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Abstract

In this expository note we embark on a short tour the regularity theory of rectifiable varifolds.
We primarily give a detailed accounting of Camillo De Lellis’ proof of the Allard e-regularity theorem
simplified to the case of integer rectifiable varifolds with an L* bound on mean curvature. In the process,
cosmetic adjustments are made and the exposition is greatly expanded. We also briefly introduce the
general theorem as it applies to rectifiable varifolds, as well as a recent generalization of due to Theodora
Bourni and Alexander Volkmann in which the L? bounds on mean curvature are replaced by a regularity
condition on the generalized normal of the varifold.
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1 Introduction and Preliminaries

Before diving into the regularity theory of rectifiable varifolds, we first collect together some basic results in
measure theory, real analysis, functional analysis, and linear algebra. Unless a proof is particular exciting
or seemingly not documented elsewhere, we opt for brevity in forgoing proofs, and refer the reader to the
excellent texts of Evans [Eval0], Evans and Gariepy [EG15], Maggi [Magl2], Simon [Sim14], et cetera, for
the details.

1.1 Introductory Measure Theory
Borel Measures

We begin by discussing briefly the notion of measures in general. Let X be a set, and P(X) its power set.
An outer measure p on X is a map p: P(X) — [0, 00] such that the following properties hold:

o u(0) =0;
e For every E C X and {E;}2, C P(X) with E C |J;=, E;, we have u(E) < Y oo, u(E;).

If X is aset, ¥ C P(X) is a o-algebra, and p: P(X) — [0,00] is an outer measure satisfying the countable
additivity property

e For every disjoint countable collection {E;} C X, p(U;2y Ei) = >oioy u(Es),

then we say that the triple (X, X, i) is a measure space, and that u is a measure. In any case, a set £ C X
is said to be measurable with respect to an (outer) measure pu if

u(A) = p(ANE) + p(A\ E)

for every A C X. It is an elementary fact that measurable sets form a family with a good set-algebraic
structure, as exhibited by the following result:

Theorem 1.1 (Caratheodory). Let p be an outer measure on a space X, and let M(u) be the collection of
2

all u-measurable subsets of X. Then M(u) is a completer o-algebra, on which p is a measure?.
We can ask that an outer measure p on X be determined by its action on (i), in the sense that if A C X
then a p-measurable set £ D A exists such that u(A) = p(E). Such outer measures are called regular.
The following result, which allows us to pass limits through measures in certain situations, illustrates how
regularity can significantly improve the behavior of a measure:

Proposition 1.1. Let (X, p,X) be a measure space, and {E;} C ¥ a sequence of p-measurable sets. If
Ej C Eji1, then limj oo p(E;) = p(Uj2, Ej). In case p is regular, then in fact this holds even if the E; are
not measurable. If E; D Ej11 and p(E;) < oo for some j, then lim;_,o p(E;) = u(ﬂ;il E;).

If now X is a topological space, then it is often useful to consider outer measures which play nicely with
the topology of X. The family of open sets in X generates a o-algebra B(X) called the Borel o-algebra,
and if an outer measure p on X has the property that B(X) C 9(u), then we call i a Borel outer measure.
A Borel regular outer measure x4 on X is a Borel outer measure such that if A C X, then there exists an
E C B(X) such that u(A) = u(E)3.

If we add a bit more topological structure to X, then we discover that Borel regular measures have good
approximation properties in terms of open, closed, and compact sets. In particular, we have the following:

1If 3 contains all subsets of X on which p is trivial, then we say that ¥ is complete.

2We often refer to outer measures and measures interchangeably with the understanding that the object in question will be
a measure in earnest when restricted to its distinguished sigma algebra.

3Note that this is slightly at odds with the marginally more general definition of a regular outer measure, in that for a Borel
regular outer measure we require £ € B(X) rather than just E € M(u).



Theorem 1.2. Let X be a topological space in which every closed set is a countable intersection of open
sets. Let u be a Borel reqular measure on X which is open o-finite*. Then if A C X,
wA) = inf pn(U)
Uopen
and if A € M(p),
n(A) = sup p(C)
CCA
Cclosed
If we require X to be Hausdorff and o-compact®, then we can replace closed sets with compact sets the
second conclusion.
Before moving onto the construction of the Hausdorff and Lebesgue measures, we introduce a useful
construction allowing us to localize measures. Letting X be any space, p an outer measure on X, and
Y C X any subset, we can define the restriction of u to Y, denoted by uL Y, by

(LLY)(A) == p(ANY). forall AcCc X

It so happens that, regardless of what Y was, M(u) C M(uLY). Moreover, the property of Borel regularity
is retained under restriction, provided that the set on which we are localizing is a measurable set with finite
measure. In a similar vein, when a measure only “sees” the the subsets of a fixed set, we say that the measure
is supported on that set. Precisely, we say that a measure 1 on a space X is concentrated, or supported,
on a set F C X provided that (X \ F) = 0. In case X is a separable topological space and u is Borel, we
call the intersection of all closed sets on which pu is concentrated the support of u, denoted by sptu. Thus,
sptu is the smallest closed set on which p is concentrated. An especially useful way to view the support of
a measure is as
spt = X\ U U,
u(U)=0
U open

or in the case of a separable metric space X,

sptpu = {z : u(B,(x)) > 0 for all r > 0}.

The Hausdorff and Lebesgue Measures

We now set to work on producing the measures which underlie all that is to follow. For the full details, see
any book on measure theory such as [EG15], [Magl2], or [Sim14]. Let (X, d) be a metric space, and define

for each s > 0 the constants
7.rs/2
Wsg *

T T(1+s/2)
where I' is the Gamma function defined for all s > 0 by

I'(s) ::/ t5le~tdt.
0

This seems a bit unmotivated at first, but is done so that ws agrees with the volume of the s-dimensional
unit ball in R® when s is an integer®.

Fix an s > 0, let § € (0, 00], and define the size j-approximation to the s-dimensional Hausdorff
measure by

s/Ay - diam(F)\”
Hi(A) = 11}1_f}§_w5 (2) for any A C X

4A measure p on a topological space X is said to be open o-finite if X can be realized as a countable union of open sets,
each with finite 4 measure.

5 A topological space is said to be o-compact if it can be realized as a countable union of compact sets.

6By the volume of the k dimensional ball in R¥, we mean the result of integrating the constant function 1 over the unit
ball by elementary Riemann integration (not requiring a measure)-which agrees with the volume long ago determined by an
argument of Archimedes, and apocryphally inscribed on his tombstone.



where the infimum is taken over all countable coverings F C P(X) of the set A with diam(F) < . In case
no such covering exists, we set H3(A) = co. Notice that, since diam(F) = diam(F), we can require that all
the covering sets be closed. Similarly, we can impose that the covering sets be convex, be subsets of A, et
cetera. We can also require the covering sets to be open, by taking small open neighborhoods of the sets in
any covering. Now, define the s-dimensional Hausdorff measure on X by

H*(A) = sup H3(A) = lm Hj;(A) for all A C X.

6€(0,00] N0

Notice that this is well defined since H3(A) is monotone decreasing in §. Therefore, the Hausdorff measures
can be thought of in the following way. We cover our set A with a countable number of sets which do
not get too big, and determine the “total volume” of the covering if we had instead used “s-dimensional
balls” with diameters equal to those of the covering sets. These coverings should intuitively be thought of
as approximations to our set A, with smaller volumes representing increasingly better approximations. We
then take the Hausdorff measure of A as the limit of these volumes under the restriction to finer and finer
coverings.

The Hausdorff measures have several properties which make them well-suited for use in geometric measure
theory. For instance, they appear naturally in the area and co-area formulas which we will soon see in an
upcoming section. Amongst the most fundamental reasons, however, is that the Hausdorff measures are
Borel measures. This can be proven starting from the definition of the Hausdorff measure as the limit of its
d-approximations, and applying the following result:

Theorem 1.3 (Caratheodory’s Criterion). Let X be a metric space, p an outer measure on X, and suppose
that for all subsets A, B C X with dist(A, B) > 0, we have u(AU B) = u(A) + u(B). Then u is a Borel

measure.

To wit, for any two sets A and B with dist(A, B) > 0, as soon as § < 3dist(A, B) we have that Hj(AUB) =
H3(A) + Hi(B) (since we can throw away any sets in the covering not intersecting either A or B). Thus
taking § N\ 0 yields H*(A U B) = H*(A) + H*(B), as desired.

What is more is that Hausdorff measures on topological spaces are Borel regular. Indeed, for any
A C X we can take a sequence of Borel sets {E}} defined inductively as follows. Fix § > 0. Assuming
Ey D --- D Eir_1 D A have been constructed, let Fj be a countable family of closed sets with diameters less

than § covering A, such that .
Z o, (dlam(F)> _Hi(4) < l
2 k
FCFy
Take Ej, to be the union of all the sets in Fj, intersected with Ej_;. Then clearly Hj(Ey) — H3(A) < 1/k,
and we can take § N\, 0 and then & — oo to conclude with the Borel set E := (), E;.

For a thorough discussion of the properties of the Hausdorff measures, see Chapter 3 of [Magl2] or
Chapter 2 of [Sim14]. We wish to isolate one important fact for the sake of culture, however; let X = R¥,
on which we consider the k-dimensional Hausdorff measure #*. This Borel regular measure is in fact just
the k-dimensional Lebesgue measure, often denoted by £, and typically defined as follows: an interval
I in R* is any set of the form Hle(ai, b;) where —oc0 < a; < b; < 00, and we define the volume of any such
set to be the product |I| := Hf:l(bi —a;). If now A C R* is any set, then we define the Lebesgue outer
measure of A by

Al = L£F(A) =1nf ) |I],

4] = £4) = i 3 1]
where the infimum is taken over all countable collections F of intervals covering A. It is more-or-less straight-
forward to show that the resulting set function is indeed an outer measure, and by applying Caratheodory’s
Criterion we find that £ is Borel. The happy “coincidence” that H* coincides with £* on R¥ is proven
through an interesting argument involving Vitali’s property of the Lebesgue measure (see the next section),
and the following geometric inequality proved through the process of Steiner Symmetrization :

. k
Theorem 1.4 (Isodiametric Inequality). If E C R*, then |E| < wy, (dm%m) . Thus, amongst all Euclidean

sets of a fized diameter, balls have mazximal volume.

For a proof, see Chapter 3 of [Magl2].



Radon Measures

While Borel measures enjoy the property that Borel sets can be approximated to arbitrarily small error in
measure from the inside by compact sets, we can consider a narrower family of measures which have such
approximation properties built into their very definition. One might worry that such an imposition would
be too restrictive, but such measures, remarkably, are abundant in number. Let us now work in a Hausdorff
space X. A Radon measure on X is an outer measure y on X such that the following three conditions
hold:

e 1 is Borel regular and locally finite”;

o u(A) = Ulrjlf4 w(U) for every subset A C X;
Uopen

o u(U) = Eté% wu(K) for every open subset U C X.

Kcompact
It turns out that if X is a locally compact Hausdorff space where open sets are o-compact, then every locally
finite Borel regular measure on X is Radon (so the first condition alone is sufficient). In particular, the
Euclidean spaces are of this form. We also note that the last condition can be greatly improved (in the fully
general case), in that U can be taken to be p-measurable instead of just open. The definition is stated in
the way it is to highlight the interplay of p with the topology of the space. For the detailed arguments of
these assertions, see Chapter 1 of [Sim14].

We remark that the Lebesgue measure on R is obviously locally finite and Borel regular, and is thus
Radon. Unfortunately, the Hausdorff measures are typically not locally finite since, for example, the lower
dimensional Hausdorff measure of a higher (Hausdorfl) dimensional set is infinite. Nonetheless, it turns out
that the operation of restriction can help us out, since localizing a Borel regular measure to a set on which
the measure is locally finite results in a locally finite Borel regular measure. Thus, in R* we can restrict
Hausdorff measures to sets on which they are locally finite to obtain Radon measures, a technique which we
use extensively in our study of rectifiable varifolds.

An additional operation on measures that will be useful is the pushforward by a map. For our uses,
we’ll consider the case of an outer measure g on R™ and a map f: R™ — R™, which come together to define
the outer measure fyu on R™ by

fiu(A) = u(f~1(A)) for all A C R™.

The following appears as Proposition 2.14 of [Magl12]:

Proposition 1.2. Let p be a Radon measure on R™ and f: R™ — R™ be a continuous and proper map.
Then the pushforward fyu is a Radon measure on R™, sptfy = f(sptp), and for every Borel g: R™ — [0, oo],

/mgdfw=/Rng<3fdu-

Before moving onto the next section, we remark that we can now develop the typical theory of Lebesgue
integration based off of these measures, including the typical notions of measurable functions, L? spaces,
Sobolev spaces, et cetera. One critically important result is the following concerning the density of test
functions:

Theorem 1.5. Let X be a locally compact Hausdorff space, p a Radon measure on X, and 1 < p < oo.
Then C.(X) is dense in LP(X).

The Riesz Representation Theorem

Besides having useful approximation properties, Radon measures appear in the following cornerstone result
of measure theory and functional analysis. We will use this theorem to help prove a central result concerning
the evolution of a varifold (thought of as a generalized C! surface) along the flow of a vector field, which
introduces a generalized notion of mean curvature for such objects.

7An outer measure 4 on a topological space X is said to be locally finite if u(K) < oo for all compact sets K C X.



Theorem 1.6 (Riesz Representation Theorem). Let X be a locally compact Hausdorff space, (H,{—,—)) a
finite dimensional real Hilbert space, and L: C.(X; H) — R a continuous linear functional in the sense that

sup{L(f): f € C.(X; H),|f| < 1,sptf C K} < o0

whenever K C X is compact. Then there is a Radon measure u on X and a p-measurable function g: X — H
with |g| =1 p-a.e. on X such that

L(f) = /X<f,g>du

for every f € C.(X; H). Moreover, we can characterize u as the total variation measure |L|: P(X) — [0, o]
of L, which itself is defined as follows: for open sets A C X we define

|L|(A) == sup{L(f) : f € Cc(A; H), | f] <1}
and for arbitrary sets E C X
|L|(E) :=inf{|L|(A): EC A for A open}.

The rough idea of the proof is to extend the standard Riesz Representation Theorem for Hilbert Spaces
to L'(X), associate to L a non-negative functional on C.(X;[0,00)), which through some analysis yields
the Radon measure 1, and then show that L defines k& bounded linear operators on C.(X) which are just
L “restricted” to the different coordinate directions. Applying Riesz” Theorem on L!(X) to each of these
operators yields the component functions of g. For a proof, see either Chapter 4 of [Magl2] or Chapter 1 of
[Sim14].

Weak-x Convergence and Compactness for Radon Measures

While there exist several different notions of convergence for sequences of measures, we will be concerned
with the notion of weak-* convergence for defined as follows. If {4;} is a sequence of Radon measures on

R™, then we say that u; weak-* converges to a measure u, written u; 2o, iff

/ fdp = lim / fdu; for all f € C.(R"™).
R™ J70 Jrn

The following frequently used result appears as Proposition 4.26 of [Mag12].
Proposition 1.3. Let {u;} be a sequence of Radon measures on R™. Then the following are equivalent:
° ui = p
o If K is compact and A is open, then
o u(K) > timsup i (K)

J—00

o u(A) < liminf p;(4)

e If E is a bounded Borel set with (OF) = 0, then p(E) = lim p;(E).
j—o0
At one point in the proof of Allard’s theorem, we will be faced with a special sequence of varifolds and
will want to show that they somehow converge to another varifold. By applying the following result to their
associated Radon measures we achieve this goal.

Theorem 1.7 (Compactness for Radon Measures). Let {1} be a sequence of Radon measures on a R™.
Suppose that for every compact set K C R™ we have

sup p; (K) < oc.
J

Then there exists a Radon measure n on R™ such that, up to a subsequence, we have p; =



For a detailed proof, see Theorem 4.16 in [Sim14] or Theorem 4.33 in [Magl2]. Briefly, by considering
the sequences {u; L By} for a fixed h > 1 and applying a diagonal argument it suffices to consider the case
where sup; p1;(R") < oco. Take a countable dense subset of C.(R"), and for each element f in the subset
notice that { fR” fdp;} is a bounded set of real numbers. Thus a subsequence converges to some «o(f) € R.
By a diagonal argument we can extract a subsequence of the measures so that fR" fdu; = a(f) for every
f. By approximating an arbitrary element f of C.(R™) (in the Fréchet topology) by elements of the dense
space, we can define a monotone linear functional L: C.(R") — R by taking L(u) as a limit of the «a(f;)
where the f; converge to f. Applying Riesz’ Theorem then provides the limit Radon measure as the Radon
measure representing L.

1.2 Covering Theorems

We collect here a few useful covering lemmas, and a good resource for such results is Section 1.5 of [EG15].
The first covering result will be used in making estimates for the proof of the Lipschitz Approximation
Theorem.

Theorem 1.8 (5r Covering Theorem). Let F be any family of closed balls in a metric space X with the
property that

sup diam(B) < oo.
BeF

Then there is a pairwise disjoint subfamily F' C F such that

UsBc U B

BeF BeF'
where B denotes the ball B dilated by a factor of 5 (i.e. if B = By.(x), then B = Bs,(z)).

Theorem 1.9 (Besicovitch Covering Theorem). For each n > 1, there is a dimensional constant k(n) such
that the following holds. Let F be a collection of closed balls in R™, C the set of all centers of the balls in
F, and suppose that C is either bounded or that

sup diam(B) < oo.
BeF

Then there exist (possibly empty) subfamilies Fi,. .., Fin) of F such that

e Fach family F; is pairwise disjoint and countable;

k
e UC Uziﬂi) User, B-
Corollary 1.1. If u is an outer measure on R™ and F and C are as in Besicovitch’s Covering Theorem,
then there is a countable, pairwise disjoint family F' C F such that

p(C) <k(n) Y w(CNB).
BeF'

If p is Borel, and C' is pu-measurable, the we have in addition that

w(C) < k(n)u (Cﬂ U B) .

BeF'

An outer measure p on a metric space X is said to have the Symmetric Vitali Property if, given any
A C X of finite measure and any collection F of closed balls with centers in A which forms a fine cover®
of A, then there is a countable, pairwise disjoint subcollection 7' C F with

wA\ |J B)=o0.
BeF

Theorem 1.10 (Vitali’s Property). If u is a Radon measure on R™, then p has the Symmetric Vitali
Property.

8By a fine cover of A, we simply mean that for each € A we have inf{r : Br(z) € F} = 0.



