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Abstract

We study the contact between nonlinearly elastic bodies by variational methods. After the
formulation of the mechanical problem we provide existence results based on polyconvexity and
on quasiconvexity. Then we derive the Euler-Lagrange equation as a necessary condition for
minimizers. Here Clarke’s generalized gradients are the essential tool to treat the nonsmooth
obstacle condition.



1 Introduction

The deformation of a body in nature is always restricted by the presence of other bodies and by
the presence of itself, since matter cannot interpenetrate. Problems that focus on the associated
phenomenon of touching are called contact problems. In the literature mostly the contact between
an elastic body and a rigid obstacle is considered while the possibility of self-contact is usually
neglected. Within the general framework of nonlinear elasticity Ciarlet & Necas [7] treated
elastic contact almost 20 years ago based on strong regularity assumptions for the deformation
such that the methods of smooth analysis became applicable. Here we study the contact between
two nonlinearly elastic bodies with a completely different approach which allows much weaker
regularity conditions. Our results can also be considered as some contribution to a general
treatment of elastic self-contact, a problem contained in J. Ball’s collection of important open
problems (cf. [5, Problem 7]).

Contact problems are typically highly nonsmooth due to the general unilateral restriction
for deformations. The geometric simplifications employed in linear elasticity cause that admissi-
ble deformations usually form a convex set and that the investigation of corresponding contact
problems is closely related to the study of variational inequalities - a tool of convex analysis.
These methods cannot be transferred to general nonlinear problems but it turned out that the
nonsmooth calculus of generalized gradients developed by F. Clarke (see [8]) is suitable for the
successful treatment of the nonsmoothness inherent in contact problems within the fully nonlinear
theory. This is carried out for the (nonlinearly) elastic contact with a rigid obstacle in Schuricht
[16], [17] and for the elastic self-contact of rods in Schuricht & v.d. Mosel [18]. In the present
paper we extend these investigations to the contact of two elastic bodies. Here we are confronted
with a number of new technical difficulties, since we have basically no information about the regu-
larity of the boundary of the deformed bodies. This has to be balanced by additional assumptions
compared with the case of rigid obstacles.

In Section 2 we formulate a general variational problem describing the contact between two
nonlinearly elastic bodies. We prevent interpenetration of the bodies by an inequality constraint
based on a signed distance function instead of an abstract set inclusion. The existence of solutions
for polyconvex and quasiconvex energies is shown by standard methods in Section 3. Here the
contact constraint can be treated similarly to the case of a rigid obstacle (cf. Schuricht [17]).
In Section 4 we derive the Euler-Lagrange equation as necessary condition for local minimizers
of the energy which is equivalent to the mechanical equilibrium condition in integral form. The
main difficulty in the proof is caused by the fact that the functional entering the inequality
constraint has bad regularity properties. In order to ensure that it is locally Lipschitz continuous
we need additional conditions (as finite dilatation) ensuring that deformations correspond to open
mappings. Instead of a usual smooth Lagrange multiplier rule, we then apply a nonsmooth one
from Clarke’s calculus of generalized gradients. In order to be able to evaluate the structure of the
Lagrange multiplier corresponding to the contact constraint we have to handle functions that are
the pointwise maximum of a class of functions. Here the key is a nonsmooth calculus rule that
we apply twice and that typically has no smooth analogue. Furthermore the characterization
of certain generalized gradients only succeeds by means of two new calculus rules provided in
Section 5. We end up with a multiplier that describes the contact forces between the elastic
bodies where the direction of the forces belongs to certain convex cones that might be interpreted



as normal to the contact surface. However, a precise description of these cones seems to be very
difficult, since in fact no information about the regularity of the contact surface and the influence
of small perturbations on it is available. In Section 5 we first provide a brief summary of basic
properties of Clarke’s generalized gradients sufficient for our investigations. Then we extend a
chain rule from Schuricht [16] to non-reflexive spaces and we derive a characterization of the
generalized gradient 0 f(u) by the gradients 0 f(v) where f(v) # f(u).

Acknowledgment: The research reported here was supported by the “Deutsche Forschungsgemein-
schaft”. Moreover we are very grateful to M. Degiovanni for some helpful contributions.

Notation. By A¢, cl A or A, int A, A, convA, conv* A, and |A| we denote the complement, the
closure, the interior, the boundary, the closed convex hull, the weak* closed convex hull, and the
Lebesgue measure of the set A. The distance of a point to the set A is given by dist4(+). sign
« is the usual sign function for real numbers and |a| stands for the Euclidean norm in R™. For
a matrix F' € R3*3 we express by |F|, det ', and adj F' any fixed norm, the determinant, and
the adjugate (i.e., FadjF = det F' id ). If X is a Banach space, then X* stands for its dual
space, (-,-) for the duality form on X* x X, u,, — u for the strong, u,, — u for the weak, and
u, —u for the weak® convergence. B.(z) is the open ball of radius € around z. By C*(Q) we
denote the usual space of k—times continuously differentiable functions, by C5(€2) its subspace of
all functions with compact support, by £P(€2) the Lebesgue space of p—integrable functions, and
by WP(2) the Sobolev space of p-integrable functions having p-integrable weak derivatives. The
space of (positive) Radon measures on € is identified by R[Q2] while R;[Q}] and R[] refer to
the subset of probability measures and measures of total mass less than 1, respectively. (Without
danger of confusion we also write R[] for a measure on € whose support is contained in Q C €2.)
For a locally Lipschitz continuous function f : X — R Clarke’s generalized gradient is denoted
by df(u) and the generalized directional derivative by f°(u;v).

2 Formulation of the mechanical problem

We consider two elastic bodies that occupy the open bounded domains ; C R3,i = 1,2, in their
reference configuration where we assume that the £2; have disjoint closure and Lipschitz boundary.
The deformations of these elastic bodies are described by functions v € X := W'?(Q; R?) with
Q := Q1 U Qo where we usually assume that p > 3 to focus on continuous deformations. Using
the notation u; := ulg, (i = 1,2) we characterize the deformation of one of the bodies.

The material of the bodies is assumed to be hyperelastic, i.e., there is a density function
W : Q x R3*3 — R such that the stored energy of the deformed configuration u € WHP(Q) is
given by

Ey(u) = /QW(J:, Du(x)) dz

As usual we suppose that W (z,-) is rank-1-convex and continuously differentiable on R3*3 for
all z € Q and that W (-, F') is measurable on € for all F € R3*3. All external forces acting on

the bodies may be described by a vector valued measure f € R[}] corresponding to the potential



energy
E,(u) :== —/Qu($) df (x) .
Hence

E(u) := Es(u) + Ep(u) = /QW(x,Du(:c)) dx — / u(zx) df (x)

Q
is the total energy assigned to a configuration wu.
Let us now discuss restrictions that we may impose on admissible deformations. The me-
chanical requirement that deformations u should be locally invertible and orientation preserving
enters the theory by the condition that

det Du>0 a.e. on (2.1)

which can be ensured by
W(z,F)=00 if detF <O0. (2.2)

Even for smooth deformations u condition (2.1) implies local but not global invertibility of w,
i.e., it does not prevent interpenetration of the material. An analytical condition excluding
interpenetration but allowing self-contact is given by

/Qdet Du(x) dz < |u()] (2.3)

and was introduced by Ciarlet & Necas [7]. It turns out that conditions like (2.2) and (2.3) can be
taken into account to verify the existence of energy minimizing configurations, but the derivation
of the corresponding Euler-Lagrange equation as necessary condition succeeds only under strong
regularity assumptions on u. The treatment of (2.3) in [7] is based on deformations u € C!(Q)
which, in particular, prevents “local” self-contact (i.e., touching of points that are also arbitrarily
close to each other in the reference configuration). In such cases the problem of self-contact can
be reduced to the investigation of the contact between two elastic bodies.

