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REGULARITY OF CODIMENSION-1 MINIMIZING
CURRENTS UNDER MINIMAL ASSUMPTIONS ON
THE INTEGRAND

ALESSIO FIGALLI

Abstract

In this paper, we investigate the regularity theory of codimen-
sion-1 integer rectifiable currents that (almost)-minimize paramet-
ric elliptic functionals. While in the non-parametric case it follows
by De Giorgi-Nash’s Theorem that C1'! regularity of the integrand
is enough to prove C1'® regularity of minimizers, the present reg-
ularity theory for parametric functionals assume the integrand to
be at least of class C2. In this paper, we fill this gap by proving
that C! regularity is enough to show that flat almost-minimizing
currents are C®. As a corollary, we also show that the singular
set has codimension greater than 2.

Besides the result “per se”, of particular interest we believe to
be the approach used here: instead of showing that the standard
excess function decays geometrically around every point, we con-
struct a new excess with respect to graphs minimizing the non-
parametric functional, and we prove that if this excess is suffi-
ciently small at some radius R then it is identically zero at scale
R/2. This implies that our current coincides with a minimizing
graph there, hence it is of class C*®.

1. Introduction

The regularity theory of (almost)-minimizing currents is a classical
topic in geometric measure theory that has always received a lot of at-
tention (see, for instance, [8, 17, 4, 2, 5, 20, 7, 19, 6, 10] and the
references therein). The aim of this paper is to focus on the case of
codimension-1 integer rectifiable currents that almost minimize para-
metric elliptic functionals.

The starting point of our investigation is the following observation:
let us consider an n-dimensional rectifiable current T'= T ||T|| in R"*!
that minimizes a variational integral IF of the form

(1.1) F(T) := /f(?) d|7|.
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Assuming that F is elliptic and of class C?, it is well-known that if T
is sufficiently flat inside a ball then T is a C® hypersurface inside a
smaller ball (see, for instance, [7]). However, if we assume a priori that
T is the graph of Lipschitz some function u, then the functional F takes
the form

/F(Vu) dx,

for some (locally) uniformly convex function F' : R” — R, and by De
Giorgi-Nash’s Theorem it is enough to assume that F is of class C'!
to obtain that u € C1?.

The gap between these two results comes from the fact that, when
showing regularity of currents, the strategy of the proof goes as follow:
exploiting the fact that T is sufficiently flat inside a ball, one first shows
that a large part of T can be covered by a Lipschitz graph, and then
one proves that this Lipschitz graph almost solves the linearized version
of the Euler-Lagrange equation for 7'

To explain this better, let us think that 7' is already the graph of a
function . Then, by minimality, u solves the Euler-Lagrange equation

Fpipj (Vu)&ju = 0,

and since u is small in L*° one expects that Vu must also be small in a
large fraction of points. Hence F,, (Vu) ~ Fp,;,,(0) in a lot of points,
and one would like to say that there is a smooth function v, very close
to u, that solves the linear equation

sz‘pj (0)81']'?} = 0.

However, for this last step it is crucial the second derivatives of F' to be
at least continuous, which explains the original assumption F € C?.

It is worth pointing out that this C? assumption also appear in several
PDE results where one wants to find a “good” limiting equation and
use it to get regularity for the original function u (see, for instance,
[1, 3,18, 11]). To our knowledge, the paper [12] is the only one in this
setting where the C? assumption is weakened to C'!, but the strategy
there crucially uses the fact that one is working with graphs and, in
addition, it heavily depends on some specific structural properties of
the integrand.

In this paper, we finally fill the gap between the parametric and non-
parametric setting, proving that C'1! regularity of F is enough to obtain
regularity results for integral currents. Actually, as we shall see, it is
enough to assume that F is Cb! and elliptic only at directions that are
close to the “vertical one”. This simple observation makes our result
flexible enough to be used in situations when ellipticity and regularity of
F are available only in some directions. Also, in this respect, our result
can be seen as the natural generalization to currents of Savin’s regularity
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result for flat solutions to fully non-linear equations [18], under minimal
assumptions on F.

We shall also show that (a minor variant of) our argument provides
the same regularity result when the currents are only almost-minimizing.
In particular, as a corollary, we deduce that if F is C™! and elliptic in ev-
ery direction then almost-minimizing currents are regular hypersurfaces
outside a singular set of codimension 2+ v, for some universal v > 0. As
explained in [16, Appendix C], our result applies, for instance, to local
almost-minimizers of anisotropic perimeters.

The paper is structured as follows: in the next section we introduce
the notation needed to state our results, and show how our main Theo-
rems 2.1-2.2 implies the estimate on the size of the singular set. Then
in Section 3 we collect some preliminary results that are used in Section
4 to prove Theorem 2.1. Finally, in Section 5 we show how our approach
can be extended to almost-minimizing currents.

