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1 SNAP summer school

This is a DRAFT of lecture notes for the SNAP course “Singularities of harmonic maps”.
These notes are intended for the Reifenberg part, and contain A LOT MORE than what will be covered
in the lectures. The (tentative) program of the lectures (Reifenberg part) is the following:

1.1

1.

1.2

1.3

Lecture 1: intro and statements

General overview of the subject

Brief introduction on rectifiable sets and Hausdorff measure (references: [DL0S, Mat95, Fed69]), area
formula (section 4.1 of the notes)

. Definition of Reifenberg flat sets with examples (Lip graph with small norm, snowflake) (section 4.3

of the notes)

Statement of classical Reifenberg theorem (section 4.2 of the notes)

. Definition of 8 numbers with examples (C? graph example in the exercise session) (section 5.1 of the

notes)

. Statement of the W' Reifenberg, discrete Reifenberg and rectifiable Reifenberg (section 5.3 of the

notes)

Lecture 2: technical constructions

. squash lemma (improved bi-Lipschitz version) with partial proof (section 4.7 of the notes)

distance between L? subspaces (with proof) (section 5.4 of the notes)

Lecture 3: Proof of discrete Reifenberg

. proof of the discrete Reifenberg theorem (with as many details as possible) (section 5.7 of the notes)

Aaron will use the Reifenberg theorem to prove estimates on the singular set of harmonic maps. He will

use different notes for that part. In some sense, this part is a stand-alone part of the course. It is needed to

study singularities of harmonic maps, but it is not about harmonic maps.

2 Introduction and notes

In this course, we will prove sharp estimates on the singular sets of harmonic maps between Riemannian

manifolds. In order to do so, we will study a generalized version of Reifenberg’s theorem in generic dimen-

sion. This course is mainly based on the works [NVa] and [NVc].

The main theorem is:



Theorem 2.1. Let u : B, (0) C R™ — N be a minimizing harmonic map with 6(0,2) < A. Its singular set
S(u) satisfies

Vol (B, (8(u) N By (0))) < C(m, A)r*, (2.1)
and 8(u) is m — 3-rectifiable.

As a first remark, note that this statement is just the simplest and least technical statement that can be
proved with this techniques. The same ideas and an € of technical work lead to the proof of more powerful
theorems about effective singularities of minimizing and stationary harmonic maps. We refer the reader
to [N'Va] for more details on this. En passant, we mention that a corollary of the proof is that, under the
hypothesis of the previous theorem, Vu belongs to weak-L3(B) (0)) with weak L3 norm bounded by C(m, A).

For the moment, these lecture notes are just a sketch, they are a work in progress.

TO DO BEFORE THE END: add an intro, add all the relevant references, add citations to various gener-
alizations and other results like obstacle problem or other stuff.

2.1 Harmonic functions in R

Energy-minimizers, Laplace equation, mean value with

d d \Y
< w= 2 u<Vr, —r> _ 2.2)
dr JoB,(x) dr Jsp.(v) [Vr|

Radial mollifiers and regularity. Observation

d 1
- ul> = 1 f Au?) > 0. (2.3)
dr Jag,» W' JB(x)
Maybe observe also that
d
— [Vul> > 0. (2.4)
dr Jo,(x)

2.2 Harmonic maps
For this case, I would use Moser’s book [Mos05] (which is complete and nice). We need to see that
A(u) = A@w)(Vu, Vu). (2.5)

Using the nearest point projection.

2.3 Stationary harmonic maps

If u is smooth, than it is also stationary because inner variations are a special case of outer variations for
smooth u.

In general, this is not true. For minimizing harmonic maps, we have the following stationary equation
coming from inner variations.



Lemma 2.2. Let u be a stationary harmonic map. Then for all smooth compactly supported vector fields
& R" » R” we have

f (IVul 6, - 2ViuVu) 6:£; = 0. (2.6)
In other words, we have in the distributional sense:

0; (1Vul® 6i; - 2ViuVu) = 0. 2.7)



2.4 Normalized energy

Definition 2.3. Let u be a minimizing harmonic map u : B, (0) CR” - NCR". Forxe By (0)and r < 1,
define

0(x,r) = r*™" fB ()IVu(y)Izdy. (2.8)

Remark 2.1. 0 1is scale invariant. In particular, set w(y) = u(x + ry). Then we have

Yw(y) = V(u(x +ry)) = rVulyiry . (2.9)
And thus
2 _
f IVw)? = f IV (u(x + ry)> dy = 12 f Vil giory| dy = P f \Vul,|* dz . (2.10)
B1(0) By (0) B1(0) B,(x)
Thus
0 (0,1) = ,(x, ). (2.11)
More in general, we have
Ow(z, 8) = Oy(x + 1z, 15). (2.12)

The quantity 6(x, r) is monotone in r with a nice formula for its derivative.

Lemma 2.4. We have for all s < r for which the following makes sense:

a2
6(x, 1) — 6(x, 5) = 2 f [KVu, x = y)17 (2.13)

Bo\B,(x) X ="

In other words, 0(x, r) for fixed x is monotone in r and absolutely continuous, and for a.e. r we have

Ox,r) =2r"" f
9B,(x)
—X

where n = n(y) = Ii—_xl is the radial vector field from x.

ou

on

2
=2 f KVu, x — ), (2.14)
B,(x)

Proof. Set for simplicity x = 0. The proof is an application of the stationary equation. Let i be any
Lipschitz function ¢ : B, (0) — R with compact support in B, (0) and set ¢ : B, (0) — R” to be the vector

field
o0 =yv(y; = 9ip; =v(yDéi; + lﬁ'(lyl)% : (2.15)

By (2.6) we get

2
} , (2.16)

0
on-2) [ 194 o) = - [ W'Dy [wup_z’a_z



Consider the following sequence ¥, for @ < r/10.

1 for |y|<r-ea,

YalD) = 1 250 for |yle[r—a.r+al,

0 for [yl>r+a.

Le., Y, is piecewise linear. This gives

1 ou
(m-2) f 1Vl Yol = 5 f b [|w|2_2|8_
a ylelr—a,r+a] n

|

As a — 0, we get by dominated convergence that the lhs converges to

Lim(m — 2) IVul? ga(lyl) = (m = 2) Vul® .

In order to study the rhs, consider the function

£(s) = f (|Vu|2 2
0B,(0)

By Fubini’s theorem, we have f € L'([0,2]) with

2
f Ifl < f Vul* .
0 B,(0)

Thus, for almost all r € (0, 2), r is a Lebesgue point for f, meaning that

B,(0)

)

ou

on

£y = tim o f F(s)ds.

Thus we obtain for these values of r that

1
lim — f Iyl [IVu|2 -2
-0 2a [ylelr—a,r+a] on

1 0
- lim—f r[|Vu|2—2‘—u
a0 2 [ylelr—a,r+a] on

2

ou

1

1 ou
+ lim — f Iyl - r) [|Vu|2 -2 ‘—
=0 2 ylelr—a,r+a] on

The second limit is zero by dominated convergence, since

1
2

And the first limit is exactly

1
lim —
alir(l) 2a

0
f r [IVMIZ _2 ‘—”
[ylelr—a,r+a] an

ou
S X bielr-ar+al) Iyl = 7 [IVMI2 -2 ‘%

2
3
]s§|vu|2.

2 ) 1 r+a
] = r(lllil’(l)% fm f(s)yds =rf(r).

|

2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)



Thus we obtain that for almost all r:

(2 —m) \Vul®> +r f |Vul*> = 2r f
B(0) 0B,(0) 0B,(0)

Now consider that 6 is absolutely continuous wrt r and, using the previous equation, for almost all » we

2

i 2.27)

on

have

a_u2

2 —
00,7 = =600, r) + P f Vul* = 277" f
r 0B,(0) o8,(0) 10

This proves that 8 is monotone in r. Integrating this relation between s and r we obtain the desired result. O

>0. (2.28)

n

Definition 2.5. Since 6 is monotone in r, for all x € B; (0), we can define
0(x) = 6(x,0) = lirré O(x,r). (2.29)
2.5 TO DO: STUDY THE MOLLIFIED ENERGY INSTEAD, WITH ALL THE NECES-
SARY FORMULAS

2.6 c-regularity theorem and strong convergence

Here we simply quote two results about regularity without proof. These results are deep and it would require
too long to study them.

Theorem 2.6. Let u be a minimizing (or stationary) harmonic map. There exists ey(n, N) > 0 such that

0(x,2r)<e — ueC”BB,(x). (2.30)
Moreover, we have for all k:
sup ¥ [VAu()| < Ceb(x, )2 (2.31)
YEB,(x)

This immediately tell us two things: first of all, 8(x) = 0 or 8(x) > €. There’s a “gap” here. Indeed, if
6(x) < €, then there exists r = r(x) > 0 such that 6(x,2r) < €. Thus ||[Vul|i~p,(v)) < Cr;l. But then for
s<r

0(x, s) = s> f IVul? < Cs*r;? =40 0. (2.32)
B,(x)
We also have a characterization of the singular set of u. Indeed
S(u) = {x € B; (0) s.t. u isnotcontinuous at x} = {x s.t. 6(x,r) > €} . (2.33)

This gives us a first crude estimate on the singular set.



Theorem 2.7. Let u be a minimizing harmonic map (actually stationary is enough). Let A = 6(0,2). Then

we have

Vol {B, (8(u)) N By (0)} < C(m)i\—or2 . (2.34)
Moreover,

lim 7~ Vol (B, (8(u)) N B1 (0)} = 0. (2.35)

As a corollary, H""2(S(u) N By (0)) = 0.

Remark 2.2. Note that (2.34) depends only on A. While the second limit, although it is always zero for every
function, “depends” on the function u. In the sense that in general we might have that given a sequence of
maps u; with bounded energy:

lim sup =2 Vol {B, (S(u;)) N B; (0)} > 0. (2.36)

r—0

This is not the case for minimizing harmonic maps, but it is the case for stationary harmonic maps. For the
experts, the first limit is valid also for defect measures, the second limit is not valid for defect measures.

Proof. Fix any r > 0. Consider the trivial covering of B, (8(u)) N By (0) given by
B.Sw)nB < ) B®, (2.37)
x€8(u)NB;(0)

Let {Bs, (x;)};c; be a Vitali-subcovering (see Vitali covering lemma on Wikipedia) of this open cover, where
{xi};c; 1s a finite subset of S(u) N By (0). Then

B, (8(w) N By (0) ¢ [ Bs, (x) (2.38)
i€l

Since B, (x;) are disjoint, we have

A> f Vul? > f Vul? = Z
B>(0) Ujer By (xi)

iel

f IVul? > #{I} eor’" 2. (2.39)
Br(-xi)

Here # {1} is just the cardinality (number of elements) of /. Thus we obtain

Vol (B, (8(w)) N By (0)) < C(m)#{I} r™ < C(m)eﬁrz. (2.40)
0
Moreover, we also have
"2 Vol (B, (8(u)) N By (0)) < C(m)# {1} r"* < C(m)g; " f Vul* . (2.41)
Ujer Br(x;)

Now consider the set X(r) = Uj; B, (x;). We have seen that the volume of this set converges to 0 as r — O.
Thus (since Vu € L?) we can apply dominated convergence theorem and obtain
lim [ |Vuf =0. (2.42)
r—0 X(r)
Note that here (dominated convergence theorem) is where we loose the “uniformity” wrt the A, and we
“gain” the dependence on the function u. This concludes the proof. O


https://en.wikipedia.org/wiki/Vitali_covering_lemma

2.7 Strong convergence

Given a sequence of maps (any maps) u; € W2 with |Ju;| 12 +IVuill;2 < C (i.e., bounded norm and bounded

energy), it is well-known that there exists a subsequence u;, such that u;, converges to some u strongly in L?

and weakly in W2,

If we add the requirement that u; are minimizing harmonic maps, the limit is also strong in W' and u is

a minimizing harmonic map.
2.8 Example
Consider the map
u(x) = x/ x| .

This map goes from By (0) € R” to S"~! C R”. Its gradient is

1 x;xk n—1
Vil = — (5’.‘ - —) . |Vuf* =
S PR R Ix?

its Laplacian is

Lk 5.2 2k _
Auk:—ixi(dlf—ﬂ)+ﬁ(—ﬂ—x’—6’k +2le x)=0+1 nxk.
X|

R W P > |x* |1
Note that
2 x 2
Ak = = |Vu Tl IVul? u(x).
X

Since the second fundamental form over a sphere is
A(P)X,Y) =X, Y)p,

this is consistent with (2.5).
Moreover, u is a homogeneous map, and its normalized energy is

n—1
f [Vul?> = A
B(0) n—2

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

The energy is infinite for n = 1,2, and so this map is not harmonic for n < 2. But it is harmonic for n > 3

and its normalized energy 6 is constant. This is consistent with the monotonicity properties of 6.

The proof that this map is minimizing can be found in [Lin87, CG89].

2.9 Model maps

Here we define homogeneous and k-symmetric minimizing maps and study their basic properties.

Definition 2.8. A minimizing harmonic map u is said to be homogeneous wrt x if equivalently



e for almost all y € §”~! and almost all > 0:

u(x +ry) = u(y) (2.49)

e for almost all y € R™

(Vuly,y—x)=0. (2.50)

Definition 2.9. We say that a minimizing harmonic map u is k-symmetric if ALL of the following holds
1. u is homogeneous wrt the origin

2. there exists a k-dimensional invariant subspace, meaning that for some linear V of dimension k we
have

VxeR™, VyeV, ulx+y)=u(x). (2.51)

Note that we can state the second condition as
YxeR", Vyulx)=0. (2.52)
These properties interact with each other. Indeed, we have
Lemma 2.10. Let U be the set of homogeneous points of u, i.e.
U={xeR" s.t. uishomogeneous wrt x} . (2.53)

If0 € U and U spans a k-dimensional subspace V, then u is k-symmetric wrt V. As a consequence U =V.

Proof. The proof is very geometrical. Let v be any vector in V. Then by definition there exists k points {x;}
of U with x; # 0 such that

=Y a. (2.54)

For all x € R", we have
1. (Vu(x), x) = 0 because u is homogeneous wrt 0
2. (Vu(x), x — x;) = 0 because u is homogeneous wrt x;.

Then for almost all x € R™:

(Vu, vy = Z <Vu(x), Z aixi> = Z <Vu(x), Z ai(x; — x)> =0. (2.55)

i -

This concludes the proof. O

10



Note that u(x) = x/|x| is obviously homogeneous wrt the origin. Note also that if « is continuous and
homogeneous, it must be constant. From the fact that H™2(8(u)) = 0, we also know that

Lemma 2.11. Let u be a minimizing harmonic map which is also m — 2-symmetric. Then u is constant, and

thus it has no singular points.

NOTE: TO BE ADDED: 6(x) is upper-semicontinuous, and thus S(u) is a closed set.
MOREOVER: ADD (AND PROVE) UNIQUE CONTINUATION FOR STATIONARY MAPS, assuming
unique continuation for elliptic systems in R".

11



3 Quantitative stratification by Cheeger and Naber

In this lecture, we cover the quantitative stratification technique introduced by Cheeger and Naber in [CN13].
In particular, our objective today is to prove the following theorem.

Theorem 3.1. Let u be a minimizing harmonic map on B, (0) C R™ with 6(0,2) < A. Then for alln > 0
Vol {B, (S(u)) N By (0)} < C(m, A, N, p)r* ™. (3.1)

Remark 3.1. Note that this theorem is “just an 1” away from the final objective of the course. However,
this 7 is really a big deal. Roughly speaking, it is the difference between fractal behaviour and non-fractal
behaviour.

We start by showing that the properties of model maps are stable under suitable perturbation.
Remark 3.2. Throughout this section, we will always assume that u satisfies the hypotheses of Theorem 3.1.
The first property that we notice is that, with a simple compactness argument, we can make the statement

in Lemma 2.11 effective in the following sense.

Lemma 3.2. There exists an e(m, N, A) > 0 such that if for some constant ¢ we have

llee = cllz2(s,00y) < € (3.2)
then u € C* (B (0)).

Proof. The proof is just based on a compactness argument. Assume by contradiction that this is false, and
consider a sequence ; of minimizing harmonic maps with ||u; — ¢ill;2(,0)) < i~!. Since N is compact, up to
passing to a subsequence we have ¢; — ¢, and thus (again up to passing to a subsequence) |[u; — c|l;2(5,()) <
2i L.

Since ||Vuill 25,00y < A, and by the strong convergence result for minimizing harmonic maps, we have
that (up to a subsequence) u; converges strongly to some u in W2, By uniqueness of the limit, u = ¢ and so

lim IVu;> = 0. (3.3)
1—00 Bz(o)
Now the statement is a corollary of the e-regularity theorem. O

In order to make this statement even more effective, we introduce the following quantity.

Definition 3.3. The regularity scale r,(x) is defined as
ry(x) =sup{s =20 s.t. Vye B;(x) s|Vu(y)| <1}. 3.4
By the regularity theory, we know that
S(u) ={x s.t. ry,(x)=0}. 3.5

Note that this regularity scale is a scale-invariant quantity in the sense of Remark 2.1. We can rephrase
the e-regularity theorem in the following way.

12



Theorem 3.4. There exist an eg(m, N) such that if 6(x,2r) < €, then r,(x) > r.

Using the same proof as above, we can turn the previous lemma into the following more effective and
scale-invariant version.

Lemma 3.5. There exists an e(m, N, A) > 0 such that if for some constant ¢ we have

JE u—cf <e, (3.6)
B»,(0)

then ry(x) > r.
Note that, in light of Lemma 2.11, we can rephrase this lemma in the following way.

Lemma 3.6. There exists an e(m, N, A) > 0 such that if for some m — 2-symmetric map h we have

f lu—hP<e, (3.7)
By (x)

then ry(x) > r. In particular, S(u) N B, (x) = 0.

3.1 Unique continuation for minimizing harmonic maps
Here we recall another important property of harmonic maps: unique continuation.

Theorem 3.7. Letu: Qy CR"™ - Nandw : Qy CR™ — N be two minimizing harmonic maps, where €
and Q) are open connected domains. If there exists an open set B such that

ulp = wlg, (3.8)
then u = w on Q; N Qy. In particular, both maps can be extended to Q1 U €.
Proof. With the basic estimates on the singular set given in Theorem 2.7, we know that S(u) is a non-
disconnecting set. Thus, this theorem is a corollary of unique continuation for elliptic equations in R™. O
3.2 Almost homogeneity and symmetry

Now the question is: under which circumstances do we have that a generic map u is close to one of our
models, and in particular to one of our m — 2-symmetric models? The answer is given by the monotonicity
formula.

First of all, a characterization of the models.
Lemma 3.8. u is homogeneous wrt x if and only if 0(x, r) is constant in r.

Proof. This is a corollary of the formula (2.13). Indeed, if u is homogeneous wrt x, then by definition we
have that for almost y € B, (0):

(Vu,y—x)=0. 3.9

13



Thus, we obtain that for all s < r < d(x, 0B (0)):
O(x,r)—6(x,5)=0. (3.10)
The converse direction follows from the same reasoning. O

By the unique continuation theorem, we can obtain a less stringent characterization of these maps. Indeed,
we don’t need to ask that 6(x, r) is constant for all r, but just that it is constant for an interval with nonempty
interior.

Lemma 3.9. u is homogeneous wrt x if and only if there exists some 0 < s < r such that 0(x,r) —6(x, s) = 0.

Proof. O

3.3 Dimension 3

In order to fix some ideas, we consider the 3-dimensional case before moving to the general case. Here, we
already know that H"2(8(u)) = 0, but we would like to say some more on the singular set.

Lemma 3.10. Let m = 3. Then there exists an €(m, N, A) > 0 such that if 6(0,3/2) — 6(0,1/4) < €, then
S8(u) N By (0)\ Byy2(0) = 0.

Proof. This is another contradiction argument. First, suppose that € = 0. In this case, we know that u is
0-symmetric and thus it cannot have any singular points away from the origin, otherwise this singular point
would propagate in m — 2 = 1 dimension, and we know that this is not possible.

Now assume by contradiction that there is a sequence u; with 6,,(0,2) < A, 6,,(0,3/2) - 6,,(0,1/4) < i1
and with some x; € By (0) \ By/2 (0) which is a singular point. Thus, 8,,(x;) > €.

