An existence theorem for sliding minimal sets

G. David* and C. Labourie

Abstract. We prove an existence theorem for the sliding boundary variant of the Plateau
problem for 2-dimensional sets in R™. The simplest case of sufficient condition is when
n = 3 and the boundary I' is a finite disjoint union of smooth closed curves contained in the
boundary of a convex body, but the main point of our sufficient condition is to prevent the
limits in measure of a minimizing sequence to have singularities of type Y along I'.

Résumé en Francais. On démontre un résultat d’existence pour la variante a frontiere
glissante du probleme de Plateau pour un ensemble de dimension 2 dans R". La condition
d’existence la plus simple est quand n = 3 et on demande que la frontiere I' soit une union
finie disjointe de courbes lisses fermées, mais le but principal de notre condition suffisante
est d’empécher que les limites en mesure de suites minimisantes aient des singularités de
type Y le long de I'.

Key words/Mots clés. Sliding Plateau problem, Existence, Minimal sets of dimension 2.

AMS classification: 49K99, 49Q20.

Contents

1 Introduction 2
2 Almost minimal sets and minimizing sequences 6
3 Good access 10
4 Blow-up limits of E,, at a point 13
5 A description of E in annuli centered at zq =0 22
6 Intrinsic projections on small Lipschitz graphs 28
7 Projections along the spheres S, 37

*G. David was partially supported by the European Community H2020 grant GHAIA 777822, and the
Simons Foundation grant 601941, GD.



8 Contraction of £, to the origin 48

9 A retraction onto F,, defined near E. N B(0,7) 61
10 We glue the retractions 64
11 Variants of the main theorem 71
12 Local biLipschitz parameterizations of some almost minimal sets 72

1 Introduction

Let a compact set I" be a finite union of disjoint smooth closed curves (i.e., loops) in R™; we
consider the following variant of the Plateau problem. We start with an initial compact set
Ey C R"™. Then we consider the class £ = £(Ey, I') of sets obtained from Ej by a continuous
deformation that preserves I'. That is, we say that £ € £ when we can find a continuous
mapping ¢ : [0, 1] x Ey — R"™, with the properties

(1.1) ©(0,z) =z for x € Ej,

(1.2) o(t,z) el whenzx e EynNTand 0 <t <1

and, denoting ¢, (z) = (¢, x),

(1.3) 1 is Lipschitz on Ep,
and finally
(1.4) E = o1(Ey).

The condition (1.3) is traditional. Our result is a tiny bit better with it (we will eventually
construct a minimizer £ and a ¢ such that ¢, is Lipschitz). Moreover, the limiting set in
Theorem 2.2 is a priori only minimal with respect to Lipschitz deformation.

We look for minimizers of H2(E) (or sometimes a slightly different functional .J) in the
class &, i.e., sets E € £ such that H?*(E) = mg, where

(1.5) mo = mo(Ey, T) =inf {H*(E) | E€&}.

Here H? denotes the 2-dimensional Hausdorff measure (recall that H? coincides with the
surface measure on smooth sets F). In general, the sliding Plateau problem would concern
more general boundary sets I', and we would minimize the Hausdorff measure H%(E), where
d € {1,...,n— 1}, but here our method will force us to restrict to d = 2. We will refer to
the minimizers, if they exist, as solutions of the sliding Plateau problem associated to I' and
Ey. The main result of this paper is as follows.
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Theorem 1.1. Let a compact set I' C R™ be the union of a finite family of disjoint closed
curves of class C1*®, with o > 0. Assume in addition that

(1.6) I’ has a good access to the complement of its convexr hull;

we will explain what this means in Section 3. Let Ey be any compact subset of R™, and
define € = E(Ey, ') as above. Then there exists a solution for the sliding Plateau problem
associated to T and Ey, i.e., a compact set E € £ such that H*(E) = my.

We will explain later in this text that this result can be generalized to some extent, but
as far as we know Theorem 1.1 is already new as stated, even when we assume that n = 3
and [' is contained in the boundary of its convex hull. It also gives a very good idea of
what we can do. See Theorem 3.2 for an example that is not too explicit and Section 11
concerning extensions of Theorem 1.1.

When n = 3, (1.6) holds as soon as I' C 0H(I"), where H(I') is the convex hull of I
When n > 3, the condition I' € 9H (I") does not mean much, because I' (and then everything
we do) could be contained in a hyperplane, and then the condition would be void. We will
settle for a definition of (1.6) that looks reasonable and allows to work in R™, n > 4. See
Definition 3.1.

Our assumption that the curves that compose I" are C'*® does not seem shocking, even
though it is probably not optimal; it will allow us to apply some regularity results from
[Da6]. Also, we should probably be able to allow the curves to cross, but the regularity
theorem near a cross that we would need is not written yet.

The main assumption (1.6) is more problematic. This type of condition is not new; it
appears in | ], in a context similar to ours, but where the sliding minimizers are replaced
with size-minimizing currents and the minimized surfaces are of co-dimension 1 instead of
n — 2 (which makes the definition of (1.6) simpler). In both cases the point is that we can
restrict our attention to competitors that are contained in the convex hull of I'. We find it
interesting that (1.6) arises almost naturally in our context of sliding minimizers, as a way
to prevent some annoying blow-up limits from arising. At this point the authors still hope
that (1.6) is not needed, but are unable to prove this because the regularity result in [Da0]
is not good enough.

Let us add some additional general comments about our sliding Plateau problem before
we discuss the proof. Typically, our problem will not be trivial when Ej is related to I' with
some topological condition, but the pleasant feature of the sliding Plateau problem is that
we don’t need to say which topological condition. We like to keep open the choice of the
initial set Ey, because we like the fact that different initial sets Ej give different classes £
and often different minimizers £. Even the value of mg will depend on Ej in general.

The reader may worry about bad choices of Ej. If we start from a stupid choice of Ej,
it may happen that my = 0 and the result is not really interesting. This is what happens
in the extreme case when FEj is a compact set that does not meet I', and thus there is a
retraction {p;} of Ey to a point. In this case the sliding condition (1.2) is void, and does
not help for the non-degeneracy of our Plateau problem. It could also happen that mg =0



if Fy contains I', but can still be deformed into a trivial set E € £, either reduced to a point
or of dimension 1. In any case, we will deal with the case my = 0 with a specific argument
(at the end of Section 3)

It could also a priori happen that mg = +o0, i.e., H2(E) = +oo for every E € £. In this
case the theorem would be essentially void (take E = Ej), but anyway we claim that this
cannot happen due to the fact that I' is nice curve and Ej is compact. In this setting, we
can construct a Federer-Fleming projection ¢ (on biLipschitz images of faces of cubes) so
that E = ¢(Ep) lies in € and H*(E) < +o0o. We leave the details to the reader, because the
only point of the remark is to feel a little better about the statement.

Our Plateau problem looks a lot like the problem of size minimizers, where one chooses a
reasonable integral current S on I' (for instance, any sum of integer multiples of the current
of integration on the curves that compose it), and then looks for a current 7" of minimal size
such that dT" = S. See for instance [\o1]; the algebra here is different (in fact, one could
argue that it is not even visible here), but the problems have strong similarity, because in both
cases we minimize the Hausdorff measure of the relevant geometric object. Notice however
that we seem to have more flexibility in the definition of the problem, and in particular we
do not care about orientability. We refer to [Dal] for a discussion and comparison of the
various classical Plateau problems.

Of course our problem looks even more like the initial Plateau problem treaded by Rado
[Ral, | and Douglas [Do], for instance, where E is given with a parameterization f, and
its area is computed from f. Here we allow f to be defined on Ej, and use slightly different
rules on the list of allowed competitors; for instance, they only allowed injective mappings,
or else used a (local) formula that compute the area of the image with multiplicity when
f is not injective. In both cases, the difficulty with parameterizations (or our map 1) is
that the modulus of continuity of the parameterization may degenerate along a minimizing
sequence, thus making it hard to parameterize a limit.

In the case when I is just one closed curve, Rad6 and Douglas consider sets F = f(D),
where D is the closed unit disk in R? and f is a continuous function which coincides on the
circle 9D with a nice parameterization of I' by dD. Here we could take for Ej such a set
E (and taking f injective will be nicer), but our problem is different because we allow non
injective deformations. Also, some of the minimal sets that we look for are more naturally
parameterized by some other surfaces than a closed disk, such as a more general torus with
m holes, minus a small disk whose boundary is sent to I'.  Thus we want to allow FEj to
be one of these objects. As we said before, different choices of Ey may yield interestingly
different minimizers F (and even different values of my); see [Dad].

Our proof of Theorem 1.1 relies on two ingredients: a regularity theorem along the
boundary for sliding almost minimal sets [Da6], and a stability theorem concerning limits
of such sets [LL.a]. The general principle is, as often for the existence of minimizers, to start
from a minimizing sequence { F}}, extract a sequence with a limit, and show that the limit
is a minimizer.

There are a few a priori difficulties with this general program, some of them less annoying
than one could expect, some of them more delicate. The most obvious attempt would be to



take a subsequence {E}x} that converges for the Hausdorff distance to some limit E,, but if
we do this, the most likely is that H?*(E,) = +00, because Ej may have lots of small hairs,
with small area, but that converge to a large set. The next attempt is to consider a special
subsequence with additional regularity properties, so that the measure ’H%Ek has suitable
lower semicontinuity properties. This was for instance a strategy followed by Reifenberg in
[Re], and in the context of sliding minimal sets as here, this was proposed for instance in
[Dal], and implemented in specific instances in [LLil] and [I'v], Fv2]. The construction of a
sequence { Fy} of “better competitors”, can be long and painful, but the general idea is that
along a sequence of quasiminimal sets, with uniform quasiminimality constants, the amount
of Hausdorff measure in an open set behaves in a lower semicontinuous way.

More recently, the authors of | | and then | ] found out that for such problems,
using the weak convergence of the measures p = H|2Ek is often much more convenient. The
idea now is that any weak limit of the uy is of the form HIZEOO for some minimal set F.
Their proof typically uses well known (but difficult) results on minimal sets, plus simpler
arguments suited to the precise context. In the present situation, their proof typically yields
a set E,, which is sliding minimal (in the sense of [Da5]), but this is not yet enough for us
because maybe F, is no longer a competitor in our class £. Indeed, we do not know whether
we can make the deformations ¢, associated to the Ej converge to anything, and also pieces
of surface in the Ej may converge to a set of dimension smaller than d (think about thin
tubes converging to a wire), which is important in the definition of £ but disappears from
the limit of the py.

In our case, we will still use weak limits of the Radon measures ji, but for the proof of
sliding minimality for F.,, we cite [L.a] which takes into account the sliding boundary and
whose proof is more flexible.

So we need a last piece of information, coming from the fact that F is a sliding min-
imizer. If none of the blow-up limits of E, at a point of F,, NI contains a cone of type
Y whose spine is parallel to the tangent of I" (see the definition below), then we can apply
a regularity result from [Da6] and prove that there exist local retractions on E,, that pre-
serve I' too. Then we can compose such retractions with any of the mappings ¢y, k large
enough, to get a deformation ¢ that maps Fjy to the limit E., (in fact, plus a set of vanishing
measure), prove that this set lies in £, and conclude. This last part follows the same route

that was used in [Lil] and [Fv1, Fv2], although they worked in different contexts where the
retraction was probably harder to find.
The point of our accessibility assumption (1.6) is that the regularity result in [Da6] is

only stated for almost minimal sets that do not have blow-up limits of type Y along I'; the
extra assumption (1.6) is precisely a simple way to make sure that F., is like that. Of course,
the reason why we restricted to 2-dimensional sets is that [Da6] only works in this dimension.

The plan for the rest of this paper is as follows. In Section 2 we give some of the missing
definitions, pick any minimizing sequence {F}}, then choose a subsequence so that the py
converge weakly to a measure p, and use the results of [L.a] to show in Theorem 2.2 that
n= 'H|2E for some sliding minimal set E.

In Section 3, we define the notion of good access and state our main practical result,



Theorem 3.2, which says that if we can find a minimizing sequence in a compact set K
(think about the convex hull of I'), such that I" has good access to the complement of K,
then we can find a sliding minimizer in £. Other functionals J are allowed (as in (2.5)-(2.7)),
but, other than the convex case, the reasons why there would be a compact set K as above
are not discussed before Section 11.

The proof of Theorem 3.2 (which implies Theorem 1.1) is done in Sections 4-10, where the
regularity result in [Da0] is used to control the geometry of the limit set F., (the support
of the limit of the measures ”H‘QEk for a minimizing sequence), and eventually construct a
local retraction on E.,. Section 11 contains a discussion of circumstances where we can
use Theorem 3.2, yielding existence results that generalize Theorem 1.1, with essentially the
same proof.

Finally, we prove in Section 12 that if E is a coral almost minimal set of dimension 2
in R”, with a sliding boundary composed of disjoint C''*® closed curves, such that all the
blow-up limits of E at 0 € E only have transverse, or half plane, or generic V behaviors at
the origin, then there is a neighborhood of 0 where E is biLipschitz-equivalent to one (in fact
any) of the tangent cones to E at x. This result is not needed for the rest of the paper, but
the proof of Theorem 3.2 almost gives it, and it seems interesting, because this is a situation
where we don’t know wether there is a unique blow-up limit of E at 0 (only, they are all
biLipschitz-equivalent to each other).

2 Almost minimal sets and minimizing sequences

Since we may also consider slightly more general sliding boundary problems, we shall write
down the definitions, and some proofs, in more generality than needed for the official results
of this paper. It is also important to us that we use almost-minimality arguments, which are
more flexible than the arguments involving true minimality.

For the moment, we fix an integer d € {1,...,n—1} and a compact boundary set I' C R”
(not necessarily of dimension d — 1). To each compact set Ey C R" such that H¢(Ey) < oo,
we associate as above the class £(Ep,I") of (results of) deformations of E, that preserve I'.
That is, £ € E(Fy,I') when E = ¢1(Ep) for some family {¢;}, 0 < t < 1, that satisfies
(1.1)-(1.4).

Let h : (0,+00) — [0, +00] be a nondecreasing function such that lim, o h(r) = 0 (we
shall call this a gauge function); we shall assume in addition that there exist a > 0, ¢;, > 0,
and 7, > 0 such that

(2.1) h(r) < cr® for 0 <r <rp,
so that various earlier results can be easily applied.

Definition 2.1. Let E be a compact set of R* with HY(E) < co. We say that E C R" is
a sliding almost minimal set of dimension d, with gauge function h and sliding boundary T,
when for each choice of ball B(y,r) C R™ with 0 < r < ry,, and each family {y;} that satisfies




the conditions (1.1)-(1.4) with Ey replaced by E, and in addition the deformation happens
entirely in B(y,r), i.e., when for 0 <t <1,

(22) pi(x,t) == for v & B(y,r) and o(E N B(y,r)) C B(y,r),
we have that
(2.3) HYUEN B(y,r)) < HYe1(EN Bly,r))) + h(r)re.

A sliding minimal set is just a sliding almost minimal set associated to the gauge function
h = 0 (and without radius constraint, i.e., r, = +00); thus for minimal sets, the definition
is simpler and boils down to

(2.4) HYE) < HYF) for every F € £(E,T)

because E and F' are compact sets, and since h = 0 we may even take B(y,r) very large
without losing information in (2.3). There exist local definitions of sliding minimal and
almost minimal sets (see for instance [Da5]), but we won’t need them here.

We will use the notion of (sliding) almost minimal sets because it is much more flexible
than the notion of minimal sets. The simplest way it appears naturally is when you use
functionals like

(2.5) J(E) = /E f () dH ()

instead of H4(E), which corresponds to f = 1. For instance, if I' is reasonable, f is such
that

(2.6) Cit < f(x) <Gy for z € R"
and
(2.7) [f(z) = f(y)l < Cilz —y|* for z,y € R

for some constants Cy, C; > 1, and if E is a sliding minimizer for J (with the same definition
(2.4) as above, but with H? replaced by J), then we are going to see that E is sliding
almost minimal with a gauge function h that satisfies (2.1) for some choice of ¢; and r, (that
depend on I', n, Cy, and C7). A first easy consequence of these assumptions is that £ is
quasiminimal, which means that there exists a constant M > 1 such that for all ball B(y, r)
and all deformation ¢; as in Definition 2.1, we have

(2.8) HYENW) < MHY (o (ENW)),

where W ={z € ENB(y,r) | p1(z) # = }. The mild constraint on I' (satisfied for instance
if I' is the biLipschitz image of a finite union of faces of dyadic cubes of various dimensions,
hence also when I' is as in Theorem 1.1) is then used to verify that E is locally Ahlfors
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regular. This means that we can find a constant Cy > 1 (which depends only on n, M and
I') and a radius r4 > 0 (which depends only on n and I') such that for all z € E* (the closed
support of H |dE) and 0 < r < r; we have

(2.9) Cilrt <HYEN B(z,7)) < Car®.
See [Dab, Proposition 4.74] for the verification of (2.9), which takes some time but is not
surprising.

Once we know (2.9), the almost minimality of E follows easily. Consider a ball B(y,r)
with 0 <7 < ry and a sliding competitor F' = ¢1(F) € E(F,T), with ¢ satisfying (2.2). By
minimality of E, we have J(E) < J(F') and since F' coincides with E in the complement of
B(y, ), this simplifies to

(2.10) J(EN B(y,r)) < J(FNB(y,r)).

If HY(F N B(y,r) > Cyr?, then we automatically have HY(E N B(y,r)) < HY(F N B(y,r))
by (2.9). If H4(F N B(y,r)) < Cyr?, we have

fWHYEN By, ) = / £ (y)dH ()
ENB(y,r)

< f(x)dH(z) + C1r*HY(E N B(y, 7))

N ENB(y,r)

< f(l‘)d%d(l’) + ClchdJra < / f(.’ll')d%d(ﬂﬁ) + ClCdrdm

— JENB@y,r) FOB(y,r)

(2.11) < F)dH (x) + 2C,Car®™® = F(y)HYF 0 Bly,r)) + 2C1Car+,

FnB(y,r)
We divide by f(y), use (2.6), and get (2.3).
We will start our argument searching for a d-dimensional set £ € £(Ey, I'), that minimizes
a functional like J in (2.5) (with the assumptions (2.6) and (2.7)). Later in the argument

we will make further assumptions as we need them.
So let I', Ey, J, be given, set

(212) mo :mO(E07F7f) :lnf{‘](E) | E e g(E07F)}
as above, and consider a minimizing sequence {Ey}, k > 0, in &€ = E(Ey,'). That is,

(2.13) lim J(Ey) = my.

k—+o00
We want to use { £y} to find a minimizer for J, and rather than trying to find a subsequence
that converges for the Hausdorff distance, we decide to follow | , , L.a] and replace
{E} with a subsequence for which the measures p = Hf’Ek converge weakly to some limit
ltoo- The purpose of this section is to prove that pi, = ’HflEoo for some sliding almost minimal
set F.



We intend to apply Theorem 3.3 or Corollary 4.1 in [La], so we should assume that our
boundary set I' is what is referred to in [La] as a Whitney set (Definition 1.8 there). It means
a closed set I' which is a Lipschitz neighborhood retract, which is locally diffeomorphic to
a cone and which is locally biLipschitz equivalent to an union of faces (of any dimensions)
of dyadic cubes. The definition includes C* compact submanifolds of R”. Whitney sets are
much more general than what we shall need for Theorem 1.1 or its variants. We want to
prove the following.

Theorem 2.2. Let I, J, f, Ey be as above; in particular " is a Whitney set and [ satisfies
(2.6) and (2.7). Also assume that 0 < mg < +oo. Let {Ey} be a minimizing sequence in
E(Ey,T) (ie., assume that limy_, J(Ex) = mg). Then there is a subsequence (which we
still denote by {Ex}) for which the measures uy = ’HijEk converge weakly to some limit fio.
Moreover, the support Es := spt(u) is sliding minimal for the functional J, i.e.,

(2.14) J(Ex) < J(F) for every F € E(Ey, T).

and flo = HfEm. In particular, Es is a sliding almost minimal set, associated to the
boundary T and a gauge function h that satisfies (2.1).

We highlight that E., is also coral, which means that F., is the closed support of ji,
i.e., that E is closed and H%(E. N B(z,r)) > 0 for x € E, and r > 0. Not every minimal
or almost minimal set is coral, and in fact minimizers of J above may be forced to have a
part of vanishing H%measure, which is needed because of topological reasons (the definition
of the class £), but is forgotten when we take the weak limit of the py. Part of the job left
for the next sections will be to deal with that part too.

Theorem 2.2 is a nice way to use Ej to obtain sliding minimizers, but as far as the sliding
Plateau problem of the introduction is concerned, we are not finished yet because probably
E. & E(Ey,T).

In view of proving Theorem 1.1, Theorem 2.2 does not help when my = 0 because the
i, simply converge to 0, and we can take E,, = (). We will prove Theorem 1.1 in this case
with a specific argument at the end of Section 3. The assumption mg < co does not disturb
because Theorem 1.1 is trivial in the case mg = +o0.

Let us now prove Theorem 2.2, as a direct consequence of Corollary 4.1 in [La]. We use
the elliptic integrand J defined by f; the ellipticity comes from (2.6) and the continuity of
f. There is an open set X in the statement of [L.a, Corollary 4.1] which plays the role of the
ambient domain and which we take equal to R™. We choose the class C (with the notation
of [La]) to be E(Ey,I'). The first condition of the corollary is my < oo and this is satisfied.
The second condition is that when E € £(FEy, '), any sliding deformation of F, in the sense
of [Lal, also lies in £(FEp,I'). The definition of sliding deformations there (Definition 4.1)
looks a tiny bit more complicated because they can be localized in some open set U, and it
is required that there exists a compact set C' C R™ such that ¢(t,2) = = in R™\ C, for all ¢.
However, in order to apply [l.a, Corollary 4.1], we don’t need to care about localization (i.e.,
U = R"), and the condition ¢(¢,x) = z outside a compact set does not play any constraining



role because for us: since I' and E are compact sets, it is always possible to artificially set
o(t,z) = x away from I' and E. Even if we did not keep the constraint (1.3) in our definition,
the sliding deformations of [L.a] would still be sliding deformations for us.

So we can apply Corollary 4.1 in [La], which yields that the measures Jg, converge
weakly to the measure J|g, where E' is a coral sliding minimal set for J. The convergence of
Jg, means that for all test functions ¢,

(2.15) lim | fodH?= / fodH?

k—o0 By E
but since f is continuous and bounded from above and below, this is equivalent to say that
(ux) converge weakly to H|dE. We added in our statement that E, is also an almost minimal
set for HY, and this follows from the discussion above (near (2.11)). This concludes the proof
of Theorem 2.2. ]

3 Good access

We shall continue with the construction of Section 2, but add strong new assumptions that
allow us to apply results from [Da6]. We now assume that d = 2, and also that

(3.1) [ is a disjoint finite union of closed curves of class C*™*

for some a > 0. Since I' C R™ is compact, this amounts to saying that every point of I" has
a neighborhood where I' is a C'T curve.

We will also require the strange access condition (1.6), which will be explained shortly,
and whose main purpose is to prevent some annoying blow-up limits of our minimal set F,
from arising. Let us first define blow-up limits, say what we want, and then state a sufficient
condition on I'.

A blow-up limit of a closed set F at a point = € E is a closed set F' which is the limit, in
the local Hausdorff topology, of a sequence of sets Fj, = T,;l(E —x), where the 7, are positive
radii that tend to 0. The usual way to write the limit is to require that for every R > 0,

(32) lim d()’R(F, Fk) == O,

k——+o0

where in general we set for two closed sets A, B,

(3.3) dy,(A,B) = r~t sup dist(y, B) + 7'  sup dist(y, A),
yEANB(z,r) yE€BNB(z,r)

where the supremum is considered in [0, +00] (in particular, the supremum of the empty set
is 0). The limit set in (3.2) can then be described as

Fo= {yeR"| lim dist(y, F) =0}
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(3.4) = {yeR"| klim dist(x + rpy, £) =0} .
—00

We observe that I’ contains 0 and that for all ¢ > 0, the set tF' is also a blow-up limit of F
at x. Therefore, if £ has a unique blow-up limit at x, it must be a cone.

We intend to apply the main theorem of [Da6], which gives a good local description for E
when F is a local coral almost minimal set of dimension 2 associated to a sliding boundary
[ asin (3.1). Unfortunately that theorem is not general enough for the result of our dreams;
it only works well near points x € E'\ T" or points € ENT for which
no blow-up limit of £ at = (here, a point of ENT)

3.5
(3:5) contains a type Y singularity whose spine is parallel to the tangent of T'.

As an example, it works well at the points x € EN T for which

every blow-up limit of F at x is a half plane, a plane,
(3.6) a cone of type V or a cone of type Y or T

whose spine is not parallel to the tangent of I' at z.

In the case of T, the spine is composed of four half lines, and we demand that none of these
half lines is parallel to the tangent. We will discuss all these types later; the point is that
there is an important type of blow-up limits of F that is excluded here, the cones of type Y
(three half planes bounded by a single line L, and that make angles of 27 /3 along L), with
a spine L parallel to the tangent of I' at x. So our next condition will be designed to avoid
this case.

We shall assume that I' can be wrapped in a compact set K, in such a way that I' C K,
and all the points of I' have a good access to the complement of K in the following sense.

Definition 3.1 (Good access to the complement). Let a compact set I' C R™ be a finite
disjoint union of C'* curves. Let K C R™ be a compact set that contains I'. We way that T
has a good access to the complement of K when for each point xo € I' and each blow-up limit
Ky of K at xq, the following happens. Denote by Lq the vector line parallel to the tangent
line to T at zq (in particular, Ly C Ky). Let eq denote any of the two unit vectors of Ly. We
require that for any cone Y of type Y with spine Lo and any choice of ¢ >0, Y N B(ey, ¢) is
not contained in K.

This means that Ky cannot contain a cone showing a Y singularity with spine Lj,. We
allow a general compact set K because we want to allow more general statements than
Theorem 1.1, but in the case of Theorem 1.1, K will be chosen to be the convex hull of T'.
As we shall see, this is because when we minimize H?2, it is easy to find minimizing sequences
that lie in the convex hull K, and then F., C K too.

Let us give an example for which Definition 3.1 holds true. We claim that the condition

above is satisfied as soon as there exists linearly independent vectors ey, ..., e,_s in R™ such
that

n—2
(3.7) Ko (J{yeR"|y-e;<0}.

i=1
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In this case, since Ly C Ky, we have necessarily ¢y -e; = 0 for all : = 1,...,n — 2. Given
a cone Y of spine Lg, there exists a linear plane P orthogonal to Ly and three unit vectors
v1, V9, v3 € P such that v; + vy + v3 = 0 and

3
(3.8) Y =|J{teo+svp|teR,s>0}.
k=1

Let us proceed by contradiction and assume that for some small ¢ > 0, YN B(ey, ¢) is included
in Ky. This implies that for all k = 1,2, 3 and ¢ = 1,...,n — 2, we have v - ¢; < 0. The
additional condition ), v, = 0 allow us to deduce that forall k =1,2,3andi=1,...,n—2,
we have vy - ¢; = 0. This also holds for ¢ = 0 by definition of Y. Therefore, the three vectors
v1, Ve, v3 belong to a line (the orthogonal complement of ey, ..., e, in R™) and this is not
possible.

The main example of application is that the access condition holds true in dimension
n = 3 if ' is contained in the topological boundary of its convex hull K. Indeed in this
case the blow-up limits of K at points of 0K are always included in a half-space. Thus,
Definition 3.1 allows at least the most classical case, but of course we are also interested in
examples in dimensions n > 4.

