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Abstract

We investigate the value function of an infinite horizon variational
problem in the infinite-dimensional setting. Firstly, we provide an
upper estimate of its Dini-Hadamard subdifferential in terms of the
Clarke subdifferential of the Lipschitz continuous integrand and the
Clarke normal cone to the graph of the set-valued mapping describing
dynamics. Secondly, we derive a necessary condition for optimality in
the form of an adjoint inclusion that grasps a connection between the
Euler-Lagrange condition and the maximum principle.

Key Words: Infinite horizon, Dini-Hadamard subdifferential, Gelfand
integral, differentiability of the value function, Euler-Lagrange condi-
tion, maximum principle, spatial Ramsey growth model.

MSC2010 Subject Classification: Primary: 34A60, 49J50, 49J52;
Secondary: 49J53, 49K15, 90C39

OR/MS Subject Classification: Dynamic programming/optimal
control: Applications; Deterministic; Programming: Nondifferentiable

1 Introduction

Optimal control and dynamic programming are instrumental cornerstones
of modern economic growth theory originated in Ramsey [46]. In the gen-
eral reduced model of capital accumulation, necessary (and sufficient) con-
ditions for optimality are employed under the convexity assumptions on
utility functions and technologies for the investigation of the existence of
competitive equilibria and support prices; see Benveniste and Scheinkman
[8], Magill [44], Takekuma [62, 63]. Such well-behaving properties are promi-
nent in convex problems of optimal control explored in the classical work
by Rockafeller [AR8] with the full power of duality theory in convex analysis.
In particular, one of the advantages in convex economic models lies in the
crucial observation that the differentiability of the value function is guar-
anteed under the smoothness assumptions on the data; see Benveniste and
Scheinkman [[@, B], Bonnisseau and Le Van [U], Rincén-Zapatero and Santos
[@7], Takekuma [53].

On the contrary, the absence of convexity and smoothness are two major
sources of complex economic dynamics in continuous time as illustrated in
Askenazy and Le Van [B], Davidson and Harris [25], Hartl and Kort [37],
Skiba [61], Wagener [65]. More to the point, the difficulty with the lack of
convexity assumptions results in the failure of differentiability of the value
function even if the underlying data are smooth. Without convexity, one can
expect at best the Lipschitz continuity of the value function even for smooth
problems. This causes problems with expressing optimality conditions in
many nonconvex economic growth models when one attempts to apply the



Hamilton—Jacobi-Bellman (HJB) equation. Recall that the value function
is its unique solution whenever it is smooth.

The well-known failure of differentiability of the value function has stim-
ulated two alternative approaches in optimal control theory. One is the ap-
plication of a “generalized” subdifferential calculus along the lines of Clarke
[20], which eventually leads to the formulation of a relation between the max-
imum principle and dynamic programming whenever the value function is
locally Lipschitz continuous; see Clarke and Vinter [Z1], 22]. The other inde-
pendent development is the concept of “viscosity solutions” to the HJB equa-
tion initiated by Lions [43] (see also Crandall, Evans and Lions [23], Crandall
and Lions [24]), which makes use of the notion of Fréchet super- and subd-
ifferentials to claim that the value function is the unique viscosity solution
of the HJB equation. For the connections between the maximum principle
and the superdifferentials of the value function, see Frankowska [31, B4].

With this background in mind, we investigate the value function of an
infinite horizon variational problem in the setting of an infinite-dimensional
generalized control system. Our primary concern here is to go beyond con-
vexity, smoothness, and finite dimensionality aiming the possible applica-
tions to dynamic optimization in economic theory. Since the optimal eco-
nomic growth models are identified with a specific form of the general equi-
librium model with single representable consumer and firm, we can deal with
arich class of commodity spaces for capital stock, which appears as a Sobolev
space. In particular, spatial Ramsey growth models involve a location of each
agent along the lines of Hotelling [88], in which infinite-dimensional commod-
ity spaces naturally arise; see Boucekkine et al. [0, [T], Brito [I2], Brock et
al. [I3]. Applying our general result, we obtain another necessary condition
for optimality in spatial Ramsey growth models.

The purpose of this paper is twofold. Firstly, we provide an upper es-
timate of the Dini-Hadamard subdifferential of the value function in terms
of the Clarke subdifferential of the Lipschitz continuous integrand and the
Clarke normal cone to the set-valued mapping describing dynamics. As a
result, we obtain the strict differentiability of the value function under the
Fréchet differentiability of the integrand, which removes completely the con-
vexity assumptions of the earlier works by Benveniste and Scheinkman [,
%], Bonnisseau and Le Van [9], Rincén-Zapatero and Santos [47], Takekuma
[63]. For the (sub)differentiability of the value function in the context of fi-
nite dimensional control systems with a finite horizon, see the lecture notes
Frankowska [34].

Secondly, under an interiority assumption we derive a necessary condi-
tion for optimality in the form of an adjoint inclusion that grasps a connec-
tion between the Euler-Lagrange condition and the maximum principle. Our
interiority assumption is weaker than those in Benveniste and Scheinkman
[, B], Bonnisseau and Le Van [d], Takekuma [62, 53]. On the other hand,
when dynamics are described by a control system, such interiority assump-



tion may be omitted. To deal with the adjoint variable in dual spaces, we
introduce the Gelfand integrals of the Dini-Hadamard and Clarke subdiffer-
ential mappings, which is a new feature that does not arise in the context
of finite-dimensional control systems.

For the finite-dimensional control systems, necessary conditions with or
without convexity assumptions using limiting subdifferentials were obtained
in Toffe [40], Vinter and Zheng [54] in the finite horizon setting. The ones in
the infinite horizon setting using Dini-Hadamard, Clarke, and limiting subd-
ifferentials were derived in Aubin and Clarke [d], Cannarsa and Frankowska
[16], Sagara [49], Ye [66]. For control systems in Hilbert spaces, a neces-
sary condition under the convexity assumptions was obtained in Barbu [6]
in the infinite horizon setting. For Banach spaces and semilinear control
systems, the necessary and sufficient conditions were derived in Cannarsa
and Frankowska [[5] in the finite horizon setting when the set of velocities
is convex.