By compactness, we can pass to a subsequence and obtain that

1. uj — uin W2, where u is a minimizing harmonic map with 8(0, 1) — 6(0,1/2) = 0, thus u is O-
symmetric,

2. X, > X € B (O)\Bl/z (0)

We show that x € S8(u), and this is a contradiction.
Since u; — u in W2, for all fixed r > 0 we have

0,(x,r) =1im6,,(x,r). (3.11)

We claim that this limit is > €)/2, and this proves that x € S(u).
Since x; € 8(u;), then 6,,(x;) > €. Take i sufficiently large in order to have |x; — x| < r/100. Then

f IVul? = lim f |Vu;* > lim inf f \Vu? > &60. (3.12)
B(x) ! B(x) ! Bgg,/100(x;) 100
Thus
99
Ou(x,r) > — 3.13
(x,7) 2 7550 (3.13)
as claimed. This finishes the proof. O

14



Thus, with a simple compactness argument, we have shown the following.
Corollary 3.11. Let u be a minimizing harmonic map in R3. Then its singular points are isolated.

Proof. Let x be a singular point for u, and let r, > 0 such that 6(x, 2r,) — 8(x, 0) < €, where € is the constant
in the previous lemma. Then the previous lemma applied to all the annuli

Bs(x)\ Bgjp (x) =0 (3.14)

for all 0 < s < r, tells us that in all of these annuli there is no singular point, and thus 8(«) N B, (x) = {x},
as desired. O

ADD IN THE NOTES: EFFECTIVE ARGUMENT IN THIS CASE, i.e.

Theorem 3.12. Let u be a minimizing harmonic map in B, (0) C R3. Then
#{S(u) N B1(0)} < C(m,N,N). (3.15)

See [NVV, ].

3.4 General dimension and rigid cone-splitting

For general dimensions, even model maps can have non-isolated singularities, and this makes bounding the
singular set much more complicated. First of all, we want to obtain a suitable generalization of Lemma 3.10.
A “complicated” way to restate Lemma 2.11 is the following.

Lemma 3.13. Let u be a minimizing harmonic map. If there exists points {xi}ﬁz)z that span an m — 2

dimensional affine subspace L C R™ such that for all i and some r > 0
0(x;,3r/2) — 0(x;,r/4) =0, (3.16)
then u is constant.

Proof. We are just saying that the points wrt which u is homogeneous span an m — 2 dimensional space,
which in turn implies that u is m — 2-symmetric, and thus constant. O

Now we want to prove a rigid version of this statement via a compactness argument. In order to do that,
we need an effective notion of linear independence, which is stable under limits.

Definition 3.14. We say that a set of points {x,-}i.‘:0 is in 7-general position (or 7-linear independent) if

{x,-}:.’;)2 C B»(0), and moreover for every i = 1,--- , k we have
a'(xi,xo+span{x1 — X0, " ,Xi-1 — X0}) = T. (3.17)

As a corollary, we obtain that

15



Corollary 3.15. Let {x;} be points in T-general position, then for all p € V = xy + span {x; — xo} there exists

a unique set of numbers «;(p) such that

p=x0+ ) @i(xi—x0), lail < etk )lp - xol. (3.18)

Proof. This proof can be obtained as a simple application of Gram-Schmidt orthonormalization procedure.
O

Remark 3.3. One can see with simple examples that the notion of being 7-linear independent is not invariant
under permutations of {x;}. However, using the previous lemma, one can show that if {xi}f;o are 7-linearly
independent, then for all permutations o of k-indexes, {x(,(i)}fzo are still c(k, 7)-linearly independent.

Proof. O

It is easy to see that if {x,-, j}i— o are linearly independent for all j, it is not the case that x; = lim;_,, x;; are

still linearly independent. However, the notion of being 7-linearly independent passes to the limit.

Lemma 3.16. The notion of t-linear independence passes to the limit.

Proof. O
Now we state the main lemma of this section.

Lemma 3.17. For all T > 0, there exists an € = €(m, N, A, ) such that if there exists points {xi};’;)z that are
in T-general position and for all i:

0(x;,3r/2) — 0(x;,r/4) < €, (3.19)
then
0(0,1) < e and thus r,(0) > 1/2. (3.20)

Proof. The proof is based on a simple compactness argument as before, HERE I'T’S JUST SKETCHED.
Take a contradicting sequence u; with points {xl- j}. In the limit, we get a map u with points x; still in
7-general position such that for all i

O(x;,3r/2) — O(x;,r/4) = 0. (3.21)
By the previous lemma, u is constant, and the e-regularity theorem concludes the proof. O
We can restate the previous lemma in the following way.
Lemma 3.18. For all p > O there exists a € = €(m, N, A, p) > 0 such that
A={ynNB,(x) s.t. 6(y,3r/2)—0(y,r/4) < € C B, (V) , (3.22)

where V depends on u (and on the ball we are considering) and it is an affine m — 3-dimensional subspace

of R™.

Proof. Corollary of the previous one. O
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3.5 Two easy covering lemmas

Before we proceed with the final proof, we recall two easy covering lemmas. First of all, in R we can
always cover a ball of radius r with c(m)p™" balls of radius pr

Lemma 3.19. Let B, (x) C R™. If p < 1/5, there exists a covering of this ball by c(m)p™" balls of radius pr

centered on B, (x).

Proof. Standard covering. m]

Second, if we want to cover a set S C B, (x) such that § C B, (V), where V is a k-dimensional space,

then we can do it with c(m)p‘k balls instead of c(m)p~™" as in the previous covering.

Lemma 3.20. Let S C B, (x) € R™ be a set such that S C B, (V), where V is an affine k-dimensional
subspace. If p < 1/5, there exists a covering of this ball by co(m)p™* balls of radius pr centered on B, (x).

Proof. We can assume wlog that x =0 and r = 1.
First of all, we cover B,, (V) by c(k)p~* balls of radius 5p. Indeed, consider the open covering

B,vc | BW. (3.23)
x€VNB1(0)
Take a Vitali subcovering of this covering, so that
B, (V)< | JBs, (xi) , (3.24)
x;el
where B, (x;) are pairwise disjoint. Thus, we get that
D" 3 (Bs, (x0) = clhp" (1) (3.25)
i€l
Moreover, Ui/ B, (x;)) NV C B> (0) NV, thus
D3 (Bs, (x) < HB(O) N V) < (k). (3.26)
i€l

Now apply the previous lemma to each of the balls Bs,, (x;) in order to obtain a covering of these balls by

Bs, (xi) € U B, (yj) , (3.27)
JeJi

with #(J;) < ¢(m). Then we obtain that

sc | B(y) (3.28)
JEUJ;
where

Z #(J)) < c(m)#l < c(m). (3.29)
o
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3.6 First attempt to prove the theorem

Here we describe a proof of the Theorem 3.1 with a “cheat”. Basically, we will assume that for all x € § and
forall r <1,

0(x,3r/2) — O(x, r/4) < €. (3.30)

Of course, this is a big cheat, and we will need to fix this later. However, this may be helpful in separating
the two parts of the argument for the proof of the main theorem.
The proof with a cheat is basically a corollary of the following covering lemma.

Lemma 3.21. For all 6 > 0, there exists a parameter p(6,m) > 0 such that the following is true. Let
8 C B (0) be a set such that for all x € By (0) and all 0 < r < 1 there exits a k-dimensional affine space
V =V(x,r) c R" such that

8N B, (x) C Byys (V) . (3.31)
Then
Vol (B, (8)) < C(m)r" %+ . (3.32)

Proof. The proof is easy, it is carried out with an inductive covering.
We will prove that for all s € IN, there exists a covering of & made by balls of radius p* such that the
number of these balls is bounded by

(cmp)" . (3.33)
With this, we would have
Vol (B, (8)) < c(m) (cmp™)" (p*)" . (334)
If we pick p = p(m, 6) such that
cmyp’® <1, (3.35)

we obtain the thesis.

In order to prove the claim, we prove inductively that there exists a family of balls C(s) of radius p® such
that they cover the set 8 and whose number is bounded by (3.33) as claimed.

Let €(0) = {B; (0)}. We procede by induction. If we have C(s), pick any ball inside this family, and apply
the covering lemma 3.20 to this ball.

The family C(s + 1) will simply be the union of all these covering for each of the balls in C(s). This
concludes the proof.
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3.7 A less easy covering lemma

Now we are ready for the proof of the main estimate in this section without any cheat. As already stated,
this result is in [CN13].

First of all, we reduce the main theorem to a covering lemma. Recall that the theorem we want to prove
is:

Theorem 3.22. Let u be a minimizing harmonic map on By (0) € R™ with 6(0,2) < A. Then for alln > 0
Vol {B, (8(u)) N B; (0)} < C(m, A, N, p)r>~". (3.36)

For convenience, from now on we set § = 8(u) N By (0).
Basically we will fix a scale p and partition the set S(u) into subsets according to wether x is “good” at
scale pj or not. In particular, we say that x € §; C By (0) if

0(x,207) — 6(x,p’ ]4) < €, (3.37)

where € = e(m, N, A, p) > 0 is the parameter of Lemma 3.18.
For each x, let T'(x) be an infinite dimensional vector of zeros and ones build in this way:

if xe€§G;, TWI[j1=0, otherwise T(x)[j]=1. (3.38)

We also denote by Ts(x) the s-dimensional vector obtained with the first s-components of 7'(x).
A first observation is the following.

Lemma 3.23. For all x € B; (0),

IT(x)| = Z T[] < cmAJe < . (3.39)
=0

Proof. The proof is a straighforward application of the monotonicity of 6. Indeed we have

c(mA > 6(x, 1) — 6(x, 0) > Z 0(x,2p") — 0(x, p’ /4) > €T (x)| . (3.40)
j=0

O

Definition 3.24. For each finite s, we denote by F(T) the set of x € S such that T(x) = T. In other words,
it is the subset of & such that

x€G; Vj st Tg[jl=0 and x¢§G; Vj s.t. Tg[jl=1. (3.41)
The objective now is to build inductively for all s € IN a covering of 8 such that
S cur,C(Ty), (3.42)

where C(Ts) is a union of a controlled number of balls, and the number of “nontrivial” s-tuples 7T’ is con-
trolled as well.
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Proposition 3.25. For all p > 0, we can build a covering of § with
S cur,C(Ty), (3.43)
where
1. if|Ts| = K, then C(T) = 0, where K = K(m, N, A, p)
2. F(Ty) is covered by C(Ty), so if F(Ty) = 0, also C(T'y) will be an empty covering
3. each C(Ty) is a union of at most
(ctmyp™™ (cotm)p™ 3y K (3.44)
balls of radius p**'.
Before proving this proposition, we use it to prove our main theorem.
Proof of Theorem 3.1. Now we choose the parameter p as

p(m,n) = co(m)™>/". (3.45)

Note that as long as 7 > 0, then 0 < p << 1.

It is sufficient to prove the theorem for r = p* and s € IN arbitrary. With a simple reasoning, the result
will extend to all r, up to losing another constant depending on (1, 17).

Fix some s € IN. Recall that for any set A, if we know that

AC U B, (x}) , (3.46)
SES
then
Vol (B, (A)) < c(m)#(S)r™. (3.47)

Thus, we just need to check how many balls we have in our covering to obtain the final estimate.
Given condition (1), we know that 75 is “meaningful” (in the sense that F(7T5) # 0) only if |T| < K.

Thus, we can have at most
s Ky S s
(O)+(l)+(2)+m+(mins,K) (3.48)

of these s-tuples. We can give a rough bound to this and say that

s s s s %
()6

Note that, since K = K(m, N, A, p) and since we have fixed p according to (3.45), we can bound extremely
roughly this quantity by

Ks¥ < c(m,N,A,n) (0°)"* . (3.50)
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Thus, by (3.44), we have that 8 is covered by a number of balls of radius p* which is controlled by

-n/2

cm, N A (%) 2 ()2 (o3 oty (3.51)

This concludes the proof. O
Now we turn to the proof of Proposition 3.25.

Proof of Proposition 3.25. We prove this proposition by induction. At the very first step, our covering of 8
is just given by By (0).

Now there are two admissible 1-tuples T, which are given by Ty = [0] and Ty = [1]. The family F([1])
is given by the points which have no small pinching at scale 1, while the family F([0]) are the points in 8
that have the small pinching condition on at scale 1.

The family C([1]) is obtained by covering B; (0) in a “stupid” way, so by using the covering of Lemma
3.19. Thus C([1]) is made up of c(m)p~" balls of radius p covering B (0).

The family C([1]) is obtained by covering B; (0) in a “more clever” way. Since we have the pinching
condition for these points, we can apply Lemma 3.18 and in turn Lemma 3.20 to cover all the points in
F([0]) by c(m)p3"” balls of radius p™.

Induction step Assuming that we have build all the families C(7;) up to the index i < s, and that all these
families cover the sets F(T;) respectively, we want to build C(7;) for all the possible choices of T}, .

Fix an s + 1-tuple T.;. As noted before in Lemma 3.23, if |T| > c(m)A/E, then F(T,41) is empty and
there’s nothing to cover. So in this case C(T.1) is empty as well.

Now, if Ty1[s + 1] = 1, this means that F(T's,) is the set of points inside F(T's) that have no pinching
condition at scale s+ 1. Thus take all the balls in C(7), and apply Lemma 3.19 to all of these balls separarely.
We obtain a covering of F(T.) of balls of radius ps”
of balls in C(7T';) multiplied by c(m)p™".

If instead Ts41[s + 1] = 0, this means that F(T4) is the set of points inside F(T) that have a good
pinching condition at scale s + 1. Consider any of the balls in the family C(7’s). The points in F(Ts4) inside

, and the number of these balls is equal to the number

one of these balls satisfy Lemma 3.18, and so we can cover them using Lemma 3.20. We let the union of all
these balls be C(Ts+1). The number of the balls in this family is equal to the number of balls in the family
C(T) multiplied by co(m)p>~"™.
This concludes the induction step.
O

TO DO: EXTEND THE RESULT FOR THE QUANTITATIVE STRATIFICATION, NOT JUST THE
TOP STRATUM.
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4 Classical Reifenberg theorem

In this lecture, we introduce the classical Reifenberg theorem, and prove it. We will prove some technical
lemmas with more generality than needed, in such a way that in the coming lecture we will be able to use
them again for more general versions of the theorem.

4.1 Preliminaries

First of all, we briefly recall some definitions and properties of Hausdorff measure and rectifiability. Since
this subject has been studied extensively, there are many books that can be used to learn this subject in more
details. In particular, we refer the reader to [DL08, Mat95, Fed69].

Definition 4.1. Given a generic set £ C R", we can set

foralls >0, HNE) = % inf {Z diam(E;)* 5. E €| JE; and diam(E;) < 5} . @

iel iel

where E; are generic subsets of R”, and wy is the volume of the unit sphere in Rk,
Taking the limit as § — 0, we obtain the (outer) Hausdorff measure of E. In particular

HKNE) = lim HEE) = sup HEE). 4.2)

Note that ¥ is a measure on Borel sets.

We recall the main properties of F(*:
Proposition 4.2. The following properties hold:

1. for k = n, H" is the Lebesgue measure of R" ,

2. given an embedded k-dimensional Riemannian submanifold M C R", H*_M coincides with the usual

Riemannian measure on M,

3. blow-up properties: given E C R", let E, , be the set
E.p={yeR" st. Jz€eE : y=x+rz}=x+rE. (4.3)
We have that

HME,) = FHME). (4.4)

4. Lipschitz bounds: give a Lipschitz function f : R" — R™ with Lipschitz constant L, for all k and all
(Borel) subsets E C R", we have

H(FE)) < LMHME). (4.5)
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Definition 4.3. Given a Borel set S € R", we say that S is k-rectifiable if there exist a countable collection
of Lipschitz maps f; : R¥ — RR” such that

H* (S v f,-(IR")J =0. (4.6)
i
A measure u is called k-rectifiable if its support S is k-rectifiable and there exists a measurable function 6
such that
u=0-HkS . 4.7)

An important consequence of rectifiability is the existence of tangent cones/measures at almost all points
of S. In particular

Proposition 4.4. Given a measure u, we define the blow-up measure ., as
Hyr(A) = puy + rA), (4.8)
where A is a generic Borel set, and
y+rA={zeR" st. Ix€A : z=y+rz}. 4.9)
If u is k-rectifiable, then for u-almost all x € R”,
F o, =" 0(x) - HELL, (4.10)
where Ly is a k-dimensional plane. For a set S, this means that S has a unique k-dimensional tangent plane

for almost all x.

4.2 Classical Reifenberg statement
Now we are ready to define the notion of “Reifenberg flat set”.

Definition 4.5. The Hausdorff distance between two sets A, B is defined by
dy(A,B) =inf{t >0 st. ACB,(B) and BC B;(A)} . 4.11)

Definition 4.6. Let S C R be a set. Assume that 0 € § C B4 (0). We say that S is (k, 6)-Reifenberg flat
in B; (0), or that § has the (k, §)-Reifenberg approximation property B; (0) if for all y € § N B, (0), and for
each 0 < r < 2 there exists a k-dimensional affine subspace L(y, r) such that

dsc(S N By (), L(y, ) N B, (y)) < or. (4.12)

Remark 4.1. Up to a factor of 10 in front of the §, we can assume wlog that L(y,r) = y + L’(y, r), where L’
is a linear subspace. In other words, we can assume that y € L(y, r).

Example 4.1. If a set S can be written as the graph of a Lipschitz function f, in particular if for some
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1. k-dimensional subspace V;, C R”
2. §-Lipschitz function f : Vy — Vi, and f(0) =0
3. we have

S={x+fx) xeVi}={(x, f(x), xeVi} (4.13)

then it is easy to see that S is c(k)e-Reifenberg flat. Indeed, for all p € S, we have p = (x, f(x)). Consider
the affine plane L(p) = (x, f(x)) + Vi, it is easy to see that

dy(S N B, (p), L(p) N B, (p)) < c(k)dr . (4.14)

Theorem 4.7 (Classical Reifenberg Theorem [Rei60, Sim, Mor66]). For each 0 < a < 1 and € > 0 there
exists 6(m, a, €) > 0 such that the following holds. Assume 0" € S C By C R" is a closed subset, and that it
is (k, 8)-Reifenberg flat. Then there exists ¢ : R — R™ which is a C* bi-Holder homeomorphism onto its

image
1. S N By (0) C p(RY)

2. [@lee, [0 ce < 1+ €

First of all, we show that there is a counterexample for this theorem with @ = 1. In other words, if we
want ¢ to be bi-Lipschitz, condition (4.12) is not enough (unless of course € = 0).

[The notes after here are taken from [NVb]]

4.3 Explanatory example

In order to understand better the idea behind the improvement of the Reifenberg theorem, we use the famous
snow-flake as a test case.

The construction of a snowflake of parameter > 0 is well known (see for
example [Mat95, section 4.13]). Take the unit segment [0, 1] X {0} C R?,
and replace the middle part [1/3,2/3] x {0} with the top part of the isosceles
triangle with base [1/3,2/3] x {0} and of height n - lenght([1/3,2/3] x {0}).

In other words, you are replacing the segment [1/3,2/3] x {0} with the two
J\_m segments joining (1/3,0) to (1/2,n/3), and (1/2,1/3) to (2/3,0). Then
repeat this construction inductively on each of the 4 straight segments in
m% the new set. Here on the left hand side you can see the very classical picture
of the first three steps in the construction of the standard snowflake, with

n= V3/2.
It is clear that the length of the curve at step i is equal to the length at step i — 1 times 2/3 + \/Télnz /3,
so the lenght of the snowflake will be infinity for any > 0. This is a simple application of the Pythagorean
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theorem, and the extra square power on 17 comes from the fact that at each step we are adding some lenght
to the curve, but in a direction perpendicular to it.

However, if we replace the fixed parameter n with a variable parameter 77;, we see immediately that the
lenght of the limit curve will be finite if and only if }; nf < o0,

In particular, this implies that we cannot hope to prove that the snowflake is a C%! image of a segment if
n; is just bounded, or even if n7; — 0.

4.4 Technical Constructions toward New Reifenberg Results
In this section, we prove some technical lemmas needed for dealing with the relation between approximating
spaces. These elementary results will be used in many of the estimates of subsequent sections.

