ON THE STRUCTURE OF WDC SETS
DUSAN POKORNY, JAN RATAJ AND LUDEK ZAJICEK

ABSTRACT. WDC sets in R% were recently defined as sublevel sets of DC func-
tions (differences of convex functions) at weakly regular values. They form a
natural and substantial generalization of sets with positive reach and still ad-
mit the definition of curvature measures. Using results on singularities of
convex functions, we obtain regularity results on the boundaries of WDC sets.
In particular, the boundary of a compact WDC set can be covered by finitely
many DC surfaces. More generally, we prove that any compact WDC set M
of topological dimension k£ < d can be decomposed into the union of two sets,
one of them being a k-dimensional DC manifold open in M, and the other
can be covered by finitely many DC surfaces of dimension k& — 1. We also
characterize locally WDC sets among closed Lipschitz domains and among
lower-dimensional Lipschitz manifolds. Finally, we find a full characterization
of locally WDC sets in the plane.

1. INTRODUCTION

Federer in his fundamental paper [10] unified the approaches of convex and dif-
ferential geometry, introducing curvature measures for sets with positive reach and
proving the kinematic formulas. Quite recently, curvature measures have been de-
fined for a substantially larger class of so-called (locally) WDC sets [22], and the
corresponding kinematic formulas have been proved [15]. The basic difference be-
tween the two named set classes is that, while sets with positive reach are closely
related to semiconvex functions of several variables, WDC sets are related to DC
functions (i.e., differences of two convex functions) instead.

Following [14], we say that a locally Lipschitz function f : R® — [0,00) is an
aura for aset A C R?if A = f~1{0} and 0 is a weakly regular value of f (i.e., there
exist no sequences x; — x and u; — 0 such that f(z;) > 0= f(z) and u; € 9f(x;)
are subgradients in the Clarke sense).

This notion is motivated by the fact that A has locally positive reach if and only
if A has a semiconvex aura [1]. By the definition, A is WDC if and ouly if it has a
DC aura. So each set with locally positive reach is a WDC set.

Because of the theory built in [22] and [15], the following rough question naturally
arises: What is the structure of a general WDC' set? Note that, in contrast with
sets with positive reach which are defined by the geometrically illustrative “unique
footpoint” property, there seems to be no purely geometric property characterizing
WDC sets. Also, there is a number of results on the structure of sets of positive
reach, see, e.g., [10], [20], or the recent article [23]. In the present article we prove
some results on WDC sets, which are analogous to these results on sets of positive
reach.
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Boundaries of WDC sets. We show that the boundary of a compact WDC set in R?
can be covered by finitely many DC hypersurfaces (i.e., graphs of Lipschitz DC func-
tions of d — 1 variables, see Proposition 6.1). Also, we show that a closed Lipschitz
domain is locally WDC if and only if it is a closed DC domain (Theorem 6.10).
Lower dimensional WDC sets. Let M C R? be a k-dimensional Lipschitz subman-
ifold (1 < k < d). Federer [10, Remark 4.20] claimed that if M has positive reach
then it is already a C'™' manifold. In analogy to this result, we prove that if M is
a locally WDC set instead, it must be a DC manifold. We do not know whether
the same is true for topological manifolds as it is (see [20, Proposition 1.4]) in the
case of sets with positive reach.

Structure of WDC' sets. We conjecture (see also Question 8.5) that any compact
WDC set M C R? can be partitioned (“stratified”) into finitely many sets M = T} U
-+ UT,,, where each T; is a k;-dimensional DC manifold, 0 < k; <d, 1 =0,...,m.
We prove a related easier result, namely that M U ... U M is open and dense
in M, where M is the set of all points a € M that agree with a k-dimensional
DC manifold on a neighbourhood of a (Corollary 6.23). This follows from our main
result saying that for any relatively open subset A C M of topological dimension
k, A\ Al¥] can be covered by finitely many DC surfaces of dimension k —1 if k > 1
(Theorem 6.20). This theorem is an analogue of a result of Federer on sets with
positive reach, see Remark 6.21.

Planar locally WDC sets. In dimension d = 2, we were able to prove a full (local)
characterization of locally WDC sets. Roughly speaking, a set in R? is locally WDC
if and only if its complement can be locally represented as a disjoint finite union of
sectors bounded by DC curves (see Theorem 7.14). This proves, in particular, our
conjecture on the structure of locally WDC sets in the planar case (see Remark 8.6
(i)):

Throughout the paper we use two main technical tools. The first are results on
singularities of convex and DC functions (partly proved in [23]) which refine results
of [28]. They show that certain singular sets (sets of nondifferentiability) of convex
and DC functions can be covered by finitely many DC surfaces. These results are
contained in Section 5.

The second main technical tool, which is quite essential for finer results on WDC
sets, is a deformation lemma for Lipschitz functions applicable to Lipschitz and
proper auras (Lemma 3.1), proving the existence of a deformation retraction for
sublevel sets. Using this deformation lemma, we present in Section 4 also a proof
of the Gauss-Bonnet formula for sublevel sets at weakly regular values of Lipschitz,
proper Monge-Ampere functions (in particular, for WDC sets) relating the zero
order curvature to the Euler-Poincaré characteristic (Proposition 4.1). This is not
a new result, the Gauss-Bonnet formula was proved in a more general context by
Fu [14] and used in [22]. The proof in [14], however, uses some arguments which
are only outlined. Since the Gauss-Bonnet formula is a cornerstone of the whole
theory, we decided to provide a detailed proof, using the same idea as that of Fu,
together with Lemma 3.1.

We would like to thank Joseph Fu for many helpful conversations.

2. PRELIMINARIES

2.1. Basic definitions. We will use the notation A¢ for the complement of a set
A. In any vector space V', we use the symbol 0 for the zero element, Ty for the
closed segment with endpoints x,y and span M for the linear span of a set M. By
a subspace of V' we always mean a linear subspace, unless specified otherwise. The

symbol B(x,r) (B(x,r)) denotes the open (closed) ball with centre x and radius r
in a metric space.



ON THE STRUCTURE OF WDC SETS 3

Let X be a (real) Banach space with norm |- |. If z € X and x € X*, we set
(x,2*) == x*(x). Tan(A,a) denotes the tangent cone of A C X at a € X. If X
is a Hilbert space and V' a closed subspace of X, we denote by 7y the orthogonal
projection to V.

We shall work mostly in the Euclidean space R? with the standard scalar product
u-v and norm |u|, u,v € R?. The unit sphere in R? will be denoted by S9~! and
by G(d, k) we denote the set of all k-dimensional linear subspaces of R9.

A mapping is called K-Lipschitz if it is Lipschitz with a constant K, and Lip f
denotes the (minimal) Lipschitz constant of f. A bijection f is called bilipschitz if
both f and f~! are Lipschitz. For a function f : R? = R and ¢ € R, we use the
short notation {f < ¢} for the set {z € R?: f(z) < ¢} (and analogously with other
types of inequalities).

If H is a finite-dimensional Hilbert space, U C H open, f : U — R locally
Lipschitz and « € U, we denote by df(z) the subgradient of f at x in the Clarke
sense, which can be defined as the closed convex hull of all limits lim;_, f/(z;)
such that x; — x and f'(z;) exists for all ¢ € N. Since we identify H* with H in the
standard way, we sometimes consider 0f(z) as a subset of H. We will repeatedly
use the fact that the mapping x — 9f(x) is upper semicontinuous and, hence (see
[4, Theorem 2.1.5]),

(1) v € df(x) whenever z; —» x, v; € df(x;) and v; — v.

We also use that |u| < Lip f whenever u € 9f(z), x € U.

2.2. DC functions, mappings, surfaces and manifolds.

Definition 2.1. Let X, Y be finite-dimensional Banach spaces, C C X an open
convex set and G C X an open set.

(i) A real function on C' is called a DC function if it is a difference of two
convex functions.
(ii) We say that a mapping F' : C — Y is DC if y*o F' is DC for every functional
yreyYr.
(iii) We say that f: G — R (resp. F': G — Y) is locally DC if for each z € G
there exists 6 > 0 such that f (resp. F') is DC on B(z,d).

We will use the following well-known properties of DC functions and mappings.

Lemma 2.2. Let X, Y, C, G be as in Definition 2.1. Then the following assertions
hold.

i) If f:C =Y and g: C =Y are DC, then (for each a € R, b € R) the
mappings af + bg is DC. If Y = R, then also max(f,g) and min(f,g) are
DC.

(ii) F: C =Y is DCif and only if y* o F is DC for each y* from a basis of
Y*.

(iii) If F: G =Y is OYt (i.e., F is differentiable and the derivative x v+ F'(x)
is Lipschitz on G), then F is locally DC. In particular (cf. (iv)) each affine
F:X =Y is DC

(iv) Each locally DC mapping F : C =Y is DC.

(v) Fach locally DC mapping F : G =Y s locally Lipschitz.

(vi) If Z is a finite-dimensional Banach space, H C'Y s open, f : G = Y is
locally DC, g : H — Z is locally DC and f(G) C H, then go f is locally
DC on G.

(vii) Let dimX = dimY, H C Y be open, and let f : G — H be a bilipschitz
locally DC mapping. Then f~' is locally DC on H.
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(viii) If f : C — R is DC, D C X is open convex such that D C C and D is
compact, then there exists a Lipschitz DC function f : X — R such that
f(x):f(m)v reD.

(ix) Let F; : C = Y, i=1,...,m, be DC mappings. Let F : C =Y be a
continuous mapping such that F(x) € {Fi(x),...,Fn(z)} for each xz € C.
Then F is DC on C.

Proof. Property (i) follows easily from definitions, see e.g. [24, p. 84], and (ii) fol-
lows from (i). For (iii), see e.g. [25, Proposition 1.11]. Property (iv) was proved in
[16]. Property (v) follows from the local Lipschitzness of convex functions. State-
ment (vi) is “Hartman’s superposition theorem” from [16]; for the proof see also
[24] or [25, Theorem 4.2.]. Assertion (vii) follows from [25, Theorem 5.2.]. To show
(viii), write f = g — h, where g, h are convex on C, and observe that g and h are
bounded on some open convex E with D C E C C. Therefore (see e.g. [27, Fact
1.6]) g and h are Lipschitz on D and g¢|p, h|p have Lipschitz convex extensions g,
h to all X. Thus we can set f := § — h. The assertion (ix) is a special case of [25,
Lemma 4.8.] (“Mixing lemma”). O

Lemma 2.3. Let F : (a,b) — R? be a DC mapping and x € (a,b). Then the
one-sided derivatives F'(x) exist. Moreover

. / _ / . / _ !
2) Jim FL(1) = FL(x) and lim Fi(r) = F(2)
which implies that F'_ (a) is the strict right derivative of F' at x, i.e.,
: F(z) — F(y) ,
3 lim — = = [ (2).
®) (y,2)=(w,2) Z—y +(2)

Y#2,y2x, 22

Proof. The assertion easily follows from [26, Theorem B, p. 325] and [26, p. 329,
Proposition 3.4 (i), (ii)]. (Let us note that [26] works with Banach space valued F'.
In our case it is sufficient to observe that the assertion is easy if n = 1 and F' is
convex, and that the general case follows from this special case.) O

In the following, we will extensively work with DC surfaces in Euclidean spaces
and in their subspaces. So we will define DC surfaces in finite-dimensional Hilbert
spaces only. The main notion for us is a k-dimensional DC surface in a d-dimensional
Hilbert space which is given “explicitely” (i.e., as a “graph” of a DC mapping).
From this reason we use the term “DC manifold” for sets which are locally DC
surfaces in our sense.

In the rest of this subsection, the symbols X, V, W always denote Hilbert spaces
of finite positive dimension.

Definition 2.4. (a) Let d .= dimX, A C X and 0 < k < d. We say that
A is a DC surface in X of dimension k, if there exists a k-dimensional
space W C X and a Lipschitz DC mapping ¢ : W — V = W+ such that
A={w+¢(w): we W} Then we will also say that A is a DC surface
associated with V. A DC hypersurface (in R?) is a DC surface of dimension
d—1.

(b) We say that @ # A C R? is a DC (Lipschitz) manifold of dimension k
(0 < k < d), if for each a € A there exist a k-dimensional vector space
W C R%, an open ball U in W and a DC (Lipschitz, respectively) mapping
@ : U — W+ such that P == {w + p(w) : w € U} is a relatively open
subset of A and a € P.

(c¢) For formal reasons, by a DC surface (resp. DC manifold) of dimension k = d
in X we mean the whole space X (resp. a nonempty open subset of X),
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and by a DC surface (resp. DC manifold) of dimension k¥ = 0 we mean a
singleton (resp. a nonempty isolated set) in X.

Remark 2.5. (i) Tt is easy to see that each DC surface in X is closed in X, but
a DC manifold in X can be non-closed.
(ii) Each k-dimensional C1'! manifold in X is a k-dimensional DC manifold.

We will need the following lemmas which are straightforward consequences of
Lemma 2.2.

Lemma 2.6. Let d :=dimX, 0 < k< d and W C X be a k-dimensional space.
Let o : W — W+ be a Lipschitz DC mapping and P be a DC surface of dimension
kE—1inW. Then Q = {w+ ¢(w) : w € P} is a DC surface of dimension k — 1
mn X.

Proof. The case k = 1 is trivial. If £ > 1, then there exist a space Z C W
of dimensions k — 1 and a Lipschitz DC mapping ¢ : Z — Z+ N W such that
P={z+4vY(2): z€ Z}. Then Q = {z+ ¢¥(2) + ¢(z + ¥(2)) : z € Z}. Note
that also v : Z — Z+ is DC by Definition 2.1 (ii). Consequently the mapping
©* 1 Z — Z+, 0*(2) = ¥(2) + p(2 + 9(z)) is Lipschitz and DC by Lemma 2.2 (i),
(iv), (vi), and the assertion follows. O

Lemma 2.7. Let 0 < k < d, W and Z be two k-dimensional subspaces of R% and
let G C W and H C Z be open. Suppose that there are two Lipschitz functions
f:G—Wtandg: H— Z+ such that {s+ f(s):s € G} = {t+g(t):t€ H} = S
and suppose that f is locally DC. Then g is locally DC.

Proof. Define ¢ : G — R? by ¢(s) = s+ f(s) and 1 : H — R? by 9(t) =t + g(
Then both ¢~! = my|s and ~! = 7z|s are Lipschitz. So F : G — H, F :

7l o¢ = 770 ¢, is Lipschitz and also locally DC by Lemma 2.2 (i), (iii), (vi
Since F~!: H — G, F~! = my 0 is Lipschitz, Lemma 2.2 (vii) implies that F'~
is locally DC, and so g = 41 o ¢ o F~1 is locally DC as well.