In this paper we treat the problem that different elastic bodies can touch but should not
penetrate each other while we neglect the possibility of self-penetration. According to our previous
discussion this can be also considered as a partial problem for the treatment of self-contact. Since
constraint (2.3) seems not to be accessible to direct regularity arguments taking into account
deformations u € W'P(Q), we use a different approach. To prevent interpenetration of the
different bodies we have to demand that

int ul(Ql) N int UQ(QQ) =10

or
up(x) € R3\ up(Q2) forall z € Q. (2.4)

The investigation of the contact between an elastic body and a rigid obstacle in Schuricht [17]
has shown that it is useful to replace an abstract set inclusion like (2.4) by an analytically more
tractable inequality condition based on a suitable distance function. Therefore we introduce the
signed distance function d : R? x W'P(Q) — R as

o) (= o)) dist,a0,)(q) if ¢ € intv(),
a0 (= dla)) {—diStv(aﬂz)(Q) it g nto(0,) &9
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(though d(q,-) is defined on WHP(Q) we sometimes use the notation given in parentheses to
indicate that the function in fact only depends on wvy). Then we can replace (2.4) with the
condition

g(u) := max d(ui(x),us) <0 (2.6)

where g is a real function on X and we set
Qe (u) = {z € Y d(u1(z), u2) = 0}

and
Q2(u) := {y € 90| ua(y) = uy(x) for some z € O} .

We impose Dirichlet boundary conditions
u(x) =up(xz) on I'p

where I'p := TL UT%, T'Y, C 98y, T # 0, i = 1,2, and up € WHP(Q) is a given function
satisfying
UD(FQD) N uD(Fb) =0. (27)

Taking into account the discussed constraints we study the variational problem

E(u) — Min!, ueW(Q),
u = wup on I'p,
glu) < 0 (2.10)

providing equilibrium configurations of pairs of non-penetrating elastic bodies. Though we are
mainly interested in the case p > 3 that ensures continuous deformations, we may allow p < 3 in
the existence results. In that case, however, u € W1P(Q) might not be continuous and we have
to be more careful with the formulation of the side conditions. While (2.9) has to be understood
in the sense of trace, we choose the precise representative of w in (2.4). This means that (2.4)
can merely be demanded a.e. on )y and, accordingly, we have to take the essential supremum in
(2.6).

Usually one has the imagination that deformations should correspond to open mappings wu.
In this case one has that du(Q) C u(9Q) and that Ql(u) identifies the points of contact. This,
however, is not true for all u € W'P(€). In general u(9§2) might contain interior points of u()
and the preimage of du({)) must not be a subset of 9. This can cause d(-,v) to be discontinuous
and there might be elements in Q!(u) that do not correspond to contact points. Nevertheless it
turns out that (2.10) can be used to verify the existence of equilibrium configurations exhibiting
contact. But for the derivation of the corresponding Euler-Lagrange equation we have to restrict
our attention to deformations corresponding to open mappings.

Note. Alternatively to (2.5) we could define d(-,-) based on £dists.(q,)(¢). While d according to (2.5) is locally
Lipschitz continuous on a suitable set of deformations (cf. Lemma 4.4 below), v — d(q,v) has much less regularity
in the other case and is discontinuous even under the restriction to open mappings v. To see this we consider an
open deformation us with self-contact, i.e., ua(I'") = ua(T'") for disjoint parts I, T” of the boundary 9Q>. Then

we choose a (relatively) interior point ¢ of that contact surface which is simultaneously an interior point of u2(£22).



Hence d(q,u) > 0. On the other hand we find arbitrarily small (open) perturbations v of us that “open” the
contact and, thus, d(q,v) < 0.

Let us now look for a suitable class of Sobolev functions u such that us is open on Q. It is
known that us € W'P(Qy) with p > 3 is open if it has integrable dilatation, i.e.,

D 3 .
_ [Duz(@)]” € LP(Qq) for some p > 2 (2.11)

V(@) = det Dug(x)

where we agree that (2.11) is violated in the limit case ug = const. (cf. Villamor & Manfredi
[19]). In [12] Manfredi & Villamor provide an example of a polyconvex energy functional with

W(z,F)— o0 as detF —0 (2.12)

such that (2.11) is satisfied for all configurations w having finite elastic energy Fq(u). On the
other hand it seems to be reasonable to demand that

W(z,F)—o00 as —=— —0 (2.13)

instead of (2.12), since |Du(z)[?/ det Du(x) somehow measures the local distortion of the body
(note that (2.13) is also compatible with (2.2)). The previous arguments justify a condition like
(2.11) in elasticity. However, for our analysis in Section 4, we need that not merely the minimizing
solution wu is open but also small perturbations of it. Hence we have to restrict our considerations
there to solutions u with us € WH*°({)y) and

det Dug(z) > 3 a.e. on Qy (2.14)

for some 3 > 0. In this case we get that the dilatation of uy and of small perturbations of it in
Whee(€y) is finite, i.e., (2.11) holds with § = oo (cf. also Reshetnyak [15] or Fonseca & Gangbo
[11, p. 151)).

3 Existence of minimizers

In this section we study the existence of solutions of the above formulated variational problem.
Results of that kind in nonlinear elasticity are based either on quasiconvexity (cf. Morrey [13])
or on polyconvexity (cf. Ball [4]) of W while conditions like (2.2) can be considered merely in
the latter case. Corresponding existence results taking into account the global injectivity of the
elastic deformation and the restriction by a rigid obstacle can be found in Ciarlet & Necas [6],
[7], Baiocchi et al. [3], Schuricht [17]. For our variational problem we basically have to adopt
the standard arguments to the treatment of the side condition (2.10) which, however, provides
no serious difficulties.
For the first result we consider the following hypotheses:

(A0) Q; C R3, i = 1,2, are bounded domains with disjoint closure and Lipschitz Boundary.

(A1) Polyconverity: There exists h : Q x R3*3 x R33 x R — R U {co} such that
(a) h(z,-,-,-) is continuous and convex for all = € Q,
(b) h(-, F,adj F,det F) is measurable for all F € R3*3,
(c) W(x, F) = h(z, F,adj F,det F) for all (z, F) € Q x R3*3,



(A2) Coercivity: There are constants a > 0, 2 < p < 00, ¢ > % such that
(a) W(z,F) > a(|F|P + |adj F|?) for all (z,F) € Q x R3*3

(b) W(z,F) =00 if and only if detF <0.

(A3) If p < 3, then E, is continuous on £P" (Q) with p* = ;’fpp for p < 3, p* = +oo for p = 3
(here we implicitly assume that f is of that kind such that F, is well defined on £P"(12)).

(A4) TY C 09, TY, £ 0, |F33‘ >0forp<3,i=1,2, up € WHP(Q;R3) is given (| - | denotes the
two-dimensional Haussdorff measure).

Theorem 3.1 Let (A0) — (A4) be fulfilled and assume that there exists i € WYP(Q) satisfy-
ing (2.9), (2.10), and E(u) < oo. Then the variational problem (2.8)-(2.10) has a solution
u € WHP(Q) with det Du > 0 a.e. on Q.

The proof basically proceeds by standard arguments. We merely have to check that condition
(2.10) is stable under weak convergence which is carried out at the end of this section. If we
drop condition (b) in (A2), then the theorem remains true for p # 3 up to the statement that
det Du > 0 a.e. on 2.

Polyconvexity was introduced by Ball [4] to handle energies with property (2.2) in existence
theory but it is still open to derive the Euler-Lagrange equation for corresponding solutions
without hypothesizing further regularity even in the case without contact and global invertibil-
ity constraints. Thus we cannot expect to obtain the Euler-Lagrange equation for solutions of
our problem. Hence it is reasonable to neglect (2.2) and to look for existence results with a
less restrictive convexity constraint. For this reason we replace (A1), (A2) with the following
hypotheses:

(A1) Quasiconvezity: Let W : Q x R33 — R be such that
(a) W {(z,-) is continuous for all x € ,
(b) W (-, F) is measurable for all F' € R3*3,
(c) for all open Q C Q, F € R¥*3, o € C}(Q), ae. T€Q

/W(:E,F) iz < / W (&, F + Dy)dz
Q Q
(A2') Coercivity: The are constants «, 3, v > 0, 1 < p < oo such that
alFIP <W(x,F) < B+~|F|P forall (z,F) € Q x R¥*3,

Theorem 3.2 Let (A0), (A1), (A2'), (A3), (A4) be satisfied and let (2.9), (2.10) be fulfilled by
some @ € WHP(Q). Then the variational problem (2.8)-(2.10) has a solution in WP().

