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ENVELOPE THEOREMS FOR STATIC OPTIMIZATION AND
CALCULUS OF VARIATIONS

JOEL BLOT, HASAN YILMAZ

ABSTRACT. We establish differentiability properties of the value function of
problems of Static Optimization in an abstract infinite dimensional setting and
we apply that to problems of Calculus of Variations. We lighten the assump-
tions of existing results, notably by using Gateaux and Hadamard differentials.
Moreover we use recently established Multipliers Rules.
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MSC 2020. 90C31, 90C30, 49J50.

1. INTRODUCTION

The paper treats of envelope theorems for parameterized problems of Static
Optimization as

Maximize f(x,m)

subjectto z € G
Vi=1,...k, gi(z,m) >0
Vi=1,.,¢ hj(z,m)=0,

(M, )

and for parameterized problems of Calculus of Variations (Lagrange problems) un-
der parameterized constraints as

Maximize J(z,7) := fOT L(t,z(t),2'(t), 7)dt

subject to x € C1([0,T], M), x(0) = ag,z(T) = ar
Vi=1,..k, Gi(z,7) = [ gilt,z(t),2'(t),7)dt >0
Vi =1, b, Hi(z,7) = [ b;(t,z(t), 2 (t), 7)dt = 0,

We precise all the elements of these problems in the following sections.

We denote by V(w) the value function of one of these problems. An envelope
theorem consists to provide conditions to ensure the differentiability of V' (in a
meaning that we will specify) and to provide an expression of this differential.
When 7y is a fixed value of the parameter, in an envelope theorem, it is assumed that
the optimal solution exists for all the parameters which belong to a neighborhood
of mp, not only for my. This is the difference between the problem of the envelope
theorem and the problem of the regular perturbations where the theory provides
conditions to ensure the existence of solutions z(m) when 7 is near to mo, [4].

The envelope theorems are classical fundamental tools of the economic theory; cf.
Bl, [, [8, [, [I7, [20], [211, [24], [25], [22] for example.

Our contribution is to establish envelope theorems with lightened assumptions with
respect to the existing results. Notably we don’t assume the regularity of the

(V)
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multipliers which are associated to the solutions of these optimization problems,
and we prove their continuity; their differentiability is unnecessary. We use the
Hadamard differentiability instead of the continuous Fréchet differentiability that
is weaker in infinite dimension. Note that to avoid to assume that the multipliers
are of class C! is labelled as a conjecture in [5] (p. 7).

To realize this aim, we use recent multipliers rules established in [26] which contains
an improvment of the results of [2] and an improvment of clasical results in the
setting Fréchet C'! as exposed in [I], we establish new results on the functionals
under an integral form, we provide a variation of the Gram-Schmidt method, we
provide informations on the dual space of an useful subspace of the space of the
continuously differentiable functions defined on a segment of R.

Now we describe the contents of the paper. In Section 2, we specify our notation,
and we provide some preliminaries. In Section 3, we state an envelope theorem for
the parameterized problems of Static Optimization in infinite dimension.

In Section 4, we prove the results of Section 3. In a first subsection, we establish
results of topological algebra, we built a variation of the Gram-Schmidt method to
permit us to prove the continuity of the multipliers (instead to assume it).

In Section 5, we establish an envelope theorem for the parameterized problems of
Calculus of Variations. In a first subsection, we state an envelope theorem. In a
second subsection, we establish new results on the differentiability of nonlinear in-
tegral functionals. In a third subsection, we establish results on the Euler equation.
In a fourth subsection, we study dual spaces which are useful to our results, In the
last subsection, we give a proof of our envelope theorem.

2. NOTATION AND PRELIMINARIES

X and Y are two real normed spaces.

2.1. Notions of differentiability. £(X,Y) denotes the space of the continuous
linear mappings from X into Y. The topological dual space of X is denoted by X*.
Generally the norm of the dual spaces will be denoted by || - ||«. When A C X,
C°(A,Y) denotes the space of the continuous mappings from A into Y.

Let G be an open subset of X, f : G — Y be a mapping, * € G and v € X. When it
exists, the right-directional derivative (also called the right Gateaux variation) of f

at x in the direction v is D, f(x;v) := elir(x)lJr 5(f(z+0v) — f(x)). When D f(z;v)
—

exists for all v € X and when D}, f(z;-) € L(X,Y), the Gateaux differential of f at
zis Daf(z) € L(X,Y) defined by D¢ f(z) - v := DE f(z;v).

We say that f possesses a Hadamard variation at = for the increment v when there
exists D}, f(z;v) € Y such that, for all (6,,), € ]0,+oo[N converging to 0, and for all

(vn)n € XN converging to v, we have lirf 7 (f(z + 0pv,) — f(2) = D}, f(2;0).
n—+oo ’n

When D}, f(x;v) exists for all v € X, and when D} f(x;-) € £(X,Y), the Hadamard
differential of f at x is Dy f(z) € £(X,Y) defined by Dy f(z) - v := D, f(z;v).

When it exists, Dp f(x) denotes the Fréchet differential of f at z. C1(G,Y) denotes
the space of the continuously Fréchet differentiable mappings from G into Y. When
T €10, +oco[, C1([0,T],G) denotes the space of the continuously differentiable func-
tions from [0, 7] into G, and when &, &r € X, Cf . ([0,T], G) denotes the space of
the functions z € C1([0, 7], G) such that (0) = & and z(T) = &r. C2°([0,T],R™)
denotes the space of the infinitely differentiable functions from [0, 7] into R™ such
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that their support is included into ]0,T[.

When X is a finite product of m real normed spaces, X = ngz‘gm X;, if k €
{1,...,m}, Dpif(x) (respectively Dy 1 f(z), respectively Dg f(x)) denotes the
partial Fréchet (respectively Hadamard, respectively Gateaux) differential of f at x
with respect to the k-th vector variable. If 1 < ky < ky < ks <m, Dy (i, ko ks) f(2)
denotes the Hadamard differential of the mapping

[(Thys Thoy Thy) > F(T1, oy Thyy ooy Thigy ooy Thigy -y Ty )] AL the point (Tr,, Tiy, Thy)-
We refer to [I0] for all these notions of differentiability.

2.2. Bounded variation functions. We consider the functions from [0, 7] into a
normed vector space which are of bounded variation (cf. [I9](Chapter 10, Section
1). BV(]0,T],X) denotes the set of such functions. C%(]0,7[,X) denotes the set
of the functions from [0, 7] into X which are right-continuous on ]0,7T[. We define
NBV([0,T],X) := {g € BV([0,T],X) N C%(]0,T[,X) : g(0) = 0}. A function of
NBV([0,T],X) is called a normalized bounded variation function. ||g||zv := Vi (9)
defines a norm on NBV ([0, T],X). If X is finite dimensional, if (e;)1<i<q is a basis
of X, and (e})1<i<q is its dual basis, g € NBV([0,T],X) if and only if el 0o g €
NBV([0,T],R), and so we can use the results on scalar-valued bounded variation
functions as given in [16], [I5]. When d = dimX < 400, f € AC([a,}],X) (AC
means: absolutely continuity) if and only if efo f € AC([a, b],R) for alli € {1,...,d},
and so we can use the results on the scalar-valued absolutely continuous functions
as given in [16], [6].

2.3. Integrals. When E is a real Banach space, a < b in R, and f : [a,b] — E is
a function, the Riemann integral of f on [a, b] is written f: f(t)dt (cf. [9], chapter
8).

We denote by B([a,b]) the Borel tribe of [a,b], and by m; the canonical positive
measure of Borel on B([a, b]), charactarized by my (e, 8[) = S — @ when a < 8 be-
long to [a,b]. When f : [a,b] — R is a Borel function which is m;-integrable, we say
that f is Borel integrable on [a, b], and we denote its Borel integral by f[a,b] fdmy.

We denote the set of such functions by £1([a,b], B([a,b]),mi;R). Conformly to
[23], we don’t use the term ”Lebesgue integral” since we don’t use the (completed)
Lebesgue tribe, but only the Borel tribe.

When E is finite dimensional, if (e;)1<i<q is a basis of E, and (e})1<i<q its dual
basis, a function f : [a,b] — E is said to be Borel integrable on [a,b] if and
only if ef o f € L[a,b],B([a,b]),m;R) for all i € {1,..,n}. We denote by
LY([a, ], B([a,b]), m1; E) the space of such functions.

3. STATIC OPTIMIZATION

Let X and Y be two real normed spaces, and G be an open subset of X. We
consider the following functions f : GXY - R, ¢g; : GXxY — R for all ¢ € {1, ..., k},
and h; : GxY — R for all j € {1,...,0}. We denote by V(m) the value of the
problem (M, 7) when 7 € Y.

Let mp € Y. We consider the following conditions.