2.3. WDC sets.

Definition 2.8. Let U C R? be open and f : U — R be locally Lipschitz. A
number ¢ € R is called a
(i) regular value of f if 0 € Of(x) for all z € U such that f(x) =

(ii) weakly reqular value of f if whenever z; — z, f(z;) > ¢ = f(z) and u; €
Of (z;) for all ¢ € N then liminf; |u;| > 0.

>_
)

O

Remark 2.9. (i) If ¢ is a regular value of f (notice that ¢ need not be in the
range of f) then c is also weakly regular, by (1).
(ii) Let f be locally Lipschitz on R¢, ¢ € f(R?%) and {f < ¢} compact. Then, it
is easy to see that c is a weakly regular value of f if and only if there exists
an € > 0 such that

(4)  |u| > e whenever u € 9f(x) for some x with 0 < dist (z, {f < ¢}) <e.

(iii) If f,c are as in (ii) and, moreover, f is proper (i.e., f~1(K) is compact
whenever K C R is compact), then ¢ is a weakly regular value of f if and
only if there exists an € > 0 such that

(5) |u| > & whenever u € 9f(x) for some x with ¢ < f(z) < c+e.

Definition 2.10 (WDC set). A set A C R? is called WDC if there exists a DC
function f : RY — [0,00) such that A = f~1{0} and 0 is a weakly regular value of
f. In such a case, we call f a DC aura (for A).

Notice that @ is a WDC set by our definition.
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Definition 2.11 (Locally WDC set). A set A C R? is called locally WDC if for
any point a € A there exists a WDC set A* C R? that agrees with A on an open
neighbourhood of a.

Remark 2.12. (i) Equivalently, we can say that Ais WDCiff A = f~1((—o0, c])
for a DC function f with weakly regular value c.

(if) WDC sets were introduced in [22] under the compactness assumption and
the definition was extended to the Riemannian setting in [15]. Locally WDC
sets were defined in [22] with a formally stronger requirement of local agree-
ment with compact WDC sets; nevertheless, it follows from Proposition 2.16
that both definitions are equivalent.

(iii) Auras were defined originally by Fu [14] as nonnegative Monge-Ampére
functions with weakly regular value 0. Since any DC function is Monge-
Ampere ([22, Theorem 1.1]), a DC aura is an aura in Fu’s sense. We
shall sometimes use the analogy and call a Lipschitz aura a nonnegative
Lipschitz function with weakly regular value 0 (though, of course, such a
function need not be Monge-Ampere).

(iv) Tt was shown in [22] that compact locally WDC sets admit normal cycles
and curvature measures. Normal cycles are defined locally, hence, the com-
pactness assumption can be relaxed and both normal cycles and curvature
measures can be defined even for closed locally WDC sets, and the main
properties remain true (in particular, the local principal kinematic formula,
cf. [15], Theorem B and §5.1 (3)). Therefore, we are mainly interested in
the (larger) class of closed locally WDC sets and its properties. On the
other hand, it seems to be plausible that any closed locally WDC set is
WDC (cf. [22, Problem 10.2]).

(v) Using the well-known fact that each Lipschitz convex function defined on
a closed ball has a Lipschitz convex extension to the whole space, one can
easily show that any compact WDC set M admits a DC aura which is
Lipschitz and, consequently, satisfies (4) for ¢ = 0 and some € > 0. Since a
positive multiple of a DC aura is again a DC aura, we can find a 1-Lipschitz
DC aura for M. Moreover, there even exists a 1-Lipschitz DC aura for M
which is proper (indeed, consider the maximum of a 1-Lipschitz DC aura
for M with the distance from an open ball containing M).

We will consider also locally defined DC auras. Let @ # A C R? be closed.
Given an open convex set C' C R, we say that a DC function f : C — [0,00) is a
DC aura in C (for A) if ANC = f~1({0}) and 0 is a weakly regular value of f.
Such a locally defined DC aura cannot be extended in general to a DC aura (on
R?), nevertheless, we show a related weaker result (Lemma 2.13). As a corollary we
obtain a characterization of locally WDC sets by “local” auras (Proposition 2.15).
Also, we show that any (locally) WDC set agrees locally with a compact WDC set
(Proposition 2.16).

Lemma 2.13. Let a € R?, r € (0,00] and let f : B(a,r) — [0,00) be a DC aura
in B(a,r) with f(a) =0 (here B(a,00) = R%). Then there exists 0 < s < r and a
compact WDC' set A* C B(a,r) such that

A*N B(a,s) = f~1{0} N B(a, 5).
If r = oo then A* with the above property can be found to any given s > 0.

The proof is based on a corrected version of [22, Proposition 7.3] whose proof,
unfortunately, contains a gap (cf. also the remark after Proposition 4.1 in [15]).
Given an open convex set ¢ C R? and a DC aura f in C, we denote

H(Yf::{(z,ﬁ):xeC’,f(x):(),O;éueﬁf(z)}.
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(Note that, in general, nor f is a larger set than nor (f,0) used in [22] in the case
C = R%) We shall say that two DC auras f,g in C touch weakly provided that
there exists (x,v) € nor f with (r,—v) € norg. The corrected version of [22,
Proposition 7.3] reads as follows.

Lemma 2.14. If f,g are two DC auras in C that do not touch weakly then f + g
is a DC aura in C' as well.

Proof. Obviously, f+ g is a DC function; it remains to verify the weak regularity of
0. We shall do this by contradiction: assume that f(z) = g(x) =0, f(z;) +g(x;) >
0, z; = z, w; € I(f + g)(x;), but w; — 0. Since I(f + g)(z) C If(x) + dg(x)
(see [4, Proposition 2.3.3]), there exist vectors u; € df(z;) and v; € dg(x;) with
w; = u; +v;. We can assume without loss of generality that say f(z;) > 0 for all 4.
Then, by the weak regularity of 0 for f, we can assume that there exists an € > 0
such that |u;| > ¢ for all i. Turning to a subsequence if necessary, we may assume

that there exist lim; u; =t v and lim; v; = v. So u # 0 and v = —u. Since graph Jf
and graph dg are closed by (1), we have u € df(z) and v € dg(x). So, obviously,
f, g touch weakly, which is a contradiction. O

Proof of Lemma 2.13. We can assume without loss of generality that a = 0. First
we claim that the set

{(v,z-v) € S xR: (x,—v) € nor f}

has d-dimensional measure zero. This is, in fact, Proposition 7.1 from [22] with a
restricted domain of f and nor (f,0) replaced by nor f, and the proof given in [22]
works also in our setting. Further, let us say that a k-dimensional affine subspace
F of R? is weakly tangent to the DC aura f in C if there exists (z,v) € nor f
such that z € F and v L F. As in Lemma 8.4 of [22], it can be shown that for
any 0 < k < d — 1, the set of affine k-subspaces weakly tangent to a DC aura f
in C' has measure zero, with respect to the motion invariant measure. (In fact,
Lemma 8.4 in [22] is stated only for 1 < k < d — 1, but the proof given there
works for k = 0 as well; moreover, the statement with & = 0 reads that 9f~1{0}
has d-dimensional measure zero, which clearly follows from [22, Proposition 7.1].)
Hence, by [22, Lemma 8.5], there exist linearly independent unit vectors vy, ..., vq
in R? and dense sets T}, ...,T; C R such that the affine k-subspace

d . _ _
{Z‘ER : x~vi1—til,...,x-vidfk—tidfk}

is not weakly tangent to f whenever t; € T;, i = 1...,d, 0 < k < d-—1 and
1 <4 < -+ < ig_ <d. The set A* can be found now as the intersection of
f~1{0} with a polytope

P::{xeRd: —s1<z-v1 <ty,...,—sa<x-vg<tyq}

with s;,¢; > 0 and —s;,t; € T;, @ = 1,...,d. (Indeed, P contains the origin
in its interior and P C B(0,r) if s;,t; > 0 are small enough. If, on the other
hand, r = co we can choose s;,t; large enough so that P contains B(0,s) for any
given s > 0.) The distance function g : = +— dist (z, P) is clearly a DC aura
and its restriction to B(0,r) does not weakly touch f. Hence, an application of
Lemma 2.14 guarantees that f 4+ ¢ is a DC aura in B(0,r). Let 0 < s < r be such
that P C B(0,s). By Lemma 2.2 (viii), there exists a DC function h : R — [0, 00)
such that hlgos) = (f + 9)lB(o,s)- Denoting p = dist (-, B(0,s)), the function
q = max{h,p} is a DC aura for A* (note that p~1{0} C P). O

Proposition 2.15. Let @ # A C R? be closed. Then, the following are equivalent.
(1) A s locally WDC.
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(ii) For any a € A there exist anr >0 and a DC aura f : B(a,r) — [0,00) in
B(a,r) for A (in particular, f~*{0} = AN B(a,r)).

Proof. Since any DC aura is also a DC aura in C for any C' C R? open convex, the
implication (i) = (ii) is obvious. To show the other implication, let A be a closed
set fulfilling (ii), and let a € A be given. By (ii), there exists a DC B(a,r)-aura f
for some r > 0. Using Lemma 2.13, we can find a (compact) WDC set A* which
agrees with A on some neighbourhood of a. Thus, A is locally WDC. O

Proposition 2.16 (Localization of WDC sets). Let A C R? be a WDC set, a € A
and s > 0. Then there exists a compact WCD set A* C A such that A* N B(a,s) =
AN B(a,s).

Proof. Apply Lemma 2.13 with r = oo. (]

3. DEFORMATION LEMMA FOR LIPSCHITZ MAPPINGS

Let X be topological space and ¥ C X. A continuous mapping H : X X
[0,1] = X is a deformation retraction of X onto Y if H(x,0) = & whenever x € X,
H(y,t) =y whenever y € Y and H(X x {1}) =Y (cf. [17, p. 2]).

The following lemma extends [5, Lemma 4.1], removing the smoothness assump-
tion. Note that the notion of a proper mapping is given in Remark 2.9 (iii).

Lemma 3.1. Let f : R? — R be Lipschitz and proper, M := {f < 0} # @ compact
and assume that 0 is a weakly regular value of f. Then there exist 0 < e < 1 and a
continuous mapping H : {f <e} x [0,1] = {f < e} such that
(1) |v| > e whenever v € df(x) and 0 < f(z) <e,
(ii) 4f 0 < f(z) < & then H(x,0) = and H(z,1) € OM,
(ii) if x € M then H(x,t) = for all t € [0, 1],
(iv) for any (x,t) € {0 < f <e} x[0,1],

SHH (@, t) — H(z.1)| < f(H(2.1)),
(v) if f(2) < e then
%dist (2, M) < f(2) < (Lip f) dist (2, M),

(vi) forany0 <r <e andy € OM there exists x with f(x) =r and H(z,1) =y,
(vil) for any 0 < r < g, the restriction of H to {f <r} x [0,1] is a deformation
retraction of {f <r} onto M.

Proof. Since 0 is a weakly regular value of f, there exists an ¢ > 0 such that (i)
holds, see Remark 2.9 (3). It is not difficult to see that we can take ¢ € (0,1).
Denote U, = {z : 0 < f(z) < €}. As the first step we show that there exists a
bounded C'* mapping F : U. — R? such that

(6) (F(x),v) > e whenever z € U, and v € 9f(z).

To show this, we slightly modify the construction from the proof of [2, Lemma 3.1].
Given u € S%1, denote V(u) == {v € R* : v-u > 5} and G(u) = {z € U, :
df(z) C V(u)}.

Let K be the space of all nonempty convex compact subsets of R? equipped
with the Hausdorff metric, and let V,V(u) (u € S?~1) denote its subsets of all
K € K contained in {v € R? : ¢ < |v| < Lip f}, V(u), respectively. Since V is
compact and covered by the open sets V(u), u € S~ there exist finitely many unit
vectors uy, ..., ug such that V C V(uy)U---UV(ug). Note that, by (i), df(x) € V
whenever x € U,. Thus, also U. C G(u1) U---UG(ug). Since z — 9f(x) is upper
semicontinuous (see (1)), the sets G(u;) are open, and there exists a C'* partition
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of unity 1 = Ele i on U, subordinated to the open cover G(uy),...,G(ug). The
mapping

k
F(z)=2 Z ~i(x)u;
i=1

then satisfies (6); note that ¢ < |F(z)| < 2 for all z € U..
Consider now the differential equation

(7) a'(t) = —F(z(t)), =2(0)=u=,

for x € U.. Since F is C*° smooth, it is locally Lipschitz in U, and, hence, there
exists a unique maximal solution ¢, : I, — U, for any € U.. Denote 7(z) =
sup I,; we shall find an upper bound for 7(z). Consider the function g, == f o ¢,

which is clearly Lipschitz and, by the chain rule for Lipschitz functions (see [4,
Theorem 2.3.9]), its Clarke gradient satisfies

99:(t) < {{@,(t),v) : veEIf(pa(t))}
= {=(F(pz(1)),v) : veIf(pa(t))}
(8) C [-2Lip f, —¢l;

we have used (6) and |F| < 2 in the last inclusion. The mean value theorem for
Lipschitz functions [4, Theorem 2.3.7] yields for ¢t € I,

9x(t) < 92(0) —et = f(z) —et, t>0,
and, since clearly g, (t) > 0, we obtain ¢t < f(x)/e, hence,
(9) T(x) < e ' f(z) < Lip f
since x € Us.

The mapping ¢, is Lipschitz (the norm of its derivative is bounded by 2, see
(7)) on I, and, hence, it has Lipschitz extension to I, U {7(x)} D [0,7(x)]. Note
that necessarily

9o (7(x)) =0, =zeU..
Indeed, g,(7(z)) > 0 by continuity, and if g,(7(z)) > 0 we would obtain a con-
tradiction with the fact that no maximal solution can end inside Uy, see e.g. [18],
Theorem in Ch. 8, §5.

‘We shall show now that 7 is continuous. Fix an z € U, and § > 0 and let z; — .
Then f(pz(7(x) —3§)) > 0, and, since the solutions of (7) depend continuously on
the initial condition z (see [18, Ch. 8, §6]), also f (¢, (7(z) —3J)) > 0 for sufficiently
large ¢, hence, 7(x;) > 7(x) — 6. Since § > 0 can be arbitrarily small, we get
liminf; 7(x;) > 7(x). For the other inequality, note that g,(7(z) — ¢) < 2(Lip f)o
by (8) and, again by the continuity in initial conditions, we have g,,(7(z) — 0) <
3(Lip f)¢ for sufficiently large 7. Using now the other bound from (8), we get that
ga; (T(2) — 0+ 1) < 0 provided that n = %6 and 7(z) — & + 7 lies in the domain
of g,,. But g,, > 0 on its domain, which implies that 7(z;) < 7(z) — 6 + 7, and
since ¢ (and, hence, also 7)) can be arbitrarily small, we get limsup, 7(z;) < 7(x).
Thus we have proved that 7 is continuous.

