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Introduction

The context. The problem of minimizing the Dirichlet energy functional
with a given boundary condition is one of the most classical and widely
known problems of the calculus of variations: for a fixed open domain 2 C
R™ and a map ug defined on 92, one can investigate existence, uniqueness
and properties of minimizers for

Ew = [ [Vu@)* do;

the minimization is done among functions satisfying u = ug. One first task
to carry out is to identify a suitable space for the functions w: the most
natural choice turns out to be the Sobolev space W12(2,R), consisting of
L? functions with distributional derivatives in L?. In this setting, one can
prove that:

e A minimum exists, through the direct method of calculus of variations;
i.e., by exploiting the Weierstrass Theorem and the lower semiconti-
nuity of the functional &;

e The minimum is unique, by exploiting the convexity of the energy
functional.

A complete treatise of this topic can be found, for example, in [ )
Section 3.2]. Moreover, it is easy to see that the Dirichlet minimizer satisfies
the Laplace Equation Au = 0 in the weak sense: this is done by considering
the family of variations

t—u =u+tp

for a smooth map ¢, and then imposing

d

—& =0.

g )

Then, thanks to the Weyl Lemma (see | , Section 4.3]), this implies that
the minimizers of the energy functional are actually smooth (or coincide a.e.
with smooth functions), and satisfy Au = 0 in the classical sense. Finally,
one can notice that considering functions that take values in RY doesn’t
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really produce remarkable changes: the definition of the Dirichlet energy
requires now the Hilbert-Schmidt norm of Vu, but then the same techniques
can be applied to show existence, uniqueness and analiticity of minimizers.

The regularity problem, however, changes radically if we constrain our
mappings to take values in some n-dimensional manifold A/ embedded in
RY. In this case, when we try to deduce the validity of a Euler-Lagrange
equation, we are not allowed anymore to consider all possible variations: we
need to restrict to maps that still take values in V. In particular, two types
of variations are examined:

o External variations: we consider, for ¢t € (—¢,¢) and a test function
© € C°(Q, RY), the family

t— ug = ma o (u+ ty),

where 7as is the projection on the manifold A/. Critical points of
t — E(uy) are called weakly harmonic maps and satisfy the Euler
Lagrange equation

Au+ A(u) (Vu,Vu) =0 in Q2 (ELwh)
in the weak sense, where A is the second fundamental form of N.
e Internal variations: here variations of the type
t— uo gy

are taken in consideration, where ¢, is a family of diffeomorphisms of
the domain fixing the boundary. Critical points of ¢ — &(u;) which
are also weakly harmonic are called stationary harmonic maps,
and satisfy the Euler Lagrange equation

div [2(Vyu, Vu) — [Vul?en| =0 forallh=1,...,m.  (ELsh)
in the weak sense.

The first part of this thesis (Chapter 1) presents these concepts in a more
well-structured way, and introduces two fundamental tools for their analysis:
the Monotonicity Formula and the e-Regularity Theorem.

The results. At this point, we are interested to find out if something can
be said about regularity of these particular harmonic maps. Unfortunately,
weak harmonicity alone is not enough for obtaining general results: actually,
as proved by Riviere in | |, one can even find weakly harmonic maps
into the sphere S™ that are everywhere discontinuous. On the contrary, for
stationary maps and energy minimizing maps the situation is way better:
results in this direction are the main content of the well-known paper of
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Schoen and Uhlenbeck [ ] and of the more recent articles | ] and
[ |. The work of this thesis aims at a profound study of the arguments
developed in the latter two articles. Notice however that results as strong as
in the unconstrained case are not achievable: we’ll see that the map defined
almost everywhere as

RY x RP —s sVN-1

xr
(fL‘, y) —
||

is energy minimizing in B{¥(0) x B}(0) when N > 3 and h > 0, but it clearly
has a h-dimensional subspace of singularities.

What one hopes to achieve is some valid upper bound on the dimension
and the measure of the singular set

S(u) = {x € Q| u is not continuous at x} .

In the already mentioned work of Schoen and Uhlenbeck, the estimate
dim_»(S(u)) < m — 3 is obtained, where we denote by dim_j the Haus-
dorff dimension of a set; in some sense, the situation can not be worse than
in the example we have just presented. The paper of Cheeger and Naber
[ | shows more: actually, a Minkowski-type estimate can be achieved.

Theorem 1 (Cheeger, Naber 2013). Assume u is an energy minimizing
map from B3(0) C R™ to N with total energy bounded by A. For any 6 > 0
there exists a constant Con(m, N, A,d) such that for all 0 <r < 1

Vol (B,(8(u)) N B1(0)) < Conr®™".
As a consequence, the Minkowski dimension of S(u) is at most m — 3.

The proof of this theorem is the main content of Chapter 2. Exploiting
techniques that are far more advanced, a substantial improvement of this
result has been reached by Naber and Valtorta in | ]: not only can we
remove the term 0 from the estimate, but we also can obtain some strong
information about the structure of S(u):
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Theorem 2 (Naber, Valtorta 2017). Assume u is an energy minimizing
map from B2(0) C R™ to N with total energy bounded by A. There exists a
constant Cyy (m, N, A) such that for all 0 <r <1

Vol (BT(S(U)) N Bl(O)) < CNVrB.

In particular, the (m — 3)-dimensional Minkowski content (and thus the
Hausdorff measure) of S(u) is at most Cny. Moreover, S(u) is (m — 3)-
rectifiable.

In Chapter 3, we first present all the tools necessary to the proof of this
theorem, and then develop the complete proof.

The tools. The approach introduced in | | suggests to stratify the
singular set as follows: the k' stratum S*(u) of S(u) contains by definition
the points in which v is locally at most k-symmetric; here with k-symmetry
we mean homogeneity and translational invariance with respect to to a k-
subspace. What is actually done in the more recent papers — and in this
thesis — is to consider a quantitative stratification of the singular set, based
on a notion of almost-symmetry. For n > 0 and r > 0 we say that u is
(n,r, k)-symmetric at z if u is n-close to a k-symmetric map in B,(x) (in a
L? sense); that is, for a k symmetric map g,

][ lg —ul® <.
By ()

Then, fixing 1 and 7, one can define (informally):

(777 S, k‘)-symmetric at x

k -
Spr(u) = {x €N

forall r <s<1,uis at most}

The actual result proved by Naber and Valtorta is the following:

Theorem 3. There exists a constant Cly,(m,N,A,n) such that: if u is
stationary harmonic and has energy bounded by A, then for all 0 <r <1

Vol (B, (8k,(u)) N Bi(0)) < Cyr™*.

Moreover N, 87’7“7,, (u) is k-rectifiable.

An essential notion to be introduced is that of normalized energy of a
map u: it is widely used both for proving Theorem 3 and for obtaining the
results about S(u) as corollaries of Theorem 3. For z € Q and r > 0 we
define

0(z, ) ﬁrQ*m/ Vaul?.
Br(x)

Then, two very important facts can be proved:



ix

e Monotonicity Formula: for all x € 2 and almost all r,

d 2—m 2
o =2 [ o gl doty).

OBr(x)

As an easy consequence, homogeneity of u at x can be characterized
in terms of f(x,-). Since k-symmetry is implied by homogeneity at
k + 1 linearly independent points, also k-symmetry is closely related
to 6. Finally, this will imply that almost-k-symmetry can be deduced
by a “pinching condition” of the type

O(x;,r) — 0(x4,8) < g,

valid for k4 1 points x; and with € small enough. This will be crucial
for the proof of Theorem 3.

e c-Regularity: a fundamental result of Schoen and Uhlenbeck assures
that, if v is minimizing and 6(z,r) < g¢ for a suitable g9 > 0, then u
is smooth in a neighborhood of x. Developing this argument, one can
show that, if u is minimizing and 7 is small enough,

S(u) [ S (w);

>0

and this, together with Theorem 3, readily implies Theorems 1 and 2.

These key results are the building bricks of the proofs we perform in this the-
sis. Other more advanced techniques are then presented in Chapter 3, such
as a suitable form of the Reifenberg Theorem and some results concerning
the L?-approximation of measures with k-planes.

Acknowledgements. 1 would like to sincerely thank my advisor Professor
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from the first principles of Mathematical Analysis, up to much more challenging
and stimulating ideas. I also thank Daniele Valtorta, for introducing me to the
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gave me in understanding these concepts. A very special thanks goes to Tania, for
her precious support and irreplaceable encouragement; and a warm thanks to my
family, without whose help I wouldn’t have had the opportunity to accomplish this
goal. Finally, I would like to thank the whole city of Ziirich, for being an inspiring
background and a welcoming home during my thesis work.



Introduction




Chapter 1

Preliminaries on harmonic
maps

Notation. The main objects of our study will be mappings that take values
in a smooth manifold. From now on, N will be a compact n-dimensional
Riemannian manifold with no boundary. By a very well known result of
Nash (see [ ]), any such manifold admits an isometric embedding into
a Euclidean space RY for some N: accordingly, we’ll always assume without
loss of generality that A is embedded in RY.

Such restrictions are not required for the domain of our mappings, thus
we could assume it to be a smooth Riemannian manifold M, possibly non-
compact and with a boundary. However, since most of the concepts and
results we’ll give are local, we’ll usually choose as a domain an open bounded
set © C R™ with smooth boundary (and frequently the m-dimensional ball
By(0)); we’ll state explicitly when other choices are done. Moreover, since
the results will be valid only for m > 3, from now on this will be the only
case we consider; for lower dimensions, other techniques are available (see
[ , Paragraph 4.2]).

Our aim is to study maps which minimize an energy functional under
appropriate perturbations. These will be what we call harmonic maps; pre-
cise definition are given in the following sections. We’ll consider maps in the
Sobolev space W12 (2, V), where we define

Wh2(Q,N) = {u cwh? (Q,RN> | u(z) € N for almost all z € Q}

Notice that this is not a vector space in general. Moreover, we already give
the definition of the energy functional we want to minimize:

Definition 1.1 (Energy functional). For every map u € W12(Q,N), we
define the functional

E(u) = /Q|Vu|2 dz.
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Remark. By classical results on reflexive spaces, we have that any bounded
sequence of functions in W12(Q,RY) has a subsequence that converges
weakly in W12(Q, RY). Moreover, the Rellich-Kondrashov Embedding The-
orem assures that in our setting (dimension m < 3 and Sobolev exponent
p = 2) the Sobolev space W12(Q, RY) is compactly embedded in L?(£2, RY),
Thus any bounded sequence of functions in W12(Q, RY) has a subsequence
that converges strongly in L?(£2,R"V); a further subsequence then converges
almost everywhere: if the original sequence was in W12(Q, N), also the
limit map will belong to this set. Finally, notice that by the compactness
assumption on A/ any map in W12(Q, N') has L>-norm (and thus L?-norm)
uniformly bounded by a constant. Thus we can state explicitly a first useful
result about the mappings we’re working with.

Theorem 1.1. Let {u;};.y be a sequence of maps in WL2(Q,N) with
E(u;) < A, where A > 0 is a constant. Then {u;}; .y admits a subse-

quence that converges weakly in W12 (Q,RN), strongly in L? (Q,RN) and
almost everywhere to a map u € WH2(Q, N).

For all the classical results we exploited (and for a rigorous definition
of the Sobolev spaces involved), we refer to the book [ . As in the
previous theorem, from now on A will always represent an upper bound for
the energy functional.

Remark. It should be clear that, in this context and with this notation,
Vu is not referring to a vector depending on x, but instead to a “matrix”.
Moreover, the norm we are using on the space of matrices is the Hilbert-
Schmidt norm: accordingly, |Vu|? is actually the sum

wu@E =353 (2 )

=1 a=1

1.1 External variation

As a first type of perturbations for the energy functional, we consider the
most classical and natural ones, namely variations in the target space: given
amap u € Wh2(Q, ), we'd like to consider ¢ > u + ty for some smooth
function ¢. Unfortunately, this family of mappings does not belong, in
general, to W12(Q,N'): we have to work around this problem to get a
precise definition.

Define, for any ¢ > 0 and for any set S C RY, the g-neighborhood (or
o-fattening) of S:

B,y(S) = {y € RY | dist (y, 9) < o} .

By classical results on tubular neighborhoods of smooth and compact sub-
manifolds of RV (see for example [ , Section 4.5]), there exists a constant
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0 > 0 with the following property: for any y € B;(N) there exists a unique
point mar(y) € N such that

ly — 7ar(y)| = dist (y, NV) .

We call nearest point projection the map my : Bz(N) — N. Choosing o
sufficiently small, mar is a C'*° function between manifolds. Consider again
amap u € Wh2(Q,N) and a smooth and compactly supported function
p e CF° (Q, ]RN); define, for t € R (sufficiently small), the map w; = u+tep.
Clearly, w; does not, in general, map 2 to \; however, for [¢| small, w;(Q) C
Bz(N). In particular, for |¢| small the composition u; = maro (u + tep) is well
defined and in W12(Q, ). So the upcoming definition makes sense:

Definition 1.2 (Weakly harmonic maps). A map u € W2(Q, ) is called
weakly harmonic if for any test function ¢ € Cg° (Q,RN ) the following
holds:

< & w)

=0.
dt

t=0

t=0 - cglt/g |V (a0 (u+ 1)) (33)’2 dx

The Euler-Lagrange equation. Developing the integrand that appears
in the above definition, we get:

IV (mx 0 (u+ tp)) (2)° =

= i |Vanrlu + te] (Vi + to))[* =
i=1

= S (Va4 te] (Ve
=1
+ 26V fu + 1] (Viu) , Vanlu + 1] (Vi) )+
+ 2 | Vrn[u + to] (Vip) 2

Then derivating in the variable ¢ and evaluating at ¢ = 0 we find, after
taking the derivative inside the integral:

d
ﬁg(ut)

. = 2/92 < Hess mar(u(x)) (Viu, ) +

t=

+ Vi (Vi) Vi (Vi) > dr. (1.1)

Here V7 is intended to be computed at the point u(z), while V;u, ¢ and
Vip are computed at x. To obtain a cleaner expression for this integral,
we need a definition and a lemma; we refer to | , Section 3.1] for the
details.
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Definition 1.3 (Second fundamental form). We define the second funda-
mental form of the submanifold N of RY as the unique section A of the
tensor space T*N ® T*N @ (TN)* such that

(v, A(2)(X,Y)) = (Vxv,Y)

for every x € N, every tangent vector fields X,Y € T(N') and every normal
section v : N — T(]RN)|N (i.e., a section satisfying v(y) € (T, V)" for any
y € N)). Here Vx is the covariant derivative in RY in direction X.

Notice that, by the orthogonality of v and Y, the second fundamental
form also satisfies

v, A(z)(X,Y) =X (1,Y) — (v,VxY) = —(1,VxY).
Lemma 1.2 (Derivatives of war). The following assertions hold:

(i) Consider mar : Bag(N) — N and a point x belonging to the manifold
N. Then the first derivative dmwar(x) coincides with the orthonormal
projection on the tangent space TyN .

(ii) For every x € N, every couple of tangent vector fields X,Y and every
normal section v, the following identities hold:

Hessmpr(z) (X,Y) = —A(z)(X,Y) (1.2)
(Y,Hessmpr(z) (X,v)) = — (v, A(z) (X,Y)) . (1.3)

As a consequence, at any point A is a symmetric bilinear form.

Now consider again Equation (1.1). Notice that for any i the vector
Viu(x) belongs to the tangent space Tu(x)./\/' , so by the previous lemma
Vrn(u(z))[Viu(z)] = Viu(z). Moreover, since V;u(x) is orthogonal to

(Tu(l,)/\f) L, we have:

(Van (w(@))[Vig(@)], Viu(@)) = (71, wVio(@)], Viu(z)) =
— (Vi) + 7y, o1 [Vigd, Viu(a) ) =

= (Vip(z), Viu(z)) .

In view of this observation, the equation %8 (ut)‘t 0= 0 becomes (removing

an irrelevant coefficient 2):

Z/Q (Hess mar(u(x)) (Viu, ), Viu) + (Vip, Viu) dx = 0. (1.4)
i=1
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We decompose ¢ as into its perpendicular and tangent parts with respect
to TN that is, o = o+ + @', where

pl(2) =dan(u@)lp()]  and  pH(z) = p(z) — ¢ (2).

Then we have, by Lemma 1.2 (recall that A(X,Y) is orthogonal to A/ when-
ever X and Y are tangent vector fields):

<Hess v (u(z)) (Viu, goT) ,Viu> =0
(Hess my (u(x)) (Viu, "), Viu) = = (%, Au()) (Viu(w), Viu(w)) ),
and the last term of the second equation is also equal to

again by orthogonality. Then finally, Equation (1.4) becomes

Z/Q (Vip, Viu) — (¢, A(u(x)) (Viu(z), Viu(z))) de =0, (1.5)
i=1
or, more compactly,

/Q Ve, Vu) — (¢, A(u(x)) (Vu(z), Vu(z))) dr = 0. (1.6)
This in turn is equivalent to the differential equation
Au = A(u)(Vu, Vu) (1.7)

in the distributional sense.

Second Fundamental Form of the Sphere. In order to give an explicit
example, we perform here the computation in the case N' = SV~ where
SN=1 is the (N — 1)-dimensional unit sphere in RV:

SN_li{:céRNMﬂ:l}.

The fastest way of doing this is to use Equation (1.2), thus we primarily
need to calculate the Hessian of the projection map onto S™~!. One needs
to be careful on what the Hessian represents: it is actually a bilinear map
with domain RN x RN and it also takes values in RY: in particular, it takes
the form
S

Hess mgn-1(x) = {am (x)}lgi,j,ng'

We have that, for any = € RV \ {0}:

T
TFSN—l(x) = m
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A very straightforward algebraic computation carries, for all 1 <1i,j,k < N:

o zk 5;? xjxk

oai |z|  |z] |z
0 0 28  3wmjak zﬁf + x;0F + 2k5;
ox; 3.Tj |$‘ ‘(L‘|5 |;c‘3 '

Now assume that z is a point on SN land X, Y € T (SN_1> are two tangent
vector fields. Then we have that (using the Einstein summation convention

on repeated indices):
(Hess mgn -1 (2) (X (2), Y ()" =
= 32, X'z; Y72k — (2. X'YF 4 2 VI XF 4 XY Tah)
=3(z, X) (&, V) 2b = ({2, X) Y* + (2, V) X* + (X,¥) 2b).
But X and Y are tangent to the sphere, hence X (x) and Y (z) are orthogonal

to . Then we obtain the following expression for the second fundamental
form:

A)(X,Y)F = = (Hess mgn—1 (2) (X (2), Y (2)))* = (X (2),Y ()) 2*,
which we can rewrite as

A(z)(X,Y) = (X(2),Y(x)) x. (1.8)

1.2 Internal variation

We consider here a second class of perturbations: this time, we pre-compose
the map v € W12(Q, N') with a suitable family of diffeomorphisms of the
domain. In the following definition, we ask that both this new condition
and weak harmonicity are satisfied; the reason is that in general none of the
two conditions implies the other.

Let again  be a smooth bounded open set in R™, and let u : Q@ — A
be a map in WH2(Q, N).

Definition 1.4 (Stationary harmonic maps). We say that u is stationary
if:
(i) w is weakly harmonic;
(ii) Let ® = {¢;}1er be any smooth family of diffeomorphisms of Q, with
I open interval containing 0; assume that ¢g = idg, and that there

exists a compact set K C 2 such that ¢, = idg\g for any ¢ € I;
then

’Q\K

(uo )

—o = Z/Q‘V(UO b¢)(x)|?dx = 0. (1.9)

@
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As in the section dedicated to external variations, we attempt to write
the latter condition in a more manageable manner, in order to obtain another
weak Fuler-Lagrange equation. Consider then a smooth and compactly sup-
ported vector field X : @ — R™. Its flux defines a family of diffeomorphisms
as in the Definition 1.4; conversely, any such family of diffeomorphisms can
be seen as the flux of a compactly supported vector field, the infinitesimal
generator vector field (see for example | , Paragraph 1.4.4]).

Notice that, by the elementary chain rule, the following computation
holds:

m N a . 9
Vwos)@P =YY (ymtut o)) -

=1 a=1
-3 (3 ou® P )2
_izloé;l(l;l ok (¢:(2)) 8.%‘7’( )

Now by smoothness of ® we can expand t — ¢;(x) as a Taylor polynomial:
bi(z) = z 4+ tX(z) + O(t%);
so in particular for any 1 < 4,k < m we have:

o¢f , o ,0XF 2
i (x) =067 +t 5 (x) + O(t?).

Thus we have the following equalities (recall that ¢ and k are summed from
1 to m, while « is summed from 1 to N):

B e 8qﬁt 2
/. |v<uo¢t><w>|2dx—§ /Q (Z o (ol S (o >) o =

2
u® k 2
= Z/ <8l" (z)) + tz gajk(gf)t(x))a;;(x) + O(t2)> dr —
k

U k
+ 2t @ Z % (@ wi (z )) +O(t2)] dx.

Consider the inverse diffeomorphism ¢, ' — ¢_, and apply the associated
change of variable x = ¢_4(y) to the above integral; we have to compute the
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following determinant:

det Jac ¢_+(y) = det(1,, — t%i((y) +0(t%) =
=1—tTr (%f(y)) +O0(t?) =1 — tdiv X (y) + O(t?),

where the equality
det (1 +tA) =1+t Tr(A) + O(t?)

follows from elementary linear algebra computations. Then we get:

[I9e s@)Pdz =
5[ | )+ (G

- O(t2)1 - ’1 — tdiv X (y) + O(t?)

k
zaxk ) o (9 t<y>>>+

dy.

Observe now that 1 — tdiv X (y) + O(t?) > 0 if ¢ is small, so the absolute
value can be ignored; moreover, by smoothness of ¢_;,

d-i(y) =y — tX(y) + O(t?),
hence
k k
) = T )+ 0

by the smoothness of X. So the previous integral becomes

> [, | (G >+

Observe that

> (gﬁj(y)y %fk => Z (a ; )2 zk(?;;k(y)

i,a,k i,a,k j=1

By Equation ( 9), the following holds:

Z/[ ?hz 3$k ZZ(ax] )2 zk}axi(y)dyzo.

i,k=1 a=1j=1
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Thus for any X € C5°(£2,R™) the following integral equation holds:

Xk
a@mi dx =0, (1.10)

/Q f: [2(Vu, Viu) — |Vul|?6;1]

ik=1

where we are using the notation V;u for g;. Now what we have obtained

characterizes completely stationary harmonic maps, thanks to the equiva-
lence between the formulation in terms of diffeomorphisms and the one in
terms of vector fields. Define, for every h = 1,...,m, the following vector
field:

Sp(x) = 2(Vu(z), Viu(z)) — |[Vu(z)|®en,

where {ep}," | is the canonical basis of R™. Then the previous integral
equation is completely equivalent to the condition div.S, = 0 in 2 for all A
(in the distributional sense). Explicitly:

div {2<th,Vu> — ]Vu\zeh} =0 forallh=1,...,m

in distributional sense.

Computation of the divergence. For a map F € L'(£,R™) the
distributional divergence div F € D’(Q) is defined as follows: for any test
function ¢ € C§°(2, R),

(div F, ) py p = — /Q (F(x), Vip(x)) do = =) /Q Fi gj’i dz.
i=1

Assume that Equation (1.10) holds for all X € C§°(©2,R™), and let ¢ €
C§° (9, R) be a test function; then for all h = 1,...,m the vector field X =
ey, is smooth and compactly supported, with

d (pen)* o

8:51- o 8‘%1
Thus, fixed h, Equation (1.10) implies that for any test function ¢

.

/ > [2(Viu, Vau) — [Vul*6:] 55707 =0,

Q7 T

which is exactly the definition of div S, = 0. The opposite implication is
trivial: given a vector field X € C§°(Q,R™), all its components are test
functions, so one can apply the definition m times and sum the obtained
equalities.

1.3 Energy minimizing maps

Summarizing content of the last two sections, we have seen that a map w in
the Sobolev space W12(Q, NV) is said to be:
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e Weakly harmonic if it’s a critical point of the energy functional
under external variations: for any ¢ € C§°(Q,N),

d

Gl _Emvo i) =0 (WH)

this happens if and only if u satisfies the Euler-Lagrange equation
Au+ A(u) (Vu,Vu) =0 in Q2 (ELwh)
in the weak sense.

e Stationary harmonic if it is weakly harmonic and if it’s a criti-
cal point of the energy functional under internal variations: for any
smooth family of diffeomorphisms {¢;},.; of {2 onto itself, with I open
interval containing 0 and ¢g = idg,

d

2| Ewogy) =0, (SH)

t=0

This is equivalent to requiring that for any vector field X € C§° (€2, R™)
the following identity holds:

= 5. 10X
/ > [2(Viu, Viu) — [Vul*6i] —=—dx = 0. (SH2)
Q=1 9z

or, again equivalently, that the Euler-Lagrange equation
div [2(Vyu, Vu) — [Vul?en| =0 forallh=1,...,m.  (ELsh)
is satisfied in the weak sense.

Finally, we give a precise definition of what we mean with “energy minimiz-
ing map”: these maps are critical points both for internal and for external
variations, and will be the class of maps we’ll mainly analyze.