Condition on the dual space X*.
(ADpUA) There exists (- | -)x- € CY(X* x X*,R) which is an inner product on X*.
Conditions on the solutions.
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(AsoLl) There exists an open neighborhood P of 7y in Y such that, for all 7 € P,
there exists a solution z(7) of (M, ).

(AsoL2) There exists @ € Y s.t. Dfz(mo; w) exists.

(AsoL2-bis) Vw € Y, D z(mp; w) exists.

(AsoL2-ter) Vi € P, Vw € Y, Dbz (m; @) exists.

Conditions on the functions of the criterion and of the constraints.
(AFoN1) Vop € {f}U{g; : 1 <i <k}U{h;:1<j <L}, Dgp(z(m), ) exists,
and, for all 7 € P, Dy 9(xz(w), ) exists and [r — Dy 19(x(7), )] is continuous
on P.

(AFoN2) Vip € {f}U{g; : 1 <i<k}U{h; :1<j </}, Vrne P, Dyp(z(r),n)
exists and |7 +— Dy 2t (z(w), 7)] is continuous on P.

Conditions on the constraints functions only.

(AcoN1) Vrr € P,Vj € {1,...,0},[x — hj(z, )] is continuous on a neighborhood of
z(m).

(ACON2) DHng (@(FQ), 7T0),..., DHJgk(g(wo), 7T0), DH71h1 (g(ﬂo), 7T0),...,

Dy 1he(z(mp), mo) are linearly independent.

Theorem 3.1. (Envelope Theorem). We assume that (ADUA), (ASOL1),
(AsoL2), (AFON1), (ACON1), (ACONZ2) are fulfilled. Then the following assertions
hold.

(i) The right derivative of the value function of (M, x) at mg in the direction
@ exists and DSV (mo; @) = Do f (z(m0), m0) - w+
>, Ai(mo) D agi(z(mo), mo) - @+ 32 pj(mo)Da2hj(z(mo), mo) - @,
1<i<k 1<j<e
where A\ (m),-.., M\e(m0), p1(m0), ..., pe(mo) are the Karush-Kuhn-Tucker
multipliers associated to the solution z(my) of (M, m).
(ii) If in addition we assume (ASOL2-bis) instead of (ASOLZ2), then the value
function is Gateaux differentiable at o, and DgV (m9) = Dy o f(z (7o), m0)+
>, Ai(mo) D 2gi(z(mo), mo) + > pj(m0) Da2hy(z(mo), mo).
1<i<k 1<j<e
(iii) If in addition we assume that (ASOL2-ter) and (AFONZ2) are fulfilled, then
the value function is of class Fréchet C' on an open neighborhood Q of mo,
and for all m € Q, we have DpV(7) = Dy of (z(7), 7)+
2. Ai(m)Dp2gi(z(nm),m) + 32 p;(m) D 2h(a(r), ),
1<i<k 1<5<¢
where A (),..., (7)), pi(m), ..., we(m) are the Karush-Kuhn-Tucker mul-
tipliers associated to the solution z(w) of (M, ).

We can adapt this result to problems where the domains of the functions are
affine sets instead of to be vector spaces. Now we consider an affine subset A C X.
The director vector subspace of A is denoted by S. G° is an open subset of A.
We consider the following functions. f°: G’ x Y - R, ¢ : G x Y — R when
ie{l,..,k}, and h]Q :GY x Y — R when j € {1,...,£}. With these elements, when
m € Y, we build the following problem.

Maximize f9(z, )

subject to z € GY
Vi=1,..,k ¢%zm)>0
Vji=1,..,¢, h%(z,7) =0,

J

(M°,7)
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VO(r) denotes the value of (M°, 7). Let mp € Y. We consider the following list of
conditions.

Condition on the dual space S*.

(A°DUA) There exists (- | -)s- € CY(S* x S*,R) which is an inner product on S*.
Conditions on the solutions.

(A%soL1) There exists an open neighborhood P of 7y in Y such that, for all 7 € P,
there exists a solution z(7) of (MY, ).

A%0L2) There exists @ € Y s.t. D5z(mo; @) exists.

G

(A%o0L2-bis) Ve € Y, D 2(my; ) exists.

(A%oL2-ter) V1 € P, Vw € Y, D{,z(m;w) exists.

Conditions on the functions of the criterion and of the constraints.
(A°FoN1) Vip € {0 U{g) : 1 <i < k}U{RY :1<j <{}, Dgip(z(mo), mo) exists,
and, for all 7 € P, Dy 1¢(z(w), ) exists and [7 — Dy 1¢(z(w), w)] is continuous
on P.

(A°FoN2) Vo € {fO} U{g) : 1 <i <k}U{RY:1<j <(},VYre P, Dyip(z(n),m)
exists and [1 — Dpy 29(2z(w), 7)] is continuous on P.

Conditions on the constraints functions only.

(A°coN1) Vmr € P,Vj € {1,...,4},[z = h9(z,7)] is continuous on a neighborhood
of z(n).

(A°coN2) Dy 191(2(m0)s 70)ses D1gr(2(m0),70), Daiha (2(70), 70)5e-os

Dy 1he(z(m), mo) are linearly independent.
The differentials on the affine subset A are defined (when they exist) on the director
vector subset S which is the tangent vector space at each point of A.

Corollary 3.2. We assume that (A°pua), (A%soL1), (A%son2), (A°FoN1),
(A%con1), (A°coN2) are fulfilled. Then the following assertions hold.
(a) DEVO(mo; @) exists and there exists (Ai(mo))1<i<k € RE and
(115 (m0))1<j<e € RY such that DEVO(mo; @) = Dp o fO(z(mo), m0) - @ +
D i<ick Xi(m0) D 2] (2(70), m0) - @ + 301 < j< g 15 (T0) Dz 2h (2(mo), mo) - .
(B) If in addition we assume (A°SOL2-bis) instead (AYSOL2), the value function
is Gateaux differentiable at mo and we have DgV°(mg) = D2 f°(2(mo), m0)
+ X 1<icr Mi(m0) Dir2g; (2(m0), mo) + 301 < j< #45(0) Dir2hf} (2(mo), o).
(v) If in addition we assume that (AYSOL2-ter) and (AFON2) are fulfilled, then
the value function is of class Fréchet C* on an open neighborhood Q of o,
and, for all m € Q, there exist ((A;(7))1<i<k, (1;(7))1<j<e) € RE x R s.t.
DpVO(r) = Do f°(2(m), ) +
Yi<ick Ni(M)Da2g] (2(m), ™) + 301 < j<g 14 (m) D 2h] (2(7), ).

The following corollary only uses the Fréchet differentiability and is more easily
accessible to users for concrete problems issued from modellings.

Corollary 3.3. In the setting of Theorem [31l, under (ADUA), (ASOLI), (ASOL2-
ter), (ACON2), we assume that the following condition is fulfilled.

[ — z(m)] is continuous on P and Vi € {f}U{g;: 1 <i<k}U{h;:1<j </},
W is Fréchet C' on G x P.

Then (AFON1), (AFON2), (ACON1) are fulfilled, and all the conclusions of Theo-
rem [31] hold, replacing the Hadamard differentials by Fréchet differentials in the
formulas.
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Remark 3.4. When X is finite dimensional, the conditions (ADUA) and (A°DUA)
are automatically fulfilled. Moreover the Hadamard differentiability is equivalent to
the Fréchet differentiability. Hence, without (ADUA), the statement of Theorem[31]
holds and we can replace the Hadamard differentials by Fréchet differentials in the
formulas of the conclusions.

4. PROOFS OF RESULTS OF SECTION 3
4.1. Results of topological algebra. E and W are two real normed spaces.

Lemma 4.1. Let wg € W and W be a neighborhood of wo in W. Let (b;)1<i<m €
CO(W,E)™ s.t. bi(wp), ..., bm(wo) are linearly independent. Then there exists a
neighborhood Wy of wo, Wo C W, s.t. for allw € Wy, by(w), ..., by (w) are linearly
independent.

Proof. For all w € W, we consider the mapping ®,, : R™ — E defined by

Dy (ut,.csu™) =30 i u'bi(w) when (u',...,u™) € R™. Clearly we have ®,, €
L(R™,E), and the linear independence of by (w), ..., by, (w) is equivalent to have
Ker®,, = {0}. This last equality is equivalent to have ®*({0}) N S(0,1) = {0},
where S(0,1) is the unit sphere of R™. Proceeding by contradiction, we assume:
Vk € Ny, Jwy, € B(wy, 1), v € S(0,1) s.t. Py, (v) = 0. Using the compactness of
S(0,1) and the Weierstras-Bolzano theorem, we obtain the existence of an increasing
function o : N, — N, and of v € §(0,1) s.t. limg_ o0 Vo) = u. Hence, we have,
for all k € Ny, Zlgz‘gm Ufy(k)bi(wg(k)) = 0. Since the b; are continuous, we obtain
> cicm Wi(wo) = 0, and the linear independence of the b;(wy) implies that u = 0
which contredicts u € S(0, 1). O

In the two following lemmas, we assume the existence of functional (- | -)g €
C°(E x E,R) which is an inner product on E. The following lemma is a version of
the Gram-Schmidt’s process (cf. e.g. [I8] p. 366) in presence of a parameter.