We define now

0 (t) : xeU, 0<t<7(x)
H(z,t) = (m(x)): z€U,7(x)<t<1
T flz) <0

The continuity of H can be shown similarly as in [5], the idea is as follows: Note
that the mapping H(z,-) is Lipschitz with constant 2 for each . Thus, for the
continuity in both variables, is is enough to show that H(-,t) is continuous for each
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t. Let t € [0,1] and = € {f < &} be given; the continuity of H(-,t) at x can be
seen by distinguishing several cases. (a) If f(z) > 0 and ¢ < 7(z) then we can
use [18, Ch. 8, §6], as above. (b) If f(z) > 0 and t = 7(x), choose an arbitrary
w > 0. Now consider an s < t and note that by (a), for y sufficiently close to z,
|H(y,s) — H(z,s)| <w/2. By the Lipschitz property of H in the second variable,
we have

\H(y,t) — H(z,t)| < %4—2-2(1?—3) <w

c

for t — s small enough. (c) If f(z) > 0 and ¢ > 7(x) then H(z,t) = H(z,7(x)) and
also H(y,t) = H(y,(x)) for y close to z, so our assertion follows from (b). (d) If
f(z) < 0 then H(x,t) = . Consider an y close to x; then either f(y) < 0 and,
hence H(y,t) = y is close to z, or f(y) > 0 and 7(y) is small due to (9), which
implies that |y — H(y,t)] < 27(y) is small as well and the proof of continuity is
finished.

The properties (ii) and (iii) follow immediately from the above considerations.
We shall verify (iv). If # € f~1((—o00,0]) or t > 7(x) then the inequality is obvious.
Take now = € U, and 0 < ¢t < 7(x) and note that, by the mean value theorem for
the Lipschitz function g, and (8),

f(H(2,1) = g2(t) = g(7(2)) + (7(2) — t)e = (1(2) —t)e

which, together with the fact that ¢, is 2-Lipschitz, implies (iv).

Using (iv) with = z and ¢ = 0 and the Lipschitz property of f, we obtain (v).

In order to prove (vi), take any y € M and a sequence y; — y with f(y;) > 0.
Since clearly H(y, 1) =y, we have H(y;,1) — y by continuity. If v, : I, — U, is any
maximal solution of (7), we have shown that g, (sup I;) = 0, and similarly it follows
that g, (inf I,,) = & (since if g, (inf I;) € (0,&) we would get a contradiction with the
maximality). Thus, any maximal solution hits all level sets {f = r} with 0 < r < e.
Hence, there exist t; € I, and z; € {f = r} with z; = ¢, (t;). Since the equation
(7) is autonomous, we have @, (t; +t) = @z, (t) whenever one side is defined (see
[18], Theorem 1 in Ch. 8, §7) and we obtain easily that H(z;,1) = H(y;,1) — .
It follows that any accumulation point x of (z;) satisfies f(z) = r and H(z,1) =y,
by continuity of H.

Property (vii) follows using the fact that f(H(x,t)) is decreasing in t. O

Corollary 3.2. Let f,M and e > 0 be as in Lemma 3.1. Then,
(1) x(M) =x({f <7}), 0<7 <¢,
(2) M is locally contractible (hence, locally arcwise connected),
(8) both M and R?\ M have finitely many connected components.

In particular, (1), (2) and (3) hold if M is a compact WDC set and f its proper
DC aura (c¢f. Remark 2.12 (v)).

Proof. Assertion (1) follows from (vii) and the well-known fact that any deformation
retraction is a homotopy equivalence, see [6, Ch. ITL5].

Lemma 3.1 implies that M is a retract of its open neighbourhood, hence, a Eu-
clidean neighbourhood retract, and such spaces are known to be locally contractible,
see e.g. [3, IV. (3.1), V. (2.6)]; this proves (2).

Finally, (3) follows from the well-known fact that the homology groups of a Eu-
clidean neighbourhood retract are finitely generated (see, e.g., [17, Corollary A.8]).

O

Notation 3.3. If @ # M C R?is a compact WDC set, we always fix f = far, € = e
and H = H); in the following way. First we choose a proper 1-Lipschitz DC aura
f for M (see Remark 2.12 (v)) and then choose 0 < ¢ < 1 and H as in Lemma 3.1.
Note that H(x,t) is defined for all x € B(M,¢) == {y : dist (y, M) < e}, t € [0, 1],
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and that |u| > & whenever x € B(M,e) and u € 9f(x). Indeed, since f is 1-
Lipschitz, we have B(M,e) C {f < ¢}.

Lemma 3.4. Let @ # M C R? be a compact WDC set. Let 0 < e = ey < 1 be
as in Notation 3.3. Suppose that 0 < § < ¢, z,y € OM and ¢ : [0,1] — R? is a
continuous curve for which

p(0) =z, (1) =y, »((0,1)) CRI\ M and diam (([0,1])) < 4.
Then there exists a continuous & : [0,1] = OM for which
k(0) ==z, k(1) =y, and diam(k([0,1])) < 66—5

Proof. Let f = fiy and H = Hjy; be as in Notation 3.3. Note that the function
k(u) = H(p(u),1), u € [0,1], is continuous with the range in M. By Lemma
3.1 (iii), (vi) we obtain, for each 0 < u <1,

[5(w) = p(u)] = [H(p(w), 1) = H(p(),0)] < —flo(w)
(10) < gdist (o(u), M) < ga.
Therefore, for each u € [0, 1],
I5(u) 2] < o) — ()| + () —a] < 2646 < 2.
Consequently, diam (x([0,1])) < & . O

Consider the situation of Lemma 3.1. If the mapping H would be, moreover,
Lipschitz, we would get that OM is (d — 1)-rectifiable (indeed, if 0 < r < & then
OM = H(-,1)({f =r}) by Lemma 3.1 (vi) and the level set {f = r} is a Lipschitz
manifold of dimension d — 1 since r is a regular value of f). The following example
shows, however, that the set M fulfilling the assumptions of Lemma 3.1 need not
be (d — 1)-rectifiable. Hence, the mapping H does not always exist Lipschitz (cf.
Question 8.1).

Ezample 3.5. There exists a compact set K C R? with empty interior and Hausdorff
dimension greater than 1 which admits a Lipschitz aura.

Proof. Fix an angle a € (0, ) and consider the points

1 1 1 1
+ _ - _ - + _ - -
V=* = <:l:2,0>, v <0,2tana>, B <j: <2 4(:052@)’0)
and triangles

H=conv{V~,V* V} and HT =conv{V* B% V}.

We further denote by v the size of the convex angle Z(B~V B™) and note that
y=7m—4dae (5,m).

Vv

V- B~ BT v+

It is not difficult to verify that all the three triangles H, H~, HT are similar.
Let ¢4, ¢_ be the similarities mapping H onto H™, H~ and keeping V',V ™~ fixed,
respectively. Both ¢,,¢_ are contracting similarities with the same coefficient

a = 2Céw € (%,1) and, hence, there exists a unique self-similar set K C R?
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satisfying K = ¢_(K) U ¢ (K), see [9, Theorem 9.1]. (The choice a = § at the
beginning would yield the well-known von Koch curve.) Moreover, the open set
condition clearly holds (with open set int H), hence, the Hausdorff dimension of K
is In %/ Ina € (1,2), see [9, Theorem 9.3], and elementary arguments lead to

VeKcHYUH™.

We will show that the distance function dg : o +— dist (z, K), © € R?, is a proper
Lipschitz aura for K. dg is clearly proper and 1-Lipschitz. We further show that

(11) |v| > — cos~y whenever x € R?\ K and v € dd (z).

This will imply that 0 is a weakly regular value of dx and the proof will be complete.
Let x,v be as in (11). Using [12, Lemma 4.2], we know that

UGCOI’IV{ r—y. yEHK(x)} = Cj,
|z =yl

where Il (2) denotes the metric projection of x to K (i.e., the set of all points of
K lying in distance dk () from x). Thus, |v| > dist (0, Cy). If Ik (z) is a singleton
then |v| =1 and (11) holds. In the sequel, we will assume that ITx (z) has at least
two points.

Assume that TIx () is contained in one of the triangles H, H~, say in H~.
Then, by the self-similarity of K, the preimage =1 = ¢_'(z) satisfies I (1) =
¢~ (g (x)) and, consequently, C,, agrees with C, up to a linear isometry (in
particular, dist (0,Cy,) = dist (0,C;)). If again IIx(x1) is contained in H~ or
HT, we iterate the same procedure until, after a finite number of n steps, we get
T, = ¢y om0 ¢7 (x), dist (0,C,,) = dist (0, Cy), Mg (z,) N (HH\{V}) # @
and Ik (z,) N (H- \ {V}) # @. (We use the fact that the diameter of Ik (x,,) is
positive and is increased by factor a~! in each step.) We shall write x instead of
T, in the sequel.

The open ball B := B(x,dk (x)) does not hit K, hence, V ¢ B and let V' denote
the intersection point of the segment z,V with 0B. We observe that z lies in
the interior of the (convex) angle Z(B~V B™) (it follows from the facts that v is
an obtuse angle, B intersects both H~ \ {V} and HT \ {V}, and V ¢ B). Let
y— € Ug(x)N(H-\{V}) and y; € lg(x) N (HT \ {V}) be such that the angles
B =/(Vay_) and By = Z(Vzy,) are maximal (recall that Ik (z) is a compact
set). Thus, denoting 8 := S_ + B4, 2 — [ is the central angle corresponding to the
inscribed angle Z(y_V'y;) and we have

2r —
5 = L-Viyr) > L(y-Vys) =2 7.
Since v > 7, we obtain 8 < 7 and
dist _
dist (0,C) = dist (2, 5=, 7) = cosé > —cos7y
[z —y-| 2

(note that the whole set IIx(z) lies on the shorter arc of 9B with endpoints y_,
y+). Thus (11) follows. O

4. GAUSS-BONNET FORMULA

We recall that a locally Lipschitz function f : R? — R is Monge-Ampére if there
exists a (necessarily unique) d-dimensional integral current without boundary D f
on R? x R? which annihilates the symplectic 2-form (Df L w = 0), its support has
bounded first component and for any g € C°(R? x R?),

Df(g- (ra)*) = [ gl V(@)

R
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where 7y : (z,y) — x is the first component projection, 4 is the volume form in
R? and V f(z) the gradient of f at = (which exists Lebesgue-almost everywhere by
the local lipschitzness). The support of Df is contained in {(x,u) : v € df(z)}.
See [13, Sect. 2] or [22, Def. 5.1].

Let f : RY — R be Monge-Ampere and let r be a weakly regular value of f.
Then we define the integral current

N(f.r) = —vgd(Df L (f omo)™ (r, 00)),
where
vi(zy) e (@y/lyl),  (2,y) € RTx (RT\ {0})
is the spherical projection. Note that the assumption that r is a weakly regular
value guarantees that the support of d(Df L (f o mp)~1(r,00)) is contained in

the domain of v, thus the push-forward vy is well defined. We also remark that
N(f,r) =lims,,, N(f,s)and if r is a regular value of f then

N(f,?") = V#<Df,f07l'0,7">7
see [11, §4.2.1, 4.3.4]. In what follows, we denote by m : (x,y) — y the second

component projection.

Proposition 4.1. Let f : R? — R be proper, Lipschitz and Monge-Ampére, and
assume that 0 is a weakly regular value of f. Then

(12) N(f,0)(po) = x({f <0}),

where @q is the Gauss form, i.e., the differential form of order d — 1 on R% x R
given as

wol(z,u) = (dwg) (7)) * (u I Qq),
wq = 742 /T(1 4 d/2) and x is the Buler-Poincaré characteristic.
Remark 4.2. Since any DC function is Monge-Ampere (see [22, Theorem 1.1]),
Proposition 4.1 applies whenever f is a proper Lipschitz DC aura for a compact
WDC set.
Proof. Let € >0, U. and F : U. — R? be as in the proof of Lemma 3.1. We define
F(x)
u:r————>=~—, xel,
|F ()] )
(recall that |F| > ¢/2 > 0),
V= {(z,y) € U. xR?: 0 & u(z),v}
and
ho: 0,1 xV — R x 5471
(t,2,y) = v(z, (1 -ty + tu(z))
(due to the definition of the domain V', h is well defined and smooth). Note that
h(0,z,y) = v(z,y) and h(1,z,y) = (z,u(x)), (z,y) € V.
In the following, we shall use the notation [0, 1] for both the closed unit interval

and the 1-dimensional current given by Lebesgue integration along it with natural
orientation. We denote

T :=hy([0,1] x (vx(Df L U.)));

T is a (d + 1)-dimensional current in R? x R? (for the definition of the cartesian
product of currents, see [11, §4.1.8]). The boundary of T' can be computed (cf. [19,
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§7.4.3))

OT = 0hy((0,1] x (rp(Df L U.)))