1.3 The Lebesgue-Besicovitch Differentiation Theorem and Density Results

While a more general formulation of the following result exists for Borel regular measures on metric spaces,
we instead present a version for Radon measures on R™, where we will need the theorem. For the details
of the proof of this version, see Chapter 5 of [Magl2], and for the more general version, see Chapter 1 of
[Sim14].

First, given two Radon measures p and v on R"™ we define the upper i density and lower u density
of v at a point x € sptu by the respective formulas

: v(Br(2)) _ .. v(B.(2))
Dty(z) == limsup ————2~, D v(z) = liminf ———=.
= Fowy D TG @)

We have thus defined two (Borel) functions on sptu taking values in [0, 0c0]. Of particular interest are those
points where both limits exist and are equal. At such points we denote the shared limit by D, and call it
the p density of v. We remark that by approximation of closed balls by open ones and vice-versa, we can
actually use either closed or open balls in the definitions of these densities.

Theorem 1.11 (Lebesgue-Besicovitch Differentiation and a Density Theorem). Let p and v be Radon
measures defined on R™. Then the density D,v is defined p-a.e. on R™, is Borel measurable, and has

D,v € L}, .(R™, u). Moreover, there is a Radon measure v, L p concentrated on the Borel set

Z =R"\ {z € sptu: D;fz/(x) < oo} = (R™\ sptp) U{z € spty : D:[u(x) = oo}
such that we have the unique decomposition
v=(Duv)u+v,
which is valid on M (w).

One particular type of density that we will frequently study is the density with respect to a Hausdorff
measure. We define the upper and lower s-dimensional Hausdorff densities of a Radon measure p on
R™, at a point x € R”, by the respective formulas

pB@)

’ S

pu(x) == lim inf M

+ — 1
O u(z) == limsup minf ="

N0 wst?®

In the event of equality, we denote the shared limit by ©,u(x) and call it the s-dimensional Hausdorff
density of p at x. In the proof of our primary compactness result, we’ll use these densities to show that a
certain Radon measure is rectifiable. While there are deep theorems concerning the subject of rectifiability
for measures (eg. the theorems of Marstrand and Preiss), we can make do with the following much simpler
result, which can be found as Proposition 4.17 of [Mail7].

Proposition 1.4. Let i be a locally-finite measure on a metric space X, and suppose that there is an s > 0
such that for p almost every x € X,

0< O u(r) < oco.
Then u = fH?® for some f € L} (X, H?).

loc

Lastly, we recount the following result (Theorem 6.2 in [Mat95]), which will be used in proving a corollary
to the Monotonicity Formula.

Theorem 1.12. Let 0 < s < 00, A CR", and H*(A) < co. Then
e 275 COF(H L A)(x) <1 for Hi-a.e. x € A;
o If A is H® measurable, then ©F (H L A)(z) =0 for H-a.e. x € R™\ A.



1.4 The Area Formulas

The following four results relate the Hausdorff measures to the notion of area of a graph as obtained by
integration. These tools will find frequent use in what is to come. For proofs, see any of the books on
measure theory in the references, for instance [Magl2] Chapter 8.

Theorem 1.13 (Area Formula (Take 1)). Let 1 < n < m, E C R™ Lebesgue measurable, and f: E — R™
injective and Lipschitz. Then f(E) is H™ measurable, H" L f(E) is a Radon measure, and

H(f(E)) = /E If(x)da,

Theorem 1.14 (Change of Coordinates (Take 1)). Let 1 < n < m, E C R™ Lebesque measurable, and
suppose that f: E — R™ is injective and Lipschitz. Let g: R™ — [—o00, 00] be Borel measurable, with either
g=0o0rge LY(R™, H"L f(E)). Then go f is Borel measurable and

[ gt = [ gts@)ifs
f(E) E

In case f is not injective, we have a generalization of the area formula, which works by taking into account
the number of times f maps over a point.

Theorem 1.15 (Area Formula (Take 2)). Let 1 < n < m, E CR™ Lebesgue measurable, and suppose that
f: E — R™ 4s Lipschitz but not necessarily injective. Then

HO(F 1 (y) N E)AH™ (y) = /E 3f (@)da

Rm™

Theorem 1.16 (Change of Coordinates (Take 2)). Let 1 < n < m and suppose that f: R™ — R™ s
Lipschitz. Let g: R™ — [—o0, oc] be Borel measurable, with either g > 0 or g € L*(R™). Then

/Rm Y gl@) | dH"(y) = /E g(2)J f(z)dw

zef~H{y}

1.5 Campanato’s Criterion

In the final step of proving Allard’s Theorem, we utilize the following condition for Holder regularity, known
as Campanato’s Criterion. The criterion states that if a LP function on a ball has certain integral averages
satisfying a uniform decay law, then after modification on/by measure zero sets the function is Holder regular.
Precisely we have the following (taken from Ch. 6 of [Magl2]):

Theorem 1.17 (Campanato’s Criterion). Letn > 1, p € [1,00), and « € (0,1]. Then there exists a constant
C(n,p,a) > 0 such that the following holds. Let uw € LP(B), and define for x € B, r >0

u

1
Uy, = W= —
]{303,.(1) |BN B (2)] BB, ()

Suppose that there exists a kK > 0 such that the uniform decay condition

1 v
?/ [u—ug,” | <&r®
" JBNB,(z)

holds for all x € B, r > 0. Then there exists a u: B — R with © = u a.e. on B and
a(z) —u(y)| < C(n, p, a)rlz —y[*

forall x,y € B.



Proof. First observe that it is possible to find a constant C'(n) > 0 such that
C(n)r" < |BN By(x)] < wpr™

for all z € B, r > 0. Similarly, there is a #(n) > 0 such that if z,y € B and r := |z — y|, then

B () N Br(y)| = 0(n)r"
Let then €'(n) < 6(n) be such that
0’ (n)r™ < |By(z) N B.(y) N B.
We first claim that if w € LP(B), then
1
o s, u(y) = o r[Pdy =0

at every Lebesgue point = of u in B (so almost everywhere). Indeed, since x € B, as soon as r is small
enough we have

1 W,
— [u(y) — uq,r|Pdy =
| B ()]

|U(y) - uz,r|pdy

™" JBNB, (z) Br(2)
<C<|Brl(x) [ —wwrays e [ |u<sc>—um,r|pdy>
<o <| By, 1O P o) ~ u|>
_C<|Bl( 5 00 = w0 )~ e )

Thus, at every Lebesgue point of u we see that lim, o T% meB (@) [u(y) — up r|Pdy =0
Now, fix arbitrary radii 0 < r < R and « € B. Then

C(n)r"ug,r — g r|” < |[BN Bp(2)||tg,r — vz rlP = / |tz — Ug, r[Pdy
BNB,(x)
<o ( Lo el [ ) - uz,Rwdy)
BNB,(z) BNB,(z)

which implies that, by our main assumption and the fact that » < R,

1/p
1 1
hg r — 11 1] < C(,p) [ — / ftg r — () Py + — u(y) — g p|Pdy
" JBNB,(z) " JBNB,(x)

1 R\" 1
< C(n,p) 7/ [tz — u(y)|Pdy + () 7/ [u(y) — uz,r
" JBNB,(z) r R BNBg(z)
R n 1/p
< C(n,p) (Hp’l"ap + (r) ﬁpRO‘p>

< Cn,p)x (f) " Re

>1/p
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We reiterate that this estimate holds for all x € B and for all radii 0 < r < R.
Now let r, = 27Fr. Iterating the above argument yields for every k > h >0 and 2 € B

k—1

k—1
|t ry, = Uz, | < Z U,y — ;| < Cn, p)rr® Z 279, (%)
j=h j=h

Take h = 0 and send k to infinity at every Lebesgue point x of u to find that
lu(z) — ug | < C(n,p, a)kre.

Let z,y € B, r := |z — y|, and recall that by our choice of §'(n) > 0 that

| / u(2) — [Pz + / (=) — 1y 1 |Pd2
BNB,(x) BNB;(y)

which implies by our main assumption that

0 (n)r"™|ug » — Uy, r

1/p
1 1
|uw,r - uy,7-| < C(n,p) (n/ |U(Z) - uw,7'|pdz + 7/ ‘U(Z) - uy,7-|pdz>
™ JBNB,(2) ™ JBnB,(y)
< C(n,p)kr®
= C(n,p)klz — y[* (@)

Putting our estimates together we find that if x,y € B are Lebesgue points of u, then
lu(z) = u(y)] < Ju(@) =t p| + 2y — uyr| + |uyr —u(y)] < C(n,p, a)rlz —y|* (%)

Now, (%) tells us that the sequence of functions {u.,, }; is Cauchy with respect to uniform convergence
on B. From (&), we see that the u. ,, are all continuous, so by completeness there is a continuous @: B — R
such that w. ,, — @ uniformly on B. We also have that u, ,, — u(z) at every Lebesgue point z of u, and so
at all such points we see that u(x) = @(z). From (3%), if 2,y are Lebesgue points of w,

() —a(y)] < C(n,p,a)klz —y|*.

By continuity of i, we conclude the same estimate for all z,5 € B. Thus, @ € C%%(B) and 4 = u a.e. on B
(at all Lebesgue points of u).
O

1.6 Sobolev Inequalities and Embeddings

During the proof of Allard’s Theorem we will construct a harmonic approximation to a Lipschitz graph. To
prove the existence of such an approximation, and to obtain an important estimate from it, we will have to
utilize two fundamental results from the theory of Sobolev spaces. We collect them here for reference, and
refer the reader to any text on functional analysis for the details.

Theorem 1.18 (Rellich-Kondrachov Compactness Theorem). Let @ C R™ be a bounded domain, 1 < p < oo,
and j =0, m > 1 integers. Then WJT™P(Q) is compactly embedded in W34(Q) for every 1 < q < dflf;w if
mp < d, and in CI(Q) if mp > d. )

_If Q happens to have a bounded extension operator E: W™P(Q) — W™P(Q) for some bounded open
QDD Q (such as when ) is Lipschitz), then the same result holds when W"?(Q) is replaced with WP (Q).

Starting from here and the Banach-Alaoglu Theorem, we can readily prove the following by contradiction.

Proposition 1.5 (Poincaré Inequality). Let Q C R™ be a bounded and connected Lipschitz domain. Then
there is a constant C = C(n,) > 0 such that

[ullz>) < ClIVullz2 o
for all functions u in the Sobolev space H' () with [, u = 0.
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1.7 Results Concerning Harmonic Functions

As we will see, we can approximate a rectifiable varifold with small curvature by a Lipschitz graph, essentially
by using nothing more than a monotonicity formula. This is itself proven by testing the first variation with
nice vector fields. Thus, if we were only seeking C%! regularity, we could get by with only these results
(indeed from the Lipschitz Approximation we could jump directly to Step 3 of the main proof and conclude).
However, the higher regularity result we seek actually comes from an improved approximation involving
harmonic functions, which have decay properties that we can then pull back to the varifold using a “Tilt-
Excess Inequality.” This is a version of Caccioppoli’s Inequality for varifolds, the standard version of
which we recount below along with several other central results to the general theory of harmonic functions.

Proposition 1.6 (Mean Value Property). Let Q C R™ be open, and suppose that u € C?(S2) satisfies Au = 0
on . Then for any ball B,.(xo) compactly contained in , we have that

u(zg) :][ udx z][ udo.
Q a9
See Theorem 2.1 in [GTO1].

Conversely, we have the following result. Thus, we see that the mean value property provides a charac-
terization of harmonic functions.

Proposition 1.7. Let  C R™ be open, and suppose that u € C(Q) satisfies the mean value property

u(zo) :]{m udo

for every ball B,.(x¢) compactly contained in Q). Then u is harmonic on €.
See Theorem 2.7 in [GTO01].
Theorem 1.19 (Harmonic Gradient Estimate). Let Q@ C R™ be open, and By,(z¢) C Q. Then given k > 0

there exists a constant Cy > 0 such that for each multi-index a of size k,

o Ck
D% u(xo)l < 5 ull 1 (B (o)) -

See Chapter 2, Theorem 7 in [Eval0].

Lemma 1.1 (Weyl). Let Q C R™ be open. A function u € L, () is harmonic iff

loc

/ uAg = 0 Vo € C(Q)
Q

See Lemma 1.16 in [GMO05].

Theorem 1.20 (Caccioppoli Inequality). Let Q@ C R™ be a domain, and suppose that u € H*() is a weak
solution of Au = 0:

/ DouD% =0 Vo € HE(Q).
Q
Then for each xg € Q and choice of 0 < p < R < dist(xg, Q) we have that
/ |Dul? < %/ lu— A2 VA ER.
B, (z0) (R =) JBr(zo)\B, (o)

See Theorem 4.1 of [GMO05].
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1.8 Rectifiable Sets

Rectifiable sets are the measure theoretic analogues of differentiable manifolds, and are the worlds upon
which much of what is to follow lives. To pose our first definition, let M C R™ be a H* measurable set
(with k& < n). We say that M is countably H” rectifiable if there exist countably many Lipschitz maps
fi: R¥ = R™ and a HF-null set My C R™ such that M C My U Uj f;(R¥). Notice how the Lipschitz maps
play a role analogous to that of parameterizations in smooth differential geometry, and that their coverage
of M is allowed to be good up to a H* measure 0 set. We say that M is locally H*-rectifiable provided it
is countably H¥-rectifiable and H*(K N M) < oo for all compact K C R™. Finally, should it occur for such
an M that H*(M) < oo, then we simply say that M is H*-rectifiable.

By Whitney’s Approximation Theorem (see [EG15] Theorem 6.10) and the C'! Approximation Theorem
to Lipschitz functions (ibid. Theorem 6.11) it follows that a set M C R™ is countably H* rectifiable iff
there exist countably many k-dimensional embedded C! manifolds N; of R" and a H*-null set Ny such that
M c NoUUJ ; Nj. Starting from this, it follows that we can realize a countably HF rectifiable set as countable
disjoint union of H#*-measurable sets, one of which is measure zero, and the others of which are contained in
k-dimensional C' manifolds embedded in R™.

One of the most important differential geometric properties which carries over largely intact to rectifiable
sets is the existence of tangent spaces. To state what this means (more generally) in a measure theoretic
context, we first define the k-dimensional blowup of a Radon measure ¢ on R™ at the point « and at scale
r >0 by

1
tha,r (E) = ﬁﬂ(x +rE).

We can alternatively notate this as the pushforward %k(‘l)m,r)uu where @, ,: R” — R" is defined by @, ,(y) :=
(y — x)/r, which has the added benefit of making obvious the fact that p, , is Radon. In the event that
there exists a k-dimensional plane 7, and a 6(z) € R such that as r N\, 0 these blow ups weak-* converge to
(x)H L7, then we write Tyt := 7, and call it the approximate tangent space to p at  with multiplicity
6(x). We’ll be primarily concerned with Radon measures occurring as the restriction of Hausdorff measures
to locally H* rectifiable sets, so let us now discuss such measures. The following appears as Theorems 10.2
and 10.8 in [Magl2]:

Theorem 1.21. Let M C R™ be a locally H*-rectifiable set. Then for H¥-a.e. x € M there exists a unique
k-dimensional plane w, such that as r 0,

M —x
r

(H’“LM)_T,T'H’CI_< >LH’“|_M.
Additionally, the k-dimensional Hausdorff density O (H* L M) =1 H*-a.e. on M.

Conversely, if i is a Radon measure on R™, concentrated on a Borel set M C R™, and for every x € M
there exists a k-dimensional plane T, so that as v\, 0 the blowups p, , weak-+ converge to HX L 7., then

pw=HFLM and M is locally H*-rectifiable.

The more suggestive notation T, M := 7, is used for the approximate tangent spaces in this context,
and heuristically the forwards direction of the theorem can be shown by observing that if M = f(F) is a
Lipschitz image of f: R¥ — R", then for £*-a.e. + € E we have that Ty M = Df,(R¥). Here we use
the crucially important result (known as Rademacher’s Theorem) that Lipschitz functions on R™ are
classically differentiable almost everywhere. Once we have this, it is only a matter of figuring out how to
modify our rectifiable set by sets of measure zero to obtain a nicer object on which we can apply this result.
The reverse direction is more interesting, and involves the following auxiliary result for rectifiability (see
Proposition 10.9 of [Magl2]). Here the set K(w,t) C R", for a k-dimensional plane 7 and ¢ > 0 denotes the
cone {y € R" : |[Pry| < t|Pryl} = {y € R" : [y| < V1+¢2|Pryl}.

Proposition 1.8. If M C R" is compact, 7 is a k-dimensional plane, and there exist §,t > 0 such that for
allx e M
M N Bs(z) C x+ K(m,t),

then M is H*-rectifiable.

13



So, intuitively, a set is locally H*-rectifiable provided that there is a cone so that by sliding the point of the
cone around the set, some uniform amount of the set is always contained in the translated cone.

Therefore, we see that in some sense H*-rectifiability is characterized by the almost everywhere existence
of approximate tangent spaces. By a Hausdorff density argument (see Proposition 10.5 of [Magl2]), we can
also show that if My, My C R™ are two locally H* rectifiable sets, then for H*-a.e. x € M; N My we have
T,M; = T, M. This observation will be frequently useful in relating the tangent planes to our varfiold to
the tangent planes of an approximation.

Before moving onto an earnest definition of varifold, we recount another fact which will be helpful in
effectively wielding the monotonicity formula. The following density result for H*-measurable sets with
multiplicity is adapted from Remark 1.8(2) in [Sim14]:

Proposition 1.9. Let M be a H*-measurable subset of R™, and 0: M — R a positive locally H* L M-
integrable function. Then

1
lim

0dH* = 0(x
N0 Wik /MOBT(;C) (@)

wherever H¥ L M has an approzimate tangent space with multiplicity 0(z).

Notice that this really does follow immediately from the definition of the approximate tangent space with
multiplicity. Indeed, writing out the weak-* definition for the approximate tangent space T, M to M at x
with positive, locally H* L M integrable multiplicity 6, we have for all ¢ € C.(R™) that

lim )8z + My)dH* (y) = 0(x) far*.
N0 By (M) T.M

Testing with f € C.(R") with xp, (o) < f < XB,,.(0) for € > 0 leads us directly to the proposition.

