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CONSTRAINED NONSMOOTH PROBLEMS OF THE CALCULUS OF
VARIATIONS*

MAKSIM DOLGOPOLIK™

Abstract. The paper is devoted to an analysis of optimality conditions for nonsmooth multidi-
mensional problems of the calculus of variations with various types of constraints, such as additional
constraints at the boundary and isoperimetric constraints. To derive optimality conditions, we study
generalised concepts of differentiability of nonsmooth functions called codifferentiability and quasidif-
ferentiability. Under some natural and easily verifiable assumptions we prove that a nonsmooth integral
functional defined on the Sobolev space is continuously codifferentiable and compute its codifferential
and quasidifferential. Then we apply general optimality conditions for nonsmooth optimisation prob-
lems in Banach spaces to obtain optimality conditions for nonsmooth problems of the calculus of
variations. Through a series of simple examples we demonstrate that our optimality conditions are
sometimes better than existing ones in terms of various subdifferentials, in the sense that our optimal-
ity conditions can detect the non-optimality of a given point, when subdifferential-based optimality
conditions fail to disqualify this point as non-optimal.
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1. INTRODUCTION

Nonsmooth problems of the calculus of variations arise in various applications, such as optimisation of
hydrothermal systems [3-5] and nonsmooth modelling in mechanics and engineering (see monograph [29]).
Their theoretical study was started by Rockafellar in the convex case in [74-76], where some existence and
duality results, as well as optimality conditions in terms of subdifferentials, were obtained. In these optimality
conditions the classical Euler-Lagrange equation and transversality condition for the problem of Bolza

T
min {(x(0), z(T)) —|—/ L(t,x(t),z(t)) dt (1.1)
0
were replaced by the following inclusions:

(B(t),p(t)) € OL(t, x(t), (t)) for ae. t € (0,T), (p(0),—p(T)) € 9l(x(0), z(T),
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where “0” stands for subdifferential in the sense of convex analysis [37, 50]. Note that if the function L is
differentiable, then p(t) = L. (¢, z(t), #(t)) and the first inclusion is reduced to the Euler-Lagrange equation.

Further research was devoted to relaxing the convexity assumptions made by Rockafellar and replacing the
subdifferential in the sense of convex analysis by some other subdifferential defined for nonconvex functions.
Important steps in this direction were made by Clarke [13, 14, 16, 17], who studied problems with locally
Lipschitz continuous functions [ and L and replaced the subdifferentials in the sense of convex analysis with what
now is known as the Clarke subdifferential. Apart from optimality conditions in the form of the Euler-Lagrange
inclusion, Clarke also obtained optimality conditions in the Hamiltonian form. Clarke’s results were sharpened
and extended to more general variational problems by Loewen and Rockafellar [56, 57], while equivalence between
Euler-Lagrange and Hamiltonian forms of optimality conditions for nonsmooth variational problems was studied
in [7, 18, 46, 77]. Nonlocal optimality conditions for nonconvex problems of the calculus of variations in terms of
subdifferentials in the sense of convex analysis and their connections to the existence of minimisers were studied
by Marcelli et al. [21, 60-62].

First optimality conditions for nonsmooth variational problems involving nonconver subdifferentials were
obtained by Mordukhovich [63, 64] (see also [65, 66]). Later, optimality conditions for a nonsmooth problem of
Bolza in terms of limiting proximal and limiting Fréchet subdifferentials were studied by Loewen and Rockafellar
[55, 58, 59], Ioffe and Rockafellar [49], Vinter and Zheng [80, 81], Bellaassali [6], and Jourani [51].

A different approach to an analysis of optimality conditions for nonsmooth problems of the calculus of
variations based on the use of codifferentials was developed by the author in [31]. Codifferentials of nonsmooth
functions were introduced by Demyanov [23-25] in the late 1980s. A general theory of codifferentiable functions,
closely related to the theory of Demyanov-Rubinov-Polyakova quasidifferentials [26, 28, 29], was developed in
the finite dimensional case in [27]. Its infinite dimensional generalisations were studied in [30, 32, 33, 82, 83]. In
[31] it was shown that optimality conditions for problem (1.1) in terms of codifferentials are sometimes better
than subdifferential-based optimality conditions. Let us also mention a completely different approach to the
derivation of optimality conditions and numerical solution of nonsmooth problems of the calculus of variations
based on the Chebyshev pseudospectral method [79].

It should be noted that in most of the aforementioned papers nonsmooth problems of the calculus of variations
were not studied by themselves, but in the context of variational problems for differential inclusions. It seems
that since the mid-90s nonsmooth problems of the calculus of variations became just an auxiliary tool for the
derivation of optimality conditions for nonsmooth optimal control problems and nonsmooth variational problems
involving differential inclusions (cf. [47, 48, 51]). As a result, relatively little attention has been paid to nonsmooth
multidimensional problems of the calculus of variations, as well as problems with additional constraints, such
as nonsmooth isoperimetric problems and problems with additional constraints at the boundary. Nonsmooth
multidimensional problems of the calculus of variations were first studied by Clarke [15] for locally Lipschitz
continuous integrands. Improved versions of the Clarke’s first result were later published in monographs [12, 17],
while Bousquet [10] showed that one can significantly relax the growth conditions on the integrand imposed in
the Clarke’s work. Bonfanti and Cellina [9] obtained optimality conditions for the problem

min/L(x,v(:r%Vv(x))dx subject to v € vy + W' (Q)
Q

in the case when the integrand L(z,v,¢) is differentiable in v and convex in £. Optimality conditions for
nonsmooth multidimensional problems of the calculus of variations in terms of codifferentials were obtained in
the author’s paper [31], while optimality conditions for such problems in terms of the so-called K-subdifferential
were obtained in [67]. Finally, nonsmooth variational problems with additional constraints have been explicitly
studied only by Clarke [12, 17] and Bellaassali [6].

The main goal of this paper is to present a general theory of necessary optimality conditions for nonsmooth
multidimensional problems of the calculus of variations with various types of additional constraints, such as
problems with constraints at the boundary and problems with isoperimetric constraints. To this end, we signif-
icantly improve our earlier results from [31] and prove the codifferentiability of a nonsmooth integral functional
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defined on the Sobolev space under natural and easily verifiable assumptions on the integrand. In comparison
with our previous paper [31], we get rid of the obscure and hard to verify assumption on the uniform codifferen-
tiability of the integrand with respect to the Sobolev space and do not impose any assumptions on the domain
of integration, thus extending the results of [31] to the case of unbounded domains and domains with irregular
boundary (see Sect. 3 for more details). Furthermore, under natural assumptions we prove the continuity of a
codifferential of the integral functional in the general case (in [31] the continuity was proved only in the case
p = +00). Continuity is an important property for an analysis of discretisation of variational problems, approx-
imation methods, and convergence of numerical methods. In particular, in the general case the continuity of
codifferential is necessary for the global convergence of optimisation methods based on codifferentials [33].

With the use of the general result on the codifferentiability of an integral functional obtained in this paper
and necessary optimality conditions for nonsmooth mathematical programming problems in Banach spaces in
terms of quasidfferentials from [34, 35] we derive optimality conditions for unconstrained nonsmooth problems
of the calculus of variations, as well as problems with additional constraints at the boundary and isoperimetric
constraints. Each of these optimality conditions is illustrated by a simple example, in which existing optimality
conditions in terms of various subdifferentials are satisfied at a non-optimal point, while our optimality conditions
are able to detect the non-optimality of this point. Thus, the optimality conditions obtained in this paper are
in some cases better than existing subdifferential-based optimality conditions.

The paper is organised as follows. The codifferentiability of an integral functional defined on the Sobolev
space is studied in Section 3. Section 4 is devoted to derivation of necessary optimality conditions for con-
strained nonsmooth problems of the calculus of variations in terms of codifferentials. This section also contains
several examples illustrating advantages of optimality conditions in terms of codifferentials in comparison with
subdifferential-based optimality conditions. Finally, Section 2 contains some auxiliary definitions from nons-
mooth analysis that are necessary for understanding the paper (apart from Examples 4.2, 4.5, and 4.7, whose
understanding requires some familiarity with the Clarke subdifferential [17], the limiting proximal subdifferential
[20, 81], and the limiting Fréchet subdifferential [65, 66]).

2. CODIFFERENTIABLE AND QUASIDIFFERENTIABLE FUNCTIONS

In what follows, let X be a real Banach space. Its topological dual space is denoted by X*, while the
canonical duality pairing between X and X* is denoted by (-, ), i.e. (x*,z) = z*(z) for all 2* € X* and z € X.
The standard topology on R is denoted by 7 and the weak* topology on X* is denoted by w* or o(X*, X).

We equip the Cartesian product R x X with the norm ||(a,z)|| = v/|a|? + ||z||? for all (a,2) € R x X. It is
easily seen that the topological dual space (R x X)* endowed with the weak* topology is isomorphic (in the
category of topological vector spaces) to the space R x X* endowed with the product topology g x w*. Utilising
this fact (or arguing directly) one can check that a subset of the topological vector space (R x X*, g x w*) is
compact if and only if it is closed in the topology T x w* and bounded with respect to the norm ||(a,2*)|| =

Vial? + ||z*||?, (a,2*) € R x X* (see, e.g. [30], Thm. 2.1).
Definition 2.1. Let U C X be an open set. A function f: U — R is called codifferentiable at a point = € U,

if there exists a pair Df(x) = [df(x),df(z)] of convex sets df(z),df(z) C R x X* that are compact in the
product topology Tk x w* and satisfy the equalities ®;(x,0) = ¥ s(x,0) = 0 and

1
11120 S flx+alAz) — f(x) — Pp(x,alAx) — Vs(z,aAz)| =0 VAzre X, (2.1)
a—

where

Os(z,Ar) = max (a+ (z",Azx)), Ts(zx,Az)= min (b+ (y",Az)) VAze X. (2.2)
(a,z*)edf(z) (byy*)edf(z)



4 M. DOLGOPOLIK

The pair Df(x) = [df(z),df(z)] is called a codifferential of f at x, the set df(z) is called a hypodifferential of
f at x, while the set df(z) is referred to as a hyperdifferential of f at x.

Remark 2.2. Note that the equalities ®;(x,0) = ¥¢(z,0) = 0 simply mean that a <0 for all (a,z*) € df(x)
and max(q z+)edf(z) @ = 0, while b > 0 for all (b,y*) € df(z) and ming, o eds(z) b = 0. Note also that the
maximum in the definition of ® and the minimum in the definition of ¥ are attained due to the fact that the
sets df(x) and df(x) are compact in the product topology Tr x w*.

Let us comment on the definition of codifferentiability. Observe that the function ®f(x,-) from this defini-
tion is convex, while the function U(x,-) is concave. Thus, in the definition of codifferentiable function one
approximates the increment of a nonsmooth function f with the use of the DC (difference-of-convex) function
Q(z,)+ ¥y(z,-) (see (2.1)). One can check that f is codifferentiable at a point x if and only if its increment
f(z + aAz) — f(x) can be approximated in this way by some continuous DC function (see [32], Exam. 3.10).
Hence, in particular, any continuous DC function f: X — R is codifferentiable at every point € X. Let us note
that the benefit of using codifferentiable functions in comparison with DC functions consists in the existence of
a well-developed codifferential calculus, which allows one to easily compute codifferentials of many nonsmooth
functions appearing in applications (see, e.g. monograph [27]). In contrast, while it is usually fairly easy to prove
theoretically that a given function is DC, in some cases it might be very problematic to find an explicit DC
representation of a DC function.

Observe that codifferential is not uniquely defined. For instance, it is easily seen that if D f(x) is a codifferential
of f at z, then for any convex compact subset C' of the space (R x X*, 1z x w*) the pair [df(z) + C,df(z) — C]
is a codifferential of f at x as well.

Recall that for any two nonempty subsets A and B of a metric space (M, d) the Hausdorff metric dg(A, B)
is defined by

di (A, B) = max{sup infB d(z,y), sup inxf4 d(z,y)}. (2.3)

r€AYE yeB €

A multifunction F' between metric spaces (M7, d1) and (Ma,ds) is called Hausdorff continuous (or continuous
with respect to the Hausdorff metric) at a point @ € My, if for any € > 0 one can find 6 > 0 such that for all
y € My with di(y,z) < § one has dy (F(y), F(x)) < e. Let, as above, U C X be an open set.

Definition 2.3. A function f: U — R is said to be continuously codifferentiable at a point z € U, if f is
codifferentiable at every point in a neighbourhood V' C U of x and there exists a codifferential mapping D f(+)
defined in V' and such that the corresponding set-valued mappings df(-) and df(-) are Hausdorff continuous at
2 (in this case we say that D f(-) is Hausdorff continuous at x). Finally, f is called continuously codifferentiable
on aset A C U, if it is codifferentiable at every point of this set and there exists a codifferential mapping D f(-)
defined on A and such that the corresponding mappings df(-) and df(-) are Hausdorff continuous on A.

The class of continuously codifferentiable functions is closed under addition, multiplication, pointwise maxi-
mum and minimum of finite families of functions, and composition with smooth functions (see [27, 30, 32, 33]
for more details).

Remark 2.4. Let us note that in the nonsmooth case the standard necessary optimality condition V f(z) = 0
takes the form of set-theoretic inclusion 0 € df(z), involving some subdifferential of the objective function f. For
codifferentiable functions, necessary optimality conditions are formulated as set-theoretic inclusions involving
hypo- and hyperdifferentials:

0edf(z)+(0,4") V(0,y") € df(x).

As a result, in the nonsmooth case optimality conditions no longer play the role of an equation for finding
minimisers and are often used only for verifying whether a given point is optimal and constructing optimisation
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methods. As we will see in the following sections, the situation is precisely the same in the case of nonsmooth
problems of the calculus of variations. For nonsmooth variational problems, the Euler-Lagrange equation, which
in the smooth case can be used to find potential extremals, is replaced by a certain inclusion. This inclusion
no longer allows one to directly find extremals and can usually be used only to check whether a given point is
potentially optimal and to study numerical procedures for finding potential extremals.

The class of codifferentiable nonsmooth functions is closely related to the class of quasidifferentiable functions.
Recall that a function f: U — R is called quasidifferentiable at a point x € U, if f is directionally differentiable
at x, i.e. for any v € X there exists the finite limit

and the function f’(z,-) can be represented as the difference of continuous sublinear functions or, equivalently,
if there exists a pair 2f(x) = [9f(z), df (x)] of convex weak* compact sets 9f(z),df(x) C X* such that

fl(z,v) = max (z*,v)+ min (y*,v) Ve X.
z*€df () y*€df(z)

The set Of () is called a subdifferential of f at z, while the set df(x) is referred to as a superdifferential of f at
x. Note that, just like codifferential, quasidifferential is not uniquely defined. The interesting problem of finding
a minimal (in some sense) quasidifferential of a given nonsmooth function was studied in [39, 41-45, 68, 69, 78].