= h40([0,1] x (vx(Df L Uc)))

= hx[(61 = do) x (vx(Df L U:))] = h[[0,1] x O(vu(Df L Ue))]

= (Gomo)u(vu(Df L UL)) —va(Df L Ue) — hy0,1] x O(vu(Df L U))],
where dg, d; denote the 0-currents corresponding to the Dirac measure at 0,1, re-
spectively, and @(z) = (z,u(x)). Since Df has no boundary, the boundary of
Df L U, is supported in {z : f(z) € {0,e}}. The slice (T, f o mg,r) is defined for
a.e. 0 < r < ¢ and its boundary satisfies (see [11, p. 437])

NT, fomg,r) = —(0T, f omp, 7).
Thus, for almost all 0 < r < & we obtain
8<TafO7T07T> = *<(€LO7T0)#(I/#Df)7fO7TO7T> + <V#(Df L Ug),fOW07T>
= —ug((mo)xDf), f,r) + N(f,r)
= —ag(H Ner a, f,r) + N(f,7),

where €14 = e; A --- A eq is the canonical unit d-vector in RY. We apply now
both sides of the above equality to the differential form ¢o. We get by the Stokes
formula,

T, f omo,m) (o) = (T, f om0, 7)(dpo) = 0,

since dg = (—1)4 71w (m1)#Qq and (1) T is supported in the unit sphere which
has d-dimensional measure zero. Hence,

N(f,7) (o) = @ (H* Aer...a, f,7)(0)-

If0 < f(z) =r < e and Df(x) exists, let 7(z) be the unit (d — 1)-vector associated
with Tan (f~!{r},z) and oriented so that (r(z) A Vf(z),Q4) > 0. Using [11,
§4.3.8. (2)], we can write (H% Aey_a, f,r) = (H¥ L L f~1{r}) A 7 for almost all
0 <7 < ¢, and obtain

i e frlleo) = [ i) 1 @)
= [ (e D) i) 1
= (dwd)*l/ (Ng_ 1 Du)T(2) Au(z), Qq) HI (dz).
FH{r}

Let u, : {f = r} — S9! denote the restriction of u to the oriented Lipschitz
surface {f = r} with values in the unit sphere. We can write

(Ago1Du)r(x) ANu(x), Qq) = det Du,(x)

as the determinant of the differential Du,.(x) : Tan ({f = r},x) — Tan (S9!, u,.(z))
with respect to any positively oriented orthonormal bases of the tangent spaces, and
applying the Area formula to the last integral, we obtain

3 det Du,(x) .
(dva) /S 2 }detDu,«(a:)|Hd (dv)

N(fv T)(on)

€U, {v

(duwg)~" [3  dog(up, 0) W (do)
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with the Brouwer degree of w,., see [6, §VIIL.4], cf. [21, p. 27] in the smooth case.
The degree deg(u,.,v) = degu, is independent of v € S9! (see [21, p. 28]) and by
the Hopf theorem (see [6, §VIIL.4.9]), degu, = x({f < r}). Thus we get

(13) N(f,7)(po) = deg(ur) = x({f <7})

and, letting r tend to 0 and applying Corollary 3.2 (1), we complete the proof. O

5. SINGULAR SETS OF CONVEX AND DC FUNCTIONS

This section collects a few results on smallness of certain sets of singularities of
convex and DC functions that will be needed in the sequel. We start with two
propositions which are consequences of results from [23].

Proposition 5.1. Let X be a d-dimensional Hilbert space, 1 < k < d, Q C X
an open convex set, g and h Lipschitz convex functions on €2, € > 0 and denote
f =g —h. For each k-dimensional subspace K C X denote

zE = {zeQ: fl(z,v)+ fi(z,—v) > e whenever v € K and |v| = 1},
Z. U{ZEK : K is a k — dimensional subspace of X}.
Then

(i) each ZE can be covered by finitely many (d — k)-dimensional DC surfaces
associated with K,
(ii) Z. can be covered by finitely many (d — k)-dimensional DC surfaces.

Proof. The case h = 0 (hence, f is Lipschitz convex) was shown in [23, Lemma 4.3,
Proposition 4.4]. In the general case, consider the Lipschitz convex function o =
g+ h and note that for each z € ZX and each unit vector v € K, we have

/

e < |9;($7U)_h+(xa"’)+gg—($a —U)—hg_(l‘,—’(/)‘
< gy (@) + g\ (2, —v) + (B (z,0) + 1 (2, —v)) = o'y (z,0) + o) (2, —v).
Hence, the assertions follow from the first (convex) case. O

Proposition 5.2 ([23, Corollary 4.5]). Let Q C R? be an open conver set, f a
Lipschitz convex function on 2, and € > 0. Then the set

{z € Q: diam (0f(x)) > e}
can be covered by finitely many DC hypersurfaces.
As a corollary we obtain the following result.

Lemma 5.3. Let Q C R? be an open convex set, € > 0 and f = g — h, where g and
h are Lipschitz convez functions on . Then the set

M ={zeQ: f(x) =0 and there exists o € Of (z) with |a| > €}
can be covered by finitely many DC hypersurfaces.

Proof. Let x € M. Since 0f(x) C 0g(x) — Oh(z) (see [4, Proposition 2.3.3]),
there exist a3 € Odg(z) and ay € Oh(x) such that |ag — as] > €. Set p(y) =
max(g(y), h(y)), y € Q. Then u is clearly Lipschitz and convex. Since g(x) = h(z),
we have oy € dp(x) and ag € du(z) (see [4, Proposition 2.3.12]). So diam du(z) > e
and the assertion of the lemma follows from Proposition 5.2. O

Corollary 5.4. Let @ # C C R? be a bounded set and f a DC function on R?
such that f(x) =0 for every x € C. Let there exist € > 0 such that for each xz € C
there exists y* € Of (x) with |y*| > . Then C can be covered by finitely many DC
hypersurfaces.
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Proof. Write f = g — h with convex g, h and choose an open ball B containing C'
Extend g|p and h|p to Lipschitz convex functions h* and g*on RY, respectively.
Now it is sufficient to apply Lemma 5.3 with Q = R? and f* = g* — h*. O

6. RESULTS ON THE STRUCTURE OF WDC SETS IN R¢
6.1. Boundaries of (locally) WDC sets.

Proposition 6.1. For each compact WDC' set M C R?, its boundary OM can be
covered by finitely many DC hypersurfaces.

Proof. It M # @, let f = fa and € = )7 be as in Notation 3.3. Using Lemma
3.1 (i) and (1) we obtain that for each x € K := M there exists y* € 9f(x) with
ly*| > e. Consequently Corollary 5.4 implies our assertion. 0

Using Proposition 2.16, we easily obtain the following corollary.

Corollary 6.2. For each closed locally WDC set M C R<, its boundary OM can
be locally covered by finitely many DC hypersurfaces.

We will use the following terminology repeatedly.

Definition 6.3. Let 0 < k < d and A C R Then we denote by Al¥! the set of all
x € A, at which A locally coincides with a k-dimensional DC surface.

Obviously, A¥ is open in 4, Al9 = int A and A% is the set of all isolated points
of A. Further, if 0 < k < d and Al¥l # &, then AlFl is a DC manifold of dimension
k.

Proposition 6.4. Let M C R? be a closed locally WDC set such that M = int M.
Then (OM)14=1 is dense in OM.

Proof. Choose an arbitrary b € OM and r» > 0. It is sufficient to prove that
B(b,r) N (0M)14=1 +£ &, By Corollary 6.2 we can choose a relatively open subset
H of OM with b € H C B(b,r) and (d — 1)-dimensional DC surfaces P, ..., Ps
which cover H. Since H is locally compact, it is a Baire space (i.e., the Baire
theorem holds in H), see [8, pp. 249, 250]. Consequently there exists an index
j such that P; N H is not nowhere dense in H. Since P; is closed, there exist
z € H and 6 > 0 such that B(z,6) NOM C P;. Choose a (d — 1)-dimensional
space W C R?, a unit vector v € W+ and a DC function ¢ : W — R such that
P; = {t+ ¢(t)v : t € W}. Using continuity of ¢, we can clearly choose a ball
B(tg,w) in W and i > 0 such that z = tg + ¢(to)v and

{t+ (p(t) + T)v: t € B(tg,w), T € [-n,m]} C B(z,9).
Then the sets
Ay ={t+ (pt)+7)v: t € B(tg,w), 7 € (0,n)} and

Ay = {t+ (o(t) +T)v: t € B(to,w), 7 € (—n,0)}
are clearly open connected sets which do not intersect M and so, for i € {1,2},
either A; N M = @ or A; C M. The case Ay C M, Ay C M is impossible, since it
clearly implies z € int M. Also the case A1 "M = @, A, N M = & is impossible,
since it implies z ¢ int M. So either A1 C M and AsNM = & or Ay C M and
A;NM = @. In both cases we clearly have z € IM4~ N B(b, ) and our assertion
follows. O

Remark 6.5. [23, Example 7.12(i)] shows that, in the above proposition, we cannot
assert that OM \ (OM)[4~! has zero (d — 1)-dimensional Hausdorff measure even
in the case when M C R? is a set of positive reach.
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6.2. Lipschitz manifolds and sets with Lipschitz boundaries. In Section 7
we will completely characterize locally WDC sets in R?. For sets in RY, d > 3, we
do not know such a characterization (even for sets with locally positive reach).

However, we will give such full characterization for sets of “special types”, namely
for k-dimensional Lipschitz manifolds (cf. Definition 2.4 (b)) and for “closed Lips-
chitz domains”.

The easier implication of the following result was observed in [22, Proposi-
tion 3.2 (ii)]; we present a full proof for completeness.

Proposition 6.6. Let a closed set A C R?® be a Lipschitz manifold of dimension
0 <k <d Then A is a locally WDC set if and only if A is a DC manifold of
dimension k.

Proof. First suppose that A is a DC manifold of dimension k and a € A. Using
Lemma 2.2 (viii), it is easy to see that there exist W € G(d, k), a DC mapping
@ : W — W+ and r > 0 such that

ANnB(a,r)={y+¢y): y€ W}nB(a,r).
Consider the function
frxw |z —¢(rw ()], =€ R?,

where ¢(y) =y + ¢(y), y € W. By Lemma 2.2 (i), (iii), (iv), (vi), f is a DC
function and for each x with f(z) > 0 we have

/ LT ¢(Ww($))
fx,v(x)=1 at v(z): = orw @)
It follows that f'(y) - v(y) > 1 whenever f’(y) exists and, since v is continuous on
{f >0}, also v - v(z) > 1 whenever f(z) > 0 and v € df(z). Thus, 0 is a weakly
regular value of f and f is a DC aura for {f = 0}. Since AN B(a,r) = {f =
0} N B(0,7) by construction, we conclude that A is a locally WDC set.

To prove the opposite implication, suppose that A is a locally WDC set. Consider
an arbitrary a € A. Using Definition 2.11 and Proposition 2.16, we can choose § > 0
and a compact WDC set M C A such that M N B(a,d) = AN B(a,d). Let f = fu
and € = g)y be as in Notation 3.3. Diminishing 4, if necessary, we can suppose that
there exist W € G(d, k), a Lipschitz mapping ¢ : W — W=, § > 0 and an open set
U in W such that

B(a,0)NA=B(a,0) N M ={w+ p(w) : weU}.

Fix L > 1 such that ¢ is L-Lipschitz. Now consider arbitrary v € W+ n §4-1,
x € B(a,0) N M, t >0 and w € U. We will observe that, denoting wo = 7y (),
we have
(14)  d=|[(z+ 1) = (v + )] = [(wo + p(wo) + tv) = (w + p(w))| > %
Indeed, the inequality is obvious, if |w — wg| > ﬁ And in the opposite case we
have
4 4

d 2 |p(wo) +tv —p(w)| 2 t = |p(wo) — p(w)| 2 t = Ljw —wo| 2 5 2 57
Consequently there exists ¢y > 0 such that dist (z +tv, M) > 5t for each ¢ € (0, o).
Using also Lemma 3.1 (v), we obtain that f(z 4 tv) > 555 for 0 < t < min(to,e).
Since f(z) = 0, we have proved that for each € B(a,§) N M and v € W+ n §4-1
we have f (z,v) > 47. So Proposition 5.1 (i) (applied with Q = B(a,d) and
K = W+; note that if f = g — h, where ¢, h are convex on R, then ¢, h are
necessarily Lipschitz on each bounded set) implies that B(a,d) N M can be covered
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by finitely many DC surfaces associated with W=. Using Lemma 2.2 (ix), we easily
obtain that ¢ is locally DC on U. Therefore, A is a k-dimensional DC manifold. [

Remark 6.7. We do not know whether each k-dimensional topological manifold
which is locally WDC is a DC manifold. However, it is a DC manifold except a
nowhere dense set, see Corollary 6.25.

Definition 6.8. We will say that a closed set A C R? is a closed Lipschitz domain
(resp. a closed DC domain) if for each a € 0A there exist r > 0, W € G(d,d — 1),
v € WL NS4 1 and a Lipschitz (resp. DC) function ¢ : W — R such that

(15) ANnB(a,r)={w+tv: weW,t<epw)}nB(a,r).

Remark 6.9. Closed DC domains are called simply “DC domains” in [22] and are
considered as most natural examples of closed locally WDC sets (see [22, Proposi-
tion 3.3 (i)] and the title of [22]).

Theorem 6.10. Let A C R? be a closed Lipschitz domain. Then A is locally WDC
if and only if A is a closed DC domain.

Proof. Each closed DC domain is locally WDC by [22, Proposition 3.3 (i)]. The
following proof of the converse implication is quite analogous to the corresponding
part of the proof of Proposition 6.6.

Suppose that A # & is locally WDC and consider a point a € QA. Choose r, W,
v and a Lipschitz ¢ : W — R as in Definition 6.8; so (15) holds. Using Definition
2.11 and Proposition 2.16, we can choose 0 < § < r and a compact WDC set
M C A such that M N B(a,0) = AN B(a,d). Let f = fur and € = )7 be as in
Notation 3.3. It is easy to see that

(16) OM N B(a,d) ={w+e(w)v: we W}NB(a,d) ={w+ewv: welU}

for an open subset U of W. Fix L > 1 such that ¢ is L-Lipschitz. Now consider
arbitrary x € AN B(a,d), t > 0 and w € U. The same argument which was used
to prove (14) reveals that

t
> 57

2L
This inequality together with (15) and (16) easily implies that there exists to > 0
such that dist (z + tv, M) > 5 for each ¢ € (0,%p). Using also Lemma 3.1 (v), we
obtain that f(z 4 tv) > £55% if 0 <t < min(tg,e). Since f(z) = 0, we have proved
that for each x € B(a,d) N OM we have f) (z,v) > 7 (and f (2, —v) > 0, since
f is nonnegative). So Proposition 5.1 (i) implies (cf. the corresponding argument
in the proof of Theorem 6.6) that B(a,d) N M can be covered by finitely many DC
surfaces associated with W+. Using Lemma 2.2 (ix), we easily obtain that ¢ is
locally DC on U. Therefore, using Lemma 2.2 (viii), we easily obtain that A is a
closed DC domain. O

|(z + tv) — (w + p(w)v)

Remark 6.11. Note that in Theorem 6.10 it is not enough to assume that A is merely
a closed “topological domain”; consider the set A = {(x,y) € R?: |y| < 2%, > 0}
which is even a set with positive reach, but not a closed Lipschitz domain.

6.3. A technical lemma. Recall that by G(d,k) we denote the set of all k-
dimensional linear subspaces of R?. Now we will define two (well-known) notions
which substitute the notions of the angle between a vector and a subspace of R¢ and
the angle between two elements of G(d, k), but are more suitable for our purposes.