PROOF of Theorem 3.1. Despite side condition (2.10) the proof proceeds like that of Ball [4] (cf.
also Dacorogna [9], Miiller [14] for some extensions). For the convenience of the reader we sketch
these arguments.

Let {u,} be a minimizing sequence of the variational problem. By (A2) and since || Dv||zp is
an equivalent norm on the space {v € W'P(Q)|v = up on I'p} according to (A0), (A4), there
exists a subsequence (denoted the same way) with

u, = u in WH(Q), adjDu, — A in £7(Q,R>) . (3.1)
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We have A = adj Du and det Du,, — det Du in the distributional sense (cf. Dacorogna [9, Ch. 4,
Th. 2.6]). Moreover, u, — u in £ (Q) if p < 3 and in C(Q) if p > 3.

For p > 3 we have that det Du,, det Du € P/ 3(Q) by Holder’s inequality and, hence,
det Du,, — det Du in £P/3(Q). If 2 < p < 3, then det Du,, — det Du in £7(Q) with r = % >1
by Miiller [14]. In both cases we can thus apply standard lower semicontinuity results for convex
integrands to E; (see [9, Ch. 3, Th. 3.4]) and, since Ej, is weakly continuous by the arguments
following (3.1) and by (A3), we obtain that

E(u) < liminf E(uy,),
n—oo
i.e., u is a solution of the variational problem if it respects (2.10).
For the remaining case p = 3 we use that det Du, > 0 a.e. on Q by (A2) to prove that
det Du,, — det Du in L}(K) for all compact K C €. By the same semicontinuity result as above
and by W > 0 we conclude that

W (z, Du) dx < hmlnf/ W (z, Duy,) dx < hmlnf/ Wz, Duy,) dz
n—oo n—oo

for all compact K C ). Choosing an increasing sequence of compact K,, C €2 exhausting (2 we

again obtain that u minimizes E (cf. Miiller [14]).

Let us now investigate whether u satisfies (2.10). Obviously d(g,v) is lower semicontinuous
on R3 x C(Q). For p > 3 we readily verify that (2.10) is met for u, since u,, — u in C(2). Now we
consider the case p < 3 where u,, — u in LP(£2) and, at least for a subsequence, also u,(z) — u(x)
a.e. on (2. Let us assume that

d(ui(z),u2) >0 onaset Q CQy with [Qy]>0. (3.2)

n—1

Since not all of the pairwise disjoint sets {1’ € M| L <d(ui(z),us) < 2 } n € N (take § = 00),
can have measure zero, we can suppose that d(uj(z),uz) > e on Q4 for some € > 0. By Egorov’s
theorem, u, — wu uniformly on a subset Qy C Qp with |Q;\Qo| < |Q4]/2. By construction,
|Qo4| > 0 for Qoy := Qo N Q4 and d(uy p(2), u2,) > /2 on Qo4 for sufficiently large n. But this
disagrees with g(u,) < 0. Consequently (3.2) must be wrong and u satisfies (2.10). &

PROOF of Theorem 3.2. Let {u,} denote a minimizing sequence of the variational problem.
Similarly to the previous proof we obtain that u, — u in W1?(Q) by (A0), (A2’), (A4) (at least
for a subsequence) and that w is admissible. Using (A1’) and (A2’) we get the lower semicontinuity
of Es by a result of Acerbi and Fusco [1]. Since E,, is weakly continuous on W1P(Q) by (A3), u
minimizes F. &

4 Euler-Lagrange equation

4.1 Formulation of the results

In this section we formulate the Euler-Lagrange equation in the weak form for minimizers of the
variational problem (2.8)-(2.10). We invoke the following hypotheses:



(B1) ©; c R?, i =1,2, are bounded domains with disjoint closure and Lipschitz boundary.

(B2) W(z,-) is continuously differentiable on R3*? for all z € ,
W (-, F) is measurable on €2 for all F' € R3*3,

(B3) There are ¢ > 0, v € £L}() such that
|IDW (z, F)| < ¢|F|P +~(z) forall (z,F) e Q x R¥>3 (4.1)

(DW denotes the partial derivative with respect to F').
(B4) The Dirichlet boundary conditions are such that up(I'}L) Nup(I'%) = 0.

The standard growth condition (B3) ensures differentiability of the elastic energy Es in WHP(Q).
As space of variations we choose the Banach space X := W*(Q)) and its subspace

Xo:={veWw">@Q)|v=0onI'p}. (4.2)

According to our discussion in Section 2 we here consider minimizing solutions u satisfying (2.14)
and us € W1°(Qy). This way we ensure that v and small perturbations u + v with v € X are
always open on )s.

Since the real function ¢ in (2.10) is not smooth on X we have to employ a nonsmooth
Lagrange multiplier rule to derive the Euler-Lagrange equation which should contain a term
describing the contact forces in the case of touching. Our experience tells us that the contact
forces should be directed normally to the surfaces of the deformed bodies, but we do not know
whether these surfaces are smooth and possess a normal. Our analysis rather yields a cone at
each contact point containing the direction of the contact force. For this reason we introduce the
following sets where ¢ € R3. For w € W'P(Q) we define

I'(g,w) :=={y € 092 | [w2(y) — ¢l = d(q,w2) or |wa(y) — q| = —d(q,w2)}. (4.3)
Notice that for u € WHP(Q) with g(u) =0
D(ui(z),z) € Q*(u) forall =€ Ql(u).
For w € WYP(Q) with ¢ & w2(0922) (i.e., d(q,w) # 0) let

w(y) —q

w(y) — 4

For u € WHP(Q) with g € ug(982s) (i.e., d(q,u) = 0) we define
D*(q,u)(: D*(q, uz)) = () conw ( U U d*(q,y,u+v)) (4.5)

>0 lvllx<o  y€l(qutv)
d(qutv)#£0

d*(q,y,w) (: d*(q,vy, w2)> :=signd(q, w) for y € T'(q,w) . (4.4)

where we identify d*(q,y,u + v) with the set consisting of this one element. To avoid formal
difficulties we set D*(q,u) := 0 for q & uz(9Q2).
Let us now formulate the Euler-Lagrange equation as the main theorem of the present paper.



Theorem 4.1 Let (B1)—(B4) be fulfilled and let u € WYP(Q), p > 3, be a local minimizer of the
variational problem (2.8)-(2.10) such that uas € WH°(Qs) and that (2.14) is satisfied for some
B > 0. Then there exist a constant X > 0, a Radon measure . € R[Q1] supported on QL(u), not
both zero, Radon measures ji, € R[Qs] supported on T'(ui(x),u), z € Q1, and a mapping

(z,y) — di(z,y) € D*(ua(z),u) CR® on Q1 x (4.6)

such that the weak form of the Fuler-Lagrange equation

0 = X[ DW(e. Du@)Det@)dr = [ o) df(@)

Q

/ / 1), 02(4) — 1(2)) dpia () dptel) (4.7)
Ql(u) JQ2(u

is satisfied for all ¢ € Xg where all occurm'ng integrals exist. In particular, p. = 0 if g(u) < 0,
e., if Ql(u) =10.
We can choose X\ = 1 in (4.7) if for all & € QL(u) there is an open neighborhood U(Z) such
that
0 ¢ conv U D). (4.8)

z€QL(u)NU ()

Remark 4.2

1) The last term in (4.7) is the Lagrange multiplier corresponding to the contact condition and
describes the contact forces between the bodies. In the case where both u; and uy are globally
injective on Q1 and Qy, respectively, the vector d*(x,y) provides the contact force between the
touching points u; (x) = ua(y), the measure ju, is concentrated on the single point u; ' (u(x)), and
the measure y gives somehow the distribution of the contact force on the contact set Q! (u) C Q.