The organization of the paper is as follows. Section 2 collects prelimi-
nary results on subdifferential calculus on Banach spaces. In Section 3 we
formulate the nonconvex variational problem under investigation with the
standing hypotheses and demonstrate the Lipschitz continuity and subdif-
ferentiability of the value function. We derive in Section 4 necessary condi-
tions for the variational and optimal control problems. Section 5 applies our
main result to spatial Ramsey growth models. Appendices I and II discuss
Gelfand integral of multifunctions and the Gelfand integrability of the Dini—
Hadamard and Clarke subdifferential mappings, and the proofs of auxiliary
results and lemmas needed to obtain the main results.

2 Preliminaries

Let (E,|| - ||) be a real Banach space with the dual system (E*, E), where
E* is the norm dual of E. A real-valued function ¢ : £ — R is said to be
Gateauz differentiable at T € E if there exists an element Vi (z) € E* such
that

lim P =@ G 4 (2.1)
0—0 0
for every v € E; V() is called the Gateauz derivative of ¢ at z. If the
convergence in (ZI) is uniform in v € C for every bounded subset C' of
E, then ¢ is said to be Fréchet differentiable at T and V() is called the
Fréchet derivative of ¢ at T. A function ¢ is said to be strictly differentiable
at 7 if there exists Vo(Z) € E* such that

o 2+ 00) = pa)

T—T 9
6—0

= (Vp(7), v) (2.2)

and the convergence in (23) is uniform in v € C for every compact subset
C of E. Then V(Z) is called the strict derivative of ¢ at z. If ¢ is strictly



differentiable at z, then ¢ is Lipschitz near z; see Clarke [20, Proposition
2.2.1]. A function ¢ is said to be continuously differentiable at z if ¢ is
Gateaux differentiable at every « in a neighborhood O of  and the mapping
x +— V() is continuous from O to E*; ¢ is called a C!-function on E if
@ is continuously differentiable at any point in E. If ¢ is continuously
differentiable at Z, then ¢ is strictly differentiable at z; see Clarke [20,
Corollary, p.32]. A norm || - || on a Banach space E is said to be Gateaux
(resp. Fréchet) differentiable if || - || is Gateaux (resp. Fréchet) differentiable
on the open set E'\ {0}.

The support function s(-,C) : E* — R U {400} of a nonempty subset C
of E is given by s(z*,C) = sup,cc(z*, z). The polar CY of C is the set C¥ =
{z* € E* | s(z*,C) < 0}. The support function s: (-, K) : E — RU{+o0}
of a nonempty subset K of E* is defined by s(x, K) = sup,«cg (z*, x). The
polar K° of K is the set K = {z € E | s(z, K) < 0}.

Let ¢ : E— RU {400} be an extended real-valued function on E. The
effective domain of ¢ is the set of points where ¢ is finite and is denoted by
domy :={x € F | p(z) < +o0}. If ¢ is Lipschitz near Z € dom ¢, then its
Clarke directional derivative at Z in the direction v € F is defined by

©°(Z;v) := limsup plz +0v) — p(x)

T—T 9
010

and the Clarke subdifferential of v at Z is defined by
0°p(z) :={z* € E* | (z*,v) < p°(Z;v) Yv € E}.

Since the function v — ¢°(Z;v) is positively homogeneous and subadditive,
the set 0°p() is nonempty by the Hahn—Banach theorem, weakly* compact,
and convex in E*. Furthermore, the Clarke directional derivative is the
support function of the Clarke subdifferential

¢°(7;0) = s(v, 0°p(7))

for every v € E; see Clarke [20, Propositions 2.1.1 and 2.1.2]. Recall that the
function ¢ that is Lipschitz near T is said to be regular at Z if the classical
directional derivative

exists and ¢/ (Z;v) = ¢°(Z;v) for every v € E.

Let do : E — R be the distance function from a nonempty subset C of F
defined by dc(x) := infeee ||z —€||. Then d¢ is nonexpansive (i.e., Lipschitz
of rank one) on E. Let Z be a point in C. A vector v € F is called a tangent
to C at z if dg(Z;v) = 0. The set of all tangents to C' at Z is called the
Clarke tangent cone to C' at & and is denoted by

Te(z) = {v € E | d%(z;v) = 0}.



Then T¢(Z) is a closed convex cone because v — dg(Z;v) is nonnegative,
positively homogeneous, and continuous. An intrinsic characterization of
Tc(z) that is independent of the use of a distance function is as follows:
v € To(z) if and only if for every sequence {zy}nen in C with z, — Z
and every sequence {0, },en of positive real numbers with 6,, | 0, there is a
sequence {vp nen in E with v, — v such that x,, +6,,v, € C for each n € N;
see Clarke [20, Theorem 2.4.5]. Let B be the open unit ball in E. Define
the contingent cone Ko (Z) of tangents to C at T by

Ko@) ={veE|Ve>030€ (0,e)Iwev+eB:2+0weC}.

Then v € K¢ () if and only if there exist a sequence {6, },en of positive
real numbers with 6, | 0 and a sequence {v,}nen in E with v, — v such
that Z + 0,v, € C for each n € N. It is evident that T¢(z) C Ke(Z), but
K¢ (z) is not necessarily convex. The set C is said to be regular at z if
To(z) = Ko(Z). The polar of Te:(Z) is called the Clarke normal cone to C
at z, which is given by

Ne(@) = {z* € E* | (z*,v) <0 Vv € To(3)}.

