CURVATURE VARIFOLDS
WITH BOUNDARY

CARLO MANTEGAZZA

ABSTRACT. We introduce a new class of nonoriented sets in R* endowed with a
generalized notion of second fundamental form and boundary, proving several
compactness and structure properties. Our work extends the definition and
some results of J. E. Hutchinson [13] and can be applied to variational problems
involving surfaces with boundary.
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1. INTRODUCTION

Some problems in the calculus of variations are concerned with existence of min-
ima for functionals defined on smooth manifolds embedded in R* and involving
quantities related to the geometry of the manifolds. The functionals we are inter-
ested in depend on the curvature tensor of manifolds. As usual, in order to get
existence of minimizers by the so called direct methods of calculus of variations it
is necessary to enlarge the space where the functional is defined and work out a
compactness—semicontinuity theorem in the enlarged domain.

The aim of this paper is to introduce a new class of n—dimensional sets endowed
with a weak notion of second fundamental form and boundary. We prove that this
class has good compactness and structure properties.

Our work is based on the theory of integer rectifiable varifolds developed by
Allard in [1], [2] (see section 2). Roughly speaking, an integer n—varifold is an n—
dimensional set in R* endowed with an integer multiplicity; smooth n—dimensional
manifolds can be considered as unit density varifolds.

Inspired by the classical divergence formula on manifolds and by the first vari-
ation of the area functional, Allard gave a weak definition of mean curvature (see
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also [18]) and boundary for varifolds. The Allard’s definition is strong enough to
guarantee compactness and rectifiability properties. However Allard’s varifolds do
not share strong local regularity properties, because of multiplicity (see the exam-
ple in [6], p. 162) and because the mean curvature does not “see” some singularity
points, for instance the triple junction with equal angles of three halflines in R2.

Using a suitable integration by parts formula involving functions of the tangent
space, Hutchinson introduced in [13] the so called curvature varifolds with sec-
ond fundamental form in LP and proved several compactness, semicontinuity and
regularity results (see [12], [14]). The theory of Hutchinson provides a weak formu-
lation of variational problems involving surfaces without boundary and functionals
depending on the second fundamental form.

Motivated by variational problems involving piecewise smooth surfaces (see for
instance [3]) we extend the theory of Hutchinson in order to include smooth mani-
folds with boundary.

We give here a brief outline of the paper.

Section 2. This is an introductory section about varifolds and basic facts we
will need in the sequel.

Section 3. We give the definition of curvature varifolds with boundary, explain-
ing the similarities and the differences with the definitions of Allard and Hutchinson.
We also prove that the generalized second fundamental form and the generalized
boundary are uniquely determined and have the same formal properties of the
smooth case.

Section 4. In this section we prove that the class of curvature varifolds with
boundary is stable under localization in the ambient space and in the Grassmannian.
This provides a weak, local orientability property of these varifolds which is very
useful from the analytic viewpoint.

Section 5. The section is devoted to the study of the tangent space func-
tion P(x) of a curvature varifold with boundary, defined H"—almost everywhere
on the support of the varifold. We prove that P(x) is approximately differentiable
‘H"—almost everywhere and its approximate differential is the (weak) second fun-
damental form. This property was not known even for Hutchinson’s curvature
varifolds.

Section 6. We prove in this section a compactness result in the class of vari-
folds with second fundamental form in LP?. We also give some examples showing
the utility of curvature varifolds with boundary in the study of some variational
problems involving piecewise smooth surfaces.

Section 7. Using the local orientability property of section 4 and the approx-
imate differentiability of the tangent space function we extend the Boundary Rec-
tifiability Theorem of Federer—Fleming to curvature varifolds with boundary. This
provides at the end a complete description of the boundary measure.

Acknowledgement. I wish to thank Professor Luigi Ambrosio for his assistance
in the preparation of this paper. Moreover I am very grateful to Professor Ennio
De Giorgi for a lot of stimulating conversations.

2. NOTATIONS AND PRELIMINARIES

Standard reference for the theory and the notations of this section is [18].
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The ambient space containing all the objects we deal with is always an open set
Q in R* and we will denote with B,.(x) the open ball centred at z with radius r.
H" is the n—dimensional Hausdorff measure on R¥.

Given an n-dimensional vector subspace P of R*, we can consider the k x k-
matrix {P;;} of the orthogonal projection over the subspace P. So we can think of
the Grassmannian G, of n—spaces in RF, endowed with the relative metric, as a
compact subset of sz; this identification is used throughout the paper. Moreover
given a subset A of R*, we define the product space

Gn(A) = A x Gy .

If {ur} and p are Radon measure on a locally compact and separable space X
we write

Hie = 1
to denote the weak* convergence as elements of the dual space of C?(X).

Given a Radon measure p on X and a measurable function f : X — Y we
canonically define the image measure fuu on Y setting

fan(B) = p(f~H(B))
for every B Borel subset of Y.

We define a special subclass of Radon measures on the open set 2 C RF, R,,(Q)
to be the set of signed Radon measures p on {2 with these properties:

e 4 is supported in a countably n—rectifiable set IV;
e |u] is absolutely continuous with respect to the measure H™ L N.

Now we introduce the terminology and some basic facts about varifolds.

A general n—varifold V in an open set  C R* is simply a Radon measure on
G, (). The varifold convergence is the weak* convergence of measures on G, ().

We can associate to any varifold V' a Radon measure py on the open 2 projecting
the measure V' on the first factor of the product space G, ():

py =muV
where 7 : G,,(©2) — Q is the projection. This measure is called the weight measure
of the varifold V.
Consider now a countably n-rectifiable, H"—measurable set M in {2 and a non—
negative function 6 : M — R, locally integrable with respect to H™ L M. We give
the following definition:

Definition 2.1. Let us assume that for some 2° € M there exists an n—dimensional
vector subspace T of R* such that

i - [ o) (° ‘pl’o) M (z) = 0(a?) T/ o) dH'(y) V€ CORY).

p—0 pn

Then we say that T is the approximate tangent space to the countably n—rectifiable
set M at 20 with respect to the function 6.

It is a well known fact that for H"—a.e. x € M there exists the approximate
tangent space apT, M to M at x with respect to the function 6 and that if we choose
a different function 6’ the tangent spaces are the same H"—almost everywhere in
M.
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Then we can define the rectifiable varifold V = Vi ¢ associated to the pair (M, 6)
as above, to be the Radon measure characterized by

/ o(z, P)dV (z, P) = / 0(2)(w, apT, M) dH" ()
Gn(Q) M

for every function ¢ = p(z, P) € C2(G,(2)). We say that apT, M is the approxi-
mate space tangent to the rectifiable varifold V.

Note 2.2. Tt can be proved that the function apT, M defined before is H"—measurable
and so are its components when we use the identification subspace—matrix of pro-
jection. Hence the formula above defines a measure on G,(Q2), or on the larger
space  x R¥ containing G,,(€2). Usually in the sequel we write P(z) = {P;j(x)}
for the tangent space function apT,M of M.

With these definitions, the weight measure of a rectifiable varifold Vi, ¢ is H\L 6
(extending 6 to zero outside the set M). Commonly M and 6 are called respectively
the support and the density function of the rectifiable varifold V.

If the density function of a rectifiable varifold V is integer valued, we say that
V' is an integer varifold.

In the following we are concerned only with this special class, so when we will
write varifold we will always mean integer varifold.