Lemma 4.2. Let W be an open subset of W, and (€;)1<i<n € CO(W,E)" s.t. e1(w),
.oy €n(w) are linearly independent for all w € W.
Then there exists (€;)1<i<n € CO(W,E\ {0})" s.t. the following properties hold.

(a) Yw e W, Vi€ {1,..n}, ¢(w) € span{er(w),...,e;(w)}.

(b) Yw € W, V(i,j) € {1,..n}? s.t. i # j, (e;(w) | €j(w))g = 0.

(c) ¥(i,7) € {1,..n}?, 3a} € C°(W,R) s.t., Yw € W,

(W) = Y1 cicy @ (w)ei(w), where o (w) =1 and ofj(w) =0 when i > j.

Proof. We proceed by induction on n. When n = 1, we set €1 := e1, and we have
al(w) =1 for all w € W, and the conclusions (a, b, c) are fulfilled. We do the
assumption of induction on k, and we prove the result for k£ + 1. We set

chniw) = ena(w) - Y0 GGt (@)

R CClE

where || - || is the norm associated to (- | -)g.

Hence €p11(w) € span{eryi(w),e1(w),...,ex(w)} = span{ej(w) : 1 < j < k+ 1}
by using the induction assumption, and so (a) is fulfilled. Let ¢ < k + 1. We have
(ert1(w) | €(w))e = (ex+1(w) | €i(w))e

~ Cicicnip PR 5 () | es(w))s — I (e (w) | ex(w))s

= (ery1(w) [ &(w))E — (epr1(w) | &(w))e =0
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Hence, (b) is fulfilled. Notice that ex1(w) # 0 for all w € W, since, proceeding by
contradiction, if there exists w € W s.t. egx41(w) = 0, then, using (@), we obtain
er+1(w) € span{e;(w) : 1 < i < k} which contradicts the linear independence of
the e;(w). When j € {1,..., k}, we inductively define

aiJrl(w) P Z (ekJrlH(:}()u[)e”ZQ(w))]E ag(u})7 aZI}(’w) =1 (4.2)
1<i<k v €

and, when j > k + 1, we set _
a4 (w) :=0. (4.3)

Since (- | )g, || - |2, €1, -.-sex, €1, ..., € are continuous, we see that o, is contin-
uous as a composition of continuous mappings, for all j. Doing a straightforward
calculation, we obtain

an(w) = S ol (e w) = 3 ol (we(w). (4.4)

1<j<k+1 1<j<n
Hence the reasoning by induction is complete, and the proof of the lemma is com-
plete. ([l

Lemma 4.3. Let W be an open subset of W and (e;)1<i<n € CO(W,E)" s.t. e1(w),

<y en(w) are linearly independent, for allw € W. We set F,, := span{e;(w) : 1 <

i <n}foralweW, and F:= |J (F, x {w}). When (z,w) € F, t'(x,w)
weW

denotes the i-th coordinate of x in the basis (e;(w))1<j<n.-

Then, for all i € {1,...,n}, ri € CO(F,R).

Proof. We consider (¢;)1<j<n € C°(W,E)" as defined in Lemma@2l When w € W
and z € F,,, we can write z = Y, ... y'(z,w)e;(w) where y'(z,w) := %
Using Lemma 2] we know that ¢; € CO(W,E \ {0}), and using the continuity of
(- | -)r with respect to the intial norm of E x E, we obtain that y* € C°(F,R) as a
composition of continuous mappings.

Since (e;(w))1<i<n and (€;(w))1<i<n are two bases of the same vector space F,,
we can consider M (w) the matrix of transition from (e;(w))1<i<n t0 (€;(w))1<i<n.
Using Lemma 2] the elements of the i-th column of M (w) are: of (w), ..., af_;,
1, 0, ...,0, and since the elements are continuous functions of w, we can assert
that [w +— M (w)] € C°(W, GL(n,R)) where GL(n,R) is the classical group on the
n X n invertible real matrices. The operator Z : GL(n,R) — GL(n,R), defined by
I(L) := L', is well know to be continuous. Moreover M (w)~! is the matrix of
transition from (€;(w))1<i<n to (e;(w))1<i<n. Since we have [p*(z, w)...r" (z, w)]* =
M (w) =y (z,w)...y"(z,w)]t, where the upper index ¢ denotes the transposition of
the matrices, we obtain the continuity of the 1’ on F as a composition of continuous
mappings. ([l

4.2. Proof of Theorem B.Il Conclusion (i). We use Lemma 1] with W =Y,
E = X* and (ACON2) to ensure the existence of an open neighborhood @ of 7 in
P such that,

Vr € Q,Duagi(z(m), ), ..., D 1gr(z(mw), 7), Dy 1h(z(m), ), }

ey D 1he(z(m), 7) are linearly independent. (4.5)

We want to use the multipliers rule of [26] (Theorem 2.2). Notice that our as-
sumption (AFON1) implies that assumptions (i) and (ii) of this multipliers rule are
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fulfilled. Our assumption (AFON1) and Theorem 4.2.6 in [I0] imply that the third
assumption of this multipliers rule is fulfilled. (AcoN1) and (AFON1) imply that
the last assumption of this multipliers rule is fulfilled. Hence using this multipliers
rule and (@), we can ensure the existence of multipliers (\;(7))1<i<x € R* and
(11;(7))1<j<¢ € R? which satisfy the following conditions for all 7 € Q.

Vi e Q,Vie{l,.., k} X () > 0. (4.6)
Vi € Q,¥i € {1, k}, Mi(m)gi(a(r), 7) = 0.

Vr €@, Duaf(z(m), ™) + > <icp Mi(m)Dragi(z(m),m) }

+ Zlgjge i () Dby (z(m), ™) = 0.
The following result establishes the continuity of the Karush-Kuhn-Tucker multi-
pliers with respect to the parameter .
Lemma 4.4. For all i € {1,...,k}, \; € C°%(Q,R,) and, for all j € {1,...,¢},
1 € C°(Q,R).
Proof. Under (AFON1), (ADUA), with W = Y and E = X*, we can use Lemma
A3t we set ex(w) := Dyaigi(z(m),m), ..., ex(m) := Dgagr(z(n),n), epri(m) =
Dyihy (@), 1), oy ehyel(m) i= Digahe(e(m), ), and using (L5) and (@F), the
assumptions of Lemma are fulfilled, and we can conclude that the coordinates
A; and p; are continuous. 0

(4.8)

Since we have V(r) = f(x(n),n) for all 7 € @, and since the Hadamard differential
satisfies the Chain Rule ([I0], (4.2.5) p.263), we can calculate
DgV(wo; w) = Dy 1 f(z(m), mo) - Dég(wo; @) 4+ Dy o f (x(m), m0) - w. (4.9)
Under (48], we also have
Dy 1 f(z(mo),m0) - Dda(mo; @) =
- Elgigk Ai(m0)Dr,19i(z(m0), o) - Dgi(ﬁm @) (4.10)
- Elgjgz 15 (7o) Da 1 (2 (7o), o) - Dg&(%% w@).
If X;(m) > 0, using LemmalL.4] we can assert that there exists a neighborhood N of
7o in @ such that A\;(7) > 0 for all 7 € N, and using (£1) we obtain g;(z(w), ) =0
for all # € N. Differentiating with respect to 7, we obtain
Dy 19i(z(m0), m0) - DEa(mo; @) + Dp2gi(z(mo), mo) - @ = 0.
To subsume this reasoning, we write
Ai(m0) > 0 = \i(m0)Dp,19:(z(m0), m0) - Dax(mo; ) } (4.11)
= —Xi(m0)Du 29i(z(m0), m0) - - '
Moreover the following assertion is clear.
Ai(mo) = 0= \i(m0)Dar,19i(z(m0), m0) - D5a(mo; @)
(4.12)
= —i(m0)Du 2gi(z(m0), m0) - .
From (LI and (#I2), we obtain
Vie{l,....k}, Ai(m0)Dm1g:i(z(mo), mo) - Dgg(wo;w) } (4.13)
= —Xi(m0) Dy 29i(z(m0), m0) - - '

Since hj(z(m),7) = 0 when 7 € @, differentiating at o, we obtain the following
assertion.