Definition 6.12. Let 0 # v € R? 0 < k < d and V,W € G(d, k). Then we define

dist (v, W
o(v, W) = |(v|)7
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Y(V, W) = max (sup{dist (v, W) : v € VNS '}, sup{dist (w,V): we WnS1}).

Lemma 6.13. Let 0 # z € R4, 0 < k < d and V,W € G(d,k). Then o(z,W) <
o(z, V) +~(V,W).

Proof. We can and will suppose that |z| = 1. Note that for v := 7y (2) we have
|z —v| = 0(z, V). Since |v| < 1, we have dist (v, W) < ~(V,W). Consequently
o(z, W) =dist (z, W) < |z —v| +dist (v, W) < a(2, V) +~(V,W).
O

Lemma 6.14. Let 0 < k < d and V,W € G(d, k). Let v :=~(V,W) > 0. Then
there exists a subspace Z of R® of dimension d — k + 1 such that

(17) for each 0 # z € Z, either o(2,V) > /3 or o(z, W) > ~/3.

Proof. Without a loss of generality we can suppose that there exists v € V N S9!
with dist (v, W) = 7. Set Z := span({v}UV*). Clearly dim Z = d—k+1. To prove
(17), consider an arbitrary z € Z N S%~1. Write z = \v + u, where u € V+. Now
distinguish two possibilities. If |u| > /3, then dist (z, V) = dist (u, V) = |u] > /3.
If ju] < 7/3, then |A| > 2/3, since v < 1 and |A| + |u| > |z] = 1. Consequently
dist (Av, W) > (2/3)7, and so dist (z, W) > dist (Ao, W) — |u| > (2/3)y —~v/3 =

v/3. O
Lemma 6.15. Let0 < k < d and W € G(d, k). Let @ # S CR%, 1/2>¢ >0 and
(18) o(sg —s1,W) <e whenever s1,82 € S,s1 # sa.

Then there exists a (2¢)-Lipschitz mapping g : mw (S) — W such that S = {w +
g(w): wemw(9)}.
Proof. Let 51,50 € S,s1 # sy and s; = w; + 2;, where w; € W and z; € W,

i = 1,2. Set s = 89 — 81, w ‘= wy — wy, 2 ‘= 29 — z1. Our task is to prove
|z] < 2e|w|. Clearly s = w + z and by (18) o(s, W) = % < e. Therefore |w| >
|s| = |z] > (1 —¢€)|s| > (1/2)|s| which implies |z| < e]s| < 2e|w]. O

Lemma 6.16. Let P := P, U--- U Py, where all P; C R? are DC surfaces of
dimension k, 1 < k < d. Let M C R? be a compact set and w > 0. Then there
exists a set E C R? which is a finite union of DC surfaces of dimension k — 1 such
that for each x € (PN M)\ E there exist n(xz) > 0 and W € G(d, k) such that,
denoting U :== B(xz,n(x)), the following conditions hold:

(i) If x ¢ P;, then P,NU = @.

(i) If © € P;, then there exists an w-Lipschitz, locally DC mapping ¥; : D; —

W+ such that D; C W is open in W and P, N U = {t +1;(t) : t € D;}.

Proof. Fix an open ball Q containing M and set « := w/(40d). For each 1 <i < s
choose W; € G(d,k) and a Lipschitz DC mapping ¢* : W; — Wz such that
P ={t+¢it) : t € W;}. Set m; = mw, and Q; = m;(Q). For each i, fix an
orthonormal basis (b, ...,b% ;) of W;t. Then there exist Lipschitz DC functions
oL, ..., 04, on W such that

(19) P'(t) = @1 (Ob + -+ v g (Wb, tE Wi

Write gog- = g§ — h;, where g;: and h; are convex functions on W;. Applying Propo-

sition 5.2 to Lipschitz convex functions g;- q, and h; q, we easily obtain in W; a
set N; which is a finite union of DC surfaces of dimension k£ — 1 such that, for each

i i o - i @ A\ N,
diam dg;(t) < 5 and  diam Oh}(t) < 57 for each t € Q;\ N;.
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Since i (t) C dg}(t) — O’ (t) (see [4, Proposition 2.3.3]), we obtain (for i, j and
t as above) that diam d@}(t) < a/d. For those i, j and t, choose L;Z € 9pi(t).
Using the upper semicontinuity of the Clarke subdifferential (see (1)), we can find
for each t € Q; \ N; its neighbourhood U} in W; such that, for each j,

(20) IL-LY'| < % whenever L € d¢) () for some 7€ U;.

Define the linear mapping L% : W; — W by the formula

(21) L4 () = Ly" (b + - + Lyt ()b, we Wi

We will show that, for each ¢t € ; \ N; and each j,

(22) |0 (ta) — @' (t1) — LM (to — t1)| < alty — t1| whenever ty,ty € UL,

To this end choose arbitrary t1,to € Uf. By Lebourg’s mean value theorem ([4,

Theorem 2.3.7]) we have, for each j, ¢%(t2) — @}(t1) = L(ty —t1), where L € 9’ (1)

for some 7 € U}. Therefore, using also (20), (21) and (19), we easily obtain (22).
Set B == {t+¢'(t): t € N;} and Ey := |J;_, E}. Then E is a finite union of

DC surfaces of dimension k — 1 by Lemma 2.6. Further, for z € (P, N M)\ Fy, set

Ve = {u+ L™ @) (y) : u € W;}. For each couple 1 <i < j < s define

Bij={re(PNM)\ Ey : € P,NP;and (V",V}") > (3/8)w},

Eg = U Bi,j and F = E1 @] E2.
1<i<j<s
To finish the proof, it is sufficient to show that
(23) Es is contained in a finite union of DC surfaces of dimension k — 1
and that
(24) for each z € (PN M)\ E there exist n(x) and W for which (i), (ii) hold.

We will infer (23) from [23, Lemma 4.3] (or Proposition 5.1). Indeed, we will
construct a Lipschitz convex function f on € and, for each couple 1 <i < j <s
and r € B; j, a (d — k + 1)-dimensional space V;; C R9 such that

(25) fi(z,v) + fi(x, —v) > o whenever v € V;%; with |v| = 1.

First we will construct, for each 1 < i < s, a convex function f; on R%. To
this end, fix ¢. For a while, we will write for the short ¢,b;,¢;,g;,h; instead of
@, b;, <p§,g§-, h; For each z € R?, we will define the “new coordinates” t(x) € W;
and y;(z) € R (j =1,...,d—k) of the point z by the equality « = t(z) + y1 (x)bs +
o+ ya—k(x)bg—k. Now for 1 < j < d — k we define a function s; on R? by the
formula

sj(z) = max(y;(z) — ¢;(t(x)),0), xcR%
Since each s; is by Lemma 2.2 (i), (iii), (iv), (vi) a DC function, we can write
s; = pj — q;, where p; and g; are convex functions on R?. Set f; := Z;tf(pj +4q;).
We will show that, for each z € (P, N M) \ Ex,

(26)  (fi)'(z,2) + (f:)'(x,—2) > a whenever |z]=1 and o(z,V") > w/8.
To this end, let z € (P,N M)\ E1, |2| =1 and o(z,V;") > w/8. Set t := t(x) and
w = t(2). Set L == L% let L(u) = Ly(u)by + -+ + Lq_g(u)bg_g, u € W;. Since
dist (2, V;*) > w/8, we have

|(U} + yl(z)bl +-- 4+ yd,k(z)bd,k) - (w + Ll(w)bl + -+ Ld,k(w)bd,k)\ > w/8
So we can find 1 < j < d — k such that |y;(z) — L;(w)| > w/(8d) = ba. First
suppose that

(27) yj(2) = L(w) + 5o
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By (22) we easily obtain, for all sufficiently small h > 0, the inequality
|0 (t + hw) — ¢;(t) — Lj(hw)| < ahlw].

So, since ¢;(t) = y;(x), using (27), we obtain for these h
(28)
@, (t+hw) < yj(z)+hLl;(w)+ahlw| < y;(z)+h(y;(2)—5a)+ah = y;(x)+hy;(2)—4ah.

j
Therefore s;(xz + hz) = max(y;(z) + hy;(z) — ¢;(t + hw),0) > 2ah. Since s;(z) =
max(y;(x) — ¢;(t),0) = 0, we obtain (s;)/, (¢, 2) > 2. Since s; > 0 and s;(x) = 0,
we have (s;), (z, —z) > 0, and thus (s;)’, (z, 2) + (s;), (¥, —2) > 2a. Therefore, it
is easy to see that

(29) (fi)p(z, 2) + (fi)\ (z,—2) > a.

The case y;j(z) < Lj(w) — 5a can be treated quite symmetrically. Indeed, in this
case (27) holds, if we write in it —z and —w instead of z and w. Since also all
subsequent formulas till (29) hold after these substitutions, we obtain that (29)
holds also in the second case.

Now put f:= 37, fi. Let 1 <i < j <sand x € B;; be fixed. By Lemma
6.14, there exists a (d — k + 1)-dimensional space Z =: V%, C R such that

(30) for each 0 # 2z € Z, either o(2, V") > w/8 or o(2, V") > w/8.

By (26), we obtain (25) in both possible cases. So, each B j, and thus also Es, is
contained in a finite union of DC surfaces of dimension k — 1 by [23, Lemma 4.3]
(or Proposition 5.1). Thus we have proved (23).

To prove (24), consider an arbitrary x € (PN M)\ E. Choose a 1 < j < s for
which z € P; and set W = Vf Now consider an arbitrary 1 < ¢ < s for which
x € P;. Set t :==m;(x), S; = {1+ (1) : 7€ U}} and consider arbitrary different
51,82 € S;. Then s; = t1 + i(t1) and sy = ta + (t2) for some t1,t € U} and
SS9 — 81 = <t2 —t1> + (g@i<t2) —Lpi(tl)). Set u == (tQ —tl) —l—Lt’i(tg —tl). Then u € ‘/zx
and (22) implies

[(s2 = 1) —u| = |@"(t2) — @"(t1) — LY (ta — t1)| < alts — t1] < afsy — s1].

Consequently o(sq—s1, V") < . Since x ¢ E5 and B; ; C Es, we have y(V*, W) =
(Vi Vi) < 3w/8. Using Lemma 6.13, we obtain that

(31) o(sg —s1, W) <a+3w/8<w/2 whenever 351,82 €5;,51 # sa.

Denote 7 := 7. By Lemma 6.15, (31) implies that there exists an w-Lipschitz
mapping g; : 7(S;) — W+ such that S; = {7+ ¢'(7): T €Ut} ={w+gi(w): we
m(S;)}. Setting £(t) ==t + (1), t € U}, and k = 70 &, we easily see that r is a
homeomorphism of U} onto 7(S;). Since both W; and W = W; are homeomorphic
to R¥, Brouwer’s Invariance of Domain Theorem (see e.g. [6, Ch. IV, 7.4]) implies
that the set 7(5;) is open in W. Using Lemma 2.7 we obtain that g; is locally DC
on 7(S;). Now choose n(z) so small that (i) holds and P;N B(z,n(x)) C S; for each
1 with € P;. Then (ii) clearly holds with D; := 7 (S;) and v¥; := ¢;|p,. O

6.4. Main results.

Lemma 6.17. Let f be a DC function in R, ¢ > 0, and let Py,..., Py be DC
surfaces of dimension 0 < k < d in R¢. Let AC P:= P,U---U P, be a bounded
set such that f(x) = 0 for each x € A. Then there exists a set T C R? which is a
finite union of DC surfaces of dimension k — 1 such that, if t € A\ T, then

(32) lim sup /() <ec.
p—apeP [P — 7|
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Proof. Denote

Z; ={x € ANP;: limsup 1) > c}.
p—z.peP; [P — |

Since (32) clearly holds for each = € A\ |J;_, Z;, it is sufficient to prove that, for
each fixed 1 < i < s,

(33) Z; can be covered by finitely many (k — 1)-dimensional DC surfaces.

Since P; is a k-dimensional DC surface, we can find W € G(d, k) and a DC mapping
@ : W — W such that P, = {w + p(w) : w € W}. Set 7 := my and ®(w) =
w+@(w), w € W. Then ® is a DC mapping and ® := (7|p,)~!. Set D := m(Z;) and
f = fo®. By Lemma 2.2 (i), (vi), (iv), f is a DC function on W and f(y) = 0 for

each y € D. Now consider an arbitrary d € D. Then z := ®(d) € Z; and so there
f(zn)

|zn—2]

exists a sequence (z,,) such that z,, € P;, x,, — x and > c. Set &y, := 7(xy).

Since 7 is 1-Lipschitz, we have f(i,) > c|&, — d|. Lebourg’s mean-value theorem
([4, Theorem 2.3.7]) implies that there exist points u,, € W and «,, € df(u,) such
that u,, — d and

<anv§3n - d> = f(in) - f(d) = f(iﬁn) > C|‘%n - d|
Consequently |a,| > ¢ and therefore (1) easily implies that there exists y* € df(d)
with |y*| > ¢. Since D = 7(Z;) is bounded, identifying W with R* and using
Corollary 5.4, we obtain that D can be covered by finitely many (k— 1)-dimensional
DC surfaces Si,..., Sy, in W = R*. Then Z; is covered by Q; = O(S5;), i =
1,...,m, and each Q; is by Lemma 2.6 a (k — 1)-dimensional DC surface in R?;
thus (33) holds. O

Lemma 6.18. Let 0 < k < d and W € G(d, k). Let D C W be a closed set,
w >0 andlet ; : D — W+, i = 1,...,p, be w-Lipschitz mappings. Denote
H; = {(t,ys(t)) : t € D}, i=1,...,p. Letd € D, 2,2 € W, and & :

[0,1] — R? be a continous mapping such that k(0) = d + zy, k(1) = d + 2z and
k([0,1]) C Hy U---UH,. Then
. |21 — 20
34 d 0,1]) > FL= 0l
(3) s (0,1 > B

Proof. Denote m := my and 7 = myy1. Further observe that all H; are closed sets.
Choose jo such that x(0) € Hj,. Set up := 0 and u; = max{u € [0,1] : &(u) €
Hj,}. Then clearly either u; =1 or x(u;1) € Hj, for some j; # jo. Then we define
up = max{u € [0,1] : k(u) € Hj,}, and so on. By this procedure we obtain
numbers 0 = up < uj--- < ug = 1 with 1 < ¢ < p and pairwise different indexes
Jo,J1,- - -5 Jg—1 such that {x(ug),x(uk41)} C Hj, for each 0 < k < ¢ — 1. Since
clearly Zz;é |7 (k(uk+1)) — T(K(uk))| > |21 — 20|, we can choose 0 < k < ¢ — 1 for
which |7 (k(uk+1)) — T(k(ugk))| > (1/p)|z1 — #0|. Since

r(ur) = m(k(ur)) + P (r(m(ur))) and w(upr) = 7(r(uren)) + 9 (m(k(urg1))),

we have

|7 (k1)) =7 (R (ur))| = [V, (7 (5 (ur41)) =5, (7 (5 (ur))) ] < wlm (k1) =m(m(ur))].