4.5 Hausdorff distance and subspaces

We start by recalling some standard facts about affine subspaces in R" and Hausdorff distance.

Definition 4.8. Given two linear subspaces L,V C R”, we define the Grassmannian distance between these
two as

dg(L,V)=dyg(LN B; (0),VNB;(0) =dy (L N B (0),VNB; (0)) . (4.15)
Note that if dim(L) # dim(V), then dg(L,V) = 1.
For general subsets in R", it is evident that A C Bs (B) does not imply B C B.s (A). However, if A and

B are affine spaces with the same dimension, then it is not difficult to see that this property holds. More
precisely:

Lemma 4.9. Let V, W be two k-dimensional affine subspaces in R", and suppose that V N By,2(0) # 0.
There exists a constant c(k,n) such that if V.0 By (0) € Bs (W), then W N B1 (0) C Bes (V N By (0)). Thus in
particular dg(V N B (0), W N By (0)) < ¢6.

Proof. The proof relies on the fact that V and W have the same dimension. Let xo € V be the point of
minimal distance from the origin. By assumption, we have that ||xg|| < 1/2. Let x,--- ,xx € VN B (0) be
a sequence of points such that

lxi — xoll = 1/2  and for i # j, (x; - x0,x; = x0) = 0. (4.16)

In other words, {x; — xo}i.‘:1 is an affine base for V. Let {yi}{;o C W be such that d(x;,7;) < 6. This in

particular implies that (for ¢ sufficiently small) |[Jio|| < 2/3 and |[;]| < 1 + 6. Thus, there exists {yi}fzo such
that y; € W N By (0) and d(x;,y;) < 36. Then
llyi = yoll = 1/2 — 106 and for i # j, |<y,- — Yo.y; - y0>| < 106 + 1052 4.17)
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This implies that for 6 < dg(n), {y; — yo}f.‘:1 is an affine base for W and for ally e W

ai(yi —yo), lail < ck)lly = yoll . (4.18)

k
y=Yyo+t

i=1

Now let y € W N By (0) be the point of maximum distance from V, and let 7 be the projection onto V and 7+
the projection onto V+, which is the linear subspace orthogonal to V. Then

k

d(y, V) = dy, 7)) = |7 = x0)|| < 7 o = x0)]| + ) leil [ i = yo)|| < ¢/, )5 (4.19)

i=1

Since y € By (0), then n(y) € VN By4s(0), and thus d(y, VNB1(0)) < 2¢’§ = ¢d, which proves the claim. O

Also:

Lemma 4.10. Let V, W be two k-dimensional affine subspaces in R", and suppose that V N By;2 (0) # 0.
There exists a constant c(k,n) (maybe even a fixed constant c) such that if dg(V 0 B; (0), W N B (0)) < 6,
then if V.and W are the linear subspaces associated to V and W, we have

dg(V,W) < c6. (4.20)
Proof. TO BE COMPLETED o

Next we will see that the Grassmannian distance between two subspaces is enough to control the projec-

tions with respect to these planes. In order to do so, we recall a standard estimate.
Lemma 4.11. Let V, W be linear subspaces of a Hilbert space. Then dg(V, W) = dg (V*, W™).

Proof. We will prove that dg (V*+, W) < dg (V, W). By symmetry, this is sufficient.

Take x € V* such that ||x|| = 1, and consider that d(x, W*) = ||mw(x)||. Let z = mw(x) and y = my(z). We
want to show that if dg(V, W) < € < 1, then ||z]] < €. We can limit our study to the space spanned by x,y, z,
and assume wlog that x = (1,0,0), y = (0,b,0) and z = (a, b, c). By orthogonality between z and z — x, we
have

FHb+F+(0-a)l+b*+*=1 = a=d+b+2, 4.21)

and since z € W, we also have ||z — y|| < €||z||, which implies

2
a2+CZSG2(a2+b2+02) = a2+c2£%b2. 4.22)
—€

Since the function f(x) = x?/(1 — x?) is monotone increasing for 0 < x < 1, we can define 0 < a < I in
such a way that

a=a*+b*+c* = b*. (4.23)

1-a?
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Note that necessarily we will have @ < €. Now we have

1 2
—  br=d< ¢ P = b< 0/2(1 —az) = AP =+ +P<a’<é. (4.24)
(1 —a?)? 1-a?

This proves that V+ N By (0) C B¢ (W*). In a similar way, one proves the opposite direction. O

As a corollary, we prove that the Grassmannian distance dg(V, W) is equivalent to the distance given by

Iy — 7wll.
Lemma 4.12. Let V, W be linear subspaces of R". Then for every x € R",
iy (x) = ww (Ol < 2da(V, W) lIxI| . (4.25)

In particular, if x € W=, then ||ry(x)|| < 2dg(V, W) ||x]|.
Conversely, we have

dg(V,W) < sup
xeR"\{0}

{M} . (4.26)

[lxll

Proof. The proof is just a corollary of the previous lemma. Assume wlog that ||x|]| = 1, and let x = y + 2
where y = my(x) and z = 7y (x). Then

llrv(x) = mw Il = lly = 7w () = 7w @I < Mly = 7wl + llz = 7w @l = dO, W) +d(z, W), (4.27)

Since ||y||2 + ||z||2 = ||x||2 = 1, by the previous lemma we get the first estimate.
The reverse estimate is an immediate consequence of the definition. O

4.6 Simple estimate with Reifenberg condition

Here we state and prove a simple estimate related to the uniform Reifenberg condition 4.6.

Lemma 4.13. If 4.6 is valid, then for all x,y € S N Bs;4(0) and 0 < o < p < 1, if B, (y) € B, (x), then
dg(L(x,p), L(y,0)) < c(n)ég , dx,y+ L(y,0))+dy,x+ L(x,p)) < cop. (4.28)

Sketch of proof, TO BE COMPLETED. The proof is a simple application of the triangle inequality and lem-
mas 4.9,4.10. By 4.6, we have

Y+ L(.0) N By (¥) € Bsr (S N By () € Bsr (S 0 By () € Bsrap) (x + L(x,0)) . (4.29)

Translating the ball B, (y) to the origin, and blowing it up to scale 1, we obtain

L(y, ) C Bs14p/o) (X + L(x, 0)) , (4.30)

where ¥ is the result of this transformation (translation+blowup). Thus, we obtain the conclusion from

lemma 4.9 and lemma 4.10. O
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4.7 bi-Lipschitz equivalences

In this subsection, we study a particular class of maps with nice local properties. These maps are a slightly
modified version of the maps which are usually exploited to prove Reifenberg’s theorem, see for example
[Rei60, Tor95, DT12], [Mor66, section 10.5] or [Sim]. The estimates in this section are standard in literature.

We start by defining the functions o. For some 0 < r < 1, let {x;} be an r/10-separated subset of R”, i.e.,

i. d(x;,xj) > r/10.
Let also p; be a points in R” with
ii. p; € Bior (xi)

and let V; be a sequence of k-dimensional linear subspaces.
By standard theory, it is easy to find a locally finite smooth partition of unity 4; : R"” — [0, 1] such that

iii. supp (4;) C B3, (x;) for all i,
iv. forall x € |J; By, (x7), 2,; Ai(x) = 1 and }}; 4;(x") < 1 forall X" e R",
v. sup; [VAille < c(n)/r,
vi. if we set 1 —(x) = 3, A;(x), then ¢ is a nonnegative smooth function with ||Vy/||, < c(n)/r .

Note that by (iii), and since x; is r-separated, there exists a constant c(n) such that for all x, 4;(x) > 0 for at
most ¢(n) different indexes.

For convenience of notation, set my(v) to be the orthogonal projection onto the linear subspace V of the
free vector v, and set

Ty vi(X) = pi + my,(x = pi) . (4.31)

In other words, 7, v, is the affine projection onto the affine subspace p; + V;. Recall that 7y, is a linear map,
and so the gradients of 7y, and of 7, v, at every point are equal to 7ry,.

Definition 4.14. Given {x;, p;, A;} satisfying (i) to (vi), and given a family of linear k-dimensional spaces V;,
we define a smooth function o : R* — R” by

ox)=x+ Z /L‘(x)ﬂvil (pi —x) =y(x)x + Z AiOmp, v, (x) . 4.32)

By local finiteness, it is evident that o is smooth. Moreover, if (x) = 1, then o(x) = x. It is clear
that philosophically o is a form of “smooth interpolation” between the identity and the projections onto
the subspaces V;. It stands to reason that if V; are all close together, then this map o is close to being an
orthogonal projection in the region | J; By, (x;).
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Lemma 4.15. Suppose that there exists a k-dimensional linear subspace V C R" and a point p € R" such
that for all i

dg(Vi,V) <6, d(pi,p+V)<o. (4.33)
Then the map o restricted to the set U = ~1(0) = (3; /l[)_l (1) can be written as
o(x) =mpy(x) +e(x), 4.34)
and e(x) is a smooth function with
llelleo + 1IVelloo < c(m)d/r = c(n, r)o . (4.35)
Remark 4.2. Thus, on U we have that ¢ is the affine projection onto V plus an error which is small in C!.
Proof. On the set U, we can define
e(x) = (x) = Tpy(x) = =7 v(X) + > 4(x) - (7,1, (0))
i

= > - (pi = p = wv(pi = p) + 7 (p) = 7y, (pi) + 7y, (%) = 7y ()) (4.36)

By (4.33) and lemma 4.12, we have the estimates
lpi = p=av(pi =PI <6, |Jav(x = pi) = v, (x = po| < 26 [lx = pill < 2067 (4.37)
This implies
llell Loy < c(r)(1 +13r)6 < c(n)d . (4.38)
As for Ve, we have

Ve = Z VAi(x) - (pi — p — nv(pi — p) + wy(pi) — v, (pi) + 7wy, (x) — wy(x)) + Z A0V (7y,(x) = my(x)) .

(4.39)
The first sum is easily estimated, and since (V(mrw)|, w) = mw(w), we can still apply lemma 4.12 and
conclude:
c(n)
IVellpo vy < Td. (4.40)

O

As we have seen, o is in some sense close to the affine projection to p + V. In the next lemma, which
is similar in spirit to [Sim, squash lemma], we prove that the image through o of a graph over V is again a
graph over V with nice bounds.
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Lemma 4.16 (squash lemma). Fix p < 1 and some B,),(y) € R", let I = {x;} N Bs,/, (y) be an r/10-
separated set and define o as in Definition 4.14. Suppose that there exists a k-dimensional subspace V and
some p € R" such that d(y, p + V) < 6r and for all i:

dipi,p+V)<or and dg(V,V)<é. (4.41)
Suppose also that there exists a C' function g : V — V* such that G C R" is the graph
G={p+x+gx) for xeViNnB,,(y),
and r~V|glle, + [IVglle, < 8. There exists a 5o(n) > 0 sufficiently small such that if § < dop and &' < 1, then
i. Yze€G, ril o) -z < cn)6 + 6’)p_1, and o is a C! diffeomorphism from G to its image,
ii. the set o(G) is contained in a C' graph {p + x + g(x), x € V} with

r 12l + V8l < c(n)( + )" (4.42)

iii. moreover, if U’ is such that B, 5,1 (U") C w~1(0), then the previous bound is independent of &', in

the sense that
F 8l oy + VBl Loy < cm)dp™" (4.43)
For example, if 8 < 8o(n)p~", we can take U’ = | J; By 5, (x;).

iv. the map o is a bi-Lipschitz equivalence between G and o(G) with bi-Lipschitz
constant < 1 + c(n)(6 + §")?p~2.

Proof. For convenience, we fix r = 1 and p = 0. By notation, given any map f : R" — R"™, p € R" and
w € T,(R") = R", we will denote by V|, f[w] the gradient of f evaluated at p and applied to the vector w.
Recall that

T(x+g(0) = YR + 8N + ) 4@ (T (r+ (), 1=y =D Ax), (444

x;€l x;el

where we have set for convenience z = z(x) = x + g(x). Define h(x) by

(1= g@)x+ h(x) = 3" 2i62) (v, (x + g(x) - (4.45)

Set also h’(x) = my(h(x)) and h*(x) = my, (h(x)). By projecting the function o-(x + g(x)) onto V and its
orthogonal complement we obtain

o(x+gx) = ol (x) + ot (%),
ol =x+h"' %), o) =v@gx) +h(x). (4.46)
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We claim that if 6’ < 1, then
T T co
|A" o] + [[VAT (x)|| < > (4.47)
where this bound is independent of ' as long as ¢’ < 1. Indeed, for all x € V we have

h' (x) = 7y [Z A4(2) (7, v, (x + () — x)l = D Ay [(mp v () — v) + my(e()|  (448)

Given (4.41) and lemma 4.12, with computations similar to (4.37), we get “hT(x)” < co(l + p‘l) < cép‘l.
As for the gradient, we get for any vector w € V

VAT | w] = my [Z VAL [+ VelwT] (v, (xr + 800) = X) + 3" A(2) (v, (w + Velwh) = w) |, (4.49)

In particular, we obtain

VAT Lewl]] < DT IVACE+ 18I il [, v, e + gCe) = x| + >~ 4iG2) ([frv, o) = w] + v, (T lwD]) -

(4.50)
For the first term, we can estimate
IVl < e, Vgl <& <1, [+ g00) = x| < lpv0 = x| + [lrv ]| . @51
Since x € V with ||x]| < p~!, and g(x) € V*, by (4.41) and lemma 4.12 we obtain
|70, v (x + g(x)) = x|| < edp™" . 4.52)
As for the second term, we have
v, ) = w| < cslwll . |y, (VgIwD)|| < c86” IIwll < cd lIwll - (4.53)

Summing all the contributions, we obtain (4.47) as wanted.

Thus we can apply the inverse function theorem on the function o/ (x) : V — V and obtain a C! inverse
O such that forall x € V, ||Q(x) — x|| +||[VQ - id|| < c(n)ép‘1 ,and if Y(x + g(x)) = 1, then Q(x) = x. So we
can write that for all x € V

o(x+g(x) =o' (x) + & (x)) where (x) = 0 (Q(x)) = I (Q) + ¥ (2(O()) g(O(x) . (4.54)

Arguing as above, we see that 4+ (x) is a C' function with
n n co
|a || + [|[Vat (|| < o (4.55)
and this bound is independent of ¢’ (as long as ¢" < 1).
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Thus the function g : V — V* satisfies for all x in its domain
12Ol + IVZ)I| < c(n)(@ +6)p ™", (4.56)

Moreover, for those x such that ¢/(Q(x) + g(Q(x))) = 0, the estimates on g are independent of §’, in the sense
that ||3(x)|| + [VZ(x)|| < c(n)6p~" . Note that by the previous bounds we have

10(x) + g(Q(x)) — xl| < c(6+ 6")p ™", (4.57)

and s0 if B(5.)p-1 (U") c ¢~1(0), then for all x € U’ NV, Yy(Q(x) + g(Q(x))) = 0. This proves items (ii),
(iii). As for item (i), it is an easy consequence of the estimates in (4.47), (4.55).

Now since both G and o(G) are Lipschitz graphs over V, it is clear that the bi-Lipschitz map induced by
ny would have the right bi-Lipschitz estimate. Since o is close to my, it stands to reason that this property
remains true. In order to check the estimates, we need to be a bit careful about the horizontal displacement
of 0.

bi-Lipschitz estimates In order to prove the estimate in (iv), we show that for all z = x + g(x) € G and for
all unit vectors w € T,(G) C R", we have

IVl Wl = 1| < (6 + 8")*. (4.58)

First of all, note that if /(z) = 1, then o is the identity, and there’s nothing to prove.
In general, we have that

Vo, lw] = (w(z)w + ) A, [w]] + (sz[w] + D T @AW | (4.59)

=A =B

Since Y¥(z) + ); 4i(z) = 1 everywhere by definition, we have

1Bl = HZ(npi,vi(z) — V]| < esup {||myv ) — 2]} < e + ). (4.60)

This last estimate comes from the fact that G is the graph of g over V with ||g||, < ¢’. Moreover, we can
easily improve the estimate for B in the horizontal direction using lemma 4.12. Indeed, since 7, y(z) — z =

Ty (z — pi), we have

< CSIll_p {”ﬂv (ﬂ-pi,V;(Z) —Z)H} (4.61)

|y B|| = HZ Y (ﬂp;,Vi(Z) — z) Vailw]

<c s1l}p {”nv ("vil (x+g(x) - Ty (pi))”} < (62 +66).
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As for A, by adapting the proof of lemma 4.15, we get ||A — y[w]]| < ¢ (d + ¢’). Moreover, also in this case
we get better estimates for A in the horizontal direction. Indeed, we have

llzy(A) — my[wlll = ‘ Y(@my[w] + Z (Ai@rylmy,wl]) — mvwl| = HZ Ai(@) (y [y, [w] = v [wl])

(4.62)

Now let w = my[w] + wy+[w] = wy + wyr. Then we have

ey (A) - wywlll < Z Ai@) ([ lzy, Iwy] = wyl|| + |y Ly, Twy11])) (4.63)
= > 4@ (vt twe |+ vty vy 1] )

Since G is the Lipschitz graph of g over V with ||Vg|| < ¢¢’, then ||ry[w]|| < ¢d’. Then, by lemma 4.12, we
have

ey (A) = mvIwlll < ¢ ) 4(2) (87 +667) - (4.64)

Summing up, since ||y [w]|| < [[w]| = 1, we obtain that

(VeI = 1] = [lxy: Vol wll* + ey Vol .[w] = av[w]) + mywll* = 1 (4.65)
<6+ 8+ |lywlll* = 1] = (6 + &) + llmye [WllI* < c(6 + &) (4.66)

This proves that o is locally a bi-Lipschitz equivalence. However, since both G and G’ are Lipschitz
graphs over a k-dimensional space, this also prove that o is a global bi-Lipschitz equivalence on B, (0).
EXPAND THIS LAST COMMENT.

We make also the following trivial observation.

Lemma 4.17. There exists a 6o(n) > 0 such that if G N By (0) is a graph over a subspace x + L of a function
f with

lfI+IVfl <06 <o, (4.67)

and if d(y,x + L) < 6 < 6g and dg(L,V) < 6, then G N By (0) is also a graph over the subspace y + V of the
function f with

|+ |VA] < cms. (4.68)

Proof. SAME TECHNIQUE AS IN THE SQUASH LEMMA, TO BE DONE m|
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4.8 Proof of the classical Reifenberg result

Here we prove the classical Reifenberg result. In order to do that, we will proceed by induction and prove
that for all i there exists smooth maps o; and smooth manifolds 7; that approximate the set S at scale
r; = 1007, We will always assume that 0 < 8(n) < 1077 << 10071, Actually, as n — oo, this construction
will yield a 6(n) — 0.

Inductive construction In particular, we will show that for all 1; = 1007, we have a smooth manifold T;
and a map o; such that for all i
1. dy(S N By (0),T; N By (0)) < cor; where ¢ = c(n)

2. forall x € S, T; N Bjoy, (x) is a graph over x + L(x, 1;) of a smooth function f with

A+ IV < o, (4.69)

3. wedefine T; = o;(T;—1) fori=1,--- ,00

4. forall x € T;_q, |oi(x) — x| < cby;

5. forallxe T;_yand allv € T, T;_y, [|[Voi(x)[V]| = V| < ¢d |v]

6. o;: T;-; — T;islocally a bi-Lipschitz equivalence with constant < 1 + co?.

7. o; : Ti-1 — T; is a global bi-Lipschitz equivalence with constant < 1 + ¢d, in the sense that for all
x,y € Ti—1, we have

(I =cd)|x =yl <loi(x) o < (A + o) lx =yl . (4.70)

After all this is proved, we will also show that the maps
¢i=0','_10---00'1=T0—>Ti (471)

have uniform C%® bounds and they are injective with uniform C%® bounds for ¢~! as well.

First step Fori =0, weset Tp = 0 + L(0, 1) and o9 = id. These clearly satisfy all the properties we want.
The only property worth considering is property (2). Obviously, the plane L(0,1) = 0 + L(0, 1) is a graph
over 0 + L(0,1). Now for all x € B; (0) N S, we have by Lemma 4.13 and 4.17 that L(0, 1) is also a graph
over x + L(x, 1) with estimates as in (4.69). (ADD MORE DETAILS).