Remark 2.5. In what follows, we denote a codifferential of a nonsmooth function f at a point « by Df(x),
while a quasidifferential of this function is denoted by Zf(x).

Finally, one says that a function f: U — R is Hadamard quasidifferentiable at x, if f is quasidifferentiable
at x and Hadamard directionally differentiable at this point, that is,

/ . fl@+a) - f(z)
f (1’7’(1) N [oz,v’}lg[[lJrO,v] « (24)
(see [40] for a discussion of the notation under this limit). In other words, for any € > 0 and v € X one can
find § > 0 such that |(f(z + av’) — f(2))/a — f'(z,v)| < e for all 0 < a < § and v/ € B(v,0) = {v/ € X |
v —v|| < d}. We will need the following result stating that every continuously codifferentiable function is, in
fact, Hadamard quasidifferentiable and indicating how one can compute a quasidifferential of this function. A
relationship between continuously codifferentiable functions and quasidifferentiable functions having outer semi-
continuous subdifferential and superdifferential mappings 8f(-) and df(-) was analysed in the finite dimensional
case by Kuntz [53].

Lemma 2.6. Let a function f: U — R be continuously codifferentiable at a point x € U. Then f is Hadamard
quasidifferentiable at this point and for any codifferential Df(x) of f at x the pair 2f(x) = [0f(x),0f ()]
defined by

Of (x) ={a" € X" | (0,2") € df(2)}, Of(x)={y" € X[ (0,y") € df(x)} (2.5)

s a quasidifferential of f at x.

Proof. Let Df(x) be any codifferential of f at x and the functions ®; and ¥ be defined as in (2.2). Denote

g(-) = ®¢(z,-) + ¥y(x,-). Recall that by the definition of codifferential one has g(0) = 0 (see Def. 2.1).
Suppose at first that g is directionally differentiable at zero and fix any v € X and € > 0. Then there exists

01 > 0 such that |g(av)/a—¢'(0,v)| < /2 for all « € (0, §1). By the definition of codifferential there exists do > 0
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such that for all a € (0,d2) one has |f(x + av) — f(x) — g(av)| < ea/2. Therefore, for any 0 < o < min{dy, do}
one has

[z +av) - f(z)

«

g(av)

~0.0)| < 2o+ av) = 1) - glaw)] + |22 - 7 0.0)

<e,

i.e. f is directionally differentiable at x and f’(z,-) = ¢'(0, -).

Let us now show that both functions ®f(x,-) and ¥s(x,-) are directionally differentiable at zero and com-
pute their directional derivatives. Then one obtains that f is directionally differentiable at  and f/(z,v) =
s (z,-)(0,v) + Vs (z,-)(0,v) for all v € X.

As was pointed out above, the sets d f(x) and d f(x) are norm-bounded due to the fact that they are compact in
the product topology g x w*. Thus, there exists K > 0 such that |a| + ||z*|| < K for any (a,z*) € df(x) Udf(z).
Hence

[®/(2, Aa)| < K + K||Ac], |¥;(x,Az)| < K + K[ A2| VA€ X,

i.e. the functions ®y(z,-) and ¥y (z,-) are bounded on bounded sets. Therefore, the convex function ®(z,-) is
continuous ([37], Prop. 1.2.5), subdifferentiable on X ([37], Prop. 1.5.2), everywhere directionally differentiable
([50], Prop. 4.1.4), its subdifferential at zero has the form

00 (x,-)(0) = {z" € X* [ (0,27) e df(2)}

by Thereom 4.2.3 of [50] (recall that by definition ®;(x,0) = 0; see Def. 2.1), and for all v € X one has
®'(x,-)(0,v) = max,«cop ,(x,)(0) (2%, v) by Proposition 4.1.1 of [50]. Similarly, the concave function Wy (z,-) is
everywhere directionally differentiable and

U (x,-)(0,v) = min vy YvelX,
(00 = w0

where OV ¢(z,-)(0) = {y* € X* | (0,y*) € df(z)}. Thus, one can conclude that f is quasidifferentiable at x and
the pair (2.5) is a quasidifferential of f at x.

Let us finally show that f is Hadamard directionally differentiable at x. Indeed, by Corollary 2 [33] the function
f is Lipschitz continuous near z, i.e. there exist r > 0 and L > 0 such that |f(z1) — f(x2)| < L||x1 — x2|| for all
x1,T2 € B(x,r).

Fix any € > 0 and v € X. Note that f/(x,0) =0 and = + av’ € B(z,r) for any o € (0,+/r) and v' € X with
||v'|| < \/r. Therefore for § = min{\/r,e/2L} one has

‘f(x ra) =) f’(z,O)‘ <Ll <e Vae(0,0), o € B,5),

i.e. (2.4) with v = 0 holds true. Thus, one can suppose that v # 0.
By the definition of directional derivative there exists o > 0 such that

- f’(;v,v)

<

‘f(-’)’}‘f'av)_f(m) Ya € (0,50)

(67

N ™

Observe that if 0 < o < r/(2]|v]|) and for some v' € X one has ||[v/ — v|| < ||v||, then © + av € B(x,r/2) and
lav’ — av|| = a||v’ —v|| < 1/2, i.e. x + av’ € B(z,r). Therefore, put 6 = min{dg, /2L, r/(2|v|]), ||v]}. Then for
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any « € (0,9) and v" € B(v,d) one has z + av’ € B(x,r) and

!
- — 1
f(x—FOﬂ;) f(-r) —fl(l’,’l}) S ‘f(m‘i‘az[) f(x) —f’(a:,v) +a|f(l‘+0[’l}/)—f(l‘+0411)‘ S g"’LH’U/_UH <e.
Thus, f is Hadamard quasidifferentiable at x. O

Remark 2.7. From the proof of the lemma above it follows that if the function f is codifferentiable, but not
continuously codifferentiable at x, then f is still quasidifferentiable at  and for any codifferential D f(z) of f
at x the pair (2.5) is a quasidifferential of f at x.

3. CODIFFERENTIABILITY OF INTEGRAL FUNCTIONALS

In this section we present simple sufficient conditions for the codifferentiability of integral functional
Tw) = [ flo.u(o). Vuw) do. = (... ) € WRR)
Q

and compute its codifferential and quasidifferential. Here QO C R is an open set (not necessarily bounded),
FrQxR™ x R™*4 5 R, f = f(z,u,§), is a given function, WP(Q; R™) is the Cartesian product of m copies
of the Sobolev space WP(Q) with 1 < p < +oc0. The space WH?(Q; R™) is endowed with the norm |jul; , =
(IlellB 4+ [ Vul|?) P i1 the case 1 <p < +oo and ||u||1,00 = max{||u| co, || V| o}, where || - ||, is the standard norm
in LP(; R¥) for any k € N, i.e. |ull, = ([, |u(a:)\pdz)% in the case 1 < p < 400, and ||u||s = esssup,cq |u(z)|
(here | - | is the Euclidean norm). Denote by p’ the conjugate exponent of p, i.e. 1/p+1/p’ = 1.

Below we assume that for a.e. x € Q the function (u,§) = f(z,u,&) is codifferentiable, i.e. for a.e. x € Q and
for all (u,&) € R™ x R™*4 there exist compact convex sets dy e f(@,u, &), duef(w,u,§) TR X R™ x R™*4 such
that for any (Au, A¢) € R™ x R™*? one has

hj&oé flz,u+ aAu, &+ aAf) — f(z,u, &) — Pp(z, u, & alu, aAf) — \Ilf(x,u,§;aAu,aA£)’ =0

and ®(z,u,§;0,0) = Us(x,u,§&;0,0) =0, where

Dr(x,u, & Au, Af) = a + (v1, Au) + (va, AE)), 3.1
S EANAD = (o (o, 80) + (. 80) 1)
Us(z,u, & aAu, aAf) = min (b+ (w1, Au) + (wa, AE)), (3.2)

(b,w1,w2)E€dy ¢ f(z,u,8)

and (-,-) is the inner product in R¥. We denote a codifferential of this function at a point (z,u,&) by
Dyef(z,u,§) = [Qu,ff(x,u,f),au,gf(a:,u,f)]. Finally, recall that a multifunction F': Q x Y = Z, where Y and
Z are metric spaces, is called a Carathéodory map, if for every y € Y the map F(-,y) is measurable and for
every = € (2 the map F(x,-) is continuous (see [2], Def. 8.2.7). As is well-known, in the case when Z = R* and
F' is compact-valued, the map F'(z,-) is continuous iff it is Hausdorff continuous.

The following definition describes natural assumptions on the integrand f = f(z,u,§) ensuring the
codifferentiability of the functional Z.

Definition 3.1. We say that f satisfies the codifferentiability conditions of order p, if
(1) f is a Carathéodory function satisfying the growth condition of order p, i.e. there exist an a.e. nonnegative
function 8 € L}(Q2) and C' > 0 such that

[f(@,u, )] < Bx) + C(|ul” + [€[7)
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for a.e. x € Q and for all (u,&) € R™ x R™*? in the case 1 < p < 400, and for any N > 0 there exists an a.e.
nonnegative function By € L'(2) such that |f(z,u, )| < By (x) for a.e. x € Q and all (u, &) € R™ x R™*? with
max{|ul, |£]} < N in the case p = +o0;

(2) for a.e. x € Q the function (u,&) — f(z,u,&) is codifferentiable on R™ x R™*? and its codifferential
mapping Dy ¢ f(-) is a Carathéodory map (i.e. both d,, . f(-) and dye f(+) are Carathéodory maps) satisfying the
growth condition of order p, i.e. there exist C' > 0 and a.e. nonnegative functions 8 € L!(Q) and y € Lp/(Q) such
that for a.e. x € Q and for all (u,£) € R™ x R™¥4 (a,v,v9) € d, e f(x,u,€), and (b, w1, ws) € dyef(z,u,§)
one has

max {|al, [0} < B(z) + C(|ul” + [€7),  max {|vs], [val, [wal, [wa] } < v(z) + C(lu~" + [€[77T)

in the case 1 < p < 400, and for any N > 0 there exists an a.e. nonnegative function Sy € L'(Q) such
that max {|a|, [v1], [va, [b], Jwi |, |wa|} < B (z) for ae. z € Q and for all (a,v1,v2) € d, ¢ f (2, u,E), (b,w1,w2) €
duef(z,u,€), and (u,€) € R™ x R™*? with max{|ul, |¢|} < N in the case p = +o0.

Remark 3.2. In the case 1 < p < 400 the growth conditions from the previous definition can be weakened
with the use of the Sobolev imbedding theorem (cf. [22], Sect. 3.4.2). In particular, if d = 1, then it is sufficient
to suppose that for any N > 0 there exists Cy > 0 and a.e. nonnegative functions By € L'(2) and yy €
L? (Q) such that for a.e. z € Q, for all (u,£) € R™ x R™ with |u| < N and for all (a,vy,vs) € dyef(@,u,§) U

duef(z,u,€) one has |a| < By (z) + Cn|EP and max{|vi|, [v2]} < vn(x) + Cn[EP.

Our aim is to prove that the codifferentiability conditions from the definition above guarantee that the
functional Z is codifferentiable on W1?(Q; R™). Due to some technical difficulties, in the case p = 1 we need
to assume that the set Q has the segment property [1], p. 53-54, i.e. that for every x from the boundary of
) there exist a neighbourhood U, C R? of 2 and a nonzero vector y, € R? such that for any z € c1Q N U,
one has z + ty, € Q for all ¢t € (0,1). The segment property ensures that the set Q has a (d — 1)-dimensional
boundary and cannot simultaneously lie on both sides of any given part of its boundary (i.e. there are no cuts).
Furthermore, it ensures that the space of continuously differentiable functions is dense in W'?(£) (see, e.g. [1],
Thm. 3.18).

Theorem 3.3. Let f satisfy the codifferentiability conditions of order p € [1,+00] and let either 1 < p < 400 or
the set 2 be bounded and have the segment property. Then the functional I is correctly defined on WhP(Q; R™),
codifferentiable at every u € WHP(Q; R™), and the pair DI (u) = [dZ(u),dZ(u)] with

az(u) = {(4.0) € Rox (WHH(@R"))

A:/Qa(a:)dsc, (x*,h):/Q((vl(m),h(x)>+<v2(:1c),Vh(:v)>) do

Yh € WHP(Q;R™),  (a(-),v1(:),v2(+)) is a measurable selection of the map Qu’gf(-,u(-),Vu(J)} (3.3)

and

dZ(w) = {(B,y") € R x (WP (% R™)"

B= /Q bx)de, (y°h) = /Q (w1 (2), h(@)) + {wa(z), Vh(x))) de

Vh € WHP(Q;R™),  (b(-),w1(-), wa(-)) is a measurable selection of the map au75f(~,u(~),Vu(~))}.

is a codifferential of T at u. Furthermore, the multifunctions dZ(-) and dZ(-) are Hausdorff continuous, i.e.
the functional I is continuously codifferentiable on WLP(Q; R™), provided either 1 < p < 400 or the set-valued
maps d,, ¢ f(-) and dy ¢ f(-) have the form

Qu,gf('rvu7£) :CO{(fi(xauag)vvlivai) |i€I}v au,gf(lf,u,f) :CO{(gj(mau7£)vw1j7w2j) |]6 J} (34)
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for some vectors vi;, w1; € R™, vg;, wa; € R™*% gnd Carathéodory functions f;, g;: < R™ x R™*4 5 R, where
iel={l,....4} andjeJ={1,...,r}.

Remark 3.4. The assumption that in the case p = 1 the set-valued maps d, f(-) and dy¢f(-) have the
form (3.4) might seem unnatural at first glance. However, it should be noted that this assumption is satisfied
in many particular examples. Furthermore, with the use of the codifferential calculus [27] one can easily show
that this assumption is preserved under addition, multiplication by scalar, pointwise maximum, and pointwise
minimum. For example, if d=m =1, Q = («, 8), and

B
Z(u) = [ max{(u/(@)| - Ju(x)], 0} do.

then f(z,u,§) = max{|¢| — |u|,0} = max{|¢], |u|} + min{u, —u} and by applying the codifferential calculus [27]
one gets

+& — max{[¢], [ul} Fu — max{[¢], [ul} _ Fu + Jul
dy e f(@,u, &) = co 0 , +1 , dyef(z,u,§) =co +1 ,
+1 0 0

i.e. assumption (3.4) is satisfied.