Consequently we obtain (34), since

K (uk+1) — £(ur)| 2 |m(k(ursr)) — 7(k(ur))| = Z%M = zo)-
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Proposition 6.19. Let M C R? be a compact WDC' set and A a nonempty rela-
tively open subset of M. Let AC Py U---UP; = P, where all P; are DC surfaces
of dimension 0 < k < d. Then A\ A¥l can be covered by finitely many DC surfaces
of dimension k — 1.

Proof. Let f = fay and 0 < € =€)y < 1 be as in Notation 3.3. Choose a set E
by Lemma 6.16 corresponding to w = £.. Further choose a set T' by Lemma 6.17
corresponding to ¢ := ¢/5. Since the set EUT is a finite union of DC surfaces of
dimension k — 1, it is sufficient to prove A\ (EUT) c A,

To this end, choose an arbitrary € A\ (EUT). By the choice of F, there exist
n(x) > 0 and W € G(d, k) such that, denoting U = B(x,n(x)), conditions (i) and
(ii) of Lemma 6.16 hold. So, if € P;, we can choose corresponding D; and ;. We
can and will suppose that, for some 1 < p < s, {i : x € P,} = {1,...,p}. Recall
that (see Lemma 6.16 (ii))

(35) w; is w — Lipschitz on D;, i=1,...,p.

Denote 7 == 7y, T = myo and tg := 7w(x). Since T is closed, we can choose
p € (0,¢) so small that

(36) Ble,p) CU\T,
(37) B(to,p) "W C D; for 1 <i < p and
(38) M N B(x,p) = AN B(x, p).
Note that
(39) MnNB(z,p)=ANB(z,p) CANU C P U---UDP,.
Choose § € (0, p) such that

6

We will now prove that
(41)  for each t € B(tg,d) N W there is at most one x € ANU with 7m(z) = t.

So suppose to the contrary that there exist t € B(ty,d) N W and x1,20 € ANU
such that x; # zo and w(x;) = w(x2) = t. Using (39), we can suppose that
T1,22 N A = {x1,22}. Choose indices iy # is such that x; = t + ¢, (¢) and
o =t + 1, (t). By (35) we obtain

[9is (8) = i (o) < (1/8)[t — to] < (1/8)8, k=1,2.

Thus |x1 —z2| = |, () =4, ()| < 6 < e. Now set p(u) = z14u(ze—2z1), u € [0, 1].
By Lemma 3.4 there exists a continuous « : [0, 1] = OM for which

(42) k(0) = 21, #(1) = 22, and diam (k([0,1])) < M
Using also (35) and (40), for each 0 < u < 1 we obtain

66
(43) () ] < s — ] + dinmn (s([0, 1)) < 6+ (1/9)3 + 2 <

and so w(k(u)) € Bl(to,p) "W and k(u) € Py U---U P, by (39). Therefore,
denoting D := B(tg,p) N W and H; = {(t,;(t)) : t € D}, i = 1,...,p, we
have x([0,1]) C Hy U---UH, by (37). Thus we can use Lemma 6.18 and obtain
diam (x([0,1])) > |z1 — z2|/(pw) > 8|x1 — x2|/e, which contradics (42).

Now, setting M* := M N B(z,0) = AN B(z,0) C ANU, we will show that

(44) Blto,5/8) "W C w(M*).
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So suppose, to the contrary, that there exists t € (B(to,0/8) N W) \ w(M™*). Since
m(M*) is compact and ty € w(M™*), we can choose z € 7(M*)N B(tg, d/4) such that
|z — t| = dist (¢, 7(M*)). By (39) we can find 1 < j < p such that y .=z +¢,(2) €
M*. Setting z,, = z+ (t—z)/n, we have clearly |z, —z| = dist (z,, 7(M*)). By (37)
zn € B(to,6/4) N W C D; and consequently we can define y,, 1= 2z, + 9;(2,) € P;.
Observe that

[y — 2l < |2 — to] + l5(2) — 3 (t0)] < 6/4+ (1/8)5/4 < 6/2.
It easily implies that, for all sufficiently large n, we have
dist (yn, M) = dist (yn, M™*) > dist (zn, 7(M™)) = |2, — 2|,
and so f(yn) > (¢/2)|z, — 2| by Lemma 3.1 (v). Further
lyn =yl < lzn — 2+ [¥5(zn) — ¥5(2)] < 2[zn — 2]

Consequently limsup,, o f(yn)/|yn —y| > /4, which contradicts the choice of
T, since y, € P, yp =y, y € A\ T by (36) and M* C A. Thus, (44) is proved.

Using (41) and (44), we obtain that there exists a uniquely determined function
¢ : B(to,0/8) NW — W+ such that u+ ¢(u) € ANU for each u € B(ty,5/8) NW.
Since u + ¢(u) € M* for each u € B(ty,d/8) N W and M* is compact, we obtain
that ¢ is continuous. (Indeed, g := 7|ps+ is continuous and injective by (41), (39),
and so g~! is continuous. Now use that u + ¢(u) = g~ *(u), u € B(ty,5/8) N W.)

Since ¢(u) € {t1(u), ..., ¥p(u)}, u € B(ty,0/8) "W, Lemma 2.2 (ix) gives that
¢ is a DC mapping.

Since

ANUNT Y (B(to,d/8) NW) = {u+ ¢(u) : u€ Blty,d/8) N W},
we easily obtain = € Al¥l, ]

Now we can prove our main results on the structure of WDC sets.
Recall that, by definition, DC surfaces of dimension 0 in R? are points and the
only DC surface of dimension d in R? is R,

Theorem 6.20. Let M C R? be a compact WDC set and A a nonempty relatively
open subset of M of topological dimension k. If k = 0, then A is a finite set. If
k >0, then
(i) A¥l +£ & (and so A is a DC manifold of dimension k).
(ii) A\ A" can be covered by finitely many DC surfaces of dimension k — 1.
(iii) A can be covered by finitely many DC surfaces of dimension k.

Proof. Set
k* :=min{0 <s<d: A can be covered by finitely many DC surfaces of dimension s}.

If k* = 0, then A is finite and k& = k*. If k* > 0, then Proposition 6.19 (for
k* < d) and Proposition 6.1 (for k* = d) imply A*"] £ @. Consequently k = k*
and so (i) and (iii) are obvious. The property (ii) follows from Proposition 6.19 and
Proposition 6.1. (]

Remark 6.21. (a) Obviously, (i) and (ii) imply that k = dimy,, A = dimpy A.
(b) In the special case when M has positive reach, Federer’s results which are
stated in [10] without a proof and are proved in [23] give that (if 0 < k < d),
AW is a C'B' manifold. In this special case, properties (ii) and (iii) are
contained in [23]; in [10] it is proved that A\ Al is countably (k — 1)-
rectifiable (which implies that A is countably k-rectifiable).
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Using Definition 2.11 (of a locally WDC set) and Proposition 2.16, it is easy
to deduce from Theorem 6.20 its following “local version”. Namely, properties (ii)
and (iii) follow immediately and (i) is a consequence of (ii) (which implies that
dimy,, (A \ AF) <k —1).

Corollary 6.22. Let M C R? be a closed locally WDC set and A a nonempty
relatively open subset of M of topological dimension k. If k = 0, then A is an
isolated set. If k > 0, then
(i) AM £ & (and so A is a DC manifold of dimension k).
(ii) A\ AlFl can be locally covered by finitely many DC surfaces of dimension
kE—1.
(iti) A can be locally covered by finitely many DC surfaces of dimension k.

An easy consequence of Corollary 6.22 is the following result.

Proposition 6.23. Let A be a nonempty relatively open subset of a closed locally
WDC set M C R%. Define the “regular part” of A as Areg i= U?:o Al Then Areg
is open and dense in A.

Proof. 1t is clear that A,.q is open in A. We will prove that
(45) Apreg is dense in A

by induction on k := dim A. The case kK = 0 is trivial by Corollary 6.22. Now
suppose that a 1 < k < d and (45) holds for all A with 0 < dim A < k. Let now
M and A such that dim A = k be given. Set A := A\ A, Then A is a relatively
open subset both of A and of M. If A = &, then (45) clearly holds. If A # &, then
dim A < k by Corollary 6.22 (i). So, applying the induction assumption to A, we
easily obtain (45). O

Remark 6.24. Let M C R? be a closed locally WDC set. By Corollary 6.22, the
set M \ M,y (which is nowhere dense in M by Proposition 6.23) has localy finite
(dim M — 1)-dimensional Hausdorff measure. So, if M is compact, M \ M,., has
finite (dim M — 1)-dimensional Hausdorff measure.

Corollary 6.25. Let M C R? be a closed locally WDC set which is a k-dimensional
topological manifold (1 < k < d). Then there exists a closed set N C M which is
nowhere dense in M such that M \ N is a k-dimensional DC manifold.

Proof. Since Alll = & for each I # k, the assertion follows from Proposition 6.23. [

7. WDC SETS IN PLANE

In this section we will call a 1-dimensional DC surface in R? a DC graph. Under
a rotation (in R?) we always understand a rotation around the origin.

Remark 7.1. Let P C R? be a DC graph of the form P = {w + p(w) : w € W},
where W € G(2,1) and ¢ : W — W+ is a Lipschitz DC mapping. Let a = c+¢(c) €
P. Then
(i) Tan(P,a) NSt is a two point set,
(ii) Tan (P, a) is a 1-dimensional space iff ¢'(c) exists, and
(iii) there exist DC graphs P, P, C R? such that P C Py UP,, a € Py N P, and
Tan (P;, a) is a 1-dimensional space, i = 1, 2.
Indeed, without any loss of generality we can suppose that W is the z-axis and
a = 0. Then P is the graph of the function ¢ : R — R, 9(t) := ¢((¢,0)) - (0,1).
Since ¢/, (0) exist by Lemma 2.3 and ¢'(0) exists iff ¢'(0) exists, (i) and (ii) follow
from well-known elementary facts.
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To prove (iii), it is sufficient to define 4; and 15 as the odd functions, which
coincide with ¢ on [0,00) and (—o0,0], respectively, set P; = graphiy, Py =
graph 19, and use (ii) and Lemma 2.2 (iv), (vi), (ix).

Further, in this section, we will say that a function f defined on a set D C R is

a DCR function if it is a restriction of a DC function defined on R<.
Lemma 2.2 (viii) implies that
(46) if g is DC on (a,b) and [c,d] C (a,b), then g|[.q is DCR.
If 2 € R? and v € S* we denote by v, ,, the unique orientation preserving isometry
on R? that maps 0 to z and (1,0) to z + v.
Further, for u > 0, s € (0,00], 2 € R? and v € S, we define
Ay ={(z,y):0<z <s,—zu<y<zu} and AL(z,v)="7,,(AS).

For v,w € S! (possibly v = w), we denote by arc(v, w) the open arc on S whose
closure is the image of a simple (or closed simple) counter-clockwise orientated curve
starting at v and terminating at w. More generally, if » > 0 and p,q € 9B(0,r), we
denote the corresponding arc on dB(0,r) by arc”(p,q) = r - arc(Z, 1).

For BC R? and t € R, we set By .= {y € R : (t,y) € B}. We also define
I : R? = R by Iy (z,y) = .

If K CRand f: K — R is a function, then hyp f and epi f will be used for
hypograph and epigraph of f, respectively;

hyp f={(z,y) eR* 1z € K, y < f(2)}, epif :={(x,y) eR*:z € K, y > f(2)}.

Similarly we define strict hypograph and strict epigraph of f by

hyps f:={(z,y) e R*:z € K, y < f(2)}, episf={(z,y) ER* 1z € K, y > f(x)}.
We will need the following lemmas.

Lemma 7.2. Let 6 > 0 and let f be a DC function on (—9,8) with f(0) = 0.

Then there exists w € (0,9) such that the function R(x) = \/x? + f2(z) is strictly
increasing on [0,w) and strictly decreasing on (—w,0].

Proof. By Lemma 2.3, for each 0 < = < 0, there exists R/, () = R?w) (14 f(;) fi(x))

and limg o4 (1 + @fﬁr(az)) =14 (f,.(0))> > 0. Consequently the (continuous)
function R is strictly increasing on some [0,w). Considering the function g(x) =
f(=xz), we easily obtain the rest of the lemma. d

Lemma 7.3. Let P be a DC graph in R? and 0 € P. Suppose that Tan (P,0) is
a 1-dimensional space and (0,1) ¢ Tan (P,0). Then there exists p* > 0 such that,
for each 0 < p < p*, there exist « < 0 < 8 and a DCR function f on («a, 3) such
that P N B(0, p) = graph f|,g)-

Proof. Let P = {z+ p(2) : 2 € W}, where W € G(2,1) and ¢ : W — W is
a Lipschitz DC mapping. Choose w € W N St and set w(t) = (w1 (t),ws2(t)) =
tw+ p(tw), t € R. Then w is a Lipschitz DC mapping, P = w(R) and w; = II; ow.
By the assumptions and Remark 7.1 (ii), ¢’(0) and consequenly also w’(0) exist
and wj(0) # 0. We can (and do) suppose that w/(0) > 0 (since otherwise we can
consider w = —w instead of w). Lemma 2.3 implies that there exists ¢ > 0 such
that (w1)’y (t) > ¢ for each t € (—c,c). Consequently wy(v) — w1 (u) = [ w(t)dt >
c(v — u) whenever —c < u < v < ¢, which easily implies that (w;)~! exists and is
(1/¢)-Lipschitz on its domain (v,d) with v < 0 < §. Setting P* := w((—c,¢)), we
obtain that (IT;|p-)~! = wowfl is Lipschitz. Therefore P* is a graph of a Lipschitz
function g : (v, 4) — R, which is DC by Lemma 2.2 (iv), (v), (vi), (vii). Now, using
the obvious fact that 0 ¢ P\ P* and applying Lemma 7.2 (to g) together with (46),
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it is easy to show the existence of p* such that, for each 0 < p < p*, corresponding
a, B and f (f = gl(a,p)) exist. O

Definition 7.4. Let M C R? and r,u > 0. We say that
(i) M is a T},-set if M N A2 = {0}.