Definition 1.5. We say that u € W2(Q, NV) is a minimizing harmonic
map if for any v € WH2(Q, V) such that u = v outside a compact set of
we have

E(u) < E(v).
Clearly, if u is minimizing, then it is a minimizer for both external and
internal variations: thus, the following inclusions hold:

{minimizing maps} C {stationary maps} C {weakly harmonic maps} .

Proposition 1.3 (Existence of minimizing maps). Let Q be an open bounded
set with smooth boundary, and N a compact Riemannian manifold with no
boundary. Let u € W12(Q,N). There exists a map 4 € W12(Q,N) which
is energy minimizing and coincides with u outside a compact set of €.
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Proof. The set

v = u outside a compact set of Q,}

is bounded in W2(, N); indeed, N is compact and so for some R > 0 we
have |v(x)] < R for all x €  and for all v € WH2(Q, N).

Given a sequence v; € V which minimizes the energy, by Theorem 1.1
there exists a subsequence that converges to a certain 4 € W2 (Q,RN )

weakly in W12 (Q,RN ), strongly in L2 (Q,RN ) and almost everywhere.

Thus @ € W12(Q,N); moreover, by lower semicontinuity of the energy
with respect to the weak W12 topology we have

E(a) < liminf &(v;),

1—00

which proves that @ is energy minimizing. O

For minimizing maps, a very strong compactness result holds, and it will
play a central role in several of the proofs appearing in the next chapters:
we refer for a proof to | , pp. 32-35], where a Lemma of Luckhaus is
exploited to show that the weak W2 limit of a sequence of minimizing maps
is in fact a strong W12 limit (up to subsequences) and it is a minimizing
map itself.

Theorem 1.4 (Compactness). Let {u;};cy be a sequence of minimizing
harmonic maps in W12(Q, N') with bounded energy:

/]Vui\zdx§A<oo Vi e N.
Q

Then there exists a subsequence {u;, }, oy and a minimizing harmonic map
u € WH2(Q,N) such that u;, — u strongly in WH2(Q, N).

Remark. Notice that the classical theorems stated at the beginning of this
chapter only give weak convergence, and say nothing about the harmonicity
of the limit map.

1.4 A monotonicity formula

We now introduce the notion of normalized energy, together with a slightly
modified version; as we’ll see, this will be a central and ubiquitous tool in the
analysis of harmonic maps. Let u : @ C R™ — N C RY be a stationary
harmonic map.
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Definition 1.6 (Normalized energy). Forall z € Qand 0 < r < dist (z, 0%2),
we define the normalized energy as the function

O(x,r) = r2*m/ |Vu(y)|? dy.

7'(1'

When needed, we’ll specify the dependence on the map u by writing 6% or
Olu](z,r).

2=m will be clear in a moment: it

The reason for the presence of the term r
assures a scale invariance property of . Now fix a function ¢ € C'*°([0, 00))
with support contained in [0, 1], and assume 1 is non-increasing (equiva-

lently, ¢ < 0).

Definition 1.7 (Modified normalized energy). We define, for all x € © and
for all r < dist (x,09), the modified normalized energy:

oo y—=x
outer) = 2 [ (P22 jwugy) Py
notice that we could equivalently integrate over the whole R™, or over B,.(x),
since 1 is supported in [0,1]. Here again, the dependence on u will be
indicated with 6} or 6y [u](z,r) if necessary.

Notice that, if we drop the smoothness assumption on 1, the function 6
is simply 60y with ¢ = x[g,;). While the simple normalized energy 6 is more
common in literature, in Chapters 2 and 3 we’ll mainly use the modified one,
since its regularity properties make it more manageable in computations.
However, in most part of our work they would be interchangeable, and the
results proved in this section for the modified energy are actually valid for
both.

As a first result, we prove a scale invariance property of ,,, which justifies
the term 72~ in the normalized energy. We begin with a definition.

Definition 1.8. Let z € Q and 0 < r < dist (x,99Q); let u : Q — N be an ar-
bitrary map. We define the rescaled map @ = T, ,u from B (0, % dist (z, 89))
to N as

i(y) = Topuly) = ulx +ry).

It’s easy to see that Ty ,u is weakly (resp. stationary, resp. minimiz-
ing) harmonic whenever u is weakly (resp. stationary, resp. minimizing)
harmonic.

Lemma 1.5 (Scale and translation invariance). For any xz € Q and 0 < r <
dist (z, 092),
Oy (z,7) = 93,(0, 1).
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Proof. Call A = A, the diffeomorphism A(y) = x+ry from B;(0) to B,(x).
Notice that

Vi(y) = V(uo A)(y) = Vu[A(y)] - VA(y) = rVu(z +ry),

and in particular |Va(y)|? = r?|Vu(z + ry)|>. Now we apply the change
of variables induced by the diffeomorphism A~!(z) = 2% to the integral
defining 93; a factor r~™ appears as the Jacobian determinant of A~!:

GO = [ W) IVawPdy =2 [ al) [Vute -+ ) dy =

— 2 ( ’) Vu(z)Pr~™dz = 0} (z,7).

Br(z

O]

Observe that in the previous proof the regularity of 1) has not been used,
so this is a completely valid proof for the simple normalized energy as well.

Remark. With very straightforward computations one can see that, more
generally, if we also have w € Q and 7 > 0 small enough, then

Oy (z + Tw,rT) = Hz(w, T).

The main feature of 6, is its monotonicity: indeed, we are going to prove
that (with an appropriate choice of v) for any x, 0y (z, -) is non-decreasing.
Also, for z, y in €2, denote with 7,(y) the unit vector in the direction going
from z to y:

y—x
ly —al|’
and let 0, (,)u(y) be the directional derivative along r;(y):

T2 (y) =

. y—x
0, =(V .
) = (Vuly). =)
Theorem 1.6 (Monotonicity formula). Let u € WH2(Q, N) be a stationary
harmonic map, and ¢ € C§°(]0,00)) with spt(y) C [0,1]. Fiz z € Q and
0 < r < dist(xz,0). Then Oy(x,-) has a derivative at r and the following
equality holds:

d , —
Lot = -2 [ly—aly' (=) o guPay. ey

Proof. We’ll proceed in two steps.
STEP 1. Assume first that B1(0) C Q, z = 0, r = 1; the general case will
then follow by scale invariance. We have to prove the following identity:

d
501/1 (O, T)

= =2 [ 0/ (lyD) 0.2 u(v) Pd. (1.11)
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Consider the following vector field:
Y(y) = (lyl)y € C5°(2,R™).
A simple computation gives, for 1 <1,j < m,

87}/]'7 / YiYj
oy ¥ (lyl) i

Then, with this choice of Y, Equation (SH2) reads:

+ 9 (|yl) dij

0= [ 3 [20%iu, e (98] [0 () 22+ ) 0 ]y

Bl [yl
2 m
= [ [ (o) 3 Vw39
i,j=1
+ 20 (Jy) [Vul® = [y’ (Iy]) [Vul*~
—my (ly]) |VU|2] dy
Notice that
> iViu,y;Viu) = [yf? <Z| Z o Vi u> = [yI*10 2 u(y)l*,
ij=1 = =

so we obtain

@=m) [ 6 () [Vl o~ [ ol (D) [l dy =
=2 [ 1t/ (1) 10, ul)* dy.

Thus it suffices to show that the left hand side is the derivative of 6,(0, ) at
1, and this is an elementary computation; notice that, by a classical result
of real analysis (see for example [ , Theorem 2.27]), we're allowed to
change the order of differentiation and integration, since u € W12(Q, N)

and 1/ (l%‘) % is bounded for any r > r¢:

2000, = @=mr = [ o () 19u()Pay+

dr
om [ (1Yl _\y!> 2
by /ﬂ <7~>( ) IV dy.

Taking r = 1, this is exactly what we were looking for.
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STEP 2. Consider now the general case: arbitrarily fix x € Q and 7 > 0 so
that Br(x) C Q. By scale invariance, we know that

Oylul(z,r) = Oy [T,ru] (0,1)
for all r in a neighborhood of . Hence in particular
d d

5 x,r ’ 1
olln| =0Tl 0.0
Notice that by STEP 1 we have information about the following quantity:
d
9 x,Tr 07 Y
750 [Tau] (0, 9) -

which is not directly the information we seek, but is really close. Indeed,
using the (already seen) fact that

IV (wodey) W) = 7 [Vulz + )|

and a change of variable y = 2w we get:
s=1

A T 0,5)
:f%% (T (o, ) ~
L [oCmuosomra]|
j[()Q m/l/f lw|) —z \Vulz + sw]|* (i)m dw}

= [0 19 o de) ) du

Sl ®»

I
=
%\‘3

Il
=3I

S=T

s=r

This last term is now clearly equal to 76y, [T, ,u] (0, 1)

. Thus by STEP
r=r
1 we obtain:

2
:—:/\ylw’(!y\)\fu zru(y)|? dy;
- 7 Jo lyl

Now notice that

0.0 Tou(y)® = <W[w”y] ly |>2

performing the change of variable y = *2* inside the integral, we finally
obtain

d

%91/1 [U] (.’B, 7’) -

/ly < |> <VU[] |z:i|>2r‘mdz,

which is, up to little adjustment, the desired result. ]
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Corollary 1.7. Let u € WY2(Q,N) be a stationary harmonic map, and
¥ € Cg°([0,00)) with spt(v) € [0,1];

(i) If v € Q and 0 < s < r < dist(z, 082), then

Op(z,7) — Oy(x,5) =

=2 [ (e () - () ot it

(1.12)

where W(t) is a primitive of ™2y (t).
(7t) If 1 is non-increasing, then 0y is non-decreasing.
(iii) If v is non-increasing, then the following function is well defined:

Oy(z) = 0y(x,0) = }1_r)r%) Oy (7).
Proof. The equality in (i) follows by integrating the equality

$9¢($,T):2/Q<|y;x>m_2¢ (Iy r |>

y—=T -m
() = P 0yt P

r2

from s to r and changing the order of the integrals via the Tonelli Theorem.
Assertion (ii) is a trivial consequence of the fact that ¢/ < 0, while (iii)
follows by the fact that 6, (x,-) is non-decreasing and bounded from below.

O

Remark (Choice of 9). In order to efficiently exploit the Monotonicity For-
mula and the previous corollary, we’ll always choose 1) strictly decreasing in
(0,1), so that ¢ < 0.

Another rather natural and elegant choice would be to require that
Y+D(0) = 0 for any n > 0, in order to have the map h — (|h|) in-
finitely differentiable: in Lemma 1.8 we’ll explore a bit the consequences
that this choice would have on the modified normalized energy. However,
for technical reasons we will not assume this condition to hold, since we’ll
need a different and incompatible hypothesis during the course of Chapter 3.

We collect in the following lemma a couple of simple but useful facts
about the behavior of 6y. Note that the Monotonicity Formula gives the
derivability of 6, (z,-) as a function of r with = fized.

Lemma 1.8. The following facts hold true:
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(i) Let u be stationary harmonic, v € Q and 0 < r < dist (x,09). The
map
Op(-,7): {z € Q| dist(z,00) >r} — R
x — Oy(z,7)

is continuous. If "t (0) = 0 for any n > 0, then Oy (1) is differ-
entiable.

(ii) The map

ew() = 9,;,(’,0)2 Q—R
x — Oy (2)

1S upper semicontinuous.

(iii) Let x € Q, 0 <r < dist (092). If u; — u strongly in WLH2(Q,N), then
im0 Oy (2,7) = O (z, 7).
(iv) Let v € Q, 0 < r < dist (9). If u; — u weakly in WH2(Q,N), then

Us

liminf; o0 0, (z,7) > 93(56, T).

Proof. Assume z; — x for i — oo. Clearly v (ﬂ) IVul? is dominated

s
by C |Vu|2, where C is a constant. Then by the Dominated Convergence
Theorem

lim r2—m/9¢ (’y_“> Vu(y)|? dy = rQ—m/glw (\y—rx\) Vu(y)? dy,

1—00 r

which is assertion (i).
To show (ii) one needs to prove that, for any A fixed, the set

{r € Q] 0y(x) <A}

is open in . By definition of 6 (x), 6y (x) < Xis true if and only if Oy (x,r) <
A for some r > 0. Then

{x e by(x) <A} = U{IL‘EQ|9¢(:L’,’I")<)\}
r>0

is a union of open sets (by continuity of 8, (-,7)), so it is an open set.
Part (iii) is a immediate consequence of the strong convergence: indeed,

. wh2 o _
if u; — u, then

1—00

tim [ Vuily) - Va(y)* dy =0,
Q

and this of course implies the convergence of the normalized energies.
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As a consequence, the functional u — 63 (z,r) (for z and r fixed) is
continuous from W12(2, N)-strong to R; moreover, it is easily seen to be
a convex operator. By a very well known result (see for example | ,
Section 3.3]), this implies that the same operator is lower semicontinuous
for the weak topology, which is (iv). O

As a consequence of the Monotonicity Formula, one can prove an analo-
gous result for the classical normalized energy, for example by approximating
the function xjg 1) with a sequence of smooth functions ¢. For a complete
proof, we refer to | , Section 2.4].

Corollary 1.9. Let u € WH2(Q,N) be a stationary harmonic map and let
x € Q. Then we have:

1. For almost all v € (0, dist (z,090)),

2
Oryyu(v)| doy);

%0(3:,7“) = 27‘2_m/

9B (x)
2. For all 0 < s <r < dist (x,00),

0(5(},7') - 9([E, 8) =2 ’.’L’ - y’2—m

2
Or,(yu(y)| dy.
By (2)\Bs () 2 ‘

1.5 Regularity scale and s-regularity

We present in this section a fundamental result due to Schoen and Uhlen-
beck (see | |); it is a first important application of the Monotonicity
formula, and it’s known in the literature as the e-regularity Theorem; we
then state a couple of immediate consequences. These results will be useful
for the explicit example we describe in Section 1.6, and will appear again in
Section 2.5, where they’ll play a primary role.

Firstly, the e-regularity Theorem is stated in its basic version, as found
in the original paper by Schoen and Uhlenbeck; we keep the formulation in
terms of 6, instead of 0y, to ease the subsequent computations:

Theorem 1.10 (e-regularity). There exists a constant 1 = e1(m,N) such
that the following holds. Let u € WY2(Q,N) be a minimizing harmonic
map, and let x € Q, 0 < r < dist(z,00). If 0(x,r) < &1, then u is Holder
continuous in Br ().

The following lemma permits to rewrite the e-regularity Theorem in a
stronger form (Corollary 1.12); for the a proof of the lemma, we refer to
[ , Theorems 3.1 and 4.1]

Lemma 1.11. Let u € WY2(QN), 2 € Q and 0 < r < dist(x, 9).
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1. If u € CO¥*(Q,N) for some 0 < a < 1, and u is a weakly harmonic
map, then u € C*°(Q,N).

2. Assume u is a C? solution of Equation (ELwh) in . Then there exist
go = ea(m, N') and Cy = C1(m,N) such that the following holds: if

O(z,r) < e,

then

sup \Vu(y)|2 < Ch6(x,r).
yeBz (z)

We give now a couple of important definitions: basically, we are intro-
ducing a first notion of the “singular set” of a harmonic map; in the next
chapters, we’ll explore this idea in a more quantitative way. We need first
to define the regularity scale of a map at a given point.

Definition 1.9. Let © C R™ be a open set, and let v : Q@ — N be a
measurable map. For any x € €2 we define the regularity scale of u at z
as:

r sup |Vu| <1

ru(z) = max {0 < r < dist (z,00)
By (x)

u is Lipschitz in Br(x);}

with the agreement that r,(x) is zero if u is not Lipschitz in any neighbor-
hood of z.

Remark. By the definition, it is evident that r, has a good behavior with
respect to scaling transformation, in the following sense: given z € 2, 0 <
o < dist (z,0Q) and u : Q@ — N, the regularity scale of T, ,u at 0 is given
by %ru(x). Indeed:

e If u is Lipschitz in B,(x), then T} ,u is trivially Lipschitz in Br (0);
4
e The following identity holds:

T T
— sup |VT;ul = — sup o|Vu(z + oy)| =
e Bg(O) o Bz (0)

=r sup |Vu(y)|.
Br(x)

Now we are ready to define the following sets of singular points, where
the level of singularity is measured through the regularity scale:

Definition 1.10. Let u: Q — A be measurable, and » > 0 be a positive
number. We denote with Z,(u) the set

Zr(u) ={z € Q[ ru(z) <r};
moreover, we define the singular set of u as follows:

S(u) = 2Zp(u) ={zx € Q| r,(z) =0}.
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Thanks to Lemma 1.11, the e-regularity Theorem 1.10 can be restated
in terms of r,:

Corollary 1.12 (e-regularity, strong form). There exists a constant 3 =
e3(m, N') such that the following holds. Let u € WH2(Q,N) be a minimizing
harmonic map, and let x € Q, 0 < r < dist(z,09Q). If O(xz,r) < €3, then u
is C™ in B% (z); moreover, the regularity scale of u at = is at least §:

ru(z) >

>~ 3

A first rough estimate on the dimension of the singular set can be de-
rived directly from the e-regularity results. We refer to Appendix A for the
definition of Hausdorff measure and Minkowski content.

Proposition 1.13. Letu € W12(By(0), ) be a minimizing harmonic map.
Then
A" 2(S(u) N B1(0)) = 4™ 2(S(u) N B1(0)) =0

Remark. For simplicity, we are assuming that the domain 2 of our map is
the ball By(0); it is clear that then the result can be extended to any open
bounded regular domain, provided that we take the Hausdorff measure (and
Minkowski content) of a set which is (uniformly) far from the boundary.

Proof. Consider, for r > 0 small enough, the set B,(S(u))NB1(0), and define
the family of closed balls

Fo = {B(@) |z € S N Bi(0)}.

Since it is a cover of B.(S(u)) N B1(0) with supgc 7 diam B < oo, by the
Vitali Covering Theorem (see | , Theorem 1.24]) there exists a finite
subfamily G, made of disjoint balls such that

B.(S(w)NBi(0)C |J Bsela)
B, (z)egr

We denote by {z;},; the centers of the balls in G,; notice however that they
depend on r. Then we have, indicating with |G,| the cardinality of G,:

Vol (B, (S(w)) N Bi(0)) _ |Gr| (5r)™
<3

K =5 |G| r™ 2 (1.13)

r

Since the balls belonging to G, are centered in S(u), by the e-regularity
Theorem for all B,(z;) € G, we have that:

/ |Vu(y)\2 dy = rm_QH(J:i,r) > pMm2g,,
By (x;)
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In particular,

1
P2 < |Vu(y)| dy; (1.14)

this is true for all the balls in G,., which are disjoint, thus by summing all
these equalities we get:

_ 1
Gl ™2 < — Vu(y)] dy; (1.15)
€3 JUg, Br(=:)

Now consider for a moment the following weaker consequence:

A
|G| P2 < —; (1.16)
€3

combining Equations (1.13) and (1.16) we obtain:

5MA
€3

Vol (B-(S(w)) N By (0)) < 2242, (1.17)

so in particular the volume at the left hand side converges to 0 as r tends
to 0. If we now combine Equation (1.13) with the stronger inequality Equa-
tion (1.14) we obtain:

Vol (B,(S(u)) N By (0)) _ 5™

2
r €3 JUg, Br(xi)

Vu(y))* dy =

_5" 2
= 63/Q ]VU(y)\ XUgT By (z) dy.

By the Dominated Convergence Theorem, the last term converges to 0 as
r — 0: indeed, the characteristic function appearing in the integral is less
than or equal to the characteristic function of B,(S(u)); as we have just seen,
the latter converges to 0 in L' as r tends to 0. Thus, for any sequence r; — 0,
we can find a subsequence such that the corresponding integrand converges
to 0; by Dominated convergence, then, the subsequence of the integrals
converges to 0: this is enough to reach the conclusion. This convergence
result tells us precisely that 2™ 2(S(u) N B1(0)) = 0.

The very same estimates work for the Hausdorff measure: by definition
of the Hausdorff premeasure ,%%T_z, we have

A7 (S(u) N Bi(0)) < w2 |G| (5r)™ % <
< 5m2y,

m—2 2
= 53/{2 |VU(y)‘ XUgT By () dyv

which gives us 2™ 2(S(u) N B1(0)) = 0 for r — 0. O
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1.6 An explicit example

Consider, for N > 3 and h > 0 natural numbers, the set
Q = B{'(0) x B}(0),

where the superscript on the ball indicates the dimension of the ambient
space; on this set, consider the maps defined (almost everywhere) as follows:

pP=DpNp: Q2 — SN c RN
(2.9) —
z,y T
|z
here as always SV~ is the N — 1-dimensional sphere in RV. We'd like to
show that all these maps are minimizing harmonic.

As a first observation, notice that by the computations already done in
Section 1.1 we have, forall x 20, 1 <j < N, 1<[I<h,1<k<N:

- 5 == T 9 ’ = O’
axJIDN,h(fU ) ] |x‘3 Gyle’h(x Y)

0 3wk 2w;0k 4+ ok 0
—_— 5 = _— 5 P = O‘

Then elaborating these formulae we get:

1 zizk  22(ah)?
’vPN,h(xuy”Q:W > <5k—25§€ ‘j| + 21—

1<j,k<N 2]

N $j2($k)2 N -1
el ( Z\ 2 4)2195\2;

1<j,k<N ||

al aF 1-N

Apy p(z,y)* 5Z] P Z — w3| = Tap
1—N
Apnp(z,y) = Wfﬁ

This tells us, in first place, that for N > 3 the maps py ) are actually
in Wh2 (Q, SN _1). Recalling the formula (1.8) for the second fundamental
form for the sphere, we get that

X
Apnp + Az, y) (Vo Vons) = Apnn + (|VPN,h\2) Ei 0;

so outside of the subspace {0} x B¥(0) the Equation (ELwh) is satisfied in
the classical sense. With a little effort, one could prove that actually py
is a weak solution of the equation in §2, and thus weakly harmonic; instead
we will prove directly that it is energy minimizing, following the technique
introduced in [ ].
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Case h = 0: Lin’s approach. We start by analyzing the map py = pn.o.
Notice that by the computations we just made, the explicit value of the
energy of py is available:

N-1
£ :/ v 24 :/ Nobo -
)= [ IO = [ St

= —1// L dodr = (¥ -1)[s"~ 1’/ PN dy =
oBN(0) T

= m ‘SNfl‘ = K(N).

So our goal is to show that if u € W12 (B{V(O), SNfl) is a map with u(z) =
pn(z) in a neighborhood of OB (0), then its energy is greater than or equal

to K(N). The upcoming lemma goes in this direction. Recall that we denote
by Tr(A) the trace of the matrix A.

Lemma 1.14. Let u € Wl’Q(B{V(O),SN_1> be a map such that u(x) =
pn(z) for all x in a neighborhood of SN—'. The following identity holds:

1

]H/BN(O) [(divu(x))Q — Tr [(Vu(x))ZH dr — % SN_l‘. (1.18)

Sketch of Proof. The following relations are satisfied (in all the summations

the indices run from 1 to N):
o’
o (Z (am)) -

out Ou?

B> (amﬂ) VD i e

J )

e (2 (3) “@) =
B Z ( j> ol Ou'
v dat Oxi (%vz Oxd’

Subtracting side by side, we get:
i 9, 3 i

(v W (Ve =3 zjj g;‘i g"‘; 3 Z 8‘;@ 2;; _

— (divu(z))? = Tr [(vu(x)) |-

Now we apply an appropriate version of the Divergence Theorem (see for
example | , Section 6.3]), and we observe that both u(x) and the nor-
mal unit vector v(z) to S¥~! equal  on S¥~!; moreover u = py in a

div ((div u) Z
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neighborhood of the sphere. We obtain:

/B o [(diva(@)? - T [(Vu(@)?]] dr =

= [(divu)u — (Vu)u] - vdo =

SN-1
= [, 1@ py(a) @), (@) — (@), Vi (@)a)];

but (u(x),v(x)) = 1 on the sphere, and divpy(x) simply equals N — 1;
moreover,

(v(x),Vpn(z)x) =0

because py is homogeneous. This carries the result immediately. O
Theorem 1.15. The map py is energy minimizing in W12 (B{V(O), SN_I).

Proof. By Proposition 1.3, there must exist a minimizing map v which co-
incides with py outside a compact. By Proposition 1.13, the singular set of
v has ™ 2-measure zero (eventually extending v a bit outside the ball),
so it is C1 at #™-almost every point of (2.