We want to keep the possibility to take wrapping sets K that are different from the
convex hull of I', but there will be some constraints, because we also want to be able to
choose a minimizing sequence { Fy} such that E, C K for all k, and for this the best option
seems to be to construct a retraction R onto K, which diminishes the functional J (and
fixes I', since I' C K), so that initial sets Ej can be replaced with R(Ej). When K is a
compact convex set and J(F) = H?*(FE), R will be the shortest distance projection on K,
which is 1-Lipschitz and therefore reduces J. One can imagine other interesting situations
(we discuss this in Section 11), but anyway there will be strong constraints on I', K, and f.

Let us not worry about this for the moment, and instead assume that we have K and a
minimizing sequence in K, and use [Da6] to get the desired conclusion. Our main existence
theorem is then as follows and will readily imply Theorem 1.1.

Theorem 3.2. Let I, J, f, Ey be as in Section 2, and assume in addition that d = 2, (3.1)
holds, 0 < my < oo and K is a compact set in R™ that contains I', such that I" has good
access to the complement of K (as in Definition 3.1). Let {Ey} be a minimizing sequence for
J in the class £ = E(Fy,T'). Suppose in addition that Ey, C K for all k, or more generally
that for some subsequence, the measures ju, = ’HfEk converge weakly to a measure [, whose

support is contained in K. Then we can find a minimizer for J in the class £, i.e., a set
E € & such that J(E) = my.

As was said before, Theorem 2.2 already gives us a (sliding) minimizer E., for J, but
E., may not lie in the class £(Ey, I') because the weak limits forgot thin parts of the Ej and
did not preserve the topology. We want to obtain our minimizer E as the image of a cleaner
version of Fy, k large, projected on E,, by a local Lipschitz retraction.

Let us now explain how to deduce Theorem 1.1 from Theorem 3.2. We take J = H?
and, in the main case when 0 < mgy < oo, we take for K the convex hull of I'. Notice that if

12



E € E(Ey,I') and 7 is the closest point projection on K, it is easy to see that 7(E) € E(Ey, ),
and since H?(n(F)) < H?(E), for any minimizing sequence {E}} in £(Ey,T'), we can apply
Theorem 3.2 to the minimizing sequence {m(E})}.

We promised to say a few words about the case when mg = 0. Then there are sets
E € E(Fy,T') with H?(E) arbitrarily small, and it is easy to see that we can use a Federer-
Fleming projection with cells adapted to I" (so that the Federer-Fleming projection respects
the sliding boundary condition) to project E to a new set F' € £(Fy, ') that does not contain
a full 2-cell, and use this fact to project again on a 1-grid and find G € E(Ey, ') such that
H?*(G) =0 (and even G is 1-dimensional).

The main step of our proof will be the construction of a retraction that projects on F.,
and a first step in this direction will be a description of all the blow-up limits of F.,, which
will allow us to use the result of [Da6], get a nice description of E,, near each of its points,
and build local retractions that will then be put together.

4 Blow-up limits of F, at a point

In this section and the next ones, we consider the almost minimal set E., obtained by
applying Theorem 2.2 to the sequence of Theorem 3.2, and start giving a local description
of E. Notice that by assumptions of Theorem 3.2, the set F, is contained in K.

The task of the current section is to describe the possible blow-up limits of our limit F.,
at a point xyp € E,. Call X such a blow-up limit, and let {r;} denote a sequence of radii
such that limy_, ;. rx = 0 and

(4.1) X = lim r,'(F—z)
k——+o0

in local Hausdorff topology. We may replace {r;} with a subsequence for which the K =
r,;l(K — xg) converge to a limit Ky, which is of course a blow-up limit of K at xy. In the
case Tg € Fs NI, we also let Ly denote the unique blow-up limit of I" at zy (a vector line).

If g € Ex, \ T, then X is a plain minimal cone (centred at 0) and if 2o € E,, N[, then
X is a sliding minimal cone with respect to the boundary L, (also centred at the origin).
This comes from [Da5], but since this was done there in much more generality than needed
here, with some times confusing notation, let us summarize the proof. First, the limit X of
any blow-up sequence of (sliding) minimal sets is a (sliding) minimal set too; this is done
in Part V of [Da’5]; see Theorem 23.13 there. In fact, this is one of the main points of the
whole book. Then, by the fact that the Hausdorff measure goes to the limit along locally
minimizing sequences, the density 6(r) = r2H*(X N B(0,r)), on balls centered at the origin,
is constant (because r*H?*(E., N B(z,r)) was nearly monotone and had a limit), and this
forces X to be a cone centred at 0; see Sections 27 and 28 of [Da5].

In the case 79 € Fo NI, we point out that X may be fully transverse to Lg (i.e.,
XNLy=1{0}), or X may contain only one half of Ly, or the whole line Ly. If X is not fully
transverse to Lo, we have an additional constraint coming from the good access condition
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(Definition 3.1). Indeed, since F, C K, we infer that the blow-up limit X satisfies

and Definition 3.1 prevents X from containing a cone Y whose spine is L.

We are now going to present the main (sliding) 2-dimensional minimal cones in R™.
Unfortunately the full classification is unknown as soon as n > 4, but we still know some
rules about the structures of sliding minimal cones.

We start our description with the simpler case when xy ¢ I' (X is a plain minimal cone).
Then we can use the local description of F., that we get from J. Taylor’s theorem [14], or
its generalization in [Da2, ] to ambient dimensions n > 4. Here already, we have to
distinguish between two main cases, where

(4.3) X is a minimal cone of type P, Y, or T,
or
(4.4) X is an exotic minimal cone,

where by definition an exotic minimal cone is a minimal cone that does not satisfy (4.3).
Recall that a cone of type P is just a plane through the origin. A cone of type Y is the union
of three half planes bounded by a same line L through the origin, and that make %’r angles
along L; then L is called the spine of X. Finally X is of type T when X is the cone over the
union of the edges of a regular tetrahedron centered at the origin (and contained in some
3-plane through 0). In this case the spine of X is the union of the four half lines through
the vertices of the tetrahedron.

When (4.3) holds, [Ta] and [Da3] give a good description of E,, near x, as the image of
the cone X by a C'**-diffeomorphism (that sends 0 to zy). We will see later how to use this
to find a retraction on F,, defined near the origin but let us say a few words about the exotic
case. For all plain 2-dimensional cone X in R”, [Da2] shows that X N 0B(0,1) is a finite
union of closed geodesic arcs (or full great circles) that can only meet at a common endpoint
and any endpoint is at the junction of three arcs which make 27 /3 angles. Moreover, there
exists a constant ¢, > 0 which depends only on the dimension n such that the following
holds. The full great circles are disjoint from all the other arcs and are even at distance
> ¢, from them. All arcs have a length larger than ¢, and the distance between two arcs
that do not have a common endpoint is always larger than ¢,. We do not have much more
information than that. The set F is still locally equivalent to X through a homeomorphism
®, but in general we do not know for sure that ® can be taken to be a diffeomorphism, as
[Da2] only gives a biHo6lder estimate for ®. So we will have to check that we can still build a
Lipschitz retraction on F., near 0, constructed simply by gluing together retractions defined
on annuli where we have a uniform C'*¢ control, and even we will use the same tools to
prove that all the blow-up limits of E,, at 0 are biLipschitz-equivalent to each other, and
locally to E..; see Section 12.
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We will return to this later, but for the moment let us continue our general description
of X with the more interesting case when zy € E,, NT" (X is a sliding minimal cone along
Ly). We follow the same order as in Part V of [Da6] to simplify the task of the reader. A
first possibility is that

(4.5) X is a half plane bounded by Ly (we shall also say, a cone of type H).

This is the simplest possibility, also with the lowest density, and in this case there is a small
ball centered at the origin where E,, is equivalent to X, through a C'***-diffeomorphism that
maps ' to Ly. See Section 31 of [Da6]. This situation is almost as pleasant as when (4.3)
holds, and the desired retraction will be easy to construct.

Then we consider the case when X is a cone of type V bounded by Ly, i.e., the union of
two half planes bounded by Ly and that make an angle « € [27/3,7) along Ly. When this
angle is (strictly) larger than 27 /3, we say that

(4.6) X is a generic cone of type V,

and Section 32 of [Dal] says that once again there is a small ball centered at the origin
where E, is equivalent to X, through a C'*e-diffeomorphism that maps I' to L. Again
local retractions will be easy to construct in this case.

We excluded the degenerate case when

(4.7) X is a plane that contains Ly,

which corresponds to o = 7 in the description above, because the situation is somewhat
different there. A good C'*¢ description of E,, near the origin is given in Section 33 of
[Dab]; this time Ey is no longer equivalent to X, as it may leave I and return to it many
times (in a tangential way). We will have to return to this case carefully, and the construction
of the local retraction will be unpleasant because of the sliding constraint.

In the meantime we switch to the other extreme of V sets, which is when

(4.8) X is a sharp cone of type V,

which means that the angle of the two half planes that compose X is equal to 27w /3. The
reason why this case is a little special is that the set F, may split at the origin, with one
part where F, behaves like a V-set, and another one where it behaves like a Y-set with its
spine away from I', attached to I' by a very short piece of half plane. This is described in
Section 34 of | ]; the description is not as straightforward as in the generic case, say, but
our retractions will still not be so much harder to construct.

It may also happen that

(4.9) X is fully transverse to Ly at the origin,

which means that X N9B(0, 1) does not meet Ly. In this case (see Section 37.1 of [Da6]), X
is a plain minimal cone (that is, with no sliding condition), and the description of E, near z
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is just the same as in the cases of (4.3) and (4.4) above. In fact, the sliding condition does not
play any serious role in the local description of F, or the construction of retractions, because
xg is the only point of E,, near x that lies in I' (so the sliding condition is automatically
satisfied as long as we keep x, fixed).

These are the main sliding minimal cones along a line that will show up here, because
we excluded the cones X that contain a piece of Y with a spine that contains Ly, and as
before don’t know the full classification. Thanks to Proposition 2.1 in [Da6], we know for
all sliding 2-dimensional minimal cone X along Lg the set X N9B(0,1) is a finite union of
closed geodesic arcs (or full great circles) that can only meet at a common endpoint and
according to specific rules generalizing the ones of plain minimal cones. Following [Da6], we
will refer to this description as the general description of minimal cones.

By definition, no point of Ly lies in the interior of one of the arcs (otherwise we cut the
arc in two). With this convention, the full great circles don’t meet Ly. The full great circles
are disjoint from all the other arcs and are even at distance > ¢, from them, where ¢, is a
positive constant that depends only on the dimension n. Any endpoint away from L is at
the junction of three arcs which make 27 /3 angles. If there is an endpoint &, at LN X, then
& belongs either to only one arc, or two arcs with an angle a € [27/3, 7] or three arcs with
27/3 angles (a triple junction). The arcs which don’t meet Ly have a length larger than c,,.
If an arc v starts from an endpoint &, € LyN X and has length < ¢,,, there either there is no
other arc leaving from &, or there is another arc v leaving &, with length > ¢, and making
an angle > 97/10 with ~y. Here, 79 ends at a triple junction &; at distance < ¢, from &, and
two other arcs 71, v leaves & with 27 /3 angles and with length > ¢,,. If there is another
arc v which leaves &, as above, then we see in particular ~;, v2 are at distance < ¢, from ~.
This is the only situation where arcs with no common endpoints are at distance < ¢,. In
other words, the distance between two arcs with no common endpoints is always larger than
cn, except if they are connected by third arc of length < ¢,, which has one endpoint in L.

Using the general description above and the good access condition (Definition 3.1), we
will be able to classify the local behavior of X N 9B(0, 1) in spherical caps of the form

S(&, c) := B(&,c) N0B(0,1),

where &, € X N0B(0,1) and ¢ > 0 may depend on n, E, xg, but not the chosen blow-up
limit X (there may a priori be an infinity of blow-up limits X at zg). It could be that we
can use compactness and get even more uniformity on ¢, but we shall not try. We consider
directly the case & € X N Lo N 9B(0,1), which is more interesting. In some cases, we
could treat & and —&y at the same time, but not in general, so we’ll need to do a separate
discussion near each point &. The first case is when

(4.10) X coincides in S(&p, ¢) with a cone of type P.

This is a local version of (4.7), but we do not assume that the situation near —¢; is the same.
For instance, X could be a set of type Y or T, and in this case —&; is far from X. But even
if X contains a full plane P that contains Lg, it could be that it contains other pieces, such
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as another plane P’ nearly orthogonal to P (if n > 4), as in [Lil]. When (4.10) holds (and
we are not in the case of a plane), we will again construct our retractions in intersections of
sectors and annuli, and then glue them. This will be a little more complicated than when
(4.7) holds, but not fundamentally different.

Similar to this last case, we will also be able to treat the situations where

(4.11) X coincides in S(&, ¢) with a cone of type H or V
and finally, our last case is when
(4.12) X coincides in S(&, ¢) with a truncated cone of type Y.

This means that in S(&, ¢), the set X is composed of a non-empty arc vy that goes from &,
to a nearby endpoint &; € S(&p, ¢) and then two arcs 71, v2 that leaves & and which go all to
the way to 05(&o, c) (the boundary relative to the unit sphere). The three arcs meet at &
with an angle of 27 /3, and we have assumed that v; is non-empty so as to distinguish this
case from a sharp V. In the definition of (4.12), we underline there are no other arcs leaving
&o besides 7. The general description of minimal cones would allow such an arc but we are
going to see that the good access condition and a compactness argument prevent it (when ¢
is small enough). By convention in (4.11), (4.12), and (4.13) below, H and V are bounded
by Lo whereas the spine of the truncated Y does not pass through &, (otherwise, that would
be a V).

Finally, we use the good access condition (Definition 3.1) to prove that nothing else than
the cases mentioned above can happen. This rule out complicated cases, that is, the cases
where X could contain a Y cone of spine Ly, or a piece of such a cone with a significant
part of Ly. For all g € E,, we let X' (x¢) denote the set of blow-up limits of F., at zy (we
recall that if xg € E, \I', they are plain minimal cones, and if zy € E,, NT, they are sliding
minimal cones along Ly, where Lg is the tangent line to I' at xg). It will be convenient to
take the convention that Ly = () when xy € E,, \ T so as to avoid a case distinction.

Lemma 4.1. Let xy € Ew, let a blow-up X € X(xg). There exists 0 < ¢, < 1 (that depends
onn, By, xo but not X ) such that the following holds.

For all &y € X N LoN0B(0,1), the cone X coincides

(4.13) . .
in S(&o, i) with a cone of type P, H, V or a truncated Y.

and for all 0 < ¢ < ¢,

forall§é € X NoB(0,1), if X N S(&,10c¢) does not meet Lo,

(4.14) o . .
then X coincides in S(, c) with a cone of type P or Y.

Note that in (4.14), the cone Y contains & but its spine may possibly not pass through
&. The important point in the Lemma is that the constant c, is uniform and works for all
blow-up limits at xo (there may a priori be an infinite number of blow-up limits at ).
Lemma 4.1 prevents for example X from being a transverse Y cone whose spine lies too close
to L.
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Proof. We start with (4.13). We proceed by contradiction and assume that for all constant
Br = 27% (so that 8, — 0), we can find a blow-up limit X} of E,, at 2y such that X}, does not
satisfy (4.13) in S(&g, Bk). Thus, for all k, there exists a point & € X N Ly N 0B(0, 1) such
that X} does not coincide with a cone of type P, H, V or a truncated Y in S(&, fx). We may
replace { X} with a subsequence for which &, is always the same (there are only two choices
of & € Ly). Now let us extract a subsequence (not relabelled) such that X converges in
local Hausdorff distance to a limit X in R™. It is standard that X is also a blow-up limit of
E at xg, and of course X still contains &;. According to the general description of minimal
cones, we can find a sufficiently small radius r > 0 such that X N S(&y, 10r) is composed of
one, two or three arcs leaving & and going all the way to 05(&, 10r) (it will be also useful
to assume r < ¢,/10, where ¢, is the dimensional constant in the general description of
minimal cones). If there is only one arc, then X coincides in S(&, 10r) with a cone of type
H. If there are two arcs, then depending on their angle, X coincides in S(&p, 10r) with a
cone of type P or V (sharp or generic). Finally, if there are three arcs, then X coincides in
S(&o, 10r) with a cone of type Y of spine Ly. However, the inclusion F., C K implies the
inclusion of the blow-ups X C Kj and the access condition (Definition 3.1) means that K
cannot contain a significant piece of Y with spine Lg, as in this last case. Thus, X must
coincide in S(&p, 10r) with a cone of type P, H, or V.

Assuming k large enough, the Hausdorff distance

(4.15) sup  dist(z, X) + sup dist(z, X)
z€S5(&0,10r)NX 2€S5(€0,10r)NX},

between X and X} in S(&, 10r) is as small as we want. We then justify that k£ big enough,
X, must coincide in S(&,7) with a cone of type P, H, V or a truncated Y. Taking k also
big enough so that 8, = 27% < r/2, this will yield a contradiction and prove (4.13).

Our first case is when X coincide with a P cone in S(&y, 10r). We are going to see that
this only leaves for X} the possibility to coincide with a P or a V cone (with an angle very
close to ) in S(&y,7/2). Taking k big enough, there exists a 2-dimensional plane P such that
X N S(&, 5r) lie in an arbitrarily thin neighborhood of P. Remember that & € X, N Lg so,
by the general description of minimal cones, X may contain one, two or three arcs leaving
&. We can already see that three arcs is not possible: as r < ¢,/10, a triple junction at
& would go all the way to 0S(zg,5r) with such angle conditions that it would escape any
small neighborhood of P. In order to deal with the two other cases, we should rule out the
possibility that X} contains at least one arc 7y leaving &, and an other arc ~; passing through
S(zg,7), but which does not have &, as an endpoint. We justify by contradiction that this
cannot happen. First, 7o starts from &, but cannot end in S(&y, ), otherwise that would
create a triple junction leaving a small neighborhood of P; therefore vy has length > r. As
~v1 does not meet &, and is a geodesic arc, it does not meet —&; either. Thus, it does not meet
Ly and the general description states that it has length > ¢, > r. Now, as 7y and v, are
geodesic arcs passing through S(&y,r), which have length > r and whose intersection with
S(&o, 5r) lie in a small neighborhood of P, we deduce that their corresponding great circles
are also entirely contained in a small neighborhbood of P (as thin as we want provided we
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take k big enough). Using again r < ¢,, the arcs 7y and 7 are at distance < ¢, from each
other, so they either have a common endpoint and make an angle 27/3 or they are connected
by a third arc 43 with an endpoint in Ly, which makes a > 97/10 angle with v and a 27/3
angle with ;. Because of the angle conditions, both cases would contradict the fact that
the great circles corresponding to vy and 7 lie in a thin neighborhood of P. We conclude
that all arcs in X} which meet S(&p,r) have & as an endpoint, and our claim follows easily.

In the case where X coincide with a H cone in S(z, 10r), one can see in the same spirit
as before that for k big enough, X admits only one arc leaving &, and that no arc can meet
S(&o,r) without having &, as endpoint. Therefore, X}, coincides with a H cone in S(&g, 7).

Similarly, if X coincides with a V cone in S(xg,r), then for k big enough, X}, coincides
with a V cone or a truncated Y cone in S(&,r) (a truncated Y with a very short arc looks
like a V in Hausdorff distance). This completes the proof of (4.13).

We pass to (4.14), but we justify a few intermediate properties first. Let 71,72 be two
arcs from the decomposition of X and assume that they have a common endpoint ( €
X NoB(0,1)\ Ly. We observe that for any ¢ > 0, if a point £ € v, is at distance > ¢ from (,
then S(&, c¢/4) is disjoint from 5. This comes from the fact that when v, and -, meet, they
make an angle 27 /3 which ensures that v, cannot pass through S(&,c¢/4).

We are going to deduce that for 0 < ¢ < ¢, /2, if a triple junction £ € XNIB(0,1) is such
that X NS(§, ¢) does not meet Ly, then X coincides in S(§, ¢/4) with a Y cone. Let 1, 72,73
be the three arcs leaving £. For each one of these arcs, either they don’t meet Ly and they
have a length > ¢,, or they meet Ly but in both cases, they go all the way to 9S(¢, ¢). We
then justify by contradiction that no other arc v meet S(&,¢/4). First, we show that if such
an arc 7y exists, it cannot have a common endpoint with one of the ~;. Indeed, say that v has
a common endpoint with ;. The endpoint cannot be £ (as arcs have disjoint interiors, this
would make a quadruple junction) and since y; goes all the way to 9S(&, ¢), the endpoint is
outside of S(&,c). It follows from the previous paragraph that 7 is disjoint from S(&,¢/4)
and we reach a contradiction. Now, « is at distance < ¢, from each ~; and has no common
endpoint with them, so it must be connected to each of them by a short arc of length < ¢,
with endpoint in Ly. However, the set X N Ly N 9B(0,1) can have at most two points and
each point § € X N LyNAIB(0,1) can belong to at most one short arc of length < ¢,. Again,
this situation would create a quadruple junction.

Now it is easier to deduce (4.14). Let £ € X N 9B(0, 1) be such that X N S(&, 10¢) does
not meet Ly. If X contains no triple junction in S(, ¢), then it coincides with a cone of type
Pin S(&, c). If X has a triple junction at & € S(&, ¢), then X N.S(&;, 8¢) does not meet Ly so
X coincides in S(&1,2¢) D S(, ¢) with a cone of type Y whose spine passes through &. [

In the next Lemma, we take the convention that Ly = () when 2y € E,, \ T in order to
avoid a case distinction.

Lemma 4.2 (Covering of X N0B(0,1)). Let xy € Ew, let X € X(xg) and let 0 < v < 1/2.
There exists 0 < ¢, < 1 (that depends on n, Es, xo but not X or v) such that for all
0 < ¢ < ¢, there exists a family of spherical caps S(&;,¢;) where & € X NS, ¢; € [107 ve, (]
such that X NS is covered by the caps S(&;,5¢;) and for all i, and the following description
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holds true:

if & & Lo, then X coincides in S(&;,10%¢;)

4.16
( ) with a cone of type P or Y whose spine passes through &;

and

& € Lo, then X coincides in S(&;,10%¢;)
(4.17) with a cone of type P, V, H or

a truncated Y whose spines passes through S(&;,ve;).

We can build the covering in such a way that each radius c; depends only on c, v and the
type of cone which describes X in S(&;,103¢;). Moreover,

1. the constant ¢; is the same for all V, truncated Y (near Lo) and full Y (away from
LO);

2. the spherical caps S(&,103¢;) where X is a H, V, Y or a truncated Y are disjoint;

3. if X is a P in S(&,10%) and a H, V, Y or a truncated Y in S(&,10%¢;), then
& & S(&,5¢;) and ¢, < ¢;/10.

We will use such coverings to build a local Lipschitz retraction onto F., by gluing local
formulas. In order for the formulas to glue well, the construction will be intrinsic (indepen-
dent of the chosen covering).

Proof. Let ¢ > 0 be small enough so that 103¢ < ¢,, where ¢, is the constant of Lemma 4.1.
We deal directly with the case g € F,, NI, which is more difficult. We start by looking
at what happens at points §, € X N Ly N 9B(0,1) (there might be none, one, or two such
points). It follows from (4.13) in Lemma 4.1 that for all {, € X N Lo N 0B(0,1), either

the set X coincides in S(&y, 10%¢) with a cone of type P, V or

4.18

( ) a truncated Y whose spine passes through S(&, vc)
or

(4.19) the set X coincides in S(&, vc) with a cone of type H.

When (4.18) holds true, we add S(&, ¢) in our family of spherical caps and when (4.19) holds
true, we add S(&, 10~*vc). Even if X N Lo NOB(0,1) is composed of two points { +& }, we
can assume ¢, sufficiently small so that all spherical caps introduced so far are disjoint.

Now, we are looking at the points £ € X N 9B(0,1) \ Lo. At such a point &, the set X
must be an arc or a triple junction. We are first going to add the triple junctions to our
family of spherical caps and make sure that the caps S(&;, 103¢;) remain disjoint. So, let
£e€ XNoB(0,1)\ Ly be a triple junction. We distinguish between several cases.
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In the first case, we assume that there exists {, € X N Lo N 0B(0,1) such that [£ — &| <
103c. According to (4.13), the only possibility is that

(4.20) X coincides with a truncated Y whose spine passes through ¢ in S(&, 10%¢).

If |€ —&| < ve, then S(&,c) is one of the spherical cap introduced above (corresponding
to the (4.18) case) and it covers £ so we don’t need to do anything. If on the other hand
1€ — & > ve, then X N S(E, ve) is disjoint from Ly so by (4.14), X coincides in S(&, 107 ve)
with a cone of type Y whose spine passes though £. We add the spherical cap S(&, 10™*vc)
to our family. Note that in this case, X coincides in S(&y,vc) with a H cone. Therefore,
S(&,107*vc) is one of the spherical caps introduced above in our family but since |€ — &| >
ve, we see that S(&;, 107 ve) and S(&, 10~ ve) are disjoint. In case we also have —&; € X,
the spherical cap S(&, 10™%vc) is still disjoint from any spherical caps centered at —&, because
we assume ¢, small enough. Because of (4.20), there are no other triple junctions centred
at S(&o, 103¢). There could be a triple junction centred a point in S(—&, 103c) but we can
assume ¢, sufficiently far so that all spherical caps introduced so far are disjoint.

Now, we focus on the case where S(&,103¢) is disjoint from Ly. Then (4.14) tells us that
X coincides in B(&,100c) with a cone of type Y. In particular, note that £ is at distance
> 100c¢ from all other triple junctions. We then add the spherical cap S(£,107%vc) to our
family (we want all spherical caps S(&;, ¢;) centred at a triple junction in X N 9B(0,1) \ Lo
to have the same radius ¢; and the last paragraph forces us to set ¢; = 10~%vc). It is clear
that S(€,107%vc) is disjoint from all other spherical caps of our family so far, whether they
are centred at a point § € X N Ly NIB(0,1) or at a triple junction in X N9B(0,1) \ Ly.

We are left with the points £ € X N 9B(0,1) \ Ly where X is not a triple junction. If
there exists already a spherical cap S(&;,¢;) in our family such that |£ — &;| < 5¢;, there is
nothing to do. Otherwise, £ must be at distance > 10~%vc from X N LyNJB(0,1) and from
any triple junctions £ € X N9B(0,1) \ Lo. Therefore, (4.14) shows that X must coincide in
S(€,107%ve) with a cone on type P and we add S(£,10"7ve) to our family. Finally, we use
the compactness of X N9B(0,1) to extract a finite subcover. O

In the next Lemma, we choose, for each xy € F., a small radius 7y = r¢(z9) < 1 so that
for 0 < r < ry, Ey is well approximated in B(xg, 10r) by a blow-up limit X, € X'(x).

Lemma 4.3. Let g € Ey be as above. Then for each ¢ > 0, we can find ro € (0,1) such
that for 0 < r < rg, there is a blow-up limit X, € X (x¢) such that

(4.21) do 200 (Eoo — 70, X;) < €
with the notation of (3.3).

We are forced to let g depend on xq too, because for instance xg could be a regular point
of Ey (where E. has a tangent plane) that lies very close to a point of E,, N T of type
V. In this case, X(xy) contains only planes but E., can be very close to a V-set at scales
larger than dist(xg,T"), which can be arbitrarily small. Similarly, in the good cases E, has
a unique blow up limit X at zy, and then (4.21) holds with this X, but in general we do not
know whether this is the case, so we have to allow X, to depend on r.
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Proof. For the proof, suppose the lemma fails, so that for some choice of zy and ¢, we can
find a sequence (ry) — 0 such that for all k& and for all X € X(xy),

(422) dO,QOUT‘k (Eoo — Xo, X) > E.