Inductive step THERE ARE SOME PARTS HERE JUST SKETCHED, BUT THE IDEAS ARE ALL

HERE.
Assuming that everything holds for i, we build the map o; : R" — R” and use it to define T;; = oi(T}).
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First of all, let {Br,-+1/3 (xl-+1,j)}
family is maximal, we have that

el be a maximal family of pairwise disjoint balls in S N By (0). Since the
i+1

SN B1(©0) | Bayys (xiv1) - 4.72)

j€1i+l
As a consequence, by item (1) we have

T;0 B0 | ) By (wie1) - (4.73)

J€liv1

Now we build o as in section 4.7. In particular, let {/l > :,l/} be a partition of unity for R" such that
1

Jeliv

1. /lj > 0 and supp (/lj) C By, (xi+1,j) forall j € I;41,
2. forall x € J; By, (xm,j), %;4j(x)=1and Yidi(x’)y < 1forall x' € R",

3. sup]-”V/l.,-”00 < c(n)r;!

i+1°

4. if we set 1 —y(x) = X 4(x), then ¢ is a nonnegative smooth function with |[Vy/||,, < c(n)r;}l .

Set for convenience L.y, = L(xj+1,j,ti+1), and define

o) = x+ Y A (¥ = X) = x4 ) AL, () (4.74)
J€liv1 ’ JEliv1
First of all, note that the Reifenberg condition and Lemma 4.13 tells us that if x,y € S N B;(0) and y €
BSOri (x), then

d(y, L(x,70v;)) < cor;, dc(L(x,70v;), L(y, vi41)) < ¢6. (4.75)
By the triangle inequality, we also obtain
d(y, L(x,v;)) < covi,  dg(L(x,v;), L(y,vis1)) < ¢6,  do(L(x,v;), L(y,v;)) < c6. (4.76)

Now all of our properties will be corollaries of the squash lemma.
Inside B, (0) First we restrict ourselves to studying 7; and T}, inside Bj (0).

Observe that by item (1), and by the triangle inequality, we have that 7; N By (0) € UU; By, (x,-+1,j). In
other words, we are saying that ¢ = 0 over the whole set 7; N By (0).

Now we focus on proving items (2) through (6). Take x € §, by induction 7; N By, (x) is a graph over
L(x, ;) with bounds as in (4.69).

Now consider the ball By,,,, (x) € Bjo (r;) x. Note that 07,1 on this ball is determined only by the points
Xi+1,j € B3oy,, (x), and by their relative planes L;; 1 ; (and the partition of unity ;).

To be more precise, the map o4 restricted to this ball can be viewed as

i) = x4 YA (%= X) =YX D Ayl () 4.77)

Jel©) JeJy)
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where J(y) is the set of j € ;11 such that |x,-+1,j - y| < 30r;;1. Indeed, if this is not the case, then A4;(y) is
identically zero on the ball considered. Moreover, ¥(x) = O for all x € T; N By (0), as already pointed out.

By the estimates in (4.76), we can apply the squash lemma to the ball By, (x), and (since we are
restricting ourselves to 7; N By (0) where ¢ = 0) we obtain that 7;,; is a graph over L(x,1;;1) with the
estimates in (4.69).

Note that the squash lemma guarantees that the estimates obtained here are independent of the step i of
the induction. In particular, the constant c(n) in (4.69) does NOT depend on i.

Items (4),(5),(6) are also a consequence of the squash lemma.

Item (1) In order to prove item (1), we just need to exploit (2) at the new scale. Indeed, since for all
x € S N By (0) we know that T; N B,,,, (x) N By (0) is a graph over x + L(x, r;;1) with (4.69), we also know
that dy(T; N By, (), x + L(x,vi41) N By, (x)) < coriy1. Now we obtain item (1) just by exploiting this, the
Reifenberg condition and the triangle inequality.

Estimates outside B; (0) As a first observation, note that technically we are not interested in what happens
outside of the set B; (0) for the scope of our theorem.

THIS SECTION IS JUST A SKETCH.

In order to take care of the estimates outside Bj (0), i.e., where ¢ is not necessarily zero, we want to see
that all the estimates (2) to (6) remain valid with an estimate independent of i.

Roughly speaking, the explanation is the following. Where ¢ # 0, then it might be that the estimates in
item (2) build up with the induction index i. However, for all x € T}, if ¥/(x) = 0, then this point will never
be changed again by a map o ; for j > 2.

In order to be slightly more precise (but not much), suppose that x € T; is such that y;(x) € (0,1). If
VYir1(x) = 0, we apply the previous construction. If y;(x) = 1, then o41(x) = x and there’s nothing
to prove. If ¢;11(x) € (0,1], then this means that x €¢ J; Bay,,, (xl-+1, J-). Now if this is the case, since
S < UjBar,3 (xHL j), then x ¢ Bs,,, (S), and thus ¢;.2(x) = 1. This implies that the estimates that
possibly “build up” are used at most once (so they don’t actually “build up” with 7).

Item (7) . As for item (7), if x,y € T; satisfy |x —y| < 10r;;1, this is the content of the squash Lemma. If
this is not the case, then we can simply estimate

loi1(X) —cir1 W = loip1(X) —x +x=y +y =01 < |x =y + coripy < |x—y[(1+co),  (4.78)

and similarly for the other direction.

Global estimates Now we turn our attention to the maps ¢;. We want to prove global C%¢ estimates on
these maps.
First of all, it is easy to see that these maps form a Cauchy sequence in C°. Indeed, by item (4), we have
i+j
Ii:0) = i) o < D b < o 4.79)

k=i
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Now we claim that for all values of j, and all x,y € Ty we have
(1 = c8) |x =yl = edr; < [p(x) — )| < €dj + (1 + c8) [x - y| . (4.80)

This comes from the fact that for all j:

I$(x) — g0 = |(x) = B(x) + ¢(x) — B, + 6,() = )| < cov; + [6,(x) — $;()] - (4.81)
Now by inductionon j =0, 1,--- , 00, it is easy to see that
|¢j(X) - ¢j(y)| <(1+cd) [x—yl. (4.82)

Indeed, this is trivial for j = 0. If it is true for j, then

|6,(x) = 6,0)| = |o (b j=1(0)) = (@1 )| < (1 +¢6) [pj=1(X) = ;-1 )| < (L + o) [x =y, (4.83)

as desired.
The other inequality can be proved in a similar way.
With (4.80), we have the Holder estimates. Indeed, let j = —log;qo(|x — y|). For this j, we have

6(x) — p)| < 8 1x — y| + (1 + ¢8)~ 101000 | g < ¢ |x — y| + [x — y ! 1800+ < (] 4 ¢6) |x -y .
(4.84)

Similarly for the other direction. This concludes the proof.
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5 Generalized Reifenberg theorem

Here we want to have conditions for a better Reifenberg theorem. In order to do that, we first introduce a
definition.

5.1 Definition of distortion / S-numbers

Definition 5.1. Let u be a measure on B, with » > 0 and £k € IN. Then we define the k-dimensional
displacement (sometimes referred to as Jones’ 8-2 number) by

Dh(e.r) = Bl ? = inf fB O ), 5.1)

where the inf’s are taken over all k-dimensional affine subspaces L C R". If § C B, then we can define its
k-displacement D’g (x, r) by associating to S the k-dimensional Hausdorff measure /llg restricted to S'.

Sometimes, we will omit the index k and the subscript ¢ or S when there can be no risk of confusion from
the context. In particular, we will often write D(x, r) for Df‘(x, r).

Remark 5.1. Notice that for all 4 we have the very crude estimate

(B, (x))
ko

Dy(x,r) < (5.2)

Remark 5.2. Notice that the definitions are scale invariant. In particular, if we rescale B, — B; and let S be
the induced set, then D’g (x,r) > D’; (x,1).

. P . . . ’ k k
Remark 5.3. Notice the monotonicity given by the following: If 4’ < u, then Dﬂ,(x, r) < Dy (x,r).

Remark 5.4. It is immediate to see from the definition that, up to dimensional constants, Dﬁ (x, r)is controlled
on both sides by Df(x,r/2) and Df(x,2r). In particular, for all y € B, (x), Di(x,r) < 2¥2Dk(y,2r). As a
corollary we have the estimate

Di(x,r) <22 f

B (x

Dy, (v, 2r)du(y) (5.3)
)
More generally, we also have that for all fixed p € (0, 1], we can control

k —k=2 4k
D,(x,p-r)<p "Dy (x,1). 5.4

5.2 Examples

In this section we gather some examples regarding measures and 8 number estimates. We start with a basic
example on the finiteness of the § number for graphs in order to help build an intuition.
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Example 5.1. Let S be the graph of a C? function f : R¥ — R"*, so that S ¢ R”". Evidently, one
expects H¥LS to have nice 82 bounds. In order to verify this, we compute the Taylor expansion of f around

(x0, f(x0)) €S
1f(x) = f(x0) = V£ (x0) - (x = x0)| < ||V2 ]|, 1x = xol* . (5.5)
In particular, using simple geometric considerations, this proves that
B ((xo, f(x0), 1)* < ek, IV fllo) |2 £l 7 - (5.6)

This is because we can estimate

Bius ((x0, f(x0),r)* < r772 f d*(S, Ly))dH* .S (5.7)
B, ((x0,f(x0)))

where Ly, is the tangent space of the graph (x, f(x)) at xp, so it is the k-dimensional plane parametrized by

yeRF — (xo, f(x0)) + (v = X0, df 5,y = %0)) = (3, f(x0) + df|5,(y — X0)) - (5.8)
Thus we have the very crude estimate
B ((x0, f(x0),1)* < Clh, [V flloo)r ™2 fR e )~ foo) +dflnb - < (5.9
kO{ly—xol<r
< Ck VA VA 7 [r"” fR e 1] < Ck VAl V2. 7 - (5.10)
kA{ly—xol<r

In turn, this implies the uniform pointwise bound
o 2dr 2
B s (0, f(x0), 1 — < el IV fll) - [V, - (5.11)
0

It is easy to see that a similar computation holds for all graphs of C functions.

As opposed to the previous example, we show an easy case where the integral in (5.11) does not converge.

Example 5.2. Let S be the graph of the function a|x| in R?, where @ # 0. Then clearly '8]:;{& S ((0,0),r)

k
kLS 2
pointwise sense for Lipschitz graphs.

. . 1 . . . .
is constant in r, and thus fo B (r)Z% = oo. This proves that the estimate in (5.11) cannot hold in a

It is worth noticing however that although the pointwise bound of (5.11) does not hold for Lipschitz
graphs, an integral estimate follows from [Dor85, theorem 6] (see also [AS, theorem 1.2] and [DS93, Theo-
rem 1.42]). For the sake of completeness, here we report the result (without proof):

Proposition 5.2. Let f : R* — R"* be a Lipschitz map with Lipschitz constant bounded by L, and let S be
the graph of f. Then for all x € S and r > 0 we have

f ( f rﬁ’g{m(x, s)2d—;)d9{k(x) < C((1 + LY (5.12)
B,(x) \JO
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Example 5.3. Moebius strip example:

With respect to the conclusions of Theorem 5.5 there are two natural questions regarding how sharp they
are. First, is it possible to obtain more structure from the set S than rectifiable? In particular, in Theorem
5.3 there are topological conclusions about the set, is it possible to make such conclusions in the context of
Theorem 5.57? In the last example we saw this is not the case. Then a second question is to ask whether we
can at least find a single rectifiable chart which covers the whole set S. This example taken from [DT12,
counterexample 12.4] shows that the answer to this question is negative as well.

To build our examples let us first consider a unit circle S' € R3. Let M? > S! be a smooth Mébius strip
around this circle, and let S € M?> N B(S') = M? be an arbitrary 12-measurable subset of the M&bius strip,
contained in a small neighborhood of the S!. In particular, Area(S.) < Ce — 0 as € — 0. It is not hard,
though potentially a little tedious, to check that assumptions of Theorem 5.5 hold for 6 — O as € — 0.

However, we have learned two points from these example. First, since S, was an arbitrary measurable
subset of a two dimensional manifold, we have that it is 2-rectifiable, however that is the most which may
be said of S. That is, structurally speaking we cannot hope to say better than 2-rectifiable about the set S.
More than that, since S ¢ is a subset of the Mobius strip, we see that even though S is rectifiable, we cannot
even cover S by a single chart from B;(0?%), as there are topological obstructions, see [DT12] for more on
this.

5.3 New Reifenberg theorems

Before introducing the results which are really needed for the paper, it is worth mentioning the W'’-
Reifenberg theorem obtained in [NVa]. This is a natural generalization of the Reifenberg and gives intuition
and motivation for the rest of the statements, which are essentially more complicated versions of it.

Theorem 5.3 (WI’P—Reifenberg). [NVa, theorem 3.2] For each € > 0 and p € [1, 00) there exists d(n, €, p) >
0 such that the following holds. Let S € By C R" be a closed subset with 0" € S, and assume for each
x € S N By and B,(x) C By that

inf dy(S N B.(x), L* N B.(x)) < 6r, (5.13)
Lk

j‘ (fZﬁ@@éjM%yﬁWi (5.14)
SNB,(x) \JO s

1. there exists a mapping ¢ : R — R” which is a 1 + € bi-W'P map onto its image and such that
S N B (0") = ¢(B1+(09) N By (0").

Then the following hold:

2. S N B1(0") is countably k-rectifiable.
3. For each ball B,(x) C B; with x € § we have

(1 = &)awpr* < XS NB(x) < (1 + O)awpr™. (5.15)
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Remark 5.5. Results (2) and (3) both follow from (1). We get (3) by applying the result of (1) to all smaller
balls B,(x) € By, since the assumptions of the theorem hold on these balls as well.

Remark 5.6. Note that, for p > k, a bi-W'” map is a bi-C* map, in particular we see that ¢(B;(0Y)) is
homeomorphic to the ball B; (05).

Remark 5.7. As it is easily seen, the requirement that S is closed is essential for this theorem, and in
particular for the lower bound on the Hausdorff measure. As an example, consider any set S C R* which
is dense but has zero Hausdorff measure. In the following theorems, we will not be concerned with lower
bounds on the measure, and we will be able to drop the closed assumption.

We are going to state another generalization of Reifenberg’s theorem, more discrete in nature, which will
be particularly important in the proof of the main theorems of this paper:

Theorem 5.4 (Discrete Reifenberg). [NVa, theorem 3.4] There exists 6(n) > 0 and Cgr(n) such that the
following holds. Let {B, (xs)}ses € Bz be a collection of disjoint balls with x; € B1(0), and let u =
Dises a)krls‘é x, be the associated measure. Assume that for each B.(x) C By with u(B, (x)) > Yir* = wi(r/40)¢

we have
"k di 2
Di(y.0) — | du(y) < 6. (5.16)
B,(x) \JO t
Then we have the estimate
DA< Crn). (5.17)
seS

Remark 5.8. Instead of (5.16) we may assume the estimate
> f DAy, 1q) du(y) < 8. (5.18)
to<r/2 ¥ Br®

In the applications, this will be the more convenient phrasing.

In order to prove rectifiability of the strata, we will also need the following version of Reifenberg’s the-
orem. The proof of this theorem relies on the same ideas as the discrete-Reifenberg, for this reason we do
not report it here and we refer the interested reader to [N'Va, theorem 3.3].

Theorem 5.5 (Rectifiable-Reifenberg). [NVa, theorem 3.3] For every € > 0, there exists 6(n,€) > 0 such
that the following holds. Let S C By C R" be a A*-measurable subset, and assume for each B,(x) C By with
AK(S N B(x)) > yir* that

f ( f rD’g(y, 5) @) dAX(y) <6rF . (5.19)
SNB,(x) \Jo s

Then the following holds:
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1. For each ball B,(x) C By with x € S we have

(S N Bu(x) < (1 + ©)wprr. (5.20)

2. S N B1(0") is countably k-rectifiable.

Remark 5.9. Notice that for the statement of the theorem we do not need control over balls which already
have small measure. This will be quite convenient for the applications.

5.4 Distance between L’ best planes

Here we ue D to control the distance between bext approximating subspaces at different points and scales.
In this section, p will be a fixed parameter. We will also introduce y; = w407%, which is simply a threshold
for the measure u(B; (0)). Above this threshold, D will give us control over the set S, below this threshold
it will not.

From now on, u will be a non-negative Radon measure on R”. Moreover, we will denote by V(x, r) the
(or one of the) planes minimizing the quantity fBr ) d(x, V) du(y).

If we want D to control the relation between the best planes V for u at different points and scales, we
need the measure y to satisfy some properties. In particular, the measure should be “spread” over something
roughly k-dimensional at the scale we’re focussing. The next example illustrates this.

However, an upper bound on the measure is not enough to guarantee best L2-planes are close, as the
following example shows:

Example 5.4. Let V, V' be k-dimensional subspaces, 0 € VN V', and set S = (VN By (0) \ Bij10(0)) U S’,
where S’ € V' N By;10 (0) and u = A*|s. Then evidently D(0, 1) < A%(S”) and D(0, 1/10) = 0, independently
of V and V’. However, V(0, 1) will be close to V, while V(0, 1/10) = V’. Thus, in general, we cannot expect
V(0, 1) and V(0, 1/10) to be close if u(B1,10 (0)) is too small.

Example 5.5. It is easy to see that it is not just the amount of measure that matters, but also how it is spread.
Consider the following example: let k = 1 and i be the sum of 5 Dirac masses in R?

M= (50 + (5(1’0) + 5(,170) + (5(07;) + 5(0,4) . (5.21)

For 0 < ¢t < 1/2, it is easy to see that V(0,1) is the x-axis, while V(0,1/2) is the y-axis, and this is

independent on the choice of ¢.
Moreover, we have

D(0,1/2)=0, D(0,1)=2¢. (5.22)

As t approaches 0, the beta numbers clearly don’t control the distance between V(0, 1) and V(0, 1/2) (which
is constant in ¢ and equal to 1).
So the geometry of the measure u is essential to obtain the bound we want.
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In particular, if we want to control the distance between best subspaces, we need the measure u to be
“spread out” on a set that looks k-dimensional. We can either ask for this condition directly and see where
this leads us (see [ENV]), or we can ensure that this is condition is satisfied by controlling other properties of
the measure u. In the next lemma, we’ll see that if u(B, (x)) < M r* for small r and all x, and if u(B1 (0)) =y,
then u cannot be concentrating too close to a k — 1-dimensional subspace. To be more precise:

Lemma 5.6. Let y; = w407k, There exists a po(m, yr, M) = po(m, M) such that if for some p < py and all
x € B (0)

(B, (x)) < Mp", (5.23)
and if u(B1(0)) > i, then for every affine subspace V.C R™ of dimension < k — 1, there exists an x €
S N By (0) such that Byo, (x) NV = 0 and (B, (x) N By (0)) 2 c(m, p) = c(m)p" > 0.

Proof. Let V be any k — 1-dimensional subspace, and consider the set By, (V). Let B; = B, (x;) be a
sequence of balls that cover the set Byj, (V) N By (0) and such that B;/2 = B, (x;) are disjoint and x; €
B11, (V) N By (0). If N is the number of these balls, then a standard covering argument gives

Nwmp™ 2™ < o1 (1 + p) i1 (1200 < 24" @y w1 p™ 4

— N < 4gn D Omkel 1k (5.24)
W
By (5.23), the measure of the set By, (V) is bounded by
H(Buiy (V) < )" 1(B) < MNpH < 48" X2k pp < 105(50m)" Mp = cmMp. (5.25)
i m
where the next-to-last estimate is an extremely rough bound on the constants involved. Thus if
p < 1073(50m) "y /(4M) (5.26)

then u(By1, (V)) < yi/4. In particular, we get that there must be some point of S not in By, (V). More
effectively, let us consider the set S N By (0) \ B11, (V). This set can be covered by at most c(m, p) = 4"p™"
balls of radius p centered in x, and we also see that

3
H(B1 O\ Bu, () = 2. (5.27)

Thus, there must exist at least one ball of radius p centered in x and disjoint from B, (V) such that
3yk —m _m n
w1 (B, (x) N By (0)) 2 A" 2 cmp” (5.28)
m|

Now if at two consecutive scales there are some balls on which the measure u effectively spans k-
dimensional subspaces, we show that these subspaces have to be close together.
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Lemma 5.7. Let u be a positive Radon measure and assume u(B1 (0)) > yx and that for each y € By (0) we
have u(B, (y)) < Mp*k, where p < po. Additionally, let B,(x) C B1(0) be a ball such that u(B, (x)) > ykpk.
Then if A = V(0,1) N B, (x) and B = V(x,p) N B, (x) are L?-best subspace approximations of u with
d(x,A) < p/2, then

du(A, B)* < c(n, p, M) (D}(x.p) + DA(0, 1)) . (5.29)

Proof. Let us begin by observing that if c(n, p, M) > 4p25‘1(n, p, M), which will be chosen later, then we
may assume without loss of generality that

Dy, (x,p) + Dy(0,1) < 6 = 8(n,p, M), (5.30)

since otherwise (5.29) is trivially satisfied.