Vj e {1,...,@},/@(71’ )D i hj(&(ﬂ ),ﬂ— )'D+£(7T ;w)
= _Nj(WO)DH,zhj(;(Fof)l,lwo) .w.o v Tesn } (4.14)



ENVELOPE 9

Using (@I3)) and (@I4) into (@I0), we have

Dy f(a(m), mo) - Da(mo; @) = 32, <icp, Ai(m0) D 2gi(z(m0), M) - @
+ 2 1<j<e 1 (m0) D 2hj(2(mo), m0) - .

Using (£I5) into &9), we obtain: DLV (mo; @) = Du o f(z(mo), m0) - @

+ 2 1<i<n Ai(m0) Da2gi(2(m0), m0) - @ + 321 < j<¢ 1 (m0) Dr2hij(2(mo), mo) - , and
so the first conclusion of Theorem [3.1]is proven.

Conclusion (ii). Since (AsSoOL2-bis) implies (ASOL2), we can use the formula of
D}V (my, @) for all the increments ; from this formula we see that

[w — DEV(mo,w)], from Y into R, is a linear combination of elements of Y*.
Consequently V is Gateaux differentiable at my, and so the second conclusion of
Theorem 311 is proven.

Conclusion (iii). From (AsoL2-ter), using the second conclusion at 7 € @ in-
stead of 7y, we know that, for all 7 € @, we have DV (n) = Dyof(z(n), ) +
Z1§igk Ai(m) D ,2gi(2(m), ™) + Z1§j§e 15 () D 2 hj (z(), ).

Using (AFON2), we see that DgV € C°(Q,Y*), hence ([10], (4.4.7) Corollary 2,
p.257), V is Fréchet differentiable on Q and DrV € C°(Q,Y*). The proof of
Theorem B.1]is complete.

} (4.15)

4.3. Proof of Corollary The strategy to realize this proof is to translate
(MO ) into a new problem (M? 7r) which is a special case of (M, ), to apply
Theorem 3.1l on (M*, 7r), and to translate the conclusions on (M?, 7) into conclu-
sions on (MY, ).

For all 9% € {f°YU{g) : 1 <i <k}U{h):1 < j <€} we introduce the func-
tion ¢ : (G — z(mp)) x Y — R by setting ¢(z,7) := ¢°(z + z(m), 7). Note that
G® — 2(mp) is an open subset of S. We consider the new following problem.

Maximize f(z, )

subject to  x € G° — z(mp)
Vie{1,..,k}, gi(z,m) >0
Vi € {1,...0}, hj(z, ) = 0.

(M)

This problem is a special case of (M, 7)) with X = S. It is easy to verify that x
is admissible for (M1, 7) if and only if = + z(mo) is admissible for (MO, ), and
z is a solution of (M!,7) if and only if z + z(m) is a solution of (M 7). We
set x(m) := z(m) — z(mp). After that, note that the assumptions on (M°, ) were
done to be translatable into assumptions of Theorem B on (M, 7). Then the
conclusions of Theorem [B1] are valid on (M?!, ). Now it suffices to translate the
conclusions on (M?, ) into conclusions on (M, 7). To do this, it suffices to note
that D5z(m; @) = DEz(m;w) and, for all 0 € {fOLU{g?:1<i<k}u {ny 1<
J <€}, D 2y°(2(r), 7) = Dy ob(z(w), m). The proof of the corollary is complete.

5. CALCULUS OF VARIATIONS

This section is divided into the following subsections. In a first subsection, we
state an envelope theorem for (V, ) after to specify the assumptions. In a second
subsection, we establish new results on functionals under an integral form. In a
third subsection, we treat of the Euler-Lagrange equation. In the last subsection,
we give a proof of the envelope theorem.
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5.1. An envelope theorem. X = R" and Y is a real normed space. T € ]0, +00[
and M is an open subset of R™. We consider functions L : [0,T]x M xR*xY — R,
0 :[0,T] x M xR*"xY - Rforallie{l,.,k},b;: [0,T]x M xR*"xY —- R
for all j € {1,...,£}. We fix ag,ar € M.

We fix mp € Y and we consider the following list of conditions:

Conditions on the solutions

(BsoL1) There exists an open neighborhood P of mg in Y s.t., for all = € P, there
exists a solution x(7) of (V,7), and [r — x(w)] is continuous at 7.

(BsoL2) There exists w € Y s.t. Dfa(my; w) exists.

(BsoL2-bis) For all w € Y, Dfxz(mo; w) exists.

(BsoL2-ter) For all m € P, for all w € Y, D}z (m; w) exists.

Conditions on the integrand of the criterion and of the constraints
(BINT1) There exist p > 0 and € € £1([0,T7], B([0,T]), R4, my) s.t., for allyp € {L}U
{gi:1<i<k}u{h;:1<j <}, foralltel0,T], for all u,us € B(xz(m)(t), p),
for all v,v1 € B(x(m)'(t), p), for all w, 71 € B(mo, p),

(2, w0, 7) — 0t ur, v, m)] < E@ (I — | + [0 — ol + 17— m]]):

(BinT2) For all p € {L} U{g; : 1 <i < k}U{h; :1<j <L}, ¢ is continuous on
[0,T7] x M x R™ x P, and for all ¢t € [0,T], for all 7 € P,

Dy (2,300 (t, z(m)(t), z(m)"(t), 7) exists.

(BiNT3) For all v € {L}U{gi: 1 <i < k}u{h;:1<j <}, forallte|0,T],
[ = Dy, 2,30 (t, x(7)(t), z(m) (t), )] is continuous from B(mg, p) into (R™, [|-||.)2.
(BINT3-bis) For all € {L}U{g;: 1 <i<k}U{h;:1<j</(} forallte|0,T],
[T+ D (2,340 (t, z(m)(t), z(m)"(t), m)] is continuous on B(mo, p).

(BinT4) Forallp e {L} U{g; : 1 <i<k}uU{h; :1 <3</}, for all m € B(mo, p),
[t — Dy 2,3,4)0(t, x(m)(t),z(m) (t),m)] is measurable from ([0, 7], B([0,T7])) into
(R™" x R" x Y)*, B(R™ x R™ x Y)*).

Conditions on the integrands of the constraints only

(BcoN) For all A = (A\;)1<i<k € R¥ and for all p = (pj)1<j<e € R s.t. (A, p) #
(0,0), z(m) is not a solution of the Euler equation in Dubois-Reymond form ([I4]
p.106) Dy sor u(t, z(t), 2/ (t), m0) = f[o.,t] D otha u(t, z(t), 2’ (t), mo) dma(t) + eap
my-a.e. t € [0, T], where

U u(t, z,v,m) = Zlgigk Aigi(t, z,v,m) + Zlgg‘ge wih;(t, v, m) and ¢y, € R™ is
a constant.

Theorem 5.1. (Envelope Theorem). We assume that (BsOL1), (BSOL2),
(BINT1), (BINT2), (BINTS8) and (BCON) are fulfilled. Then the following assertions
hold.

(I) The value function of (V,m) admits a right directional derivative at mo in
the direction w exists and we have

DIV (10) = fiyn Pt o005 )
Z1gi<k (o f[o T] Dy 4gi(t, I(WO)(t)vx( 0)'(t),m0) - @ dmy(t)+
Di<i<e MJ(WO)f[OT Dp,abj;(t, z(mo)(t), z(mo)' (t), m0) - @@ dma (2)

<
g
QU
é‘
T

where (Ai(m0))1<i<k and (1;(m0))1<j<¢ are the Karush-Kuhn- Tucker muti-
pliers associated to the solution x(m) of the problem (V, o).
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(IT) If in addition we replace (BSOL2) by (BSOLZ2-bis), the value function is
Gateauz differentiable at o and for all w €'Y, we have

DGv(ﬂ'o) W = f[O,T] DH)4L(t,LL'(7T0)(t),,T(?TQ)I(t),7T0) w dml(t)—i—
S rcicr N(m0) [ 11 Daragilt,o(mo) (t), a(mo) (1), 7o) - o dm (1)+
Y1<jce i (m0) fio ) Daabi(t, x(mo) (t), 2(m0)'(t), mo) - @ dm (t)

(III) If in addition we assume that (BSOL2-ter), (BINT3-bis), and (BINT4) are
fulfilled, then the value function is of class Fréchet C* on an open neighbor-
hood of my, and for all m which belongs to this neighborhood, for all w €Y,
we have

DpV(r) -w= f[o 7] Dy 4L(t x(m)(t), z(w) (t),7) - w dmq (t)+
Zl<z<k f[o T] DH 4gz(t7 x(ﬂ)( ) ( ) (t)v 7T) "W dml(t)+
Zlgggz g ( )f[oT D ab(t,x(m)(t), z(m) (t), 7) - @ dmy(t)

5.2. Nonlinear Integral Functionals.

Lemma 5.2. Let E be a real normed space, G be an open subset of E, f:[0,T] x
G — R be a function, and zo € C°([0,T),G). We consider the following conditions.
(i) §€ C%[0,T] x G,R).
(ii) There exist p > 0 and ¢ € L([0,T7], B([0,T]), m1;R,) s.t., for allt € [0,T],
Jor all us,us € B(zo(t), p), [i(t, 1) — 1t )] < C(0)]lur — ]
(iii) For all t € [0,T), Dy 2f(t, z0(t)) exists.
We consider the functional F : C°([0,T],G) — R defined by F(z fo
when z € C°([0,T],G).
Then the following conclusions hold.
(a) Under (i-ii), F is well defined and Lipschitzean on the ball By (20, p)-
(b) Under (i-iii), F is Hadamard differentiable at zo, and for all
h € C°([0,T],E), [t = Duaf(t,20(t)) - h(t)] € L£X([0,T],B([0,T]), m1;R)
and we have Dy F(z) - h = f[o,T] Dy of(t, z0(t)) - h(t) dmy(t).