Acknowledgments. AF has been partially supported by NSF Grant
DMS-1262411 and NSF Grant DMS-1361122.

2. Notation and statement of the results

For the basic definition and properties of integral currents, we refer
to the seminal paper [15] and the book [13, Sections 4.1.1-4.1.9, 4.1.24—
4.1.28, 4.1.30].

We set the following list of notation:

- points in R"*! will be denoted by z = (x,%), with € R" and
y € R.

- €1,...,6n,ent1 denote the canonical basis of RPHL,

- dz',... dz", dy denote the dual basis of R"+1.

- A, (R™1) is the space of n-vectors in R™*1 A*(R"*!) the space
of n-covectors in R"*!, and we set

ep:=e1N...Nep € An(R"H), de" :=dz' A ... A dz",

€ :=epr1NetAN...Ne_1Ne1N...Nepy YVie {1,...,n}.

- Cr denotes the vertical cylinder around the origin of radius R,
that is

Cgr:= Br x R, BR:BR(O) C R".

- p:R"1 5 R” denotes the canonical projection.
- Given a function h : R — R, we denote by T} the n-current
associated to its graph, that is

(@) i= [ (H(E) AT HE)

for all ¢ € C2°(R™; A (R™ 1)), where
H(z) := (z,h(z)) € R"™,
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and
._od oH nt1
AV H(x):= 9 (Z) AN A 5 () € Ap(R™).
Notice that
oh ) 9
(2.1) ANV H(x) =ey+ %(x) é; + O(|Vh(x)| )

- Given a Borel set A C R", [A] denotes the n-current in R™ ob-
tained by integration over A, that is

([A], ¢ dx™) = /Aqb(:n) dx Vo e CP(R™).
We consider an integrand F : A, (R"™!) — R, of class C' outside the

origin, satisfying the following properties: there are positive constants
Ag, 00, such that!

(2.2) FAE)=AF(E) VYA>0,&e A, R,
(2.3) FE)>1 VeEeAR™, g =1

(24)  F(n) - (dFE),n) >0  VE&ne A (R™), €] =[n] =1;

(25) Fln) — (dF(€).m) = 3)E — P,

V€ m € Au(R™), [€] = [n| = 1, € — eol < au;
(2.6) P (F©) + 147 @) < A

=1
(2.7) F(n) = (dF(€),m) < Al€ —nl*,

V& e An(Rn+1)7 ‘5’ = ’T" =1, ‘5 - 60’ < 0o-

Given a function F as above, we can define a functional on n-di-
mensional rectifiable currents F as in (1.1). Notice that when F(§) = [¢]
the functional F(T") coincides with the mass of the current M(T).

In the whole paper we shall use the notation a < b whenever a < C'b
for some constant C' depending only on F and the dimension (such a
constant will be called universal).

'Notice that, by differentiating the homogeneity condition (2.2) with respect to A
and setting A = 1, we get

F(&) = (dF(€),6) V€€ A (R™).

Hence (2.4) corresponds to the convexity of F, while (2.5) is a uniform convexity
assumption for F at n-vectors & sufficiently close to eop. Also, (2.7) asserts that F is
C**' only at directions sufficiently close to eo.
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We say that a rectifiable current 7" is F-minimal inside an open set
O c R if
F(T)<F(T+ X),
for all rectifiable n-currents X with 0X = ) and supp(X) C O.
To state our main result we shall introduce a notion of excess with
respect to graphs. More precisely, given r > 0 and a C' function u :
B, — R, we define

E(T,ryu) = ri"/c |?—ﬁ‘2dHT”7

where
L AYU(:)
U6 = 0

Theorem 2.1. Let F : A,(R"1) — R satisfy (2.2)~(2.7), and let T
to be an n-dimensional integer rectifiable current in Cr such that:
(H1) 0 € supp(T), supp(T) C Cr is compact, supp(0T) C Cg;

(H2) T is F-minimal in Cg;
(H3) py(Tcy) = [Br].
There exist 6 > 0 and a function u: Br, — R of class CY0 such that,

if

(2.8) for z€Cp, Uz) = (z,u(z)).

E(T, R,0) < e,
then

E(T,R/2,u) =0.
In other words, T' coincides inside Cr /o with the n-current associated to
the graph of u.

In order to estimate the singular sets of minimizing currents, it will
actually be useful to extend the theorem above to almost-minimizing
currents. Of course we could have proved Theorem 2.1 above directly
in the context of almost-minimizing currents. However, as we already
mentioned in the abstract, we believe that the proof of Theorem 2.1 has
its own interest, and this is why we have decided to present our results
in this way.

Given a non-decreasing function w : R™ — RT with w(0%) =0, a
rectifiable current T is (F,w)-minimal inside an open set @ C R™*1 if

F(T) <F(T+ X) +w(rM(X),

for all rectifiable n-currents X with X = ) such that supp(X) C O
and diam(supp(X)) <.