1.9 Rectifiable Varifolds

In full generality, a k-dimensional varifold in an open set U C R™ is any Radon measure on the space
U x G,(R™), where G(R™) is the k-Grassmanian over R" with its standard smooth manifold structure and
topology. For our purposes, it suffices to consider a more easily visualizable realization. Our central objects
of study are the rectifiable varifolds, which intuitively are generalized C'-manifolds together with a notion
of multiplicity. Precisely, let U C R™ be an open set. A k-dimensional rectifiable varifold in U is a pair
V = (I, 0), where T is a countably H*-rectifiable set in U, and 6 is a positive, Borel measurable, locally H"
integrable function supported on I', called the multiplicity of the varifold. The magic of these objects comes
from the following construction, which associates to V a natural measure uy = §H* LT called the mass
measure of V. Its action on H* measurable sets £ C R" is given explicitly by

py (A) = / OdH".
I'nA

Notice that as defined, py is always a Borel measure, and that it is Radon if I is locally H*-rectifiable. We
also denote by M(V) := py (U) the mass of V and from here onward we assume that this mass is finite.
At this point it is worth pausing for a moment to consider what these new constructions do for us on an
intuitive level. Suppose that we are in a situation requiring us to take a “limit” of surfaces. For instance,
we may be trying to minimize a functional acting on surfaces, and have in our hands an infimizing sequence
from which we hope to extract a converging subsequence. If we start with classical C' surfaces we quickly
realize that any reasonable class of limiting objects must be somewhat more general than just C' surfaces.
Smooth objects might converge to objects with cusps or crinkles, and they might collapse in certain ways.
An illustrative example comes from rescalings of the catenoid in R3. As we “zoom out” from the origin,
we both see the upper and lower branches of the catenoid flattening onto the zy-plane, while the neck of
the catenoid pinches down to the origin. Thus, the limit of these rescaled catenoids ought to converge to
something that not only has a point missing from it, but also has multiplicity two! Indeed, the class of
rectifiable varifolds captures these sorts of phenomena. Associating to each catenoid its mass measure, it
can be easily shown that these measures weak-* converge to 2H? L 7w, where 7 is the zy-plane. Thus, by
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expanding our admissible notions of “surface” to rectifiable varifolds, we can concoct notions of convergence
and limit for which such problems have a hope of solution.

Yet another motivating reason for the consideration of rectifiable varfiolds for use in geometric variational
problems is garnering the continuity of important functionals. A perennial favorite result is the following:
Consider a sequence of circles in R? of unit radius, and whose centers are the points (0, %) Now take
the union of each such circle with the unit circle centered at the origin. This sequence of two dimensional
rectifiable varifolds converges to the unit circle centered at the origin as k — oo, but consider what happens
with the length of these varfiolds in the limit. Each individual varifold has length 47, but the limit has
length 27! Thus, unless we consider the limiting unit circle with multiplicity 2 (which is of course completely
consistent with intuition), we have “lost mass.”

For a brief introduction to the idea of general varifolds, see [Men17].

1.10 Miscellaneous Results in Linear Algebra and Real Analysis
Lastly, we collect together a small potpourri of various results which will help us along the way.

Proposition 1.10 (Hadamard’s Inequality). Let vy, ..., v, be vectors in R™ forming the columns of a matrix
A= (vi| - |vg). Then

n

| det(A)| < [ Jvil-

i=1
We'll use this result in the proof of the Excess Decay Theorem to make an estimate on the size of a
Jacobian. The next result, whose proof can be found in Chapter 17 of [Magl2].

Proposition 1.11 (Taylor Expansion of the Determinant). Let A € R™ @ R™ and I = Idgn. Then for
sufficiently small t > 0,

o ([+tA) ' =T—tA+12A2+0(t?)

o det(I +tA) =1+t trace(A) + % (trace(A)? — trace(A4?)) + O(t?)

Recall that for a square matrix A we define its adjugate, Adj(A), by the relation
AAdj(A) = det(A)I.

In particular, Adj(A) is the transpose of the cofactor matrix of A, and the formula is satisfied by the Laplace
Expansion for the determinant. Moreover, if A is invertible then we can immediately write A~! in terms of
its adjugate as A~! = det +Adj(A). Part of the importance of the adjugate comes from its appearance in

the following formula, which we will utilize in studying the first variation of a varifold:

Proposition 1.12 (Jacobi’s Formula). Let A: R — R™ @ R"™ be differentiable (here we identify R™ @ R™
with n X n real matrices). Then det A is differentiable, and
d

T det(A(t)) = trace (Adj(A(t))(ifA(t)) .

Lastly, we have the following technical lemma, which will be used in the proof of the Excess Decay
Theorem to establish the so-called “Height Estimate.” In particular, it will allow us to relate the deviation
of the tangent plane to a graph relative to the plane it sits over to the derivatives of the graph at the base
point of the tangent plane.

Lemma 1.2 (Tilting Subspace Lemma). Let A be a k—dimensional subspace of RY with ON basis {&;},
completed to an ON basis {&1,..., & €1, en—k} of RNV, Let vy,...,un_ be vectors in RN, and define
the tilted plane

B={y+L(y):yecA}

where L: A — RY is defined by L(y) = ZN_k(vj -y)e;. Then for a dimensional constant C' we have

j=1
N—k

|Pa—Psl <C Y |vl.
j=1
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Proof. Let T := P4 — Pg and K = Y |v;|. We must show that [Tz| < CK|z| for all z € RY. It suffices
to show this boundedness on A and Al separately, since every € RV decomposes uniquely in the form
r=x" +at forz” € Aand 2t € A, allowing us to estimate

Ta| < |Ta|+ |[Tat] < CK (2| + |o*]) < CKlal

where the last inequality is due to the equivalence of the ¢; and ¢, norms on R2.
So, first let © € A. Then |Tz| = |v — Ppz| < |z —y| = |x — z — L(2)| for every y € B, where y = z+ L(2)
for some z € A, by the properties of orthogonal projections. Take z = x to find that by Cauchy Schwarz

|Tz| < |L(z)] < CK|z|.
On the other hand let 2 € A+ \ {0}. Then we have for some y € A\ {0}

2 2 (Ppz - Ppx)®  (z-Pgpx)®  (z-(y+ L(y))? (z - L(y))*
I Tel” = |Ppal” = Ppz- Ppz = |Pgzl>  [Ppzl>  y+LP P +ILy)?
IL(y)|?
ly|? + [L(y)|?
_p LGP
L+ [L(9)[?
< JzPIL(H))?
< (CK|x])?

< Jaf?

where we have written § = y/|y| and used the previous result. O

Finally, we define some notation and conventions which will be used throughout the paper: We will
frequently write integrals of a function over all of a set while the function may only be defined almost
everywhere on that set. For the sake of maintaining some semblance of manageable notation we tacitly
assume that whenever this occurs we have accordingly made modifications on measure zero sets so that
everything is well-defined. We also freely move between the notations (z,y) and = 4 y for vectors in the
direct sum of two subspaces of R™, based on whichever is most natural for the purposes of notation. | — |
will denote the standard Euclidean norm on R™ coming from the standard inner product denoted with a -,
and || — || will denote some other operator norm. Since we will be working over finite dimensional spaces,
the exact norm will seldom be important, but we’ll work with particular ones when it is more convenient to
do so. In particular, we will frequently use the norm induced by the Frobenius inner product (—: —) on
real n x n matrices ® by (A : B) := trace(A*B) where —* denotes the adjoint. We remark that for simple
tensors u ® v € R” @ R™ acting by (v ® v)xr = (v - 2)u for x € R”, we have trace(u ® v) = w - v. Thus if
a,b,u,v € R™ then (a ®@b: u®v) = (a-c)(b-d). Lastly, we state once and for all that all varifolds having
I' C U are (without loss of generality—see the technical remark at the end of Section 2) assumed to have
'nu=T.

2 Allard-Type Regularity Theorems for Rectifiable Varifolds

While this note will focus on the proof of one particular version of the regularity theorem, we wish to give not
just an intuition for why the result should be true, but also an idea of what can actually be said regarding
the subject, and where such results can take us. As we will see in the first section of the next part, a
rectifiable varifold has a notion of generalized mean curvature. For the purposes of studying problems such
as the famous Plateau Problem, we would be concerned with varifolds whose generalized mean curvature
vanishes, analogously to what happens with classical minimal surfaces. The version of the theorem that we
will explore is strong enough to handle such problems, since it assumes boundedness of the mean curvature.
Nonetheless, better results are still obtainable. We can replace the L control on the mean curvature with

9Note that for operators defined on infinite dimensional spaces this inner product is more commonly known as the Hilbert-
Schmidt inner product.
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a suitable amount of integrability, and we can also remove a technical assumption relating to the oscillation
of tangent planes to the varifold. A more recent result does even better, and asks not for control on the
mean curvature but on a certain level of regularity of a generalized normal to the varifold. Moreover, the
main theorem here will be stated for the class of integer rectifiable varifolds, but the later two results apply
more generally to the class of rectifiable varifolds.

Here comes the main theorem that we will explore. Proper definitions of all the various quantities will be
given soon, but for now it suffices to think of the generalized mean curvature H as a second order notion of
curvature to the varifold, and the excess E(V, 7, xq,r) as an L? measure of the oscillation of tangent planes
to the varifold around a given point and at a certain scale. Thus, a control on these quantities is somehow
a control on how much the varifold is allowed to wiggle around and be irregular.

Theorem 2.1 (Allard (Take 1)). Let k < N be a positive integer. Then there are positive constants €, «,
such that the following holds. Let V- = (I',0) be a k-dimensional integer rectifiable varifold with bounded
generalized mean curvature H supported in the ball B, (x), g € sptuy, such that

(A1) pyv(Br(z0)) < (wi, +&)r* and |H||o < er™t.
(A2) There is a k-dimensional plane m such that E(V, 7, x0,r) < €.
Then B, (z) NT is a CY* submanifold of By, (xo) without boundary. Moreover, 0 =1 on B.,.(x¢) NT.

Indeed the conditions (A1) and (A2) loosely tell us that, in comparison with a flat plane, the varfiold does
not fold up too much, is not too wavy, and does not bend too tightly. If these sound somewhat redundant, it
is because they are-we can remove the control on the excess by interpolating its smallness from the control
on the mass of the varifold and the size of its mean curvature. In any case, if these quantities are all small
it seems reasonable that some regularity might be lurking around. In fact, all of the arguments that we
will make rely on the intuition that because these quantities are small, there should be nicer surfaces living
nearby to the varifold which approximate it well. We begin by proving the Monotonicity Formula 3.1, which
not only paves the way for many estimates concerning the growth of the area of the varifold and also provides
regularity for the multiplicity function, but also tells us that in the regime of vanishing mean curvature, the
area growth of an integral varifold is consistent with the bending experienced by classical minimal surfaces.

Next, we prove the Tilt-Excess Inequality 3.4, which can be thought of as a Caccioppoli inequality for
varifolds. Loosely, it allows us to control the excess of the varifold after zooming into a smaller scale through
the L2-norm of a suitable Lipschitz approximation to the varifold. Up next and at the core of the proof are
two results, the first of which is the Lipschitz Approximation Theorem 3.2. The Theorem says that when
Allard’s conditions are in force for a varifold with sufficiently small parameter ¢, then a sizable portion of
the varifold is covered by the graph of a Lipschitz function. Because the varifold has small mean curvature,
the Lipschitz approximation ought to be “close” to being a minimal graph solving the Minimal Surface
Equation. Since this equation is loosely a perturbation of the Laplace Equation, we are led to look for
a graphical approximation to this Lipschitz approximation whose components are harmonic. This is the
content of the Harmonic Approximation Lemma 3.5.

Using the growth properties of harmonic functions, we can then prove the Excess Decay Theorem 3.3,
which says that if we start with a varifold satisfying Allard’s conditions, then by zooming in a little and
tilting our view the excess (which, again, is a measure of the oscillation of tangent planes to the varifold)
decreases by at least a factor of 2. From here, we begin the proof of the main theorem, which happens in
four parts. We use the Excess Decay Theorem to prove that when we “blow up” the varifold at a point by
zooming into it, the excess must decrease to zero at a given rate. This allows us to then utilize the Lipschitz
Approximation Theorem, as well as prove that a sizable portion of the varifold is actually covered by the
Lipschitz graph. The third part of the proof consists of showing that on a smaller scale, the varifold actually
coincides with the Lipshitz graph, and the final part uses the power law decay to prove that the conditions
of Campanato’s Criterion 1.17 are satisfied, completing the proof.

As we mentioned earlier, one of the assumptions in the statement above is redundant. Indeed, assumption
(A2) can be proven as a consequence of the bounds in assumption (A1l). The intuition for why this should
be true is that the area bound is a zeroth order notion of curvature, and the mean curvature a second order
notion of curvature. Since the excess deals with the oscillation of tangent planes, this should be a first order
notion of curvature and we might hope to interpolate its smallness from the smallness of these lower and
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higher order quantities. Notice also that we also can relax the L control of the mean curvature to having
integrability in L? for p > k with k the dimension of the varifold, and that we have an explicit (and in fact
sharper) value of a in the C1'® regularity conclusion. The following formulation of Allard’s e-Regularity
Theorem for such varifolds appears as Theorem 5.2 in the text of [Sim14].

Theorem 2.2 (Allard (Take 2)). Let k < N be a positive integer, and p > k. Then there are positive
constants €, such that the following holds. Let V = (T',0) be a k-dimensional rectifiable varifold with
generalized mean curvature H supported in the ball B,.(xo), xo € sptuy, such that

(A1) 6 21 for uy-a.e. x €T.

1/p
(4°2) v (By(20)) < (wr + &) and (5 [, HPAy ) <e.

Then there is a k-dimensional subspace ™ and a map f € CY'=F/P(B,,(x0) N m;7t) with Df(z¢) = 0,
I' N By (z0) =T# N By, (x0), and moreover

|IDf(x) — Df(y)| < Cel/(2h+2)
|z — y[t=k/p

1

=sup|f|+sup|Df| +r'7*P  sup

r z,yEB~r(z0)
TEY

where C = C(k,N,p).

In 2013 Bourni and Volkmann proved (in [BV16]) the following generalization of Allard’s theorem, which
dispenses with the assumed estimates on the generalized mean curvature, instead asking only for Hoélder
regularity of the generalized normal vector to the varifold. Before stating their theorem, we define this
notion of Holder regularity. In the definition, the object 0V is the first variation of the varifold, a construct
that we will meet in the next section. Heuristically, the first variation is a linear map of C! vector fields,
and is defined to be the initial rate of change of area that the varifold experiences when being moved by the
flow of such a vector field.

Definition 2.1 (Generalized C%® Normal). Let U C R™ be open, and V = (I',0) a k-dimensional rectifiable
varifold in U. Then V is said to have generalized normal of class C% in U if there is a constant K > 0
such that for all B.(x) C U and all X € C}(B,(x);RY),

5V(X) < Kr / 1477 X [[dpay (2),
U

where d™ X := DX o P, for P, the orthogonal projection onto a k-dimensional subspace .

Theorem 2.3 (Bourni and Volkmann). Let k < N be a positive integer. Then there are positive constants
€, such that the following holds. Let V = (T',0) be a k-dimensional rectifiable varifold supported in the ball
B,.(x0), xo € sptuy, such that

(A71) 6 > 1 for py-a.e. z €T.
(A72) pyv(By(z0)) < (w +&)r¥ and V has generalized C** normal with Kr® < e.

Then there is a k-dimensional subspace ® and a map [ € Cl’l_"/”(Bw(Jco) N mat) with TN By (z0) =
T'rn B,Y,.(xo).

The proof idea here is similar in spirit to the proof we’ll give for the first version of the theorem. A
new version of the Monotonicity Formula is proven, and from this corresponding versions of the Lipschitz
Approximation Theorem and Excess Decay Theorem are established. Then, the proof follows just as in the
case we consider. That the C%% normal condition really does generalize the mean curvature condition is
shown along with the proof of the main theorem in Bourni and Volkmann’s Paper [BV16].

Once we have such a result, what can be done with it? One important direction is in building the regularity
theory for mass-minimizing integral currents in the effort of studying solutions the Plateau Problem. For
a treatment of this topic, see [Sim14] Chapter 7, or [Lell6]. A more immediately accessible result is the
following one (appearing as Corollary 3.3 in [Lell8]). Here we use results to be proven in the next section.
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Theorem 2.4. Let o be as in Allard’s Theorem (Take 1), and let V = (I',0) be a k-dimensional integer
rectifiable varifold in the open set U C RN. Then there is an open set W C U such that W N T is a CH®
submanifold of W without boundary. Moreover, W NT s dense in I'. If in addition 6 is constant uy -a.e.
then py (T'\ W) = 0.

Proof. The second conclusion is relatively easy to get. Without loss of generality, we can assume that 6 = 1
py-a.e. on I'. Then for uy-a.e zg € I', we have by Corollary 3.1 that

. v (Br(zo))
1=4 = lim ——————~.
(.130) TI\I‘% wkrk
Moreover, the map z — || T,,I" — T,,,T'||? is an L;,, function on I' by virtue of V being of finite mass, and its
value at z = 0 is 0. By the Lebesgue Points Theorem, we thus have at py-a.e g € I' that

1
i [ D TP ) <0
Thus, at every such zg there is a corresponding r, > 0 such that (A1), (A2) hold on B, (7o) and with
7 = Ty, I'. Thus by Allard’s Theorem we conclude that B, (29) NT is a C1 submanifold of Byr,, (z0)
without boundary. We take W to be the union of all such open balls for each such zy. Notice that if I' has
no isolated points, then it is guaranteed that I' C W.

The proof of the first conclusion is topological. Recall the standing assumption that T N U = T, and
consider T" and its closure I' as metric subspaces of RV with its standard metric. Then I is in fact an open
subset of T, which is itself a complete metric space. Thus, I is a Baire space, which is the crux of the proof
to follow. As we will see in the next section, the multiplicity 6 is upper semicontinuous, and so the sets
Ck = {0 > k} are closed in T (and relatively closed in T') for each k > 1. For each such k, let Dy, be the
interior of Cj, in the topology of I' and set Ej, := Dy \ Cry1, E := Ug>1Ej.

Fix now any z € '\ E, and let k& > 1 be such that 6(z) € [k, k + 1). Note this means that x € Cj.
By the upper semi-continuity of # in some neighborhood of x we have 1 < 0 < k+ 1. If x € Dy = intCy,
then we reach the contradiction that x € Ey = Dy \ Ck1, since there would exist a neighborhood where
k<0 <k+1. Thus, z € Cy \ Dy, and altogether we have proven that I' \ E C UpCy \ Dg. But Cx \ Dy is
nowhere dense, so by the Baire Category Theorem we discover that E is a dense open set.

Let for each k > 1 U, C RY be an open set such that U, N T = Ej, and focus attention on each of
the integral varifolds V := (I' N Uy, 0 |y, ). Since these varifolds all have bounded mean curvature in their
respective Uy, and have multiplicities 0 [y, = k pv;-a.e. in Uy, by the first conclusion of the theorem there is an
open set Wy, C Uy, so that TNWj, is a C1® submanifold of W}, without boundary, with py, (TN (U, \Wy)) = 0.
But then I' N W}, is dense in T N U, = Ej. Set W = U, W3, and conclude that ' N W is a C® submanifold
of W without boundary with I' N W dense in F, which is itself dense in IT.