2) The vectors in the set D*(u;(x),u) might be considered as certain normal directions for the
contact surface us(9€2) at the point u;(z). In the case of a smooth contact surface it contains the
normal direction but it is still open whether the set is possibly larger (cf. Corollary 4.3 below).
This question is closely related with the (geometric) regularity of the boundary us(9€2) and its
behavior under small perturbations.

3) Condition (4.6) provides merely a convex set for the direction of the contact force. This
does not mean that the direction d}(x,y) is undetermined, but we have to realize that the precise
direction cannot be obtained from the shape of the contact surface. Notice that the definition
of D*(u1(z),w) is based on the shape of uz(9€Q2). Since we can apply the theorem again after
interchanging the role of €21 and 9, it might happen that one case gives a better, i.e., a more
restrictive, condition for the direction d(x,y). Observe that the “best case” must not correspond
to the same ; for different “contact pairs” (z,y).

4) If self-contact occurs for an elastic body, then we can basically distinguish between a local
case where self-touching occurs for points that are arbitrarily close in some (e.g., stress-free)
reference configuration and a nonlocal case where parts of the body touch each other that are
far away from each other in the reference configuration. If, in the last case, we consider suitable
neighborhoods of these parts as separate bodies, then we could prescribe Dirichlet conditions on
the “cutted surfaces” and apply the previous theorem. In this sense our result allows a partial

treatment of self-contact.
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As already mentioned it is hard to give a precise description of the sets D*(uj(x),u). The next
corollary provides a set which is always contained in D*(uj(x),u) and which can be characterized
much easier. For O := ug(9€) we introduce the signed distance function

o disto(q) if q € u2(Qe),
do(q) := { —disto(q) if ¢ ¢ u2(2),

and ddp(q) C R? denotes its generalized gradient.

Corollary 4.3 Let the assumptions of Theorem 4.1 be satisfied. Then
—ddo(ui(x)) C D*(uy(x),u) for all x € QL(u). (4.9)

In particular, we conclude that D*(u;(x),u) contains the normal direction of O if the surface
O = uz(092) is smooth near uj(x), since dp(+) is smooth near uj(x) in that case. On the other
hand it is open whether D*(uy(x),u) might be larger even in that case.

4.2 Proofs

Let us start with some notational convention for this section. In addition to the restrictions wvq,
vy of v introduced at the beginning of Section 2 we consider sequences {v,}. To avoid confusion
we agree that the explicit indices “1” and “2” never refer to elements of a sequence. By wv;,,
(i = 1,2) we denote the restrictions of wv,.

PROOF of Theorem 4.1. We present the proof in several steps where u € WP(€) denotes a local
minimizer according to the theorem.

(a) Modified problem. Since we study W' perturbations of the solution wu, it is convenient
to introduce the functions

~ A

EWw):=FEu+v), g¢w):=gu+v), Wz, F):=W(x,Du(z)+F).

Analogously we define Ep and E,. With X , Xo according to (4.2) we consider the modified
variational problem

E(w) — Min!, veX, (4.10)
v e X, (4.11)
gv) < 0. (4.12)

Obviously v = 0 is a local minimizer of this variational problem by the continuous imbedding
Whe(Q) — WHP(Q). It seems to be a little artificial to include (4.11) as a side condition
instead of just replacing X with Xy. But it is technically advantageous for the investigation of
the structure of the generalized gradient of § to consider rigid translations of the body wua(2).
This would not be possible within Xy where we had to bother ourselves with some localization
and corresponding technical cut off functions.

(b) Differentiation of the energy EinX. Ep is a linear continuous functional on the space of
continuous functions. Thus Ep is continuously differentiable on X and we easily get that

(Bl (v),¢) = — /Q o(x) df(z) forall p € X. (4.13)
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By standard arguments using (B3) we get that E, is Gateaux differentiable on X with

(E'(v), @) = / DW (z, Dv(z)) D(z) d(z) for all p € X . (4.14)
Q
Let v, — v in X. Then there exist ¢, € X, ||¢n|| < 1 with
1B (0) = Ej(on)l = sup  [(Ey(v) = Ef(va), )|
PEX, [lpll<1
R . 1
< / (DW(x,Dv(az)) — DW(a, Dvn(a:))>Dcpn(x) dz| + —
Q

/Q \DW(JE, Dv(z)) — DW(x, Duy,(z))| dx + % )

IN

Using (B3), the continuity of DW (z, -), and the dominated convergence theorem, we obtain that
El(v,) — FE(v) for n — oo in X*, i.e., E\(-) is continuous on X*. Hence £ = E, + E, is

continuously differentiable and, consequently,
{E'(0)} = 0E'(0) = OE4(0) + 0E,,(0) = {E(0)} + {£,(0)}
(cf. Proposition 5.1).
(c) Generalized gradient 0§(0). Using the auxiliary function p : Q1 x X — R3 x WHP(€y,)
given by
p(z,v) = (u1(z) + v1(z), ug + va)
we can rewrite ¢ as

g(v) = max d(p(x,v)) .

Obviously, p(-,-) is continuous. The mapping v — p(z,v) — (u1(z),u2) is linear and bounded
and, therefore, differentiable for each z with

1
po(e.v) 0 = lim o (pla.v+ 10) ~ pla.v)

- i %((ul(a:) 1 (2) 4 101 (), uz + 03+ 102) — (1a(2) + 01 (2), 12+ 09) )
= (01(z),0) forall v e X.

If (2, vn) — (7,v) in Q; x X, then there are @, € X such that

[P0 (Zn, vn) — po(z,v)|| = sup |(po(Tn, vn) — polz,v) ) 0|
veX, ||9]1<1

= sup  [[(91(2n), U2) — (01(x), 02) ||
veX, ||9]I<1

< Jonn(ze) = Oa(@)] + 5 < Jza—af + 5 =50

(note that o7 is Lipschitz continuous), i.e., py(-,-) is continuous.
Since we need Lipschitz continuity of the function d near the minimizer u we introduce the
function d : R?® x X — R by

~

d(q,v) :=d(q,u+v). (4.15)

Later in this section we verify
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Lemma 4.4 d : R3 x X — R is Lipschitz continuous on R® x B.(0) for some ¢ > 0.

By Proposition 5.2 below we obtain that ¢ is locally Lipschitz continuous on B.(0) C X
and that for each g* € 0¢(0) there is a Radon measure u € R[] supported on Ql(u) and a
u-integrable function

x — d*(z) € dd(uy (x),uz) C (R® x X)* on O
such that
@) = [ (@) ) dua)
2l (u)

_ /Q @ (1@ ) duta) o all g€ X (4.16)
(notice that ¢; := ¢|q,).

We now define dg(v)( := dg(v2)) := d(¢q,v) on X. The following lemma, which we will prove
later, puts elements of dd(u;(z),0) C (R? x X)* in relation to those of Ody, (2)(0) C X* (see
Section 5 for the basic notions). Note that we occasionally identify ¢ € R? with the constant
function w(x) = q.

Lemma 4.5 Let ¢ € R3 and v € X be fized. Then:

(i) d°((g,v); () = d5(v; & — ) for all §€R®, B € X.

(i) For every d* = (¢*,d*) € dd(q,v) we get d* € 8dy(v) and (¢*,§) = —(d*,§) for all G € R®.
Otherwise, every d* € dd,(v) provides an element d* € dd(q,v) by (d*, (3, D)) = (d*, 5 —§) for all
GeR3 e X.

The lemma allows to rewrite (4.16) as

o= [ @@ e @) foral pe X

where d*(x) € 8d,,,(,)(0) C X* for all z € O} (u).
A characterization of 0d,(0) is given in the next lemma which we will prove later.