Proof. (a) Let z € CY([0,T],G). Under (i), since f € C([0,T] x G,R), we have
[t — f(t,2(t))] € C°([0,T],R); hence this function is Riemann integrable on [0, T7,
and so F(z) is well defined. Doing a straightforward majorization, we obtain the
following inequality.

Vzw € Bl (20.0), |F(z) = F@)| < (¢l -l —wloe. (1)

and so the conclusion (a) is proven.

(b) When z € C°([0,T],G), since z([0,T]) is compact and since the function
[u— d(u, E\ G) := inf{|lu —v|| : v € E'\ G}] is continuous (since Lipschitzean),
using the Optimization Theorem of Weierstrass and the closedness of E \ G, we
can assert that a, := inf{d(u, E\ G) : u € 2([0,7])} > 0. We can verify that
B”.”oo (Z, 2_104z) C CO([O, T], G)

Let h € C°([0,T], E), h # 0 ( the case h = 0 is evident).

We set 60 := ||h]| o min{p,2 ., } > 0. Hence, for all § € ]0,6°], for all t € [0, T,
we have zo(t) + 0h(t) € B(20(t), p). Let (0m)men € ]0,0°[N which converges to 0.
Using (iii), since the Hadamard differentiability implies the Gateaux differentiabil-
ity, we have:

Diaf(t, 20(t)) - h{t) = D oF(t: 20(): (1))
= } (5.2)

= Lm0 g (F(2, 20(8) + Omh(t)) — f(t, 20(t))).
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Since [t + (¢, 20(t) +0mh(t))] and [t — §(t, z0(t))] belong to C°([0,T],R), they are
Borel functions and therefore, for allm € N, [t — i(f(t, 20(t)+0mh(t))—F(t, z0(t)))]
is also a Borel function. Since a pointwise limit of a sequence of Borel functions is
a Borel function, using (52), we obtain:

[t = D f(t, 20(t)) - h(1)] € £°([0, T, B([0, T]); R). (5.3)
Using (ii), we obtain, for all m € N,

%(f(t,z()(t) + 0mh(t)) = §(t, 20(1)))| < CONRD < CO Al (5.4)

Doing m — 400, we deduce from (5.2) and (B4 that |D§12f(t,zo(t);h(t))| <
C(t)||h]lo, and consequently, for all ¢ € [0,T], we have

|Daf(t; 20(t)) - h(B)] < ()] 2l]oo- (5.5)
From (B3] and (51, we obtain the following property.
[t — Dy of(t, z0(t)) - h(t)] € £1([0,T], B([0,T]), my; R). (5.6)

Note that, for all m € N, using (a) and the linearity of the Riemann integral, we
have, for all m € N, i(F(zo +6,h) — F(z0)) =

T

o 7 (1t 20(t) + Omh(t)) — f(t, 20(t)))dt =
f[o,T] i(f(t,zo(t) + O h(t)) — f(t, 20(t))) dmy(t). Then, using (B4) and (E2), we
can use the Dominated Convergence Theorem of Lebesgue to obtain that
limy,— 400 i(F(zo + 0mh) — F(z)) = f[o,T] Dy of(t, z0(t)) - h(t) dmy(t). Using the
sequential characterization of the limit, we obtain the existence of DEF (z0; h) and

DéF(ZQ; h) = DH)gf(t, Zo(t)) . h(t) dm1 (t) (57)
[0,7]
Using the linearity of the Borel integral and the linearity of the Hadamard differen-
tial at a point, we see that D5 F(z¢;-) is a linear functional from C°([0, 7], E) into
R. Note that, using (5.7) and (5.5), we have: |D5F (205 h)| = |f[0 7] Dy of(t, 20(¢)) -
B() da (0] < fi [ Dinaf(t 20(8)) - h(t)] dma(8) < i 7y (CCOIIAo) dima (1)
= |I¢llz1 |2 ]| oo, and so D& F(zo;-) is linear continuous. Hence we have proven

D¢ F(zp) exists. (5.8)

Since F' is Lipschitzean, we can use ([10], p.259) to assert that F' is Hadamard
differentiable at zp, and the formula of this Hadamard differential is given by this
one of its Gateaux differential. O

Remark 5.3. Under the assumptions of Lemmal5Z, the following assertions hold.
(1) If E is separable, then [t — || D 2f(t, z0(t))||«] is Borel integrable on [0,T].
(ii) If E =R", then [t — Dy of(t, z0(t))] is Borel integrable on [0,T]

Proof. To abridge the writing, we set A(t) := Dy of(t, z0(t)).

(i) Since E is separable (and metric), the closed unit ball of E, Bg(0,1), is
also separable ([9], (3.10.9), p.45), hence there exists A C Bg(0,1) which is at
most countable and dense in Bg(0,1). Using (B.6), for all ¢ € [0,7], |A(t)|« =
sup{|A(t) - v| : v € Bg(0,1)} = sup{|A(¢) - v| : v € A} € £°([0,T],B([0,T]); R)
as a supremum of a sequence of functions which belong to £°([0, T, B([0, T]); R)M.
Using (B.5) we obtain that, for all ¢ € [0,T7], ||A(t)||« < ¢(t), which implies that
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[AC)] € £2([0, T, B([0, T7), my; Ry).

(ii) Since dimR™ is finite, the mj-integrability of A is equivalent to the mj-
integrability of its coordinate functions. Let (e;)i<;<n be the canonical basis of
R™ and (e])1<i<n its dual basis. Note that we have A(t) = >, (A() - e;)er.
From (5.6) we know that, for all i € {1,...,n}, A() - e; is my-integrable on [0, 77,
and consequently we obtain that A € £1([0,T7], B([0, T]), mq; R™). O

Remark 5.4. Consider the following strengthened condition:

(St): f € C°([0,T] x G,R), Dpof(t,-) exists on G for all t € [0,T), and Dpaf €
C°([0,T] x G, E*).

Under (St), the Nemytskii operator N; : C°([0,T],G)) — C°([0,T],R), defined by
N;i(2)(t) == §(t,2(t)) for all t € [0,T] and for all z € C°([0,T],G), is Fréchet
Ct and (DpN;(z) - h)(t) = Drpof(t, 2(t)) - h(t) for all t € [0,T] and for all h €
CY([0,T), E). This result is proven in [3] (Lemma 12). Since the Riemann integral
deﬁnes a linear continuous functional T on C°([0,T],R), the functional F, deﬁned
by F(z fo ) dt, verifies F' = ZoNj, and therefore F is Fréchet C*,

using the Chain Rule, we have DpF(z)-h = fo Drpof(t, z(t)) - h(t) dt. Under (St),
the assumptions (i) and (iii) of LemmaliZ are fulfilled. Using Lemma 12 of [3], the
Nemytskii operator Np,. 5 is continuous, and since a mapping which is continuous
at a point is bounded on a neighborhood of this point, and using the Mean Value
Inequality we see that (i) of Lemma 52 is fulfilled. Hence Lemma [5.2 contains
a contribution to improve the results of [3] on the differentiability of the nonlinear
integral functionals.

Lemma 5.5. let M be an open subset of R™, P be an open subset of Y, ¢ :
[0,T]x M xR™ x P — R be a function, mo € P and [r — x(m)] be a mapping from
P into C1([0,T], M). We consider the following conditions.

(i) ¢ € C%0,T] x M x R"™ x P, R).
(ii) [r — x(nm)] is continuous at .
(iii) There ezist o > 0 and v € L£L*([0,T], B([0,T]), m1;R;) s.t. Vt € [0,T],
Yu,u1 € B(x(mo)(t), 0), Yv,v1 € B(x(m )() 0), Vm,m € B(mo, 0),
6t u,0,m) — 6t ur, v, m)| < A (lu = w | + [[o — va]| + | — ).
(iv) For all t € [0,T], for all 1 € B(mo,0), D (2,340t x(7)(t),x(r) (t), T)

exists.