Now we come to the definition of curvature. Usually the curvature tensor of
an embedded manifold M is described by its second fundamental form which is a
symmetric bilinear form defined at every x € M by (see for instance [5], [8], [13])

B:T,MxT,M — N, M
B(v,w) = (Dyw)*
where N, M is the normal space to M at x and D, w denotes covariant differentiation

in the Euclidean space R*. We can naturally extend B to a symmetric bilinear form
on all R* with values in R* setting

B(v,w)=B(v ,w")

where the symbol T indicates the projection on the tangent space to M. The
components of the form B are defined by

ij =< B(e;, e5),ex > .
The mean curvature vector H has then components
_ i
H; = Bj;
summing on the repeated indexes from 1 to k.
We observe this convention on repeated indezxes throughout all the paper.

There is another way to express the second fundamental form that is useful
in our context. We define for an arbitrary function ¢ € C(M) its tangential
gradient, denoted by VM, as the projection on the tangent space of the gradient
of the function ¢ (it is clear that to compute the derivatives we have to extend
the function in a neighbourhood of the manifold M, but it is easy to see that the
tangential part of the gradient is independent of the extension).
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We can consider the tangential gradients of the tangent space functions

(2.1) Aijr = VM Py,

The interesting fact is that the functions A;j;, are univocally related to the compo-
nents of the second fundamental form B (see [13]).

Proposition 2.3. For every x € M the following hold:

o BY, = PjAins
o Ayjr =Bj; + By,

After this classical introduction we can show the way Allard defined a distribu-
tional notion of mean curvature for a varifold V = Vi in an open Q C RF.

Consider the linear functional §V, defined on the space of vector fields X in R*
with compact support in

SV (X) = / div™ X (z) duy (z)
M

where divM X is the tangential divergence of the vector field X with respect to the
countably rectifiable M and is defined by

divM X(z) = > Pyj(2)V; Xi(x)

(here P;j(x) are the approzimate tangent space functions).

If 0V is a locally bounded functional it can be represented, by the Riesz Theorem,
by a Radon measure that we still denote by §V. Hence, using the Radon-Nikodym
Theorem, we split V' in its absolutely continuous and singular part with respect
to the measure py, obtaining

/divMXduV:—/<X,ﬂ> d,uv—/<X,g> do
M M Q

for a certain Radon measure o on  and functions H € L{,_(uy,R*), v € L}, (o,S*71).

Considering the analogy with the classical case (the tangential divergence for-
mula, see [5]), Allard defined H, v, o respectively to be the generalized mean
curvature, the generalized inner normal and the generalized boundary.

The class of varifolds such that this property holds are called varifolds with locally
bounded first variation.

This class of sets is endowed with a distributional notion of mean curvature
and boundary that generalizes the classical case of smooth manifolds. The basic

compactness result in this class is the following theorem.

Theorem A (Allard’s Compactness Theorem). Given for every open set Q' CC Q
a positive constant c(Q), the class of integer n—varifolds V in an open set Q C RF
such that

pv () + 6V I(€) < ()

is sequentially compact with respect to varifold convergence. Moreover in the same
class the mapping V +— 6V is weakly* continuous.



6 CARLO MANTEGAZZA

For a proof, see [18].

Finally we need a theorem of Brakke (see [6], Chapter 5) concerning the orthog-
onality of the generalized mean curvature vector and a “flattening property” for
integer varifolds.

Theorem B (Brakke’s Orthogonality Theorem). If V' is an integer varifold with
locally bounded first variation the vector H(x) is orthogonal to the tangent space
P(z), for py—almost all points x € Q. Moreover

lim p~" 1 / |P(z) — P(z)|*duy =0
p—0

B/’(zo)
for py—a.e.x® € Q.

Before going on we have to introduce some tools from the theory of currents.

An n—current in 2 is a continuous linear functional on the vector space of n—
differential forms with compact support in €2, endowed with the usually locally
convex topology of distributions.

An integral n—current T in Q is defined by a countably n-rectifiable, H"—
measurable set M C (2, an integer function § € L}, (H" L M) and a H"-measurable

loc

field n of n—vectors defined on M. We denote this current with T'= (M, 6, 7).
T acts as a linear functional on n—differential forms with compact support in €2,
by integration:

<T,w>= /G(x) <w(z),n(z) > dH"(x).
M

The boundary of an n—current T is the (n — 1)—current 9T acting as follows:
<OT,w>=<T,dw > .

We define the norm of a differential form w(z) with compact support in 2 as

lw] = Z sup | < w(z), ey Ao Aeg, > |
0<i1 <...<in <k TEL

(compare with [9]) and the mass of a current T in an open Q' C Q by duality as

Ma(T) = sup

supp wC C/ HwH
Now we can state the famous theorem of Federer and Fleming.

Theorem C (Boundary Rectifiability Theorem). If T is an integral n—current in
Q and for every open ' CC Q

Mo (T) + M (0T) < +00
then OT is an integral (n — 1)—current in .

For a proof, see [18].
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3. CURVATURE VARIFOLDS WITH BOUNDARY AND BASIC PROPERTIES

In this section we introduce the idea of Hutchinson and our generalization. We
work out the same calculation of [13] to get an integration by parts formula. The
only difference is that we consider an n—dimensional smooth manifold M with
smooth boundary OM, embedded in an open set Q C R¥, while Hutchinson as-
sumed that the boundary was empty.

Suppose that ¢ = p(z, P) : Q x R 5 Risa C} function, we write respectively

D;p and Dy

for the derivatives of ¢ with respect to the variables x; and Pjy.

Let {e;} be the canonical basis of R* and P(z) = {P;;(x)} the tangent space
function of the manifold M. Let us consider in the classical divergence formula the
smooth vector field X (x) = ¢(x, P(x))7py)e; that is the orthogonal projection of
the vector field ¢(x, P(x))e; on the tangent space.

As the mean curvature is a normal vector to the manifold,

/divMXdH" =— / <X,vu>dH !
M oM

where v is the inner normal to OM.
Working out the calculation of the tangential divergence (see [13]) we obtain

/ Pyj(2)Dypler, P(x)) + Aijp () Dioler, P(2)) + Agij () (e, P(x)) dH(z)
M

__ / oy, P)vi(y) dH" ()

oM

where the functions A;;;(z) that appear above, are defined by the formula (2.1) of
the previous section.

Representing the manifold as a varifold V' = Vjs; and introducing a Radon
boundary measure OV on G, () with values in R*  we can write the formula above
as

PijDjo + A Dl + Ajijp dV = — / pdoV;
Gn () Gn(Q)
with
OV; = (Id x P)x(vyH" 1 L OM).
This is the motivation for the following definition.

Definition 3.1. Let V = Vi be an n-dimensional varifold in 2 C RF, with
0 < n < k. We say that V is a curvature varifold with boundary if there exist
functions A;;, € Li,.(V) and a Radon vector measure 9V on G,,(2) with values in
R* such that
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(3.1)
P;jDjp(z, P) + Djye(x, P)A;ji(x, P) + ¢(z, P)Ajij(z, P)dV (z, P)
G, ()

__ / o(z,P) dOVi(z,P) Vo= p(z,P) € CL(Q x B¥')
Gn(2)
for every index i.

In the extreme cases n = 0, k for sake the of coherence we define A;;,(z, P) =0
and we look for a measure OV such that the formula above is true. We call 9V
the boundary measure of the varifold V- and we denote with AV,, () the class of
n—dimensional curvature varifolds with boundary in 2. Moreover we introduce the

subclasses AV?(Q) consisting of those varifolds in AV, (2) such that A,;, € L?(V).

Remark 3.2. We point out that the extreme cases are not so interesting because
in dimension zero the varifold consists of a discrete set of points and the measure
OV is the zero measure. In codimension zero (n = k) the theory is included in the
theory of sets with locally finite perimeter (developed by E. De Giorgi in [10] and
[11]) because the density function turns out to be an integer BV function and the
boundary measure is essentially its distributional derivative.

Note 3.3. Hutchinson’s definition of curvature varifolds of is analogous but assumes
that the right hand side of the formula (3.1) is identically zero. It is so clear that
the curvature varifolds in the sense of Hutchinson are the elements of AV, (€2) with
zero boundary measure.