The following result extends our main Theorem 2.1 to the case of
almost-minimizing currents:

Theorem 2.2. Let F : A,(R"1) — R satisfy (2.2)~(2.7), and let T
to be an n-dimensional integer rectifiable current in Cr such that:
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(H1) 0 € supp(T), supp(T) C Cr is compact, supp(0T) C OCg;
(H2) T is (F,w)-minimal in Cr;
(H3) py(Tcx) = [Br].

Also, set Q(R) := fR V) g and assume that Q1) < 0.
There exist r € (0, 1/8) and g = €o(r) > 0 such that, if

R+ &(T, R,0) < &,

then T' coincides inside Cr/o with the n-current associated to the graph
of a C* function u: Brjs — R. In addition ||UHCI(BR/2) —0aseg— 0.

Remark 2.3. The modulus of continuity of Vu in the above theorem
depends on w via (5.1). In particular, if w decays geometrically (that
is, w(R) < RP for some 3 > 0) then Vu is Holder continuous in By /2-

Remark 2.4. Theorem 2.2 applies also to integrands depending on
the variable z € R"!, that is F = F(z,€). Indeed, assuming
sup || F(z,&) — F(Z,8)| <@(lz —2|) Vz,2 e R
1§1=1
any (F,w)-minimal current 7" is (Fp,w + C w)-minimal for Fy(§) :=
F(0,&) and some universal constant C' > 1, hence Theorem 2.2 applies

provided f Ly d < 00.

T

As mentioned before, Theorem 2.2 allows us to get a bound for the
singular sets of minimizing currents provided the C'™! and uniformly
convexity assumptions on F are satisfied at every point. Notice that
this corresponds to take gy = 2 in (2.5) and (2.7), as the inequality
|€ — ep| < 2 is always satisfied for €] = 1.

To state the corollary we need to introduce the singular set: we first
define the unoriented spherical excess

&(T,21) = inf i/ T — ¢l2a)rl,
Br(2)

where %,.(z) C R"*! denotes the ball centered at z € R"*! of radius r.

Although our e-regularity Theorem 2.1 is stated using a cylindrical
excess & instead of &, it is a classical fact that the result is still true with
& in place of £ (maybe, up to reduce the constant £p). So we assume
that gg is still a regularity scale for & and we define

Si =1{z€ : liminf &(T > )
ing(T) := {z € supp(T) : liminf &(T, 2,r) = &0}

The next result gives a bound on the size of the singular set.

Corollary 2.5. Let F : A, (R") — R satisfy (2.2)~(2.7) with oo =
2, and let T to be an n-dimensional multiplicity-1 rectifiable current
rectifiable current in Cr such that:

- supp(T) C Cg is compact, supp(0T) C ICg;



REGULARITY OF MINIMIZING CURRENTS FOR CU! INTEGRANDS 377

- T is (F,w)-minimal in Cg.

Set Q(R fR \/L:T dr and assume that (1) < oco. Then Sing(T") N

Cry2 is relatwely closed inside supp(T'), (supp(T) \ Sing(T)) NCr/2 is a
C' hypersurface, and

A"V (Sing(T') N Crya) = 0,
for some universal v > 0.

Proof. As we shall see, this proof is basically a minor modification of
the argument that was first used in [20], and has been recently revised
in [9] to estimate the size of the singular set for C%! integrands. Here
we briefly discuss why the proof still works in our setting, referring to
the recent paper [9] for more details.

The fact that Sing(T") N Cp/, is relatively closed inside supp(7") and
that (supp(T) \ Sing(7))NCr/2 is a C' hypersurface follows by Theorem
2.2 and the definition of Sing(7T’), so the only point is to prove that
A2V (Sing(T) N Cpyz) = 0.

We begin by noticing that it is enough to prove that

(2.9) "% (Sing(T) N Cry2) = 0.

Indeed, a general argument due to Almgren (and written by White
n [22, Lemma 5.1]) asserts that every time that one has a family of
compact sets K satisfying suitable scaling and closure properties (in our
case, this is the class of singular sets of all (F,w)-minimal currents as
F varies among all the integrands satisfying (2.2)—(2.7) with gy = 2),
then the set of s such that J#°(K) = 0 for all K € K is open. So we
are left with proving (2.9).

By a blow-up argument it is enough to prove the result when w =0
(equivalently, T' minimizes F). The main idea to prove (2.9) is to define
the families

&G ={F : (2.2)-(2.7) hold with gy = 2},

Y. ={F €% :(29) holds for any T
as in the statement of Corollary 2.5},

and show that ¢, is both open and closed inside ¢ for the local uniform
convergence of the integrands F. Indeed, noticing that the isotropic
integrand F (&) = |£] (corresponding to the area functional) belongs to
Y, [14], it follows that ¥, is nonempty. Thus, this openness-closedness
property combined with the connectedness of 4 (notice that ¢ is convex)
would imply that 4, = ¢4, concluding the proof. Hence we are left with
proving that ¢, is both open and closed inside ¥.