~

Lemma 4.6 Let ¢ = uj(x1) = u2(%) with z1 € 0, & € 002, i.e., d(q,0) = d(q,u) = 0. Then
we have that

9d,(0) < { | D*(g.w)dpu(y)| p€ Ra[D(g,u)]}, (4.17)

Q2
i.e., for each d* € 0dy(0) there is a Radon measure p supported on I'(q,u) and a function
y — 6*(y) € D*(q,u) C R? such that

(@ ) = /8 (W) ) duy) for all v X

where the integrand is always p-integrable. If 0 & D*(q,u), then u # 0.
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We thus obtain for every g* € 93(0) a measure p € R[QL(u)], measures y, € R[[(u1(z),u)]
and a mapping (z,y) — d*(z,y) € D*(u1(z),u) C R3 on Q1 x Qs such that

o= [ @@ - ) deb)di@) fral peX.  (41s)
QL(u) J Q2 (u)

(d) Normal cone of Xy. Note that Xy is a closed (convex) subspace of X and, thus, the
normal cone Nx,(0) (in the sense of convex analysis) is obviously given by

Ny, (0) = {b* € X*| (b*,0) = 0 for all ve X} (4.19)

(e) Nonsmooth Lagrange multiplier rule. Applying the Lagrange multiplier rule stated in
Proposition 5.1 below to the modified problem (4.10) - (4.12) we find A\, A > 0, not both zero,
g* € 0§(0), and b* € Nx,(0) such that

0= AE'(0) + Ag* +b*, Ag(0) = Ag(u) =0. (4.20)

(4.13), (4.14), (4.18), and (4.19) readily imply the Euler-Lagrange equation (4.7) by di(z,y) =
d*(z,y) and pe = M. If g(u) < 0, then A = 0 by (4.20) and, thus, p. = 0.

Let us now assume that A = 0 while (4.8) is satisfied. Then pu. # 0, i.e., there is & € Ql(u)
such that u.(B:(Z)) > 0 for all e > 0. We choose an open neighborhood U(z) such that (4.8) is
satisfied and a smooth function a : Q3 — [0, 1] with (%) = 0 and a(z) = 1 on 3 \ U(Z). By a
separation argument we find some b € R? and 3 € R with

0<pB<(bd) forall de M

where M denotes the set given in (4.8). Recall that p, # 0 for all z € U(Z) by Lemma 4.6.
Equation (4.7) with the constant function ¢2(y) = b and with ¢1(z) = ba(z) now gives the
contradiction that

0= /Qg(m /sz)(d*(x’y)’b_ba(x»dux(y) el
_ / ~ / (d*(2,y),b — ba(@)) dpa(y) dpe(z)
U(&) Q2 (u)
> /U . /Q sy P 0@ )aly) diele)
_ /U P A ) > 0. (4:21)

Comnsequently A > 0 and, by scaling, we can always obtain that A\ = 1 which completes the proof
of Theorem 4.1. &

PROOF of Lemma 4.4. By our assumptions the solution u has finite dilatation on {25 and there
is a small € > 0 such that this property is preserved for all perturbations w = u + v with
v € B:(0) C X. Hence all these perturbations w are open mappings on €29 and, therefore, they
satisfy Ow(Q2) C w(9€s) (cf. Section 2).
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It is sufficient to prove the Lipschitz continuity of d separately in each variable, since always

~

|d(Q7 /U) - J(qlv Ul)‘ < ‘J(‘L U) - CZ(q/, U)| + |d(q/’ ’U) - d(q/’ U/)| .

Note that d(-,v) is a (signed) distance function on R3 having Lipschitz constant 1, i.e., for fixed
veEX,
d(q,v) —d(¢,v)| < |g—¢| forall ¢q,¢ € R3.

It remains to study d(q, -) for fixed ¢ € R3. For v,v' € B.(0) we set w = u+ v, w' = u+v'. Then
the following cases are possible:

(a) g€ w(@) (@),

(b) ¢ ¢ w(Q2) Un'(Qa),

() g€ w()Nw ()¢ or, symmetrically, ¢ € w(Q2)°Nw'(Qa) .
Let us now successively treat the different cases.

Case (a). Without loss of generality we can assume that
(g, w) = g — w(@)| = |¢ —w'(@)] = d(g,w') for some 2,2’ € 9.

Then we have

~ A~

ld(q,v) —d(g,0)] = l|d(g,w) = d(g,w)] = |¢ —w(z)| - |g —w'(2)]
llg —w(@)] =g —w'@)|| < |w(z') —w'(")

o) = v'(@)] < flv—v'llwree

IA

Case (b). This can be treated analogously to (a).
Case (c). We consider the case where ¢ ¢ w'(Q2) and ¢ = w(Z) for some # € 3. Then

|d(q, w) — d(q, w")| = distyy(a0,)(q) + distyran,) (@) = g — w(z)| + |g — w'(z")]

for suitable z, 2’ € 9.
Assume now that ¢ := dist,(90,)(¢) > lw — w'[[ze. Thus w(Qs) C B,y(w'(€2)). Since w' is
open, dw'(Q2) C w'(9Q2). But this yields the contradiction that ¢ = w(Z) ¢ B,(w'(2)). Hence

distyy (90,)(q) < [Jw — w'|| o .
Consequently,
distu(90,)(¢) = lg — w(x)| < |g — w(@)] < |g — w'(@)| + [w'(@") — w(2)] < 2w - w||z~ .
Thus we finally get that

‘d(Q7’U) - CZ(Qv ’Ul)’ - ’d(Q7w) - d<Q7w/)‘ < 3”'11} - w/H»COO < BHU - U/HWL‘X’

which completes the proof of the lemma. &
PROOF of Lemma 4.5. Obviously
d(g,v) =d(¢,v+q¢ —q) forany ¢,¢ € R>.

15



Thus, for ¢, € R3, v,7 € X,

o o ) d(q + tG,v' + to) — d(¢', v’
P(@o: (@) = lmsp ACHEUEE) 2T
(¢ )= (g,v),t\O

/ o ~ = _ / .
= lim sup d(g,v"+ (¢ —¢) +t(0—4q) —dlg,v"+q—¢)
(¢' ") —(q,v),t\0 t

7 / ~ Ny g /
_ Jim sup d(q,w’ + (0 — q)) — d(q, ')
w! —v,t\0 t

— dw-9) (4.22)

which verifies (i).
Let us now prove (ii). First we assume that d* = (¢*,d*) € dd(q,v) C R? x X*. For all
(4,7) € R? x X we have that (cf. (5.1))

A~

<d*7 (Cj?@» = <q*,(i> + <d*77~)> < dAO((Qan); (q~7 6)) = d;(wﬁ - 6) .

Inserting first the constant function © = ¢ and then replacing (0, §) = (q, q) with (—¢, —q), we get
that
(¢*,q) = —(d*,§) forall §eR3

by dy(v;0) = 0. Therefore,
(d*,0—q) <dj(v;0—q) forall (¢,9) € R*x X

and, hence,
(d*,w) < dg(v;w) for all we X

which proves that d* € 0dy(v).
Now suppose that d* € dd,(v). For all (¢,7) € R? x X we have that

(d*,0) —(d",q) = (d", 0 — §) < dy(v;0—q) = d°((g,v); (¢, 0)) .
If we define d* := (¢*,d*) € (R® x X)* by
(d*,(4,0)) = ((¢",d"), (§,9)) = (¢", @) + (d*,0) = —(d*, @) + (d", ),

then we obtain d* € dd(q,v) and (ii) is verified. o

PROOF of Lemma 4.6. Since ug has finite dilatation, it is an open mapping on €25. Thus every
neighborhood of ¢ contains inner and exterior points of u(22). Hence there are arbitrarily small
constant functions v(y) = ¢ with d,(v) # 0, i.e., int d,(0)~! = (). Therefore