O

We make a technical remark on the hypotheses of the theorem above. The standing assumption that
T NU =T is not exactly without cost in generality. Indeed, we can impose this condition on a varifold
by modifying I', but this runs the risk of introducing non-integral values of the multiplicity via a density
argument in Corollary 3.1 (e.g., consider the perils of adding a boundary point to an open half plane).
In particular, under the assumption of bounded mean curvature, by this same corollary we have that the
multiplicity of the varifold and the density agree almost everywhere, so that we might as well work with
the density as it has more mathematical structure behind it. This is, of course, at the cost of not being
everywhere integer valued. To circumvent this technicality, we really ought to add the hypothesis that the
density is everywhere integer valued to the above theorem.

3 Allard’s Regularity Theorem for Integer Rectifiable Varifolds
with L>* Mean Curvature

3.1 Integer Rectifiable Varifolds and the First Variation

In the introduction we briefly considered the idea of rectifiable varifolds. In this section, we specialize to a
subclass called the integer rectifiable varifolds, which are simply rectifiable varifolds whose multiplicities are
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positive integer valued (almost everywhere). We study here a construction which brings functional analytic
tools to the study of these varifolds, and allows us to view our integral varifolds as objects acting on test
vector fields. We thereby uncover a connection between these new objects and classical smooth manifolds
through the notion of generalized mean curvature.

To begin, let ®: U — W be a smooth diffeomorphism of open sets U and W in R, and let V = (T, 6)
be a k-dimensional integral varifold in U. We define the pushforward of V' to be the k-dimensional integral
varifold @ (V) in W given by

O4(V) = (@(T), fo &)

The pushforward is still k-dimensional as I is covered by a countable union of k-dimensional C! submanifolds
of RN, which are themselves pushed forward to other C! submanifolds of R, and since the Borel measura-
bility of f o ®~! is obvious. Now, for a vector field X € C}(U;RY) we obtain a global flow ®: R x U — U
which is the unique solution of the system

2d(t,x) = X(2(t,2))
®(0,2) = Idy(z) =«

From the global flow ® we obtain the one parameter family of flow maps ®;: U — U sending x — ®(t, z)
for each z € U.

Definition 3.1 (The First Variation). If V = (I',0) is an integral varifold in the open set U C RY, and
X € CHU;RYN) generates the flow maps ®;: U — U, then the first variation of V on X is defined by

V(X)) = & . M((®¢) (V)

Unfortunately, as defined the first variation is not very easy to work with (in fact we don’t even know
that it is well-defined to begin with!). Fortunately, we have the following characterization in terms of the
tangential divergence of X along tangent planes. We define this notion of divergence as follows: let m be a

k-dimensional subspace of RY with any choice of ON basis {ej, ..., e}, and set
k
diveX ==Y e;- D, X VX € CY(U;RN)
j=1

where D, is the directional derivative of X in the direction of e;.

Lemma 3.1. With 7 a k-dimensional subspace of RN and X € C1(U;RY), we have
div, X = div(P, X).

Proof. Let {&;}%_; be an ON base of 7, completed to an ON base of RY. If X = X’¢;, then P, X = Zle X
and

k k k
div, X = 25i Dg, X = Z(fi - &)De, X7 = Z D¢, X' = div(P, X).
j=1

i=1 =1

From these characterizations the following proposition follows immediately:

Proposition 3.1. Let U C RY be open and m a k-dimensional subspace of RY. Then the tangential
divergence operator div,: CH(U;RYN) — C(U) is linear and satisfies the following Leibniz rule for all f €
CY(U) and X € CYH(U;RY):

div,(fX)=Vf- P X + fdiv. X.

With this operator in hand we can prove the following versatile characterization of the first variation,
which also settles the issue of its well-definedness.
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Proposition 3.2. Let V = (T, 0) be an integral varifold in an open subset U C RY. Then the first variation
of V' can be characterized as

SV(X) = / dive,r Xdpy () VX € CH(U;RN)
U
Proof. Since T is rectifiable, we can find countably many C! embeddings F;: K; — RY where each K; C R¥
is compact, such that for all ¢ # j
(i) Fi(K:) N Fj(K;) =0
(iii) {F;(K;)} cover HF-a.e. of T

By looking at the preimages of each positive integer under 6 and intersecting with each F;(K;), we can
further refine our countable collection of K; so that 6 is constant 8; on each F;(K;). Since ®;: U — U is
a diffeomorphism for each ¢, these properties all continue to hold when we replace I' with ®(T"), F; with
®, o F;, and 6 with 0 o <I>;1. Let {e;} be an ON basis of RF, and recall that if vy, ..., v; are vectors in R¥,
then we have [v; A ... A vg|? = det(gi;) where g;; denotes the k x k matrix with components v; - v;. By the
area formula, and the fact that ®, o F; is C' and injective,

M((®y)x(V :/ 0o d; tdHF = 9i/ 9/ J(®4 o Fy)dx
((®4)4(V)) o) ¢ Z S Z 1o )
—29/ d(®; 0 Fy)yer A--- Ad(Dy 0 F;)yex|dy

Now let y € K; and set © = F;(y ) {d(F;)y(ei)} is a basis for T, I' (wherever the tangent space exists) since
each F; is an embedding. If vy,..., v, denotes any ON basis of T,.I', then by the chain rule we have that

|d(Pr 0 Fy)yer A+ Ad(Py 0 Fy)yer| = [d(Py)w(v1) Ao Ad(Pr)w(vr)] - [d(F)y(er) A Ad(F:)y(er)]

For ease of notation, let us call h,(t) := |d(P¢)z(v1) A -+ A d(Py)z(vi)| = /det g, (t), where g,(¢t) is the
matrix with entries g,(t);; = d(®¢)(vi) - d(P¢)z(v;). Using the Area Formula Corollary, noting ®¢ = Idy
so that h,(0) = 1, we can form the difference quotient for the mass of V' under the flow of X:

M((®4) 2 (V) Z / ) = 1) |d(F)y(e1) A--- Ad(F)y(er)]dy

t

—Z/ )9|d( Fi)yfer) A Ad(FD), ) dy
72/ he) = 12 (0) 5 2 (1)

_ ;w() A

;/Fi(fﬂ) t i ( )
—/deﬂv(z)

We thus need to do two things—we first need to show that h,(t) is differentiable at 0, and then we want to
pass the limit as ¢ — 0 through the integral. First off, since ®, is smooth and d(®¢),(v;) = D,,®¢, we note
that

0 0 o0
(@) (01))) = 5 (D) = (Dv,im@) D, (X o),

hence
(92(8)ij = Dy, (X 0 @) (@) - d(Pr)(v7) + Doy (X 0 @) (@) - d(Py)(vs).
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Now, notice that h;(t) is indeed differentiable at t = 0 since det g,,(t) is by the Jacobi Formula and the above
direct computation. By said formula we obtain

1 1

'(t) = ———— de =~ _de race (g1 (t)q’
Helt) = 5 det(an(1) = 5 ety (1) race 5 (16400

and if we evaluate at ¢ = 0 we have, since ¢, (0) = I,
1 k
R.(0) = §trace(g;(0)) = v Dy X () = divy,r X ().
i=1

Moreover, since X is compactly supported, ®; reduces to the identity map outside of the compact set sptX.
Thus, in your favorite operator norm we have ||d(®;).|| < C for a constant C independent of x € U and
t € [~1,1]. This tells us that ||g.(¢)|| o x[—1,1]) < 00. Therefore, h, is not only differentiable, but there is
also a § € (0,1) and another C' > 0 such that

for all |t| < & and all z € T. Hence by applying the Dominated Convergence Theorem (and acknowledging
our assumption that V has finite mass) we can safely pass the limit through the integral and conclude that

5V = g MED2V) V)

= [ R0y @) = [ divrr Xy (o).

O

As an added bonus of the above analysis, we also see that the first variation is a linear functional on
CH(U;RY). With no small amount of foreshadowing, we say that V has bounded generalized mean curvature
if 8V is a bounded linear functional on C}(U;RY) in the sense that for a universal C' not depending upon
X € C;(U;RY),

OV(X)] < ClX s gy = C /U X gy

As a bit of terminology, we say that V' is a stationary integral varifold if we can take C' = 0, which just
says that the first variation of V vanishes along all vector fields X € C}(U;RY).

Now, if V has bounded generalized mean curvature, we can apply the Riesz-Markov-Kakutani Represen-
tation Theorem and the Radon-Nikodym Theorem to establish the following additional characterization of
the first variation. This result brings us back to the theory of classical C? surfaces having a mean curvature
vector.

Proposition 3.3. Let V = (I,0) be an integral varifold in U C RN. Then V has bounded generalized mean
curvature iff there exists a bounded Borel map H: U — RY such that for all X € CL(U;RY),

SV(X) = —/X~Hduv.

Proof. First of all, we can extend & from C(U;RY) to C.(U;RY) using boundedness and density. Thus we
have in hand a continuous linear functional on C.(U;RY), which by the Riesz-Markov-Kakutani Represen-
tation Theorem can be realized as

SV(X) = / X - gd|oV]
U

for all X € C.(U;RY), where |g| = 1 py-a.e. in U and where |§V| is the total variation measure of §V/
defined as
|6V|(A) = sup{6V(X) : X € C.(4;RN),|X]| <1}

for A C U open and
|0V|(E) :=inf{|6V|(A) : E C A, A open}
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for arbitrary E C U. We claim that on the level of vector valued Radon measures, g|dV| = —Hpuy for a
bounded Borel map H: U — RY.

We must show that [0V| << py. If A C U is open with py(A) = [, . 0dH* = 0, then for any
X € C.(A;RY) with | X| < 1

6V](4) < C /A Xy < Cray (4) = 0 *)

Thus, [6V|(E) =0 for all E C U with py (E) = 0, proving the absolute continuity of [6V| with respect to
wy. By the Radon-Nikodym Theorem, the derivative

. [OVI(B(z, 1))
D, |6V = lim ————=~
e VI = 18 (B )
exists at py-a.e. € sptuy, and [6V]| = D, [0V |uy. Notice that by the inequalities in (%), D, |6V] is
bounded. Define at last H: U — RY by H := —g¢D,,, [0V|. Then H is bounded, Borel, has [H| = D, |6V,
is defined py-a.e. in U, and satisfies for all X € C.(U;RY)

SV(X) = / X - gdloV] = _/ X - Hduy.
U U
In the event that X € C1(U;RY), then we have in addition

5V(X) = / diVTIFXd/J,\/(LL‘) = —/ X - Hd/LV
U U

We call H the generalized mean curvature vector of V. O

Before moving onward to our discussion of the Monotonicity Formula, we remark that the theory presented
here for integral varifolds in open subsets of RY extends to the theory of varifolds in Riemannian manifolds.
In particular, let M be a closed Riemannian manifold embedded in RY. If U ¢ R¥ is open, then an integer
rectifiable varifold V' in UNM is just an integral varifold V' in U with the added property that py (U\ M) = 0.
We say that V' is stationary in U N M iff §V(X) = 0 for all X € C}(U;RY) which are tangent to M.

3.2 Monotonicity Formula

This section is dedicated to the Monotonicity Formula, which is a beautiful result finding use in many places
elsewhere in the theory of minimal surfaces. In fact, the Formula tells us that integer rectifiable varifolds
with vanishing generalized mean curvature behave in a way similar to classical minimal surfaces, in that
they are forced to bend in a way consistent with the area growth that minimal surfaces exhibit due to their
vanishing mean curvature. We will also prove here a corollary relating the density of points on the varifold
to the values of the multiplicity function 6, enabling us to also garner regularity data for 6.

We first fix some notation for the section. If g: U — R is differentiable and V' = (T, ) is an integral
varifold in U, then we define V4g(z) :== Py, r(Vg(z)) as the projection of Vg onto the normal space N,T
orthogonal to T,I", which exists H*—a.e. on I.

Theorem 3.1 (Monotonicity Formula). Let V = (I',0) be a k-dimensional integral varifold in an open subset
U C RN with bounded generalized mean curvature H. Fiz any & € U and define the map r(z) = |v —§&|. For
every 0 < o < p < dist(§,0U), the following estimate holds true

Bl Bl _ [t (e o) v+ [ Vh

ok ok (ko Bye\B.6) "

with m(r) := max{r,o}.
Moreover, the map p s el®ll=rp=F 11 (B,(£)) is monotone increasing.

Notice here how V+r(y) captures another notion of curvature for the varifold. Indeed, V+tr = P%y r(Vly)) =

Pﬁ,r(:‘))a so that V47 (y) is the part of the unit vector § (in the direction of y) normal to T,I'. Thus, if
we stand at the origin and look at a point on I', this quantity tells us how our line of sight differs from
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being tangent to the varifold at that point. In other words, by integrating this (after appropriately rescaling
to ensure dimensional consistency) quantity over a region, we can get a sense of how curvy our varifold is
compared to a cone.

Proof. By translating we can assume that ¢ = 0. Fix any v € C}([0,1)) with v = 1 in a neighborhood of 0.
For any s € (0,dist(0,0U)), define the vector field Xy € CL(U) by X4(x) := v (lx‘) x. Since Xy € CL(U),

we can test

(SV(XS) / leT FX dMV / X - Hd,u,v
Fix any € I" at which T,T exists, and choose for it an ON basis {1 ...,ex}, completed to an ON basis
{e1,...,en} of RV, Using these coordinates we compute

k k
divy,r X, = Zei - De, X :Zei - D, {’y <“:|) x}

=1 i=1

o bC S ()20
=0 () (F ii(e”)<ei'|i|>

since Vr(z) = Vl]z| = Ziv: (e - ‘”7')61-. Therefore,

/ diVTwFXSd/dtv(l‘) = —/ X - Hduv
U U

—/UX -Hdpy = /Ulw <‘:|) dpy (z) + /Uv’ ('gj) g (1= |[V*4r?) dpy ().

We divide by s**1 and integrate from o to p, obtaining

/ / @ (| |>dﬂv ds_/ / k+17<|x|>duv( )ds
/ /, i (|x|)(1_|vlr|2)duv(x)ds

Everything in sight has compact support and is bounded, so we can safely apply Fubini’s theorem and
rearrange to find

G (2 ()t 54 ] () s
few [ (M) asaut)

P Polx) (o
a+/c, 27 (s) as

yields

(%)

Next, we integrate by parts to compute
’k le> (|x>
— ¥ ds = —7 —
/U gkl ( s sk s
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so that

S A L O B 11 PR SO 2 W e
. S 2\ 7 *plﬂ P Pt
Consequently, it follows that (%) becomes, after rearrangement,
1 x 1 x
(B @ - [ (M) duv) - /x i [ (M) dsa o
P Ju P
T T k T
e e (5) -3 (5) + [ (5) o ameo

Recall that this statement holds for every v € C2([0,1)), and in particular it holds on a sequence v ,”* Xjo 1),
0 < % < Ap,1y- By the Monotone Convergence Theorem, we discover that (%%) is in fact true with
v = Xo,1)- We have

/LV(BP) 'U’V(B :/ T - H/ XB dsdpy (z)

Pk
/ |vir|2 |: XB kXBa +/ Sk_HXBSdS:| d,LLV(QL’)

(%)

(k)

Consider now the integral terms in s. We compute

Pk P k 1 1 1 1
/U shtl b (x) i Be [nax{ﬂ,a} sh+l i B (max{|m|,a}k pk) Be (m(r)k pk)

since Xp_(x) = 0 if |x| > s. This takes care of the mean curvature term, and all we have left to simplify is
the final integral:

1 1 1 1 1 1 1
—Xp, — X X, | ———]|=—Xp — =X X —X
oF By = kB + 4B, (m(r)k pk> m(r)F By =k Bo B,\B, | |k Bo\Bo -
Putting everything together in (3k%%) yields the Monotonicity Formula:
HCSETONE. 1 / T2
_ - e H [ ——— — 2 )a vV
pk ok B, k‘(z ) m(r)k Pk NV(x) + BB |$|k MV(:C)

Next we need to show that the map p + elHl=rp=Fyy (B,(£)) is monotone increasing. To this end, we
define f(p) == p~*uy(B,). Then by the Monotonicity Formula and Cauchy-Schwarz, we discover that

1 _ _ _ _
f)=5(@)> ¢ [ B lm)™ =) di () > <[ H [ el () = ™) (@)
p P
Dividing both sides by p — o and recalling that m(r) = max{|z|,c} > o, we find

flp) = f(o ok —pk

L= 1) 5 et (B,) - =L
p—o0 p—o0

Recall that a real valued function g is convex iff the quantity R(zx,y) := g(zm%g(y) is monotone increasing

—k

in one variable when the other is fixed. Since p — p~" is convex, we see that

ok pk
—o~ kD) < o=+ — R(0,0) < R(p,0) = ————.
p—o
Writing p = o + ¢, we obtain
f(0'—|-€ —f o B (0’+€)k+1
HOXO IO s Bt + 2y (B)o~ ) = Bl f (o +2) T ED— (*)
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Let U5 be a standard mollifier and convolve both sides of the above inequality as functions of o (we first
harmlessly extend f to all of R by setting it equal to 0 on the negative reals). We obtain by a change of
variables

<W%) /ftﬂ D g0 — t)at = /%(J_t+€)_%(a_t)f<t)dt

R g

and we estimate that (if, say, ¢ < 1)

‘(f(. +€2 —f() . %) (0) — (f =)o) Us(c—t+e)—Vs(oc —1t)

</ ) o)~ Wio 010 a

<ol [ ]%("‘”5) ~ U —t) ‘Iffs(o—t)‘dt

g

where K is compact, since spt¥s = Bs. Note that || f||oc < wg, since f(p) = p~*uy(B,) < p~*H*(B,) = wy,
for every p > 0. Since Vs is smooth, the integrand is uniformly bounded in € < 1 and converges to 0 as ¢
goes to 0, so we can apply the Dominated Convergence Theorem to conclude that

iy (£6:39=10)

el0 g

“05) () = (7 + 95)(0) = (£ + %) o)
for every ¢ > 0. Similarly, we find that

) k1
i (7 + /D 0 (0) = (7 w0)(0)

0

for every o > 0. We therefore establish that after convolving both sides of (#) with ¥s and sending ¢ to 0,
we are left with

(f % @s)(0) + [ Hljoo (f * ¥5)(0) > 0.
But this tells us that the function gs(c) := ell=?(f % W5) (o) has for all o > 0
g5(0) = elT= {(f 5 W5)'(0) + | H]|c (f * T5)(0)} = 0.

