4.1. In this sole section, for the sake of notational convenience, we employ
Latin letters to denote repeated indices in the domain and in the target space as exem-
plified above by the divergence operator which we wrote in the form Y. d,,u" in lieu of
Dai 620, u" as our general conventions would impose. This choice allows a substantial
simplification of the formulae we are about to present.

The Euler-Lagrange equations associated to (4.3) are as follows: for every h =1,...,n
it must be

0 = (n—2) xh(n—? Z&Ctu +nZTT; L ) (4.4)

s,t=1

- nzn:axk h’;ffj < Z@ztu +n Z “’5‘2 .U t)] (4.5)

s,t=1

We are now going to prove that u is the unique minimizer of £, with respect to
the boundary data coinciding with the values attained by w itself on 9By, and therefore
that u solves the Euler-Lagrange equations presented above. More precisely, we proceed
according to the following two steps:

(i) u, as defined by (4.1), belongs to C*°(B; \ {0};R™) and solves in By \ {0} the
Euler-Lagrange equations in the classical sense;

(i) w € H'(B1;R") and is also a weak solution in B; of the system in question.
Let us perform step (i). Fix h € {1,...,n}: using the elementary identity
Ony x| = yap|z~
we get at once Alx|" = y(n +v — 2)|z["~? and hence

A (zp|x]") = 2pAlz|Y + 20, 2] = (yn + ) zp|z) 2. (4.7)
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This is what we need to compute the third line in the above expression, cf. (4.6), for u
given by (4.1). Instead, concerning both (4.4) and (4.5) we have to calculate

Y Onut = s (w2l = (n )2l
t=1 t=1

and

- T - Tt
Z = |;8xsu = Z |2 L(yasmy a2 + Sylz?) = (v + 1))
s,t=

At that stage, it is readily checked that (4.4) is given by

(n—2)0 < Z@ztu —i—nz Lot tazsu> Y(n—2)[(n—2)(n+v)+n(y+1)]zp|z[" >

= (4.8)

In order to compute the term (4.5) we further need
D Ou (el 2) = (41 = Danla ™,
and then we can conclude

=n(n+7 - 1)[(n = 2)(n+7) +n(y + Dagla ™ . (4.9)

Combining together (4.7), (4.8) and (4.9), we see that u(z) = z|z|” solves the Euler-
Lagrange equation if and only if

n\ 2
(2n — 2)? <7+§> +yn++°=0,

which leads to the choice (4.2) of .

Let us now discuss step (ii), checking first that u € H'(By;R"). As |Vu(x)| ~ |z|?
and 2y > —n, it is easy to show that |Vu| € L?(B;;R). Moreover, for every ¢ €
C>(B; \ {0};R), by the classical integration by parts formula, we have that

/B Oy ' (2) () do = —/B u'(2)0,, () dx (4.10)

for any choice of the indices a and 7. Thanks to Lemma 4.2 below, we are allowed to
approximate in H'-norm every ¢ € C2°(By;R) with a sequence () C C®(By \ {0};R).
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Then we can pass to the limit in (4.10) (because |Vu| € L?*(B;;R)) to conclude that
indeed u € H'(B;;R"). Now, using the fact that the Euler-Lagrange equation holds in
the weak sense in B; \ {0} (because it holds in the classical sense), we have

/ Aaﬁ )Op ' ()0, () d = 0 (4.11)

o Byiyj

for every ¢ € C°(By \ {0}; R"). Using Lemma 4.2 again, we can extend (4.11) to every
p € CX(By;R"™), thus obtaining that u satisfies the equation in the weak sense over the
whole ball.

Finally, since the functional £ in (4.3) is convex, the Euler-Lagrange equation is sat-
isfied by u if and only if w is a minimizer of £(u) with boundary condition

u(z) =2 in 0B;.

Thus the function « is not only a solution of the Euler-Lagrange equation associated to
the functional £ defined by (4.3), but also a minimizer of the same functional for fixed
boundary data, as claimed.

Lemma 4.2. Let m > 1 and n > 2. For every ¢ € C°(By;R™) there exists a se-
quence (@) of functions belonging to C°(B; \ {0};R™) and converging to ¢ strongly in
Hl (Bl, Rm)

Proof. Consider 1) € C%°(R™; R) with ¢y = 1 on By, then rescale ¢ setting ¥ (z) := 1 (kz).
Set ¢r = @(1 — 1y); in the L*-topology we have ¢ — ¢ = @¢p — 0 and (V)i — 0.
Since

V(e —r) = (Vo) + Vi,

the claim follows from verifying that

/B ()| V()| dz — 0.
Indeed
| P@vn@Pd < e [ ok
< (sup )K" i V() de — 0,
thanks to the fact that n > 2. This completes the proof. O
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We conclude noticing that the restriction n > 3 in the proof of Lemma 4.2 is not really
needed. Indeed, when n = 2 we have

inf{ \Vip(x)|? dz . ¢ € C°(By;R), ¢ = 1 in a neighborhood of 0} =0. (412)
By

Let us prove (4.12): we first observe that

inf{/01r|af<r)\2dr : a(0) = 1, a(1) = o} 0,

because, for any v > 0, one can take a,(r) := 1 —r7, so that

1
/0 rla (r)|? dr = % 0.

Then, equation (4.12) is justified considering suitable approximations of a., for instance
min{1—7r7,1—~}/(1—~) and their mollifications (which are equal to 1 in a neighborhood
of 0).

In a more general perspective, let us recall that the p-capacity of a compact set K C R"
is defined by

inf {/ |IVo|Pdx : ¢ € C°(R™;R), ¢ =1 in a neighborhood of K}

and thus we proved that singletons have null 2-capacity in R™ for n > 2.

Using (4.12) to remove the point singularity also in the case n = 2, it follows that the
functional £ defined by (4.3) and its minimizer u defined by (4.1) with v = —(1 — 1/+/5)
are a counterexample to Lipschitz regularity of minimizers of uniformly convex variational
problems.

4.2 Partial regularity for systems: basic definitions and ancil-
lary results

As we have seen with De Giorgi’s counterexample, it is impossible to expect an “every-
where” regularity result for weak solutions to elliptic systems: however we can pursue a
different goal, a “partial” regularity result, namely we can aim at proving a suitable de-
gree of regularity of the solution away from a small singular set. This strategy dates back
to De Giorgi himself, and it was implemented for the first time in the study of minimal
surfaces, see [28].
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Definition 4.3 (Regular and singular sets). For a function u :  — R™ we call regular
set of u the set

Queg(u) :={z €Q: Ir >0 s.t. B(z) CQ andu € C" (B, (z);R™)}.
Correspondingly, the singular set is
E(u) == Q\ Queg(u).

Notice that the in previous definition we actually mean that € Q,e,(u) if the function
u has a C! representative in B, (z), consistently with the fact that we are always tacitly
working with equivalence classes. The set . (u) is then obviously the largest open subset
A of Q such that u coincides #"-a.e. in A with a C! function v.

Let us summarize here, specified for elliptic systems, some results that we have already
presented in the introductory discussion of Chapter 3:

(a) If we are looking at the problem from the variational point of view, studying lo-
cal minimizers v € Hyp (;R™) of v — [, L(Vv)dz, with L € 02(Rmm R) and
|V2L(p)| < A, we have shown that any such u satlsﬁes the Euler-Lagrange equations
associated with the functional in question. More precisely, if

// L(Vu(x))dx < // L(Vu(z))dx  Vovst {utv}eQ €,

then
Opo (Ope L(Vu)) =0 Vi=1,...,m.

(b) If V2L satisfies a uniform Legendre condition for some A > 0, following Nirenberg’s
argument (cf. Section 2.3) we have Vu € H} _(Q;R™*") and (by differentiation of
the Euler-Lagrange equations with respect to z)

3 0., ( gt LOV)OZ,, ) —0 Yi=1,...,my=1,...,n. (4.13)

a,B,j

To proceed further with our discussion, we first need to introduce an important con-
cept.

Definition 4.4 (Uniform quasiconvexity). A continuous function L : R™*" — R is said
to be A-uniformly quasiconver at A € R™*™ if, for all Q@ C R™ open and bounded, it holds

]{](L(A + V() — L(A)) dx > A ]{2 |Vl|? d Ve CX(;R™).

We say that L is A-uniformly quasiconvex if it is A-uniformly quasiconvex at every point
A e R,
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For A\ > 0 this is obviously a strengthening of the condition given in Definition 1.12.

Remark 4.5. Notice that L is A-uniformly quasiconvex if and only if L(p) — A|p|? is
quasiconvex. In this case, (V2L — 2\I) satisfies the Legendre-Hadamard condition with
parameter 0 or, equivalently, V2L satisfies the Legendre-Hadamard condition with pa-
rameter .

In this section we shall provide a fairly complete proof of the following result, following
with minor variants the original argument in [34].

Theorem 4.6 (Evans, [34]). If L € C*(R™*";R) is A-uniformly quasiconvex with A > 0
and satisfies
IV2L(p)| <A VpeR™™ (4.14)

for some A > 0, then any local minimizer u belongs to C*7 (Queg; R™) for some v =
y(n,m, A\, A) and
L (QN\ Qyeg) = 0.

At this stage we should point out that the growth condition (4.14) is a bit restrictive
if we want to allow certain standard examples of quasiconvex functions, e.g. convex
functions of determinants of minors of Vu. This issue arises, for instance, if one considers
the high-dimensional counterparts of the functional (considered for m = n = 2, and which
does satisfy the assumptions of Theorem 4.6)

L(Vu) := |Vul* + /1 + det(Vu)2,

namely generalizations of the form

L(Vu) == |Vul® + \/1 + Y (MVu)?,

where MVu denotes a 2 X 2 minor of Vu.

A more general growth condition considered in [34], and motivated by such examples,
is

VL) <c(1+[pl"?)  withg>2, (4.15)

which leads to the estimates |VL(p)| < ¢(1 + |p|?~!) and |L(p)| < c(1 + |p|?).

Before presenting the proof of Theorem 4.6, let us give a short list of significant
results concerning the regularity and the size of the singular set for local minimizers (in
H] ) of variational problems under the general assumptions that L € C?*(R™*";R) and

loc
|IV2L(p)| < A uniformly in the domain under consideration:
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(i) If VAL > M for some X\ > 0, then Giaquinta and Giusti (see [42] and [43]) proved
a much stronger estimate on the size of the singular set, namely (here 5#* denotes
the Hausdorff measure, see Appendix C)

A (B(u) =0 Ve >0.

(i) If V2L > X for some A > 0 and it is globally uniformly continuous, then we have
even "% (X(u)) = 0.

(iii) If, in the setting of Evans’ theorem, u is assumed to be locally Lipschitz (but with
no extra hypotheses on L besides the general ones), then Kristensen and Mingione
proved in [64] that there exists § > 0 such that

27 (S(u)) = 0.

(iv) On the contrary, when n = 2 and m = 3, there exists a Lipschitz solution u for
the system Y, 9, (Gpe L(Vu)) = 0, i = 1,2,3 (with L is smooth and satisfies the
Legendre-Hadamard condition), provided in [77], such that

Qreg(u) = 0.

This last result clarifies once and for all that partial regularity can be expected for
(local) minimizers only. We will see how local minimality (and not only the validity
of the Euler-Lagrange equations) plays a role in the proof of Evans’ result.

We will start with a decay lemma relative to constant coefficients operators.

Lemma 4.7. There exists a positive constant cg = cp(n,m,\,A) such that, for every
constant matriz A satisfying the Legendre-Hadamard condition with constant A as well as
the inequality |A| < A, any solution u € H'(B,(z); R™) of

> 00, (A0 w7) =0 i=1,....m in B() (4.16)
a,B,]
satisfies
FoVul) - (Ve dy < cp? { [Vuly) — (Vi Pdy Vo€ (0.1)
Bar(z) By (x)

Proof.  First of all, let us observe that A = A%’B being constant one can prove that in
fact uw € H*(B,(x); R™) and each of its partial derivatives satisfies equation (4.16).
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That being said, as a consequence of what we showed in Section 2.4 about decay
estimates for systems with constant coefficients, considering (2.17) with p = ar and
a < 1, we have that

ar

n+2
/ V() = (V) dy < e (2 / Vuly) = (Vu)e, [Pdy.  (4.17)
Bar(x) r By (z)

It is enough to consider the mean of (4.17), so that

][ Va(y) — (Vi) a2 dy < cpa? ][ Vuly) — (V). dy.
Bar(z)

By ()

0

Definition 4.8 (Excess). For any function u € H}}

oc (S R™) and any ball B,(z) € Q) the
excess of u in B,(x) is defined by

1/2
Exc (u, By(x)) = ( f Ivul) - <w>x,p\2dy) .

When we consider functions L satisfying the more general growth condition (4.15),
then we should modify the definition of excess as follows, see [34]:

Exc (u, B,(z))* = ]{9 . (1+ |Vauly) — (Vu)e,|72) [Vu(y) — (Vu),,|?* dy.

However, in our presentation we will only cover the case ¢ = 2.

Remark 4.9 (Properties of the excess). We list here the basic properties of the excess,
they are trivial to check.

(i) Any additive perturbation by an affine function p(x) does not change the excess,
that is
Exc (u +p, By(x)) = Exc (u, B,(x)) .

(ii) The excess is positively 1-homogeneous, that is for any number A > 0

Exc (Au, B,(x)) = AExc (u, B,(x)) .

(iii) We have the following scaling property: said u'?)(x) = u(pz) then
u®

Exc (7, Bl(0)> — Exc (u, B,(0)) .
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Remark 4.10. The name “excess” is inspired by De Giorgi’s theory of minimal surfaces,
as proposed in [27] and [28], see also [46] for a modern presentation. The excess of a set
E at a point is defined (for sufficiently regular sets) by

Exc (E, B,(z)) := ][ ve(y) — ve(@)|* a2 (y),

B,(z)NOE

where vg is the inner normal of the set £. The correspondence between Exc (u, B,(z))
and Exc (E, B,(x)) is easily described assuming the set 0F to be, in a neighborhood of
x, the graph of a function u in a coordinate system where Vu(z') = 0 for x = (2/, x,).
Indeed, the identity vp = (—Vu,1)//1 + |Vu|? and the area formula for graphs give

[ ) =l g =2 [ (VI+Vala)F - 1) dz
B, (2)NOE 7(B,(x)NOE)
N/ Vu(z)|? dz,
m(Bp(x)NOE)

where 7(B,(z) NOE) denotes the projection of the B,(x) NOE on the tangent hyperplane
to E at x, which is a horizontal plane in the coordinate system that we have chosen.

The main ingredient in the proof of Evans’ theorem is the decay property of the
excess: there exists a critical threshold such that, if the excess in a given ball is below the
threshold, then decay occurs at all smaller scales.

Theorem 4.11 (Excess decay). Let L be as in Theorem 4.6. For every M > 0 and all
a € (0,1/4) there exists eg = eo(n, m, A\, A, M, ) > 0 satisfying the following implication.:
if

(a) we H' (B,(z);R™) is a local minimizer in B,(z) of v [ L(Vv)dz,

(b) [(Vt)er| < M,

(¢) Exc(u, B.(z)) < &0,
then

Exc (u, Bar (7)) < cpxea Exc (u, B,(x))

with cpxe depending only on n,m, X\ and A. When V2L is uniformly continuous, condition
(b) is not needed for the validity of the implication and ey can be taken independent of M
(even though it will depend on the modulus of continuity of V2L).

Proof. We choose cgy. in such a way that 16cpcprrcorn < C%XC, where cg is the
constant appearing in the statement of Lemma 4.7, cp; is the constant in the Poincaré
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inequality for functions having null mean value (Theorem A.16) and c¢p, v is the constant
of Proposition 4.12 below.

The proof we are about to present proceeds by contradiction, assuming that the state-
ment fails for some a and M (for simplicity we keep L fixed in the contradiction argu-
ment, but a slightly more complex proof would give the stronger result): in step 2 we
will normalize the excesses, obtaining functions wy with Exc (wg, B4(0)) > cgxca while
Exc (wy, B1(0)) = 1. Each wy, is a solution of

On

[e7

We will then see in step 3 that, taking the limit as & — oo, any limit point w., with
respect to the weak H! topology solves a limit equation of the form

Z' 0,. <0p?p§aL(poo)8xﬂwgo> —0 i=1,...,m

Using Lemma 4.7 in combination with Proposition 4.12 we will then reach the contradic-
tion.

Step 1. By contradiction, we have M > 0, « € (0,1/4) and local minimizers uy : @ — R™
in B,, (z;) with
er = Exc (ug, By, (zx)) — 0

satisfying
(Vg )a | < M (4.18)

but
Exc (ug, Bar, (Tk)) > Crxe Exc (ug, By, (Tk)) VkeN.

Step 2. Suitably rescaling and translating the functions uy, we can assume that x = 0,
r, = 1 and (ug)o1 = 0 for all k. Setting pi := (Vug)o1, the hypothesis (4.18) gives, up to
subsequences,

Pk — Poo € R™X™, (4.19)

In the case when V2L is uniformly continuous no uniform bound on py, is assumed and
we shall replace (4.19) with

V2L(py) = As € R X (4.20)

Notice that (4.20) holds under (4.19), simply with Ay, = V2L(ps,). Furthermore, observe
that in either case A, satisfies a Legendre-Hadamard condition with constant A\ and
[ Aso] < A.

We do a second translation in order to annihilate the mean of the gradients of mini-
mizers: let us define

vg(x) == ug(x) — pr,
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so that (vg)o1 = 0 and (Vug)o1 = 0. According to property (i) of Remark 4.9 the excess
does not change, so still
Exc (vg, By) = e, — 0

and
Exc (vg, Ba) > CExcQ €k

Notice that the rescaled function vy minimizes the integral functional associated to

p > L(p+pr) — L(pr) — VL(pk)p-

In order to get some contradiction, our aim is to find a “limit problem” whose solutions
satisfy a suitable decay property. To that scope let us define

W ‘= — k € N.
Ek

It is trivial to check that (wy)p, = (Vwyg)p, = 0, moreover

Exc (wg, By) =1 and Exc (wk, Ba) > CuxcQ. (4.21)

A key point for the sequel of the proof is to notice that wy, is a local minimizer of the map
v [ Li(Vv) dx, where

Li(p) == é [L(erp + pr) — L(pe) — VL(pr)erp) -

Step 3. We now study both the limit of L, and the limit of wy, as £k — oco. Since
Li, € C?*(R™ ™, R), by Taylor expansion we are able to identify a limit Lagrangian, given

by
1

Loo(p) = §<Aoop,p>,

to which Ly(p) converges uniformly on compact subsets of R™*™. Indeed, this is clear
with A, = V2L(ps) in the case when p, — puo; however it is still true with A, given
by (4.20) when V2L is uniformly continuous, writing Ly (p) = 1(V?L(py, + 0cp)p, p) with
0=0(k,p) e (0,1).

Once we have the limit problem defined by L., we drive our attention to wy: it is
a bounded sequence in H'(Bj;R™) because the excesses are constant, so by Rellich’s
compactness theorem (cf. Theorem A.13) we have that (possibly extracting one more
subsequence)

Wy — Weo in L*(B1;R™), Vwg — Vws  in L*(By; R™™).
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The analysis of the limit problem now requires the verification that w,, solves the Euler-
Lagrange equation associated to L..: to that scope we just need to pass to the limit in
the Euler-Lagrange equation satisfied by wy, namely

Z/ (Opa L(pr, + xVwg(2)) — Opa L(pr)) Opup'(x)dz =0 Vo € CF(By; R™).

Writing the difference quotient of VL by means of the mean value theorem and ex-
ploiting the fact that V2L(py) — As we obtain

/ (A Voo (), Vo(x))de =0 Vo e CF(B; R™), (4.22)
By
provided we show that (here 8 = 6(z, a4, k) € (0,1))

lim Z / ‘8 o [3[/ P + H&thwk) (Aoo)io‘jﬁ dx = 0.

k—o0
a,B,1,j
This can be obtained splitting the integral into regions given by {|Vwy| < ¢} and {|Vwy| >
c}, with ¢ fixed. The first contribution goes to zero, thanks to the convergence of py to peo
or, when pj, is possibly unbounded, thanks to the uniform continuity of V2L. The second
contribution tends to 0 as L 1 oo uniformly in k, since |V2L| < A and the L?>-norm of
Vwy, is uniformly bounded by virtue of the fact that Exc (wg, By) = 1 for any k.

Step 4. Equality (4.22) means that
Z aza <<A aﬁa"tﬁw‘éo) - O, Z = 17 e ’m
a7ﬁ7j

in a weak sense: since the equation has constant coefficients we can then apply Lemma 4.7
to get

][ Voo (7) — (Voo )o2a|* dz < depa’ Ve (z) > do < depa’. (4.23)
Baa B

On the other hand, using Proposition 4.12 below (with L = L, where we shall notice
that still [V2L;| < A and that the functions Lj, are uniformly A-quasiconvex) we get

2 ¢
e < (Exc (wy, By))™ < 2LQ’N ]{3 lwi(z) = (Wk)o2a — (Vwk)o2a|” d,
2

hence passing to the limit as k — oo gives

2
—Bxe (4 < ][ |Weo () — (Woo)0,20 — (Vwoo)072aa7|2 dx.
CCL,N BQa
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However, the Poincaré inequality and (4.23) give

][ [Weo () — (Woo)0,20 — (Vwoo)o,goéﬂ2 dr < 40p7[1a2 ][ |Vwe () — (vwoo)O,2a|2 dx
BQa

Baqa
< 16Cp’[[CECY4.

Taking into account our definition of cgy. we have reached a contradiction. O

The following proposition can be considered as a nonlinear Caccioppoli inequality. It
can be derived without using the Euler-Lagrange equation (which would not help) and
exploiting the minimality instead.

Proposition 4.12 (Caccioppoli inequality for minimizers). There exists cop y = con.n (A, A)
such that, if L is A-uniformly quasiconvezr with |V?L| < A and if u is a local minimizer
in €2, then

][ |Vu — A|* dz < CCLQ’N ][ lu—a— A(z — x0)|* do
Br(xo) BQ’I‘(IO)

r

for all balls Bay,(xo) € 2, all A € R™™ and a € R™.

Proof. By translation invariance, both with respect to the domain and the target, we can
assume a = 0, zg = 0. Let r <t < s < 2r and let ( € CX(By;R) with ( = 1 on By,
0 <(¢<1and |V(| <2(s—t). We exploit the functions (,1 — { to define suitable cutoff
versions of u — Az, specifically we set ¢ = ((u — Ax), » = (1 — {)(u — Ax). Hence, the
equation ¢ + ¢ = u — Ax gives

Vo + Vi =Vu— A.

From the A-uniform quasiconvexity we get

/L(A)Jr)\\Vqﬁlzd:c < /L(A+V<b)da:

S S

= / L(Vu — V) dx (4.24)

s

< / L(Vu) = VL(Va) Vi + | V|2 da,

S

with ¢ = ¢(A). On the other hand, since u is a local minimum, we have

/L(Vu)dx < /L(Vu—V¢)d:v

S S

- / L(A + V) dx (4.25)

E]

< /L(A)+VL(A)Vw+clvw]2d:c.

S
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Combining (4.24) with (4.25) we get
/ Vol do < / IVL(A) — VL(Vu)||[VY| + ¢| Vi |? d,
so that (recalling that ( =1 and ¥y =0 on B;)

|Vu—A|2dx§c/ |Vu — A||VY| + | V| de,

Bt Bs\Bt

with ¢ = ¢(\, A).
Now, since |V¢| < |Vu — A| + 2ju — Az|/(s — t), we get

]Vu—A\zdxgc/

C
Vu—A|2dx—|——/ w— Az|? de
B\B: | (s = 1)% Jp.\5, | |

By

for some new constant ¢ = ¢(\, A) and we apply the hole-filling technique to derive

|Vu — AP dr < 9/ |Vu—A]2dx+L/ lu — Az|? dx

B B, (s =1)* Jp,,

with @ = ¢/(c+1) < 1. At this point, since the inequality is true for all r <t < s <2r a
standard iteration scheme gives the result. Indeed, let 7 € (0,1) with § < 72 and define
t; = (1 —79/2)2r, so that to = r, t; 1 2r and ;41 — t; = r(1 — 7)7°. It is clear that one
can choose the constant 7 depending on A\, A only. By iteration of the inequality

2 2 ¢ —2i 2
/Bt;|Vu—A\ de <0 |Vu— A dx—l—mT /Bzr|u—Ax| dx

BtH»l
we get
N-1
/ Vu— AP dz < GN/ Vu—APde + ———= ) (0/7°) / lu — Az|? dz
B, Biy r’(1—r) i—o Ba,
< eN/ Vu — Al dz + o / lu— Az[*d
u— x u— Az|”dx

B Ba, r2(1=71)%(7* = 0) Jp,,

for any integer N > 1. Letting N — oo we obtain the result. O]

4.3 Partial regularity for systems: .Z" (X(u)) =0

After having proven Theorem 4.11 about the decay of the excess, we will see how it can
be used to prove partial regularity results for systems, starting with Theorem 4.6.