We define the generalized second fundamental form B from the functions A;jx,
using the relations in proposition 2.3. It is then easy to see that the LP summability
of B and of the functions A;;; are equivalent.

Now we prove a theorem asserting that there are essentially unique second fun-
damental form and boundary.

Proposition 3.4 (Uniqueness). The functions A;ji and the measure OV are uniquely
determined by the formula (3.1).

Proof. Suppose there are two pairs (AL, ,0V?!) and (A%, ,0V?) that satisfy the

ijk> ijk?
definition. Setting A;j; = Agjk - A?jk and 9V = V! — 9V2, for every function
o€ CH x ]Rk2) we have

| Dot PYAGu(a, P) + ol P) s (o, P) V{2, P)
Gn ()
=— / o(z, P) doVi(z, P).
Gn ()

Then we can write

(3.2) / DipAijedV = / pdo; Vo€ CHOQx RF)

Gn(9) Gn(9)
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where 0; = -9V, — A;;;V is a Radon measure on G,,(2).
By this formula we deduce that, for every ¢(x) € C}(£2), the functional

Lo() = / &) Ausi(r, P D’ytb(P) AV
G, ()

is a bounded linear functional from C*(G,, ) to R, in the relative topology induced
by OO(Gmk).

If A;j # 0 we can find a Lebesgue point 20 for the functions P(z) and A (z, P(x))
such that A;j, (2% P(2%)) # 0, at 2° the density and the tangent space P(z°) to
the varifold V exist and

, 0
(3.3) lim sup mloil(By(a7)) < +o0.

p—0 wnﬂ"
Choose now x(t) € CL(R), x > 0 not identically zero and set

hle — 0

The functionals Ly, pointwise converge as h — +oo to the functional
(3.4) L(¢) = 0(2°) Aijro(2°, P(z°)) Db (P(2°)) / x(lyl) dH™ (y)
P(x)

on C'(G,, ). Moreover we can extend Ly, to equibounded functionals defined in
all C°(G,, k), because of the equations (3.2), (3.3) and the upper estimate

Loyl < [ ondmyloi
Q

Hence the functional L is continuous in C'(G,, k) with respect to convergent se-
quences in C°(G,, ), in evident contradiction with the equation (3.4).
It follows that A =0 and ¢ = 0. The definition of o implies that 9V = 0 too. [

We state now some propositions about the formal and geometric properties of
the tensor A;j, and of the boundary measure V. The proofs are postponed until
after theorem 5.4.

Proposition 3.5 (Singularity of [0V]). If the pair (A;;i, OV) satisfy the definition
3.1 then the measure OV has support included in the support of the measure V
and the projection of its total variation |0V| is singular with respect to the weight
measure py of the varifold V.

Proposition 3.6 (Formal Properties). For V —a.e. (z, P) € G, () it is true that:

Aijk(xa P) = PjrAirk(m; P) + PrkAijr(xa P)

Proposition 3.7 (Tangential Properties). The boundary measure OV is tangential,
in the sense that for every index i € {1,... k}

P, oVi(z, P) = 0V(z, P)
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as measures on G, (£2).
The functions A;;i(x, P) satisfy the relations:

Py Aiji(z, P) = Aji(z, P)
and defining
H;(z,P) = ZAjij(az,P) we have PyHj(x,P) =0
J

for V.—a.e.(z,P) € G,(R). That is, the functions Aiji are tangential and the
(formal) mean curvature vector is normal to the varifold.

Note 3.8. These propositions extend to this class of varifolds formal and geometric
results that hold in the classical case of a smooth manifold.

Remark 3.9. We wrote “formal” mean curvature vector because this is only the
trace of the generalized second fundamental form and, at this point, has nothing
in common with Allard’s definition. The connection between these notions will be
shown below.

We want to describe now the differences between this class of varifolds and
Allard’s varifolds with locally bounded first variation. First of all, it is obvious that
a curvature varifold with boundary has first variation given by the Radon measure

0V = —mu(Aji; V + 0V;)

where 7 is as usual the projection from G,,(©2) on Q. This can be seen considering in
the formula (3.1) functions ¢ depending only on the x variable. More precisely we
can write respectively Allard’s mean curvature and boundary, as we could expect,
using the functions A;j, and the boundary measure 0V

Proposition 3.10. A curvature varifold with boundary is a varifold with locally
bounded first variation. The generalized mean curvature vector is given by

H;(x) = ZAjij(xaP(x))

and the generalized boundary by
o =muoV
where P(x) is the approzimate tangent space at x.

One of the advantages of our definition is that 9V carries much more information
on the local structure of V, while Allard’s boundary, being the projection of 9V,
can be even equal to zero.

Example 3.11. Consider the varifold in R? formed by three halflines from the origin,
forming three angles of 120°. According to Allard’s definition this varifold has mean
curvature and boundary measure equal to zero, because at the origin the sum of
the three inner normals is zero. For our definition the boundary measure is the sum
of three Dirac deltas supported in the points (0, P;) in G,,(Q2), where P; denote the
1-spaces determined by the halflines in R2.
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Another difference, as we will see in section 7, is concerned with the set where
the boundary measure is supported. The only thing we can say about Allard’s
boundary measure is that it is singular with respect to py. We will show that the
projection of |0V is supported in a countably (n — 1)-rectifiable subset of 2 for
every n—curvature varifold with boundary V.

4. LOCALIZATION

In this section we introduce a basic tool for the study of this class of varifolds
that could be interesting by itself. We prove that curvature varifolds are stable
under localization in (z, P).

Lemma 4.1 (Localization Lemma). Let V' be an n—dimensional curvature varifold
with boundary in Q@ C R* and let 2° € Q, Py € G and p', 8" > 0. Then there exist
P12 <p<p, d/2<8 <6 such that, defining Bf = B,(2") x Bs(Py) C G, (),
we have that V{ =V L B is a curvature varifold with boundary.

Proof. Let be given z°, Py, &', p’ as in the statement.

We study the localization in the x variable. Consider in the formula (3.1) a
function p(x, P) = ¢ (x, P)x(x), where ¢ is an arbitrary function in C'}(2 x RF*)
and Y is a cut-off function so defined: x(x) = h(r), r = |z — 2°| and h(t) is a
function in C*°(R), with the properties, h(t) = 1 for t < p/2, h(t) = 0 for t > p,
R (t) <O0.

Computing the derivatives we get

X(x) Pij Djp(zx, P) + x(x) Db (z, P)Aiji(z, P) + x(2)¢(z, P)Ajij(z, P) dV (z, P)
Gn(Q)

= - / X(ﬂf)iﬁ(ﬂfap) da‘/;(.%',P) - /w(x7p($))PiijX($) d/jv(.’);‘)
Q

G (Q)

—
—— [ x@wla P doviaP) - [ ol PP 4V (@)
G, () G ()

We take a sequence of functions h,, (t) with the properties above such that h,,(t) = 1
for t < p—1/m and |h/(t)] < 4m. The sequence h,, pointwise converges to the
characteristic function of (—o0, p) as m — co.

Defining the Radon measures on G, ()

.’ﬂj*.’ﬂ»

0
om=VL0L {h;n(r)Pl(a:) J }

r

we can see that o, is supported in the set Gy, (B,(2°) \ B,_1/m(2?)), so we have
the following estimate for its total variation

(4.1)
|0m|(Gn () = |om [ (Gn(Bp(2°) \ By1/m(2°)))

v (By(22)) = pv (Bp—1/m (2°))
1/m '

< 4m:u‘V(Bﬂ(‘TO) \ Bp—l/m(xo)) =4
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Now we note that the real function f(p) = puy (B,(2")) is monotone hence dif-
ferentiable for almost every p € R. At any differentiability point it follows that the
total variations of the measures o, are equibounded. We use the Banach—Alaoglu
Theorem to infer that there exists a subsequence weakly™ converging to a Radon
measure o on G, (£2). For these values of p the restricted varifold V L B,(z°) x G, i
is again a curvature varifold with boundary.

