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Abstract It is shown that every integral varifold in an open subset of Euclidean space
whose first variation with respect to area is representable by integration can be cov-
ered by a countable collection of submanifolds of the same dimension of class 2 and
that their mean curvature agrees almost everywhere with the variationally defined
generalized mean curvature of the varifold.
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1 Introduction

Overview In the present paper the existence of an approximate second order struc-
ture for integral varifolds in Euclidean space whose first variation with respect to area
is representable by integration is established. Such varifolds are called “of locally
bounded first variation” in [33]. Moreover, it is proven that the variationally defined
generalized mean curvature of the varifold agrees almost everywhere with the mean
curvature induced from the approximate second order structure. This problem can be
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considered a geometric, nonlinear, higher multiplicity version of the following linear
one: Prove existence of approximate second order differentials for weakly differen-
tiable functions whose distributional Laplacian is representable by integration (i.e.,
by a “vector-valued Radon measure”) and show that these differentials satisfy the
equation Lebesgue almost everywhere. Clearly, the linear case itself is not too hard
to solve, and in fact follows immediately from classical results if the distributional
Laplacian is integrable with respect to Lebesgue measure to a power larger than 1.
Nevertheless, the main objective of the present paper is to develop a method which is
based on the study of the nearly linear case and is sufficiently robust to be applied to
the present elliptic system of geometric partial differential equations involving higher
multiplicity.

Results of the type obtained in the present paper have proven useful, for example,
in the context of Brakke’s mean curvature flow, or sharp and diffuse interfaces, or
image reconstruction, or the Willmore functional; see [7, 9, 26, 28-30, 32] and the
references therein.

Result of the Present Paper in the Context of Known Results  Fix positive integers m
and n with m < n. The principal result is as follows; see Sect. 2 for the notation used.

Theorem 1 (see 4.8) Suppose U is an open subset of R*, V € IV,,(U) and ||§V || is
a Radon measure.

Then there exists a countable collection C of m-dimensional submanifolds of R"
of class 2 such that |V ||(U ~ | C) = 0 and each member M of C satisfies

h(V;2)=h(M;z) for||V| almostallze UNM.

In the terminology of Anzellotti and Serapioni [8, 3.1] the first part of the conclu-
sion can be expressed equivalently by the condition that U N {z:0 < ®@"(||V], z) <
oo} meets every compact subset of U in a set which is (S, m) rectifiable of
class €. The second part of the assertion is sometimes called “locality of the mean
curvature”’; see Schitzle [32, Sect. 4].

Clearly, if W € IV,,,(U) then the existence of a countable collection C of m-
dimensional submanifolds of R”" of class 2 with | W||(U ~ |J C) =0 is equivalent to
the existence of sequences A; and M; such that M; are m-dimensional submanifolds
of R" of class 2, A; are 7™ measurable subsets of M;, and

W(f):Z/A f(z, Tan(M;, z))ds#""z for f € X (U x G(n, m)).
i=1 /A

However, in Theorem 1 one cannot require
O"(|V]|,z)=card{M :ze M € C} for 7™ almostall z € U

even if spt || V|| is contained in an m-dimensional subspace; see 4.11.

Theorem 1 contains (and re-proves) the fact that h(V'; z) € Nor” (|| V||, z) for ||V ||
almost all z previously obtained by Brakke [9, 5.8]; see 4.9. Moreover, it is worth
noting, see 4.10, that if V is a curvature varifold with boundary in U in the sense
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of Mantegazza [21, Definition 3.1] then V satisfies the hypotheses of Theorem 1
and, taking C as in its conclusion, the second fundamental form of V agrees almost
everywhere with the second fundamental form induced by the members M of C.

Evidently, Theorem 1 implies that the function mapping ||V || almost every z onto
the orthogonal projection of R” onto the approximate m-dimensional tangent plane
of ||V at z is (|V |, m) approximately differentiable. If the first variation of ||V ||
satisfies the integrability condition (H,) below with sufficiently large exponent p
then this map is in fact differentiable in a stronger Lo (||V ||, Hom(R", R")) sense.
Whenever U is an open subset of R”, V € IV,,,(U) and 1 < p < o0, the varifold V is
said to satisfy (H)) if and only if |[§V|| is a Radon measure and, if p > 1,

(8V)(g)=—/h(V;z)og(z)dIIVllz for g € 2(U,R"),
(Hp)

h(V;)eL,(V|.K,R") whenever K is a compact subset of U.

Theorem 2 (see 5.2 and 5.5) Suppose U is an open subset of R", 1 < p < 00, and
V €1V, (U) satisfies (H)).

If eitherm =1orm=2and p > 1orm > 2and p>2m/(m+ 2), then for |V ||
almost all a

]i( )(IR(z) — R(@) = (R(@)(z —a),ap DR(@))|/|z —a*d[[V ]z > 0

as r — 04 where R(z) = Tan™ (||V ||, z); € Hom(R", R") and the approximate dif-
ferential is taken with respect to (||V ||, m).

With the possible exception of the case m = 2 this differentiability result is optimal
with respect to the assumptions on p, i.e., whenever m > 2 and m’"—i < 2 there exists
an integral varifold satisfying (H ) not having the property in question; see 5.4.

In previous work, Schitzle established the following result in codimension one of
the existence of submanifolds of class co touching a given varifold; see [31, Propo-
sition 4.1, Theorem 5.1] where it is phrased in terms of upper and lower height func-
tions.

Theorem (Schitzle [31]) Suppose U is an open subset of R, p >m=n—1, p > 2,
and V € IV,,(U) satisfies (Hp).
Then for ||V || almost all a there exists 0 < r < oo such that

Ua+v,r)Nspt| V=0
whenever v € Not™ (|| V||, a) with |[v] =r.

This is the key to showing that such a varifold satisfies the conclusion of Theo-
rem 1, see Schitzle [31, Theorem 6.1], and, in combination with previous results of
the author in [22, 3.7, 3.9], also that it satisfies the conclusion of Theorem 2. Evi-
dently (see, for example, [22, 1.2]), Schétzle’s theorem does not extend to the case
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p < m. Also, the use of the theory of viscosity solutions for fully nonlinear equa-
tions, more precisely the results of Caffarelli [10] and Trudinger [35], leads to the
restriction to codimension one, i.e., m =n — 1.

Therefore, in order to establish Theorem 1, a different method needs to be devel-
oped which is able to deal both with the low integrability of the generalized mean
curvature and with higher codimension. The main independent result in this process
is the following theorem stated here in the case of Laplace’s operator.

Theorem 3 (see 3.11) Suppose U is an open subset of R™, u : U — R"™™ is weakly
differentiable, j € {0,1},1 < g < o0,

j
h(a,r)=inf 3 > " r 4D 0 — V)]0, : v € EU(a,r),R"™™), Lapv =0
i=0

whenever a € U, 0 < r < oo with U(a,r) C U and A denotes the set of all a € U
such that

lim sup rfzh(a, r) < oo.
r—0+

Then for L™ almost all a € A there exists a polynomial function Q, : R" —
R"™" of degree at most 2 such that

j
lim =23 "D 1 — Q) g0 =0.

r—0+ £
=

Here the seminorms | - |,., , correspond to L, (£™ L U(a, r)). The weaker state-
ment which results when the condition Lapv = 0 is replaced by D?*v = 0 is con-
tained in Calderén and Zygmund [11, Theorem 5] if ¢ > 1. However, the construc-
tion of affine comparison functions at a given point from information on the distribu-
tional Laplacian of # may—for integral orders of differentiability—fail at individual
points; see [24, 10.4]. This corresponds to the well-known fact of the nonexistence
of Schauder estimates for the Holder exponent 1. In this respect the value of the
current theorem stems from the fact that harmonic comparison functions are readily
constructed independent of the order of differentiability considered, cp. 3.13. In fact,
if j =1, ¢ > 1, and denoting by T € 2'(U, R*™™) the distributional Laplacian of u
then

r~'nea,ry<r'"™47|_ ,..., <Th(a,r)

whenever a € U, 0 < r < o0, U(a,r) C U, and u|U(a,r) € wha(U(a, r), R*—™)
where I' is a positive, finite number depending only on n and g and |-|_; 4., , denotes

the seminorm corresponding to (W(l)’q/ @D (U(a, r), R""™))*. In particular, if T is
representable by integration and ¢ < m/(m — 1) if m > 1 then one verifies £ (U ~
A) = 0. An extensive study of both integral and nonintegral orders of differentiability
for solutions of linear elliptic partial differential equations in nondivergence form can
be found in Calder6én and Zygmund [11].
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In passing to divergence form equations, one is naturally lead to consider the re-
lated problem for distributions:

Theorem 4 (see 3.13 and A.3) Suppose U is an open subset of R", 1 < q < oo,
T € 2'(U,R"™) and A denotes the set of all a € U such that

limsupr_l_m/q|T|,1’q;a,r < 00.
r—0+

Then for L™ almost every a € A there exists a unique constant distribution T, €

2'(U,R"™™) such that

im r='""NT — T,y 0, =0.
r—0+

This may be seen as a Lebesgue point theorem for distributions. In case g > 1,
it is in fact a corollary to Theorem 3 obtainable by representing T locally as the
distributional Laplacian of some function u. In contrast, the case ¢ = 1 is independent
from the other results of the present paper.

Finally, it should be noted that the proof of Theorem 3 only relies on a priori
estimates in Lebesgue spaces, i.e., “L, theory”, which are known to hold for a much
wider class of linear equations; see Agmon, Douglis, and Nirenberg [1, 2].

Outline of the Proofs To prove Theorem 3, one considers the subsets of Ay of A of
all a € A such h(a,r) < kr? whenever 0 < r < 1/k. Denoting by v, : U(a,r) —
R~ harmonic functions essentially realizing the infimum in the definition of 4, one
then uses the partition of unity with estimates from [16, 3.1.13] together with well-
known a priori estimates for the Laplace operator to construct functions vg : R”" —
R"~" with the following properties; see 3.9:

(1) There holds
> A (g = )l g, < Thr?
i=0

fora € Ay and 0 <r < (36k) ! and T a positive, finite number depending only
on n and ¢, in particular vg(x) = u(x) for £™ almost all x € Ag.

(2) The distributional Laplacian of vy is represented by a function locally in
Lo (L™, R,

Then clearly v; locally belongs to W>4(R™, R"™") for 1 < g < oo and the conclu-
sion of Theorem 3 follows from by now classical differentiability results for func-
tions in Sobolev spaces which were also obtained by Calderén and Zygmund in [11].
An important feature of this proof is that it is readily adapted to the case where the
Laplace operator is replaced by the Euler—Lagrange differential operator L corre-
sponding to an integrand F : Hom(R™, R"™™) — R of class 2 sufficiently close to
the Dirichlet integrand, i.e., Lip D?*F < oo and

|D*F(0)(t1,12) —t1 82| <e foro, 11, 7o € Hom(R™, R"™™)

with a suitable number .
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Next, it will be explained how this result on a rather restricted class of differential
operators can be used to treat the general case. For this purpose let U be an open
subset of R” and let V € IV,,,(U) be such that |6V || is a Radon measure. Comparing
the behavior of V near certain “good” points to the behavior of harmonic functions,
a procedure developed by De Giorgi in [12] and Almgren in [4], one proves the tilt
decay estimate

1/2
limsupr_f_m/2</ ISy — Tulde(z, S)> <00
r—0+ U(a,r)xG(n,m)

for V almost all (a, T) where 0 <t < 1 ifm € {1, 2} andr:% <lifm>2.
This has been done by the author in [24, 10.6] extending results of Brakke [9, 5.7, 5]
who proved the case T = 1/2 with “< 00” replaced by = 0, which is sufficient for
the proof of all theorems stated in the Introduction. As the order of differentiability
considered is nonintegral, i.e., 0 < T < 1, the argument applies, in contrast to those
of the present paper, in a direct way to all points satisfying a simple set of conditions;
see [24, 10.2].

The principal idea to prove Theorem 1 is now to use the tilt decay estimate to
construct a sequence of functions g; : R” — R"™™  _£™ measurable sets K; C R",
and distributions 7; € 2’(R™, R"~™) with the following properties:

(1) The varifold is covered by suitably rotated graphs of the g;| K.

(2) The distribution 7; corresponds to the Euler—Lagrange differential operator asso-
ciated with the nonparametric area integrand & applied to g;.

(3) There holds

lim r*‘*m/ |Dgi () — Dgi (x)|>d.£"¢ =0 whenever x € K;.
r—>0+ U(x,r)

(4) The Lipschitz constant of the g; is small.

(5) The distributions 7; satisfy the conclusion of Theorem 4 with ¢ = 1 and A re-
placed by K; with constant distribution given by the generalized mean curvature
of the varifold.

Condition (4) is the minimum condition needed to be able to replace ® with some
integrand F of the type discussed before in the definition of 7; without changing it;
see 3.21. The basis for the construction of g;, K;, and 7; is an approximation by
Qo (R"™™)-valued functions where the space Qo (R"™™) is isometric to the Q-fold
product of R"~™ divided by the action of the group of permutations of {1, ..., Q}.
Here the version of the author in [24, 5.7] is employed which contains some es-
timates designed for the current applications and was obtained by combining and
extending similar constructions of Almgren in [6, Sect. 3] and Brakke in [9, 5.4].
This yields Lipschitzian functions f; : K; — Qg, (R"™™) with small Lipschitz con-
stant for suitable positive integers Q;. Denoting the “center” of S € Qo (R"™™) by
no(S) = 0! Z]QZI y; whenever yi, ..., yp € R"™™ correspond to S, the functions
gi are then constructed in 4.4 as extensions of 5y, o f;. In this process the conditions
(3) and (5) are ultimately consequences of the tilt decay estimate.
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The final step in the proof of Theorem 1 is now to construct for fixed i and x €
K; comparison functions v, € W!2(U(x, r), R*™) with Lr(v,) =0 for 0 < r <
oo and estimating g; — v, in U(x, r); see 3.14-3.18. The natural choice is to take
v, as the solution of the Dirichlet problem with boundary values given by g;. If ¢
in (5) would satisfy g > 1 this would immediately yield an estimate of g; — v, in
Wh4(U(x, r), R"™). In case ¢ = | the estimate needs to be derived differently,
namely, linearizing F and estimating the remaining terms with the help of condition
(3), obtaining an estimate in L (Z™ L U(x, r), R"™™) instead; see 3.16. Then the
extended version of Theorem 3 with LF replacing Lap, see 3.11, implies the first
part of Theorem 1. Recalling condition (5), the second part is derived similarly by
using functions w, € WH2(U(x, ), R"™) with Lz (w,) = (T;), where (T;)y is the
constant distribution of type R" =" corresponding to 7; at x as in Theorem 4.

Organization of the Paper Section 2 reviews the notation. Section 3 contains results
which can be phrased solely in terms of elliptic partial differential equations and
distributions, in particular Theorem 3 and the case ¢ > 1 of Theorem 4. Section 4 is
devoted to the proof of Theorem 1 whereas Sect. 5 contains Theorem 2. Then, the
Appendix gives the proof of the case ¢ = 1 of Theorem 4.