We briefly recall that (.., (u) denotes the largest open set contained in 2 where u :
Q — R™ admits a C' representative, while X(u) := Q \ Qeg(u). Our aim, in the next
two sections, is to show that for a locally minimizing solution of an elliptic system the
following facts hold:
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° Z“(E(u)) = 0;

o "3 (S(u)) = 0 for all € > 0 in the uniformly convex case and "% (X(u)) = 0
if V2L is also uniformly continuous.

In order to exploit Theorem 4.11 and prove that £" (E(u)) = 0, we fix once for all
the constant a € (0,1/4) in such a way that cgxcav < 1/2 (recall that cgy depends only
on the dimensions and on the ellipticity constants). Then, we fix M > 0, so that there
is an associated g9 = eg(n, m, A, A, M) for which the decay property of the excess applies
and the excess itself is halved when passing from the scale r to the scale ar.

Definition 4.13. We shall set
Qu(u) == {z € Q: IB,(z) € Q with |(Vu),,| < M/2 and Exc (u, B.(z)) < &1}

where €1 satisfies
2%, < g (4.26)

and
(2% +2(2/a)"?)e, < M/2. (4.27)

Remark 4.14. Let us remark that the set Qj,(u) C € is open by definition. Moreover,
by the Lebesgue approximate continuity theorem (see, for instance, Section 1.3) it is easy
to see that

L ({|Vu| < M/2}\ Qp(u)) = 0. (4.28)

Moreover, using (4.28) together with the fact that (by definition of local minimizer)
u € H (Q;R™), we obtain that

loc

Zn (Q\ U QM(u)> =" (Q\ L {Ivul < M/2}) = 0. (4.29)

MeN MeN

By the previous remark, if we are able to prove that
Qur(u) C Qpeg(u) VM >0, (4.30)

we obtain Z" (X(u)) = 0. So, the rest of this section is devoted to the proof of the
inclusion above, with M fixed.

Proof. Fix x € Qp(u): according to Definition 4.13 there exists r > 0 such that B,(x) €
Q, [(Vu)p, ()| < M/2 and Exc (u, B.(x)) < 1. We prove that

Bys(2) C Qregu).

To this scope, let us fix y € B, /2(x).
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Step 1. Thanks to our choice of &1 (see equation (4.26) in Definition 4.13) we have

1/2
Exc (u, Br/g(y)) = (é " |Vu(z) — (Vu)w/2|2 dz)
/2 Y

1/2
<][ |Vu(z) — (Vu)x,r\2 dz)
Br/2(y)

1/2
< 2 (][ !Vu<z>—<w>x,r\2d2) = 2"%Exc (u, B ()) < &
By (z)

IA

so, momentarily ignoring the hypothesis that [(Vu)p, )| should be bounded by M (we
are postponing this to Step 2 of this proof), Theorem 4.11 gives tout court

1
Exc ('U,, BT/Q(Zl)) < 5€0s

Exc (u, Barj2(y)) < 2

N | —

thus, just iterating Theorem 4.11, we get
Exc (u, Bakr/Q(y)) < 27"Exc (u, BT/Q(y)) . (4.31)

As we have often seen through these notes, we can then apply an interpolation argument
to a sequence of radii with ratio « to obtain, for every p € (0,7/2] and every y € B, »(x),
that

Bxc(u B,0) < a7 (L) e (1 B) < a2 (L) <

where we have set ;1 = (logy(1/a))”". We conclude that the components of Vu belong to
the Campanato space L*"72#(B, jo(x); R™*™) and hence, invoking Theorem 3.9, u belongs
to C1#(B,jo(x); R™) which proves the inclusion B, /3(2) C Qyeg(u).

Step 2. Now that we have explained how the proof runs through the iterative application
of Theorem 4.11, we deal with the initially neglected hypothesis, that is [(Vu),, /2| < M
and, at each subsequent step, |(Vu), 4k, /2| < M. Observe that in Step 1 of this proof we
never used (4.27).

Since x € Qy/(u) and r fulfills Definition 4.13, for the first step it is sufficient to use the
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triangle inequality in (4.32) and Holder’s inequality in (4.33): in fact we can estimate

|(vu)yﬂ/2‘ = » (Vu(z) = (Vu)eyr) dz + (Vu)g,
Br/2 Yy
< ][ Vu(z) = (Va)a, | d= + | (V). | (4.32)
r/2(Y)
2n

_ / Vu(z) = (Vi) | dz + | (Vi) |
r/2(Y)

WpT™
1/2

< o2 ( ][ ’ )yvu(z) — (V)| dz) + (V) oy | (4.33)

so that we can conclude
(V)yr 2| < 2%Exce (u, Bo(z)) + [(Vt)sy, | < 2% + M/2 < M. (4.34)

We now show inductively that, for every integer k£ > 1,

k—1
akr/2| > / .
(V) aerja| < MJ2+ (2”/2 (2/a)"?> 2 > (4.35)
7=0

If we recall (4.27), it is clear that (4.35) implies
(V) airp] <M VE>1.

The case k = 1 follows directly from (4.34), because, estimating as in (4.32) and (4.33),
we immediately get

|(Vu)ym/2| < ][ ‘Vu(z) — (Vu)w/g! dz + ‘(Vu)w/2|

Bar/Q(y)
< a™"?Exc (u B2y ) + ‘ (Vu) yr/2’
< 20 2e) 4 M2 4 M2

We shall now prove equation (4.35) for (k + 1), given the earlier inductive steps. With
the same procedure, we estimate again

IN

|(Vt)y 12| ][ (Vu(z) = (V) airja| dz + [(V1), gk o)
B kt1,,5(Y)
< ain/QEXC (U,, Ba’“r/? (y)) + |(Vu)y akr/2‘

k—1
< a P Re L M2 46 (2”/2 (2/a)"?> 2 J> (4.36)
7=0
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where (4.36) is obtained combining the estimate on the excess (4.31) with the inductive
hypothesis (4.35). A straightforward rearrangement of the terms leads to the conclusion.
O

4.4 Partial regularity for systems: 57" 2% (X(u)) =0

We are now ready to show that, if L € C?*(R™*";R) satisfies the Legendre condition for
some A > 0 as well as

IVEL(p)| SA<+o0  VpeR™™,
then we have a stronger upper bound on the size of the singular set, namely
AT (B(u)) =0 Ve >0, (4.37)

where we have set, as usual, X(u) := Q\ Qg(u). To this scope, we will make use of
Proposition C.7.

Let us remark that, in comparison with Theorem 4.6, we have slightly but signifi-
cantly changed the properties of the system, replacing the weaker hypothesis of uniform
quasiconvexity with the Legendre condition for some positive A (i.e. uniform convexity).
In fact, thanks to the Legendre condition the sequence of difference quotients Ay, (Vu)
satisfies an equielliptic family of systems. Then, via Caccioppoli-Leray inequality 2.1 the
sequence Ay (Vu) is uniformly bounded in L2 .. The existence of second derivatives in
L2 is useful to estimate the size of the singular set. We will also obtain a stronger version
of (4.37) for systems in which V2L is uniformly continuous, see Corollary 4.17.

As for the strategy: in Proposition 4.15 we are going to split the singular set ¥ (u)
in two other sets, ¥;(u) and ¥s(u), and then we are going to estimate separately the
Hausdorff measure of each of them with the aid of Proposition 4.16 and Theorem 4.19,
respectively.

Proposition 4.15. Consider, as above, a variational problem defined by L € C?(R™*™; R)
with |V2L| < A, satisfying the Legendre condition for some A > 0. Ifu is a local minimizer
of such a problem, define the sets

Yi(u) = {x € Q: limsup 7‘2_”/ |V2u(y) | dy > O}
B (x)

r—0

and

r—0

Yo(u) := {:v € Q: limsup [(Vu),,| = +oo} .

Then X(u) C Xi(u) U Xo(u). If, in addition, V*L is uniformly continuous, we have
Y(u) C Xy (u).
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Proof. Fix x € Q such that x ¢ 3 (u) U Xo(u), then

e there exists M; < 400 such that ‘(Vu)m‘ < M, for arbitrarily small radii » > 0;

e thanks to the Poincaré inequality, Theorem A.16,

Exc (u, Br(x))2 < CP’HTZ_TL/ |V2u(y)]2 dy — 0.
By (x)

Thus, for some M = M(My,n,m,\,A) > 0, we have that « € Qp/(u), where Qp(u)
has been specified in Definition 4.13, and hence Qp;(u) C € due to the argument we
presented in the proof of Theorem 4.6.

The second part of the statement can be proven noticing that, in the case when V2L
is uniformly continuous, no bound on |(Vu), | is needed in the theorem concerning the
decay of the excess, and hence also in the characterization of the regular set. 0

Proposition 4.16. If u € HE (;R™), we have that
A2 (51 (u)) = 0.

Proof. We shall employ Proposition C.7 for the absolutely continuous measure defined by
p = |V?u|>£™. Obviously, we choose k = (n — 2) and we have that p vanishes on sets
with finite #" 2-measure. The conclusion follows once we observe that

S (u) = D {xe Q: hmsupm > 1}.

r—0 Wpot™"2 " v

Thanks to the second part of the statement of Proposition 4.15 we get:

Corollary 4.17. If we add the uniform continuity of V2L to the hypotheses of Proposi-
tion 4.16, we can conclude that

A% (B(u)) = 0. (4.38)

The estimate on the Hausdorff measure of 35 (u) is a bit more delicate and goes through
the estimate of the Hausdorff measure of the so-called approrimate discontinuity set S,
of a function v.

Definition 4.18. Given a function v € LL _(Q;R?), we set

loc

Q\SU::{:EGQZHZERdS.t. lim |v(y)—z|dy:0}.
™0 B, (@)

When such a z exists, it is unique and we will call it approximate limit of v at the point
x.
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Here is the general result in question:
Theorem 4.19. Ifv € WHP(Q;RY), 1 < p <mn, then
HTPTE(S,) =0 Ve>0.

Notice that the statement is trivial (i.e. S, = ) in the case p > n, by the Sobolev
embedding Theorem 2.6. On the other hand, as p increases from 1 to n, the Hausdorff
dimension of the approximate discontinuity set moves from n — 1 to 0.

Applying this theorem to v = Vu € H(Q; R™*"), for p = 2, we come to the conclusion
that 5" 2%¢ (Zy(u)) = 0 for all € > 0.

Let us now proceed with the proof of Theorem 4.19.

Proof. For the sake of simplicity, we present the proof of this result in the scalar case,
namely when d = 1.
Step 1. Fix 0 < n < p, we observe that

p
|Va,p — V| < / t”/ |Vu(y)| dy dt. (4.39)
n Bi(x)
The proof of this inequality is straightforward when v is C*:

‘me — vw,n‘ = ‘]{3 (v(z + pz) —v(z +n2)) dz} = |]{3 /p<Vv(:1: +tz),2)dt dz‘

p p
< ][ / |Vo(z+tz)|dtdz = / t_”/ (Vou(y)| dy dt.
By Jnq n Bi(x)

and follows, for v € W1P(Q;R?), by a direct approximation argument in (4.39).
Now, suppose that x is a point for which th(x) |Vo(y)| dy = o(t"1¢) for some € > 0,

then it is also true that p~(~1) pr($) |Vu(y)|dy — 0 and the map r — v, , admits a limit

z as 7 — 0 because it is a Cauchy sequence. This key claim relies on (4.39). At that
stage, thanks to the Poincaré inequality (Theorem A.16)

][ [0(y) = varldy < cpm 7“_(”_1)/ [Vo(y)| dy %0,
By (x) B.(s)

therefore
F 1ot <y o,
Br(z)

that is to say, = ¢ S,. Hence, this discussion implies that, for all £ > 0,
Q\S, D {a: eN: / Vo(y)| dy = 0(t"‘1+5)} : (4.40)
Bt(:E)
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Step 2. In order to refine (4.40) suppose, that
| vetmpdy= o)
Bi(z)
for some € > 0. Then, by Holder’s inequality,
| IVeldy < oy — o),
Bi(x)

For this reason we can deduce from (4.40) the inclusion

Q\ S, D {$ eN: / Vo(y)|P dy = o(t”_p+5)} Ve > 0. (4.41)
Bt(Z)

In view of Proposition C.7, arguing as we have done above for the set >, the comple-
ment of the set {z € : th(x) IVou(y)|P dy = o(t"P*¢)} is A" P+e-negligible, hence the
approximate discontinuity set S, is " P*-negligible, too.

O

Remark 4.20. In the case p = 1 it is even possible to prove that S, is o-finite with
respect to J#" !, so the quantitative description of the approximate discontinuity set
with the scale of Hausdorff measures is sharp. On the contrary, in the case p > 1 the right
scale for the quantitative description of the approximate discontinuity set are provided
by the so-called capacities (see [98]).
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5 Viscosity solutions

In this section we want to present the notion of viscosity solution for equations having
the general form

E(z,u(z), Vu(r), V?u(z)) = 0. (5.1)

The idea behind this approach is a second-order comparison principle, which makes it
suitable for dealing with both elliptic and parabolic problems. Consistently with this
goal, we shall assume u to be defined on some locally compact domain A C R", so that
we require every point in the domain A to have a compact neighborhood. This topological
assumption is actually very useful, as it allows to deal at the same time with open and
closed domains, as well as with domains of the form R"~! x [0, o), which typically occur
in the study of parabolic problems.

For a survey on viscosity solutions see [22], while we refer to reader to [16] for a
thorough treatment of fully nonlinear elliptic equations.

5.1 Basic definitions

We first need to recall two classical ways to regularize a function.

Definition 5.1 (us.c. and ls.c. regularizations). Let A" C A be a dense subset and
u: A" = R. We define its upper regularization u* on A by means of one of the following
three equivalent formulae:

(i) u*(x) :=sup {limsupy, u(xy) : (zp) C A, z, — x};
(ii) u*(x) :=inf,~ {supBr(I)mA, u};
(11i) u*(x) :=inf {v(x) : v is upper semi-continuous and v > u}.
Similarly we can define the lower regularization u, by:
(i’) ui(x) :=inf {liminf, u(xp) : (z,) C A, z, — x};
(it)) u.(z) := sup,-q {infp, (@)nar u};
(113°) u.(x) :=sup{v(z) : v is lower semi-continuous and v < u}.
The lower regularization is also characterized by the identity u, = —(—u)*.

Remark 5.2. One clearly has the pointwise inequalities u, < u < u* on the subset where
u is defined. Moreover, u is continuous at a point z € A (or, more precisely, it has a
continuous extension in case x € A\ A') if and only if u.(x) = u(x) = u*(x).
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We now assume that £: L C A x R x R" x Sym™*" — R, with L dense. Here and in
the sequel we denote by Sym™*" the space of symmetric n X n matrices over R.

Definition 5.3 (Subsolution). A function u : A — R is a subsolution for the equation
(5.1) (and we shall write E < 0) if the two following conditions hold:

(a) the upper semi-continuous regularization u* is a real-valued function,
(b) for any x € A, if ¢ : R" = R is C° and u* — p|a has a local mazimum at x, then

E,(z,u*(x),Vo(zr), Vip(x)) <0 . (5.2)

It is obvious from the definition that the property of being a subsolution is invariant
under u.s.c. regularization, i.e. u is a subsolution if and only if u* is a subsolution, too.

The geometric idea behind this definition is to use a local comparison principle, since
assuming that u* — ¢ has a maximum at z implies, if u is smooth, that Vu*(z) =
Vo(z) and V2u*(z) < VZp(z) (as bilinear forms). This should be compared to the
theory of distributions (hence to the classical study of weak solutions to partial differential
equations), where integration by parts is exploited to the scope of transferring derivatives
from wu to the test function ¢.

Similarly, we give the following:

Definition 5.4 (Supersolution). A function u : A — R is a supersolution for the equation
(5.1) (and we shall write E > 0) if the two following conditions hold:

(a) the lower semi-continuous u, is a real-valued function;

(b) for any x € A, if p: R" = R is C* and u, — ¢|a has a local minimum at x, then
E* (2, u.(2), Vip(z), V2p(a)) > 0. (5.3)

Combining the two definitions above, we introduce the following one:

Definition 5.5. A function u: A — R is a viscosity solution of the equation (5.1) (and
we shall write E = 0) if it is both a subsolution and a supersolution.

The notion of viscosity solutions was introduced by Evans in [35], but the phrase
“viscosity solution” is due to Crandall and Lions [23] (see also [21] for first-order problems
and the following [22] and [57] for second-order problems, as in our case).

Remark 5.6. Without loss of generality, we can always assume in the definition of sub-
solution that the value of the local maximum is zero, that is u*(x) — ¢(x) = 0. This is
true because the test function ¢ is arbitrary and the value of ¢ at x does not appear in
(5.2). Also, possibly subtracting |y — z|* to ¢ (so that first and second derivatives of ¢ at
x remain unchanged), we can assume with no loss of generality that the local maximum
is strict. Analogous remarks hold for supersolutions.
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Remark 5.7. A trivial example of viscosity solution is given by the Dirichlet function xq
on R, which is easily seen to be a solution to the equation v’ = 0 in the sense above. This
example shows that some continuity assumption is needed, in order to hope for reasonable
existence and uniqueness results.

Remark 5.8. Rather surprisingly, a solution of £ = 0 in the viscosity sense does not
necessarily solve —FE = 0 in the viscosity sense. To display this phenomenon, consider
the equation defined by

E(z,u(x), u'(z),u"(r)) = |[u'(z)| -1,

as well as
—E(z, u(x),u'(z),u"(x)) = 1 — [u'(z)].

We will prove later (as an application of Theorem 5.12) that the Lipschitz function f(t) =
min {1 —¢,1 + ¢}, that is easily seen to be a supersolution of the first problem, is actually
a solution thereof, while it is not even a subsolution for the second one, since choosing
¢ = 1 leads to violate the condition 1 — |¢'(0)| < 0, corresponding to (5.2). We have
instead the following parity properties:

(a) Let E be odd in the triple (u,p,S). If u satisfies £ < 0, then —u satisfies £ > 0.

(b) Let E be even in the triple (u,p,S). If u satisfies £ < 0, then —u satisfies —FE > 0.

We now spend some words on two ways of simplifying the conditions that need to be
checked in order prove that a certain function is indeed a subsolution or a supersolution
of a given equation of the type considered above. For the sake of definiteness, we will
explicitly refer to the case of subsolutions, leaving the obvious variations needed when
dealing with supersolutions to the reader.

We have already seen in Remark 5.6 that one can assume without loss of generality
that u* — ¢ has a strict local maximum, equal to 0, at x. We further claim that one can
also work, equivalently, with the larger class of C? functions ¢, in a neighborhood of .
One implication is trivial, so let us discuss the converse one. Let then ¢ € C? and assume
u*(y) — p(y) <0 for y € B,(z), with equality only when y = x. By employing suitable
mollifiers, we can build a sequence () in C*°(B,(z); R) with ¢, — ¢ in C?(B,(z);R).
Let then z;, be a maximum in B, () of the function u* — . Since y; — ¢ uniformly,
it is easy to see that any limit point of (x)) has to be a maximum for u* — ¢, hence it
must be x; in addition the convergence of the maximal values yields u*(xy) — u*(x). The
subsolution property, applied with ¢y at xy, gives

E.(zp, u (), Vor(zr), Vir(zy)) <0
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and we can now let k& — oo and use the lower semicontinuity of F, to prove our claim.
Actually, it is rather easy now to see that the subsolution property at x € A is also
equivalent to the conditions

E.(z,u"(2),p,5) <0 ¥ (p,5) € Jfu'(x)
where J; u* is the second-order superjet of u, namely the set
Ju(x) = {(p,S) : ' (y) <uw(2) + (p,y —2) + 5(S(y — ),y —x) +o(ly —z|*)}.

Indeed, let P(y) := u*(z)+ (p,y—x)+5(S(y—x), y—x), so that u*(y) < P(y)+o(ly—=z|?),
with equality when y = z. For any € > 0 we have u*(y) < P(y)+¢|y — x| on a sufficiently
small neighborhood of = with equality at y = x, thus we can apply (5.2) to this smooth
function to get

E, (z,u*(x),p,S + 2el)= E,(x,u*(x), VP(x), V?P(z) + 2c1)< 0

and by lower semicontinuity of E, we can let ¢ — 0 and prove the claim. Of course, if we
are dealing with first-order equations, only the first-order superjet is needed.

Remark 5.9. After these preliminary remarks, it should be clear that this theory, despite
its elegance, has two main restrictions: on the one hand it is only suited to first or
second-order equations (since no information on third derivatives can be obtained via
local comparison), on the other hand this approach cannot be generalized to the case of
systems.

5.2 Viscosity versus classical solutions

We first observe that a classical solution is not always a viscosity solution. To see this,
consider on R the problem u” —2 = 0. The function f(t) = * is clearly a classical solution,
but it is not a viscosity solution, because it is not even a viscosity supersolution (choose
¢ = 0 and observe that equation (5.2) is patently violated at the origin).

Since we can always take u = ¢ if u is at least C?, the following theorem is trivial:

Theorem 5.10 (C? viscosity solutions are classical solutions). Let  C R"™ be open,
u € C?*(Q;R) and E be continuous. If u is a viscosity solution of (5.1) on Q, then it is
also a classical solution of the same problem.

The converse holds if S — E,(z,u,p,S) and S — E*(x,u,p,S) are non-increasing in
Sym"™*":

Theorem 5.11 (Classical solutions are viscosity solutions). If u is a classical subsolution
(resp. supersolution) of (5.1), then it is also a viscosity subsolution (resp. supersolu-
tion) of the same problem whenever E.(x,u,p,-) (resp. E*(z,u,p,)) is non-increasing in
Sym"™*".
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Proof. ~ We just study the case of subsolutions. For a test function ¢, if u — ¢ has a
local maximum at a point x then we know by elementary calculus that Vu(x) = V()
and V?u(z) < V2p(z) and, by definition, E,(z,u(z), Vu(z), V2u(z)) < 0. Consequently,
exploiting our monotonicity assumption we obtain E,(x,u(x), Vo(z), VZp(x)) < 0 and
the conclusion follows. O

Before going further, we need to spend some words on conventions. First of all, it
should be clear that this theory also applies to parabolic equations such as (0; — A)u—g =
0, simply letting z := (y,t) € R™ x [0,00), with A = R™ x [0, 00) . Secondly, it is worth
remarking that some authors adopt a different sign convention, which we might call elliptic
convention, which is “opposite” to the one we gave before. Indeed, according to such a
convention, when (for instance) dealing with a problem of the form F(V?u) = 0, it is
required for a subsolution that if u* — ¢ has a maximum at x then E(VZp(z)) > 0 (i.e.
a subsolution of —F(V?u) = 0 in our terminology). As a consequence, in the previous
theorem, one should replace “non-increasing” with “non-decreasing.”

Now, we are ready to introduce the first important tool for our discussion.

Theorem 5.12. Let F be a nonempty family of viscosity subsolutions of (5.1) in A and
let u: A — R be defined by

u(z) :==supq{v(z): v e F}.

Then u is a viscosity subsolution of the same problem on the domain AN {u* < +oo0}
(since the set {u* < +oo} is open, the domain is still locally compact).

Proof. Assume as usual that u* — ¢ has a strict local maximum at x, equal to 0, and
denote by K the compact set B,.(z) N A for some 7 > 0 to be chosen sufficiently small, so
that x is the unique maximum of uv* — ¢ on K.

By means of a standard argument one can find a sequence (z;) in K, convergent to z,
and a sequence of functions (v,) C F such that u*(x) = limy, u(xy) = limy, v, (xp). Hence,
if we denote by y;, a maximum point of v} — ¢ on K, then

u*(yn) — ©(yn) = vy (yn) — ©(yn) = vi(zn) — p(zn) > vi(Tn) — @(zn). (5.4)

Since by our construction we have vy, (z5,) — ¢(xp) — 0 for h — oo, we get that every limit
point y € K of (y) satisfies

u*(y) — ¢(y) > 0.