The study of localization in the P variable is quite similar: using a cut—off
function x(P) = h(|P — Py|) we get an extra boundary measure o given by the
weak™ limit of a subsequence of the family

(4.2) Om =V L {1, (IP = Po|) Ay (x, P)D5|P — Po|} .
O

Remark 4.2. Note that this stability property under localization is not true in the
context of Hutchinson’s curvature varifolds, not even if we assume that the varifolds
correspond to smooth embedded manifolds without boundary.

5. APPROXIMATE DIFFERENTIABILITY OF THE TANGENT SPACE FUNCTIONS

In this section we are going to show that the functions Pj,(x) are approxi-
mately differentiable and that their approximate gradients are precisely the func-
tions A;;x(x, P) of definition 3.1, in accordance with the classical case of a regular
manifold. This result implies all the formal properties of A;;;, stated in proposition
3.6 and leads to an estimate of the extra boundary created by the localization in
lemma 4.1.

The basic result leading to the approximate differentiability of Pjj is the follow-
ing:

Theorem 5.1. Let V. = Vg be a curvature varifold with boundary and i €
CH(Q x ]sz). Then there exists an H" -negligible set My such that

{(z,9(z, P(x))) |z € M\ Mo}

s countably n—rectifiable in Q0 x R.

Proof. We first suppose that the support of the varifold V =V (M, 0) € AV,,(Q) is
included in Q x Bj/o(FPp), where Py is the n-space generated by e1,...,e,. If § is
small enough then any P € Bs(P,) can be oriented by the unit n—vector 1 defined
by

acoangn ;
”:|21A...AZ7;| nl:WPei:;Pz‘jer

We take a nonnegative function ¢(z, P) € C}(Q x R*) and we consider the
(n 4+ 1)—-integral current T = (T,60',n’) in the space Q x R, where T' is the set
{(z,y) |z € M 0 <y < Y(z,P(x)}, ¢(z,y) = 6(z) and, calling ¢ the unit
vertical vector, n’ = € An. It is clear that T is a H"*'-measurable set so the
current is well defined. Now we prove that this current has a boundary of finite
mass, hence it can be represented as an integral n—current.

To do this we have to test two kind of differential forms:
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wi(z,y) = o1(z,y) dy Adz™ A ... Ada'

wo(z,y) = wa(z,y) da?* A... Adxim.

For multi-indexes I = (ig,... ,i,) and J = (j1,... ,Jjn) we define the functions
1 - n
; MmN LCADSAN LA
(5.1) BI(P) =< dz™ A...Adai, >
(P) [t AL AT
1 n
; S/ RV AN /]
5.2 B (P) =< da? A ... Adgin, LD 0
(52) (P) [t AL AT
that belong, by our choice of §, to C*°(Bs(F)).
Then for w; we have,
e o |
OT(wy) = T(dwy) = — ZT (889051 (z,y)dy ANdx* Ndx"™ A... A dacz")
i=1 ¢
L b@P@)
91 i i i
OT (w1) :—Z 3 (z,y)dy | <dy Adz* Ndx" A...Ndx* e Ay > duy(x)
=13 A i
-yt [ e [ P eand)sieave ),
i=1 s=1 Gl(Q) 0 ¢

Now we extend the functions BL(P) and 87(P) to smooth functions on G,
without modifying them in By s2(Po). Carrying the derivative out of the integral,

using the formula (3.1) and taking into account that the support of V' is contained
in Bs/2(FPo), we obtain
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k n w(w,P)
0T (w1) :ZZ(fl)S+1 / HS(‘Z( / o1(z,y) dy)ﬂi(P) av(x, P)
=1 s=1 T 0
k n
- Z s+1 / st SIJ P 4,01( ¢($,P)) ﬁg(P) dV((E,P)
1=1 s= 1 a, (Q)
n w(ryP)
=Z<—1>3{¢ JRE <6§(P) | e@nay)avie.n
s=1 () 0
Y (z,P)
+ / Ajsjﬁi(P)( / saﬂx,y)dy) dV (z, P)
G, () 0
P(x,P)
+ f ﬁi(P)( / o1(2,9) dy) 40V, (z, P)
G,L(Q) 0
+Z | P . P)ea(o, wla, P BL(P) dm,P)}
la. ()

=i<—1>5{ | Aot v(e,P) Dywle, P) BP) V(2. P)
s=1 GL(Q)
s [ A ( w7p)so<z, v) dy) D3 B1(P) dV (x, P)
G () 0
+ [ i) ( w(]?)%(x’ ) dy) 4V (x, P)
Gn(Q) 0
z,P
+ / ﬂi(P)(w(/ )¢1<x7y>dy) 40V (z, P)

Gr(Q2) 0

+Y / Pisg;i(:&P)wl(x,w(LP))ﬁi(P)dV(m,P)}-

=la, (@)

As the functions 8! and ¢ are bounded with their derivatives, it is now clear
that we can have an estimate

0T (w1)] < cllal]

with ¢ depending only on § and .
Now we test the differential form wq
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k
T (ws) = T(dws,) Z T ( A d:cj">

0 . ,
+T <<p2(3c,y) dy A dxt /\.../\datJ”>

Ay

9¥2

:T<a8 2(9c,y)aly/\d31:j1 /\.../\da:j”>
Y

because T has a vertical orientation. Hence
(5.3)
Y(z,P(z))

0T (w2) —/< / %—fj(x,y) dy) <dyANdx A Ndxim e Anp > dupy(z)
Q 0

- / (2, (. P)) — pa(x,0)) 87 (P) dV (x, P)
Gn(Q)

so, also in this case we have the estimate

0T (w2)] < ¢llpal|-

This calculation shows that T is an integral current with integral boundary 9T
(by the Boundary Rectifiability Theorem), so 9T is represented by (N, 7, &), where
N is a countably n-rectifiable set, 7 is an integer valued function defined on N and
‘H"—measurable, ¢ is a simple unit n—vector field orienting N.

Now we consider the sets of points Ny = {(z,y) € N|&(z,y) Ae = 0} and
Ny = N\ Ny, that is, Ny is the set of points of N where the tangent space contains
a vertical vector. Defining the integral current G = (Na, 7, &) + (M, 0, 7), it is clear
that G can be represented as an integration on a countably n-rectifiable set. Now,
by (5.3) we get

Glwn) = / pa(@, (z, P(@)))B" (P(2)) duy ()
M
- / (2, y)pa(z,y) < deP A, Adad, £ y) > dH @, y).
N2

Since 5 is arbitrary, arguing as in [4] we can show that

(5.4) {(z,9(x, P(x))) | € M\ Mo} C Ny

for a suitable H"-negligible set My C M.

Consider now a curvature varifold with boundary V' = V¢ without conditions
on its support; we can apply the localization lemma 4.1 to find out a countable
family of curvature varifolds with boundary V* = VI@L‘, g, satisfying (up to a rotation)
the hypotheses at the beginning of the proof and such that Y, V' > V. Applying
(5.4) to all the varifolds V* we infer the theorem. O

Now we introduce the approximate differentiability property.
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Definition 5.2. Suppose V = Vj¢ is an n-varifold with weight measure puy
and f : M — R is a puy—measurable function. We say that f is approzimately
differentiable at ° € M with approzimate gradient VM f(20) = v if:

e at ¥ there exists the tangent space TpoM to the varifold and v € T,0M;
e for every € > 0 the set

L5={$€M\{Z‘O}|f(x)_f<

20)— < v,z — 20 > |
> €
|z — 2

has zero density at z°:

lim MV(LS N Bp(xo))
p—0 pr

=0.