Each section starts with a brief overview. Moreover, comments on individual re-
sults are supposed to further facilitate the navigation through the paper by explaining
the content, the idea, and the role of the result in question without being a prerequisite
for its proof. Finally, frequently, references are given also to results certainly known
to most experts in order to make the proofs accessible to a wider audience.

2 Notation

Overview The notation from Federer [16] and Allard [3] is used with some mod-
ifications and additions described in [24, Sects. 1, 2]. The reader familiar with this
notation may directly proceed to the paragraph “Additional notation” at the end of this
section. Also, the reader interested only in the results on elliptic partial differential
equations and distributions, i.e., Sect. 3 and the Appendix, may skip the paragraphs
on varifolds and Almgren’s multiple-valued functions.

In order to review the notation cited, suppose m and n are positive integers with
m<n.

Basic Notation Among the basic symbols used are the following:

& denotes the positive integers.

imf ={y:(x,y) € f for some x} if f is a relation.

dmn f = {x : (x,y) € f for some y} if f is a relation.

fIA={(x,y): (x,y) € f forsome x € A} if f is arelation and A is a set.
fI[A]l =im f|A if f is arelation and A is a set.

U(a, r) denotes the open ball with center a and radius r.

B(a, r) denotes the closed ball with center a and radius r.

(v, f) = f(v) whenever f is a linear map and v € dmn f.

v e w denotes the inner product of v and w.
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a(m)=2"U(,1).

B(n) is the best constant in Besicovitch’s covering theorem in R".

y (m) is the best constant in the isoperimetric inequality for m-dimensional rectifi-
able varifolds.

1, denotes multiplication by r.

7, denotes translation by a.

O*(n, m) denotes the set of orthogonal projections of R"” onto R™.

G (n, m) denotes the set of all m-dimensional vector subspaces of R”.

T; denotes the orthogonal projection of R" onto T for T € G(n, m).

T+ = kerT; for T € G(n, m).

Tan(S, a) denotes the tangent cone of S at a.

Tan (¢, a) is the cone of (¢, m) approximate tangent vectors.

Nor™ (¢, a) is the cone of (¢, m) approximate normal vectors.

J (X) is the space of all real-valued continuous functions with compact support
on a locally compact Hausdorff space X.

A function is said to be of class k if and only if it is k times continuously differen-
tiable. A similar usage of the term “of class k£ is made concerning submanifolds.
fAqub = d)(A)‘lfAfdd) if ¢ measures X, 0 < ¢p(A) <oocand f e Li(¢pL A).
Lapu(a) is the Laplacian of a function u of class 2 at a.

Multilinear Algebra Suppose V and W are real vector spaces. Denote by @i V,w)
the vector space of all i linear symmetric functions (forms) mapping the i-fold prod-
uct V¥ into W whenever i € £2. One abbreviates )’ V = (O' (V, R). Extending the
notation for linear maps, the alternate notations

¢(1,...,v;)) and (v O---Ov;, P)

will be used whenever ¢ € @i(V, W) and vy, ..., v; € V. In this context the i-fold
product v ® - - - © v will be abbreviated to v. (This notation is justified by the fact that
© is the multiplication in the symmetric graded algebra (), V = @2, O; V of V,
VOO € @i V and ¢ induces a unique linear map from @i V into W; see [16,
1.9.1, 1.10.1].) Whenever V and W are inner product spaces and dim V = j < 0o one
may introduce a natural inner product on ()'(V, W); see [16, 1.10.6]. The induced
norm satisfies for every orthonormal base ey, ..., e; of V

NP =Y Iplesqy, ... es)l* forpe O (V, W)

seF(j,i)

where . (j, i) denotes the set of all functions mapping {1, ...,i} into {1,..., j}. In
particular, this is the usual norm on Hom(V, W) = QI(V, W) induced by an inner
product but may differ by a factor i!~!/? from other definitions if i > 1. Additionally,
the norm

¢l =sup{p(vi,...,vi):vp €V and || <1fork=1,...,i}

for ¢ Qi (V, W) is employed. These concepts will be mainly used with either V =
R”™ and W =R"™ or V = Hom(R™,R"™) and W =R.
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Weakly Differentiable Functions Whenever U is an open subset of R™ and u is
an £™ _ U measurable function with values in R"™", the function u is termed
k times weakly differentiable if and only if its distributional derivatives up to
order k are representable with respect to £ LU by functions Diu belonging
to Li(Z" LK, O (R",R"™)) whenever K is a compact subset of U and i =

0, ..., k. The definition of the function D' includes the requirement
Diu(a) = lim Diud g™ foraeU,
r—0+ B(a,r)

hence a € dmnDiu if and only if the limit on the right-hand side exists. In partic-
ular, the weak derivative D'z will be distinguished notationally from the classical
derivative D'u. One abbreviates 1 times weakly differentiable and D'u to weakly
differentiable and Du, respectively. Let

1/p
fpar = (/ |f|f’d$’") it 1< p <o,
U(a,r)
| floosa,r = inf{t : L™ (Ula, r) N {x : | f(x)| > t}) = 0}

whenever a € R", 0 < r < oo with U(a,r) C U, and f is an "™ _U(a,r) mea-
surable function with values in a Hilbert space. In particular, this applies with
f =Diu and (' (R™,R"™™) equipped with the inner product described in the
paragraph on multilinear algebra. The Sobolev space WX? (U, R*™™) consists of
all k times weakly differentiable functions in U with values in R"™" such that
Diu e L,(Z"L U, GO'(R™, R"™™)) whenever i =0, ...,k with topology induced
by its canonical embedding into @f:() L,(Z". U, @i (R™, R"~™)). Note that nei-
ther in the Sobolev spaces nor in the Lebesgue spaces are functions agreeing £ . U
almost everywhere treated as single elements; instead the aforementioned condition
on D'u is employed.

Distributions Whenever U is an open subset of R” and Y is a Banach space,
2(U,Y) denotes the space of functions mapping U into Y of class co having
compact support. The space Z(U,Y) is equipped with the usual topology and
2'(U,Y) denotes its topological dual; see [16, 4.1.11. If 1 < p <00, 1 <g <00
with 1/p 4+ 1/q =1, i is a negative integer, and T € 2’ (U, R™) then

1TV prar =sup{T(0):0 € 2(U,R"™™), spt0 C U(a, r) and |D~'0] .o, < 1}.
Note, if U = U(a,r) and [T|_y .4, < 00 then one may use the Hahn-Banach
theorem to represent 7 with the help of either the duality of Lebesgue spaces

if p>1 or [16, 2.5.12, 14] if p = 1; in fact, if p > 1 then there exists g €
Lp(jm L U(a, r), Hom(R™, R"™™)) with |g|p;a,r = ITI—l,p;a,r and

T(9) =/D9(x) e g(x)d¥"x forf e 2(U(a,r),R"™™),
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and if p = 1 then there exists a Radon measure ¢ on U(a, r) and a ¢ measurable
function k : U(a, r) — Hom(R™, R"™") with |k(x)| = 1 for ¢ almost all x € U(a, r)
such that ¢ U(a,r) = |T|_; 1., and

T(9)=/D9(x)ok(x)d¢x for 6 € 2(U(a, r), R"™).

Moreover, the closure of Z(U, R*™™) in WP (U, R"™™) is Wg’p(U, R"™™).

Varifolds The following notation for varifolds based on Allard [3, 3.1, 4.2, 4.3, 3.5]
will be used in Sects. 4 and 5.

Suppose U is an open subset of R” and G(n, m) is equipped with the usual topol-
ogy, e.g., induced by its embedding into O, /\,, R"; see [16, 3.2.28(4)]. An m-
dimensional varifold V in U is a Radon measure on U x G(n, m). The weight mea-
sure | V|| of V is given by ||V |[(A) = V(A x G(n, m)) for A C U. The distributional
first variation with respect to area of a varifold V is given by

sV (H) =/D9(z) e S5;dV(z,S) wheneverd € 2(U,R")
with associated Borel regular measure ||§V || characterized by
18V I(Z) =sup{8V(0) :0 € P(U,R") with sptd C Z and |0(z)| < 1 for z € U}
whenever Z is an open subset of U. If V is an m-dimensional varifold in U and ||§V ||
is a Radon measure, the generalized mean curvature vector of V at z is the unique

h(V; z) € R" such that

h(V;z)ev=— lim M

forv e R"
r—0+ || V” B(Z, r)

where b, , is the characteristic function of B(z, r); hence z € dmnh(V; -) if and only
if the above limit exists for every v € R”.

An m-dimensional varifold V in U is integral if and only if there exist sequences
A; and M; such that M; are m-dimensional submanifolds of R" of class 1, A; are
7™ measurable subsets of M;, and

V(f)= Z/A f(z, Tan(M;, z)) d#"z  for f € # (U x G(n, m)).
i=1 i

In this case @™ (|| V|, z) € & and Tan™ (||V ||, z) € G(n, m) for || V| almost all z and
V() =/f(Z,Tanm(HVH,Z))®m(||V||,Z) ds#"z  for f € A (U x G(n, m)).

The set of all integral m-dimensional varifolds in U is denoted by IV,,, (U).
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Almgren’s Multiple-Valued Functions The following notation from Almgren [6,
L.1(1)(3)(9)(10), 2.3(2)] is used in Sect. 4. Suppose Q € L.
The space Q¢ (R"™™) equals the set of all 0-dimensional integral currents R such

that R = ZiQ:1[Iyi]] for some yi,...,yo € R"™™. The metric ¢ on Qo (R"™") sat-
isfies

0 0 Y 172
%(Zﬁyiﬂ, Z[[y{]]) = inf{ <Z|y,~ — y;,(,.>|2) ime P(Q)}
i=1 i=l i=1

whenever yi,..., 0, ..., y’Q € R"™™, where P(Q) denotes the set of permuta-
tions of {1, ..., Q}. The function 5 : Qo (R"™") — R"™" satisfies

Y

Y
no(R) = 0! Zy,- whenever R = Z[[yi]] for some yj,...,yp e R"™™
i=1 i=1

and Lippy = 0~/
If f:X — Qo(R"™™) then
graphy f = (X x R"™) N {(x, y) 1 y € spt f(x)}

and if additionally g : X — R"™" then f(4+)g : X — Qo(R"™") satisfies

0 Qo
(@ = lly+yll if f(x) = [yl and g(x) =y

i=1 i=1

whenever x € X.
Moreover, a function f : R — Qo(R"™™) is affine if and only if there exist
affine functions f; : R" — R"™™ i =1,..., Q such that

0
fx) = Z[[f,- (x)I whenever x € R".

i=1

f1, ..., fo are uniquely determined up to order. Moreover,

0
IfP =) IDfiO).

i=1

Letac ACR" and f: A— Qo(R"™™). f is affinely approximable at a if and
only if a € Int A and there exists an affine function g : R" — Qo (R"™™) such that

lim 4(f(x), g(x))/|x —a| =0.

The function g is unique and denoted by Af (a). f is strongly affinely approximable
at a if and only if Af (a) has the following property: If Af(a)(x) = Zinl[[gi (€3]]
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for some affine functions g; : R" — R"™" and g;(a) = g;(a) for some i and j, then
Dg;(a) = Dgj(a). The concepts of approximate affine approximability and approx-
imate strong affine approximability are obtained through omission of the condition
a € Int A and replacement of lim by ap lim. The corresponding affine function is
denoted by ap Af (a).

The projections p € O*(n, m) and q € O*(n, n — m) satisfy

P =(z1,.--,2m), q92) = @m+1,-++»2n)
whenever z = (z1, ..., 2,) € R". The closed cuboid C(T, a, r, h) equals
R'N{z:|Ty(z — a)| <r and |T;"(z — a)| < h}

whenever T € G(n,m), a € R*, 0 <r < o0, and 0 < h < 00. One abbreviates
C(T,a,r,00) =C(T,a,r). Note that the symbol C(T, a, r) is used by Allard in [3,
8.10] to denote R" N {z : [Ty (z — a)| <r}.

References to Constants Each statement asserting the existence of a positive, finite
number, small (¢) or large (I'"), will give rise to a function depending on the listed
parameters whose “name” is &y y or I'x y where x.y denotes the number of the state-
ment.

Additional Notation 1If M is a submanifold of R” of class 2 and a € M then the
mean curvature vector of M at a is the unique h(M; a) € R” such that

Tan(M; a); e Dg(a) = —g(a) eh(M; a)

whenever g : R" — R” is class 1 and g(z) € Nor(M; z) for z € M, cp. Allard [3,
2.5(2)]. And if U is an open subset of R™ and Y is a Banach space then T is called
a constant distribution in U of type Y if and only if T € 2'(U,Y) and for some
o € Y* there holds T (6) = fU ao00dZ™ for 6 € (U, Y). Moreover, a subset of a
topological space X is called universally measurable if and only if it is measurable
with respect to every measure ¢ such that all closed subsets of X are ¢ measurable.

3 A Criterion for Second Order Differentiability in Lebesgue Spaces

Overview The purpose of this section is to prove 3.11, which contains Theorem 3
of the Introduction, and to provide the preparations necessary for its application in
Sect. 4.

First, in 3.1 the situation studied is described. Then, for the convenience of the
reader, in 3.2-3.8 adaptations and applications of standard theory are carried out.
The main ingredient in the proof of 3.11 is contained in 3.9. The part ¢ > 1 of Theo-
rem 4 is provided in 3.13. Finally, in 3.14-3.18 it is shown how a certain nonintegral
differentiability condition on the solution u allows treating the case where estimates
for LF(u), see 3.1, are only available in |-]_j 1., .

The following set of definitions will be used frequently in the present section.
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3.1 Suppose m,n € & with m < n. Occasionally, the use of Euclidean coordinates
will be useful. For this purpose choose dual orthonormal bases

€ly...,€m and X],...,Xm

of R” and @1 R™ and dual orthonormal bases
Uly,eoo, Upe and Y1, ..., Y, m

of R"™™ and ' R"™™. For ¥ € (> Hom(R"”, R"~") one then obtains the expres-
sion

m n—m m n—m

V(o T) = Z Z DN Wi juato (e, Yi)T(en. Yi)

j=1k=1 I=1

where W; ;.x ;= W (X;v;, X;v;) and Xv maps x € R” onto X (x)v € R*"™™ when-
ever X € ©'R” and v e R*™.
Let YT e @2 Hom(R™, R"~™) be defined by

Y(o,7)=0c et foro,r € Hom@R" R"™),
and suppose F : Hom(R”,R"™) — Ris of class 2, 0 < & < o0, and
|ID?’F(c) — Y| <& whenever o € Hom(R”, R"™™).

The quantity Lip D*>F will be computed with respect to | - | on Hom(R"™, R"~) and
| - |l on ©*Hom(R™, R"~"™).