Hence y is a maximum in K of u* — ¢, u*(y) — ¢(y) = 0 and y must coincide with z.
As a result y, — x, limsup,(u*(yn) — ©(yn)) < u*(x) — p(x) = 0 and, combining this
information with (5.4), we obtain v (yn) — w*(x). In order to conclude, we just need to
consider the viscosity condition at the points y;, which reads

E.(yn, vi(yn), Veo(yn), Vi (yn)) <0,
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and let h — 0o to get
E.(z,u"(x), Vo(z), Vip(z)) < 0.

O

We can now state a first existence result. This result builds on Perron’s method [80]
for harmonic functions and thus is named after Perron. The application of this technique
to viscosity solutions is due to Ishii [54] (for the Hamilton-Jacobi equation) and was then
extended to fully nonlinear second-order elliptic partial differential equations in [55] and
[56]. See also [45] for a survey on the topic.

Theorem 5.13 (Perron, [80]). Let f and g be respectively a viscosity subsolution and a
viscosity supersolution of (5.1), such that f, > —oo and g* < 400 on A. If f < g on
A and the functions E.(x,u,p,-) and E*(x,u,p,-) are non-increasing (in Sym™ "), then
there exists a viscosity solution u of (5.1) satisfying f < u < g.

Proof.  Let
F :={v: v is a viscosity subsolution of (5.1) and v < g} .

We know that f € F, so that this set is not empty. Hence, we can define pointwise a
function u : A — R as
u(z) :=sup{v(z): ve F}.

A fortiori, by our definition of F, we have that u < g and therefore u* < ¢* < +00, so
that by Theorem 5.12 u is a subsolution on A. Since u, > f, > —o0 in A, we just need
to prove that it is also a supersolution on the same domain.

Pick a test function ¢ such that u, — ¢ has a relative minimum, equal to 0, at xg.
Without loss of generality, we can assume that

uy () — o(x) > |z — 0| on AN B,(x) (5.5)
for some sufficiently small » > 0. Assume by contradiction that
E* (0, us(0), Vo(z0), VZ(10)) < 0 (5.6)

and define a function w := max{¢p + 0%, u} for some parameter § > 0 to be fixed later
in the proof. In fact, we claim that for any sufficiently small § > 0 each of the following
assertions hold:

e w is a viscosity subsolution of (5.1);
o {w>u} A0

o w<g;
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and hence w belongs to F and is larger than u, contradicting the very definition of u. Let
us now justify such claims, which will then complete the proof.

It is easily proved, again by contradiction and exploiting the fact that E* is upper
semicontinuous, that for § > 0 sufficiently small we have

E*(z, o(z) + 6*, Vo(z), Vp(x)) <0 on Bas(zo) N A.

This means that ¢+ d* is a classical subsolution of (5.1) on this domain and hence, by our
monotonicity hypothesis, it has to be also a viscosity subsolution. Consequently, by a very
special case of the previous theorem, we get that the function w is a viscosity subsolution
of (5.1) on Bags(xg) N A. Moreover, by (5.5), we know that w = u on AN B,(x) \ Bs(zo).
Since the notions of viscosity subsolution and supersolution are clearly local, w is a global
viscosity subsolution on A.°

To prove that {w > u} # () we just need to observe that, for any § > 0, u.(xg) =
o(zg) < @(zo) + 6*, and hence, by the very definition of u,(zg) there ought to exist a
sequence (z) converging to zo and such that u(x,) — w.(zg), thereby implying for h
sufficiently large the inequality u(z) < o(xp) + 6* < w(xy).

Finally, we have to show that w < g: this completes the proof of the claim and gives the
desired contradiction. To this aim, it is enough to prove that there exists § > 0 such that
@+ 0% < gon AN Bs(xg). But this readily follows, by an elementary argument, showing
that ¢(z9) = u«(ro) < g«(zo). Again, assume by contradiction that u,(xg) = g.«(xo): if
this were the case, the function g, — ¢ would have a local minimum at xy and so, since
gs is a viscosity supersolution, we would get

E* (w0, g«(w0), Vip(20), Vi (w0)) > 0,
which is in contrast with (5.6). O

5.3 The distance function

Our next goal is now to study the uniqueness problem, which is actually very delicate as
anticipated in Remark 5.7. We shall start here with the discussion of a special case.

Let C' C R™ be a closed set, C' # () and let u(z) := dist(x, C'). We claim that this
distance function u is a viscosity solution of the equation [p|* —1=0on A :=R"\ C.

First of all, it is a viscosity supersolution in A. This follows by Theorem 5.12 (in the
obvious symmetric version for supersolutions), once we observe that u(x) = inf cc |z — y|
and that, for any y € C, the function z — |x —y| is a classical supersolution in A (because
y ¢ A) and hence a viscosity supersolution of our problem.

The fact that u is also a subsolution is proven as a direct consequence of the following
general implication.

SWe mean that, if A = A; U Ay and we know that u is a subsolution both on A; and A,, relatively
open in A, then u is also a subsolution on A.
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Remark 5.14. Let f : A — R be a Lipschitz function, then
Lip(f,A) <1 = |Vf?-1<0 on A in the sense of viscosity solutions.

Indeed, let = be a local maximum for f — ¢, so that f(y) —¢(y) < f(x) —¢(z) for any
y € B,(x) (and r small enough). When Lip(f, A) <1 this implies, on the same domain,
the inequality ¢ (y) —p(z) > f(y) — f(x) > —|y— x| and, by Taylor expanding the smooth
function ¢, we finally get

(Ve(z),y —z) +o(ly —z]) = —|y — =|.
This readily implies the claim.

The converse implication is less trivial, but still true. Namely
IVf|>—1<0on A in the sense of viscosity solutions = Lip(f, A) <1

for f continuous, or at least upper semicontinuous. This is proven exploiting the regu-
larizations f¢(x) := sup,(f(y) — |z — y[*/e) that we will study more in detail later on in
this chapter. We just sketch here the structure of the argument:

(i) still [Vf> =1 <0 on A, in the sense of viscosity solutions;

(ii) |V f¢]>—1 < 0 pointwise .Z"-a.e., because f¢ is semiconvex, hence locally Lipschitz,
and therefore the inequality holds at any differentiability point by the superjet
characterization of viscosity subsolutions;

(iii) by Proposition A.6 one obtains Lip(f¢, A) < 1;
(iv) f¢ 4 f as one lets € | 0 and hence Lip(f, A) < 1.
We now come to the uniqueness result.

Theorem 5.15. Let C C R™ be a closed set as above, A =R"\ C and let u € C(A;R)
be a non-negative viscosity solution of |Vul> —1 = 0 on A with u = 0 on OA. Then

u(x) = dist(x, C).

Proof. By our assumptions we can clearly extend u continuously to R", so that u = 0
identically on C. It is straightforward to verify that |Vu|? —1 < 0 in the sense of viscosity
solutions on R” (actually, one only need to check this fact at the boundary points, namely
on 0A, where the implication (b) in Definition 5.3 is easy to check: if the graph of a
smooth ¢ touches the graph of u at a point x € A from above, then necessarily ¢ > 0
in a neighborhood of x and ¢(z) = u(x) = 0 hence Vip(z) = 0, which implies the claim).
Consequently, thanks to the previous regularization argument, Lip(u, R™) < 1 and thus,
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for any y € C, we have that u(z) < |z —y|, which means u(x) < dist(z, C'). In the sequel,
in order to simplify the notation, we write w(x) for the distance function dist(z, C).

It remains to show that w < w. Assume first that A is bounded: we will show later on
that this is not restrictive. By contradiction, assume that w(xg) > u(zg) for some xy; in
this case there exist \g > 0 and 7y > 0 such that

sup {wlo) = (14 Au) — 5-le = 20

z,yeR”

for all € > 0 and A € (0, \g). Indeed, it suffices to bound from below the supremum with
w(xg) — (14 AN)u(xg), which is larger than 7o := (w(xg) —u(zo))/2 for A > 0 small enough.
Moreover, for € > 0 and A € (0, \g), the supremum is actually a maximum because it
is clear that we can localize x in A (otherwise the whole sum above is non-positive) and
y in a bounded set of R" (because w is bounded on A, and again for |y — x| large the
whole sum is non-positive). So, let (Z,7) be a maximizing couple, omitting for notational
simplicity the dependence on the parameters €, . The function z — w(z)—5 |z — 7|? has
a maximum at x = T and so we can exploit the fact that w(+) is a viscosity solution of our
equation (with respect to the test function p(x) = |z — y|*/(2¢)) to derive |Vo|*(T) < 1,
that is
il
3
We also claim that necessarily 7 € A, if ¢ is sufficiently small, precisely if € < .
Indeed, assume by contradiction that ¥ ¢ A, so that u(y) = 0, then by the triangle
inequality

<1

_ L - L
Yo Sw(@) - F-gf <z -7l - -y <[z -7l
As a consequence, we get 7o < |T — 7| < £, which gives a contradiction.
Now, choosing ¢ > 0 so that 5 € A, the function y — (1 + Nu(y) + 5 [T — y|* has a
minimum at y = ¥ and arguing as above we obtain

Tz e

which is not compatible with [z — 7| < e. Hence, at least when A is bounded, we have
proven that w = u.
In the general case, fix a constant R > 0 and define

ug(z) := min {u(z), dist(z, R" \ Bg)} .

This is a supersolution of our problem on A N Bg, since u(z) is a supersolution on
A and dist(z,R™ \ Bg) is a supersolution on Bpr (again by Theorem 5.12). More-
over, Lip(ug,R™) < 1 implies that ug is a global subsolution and hence the discussion
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above can be applied to the function ugr (which satifies the null boundary conditions on
8(A N BR) = (&4 N BR) U (A N 8BR)) to give

ug(z) = dist(z,R" \ (AN Bg)).

At this stage, the conclusion comes at once by simply letting R — oc. U

Remark 5.16. We can also apply a similar argument to the study of the case when
A = R" (thus 9A = @) and we replace v by u — infu. In the spirit of the classical
Liouville’s theorems we can say that “the equation |Vu|?> — 1 = 0 does not have entire
viscosity solutions on R™ that are bounded from below”. Nevertheless, there exist trivial
examples of functions that solve this equation in the viscosity sense and are unbounded
from below (e.g. take u(x) = z; for some i € {1,...,n}).

5.4 Maximum principle for semiconvex functions

We now turn to the case of second-order problems having the form F(Vu, V?u) = 0 on
an open domain A C R". We always assume that F'(p, S) is non-increasing in its second
variable S € Sym"™*", so that classical solutions are viscosity solutions.

Let us begin with some heuristics. Let f, g € C?(4;R)NC(A;R), with A bounded, and
assume that f is a subsolution on A, g is a supersolution on A, f < g on dA and that, at
all points, at least one of the two inequalities F(V f,V2f) <0, F(Vg, V2g) > 0 is strict.
Then f < g in A. Indeed, assume by contradiction sup,(f — g) > 0, then there exists
xo € A which is an interior maximum point for the function f—g. Consequently V f(zq) =
Vg(zo) as well as V2f(zo) < V2g(xg). These two facts imply, by the monotonicity of F),
that

F(V f(x0), V2 f(w0)) > F(Vg(xo), V2g(x0)) - (5.7)

On the other hand, f (resp. g) is also a regular subsolution (resp. supersolution) so that
F(V f(w0), V*f(20)) <0, F(Vg(z0), VZg(w0)) >0 . (5.8)

Hence, if we compare (5.7) with (5.8), we find a contradiction as soon as one of the two
inequalities in (5.8) is strict.

In order to hope for a comparison principle, this argument shows the necessity to
approximate subsolutions (supersolutions) with strict subsolutions (respectively, strict
supersolutions), and this is always linked to some form of strict monotonicity of the
equation, variable from case to case.

When aiming at a general uniqueness result for viscosity solutions, we cannot just
argue as in the case of the distance function. Some partial uniqueness results are available
in [21] and [23] (for first-order problems) and in [71] (under convexity assumptions). A
breakthrough in the problem was a strategy introduced by Jensen in [58] (see also [60],
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[59], [57] and [93] for extensions of the result). The first step in that direction is to obtain
a refined version of the maximum principle a la Bony [7]: with that goal in mind, we start
with an elementary observation.

Remark 5.17. If (p,S) € Jy u(z) and u has a relative maximum at z, then necessarily
p=0and S < 0. To see this, it is enough to apply the definitions: by our two hypotheses

02 uly) — u(z) 2 (py — ) + 38y — 1),y — ) + olly — )
and hence .
<p,h> <O(y—=z) =p=0,
(S(y — x),y — )
= a2 <o(l) = 5 <0.

We are now ready to state and prove Jensen’s maximum principle for semiconvex
functions.

Theorem 5.18 (Jensen’s maximum principle, [58]). Let Q@ C R™ be open, let u: Q2 — R
be semiconvex and let xy € ) be a local maximum for u. Then, there exist a sequence
(x) in Q converging to xy and a sequence of real numbers ey | 0 such that u is pointwise
second-order differentiable at xp and

Vu(zg) =0, Vu(zy) < erl.

The proof is based on the following lemma. In the sequel we shall denote by sc(u, )

the least non-negative constant ¢ such that u is (—c)-convex, i.e. u + c|x|?/2 is convex
(recall Definition D.8).

Theorem 5.19. Let Br C R" denote the open ball of radius R centered at the origin and
let w € C(Bg;R) be semiconvez, with

IIlaX U > maxu
Bpr aBR

notice that this implies sc(u, B) > 0, since maxgs _ w = maxgg, w for any conver function
Br R Y
w). Then, if we let

G’ ={z € Bg: 3p€ By s.t. uly) <u(z) — (p,x —y), Vy € Br},
it must be

Wy O™

n é
LG 2 [sc(u, B)|"

for all 0 < § < (maxgu — mingu) /(2R).
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Proof. ~ We assume first that u also belongs to C'(Bg;R). Let us explicitly observe
that, for any given § > 0, one has the inclusion Vu(G?) C Bj : indeed, straight from
the definition of the set G°, we get that the function y ~ wu(y) — (p,y) has a local
maximum at z. Hence necessarily Vu(r) = p € Bs. In order to proceed and gain the
opposite inclusion, pick a ¢ > 0, so small that 2R < maxg, u—maxyp, u, and consider a
perturbation u(y) — (p,y) with |p| < J. We claim that such a function necessarily attains
its maximum in Bpg. Indeed, this comes from the two inequalities

- <
max (u — (p,y)) < maxu +0R

and

max(u — (p,y)) > maxu — 6.

Br Br
Consequently, there exists x € By such that Vu(z) = p. This shows that Vu(G%) = Bs.
To proceed in the proof, we employ the area formula (see Theorem D.14). In this case, it
gives

/ | det V2u|dx = / card ({z € G* : Vu(z) = p}) dp > w, 0"
GI Bs

by the previous statement. On the other hand
/ (det V2u| dz < [sc(u, B)" 2"(G°),
G9o

because the points in G are maxima for the function u(y)—(p, y) : this implies VZu(z) < 0
for any x € G° and, by semiconvexity, V?u(x) > —sc(u, Br)I, where I is the identity
matrix in Sym™ ™. If we combine these two inequalities, we get (5.9).

In the general case we argue by approximation, finding radii r, 7 R and smooth functions
up, in B,, such that u;, — u locally uniformly in Bg and lim sup,, sc(up, B,,) < sc(u, Br);
to conclude, it suffices to notice that any limit of points in G°(uy) N B,, belongs to G°(u),
hence .£"(G°(u)) > lim supy, £"(G%(up) N By, ). O

We can now get back to justifying Jensen’s maximum principle.

Proof. Recall that, by assumption, x( is a local maximum of u. We can choose R > 0
sufficiently small so that u < wu(xg) in Br(x) and, without loss of generality, we can
assume u(zg) = 0. This becomes a strict local maximum for the function u(x) = u(z) —
|z — x0|*. Tt is also easy to verify that % is semiconvex in Bg(o). We now apply Theorem
5.19 to u: for any § = 1/k with k large enough we obtain that .#"(G'/*) > 0 and (thanks
to Theorem D.15) this means that there exists a sequence of points (xj) such that u is
pointwise second-order differentiable at xj and, for appropriate vectors py, with [px| < 1/k,
the function u(y) — (pk,y) has a local maximum at z. Since |px| — 0, any limit point
of (x3) for k& — oo has to be a local maximum for %, but in Bg(zg) this necessarily
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implies z; — xo. Moreover p, = Va(x;,) — 0 and V2u(z;) < 0 (cf. Remark 5.17). As a
consequence
Vu(ry) = Va(zg) + 4oy — zol* (2 — 20) — 0

and the identity

V2|2 = 4]2)*1 + 82 ® 2 (5.10)
gives
Viu(zy) = V() + 8(xp — 20) ® (1 — 0) + 4|28 — 20|°1
< V2u(zp) + 12|ag — xol*1.
Setting &;, = 12|z — zo|* we get the thesis. O

We now introduce another important tool in the theory of viscosity solutions.

Definition 5.20 (Inf and sup-convolutions). Given u : A — R and a parameter e > 0,
for every x € R™ we define the regularized functions

(o) =sup uty) - 2o = o} (5.11)

yeA

which are called sup-convolutions of u and satisfy u® > u in A, and, for every x € R”

uo(z) = inf {u(y) + §|a§ - y|2} (5.12)

yeA
which are called inf-convolutions of u and satisfy u. < u in A.

In the next proposition we summarize the main properties of sup-convolutions; anal-
ogous properties hold for inf-convolutions.

Proposition 5.21 (Properties of sup-convolutions). Assume that u is u.s.c. on A and
that uw(z) < ¢(1 + |z|) for some constant ¢ > 0, then

(1) u® is semiconvex and sc(u®,R™) < 2/e;
(ii) u® > u and u® | u pointwise in A. If u is continuous, then u® | u locally uniformly;

(1) if F(Vu,V*u) <0 in the sense of viscosity solutions on A, then F(Vu®, V*u) <0
on A®, where

A® = {x € R": the supremum in (5.11) is attained} .
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Proof.  To prove (i), notice that, by the linear growth assumption, the function u® is
real-valued for any € > 0. Moreover by its very definition

(o) + Lal =sup (aty) = 2o+ 2 (o)
£ yeA £ £
and the functions in the right-hand side are affine with respect to z. It follows that the
left-hand side is convex, which means sc(u®,R") < 2/e.

Concerning (i1), the inequality u® > w and the monotonicity in e are trivial. In
addition, we can take quasi-maxima (y.) satisfying

o2 62 52
u(z) Sulye) = F+e<ell+yel) = = +e <e(l+ o[ +10]) - = +¢

with 0. = |y. — x|. Via these inequalities, one first sees that y. — = as ¢ — 0, and then,
exploiting the upper semicontinuity of u and neglecting the quadratic term in the first
inequality, one gets

u(z) > limsup u(y.) > lim sup u°(x),

e—0 e—0
which gives pointwise convergence of (u.) to u. If u is continuous, the claim comes from
Dini’s monotone convergence theorem and the local compactness of A.

Proceeding to (iii), let now xy € A® and let yy € A be a corresponding maximum point,
so that u®(zg) = u(yo) — |zo —yo|*/e. Let then ¢ be a smooth function such that u® — ¢ has
a local maximum in z, and, without loss of generality, u(xo) = (z); correspondingly
let 7 > 0 be such that u® < ¢ on B,(xg). Define ¥(z) := p(z — yo + x0): we claim that
u — 1 has a local maximum at yy with value |xo — yo|?/e. If we prove this claim, then it
must be

F(Vip(yo), VZi(yo)) <0
and, by the definition of v, this is indeed equivalent to (%ii), namely

F(V(ao), VZp(x0)) < 0.
Thus it is enough to prove the claim. On the one hand
(o) — (u0) = ) — #(zo) = ulye) — o (w0) = ~Izo — ol
while on the other hand u®(x) < ¢(z) in B,.(z¢) gives
u(y) — £|x —y]? < (x) Vo€ B.(x), Vy € A.
Letting y = x — z9 + yo € A with x € B,(x¢), this implies
u(y) —¥(y) < élxo — ol Yy € AN B, (yo)

as was to be shown. O
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Remark 5.22. We will also need an x-dependent version of the previous result, that reads
as follows: if F(x, Vu, V*u) < 0 in the sense of viscosity solutions on A, then for all § > 0
there holds F°(x,Vu®, V2uf) <0 on A%°, where

A% = {x € R": the supremum in (5.11) is attained at some y € Bs(x) N A},

and
Fo(z,p,S) = inf {F(y,p,s) : y € Bs(x) N A}

An analogous result holds for supersolutions.

5.5 Existence and uniqueness results

In this section we collect some existence and uniqueness results for certain classes of
second-order equations. The main tool we will employ to that aim is the comparison
principle, that is stated below (see also [58], [60] and [93], for instance). Throughout this
section we shall always assume that A is a bounded open set in R"™.

Proposition 5.23 (Comparison principle). Let F' : A x Sym™ "™ — R be continuous and
satisfy, for some A > 0, the strict monotonicity condition

F(x,S+tI) > F(x,S) + M, Vit >0
as well as the uniform continuity assumption
the family of functions {F(, S) :Se Sym”xn} is equicontinuous in A.

Let u, uw : A — R be respectively a bounded u.s.c. subsolution and a bounded l.s.c. super-
solution to —F(x,V?u) =0 in A, with (u)* < (u), on OA. Then u <u on A.

Notice that the uniform continuity assumption, though restrictive, covers all equations
of the form G(V?u) + f = 0 with f continuous in A.

A direct consequence of the comparison principle (that is obtained considering the spe-
cial case when u = w = u) is the following uniqueness result for fully nonlinear boundary
value problems:

Theorem 5.24 (Uniqueness of continuous solutions). Let F' be as in Proposition 5.23
and h € C(0A;R). Then the problem

—F(z,V*u(z)) =0 in A

(5.13)
u=nh on 0A

admits at most one viscosity solution u € C(A;R).
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At the level of existence, we can instead exploit Theorem 5.13 to obtain the following
result.

Theorem 5.25 (Existence of continuous solutions). Let F' be as in Proposition 5.23 and
let f, g: A — R be respectively a subsolution and a supersolution of —F(z,V?u) =0 in
A, such that f, > —o0, g* < 400 and f < g on A. If g* < f, on OA, then there exists a
solution u to (5.13), with u = g* = f..

In order to prove this last result, it suffices to take any solution u given by Perron’s
method (see Theorem 5.13), so that f < u < g in A. It follows that u* < ¢* < f, < w,
on 0A and the comparison principle (with u = u*, @ = w,) gives u* < u, on A, i.e. u is
continuous.

The rest of the section is devoted to the proof of the comparison principle, which
exploits a number of different tools: doubling of variables, inf and sup-convolutions (see
Definition 5.20) and Jensen’s maximum principle (see Theorem 5.18). The next lemma is
useful to reduce ourselves, in the proof of the comparison principle, to the case of a strict
subsolution wu.

Lemma 5.26. Let F, u and w be as in Proposition 5.23 and set
F.(x,S):=F(z,S —~I) < F(z,8) — A,
with v > 0. For any 6 > 0, consider the function
Vs = — 0+ %|ZL‘|2

Then:

(i) vs~ satisfies —F. (x, V?vs.) <0 in the viscosity sense;

(1) if 6 > (v, A), then vs, < T on OA and 6(y,A) — 0 as v ] 0.
(1) if the comparison principle holds for vs., for any 6 > 0(y, A), that is to say

Vsy <u on A, V> 6(y,A), (5.14)

then u <wu on A.
Proof. Statement (7) is a direct consequence of the definition of the functional F), together
with the identity V2 (gp + 7@) = VZ%p + 71 for every test function ¢ € C°(R";R).
Statement (7i) follows by the fact that (u)* < (). on 0A. Finally, if (5.14) holds, then
u—0<v5,<u on A,

and the comparison principle for u is obtained by letting v | 0, which allows to choose
arbitrarily small § in view of (7). O
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We shall now proceed to the proof of Proposition 5.23.