The Clarke normal cone is characterized by N¢(Z) = w*-cl{{Jy>q A0°dc(Z)}
(see Clarke [20, Proposition 2.4.2]), where the right-hand side of the above
equality means the weak™® closure of the set. It follows from the bipolar
theorem (see Aubin and Frankowska [H, Theorem 2.4.3]) that T¢(z) is the
polar of N¢(z), i.e., To(z) = {v € E | (z*,v) <0 Vz* € No(Z)}. Denote by
epie = {(z,7) € ExR | ¢(x) < r} the epigraph of ¢. If ¢ is Lipschitz near
Z € dom ¢, then Tepi (T, p(Z)) = epi°®(Z;-) (see Aubin and Frankowska [H,
Theorem 2.4.9]), and hence, ¢°(Z;v) = inf{r € R | (v,7) € Tepio(Z, p(T))}
Therefore, if ¢ is Lipschitz near Z, then

Fp(r) ={z" € E” | (27, =1) € Nepi (T, p(7))}-

The lower directional derivative (or contingent, or Dini-Hadamard di-
rectional subderivative) of ¢ : E— RU{+o0} at Z € dom ¢ in the direction
v € F is defined by

540w — ofT
¢ (Z;v) := lim inf PlT +6u) = o(7)
U—V 0
010

e RU{£oo}

and the upper directional derivative (or Dini—Hadamard directional super-
derivative) of ¢ at T in the direction v € E' is defined by

Z;v) = lim sup p(T + 0u) — p(7)
U—v 9
040

The Dini-Hadamard subdifferential of ¢ at Z is defined by

ot ( € RU {#o0}.

O p(z):={z* € E* | (x*,v) < ¢ (T;v) Yv € E}



and the Dini—Hadamard superdifferential of ¢ at z is defined by
0t p(z) == {a* € E* | (2*,v) > o (Z;v) Vv € E}.

Because of the plus-minus symmetry with ¢~ (z;v) = —(—¢)"(x;v) and
0~ p(T) = =07 (—)(T), it is enough to investigate lower directional deriva-
tives and Dini-Hadamard subdifferentials in what follows. Since

Kepip(7, (7)) = eple™ (T; )
(see Aubin and Frankowska [H, Propositions 6.1.3 and 6.1.4]),
¢~ (@) =inf{r e R| (v,7) € Kepiy(,9(2))} € RU {£o0}
with the convention that inf ) = +o00. Therefore, if T € dom ¢, then
0~ p(7) = {2* € E* | (2%, —1) € Kepi (T, 9(2))°}.

Unlike Clarke directional derivatives, the lower directional derivative
mapping v — ¢~ (Z;v) fails to be convex although it is positively homo-
geneous. Thus, except for a smooth or a convex function ¢, it is rather
typical that 0~ (%) is empty at some points for a lower semicontinuous or
even a locally Lipschitz function. Note that 0~ ¢(Z) is weakly* closed and
convex. If ¢ is locally Lipschitz, then ¢~ (z,v) < ¢°(Z;v) for every v € E,
and hence, 0~ ¢(Z) C 9°p(z). In particular, if ¢ is also regular at z, then
0~ (Z,v) = ¢°(Z;v) for every v € E and 0~ ¢(Z) = 0°¢(Z). Note also that
if  has the strict derivative Vo (Z) at € E, then 0~ p(Z) = {Vo(Z)}.

A generic existence of Dini-Hadamard subdifferentials is assured in the
following result.

Theorem 2.1 (Ioffe [89, @&1]). Let E be a Banach space admitting an equiv-
alent Gateauz differentiable norm and ¢ : E — RU {400} be a lower semi-
continuous function. Then the set {x € E | 0~ p(x) # 0} is dense in dom ¢.

We recall that any separable Banach space has an equivalent Gateaux dif-
ferentiable norm; see Fabian et al. [28, Theorem 8.2].

The next extends the well-known representation of the normal cone to
the set determined by the inequality constraint.

Proposition 2.1. Letp; : E —- R, i =1,2,...,m, be continuous real-valued
functions and

C:={z€E|pi(x)<0,i=1,2,....,m}.

Define the active constraint indices at z € C by I(z) := {i € {1,2,...,m} |
0i(Z) = 0}. If ; is strictly differentiable at T for each i € I(Z) and the
constraint qualification 0 ¢ co{V;(z) | i € I(Z)} is satisfied, then

Nc(i) = Z )\ngpl(f) € E* | N > 0Vie I(:Z‘)
icl(z)

6



The proof is provided in Subsection A because we could not find this result
in the literature for arbitrary Banach spaces.

3 Value Functions for an Infinite Horizon Problem

3.1 Nonconvex Variational Problems

Denote by Ry = [0,00) the unbounded interval of the real line with the
Lebesgue measure and the Lebesgue o-algebra £. A function =z : Ry — F
is said to be simple if there exist x1,x9,...,2, € E and I1,1s,...,I, € L
such that x(-) = >, x;xr,, where xr,(t) = 1if t € I; and xz,(t) = 0
otherwise. A function x(-) is said to be strongly measurable if there exists a
sequence of simple functions {x,(-)}nen from Ry to E such that ||x,(t) —
z(t)|] = 0a.e.t € Ry. A strongly measurable function x(+) is locally Bochner
integrable if it is Bochner integrable on every compact subset I of R, that
is, |, I ||x(t)||dt < oo, where the Bochner integral of x(-) over I is defined by
fI t)dt := limy, [} z,(t)dt. Let Ll (R4, E) be the space of (the equivalence
classes of) locally Bochner integrable functions from Ry to F.
A function z(-) : Ry — E is said to be strongly differentiable at t > 0 if
there exists v € E such that
lim x(t+h) —x(t) .
h—0 h
The vector v is denoted by #(t) and called the strong derivative of x at t.
Denote by I/Vlicl (R4, E) the Sobolev space, which consists of locally Bochner
integrable functions x : Ry — E whose strong derlvatlve z(t) exists a.e.
t € Ry \ {0} with i(-) € L} (Ry, E) and x(t fo s)ds + x 0) for every
t 6 R+ For each n € N, define the seminorm pu, on VVIOC (Ry, E) by
= [ (=) + ||a:( )||)dt. Since {pun}tnen is a countable separating
famlly of seminorms, I/Vl (R+, E) is a Fréchet space under the compatible
metric d given by
pin (2 () — () 11
d(x(-),y(-)) = max 0+ (@() — ()] 2(-),y(-) € Wl (R4, E).
An element in W (R+,E) is called an arc. When R, is replaced by a
compact interval I of R4, the above definition simply leads to that of the
Sobolev space W1(I, E) normed by [|z(-)|[11 = [;([|z()] + [|&(¢)])dt.
Let L : Ry X Ex E — RU{+00} be an integrand. Given an arc
z(-) € VVIEC1 (R4, E), the improper integral is defined by

T

/t T Ls,a(s),i(s))ds = Tim [ L(s,x(s), 5(s))ds

T—oo t

for every t € Ry provided that the above limit does exist. Let I' : Ry X
E ~~ E be a multifunction. The variational problem under investigation is



to minimize the improper integral functional over the feasibility constraint
governed by the differential inclusion:

inf / L(s, 2(s), i(s))ds
z(eWL([t,00),E) Jt

loc

s.t. &(s) € (s, z(s)) a.e. s € [t,00), x(t) =&.