To each such F there corresponds the Euler—Lagrange differential operator L g
which associates with every u € Wh1(U, R*~™) for some open subset U of R” a
distribution L g («) in 2'(U, R"~™) defined by

Lru)®) = —/ (DO(x), DF(Du(x)))d.L"x ford e 2(U,R"™).
U

There also occurs the linear function Cr (o) : OZ(R’", R"™) — R"™™ which for
o € Hom(R™, R"™™) is given by

n—m n—m

(¢, Cr(@) =YY" > ((Xivj, Xxvp), D*F (@) (ei, ex), Yy

i=1 j=1 k=1 I=1
whenever ¢ € QZ(R’", R"™™). The function Cr(c) is uniquely determined by

D?F(0); see [16, 5.2.11]. One obtains by partial integration for u € W>! (U, R*™™),
6 € 2(U,R"™™)

Lru)(®) = / 0(x) o (D*u(x), Cr(Du(x))) d.L"x.
U
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Sometimes also S : @z(R’”, R"™™) — R"™™ corresponding to the Dirichlet inte-
grand, i.e., F (o) = |o |2/2 for 0 € Hom(R™, R™), (and therefore to Y') will be used.
Note (¢, S) = Y 'L, ¢ (ei, e;) whenever ¢ € @2(R’”, R"~™). One may check that
with k = 212m(n — m)

ICr(0)| <k|D*F(0)ll,  |Cr(o)— S| <«e,
|Cr(0) — Cr(v)| <k||D*F(0) — D*F ()|

for 0,7 € Hom(R", R"™™), where | - | denotes the norm associated with the inner
product on Hom(@z(Rm, R*™™), R"™™); see [16, 1.7.9, 1.10.6].

The development of the present section requires a priori estimates of solutions to
linear elliptic systems of second order both in W!-7(U(a, r), R*™™) in the case of
divergence form and in W>?(U(a, r), R"™™) in case of nondivergence form. The
coefficients are possibly neither continuous nor of vanishing mean oscillation. In-
stead, they are close in an Lo, (£"") sense to those associated with Laplace’s opera-
tor. Therefore, the required estimates are obtained in 3.2-3.8 by standard perturbation
methods from the case of Laplace’s operator.

First, recall the following existence result with corresponding a priori estimates

for solutions in Wé”’ (U(a, r), R*™™).

Theorem 3.2 Supposen € & and 1 < p < 0.
Then there exist positive, finite numbers € and I" with the following property.
Ifn>me P, Yisasin3.1l,ae R",0<r < o0,

A:Ua,r) —> @2 Hom(R™,R"™) is " L U(a, r) measurable,
|A(x) — Y| <e wheneverx € U(a,r),

then for every T € 2'(U(a,r),R"™™) with |T|_; ,.,, < 00 there exists an
Z™_U(a, r) almost unique u € W(l)’p(U(a, r), R"™™) such that

—/ (DO(x) ©Du(x), Ax))dL"x =T®) for0e PU(a,r),R"™™).
U(a,r)

Moreover, whenever u and T are related as above there holds
|Du|p;a,r = 1_‘lTl—l,p;a,P

Proof By the Neumann series (cf. [16, 3.1.11]) it is enough to consider the case
e¢=0. Note also that there exists g € L,(Z"LU(a,r), Hom(R™,R"™™)) with
T®)=-— fU(W) ge DOAL™ for 0 € Z(U(a,r),R"™) and |T|_y p.0r = 18l pia,r
by the Hahn—Banach theorem.

The conclusion then follows from [18, Theorem 10.15] in case p > 2, to which
the case p < 2 reduces by use of a duality argument. O
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Remark 3.3 Representing T via g, the result is contained in Dong and Kim [13,
Theorem 8.2 (ii)], where measurable coefficients of nearly vanishing mean oscillation
are treated.

In order to express the equation for u in Euclidean coordinates, suppose T is rep-
resented by g as in the preceding proof. If u is of class 2, A and g are of class 1 and
A j.k1(x) € Rrepresent A(x) € @2 Hom(R™,R"™™) as W; j.x; represent W in 3.1,
and g; j(x) = (e;, g(x)) @ v; both for x € U(a, r), the hypothesis relating u to T is
equivalent to

m n—m m

m
ZZ Z D; (A;, jk,1 Druy) = ZDigi,j whenever j € {1,...,n —m}

i=1k=11=1 i=1

where 0; =Y; 00 and u; =Y, ou; see 3.1.

From the preceding theorem, one deduces as usual local a priori estimates in
WP (U(a, r), R*™™) for weak solutions belonging to W4 (U(a, r), R*™™), pos-
sibly with ¢ < p.

Theorem 3.4 Supposene ¥,1 <qg <oo,and 1 < p < o0.
Then there exists a positive, finite number & with the following property.
Ifn>meP, Yisasin3.1,aeR",0<r < oo,

A:Ua,r) — @2 Hom(R™,R"™) is " U(a, r) measurable,

|A(x) — Y| <& wheneverx € U(a,r),

and u € W4 (U(a,r),R*™), T € 2'(U(a, r), R"™™) satisfy
—/ (DO(x) ©Du(x), Ax))dL"x =T®O) forde P2U(a,r),R"™™),
U(a,r)

then
—m—1
|Du|p;a,r/2 = F(I” " +m/plull;a,r + |T|—l,p;a,r)

where I is a positive, finite number depending only on n and p.

Proof Let0 < 4§ <1, supposen,q, p,m,Y,a,r, A, u,and T satisfy the hypotheses
in the body of the theorem with ¢ replaced by § and assume g < p. It will be shown
that u satisfies the estimate in the conclusion of the theorem provided § is suitably
small.

The problem will be reduced.

First, to the case p = g by constructing as solutions of approximating Dirichlet
problems by use of 3.2 a sequence of functions u; € W7 (U(a, r), R"™™) such that
u; = uin W9 (U(a, r),R" ™) as i — oo and for i € 2

—/ (DO(x) ©Du;(x), Ax))dL"x=T(®) for0ec 2WU(a,r),R"™™)
U(a,r)

provided § < inf{es,(n, p), &32(n, @)}
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Second, to the case p = ¢ and § = 0 by considering Simon’s absorption lemma in
[34, p. 398].

Third, to the case p = ¢, 5 =0, and T = 0 by use of 3.2 and Poincaré’s inequality.

Finally, the remaining case follows by convolution from [17, Theorems 2.8,
2.10]. O

Next, local a priori estimates in W22 (U(a, r), R*™) for so-called strong solu-
tions of linear elliptic systems in nondivergence form with measurable coefficients
close to those of Laplace’s operator are stated.

Theorem 3.5 Supposen € & and 1 < p < o0.
Then there exists a positive, finite number ¢ with the following property.
Ifn>meP,Sisasin3.1,aeR",0<r < o0,

B :U(a,r) — Hom (QZ(R’", R"™™), R”_m) is ™ _U(a, r) measurable,
|B(x) — S| <& whenever x € U(a,r),
and u € W>?(U(a,r),R"™™), f € L,(Z" L U(a,r), R"™™) satisfy
(Dzu(x), B(x)) = f(x) for Z™ almostall x € U(a,r),
then
IDzulp;a,r/Z = 1—‘(7'_2_m+m/pI“l];a,r + |f|p;a,r)

where I is a positive, finite number depending only on n and p.

Proof From [17, Theorem 7.26(i)] and Ehring’s lemma, see, e.g., [36, Theo-
rem 1.7.3], it follows that for every 0 < k < oo there exists a positive, finite number
A depending only on n, p, and « such that

—2— — 2 —2-
rEP ] < kT PIDR] g+ AT 0]
for ve W27 (U(a, r), R*™™).

Now, one may readily use [17, Theorem 9.11] in conjunction with the absorption
lemma in Simon [34, p. 398] to obtain the conclusion. O

In Euclidean coordinates the equation relating u to f reads
m m
D3> Bijua @Dy (x) = fi(x)  for £™ almost all x € Ua, r)

whenever j € {1,...,n —m} where, see 3.1, u; =Y, ou, f; =Y; o f and
Bi jk1(x) = B(X; © Xe/2v) e vy, Djguy(x) = D2uy(x)(er, er),
(OB, w) =a@®pB(w)+a(w)B(v) fora,p e QlRm and v, w € R",

see [16, 1.10.2].
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Proceeding to the Euler-Lagrange differential operator L r associated with F', one
may deduce local a priori estimates in W22 (U(a, r), R*™) via difference quotients
from the local a priori estimates in W2 (U(a, r), R*™™) in 3.4. For the intended use
in 3.9 it is important to appropriately subtract an affine function P in the lower order
term.

Lemma 3.6 Supposene #,1 <q <o00,and 1 < p < 0.

Then there exists a positive, finite number € with the following property.

If Fisrelatedto e asin3.1,a e R",0<r <oo,u € Wl’q(U(a, r), R"™™), and
feLly(Z" Ula,r), R"™™) satisfy

Lr(u)(8) = / O(x)e f(x)dL"x whenever € 2(U(a,r),R"™™),
U(a,r)

then u is twice weakly differentiable and for every affine function P : R — R"™"
there holds

2 —2—
|D ulp:a,r/Z = F(I" m+m/p|u - PIl;a,r + Iflp;a,r)
where I is a positive, finite number depending only on n and p.

Proof Let € = e34(n, q, p) and suppose F, a, r, u, f, and P satisfy the hypotheses
in body of the lemma.
Letv=u—P,ie{l,...,m}and defineforO <h <r,x € U(a,r —h)

up(x) =h M@ +he)) —u(x)),  vp(x) =h"'(v(x + hep) — v(x)),
1
Ap(x) =/ D?F(tDu(x + he;) + (1 — H)Du(x)) d.2't,
0
and let S, € 2'(U(a, r — h), R"™™) be characterized by

S,@|U(a,r —h)) = h! / O(x —he)) —0(x)) e f(x)dL"x
U(a,r)

whenever 6 € Z(R™, R"™™) with spt6 C U(a, r — h). One readily verifies, noting
Duj, = Dvy,
—/ (DO (x) © Duy(x), Ap(x))dL"x = Sy(0)
U(a,r—h)

for 0 € 2(U(a,r — h), R*~™). Hence, by 3.4,

IDvhlp;a,(rfh)/Z =< A((r - h)_l_m—i_m/plvhll;a,rfh + IShlfl,p;a,rfh)

where A =T'34(n, p). Since |vh|1;a,r—h = |Dv|1;a,r and |Sh|—1,p;a,r—h = |f|p;a,r’
taking the limit # — O+ one infers that v, hence u, is twice weakly differentiable
and satisfies the desired estimate, using Simon’s absorption lemma [34, p. 398] as
before. O



726 U. Menne

Remark 3.7 In general, even if Lipu < L < oo and P = 0 the condition involving
& cannot be replaced by some uniform strong ellipticity condition on D?F (o) for
o € Hom(R™, R"™™) with |o|| < L, as may be seen from the example of Lawson
and Osserman in [20, Theorem 7.1].

Next, differences of solutions to Lz are estimated in w2 (U(a,r), R"™™). Here
the nonlinearity of DF enters via Lip D> F in the estimate. However, concerning the
use of the estimate in 3.9, the factor r "~ !|u; — P| 1:q.r in the estimate below can be
assumed to be uniformly bounded.

Lemma 3.8 Supposene &,and 1 <q < p < oo.
Then there exists a positive, finite number & with the following property.
Ifn>me P, F is related to ¢ as in 3.1,LipD2F<oo,aeRm,O<r<oo,
and u; € W4 (U(a, r), R*™™) with i € {1,2} satisfy Lr(u;) =0, then u; are twice
weakly differentiable and for every affine function P : R™ — R"™" there holds

r—m/p+l |D2(M2 - ul)lp;a,r/Z
<T(r™" Nuz —uily.q,
+ (7" Nuy = Ply.q,) Lip(D*F) ™™ Nua — uily.a)

where I is a positive, finite number depending only on n and p.

Proof Using an elementary covering argument, it is enough to prove the assertion
with |D?(uz — u1)| :q /2 replaced by [D*(uz — u1)] .q,,/4- For this purpose let « =
2122,

e =inf{e36(n, q,2p), e35(n, p)/k, e34(n,q,2p)}, A1 =T36(n,2p),
Ay=T3s5(n,p).  A3=Ts4(m,2p),  T=~Aysup{2'™" kA Az}

Suppose F, a, r, and u; satisfy the hypotheses with ¢ and that P : R” — R"™™ is an
affine function. In order to show that they satisfy the modified conclusions with I, it
will be assumed a = 0 and r = 1. Abbreviate A = Lip D*F.

By 3.6 the functions u; are twice weakly differentiable with

ID%u; 120,12 < Atlui — Plyg,y  forie{1,2}
and one obtains from 3.1 for .£"™ almost all x € U(0, 1)
(D?u; (x), Cr(Du;(x))) =0 fori e (1,2},
(D (13 — u1)(x), Cr(Dus(x))) = (D (x), Cr(Duy (x)) — Cp(Duz(x))).
Therefore by 3.5, 3.1, and Holder’s inequality
ID?(uz — u)la1/a:p < A2(22" P luz — urlo 21

+ . AID%u1l2p.0.1 /2D — uD)|2p:0.1/2)-
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To estimate |D(u2 — u1)2;0,1/2, one computes for 6 € Z(U(0, 1), R"™™)
—/ (DO(x) ©D(uz — up)(x), A(x))dL"x =0,
U(0,1)

1
where A(x) = / D?F (tDus(x) + (1 — )Du; (x)) d.Ls,
0
and obtains from 3.4

D@2 —ui)lap.0,1/2 < Asluz —uily;o1

and the conclusion follows. O

Having gathered the local a priori estimates needed, the patching procedure in-
volved in the proof of the main theorem of this section, 3.11, is carried out. Suppose
Vg, are solutions to L ¢ in balls U(a, ¢) with a in some closed set A and 0 < ¢ <1
which are suitably close to some reference function u. Then the following lemma
shows how to construct by use of a partition of unity a single function v defined in a
neighborhood of A such that v retains from the v, , both the closeness to u and the a
priori estimates for the weak derivatives of second order.

Lemma 3.9 Supposem,ne ., m<n,1<p<r<oo,and1 <q < o0.

Then there exist a positive, finite number ¢, a positive, finite number I'| depending
only on m and p, and a positive, finite number 'y depending only on m, n, p, and r
with the following property.

If F is related to € as in 3.1, Lip D?F < 00, j €10, 1}, A is a closed subset of R™,
u:R™ N {x:dist(x, A) < 1} = R* ™™ is j times weakly differentiable, 0 < y < 00,
and if for eacha € A,0 < ¢ < 1 there are v, , € W4(U(a, 0), R"™™) and an affine
function P, o : R™ — R*™™ such that

LF(Va,e) =0,
] . .
D o PHID = va )l prae <v05 @ P lu— Paglpae < Ve
i=0
then there exists a twice weakly differentiable function v : R™ N {x : dist(x, A) <

) = R with

J
> oM PHID (4 — )l < Tive,
i=0

0 "/ ID?l .0 o < Ta(y (1L + Lip(D?F)y)* + 0" |t — Pa2pl1:0.20)

1
whenevera € A,0 <o < 36
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The solutions v, , approximate u of second order in g, and so does the constructed
function v. In order to properly treat the nonlinearity of D F' the hypothesis concern-
ing approximation of u of first order in ¢ by affine functions P, , is introduced; see
also 3.12. Moreover, as a guiding principle for the proof, note that a priori estimates
for differences of functions can be controlled via terms of type |D' (u — v, pa,o
hence are of second order in g, whereas a priori estimates for single functions addi-
tionally involve terms of type |u — P|,., ,, hence are of first order in o.