Since X is a cone, this is equivalent to saying that dy 200 (Fk, X) > €, where Fj, = r,;l(Eoo—wo).
We can find a subsequence (that we still denote by {r4}) such that the sets Fj converge to
some limit X. By definition, X is a blow-up limit of E,, at zg, so X € X(xy). But now
X satisfies dp200(F, X) < € for k big enough because X is the limit of the Fj,. The lemma
follows from this contradiction. O

In conclusion, we have the full list of possible behaviors of X N 9B(0,1) and [Da6] will
now give us enough information on F., to construct local retractions on F.,.

5 A description of F, in annuli centered at ;=0

In the discussion that follows, the point zy € E is fixed, and we take xy = 0 to simplify
the notation. For €y > 0, as small as we want, we choose ry € (0,1) as in Lemma 4.3 so that
for all 0 < r < rg, there exists a blow-up limit X = X, € X(0) such that

(51) dQ’QQOT(EOO7X) S 60/200,
ie.,

E. N B(0,200r) C {z € R™ | dist(z, X) < gor }

5.2 —
(5:2) X NB(0,200r) C {z € R" | dist(x, Ex) < eor}.

This will give us a good enough parametric description of E., in the open annuli A,,
where
(5.3) A, = B(0,100r) \ B(0,7/100), 0 <7 < 7.
and more generally for A > 2, we let
(5.4) A.(A) := B(0,Ar)\ B(0,7/)), 0<r <

so that A, is an abbreviation for A,(100). In the good cases, for instance when X is a
sharp V-cone, we could even get such a description directly in the whole ball B(0, 100r), but
X = X, may also be one of the exotic minimal cones, and then we will only be able to get
a good control on A, (with the need to do gluing arguments later).

For o € X N9B(0,1) and 0 < ¢ < 1, we introduce the conical open domain

(5.5) H(c,&) ={z e R\ {0} | dist(|z| 'z, &) <c}.
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We fix a constant ¢ < 10 3¢,, where ¢, is given by Lemma 4.2. The constant c is allowed
to depend on n, F., zo, but neither on r nor on the choice of X. We fix a small 0 < v < 1072
which will be a universal constant. The value v = 1072 should be good enough for most of
the paper but we prefer to have more flexibility in a few places. We also fix a constant 7 > 0
which is small and is allowed to depend on n, v and ¢. The constant ¢y is as small as we
want depending on n, E.., xg, v, ¢ and 7. And finally, ry depends on everything else.

For 0 < r < rg, we are going to cover E.,NA,(2) by boxes of the form A,(2)NH(10¢;,&;),
where & € X NOB(0,1), ¢; € [1073vc, ] and such that we have an explicit description of E.,
in the larger domain A, N H(100¢;, ;). For this purpose, we apply Lemma 4.2 (with v/10
instead of v) to cover X N dB(0,1) with spherical caps S(&;,5¢;), where & € X N B(0,1),
¢; € [107%vc, ] and such that

X coincides in S(&;,10%¢;),
(5.6) with a cone Z; which is a P, a V, a H, a Y whose spine passes through &;
or a truncated Y whose spine passes through B(¢;, v¢;/10).

Moreover, the family of spherical caps satisfy the two additional properties at the end of
Lemma 4.2. Let us now justify that E. N A,(2) is covered by the boxes A,(2) N H(10¢;,&;).
According to (5.2), for all x € E,, N A,(2), there exists £ € X such that |z — £| < gor and in
particular

§ £ ¢

. -1 -1 T
(5.7a) dist(fal ™2, €7°€) < | = 1 [ =

< 2z Ha — €] < 20er-

As \5|71§ € X N0oB(0,1), it belongs to one of the spherical cap S(&;, 5¢;) and thus, for g
small enough (compared to ¢ and v), the point = belongs to A,(2) N H(10¢;, §).

Observe that given a pair (¢;,&;) and a cone Z; as in (5.6) and if gy is small enough
(compared to ¢ and v), (5.2) implies that

dist(z, Z;) < gor for x € E,, N A,.(200) N H(200¢;, &),

5.8
(5:8) dist(z, Ew) < gor for x € Z; N A,.(200) N H(200¢;, &;).

Indeed, for # € E,, N A,(200) N H(200¢;,&;), property (5.2) shows there exists £ € X such
that |z — &| < eor and as

dist(|z| 2, [€]7'€) < 2[z| o — €| < 400,

we have ]5\_15 € S(&,103¢;) for g¢ is small enough. In particular, £ € Z; so dist(z, Z;) < gor.
Conversely, for x € Z; N A,(200) N H(200,&;), we have in fact x € X so dist(z, Ey) < €or
holds directly by (5.2).

At this point, we can apply [Da6] to describe E., in A, N H(100¢;,&;), depending on the
different cases for Z;. To lighten the notation, we will write Z for Z;, &, for &;, and ¢ for ¢;
in all cases.
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Let us go directly to the most interesting case where xqg € E,o NT and § € X N Ly N
0B(0,1). Then, Z can be of type P, V (sharp or generic), H, or can be a truncated Y whose
spine passes through B(&p, vc/10).

Case 1. Our first challenging case is when Z is a plane P containing &, € Lg; we have

dist(z, P) < gor for x € E,, N A-(200) N H(200c, &),

2.9
(5.9) dist(z, Ew) < gor for x € PN A,(200) N H(200c, &).

When (5.9) holds, with €5 small enough, we can apply Theorem 33.1 of [Da6] and get that
there is a 7-Lipschitz function ¢ : P — P+ such that |p| < Crr everywhere and

(5.10) E coincides with the graph of ¢ in A, N H(100¢, &).

Here 7 > 0 is as small as we want (provided that we take €y accordingly small) and it is
allowed to depend on n and ¢. Theorem 33.1 of [Da6] actually gives more information on ¢
and the structure of E,, NI in A,, which we may recall later when needed. This looks good,
except for that fact that I' is allowed to leave E,, (tangentially only), and then return to it,
in possibly complicated ways; this will potentially cause trouble with the sliding condition
when we try to move points along F.

Case 2. Our second more challenging case is when Z is a sharp cone V of type V; we have

dist(z, V) < eor for x € E, N A-(200) N H(200c, &),

5.11
(5.11) dist(z, Es) < gor for x € VN A,(200) N H(200¢, &).

In this case we appeal to Theorem 34.1 of [Da0] (applied to a finite number of centers that
lie on I'N A,) to get the following description of E., in A, N H(100c,&y). We start with a bit
of notation. Write z € R™ as x = (z1, 79, T3, 74), Where z1, 79,73 € R and x4 € R"™3 (this
coordinate exists only when n > 4). Assume to simplify that & = (1,0,0,0) and

(5.12) V = { (1,29, 3, 24) € R"; 24 = 0 and x5 = |a2|/V/3}.

Since I" is smooth (and if ry is small enough, depending on T'), there exists some function
C! function ¥° : R — R,

(5.13) W0 s e (Y5(s), Y5 (s), ¥ (s))

with ¥9(s),¥3(s) € R, and 9{(s) € R"3 such that ¢° is 7-Lipschitz, [¢°] < C7r and
(5.14) I'n B(0,100r) = { (s, ¥35(s), ¥3(s), ¥4(s)) | s € R} n B(0,100r).

For x € I'N A, such that z; > 0, we have |x — 21&| < C7r so

(5.15) dist (|| ™'z, &) < 2027 |z — méo| < C7.

We can thus assume 7 small enough so that I' N A, N H(100¢, &) C H(ve,&).
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Next, if ¢ is small enough (depending on 7), there is a relatively closed curve G C
A, N H(100¢, &), for which there also exists some 7-Lipschitz function 1 : R — R"~! such
that |¢| < C7r and

(5.16) G = {(5,02(s),¥3(s),94(s)) | s € R} N A, N H(100c, &)

and in addition G lies roughly above I in the sense that

(5.17)  s(z) —¥5(z) =0 and [¢a(x) — Uy(x)| + [ta(z) — U5(2)| < 7 (ds(x) — ¥5(@)).
From the bound |14| < C7r, we know that

(5.18) dist(|z| 'z, &) < Ot for z € G,

and we assume 7 small enough so that G C H(ve,&y). The curve G may coincide with I' in
some places, in fact it is also C**¢, and when it touches I" this happens tangentially. Finally,
there are three relatively closed faces F,, F'y, F~ C A, N H(100c, &) so that

(5.19) EwNA,NH(100c, &) = F,UF UF_,

and with the following rough description (see Figure 1, and [Da6] for more details),

m%%

Figure 1: The set E, in Case 2

First, F, is a piece of graph { z + ¢,(2) } over the vertical plane P, :== {zy =0 and 24, =0}
(generated by & = (1,0,0,0) and &, = (0,0,1,0)) of a 7-Lipschitz function ¢, : P, N
B(0,100r) — P such that |¢,| < Crr. This piece of graph is bounded by the two curves
[' and G, that is,

(5.20) F,={z+¢,(2) |z € P, such that ¥§(z;) < 23 < 93(21) } N A,

and when z3 = 13(21), we have z + ¢,(2) = (21,%(21)) (resp. the same with ¥° instead of
0).

It could be essentially empty (i.e., F,, = ' N A, N H(100c,&p)), or composed of one or
many tiny pieces (depending on how and when G separates from I'), and we see it as a thin
(roughly) vertical wall that connects I' to G above T'.

Assuming as usual 7 small enough, the vertical piece F, is entirely contained in H (vc, &p).
Indeed, it is clear from the above description that for any point x = z + ¢,(z) € F,,, we have
|23, |@u(2)] < CTr so |z — z1&| < Crr, and thus since |x| > /100,

(5.21) dist(]a:rlx,fo) < 2[:1:\71\37 — & < CT.
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The two main pieces F. and F_ look like wings that are attached to G. More precisely, F
is a piece of graph { z + ¢4(2) } over the plane Py = { 23 = 425/v/3 and 24 = 0} (generated
by & = (1,0,0,0) and &&= (0,41/3/2,1/2,0)) of a 7-Lipschitz function ¢y : Py — P
such that |¢p4| < C7r. This piece of graph is bounded by G and lies above G, i.e.,

(5.22)  FL={z+4¢+(2)| 2z € Py issuch that z- & > ¥(z) - £+ } N A, N H(100¢, &)

and when z - & = ¥(21) - &4, we have z + @1 (2) = (21,%(21)).

Altogether E, looks like a Y-shaped airplane with two wings that detaches itself a little
from I'. When the wings meet the vertical wall on G \ I', they make exact angles of 27/3.
And when the two wings meet on I' N G, there is no vertical wall and the angle may vary
a little (not too much because of the small C7 Lipschitz constant). At such a point, the
situation is not so different from Case 2, even if the angle is not exactly 27 /3. This is our
most complicated case, and its main feature is that E,, does not have exactly the same
topology as V locally, so that we cannot parameterize it nicely by V. Yet this will not really
disturb the construction of retractions below.

Case 2 Bis. Our next case is when Z is a truncated Y cone Y containing &, and the spine
of the triple junction passes through a point (4 € B(&, vc/10) with {y # &; we have

dist(z,Y) < gor for z € Eo N A,(200) N H(200¢, &),

5.23
(5:23) dist(z, By ) < ggr for z € Y N A,(200) N H(200c, &).

We shall take v small, and then his case is almost the same as the previous one. However,
we prefer to distinguish the two, because this will allow us to construct our retraction in a
more smooth way. The same description as in Case 2 applies in A, N H(100¢, &) but now
we prefer to say that G is the graph over the line passing through (, (instead of &) of a
7-Lipschitz function ¢ : R — R""! such that [¢)| < Ctr. We have as usual

(5.24) dist(|z| 'z, ) < Cr for z € G

and, since |(yp — &| < vc/10, G and the vertical wall F, are entirely contained in H (vc, &).

Recall that we can take gy in (5.23) as small as we want, depending on ¢ and v in
particular, so we get our description easily from multiple applications, at various points of
['N A, of Theorem 31.1 of [Da6], for a description near I', and of Theorem 1.15 of [Da3],
for the other points.

This will be good enough for the rest of the paper, taking v small enough when we need
it.
Case 3. Next, we assume that Z is a generic cone V of type V. This time we can use
Theorem 32.1 of [Da6] to obtain a description of Eo, N A, N H(100¢, &) which is similar to
the one above (in (5.19)), except that now we can take G = I', F, is essentially empty, i.e.,
reduced to a subset of I', and E is reduced to the union of two wings that start directly from
I'. However, the parameter £y in | , Theorem 32.1] should be small enough depending on
the angle o € (27/3,m) of V. The following convention will help us to clarify this. If gy is
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small enough, then depending on the angle of V| we are going to see how FE, is described
either by Case 1, Case 2 or by Case 3.

In order to get the description of Case 2, we need to have (5.11) with an ey which is small
enough (call the value £1; it depends on n, v, 7 and ¢). Then consider we are in Case 3 only
when V' makes an angle o > 27/3 + 1/400. In this case, there is an e5 > 0 (that depends
on £1) such that when ¢y < €5 and we assume (5.11) for the generic cone V, we get the
desired description, with only two faces, and that make angles in (o — £1/800, a + £1/800).
In particular the angles are bigger than 27 /3 + £1/800; there is no sharp angle anywhere in
A, N H(100¢, &).

Now return to the remaining case when o < 27/3 4 €1/400. In this case, there exists a
sharp cone V'’ which is close to V' in the sense that for € V, there exists y € V"’ such that
ly| = |z| and |z — y| < e1]x|/400 (and reciprocally, any point « € V' is similarly close to V).
When ¢y < €;1/2, the condition (5.11) with V' and gy imply the same condition (5.11) with
V" and €1, so we can pretend we are in Case 2.

In fact, we also do the same thing when our generic set V' is almost flat. We assume ¢;
small enough so that the description of Case 3 holds whenever ¢y < e;. If V makes an angle
a > m — e1/400, we replace V' with a plane that contains Ly and pretend that we were in
Case 1. This way, when we say that we are in Case 3, this also forces the two wings that
compose F, to make angles smaller than 7 — &;/800 everywhere along I' N A,, for some
extremely small ¢; > 0.

Case 4. This time we assume that Z is a half plane H bounded by Lj,. We use Theorem 31.1
of [Da6] and get a description as above, but with only one face F', which is a half 7-Lipschitz

graph (over some plane that contains Ly) bounded by I'. This was our last case with
& € XNLyNOB(0,1).

Now we consider the cases where &, ¢ Ly (allowing also the possibility that xo € Fo \ T
with the convention Ly = ) in this case).

Case 5. We assume Z to be a plane P through &;. In this case, E coincides with a small
Lipschitz graph over P in A, N H(100c,&y). This is as in (5.10), but in the present case we
may also assume that E., N A, N H(100c,&y) does not meet Ly, because if it did at some
point z1 € Ly, we would have d(z1, P) < gqr so we could again move the plane P a tiny bit
so that it contains Lg, and pretend that we are in fact in Case 1.

Case 6. We assume Z to be a cone of type Y whose spine passes through &;. In this case, in
the region A, N H(100c, &), Fs is a C* version of Y, and it is composed of three faces that
are T-Lipschitz graphs over the planes that are parallel to the faces of Y, and meet along the
graph G of some 7-Lipschitz function 1 over the line that contains &, with the usual 27/3
angle along G. As usual, we have || < C7r and thus

(5.25) dist(|z| "z, &) < Cr for z € G.

We assume 7 small enough so that C't < ve, and thus G is contained in H(ve, &y). We can
also assume as before that E., N A, N H(100c, &) does not meet Ly so that we do not need to
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worry about the sliding condition. The proof then comes directly from [Da3] (or [Ta] when
n = 3).

6 Intrinsic projections on small Lipschitz graphs

In the next sections, we will find it pleasant to project points on pieces of E, (or on pieces
of curves in E,) that are 7-Lipschitz graphs, and in a way that only involves E,, itself,
and not a direction that would be chosen arbitrarily. We single out the issue and introduce
relevant notation in this section, and then we will return to our main subject.

Here, we let 7 denotes a constant in |0, 1] and C' denotes a generic constant > 1 that may
depend on n. The constant 7 will be assumed small enough, depending only n.

First consider a closed set £ C R", which we assume to be a 7-Lipschitz graph over some
vector plane P, of dimension d (for our purposes, d = 1 and d = 2 will be enough). We let 7"
denote the orthogonal projection onto Fy. Notice that 7¥ is a bijective 1-Lipschitz function
from F to Py and its inverse is (1 + 7)-Lipschitz. One can deduce that for all x € E and for
all r > 0,

(6.1) Clr? < HYE N B(x,r)) < Cre.

The upper estimate can be extended to all x € R™, r > 0 and the lower estimates can be
extended to all x € R", r > 0 such that dist(z, £) < r/2.

We are going to explain how to make a Lipschitz projection on E with a varying direction.
This will be useful because we prefer to use projections defined rather intrinsically, and that
do not depend on the knowledge of an approximating plane F,, for instance.

In the Grassmannan space Gg = G(d, n) of linear planes P of dimension d, we can measure
the distance between two planes P;, P, using the distance

(62) diSt<P17 PQ) = ||7T1 — 7T2H,

where m; is the orthogonal projection onto P; and ||| is any matrix norm (they are all
equivalent, but we may need to choose a precise one later). As an example, if L; and Lo are
two linear lines generated by respective unit vectors vy, v5 such that vy - v, > 0, then

(63) diSt(Ll, Lg) ~ ‘I/l - 1/2’.

Remember that E is a 7-Lipschitz graph over P, so if P € G, is such that dist(P, Py) < 7
with 7 small enough, then E is a C7-Lipschitz graph over P. Then, there exists a natural
projection p : R® — E onto E defined by

(6.4) p(z) € E and z—p(z) € P+,

satisfying in particular p = id on E. The map p is (1 + C7)-Lipschitz and we can assume
7 small enough so that p is 2-Lipschitz. As (p — id) is 10-Lipschitz and equals 0 on E, we
deduce that

(6.5) Ip(2) — 2| < 10dist(z, E) for all z € RY.
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For z € R, notice that the projection p(z) € E is well-defined as soon as there exists r > 0
such that dist(z, £) < r and E coincides with a 7-Lipschitz graph above P in B(z, 10r); we
don’t need to know E outside B(z, 10r).

Furthermore, one can control how the projections vary when one changes the plane of
projections or the graph. Let us say that E; and E, are two 7-Lipschitz graph over P of
two functions ¢, s respectively, and let P, and P, are be two linear planes of dimension
d such that dist(P;, Py) < 7 for i = 1,2. Let p; be the projection onto E; in the direction
orthogonal to P;, and respectively p, with respect to Ey and ps. Then, we are are going to
show that for all z, w € R™,

(6.6) Ip1(2) — po(w)| < Cdist(Py, Po) dist(z, E2) + Cllo1 — @2l + (1 + C7)|2 — w.
Since the projection ps onto Fs is (1 + C'7)-Lipschitz, we can estimate

(6.7) [p1(2) = p2(w)] < |p1(2) = pa(2)] + |p2(2) = pa(w)]

<Ip
(6.8) < Ipi(z) = pa(2)| + (1 + C7) |z — w|

and we are left to control |pi(z) — pa(z)|. Observe that there exists a point ¢ € F; such
that |¢ — pa(2)| < |l1 — @2l - Then, we show that |¢ — pi(2)| < Cdist(Py, P)dist(z, Ey) +
Clle1 — ¢2||, and (6.6) will follow. Let m and 7, be the orthogonal projections onto P; and
P, respectively. As FEj is a C7-Lipschitz graph above P; which contains both ¢ and p;(z),
we have |¢ — p1(2)| < (1 4+ C7)|mi(q¢ — p1(2))| whence

(6.9) g = p1(2)] < 2lmi(g = pa(2)] + 2|mi(p1(2) — p2(2))]
(6.10) < 2[lp1 = pallo + 2m(p2(2) = pa(2))]

By definition, z — pi(2) € Pi~ so mi(z — pi(2)) = 0 and a similar argument shows that
mo(z — p2(2)) = 0. We deduce

(6.11) m1(p1(2) = p2(2))| = |mi(z = pa(2)) — ma(z — pa(2))]
(6.12) < Cdist(Pr, P2)|z — pa(2)] < Cdist(Py, Py)dist(z, E),

where for the last line we used the fact that the matrix norm ||-|| is equivalent to the operator
norm induced by the euclidean distance. This ends the proof of (6.6).

Now, the goal of this section is to build for each x € R™ and r > 0 such that dist(z, £) <
r/4, an “averaged” linear plane P,, of dimension d such that dist(P,,, ) < C7. In this
way, F is also a C't-Lipschitz graph above P, , and there is an associated natural projection
Pz onto E. The plane P,, will depend in an intrinsinc way on £ N B(z,10r) and it will
depend in a Lipschitz way on x and r. This will allow us to consider an intrinsic Lipschitz
projection x — p,,(x) onto E, with a varying direction. Unfortunately we could not use
the closest point projection (which would be intrinsic too), because even for small Lipschitz
graphs it is not well-defined (the closest point can jump).

Set u = ’HfE, the restriction of Hausdorff measure, and also pick a smooth radial non-
negative bump function ¢ supported in B(0, 1) such that |¢| + |[Ve| < 10 and ¢(z) =1 on
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B(0,1/2). Also set ¢,(y) = 7 %p(y/r) as usual. For almost every x € E, let P, denote the
tangent d-plane to E at x (a vector plane), and 7, the orthogonal projection on P, (a linear
map). Since F is a T-Lipschitz graph above P,, we know that for almost-every x € F,

(6.13) |7 — 70| < O,

where we recall that 7° is the orthogonal projection onto Py. For x € R" and r > 0 such
that dist(z, E) < r/10, we define an average projection by

(6.14) wz,r<w>=( / %(z—mdmz))l [ erle—amwantz) foral we R,

The denominator is always < C' and we also required that dist(z, E) < r/10 to make sure
that it is also > C~!. A priori, Wg,r is a linear map and not necessarily a projection onto a
plane. However, it stays close to n°, that is, ||z, — 7°|| < C7 because ||z, — 7°|| < C7 for
z e L.

Since we intend to use some differential geometry in the space L of linear mappings on
R™, let us represent them by matrices, and assume that ||-|| is a smooth norm, such as the
square root of the sum of the squares of the coefficients. Next call P; C L the set of linear
mappings that are the orthogonal projection on some vector d-plane P; this is a smooth
(and biLipschitz) realization of the Grassman manifold G,. This is a smooth submanifold of
L, with bounded curvature (by compactness). Thus, there is a constant ¢y and a smooth C-
Lipschitz projection II from a dp-neighborhood of P, onto P,. If 7 is small enough compared
with dg, we can pick
(6.15) Top = H(72,) € Py,

x,T

and call P,, the d-plane such that m,, is the orthogonal projection onto P,,. The plane
P, is still close to Fy, i.e.,

(6.16) |7er — 70| < OT
as we can estimate

(6.17) 170 = 7N < o — o0l + [, — 7|

<[ (M —id) (7, — 7°) || + |lmz, — 7°l| < O

Provided that 7 is small enough, £ is then also a C'r-Lipschitz graph over P, ,. The main
feature of m,, is that it is defined in an intrinsic way, but notice that by construction, it
depends nicely on = and r, i.e., for z,y € R" and r,s > 0 such that dist(z, F) < r/10 and
dist(y, £) < s/10,

(6.18) 170 = sl < Crr= (|2 =yl + |r — s]).

For the rather boring proof, notice first that we can assume |z —y| < r without loss of
generality because we always have ||7,, — m, ¢|| < |7z, — 70|+ ||7° — 7| < C7. Similarly,
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(6.18) is always true when |r —s| > r/2 so we can assume r/2 < s < 2r without loss of
generality. As IT is Lipschitz, it suffices to control |2, — 79 ||. We write

-1
019 w=rr ([ole-ad) [ o0 ) i)
E E
and we observe that for all z,y € R" and r, s > 0 such that /2 < s < 2r, we have

(6.20) or(x) — @s(y)| < Cr @ (Jz — y| + |r — ).

We deduce that for all z,y € R™ such that |z —y| <7 and r/2 < s < 2r, we have

(6.21) <Crt(lz—y|+1|r—s]).

[E (= — ) dp(z) — / ooz — y) du(2)

We can control similarly

(6.22)

/E ooz — )(m, — 7% du(z) — /E ooz — 1) (s — 7%) du(2)
< Crr (e =yl + I — o),

using in addition the fact that |7, — 7°|| < C7. We skip the rest of the proof for the
reader’s relief. Notice as usual that in order for P, , to be well-defined, we just need that
dist(x, £) < r/10 and that E coincides with a 7-Lispchitz graph in B(z,r). Similarly for
(6.18), it suffices that E coincides with a 7-Lipschitz graph in B(z,r) and B(y, s).

In the rest of this section, we show how to define a projection onto E which preserves
spheres. We will work under the assumption that E coincides with a Lipschitz graph in
A, N H(100c, &), precisely,

(6.23) ENA,NH(100c¢,&) ={z+¢(2) | z€ P} N A, N H(100c, &)

where 7 > 0 is any radius (the scale at which the description of E holds), ¢ € (0,1) is a
small constant, & is a unit vector, Py is a vector plane containing & and ¢ : Py — Pj- is
7-Lipschitz function satisfying |p| < C7r.

For z € R", we let z and 2’ denote the components of z in the sum R" = Py + P3-, thus
x = z+ 2’ or with a slight abuse of notation, = = (z, 2’). We complete &, with a unit vector
& € Py to form an orthogonal basis (§y, &) of Py. Then for z € Py, we let zy and 2; be the
coordinates of z in this basis, i.e., z = 20§y + 21&1 or z = (20, 21)-

We fix a constant 7 € (0,1) which is small enough (depending on n) so that all the
properties of this section so far hold true for 7y-Lipschitz graphs. We will assume ¢ small
enough depending on n and 7. And we will assume 7 small enough compared to 7y and c.
The first step in our construction is to justify that for ¢ € (r/2,2r), the set

(6.24) E NS, N B(t&, 100ct)
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is a 7p-Lipschitz graph above R¢;. This will allow us to make a projection onto £ N S; N
B(t&,100ct) in a well-chosen direction. For this purpose, we assume ¢ small enough de-
pending on n and 7y so that for all ¢ > 0, the spherical cap S; N B(t&y, 100ct) is a graph of
some 7y/10-Lipschitz function v; above . For z € E N S; N B(t&y, 100ct), one has both
2 = (20, 21) and zg = Yy(z1, 2'), whence

(6.25) 20 = Y21, (20, 21))-

It easy to deduce, if 7 is small enough depending on n and 7y, that zy is uniquely determined
by z1 (because the right-hand side is contracting in the variable zy) and even that zy a 79/2-
Lipschitz function of z; (for the same reason). Similarly, 2z’ is a 7y/2-Lipschitz function of
z1. This justifies our claim.

For each x € S, N B(r&y, 20cr) such that dist(z, F) < 10~3cr, we aim to associate a direc-
tion L., € G(1,n) which only depends on E N B(x, 107 ¢r) and such that dist(L, ., R&;) <
C7p. In this way, L,, can be used to project onto £ N .S, with the usual formula:

(6.26) per(2) €ENS, and z—p,,(2) € L,.

We shall say that p, ,.(z) is well-defined when z € S, N B(7&p, 20cr) is such that dist(z, £) <
1073¢r and 2z € B(r&y, 20cr) is such that dist(z, ENS,) < 107 3cr.