0dy(0) = conv*{d* € X*| d* € clust™(d}), d; € dy(vj), v; — 0, dy(vy) # O} . (4.23)

by Proposition 5.3. Let now {d}}, {v;} be sequences as in (4.23) and set w; := u + v;. To
characterize the gradients dd,(v;) we choose an open neighborhood U(0) C X and define

ay(v) == —|(u+v)(y) —q| for v e U(0), y € 9.
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Then

dg(v) =signd(q,u + v) min —a,(v) = —signd(q,u +v) max ay,(v).
¢(v) = signd(q ) min —ay(v) gnd(q ) max ay(v)

Obviously 0€2s is a compact set, y — oy, (v) is continuous on 9 for all v € U(0), and v — oy (v)
is Lipschitz continuous on U(0) with Lipschitz constant 1 for all y € 0. Since ¢ ¢ w;(9€:) by
dq(vj) # 0, we readily verify that a,(-) is continuously differentiable at v; for all y € I'(q, w;),
7 € N, with
q — wj(x)
(o (vy),0) = T——— ().
v g — wj(z)|
Thus )
wi\y) —4q ’
Oay,(v; :{—J}: o, (Vs 4.24
(cf. the arguments following (5.1)). Thus we can apply Clarke [8, Theorem 2.8.2] to obtain that

9dg(vj) C {/8Q2 —signd(q,u +v) Oy (v;) dp;(y) ‘ jj € Rl[F(q,wy‘)}} (4.25)

with I'(¢,w;) as defined in (4.3). Using the notation from (4.4) we deduce that for every d; €
0dg(v;) there is puj € Ri[I'(¢, w;)] such that

(dj,v) = / v(y) - d*(q,y,w;) dp(y) forall ve X (4.26)
002

where all integrals exist. By the unique polar decomposition the positive real measure p;, j €
N, coincides with the total variation |w;| of the vector measure w; := d*(p,-,w;)u;, since all
d*(p,y,w;) are unit vectors (cf. Ambrosio et al. [2, p.14]). By the boundedness of the d*(q, -, w;)
and p; we find a (positive) real measure v and a vector measure w such that, at least for a
subsequence,

wj —w, 1 v, v > |wl (4.27)

in the sense of measures (cf.[2, p. 26, 28]). Using the polar decomposition w = §*(-)|w| (i.e., |w|
is the total variation of w and 6*(-) is a |w|-integrable function on 9Q with |§*(y)| = 1 for all ¥)
we obtain that

(5 v) = /m o(y) - dw;(y) — [ () dw(y) = / o(y) -5 (y) dlwl(y) forall ve X. (4.28)

892 692

Summarizing we can say that each sequence {d;} according to the right hand side in (4.23) has a
weak™ convergent subsequence where the limit d* corresponds to a positive real measure |w| and
a mapping 0*(+) such that

(d*,v) = /89 v(y) - 0*(y) dlw|(y) forall ve X. (4.29)

In addititon we can assign a measure v to d* by (4.27). We have that

o VB)

=:n(y) > 1 exists for |w|-a.e. y € supp |w
@)~ “ “
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and that n(-) is |w|-integrable (cf. [2, p. 54]). If we set

W)=y el
then (4.29) becomes
(d*,v) = /89 v(y) - 0" (y) du(y) forall ve X. (4.30)
2
Moreover we have that
lw|(T) < () < ll]H_l)lOIolf pj(T)  for all (relatively) open sets T' C 995 . (4.31)

Notice that p equals the absolutely continuous part of v and, thus, u € R.1[0€Q2] (cf. Evans &
Gariepy [10, p. 42]. We claim that

supp p = supp |w| C I'(g, w) (4.32)

where the equality is obvious and for the inclusion we use the next lemma.

Lemma 4.7 For every € > 0 there exists jo = jo(¢) € N such that for all j > jo we have

F(Qa ’LU]') C BE(F(Q7 u))

PROOF of Lemma 4.7. Suppose there are £ > 0 and a sequence {x;} of points z; € I'(¢, w;)
such that dist(x;,I'(¢,u)) > € for all 7 € N. Without loss of generality we can assume that
xzj — Z € 002 \TI'(¢,uw). This implies that ¢; := |u(Z) — ¢| > 0. By the uniform convergence of the
sequence v; we find some j; € N such that |w;(z) —u(z)| < e1/4 for all z € 09y, j > ji. Since
u is continuous there exists § > 0 with u(Bs(z) N Q) C B, 4(u(Z)). Moreover, we can choose
Jo > ji1 in order to get x; € 00 N B;s(Z) for all j > jo. Then we obtain that

lwj(z;) —w(@)| < Jwj(x;) — ulx))] + [u(z;) —uw(@)| <e1/d+e1/d=¢e1/2 (4.33)

and, hence,
lwj(zj) —q| > [u(Z) — q| — [wj(x;) —uw(T)| > e1 —e1/2=1¢1/2 (4.34)

for all j > jo. On the other hand, for j > jo we know that
|wj(Z) — q| = |wj(T) —u(@)] <ei1/4 forall Tel(q,u). (4.35)

Using (4.34), this implies that z; ¢ I'(¢, w;) which completes the proof. &

Let us now continue with the proof of Lemma 4.6 by supposing that (4.32) is wrong. Then
there exists 3o € A\ (¢, u) such that |w|(B:(yo) ") > 0 for all ¢ > 0. Choose I := B, (yo)N
00y with g := dist(zo,'(¢,u))/2 > 0. By Lemma 4.7 and (4.31) we get the contradiction that

0 < |w|(T) < lim pi(T) =0 (4.36)
j—00
which verifies (4.32).
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Let Geust € X™ denote the set on the right hand side in (4.23). By Gl C X* we denote the
set defined as Gyt but where d* € Clust*(d}“-) is replacecd with dj Ad*. Clearly Giim C Gelust-
Let us assume that Gy # Geust- Since these weak™ closed convex sets are uniquely determined
by their support functions on X (cf. Clarke [8, p. 29]), we find some ¥ € X and dj € Geust such
that

(d*,v) < (dj,v) for all d* € G - (4.37)
Let dj € clust*(d;f) according to the definition of G- Then, for some subsequence, (d;,, ) —
(d§,0). By our previous investigations we find again a subsequence such that Az i\d{ € Glim
which contradicts (4.37). Hence Giim = Gelust, i-€., all elements d* € dd,(0) have a structure as
given in (4.29) or, equivalently, in (4.30).

We now fix some d* € 9d4(0). According to our previous arguments we assign 6*(-), u, v,
n(-), and sequences wj, p1; such that (4.26), (4.28), and (4.30) are valid. We claim that

0*(y) € D*(q,u) for p-a.e. y € I'(q,u). (4.38)

Let us suppose the opposite, i.e, there exists a Lebesgue point yg of * such that §*(yo) ¢ D*(q, u).
Without loss of generality we can assume that yg is also Lebesgue point of the u-integrable function
1. Using the notation

M, = conv U U d*(¢,y,u+v), o>0, (4.39)
lvlx <o yel(gutv)
d(q,u+v)#0

we thus find og > 0 such that §*(yo) ¢ My,. Since M., is closed and convex, there are b € R3
and § > 0 such that
(b,0%(y0)) > (b,d*) + B for all d* € Mg, (4.40)

by a separation argument. By w; = u+v; — u there is some jy € N with |Jv;]| < o for all j > jo.
Since p;/pi(B:(yo)) is a probability measure on Be (o),

du;(y) o
d*(q,y, w;) ——-"—~ € My, forall e>0, j> jo,
/Ba(yw ( 2 115 (Bz(y0)) ’ S0

and, hence,
! b, d* ))d b, 6" for all 0,7>7 4.41
BT o 4 @V ) < (8 a0)) =3 forall €30, 5> o, (441
Since yg is a Lebesgue point of §* and 7, we have that
1 * e—0 %
2(B-(0) /B E(yo))<b,5 (y)) duly) — (b, 0" (v0)) (4.42)
and
#(Be(wo)) _ m(Be(yo)) |w[(Be(yo)) _ |wl|(Be(yo)) ="
]~ DB HB] ~ B Ty OO L @13
Certainly v(0B:(yo)) = 0 for a.e. € > 0 and, therefore,
M(Bi(yo)) o o @y ) iy (v) iy V(B:(yo)) /B PR TORCET
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by (4.27) for a.e. € > 0 (cf. [2, p. 28]). By (4.42) and (4.43) there is g9 > 0 such that

g

T 0w 2 (0.0" )~

v(Be(yo))

for a.e. 0 < e < ep. But this contradicts (4.41), (4.44) and verifies (4.38) and (4.17).
We now assume that 0 ¢ D*(¢,u) and argue similarly as in the verification of (4.38). Since
D*(q,u) C R? is a closed convex set, we find b € R? and 3 € R such that

0< B < (bd") forall d* € D*(q,u).