We split the proof of Theorem 3.3 into four parts, each of which is formulated as a separate lemma. Before
we proceed to these lemmas, it should be remarked that Theorem 3.3 significantly improves ([31], Thm. 5.1),
since it states that the functional Z is continuously codifferentiable for any 1 < p < 400 and demonstrates that
the rather restrictive and obscure assumption on the uniform codifferentiability of the integrand f with respect
to the space WHP(Q; R™) (see [31], Def. 4.18) is redundant. Furthermore, in the case 1 < p < 400 Theorem 3.3
extends ([31], Thm. 5.1) to the case of unbounded domains 2 and domains not having a segment property.
Finally, Theorem 3.3 gives a positive answer to the second question raised by the author in Remark 4.22 of [31].

We start with a simple technical lemma on the function ®; defined in (3.1).

Lemma 3.5. Suppose that for a.e. x € Q and for all (u,&) € R™ x R™*? the function (u, &) — f(z,u,&) is
codifferentiable and let ®; be defined as in (3.1). Then for any u,h € WHP(Q;R™), for a.e. x € Q, and for
all t € R the function g(t) = ®f(x,u(x), Vu(z);th(x),tVh(x)) is codifferentiable and for any t € R the pair
Dy(t) = [dg(t),{0}] is a codifferential of g at t, where

dg(t) = {(agvvg) ERXR | ag=a+ (v1,th(z)) + (v2,tVh(x)) — g(1),

vg = (v1, h(x)) + (v2, Vh(2)), (a,v1,v2) € Qu’gf(x,u(x),Vu(x))}.
Proof. By the definition of @4 for any ¢, At € R one has

g(t + At) — g(t) = max (a + (v1, (t + At)h(z)) + (vo, (t + At)Vh(a:))) —g(t)

= max ([a + (1, th(z)) + (v, tVA(z)) — g(t)] + At{v1, h(z)) + At{va, Vh(x))) ay ,Hlféxgg(t)(ag +vgAt),

where the first two maximums are taken over all (a,v1,v2) € d,, ¢ f (@, u(z), Vu(x)) and the set dg(t) is defined
in the formulation of the lemma. The set dg(¢) is obviously convex and compact as the image of the set
dy¢f(z,u(z), Vu(z)) under the affine map

(a,v1,v2) = (a + (1, th(z)) + (v, tVR(z)) — g(t), (o1, h(z)) + (va, Vh(x)}) cRxR.
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Moreover, one has

o, 8X  0g = aX (@ + (vi, th(z)) + (v2, tVh(2))) — g(t) = g(t) — g(t) = 0,

where the second maximum is taken over all (a,v1,v2) € d, ¢f(7,u(z), Vu(z)). Thus, the function g is
codifferentiable at every ¢ € R and the pair Dg(-) = [dg(-), {0}] is its codifferential (see Def. 2.1). O

Next we show that the increment Z(u + ah) — Z(u) of the functional Z can be approximated by a DC function
defined via the sets dZ(u) and dZ(u) from Theorem 3.3. Note that these sets are nonempty, since measurable
selections of the multifunctions d,, . f (-, u(-), Vu(:)) and dyef(- u(-), Vu(-)) exist ([2], Thms. 8.1.3 and 8.2.8).

The statement of the following lemma coincides with that of Lemma 5.2 in [31] with the only difference
being the fact that here were remove the obscure assumption on uniform codifferentiability of the integrand
with respect to the Sobolev space. In [31] this assumption ensured that one can pass to the limit under the
integral sign. Below we prove that one can pass to the limit without this assumption by applying Lebesgue’s
dominated convergence theorem and obtaining necessary estimates with the use of the mean value theorem for
codifferentiable functions ([33], Prop. 2).

Lemma 3.6. Let f satisfy the codifferentiability conditions of order p € [1,+o00] and the sets dZ(u) and dZ(u)
be defined as in Theorem 3.3. Then the functional T is correctly defined on WHP(Q; R™), dZ(u),dZ(u) C R x
(WEP(Q; R™))*, and

1
lim —|Z(u+ ah) —Z(u) —  max A+ (x*,ah)) — min B+ {(y*,ah))| = 0. 3.5
Jim [T ah) < T ma (A (oh) = min (B (7 0h) (35)

for all u,h € WHP(Q;R™).

Proof. Fix any u € WHP(Q; R™). By our assumption f is a Carathéodory function satisfying the growth con-
dition (see Def. 3.1). Therefore, as is well-known, the function f(-,u(-), Vu(-)) is measurable and belongs to
L(Q), which implies that Z(u) is correctly defined and finite.

Let us verify that the sets dZ(u) and dZ(u) are correctly defined. Indeed, fix any measurable selection
(a(-),v1(+),v2(-)) of the multifunction d,, ¢ f(-,u(-), Vu(:)). By the growth condition on Dy ¢f(-) (see Def. 3.1)

there exist C' > 0 and a.e. nonnegative functions 8 € L'(Q) and v € L? (2) such that
la(@)] < B(z) + C(lu(@)|” + [Vu()["),  max {[vy(2)], [v2(2)]} < v(2) + C(Jul@)[P~" + [Vu(z)[P~1)

for a.e. € Q in the case 1 < p < 400, and there exists By € L'(Q) such that for a.e. € Q one has
max{|a(z)|, |[vi(x)], |v2(z)|} < Bn(x) in the case p = 400 (here N = ||lu||1,00). Hence with the use of Holder’s
inequality one obtains that a(-) € L'(2), v1(-) € L? (€ R™), and vy(-) € L¥' (Q; R"™*9). Therefore the integral
A = [, a(x)dz is correctly defined and finite, while the functional z* defined as

(x*,h) = /Q ((vi(z), h(z)) + (v2(z), VR(z))) dz  Vh € WHP(Q;R™)

is a continuous linear functional on W'(€Q;R™), i.e. the set dZ(u) is correctly defined and dZ(u) C R x
(WHP(€; R™))*. The fact that dZ(u) C R x (WLP(Q;R™)* is proved in the same way.
Choose any h € WHP(;R™) and a sequence {ay,} C (0, +00) converging to zero. Let us prove that

lim € Z(u+ anh) — I(u) — /Q Py (z,u(z), Vu(z); anh(z), a, Vh(z)) dz

n—oo Qi
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- / U (z, u(z), Vu(a); anh(z), o, Vh(z)) dx‘ =0, (3.6)
Q

where the functions ®; and ¥y are defined in (3.1), (3.2). Indeed, for any n € N and « € § denote

gn(z) = 1 (f(;v, u(z) + aph(z), Vu(z) + o, Vh(z)) — f(z,u(z), Vu(z))

Qn

— O (z,u(x), Vu(z); anh(z), 0, Vh(z)) — ¥ s (2, u(z), Vu(z); o h(), ath(:c))). (3.7)

Our aim is to prove (3.6) by applying Lebesgue’s dominated convergence theorem to the sequence of functions
{gn}. Firstly, note that by the definition of codifferential g, (z) — 0 as n — oo for a.e. x € Q. Next, we show
that g, € L1(Q) for all n € N.

From the fact that the integrand f satisfied the growth condition it obviously follows that the
first two terms in the definition of g, belong to L!(Q). Let us check that the function n,(x) =
Py (2, u(z), Vu(z); anh(z), 0, Vh(z)), = € Q, belongs to L'(Q) as well. The proof of this fact for the function
U, is exactly the same.

By the codifferentiability conditions d, f(-) is a Carathéodory map, which by Thereom 8.2.8 of [2]
implies that the multifunction d,, ¢ (-, u(-), Vu(-)) is measurable. The map (z, (a,v1,v2)) = (a + an(vi, h(x)) +
o (v2, VR(x)) is obviously a Carathéodory function. Hence by the definitions of ®; (see (3.1)) and 7, and
the theorem on the measurability of marginal functions ([2], Thm. 8.2.11) one obtains that the function 7, is
measurable. Moreover, by the growth condition on the codifferential mapping D,, ¢ f(-) (see Def. 3.1) there exist
C > 0 and a.e. nonnegative functions 8 € L1(Q) and v € L? () such that

[ (2)| = | @ (2, u(2), Vu(z); anh(z), 0n VA(2))| < B(@) + C(Ju(@) P + [Vu(@)[)
+an (y(2) + C(lu(@) P~ + [Vu()[P~H) (|h(z)| + [ Vh(z)])

for a.e. z € Q in the case 1 < p < +00, and there exists an a.e. nonnegative function 8y € L!(Q) such that

[ ()] < B (2) (1 + | h(2)] + | VI (2)])

for a.e. z € Q in the case p = +00 (here N = ||ul|1 ). Hence taking into account the fact that u, h € WHP(Q;R™)
and applying Holder’s inequality in the case 1 < p < 400 one obtains that 7,, € L1(2) for all n € N, which implies
that g, € L1(Q) for all n € N as well.

Now we prove that the sequence {g,} is dominated by some integrable function. Indeed, by the mean
value theorem for codifferentiable functions ([33], Prop. 2) for any n € N and for a.e. € Q one can
find 0, (z) € (0,a), and triplets (0,v1,(z),von(2)) € d, ¢ f(z,u(z) + On(2)h(z), Vu(z) + 0,(2)Vh(x)), and
(0, w1 (7), wan (7)) € du g f(m, u(®) + 05 (2)h(z), Vu(z) + 0, (x)Vh(x)) such that

1 (f (@, u(x) + anh(z), Vu(a) + o, Vh(z)) — f(z,u(z), Vu(z)))

= (v1n(2) + win (), M) + (V20 (2) + w2n(2), V(7).

Hence by the growth condition on D, ¢f(-) (see Def. 3.1) there exist C' > 0 and a.e. nonnegative function
v € LP' () such that

ain (@, u(z) + anh(z), Vu(z) + an Vh(z)) = f(z,u(z), Vu(@))]
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< 2(y(@) + C(ju(@) + 0n(2)h(@) P~ + [Vu(z) + 0 (2) VA)[P™)) (|h(2)] + [Vh(2)])

for a.e. x € Q in the case 1 < p < 400, and there exists an a.e. nonnegative function By € L*(£2) such that
1
—[f(@,ul@) + anh(@), Vu(z) + anVh(z)) = f(z, u(z), Vu())| < 265 (@) (|h()| +[Vh(z)])

for a.e. € Q in the case p = +00, where N = ||u||1,00 + @||h|]1,00 and o, = max,en o,. Now, taking into
account the fact that u,h € WHP(Q; R™) and applying Hélder’s inequality in the case 1 < p < +00 one gets
that the first two terms in (3.7) are dominated by an integrable function independent of n.

Let us now turn to the third term in (3.7). The fact that the last term is dominated by an integrable
function can be proved in exactly the same way. By applying the mean value theorem for codifferentiable
functions and Lemma 3.5 one obtains that for any n € N and for a.e. x € Q there exist 0, (z) € (0, ;) and
(an (), v10(2), V20 (7)) € d,, ¢ f(7,u(x), Vu(z)) such that

D (2, u(x), Vu(z); On(2)h(2), On () Vh(2)) = an(2) + (vin(z), On(2)h(2)) + (V20 (2), On (2) VI (2))

i<I>f (z,u(z), Vu(x); anh(z), 0, VR(2)) = (v1n (), h(2)) + (v2n(x), VA(z))

(here we used the fact that ®¢(x, u(z), Vu(z);0,0) = 0 by the definition of codifferential). Hence utilising the
growth condition on D, ¢ f(-) in the same way as above one can easily verify that the third term in (3.7) is
dominated by an integrable function independent of n as well. Consequently, applying Lebesgue’s dominated
convergence theorem one obtains that [, g,(z)dz — 0 as n — oo or, equivalently, (3.6) holds true (see the
definition of g,,, formula (3.7)).

Let us check that

/Q Py (z,u(z), Vu(z); anh(z), 0y Vh(z)) do = (A,m{«r)lg}g(z(u)(A + (z*, ayh)) (3.8)

for all n € N, where dZ(u) is defined in Theorem 3.3. The validity of a similar equality involving ¥; and dZ(u)
can be proved in the same way. Then applying (3.6) one obtains that equality (3.5) holds true and the proof is
complete.

By the definition of @ for any measurable selection (a(-), v1(-),v2(+)) of the multifunction d,, ¢ f (-, u(-), Vu(-))
one has

a(z) + an(v1(x), h(z)) + an(ve(x), Vh(z)) < Of (x, u(x), Vu(z); anh(z), ozth(a:))

for a.e. z € Q and for all n € N, which obviously implies that the inequality

sup (A4 (z", anh)) < / Py (z,u(x), Vu(z); o h(z), an Vh(z)) dz
(A,a*)edZ(u) Q

holds true for all n € N (see (3.3)). On the other hand, observe that by definition

Py (z,u(z), Vu(z); anh(z), an Vh(z)) € {a + ap(v1, h(z)) + o (v2, Vh(z)) € R ‘

(a,v1,v2) € d,, ¢ f(x,u(), Vu(:c))}
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for a.e. x €  and for all n € N. As was noted above, from the codifferentiability conditions in follows that the
multifunction d,, . f(-,u(-), Vu(-)) is measurable. Therefore, by Filippov’s theorem ([2], Thm. 8.2.10) for any
n € N there exists a measurable selection (a(-),v1(+),v2(+)) of the set-valued map d,, ¢ (-, u(-), Vu(-)) such that

Py (z,u(z), Vu(z); anh(z), an Vh(z)) = a(z) + ay(vi (), h(z)) + an (va(z), V()

for a.e. x € Q, which implies that for the corresponding element (A, z*) € dZ(u) (see (3.3)) one has
/ P (z,u(x), Vu(z); anh(z), an Vh(z)) dz = A + (2%, oy ).
Q

Thus, equality (3.8) holds true and the proof is complete. O]

Next we prove that the pair DZ(u) = [dZ(u),dZ(u)] defined in Theorem 3.3 is indeed a codifferential of T at
u. According to the definition of codifferential (see Def. 2.1), we need to prove that both sets dZ(u) and dZ(u)
are convex and compact in the corresponding product topology. A proof of this result in the case when € is
bounded and has the segment property was given in Lemmas 5.4 and 5.6 of [31]. Therefore, below we give a
proof of the case 1 < p < 400 only.