We could allow E to be bounded by a curve (similarly as the faces F defined in Section 5);
everything works the same as long as we assume additionally that F coincides with a 7-
Lipschitz graph above Py in B(z,107!cr) and E N S, coincides with a 7o-Lipschitz graph
above R¢; in B(z,107 ¢r). Under these assumptions, the bounding curve is sufficiently out
of reach of the projection so that it can be ignored.

We also want p, () to be well-defined for z = z itself. For this purpose, we will prove
at the end of this section that for all z € E NS, N B(r&, 20cr),

(6.27) dist(z, BN S,) < Cdist(z, ),
where C' > 1 only depends on n. Letting for ¢; > 0,
(6.28) Wi(c) :={xeR"\{0} |dist(x, E) < ¢1]z| },

inequality (6.27) shows indeed that if ¢; is small enough depending on n and ¢, then p, ,(2)
is well-defined for all z, z € W(cy) NS, N B(r&y, 20cr).

We can define similarly a projection onto £ N S; for any other radius ¢ € (r/2,2r) and
our last request is that p,, is Lipschitz in # and r. Unfortunately, replacing directly E by
E NS, in formula (6.14) would not provide a direction of projection L, , which is Lipschitz
across spheres. We shall consider instead the direction

(629) Lx,r = Iz 10-1er N (Rx)J—7

where P, 10-1., is the intrinsic average plane of E in B(x,107'cr) as defined earlier in this
section. Here, we may assume ¢ small enough so that the condition x € S, N B(r&y, 20cr)
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implies - & > r/2 and in particular that P,, is not a subspace of (Rz)*. Therefore, L, ,
is clearly a line.

Next we prove that for all s,t € (r/2,2r), for all z,y and z,w such that p,;(z) and
Py,s(w) are well-defined, we have

(6.30) P24 (2) = pys(w)| < Clz =y + Clz = wl.

The reader may want to skip the proof and go directly to Section 7. Our first step is to show
that, under the same assumptions,

(631) diSt(Lx,t,R§1> S 70
and
(6.32) dist(Lyt, Lys) < Clz —yl.

In particular, property (6.31) makes sure that F NS, is a graph above L,, so (6.26) is
well-defined. The main point is to show that

(6.33) dist(Ly, ¢, RE;) < Cdist(Pyio-104, Fo) + Cdist(Ra, REp),

(634) diSt(LLt, Ly7s) S CdiSt<Px,10_lct7 Py,10_108> + Cdlst(RI’, Ry)

The first estimate implies (6.31) since dist(Rz, REy) < Ce < Cry (recall that x € B(t&y, 20cr)
and c is allowed to be small depending on 7p). The second estimate also implies (6.32) since
in view of (6.18), we have

T

(635) diSt(Lw,h Ly,s) < CTT71(|$ - y| + |t - 5|) +C |[L’| — %‘

(6.36) < Crtz —yl,

and where for the last line, we used the fact that |t — s| < |x — y| (recall that |z| = t and
ly| = s). The proof of each estimate is essentially the same, so we only detail the second
one. Observe that P+ P+ is an isometry between Grassmannians. Thus letting (; denote
the orthogonal of P, 10-1. (respectively, ()2 the orthogonal of P, 1-1.5), the second estimate
amounts to

(6.37) dist(Q1 + Rz, Q2 + Ry) < Cdist(Qq, Q2) + Cdist(Rz, Ry),

At this point, we find convenient to set the matrix norm |[|-|| as the operator norm induced
by the euclidean distance; this yields in particular that for all Py, P» € G(d,n),
(6.38)

dist(Py, Po) < sup{dist(z, P) | z € P, |z| <1} +sup{dist(z,P1) |z € P, |2| <1}.

Let us justify this claim. Let m; and 7 be the orthogonal projections onto P, and Ps
respectively. For all x € R" with |z| < 1, the vector x can be decomposed as © = u + v in
the sum R" = P, + P~ and thus

(6.39) [m () = ma(2)] < [(m = o) (u)] + [ (1 = m2) (V)]
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In order to estimate the first term, we observe that since u € P;, we have |(m — m9)(u)| =
|u — mo(u)| = dist(u, P»). Next, we estimate |(m — m2)(v)| by duality. For all z € P, such
that |z| < 1, we have

(6.40) |(m1 = m2)(v) - 2 = Jo - (M1 = m) (2)] < Jvf|(m = 7m2)(2)] < dist(z, P1)

and as (m — m)(v) € P (remember v € Pjt), we deduce that |(m — m2)(v)] < dist(z, ).
This proves (6.38).
In order to show (6.37), it suffices to prove that

(6.41) sup {dist(z,Q1 + Rx) | z € Q2 + Ry, |z| < 1} < dist(Qq, Q2) + dist(Rz, Ry),

the other case being symmetric. Let z € Q2 +Ry be decomposed as z = u+ v, where u € ()2
and v € Ry. Letting v’ denote the orthogonal projection of u onto @); and v" denote the
orthogonal projection of v onto Rz, we clearly have

(6.42) dist(z, Q1 + Rz) < |u — /| + |v — 0| < dist(Q1, Q2)|u| + dist(Rz, Ry)]|v|.

All is left to do is to check that |u| + |v| < 2|z|. Remember that y € Ss; N B(s&y, 20cs) so
ly/|ly| — &| < 100c and this implies that y is nearly orthogonal to @ in the sense that for
all u € @2, since u - & = 0, we have |u - y| < 100c|ul|y|. As v € Ry, we deduce that

(6.43) lu+ o> > Jul)® + [v]* = 2)u - v
(6.44) > [ul? + |v|* = 200¢ful|v] > (1 = 200¢)(Jul® + |v]?)

and we can assume c sufficiently small so that |u + v| > (Ju| + |v|)/2. This concludes the
proof of (6.37).
Our next step in the proof of (6.30) is to show that

z w

Paal2) _ py,s(w)‘ < (1+ CTO)‘— - —‘ + Cror Ha —y).

T S

(6.45)

T S

One can easily see that this implies (6.30) and we leave the details to the reader. The
idea behind (6.45) is that z — ¢t~ 'p,4(2) is the projection of ™'z onto the graph (¢t 'E) N
S1 N B(&, 100¢) in the direction orthogonal to L., (the definition (6.26) is well-preserved
under rescaling). Thus, we want to deduce (6.45) from (6.6). We already know that
dist(t 7'z, (t7'E) N S1) < 107%c < 75 (this is one of the assumptions in order for p,.(2)
to be considered well-defined) and that

(6.46) dist(Lyy, Lys) < Crta —y.

Then, considering (r~'E) NS, N B(&,100c) and (s~ E) N S; N B(&, 100c) as graphs of some
function ¢, and ¢, respectively above R¢;, we show that

(6.47) lor = @allye < Crr7tft — s,
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We recall that for all ¢t € (r/2,2r), the spherical cap S; N B(t&, 100ct) is a graph of some
70/10-Lipschitz function ¢, above & . In fact, all these graphs are equivalent to each other
under rescaling, i.e., t 71 (21,2') = ¥y (t7 21, t712"). We deduce that any point (2, 21, 2’) in
the graph (t7'E) N B(&, 100c) satisfy

(6.48) 20 = Y1 (21,1 p(t2o,t21))

(and similarly for s). Then for all (29, 21,2’) € (t71E) N B(&, 100c¢) and for all (wq, wy,w’) €
(s7'E) N B(&, 100c) with 2; = wy, we have

(tzo,t21)  p(swo, swi)
s

(6.49) |20 —wo| < C Ld < Crr |t — s| + Crl|z — wol,

where we used in particular the fact that ¢ is 7-Lipschitz, that || < C'7r, and that |z], |w| <
1. This implies in turn that |zg — w| < C7r~!¢t — s|. One can show similarly that |z’ — w’| <
Ctr~t — s|. This ends the proof of (6.47). As |z| =t, |y| = s and 7 is small depending on
70, this implies |l¢; — ¢s|] < Cror~|z — y|, and in turn (6.30) by (6.6).

Remark 6.1. If z and y are collinear with the same orientation, then (6.35) yields
(6.50) dist(Lyy, Lys) < Crrta —y

and we can deduce a more precise variant of (6.45), where the error term in |z —y| is
controlled by Crr~! instead of Cr~1:

Pei(2)  pys(w)
T S

(6.51) ‘ < (1+C’7’0)E—%‘+CTT’1\x—y\.

This will be useful in Section 8.

As promised, we conclude this section by showing that for z € S, N B(r&y, 20cr),
(6.52) dist(z, EN S,) < Cdist(z, E).

The proof also works for any other radius in (r/2, 2r).
In the next section, we will need to know that (6.52) also holds true when E is bounded
by a Lipschitz curve above R&y, that is, when E'N A, N H(100¢, &) is equal to

(6.53) {z+¢(2) | z € Py such that z- & > 1(z) - & } N A, N H(100¢, &),

where 2z = 20 + 21£1, ¢ : Py — Py~ is a 7-Lipschitz function which satisfies |¢| < Crr, and
similarly, 1 : R, — & is a 7-Lipschitz function which satisfies [1)| < C7r (we identify R&,
to R for notational convenience). Therefore, we detail directly here this more complicated
variant. The proof still works if E is bounded by two curves, the strategy is the same. As a
consequence, (6.52) extends to the case E is given as an union of Lipschitz graphs bounded
by curves; the estimate holds independently for each face and therefore for their union. The
reader is again allowed to skip the following proof.
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Let justify rapidly that (for x € S, N B(r&y, 20cr) as above) we don’t need to distinguish
between the distance from x to E and the distance from = to £ N A, N H(100¢,&). One
can see that dist(r&, £) < Crr, since for instance (6.53) shows that r&y + ¥(r&y) belong
to E (assuming 7 small enough compared to c if necessary). It follows that dist(z, E) <
20cr + Crr < 30er but since B(x,30cr) C EN A, N H(100c, &), the distance from z to F is
attained in £ N A, N H(100c, &).

We decompose x as ¥ = z+ 2’ in the sum P, —i—Pol, with 2z = 2p&o + 21& as usual. Our first
idea for (6.52) is to look for some s > 0 such that |sz + ¢(sz)| = r but since sz + ¢(sz) may
be on the bad side of the bounding curve, we need to reproject sz first. For s € [1/20,20],
we set

(6.54) 2(s) = s2080 + max(sz - &1, ¥(s20) - €1)&

so that z(s) is on the good side of the bounding curve, i.e., z - & > 1¥(sz) - &. Next, let us
take note of a few properties. Notice that

(6.55) lo(2) — 2'| < Cdist(z, E).

since the map x — @(z) — 2’ is C-Lipschitz on R™ and is zero on E'N A, N H(100¢, &p). Our
second property is that for all x € S, N B(r&y, 20cr),

(6.56) |z(s) — sz| < Cdist(x, E) + C1|1 — s]r.

In order to prove (6.56), observe first that for s fixed, z +— z(s) is C-Lipschitz on By (a
maximum of two Lipschitz functions is Lipschitz). Moreover, when z - & > 1(z) - & (as for
instance when z is the projection of a point z € E N A; N H(100¢,&p)), we can estimate

(6.57) |2(s) — sz| < C7|1 — s|r.

Indeed, if sz-& > (sz0) &1, then 2(s) = sz and this estimate is trivial. Otherwise, z(s) —sz
only has a R, coordinate, which we can control as follows:

(6.58) 0 <(sz0) - &1 — sz - & = (P(s20) — s9¥(20)) - &1 + 5 (Y(20) - &1 — 2 &)
(6.59) < (P(s20) — s¥(20)) - &1
(6.60) < |¥(s20) — ¥(20)| + [¢(20) — sY(20)] < CT|1 = s]r,

where for the last line, we used the fact that v is 7-Lipschitz, || < C7r and that |z| < |z| <
10. Then , we deduce (6.56) from the fact that z +— z(s) — sz is C' Lipschitz on R™ and is
bounded by C7|1 — s|r when z € E

For s € [1/20,20], we set x(s) = z(s) + ¢(z(s)). We recall that since |z| = r, we have
|z| < r. Moreover, ¢ is small enough so that the condition x € S, N B(r&, 20cr) implies
x-& > r/2 and thus |z| > r/2. In view of (6.56) and the fact dist(z, £) < 20cr and that
r/2 < |z| <r, it is clear that |z(s)| € (r/100,100r) and that

S20
SZ20

(6.61) dist(|z| "z, |z(s)| " z(s)) < 2lsz| sz — x(s)| < O
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so x(s) € A, N H(100c¢, &) (assuming possibly 7 small enough depending on ¢) and in turn
that z(s) € E by (6.53). Now, in order to show (6.52), we want to prove that there exists
some s € [1/20,20] such that |z(s)| = r and

(6.62) dist(z, z(s)) < Cdist(zx, E).

The map s — |z(s)| goes continuously from a value < r/2 at s = 1/20 to a value > 2r
at s = 20, so there exists s € [1/20,20] such that |z(s)| = r. As z = z + 2’ and z(s) =
2(s) + ¢i(2(s(s)), (6.62) amounts to showing that |z — z(s)| + |2/ — ¢(2(s))| < Cdist(z, E).
In fact, using (6.55), we have

(6.63) 2" = o(2(9)] < |2 = @(2)| + le(2) = p(2(s))| < Cdist(z, E) + Clz — 2(s)],

so all is left to do is to check that |z — z(s)] < Cdist(z, F). Observe that if two unit
vectors * = 2z + 2/ and y = w + w' in Py + B;- are such that min(|2/|,|w’|) < 1/2, then
||z] — |w|] < Clz" —w'|. Applying this observation to z = z + 2" and z(s) := 2(s) + ¢(2(s))
which have the same norm r, we obtain

(6.64) [l2(s)] = I2]] < Cleo(z(s)) = 2]
(6.65) < Cle(2(s)) — ¢(2) + Cle(z) — 2|
(6.66) < COT|z(s) — z| + Cdist(z, E).

Using |z(s) — z| < |z — sz| + |2(s) — sz| and (6.56), we have

(6.67) |2(s) — z| < C|1 — s|r 4+ Cdist(z, E)

so in particular

(6.68) |12(s)] = |2|| < C7[1 = s|r + Cdist(z, E).

By (6.56) and the fact that the map u > ||z| — |u|| is 1-Lipschitz, we can also bound from
below

(6.69) ‘|z| | > ||z| — |sz|‘ — |z(s) — sz|

(6.70) > C7'1 — s|r — Cdist(z, E)

and it follows that |1 — s|r < Cdist(x, E). Finally, (6.67) shows that |z — z(s)| < Cdist(z, E)
as wanted.

\/

O

7 Projections along the spheres S,

We keep the notation and assumptions of Section 5, and we shall use the description of F.,
in the A, that was obtained there to construct a first projection on F,, that preserves the
spheres.

Denote by S, the sphere centered at the origin and with radius 7 (so that S; = 0B(0, 1),
for instance), and set r(z) = |z| for x € R™.
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Proposition 7.1. Suppose as above that 0 € E,, and that ro and €y were chosen as in
Section 5. Then there is a projection w, defined on the region

(7.1) W(c1) ={x € By = B(0,r9) | dist(z, Ex) < c17(2) },

where we can choose the small constant c; > 0 depending only on n and the constants v, c
of the last section, such that for 0 <r <rg,

(7.2) m(x) € S,NEy forxeS.NW(e),

(7.3) m:W(c1) = Es is C-Lipschitz,
and naturally

(7.4) m(x) =x when x € Ex N B(0,19).
The letter C denotes a constant > 1 that depends only on n.

So we decided to let our first projection act on spheres separately (but notice that we
require 7 to be globally Lipschitz). This is convenient because we don’t need to know E, at
scales much smaller than r to define 7 on S,. Notice however that W (c;) is a small conical
neighborhood of 0, but does not contain a neighborhood of the origin. It would have been
nice to have a projection 7 defined on a whole neighborhood of E,, but this will not happen,
for simple topological reasons. Even if F, is a plane through the origin, we cannot map the
unit sphere to £, NS continuously (where do we send the poles?). This means that we will
need something else than 7 in later sections.

Let us use the description of Section 5, that is, we cover E,, N B(0,7) by boxes A,(2) N
H(10¢;, &) (where 0 < r < rg) such that £ has an explicit description in A, N H(100¢;, &),
and we use each such box to define 7 on W(c¢;) N A,(2) N H(10¢;, &;). Our construction of 7
will be intrinsic and will not depend on the choice of the covering.

We fix a radius 0 < r < g and a box A, N H(100¢;,&;) where E, is described by one of
the cases of Section 5. To simplify the notation, we write (¢, &) for (¢;,&;). We only detail
how to define m on W(cy) NS, N H(10¢, &), but the construction could be easily applied to
the thicker domain W(c;) N A,.(2) N H(10¢, &). Similarly, the definition of 7 on W(cy) N S,
could be done by using boxes associated to another radius in (r/2,2r); it does not matter
since our construction is intrinsic.

We let 7 > 0 be a parameter that is small enough, depending on n. Typically, we will
work with C'1p-Lipschitz curves, and we will need 7y small enough so that all the properties
of Section 6 holds true. We let 7 > 0 be the parameter used in Section 5 in the definition
of Cases 1-6. It is assumed to be very small compared to 79 and c. Moreover, ¢ will also be
assumed to be small compared to 7.

We start with Case 2, if it exists (i.e., there exists a point in S, N E,, N T of type V,
with a sharp enough angle). The following construction also applies directly to Case 2 Bis.
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Let us use the description (5.16)-(5.19) that we found in this region, which works in A, N
H(100¢,&). Recall that (in this region) E., is composed of three relatively closed faces
F, C A, N H(100¢, &), i € I = {v,+,—}, bounded by a curve G. Since I" is a C't-Lipschitz
graph over Ly which stays at distance < C7r from Ly, the piece I' N A, N H(100¢, &) is
transverse to the spheres.! By transversality, there exists a unique point &(r) € T'N S,
that lies on the same side as & and the map r — £(r) is (1 + C7)-Lipschitz. The curve
I'N A, N H(100¢, &), G and the vertical face F, are entirely contained in H (vc, &) and, in
particular, we have |£(r) — r&| < vre. Similarly, we call {(r) the unique point of S, N G,
and it satisfies |((r) — r&| < vre. We define

so that ~; is a relatively closed subset of S, N B(r&y, 100rc), and we have the decomposition

(7.6) Eoo NS, N B(r&, 100rc) = v Uy_ U,.

Figure 2: Case 2, the intersection with S, = 0B(0, )

We assume ¢ and 7 small enough (depending on n, 75) so that each ~; is a piece of
1-dimensional 1y-Lipschitz graph above R¢;, where we recall that & and &, are defined in
Case 2 of Section 5. For ¢ € {+£}, the curve ~; starts from ((r) and goes all the way
so S, N 0B(réy,100cr). On the other hand, the vertical curve 7, goes from &(r) to ((r)
and is very short; it is entirely contained in S, N B(réy, ver) C S, N B({(r),2ver). All we
need to know about v in this section is that ¥ < 1/100 so that +, is entirely contained in
S, N B(((r),cr/10). We also define the direction

(7.7) 0(z) = %

We will need to project on the 7;. We start by picking the unique point (4 (r) of 4
that lies at distance c¢r from ((r), and then set ex = 0({x(r)); this will be the direction

€Sy forxz e R"\ {¢(r)}.

'We say that a continuous path f : [to,t1] — R™ is transverse to the spheres if t — |f(t)| is strictly
increasing. It suffices for instance that there exists ¢ > 0 such that f(s)-(f(t)—f(s)) > ¢ f(s)||f(t) — f(5)]
for all s < t. Indeed, this condition implies |f(t)] — [f(s)] > ¢7t|f(t) — f(s)|, which can be checked by
computing %|f(s) +a(f(t) = f(s))| = ¢ f(t) — f(s)| for z € [0,1]. This further shows that the map
p— f(s(p)), where s = s(p) is such that | f(s))| = p, is c-Lipschitz. In case of a piece of graph f(t) = (¢,%(t))
parametrized by ¢ € [to, t1], this sufficient condition follows easily if ¢ is 7-Lipschitz with 7 < 1/100 and if
[t(to)| < 10tg (i.e., the vector f(tp) is not too orthogonal to the line of parametrization, unless f(to) = 0).
Moreover in this case, the map p — f(s(p)) is (1 + C7)-Lipschitz.
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that we choose to define the projection onto .. For the short v,, we simply take e, =
—(e4 +e_)/|lex + e_| (this is more stable because v, may be very short). For all i # j, we
have at least |e; —e;| > 1/2 (we can take ¢ and 7 smaller if necessary).

Let us remark that if s — (s,9(s)) is any 7o-Lipschitz graph above a line Re, where
e = (1,0), then for all x = (s,9(s)) and y = (¢,¢(t)) with ¢t > s, we have

(7.8) ‘ — e < 10m.

ly — x|

This uses the fact that [(y — z) — (t — s)e| < C7|x — y| and the usual formula

u (%

< 2lu| Mu—v| forallu,v e R"\ {0},
jul - [vl

(7.9)

applied to u = (y — =) and v = (t — s)e.

In our situation, vy is a piece of 7p-Lipschitz graph above R&y which starts from ((7),
so e4 - &4 > 0 and the above reasoning show that |e; — &.| < 107y. As a consequence, 74 is
a CTy Lipschitz graph above Rey. Using &, = — ({1 + &) /|4 + €| (and similarly for e,),
one can also check that e, -§, > 0 and |e, — &,| < C7p using (7.9), thus 7, is a C'1y-Lipschitz
graph above Re,.

The point of replacing &; by e; is to have a direction of projection onto +; which is intrinsic.
(notice that even though e; depends on ¢ = ¢;, Lemma 4.2 guarantees that ¢; is always the
same when Case 2 or Case 2 Bis applies). Indeed, there could be different choices for X in
(5.1), which are g close to each other and which could present a slightly rotated V at &,. If
the construction of m on S, depends on the choice of X, it might not glue well when r varies.

Now, we define open regions where we can easily project on v;, ¢ € I, by

(7.10) H; ={x€8,NB(r&,20cr) |  #((r), |0(z) —e] <1077 }.

We will also need to define a projection in the larger convex domain (not a subset of S,.)

(7.11) }AL = { x € B(r&, 20cr) ‘ x#C(r), |0(x) —e] <107° } u{c(r)}.

As ~; is a piece of 7p-Lipschitz graph above Re; which starts from ((r), we can assume
7o small enough so that for all z € ~; \ {{(r) }, we have |0(x) —¢;| < 1078, in particular

7 N B(C(r), 20er) \ {¢(r) } C H;.
We justify that the regions H; are far from each other in the sense that for all ¢ # j,

(7.12) for all z € H;, dist(x, ]/-\Ij) > |z —((r)]/2.

For i # j, one can compute [§; —¢&;| > 3/2 (they are unit vectors making an angle of
27/3) and, since v;, 7; are 7p-Lipschitz graphs above R¢; and R¢; respectively, we deduce

that |e; —e;| > 5/4 (upon assuming 7, small enough). The definition of H; and }AIJ- and the
triangular inequality imply in turn that for all x € H; and y € H;, we have |0(z) — 6(y)| > 1.
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Then we use the usual formula (7.9) to deduce that for all z € H; and for all y € ﬁj
(with 7 # j)
(7.13) 1< o) ()| < S
|z —¢(r)]
and thus |x — y| > |x — {(r)|/2. This proves our claim.
Next, we show that for all z € H,

(7.14) dist(z,7+) < 107°|z — ((r)]
and
(7.15) E.NS.NB(x, 107z — {(r)]) = 7= N B(z, 107z — ¢(r))).

Before passing to the proof, let us explain the goal of these properties. For x € }AIi,
the endpoints of 74 lie outside of the ball B(x,107 |z — ((r)|) so 7+ coincides in S, N
B(x,107 |z — ¢(r)|) with a C'ro-Lipschitz graph above the line Rey and so does E., NS, by
(7.15). This will allow us to apply Section 6 in order to make an intrinsic projection of a point
v e He \ B(¢(r),cr) onto 4. Precisely, for such a point z, we have dist(x,v+) < 1073¢cr
and E N S, coincides in B(x,10 7 er) with a Cry-Lipschitz graph. This shows p, .(z) is
well-defined for all z € S, N )] L and z € i + (we refer to Section 6 for the definition of p, ).

The first point is based on the observation that any point x € R™ \ {{(r) } such that
6(x) — ex] < 1079 is relatively close to its projection on ((r) + R"ey in the sense that

(7.16) dist(z, ((r) + RTey) < dist(xz, {(r) + |z — {(r)|ex)
(7.17) = |z = ¢(n10(z) — ex] < 107z — ((r)].

(The final estimate also holds true for = ((r).) This applies in particular to the points
of 71+ and since v goes continuously from ((r) to S, N IB({(r),40cr), we deduce that its
projection on ((r) + R*ey contains at least the interval ¢((r) + [0,30cr]er. For z € Hy,
one can see that its orthogonal projection z on ((r) + RTes belongs to ((r) + [0, 30cr]e
(as |0(x) —ex] < 1, we have O(x) - ex > 0 so (x — ((r)) - ex > 0, and it is also clear that
|z —((r)] < |z —((r)] < 30cr) so z coincides with the projection of a point y € v4. We
finish the proof of (7.14) by estimating |z — y| < 107°|z — {(r)|. According to the triangular
inequality, |r — y| < |z — z| + |y — 2| and we already know that |z — z| < 1078z — {(r)|. In
order to estimate |y — z|, we observe first using (7.17) that

(7.18) ly = CI <y — 2| + [z = {(r)] < 107°ly — {(r)] + |z — ()]
so |y — ¢(r)| < 2|z — {(r)| and then using (7.17) again
(7.19) ly =2 < 107%y = ((r)] < 2107w = ((r)].

This concludes the proof of (7.14).
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Next, (7.15) comes from the fact that
(7.20) Eo NS, N B(r&, 100cr) = vy Uy_ U,

and that for z € H,, the ball B(z,107 )2 — ¢(r)|) is disjoint from the other H; (see 7.12).

In order to project onto v4, we define a projection p : ﬁi — 7+ perpendicular to the
direction of ey :

(7.21) p+(z) € 7+ and (pe(x) —x) L eq.

This is well-defined by Section 6, (7.14) and (7.15) as usual. Furthermore, the map p4 is the
identity on v+ and, by (6.5) and (7.14),

(7.22) lp+ —id| < 107 %cr on H. and p. is 2-Lipschitz.

The projection p. is defined in particular at {(r) where it satisfies p1({(r)) = ((r). As py is
2-Lipschitz (see Section 6, just above (6.5)), we deduce that |pL(x) — ((r)| < 2|z — {(r)| for
all x € ﬁi. In order to project onto ~,, we proceed slightly differently because =, is short.
We extend +, by a half line that starts from £(r) and goes in the direction of e,; this gives
an extended graph 7, above Rey, we can define a projection p, : ﬁ]v — 7, perpendicular to
e, as above, and finally we define p, = k o p,, where & is the projection 7, — =, defined by
k(x) = x when z € 7, and k(x) = £(r) otherwise. Again p, : f[v — 7, is the identity on ~,,
is 2-Lipschitz and satisfies |p,(z) — C(r)| < 2|z — ¢(r)| for z € H,.
We will use the p; to define a projection

(7.23) m:W(c) NS, N B(ré, 10cr) — Ex NS,y

where ¢; > 0 depends on only on ¢. Actually, we will define 7 on S,N[H, U H_ U B({(r),cr)].
We are going to check first that, if ¢; is small enough compared to ¢, this domain contains

Wi(er) NS, N B(ré&y, 10cr), i.e,

(7.24) W(c1) NS, N B(réy, 10cr) \ B(¢(r),cr) C HL U H_.
We recall from (6.52) that for all x € S, N B(r&y, 20cr),

(7.25) dist(x, Eoo N S,) < Cdist(z, B,

where C' > 1 depends only on n. Let us now see how to deduce (7.24). As E,, N S, N
B(r&,100cr) = v U~vy_ U, (7.25) implies that all the points of W (cy) NS, N B(r&y, 10cr)
are within distance < C'¢yr of v, Uy_ U~,. Remember that as -, is short, it stays inside
B(¢(r),cr/10). Then if ¢; is small enough compared to ¢, the points of W(cy) NS, N
B(r&, 10cr) \ B(¢(r), cr) are actually within Ceyr of v, U~y_ \ B({(r), cr/2). We recall that
as ; is C1o-Lipschitz graph above Re;, we have for all z € ~;, |0(z) — ;] < C1y < 107% and
that by (7.9), the function z — 6(x) is C/(cr)-Lipschitz outside B(({(r),cr/2). Hence, we
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can assume one more ¢; small enough so that if a point x € R™ \ B({(r), cr) is at distance
< Cer from v; \ B({(r),cr/2), then |6(z) — e;] < 1077. This concludes the proof of (7.24).

