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NONSMOOTH PROBLEMS OF CALCULUS OF VARIATIONS
VIA CODIFFERENTIATION *

MaXiM DOLGOPOLIK!

Abstract. In this paper multidimensional nonsmooth, nonconvex problems of the calculus of variations
with codifferentiable integrand are studied. Special classes of codifferentiable functions, that play an
important role in the calculus of variations, are introduced and studied. The codifferentiability of
the main functional of the calculus of variations is derived. Necessary conditions for the extremum
of a codifferentiable function on a closed convex set and its applications to the nonsmooth problems
of the calculus of variations are described. Necessary optimality conditions in the main problem of
the calculus of variations and in the problem of Bolza in the nonsmooth case are derived. Examples
comparing presented results with other approaches to nonsmooth problems of the calculus of variations
are given.
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1. INTRODUCTION

In this paper nonsmooth problems of the calculus of variations are studied. These problems were first studied
in the works of Rockafellar [21-23]. After these works many different approaches were suggested to studying
nonsmooth problems of the calculus of variations (cf., for details, [5-7,14,15,17-19,25,26]); however, all existing
approaches have some disadvantages, that make their practical applications quite difficult.

As a rule, nonsmooth problems are studied by different homogeneous approximations of the increment of a
function, such as the Clarke subdifferential [7] or the proximal subgradient [15]. But all these approximations
are not continuous functions of points in a nonsmooth case. A lack of continuity makes the construction of
effective numerical methods based on homogeneous approximations a very difficult task. The other disadvantage
of a “homogeneous” approach is that computing an approximation is very complicated because there does
not exist a convenient calculus of these approximations (cf., for instance, formulae for computing the Clarke
subdifferential [7] and “fuzzy calculus” of the proximal subgradients [15]).

In this paper nonsmooth problems of the calculus of variations are studied by the notion of codifferentiability.
The concept of codifferentiable function was introduced by Demyanov [9,10] (cf., also, [11,13]). Although an
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approach based on codifferentials does not allow to study nonsmooth optimization problems under such general
assumptions as some other nonsmooth methods, it has its own benefits. An approximation of the increment of
a function based on the codifferential is nonhomogeneous and is usually a continuous function of points. That
is why it is easy to construct effective numerical methods based on the concept of codifferential (¢f. method of
codifferential descent in [11] and method of truncated codifferential descent and its applications in [12]). Also,
there exists a well-developed codifferential calculus [11,13] and formulae for computing codifferentials are very
simple. These advantages make an approach based on the notion of codifferentiability more appealing for many
practical applications than other existing approaches.

However, one should mention some limitations of the approach based on codifferentiability (and the closely
related notion of quasidifferentiability [11]). Unlike the Clarke subdifferential and some other types of sub-
differentials, a codifferential of a Lipschitz continuous function can be empty, but it is worth mentioning that
the difference of two continuous convex functions defined on a normed space is always codifferentiable. Also, no
characterization of the class of codifferentiable (or quasidifferentiable) functions is known. Moreover, despite the
fact that there exists a convenient and elaborate calculus of codifferentiable and quasidifferentiable functions,
there are no algorithms, in general, for the construction of elements in codifferential or quasidifferential in
the case when they are not empty. However, codifferential was proved to be a very efficient tool for solving
nonsmooth optimization problems in the case when codifferentials of the functions under consideration can be
effectively computed [3,4].

The main goal of our study is to prove that the main functional of the calculus of variations with codif-
ferentiable integrand is codifferentiable. In order to do that we introduce and study several special classes of
codifferentiable functions. Also, we derive necessary conditions for the extremum of a codifferentiable function
on a closed convex set and apply them to studying the main problem of the calculus of variations and the
problem of Bolza in the nonsmooth case. In the end, we provide two examples demonstrating that the necessary
optimality conditions derived in this paper are better than the existing necessary optimality conditions for
nonsmooth problems of the calculus of variations.

2. NECESSARY CONDITIONS FOR THE EXTREMUM OF A CODIFFERENTIABLE FUNCTION

In this section we discuss necessary conditions for the extremum of a codifferentiable function on a closed
convex set. We will apply these conditions to the study of nonsmooth problems of the calculus of variations.

We introduce the notation first. We denote by (E, | - ||) a real normed space. As usual, its topological dual
space is denoted by E* and the weak® topology on E* is denoted by w* or o(E*, E). The standard topology
on the real line R is denoted by 7, the inner product in R? is denoted by (-,-). Denote by co A the convex hull
of aset AC FE.

Let us recall the definition of codifferentiable function and related notions. Let S € R? be an open set.

Definition 2.1. A function f: S — R is said to be codifferentiable at a point 2 € S if there exists a pair of
nonvoid compact convex sets df(z),df(r) C R?*! such that for any admissible argument increment Az (i.e.
co{z,z + Az} C S) the corresponding function increment is represented as

flea+ Az) — f(z) = max (a+ (v,Az))+ min (b+ (w, Az)) + o(Azx, z),

[a,v]€df(z) [b,w]€df (z)
where A
max a+ min b=0, M—%)asal().
la,v]€df(x) [b,w]€df(x) «

Remark 2.2. We write o | 0 instead of o — +0.

The following definition is a natural generalization of the notion of codifferentiation to the infinite-dimensional
case.
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Definition 2.3. Let S C E be an open set. A function f: S — R is said to be codifferentiable at a point z € S
if there exists a pair of nonvoid convex sets df(z),df(x) C R x E* that are compact in the topological product
(R, 7) x (E*,w*) and such that for any admissible argument increment Az € E

fle+Ar) — fl@)= max (a+p(Az)+  min  (b+(Ar)) + o( Az, ),
[a,p]€df () [b,y)€df ()

where A
max a4+ min b=0, M

a.el€df(x)  [byledf(x) @
A pair of sets Df(x) = [df(x),df(x)] is called a codifferential of f at a point , the set df(z) is called a
hypodifferential, and the set df(z) is referred to as a hyperdifferential. Note that a codifferential is not unique.

A function f is said to be hypodifferentiable at a point x if there exists a codifferential of the form Df(x) =
[df(x),{0}] and hyperdifferentiable at a point x if there exists a codifferential of the form D f(x) = [{0}, df(x)].

—0asa 0.

Remark 2.4. It is easy to see that for any convex and compact in the topology 7 x w* set S C R x E* the
pair [df (z)+ S, df(z) — S] is a codifferential of f at z. Therefore there is an interesting and unresolved question
concerning how to find a codifferential D f(x) which is minimal, in some sense. For some results on the closely
related problem of finding a minimal, in some sense, quasidifferential see [20,24].

1

Remark 2.5. The direct product R x E* can be equipped with the norm ||[a, ¢]|l, = (Ja? + ||¢||?)», where

1 <p< oo, or|[a¢]llec =max{|al,||¢]}. It is clear that all norms | - ||, 1 < p < oo are equivalent. Every
norm || - ||, induces the Hausdorff metric on the set of all closed bounded subsets of the space (R x E*, || - ||,)-
Since all norms || - ||, 1 < p < oo, are equivalent, then all corresponding Hausdorff metrics are also equivalent.

Therefore, hereafter we will refer to Hausdorff metric without specifying a norm on R x E* that induces given
metric.

A function f is said to be continuously codifferentiable at a point « if it is codifferentiable in a neighbourhood
of z and there exists a mapping y — Df(y) = [df(y),df(y)] such that the mappings y — df(y) and y —
df(y) are Hausdorff continuous at this point. One can also define continuously hypodifferentiable functions and
continuously hyperdifferentiable functions.

Remark 2.6. The class of continuously codifferentiable functions is quite large. This class forms a linear space
closed under the main algebraic operations (such as multiplication), the pointwise maximum and the pointwise
minimum of a finite family of its elements (see [11,13] for a codifferential calculus).

Let us give several examples of important classes of functions that are contained in the class of continuously
codifferentiable functions. Any convex function f: R¢ — R is hypodifferentiable on R¢ and continuously hypod-
ifferentiable on any bounded subset of R? (cf. [11], Sect. 4.1), and any norm is continuously hypodifferentiable
on the whole space ([13], example 3.2). Let S C E be an open set, functions f;, g;: S — R be continuously
Géteaux differentiable at a point x € S, i€ I ={1,...,k}, j € J={1,...,1}. Let us show that the function

() = max fi(-) + ming; ()
is continuously codifferentiable at x. Indeed, for any admissible Az € E one has
Ax) — = ; Ax) — ; i ; Ax) — min g; .
ot Aa) — f(0) = max (o + A) ~ max () )+ min (050 + A0) = mings (o))
Since the functions f; and g; are condinuously Gateaux differentiable at = then

Flo+ Av) — f(z) =max (fiu:) — ma fi(x) + £lr)(A0) + oy, (A, x>)

el

iy (15(0) — mingy(0) + 60](A0) + 0, (42.2))
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where oy, (aAz,z)/a — 0 and oy, (aAw,x)/a — 0 as a | 0, f{[z] and g}[z] are the Gateaux derivatives of the
functions f; and g;, respectively, ¢ € I, j € J. Therefore one gets

et A0) = 1) = ma (o) e o) + 11(A0) ) + iy (55(0) — i 05) + 0](Aa) ) + o( Az,

icl

where o(aAz,z)/a — 0 as « | 0. Thus the function f is continuously codifferentiable at x, and there is a
codifferential of f at x of the form

Df(x) = [CO{[fi(-T) —max fi(z), fi[2] | i € T}, co{[g;(x) —r;éiggj(w),gg[wﬂ |je J}}-

In particular, if E = R? then

Df(x) = [co{[fxx) ~mafi) g @) g o) i 1)

Co{{gj(as) ~ ming;(z), g—ii(x),...,g—ii(x)] ] je J}]

JjeJ

Remark 2.7. Let a function f: S — R be codifferentiable at a point x. One can always suppose that the
following equalities hold true

max a= min b=0. (2.1)
[a,pledf () [byledf(x)
In fact, if equalities (2.1) do not hold true, then one can consider the pair [A, B] = [df(z) — {[a,0]},df(x) +
{[@,0]}], where

a= max a=— min b,
[a,p]edf(x) [b.y)edf (x)

that, as it is easy to check, satisfies the definition of codifferential and equalities (2.1).
Note that if one uses standard formulae for computing codifferentials (¢f. [11,13]), then equalities (2.1) always
hold true.

Let a function f: .S — R be codifferentiable on an open set S C F, i.e. f is codifferentiable at any point
z € S, and let A C S be a nonvoid closed convex set. Consider the problem of minimizing the function f on
the set A.