Let z € Q be a point in which v is differentiable. We claim that

Vo(a)* >

> 5 [(divv(:v))Q — Tr [(Vv(x))QH :

then our statement follows easily by integrating this inequality on B;(0) and
using Lemma 1.14.
To prove the claim, define the following quantity:

fola) = [V0(@)? 5 [(divo(@)? T [(Vo(@)] ]

we have to show that f,(z) > 0. Now f, is stable for rotations, that is:
for any rotation Q of R™ set & = Q' o v o Q; then we have f; = f,. So
we can assume without loss of generality that v(z) = e, = (0,...,0,1). In
particular, the last component v"™ must have derivatives equal to 0 at =z,
since v, has a maximum at x and v is C! at that point. Hence the following
facts are true:

e By the inequality ,
M M
(21.aj) <MY aj,
Jj=1 Jj=1

which is true for all a; by Cauchy-Schwarz, we get:

. 9 Nl i : N (v 2
@ve)? =X 2@ | <v-nY (25@) -

j=1 j=1
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e By definition of the trace, and by the elementary inequality

2 2
2aijaji > — (aij + Clji) s

we get:
T (9] = 35 20 ) 2 () =
j=1l1i=1
_ N o <a,->> ", . 9 ()2 @)
() p(Ee)

e By definition of the Hilbert-Schmidt norm,

N1 ovd 2 ol 2
Vo) = 3 (Mm) +Z(axi<l‘>> .

j=1 i

Combining these three relations, we get:

j 2
(N =2)fu(a) 2 (N -3) 3 (gz <x>> ,
i#j

which is clearly greater than or equal to 0 whenever N > 3. This proves the
theorem. ]

Case h > 0. To prove that py, is actually energy minimizing also for
h > 0, it suffices to prove the following more general result.

Proposition 1.16. Let Q; C R! and Qy C R" be open bounded reqular sets
and N a n-dimensional manifold in RN (with the usual hypotheses); let u €

W2(Qq, N) be energy minimizing. Define the map @ € W12(Qq x Qa, N)
as i(x,y) = u(x). Then 4 is energy minimizing.
Proof. Assume by contradiction there exists v € W12(€; x Qz, N') which

coincides with @ outside a compact set, and such that E(v) < £(a). It is
clear that

|VU(:L‘,y)|2 = |va(x,y)|2 + |Vyv(337y)‘2 Z ‘va($7y)|2>

where we denote V,v(x,y) the first I columns of Vu(z,y) and with Vyv(z, y)
the last h columns; instead, |Va(z, y)|* = |Va(z,y)|*. Then we have:

[ VepP e <@ < [ [Vl
legg legz
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thus by Tonelli Theorem
[ ] [IWav@y)l? = 1Vu@)?] dody <o.
Qo J

In particular, there exists a subset U of Qs of positive .Z"-measure such
that for all y € U

/ IVpo(z,y)|? dr < / V(@) de = £(u);
Q1 Q

for any of this y, the map = — v(x,y) coincides with u outside of a compact
set and has energy strictly smaller than the energy of u, contradicting the
minimality of w. O

Remark. One thing we can observe from this explicit example is the fol-
lowing: the map pyj has a h-dimensional subspace of singularities (the
subspace x1 = -+ = zy = 0), where the function is not continuous. Calling
m = N + h the total dimension of the domain, we have found minimizing
harmonic maps such that

A N(S(w)) = 4™ N (S(u)) > 0.

In particular, choosing N = 3, we have that the dimension of the singular
set (Hausdorff or Minkowski) is m — 3. This means that

dimS(u) <m —3

is the best result we can hope to achieve for a minimizing harmonic map:
to prove this, indeed, will be the overall goal of this work.



Chapter 2

Quantitative Stratification
and Dimension Estimates

This chapter is devoted to the study of the singularities of minimizing har-
monic maps, via the definition of a stratification for the singular set: assume
that a minimizing map v € W2(Q, ) is given, with Q C R™; for any sub-
dimension k£ < m, we will examine the set of points at which v has at most
k independent directions of “almost-symmetry”. Following this procedure
for k ranging from 0 to m, we obtain a decomposition of the singular set in
a sequence of increasing layers, called strata.

Following the work of Cheeger and Naber | ], we’ll give an esti-
mate on the Minkowski dimension of all these strata. Precise definitions of
Hausdorff measure and Minkowski content are given in Appendix A. As a
consequence of these results, we’ll be able to produce an estimate on the
singular set we introduced in Definition 1.10: one final result of this chapter
will be that for any § > 0 there exists a constant C' such that

Vol (B,(S(u))) < Cr3~9;

and this will follow easily once we have clarified how the stratification is made
and once we have proved the main results for the layers of the stratification.

In this chapter, Q will still be a bounded open subset of R, with regular
boundary; for convenience, we’ll also assume it connected.

2.1 Symmetry and almost-symmetry

We begin with the definition of a class of “model maps”, satisfying some
strong symmetry properties. Our definitions of regularity for harmonic maps
will rest on these concepts: indeed, we’ll quantify the k-symmetry of a
harmonic map observing how close it is (in a L? sense) to one of these
model maps. As always, N is a compact n-dimensional manifold without
boundary embedded in R¥.
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Definition 2.1. Let 4 : R™ — N be a measurable map and 0 < k < m an
integer. We say that h is k-symmetric (at the point y € R™) if:

(i) h is homogeneous with respect to y: i.e., for every A > 0 and z € R™

h(y + Az) = h(y + 2);

(ii) There exists a k-plane V' C R™ such that h is V-invariant: i.e., for
every point z € R™ and vector v € V,

h(z +v) = h(2).

Given an open subset A C R™, we say that a measurable map h: A — N
is k-symmetric in A at the point y € R™ if there exists a map h : R — N
which is k-symmetric at y and such that E‘A = h. Also, we still say that a
map h is k-symmetric if it coincides almost everywhere with a k-symmetric
map.

Remark. If h is m-symmetric, then it is trivially constant, since it needs to
be invariant for the whole R™. If h is O-symmetric, we're only saying it is
homogeneous.

An immediate geometric consequence of the definition is the following
sufficient condition:

Lemma 2.1. Let h : R™ — N be a measurable function. Let 0 < k < m
be an integer. If there exist k + 1 points {a:i}f:() in general position (i.e.,
spanning a k-dimensional affine subspace) such that h is homogeneous with
respect to all of them, then h is k-symmetric and has

span {x; — Zg,...,Tp — To}
as an invariant subspace.

Proof. Assume first that £k = 1, zg = 0 and 1 = e;. Given a third point
p € R™, we want to show that h(p+ «aej) = h(p) for any o € R. If p belongs
to the straight line span {e; }, the result is trivial. In the case p ¢ span {e;},
we’ll show more: indeed, h is constant on the whole half plane

at = {041614-06262 ‘ ar ER, ag > 0}

defined by the straight line span{e;} and containing p. Up to a linear
transformation, we can assume that p = e3. By the homogeneity with
respect to zo we know that h(Bes) = h(ez) for any 8 > 0; call h = h(es).
Since h is also constant along the half lines originating from ey, we have
that h(y) = h for all y = aje; + agey in 71 such that a; < 1. Now
exploiting again the fact that h is homogeneous with respect to the origin
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(and considering the points of 7 in the stripe 0 < oy < 1) we get that h(z)
must equal h also in 7 N {ay > 0}; thus h is constant in 7.

We have then discovered that h(p + o;(zo — x;)) = h(p) for all p € R™
and all o; € R. But this trivially implies that

k
h(p—{—Zaz(a:Z—xo)) :h(p) vpe]RTn7 V(Oél,,ak) ERka
=1

simply by iterating the previous process. O

Remark. The converse is also clearly true: if a map h is k-symmetric, then
one can easily find k41 points in general position such that A is homogeneous
with respect to all of them, just by translating the known homogeneous point
in the k directions of invariance.

For stationary harmonic maps, homogeneity has a very powerful charac-
terization in terms of the (modified) normalized energy. A slight modifica-
tion of this easy result will be a key point in the next sections. Again, v is
now chosen to be strictly decreasing in ]0, 1].

Proposition 2.2. Let u € WY2(Q, ) be a stationary harmonic map, and
let ¥ € C§° (]0,0),R) be a function with spt1 C [0,1] and ' <0 in (0,1).
Assume © € Q and 0 < r < dist(x,9Q). Then the following are equivalent:

(a) u is homogeneous with respect to x in By(x);
(b) There exists 0 < s < r such that Oy (z,r) — y(z,s) =0;

Proof. If u is homogeneous with respect to x, then clearly 0, (,u(y) = 0
for any y in the mentioned ball; by the Monotonicity Formula (MF), this
readily implies that d%%(q:, s) = 0 for all s, and this in particular tells us
that 6y (x,-) is constant.

Conversely, assume that 0, (x,r) —60y(x,s) = 0 for one s. By monotonic-
ity, 0y (x,-) must be constant in the whole interval [s,7]. Then, again by
(MF), we have

—m -
~2r [y = et (222 o, ut)Pay = 0

r

ly—z|

- ) is strictly negative for all

and now r is fixed and positive; |y — x|y’ (

y € Br(x)\ {x}. Thus J,,(,u(y) is 0 for all such y: this means exactly that
u is radially constant. O

As a corollary of Lemma 2.1 and Proposition 2.2, we obtain a sufficient
condition for k-symmetry in the case of stationary harmonic maps, again by
exploiting the modified normalized energy.
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Corollary 2.3. Let 0 < s < r; letu € WH2(Q, N) be a stationary harmonic
map, and take ¢ € C§° ([0,00),R) as before. Let 0 < k < m be an integer.
If there exist k + 1 points {xi}fzo such that:

o 1, C B%(l‘o) CQforanyi=1,...,k;
. {mi}fzo span a k-dimensional affine subspace (i.e., {xi}fzo are in gen-
eral position);
o Foralli=0,...,k,
Oy (@i, ) — Oy (i, ) = 0;

then u is k-symmetric in B: (o) at the point xg. The converse is also true.

2.1.1 Tangent maps

Now fix a map u € WH2(2, V), and remember the Definition 1.8 of rescaled
map from Chapter 1:
Topu(y) = u(@ + ry).

Definition 2.2 (Tangent maps). We say that a map g : B1(0) = N is a
tangent map of u at the point x €  if there exists a sequence {7},
converging to zero such that

lim 9(y) — Teryu(y))? dy = 0.
71— 00 B1 (0)

Roughly speaking, we are zooming the map w around the point x and
looking for a suitable local approximation. Taking inspiration from this,
we’ll soon give a precise definition of “almost-symmetry”.

Proposition 2.4 (Tangent maps of harmonic maps). Let u € W12(Q, N)
be a minimizing harmonic map with energy bounded by A. Then, for any
x € Q:

1. u has at least a tangent map g at x;
2. Any tangent map of u at x is 0-symmetric.
3. Every tangent map s also energy minimizing.

Proof. As we know, the maps TW‘U|BI(0) are stationary for all 0 < r < 1,
and

& (TWU|Bl(0)) =0"(z,r) < A.
Thus by compactness the sequence of maps {Tx’ j—lu} N has a subsequence
J

that converges weakly in W5H2(Q, ') and strongly in L? to a map g €
W12(B1(0), N). But then by definition g is a tangent map of u at z.
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If b : B1(0) — N is any other tangent map at z, there exists a sequence
{ri} — 0 such that

L2
B1(0) — h.

Tyr,u

But then again there exists a subsequence of {7, ,,u} (not relabeled) that
converges W12(B1(0), N)-strongly to an energy minimizing map, and by
the uniqueness of the limit A itself must be energy minimizing. Moreover,
using strong convergence, scale invariance, and the monotonicity of 8, (z, -),
we have:

1
0,,(0,1)—0} (o, 2) =

= lim [9¢ [Twﬂ"iu|Bl(0)} (0, 1) - 9¢ [Tm,riU|Bl(0)} <0, ;)} =

1—>00
1
1 u N e —0-
- zlif& [%(w,rl) 0y (x, 21"2)] 0;
so h is homogeneous by Proposition 2.2. O

Remark. 1It’s not difficult to see that assertions 1 and 2 of Proposition 2.4 are
also true for stationary harmonic maps; however, the compactness argument
needed to prove 2 is slightly more complicated in that case.

Remark. Tangent maps might not be unique; in fact, uniqueness results are
known only in some special cases (see | , Section 3.10]).

2.1.2 Almost symmetry

As already said, we need to state in a clear and quantitative way what
it means for a map to be “nearly symmetric”. We do so in the following
definition.

Definition 2.3. Let z € Q and 0 < r < dist(z,09Q); fix n > 0 and an
integer 0 < k < m. We say that u € WH2(Q,N) is (n,r, k)-symmetric at
x if there exists a map h : R™ — N such that:

1. h is k-symmetric at the origin;

2. We have
[ 1) = Terut)l? dy <
B1(0)

We’ll also use the expression (7, 7)-homogeneous to denote a (n,7,0)-
symmetric map.

Remark. 1t is clear that we could equivalently require the existence of a map
h such that h is k symmetric at x and

1
— \h(y) — u(y)|* dy < 1.
™ B, (x)
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Just as in Corollary 2.3, also (n,r, k)-symmetry can be characterized
through the function 6. This is heuristically clear, since the derivative of 8,
depends on the radial derivative of u in a very explicit way: hence, whenever
Oy(x,7) — Oy(x,s) is small enough (with z € Q and r > s), u must be
arbitrarily “close” to a O-symmetric map. Moreover, in view of Corollary 2.3,
we can expect that if we have k41 points of almost-0-symmetry, we can gain
the almost-k-symmetry condition. For this purpose, a definition of effective
linear independence is needed:

Definition 2.4. Given k + 1 points {a:i}fzo in R™ (with 0 < k& < m), and
A > 0, we say that {z;}, are in A-general position if for all j =1,...,k

dist (x, zo + span {z1 — xo,...,zj—1 —xo}) > A.

When the condition is met, we also say that {z1 — xo,..., 2 — zo} are A-
linearly independent.

Before going on, we need a preliminary lemma: effective linear indepen-
dence passes to the limit.

Lemma 2.5. For any j € N, let {xz‘j}f:o be k+ 1 points of R™ in \-general

position, with X > 0. Assume that ;; EREaN x; for alli =0,...,k. Then
{a‘ci}fzo are still in A-general position.

Proof. By continuity of the distance function, we clearly have that

hm diSt(Q?lj,m'oj) = diSt(.fl, 5;0),
Jj—00

so in particular the last term is still greater than or equal to A.
By induction, assume that {@}?:_11 are in A-general position. Let
Vi = xoj + span{z1j — zoj, ..., Th_1, — To;}

and let A{l be the matrix whose columns are the vectors

{$1j — xoj, ey xh—l,j — .’on} .

By an elementary linear algebra fact (see for example | , Section 4.2]),
the orthogonal projection of a point p on th is given by

. . N =1 .
T T
my(p) = 2o; + A7, (ADTAL) (A" (0 - aoy).
To prove the result we need to compute the limit
jlg(r)lo dist ({L‘h]’,’ﬂ'v]z’ (xhj)) ;
but now the distance is continuous, and we have written 7, (zp;) in terms
h

of continuous functions of the points {zo;,...,2s;}. This means precisely
that the map we are taking the limit on is a continuous function of those
same points, so the statement follows. ]
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Remark. 1t is easy to see that, on the contrary, simple linear independence
does not pass to the limit: this is the main reason why we need the new
concept. Indeed, without the effectiveness condition, a sequence of sets of
independent points can even collapse to a single point.

Now, the key fact about the new notion of effective linear independence is
that, for a set of points which “effectively” span a k-dimensional subspace,
a pinching condition on the normalized energy of a map guarantees that
the map is almost k-symmetric. We now assume that the function u is
minimizing, in order to apply the Compactness Theorem 1.4.

Proposition 2.6. Fix the following constants:

A>0: a bound for the energy,

T>0: controlling the effective linear independence,
0<~vy<1: appearing as a “ratio of radii” in the condition on 0,
n>0: giving the desired parameter for almost-symmetry.

There exists an 4 = e4(m, N, A, 7,7v,m) such that the following implication
holds: letx € Q and 0 < r <  dist (0Q), and let u be a minimizing harmonic

map with energy bounded by A; if there exist k + 1 points {-’Ei}f:o such that
(i) zi € Br(x) for alli=0,....k;
(ii) {xi}fzo are (r7)-linearly independent;

(iii) Oy(xi, 1) — Op(xs,97) < €4 for alli=0,...,k,

then u is (n, 3, k)-symmetric at x.

Proof of Proposition 2.6. Without loss of generality, we can assume z = 0
and r = 1; the general case follows by the application of this particular
result to the function a(y) = u(z + ry), and by using the scale invariance of
the normalized energy:

0 (2, 7) = 03 (x + ri, rF).

By contradiction, assume that there exist {u;}, y minimizing harmonic
maps with energy bounded by A and, for every i = 0,...,k, a sequence of
points {zi;} .y in B1(0) such that

2

. {xij}?:() are 7-linearly independent for all j;
° 91/,(1131']', 1) — 91/;(2151']',’7) < % for all 4, j;

e u; is not (1, 3, k)-symmetric at 0.
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By the Compactness Theorem 1.4 for minimizing maps in W12(Q, ), up
to a subsequence we have u; — u strongly in Wh2(Q,N), where 4 is a
minimizing harmonic map. Also, up to subsequences, for all i = 0,...,k

there exists z; in B%(O) such that z;; — z; for j — oo.
Now 7-linear independence passes to limit by Lemma 2.5, so {Z;};~, are

still in 7-general position. Let’s show that the following equality holds for
all o (such that all quantities are well defined):

Gi(iﬁi,g) = lim HZj (xij, 0).

Jj—00
Indeed, for every § > 0 there exists 7 such that

( Bo(ij) D Bo-s(zi)  and | Bo(ij) C Boys(T).

i>j izj

Then for j > 7 the following inequalities hold

/ \Vuj|2da? g/ |Vuj]2dx S/ ]Vuj]2dx.
B T By(zij) Byys(xi)

0—86\Tq

Moreover, by the convergence in W12(Q, N), for j — oo

/ |Vu;|*de — / \Va|*dx
Bo—5(%;) Bo_s(%;)

/ \Vu,|?de — / |Va|?dz,
BQ+5 ({Ez) BQ+5(Q_7’L‘)

so we obtain that for any § > 0
/ |Va|*dz < lim inf |V |*de <
Bg_g(fi) J—0 Bg(xij

< limsup/ V| ?da < / V| *da.
Jj—oo  JBo(wij Boys(Z;

But then taking the limit for § — 0 and using the Dominated Convergence
Theorem we prove the claim.

Then for every x; we have

U/ — T . U4 U 45
0 (@0, 1) — 03 (E1,7) = Jim [0 (15, 1) — 6 (45, 7)] =0,

so in particular u is k-symmetric by Corollary 2.3; and the u;’s are converg-
ing to @ in L?(2, N')-norm, which says exactly that u; is (n, %, k)-symmetric
for some j. O

We find useful to introduce the following definition:
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Figure 2.1: The set of “pinched” points C., ,(x,r) lies inside the fattening of a k-
subspace, if u is not close to be (k + 1)-symmetric (see Corollary 2.7).

Definition 2.5. Let x, r, v be as in the statement of Proposition 2.6, and
let € > 0. We define the set

Cla,m) = Copla,m) = {y € By () | 0u(y,7) — Oy, 77) < e}
In view of this definition, Proposition 2.6 can be restated as:

Corollary 2.7. Fiz A, v, n as before, and ¢ > 0. There exists an €5 =
es(m, N, A, 0,7,m) such that: if u is a minimizing harmonic map, x € ,
0<r< %dist(x,@Q), and x is such that u is not (n, %r,k‘ + 1)-symmetric
at x, then there exists a k-dimensional affine subspace V = V(u,x,r) of R™
such that the following inclusion holds.

Coyr(,7) = {y € By, (@) | 0y, 7) = O(y,37) < 5} C By, (V).

2.1.3 L?-Limits of invariant maps

During the course of this chapter, we’ll also need a result that guarantees
that k-symmetry passes to the limit. The proof is elementary but a bit
technical.

Proposition 2.8. Let g € L?(B1(0),N), let 1 < k < m be an integer, and
let {hi},cn be a sequence of k-symmetric maps (at the origin). If g is the
strong-L*(B1(0), N') limit of the h;’s, then g is k-symmetric (at the origin).

Proof. Without loss of generality, we can assume that h; — ¢ almost ev-
erywhere, upon selecting a suitable subsequence. Also, we can clearly think
of the h;’s to be defined in all R™. We begin by proving homogeneity, and
then examine the k-invariance.
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STEP 1. We are assuming that all the maps h; are homogeneous with respect
to the origin, that is

for all A > 0 and = € B;(0). For x € B;(0) outside a set K of measure zero,

g(z) = lim h;(z).
1—00
Now, take a direction v € S™~ 1 if A\ % A9 and both Ajv, A2v belong to
B;1(0) \ K, then necessarily g(A1v) = g(Aav). If there exists such a A (i.e.,
such that Av € B;1(0) \ K), then we can redefine g to equal g(Av) in the
half-line generating from 0 with direction v. If such a A doesn’t exist, we
simply redefine g to equal an arbitrary value in that half line. The modified
map is homogeneous, and is still the almost everywhere limit of the h;, so
coincides almost everywhere with g.
STEP 2. Assume that h; is invariant with respect to the subspace

Vi = span {vii, ..., Uk},

where the v;;’s form a orthonormal basis of V;. Upon taking a subsequence,
we can assume that for each j = 1,...,k there exists v; such that

li o Ay

i i = o
moreover, by a simple linear algebra argument (analogous to the one por-

trayed in Lemma 2.5), the vectors 1, ..., vy are still linearly independent.
Define then the subspace

\_/ispan{ﬁl,...,ﬂk},

and let R; € O(R™) be the rotation that brings V; to V. It is clear that for
any 0 > 0 there exists ? € N such that for all ¢ > 7 and for all z € B2(0) we
have

|z — Rijz| < 0.

We first prove the following claim: g is also the L2-limit of the sequence of
maps {h; o R;},cy. In fact we have:

|hio Ri — gllp2 < ||hioRi —goRi|lp2+ lgo Ri — gll 12

with a simple change of variables, the first term of the right hand side
clearly equals [|h; — g| 2, and so tends to zero as i — oo. Concerning the
second term, we observe the following: for any € > 0, by classical density
arguments (see | , Section 4.4]) there exists a continuous function ¢ €
CY(B1(0), RY) with compact support such that ||g — @||;2 < &; and now we
have:

lgoRi—gllpz <llgoRi—¢oRillpz+|l¢poRi— 2+ l¢— gl
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The first and the third terms are smaller than € by our definition of ¢
(again, by the use of a change of variable); the second one is less than ¢ as
well for ¢ big enough: in fact, ¢ is continuous in a compact set and thus
uniformly continuous, and as we have already observed |z — R;x| can be
made arbitrarily small. This concludes the proof of our claim.
STEP 3. In particular, we can assume without loss of generality that the
situation is the following:

g = lim h; in L*(By(0),N),
71— 00

dV k-subspace such that h; is V-invariant for all 4.

Now we know that h; converges pointwise to g outside a set H of measure
zero; if z,y € B1(0) \ H and = — y € V, then necessarily g(z) = g(y), since
hi(x) = hi(y) for all i. If for some x € V+ we have that  + V C H, we
redefine g to be constant on z + V; if x + V' contains a point of By(0) \ H
we redefine g so that it takes that value in all  + V; in the end, we have
obtained a k-invariant map by modifying g on a null set. With some further
effort, the modifications operated in STEP 1 and STEP 3 can be made in
such a way that the map is both homogeneous and V-invariant. O

2.2 Stratifications

Finally, we define the singular strata, that will soon become the main objects
of our study: our overall goal will be to estimate their dimension and clarify
their structure. For the sake of simplicity, we now choose a slightly less
general setting: from now on, €2 will be a ball centered at the origin. In
particular, in this very first definition, we assume u to be defined on the
ball of radius 2, and the strata will be consequently defined as subsets of
the unit ball.

Definition 2.6 (Stratifications). Let u € W2?(By(0), V) be a stationary
harmonic map. Let k € {0,...,m}.

1. For any n > 0 and any (sufficiently small) » > 0 we say that x € B1(0)
belongs to the k*® (n,r)-stratum Sf;r(u) if the following holds:

max{()gjgm

w is (n, s, j)-symmetric at =

forsomer§s<1}§k:;
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In other words,

Sirw = {r e BO)| [ 1) = Ten) dy >

for all < s < 1 and all (k + 1)-symmetric maps h}.

2. For any n > 0 we say that = € B;1(0) belongs to the k" n-stratum
Sﬁ(u) if the following holds:

max {O <j<mluis (n,r,j)-symmetric at x

forsomeO<r<1}§k;

In other words,

s ={re B [ )~ Tout) dy =

for all 0 < r < 1 and all (k + 1)-symmetric maps h}.

3. Finally, we define the k*P stratum S*(u) as
S*(u) = {x € B1(0) | no tangent map at x is (k + 1)-symmetric} .

The following properties are immediate consequences of the definitions.

Lemma 2.9. Let u € W12(By(0),N) be a stationary harmonic map. Then
these properties hold:

(i) Monotonicities: If o’ >n, v’ <r, k' <k then

K k
ST]/,T/ (u) g qu(u).

(i) Relations between parameters: The following set equalities hold for all

k and n:
Syw) =[Sy (u)
r>0
S*(u) = U S,lf(u)
n>0

(iii) Trivial stratum: For any n and r,

Sy (u) = 87" (u) = 8™ (u) = B1(0).
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Proof. The only non-trivial fact is the identity

S*(u) = U S,I;(u)
n>0
The inclusion “D7 is easily done: let z € U, Sﬁ(u); if by contradiction
x doesn’t belong to the singular stratum S¥(u), then there exists a (k + 1)-
symmetric tangent map h at x. By definition, then, there exists a sequence
r; — 0 such that

L hly) = Taput)? dy =0,
B1(0)

So x does not belong to any of the Sf]“(u), n > 0, which contradicts our
assumption.