Therefore, gs is monotone increasing for any § > 0. But then

lim gs(0) = el™1=7f(0) = el™l=70 " uy (B, )

is also monotone increasing, as desired. O

Corollary 3.1. Let V = (T,0) be a k—dimensional rectifiable varifold in an open set U C RN with bounded
generalized mean curvature. Then
pv (By ()

0{/(33) = lim &

PO WP
exists at every x € U, and 0y = 0 for py-a.e. x € U. Moreover, we have that
(i) Ov is upper semicontinuous.
(i) Oy (z) > 1 at every x € sptuy .
(iii) v (B,(x)) = wre Ml pk for every x € sptuy and p < dist(x, 0U).
(iv) HF(sptuy \T) = 0.

Proof. We first settle the existence of the limit defining 6y by recalling that the map p — elHlleerp=F (By(x))
is monotone increasing and bounded below. Thus lim o el®ll=rp=F 11, (B,(z)) exists, and since elHll=r — 1

as p — 0 it follows that
v (By(x))
wiby (z) = lim ————=
KOv (2) A —
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must exist as well. The fact that 6, = 0 for H*-a.e. x € ' is due to Proposition 1.9. In particular, the two
functions agree wherever I" has a tangent space.
To prove the upper semicontinuity property (i), we fix an € U and € > 0, letting p € (0, %dist(x, ov))
be such that
oHllo AV (Bo (7))

€
P <Oy(z)+ = Yo < 2p
k

2
If we now select 0 < 6 < p and any y € U with |z — y| < J, then

B,(y)) 1 (Bpys()) (p+0)* a\" e
< JHIp AV (Bo¥)) ) (pre) v (Bpt o J €
Ov(y) <e e <e T (v (@) +3)

If we take ¢ sufficiently small relative to p then it will follow that 6y (y) < v (x) + € whenever y € B;(z),
which says that limsup,_,, 0v(y) < Ov ().

Next, since 6y = 6 HF-a.e. on T, and since §: I' — Z>!, it follows that {z : Oy (z) € Z>'} has
full puy measure. This tells us that {z : 6y (x) € ZZ'} is dense in sptuy, and so if z € sptuy N U,
the claim that 6(xz) > 1 follows from upper semicontinuity. If x € sptuy and p < dist(z,0U), then
elBlleoryt p=F py (B, (2)) = wy ' p~F v (B,(z)) implies that

;i{‘%e“H“mpwk_lp_kuv(B,,(x)) > 1.

Since el®llecrwy -1 p=F 11, (B,(z)) is monotonic, it follows that py (B,(z)) > wye ™ Hllecr gk,

Lastly, (iv) follows from Theorem 1.12 (showing that 6y (z) = 0 for H*-a.e. z € U \ T') coupled with
conclusion (7). O
3.3 The Tilt-Excess Inequality

In this section we introduce and prove a counterpart to Caccioppoli’s Inequality for use in the theory of
varifolds. We first prove the following Lemma which is also used later in the proof of Allard’s Theorem.

Lemma 3.2. Let 7 and T be k-dimensional planes in RY, and let X € C(RYN;RYN) be the vector field
X(z) == P(z). If {vkt1,...,on} is an ON basis of 7+, and fj(x) == x - v;, then

N
SIT == =diveX = ) |Vrfyl*
J=k+1

Moreover, there is a positive dimensional constant Cy = Co(N, k) such that

[JrPr =1 < Go|IT — 7|?

Proof. Let &1,...& be an ON basis of T and ej41,...,ey an ON basis of T*. In coordinates we thus have
N N
P,.=1-— Zvj®vj and Pr=1- Zej@)ej.
j=k+1 j=k+1
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We therefore compute

2

1 1 1| & N
§||7T—T||2=§IIPW—PTH2=§ Y uievi— > ¢

i=k+1 j=k41
1 N N N N
i=k+1 j=k+1 i=k+1 =kt 1
1 & R
=3 > (vi ®vi v @v;) + 5 Y (ei@eie;®ey)
ij=k+1 I
N
- Z (Vi ®v; e ®ey)
i.q=k+1
1 N 1 N N
D YR TS TE SRCTT N R
i,j=k+1 ij=k+1 ij=k+1
N N N
=(N=k) = > (wie)’= > (1= D (vi-ey)’
i j=k+1 i=k+1 j=k+1
N k
= Z 2 &) Y
i=k = i= k-‘rl

which proves half of the first claim. We can also compute, starting at the last line,

N kN
SIS S SIRIES NP TR 9 SERCAE
1=k+1 i=k+1 j=1 i=k+1 i=1li=k
k
:Zgj' (Dﬁj z fﬂh) ZZEj'ngX:diVTX
j=1 i=k+1 j=1
Next we prove the estimate |J7 Py — 1| < Co||T — 7||?, and begin by recalling that Jr P, := \/det(M?tM)

where M is a matrix representation of P, restricted to T'. Thus

(M*M)ij = Pr(&) - Pr(&5) = 0ij — PH(&) - & — P (&) - & + Pr (&) - Pr(&5)
= 6ij — AZJ — Aﬂ + B”

We have that |P (&) = |PH (&) — PL(§Z)| C||P+ — P#|| = C||Pr — Pr|| = C||T — 7|, so if A and B are
the matrices with respective entries A; then | Al < C||T — 7| and ||B|| < C||T — «|?>. Moreover, we
have that, by the above calculations,

Zj7 1]7

k E N E N
traceA = ZA” ZPL (&)-& = Z Z (& -vj)vy) - & = Z Z (& - vj)2 = divp X
i=1 i=1 j=k+1 i=1 j=k+1

By employing the Taylor expansion of the determinant we determine that
det(M'M) = 1 — 2trace(A) + O(||T — 7||?) = 1 — 2divy X + O(|T — =)
which together with the first part yields, since Jp P, > 0,

UrPyr — 1] < I Py — 1(Jp Py +1) = |det(MM) — 1] < 2|dive X| + O(|T — 7]|?) < Co|| T — 7||?
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With this result in hand, we can now prove the main assertion of the current section.

Proposition 3.4 (Tilt-Excess Inequality). Let k < N be a positive integer. There exists a dimensional
constant C such that if V is an integer rectifiable varifold with bounded generalized mean curvature H in the
ball B.(v9) C RN, and 7 is a k-dimensional plane, then

C 2k+1

E(V,m,20,7/2) < 5 dist(y — zo, m)*dpv (y) + ﬂ/ H|*dpy
r By (w0) " By (x0)

Proof. By scaling and translating, we may assume that 2o = 0 and » = 1. We let X be the vector field
X (x) :== PX(z) of the previous lemma, and choose a smooth cutoff function ¢ € C2°(By; [0, 00)) with ( =1
on Bj/y. We test the first variation

3(X) = / divy, r Xduy(z) = — [ X -Hduy
By By
with the vector field (2X yielding, since divy, r(¢2X) = 2((V,r¢) - X + 3divy,r X,

Cdivy,r Xdpy (z) = — [ X -Hdpy —2 | ((Vr,r¢) - Xdupy ()
B4 B B1

If for a moment we set 7' = T,I', and take an ON basis {¢1,...,&} of T, {vk41,...,vn} an ON basis of 7+,
and f;(z) == - v; as in the previous lemma, then we can estimate the last integrand pointwise at € By
using the observations

o 16 X (@) =16 Xl (@ o)l < Xl (@ 0) (vl = Xl 15 @)1 - v))

1
2

o 115@) < (T @) = (S lz-ul?)” = 1X (@)
o Vrfi(x) = Pr(Vfi(@)) = Tisy (& V@)EG = S (& v)é = S & v] < CIVrfy(@)]

as follows:

k

D VC-&)&-X

=1

k N N
<D0 D AVClfll& vl < C Y CIVCIIXVES|

i=1 j=k+1 j=k+1

CIVr¢- X[ =¢

applying Young’s inequality with p = ¢ = 2 to each term (C|V{||X]) (%C|VTfj|) in the sum yields

N
CIVrC- X| < CIVCPIXP + 3¢ D IVafil? = CIVCPIX P + 4¢Pdive X
j=k+1
where in the last equality we applied Lemma 3.2. Applying this estimate to our original quantity (using
Young’s inquality once again in the first integral)

CZdiVTmFXdlLv(x) = — C2X : Hduv -2 <(VTIF<) 'Xduv(l‘)
B1 Bl Bl

< / C21X | [Hdpy +2 / (VrrC - X|duy ()
Bl Bl

1 1
<o [ lrEPd 5 [ X Py
2 /B, 2 /B,
1
+C |VC|2\X|2d,uV+§ Cdivy,r Xduy ()
B By

which implies that
1

. 1 1
Civr.eXdu () < 5 [Py + 5 [ 1XPauy 40 [ 9EEX Py
2 B4 2 Bq 2 Bq B4
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On the other hand, applying Lemma 3.2 again tells us that

1
E(V,7,0,1) = 2" / ITLT — x| dpy () = 2541 / dive,r Xduy (z) < 242 - 1

B2 B2 B

CzdiVTl,FXd/JV (J))

since ¢ = 1 on By /. But recall that { € C2°, so that ||V (|| < C. Therefore, since | X (z)| = dist(z, 7),

1
]E(‘/aﬂ-vov %) < 2k+2 T

/ Cdivy,r Xduy ()
2 /g,

< 9kl / [ HPduy + 24+ / XPdpy +C / V¢ X 2dpy
Bl Bl Bl

< 2k+1/ [H|?duy + C [ dist(x, 7)2duy ()
By B

just as advertised. O

3.4 The Lipschitz Approximation

If the generalized mean curvature and the excess of our varifold are both small, then intuitively the varifold
does not “wiggle too much” when compared with a plane. In this situation, it might thus be expected that
the varifold (or at least a decent part of it) be realizable as some nice object, say as the image of a map
with some nice regularity. Indeed, this is what happens—a sufficiently well behaved varifold can be realized
as a Lipschitz image over a plane, at least on a slightly smaller scale. This approximation is applied several
times throughout the proofs of the Excess Decay Theorem and Allard’s Theorem, but is of course of interest
in its own right.

Theorem 3.2 (The Lipschitz Approximation). Let k < N be a positive integer. Then there exists a C' > 0
satisfying the following. For any fized 1,5 € (0,1) there are A = X(I) € (0,1] and e, > 0 such that if
V = (I, 0) satisfies Allard’s conditions with e = er,, then there is a Lipschitz map f: (xo+m)NB,.ja(wo) — 7+
such that

(i) Lip(f) <l and Ty C Ig, (2o + )

(i) 0 =1 H*-a.e. on T N B, 4(z0) C Ig (w0 + )
(iii)) G C Ty, where G := {x € I'N B, 4(wo) : E(V,m,2,p) <X Vpe (0,r/2]}

(iv) HHTp \ G) + HM(T N By a(w0)) \ G) < CATME(V, 7, 20, 7)r* + C|[H|oor

In the effort of proving this result, we prove two preliminary lemmas. The first lemma is of particular
interest, as leverages the versatile compactness properties of Radon measures in extracting convergence from
particular sequences of varifolds. This is then used to prove a technical lemma which provides a “height
bound” for the varifold with respect to a plane, allowing us to transfer certain data to smaller scales.

From here on the notation B, (z) := B,(z) N« is assumed to be in force, whenever it is clear what 7 is.

Lemma 3.3. Let V; = (I';,0;) be a sequence of k-dimensional integral varifolds in By C R™ satisfying
Allard’s conditions with ¢ = &(V;) | 0 for a given fized plane w. Then puy, S HF L7 in By.

Proof. Fix p € (0,1) and let H; be the generalized mean curvature vector of V;. Then by assumption
Vi = (T4, 0;) satisfies py, (B1) < (wr +€;) and ||H;||e < &;.
First of all, observe that up to a subsequence we have puy;, 2 1 for some Radon measure p on By, since

sup py; (B1) < sup(w, + ;) < 00

7

. We will show that 1 = H* L B; where B; = B; N, and as a first step in this direction we prove that
sptu C By. In particular, fix an arbitrary ¢ € C.(B;) and consider the integral

/B P () o(y)duly).
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If this integral vanishes for all ¢ € C.(B7), then p must to be supported in B;. For if there is a ¢ € By \ 7
which is in spty, then for a small enough r > 0 we have both B,.(z) C By \ m and u(B,(z)) > 0, and testing
the integral with a nontrivial ¢ € C.(B,(x)) C C.(B1) yields a contradiction.

Notice that | P2 (y)|?¢ € C.(Bi), and so by the weak-* convergence of the py;,

/BIP#(y)Izcb(y)du(y)ﬁlggo \P#(y)\2¢(y)duw(y)<\\éllmilirgo/lg [P (y)*dpv, ().

B

We show that this limit is 0. If y € By \ B,, § = y/|y|, then we observe that

Vi, r,
[yl

yl?

TS

|Pﬁ,ri(y)|2 < ‘Pﬁri(@)|2 = ‘Pleri(V|y|)|2 = |Viri
Therefore, we can estimate

/B [P (y)Pdpy, (y) < 2/B [P (y) = Piyr, (y)*dpv, (y) +2/B 1Pz e, () Pdpv; (v)

<C /B IT,Ts — dpay, (4) + 2 / P o () Py, () + 2 /B IPA 1 () Pdpav, (1)

1\B,
IV, lyl1?
< CE(Vi,m,0,1) + C / ey, (y) + CpPpv, (B,)
Bi\B, |yl
IV, r, vl
<Cei+C BT v (y) + CpP(wr + &5)
Bi\B, lyl

By the Monotonicity Formula and its Corollary we establish that the second term obeys the estimate

|v%yr-7'|2 pv; (By) 1 1
LT ) = v (By) — P Be —/ yH< 1>duw(y)
/BI\B,, ” R A )"

_ 1 1
e (B0) —e 500 s [ Syl (- 1) i

B

N

< v (Br) —wie il 4+ O H | o
< (wk + 61') — wkefsi + CEi

so that
[ 1PH@)Pdivi ) < Oz + {(wn ) - wne™ + Cei} + Con+ =1)

Taking i — oo therefore yields for any p € (0,1)

lim [ [Py (y)[Pduv, (y) < Cp*.

i—00 B

Since p € (0, 1) was arbitrary, we conclude that indeed
/ P2 (4)26(y)du(y) = lim / P (4) Po(y)duv, (4) < 9]l Jim / P (y) Pdjuy, () = 0
B, i—»oo /g, i—»oo /g,

for any ¢ € C.(By), thereby proving that u is supported in Bj.

We now apply Proposition 1.4 to conclude that = §H* L B; for some Borel map 6: B; — R>°. Indeed,
we can show that the k-dimension upper Hausdorff density 6**(u) of u is finite everywhere in By. Let
x € By and fix a p € (0,1 — |z|). By the Monotonicity Formula, and the fact that by weak-* convergence
w(U) < liminf; o py, (U) for every open set U, we see that

e (Bo(@) el v (By_ 1) (2))
i—00 wypk 1—00 wk(l - |$|)k
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Therefore B )
N0 WEP (1—lzl)
for every € B;. By Proposition 1.4, we conclude that p = #HF for a locally integrable Borel map
§: RY — R>? (hence integrable on B;), and since spty C By we have that u = 0H* L B;.
We now proceed onward to show that = 1 on By, first showing that for any X € C!(B1;RY) we have

k<oo

/3 B(y)div, X (y)dH (y) = 0

where for convenience we have chosen an ON basis {e;} of RY with corresponding coordinate system
{Y1, - Yks ZN—ks - - -, 2n } such that m = {z = 0}. We first observe that at a point x € By x RN=¥NT,,

div, X = (diVﬂX — diVTxFiX) + diVTII‘iX = (le(Pﬂ—X) — diV(PTmFiX)) + diVTII‘iX~

If we let (7;;) and (7;;) denote the matrix representations of the projections P and Pr,r, in the standard
basis, then

N N
div(PrX) — div(Pr,r,X) = > 0p(PeX)¥ = 04 (Pr,r, X)* = O(mj X7) — O(Ti; X7)
k=1 k=1

N .
Z(Trkj - Tkj)akXJ

k=1

so that
|div(PrX) — div(Pr,r, X)| < C||DX||co||TeTs — 7|

We can thus estimate

/ div, Xdu Odiv, X dH*
]RN

= = lim
i—00

/ div, Xdpuy,
B1 B,

< Jimin {cwxnoo / ITaTs — mlldpy () +
11— 00

By

|

/ divy, r, Xdpy, (x)
By

}

%
< liminf {0||DX|OO ( /B IT,T; - WIIQduw(x)> (v (B)E + ||X||00|Hmm<31>}
1

X - H,’d,uvi

<tmint { 10X [ 0= mldp ) +
i—00 By B

= tim inf { | DX | E(Vi, 7,0, 1) (v, (B1)) + X oo | il oopovs (B1) }
1
< timinf { )| DX [lae (wr +€0)F + X oceilwr +2) } =0
71— 00

Now let Y € CH(By;m x {0}¥~*) (recalling our coordinate choice making 7 = {z = 0}), extend it to
B; x RVN=F by making it constant on the sets {x} x RVN=F for x € B;, and multiply by a smooth cutoff
function in the variables z to obtain a vector field X € C}(R™;RY) which is supported in B; x RN¥~F while
agreeing with Y on B;. By the above observations, we conclude that

; O(y)div, Y (y)dH" (y) = - 0(z)div, Y (x)d(H* L By)(x) = /RN div, X (x)du(x) = 0.

By the arbitrariness of Y € C}(By; 7 x {0}V ~F), we conclude that @ is a constant on B;. Indeed, take a
standard radial mollifier W5 on Bs, and test with vector fields Y € CL(B;_s;m x {0}V ~F) to establish that
(0% ¥s) =0 on the set By_s5. We then send § to 0 to conclude that 6 is constant on By. To wit, we have
that in coordinates

k k k
diva (Y +09) = Doy Do (¥ + ) = 3 ((r 2‘;’5) <y>)j -/ Y05, 20— 04

Jj=1
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which by Fubini’s Theorem (as ¥4 is compactly supported) yields

0= /B 0(y)div. (Y s Us)dH (y / /B y;(t)o(y)%‘;’j (y — t)dH" (t)dH" (y)
=Z [ v [ o >?y’j (y — )AH (y)aH* (1)
k
=3 [ v [ oG-t want
]; a
=y : Y}-(t)a—y(e*\llg)(—t)d?’-lk(t)
j=1 1-6 J

By the arbitrariness of Y € C}(Bi_s;m x {0}V ~F), it follows that 8 (9 * Us)(t) = 0 for all j and all
t € Bi_gs, so that 8 x Uy is a constant on B;_s. Since 6 is 1ntegrable on B1, and since Vs can be chosen
to have sufficiently fast decay, 0 * U5 — 6 pointwise H*-a.e. on By, and since @ is constant on each B;_s,
sending ¢ to 0 tells us that indeed € is constant on B;. To see that § = 1, we simply note that p(0B,) =0
for any p € (0,1), so that by weak-+ convergence wyp* = Ou(B,) = lim; o0 pv;(B,). By part (iii) of the
Corollary to the Monotonicity Formula

wp® = hm wre” P ph < lim wye™ IHillor (M<F‘) lim gy, (Bp) < lim (wy +ei)p" = wpp®
i— 00 11— 00 i—00
from which we conclude that 6 = 1.