(Pr)

An arc satisfying the above differential inclusion is called an admissible tra-
jectory. Define the set of admissible trajectories starting at time ¢t € R
from a given initial condition £ € E by

Awe) = {w(‘) € Whk([t,00), B) | #(s) € T(s,2(s)) a.e.s € [t,00), 2(t) = g} :

Then the value function V : Ry x E — RU {£o0} is defined by

V(t,&):= inf /tOOL(s,w(s),¢(s))ds.

z(-)E.A(t,g)

Here, we set inf () = +oo if A ¢ is empty or if for every x(-) € Apyg) the
integral [ L(s,x(s),4(s))ds is not well-defined. The effective domain of
V is given by domV = {(t,z) € Ry x E | V(t,z) < +o0}; V is said to be
proper if dom V' is nonempty and V (¢,£) > —oo for every (¢,£) € Ry x E.
For every (t,€) € domV, an admissible trajectory z(-) € Ay is said to
be optimal for (P7) if it satisfies [ L(s, z(s), &(s))ds = V (t,§) > —oc. For
given z € E, the multifunction I'(-,xz) ~ E is said to be measurable if the
set {t e Ry | T'(¢t,2) N O # 0} belongs to L for every open subset O of E.
The standing hypothesis are described as follows.

(Hi1) At is nonempty for every (¢,€) € Ry x E.
(Hg) L(-,z,y) is measurable for every (z,y) € E x E.

(Hg) There exist an integrable function /; : Ry — R, and alocally bounded,
integrable function I : Ry — Ry such that

|L(t,0,0)] < (?)
and
L(t,@,y) — L(t, 2", y)| < h(®) |z — 2" + L2(t)]ly = ¥/
for every t € Ry and every (z,y), (¢/,y) € E x E.

(Hy4) T has nonempty closed values.

(Hs) T'(-,z) is measurable for every x € E.



(Hg) There exist a locally integrable function v : Ry — R, such that
I'(¢,0) C y(t)B

and
U(t,x) CT(t,2") +~(t)||z — 2’| B

for every t € Ry and z,2' € E.

(H7) The Lipschitz modulus functions satisfy the integrability conditions:

/Ooo [exp (/05 7(7)d7-> (1 + /08 ’y(T)d7‘> (11(s) + la(s)7(s)) | ds < oo.

Since the integrand L is assumed to be a Carathéodory function in (Hs) and
(Hs), it is jointly measurable on Ry x E x E with respect to the product
o-algebra £ ® Borel(E, || - ||) ® Borel(E, || - ||) whenever E is a separable
Banach space; see Aubin and Frankowska [H, Lemma 8.2.6]. Hence, L is
a normal integrand; see Appendix BA=3 for the definition. Hypothesis (Hry)
guarantees the integrable boundedness of {L(-,z(-), &(-)) | z(-) € A} over
the interval [t, 00) for every (¢,£) € R4 x E and is needed to prove Theorem
B0 below.
In the rest of the paper, E is assumed to be separable.

Theorem 3.1. If (Hy)—(Hy) hold, then V is bounded and lower semicontin-
uous on Ry X E, and V (t, -) is Lipschitz of rank k(t) on E for every t € Ry
with a continuous decreasing function k : Ry — Ry satisfying k(t) — 0 as
t — o0.

The proof is deferred to Subsection Bl

Remark 3.1. Since we impose the conditions which guarantee the inte-
grability of the integrand on the set of admissible trajectories, the opti-
mality criterion is unambiguous. When the integrability condition over the
infinite horizon fails, there are several optimality criteria; see Carlson et
al. [I7], Seirstad and Sydseeter [b0], Zaslavski [67]. For the derivation of
the necessary condition under (weak) overtaking optimality in the finite-
dimensional setting, see Halkin [36], Takekuma [52, b3].

3.2 Subdifferentials of the Value Function

In the following we always assume that optimal trajectories for (Pg) exist.
To obtain an existence result in our framework, one needs standard convex-
ity hypotheses. For the case with finite-dimensional control systems with
an infinite horizon, see Cannarsa and Frankowska [I6]. For the case with
reflexive, separable Banach space valued semilinear control systems with a
finite horizon, see Cannarsa and Frankowska [IH].



Let us denote by LI (t,Z,y;v) the upper partial directional derivative
of L(t,-,§) at Z € E in the direction v € E; L} (t,,7;v) has an obvious
meaning. Then 9; L(t, Z,%) is the Dini-Hadamard partial superdifferential
of L(t,-,y) at T; 8;L(t,a_c,g) has a similar meaning. The Clarke partial
directional derivatives Lg(t,7,y;v) and Ly (t,Z,y;v), and the Clarke partial
subdifferentials 07L(t,Z,y) and 9,L(t,7,y) are defined in a similar way.
Recall that dp ;) : £ — R is the distance function from the set I'(t,r) and
denote by Np( ,)(y) C E* the Clarke normal cone to I'(t,z) at y € I'(t, x).

We need another continuity assumption on I' that replaces (Hj):

(H5) T'(-,z) is lower semicontinuous for every = € E.

Our results below concern the subdifferentiability of the value function.
We neither impose any convexity assumptions, nor request the interior-
ity of the optimal trajectory. This improves results from Benveniste and
Scheinkman [[@, 8], Bonnisseau and Le Van [d], Rincén-Zapatero and Santos
[@7], Takekuma [53].