Let now = € S¥(u), and assume that 2 does not belong to any of the
Sﬁ(u) Take a sequence {7;},.y approaching zero; for any i, there exist
r; > 0 and a (k + 1)-symmetric map h; such that

L Ihiy) = Terul) P dy <
B1(0)

Now assume first that r; tends to 0; by one of the usual compactness argu-
ments there exists a subsequence of {T}, ,,u}, (not relabeled) which converges
weakly in WH2(Q, V') and strongly in L?(2,N) to a map g € WH2(Q,N),
which needs to be homogeneous by Proposition 2.4. By triangle inequality,
we also have
[hi = gll2 < hi = Topullpe + ([ Topu — gl 12 =% 0,

so g is the L2-limit of (k + 1)-symmetric maps. Using Proposition 2.8, we
can see that g needs to be (k+1)-symmetric as well: thus, x does not belong
to S*(u).

The case in which r; is greater than a certain 7 for infinite ¢ is even
easier: for any 4, using the change of variable y = *z and exploiting the
homogeneity of h we get

ri

Lo t) = Tagut) dy= () [ hule) = Tl de <
B (0) r B (0)

<e [ () - T dz <
B1(0)

So the h;’s are converging in strong-L? to the map Ty 7u: in particular, T, 7u
itself is (k + 1)-symmetric. O

We now state the main result of this chapter, due to Cheeger and Naber
and first proved in | ]. Recall that, for any subset S C R™ and any
r > 0, we indicate with B, (S) the r-fattening of S:

B.(S) = {zx € R™ | dist(z,S) < r} = U B, (z).
€S
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Theorem 2.10. Let u € W12(B2(0),N) be a minimizing harmonic map
with energy bounded by A. Then for all (sufficiently small) n > 0 and 6 > 0
there exists a constant Cy = Co(m, N, A, n,8) such that for all 0 < r < 1
the following estimate holds true:

Vol (B, 8k (u)) N Bi(0)) < Cor™ =", (CN)

2.2.1 Explicit example

As a preliminary exercise, we can try to identify the singular strata of the
map py(z) = ﬁ from Section 1.6, at least qualitatively. We assume the
map is defined on By(0) and study the behavior in B;(0).

Observation 1. First of all, the origin 0 must belong to all the singular strata
57’;’," (pn) (for n small enough). In fact, Ty ,py = pn for all r by homogeneity:
that means that 0 belongs to a certain stratum S,’;’r(pN) if and only if it
belongs to S,’;,s(pN) for every 0 < s < 1. Now assume py is n-close to a
l-invariant map h (in a L? sense) in B1(0); by rotational invariance of py,
we can assume that h is invariant with respect to the subspace span {ey},
SO

h(zi,...,xN) :B(xl,...,:cN,l).
Now we have

2

/ h(z) — 2 dz >

B1(0) ||

b .
2/ da:1~-de_1/ h(ml,...,xN_l)—— dl‘N, (2.1)
B (0)n{zn=0} -1 |z]

1
2

and very simple computations show that the inner integral is greater than a
universal constant, depending only on N and not on the map h. Thus, for
all n sufficiently small, py is not close to be 1-invariant at any scale r (nor,
a fortiori, k-invariant for bigger k).

Computations. We give here an extremely rough estimate: for any

(N —1)-tuple (z1,...,2x_1), the term h(zy,...,2x_1) assumes a fixed value
on the sphere, say (£1,...,&xN); assume for example £y > 0 (the symmetric
case is analogous). Now we have, fixing (21,...,2n-1) in B1(0) N {z, = 0}

1 1.
and —5 <y < 3¢

- P . zi\° ex)

i=1

as a consequence, the inner integral from the previous identity (2.1) can be
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bounded from below as follows:

L;

1
2

2

N

1 2
x
drn > / (51\7 - |;:\|,> dxn >

1
2

_1 2
4 TN
= [ <5N - u) o

But now for £y >0, zny < —i and |z| < 2-3 we have

~ T
h(zy,...,2N-1) — m

X
SN*fNZT%;

||
so in particular

/B1 (0)

2 _

dxz/ dIl"'d.TN_l/ 27%dx1v=
B (0)n{z,=0} -

1
2

1 3 1 N-1 5
= 29 3uv 4| = =272 Nyn | = 2N
4 WN—-1 (2) WN—-1 N

m@—%

For all n below this value, 0 surely belongs to any stratum Sf;’r(pN).

Observation 2. Secondly, again by rotational invariance, it is clear that a
point y € B1(0) belongs to a singular stratum if and only if the whole
“shell” 9By,|(0) is contained in that stratum.

Observation 3. Notice also that for all x # 0, 0 < r < |z|, y € B1(0) and for
all A > 1 we have

Terpn(y) = = z,
v letryl 5+ 5yl

x+ry 3+ 3y
T

so we have for all A:
x
A
In particular, by the monotonicity properties from Lemma 2.9, if z €
S,I{T,(pN) then § belongs to the same stratum Sf;r(pN) for all A > 1: to-
gether with Observation 2, this tells us that all the singular strata are balls
centered at the origin.

x € Sf;’,,(pN) & € S,?,%(p]v).

Observation 4. Now fix r for a moment. If [y| < §, then the origin is con-
tained in B,(y) and away from its boundary; thus y is likely to belong to
all 87(7)77,(;01\7) (for n small), since T}, ; won’t be l-invariant for any s > r. In
particular Bz (0) C ng(p]\/).

Computations. More precisely, we can argue as follows: if h is a 1-
invariant map and s > r, then we have:

/'\m@—@wﬂaﬁmz/ hiz
B1(0) B1(0)

2
:/Bl('g) ‘h(w—i) —% dw,

Y+ sz 2

y + 52
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where the change of variables w = z + % has been made; moreover, since
’%‘ < !%‘ < 1, by elementary geometric properties B1(0) C Bi (%), and so:

Yy w
|h(z) = Ty,spn (2)] dzz/ hw-Y%)_- %
/]31(0) y B% (0) ( s) |w|

Now the map w — h(w — %) is still 1-invariant; by an argument analogous to
the one depicted in Observation 1, it is clear that this last integral is greater

than or equal to a universal constant.

Observation 5. On the contrary, if we fix n > 0 small and the radius %, we can
see that for some 7 = 7(n) the points of the shell 0B1(0) will eventually fall
2

out of ng(p ~ ), since the map is there smooth (and analogously for other k):
fixed y € 0B1(0), it suffices to consider the constant (thus m-symmetric)
2

map z — ﬁ; and it’s easy to see that the integral

/Bl(o)

converges to zero as r tends to 0. Then by Observation 3 we have, for all
A>1,

Y y+rz|?

lyl  ly+rz]

Sf;;(p]v) C B4 (0).

L
2X

In other words, for all r < 7

82,(pn) C By (0).

=3

1
2

Thus we can conclude that given 1 and k, for any r > 0 small the stratum
Sk, (px) is a ball Bo,(0) with 3 < a < a(y, k). Thus B, (S, (py)) is a ball
with radius between § and C(n, k)r, and so there exist constants a1, az such

that:
Vol (B, (85, (vv)))

,,am

a1 <

< as.

2.3 Some useful covering lemmas

We present here the proof of a couple of preliminary lemmas which we’ll use
to “build” the proof of Theorem 2.10. They all descend from elementary
geometric properties, so their proofs do not carry essential information.

Covering Lemma 1. Fiz a p > 0. There exists a constant ¢c; = c1(m, 0)
such that for all r > 0, x € R™ and o < 9, the ball B,(x) C R™ can be
covered by c1o™™ balls of radius or.

Proof. We proceed in three steps.
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STEP 1. First of all we notice that it is completely equivalent to prove that
for all p < g the unit ball By(0) can be covered with ¢10~™ balls of radius o:
applying the usual transformation A;, introduced in Lemma 1.5 we obtain
directly the general statement.

STEP 2. Now, instead of covering the unit ball, we consider for a moment
the cube [—1,1]™ and cover it with a controlled number of balls centered in
the cube itself. Define £ the integer number

e=| 4|,

%

where [a] is the smallest integer greater than «, and notice that

f<<xf \F+é
Q__ o

Consider the grid of points of type

(5.

where for all h = 1,...,m we have
ZhE{ 57"" ’ 7 a"'ag}'
The family of balls centered at points of the grid and with radius ¢ is a
covering of the cube: indeed, if y € [—1,1]™, there exist iy, ..., i, such that
) 1 for all b =1
yp— —| < — orallh=1,...,m
§17 2

so in particular

1
(e sy
’ &€ 2€ 2
The number of balls in this covering coincides with the number of points of
the grid, which equals (26 + 1)™; and the following estimate holds:

2e+1)™ < <2*/mg+g + g) < (2vm+30)" 0™,

so the conclusion follows.
STEP 3. In particular, we can find a covering € of the cube made with
2MmC o™ balls of radius . We construct a covering of the unit ball in

2
the following way:

o If B%(y) € ¢ is centered in the unit ball, we take B,(y).
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e If B € ¥ is not centered in the unit ball but intersects it non-trivially,
we take B,(y') with ¢/ any point in the intersection of B and the unit
ball. Notice that B,(y') D B.

Then the new family is made of balls of radius ¢ centered in B;(0), in a
number which is at most 2™ C¢~""; and by construction it covers the unit
ball, so the conclusion is reached. ]

Covering Lemma 2. Fix a ¢ > 0 and 0 < k < m. There exists a constant
co = co(m,k,0) such that the following holds: assume V is an affine k-
dimensional subspace of R™, and B,(x) C R™ is a ball of radius r > 0; if
0 < 0 < 0, then By (V)N B,(x) can be covered by coo™* balls of radius or.

Sketch of Proof. One way of proving this is just to trace back the proof of
Covering Lemma 1 and adapt it a bit: without loss of generality, we can
assume that x = 0 and r = 1; we can assume that V is a linear subspace
(otherwise we can cover B,(V) with a smaller number of balls), and up to
rotations of the space we can assume it is the subspace

V =span{ei,...,ex} ={z € R" | 241 = -+ =z, = 0} .

Moreover, we can perform the proof for the cube [—1,1]™ and then use the
same trick as in STEP 3 of Covering Lemma 1.

We consider the same ¢ and the same grid of points; let £ = [vm + o].
Now B,(V') is covered by the balls of radius ¢ centered at the points of the
grid of type

(il Zm) with ily.e ik € {=&, ..., &}

& ket im € (€. €},
since :
& m+o
0

The cardinality of this covering is

26+ 1) (264 1)" " < 2vim+ ) o BTV + a)" T =
= C(m,k,0)0". [

Irrelevant parameters. Clearly, the parameter ¢ will not play a rel-
evant role in the future; thus, we can simply choose ¢ = 1 and drop the
dependence on p in the constants ¢; and cs. In this case, the numbers c1 o~
and co0~ " are greater than or equal to 1 for any p. Also, we can forget about
the dependence of ¢y on k by taking

ch(m) = sup ca(m,k).
0<k<m
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Since it will be of independent interest in the next section, we state here
a more precise version of STEP 3 of Covering Lemma 1.

Covering Lemma 3. There exists a constant & = &1(m) such that the
following holds. Let A C R™ be a bounded set, o > 0 and {By(zi)},_;
a finite covering of A with balls of radius o. Let S C A be a subset of A.
Then S can be covered with &1L balls of radius o with centers in S.

Proof. We only need to show that for any ¢ = 1,..., L the set B,(z;) N S
can be covered with a fixed number of p-balls centered in B,(z;) NS itself;
equivalently, we can simply show that any subset S of the unit ball can be
covered with a fixed number of balls of radius 1 centered at S. Consider the
family

}'i{B%(y))yES}.

By the Vitali Covering Theorem (see | , Theorem 1.24]), there exists a
subfamily G of F made of disjoint balls such that

Sc U BcU{Biw) | B1l) g}

BeF

1
10

in particular,
ScU{Biw) |BLw eg}.

But the number of balls in G is at most the number of disjoint balls of radius
% fitting in the ball B2(0), which is a finite constant depending only on the

dimension m of the ambient space: this proves the result. O
Covering Lemma 4. Let A C R™ be a bounded set, o > 0 and {BIZ‘(Q)}Z‘L:1

a finite covering of A with balls of radius ¢. Then

L
BQ(A) - U ng(l’i).
=1

In particular,

L
Vol (By(4)) < 3" w(20)™ = Léa(m)o™
=1

Proof. Assume
L
Ac | By(xi).
i=1
If y € B,(A), then there exist # € A such that |y — x| < g and ¢ such that

|z — ;] < o. Then by the triangle inequality |y — z;| < 20, and this proves
the statement. O
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2.4 Proof of the Main Theorem

The proof of Theorem 2.10 is carried out in several steps and relies on a
covering argument; more specifically, we first prove that, if we fix o > 0 and
s € N, then the stratum 87’7“795 (u) is contained in the union of a controlled
number of balls of radius ¢**!.

In order to accomplish this task, we introduce here some notation we
will need.

Notation. Let u, A and n be as in the statement of Theorem 2.10, and fix
al<po< %; we’ll give p a precise value during the course of the proof.
1. For any j € N>y, define the subset G; of B1(0) as

;= { € B1(0) | 0u(w.20") — Oy(o: 50) < =3}

where ¢35 is the constant given by Corollary 2.7, depending (in this case)
on m,N,A, o, n (notice that we fixed v = %) The letter G stands for
“good”; the points in G; are indeed those which behave well at scale ¢/,
in the following sense: if z € Sf;gj (u), then we know that G; N B,;(z) is
contained in the fattening of a k-plane. Thus we have some very strong
information about good points lying near the stratum. The particular choice
of coefficients in front of the ¢’’s, as well as the upper bound i given on p,
are driven by some technicalities appearing in the near future, but do not
carry any substantial information.

2. For all z € B1(0), we construct a sequence V(z) = {V(2)[j]};5; of zeros
and ones following this rule:

0 ifa:ng

V(z)|j] = ,
@) L iy
meaning that V' (z)[j] is 0 if and only if x is “good” at scale j.

3. Moreover, given s € N, we’ll indicate with V(x)|, the s-dimensional
vector

V@), =V (@)[,....V(@)s]),

s

and with T = {0, 1}° the set of all the s-tuples consisting of zeros and ones.
V(zx) \S carries information about the goodness of x at the scales o, 02, . . ., 0°.
This will be important, because at some point we’ll fix an integer s and
consider S,lf, ps(u): thus we are not interested in what happens at smaller
scales than o°.

4. Also, for a sequence {T'[j]},5; of zeros and ones denote

IT|=> T[] e NU{occ}.
j=1
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5. Finally, given a vector T' € T, we define
FrD) ={zest, V)|, =T},

where we are setting S,];/”T = 87’7“7T(u) N B1(0). Basically, we are splitting
Sﬁyr in 2% pieces, each one of which is represented by an s-sequence of zeros

and ones; all the points in ‘Fﬁ,r(T) “behave in the same way” at all scales
S

0, 0% ..., 0"

Our approach will be to cover .7:7’7“’@5 (T') for each T" with a controlled
number of balls; joining all these coverings, this will give a cover of the whole
Sﬁ} o+~ In order for this strategy to be effective, we also need to estimate how
many sequences 1 € Ty define a non-empty set ]-",’;igs (T). The following

result provides this information.

Lemma 2.11. For all z € B1(0),

AL
V@)l < —=K(mN,A o).

Proof. In fact, by monotonicity, 8y (z,20) — 0y (z,0) < 0y(x,1) < A; more-
over, again using monotonicity,

o

0,(,20) = 0 (2,0) = D (6, 207) = 0y (2,20 ) >

—_

<

>3 <9¢ (x,29j) — 0y (iE, ;M)) > e5|V(z)].

1

oo
j:

Here we have used the fact that ¢ < %. O

Remark. As a consequence, if |T| > K(m, N, A, 0,n) for a sequence T' € T,
then .7-",’7“7 o+ (T') = @ the disjoint union

Sk )= |J Fr (1)

TET,
actually involves a number of items which is, in general, smaller than 2°. A
precise computation is performed in the proof of Theorem 2.10.

The following covering Lemma states rigorously our strategy.

1
)4
be fixed; for any T € T there exists a covering of .7-",’7“795 (T') of the type

Covering Lemma 5. Assume o € }0 [ is a fived number. Let also s € N>q

k
Fres(Tc |J B,
BelU(T)
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where U(T') is a collection of at most

1(m)** (ea(mo™) T (ea(mye ) (2.2

balls of radius o**! with centers in .7-'7]7“795. Here the constants c1, co and &
are the same as in Covering Lemmas 1, 2 and 3.

Interpretation of the bound (2.2). As we’ll see, the fundamental fact
to point out about this upper bound is that it has the form Cj (03 (m)g_"“)s7
where c3 = £1¢o and Cj is a constant which does not depend on s.

We decided however to write it in this more precise form, in order to
separate the pieces coming from different parts of the construction: the “zero-
th” step will produce a term (c;(m)oe~"™), while the i-th step with ¢ > 1 will
produce either a factor (c;(m)o™™) or (ca(m)o~"), depending on the i-th
component of T'. Since at any step we also are using the Covering Lemma 3,
a term &; appears.

Proof. Let s and T be fixed. We proceed by inductively refining an initial
cover of ]-"f;i 0% the induction is done on 0 <7 < s. Recall that the following
inclusions hold:

Fos C 8 pe() CSF poi(u) C oo C 8y y(u)

STEP 0. By the Covering Lemma 3, we can simply cover .7-',];7795 = ]:7’7“@5 (T)
with & ¢107™ balls of radius g centered in .7-"7’7“7 os- We call

Uy ={B1,}es,

this covering.
STEP 1. Take a ball B € U;. It is a ball of radius ¢ centered (in particular)
in 57’]“’ o(u). Now we split two cases:

e If T[1] = 0, then by definition of f,’;’gs (T') we have:

1
Fr g NBCS) (u)N {y € B| 0y (y,20) — Oy <y 2g> < 55} :
which, applying Corollary 2.7 with 7 = 2p, is contained in B,a2(V) N B
for some k-dimensional affine subspace V. Then for any ball B € U,
]:7’7“795 N B can be covered by &1cap* balls of radius o2 centered in
.7:7’7“795 N B by the Covering Lemmas 2 and 3. In particular, the whole
J—_'k

n.0s Can be covered by
K

(§1c107™) (&CQQ%)

balls of radius o? centered in .7-"7’7“7 o
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e Ifinstead T'[1] = 1, then for every ball B € U; we simply cover .7:7’7“7 sNB
with &1¢107™ balls of radius 2 by the use of Covering Lemmas 1 and 3,
so that .7-",’7“7 o¢ 18 covered by

(flcléfm)z

balls of radius p? centered in ]:,]7’37 0"

In any case, we have obtained a covering Uy = {B>;} of .7-",]7“@3 with a

Jj€J2
controlled number of balls of radius ¢? centered at ]:717“’ 0"
STEP 2. Now assume 2 < ¢ < s, and assume we have a covering U; of ]:7’7“795
made of a controlled number L of balls of radius o’ centered at ]-",’; os- Con-

sider a B € U;; again, two cases (visually represented in Figure 2.2):

e If T[i] =0, then

A 1 .
k k
Fpo NBC Sn’gi(u) N {y € B |6y (y,2gl) — Oy (y’ QQZ) < 65} ,
which is contained in B,i+1(V) for some affine subspace V; so .7-"7’7“7 os N
B can be covered by &1co0 % balls of radius ¢t!. By repeating the
procedure for all balls in U; we obtain a covering U;;; of .7-"7]7“@ with
balls of radius ¢t! centered in .7:7]7“7 o+; moreover, the cardinality of the

family U1 is controlled by L (£1c2 Q*k).

e If T'[i] = 1, then for every ball B € U; we cover ‘F,;I;:’Qs N B with &c107™
balls of radius ¢! by the use of Covering Lemmas 1 and 3. Again,

k .
JF.os 1s thus covered by

L (&c107™)

balls of radius o'*! centered in .7:7’767 0"

Now counting how many times the choice fell on each case we obtain
exactly the estimate given in Equation (2.2). O

We are now ready to prove Theorem 2.10: as we have anticipated, we’ll
first fix a value for p, and prove the result for all S,’{ o+ (u) with s € N; then
we’ll extend the result to all r.

Proof of Theorem 2.10. Define

SSI[N

0=o0(m,0) = (§ica) 9 ;

notice that if § is sufficiently small, then g is arbitrarily small as well. We
begin by proving the theorem for r = p° for all s € N.
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Fk
esa <) @
f‘k
(a) Case T[i] =0 (b) Case T[i] =

Figure 2.2: The inductive step: if T[i] = 0, we cover FF . N B with co™* balls of
radius o' *!; if T[i] = 1, we cover it with co™™ balls of radius o'**.

STEP 1. Fix s € N. Sigs (u) can be partitioned as
U e (1) (2.3)
T€eTs

notice, however, that if |T'| > K (where K is the constant introduced in
Lemma 2.11), then .7:,’7“’95 = @. As a first consequence, the union in Equa-
tion (2.3) is not taken on all 2 sequences of T, but only on

o) () o)

since the ones can appear at most K times. This number is clearly less than
or equal to Ks¥, since for i < K we have

(s) :s(s—l)-u(s—i—i-l) cgic K
. ] <s <

7

Furthermore, Ks® (seen as a function of s) is elementarily bounded by
Cy (&102)°, (i-e. C4gfgs) for some constant Cy = Cy(m, N, A, n).

STEP 2. Now for any “good” sequence T' (i.e., such that |T'| < K) we know
by Covering Lemma 5 that .7:7’;7 o+ (T') is covered by a number of balls of radius
0°T! which is at most

&1m) (er(m)o™) T (ea(m)o ) <
= [&Cfﬂ (5161)_%7”([{“)} [5102 (5102)_%k]s.

)
This can be written as Cs(m,N,A,d,n) (gs)_i_k. Considering what we
learnt in STEP 1, we can conclude that S,’;’ o+ (1) is covered by

3 _d_ —_5—
Cio™2°C5 (0°) 2 = Cs(0") "
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balls of radius ¢**! (which of course implies that it’s covered by the same
number of balls of radius p®). This means that, exploiting the Covering
Lemma 4,

Vol (BQS (S,’;’Qs (u)) N Bl(O)) < C (Q8)767k & (o)™ = C (Qs)mikﬂ;’

with C7 = C7(m, N, \, §,7n), which is what we were proving.

STEP 3. Finally, let » > 0 be arbitrary (but small enough that all quan-
tities are defined); there exists s € N such that ¢*t! < r < 0°. Then
S,’{T,(u) C Sﬁvgs(u); hence, just as in STEP 2, S,’;J(u) is covered by a union
of Cg (0°)™°~* balls of radius o™ (and thus the same number of balls of
radius 7). Thus the following holds true:

, this is less than or equal to Cgr™ %9 where again Cg =

1
o
,0,1). O

2.5 Further estimates for the singular set

In this section, we state some important consequences of Theorem 2.10 con-
cerning the regularity of energy minimizing maps; this is still done following
[ ]. These results are expressed in terms of the regularity scale of a map
u, which was defined in Section 1.5.

Again, for the sake of simplicity, we assume that our working set (2 is in
fact the ball B2(0) (or, alternatively, that Q contains this ball).

Theorem 2.12. Let u € W12(By(0),N) be a minimizing harmonic map
with energy bounded by A. For all § > 0 there exists a constant Cy =
Co(m, N, A, ) such that the following estimate holds for all 0 < r < 1:

Vol (B,(Z,(u)) N B1(0)) < Cor®9. (2.4)

As a consequence, the Minkowski dimension of the singular set S(u) is at
most m — 3.

In order to prove this theorem, we need a series of sublemmas of inde-
pendent interest. The first one is a result about homogeneity: it states that,
whenever a map is minimizing, (m — 2)-symmetry already implies that the
map is constant:

Sublemma 2.12.1. Let u € WH2(By(0), N) be an energy minimizing map.
If w is (m — 2)-symmetric at a point x € B2(0), then it is constant.
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Proof. Assume without loss of generality that = 0. By assumption, u is
homogeneous with respect to the origin. If u is not constant, there exist
two points x1 # xe with |z;| = 1 such that y1 = u(x1) # u(x2) = ya; then
by homogeneity every neighborhood of the origin contains two points whose
images are respectively y; and y2. Hence, u cannot be continuous at 0, so
0eS(u).

Now by (m —2)-invariance there is a (m — 2)-subspace of singular points;
so in particular ™ 2(S(u)) > 0. However, since v is minimizing, this is
not possible, otherwise Proposition 1.13 would be contradicted. Thus, u
needs to be constant. O

The second sublemma is a quantitative version of the previous one:

Sublemma 2.12.2. Let € > 0, and fir A > 0. There exists a constant
81 = 61(m, N, A, €) such that the following holds: if u € W12(B(0),N) is
a energy minimizing map with energy bounded by A, and u is (61,7,m — 2)-
symmetric at a point x — with x € B(0) and 0 < r < dist(xz,0B2(0)) — then
u is (g,7,m)-symmetric at the origin. In particular,

Sg‘r_l (u) C Smf?’(u).