Proof of 3.9 Assume r > g and define

e =inf{l, e36(n, q,2r), e33(n, q,2r), e36(n,q,r)}.

Suppose F, j, A, u, y, vq,0, and P, , are as in the hypotheses in the body of the
lemma with ¢ and abbreviate A = Lip D*F.
By 3.6 and Holder’s inequality

j j
D D vl <00, D ID Ul <00
i=0 i=0

whenever a € A. Therefore, taking limits (for example, by use of an interpolation
inequality similar to [25, Lemma 6.2.2] and weak compactness properties of Sobolev
spaces [25, Theorem 3.2.4(e)]) the conclusion can be deduced from the following
assertion: There exist a positive, finite number I'1 depending only on m and p, and
a positive, finite number 'y depending only on m, n, p, and r such that for every
0<d< % there exists a function v : R™ — R"™" whose restriction to R™ N {x :

dist(x, A) < %} is twice weakly differentiable satisfying

J
> oD (4 = v)l 0, <Tive%,
i=0

©/2 ™" ID*0],0 o2 T2 (¥ (L 4+ Ay)* + (0/2) ™ |t — Pugliae)

whenevera € A, § <o < LS.
Assume A # @, let ® = {R™ ~ A} U {U(a, §) : a € A}, note | J ® = R™, define
h:R™ — Rby

1
h(x) = 20 sup{inf{1, dist(x, R" ~U)}: U € ®} forx € R",

and apply [16, 3.1.13] to obtain a countable subset S of R” and functions ¢, : R" —
{t : 0 <t <1} of class co corresponding to s € S such that with Sy = SN {s:
B(x, 10/ (x)) N B(s, 10h(s)) # @} for x € R™ and a sequence V; of positive, finite
numbers depending only on m there holds

card S, < (129)™, sptos C B(s, 10h(s)) forse S,
1/3 <h(x)/h(s) <3 forse S, D gs(x)| < Vi(h(x))™ forseS,ie 2P,
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Z%(y)=2%(y)=1, ZDigﬁs(y)=ZDi<ps(y)=O fori e

seS SESy seS SESy

whenever x € R”, y € B(x, 10i(x)). Note for x € R”, y € B(x, 10h(x)), s € S,
ie P

D' < Vi (h(y)) ™ = 20) Vi (102 (x)) ™",
because (x) — h(y) < 551x — y| < 1h(x). Choose £ : S — A such that
|E(s) — s| =dist(s, A) whenever s € S.
Note 204 (x) < sup{dist(x, A), §} for x € R™ and observe
B(x,20h(x)) C B(&(s), 120Rh(s)), 120h(s) <1
whenever x € R™, dist(x, A) < 11—8, s € Sy, because

|x — 5| < 10A(x) 4 10A(s) < 40h(x) < 2sup{dist(x, A), 8} < 1/9,
Is —&(s)| =dist(s, A) < |x — s| +dist(x, A) < 1/6,
lx =& < Ix —s[+ s = &(s)| < 40h(s) +20h(s) = 60h(s),
|x — &(s)| 4+ 20h(x) < 120h(s) < 360h(x) < 1.

Define R = [ J{Sy : x € R™ and dist(x, A) < %},
Vs = Vg(s),120n(s) and Py = Pg(5),120n(s) fors € R
and, denoting by v; the extension of vs to R” by 0, v: R" — R" ™™ by

v(x) = Z% (x)v,(x) whenever x € R".

SER

Suppose for the rest of the proof x € R with dist(x, A) < % and observe

v(y) = Z ¢s(y)vs(y) whenever y € B(x, 10h(x)).

SES

The asserted weak differentiability is a consequence of 3.6.
One estimates

D’ (u — V)| pox,20n(x) < D’ (u — V)| p:s, 120(5)

< V(lZOh(s))m/IHZ*i < (18)m/p+27/(ZOh(x))m/pJ“z*i

fori € {0, j}, s € Sy, hence by Holder’s inequality
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(20R(x)) ™™ [t — vs1:x 20n(x)
J
<a(m) 7PN " 0h(x) T PHID (4 — v9)l por2ony < 2817 (20h(x))* (D)
i=0
for s € Sy where A = a(m)!=1/P(18)™/P+2. Also
Q07 (x) ™™ |u = Pyl oy 20n(ry < 0(m) =P (200(x) ™™ Plu — Pyl p.(s).120n05)

< A1y (20h(x)),

(2071 (x) ™™ [vs = Psl1:x 20n() < 3A1(20h(x)) (ID)

for s € Sy. Using

v(y) —u(y) = Z @s () (vs(y) —u(y)) whenever y € B(x, 10h(x))

SESy
and the Leibniz formula, one obtains from (I)
j . .
> A0R@) T PHID (1 = )] .10y < A2y (104(x))>

i=0

where Ay = a(m)!/P7I8A127/P(1 4 20V)(129)™.
In case x € B(a, o) forsomea € A, § <o < &

18°
20h(x) < sup{dist(x, A), 5} <o, B(x,20h(x)) C B(a, 20)
and Vitali’s covering theorem yields a countable subset T of B(a, o) such that

{B(1.2h(1)) : 1 € T} is disjointed,  B(a,) C | J{B(r. 10h(1)) :1 € T}

and one estimates for i € {0, j}

i p
D~ vl ,
=2 D@ =07 on)
teT
< (Aay)?Y (100" 0P
teT
— (Sm/P-‘FZ—i Azy)pa(m)—l—(Z—i)p/mng (B(t, Zh(t)))l+(2—i)p/m

teT
< (3" P27 Ay )Pa(m) T T ETDPIm M (B(a, 20)) HETDP/m

— ((lo)m/P+2—i AZy)me+(2_i)p~
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Therefore, one obtains fora € A, 6 <o < 11—8, ief{0,j}
o MPHID (4 — )| g < (10)"/PH2 A0y 07 (I

and one may take I'| = 2(10)"/P+2 A, in the first estimate of the assertion.
According to 3.6 the functions vy are twice weakly differentiable and satisfy for
s €Sy

(20h(x) ™™ COF2ID20 o, ¢ oney < D307 (X)) ™™ vy — Psli.x 200
where Az = I'36(n, 2r). Combining this with (IT) yields
(107(x)) ™™ CF 2Dy |, oniy < 27 @3A1 A3y (10h(x)) 1\%)

for s € S,.
Using 3.8, one obtains for s, € S,

(20.(x)) ™™ D2 (v5 — V) lorx 10m(r)
< Ag((0R ) ™" vs = vl 1:x,20800)
+ AQROR(X) ™™ s = Pyl ix20n(6)) (RQ0RG) ™ g = i l1.x 208(x)))
where Ay =T'35(n, 2r). Since
(201 ()" |vs — v l1:x 20n(xr) < 4A1Y (20h(x))?
by (I), one estimates using (II)
(10h(x)) ™" I D? (w5 = v) oy 1080y < Asy (1 + Ay)

where As = 2"2A [ A4sup{3A1, 1}. Using an interpolation inequality (which may
be proven similarly to [25, Lemma 6.2.2]), one infers with a positive, finite number
Ag depending only n and r

2

D A0R()) ™™ COHID (5 = v) oy 10n(r)
i=0

< Ae((10A(x)) ™™ 2D (v — v) o 108(r)
+ (107.(x) ™" vg — Vel1:x. 10h(x))
< Ao(As(1+Ay) +2" A1)y (10h(x))%

This implies for s, t € Sy

2

> (10RG) T CIHID (v = v) i, 10y < A7y (1 + Ay)(10R(x))?
i=0
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where A7 = Ag(As + 2" Ay). Noting (v — v)(¥) = s, 91 (¥) (v — v5) () for
s € Sy, y € U(x, 10h(x)), one infers using the Leibniz formula

(107:(x)) ™ EHD (v — vy) lgrx 100y < Asy (1 4+ AY)(10R(xX)> (V)

fors € Sy,i €{0, 1,2} where Ag =2(1 +20V; +400V,)A7(129)™.
Using 3.1, one defines

f) = (D*(y), Cr(Du(y)))

whenever y € U(z, 10k(z)) for some z € R™ with dist(z, A) < % and computes for
seS,

() = (D*v(y), CFDV(y)) — CrDug(y) + (D*(v — v5)(y), Cr D (y)))
for £ almost all y € U(x, 10h(x)). Holder’s inequality implies
L Lrox 100y < KAIDQ@ = v9) |arex 10006 ID*Vs |22 108 (o)
+ 2kc0(m) ) (102.(x)™ D ID? (v = v9) |y, 100 (r) -
hence by (IV) and (V)
A0RC) ™1 flyix, 10806 < Doy (14 Ay)?

where Ag = Kk Ag sup{2m/(2’)3A1A3, 20(m)'/ @y, Similarly but simpler as in the

deduction of (III), one obtains for § < p < ﬁ, acA

1f 10 < D010y (1 4+ Ay)*™/”
and thus, using 3.6 with A9 = I'34(n, r) and (III),
0 " ID* 0], 02 < Ar0(0" (U = V1o + 1t — Pagliia) 07" 1 flra0)
<An(y(L+AY)? + 07" 2 — Papliiay)

where A1 = A1g(a(m)' =P (10)"/PT2 Ay + Ag(10)™/" 4 1). Therefore, one may
take I'» = 2™/" Ay in the second estimate of the assertion and the proof is com-
pleted. g

Remark 3.10 In fact, by Calder6én and Zygmund [11, Theorem 10(ii)] (see also [37,
Lemma 3.7.2]) or by [22, 3.1]

J

li -2 —m/ p+i Di _ ) =0
Jim o X(; 0 D' (u = )] prag
i=

for Z™ almost all a € A. Now, ReSetnyak’s result in [27] applied to v yields that for
£™ almost all a € A there exists a polynomial function Q, : R" — R"™" of degree



Second Order Rectifiability of Integral Varifolds 733

at most 2 such that

J
lim sup o 2 Zg_m/”+’ D' — @)l prao = 0.
0—0+ i=0

Alternately, this latter fact could have also been deduced by use of Calderén and
Zygmund [11, Theorem 12] (see also [37, Theorem 3.4.2]).

The main theorem of the present section, which contains Theorem 3 of the Intro-
duction, now follows by separately considering the subsets where the hypothesized
bounds are satisfied uniformly.

Theorem 3.11 Supposem,ne€ ,m <n,1 <p <oo,and 1 < q < oo.

Then there exists a positive, finite number & with the following property.

If F is related to € as in 3.1, Lip D?F < o0, U isan open subset of R™, j € {0, 1},
u: U — R"™ is weakly differentiable,

h(a,r)

j
= inf! Zr—m/f’+f ID' (u — )| ., 1 v € WH(U(a, ), R*™) and Lp(v) =0
i=0

whenever U(a,r) C U for some a € R", 0 <r < 00, and if A denotes the set of all
a € U such that

lim supr_zh(a, r) < oo,
r—0+

then A is a Borel set and for ™ almost all a € A there exists a polynomial function
Qq : R™ — R"™ with degree at most 2 such that
J o
lim r= 2 " PHID = Q4)] i, =0

r—0+ :
=

Proof In view of 3.6 one may assume g > p. Let e = ¢e39(m, n, p, p, q). Suppose F,
U, j, and u satisfy the hypotheses with ¢. Define the open set V by
] .
V=Un{x: Z|D’u|p;x’, < oo for some 0 < r < dist(x, R" ~ U)}
i=0

and note A C V. Denote by D the set of all v € W4 (U(0, 1), R*™™) such that
Lr(v) =0 and define

W=(V xR)N{(a,r):0<r <dist(a, R" ~V)}
and the continuous map 7' : W — WI*P(U(O, 1), R*™) by

T(a,r)(x)= r_lu(a +rx) whenever (a,r) e W,x €U, 1).
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Since D # @ and
j .
h(a,r) =rinf Z|D’(T(a, r)—=v)lp.01:vED for (a,r) e W,
i=0

h is continuous. Therefore, A is a Borel set. Similarly, denoting by D’ the set of all
affine functions mapping R” into R"~™ one defines a continuous map A’ : W — R
by

W(a,r)y=rinf{|T(a,r) — w01 :we D'} for(a,r)eWw.
By Resetnyak [27] or [16, 4.5.9(26)(IT)(IIT)] one notes

limsupo~'A'(a, 0) <oco for £™ almostalla € U.
0—0+

Define
Cr =V N{x:dist(x,R" ~ V) > 1/k},
Av=CixN{a:h(a,r)<kr?and h'(a,r) <kr for0<r < 1/k}
for k € &2 and observe that the sets Ay are closed and

$M<A~U{Ak:ke@})=o.

Finally, the conclusion is obtained by applying (for each k € &?) 3.9 in conjunction
with 3.10 to rescaled versions of u, Ay and a suitable number y . 0

Remark 3.12 Instead of using ReSetnyak [27] or [16, 4.5.9(26)(II)(IIT)], one can also
use the functions v occurring in the definition of A (a, r) in a way reminiscent of the
familiar harmonic approximation procedure to deduce

limsupg_lh’(a, ©) <oo whenevera € A.
0—>0+

Therefore, u could have been required to be merely j times weakly differentiable.

An illustrative application of the differentiability criterion is constituted by the
following Rademacher type theorem for distributions.

Corollary 3.13 Suppose m,n€ 2, m <n, 1 < p < o0, U is an open subset of R",
T € 2(U,R*"™), and A denotes the set of all a € U such that

limsupr_l_m/plTl_l’,,;a,, < 00.
r—0+

Then A is a Borel set and for £™ almost all a € A there exists a unique constant
distribution T, € 2'(U, R"™™) such that

lim r= """\ T — T,|_y g, =0.
r—0+
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Proof The conclusion is local and for each a € A there exists 0 < r < oo with
IT|-1,p;a,r < 00, hence one may assume spt7 to be compact, U = R" and
IT1-1,p.0,r <00, sptT CU(0, R) for some 0 < R < oo.

For example, using 3.2, one obtains functions u € W(l)’p (U, R), R*™) and
var € &(U(a,r), R"™™) whenever a € R", 0 < r < oo and U(a, r) C U(0, R) such
that

—/ Due DOAL" =T(©H) foro e 2(UQ, R),R"™),
U(,R)

U — v, €Wy (Ula,r),R"™),  Lapu,, =0.