Lastly, we remark that this convergence is in fact enjoyed by the entire sequence we began with. Indeed,
every subsequence of {uy, } has, by the compactness theorem, a sub-subsequence which weak-* converges to
p=H¥L By. Therefore, puy, — p.

O

We now prove the second preliminary lemma:

Lemma 3.4. Let k < N be a positive integer, and fix positive constants 6,n,0 < r. Then there is an ey > 0
such that if V = (T,0) satisfies Allard’s conditions with € = ep, then

(i) T'n Bn(.%'o) C Isr(xo + 7).
(ii) pv(By(z)) < (wi + 8)p* for every x € B,_,(x0) and every p € (0, 0.

Proof. After scaling and translating we can assume that o = 0 and r = 1. Suppose to the contrary that
the lemma were false, so that there exist some positive constants §,7,0 < 1 such that the following holds.
For every ey > 0 there exists a varifold V' = (T, 0) supported in B and satisfying Allard’s conditions with
respect to a plane m and € = e such that at least one of the following alternatives holds:

1. There exists a point € B, NI such that |[Prz| > 4§
2. There exists a point € B,_, and a radius p < o such that py (B,(z)) > (wg + 6)p"

Take a sequence of such varifolds V; = (T';, 6;) satisfying Allard’s conditions with respect to the same fixed
plane 7 (by rotating if necessary) with e ; | 0. Let {x;} and {p;} be the corresponding sequences of points
and radii satisfying, for each i, at least one of conditions 1, 2. By passing to a subsequence, we can assume
that at lefust one of the two conditions holds for every z;. We can thus work by cases. Note that, by Lemma
3.3, py, — HF L
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Case 1 By compactness of Em we can pass to a convergence subsequence, not relabeled. Suppose
z; — x. Then z € B, and by continuity [P (z)] > §. Let 0 < ¢ < min{4,1 — |z|}. Then Bi(z) C B
and By(z) N 7w = 0. Now, for all i sufficiently large, we have By/s(x;) C Bi(x). By Corollary 3.1 to the
Monotonicity Formula, part (i7), it follows that uy, (By/2(z;)) = C > 0. Moreover, H*(9B;(z) N7) = 0, so
by Proposition 1.3 we see that by weak star convergence v, (By(x)) — H¥(Bi(x) N 7). Putting everything
together, we reach a contradiction:

0= H¥(By(w) nm) = Tim gy, (B()) > limsup uv, (Byja(:) > C > 0.

1—00

Case 2 By compactness of B1_,, we can pass to a convergence subsequence, not relabeled. Suppose
x; — x. Then x € By_,. Now, since 0 < p; < 0 < 1 — |z;| = dist(z;, 0B) we can apply the Monotonicity
Formula and property 2 of the sequence to conclude that

(Wk: +5) < MVz(Bpkl(sz)) < MVL(f—Z(Z‘l))

Fix now any ¢t > o. Then for all i large B,(z;) C Bi(z). By comparing Hausdorfl dimension, we see that
H* (OB (x) N ) = 0. Thus, from Proposition 1.3 we have that

H* (Bi(x) Nw) = Jim puv; (By(x)) = limsup py; (Bo (2:)) > (wi + 8)o".

i—00
Let t | o to conclude the contradiction

H*(By(z) N7) = (wi + 0)oF > wiot.

Remark 3.1. For our subsequent uses, it suffices to just work with § < %, n=g,and o= %,

We are now ready to prove the Lipschitz Approximation Theorem. The general idea is that if some part
of the varifold does not wiggle too much with respect to a plane (in a uniform sense), then we should be
able to flatten out that section of the varifold without causing any creasing or doubling up. In more precise
terms, we take the set of points in the varifold that have uniformly small excess at all small scales, and then
project this region down to the plane. We can prove that on this set the projection is injective, so that we
can invert and obtain a Lipschitz parametrization of the “good” part of the varifold. We then can extend
the map to obtain our approximation.

Proof of the Lipschitz Approximation. As always, we can assume by translating and scaling that ¢y = 0 and
r =1. We also set E(V,7,0,1) :=E.
We need to produce a A € (0,1] and an 7, > 0. To this end we make two choices:

(C1) We choose A < min{wg,ex(01)}, where eg(d1) is the ey > 0 given by Lemma 3.4 when we take
_1
6:(51 = 7(]\[_2) 2l7 n= %7 and o = %

(C2) We next choose e, < min{\, ey (d2)} where eg(d2) is the ey > 0 given by Lemma 3.4 when we take
6= (52 < min{)\, (N — /{3)_1/2ﬂ}, n= %’ and o = %

We first prove (ii). Let V' = (I, 0) satisfy Allard’s conditions with ¢ < e, and fix any point € I'N By /4.
Since €1, < g (d2), by Lemma 3.4 (ii) we find that for all p € (0,1/2)

v (By()) < (wi + 82)p" < (wr + A)p.

Dividing by wyp® we find that
B
1v(By()) ”,Ex)) <1+i<27
WP WE
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and sending p — 0 yields, by Corollary 3.1 to the Monotonicity Formula, 0y (z) = 6(z) < 2. Since 0: T' —
Z>', we thus find that § = 1 HF-a.e. on T'N B 4. Moreover, by Lemma 3.4 (i), we see that

FﬂBl/4 crl ﬂBl/Q - 152(7'(') C I(kar)iéﬁ(ﬂ-) C Iﬁ(ﬂ')

Next we prove (i) and (iii). Let ,y € G, and notice that |z —y| < 1 since z,y € By 4. Choose r > |z —y|
such that 7 < {3, 2|z — y[}. Since r < 2, and since x € By 4, by Lemma 3.4 (ii)

pv (Br(@)) < (wi +02)r* < (wi + X)r* < (wi +em(01))r".

By assumption, € G implies that E(V, 7, 2,r) < A < eg(d1). Additionally, |H|ls < 1 < @, since

r < 1. Thus, V satisfies Allard’s conditions on the smaller ball B, (z) with respect to ¢ < eg(d1), so by
Lemma 3.4 (i) we conclude that I' N By o(z) C Is,(z + 7). But then y € I5,,.(x +7), so y —x € I5,, (7).
Thus,

1 1 1
|Pr(y — )| < 261 = 3V - k)"l < 37 <3lr -yl

By the triangle inequality and the fact that P:- is an orthogonal projection, we find that for any x,y € G,
V3 1
‘Pﬂ'x_Pﬂ'yI = 7|x—y| 2 §|$—y|

Thus, the map Pr: G — 7 is injective, and is invertible on its image D = P,(G). Let f: D — RV
denote the inverse map. By viewing RY = 7 @ 7+, we can interpret f: D — 7+ and G as the graph
G=T;={v+ f(v) : v e D} of fover D. Notice also that ||f|lec < (N — k)=, since G C Iy, () and
5y < (N — k)~ 2.

Moreover, we can show that f is Lipschitz, by observing that for any pair v,w € D,

[f(v) = f(w)| = [Py (v + f(v)) = Pr(w + f(w))]
=Py (v+ f(v) —w— f(w))l

< SN =K Hlo + f(0) —w — f(w)
< (N = k) 3| Pe(v + f(v)) = Pr(w + f(w))]

N —
=(N—k) " 2lv — w|

which shows that Lip(f, D) < (N — k)~2. We can now extend f to all of Bi/4 N in one of two ways. We
could either apply Kirzbraun’s Theorem directly to f, or we could use the more elementary (and constructive)
McShane’s Lemma to extend each coordinate function of f individually. To illustrate the lower-tech route,
fix a system of orthonormal coordinates on 7+ such that f = (f1,..., fy—x). Then each f;: D — R has
Lip(f;, D) < (N — k)_%l, and can be extended to all of R™ while preserving this Lipschitz bound. In
particular it can be extended to By /4 N7 while also preserving || f;loo < (N — k;)_%ﬁ. The resulting extended
function f: ByyNm — 7+ then satisfies

Lipf < (N —k)2(N — k)" 2l =1
and ) )
[flloo < (N —k)2(N —k)"28=7

just as desired, since ||f|lc < S implies that I'y C Ig(m). Notice that as an immediate consequence, part
(#4¢) follows as well, since G C I'y by definition of f!

Lastly, we need to prove the estimate in (iv). For each x € F':= (I'\ G) N By 4 we can choose a p, < %
such that E(V,m,x,p,) > A. The collection {B,, (z)}scr covers F, and sup, p, < . By the 5r covering
theorem, there exists a countable, disjoint subcollection {B,, (z;)} such that F' C |J, Bs, (¢;). Thus,

HE(F) < wn(5p) < i AT E(V, w2, p0)pf < CAT'E,
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where we have used the observation that, by disjointness of the collection,
/ | 7,0 — x| *dpy (y Z/ ||TI‘—7T|| dpy (y ZIE V, 0, x5, pi)p

Next, set K =T \ G. By the area formula, for any y € I we have
HE(PL(GAT,T)) = / Jr,r PrdH*
G

since Jr,r Py is the Jacobian of P, after being restricted to the k-plane T,I', and P,(GNT,T) is an (injective
Lipshitz) image of this restriction. In particular, this formula is verifiable after action by a suitable element
of O(n) bringing the plane T,T to R¥ — RY. But then

H¥(PL(G)) = HF (P (G)NT,T) = /G Jr,r PrdH*
SO we can compute
HYK) =H¥(Tp\ G) = H*(f(m N Byja) \ f(D)) < H*(f(Bija \ D)) < (Lipf)*H*(By4 \ D)
and thus
HF(K) < C(wpd™ = HF¥(D)) = C(wpd ™" — H¥ (P (@) < C <wk4k - / JTprﬁde) .

By Lemma 3.2 we have that |Jp,rPr — 1| < Co||T, I’ — ||? for some dimensional constant Cy > 0. Observe
also that by the area assumption (A1) of Allard’s Theorem, py (B1) < C for a dimensional C'. Therefore,

HNK) < C (wk4_k — /G (Jr,rPr — 1) dHF — H’“(G))

<O (wed™F + ]JT rPr — 1) dH* — H’“(G))

(
<wk4 k+co/ |T,T — m||2dH* — Hk(G))

O (wid™ + CIT,T — 7] — HA(G))
Integrating this inequality over all y € By with respect to py then yields
HF(K) < Cwpd™F + CE — H*(@)).
Next, since § = 1 on By 4 by part (ii), we see that H*(F) = H"(By,4NT) = H¥(G) = pv (B1/4) —HF(G), so
HE(K) < Clund™ + CE + HN(F) = pv (Byya))
CA'E + Clwpd™" — pv(Bija))

v (B1ya)
wk4—k

<
<

= CA\'E + Cwpd™* (1 -

where we applied the estimate H*(F) < CA™'E from above. Recalling conclusion (ii) of Corollary 3.1, we
conclude the estimate for H*(K):

MV(31/4))

wk4—k
<CAN'E+C (1 _ e—HHnmrl)

=CA'E+ O(|H| )
<CA'E+C||H| o

HF(K) < CAT'E + Cwpd ™" (1 -

Putting the estimates for H*(F) and H*(K) together yields conclusion (iv), completing the proof of the

Lipschitz Approximation Theorem.
O
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3.5 Harmonic Approximations

By our last result, an integer rectifiable varifold satisfying Allard’s conditions is well approximated by the
graph of a Lipschitz function. As we mentioned earlier, if we now jumped to Step 3 of the proof of Allard’s
Theorem, we could “immediately” conclude C%! regularity of the varifold on a smaller scale. The next two
lemmas are what allow us to do better, and garner C'*“ regularity. Intuitively, because the varifold has
small bounded mean curvature, the Lipschitz graph approximating it must somehow be close to solving the
minimal surface equation, which itself is a sort of perturbation of the Laplace equation. Thus, we might hope
that nearby to f is a graph whose components are harmonic. To make this intuition work for us we prove a
weakened form of Weyl’s Lemma 1.1, which we will apply to the components of the Lipschitz approximation
in the next part.

Lemma 3.5 (Harmonic Approximation). Let k > 1 and consider the ball B.(x) C R*¥. For any p > 0, there
exists an €4 > 0 such that if f € H'(B,(z)) with [ IVfI? <k satisfies

v V1| <eartiVolle, Vo€ ClB (@)
then there exists a harmonic function u on By (x) with [ |Vul> < 7% and
[ <
Proof. Without loss of generality, by translating and scaling we can take xg = 0 and » = 1. Define the class
H = {u:Bl—HR:AuzoonBl and /B |Vu|2dx<1}.
1
Supposing that the lemma were false, there would exist a p > 0 and a sequence of f; € H'(Bj) such that

lim  sup =0

J70 gec(By)
Vo<1

V- Vfda

By

and [ |V fj[*dz <1, but
inf / (u— f;)*dx > p.
By

u€IH

By subtracting the average of f; over By from f;, we assume that the f; have average 0 while retaining the
properties above. By the Poincaré Inequality, we calculate that

£l < Clillzsy +C Y 1D Fill2 sy < Cllfillzs,) + CIV Fill 2y < CIV L2, < C.

|a]=1
Thus the sequence {f;} is bounded in H'(Bj), so by Banach-Alaoglu we have up to a subsequence f; — u
for some u € H*(B;). Moreover, H'(B;) CC L*(B;) and we may assume up to a sub-subsequence that

2
fi L—> v E L2(Bl), by the Rellich-Kondrachov Compactness Theorem. By uniqueness of weak limits, u = v,
so by semicontinuity of the Dirichlet energy (proof: Vf; = Vu = |Vu| < liminf;_, |V f;|, and Fatou’s
Lemma) we obtain

/ |Vu|?dz < li_minf/ IV f;]2de < 1.
B J=ee By

On the other hand, fix a ¢ € C}(By). Then weak convergence of f; — u in the Hilbert space H'(Bj) implies

V¢ - Vudzx
B,

=0.

= lim
j—o0

/31V¢~ijd:c

By applying Green’s First Identity and Weyl’s Lemma 1.1 we conclude at once that « is harmonic, and so
u € 3. But f; — u strongly in L*(B1), contradicting the assumption that [, (f; —u)*dz > p. O
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Lemma 3.6. Let k > 1. Then there exists a C > 0 such that if u is harmonic in B,(x) C R, then

k_
s [u(@) — u(wo) — Vu(zo) - (z — x0)| < Cp*r™ 27| Dull 125, (w0))
reEbLy(To

Proof. Without loss of generality we take r = 1. Fix a p < % By a Taylor expansion we have

2
p
sup u(z) ~u(0) = Vu(0) 2| < D%l 1=,

Since u is harmonic, D?u is also harmonic, so we can apply the Mean Value Property 1.6, Holder’s Inequality,
and Caccioppoli’s Inequality 1.20 to the components of D?u, finding that for any z € By

/ (DQU)Z]dl'
By

which yields the result. O

[(D*u)ij| = C <C [(D?u)y;]dz < C|(D*w)ij 2B, ,2) < Cll(Du)ijll L2 (5,)

By

3.6 The Excess Decay Theorem

We now enter the meatiest part of the enterprise—proving the Excess Decay Theorem. The theorem says,
loosely, that if a varifold satisfies Allard’s conditions on a ball, then on a smaller ball the excess of the varifold
decreases by at least a factor of two. This theorem allows us to prove a power law decay result for the excess,
which ultimately allows us apply our Lipschitz Approximation to a sizable portion of our varifold.

Theorem 3.3 (Excess Decay Theorem). Let k < N be a positive integer. There exist constants n € (0, %)
and €9 > 0 such that if V = (I, 0) satisfies Allard’s conditions on the ball By (xo) with respect to € = €¢, and
|1H|lor < E(V, 7, 20,7), then there exists a k-dimensional plane T such that

1
]E(M T, To, 777‘) < §E(‘/a T, X0, T)'

Proof. Even though the proof of this result is somewhat sizable, the idea is reasonably simple and goes
roughly as follows. Because the excess of our varifold is small, it is possible to approximate the varifold
with a Lipschitz function. We then produce a harmonic approximation to this Lipschitz graph, apply the
estimates for harmonic functions proven earlier, and use these estimates to produce bounds for the Tilt-Excess
Inequality, thereby yielding the result. The overarching theme, then, is to use successively better-behaved
approximations to the varifold, and then transfer estimates for these nicer objects back to the original varifold
we started with.

Estimates for the Lipschitz Approximation By translating and scaling, we can assume o = 0 and
r = 1. We also abbreviate E := E(V,x,0,1). We need to produce an g9 > 0 and an 7 € (0, %) To start, we
restrict our choice of £y to 9 < min{l,e.} for the constant of the Lipschitz approximation corresponding
to some choice of [, 8 which will be specified over the course of the proof.

Let f: Byjs — 7t and A = A(l) € (0,1] be the Lipschitz approximation and constant corresponding
to I, 8 in the Lipschitz Approximation Theorem. Choose coordinates (y,z) = (y1,..-,Yks 21, -, ZN—k) OI
RY such that 7 = {z = 0}. Let fi,...,fn_x be the corresponding coordinate functions of f. For each
je{l,...,N —k}, we set

/_L J
e;j = (0,...,0,0,...,1,...,0).