We will estimate the distance dy (A, B) by finding k + 1 balls B, (v;) which have enough mass and effec-
tively span in the appropriate sense V(x, p). Given the upper bounds on DX, we will then be in a position to
prove our estimate.

Consider any B> (y) € B; (0) with u (sz (y)) > 0 and let p(y) € B, (y) be the center of mass of
restricted to this ball. Let also m(p) be the orthogonal projection of p onto V(x, p). By Jensen’s inequality:

d(p(y), V(x,p))* = d(p(y), n(p(y)))* = d( Ji 2du(z), V(x, p) d(z, V(x,p))*du(z).

2
P
20) ] #(Be> ) JB 1)

P

(5.31)

Using this estimate and lemma 5.6 (or better its rescaled version applied to B, (x)), we want to prove that
there exists a sequence of k + 1 balls B (yi) with y; € B, (x) such that

i u (Bp x)nN B (yi)) > c(n,p,M) >0

1i. {7r(p(yl~))}i.‘:0 = {ni}ifzo effectively spans V(x, p). In other words foralli = 1,--- ,k, m; € V(x,p) and

i & Bs,p (mo + span () — 7o, + -+ , W1 = 7)) - (5.32)
We prove this statement by induction on i = 0,--- ,k. For i = 0, the statement is trivially true since
u(B, (x)) > Yok, In order to find y;,;, consider the subspace V) = 7y + span (7| — 7o, - -+ ,7; — 7). By

lemma 5.6 applied to the ball B, (x), there exists some B, (¥i+1) such that u (sz (y,-+1)) > c(n,p, M) > 0,
Vi1 € B, (x) and

Vi1 & By (o + span () — 7o, -+ , 71 — 70)) - (5.33)

By definition of center of mass, it is clear that d(yi;1, p(yis1)) < pz. Moreover, by item (i) and equation
(5.31), we get

d(p(yir), V(x,p)* < ¢ f d(z, V(x,p))*du(2) < eDj(x,p) < 5. (5.34)
Bp()NB 2 (yir1)
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Thus by the triangle inequality we have d(yj;1, miy1) < 2p2 if 6 < dp(n, p, M) is small enough. This implies
(5.32). Using similar estimates, we also prove d(p(yi+1), V(0, 1))? < c’Dﬁ(O, 1) foralli=-1,0,--- ,k—1.
Thus by the triangle inequality

d(mis1, V(0. 1) < d(misr. pyien)) + d(p(ia1). V(O 1)) < c(n,p, M) (Dhxp) + DO, 1)) . (5.35)

k
i=1

Now consider any y € V(x, p). By item (ii), there exists a unique set {D;};_, such that

k
y=m+ ) Dilmi—n0), D < c(n,p)lly=moll . (5.36)
i=1
Hence for all y € V(x, p) N B, (x), we have
k k 1/2
d(y, V(0, 1)) < d(xo, V0, 1)) + ) IDil [d(rmi, V(0, 1)) + d(xo, V{0, )] < e(n, p, M) (Di(x,0) + DO, 1)) .
(5.37)

By lemma 4.9, this completes the proof of (5.29). O

5.5 Comparison between L? and L™ planes

Given B, (x), we denote as before by V(x, r) one of the k-dimensional subspace minimizing fB ® d(y, V)zdu.
Suppose that the support of u satisfies a uniform one-sided Reifenberg condition, i.e. suppose that there
exists a k-dimensional plane L(x, r) such that x € L(x, r) and

supp (1) N By (x) € B, (L(x,71)) . (5.38)
Then, by the same technique used in lemma 5.7, we can prove that

Lemma 5.8. Let u be a positive Radon measure with i (B (0)) > vy and such that for all B, (y) € By (0) we
have (B, (y)) < Mp* and (5.38). Then

du(L(0,1) N By (0), V(0, 1) N By (0)* < c(n, p, M) (6% + DA(0, 1)) . (5.39)

5.6 Uniform lower estimates with the classical Reifenberg [MAYBE THIS SHOULD BE
MOVED TO A PREVIOUS SECTION]

With the classical Reifenberg theorem, we cannot give upper bounds on the measure of the set under con-
sideration. However, we can give lower bounds.
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Lemma 5.9. Under the assumptions of Theorem 4.7, for all x € S such that B, (x) C B (0),
(S N B, () = (1 - s = wpr*/7. (5.40)

Proof. By scale invariance, we assume x = 0 and r = 1. The classic Reifenberg theorem proves that there
exits a bi-Holder continuous map ¢ : L — R" where L is a k-dimensional plane and

1. |p(x) — x| < coforall x € L
2. ¢(x) =xfor|x| > 1+ cod
3. SN B (0) =¢(L"), where Bi_s(0)NLC L C Bies (0)N L.

Now let f = mp o ¢ : L — L. This map is continuous and it is the identity outside Bj..s(0), and thus by
topological reasons (degree theory) it is also surjective from L to itself.

In particular, the set A = Bj_3,5(0) N L is contained in the image of f. By the uniform Reifenberg
condition, 1;'(A) NS C Bj_s.s (0), and by the properties of ¢, f~'(A) = ¢~ (7' (A) N S) C Bi_s (0). Thus

P(f (A CS.
Now, since 7z has Lipschitz constant 1, by a standard result (see [Fed69, 2.10.11])

AKS) = @A) = A 0 (7 (A)) = AK(A) = (1 = 3ed) wpr*. (5.41)

For ¢ small enough, we have the thesis. O

5.7 Proof of the discrete Reifenberg

Here we want to prove theorem 5.4. The proof is taken from [NVb]. The other theorems are proved using
variants of this idea, and we will not give all the details here.
First of all, note that, by definition of y, the statement of this theorem is equivalent to

u(B1(0)) < D(n)/wi . (5.42)

In the proof, we will fix the constant Cy(k) < 40%wy and therefore the positive scale p(n, C1(k)) = p(n) < 1
according to lemma 5.6. For convenience, we will assume that p = 29, g € IN. Moreover, as noted before,
instead of (5.16) we may assume the estimate

2 f Dy ta) du(y) < 6%, (5.43)
t,<r/2 ¥ Br(®)
where v, = 27%.
The constant C(k) will be defined by the end of the proof, however it is enough to know that it is itself
bounded by 40%w;. Moreover, also the constant p will be chosen later on.
Bottom scale In the proof, it will be convenient to assume that r; > 7 > 0. It is clear that, by means of a
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simple limiting argument, this assumption is not restrictive. In particular, fix any positive radius 7 = r4, = p

for some A € IN, and consider the measure y; < u defined by

w= Y we,. (5.44)
s st re>F
Note that this is a finite sum if 7 is positive. By Remark 5.3, we see that u; satisfies all the hypothesis of this
theorem, and since u; ' u, if we prove uniform bounds on uz(B; (0)) which are independent of 7, we can
conclude the theorem.
For this reason, in the rest of the proof we will assume for simplicity that r; > 7 = p# > 0 for all s.

5.7.1 First induction: upwards

We are going to prove inductively on j = A,--- ,0 that forall x € B; (0) C R" and 1, = p/ <1, either By, (x)

is contained in one of the balls {B,, (x;)} or we have the bound

SES
p(Br, () < Cr(hort. (5.45)

Note that, for j = A, this bound follows from the definition of the measure u and the assumption that r; > 7.
Note also that this implies r; < 2r; for all s € S and x; € m

Clearly, we can assume wlog that u (Brj (x)) > ykr’;, otherwise there is nothing to prove. This observation
will be essential in order to apply lemma 5.7.

Moreover, as long as we are trying to prove (5.45), we can replace wlog u with y| B, () Indeed, by Remark
5.3, all the hypotheses of theorem 5.4 hold also for any restriction of y, in particular equation (5.16). Thus,
from now on, u will indicate y| B,,() and S = supp (u) C By, (x).

Remark 5.10. Note that if v = y| By, (x)> then all the D’; on balls B (y) D By, (x) are controlled. Indeed, we
have

k+2
Dii(x,1)) = Dy(x,1j) = ;7 f d(z, V(x, 1) du(z) = v;* f d(z, V(x,1))%dv(z) > SM Di(y, s).
By (x) B,(y) rj
(5.46)
In particular, this implies that if By, (x) € B (y), then
X rj k+2 X rj k+2 k
Dk, s) < (:) Di(x,1)) = (?) Di(xx)). (5.47)
In turn, as long as u(By, (x)) < c(n)r*, we also have the bound
-~ dt 2 k
fn (j(; D(z,1) 7) dv(z) < co-s" . (5.48)
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5.7.2 Rough estimate

Fix some j, and suppose that (5.45) holds on all scales below 1}, i.e., forall y € B;(0) and 7 < v; < 1},
u(B,, () < Cr(m)r.

Let us first observe that we can easily obtain a bad upper bound on u (B)(rj (x)) for any fixed y > 1.
Consider the points in {x},cs N By (x), and divide them into two groups: the ones with r; < r; and the ones
with ry > 1.

For the first group, cover them by balls By, (z;) such that B2 (z;) are disjoint. Since there can be at most
c(n, y) balls of this form, and for all of these balls the upper bound (5.45) holds, we have an induced upper
bound on the measure of this set.

As for the points with rg > v, by construction there can be only c(n, y) many of them, and we also have
the bound r; < 2yr;. Summing up the two contributions, we get the very rough estimate

#(By, () < Can 0 (5.49)

where C, >> C;. Note that, as long as the inductive hypothesis holds, C; is independent of j. However, it
is clear that successive repetitions of the above estimate will not lead to (5.45).

5.7.3 Second induction: downwards. Outline of the proof

Suppose that (5.45) is true for all x € Bj(0) and i = j+ 1,---,A. Fix x € R", and consider the set
B = B, (x). Recall that we always assume that B is not contained in one of the balls B, (x;), otherwise the
bound (5.45) might fail for trivial reasons. We are going to build by induction on i > j a sequence of smooth
maps o; : R" — R" and smooth k-dimensional manifolds T';; = T; which will serve as approximations
for the support of y at scale r;. Let us outline the inductive procedure now, and introduce all the relevant
terminology. Everything described in the remainder of this subsection will be discussed more precisely over
the coming pages. To begin with, we will have at the first step that

oj=id,
Tj=V(x,xj)cR", (5.50)

where V(x,1;) is one of the k-dimensional affine subspaces which minimizes fB ) d*(y, V)du. Thus, the
'

first manifold 7'; is a k-dimensional affine subspace which best approximates By, (x). At future steps we can
recover Ty from T; and o741 from the simple relation

Tiv1 = o1 (T)) . (5.51)

We will see that o, is a diffeomorphism when restricted to T;, and thus each additional submanifold 74 is
also diffeomorphic to R¥. As part of our inductive construction we will build at each stage a Vitali covering
of T; given by

mmm&wwtﬂj&quBunuUmw (5.52)

t= ] }Elt XAGI _yE['
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where I, I, and Iy represent the good, bad, and final balls in the covering. Final balls are balls belonging
to the original covering B,, (x;) such that r; € [r;,1;_1), and the other balls in the covering are characterized
as good or bad according to how much measure they carry. Good balls are those with large measure, bad
balls the ones with small measure. More precisely, we have

u(By, ) = yixk, if yel,
u(By () <yat, if yell. (5.53)

We will see that, over each good ball By, (y) in this covering, T; can be written as a graph over the best

approximating subspace V(y, r;) with good estimates.

Our goal in these constructions is the proof of (5.45) for the ball B = By, (x), and thus we will need to
relate the submanifolds 7;, and more importantly the covering (5.52), to the set B. Indeed, this covering of

T; almost covers the set B, at least up to an excess set E;_;. That is,

i
supp) N B E Ul | B v u | B0 |ul B ). (5.54)
1=j \yel, xell yeli
We will see that the set E;_; consists of those points of B which do not satisfy a uniform Reifenberg condi-
tion. Thus in order to prove (5.45) we will need to estimate the covering (5.52), as well as the excess set E;_;.

Let us now outline the main properties used in the inductive construction of the mapping o4+ : R" —» R”,
and hence T, = 011(T;). Asis suggested in (5.52), it is the good balls and not the bad and final balls which
are subdivided at further steps of the induction procedure. In order to better understand this construction
let us begin by analyzing the good balls B, (y) more carefully. On each such ball we may consider the
best approximating k-dimensional subspace V(y,r;). Since By, (¥) is a good ball, one can check that most
of BN By, (y) must satisfy a uniform Reifenberg and reside in a small neighborhood of V(y,1;). We denote
those points which don’t by E(y, 1;), see (5.73) for the precise definition. Then we can define the next step
of the excess set by

E =E Ul JEG,T). (5.55)

vel
Thus our excess set represents all those points which do not lie in an appropriately small neighborhood of
the submanifolds 7;. With this in hand we can then find a submanifold 7 C T}, which is roughly defined by

i+1 i+1
T] ~ T;\ U UBr,/ﬁ (U U L Brs 0| (5.56)
=] yel} t=j xself

see (5.87) for the precise inductive definition, such that

supp (/J) NBCE;U U U Brx CY) U U Br_v ()7) ) Br,’+|/4(Ti/) =R; VU U BT;+1/4(Ti,) s (5'57)

1=j \yel, xsel?
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where R; represents our remainder term, and consists of those balls and sets which will not be further
subdivided at the next stage of the induction.

The basic idea is that if in our induction we find a bad ball or a final ball B; (x), we know that the measure
carried by this ball is bounded by Cr*. Because of this upper bound, in order to get the final estimate on u
we do not need to further analyze the measure inside any of these balls. However, we do need to keep track
of the measure carried by these balls in successive induction steps. This is why every time we find a bad or
final ball, we create a corresponding “hole” in the manifold 7;, and obtain as a result 77. By construction,
the k-dimensional measure of these holes is comparable to u(By (x)), and thus the k-dimensional measure of
T; (without holes) already “includes” the u-measure of the final and bad balls at all bigger scales.

Now in order to finish the inductive step of the construction, we can cover By, ;4(T;) by some Vitali set

Bri+1/4(Ti,) c U Bl‘i+1 (y) > (5.58)

yel

where y € I C T]. We may then decompose the ball centers

" =r'urtu 1;;“ , (5.59)
based on (5.53). Now we will use Definition 4.14 and the best approximating subspaces V(y, r;+1) to build

ois1 - R" — R” such that

supployet = 1d} € | ) Bav,, 0) - (5.60)

i+1
yelg

In order to prove the final bounds, we need to track the measure of the approximating manifolds 7; as i
goes to infinity. We can use the local bi-Lipschitz estimates for o; at scale 1; and integrate them along
each manifold 7; to obtain uniform bounds on A*(T;) as i goes to infinity. This completes the outline of the
inductive construction.

5.7.4 First steps in the induction

In order to make the proof more understandable, we give in detail the proof of the first steps in the downwards
induction, which contains most of the necessary ideas to carry out the whole construction.
Fix any By, (x). Without loss of generality, we assume that

p(By, (X)) 2 2y (5.61)

otherwise we clearly have the measure estimate we want to prove.

With this condition, it makes sense to talk about a best L> approximating subspace for the support of u
on By, (x). Denote this subspace by V(x,1;) = T;.

Now, we want to cover the support of u with balls of radius 91;,1/10 (roughly one scale smaller) in such
a way to have good k-dimensional packing estimates on these balls. The idea is that condition (5.16) will
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force the measure u to be almost supported in a small tubular neighborhood of 7';, up to small measure. So
we split our ball in

Be, () = (Be, (0 N Beyoy i (Vixrp)) U (Brj (90 Beyymi (Ve j))c) . (5.62)

The second part in this splitting is in some sense preventing the measure u to satisfy an L™ Reifenberg
condition. We call this part excess set, in particular

C
E(x,vj) = B, (x) 0 Be i (V(xx)) (5.63)
Although u(FE) can be positive, it cannot be too big. Indeed, we have the trivial estimate
f d(y, VOx, 1) du(y) + p (E(x, 1) (eer /1) < (5.64)
B (0\E(x.r))
< f d(y, V(x,1)))* du(y) = 2 Dji(x, 1)) < c(n, pi§*6 . (5.65)
By (x)
J

Now, almost all of the measure ¢ must be concentrated in By, x)N By, m (V(x, r j)). In order to estimate
this part, we build a covering with good overlapping properties of this set by balls of radius > 9r;,;/10
centered on V(x,r;) N By, (x).

This covering is built in the following way. First of all, we consider separately all the balls {B,, (x,)},¢
with ry > v;,1. Recall that by construction ry < 2v; for all s € § with x; € By, (x), otherwise there’s nothing
to prove since By, (x) would be contained in B, (x;) for some s. Note that, all of these balls are pairwise
disjoint. We will call these balls final balls, and set I; to be the set of centers of these balls.

Most of the times, the set of final balls will be empty or very small. We complete this partial covering
of Brj xnN ij+1 /11 (V(x, T j)) with other balls centered on V(x, ;) of radius 91, /10 in such a way that this
covering have a Vitali property.

Thus we obtain

By, (0) N By (V) € | Br, () U | Bor,, 10 (xg) - (5.66)

se]‘; q€Q

Now, we split the set Q according to how much measure is contained in By, (xq). In particular, if
u (Brj+1 (xq)) > ykrlj‘. 1> We say that this is a good ball, otherwise we say that this is a bad ball.

Now we want to build a new best approximating manifold 7 j; at this scale. On good balls, we have a
best approximating subspace V(x,,1;.1), and since these balls carry enough measure, we can apply lemma
5.7 and obtain a quantitative estimate on the distance between V(x,r;) and V(x,,t;+1). In turn, this will
allow us to apply the construction in the squash lemma 4.16. In particular, we have a smooth map o defined
on R", and moreover o(T;) = Ty is a diffeomorphism onto its image when restricted to 7; with good
quantitative bi-Lipschitz estimates. The details of this construction are carried out in subsection 5.7.8.

As for bad balls, we don’t have to worry too much about those, since they carry really small measure. In
particular,

1 (B, (xg)) < A (Tje1 0 Beyyy 6 (%)) - (5.67)
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Thus, in order to keep track of the measure carried by bad balls, we can simply keep track of the k-
dimensional measure of the approximating manifolds 7;. In some sense, every time we hit a bad ball,
we can compare its measure u to the k-dimensional Hausdorff measure of the “hole” 7,1 N By, /6 (xq).
Since, as we will prove, for i > j+ 1, T; N By, /6 (xq) and Tj N By, /6 (xq) are substantially equal, by
estimating the measure of 7; we also estimate the total measure of all the bad balls.

Moreover, since this estimate covers the measure of the whole bad ball, from this step forward we do
not have to worry about y| By, () @Y longer in the induction. We can use a similar argument to track the
measure of final balls.

This construction is carried out in Subsection 5.7.9

Evidently, we cannot hope to apply these considerations also to good balls in order to get the estimates
we want, because the measure of good balls is not small (a priori it could be anything). Instead, on the
new good balls, we start over the same construction we outlined here (excess set, construction of the new
best approximating manifold, and so on) and keep going by induction. The inductive estimates on the
k-dimensional measure are carried out in Subsection 5.7.10.