Let us note that that we managed to remove the assumptions on the set €2 in the case 1 < p < 400 by using
a completely different proof technique. Instead of reducing the proof of the compactness of dZ(u) and dZ(u) to
the proof of the closedness of an auxiliary Aumann integral as it is done in [31], here we prove that the sets of
measurable selections of the multifunctions d,, ¢ f(-, u(-), Vu(-) and dy ¢ f(-, u(-), Vu(-)) are compact in a suitable
topology and then conclude that the sets dZ(u) and dZ(u) are compact in the product topology as continuous
images of the corresponding sets of measurable selections.

Lemma 3.7. Let [ satisfy the codifferentiability conditions of order p € [1,4+00] and let either 1 < p < 400
or the set Q be bounded and have the segment property. Then for any u € WhP(Q;R™) the sets dZ(u) and
dZ(u) defined in Theorem 3.3 are convex and compact in the topology Tr X w*. Furthermore, the equalities

max{A: (A,z*) € dZ(u)} = min{B: (B,y*) € dZ(u)} = 0 hold true.

Proof. Fix any u € WHP(£;R™). We prove this lemma only for the hypodifferential dZ(u), since the proof for
the hyperdifferential dZ(u) is exactly the same.

Choose any (Ai1,27), (A2,23) € dZ(u), and let z;(-) = (ai(+),v1i(-),v2:(-)) be a measurable selection of
the set-valued mapping d, . f(-,u(-), Vu(:)) corresponding to (A; z}), i € {1,2}. For a.e. z € Q the set
dy¢f(z,u(z), Vu(z)) is convex by definition. Consequently, for any a € [0,1] the map azi(-) + (1 — a)z2(-)
is a measurable selection of the set-valued map d, ¢ f(-,u(-), Vu(-)), which obviously corresponds to the pair
Zy = (A1 + (1 — a)Ag, ax] + (1 — )x})). Therefore, Z, € dZ(u) for any « € [0,1] and one can conclude that
the set dZ(u) is convex.

By the definition of codifferential for a.e. z € Q and for all (a,vi,v2) € d, ¢f(z,u(z), Vu(z)) one has
a < 0, which obviously implies that for any (A,z*) € dZ(u) one has A < 0. Furthermore, by definition
max{a | (a,v1,v2) € d, ¢ f(z,u(x), Vu(z))} = 0 for a.e. z € Q, that is, for a.e. # € Qone has 0 € {a | (a,v1,v2) €
dy e f(@,u(z), Vu(x))}. As was noted in the proof of Lemma 3.6, the multifunction d,, ¢ f (-, u(-), Vu(-)) is measur-
able. Therefore, by Filippov’s theorem ([2], Thm. 8.2.10) there exists a measurable selection (ag(+), v10(+), v20(-))
of d, ¢ f(-;u(), Vu(-)) such that ag(z) = 0 for a.e. x € Q. Consequently, one has (0,2*) € dZ(u) for z* defined
as

(x*,h) = /Q ((vi0(2), h(x)) + (vao(x), Vh(z))) dz Vh € WHP(Q;R™),

which yields max{A: (A,z*) € dZ(u)} = 0.
Now we turn to the proof of the compactness of dZ(u). We consider two cases.
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Case 1 < p < +o00. Denote by F the set of all measurable selections of the set-valued map d,, ¢ f (-, u(-), Vu(-)).
By the codifferentiability conditions (see Def. 3.1) there exist C' > 0 and a.e. nonnegative functions g € L(£2)
and v € LP () such that for any (a(-),v1(-),v2(+)) € F and for a.e. z € Q one has

la(@)] < B(x) + C(lu(@)|” + [Vu()["),  max{lvi(@)] [v2(2)[} < y(@) + C(lu(@)P~! + [Vu(@)P~).  (3.9)

Observe that the right-hand side of the first inequality belongs to L'(£2), while the right-hand side of the second
inequality belongs to L? (Q) by virtue of the facts that u € Wh?(Q; R™) and p/(p— 1) = p. Thus, F is a bounded
subset of the space X = L*(€) x L (Q; R™) x L?'(Q; R™*4).

For any (a(-),v1(-),v2(+)) € F denote by T (a(-),v1(-),v2(+)) the pair (A4, z*) € R x (WHP(Q; R™))*) such that
A= [,a(z)dr and

(x*, hy = /Q ((vi(z), h(z)) + (v2(z), VR(2))) dz  Vh € WHP(Q;R™).

Clearly, T(F) = dZ(u) (see (3.3)). Furthermore, one can easily verify that 7 is a continuous linear operator
from the vector space X = L1(Q) x LP' (Q;R™) x L¥' (Q; R"™*4) endowed with the weak topology to the space
(R x Y* 1z x o(Y*,Y)) with Y = WHP(Q; R™). Therefore, it is sufficient to check that the set F is weakly
compact. Then one can conclude that the set dZ(u) is compact in the topology 7 X o(Y*,Y) as the image of
the compact set F under the continuous map 7.

By the by the Eberlein-Smulian theorem it suffice to verify that F is weakly sequentially compact. Choose
any sequence z,(-) = (an(+),v1n(:),v2,(-)) € F, n € N. From the second inequality in (3.9) it follows that the
sequence {(v1n(-),v2n(-))} is bounded in L¥ (Q;R™) x L' (Q; R™*4). Hence taking into account the fact that
the space L' (Q) is reflexive (recall that 1 < p < 400, which yields 1 < p’ < 400) one obtains that there exists
a subsequence {(v1n, (+), van, ()} weakly converging to some (v (-),v2(-)) in L? (€ R™) x L¥' (Q; R™*9),

Let us now turn to the sequence {an(-)}. Denote g(-) = B(-) + C(Ju(-)|? + |Vu(-)|?) (see (3.9)). Clearly,
g € LY(Q) and f\ank|>g |an, (z)]dz = 0 < e for any € > 0 and all k¥ € N. Therefore, by Theorem 4.7.20 of [8]

the closure of the set {an, (-)}nen in the weak topology is weakly compact in L(Q) or, equivalently, weakly
sequentially compact in L(£2) by the Eberlein-Smulian theorem. Consequently, one can extract a subsequence
of the sequence {a,, ()}, which we denote again by {a,, (-)}, weakly converging to some a € L(Q).

Observe that the subsequence z,, (1) = (an, (+), V1n, (), v2n, (*)), k € N, weakly converges to the function
2(-) = (a(-),v1(-),v2(-)) in X = LY(Q) x LP' (Q; R™) x L¥' (Q; R™*4). By Mazur’s lemma there exists a sequence
Zi(+) of convex combinations of elements of the sequence z,, (-) strongly converging to z(-). As is well-known
(see, e.g. [38], Exer. 6.9), one can extract a subsequence {Z, (-)} that converges to z(-) almost everywhere. From
the convexity of the hypodifferential d,, . f(-) it follows that Z(-) is a measurable selection of the multifunction
dyef(;u(:), Vu(-)) for any & € N. Hence bearing in mind the fact that the hypodifferential d,, ¢ f(x, u(x), Vu(x))
is closed for a.e. x €  one obtains that z(-) is a measurable selection of d,, ¢ f (-, u(-), Vu(-)), i.e. z(-) € F. Thus,
we found a subsequence of the original sequence {z,(-)} C F weakly converging to an element of . In other
words, F is weakly sequentially compact.

Case p = +o00. Let, as above, F be the set of all measurable selections of the map Qu’gf(-,u(-), Vu(+)). By
the codifferentiability conditions (Def. 3.1) there there exists an a.e. nonnegative function 8y € L() such that
for any (a(:),v1(-),v2(+)) € F one has

max {|a(z)], [vi(z)], [v2(2)| } < B (z) (3.10)

for a.e. ¥ € Q (here N = ||ul|1,00). Thus, F is a bounded subset of the space X = L}(Q;R x R™ x Rm*4),
Let the operator 7 be defined as in the case 1 < p < +00. Then T (F) = dZ(u) and, as is easily seen, T is
a continuous linear operator from the space X equipped with the weak topology to the space (R x Y*, 7 X
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o(Y*,Y)) with Y = Whoo(Q; R™). Therefore, it suffice to check that the set F is weakly compact in X. Then
one can conclude that the set dZ(u) is compact as the continuous image of a compact set.
From (3.10) it follows that for any € > 0 and for all (a(-),v1(-),v2(-)) € F one has

/ la|dp =0 < e, / lv1]dp =0 < e, / lve|dp =0 <&,
la|>Bn lv1|>Bn lv2|>BN

where p is the Lebesgue measure. Consequently, by Theorem 4.7.20 of [8] the closure of the set F in the
weak topology is weakly compact in X, which by the Eberlein-Smulian theorem implies that it is weakly
sequentially compact. Let us verify that the set F itself is weakly sequentially compact. Then by applying the
Eberlein-Smulian theorem once again we arrive at the desired result.

Indeed, let {z,} C F be an arbitrary sequence. By the weak sequential compactness of the weak closure of F
there exists a subsequence {z,, } weakly converging to some z € X. By Mazur’s lemma there exists a sequence of
convex combinations {2y} of elements of the sequence {z,, } strongly converging to z, which implies that there
exists a subsequence {Z, } converging to z almost everywhere. Observe that each triplet Zj, (-) is a measurable
selection of d,,  f(-,u(-), Vu(-)) due to the definition of F and the fact that this multifunction is convex-valued.
Therefore, bearing in mind the fact that the set d, . f(z,u(z), Vu(z)) is closed for a.e. z € {2 one obtains that
z(+) is a measurable selection of the multifunction d,, ¢ f(-,u(-), Vu(-)). Thus, z € F, i.e. the subsequence {2y, }
weakly converges to an element of the set F, which means that this set is weakly sequentially compact. O

Let us finally prove that the functional Z is, in fact, continuously codifferentiable. For any subset C of a
metric space (M, d) and a point € M denote dist(z, C) = infycc d(z, y).

Let us underline that in our earlier paper [31] the continuous codifferentiability of the functional Z was proved
only in the case when the set  is bounded and p = 400 (see [31], Thm. 5.7 and Rem. 5.8). Here we extend this
result to the case of unbounded domains and arbitrary p € [1,400] by utilising Vitali’s theorem characterising
convergence in LP-spaces (see, e.g. [36], Thm. I11.6.15), instead of relying on certain compactness arguments as
it is done in [31].

Lemma 3.8. Let f satisfy the codifferentiability conditions of order p € [1,4+00] and suppose that either 1 <
p < +oo or the set-valued maps d, ¢ f(-) and dyef(-) have the form (3.4) for some vectors vi;,wi; € R™,
vo;, waj € R™*4 and Carathéodory functions f; and g;, i € I = {1,...,0} and j € J = {1,...,r}. Then the
set-valued mappings dZ(-) and dZ(-) defined in Theorem 3.3 are Hausdorff continuous.

Proof. We prove the statement of the lemma only for the hypodifferential mapping dZ(-), since the proof of the
lemma for dZ(-) is exactly the same.

Arguing by reductio ad absurdum, suppose that the multifunction dZ(-) is not Hausdorff continuous at a
point u € WHP(Q;R™). Then there exist § > 0 and a sequence {u,, } C WHP(Q; R™) converging to u such that
dp(dZ(uy),dZ(u)) > 0 for all n € N. Replacing, if necessary, the sequence {u,} with its subsequence, one can
suppose that u, converges to u almost everywhere and Vu,, converges to Vu almost everywhere.

By the definition Hausdorff distance (see (2.3)), two cases are possible. Namely, there exists a subsequence,
which we denote again by {u,}, such that one of the following inequalities hold true:

Yea it B— AP +|ly* —a*[]? > ¢ 3.11
(B,y*)€dT (u,) (A:z*)€dL(u) \/| | | [ ( )

N inf B— AR+ |y —a*|2 > 0. 3.12
(A,z*)edT(u) (B:y*) €L (un) Vi >+ 1] I (3.12)

We start with the first case.
Case I. From (3.11) it follows that for any n € N there exists (A4,,z}) € dZ(u,) satisfying the inequality
dist((Ap, x),dZ(u)) > 6. Denote by z,(-) = (an(),v1n(:), v2,(:)) a measurable selection of the multifunction
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dy e f(5un(), Vun(+)) corresponding to the pair (An, ;) (see (3.3)). We consider the cases p > 1 and p =1
separately

Case I, 1 < p = +o0. Recall that d,, . f(-,u(-), Vu(-)) is a convex and compact-valued multifunction. Further-
more, as was shown in the proof of Lemma 3.6, the codifferentiability conditions guarantee that this multifunction
is measurable. Therefore, for any n € N and for a.e. z €  the set

R, (z) = {(a,vl,vg) € d, o f (x, u(x), Vu(z)) ‘

dist (zp (), d,, ¢ f (2, u(z), Vu(x)))2 = |an(z) — al® + |[vin(z) — v1* + [von(z) — vg\g}

(i.e. Rp(z) is the set of points at which the infimum in the definition of the distance between z,(x) and
the set d, f(z,u(z), Vu(z)) is attained) is nonempty and the set-valued mapping R,(-) is measurable by
Theorem 8.2.11 [2].

Let 22(-) be any measurable selection of the multifunction R,,(-), which exists by Theorem 8.1.3 of [2]. Define
function Z,,(-) = (@n(-), V1n(+), V2n(+)) as follows:

Clearly, z,(-) is a selection of the multifunction d,, ¢ f(-,u(-), Vu(-)). Furthermore, it is measurable due to the
fact that the set of all those x € Q) for which 2,(z) ¢ d, (f(=,u(z), Vu(x)) is measurable ([2], Cor. 8.2.13,
part 2).

By the codifferentiability conditions (see Def. 3.1) the multifunction d,, ¢ f(-) is a Carathéodory map. Thus,
for a.e. € Q the set-valued map (u,§) — d, ¢ f(z,u,§) is continuous. Therefore, for a.e. z € 2 one has

lim dH(du7§f($a Up (), Vun(x))7du,§f(xa u(x), Vu(z))) = 0.

n—oo

Hence, in particular, dist(z, (), d,, ¢f(z,u(x), Vu(z)) — 0 as n — oo, which implies that the sequence {2, —Z,}
converges to zero almost everywhere. Let us prove that this sequence converges to zero in L*(Q) x L?' (Q; R™) x
Lp'(Q;Rde). To this end, we shall utilise Vitali’s theorem characterising convergence in LP-spaces with 1 <
p < o0 (see, e.g. [36], Thm. IT1.6.15). Note that 1 < p’ < +o0, since we consider the case 1 < p < +o0.