Fix such a j, and choose ¢ € CL(B;/16). Define the vector field X € CLRYN;RY) by X (y, 2) := ¢(y)1(2)e;
where 1 is a cutoff function in the z variables chosen as follows. By (ii) of the Lipschitz Approximation
Theorem 3.2 we have that Bys N\I' C By/y NT C Ig(m). At this point we stipulate that 3 < 1/16. Then
¥(z) € CHRY) is chosen with sptyy C Ip/s(m), ¥ = 1 on I1/16(n), and [|[¢)|c < 1. Then X(y,2) =
d(y)b(z)e; = d(y)ej on I /16(m), while sptX C By 4.
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Recall that by (4), (i7) of the Lipschitz Approximation Theorem 3.2, # = 1 H*-a.e. on Bi/yNT C I 16(m)
and I'y C I/16(m), where ¢ = 1. Thus if &,...,& are an ON basis of T,I' with x € By, NT or x € 'y,

then

k
divy,rX = & De, X
i=1

k
= Z(D&d))fz‘ €5
i=1

= (Vr,ro) - e

Recalling Proposition 3.2, we use this to compute

/F (Vr,r,0) - e;dH" (x)

< / (Ve @) - e;dHE (x) — 8V (X)| + [5V(X)
Ty
= / (Vr,r,¢) - e;dHM(z) — / dive, r XdH" (2)| + [0V (X))
Iy r
_ endHE nrd) - oydHE k
_ /Ff(vmfda) M () — /(v 6) - e;dHk( /X HAM

Recall that if A, B are rectifiable sets, then for H*-a.e. z € AN B, we have T, A = T, B. Recall also that
spt¢ C Bi/16 C B1ys4- This allows us to estimate

/F (Vr, ) - eydHH(2)

<

X

N

N

/ (Vr,8) - e;dH () — / (V1) - e;dH () / X . Hdt
Ty

/ (VT.TFM)'@jde(x)*/ (Vr,ro) - e;dH*(z)
F‘f\l—‘ F\Ff

/ X - HAHF

/ (Var, ) - o;dH*(2)| +
(T\I')NBy 4

/ X - HdHF
FﬁBl/4

IV@lloo {H" (L4 \T) N Biya) + H(C\Ty) N Biya)} + [6]lc[HllooH"(Brja NT)

/ (Vi,06) - e;dH" (@)
(P\T'y)NB1/4

+

Now recall that the set G of the Lipschitz Approximation Theorem has G' C B;,4 NI and G' C I'y, meaning

that

and

(Ff\r)ﬂB1/4CFf\(Bl/4ﬁF) cIy\G

(C\Ty)NByjy = (B1aNT)\ Ty C (ByaNT)\ G

so that by (iv) of the Lipschitz Approximation Theorem 3.2, the assumption ||H|/o <E, and 1 < A\7!

H¥ (T \T) N Byya) + HY(D\Ty) N By )

< k(Ff\G)+H’“(Bl/4mF\G)
< 1E+C||H||oo
<

CA
CA™
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Moreover, ||¢||oo|[H||ooH*(B1/4 NT) < CE|| V|| because (recalling that ¢(y) — 0 as y — 0By /16 in )

[6llc < sup  [¢(a)—@(b)| = sup

a,beBy /16

1 g 1
/ a((;ﬁ ) 'y(t))dt’ = sup ‘/ V(pon(t)) -~ (t)dt]| < |V |l ocdiamBy /16
0 0

where the latter suprema are taken over all straight paths v between a,b € By/16. Therefore, we conclude
that

[ (Vr,0) - esaH¥ (@) < A E| T (#)
Ly
Onward! Let &;,...,& be an ON basis of 7 corresponding to the coordinates (y,z) on RY from above,

in which f has the coordinate representation f = (fi,..., fy—x). The metric tensor of the graph I'y is given
by the k x k matrix

N—k N—k

9ij = (&‘ + Z(@ufl)@) : <§j + Z(ayjfz)€l> =05 - U
1=1 1=1

Here we are writing v;|, = dF(&;), where F: By, — RY is defined by F(y) = (y, f(y)). Whenever the base
point y is clear, or immaterial, we ommit it from the notation. Because f is Lipschitz, this construction
exists almost everywhere on B;,4. Notice that because {;} are ON and { L e;, we have

\gij - 51‘3‘\ = |y "V — 5z‘j|

§i &5 +&- (Z(%,-fl)@) +&- <Z(ayifl)€l)>

l l

+ (Z(ayifl)el> ) <Z(ayjfl)€l> — 0ij

l l

= Y00 1)@, fr)er - en

L,h

= ’Z(a%fl)(ay,fl)'

l

<10y |3y, 10)]

l
1 1
<§Z|ayifl‘2+§z|8y]‘fl}2 (2ab<a2+b2)
l l

<C|Dfl?

Because f is Lipschitz, ||[Df|| < CLipf for a dimensional constant C, so if I (the bounding constant for Lipf)
is smaller than a dimensional constant, then the same estimate holds for the inverse metric:

g7 = 89| < CIDSI*.
Indeed, recall from operator theory that if X is a Banach space and V € B(X,X) with ||[V| < 1, then
(I-V)teB(X,X),(I-V)"t =37 ,V* and thus ||(I — V)| = (1 — |V])~!. If we choose [ small
enough so that |1 — g|| < C||Df||*> < 3/4, say, then we have that g = I — (I — g) is boundedly invertible
with g1 < (1 — |7 - g])~" < 4. Thus,
9" — 6" =1g"llgi; — il < Cllg DI < CIDSI?

It will also be useful to compute the projection Pr,r, for a point x € I'y (where the tangent plane
exists of course). Observe that if w € R, then because {v;|,} is a basis for T,I" and Pr,r,(w) € T,Ty,
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we have (suppressing the base point 2 for readability) Pr,r,(w)-v; = w-v;. On the other hand, since
Pr,r,(w) € T,T'¢, there are A such that Pr,r,(w) = N v;. Therefore, M g;; = Mv;-v; = vi-Pr,r, (w) = v;-w,
and thus M = ¢g¥v; - w, and consequently,

Pr,r; (w) = g” (w - v;)v;

for every w € RV.
Two easy facts that we will need are the following;:

N—k
ej v =¢€j- <§z +> (8yzfi)ei> =0y, fj

=1

and

k N—k
Vo - v, = (Z Yi 51 + Z ) : <§m + Z (8ymfl)el>
=1

’Lkl N—k
_ (Zwm)&) - (sm N Z(aymfz)61> o6
=1 =1

Now fix z = (w, f(w)) for w € By,4. Then using the above facts

Pr,r,(Vo(w)) - e; = (Vo(w) - v:)g"™ (vk - €5) = 0y, d(w) g™ (w)Dy f (w)
and applying the estimate |g?* — §%| < C||Df||?, which tells us that g** = §%* + O(||Df||?),

Pr,r,(Vo(w)) - e; = 0,,6(w)g™* (w)dy, f;(w)
—Zaz w)dy, f5(w) + O(|| D f (w)|?) Zal w)dy, f(w)

1 1
<2008y f3() + O(IDS (w (Zaz )(Zwykfj(w)P)

k
Zaz )y, f(w) + O(IDf (w) )|V (w) [ Df (w)]

—287 w)dy, f5(w) + O(|D f (w)||*)|Ve(w)]. ()

Now set the notation V¢ := (0y1 &, ..., 0y, @), and recall the definition of the Jacobian of f as

Tf(w) = \/+||Df W+ 3 (Mhod(w))?

h,a,B

where the sum is taken over all the size h x h minors (with coordinates («, 3)) of Df with h > 2. We thus
have the estimate

2
Jf()—1+(||Df P+ D (M )))+0 (IIDf P+ D (e )))

h,a,B h,a,8

Recall Hadamard’s Inequality (Proposition 1.10), which tells us that

h
a h,a,
M P (w)| < TTIDA ()]

i=1
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where D %P () is the i" row (or column) of the (a, 3) minor matrix of size h of Df(w). It follows that
the sum of the minors is controlled by || D f(w)]], as

h
P ()| < TTIDA P (w)] < CIDf ()"

i=1
and thus recalling h > 2, and the fact that ||Df]| is uniformly bounded,
> (MM F(w))? = O (|[Df(w)|?).
h,a,B
We have thereby established the estimate
Jf(w) =1+ O(|Df(w)[*)

so that
[Jf(w) = 1] < C|IDf(w)]? (+)

for all w € By 4.
Next we apply the area formula to deduce

/ (Vaor,0) - e;dHE (x) = / Pr.r, (Vé(w)) - ;3 f(w)dw, *)
FJ" 81/4

which is just a change of variables and follows because Vr,r,¢ == Pr,r,(V¢).
We now collect the results (), (<), (%), and (¥) together to find that

k
/ To(w) - 7 f;(w)dw = / S 9y, 6(w)) By, f; (w))duw
Bi16
(+)

Bi/i6 j=1

2 /B (Pr.r, (Vé(w)) - ¢; — O(| Df (w)|P)[IVe(w)|)dw
1/16

[ Prr(Fotw) e ftwdot [ (1= 3fw) P, (Tow)) - du
Bi/16

Bi/16

_ / O(||Df (w)[|*)| Ve (w)||dw
Bi/1e

Bi16

® /r (Vrr,¢) - e;dH"(z) +/ (1 = Jf () Pr,r,(Vo(w)) - ejdw

_ / O(||Df (w)[*)| Ve (w)||dw
Bi16

which implies that

Vo (w) -V fj(w)dw

(%) _ _
i < ON |V + / 11— 3f ()| Pr.r, (V(w))|duw
1/16

Bi/16

+ OVl / D (w)|2du

Bi/16

@ 2e
< OBV + C /B 1D () |29 ()] duw

1/16

+ OV / | Df (w) 2w

Bi16

< ON'E||V4]|o + C ¥ 6]l / D f (w) [2dw

Bi/16
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We turn now to estimating the second term above, and seek the relation ||Df(w)||? < 2||T,T; — ||? for
w € Byy4. This is just another computation as follows (suppressing dependence on w):

Iy = 7l* > |Pr(e;) = Pror (e5)1” = [Pror, (e;)? ’('“)ylfjg“”vm‘ Oy 119" vm) - (6yl,fjgl/7”/vm,
= (0S5 Dy [)9" 9™ (0 - )
= (0 15) Dy 109" 9" ™ Gm
= 9y f1) Oy, f1)9"™

k

= 3 (Oufy)* + 0 F)) Oy, ) (g™ = 5))

I,m=1

N—

k

= |VHP+ D 04 £) 0y, £) (g™ = 8™)
l,m=1

k

> VS = CIDAP Y (461)(y,. f)

l,m=1

> |Vf;|> = C|Df|?

Seeing as though || Df||? = Z;\;k |V f;|2, we sum the above over all such j and apply the bound ||Df|| < CI
to determine

ITeTy = @l|* > | DfI? = CIDSIP = | DFI*(1 = CO).

By taking ! small enough, depending only on the dimensional constant C, we have our desired estimate
2|7y — 7| > [[Df (w)]*.
Continuing, we observe that

Bi/16 = (Pr(G) N Bij16) U (Bij16 \ Pr(G)) C Pr(G) U (Biya \ Pr(G)) = Pr(G) U (Pr(I'y) \ Pr(G))
= P(G)U P (s \ G).

thus allowing us to write

Vo(w) -V fi(w)dw| < CAT'E[| V|| +CIW¢IIOO/ 1D £ (w)|[*dw

Bi/16 Bi16

<CON'E[Vé +CIW¢IIOC/ )IIDf(UJ)IIde

™

+ Vel / 1D f () [2dw

Pr(Cs\G)

< CATE[ Voo + CIIWIIOO/ ) 1D £ (w)][*dw

™

where we applied estimate (iv) of the Lipschitz Approximation Theorem 3.2 (and recalled that projections
are Lipschitz) to deduce that

/ | Df(w)]]2dw < CH*(Pr(T;\ G)) < OH* (T \ G) < CA'E + C||H||o = CA'E.
P, (T \G

We thus need to estimate the last integral. To do so, first observe that G C I' N I'y since G C I'y and
G C ByysNI' CT. Since I' and T'y are rectifiable, for HE-a.e. x € G we have T.I'y =T,T, so

2| 7o — l|* = 2| 7oLy — #* > [ Df (w)|?
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for H*-a.e. w € P,(G) where as before = (w, f(w)). Therefore,

/ Vo(w) - ¥ f;(w)dw
Bi/16

< OAE|V4]|o0 + Ol 6]l / IT.T — 2w
)

™

But we observe

/ |T.T — || *dw :/ HTmr—wH?Jf(w)der/ | 7T — 7)|?(1 — Jf (w))dw
Pr(G )

= (G) Pr Py

= [Inr AP @ - [ e - )
G )

™

<E+ / ITLT = 7|21 — J f (w)]duw
P (G)

@

(+)

<E+o/ |
Pr(G)

<E+cz/ IT.T — 7 Pduw
Pr(G)

7.0 = w|*[[Df (w)]|*dw

so that, provided we take [ small enough to ensure Cl < 1,

1

l—Cl]E'

/ | T.T — 7||*dw <
Pr(G)

We now freeze [ small in accordance with all of the above arguments. From the Lipschitz Approximation
Theorem 3.2 we obtain a fixed A = A(l) < 1, and we conclude the main estimate of this section:

< CE[|Vé| Vo € CL(By)16) (%)

/ Vo(w) - Vfi(w)dw
Bi/16

Observe that at every step in determining the required smallness of [, we only had to take dimensional data
into account. Thus, I, and also A, are dimensional constants. Thus is important because it now allows us to
bundle these constants with C'.

Lastly, we notice that by a similar argument

/ 9 £ (w)[2dw < C / D f () [2dw
Bi/16 Bl/lG

<c / | (w)Pdw + C / 1D (w)duw
P (G) P (Ts\G)

< CE (%)
The Harmonic Approximation We now produce a harmonic approximation to the Lipschitz approx-

imation of our varifold. Fix a ¢ > 0, arbitrary for now, and let €4 > 0 be the constant of Lemma 3.5
corresponding to p = 9. For each j € {1,...,N — k} set f; :== cgE~1/2f;, where ¢y is chosen such that

/ IV f;(w)|>dw < 167,
31/16

This is possible by (3), if we take cg = 167¥C~1/2 in that inequality. By (%) we see also that

/B Vo(w) -V fi(w)dw| < CEY?|V| a0 Vo € C2(Bi16)-
1/16
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Recall that we are in the business of finding an 9 > 0. We further restrict our choice to gy < (16k C) for
this dimensional constant C, and freeze it for good (so that this is the g of the claim). Then if V satisfies
Allard’s conditions with such an eg, we see that

Vo(w) - Vfi(w)dw| < CEY?| Voo < 4167 V|o Vo € CL(Bi i)

Bi/16

which is just what we need to apply Lemma 3.5 and obtain harmonic functions w;: By /16 — R with
/ Vi [*dw < 167F <1 and / (f; — @;)%dw < 16727 %9 < 0.
Bi/16 Bi/16
For each j set u; := c5 'E'/24; to conclude that
/ (f] - uj)de < CVYE (*1)
Bi/16

Lastly, set u := (u1,...,un—g). Then

IDuB< O3 [ 9usfau < (#2)

Bi/16
The Height Estimate The main estimate to be established in this section is the following:

T / dist(z — xo, 7)%duy (z) < Cn~2"FIE + CB%n~2~"E + Cn’E (%)
B

4an(zq)

To this end let L: m1 — 7+ be the map defined by

N—k
Z Vu;(0) - y)e; = Z Dyu;(0)e;
Jj=1 j=1
Set xo := (0,u(0)) and let 7 be the k-plane defined by
T={y+Lly) : yer}.
By the mean value property of harmonic functions applied in each coordinate of u, we first observe that

][ udw
Bi/16

(Holder

dist(zo, 7) = |u(0)| = SCOllullzis, g < Cllullas, e

< Cllu= fllzzs, 1) + Cllf 225, 16)
< CYYVPEYV? 4+ B (%)

using the estimates (%1) and (%2) of the Harmonic Approximation above, and the bound || f||s < B from
part (i) of the Lipschitz Approximation Theorem 3.2. Moreover, we have the same bound for the quantity
| P — PZ||. We apply the Tilting Subspace Lemma 1.2 from the preliminaries to secure the estimate

N—k
1P = Pl = |Pr = Pxl < C ) [Vuy(0)
j=1
Next, we apply Theorem 1.19 from the preliminaries to conclude:

| P+ — P < cZwuj < Cllullzis, . < CYVPEV? 4+ CB
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Now let 2 € By /64NI. We will soon specify 9, 3 in such a way that |zo| = |u(0)| < CY/2EV/2+CB < 1/80
(in addition to several additional conditions). Thus, | — x¢| < |2| + |2o| < 1 and we have
dist(z — 0, 7) = |P; (¢ — 20)| < |(Pr = Py )(w — z0)| + [Py (z = 2o)|
<|1Ps = Prllle — @ol + |Pra| + | Prao|
< ||PE — P + dist(x, w) + dist(zo, 7)
< COVPEV? 4 CB

where we have applied the two previous estimates and noted that dist(z, 7) < 3 since By g4 NI C Ig(7).

We have thereby paved the way for the following estimates, where n € (0,1) is to be determined.

In particular, we will be choosing ¥, 3,20,7 so that By,(wo) C Bi16, thus ensuring that 6 = 1 HE-a.e.
on Byy(xg) NT. Therefore, recalling the estimate H*((B1,4 NT)\ G) < CAT'E = CE of the Lipschitz
Approximation Theorem 3.2, we can calculate

/ dist(z — xo, 7)?dpy (z) = / dist(z — xo, 7)2dH* (2)
Bay(zo)\T'y (T\T's)NBay(z0)

(COYPEY? 4 CB)*HF((T\ T5) N Bay(20))
(0V2EY? + B)*H((B1/a NT)\ Ty)
(191/2E1/2 + IB)QHk((BUz; N\ G)
(9'/°E? + B)°E.

INCININ N
Q Q Q

Let 2 = (y, f(5)) € T, s0 that dist(z — 20,7) < |(s: f(3)) — (0, u(0)) — (4, Lw))] = |f(y) — u(0) — L()
as (y, L(y)) € 7. From estimate (¥%1) of the Harmonic Approximation section,

/ dist(x — 20, 7)%dpy (z) < / dist((y, f(y)) — xo, 7)*dy
Fme4n(w0) B4n(m0)

<[ 1) - u0) - L)y
Ban(zo)
()2 ) — (0} )
< 2/84,,(300) |f(y) ()l dy+2/64n(mo)| () (0) — L(y)|*dy

< CYE + 2/ lu(y) — u(0) — L(y)*dy.
Ban(zo)

By Lemma 3.6 and (%2) we have that

sup  [u(y) — u(xo) — L(y)]> < Cn*||Dul7> < Cy'E
y€Bay (z0)

because L(y) = Du(0) - y. Therefore, we conclude that

/ dist(z — o, 7)%duy (z) < CYE + Cp*HE.
['yNBay(zo)

At last, we are ready to exhibit estimate (3):

/ dist(x — x0, 7)2dpy (z) = / +/
By (z0) By (zo)\T'y Buan(wo)NT'y

< C(WY2EY? + B)’E + CYE 4 CnpFTE
= CYE? + CBYY2E3/? + CB%E + CYE + CnFHE
< CUE + CB2%E + CnpFHE

using that ¥, 8,E < 1 and p9Y/2 < 152 + 19.
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Applying the Tilt-Excess Inequality We now impose the conditions
cotrgl 0Bl

on ¥ and 3, where 7 is still to be determined, and where C' is the constant in (%) of the Height Estimate.
Then it follows that B, C Ba, (o) since |zo| = |u(0)] < COY2EY2 + CB < Z(EY2 + 1)n < n and so if
|x] < n, then |z — xo| < |z| + |2o| < 21. This allows us to compute

_ 1 _
Bm 0 = [ Lr Al (@)

(0
S [ Imr-Aran @
X - YlAvaw 4
@)k Jpa )
so that by the Tilt-Excess Inequality
_ T c . _\2 c 2
E(Vvaﬂ-70a77) <2 E(‘/vﬂ-am()azn) < ¥k dlSt(y_mOaﬂ-) dMV(y)—i_ﬂ HHH d/,l,v
n 4n(zq) n Bay (z0)

“27FYE + O~ 2 F 32K + On°E + Cn°E?