5.7.5 Second induction: details of the construction

Let us now describe precisely the proof of this inductive construction which will lead to (5.45). For j <i <
A, we will define a sequence of approximating manifolds 7; for the support of u and a sequence of smooth
maps o7; such that

iLoj=id, T;=V(xr;) CcR",
ii. T; = oy(Ti-y),
iii. fori> j+1landye T;_y,
d(oi(y),y) < cov;, (5.68)
and 0|1, , is a diffeomorphism,

iv. for every y € T;, T; N By, () is the graph over some k-dimensional affine subspace of a smooth
function f satisfying
—”frH‘x’ +IVfllo < 6. (5.69)
i

As outlined before, the manifolds 7; will be good approximations of the set S up to some “excess” set of
small measure. Moreover, we will also introduce the concept of good, bad and final balls (whose centers
will be in the sets Ié, I ;) and I}), a remainder set R;, and the manifolds 7/ C T;. Before giving the precise
definitions (which are in equations (5.84), (5.78), (5.75) and (5.87) respectively), let us group here all the
properties that we will need (and prove) for these objects, so that the reader can always come back to this

page to have a clear picture of what are the objectives of the proof.
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v. foreveryi > j+landy € IL, d(y,V(y,1;)) < cov;, the set T; N By 5y, (y) is the graph over V(y,1;)
of a smooth function f satisfying (5.69), where V(y, r) is one of the k-dimensional affine subspaces
minimizing fB‘(y) d*(y, V)da*,

vi. for all i, we have the inclusion

supp (1) N B C By, 10 (T7) U R;, (5.70)

The last two properties needed are the key for the final volume estimates:

vil. we can estimate

Ao (T 0 Bor, (0) + # (1) wnxi/ 10 + g D (/100 < AXT], 0 By, (1)), (5.71)

xsel}

viii. we can estimate the excess set by

HEQ@, )7, < Cn > D(y, 2r7) . (5.72)

At the first step of our induction, we can assume wlog that H(By, (x)) = 2ykr’j‘.. We set Iz{ = I; =0,
Ig = {x}, where x is the center of mass of ,uIBrj(x), T; =Vv(QO,1) = T;. and o; = id. We set E(x,1;) to be
the excess set defined by (5.63), and R; = E(x, ;). It is clear from these definitions that all the properties
(1)-(viii) are satisfied.

Now we proceed by induction assuming that we have defined for all ¢ € {j,--- ,i} I;, Il’y, I}, the maps o
and the manifolds 7}, T,;. Moreover, we assume that we also have defined for all t € {j,--- ,i — 1} the excess
sets {E(y, r,)}/VG I and the remainder R;_;.

In the induction step, we will first build {E(y, r,-)}ye I and R;, and then move on to the construction of
I;+19 Ili;—l, I;C+1, Ui+l and Ti+17 T:+1
5.7.6 Excess set.

Let us begin by describing the construction of the excess set. We will only be interested here in a ball B, (x)
which is a good ball, in the sense that u(B,,(x)) > ’ykri.‘ .

Thus define V(x, r) to be (one of) the k-dimensional plane minimizing fB ) d(y, V)?>du, and define also
the excess set to be the set of points which are some definite amount away from the best plane V. Precisely,

E(x,%;) = (B, (x)\ Be,yyn (V)) NS (5.73)

The points in supp (1) N E are in some sense what prevents the set S from satisfying a uniform one-sided
Reifenberg condition at this scale. By construction, all points in E have a uniform lower bound on the
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distance from V, so that if we assume u(B,,(x)) > ykrf, i.e. By, (x) is a good ball, then we can estimate

f d(y, V(x,1))* du(y) + u(ECx, 1)1 /11)* < f d(y, V(x,1))* du(y) = v} Dfi(x,17) .
By, ()\E(x,17)

By;(x)

(5.74)

5.7.7 Good, bad and final balls

Inductively, let us define the remainder set to be the union of all the previous bad balls, final balls, and the
excess sets:

R; = U B.ou B oul JEO 0| (5.75)
1=j \yel, xsel} I

The set R; represents everything we want to throw out at the inductive stage of the proof. We will see later
in the proof how to estimate this remainder set itself. Note that R; = E(x, ;).

Now consider the points x; € S outside the remainder set, and separate the balls B, (x;) with radius
rs ~ ;41 from the others by defining fory € I g the sets

IF) = {x, € S \R)N By, () s.t. 1y € [tis1, 1)} (5.76)
and
I3 = {x; € S \R)N By, (y) st 75 <tis1} - (5.77)
From this we can construct the sets
=0 I ) and  J* =0 0T 0). (5.78)
Note that by construction and inductive item (vi), we have

S\R; =17 uJ* By o (T7) - (5.79)

Recall that, as long as we are trying to prove the estimate (5.45), we can assume wlog that u = y| B,,() and

S = supp (1) C By; (x).
Let us now consider a covering of (5.79) given by

S\Ri €I U Bog /10 @) (5.80)

zel

where I C Tl.’ ,and for any p # g € I}” U1, Br,s (p)n B, /s (9) = 0. Here we denote for convenience
rp =ty ifpel,andr, = riif p = x; € I}.“. Note that this second property is true by definition for
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p.q €1 }.*1, we only need to complete this partial Vitali covering with other balls of the same size. To be
precise, note that by (5.75) and (5.73)

i+1

S\RI\ | Bars @ || Beiia Vs 0 B ) || U Barss @ U U | Baus @
ZEI_"f+1 yeli 1=] zel, 1=j zell
(5.81)
Take a finite covering of this last set by balls {B3.,,, /10 (y)}yey. Note that we can pick
i+1
U U B3, 5 (z) U U U B3, 5(2)|=0. (5.82)
1=] zel} 1=] zel}

By item (iv), T; is locally a Lipschitz graph over some k-dimensional subspace with (5.69), and thus we can
choose Y C T;.

Consider a Vitali subcovering of this set, denote [ the set of centers in this subcovering. Such a sub-
covering will have the property that the balls {Bs,,,/10 (y)}ye ; will be pairwise disjoint. These balls will
also be disjoint from | J . i1 B, /5 (z) by (5.82). The (finite version of) Vitali covering theorem ensures that
Uyer Bov,,1/10 (v) will cover the whole set in (5.81).

Now by construction of I/ and the remainder set, all the balls {B/, (x5)} ses With g > 11 have already

been accounted for. This means that

S\RI\ | B e < Boruio 00, (5.83)

xjel}'fl yel

as desired.
We split the balls with centers in I into two subsets, according to how much measure they carry. In
particular, let

I ={yerl st u(Be, O)zyal,), L' ={yel st p(B, )<k} (5.84)

5.7.8 Map and manifold structure.

Let {/lf;,“} = {A,} be a partition of unity such that for each y; € I é,”
e supp (y) C Bay,,, (vs)
o forallz € Uy i Bar,; (vy), X5 As(2) = 1

o max; |[VAllo < C(n)/1i41.
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Forevery y; € I Z’;,” ,let V(ys, vit1) to be (one of) the k-dimensional subspace that minimizes fB 59 d(z, V)zdu.
Yip1 VS
By Remark 5.4 we can estimate
—k-2 Y k
[ V0P < D), (5.85)
i+l s)
Let ps € B,,,, (ys) be the center of mass of y| B, () It is worth observing that p; € V(ys, tj31).
Define the smooth function 041 : R” — R" as in Definition 4.14, i.e.,
Tia1(x) = X+ ) A Oy g (s =) - (5.86)
S
With this function, we can define inductively for i > j the sets
Tj = V(x, rj), T]/ = Tj (587)
Tis1 =oii(T)), T/, =01 |T]\ U B, ;6()U U B, 6 (x) || - (5.83)

i+1 i+1
yEIb xxelf

Fix any y € I*! and let z € I;;, be such that y € Boy,/10(z). By induction, T; N Bigy,, v) € T; N By, (2)
is the graph of a C ! function over V(z,1;). Consider the points {y;} = IZ’;,“ N Bgy,,, (v). By construction it is
easy to see that d(y;, V(z,1;)) < 1:41/9, and so we can apply the estimates in lemma 5.7 with M = C; by the
first induction. Using condition (5.16), we obtain that for all y;:

- 1/2
v du (V(z 1) 0 B,y (05), Vs tin1) 0 By, (0)) < ¢ (DA tin) + Dz 1)) < cnp, C1)5. (5.89)

This implies that, if 6(n, p, C1) is small enough, 7; N By, (v) is a graph also over V(y, ;1) satisfying the
same estimates as in (5.69), up to a worse constant c¢. That is, if ¢ is sufficiently small, we can apply lemma
4.16 and prove induction point (v).

Points (iii) and (iv) Points (iii) and (iv) are proved with similar methods. We briefly sketch the proofs of
these two points.

Let y € T;_;, and recall the function ; = 1 — X A,. If ‘/’i|Bzr,-(y) is identically 1, then O','|le,i(y) = id, and
there is nothing to prove.

Otherwise, there must exist some 7’ € I; N Bsy, (y), and thus there exists a z € I(’;l such that Bg,, (y) C
Bi 5, , (z). By point (v) in the induction, 7;_1 N By 5, , (2) is a Lipschitz graph over V(z,1;_1). Proceeding as
before, by the estimates in lemma 5.7 and lemmas 4.16, we obtain that 7; N By, () is also a Lipschitz graph
over V(z,r;—1) with small Lipschitz constant, and that ||o;(p) — p|| < cox; forall p € T;_;.

Moreover, 0|z, , is locally a diffeomorphism at scale r;. From this we see that o7 is a diffeomorphism on
the whole T;_;.

It is worth to remark a subtle point. In order to prove point (iv), we cannot use inductively (iv), we need
to use point (v). Indeed, as we have seen, given any z € Ié,‘l, then 7,1 N By 5, , (z) is a Lipschitz graph of
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a function f where ||Vf|| < ¢d, and this c is independent of the induction step we are considering by (iii)
in lemma 4.16. If we tried to iterate directly the bound given by (iv), the constant ¢ would depend on the
induction step i, and thus we could not conclude the estimate we want.

5.7.9 Properties of the manifolds 77/

Here we want to prove the measure estimate in (5.71). The basic idea is that bad and final balls correspond
to holes in the manifold 7}, and each of these holes carries a k-dimensional measure which is proportionate
to the measure inside the balls. In particular, let B, (y) be a bad or a final ball. In the first case, r = t;41,
while in the second r € [v;;1,1;). In either case, we will see that y must be ~ 1;,-close to T;, which is a
Lipschitz graph at scale 1;. This implies that u(B, (y) N T;) ~ 7%, and thus we can bound the measure of a
bad or final ball with the measure of the hole we have created on T;.

In detail, point (vi) is an immediate consequence of the definition of R;.

In order to prove the volume measure estimate, consider that

TN T €| | Buae®U (] Brje(xo)] . (5.90)
ye]é+1 xxel}*']

Note that the balls in the collection {Bx,,, /5 (y)}yE rirtup are pairwise disjoint. Pick any y € I'*! and let z € Ié,
be such that y € By, (z). By definition, y € T/ and H(By,, (v) < ykri.‘H < IO_kwkrf.‘H. Since T; N By, (z) is a
graph over V(z,1;) with y € T;, and since By, /¢ () N T; is disjoint from the “holes” of 7/, then

(T N By, 6 ) = w75k (5.91)

i+1 -

A similar estimate holds for the final balls. The only difference is that if x; € I}”, then it is not true in
general that x; € T;. However, by (5.79), we still have that d(xg, V(z,1;)) < 1;41/10. Given (5.69), we can

conclude
A(T] 0 Byry7 (x5)) = w1075 (5.92)

Now it is evident from the definition of Tl.’ 1 that

Ao (1) 0 Boy (0) + # (I ) et 10 + e D (r/10) < AN(T] 0 By (). (5.93)
xAEI}*l
5.7.10 Volume estimates on the manifold part
Here we want to prove that for every measurable Q C T
H(oi1(Q)) < 24Q) + c(n, p, C1) f D(p, 2vi1)du(p) . (5.94)
Brj(x)
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The main applications will be with Q = T; and Q = T/. In order to do that, we need to analyze in a
quantitative way the bi-Lipschitz correspondence between T; and T, given by o41.
As we already know, 011 = id on the complement of the set G = Uye ! Bs,,,, (), so we can concentrate
only on this set.
Using the same techniques as before, and in particular by lemmas 5.7 and 4.16, we can prove that for
each y € I;™!, the set T; N Bs,,,, (y) is a Lipschitz graph over V(y,1;;1) with Lipschitz constant bounded by
12
cnp,CD| DO+ Y. DEw)| (5.95)
Z€liNBs, ()
In a similar manner, we also have that T;,; N Bs,,, (y) is a Lipschitz graph over V(y,r;+1) with Lipschitz
constant bounded by
1/2
cmp,C| Y D+ Y. D)l (5.96)
€l NBiogy,, () €N Bsy, (y)
Moreover, by the bi-Lipschitz estimates of lemma 4.16, we also know that o7, restricted to T; N Bs,,,, () is
a bi-Lipschitz equivalence with bi-Lipschitz constant bounded by

LG, 5t) < 1+c Z D(z,1i1) + Z D@z, 1) . (5.97)

€l NBior,, , (7) €N Bsy, (y)
In order to estimate this upper bound, we use (5.3) and the definition of good balls to write

D(z,1r) < CJC D(p,2r)du(p) < c(n,p, cr* D(p,2r)du(p) . (5.98)
B,(2)

B(2)
Since by construction any point x € R" can be covered by at most c(n) different good balls at different
scales, we can bound

c(n,p,C1)
L5 < 1+ S22 [ [D(p, 2x40) + D(p, 26)] du(p) (5.99)
it Bsy; ()
We can also badly estimate
D(p, 2ti11) + D(p, 2v)) < c(n, p)D(p, 21;) . (5.100)

Now let P, be a measurable partition of Q N G such that for each s, Py C Bs,,,, (y5). By summing up the
volume contributions of Pj, and since evidently APy < 7kwkrf.‘+1, we get

A @) = Y HomPy) <) A"(Pa(l L fB . D 2r,->du<p>]
K s 5t; Vs

T

i+1
< Q)+ f D(p, 2t)dup)
Uyselgrl Bs:, (v5)
<@ +cmp e [ D 2eduip). (5.101)

By;(x)
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5.7.11 Estimates on the excess set
In this paragraph, we estimate the total measure of the excess set, which is defined by
A
Er = U U EG,1). (5.102)
i=j yelg,

At each y and at each scale, we have by (5.74) and (5.3)

H(E(y, 1)) < c(n, oDy, 1) < c(n, p)r} f Diy(p, 2v)du(p). (5.103)

Bri (x)

Since by definition of excess set By, (y) must be a good ball, then

W(EG.5) < clnp) [ Dk 200, (5.104)

Now by construction of the good balls, there exists a constant c¢(n) such that at each step i, each x € R”
belongs to at most c¢(n) good balls. Thus for each i > j, we have

S uEG ) < cmnp) [ DA 260 < ) J, . phoap. 05

yE[I \611 r

If we sum over all scales, we get

A
pEn<cnp ) [ Dl zdur). (5.106)

Since p = 29, it is clear that

#{ET) < cln, f’)Z f ()D" (P 2" ) dup) < c(n, p)5¥%, (5.107)

since the sum in the middle is clearly bounded by (5.18).

This estimate is exactly what we want from the excess set.

5.7.12 Volume estimates.

By adding (5.94), with Q = o7 (T' 1) and (5.71), we prove that forall i = j,--- ,A+1,...

ATy 0 Boy (0) + # (17 ) i/ 10 + . Y- (rs/10)F < (5.108)
xﬁ[}“
< AN(T! N By, (%)) + c(n,p, C1) D(p, 2vi1)du(p) . (5.109)
By;()NB1(0)
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Adding the contributions from all scales, by (5.16) we get

i+1 i+l
ATy 0 Bo (0) + ) # (1) wr/ 100+ 7" wn(rs/10)f
r=j r=j xSGI}.
i+1

< AT} O Bag, () + cln. cl)Z f D(p. 2r)du(p)

By, ()NB1(0)

< (T 0 By, (0)) [1 + c(n.p, cl)a] , (5.110)

where in the last line we estimated A* (Tj N By, (x)) ~ r’j‘., since T is a k-dimensional subspace, and we
bounded the sum using (5.18).
In the same way, we can also bound the measure of 7, by

A(Ti1 0 Bory (1) < 2% (T 0 Ba, (1)) [1+ c(n.p, C1)6] (5.111)

5.7.13 Upper estimates for p.

Since we have assumed ry > 7 = r4 for all x; € S, we know that for i = A our construction ends, and the

whole support S is contained in final and bad balls and excess sets. In other words, the sets IA = IA 0, and
supp (1) N B = supp (1) N By; (x) S R4 . (5.112)

This fact and the estimates in (5.107) and (5.110) imply

A
u(B) < Z )/kwkr, + Z Z wrt + u(Er)
t=j t=j x, e]}
A A
Z# (1) i,/ 10)* + Z Z wi(rs /100 | + u(Er) < C3(0)(1 + c(n, p, CHISNE . (5.113)
t=j t=j xsel’

!

In this last estimate, we can fix C3(k) = 20wy, and C(k) = 2C3(k) = 2 - 20fw; < 40wy, and p(n, Cy)
according to lemma 5.6. Now, it is easy to see that if 6(n, p, C) is sufficiently small, then

u(B) < Ci k), (5.114)

which finishes the proof of the downward induction, and hence the actual ball estimate (5.45).
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6 L’-Best Approximation Theorems

Now we move back to our main focus: harmonic maps and their singular set. First of all, we are going to
prove a theorem that will allow us to control (under suitable assumptions) that the beta-numbers defined
in the previous section can be controlled using the normalized energy. This is the key to proving the final
theorem on singular sets.

The idea is the following: as we have seen with compactness arguments, lemma 3.17 implies that if we
have points { pi}T;()z € By (0) such that

1. 8(pi,3/2) - 6(pi,1/4) <€
2. the points { p,~}’1”:_02 are in p-linearly independent,

then there are no singular points in By, (0). In particular, for all 7 > O there exists an e(m, p, N, A) > 0 such
that the previous statement is true.

The objective of this section is to try to make the previous statement more quantitative. We don’t simply
want to see that for all T there exists some €, but we want to see how 7 and € are connected. We don’t care
about making the dependence on A, m, N explicit, just the dependence on 7.

Recall that if € = 0, then we are in the perfectly homogeneous case. In this case, if the points p; span
something m — 2-dimensional (so in some sense 7 = 0 corresponds to € = 0).

Before we move to the actual statement, we make an example in dimension 3 that hopefully will clarify
the estimates in general.

Half of this section is taken from [NVa].

6.1 Dimension 3

In order to fix some ideas, let’s focus for a moment on the easy case, i.e., when m = 3. Note that in this
case the standard dimension reduction argument proves that the singular set in discrete, and with a covering
argument one can show directly that the number of singular points is bounded (see 3.12). Thus we don’t
actually need extra estimates for this case. However, it is instructive to see what happens here.

With the usual compactness argument (see the cone-splitting lemma 3.17), as seen above we know that

given two points x,y € By (0) such that
W(x, 1) =0(x,3/2) = 0(x,1/4) <e, and W(y,1)=06(y,3/2) - 0(y,1/4) <€, 6.1

then if € is sufficiently small we have two options: either By, (0) contains no singular points, or d(x,y) < 7.
In order to make the statement quantitative, observe the following. For convenience, let’s take the points

x,y of the form
x=(1/2,0,0), y=-x=(-1,0,0), (6.2)

so that their mutual distance is 7. Suppose that 7 < 1/10, and consider the annulus A;/22(0) = B> (0) \
B1/2(0). This annulus is contained in the intersection of A3 1/4(x) = B3 (x) \ B4 (x) and A3z 1,4(y) = B3 () \

B4 ().
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Moreover, for all z € A1/220, consider that obviously
x—y=x-z-0-2, (6.3)
and so
Vu(z), x = y) = (Vu(z), x — 2) = (Vu(z),y - 2) . (6.4)

MAYBE HERE A DRAWING IS A GOOD IDEA
Now if W(x,1) = W(y, 1) = 0, this clearly implies that for all z € A we have (Vu(z), x —y) = 0, and we
also have the quantitative estimate

f (Vu(z), x — »)* <2 f KVu(z), x — 2)[* +2 f KVu(z),y - 2)I* < (6.5)
A12,2(0) A122(0) A12,2(0)
<c [W(x, 1)+ W, 1)] . (6.6)

Now by a simple compactness argument, we shall see in the next section that for all directions e (i.e., for all
unit vectors e) in R, if B; /2 (0) contains some singular point than

f (Vu(2), & > co(m, N, A). ©.7)
A122(0)

The precise statement will be given in the next section.
With this statement, since obviously (x — y)/ |x — y| is a norm 1 vector, we can conclude that:

colx—yP < fA o KVu(z), x — WP < e[W(x, 1)+ Wy, D], (6.8)
1/2,2

and so we have
Ix =y < ecg! [Wix, D)+ W(y, 1)] . (6.9)

Thus, as desired, we have obtained an effective bound on the distance between x and y as a function of
the energy density.