As shown in the proof of [9, Proposition 1.7], the fact that ¢, is open is
an easy consequence of the upper-semicontinuity of singular sets, which
in our setting follows from the e-regularity Theorem 2.1.



378 A. FIGALLI

Concerning the closedness, the main point is to prove that the validity
of (2.9) is equivalent to the fact that the second fundamental form IIp
of the hypersurfaces corresponding to supp(7') \ Sing(T) belongs to L?
in the interior of Cr. More precisely, one wants to show the following:?

Claim. (2.9) is equivalent to

(2.11) 1 [*dem <

/Cm/zﬁ(supp(T)\Sing(T))

where C' > 0 is a universal constant.

Indeed, assuming the validity of the claim, one argues as follows (see
the proof of [9, Proposition 1.8] for more details): if Fj is a sequence
of integrands in ¥, converging to F, given 1" minimal for F one can
approximate it with a sequence of currents T}, that are almost-minimal
for F,. Since Fj, € 9, it follows that J#" 2 (Sing(Tk) N CR/2) = 0 and,
thanks to the claim, one gets

/ Iy, |*doe™ < C.
Cry2N(supp(Tx)\Sing(T%))

Hence, by the lower semicontinuity of the L? norm of the second fun-
damental form?

/ 1 *doe™ < C,
Cry2N(supp(T)\Sing(T))

and applying the converse implication of the claim one deduces that
S 2 (Sing(T) N CR/2) = 0, proving that F € ¥, as desired. Hence we
are left with proving the claim.

2Notice that, at regular points, it follows by Theorem 2.1 that T coincides (in some
suitable system of coordinates) with the graph of a C' function u. By minimality,
u solves the Euler-Lagrange equation 0;(Fp, (Vu)) = 0 for some F : R™ — R locally
uniformly convex and C''. Differentiating the Euler-Lagrange equation we obtain
that

0i (aijaj(é)eu)) =0 Ve e Sn717

where the coefficients ai; := Fj,;(Vu) are bounded and uniformly elliptic. So,
by Caccioppoli inequality we deduce that d.u € W'? for all e € S" !, thus u €
C*° N W22, Since

(2.10) ‘HT{z = 0ijudpmu g g™,

where g;; = di; + O;u0ju and gij denotes the inverse matrix, we deduce that
M7 € L. (supp(T) \ Sing(T)). Hence the claim asserts that the validity of (2.9)
is equivalent to a global L2 bound on Ilr.

% As shown in the proof of [9, Lemma 2.4], it is enough to prove the lower semi-
continuity when T} are represented by the graphs of some functions ux € C* N W2
that converge in C* and weakly in W22 to some function u representing T (see also
footnote 2). Recalling (2.10), the lower semicontinuity follows by the fact that {HTk {2
is a convex function of the Hessian of uy (so, it is lower semicontinuous under weak
convergence).
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As shown in [9, Lemma 2.5], the fact that (2.9) implies (2.11) is a
simple consequence of [9, Equation (A.13)] combined with a covering
argument relying on capacity estimates. In [9] the authors assume that
F € C? but actually their proof still works if 7 € C''!. Indeed, although
[9, Equation (A.13)] is a consequence of the second variation formula
for minimizers of C? functionals, the constant appearing there only de-
pend on the L> norm of D2F. So, if F is merely C"! it is enough to
approximate T with a family of almost minimizers with C? integrands
(see, for instance, the beginning of the proof of [9, Proposition 1.8]) and
then pass to the limit into [9, Equation (A.13)]. In this way one proves
that (2.9) implies (2.11).

The converse implication is based again on a covering argument to-
gether with the fact that if the L? norm of |II7| is sufficiently small then
the point is regular (see [9, Lemmas 2.6 and 2.7]). The validity of this
latter fact in our setting is again a consequence of our e-regularity The-
orem 2.1 together with a simple contradiction argument (see the proof
of [9, Lemma 2.6] for more details). With respect to the proof in [9,
Lemma 2.6] we also need to rule out that a finite union of transversal
hyperplanes can minimize an elliptic integrand, a fact proved in [20,
Part I, Theorem 1.3]. This proves the claim and completes the proof.

q.e.d.

3. Preliminary results

In all this section, (H1)—(H2)—(H3) denote the hypotheses stated in
Theorem 2.1.

We begin by stating some basic properties of minimizing currents.