(ii) M is a Tﬁu—set if M D A2

(iii) M isa Tsu—set if there is a DCR function U : [0,7) — R such that U/ (0) =
0, graph U C A% and M N A%* = hypU n A%,

(iv) Misa Tr‘fu-set if there is a DCR function L : [0,7) — R such that L/, (0) =
0, graph L C A¥ and M N A2% = epi L N A%

(v) Misa Tgu—set if there are DCR functions U, L : [0,7) — R such that L < U

n [0,7], U, (0) = L' (0) = 0, graphU, graph L C A%, and M N A2* =

hyp U Nepi L.

(vi) M is of type T® (i = 1,2,3,4,5) at € M in direction v € S* if the
preimage (V,,,) "1 (M) is a T} ,-set for some 7, u > 0.

Remark 7.5. (i) Clearly, if M is a Tj7u—set (resp. of type T% at  in direction
v), then 7 is uniquely determined.
(ii) If M is a T} ,-set and & > 0, then clearly M is a T}. ,.-set for some r* < §,
u* < 0 (note that U’ (0) = L/, (0) = 0 in Definition 7.4).
Remark 7.6. For M C R2 with 0 € M and 1 <1 < 5, set
(47) V;={veS': Misof type T" at 0 in direction v € S*}.
Then clearly
(i) V4 and V4 are open in S'.
(ii) If K C Vi (resp. K C V) is compact, then the “covering definition of

compactness” easily gives that there is p > 0 such that K, = {tv: v €
K, 0<t<p}nNM= (resp. K, C M).

Lemma 7.7. Let M # @ be a compact WDC set in R?, u,s,t > 0, N € N. Let
e = epr be as in Notation 3.3. Suppose that OM N AY is covered by the graphs of
o -Lipschitz functions fi,..., fn : R — R and that OM N A2 C AY. Suppose
that

12 12
(48) 2su < g, o1 and t(l—i—u) <s
€ €

Then (M N A2%), is connected for every 0 < z < t.

Proof. Suppose for contradiction that (M NA?*)., is disconnected for some 0 < z <
t. This implies that there are

p.q € OM N ({2} x (A7).),

p # q, such that pg N M = {p,q}. Consider ¢ : [0,1] — Pq defined as ¢(a) =
(1 — a)g + ap. By Lemma 3.4 with 6 = |[p — ¢| = diam (¢([0,1])) (note that
lp — ¢| < 2zu < 2tu < 2su < € by the first and third inequality in (48) together
with the inclusion M N A%* C AY) there is a mapping & : [0,1] — OM such that
k(0) = ¢, k(1) = p and

(49) diam ([0, 1]) < %‘5 _Slp=dl _ 12uz

Since 12%
the third inequality in (48), we infer from (49) that

12 12
I (1([0, 1)) € |2 — :Z,z—f— :Z c (0, 5).

€ €
< z by the second inequality in (48) and z + 2124 < #(1 4 124) < s by

g €
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This easily implies (using M N A2* C AY) that x([0,1]) C A%. However, by the
assumptions of the lemma together with Lemma 6.18 (used with |z — 2| = ¢ and
w = 135 ), we obtain diam (x([0, 1])) > % = 120 which contradicts (49). O

_75’

Lemma 7.8. Let M be a closed locally WDC set in R?, x € OM and v € S*. Then
there exists 1 < i <5 such that M is of type T at x in direction v.

Proof. We may assume (by Proposition 2.16 and Corollary 3.2) that M is compact
and connected. By Definition 7.4 (and the fact that isometric images of locally
WDC sets are locally WDC, cf. [22, Theorem 7.5]), it is sufficient to prove that if
0 € OM, then there exist r,u > 0 and 1 <14 < 5 such that M is a Tﬁyu—set. Let epf
be as in Notation 3.3.

By Lemma 6.1 OM can be covered by finitely many DC graphs Py, ..., P,. Put
I={i:0€ P}. IfI = &, then there clearly exist r,u > 0 such that IMNA2* = {0}
and so M is either a Tr{u—set oraa TEU—Set.

If I # &, then we can suppose that I = {1,..., N}. Due to Remark 7.1 (iii) we
can and will also suppose that Tan (P;,0) is a 1-dimensional linear subspace.

Put [ = {i : Tan(P;,0) = span{(1,0)}}. Again, if I = &, then there exist
r,u > 0 such that M N A2 = {0} and so M is either a Trl,u-set oraa Tf)u—set. If
I # @, then we can suppose that 7 = {1,..., N}.

Using Lemma 7.3 and Lemma 7.2 we obtain that for each 1 <14 < N there exist
u;, 8; € (0,00) and a DCR function ¢; on [0, s;) such that P; N A?:“ = graph ;.
Note that (¢;)!,(0) = 0 and so, using Lemma 2.3 we obtain s,u > 0 such that,
denoting f; = @il[0,s), we have

(f1) (fi)4(0) =0, fi(0) = 0 and f; is $2%-Lipschitz and DCR for every i,

(f2) OM N AY is covered by the graphs of f;,
(f3) OM N A%w C AY,
(f4) 2su < epy and 124 < 1.

EM

Using Lemma 7.7 we obtain that
(50) (M N A?*), is connected for every 0 <z <t

provided ¢ satisfies ¢(1 + #2%) < s. Pick any such ¢.
_ Define functions U,L : (M N A?) - R by U(z) = max(M N A?), and
L(z) = {rlin(]N\/.fﬁAf“)m, x € T (MNA?*) (note that (MNAZY), is always compact).
Clearly U > L on II;(M N A?%).
Put
AE = (A2 AR N {(2,y) : 4y > O},
There are four possible cases
(a) AANM=A"NM =g,

(b) AtNM =@ and A~ NM +# 2,

(c) AFfNM #@and A~ NM =g,

(d) At NM #@and A~ NM # 2.
Observe that by (f3) we have

(51) L(z) = —2uz, z € [0,t), in cases (b) and (d)
and
(52) U(z) = 2uz, z € [0,t), in cases (c¢) and (d).

Suppose that M is not a Tr{u—set for any r > 0. We then claim that

(53) U and L are DCR on [0,7) for some 7 > 0.
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By (51) and (52) it is enough to prove (53) for U in cases (a) and (b) and for L in
cases (a) and (c).

Clearly
(54) graphU C A in cases (a) and (b)
and
(55) graph L C A in cases (a) and (c).

We will consider only the function U in cases (a) and (b), the case of L in cases
(a) and (c) can be proven analogously.

So suppose that either (a) or (b) holds. Then, using the fact that M is connected,
we obtain that IT; (M N A?%) has at most two connected components, of which one
contains an interval of the form [0, 2r] for some £ > 7 > 0 (if not then M would be
a Trl u-Set).

We prove that U is continuous on [0,2r]. First note that U is continuous at 0
by (54). Pick z € (0,2r]. Since M N A2“ is relatively closed in A?%, we obtain that
U is upper semi-continuous at z, that is

limsup U(y) < U(z).
y—x, y€[0,27]

It remains to prove that

v

liminf  U(y)

y—x, y€[0,27]

To do that assume for a contradiction that there is € > 0 so that
liminf U(y) = U(x) —e.

y—x, y€[0,27]

This implies that there is a sequence y, — z, y,, € [0, 2r], such that lim, .. U(y,) =
U(z)—e. Pick 0 < a < . Then (y,,, U(yn)+a) € M for sufficiently big n and since
(Yn, U(yn)+) — (2,U(z)—e+a) € M we obtain that (z, U(z)—e+a) € IMNAY,
But that being true for all 0 < o < ¢ is a contradiction with (£2).

Extend U by setting U(z) := 0, z € [~2r,0). U is now continuous on [—2r, 2r]
and by (f2), graph U is covered by the graphs of f; together with the graph of
fo = 0. Hence, we obtain that U is DC on (—2r,2r) by Lemma 2.2 (ix) and so U
is DCR on [0, 7) by (46). This proves (53). Pick some r > 0 such that U and L are
DCR on [0,7). It follows that both U’ (0) and L/, (0) exist and, moreover, they are
both equal to 0 by (f1) and (£2).

Put U = U, and L := L|jg,). Then by (51), (54), (52) and (55) we easily
obtain that (a) implies that M is a Tfu set, (b) implies that M is a Tfu set, (c)
implies that M is a T,‘,fu set and (d) implies that M is a Tf,u set. O

Now we will define important notions of “DC sectors”.

Definition 7.9. (i) A set S C R? will be called a basic open DC sector (of
radius r) if S = B(0,rbNepig(f), where 0 < r < w and f is a DC function
on (—w,w) such that f(0) =0, R(x) := \/x2 + f?(x) is strictly increasing
on [0,w) and strictly decreasing on (—w,0].

By an open DC sector (of radius r) we mean an image (.S) of a basic
open DC sector S (of radius ) under a rotation -.

(ii) A set of the form ~v(hyp fNepig)NB(0,r), where « is a rotation, 0 < r < w
and f,g: [0,w) = R are DCR functions such that g < f, f(0) = g(0) =
fi(0) = ¢/.(0) = 0 and the functions Ry(x) = /22 + f?(x), Ry(z) =

22 + g%(x) are strictly increasing on [0,w), will be called a degenerated
closed DC sector (of radius r).
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Remark 7.10. (a) If f is a DC function on (—w,w) with f(0) = 0, then Lemma
7.2 implies that there exists r > 0 such that S = B(0,r)Nepis(f) is a basic
open DC sector.

(b) Let S be a basic open DC sector and 0 < r < w and f be as in Definition

7.9. Then

(b1) For each 0 < r* < r, SN B(0,r*) is a basic open DC sector.

(b2) There clearly exist —r < a < 0 < b < r such that (¢, f(¢)) € B(0,r)
for t € (a,b), (t, f(t)) € OB(0,r) for t € {a,b} and (¢, f(t)) ¢ B(0,r)
for t € (—w,w) \ [a,b]. Distinguishing the cases when f(a) > 0 and
fla) < 0 (f(b) > 0 and f(b) < 0), we easily see that in all possi-
ble four cases S is an open connected set with 9.5 = graph(f](,,5) U

arc”((b, f(b)), (a, f(a))).

We will need the following lemma, whose elementary proof will be ommited.

Lemma 7.11. Let s,u >0, 0 <r < w and let h be a DCR function on [0,w]. Sup-
pose that h(0) = 0, h'(0) = 0, graph h C AY and the function Ry(x) := /22 + h?(x)
is strictly increasing on [0,w]. Let arc”(p,q) = A%* N rS'. Then there eists
0 < ¢ < r such that (t,h(t)) € B(0,r) fort € [0,¢), (¢,h(c)) € 0B(0,r) and
(t,h(t)) ¢ B(0,r) fort € (c,w). Further,

(i) the set PT :=epighNint A2* N B(0,r) is open and connected and

8P+ = graph h[O,c] U aI‘CT((C, h(C)), Q) U @a
(ii) the set P~ :=hypshNint A2 N B(0,r) is open and connected and
0P~ = graph hyy o Uarc”(p, (¢, h(c))) UOp.

Lemma 7.12. Let w > 0. Let f be a DC function on (—w,w) and let g,h be DCR
functions on [0,w) such that g(0) = h(0) = ¢/, (0) = A/ (0) =0 and g < h on [0,w).
Then

(i) there is a DC aura F in (—w,w) X R for hyp f,

(ii) there is a DC aura G in (—w,w) X R for hyphNepig.

Proof. To prove (i) consider the function F' : (—w,w) x R — R defined by F(z,y) =
max(y — f(z),0). First note that F' is DC by Lemma 2.2 (i). Moreover, if y > f(x)
and x is a point of differentiability of F' then the second coordinate of VF(z,y) is
equal to 1. Hence from the definition of the Clarke subgradient (which is recalled
in the preliminaries) it follows that the second coordinate of every v € 0F(x,y) is
also equal to 1 whenever y > f(z). This in particular implies that 0 is a weakly
regular value of F and so (i) holds, since hyp f = F~1({0}).
To prove (ii) consider the function G : Dg = (—w,w) x R — R defined by

g(z)—y ifz>0andy<g(x),
y—h(z) ifx>0andy> h(x),
0 if x>0 and g(z) >y > h(z),

V22 +y? otherwise.

The fact that G is DC follows from Lemma 2.2 (i), (ix).

To prove the weak regularity of 0, first observe that if (u,v) € Dg, u > 0, G is
differentiable at (u,v) and v > h(u) (resp. v < g(u)), then the second coordinate
of VG(u,v) is equal to 1 (resp. to —1). Further consider a point w = (z,y) €
D¢\ (hyphNepig) and v € OG(w). If > 0, then the above observation implies
(as in part (i)) that |v| > 1. If z < 0 then v = VG(w) = rwy and so lv] = 1.
Now consider the case x = 0, y > 0. Note that if © < 0 and v > —u then the
second coordinate of VG (u,v) is at least % Consequently we easily obtain that

G(l‘,y) =
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the second coordinate of v is at least % and thus |v| > % By a quite symmetrical
way we obtain |v| > % if 2 =0, y < 0. Since hyp hNepig = G~1({0}), we obtain
that 0 is a weakly regular value of G, and thus (ii) is proved. O

Lemma 7.13. Let U,V C R? be connected open sets such that OU = OV and
UNV #@. ThenU =V.

Proof. Aiming for a contradiction suppose that U # V. Then at least one of the
conditions U\ V # @ and V \ U # & holds. Since OU = 9V we have U\V =U\V
and V\U = V\U. This implies that the connected set UUV can be expressed as a
union of three pairwise disjoint open sets (U\V)U(V\U)U(UNV) of which at least
two are non-empty. This is a contradiction with the connectedness of UUV. O

Theorem 7.14. Let M be a closed subset of RZ. Then M is a locally WDC set if
and only if for each © € OM there is p > 0 such that one of the following conditions
holds:

(i) M N B(z,p)={z},
(i) there is a degenerated closed DC sector C of radius p such that
M N B(z,p) =x+C,

(iii) there are pairwise disjoint open DC sectors C1, ..., Cy of radius p such that
k
(56) MCDB(as7p)=U(:E+CZ-).
i=1

Proof. First suppose that M is a locally WDC set and z € dM. We can and
will suppose z = 0. For 1 < i < 5, define V; C S! by (47) and observe that
St = Ule V; by Lemma 7.8. By Proposition 6.1 and Remark 7.1 (i), the set
T := S N Tan (0M,0) is finite. Since clearly V3 U V4 U Vs C T, we obtain that
V3 UV, U Vs is finite. By Remark 7.6 (i) Vi and Va are open in S!. The case
V1 = @ is impossible, since then would be V3 =V, = V5 = &, so Vo = S! and thus
0 € int M by Remark 7.6 (ii). The above observations easily imply that (in the
space S1) the open set @ # V; has finite number of components and thus either
Vi=S8orV; = Ule arc(v;, w;), where the arcs arc(v;, w;) are pairwise disjoint.
If Vi = S, we obtain (i) by Remark 7.6 (ii). If V; # S, then either Vi = S\ {v}
for some v € S, or v; £ w;, i=1,....k.