Fix any € > 0. By the growth condition on the codifferential mapping D, ¢ f (see Def. 3.1) there exist C' > 0
and an a.e. nonnegative function 3 € L(£2) such that

lan (@) = @n(2)] < 28(2) + C([u(@) " + [un (@) + [Vu(@) [P + [Vun (2)|7) (3.13)

for a.e. © € Q) in the case 1 < p < +o00, and there exists an a.e. nonnegative function By € L'(Q) such that
lan(x) — @n(z)] < 28n(z) for a.e. x € Q in the case p = 400 (here N = maxpen{||v/1,00, |tnll1,00}). If p =
+00, then the sequence {a,, — @,} converges to zero in L!(Q) by Lebesgue’s dominated convergence theorem.
Therefore, let us consider the case 1 < p < 4o00.

By the absolute continuity of the Lebesgue integral there exists §; > 0 such that for any measurable set
D C Q with u(D) < 61 (here u is the Lebesgue measure) one has

€ € €
Bdp < —, / lulPdp < —, / [VulPdp < —.
/D 0/, 5¢° Jp 5C
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Moreover, by the “only if” part of the Vitali convergence theorem, the convergence of u,, to u in WP (£2; R™)
implies that there exists d2 > 0 such that for any measurable set D C Q with p(D) < d2 one has

p £ / p £
/D\un| du<507 D|Vun| du<5c Vn € N.

Hence with the use of (3.13) one obtains that for any measurable set D C Q with u(D) < min{d1, d2} one has
Jp lan —@p|dp < e for all n € N.

Denote Qn = {z € Q | |z| < N}. From the fact that 8 € L}(Q) and u € WHP(Q;R™) it follows that there
exists NV € N such that

€ € €
Bdu < —, / ulPdp < —, VulPdpu < —
/Q\QN 10 Q\QNl | 5C Q\QNI ‘ 5C

(see, e.g. [8], Prop. 2.6.2). Furthermore, by the “only if” part of the Vitali convergence theorem there exists a
measurable set F. C Q such that u(E.) < 400 and

€ €
lun|Pdp < —, [Vu,Pdp < — V¥n eN.
/Q\Ee 5C°  Jo\E. 5C

Therefore, by applying (3.13) one obtains that fQ\Qe |an, —ap|dp < e for all n € N, where Q. = Qn U E.. Hence

with the use of the “if” part of the Vitali convergence theorem one concludes that the sequence {a, — a,}
converges to zero in L(£2).

Let us now consider the sequence {v1, — U1, }. By the growth condition on the codifferential mapping D, ¢ f
(see Def. 3.1) there exist C' > 0 and a.e. nonnegative function v € L' (Q) such that

[o10(2) = Bua (@) < 2 (Jorn (@) + [Ban (@)[)

<2737 (2 (@) + ' (Ju(@)|? + [Vu(@) [ + [un (@) + [Vun (@)]7))

for a.e. x € Q) in the case 1 < p < +00, and there exists an a.e. nonnegative function By € L'(Q) such that
[v1n(2) — V1n(2)| < 28n(x) for a.e. z € Q in the case p = +00. Now, arguing in the same way as above and
applying Vitali’s convergence theorem in the case 1 < p < +00 and Lebesgue’s dominated convergence theorem
in the case p = 400 one can readily verify that {v1, — 01, } converges to zero in L¥' (Q;R™). The convergence
of {vay — Dap } to zero in LP' (Q; R™*4) is proved in exactly the same way.

Denote by (A,, %) the element of dZ(u) corresponding to the selection Z,(-) = (@n(-), Din(-), D2n(-)) of the
multifunction d,, ¢ f (-, u(-), Vu(-)) (see (3.3)). Let us check that [A,, — Ayl + |lar — Z2|| — 0 as n — oo. Indeed,
for any n € N one has

A, — 4| s/ an(2) — Gn(@)] dz = [an — @nlh,
Q

which implies that |A, — En\ — 0 as n — oo. Similarly, with the use of Holder’s inequality for any h €
WHP(€; R™) one has

(et — 25, 1] < /Q |(01n() — Brn(z), h(2))] dz + /Q |(v2n(x) — Dan(2), Vh(z))| da

< (Ilvwn = Bunlly + lvzn = Banllp ) 1l
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which implies that ||} —Z% || < ||v1p, — V1n ||y + ||v2n —V2n || for all n € N, and ||z} — 27 || — 0 as n — oo. Conse-
quently, bearing in mind the fact that (A\n, 7)€ dZ(u) for all n € N one obtains that dist((A,,x}),dZ(u)) =0
as n — 0o, which contradicts the inequality dist((An,z%),dZ(u)) > 6. Thus, the proof of the first case for
1 < p < 400 is complete.

Case I, p = 1. Let S* be the standard (probability) simplex in R?, i.e.
St = {a: (a(l),...,a(e)) e R’ ‘ a4+ . +a® =1 a%>0Vie {1,...,€}}.

For any o € RY, 2 € Q, u € R™, and ¢ € R™*? define

l

g(I,U,E,Oé) = Za(i)(fi(m,U,f),’l)u,’[)gl'). (314)

i=1

It is easily seen that g is a Carathéodory map and g(z,u, &, S%) = dy e f(@,u,§) for all (z,u,§) by the definition
of convex hull (see (3.4)).

Recall that 2, (-) = (an(-), v1n(-), v2n(-)) is a measurable selection of the set-valued map d,, ¢ (-, un(-), Vun(-))
such that for the corresponding pair (A,,z}) € dZ(uy,) one has dist((A,,z}),dZ(u)) > 6 for all n € N. By
definition for any n € N and a.e. x €  one has z,(x) € g(z,u,(z), Vu,(2), %), which by Filippov’s theorem
([2], Thm. 8.2.10) implies that for any n € N there exists a measurable function a,,: Q — S* such that z,(z) =
g(x, upn(x), Vup (), a,(x)) for a.e. z € Q. Define

Zn (1) = (@n(-); 010 (), 020 () = g( ul(-), Vu(-), an(-))-

Clearly, 2, is a measurable selection of the multifunction d,, ¢ f (-, u(-), Vu(:)). Denote by (A, 75) the element
of dZ(u) corresponding to this selection (see (3.3)).

From the definition of g (see (3.14)) and the definition of Z,, it follows that z¥ = Z7 for all n € N. Furthermore,
for all n € N and a.e. z € ) one has

L
|an(2) — an(z)| < Zag)(x)\fi(x,un(x)y Vun(2)) = filz, u(z), Vu(@))|.

Hence |a,(x) — @, ()| — 0 as n — oo for a.e. z € Q, since by our assumptions u,, — v and Vu,, = Vu almost
everywhere, and f; are Carathéodory functions.

By the growth condition on D, ¢f(-) (see Def. 3.1) there exist C' > 0 and an a.e. nonnegative function
B € L1(2) such that

|an (@) = @n(@)] < B(2) + C(Ju(@)] + [Vu(@)| + |un(2)] + [V (2)])

for a.e. x € 2. With the use of this inequality and Vitali’s convergence theorem one can check that |a, — @]
converges to zero in L!(€) as in the case 1 < p < +oo. Hence |4,, — 4, | < Jo lan — @y |dp converges to zero as
n — oo, i.e. A, — ﬁn| + ||z} — &% || — 0 as n — oo. Therefore, dist((Ay, z}),dZ(u)) — 0 as n — oo, which once
again contradicts the inequality dist((4,,},),dZ(u)) > 6.

Case II. Suppose now that (3.12) holds true. Then for any n € N there exists (A4,,z}) € dZ(u) such that
dist((Ap, x%),dZ(uy,)) > 0. For any n € N denote by z,(-) = (an(-), v1n(+), v2n(+)) a measurable selection of the
set-valued mapping d,, ¢ f(-,u(-), Vu(-)) corresponding to (A,,z;,) (see (3.3)).
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Case II, 1 < p < +o0. Denote by 2)(-) = (a%(-),v9,(-), 09, (-)) any measurable selection of the multifunction
dy e f (5 un(-), V() such that

dist (20 (%), d,, ¢ f (2, un (@), Viin ()" = lan(@) = a4 @) + [orn(@) = o0, @) + [van (@) = 08, ()

for a.e. x € Q. The existence of such selection can be proved in the same way it is done in Case I. Finally,
define mapping z,,(-) = (@n (), V1n(+), V2n(-)) as follows:

- {zmx), if 2 () ¢ dy o f (@, un (@), Vi (),

zn(x), othwerwise.

Then Z, is a measurable selection of the set-valued mapping d,, ¢ f (-, un(-), Vun(*)).
By the codifferentiability conditions (see Def. 3.1) the multifunction d,, . f(-) is a Carathéodory map, i.e. for
a.e. x € §) the set-valued map (u,§) — d,, ¢f(z,u, &) is continuous. Therefore, for a.e. € Q2 one has

i diy(d ¢ f (20 (2), Vi (2)). d, 2, u(z), V() = 0.

Hence, in particular, dist(z,(z),d, ¢ f(z, un(x), Vun(x)) — 0 as n — oo, which implies that the sequence {z, —
Zn } converges to zero almost everywhere. Applying the growth condition on the codifferential mapping D,, ¢ f and
arguing in the same way as in Case I one can check that this sequence converges to zero in L!(Q) x L (Q;R™) x
L¥ (Q; R™*?). With the use of this fact it is easy to show that |A, — A, |+ ||a% — %] — 0 as n — oo, where
(A\n,ff) is the element of dZ(u,) corresponding to the selection z,,. Therefore, dist((An,zn),dZ(u,)) — 0 as
n — oo, which contradicts the inequality dist((A,,x%),dZ(u,)) > 6.

Case II, p = 1. Arguing in the same way as in Case I and applying Filippov’s theorem, for any n € N one
can find a measurable function a,,: Q — S* such that z,(z) = g(z, u(z), Vu(z), an(z)) for a.e. x € Q. Define

Zn (@) = (n(2), 01n(2), Van (7)) = g(, un (@), Vun (), an(2))

for a.e. z € 0. Then Z,(+) is a measurable selection of the set-valued mapping d,, ¢ f (-, un(-), Vun(+)). Denote by

(A\n, z7) the element of dZ(uy) corresponding to this selection. Then z, = 7} for all n € N, and arguing in the

same way as in Case I one can check that |A, — A\n| — 0 as n — oo. Therefore dist((4,,x,),dZ(u,)) — 0 as
n — 0o, which once again contradicts the inequality dist((A,,x%),dZ(u,)) > 0. O

Applying Theorem 3.3, ([33], Cor. 2), and Lemma 2.6 one obtains that in the case when the integrand
f satisfies the codifferentiability conditions, the functional Z is locally Lipschitz continuous and Hadamard
quasidifferentiable.

Corollary 3.9. Let f satisfy the codifferentiability conditions of order p € [1,400], and let either 1 < p < 400
or the set ) be bounded and have the segment property, and the set-valued maps Quyff(-) and auﬁgf(-) have
the form (3.4). Then the functional T is locally Lipschitz continuous, Hadamard quasidifferentiable at every
u € WHP(Q;R™), and the pair 2L(u) = [0Z(u), 0Z(u)] with

OZ(u) = {a* € (WHP(R™))" [ (0,2") € dZ(w)}, OZ(u) = {y* € (WP(%R™))" | (0,5") € dZ(u)},

is a quasidifferential of T at u, where the sets dZ(u) and dZ(u) are defined in Theorem 3.3.

Remark 3.10. Recall that by the definition of codifferential one has a < 0 for any (a,v1,v2) € d,, ¢ f(z,u,§).
Hence with the use of Theorem 3.3 and the corollary above one obtains that 2* € 9Z(u) if and only if there
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exists a measurable selection (0,v1(-),v2(-)) of the multifunction d,, . f(-,u(-), Vu(-)) such that
(x*,h) = / ((vi(z), h(z)) + (v2(x), VR(z))) dz Vh € WHP(Q;R™).
Q

A similar statement holds true for 0Z(u) as well.

As usual, denote by Wé’p (€;R™) the closure of the space C°(Q2;R™) of infinitely differentiable functions
©: Q — R™ with compact support in the Sobolev space W(£2;R™). To derive optimality conditions for
problems with prescribed boundary conditions we will utilise the following corollary on the quasidifferentiability
of the restriction of Z to the space W(l)’p (€;R™). This result is almost trivial. Nevertheless, we briefly outline
its proof for the sake of completeness and mathematical rigour.

Corollary 3.11. Let f satisfy the codifferentiability conditions of order p € [1,+00], ug € WHP(£;R™) be
fized, and let either 1 < p < +o00 or the set Q be bounded and have the segment property, and the set-valued
maps d,, ¢ f(-) and dy ¢ f(-) have the form (3.4). Then the functional J : WP (4 R™) = R, J(u) = T(ug + u)
1s correctly defined, locally Lipschitz continuous, and Hadamard quasidifferentiable at every u € Wé’p(Q;Rm).
Furthermore, the pair 27 (u) = [0F (u), 0T (u)] with

07 () = {o* € Wy (% R™))"

(x*,h) = /Q ((vi(z), h(z)) + (va(z), Vh(z))) dz Vh € WP (S R™),
(0,v1(:),v2(+)) is a measurable selection of the set-valued map d,, ¢ f(-,uo(-) +u(-), Vuo(+) + Vu())} (3.15)

and

07 (u) = {y" € (WeP (@ R™))"

{y*,h) = /Q ((wi(x), h(x)) + (wa (@), Vh(x))) dz Vh € Wy (% R™),
(0,w1(+), w2(+)) is a measurable selection of the set-valued map dy. ¢ f(-,uo(-) + u(-), Vuo(-) + Vu())} (3.16)

18 a quasidifferential of J at u.

Proof. The fact that the functional J is correctly defined and locally Lipschitz continuous follows directly from
its definition and Corollary 3.9. Let us prove that it is Hadamard quasidifferentiable.

Denote X = WHP(Q;R™) and Xy = Wy (;R™). Introduce the linear operator 7: X* — X{ that maps
x* € X* to its restriction to Xo, i.e. T(z*) = ™| x,. It is easily seen that T is a continuous operator from X*
endowed with the weak™ topology to X endowed with the weak™ topology, since Xy, C X.

Observe that by definitions (see Cor 3.9 and Rem. 3.10) one has 87 (u) = T(9Z(uo + u)) and 0J (u) =
T (0Z(ug + u)). Therefore, 9.7 (u) and 0J (u) are convex and weak* compact convex subsets of X due to the
fact that 0T (ug + u) and OZ(ug + u) are convex and weak* compact convex subsets of X*.