First, as shown, for instance, in [7, Lemma 4], the following lower
density estimate holds:

Lemma 3.1. Assume (H1)-(H2) hold. Then, if zo € supp(T), we
have

(3.1) IT|[(Br(20)) 2 r™ Vr < R — |z

By a classical argument, the above density estimate combined the
assumption that 0 € supp(T’) provides a universal L*>-bound on 7'

Lemma 3.2. Assume (H1) holds and let u : Br — R be a C' func-
tion with ||Vul|peo(pgy)y < 1. There exists a small constant €1 > 0 such
that if € :=E(T, R,u) < ey and T satisfies (3.1), then

(3-2) supp(T'lc,, ) C {ly — u()| S EV*"RY,
where R := (1 — EY?") R.
Proof. Let ® : Cp — Cr be the map
O(z,y) = (z,y — u(x)).
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Since @ is bi-Lipschitz it is easy to check that the current ®,T still
satisfies the density estimate (3.1). In addition

E(T,R,u) ~ £(®4T, R,0),

hence the result follows by applying the classical L> bound (see, for
instance, [7, Lemma 5]) to the current ®4T. q.e.d.

Applying the classical Lipschitz Approximation Lemma (see, for in-
stance, [2, Lemma 8.12], [7, Lemma 3], or [19, Lemma 3]) to the current
®,T defined in the proof above, we also deduce the following result:

Lemma 3.3 (Lipschitz Approximation Lemma). Assume that (H1)
and (H3) hold, w : Bg — R is a C' function with ||Vul|pep,) < 1,
E:=E(T,R,u) < e (61 as in Lemma 3.2), and T satisfies (3.1). Set
R = (1 —51/2”) R. Then, for any v € (0,1] there exists a function
g~ : Brr — R and a compact set K, C Bg' such that:

(a) Lip(gy) <7, llgyllLe(s,) < €/ R.
(b) The currents T and Tyig, agree over K., that is T|p-14c )=
Tutg, Lp—l(]c’y), and the following estimates hold:

ER"
(3-3) |BR’ \’Cv‘ S ?,
and
_ ER™
(3.4) IT|| (Cr \ P M (Ky)) S o

We now show that the current 7' is close in L' to Tutg,, With an
estimate which is superlinear in the excess.

Lemma 3.4. With the same notation as in Lemma 3.3, it holds

51+1/4n Rn+1
| =) - g @lair) s
Crr ~
Proof. We notice that, as a consequence of (3.2) and Lemma 3.3(a),
sup{|y — u(z) — g,(2)| : = € B, (2,y) € supp(T)} < EV"R.

Hence, recalling (3.4), we get

/ ly — u(@) — g,(2)| d|IT| = / ly — u(®) — g5 ()] dIIT]|
Crs Cr\DP~1(K5)

. B 81+1/4n Rnt1
SEVTR|T| (Cr\pTHKS)) S R

q.e.d.
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The next result shows that, if we minimize a functional with small
Cl'-boundary data, then global regularity holds under the assumption
that the integrand is C! and elliptic only in a neighborhood of the
origin.

Lemma 3.5. Let v,4, p be positive constants, let F' : R™ — R be a
convex function of class O inside B, and satisfying D?F(p) > v 1d
for |p| < p. Let u: By — R minimize

/ F(VU(:E)) dl’, u|8Bl =9,
B

with g € CY1(OBy) for some 1 € [6/2,5]. Then there exists a small
constant k > 0, independent of n, such that the following hold provided

lgllcrm@p,) < K-
(1) There exists an exponent o € (0,1), independent of §,n, K, such
that

IVullcoa(s, ) S IVull2(sy)-

(2) There exist an exponent f € (0,1), independent of 6,7n, K, such
that

ulleresy < N9l ¢ := min{n, o, B}.
Proof. Notice that, to prove the above statements, we can assume
that F' € C*(R") and that D*F(p) > 7 Id for all p € R".

Indeed, consider an integrand F which is uniformly elliptic, of class
CY! and coincides with F' for |p| < p/2, and assume that we can prove
the above statements for « minimizing | B ¥ (Vu(m)) dx. Then it follows
from (2) that, provided x is chosen sufficiently small,

p
[Vullpoo sy < lullcresy < Collgllcrnes,) < Cok < 2

therefore, F(Vu) = F(Vu). This implies that u solves the Euler—
Lagrange equation associated to F' and so, by the convexity of F', u
is the unique minimizer of f B, F (Vu(m)) dx, proving the desired result.

Hence we are left with showing the lemma when F is globally C1'! and
uniformly convex.
In this case we start by differentiating the Euler-Lagrange equation

(3:5) 01 (Fy, (Vu)dyu) = 0
to deduce that
9; (Fpipj (Vu)aj((‘)eu)) =0 Vee St 1

so it follows by De Giorgi—Nash’s Theorem that u € Cllo’?(Bl /2) for some
universal exponent o > 0, with

IVullcoa (s, 5) S IVullz2(sy)-

This proves point (1).
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To show point (2), we notice that (3.5) can be rewritten as a linear
uniformly elliptic equation with measurable coefficients

Fpp, (V) Oiu = 0.