Proof. By scale invariance, we only need to prove the result for x = 0, r = 1.
Assume by contradiction that for some e > 0 there exists a sequence {u;}
of energy minimizing maps in W12(By(0), N) such that:

€N

(a) u; is (3,1, m — 2)-symmetric at the origin: i.e., there exists a (m — 2)-
symmetric map h; such that

1
/ |hi—ui\2 dr < =;
B;(0) ?

(b) w; is not (g,1, m)-symmetric: that is, for all constants £ € N,

/ luj — £ dx > e.
B1(0)

By the usual Compactness Theorem 1.4, we can assume that the wu;’s con-
verge (in W12-strong) to a energy minimizing map u with energy bounded
by A. By (a) and the triangle inequality, also the h; converge in L?-strong to
u: @ is the L2-limit of (m — 2)-symmetric maps. Then by Proposition 2.8 u
is itself (m — 2)-symmetric; since 4 is also minimizing, by Sublemma 2.12.1
it is constant. As a consequence, u; is converging in L? to a constant map,
thus contradicting assumption (b). O

We now use a compactness argument to show the following: if a map is
minimizing and close to a constant map, then its energy is small.
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Sublemma 2.12.3. For any ¢ > 0 there exists a 62 = d2(m, N, A, &) such
that the following holds: if u € WY2(Q,N) is energy minimizing and its
energy is bounded by A, x € Q, 0 < r < dist(z, IN), and there exists £ € N
such that

[ i e <,
B (x)
then 6(z,r) < e.

Proof. As usual, we assume that = 0 and r = 1 by scale invariance. By
contradiction, assume {u;};. is a sequence of energy minimizing maps and
{&}ien @ sequence of points of A such that:

1
/ lu; — &* dr < -,
B1(0) i

6% (0,1) > ¢

for a e > 0. By compactness (for minimizing maps, and for points of ') we
can assume that u; converges to a u in Wh2(Q, N) strongly, and & converges
to a point £ € V. Now for all i € N

i< & ¢

and the right hand side converges to 0 as ¢ — 0o. So u is almost everywhere
constant and equal to &; however, by the strong convergence,

1o S e —willpe + llui = &l 2 +

LQ;

6%(0,1) = lim 6"(0,1) > &,

1— 00

which is a contradiction. O

Finally, we prove a quantitative version of the e-regularity.

Sublemma 2.12.4. Let A > 0. There exists an ¢ = e¢(m, N, A) such that
the following holds: let u € WH2(Q, N) be a minimizing harmonic map with
energy bounded by A; let x € By(0) and 0 < r < 1 dist(z,0B5(0)). If u
is (e¢,4r,m — 2)-symmetric at a point x € B3(0), then r,(z) > r. As a
consequence,

Z,(u) C S 3 (u).

£6,4r

Proof. By the strong version of the e-regularity (Corollary 1.12) we know
that there exists an €3 = e3(m, ') such that if the normalized energy 0(x, 4r)
is less than €3 then the conclusion holds. By Sublemma 2.12.3, that nor-
malized energy is less than €3 whenever

/ |ul - £|2 dr < 52(maN7Aa 53)3
Byr(z)

and by Sublemma 2.12.2 this is true if u is (d1,4r, m — 2)-symmetric at x,
where §; = d1(m, N, A,d2). Thus, defining ¢ as this value of 1, g only
depends on m, N and A and the statement is proved. ]
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Now we are in a position to prove the main theorem of this section,
Theorem 2.12. Recall that, for a given § > 0, we need to prove the existence
of a constant C' depending on § such that

Vol (B,(Z,(u)) N B1(0)) < Cor32.
Proof of Theorem 2.12. By Sublemma 2.12.4, we have that

B.(Z.(u)) N B1(0) C B, (sm—3(u)) N B1(0);

€6,4r

now for any fixed § our main Theorem 2.10 ensures the existence of a con-
stant Ca(m, N, A, d) such that

Vol (B, (Sm3(w)) N Bi(0)) < Co(4r)* ="

€6,4r
Combining this relations, the result is immediately proved. O

From Theorem 2.12, we can also deduce the following corollary: for a
suitable p, the LP-norm of the gradient of u is bounded by a constant.

Corollary 2.13. Let u € W12(By(0),N) be a minimizing harmonic map

with energy bounded by A. For all 0 < p < 3, there exists a constant
Cio = Cro(m, N, A, p) such that the following bound holds (independently of

/ |Vu(x) P de < / r.P(x)dx < Chp. (2.5)
B1(0) By (0)

Proof. The first inequality is clear: for any fixed point x € B;(0), by the
definition of regularity scale, either r,(z) = 0 or |Vu(z)| < ry(2)~!; how-
ever, as a consequence of Proposition 1.13, the latter condition is verified
outside a set of null ™ 2-measure, so

/ |Vu(z)P dmg/ r P(z)dx.
B1(0)

B1(0)

As for the second one, by Tonelli Theorem we have that
/ ro P (z)de = / Vol ({z € B1(0) | r,P(x) > s}) ds
B1(0) 0
o 1
= Vol (qx € B1(0) | ry(z) <s P:)ds=
| vel (fa e B10) | ruw) <577
_ /0 Vol (2 _y (u) N B1(0)) ds.
While the convergence of this integral at the first extremum is trivial, since

Vol (z .

1
s P

(u) N Bl(O)) < Vol By (0) = 1,
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the convergence at infinity is assured by Theorem 2.12. Indeed, for0 < p < 3
fixed, pick 0 < § < 3 — p, so that a = 3775 > 1; then we have

e 1 00
/ Vol (Z 7;(u)ﬂBl(0)) ds S/ 1d8+09/ s ds <
0 s P 0 1

<14 Cy(m,N,A\,6)K(p,d) =
= ClO(mvNaAvp)‘

O

Remark. Notice that this last result is sharp, in the sense that we can not
obtain the same result for p = 3. This is easily seen for the map p3(z) = é—|
from B}(0) to S2. We know that ps is energy minimizing; however, as we
computed in Section 1.6,

1

2
Vps(@)’ = =5 = V(@) ~ s
|z] ||

and the right hand side in the last term is not integrable in B$(0).
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Chapter 3

Bounds on the Minkowski
Content

The main aim of this chapter is to improve the results of Chapter 2 on the
Minkowski content of the singular strata, also gaining information on their
k-rectifiability. The techniques involved are considerably more advanced
than the ones we used in Chapter 2: we’re going to prove the main results
by exploiting a suitable form of the Reifenberg Theorem and some sharp
estimates on the normalized energy 6, as done in | ]. More precisely,
we will prove the following:

Theorem 3.1. Let u € W12(By(0),N) be a minimizing harmonic map with
energy bounded by A.

(i) For any n > 0 there exists a constant C1 = C1(m,N,A,n) > 0 such
that:
Vol (B, (8k,(u)) N B1(0)) < Crrm*

mr

forany k=0,...,m and for all 0 <r <1;

(i) For any n > 0 there exists a constant Co = Co(m,N,A,n) > 0 such
that:
Vol (B, (Sk(u)) N Bi(0)) < Cor™

for any k =0,...,m and for all 0 < r < 1; moreover, the n-stratum

k- . .
Sy, (u) is k-rectifiable.
(iii) The stratum S*(u) is k-rectifiable.

Remark. Notice that, since we are assuming that u is minimizing, the only
relevant subdimensions are k£ < m — 3: in Sublemma 2.12.2 we have proved
that all the higher subdimensions can be reconducted to this case.

The definition of rectifiability we are using can be found in Appendix A.
We restrict again to the case D Bs(0), for convenience; actually, we’ll
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soon need other conditions on §2: it must be large enough to contain all the
objects we're going to define. Recall that by definition of the singular strata
we are assuming that they are contained in the unit ball B;(0).

The following corollary is a straightforward consequence of Theorem 3.1:

Corollary 3.2. Let v € WY2(Q,N) be a minimizing harmonic map with
energy bounded by A. Then the effective n-stratum S,’f(u) has Minkowski di-
mension less than or equal to k, and its upper Minkowski content is bounded

by CQ.

We need, first of all, to introduce some new notions that will play a
central role during the course of the chapter.

3.1 Basic notions

To begin, for any given measure p we define a quantity 55 which indicates
how close its support is to be included in an affine subspace (at scale r);
this was first introduced by Jones in [ | and then further developed
in | ]. As we will see, when this tool is applied to some #*LS (the
restriction of a Hausdorff measure to a given set), it represents an indicator
for the rectifiability of the set. Recall that, if i is a Borel measure on the
set (), its support is defined as the complement of the union of all the open
sets U C Q such that pu(U) = 0.

Notation. If £ =0,...,m is an integer, we denote:

GF(R™) = {V | V is a k-dimensional vector subspace of R™} ;
H¥(R™) = {W | W is a k-dimensional affine subspace of R™} .
Definition 3.1 (Jones’ numbers). Let  C R™ be a regular bounded open
set, and let u be a non-negative Radon measure on 2. Let x € Q and

0 < r < dist (x,09). Fix an integer kK = {0,...,m} and a real number
1 < p < 0o. We define the pt* k-dimensional Jones’ number as

Bup(@,7) = <inf {/Bm) (diSt(f’ V))p diiy) Ve Hk(Rm)}> p

When p = #FLS, with S a J*-measurable subset of B;(0), we write
5313(% r) instead of ﬁﬁkaSp(x,r).

Notation. In the future, we’ll only need Jones’ numbers with p = 2. For
this reason, to slightly simplify the notation, we also denote

Dﬁ(ﬂf,’f‘) = 5‘572(%77‘)27

and analogously for D% (x,r).
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Observation. It’s easy to see that the inf is actually a min, with the
usual compactness argument: indeed, let

Vi =xj +span{vyj,..., v}

be a minimizing sequence of k-subspaces, with {v1;,...,vx;} orthonormal
vectors. Then up to subsequences x; converges to a point T and each v
converges to a v;, and {v1, ..., 0} is still an orthonormal set of vectors. Call
V = Z + span {v1,...9}. Exploiting the continuity of the distance function
(like in Lemma 2.5), it is straightforward to see that for any y € B,.(x)

lim dist (y, Vi) = dist (y, V).
j—o0

Since the functions y — dist (y, V) are bounded in B,(z) by the constant
2r (provided we choose Vj, intersecting B, (x), which we have to do), we can
apply the Dominated Convergence Theorem to show that

dist(y,Vj)>p duly) _ /BT(I) (dist(y,V)>p du(y)

lim < . amt
Jj—ro0 B, (z) r T r T

this proves that V' is minimizing. Notice, however, that the minimizing sub-
space is not necessarily unique (for example, considering rotational-invariant
measures).

Example. When L is a k-plane and p = %L (L N B1(0)), then 5{34)(0, 1)
is clearly 0, and the minimum is achieved by the subspace L itself.

Furthermore, we give a name to the quantity 6y (x,or) — 0y (x, ), which
we already used in Chapter 2 and will be even more useful in the near future.
For technical reasons, we change a bit the assumptions on 1, being aware
that this does not affect the substance of the main results:

Important Remark. For the remainder of this chapter, we assume the
following hypotheses on the test function 1 that appears in the definition of
the modified normalized energy 0,:

e ¢ is supported in [0,3) and infinitely many times differentiable in
[0, 00);

e Yy < 0in [0,3);
e There exists a constant £ > 0 such that
—'(t) > ¢ forall t € 0,2]. (3.1)
As a consequence, given z € Q we'll only define 8, (z, ) for r < % dist(z, 0Q).

Definition 3.2. Let o > 1. Let € Q and 0 < r < - dist (z, Q). Assume
u is a stationary harmonic map in W12(Q, V). Then we define:

Pyo(x,r) = 0y(x,01) — Oy (2, 7).

We’ll omit the subscript w if there’s no ambiguity.



60 Chapter 3. Bounds on the Minkowski Content

As we’ll see shortly, both ﬂﬁ’p and P, , have some nice scale invariance
properties. Recall that we denote with A = A, ;. the diffeomorphism

Azyr: R — R™
YT +ry.

Definition 3.3 (Rescaled measure). Let ;1 be a Radon measure on a set
QCR™ let x € Qand 0 < r < dist(z,0). On the set

Q—x
r

=M (@Q)={y eR™ [z +ry € Q}
we define the measure fi = T} ,u by imposing

A(A) = (e (A)) = (o +rA)
for any measurable set A such that A\, ,(A) C .

It is then clear that for any p-measurable function A defined on 2, ho A, ;.
is fi-measurable and

| oo d i) = [ h)dn(z).
A;T(Q) Q

Lemma 3.3 (Scale invariance). Let x € §, fit 0 > 1 and 0 < r <
+ dist (z,09). The following relations hold true:

e For any p Radon measure on , and any k ={0,...,m}, 1 <p < oo,
/Bﬁ,p(x7 T)p = ’r—kﬂ%ﬁﬂ«u,p(()? l)p'

e For any u € WH2(Q,N),
Puo(2,7) = Pr, ,u0(0,1).

Proof. The second property is a trivial consequence of the scale invariance
property of 6.
Now for any V € H¥(R™), let V, = x+V. The map V > V, is obviously
a bijection from H*(R™) to itself. For each y € B1(0) and each V' € H¥(R™)
we have
dist(y, V) = r~dist(A\e (y), Vi)

by elementary geometric properties. Then for any V' € H*(R™) we have

[ o sty dag) = [ (SR gy -

B1(0) r
dist (v, Vi) \?
= ((y )) dp(y)-
By (x)

r

Since taking the inf on V € H¥(R™) is the same as taking the inf on the
V., the assertion follows easily. O
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3.1.1 Reifenberg Theorems

Before going on, we show how Jones’ numbers will be applied, in order
to give a motivation for the next section. A proof of the following two
theorems can be found in [ |; other information can be found in [ ]
and [ ], while similar arguments are developed in [ ], [ ] and
[ |. In the first of the theorems, we associate a “discrete” measure p
to a collection of balls, and we give a sufficient condition on D/’j in order
to have a uniform estimate on the radii of the balls. The second theorem
gives a sufficient condition on Dg that guarantees the rectifiability of a given
set S. In particular, this describes a path to follow in order to obtain the
rectifiability of the singular strata: we’ll need to estimate the Jones’ numbers
associated to the restriction measure J# kI_Sf;m (u).

Notice that we now assume that the ball B3(0) (in R™) is contained in
our working set {2, in order to give a sense to all the terms involved.

Theorem 3.4 (Rectifiable Reifenberg, 1). There exist two constants drp1 =
drp1(m) > 0 and Cry1 = Cryi(m) > 0 such that the following holds. Let
C C Bi1(0) € R™, and let F = {B,(x)},cc be a collection of disjoint
balls with centers in C such that By, (xr) C Bs(0) for any x. Define the
k-dimensional measure associated to the collection F as

uw= Z wirkd,,

zeC

where 0 1s the Dirac measure at x. Assume that for any ball By(x) contained
in B2(0) we have

T ds
[ (] Db ) duty) < s (RR1)
B (z) \JO S
Then the radii v, have the uniform packing estimate

ZTI; < CRgy1.

zeC

Theorem 3.5 (Rectifiable Reifenberg, 2). There exist two constants Orfo =
drpa(m) > 0 and Crya = Crya(m) > 0 such that the following holds. Let
S C B3(0) be a % -measurable subset with the following property: for any
x € B1(0) and r <1, we have

Lo ([ 05T ) ) < dngar (RR2)
$nBr(z) \Jo s
where DY = D,];kaS' Then:

(i) SN B1(0) is k-rectifiable;
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(ii) For any x € S and r > 0 such that B,(x) C B1(0) we have

(SN B,(2)) < Crpart.

Example. In order to see that the assumption (RR2) makes sense, we try
to estimate the Jones’ number D% (y,s) and the inner integral of Equa-
tion (RR2) in a particularly simple case: when S is the graph of a C?
function f from R¥ to R™*, with 1 < k < m; explicitly, S is a set of type

§={(z f(2)) \ zeRF} CR™

Fix yo = (20, f(20)) for some zy € R¥. It is intuitively clear that a reasonable
estimate on D% (y, s) can be obtained by taking as a k-subspace the tangent
space to S at y; this can be described as

Vo = {(z f(z0) +(Vf(20),2 = ) | = € R}

By definition of the measure J#*LS, we are only interested in computing
the distance of points of S from the tangent space; for some y = (z, f(z))
this is surely less than or equal to

|f(2) = f(20) = (Vf(20), 2 — 20)|;

but now since f is C? we’re allowed to use its Taylor expansion of order two,
which implies

dist(y, Vo) < HvaHOO 12— 2.
Thus we obtain:

D¥(yo, ) < S_k_z/

2
i [V e 0) = 20l % ),
20,

where 7, is the projection on the first k coordinates. Now |7 (y) — 20| can
be simply bounded by s; thus we have

D, 5) < [V s o(9),

By the Area Formula, for which we refer to | , Proposition 4.3], we
have that
HE(S) = / Jac f(z) dx, (3.2)
7 (Bs(y0))

so, in particular, for a constant Cs(k) we have:
2
Dl(yo,s) < C(k) |V flloo | V2F|__ 5> Vol (B (z0)) <

< Cy(k) |V £l || V27| s
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As an easy consequence, for some Cy(k),
r dS 2 r
| Do) < s 19511 [ 921 [ sds <
2 1”2
< Ci) IV 1l V21| 5

Now, to obtain the expression at the left hand side of Equation (RR2), we
need to compute the integral over SN B, (x) of the term we’ve just estimated.
Exploiting again Equation (3.2), we find that

Joom o ([ Db ) ) < a9 1 o

This not only ensures that the rate of convergence is at least the one needed
for the application of Theorem 3.5, but also for r small we can get a constant
as small as we want.

3.2 Best approximating planes

In this section we prove that the numbers Dl’j can be bounded using the
quantity P, , defined in Definition 3.2. In particular, we don’t need to
directly compute Dl’j to apply the Reifenberg Theorems 3.4 and 3.5.

We first introduce a couple of tools which will turn out to be useful in
describing a measure and its “best linear approximation”.

Definition 3.4. Let p be a measure with support in B;(0). We define:

e the center of mass of i as the point x.,, € B1(0) such that

xgm = TLem = xd,u(:z:),
B1(0)
e the second moment of u as the bilinear form ¢ such that for all
v,w e R™

Q@ ,0) = Q. w) = [ (e~ aom) 0] (@~ zom) - ] di(z).
1

Since ) is symmetric and positive-definite, by the Spectral Theorem
the associated matrix (which we still denote by @) admits an orthonor-
mal basis of eigenvectors, with non-negative eigenvalues. We denote
with A1 (@), ..., \pn(p) the eigenvalues of @ in decreasing order, and with
v1(p),...,vm(u) the respective eigenvectors (pairwise orthogonal and of
norm 1); that is:

etk = /B o [ = zem) ] (= ) da);

A(p) = Xa(p) = - = A1)
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Since @ is symmetric, the eigenvalues Ay and the eigenvectors v have
a very practical variational characterization, known as the Courant-Fisher
characterization: we state it for general bilinear forms and then we adapt
it to our case. The proof is a simple linear algebra computation, which can
be found for example in | , Section 2.10].

Proposition 3.6. Let f : R™ — R™ be a symmetric linear operator, and
define the associated quadratic form q(v) = (v, f(v)). Let Ay > --- > Ay, be

the eigenvalues of f, and let {v1,..., vy} be a set of orthonormal eigenvec-
tors. Then

A =max{q(v) | o] =1},  Ap =min{g(v) | [v] =1};
and for all k =2,...,m — 1 ve have:

A =max {q(v) | |[v| =1, and (v,vj) =0 for all j <k},
Ar = min{g(v) | |v| =1, and (v,v;) =0 for all j > k}.

Moreover, for all k,

)\k B LGGmr{llgrll(Rm) {max {Q('I}) | NS L, ‘U‘ = 1}} .

Corollary 3.7. Let p be a measure with support in B1(0). The following
statements hold:
’U| = 1} ’

and v1 is any of the unit vectors achieving the maximum;

1. M\ (p) satisfies

A1 (N) = max {~/Bl(0) <$ - xcm,v>2 d:u('r)

2. For any k=2,...,m, \c(u) satisfies

)\k(u) = max {/Bl(O) <$ - $Cm,7)>2 d:u(x)

o] =1 and (v,vj) =0Vj < k},

and vy is any of the unit vectors achieving the mazximum;
3. The dual statements with the minimum hold true;
4. For all k,
A = min max / (2 — Tem,v)? dp(z)
B1(0)

LE(}m—k+l(Rm) veL
lv|=1
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The previous corollary hides a really crucial fact: heuristically, the line
Zem + span {v1} is the 1-dimensional subspace where p is mostly concen-
trated, and A; is an index of the dispersion along this line; similarly, the
subsequent eigenvectors v, ..., v, represent directions of decreasing con-
centration for the measure p. With this in mind, for any £ = 0,...,m
define the following affine subspace:

Vi = Vi' = 2, + span {vy (1), - .., vp(p)} 5
we make the previous heuristic concrete in the following lemma.

Lemma 3.8. Let p be a probability measure on B1(0), and let 1 < k < m—1
be an integer. The functional

Z: H*(R™) — [0, 00)

L+— dist? (y, L) du(y)
B1(0)

attains its minimum at V. Moreover, the following identity holds:
/. o 8587 (0 V) ) = )+ D), (3.3)
1

Proof. First of all, we prove Equation (3.3). The m-tuple {v,...,v,} is an
orthonormal basis for R™; for y € B1(0), we can write y = 3_, (y,v;) vj, and
then

m

diSt2(y, Vk) = Z <y — Lem Uj>2 9
j=k+1

hence

/ dist?(y, Vi) du(y
B1(0)

Z /B — Tem, 0j)” dp(y) =

j=k+1
m
= Z (Ajuj,v5) = Z Aj
j=k+1 j=k+1

which is our statement.

We can assume, without loss of generality, that p has its center of mass
at the origin. Otherwise, we apply a translation and the only thing that
changes is that now pu is supported in By(0); since there’s no substantial
modification, we go on thinking of p as supported in B;(0) in order to
simplify computations.

First of all we show that the minimum of Z must be a subspace passing
through the origin. Assume not, and let L = ¢+ Lo be a subspace reaching
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the minimum. Let {(1,...,(x} be an orthonormal basis for Ly and complete
it to an orthonormal basis {(i,...,{n} of R™. We have, for any € By (0):
G 2
dist*(y, Lo) = > (4,¢5)
j=k+1
m
dist?(y, L) = Z (y — xo,Cj>2
j=k+1

so in particular

/. o i L) duty) = /. oy s, Lo) dn(y) -
-2 Z (z0,¢j) </ )yjdu(y),éj>+

j=k+1
+u(B1(0) Y (w0, ().
j=k+1

Here the second term in the right hand side is zero, since || B (0) Vi du(y) =0
by definition of center of mass. The third term is strictly greater than zero
if we assume zg ¢ Lg. This implies that Z(Ly) > Z(L), contradicting our
assumption.

So we found out that the minimizing subspace contains the center of mass
— in our case, the origin. We now prove by induction on the codimension
m—k that Vj is the minimum of Z. First of all, consider V,,,_1; by Statement
3 of Corollary 3.7 we have for all w € R™ with |w| = 1:

/ dist?(y, Vin—1) du(y) z/ (Y, vm)? dp(y) = Am
B1(0) B1(0)

<[ e duty) = [ distgt) duty)
B1(0) B1(0)

and this clearly proves the statement for £k = m — 1.
Assume we have proved that for any k-subspace Wy,

Mgl 4+ + A < / dist2(y, Wk) du(y);
B1(0)

let Wy_1 have dimension k — 1. For any orthonormal basis {wg, ..., wy,} of
W,j‘_l, we have

dist? (y, Wy_1) du( / w2 du(y).
/31(0) (y, Wi—1) du(y ZB {y,w;)” du(y)

Now, since Wi+ | is (m — k+1)-dimensional, by Statement 4 of Corollary 3.7
there exists w € Wit | with |w| = 1 such that

Mz [ ) duty)
B1(0)
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then we can build an orthonormal basis for Wk{1 having w as the first vector;
then we have

/ dist?(y, Wr—1) du(y)
B1(0)

= [ duw)+ [ dist Wiy © () du(y) <
B1(0) B1(0)

<A+ A1+ Ay
which is what we wanted to prove. ]

We now state the most important theorem of this section. This is the
context: assume that the minimizing harmonic map w is not almost (k+ 1)-
symmetric at z, and assume this is not due to a lack of 0-homogeneity; in this
case, we already know from Chapter 2 that the points in which P, is small
are bound to lie near a k-dimensional subspace. Here we say that, in this
same framework, for any measure p the Jones’ numbers Dﬁ are controlled
by the behavior of P, in a ball around the point x.

Theorem 3.9 (L?-best approximation). Let u € W2(Q, N) be minimizing
harmonic with energy bounded by A; fix the following constants:

o>1: a scale parameter for 0.,
n>0: a parameter for almost (k + 1)-symmetry;
k>1: a coefficient for the radius.