Proof. Thanks to Lemma 5.26, without loss of generality (possibly by replacing u by
U5,,) We can assume that u satisfies the stronger property

_F'Y(xv VQQ) S 0

in the viscosity sense, for some v > 0.
Assume by contradiction that dy := u(xg) — u(zg) > 0 for some xy € A, and with a
slight abuse of notation let us consider the sup convolution

1 1
u®(x) := sup <g(3:’) — =z — x’\2> = max ((g)*(x’) — —|z— x’]Q) (5.15)
' €A € ' €A €
of w and the inf convolution
. _ 1 s 1
welo) o=t (50)+ o) = min (@.0)+ T o) 619
y' €A € y'€A €

of w; since u® > u and u, < u on A we have

o () = 02(0) = b = 1) 2 0 (o) = (o) > (o) = (o) = o

We shall denote by (x,y.) € A x A a maximizing pair, so that
1
do + 4—\335 — et <uf(x.) — ue(y.) < supu — infa. (5.17)
€

Furthermore, let us denote by 7. € A and y. € A a maximizing (respectively: min-
imizing) point for the variational problem defined by (5.15) with x = x. (respectively:
(5.16) with y = y.). We claim that:

(a) limui)nf dist(xe, 0A) > 0 and limui)nf dist(y., 0A) > 0;

(b) set M := max{oscs(u),0sca(u)}, for £ small enough, the supremum in (5.15) with
any = € A satisfying |z — z.| < ¢ is attained at a point 2/ € A with |2’ — z|* < Me
and the infimum in (5.16) with any y € A satisfying |y — y.| < ¢ is attained at a
point 3’ € A with |y — y|* < Me.

To prove (a), notice that, if (z,y) is any limit point of (z.,y.) as € | 0, then (5.17) gives
T =9y and

e — 2L + |y — yéP)

do < timsup ((0)°(2) — (- 01) - :

el0
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Since u and u are assumed to be bounded, such inequality implies that |z. — 2| — 0,
lye —yL| — 0, hence (2,y.) — (Z,Z) as well and by semicontinuity dy < (u)*(z) — (7). (Z).
By assumption (u)* < (@), on JA, therefore = € A and this gives (a). To prove (b),
it suffices to choose (thanks to (a)) constants g > 0 and ¢y > 0 small enough, so that
dist(xe, 0A) > dg for € € (0,e0). In general, for z € A we have

(@) — L) —aP <u(e)+ M- Lt —ap
g g

which implies that the supremum in the definition of u°(x) is unchanged if we maximize
in the closed ball B 37z(x) centered at z with radius VMe. If |x — x| < ¢ and € < &,
since dist(z., 0A) > &y, this implies that the ball B ;7 (z) is contained in A for ¢ small
enough, hence the supremum is attained. The argument for g, is similar.

Let us fix € small enough so that (b) holds and both z. and y. belong to A, and let
us apply Jensen’s maximum principle to the locally semiconvex’ function

w(x,y) = u(z) — u(y) — —|z —y|*

to find sequences z; := (22, Ye1) — (2e, ye) and §; | 0 such that w is pointwise second-order
differentiable at z;, Vw(z;) — 0 and VZw(z) < §1. By statement (b) and Remark 5.22,
for [ large enough we have

inf  —F (z,Vu(2,)) <0 sup  —F(y, Viu.(yoy)) > 0. (5.18)

— I

|x_55f;‘,l|2§]w‘5 |y_ys,l‘2SM5
On the other hand, the upper bound on VZw(z;) together with (5.10) gives

{ V2ul (xey) — 26 N (@ey — Yeu) @ (Teq — Yes) — & Haey — yeu|? I < 0,1

5.19
—Nu(yes) — 26wy — Yes) @ (wey — Yey) — € Haey — yeu|P T < 6. (5.19)

By (5.19) we obtain that V*u®(z.,) are uniformly bounded from above, and they are also
uniformly bounded from below because u® is locally semiconvex. Since similar remarks
apply to VZu.(y.,), we can assume with no loss of generality that VZu®(z.;) — X. and
V2uc(y.;) — Y as one lets | — oco. If we now differentiate w along a direction (&, ¢) with
¢ € R™, we may use the fact that along these directions the fourth-order term is constant
to get

(V20 (2216, €) — (V20 ()6, €) < 201J¢]2

Taking limits, this proves that X. < Y.. On the other hand, from (5.18) we get

— sup  F(z,X.)<0 and — _inf F(y,Y;)>0.
Iegm(ﬁg) yeBm(iU&)

"The local semiconvexity of w follows from Proposition 5.21.
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Now, the inequality F' > F), + Ay yields

sup  F(z,Y:)> sup Fy(z,Y.)+ Ay > sup  F(z,Xo)+ Ay > Ay

xéﬁm(aﬂs) megm(xg) IEE\/E(QUE)
Hence
sup  F(z,Y:)— _inf  F(y,Y:) = M.
2€B syrz(ze) YEB 7z (ye)

Since v and A are fixed positive constants independent of ¢, and since |z, — y.| — 0, this
contradicts the uniform continuity of F(-,.S) for a sufficiently small e. O

5.6 The ABP maximum principle

Let us start this section, devoted to the proof of the ABP maximum principle (see the
statement of Theorem 5.40), with some preparatory results and introducing some useful
notation.

Consider a paraboloid with opening © € R, namely the graph of a quadratic polyno-
mial of the form

S}
P(.Z') =c+ <p,£L'> +§‘.’L"2,
for some c € R,p € R® and © € R.

Definition 5.27 (Tangent paraboloids). Given a function u : Q@ — R and a subset
A C QCR"™ we define

0(xg, A, u) :=inf {© : I P with opening O, u(xy) = P(x¢) and u < P on A}.
Analogously we set

0(xo, A,u) :=sup{O© : I P with opening ©, u(zg) = P(x¢) and u > P on A},

so that O(xg, A,u) = —0(xg, A, —u). Finally, denoting by + the positive and negative
parts, we set

0(zo, A, u) := max {Q_(xo,A, u),@+(x0,A,u)} > 0.

Given €2 C R” open, zy € €2, a function v :  — R and h > 0, let us consider the
symmetric (second) difference quotient in the direction £ € R™ that is defined by setting

AF cu(x0) = Apg(A_peu)(wo) = A_pe(Apeu)(zo)

1
e u(zo + hé) +ulzg — hé) — 2u(ry)  *u
02 ~ e

Ai,gu(xo) =
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This quantity is well-defined if h|¢| < dist(zo,0€2) and is identically equal to © on
paraboloids with opening ©. Notice that the symmetric difference quotient satisfies,
by applying twice the discrete integration by parts formula for A, ¢ (see Remark 2.11)
and exploiting the fact that Ap¢ - A_p e = A_j ¢ - Apcu, the identity

/uA,zlé(z)dx:/(bAi,gudx, (5.20)
Q 0

whenever v € Li (Q:R), ¢ € L¥(Q;R) has compact support, |£| = 1 and the h-

loc

neighborhood of supp (¢) is contained in 2.

Remark 5.28 (Maximum principle for Ag) If a paraboloid P with opening © “touches”
u from above (i.e. P(zg) = u(zo) and P(x) > u(x) in some ball B,.(zq) C ), then

A} cu(zo) < A (P(xg) = © whenever || =1 and |h| <,

and a similar property holds for paraboloids touching from below. Thus, taking the
infimum when approximating from above and the supremum when approximating from
below, we deduce the inequalities

b(xo, By (w9), u) < A} cu(xo) < 0(wo, By (x0),u) whenever [£|=1and |h| <7, (5.21)
and hence
|A7 cu(wo)| < O(xo, By (o), u) whenever || =1 and |h| < 7. (5.22)
Proposition 5.29. If u: ) — R satisfies
0. :=0(-,B.()NQu) € LP(R)
for some e >0 and 1 < p < oo, then u belongs to W*P(2;R) and, more precisely,
1V2ul|» < |6z ]| o, (5.23)

for a geometric constant ¢ = c(n).

Proof. Let us observe first that, in order to gain (5.23), it suffices to prove
”VggUHLP < 10| e VEEeR", €] = 1.

Indeed, by polarization (cf. equation (D.3)), it is possible to obtain from the above
inequality that
1 n
IV2,uller < 3 (162 + WP) 0 Vem €
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Thus, replacing & by s& and 1 by /s and minimizing with respect to the parameter s € R,
one obtains the general estimate on mixed second derivatives:

vanuHU’ A Vé,n e R™.
For any ¢ € C°(2;R) one has
P
uw(r) == (x) dz
JRCE
iy [ (8% cu(e)) (o) do

h—0

lim / u(z) A} cp(x) da

< (10l e llepll o

where we go from the first to the second line with (5.20) and the inequality follows from our
assumption (5.22). Thanks to the Riesz representation theorem (see e.g. Theorem 6.16
in [84]), we know that the map ¢ — [, u(:v)g%p(x) dx can be represented by integration
against an element of L”(€2; R), which then represents (by definition) the second derivative
Vieu in the sense of distributions and which satisfies (5.23).

O

Remark 5.30. Here and below we denote by || N|| the operator norm of a matrix /N, that
is defined by
IVl = sup  |Nal
z€R", |z|=1
When N is assumed to be symmetric, as it is always the case in this section, it is easily
checked that the value of || N|| can be computed as

sup (Nzx,zx)
z€R", |z|=1
hence also as
max |
i=1,....,n
where vy, ..., v, are the eigenvalues of N. In other words, the norm || - || is the largest

modulus of the eigenvalues in the spectrum o (V). From (5.22) we get
1V2u(zo) || < 0(z0, Bo(20), u) for all € > 0 with B.(zg) C €, (5.24)

at any point xy where u has a second-order Taylor expansion.

Corollary 5.31. If Q C R™ is convex and 0. = 0(-, B.(-) N Q,u) € L*(;R) for some
e >0, then
Lip(Va, Q) < (|0 .
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Proof. The previous proposition shows that u € W2>(Q;R) and, on the other hand,
equation (5.24) provides a pointwise control on V?u (recall that semiconvex/semiconcave
functions have a second-order Taylor expansion .£"-a.e. for one can reduce to applying
Theorem D.15). We further recall that whenever 2 is convex and v : 2 — R is a scalar
function we have ||Vv| g~ = Lip(v,Q) (while, in general, one only has the one-sided
estimate || V| p~ < Lip(v,(2)). If instead v takes values in R™ (as it is in our case, where
we aim to take v := Vu : Q@ — R"), then, by the same smoothing argument used in the
scalar case, we can always show that

IIIVll|lz= = Lip(v, Q) (5.25)

because, when v is continuously differentiable, there holds

/0 Vv((l—t)x+ty)(x—y)dt‘ < ]az—y[/o IVo||(1 —t)x + ty) dt.

v(a) = o(9)| =

Therefore from (5.24) and (5.25) we conclude. O
At this point our aim is the study of a nonlinear elliptic equation of the form
—F(V?u(z)) + f(x) =0 (5.26)

with F' non-decreasing on Sym™*". A fundamental (though linear) example is given by
the case when F'is the trace operator on symmetric matrices, which corresponds to the
Laplace equation —Au = f. Another example of great interest is given by the genuinely
nonlinear Monge-Ampere equation — det(V?u) + f = 0 (see [12], [13] as well as [31] and
[38]).

Definition 5.32 (Ellipticity). We shall say that the problem (5.26) is elliptic with con-
stants A > X\ > 0 if for all matrices M € Sym"™*"

M|N|| < F(M+ N)—F(M) <A|N] VYN € Sym™", N > 0. (5.27)
Remark 5.33. Every symmetric matrix /N admits a unique decomposition as a sum
N=N"-N",
with N*, N~ > 0 and NtTN~ = 0. It can be obtained simply diagonalizing N =
Yo, pie; @ e; and then choosing N* := pro pie; @ e; and N~ = — ZpiSO pie; @ e;.
Observing this, we are able to rewrite the ellipticity condition replacing (5.27) with the

equivalent requirement that for every M € Sym"™*"

F(M + N)— F(M) < AN = A|N"|| VYN € Sym™". (5.28)
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Indeed, it suffices to write
F(M+N)—FM)=(F(M—N"+Nt)—F(M—-N"))+ (F(M—-N")—F(M))

and to apply to the first term the estimate from above and to the second one the estimate
from below.

Example 5.34. Consider the special case
F(M) =tr(BM)

where B = (b;;); j=1,..» belongs to the set

AA,A = {B € Sym”X" M <B< AI}

To verify (5.27), let the symmetric matrix N > 0 be assigned and choose the coordinate
system in which N = diag(ps,...,pn), thus (since b;; > XA and p; >0 forall i =1,...,n)

F<M+N)—F(M) :tr(BN) :Zb”pz 2 )\sz 2 )\pmax:)\HN”

i=1 i=1

Analogously, since b; < A one has
F(M+N)—F(M)=1tx(BN) =Y bipi <A pi < nApmax = nA|[N||.
i=1 i=1

After this introductory part about definitions and notation, we enter in the core of the
matter of the Holder regularity for viscosity solutions: as in De Giorgi’s work on Hilbert’s
XIX problem, the regularity results we shall present will be directly obtained from in-
equalities derived from ellipticity, without specific reference to the original equation.

Definition 5.35 (Pucci’s extremal operators). Given ellipticity constants A > X\ > 0 and
a symmetric matriz M with spectrum o(M), Pucci’s extremal operators are defined by
setting MiA(O) =0 and

M) =X > ptA Y

pEo(M)N(0,00) pEo(M)N(—o0,0)
MEA(M) = A Z p+ A Z p-
pea(M)N(0,00) pEo(M)N(—o0,0)

We will omit the dependence on X\ and A, when clear from the context.
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Remark 5.36. Resuming the discussion of Example 5.34, it is easy to show that

M (M) = Beirj‘f tr(BM) (5.29)
M{ (M) = sup tr(BM). (5.30)
’ BeAya

Indeed, denoting with (b;;) the coefficients of the matrix B € Ay, in the system of
coordinates where M is diagonal, with M = diag(p1, ..., pn) we get

/\ZPi+AZPi§tT(BM):Zb¢iPiSAZPi‘F)\ZPz‘ (5.31)
pi>0 pi<0 =1 pi>0 pi<0
and the equality in (5.31) holds, for instance, if
B = Z)\ei@)ei—i-ZAei@ei,
pi>0 pi<0

as far as the first inequality is concerned, and if

B:ZA€i®€i+2)\€i®€i,

pi>0 pi<0

for the second one. In both cases, we have denoted by {ey,...,e,} the aforementioned
diagonalizing basis for M.

Remark 5.37. Pucci’s extremal operators satisfy the following properties:

(a) trivially M~ < M* and M~ (=M) = =M™ (M) for every symmetric matrix M,
moreover M* are positively 1-homogeneous;

(b) M= are elliptic (i.e. they satisfy (5.27)) with constants \,nA, because of Exam-
ple 5.34 and equations (5.29), (5.30) which represent M as an envelope of a family
of functionals with ellipticity constants A, nA;

(c) for every couple of symmetric matrices M, N it is simple to obtain from (5.29) and
(5.30) that

MH(M)+ M~ (N) < MT(M + N) < MT (M) + MT(N)
and, similarly,

M (M)+ M (N) <M (M+N)< M (M)+ MH(N);
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(d) thanks to (5.28), one has for any symmetric matrix M the inequalities
whenever F is elliptic with constants A, A and F'(0) = 0.

Definition 5.38. In the setting above, we shall set

Subya(f) = {u:Q—=R: —M], (V) + [ <0inQ}
Supya(f) = {u:Q—=R: —M;,A(V%L) +f>0inQ}.

Furthermore, we define

Solya(f) := Subxma(=|f]) N Supy 4 (LF])- (5.33)

Remark 5.39. Roughly speaking, the classes defined above correspond to De Giorgi’s
classes DG4 (), since u being a solution to (5.26) (with F' having ellipticity constants A
and A and F(0) = 0) implies u € Soly A (f) by virtue of Remark 5.37(d); thus, if we are
able to infer regularity of functions in Soly o(f) then we can “forget” the specific form of
the equation.

From now onward, we shall not explicitly indicate the dependence of the maximal
operators M™*, M~ on the ellipticity coefficients A\ and A. Notice that, since M™ > M~
the intersection of the two sets above can be nonempty.

The key estimate we want to prove is named after Aleksandrov, Bakelman and Pucci
in [14], [10] and [16] (building on results in [81] and [4]) and is therefore called ABP weak
maximum principle. It plays in this regularity theory essentially the same role played by
the Caccioppoli-Leray inequality in the standard linear elliptic theory. See also [94] for
another interesting insight into the problem.

In the sequel of this chapter we call universal a constant which depends only on the
space dimension n and on the ellipticity constants A, A.

Theorem 5.40 (Aleksandrov-Bakelman-Pucci weak maximum principle, [14, 10]). Let u
be in Sup(f) N C(B,;R) with uw >0 on 0B, and f € C(B,;R). Then

1/n
maxu~ < cappr (/ (fH)" dx)
B, {u=T"u}

where capp = capp(\, A, n) is universal and I'y, is defined below.

In particular, u supersolution with f = 0 provides the minimum principle: v > 0 on
OB, implies v > 0 on B,. Since f™ measures, in some sense, how far u is from being
concave, the estimate above can be seen as a quantitative formulation of the fact that a
concave function in a ball attains its minimum on the boundary of the ball.
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Definition 5.41. Assume the function u™ is extended to all Bo, \Er as the nulliunctz’on
(this extension is continuous, since u~ is null on B, ). We then define for x € Ba,

[y (z) :=sup {L(z) : L affine, L < —u" on Ba,}.
We will call contact region the set {u =I',} C B,. Moreover notice that
{fu=T,}={-u =T,}NB, C By,.

In order to prove the ABP estimate we set m := maxg u~ and assume with no loss
of generality that m > 0.

The following facts are either trivial consequences of the definitions or easy applications
of the tools introduced in Appendix D, devoted to convex analysis: first of all —-m < T', <
0, hence I", € V[/li;COO<B2r; R) and finally, since I, is differentiable almost everywhere by
Rademacher’s theorem and the graph of the subdifferential is closed, we get O, () # ()
for all x € Bs,. We will use this last property to provide a supporting hyperplane to I,
at any point in the closed ball B, .

We need some preliminary results, here is the first one.

Theorem 5.42. Assume u € C(B,;R), u >0 on B, and I, € CYY(B,;R). Then

1/n
maxu < cr </ det V2T, dx)

By

with ¢ = ¢(n).

Proof. Let x; € B, be such that u™(z;) = m (where, as we set above, m = maxg u").
Fix £ with |{| < m/(3r) and denote by L, the affine function L,(z) = —a + (z,§). It is
obvious that, if « is large enough, then the corresponding hyperplane lies below the graph
of —u~ and by continuity of w there is a minimum value of « such that this happens,
that is to say —u~ > L, on Bs,. The graph of —u~ will then meet the hyperplane L,
at some point, say xg € Ba,. If it were |79 > 7, then L, (z¢) = 0, but on the other hand
|Lo(z1)] > m and, since |xg — x| < 3r, L, would have slope |{| > m/3r, which is a
contradiction. Hence any contact point x; must lie inside the ball B,; from the pointwise
inequality —u™ > I'y, > L, we get VI'y(21) = £ and therefore B, 3,y C VI, (B,). If we
measure the corresponding volumes and use the area formula, we get

w, (ﬂ)ng/ det V2T, da
3r B,

or, equivalently,

1/n
m < 3w;1/"7“ (/ det V2T, dx) )

This proves the claim with ¢ = 3wy /™. O
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Remark 5.43. The previous theorem implies the ABP estimate, provided we show that

o I', € CYY(B,;R), as a consequence of u € Sup(f). Even though VT, exists .£"-
a.e. thanks to the Aleksandrov Theorem, its existence is not sufficient to provide
the validity of the area formula for VI, (for instance in one space dimension a
counterexample is provided by an antiderivative of the Cantor-Vitali function);

o Y"ae. on {u>T,} (the so-called non-contact region) one has det(V>T,) = 0;
o Z"ae. on {u="T,} one has det(V?T,) < (c¢f*)", with ¢ universal constant.

Let us now discuss each of the items above. The next theorem shows that regularity,
as measured in terms of opening of paraboloids touching I', from above, propagates from
the contact set to the non-contact set. It turns out that the regularity in the contact set
is a direct consequence of the supersolution property.

Theorem 5.44 (Propagation of regularity). Let u € C(B,;R),T, as in Definition 5.41
and suppose there exist e € (0,r] and M > 0 such that, for all xy € {u =T}, there exists
a paraboloid with opening less than M which has a contact point from above with the graph

of Ty in B.(zo). Then T, € CY(B,;R) and det V?*T', = 0 £"-a.e. on {u>T,}.

With the notation introduced before, the assumption of Theorem 5.44 means

0(xo, Be(x0),Ty) < M Vzo € B, N {u=T,}.

Since I',, is convex, the corresponding quantity 6~ is null, so that § = o" < M. Recall
also that we have already proved that 0, § € L> implies u € C'"! in Corollary 5.31.

Theorem 5.45 (Regularity at contact points). Consider v € Sup(f) in Bs, ¢ convez in
Bs with 0 < ¢ < v and v(0) = ¢(0) = 0. Then p(z) < ¢ (supg, f1) |z|* in B,s, where v
and c are universal constants.

We can get a naive interpretation of this result (or, rather, of its infinitesimal version
as 0 | 0) by means of this formal argument: by virtue of the assumption v € Sup(f), we
have the inequality M~ (V?v(0)) < f(0), while the fact that v — ¢ has a local minimum
at 0 gives M~ (V?p(0)) < M~(V?0(0)) < £(0).

That being said, let us discuss how these tools allow to prove the ABP estimate.

Proof of Theorem 5.40. Pick a point xg € {u =T',} and let L be a supporting hyperplane
for '), at zg, so that 'y > L and I',(z9) = L (z¢). Recalling Theorem 5.45, define
p:=1,—L,v:=—u" — L (and notice that v is a supersolution in By, with datum f+X§T
namely v € Sup(f*xz,)). Now, p(xg) = v(zo) implies, by means of Theorem 5.45,

0(x0, Bus(z0),0) < ¢ sup  fF Vg € {u =Ty} (5.34)
Bg($0)ﬂ§r
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with v and ¢ universal, for all § € (0,7). Hence

0(xg, Bys(x0), W) <c sup fF Vg € {u=T,}. (5.35)
Bg(wo)ﬁET

By Theorem 5.44 we get I, € CV1(B,;R) and det(V?T',) = 0 £"-almost everywhere in
the non-contact region. Finally, in order to get the desired estimate, we have to show
that £"-almost everywhere in the contact region one has det(V?T,) < (cf*)". But this
comes at once by passing to the limit as § — 0 in (5.35) at any differentiability point
of I',. In fact, by virtue of the remarks presented before the statement of Theorem 5.45,
hence ultimately relying on Corollary 5.31, all the eigenvalues of VI, () do not exceed
¢fT(xo) and the conclusion follows. O

Now we prove Theorem 5.45.

Proof. Letr € (0,0/4) and set 5 := (supgr 90) /r%. Let then Z € B, be a maximum point
of ¢ on B, (by convexity the maximum is attained at the boundary). Possibly acting with
a rotation, we can write x = (2/,x,), 2’ € R"™, 1, € R, and assume Z = (0, 7). Consider
the intersection A of the closed strip defined by the hyperplanes x, = r and z, = —r
with the ball §5/2. We clearly have that 0A = A; U Ay U Az, where A; = §5/2 N{z, =1},
Ay = §5/2 N{z, = —r} and A3 = 0Bs)2 N {|x,| <7}

We claim that ¢ > ¢(Z) on A;. To this aim, we first prove that ¢(y) < ¢(Z)+o(|ly—7|)
fory — z, y € H := {z, = r}. In fact, this comes from ¢(ry/|y|) < ¢(z) and p(y) —
o(ry/lyl) = o(ly — z|), because ¢ is Lipschitz continuous. On the other hand, we have
that £ € 0y (7) implies p(y) > ¢(Z) + ({,y — ) for all y € H. Hence, by comparison,
it must be £ = 0 and so ¢(y) > ¢(Z) on A; (this can be seen as a nonsmooth version of
the Lagrange multipliers theorem).

As a second step, set

s 9 S

p(x) == g(:pn +7)*— 45—2
and notice that the following properties hold:
(a) on Ay, p(z) < 5r%/2 = p(7)/2 < p(x)/2;

(b) on As, p(z) <0 < ¢(x) (and in particular p(x) < v(x));

T2|ZL’/|2

(c) on Az, §2/4 = |2/|* + 22 < |2')*> +r? < |2'|* + §%/16, which implies |z'|> > (3/16)6%.
By means of such estimate we get p(z) < (5/2)r? — (3/4)sr? <0 < ¢.