Theorem 2.8. Suppose that the function f has a local minimum on the set A at a point x* € A. Then for any
[0,9] € df(z*) the function

g(z)= max (a+¢(x))+(z),r €L,
l[a,p]edf(z*)

has a global minimum on the set A — x* at the origin. Moreover, if (E,| - ||) is a Banach space, then

(df (@) +{[0,¢1}) N ({0} x (=N (A,2%))) £ 0 V[0,¢] € df (z"), (2.2)
where N(A,z*)={p € E* | pla—2*) <0 Va € A} is the normal cone to the set A at the point x*.
Proof. Ab absurdo, suppose that there exists [0, 1] € df(z*) for which the function

g(z) = max (a+e@) +v(z),xz € E,
[a,pledf(z*)
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does not attain a global minimum on the set A — z* at the origin. Then there exists a point y € A —z*, y # 0,
such that g(y) = —c < 0 = ¢(0) (the last equality holds true by virtue of Rem. 2.7). Since A is convex, then
co{z*,x* +y} C A. It is clear that the function g is convex, therefore for all a € [0, 1]

glay) = glay + (1 — a)0) < ag(y) + (1 — a)g(0) = —ca. (2.3)

By the definition of codifferentiable function, there exists ag € (0,1) such that for all « € (0, )

f@™+ay) — f@) < max  (a+glay)+  min  (b+(ay)) + sa < glay) + s
[ap]€df (") bowledf(a*) 2 2

Taking into account (2.3), we find that for any a € (0, ap)
I +ay) — fa*) < —Sa <0,

which contradicts the definition of the point x*.

It remains to prove that if (E, || - ||) is a Banach space, then (2.2) holds true. Indeed, since g attains a global
minimum on the set A—x* at the origin, then by virtue of the necessary and sufficient condition for the minimum
of a convex function on a convex set ([16], Thm. 1.1.2) one has

Ag(0)N (—N(A —2",0)) # 0.
Applying the theorem about the subdifferential of the supremum ([16], Thm. 4.2.3), one gets
99(0) ={p€ E" [p=¢+¢,[0,¢] € df(z")}

(it is easy to verify that the set on the right-hand side is convex and closed in the weak* topology). Hence the
desired result immediately follows from the obvious inclusion {0} x 9g(0) C df(z*) + {[0, ]} and the equality
N(A —2*,0) = N(4,z*). O

Corollary 2.9. Suppose that the function f has a local mazimum on the set A at a point x* € A. Then for
any [0, ] € df (x*) the function

h(z)= min (b+¢(x)) +p(x),z € E,
[b.y]edf (z*)
has a mazimum on the set A —a* at the point 0. Moreover, if (E,||-||) is a Banach space, then

(df (x*) +{[0,¢]}) N ({0} x N(A,z%)) # 0 V[0,¢] € df(z*).
3. TWO PROBLEMS OF THE CALCULUS OF VARIATIONS

In this section we will describe two problems of the calculus of variations that are the main subject of our
study. Both of these problems have its own difficult points. However, the ideas and results that were obtained
during the study of one problem helped us to understand better the other one and vice versa. This is the main
reason to consider both of these problems together.

Let us introduce the additional notation. In the subsequent sections 2 C R? will be an open bounded set
and | - | will be the Euclidean norm on R

We denote by C(£2) a vector space of all those f € C(£2) (i.e. f is continuously differentiable on (2) for
which functions f and %, i €{1,...,d}, are bounded and uniformly continuous on {2 (then there exist unique,

bounded, continuous extensions of the function f and all its first order partial derivatives to the closure {2 of
2). C1(R2) is a Banach space with the norm given by

97 (4

..., SUp
) ) 8.Td

zes?

0
[fller = maX{Sup |f(2)|, sup —8f (x)
z€N ze | 0T1
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The vector space of all functions f € C''(£2) vanishing on the boundary of {2 is denoted by _Cé (2). C1(2,R™)
is a Banach space of all functions f = (fi,..., fm) mapping 2 to R™ such that f; € C*(2), i € {1,...,m},
endowed with the norm

nfn01:1nax{supf@»,sup|Vfcw},
xef? xef?

where

1<j<m
Vf(z) = (%(x)> ’ eR™4 e

Ox; 1<i<d

The space Cg(£2,R™) is defined in the same way as C3(£2).
Consider the space L,(f2,R™). This is a Banach space equipped with the norm

|uu=(ﬂ;wmpm)%

in the case 1 < p < co and ||ul|ec = esssup,cy |u(z)| in the case p = oo, where u = (u1,...,un) € L,(£2,R™).
The Sobolev space W1P(2,R™) is endowed with the norm |u||1, = ||ul|, + || Vu|/,. The closure of the space
Cg°(£2) in the Sobolev space WP(£2) is referred to as W, ?(£2), 1 < p < oo. Here, as usual, C5°(£) is a
subspace of C'*({2) consisting of all functions with compact support. If 1 < p < oo, then we denote by ¢ the
conjugate index to p, i.e. 1 <g<ooand 1/p+1/¢=1.

Let us consider the following functional

Ic(u):/gf(x,u(x),Vu(ac))dx

defined on the space Cl_(ﬁ, R™). Here f: 2 x R™ x Rmxi — R, f = f(x,u,§), is a given continuous function,
U= (Up,...,Unp) E Cl((),Rm)_.Fix an arbitrary ug € C1(£2,R™) and denote by Ac = {ug+u | u € CL(2,R™)}
a closed convex subset of C1(£2,R™). We will consider the following problem of the calculus of variations

Zco(u) — extr, u € Ac. (3.4)

We will also consider the following functional
Iw(u) = / g(z,u(z), Vu(z)) dz,
Q

defined on the space WhP(£2,R™), 1 < p < oo. Here u = (u1, ..., uy) € WHP(2,R™) and g: 2 x R™ x R™*d —
R, g = g(x,u,§), is a given function satisfying the Caratheodory condition (i.e. the function (u,&) — g(z,u,§)
is continuous for almost every = € £2 and the function x — g(x,u, &) is measurable for all u € R™, ¢ € R™*9)
and the growth condition: there exist C' > 0 and 8 € L1(£2), 8 > 0, such that for a.e. z € 2

l9(z, u,€)| < Bla) + Clul” + [€[7)  V(u,€) € R™ x R™*, (3.5)
in the case 1 < p < 00, and for any N € N there exists a function Sy € L1(2), Sx > 0 such that for a.e. x € 2
l9(z,u,§)| < Bn(z) V(u,§) € By,
in the case p = co. Here By = {(u,&) € R™ x R™*4 | |u| + |¢] < N}

Remark 3.1. With the use of the Sobolev embedding theorem, the inequality (3.5) can be improved under
some additional assumptions on the set §2 (cf., for instance, [8], Sect. 3.4.2).
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Fix an arbitrary vy € W12 (£2,R™) and denote by Aw = {vo+u € WHP(2,R™) | u € WyP(£2,R™)} a closed
convex subset of W1P(£2, R™). We will consider the following problem of the calculus of variations

Iw(u) — extr, u€ Ay (3.6)

along with the problem (3.4).

In the subsequent sections we will show that the functionals Zo and Zy are codifferentiable under some
assumptions on the functions f and g. With the use of Theorem 2.8, we will derive necessary optimality
conditions for problems (3.4) and (3.6).

4. SPECIAL CODIFFERENTIABLE FUNCTIONS

In this section we will introduce several special classes of codifferentiable functions that will play an important
role in studying the functionals Z¢ and Zy . Let X be an arbitrary nonvoid set, S C F be an open set.

Definition 4.1. A function f: X xS — R, f = f(x,y), is said to be codifferentiable with respect to y at a point
(x0,y0) € X xS if the function g(y) = f(xo,y), y € S, is codifferentiable at the point yo. It obviously means that
there exists a pair of nonvoid convex sets d, f(zo,yo), dy f(z0,90) C R x E* that are compact in the topological
product (R, 7) x (E*,w*) and such that for any admissible argument increment Ay (i.e. co{y,y + Ay} C S)

f(xo,y0 + Ay) — f(20,y0) = Ps(xo, yo; Ay) + ¥¢ (20, yo; Ay) + o(Ay; o, yo),

where
Dy (0, y0; Ay) = max  (a+¢(4y)), ¥r(zo,y0; Ay) = min (b +(Ay)),
[G,@]Edyf(wo,yo) [bvw]Edyf(wO ,90)

o(aAy; xo, yo)
e

D (z0,Y0;0) + ¥s(z0,y0,0) =0, —0asa 0.

A pair of sets D, f(x,y) = [c_lyf(ac,y),ayf(ac,y)] is called a codifferential of f with respect to y at a point
(z,y), the set d, f(z,y) is referred to as a hypodifferential with respect to y, and the set dyf(z,y) is called a
hyperdifferential with respect to y. A function f is said to be codifferentiable with respect to y on X x S if f is
codifferentiable at every point (z,y) € X x S. As in the case of an ordinary codifferential, a codifferential with
respect to y is not unique.

Let (X, 0) be an aribitrary topological space. A function f: X x S — R is said to be continuously codifferen-
tiable with respect to y at a point (zo,yo) € X x S if it is codifferentiable with respect to y in a neighbourhood
of (xo,y0) and there exists a mapping (v,y) — D, f(z,y) such that the mappings (z,y) — d,f(z,y) and
(z,y) — dyf(z,y) are Hausdorff continuous at this point.

Remark 4.2. It is clear that a codifferential with respect to y has the same properties as an ordinary codiffer-
ential. In particular, it is easy to derive formulae for computing a codifferential with respect to y and assertions
about its continuity.

Let us obtain some useful properties of a function that is continuously codifferentiable with respect to y.

Proposition 4.3. Let (X,0) be a topological space, and suppose that a function f: X x S — R, f = f(z,y), is
continuously codifferentiable with respect to y at a point (xg,y0) € X x S. Then for any Ay € E the functions
(z,y, Ay) — Ps(x,y; Ay) and (x,y, Ay) — P¢(z,y; Ay) are continuous at the point (xo, Yo, Ayo)

Proof. We consider only the function ®(x,y; Ay) since the assertion for the function ¥¢(z,y; Ay) is proved
in a similar way. Fix arbitrary ¢ > 0 and Ayy € E. Since the function f is continuously codifferentiable with
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respect to y at (zo,yo), then there exist a neighbourhood V,,, € o of the point zy and d; > 0 such that for all
z € Ve andy € E, [y —yol <61

pu(d, f(zo,y0).d, f(z,y)) = sup inf (lar — az| + [l1 — @2l
[az,02]€d,, f (z,y) [01:01]€4, f(20,y0)
£
+ sup inf lar —as] + |1 — @2]]) < —————, (4.7)
SR TR L (P ES VR

where py is a Hausdorff metric. The set d, f(x,y) is compact in (R, 7) x (£*,w*), then it is bounded (cf. [13],
Thm. 2.1). Hence by (4.7) one gets that

C =sup{la| + ¢l | [a,¢] € d, f(x,y),x € Vay,y € E, |ly — yol| <1} < +o0.

Denote dy = ¢/3C and fix an arbitrary x € V,,, y € E, Ay € E such that ||y — yol| < 01, [|[Ay — Ayol| < 2.
By definition of @, there exists [a1,¢1] € dyf(xo,yo) for which @¢(xo, yo; Ayo) = a1 + p1(Ayo). It follows

from (4.7), that there exists [az, p2] € d, f(7,y) such that
a1 = az| + ller = 2| < gy <
1— a2 1ol <o <3
3(1Ayoll +1) 3

We have

lo1(Ayo) — 2(Ay)| < [p1(Ayo) — p2(Ayo)| + |p2(Ayo) — p2(Ay)| <

< ller = exllll Aol + lle2lll Ayo — Ayll < 5

e 2e
([[Ayoll + 1)

3
A C—
lAgoll + C oz < 5

Hence
D¢ (o, Yo; Ayo) = a1 + v1(Ayo) < az + p2(Ay) + e < Py(x,y; Ay) + .
Arguing in the same way we get the inverse inequality
By (x,y; Ay) < Py(xo, yo; Ayo) + €.