Hence the global regularity follows in a standard way combining the
interior C'1® regularity provided by De Giorgi-Nash’s Theorem (see the
above discussion) with the C™#-boundary estimates for linear equations
(see, for instance, [21, Theorem 1.1], where the result is proved in the
more general context of fully nonlinear equations). q.e.d.

4. Proof of Theorem 2.1

We begin by noticing that, up to perform the dilation (z,y) —
(z/R,y/R), we can assume that R =1 and that

(4.1) T is F-minimal in C;.
Let o and B be as in Lemma 3.5, and define

. 1 ) 2
(42) 5— mln{a,ﬁ,m}, 9—1—1, M = m

We define the series of radii
pji=1/2+4277, j>1,

and we assume, for any j = 1,..., k we are given functions u; : B,, = R

such that ||uj||c1,aj (B,,) < 1277, where

iy ‘
(4.3) 5j::5—M;9, j>1,

and g > 0 is a small constants to be fixed later. Notice that, thanks to
the definition of M, §; € (6/2,0) for all j > 1.
Then we set vy, := 2?21 u; and assume that v, minimizes

(4.4) /B F(Vu)dz,

Pk

where

F(p) := ]~'<eo +Zpiéi) Vp=(p1,...,pn) € R",

and that

g(T7 Pk Uk) S 5(()1+5/2)k 9

where ¢ is a universally small constant (to be fixed later).

Claim. There exists a function ugy1 : B — R such that:

< 2—(k+1) ;

Pk+1

- Huk+1\|cl,6k+1(3%+1)
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- Vg4l = Uk + Upg1 manimizes (4.4) in By, ;
- E(T, prg1 i) < E(T, pro, vi) 072,

Notice that the claim implies the theorem. Indeed, thanks to our
assumption, we can pick u; = 0 and apply iteratively the claim above

to deduce that
S k
E(T, pr,vk) < 5(()1+ /2) ’ H’Uk‘Hcl’ék(Bpk) <u Vk>1,
so, by letting k& — oo,
T,1/2,000) = o = i = ;e (B
E(T,1/2,v5) =0, v Jim vy Zu € C%(By2),

—00 "
=1

as desired. Hence our goal will be to prove the claim.
To make the proof easier to follow, we shall split the argument in
several steps. Our proof is partly inspired by the arguments in [19].

Step 1: The Lipschitz approximations and some preliminary
estimates. Set & := E(T, pg,vk), let 6 > 0 be as in (4.2), and define
Js : BP% — R to be the function g, provided by Lemma 3.3 with

1/4
wi=uvg,  Ri=pp, =& pp= (1 ~&/ ") Pk

Also, let ¢ € C°(R"™) be a convolution kernel with support in By and
set

- . 1 T
Js =05 * ¢, Pe,(x) = & ¢<g—k>
Then, thanks to Lemma 3.3(a)—(b) and by standard properties of con-
volution we have
HV%HLM(BP;;SIC) < HV%HLM(BP;C) <&y,
(4.5) 95 — g5”L°°(Bp;€7£k) <& HVSAMHL‘X’(BP;C) < g,
Hvécho,é(Bp;;gk) < 5_6HV§6HL°°(B%) <&,
In addition

1
ITI(C) — |By| = » /C T — eo2 d|T)| < £(T.1,0),
1

2
hence
(4.6) IT(C) < [Bi|+E S 1.
Notice that, provided gg is sufficiently small, we can ensure that
(4.7) (PZ - 5k) - <Pk - 512) 2 &

Step 2: Finding a good slice to construct a comparison for 7.
Given o € (0,1) we define the (n — 1)-current

(T,yo) :=0(T|c,).
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Combining Lemma 3.4 and (4.6) with the Coarea Formula

1 1
0| = /0 A Nop, do, I Tlell /0 (T, o) do

(see, for instance, [13, Sections 2.9.19, 3.2.22, 4.2.1]), we deduce the
existence of o € (pk — 5,‘3, P — Ek) such that
(4.8)

=) = go(@)dlTo)l S ETTTL L MT o) S &
where M((T, o)) denotes the mass of the (n — 1)-current (T, o).