By 3.2 and Poincaré’s inequality

1
L
DD = vl prar < AITI 1 prar
i=0

for some positive, finite number A depending only on n and p, hence the set A
agrees with the set “A” defined in 3.11 with ¢ = p, F the Dirichlet integrand and
j = 1. Therefore, applying 3.11, one may take T, € 2'(U(0, R), R"™) defined by
T,(0) = [6(x) e Lap Q,(a) d.L"x for 6 € Z(R™ ,R"™™).

The uniqueness follows, since every T, admissible in the conclusion satisfies

rTa@ o pyyp 0 Tg) = Tu(6), r"T@Oopy,0t—g) — Tu(0) asr— 0+

whenever 6 € Z(R™, R"™™). O

The remaining part of the present section concerns estimates involving the norm
[-1-1,1:4.r- As control on the distributional Laplacian of u in this norm does not entail
control on the weak derivative Du in | - |;., -, a perturbation approach to pass from
Laplace’s operator to L as it was used for the norm |-|_y ., , With 1 < p < o0
seems to be impossible. Instead, the analysis is based on the following estimate
of u in | - |y.4,,, which is readily obtained dualizing global a priori estimates in
W22 (U(a,r), R*™™) for p > m.

Lemma 3.14 Suppose m,n € Z, m <n, ® € @ZHom(R’", R"™™), 0<c<M<

0o, | @] < M, @ is strongly elliptic with ellipticity bound ¢, a e R™, 0 <r < oo,
ueWy' (U, r),R"™™), T € 2'(U(a, r), R"™), and

_/ (DO(x) ©Du(x), ®)d.L"x =T®) for e 2(U(a,r), R"™™).
U(a,r)

Then
.o STPITIZ0 1000,

where I is a positive, finite number depending only on n, ¢, and M.
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Proof See [24, 7.8]. O

Introducing an affine function P in the basic WI'Z(U(a, r), R"™™) estimate for
solutions of the Dirichlet problem for L yields the following result.

Lemma 3.15 Suppose m,ne€ P, m <n,0 <c <M < 00,
F:Hom(R",R"™™) — R isofclass 2,

|D*F(0)|| <M, D>F(o)(t,7)>clt|> foro,t€Hom@R" R"™),
aeR",0<r<oo,andu,ve W-2(U(a,r), R*"™) with
u—veWy?(Ua,r), R"™).
Then for every affine function P : R™ — R"™™
D — )|y, < (MIDW = P)loa, + ILE®)| 1 20,)
where L is defined as in 3.1.

Proof Compute for 0 € Z(U(a,r), R*™™)

Lr()(0) = —/ (DO(x), DF(Dv(x)) — DF(DP(x))) d.£"x
U(a,r)

— _/U( )(D@(x) OD@w — P)(x), A(x)) d.L"x
where A(x) = /OIDZF(tDv(x) +(1—=1)DP(x))dZL's.
This implies for 6 € Z(U(a, r), R"~™)
/U( )(De(x) ODW —u)(x), A(x)) d.L"x
= _/U(a r)(D@(x) OD®u — P)(x), A(x))dL"x — LF(v)(0).

Letting 6 approximate v — u in WH2(U(a, r), R*™™), one obtains
C(lD(U - u)|2;a,r)2 = (MlD(u - P)|2;a,r + |LF(U)|—1,2;a,r)|D(U - u)|2;a,r' U

If DF is linear, one may use 3.14 to estimate |u — v|;., , for two functions u and
v having the same Dirichlet data in terms of [Lp(u) — LF(v)|_1 1.4,-- Incase DF is
not linear, the validity of a similar estimate appears to be unclear. Instead, one may—
similarly to the familiar harmonic approximation procedure—introduce an additional
term |[D(u — P)|p.4. + |D(v — P)ly., , which enters quadratically.
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Lemma 3.16 Suppose m,n € &, m < n, ¢ = 1/2 is related to F as in 3.1,
Lip D’F <00, acR", 0 <r <00, and u,v € WI'Z(U(a,r),R””") withu —v €
W2 (U(a,r), R"™™).

Then for every affine function P : R — R"™™

MY —ulyg, TP (ILF) = LE@| 10,
+Lip(D*F)(ID( — P)ly.q.r + D = P)l2.g.)%)

where I' =T'314(n, 1/2/,3/2).

Proof Let A = Lip D?F, choose 0 € Hom(R™, R"™) such that DP(x) = o for
x € R™, and define T = Ly (v) — Lg(u), the ™ L U(a, r) measurable function A :
Ua,r) — @2 Hom(R™, R"™™) by

1
A(x)=/ D*F(tDv(x) + (1 — 1)Du(x)) — D*F(0)d.L"t
0
whenever x € U(a, r), and S € 2'(U(a, r), R"™™) by
5(9)=/ (DO(x) ODW —u)(x), A(x))d.L"x + T ()
U(a,r)

whenever 6 € 2(U(a, r), R"™™). One computes

DFDv(x)) — DF(Du(x))
= <D(v —u)(x), /0l DDF(tDv(x) + (1 — £)Du(x)) d$1t>
for .#" almost all x € U(a, r) and infers
SO) = —/U( )(D@(x) ODW —u)(x), D*F(0))dL"x
whenever 6 € 2(U(a, r), R"™™), hence by 3.14 with ® replaced by D?*F (o)

_1- _
rm M v —ula, STrIS g ar

It remains to estimate |S|_; ., . By use of the definition of § one estimates
1
IACOI < / ID*F(tDv(x) + (1 = )Du(x)) — D*F (1o + (1 =)o) | d.L"t
0

1
< A/ D@ — P)(x)| + (1 =)D — P)(x)|dL"t
0

=A(ID(v — P)(x)| + [D(u — P)(x)])/2
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for £ almost all x € U(a, r). Finally,

ISI-1, 150, 1T 11,150, + A/Z/U (ID(u — P)(x)| + D — P)(x)])* dL"x.
(a.r)
0

3.17 Whenever m,n € &, m < n, U is an open subset of R", a e U, and T €
2'(U,R"™™) there exists at most one constant distribution T, € 2’ (U, R"~™) such
that

. —m—1 .
lim r IT_Talfl,l;a,rzo’
r—0+

see the last paragraph of the proof of 3.13.
Now, second order differentiability of u in Lj (£, R"~™) spaces is derived from

existence of a “value” (in the sense of 3.17) of L r(u) at a provided a certain supple-
mentary Lo (™, R"™™) differentiability condition of order 1/2 holds for Du.

Lemma 3.18 Suppose m,n e &, m < n.

Then there exists a positive, finite number € with the following property.

If F is related to ¢ as in 3.1, Lip D*F < o0, U is an open subset of R", u : U —
R"™™ is weakly differentiable, A denotes the set of all a € U such that

limsupr ™" | Lp@)|_} 1.0, <00,
r—>0+

Ay denotes the set of all a € U such that there exists a (unique, see 3.17) constant
distribution T, € 2'(U, R"™™) such that

lim r " NLpw) — Tyl 1.0, =0,
r—0+ P
By denotes the set of all b € dmnDu such that

limsuprf’"*1 / IDu(x) — Du(b)|?d.L"x < 0o,
r—0+ U(,r)

and By denotes the set of all b € dmnDu such that

lim r—m—l/ IDu(x) — Du(b)|>d.L"x =0,
r—0+ U(b,r)

then the following two statements hold.:

(1) For £™ almost all a € A1 N By there exists a polynomial function Q, : R™ —
R"™™ of degree at most 2 such that

lim 7 ~2"u — Quly.q, =0.
r—0+ "
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(2) If a € A> N By satisfies the conclusion of (1) with Q, then
T,(0) = /U 0(x) o (D*Qu(a), Cr(DQ4(a))) d.L™x

for0 € 2(U,R"™™) where CF is defined as in 3.1.

The proof of (1) is readily obtained by constructing comparison functions for use
in the differentiability criterion 3.11. The relevant estimates are obtained from 3.15
and 3.16.

In order to link the “value” y € R"™ of T = Lr(u) at a to the polynomial
function Q, constructed in (1) one could directly use the equation if the second
order differentiability of u would involve the space W'!(R”, R"~™) rather than
L (Z™, R"™). However, such control is available, due to the interior a priori es-
timates 3.6, if u is replaced by solutions w, of the Dirichlet problem in U(a, ) with
boundary data given by u and the right-hand side given by y.

Proof of 3.18 Let
e=inf{1/2, e31,(m,n, 1,2), e36(n,2,2)}.

Suppose F and u satisfy the hypotheses with &. Abbreviate A = Lip D*F and T =
Lr(u). Fixae AN By and 0 < R < oo such that B(a, R) C U and u|U(a, R) €
W!2(U(a, R), R*™™).

To prove part (1), the criterion 3.11 will be verified with ¢ = 2, j = 0. Using
the direct method of the calculus of variation, see, e.g., [18, Theorems 4.5, 6, Re-
mark 4.1], one constructs for 0 < r < R functions v, € W-2(U(a, r), R"™™) such
that

v — U eW(l)’z(U(a,r),R"_m), Lp(v)=0.

By 3.16 one estimates

—1-
r mlvr _Mll;a,r

< ArT"(IT12y 10y + AUD@ = Du(@)) g, + D@, — Du@))lq,)?)
with Ay =TI'3 14(n). By 3.15 with ¢ = 1/2, M =2 one infers
ID(r —)l2;q,, = 4IDu —Du(a))laq,r
hence

r M =l < AT (IT1 2 gy + AGID@ —Du(@)) 2.0 )%).

Since a € A1 N By, this implies

lim sup r2-

r—0+

" —uly.q, < o00.

Therefore, part (1) follows from 3.11.
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To prove part (2), assume now additionally that the assumptions of (2) are valid
fora,i.e.,a € A;N By and Q, satisfies the conclusion of (1). Choose y € R"™" such
that

Ta(6)=/9(x)oyd$’"x for0 € 2(U,R"™).
U

Using the direct method of the calculus of variation as before, one constructs for
0 < r < R functions w, € W'2(U(a, r), R*~™) such that

W, —U € W(l)’z(U(a, r),R"™™),

Lr(w,)(0) =/ O(x)eydZ"x wheneverd € 2(U(a,r), R*™™).
U(a,r)

By 3.16 one estimates
r M wy —ulyg, < AT (IT = Tl 2y
+ A(ID — Du(@) .. + ID(w, — Du(@))ln.q.)?)

Since, by Poincaré’s inequality,

/ 0(x) 0 yd.L"x| < 1y A0r 2| DBl
U(a,r)

where A is a positive, finite number depending only on #n, one infers from 3.15
ID(w, = )l:q.r < 4D = Du(@)lyiq r +282ylr 72,
hence
r M wy = uly,
< A7 (IT = Tal o1, + AGID( = Du(@)) ;g + 2820y 17722,
Since a € Ay N By, this implies

lim »~2""w, —uly.,, =0.
r—0+ o

Therefore, by the assumption on Q,

lim > lw, — Qaly;4,, =0.
r—0+ T

In order to estimate derivatives of w, — Q,, define P : R — R"™" by P(x) =
Qu@) 4+ {x—a,DQu(a)) forxeR", R=0,— P, S:R" - R"7™ by S(x) =
(x2/2, D*>Q,(a)) for x e R” and note r >Rot,0p, =S and

r 2w, — P)ota 0, JUO, 1) — S|U, 1) inL;(U(O, 1), R*™)
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asr — 0+4.By 3.6
r 2D (wr — P)lygrjn < A3 wy — Py, + 13D

where Az = sup{l, o (m)V/2)T'56(n, 2), hence

lim sup r—"/2

r—0+

IDz(wr - P)|2;a,r/2 < 0.

By Rellich’s embedding theorem

r=2(wy — P) o T4 0, [U0, 1/2) — S[U0, 1/2) in WH2(U(0, 1/2), R*™™),
r 2wy — Qa) 0 T4 o 1, U0, 1/2) > 0 in WH2(U(0, 1/2), R"™™)

as r — 04. This convergence implies
‘r—’"—l / ((DB) 0y, 0 T—a(x), DF(Dw,(x)) — DF(DQ,(x))) d.L"x
U(a,r/2)

<r~"> Y(Lip DF)| Dbl 501 IDw, — Qu)lpiar — 0 asr— 0+

for 6 € 2(U(0, 1/2), R*~™). Therefore, noting
/ O(x)eyd s x
U(0,1/2)
:r_’”/ (Bopijrot_yg)(x)eydL"x
U(a,r/2)
=—p 1 / ((DO) o 1), 0 T_a(x), DF (Dw,(x))) d.L"x
U(a,r/2)
for6 € 2(U(0, 1/2), R*™™) and
—— / (D) oy 0 T_a(x), DF(DQqa(x))) d.L"x
U(a,r/2)
=r " / (Bopyyrot—_g)(x)e (D*Q,4(x), CF(DQq(x))) d.L"x
U(a,r/2)
— 6(x) e (D*Qu(a), Cr(DQu(a))dL"x asr— 0+,

U(0,1/2)

for 6 € 2(U(0, 1/2), R*™™), one infers

y = (D?Qq(a), CF(DQ4(a))),

as asserted. O
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Remark 3.19 Clearly, by ReSetnyak [27] or [16, 4.5.9(26)(IT)(IIT)] for .Z™ almost all
ae Al NB

Qa(a) =u(a), DQu(a) =Du(a).
Also by Calderén and Zygmund [11, Theorem 9] (see also [37, 3.6-8]), there exists
a sequence of functions u; : R — R"™™ of class 2 such that
o
gm <A1 ne~J {a - D*ui(a) = D* Q,(a) for k € {0, 1, 2}}) —0.
i=1

Remark 3.20 In A.3 it will be shown that £ (A| ~ Az) =0.

The section is concluded by a cut-off lemma which is a consequence of Taylor’s
formula. It will be used in the proof of the main Theorem 4.8 to replace the nonpara-
metric area integrand by a function F satisfying the conditions in 3.1.

Lemma 3.21 Suppose H is a Hilbert space with dimH = N < oo, k,l € &2 U {0},
[>k,®: H—>Risofclassl,aec H,0 < § < o0, and

s = sup{|| DX®(x) — D*®(a)|| : x € B(a, 8)}.
Then there exists F : H — R of class | such that

D'F(x)=D'®(x) forxeB(a,8/2),i=0,... k,
|D¥F(x) — D*®(a)|| <Ts forxeH,

F|H ~ B(a, d) is the restriction of a polynomial function of degree at most k

where T is a positive, finite number depending only on N and k.

Proof Choosing ¢ € &O9(R) with 0 < ¢(t) <1forteRand
{t:—oco<t<1/2}CInt{t: () =1}, {t:1<t<oo}CInt{t:e)=0}

one defines P: H— R, F: H— Rby

k

P(x) =) ((x —a)'/i!, D' ®(a)),

i=0
Fx)=P) +e(x —al/8)(P(x) — P(x))

for x € H and readily estimates || DFF (x) — Dk®(a) || be means of Taylor’s formula
(cf. [16, 3.1.11]). O
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4 An Approximate Second Order Structure for Certain Integral Varifolds

Overview In the present section the main Theorem 4.8, which is Theorem 1 of the
Introduction, is proven. In order to do this a general lemma is established which states
that the part of a varifold exhibiting a certain decay of its tilt-excess can be covered
with some accuracy by suitable rotated graphs of Lipschitzian functions having sim-
ilar decay properties of their “tilt-excess”. This is done by carefully combining the
approximation by Qo (R"~")-valued functions of [24, 5.7] with more basic differ-
entiability results in [22]. The “tilt-excess” decay of the Lipschitzian functions is the
nonintegral differentiability condition used in Sect. 3 to compensate for the use of the
weak norm |-|_ j., ¢ in the estimates, which seems to be unavoidable; see 4.6.