For this definition and basic properties we refer to [9].
It is not hard to show the following lemma.

Lemma 5.3. Let V = Vg and f as in the definition above. Let us assume that
there exists an H™ —negligible set My such that

{(z, f(2)) [ € M\ Mo}

is countably n—rectifiable in Q x R. Then f is approximately differentiable py —
almost everywhere in €.

The proof of the lemma basically follows covering the graph of f on M\ My with
C' manifolds T'; of dimension n and taking the nonvertical parts of I';.
Now we can state the main result of this section.

Theorem 5.4 (Approximate Differentiability). If V. = Vi is a curvature vari-
fold with boundary, then the components of the tangent space function Pj,(x) are
approzimately differentiable for py —almost all points 20 € M, with approrimate
gradients

VM P (2”) = Aiji(a®, P(2°)).

Proof. By theorem 5.1 we know that f(x) = Pji(x) satisfies the assumptions of
lemma 5.3. Hence, we know that the functions Pj;, are approximately differentiable
wy—almost everywhere in €.

Let By, = Vf”ij; we will show that B;;i = A;ijxr by a blow up argument.

We define as usual two cut-off functions x, 7 € C}(R) with the properties x(t),
T(t) =1 for |t| < 1/2, x(t), 7(t) = 0 for |t| > 1. We consider in (3.1) a function

e, P) = (=) 7 (P Pinle)

so that
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1 — ] — Pji — Pjj(a°
P e |z — 29| p p

n

s [ st o (B o (B2 v, )

Gn(Q) ’
— 29 P — Py (2°
=- / Alil(ﬂ%P)X(Ix a |)T( ! (@ )) dV (z, P)
Gn(Q) g g
_ 20 . _ P 0
o [ () (B dovia )
G'Vl(Q) p p

Dividing each side by p”~!, if 2° is chosen in such a way that

e 20 is a point where the tangent space P(z) to the varifold V exists.

e 2% is a point of approximate differentiability of the function Pjj(x) and the
approximate gradient has components Bj;y.

e 2V is a Lebesgue point for all the functions A;j(z, P(x)) with respect to
the measure py .

o 14|0V|(B,(2°)) tends to zero faster than p"~!.

We remark that this happens for py—almost all points z° € M. Under these
conditions we have

1 — 0 _ 20 P — Pir(2°
lim — / R 1 il X/ (|£L’ €z |> - < J Jk(x )> dV(I’,P)
p—0 pn |z — 20| P p

G’Vl (Q)

+ 1 ! At Pl (221 o (L= Pl ) duv—(x)}— 0.

p

As 20 is a Lebesgue point for the functions Ajjr it is clear that we can replace
Ajji(z, P(x)) with Az, (2°, P(2°)) in the second term of the limit above. Moreover
because of the existence of the approximate tangent plane P(x?) and the fact that
the function P () is approximately differentiable at 20 with gradient B; 1. we have

T (|27 (Bigas) A ()

0 (20
o) [ Puat)t

P(x9)
+A¢jk(:z:0,P(xO))9(x0) / x(Jz))7"(Bijrx:) dH" (z) = 0.
P(o)
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The first term in (5.5) is equal to

0(a") / Hz(wo)i{x(\ﬂﬂl)T(BMm)}dH"(l’)

81‘[
(5.6) P
—0(z°) / Pu(a)x(|z) 7' (Bijra:) Bijx dH™ ().
P(x0)

We note that the first term in (5.6) is zero, being a divergence on the tangent space.
In the second Py (z°)Byji, = Bijx because the B;j,—vector is tangent to the varifold,
hence substituting in (5.5) and adding we have

(Aiji(a®, P(e)) — Bi)0(z) / 2y (Bigua:) dH () = 0.
P(z)

We can always choose y and 7 in such a way that the integral is different from zero,
therefore A;; (2%, P(2°)) = Byjy.
We remark that this also proves that the functions A;;x(z, P) are tangential. [0

Now we can prove the propositions stated in section 3.

Proof of proposition 3.6. The thesis follows immediately by the linear properties of
the approximate gradient. ([

Proof of proposition 3.7. The tangential properties of the functions A;;;, are in the
final part of the proof of the theorem 5.4.

We now see that the “formal” mean curvature vector H;(z) = Aj;;(x, P(z)) is
orthogonal to the tangent space P(x) for uy — a.e.x € Q. As we know that

Ayji(z, P(2)) = Py(2) V] Py (2)

for py — a.e.x € €, using the linear properties of the approximate gradient the
following holds

Pyi(z)H;(x) = Ppi(z) Pju(2) VM Py ()
= Pjy(z)V} (Ppi(x) Pij(x)) — Pij(z) Py (2) V' Pri(x)
= Ajnj(x, P(x)) = Aini(z, P(x)) = 0

summing over the indexes i and j. That is, the projection on P(z) of the (formal)
mean curvature vector H(z) is zero for py — a.e. x € Q, hence the thesis.

The fact that OV is tangent is a consequence of the orthogonality of H and of
the uniqueness theorem 3.4. Indeed, considering in the formula (3.1) a function
Y(x, P) = Ps;p(x, P) and summing over the index ¢ we obtain

(5.7)
/ PyiDjp(x, P) + Djpp(z, P)Agji(x, P) + Aisip(x, P) + @(x, P) Psi Hi(x, P) dV
G (Q)

= — / o(x, P)P;s dOV;(z, P).
Gr(Q)
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because of the orthogonality of H we see that oV = > PisOVy is a measure satis-
fying the definition too. Applying the uniqueness theorem we have the thesis. [

Proof of propositions 3.5 and 3.10. The fact that supp dV C suppV is obvious.
Setting A = mx|0V|, it is well known that there exist suitable vector measures
o, with values in R* such that |0, |(Gp ) = 1 and

/ o(z, P) dOV = / ( / @(x,P)dam(P)) d\(z)

G () Q G

for every bounded Borel function ¢(x, P). The result that OV is tangential implies
that

(5.8) Pij(oz); = (02)i

as measures, for A—almost every x € 2. Now let AL A be the absolutely continuous
part of A\ with respect to uy . Using test functions depending only on the x variable
we see that the varifold V has generalized mean curvature vector given by

(5.9) Hi(z)pyv = Ajij(x, P(x))py + (02)i(Grip) AL A
and generalized boundary
(5.10) (Ux)i(Gn,k) AL (2 A).

The orthogonality of A;;; (see 3.7) and Brakke’s Theorem B imply that

Bij(2)(02);(Gnx) =0

for AL A-almost all points z € Q. If |o,| were supported in {P(x)} for AL A-
almost every x € Q (or equivalently for puy—almost all points = € Q) then the
equation above would be in contradiction with (5.8) yielding AL A = 0.

To prove that |o,| is an atomic measure we consider in the formula (3.1) a
function

-1 0
X T —
olx. P) = P - Plad)Pe(p) X2 =)
Wnp
where £ € CY(Gp i), x € CL(R) is positive and the following properties hold:

e At 2° the approximate tangent space P(z°) to the varifold exists.
e The flattening property holds at z°:

lim p~ "1 / |P(x) — P(2%)|> duy = 0.
p—0
B, (2°)

e At 2° the measure AL (Q\ A) has zero density with respect to puy .

o 10 is a Lebesgue point with respect to the measure uy for all the functions

s / Y(P)doy(P) € CYGny)
Gnk
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By Brakke’s Theorem B these conditions hold for py — a.e.z® € Q.
Taking the limit as p — 0 in equation (3.1) we find

(o) [ xtar)) [ 1P PaOREP doa(r) =0,
P(z0) Gk
Since £(P) is an arbitrary function this implies that the support o0 is {P(2°)}. O
The proposition 3.10 easily follows by formulas (5.9), (5.10) and by the fact that
the measure A is singular with respect to py .
Using the approximate differentiability property and a Lipschitz approximation

argument of Federer, we are now able to show that the extra boundary created by
the localization is an (n — 1)-dimensional measure.