Therefore for any x € V,,, y € E and Ay € E such that ||y —yo|| < 01, || Ay — Ayo|| < 2 the following inequality
holds true

D¢ (w0, y0; Ayo) — Ps(x,y; Ay)| <e.
Thus, the proof is complete. O
Proposition 4.4. Let (X, o) be a topological space, E = R*, S C E be an open set. Suppose that a function

f: X xS =R, f=f(z,vy), is continuously codifferentiable with respect toy on X x S. Then for any compact
set K C X x S and bounded set Q C R¥ there exists L > 0 such that for all (z,y) € K and Ay, Ays € Q

|Ps(z,y; Ayr) — Pr(x,y; Ay2)| < LAy — Aya|,  [Wp(z,y; Ayr) — Wy (x, y; Aya)| < LI1Ays — Ayal.

Proof. Let us prove the assertion for @;. Denote r = sup o,¢q |Ay|. By the previous proposition, the function
@/ is continuous. Since by the Tichonoff theorem the set K x {Ay € R* | |Ay| < 2r} is compact, then

c= ma, Dz, y; Ay)| < +o0.
)R <o 7 (295 A9

Fix an arbitrary (z,y) € K and Ay, Ays € Q, Ay; # Ays. Denote 0 = % € (0,1) and Ay =
2(Ay1 — (1 — ) Ays). We have

T T —|— |Ay1 — Ay2|
r+ |Ayr — Aya|  |Ayr — Ayl

1-6
|Ay — Ays| = T\Am — Ays| = | Ay — Aya| =1,

thus |Ay| < 2r and |@f(z, y; Ay)| < c.
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By definition of the function @, one has that the mapping Ay — @ (x, y; Ay) is convex for any (z,y) € X xE.
Hence

O+ (1 =0)Ps(x,y; Ayr) = Pp(x,y; Ayr) = Py (z,y;0Ay + (1 — 0)Aya) < Oc+ (1 = 0)Py(x,y; Ayz),

therefore

0 2c
Dr(2,y; Ay) — Dp(x,y; Ayz) < 7= (e = s (2,3 Ayr)) < —|Ays — Ays|.

Since Ayy, Ays € Q are arbitrary, then
2c
Dy (w,y; Ayz) — Py (2, y; Ayr) < —|Ayz — Ay .

It remains to denote L = 2¢/r. O

Remark 4.5. The proof of Proposition 4.4 is based on the well-known proof of the Lipschitz continuity of a
convex function.

Let us consider a particular case of Definition 4.1, that is the most important for the study of nonsmooth
problems of the calculus of variations.

Definition 4.6. Let X C R? be an arbitrary nonvoid set, a function f: X x R™ x R™*4 R, f = f(z,u,&).
Denote E = R™ x R™*? The function f is said to be codifferentiable with respect to u and ¢ at a point
(w0, u0,&) € X x R™ x R™*4 if the function g(z,y) = f(z,u, ), y = (u,&), is codifferentiable with respect
to y at the point (xo,y0) € X X E, yo = (u0,&). It means that there exist nonvoid compact convex sets
c_luyff(:ro,uo,fo), Eu’gf(xo,uo,fo) C R x R™ x R™*4 such that for all Au € R™ and A¢ € R™*¢

f(l'O,UO + Auvfo + Af) - f($07u0a§0) = dsf($07u07£0; Auv Ag) + !pf(.To, uOny; AU, Af) + O(Au’ Ag;an ango)v

where
D¢ (xg, ug, &o; Au, AE) = max a+ {vy, Au) + (ve, AL)),
oo ot du A = (o, B (o, A9)
Ut (xo, uo, §o; Au, AE) = min (b + (w1, Au) + (wa, AE)),

[b,w1,w2]E€dy ¢ f(z0,u0,€0)
o(aAu, aA; wg, uo, &o)

dsf($07u07£0;0a0)+y7f(x07u0?§0;0’0) :0’ a

—0asa]0.

Remark 4.7. All notions and assertions connected with a codifferentiation (such as a continuous codifferenti-
ation) are easily transferred to the case of a codifferentiability with respect to u and £. In particular, one can
always suppose that @¢(z,u,&;0,0) = ¥r(z,u,&;0,0) = 0.

We introduce several auxiliary definitions that will allow us to use “a codifferentiation of an integral with
respect to a parameter”. These definitions will be vital for the study of nonsmooth problems of the calculus of
variations. As previously mentioned, £2 C R? is an open bounded set.

Definition 4.8. A function f: 2 x R™ x R™*4 L R, f = f(x,u,§), is said to be codifferentiable with respect
to w and € on 2 x R™ x R™*4 uniformly with respect to Cl(() R™) 1f f is codifferentiable with respect to u
and ¢ on 2 x R™ x R™*4 and for all u,h € C1(2,R™), = and «

flzyu(z) + ah(x), Vu(z) + aVh(x)) — f(z,u(z), Vu(x))
— &¢(z,u(z), Vu(x); ah(z),aVh(z)) — Ur(z,u(z), Vu(z); ah(x), aVh(z)) = agf(z, a),

where ¢f(z,) — 0 as « | 0 uniformly with respect to = € £2.
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Let us adduce some propositions that help to check whether a function is codifferentiable with respect to u
and ¢ uniformly with respect to C1(2,R™). The following proposition immediately follows from the well-known
properties of a continuously differentiable function.

Proposition 4.9. Let a function f: x R™ x R™¥d R, f = f(x,u,&), be continuous and continuously
differentiable with respect to u; and &; on 2 x R™ x Rde_, i€{l,...,m}, j€{l,...,d}. Then the function f
is continuously codifferentiable with respect to u and & on 2 x R™ x R™* yniformly with respect to C1(2,R™).

Applying assertions about computing a codifferential (c¢f. [11], Lems. 4.2.1-4.2.4) and Proposition 4.4, it is
easy to prove the following propositions.

Proposition 4.10. Let functions fi, fo: 2 x R™ x R™*d R f; = fi(x,u,€), be codifferentiable with respect
tou and & on 2 x R™ x R™*4 yniformly with respect to C1(2,R™), and let c1,co € R be given real numbers.
Then the function cif1 + cafo is codifferentiable with respect to u and & on £2 x R™ x R™* uniformly with
respect to C*(£2,R™).

Proposition 4.11. Let functions f1, f2: 2 x R™ x Rmx*d —R, fi= fi(z,u,§), be codifferentiable with respect
tou and & on 2 x R™ x Rm_x‘i uniformly with respect to C(2,R™). Then the function f1- fa is codifferentiable
with respect to w and € on 2 x R™ x R™* yniformly with respect to C*(£2, R™).

Proposition 4.12. Let functions f;: 2 x R™ x R™*4 R f; = fi(z,u,&), i € [ = {1,...,k}, be codiffer-
entiable with respect to w and & on 2 x R™ x R™* yniformly with respect to C*(£2,R™). Then the functions
g1 = max;cs fi and go = miney fi are codifferentiable with respect to u and & on 2 x R™ x R™* uniformly
with respect to C*(2,R™).

Proposition 4.13. Let function f: 2 x R™ x R™*4 — R, f = f(x,u,&), be continuous and codifferentiable
with respect to u and & on 2 x R™ x R™*4 yniformly with respect to C1(£2,R™), and suppose that f(z,u,&) # 0
for all x € 2, u € R™ and & € R™*?, Then the function g = 1/ f is codifferentiable with respect to v and & on
0 x R™ x R™*4 yniformly with respect to C1(2,R™).

For instance, let us prove Proposition 4.12.
Proof. We consider only the function g;. Fix arbitrary u, h € C*(£2,R™). For all « > 0 and z € £2 one has
g1(z,u(x) + ah(z), Vu(z) + aVh(z)) — g1 (z, u(x), Vu(x))
= max (fz(x, u(z), Vu(z)) + @y, (z, u(z), Vu(z); ah(x), aVh(z))

+ Uy, (z,u(x), Vu(x); ah(z), aVh(z)) + aey, (w,a)) — g1(z,u(x), Vu(z))

= max (fz(x, u(z), Vu(z)) — g1(z, u(z), Vu(z)) + D5, (z, u(x), Vu(z); ah(z), aVh(z))

el
+ Uy, (z, u(x), Vu(x); ah(z), th(w))) + agg, (2, ),
where
I}él}l Efs (1'7 04) <ég (1'7 04) < rglealx Efi (1‘, a)'

It is clear that &,, (z,) — 0 as « | 0 uniformly with respect to z € 2. It remains to note that

r?gx (fz(w, u(x), Vu(z)) — g1(z, u(x), Vu(z))

+ @5, (z, u(z), Vu(z); ah(z), aVh(z)) + ¥y, (2, u(x), Vu(z); ah(z), th(ﬂ?)))

=&, (z,u(z), Vu(z); ah(x), aVh(z)) + ¥y, (2, u(x), Vu(z); ah(z), aVh(x))

(¢f. for details [11], the proof of Lem. 4.2.4). O
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Fix an arbitrary 1 < p < oco. In order to give a correct definition of codifferentiation with respect to v and &
uniformly with respect to the Sobolev space W1P(§2, R™), we need the following definition.

Definition 4.14. Let a function f: 2 x R™ x R™*4 - R, f = f(x,u, ), be codifferentiable with respect to u
and £ on 2 x R™ x R™*4. A codifferential D, ¢ f(z,u,&) of the function f with respect to u and ¢ is said to
satisfy the growth condition if there exists a codifferential mapping (z,u,&) — Dy f(z,u,§), (z,u,&) € 2 X
R™ x R™*4 such that there exist almost everywhere nonnegative functions 3,7 € L1(£2), 81, B2,71,72 € L4(2)
and nonnegative real numbers C, Cy,Co, D, D1, D5 € R such that for almost every x € {2 and for all u € R™,
5 c Rmxd

lal < B(@) + C(lul” + [€7),  |v1] < Br(@) + Cr(ul”™ + [6[777),  [va] < Bal) + Co (JulP ™" + [€P7H)
for all [a,v1,v2] € d,, ¢ f(7,u,§) and
bl < (@) + D(lul” + [€),  |wi] < yi(2) + Da(julP = + [P, fwa| < y2(x) + D2 (JulP = +[€P7)

for all [b, w1, ws] € dyef(z,u,€) in the case 1 < p < oo, and for all N € N there exist almost everywhere
nonnegative functions SV, ﬁgN)v ﬁéN), A, ’Y%N), WéN) € L1(£2) such that for almost every x € £2 and for all

(’LL, g) € BN

lal < BN (@), o] < BV (@), Juo < B8 (x) Va, v, v0] € dy o f (3,1, ),
bl < AN (@), Jwi| <AV (@), Jwal <A (@) Vb wi,ws] € due f(,u,E),
in the case p = cc.