Combining (a), (b), (c) above we get p < v on JA. Since p(0) = 5r%/8 > 0 = (0)
we can rigidly move down this paraboloid until we get a limit paraboloid p’ = p — « (for
some translation parameter a > 0) lying below the graph of v and touching it at some
point, say y. Since p < v on 0A, the point y is in the interior of A.
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By the supersolution property M~ (V?p) < f(y) < supp, f we get (since we have an
explicit expression for p)
= 2
5 r
A= —=8(n — 1)As5—= <sup f.
18 S5 < up f

But now we can fix r such that 8(n — 1)Ar?/6* < A/8 (it is done by taking 7 so that
the inequality 8 < d/A/((n —1)A) is satisfied): therefore we have 5 < $supy f. The

statement follows, with ¢ = 8/\ and v := £1/A/((n — 1)A). O

It remains to prove Theorem 5.44.

Proof. Recall first that we are assuming the existence of a uniform estimate

O(x, B:(x),T,) <M Vo € B, N{u="T,}.

Thanks to Proposition 5.29, we are able to obtain C'!! regularity of I', as soon as we are
able to propagate this estimate also to non-contact points.

Consider now any point g € {u > I',} and call L a supporting hyperplane for I, at
T, so that L(xg) = I'y(xo). Notice that {—u~ = L} N B, C {u =T,}. We claim that:

(a) There exist n+1 points 1, ...,z,41 € {—u~ = L} such that zg € S := co(z1,...,2n11)
(here and in the sequel co stands for convex hull) and, moreover, all such points
belong to B, with at most one exception lying on dB,,. In addition I', = L on S;

(b) zo = .7 tix; with at least one index i verifying both z; € B, N {—u~ = L} and
ti > 1/(3n).

To show the utility of this claim, just consider how these two facts imply the thesis: on
the one hand, if VT, is differentiable at x(, we get det V*I',(x¢) = 0 because I', = L on
S and dim(S) > 1. On the other hand we may assume, without loss of generality, that
71 € {—u" =L} N B, and t; > 1/(3n) so that, since

h
To+h=1t ($1 + t_) +toZy + - A I 1T,
1

one has

Ly(wo+h) < 6l (21 +h/t) +ly(22) + - + b1 Tu(@ng)
2
+toL(x2) + -+ + 1 L(wny1)

< t [L(m1)+M tﬁ
1

= L(x) + M|h|*/t; < Ty(z0) + 3nM|h|?

and this estimate is clearly uniform since we only require |h/t;| < e, which is implied by
|h| < e/(3n).
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Hence, the problem is reduced to prove the two claims above. To proceed, we need a
standard result in convex analysis (first proved by Carathéodory [18] for closed sets and
later extended by Steinitz [89]), which is recalled here for completeness.

Theorem 5.46 (Carathéodory, [18]). Let V' be a n-dimensional real vector space. If
C C V, then for every x € co(C) (the convex hull of C) there exist xy,...,T,41 € C,
t1, ... tnr1 € [0,1] such that

n+1 n+1

T = Ztix,- and Zti =1.
i=1 i=1

Set then C' := {& € By, : L(z) = —u ()} and C = co(C"). We notice that C" # (:
indeed if, by contradiction, C' = (), then there exists 6 > 0 such that L + 4§ < —u".
Therefore I', > L + ¢, contradicting the assumption that xy is a contact point. We claim
that xo € (' in fact, if this were not the case, there would exist 7 > 0 and a hyperplane
L’ such that L'(zg) > 0 and L'(y) < 0 if y € C, := {y € By, |dist(y,C) < n}, therefore
L+46L < —u” on C, for all § > 0. Let us notice that, on By, \ C, C By, \ ', the
function —u~ — L is strictly positive and, thanks to the compactness of By, \ C,,, there
exists 0 > 0 such that

L(z)+ 0L (z) < —u™(x), Vz € By, \ C,.
Hence, we would have (L 4+ 6L')(xzq) > L(zo) = I'y(z0) and, at the same time,
L+6L < —u~ on By,

which contradicts the maximality of T,.

Thanks to Carathéodory’s theorem, we can write xq = Z?:Jrll tix; with x; € {—u™ = L}.
In case there were distinct points x;, x; with |z;| > r and |z;| > r (and so L(x;) = 0,
L(xz;) = 0) then (considering a point z on the open segment between z; and z;) the
function I', would achieve its maximum, equal to 0, in the interior of By, and so, by
the convexity of I',, it would be I', = 0 on B,,, in contrast with the assumption m =
maxu~ > 0. The same argument also proves that exceptional points out of B,, if any,
must lie on 0Bs,.

Let us now prove that I',(z) = L(z) on S := co(z1,...,2,11). The inequality > is trivial,
the converse one is clear for each x = z;, since L < I', < —u™, and it is obtained by
means of the convexity of I', at all points in .S.

Now we prove part (b) of the claim. If all points x; verify |z;| < r, then maxt; > n+r1 > o
Otherwise, if one point, say x,1, satisfies |z, 11| = 2r, then t; < 1/(3n) foralli =1,...,n
implies ¢,11 > 2/3 and therefore

n
4
P> fool > 2naar = Y il > v — o=
i=1

146



5.7 A regularity result for viscosity solutions

The scope of this section is to prove the Harnack inequality (see [65] and [66]) for functions
in the class Sol(f) := Sub(—|f]) N Sup(|f|), following a strategy devised in [14] (see also
[16]). Here, according to Definition 5.38, the sets Sup(]f|) and Sub(—|f]) are defined
through Pucci’s extremal operators (with fixed ellipticity constants 0 < A < A)®, namely
by declaring

u € Sub(—|f]) <= —MT(V*u)-|f] <0 (5.36)
weSup(lf) = M (Vu)+|f|>0 (5.37)

in the sense of viscosity solutions.

We shall use the standard notation @,(x) for the closed n-cube in R" with side length
r, @ = Q.(0) and always assume that f is continuous. In the proof of Lemma 5.52
below, however, we shall apply the ABP estimate to a function w € Sup(g) with g upper
semicontinuous. Since there exists g, continuous with ¢, | ¢ and w € Sup(g,), the ABP
estimate holds, by approximation, even in this case. Here is the statement we want to
present:

Theorem 5.47. Consider a function u : Q1 — R with u > 0 and u € Sol(f) N C(Q1;R).
There exists a universal constant cg such that

supu < cy <inf u+ ||fHLn(Q1;]R)) : (5.38)
Q12 Q12

Let us show how (5.38) leads to the Holder regularity result for viscosity solutions of
the fully nonlinear elliptic equation

—F(Vu(z)) + f(z) = 0. (5.39)
Step 1. As usual, we need to control the oscillation (now on cubes), defined by
wy := M, —m,

with M, := supy, v and m, = infqg, u.
Using the notation of Theorem 5.47, we claim that there exists a universal constant
w € (0,1) such that

wijz < pwr + 2| fllr@uim)- (5.40)

Indeed, we apply the Harnack inequality (5.38)

8Notice that Sup(f) C Sup(|f]) and Sub(f) C Sub(—|f|).
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e to the function u — my, so that
My —my < cy (m1/2 —my + ”fHL"(Ql;R)) , (5.41)
e to the function M; — u, so that
My —my <cy (Ml — M + Hf”L”(Ql;R)) , (5.42)
and adding (5.41) and (5.42) we get
wi 4 wije < e (w1 — wij2 + 2| fllin@im)

which proves (5.40) because

—1 CHy
2
+1CL)1+

Cg — 1
[ £l (@um) <

!
w
V2= o+ 1 e+ 1

wi + 2| fllzr@um)-
Notice that = (cy — 1)/(cy + 1), with ¢y being the universal constant in (5.38): it is
crucial for the decay of the oscillation that u < 1.

Step 2. Thanks to a rescaling argument (which we will be also used in the proof of the
Harnack inequality), we can generalize (5.40) as follows. Fix a radius 0 < <1 and set

w) =" f) =y withye Q.

r

Notice that (5.40) holds also for u, (with the corresponding source f,.). Moreover, passing
to a smaller scale, the L™-norm improves in the sense that || f,||zQ.r) = 7|/l L7 (0nR)-
For simplicity we keep the notation w, for the oscillation of the function u, we use osc(-, @)
otherwise. Based on the above remarks, we can estimate

wr/2 = rzosc(ur, Ql/?) S :U“T2OSC(U7"7 Ql) + 2T2"fr||L"(Q1;R)

= pw, +27(| fllLr@ur) < pwr + 27| flln(@um)-

Step 3. By the iteration lemma we used so frequently in the elliptic regularity chapters?,
we are immediately able to conclude that

: 1\ ¢
wy < Cwlrmln{l,a} Vr e (0, 1] with (5) = U,

and with ¢ = ¢(u, || f||z»(0,;r)) (i-e. a constant depending only on p and || f||Lr(q,:r)), thus
we have Holder regularity.

In order to prove the Harnack inequality, we go through the following reformulation
of Theorem 5.47.

9See, for instance, Lemma 3.13.
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Theorem 5.48. There exist universal positive constants €y and cgy such that, if u :
Quym — [0,00) belongs to Sol(f) N C(Qum;R) on Q. then

inf u <1 — supu < cyy (5.43)
Q1/4 Q1/4
provided
1l 2n(@u mim) < €0
Remark 5.49. Theorem 5.47 and Theorem 5.48 are easily seen to be equivalent: since
we will prove the second one, it is more important for us to check that Theorem 5.47

follows from Theorem 5.48.
For some positive § > 0 (needed to avoid a potential division by 0) consider the function

u
V= . )
0+ lnf621/4 u+ ||f||L"(Q4\/H§R)/EO

Denoting by f, the source term associated with v, namely

f

fv = :
0+ 1HfQ1/4 u+ HfHL"(Qz;\/ﬁ;R)/sO

the homogeneity of Pucci’s operators gives || f,| 1~ (q,
have (by Theorem 5.48) supg, , v < cgv, hence

R < €. Since infg, ,v < 1 we

supu < ¢ inf w40+ n »/co | .
sups < e (0 0+ o/ )

We let 6 — 0 and we obtain Harnack inequality with the cubes Q1/4, Q4,/; hence by the
same scaling argument we have already used, this means that for all r € (0,1/4)

sgpu <cpv (1(121fu + erHLn(QWﬁ;R)/go) . (5.44)

Now, we pass to the cubes @/, Q1 with a simple covering argument: there exists an
integer N = N(n) such that for all z € Q1/2, ¥ € Q12 we can find points z;, 1 <i < N,
with z; = z, zxy = y and x;41 € Q.(z;) for 1 < i < N, with » = r(n) so small that
all cubes Q6 /n(2;) are contained in Q. Applying repeatedly (5.44) we get (5.38) with
cy ~ iy

We shall now describe the strategy of the proof of Theorem 5.48, even if the full proof
will be completed at the end of this section. We study the map

t— 2" {u>t}NQ)

in order to prove:
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e a decay estimate of the form Z" ({u >t} N Q) < dt~¢, thanks to the fact that
u € Sup(|f|) (see Lemma 5.52);

e the full thesis of Theorem 5.48 using the fact that u € Sol(f) C Sub(—|f|), too.

The first goal will be achieved using the Aleksandrov-Bakelman-Pucci inequality of the
previous section. The structure of the proof is reminescent of De Giorgi’s argument and,
like it was said, we complete it through the following lemmata and remarks.

This preliminary lemma is a self-improvement principle, whose proof exploits the
Calderén-Zygmund construction. Heuristically, the assumption (5.45) means that B con-
tains all regions (i.e. dyadic cubes) where the measure of A is sufficiently large. This
allows to prove the improved implication of (5.46).

Lemma 5.50 (Dyadic Lemma, Krylov-Safonov [66]). Consider two Borel sets A, B C Q.
If the implication 3
ZL"(ANQ) >6L"(Q) = QC B, (5.45)

holds for any dyadic cube Q C Qq, with Q being the predecessor of Q, then

LA) <OLNQ) = L(A) < 5.2(B). (5.46)

Proof.  We apply the construction of Calderén-Zygmund (seen in the proof of Theo-
rem B.18, for instance) to f = y4 with a = d0: there exists a countable family of cubes
{Qi}icr, pairwise disjoint, such that

xa<0  ZMae on Q) UQi (5.47)

il

and L™M(ANQ;) > 0.£"(Q;) for all i € I. Since § < 1 and x4 is a characteristic function,
(5.47) means that A C |J,c; @i up to Lebesgue negligible sets. Moreover, if @); are the
predecessors of Q;, from (5.45) we get Q: C B for all i and

LMANQ,) <0L™MQ)  Viel. (5.48)

This is due to the fact that a cube @), in the Calderén-Zygmund construction, is divided
in subcubes as long as Z"(ANQ) < 6.£"(Q). Thus (note that we sum on @); rather than
on i, because different cubes might have the same predecessor)

LA <Y LUANQ) <Y 6L7(Q) < 5L7(B).
Qi Qi
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It is bothering, but necessary to go on with the proof, to deal at the same time with
balls and cubes: balls emerge from the radial construction in the next lemma and cubes
are needed in Calderén-Zygmund-type constructions.

Lemma 5.51 (Truncation Lemma). There exists a function ¢ € C°(R™;R) such that

(i) ¢ >0 onR"\ By sy ;

(1) ¢ < —2 on the cube Qs ;
(i) M (V%) <cxo, onR";
for some universal constant ¢ > 0.
Proof. 'We recall some useful inclusions:

Bijp C Q1 C Q3 C Byymja C Boym
For M;, My > 0 and a > 0 we define
o(x) = My — Ms|z|™®  when |z| > 1/2.

Since ¢ is an increasing function of |z|, we can find M; = M;(a) > 0 and My =
Ms(a) > 0 such that

(i) SO‘BBWE =0, so that ¢ > 0 on R"\ By s;
(i) = —2, so that ¢ < —2 on Q3 \ By, since this set is contained in B /5 /5.
0837/

After choosing a smooth extension for ¢ on B/, still bounded from above by —2, we
conclude checking that there exists an exponent « that is suitable to verify the third
property of the statement, that needs to be checked only on R™\ @);. We compute

a ala+2)
| [+ | [+

V2 (’ZC‘?a) = .ZU@LU,

thus the eigenvalues of V2¢ when |z| > 1/2 are Mya|z|~@? with multiplicity n — 1
and —Msa(a + 1)|z|~(@+?) with multiplicity 1 (this is the eigenvalue due to the radial
direction). Hence, when |z| > 1/2, we have

My

‘x|a+2

MH (V) = (A(n — Da — da(a+1))

so that M*(V?p) < 0 on R™\ By, if we choose a = a(n,\,A) large enough. Since
By /s C @1 and ¢ is smooth, we conclude that (iii) holds for a suitable constant ¢ = ¢(y).
0J
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Lemma 5.52 (Decay Lemma). There exist universal constants ¢ > 0, M > 1 and
p € (0,1) such that, if w € Sup(|f]), u >0 on Quym, info,u <1 and || f|[Ln(q, mr) < €0,
then for every integer k > 1

L ({u>MYn@) <(1—p)k (5.49)
Proof. We prove the first step, that is
LM{u>M}n@Qu) < (1-p), (5.50)
with ¢ given by Lemma 5.51, M :=max ¢~ > 2 and p and ¢( are respectively given by
1
p= (2cappc)™, €0 =3 : (5.51)
CABP

where capp is the universal constant of the Aleksandrov-Bakelman-Pucci estimate of
Theorem 5.40 and ¢ as in the statement of Lemma 5.51. Since u is non-negative, in
order to obtain a meaningful result from the ABP estimate, we apply the estimate in
the ball B, s for the function w, defined as the function w additively perturbed with the
truncation function ¢. If w := u + ¢, then

w >0 ondB, 5 (5.52)
because u > 0 on Q4 D By 7 and ¢ > 0 on R™ \ B, /. Moreover

inf w <infw < -1 (5.53)
By m Qs

because Q3 C By n and ¢ < —2 on B, 4, and, at the same time, we are assuming
that infg, v < 1. Directly from the definition of Sup(|f|) we get —M~(V?u) + |f]| > 0,
moreover M*(V2p) < cxg,. Since in general M~ (A + B) < M~ (A) + MT(B) (see
Remark 5.37), then

M (V) + (If[ + exq.) = (=M (Vi) + [f)+ (=M (V) + exq,) = 0. (5.54)

The inequality (5.54) means that w € Sup(|f| + ¢xg,). Thanks to the ABP estimate
(which we can apply to w thanks to (5.52) and (5.54)) we get

1/n
maxw~ < capp (/ (If] 4+ exo)” dy) : (5.55)
BZﬁ {w=Tw}

Now, remembering that (5.53) holds and that, by definition, {w = I',} C {w < 0}, we
can expand (5.55) with

1/n
U< max w@) Seunn ([ (f1+ o) ) (5.50)
$€B2\/ﬁ {wSO}
< CABPHf’|Ln(Q4ﬁ;R) + cappcl" (Q1 N {w < 0})1/n (5.57)
S CABP||f||Ln(Q4\/E;R) + CABPCD%n (Ql N {u S M})l/n (558)
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where we go from line (5.56) to line (5.57) by Minkowski inequality and from line (5.57)
to line (5.58) because, if w(x) < 0, then u(x) < —p(x) and then u(z) < M. Exploiting
our choice of €9 we obtain from (5.58) the lower bound

L (Qrn{u< MY > o

. 5.59
~ 2cappc (5.59)

Thus, if p is given by (5.51), we obtain (5.50).

We prove the inductive step: suppose that (5.49) holds for every j < k — 1. We exploit
the dyadic Lemma 5.50 with A = {u > M*}NQ;, B={u> M*1}NQ, and § =1 — p.
Naturally A C B C @ and £Z"(A) < §; if we are able to check that (5.45) holds, then

L (Qin{u>MY) <(1—p)L" (Qin{u> M1 <(1—p)k

Concerning (5.45), suppose by contradiction that for some dyadic cube @) C ()7 we have
that
ZLMANQ) > 6L"(Q) (5.60)

but Q ¢ B, Q being the predecessor of @, as usual: there exists z € @ such that
u(z) < M* 1. Let us rescale and translate the problem, putting @(y) := u(x)M~*+~1
with z = zg+ 2 'y if Q has edge length 27% and centre z (so that, in this transformation
@ becomes the unit cube Q; and Q is contained in (3). Because of the rescaling technique,
we need to adapt f, that is define a new datum

fly) = %

The point of this definition of f is to ensure that @ € Sup(|f]), in fact formally™
1
= 92i k-1

because Pucci’s operators are positively 1-homogeneous. Since the point corresponding
to z belongs to (Y3, we get

(=M~ (V@) + | f)(y) (=M~ (V?u) +|f]) (z) > 0,

N u(z)
£ ay) <
Jnd 0) < g <

If ‘|fHL”(Q4ﬁ;JR) < &9, then, applying what we already saw in (5.59) to u instead of w,

p<L"{a<MINQy) =2"2" {fu< M*}nQ).
This means that u.2"(Q) < .£" ({u < M*}n Q) and, passing to the complement,

2" ({u>MYNQ) < (112" (Q),

10Thereby we mean that the identity in question has to be interpreted, as always with viscosity solutions,
in terms of comparisons involving test functions.
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which contradicts (5.60). In order to complete our proof, we show that || || L7(Quymi®) < E0-
To this aim, let us remark that in general the rescaling technique does not cause any
problem at the level of the source term f. Indeed

. 1
1l @umm) = J7rmigs 1 2n @y oi @) < [ flln@umm) < 0.

O

Corollary 5.53. There exist universal constants € > 0 and d > 0 such that, if u €
Sup(|f[), w >0 on Qum, info,u <1 and || f|nq, ») < €0, then
L"{u>tyn@Qy) <dt™* Vit > 0. (5.61)

Proof.  This corollary is obtained by Lemma 5.52 choosing ¢ such that (1 — u) = M—°
and d = M® = (1 — p)~!: interpolating, for every ¢ > M there exists k € N such that
MF1Y <t < M so

L"{u>t3NQ) <L ({u>M-In@)) < MY < @(MM)~= <dt.

Choosing d > d’ such that 1 < dt~¢ for all t € (0, M), we conclude. O

In the next lemma we use both the subsolution and the supersolution property to
improve the decay estimate on Z"({u > t}) (the supersolution property is used to secure
the validity of (5.61)). The statement is a bit technical and the reader might won-
der about the choice of the scale ¢; as given in the statement of the lemma; it turns
out, see (5.65), that this is (somehow) the smallest scale r on which we are able to say
that Z" ({u > 1’} NQ,) < r", knowing that the global volume .Z" ({u > 17} N Q) is
bounded by d(v7)~¢.

Lemma 5.54. Suppose that v € Sub(—|f|) is non-negative on Q4 s and ||f||Ln(Q4ﬁ;R) <
g0, with gy given by the decay Lemma 5.52. Assume that (5.61) holds. Then there exist
universal constants My > 1 and o > 0 such that, if

Ty € Q12 and u(wg) > Mor"™Y for some j > 1,

then there exists B ‘
x1 € Q) (0) such that u(z1) > Mo,

where v :=2My/(2My — 1) > 1 and {; = UMO_‘E/"V*EJ'/TL'

Proof. First of all, we fix a large universal constant o > 0 such that

% (ﬁ)n > do° (5.62)
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and then we choose another universal constant M, so large that

1
dMy* < 5 (5.63)

and
oMy ™ < 2y/n. (5.64)

In the sequel of the proof we employ the following simple estimate on the superlevels of
the function w:

L7 ({u > v/ Mo/2} 0 Qq, yaym) (0))

IN

L ({u > v Mo/2} N Q1)
d (v Mo/2) "

() v
_ %(4%) | (5.65)

We used condition (5.62) on ¢ and the definition of ¢;, as given in the statement of the
lemma.
By contradiction, assume that for some j > 1 we have

IA

A\

max u < Mg/, (5.66)
Qs (0)

Under this assumption, we claim that the superlevel can be estimated as follows:

" ({U < I/jMO/Q} N ng/(4\/ﬁ) (.730)) < %gn (ng/(4\/ﬁ)(x0)) . (567)

Obviously the validity of (5.65) and (5.67) at the same time is the contradiction that will
conclude the proof, so we need only to show (5.67).
Therefore, define the auxiliary function

v(y) = VMO(;EL%)]\ZO ", (MO - ”i‘f)) ,

where © = x¢ + K}ﬁy and the second identity is a consequence of the relation M, =

v/[2(v = 1)]. Since y € Qum <= v € Q,(20), by (5.66) the function v is defined and
positive on Q4 /5. In addition, using the first equality in the definition of v, we immediately
see that u(zg) > Mor’~! implies infg, ~v < 1. Using the second equality we see that
(modulo the change of variables)

{v> My} = {u < vV My/2}.
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Moreover, if we compute the datum f, which corresponds to v, since the rescaling radius

is ¢;/(44/n), we get

22
so that o0
IFollin @) = g Il e < 0 (5.65)
because
2, oM,

_ (/) <
NN

thanks to (5.64). The estimate in (5.68) allows us to use Corollary 5.53 for v, that is
L ({U > M()} N Ql) < dMO_E7
and we can use this, together with (5.63), to obtain that (5.67) holds:

| 1
2" ({u </ Mo/2} N Quyaymy (20)) < AMy L™ (Qu, jaymy (0)) < 527 (Quypavmao)) -
0

We can now complete the proof of Theorem 5.48, using Lemma 5.54. Notice that
in Theorem 5.48 we made all assumptions needed to apply Lemma 5.54, taking also
Corollary 5.53 into account, which ensures the validity of (5.61). Roughly speaking, if we
assume, by (a sort of) contradiction, that u is not bounded from above by Mv* on @, /4
for kg sufficiently large, then, thanks to Lemma 5.54, we should be able to find recursively
a sequence (x;) with the property that

Since Y ;{j < +00, the sequence (x;) converges, and we eventually find a contradiction
at the limit point. However, in order to iterate Lemma 5.54 we have to confine the whole
sequence in the cube Qo (for this purpose it is convenient to use the distance induced
by the L* norm in R", whose balls are actually Euclidean cubes). To achieve this, we fix
a universal positive integer jo such that 3 il <1 /4 and we assume, by contradiction,
that there exists a point xg € Q174 with u(xg) > Myr’°~!. This time, the sequence (zy)
we generate iterating Lemma 5.54 is contained in (/2 and

u(zy) > Mov?ot+=1t, (5.69)

When k& — oo in (5.69) we obtain the contradiction. This way, we obtained also an
“explicit” expression of the universal constant in (5.43), in fact we proved that

sup u(z) < Movio~t,
T€Q1/4
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A Some basic facts concerning Sobolev spaces

A.1 Two definitions and their comparison

We summarize here some basic facts on Sobolev spaces, which are needed throughout this
monograph. For a more detailed treatment of these topics, the reader may consult [2],
see also [8], [35], [36], [69] or [82].