We now start the construction of 7. We use a cut-off to single out the regions H;, i € I.
Pick a Lipschitz cut-off function 1 on [0, 1] such that n(t) =1 when 0 < ¢ <1077, n(t) =0
when ¢ > 107, and which interpolates linearly in-between. Also set n;(z) = n(|0(z) — e]);
this map is only locally Lipschitz away from ((r), with |[Vn;| < C|z—((r)|™!, but this will be
compensated in Lipschitz estimates because we will always multiply by terms like x — (7).
Then set

(7.26) w(z) = ((r) for x € S, N B((r),er) \ UierH,
and
(7.27) m(x) = p; [mi(x)pi(x) + (1 = n;(2))¢(r)], for €S, NB((r),cr)N H;.

The second formula is well-defined because for z € H; N B(((r), cr), we have
(7.28) pi(z) € v N B(C(r), 2cr) C H; C H;

and H; is convex. This completes our definition of 7 in S, NB(((r), cr). Observe that in each
H;, n; = 1 so m coincides there with p;. The function 7 built so far is C-Lipschitz because
of the remark on the Lipschitz character of n;(z) and the observation that |p;(x) — ((r)| <
2|z — ¢(r)| in H;.

Let us also note that for all z € S, N B({(r), cr),

(7.29) |m(z) — 2| < Cdist(x, Ex N S,).

This is clear if z = ((r) or if there exists i such that x € H; by properties of projections.
Otherwise, |0(z) — e;| > 1077 for all 4, and in this case, the main argument behind (7.29) is
the fact that |z — ((r)| < Cdist(z, Ex N S,). Precisely, the distance from x to E,, NS, is
attained at a point y € Eo, NS, NB(r&, 100cr) and there exists i such that |6(y) — e;] < 1078
so |6(z) —O(y)] > 1077. Reasoning as in (7.13), we get that |z —y| > 1078|z — {(r)|.
In order to deduce (7.29), observe finally that |w(z) —z| < |w(x)—((r)] + [C(r) — x| <
Clz —¢(r)].

Our next step is to define 7 in H1\ B({(r), cr). We start with the region Hy \ B({(r), 2¢cr).
According to Section 6 and the comments below (7.14)-(7.15), we can set in Hy\ B({(r), 2¢cr),

(7.30) 7(z) = pur(x) € 4.
Moreover, in each domain Hy \ B({(r),2cr), 7 is C-Lipschitz and, by (6.5) we have
(7.31) |7(x) — 2| < 10dist(z, EN S,) < 10 2cr.

We then define 7 in Hy N B({(r),2¢r) \ B({(r),cr). There, we interpolate linearly the
unit vector that we use to define the projection so that the various definitions match on the
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interfaces 0B(((r),2cr) and 0B(({(r),cr). For x € Hy \ B(((r),cr), we let ex(z,r) be the
unit vector generating L, , (the direction of p, ), oriented in such a way that ey (z,r)-ex > 0.
In Hy N B(((r), cr), we used the vector ey to project onto E,, NS, and in Hy \ B({(r),2cr),
we used the vector ex(x,r). In the intermediate region, we use

(7.32) ex(x) = ’:jg‘,
where
(7.33) e (x) = 2~ |:r_ <)l er + [z = ((CTTN i ex(z, 7).

Notice that even though the direction of the projection depends (slowly) on x, this does not
prevent us from using it. We do not need any injectivity property of the projections anyway.
Writing the definition (7.30) explicitly in terms of E., NS, has the advantage of gluing well
across the S,.

Let us check that in the domain Hy N B({(r), 2cr) \ B({(r),cr),

(7.34) lex(z) —ex| < Cr9 and x> ey(x) is C/(cr)-Lipschitz.

Since each point x € HLNB(((r), 2¢cr)\ B(((r), cr) is at distance < 107 3¢r from ., and since
7+ coincides with a C'ro-Lipschitz graph above Rey in B(x, 107 cr), (7.34) allows us to define
m(z) in Hy N B({(r),2cr) \ B(¢(r),cr) as the projection onto 74 in the direction orthogonal
to ex(x). Moreover, (7.34) shows that 7 is C-Lipschitz in Hy N B({(r),2¢r) \ B({(r), cr);
this uses also (6.6) and the fact that we have dist(z,v+) < 107%cr in this domain.

So let’s justify (7.34). We know from the definition of e.(x,r) and (6.31)-(6.32) that
that

(7.35) lex(z,r) —es| <Crp and |ex(z,7) —ex(y,r)| < g|x — ).
Then it follows immediately from the formula of €] that

(7.36) e(z) —es| <Cr and  |el(z) — e(y)] < gkr; —yl.
We then deduce (7.34) using the formula (7.9).

We are done with the definition of = in Hy N B({(r),2¢r) \ B({(r),cr). By properties of
projections, we have as usual

(7.37) |7(z) — x| < 10dist(z, EN S,) < 10~ %cr

in this domain.
Finally, we check that

(7.38) 7 is C-Lipschitz on S, N [Hy U H_ U B({(r), cr)].
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By construction, the map 7 is independently C-Lipschitz on H, \ B({(r),2cr) and H, N
B(¢(r),2cr) \ B(¢(r),cr). In order to show that 7 is C-Lipschitz in their union H, \
B(¢(r),cr), we observe that for any « € H, \ B(((r),2¢cr) and y € H, N B({(r),2cr) \

B(¢(r), cr), the geometry of these domains allows to find z € H, N9IB(({(r), 2cr) such that

|z — 2| + |z — y| < Clx — y| and thus

(7.39) m(2) = 7(y)| < |w(z) —7(2)| + |7 (2) — 7(y)|
(7.40) <Clz—z|+Clz—y| < Clz —y|.

As |7 —id| < 1072%¢r in both Hy \ B({(r),cr) and H_ \ B(¢(r),cr), and since these two
domains are at distance > ¢r/10 from each other, the map 7 is again C-Lipschitz in their
union. The only case left is to check whether 7 is Lipschitz in the union of Hy \ B({(r),cr)
and S, N B(((r), cr). The argument is the same as before: 7 glues continuously across their
interface and for any € S, N Hy \ B({(r),cr) and y € S, N B({(r), cr), one can find a point
z€ S, NHLNOB(((r),cr) such that |x — z| + |z — y| < Clx — y|.

As mentioned at the beginning of the proof, the construction is the same for every other
radius in (r/2,2r). Thus, 7 is C-Lipschitz along each piece of sphere W(cy) N S.(10) N
B(t&;,10¢;t) for t € (r/2,2r). One can also check that 7 is C-Lipschitz across the spheres,
that is, in the whole box W (c1) N A, (2)NH(10¢;, &;); this relies in particular on the Lipschitz-
ness of p — £(p),C(p) (see the footnote at the beginning of this section), the Lipschitzness
r +— e; for each ¢ € I (this type of property will be detailed in the next section, so we
postpone the details until that point) and the Lipschitzness of p,, (see (6.30)).

This ends the definition of 7 near r§, when &, belongs to Case 2 (sharp V) or Case 2 Bis
(truncated Y). Fortunately for the other cases, the definitions will be the same, but simpler.
Let us recall that the family of spherical caps S(&;, ¢;) satisfy the two additional assumptions
of Lemma 4.2. This makes sure that the boxes A, N H(100¢;,&;), where E, is close to a
H, V, Y or a truncated Y are disjoint. Therefore, the constructions of 7 in these cases will
be independent from each other. However, a box A, N H(100¢;, ;) can meet another box
A, N H(100c, &), where E, is close to a P, but in this case & ¢ S(&;, 5¢;) and ¢, < ¢;/10 so
the overlapping regions H(10¢;, &) N H(10ck, &) is outside H (4¢;, ;). This observation will
allow the reader to check easily that all definitions coincide when two box meet.

We start with Case 3, with a generic cone V' of type V with angle « in (27/3+¢, /400, 7 —
£1/400), where ¢, is defined in Section 5. There we can just use the same formula as in Case 2;
we just have to consider that F, was essentially empty, {(r) = ((r) and we ignore the region
H,.

When V' in Case 3 is nearly flat, i.e when o/ := 7 — « is small, we modify the construction
a little bit, because we want to organize a smooth transition to the flat case where we proceed
slightly differently.

Let 7 € (0,1) be such that previous constructions work for all 7 < 7 (it only depends
on n, v, ¢). We assume the constant €; in Section 5 small enough so that /400 < 77 and
in particular, we have o/ < 7 in Case 1. For both Case 1 (a plane P) and in Case 3 with
o < 1, we set ™ with the same formula

(7.41) m(x) = per(x) in Wi(er) NS, N B(ré, 10cr),
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as in (7.30), where now we can use the fact that E,, N B(ry, 100rc) is a single 1-dimensional
C'i-Lipschitz graph to define p,,(z). Here and hereafter, we assume ¢; small enough com-
pared to ¢ so that every point in W(c;) NS, N B(r&, 10cr) is at distance < 10 3¢r from
E. NS, (see (6.52)); this makes sure that p,,(z) is well-defined.

In Case 3 with 7, < o' < 27, we interpolate: the projection 7 built in Case 3 is replaced
by

(7.42) Per((2—=d/7)x+ (& /71 — 1)(2)).

This is well-defined for all z € W (ey) NS, N B(r&y, 10cr) because the point z = (2—ao'/7)r+
(o /7 — 1) satisfies

(7.43) dist(z, E N S,) < dist(z, 7w(x))
(7.44) < o —m(x)]
(7.45) < Cdist(z, Eoo N S,) < Cdist(x, E)

and dist(z, E) < e;r < 10 3¢r.

Notice that as a goes from 277 to 71, the role of () = £(r) disappears in the construction.
This is needed since in Case 1, the curve I is allowed to leave E so the point ((r) € I'N S,
may not belong to F,, and cannot be used to project anymore.

One could object that o = «(r) was not defined intrinsically (it depends on the chosen
blow-up X in (5.1)), but for the purpose of this construction, we can replace a with the
computable number Angle(ey,e_) € (0, 7). The fact that E is extremely close to a V-cone
in A, N H(100c, &) is useful to get the good description of E,, but we do not need all that
precision for the definition of the projection 7 and the verification that it is Lipschitz.

Next we consider Case 4, where E, is approximated by a half plane H € H. In this case,
Eo N SN B(r&, 100cr) is a single curve v = v, (compare with (7.20)). We can proceed as
in Case 2, with {(r) = ((r) and ignoring H_ and H,.

Now consider Case 6, that is, the case of Y-points in A,NH (100c, &y). We use the Y-points
of S, N E as new points £(r) = ((r), and perform the same construction as in Case 2 (this
time, with three long curves ;). This gives a definition of = on the W (ey) NS, N B(réy, 10cr),
and as above we make sure to use (7.30) outside B({(r),2c). Now although on S, the points
& with a singularity of type Y, and Case 2 bis are far from each other, as r varies they
can be transformed in each other, and this is why we try to use intrinsic formulae. For the
present case, the reader may worry that we start with a Y cone, which slowly evolves into
the previous case of a truncated Y, with a third leg that becomes shorter and shorter. In the
first case, we used an intrinsic formula based on the third curve to define the direction of the
associated projection, while in the case of a short leg, we used the formula e, = — (e, +¢_)
which was more stable. Let us simply decide, depending on the (intrinsically evaluable)
length of the short leg, to use a formula that interpolates nicely between the two cases; we
skip the formula because it may only add to the confusion; observe that we did something
similar for the transition between a plane and a flat V.
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We are left with regions where F, is well approximated by planes (Case 5), and there,
as promised above, we simply use (7.41). Fortunately, we always made sure to use (7.30)
away from &;. This way, all our definitions glue nicely with each other.

At this point, we have defined a C-Lipschitz projection 7 : W(c1) NA,(2) N H(10¢;, &) —
E. for each radius 0 < r < rg and for each box A, N H(100¢;,&;) associated to scale r in
Section 5. Moreover, all definitions of 7 coincide in overlapping regions. It is left to check
that gluing everything induces a C-Lipschitz projection 7 : W(cy) = E.

We check first that for any fixed radius 0 < r < rg, W(c;) N A,(2) is covered by the
charts A,(2) N H(10¢;, ;) associated to scale r. This ensures that gluing everything provides
a mapping defined on the whole W (c;). We recall from Section 5 that X N9dB(0, 1) is covered
by the spherical caps S(&;, 5¢;) with ¢; > 1073vc. Assuming &y small enough (depending on
v and ¢), it follows that F., N A,(2) is covered by the conical domains H(8¢;, &;) (this is only
a slightly more precise variant of what we did near (5.6)). For z € W(c;) N A.(2), there
exists 2/ € E, such that |z — 2/| < ¢1]z| and taking in particular ¢; < 10™%ve, we have

x '

(7.46) | <2z e — 2| < 1073w

x| ]

Since ' belong to one of the H(8¢;, &;) and ¢; > 10~ 3wc, it follows that x belongs to H(9¢;, &),
proving our claim.

We now prove that 7 is C-Lipchitz in W(c¢;). For x,y € W(ey) such that one of them
is zero, say x = 0, we clearly have |r(z) — 7(y)| < |z — y| because 7(0) = 0 and 7 preserve
spheres. Next, we focus on the case where z,y € W(cy) \ {0} are such that |z —y| <
10~*vc|z|. One can see that z,y € W(cy) N A, (2), where r = |z| > 0, and that

(7.47) ‘ﬁ - i‘ < 2lz| |z — y| < 1073ve.

zl |yl
Therefore, there exists a chart A, N H(100¢;, ;) associated to scale r such that = € H(9¢;, &;)
and consequently y € H(10¢;,&;). Then we can just use the fact that 7 is C-Lipschitz in
A.(2) N H(10¢;,&;). We can deal with the case where |z — y| < 10~ *ve|y| similarly.

The last case, where |z —y| > 10~*vcmax(|x|,|y|) relies on the fact that for all z €
W(Cl),

(7.48) |m(z) — 2| < Cdist(z, Ey).

This can be checked independently for each Case 1-6, but this also comes from a more
generic argument. Considering the scale r = |z|, we have seen above that x belongs to one
of the spherical cap S, N B(r¢;, 9¢;1) associated to r. Moreover, (6.52) show that we can find
a point y € Eo, NS, N B(r&;, 100¢;r) such that |z —y| < Cdist(x, Fs) < Ceyr. Taking ¢
small enough compared to n and ¢, we have in particular y € E,, NS, N B(r&;, 10¢;r). Now,
m: W(c1) NS, N B(ré&;, 10re;) is C-Lipschitz and coincides with the identity map on E., so

(7.49) im(x) — x| < |m(x) —y|+ |z —y| < Clr —y| < Cdist(z, Ex),
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which proves our claim.
Coming back to proof of Lipschitzness of m when z,y € W(¢y) are such that |z —y| >
10~ *vemax(|z|, ly|), we estimate using (7.48) that

(7.50) [m(x) —7(y)| < |7(z) — 2| + [7(y) — y[ + |z — y]
< Cer(|z] + ly]) + [z —yl < 2]z —y],

provided that ¢; is small enough depending on v and c¢. This finishes the proof.

Recall that we cannot use 7 directly as a retraction to E, because W(cy) is not a
neighborhood of 0. Since we do not know where to send the points of B(0,7q) \ W(c),
we will decide to send them to the origin, and interpolate on part of W(c;). For this a
construction of a contraction of E,, N B(0,ry) will be useful.

8 Contraction of E, to the origin

We keep the assumptions of the previous sections, and in particular we fix ¢ € E, 79 > 0,
and £y as in Section 5. Let us say that xy = 0. For z € E,, N By, where By = B(0, 1), we
now want to define a path in E,, that goes from 0 to x, and depends on x in a Lipschitz
way.

Proposition 8.1. There is a Lipschitz mapping o : [Ex N By X [0,1] = Es N By, such that
(8.1) lo(x,t) = o(y, s)] < Cle —y[+ Cmin(r(z),r(y))|s — 1],

where r(z) = |z|, and

(8.2) o(x,t) € Ex NSy when x € E,, NS,

and of course

(8.3) o(x,0) =0 and o(z,1) = x.

The letter C' denotes a constant > 1 that depends only on n.

Then, by (8.2), |o(z,t)| = t|x| and in particular o(0,¢) = 0. We will see other properties
of o along the way. It would have been nice to make the mapping = — o(z,t) injective, but
this cannot be arranged in general because of our Case 2 (see below).

We shall first define o(z,t) for 1/2 <t < 1, and we shall see later how to compose and
extend o to 0 <t < 1/2. As usual we start by covering F., N B(0,79) with boxes A,(2) N
H(10¢;,&;) (where 0 < r < rg) such that E has an explicit description in A, N H(100¢;,&;),
and we use each such box to define o(z,t) for x € E,, N A, (2) N H(10¢;, &) and 1/2 <t < 1.

Let aradius 0 < r < rg and a box A,NH (100¢;, ;) be given. To simplify the notations, we

write (¢, &) for (¢;, &;). We only detail the construction of o(x, t) for z € E,,NS.NB(r&y, 10cr)
but it can be easily adapted to the thicker domain E, N A,(2) N H(10¢,&p). Using boxes
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associated to another radius in (r/2,2r) would work as well. Although we construct o
separately in the regions singled out in Section 5, we will make sure that our definitions will
be easy to glue.

We focus on the most interesting Case 2 (a sharp V-set). The construction will also apply
directly to Case 2 Bis (a truncated Y with a triple junction {y € dB(0,1)N B(&, ve)\{ & }).
In order, to avoid distinguishing cases, we simply set (; = £j in Case 2 and the proof will apply
to both cases. The set E, is composed of three relatively closed faces F; C A, N H(100c, &),
i€l ={v,+,—}, precisely,

(8.4) Ew N A, NH(100c¢, &) = F, UF UF_|

where F,, F_ are two 7-Lipschitz graphs bounded by G and F), is a vertical wall between I'
and G. The set I' coincides in A, with the graph over the line Ly (the line generated by &) of
a 7-Lipschitz function 1° such that [¢°| < Crr. Similarly, G is given in A, N H(100c, &) as a
C7-Lipschitz graph above L (the line generated by (y) of a 7-Lipschitz function v such that
|| < C7r. As T is small enough, both curves are transverses to spheres. For all p € (r/2,2r),
we let £(p) and ((r) denote the unique points of I'N S, and G N S, respectively which lie on
the same side as &. We have |£(p) — p&o| < Cp and |((p) — po| < Cp. Besides, the maps
p+— &(p) and p — ((p) are (1 + C7)-Lipschitz on (r/2,2r) (we refer to the footnote at the
beginning of Section 7). The curves I'N A, N H(100¢, &) and G and the vertical face F, are
entirely contained in H(ve,&y). We thus have |((p) — p&o| < vep and F, N S, C B(réy, vep)
and since v < 1072, we deduce that F, NS, C S, N B(¢(r),cp/10). We also define

which is piece a C'1p-Lipschitz graph above RE; (we recall &4 and &, are defined in Case 2 of
Section 5) This allows to decompose E., NS, N B(r&y, 100cr) as three C'ry-Lipschitz graphs;

(8.6) Esw N SN B(r&, 100cr) = v Uy_ U,.

The short vertical curve 7, connects the point £(r) € I' NS, to the Y-point {(r) € GNS,,
and it is entirely contained in S, N B(r&y, ver). On the other hand, the two curves v4 go all
the way from ((r) to S, N IB(ry, 100cr).

Because of the sliding condition, we want to choose ¢ such that

(8.7) o(x,t) el whenzel, 1/2<t <1,

which will force us to do something slightly strange with G and the faces. In the present
case, (8.7) just means that o(£(r),t) = £(tr) for 1/2 <t < 1.
Along the way, we shall need to know that

(8.8) p— % is C'rr~*-Lipschitz for p € (r/2,2r).

The first step in the proof of (8.8) is to show that
(8.9) p — &(p) — p&o is Ct-Lipschitz for p € (r/2,2r).
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To simplify the notations, we assume that &, is the first vector of the canonic base of R".
Then for p € (r/2,2r), there exists a unique s = s(p) > 0 such that £(p) = (s,9°(s)). As
1€(p)| = p, it satisfies |s — p| < |(s,0) — &(p)| < [¢°(s)| and thus s € (r/4,4r). Observing
that

(8.10) &(p) — p&o = (s(p) — p,°(s(p))),

it suffices to prove that p — s(p) — p is C'7-Lipschitz in order to deduce (8.9). Indeed, this
implies that p — s(p) is 2-Lipschitz and then that p + ¥°(s(p)) is C7-Lipschitz. Letting
p1 < p2 in (r/2,2r) and s(p1), s(p2) € (r/4,4r) the associated coordinate, one can compute
that

(8.11) [(o1 = s(p1)) — (p2 — s(p2))| < C7ls(p1) — s(p2)|-

If 7 is small enough, this implies in particular that, |s(p1) — s(p2)| < 2|p1 — p2| and plugging
this in (8.11) yields

(8.12) [(p1 = 8(p1)) — (p2 — s(p2))| < C7lp1 — pal,

justifying our claim. Combining (8.9) and the fact that |£(p) — p&o| < Crp for all p €
(r/2,2r), we deduce that p — p “HE&(p) — p&o) is Cr-Lipschitz and (8.8) follows easily.
Similarly, the map p — p~'((p) is Cr-Lipschitz on (r/2,2r) with the same argument,
but replacing &, by (p.
For x € E,, NS, N B(r&, 10cr), set

(8.13) v(z) = dist(x, &(r(x)) € [0, 20cr]

where we sometimes write r(x) = |z| instead of just r, to insist on the fact that it is a
Lipschitz function of x. We also set

(8.14) Vmaz (1) 1= dist(£(r), ¢(r)) € [0, 2ver]

and we write simply v,,,, when there is no ambiguity. Let us justify that
(8.15) |Vmaz (t1) — tUmae (1) < CT(1 —t)r.
We have

|Uma$(tr> - tvmaz S || tT’ | _t’§ r C(T)H
< [e(t ) ( r) = t(&(r) = (1))l
<€

(8.16) (tr) =t (r)| + [C(tr) — t¢(r)] < Cr(1 —t)r,

where the last line comes from (8.8).

The curve 7, is transverse to spheres centered at £(r) since it is a C'ry-Lipschitz graph
starting from &(r) (we refer to the footnote for details as the beginning of Section 7). More-
over, we have for all x € ~,,

(8.17) V() < Uz (1) < 2ver.
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The curve 7, is also transverse to the spheres centred at £(r) because it it a C'7p-Lipschitz
graph above &4 starting from ((r) and because, observing that

¢(r) = &(r)
[C(r) = &)

the vector ((r) — &(r) is not too orthogonal to R, (we refer again to the footnote). By
concatenation, the curve v, U7, is then again transverse to the spheres and goes continuously
from &(r) all the way to S, N IB(r&y, 100cr). We deduce that for all 0 < p < 20cr, there
exists a unique point * = z,(p) € v U, (resp. z_(p) € v_ U~,) such that v(z) = p.
Moreover, the mapping p — x4 (p) is (1 + C79)-Lipschitz, and we have p < vy, (r) if and
only if z1(p) € 7.

For z € E,, NS, N B(ré,10cr) and 1/2 <t < 1, we set

(8.18) — ¢, < on < 1/100,

(8.19) vy(z) := max(0, tv(x) — Cor(1 — t)r(x)),

where Cp > 1 is a constant that we will fix soon (depending only on n). This formula is
chosen so that the following properties hold:

(8.20) vi(z) = 0 when v(x) = 0,

(8.21) lop(z) — to(x)| < Cor(1 —t)r
and, assuming that Cj is bigger than the constant C' in (8.15),
(8.22) V() < Vpae(tr) when x € 7.

The two first properties are clear. The third property is requested by the construction of o
and is the reason why we couldn’t directly set vy(x) = tv(z) in (8.19). Let us check (8.22).
For x € 7,, we use v(x) < Upnas(r) (see (8.17)) and we assume that Cy is bigger than the
constant in (8.15) to estimate

(8.23) Umaz (t1) > t0maz (1) — CoT(1 — t)r > tv(x) — Cor(1 — t)r.

Our claim follows.

We are now ready to define oy (there will be another choice oy(z,t)). For x € ~,, we
choose o, (z,t) to be the point of F;, N Sy, that lies exactly at distance v;(x) from {(tr(z)).
This relies on v(z) < Ve (tr(x)), see (8.22), because if vy(x) was bigger than v,,..(tr(z)),
there would be two points of Eo N Sy(p) at distance vy(z) from {(tr(x)) and there is no
intrinsic way of choosing between F, and F_.

Next consider = € 4 N B(réy, 10cr). We can proceed similarly, but this time we choose
the point of (F, U F) N Sy, (in the same face FL if we need to choose) that lies at distance
vi(z) from &(tr(x)), and call this point oy(z,t). It does not get too far from tr&; we
have oy(z,t) € Sy N B(tréy, 20ctr) since |o1(x,t) — E(tr(z))] < v(z) < to(x) < 10ctr and
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Y. Y,

-y 2bY

&(r) — - &(tr)

Figure 3: Case 2, typical behavior of o1 : S, N E — S;, N E

|E(tr) — tréy| < CTr. In general, the part of the face Fy near G might be mapped to F, for
t < 1, but this is all right: we do not need o1(+,t) to be injective. Anyway we essentially
have no choice because the face F;, NS, might be reduced to {£(r) } and F, N S;,. may be a
bit larger but we want that oy (&(r),t) = £(tr).

It is easy to see that with this choice, o1 has the required properties (8.2), (8.3) when
t =1 and (8.7). We will also establish that oy is Lipschitz but we need to show first that for
x € F;N S, N B(réy,20cr) and t € [1/10, 10],

(8.24) dist(tx, F; N Sy) < C7|1 —t|r.

We focus on the case i € {+,—}. The reader will see that the proof works with ¢ = v;
in this case F; is bounded by two curves but the strategy is the same. It also adapts easily
to any other radius in (r/2,2r). So we fix a point x € F; N S, N B(r&y, 20cr). We recall that
in a suitable choice of coordinate system, F; can be described as

(8.25) {z+ pi(2) | z € P, such that z - & > ¥(21) - & } N A, N H(100¢, &).

where ¢ : P, — P is a 7-Lipschitz function such that |p| < C7r, P; is the vectorial plane

generated by & = (1,0,0,0) and & = (0,+£v/3/2,1/2,0). We let z = (21, 22, 23, 24) be the
orthogonal projection of x onto P;; thus

(8.26) r=z+pi(z) and z-& >Y(z)-&.