Remark 4.15. With the use of the Sobolev embedding theorem, the inequalities in the previous definition can
be improved under some additional assumptions on the set 2 (cf., for instance, [8], Sect. 3.4.2).

The next proposition follows directly from the formulae for computing a codifferential.

Proposition 4.16. Let 1 < p < oo, functions f;: 2 x R™ x R™*? R, f; = fi(x,u, &), be codifferentiable
with respect to u and & on 2 x R™ x R™*? and satisfy the growth condition, i € I = {1,...,k}. Suppose that
codifferentials of the functions f; with respect to u and & satisfy the growth condition, i € I. Then for any real
numbers ¢; € R, © € I, the functions Zle ¢ fi, max;er f; and mingey f; are codifferentiable with respect to u
and € on 2 x R™ x R™*4_ satisfy the growth condition and their codifferentials with respect to u and & also
satisfy the growth condition.

Note an obvious property of a codifferentiable function, that has a codifferential satisfying the growth condi-
tion.

Proposition 4.17. Let 1 < p < oo, a function f: 2 x R™ x R™*% R, f = f(x,u,§), be codifferentiable
with respect to u and € on 2 x R™ x R™*% and suppose that a codifferential of f with respect to u and &

satisfy the growth condition. Then for any u € WLP(£2,R™) all measurable selections of the set-valued mapping
r —d, ¢ f(x,u(z), Vu(r)) (orz — dugf(z,u(z), Vu(z))) belong to the space L1(£2)x Ly(£2,R™)x Ly(12, R™*4),

Definition 4.18. Let a function f: 2 x R™ x R™*4 — R, f = f(x,u, &), satisfy the Caratheodory condition
and the growth condition. The function f is said to be codifferentiable with respect to u and € on £2 x R™ x R™*¢
uniformly with respect to WP (2, R™), if

1. f is codifferentiable with respect to v and £ on {2 x R™ x Rmx‘é
2. the set—valued maps (z,u,§) — d,, ¢ f(7,u,§) and (z,u,§) — ducf(z,u,§), v € 2, uw € R", § € R4
satisfy the Caratheodory condition,
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3. a codifferential of the function f with respect to v and & satisfies the growth condition,
4. for all u,h € WHP(£2,R™), a > 0 and for a.e. ¥ € {2

f(@,u(@) + ah(x), Vu(e) + aVh(z)) - f(z, u(z), Vu(z))
— @ (2, u(w), Vu(z); ah(x), aVh(z))
— Uj(z,ulz), Vu(x); ah(z), aVh(z)) = aef(z,a),

where [, [ef(2,a)]dz — 0 as o | 0.

Remark 4.19. Definition 4.18 is correct in the sense that under our assumptions e(-, &) € L1 ({2) for all a > 0.
Indeed, since the function f satisfies the Caratheodory condition, the growth condition and u, h € WHP(£2,R™),
then f(-,u(-) + ah(-), Vu(-) + aVh(-)) € Li1(£2) for all « > 0.

The set-valued mapping (v,u,§) — d,¢f(z,u,§) satisfies the Caratheodory condition, hence the set—
valued mapping  — d,, . f(z,u(z), Vu(x)) is measurable (cf. [2], Thm. 8.2.8). It is clear, that the mapping
(z,a,v1,v2) — a + (vi,ah(x)) + (va,aVh(z)), © € 2, [a,v1,vs] € RIFmHEmxd qatisfies the Caratheodory
condition, therefore the set—valued mapping

£ {a+ (v, ah(@)) + (12, aVA@)) | [a, 01, 02] € dy o f (2, u(x), V()
is measurable (¢f. [2], Thm. 8.2.8). Then it is easy to check, that the mapping

z — Ps(z,u(z), Vu(z); ah(x), aVh(z)) = max (a + (v1, ah(x)) + (ve, aVh(z)))
l[a,v1,02]€d,, ¢ f(z,u(z), Vu(z))
is measurable. Applying the fact that a codifferential of f satisfies the growth condition, it is easy to ver-
ify that @¢(-,u(-), Vu(-);ah(-),aVh(-)) € L1({2). Arguing in the same way, one can find that the function
e ul-), Vu(-); ah(-),aVh(-)) € L1(£2). Thus, e(-,a) € L1(£2).

Let us consider several assertions, that help to verify whether a function is codifferentiable with respect to u
and ¢ uniformly with respect to WP (02, R™).

Proposition 4.20. Let 1 < p < 00, a function f: 2 xR™ x R™*? - R satzsfy the Caratheodory condition and
the growth condition, and suppose that there exist all partial derwatives 2 8 and 5 f satisfying the Caratheodory
condition on 2 x R™ x R™*4 4 ¢ {1,...,m}, j € {1,...,d}. Suppose also that there exist a.e. monnegative
functions B;,vij € Lg(£2) and real numbers C; > 0 and D;; > 0,4 € {1,...,m}, j € {1,...,d}, such that for
a.e. x € 2 and for all u € R™, £ € R™*¢

\;’j <w,u,£>\ < Bi(a) + CiluP 4 [P Vi (L. m),
‘g (m’“’g)‘ < ij (@) + Dig([ulP~ 1€~ Vie{l,...,m}, je{l,....d}
ij

in the case 1 < p < oo, and for any N € N there exist a.e. nonnegative functions ﬁi(N),%-(;V) € Li(2),
1e€{l,...,m}, 5 €{L,...,d}, such that for a.e. x € 2 and for all (u,§) € By, i€ {1,...,m} andj € {1,...,d}

‘ of of
Ou; 0&;;

in the case p = co. Then the function f is codifferentiable with respect to u and & on 2 x R™ x R™*% yniformly
with respect to WhP(£2,R™).

(a:,u,f)‘ < 52»(]\’)(33), ’ (J;’%g)’ S%_(JN)(QC)

Proof. cf. the proof of Theorem 3.37 in [§]. O

It is easy to check that the following proposition holds true.
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Proposition 4.21. Let 1 < p < oo, functions f;i: 2 x R™ x R™*? R, fi = fi(z,u,&), i€ 1 ={1,...,k},
satisfy the Caratheodory condition and the growth condition, and suppose that the functions f; are codifferentiable
with respect to u and & on 2 x R™ x R™*4 yniformly with respect to WP (£2,R™). Then for any numbers

c; € R, i €1, the functions Zle ¢ fi, max;er fi and minger f; are codifferentiable with respect to u and £ on
2 x R™ x R™*4 uniformly with respect to W1P(£2,R™).

Remark 4.22. There are two interesting open questions. Let a function f: 2xR™xR™*? — R be continuously
codifferentiable with respect to u and £ on its domain. Is f codifferentiable with respect to v and & uniformly
with respect to C'(£2,R™)? Let a function g: 2 x R™ x R™*¢ — R satisfy all conditions of Definition 4.18
except the last one. Is g codifferentiable with respect to v and ¢ uniformly with respect to WP (2, R™)?

5. CODIFFERENTIABILITY OF THE MAIN FUNCTIONALS

Let us study the functionals Z¢ and Zy in the case, when the integrands f and g are codifferentiable with
respect to v and £ on their domain.

For the proof of a codifferentiability of the functionals Zo and Zy,, we need the theorem that the space
C'(£2,R™) is dense in the Sobolev space. This theorem holds true only if the set {2 has the segment property
(cf. [1], Sect. 3.17), i.e. if for every x € bd {2 there exist an open set U, C R? and a nonzero vector y, € R? such
that x € U, and if z € 2N U,, then z + ty, € 2 for t € (0,1). If the set §2 has this property then it must have
(n — 1)-dimensional boundary and cannot simultaneously lie on both sides of any given part of its boundary.

Theorem 5.1. Let £2 C R? be an open bounded set having the segment property, 1 < p < oo, and let a function
g: 2 xR™ x R4 5 R g = g(x,u,§), satisfy the Caratheodory condition and the growth condition. Suppose
that g is codifferentiable with respect to w and & on 2 x R™ x R™*% yniformly with respect to W1P(£2,R™).
Suppose also that in the case p = oo for any N € N there exists CN) > 0 such that for a.e. x € £ and for all
(uv f) € BN

|a‘ < C(N)’ |U1| < O(N)v ‘U2| < C(N) V[CL, U17U2] € du,gg(x’ uvf)a

1b] < C) | < CO) wa| < € V(b wy, wo] € duegle, u,€)

(in particular, one can suppose that the function g is continuously codifferentiable on its domain). Then the
functional

Iw(u):/Qg(ac,u(ac),Vu(x))dx,

defined on the space W1P (2, R™), is codifferentiable on its domain, and there is a codifferential of the functional
Tw at a point u € WHP(2,R™) of the form
A= / a(z) dz,
0

o(h) = /Q (01 (), h(2)) + (val), Vh(@))) dz Yh € WEP(2,R™),

dTw (u) = 1[4, ¢] € R x (WHP(02,R™))*

a(-),v1(+),v2(-)] is a measurable selection of the map x — d,, g(x,u(z), Vu(as))}

B:/Qb(x)dw,
¢(h) Z/Q(<w1($)7h(ﬂf)> +(wa(x), Vh(z)))dz  Vh € WP (2,R™),

and
ATy (u) :{[B,qp} € R x (WhP(02, R™))*

[b(-), w1 (), wa(-)] is a measurable selection of the map x — dy ¢g(x, u(z), Vu(x))}

We divide the proof of Theorem 5.1 into several lemmas.
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Lemma 5.2. Let 2 C R? be an open bounded set, 1 < p < oo, and let a function g: 2 x R™ x R™¥4 — R,
g = g(x,u,§) satisfy the assumptions of Theorem 5.1. Then for all u,h,€ WHP(2,R™) and o > 0

Iw(u+ah) —Zw(u) = max (A4 ¢(ah))+ min (B4 ¢ (ah)) + o(a),
(A, pledTw (u) [B,ypledTw (u)

where o(a)/a — 0 as a | 0 and the sets dZy (u) and dZyw (u) are defined in Theorem 5.1.
Proof. Since the function g is codifferentiable with respect to u and ¢ uniformly with respect to W1P (02, R™),
then for all u,h € WHP(2,R™) and o > 0
Iw (u+ ah) — Ty (u) = / Dy(z,u(x), Vu(z); ah(z), aVh(z)) dx
Q

+ / Uy (x,u(z), Vu(z); ah(x), aVh(z)) dz + o(a),
7

where o(a)/a — 0 as « | 0. Note that by virtue of Remark 4.19 one has that @4(-, u(-), Vu(-); ah(-),aVh(-)) €
L1(£2) and Yy (-, u(-), Vu(-); ah(-),aVh(-)) € L1(£2).