Almgren introduced “multiple-valued”, i.e., Qo (R"~"")-valued, functions in [6] in
order to approximate integral varifolds; see also Almgren [5]. The procedure has been
adapted several times, e.g., by Brakke in [9, 5.4], by Schitzle in [31, Appendix D]
and by the author in [23, 3.15]. Here, essentially the latter version is used with some
simple but crucial modifications carried out in [24, 5.7(1)—(7)(9)].

To explain the basic idea, recall that a weakly differentiable function can be ap-
proximated by Lipschitzian functions using the fact that points where the maximal
function of its weak derivative is bounded are related in a Lipschitzian way; see,
e.g., the proof of [15, 6.6.2 Theorem 2]. However, there is no corresponding result
for merely approximately differentiable functions; see, for example, characteristic
functions of £ measurable sets (whose graphs obviously correspond to integral
varifolds). As such behavior is excluded for stationary varifolds, see Almgren [6,
3.6], one instead considers points satisfying an additional maximal type condition on
the first variation. The extension to multiple layers then involves some elementary
matching theory.

Lemma 4.1 Suppose n,Q € Z,0<L <00, 1 <M <o00,0<8 <1 foric
{1,2,3},and 0 < 84 < 1/4.
Then there exists a positive, finite number & with the following property.
Ifme P, m<n,0<s <00, §=imp*,
U=R"xR""™N{(x,y):dist((x, y), C(S,0,s,s)) <2s},
V elV,,(U), |6V is a Radon measure,

(Q — 1+ 8pa(m)s™ < [[VI(C(S.0,s,5)) < (Q+1—&)a(m)s™,
IVII(C(S, 0,5, 5+ 845) ~ C(S, 0,5, 5 — 2845)) < (1 — 83)a(m)s™,
IVIIU) < Mo(m)s™,

0 < 8 <&, B denotes the set of all z € C(S,0,s,s) with @ (||V||, z) > 0 such that
either |8V |B(z, 1) > 8|IVIB(z, ))'=Y"™  for some 0 <t < 2s,

or / IRy, — SyldV (&, R) > §||VIB(z,t) forsomeO <t <2s,
B(z,0) xG(n,m)
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A=C(S,0,5,5) ~ B, A(x) = AN{z:pi)=x} for x e R", X| is the set of all
x € R" NB(0, s) such that

Z O"(|V|,z)=Q and O"(|V|,z) e ZU{0} forze A(x),
z€A(x)

X is the set of all x € R N B(0, s) such that

Z O"(IVI,2)<Q—1 and O"(|V|,2) € ZU{0} forze Ax),
z€A(x)

N=R"NB@O,s) ~(X1UX»),and f: X1 = Qo(R"™™) is characterized by the
requirement

©"(||V],2)=0"(lf(x)],q()) whenever x € X1 and z € A(x),

then the following seven statements hold:

(1) X1 and X, are universally measurable, and ™ (N) = 0.
(2) A and B are Borel sets and

q[ANspt[[V[[]CB(O, s — 845).

(3) plAN{z: ©"(IV],2) = Q}] C X1.
(4) The function f is Lipschitzian with Lip f < L.
(5) For ™ almost all x € X1 the following is true:
(a) The function f is approximately strongly affinely approximable at x.

() If (x, y) € graph, f then
Tan™ (|| V||, (x, y)) = Tan ( graphy ap Af (x), (x, y)) € G(n, m).
6) Ifac A, 0" (|[Vl,a)=0,0 <t <s—|pa)l, |lq(a)| + 34t <, and
B,:=C(S,a,t,64t)N B,
Ca,r =B(p(a),t) ~ (X1 ~PplBa,)),
Dar =C(S,a,t,84) NP~ '[Carl,

then By ; is a Borel set, Cy ; and D, ; are universally measurable, and
ZL"(Cat) +IVII(Dar) =T IVII(Bar)

with Ty =3 +20 + (12Q + 6)5™.
(M Ifa, t, Cay, Dq;s are as in (6), g : R" — R"™™, Lipg <00, g|X1 =1g o f,
7 € Hom(R”,R"™™), 0 € 2(R™,R""™), n € 2°(R*™™),

sptd C U@, 1),  0<ny(M <1 foryeR"™,

sptn C U(q(a), 841), B(q(a), 84¢/2) CInt(R"™™ N{y :n(y) =1}),
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and W3 denotes the nonparametric integrand associated with the area inte-
grand WV, then

‘Q /(DH(X), DWG(Dg(x)))d.L"x — (8V)((noq) - (q" 06 0 p))

<y10m"Lipg / DO AL
Ca.t

A /E DAl ap Af ) (D)L

+m1/2/D ID((noq)-(q*cBop)d|VI

where
Y1 = sup ||D2‘I’§ I[B(0, m"/? Lip £)1,
y» = Lip (D*W3IBO, m"/*(L +2||z|)))),

Eqi=B(p@),n N X1 N{x: 0% f(x)], g(x)) # 0}.

Proof of 4.1 This follows from [24, 5.7, 8]; in fact the statements (1)—(5) are those
in [24, 5.7] with r, h, T replaced by s, s, S, and [24, 5.8] shows that the additional
conditions a € A and @™ (|| V, ||, @) = Q in (6), (7) can be arranged to imply

graph, fIB(p(a),t) C C(S,a,t,841/2),
IVII(C(S, a,t,841)) = (Q — 1/4)a(m)t™,

hence (6), (7) are consequences of [24, 5.7(6)(7)(9)]. O

Remark 4.2 The nonparametric area integrand at O, ‘1’3, associated with the area
integrand W, is given explicitly by

m 12
\Ilg(r) = <Z ‘ /\i 1)2) for T € Hom(R™, R"™™),
i=0

see [16, 5.1.9].

The main additional feature contained in [24, 5.7(1)—(7)(9)] lies in the fact that the
resulting estimates 4.1(6) and 4.1(7) are valid simultaneously for all cuboids which
are centered in the set AN{a : @ (|| V|, a) = Q} and contained in C(S, 0, s, s) rather
than just for the single cuboid C(S, 0, s, 5). Since the results of the preceding section
are not and cannot be of pointwise nature, it is important for the purpose of the present
paper that the set AN {a: @™ (||V||,a) = Q} will have positive ||V || measure in the
relevant situations.
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4.3 The following situation will be studied: m,n € &#, m <n, 1 < p <00, U is an
open subset of R”, V € V,,,(U), ||§V || is a Radon measure and, if p > 1,

(6V)(g) = —/g(Z) eh(V;2)d||V|(z) wheneverge Z(U,R"),
h(V;)eL,(|VILK,R") whenever K is a compact subset of U.

If p < oo then the measure v is defined by
y=[8V| ifp=1, Y =Ih(V; )PV ifp>1.

Next, it is proven that one can cover an integral varifold with locally bounded first
variation by a countable family of sets Z such that each Z in a nonempty open set
of directions can be expressed as the graph of a Lipschitzian function with certain
properties which are discussed below. Exhibiting a single direction for each Z would
be sufficient to prove the principal theorem of this paper. The present formulation
allows to re-prove rather than use Brakke’s perpendicularity of mean curvature in
this process.

Lemma 4.4 Supposem,ne P, m<n,1 <p<m,1<qg<00,0<a=<1,aq(m—
p) <mp,0 < L < o0, U is an open subset of R", V € IV,,(U), ¥ is related to p
and 'V as in 4.3, and P is the set of all a € U such that Tan™ (|| V|, a) € G(n, m) and

1/q
limsups_“_’"/q</ |Sy — Tan™ (|| V||, a)y]? dV (z, S)) < 00.
s—0+ B(a,s)xG(n,m)

Then there exists a countable, disjointed family H of |V || measurable subsets of
P such that |V || (P ~|J H) =0 and for each Z € H there exists a nonempty open
subset O of O*(n, m) such that for each w1 € O there exist
g:R" - R"™™, G:R" - R", K CR™, Qe 2,
1 e O*(n,n —m), T eZ'R",R"™)

with the following six properties:

(1) mon{=0,G=n{+nog,and G[K]=Z.

(2) Lipg<L.

(3) K isan ™ measurable subset of dmn Dg.

4) [(DO(x), D\Ilg(Dg(x))) dZL"x =T@0) for0 € Z2(R™,R"™™) where ¥ denotes
the area integrand.

(5) Whenever x € K there holds with z = G(x) and R = Tan™ (|| V||, 2)

o"(IVl,2 =0, imDG(x) =R,

1/r
1imsups—ﬁ—'"/’</ |Dg(¢) — Dg(x)|’d$’"g>
B(x,s)

s—>0+

1/r
§2m1/21imsups_ﬁ_m/r</ ISu—RulrdV(E,S))
s—04 B(z,5) xG(n,m)

whenever 0 < 8 < 1,1 <r <ooand Br <aq.
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(6) Whenever x € K there holds

sglg+S7M7llT — Tl pxs =0

where T, € 2'(R™,R"™™) is defined by
T:(0) = —/\P§(Dg(x))h(V; G(x)) e (3 00)(£)dL™"¢
whenever 6 € I(R™,R"™™),

The condition (2) ensures that 3.21 can be applied to replace the nonparametric
area integrand by an integrand satisfying the conditions employed in Sect. 3. Con-
dition (5) entails that the tilt-excess decay obtained by Brakke in [9, 5.7,5] or the
author in [24, 10.6] carries over to the function g. This is required in order to satisfy
the supplementary L, (.Z"™, R"~™) differentiability condition of order 1/2 on Du in
3.18 with u = g. Finally, condition (6) guarantees that the “values” (in the sense of
3.17) of T at points x € K relate to the mean curvature of the varifold so that 3.18 (2)
can be used in the proof of the main Theorem 4.8 to link the first and second order
L (™, R"™) derivatives of g to the mean curvature of V.

The proof rests on the fact that the accuracy of the approximation by Q¢ (R"™)-
valued functions is controlled by the ||V || measure of a set B where either the mean
curvature is large at some scale or the tilt-excess is large at some scale. In turn, the
m + aq density of B at a generic point can be estimated by use of the local p summa-
bility of the mean curvature (see 4.3) and the L, (| V||, Hom(R", R")) differentiabil-
ity of order « of the tangent space map Tan” (|| V||, -); at points in P applying results
of the author previously obtained in [22].

Proof of 4.4 First, observe that if some ||V | measurable set Z has the properties
listed in the conclusion so does every ||V || measurable subset of Z. Therefore, in
order to prove the assertion, it is enough to show that for || V|| almost all @ € P there
exists a || V|| measurable set Z having the stated properties and additionally satisfies
O*"(||V||LZ,a) > 0; in fact one can then take a maximal, disjointed family H of
such Z (hence ||V|(Z) > 0) and note H is countable and ®” (||V| | J H, a) = 0 for
A" almost all a € U ~ | J H by [16,2.10.19(4)] so that | V||(P ~ |J H) > 0 would
contradict the maximality of H.
Define P’ to be the set of all z € U such that Tan™ (|| V||, z) € G(n, m) and

1/2
lim ;—I/z—m/z( / |S; = Tan" (| V. )z 2 dV (&, S>) =0.
t—0+ B(z,t) xG(n,m)

By Brakke [9, 5.7, 5] or [24, 10.6] there holds || V|| (U ~ P’) = 0. Therefore, one may
assume «q > 1 possibly replacing «, g by 1/2, 2 if g < 1. Assume further L < 1/8
and suppose Q € &. The remaining assertion will be shown to hold for || V|| almost
all a € P with ®" (||V ||, a) = Q. For this purpose define
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S1=8=8=1/2, 84 =1/4, M=5"Q,
e=inf{es1(n, Q, L, M,81,82,83,84), 2y (m)) "'},
and R: U N{z:Tan" (| V|, z) € G(n, m)} - Hom(R", R") by
R(z) =Tan™(||V|,z)y whenever z € U with Tan" (| V|, z) € G(n, m).
For i € & let C; denote the set of all z € spt|| V|| such that either B(z, 1/i) ¢ U or
18VIIB(z, 1) > 2e/3) | VIIB(z, 1)) ~/™ forsome 0 <1 < 1/i,

let D;(w) for w € dmn R denote the set of all z € U such that either B(z, 1/i) ¢ U
or

/ IRE) — Rw)"d||VII§ > (¢/3)?|VIIB(z, 1) forsome0 <t <1/i
B(z,1)

and define X; fori € & by

Xi=UN{z: 0"/ PV|LCiz)=0} ifp<m,
X;=U~ClosC; if p=m,
as well as ¥; fori € & by
Y; = (dmnR) N {w: @ (| V| L D;(w), w) =0}.

Since Cij4+1 C C; and Dj41(w) C D;(w) for w € dmn R, one notes X; C X;4+1 and
Y; C Yy fori € &. X; are Borel sets. Y; are || V|| measurable sets by [22, 3.7(ii)].
P is || V|| measurable by [22, 3.7]. Moreover,

||V||<U~U{X,- e @}) =0, ||V||(P~U{Yi e 3@}) =0

by [22,2.5,9, 10, 3.7(ii)].

Define a measure p on U such that u + [h(V; )|V =6V and J =P N{z:
@"(||V]l, z) = Q}. The remaining assertion will be shown at a point a such that for
some i € &

aeX;NY;N(dmnR), B(a,4/i)CU,
e"(|IVl,a)= 0, O"(IVILU~(NX;NY;),a)=0,
R is approximately continuous at a with respect to || V||.