Notice that since |z| = r and |¢;| < C7r with 7 small, we have r/2 < |z| < r. For
s € [1/20,20], we recall the definition of

(8.27) z(s) = sz08o + max(sz - &,9(s20) - &)1,
which satisfies moreover |z(s) — sz| < CT|1 — s|r (see Section 6)
Let z(s) denoting z(s) + ¢;(2(s)) for s € [1/20,20], it is clear that |z(s)| € (r/100, 100r)
and that
(8.28) dist(|z| "z, |z(s)| " z(s)) < 2lsz| sz — x(s)| < O

so x(s) € A, N H(100c¢, &) (assuming possibly 7 small enough depending on ¢) and in turn
that z(s) € F; by (8.25).
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Now, in order to show (8.24), we want to prove that for all ¢ € [1/10, 10], there exists
some s € [1/20,20] such that |z(s)| = tr and

(8.29) dist(tx, z(s)) < C7|1 —t|r.

The map s — |z(s)| goes continuously from a value < /10 at s = 1/20 to a value > 10r
as s = 20 so for all ¢ € [1/10,10], there exists s € [1/20,20] such that |z(s)| = tr. In
order to show (8.29), the main step is to prove that |t — s| < C7|1 — t|. Observe that if two
unit vectors u = (up,uz) and v = (vy,v) in R? x R"2 are such that |usl, |vs] < 1/2, then
llur]| — |v1]| < Clug — vo|. Applying this observation to tx and x(s) = z(s) + ¢;(z(s)) which
have the same norm tr, we obtain

(8.30) |l2(s)] = [t2]] < Clei(z(s)) — ti(2)]

(8.31) < Clpi(2) = tei(2)] + Clei(2(s)) — @i(2)]
(8.32) < CO1|1 —tlr + C7|2(s) — 2|.

As |z(s) — sz| < C7|1 — s|r, we deduce

(8.33) |12(s)] = [tz|| < C7|1 = t|r + C7[1 — s]r-
Using the fact that u +— ||tz| — |u|| is 1-Lipschitz, we can also bound from below

(8.34) Hz )| — |tz\| Hsz| - \tzH —|z(s) — sz|
(8.35) > C7 Mt —s|r — O7|]1 — s|r

and it follows that |t — s| < C7|1 —t| + C7|1 — s|. Noticing that |1 —s| < |t — s| + |1 —¢],
this implies that |1 — s| < C|1 —¢| and next, |t — s| < C7|1 — t|. Together with (8.26), the
fact that ¢ is 7-Lipschitz and |¢| < C7r, we conclude that

(8.36)

dist(tz, 2(s) + ¢i(2(5))) < [tz — z(s)] + [tpi(z) — wilz(s))]
(8.37) < [tz = sz| + sz — 2(s)| + [tei(2) — wi(2)] + [wilz) — @i(2(s))]
(8.38) < CT|1 —t|r;

(8.29) and (8.24) follow.

Our next long-time goal is to prove that oy is Lipschitz in the sense that for all z,y €
ExNA(2)NH(10¢,&) and 1/2 < t,s <1,

(8.39) loy(z,t) — o1(y, s)| < Clz —y|+ CJt — s|r.
and even has the slight “contraction” property that

(8.40) o1(2,1/2) = (9, 1/2) < e — ol
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This will be useful when we compose mappings.
Let us first check that

(8.41) loy(z,t) — tz] < C7(1 —t)r(x).

Suppose for instance that © € Fy U F, (the case when z € F_ U F,, can be done the same
way). Then by (8.24) we can find z € (Fy U F,) N Sy(z) such that

(8.42) |z —tz] < C7(1 —t)r(x).

We want a similar estimate for |z — o1(x)|, and thanks to the biLipschitz behavior of z —
dist(z,&(tr(x)) described below (8.18), it is enough to show that

(8.43) | dist(z, £(tr(z)) — dist(oy(z, 1)), E(tr(x))| < CT(1 —t)r(z).

By definition of o4 (z, t), dist(oy(x,t)),&(tr(z)) = v(z), and (8.21) says that |vy(x) — tv(x)| <
C7(1 —t)r(x). Then by (8.42) it is enough to check that

(8.44) | dist(tx, E(tr(x))) — to(x)| < C1(1 —t)r(z).

= tr(z) = t|{(r(x))| that

Furthermore, it follows from (8.8) and the fact that [{(¢r(x))] r(z))
1) follow, because (8.13) says

-
|E(tr(x)) —t&(r(z))| < C71(1 —t)r(x), and now (8.44) and (8.4
that dist(z,&(r(z)) = v(x).

Our next step is to show that

t
alet) aws)|_| = v ‘wmrl\x—y\wﬂt—s!-

tr(z)  sr(y) |~ r(z)  r(y)
We will see later how this implies (8.39), (8.40).

We start with the case where both o1(x,t) and o4(y, s) lie F, U F, (the case F'_UF, can
be done in the same way). According to (8.24), applied to o1(y,s) € Sy and the factor

t= z:((zg, there exists z € (Fy U F,,) N Sy such that

(8.45)

(8.46) Sr(y)gl(y’ s)—z| < Crltr(z) — sr(y)| < Crlz — y| + C1|t — s]r,
and thus
01(y7 S) z -1
4 — < - —s|.
(8.47) wy) @] S Crr— |z —y|+ C1l|t — 5]

In order to prove (8.45), it then suffices to show

o1(z,t) z

tr(z) tr(zx)

(8.48)

— + Cror Yo —y| + C7|t — s|.
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Apply the discussion below (8.18) to the radius tr(x). Recall that for all 0 < p < 20ctr(z),
there exists a unique point x(p) € (Fiy U Fy,) N Spr(z) N H (&, 20c) such that v(z(p)) = p and
the corresponding mapping p — x(p) is (1 + C1p)-Lipschitz (here everything, including the
mapping v(-) = dist(-, £(¢tr(x)) from (8.13), depends also on tr(z), but we fix it). Now recall
that v(oy(z,t)) = ve(x) (see below (8.23)), while by definition of v, v(z) = |z — £(tr(z))|. So

(8.49) |1 (z,t) — 2| < (14 Cmo)|we(w) — |2 — E(tr())]].

Next, by the triangular inequality and since vs(y) = |o(y, s) — &(sr(y))],

(8.50)
vi(z) \Z—f(tr(ﬂﬁ))\’ < o) us(y) ‘ N vs(y) [z —E&(r(a))|
tr(z) tr(z) ~ltr(x)  sr(y) sr(y) tr(z)
v(z)  wus)| | |oly.s) = {(sr(y)  E(tr(x))
(8:51) ~ |tr(x) sr(y)‘ + sr(y)  tr(z) + sr(y) tr(x) ‘

For the first term at the right-hand side, we recall that p — &(p) is C7r~!-Lipschitz, and we
use the definition of v;(z) and vs(y) to estimate

v(z)  vs(y) v(z)  o(y) 1—-t 1-—s
(8.52) () ST(y)' < o) U‘ + Cor -
vy | | sew)| L, 11
(85 <t~ tal [ - S ol
(8.54) < % %‘ +Crr~ o —y| + O7|t — s].

We control the second term with (8.47) and the last term with the Lipschitz property of
p— &(p)/p. One can easily deduce (8.48), assuming 7 < 7 if necessary, and in turn (8.45).

Our next case is when o (z,t) € F,. \I" and 05(s,y) € F_\T (in particular, we necessarily
have x € F and y € F_ in this case). Here, the main point is to show that

(8.55) |z —y| > C7H (1 —t)r.

(We could also prove similarly that |z —y| > C7!(1 — s)r). The assumption on oy(z,t)
means that v,(z) > Ve (tr(x)), ie., to(z) — Com(1 — )7 () > Vmas(tr(x)), thus

Umae(Ir(2)) o S0 3 (),

(8.56) v(z) — ; 5

Assuming Cy big enough depending on the constant in (8.15), it follows that v(z)— vy, (r(x)) >
(Co/4)7(1 — t)r(z) and thus, by the triangular inequality,

(8.57) |z — ((r(z))] > %7’(1 —t)r(x).
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This is the last time we put an assumption on Cj, which will now be considered fixed
(depending only on n). According to (8.24), there exists z € F_ N S,(;) such that

Yy z

r(y) (@)

From the lower bound on |z — ((r(z))| and the fact that z € F|. N Sy, and 2 € F_ N Sy,
(7.12) tell us that

(8.58) < CTr’llr(x) —r(y)| < C’T?“’l\:r; -

(8.59) o2l 2 e = @) = 21— ).
We deduce
(8.60) L L‘ > %(1 —t)r(z) — Crr )z — y).

but since |z/r(z) —y/r(y)| < 2r
to estimate

x) "tz —yl|, (8.55) follows. Then, (8.41) and (8.55) allow

01(t7x) N 01<S7y) (t ZL’) —lx r Y 01(87y> — 5y
(8:61) () srly) ’ < r<y>‘ ()
y
(862) S —:L_)—W‘—FCTl—t +CT(1—S)
(8.63) <|— %‘ +Crr 7tz —y.

This ends the proof of (8.45).

We still need to deduce (8.39) and (8.40) from (8.45). Observe that since |0y (z,t)| = tr(x)
(and similarly with y and s), a simple computation (expand the right-hand side, four terms
out of six cancel, and we get the same result from the right-hand side) yields

2)
x y

(8.64)
oi1(xz,t)  o1(y,s) ?
or(z,t)  o1(y, s) _ ' < Cr7 (Jou(t, x) — o1 (s,y)| + [tz — ty]) .

tr(zx) sr(y)

z Y

r(z) ()

Thanks to the usual estimate (7.9), we also have independently

o1, t) — or(y, ) — [t — sy’ = str(x)r(y) (
B65) Ty " e | e )

From the two above lines and (8.45), we deduce

0'1<x7t) . 01(y75>
tr(x) sr(y)
(8.67) < Crole —y| + Crr|t — s

(8.66)  |or(t.z) — ou(s,9)| — [tz — sy| < Cr (

cERen)
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and (8.39), (8.40) follow.

As the reader may have guessed, there is a second choice oo(x,t), that we will rather use
when z € S, N B(r&, 10cr) \ B({(r),2cr) say. In this case, Ey is very flat near tx, and we
want to use the intrinsic projection py, ; of Section 6 associated to Es N Sy,

Precisely, this projection is well-defined thanks to the following properties: for all z €
Fi NS, N B(r&, 10cr) \ B(¢(r),cr), for all 1/2 <t < 1 and for all 2 € B(tx, 10" ctr), we
have

(8.68) dist(z, FL N Sy) < 10 3ctr
and
(8.69)  Es NSy NB(2,10  ctr) = FL N S, N B(z, 10" etr) with ¢(r) ¢ B(z, 10" ctr).

The first point directly comes from (8.24), as 7 can be chosen small depending on ¢ so that
dist(tz, F1 NSy,.) < 10~%ctr. For the second point, recall that the map p — ((p)/p is CTr~!-
Lipschitz so, assuming again that 7 small enough depending on ¢, we have |((tr) — t{(r)| <
Cr(1 —t)r < ctr/10. As |x —((r)| > cr, this implies |tz — ((¢tr)| > 9ctr/10. Moreover,
(8.24) also shows that there exists a point y € Fy NSy, such that |tz — y| < c¢tr/10 and in
particular |y — ((¢r)| > 8ctr/10. Then, we know by (7.12) that y is at distance > 4ctr/10
from the other F; N S;.. We conclude that tx is at distance > 3ctr/10 from the others
F;N S, and thus any z € B(tr, 107 ctr) is at distance > 2ctr/10 from them as well. This
proves (8.69). In particular, this justifies that E,, N Sy, coincide with a 7y-Lipschitz graph
in B(z, 10" ctr).
We can thus set for z € E,, NS, N B(r&, 10cr) \ B(¢(r), 2cr),

(8.70) o2(x,t) = Progr(tz).

This one has the advantage of being the same as soon as we are away from the singularities
of Fw. Thanks to (6.45), we still have

0—2(1'775) 02(?/) S) Yy -1
8.71 — < C tr —
B @ e | S rw | O
(8.72) < L—L‘ + Cror Yo — y| + Crolt — s|.
() r(y)

and thus, as we have seen with oy, the map oy is Lipschitz (8.39) with the contraction
property (8.40). We also have

(8.73) loa(t, ) —tz| < C7T(1—t)r

using (6.51) and observing that |o9(t, ) — tx| = |prosr (t7) — pur(z)].
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We keep o(x,t) = o1(z,t) when z € E,, NS, N B({(r),cr), and of course we need to
interpolate nicely in the remaining region where x € E,, NS, N B(¢(r),2¢r) \ B({(r),cr).
We set

_ e =¢(r(@))] = er(z)

|
(8.74) a(x) pp € [0,1]
and choose
(8.75) o(z,t) = pror (a(x)oa(x,t) + (1 — a(x))oy(x, 1)) .

Now, the formula will be easier to glue because of oy. Here we added the extra projection
Dz Decause the intermediate point may lie slightly away from E,, again. The point 2z :=
a(z)os(z,t) + (1 — a(x))oy(z,t) satisfies |z — tz| < COT(1 — t)r < 107 ctr so o(x,t) is well-
defined as usual thanks to (8.68) and (8.69).

Let us check that o is Lipschitz (8.39) with the contraction property (8.40). Letting
z = a(x)oy(x,t) + (1 — a(x))oy(z,t) and w = a(y)os(y, s) + (1 — a(y))o1(y, s), we know by
(6.45) that

o(xz,t) o(y,s)

tr(z) sr(y)
Then, we show that

(8.76) <(1+Cr)

() sr(y)' + Crolx — y| + Colt — 5.

(8.77)

e 1@)‘ =@ <yy>‘

We first use the triangular inequality,

+ Crolx — y| + C1olt — 5.

ooz, 1) B o9y, s)

(8.78) r(z) sr(y)' < a(@) tr(z) sr(y) + (1 —al@)) tr(x) sr(y)
—a 01<y7 S) - UQ(yv S)
+la(e) = afy)] 220

We already know that for i = 1,2,

Ui(mat) Ui(yv S) T Yy

tr(z) — sr(y) |~ |r(@) ()

As p— &(p)/p is Crr~'-Lipschitz, we can also estimate

(8.79)

‘ + Crolz — y| + Crolt — 3.

Ve oy | 1) €@y Clr—y

, - < o|l—= -2 |4= - < ,
650) o) ot < |5 - 5|+ SR - SRR < S

And we recall that |o;(y, s) — sy| < C7(1 — s)r < Ctr, which allows to control

01 (yv S) - 02(y7 S)

(8.81) poren

< (CT.
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Since 7 is allowed to be small depending on ¢ and 7y, (8.77) follow. We deduce

t
(8.82) o@,t) _olys) Y ‘+C’7‘0|m—y|+CTo|t—s|,

tr(z)  sr(y) [~ |r(x)  r(y)

and consequently (8.39), (8.40) as usual.
We also have

(8.83) lo(x,t) —tx] < CT(1—t)r.

This uses the fact that z — pi,-(2) is C-Lipschitz, that the point z = (a(z)os(z,t) + (1 —
a(z))oy(z,t)) satisfies |z — tz] < C7(1 — t)r and that |py 4 (tx) — tx| < CT(1 —)r.

This ends the definition of ¢ for Case 2 and Case 2 bis. Our next case is near a generic
cone of type V, and we don’t need to change anything there, except that when the angle «
gets closer to m, we rapidly have no vertical face F, left, and the definition of v; reduces to
vi(z) = tv(x). When a becomes close enough to 7, we can brutally use o2(z,7) in the whole
region, and as we did near (7.42), interpolate nicely between the two formulas as follows.
Let 71 € (0,1) be such that previous constructions work for all 7 < 7 (it only depends on n,
v and ¢). When « varies between m — 71 and 7™ — 27y, the map o built for Case 3 is replaced
by

(8.84) Pratr((2 — o' 7)te + (o /71 — 1)o(z,1)).

Our Case 4, with approximation by half planes H € H, is similar to Case 3, except that
now we have only one face (and this case always stays far from the other ones).

Near a point of type Y (hence away from I'), we proceed as in the previous two cases
with the simple formula v;(x) = tv(x). As before, we also need to interpolate smoothly our
two formulas, the simple one v;(z) = tv(x) for the present case of Y, and the one above for
truncated Y cones. But the formula can stay the same (as long as the truncated cone stays
at small distance from a sharp V; we just use the slightly different projections discussed
above).

In the remaining case when F is flat near z, we use directly oy(x,t) from (8.70).

At this point we have built a function
(8.85) 0 [ExNB(0,19)] x [1/2,1] = Eo N B(0, 1)

that solves the Lemma but only for 1/2 < ¢ < 1. The map o is Lipschitz in the sense that
for all z,y € E N B(0,7r9) and for all 1/2 <t,s <1, we have

(8.86) |o(2,t) — o(y,s)| < Clo —y|+ Cmin(|z], [y])[t — s|.

The reasoning is very similar to what we did with 7, at the end of Section 7. Let z,y €
Eo N B(0,70). If |z — y| > 10~ *vcmax(|z], |y|), then

|o(z,1) —o(y,s)| < lo(x,t) — ta] + [tw — sy[ +[o(y, 5) — sy
(8.87) < C1lx| + |tx — sy| + C7ly| < |[tx — sy| + 20C7|x — y|.
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If on the other hand |z — y| < 10™%vc|z|, one can see as in Section 7 that z, y belong to a
chart A,(2) N H(10¢;,&;) and uses the fact that o is Lipschitz in such a box. We can assume
7 small depending on v and ¢ so that in all cases, |o(z,t) — o(y, s)| < |tz — sy|+ |x — y|/10.
This concludes the proof of (8.86) and shows moreover that o has the contracting property:
for x,y € Es N B(0,19),

(5.55) o(2,1/2) — o(y,1/2)| < o — ol

We come to the last part of this proof which consists in extending o(z,t) to t € (0, 1],
and we shall simply compose. First define ox(x), z € B(0,79) and k > 0, by induction on
k: set og(x) = z, and then oy 1(z) = o(ox(x),1/2) for k > 0. Now write any ¢t € (0,1] as
t=527% with k > 0and 1/2 < s <1, and set

(8.89) o(x,t) = o(ox(z),s).

There is no jump across the integers since

(8.90) slg{l_ o(z,s27%) = o(op(2),1) = o4 (x)
and
(8.91) lim, o(z, s27 DY = o(oy,_1(2),1/2) = op().

It is also clear that o preserves the spheres. As a consequence, o naturally extends to ¢t =0
by setting o(x,0) = 0.

Finally, we justify that ¢ has the Lipschitz property (8.1). This amounts to showing that
for all z,y € Exc N B(0,19) and 0 < ¢,s <1,

(8.92) lo(z,t) — o(x,s)| < |z||t — s|
and
(8.93) lo(z,t) —o(y,t)] < |z —yl.

We start with (8.92). If 27%1 < ¢;,t, < 27 for some k > 0, we use the fact that
lop(x)| = 27%|2| to see that (writing ¢; = $;27% where s; € [1/2,1]),

jo(2,t1) = o(x,t2)] = |o(ow(2), 51) — o (0k(2), 52)]
(8.94) < Cloy()|]s1 — s2| < Clalty — ta-

We deduce the general case 0 < t1,t; < 1 by summing the inequalities in each interval
[27F1, 2] between ¢, and t,.
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We pass to (8.93). If 27%=1 < ¢ < 27% for some k > 0 (writing t = s27% as before), we
have

(8.95) jo(2,t) = o(y,t)| = |o(on(2), 5) = a(on(y), 5)|. < Clog(x) = ok (y)]

The contraction property of o shows that for all k > 1, |oy(x) — 0k (y)| < (3/4)|ok—1(z) — ok—1(y)]
and we deduce by iteration that |ox(z) — o (y)| < |z — y|. This ends the proof.
]

Remark 8.2. In the heat of the construction, it would seem that we forgot that we wanted
the sliding condition (8.7), and now we notice that it may fail. This does not happen in
Cases 3 (generic V-cones) and Case 6 (Y-points), or even when we are far from Ly, so it only
happens in Case 1 (or Case 3 with a very flat cone), or Case 5, which anyway we assimilated
to Case 1 at the beginning of the argument. That is, we are worried when FE., is very close
to a plane P that contains Ly, the point ((r) of S, N T lies in F,, and we cannot enforce
(8.7) because anyway Fo, leaves I' gently away from this point. We will have to remember
this case and counter it with a trick.

Remark 8.3. We said that we cannot make o injective because of Case 2 (where the various
E. NS, do not have the same topology), but if Case 2 does not arise, we can use the
construction above to obtain a biLipschitz parameterization of E. N B(0,r) by the cone
over B, N.S,. We present this in Section 12 because this was not obvious a priori, but we
shall not need this fact for our main theorems.

9 A retraction onto F., defined near FE., N B(0,r)

In this section we use the mappings of Sections 7 and 8 to construct a Lipschitz retraction
on E. N B(0,ry), assuming as usual that 0 € F.

Lemma 9.1. Let E,, g9 and the ball By = B(0,79) be as in Section 5. Then (if ey is small
enough in (5.1)) there is a deformation p : R™ x [0,1] — R™ with the following properties:

(9.1) p(x,0) =z for x € R"

(9.2) p(x,t) =z for x € R"\ By and for v € E;
(9.3) p(x,t) is C-Lipschitz on R™ x [0, 1].
(9.4) p(x,1) € Ey for x € B(0,1/2).

The constant C > 1 depends only on n.
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As usual, more properties will appear later on. Let m and ¢; be as in Proposition 7.1, and
choose a cut-off function 7 : [0, +00) — [0, 1] such that n(t) =1 when 0 <t < ¢;/3,n(t) =0
when t > 2¢;/3, and 7 linear in between, i.e., n(t) = (2¢; — 3t)/c; when ¢;/3 <t < 2¢;/3.
Then define a scaling factor h : By \ {0} — [0, 1], given by
(9.5) h(xz) = n(dist(z, Ex)/r(x)), x€ By\{0}.

We observe that h(z) € [0, 1] and that, since dist(x, Ey) < r(x),
C
min(r(z), 7(y))

(9.6) h(x) = h(y)| < |z —yl.

Then we define a local Lipschitz retraction g : By — E. by

(9.7) g(x) = o(m(z), h(z)) when dist(z, Es) < c17(x),
and simply
(9.8) g(x) = 0 when dist(z, Fs) > %r(m)

Notice that in the overlapping region where 2¢; /3r(x) < dist(z, Fw) < ¢17(z), the definitions
coincide because h(x) = 0 and hence o(7w(z), h(x)) = 0. In all cases, we have g(z) € F, by
definition of m, o0 and because 0 € E,. According to the property of ¢ and 7, we have for
all z € By,

(9.9) l9(x)| = h(x)r(z) < r(z).
Notice also that when x € E,, N By (in particular h(x) = 1 if x # 0), we have
(9.10) g(z) =7(z) =x.

Next, we check that g is C-Lipschitz in By by distinguishing three cases. Let x,y € By. Our
first case is when dist(z, Fw) < ¢17(z) and dist(y, Ex) < c17(y). We use the properties of
o, m and h (see in particular (9.6)), to see that

(9.11) l9(z) — g(y)| < Cln(x) — 7(y)| + Cmin(|z], [y])|~(z) — h(y)| < Clz —y|.

Next assume that dist(z, Fw) < c17(z) but dist(y, Ex) > ¢17(y). Actually, we can directly
assume dist(z, Ey) < 2¢17(x)/3 in this case, otherwise g(x) = g(y) = 0 and there would be
nothing to do. As we have seen before, |g(z)| < r(z) and g(y) = 0 so |g(z) — g(y)| < r(x),
and then we show that r(z) < C|z — y|. We consider z € E, such that |z — z| < 2¢;/3r(z).
We must have |y — z| > dist(y, Ex) > ¢17(y) whence

(9.12) v —y| >y — 2| —|v— 2| > ar(y) — 2a7(z)/3
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but according to the triangular inequality, we have r(y) > r(x) — |z — y| so

(9.13) |z —y| > ‘l r(z).

~ 31+ )

Then |g(z) — g(y)| < r(z) < C|z — y|, as needed. The proof is the same when dist(x, E,) >
cir(z) but dist(y, Fw) < c1r(y). Finally, when dist(z, Ew) > cir(xz) and dist(y, Ex) >
c17(y), the Lipschitz estimaze is trivial again.
Before passing to the next step, we extend g as a C-Lipschitz function g : R" — R".
Finally, we need to localize and make a one parameter family. Pick a continuous bump
function ¢ : [0, +00) — [0, 1], such that ¢(t) =1 for t < 1/2, p(t) =0 for ¢t > 9/10, and ¢
is affine in the intermediate interval. Then set

(9.14) p(z,t) = to(r(z)/ro)g(x) + (1 — to(r(z)/ro)) ©

for 0 <t <1 and z € R" (notice that the definition of g(z) outside By does not matter since
o(r(z)/ro) = 0 outside By). It is straightforward that p(z,0) = x, which proves (9.1). When
r(x) <rp/2and t = 1, we have p(x,1) = g(z) € Ew, which proves (9.4). We have p(z,t) = x
when r(z) > 9ry/10 because ¢(|z|/rg) = 0 and also when x € E,, N By because g(x) = x.
This proves (9.2). Finally, we note that p is C-Lipschitz on R" x [0, 1], the verification is
standard and left to the reader. O]

Remark 9.2. It would have been nice to also have that
(9.15) p(x,t) €T when z €T,

but in general this is not the case. More precisely, let I'y and I'_ denote the two pieces of
I' N B(0,79) \ {0}. Only three cases can occur concerning (a given) I'y. First, 'y N Ey
can be empty. Then (9.15) probably fails, but we don’t care at all, because the sliding
condition will be void in By. The second simple case is when I'y C F,. Near I'y, we
always have Case 4 (a half plane H), Case 1 (a plane P), Case 2 (a sharp V), Case 2 Bis
(a truncated Y) or Case 3 (a generic V); in Cases 2 and 3, our construction already gives
o(x,t) = &(tr(z)) when 1/2 < ¢t < 1 and z = £(r(x)) lies in 'y, and by iteration we find
that o(z,t) = (tr(z)) € T'y for all t < 1. Hence (9.15) holds on I'y. In Case 1, we decided
not to care, but when I'y C E,, we can do better. In this case, since we know that all the
points £(r) lie in F.,, we can change our mind and treat Case 1 exactly as Case 3, i.e., make
sure that o(&(r),t) = £(tr(z)), and then we still have (9.15) in that case.

We are left with the most unpleasant case when 't N E, and 'y \ E, are both nonempty.
This happens only as follows. Let x = £(r) be a point that lies in the closure of both sets
(a point where E, is leaving I'). At such a point, the only option is Case 1, where we can
take an approximation plane P that contains L. Indeed, at such a point ., can touch and
leave I' more or less freely, as long as this happens tangentially. We will need to find a way,
when this happens, to use one of the pieces of I'y \ Ey, to neutralize the sliding condition.
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10 We glue the retractions

So far we considered our limit set F,, picked a point zq € FE,, (we rapidly assumed that
xo = 0 to simplify the notation), and worked in any small enough ball By = B(zg, 7o) so that
the good approximations of E., by cones hold, and eventually we obtained a mapping p as
in Lemma 9.1. Now we want to compose (a finite number of) these mappings, to obtain a
deformation of a neighborhood of E., onto a subset of F.,, which will be used to show that
this subset essentially is a sliding competitor for elements of our initial sequence {Ey} (see
Section 2).

Lemma 10.1. Let E, be the (coral) minimal set of the previous sections. Then we can
find a small number k > 0, that may depend very badly on E.,, and a Lipschitz mapping
® : R" — R"™ such that

(10.1) O(z) =z forxz € Ex.
and
(10.2) O(U(k)) C Ex,

where U(k) :={z € R" | dist(z, Ex) < K }.