<Cn
< Cn~ 2 FYE + Cn~2*BE + Cy°E.

Because we were so thoughtful in making sure this particular C' is purely dimensional and independent of
1, B, ¥, €9, we can now place our restrictions on the later constants in terms of this C. In any case we can
safely assume without loss of generality that C' > 1600 by increasing it if necessary. We then fix n € (0, %)
such that

Then n < 1/80, implying that [xo| < 1 < 1/80 and 47 < 1/20 ensuring that as we requested, By, (2o) C B1/16-
Then, choose 8 and ¥ (both less than 1 of course) so small that in addition to the previous conditions we

also have 1
C’O_k_2’l9 < 1 Cn_k_2ﬁ < =

[°d
o

Freezing every constant at this point, we conclude the result:
E(V,7,0,1) < Cn~2"*9E + Cn~27FBE + Cn°E
<3E+iE+IE
_IE.

3.7 The Main Theorem

We at last come to the proof of the main theorem, which we restate for easy reference:

Theorem 3.4 (Allard). Let k < N be a positive integer. Then there are positive constants €, o,y such that
the following holds. Let V = (T',0) be a k-dimensional rectifiable varifold with bounded generalized mean
curvature H supported in the ball B,.(xg), xo € sptuy, such that

(A1) pyv(Br(z0)) < (wi, +&)r* and |H||o < er™t.
(A2) There is a k-dimensional plane 7 such that E(V,m, x¢, 1) < €.
Then B, (zo) NT is a CY* submanifold of By, (xo) without boundary. Moreover, 8 =1 on B, (o) NT.

Proof. By translating and scaling, we can assume without loss of generality that xg = 0 and r = 1. We
proceed by breaking the proof into four parts. The first establishes a decay result for the excess, and the
second utilizes it in covering part of the varifold with a Lipschitz graph. The next step shows that this
covering coincides with the varifold in a neighborhood of the origin. Finally, we use the result of part one to
show the desired regularity of the Lipschitz image.
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Step 1: The Power-Law Decay for the Excess We need to produce positive constants ¢, a,~y. The

Excess Decay Theorem 3.3 gives us an 7 € (0, %) and an g9 > 0 such that if V satisfies (A1), (A2) with
e =¢o and |H|» < E(V,,0,1), then there exists a k dimensional plane 7 such that

E(V,7,0,n) < SE(V,m,0,1).

N | =

Without loss of generality, we can impose the condition that €y < % as well. This allows us to utilize Lemma
3.4 with § = g¢, yielding an ey > 0. We need to find € > 0, so let’s start by restricting our choice to
e < min{eg,ep}.

If V= (T, 0) satisfies Allard’s conditions with this €, then we have the following:

(i) V satisfies the hypotheses of the Excess Decay Theorem 3.3, so that there exists a k-dimensional plane
7 with E(V,7,0,n) < %IE(V7 7,0,1), where n < % is purely dimensional.

(ii) V satisfies the hypotheses of Lemma 3.4, so that By, NT' C I, (7) and py (By(z)) < (wi, + €o)r* for
all z € By4 and all r < %

Fix then any = € By,4 N T, and define the map
F(r) ==E(r) + A Hl|oor

where A := 4% and E(r) := min, E(V, 7, ,r), the minimization taking place over all k-dimensional sub-
spaces 7. E(r) is indeed well defined because for fixed x,r the map 7 — E(V,7,2,7) is a continuous map
from from the compact Grassmanian G%(R”) (in the standard topology induced from its smooth manifold
structure) to R. Notice also that A~! < 2727F since < %

Now, suppose that F(r) < eg. Then E(r) = E(V, 19, z,7) < &9 for some 79, and there are two possibilities
we could be dealing with:

Case 1: 7|H|o < E(r): From point (ii) above, we have that py (B, (z)) < (wg + eo)r” for all r < 1,
and moreover r||H|| < E(r) < eg. Thus, we can apply the Excess Decay Theorem 3.3 to V in the ball
B, (z) C B to find, with the same universal n, a k plane 7 such that E(V, 7, z,nr) < %IE(V, 70,2, 7). We can
then estimate

F(nr) =E(nr) + Anr|H o
S E(V, &, z,nr) + Angr|H|

1
< S BV 70, 2,7) + Ar{|H] oo}

LEr) + ArH| )

§F(T)
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Case 2: 7||H||w > E(r): Similarly we compute, using A~! < 2727% that

Fr) < = {E(r) + Ar[H].}

2
< %{THHHOO + Ar|H|o}
— A {;Al + ;}
— ArfHle { oz + 3
< s
< 2F(T)

Therefore, in any case if F(r) < o, then F(nr) < 3F(r). Thus, F(nr) < ey, and we can iterate our

result to conclude that F(n*r) < (%)k F(r). In particular, notice that with » = 27!, we can compute

F2™H)=EQ2™ ) +27'A|H|s <2E(V,7,0,1) + 27 'A|H||o < (28 +27A)e

where we have noticed that, since By /5(x) C B,

B(2) <EVime2 ) =2 [ 50— slPdu)
31/2(1')
<2 [ T =l )
=2"E(V,7,0,1)

Thus, if we further add the restriction that & < 5z5-r3, then F(271) < (2F+271A)e < gp. So, we can start
the iteration at r = 27! and find that for every n > 0
Fi2 Yy < (3)"F2 )y <C(3) e

Note that this holds for any fixed z € By,y NT.
Now let 7 < 27', and set n = [log, (2r)] (> 0). Then we can show that

E(r) < 2% E("2 ) < 2 KRG ) < € (3)"e < 0 (3) T e < ortee

where C' and « are positive constants depending only upon N, k. The first inequality is due to the following
observation. Since r < 271, and since np < 27!, there is an n > 0 such that 7" 71271 < r < p"2~!. This is
where the peculiar choice of n comes from, since n +1 > log, 2r > n. Then

B(r) <E(Vion) = [ L= #Pdu )

r(x)

3 R N )

B, ny—1()

= 2k B2 )

where 7 is such that E(n"271) = E(V, @, 2,7"271). The last inequality follows by choosing o small, say
a < %logn(%), which depends only on 7 and thus only on N and k. To wit, with such an « we see that

o 1 (3/4)
(2,,,,)20[ _ (%)2alog3/4 2r _ (%)bgfwbg@r) > (%)@ng(%) _ (%)ﬁlog(%) _ %(%)logn(%)—l
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1

)

In conclusion, we have shown that for any r < 27

E(r) < Cr*“e.

Step 2: Covering by a Lipshitz Graph Next, we show that B;,, NI is contained in the graph of a
Lipschitz function f: By,4 — 7, where we write B,.(z) := B,(z) N .

We begin by fixing any point # € By /4 and setting m = mo. For each n > 1, we select a k plane , such
that E(27") = E(V, mp, 2,27 ™). By Corollary 3.1 part (i1), we have that for all € sptuy = BNT, and for
all r < dist(z,0B) =1 — |z,

Hv (Br (I))
rk

1

)

> wke*HHHooT > wpe”

since |[H||so < € < 1. In other words for any » < 1 — |z| we have for some dimensional C' the estimate
v (By(x)) > Cr*.

Now, by the triangle inequality we find that |7, — mp41|| < [|mn — T, || + || T, — 71|, and moreover
r € By4 implies that 1 — |z| > 3/4 > 1/2, so we can compute that for any n > 0

1

My — T <{——
I =il < B @)

/ (17 = Tyl + L = moa} div ()
B27(n+1)(95)

C / C
< ° I = T,Tlldpay (y) + — / Iwss — T, dpy ()
2 (e k BZ*(n+1)("L’) 2 (DR B2*(n+1) r

Nl=

N

C
< gt ( / I~ TyFIIQde(y)> (1 (By-oo0 (@)
B27(n+1) (z)

N

N=

C .
+ 5 ( L - TyT||2duv(y)> (1 (B (@)} . (HH61der)
2—(n+1) (T

Recall that V' satisfies the hypotheses of Lemma 3.4 with § = ¢¢, so that, as x € B4 and 2-(n+1) L 9-1
we have

pv (Bo—+ny () < (wi + 50)2—(”+1)k < o~ (nt1)k

where C' depends only on N, k since €y and wy do. Thus, we can continue estimating with

C ? (ank
|7t — Tt < =Dk (/ |70 — TyF||2dMV(y)> 2 2
B, (nt1) (%)
C / 9 ?
+ o7 [Tn1 = T, T "dpy (y) | 277 2

9—(n+1)k ( B, 1) () y
1
2

=C (2(n+1)k/ ||7Tn - Tyr||2dUV (y)>
327(n+1) (z)

+C (2“’“)’“ /B . [Tt — Tyr||2duv(y>>
2—(n+1) (T

= CE(V, mp,x,2- D)3 4 CE(27("1)3

[N
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But notice that

E(V, 7y, 2,2~ (D) = gt / 7w — T, T Pd gy (3)

B, (n+1)(7)

<22 [ - DI de(y) = 262 )
x

2—n

so applying the power law decay proved in Step 1, for any n > 1,
170 — Tngall < CE(27")% + CE(27 (D)3
<C {((2—n)2a8)% + ((2—(n+1))2a8)% }

Additionally, by (A2) it also follows that |7 — m| < C {E% + E(2_1)%} < Cez.
Thus, we conclude that for any j > 1,
i—1

j—1
1 —
Im =50l < D s — mell < Cez ) (27)* < Ces.
k=0 k=0

<
=

Double checking all the calculations reassures us that C' still depends only upon N and k.
Therefore, for any = € B4 and r < 271 we have that

BV o) = [ - L)

B, (x)
—k 2 —k 2
S2r / : 7 — Ty Ll *dpy (y) + 27 /B " |7 — 7| dpev (y)
Choose n > 1 so large that 2=(n+1) < < 27" Then
[ =P @) <20 [ = TP )
B (z) By—n (=)
=2*E(27™)

<027 = Ce

Meanwhile, we have by Lemma 3.4 (i) again that

[ = P ) < Cer v (B (@) < C
B, (z

In conclusion, we find that E(V, 7, x,7) < Ce (%) for every x € By/y NI and every r < 2-1.

We now show that By,4 NT is covered by a Lipschitz graph. To this end, we will utilize the Lipschitz
Approximation, for which we need to specify constants [, € (0,1). S can be fixed at will, but we will
need to be more careful with [. Start by assuming that we have chosen [ < 27!, and let A and £, be the
corresponding constants of the Lipschitz Approximation Theorem 3.2. We further restrict our choice of ¢ to
e <min{eg,C 'ep, C7'A}, where C is the constant in (#). Then for any # € By/s NT and any r < 271,
we find that E(V,7,2z,7) < A. Thus, there exists a Lipschitz map f: By, N7 — 71 as in the Lipschitz
Approximation Theorem 3.2 with the property that By 4 N T is covered by I'y.
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Step 3: The Covering Coincides with the Varifold We just showed that By, NT is contained in
a Lipschitz graph, but we don’t yet know that any neighborhood of xg = 0 in 7 actually lies completely
under I'. In other words, I' might be punctured with holes around the origin. Here we show that this is
not the case, and that the set D := Pr(By/4 NT') contains By,16. This implies that over By,i5, I' is not
just covered by the graph of f but actually coincides with it. Before proceeding with the proof, recall the
notation B, (z) := B,(z) N m, which is used whenever it is clear what 7 is.

Let then & € 0B1(0), and let 6 be such that wy, —26 :== H*(B1(0)\ B1(£)). Suppose that D := Pr(B;,4NT)
does NOT contain By,14, and let w € By \ D (so that w represents a hole in I' over Bj/16). Define
r = inf.cp |w — 2|, which must be less than 1/16 since 0 € D and w € By16. If r = 0, we extend I to
include (the measure zero set) w by leveraging the continuity of f while preserving all norms. Thus we can
assume that 7 > 0. Any sequence of points {z,} C D realizing this infimum must therefore be contained,
without loss of generality, in B;/g. By compactness, we can also assume without loss of generality that
Zn — 2 € El/8-

Now, since 0 € I', f(0) = 0, and Lipf < [, we conclude that ||f||oc < [ as well since for any x € By /4
we have |f(z)| = |f(x) — f(0)| < llz — 0| < l. By taking ! < 1 sufficiently small, we can thus ensure that
Ty = (2n, f(2n)) € B/ and also (by continuity of f) x, — = := (2, f(2)) € Bs/16. Because r < 1/16, we
thus find that B,.(z) N\T' C By4(z) NT' C T'y. Notice also that by definition of r, B,.(w) N D = §.

Thus by the area formula,

uv<Br<w>>=Hk<Br<x>mr></lg()\B( 1

since no points of T" lie over the set B, (w). But recall that

Jf() < V1+12+hot. =1+ +hot<1+CP?

since [ < 1. Additionally, by scaling and translation invariance we find
HE (B, (2) \ Br(w)) = H*(r(B1(0) \ Bi(*2)))
= Tka(Bl(O) \ Bi(*72))
HE(B1(0) \ Bi(€)
26)

r(wk— 0),

so we estimate py (B, (7)) < (wi — 20)(1 + CI?)r*
Now, if necessary, make C bigger and take [ smaller so that

(wr —20)(1+C1?) =wi, — 0. (%)
On the other hand, by Corollary 3.1
wy (Br(z)) > wirfe Hleer > ) pke—e
since 7 < 1/16 and = € Bs;;5. We are therefore faced with
wprfe™® < (wg — 0)rk

which yields a contradiction as soon as € is smaller than a dimensional constant. Thus, D = P (B4 NT)
must contain By /16 = By/16 N 7.

Step 4: The Regularity of the Lipschitz Covering Lastly, we prove the C1'® regularity of I'. From
Step 3, we know that T'y = By 4 N (By/16 X 7t)NT. For each z € By /32, and each r < 1/32, let 7., be a
k-dimensional plane such that

E(V, 75, (2, f(2)),7) = rnTinIE(V7 7, (2, f(2)),7) < Cr*®c < Ce
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where we noticed that (2, f(z)) € By/s NI and applied the power law decay of the excess from Step 1.
We also know that ]E(V 7, (2, f(2)),7) < Ce, so by calculations identical to those of Step 2, we conclude

that |7 — 7, | < 052 (note that the right hand side is independent of z). By now choosing e smaller
than a dimensional constant, we can thus realize each 7, , as the image of a linear map A4, ,: 7™ — 71 with
AL < 1.

Let now A, B: m — m+ be any two linear maps with ||B|| < Cl. Let 74 and 75 denote their respective
graphs over 7, and P4, Pp the corresponding projections onto 74 and 7. If we choose [ in (%) to be smaller
than yet another a geometric constant (adjusting the constant C' in that formula as necessary), then we can
ensure that |Pg(v)| < 3|v| for every v € 7*. Indeed, as 1 | 0, ||[Pg — Px|| = 0, and Pr(v) =0 for all v € 7.
Therefore, | Pg(v)| = |(Ps — Pr)(v)| < ||[Pp — Px|||v] < |v| provided [ is sufficiently small.

Now fix an orthonormal basis eq, ..., e, of m and observe that

|A(ei) — Blei)| = |(ei + Ales)) — (e; + Bes))]
= |Pa(ei + Ale:)) — Prle; + B(ez‘))|
< |Pa(e:) — PB(61)| + |Pa(Ae;) — Pp(Ae;)| + |Pp(Ae;) — Pp(Be;)|
= |Pa(e;) — Pp(e;)| + |Pa(Ae;) — Pp(Ae;)| + |Pp(Ae; — Be;)|
< C||Pa — Pgl| + 5| A(e;) — B(ey)]
= Cllta — 78| + 51 A(e;) — B(ey)]

Thus we conclude that |A(e;) — B(e;)| < C||7a — 78], which implies that ||A — B|| < C||ta — 75]| since if
v = Ae; €, then

(A= B)(v)] = (A= B)(Nei)| < X'|(A = B)(e:)] < Cllma — 7]l[v].

We finally freeze [ for good.

Recall that since f is Lipschitz, Df(y): Bijs N7 — 7 has (a.e.) as its image T, f(,))[" whenever
y € By /16, since we just proved that I' coincides with I'y over B /1.

For our z € By /g4 and 7 < 1/64 we have the inclusion f(B,(2)) C Ba,(z, f(2)). Indeed, if x = (w, f(w))
for some w € By /g4, then |(w, f(w)) = (2, f(2))* = |w— 22 +|f(w) — f(2)|* < r?(141?) < 4r%. Since J f > 1,
we estimate by the Area Formula (Theorem 1.14) and the above calculations that

/ IDS(y) — As |’y < / IDF(y) — Aua P f(y)dy
By (2)
<c / 1T 50T = moar |2 £ (y)dy

HT r— 7rz,2rH2dMV(y)
Bar(2,f(2))

= CTkIE<‘/, T2,rs (Z7 f(Z)), 27“)
< Opht2e

Again, this holds for any z € By /g4 and r < 1/64. Let Difzw denote the average of Df over B,.(z). Then
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we compute for any such z,r

_Df 29, — i _ i 2
/ o IP10) =Dyt =3 / (005w~ DR Pay

< acR

’

=S min [ (D7) —alay

= i Df(y) — A|*d
AEMI{}g}M)/&(Z) IDf(y) — All*dy

< / IDf(y) — Avor|dy
B (z)

k42
< Orft2e

From this we conclude that there exists a C%® function g such that ¢ = Df on By /4. To do so, we apply
Campanato’s Criterion 1.17. Indeed, notice that for all 2z € B; ¢4 and all 7 > 0 the following uniform decay
condition holds for each component function of D f:

1 B —_— 2 o
(k / Dfi(y) - (Df;-)ZTIQdy> <Cor
r By /64NBr(2) ’

Thus, for every i, j thereis a gf € C%*(By 1) such that gf = Dfij a.e.on By jgs. Let g € CO¥(By 64; MFX(N=k))
be defined by g = (gf) Then g = Df a.e. on By /g4, which proves that f € C’l’a(Bl/M).
O
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