If V3 =S\ {v}, then the condition (ii) holds. Indeed, we can and will suppose
v = (1,0). Then there exist r,u > 0 such that M is a Tgu—set. Let U,L:[0,7) - R
be the corresponding DCR. functions from Definitions 7.4 (v). Let p,q € S! be such
that A2% N S! = arc(p,q). Then, applying Remark 7.6 (ii) to K = arc(q,p) and
using Lemma 7.2, we easily obtain (ii).

Now suppose that V; = Ule arc(v;, w;) with v; # w;. Clearly

K=V3UVaUVs={v;: 1 <i<k}U{w;:1<i<k}.
Further
Vs iff z = v; = w; for some ¢ # j,
(57) z€ Vs iff 2 ¢ Vs and 2z = v; for some 7,
Vi iff 2 ¢ V5 and 2z = w; for some .
Let £ > 0. By the definition of V; and Remark 7.5 (ii) we can, for each 3 < j < 5 and
z € Vj, choose r(z),u(z) > 0 such that u(z) < € and (yp,.) ' (M) is a TZ(Z),U(Z)—set,
and denote
D(z) = A?fo‘(z)(Q z) = ’yo)z(Aig(z)), z€ K.
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We can (and will) fix £ > 0 so small, that the angles D(z), z € K, are pairwise

disjoint. Now define v, ,v:r,w;, w:r € S' so that

arc(v; ,v}) =int D(v;) NS, arc(w; ,w;") = int D(w;) N S*.

i 07

Since
k

arc(v;f,w;) C Vi, 1 <i<k and Sl\Uarc vy, wi) C Va,
=1
Remark 7.6 (ii) implies that there exists p; > 0 such that, for each 0 < p < p1,

E;=El:={tu: 0<t<p,ucarc(v;,w;)} C M°

and
U{tu 10 <t<p,uc€arc(v; ,wl)} DM NBO,p).
Consequently, for all 0 < p < pq,
k k k
(58) M°NB(0,p) = | J E;U| J(MND(v:)NB(0, p)) U J(M N D(w;) N B(0, p)).
i=1 i=1 i=1
If z € V3 U V5, we define the function U? : [0,7(z)] — R as in Definition 7.4 and

also Q™ (z) = Ai(z()z) Nepis U? and P~ (2) := 70,.(Q~ (2)); similarly if z € V, U V5,

we define the function L* : [0,7.(2)] = R, QT (z) == Azu(z) Nhyps L* and P*(z) :=

«(2)
%,:(Q7(2)).
We will show that (56) holds for all sufficiently small p > 0, if we set

C;=Cfl=E;U(P (v;)NB(0,p) U (P (w;)NB(0,p)), 1<i<k.
First observe, that C; are pairwise disjoint. Using the definition of U?, L?, (57),

(58) and Lemma 7.2, we easily see that there exists 0 < pa < p; such that, for each
0< p < p2,

M°N B(x,p) = UC

and moreover, on the interval [0, p], all the functlons

(59) x = 2?2+ (U*(x))?, ©— /2?2 + (L*(x))? are strictly increasing.

Thus it is sufficient to show that, for all sufficiently small p, each C; is an open DC
sector.

To this end, fix 1 < i < k, denote v := v;, w = w; and define ¢ as the midpoint
of the arc arc(v, w). We can and will suppose that ¢ = (0,1).

Since UV is a DCR function and UY(0) = 0, Lemma 2.2 (ix) implies that it
can be extended to a DC function UY : R — R with UY(¢) = 0, ¢ < 0. Then
P := ~g,(graph UY) is clearly a DC graph and Tan (P,0) = span{v}. Therefore
(since II;(v) # 0) we can use Lemma 7.3 and choose 0 < p3 < ps such that, for
each 0 < p < ps, there exist = 3, > 0 and a DCR function ¢ = ¢, on [0, 5) such
that

A% (0,0) N PN B(0, p) = graph ¢.
So, by definition of P, there exists 0 < py < p3 such that, for each 0 < p < py,
(60) A24)(0,9) Mg, (graph UY) N B(0, p) = graph o.

Quite similarly we can find 0 < ps < p4 such that, for each 0 < p < ps, there exist
a = a, <0 and a DCR function ¢ = 1, on («, 0] such that

(61) AZu) (0, w) N ~o,w(graph L) N B(0, p) = graph .
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Choose (for a moment) 0 < p < p5, w < min(f, —«) and set f(t) = @(t) for
t € [0,w) and f(t) = ¢(¢t) for t € (—w,0]. Then f is by Lemma 2.2 (ix) a DC
function on (—w,w) and so, by Remark 7.10 (a), (bl), there exists 0 < pg < ps
such that, for all 0 < p < pg, S* = epig(f) N B(0, p) is a (basic) open DC sector.
So it is sufficient to prove that (for all 0 < p < pg) S := CF = S*.

Using (59) and Lemma 7.11, it is easy to prove that S is open connected, SNS* #
@ and, using also (60), (61) and Remark 7.10 (b2), 95 = 95*. Consequently S = S*
by Lemma 7.13.

To prove the opposite implication assume that for each x € OM there is p > 0
such that one of conditions (i), (ii) or (iii) holds. We will construct for every such
and p a DC aura F in B(z, p) for M. This is enough by Proposition 2.15. Without
any loss of generality we may and will assume that x = 0.

In the case of condition (i) we can set F(y) = |y|, y € B(0,p). In the case
of condition (ii), M N B(0, p) is a degenerated closed DC sector and so there are
w > p > 0, DCR functions g,h : [0,w) — R and rotation 7 such that g < h and
g(0) = h(0) = ¢, (0) = A/ (0) = 0 and such that

M n B(0,p) =~(hyphNepig) N B(z, p).

By Lemma 7.12 (ii) there is a DC aura F in (—w,w) x R for hyph Nepig. Put
F=Fo (’y_l‘B(O,p)). Then

F~1({0}) = B(0, p) N~(hyp f Nepig) = B(0, p) N M.

By Lemma 2.2 (vi), (iv) F' is DC and therefore a DC aura in B(0, p) for M by [4,
Theorem 2.3.10].

In the case of condition (iii), C1,. .., C} are open DC sectors and therefore there
are 0 < r < w, DC functions f1,...,fx : (—w,w) — R such that f;(0) = 0,
i = 1,...,k, and rotations ~q,...,v such that C; = B(0,p) N v;(epis f;). By
Lemma 7.12 (i) there are DC auras F1, ..., Fy in (—w,w) x R for hyp f1, ..., hyp fr.
i=1...,k. Put F,:=F,0 (7;1\3(07,))), 1=1...,k. As above, we obtain that each
F; is a DC aura in B(0, p) for (C;)°NB(0, p). Put F := max; F;; F'is DC on B(0, p)
by Lemma 2.2 (i). Since C; are pairwise disjoint, we have F' = F; > 0 on C; and
F~1({0}) = M N B(0,p). So F is a DC aura in B(0, p) for M. O

8. OPEN QUESTIONS

Question 8.1. Let f be as in Lemma 3.1 and assume that f is, moreover, DC.
Does there exist 0 < ¢ < 1 and a Lipschitz mapping H : {f < e} x[0,1] = {f < ¢}
with the properties (i) - (vii)? (Cf. also the comment before Example 3.5.)

Question 8.2. Is the assertion of Proposition 6.6 still valid if we assume that the
closed set A C R? is merely a topological manifold of dimension 0 < k < d? (Cf.
Corollary 6.25.) In R2, the answer is positive, which follows from Theorem 7.14.

Question 8.3. Let M C R be a compact, connected locally WDC set. Can any
two points of x,y € M be connected by a (i) rectifiable curve, or even (ii) curve with
finite turn, lying in M? (Note that a rectifiable curve has finite turn if and only if its
arc-length parametrization has DCR components, see [7, Remark 1.1, Lemma 5.5
and Corollary 5.8].) Theorem 7.14 implies that the answer even for (ii) is positive
in R%2. Note also that a positive answer to Question 8.1 would imply a positive
answer to (i) here. In the special case reach M > 0, Lytchak [20, Theorems 1.2,1.3]
showed that the curve ¢ can be found even C1L.

Question 8.4. Let M C R? be a compact, connected, locally WDC set, and
let x,y € OM be two points lying in the same component of OM. Can z,y be
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connected by a (i) rectifiable turn, (ii) curve with finite turn, lying in 9M? Again,
Theorem 7.14 implies that the answer to (ii) is positive in the planar case.

Question 8.5. Let M be a compact WDC set in R?. Does there exists a decom-

position
(62) M=T1U---UT,,
where T;, ¢« = 1,...,m, are pairwise disjoint and each T; is a DC manifold of

dimension 0 < k; < d?

Remark 8.6. (i) As already mentioned in the introduction, we conjecture that

(i)

(iii)

the answer is positive.

The answer is positive for d = 2 (see below), but the question is open for
d > 3, even in the case when M is a set of positive reach. To prove the
conjecture in dimension 2 (following the strategy from [23, Remark 7.11 (i)])
first observe that if M has such decomposition and K is closed then M\ K
has such decomposition as well. Moreover, if My,..., My are closed and
all have such decomposition then also their union M; U --- U My has the
decomposition since it can be expressed as a disjoint union M7 U (Ma \
M) U (M3 \ (M; UMs))U---. If M is a compact WDC set in R? then for
every x € OM there is a p, > 0 as in Theorem 7.14. By the compactness
of OM, we can find z1,...,x, € OM such that

el Pz, .
oM = ij (081N B (e, 22+ )) = LkJMk.
Now, since M is a disjoint union of M and int M, and int M is a DC
manifold of dimension 2, it is enough to find a decomposition for M and
therefore (by the argument above) it is enough to find it for each M. We
will provide details only for the (most difficult) case of condition (iii) (from
Theorem 7.14). In that situation we have that

M= (asf NB (mk p;k )) - LiJM;v,

where S¥ are the corresponding DC sectors from condition (iii). Again,
all sets MF are closed and so it suffices to find the decomposition for
each of them separately. But this is easy since each MF is an isometric
copy of a graph of a DCR function defined on a compact interval (cf. Re-
mark 7.10 (b2)).

It is also easy to see that, if a decomposition of type (62) exists, it is
not uniquely determined. Moreover, an easy example shows (see [23, Re-
mark 7.11 (i)]) that even in the case of a set of positive reach in R?, there
is not always a “canonical decomposition”.

REFERENCES

[1] V. Bangert: Sets with positive reach. Arch. Math. (Basel) 38 (1982), 54-57

[2] J.-M. Bonnisseau, B. Cornet: Fixed-point theorems and Morse’s lemma for Lipschitzian
functions. J. Math. Anal. Appl. 146, (1990), 318-332

[3] Borsuk, K.: Theory of Retracts. Polish Scientific Publishers, Warszawa 1966

[4] F. Clarke: Optimization and Nonsmooth Analysis. STAM, Philadelphia, 1990

[5] B. Cornet, M.-O. Czarnecki: Existence of generalized equilibria. Nonlinear Anal. 44 (2001),
555-574

[
7
B
[

6] A. Dold: Lectures on Algebraic Topology. Springer, Berlin, 1980

] J. Duda: Curves with finite turn. Czechoslovak Math. J. 58(133) (2008), 23-49
| J. Dugundji: Topology. Allyn and Bacon, Inc., Boston, Mass., 1966

9] K. Falconer: Fractal Geometry (2nd ed.). J. Wiley, Chichester 2003

[10] H. Federer: Curvature measures. Trans. Amer. Math. Soc. 93 (1959), 418-491



(1]
[12]
(13]
[14]
(15]
(16]

[17]
(18]

19]
20]
(21]
(22]
23]
[24]
[25]
[26]
27]

(28]

ON THE STRUCTURE OF WDC SETS 35

H. Federer: Geometric Measure Theory. Springer, Berlin, 1969

J.H.G. Fu, Tubular neighborhoods in Euclidean spaces. Duke Math. J. 52 (1985), 1025-1046
J.H.G. Fu: Monge-Ampere functions I. Indiana Univ. Math. J. 38, no. 3, (1989), 745-771
J.H.G. Fu: Curvature measures of subanalytic sets. Amer. J. Math. 116 (1994), 819-830
J.H.G. Fu, D. Pokorny, J. Rataj: Kinematic formulas for sets defined by differences of convex
functions. Adv. Math. 311 (2017), 796-832

P. Hartman: On functions representable as a difference of convex functions. Pacific J. Math.
9 (1959), 707-713

A. Hatcher: Algebraic Topology. Cambridge University Press, Cambridge, 2002

M.W. Hirsch, S. Smale: Differential Equations, Dynamical Systems, and Linear Algebra.
Academic Press, New York, 1974

S.G. Krantz, H.R. Parks: Geometric Integration Theory. Birkh&user, Boston, 2008

A. Lytchak: Almost convex subsets. Geom. Dedicata 115 (2005), 201-218

J.W. Milnor: Topology from the Differentiable Viewpoint. Princeton Univ. Press, Princeton,
1965

D. Pokorny, J. Rataj: Normal cycles and curvature measures of sets with d.c. boundary. Adv.
Maith. 248 (2013), 963-985

J. Rataj, L. Zajicek: On the structure of sets with positive reach. Math. Nachr. (published
online), DOI: 10.1002/mana.201600237

H. Tuy: Convez analysis and global optimization. Nonconvex Optimization and its Applica-
tions, 22. Kluwer Academic Publishers, Dordrecht, 1998

L. Vesely, L. Zajicek: Delta-convex mappings between Banach spaces and applications. Dis-
sertationes Math. (Rozprawy Mat.) 289 (1989)

L. Vesely and L. Zajicek: On vector functions of bounded convexity. Math. Bohem. 133
(2008), 321-335

L. Vesely and L. Zajicek: On compositions of d.c. functions and mappings. J. Convex Anal.
16 (2009), 423-439

L. Zajicek: On the differentiation of convex functions in finite and infinite dimensional spaces.
Czechoslovak Math. J. 29 (1979), 340-348