By (4.28), (4.30) with the constant function ¥(y) = b, and by the fact that all ;; are probability
measures, we obtain that

0<B< b./m 07(¢, . w5) dysi (y) = (&5, 5) — (&, 5) = b- /89 5*(y) duly)

which excludes that ¢ = 0 and finishes the proof. &

PROOF of Corollary 4.3. The function dp(-) is Lipschitz continuous on R3. If My C R? denotes the
set of all points where the gradient Ddp(q) exists, then R*\ My has measure zero by Rademacher’s
theorem. For the set O = u2(0€22) having measure zero we obtain that

ddo(q) = conv { lim Ddo(q)| ¢ — ¢, € (Ma \ O)} (4.45)
by Clarke [8, Theorem 2.5.1]. The next lemma characterizes the gradients Ddp(q).

Lemma 4.8 Let do be differentiable in § € R?\ uz(92). Then there exists an uniquely defined
vector ¢’ € up(98) such that do(q) = sign (do(q)) |G — ¢'|. Moreover

—4q

N

Ddo(q) = sign (do(q)) (4.46)

N

PROOF of Lemma 4.8. Tt is sufficient to consider the case do(¢) > 0. By the compactness of O

/"

and the continuity of dp there is some ¢’ with d := do(q) = |§ — ¢'|. We define 2(t) := ¢’ + bt
with b := (¢ — ¢')/d for t € [0,d]. Then dp(z(t)) = |2(t) — ¢| for all ¢ € [0,d] and, hence,
(Ddo(q),b) = 1. Since b is a unit vector and since |[Ddp(¢)| < 1 by the Lipschitz continuity of
dp with Lipschitz constant 1, we obtain that Ddo(¢) = b which implies the uniqueness of ¢’ and
(4.46). &

Let us continue with the proof of Corollary 4.3 by verifying (4.9). We fix any z € Q!(u) and
set ¢ := u1(z). Now we choose sequences {g;} C (Mg \ O) and {¢;} C O = uz(02) such that

: : G—4q -
9 —q, do(q;) = sign(do(qj)) |g; — d;|, sign (do(g))) |qu - qf| —d. (4.47)
i =4
Note that d € ddo(q) by (4.45) and Lemma 4.8. We claim that
—d € D*(q,u) (4.48)
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which would imply (4.9) by (4.45), since D*(q, u) is a closed convex set.

Let us consider the sequence of constant functions v;(x) := ¢ — ¢; that belongs to X and,
obviously, v; — 0 in X by (4.47). Furthermore we find y; € 9Q2 with ¢} = uz(y;). For simplicity
of presentation we assume that ¢; € us(€2) for all j € N, i.e., do(g;) > 0 (otherwise we have to
multiply with “-1” occasionally). Using the translated sets O; := O + ¢ — ¢; we find that

d(gq,u +vj) = disto, (q) = do(q;) = lgj — ¢;| = laj — ua(y;)| = lg — (u2(y;) + v (ys))!-
Hence y; € I'(¢q,u + v;) and, by (4.4), (4.47),

/
u2(y;) +vi(y;) — q; — 4qj

d*(q,yJ,U—i-vj) — ( ]) ]( ]) — z
lua(yj) +vi(y;) —al  |d; — g4l

|
S

This implies (4.48) by (4.5) and finishes the proof. &

5 Clarke’s generalized gradient

In this section we briefly summarize basic properties of Clarke’s generalized gradients for locally
Lipschitz continuous functions and we prove some auxiliary results we had used in our previous
analysis. For a more comprehensive presentation the reader is referred to Clarke [8].

Let X be a Banach space and f : X — R a locally Lipschitz continuous function. The
generalized directional derivative f°(u;h) of f at u in the direction v is defined as

f°(u;v) ;= limsup flw +tv) — fw)
’ ‘ w—u, t\,0 t ‘

The mapping v — f°(u;v) is positively homogeneous, subadditive and satisfies |f°(u;v)| < I¢||v||
on X where [y is the Lipschitz constant of f near w.
The generalized gradient Of(u) of f at u is given by

Of (u) :={f" € X*| (f*,v) < f(u;v) forall veX}. (5.1)

Of(u) is a nonempty, convex and weak™ compact subset of X* and it is bounded by the Lipschitz
constant l¢. If f is continuously differentiable, then 0f(u) is the singleton {f’(u)}, whereas for
a convex f the set df(u) agrees with the subdifferential of convex analysis. The next theorem
summarizes additional properties as necessary for our investigations. Here clust™(f*) C X*
denotes the set of all weak® cluster points f* of the sequence {f} C X*, i.e., each neighborhood
of f* in the weak™® topology contains infinitely many elements of the sequence. Recall that each
bounded sequence {f} C X* has a weak® cluster point.

Proposition 5.1 Let f,g,9;: X = R, 1 =1,...,n, be Lipschitz continuous near u € X. Then:
(1) O(af)(u) = adf(u) for all o € R.
(i) 03771 gi(u) C 327, 9gi(uw).

(111) If {u;} C X, {f¥} C X* are sequences with f7 € 0f(u;), ui — u and if f* € clust*(f}),
then f* € 0f(u).
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(iv) (Chain Rule) Let Y be a Banach space, F': X — Y continuously differentiable at u € X,
and g :' Y — R Lipschitz continuous near F(u). Then f := go F is Lipschitz continuous
near u and

0f (u) C 9g(F(u)) o F'(u),
i.e., for f* € Of(u) there exists g* € 0g(F(u)) such that

(') = (g7 0 F/(w),0) = (g", F'(u)v)y-ny for all ve X.

(v) (Lebourgs Mean Value Theorem) Let f be Lipschitz continuous on an open neighborhood of
the line segment [u,v] for u,v € X. Then there is w € (u,v) and f* € df(w) such that

fw) = flu) = (f7,w).

(vi) (Lagrange Multiplier Rule) If u is a local minimizer of f subject to the restrictions g(v) <0,
gi(v) =0,i=1,...,n, andu € C for a closed subset C C X, then there exist constants Ay,
A >0, and \; € R, not all zero, such that

0 € XfOf(u) + Adg(u —I-Z)\agz )+ Nc(u) and Ag(u) =0

where
Ne(u) :=={v* € X*| (v*,v) <0 for all v with disty(u;v) =0}

is the normal cone of C at u (it agrees with the normal cone of conver analysis if C' is
convez).

Let us now characterize the generalized gradient of functions of the type

9(v) i= max d(p(z,v)). (5.2)

We assume that

(a) X, Y are Banach spaces, ) is a metrizable sequentially compact topological space, U C X,
V C Y are open,

(b) p: Q2 x U — V is continuous and v — p(z,v) is differentiable for all z € Q such that the
derivative p,(-,-) is continuous on Q x U,

(c) d:V — R is Lipschitz continuous.

The function g is well defined by the compactness of 2 and we introduce the nonempty closed set
Qv) :={z € Q| g(v) = d(p(,v))} .

Proposition 5.2 Assume that (a)-(c) hold. Then the function g given by (5.2) is locally Lipschitz
continuous on U and

dg(v) C {/kal(p(a:,v)) o py(z,v)dp(z) | p € R[Q(v)}} forallveU (5.3)
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where the set on the right hand side consists of all elements g* € X™* that correspond to a mapping
d* : Q — Y* with d*(z) € 9d(p(z,v)) and a measure p € R[] supported on Q(v) such that

z — (d"(x) o py(2,v), w) = (d"(2), po(z, V)W)
is p-integrable for all w € X and

(g%, w) = /Q<d*(£€),pv(x,v)w> dp(z) for all we X .