Let [a(-),v1(+),v2(-)] be an arbitrary measurable selection of the set-valued mapping = —
d,, ¢9(z,u(z), Vu(z)). Since a codifferential of the function g with respect to u and ¢ satisfies the growth
condition with index p, then according to Proposition 4.17 one has that a(-) € L1(£2), v1(-) € Ly(£2,R™) and
va(+) € Ly(£2,R™*4). Tt is clear that for all « > 0 and for a.e. x € 2

Dy(x,u(x), Vu(z); ah(z), aVh(z)) > a(z) + (vi(z), ah(z)) + (v2(x), aVh(x))
Since for a.e. x € 2
Py(z, u(w), Vu(z); ah(r), aVh(z)) € {a+ (v1,ah(z)) + (v2,aVh(z)) | [a,v1,v2] € 4, ¢g(7,u(z), Vu(z))},

then by the well-known Filippov theorem (cf., for example, [2], Thm. 8.2.10) there exists a measurable selection
[a(),v1(:),v2(-)] of the set-valued mapping z — d,, ¢g(x, u(x), Vu(z)) such that for a.e. z € 2

Dy(z,u(x), Vu(z); ah(z), aVh(z)) = a(z) + (vi(z), ah(z)) + (v2(x), aVh(x))

Thus

/ Dy (z,u(x), Vu(z); ah(z),aVh(z))dx = max/ (a(z) + (vi(x),ah(x)) + (va(x), aVh(x))) dz.
Q Q

Here, the maximum on the right-hand side is taken over all measurable selections [a(-),v1(+),v2()] of the set-
valued mapping  — d, (g(7,u(x), Vu(x)). Taking into account the form of the set dZyy (u) one has that

/Q Dy(x,u(x), Vu(z); ah(z), aVh(z))dzr = [A,go]nelggw(u)(A + p(ah)).

The rest of the proof is obvious. O

Remark 5.3. It is easy to see that in the previous lemma

max A:/ Dy(z,u(x), Vu(x);0,0) dx :/ Uy (z,u(z), Vu(z);0,0)dr = min  B.
[A,pledTw (u) 7] 2 [B,y]edTw (u)
Therefore max(a, ,jedzy (u) A = min[B,w]EEIW(u) B=0.
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Lemma 5.4. Let 2 C R? be an open bounded set, 1 < p < oo, and let a function g satisfy the assumptions of
Theorem 5.1. Then the sets dZw (u) and dZw (u) are conver and bounded.

Proof. We will consider only the set dZw (u). The convexity of the set dZw (u) follows directly from the convexity
of a hypodifferential with respect to u and &.
Suppose that 1 < p < co. With the use of the Holder inequality, it is easy to show that for all [A, o] € dZw (u)

AL < 1Bl + € ((hully)” + (IVull)?)
o) < (I81llg + Ci(lluly)F + Cr(I9ully)?) [0l + (182010 + Calul,)

D
q

+ Ca(|[Vull,) ) IV,

where 3, 81, 2, C, C1 and Cy are from the definition of the codifferential’s growth condition and h € W1P(£2, R™)
is arbitrary. Thus, the set dZy (u) is bounded.

Consider the case p = co. Fix an arbitrary u € W1°°(£2,R™). It is clear that there exists N € N such that
|u(z)| + |Vu(z)] < N for a.e. x € §2. Therefore, applying the fact that a codifferential of the function g with
respect to uw and £ satisfies the growth condition one has that there exist ﬁ(N),ﬁEN), éN) € L1(£2) such that
for a.e. x € 2

la| < 8™ (@), Jo1] < BV (@), [va] < BV (2)  Va,v1,00) € dy cg(a, u(@), Vu()).
Thus for any [A, ¢] € dZw (u) and for all h € W (02, R™)

N N
Al < 1811, lom)] < 18 1l klloo + 188 111 VR oo
Hence, the set dZw (u) is bounded in the case p = co. O

Since an arbitrary set A C R x E* is compact in the topology 7 x w* iff it is bounded and closed in the
topology 7 x w* ([13], Thm. 2.1), then in order to prove Theorem 5.1 it remains to show that the sets dZy (u)
and dZw (u) are closed in the topology 7 x w*.

For the proof of the closedness of the sets dZy (u) and dZw (u) we need a simple auxiliary assertion about
Bochner integral. For the sake of completeness we will give a brief proof of it (see [27], Chap. 5 for the definition
and detailed study of Bochner integral).

Lemma 5.5. Let (X, A,u) be a complete o—finite measure space, and let a mapping n =
(MyM2y e sMny.-): X — Lo be measurable. Suppose that ||n|le, € Li(X,Apu) and ¢ =
(Sxmdu, [y n2du, ..., [y nndy,...) € ly. Then the function n is Bochner integrable and [ ndp = C.

Proof. If the function 7 is simple, then the proof is obvious. Let 1 be an arbitrary function satisfying the
assumptions of the lemma. Since 7 is measurable and ||n|l¢, € L1(X, A, 1), then function 7 is Bochner integrable
and for any n € N the function 7, € L1(X, A, u) (¢f., for instance, [27], Chap. 5, Sect. 5). It remains to prove
that fX ndp = (. Fix an arbitrary sequence of simple functions n®): X — ¢y such that n®) converges to n
almost everywhere and

i [ 9" nladp =0, (5:5)
k—oo X

Then, by definition [, ndp = limy_ [, n'*) du. Therefore it is sufficient to prove that limy .o [y, n®) dp = (.
Fix an arbitrary € > 0. Since ¢ € ¢o and fX ndu € lo, then there exists m € N for which

(£ (S o) = (£)0)

n=m-+1 n=m+1
Here ([ ndp)  is the n-th term of the sequence [y 7 d.

(5.9)

N ™
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From (5.8) it follows, that there exists k1 € N such that for all & > k;

2% [e%s) 2%
of) (200
‘/Xnn M) (n:gm:-ﬁ-l Xn/i"
oo 2%
: au=(foran) [ ) <] [rau= fom
_<Z /Xn (e ) - nu

n=m-+1
Here, we used the equality ( / < nk) du)n =/ X n,(lk) dp that follows from the fact that the lemma holds true for
simple functions. Hence (5.9) and (5.10) imply that for all k& > k4

e ] 2 %
( > /n;w > <e. (5.11)
X
(k)

n=m-+1
It is clear, that for all n € N the sequence 7, ’ converges to 7, almost everywhere and

(s

n=m-+1

3
— (5.10
< )

/ 0 — | dp < /Xlln(’“) —7lledp — 0 as k — oo.
Therefore there exists ko € N such that for all k > ko

( /In —nnldu) <e.

Hence applying (5.9) and (5.11) one has that for all & > max{k1, k2 }

2\ %
o - (Sl o)
X n=1 17X X
1 1
2 o] 2\ 2 [e] 2
( /In — 1| dpa ) +< > /n;’ﬂdﬂ ) +< > /nndu ) < 3,
n=m+1 VX n=m+1 17X

that completes the proof. O

(5

[N

Lemma 5.6. Let 1 < p < oo, a set 2 and a function g satisfy the assumptions of Theorem 5.1. Then for all
u € WHP(0Q,R™) the sets dZw (u) and dZw (u) are closed in the topology T x w*.

Proof. We will prove the assertion for dZw (u) since the assertion for dZy, (u) is proved in a similar way.

Consider the case 1 < p < oo. Our aim is to construct a set-valued mapping such that the limit points of
the set dZw (u) are closely related, in some sense, to the limit points of the Aumann integral of this set-valued
mapping. Then applying the closedness of the Aumann integral we will get the required result (see [2], Sect. 8.6
for the definition and basic properties of the Aumann integral of a set-valued mapping).

The space W1P(£2,R™) is separable ([1], Thm. 3.5). Let {y,}3%, C WP(2,R™) be a countable dense
subset. The space C1(£2,R™) is dense in W1(£2, R™) ([1], Thm. 3.18), therefore for all n,k € N there exists
znk € CH(£2,R™) such that ||2nk — ynll1,p < - It is clear that the set {Znk =1 C C*(£2,R™) is countable and

dense in WP(£2, R™). For convenience sake we denote this set by {z,}5%;. Denote h,, = #W, then
nllc

1

1
hn(@)] < =5, [Vha(@)| < = Vo€ 2.
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Introduce the mapping F': 2 x R x R™ x R™*4 — {y,
F(z,a,v1,v2) = (a, (v1, hi(x)) + (v2, Vh1(2)), ..., {(v1, hn(2)) + (v2, Vhy(2)),...).

It is easy to see that for all x € £2 and [a,v1,v2] € R x R™ x R™*4 one has that F(z,a,v;,vs) € fo and the
mapping F is continuous, hence it satisfies the Caratheodory condition.

Fix an arbitrary u € W"?(£2,R™) and consider the set-valued mapping = — F(z,d,, ¢g(z, u(z), Vu(z)). By
virtue of Theorem 8.2.8 from [2], one has that the mapping » — F(z,d,, (g(z,u(z), Vu(r))) is measurable.

Note that applying the Filippov theorem, one can show that the mapping n(-) = (1o(:),m1(-),-- ., M (+),...),
n: {2 — 3 is a measurable selection of the set-valued mapping z — F'(x,d,, (g9(z,u(z), Vu(z))) if and only if
there exists a measurable selection [a(-), v1(+), v2(-)] of the mapping # — d,, (g(z,u(x), Vu(z)) such that for all
n € N and for a.e. z € 2

no(x) = a(x), () = (v1(2), hn(2)) + (v2(2), Vhn (2)).

Consider the Aumann integral [, F(z,d, ¢g9(z,u(z), Vu(z)))dz. Let a map n(-) = (no(-),m (), -, (:); - -),
n: £2 — {3 be a measurable selection of the set-valued mapping r — F(z,d, (g(z,u(x), Vu(z))). Let us
show that 7 satisfies the assumptions of Lemma 5.5. As earlier mentioned, there exists a measurable selec-
tion [a(-),v1(+),v2(")] of the set-valued mapping = — d,, (g(z,u(z), Vu(z)) such that for all n € N and for a.e.
x €2

mo(x) = a(x), 1 (x) = (Vi (@), hn(2)) + (v2(2), Vhn (2)).

Since a codifferential of the function g with respect to u and & satisfies the growth condition, then applying
the Holder inequality one has that for all n € N

/Q no ()| dz <[]l + C (([[ullp)” + (IVullp)) = 6o,

/anwdws/Q|v1<w>|\hn<x>\dx+/n|vz<x>\|wn<w>|dw
(u(2))

n2

=

(1811 + 1Bl + (€1 + o) ((lull)E + (9l ))] =

where p is the Lebesgue measure on R?, 3, 81, B2, C, C1, Cy are from the definition of the growth condition of a

codifferential and

0 = (u(2)% [181lla + 1821l + (1 + Ca) ((ully) s + (1 Vull,) )]
Hence one gets, that ¢ = ([, no(x) dz, ..., [,nn(z)dz,...) € 2 and

/an(ﬂf)llfzdw=/g<§lnn(w)> dxg/ﬂ;nn(x”dx:?;)/n77n(1‘)d1‘§90+9nz_:1§<00.

Thus, the function 7 satisfies the assumptions of Lemma 5.5. Therefore 1 is Bochner integrable and
Jon(z)dz = (. As a result, one has

/Q F(z,d, ¢9(r,u(z), Vu(z)))dr = { (/Q no(x) de, . .. ,/Q () dz, . . ) ’
mo(x) = a(@), 1 (x) = (v1(2), ha(2)) + (v2(2), Vin(2)),n €N,

[a(-),v1(+), v2(-)]is a measurable selection of the map = — d,, (g(z, u(x), Vu(x))}
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Furthermore, one has that for any measurable selection 7 of the map z — F(z,d, (g(z,u(z), Vu(z))) the
following inequality holds true
/ () do
0

(>
n=m-+1
i.e. the series remainder converges to zero uniformly with respect to all measurable selections 1.