Theorem 3.2. Let zo(-) € A ) be an optimal trajectory for (Po). If (H1)-
(H,), (H.), (Hy), and (H.) hold, then:

() Vi (t,olt)sdo(t) — v) < L{t,ao(t),v) — L{t, zolt), dolt)) a.e. t € Ry
for every v € I'(t, zo(t));

(i) =0, V(t,zo(t)) C 9yL(t, xo(t), 20(t)) + Nr(t,zo(r)) (Z0(t)) a.e. t € Ry.
Moreover, if L(t,zo(t),-) is Gateaux differentiable at io(t), then:
=0, V(t,z0(t)) C VyL(t, zo(t), Zo(t)) + Nr(rao)(o(t)) a.e. t € Ry.

Furthermore, if V(t,-) is regular at xzo(t) and 0,V (t,xzo(t)) is a singleton,
then V (t,-) is strictly differentiable at xo(t) with:

—V.V(t,xo(t)) = VyL(t,zo(t), Zo(t)) + q(t) a.e. t € Ry,

where q : Ry — E* is a Borel measurable selector from Nrp(. 5. (Zo(+)) :
R4 ~» E* with respect to the weak™ topology of E*.

For the proof, see Subsection B2

Example 3.1. Let g; : Ry x EX E —- R, i=1,2,...,m, be Carathéodory
functions and define the velocity multifunction I' : Ry x E ~» E by

L(t,z) :={y € E|gi(t,z,y) <0,i=1,2,...,m}.

Let zo(-) € T/Vlicl(RJr,E) and

I(t) == {i € {1,2,...,m} [ gi(t, xo(t), #o(t)) = O}
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be the active constraint indices at (¢,xo(t),Zo(t)) € Ry x E x E. Assume
that g¢;(t,z0(t),-) has the strict derivative at do(t) for each i € I(t) and
the constraint qualification 0 ¢ co{V,g;(t, zo(t),Zo(t)) | ¢ € I(t)} holds. It
follows from Proposition EZ1 that:

Nrtaoy (@o(t) = § D AiVygi(t,zo(t), £o(t)) € E* [ A > 0 Vi € I(t)
icl()

Under the hypotheses of Theorem B2, we have

~V,V(t,zo(t)) = VyL(t, mo(t + ) Nt Vygilt, zo(t), (1))
1el(t)

for some \;(t) > 0 with ¢ € I(t). By the measurable selection theorem,
the mapping ¢ — A;(¢) can be chosen in a measurable way. Under the
convexity hypothesis with the constraint qualification, Rincén-Zapatero and
Santos [A7] provided sufficient conditions for the differentiability of the value
function with the finite-dimensional state constraint without the interiority
conditions (Hg) below.

4 Euler—Lagrange Conditions and the Maximum
Principle

4.1 Necessary Conditions under the Interiority Assumption

A function p : Ry — E* is said to be locally absolutely continuous if its
restriction to the bounded closed interval [0, 7] is absolutely continuous for
every 7 > 0, i.e., for every 7 > 0 and £ > 0 there exists § > 0 such that
0<ti<m<ta<m<-<t, <7 <7and ) ,|t; — 7| < 0 imply
Sory lp(ti) — p(m)|] < e. A function p(-) is said to be weakly* differentiable
at t > 0 if there exists z* € E* such that

t+h)—p(t
lim <p(+)p()’$> = (z*,xz) for every x € E.
h—0 h

Then vector x* is called the weak™ derivative of p at t and is denoted by p(t)
with d(p(t),z)/dt = (p(t), z) for every x € E.

We impose a feasibility assumption on the perturbation around a specific
optimal trajectory xo(-) € A(gy¢) as follows.

(Hg) For every T' > 0 there exists 7 > 0 such that

(xo(t) + nB,20(t)) C gphT'(¢,-) a.e. t €[0,T).

11



This is equivalent to saying that for every T' > 0 there exists n > 0 such
that a.e. t € [0,7] we have @o(t) € I'(t,zo(t) + nv) for every v € B. (Hg)
is a weaker condition than the interiority condition imposed in Benveniste
and Scheinkman [R]:

(Hg) There exists n > 0 such that

(xo(t) +nB,20(t)) C gphI'(t,-) ae. teR,.

Furthermore, (Hg) is a partial improvement of the interiority condition im-
posed in Benveniste and Scheinkman [7]:

(Hg) There exist T'> 0 and n > 0 such that
(l’o(t) + 7737:b0(t) + 77B) - gphr(ta ) a.e.t € [OaT]
Define the Hamiltonian H : Ry x E x E* — R U {+o0} by

H(t,x,z*):= sup {(z*,y)— L(t,z,y)}.
yel'(t,z)
Now we are ready to present an extension of the Euler-Lagrange neces-
sary condition and the maximum principle with the transversality condition
at infinity. In the theorem below we use the notions of weak* scalar mea-

surability and Gelfand integrals whose definitions are recalled in Appendix
B

Theorem 4.1. Suppose that (Hy)—(H,), (Hy), (Hg), (H,), and (Hs) hold.
If 9,V (0,20(0)) is nonempty and 8; L(t, zo(t), &o(t)) is nonempty a.e. t €
Ry, then for every z* € 0; V(0,20(0)) and weakly* scalarly measurable se-
lector f : Ry — E* from the Dini—-Hadamard superdifferential mapping
OFL(,xo(-),@0(+)) : Ry ~» E* the locally absolutely continuous function
p: Ry — E* defined by p(t fo ds — x* as a Gelfand integral satis-
fies:

(i
(ii

) —p(t) € 8 V(t,zo(t)) for everyt € Ry;

)
(ii)

)

)

p(t) € 9y L(t, 0(t), 20(t)) + Nr(t,eo(r)) (Z0(t) a.e. t € Ry;
p(t) € O L(t, xo(t), to(t)) a.e. t € Ry;
H(t,zo(t), p(t)) = (p(t), &o(t)) — L(t,z0(t)), 20(t)) a.e. t € Ry;

hm p( ) =0,

(iv
(v

where p(t) denotes the weak® derivative of p(-) at t € Ry. In particular, if
07V (0,20(0)) is nonempty, then 0,V (t,zo(t)) is nonempty for every t €
R,.
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For the proof, see Subsection B33.