Fix any u € WJ?(; R™). With the use of Corollary 3.9 and the fact that for any o > 0 and h € WP (Q; R™)
one has J(u + ah) = Z(ug + u + ah) one obtains that

i J(u+ ah') — T (u) ) T(up +u+ ah’) — J(ug + u)
lim = lim
[o,h/]—=[+0,R] o [o,h/]—[+0,R] o
=T'(ug+u;h)= max (z*,h)+  min *h) = max (x*,h)+ min (y*, h
(uo ) :I:*EQI(ug+u)< ) y*egﬂuﬁu)(y ) I*GQJ(U)< ) y*ew(u)@ )

forall h € Wé’p (Q;R™) (here b/ € W(l)’p (€;R™) as well). Thus, the functional J is Hadamard quasidifferentiable,
and the pair (3.15), (3.16) is its quasidifferential. O
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Remark 3.12. By Theorem 3.3, the assumption that in the case p =1 the set-valued mappings d,, . f (-) and
dy.¢ f(-) have the form (3.4) is needed only to ensure the continuity of the multifunctions dZ(-) and dZ(-), i.e. to
ensure that the functional 7 is continuously codifferentiable. Therefore, in the case when the function f satisfies
the codifferentiability conditions of order p = 1 and 2 is bounded and has the segment property, but the set-
valued mappings d,, ¢ f(-) and dy ¢ f(-) do not have the form (3.4), the functional 7 from Corollary 3.11 is still
quasidifferentiable and the pair (3.15), (3.16) is a quasidifferential of 7 at u by Remark 2.7 and Theorem 3.3.

4. CONSTRAINED NONSMOOTH PROBLEMS OF THE CALCULUS OF
VARIATIONS

In this section we derive optimality conditions in terms of codifferentials for nonsmooth problems of the
calculus of variations with nonsmooth isoperimetric constraints and nonsmooth constraints at the boundary of
the domain. By means of several simple examples we also demonstrate that in some cases optimality conditions
in terms of codifferentials are better than optimality conditions in terms of various subdifferentials.

4.1. Unconstrained problems

We start with an unconstrained problem of the form
min Z(u) = / flo,u(x), Vu(z)) de, u e ug+ WP (Q;R™). (4.1)
Q

Here, as in the previous section,  C R? is an open set, f: Q x R™ x R™*4 R, f = f(x,u, ), is a nonsmooth
function, while ug € W?(Q; R™) is a fixed function.

In essence, problem (4.1) can be viewed as the classical problem of minimising Z(u) over the set of all those
u € WHP(Q; R™) for which u|pn = 1 for some prespecified function ), where 92 is the boundary of € (simply
put ¥ = uplaq). However, to avoid the usage of trace operators and corresponding assumptions on the domain
Q, we pose this classical “boundary value problem” in the abstract form (4.1).

In the case when the domain €2 is bounded and has the segment property, optimality conditions for this
problem in terms of codifferentials were first obtained by the author in [31]. Here we rederive this conditions
in the general case to help the reader more readily understand the derivation of optimality conditions for
constrained problems, as well as due to the fact the optimality conditions for problem (4.1) are closely related
to a natural constraint qualification for isoperimetric constraints.

Recall that a function v € L, (Q2) is called a weak divergence of a vector field u € L' (€; R?), if

/wpdx = —/<u7V<p>dw Vo € C°(Q).
Q Q

In this case we write v = div u. Denote by L?(Q; R™*; div) the space of all those functions u € LP(Q; R™*?) for
which there exists the weak divergence divu = (div(u11, ..., u14), .- ., div(umi, . .., Uma)) and divu € LP(Q; R™).
Note that in the one-dimensional case (i.e. when d = 1) the weak divergence divu coincides with the weak
derivative u/, which implies that the space LP(; R™*!: div) coincides with the Sobolev space WP (Q; R™).

Theorem 4.1. Let f satisfy the codifferentiability conditions of order p € [1,+00], and let either 1 < p < 400
or the set  be bounded and have the segment property. Let also u, be a locally optimal solution of problem
(4.1). Then for any measurable selection (0,w1(+), w2(+)) of the set-valued map dy ¢ f (-, us(-), V. (+)) there exists
e LPI(Q;Rde; div) satisfying the Euler-Lagrange inclusion

(0,div(¢) (), (7)) € dy, ¢ f (2, us(z), Vus(z)) + (0, w1 (x), wa(x)) for a.e. x € Q. (4.2)
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Proof. Define J(h) = Z(u, + h) for any h € WyP(Q;R™). By Corollary 3.11 and Remark 3.12 the functional
J is quasidifferentiable at u = 0, i.e. its directional derivative at this point has the form

J'(0,h) = max {(z*,h)+ min * hy, 4.3
(0, h) z*eQJ(O)< ) y*ew(o)(y ) (4.3)

where the pair [9.7(0),07(0)] is from Corollary 3.11. B
Fix any measurable selection (0,w1(-),w2()) of the set-valued mapping x — dy ¢ f(z, u.(z), Vus(z)) and
define a linear functional y as follows:

(5, hy = /Q ((wl(w), h(z)) + (wa(z), Vh(x)>) dr Vhe Wé’P(Q;Rm).

Observe that y5 € J(0) by Corollary 3.11.

Recall that u, is a locally optimal solution of problem (4.1). Therefore, h = 0 is a point of local minimum of
the functional 7, which obviously implies that J’(0,h) > 0 for all h € Wy?(Q; R™). Hence by applying (4.3)
one obtains that

*h RhY >0 Vhe WSP(ELR™).
I*rengajﬁo)@ )+ (yo, h) = 0o ( )

Consequently, 0 € 97(0) + y§, since otherwise utilising the separation theorem in the space (W(l)’p (Q;R™))*
equipped with the weak* topology one can find h € WP (Q; R™) such that max{(z*, h) | 2* € 8T (0) +y5} < 0,
which is impossible. Thus, there exists z§ € 97 (0) such that z{; + y§ = 0. Hence by Corollary 3.11 there exists
a measurable selection (0,v1(-),v2(-)) of the multifunction d,, ¢ f (-, u«(-), Vus(-)) such that

/Q ((v1(2) + wi(z), h(z)) + (va(z) + wa(z), VR(2))) dz =0 Vh € WP (Q; R™).

Define ¢ = vy + wo. Then the equality above implies that there exists the weak divergence of ( and div({ =
v1 +w1. From the growth condition on the codifferential mapping D,, ¢ f(-) (see the definition of codifferentiability
conditions, Def. 3.1) it obviously follows that vy + wo € L? (€; R™*4) and vy + wy € LP (; R™). Thus, ¢ €
LPI(Q; R™*4; div), and (4.2) holds true by the definition of (. O

Let us give an example illustrating optimality conditions from the theorem above.
Example 4.2. Let d=2,m=1,p=1,and Q = (—1,1) x (—1,1). Consider the following problem:

. T = ! | s, ) d 7 —0. 44
it T = [ (@) = e (2]) o, ulon @y

In this case f(x,u,&) = |£€M| - [£?)], and we define ug = 0 (see problem (4.1)). We want to know whether the
function u, = 0 is an optimal solution of problem (4.4).

Let us apply optimality conditions in term of the Clarke subdifferential first ([17], Thm. 4.6.1) (see also [12],
Sect. 20). Denote L(u,&) = || — |¢?)]. As is easily seen, the Clarke subdifferential of this function at the

origin has the form:
0 0 0
)-(4).(3)-(2)}-
-1 1 —1

9c1 L(0,0) = co { (

=
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Therefore, for the function ¢ = 0 one has (div{(z),{(z)) € doiL(u«(x), Vuy(z)) for all x € Q, i.e. optimality
conditions in terms of the Clarke subdifferential ([17], Thm. 4.6.1) are satisfied at u, = 0. One can verify that
optimality conditions in terms of K-subdifferential from [67] are satisfied for u. = 0 as well.

Let us now check optimality conditions from Theorem 4.1. With the use of the codifferential calculus [27]
one gets

dy e f(@,u,&) = co{ (M — [¢M],0,£1,0)},  duef(z,u,€) = co {(££P +]63)],0,0,£1)}

(here the first coordinate is a, the second is vy, while the third and fourth ones are v in the notation of the
previous section). Therefore, as is readily seen, the integrand f satisfies the codifferentiability conditions of
order p = 1.

For any n € N define

1, ifte[-1+2=2 14 21) ke{l,..., 2n}

pu(t) {—1, ifte -1+ -1+ 25) ke{l,...,2n}. (4.5)

Clearly, the mapping (0, w1 (:),w2(-)) with w;(z) = 0 and wy = (0, po () for all 2 = (2, 2?)) € Q is a
measurable selection of the multifunction dy ¢ f(-, u«(-), Vus(-)) for all n € N. To verify whether the optimality
conditions from Theorem 4.1 hold true, suppose that there exists ¢ € L®°(£2; R'*2; div) such that

(0,div(¢)(x), ¢(2)) € dyy ¢ f (2, un (), Vuu () + (0, w1 (2), wo(x))dz = co {(0,0,=£1, pn(a:@)))}

for a.e. € Q. Hence div(¢)(z) = 0, |¢1(x)] < 1, and (o) = pu(2?) for a.e. x € Q. Consequently, by the
definition of weak divergence one has

/Q (G (@)@l (@) + pu(zP) @ o) (z))dz = 0 VY € CZ(Q). (4.6)

Since both p, and ¢; belong to L>°(f2), the equality above holds true for all ¢ € W' (Q). Define v, (t) =
o [* L pn(T)dr for all t € (—1,1), and for any n € N put ¢, (z) = (—(zM)? + 1), (z?). Observe that ¢, €
Wyt () due to the fact that o, (x) = 0 for all z € 9Q. Hence with the use of (4.6) one gets that

- /Q (C(x), Von(a)) da = / (= 261(2)e V(@) + 20(— (V)2 + 1)) da

Q
1 1
——/2gl(x)x(1w(())d +%> 4+%>0 Vn > 1,
Q

which is impossible (the penultimate inequality follows from the fact that |¢;(x)| < 1 and 1, (z®) € [0,1] for
any = € §); see (4.5)). Thus, the optimality conditions from Theorem 4.1 are not satisfied at u,. = 0, unlike
optimality conditions in terms of the Clarke subdifferential. For the sake of completeness, let us finally note
that, in actuality, the functional Z is unbounded below on Wé’l(Q), which can be easily verified directly or by
noting that u, = 0 is not an optimal solution of problem (4.4) and Z is positively homogeneous of degree one.
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4.2. Problems with constraints at the boundary

Next we turn to problems with additional constraints at the boundary. For the sake of simplicity we study
only the one dimensional case (i.e. d = 1). Our aim is to obtain optimality conditions for the problem

8
min Z(u) = / fl@,u(z),u'(2)) dz + go(u(a), u(B)), ue W'((a, B);R™)

subject to gi(u(a),u(B) <0, i€ 1, g;(ula),u(B)) =0, j € J.

(4.7)

Here o, S € R, a < 8 (i.e. @ = (e, B)), f: (0, ) x R™ x R™ —» R, and g;: R™ x R™ —» R, i € TU J U {0} are
given nonsmooth functions, I = {1,..., ¢} and J = {{; +1,..., ¢} for some ¢1,¢5 € NU{0}. Observe also that
the set Q = («, 8) is obviously bounded and has the segment property.

For any u € WhP((a, 8); R™) denote I(u) = {i € I | gi(u(a),u(B)) = 0}. For any subset C of a real vector
space E denote by

n
cone C' = { E Q;T;

i=1

2, €C, a; >0, i €{l,...,n}, neN}

the conic hull of C' (i.e. the smallest convex cone containing the set C').

To derive optimality conditions for problem (4.7) we will use general optimality conditions for nonsmooth
mathematical programming problems in infinite dimensional spaces in terms of quasidifferentials [34, 35]. To
this end, we will suppose that the equality constraints are polyhedrally codifferentiable, that is, they are codif-
ferentiable and the sets dg;(u(a), u(8)) and dg;(u(a),u(B)) are polytopes (i.e. convex hulls of a finite number of
points). This assumption is needed to ensure that certain cones generated by these sets are closed. It should be
noted that this assumption can be replaced by a more restrictive constraint qualification (see [34, 35] for more
details). For the sake of shortness, we do not consider this alternative assumption and leave it to the interested
reader.

Let us also point out that most of codifferentiable functions appearing in applications are, in fact, polyhe-
drally codifferentiable (see numerous examples in [27]). Thus, the assumption that the equality constraints are
polyhedrally codifferentiable is not very restrictive.

Theorem 4.3. Let f satisfy the codifferentiability conditions of order p € [1,+00], the set-valued maps d,, ¢ f(-)
and dy ¢ f(-) have the form (3.4) in the case p = 1, and u, be a locally optimal solution of problem (4.7).
Suppose also that the functions g;, i € I U J U {0}, are continuously codifferentiable at the point (u.(c), u.(3)),
and the sets dg;(u.(a),u.(B)) and dg;(u.(a),u«(3)), j € J, are polytopes. Let finally vectors (0, s1;, S2;) €
dg;(us(a),us(B)), i € I, (0,s15,525) € dg;j(us«(c),u(8)), and (0,r15,72;) € dg;j(u.(c),u.(8)), j € J, be such
that the following constraint qualification holds true:

Cjncone{ —Cy | ke J\{j}} =0 VjeJ (4.8)
co {ng(u*(oz),u*(ﬂ)) + (811‘,821') } xS I(U*)} N COHG{ — Oj | je J} = (Z),

where Gy = {005 (ua(), s (B)) + (513, 523)} U {—(r13, 723) — By (e (), w(B))}, and the sets Dg;(us(a),ua(5))
and 0g;(u. (), u(B)) are defined as in Lemma 2.6.