Proposition 5.5. In the thesis of lemma 4.1 we can require that the extra boundary
measure o

o =0(VL (B,(z°) x Bs(Py))) — 0V L (B,(2°) x Bs(Py))
has the property that
mxlo| € Rp—1(Q)
Proof. We need two lemmas.

Lemma 5.6. Let p = H"™ L 7 be a Radon measure, f : M — R™ be u—apdifferentiable
p—almost everywhere. Then there exist a sequence of pairwise disjoint, compact sub-
sets Ky of M such that

H M\ | JEKn) =0
h

and f|k, tis Lipschitz for every index h.

The proof can be found in the book of Federer [9], Chapter 3.

Now given a finite positive measure u on €2, a Borel function f : @ — R™, p € RT
and a generic point y° € R™, we define 0,(u, f,y°) as the class of weak* limits of
the family of Radon measures

-1 B 0 B . 0
- LB\ e
as € tends to zero.

Remark 5.7. It is clear that for £! — a.e. p € RT the set 0,(u, f,y°) is not empty.
In fact, this is true for every p such that the real monotone function M(p) =
w(f~H(B,(y"))) is differentiable at p, because of the fact that the family of Radon
measures above is equibounded.

Now the second lemma.

Lemma 5.8. Given p and f as in the lemma 5.6, let K}, be the compact sets we
obtain. We set F(x) = |f(z) — y°| with y° € R™. Then for L' — a.e.p € RT we
have that

N =K, (0B,y")
h
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is a countably (n — 1)-rectifiable set and
(512 0,1V Flu, £, = {rH" 1 L N}

Proof. Firstly we suppose that f is a Lipschitz function. With an abuse of notation
we denote with 0,(|VM F|u, f,y°) one of the weak* limits defined above (we have
seen that we can suppose the existence of at least one of them). The first part of
the thesis follows immediately by the general coarea formula (see [9]), moreover it
is clear that any measure in 0,(|VM F|u, f,y°) is supported in N, that in this case
is a relatively closed set in Q. It remains to prove formula (5.12).

Applying the coarea formula to the Lipschitz function F we get that for every
positive Borel function ¢ : M — R

[e@vE@lan@ = [ [ e an i@ aie)
M R F-1(t)nM

Considering ¢(x) = ¢¥(z)7(z) if p — e < F(z) < p and zero otherwise, we obtain
(5.13)

P
V@) = [ [ e dn @)
F=1([p—e,p)) p—e F=1(t)NM
where 1 is an arbitrary positive Borel function. We take in the formula above

a dense countable family {1;} of nonnegative continuous functions with compact
support and we choose p to be a Lebesgue point for all the real functions

gilt) = / i) () AHP L (2)
F-1(t)nM

(the fact that the functions g; belongs to L*(R) is given again by the coarea for-
mula). Dividing by e each side of (5.13) and taking the limit as ¢ — 0, we get

/ i d8, (VM Flu, £,4°) = / o dHP L
Q F-1(p)nM

By a density argument we can conclude that

0,(IVY Flp, f,4°) = TH" 'L f1(0B,(y°))

for £ — a.e.p € RT. Tt is clear this implies the thesis.

In the case of a function f which is only p—apdifferentiable the thesis similarly
follows once we know (5.13).

To achieve this we use lemma 5.6 and consider the measures u" = u L Kj,. They
satisfy the hypotheses of lemma and adding them together, by linearity in (5.13),
we prove also this case. (I

Now we use the two lemmas to prove the proposition 5.5. We remind that the
localization in the x variable creates an extra boundary measure o given by the
weak™ limit of
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0

X; — T;
Om = hp,, (r) Py (2) =——py

as m — +oo. We can suppose that the total variations of o,, converge to a
Radon measure A, hence |0 < A. By the equation (5.11) we deduce that T4\ <
Os5(puy, Idyr, 2°), with the notations of lemma 5.8. As the last one belongs to
Rp—1(€2) the same holds for the measure mx|o].

The localization in P is a bit more involved. Let

Om = Vi {h;n(|P — P0|)A2Jk($,P)D;k|P — Pol}

be converging to o and let us suppose that |o,,| converge to a positive Radon
measure A on G, (). It is then evident that 4|0, = T4 and |o| < X. We prove
the thesis showing that T4 € R,,—1(Q).

ij(x) — POjk }
|P(z) — Rol )

Indeed the equality holds
We know that the tangent space function P : M — G, is py—apdifferentiable
hence we can estimate

o (IP = Po|) Aiji (0, P(x))

o] = L {

vL P~(B,(Py) \ By—1/m(F))
1/m

Talom| < 4VMF|E

where F(z) = |P(z) — Pol.
It is now clear that applying lemma 5.8 with f(z) = P(x), p = pv we get that for
L' — a.e. p the weak* limit of any subsequence of m|o,,| belongs to R,—1(2). O

Remark 5.9. Performing at the same time localizations in z and P it turns out that
for any (2°, Py) € G, () we have

VL B,(a") x B,(Py) € AV,,(Q)

o =0(VL (By(a°) x By(P))) — OV L (B,(2") x B,(Py)) € Rp—1()
for arbitrarily small p > 0.

6. COMPACTNESS PROPERTIES

In this section we prove a compactness—semicontinuity theorem in the class of
curvature varifolds with boundary such that the generalized second fundamental
form belongs to LT (V) with p > 1.

loc

Theorem 6.1. Let V] be a sequence of curvature varifolds with boundary in AVP(£2),
with p > 1, such that for every open set W CC Q)

v (W) + / JAD Vi + [0V O|(Go(W)) < (W) W
Gp (W)

AW |. Then

where ¢(W) is a real constant and ||AV || = ik A
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(1) There ezists a subsequence Vj, converging to a curvature varifold with bound-
ary V', with AE?}C) L Vi, weakly* converging to A;ji, LV and AV ) weakly*
converging to OV .

(2) For every convex and lower semicontinuous function f : RF® [0, +00] we
have the inequality

/f(Aijk)dVSIi'fr_ligf / f(AZ(,;’;C))dVlh.
Gn(Q) e (D)

Proof. We remark that the hypotheses imply that the first variations of the varifolds
V; are locally equibounded. Hence we can use Allard’s compactness theorem to get
a subsequence Vj, converging to an integer rectifiable varifold V.

By the Banach-Alaoglu theorem we can suppose that the measures OV (") weakly
(Zh)

ijk

*

converge to a Radon measure 0V and the measures V;, L A; "’ weakly™ converge
to Radon measures o;y.
To conclude the proof we apply the following theorem (see [7], compare with the

measure function pairs of [13]).

Definition 6.2. Let f : R® — [0, +00] be a convex lower semicontinuous function
with a more than linear growth at infinity, i.e.

z
1

|z| =400 |Z|
We define a functional G on pairs of Radon measures (v, 1) on the open subset {2
of a locally Euclidean space where p is a positive measure and v a vector measure
with values in R®, setting

Gl p) = Q/ H(Go@) dute)

if v « p and G(v, u) = +oo otherwise (dv/du denotes the Radon—Nikodym deriv-
ative).

Theorem 6.3. The functional G is sequentially lower semicontinuous with respect
to the weak® convergence of measures, that is

Up =V, = = G(v,p) < liminf G(vp, un).
h—o00

By this theorem (with f(z) = |z|P) we infer the existence of functions A;j; €
LY (V) such that 0y, = V L A;jk, so we obtain that V' is a curvature varifold with
boundary.