These conditions are satisfied by ||V|| almost all a € J by the preceding remarks
and [16, 2.9.11,13]. Fix such a and i, choose 0 < k¥ < 1/2 such that (1 +«)"Q <
Q +1/2, and define » = (1 +«2)~!/? and 8 = (1 — 1)/2. Noting for S € G(n, m)
with |S; — R(a)| <dand 0 < s < o0,

R*N{z: S5z —a)| =Alz—al} CR"N{z: [R@)(z —a)| = (A + )|z —al},
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C(S,a,s)N{z:1S(z—a)l > Az —al|} CC(S,a,s,ks) CB(a, (1+«)s),
O0<Ai+d<1, O"(|VIfz:|IR@z—a)<(A+8)|z—al},a)=0
by [16, 3.2.16], one infers the existence of 0 < s < (2i)~! such that
(Q —1/2)a(m)s™ < ||[VI(C(S,a,s,5)) < (Q+ 1/2)a(m)s"™,
IVI(C(S,a,s,5s5/4) ~C(S,a,s,s/2)) < (1/2)a(m)s™,
VIR N{z:dist(z, C(S,a,s,s)) <2s}) <||VIB(a,ds) < Ma(m)s™,

whenever S € G(n, m) with |[S; — R(a)| < 4.
Define A to be the set of all z € U(a, s) Nspt|| V|| such that

18VIB(. 1) < Qe/3) VB 0)! =",

/B( )IR(E)—R(a)IdIIVIIcﬁ = Q2e/3IIVIB(z. 1)
Z,t

whenever 0 < ¢t < 2s,
O0=0"n,m)N{r:|r*om — R(a)| <inf{s, ¢/3}},
W=Ua,s)NX;NY; N{w:|R(w) — R(a)| <e&/3}, Z=WNANJ~N

where N is the set of all w € W such that one of the following three conditions is
violated:

we P, 0" (u, w) =0, lim fm/ [h(V;&) —h(V; w)|d||V[|§ =0.
t—0+ B(w,t)

Note |V|(N) =0by [16,2.9.10, 11].
Now, fix 71 € O, S =imz; and choose m; € O*(n, n — m) with my o = 0. The
proof will be concluded by showing @ (||V || Z, a) = Q and constructing g, G, K,

and T with the asserted properties. For this purpose assume a =0 and 7r; = p and
o = q using isometries and identifying R” >~ R™ x R"™". Define

u(w)=(0E—|w—al)/2 forweWw

and note u(w) > 0. Moreover, define B, f as in 4.1 with § replaced by ¢ and
whenever w € W and 0 < ¢ < u(w) define By, Cy s, and Dy, ; as in 4.1(6), (7)
with additionally a, s replaced by w, ¢. Since |S; — R(a)| <e/3and ZC AN{z:
O™ (|V], z) = Q}, one infers from 4.1(3) that Z C graph, f and

e°(If (@)l q() = 0, (P*+q omgo fH(p() =z

whenever z € Z. Using Kirszbraun’s theorem (cf. [16, 2.10.43]) one extends 5 o f
to a function g : R™ — R"™™ such that

Lipg =Lip(ng o f)
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and defining G =p* +q*o g, K =p[Z] and T € Z'(R",R"™™) by
T©®) = /(DG(X), DV (Dg(x)))dL"x for6 € Z(R™,R"™),

the properties (1), (2), and (4) are evident noting 4.1(4).
Next, it will be shown

By, CUla,s) N (spt|VI)~ACCiUD;(w)

whenever w € W, 0 <t < u(w). The first inclusion is readily verified noting
|Sy — R(a)| <e/3.1f z€U(a,s) N (spt]|V]) ~ A, then

either [|8V||B(z,7) > 2¢/3)|VIIB(z, 1)) ~/™ for some 0 <1 < 2s,

or / IR(E) — R(a)|d||V & > (2¢/3)||V|IB(z,t) forsome0 <1t < 2s.
B(z,1)
In the first case, this implies z € C;, in the second case,

(2¢/3) VI Bz 1) < /

B(z,

5/ R(E) — Rw)|d| V&
B(z,1)

)IR(é)—R(a)IdIIVIIE
t

+[R(a) = Rw)[| VI B(z, 1),

(e/3IVIB(z, t)</ |R(§) — R(w)|d||V][§

B(z,1)
1/q
<|IVI(B(z, 1))~/ (/B( )|R<s) - R(w)lquIVIIE) :
Z,t

hence z € D;(w), and the second inclusion and hence the claim are proven. The
inclusions imply the density estimate

Q" (| VLB, w) =0T (|V||_(U ~ A),w) =0 whenever w € W.
Notinga € W and @™ (||V||[LU ~ (W N J), a) =0, one infers in particular
" (VLU ~Z,a)=0, " (|Vl.Z,a)=0

and it remains to verify that g, G, K, and T satisfy (3), (5), and (6).
In preparation for this, the following tilt estimate will be shown with A| = (1 +
LH)V2(1 = L2)~ 12112

1/r
Q—W( / IapAf(x)(+)(—r)|’d$’"x)
B(p(z),t)Ndmn f

1/r
< AI(/ IREE) — m’dnvus)
C(S,z,t,841)
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whenever 1 <r <o00,z€ Z,0 <t <u(z), t € Hom(R™,R"™) with ||t|| < L (here
the identification T C R” x R"™" ~ R” is used); in fact, recalling L < 1/8 and z €
graph, f, one notes

graphy fIB(p(z),1) C C(S,z,1,841) CC(S,a,s,s),

hence for 0 < y <00

B(p), 1) N{x: Q"2 [ap Af (x)(+)(=7)| > ¥}

is 7™ almost contained in
P[C(S. 2,1, 840) N{E 1 A1[R(E) — 5| > y}]

by 4.1(4), (5) and Allard [3, 8.9(5)]. For x € K, taking z = G(x) and t associated
with im R(z), one infers, noting @144 (™ _R™ ~ dmn f, x) = 0 by the density
estimate for B and 4.1(6) and A; < 2m1/2,

1/r
limsupt_ﬁ_m/r(/ |Dg(¢) —t|” df’"{)
B(x.1)

t—0+

1/r
SZml/zlimsupt_ﬁ_m/r</ IR(S)—R(Z)I’dIIVHé)
t—0+ B(z,1)

whenever x € K, 0 < 8 <1, 1 <r < o0, and Br < ag, hence in particular, taking
B = ainf{l, g/r} and noting that the right-hand side in this case is finite by [16,
2417 asze€ P,

1/r
lim <][ |Dg(§‘)—r|’d$’”§) =0 forl<r<oo
1=0+ \J/B(x,1)

and g is differentiable at x with Dg(x) = t by the argument in [15, Theorem 6.2.1].
Since Z C im G, K is £™ measurable, hence (3) and (5) are now proven and it
remains to prove (6).

Choose 1 € 2°(R"~™) such that

0<n(y)<1 foryeR"™™,
sptn C U(0, 1/4), B0, 1/8) CIntR"™™ N{y:n(y) =1})

and define Ty for x € K as in (6). Fix x € K, let z = G(x), note p(z) = x and abbre-
viate

O =f_m90ﬂ1/z°'f—p(z), M =MnN0MRi;0T—q()

whenever 0 < ¢ <u(z) and 0 € Z(R™, R"~™). The remaining estimate will be car-
ried out by showing that
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QT (0r) — (BV)((: 0 Q) - (q* 0 6; 0 P)),
@V)((moq - (q* 0 op)) — Q/<D9z(§), DWG(Dg(£)))dL"¢

both tend to 0 as # — O+ uniformly with respect to 8 € Z(R", R"~™) such that
sptd c U(0, 1) and |D0|oo;(),1 <l1.

To prove the first estimate, one notes that the conditions o 1(|18V],z) =0,
O"(|V],z) = Q and z € P imply, for example, using Allard [3, 6.4, 5] and [23,
3.1],

t_m/¢(t_l(€—Z),imR(S))dIIVIIS—> Q/ R()qﬁ(S,imR(Z))d%mé

as t — 04 whenever ¢ € Z (R" x G(n, m)). Since also, noting
(Moq-(q o op)=1"((noq)-(q"0hop)) o, ot
C(T,0,)NTan" (|V|,z) C C(T,0,1,1/8)

as L <1/8 and z € grath f, one readily uses the conditions on §V and h(V; )
imposed by the fact that z ¢ N to infer

lim (5V)((n; oq) - (q" 0 6; o))
t—0+

=-0 " )h(v; 2)e(moq)€)(q ot op)(§)dr™s
m V4

= —Q/‘I'g(Dg(X))h(V; 2) e (q 00)(£)dL"s = QT (6))

and the convergence is uniform with respect to 6 € Z(R™, R"™) such that sptf C
U@, 1) and | D001 < 1 as this family of functions is compact with respect to
| - loo:0.1 by [16,2.10.21] and @™ (|8 V], 2) < oo.

To prove the second estimate, define

y1 =sup |D*WG[IBO,m'*L)],  y»=Lip(D*¥;IB(0,3m'>L)).

Apply 4.1(7) with T = Dg(x) and 0 < ¢t < u(z) to obtain
‘Q/(DGt(X), D\Pg(Dg(X)»d-iﬂmx —@V)((roq) - (q" 06 op))

< yom'L / DO, d.2"

zZ,t

. /E DAl A -Ds ) L7

+muz/D ID(( 0Q) - (q" 06, 0o )] V.
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The first and the third summand on the right-hand side may be estimated by use of
4.1(6) as follows:

/ |D6,|d.L™ <17 L™(C,p) < Mot VII(BL),

CZ,[

/ [D((oq) - (q" 08 op)|dIV]

<t N0 1D o0 DIV (D) < At ™ (A 4+ D0l gs0. DIV II(Bz.1)

where Ay =T'416)(Q, m), hence the density estimate for B applies recalling ag > 1.
To estimate the remaining summand, one computes

/E . D6, ()11 ap Af () (+)(—=Dg(x) [ d.£"¢

St_l_m/ |apAf(é“)(-i-)(—Dg(x))lzd-fm(,
B(x,t)Ndmn f

uses the tilt estimate, and recalls that z € P’. O

Remark 4.5 In 5.2 it will be shown that ||V |[(U ~ P) =0if ¢ =2 and (m, p, o) #
(2,1, 1). The author knows of no m, n, p, g, o, U, and V satisfying the hypotheses
of 4.4 such that ||V ||(U ~ P) > 0 for the associated set P.

Remark 4.6 1t would significantly simplify the treatment in 3.14-3.18 if one could
obtain an estimate in |-|_; .., ; in (6) for some r > 1. However, in this case it seems
to be unclear how to control the integral over D; ; in the last paragraph as this set
may contain arbitrarily steep parts of the varifold; see Brakke’s example in [9, 6.1].

4.7 If f : R™ — R" ™ is a linear map, v € R” is orthogonal to im(p* + q* o f) then
veker(p*+q* o f)*, pv) =—(f* oq)(v) and

(@ —p*o M) =v.
Now, the preceding results are readily combined to obtain the main theorem.

Theorem 4.8 Suppose m,n € &, m <n, U is an open subset of R", V € IV,,,(U),
and |8V || is a Radon measure.

Then there exists a countable collection C of m-dimensional submanifolds of R"
of class 2 such that |V ||(U ~ | C) = 0 and each member M of C satisfies

h(V;2)=h(M;z) for|V| almostallze UNM.
Proof Assume m < n.

First, note that for ||V || almost all z € U there holds Tan™ (|| V||, z) € G(n, m) and

1/2
lim r—”z—"’/z( / |S; — Tan™ (| V|, 2)* dV (&, S)) =0
r—>0+ B(z,r)xG(n,m)
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by Brakke [9, 5.7, 5] or [24, 10.6]. Let W denote the area integrand, abbreviate ® =
‘ll§ and note D2<I>(O) =7 with T as in 3.1 by [16, 5.1.9]. Define ¢ = €3 13(m, n),
A =T3,(m(n —m),2),s =¢/A, and choose 0 < § < 0o such that

|D*®(0) — D*®(0)|| <s whenever o € Hom(R™, R"™) N B(0, §).

Applying 3.21 with H, k, I, a replaced by Hom(R™,R"™™), 2, 3, 0, one obtains
F :Hom(R™,R"™™) — R of class 3 such that

D'F(oc)=D'®(0) fori=1{0,1,2},0 € Hom(R™,R"™)NB(0,35/2),
|D*F(0) — D*®(0)|| < As =¢ whenever 0 € Hom(R”, R"™™),
D*F has compact support,

hence Lip D*F < oo. Define L = m™'/2§/2 and apply 4.4 with p, ¢, « replaced by
1, 2, 1/2 to obtain P and H with the properties listed there. Fix Z € H and take
w1 € O and 2, g, G, K as in 4.4 to infer from 3.18, 3.19, and 4.4(6), noting 4.4(5)
with 8 = 1/2 and r = 2, the existence a sequence of functions u; : R” — R"™™ of
class 2 such that with A; = K N{x : g(x) = u;(x)} fori € &

(D?ui(x), Cr(Duj(x))) = ©(Du; (x))ma(h(V: G(x)))
for £ almost all x € A;. Defining M; =im(z{ + 7} o u;) and noting
(D?ui(x), Co(Dui(x))) = ®(Du; (X)) (W(M;; (rf + 75 0 u;)(x)))
for x € R™ where C¢ is as in 3.1 and
Ce(c)=Cp(o) foro € HomR",R"™™)NB(0,5/2),
|Du;i(x)| = |Dg(x)| < Lm'/?>=8/2 for £™ almost all x € A;
by 4.4(2), one concludes
o (h(V; G(x))) =m(h(M;; G(x))) for £™ almost all x € A;,
hence by 4.7, since h(V; z) € Nor™ (|| V||, z) for || V|| almost all z by Brakke [9, 5.8],
h(V; G(x)) =h(M;; G(x)) for £™ almostall x € A;.
Finally, recall |V ||(U ~ P) =0. 0

Remark 4.9 One could also prove Brakke [9, 5.8] instead of using it. Since the proof
then still yields a collection C with all properties except of the last one, one can
define a || V|| measurable function 4 such that for | V|| almost all z € U there holds
h(z) =h(M; z) whenever z € U N M and M € C. Following the above proof, one
obtains

T h(V; G(x))) =m(h(G(x))) for Z™ almost all x € A;
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whenever w1 € O, m € O*(n,n —m) with 7 o Jrf‘ =0, and, as O is open and
nonempty, this suffices to conclude

h(V; G(x)) = h(G(x)) € No (| V|, G(x)) for ™ almost all x € A;.

Remark 4.10 Noting [16, 2.10.19(4)], one infers that the function mapping || V| al-
most all z onto Tan™ (|| V||, 2)y € Hom(R",R") is (|| V||, m) approximately differen-
tiable at | V|| almost all z.

Therefore, combining 4.8 with Mantegazza [21, Theorem 5.4], one obtains the fol-
lowing proposition on curvature varifolds with boundary in the sense of Mantegazza
[21, Definition 3.1, p. 811]: If V is a curvature varifold with boundary in an open sub-
set U of R" then there exists a countable collection C of m-dimensional submanifolds
of R" of class 2 such that |V||(U ~ | C) = 0 and such that for each member M of
C the second fundamental forms of V and M agree at ||V || almost every z € U N M.
Clearly, this includes curvature varifolds in the sense of Hutchinson [19, 5.2.3].

The construction in the following example is included for completeness.

Example 4.11 1t will be shown, if m > 1 then there exists an £ measurable set
A such that d(E™ L A) is representable by integration and sptd(E™ L A) = R™; see
[16, 4.1.5, 4.1.7]. In particular, since A cannot be .Z™ almost equal to an open set,
considering V € IV, (R™) characterized by ||V || = £ L A proves that the collection
C in 4.8 cannot be required to satisfy

O"(|V|,z)=card{M :z e M € C} for ™ almost all z.