Then for all (0,10, 520) € dgo(u«(),u«(B)) and for any measurable selection (0,w1(-),w2(+)) of the multi-
function dye f (- u.(-), () there exist an absolutely continuous function ¢ € WY ((a, B); R™), \i >0, i € I,
and By > 0, j € J, such that \ig;(us(a),u.(B)) =0 for all i € I, the Fuler-Lagrange inclusion

(0,¢"(2), C(2)) € dy e f (2, us(@), u(2)) + (0, w1 (), wa(2)) (4.10)
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is satisfied for a.e. x € (o, B), and the following transversality condition holds true:

£

(0,¢(@), =¢(B)) € dgo(us(a), u.(B)) + (0, s10, S20) + Z i (dgi(ua (@), ue (B8)) + (0, 514, 52) )
la L2
+ Z ﬁj(igj(u*(a)au*(ﬂ))+<0a31ja52j)) - Z 115 ((0,715,725) + dg; (us (@), us(B))).  (4.11)
Jj=ti+1 j=£1+1

Proof. Let us transform problem (4.7). To this end, recall that u € WHP((«, 8); R™)) if and only if there exists
h € LP((ar, B); R™) such that u(z) = u(a) + [ h(r)dr for a.e. x € (o, B) (see, e.g. [54]). Therefore, the linear
operator T : R™ x LP((a, B); R™) — WLP((a, B); R™)) defined as T (n,h)(z) = n+ f[f h(w) dw is a continuous

one-to-one correspondence. Consequently, the pair (u.(«),u.) is a point of local minimum of the problem

i Jh) st Jin,h)<0,i€l, Jinh)=0,j€J 4.12
yerm ) Jo(n,h) st Ti(n, h) i Jj(n, h) J (4.12)

where Jo(n, h) = Z(T (n, b)) and Ji(n, h) = g:(n, T (n, h)(8)), i € LU J.
By our assumption the functions g;, i € I U {0} are continuously codifferentiable at (u. (), u.(3)), while the

functional | f f(z,u(x), v (z)) dz is continuously codifferentiable by Theorem 3.3. Consequently, by Theorem 4.5
of [32] the functions J;, ¢ € I U J U {0} are continuously codifferentiable at the point (u.(«),u’ ), the set

{(A,x*) ER x (R™ x L?((a, B); R™))"

<x*’(n,h)>_</%1(x)dx+r1 *’”2»n>+/5</fv1(7)d7+02(f”)+T2’h(x)>dx’

@ e}

(ag,71,72) € dgo(ux(),u«(8)), (a(-),v1(-),v2(+)) is a measurable selection of Qu7§f(~,u*(~),u' ())} (4.13)

B
A= / a(e)de +ap, ¥(n,h) € R™ x LP((a, B); R™)

is a hypodifferential of Jy at (u.(a),w), while the set

B
(@, (1, B)) = (r1 +ra,m) + / (2, h())dz

[

{(a,x*) €R x (R™ x LP((a, B);R™))"

V(. h) € R™ x L¥((a, B)iR™),  (a,1,72) € dga(ua(a), u.(8) ] (4.14)

is a hypodifferential of J; at (u.(a),u’), i € IUJ. The hyperdifferentials d7; (u.(c), u,) are defined in the same

way. Thus, by Lemma 2.6 the functions J;, ¢ € I U J U {0}, are Hadamard quasidifferentiable at (u. (), u)).
With the use of optimality conditions for nonsmooth mathematical programming problems in terms of qua-

sidifferentials ([35], Cor. 4, Prop. 1, and Lem. 2) one obtains that if for some 2z} € 0J;(u«(a), ), j € J, and

yr € 0J;(us(a),ul), i € I UJ, one has

Djncone{—Dy | ke J\{j}} =0 Vj e J, co{dTi(us(e),u.)+y;

i € I(uy)} Ncone{—D; | j € J} =0
(4.15)
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(here D; = {0J;(u«(),ul) +y;} U{-2} — 0T (us(a),ul)} for any j € J), then for any yi € 0o (u.(a), ul,)
there exist \; > 0,7 € I, and By >0, j € J, such that A\ J;(us (), u,) =0 for any ¢ € I and

0 € AJo(ua(), ) + 5 + Y N (0T (un(a),ul) + ;)

iel (4.16)
+ D, (0T (wi@), ) +y5) = D7 (25 + 0T (we(), ).
jeJ JjEJ
Let us rewrite these optimality conditions in terms of the original problem (4.7).
For all (s1, $2) € R™ x R™ define linear functional ©(s1, s2) as follows:
B
(B(s1,52), (0, h)) = (s1: + 52i, 1) +/ (s20, h(x))dz V(n, h) € R™ x LP((ev, B); R™). (4.17)

Fix any (0, 814, 82;) € dgi(u.(a),u.(8)), i € IUJ, and (0,71;,72;) € dg;(u.(a),u.(B)), j € J satisfying (4.8)
and (4.9), and put y; = O(s1i,82), i € [UJ, and x5 = O(ry;,79;), j € J. Then y; € 0J;(u.(a),u.) for all
i € IUJ and 7} € 9J;(u«(),u}) for all j € J according to (4.14) and Lemma 2.6. Let us check that these
functionals y;* and 7 satisfy constraint qualification (4.15).

Indeed, by virtue of (4.14) and Lemma 2.6 one has O(9g;(us(a), u«(f)) = 0J;(u«(),w,) and the same
equality holds true for the superdifferentials. Hence taking into account the fact that © is a linear operator
(see (4.17)) one obtains that ©(C;) = D;, j € J, and O(cone{C}, | k € J\ {j}}) = cone{Dy, | k € J\ {j}} for
all j € J. One can readily verify that © is an injective mapping (see (4.17)). Therefore (4.8) implies the first
condition in (4.15). Similarly, (4.9) implies the second condition in (4.15).

Thus, constraint qualification (4.15) is satisfied. Consequently, with the use of (4.16), (4.13), (4.14), and
Lemma 2.6 one gets that for all (0, 510, s20) € dgo(us«(a), u.(8)) and for any measurable selection (0, w1 (+), wa(-))
of the multifunction dy¢f (-, u.(-),u.(+)) there exist A\; > 0, i € I, vaﬁj >0, j € J, vectors (0,71;,79;) €

dg; (us (@), us(B)), i € TU{0}, (0,&15,&25) € dgj(us(@), us(B)), j € J, and (0,91, yo;) € dg;(u.(a), u«(B)), j € J,
and a measurable selection (0,v1(-),va(-)) of the multifunction d,, ¢ f(-,u.(-),u(-)) such that for all i € I one
has X;gi(us(a), us(B)) = 0, for any n € R™ one has

B
</ (v1(z) +wi(z)) dz + 710 + 720 + S10 + S20 +Z)\i('r1i + T2 + 514 +S2i)
* i€l

+ Zgj (1) + &2 + 51 + 525) — Zﬁj (r1j + 72y + 15+ y2j>777> =0, (4.18)
jeJ jeJ

and for any h € LP((a, 8); R™) one has
B B
[ @+ ) dr s onte) + wa(o) + 120+ 52
+ Z)\i (r2; + s2:) + Zgj (&5 + s25) — Zﬁj (ro; + ygj),h(x)> dz =0. (4.19)

i€l jeJ jeJ

B
((z) = —/ (v1(7) + w1 (7)) dT — 190 — S20 — Z)\i(rgi + Sgi) — ZEJ.(fQj + ng) + Zﬁj(rgj + ygj)

i€l jedJ JjeJ
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for any « € [, 5]. Then ( is an absolutely continuous function such that
(0,¢'(2),¢(2)) = (0,v1(z) + wi(z), v2(z) + wo(z)) for ae. z € (a, B)

due to (4.19), ¢ € WH'((a, 8); R™) due to the growth condition on the codifferential mapping D, ¢ f(-) (see
Def. 3.1), and

(0,¢(a), =C(B)) = (0,710 + 510,720 + S20) + Z i (0,715 4 s14, 72 + 521)
il

+ Zﬁj (0,815 + s1j,&25 + s25) — Zﬁj (0,715 + y1j, T2 + Y25)
jet jed

due to (4.18). It remains to note that the first equality above is equivalent to (4.10), while the second one is
equivalent to the transversality condition (4.11). O

Remark 4.4. (i) In the case when there are no equality constraints, the constraint qualification (4.8), (4.9)
from the previous theorem takes an especially simple form. Namely, it is sufficient to suppose that for some
(0,514, 52;) € dgi(us(a),us(B)), i € I(ux), one has 0 ¢ co{dg;(u.(a),u«(B)) + (0, 51, s2:) | i € I(us)}. In the case
when there are no inequality constraints and there is only one equality constraint, the constraint qualification
(4.8), (4.9) also takes a very simple form. One has to suppose that 0 ¢ dg; (u.(«),u(5)) + (0,51, s2) and

0¢ (0,71,72) + dgi (us (), u.(3)) for some (0, s1,52) € dgi (us(),u.(B)) and (0,7r1,72) € dgi (us(a), u«(B)).
(ii) It should be noted that there are two Lagrange multipliers B and g; corresponding to each equality

constraint g;(u(a),u;(8)) = 0, which is a specific feature of optimality conditions for nonsmooth optimisation
problems in terms of quasidifferentials. See [34, 35] for more details.

Let us also present an example illustrating optimality conditions for problem (4.7).

Example 4.5. Let d =1, m =2, p=2, and Q = (0,1). Consider the following problem:

min Tl u0) = [ (G047 + (05(0)2) + us(a)] + (o)) e = (1) + )
subject to  |uy(1)] — Jua(1)] =0, u € WH2((0,1);R™).

(4.20)

In this case, f(z,u,&) = |u1] + |ua| + 0.5(£1)% + 0.5(£2)%, go(u(0),u(1)) = —ui(1) + uz(1), I =0, J = {1},
and g1 (u(0),u(1)) = |ui(1)] — |uz(1)]. Let us check whether the function u, = (0,0) is an optimal solution of
problem (4.20).

First we apply optimality conditions for problem (4.20) in terms of the Clarke subdifferential ([17],
Thm. 4.4.1). Denote L(u,&) = |u1| + |ua| + 0.5(£1)? + 0.5(&2)2. The Hamiltonian for problem (4.20) is defined
as

H(u,p) = sup ((p,€) — L(u,€)) = —|ua]| — Juz] + =

2, 2
b4 3 (p1 + p2)-

The Clarke subdifferentials of the Hamiltonian and the function ¢(u(1)) = —u1(1) + u2(1) at the origin have

the form:
waton ={()-(3)-(1)- ()} o=t
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Furthermore, one can verify that the Clarke normal cone Ng(0) to the set S = {(y,2) € R? | |[y| — |2| = 0} at
the origin (see [17], Sect. 2.4) is equal to R2. Therefore, for the function p,(x) = 0 one has

(25 € denH(ua(@),po(@) Vx € [0,1], pa(0) =0, —pu(1) € ertlua(1)) + N (ua (1)),

i.e. optimality conditions in terms of the Clarke subdifferential ([17], Thm. 4.4.1) are satisfied at w..

Next we check optimality conditions in terms of the limiting proximal subdifferential from [49]. Define
(w(0),u(1)) = —ug (1) +ua(1), if Jug (1)| — |uz(1)] = 0, and £(u(0), u(1)) = +oo, otherwise. Then problem (4.20)
can be rewritten as the following generalised problem of Bolza:

min £(u(0),u(1)) —|—/O L(u(x),u (x))dz, uec Wh((0,1);R?). (4.21)

One can readily verify that the limiting proximal subdifferentials, which we denote by 9,;°, of the functions L
and /¢ at the origin have the form:
te R} .

roon=o{())-()-()- (D} wo=(1)+{(2)-0)
Pi(x) € co{w € R? | (w, pu(2)) € 9p°Llun(z),u(z))} =co{(1), (L), (7). (Z1)} Veelo,1]

Therefore, for the function p.(z) = 0 one has
and (ps(0), —p«(1)) € 95°¢(u«(0), ux(1)). Furthermore, one also has

L(us(x),y) = 5 ((51)° + (32)%) 2 0= Ll (@), v (2)) + (p(2),y — ui(2)) Yy = (y1,92) € R,

DO =

Thus, optimality conditions in terms of the limiting proximal subdifferential ([49], Thm. 1) are satisfied at u,
as well. In addition, one can check that the limiting proximal subdifferentials 95°L(0,0) and 95°1(0,0) coincide
with the corresponding limiting Fréchet subdifferentials (which, in turn, coincide with the Mordukhovich basic
subdifferentials by [65], Thm. 1.89), which implies that the optimality conditions in terms of the limiting Fréchet
subdifferential ([51], Thm. 3.4) are satisfied at u, as well.

Let us finally check optimality conditions in terms of codifferentials from Theorem 4.3. Applying the
codifferential calculus [27] one obtains that

du,ff(x7u7£) = Co { ((*1)1’&1 - |’LL1| + (71)]/“2 - |’LL2|, (71)17 (71)']-561752) S R x RQ X Rz

i,je {1,2}}

and d ¢ f(z,u, &) = {0}. One also gets that

8 B :i:zla|z1| B :I:ZQ—OHZQ\
ig()(yvz){<_ol>}’ dgo(y,z) = {0}, dgl(yaz)co{< iol )}7 dgl(y,z)co{< 8 )}7
1 0 +1

for all y = (y1,%2) € R? and z = (21, 22) € R%. Thus, the integrand f satisfies the codifferentiability conditions
of order p = 2, the functions gy and g; are continuously codifferentiable, and the sets dg; (u.(0), u«(1)) and
dgi (u«(0),u.(1)) are polytopes. Furthermore, observe that for vectors n; = (0,0,0,1,0) € dg; (u«(0), u.(1)) and
n2 = (0,0,0,0,1) € dgy (us(0),u«(1)) one has 0 ¢ dg; (u«(0),us(1)) + 72 and 0 & 11 + dgi (us(0), u«(1)), i.e. the
constraint qualification from Theorem 4.3 is satisfied at u, (see Rem. 4.4).
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Suppose that optimality conditions from Theorem 4.3 are satisfied at w,. Then there exist an absolutely
continuous function ¢ € WH?((0,1); R*) and g ,7i; > 0 such that

(0,¢(@), (@) € dy (@, unw), () = o { (0, (~1)", (1)/,0,0) € R x R2 x R? | j € {1,2} |
for a.e. z € (0,1), and the transversality condition

(07 C(O)? _C(l)) € v.gO(u* (0)7 u*(1>) + Hl (le (u*(0>7 u*(l)) + 772) - ﬂl (771 + agl (u* (0)7 u*(l)))

holds true. Therefore {(x) = 0 and the transversality condition takes the form
A 1\ -1\ . 1\ (1
1) TR 1) (1 Hreoat\n ) =1

“lop = <0< —1+p —y, 1+p - <0<14p 470

or, equivalently,

The third inequality implies that 1 + My < T, while the second one yields 1 + 7 < M- Consequently, 2 + My <
L+7 < p, which is impossible. Hence optimality conditions from Theorem 4.3 are not satisfied at wu., and
one can conclude that this point is not an optimal solution of problem (4.20). Thus, optimality conditions in
terms of codifferentials detect the non-optimality of wu,, while optimality conditions in terms of Clarke, limiting
proximal, and limiting Fréchet subdifferentials fail to do so.

4.3. Problems with isoperimetric constraints

Let us now consider problems with isoperimetic inequality constraints. With the use of optimality condi-
tions for general quasidifferentiable programming problems in Banach spaces [34, 35] one can derive optimality
conditions for nonsmooth problems with both isoperimetric equality and inequality constraints. However, this
approach requires the use of constraint qualifications (similar to the ones used in Thm. 4.3), whose reformulation
in the case of isoperimetric constraints leads to very cumbersome assumptions, which we do not present here
for the sake of shortness.