(v) For allt € [0,T], [ = Dy (2,3¢(t,x(m)(t),x(m) (t),7)] is continuous on
B(Td’o, Q).

(vi) For allt € [0,T], [1 +— Dp (2,340t x(m)(t),x(7) (t),7)] is continuous on
B(TFOa Q)

(vii) For all 7 € B(mo,0), [t = Dpg (2,340t x(7)(t),x(7)"(t), m)] belongs to
£2([0, 7], B([0, T]); (R™ x R x Y)*).
We consider the functional ® : CY([0,T],M) x P — R defined by ®(x,7) :=
fOT o(t,x(t),x'(t), m) dt. Then the following conclusions hold.

(a) Under (i-iii), there exists o € 10, 0] s.t. for all m € B(my,0), [x — ®(x, )]
is Lipschitzean on Bei (x(w),0).

(b) Under (i-iv), for all 1 € B(mo,0), Dy®(x(w),n) exists, and for all h €
CL([0,T],R"), for all w € Y,
65 Digpo.3.170( x(m) (6),x(x)' (8),7) - (B(£), W (1), )] belongs to
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El([OaTLB([OvT])amlvR) and

Dy®(x(m),n) - (h,w) = f[O,T] DH72¢)(t, x(m) (), x(7) (£),7) - h(t) dmy(¢)
+ Joo.r PDrsd(t, x(m)(t), x(m)' (), 7) - B’ (t) dma(t)
+ f[O,T] Dy a¢(t,x(m)(t),x(m) (t),n) - w dmy(t).

(c) Under (i-v), [m = Dg1®(x(m),m)] is continuous from B(mg, o) into
(CH([0,T],R™))*.
(d) Under (i-vii), [r — Du®(x(m), )] is continuous from B(my, o) into
(CH([0,T],R") x Y)*.
Proof. Let o be given by (iii). Using (ii), there exists o € ]0,Z] s.t. ||x(7) —
x(mo)||cr < § when || — || < . Using (iii), we obtain the following property.

vV € B(m,0),Vt € [0,T],Vu,uz € B(x(m)(t),0),Vv1,ve € B(x(m)' (t), ),

V7, T € B(?T,U), |¢(t,u1,vl,7n) —¢(f,U,2,’U2,7T2)| <

() (lur — uzll + o1 = v + (|71 — m2)).

(5.9)

We want to use Lemma 52l We set £ :=R" xR" xY and G := M x R" x P
which is an open subset of E. At each m € P we associate the constant mapping
e = [t = 7w € C°[0,T],P). We define the function f : [0,7] x G — R by
setting §(t, (u,v, 7)) := ¢(t,u,v, 7). When x € C1([0,T], M) and m € P, setting
2(t) == (x(1), X/ (£), me(1)), we have z € C°([0,T],G), and F(z) = [y f(t,2(t)) dt =
fOT o(t,x(t),x'(t),m) dt = ®(x,7). Hence ® can be viewed as a restriction of F' to
an open subset of a closed (since complete) vector subspace.
Proof of (a). Let m € B(m,0); we set zo(t) := (x(m)(t), x(m)’(t), (7)(t)). Now we
verify that that the assumptions of Lemma are fulfilled. Note that (i) implies
that the assumption (i) of Lemma 5.2 is fulfilled. After (5.9)), the assumption (ii)
of Lemma is fulfilled. Hence we can use the conclusion (a) of Lemma to
ensure that [x — ®(x, )| is Lipschitzean on Bgi(x(7),0), and so the conclusion
(a) is proven.
Proof of (b). We arbitrarily fix 7 € B(mg, o), and we set
zo(t) == (x(m)(t),x(m)"(t), m(t)). We can verify that assumptions of Lemma
are fulfilled for zp. In the proof of (a) we have yet proved that assumptions (i)
and (ii) of Lemma are fulfilled. Moreover assumption (iv) of Lemma B3] im-
plies that the assumption (iii) of Lemma is fulfilled. Hence we can use the
conclusion (b) of Lemma[5.2 and assert that Dy ®(x(m), 7) = Dy F(zo) exists. We
introduce the operator ¥ : C1([0, T],R") x Y — C°([0, T],R™) x C°([0,T],R") x Y
defined by U(x,7) := (x,x',7). W is linear continuous, hence it is Fréchet dif-
ferentiable, and consequently Hadamard differentiable. We set ¥ the restriction
of ¥ to C1([0,T], M) x P and we note that ® = F o ¥y. Using Lemma [5.2 we
know that [t — Dy of(t,20(t)) - w(t)] belongs to L£([0,T],B([0,T]), my;R) for all
w € C([0,T], E), and D F(20) - w = [i 1y D 2f(t, 20(t)) - w(t) dmy(t). Note that
D »f(t, 20(t)) = Dy (2,300t x(7)(t),x(7)"(t), 7) and Dy¥o(x(n),n) - (h,w) =
U(h,w) = (h,h’, @), and using the Chain Rule, we obtain the following formula.

Do (x(m),n) - (h,w) =
o Do s )XY (0, 7)- (), (0, 2) . | 19
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From this last relation we deduce the formula of the conclusion (b).
Proof of (c¢). From (5I0) we deduce the following formula.

Dy 19(x(w),7)-h= }
Jo.r) Dr @, x(m) (), x(m)’ (£), 7) - (h(t), B (£)) dm (2).

Let m € B(mo,0) and (mx)ken € B(mo, o)Y which converges to 7. When k € N, and
t €[0,T], we set

Ti(t) := |Dp, 2,30t x(mk) (1), x(7k)' (£), k) — D, 2,3 (8 X () (£), x(7)" (1), 7) |«

where the norm is the norm of (R™ x R™)*. From (B3)) and (v), we obtain the
following properties.

Vt € [0,T), Tx(t) < 2v(t), and lim T'y(¢) = 0. (5.12)

k—4o00
Let p € {m} U {m : k € N}. Since, for all h,k € C°([0,T],R"),
[t = DH,(2,3)¢(ta X(p)(t)v X(p)/(t)ap) ’ (h(t)a k(t))] €Lt ([Oa T]v B([Ov T])a my; R)a we
have that [t — D (2,3)0(t, x(p)(t), x(p)' (1), p)-(h(t),k(t))] € £°([0, 7], B([0,T)); R).
Hence, for all v,w € R™,

[t = DH,(2,3)¢(t7 X(p)(t)7 x(p)'(t),p)-(v, ’LU)] € EO([Ov T]7 B([Ou T])7 ]R) Let (ei)1Si§2n
be the canonical basis of R™ x R™, and (e} )1<i<2n denotes its dual basis. Note that,
for all t € [0,T], we have

D 2,30t x(p)(),x(p) (1),0) = Y (Du, @36t x(p)(t),x(p) (), p) - €:)e;,

(5.11)

hence, as a composition of Borel functions, we obtain
[t = DH,(2,3)¢(t7 X(p)(t), X(p)/(t)vp)] € ‘CO([Oa T]v B([Ov T])a (Rn X Rn)*)
As compositions of Borel functions, we deduce of this property that
VE € N, [t — Tx(t)] € £°([0, T, B([0,T]); R). (5.13)

Since v is my-integrable on [0, T, from ([EI3) and (@I2), we obtain that I'y, is m;-
integrable on [0, T] for all £ € N. Hence we can do the following majorizations. For
all k € N, for all h € C1([0,T],R") s.t. ||hc1 <1, we have

|DH71(I)(X(7T1€), 7Tk) -h— DH)l(I)(X(F)), 7T) . h|

= | f[O,T] (DH,(2,3)¢(t7X(Wk)(t)vx(wk)l(t)vﬂk)

=D, (2,3)0(t, x(m)(t), x(7)'(t), 7)) - (h(t),h'(t)) dmy (1)

< Jo.oyCe@II(a(t), 0’ ()] dmy(t) < ([ig gy Tr(t) dma(t))[h]|c:

Taking the supremum on the h € C1([0,T],R") s.t. ||h||c: < 1, we obtain

Db ®(x(7k), 7k) — DEa®(x(7)), )l (o (fo.17,8m)) < /[O . Ly (t) dmy(t). (5.14)
Using (5.14) and (G.12]) we can apply the dominated convergence theorem of Lebesgue
to obtain that
]imk‘)Jroo ||DH11‘I)(X(7Tk),7Tk) - DH,I(I)(X(T"))v7T)H(Cl([O,T],R"))* = 0, and using the
sequential characterization of the continuity, we have proven the conclusion (c).
Proof of (d). Let 7 € B(m, o) and (mx)ken € B(mo, o) which converges to 7.
When k € N and ¢ € [0, 7], we set