In general, we need to develop this idea also in higher dimension, which is not totally trivial. However,
the technical difficulties of this part are far less challenging than in the previous sections.

6.2 Estimates in higher dimension

Now we move to higher dimensions and we prove with all details the estimates in full generality. For
convenience, we set by definition

Wo(x) = Wy, (1) = 6, ,(x) = 6,,(x) 2 0, (6.10)

where r, = 279.
First of all, we state the main theorem of this section.
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Theorem 6.1 (L2-Best Approximation Theorem). Let f : By,(p) € R™ — N be a stationary harmonic
map with (9r)>™" fBg ) IVfI2 < A, and let 8r = 277, There exist 6(n, NA) and C(n, N, A) > 0 such that the
following is true. Suppose that for some p’ € B, (p),

Wa(p') < 6(n,N,A), (6.11)

and suppose that B, (p) contains some singular points. Then for any finite measure u on B,(p) we have that
D3 (p,r) < inf p270nY f d*(x, LX) du(x) < cr =3 Wa(x) du(x), (6.12)
L3 B.(p) B(p)

where the inf is taken over all (m — 3)-dimensional affine subspaces L3 C R™.

Remark 6.1. It is easy to realize that the statement of this theorem is scale-invariant wrt ». Thus we will
prove the statement for r = 1 without loss of generality.

6.3 Symmetry and Gradient Bounds

Here we prove the dichotomy mentioned before. In particuar, we want to show that if # is a minimizing
harmonic map with at least one “pinched point” in the ball of radius 1, then either the energy relative to

some m — 3-dimensional subspace has some size, or there are no singular points in this ball. More precisely:

Lemma 6.2. Let u : Bo(0) S M — N be a stationary harmonic map 3%9 o) |Vul?> < A. Then there exists a
o(n, N, A) > 0 such that if for some p € By (0) we have

0(x,8) — 0(x,1) <&, (6.13)

then either r,(0) > 1 (and so in particular By (0) does not contain any singular point), or for all m — 2

dimensional subspaces L we have
f KVu, L)* > 6. (6.14)
A34(0)

Remark 6.2. Note that we use the notation (Vu, L) to replace

m—3

(Vi D = " (Vu, v, (6.15)

i=1

where {v,'};’:l2 is an orthonormal basis for L. In other words, [{Vu, L>|2 is the energy in the direction of L.

Proof. For this proof, we don’t need a quantitative estimate on ¢, we just need to show its existence. Thus,
we carry out this proof by contradiction.

Thus, for m, N, A fixed, let by contradiction u; be a sequence of minimizing harmonic maps u; : Bg (0) —
N such that
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1. for some p; € By (0), we have Wy(p;) < i,
2. for some m — 2-dimensional space L; we have 35‘3,4 ©) [(Vu;, L,'>|2 <il,
3. we have r,(0) < 1.

Up to rotations, we can assume that L; = L is fixed, and up to passing to a subsequence we have p; = p €
B1 (0). Also, after passing to subsequences we have that

u; — u: By(0) > N, (6.16)

where the convergence is strong in H Y(Bs (() 0)) since u; are minimizing maps. The energy in the L direction

in the limit is going to be
[ wwwnp-o. 6.17)
A34(0)
and the pinching condition implies that

Wo(p) =0. (6.18)

This and unique continuation show that u is O-symmetric wrt p, and invariant wrt L. Thus u is an m — 2-
symmetric map, which in turn implies that # = 0. Since the convergence is strong, we arrive at a contradic-
tion with r,(0) < 1. O

6.4 Eigenvalue and eigenvectors of the matrix associated to a measure

Let us consider a probability measure u with support in B (0), and let x.,, be its center of mass, i.e.:
Xem = Xem(u) = fxd,u(x). (6.19)
Consider the bilinear quadratic form Q(v, w) defined by
O(v,w) = f [(x = Xem) - VI[(x = xem) - W] dp(x) . (6.20)

In this section, we study the eigenvalue and eigenvectors of Q and their relations with the 8, defined above.

Definition 6.3. Given a probability measure u € B (0), we set A1(u), - , 4,,(u) to be the eigenvalues of
Q(w) in decreasing order, and vi(u),--- ,v,(u) to be its eigenvectors. In case one eigenvalue has higher

multiplicity, we take any choice of orthonormal eigenvectors inside the eigenspace.
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Note that by definition of eigenvectors, we have

000) = A= [ 168 ton) ) (= o) i) (6:21)
We also have a variational characterization of the eigenvalues given by
=) = max [ o= ) o). (6.22)
and v; = vi(w) is any of the norm 1 vectors obtaining this maximum. By induction, we also have
Aks1 = Ags1 () = max { f I(x = Xem) - V> du(x) s.t. > =1land Vi<k,v-v; = 0} , (6.23)
and vgy1 1S a vector obtaining this maximum. Note that, by definition of v, the subspace Vi = x.p +
span{vy, ..., v} is the k-dimensional affine subspace (or one of the subspaces) achieving the maximum of
o8 e P d) = )+ ). (624)

Since we have
Il = xeml® = Iy (x = Xan)IP + Iy (2 = xe)IP = v (= x| + dx, V)72, (6.25)
we can rephrase (6.24) and say that Vj is the subspace minimizing the distance
2 _ - _ 2 _ _ 2 _
it [ = min ( [ = P = [ vt = du(X))
(6.26)

fdz(x, Vi) du(x) = A1 () + -+ + An(p) - (6.27)

Remark 6.3. Note that evidently V} must pass through the center of mass of . This is an immediate corollary
of Jensen’s inequality (or Steiner’s theorem).

By simple manipulations with A and v, we obtain the following important estimate:

Proposition 6.4. Let u : By (0) — N be a minimizing harmonic map, and let u be a probability measure on
By (0) with A, (u), vi(w) defined as in Definition 6.3. Then there exists C(m) > 0 such that

A f Ve - Vu(z)l> dVol(z) < C(m) f Wo(x) du(x) . (6.28)
A34(0)

Proof. For simplicity, and without essential loss of generality, we assume that x.,(u) = 0 (otherwise a
simple translation will do the trick).
Forany z € A34and k = 1,--- ,m, we take the scalar product of (6.21) with Vu(z), and obtain

A (v - Vu(z)) = f (- vi) (Vu(z) - x) du(x), (6.29)
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By definition of center of mass (see (6.19)), we have for all fixed z:
fx szdu(x) =X -z2=0. (6.30)
Thus we can re-write (6.29) in the form:
A (Vu(z) - vi) = f (x - vi) [Vu(z) - (x = 2)] dp(x) . (6.31)
A simple application of Holder inequality tells us that for all fixed z:
Z1Vuz) - vil* < 4 f IVu(z) - (x = 2)I* du(x). (6.32)

Note that we can evidently assume A; > 0, otherwise there’s nothing to prove. By integrating both sides of
the previous inequality on A3 4(0), we get

/lkf [Vu(z) - vkl2 dVol(z) < ff [Vu(z) - (x — Z)I2 dVol(z) du(x) < (6.33)

A3.4 (0) A3 4(0)

2
f f [Vu@@) - (xm M e~ 2 avol(z) du(x) < (6.34)
A3.4(0) lx — 2]
2
< C(m) f f 'V”(lz; (;m N Vol(z) dutx) < Com) f Wo(x) du(x) , (6.35)
Ayg(x)

as desired. O

6.5 Proof of Theorem 6.1

We are now in a position to prove Theorem 6.1. By rescaling, we can assume for convenience that u(B; (0)) =
1. Since we have ordered A; to be decreasing in value, and by (6.26), we have

D,IE(O, D)= A1) + -+ () < (m = k) Agsr - (6.36)

By applying Proposition 6.4 to each j = 1,--- ,k + 1, we obtain

k+1
Z /ljf |Vu(z) . vj|2 dVol(z) < (k + l)CfWO(x) du(x). (6.37)
— A34(0)

Let V¥+! = span (v1,- -+, vx+1) be the linear part of the best k + 1-dimensional subspace of u. Given that A;

are decreasing in j (by definition), the last estimate leads to

k+1

Ak+1 f |VkJrl Vu(z)' dVol(z) = A"“Z f
A34(0)

Since we assumed that there exists at least one pinched point in the ball and no singular points, by Lemma
6.2,

()|vu(z).vj|2 dVol(z) < C f Wo(x) du(x).  (6.38)
Az4(p

f [Vu() - V™2 avol(z) > 8" %6(m, N, A). (6.39)
34(p)
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This allows us to estimate

c(m)é/lm—Z < /lm—2f

Vu(z) - \/'"—2|2 dVol(z) < C f Wo(x) du(x) . (6.40)
A34(0)

Since ¢ is a positive constant depending only on (m, A, N), and by (6.36), we can conclude
DZ’_3(0, 1) < C(m, A, N)fWo(x) du(x) (6.41)

as desired.
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7 Covering arguments

Now we are ready for the last part of our estimates. There are two issues that need to be addressed. First of
all, there is the weird pinching assumption (6.11) that seems somewhat problematic to guarantee. In order
to deal with this issue, the very rough intuition for the idea is the following: take & C B; (0), and cover this
set by balls B,, (x;) centered in 8§ and such that

0(xi, 1) = O(x;,ri) = 0. (7.1)

Now apply the discrete Reifenberg to the collection {B,, (x;)};. Now every time you need to use theorem 6.1,
the hypothesis of having a pinched point in the ball is guaranteed. Now start over the process on each ball
{B, (x))}; separately, and do the same kind of covering again. Every time you do one of this covering, you
ensure that 6 drops of a 6 amount. Since 6 is monotone, and 8(0, 1) < A, you will only need to do this some
Ad~! number of times, and this does not mess with the final estimates.

Needless to say, this is just an extremely rough and imprecise argument, but it might be of help in guiding
through the next section.

The second issue is the following. If we want to apply the discrete Reifenberg, we need to know that

f ( f rD;;’—3(y,s)§) du(y) < 82, (7.2)
B.(x) \JO S

on all balls contained in B (0). Theorem 6.1 tells us that

Dy por) < Y | o W du(x). (7.3)
r(p

so we know that

LS DZ”(y,s)@)sc | [s—<m—3> | ( WS(Z)du(z))du(y)]@- a4)
B.(x) \Jo s 0 B.(x) \JB,() §

We would like to take the two integrals inside and turn them into a single integral. In particular, we would
like to write something like

) f ( f Wz)du(z))du(y)sc f W,() du(y) (7.5)
B,(x) B(y) Bris(x)

What we can do is the following. First of all, we exchange the order of integration. Since
{2 st [ly—all<rand [z—yll <stC{(y,2) st llz—xl|<r+s and |ly—zll<s}, (7.6)

we can estimate

s~m=3) f ( Ws(Z)dﬂ(Z))d/vl()’)SS_(m_3) f Ws(z)( f du(y))du(z). (7.7)
B (x) B,(y) Brys(x) Bs(y)

68



Now IF we knew that

(j‘ @@ﬁscwﬂ (7.8)
By(»)

for some universal constant C, then we would have

| ( | DZ“‘3<y,s)9)sc | [ | Ws<z>§]du<z>. 1.9)
B,(x) \JO s Brs(x) [JO s

Now the integral in the middle is sort of a telescopic sum, since

f WS(Z)d—Ss < C(O(z,r)—6(0,0)) , (7.10)
0

and thus maybe we can play some tricks with this estimate.

However, we still have the “IF” in (7.8) to take care of, and it looks like this claim is exactly what we
want to prove in the end: uniform measure bounds on . And actually it is.

The point is the following: we are going to prove this claim inductively on scales going upwards, and at
each step in the induction use the previous step to have ROUGH uniform bounds on the measure u, and then
exploit the Reifenberg theorem to refine these bounds to uniform bounds not depending on the induction
step.

These are the main stumbling blocks, but as always there’s also tons of other technicalities to be dealt
with. We start with some extra lemmas needed in the proof of the covering arguments, then we move to the
covering arguments, and we close with the proof of the main theorem.

7.1 Technical lemmas

Here we collect two technical lemmas needed in the following. Their proof can be carried out with an
adaptation of the usual contradiction/compactness argument.

Proposition 7.1. Let p,€ > 0 be fixed. There exists 63(m, A, p, €) > 0 such that the following holds. Let
F ={yeB(0) st 00,1)-00,p) <063} If F p-effectively spans an (m — 3)-dimensional subspace V,
then

8 C By (V) . (7.11)

Proof. EXPAND O

Lemma 7.2. Let u : B3 (0) = N be a minimizing harmonic map. Let p > 0 and n > 0 be fixed, and assume
that for all y € By (0), 8(y, 1) < E, then there exists ¢ = d6(m, A\, , p,y,n) such that the following holds. Let
F(u,06) C{ye B (0) s.t. 8(y,p) > E — d¢}. If F p-effectively spans a k-dimensional subspace L, then for
all x € LN B, (0), we have

0(x,p) > E—n. (7.12)
Moreover, ifk > m — 2, then E < n.

Proof. EXPAND O
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7.2 Covering argument

In this subsection, we prove the inductive covering argument needed for the main theorem. We split this
covering argument into two lemmas: in the first one, we keep refining inductively a covering by balls until
all but a controlled amount of points in our balls have some definite drop in 6, and in the second one we
show that this controlled amount of points without drop is small so that they can be “ignored”.

Lemma 7.3 (Covering Lemma I). Let u : B3(0) ¢ R™ — N be an minimizing harmonic map. Fix any
0<p<pim< 1007', and0<r<R, 0<R<1 arbitrary, set E = SUP e B (0)NS 0(x, 1), and assume the
uniform bound E < A. There exists 6 = 6(m, A, p) > 0 and Cy(m) such that the following is true.

For any subset & C 8(u) there exists a finite covering of § N Bg (0) such that

SNBrO) C| JBr (x) with rezr and Y %< CymRE. (7.13)

xeC xeC

Moreover, for each x € C, one of the following is verified
1. ry=r

2. the set of points Fy = {y € 8§ N\ By, (x) s.t. 0(y,pry/10) > E — 6} is contained in B,y /5 (L) N Ba,, (%),

where Ly is some k — 1 dimensional affine subspace.

Remark 7.1. By the scale-invariance properties of 6, this statement is equivalent to its version with R = 1
fixed.

Remark 7.2. Note that the set F', may be empty.

Remark 7.3. For convenience, and without any loss of generality, we will assume in the proof that r is some
(positive) power of p, and that p is some (negative) power of 2. In particular:

r=p/ and p=2"% with a,jeNN. (7.14)

7.2.1 Proof of Lemma 7.3

The idea of the proof is the following. We are going to build inductively on i a covering of the set 8 by a
family of balls of radius r; = p’. In the inductive step, we will look at each ball of radius r; and determine if
this is a “good” or a “bad” ball according to how many points inside this ball have 6(y, pr;/10) > E — 6.

If this set of points “effectively span” some (m — 3)-dimensional affine subspace V, then we will apply
Lemma 7.1 in order to see that the whole set $ N B,, (x) is contained in small neighborhood of V. Moreover,
using Lemma 7.2, we will see that we can cover the whole neighborhood of V by balls with uniform radius,
and this covering will satisfy the assumptions of the discrete Reifenberg theorem. These balls are the good
balls.

If this set of points is empty, or it does not “effectively span” something k-dimensional, then we will stop
refining our covering, because by definition condition (2) is verified.

The uniform k-dimensional content estimates will follow from the discrete Reifenberg theorem 5.4 ap-
plied to the natural measure associated with this covering. The Dflm_S) estimates needed to apply the Reifen-
berg theorem are a consequence of Section 6.
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7.2.2 Inductive covering: first step

Consider the map u : B3 (0) — N, let 8 C 8(u) be an arbitrary subset and define the set
F={yeB,(0)NS s.t. 8(y,p/10) > E -6} . (7.15)

If there exists a k — 1-dimensional subspace L such that F' C B,s (L), then there’s nothing to prove. In this
case, we call By (0) a bad ball.
Otherwise, we say that B (0) is a good ball. In this second case, let V be a k-dimensional subspace which

k
is (p/10)-effectively spanned by the set F'. Thus by definition there exists {y j}j:() C F that (p/10)-effectively

span V. For ¢ sufficiently small, we can apply Lemma 7.1 to B (0), we obtain that
S(u)yN B (0) € Byys5(V) . (7.16)
Consider a finite covering of B,;5 (V) N By by balls {Bp (x)}xe e such that
1. xe VN B (0)
2. if x # y,then B,/5 (x) N B,/5 (y) = 0
Note that, by Lemma 7.2, we have for all x € C:

0(x,p/10) > E — 77, (7.17)

as long as ¢ is sufficiently small. Moreover, if B, (x) contains no singular point, we can simply discard it
from our covering. Thus we can assume wlog that 8(u) N B, (x) # 0. This will be needed to use the theorem
6.1.

This completes the base step of the inductive covering we will be constructing in the next subsection.
Now we will consider any of the balls B, (x) in this covering and start over the process.

7.2.3 Inductive step

We will build by induction a sequence of coverings

scl)B,m=]B,mul JB,0=8,(c))uB,(cl), (7.18)

xe@J J J
xeCy xeCq

where Gi will represent the centers of a collection of “bad balls” and Gé will represent the centers of a
collection of “good balls” such that

1. If x € Gi then r){ > p/ and the set F, = {y esn BZri (x) s.t. H(y,pr){/lO) >FE - 6} is contained in
some Bpr_,- /s (Ly), where L, is a k — 1-dimensional affine subspace.

2. If x € Gg then 1} = o/ and the set F, = {y €3NB,;(x) st Q(y,pr){/lO) > E—(S} (pr){/IO)—
effectively spans a k-dimensional affine subspace V.
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3. Forallx#ye€ ©/ we have B, ;5(x)N By, /s () =0.
4. For all x € G/ we have 0(x,r,) > E — 1.
5. Forall x € €/, 8N B, (x) # 0.

Suppose that we have this covering for some j, and consider the set

Rj =8\ U B, (x)=8\B, (€]). (7.19)

J
xe@b

Note that by definition this set is contained in B, (Cé). For each x € G({;, we know that F, [pj” /10]-
effectively spans a k-dimensional subspace V.. As seen in the first inductive step, by Proposition 7.1 we
have that

S(I/l) N szj (X) C Bpj+l/5 (Vx) (720)
for all x € Gg as long as
6 <63(m, A, ,7,p,€). (7.21)
In order to build an open covering of R}, consider the set

A= U (B )N V) \ By o (€]) - (7.22)

xeeé
By (7.19) and (7.20), and since p < 100!, we have
RJ Q Bpj+1/5 (A) . (723)

Now first note that by the definition of A and since p < 100!, all of these balls are disjoint from B, /19 (@i)
Moreover, by Lemma 7.2, if we choose ¢ sufficiently small, for all y € A we have

0(y.p"*"/10) 2 E - 7. (7.24)
In particular, we need
0<6<66(m,A,,p,v,1). (7.25)
Now consider a (finite) Vitali subcovering of this set given by

RiC | ) By (0. (7.26)

xeCA

First of all, we discard from this covering all the balls that have empty intersection with the set & C S(u).
Since we want to cover this set, this is a reasonable thing to do.

72



We can classify all the balls in this covering into good and bad according to how spread their set F is. In

particular, for all x € @4 consider as above the set
Fe={yeSnByum(x) st 0(y.p/"/10)2 E-o}. (7.27)

If F, [ijrz /10]-effectively spans a k dimensional subspace V,, then we say that Bjs (x) is a good ball, and
we put x € G?. Otherwise, we say that B+ (x) is a bad ball, and we put x € GZ‘.
We define

o .
el =Cluey, e =0Cp. (7.28)

Note that the set of bad balls contains all the bad balls encountered at any previous step. On the contrary,
good balls get refined at each stage, and at each induction step the previous bad balls disappear from the set
C,.