The lower semicontinuity of the curvature depending functionals follows again
by the theorem above if f is superlinear. In the general case we approximate f by

fe(2) = f(2) + ezl O

This theorem can be used to find weak minima of several functionals depending
on curvature of regular manifolds. We show an example of application which ex-
plains how this approach can be applied to study even more complex functionals,
involving also the curvature of the boundary.
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Let K be a compact subset of Q C R3, py, po > 1. Setting
A={(Vi,Va)| V; € AV (Q), supppv;, C K, 0V1 =0, m4(|0Va]) < pvs }

we can consider the problem

(Vl,Vz)eA

min /|Al|p1 d/LV1 + / |AQ|p1 dNV2 + ||MV2 - l/”
Q Q

for a fixed Radon measure v on . Notice that if V5 is a C? surface M and V; is
its C? boundary OM, the functional essentially takes into account the difference
between the measure v and the measure associated to the surface M, penalizing
the curvatures of M and of M. Similar problems concerning stratified sets were
considered by F. Morgan in [17] and [15].

We want to prove the existence of minima using the compactness theorem. If
(V{*, V4") is a minimizing sequence, the masses and the L? integrals of the second
fundamental forms of V' are obviously equibounded, moreover the fact that 0V* =
0 and that the curvatures of V]* are equibounded in L? gives, by the isoperimetric
inequality for varifolds with equibounded supports (see [18]), a uniform bound on
pv, hence on [[0V3']|. This, with the compactness theorem, imply that passing
to a subsequence, we can suppose that V;* — V; and V3* — V5 in varifold sense.
Every term of the functional is lower semicontinuous so the pair (Vi,V2) gives a
minimum (notice that this pair belongs to the class A).

We remark that the condition mg(|0V2|) < uy, is a weak formulation of the
relation holding between a manifold and its boundary, applied to the two varifolds
Vi and V5. Moreover it is simple to see that we could study the problem also
in the enlarged class of pairs (V4,V2) with 0V; # 0, adding to the functional a
penalization depending on the mass of the boundary of V;. This example can be
obviously generalized considering chains of varifolds longer than two.

Finally we notice here that the iteration of the operation of taking the boundary,
behaves particularly well when applied to polyhedral sets, considered as curvature
varifolds with zero second fundamental form. Infact for a polyhedral set, if we take
k—times the operation of boundary, we get (with a suitable weight) the (n — k)—
skeleton.

7. A BOUNDARY RECTIFIABILITY RESULT

In this section we prove that the boundary measure OV of a n—dimensional
curvature varifold V' is supported in N x G, for a suitable countably (n — 1)-
rectifiable set N. To this aim we fix in this section a curvature varifold V' and we
denote with o the positive Radon measure mx|0V| on €.

Theorem 7.1 (Boundary Rectifiability). The measure o belongs to R,—1(Q2), i.e.,
there exists a countably (n — 1)-rectifiable set N in Q and a positive Borel function
7:N — R such that 0 = TH" 'L N.

Remark 7.2. This property of the boundary measure is not shared by Allard’s
varifolds. For instance, if w : [0,1] — R is the Cantor function and U is a primitive
of u then the unit density varifold associated to the graph of U has a singular,
non atomic mean curvature in (0,1) X R supported in the part of the graph which
projects on the Cantor set.
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In the end of the section we will describe the complete structure of the measure
av.

Proof of Theorem 7.1. We first need a lemma.

Lemma 7.3. Let V = Vi be a curvature varifold with boundary supported in
Q x Bs(Py), where § is smaller than a dimensional constant C = C(n,k) and
suppose that F : Gy — R is a C function in a neighbourhood of Bs(Py). If we
take an orthonormal basis {v;} of Py, the n—rectifiable current

T=T(M,0(x)F(P(z)),n(z))
where

o) ntHz) AL At ()
M= R A A

is well defined and has a boundary of locally finite mass.

Ui(x) = Tp(z)Vi

Proof. We can suppose that Py =< eq, ... ,e, >. If C is small enough, |P—FPy| < C
implies that, denoting with 7p : R¥ — P the orthogonal projection on P, the
vectors n'(P) = wp(e;) i =1,... ,n are a basis of P and

_ <da' AL Adam (PN ADY(P) >
T e 7 (B) A A ()]

> 1/2.

It is hence clear that for py — a.e.z €  the vectors n'(P(x)) are a basis of P(z),
so the current 7" is well defined.
We consider the differential forms

w(z) = p(z)dx™ A ... Ada'.

Setting I = (i, ... ,i,) we have

<OTw>=<Tdo>=<T, agf)dxi Ada! >
. dp(x) i I n
= 0(x)F(P(x)) =5 = < da' Ada',n(z) > dH" (x)
i=1j, v

k 1 n
-3 / W(@F(p) < da' Ada!, Zﬁmﬁzﬂ% > dV(x, P)

k
Syt [ S (PP v e, )

QXBg(Po)

recalling the functions B! defined in (5.1). As dx'(n*(P)) = P, we get

< OT,w >= Zn: 3 (1)t / Py agg(f)F(P)ﬂsl(P) dV (z, P).

Qx Bs(Po)
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It is now simple to see that extending the functions B(P) to C! functions all
over G, 1 without modifying them on B¢ (Fy) and using the formula (3.1) we can
state the inequality

| <OT,w > [ < K|[¢lloo

where K is a positive constant dependent only on the support of the form w. 0O

Now we take balls B = B,(z°) x Bs(Py) in G, () such that V{ =V L Bf are
again curvature varifolds with boundary in Q (by the localization lemma 4.1) and
¢ is smaller than the constant C' in the lemma above. We can suppose as usual
that Py =< e1,...,e, >, so the current T} associated to V! with F(P) =11is an
integral current with boundary 97% of locally finite mass. Applying the boundary
rectifiability theorem C, 9T} is an (n — 1)-integral current in Q, 9Tf = (N, 7, ).

We now recall and continue the computation of lemma 7.3. Starting from (7.2)
and using the formula (3.1) we get

n

< OTE pdat > Z(—ms—l{ [ e Ae. PID;5LP) V. P)

s=1
B

4 / ()81 (P) Ay (, P) dV (z, P)

Bj

T / ()L (P) doVi(x, P)

Bj

v [ e@pipdo.te )]
Gn(2)

= /gp(x)T(:ﬂ) <dz! & > dH" " (z)
N

where o is the extra boundary measure given by the localization lemma 4.1. We
suppose now that mg|o| belongs to R,—1(2) (proposition 5.5). Since mx|0V| is
singular with respect to uy (proposition 3.5), the sum of the first two integrals is
zero. Hence the formula reduces to

n

S0 [e@pipaoviar)+ [ el iner)

s=1 B? ()

= /(p(x)T(x) <daz! € > dH " ().
N
Again since ¢ is arbitrary we deduce that

T4 <Z(—1)55£ oVyL B + BSIGS> =r<del e >H"ILN
s=1
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so that, recalling that mx|o| € R,,—1(Q), it follows

(7.3 o (1B VL B ) € Rya ()

s=1

We have proved that for any choice of (2%, Py) € G,,(Q) the formula (7.3) holds for
arbitrary small p and §.

We denote now with v(z, P) the Radon—Nikodym derivative of OV with respect
to its total variation |0V, the fact that OV is tangential (lemma 3.7) implies that
v(z,P) € P for |0V |-almost every (z, P) € G,,(€2), hence

(7.4) Z laj|(z, P) >0 |OV] — a.e. in G ()

where a, ... ,a, are the components of v(z, P) in the basis n'(P),... ,n"(P).
We fix j € {1,...,n} and choose I such that I U {j} = {1,...,n}. Since

Vs =3 a;nt|oV], the formula (7.3) can be written as
=1

(7.5) Zw# <Z Yo pllav|L BP> € Ru_1(9).