We need to restrict to a neighborhood of F.,, because E, could have some topology (with
a boundary I' that follows E., sufficiently well, we could arrange that E., is a topological
sphere in R3), which would prevent the existence of a continuous retraction on F,, defined
everywhere. But the reader should be warned that, in order to simplify the proof and avoid
playing with coverings, we shall take x extremely small and the Lipschitz constant very large,
also depending badly on E,,. We could possibly avoid that but the authors are not sure.

For each zg € E,, we can find rqg = r9(z9) > 0 such that Lemma 4.3 and the ensuing
construction gives a mapping p as in Lemma 9.1. Let us only recall the endpoint py, de-
fined by po(z) = p(z,1). By compactness, we can find a finite family of points z; € E,
i = 1,...,m, such that the balls B, = B(x;,7¢(x;)/4) cover E,. Call p; : R" — R" the
corresponding mapping and take

(10.3) b =ppo...0p;.

We claim that if « is small enough, ® does the job. Of course ® is Lipschitz (unfortunately,
with a constant that depends on m that we don’t control), and (10.1) holds because every
mapping p; fixes E,. We just need to make sure that &(x) € E, when x € U(k), for k
sufficienty small.

For all j =1,...,m, we define

and we take the convention ¢y = id. We let C; denote the Lipschitz constant of ¢;. The
function (¢; —id) is (C; + 1)-Lipschitz on R" and is 0 on E so for all z € R",

(10.5) |pj(x) — x| < (C; +1)dist(z, Ex),
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and in particular |¢; —id| < (C; + 1)k on U(k).

We take x so small that (C; + 1)k < ro(z;)/100 for all j =1,...,m. For each z € U(k),
there is a point 2’ € E, such that |x — 2| < k and there exists ¢ = 1,...,m such that
x' € B(xi,ro(z;)/4) so x € B; = B(wy,r0(x;)/3). As |¢pi—1(z) — x| < (Ci—1 + 1)k, it follows
that y := ¢;_1(x) € B(x;,mo(x;)/2) and by (9.4), ¢;(x) = pi(y) € Es. From there on, all the
successive images are equal to ®;(z) € Es (by (9.2)). The Lemma is proved. O

We are now ready for the last part of the argument. Recall that we started in the
statement of Theorem 2.2, by taking a minimizing sequence {F}} for the functional of (2.5)
in the class £(Ey,I') of the early introduction. Then we took the measures p, = Jg,,
extracted a subsequence that converges, and proved in Theorem 2.2 that the limit p., is
of the form H|2Eoo for some sliding minimizer E,,. But we observed that this is not enough
for Theorem 1.1: we now want to show that FE., gives a minimizer in the initial class
E=E(Ey,T).

We have to say “gives”, because E, is probably not in the class £ itself, because some of
the topology of E; may have disappeared when we took the limit, so what we want to prove
is merely that there is another set E such that

(10.6) E €& and H*(E\ Ey) = 0.

Thus the true minimizer is £, and F will be typically composed of Ey, plus a bunch of wires
of dimension 1 that remember the topology but have no measure. We seem to allow N Ey,
to be strictly smaller than F.,, but this won’t happen, because the facts that J(Fy) <
mg < J(E) (see (1.5)) and H*(E \ E) = 0 imply that J(E,) = J(F) = J(EN EL), hence
H?*(Ex \ E) = 0. Since E, is a coral set and E is closed, this implies that F,, C E.

Let us first prove the existence of F as if the sliding condition did not exist. Let x be as in
Lemma 10.1 (the thickness of the neighborhood of E,, where we define ®). This parameter
depends only on n and E, and is fixed for the rest of the proof. We use the fact that p.
is the limit of the py, and is supported by E,, to pick k so large that H*(Ey \ U(x/3)) <
Cur(R™\ U(r/3)) < g, where ¢ will be chosen very soon. Note that the index k is now fixed
for the rest of the proof.

Next we choose a dyadic scale 7 := 27!, where 7 is chosen so small that 10y/n7 < x. The
parameter 7 depends on n, k but not €, and we will later take € small enough compared to
7. We let A be the set of all closed dyadic cubes of side length 7 = 27!, Notice that they all
have a diameter < x/10 by our choice of 7.

We let S be the set of thoses closed cubes in A that meet R™ \ U(x/2). Therefore,

(10.7) R"\ U(x/2) C | Q cR"\ U(x/3),
QeS
and in particular the cubes ) € S cannot meet a cube ' € A which contains a point of
E. We then perform a Federer-Fleming projection p of E} into the 2-dimensional faces of
cubes ) € S.
There is a quite general formalism to define Federer-Fleming projections in Section 2
of [La] but in summary, it is a map p : |J{Q | @ € S} — R” which performs successive

65



projections of the set £ N UQGSQ in the faces of the grid until it is projected onto the
1-dimensional skeleton of the grid. The map p preserves all faces of cubes Q € S (whether
they are O-faces, 1-faces, 2-faces, etc.) and the projections center can be chosen in such a
way that for all cube Q € S, we have H?(p(E, N Q)) < CH*(E, N Q).

Let us underline a difference between our construction and the Federer-Fleming projection
in ([DS2]). In [DS2], the Federer-Fleming projection of a 2-dimensional set £ in a cube
(o consists in subdividing @)y into a grid of smaller cubes ) and then define p by doing
projections of N @ in the internal faces of the grid, but not the external faces so that
p =id on 9Q)y. In our situation, we don’t need p = id on the boundary of UQe s @ so we can
perform the projections in all faces of cubes, without distinguishing internal and external
faces.

Using the fact that the cubes () € S have finite overlap, we can estimate

(10.8) H? <p (Ek n Q)) <CY H(E:NQ) < CH (B \U(k/3)) < e

QeSs QeS

and we can assume ¢ small enough depending on 7 so that the image cannot contain any
full 2-face of a cube @ € S. This allows to project again on 1-faces (the resulting projection
still denoted by p) so that

(10.9) H? <p (Ek nJ Q)) = 0.
QES

Since |J{Q | Q € S} is a positive distance from FE.,, we can extend p as a Lipschitz
function p : RV — RY in such a way that p = id on E,. We can even arrange so that p
preserve all face of cubes in A (first set p = id at any vertex of A which does not belong to
a cube ) € S, next interpolate linearly on the edges (1-faces) that don’t belong to a cube
@ € S, then interpolate on the remaining 2-faces, and so on...). As a consequence, since the
cubes Q € A have diameter < /10, we have |p —id| < k/10 in RY.

The restriction of p to E is a Lipschitz deformation of Ej. Let us assume that it is even a
sliding deformation of Ey. In this way, Fy := p(Ey) liesin € = E(Ep, ') too. By construction,
p(U(k/2)) C U(k), because |p —id| < x/10, whereas p(Ey \ U(k/2)) is H*-negligible (it is
even contained in a one dimensional grid). Therefore, the set Fj, = ¢pF(E}) is composed of
one piece F}' C U(k) and another piece F}? which is negligible

Now, if the map ® from Lemma 10.2 were also a sliding deformation, the image E :=
O (Fy) = @ o p(Ej) would lie in £ too. But

(10.10) O(Fy) = ®(F)) UD(FP) C B UD(FP),

and H?(®(F?)) = 0 because P is Lipschitz, so (10.6) holds, as needed.

Unfortunately we need to take care of the sliding condition. The mild constraint on I’
can be used to build a Federer-Fleming projection p which preserves I'. This is obvious if
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[' is a finite union of edges in a grid of cubes, but it can also be done easily when I' is the
biLipschitz image of such a set, hence also when I'" is as in Theorem 1.1.

We prove a variant of Lemma 10.1 where ® is a (global) sliding deformation. Let us first
define what is a global sliding deformation. Here, this is a Lipschitz map ® : R™ — R"™ such
that there exists a Lipschitz homotopy F': [0, 1] x R" — R™ satisfying Fy = id, F; = ® and
F,(T") C T for all £. It is usually also required that there exists a compact set C' C R" such
that F; = id in R™\ C, for all ¢. This last condition would not play a constraining role in the
statement of Lemma 10.2 because, since I' and F,, are compact sets, it is always possible
to artificially set F; = id away from [' and F,. One recognizes the same definition as in
the beginning of Section 1, but with Ej replaced by R". The advantage of global sliding
deformations is that for any compact set F, ® induces a sliding deformation of E. Hence,
in the reasoning above, the image ®(F}) would lie in £ even though the construction of ® is
independent from Fy.

Lemma 10.2. Let E, be the (coral) minimal set of the previous sections. Then we can find
a small number k > 0, that may depend very badly on E, and a global sliding deformation
® : R®™ — R" such that

(10.11) O(U(k)) C Ex,
where U(k) :={z € R" | dist(z, Fx) < K }.

Here, ® is not a retraction as in Lemma 10.1 because we lost the property ® = id in
E. This is unavoidable. The set E, may leave I' tangentially and in this case, there
will be a sequence of points x € I' \ E for which the ratio dist(zy, Eoo N 1T')/dist(zy, F)
goes to 0o. A retraction ® on E,, that preserves I' would send these points on E, NT. If
the retraction is C-Lipschitz and fixes the points of F.,, we must have dist(z;, ' N Ey) <
|D(xy) — x| < Cdist(zy, Ex) and this is incompatible with the above ratio going to co. On
the other hand, if F,, does not leave I' tangentially, Case 1 does not bother and one can
adapt the construction of ¢ in Section 8 so that the functions p in Lemma 9.1 preserves the
boundary (see Remark 9.2). In this case, the construction given by Lemma 10.1 is directly
a sliding deformation. We underline that the property ® = id in E, was not needed for the
reasoning above; we just needed ®(U(k)) C Ey to establish (10.10). Therefore, Lemma 10.2
will complete the proof of our existence theorem.

Proof. Recall that T' is a compact set composed of a finite number of closed smooth loops
I';, 1 < j < Jmaa, that lie at positive distances from each other. For § > 0, we set

(10.12) ['0):={zeR"|dist(z,I') <§}.

The construction of a sliding deformation will use the following fact. There exists a small
number Jy > 0 (depending only on I') and a 2-Lipschitz map m: I'(dg) — I" such that = = id
on I'. In particular, we have

(10.13) | — id| < 3dist(-,T)
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because (7 —id) is 3-Lipschitz in T'(dp) and is 0 on T'. If the T'; are C? or better, we can take
the closest point projection, but even when the I'; are just C'*¢, we can define 7 easily.

Before building ¢, we make a general remark about how to build global sliding defor-
mations. Let us use m to show that any Lipschitz map ¢: R” — R™ which preserves I' and
satisfies | — id| < dg is a global sliding deformation. Indeed, we start by setting

x in {0} xR"
(10.14) F(t,z) =< ¢(z) in {1} xR"
7((1 —t)x +te(x)) in[0,1] x I

The composition with 7 in the last formula is well-defined because for = € T and t € [0, 1],
(10.15) dist((1 — t)x + tp(z),I') < tlp(z) — x| < do.

These formulas coincide at the intersections of their domains since ¢ preserves I' and 7 = id
on I'. In addition, the function is continuous because each piece is continuous on a closed
domain. We can finally make a continuous extension F': [0, 1] x R™ — R" by using the Tietze
extension theorem. As ¢ is Lipschitz, then it is easy to check that we can make F' Lipschitz
too, because (10.14) defines a Lipschitz mapping on ({0} x R")U ({1} x R*)U([0,1] x I).
The key point is to estimate that for z,y € RY and s,t € [0,1],

(10.16) | [(1 =)z + ()] = [(1 = s)z + sp()] | < |t = s]|p(z) — 2| < dolt — s
and
(10.17) (1= s)x + so(x)] = [(1 = s)y + s0)] | < le(x) — e(y)] + & —yl.

We can then use the Whitney theorem to extend this map in a Lipschitz way. This proves
that ¢ is in fact a global sliding deformation.

We let 0 < § < §y be a constant that will be fixed small later. The construction of ®
relies on the following preparation map. We claim that there exist a relative open subset
V C I' of I" containing I' N E, and a Lipschitz map ¢: I' — I" such that [¢) —id| < §/2 and

(10.18) (V) C TN Ex.

We postpone the details to the end of the proof, but mention that in the easy case when
['\ E is a finite union of disjoint open intervals, the idea would simply be to push points
near ['N E to I' N E,. We are not annoyed by topology, because we don’t need to define
1 on the whole open interval so that it lands on F.

We assume temporarily that such a preparation map 1 exist, and we pass to the construc-
tion of ®. We will take Lipschitz extensions repeatedly using, for example, the McShane-
Whitney formula (we don’t need to preserve the Lipschitz constants). Before that, we jus-
tify that there exists 0 < n < g such that for all z € R™ satisfying dist(z,I") < n and
dist(z, F) < 1, we have

(10.19) m(x) € V.
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The set '\ V' is compact and disjoint from the closed set E, so there exists a small n > 0

such that for all z € '\ V, we have dist(x, Ew) > 47n. By contraposition, for all x € I, the

condition dist(x, Fy) < 4y implies « € V. Thus, for all z € R" satisfying dist(x,I") < n and

dist(z, Fw) < n, we have 7(z) € I' (because n < dy) and dist(7(z), Fx) < 47 (by (10.13)) so

m(x) € V. The constant n depends only on n, I, E.,, § and is fixed for the rest of the proof.
We extend 1 in a neighborhood I'(n) of I' by setting

(10.20) Y(z) =Y(n(x)) for z € I'(n).

Remember that |1 —id| < §/2in . We can assume n < 6/6 so that we still have |¢p —id| < 6
in I'(n); indeed for z € I'(n),

(1021) (@) —a] = [¢(r(2)) — 2] < W(r(2)) — 7(2)| + |m(x) — 2| < 5/2+3n.

We finally extend v as a Lipschitz function over R™ such that | —id| < 4.

Let us return to the construction of ®. According to Lemma 10.1, there exists a small
constant kg and a Lipschitz map ®¢: U(kg) — R" such that &g = id on E, and ®y(U (ko)) C
Ew where U(kg) = {z € R" | dist(z, Ex) < Ko }. We can also assume that |®g — id| < d¢/2
by taking kg a bit smaller if necessary. Then can extend &, in a Lipschitz way over R and
such that |®y —id| < dp/2.

We define & := ®5o01 : R* — R", which is our candidate for proving the lemma
(but we again will to make a few additional changes). For the rest of the proof, we fix
d < min(do/2, ko/2). Since |1 —id| < 4, we have in particular |® — id| < §p. Thus we will
be able to post-compose @ with 7 later on.

We fix a constant 0 < x < min (7, Ko/2) and check that ® sends U(k) to E.. We have
| —id| < 6 < ko/2 and kK < Ko/2 so the map ¢ sends U(k) in U(kg). As @y sends U(ky) in
Ew, the map ® sends U(k) in Fx.

Next, we look at the sliding condition. For # € U(k) NI, we have z € V' (this comes
from (10.19) since x € I' and dist(x, F) < kK < 1) so ¥(z) € Es NI, Since ¢ fixes Ey,
the map ® sends U(x) NI in I'. Unfortunately, we may not have ¢(I") C I because of the
lack of control of ¥ on I' \ U(k), so we need to tweak a bit the definition of ®. For this
purpose, we aim to replace ® on I by 7 o ®, but we should check carefully that this still is
a well-defined Lipschitz deformation.

Let L be a positive constant. We consider the set

(10.22) W(k):={z € U(kr)|dist(®(x),I") < Ldist(z,T") }

and show that W (k) is a neighborhood of E, when L is big enough. For z € E., we
distinguish two cases. If dist(z,I") < n, then w(z) € V (by (10.19)) so ¢¥(z) = ¢¥(n(x)) €
E.NT (by (10.18)) and then ®(x) = ¢ (x) so dist(®(z),I') = 0. Actually, the same reasoning
applies to every point in

(10.23) {y e R" | dist(y, Ex) <, dist(y,I') <n},
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which is a neighborhood of z, in which dist(®(y), ') = 0. If dist(x,I') > /2, then we bound
directly
(10.24)

dist(®(z),T') < dist(z, ') + |®(z) — 2| < dist(z, ') + & < dist(z,T) + 2~ odist(z, )

so we can just take L = 21714, in this case. We conclude that every point z € E., has a
neighborhood contained in W (x). We finally define

o
(10.25) o, = in W(x)
mod inl.

The composition with 7 in second formula is well-defined because |® — id| < §y. The formulas
coincide at the intersection of the domains because ® sends W(k) NI' C U(k) NI into
['. Since W (k) is neighborhood of FE.,, which is compact, there exists k1 > 0 such that
U(k1) C W(k) and thus ®,(U(k;1)) C E. Let us check that ®; is Lipschitz, using the fact
that @ is Lischitz for some constant C' > 1, the definition (10.22) of W (k) and the fact that
|7 —id| < 3dist(+,I"). For z € W(k) and for y € I', we have indeed

|@(2) = m(D(y))| < |@(x) — P(y)| + |D(y) — 7(B(y))|
(10.26) < Clx — y| + 3dist(®(x),I') < Clz — y| + 3Ldist(x,T") < (C + 3L)|z — y|.

Since |7 —id| < 30y on I'(dp) and |® —id| < &y, we have |®; —id| < 46y on its domain
of definition. We can even replace dy by dp/4 in the whole proof so that |®; —id| < d.
We extend one last time ®; as a Lipschitz function over R™ such that |® —id| < dy. Now,
®; induces a global sliding deformation as we observed at the beginning of the proof (just
after the definition of 7). This completes the proof of Lemma 10.2; modulo the following
verification.

As promised, we now detail the construction of the preparation map 1. We shall do the
construction concerning one of the I';, but then we shall do the same thing with each I';
(and the constructions will be independent). We write I' for I'; to simplify the notation.

The main point will be to reduce to the simple situation where I' N E, and I'\ E., have
a finite number of connected components.

Let 0 > 0. First select a (necessarily finite) maximal family {z;} of points of E,, N T,
with |z; — z;| > /20 for i # j. Call {J;}, k € K, the connected components of I' \ U;{z;}.
If E,,NT =0, we can take ¥(z) = x and V = ), so let us assume that E,, NT # @; then
each .Jy is an open interval of I', and the two endpoints of J, lie in F,. Let us twist a little
the notation and write J, = (ag, bg), with ag, by € Fo. We intend to take 1(z;) = z; for all
i, so we need to define ¥ on each Ji, so that 1(ax) = a and ¥ (bg) = by.

If J, C Eo, we keep ¥(z) = z on Ji. Next suppose that Jj contains a point of T\ E
and that the length of Jj is larger than §/4. Call jk the set of points of J; that lie at distance
> §/9 from ay, or by, Ay the set of points of J;. that lie at distance < /10 from ay, and By, the
set of points of J, that lie at distance < §/10 from b,. We take )(z) = x on Ji, 1(z) = ay
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on Ay, and ¥(x) = by on Bg. On the two remaining short intervals of J; \ (jk UAr U By), we
interpolate “linearly”. Since all the points that move lie at distance < 6/9 from ay, or by, we
get that |[(z) — x| <6/9 < for x € Ji. In addition, by maximality of the z;, all the points
of Jy that lie at distance less than /20 of I' N E, must lie in at distance < §/10 from one
of the z; and thus must lie in A; U By. They are sent to a, € E, or by € E, in accordance
with (10.18).

Finally, when J;, contains some point ¢ € I'\ Ey and its length is less than ¢ /4, we pick
a small segment :];c centered at ¢, so that its “double” ij does not meet F.,, and choose
Lipschitz on Jj so that ¢(x) = x on Ji, 1 takes the values a and by, on the two intervals that
compose Jy \ ij, and ¢ interpolates on the two remaining intervals that compose ij \ Jk.
Here, the fact that [¢(x) — 2| < /4 < 6§ for x € J, follows from the fact that ¢ preserves Jj,
which is of length less than §/4. If dj denotes the distance from ij to I'N E, then all the
points of J; that lie at distance less than d, from I' N E,, are sent to a, € F or by € F.

It is easy to see that the different pieces that compose @ can be glued to compose
¢ : ' — T, which is Lipschitz (with an estimate that can depend badly on the geometry of
E. in T', but this is all right). This completes our construction of 1; Lemma 10.2 follows.

O

11 Variants of the main theorem

In this section we discuss generalizations of Theorem 1.1 that can be deduced from Theo-
rem 3.2. The main point is that the proof has some flexibility, due to the fact that E, is a
(sliding) almost minimal set.

Consider the problem where we minimize a functional J as in (2.5)-(2.7) in the class
E(Ey,T"). Then we can use the conjunction of Theorems 2.2 and 3.2 to get the existence of
solutions, but this requires finding a compact set K, that contains I', where we know that
we can construct a minimizing sequence (or a limit of a minimizing sequence), and so that
I' has a good access to the complement of K.

If we work with the functional H?, the best way, and probably the only reasonable way
to get K is to take the convex hull of I'; and ask for the good access. If we use a slightly
different functional J, we may have a little more flexibility, because we can try to play
with the definition of J to show that we can find minimizing sequences in a slightly more
complicated K. Yet the best way to arrange this is to have a projection 7 : R” — K such
that J(m(E)) < J(E) for any set F; in the case of H?, this would be the shortest distance
projection. More complicated arguments can exist (for instance, saying that if £ € £(Ey,T")
cannot be projected on K as above, then J(E) is too large for some other reason), but the
existence of K and m is probably our best chance. Notice that the good access condition
seems to allow more complicated shapes for K.

Of course forcing E a priori to lie in K (with the good access property) does not do the
job, because E,, will then only be almost minimal under the constraint that £, C K, and
the regularity results of [Da6] won’t hold.
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Similarly, we did not mention elliptic integrands J given by a formula like J(F) =
[ f(@, T(x))dH*(x), with a function f that depends also on the direction of the approx-
imate tangent to E at x, because they are not so easy to treat. If Ej is rectifiable, then
Tg(x) exists almost everywhere, but the issue is whether F., is an almost minimal set with
a small enough gauge function. Unless f is Holder-continuous (as in our assumption (2.7)),
or has a small enough modulus of continuity, there is little chance that we can prove this.
When f depends also on the direction, we should probably require that this dependence is
also Holder-continuous, say, but there is no analogue of [Da6] with that much generality.

In the special, still roughly Euclidean, case where f(x,T) = | det(A(x) o 7r)|, where x —
A(z) is a Hélder continuous mapping with values in £(R",R?), 77 denotes the orthogonal
projection on the vector 2-plane T C R™, and A is such that C~' < |det(A(z) o m7)| <
C for all z and T (ellipticity), there is a good chance that the results of this paper go
through because those of [Dal] could be extended. The point is that when A is constant,
almost minimizers for J are the same as images under an invertible linear mapping of almost
minimizers for H2; then the idea would be, when we study an almost minimal set for .J at a
point z, to conjugate with a linear mapping to reduce to the case of almost minimal sets. A
true argument would be more complicated than this, as we also need the regularity at the
other points nearby, where we would need to change the conjugation, and this was never
written.

The case of truly non euclidean elliptic integrands, even independent of x, seems widely
open even far from the boundary.

12 Local biLipschitz parameterizations of some almost
minimal sets

The methods above allow us to give local biLipschitz parameterizations for coral almost
minimal sets in some circumstances that we describe now. The statements will be cleaner
with the following notion of local almost minimal sets. Let 2 C R™ be open, and let £ C §2
and I' be closed in Q. We recall that a gauge is a nondecreasing function h: (0, +o00) —
[0, +00] such that lim, o h(r) = 0. We shall assume in addition the condition (2.1), that is,
there exists o > 0, ¢;, > 0 and r;, > 0 such that

(12.1) h(r) < epr® for 0 <r <.

We say that F is sliding almost minimal in €2, with boundary I' and gauge function h, when
(2.3) holds for every family {¢;} that satisfies the conditions (1.1)-(1.4) with Ey replaced
by E, and in addition such that the deformation happens entirely in some B(y,r) CC €,
as in (2.2). That is, we keep most of Definition 2.1 but only require (2.3) for deformations
that happen in balls contained in 2. We say that E is (plain) almost minimal in €2, with
gauge function h, when it is sliding almost minimal in €, with I' = (. That is, we simply
forget about (1.2) and the constraint which prevents competitor from being degenerate comes
instead from the fact that (¢, 2) = = outside a compact subset of 2.
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Finally, recall that the closed set E in Q is called coral when H4(E N B(z,r)) > 0 for all
x € Fand r > 0.
We start with a statement for plain almost minimal sets.

Theorem 12.1. Suppose E is a (plain) coral almost minimal set of dimension 2 in an open
set 0 C R™ that contains B(0,1), with a gauge function h that satisfies (2.1) for some a > 0,
¢y > 0 and r, > 0. Suppose in addition that 0 € E. Then there is a radius 1o € (0,1/2), a
minimal cone X, and a biLipschitz mapping ¢ : X N B(0,79) — E N B(0,7g), such that in
addition

(12.2) 1Y)l = Iyl fory e XN B0,ro).

In fact, we will get the following more precise statement. There exist constants C' > 1,
that depends only on n, and ¢ > 0, that depends only on n and «, such that if E satisfies the
assumptions of the theorem, and if in addition ry € (0,1/2) N (0,7,/2) is such that ¢;r§ < e
and, for all 0 < r < 2rg, we can find a minimal cone X = X (r) such that

(12.3) do, (B, X) <,

then there is a C-biLipschitz mapping ¢ : X (ro) N B(0,79) — E N B(0,ry) such that (12.2)
holds true. That is, we may even choose X as one of the X ().

Theorem 12.1 will follow from this, and the fact that all the blow-up limits of E at 0 are
minimal cones, and we even get that 1 is C-biLipschitz and X is a blow-up limit of E at 0.
The proof is the same as in Lemma 4.3: one uses the definition of a blow-up limit (and the
existence of convergent subsequences) to show that there exists rq € (0,1/2) such that for
0 <7 < 2rg, (12.3) holds for some blow-up limit X (r) of E at 0. The fact that X(r) is a
minimal cone is standard.

Recall that with the same assumptions as in the theorem (or its precise form) [Da2] says
that E is locally equivalent to X in B(0,7q) through a bi-Holder mapping. This was better
in a way, because we do not say here that ¢ extends to a local homeomorphism of R™. That
is, we have a parameterization of F, but we do not say that E is nicely embedded in R™
with a Lipschitz mapping; at least the statement of [Da2] says that £ does not make weird
knots in R™ near the origin.

On the other hand the bilipschitz regularity is better than what we had in [Da2], and
with some extra work our mapping v could also be made C'*™ away from Ly and the set of
Y-points of X. This is only new when n > 4, because otherwise the result of [Ta] is even
more precise. Finally the additional property (12.2) may be convenient.

For the sliding almost minimal sets, we will need to forbid some blow-up limits. Let Lg
be a line through the origin. Denote by X’ the set of sliding minimal cones centred at 0 (of
dimension 2) with sliding boundary Lg. Let By be the set of cones X € X such that for at
least one of the two points £ € Ly N 9B(0,1), X coincides in some B(&, ), f > 0 with a
cone of type Y whose spine contains Lj. Since we will exclude this type of blow-up limit, we
will be in able to apply Lemma 4.1. Similarly, we will exclude the set B; of cones X € X
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that have a point of sharp type V. This means that near at least one of the two points
€€ LynoB(0,1), X coincides with a cone of type V, with a 27/3 angle. Finally, let B, be
the set of cones X € X such X coincides, near at least one £ € Ly N 9dB(0,1), with a plane
P that contains L.