A (t) = [ Dr(2,3,00(t x(mx) (8), X (mk)' (£), 7)) = D (2,3,0) 0t x(m) (£), x(m)' (£), 7) |,
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where the norm is the norm of (R” x R™ x Y)*. Using (vii), as compositions of
Borel functions we have

Vk € N, [t — Ar(t)] € £°([0,T], B([0,T]); R,). (5.15)

Proceeding as in the proof of (c) to establish (G.I4)), we obtain, for all w € Y and
for all h € C1([0,T],R") s.t. ||hljcr + ||| < 1,

[ Da®(x(m), 7k) - (h, @) = Da®(x(r)), m) - (h, @)| < (fio 7y Au(t) dma(t))(|[hllcr +
|lw|]), and taking the lL.u.b. on the (h, @) s.t. ||h|/c1 + ||| < 1, we obtain, for all
keN,

||DH(I)(X(7Tk), 7Tk) — DH(I)(X(TF), 7T)||(Cl([O)T]7]Rn)><Y)* S [ ]Ak(t) dml(t). (516)
0,T

From assumption (vi), we deduce that limg ..o Ag(t) = 0 for all £ € [0,7T].
Proceeding as in the proof of (c), we obtain 0 < Ag(t) < 2y(¢) for all Kk € N
and for all ¢ € [0,7]. Then we can use the dominated convergence theorem of
Lebesgue to obtain limy—, o0 [j 7y Ak(t) dmi(t) = 0. From (B.I4), we deduce that
limg—y o0 [ D ®(x(7), 78) — DH‘I)(X(TF),7T)||(Cl([O)T]7Rn)><y)* = 0, and using the
sequential characterization of the continuity, (d) is proven. O

Remark 5.6. Working as in the proof of Remark[5.3, if Y is separable, under
the assumption (vii) we obtain that [t — A (t)] is a Borel function without to use
assumption (vii).

Remark 5.7. We fiz # € B(m,0). The property on the integrability of [t —
Dy (2,3,00(t, x(m)(t), x(m)"(t), ) - (h(t),h'(t),w)] given in the conclusion (b) of
Lemma [53 implies the two following properties.

(1) [t~ Drad(t, x(m)(t), x(m)' (1), m)] € £1([0,T], B0, T]), R™; my).

(b2) [t Drso(t,x(m)(t),x(r) (t), )] € L1([0,T], B([0,T]), R™;my).

To prove them we consider (e;)1<i<n the canonical basis of R"™; we denote by e; the
constant function on [0,T] equal to e;. We have e; € C*([0,T],R™) and €, = 0.
Hence the function [t — Dy 2¢(t, x(m)(t),x(7) (t),7) - e; =

Dy (2,3,09(t, x(m)(t), x(m)"(t), ) - (€i(t),0,0)] is my-integrable on [0,T] for all i €
{1,...,n}, and so (bl) is proven.

Now we consider the function a; == [t — te;] € C1([0,T],R") for all i € {1,...,n}.
Hence the function [t — Dy 2d(t,x(m)(t), x(m) (t), 7) - a;(t)+

Dt (1, x() (1), X(xY (1), )-¢5) = D 3,540 9(0, x(m) (6, %' (6, ) (3 (1), (1), O)]
is my-integrable on [0,T] for all i € {1,...,n}.

Note that [t — Dg 2¢(t,x(m)(t), x(7) (t), 7) - (te;)] is a Borel function, and we have,
for all t € [0,T),

[Da (1, X(m) (1), x(x) (1)) - (te)] < |1 Dag(t,x(m) (0), x(n) (8), T T x| which
is my-integrable on [0,T]. Therefore [t — Dy 2¢(t,x(m)(t),x(m) (t),7) - (te;)] is
my -integrable on [0,T]. Since Dy sé(t,x(m)(t),x(7) (), 7) - e; =

(D26t x(m)(6), x(x) (0), 7) - (te)

+Dp3p(t,x(m)(t), x(m) (t),7) - €; — D ad(t, x(m)(t), x(7) (t), 7) - (te;)], we obtain
that [t — Dy sp(t,x(m)(t),x(m) (t),7) - €] is my-integrable on [0,T] as a difference
of my-integrable functions for all i € {1,...,n}; and so (b2) is proven.
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5.3. Euler equation.

Lemma 5.8. In the setting of Lemma [53, let m € B(m, ). Under conditions
(i-v) of Lemmal5d, The two following assertions are equivalent.
(i) Vh e Cjo([0,T],R™), Dpy1®(x(r),7) -h=0.
(ii) There exists c € R™ s.t. my-a.e. t € [0,T],
D sg(t, x(m)(t), x(m) (£), 7) = [i 4 Dr2d(s,x(m)(s), x(m)' (s), 7) dmy(s)+
c.
Proof. Setting M (t) := Dy 2¢(t,x(m)(t), x(m) (t), r) and
MN(t) := Dy sp(t,x(m)(t), x(w) (t),7) when t € [0,T], using Lemma [55] we obtain
that, for all h € C2°([0, T],R"™),

mﬂqqﬂmyh_Am@mwh@+mmwammm@. (5.17)

From Remark 5.7, we know that 9,0 € £1([0,77], B([0,T]), m1; R™). We define
P(t) := f[o 4 M (s) dmy(s); we have P € AC([0, T],R™) and J3'(t) = M(t) my-a.e.
t € [0,7]. When h € C*([0,T],R"), B -h € AC(]0,T],R) and the formula of
integration by parts ([13], Annexe) holds: f[o,T] P () -h(t) dmi(t) =B(T) -h(T)—
P(0) - h(0) — [ig 7y B(t) - B'(t) dmy(t), and since h(T) = h(0) = 0, we have

PB'(t)-h(t) dmy(t) = — PB(t) - h'(t) dmy(t). (5.18)

[0,77 [0,77
[(i) = (ii)] From (i), (5I1) and (BI), for all h € C°([0, T],R™), we have

0 = JiomM(t) - h(t) +N(t) - W' (1)) dma(t)

. n(P10-H0 910 () ds ()

= fOT] —B(t) - b'(t) + N(t) - b'(t)) dmy (¢)

= Jo.r ) = B(@)) - W' (t) dmy (t).
Hence using the DuBois—Reymond lemma ([6], Lemma 1.8, p.15) we obtain that
there exists ¢ € R™ s.t. N(t) = P(t) + ¢ my-a.e. t € [0,T] which is (ii)
[(ii) = (i)] For all h € C{ ([0, T],R"), note that f[O,T] c-h'(t) dmi(t) = [, 7
h)'(t) dmy(t) = c~h(T)—c~h(O) =0. Using (i) and (IB]:ZI) we have Dy, 1<I)( (m), )
h = [i 7(M(t)-h(t)+0(t)-b' (1) dmi(t) = i 7 (B'(£)-h(t)+B(t)-W' (1)) dma(t)+
f[O,T] c-h'(t) dmy(t), and using (EI8), we obtain DH71<I>( (m),7) - h = 0 which is
(). O
Lemma 5.9. Under (BsoL1), (BINT1), (BINT2) and (BINT3), the condition (BCON)

is equivalent to the linear independence of Dy 1G1(x(m0), m0), .., D 1Gr(x(m0), m0),
DH71H1($(7T0),7T0), ceey DH71H5(£L'(7T0),7T0) on C&O([O,T],Rn)

Proof. We want to use Lemma 5.8 with ¢ = v ,,, where 9, , is defined in (BCON).
About the assumptions (i-iv) of Lemma [E.5 note that (i) is a consequence of
(BINT2), (ii) is a consequence of (BsoL1), (iii) is a consequence of (BINT1), (iv) is a
consequence of (BINT2) Hence frorn Lemmam we know that ® : C1([0,T], M) x
P — R, defined by ®(x,7) := [ ¢ X (), m) dt = [ px,u(t,x(8), %' (1), 7) dt,
is Hadamard dlﬁerentlable at a:(wo) To reahze a proof, we proceeed doing a double
contraposition. The negation of (B6) is equivalent to: 3(\, u) € RF x R*\ {(0,0)},
dea,, € R™ st
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Dy 3o u(t; z(mo)(t), z(m0)' (t), m0) =

f[O,t] Dy othx u(s, x(mo)(s), x(m0) (s), o) dmi(s) + cap my-ae. ¢t € [0,7]. Using
Lemma [5.8] this last assertion is equivalent to: 3(\,u) € R¥ x R®\ {(0,0)} s.t.
D1 ®(x(m0), m0) = 0 on Cj ,([0, T],R™), i.e.