Now the induction is complete. Indeed, property 1 and 2 are a direct consequence of the definition of C,
and Cp. Property 3 comes from the definition of A and the Vitali covering lemma. Finally, property 4 is a
consequence of (7.24) and property 5 comes from the fact that we discard balls that have empty intersection
with S.

7.2.4 Volume estimates

Now we are in a position to prove the desired volume estimates, and in particular

> A< Cvm, (7.29)

xeC

where € = €/ for j such that p/ = r.
We will prove this estimate by an induction on the radius. For convenience, we define the measure

p=wp Y o, (7.30)

Upwards induction For all # € (0, 1], set C; = {x € C s.t. r, < t}, and define the measure

p=w Yy Ko <p. (7.31)
xeC;
Now we want to prove inductively on ¢ = r, 2r, 22r,23r,---, 1/8 that for some universal constant Cg(im), for
all x € B3 (0) and s > r we have
fu(By (x)) = [ > wkrf;éx] (B, () < Crim)*. (7.32)
x€C s.t. 1<t
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Note that Cr(m) is the constant in Theorem 5.4. Note also that y; = y, so at the last step of the induction we
will have recovered an estimate for the whole y, up to a covering of By (0) by balls Bjg (p;). In other words,
we prove (7.29) with

Cy(m) = c(m)Cr(m). (7.33)
Note that the base step is easily seen to be true for ¢ = r. Indeed, at this stage we have

= ) oy, (7.34)

xeC,
where all B,/5 (x;) are disjoint. Thus we immediately have u,(B, (x)) < c(m)r*.

Now, suppose that we have proven (7.32) for ¢t < 2/r, we will show that (7.32) holds also for ¢ = 2/%1y,

Rough estimate First of all, we note that by a very bad estimate we have for all x € By (0):

p27(Bar (x)) < c(m)Cr(m)(27), (7.35)
where for convenience we have set 7 = 2/r. Indeed, we can split up7 into

Hor = Mr + floF = Z wkrféx + Z wk’j;‘sx . (7.36)
x€Cr x€C s.t. re€(F,27]
Take a covering of By (x) by balls By (y;) such that Bz, (y;) are disjoint. The number of these balls has a

universal bound c(m), and by induction we have

1r(Bar () < 3 1B (31)) < clm)Cr(m)P* (7.37)

As for the other part of u, by definition of this measure all the balls B, ;5 (x) are pairwise disjoint, and so we
get immediately

fiar(Bay (X)) < c(m)(2P)* . (7.38)

Reifenberg estimates We will show inductively that we can apply Theorem 5.4 to the measures w7 on each
fixed By (x). For convenience, we set

fi = 12713 - (7.39)

Note that for all x € supp («), and all s € [r,, 1], we have 8(x, s) — 8(x, s/2) < i because 6(x;, s) < E by
monotonicity of 6 and by definition of E, and 6(x;, s/2) > E —n by condition (4) of our constructed covering.
Now we can choose 77 small enough so that for all x € supp (1) and 0 < s < 1 we have the Dflm_3) estimate

thm.6.1

Boa(x,5)? < Cis7* ()ws(y>dﬂ(y), (7.40)
Bs(x
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where we have set for all x € supp (u):
Wi(x; ifs>r,,
Wi(x) = o) ! (7.41)
0 if s <ry.

Indeed, for s < ry, supp (1) N Bs (x) = {x}, and there’s nothing to prove. If s > r,, then for all y € B, (x),
ry < s by construction of u.

Recall that in all of the good balls, there exists at least a singular point. Thus we can apply Theorem 6.1,
and we have the estimate (7.40) as desired.

Now we can prove that for all y € By (x), and r < 27, we have

L 0)( fo B 1z ) d—:) dia(z) < c(m)C1Canr* . (7.42)

Indeed, by (7.40) we can estimate for all s < r:

f B (2. ) dii(z) < Cy57* f [ Ws(t)dp(t)}dp(z), (7.43)
B (y) B, (y) LV By(2)

Now, on By (2), either i = plp,.(x), or there exists an x € supp (1) N By (z) with r, > 5. Since z € supp (u) as
well, by construction we have z = x = supp (1) N By (z), and Wy(z) = 0. Thus in either case we have

Bt sPdae < s [

B,(y)NBas(x)

[f Wi(1) dﬂs(t)] dug(z) . (7.44)
B, () By(2)NBar(x)

By induction, and by the rough estimates in (7.35), for all s € (0, 27] and z € B; (0) we can estimate
H5(Bs (2)) < c(m)Crs" . (7.45)
Thus we obtain
f B (2, 9 i) < c(m)C1Cr f
B, () B

This yields

Wo()dus(2) = cm)C1Cr fB W@ (.46

f ( f /3'5,,1(z,s)2 @) du(z) < c(m)CiCg f [ f Ws(z)é]dﬁ(z). (7.47)
B.(y) \JO s By, (y) LJO s

Note that for all x € supp (1) and r < 27 < 1/8, we have

r+s(y)mBZf(x)

r r 1/8
f Ws(x)d—ss = f Ws(x)d—ss < Ws(x)% <clb(x,1)-0(x,ry)] <cnm. (7.48)
0 rx ry

Thus, using again the induction hypothesis and the rough estimates (7.35), we prove (7.42).
If we choose 1 small enough, in particular

2

1)
<n(m,,A)=c(m R , 7.49
n<m( ) = )Clcﬁ (7.49)
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we can apply Theorem 5.4 to jz and obtain (7.32) as wanted.

The only thing left to do is to choose § = 6(m, , A, 7, p, €) > 0 in such a way that (7.24) is satisfied with
n < min{no, 71,67} (7.50)

and also (7.21) is satisfied. Given (7.49), as noted above this is a simple application of Lemmas 7.2. This
finishes the proof of Lemma 7.3.

7.2.5 Second covering lemma
By repeating this covering argument over bad balls, we obtain the following

Lemma 7.4 (Covering Lemma II). Let u : B3 (0) — N be an minimizing harmonic map (as in the previous
covering lemma). Fix any € > 0and 0 <r <R, 0 <R < 1, set E = sup,cp, o)ns O(x, 1), and assume the
uniform bound E < A. There exists 6 = 6(m,, A) > 0 and Cr(m) such that the following is true.

For any subset 8 C S(u), there exists a finite covering of 8 N Bg (0) such that

SNBrO C| JB (x), with rezr and Y K< CrimR. (7.51)

xeC xeC

Moreover, for each x € C,
1. eitherry=r

2. or we have the following uniform energy drop

Yy € B, ()NS, 0(y,ry/10) <E—35. (7.52)

Remark 7.4. As for the previous covering lemma, also in this case we can assume for simplicity and wlog
that R = 1.

Proof. We need to refine the covering of the previous lemma. Recall that by lemma 7.3 we have a covering
of § N By (0) given by

snBOc|JBw=JBWU[ B, with rezr and Y A<Cum), (753)

xeC xeC, xeCy x€C,UC,

where we have set
C={xeCst ry=r} and Co={x€C st. r,>r}, C=C,UC,. (7.54)

We will of course keep C, as part of our final covering, while we will refine the covering on each of
the balls {B,, (x)}xEe+
{y € 8N By, (x) s.t. 6(y,pri/10) > E — 6} is close to a k — 1-dimensional space. Assuming that F, = 0, all

in an inductive way. By item (2) of lemma 7.3, for each x € C, the set F, =
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we need to do in order to achieve (7.52) is to re-cover B, (x) with balls {Bprx (y)} en- These balls are the
final covering we are looking for. Evidently, the number of these balls is bounded by a constant Cy(m, p).

If F, # 0, we need to exploit the fact that we still know F; C B, /5 (L) N By, (x), where L, is at most
k — 1 dimensional. Thus we can cover B, (x) \ B, (Fy) as above, and cover B, (F,) separately by balls
{ o (y)}ye et On these “bad balls”, we will not be able to obtain any information on the energy drop over
these new balls in the covering. However, their k-dimensional content is small since F, behaves like a k — 1
dimensional set. This will allow us to start over on each of these bad balls separately, and keep a uniform
k-dimensional estimate on the content of the final covering. More precisely:

7.2.6 Re-covering of bad balls: Induction

In detail, we will build by induction on i a sequence of coverings of & C 8(u) N By (0) such that

1. Foralli=1,2,---

sc | Bwul]B.wul]B®. (1.55)

xe€lin) xe€h xe€lib)

2. For all x € @%", r, = r. In other words, on these “r-balls” option (1) of our lemma is verified,

3. Forall x € €%/ and all z € By, (x) we have 6(z,r,/10) < E — §. In other words, on these “final balls”
option (2) of our lemma is verified,

4. forall x € C%P), r < r, < p'. On these “bad balls”, none of the two stopping options is verified, thus
we need to refine our covering here.

5. For some constant Cr(m), we have the estimates

> r’;SCp(m)[i 2-1‘], > A<t (7.56)
=1

xeCENUEGS) xeClib)

Thus the estimates on r and final balls has uniform bounds, while our estimates on bad balls has
exponentially decreasing bounds.

7.2.7 Re-covering of bad balls: First step in the induction

For i = 1, consider the covering (7.53) given by the previous lemma. We keep the balls {B,, (x)} ree, as they
are, while for each x € €, consider two coverings of B, (Fy) and its complement

Br, )\ Bor, FIC | ) Bor0)s Br N Bp (FOC | ) Bor ), (7.57)
ye(i’il'f) yee;l,b)

where B, 2 (y) are pairwise disjoint in both coverings.
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egcl )

By definition of Fy, forall y € the energy drop condition (7.52) is satisfied. Moreover we have the

trivial estimates
Z (orof = (o) #{y € &P} < comyp*™"r% = Cy(m. p)r . (7.58)
yeelh
Since the energy drop is verified on these balls, we define C//) to be the set of final balls at the step i = 1
by
eth = Jel”. (7.59)
xeCy
Fory € chl’b), the energy drop condition is not verified. However, since there exists a k — 1 dimensional
space L, such that
Fy={ye8NBy (x) s.t. O(y,pry/10) > E — 6} C By, 5 (Ly) , (7.60)
then we can estimate
Z (prof = pfra {7} < c(m)p'*ptrk = Com)pr . (7.61)
yeel

On these balls, we can either have the stopping condition pr, = r, or we need to refine the covering further.
Thus we define

e(l,b) — U e;l,b) , e(l,r) — er U U e;l,b) . (7.62)
x€Ci, pry>r xeCy, pry=r

@D represents the set of “bad balls” where we need to refine our covering further.
By this and lemma 7.3, in particular by the estimates in (7.53), we obtain that

D, S Clmp ) k< CumCelmp. (7.63)
ye@b) xeCy
If we choose
1
0 < p(m) < min{lOO_l, ECV(m)_l . Cc(k)‘l} , (7.64)
we can rephrase the above estimates as
1
>os 5 (7.65)
)
If we set
Cr(m) = 2Cy(m) (Cs(m, p(m)) + Cc(m)) , (7.66)

the estimates on the final and r-balls are

1
A=#(ChA+ ) A (Crm,p) + Culm, ) < Cy(m) (Cplm, p) + Celm)) = SCrm). (1.67)

yeRUNYCLS xeCy

Note that clearly for all y € C?), we have ry < p.
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7.2.8 Re-covering of bad balls: Induction step

Suppose that we have obtained our covering for i. It is clear that we need to improve our covering only on
the balls {B, (x)},ceun. In order to do so, we consider each of these balls separately.

Since all the assumptions on lemma 7.3 are satisfied on each of the B, (x), we can apply again this lemma
to each B, (x), and obtain that for all x there exists a covering

snB.wc | JBou ) B,0 with rnxrand > <cvomt (7.68)

V€C;x V€Cy x y€C,xUC, x

Moreover, for each y € C, ,, there exists a k — 1 dimensional subspace L, such that
Fy={z €80 By, () st 6:pry/10)> E =68} € By s (Ly) N Bar, () - (7.69)

By applying exactly the same procedure described in the first step of the induction to each of the balls
{B,y (y)}yE 0. We obtain the new desired covering. In particular, for each y € C, ; we can find a covering

B, 0\ By, (Fs) S | ) Bon @, By0NBy(F)S | B @, (7.70)
ZECE,HIJ) Z€€§f+l,b)
where for all z € €;i+1’f ) and all peSN Bopr, (z), we have 6(p, pry) < E — 6, and we have the estimates
DU o)t <Crmpyk, D (orh < Colmyprt. (7.71)
zECE,HLf) Zeesjﬂ,b)

The new set C+1/) is now defined as the previous set of “final balls” /) along with the new final balls

@U+L.S) obtained with this covering, thus making
EU+LS) U U G(y”]’f), EUHLH — EGf) | EU+LS) (1.72)
xeCib) ye€,

In a similar way for the r-balls, we obtain

e(i+1,r) — U er,x U U e;H—l,b) , €(i+1,r) — e(i,r) U e(i+l,r) . (773)

xe@.b) V€Cy x, pry=r

However, evidently the new set of “bad balls” does not contain the bad balls at the previous scale, since
those are the ones that were just re-covered. In particular

EU+Lb) _ U U e;iﬂ,b)‘ (7.74)
xeCUb) yeC,y 4, pry>r

The k-dimensional content estimate of our covering are obtained by iterating the estimates obtained in
the first step. In detail, by arguing as in (7.63) and (7.65), and by choosing p according to (7.64), we obtain

Y, Ae Y =2t .73

ZE@(HI,h) xe@i.b)
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As for final and r-balls, arguing as in (7.67) we can estimate the contribution given by the new r and final
balls by

k< (%Cp(m)) Z k=271 Cr(m) . (7.76)

Z€CUEHLAUE+LF) 2@l

This yields the desired result (7.56), and in turn concludes the proof of the lemma.
It is worth noticing that at the i-th step of the induction, the radius of the biggest ball in the covering is
smaller than p'. Thus eventually p' < r and this induction will stop in a finite number of steps.

7.2.9 Keeping track of the constants

For the reader’s convenience we record here how all the constants involved in the previous two lemmas were
chosen.

First of all, note that € > 0 is arbitrary, as well as » > 0. However, it is of course important that all the
constants here are independent of r.

CRr(m) is the constant coming from the Reifenberg theorem 5.4, and it depends only on m. Cy(m) is fixed
in (7.33), and it is just a dimensional constant c(m) (coming from a rough cover of B (0) by balls of radius
1/8) times Cg(m). Thus Cy(m) clearly depends only on m. C.(m) is fixed in (7.61), and is just another
covering constant whose value depends only on m.

The parameter p, which was a free parameter in the first covering, is fixed once and for all in (7.64) as
a constant depending only on m. For convenience, we can also pick a p satisfying (7.14). Once this choice
has been fixed, also the constant Cr () introduced in (7.66) depends only on m.

The parameter i > 0 is chosen according to (7.49), as explained in (7.50). At last, with this positive value
of i fixed, we choose ¢ in such a way that (7.21) and (7.24) are all satisfied.

7.3 Proof of the main theorems

Now we are ready to prove our main thereoms on the singularities of harmonic maps. We recall the theorem
here.

Theorem 7.5. Let u : B> (0) C R™ — N be a minimizing harmonic map with 6(0,2) < A. Its singular set
S(u) satisfies

Vol (B, (S(u) N By (0))) < C(m, A)r*, (7.77)
and 8(u) is m — 3-rectifiable.

This proof is basically a corollary of the covering Lemma 7.4. The proof is another induction, this time
downwards and on the upper bound on the energy.
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7.3.1 Volume estimate: Induction on energy upper bounds

Using the covering Lemma 7.4, we will prove by induction on i = 0,1,---,[6"'E] + 1 that there exist
coverings of 8 by balls {B, (x)},.e: such that

sclJB,@. ) rh<mCrmy. (7.78)
ce@i xeCi
Moreover, for all i we have
re<r or Yye8NnBy (x), 6(y,ri) <E-if. (7.79)

It is clear that if we pick i = |0"'E] + 1, then the second condition cannot be true anywhere, which means
that the first condition must be true, which will complete the construction of the covering.

In particular, this implies that at the step i = l67'E| + 1 we have a covering of 8(u) by balls of radius r
and such that their number is bounded by

exp (log(c(m)Cp(m)As(m, A)™') rP=" (7.80)

As a corollary, we immediately obtain that (7.77) is satisfied.

Now we turn to the proof of the covering. Note that this covering is trivial for i = 0, since 8 C B; (0) does
the trick at this stage.

By induction, suppose that (7.78) and (7.79) are true for i. Pick any x € €', and consider B, (x). By
the covering lemma 7.4 (or better, by an r,-rescaled version of this lemma), there exists a covering C, of
8 N B, (x) such that

SnB.Wc| B, o), n<pre<pl, D < Crmpik. (7.81)
ye(?x )’Eex

Moreover, for all y € C,, we have
eitherry, =r or Yze€3NBy, (y), 0(z,pry/10)<E—-i6—6=E—(i+1). (7.82)

By covering each B, (y) again by a minimal set of balls of radius p(m)r, < ry/10, we obtain a covering Cy
such that

SNB,. | By, r<pre<p, D <cmCrimt. (7.83)
YeCy veCy

Moreover, for all y € C,, we have
eitherr, <r or Vzedn By, (y), Oz, pry) SE-i6—6=E—-(i+1). (7.84)
By summing all the contributions coming from balls {B, (x)} e, We obtain

et=lJe, Y A=) [Z rf;] < (c(m)Crm)™", (7.85)

xeCi yeCitl xeCi \yeCy

as desired.
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7.3.2 Rectifiability

By the volume estimates in (7.77), we have AX(Su) N By (0) < C. By applying the same estimates on any
ball B, (x) with x € B (0) and r < 1, we obtain that

A*(Sw) N B, (x)) < Cr¥, (7.86)

in other words, 8(u) is upper-Ahlfors regular.

We will prove that for all measurable subsets S C S(u) N By (0), there exists a k-measurable subset £ C §
with AX(E) < 77'2%(8) such that 8 \ E is k-rectifiable. Since § is an arbitrary measurable subset, this is
enough to prove rectifiability by a standard density argument.

Consider any & € 8(u) N By (0). We can assume wlog that AK(8) > 0, otherwise there is nothing to prove.
Consider the function f(x,r) = 6(x,r) — 6(x,0) on B (0). This function is monotone nondecreasing in r,
uniformly bounded for all x € By (0) and r < 1, and pointwise converging to 0 as r — 0.

Thus, by dominated convergence, for all § > 0, there exists a radius 7 > 0 such that

f f(x, 10R)dA*(x) < 6°. (7.87)
8

Let E C 8 be a measurable subset with A(E) < 61%(8) and such that f(x, 107) < dforall xe€ F = 8§ \ E.

Now cover F by a finite number of balls B; (x;) centered on . We want to show that, if ¢ is chosen small
enough, then on each of these balls we can apply Theorem 5.5 to F' N By (x;) for all i, and thus proving that
F is k-rectifiable as desired.

Reifenberg estimates The estimates here are basically equivalent to the estimates carried out in Section
7.2.4. Actually, since we already know that (7.86) holds, we do not even need the upper induction part of
that argument. For this reason, we will only sketch the main passages in the estimates.

Fix any i, and consider the set F' N By (x;). For convenience, we rescale the ball B; (x;) to By (0). With an
abuse of notation, we will keep denoting by u, 6, S(1) and F also the rescaled objects.

By definition of F' C S(u), we have that 8(x, 10) — 8(x,0) < ¢ for all x € F. By an estimate analogous to
(7.40), we have forall x € Fand s < 1

o (%, $)> < Cs7 » )Ws(y> d|r(y) (7.88)

By integrating, and by (7.86), we obtain forall x € B; (0) and s < r < 1:

f B, (2 9)* dA|p(z) < Cys7F f [ Ws<r>dak|F<t>]dzk|p<z>sclc f W(2)dA | (2) .
B.(x) B,(y) LYB(2) Brs(y)

(7.89)

Integrating again in s, we finally get for all x € By (0) and r < 1:

f [ f Sﬁz,mp(z, 5)* d—:]dﬂ"lF(z)sclc f [0(x, 87) — O(x, )dA|r(2) < c(m)C C26F% . (7.90)
B,(x) 0

B (x)
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By choosing

Sk

0L —, 791
c(m)C;C? (7.9

we can apply Theorem 5.5 to the set F' N By (0), thus proving that it is k-rectifiable. This concludes the proof.
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