Letxz € Q and 0 < r <7 (where T is chosen in such a way that all the appear-
ing terms make sense). There exist two constants Cs = Cs(m, N, A, 0,1, k)
and 61 = 01(m, N, A,n, k) such that: if u is (61, Kr,0)-symmetric at x but
not (n, kr, k + 1)-symmetric, then for any finite measure p defined on B, (x)
we have
Dyi(z,7) < 057“”“/ ( )Pu,a(y, 7) dp(y).
(T

Remark. First of all, notice that in the integral in the right hand side we
are considering points y € B,(z), and for each of them we need to compute
P, +(y,r). This is why we need the assumption that, for example, 0 < r <
ﬁ dist (x,092): we have to ensure the existence of the various terms. The
choice of 7 is also influenced by the presence of the coefficient x: we need
r < %dist (x,09) in order to use (1, kr)-symmetry. In this regard, we point
out that the presence of the coefficient x in the statement is only justified
by the use we will make of this theorem in Section 3.4: we will need it in
this form, although no important role is played by this extra constant.

Observe that by the scale invariance properties from Lemma 3.3 we only
need to prove the result for Q@ O By,(0), = 0, r = 1; moreover, the
inequality does not change if we substitute p with a multiple of it (and is
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void for p = 0), thus we can assume p is a probability measure. So these
will be our assumptions, and we’ll show

DE(0,1) < Cs / Puo(y,1) dp(y).
B1(0)

The proof of this result rests on a number of sublemmas, that we prove
in the first place. First of all, we we want to obtain a quantitative relation
between the quantity P, , and the almost 0-symmetry of w. This sublemma
is again in the same spirit of the results in Chapter 2; no measure pu is
involved.

Sublemma 3.9.1. Let u € WH2(Q, N) be a stationary harmonic map, and
let 0 > 1. Assume that By (0) C Q. There exists a constant Cg depending
only on m and o such that for any x € B1(0)

| 1uty)x = ) dy < CoPuo (. 1)
Ba(z)
in particular, we also have:

[ (Vul), o =)l dy < CrPu(a, 1)
B1(0)

f07" C7 = C7(m, O’).

Proof. Let x € B1(0). By definition, we have that Py(z,1) = 0y(x,0) —
0y (x,1), so by the Monotonicity Formula (MF) and the Tonelli Theorem we
have (see also Corollary 1.7):

(1) _—2// sy <‘“" y‘)|$_
e S [ )

For a better visualization, we apply the change of variable ¢ = %;m in the
inner integral, obtaining:

(Va3 (oA gl
(1) —2/ |x_y| [ e — y|"™ e (1) dt dy

wy\

y)u( )’ dsdy =

e~y
= 2/9 [z —y|™" (Vu(y),z — y>2/ B Y ym—2 (= (1)) dt dy.

z—y|
[ed

By the positivity of the integrand, this is greater than or equal to the same
integral with domain By(z). But then |z — y| < 2: this means that —/(¢)
in the inner integral can be bounded from below by £ (see the Important
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Remark at the beginning of Section 3.1). Thus we get, computing the inner
integrand:

—-m 2 1-— Uﬁ(mil) m—1
Py(z,1) > 2¢ /B T (V) ) o —y™ "t dy =
> (T

m—1

—(m—1
_x (1-ot) / (Vu(y), z — y)* a
m—1 Ba(a) |z -y

Since all the balls By(z) for 2 € B;(0) contain B;(0), and here |z — y| ' > 1,
we obtain:

m—1

2
/Bl(m Welvhz =yl dy S gy P )

which is what we needed. O

Now given p we show that we can control the energy of u along each
eigenvector vi(u) by knowing the quantity P, in the unit ball.

Sublemma 3.9.2. Let 0 > 1 and assume Q D By, (0). Let u € WH2(Q,N)
be a stationary harmonic map with energy bounded by A. Let p be a prob-
ability measure on the ball B1(0), and let \1,..., A\ and v1,..., vy, be the
etgenvalues and eigenvectors defined after Definition 5.4. There exists a con-
stant Cg = Cs(m,N') > 0 such that the following holds for any j =1,...,m:

Aj |<Vu(y),vj>|2 dr < Cg/ Py(x,1)du(z).
B1(0) B1(0)

Notice that the integral at the left hand side is taken with respect to
the Lebesgue measure, whereas the one at the right hand side is taken with
respect to the measure p.

Proof. Assume for a moment that x.,, = 0. By definition of eigenvalues, we
have

Ajvj = /Bl(()) (x,vj) xdp(zx). (3.4)

Fix y € B1(0). Multiplying by Vu(y) both sides of the previous equality,
we obtain

A (Vut) ) = [ ) (Vuly), ) du(o);

moreover, since ., = 0, we have

/Bl(o) (z,v5) (Vu(y),y) du(z) = (Vu(y),y) </131(0) xdﬂ(x),vj> -0
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This means that we can write

A (V) = [ @) (Vuly). 2 —y) du(o)

We take the squares of both sides and apply Hélder inequality:
AHVu(y), v)* < </ (@, vj)? du(@’)) </ (Vu(y),x —y)* du(%)) =
B1(0) B1(0)

= (Vu(y),z — y)* dp(z).
B1(0)

(3.5)

Now all the eigenvalues are non-negative, and if A; = 0 the statement is
trivial, so we can divide by A;; this holds for all y € B;(0), thus we can then
integrate both sides on Bj(0) with respect to the variable y. At this point
we get, also using Tonelli’s Theorem:

Aj <Vu(y),vj)2 dy < / / (Vu(y),z — y>2 dy dp(x).
B1 B1(0) /B1(0)

(0)
But now the inner integral can be estimated using Sublemma 3.9.1, thus
obtaining

2
Aj (Vu(y),v)" dy < C Py(x,1)du(x),
B1(0) By (0)
which was our exact statement.
Now drop the hypothesis that .y, is zero. By tracing back the proof of
Sublemma 3.9.1, we see that we can also obtain the estimate

| Vu). =) dy < CoPugla, )
B3 (0)

for x € By(0) (instead of B;(0)) and integrating y in Bs(0) (instead of
Bi1(0)); the only difference is that the estimate is obtained with a different
constant Cg(m, o) — and actually under a stronger assumption on . Now
the measure fi =Ty, 14 is supported in B(0) and is “centered” at 0; as it
is clear by the definition, eigenvalues and eigenvectors of u and i coincide;
moreover, the map

w(z) = Ty, 1u(z) = w(@em + )

is well defined on Bz(0). So we proceed like this: we reproduce the argument
we’ve just made, from Equation (3.4) to Equation (3.5); but we do it taking
y in By(0), considering the map @ instead of u, and computing the integrals
(with respect to fi) over B2(0). Going on with the argument, we find that

Aj (Vii(y),v;)* dy < C Pio(z,1) dfi(=). (3.6)
B2(0) B2(0)
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Now applying the change of variables z = x — x;, in the right hand side we
obtain the integral

/ P, o(z,1)dp(z);
B> (Ic'm)

however, the measure p is actually supported in B;1(0) by hypothesis, and
B1(0) C Ba(xem), so the previous integral is equal to

| Pugla D) duta).
B1(0)

Moreover, with the same change of variables, the left hand side of Equa-
tion (3.6) becomes

2
Aj (Vu(y),v;)” dy;
B2(xcm)
this, in turn is greater than or equal to the same integral taken over By (0).
Combining these relations, we find the desired inequality. O

The last sublemma again exploits only tools from Chapter 2. Its content
is intuitively very clear: we already know the notion of almost k-symmetry
contains information on both almost-homogeneity and almost-k-invariance;
thus, if an almost-homogeneous map u is not almost-k-symmetric, then for
any k-subspace L the quantity

[ (vutw), 2)*

must be far from zero. Here we are using the notation (Vu(y),L)* for
Sk (Vu(y), v;), with {fui}f:l an orthonormal basis of L. The statement is
actually more precise:

Sublemma 3.9.3. Let u € W12(Q,N) be a minimizing harmonic map. Fix
a parameter n for almost-symmetry and a radius 0 < ¢ < 1. There exists a
constant 62 = d2(m, N, A, n,<) such that: for 1 < k < m and Be.(z) C Q, if
w is minimizing, (02,1,0)-symmetric at x but not (n,r, k)-symmetric then

2 [ (Vuly), L) dy = 5,
Ber(x)

for all the k-subspaces L € GF(R™).

Proof. As we always do in these circumstances, we assume z =0 and r = 1,
and argue by contradiction exploiting compactness. Assume there exist
a parameter 7, a sequence of minimizing harmonic maps {u;} and a
sequence of k-subspaces {L;};cy such that:

1€END
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e uis (%, 1,0)-symmetric at 0;

e u is not (n, 1, k)-symmetric at 0;

e The following holds:

1

| i), 1)ty < 5.
B¢ (0) t

Clearly, up to taking u; o R; for some rotations R;, we can assume that
L; = L for all <. Now by the usual Compactness Theorem 1.4 u; converges
to a minimizing harmonic map u in the strong W2 sense; this clearly implies
that

lm [ (Vui), Dy = [ (Vuly), L) dy =0
17700/ B4(0) B¢(0)

indeed, if {v; };?:1 is an orthonormal basis for L, then:

i 1M

[ V- wwhzay =3 [ (V= w) ) dy <
<(0) <(0)

<

|vj]2/ \Vu — Vug)* dy — 0.
j B4 (0)

Now by the usual argument involving the normalized energy 6, the map u
is homogeneous; moreover, since

[ (Va1 ay=o,
B¢(0)

the map w is L-invariant in B.(0). So by “translating” the origin along
L we find k¥ 4+ 1 points of homogeneity in general position; by applying
Corollary 2.3, we can conclude that w is k-symmetric with respect to the
origin in the whole B;(0). But the maps u; are converging in L?-strong to
w: this contradicts the fact that for some 7 they’re not (1, 1, k)-symmetric
at 0. 0

Finally, the proof of Theorem 3.9 is a consequence of the previous sub-
lemmas. Remember that we are assuming that p is a probability measure,
r=0and r=1.

Proof of Theorem 3.9. By definition of Jones’ numbers and by the identity
(3.3) of Lemma 3.8, D/’j(O, 1) equals the sum Ag41(p)+- - -+ (). However,
since the eigenvalues are ordered decreasingly, we only need to estimate Agy1:
indeed,

Nes1 (1) + -+ Aap2) < (m— KD Ay (1).
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By Sublemma 3.9.2 we know that for all ;7 we have:

N[ (Tuly) o) e < Co [ Polw ) duta),
B1(0) B1(0)

so in particular, again exploiting the decreasing order of the eigenvalues,

k+1
Mo [ (Val) Vi) de = 3 g [ [(Tu(w), ) da <
B1(0) j=1 B1(0)

k+1

=3 [ (V). de <
j=1 B1(0)

< (k+1)Cq /Bl(o) P, (2, 1) duz).

But now we are assuming that w is (n, xkr, k + 1)-symmetric: if we choose
01 = d2(m, N, A, n, %), by Sublemma 3.9.3 we have

/ (Vu(y), Vig1)|? da > dy;
B1(0)
as a consequence,

(m — k)(k + 1)Cs (m, N)
(m =K < /B oy Pl ) (@)

This is exactly our statement. O

3.3 A few technical lemmas

We present in this section a couple of technical results that will turn out to
be useful in the main proofs of this chapter. In the following statements, {2
is assumed to contain Bs(0), and to be big enough to give sense to all the
quantities involved; A is a bound for the total energy.

In the first lemma, we give an alternative characterization of almost
symmetry: indeed, it is heuristically clear that almost k-invariance can be
achieved if the quantity

/\<vu(z),L>|2 dz

is sufficiently small for some k-subspace L; we have seen something about
this in Sublemma 3.9.3. Here we show that this is enough not only for almost
k-invariance but also for almost-homogeneity.

Lemma 3.10. Fiz a constant n > 0, the parameter controlling almost sym-
metry. There exist a constant d3 = d3(m,N,A,n) and a “scale factor”
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= 7(m,N,A\,n) such that the following holds: let u be a minimizing har-
monic map, x € Q, r > 0. If the condition

r2*m/ (Vu(z), D)[? d= < 6,
B (x)

holds for a (k4 1)-subspace L € H*1(R™), then we have:
Sk

n7FT

(u) ﬂB%T@J) =g.

1
— 2 -2
Moreover, we can choose © to be 65" 2.

Proof. Assume as always that x = 0 and » = 1. By contradiction, take a
sequence of minimizing harmonic maps {“J}jeN such that

1

[ iVu). D dz <~
B1(0) J

for some (k + 1)-subspace L (a priori depending on j, but then fixed by the
1

use of rotations); call 7; = j 20m=2) and assume there exists a sequence of
points {mj}jeN belonging to

Sy (ug) 0 B1(0).

STEP 1. Call Cio(m) = 2(log 2)(m—2). For any y € B;1(0), any v minimizing
harmonic map and any j € N there exists a radius 7, ;(u) > 7; such that

1 Cro(m)A

log j
Indeed, if this is not true for some y, u and j, then
s G Cro(m)A
Oy (y,27%) — Op(y, 27 D) >
w(:27") = Oy (v, )2 g

. _ 1
for all ¢ such that 27" > j 2m=2_ 4 e., for all ¢ such that

. 1 logj log j
1 < = ;
- 2(m — 2) log 2 Clo(m)

in particular, we have:

log j
Cig(m)

thus -
A= 04y, 1) = 3 (0w, 27) — Oy, 270D ) > A,

which can not be true.
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STEP 2. Consider our contradicting sequence, and for all j call r; =
T2;.i(uj) > 7j. Moreover, call w; the map

wj =Ty, ruy.

Then, by the fact that r; > 7;, we have for all j:
Vw~z,L2dz:r2-_m/ Vu;(z), L)? dz <
Jon (TR DI dz =t [ Vi L) d <

(.
< (g 20m—2 - =—=—=U

i Vi
Since the w;’s are again minimizing, up to subsequences they converge in
W12 to a minimizing harmonic map w; as a consequence of the previous
estimate and of the strong W o limit, w is L-invariant.
STEP 3. Moreover, for all ;7 we have the following;:

0 (0,1) — 62 (o, ;) = 0% (wj,75) — 0 <xj, ;rj) < w 0.
Again by the convergence in strong W2, and exploiting Proposition 2.2, we
then find that w is homogeneous: together with STEP 2, this tells us that w
is (k + 1)-symmetric. But the maps w; are converging in L? to w, so all of
them for j big enough must be (7, 1, k + 1)-symmetric at 0; and this implies
that the corresponding u; are (n,7;, k + 1)-symmetric at x; with r; > 7,
contradicting the assumption that x; belongs to S,’;jj (uj). O

The following lemma makes use of a slight modification of the set C(x,r)
(introduced in Section 2.1.2), which contains the points near z satisfying
a pinching condition on the normalized energy: here we show that if this
set effectively spans a k-subspace V', then we gain some information on a
singular stratum 87]7“7 sr(w) (cf. Corollary 2.7). Precisely, the singular stratum
must lie inside a fattening of V.

With a slight abuse of terminology, we say that a set S spans T-effectively
a subspace V € HF(R™) if there exist k -+ 1 points of S in 7-general position
that span V.

Lemma 3.11. Fix o > 0 and n > 0. There exists a constant & =
&(m, N, A, 0,m) such that the following implication holds true. Let u €
WL2(Q,N) be a minimizing harmonic map with energy bounded by A, let
x € B1(0) and 0 < r < 1. Fiz an e > 0, and consider

Keo(@,7) = {y € Bar(x) | Oy(y, ) — Oy (y, 0r) <e}.

If e <& and K. p(z,7) spans an affine k-subspace V' in a or-effective way,
then
Sysr(w) N Br(x) C Bagr(V)

for all § < &s.
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Remark. For purely technical reasons, we need to define K. ,(z,7) as the set
of points in the 2r-ball that satisfy the pinching condition; the definition of
C from Corollary 2.7 involved the g-ball.

Proof. We can assume without loss of generality that B,(z) is the unit ball
B1(0). By assumption, we can find k + 1 points {yo,...,yx} in K o(x,r)
that span p-effectively the k-subspace V. Consider a point w external to
the tubular neighborhood Ba,(V). By Lemma 3.10, we only need to find a
(k + 1)-subspace L and a 7 < p such that the quantity

F2m / (Vu(2), L)[? d2
Br(w)

is small enough.
STEP 1. By an argument similar to the one portrayed in Sublemma 3.9.1, we
find that the quantity

/B PRLZORGIEE

can be made arbitrarily small just by taking a sufficiently small £3. Indeed,
foralli =0,...,k, the ball B,(w) is contained in B4(y;); and we can apply
(an appropriate version) of Sublemma 3.9.1 to find out that

Loz — P da< [ (Va(e), - gl dz <
Bo(w) Ba(y:)

< Cri(m, 0) [0y (yi, 1) — 0y (yi, 0)]

for some constant C7;. Now for any vector v of norm 1 such that v is
contained in the linear subspace associated to V', we have that

k
v = Zal(yl - yO)v
=1

where the ;’s are bounded by a constant c4(m, ). Thus we have, by triangle
inequality and for a new constant Cy2(m, o),

/ (Vu(z), )| dz =
BQ(“’)

N /Bg(w)
k

< 0132 (Op(yi, 1) — Oy (ys, 0)) < Crae.
i=0

dz <

k k
> (Vu(z),yi — =) + (2 ai) (Vu(=), z - o)
=1

=1

By summing the inequalities obtained for the vectors of an orthonormal
basis, we get exactly that there exists C14(o, m) such that

/ [(Vu(z), V)[? do < Cuae, (3.7)
By(w)
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STEP 2. As a second step we show that we can also make the quantity

2
/ ‘<Vu w7y (w) >
Iw — my(w))|
as small as we want, so we gain another direction along which the energy

is controlled. To begin with, we consider for any point z € B,(w) the
projection 7y (z): it can be written as

k
2)=yo+ Y Bi(z)(yi —
=1

with 8; bounded by c4(m, p); thus we have

K
z—my(z (1—2& ) (2 = yo) + D Bi(2)(z — wa)-

=1

dz

In particular, by the application of the same technique as in STEP 1, we get
that

/ (Vu(z), z — 7y (2))|? dz < Cise
Bo(w)
for a constant C15(m), and thus (since |z — 7y (2)| > o),

/Bg(w) <Vu(z),,z_7rv(z)>

z—my(2)]
Now, by the triangle inequality (and simple algebraic properties) and setting

2
dz < Cqs 926.

h(z) = E:MQV we can estimate, for any 7 < p,

| V) )l ds <
Br(w)

<2 (Vu(z), h(2))[*dz + 2 [(Vu(z), h(z) — h(w)))? dz <
By (w) Br(w)

<2 [(Vu(z), h(2)[* dz + 2/ Vu(2)[? |h(z) = h(w)[? dz.
Br(w) B (w)
The first addend is what we've just estimated with Ci50? = Cig(m, 0)e;
concerning the second one, we observe what follows. Any z € B,(w) can be
written as
Z=w-+vT +v],

where vt belongs to the linear subspace associated to V and v, € VL.
Clearly, 7y (z) = my (w) + vT, so
w—my(w) +vy

h(z) = lw — my(w) +vy|’
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if z is such that the second equality in
|z =7y (2)] = lw =7y (w) +vL] = |w =7y (w)]
holds, then we have

n(2) ~ h(w) = 1 _|17}TLXJ(w)| - |Z—Qw|.

Otherwise, we set Z = my(z) + |w — 7y (w)| (2 — Ty (2)); by easy geometric
properties we can see that |2 — w| < ¢(m) |z — w|, so in general

[h(2) = h(w)| < Cr7(m, @) |z — w].

This tells us in particular that there exists a constant C1g(m, g, A) such that

[ VP () -~ hw)? dz < Chm.o) [ [Vu()f? dz <
Br(w)

T(w

< 018(m7 0, A)Tm7

since 72~™ Iy |Vu|? is bounded.

STEP 3. By putting together the information we got from the first two steps,
we obtain the following: define W = V@h(x), where V is the linear subspace
associated to V; for any 7 < g, we have

72%/ (Vu(z), W) [? de <
Br(w)
< 2(014(Q7 m) + 2ClG(Q7 m))T27m€ + 4018(777’7 0, A)Tz'

Thus, recalling the role of 3 in Lemma 3.10, we choose 7 such that the
second term is smaller than %53; after this, we choose &3 (and so ¢) such
that also the first term is less than %53. Thus we can apply Lemma 3.10
to the ball B;(w): the information we get is even stronger, but what is
important to us is that w does not belong to S,’;/’i(u), where 7 is the radius
introduced in Lemma 3.10. O

The upcoming lemma says the following: if we have a set of points that
satisfy a suitable pinching condition on 6, and they effctively span a k-
subspace L, then all the points of L inherit a (possibly weaker) pinching
condition.

Definition 3.5. Let u € W12(Q, V) be a minimizing harmonic map with
energy bounded by A; let z € Q, r > 0; fix the constants 6 > 0 (controlling
the pinching condition) and 0 < ¢ < 1 (controlling the radius). Let £ < A
be any number such that 6 (y,r) < E for all y € B,(x). We call U(x,r) the
set

Usty (27) = {y € Bo(w) | 0y, 0r) > E — 8}
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Lemma 3.12. Let u € WY2(Q,N) be a minimizing harmonic map with
energy bounded by a constant A, andletx € Q, r > 0. Fizaradius0 < o < 1
and a constant v > 0. Let E < A be any number such that 0 (y,r) < E for
all y € By(x). There exists a constant 04 = d4(m, N, A, 0,7) independent of
u, © and r such that the following holds. If the set

U(x,r) ={y € Br(x) | Oy(y,or) > E — 4}

or-effectively spans a k-dimensional subspace L, then for all the points z in
LN By, (x) we have the following lower bound on the normalized energy at
scale o:

Oyp(z,0r) > E — 1.

Remark. The set U(x,r) is clearly contained in

{y € Bo() | Oy(y,7) — 0y (y, 0r) < 04} ;

up to some technical changes in the appearing constants, this is again the set
Cs, o(x, 1) as defined in Section 2.1.2. Analogously, the condition 0y (z, or) >
E — v that we have obtained on L implies that, for all z € L N B,(x),

Op(2,7) — Oy (2, 0r) < 7.

Proof. First of all, apply the usual strategy: by scale invariance, we can
reduce the problem to x = 0, » = 1. Then, we argue by contradiction; we
find a constant 7 and the following sequences of items:

. {“j}jeN’ a sequence of minimizing harmonic maps with A-bounded
energy and 60y(y,1) < E for all y € B1(0); up to subsequences, it
converges to a minimizing harmonic map @ in W1?2.

e A sequence of families of points {yo;, ... ’ykj}jeN in B1(0); for any of
these points we have

) 1
sz(ylpg) >FE— 57

and each family spans g-effectively a k-subspace L;; up to rotations, we
can assume L; = L for all j. Without loss of generality, we can assume
that each sequence of points {y;; }jeN converges to a y; in By(0); then
{y1,...,yx} still g-effectively spans L.

e A sequence of points z; € L N By(0) such that

01121(2]3@) < E_’77

and such that the sequence converges to a point z € L N By(0).
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But then by the fact that the energy of u; converges to the energy of u we
have that

03 (i, 0) = E,
The first line together with the fact that Gg(y, 1) < E, says that for all
1e€{0,...,k} i i
and so u is (k+ 1)-symmetric and has L as an invariant space; but z belongs
to L, so in particular 9}2(2, 0) = E, which contradicts the second line. ]

Finally, we prove that if an appropriate pinching condition is satisfied at
two different points, then the lack of almost symmetry at one point transfers
to a lack of almost symmetry at the other.

Lemma 3.13. Fiz the following constants:

n>0: a parameter for almost-symmetry;
O<y<l: controlling the ratio of radii on pinching conditions;
o>0: a “lower bound” for radius.

There exists a constant 05 = 05(m, N, A,n,~,0) such that the following im-
plication holds: let u € WH2(Q,N') be a minimizing harmonic map (with
wide enough), x and y points in Q, r > 0; if the following conditions are
satisfied:

(i) lo =yl < 37;
(it) Oy(x,7) — Oy (z,v7) < J5;
(iii) Oy (y,) = Oy (y, ) < 05;
(iv) For some or < s <2, u is not (n, s,k + 1)-symmetric at y;
then v is not (4,s, k + 1)-symmetric at y.

Proof. Without loss of generality, we can assume that » = 1 and =z = 0;
otherwise, we can as usual consider @ = T}, ,u, by esploiting the usual scale
invariance:
T =Y
0171(3/7 TT) - 9112(77 T)'
By contradiction, assume there exist a sequence {u; };-y of minimizing maps,
a sequence of radii {s;},cy C [0,2] and a sequence {y;};cy C B1(0) such
2

that for all 4:

 0,7(0,1) —07(0,7) < §

17
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e u; is not (7, s, k + 1)-symmetric at y;;

e There exists a (k + 1)-symmetric map h; such that

/ |hi — To,s,us]” dz < 1 (3.8)
B1(0) 2

By compactness, we can assume u; — 4 in strong W12 (with @ minimizing),
y; — yin B1(0), and s; — 5in [0, 2]. In particular, Ty s, u; converges to Ty st
2

and Ty, 5,u; converges to Ty su in L?(B1(0); R™). Observe the following:

e By the usual argument, involving strong convergence and Proposi-
tion 2.2 (and a little care about the convergence of the y;’s), we find
that @ is homogeneous with respect to both 0 and ¥ in the respective
balls of radius 1;

e The lack of almost-symmetry at y; is preserved by the limit: indeed,

for any (k + 1)-symmetric map h, the difference h — T}, 5, u; converges
in L? to h — Ty 5u, and thus:

n < lim \h — Ty, s,ul? do = / \h — Ty sl dz.
=00 J B1(0) B1(0)

This means that « is not (7, s, k + 1)-symmetric at g.