If gphT'(t,-) is convex on which L(t,-,-) is convex for every ¢t € Ry,
then H(t,-,x*) is concave on E for every z* € E* and H(t,z,-) is convex
on E* for every x € E. It thus follows from the Fenchel duality that the
Euler-Lagrange conditions (ii) and (iii) of Theorem BT are equivalent to
the familiar Hamiltonian conditions & (t) € d,H (t,z0(t),p(t)) and —p(t) €
Oz H (t,xz0(t),p(t)) respectively; see Rockafeller [A8, Theorem 6].

Remark 4.1. Theorem BT yields that “singular” points propagate for-
ward along optimal trajectories, i.e., if the Dini-Hadamard subdifferential
9,V (0,20(0)) # 0 is not a singleton, then so does 9, V (t,zo(t)) for every
t € R;. In the finite-dimensional control systems, this observation is done
also in Takekuma [562] for fully convex variational problems and in Cannarsa
and Frankowska [I6] for optimal control problems whose set of velocities
are convex. Note that the nonemptiness of 9, V(0,z((0)) is an innocuous
assumption because the set of points at which 9; V (0, -) is Dini-Hadamard
subdifferentiable is dense in the separable Banach space E by Theorem 2.

Remark 4.2. Even if the Dini-Hadamard subdifferential 9, V' (¢, zo(t)) is
a singleton, the strict derivative V,V (¢, z0(t)) might not exist because of
the lack of convexity of the lower directional derivative v — V. (¢, zo(t); v).
This observation makes a sharp contrast with the case where the Clarke sub-
differential 03V (¢, zo(t)) is a singleton, in which case 9V (¢, xo(t)) coincides
with V,V (¢, 20(t)); see for detail the proof of Clarke [P0, Proposition 2.2.4].

4.2 Necessary Conditions without the Interiority Assump-
tion

Hypothesis (Hg) in Theorem BT is stringent, mostly because the velocity
multifunction I' is too general. Hence, a “structural assumption” on the
optimal trajectory zo(-) compensates this generality. If instead some “struc-
tural” assumptions are imposed on I', then hypothesis (Hg) can be omitted.
To illustrate this observation, we consider standard optimal control prob-
lems.

Let X be a complete separable metric space, f : R x E x X — E be
a velocity function, and U : Ry ~» X be a control multifunction. Denote
by M(R4,X) the space of measurable functions on R} with values in X.
Define the integrand L : Ry x E x X — R by L(t, z,u) := L(t, z, f(t,z,u)).

The optimal control problem under consideration is as follows:

inf / Lt 2(t), u(t))dt

e()eW L (Ry,E) Jo

u(-)EM(R4,X) (150)
s.t. u(t) € U(t) ae. t € Ry,

z(t) = f(t,z(t),u(t)) ae. t e Ry, x(0) =¢&.

13



The Hamiltonian for problem ([Pd) is given by:

H(tax7m*) = Ssup {<l‘*,f(t,$,u» —E(t,x,u)}
uelU(t)

The velocity multifunction is defined by I'(¢, ) := f(t,x,U(t)). Now impose
“usual” assumptions on f and U in order that I' satisfies (H;)—(H,), (H:),
(Hg), and (H,). Note that 9;" L(¢, z, u) is nonempty at (¢,z,u) € Ry x ExX
whenever so is @%L(t, x, f(t,z,u)) and f(t,-,u) is Gateaux differentiable at
x.

Denote by L(F) the space of bounded linear operators on E.

The following reasonable hypothesis is a “structural assumption” on f
that dispenses with (Hg).

(Hg) (i) f is a Carathéodory function, i.e., f(-,x,u) is measurable for
every (z,u) € E x X and f(¢,-,-) is continuous for every ¢t € R.

(ii) For every R > 0 and 7" > 0 there exists an integrable function
k :[0,7] — R such that:

(@) ||f(t,z,u)|| < k(t) for every t € [0,T], 2z € RB, and u € U(t);
(b) f(t,-,u) is Lipschitz of rank k(¢) on RB for every t € [0,T]
and u € U(t).

(iii) f(t,-,u) is Fréchet differentiable on E for every (¢,u) € Ry x X
and the mapping (¢,z,u) — V. f(t,z,u) is continuous in the
uniform operator topology of L(E).

Conditions (Hg)-(i), (ii) guarantee the existence of solutions of the integral
equation

z(t) = /Ot f(s,z(s),u(s))ds + & for every t € Ry

for any control u(-) € M(R4, X), where the locally absolutely continuous
function z(+) : Ry — F is a unique mild solution to the ordinary differential
equation (ODE) in (Pd) (see Fattorini [29, Theorem 5.5.1]), which has the
strong derivative #(t) a.e. t € R4 in view of the separability of £ and the
Lebesgue differentiation theorem.

Let (xo(:),uo(-)) € Wécl (R4, E) x M(R4, X) be an optimal trajectory-

control pair for optimal control problem (Pd). Denote by V. f (s, zo(s), uo(s))*
in L(E*) the adjoint operator of Vf(s,zo(s),uo(s)) in L(E).

Theorem 4.2. Suppose that (Hy)—(H,), (H), (Hy), (H,), and (Hy) hold
with T'(t,x) = f(t,z,U(t)). If 97V (0,20(0)) is nonempty and the Dini-
Hadamard superdifferential mapping 0f L(-, 20(-), uo()) : Ry ~ E* admits
a locally Bochner integrable selector, then there exists a locally absolutely
continuous function p: Ry — E* such that:
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(i) —p(t) € OV (t,zo(t)) for everyt € Ry;

(i) p(t) € Oy L(t, xo(t), f(t,z0(t), uo(t))) + Nr(r,ao(wy) (f (£ 20(t), uo(t))) a.e.
teRy;

(it}) —p(t) € Vaf (t,20(t), uo(t))"p(t) — OF L(t, wo(t), uo(t)) a.e. t € Ry

(iv) g(t,xo(t%p(t)) = (p(t), £(t, z0(t), uo(t))) — L(t,z0(t), uo(t)) a.e. t €
+5
(v) lim p(t) =0,

t—o00

where p(t) denotes the strong derivative of p(-) at t € Ry. In particular,
if 07V (0,20(0)) is nonempty, then 05V (t,zo(t)) is nonempty for every t €
R, .