Let [Ap, o] be a limit point of the set dZw (u) in the topology 7 x w*. Let us show, that the point
(Ao, e0(h1), ..., @0(hn),...) is a limit point of the Aumann integral [, F(z,d, ¢g(z,u(z), Vu(z)))dz in the
norm topology in /.

By definition one has that ¢g € (W1P(£2,R™))*, then (cf. [1], Thm. 3.8) there exist r1 € L,(£2,R™) and
ro € Ly(£2,R™*4) such that

2\ 2 e}
1
) <40 Z+1F—>Oasm—>oo, (5.12)

wo(h) = /Q(<r1(x), h(z)) 4 (ra(z), Vh(z))) dz  Vh € WHP(02,R™).

Therefore for all n € N

lpo(hn)| < /Q|<T1(w),hn(x)> + (r2(@), Vhn (z))[ do < ([[r1]lg + \I?”z\lq)u(f?)%%‘

Hence one gets that (Ao, ©o(h1),...,00(hn),...) € lo. Fix an arbitrary € > 0. It is clear that there exists Ny € N
for which

1
o0 1 € oo 2 6‘
Y 2 <3 (Z Iwo(hn)l2> <3
n=No+1 n=Nop+1

Since [Ag, ¢o] is a limit point of the set dZw (u) in the topology 7 x w™*, then there exists a measurable selection
[a(),v1(+),v2(:)] of the set-valued mapping z — d,, (g(x,u(z), Vu(x)) such that

No c
‘Ao—/na(x)das +; apo(hn)—/Q(@l(x),hn(x))—|—<v2(33),th(ac)>)dx <

Denote
n(z) = (a(z), (v1(2), h1(2)) + (v2(2), Vh1(2)), ..., (1(), hn(2)) + (v2(2), VRn(2)),...), z€ L.

Then 7(z) € F(w,duyfg(w,u(x),Vu(x))) for a.e. x € {2 and fQ 7(z)dz € fQ F(x,c_iuég(x,u(x),Vu(:r)))dx.
Hence, by (5.12), one has

/ A(@) dz — (Aos 2o (k1) 0o (hn), --.)
0N 12
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Since € > 0 is arbitrary, then the point (Ao, wo(h1),-..,%0(hy),...) is a limit point of the Aumann integral

Jo F(x,d, ¢g(x,u(z), Vu(r))) dz.

The space /s is separable and reflexive. It is easy to verify, that the mapping * — F(z,d,, g(z,u(z), Vu(z))
is integrably bounded (cf. [2], Sect. 8.6). Hence, the set [, F(x,d, ¢g(z,u(z), Vu(x)))dz is closed (cf. [2],
Thm. 8.6.4). Thus, there exists a measurable selection [a(-), v1(-), va(-)] of the mapping x — d,, (g(, u(z), Vu(z))
such that for all n € N

Ao= [ a@)az. olha) = [ (01(@).ha(@)) + (va(a), Tho (o)) do.

Since g is a linear functional, then

®o(2n) = /Q(@l(x),zn(ﬂ?)) + (va(z), Vzu(z)))dz Vn eN.

The set {2,}52, is dense in WP (2, R™) by definition, and the linear functional ¢y is continuous, hence

wo(z) = /Q(<v1(x),z(ac)> + (vo(2), Vz(z)))dz Vze WHP(02,R™),

therefore [Ag, po] € dZw (u) and the set dZy (u) is closed.
Suppose now that p = oco. Fix an arbitrary u € W1 (£2,R™). It is obvious that there exists N € N such
that |u(z)| + |Vu(z)| < N. Hence, under our assumptions there exists C(™) > 0 such that

la| < CMN) oy | < O, Juo| < €)' Vg, 01, 09] € d,, ¢9(@,u(z), Vu(z). (5.13)

Let [A, ¢]| € dZw (u) then, by definition, there exists a measurable selection [a(-),v1(-), v2(+)] of the mapping
r —d, cg(z,u(z), Vu(z)) such that for all h € Wh>(2,R™)

AZ/Qa(w)d% @(h)=/Q(<Ul(w)7h(w)>+<v2(w)7Vh(1‘)>)dw-

Taking into account (5.13), one has
(B)] < COhly W e Who(0,R™), (5.14)

Since the space C1(£2,R™) is dense in W11 (2, R™) ([1], Thm. 3.18), then it is clear that W1>°(£2,R™) is dense
in W11(0,R™). Therefore there exists a unique extension @ € (W11(£2,R™))* of the functional ¢ on the space
W02, R™). Denote by dIw (u) the set of all pairs [A, @], where [4, ¢] € dZw (u) and @ is a unique continuous
extension of ¢ on the space W11(£2,R™). It is clear that

A:/Qa(x)dw,

@(h)=/Q(<vl(ff)»h(ff)>+<v2(x),Vh(ff)>)dx vh e W (2,R™),

dTyw (u) = {[A»@] € R x (Wh(02,R™))*

[a(-),v1(:),v2(-)] is a measurable selection of the map = — d,, (g(, u(z), Vu(x))}

Let the pair [Ay, ¢o] be a limit point of the set dZy (u) in the topology 7 x o (W10 (£2,R™))* W1°(£2,R™)).
Then for any € > 0 and h € WH° (2, R™) there exists [4, ¢] € dZw (u) such that

[A—Ao| <&, [po(h) —p(h)| <e
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Applying (5.14), it is easy to show that
[po(R)] < CWV|h[ly Vh € WH(2,R™).

Thus, there exists a unique extension @y € (W51 (£2,R™))* of the functional ¢y on the space W1 (2, R™).
Moreover, it is easy to check that the pair [Ag, Po] is a limit point of the set wa(u) in the topology 7 x
o (W (2, R™), W (2, R™),

Arguing in the same way as in the proof of the case 1 < p < 00, one can find that [A4, go] € dZw (u), therefore
[Ao, o] € dZw (u). Thus, the proof is complete. O

An analogous result for the functional Zo also holds true.

Theorem 5.7. Let 2 C R% be an open bounded set having the segment property, and let a function f: £ x
R™ x R™*d R, f = f(x,u,§), be continuous and continuously codifferentiable with respect to u and § on
02 x R™ x R™ 4 yniformly with respect to C*(£2,R™). Then the functional

To(u) = /Q f(u(), Vu(z)) de,

defined on the space C*(£2,R™), is continuously codifferentiable at every point u € C*(£2,R™) and there is a
codifferential of the functional T at a point u of the form

A:/Qa(x)dx,
@(h)=/Q(<Ul(ff)»h(ff)>+<U2($)»Vh(x)>)dfﬂ Vh e C'(2,R™),

dZo(u) = {[A.¢] € R x (C'(Z.R™))"

[a(-),v1(),v2()] is a measurable selection of the map x — d,, ¢ f(x,u(z), Vu(:r))}
and

dZo(u) = {[B, Y] € R x (CH(12,R™))*

B /Q b(x) da,

e(h) = Q(<w1(fﬂ)»h(fﬂ)>+<w2(x),Vh(ff)>)dx vh € C'(2,R™),

b

—

Y, w1 (-), wa(+)] is a measurable selection of the map x — d, ¢ f(z,u(x), Vu(x))}

Proof. Fix an arbitrary u € C'(£2,R™). Since f is continuously codifferentiable with respect to u and ¢ on its
domain, then there exists C' > 0 such that

la| <C, |vi| <C, |up| <C Va,v1,02] € d,, ¢ f (2, u(x), Vu(z)),
‘b| < Ca |U)1‘ < Ca "U}2| < c V[b, U)l,’U}Q] S Eu,gf(x?u(x)?vu(w))

and, by virtue of Proposition 4.3, the functions @ (-, u(-), Vu(-); ah(-),aVh(:)), ¥¢(-,u(-), Vu(-); ah(-),aVh(-))
are continuous. Applying these facts and arguing in a similar way to the proof of Theorem 5.1 in the case p = 0o
one can show that the functional Z¢ is codifferentiable at the point u and it has a codifferential of the form
stated in the theorem. It remains to prove that the functional Z¢ is continuously codifferentiable.
Let us prove the Hausdorff continuity of the maps u — dZ¢(u) and u — dZc(u). We will consider only the
hypodifferential of the functional Z¢, since the continuity of the hyperdifferential is proved in a similar way.
Fix an arbitrary € > 0 and denote

K = {(z,u0,%) | € 2, |uo| < [Jullcr + 1, %] < [lullc, +1}-
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It is clear that K is compact. Since f is continuously codifferentiable with respect to u and £ on its domain, then
the mapping (z,u,§) — d, ¢ f(z,u,§) is uniformly Hausdorff continuous on K. Hence, there exists ¢ € (0,1)
such that for all (z,u™,¢M), (z,u? ¢@)) € K such that [ul) —u®)| < § and |¢V) — @) < §

pr(dy e f(x,uD €M) d, f(z,u? ) <e. (5.15)

Thus, for any h € C1(£2,R™) such that ||h|/c1 < & one has that for all x € 2
pu(dy ¢ f (2, u(z) + h(z), Vu(x) + Vi(z)),d, ¢ f (2, u(z), Vu(r))) <. (5.16)
Fix arbitrary h € C1(2,R™), |||l < & and [A, ] € dZc(u + h). Then there exists a measurable selection

c
[a(-), v1(-), va(-)] of the mapping & — d, ¢ f(x, u(x) + h(z), Vu(z) + Vh(z)) such that for all z € C'(£2,R™)

A=/a(l‘)dw7 p(2) = | ((v1(2), 2(2)) + (v2(), Vz(2))) dz.
2

9]

It follows from (5.16) that for a.e. z € {2

pldy ¢ f (z,u(x), Vu(x)), {[a(z), v1(x), v2(2)]})
= inf { max{|a(z) — a(z)|, [v1(x) — v1(2)]|, [T2(z) — v2(2)} ’ [@(z),v1(x),v2()] € d,, ¢ f(z, u(2), Vu(x))} <e.

Therefore, by virtue of Corollary 8.2.13 from [2], there exists a measurable selection [a(-),71(-),U2(-)] of the
mapping * — d,, ¢ f(z,u(x), Vu(x)) such that for a.e. x € 2

la(z) —a(z)| <&, |u(z) —m(2)] <e, |oa(z) —Va(z)] <e.

Denote A = [, a(z) dz and

@(2)=/Q(<51(15),Z(33)>+<52(1‘),VZ(1‘)>)(193 vz € CH(2,R™).

Tt is clear that [A,®] € dZ¢(u) and there exists M > 0, depending only on the measure of {2, d and m, such
that ||[A,¢] — [A,7]|| < Me. Arguing in the same way one can prove that for any [A, 9] € dZc(u) there exists
[A, @] € dZc(u + h) such that ||[4, ¢] — [A,9]|| < Me. Thus

pH(dIC(u)aC_lIC(u + h)) < Me Vhe Cl(ﬁa Rm)a HhH < 6a
that completes the proof. O

Remark 5.8. Arguing in a similar way to the proof of the previous theorem, one can show that if in Theorem 5.1
the function g is continuously codifferentiable with respect to u and £ on its domain, then the functional Zy is
continuously codifferentiable in the case p = co.