Consider isoperimetric problem of the form:

min Zo(u / fo(z,u(x), Vu(z)) dz
(4.22)
subject to  Z;(u / filz,u(z), Vu(z)) de <0, u e up+ WiP(Q;R™).

Here Q C R? is an open set, f;: @ x R™ x R™*4 — R, f; = fi(x,u,£), are nonsmooth functions, i € I U {0},
I={1,....0}, and uy € WHP(2;R™) is a fixed function. Denote I(u) = {i € I | Z;(u) = 0}.

Our aim is to derive optimality conditions for problem (4.22) with the use of general optimality conditions in
terms of quasidifferentials for inequality constrained nonsmooth optimisation problem ([35], Cor. 5). It should be
noted that these optimality conditions were largely inspired by B.N. Pschenichny work [73] and are derived with
the use of the standard trick, which goes back to Pschenichny, of reducing an inequality constrained optimisation
problem to the problem of minimising the nonsmooth max-envelope of the objective function and constraints.

Theorem 4.6. Let f;, i € I U{0}, satisfy the codifferentiability conditions of order p € [1,4+00|, and let either
1 <p < +o0 or the set Q) be bounded and have the segment property. Suppose also that u, is a locally opti-
mal solution of problem (4.22). Let finally (0,w1;(-),w2;(-)) be measurable selections of the multifunctions
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ducfilue(-), Vua(-)), i € I, such that there does not exist ¢ € LP (Q; R™*% div) satisfying the following
inclusion for a.e. x € Q:

(0, div(C) (), C()) € co {d, ¢ (1 (2), Vi () + (0, w1i(2), wai (w)) | § € T(u.)}. (4.23)

Then for any measurable selection (0,w1o(-),wan(+)) of the set-valued map dy. ¢ fo(-, (), Vui(+)) one can find
N >0,i€l, and ¢ € L¥ (;R™*4: div) such that \;Z;(us) = 0 for any i € I, and for a.e. x € Q one has

(0,div(¢) (), ¢(x)) € dy, ¢ fo(w, us (), Vuu(x)) + (0, wio(x), wao(x))

4.24
+ZA (du e fol@s (@), V(@) + (0, w5(w), w3i(x)). o

Proof. For any h € WP (Q; R™) define Jy(h) = Zo(us + h), and J;(h) = Zi(u. + h), i € I. By Corollary 3.11
and Remark 3.12 the functions J; are correctly defined and quasidifferentiable at h = 0. Moreover, the point
h = 0 is a locally optimal solution of the problem

min Jo(h) subject to  J;(h) <0, i€l
hEWSP (Q;R™)

since u, is a locally optimal solution of problem (4.22). Hence by applying optimality conditions for quasidiffer-
entiable programming problems with inequality constraints ([35], Cor. 5) one obtains that if y* € .7;(0), i € I,
are such that

0 ¢ co{dJ:(0) +y; | i € I(u.)}, (4.25)

then for any yg € J5(0) one can find \; > 0, i € I, such that \;J;(0) = 0 for any i € I and

0 € J0(0) + 5 + Y _ Ai(2T:(0) + v7 ). (4.26)

iel

Let us reformulate these optimality conditions in term of problem (4.22).
Fix any (0,w1;(+), w2,(+)), i € I, satisfying the assumptions of the theorem. Define

(yf, h)y = /Q ((wli(x), h(z)) 4+ (wa;(x), Vh(x))) dx Vhe Wé’p(Q;Rm). (4.27)

Then by Corollary 3.11 one has y; € 07;(0), i € I. Let us check that constraint qualification (4.25) holds true.
Indeed, arguing by reductio ad absurdum suppose that condition (4.25) is not satisfied. Then for any ¢ € I there
exist zF € 9J;(0) and «; > 0 such that

Zalx —|—yl Za,—l

Hence with the use of Corollary 3.11 one obtains that for any i € I there exists a measurable selection
(0,v14(+), v2i(+)) of the multifunction d,, ¢ fi (-, u«(+), Vui(+)) such that

/Q ((wi(®), h(z)) + (w2(z), Vh(z)))dz =0 Vh e WP (4 R™), (4.28)
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where
Z a;(vii(x) + w4 () Z a;(v12(z) + wiz(x)).

Equality (4.28) implies that there exists the weak divergence of the function ¢ = ws, and div{ = w;. By
the growth condition on the codifferential mappings Dy ¢ fi(-) (see Def. 3.1) one has wo € L? (€;R™*4) and
wy € LP (Q;R™). Thus, there exists ¢ € L? (Q; R™*?; div) such that

14
(0 le( Zaz az Ulz ) 7)21( )) + (07w12(x)7w274(m)))
i=1

for a.e. © € Q, which contradicts (4.23). Therefore constraint qualification (4.25) holds true.

Choose any measurable selection (0, w1o(+), wa0(+)) of the set-valued mapping d ¢ fo(-, s (+), V. (+)). Define
linear functional y¢ in the same way as in (4.27). Then by Corollary 3.11 one has yo € J5(0). Consequently,
there exist A; > 0, 4 € I, such that A\;7;(0) = A\;Z;(u.) = 0 for any ¢ € I and (4.26) holds true. Now, arguing in
the same way as in the proof of Theorem 4.1 one can readily verify that optimality condition (4.26) is equivalent

o (4.24). O

Let us give an example illustrating optimality conditions for isoperimetric problems from the theorem above.

Example 4.7. Let d=m =p =1 and Q = (0,1). Consider the following problem:

min Zy(u) = / max { — |u(z)], —|v/(z)|} dz

0 . (4.29)

subject to 77 (u) = / u(z)dr <0, u(0)=u(l)=0, uecWH(0,1).
0

In this case fo(z,u,&) = max{—|ul, —|¢|}, I = {1} and fi(x,u,£) = u. Let us check whether optimality condi-
tions are satisfied at u, = 0. It is easily seen that this function is not a locally optimal solution of problem (4.29),
since for the function u,(z) = axz(z — 1) one obviously has Zy(us) < 0 and Z; (uq) = —a/6 < 0 for any « > 0.
In actuality, u, is a point of unconstrained global maximum of Zg(u).

To the best of the author’s knowledge, optimality conditions for nonsmooth variational problems with isoperi-
metric constraints have been obtained earlier only in ([6], Thm. 3.5.1). Let us verify whether these optimality
conditions hold true at u,. The limiting Fréchet subdifferential of the function u — fo(x,u,§) with respect to
€ (see [52]) at the point (x,0,0), which we denote by 9%°, fo(z,-)(0,0), is equal to [~1,1]. Therefore, for the
function p(-) = 0 and for all = € [0, 1] one has

P'(x) € O, folw, ) (un(2), u (), p(x)ul(2) = folz,u.(z), vl (2)) = 0 = max (p(2)v — fo(z, us(x),v)),

veER
that is, the optimality conditions ([6], Thm. 3.5.1) are satisfied for p(-) =0, A =1, and v = 0.
To apply other optimality condition to problem (4.29), one needs to transform this problem to an equivalent
one without isoperimetric constraints. Such transformation can be done in many different ways. Following

Example 4.5.4 of [17] we can reformulate problem (4.29) as the following Mayer problem with nonholonomic
inequality constraints:

min f(x(1)) = z3(1) subject to x(0) =0, x1(1)=0, x2(1) <0,

or(a(t), #(0) = a1(t) — #a(t) <0, pa(a(t), #(1) = max{—|zr (D), —|i1 () — aa(t) <0, te (0,1, 0
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Let us verify optimality conditions for this problem ([17], Cor. 4.5.1) at the point z, = 0, which corresponds
to the point u, = 0 in problem (4.29). Indeed, the Clarke subdifferentials of the functions ; at the origin have
the form:

dc1p1(0) = {(1,0,0,0,—1,0)}, Icip2(0) = co{(i 1,0,0,0,0,-1),(0,0,0,+1,0, —1)}.

As is readily seen, the constraint qualifications from Corollary 4.5.1 of [17] is satisfied at z.. Note also that
the Clarke normal cone to the set S = {(z1,22,73) € R3 | 21 = 0,22 < 0} at the origin has the form Ng(0) =
{(t,s,0) € R® | t € R, s > 0}. Therefore, for p(t) = (0,0, —1), \1(t) =0, A2(t) = 1, and \g = 1 one has

(B(8),p(8)) € A (B)pr(2a(t), &4 (8)) + Ao (t)pa(a(t), E4(8))  VE € [0,1]

and —p(1) € Aodcif(2+(1)) + Ng(x4(1)). Thus, optimality conditions for problem (4.30) in terms of the Clarke
subdifferential ([17], Cor. 4.5.1) are satisfied at the point z,(-) = 0.
Problem (4.29) can also be rewritten as the following nonsmooth optimal control problem:

1
min J(z,u) = /0 max { — |z1(¢)], —|u(t)|} dt subject to
21(t) = u(t), @2(t) =x1(t), u()€eR, te€l0,1], x1(0)=21(1)=0, =z2(0)=0, x2(1)<0.

One can verify that the pair (x,,u.) = (0,0) satisfies various existing optimality conditions for this problem in
terms of subdifferentials and normal cones [11, 12, 17, 19, 47, 51, 55, 66, 70-72, 81]. We leave the laborious task
of verifying these conditions to the interested reader. Instead, let us check here whether optimality conditions
from Theorem 4.6 are satisfied at wu,.

The function fy can be rewritten as

fo(l’,u,f) = ma‘x{‘u|7 |§‘} - "LLl - |£| = max{“’? _uuga _5} + min{“’a —’LL} + min{ga _5}

Hence with the use of the codifferential calculus [27] one gets that

+u—g(u,x +&—g(u,x — (_1)iu+(_1)j§+|u|+‘f‘
bl = oo (V) (U Aot o f (7

+1 (,1)1'

i,j € {1,2}},

where g(u,&) = max{|ul, |}, while d,, ¢ f1(z,u,£) = {(0,1,0)} and dy¢ fi(x,u, &) = {0}. Therefore, as one can
readily see, both functions fy and f satisfy the codifferentiability conditions of order p = 1. The set Q@ = (0, 1)
is obviously bounded and has the segment-property. Moreover, if for some ¢ € L>((0,1); R, div) = W°(0,1)
one has (0,¢'(z),((z)) € d, ¢ f1(x, u}(z), us(w)) = {(0,1,0)} for a.e. z € (0,1), then ((z) = 0, while ('(z) =1
for a.e. x € (0,1), which is impossible. Thus, constraint qualification (4.23) holds true at ..

Suppose that optimality conditions from Theorem 4.6 are satisfied at u.. Then for any measurable selection
(0,w10(-), wao(+)) of the set-valued map duy ¢ fo(-, u«(-), u,(-)) there exist A > 0 and ¢ € W>°(0,1) such that
for a.e. z € (0,1) one has

(0,¢'(2), ¢(2)) € dy, g folw, ua(@), u(2) + (0, w10 (), wao () + Aad,, ¢ f1 (2, ua (@), ().

Define zo(z) = (0, wio(x), wao(x)) = (0,1,1) € dfo(x,0,0), if z € [0,0.5] and 2o(x) = (0,1, 1) € dfo(z,0,0), if
x € (0.5,1]. Then there exist \; > 0 and ¢ € W1>°(0, 1) such that

() el () (1) () () orsercions am
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(g(%))) c CO{(Q__%\l) ’ (ioll) , (1%\1) , (14?;\1)} for a.e. z € (0.5,1]. (4.32)

Consequently, ¢'(z) > 0 for a.e. € (0,1), {(z) > 0 for a.e. z € (0,0.5), and ¢(z) < 0 for a.e. x € (0.5,1).
Redefining, if necessary, the function ¢ on a set of measure zero one can suppose that ¢ is Lipschitz continuous
(see, e.g. [54], Thm. 7.17). Therefore, from the inequality ¢'(-) > 0 it follows that the function ¢ is non-decreasing.
Hence with the use of the inequalities ((z) > 0 for a.e. z € (0,0.5) and {(z) < 0 for a.e. € (0.5,1) one obtains
that {(z) =0 and ¢’(z) = 0, which contradicts the fact that the zero vector does not belong to the right-hand
sides of (4.31) and (4.32). Thus, optimality conditions from Theorem 4.6 are not satisfied at u,, and once again
optimality conditions in terms of codifferentials were able to detect the non-optimality of the point w,, when
subdifferential-based optimality conditions failed to do so.

5. CONCLUSIONS

In this paper we presented a general theory of first order necessary optimality conditions for nonsmooth
multidimensional problems of the calculus of variations on arbitrary (not necessarily bounded) domains. This
theory is based on the concepts of codifferentiability and quasidifferentiability of nonsmooth functions developed
in the finite dimensional case by Demyanov, Rubinov, and Polyakova (see [26-28]). We proved that a nonsmooth
integral functional defined on the Sobolev space is continuously codifferentiable and computed its codifferen-
tial and quasidifferential under the assumption that the integrand satisfies the codifferentiability conditions
introduced in this paper. These conditions, in essence, mean that the integrand is continuously codifferentiable
and satisfies, along with its codifferential, some natural growth conditions. In comparison with our previous
paper [31], in this work we proved the codifferentiability of the integral functional without the assumption
that the domain of integration is bounded and has the segment property (provided p > 1), demonstrated that
the obscure and hard to verify assumption on uniform codifferentiability with respect to the Sobolev space is
completely redundant (thus, giving a positive answer to the second question raised [31], Rem. 4.22), and proved
the continuous codifferentiability of the integral functional for all 1 < p < 400 (in [31] the continuity of the
codifferential mapping was proved only in the case p = +00).

The explicit expressions for a codifferential and a quasidifferential of the integral functional obtained in this
article allowed us to apply general necessary optimality conditions for constrained nonsmooth optimisation
problems in Banach spaces in terms of quasidifferentials [34, 35] to easily obtain necessary optimality conditions
for constrained nonsmooth problems of the calculus of variations, including problems with additional constraints
at the boundary and problems with isoperimetric constraints. As is demonstrated by a series of simple examples,
our optimality conditions are sometimes better than the existing ones in terms of various subdifferentials, since
they are able to detect the non-optimality of a given point, when subdifferential-based optimality conditions
fail to disqualify this point as non-optimal.

Acknowledgements. The author wishes to express his thanks to the anonymous referees for insightful questions, as well
as valuable comments and suggestions, that helped to significantly improve the overall quality of the paper.
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