Noticing that 7% = n$ and that

n

(7.6) D (1) BL = — < da* Ada' p(P) >

s=1

the only term different from zero in (7.6) is the one with ¢ = j, and it equals
(—1)7B(P) (see (7.1)). Hence we obtain

7y (;BlOV|L Bf) € Rp—1(9).
By the next lemma, remark 5.9 and the fact that 8 # 0 on Bs(FPy) we deduce that
x| ||0V] € Rp—1(2) and by (7.4) we get m4|0V| € Rp—1(9). O

Lemma 7.4. If u is a signed Radon measure on G, () such that, for every pair
(xov PO)

w1 L Ba) % B(R)) € Roca()

for arbitrarily small p, then

Tulu| € Rn—1(9).

Proof. Let A C G, (2) be a Borel set such that 4 L A = ™ and let K C A be an
arbitrary compact set. The family of balls B, = B,(z°) x B,(F) of the hypothesis
is a fundamental covering of G, (f2), so by the Besicovitch covering theorem (see
[16] p. 14) it is possible to find, for every e > 0, a sequence of pairwise disjoint balls
Bg, included in the e-neighbourhood of K such that their union covers |u|-almost
all K. The measures
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He = Z}u L By,
i=1

strongly converge to pu L K as ¢ — 0. Since mgp. € Rp,—1(Q) it is clear that
mup L K belongs to R,,—1(2) too. Since K C A is arbitrary we obtain that the
projection of the positive part of p belongs to R, —1(2). A similar argument for
the negative part concludes the proof. O

Let N and 7 be given by theorem 7.1. By standard measure theoretical argu-
ments it is known that we can represent OV as

(7.7) / o(z, P) OV — / ( / @(m,P)dTm(P)) dH (@)
N

Gn () Gn,k

where 7, are Radon measures on G, i, univocally defined H"~! L N-almost every-
where such that |7,|(Gy,x) = 7(x). Our next goal is the study of these measures;
to this aim we have to analyse the density properties of V.

Lemma 7.5. If V is a curvature n—varifold with boundary in ), the density ratios
of V

/‘V(Bp(w))
p"l

are bounded for x € Q\ L where L is an (n — 1)—purely unrectifiable set in 0 (see
[9], Chapter 3). In the special case n = 1 the density ratio is bounded for every
point of 2.

Proof. We first suppose that the varifold vV = ‘7M’9 has support contained in
Bs(2%) x Bs(Py) where § is smaller than the constant C' of lemma 7.3, we also
suppose Py =< ey,... , e, > to simplify the calculation.

We consider the rectifiable (not necessarily integral) current T' = T'(M, 0(x) F (P(x)), n(x))
of lemma 7.3. We have seen that this current has a boundary of locally finite mass.

Let 7 : R¥ — R™ be the projection map on the first n coordinates and S = mul,
so S is an n—current in R™ with compact support and boundary of finite mass. We
study now the current S.

Consider a differential form w(y) = ¢(y) dy*A, ... , Ady™ on R™ and remind that
the function B(P), defined in formula (7.1), represents the Jacobian of the projection
map 7.
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<Sw>=<T,7%w>

_ 20(x . <dz'A,..o Adz ot ()AL A () > .
= /@(x)H(x)F(P(ﬂf))ﬁ(P(ﬂﬁ))dH"(ﬂ?)
M
e 0P (Ple) aH(a) ) aH ()
R" = (y)nM
- [ewrw anw)
Rn

using the coarea formula and defining the function

bly) = / 6(2)F(P(x)) dH"(x).
=1 (y)nM

The fact that the current S has a boundary of finite mass implies that ¢ is a
function in BV (R"). Choosing F(P) = B(P)~! we have that the function

= 1‘71 01‘
o) = [ 0@ g @

=1 (y)nM

belongs to BV (R™). We use this fact to give an upper estimate to the density
ratios: indeed

v (B,(a) <y (7 (B, (x(z")
o T 1 OSC n
- [ (] sospgyate)ocw

By(m(x0)) 7= 1(y)NM
= / o(y) dH" (y).
By (m(29))
So when at 7(z°) the last term is bounded, we have an upper estimate for the
density ratios at z°.
We apply now the following theorem about BV functions in R™.
Theorem D. If f : R™ — R is a BV function, in H"~!-almost every point x € R™
the ratio

L / @) dH" ()

By ()

is bounded.
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For a proof of this fact see [9], Theorem 4.5.9.

Going back to an arbitrary varifold V,we can choose a finite family of sets S* =
Q x Bs,(P;) such that their union is G,(Q), V¢ = VL S is again a curvature
varifold with boundary in 2 and §; < C.

Let us suppose by contradiction that there exists a (n—1)—dimensional embedded
C' manifold M’ and a subset of positive H"~'~measure M where the density ratios
are not bounded. There exists a restriction varifold V* whose density ratios are not
bounded in a subset A of positive measure of M. Varying possibly a little bit the
projection space P;, B is mapped on a set of positive "~ measure in R™ and this
is a contradiction. So we proved the lemma. [l

Before going on we need a definition.

Definition 7.6. Given a point 2° € Q we define the set VarTan(V,2°) as the
collection of the weak limits (as varifolds in R¥) when p goes to zero of the family
of rescaled varifolds Vo , = p*”(% x Id)4V (see [18]). Sometimes, with an

abuse of notation, when VarTan(V, ) consists of an unique element 7' we denote
it with VarTan(V, x).

With this definition, Lemma 7.5 implies that VarTan(V,x) # () for z € Q\ S.
We can now describe the complete structure of the boundary measure 0V'.

Proposition 7.7. Recalling the formula (7.7) the measures 1, are described by

k'a:
=Y vimidp:(P)
=1

where dpr is the Dirac delta measure supported in some n-subspace Pj° on the
Grassmannian Gy, ;;, m? are positive integers and v¥ are unit vectors of R¥. More-
over the subspace PP contains the tangent space to N at x and it is generated by

the linear combinations of its elements with the vector vy.

Proof. By the lemma 7.5 for o-a.e. z° € Q the following conditions hold:
e at 20 there exist the density and the approximate tangent space S to the
(n — 1)—varifold defined by o with support N.
e The density ratios are bounded at 2° so there exists a sequence p; — 0
such that Vo ,, = T, and T' € VarTan(V,2") is a curvature varifold with

boundary in R¥.
e The limit holds

1
p—0 p"—

B, (z)

e Along the sequence above the measures 0V, ,, converge to the measure
0T that has the form

/ oz, P)OT = / ( / @(x,P)dTwo(P)) dH ()
Gn(Q) S Gnx

where S is the (n — 1)-vector subspace of R¥ defined above and 7, are
univocally defined at o L N—almost all € Q by
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/ cp(:n,P)@V/(/ <p(x,P)de(P)> dH" 1 (2).

Gnp (Q) N Gn,k

Considering T as a varifold in R¥\ S, T is a curvature varifold without boundary
with zero second fundamental form. By a result of Hutchinson (see [12], p. 292)
T consists of an union (with multiplicities) of three kind of sets: 1) affine n—
subspaces not including the origin, 2) n-halfspaces H; with boundary S and 3)
n—affine subspaces for the origin intersecting transversally S.

It is simple to see that the subspaces of kind 2) and 3) are finite because of the
upper bound of the density ratios.

From this we see that the boundary measure of T is described by

Z (Hn_l L S) X miépiui
i
where P; are the subspaces determined by the halfspaces H;, m; are their integer

multiplicities, and v; are the inner normal vectors to .S with respect to H;.
It follows that

ko0
0 0
Tz (P) = E vy mi 5P§”0
i=1

hence the thesis. O
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