The proof is provided in Subsection B=3.

Remark 4.3. The existence of locally Bochner integrable selectors from the
Dini-Hadamard superdifferential mapping t ~ 9 L(t, zo(t), uo(t)) follows
from (Hs) and (Hg) whenever E* is separable in the dual norm. For the
case with nonseparable E*, the Fréchet differentiability of the integrand
L(t,-,-) on Ex E and the continuity of (¢, z,y) — (V. L(t,z,y), VyL(t,z,y))
in the dual norm of E* x E* guarantee the local Bochner integrability of
t > Vo L(t, zo(t), uo(t)) in E* under (Hsz) and (Hg). If Oy, L(t, o (t), Zo(t))
is nonempty, then take any (p,q) € 9, L(t, zo(t), @0(t)) and observe that
for every v € E and u € U(t), we have:

Ltz uv) < LY (62, f(t,2,u);v, Vo f (£, 2,u)0)
< (p,v) +{q, Vo f(t,z,u)v) = (p+ Va f(t,z,u)"q v).
Thus, instead of using the function g : Ry — E* in the proof of Theo-
rem B2 below, we could use as well any locally Bochner integrable selector

(a(t), B(t)) € Oy, L(t,x0(t), Zo(t)) and write the adjoint equation involving
9(t) = alt) + Vaf(t.zo(), uo(£))*5(2).

5 An Application: Spatial Ramsey Growth Mod-
els

5.1 Ramsey Meets Hotelling

Consider the spatial Ramsey growth model with a general reduced form
explored in Boucekkine et al. [0, 1], Brock et al. [I3], Brito [12], Camacho
et al. [[4] in the specific form. Let I = [0, 1] be the unit interval such that
the endpoints 0,1 € I are identified. Then I is homeomorphic to the unit
circle in which a spatial parameter § € [ is a location of agents along the
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lines of Hotelling [BR]. Let W : Ry x Ry x I — R be a function such that
W(-,-,0) is an instantaneous utility function at location 6 € I satisfying
W(a,b,0) = W(a,b,1) for every (a,b) € Ry x Ry, where a denotes a capital
stock and b a net investment. Let F': Ry x Ry x I — R4 be a function such
that F(-,-,6) is a production function at € satisfying F(a,c,0) = F(a,c,1)
for every (a,c) € Ry x R4, where ¢ denotes a consumption and output
F(a,c,0) is a net investment at 6 for every (a,c). Let r > 0 be a discount
rate. For simplicity, we assume no depreciation of capital stock.

Let x : Ry x I — R4 be a capital stock trajectory in which x(¢,0) is
a current capital stock, dx(t,0)/0t is a current capital accumulation, u :
R4 x I — R, denotes a consumption trajectory in which u(t, @) is a current
consumption, and 7 : Ry x I — R denotes a net transfer trajectory in which
7(t,0) is a current net transfer, respectively at period ¢ € Ry and location
0 € I. The capital accumulation process is described by

dx(t, 0)
ot

for a.e. t € Ry and for every 6 € I. If 7(¢,0) = 0, then the model describes
an autarkic economy in which no capital movement occurs among locations;
see Brito [12]. For the case where 7(¢,0) is a parabolic term, see Boucekkine
et al. [0, 0], Brito [I2], Camacho et al. [I4]. The choice of function spaces
depends upon the specification of a transfer term. Following the foremen-
tioned works, we focus here on the autarkic case in which capital stock and
consumption change smoothly in locations.

Let C%(I) be the space of twice continuously differentiable functions on I
with their values equal at the end points 8 = 0, 1, endowed with the C?-norm
]l c2(ry := supger{]x(0)|+ |2 (0) + |2 (0)|}, which makes C*(I) a separable
Banach space. Denote by C2 (I % (I) the positive cone of C?(I) consisting of all
nonnegative functions in 02 (I). The problem under investigation is:

max / / ”W< (t,0), axé %) 9) dodt

ox(t,0)
s.t. v F(x(t,0),u(t,0),0), u(t)eU(t) Q)

a.e.t € Ry for every 0 € I,
x(t,0) = z(t,1), u(t,0) = u(t,1) a.e. t € Ry,
£(09) for every 0 € I.

= F(xz(t,0),u(t,0),0) + 7(t,0)

8
=

)
N—

I

Here, the control set U(t) is a subset of C%(I) for every t € Ry. The
maximization is taken over all nonnegative functions z(-,-) in the function
space such that z(-,0) is a.e. differentiable on R for every § € I with
x(t,-) and Oz(t,-)/0t belonging to C2(I) a.e. t € Ry, and over all functions
u(-,-) such that u(t,-) € U(t) and u(-,0) is measurable on Ry for every
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0 € I satisfying the parametrized ODE above, where the initial condition at
location 6 is given by £(6) with & € C2(I).
Throughout this section, we assume the following.

Assumption 5.1. (i) W has an extension to R x R x I (which we do not
relabel) such that W (a, b, -) is measurable on I for every (a,b) € RxR,
W (-,-,0) is continuously differentiable on R x R for every 6 € I, and
its partial derivatives are bounded uniformly in (a,b,0) € R x R x I.

(ii) F has a thrice continuously differentiable extension to R x R x I (which
we do not relabel) such that every partial derivative of any order less
or equal 3 is bounded uniformly in (a,c,0) € R x R x 1.