6. NECESSARY OPTIMALITY CONDITIONS IN NONSMOOTH PROBLEMS OF THE CALCULUS
OF VARIATIONS

Let us derive necessary conditions for the extremum of the functional Zy, on the set Ay,. We will consider
only necessary conditions for a minimum, since necessary conditions for a maximum are derived in a similar
way.
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Theorem 6.1. Let a set 2 and a function g satisfy the assumptions of Theorem 5.1, and suppose that the
functional Ty has a local minimum on the set Ay at a point u* € WHP(2,R™). Then for any measurable
selection [b(+), w1 (-), w2 ()] of the mapping © — dyeg(z,u*(x), Vu*(z)) such that b(z) =0 for a.e. x € (2, there
exists a function ( € Lq(£2,R™*%) such that there exists div( = (div(Ci1,---,C1a),- -, diV(Gniy -y Cma)) €
L,(2,R™) and for a.e. x € 2

[0,div(¢)(2), ¢(2)] € dy ¢9(x, u™(x), Vu* (x)) + {[0, w1 (z), wa (x)]}.
Proof. 1t is easy to see, that
N(Aw,u*) = {p e (W'P(2,R™)* | ¢(h) =0 Vhe Wol’p((Z,Rm)}.

Applying Theorems 2.8 and 5.1 one easily get that for any measurable selection [b(:), w1 (-), w2 (+)] of the map-
ping * — dyeg(z,u*(z), Vu*(x)) such that b(z) = 0 for a.e. x € (2, there exists a measurable selection
[a(-),v1(),v2(-)] of the mapping z — d,, (g(x,u"(x), Vu*(x)) such that a(z) = 0 for a.e. z € 2 and for all
h e Wy (02, R™)

/Q(@l () + wi(x), h(x)) + (v2() + we(z), Vh(z))) dz = 0. (6.17)

Therefore, by definition, vy + wy = div(ve + ws). It remains to denote ¢ = vy + ws. O
An analogous theorem for the functional Z¢ also holds true.

Theorem 6.2. Let a set 2 and a function [ satisfy the assumptions of Theorem 5.7, and suppose that the
functional e has a local minimum on the set Ac at a point u* € C*(£2,R™). Then for any measurable
selection [b(+), w1 (-),w2(+)] of the mapping x — dy ¢ f(z,u*(z), Vu*(x)) such that b(z) = 0 for a.e. x € 2, there
exist a function ¢ € Loo(£2,R™*9) such that there exists div( € Loo(£2,R™) and for a.e. x € 2

0, div(Q) (), C(@)] € d, ¢, u* (@), V' (2)) +{[0, wi (@), wa(@)]}.
In the case d = 1 necessary conditions for a minimum can be formulated in a different way.

Corollary 6.3. Let d = 1, 2 = (a,b), and let a function g satisfy the assumptions of Theorem 5.1. Suppose
that the functional Ty has a local minimum on the set Aw at a point u* € W1P((a,b),R™). Then for any
measurable selection [b(-),w1(-),wa(-)] of the mapping x* — dyeg(x,u*(x), (u*) () such that b(x) = 0 for
a.e. x € (a,b), there exist a vector ¢ € R™ and a measurable selection [a(-),vi(:),v2(-)] of the mapping v —
d, ¢9(w,u* (), (u*) (x)) such that a(x) =0 for a.e. x € (a,b) and

b
/ (11 (y) + wi(y)) dy + va(x) + wa(x) = ¢ for a.e. x € (a,b). (6.18)

or, equivalently, for any measurable selection [b(-),w1(-),w2(-)] of the mapping x — dyeg(x,u*(z), (u*) (z))
such that b(z) = 0 for a.e. © € (a,b), there exist an absolutely continuous function (: (a,b) — R™ such that for
a.e. ¢ € (a,b)

[0,¢"(2), C(@)] € dy g9z, u”(x), (u)(2)) +{[0, w1 (2), w2 (2)]}-
Moreover, ¢ € W19((a,b),R™).

Proof. Integrating the first term on the left-hand side of (6.17) by parts one find that for all h € C§°((a,b), R™)

/ab</:(1)1(y) + wi () dy + v (@) + wa(a), W (2) )dz = 0.

Applying the du Bois—Reymond lemma (cf., for instance, [16], Sect. 2.2), one gets that there exists ¢ € R™
such that the equation (6.18) holds true. In order to get the equivalent result it remains to denote ((x) =

- ff(m(y) + w1 (y)) dy + c. -
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Necessary optimality conditions can be transformed into a more convenient form for different particular
functionals. Let us give an example of how one can transform the condition for a minimum stated in Corollary 6.3.
Proposition 6.4. Let d = 1, 2 = (a,b), f = maxes f; + minjeyg;, where I = {1,...k}, J = {1,...,1},
functions fi,g;: [a,b] x R™ x R™ — R, f; = fi(z,u,§), g; = gj(z,u,§), are continuous and continuously
differentiable with respect to us and & on [a,b] x R™ x R™, i € I, j € J, s,r € {1,...,m}. Suppose that
the functional Zc has a local minimum on the set Ac = {u € C([a,b],R™) | u(a) = ui,u(b) = us} where
u1,us € R™ are given vectors, at a point u*. Then for any measurable functions a;: (a,b) — [0,1], j € J, such
that a1 + ...+ a; =1 a.e. and for any j € J

o (2)(g; (@, u” (2), (u")'(2)) — min g; (2, u" (), (u")'(2))) = 0 for a.e. z € (a,b),

there exist a vector ¢ = (c1,...,¢m) € R™ and measurable functions A;: (a,b) — [0, 1] such that Ay +. ..+ =1
a.e., for anyi € I

Ai(@) (max fi(z, u” (@), (u")'(2)) = fi(z,u™(2), (u")'(2))) = 0 for a.e. z € (a,b)

and for all s € {1,...,m} and for a.e. € (a,b)

afl * *
/(ZA (0. @Y (1) + 3 o aumw@m
el jeJ
DNl et (@), () (@) + 3 e (@) 5 (@ u (@), () (@) = .
iel jeJ s

Proof. By virtue of Propositions 4.9, 4.10 and 4.12, one has that the function f is continuous and continuously
codifferentiable with respect to u and ¢ on [a, b] x R™ x R™ uniformly with respect to C*([a, b], R™) and there is a
codifferential of the function f with respect to u and § of the form Dy ¢ f (v, u,§) = [d,, ¢ f (7, u,§), due f (2,1, E)],
where (c¢f. Rem. 2.6)

d, ¢ f(x.u.8) = co{ (fila,u,€) — max fi(z, . &),

ofi Ofi ofi (2,1, €),

or,
G ©). gh €),

8§m(x u f)) ‘ie]}

and

Eu,&f(wvuag) = CO { (gj(xauvg) - rz.nei}lgj(xauvg)a

995 (2,6, ..., D95 (2, ), 0%

Duy D, 9e (@8 g g (wu.0) i€ 7},

Let us describe all measurable selections of the map = — d,, . f(x,u(z), v (x)), where u € C'([a,b],R™) is
arbitrary. Denote

A={\,..., M) eRF [N >0i e TN +...+ X\ =1}
and introduce the mapping F: [a,b] x R¥ — R1+2m
_ . . / _ . /
F(z,A,..., \) = (;)\Z(fz(x,u(x),u (2)) r?éi}(fz(w,u(w),u (2))),
;Aig—i(w,u(w),u'(x)) Z)\ afl (z,u(z), v (),

i€l

Z)\ 8fz Ju' (), .. Z/\ aagf; (x), u’(az)))

i€l el
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It is easy to verify that the mapping F satisfies the Caratheodory condition. Let [a(-), vi(-), v2(+)] be a measurable
selection of the mapping = — d,, ¢ f(z, u* (), (u*)'(z)), then for a.e. x € (a,b)

[a(x),v1(x),v2(x)] € F(z, A).

By virtue of the Filippov theorem one has that there exists a measurable selection (A1(-),...,A\gx(+)) of the
constant mapping x — A such that for a.e. x € (a,b)

=D Nil@)(filw, u(w), v/ (2)) — max fi(z, u(x), o' (2))),

el
el
(gp o <>ummww§:&@§fumwmmmﬂv
~ icl m
(ZA afz (@) LY M ggl (x),u’(a:)))-
Pyt el m

Furthermore, \; > 0 and A\; + ...+ Ay = 1 almost everywhere. Hence, applying Corollary 6.3 it is easy to get
the required result. O

7. PROBLEM OF BoLzA

In this section we will briefly discuss necessary optimality conditions in the problem of Bolza. Let 1 < p < oo,
d=1, {2 = (a,b), and consider the following problem of Bolza

Z(u) = go(u(a), u(d)) —I—/ g(x,u(z),u () de — extr, (7.19)

where u € W1P((a,b),R™). Here, as usual, we identify the Sobolev space WP ((a,b),R™) with the space
consisting of all absolutely continuous functions u: [a,b] — R™, such that v’ € L,((a,b), R™). We will assume
that the function g: (a,b) x R™ x R™ — R, g = g(x,u, &) satisfies the assumptions of Theorem 5.1, and the
function gg: R™ x R™ — R is codifferentiable on its domain.

Theorem 7.1. Let the functional I have a local minimum at a point u* € W1P((a,b),R™). Then for
any [0,71,79] € dgo(u*(a),u*(b)) and for any measurable selection [b(-),w;(-),w2(-)] of the mapping x —
dyeg(x,u*(z), (u*) (x)) such that b(z) = 0 for a.e. x € (a,b) there exists an absolutely continuous function
C: [a,b] — R such that ¢' € Ly((a,b),R?), for a.e. x € (a,b)

[0,¢'(2), C(x)] € dyy gg(@,u” (z), (u)' () + {10, wi (), w2 (2)]}

and the following transversality condition holds true

[0,¢(a), =C(b)] € dgo(u”(a),u” (b)) +{[0,r1, 2]}
Proof. Define the functional J: W'?((a,b),R™) x R™ x R™ — R,
b

Jw@@:%m@+/gmmmwwa

a
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and fix arbitrary h € WYP((a,b),R™), y, Ay, z, Az € R™. Since the function g satisfies the assumptions of
Theorem 5.1, then it is easy to verify that for any o > 0

j(u* + ahvy + OKAZ%Z + (IAZ) - j(U/*vyaZ)

= max ((5 + /b a(x)dz + afsy, Ay) + a(se, Az) + /b<v1(ac),ah(x)> dz + /b<v2(g;), ah/ () dac)

b b b
+ min (w [ b@yde+alr, Ay) +atra, 42) + [ (wi(o).ah(@)do+ | <w2<w>,ah’<x>>dw> +ofa),
(7.20)

where o(a)/a — 0 as a | 0. Here the maximum on the right-hand side is taken over all [d, s1, s2] € dgo(y, #)
and measurable selections [a(-),v1(-),v2(-)] of the mapping z — d, (g(x,u*(z), (u*)'(x)), and the minimum on
the right-hand side is taken over all [y,71,72] € dgo(y,2) and measurable selections [b(-), w1 (+), w2(+)] of the
mapping x — dy ¢g(x, u*(z), (u*)'(z)). Hence, by (7.20), the functional J is codifferentiable.