It is possible to define Sobolev spaces in (at least) two different ways, whose partial
equivalence is discussed below.

Definition A.1. Let 2 C R™ be an open domain and fiz p € [1,00). Consider the subspace
of reqular functions C*(;R) (i.e. the subset of C’l((l; R) consisting of functions u such
that both u and Vu admit a continuous extension to §2) such that the norm

1/p
lullworaz = (lulnam + IVl ) - (A1)

is finite. We define the Sobolev space HYP(Q;R) to be the completion of such a subspace
of C(Q;R) with respect to the W1 norm.

This definition applies equally well to both bounded and unbounded domains, includ-
ing the whole space R". However, when © C R™ is bounded, finiteness of ||u||y1, is
trivially satisfied for any u € C1(€;R).

Notice that, even though a priori H'?(€); R) is an abstract completion, since C}(Q; R) C
LP(©;R) and the norm used for the completion is stronger, we can and will realize

HYP(;R) as a subset of LP(Q2;R).

Alternatively, one can adopt a different viewpoint, inspired by the theory of distribu-
tions (see [86]).

Definition A.2. Let Q C R"™ be an open domain and consider the space C°(§2;R), whose
elements will be called test functions. For a = 1,...,n, we say that v € L{ _(;R) has

loc
a-th derivative in weak sense equal to g, € Li, (2;R) if

/u@zagp dr = —/ ©go dx Ve CX(;R). (A.2)
Q Q

Whenever such g1, ..., g, exist, we say that u is differentiable in weak sense and we
write g, = Oy, u and
Vu = (0pu,...,0,u).

Forp € [1, 00] we define the space WIP(Q; R) as the subset of LP(§2;R) whose elements
u are weakly differentiable with corresponding derivatives 0, u also belonging to LP(; R).
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Remark A.3. Given 2 C R" an open domain, we shall say that u € Hl’p(Q;]R) (re-

loc
spectively u € WLP(Q;R)) if for every zy € Q there exists 7o > 0 such that B, (z¢) C Q
and u € H'(B,,(xo);R) (respectively u € W?(B, (z¢); R)). Equivalently, one has u €
H'?(Q:R) or u € WHP(V; R) for any relatively compact open subdomain Q' € €. Anal-
ogous definitions are adopted, with straightforward modifications, for Lebesgue spaces

LP and for higher-order Sobolev spaces, H*? and W

loc loc loc

It is clear that if g, exists, it must be uniquely determined modulo negligible sets (for
the standard Lebesgue measure in R"), since h € L} (Q;R) and

loc
/ hoder =0 Yy e CF(R) (A.3)
Q

implies h = 0. This implication can be easily proved by approximation, showing that the
property above is stable under convolution. To that scope, let us consider a smooth, even
and compactly supported function p € C>°(Bj; R) normalized to have unit L'-norm and
define p.(x) := e "p(x/e). Then h. = h * p. satisfies

/ hep dr = / ho * p.dx =0 Vo € C°(Q; R), (A.4)
. Q

where €. is the (slightly) smaller domain
Q. :={z e Q: dist(z,00) > e}, (A.5)

and we exploited Fubini’s theorem to prove the identity

/n(a*ps)bdx _ /na(b*ps)da:, (A.6)

which holds true, for instance, for all a € LP(R™;R), b € L¢(R"™;R) with p,q > 1 satisfying
1 <1/p+1/q. Hence if h € L{ (Q;R) is assumed to satisfy (A.3) then from (A.4) we
can trivially deduce that h. = 0 identically on €2, for any € > 0 and thus the conclusion
follows from the fact that Q. 1 Q and h. — hin Li (;R) as we let £ — 0.

Getting back to the discussion of weak derivatives of Sobolev functions, we shall recall

a basic criterion.

Proposition A.4 (Stability of weak derivatives). Assume u, € W (Q;R), 1 < p < oo
for k € N. If the sequence (ux) converges strongly in LP(2;R) to u and (Vug) is bounded
in LP(;R™), then u € WYP(Q;R) and (Vuy) weakly converges to Vu in LP(Q;R™).

Proof. By the reflexivity of LP(Q;R"), the sequence (Vuy) has subsequential limits in
the weak LP topology as k — oo. By taking limits in the definition of weak gradient, we
obtain that any limit point g € LP(2; R") of (Vuy) is the weak derivative of u. It follows
that w € W'?(Q; R"), and that ¢ = Vu is uniquely determined. Again the reflexivity of
LP(Q2;R™) gives us that the whole family (Vuy) weakly converges to Vu in LP(€; R™) as
k — oo, which completes the argument. O
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Obviously, classical derivatives are weak derivatives and thus the notation 0, u is
justified. We shall also recall a useful fact concerning the relation between weak and
strong derivatives: if u has weak a-th derivative equal to g, then

O, (W ps) = g * pe in €2, in the classical sense. (A.7)

Knowing the identity (A.7) for smooth functions, its validity can be easily extended
considering both sides as weak derivatives and using (A.6):

/(U*pe)é’xasodl“:/U(é’xasﬁ*pa)dw=/uaxa(so*pe) dx
Q Q Q
— [atexpris == [ e p)pds
Q Q

for all p € C2°(2;R) and for every € < dist(0€2, supp(¢)). Now, the smoothness of u * p.
tells us that the derivative in the left-hand side of (A.7) is (equivalent to) a classical one.
An important consequence of (A.7) is the following assertion:

Theorem A.5 (Constancy theorem). If u € Li (;R) satisfies Vu = 0 in the weak
sense, then for any ball B C ) there exists a constant ¢ € R such that u(x) = ¢ for
L"-a.e. x € B. In particular, if Q is connected, the function u coincides £™-a.e. with a

constant.

Proof. Again we argue by approximation, using the fact that (A.7) ensures that the
function u x p. are locally constant in Q. and taking the L; . limit as ¢ — 0. O

Notice also that Definition A.2 covers the case p = oo, while it is not immediately
clear how to adapt Definition A.1 to cover this case: usually H Sobolev spaces are defined
for p < oo only. In fact, the formal extension of Definition A.1 to the borderline case
p = oo would determine the space of equivalence classes (modulo coincidence £"-a.e.)
of those functions u € C'(€2;R) such that both v and Vu are uniformly bounded in €.
This should be compared with the characterization of the corresponding (much larger) W
space, namely W1 that we are about to discuss.

In the next proposition we indeed consider the relation of W% with the class of
uniformly Lipschitz functions. For the sake of brevity, we omit the simple proof which
also relies on the use of convolutions.

Proposition A.6 (Lipschitz versus W1 functions). If Q C R™ is open, then one has
the inclusion Lip(;R) C W1*°(Q;R) and

IVl @) < Lip(u, ). (A8)

In addition, if Q is convex then Lip(;R) = WH°(Q; R) and equality holds in (A.8).
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In order to avoid ambiguities, we remind the reader of the definition of Lipschitz
seminorm:
Lip(u, ) := sup —|u(x) —u)l
zAYEN |x - y|
and recall that the space Lip(£2;R) consists of those functions such that this seminorm is
finite.

Since H?(Q;R) is defined by means of approximation by regular functions, for which
(A.2) is just the elementary “integration by parts formula”, it is clear that H'*(Q;R) C
W1P(Q;R); in addition, the same argument shows that the weak derivative of u €
H'?(Q;R), in the sense of W Sobolev spaces, is precisely the strong LP(;R™) limit
of Vuy,, where u;, € C'(Q;R) are strongly convergent to u. This allows to show by ap-
proximation some basic calculus rules for weak derivatives in H Sobolev spaces, such as
the chain rule

V(pou)=¢ (u)Vu ¢ € C'(R;R) and Lipschitz with ¢(0) = 0, u € H**(Q;R)
(A.9)
and, with a little more effort (because one has first to show using the chain rule that
bounded H'? functions can be strongly approximated in H'? by functions C*(; R) that
are uniformly bounded together with their gradients) the Leibniz rule

V(w) =uVo+ovVu  u,ve HP(QR)NL®(R). (A.10)

On the other hand, we do not have to prove the same formulae for the W Sobolev spaces.
Indeed, using convolutions and a suitable extension operator described below (in the case
2 = R the proof is a direct application of (A.7), since in this case 2. = R"), one can
prove the following result.

Theorem A.7 (H =W, [73]). If either Q =R" or Q is a bounded reqular domain, then
H'"(Q;R) = W'P(Q; R) 1 <p<oo. (A.11)

Recall that the word regular is used in this monograph to describe any domain {2 that
is locally the epigraph of a C! function of (n — 1)-variables, written in a suitable system
of coordinates, near any boundary point.

However the equality H = W is not true in general, as the following example shows.

Example A.8. In the Euclidean plane R?, consider the open unit ball {z* + y* < 1}
with one of its radii removed, say for instance the segment given by (—1,0] x {0}. We
can define on this domain  a function v having values in (—m, 7) and representing the
angle in polar coordinates. Fix an exponent 1 < p < 2. It is immediate to see that
v € C®(Q;R) and that its gradient is p-integrable, hence v € WP(£2;R). On the other
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hand, we claim that v ¢ H'?(Q;R). Indeed, one can easily show, using Fubini’s theorem
and working in polar coordinates, that any u € H'?(Q; R) satisfies
0 — u(re’) € WP (R; R) for £'-ae. r € (0,1). (A.12)
Indeed, if the sequence u, € C°(2;R) N CY(Q;R) converges to u strongly in HP(Q;R)
and (possibly extracting a subsequence) Y ||Vtuni1 — V|| ror) < +00, the pointwise
inequality |Vw| > r~!0pw| gives
1 ™ 1/p
/ Z(/ 7P |Opti g1 — Ogtin|” d@) dr < Z |Vt — Vg || prom) < 400.
0 5 - n

It follows that

™ 1/p
Z (/ |Ogtin 1 — Ot |” d@) < +00

n

for #'-a.e. r € (0,1), so that the 2r-periodic continuous functions 6 +— u,(re?) have
derivatives strongly convergent in L} (R;R), and therefore (by the fundamental theorem

of calculus) are equicontinuous. Any limit point of these functions in L{ (R;R) must
then be equivalent to a 2m-periodic and continuous function. If, by contradiction, we take
u = v, a similar Fubini argument shows that, whenever ) ||ty41 — || Lr(r) < 400, the
sequence u,(re?) converges in LP(—7,7) to the function v for #'-a.e. r € (0,1). But,
the function v(r,0) = 0 € (—m, 7) has no continuous 27-periodic extension. Therefore we

get a contradiction and we conclude that v cannot be in H"?(Q; R).

Remark A.9. Taking into account the example above, we mention the more general
result by Meyers-Serrin [73], asserting that, for any open set  C R™ and 1 < p < oo, the
identity

W
)

C=(LR) NWI(LR) = W (Q;R) (A.13)

holds. The proof relies on equation (A.7) and a partition of unity argument.

The previous example underlines the crucial role played by the boundary behavior,
when we try to approximate a function in W'? by C*(2;R) (or even C°(Q; R)NC (4 R))
functions. In the Meyers-Serrin theorem, instead, no smoothness up to the boundary
is required for the approximating sequence. So, if we had defined the H spaces using
CY;R) N LP($;R) functions with gradient in LP(€;R) instead of C*(Q;R) functions,
the identity H = W would have been true unconditionally. In the case p = oo, the
construction in the Meyers-Serrin theorem provides for all u € Wh*(Q;R) a sequence
(un) C C®°(;R) converging to u locally uniformly in €2, with supg, |[Vu,| convergent
to ||Vul|lw. Again, this fact can be exploited to give a definition of H%* for which
HbY° = W1* unconditionally.
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As it will be clear soon, we also need to define an appropriate subspace of H?(Q;R)
in order to work with functions vanishing at the boundary.

Definition A.10. Given an open domain Q C R™, we define Hy?(Q;R) to be the com-
pletion of CH(Q;R) with respect to the WP norm.

It is clear that Hy?(Q;R), being complete, is a closed subspace of H'?(€; R). Notice also
that H'?(R";R) coincides with Hy”(R";R). To see this, it suffices to show that any
function u € C*(R"™; R) with both |u| and [Vu| in LP(R™;R) belongs to Hy”(R™; R). We
can indeed approximate any such function u, strongly in H'* norm, by the compactly
supported functions x gru, where the truncations g : R" — [0, 1] are smooth, 2-Lipschitz,
identically equal to 1 on By and identically equal to 0 on R™ \ Bg.;.

Remark A.11. Notice that one could equivalently define H, é P(Q; R) to be the completion
of C°(£2;R) with respect to the W norm. The proof relies on the use of convolutions,
and we leave the easy details to the reader.

A.2 Poincaré inequalities

Theorem A.12 (Poincaré inequality, first version). Let 2 C R™ be an open bounded set
and p € [1,00). Then there exists a constant cpr = cpr(§2,p), depending only on 2 and
p, such that
17 .
”uHLp(Q;]R) <cpr ||vu||LIJ(Q;R) Vu € Hy"(;R). (A.14)

In addition we can take cp; < cp(n,p) - diam(€2).
The proof of this result can be simplified by observing that:
o HyP(Q;R) C HyP(V,R) if Q C Q' (monotonicity);
o if cpr(€2, p) denotes the best Poincaré constant, then cp (A2, p) = Acpr(§2, p) (scal-
ing invariance) and cp (2 + h,p) = cp(€2, p) (translation invariance).

The first fact is a consequence of the definition of the spaces HS”’ in terms of regular
functions, while the second one (translation invariance is obvious) follows by observing
that

uy(z) = u(\z) € Hy? (4 R) and [Vuy(z)]P = W |[Vu(Az)|P Yu € HyP(AQ;R). (A.15)

Proof. By the monotonicity and scaling properties, it is enough to prove the inequality
for 2 = (Q C R™ where () is the cube centered at the origin, with sides parallel to the
coordinate axes and length 2. We write z = (z1,2') with 2’ = (za,...,2,). By density,
we may also assume u € C}(2;R) and hence use the following representation formula:

u(m,a:’)z/ Oy u(t, 2" dt. (A.16)
-1
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Holder’s inequality gives

1

Jul” (z1,2") < 2p_1/ |0z, ul” (¢, ") dt (A.17)
—1
and hence we just need to integrate with respect to x; to get

1 1
/ ul? (21, ') day < 27 / Ol (¢, 27) dt. (A.18)

1 -1

Now, integrating with respect to x’, we obtain the desired conclusion. 0]

Theorem A.13 (Rellich). Let Q be an open bounded subset with reqular boundary and
let p € [1,00). Then the immersion WP (Q; R) — LP(;R) is compact.

We do not give a complete proof of this result. Instead, we observe that it can be
obtained using an appropriate, linear and continuous extension operator

T : W (Q;R) — WP (R™; R) (A.19)

such that
supp(Tu) C ', and Tu=wu in Q

where ' is a fixed open and bounded domain in R” containing Q. When € is a halfspace
the operator can be defined by means of a standard reflection argument; in the general
case the construction relies on the fact that the boundary of 92 is regular and so can
be locally straightened by means of C' maps (we use these ideas also in treating the
boundary regularity of solutions to elliptic problems). The global construction is then
obtained by means of a partition of unity.

The operator T" allows a reduction to the case 2 = R™, which is considered in the next
theorem.

Theorem A.14. For any p € [1,00) the immersion W'P(R™;R) — LF (R™;R) is com-
pact, namely if a sequence (ux) C W'P(R™;R) is bounded, then (uy) has limit points in
the LY. _(R™ R) topology. Moreover, if p > 1 any limit point belongs to WhP(R™;R).

loc

Remark A.15. Tt should be noted that the immersion W'P(R™R) < LP(R™;R) is
obviously continuous, but certainly not compact: just take a fixed non-zero element in
W1P(R™; R) with support in the unit square and consider the sequence of its translates
along vectors 75, with |7,] — oo. Of course this is a bounded sequence in W1?(R"; R) but
no subsequence converges in LP(R"; R) (indeed, all functions have the same non-zero L?
norm, while it is easily seen that their L? = limit is 0).
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Let us now briefly sketch the main points of the proof of this theorem, since some of
the ideas we use here are often considered in this monograph (see in part. Lemma 2.12).

Proof.  Let us first observe that given any bounded, regular domain A C R", an |h|-
neighborhood A, of the set A and any ¢ € W'?(A},;;R) we have

[7hee — SOHL:D(A;R) < |h| HVSOHLP(AW;R) (A.20)

for T¢(x) := ¢(x + h). By approximation, we can assume with no loss of generality that
¢ € C'(Ajp;R). The inequality (A.20) follows by the elementary representation

(ap — ) () = /0 (Voo + sh), b ds, (A.21)

because
1
I = @lliam < / / (Vo(a + sh), W) ds da (A.22)
1
<[ IVl duds = P IV (A2
||

where we used the (pointwise) Cauchy-Schwarz inequality followed by Hélder’s inequality
and Fubini’s theorem. Hence, denoting by (p.).~o any rescaled family of smooth mollifiers
such that supp(p.) C B:(0), we claim that for any R > 0

iull\)] H@k * Pe — SOkHLp(BR;R) — 0 (A.24)
S

as one lets ¢ — 0. Indeed, since ¢y, * p. is a mean, weighted by p., of translates of ¢, that
is to say

Op * Pe = / T_y0rp:(y) dy,

then, by the previous result, we deduce

R+te

1/p
sup [|¢x * pe — @kl Lo gy < €SUP (/ |Vorl? d;z:) : (A.25)
keN keN B

To conclude we need to observe that the regularized sequence (¢y * p-) has a subsequence
converging in I (R™;R) for any fixed e > 0. But, in turn, that is easy since the Holder

loc

inequality implies (with 1/p+ 1/p’ = 1)

sup | * pe| < |‘90k’|LP(BR+E;R) ”PsHLp’(Rn;R) (A.26)

Br
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and similarly
Sl‘glp [V (o * pe)| < H(PkHLP(BRJrE;R) ”vaHLP/(R”;R) (A.27)
R

so the claim follows by means of the Ascoli-Arzela theorem and a standard diagonal
argument. Notice that we used the gradient bounds on elements of our sequence only in
(A.25).

If p > 1 the conclusion that any limit point belongs to VVhl)f(R”;R) follows from a
direct application of Proposition A.4. To go from there to the assertion that in fact any
limit point belongs to W1?(R";R) we just need to use the lower semicontinuity of the
WP norm with respect to the corresponding weak convergence: indeed if u € T/Vlif (R™ R)
is a limit point then for any R > 0 we have

[ullwrr(rmy < Hminf {[ugllwre sz < lmnf {fufw e e
which is uniformly bounded by assumption. Thereby, a standard application of the mono-
tone convergence theorem allows to complete the proof. O

We also need to mention another inequality due to Poincaré. The difference with
respect to Theorem A.12 is that we do not impose any boundary behavior to the functions.

Theorem A.16 (Poincaré inequality, second version). Let us consider a bounded, reqular
and connected domain 2 C R™ and an exponent 1 < p < oo, so that by Rellich’s theorem
we have the compact immersion WIP(Q;R) — LP(Q;R). Then, there exists a constant
cprr = cpir(§),p) such that

/ lu — ug|” dz < CPJI/ Vul’ dz Yu € WP (Q;R), (A.28)
Q Q

where ug =, udz.

Proof. By contradiction, if the desired inequality were not true, exploiting its homogene-
ity and translation invariance we could find a sequence (uj,) C W1P(Q; R) such that

e (up)o =0 forall h € N;
o [, |up|’ dz =1 forall h e N;

o [o|Vu,l” dz — 0 for h — oo.

By Rellich’s theorem there exists a limit point u € LP(£2;R). Invoking Proposition A.4
we get u € WHP(;R) and by virtue of the third condition above Vu = 0 in LP(;R).
Hence, by connectivity of the domain and the constancy theorem A.5, we deduce that u
must be equivalent to a constant. By taking limits we see that u satisfies at the same
time

/ udr=0  and / lul” dx =1, (A.29)
Q Q

which is clearly impossible. 0
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Note that the previous proof is not constructive and crucially relies on the general
compactness result by Rellich.

Remark A.17. It should be observed that the previous proof, even though very simple, is
far from giving the sharp constant for the Poincaré inequality (A.28). The determination
of the sharp constant is a difficult problem, solved only in very special cases (for instance
on intervals of the real line and p = 2, by Fourier analysis). More results are instead
available for the sharp constant in the Poincaré inequality (A.14) (see, for instance, [9]).

Remark A.18. All definitions and results in this chapter, including most remarkably
Theorem A.12 and Theorem A.16, can easily be extended to vector-valued maps with
changes of purely notational character.

Remark A.19. As it is customary in the literature, we will use the notation H*({2;R) in
lieu of H%2(Q;R) for Hilbertian Sobolev spaces, namely in the special case when p = 2.
Unless otherwise stated, this convention will always be tacitly adopted throughout this
monograph.

A.3 Sobolev inequalities

In this section, we present a proof of the basic Sobolev inequalities ensuring improved
summability of functions whose gradient is itself integrable. To that scope, we first need
to recall the statement of two isoperimetric inequalities.

We say that a set £ C R" is regular if it is locally the epigraph of a C! function. In
this case, it is well-known that by local parametrizations and a partition of unity, we can
define 0,_1(0F), the (n — 1)-dimensional surface measure of OE. In fact, this coincides
with the (n — 1) dimensional Hausdorff measure of the same set (see Appendix C), so we
shall simply write 7"~ (9F) in lieu of 0,,_1(OF) for notational consistency.

Of course, regular sets provide a very unnatural (somehow too restrictive) setting for
isoperimetric inequalities, but they suffice for our purposes. We shall now state, without
proof, two isoperimetric inequalities:

Theorem A.20 (Isoperimetric inequality). Let E C R™ be a reqular set such that ™" 1(OF) <
+00. Then 1*
min {£"(E), L"(R"\ E)} < ¢; [ (OF)]

with ¢ = ¢f(n) a dimensional constant.

In the previous statement and throughout this monograph, we let p* denote the
Sobolev dual exponent of p > 1, defined by p* = np/(n — p). As a special case,
I*=n/(n—-1).

It is well-known that the best constant ¢;(n) in the previous inequality is given by

*

LM (B[ 0BT = wa/[nwa]"
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that is to say: balls have the best isoperimetric ratio.

Theorem A.21 (Relative isoperimetric inequality). Let 2 C R"™ be an open, bounded
and reqular set, which we further assume to be connected. Then there exists a constant
cr.r = c1.r(Q) such that, for every E C Q with QN OE € C', one has

min {Z"(E), 2"(Q\ E)} < cr.p [ (QNIE)]" .

Let us introduce another classical tool in Geometric Measure Theory.

Theorem A.22 (Coarea formula). Let Q@ C R"™ be open and u € C*®(;R) be non-
negative, then

/QIVuldx = /OOO A" QN {u = t}) dt.

Remark A.23. It should be observed that the right-hand side of the previous formula is
well-defined, since by the classical Sard’s theorem

ue C¥(LR) = L' ({u(z): 2€Q, Vu(z)=0})=0.

By the implicit function theorem this implies that almost every sublevel set {u < t} is
regular and that its boundary actually coincides with the level set {u = t}.

Proof. A complete proof will not be described here since it is far from the main purpose
of this textbook, however we sketch the main points. The interested reader may consult,
for instance, [37].

We first prove the inequality [, |Vu|dz < [7° 271 (Q N {u = t}) dt. The pointwise
identity

u(z) = /OOO X{ust} () dt

implies, by applying Fubini’s theorem, that

/ \Vu|dx = sup /(Vu, p)dr = sup / udive dz
Q Q Q

peCE, lpl<1 peCl, |p|<1

— sup / (/ (dive) X {ust} d:c) dt
peC, o<1 Jo Q
< / sup / divpdx | dt.
0 0eCE, o<1 J {u>t}

Hence, by the Gauss-Green theorem (with 14 outer normal to {u > t}) we obtain

/ \Vu|dx < / sup / (o, v) d™ 1| dt < / A QN {u =t}) dt,
Q 0 peCL, o<1 JOn{u=t} 0
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exploiting the fact that for Z'-a.e. t € R the set {u = ¢} is the (regular) boundary of
{u>t}.
Let us then consider the converse inequality, namely

/Q\Vuldccz/ooo,%ﬂ“ (N {u=t}) dt.