Theorem 12.2. Suppose E is a sliding coral almost minimal set of dimension 2 in an
open set Q C R™ that contains B(0,1), with a sliding boundary T which is a C*T® curve
(av > 0) through the origin, and with a gauge function h that satisfies (2.1) for some a > 0
and some ¢, > 0. Let Ly denote the tangent line to I' at 0. Suppose that 0 € E, and
that no blow-up limit of E at 0 lies in By U By. Then there is a radius ro € (0,1/2), a
sliding minimal cone X associated to the sliding boundary Lo, and a biLipschitz mapping
v XN B(0,r9) = ENB(0,ry), such that

(12.4) W) = ly| fory e XN B0,rg).

If in addition to that, no blow-up limit X of E at 0 lies in By then also

(12.5) W(y) €T forye XN LyN B(0,r).

As we shall see from the proof, we can take for X one of the blow-up limits of £ at 0,
and the existence of 1 will also show that all the blow-up limits of £ at 0 are bilipschitz
images of that X; this does not imply that F has a tangent cone at 0, but only that all the
blow-up limits are bilipschitz equivalent to each other. Notice however that the biLipschitz
constant for ¢ will depend on E and the point 0, through the constant 8 > 0 below, which
itself depends on the list of blow-up limits of £ at 0.

The theorem will follow from the following more precise result. Assume, on top of the
hypotheses of the theorem (we will not try to see to which extent these follow from the
following), that ro € (0,1/2), 8 > 0, ¢ > 0 such that ¢,r§ < e, and for all 0 < r < 2ry, one
can find a sliding minimal cone X = X (r) such that dy, (E, X) < € holds, and also such that

whenever X (r) contains a point of type V,

(12.6) _

the faces along Ly make an angle in the range |27/3 + 3, 7|,
and
(12.7) dist(y, Ly) >  for any triple junction y € X NIB,

Then, if € is small enough, depending on n, a, and 3, there is a C-biLipschitz mapping
¥ X(rg) N B(0,79) — E N B(0,ry) such that (12.4) holds. Here C' depends only on n and
B. If in addition to (12.6) and (12.7), we also require that

(12.8) if X (r) coincides near some £ € Ly with a cone of type V, then
' the angle along Ly of the two faces of this cone is in the range |27 /3 + 8,7 — 3.
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and also
(12.9) dist(X(r),&) > B whenever £ € Ly N 9B(0,1) \ X(r),

then we also get the sliding condition (12.5).

The theorem still does not say anything about the way E N B(0,r) is embedded in R",
i.e., whether ¢ has a biLipschitz extension to B(0, 1), for instance.

Note that v is not necessarily smooth along L, in the sense that the angle of the faces
along Lo could be slightly different at £ € X N Ly than at ¥(x) € ENT. On the smooth
part of X, we can make it C1¢, and even along the Y-set of X, we can arrange the mapping
to preserve the angles. This is not surprising because we have local regularity results that
control F far from 0, so we won’t even try to enforce this aspect.

The point of removing the cones of By is that this way we can use the description of
[Dab], as in the previous sections. We remove the cones of B; so that we never get Case 2 in
Section 5 and the topology of E stays the same as the topology of X (and we will see that it
remains the same for smaller radii). Finally, if we want the sliding condition (12.5), we also
forbid By to avoid Case 1 above, which was the only case when E could leave from I' and
make it hard to respect (12.5).

We claim that we only need to prove the precise version of Theorem 12.2. For Theo-
rem 12.1 and its precise variant, just remove some cases and all the references to I' and L.
For Theorem 12.2, let us check now that its assumptions imply the precise assumptions for
small enough ry.

Let E be as in the theorem, and let Xy C X denote the set of blow-up limits of E at 0.
We first claim that for r small, we can find X (r) € A} such that do,.(X(r), E) < e(r), with
lim, ,oe(r) = 0. The proof is as in Lemma 4.3: otherwise, for some £ > 0 there are bad
radii r, that tend to 0 but so that we cannot find X (r4) such that do,, (X (r%), E) < €; we
extract a subsequence for which the set rk_lE converge to a limit, this limit lies in A}, and
this contradicts the definition of ry.

Next we want to check that for every blow-up limit X, of E at 0, there exists ¢ > 0
and 8 > 0 (depending on E and Xj) such that whenever X is a sliding minimal cone with
do2(X, Xo) < ¢, then X satisfies (12.6), (12.7) and, if needed, (12.8) and (12.9). We recall
that by assumption Xy ¢ By U B;. We proceed by contradiction; we first assume that for
every 3 = 27%, there exists a sliding minimal cone X}, such that do2(Xk, Xo) < 27 but
(12.6) fails. Each Xj has a point of type V, with a nearly sharp angle, and we extract a
subsequence so that this is always the same point £ € LoNdB(0,1). The general description
of minimal cones (see in particular Lemma 4.1) says that there exists a uniform ¢ > 0, that
depends only on n, such that in B(&,¢), X} coincides with the same nearly sharp cone of
type V. Then, the limit X, coincides in B(&, ¢) with a sharp V-cone but this contradicts the
fact that X, ¢ B.

For (12.7), suppose now that there is a sequence (X}) that tends to Xy such that (12.7)
fails for 8 = 27%. Since (12.7) fails, X has a Y-point y;, such that dist(y, Lo) < 27%. We
can take a subsequence so that this point is always on the same side of Ly, and so there exists
£ € LyndB(0,1) such that |y, — & < 27%1 (we do not exclude the case when y;, = £). By
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the general description of X}, we then know that for some ¢ > 0, that depends only on n, X}
coincides in B(&, ¢) with cone of type Y with a spine through y, or else with a cone of type
Y, truncated by Ly, still with a spine through y;. Indeed, letting ¢, denote the constant of
Lemma 4.1, we see that either the spine is at distance < ¢,/2 from Ly and then X coincide
with a truncated Y in S(yx, c./2), or the spine is at distance > ¢,/2 from Ly and then X
coincide with a Y cone in S(yx, c./20). So in all cases, the constant ¢ := ¢, /20 satisfies our
claim. Then, the limit X, coincides in B(&, ¢) with a cone of type Y with a spine through &,
or else a sharp V-set. In both case this contradicts the fact that Xy € X\ By U B;.

Finally, we check that in the case when we also excluded By, (12.8) and (12.9) hold too.
If (12.8) fails, as before there is a sequence (Xj) that tends to X, for which the X} coincide
near some ¢ € Ly N 0B(0,1) (and we can suppose that it is always the same point), with
a set Vi of type V with an angle that tends to m. By the general description, and since
by (12.7) there is no point of type Y nearby, we get that X (ry) coincides with V} in some
B(&,c¢). Then we go to the limit and find that after a new extraction, X, tends to a cone of
Bs, a contradiction.

The case when (12.9) fails (i.e., when some & € LoNIdB(0,1)\ X (r) lies very close to X(r))
is similar; now the general description of X (r), plus the fact that we have no point of type
Y around &, says that X (r) coincides in B(&,¢) with a plane that passes within 8, = 27F
of &, and the limit X, coincides with a plane in B(&, ¢). Thus X, € B, a contradiction.

So for every Xy € X (a blow-up limit of E at 0), we found £ > 0 and 5 > 0 (depending
on E and Xj) such that whenever X is a sliding minimal cone with dg2(X, Xo) < ¢, then X
satisfies the properties required for the precise asssumptions. We can do a little better with
compactnesss: find € > 0 that does not depend on Xy € &,. Indeed otherwise, there is a
sequence { X} for which e = 27% does not work, which we can assume to converge to some
Xo.0o € X, but then the ¢ associated to X works for k large, a contradiction.

Because of this, for each r small enough, we can take any cone X(r) € A such that
do,r(E, X (r)) <e(r), with lim, ;o e(r) = 0, and for r small enough, X (r) satisfies the required
assumptions.

So the more precise assumptions (12.6) and (12.7), and when needed (12.8) and (12.9)
all hold, and Theorem 12.2 follows from the precise version, that we shall prove now.

So let us assume that E is as in the theorem, and that ry is so small that all our extra
assumptions hold. For 0 < r < 2rg, choose a minimal cone X = X(r) such that (12.3), and
the correct combination of (12.6)-(12.9) holds. Then (by (12.6)) we can use the description
of E that we had in Section 5, with the additional information (coming from (12.6)) that we
never have Case 2 and, if we excluded Bs, we never have Case 1 either.

We need some notation. Set

(1210) T = 2_k7’0, Xk = X(’/’k), Ak = E(O,’/’k)\B(O,’F]H_l), Sk == 8B(0,rk), Ek == XkﬂSk

Our best model for E N B(0,7y) is not really Xo N B(0,7g), but a set T = Uy>oT}), where
the tube T}, C Ay will be build to connect smoothly ¥ to 3. We start with the usual
description of ¥;. Since X is a sliding minimal cone, we get that ¥ is the disjoint (except
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for the endpoints) union of a finite collection of arcs of great circles, the €, ;, (i,7) € I,(ry),
that go from one vertex a; of X to another vertex a;, plus a finite union of full great circles
Ci, 1 € I.(ry). Away from Lo, the arcs €; ; can only meet by sets of three at their endpoints,
with 2% angles, and otherwise they stay at distances > C~'r, from each other unless they
have a common endpoint; they also have a length at least C~!. The circles C; stay at
distances > C'~!7, from each other, and from the ¢, ;. And for £ € LyN Xy, there is either a
single €; ; that ends at &, or two arcs €; ; that ends at £, and by (12.6) they make an angle
larger than 2% + [ at that point. Because of (12.7), we know that we cannot have three arcs
leaving from &, but also the arcs that leave from & have a length at least Sry,. When By is
excluded, (12.8) says if two arcs €; ; leave from ¢, they make an angle smaller than = — .

Also, still when By is excluded, (12.9) excludes the case of any €;; or a circle C; that
comes within gr, from a point £ € Ly N Xy if they don’t contain &.

Incidentally, two arcs €; ; that leave from some § € Lg in opposite directions may simply
be parts of a circle C;; we will not need to decide whether this counts as a curve or a circle.

All the sets ¥ have this type of description, and we may use the notation Qfﬁ j» OF CF, to
point out the dependence on k. We are interested in how the descriptions for > and ;4
fit, and let us observe that by (12.3), the triangle inequality, and the fact that X, and X,
are cones,

(12.11) do (X NOB(0,1), X4y NOB(0,1)) < Ce.

Because of this, and modulo a small exception that will be discussed soon, there is a way to
index the vertices a;, and the arcs €, ; and circles Cj, for k and k + 1, so that

(12.12) |af — 2af*| < Cery, door, (€F;,2€511) < Ce, dogy, (CF,2C5) < Ce.

(2 7‘7.]'7

This is easy (but a little tedious): we first associate the a; by a bijection, then the €, ;, then
the C;. The exception arises only when we allow B, because for instance an arc (’l?’ ; may
pass very near Lg, and the corresponding arc of ;1 be split in two, with a vertex £ € Ly,
or the other way around, or something similar with a circle that passes near £ € Ly and
becomes a piece of V. When splitting occurs, (12.11) shows that the two arcs make an angle
in [r — Ce, .

Let us now say how we define the tube T}, starting with the case when the exception
does not arise. We have to say what is T N 0B(0,r) when 7,41 < r < 74, given that of
course Ty NSy = Xy and Tpyq N Skpy1 = Xgr1. We write 7 = try + (1 — t)rpyq, 0 <t < 1,
and first place the vertices a;, € 9B(0,7), as close as possible to ta¥ 4+ (1 — t)a¥** (the
latter may not have a norm exactly r); notice by the way that a;, € Ly when a¥ and af“
lie on Ly. Then we can define curves &;;, C dB(0,r) that correspond to €f; and (’:fjl. If
’Hl(Cﬁj) < 27ry,/3, say, we just take the geodesic that connects the endpoints a;, and b;,
that correspond to the endpoints af and bf of (’:f’ j (and similarly for (’:f;rl) For longer arcs
Cfi ;» if they exist, this may be instable or ill-defined (for instance, if we want to connect two

antipodal points of 9B(0,r)), so we cut Qlﬁ ; into three pieces of equal length, do the same

thing for Cfi}rl, and interpolate the three geodesics. The new &, ;, may not be a geodesic,

7



but this does not matter. For the full circles C;, we can proceed similarly: we use three
equally distant points a,b,c € CF to cut CF into three equal arcs, then we choose three
equally distant points a’,¥,¢ € CF*! and so that |2a’ — a| + |2 — b| + |2¢' — ¢| is minimal,
for instance, and interpolate each of the three geodesics as before to create C;,, which is
thus the union of three geodesics of 0B(0, 7). The tube T}, is the union of all these geodesics,
with rpp1 < r < rg. It is not as smooth as we implicitly claimed it would be, because we
added vertices and small discontinuities of the tangent planes at some points, but this would
be easily fixed with minor modifications of the construction.

The cases where there may be an exception above, which can only happen when we allow
the bad set By, are when for one of the two points £ of LyN Sy, either £ is a vertex of X5 but
£/2 is not a vertex of 3y, or the other way around. Let us only discuss the first case; the
other one would be treated symmetrically.

By (12.7), £/2 lies very close to 3x41; we choose £’ € Y41 as close to £/2 as possible, and
cut the arc fojl that contains £ with the additional vertex &'. Recall that the two endpoints
of Q:f;fl (call them @' and ¥') lie at distances > C~'r;, from & (because we excluded the
proximity to bad Y-cones). Then proceed as above, to interpolate between the two curves
between & and a, b (the points of ¥ that correspond to @’ and ¢’ in ¥, ;) and the two curves
of Y1 between & and o', 0'. In particular, if one of these two curves is too long, or even
comes from a circle C;, we also cut it far from £ to interpolate in a more stable way.

At this point we have nice tubes T}, and we can glue them to get T = Up>¢7;. We now
define a natural mapping fi : X, N A, — T}, as follows. After adding our extra vertices, we
have a description of ¥ as a union of arcs of geodesics v;, j € J, and for 7,41 <1 <71y, We
have a similar description of T}, N 9B(0,7) as the union of corresponding arcs 7. We let f},
be the only map such that for 1/2 <t < 1, fi(tv;) = fy;r’“, which is run at constant speed.
That is, if «; is the geodesic from a; to b;, and its length is ¢;, and if = € «; lies at distance
¢ from a; along v; (so 0 < ¢ < ¢;), then 7;7"’“ is the geodesic between fi(ta;) and fi(tb;),
and fi(tx) is the point on that geodesic that lies at distance (E/Ej)fz’“’“ from fi(ta;) along
’y;r’“, where 6?’“ denotes the length of the geodesic fy?"’“. This is all more complicated and
specific than really needed, but the point is that with all these specific definitions, it would
be easy (but very long, and we shall skip) to check that fi : X N Ay — T} is biLipschitz,
and even with a biLipschitz constant that can be taken as close to 1 as we want (by taking
¢ accordingly small). Only recall that we have lower bounds on all the lengths of all our
geodesics, and the construction makes them depend on 7 in a Lipschitz way.

Notice that fi(z) = z for x € Xj; on the other side the restriction of fi to Xz N
OB(0,rpy1) = %Ek is a (biLipschitz) mapping that we shall call gxiq : %Ek — Y1 Let us
extend gy by homogeneity to the whole cone Xy, so that gx(tz) = tgi(x) for z € X and
t > 0; note that |gx(z)| = |z| and g maps X to Xy1. We also define the hy : Xo — Xj by
ho(z) = = and the induction relation

(1213) hk+1 = gk+1 © hk = 0gk+1°...01-

For each & > 0, Proposition 7.1 gives us a projection w : W(c;) — E, where W(c) is
a small conic neighborhood of E. For x € T' = U,T}, dist(z, E) < Celz| so, if € is small
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enough, 7" is contained in W(cy), and we shall concentrate on the restriction of 7 to 7. We
claim that

(12.14) 7m:T — ENB(0,r) is a biLipschitz bijection.

Let z,y € T be given; we want to estimate |7(z) — m(y)|, and the most interesting case
is when ||z| — |y|| < c|z|, with ¢ so small that we can use the same chart to define 7(x)
and 7(y). Then we can use our nice local description of F, 7, and of the T}, to prove that
||7(z) — 7(y)| — |& — y|| < Celz — y|; we skip the details. We get a similar estimate when
when ||z| — |y|| < ¢|y|. When instead ||z| — |y|| is larger than c|z| and c|y|, we can use the
fact that |7(z) —z| < Cdist(z, E) < Celz| and |7(y) —y| < Cely| to get that |7(z) —7(y)| <
Ce(|z| + |y|) < Celx —y|, as needed for the Lipschitz part of (12.14), while the lower bound
holds because |z —y| < |z|+|y| < C|lz| - |y|| = C||x(2)| — |7 (y)|| < Clx(x)— 7 (y)| because
7 acts separately on spheres.

Set X = Xy. As the reader probably guessed, our biLipschitz parameterization will be
of the form ¢ = 7w o F, where F : X N B(0,7y) — T is itself biLipschitz, and constructed
with the help of the mappings above. We will define F' on each X N A, separately, so that
F: XNA, — T It is reasonable to take F' = fy on X N Ay = Xy N Ap, and then we get
that ' = fo = ¢; on %EO. We shall take

(12.15) F(z)=frohg(x) €Ty forze XNAg, k>1,

but let us verify a few things. Recall that F' = f, in Ay. Notice that hy : X — X}, and also
hi(X NAg) C XN Ag because the g and hy, preserve the distance to the origin. Then recall
that fy : XpN Ay — Tk, so F(zx) is defined and lies in T. Next we check that F' is continuous
across each sphere Si,1, kK > 0. The definition from the Ay side gives F(z) = frohy(x) € Ty
on Ski1, but in fact F(z) € Xpr1 = Tp N Skyq. In addition hAg(z) € Xi N Sky1, and then
its image by fi is also called gxi1(he(z)) = hgr1(x). So F(x) = hgii(z). But now the
definition coming from A, is also that F(x) = fri1(hgy1(2)) = hgg1(x), this time because
Pip1(2) € Xpp1 N Skp1 = Dey1. So our definition of F : X N B(0,79) — T is coherent, F
is continuous, and we only need to check that F' is biLipschitz. The main ingredient is the
following.

Lemma 12.3. The mapping hy : Xo N0B(0,1) — X}, N0B(0,1) is C-biLipschitz, for some
C that depends only on n and .

There is an issue here, because hy, is the composition of an unbounded number of biLip-
schitz mappings, but we have some rigidity, coming from the description of the X} and the
fact that in the definition of f; we tried to parameterize the geodesics with constant speed.

We shall use the description of X;;N0B(0, 1) as a union of geodesic arcs €, ;, (i,7) € L,(7%)
and circles Cy, i € I.(rg), and start with the simpler case where we also exclude Bs. In this
case each function g1, & > 0 (first extended by homogeneity and then restricted to the
unit sphere), is a mapping gx.1 : Xx N 0B(0,1) — X1 NOB(0,1), which acts in a simple
way on the decomposition above: there are bijections from I,(ry) to I,(rky1) and from I.(r)
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to I.(rk+1), and then g, maps each geodesic €; ; or C; to the corresponding one for k + 1,
with constant speed (given by the ratio of lengths between the arc and its image). That is,
even when we cut the geodesics into three pieces because they were too long, we managed
to map the whole geodesic at constant speed. Then of course the same can be said about
the composed mappings hi. Now there is a lower bound on the length of each piece, which
depends on n and § (because we also want a bound on the length of the short legs that go
from Ly to a point of type Y), so we have bounds on the speed of h; on each geodesic. The
fact that hy is biLipschitz now follows, because it is easy to deduce from our description of
the X N9B(0, 1) that the geodesic distance on X NIB(0, 1) is equivalent to the Euclidean
distance. Here again the bound depends on 3, because we need a lower bound on the distance
of two arcs that do not share an endpoint.

Let us now take care of the case when we allow B;. Then the only case when ggiq :
X, NOB(0,1) = Xgr1 NIB(0,1) does not come from a bijection on the arcs, with param-
eterizations at constant speeds, is when for some & € Ly N 0B(0, 1), either ¢ is a vertex of
XrN0B(0,1) and not of Xy N9IB(0,1), or the other way around. Notice that when this
happens, the number of branches leaving from ¢ goes from 2 to 0, and is never 1. In fact,
the local description of F near a point of type H (where E is approximated by a half plane)
shows that if for some r € (0,79), the point £ € Lo N dB(0,r) corresponds to such a point
(or in other words X (r) has a single branch leaving from &), then this happens for every
r € (0,ry), and £/|£| never shows up in the discussion above. For short, we will say in the
first case mentioned above that the two arcs of X N9B(0, 1) that leave from & merge at k,
and in the second case that the arc through & splits at k.

We would not want the same arc to be split a large number of times with no counterpart,
because our estimate for the running speed comes from the fact that we always go from a
collection of arcs of comparable length to another one, at constant speed on each arc. What
we fear is for instance that near a point, the arc that contains this point is split (hence sent
to two arcs, hence at potentially at roughly twice the speed) many times, while the opposite
happens, but somewhere else and hence without compensating. So we need to understand a
little how splitting and merging occurs. For this we introduce auxiliary graphs, Zj, that in
fact do not really depend on k.

Recall that each K = X; N0B(0,1) has a representation as a union of geodesics, which
connect a set of vertices V}; we choose a minimal representation, where the vertices x are
either Y-point where 3 geodesics leave, or else are points of K N L, and then exactly one or
two geodesics leave from z, because we excluded Y-points on K N L. Set V/ = Vi \ L (the
triple points), and let Z; denote the graph with V) as the set of vertices, and edges chosen as
follows. We say that the (non oriented) edge (x,y) lies in the graph when the geodesic from z
to y is one of the geodesics of the description of K}, but also when there is a £ € K, N L such
that both the geodesic from x to £ and from & to y lie in K} (are members of its description).
In this case we think of the union of these two geodesic as the representation of the edge
(x,y) in the graph. We even add the edge (x,y) when the three geodesics from x to &, from
¢ to —¢, and from —¢ to y, belong also in the minimal representation of Ky, and then the
representative of (z,y) is the union of the three geodesics. Finally, we also add to our graph
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loops with no vertices, that correspond to full great circles that would lie in K}, and also
pairs of geodesics from £ to —& (the two points of K; N L), when they lie in Kj.

The main point of =, is that it stays the same, in the sense that =, is always isomorphic
to Zk. Indeed, by the discussion above (the slow variation of K}), the only difference between
=k and Z;11 could only occur when our geodesics split and merge. But when this happens,
we still keep the same set of vertices V) (in reality, their representatives move a little but
there is an obvious bijection), and maybe add or remove a point & € Kj; N L from the
representatives of an edge (exceptionally, we may even add or remove two at the same time,
when there is a double splitting or merging that concerns the same geodesic). The same
thing happens to the loops, as one could go from a circle to a union of two half circles, and
back (but this happens at the same time, as great circles either contain no point ¢ or both
of them).

This is good for our uniform bilipschitz estimate, because as before, we find that all our
compositions hy of mapping g, are obtained by parameterization with constant speed of the
pieces that compose the representative of Ky ; as before, we use the fact that the total number
of pieces stays roughly the same (it may move by 1 or 2), and the lengths are bounded from
below. Lemma 12.3 follows. [

Now we have to deduce from the lemma that F' : XNB(0,7,) — T is biLipschitz. First we
check that hy : XN A, — XN Ay is C-biLipschitz. It is Lipschitz because for x,y € X N Ay,

() = h(y))| ||l Pow (2 / |2]) = Tyl A (y/|y])]

< [l (e/l]) = haCy/TyDI + 1] = lyDhaCy/ Ty D]
(12.16) < m—%‘ﬂx—ylﬁﬂx—m

because x — x/|x|is r, ! -Lipschitz on Aj. And it has a Lipschitz inverse: X;NA, — XN Ay,
which is given by a similar formula z — |z|h, ' (z/|z|).

Now fi : Xy N Ay — Ty is also bilipschitz; this was checked a little above (12.13), so by
the formula (12.15) F': X N Ay — T is C-biLipschitz too. We still need to glue the pieces.

Let z € XNA, and y € XNAy be given; we want to estimate [(z)—(y)|. When k = £ we
have the desired estimates, by (12.14) and since ) = wo F'. When ¢ > k+2, we can conclude
easily, because r11/2 < |x — y| < 21, and since (12.15) and (7.2) say that F'(z) € A and
F(y) € Ay, we also get that 37,11 < [¢(2) —(y)| < 2r, as needed. Modulo exchanging the
names of x and y if needed, we are left with the case when x € XNAy and y € XN A, ;1. Set
§=rr1py € XNSk=XNANApsr. Then [¢(z) = (y)] < [(x) = ()] + [¥(€) —(y)| <
Clr =&+ ClE —y| < Clz —y| +2C|€ — y| < 3C|z — y| because F' and 1) are continuous
across Syi1, by the estimates on Ay and Agiq, and because [€ —y| = r1 — |y| < |z| — |y|.
For the lower bound, [i/(z) — (y)] > [1(x) — $(€)] — [$(€) —b(w)] > -z — €|~ Cle—y] >
CHa—y| = (C+CHE—y[ = (2C) o —y| if 2C(C + C7H)|€ —y| < |z —y|. Otherwise,
[Y(x) = P(y)] = [(@)| = W(y)| = |2l =yl = e = |yl = € = y[ > 2C(C+ C7H] o —y.
This completes our biLipschitz estimate for .

We still need to know that, when we excluded Bs, we have the sliding property (12.5).
Suppose that we can find y € X N Ly N B(0,ry). Then X = X (ry) meets Ly at y/|y|, and
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at this point X is either of type H (coincides with a half plane near y/|y|), or of type V
(by (12.7)), and with an angle which is far from flat and from sharp (by (12.7) and (12.8)).
In the first case, by the local description of E near a point of type H, we know that since
this set is open, all the points of I' N B(0, ) are of type H, which implies that all the cones
X(r), 0 < r < rgy, are of type H at the point y/|y|. In the second case, we have seen that
there is no splitting or merging in the process above, which means that all the cones X (r),
0 < r < 1o, contain y/|y|, and even are of type V there, with an angle which is far from
sharp or flat. Because of this, every point of I" on the same side of 0 as y/|y| lies in £ (and
is a point of type H or generic V).

Now we follow the construction of ¥. Let k be such that y € Ag. First we map y to
hi(y), and since y is a vertex of X (because y € Ly), it is sent to Ly, in fact, to itself because
hy, preserves the norm. Then (according to (12.15)) we send y to fi(y) € T}. But again, fj
is constructed to keep the vertices in Lo, so fy(y) € Lo. In fact, since fi also preserves the
norm (it was constructed, above (12.13), to act on spheres), fx(y) = y. Finally, ¥(y) = 7(y),
where 7 is the mapping of Proposition 7.1.

Set r = |y|. With a good construction it should have happened that y is the point {(r) of
S, N T that lies close to y, but this is not what we did. This is unfortunate because this way
maybe 7(y) lies in one of the two branches of F near ((r), and not precisely on I". However
this is not hard to fix, because we only need to manipulate the values of our mappings near
Lg. The least dirty way to proceed consists in defining a new bilipschitz mapping 7, that
maps our tube 7" = U,T} to a similar tube T, with the property that |7(y) — y| < Cely|
on T, and 7(y) = ((|ly|) when y € T'N Ly. On the rest of T, just translate by a smooth
extension of ¢(|y]) —y. The fact that |7(y) — y| < Cely| allows us to still use = on T, and
finally ¢ = m o 7 o F' has all the desired properties.

This completes our proof of the precise variant of Theorem 12.2, and then we saw earlier
that Theorem 12.2, Theorem 12.1, and its precise variant follow. [
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