Since the functional 7 has a local minimum at the point v*, then the functional 7 has a local minimum on
the closed convex set

A={(u,y,z) € WHP((a,b),R™) x R™ x R™ | 3y = u(a), z = u(b)}
at the point (u*(+),u*(a),u*(b)). It is easy to show that
N(A, (u*,u*(a),u" () = {(¢,y,2) € (WP ((a,b), R™))" x R™ x R™ |
o(h) + (y, h(a)) + (z,h(b)) =0 VYh € W'P((a,b), R™)}.

Applying the necessary condition for the minimum of a codifferentiable function (Thm. 2.8), one has that
for any [0,71,72] € dgo(u*(a),u*(b)) and for any measurable selection [b(-),w;(-), w2 (+)] of the mapping x —
dyeg(z,u*(z), (u*)(z)) such that b(z) = 0 for a.e. z € (a,b), there exist [0, s1, s2] € dgo(u*(a),u*(b)) and a
measurable selection [a(-), v1(-), v2(-)] of the set-valued mapping  — d,, (g(x,u* (), (u*)'(x)) such that a(z) = 0
for a.e. x € (a,b) and for all h € W1P((a,b),R™)

b
/ ({(v1(x) + w1 (x), h(z)) + (v2(z) + wa(x), M (2))) dz + (s1 + r1, h(a)) + (s2 + r2, h(b)) = 0. (7.21)

Therefore for any h € C5°([a,b], RY), one has

b b
/ <</ (vl(t)+w1(t))dt+v2(x)—|—w2(a:)>,h’(m)> dz = 0,

then applying the du Bois-Reymond lemma one gets that there exists ¢ € R™ such that
b
/ (v1(t) + wi(t)) dt + vo(x) + we(x) = ¢ for a.e. x € (a,b).
x

Define ((z) = f )+ wi(7))dr + ¢, x € [a,b]. It is clear that ¢ is absolutely continuous, ¢/ = vy + wy €
Ly((a,b),R ) :2—|—w2ae and for a.e. z € (a,b)

[0,¢' (@), ¢(@)] € dy gg(x,u™(x), (w")'(2)) +{[0, w1 (x), w2 (2)}.
Substituting ve + we for ¢ and vy + wy for ¢’ in (7.21) and integrating by parts one gets that for any h €
W ((a,b), R™)
(s1+ 711 —C(a),h(a)) + (s2 + 72+ ((b), h(b)) =0,
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therfore ((a) = s1 + r1 and ((b) = —s2 — ro or, equivalently,

[0,¢(a), =C(b)] € dgo(u”(a), u™ (b)) + [0,71,72].
Thus, the proof is complete. O

Remark 7.2. Tt is easy to derive necessary conditions for a maximum in the problem of Bolza (7.19). One can
also consider the problem of Bolza for a functional defined on C([a, b],R%) and get similar results.

Remark 7.3. In this paper we studied only the main problem of the calculus of variations and the problem of
Bolza. However, the techniques developed in the article can be applied to the study of more difficult problems.
In particular, one can consider the problem

b
Z(u) = / flz,u(x), v (z))de — inf, g(z,u(z),v'(x)) <0, ul(a)=ui, u(b)=us.

It is clear that v* is a point of local minimum in this problem if and only if v* is a point of local minimum in
the problem

max {I(u) —Z(u"), /: max{g(z,u(x),u’ (x)),0} d:r} —inf, w(a) =ui, u(b)=us.

Applying the necessary conditions for a minimum of a codifferentiable function on a convex set one can easily
obtain necessary optimality conditions in the latter problems and, as a result, in the initial one. Also, the author
supposes that the approach based on codifferentiation can be applied to the study of various optimal control
problems.

8. EXAMPLES

We consider two examples which demonstrate benefits of the necessary optimality conditions stated in
Theorems 6.1 and 7.1. In the first example we compare the necessary conditions for a minimum (Thm. 6.1) in
the case d > 1 with Clarke’s optimality conditions [7]. In the second one we compare the necessary optimality
conditions in the problem of Bolza stated in Theorem 7.1 with Clarke’s separated Euler condition [5], Clarke’s
Euler-Lagrange condition [6, 7] and necessary optimality conditions derived by Ioffe and Rockafellar in [15].

Example 1. Let d =2, 2 =(—1,1) x (—1,1), 1 < p < o0, g(u, &) = max{u, 0} + min{&; — &, 0}, i.e.

T (u) :/Q (max{u(ac),()}—l—min{g—gl(x)— %(m),O}) dz,

and vg =0, i.e. Ay = Wol’p(()). We want to check non-optimality of the function ug(z) = 0. It is easy to verify
that
Ocig(up(x), Vuo(z)) = dcig(0,0) = co{(1,1,-1),(1,0,0),(0,1,—1),(0,0,0)}.
Here 0c1g(0,0) is the Clarke subdifferential of the function ¢ at the point (0,0). Since (0,0) €
dc19(up(x), Vug(z)) for any = € {2, then Clarke’s necessary optimality condition ([7], Thm. 4.6.1) is satisfied.
It is obvious that the function g satisfies the assumptions of Theorem 5.1. Thus we can use Theorem 6.1 to
check non-optimality of the function wug. Applying formulae for computing a codifferential [11,13], one has

d,, ¢9(uo(x), Vuo(z)) = c0{(0,1,0,0),0}, dyeg(uo(z), Vuo(z)) = co{(0,0,1,-1),0}.

The function [0,0, 2%, —2?] is a measurable selection of the set-valued mapping x — dy ¢g(uo(x), Vug(z)).
Therefore, if the necessary condition for a minimum (Thm. 6.1) is satisfied, then there exists a function ¢ €
L,(£2,R?) such that there exists div ¢ € L,(£2) and for a.e. x € 2

[Ov diV(C)(Z‘), C(Z‘)} € du,gg(UO(l')v VUO(Z‘)) + {[0’ 07 l‘%, —1‘%]} = Co {[0’ 17 l‘%, —1‘%], [Ov 07 l‘%, —Z‘ﬂ}
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Hence ((z) = (2, —2?) and div({)(x) = 221 a.e., but for any (z1,22) € 2, 71 ¢ (0,1/2)
(0,221, 2%, —22] & co{[0, 1,23, —27],[0,0, %, —23]}.
Thus, the function ug(x) = 0 is non-optimal.

Example 2. Let d =1, 2 = (0,1), p = 1. Consider the following problem of Bolza

1
Z(u) = u(0) — yu(l) —|—/O max{|u'(x)| — |u(z)|,0} dz.

We want to check non-optimality of the function u,(x) = ae® for any a@ > 0 and v € R (¢f. [15], example 2). It
was shown in [15] that Clarke’s separated Euler condition fails to disqualify u, as non-optimal for any a > 0
and v € [0,1]. Clarke’s Euler-Lagrange condition fails to disqualify u(z) = 0 (a = 0) for v € [0,1] and the
necessary optimality condition derived in [15] is satisfied, when u(z) = 0 and ~ € [e~!,1]. Also, both Clarke’s
Euler-Lagrange conditions and the necessary optimality condition derived in [15] are satisfied for u,, when
vy=etand a > 0.

We will show that the necessary condition for a minimum in the problem of Bolza stated in Theorem 7.1 is
not satisfied for any o > 0 and v € R, except the case v = e~ !, when a > 0. Indeed, since go(y,2) = y — vz and
Dgo(y, z) = [{[0, 1, —v]}, {0}], then the transversality condition is ((0) =1, {(1) = . One has

g(l‘, u, f) = max{\ﬂ, |u‘} - |u‘ = max{f, _fa u, _u} + min{uv —U},
therefore the function g satisfies the assumptions of Theorem 5.1 and for any o > 0

d, ¢9(x, ua (), uy () = co{(0,0, 1), (—2ae”,0,-1),(0,1,0), (—2ae®, —1,0)}, (8.22)
dyeg(m,uq(z),ul, () = co{(2ae”, 1,0), (0,—1,0)}. (8.23)

If @ > 0, then the only measurable selection of the set-valued mapping x — dy ¢g(-, ua(z),u,(z)) such that

b(x) =0 for a.e. z € (0,1) is [b(-), w1 (+), w2(-)] = [0, —1,0]. Suppose that the necessary condition for a minimum
(Thm. 7.1) is satisfied. Then there exists ¢ € W1(0, 1) such that ¢(0) =1, {(1) = v and for a.e. x € (0,1)

[07 Cl(x)? C(.’E)} € (—lu,gg(x? ua(w), Ug(l’)) + {[03 _]-a 0]} = CO{(O’ _]-a 1)7 (_2aez’ _17 _1)7 (Oa 07 0)3 (_QO‘exa _23 0)}
Hence ¢/ = —( a.e. and ((z) = ce™®. Applying the transversality condition ((0) = 1, one has that {(z) = e *.
Thus, u, is non-optimal for any v # e~ 1.

Consider the case a« = 0, i.e. uy(x) = 0, and suppose that u,, satisfies the necessary condition for a minimum.
By Theorem 7.1 there exists ¢ € W11(0, 1) such that ((0) =1, {(1) = v and for a.e. z € (0,1)

[0,¢"(2),¢(2)] € du,gg(xa Ua (), uq (7)) +{[0, =1,0]} = co{(0, ~1,1), (0, ~1,-1),(0,0,0), (0, ~2,0)}.

Therefore ¢'(z) < 0 for a.e. z € (0,1) and (1) < ¢(0) = 1. Hence the necessary condition for a minimum is not
satisfied for any v > 1. Analogously, there exists ¢ € W1(0,1) such that ¢(0) = 1, ¢(1) = v and for almost
every z € (0,1)

[0,¢(2), C(2)] € dyy e9(@, ua(2), ug (2)) + {[0, 1, 0]} = co{(0,1,1),(0,1,-1),(0,2,0),(0,0,0)}.

(cf. (8.22), and (8.23)). Thus ('(x) > 0 for a.e. z € (0,1) and (1) > ¢(0) = 1. Let us show that ¢(1) > 1. If
¢'(z) > 0 on a set of positive measure, then ¢(1) > ¢(0) = 1. If {’(z) = 0 a.e., then {(z) = 0 for a.e. x € (0,1),
which contradicts the transversality condition ((0) = 1. Therefore ¢(1) > 1 and for any v < 1 the necessary
condition for a minimum is not satisfied.
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Two previous examples show that the necessary optimality condition stated in Theorem 6.1 and the necessary
optimality condition in the problem of Bolza stated in Theorem 7.1 are better then Clarke’s optimality conditions
and the necessary optimality condition obtained in [15]. We believe that this is a usual situation, because
codifferential, as a nonhomogeneous approximation, provides more information about function’s behaviour than
homogeneous approximations used in Clarke’s works and in [15].
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