It is not restrictive to assume that €2 is a cube. At that stage, one can prove the claim above
(with equality, in fact) if u is continuous and piecewise linear, since on each subdomain
of a triangulation of {2 the coarea formula just reduces to Fubini’s Theorem. The general
case is obtained by an approximation argument, choosing piecewise affine functions which
converge to u in WH(Q;R) and using Fatou’s lemma and the lower semicontinuity of
E — "1 (Q N OE) (this, in turn, follows by the sup formula we already used in the
proof of the first inequality). We omit the details. ([

In order to deduce the desired Sobolev embeddings, we need a technical lemma.

Lemma A.24. Let G : [0,00) — [0,00) a non-increasing measurable function. Then for

any o > 1 we have
a/ 7 1G(t) dt < (/ GV (t) dt) :
0 0

Proof. Tt is sufficient to prove that for any T > 0 we have the inequality

a/OT 7 1G(t) dt < (/OT GV (1) dt)a. (A.30)

Since G is non-increasing, we can observe that
t
GYot) < ][ GV (s) ds,
0

which, raising both sides to the power a — 1, is equivalent to

t1G(t) < ( /0 t GV (s) ds) o GV (t).

Then, multiplying both sides by «, (A.30) follows by integration on [0, 7). O

We are now ready to derive the Sobolev inequalities.

Theorem A.25 (Sobolev embedding, p = 1). For any u € WH(R™; R) we have that

1/1*
([ ) e [ (9ulas
n Rn

where cs1 = cs1(n). As a result, we have the following continuous embeddings:
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(1) WH(R™ R) — Ll*(R";R);
(2) for any Q C R™ open, bounded and regular W11(;R) — L7 (Q;R).

Proof. By a truncation argument it is possible to reduce the thesis to the case u > 0,
and smoothing reduces the proof to the case u € C*°. Under these assumptions we have

/n Wl do = 17 /Ooo Pl (fy > 1)) dt < (/OOO L (fu > ) dt) ’

thanks to Lemma A.24. Consequently, since the fact that u € L' ensures that all sets
{u > t} have finite measure, the isoperimetric inequality and the coarea formula give

/nul*da;gc, (/Ooo%nl({u:t}) dt)l* — (/R vl da;)l*.

The continuous embedding in (2) follows by the global one in (1) applied to an extension

of u (recall that regularity of 0L yields the existence of a continuous extension operator
from WH(Q;R) to WH{(R™; R)). O

Theorem A.26 (Sobolev embeddings, 1 < p < n). For any u € WIP(R™;R) we have

that
i 1/p* 1/p
( |ul? dx) < csp ( |Vul? dx> ,
Rn R®

where cgp, = csp(n, p) is a constant depending on p and the dimension n. As a result, the
have the following continuous embeddings:

(1) WHP(R™R) < L (R™ R);
(2) for any Q C R™ open, bounded and regular W'P(Q; R) — LP"(; R).

Proof.  Again, it is enough to study the case u > 0. Furthermore, given the identities
Wh?(R™ R) = H"*(R*;R) = Hy?(R"R) (see Theorem A.7 and the remarks presented
after Definition A.10) we can assume, without loss of generality, that u is smooth and
compactly supported. That being said, we can exploit the case p =1 to get

1/1*
(/ u™” dm) < 0571/ au®Vuldz  Va>1

and, by Holder’s inequality, the right-hand side can be estimated from above with

) 1/p’ 1/p
Cs10 [/ ule= P dx] {/ |Vul? dx} :
n R”

169



Now, choose « such that al* = (a — 1)p/, namely we set a = p*/1* > 1. Consequently,
by simply combining the two inequalities above

o\ 1p
(/ u™ dac) <c (/ |Vul? dx) :
n Rn

but 1/1* — 1/p’ = 1/p* and thus the claim follows. The second part of the statement can
be obtained as described in the proof of Theorem A.25. 0

Remark A.27. While natural from the perspective of Functional Analysis, the above
assumptions are not really sharp. In fact, one can prove the following: if u € VVI})f(R”; R)

and |Vu| € LP(R™R) then there exists a (unique) constant ¢ € R such that u — ¢ €
LP"(R™;R), furthermore

i 1/p* 1/p
(/ lu — cf? dx) < cgp (/ |Vul? dw) :
n Rn

The necessary modifications that are needed to prove this assertion are left as an exercise
for the reader.

We will also make use of the following refinement of the Poincaré inequality: even
though no assumption is made on the behaviour of u at the boundary of the domain, it
is still possible to control the L' norm with the gradient.

Theorem A.28. Letu € W (Bg; R) withw > 0 and suppose that one has Z™ ({u = 0}) >

ZL"(Bgr)/2. Then
1/1*
</ u'’ dx) < c/ |Vu| dz,
Bgr Br

where ¢ = ¢(n) is a constant depending only on the dimension n.

Proof. This result is the local version of the embedding W1! < L'". Hence, in order to
give the proof, it is enough to follow the argument presented for Theorem A.25 replacing
the use of the isoperimetric inequality with that of the relative isoperimetric inequality,
that is

L (Brn{u>t}) < e N (Brn{u=tH".

To that scope we proceed as follows. First of all observe that the assumption " ({u = 0}) >
w, R™/2 is equivalent to having Z" ({u < ¢}) > w,R"/2 for every § > 0. Moreover, by
a perturbation argument we can reduce to the case Z" ({u <0}) > w,R"/2, so that
ZL™"{u <6} > w,R"/2 for all § > 0. Given u as in the statement, let (u;) be an approx-
imating sequence of smooth functions, obtained invoking Theorem A.7. Since the con-
structions by Meyers-Serrin preserves the sign, we can assume " ({u, < 0}) > w,R"/2
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for h large enough (depending on §). Hence one can apply the relative isoperimetric in-
equality to the function p(uy) where ¢ is gotten by smoothing the function z — (z —§)™.
At this stage, the conclusion comes by first letting h — oo and then § — 0. We leave the
details to the reader. U
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B Miscellaneous results in real and harmonic analy-
sis
The following two lemmata are useful in the study of weak L” spaces and of the Hardy-

Littlewood maximal operator, which is the one of the key points we wish to recall in this
appendix.

Lemma B.1. In a measure space (2, A, ), consider an A-measurable function f:Q —
0, +00] and set
Fit):=p({zeQ: f(x)>t}).

The following equalities hold for 1 < p < oo:
[ r@due) = » [ e rod (B.1)
Q 0

/ () du(z) = p / TR di+ PF(s)  0<s<4o0.  (B2)
{f>s} s

Proof. 1t is a simple consequence of Fubini’s Theorem that

/pr(x) du(z) = /Qp (/Of(:c) 1 dt) du(x) :p/ooo 1 (/Q XU du(x)) &t
= p/oootp‘lF(t) dt.

Equation (B.2) follows from (B.1) applied to the function fx{sss- O

Theorem B.2 (Markov inequality). In a measure space (2, A, ), an A-measurable func-
tion f:Q — [0, 400] satisfies (with the standard convention 0 x oo =0)

Pu(sz < [ i vezo (B.3)
Q
Proof. We begin with the trivial pointwise inequality
5X{g>s}(7) < g(x) Ve (B.4)
for g non-negative. Thus, integrating (B.4) in © we obtain
sullo=sh < [ gdu
0

The thesis follows choosing s =t and g = f?. ([l
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B.1 Weak L? spaces and the maximal operator

The Markov inequality inspires the definition of a space which is weaker than LP, but
whose elements still satisfy (B.3).

Definition B.3 (Marcinkiewicz space). Given a measure space (2, A, u) and an exponent
1 <p < o0, the Marcinkiewicz space LP ((Q2, A, n); R) is defined by

LA (A p);R) :={f: Q=R Ameasurable : supt’u ({|f| >t}) < 4+o0}.
£>0

For f e L2 ((2, A, 1u); R) we shall denote with ||f||zzﬁ the smallest constant c satisfying

Pu{|f] >t}) <c Vt>0.

Remark B.4. Pay attention to the lack of subadditivity of || - ||zz: the notation is
misleading, as this is not a norm. For instance both 1/ and 1/(1 — z) have weak L!
norm equal to 1 on = (0,1), but their sum has weak L' norm strictly larger than two.
On the other hand, it is easily seen that ||f + gl < 2||f|lz2 + 2||g]| e -

Remark B.5. Observe that, due to Markov inequality (B.2),
LP((2, A, ) R) € L (92, A, p); R).
Moreover, if p is a finite measure, then
¢<p = LP((Q A p);R)CLy((Q A p);R) C LY(Q, A pn);R).

Indeed, if f € L2 ((Q2, A, p); R) and F(t) = u({|f| > t}), then

/Q]f\qdu(a:) = q/oootq—lF(t) dt§q</01tq_1F(t) dt+/lootq—1F(t) dt)

< _ q
< @)+ / Ot dt = @)+ Ll
1

Definition B.6 (Maximal operator). When f € Li_(R™;R) we define the mazimal func-
tion Mf by

M{f() = sup ]{2 L rwla (B.5)

r>0

where Q.(z) is the n-dimensional open cube with center x and side length r.

It is easy to check that M f(x) > |f(x)| at Lebesgue points, so that M f > |f| £ -a.e.
in R” (see also Theorem B.16). On the other hand, it is important to remark that the
maximal operator M does not map L! into L!.
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Example B.7. In dimension n = 1, consider f = xjo1) € L'(R;R). Then

1
Mf(z) = 3l when |z]| > 1,
so Mf ¢ LY(R;R). In fact, it is easy to prove that Mf € L'(R;R) implies |f| = 0
Z"-a.e. in R™

However, if f € L'(R";R), the maximal function M f belongs to the weaker Marcinkiewicz
space L1 (R™; R), as we are going to see in Theorem B.9. We first recall the Vitali covering
theorem, in a version valid in any metric space.

Lemma B.8 (Vitali). Let £ be a finite family of open balls'' in a metric space (X,d).
Then, there exists a subfamily &' C &, consisting of disjoint balls, satisfying

UBc B

Be& Beé&!

Here, for B ball, B denotes the ball with the same center and triple radius.

Proof.  The initial remark is that if B; and B, are intersecting balls then By C B\g,
provided the radius of By is larger than or equal to the radius of By. Assume that the
family of balls is ordered in such a way that their radii are non-increasing. Pick the first
ball By, then pick the first ball among those that do not intersect B; and continue in this
way, until either there is no ball left or all the balls left intersect one of the chosen balls.
The family £’ of chosen balls is, by construction, disjoint. If B € £\ &', then B has not
been chosen because it intersects one of the balls in &'; the first of these balls (say B.)
has radius larger than or equal to the radius of B (otherwise B would have been chosen

before B,), hence B C B\e O

Theorem B.9 (Hardy-Littlewood maximal theorem). The mazimal operator M f defined
in (B.5) satifies
[IMFlls, < 3" fllee Vf e L(RYR).
Proof. Fix t > 0 and a compact set K C {Mf > t}: by inner regularity of the Lebesgue
measure we reach the conclusion if we show that
" 3”
2" (K) < Sl

Since K C {Mf > t}, for any « € K there exists a radius r(z) such that

/ @)l dy > t(r(2)"
Qr(z)(®)

1 The same statement holds for a finite family of closed balls, too.
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Compactness allows us to cover K with a finite number of open cubes, i.e.
KC U QT(fi)(xi)'
i€l

Now Vitali’s lemma (B.8), applied with the distance induced by the sup norm in R"
allows us to find a subfamily J C I such that the cubes Q. (7;), j € J, are pairwise
disjoint and

U @sriapy () 2 J Qi) D K.

jeJ el
We conclude that
L (K) <Y 3 (r(z)" < =) [f@)ldy < Il
jed jed v Qra;)(5)

B.2 Some classical interpolation theorems

In the sequel of this chapter, we will make extensive use of some classical interpolation
theorems, that are basic tools in functional and harmonic analysis.

Assume (X, A, i) is a measure space. For the sake of brevity, we will say that a linear
operator 7" mapping a vector space D C LP((X, A, u);R) into LI((X, A, u);R) is of type
(p, q) if it is continuous with respect to the LP — L7 topologies. If this happens and D is
dense, T' can be uniquely extended to a linear continuous operator from LP((X, A, u); R)
to LI((X, A, u); R).

The inclusion LPN L2 C L" for p < g and r € [p, q] can be better understood by means
of the following general result.

Theorem B.10 (Riesz-Thorin interpolation). Let p, ¢ € [l,00] with p < q and let
T LP((X, A, ) R) N LA((X, A ) R) — LP((X, A, p); R) 0 LA((X, A, p); R) be a linear
operator which is both of type (p,p) and (q,q). Then T is of type (r,r) for all v € [p,q].

We do not present the proof of this theorem, since it follows the lines of the more
general Marcinkiewicz theorem below (a standard reference is [88]). In the sequel we shall
consider operators T' that are not necessarily linear, but rather (-subadditive for some
@ > 0, meaning that

T(f+ 9l <QUT(NHI+IT(9)  Vf geD.

For instance, the maximal operator is 1-subadditive. We also say that a space D of real-
valued functions is stable under truncations if f € D implies fxy s<xy € D for all & > 0.
We remark that all LP spaces are stable under truncations.

175



Definition B.11 (Strong and weak (p, p) operators). Let s € [1,00], D C L*((X, A, u); R)
a linear subspace and let T : D C L*((X, A, n);R) — L*((X, A, n);R), not necessarily
linear. We say that T' is of strong type (s,s) if ||T(u)||rs < Cllul|s for all w € D, for
some constant C' independent of u.

If s < 0o, we say that T is of weak type (s,s) if |Tu||p; < c||ul|rs for some constant c,
namely if
S
pw{x: |Tu(z)| >a}) < . Va >0, u € D.
as

Finally, by convention, T is called of weak type (00, 00) if it is of strong type (oo, 00).
We can derive an appropriate interpolation theorem even in the case of weak continuity.

Theorem B.12 (Marcinkiewicz Interpolation Theorem). Assume that p, q € [1, 00| with
p<q, DCLP((X,A pn);R)NLI(X, A, n);R) is a linear space stable under truncations
and T : D — LP((X, A, n); R)N LI((X, A, 1n); R) is Q-subadditive, of weak type (p,p) and
of weak type (q,q). Then T is of strong type (r,r) for all r € (p,q).

Remark B.13. The most important application of the previous result is perhaps the
study of the boundedness of maximal operators (see the next remark). In that case, one
typically works with p = 1 and ¢ = oo and thus we shall limit ourselves to prove the
theorem with this choice of the exponents.

Proof. We can truncate f € D as follows:

f=g9+h, g(x)=f@)xqn<s(@), @)= f@)xgsz(2),

where 7 is an auxiliary parameter to be fixed later. By assumption g € DNL>®((X, A, u); R)
while h € DN L'((X, A, u); R) by linearity of D. Hence

TN < QIT(9)] + QIT(h)] < QAxys + QT(h)]

with A as the operator norm of T" acting from DNL>®((X, A, u); R) into L>®((X, A, n); R),
in the setting of the previous Definition B.11. Choose 7 so that Q A,y = 1/2, therefore

{IT(N)] > s} c{QIT(h)] > s/2}

and so
u((7 ) > 5 < ({T01> 55}) < (49) [ an< (29) [ il

where A; is the constant appearing in the weak (1,1) estimate. By integration of the
previous inequality, we get for any given 1 < r < oo

> r—1 = r—2
7"/0 sSTu{IT(f)] > s}) ds < 2A1Q7°/0 /{mzws}s |f| dpds
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and by means of Lemma B.1 and the Fubini-Tonelli Theorem we finally get

£ @)1/ 24
(/0 s d8> |[f(@)] dplz) = (&Hfll’ir

7l < 240r | e

X

so that the conclusion follows. O

Remark B.14 (The limit case r = 1). In the limit case r = 1 we can argue similarly to
find

o0 |f(@)l/~
/1 W ({(IT()] > 5) ds < 24,Q /{ . ( / ds) (@) dpa(z)

=2A1Q(/ |f|10g|f|du—10g7/ |f|du>-
{f>7} {f>~}

Therefore, a slightly better integrability of |f| provides non-trivial information about
the integrability of T'(f): more precisely, one obtains that (|T(f)| —1)" is integrable.
Roughly speaking, in {f > ~} the summability of T'(f) and the behavior of the entropy
are equivalent.

Remark B.15. As a byproduct of the previous result, we have that the maximal operator
M defined in the previous section is of strong type (p,p) for any p € (1,00] (and only
of weak type (1,1)). These facts, which have been derived for simplicity in the standard
Euclidean setting and dealing with cubic neighborhoods, can be easily generalized, for
instance to pseudo-metric spaces (i.e. when the distance fulfills only the triangle and
symmetry assumptions) endowed with a doubling measure, that is a measure p such that
w(Ba,(x)) < Bu(B,(x)) for some constant S not depending on the radius and the center
of the ball. Of course, in this case one has to consider the maximal operator Mg whose
definition involves metric balls, namely

r>0

Mg f(x) == Sup]i " |f(y)| dy.

Notice that the constant in the weak (1, 1) bound of the maximal operator does not exceed
/827 since M(Bi’)r(m)) < BQM(BT(ZE))

B.3 Lebesgue differentiation theorem

In this section, we want to give a direct proof, based on the (1,1)-weak continuity of
the maximal operator M, of the classical Lebesgue differentiation theorem. In fact, to
that scope it is convenient to rather employ the modified maximal operator My whose
definition involves Euclidean balls rather than cubes.
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Theorem B.16. Let (X, d) be a metric space endowed with a finite doubling measure
on its Borel o-algebra A and let p € [1,00). If f € LP((X, A, p); R) then for p-a.e. x € X
we have that

lim 1f(y) = f(@)]" dp(y) = 0.

rl0 B, (z)
Proof. For t > 0, let

Ay = {azGX: limsup][ If(y) — f(x)]" d,u(y)>t}.
rJ0 Byr(x)

The claim is proven by showing that for any ¢t > 0 we have u(A;) = 0, since the stated

property holds out of the set U,A;/,. Now, we can exploit the metric structure of X in

order to approximate f in LP((X, A, 1);R) norm by means of continuous and bounded

functions: for any € > 0 we can write f = g + h with g bounded and continuous and

|7, < te. Hence, it is enough to prove that for any ¢ > 0 we have p(A}) = 0 where

A= {x €X: limsup][ |h(y) — h(z)|” du(y) > t}.
rl0 B (x)

This is easy, because by definition

t t
/ P p —
A C {|h| > 2p} U {M(\h\ ) > ZP}
and, if we consider the corresponding measures, we have (taking Remark B.15 into ac-

count) . .
w(&) < 2 nl, + Z g b, < 20+ M)e

where M is the constant in the weak (1,1) bound. Since € > 0 is arbitrary we conclude

w(A;) =0, as needed. O

Remark B.17. The Lebesgue differentiation theorem has been stated, as it is customary
in most literature, for centered balls. However, one can generalize everything to any
metric measure space (X, d, u) with p finite and doubling, and a suitable family of sets
E = U,ex&,, provided there exists a constant ¢ > 0 such that

VAe & dr>0st. AC By(x) and u(A) > cu(B,(x)) . (B.6)

Indeed, while such a family may in principle be much larger than the one considered
above, it suffices to notice that

F 1w - @ldnt) <5 f  1560) - 1@ duty)

B, (z)

provided B, (x) is chosen according to (B.6).
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In Euclidean spaces, an important example to which the previous remark applies, in
connection with the Calderén-Zygmund theory, is given by

& = {Q cube, z € Q}.

In that case, the corresponding version of the Lebesgue theorem asserts that

lim ]{2 ) — f@) dy =0

z€Q,|Q|—0

for Z"-a.e. x € R". Notice that requiring |Q| — 0 (i.e. diam(Q) — 0) is essential to
“factor” continuous functions as in the proof of Theorem B.16.

B.4 Calderon-Zygmund decomposition

We need to introduce another powerful tool, that will be applied to the study of the BMO
spaces. Here and below () will indicate an open cube in R™ and similarly @)’ or Q)”.

Theorem B.18. Let f € LY (Q;R), f > 0 and consider a positive real number o such
that fQ fdx < a. Then, there exists a finite or countable family of open cubes {Q;}
with Q; C Q and sides parallel to the ones of Q, such that

(1) QiNQ;=01if i #j;
(1) o < fQifdx < 2"« for everyi € I;

icl

(1)) f <o ZL"-ae on@Q\UQ;.

Remark B.19. The remarkable (and useful) aspect of this decomposition is that the
“bad” set {f > a} is almost all packed inside a family of cubes, carefully chosen in such
a way that still the mean values inside the cubes is of order a. As a consequence of the
existence of this decomposition, we have that

o2 Q)<Y [ rar< .
iel iel V@i
The proof is based on a so-called stopping-time argument.

Proof.  Divide Z"-almost all of the cube @ in 2" open subcubes @); by means of n
bisections of () with hyperplanes parallel to the sides of the cube itself. We will call this
process a dyadic decomposition. Then

(a) if fQ, f > a we stop and do not divide ); anymore;

(b) if f,, f < a we iterate the process on Q;.
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At each step we collect the cubes that verify the first condition and put together all such
cubes, thus forming a countable family. The first two properties we need to check are
obvious by construction: indeed, if @); is a chosen cube then its parent cube Q)f satisfies
fQ? f < a, which gives easily jﬁQi f < 2"a. For the third one note that, modulo a set

of points of #"-negligible measure, if z € @ \ U;Q;, then there exists a sequence of

subcubes (Q7) with z € N;Q; and £ (Q;‘) — 0, ngf fdx < a. Thanks to the Lebesgue

differentiation theorem we get f(z) < « for £"-a.e. x € Q \ U;Q;. O

Remark B.20 (Again in the limit case p = 1). Using the Calderén-Zygmund decompo-
sition, for o > || f||1 (and assuming, for the sole notational simplicity, to work on the
open unit cube ¢ = (0,1)" C R™) we can somehow reverse the weak (1, 1) estimate:

/{fl }|f|dx§Z/Q. |f|da:§22”agn(Qi) < Yo ((MIf] > 2-7a))

The last inequality relies on the fact that the cubes @; are contained in {M|f]| > 27"}
by virtue of the definition of the maximal operator.

Using this inequality we can also reverse the implication of Remark B.14, namely
assuming with no loss of generality that f > 0 and fQ fdx=1:

/{f>1}flogfdx = /OOO (/{logf>t}fdx) dt:/loo (%/{bs}fdx) ds

< 4”/100,,5,””({Mf>s})ds=4”/Q(Mf—1)+dx.
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C Hausdorff measures

C.1 Basic definitions

Definition C.1. Consider a subset S C R", k > 0 and fixr 6 € (0,00]. The so-called
pre-Hausdor(f measures F* are defined by

o0

HE(S) = ¢ inf {Z[diam(Si)]k . Sc G S, diam(S;) < 5} ,

i=1
while £* is defined by
HF(9) = lim 245(S) | (C.1)
6—0
the limit in (C.1) being well-defined because the map & — FF(S) is non-increasing. The

dimensional constant ¢ € (0,00) will be conveniently fized in Remark C.3.

It is easy to check that J#* is the counting measure when k = 0 (provided c 0 = 1)
and % is identically equal to 0 when k > n.

The spherical Hausdorff measure .#* has a definition analogous to Definition C.1, but
only covers made with balls are allowed, so that for all § € (0, co] one has

Hh < FF <2k (C2)
and hence % < .7k < 2k %
Remark C.2. Simple but useful properties of Hausdorff measures are:
(i) The Hausdorff measures are translation invariant, that is to say
HF(S 4+ h) =) VSCR", VheR",
and (positively) k-homogeneous, that is to say
HENS) = N t(S) VS CR", VA > 0.