Notice, however, that for ¢ large enough we have that
/ |T075iuz‘ — T()7§’l_1,‘2 dzx
B1(0)

is arbitrarily small; hence, by triangle inequality and Equation (3.8), we also
have

W

/ \hi — Tostl* dz < .
B1(0)

This means that @ is (37, 5,k + 1)-symmetric at 0, since each h; is (k + 1)-
symmetric. This is already a contradiction if ¥ happens to be 0. On the
other side, even if i £ 0, then we find that « is invariant along the direction
joining 0 to i (by Lemma 2.1); then in particular Tp su coincides with Ty su,
and therefore u is (1, 5, k + 1)-symmetric at 0 if and only if it is (1, 5, k4 1)-
symmetric at . This gives us the desired contradiction. O
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3.4 Covering arguments

In this section we develop an inductive covering argument, which will be the
core of the proof of the main result of this chapter, Theorem 3.1. Since this
is the overall goal, we first prove that we don’t actually need to prove the
Theorem 3.1 for all 0 < r < 1: it is enough to prove it for ¢/ with 7 € N, for
some 0 < p << 1, in the exact same way we did in Chapter 2. During the
course of the proof we’ll give a precise value to g, depending only on m.

Claim. Fiz A andn and assume we have proved the following: there exists a
C(m, N, A,n) such that for any minimizing harmonic map u, any 0 < k <m
and any j € N

Vol (B, (%, (w)) 0 B1(0)) < (/)"

with 0 < o < 1 a fized value. Then there exists a constant C’(m,/\/,A, 7, 0)
such that for any minimizing harmonic map u, any 0 < k < m and any
0<r<i1

Vol (B, 8k, (u)) B1(0)) < Crm*,

Proof. For any r there exists j € N such that

dH<r <

In particular, 1 < %j < o~'. Now by the monotonicity properties of the

singular strata and by elementary geometric properties
k k
B, (Sk,(u) C By (SF i(w):
thus we have

Vol (B, (8%, () B.(0)) < (/)" =

3.4.1 First Covering Lemma

Remembering what we learned from the Covering Lemma 4 of Chapter 2,
we realize that if we want to estimate the volume of B, (S,’fr(u)) we need

to find a covering of Sf;r (u) with balls of radius r. This result is achieved
through several re-coverings of the singular stratum, described in the next
sections. We begin by covering Sf;:r (u) (for any r = ¢’) with a first “rough”
collection of balls, having the following property:
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e Some of the balls will have radius r, so they will be good candidates
for a final covering;

e On the other balls, we have a nice “energy drop” condition: when we
fix one of these balls B, at all points of B except those lying near a
(k — 1)-subspace the energy has fallen below a “uniformly controlled”
threshold.

Moreover, we obtain an effective control on the sum Y 7% of the k''-powers
of the radii. The geometric construction of the covering makes intensive use
of the technical lemmas from Section 3.3, but does not involve further effort;
the most challenging part of the argument (Sublemma 3.14.2) is to achieve
the above mentioned estimate on Y r¥; here the first Reifenberg Theorem
and the L2-best approximation Theorem are exploited.

Lemma 3.14. Fiz the following parameters:

A>0: a bound for the energy;
n>0: the “closeness parameter” for the stratum;
0<p< 100 :a constant that will assume a precise value in Lemma 3.15.

Also, assume that o = 577 for an integer ». There exist two constants

d¢ = d6(m, N, A, n, 0) and C; = Cy(m) such that the following holds.

o Let u € WY2(By4(0),N) be a minimizing harmonic map with energy
bounded by A;

o Let 0 < k < m be an integer number; fix an integer j € N; call r = o;
let § < &g be a constant;

o Assume that E < A is an arbitrary number such that 0y(y,1) < E for
all y € B1(0).

Then any subset S of the singular stratum S,’;(;T(u) N B1(0) admits a finite
covering of the type

S cC U B, (x),

zeC

where:
1. All the radii satisfy ro > r, and vy = 0" for some 0 < h < j;

2. The radii are controlled by

Yok <Cr (3.9)

zeC

3. For any center x € C, one of the following two options is satisfied:
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(A) ry =1;
(B) There ezists a (k — 1)-dimensional affine subspace L, such that
the set of points

Y, = {y € 8N By, (z) ‘ 9¢<5)r$) >E— 5}
is contained in Bgrx(Lx) N Bay, ().

We point out that the constants d¢ and C; do not depend on u and
r, but the covering clearly does; in the upcoming proofs and sublemmas,
r = o will be a fixed radius. Moreover, at this stage o is simply a constant
“small enough”: just by convenience, we are imposing it to be less then
100~ 1, even if so far some less strict condition would be enough; again for
convenience, we are assuming it to be a negative power of 5 (the application
of this assumption will be clear during the course of the proof).

We begin by building inductively a sequence of intermediate coverings;
the last step will provide the covering for Lemma 3.14 (but we’ll need to
work considerably more to obtain the radii estimates). At any stage of this
(finite) induction, we classify as “bad balls” those which satisfy condition
(B) of Lemma 3.14; these balls will remain untouched by the subsequent
steps, and so they will still appear as bad balls until the end. Thus, they
will be part of the final covering C of Lemma 3.14. On the contrary, at any
step the covering gets refined on the other balls: we call them good balls.

To have the statement more clear, recall that d5 is the constant coming
from Lemma 3.13, which assures that almost symmetry “spreads uniformly”,
in some sense.

Sublemma 3.14.1 (Intermediate coverings). Assume the setting is the
same of Lemma 3.14; also, fix an arbitrary 0 < ~ < 5. There exists
a o7(m,N,A,n,0,7) such that for all § < 67 we have: for any j € N,
1 < j <], there exist two finite sets of centers Cj and Cg, and a collection of
radii r5,; associated to the centers, such that the following properties hold:

1. The balls centered in CI = Cg ch with radii ro.; form a covering of S:

§C U Brx;j(x)u U Brw;j(‘r);

zeC) zecy
2. Bad balls: if x € Cg, then ry.; = o' for some h < j (so in particular

T2 > 07 ); moreover, there exists a (k—1)-dimensional affine subspace
L,.; such that the set of points

. 4
Yo, =Toy = {y € 8N By, (2) ‘ 0, (mrx;j) >E— 5}

is contained in Bgrz(l)z);
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3. Good balls: if x € Cg, then ry.; = o’ ; moreover, the set Ti;j spans a

. . o Qrz;j . .
k-dimensional subspace Vy,; in a =5*-effective way;

4. For any pair of centers x # y € C?, we have

By, (z)N By, (y)=2;

5. For allx € C7 with j > 1, the pinching condition Oy (, %Tx;j) >FE—~
18 satisfied;

6. Forallx € C7 with j > 1, and for allry.; < s < 1, u is not (5,8, k+1)-
symmetric at x.

Proof. We prove the sublemma by induction, with a preliminary “anoma-
lous” step.
STEP 0. Let j = 0. Consider, for any § > 0, the set

Tg;oi {yESﬂBQ(O) ‘ 6w<y’1Q0) >E—5}.

If Tg;o is contained in By (Lo,o) for some (k — 1)-dimensional subspace Lo,
then we define C) = {0}, ro, = 0, CS = @, so that SN B1(0) is covered by the
unit ball: B;(0) gets classified as a bad ball, and it will remain the only ball
in the covering until the end of the inductive process (i.e., in the subsequent
steps nothing is done). This cover doesn’t actually satisfy conditions 5 and
6, but it is irrelevant, since in this case Lemma 3.14 is trivial.
Otherwise, we necessarily have that Tg;o spans £-effectively an affine k-
subspace Vp,0. In this case, the covering can be refined; the unit ball is a
good ball (but it doesn’t satisfy the required conditions).

STEP 1. Let j = 1. As we’ve just seen, the only case in which there’s some-

thing we can do is when Tg;o spans Z-effectively an affine k-subspace Vp,0.

As a trivial consequence, Vo is also effectively spanned by Tg;o with “effec-
tiveness” 1% instead of Z; that is: there exist k + 1 points {y1,1,...,y1,k+1}

points of Tg;o N Voo in {§-general position. Now Tg;o is a subset of the set
IC(;’%(O, 0) defined in Lemma 3.11: if we choose 07 < &3, that lemma can be
applied. This tells us that, since r < 1, we have:

Sy or(u) N B1(0) C Bg (Vo).

Now by the Vitali Covering Theorem we can easily find a covering of
Bg(VO;O) N B1(0) with balls of radius ¢ and set of centers Cg1 C Vo0, with
the property that for any couple of centers x # y the balls Bg (z) and
B e (y) are disjoint. Moreover, by Lemma 3.12 we have that all the points
of Vo,0 N B2(0) (and in particular the centers C,) satisfy

0
0 — E—
w<x7 10) > 77
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provided again we choose d7 < d4.

Furthermore, any point of Vo0 N B1(0) has distance less than 2 from a

Y1, € Tg;o N Vo,0. Let o be a center in Cgl; at x the pinching condition is

satisfied with parameter 7; and in the ball By(z) there exists a point of

87’7“7 sr(u) satisfying the (stronger) pinching condition with 6. If § is small,
upon some adjustment of the involved radii we can apply Lemma 3.13 to
find out that u is not (2, s,k + 1)-symmetric at x for s > p.

STEP 2. Now assume we have the covering for some j € N, 1 < j < j. It is
clear that the bad balls centered in Ci can still appear as bad balls for the
(5 + 1)™ step, so all we have to do is to refine the part of the covering made

of good balls. So consider the set

S; =8\ |J B, (2).

zng

To cover it, we need to find a re-covering of the balls B,;(x) with x € Cg.
Consider one of these x: observing how the covering is defined, we can see
that also in this case the set ch;j spans a k-dimensional subspace V,.; in a

1o/t effective way. Thus the set

Ksolz, o) = {y € Byyi(z) ‘ 9w<y79j) — Oy (y, QjH) < 5}

gjlgl—eﬂ'ectively spans V,.;, and this (thanks again to Lemma 3.11) implies

that

SS,(ST(“’) n BZgj (.%') - B%gﬁl (VLU;j)?

since we have

07 <min{3,04} .
In particular, the set S; is covered by B1 Q]-+1(Aj), where A; is the set
5

A= U By@)nVe |\ | U By, (@) |5

zeC; zec]

this is actually the union of pieces of k-planes, and we are defining it in such
a way that all the centers of the bad balls are sufficiently far, in order to
avoid disjointness problems with the balls we’re going to define. Just as in
STEP 1, all the points of A; satisfy

1 .
0 — “) E—
w(% 10Q] > 7,

by the definition of A; and by Lemma 3.12. This in particular means that

L 1 ‘+1>
—_ < .
Oy (w 10@]> Oy (m 1007 <
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moreover, for any point of A;y; there exists an element of 87';5T(u) that
is distant less than 2o’ from it: for any s > ¢ - ¢/, u is not (3,8,k +1)-
symmetric at the points of A;,1, and the smallness condition required on o
is the same as in STEP 1, since we are applying Lemma 3.13 with the same
initial constants but at a different scale. At this point, the only thing left
to do is to cover §; with balls of radius o’*1 such that the corresponding
balls of radius % o’T1 are disjoint. Then, we subdivide them in bad balls
Jj+1

b,new

(whose centers we define C ) and good balls, depending on the behavior
of T‘;; j+1 — bad if it is contained in the enlargement of a (k — 1)-dimensional
subspace, otherwise good. Finally, we define Cg“ as the centers of the good
balls just defined, and CZH as the union of the old bad centers and the bad

ones we are adding in this step:

Jj+1l - A J+1
citt=cluc

bnew"
]

If we assume that 7 = ¢ for a certain j, then all the claims of Lemma 3.14
are proved except for the estimate on the radii. This will be the next goal,
and here’s where the first Reifenberg Theorem is exploited: under the as-
sumption that r = o7, we exploit Theorem 3.4 to obtain the desired estimate.

Sublemma 3.14.2. Let the setting be the same of the previous sublemma,
with 0 < v < d5, and let § < 67. Assume r = o for a fized 7 € N, and
consider the covering CJ = c U(fg given by Sublemma 5.1/.1. If v is chosen
small enough, there exists a constant Cig depending only on m such that

k
Z 725 < Cho.
zeC

Proof. For simplicity, we drop everywhere the indication of j, since it is
fixed. The first Reifenberg Theorem (Theorem 3.4) provides exactly the
estimate we need, once we verify its assumption (RR1); for this reason, our
aim will be to show that for any ball B;(w) contained in Bz(0) the following
bound holds:

T ds
DF ,s)d < bpntr. 3.10
Lo ([ b9 T ) o) < e (3.10)
Here p is the measure defined by

w= Z wkr’lféx.

zeCl

Now define also the following sets of centers: for any h € {0, ..., 7},

Ch=C={vecl|r, <d™},
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together with the associated measures

bn = Z wkr];ém.

J
z€Cy,

Basically, we are initially considering only the centers whose radius is r (for
h = 0), and then adding larger balls a few at a time until we reach the
complete covering C7; so what we can do is to prove by induction on h that
the condition (3.10) is satisfied for all the measures py,: the last step h = j
will give us the needed result. The general strategy will be the following:

1. For any h, we find an appropriate way to apply the Best Approxima-
tion Theorem 3.9 to obtain an estimate of the type

Dh(y,s) < Caos™ [ Pus(z,s) du(z),
Bs(y)

where lf’uva is a modification of P, , and where the constant Cyy de-
pends on m, N, A and 7. Notice that we are now fixing o = 5.

2. We show that for any 7 (small enough) and for x € C the following
inequality holds:

T oA ds
/ Pus(x,s)— < c5(0)v;
0 s
3. If for some h we dispose of an estimate
pin(Byi—e (w)) < C(d™)F,

valid for all w € B(0) and for all ¢ = 0,...,h, then this inequality
together with the first two steps allows us to apply the Reifenberg
Theorem 3.4 to ppy1, provided v is small;

4. We show that for pg the estimate

po(Byi(w)) < c6(m)(e’)*

holds; so the step 3 can be applied with h = 0, and this gives a
condition on 1;

5. If we manage to apply the step 3 with h = 7 — 1, then we are finished
since the condition given by the Reifenberg Theorem is the one we
need. Otherwise, applying the step 3 to some smaller h, the acquired
result leads to an estimate

. k
fh+1(Byi-en) (W) < 7 (Q]_(h+1)) ;

with c¢7 independent of h, so we can iterate the process.
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Co

Figure 3.1: A visual representation of the balls associated to the sequence of centers
{Ch}y—o, ;+ at the step h = 0 we only have the smaller and darker
balls, and then we add the remaining ones increasing the radius.

PART 1. Fix a h = 0,...,j. Observe first that, if we pick a center z € Cj
and a %orw <5< %, then we have 60,(x,55) < E by definition of E, and
0y(x,5) > E —~ by the property 5 of the covering (from Sublemma 3.14.1).

In particular,

Py5(x,58) = 0y(x,55) — Oy(x,5) <. (3.11)
Consider the following quantity
A . P,s(x,s) if s> %’:
Pys5(x,s) = P(x,s) = ro
0 if s < —
)
If s < %=, both Dﬁh (z,s) and P(z,s) are zero: the latter by definition,

the former because z is the only center contained in Bg(x), and so any k-
subspace containing x realizes the minimum 0 in the definition of Dﬁh. If
instead s > %, then u is not (g, 5s, k + 1)-symmetric at x by property 6 of
the covering. However, provided « is small enough, by (3.11) (with § = 5s)
and Proposition 2.6, u is (d2, 5s,0)-symmetric at x, where d2(m, N, A, 3,5)
is the constant produced by Theorem 3.9. Thus Theorem 3.9 can be applied:
we obtain, for z € C;, and Coo(m, N, A, n),

A

beh (z,s) < CQ()S_k/ P, 5(z,8) dup(z). (3.12)
Bs(x)

PART 2. Consider ¢/ < 7 < % and pick a center z € C with r, = of, £ > 1.
We have the following estimate:

T A ds T 4 ds R ds
[ s T < [0 Puste) T+ 7 Puse )
0 S ¢ S - s

59

Now the right hand side equals

570 ds
/5 Pt (3.13)
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for this expression we have the following estimate:

571 N —xl  5—j B
[ et < [, e
b 5

-+ S

b 5 —j+1y _ —j—1
<3 O (x,57777) —Op(x,57777) o
5

2 Js-aen 5751
< (57 1) S [ 57) — 0 (w575
j=1

Since the last is a telescopic sum, we obtain:

/551 ﬁ 5(-T S)% <C [(9¢(:E,1) — Gw(m75—%€)) +

()03

and this is smaller than csy by the same argument which led to Equa-
tion (3.11).

PART 3. Now assume that for a certain h = 0,...,7 — 1 we have, for all
w € By(0) and all ¢ =0,..., h:

i (By2(w) < C(IT, (3.14)

where C' = C(m). Consider the measure pp,41: by definition, we are tak-
ing the measure p; and adding the contributions given by the (larger)
balls of radius ¢/~(**1). Consider a point w € By(0) and a radius 7 <
min {QQJ (h+1) ,%} The following inequality holds, by PART 1 and Tonelli
Theorem:

/ - (w) (/ D#hﬂ Y, s )duh+1( ) <
= /T(w) </0 (CQOSk/s(y) Pus(z9) d”’“rl(z)) ?) dpn+1(y) =
) /OT O™ </Bf(w) </s(y) Pus(z:9) d“h“(z)) d#h+1(y)> %;

remember that pp4q is supported in Cpy1, so the behaviour of the inner
integrand outside of Cpyq is irrelevant. Now notice that by the triangle
inequality

lz—w[ <z —yl+ly —wl,

so the set
{(y,2) e R™ xR™ | y € By (w), 2 € Bs(y)}
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is contained in
{(y,2) e R xR™ | z € Br45(w),y € Bs(2)} .

Using again Tonelli Theorem, we also switch the two integrals in p,1, thus
getting:

T ds
DF il <
Lo (L Db 092 ) s <
T _k A dS
< / Coos / Pus(z,5) / dpns1(y) |dpnsi(z) | — <
0 BT+S(w) BS(Z) §

T _ 5 ds
< [Tows™ [ Pusleshnn(Bu) dinn () -
0 B7—+S(’w) S

Hence we need to estimate up11(Bs(2)) for z € Cpyq; actually there’s no
need to do it for s < %j, since in that case the term P will be 0 for all the
relevant z. Now, we consider separately three cases:
e Assume o/l < 5 < o9¢ for some £ = 1,...,h; then B,(z) C
B i-«(z). In this last ball the only point of Cj41 \ C can be z himself:
indeed, since by assumption o < %, for any = € Cp41 \ Cp, we have:

ng—e (.%') C ngfh(ﬂj) C Bégjf(h+1)($),

and the right hand side is disjoint from any other ball of the covering.
Moreover, if z belongs to Cpi1 \ Cp, then P(z, 09=) = 0 because ¢/ ~¢ <
%, so we don’t need to consider this case. Thus, in case z € C we
have:

pht1(Bgi-e(2)) < Yo wrh =
xEChﬂng,g (2)

— pn(By—e(2)) < C(o)*

by Equation (3.14), and C'is the same constant of the assumed estimate
(this will be fundamental for proceeding with the inductive argument).
Moreover,

j—O\k
O

e Assume instead o/ " < s < o/~ ("*1 Then we estimate:

s "unt1(Bs(2)) < < C(m,0)0™" = Car(m, o).

pr+1(Bs(2)) < pny1(Bi-in41) (2)) <

A k
k —(h+1
< > Wk + Y wk (Q] (ht ))
2€CNB i (n41)(2) 2€B ;- (h+1) (%)
xGCthl\Ch
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The first term in the sum is actually up(By-n+1)(2)); since the ball
B ji—n+1)(2) can be covered by a controlled number cg(m) of balls of

radius ¢~", we can bound that term with

csC(o M)

by the hypothesis (3.14). On the other hand, the second term can be
bounded by

co(m)wy, (Q]L(lwl))lc7

since the balls B1 ;1) (%) centered in C are disjoint. So we get:
5

i (Bu(2)) < cxofm, o) (-0
s *unt1(Bs(2)) < Caa(m, 0);

notice however that the constant in the first inequality is not the same
C as in our hypothesis: this prevents us from using only this simple
argument for the induction, and forces us to exploit Reifenberg.

e Finally, if %j < ¢, we use the very same argument as in the first case,
and get the same estimate, only with a different constant.

So, switching back to the integral we were evaluating, and swapping again
the remaining integrals using the Tonelli Theorem, we find

T ds
Lo (] P95 ) dinia() <

C(m, Q)/BQT » (/ Ps (2 S)d )dﬂhﬂ( )i

and here we can apply what we discovered in PART 2, so we get for a

023(717,,@):
Lo (U Pl 095 ) i) <
< Cas(m, 0)es(0) pn1(Bar (w))y-

Now, if 7 < %Q] or if By (w) contains a point of Cpy1 \ Cp, we can argue as
with the first case of the analysis of s and see that the initial integral is 0;
otherwise, with the same computations we just did for s we get that

fh1(Bar(w)) < Cos(m, 0)7*

Choosing v smaller than
ORf1
Ca3Co4c5’
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which depends only on m and p, we get that

T ds
/B ) </0 Dﬁhﬂ(yas)s) dpini1(y) < Sppr” (3.15)

for all 0 < 7 < min {%Qj_(h+1), é} This is almost what we needed to apply

the Reifenberg Theorem: in PART 5 we show how to exploit this information
anyway; before, we show that actually for h = 0 the assumption is verified.
PART 4. For h = 0, the inequality is actually trivial: in fact, pg only considers
the balls centered in C with radius ¢/; for an arbitrary ball B = B (w), the
number of centers C; contained in B is bounded by a dimensional constant
c11(m), since the corresponding balls with radius %Q] are disjoint; hence:

po(By(w)) < e(m) ()"

PART 5. Now consider the conclusions of PART 3. Define

1 . 1
~ - s )2 G—(ht1) =
T mln{2g7 ,5},

and fix a ball Bz(w) in B(0). For all the balls
Br(w) C Bz(w)
we have found the estimate (3.15); now consider the transformation
A7 : B1(0) — Bz (w)
T—— W+ TT
and the measure on Bj(0)
i =7 Ty 2 pip;

notice that this measure differs from the rescaled measure we defined in

Definition 3.3 for the term 7%, thus we need to correct the properties we

used in that context. Applying the transformations
_y—w

S

\]

to the left hand side of Equation (3.15), and exploiting the scale invariance
properties of the Jones’ numbers, we find the following:

T ds
k _
/BT(w) (/0 Dy . (v, 8)s> dpns1(y) =
— Bz(w—w)T /0 Nh+1(w+7'l’,7'8)? f(x)

7 ds

~k ~ N

= T (/ D§($,S)~> di(z);
B% (w—w) 0 S
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the term 7* comes from the change of variables, while no further terms are

produced when we rescale the number D¥. In particular, we have found that
for all the balls B;(w) C Bz(w) we have

B ([ 2050 <00 (3

equivalently, for all the balls B,(y) C B;(0) we have:

/ (/ Dj(x, ) )dﬂ()<5Rﬂa’f.

This means that we can apply the first Reifenberg Theorem to the measure
i, which has the form

o~k k

=7 E WET 0z ;

H kT, o_d;
zEChHﬂB;(ﬁ))

I
F

therefore we get

2\ "
wGCh+1me-(lz))

Now if h +1 < j, then we cover any ball of radius ¢/~("*1) with a fixed

(dimensional) number of balls of radius 7, thus obtaining

Hh+1 (ng*(thl)(w)) <C(m )7' = C(m) (Qii(thl))k’

which is what we need to go on with the induction (we also need the same
information for ¢ < h + 1,but we have already obtained it in ParT 3). If
instead A+ 1 = 7, then — up to covering the unit ball with a number of balls
of radius % which depends only on m — the estimate we found carries exactly
the information we needed:

Zr’; < C(m

zeC

3.4.2 Second Covering Lemma

The following lemma improves what we have obtained in Lemma 3.14. Re-
member that we still had a “free” parameter ¢ to be chosen appropriately.

As we have observed, we can keep the “good balls” produced by
Lemma 3.14 (or, more precisely, the last inductive step of Sublemma 3.14.1),
since they are of the right size for our purpose. However, “bad balls” from
Covering Lemma 1 need to be refined: the energy drop condition we ob-
tained there is still too weak to provide useful information. In the following
lemma, other balls of the right size are produced, while the remaining balls
satisfy a much stronger energy drop condition.
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Lemma 3.15. Fix the following parameters:

A>0: a bound for the energy;

n>0: the “closeness parameter” for the stratum.