Now, our goal is to find a “good” comparison for 7" by gluing the
slice (T, o) to the graph of a function v minimizing F inside C, with
boundary condition §s. More precisely, let v € W2(B,) minimize
(4.4) with boundary conditions u = vj, + gs on 0B,.* Recalling that by
assumption ||vg||o16, < pand 0 € (6/2,6), it follows from (4.5), (2.5),
and (2.7) that, provided

(4.9) < g, & is sufficiently small,
we can apply Lemma 3.5 to deduce that
(110) Il 5,y S 1+ €L

Since vy, is also a minimizer (with its own boundary data), it follows by
the maximum principle and Lemma 3.3(a) that

- 1/4
v — vkl (B,) < 195l 0B,) < 5k/ i

hence by interpolation we get

Hu - Uk‘|cl’5k+1(30)
Noticing that (1 + 6/2) > 1 (see (4.2)) and recalling that o — dxy1 =
k
Lok and &, < 581+6/2) , this gives

o 10(1+8/2))%
(411) HU — ’UkHCl,ékJrl (Bo) S ggnM[ (1446/2)] < M2_k Yk > 1

provided ¢ is sufficiently small. We now define the “comparison” cur-
rent S as

S:=T.lc,,
and observe that S = ?HS || with
(4.12)
?(z) _ A VIW(P(2)) Vzely, W(z):=(z,u(x)+vk(x)).

A VI (p(2))

“By the homogeneity and ellipticity assumptions (2.2) and (2.4) on F, the function
F' is convex, so existence of a minimizer u is standard.
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Step 3: Show that S provides a good approximation of T
in terms of the excess. First, by the homogeneity condition (2.2) it

follows that ]:(?) = (d]-'(?),?), which gives
(4.13)

F(Tle,) — F(Sle,) = / F(T)dT) - [ F()dls)

Co o

_ / (F(T) - wF(3), 1)) ||

o

+ [ ar (). Ty - [ @r (). 5 ais).

o

Noticing that (thanks to (4.12), (2.1), and (4.10))
(4.14) S —eol S IVul S &+,

assuming & and p small enough we can use the uniform ellipticity
assumption (2.5) to get

wis) [ (F@) - @r@).D)am = [ TSP

To control the last term in (4.13) we consider the map
H(t,z,y) = (z,(1 — t)y + tu(z)), Vte[0,1], x € By, y € R,
and define the (n 4 1)-current
X = Hy([0,1] x Tc,).
In this way we see that
(4.16)  O0X = (T — S)|c,—%, ¥ = Hy([0,1] x (T, 0)) C dC,,

and because of (4.5), (4.8), and the fact that u = vy + g5 on 9B,, we
get

M(S) < /a v = uile) = ds(a) I )|

< / ly — vk (z) — do(@)| (T, o)
(4.17) aC,

+ /8 lis(o) = gs(@)| T, )]
5 5]1+1/4n—56 +5’i+5.

We now notice that dF is 0-homogeneous (since F is 1-homogeneous),
therefore, (see (4.12))

dF (S = dF (ApdU).
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Also, because v minimizes F' (see (4.4)), the Euler-Lagrange equation
for u corresponds to saying that dF(A,dU) is a closed n-form. Thus

(OX, dF (AndU)) = 0,
and by (4.16) and (4.17) we obtain

(418) [(T = 8)le,,dF ()| = |(2,dF ()| < gri/an=20 1 glto

Combining (4.13), (4.15), and (4.18), we conclude that there exists a
universal constant C] such that

(4.19)
3 [ IB-TPam <o (g7 + £1*) + F(Tle,) - F(Sle,).
Co

To estimate the last term we simply observe that, since 9(T|c,) =
(S + ¥), the minimality condition (4.1) together with (4.17) implies
that

(4.20)

F(Tle,)~F(Sle,) = F(Tle,)~F(Sle,+Z)+F(2) S /7 647,
Combining this bound with (4.19) finally yields

E(T, 0,05 + 1) < / T~ SPa|T| < gm0 4 gl+o —gglts,
Co

where at the last step we used the definition of ¢ (see (4.2)). In partic-

k
ular, since & < E(()H(S/ 2" we deduce that P <« 5;*6/ 2 and

o> pp—E) > pr— 27" = prya,

hence
g(T7 Pk+1, U) < gk1+5/2‘

Recalling (4.11), this proves the claim with w1 := u—vy and concludes
the proof of the theorem. q.e.d.

5. Proof of Theorem 2.2

The proof of the e-regularity theorem for almost-minimizing currents
follows the one of Theorem 2.1, with some minor modifications. More
precisely, choose pj := Rr* for some r € (0,1) to be fixed later. We
claim that there exists a sequence of linear functions £ : R™ — R such
that, for all k£ > 0,

w
(5.1) ir <198 + 08,
and
(5.2) Vs — Ve P < St el

Tn-‘,—l ’
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where

gk = g(T7 Pkyfk),
and a > 0 is given by Lemma 3.5(1). As we shall explain at the end of
the section, this claim implies the result.