(ii) The Hausdorff measures are countably subadditive, which means that whenever we
have a countable cover of a subset S, namely S C U,;¢;S;, then

AR(S) <Y AN

iel

(iii) For every set A C R™ the map S + S#%(ANS) is o-additive on Borel sets, which
means that whenever we have a countable, pairwise disjoint, cover of a Borel set .S
by Borel sets S;, we have

HHANS) =D A*ANS).

el
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(iv) Having fixed the subset S C R™ and ¢ > 0, we have that
k>kK = 59 < (%) R GE(9). (C.3)
A

In particular, looking at (C.3) when 6 — 0, we deduce that
AP (S) < 400 = H*(S)=0

or, equivalently,

HES) >0 = A" (S) =+

Remark C.3. When £ is an integer, the choice of ¢ is meant to be consistent with
the usual notion of k-dimensional area: if B is a Borel subset of a k-dimensional plane
m CR™ 1 <k <n, then we would like to have

LM B) = %(B), (C.4)

™

where £ is the k-dimensional Lebesgue measure on m = R*. In that respect, it is useful
to remember the isodiametric inequality asserting that, among all sets with prescribed
diameter, balls have the largest volume: more precisely, if wy, := Z*(B,), for every Borel
subset B C R* there holds

M)k. (©5)

LH(B) < wy ( 5

Thanks to (C.5), it can be easily proved that equality (C.4) holds if we choose

Wk
Copk = ?

Recall also that wy, can be computed by the formula w, = 7%/2/T'(1 + k/2), where T is

Euler’s function -
['(t) :—/ st le™* ds.
0

More generally, with this choice of the normalization constant, if B is contained in an
embedded C'-manifold M of dimension k in R™, then

AN (B) = o(B)

where o}, is the classical k-dimensional surface measure defined on Borel subsets of M by
decomposition into sufficiently small pieces and local parametrizations.
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C.2 An ad hoc covering theorem

To the scope of proving the main result in this appendix, Proposition C.7, one would
normally appeal to the Besicovitch covering theorem, whose statement is included below
for the sake of completeness (see also, for instance, [36]). We present instead a proof
based on a more robust covering theorem, valid in general metric spaces.

Theorem C.4 (Besicovitch). There exists an integer & = £(n) with the following property:
if A CR" is bounded and p: A — (0,00), there exist sets Ay, ..., Aemy C A such that

(a) forall j =1,...,&, the balls in the family { B,)(2)}seca, are pairwise disjoint;

(b) the & families still cover the set A, that is to say

3
AcC U U By ()

jzl J,’EAj
Let us move then to the aforementioned general covering theorem. We first need a

definition.

Definition C.5 (Fine cover). A family F of closed balls in a metric space (X,d) is a fine
cover of a set A C X if

inf{r>0: B,(z) € F} =0  forallz € A

Theorem C.6. Fixz k > 0, consider a fine cover F of A C X, with (X_,d) metric space.
Then there exists a countable and pairwise disjoint subfamily F' = {B;}i>1 C F, with
B; := B,,(x;) for all i > 1, such that at least one of the following conditions holds:

(i) D255, (ra)* = o0,
(ii) sk <A \ g E) = 0.

Proof. The subfamily F’ is chosen inductively, beginning with Fq := F. First of all,
notice that there exists a closed ball, let us call it By, such that

1 —
> g sup {r:B,(z) € F}.
Now set

Fliz{EGF()ZEﬂFl:@},
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and, if F; # 0, choose a ball B, € F; such that

ro > %sup {r:B,(z) e F}.

If we try to proceed analogously, removing all balls intersecting previously chosen balls,
the only reason why this construction may have to stop is that for some ¢ € N the family
F; is empty, so we would be getting (because the cover is fine) that the union of the
chosen balls covers the whole of A and therefore option (ii) in the statement.
Otherwise, assuming that the construction does not stop, we get a countable family
F' = {B;}s>1 = {B,,(y;)}i>1. We prove that if (i) does not hold, so that in particular
diam(B;) — 0, then we can prove (ii) again. Notice that in the following argument we
can also assume, without loss of generality, that for every iy € N, the set A\ |J} B is not
empty (which, a priori, is not implied by the condition that F; # () for all 7), for otherwise
we would trivially get (ii) anyway. ‘

Then, fix an index iy € N: for every € A\ |J} B; there exists a ball B,,(z) € F
such that

10
Er(x) (ZL“) N UEZ = @,
i=1

because F is a fine cover of A and the complement of U’f’?i is open in X. On the other
hand, we claim that there exists an integer i(x) > iy such that

ET(I) (ZE) N Fi(x) #* 0. (06)
Indeed, if
Byw(z)NB;i=0  Vi> i, (C.7)
then

but 7; — 0, so (C.8) leads to a contradiction. Without loss of generality, we can assume
that i(z) is the first index larger than iy for which (C.6) holds. Since, by construction,
Ti(z) > %sup{'r : B, (y) € Fiy—1} and B,)(z) € Firy—1 by the minimality of i(z), we
also have r(z) < 2r;q).

At that stage, since B, (y)(2) N By # 0, the inequality d(z, yi(z)) < 7(2) +7i@) < 37i)
gives

B @) (z) C §5ri(z) (yi(l"))

and therefore

AUBc U Bont) (©9)

i=ig+1
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Then, given 6 > 0 and chosen i such that 10r; < § for every i > ip, (C.9) implies that
00 10 00
A <A \ UE) < A (A \ UR) < > cn(10m),
i=1 i=1 1=ip+1

We conclude remarking that when § — 0, 79 — 400 and thus, by virtue of the summability
assumption

A" (A\UE) < lim e Y (107)F =0. O
10— 00
=1 1=10+1

C.3 A comparison theorem for Hausdorff measures

Proposition C.7. Consider a locally finite measure p > 0 on the family of Borel sets
B(R™) and, fizing t > 0, set

E = {x: hmsup@ > t}, (C.10)

ro0 0 Wk
then E is a Borel set and
W(E) > tSH(E).
Moreover, if u vanishes on J*-finite sets, then H#*(E) = 0.
Using the covering theorem presented in the previous section, we are now able to prove
Proposition C.7.

Proof.  Given R > 0 set Er := FE N Bg(0). The argument below will show that the
conclusions stated above hold true for the set Er, whatever value of R > 0, and then
conclude the proof by simply letting R — +-oc0.

Hence, can assume without loss of generality that the set £ is bounded. Given § > 0,
we can then fix an open set A D E with p(A) < +oo and consider the family

F:={B,(z): r<6/2,B,(z) C A, pu(Br(x)) > twpr*} (C.11)

that is a fine cover of E. Applying Theorem C.6, we get a disjoint subfamily ' C F
whose elements are denoted by o

First we exclude possibility (i) of Theorem C.6: by the very definition of the class F’

1 — w(A)
k
E C < E B;) < < 400
p i twy, = #Bi) < twy,

(2
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Since (ii) holds and we can compare 4 with .#F via (C.2), one has the following in-
equalities

SEE) < SF <G§’> < iwkrf < %iu(?l) < @ (C.12)

As § 1 0 we get t.7%(E) < u(A) and the outer regularity of p gives t.7%(E) < u(FE).
Finally, the last statement of the proposition can be proved noticing that the inequality
(C.12) gives that .#*(E) is finite; if we assume that p vanishes on sets with finite k-
dimensional measure we obtain that p(F) = 0; applying once more the same inequality
we get S*(E) = 0. O
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D Some tools from convex and nonsmooth analysis

D.1 Subdifferential of a convex function

In this section we briefly recall some classical notions and results from convex and nons-
mooth analysis, which will be useful in dealing with uniqueness and regularity results for
viscosity solutions to partial differential equations.

Let us consider a convex open subset €2 of R™ and a convex function u : 2 — R. Recall
that u is convex if

u((1 =tz +ty) < (1 —t)u(z) + tuly) Ve, y € Q, t €10,1].

If uw € C*(;R) this is equivalent to saying that V?u(z) > 0, in the sense of symmetric
operators, for all x € ().

Definition D.1 (Subdifferential). For each x € Q, the subdifferential Ou(x) is the set
Ou(x) == {p € R": u(y) > u(z) + (p,y —x) Vy € Q}.
Obviously, du(z) = {Vu(x)} at any differentiability point.

Remark D.2. According to Definition D.1, it is easy to show that

Ou(z) = {p € R liminf “F 1) — u@)

> (p, Yo e R" 5. D.1
Indeed, when p € du(zx) we can just take the limit (in fact: the liminf) as one lets t — 07
in the inequality
u(z + tv) — u(z)
p > (p,v).
Conversely, let us recall the monotonicity property of difference quotients of a convex
function, i.e.

u(x + t'v) — u(x) < (A —t'/t)u(z) + ' /t)u(z + tv) —u(z)  uw(z+tv) — u(x)’ (D.2)

t’ t t

for any 0 < ¢’ < t. Hence, for every y € Q, we have (choosing t =1, v =y — x)

o(t) ‘

tl

z+t'v) —u(z)
t/

uly) — u(w) = > (py—a) +

The same monotonicity property (D.2) yields that the liminf in (D.1) is actually a limit.

Remark D.3. The following properties are easy to check:
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(i)

(i)

(iii)

(iv)

Convex functions are locally Lipschitz in {2: to see this, fix a point xqg € 2 and
x,y € B.(xg) € Br(zg) € 2. Thanks to the monotonicity of difference quotients
seen above (as in equation (D.2)), we can estimate

uly) — u(x) _ ulys) — u(z) _ oscu Ba(zo)
ly—x| = |lyr—z| T R—r

)

where yr € 0BRr(xp) is on the halfline emanating from = and containing y. Reversing
the roles of x and y we get

osc(u, Br(wo)) ‘

Li B, <
ip(u, Br(ro)) < ZH2E

This proves the local Lipschitz continuity and we can use this information to re-
place Br(zg) by Br(xo) in the inequality above. Therefore, invoking Rademacher’s
Theorem 1.19, we get

B
esssup |Vu| < ose(u, R(x())),
B (z0) R—r

because of (A.8).

One has that du(z) # 0 for all x € Q and the graph of the subdifferential, namely
the set {(x,p) : p € Ju(x)} is a closed subset of Q x R™. These facts follow at
once from from the equality du = {Vu} at differentiability points, and from the
definition of subdifferential.

A convex function u belongs to C*(€;R) if and only if du(z) is a singleton for
every x € (). One implication is straightforward, so let us discuss the other one.
To that aim, suppose by contradiction that z; are differentiability points of u such
that x;, — = and the sequence (Vu(zy)) has at least two distinct limit points, say
p1,p2 € R™. But then, passing to the limit in equation (D.1) one obtains that
p1,p2 € Ou(x) and thus du(z) is not a singleton, a contradiction. Hence Vu has a
continuous extension to the whole of  and u € C'(Q; R).

More generally, given convex functions fi : 2 — R, locally uniformly converging in
Q to f, and z; — = € Q, any sequence (py) with py € 9fr(xx) is bounded (by the
local Lipschitz condition) and any limit point p of (py) satisfies

p € df(x).

Indeed, it suffices to pass to the limit as £ — oo in the inequalities

k(W) > felzr) + (pk,y —x) Yy € €L
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As a first result of nonsmooth analysis, we state the following theorem.

Theorem D.4 (Nonsmooth mean value theorem). Consider a convex function f: Q — R
and a couple of points x, y € 2. There exist z in the closed segment between x and y and
p € 0f(z) such that

f@) = fly) = {p,x—y).
Proof. Choose a positive convolution kernel p with support contained in the closed unit

ball B;(0) C R™ and consider the smooth functions f. := f % p., which are easily seen to
be convex in the set 2. defined as per equation (A.5), because

L=tz +ty) = / (1L — )+ ty — €)p(€) de

< / (1= 1) f(x — ) + tf(y — =€) p(€) de
= (1 )fle) + ().

Thanks to the classical mean value theorem for regular functions, for every e > 0 there
exists z. = (1 — 0.)z + 0.y, with 6. € (0,1), such that

fa(z) - fa(y) = <pg,l' - y)

with p. = Vf.(2.) € 0f-(z.). Since (z.,p.) are uniformly bounded as ¢ — 0 (the claim
for (p.) following from the fact that the oscillation of f. is bounded by the oscillation of
f), we can find g, — 0 with 6., — 6 € [0,1] and p., — p. Now, f. — f locally uniformly
on compact subdomains of €2, hence

f(@) = fly) =Pz —y)

and Remark D.3, part (iv) allows to conclude that p € 0f((1 —6)z + 0y), which completes
the proof. 0

As an application of the nonsmooth mean value theorem, we can derive a pointwise
version of Remark D.3, part (iii). Notice that we will follow a similar idea to achieve
second-order differentiability.

Proposition D.5. If f: Q — R is convex, then f is differentiable at x € € if and only
if 0f (z) is a singleton. If this is the case, Of(x) = {V f(z)}.

Proof.  One implication is trivial. For the other one, assume that 0f(z) = {p} and
notice that closedness of the graph of 0f and the local Lipschitz property of f give that
xp, — x and p, € Of(xp) imply p, — p. Then, given any y € €2, the nonsmooth mean
value theorem ensures the existence of p, € R" such that

fy) = f(x) = (py,y — ).
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The fact that p, — p as we let y — z implies at once the existence of the limit of the
ratio (f(y) — f(x))/|z — y| with

i JW = fl@) =y —a)
t—0 |$—y|

This means that p = V f(x), the classical gradient of f at x, as we had to prove.

0

Remark D.6. Recall that a continuous function f : {2 — R is convex if and only if its
distributional Hessian V? f is non-negative, namely if for every non-negative ¢ € C2°(€); R)
and every £ € R" there holds

/ f(w)g%f(x) dr > 0.

This result is easily checked by approximation via convolution kernels, because, still in
the weak sense (as discussed in Appendix A)

V2<f * pa) = (VQf) * Pe in (..

Although we shall not need this fact in the sequel, except in Remark D.16, let us
mention, for the sake of completeness, that the positivity condition on every second weak
derivative implies that V2f derivative is representable by a symmetric matrix-valued
measure. To see this, thanks to the classical polarization identity

Oc1O¢4nf — Og—yOe—nf = 40:0, f (D.3)
it suffices to apply the following more general result to the second derivatives 0¢0¢ f:
Lemma D.7. Consider a positive distribution T € 2'();R), i.e. assume
Voe CFP(R),p >0 = (T,¢)>0.

Then there exists a locally finite non-negative measure p in €2 such that

T.) = [ vdu Vo eCT(@R)

Proof. Fix an open set ' € €, define K := Q' and choose a non-negative cutoff
function ¢ € CX(;R) with ¢|x = 1. For every test function ¢ € C*(Q;R), since
(||| L= — 1) > 0 and T is a positive distribution, we have

(T, 4) < (T, [[9llp) = cll¥llze,

where ¢ = ¢(2) := (T, ). Replacing ¢ by —1, the same estimate holds with [(T, )]
in the left-hand side. By the Riesz-Markov-Kakutani representation theorem (see e.g.
Theorem 2.14 in [84]) we obtain the existence of p. O
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Definition D.8 (A-convexity, uniform convexity, semiconvexity). Given A € R, we say
that a function f : Q — R is A-convex if

/Qf(x)giff(aj)d:vz )\/Qgp(x) dx

for every non-negative ¢ € C°(S;R) and for every unit vector & € R™ (in short V2f >
A ). We shall also say that

e f is uniformly convex if A > 0;
e f is semiconvex if A < 0.

Notice that, with the notation of Definition D.8, a function f is A-convex if and only
if f(z)— Mz|?/2 is convex.

Analogous concepts can be given in the concave case, namely A-concavity (i.e. V2f <
Al), uniform concavity, semiconcavity. Thus we say that a function f : Q@ — R is \-
concave if

[s@5E@ i <x [ pwa
r)—(x)dr < o(r) dx
Q o¢? Q
for every non-negative ¢ € C2°(Q;R) and for every unit vector £ € R™ and
e f is uniformly concave if \ < 0;
e f is semiconvex if A > 0.
An important class of semiconcave functions is given by squared distance functions:

Example D.9. Given a closed set E C R", the square of the distance from FE' is 2-concave.
Indeed,
dist*(z, E) — |z|* = inf (2 — y)? — |z|> = inf |y|* — 2(z,y) (D.4)
yekE yer

and since the functions x — |y|? — 2(z, y) are affine, their infimum over y € E is concave.

Particularly in the duality theory of convex functions, it is useful to extend the concept
of convexity to functions f : R" — RU{+o00}. The concept of subdifferential at points z,
where f(x) < +00, extends immediately and, in the interior of the convex set {f < +oo},
we recover all the properties stated before (in particular: local Lipschitz continuity, mean
value theorem). Conversely, given f : 2 — R convex with € convex, a canonical extension
f of f to the whole of R™ is given by

f( ) inf {liminf,_o f(zn): 2, €Q, 2, = 2} ifze€Q
x) = _
+o0 if v € R™\ Q.
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Thereby, one obtains a convex and lower semicontinuous extension of f. For these reasons,
we will consider convex and lower-semicontinuous functions f : R" — RU {+o00}. Notice
that also the notion of A-convexity extends, by simply requiring that f(x) — Az|*/2 is
convex.

Proposition D.10. Given a convex lower semicontinuous function f : R" — RU {400},
its subdifferential Of satisfies for all x, y € {f < +o0} the monotonicity property

p—qx—y)>0  Vpedf(z), Vg€ f(y).
Proof. 1Tt is sufficient to sum the inequalities satisfied, respectively, by p and ¢, i.e.
fy) = f(x) = (py—=)
@)= fly) = (gz—y)

Remark D.11 (Inverse of the subdifferential). We observe the following:

(i) If f:R" - RU{+o0} is A\-convex, the argument presented for Proposition D.10
proves that for every p € df(z) and every g € df(y), we have

(p—q.x—y) > Nz —yl* (D.5)

(ii) If A > 0, for every p € R™ no more than one z € {f < +oo} can satisfy p € 9f(x),
because, through (D.5), we get
pEIf()Ndfly) = 0=p-par-y =Nz -y’ = z=y.

In particular, setting

L= U of (),

f(x)<+4o0
there exists a single-valued and onto map

Of)y 'L — {x: f(x) < +oo, Of(x) # 0}

such that p € f((0f) '(p)). In addition, L = R™ given p, to find x such that
p € 0f(x) it suffices to minimize y — f(y) — (p,y) and to take = as the (unique)
minimum point.

(iii) Moreover, (9f)~! is a Lipschitz map: rewriting equation (D.5) for (9f)~! we get

ANOH ) — 0N ) < p—q,0) () - (0) ()
< |p—qll(@f) " (p) — (0f) (9]

Y

thus Lip((9f)~1) < 1/
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The conjugate of a function f : R® — R U {+o0o}, not identically equal to +oo, is
defined as

f(x") = sup (z*, x) — f(x).

reR?

We immediately point out that f* is convex and lower semicontinuous, because it is the
supremum of a family of affine functions. The assumption that f(z) < 400 for at least
one z ensures that in fact f* : R” — R U {4o00}. Moreover, notice that the following
equivalent characterization holds: f* is the smallest function satisfying

(,y) < f(x) + f*(y)  Vo,y €eR™ (D.6)

A similar “variational” characterization of the subdifferential is that z* € df(x) if and
only if z — (z*, z) — f(z) attains its maximum at z = x:

et edf(x) = ") =) - fla). (D.7)

We proceed with the following general result concerning the representation of convex
lower semicontinuous functions:

Theorem D.12. Let f : R" — R U {400} be a convex lower semicontinuous function,
not identically equal to +00. Then f* is not identically equal to +oo and (f*)* = f. In
particular, any convex lower semicontinuous function f : R™ — RU {400} not identically
equal to +00 is representable as g* for some g : R™ — R U {+oc} not identically equal to
+00.

Proof. If f(zg) < 400 we can use Hahn-Banach theorem in R"*! (with a small open
ball centered at {(zo, f(x¢) — 1)} and the epigraph of f, which is a convex set) to find an
affine function ¢(z) = (p,z) + ¢ such that ¢ < f. This yields f*(p) < +o0, so that (f*)*
makes sense. Now, the variational characterization of the conjugate function based on
(D.6) gives that (f*)* < f. On the other hand, the operator g — (g*)* is order-preserving
and coincides, as it is easily seen, with the identity on affine functions. Since convex lower
semicontinuous functions are suprema of affine functions (again as an application of the
Hahn-Banach theorem), these two facts combine together to give (f*)* > f on convex
lower semicontinuous functions, thereby completing the proof. 0

Based on this fact, it is easily seen that (D.7) gives the equivalence
r e df(z") = " e 0f(x). (D.8)

In particular, in the case when f is A-convex for some A > 0, from the quadratic
growth of f we obtain that f* is finite and that 0f* = (0f)~! is single-valued and
Lipschitz, therefore f* € CHH(R™; R).
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D.2 Convex functions and Measure Theory

We shall now recall some classical results in Measure Theory, in order to have the neces-
sary tools to prove Aleksandrov’s theorem D.15, on the second differentiability of convex
functions as encoded in the following definition.

Definition D.13 (Pointwise second-order differentiability). Let @ C R™ be open and
x € Q. A function f : Q — R is pointwise second-order differentiable at x if there exist
p € R" and S € Sym™ " such that

fly) = f@) + (p,y — ) + 5(S(y — ),y — @) + ol|y — z]).

Notice that pointwise second-order differentiability implies first-order differentiability,
and that p = V f(z) (here understood in the pointwise sense). Furthermore, the require-
ment that S € Sym™ " in Definition D.13 is actually unnecessary, since one can replace,
in the expansion above, any matrix S with its symmetric part (due to the fact that the
anti-symmetric part determines a null bilinear form).

Let us first state the following classical result, whose proof can be found, for instance,
in [36] and [37].

Theorem D.14 (Area formula). Consider a locally Lipschitz function f: R™ — R" and
a Borel set A C R™. Then the function

N(y, A) := card (ffl(y) N A)

is L"-measurable’® and

[ 1dervsaae= [ N Ayay = 27(5a)
A R™

Also, let us remind the reader that, thanks to Rademacher’s Theorem 1.19, we can,
with a slight abuse of notation, denote by V f both the weak gradient and its pointwise
representative, at least for locally Lipschitz functions. We are now ready to prove the
main result of this section.

Theorem D.15 (Aleksandrov). Any convezr function f : R" — R U {+o0} is £"-a.e.
pointwise second-order differentiable in the interior of {f < +oo}.

Proof.  The proof is based on the inverse function ¥ = (9f)~!, introduced in Re-
mark D.11. Obviously, there is no loss of generality in supposing that f is A-convex for
some A > 0 since we can always replace f with f + g where g is smooth, real-valued, and
A-convex.

12In particular, notice that f(A) = {N > 0}.
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We briefly recall, from Remark D.11, that 0f associates to each z € R™ the subdiffer-
ential set, on the contrary W is a single-valued map which associates to each p € R" the
point z such that p € df(z). Let us define the set of “bad” points

Y= {p: 3VY(p) or I VU(p) and det V¥(p) = 0}.

Since W is Lipschitz, Rademacher’s Theorem 1.19 and the area formula D.14 give
(VX)) < / | det V| dp = 0.
b

We shall prove that the stated differentiability property holds at all points z ¢ ¥(X).
Let us write x = W(p) with p ¢ 3, so that V f(z) = p, there exists the derivative V¥(p)
and, since it is invertible, we can set

S(z) == (V¥(p) " .
If y = U(q), we get
S@) M g-p=S)y—=) = —(y—2-VIp)(g—p)
= —(V(g) —¥(p) — V¥(p)(g—p))
= o(lg—pl) =olly —z|)

where the last equality relies on the differentiability of the map ¥ at p and on the fact
that det(VW(p)) # 0. Therefore

i 1= V1) = 5@)w =)

Yy—x _
q€df(y) |y x|

= 0. (D.9)

We claim that such equation (D.9), together with Theorem D.4 (the nonsmooth mean
value theorem), implies the second-order differentiability of f at the point . Indeed, let

fy) = fy) = f@) = (Vf(2), (y = 2)) = %(5(33)(3/ —z),(y —x)).

Since

of(y) = 0f(y) =V f(x) = S(x)(y — x)

we can rephrase (D.9) as  lim  |g|/|y — x| = 0. Now, let § € [0,1] and ¢ € f((1 —
qeof(x), y—ax

@)y + 0x) be such that fly) =g,y — x) (since f(x) = 0): we immediately find
fly) = (a.y—z) = o(ly — ).

Hence, going back to the very definition of f, the statement follows. O

Remark D.16 (Characterization of S). A blow-up analysis, analogous to the one per-
formed in the proof of Rademacher’s theorem, shows that the matrix S in Aleksandrov’s
theorem is the density of the measure V?f with respect to £, see [3] for details.
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