The previous result generalizes Schuricht [16, Proposition 6.10] so far that the reflexivity of
Y is dropped. Before we carry out the proof we still formulate a characterization of df(u) by
means of the sets 0f(v) for v with f(v) # f(u).

Proposition 5.3 Let f : X — R be locally Lipschitz continuous with f(u) = 0.
(a) If u & int (f=1(0)), then

Of(u) = m*{u* € X*| v € clust™(uj), u; € 0f(uj), uj — u, f(u;) # O}.
(b) If u € int (f~1(0)), then

Of (u) = m*( {0} U {u* € X*| v € clust™(uj), u; € 0f(uj), uj — u, f(u;) # O} ) .

PROOF of Proposition 5.2. We consider the functionals
fo: X =R defined by fp(v):=d(p(z,v)), veU,

depending on the parameter z € Q. As in Clarke [8, Chapter 2.8] we define a generalized gradient
taking into account the parameters by

O fz(v) = conv™{f* € X*| f* € clust™(f}"), fi" € Ofu,(vi), vi = v,z — z,2, € Q}.  (5.4)

Since f5(+) is locally Lipschitz continuous on U for all « € €, this gradient is well defined and we
readily get that
Ofz(v) C O fu(v) forall velU.

Clarke [8, Theorem 2.8.2] implies that
09(0) < { [ o) do(@)] p € RIS
for all v € U. We claim to show that
O fa(v) C 0d(p(z,v)) © pu(z, v) (5.5)

which would complete the proof of the proposition.
By definition 0jq f(v) is the weak™* closed convex hull of the set F™* consisting of all f* € X*
such that
[* € clust™(fy) where f;; € 0fy, (vr), vg — v, p — x, x € Q. (5.6)
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Since the generalized gradient dd(p(x,v)) C Y* is convex and weak* compact, the set dd(p(z,v))o
pu(x,v) C X* is convex and weak* closed. Hence (5.5) is verified if

F* C 9d(p(z,v)) o py(x,v) (5.7)

can be shown. For this reason let us assume that there is f* € F* with f* & 0d(p(z,v)) opy(z,v).
Using a convex separation argument we find some w € X such that

(f*,w) < (d* opy(z,v),w) forall d* € dd(p(z,v)). (5.8)

Since f* is a weak™ cluster point of a sequence {f;} based on sequences {v}, {x}} according to
(5.6), we have that (possibly for a subsequence)

lim <fl:7w> = (" w).
k—o0
The chain rule in Proposition 5.1 implies that
Ofx(v) C dd(p(x,v)) o py(z,v) forall velU, zel.
Hence there are dj € dd(p(xy,vy)) such that
fi = diopu(anv), kEN,

The sets 0d(p(zk, vr)) C Y™ are uniformly bounded, since d(-) is Lipschitz continuous by assump-
tion (c). Hence {d}} is bounded in Y* and has a weak® cluster point d* € Y*. Therefore we can
find a subsequence (denoted the same way) such that

klim (dr, po(x,v)w) = (d*, py(x,v)w) .
Using the continuity of p,(-,-) and the boundedness of {d}} we obtain that

— kli_)ngo<<d,§,pv(:n,v)w> + (dj;, (po(xp, v) — Po(z, v))w))
= (d", pu(z,v)w). (5.9)

By Proposition 5.1, (iii) and by the construction of d* we know that d* € dd(p(x,v)) contradicting
(5.8). But this verifies (5.7) and finishes the proof. O

PRrROOF of Proposition 5.3.
(a) We set

S(u) :m*{u* € X*| u* € clust™(uj), uj € Of(uj), uj — u, f(u;) # 0}

and, obviously, S(u) C df(u) by Proposition 5.1, (iii). For the opposite inclusion it is enough to
show that for each v € X there is some u* € S(u) with

fo(u;v) < (u*,v). (5.10)
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For that we fix v € X and we choose corresponding sequences u; — u, t; \, 0 such that t; 1 <t;,
j €N, and
lim f(u]+ ]U> f(u]) :fo(u,v)

j—o00 tj

Below we distinguish a finite number of cases for the signs of f(u;) and f(u; + t;v), i.e., at least
one of the cases has to be met by infinitely many elements. Thus we argue for a corresponding
subsequence in each case.

(a1) Let f(u;) > 0, f(uj +tjuv) > 0. By 7; we denote the minimal 7 € [0,t;) such that
f(uj + sv) > 0 for any s € (7,t;]. By the mean value theorem (cf. Proposition 5.1) we find
sj € (15,t) and uj € Of (u;j + s;v) such that

f(Uj + tjv) — f(uj) < f(u] + tjv) — f(u] + ij)
t]’ - tj —Tj

= (uj,v).

The sequence {u;‘} is bounded by the Lipschitz continuity of f near u and, therefore, it has a
weak™ cluster point u* that clearly belongs to S(u). Then (5.10) follows in this case.

(a2) Let f(u;) <0, f(u; +tjv) <0. Similar arguments as in (a;) apply.

(a3) Let f(u;) <0 < f(uj+tjv). There exists 7; € (0,t;) such that f(u;+7;v) = 0. We have

either
flug +t0) = fug) _ fuj+t50) = fu + 750)
t]’ - tj —Tj
. F g + t0) = f(ug) _ £+ 730) — ()
tj - Tj '

In the first case we are reduced to (a;) and in the second case to (ag).

(aq) Let f(u;) = f(uj +tjv) = 0. We choose a sequence v; = v + w; such that w; — 0 and
f(uj + 3tjv;) # 0. This is possible, because u ¢ int(f~1(0)). If f(u; + 5t;v;) > 0 we find, as in
(a1), some uj € Of(u; + sjv;) with f(u; + sjv;) # 0, s; € (0,¢;) such that

fluj +tv) = flug) _ fuj + 3t505) = f(uy)

- 1
s 3l

= (u*

J,U+wj>

Otherwise, if f(u; + %tﬂ’j) < 0, we argue as in (a2) to find some u
f(u; + sjv5) #0, s5 € (0,¢;) such that

7 € O0f(uj + sjvj) with

fluj +t50) = fuy) _ fluj+v) = flu; + 5tjv;)
tj B 3t

*
K

= (u;,v —wj).
Now (5.10) follows as in (ag).

(a5) Let f(uj) > 0 > f(u; +tv) or f(u;) > 0 > f(u; +t;v). By r; and 7; we denote
the minimal and the maximal 7 € [0,¢;] such that f(u; +7v) = 0. If 7, < 7; at least for a

J
subsequence, then we have

f(Uj + tjv) — f(uj) < f(u] + ?jv) — f(u] —i—Ijv)
tj - ?j —T.

and we are reduced to case (a4). Otherwise let 7; := 7; =7 for almost all elements.
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If 0 <7 <tj, we find s; € (0,7;), v; € Of(u; +s;v), 3 € (75, t;) and wj € df (u; +5;v) such
that

fluj +tv) = flug)  flug +t0) = f(u; + 150) n fuj 4 75v) — f(uy)
) a ) ) a
tt‘ (03,0) + 2 (s v).

If 7; = 0 or 7; = t;, the argument is similar with some obvious simplifications. As before we
find weak* cluster points v*, w* of {U;}, {w;}, respectively, and, possibly for a subsequence,
% — A €10,1] and tjt;]T] — 1 — . Since (1 — A\)v* + Aw* € S(u), (5.10) follows and completes
the proof of (a).

(b) Since 0 belongs to the right hand side, it is enough to consider the case

i f(uj +t5v) — f(uy)
J t;

>0.

Here we can apply cases (a1), (a2), (ag), where the assumption u & int(f~1(0)) is not needed. <
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