To construct A, choose a sequence (x;,s;) in R™ x R such that {x; : i € &} is
dense in R™, with 0 < s; < 1 and inf{s; : x; = x;} = 0 for i € &. Inductively select

&, ri, Ai, Si, and T;, satisfying
e1=1, ry=s1, A1 =B(x1,r1), S1=T1=E"LB(x1,r)

and, for i > 1, subject to the conditions 0 < r; <'s;, ri'"_l < 21_i, and

B(x;,r;)CIntA;_y and g =-—1 ifx;elntA;_q,

&j =0 ifx,' € Bdl"yA,'_l,
B(x;,r) C Int(R’" ~A;_1) and g =1 ifx;e Int(Rm ~Ai_1)
andlet S; = E" . B(x;,r;), T; = T;—1 + &; S;, and A; = spt T;. Noting
T, =E" L A;, Bdry A; = sptdT;,

o0 o0
ZM(S./)+M(8SJ~)<oo, T = lim T,:Zsjsj,
j=1 R

M(T — T;) + M(3T — 8T;) = 0 as j — oo,
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0T: || < 19751, 10T || < 0(T; — )| + 10T | fori < je 2,
[0T; || < |l0T ||, sptaT; CsptdT,
dist(x;, sptaT;) < s;, sptdT =R",

fori € &, one may take A=R" N{x:O"(||T|,x) > 1},since T =E" _ A.

5 Applications to Decay Rates of Tilt-Excess for Integral Varifolds

Overview The present section discusses some consequences of 4.8 in terms of decay
and differentiability of tilt quantities.

These results depend on [24] mainly through the following lemma. It is the re-
sult of combining a coercive estimate with an interpolation inequality by use of an
approximation by Q¢ (R"~")-valued functions.

Lemma 5.1 Suppose m,n, Q € &, m <n,eitherp=m=1o0rl <p<m=2or
1§p<m>2andmmf’ =2,0<8<1l,and1 <M < oco.
Then there exist positive, finite numbers ¢ and I" with the following property.
IfaeR" 0<r <oo,VelV,U(a,6r)), ¥ and p are related to V as in 4.3,

T € G(n,m), Z is a | V| measurable subset of C(T, a, r, 3r),

(Q —1/2)a(m)r™ < ||VI(C(T,a,r,3r)) <(Q+1/2)a(m)r™,
\VI(C(T,a,r,4r) ~ C(T,a,r,r)) < (1/2)a(m)r™,
IVIU(a, 6r) < Ma(m)r™, IVIKC(T,a,r/2,r/2)) = (Q — 1/4)e(m)(r/2)",

1/2
IVIKC(T,a,r,3r)~Z) < ea(m)r™, </|Su —T,12dV(z, S)) <er™?,

then
172
<r’"/ 1S, — Ty dV (z, S))
C(T,a,r/4,r/4)xG(n,m)
172
< S(V_m/ |Sy — Tn|2dV(Z, S))
C(T,a,r,r)xG(n,m)
+ r(r—m—l / dist(z —a, T)d||V ||z + r' ="y (U(a, 6r))1/f’).
VA
Proof See [24,9.5]. O

Theorem 5.2 Suppose m,n, p, U,and V are asin4.3,V € IV, (U) and

1/2
é@a,r,T)= (rm/ 1S, — Ty dV (z, S))
U(a,r)xG(n,m)

whenevera e R*",0 <r <o00,U(a,r) CU,and T € G(n,m).
Then the following two statements hold:
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(1) Ifeitherm =2 and 0 <t < 1 or sup{2, p} <mandr=2(+fp) < 1 then

lim r~*¢(a,r,T) =0 forV almostall (a,T) € U x G(n, m).

r—0+

(2) Ifeitherm=1orm=2and p>1orm>2and p>2m/(m+ 2) then

limsupr_l¢(a, r,T)<oo forV almostall (a,T) e U x G(n,m).
r—0+

Proof of (1) From 4.8 one obtains a sequence of maps R; : U — Hom(R", R") of
class 1 such that the sets A; = U N{z: R;(z) =Tan™ (|| V||, z)y} cover || V|| almost all
of U. By [24, 10.6] and [22, 3.7(i)] one infers

1/2
lim r—f—mﬂ(/ IR (2) —Su|2dV(E,S)> =0
r—0+ B(z.r)xG(n,m)

for | V|| almost all z € A; and the conclusion follows. O

Proof of (2) Assume thateither p=m=1orl<p<m=2orl<p<m>2and
P — 2. Suppose ¥ is related to p and V as in 4.3. Choose C as in 4.8. Then by 4.8

m—p
and [16, 2.10.19(4), 2.9.5] for ||V || almost all a € U there holds for some Q € &2,
T € G(n,m) and some M € C

T =Tan(M, a), O"(|V|ILU~M,a)=0,

limsupr~""/Py (B(a, r))'/? < oo,
r—0+

r_m/¢(r_1(z—a),S)dV(z,S)—> Q/tp(z, T)ds#"z asr— O+
T
whenever ¢ € 7 (R" x G(n, m)). Note that

limsupr_m_z/ dist(z —a, T)d||V]z < o0
r—0+ C(T,a,r,3r)NM

as M is a submanifold of class 2. It follows with § =273, A; = 7" Q that there
exist 0 < R < oo and 0 <y < oo such that U(a, 6R) C U,

poml / dist(z—a, T)d|V|z +r' =™ Py Ua, 6r)/? < yr
C(T,a,r,3r)NM

for 0 <r < R, and V satisfies the hypotheses of 5.1 for each 0 < r < R with ¢ =
esi(m,n, Q, p,8, A1) and M, Z replaced by Ay, C(T,a,r,3r) N M. With f(r) =
r’m/z(fC(T arr)xGmy 1S5 — Tn|2dV(Zs SN2 for 0 < r < R one defines

Ay =Tsi(m.n, Q,p,8, A, Az=sup (2" A0y, 2" 2R F(R)],
one inductively infers from 5.1

f(r) <Azr whenever0 <r <R;
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in fact it holds for R/4 <r < R and, provided it holds for r,
fr/4) <2M™($Asr + Agyr) < Az(r/4)
by 5.1. The conclusion is now evident. g

Remark 5.3 Having 4.8 at one’s disposal, the proof of (2) follows Schitzle in [32,
Theorem 3.1] where the case p > 2 is treated. In extending the result to the present
case, the main difference is the use of the coercive estimate in [24, 4.10] in the proof
of 5.1 replacing the use of the corresponding estimate in Brakke [9, 5.5] (see also
Allard [3, 8.13]).

Remark 5.4 For both parts the family of examples provided in [22, 1.2] shows that if
m > 2 then p cannot be replaced by any smaller number; see [24, 10.7].

Remark 5.5 In the case of (2) combining this result with [22, 3.9], one obtains
][ (IR(z) — R(a) — (R(a)(z —a),ap DR(@))|/|z — a))*d||Vz > 0
B(a,r)

as r — 04 for ||V almost all @ where R(z) = Tan™ (|| V||, z); and the approximate
differential is taken with respect to (|| V||, m).

Remark 5.6 Clearly, one can also obtain decay results for height quantities from this
result by use of [23, 4.11].

Acknowledgements The author offers his thanks to his PhD advisor Professor Dr. Reiner Schitzle who
lead him towards the study of this problem. The author also thanks Professor Dr. Tom Ilmanen for several
related discussions.

Appendix: Lebesgue Points for a Distribution

Overview In this Appendix the part ¢ = 1 of Theorem 4 of the Introduction is pro-
vided. Its purpose is to clarify the relations of the sets A; and A occurring in 3.18.

The result is obtained translating techniques from the differentiation theory of
functions and measures to the present setting of distributions.

Lemma A.1 Suppose m,n € &, m < n, A is a closed subset of R", R €
2'R"™,R"™™), dist(sptR, A) > 0,0 <y < 00, and 0 < r < o0 such that

m+lhenever 0 < o<5r,x€A.

|R|—1,1;x,g =vyo
Then
[RI_y 1.0, <TyrZ"B(a,4r)~A) foraeA

where I is a positive, finite number depending only on m.
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Proof Assume r < %, letae A, 0 e Z2(R",R"™) with spté C U(a, r), choose 0 <

& <inf{r, dist(spt R, A)}, define
B =R" N {x :dist(x, spt(RLO)) <¢&/2}
where R0 € &(R™) is defined by (RL60)(v) = R(v6) forv € EO9(R™), and apply

[16, 3.1.13] to obtain S, vy, and & with ® = {R” ~ A, R™ ~ B}, in particular, S is a
countable subset of | ] @,

1 . . . .
h(x) = 20 sup{inf{1, dist(x, A)}, inf{1, dist(x, B)}} forx e UCD

and vy for s € S form a partition of unity on [ ® with sptvs C B(s, 10A(s)) fors € S.
Noting | J® =R™, one defines T = SN {s : B N sptvy # @} and infers

> v(x)=0 forx € R with dist(x, spt(RL6)) < &/2,
seS~T

hence (RLO)( ,cgr vs) =0and

R(O) = R(<§u3)9> =Y R(v).

seT

Choose £(s) € A for each s € T such that |s — &(s)| = dist(s, A). If s € T then
there exists y € B N sptvy C B(a, r 4+ &/2) and one observes

1 1
dist(y, A) <|y—a|l<r+¢/2<3/2)r < 3 L, h(y) = %dist(y,A),
1
IS—yISth(S)SIOh(y)+§|S—yI, |s — y| <20h(y) =dist(y, A) < |y —al,
2
dist(s, A) <|s — y| +dist(y, A) <2dist(y, A) <3r < 3 <1,

B NB(s, 10h(s)) # 0 1d't( B)<1h() 0 h()—ld't( A)
s, S , 2Olss, =3 s), < S—201SS, ,

2
Is —&@)| <|s—al<|s—yl+|y—al<2r+e<3r=< 3
B(s, h(s)) C B(a,4r) ~ A.
Moreover, for any x € B(s, 10k(s)),s €T

x =&)< |x —s|+|s = &(s)| = B/DIs — &) < 5r,
sptvs C B(§(s), 3/2)|s — &(s)D),

1
dist(s, 4) < dist(x, A) + |x = s| < dist(x, A) + 3 dist(s. A).

|s — &(s)| =dist(s, A) < 2dist(x, A),
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3
dist(x, 4) < dist(s, A) + |x — | < 7 dist(s, 4) < 1,

h(x) > %dist(x, A) > %ls —&(s)].

Using the estimates of the preceding paragraph and the estimates of | Dvy| given
in [16, 3.1.13], one infers for s € T, since 6 has compact support in U(a, r),

[(DV5)0logsa,r < 40Als —&()| ™' 1Dy,
IDWs0)logsa,r <40A(ls — E)| 7' r + DIDO ooy
where A is a positive, finite number depending only on m with 40A > 1, hence
|R(s6)] <y (3/2)" |5 —&(©)"T140A(s = §6)|7'r + DIDOloia
=y (3/2)" 1 40Als — £ (r + |s = ES) DI DO ogsar
< y160A(3/2)" M a(m)~ (20" r L™ (B(s, h(s5))) | DO oo:a -

Recalling from [16, 3.1.13] that the family {B(s, 4(s)) : s € S} is disjointed, one con-
cludes

IRO) <Tyr " B(a,4r) ~ A)|DO|x.q.,
where I' = 8(30)"H Aac(m) 1. O

Remark A.2 Some ideas of the proof were taken from Calder6én and Zygmund [11,
Theorem 10] and [16, 2.9.17].

Theorem A.3 Suppose m,n € &, m < n, U is an open subset of R", T €
2'(U,R"™™), and A denotes the set of all a € U such that

limsupr*17m|T|,1’1;a’, < 00.
r—0+

Then A is a Borel set and for L™ almost all a € A there exists a unique constant
distribution T, € 2'(U, R"™™) such that

r1—i>r(l)]+r_l_m|T = Tal-1.1:0 =0

Moreover, T, depends L™ . A measurably on a.

Proof The conclusion is local, hence one may assume spt7 to be compact and
U =R" . Since |T|_; ., depends lower semi-continuously on (a, r), the sets

A =R"N{a:|T|_y .q, <ir™ ™ for0 <r < (10)/i)

defined for i € &2 are closed. Observing A = | J{A; : i € &}, the conclusion will be
shown to hold for .Z™ almost all a € A;.
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Let 0 <& < 5/i, choose ® € 2°(R™) with fd>d.$m =1, spt® Cc U, 1) and
define ®,(x) =& " P (¢ 'x) for x e R™,

T8(9)=T(q>8*9):/f5.9d$m for 0 € 2(R™,R"™™)

with f, € £(R™,R"™™) given by
ze fo(x) =Ty(Pe(y —x)z) wheneverx e R" andz e R"™",
see [16,4.1.2]. Clearly Ty — T as ¢ — 0+ and
|fe ()] <i2" T D®| .0y forx e R™, a € A; with |x —al <e.

One defines a, to be the characteristic function of R™ N {x : dist(x, A;) < ¢} and
Se, Re € Z/(R™,R"™™) by

SS(Q)Z/angOngm for0 € ZR™,R"™),  R,=T,—S..

Estimating fora € A;,0 <o <5r <5/i,0 € Z(R™,R" ™) with sptd C U(a, o)
and | D000 <1

spt(®e #0) CUa, e +0),  |TO)] <i(e+0)"" <i2" "t ife <o,
(spt Re) N{x : dist(x, A;) < e} =0, R:(0)=0 ife>p,
1Se(O)] < e feloora,o 10]1:a.0 < 12" 1D Pl 10(m)e™
IRl _1.1:00 < v0™ T withy =2"41i(14 D0 1@(m)),
Now, A.1 may be applied with A, R replaced by A;, R, to obtain
[Rel_1.1:0, STyrZL"B(a,4r)~A;) forO<r<1/i.

Since L{ (™, R"™) is separable, one can use [14, V.4.2, V.5.1, IV.8.3] to infer
the existence of § € 2'(R™,R"™™), f € Loo(Z™,R"™™), and a sequence gj with
€;j 1 0as j — oo such that

S(6) =/f 00d™ for6 e ZR",R"™™), Se; —> 8 as j— o0,

Defining R =T — § and noting R,; — R as j — 00,
[RI_1 1.0, <TyrZ"B(a,4r)~A;) forO<r<1/i
and [16, 2.9.11] implies

lim r~"™|R|_y .., =0 for . #™ almostall a € A;.
O La,
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Moreover,

‘/(f(X) — f(a)) @0 (x)d.L"x

=< </ |f(x) - f(a)|d$mx>r|D9|oo;a,r
U(a,r)

whenever a € A, 0 <r < o0, 8 € Z(R™,R"™™) with sptd C U(a,r), and [16,
2.9.9] implies that one can take 7, defined by 7,(0) = f@(x) o f(a)dZL"x for
0 € Z(R™,R"™™) for L™ almost all a € A; in the existence part of the conclusion.

The uniqueness follows from 3.17. U

Remark A.4 The splitting of T into S and R was inspired by a similar procedure for
functions used by Calder6én and Zygmund in [11, Theorem 7].
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