Zlgigk )\iDH)lGi(ZE(ﬂ'()), WO)_'—Zlgjgé ,ujDH)lHj(ZE(ﬂ'()), ) = 0 on C&O([O, T],R™).
This last assertion means the linear dependence of Dy 1G1(z(mo), 7o), ..,

Dy 1He(x(mg), mo) on C’&)O([O,T],R"). O

5.4. The dual space of Cj ([0, T],R").

Lemma 5.10. Let V and W be two real normed spaces. When (v*,w*) € V* x
W*, we consider the direct sum of v* and w*, v* & w* € (V x W)*, defined by
v* @ w*(v,w) = v*(v) + w*(w) for all (v,w) € V x W. We define the operator
S:V*XW* = (VxW)* by setting S(v*, w*) := v* dw* when (v*,w*) € V*x W*.
Then S is a topological isomorphism from V* x W* onto (V x W)*.

This result is given in [I] (Lemme 2, p.114) where its proof is left as an exercice
since it is very easy. We consider Af([0,T],R™), the set of the restrictions to [0, T'] of
the affine functions from R into R™. Note that o € Af([0,T],R™) means that there
exists (n,0) € R™ X R™ s.t. «a(t) =tn+ o for all ¢ € [0,T]. Clearly Af([0,T],R™)
is a vector subspace of C*([0, T],R™).

Lemma 5.11. C*([0,T],R™) = Af([0,T],R") ® Cj ([0, T],R™) (topological direct

sum,).

Proof. When ¢ € Af([0,T],R™) N C§,([0,T],R"), we have ¢(t) = tn + o for all
t €[0,T]. Since ¢ € Cjo([0,T],R"™) we have 0 = ¢(0) =0 and 0 = o(T) =Tn+o
which imply ¢ = n = 0, and consequently ¢ = 0. Hence we have established the
following property on the algebraic direct sum : Af([0,7T], R™)&*Cj o([0, T],R™) C
C([0,T),R™). When ¢ € C([0,T],R"), we set n := —((0) — p(T)), o := ¢(0)
and a(t) := tn+ o for all t € [0,T]. Hence we have a € Af([0,T],R"™). We define
¥ : [0,T] = R™ by setting ¢(t) := @(t) + % ((0) — ¢(T)) — ¢(0) for all ¢ € [0,T].
Note that v € C*([0, T],R"™), ¥(0) = ¢(0) — (0) = 0, and ¢(T') = o(T) + (¢(0) —
©(T))—¢(0) = 0. Hence we have 1) € C§ ([0, T],R™). We see that a(t)+1(t) = ¢(t)
for all t € [0,T], i.e. @+ = . And so we have proven that Af([0,T],R") @&°
Cio([0,T),R™) = C'([0,T],R™). Since dimAf([0,T],R") < +oo the subspace
Af([0,T],R") is complete, since Cj ([0, 7], R™) is closed in C* ([0, T],R™) which is
complete, when obtain the announced conclusion (cf. [19], Corollary 1.5, p.388) O

From this lemma, we can write

Using Lemma for V.= Af([0,T],R") and W = Cj,([0,T],R"), and de-
noting 81 : (A£([0,TL,RM)* x (Cho((0, T}, R")* — (C'([0.T], R"))", defined by
S1(x, A) := x ® A, we obtain

S1 € Isom((Af([0, T],R™))* x (Cg ([0, T],R™)*, (C* ([0, T],R™)").  (5.20)

Using Lemma 510 for V = R"™ and W = C°([0, 7], R"), and denoting Sy : (R")* x
(CO([0,T],R™))* — (R™ x C°([0, T],R™))*, defined by S2(3,0) := 3O, we obtain

Sy € Isom((R™)* x (C°([0,T),R™)*, (R™ x C°([0, T], R™))*). (5.21)
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The operator T : C*([0, T],R™) — R"xC°([0, T],R™), defined by T (z) := (z(0), '),
is a topological isomorphism. Hence (cf. [12], Theorem 4.13.4, p.173), its adjoint
satisfies the following property.

T* € Isom((R™ x C°([0, T], R™)*, (C*([0, T], R™))*). (5.22)
We denote by Rp : (R™)* — R"™ the isomorphism of F. Riesz and Fréchet ([23],
p. 81), and by Ry : (C°([0,T],R"™))* — NBV([0,T],R") the topological isomor-
phism of F. Riesz and Markov ([16], p. 365). We define the operator (Rp, Ras) :
(R")* x (C([0, T],R™))* — R" x NBV([0, T],R"), defined by (Rs, Ras)(B,©) i=
(Rr(B),Ra(©)). We easily verify the following property.
(Rr,Rar) € Isom((R™)* x (C°([0,T],R™))*,R" x NBV([0,T],R™)).  (5.23)
Now we can establish the following result.

Lemma 5.12. There exists an inner product on (Cj o([0,T], R™)*x (Cg o ([0, T], R™)*
which is continuous with respect to the usual topology of the product space.

Proof. We consider the operator
in: (Cé,o([ov T]an)* — (Af([ovT]an))* X (C(},O([Ov T]an)*v Zn(A) = (07 A)
(5.24)
This operator is linear continuous and injective. We introduce the following oper-
ator:
= (Rp,Ru)oS; o (T*) toS; oin. (5.25)
From (20), (21), (22), (623) and (524), we obtain that I' is linear con-
tinuous and injective. Now we build the operator A from (Cj([0,T],R™)* x
(C&O([O,T],Rn)* into (R™ x NBV([0,T],R"™) x (R™ x NBV([0,T],R™)) by setting

A= (Dopry,Topra) (5.26)

where pry and pry are the projections of (Cj ([0, 7], R™)* x (C§ ,([0, 7], R™)*. From
(525), we obtain that A is continuous on (Cg o([0,T],R™)* x (C{§ ([0, T],R™)*.
We consider the inner product (- | -)o on R™ x NBV([0,T],R™) defined by

T
«&mﬂ@me=@W®w+A(m@MﬁMwﬁ+@@Hm@mm

(5.27)
This inner product is continuous withe respect to the usual norm of
R™ x NBV([0,T],R™). The functional (- | -) := (- | -)o © A is an inner product
on (C§ ([0, T],R™)* x (C§ ([0, T],R™)* which is continuous as a composition of
continuous mappings. ([

5.5. Proof of Theorem [5.I Conclusion (I). Our strategy is to use Corollary
3.2. We start by doing the dictionary between the notation of Corollary and
the notation of Theorem B1l Let X := C'([0,T],R"), A :=C} ,.([0,T],R"), S :=
Co(0, 7). R), G := CX([0,7), M), f(x,m) = J(x,m) = [ Llt,x(t),'(t),m) dr,
9d(z,7) = Gi(x, ) = fOT gi(t, x(t), o' (t), m)dt when 1 <i <k, h)(z,7) = Hj(z,7) =
fOT h,(t,z(t),2'(t), ) dt when 1 < j < ¢, and z(7) = z(7).

Now we consider the assumptions of Corollary (A%puA) is fulfilled by using
Lemmal5.12l (A%SoL1) is a consequence of (BsoL1), and (A%S0L2) is a consequence
of (BsoL2).

To show that (A°Fon1) is fulfilled, we want to use Lemma [5.5] hence we ought
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to prove that the assumptions of Lemma are fulfilled. In the proof of Lemma
(9 we have noted that (Bsorl), (BiNTl), (BINT2) and (BINT3) ensure that the
conditions (i-v) of Lemma are fulfilled and consequently the conclusions (a),
(b) and (c) of Lemma [5.5] hold. Hence (A°FON1) results from the conclusions (b)
and (c) of Lemma 5.5 (AYCON1) results from the conclusion (a) of lemma
(AYcon?2) results from (BCON) and of Lemma 5.8 Then we can use the conclusion
() of Corollary B2l which permits to ensure that the conclusion (I) of Theorem 5.1l
is proven.

Conclusion (II). In the proof of the conclusion (I), we have yet proven that
(A%or1), (A%or2), (A°Fon1), (A%coN1) and (A°CON2) are fulfilled. Replacing
(BsoL2) by (Bsor2-bis), (A°sor2-bis) is fulfilled, and we can use the conclusion
(8) of Corollary B2l to obtain the conclusion (IT) of Theorem [B11

Conclusion (III). After the proofs of the previous conclusions, we know that the
assumptions (i), (ii), (iil), (iv) and (v) of LemmalG.5 are fulfilled. Note that (BINT3-
bis) implies that assumption (vi) of Lemma holds. Also note that (BINT4)
implies that the assumption (vii) of Lemma holds. Hence we can use the con-
clusion (d) of Lemmal[5.5l From this conclusion (d) we deduce that (A°FON2) holds.
Note that (BsoL2-ter) implies (A’soL2-ter). Hence we can use the conclusion (7y)
of Corollary B2l to obtain the conclusion (III) of Theorem 511
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