There exist two constants g = dg(m, N, A,n) and Cyp = Cp(m) such that
the following holds. Let u € W2(B4(0),N) be a minimizing harmonic map
with energy bounded by A, and let 0 < k < m be an integer number. Assume
that E < A is an arbitrary number such that 0,(y,1) < E for all y € B1(0).
For all fized 6 < ds, any subset S of the singular stratum Sgﬁr(u) N B1(0)
admits a finite covering of the type

SC U B, (),

zeC

where:
1. All the radii satisfy r, > r;

2. The radii are controlled by

ok <O (3.16)
zeC

3. For any center x € C, one of the following two options is satisfied:

(A) rp =1;
(B) We have the following uniform energy drop: for ally € B, (z)NS,

1
- < E—6.
Oy <y, 10rx> <FE-9$§

Also in this case, we first need to produce inductively a sequence of
intermediate coverings.

Sublemma 3.15.1 (Intermediate coverings). Let the assumptions be the
same as in Lemma 3.15. There exist 69 = do(m, N, A,n) and o = o(m) such
that for all 6 < d9 and o < o we have: for any ) € N and r = gi', and
for all 1 < j < j there exist three finite sets of centers (f'g, C~’£ and CN}, and
a collection of radii rz; associated to the centers, such that the following
properties hold:

1. The balls centered in C7 = C~Z U C~7Z U C~} with radii rz,; form a covering
of S:
Sc | B,,(@u |J B, (@)u |J B, @)

5] 5] 5]
z€Cy zeC; xGCf

2. r-balls: if v € CJ, then ryj = r.
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3. Final balls: if x € éj, then ry.; > r and

6y (z, Tlxoj) <E—-§  forallze B, (x). (3.17)
4. Bad balls: if z € G, then r < Tz.j < 0 and condition (3.17) is not
satisfied.

5. There exists a constant Ca5 = Cas(m) such that

J
S Azea(fr]. Thsr
=1

xeéﬁ Ué} me(fi

The key idea here is to apply Lemma 3.14 at every step of the induction:
on one side, new balls of radius r are produced; on the other side, each one
of the other balls of the covering can be split in a (large) portion where we
have a uniform energy drop, and a smaller one that we’ll need to re-cover.
Notice that the r-balls and final balls that we gain at every step still remain
good and final at any successive step, without being modified anymore; what
we need to do is to refine bad balls.

Proof. Again, we use induction to prove the result; both the first step and
the induction step rely on Lemma 3.14. Remember that we are assuming
r=o.

STEP 1. Consider the covering centered in C given by Lemma 3.14 for a fixed
0. Two classes of balls can be distinguished:

e A first class is made of the balls with radius r (we call C, their centers):
at the end of STEP 1 we’ll collect their centers in C}, together with some
other balls coming from the following refinement.

e The second class is made of balls with radius bigger than r (we call C4
their centers) and has the property that, for any of its centers x, the
set T, is contained in B er, (L) for some (k — 1)-subspace L.

Choose, for a fixed x € Cy, two sets of centers é};x and C}};x such that:
By, ()1 Ber (L) € U Bra(t)
yeé,};z
By, () \ By, (Lz) € | Bor. ()
yEC};I
Be, (y) N Be, (2) =@ for ally#zeé};xUC};x.
So now we can already set

6= e

x€C+
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since the corresponding balls satisfy
6y <z, 7;8) <E-9¢ for all z € B, (z);

moreover, we separate the balls that have reached the radius r» and those
which still have a bigger radius:

51 - sl
G=U ¢
x€C+
orz >T
~1 . ~1.
C7,]: = CT U U Cb7$'
x€C+
orx=Tr

The only thing left to prove in STEP 1 is that the given estimates hold.
Notice that 7,1 is still r for the balls coming from C,, and is now or, for
the balls in é};x, CH* and C,**. We have the following information:

e Final balls: here we simply know that for any « € C; we have used

c¢(m)o~™ balls of radius or, to cover the part of B, (z) lying outside
of Bng(Lx)- Thus we have:

Z T]?j;l < C(m)Qim(Qrw)k = Cf(m’ Q)TI;'
yeé};m

e Bad balls: here the situation is better, since we only needed to cover
the enlargement of a (k — 1)-subspace (for all x € Cy): the needed
number of balls of radius or, is ¢(m)o~ =1, by the classical covering
results we developed in Section 2.3:

ST ok <etm)om " (ory)F = Cagort
yeCp”
with Cog = 026(7”)‘
e For the “new” r-balls, the same estimate as the one for bad balls holds.

As a consequence, for the whole family of bad balls we have, by the estimates
of Lemma 3.14:

> 7”;;1 < Cag(m)o > rh < Cos(m)Cr(m)o;

yeC} zeCy

clearly then, choosing

1

om) < S mICr(m)

we have
1

Z ,,,,Iyﬂ;l S 5

1
yECb
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Moreover, we can also estimate:

> 7“];;1 <>y v+ > ¥ 4+ Cogor”,

yeCl Ué} z€Cr weé}

where the last term comes from the new r-balls, and hence:

1 .1
> 7”];;1 < Cr(m) + Cy(m, o(m)) + 5 = 5025-

— 2
yecCl UC}

This ends the proof of STEP 1. ‘ ‘
STEP 2. Assume that for some j we have found sets of centers Cj, CJ and C
with the given properties. As we already observed, r-balls and final balls
will maintain their status in the (j + 1)*" step as well. Consider instead a
bad ball B, (x). Through the usual transformation )\;}'z‘j’ one can dilate
the ball until it becomes the unit ball; here the situation is the same as in
Lemma 3.14, only with all the radii rescaled with 7;.;; applying the lemma
and then going back to the original bad ball with A; ..., we find a covering of
SN By, ,(x) with centers in points C/** and radii 7,5, and with the following
properties:
(i) 7y =73
(ii) The estimate
k k
> o < Cr(m)rk (3.18)

holds;

iii) Either r,.; = r, or the set
ysj

4
Tg;j = {z € SN By, (v) ‘ Oy (zv mry;j)}

is contained in Be,, (Ly;j) for some (k — 1)-subspace Ly;.

Now the balls B, (y) with r,.; = r can be collected together with the r-
balls we already have; we call CJ'* this new family of centers. On the other
balls (call C{'* their centers), we reproduce the same procedure as in STEP
1: fixy € éim7 choose two sets of centers CN}H;y and CNZH;y such that:

B"’y;j (y) m B%Ty;j (Lyd) - U BQ”‘y;j (Z)

ze(fZJrl;y
Bry?j (y) \ Bgry;j (Lyvj) C U Bgry;j (Z)
s
S5i+ly | AL
Be,, (2)NBe, (w)=@  forallz#we CrrrugT.

Now:



3.4 Covering arguments 99

e All the points in the balls centered in C?H;y satisfy the energy drop
condition, so we can define

57+1 - 55+1y
¢ =U U¢g
zeCy yeC’®
and then join this set with the previous final balls to obtain
53+l - Aj+l AT
Cy =Cy" UCy.
Notice that for CN;H;‘U we have:

k — k k
Z Tzi+1 < C(m)g m(gTy§j) = Cf(mv Q)Ty;j;
2eCitly
f

so in particular for CA}H:
k k
Z o+l S Z Z Cy(m, 0)ry; <
zeCy zeC] yel’®
< Z Cf(m7 Q)CIT'I;;j < Cf(ma Q)OIQ_]
zeC}

e Similarly, we have three types of r-balls: the ones coming from the
previous steps; the ones produced by the application of Lemma 3.14 to
bad balls (which we called ¢/); and the balls centered in €)™ with
ory.; = r. We call CJ*! the union of these families:

sl . A 5 1
cgtt=cu|l Ja*|lul U U g
zeC) xeC) yel’i®
Qy;5 =T
Observe that we have, for z € ég and y € (fix
k —k k. k k
Z ry Se(m)om" o'y < Casory,j;
2€CITHY
moreover, for x € ¢l , we have trivially:
k k
Z ryg < Cr(m)ry;.
yeCi®
e Finally, the new bad balls are what remains of the last re-covering;:

C~g+1i U U (fg+1;y.

xeC] yell®
QOTy;5 >T
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As for r-balls, for fixed x € Cg and y € ¢, we have

k< clmia e < Canorl,

So now what remains to do is to complete the estimates on the radii. For
what concerns bad balls, we can use the same argument as in STEP 1, the
inductive assumption and the upper bound (3.18):

k k
Z el S Z Z Ca607y;; <
zeCitt xeC] yeCl®
QTy;5 >T
k o o—j-1
< Y CoCrory; < (CosCro)277 < 27771,
zeC}

where the last estimate is a consequence of the choice of p. Clearly the same
estimate works for the last category of r-balls. For the totality of r- and
final balls we have:

) f . P
Z el S Z Ty + CrCr277 + €277 + 27777,
zeCiTtucit! zeClucy

where the second addend comes from new final balls, the third one comes
from (new) r-balls of the second type, and the last addend comes from (new)
r-balls of the third type. By consequently redefining the constant Cys, we
have proved Sublemma 3.15.1. O

Proof of Lemma 3.15. Now the lemma is a trivial consequence of Sub-
lemma 3.15.1: indeed, at the j™ step of the inductive argument, the
intermediate covering contains balls of radius at most o’, except for the
final balls é} However we are assuming without loss of generality that
r = ¢ for some 7 € N and for a o smaller than the g(m) fixed in the
sublemma: so at the j* step there will only be r- and final balls. O

3.5 Proof of Main Theorem and consequences
With the tools we have developed so far, we are now able to prove the

main result of this chapter, that is Theorem 3.1. We begin with the first
statement.

3.5.1 Proof of the first part

Recall that we want to prove the following assertion:
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Claim. For any n > 0, there exists a constant C1(m, N, A,n) such that the
following holds: for all minimizing harmonic maps u € W12(Q,N) with
energy bounded by A, all 0 < k < m and all r > 0 (smaller than an upper
radius o), we have:

Vol (B, (8k,(u)) N B1(0)) < Cir™ ™. (NV)

Also recall that, by what we have proved at the beginning of Section 3.4,
we can implicitly assume that r is of the form ¢ and use the covering
lemmas.

Actually, since we are making use of Lemma 3.15 (and thus indirectly of
Lemma 3.11), we only manage to prove directly that

Vol (B, 8k (w)) N Bi(0)) < Cyrm*

for some small § depending only on m, N/, A and 7, and for all » < 1. This,
however, is enough to obtain a satisfactory result: for r < §~1, we obtain
exactly what we needed, only with a constant which is C;8%~™.

We prove one last inductive covering lemma:

Lemma 3.16. Fiz § < dg. Assume that E < A is an arbitrary number such
that 0y(y,1) < E for all y € B1(0). For any number i € N there exists
a covering { By, (z)},cp, of the set S = 87]7“76T(u) N B1(0) with the following
properties:

(i) The radii v, satisfy

>k < (cr2(m)Cp(m))!
z€D;

for some new dimensional constant ci2(m) and the old constant Cpy
coming from Lemma 3.15;

(i) For any center x € D;, one of the following two options is verified:

(A) ry <r;
(B) For ally € SN By, (), we have

Oy(y,ry) < E —id.

Proof. The case i = 0 is trivially true: the only ball needed in the covering
is the unit ball B;(0). Assume then that the statement is true for some
i > 0, and consider a ball B,_(z) centered at a point x € D;. By applying
the transformation )\;}z to this ball, we find ourself in the setting needed for
Lemma 3.15, where the ball B, (z) we were considering has been enlarged
to the unit ball. Hence we apply the lemma, and then switch back to the
original setting through the map A, : this gives us a covering of SN B, ()

made of balls { B, (y)}y cpe With the following properties:
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e The radii r, satisfy

k k
> ry < Cury
yeD?

e Either r, =, or
1 .
Oy % 15" <(E—-1i))—90

for all z € B, (y).

Notice that in the second property we are also using the inductive assump-
tion, and Lemma 3.15 has been used with the parameter E — §i instead of E.
Now we are almost finished, since we only need to re-cover the balls B, (y)
with smaller balls of radius %ory (and the number of them is bounded by a
dimensional constant): thus we have, for all these new balls {B, (7)}

that

JEDE”
e The radii ry satisfy

Z rlg < ¢(m) Z <1ry>k < e12(m)Crr(m)r¥
5. \10

jeDT

e Either ry <, or Oy(z,7.) < E— (i + 1) for all z € B, (7).

Thus we can define
DZ+1 . U D
€D’

then by summing all the ¥ coming from the various refinements of the balls
in the original covering {B;, ()} ,cp., We get:

S ok <enm)Crim) Y rh < (c12(m)Crr(m)) .

zeDitl z€D;
The statement is proved. ]
Now we have everything we need to prove the main theorem:

Proof of Theorem 3.1. Consider the information given by the previous
Lemma 3.16 for the integer

o LE J

1= |—=|+1

]

We obtain a covering {B;,(x)} .p of Sf;m(u) N B1(0) with the property
that, for a new constant Cyz,

Z T’]; S 027(77”6,@) - 027(m7Na Av 77)7
z€D
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moreover, the option (B) cannot be verified, since £ — 20 < 0: this means
that all the balls of the covering have radius smaller than or equal to 7.
In particular, using for example Covering Lemma 4 from Chapter 2, this
implies the covering estimate

Vol (B, (8ks.(w)) N Bi(0)) < 3 Vol (Bay, () <

€D

< gmpm—k Z k= 9mCyr(m, N, A, )r™F,
z€D

O]

Remark. Notice that from the Claim we just proved, another piece of The-
orem 3.1 follows trivially: indeed, the stratum Sﬁ (u) is contained in all the

strata Srl;i sr(u) (being their intersection): thus the estimate
Vol (B, (8k(u)) n B1(0)) < Crm*

is an immediate consequence.

3.5.2 Proof of the second part

The second part of Theorem 3.1 states the following:

Claim. Let u € WY2(Q,N) be minimizing harmonic. For any n > 0 and
any 0 < k < m, the stratum S,I;(u) is k-rectifiable.

As we’ll see shortly, the result follows easily from this lemma.

Lemma 3.17. Let S C Sg(u) N B1(0) be a H#*-measurable subset. There
exist a universal constant 0 < k < 1 and a further H#*-measurable subset
R C S with the following properties:

1. HF(R) < kit*(S);
2. The set S\ R s k-rectifiable.

Before proving this lemma, which requires some effort, we show how it
is applied to prove the Claim.

Proof of the Claim. By induction, for any j € N there exists a -
measurable set R; C Sf; (u) such that:

o HF(Ry) < I AFSE(u);

e The set S\ R; is k-rectifiable.
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This is easily proved: the step j = 1 comes from the application of
Lemma 3.17 to the stratum Sﬁ(u), while the (j + 1) step descends from
the application of the same lemma to Sf; (u) \ Rj. Now we can define

R= (R,
JjeN
S=Skw\R = (Sku)\R;).

jeN

Here R has J%-measure zero; and S is the countable union of sets, each
of which is countable union of Lipschitz k-graphs; therefore S itself is a
countable union of Lipschitz k-graphs. This means precisely that Sf; (u) is
k-rectifiable. O

Now we turn to prove Lemma 3.17.

Proof. We can assume that .##*(S) > 0, otherwise the statement is trivial.
STEP 1. Consider the following map: for z € B1(0) and 0 < r < 1,

fr(x) = gw(l’a T) - 0111(‘/177 0)

As we know, as r tends to 0, the map f, converges pointwise (and de-
creasingly) to the constant function fy = 0; moreover, all the maps f, are
bounded by the constant map E, which is integrable with respect to the
measure LS. Now fix a § > 0. By the Dominated Convergence Theo-
rem, there exists a 7 > 0 depending on § such that

/S Far() dAH () < B2H4(S). (3.19)

Consider the following sets:

Fs ={z €S| far(x) >}
Gai{x€8’f4f($>§5}=S\Fg;

observe that, since fi7 is nonnegative, we have:
/ far(z) A% () = / far (@) dA" () —I—/ far(z) dAF () >
S Fs Gs
> / Fir(@) dA (2) > 6.6 (F);
Fs
this, combined with Equation (3.19), gives
HF(F5) < 6 %(S).

We claim that, for § sufficiently small, the set G5 is k-rectifiable; if we
manage to show this, then the lemma is proved. In order to prove this
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claim, we conider a finite covering {By (i)}, of G5 made with balls of
the fixed radius 7. It is sufficient to show that for ¢ small Gs N By(z;) is
rectifiable for any i: our main aim will be now to check the applicability
of the second Reifenberg Theorem (Theorem 3.5), that gives exactly that
result.

STEP 2. Fix a ¢ € {1,...,L}, and apply the usual transformation )\;ilf to
the ball Br(x;). We set

U = Ty, 7u, é(; = /\ZJ(G‘;) N B1(0).

Also, we define p5 he measure #*L G5 on the unit ball B;(0). Notice that
for any © € Gs we have:

by the definition of G5 and the usual scale invariance properties of 6. This
means that by choosing § small we can apply Proposition 2.6 and get that,
for any point z € G's and any 0 < s < 1, @ is (01, s, 0)-symmetric at z, where
01 is the constant produced by Theorem 3.9. On the other hand, since Gy
was a subset of Sﬁ(u), u was not (n,7s,k + 1)-symmetric at the points of
Gs for any 0 < s < 1; thus, for any point z € G5 and 0 < s < 1, @ is not
(n, s,k + 1)-symmetric at x. This is what we need to apply Theorem 3.9 on
any ball By(x); and we apply it to the finite measure pu; = #*LGs. We
obtain that, for any 2 € G5 and any 0 < s < 1,

Dg (z,5) < Css~" / )Pﬂ,o(ya s) ds(y)

Bs(z

This goes in the direction we need, since we are trying to check if Equa-
tion (RR2) is satisfied. Following what we did in the proof of Sub-
lemma 3.14.2, we first fix w € B1(0) and r < 1; for all 0 < s < 7 we
compute:

DE x,s)dus(z <Cs_k/
L, o, Pl sy < s [

(/ Pio(y, ) dua(y)> dus(x),
Bs(x)

for a 1 < o0 < 2 that we can leave implicit. Observe that we are allowed
to do this since ps is supported in Gs. As we have already noticed in
Sublemma 3.14.2) if |x — w| < r and |y — z| < s, then |y — w| < r + s: thus
we can estimate

/ Dgé (l', 5) d#6(1') S CSS_k / / P{hg(y, S) d,u,(;(x) dud(y) S
By (w) Bris(w) JBs(y)

< 058"“/3 ( )Pa,a(y,S)%”’“ (G5 N Bu(w)) dus(y)-
r+s(W
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But now we can exploit the uniform volume estimates given by the first
part of Theorem 3.1 (appropriately rescaled); we get the following uniform
a priori upper bound:

AR (N5 (SE)) N By(y)) = 774 (SE(u) M s (Bo(v))) < (3.20)
< CoF R (Fs)F = Oys®; (3.21)

notice that thanks to this a priori estimate it is not necessary to reproduce
the induction argument of Sublemma 3.14.2. Plugging this information in
the previous inequality we get:

/ Dgé (x,8)dus(z) < 02(75/ Piio (Y, s) dps(y)-
By(w) Bris(w)

In order to check the validity of Equation (RR2), we now consider the left
hand side of that inequality: applying Tonelli Theorem (twice), we find:

/ (/ Dey(@:9) )dw( )= /0 ( /&(w) Da(x,s)dua(x)) © e
= GG /O’" </32r(w) Fao(w: 5) dusly )> is -

r ds
=0 [ ([ Pty ) T ) st
BQT('UJ) 0 S

Consider for a moment the inner integral; r can simply be bounded by 1.
We use basically the same trick we exploited in PART 2 of Sublemma 3.14.2:

dS . y7 US) Hi(y,s)
Pi o (v, ds <
/ y Z,/g (G+1) S 5

Oy, oY) — 04 (y. 07 7)

< . ds <
- 2:: /(r(j+1) o—Ii-1 -

< Clo) 3. [05(3,077) — Bl (y,07971)] <

.
Il
o

< O(0) [ (03 (y. ) = 03(9,0)) + (03(y,0) — 63(y,0) )| <
< C(0)o.

Therefore we can insert this piece of information in the previous integral;
fixing for example ¢ = 2 and using again the upper bound (3.20) on the
measure of the singular stratum, we find:

/ (/ D¢, (w,5) >dﬂé( ) < Cagps(Bor(w))d <

< Cagort
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for a constant Cag(m, N, A,n). Taking

ORrf2
§ < 2R12.
Cag

we get exactly the hypothesis needed for the second Reifenberg Theorem:
thus Gy is k-rectifiable, and tracing back the steps of the proof this proves
the k-rectifiability of Gj.

O

3.5.3 Consequences

A couple of very easy consequences can be drawn from Theorem 3.1, in
the same way we did in Section 2.5: indeed, in that section (precisely in
Sublemma 2.12.4) we proved the existence of an g with the property that,
for any r > 0 small enough,

Z(u) C 8Ly (u),

56747"

where we recall that Z,(u) is the set of points where the regularity scale
is smaller than r. Then, with the very same computation we performed in
Theorem 2.12, and exploiting the fact that we have improved the estimate,
it’s trivial to see that the following holds:

Theorem 3.18. Let u € WH2(Q,N) be a minimizing harmonic map with
energy bounded by A. There exists a constant Csy = Cso(m, N, A) such that
the following estimate holds for all 0 < r < 1:

Vol (B,(Z,(u)) N B1(0)) < Csor>. (3.22)
In particular, for the singular set S(u),
Vol (B,(S(u)) N B1(0)) < Csor. (3.23)

Moreover, we can slightly improve Corollary 2.13: in that occasion, we
had proved that for any 0 < p < 3 both Vu and 7, * were uniformly bounded
in the space LP; we showed, however, that the same statement for p = 3 is
false. Instead, thanks to Theorem 3.1, we can immediately see the following:

Corollary 3.19. Let u € WH2(Q,N) be a minimizing harmonic map with
energy bounded by A. There exists a constant C51 = Cs1(m, N, A) such that
for any 0 < r <1 the following inequalities hold:

Vol ({x € B,(0) ‘ V()| > i}) < Vol ({z € Bi(0) | ry < 1}) <
< Cyr®.

In other words, both Vu and r;' are uniformly bounded in the space

queak(Bl (0)) .
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Proof. The first inequality is just a rewriting of what we already showed in
Corollary 2.13, while the second one follows again from Sublemma 2.12.4.
Moreover, by replacing r with %, the two inequalities imply that

IValls <], <Cm,

ak

queak
just by definition of the space of weak-L? functions. Observe that the es-
timate we’ve got is valid only for s > 1; however, the needed estimates for

0 < s <1 are trivially true. O



Appendix A

Basic notions of Measure
Theory

We collect here a couple of measure theoretical definitions that are needed
in this work. For a complete picture of these topics, we refer to the classical
books [ I, [ | and [ ].

Recall that, for a set S C R™ and a positive number ¢ > 0 we denote
with B,(5) the p-neighborhood of S:

Bo(S) = {y € R™ | dist (y,5) < o} .

Definition A.1 (Hausdorff measure). Let S C R™ be an arbitrary set, and
s > 0 a real number. We define the s-dimensional Hausdorff (outer)
measure of S as

H°(5) = lim A5(S5),

510
where for any § > 0
S; C R™
H5(S) = inf S wy > <dlar2n Si) diam 5; < 0

i=0 S C U Si

Here wy is the number
2
REYCES)

(and T is the classical Euler function); if s is an integer, ws is the measure
of the s-dimensional ball.

Intuitively, the Hausdorff measure describes the “s-dimensional volume”
of objects in R™, and it’s the standard way of accomplishing this task. A
second notion for the same purpose is available:
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Definition A.2 (Minkowski content). Let S C R™ be an arbitrary set,
and let s > 0. We define the lower and upper s-dimensional Minkowski
content of S respectively as:

3(S) = lim inf 2 BelS)).
0—0 wmist s
A*°(S) = lim sup w

0—0 Wn—s0™ 8 '
If both quantities coincide, we denote their common value with .Z5(S).

Remark. Notice that, contrary to the Hausdorff measure, the Minkowski
content is not a measure in the classical sense, since it is not countably
additive. This can be deduced, for example, from the following observation:
the Minkowski content of a set and the one of its closure are the same; so for
example the 1-dimensional Minkowski content of all the sets [0, 1], [0,1]NQ
and [0,1]\ Q (in R!) is 1, although the disjoint union of the last two of them
equals the first of them.

Remark. By elementary geometric considerations, it is easy to see that for
any set S and for any dimension s the inequality

H(S) < CAML(S)

holds, for some constant C'(m, s); we refer to | , Paragraph 5.5] for the
precise computation.

The opposite inequality is, in general, false: a classical example is the
set

1
{n ‘neN}U{O};
its 1-dimensional Hausdorff measure is 0 (since it’s countable), but it has
positive 1-dimensional (lower) Minkowski content.

For the definition of rectifiability, we follow the book [ ].

Definition A.3 (Rectifiability). Let A C R™ be a J#*-measurable set.
We say that A is k-sectifiable if there exists a countable family {I';}; y of
k-dimensional Lipschitz graphs such that

%’“(A\ Uri) = 0.
1€N

Remark. A very famous result, which can be found in the classical textbook
of Federer (see [ , Theorem 3.2.39]) states the following: if A is a closed
k-rectifiable subset of R™, then

HF(S) = . MF(S) = **(S).
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