We set £p = 0 so that & = E(T, R,0) < &9, and we show how to
construct /41 once ¢ is given. However, before doing that, we first
notice that applying iteratively (5.1) and using that w is non-decreasing,
one obtains

k

1 . L
Erpr <TG + o0y 1T (R)

Jj=0

k
S ,r,(k—l—l)ago + rka Z ,r,(j—k)aw(R ,r,k—j)
=0

k k—j—1
« e " dt «
< rlEhagy 4 phey " / L wBY g + rFw(R)
j=1""

1 d r/2 dt
= pho <50 - w(R)> + r’m/ wW(Rt) e + r’m/ wWRt) g

rk/2 k

rk/2

Lot
tl—l—a

dt
tl—l—a

< vt (8o 4 wlR)) +rAw(R) /

rk/2
< kg + rF20(R) + w(RrF/?).

This implies that & — 0 as K — oo, and in addition £, can be made
arbitrary small for all £ > 1 provided ¢( is small enough.
Then, inserting this estimate into (5.2) one deduces that

k k
Vil DVl = VG| S D& +w(Rr)
j=0 Jj=0
k
$ S0 (FVE o o(R) 4 (R
=0

_|_,r,kaw(R,r,k/2) /

rk

1
< V& + Vw(R) +/0 Vw(RY) %,

which can also be made arbitrary small provided we choose gg suffi-
ciently small. In particular, we can ensure that at every step |[V/{y| < §
with x as in Lemma 3.5, which allows us to apply Lemma 3.5 (compare
with Step 2 in the proof of Theorem 2.1). We now begin the proof of
(5.1)—(5.2).

Up to perform the dilation (x,y) — (z/pk, y/pr) we can assume that
pr = 1 and that

(5.3) T is (F,wy)-minimal in C; with wy(t) := w(pgt).
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Then, arguing exactly as in the proof of Theorem 2.1 with ¢ in place
of v we arrive at the validity of (4.19)—(4.20) with the only difference
that now 7' is not F-minimal but (F,wy)-minimal, therefore,

F(Tle,) ~F(Sle,) S &/ 4 €10+ wi(o).

Hence, recalling the definition of § (see (4.2)) we obtain
(54)  E(T,ou) < / T~ SPa|T) <265 + wi(o).
Co

We now want to relate E(T', 0, u) with E(T,r,lk41), where r € (0,0/4)
has to be suitably chosen and lj11(z) := Vu(0) - . This part of the
argument is pretty standard.

Let r € (0,0/4) to be fixed later. We have

[ 7 -Soparn <z [ [7-3Far)
2 [ |3 -F o
2/ T - 312
+2(sup|? S0 |) Tle,).

Cor

Observing that
1 >
M(Tley) — U+ IVEGE Byl = 5 [ [T - Tuf dlT < &
Car

where
— AV L.

Ly = m, Li(z) := (x,fk(x)),

we get
M(Te,.) S 7" + &

Moreover, it follows by (2.1) that S = Vu+O(|Vul?) and |V (u—£)] <

|
|?— L k‘ Hence, noticing that the C%% seminorms of Vu and V (u—£})
are equal, Lemma 3.5(1) and (H3) give

Scup|? ? ! <T2a VU]COQ(&) Tza[v(u—gk)]%ova(BQT.)
2r
SV = ),y S0 [ 15 - T
/ EEvAal
Co
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Combining these last two estimates with (5.5), we get

/@J?—?(oﬂ?dHTu
s [ 1T -3Fam
L 1 g /Cg\?—fk\zduifu
g/cﬁ—?fdutru
varte(rrg) [ [T -3+ |T - ZuP]aim)
5/Ca\?_§>|2d||ﬂ|+r2a(r"+5k)£k,

that together with (5.3) and (5.4) gives

56) g [T~ FOPar) < (6 + o+ 2

2rn

)5k+ (Pk)

rn— 2 rn

Since

. |? Ly dHTH<

adding this inequality w1th (5.6) and using the bound M(T|¢,,) > |Bay|,
we obtain

Vu(0) = Ve < |5 (0) = Dol < Etelen),

rr‘n
Hence, if we set {11 (x) := Vu(0) -z (so that fk.i_l = ?(0)) we deduce
that
§ 2a (pk)
Eri1 < 01<[5k R >
& +w(pk)

[Vly1 — V2 < Cy

rn ’

where C, Cy > 0 are universal constants. We are now ready to select all
the constants involved in this proof and complete the argument. First,
we choose 7 € (0,1/8) such that

Cir’e < Cor < 1.

r
o
Then, recalling that &, can be made arbitrary small for all k£ > 1 pro-
vided g¢ is small enough (see the iteration argument described at the
beginning of the proof), we take ¢y sufficiently small so that

Er

n—2a

Cl[gk-i- }g? V> 1.
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Since with these choices Cor < 1 we deduce that (5.1)—(5.2) hold, as
desired.

By (5.1)-(5.2), the iteration argument described at the beginning of
the proof shows that 7" is C'! at the origin. Then, since the same argu-
ment can be repeated replacing 0 by any other points z € supp(7')NCr/2,
we deduce that T coincides with a C'' graph inside Cp /2, concluding the
proof. q.e.d.
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