(iii) There exists a bounded closed subset X of C2 (I) such that U(t) C X
for every t € R,

Define the integrands L : Ry x C?(I) x C*(I) — R by
Lt ().u() = =< [ Wia(6),4(6).0)as

and L: R, x C%(I) x X - R by

L(t,x(-),u(-)) := —e_”/IW(x(H),F(:U(H),u(H),9),9)d9

respectively. Consider the velocity function f : C?(I) x X — C?(I) defined
by

Here, f(-,u(-)) is Fréchet differentiable on C?(I) and its Frechet derivative
Vaef(x(-),u(-)) € L(C?(I)) can be calculated as

Vel u0)) = ZEDU, )

for every v(-) € C%(I). By construction, it is evident that

L(t,2(-), u(-)) = L(t, (), f(2(-), ul(-)))

for every (z(-),u(-)) € C%(I) x X. Define the velocity multifunction I' :
Ry x C*(I) ~ C*(I) by T(t, () := f(z(-), U(t))-

We then convert the problem ([Jd) into the minimization one of the
form (Pd) in the setting with F' = C%(I) and X € C2(I). If (xo(-), uo(-)) €
VVlicl (Ry,C2%(I)) x M(Ry, X) is an optimal trajectory-control pair of (Pd),
then (xo(+), uo(-)) is a solution to the associated problem ([Jd), and vice versa
because any admissible trajectory of (E) stays in the nonnegative orthant.
It is easy to see that Assumption bl guarantees hypotheses in Theorem E=2.
In particular, Hypothesis (Hy) is satisfied whenever r > 0 is large enough.
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5.2 Necessary Conditions for Optimality

Let C(I) be the space of continuous functions on I endowed with the sup
norm and ca(l) be the space of signed Borel measures on I. Since each
x € C%(I) is represented by

x(0) = x(0) + 2/(0)0 —|—/ / w)dwdo  for every 0 € I

with z(0),2'(0) € R and 2” € C(I), the Banach space C?(I) is identified
with the direct sum R@® R @® C(I). Hence, C*(I)* = R®@R @ ca(I) and each
x* € C?(I)* has the form

(z*,z) = apx(0) + a12'(0) + /a:"(@)d,u for every x € C*(I)
I

for some constants ap, a1 € R and a signed Borel measure p € ca(l); see
Dunford and Schwartz [27, Exercise IV.13.36]. Hence, the adjoint variables
in the spatial Ramsey growth model take values in R ® R & ca(I).

Let (2(+),uo(+)) € WHL(R,, C?(I)) x M(R4, X) be an optimal trajecto-
ry-control pair of (Pd) and V : R, x C%(I) — R be the value function. A
direct calculation shows that for every v € C2?(I) we have

t,0),20(t,0),0
(Vo Lt 00, dn(e)), ) = —e [ PADEA0D:D), )
I da
To evaluate the above integral define a( ) == OW (x0(t,0),20(t,0),0)/0a,
= — fe w)dw, and B(0) := — fg w)dw. The double use of integra-

tlon by parts ylelds

/Ia(ﬁ)v(ﬁ)dG = /A

— — A(0)v(0) + BO)W/(0) + / B(O)"(0)d0

W aolt,0),50(1,0).0)
_ /I : d0v(0)

+/I [/91 8W(m0(t,9),io(t,w),w)dw] 40w (0)

Oa

+/I [/91 /01 aw(xo(t,Ggfo(t,w),w)dwda] o(8)d6.

Henceforth, we obtain

(Vo L(t, zo(t), 20(t)),v) = ao(t)v(0) + a1 (t)v’(0) + /v”(ﬁ)d,u,(t)

I

with

e—rt/aw(wo(tg)ai()(ta 0)79)d9,
I

aop(t) = — 9a
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_ rt// 8W xo xo(t OJ) )dwdﬁ,

d t
:U’doe — —Tt/ / aW IO .’130( (U) )dCL)dO',

where po(t) € ca(I) is given by its Radon-Nikodym derivative dy(t)/d6.
Hence, V L(t, zo(t), 2o(t)) = ao(t) ay(t) B uo(t) € R&ER @ ca(l). Similarly,
replacing o by a(0) = OW (zo(t,0),20(t,0),0)/0b in the above argument
with integration by parts yields

(V, L(t, 2o(t), do (1)), v) = e /1 aW(xO(t’?f““’9)’9)v(9)d9

— bo(£)0(0) + b ()0 (0) + /I o (0)dvo (1)

with
bo(t) = _e—rt/ OW (xo(t, 0), 2o(t, 0)’9)d9,
ob
— _ rt// OW (ot mo(t w),w )dwdH,
dUO — 7'r't aW .CEO xo(t w) )
d6 - / / dusdo.

Hence, Vy L(t, zo(t), Zo(t)) = bo(t) ® b1(t) B vo(t) € RER & ca([).

If ¢ € C%(I) is a point such that 0, V(0,£) is nonempty (see Remark
A1), then in view of Theorem B=2 there exists a locally absolutely continu-
ous function p : Ry — C?(I)* such that (i) —p(t) € 9,V (¢,70(t)) for every
t € Ry; (ii) p(t) = VyL(t,zo(t),20(t)) + q(t) a.e. t € Ry, where ¢ : Ry —
C?(I)* is a Borel measurable selector from ¢ ~ Np 4ot (Zo(t)) with re-
spect to the weak* topology of C2(I)*; (iii) —p(t) = Vaf(wo(t),uo(t))*p(t) —
Vo L(t, 2o(t), 2o (t)) a.e. t € Ry; (iv) H(t, zo(t), p(t)) = (p(t), f(z0(t), uo(t)))—
L(t,zo(t),uo(t)) a.e. t € Ry; (v) limy_yoo p(t) = 0. Since q is represented as
q(t) = Bo(t) @ P1(t) ®r1(t) € ROR® ca(l), condition (ii) can be written as
p(t) = (bo(t) + Po(t)) & (b1 (t) + p1(t)) & (vo(t) +v1(t)) ae. t € Ry. Since

Vo L(t, zo(t), uo(t))
=V L(t, zo(t), 20(t)) + VyL(t, zo(t), 0(1))Va f(z0(t), uo(t))
= Vo L(t,zo(t), 2o(t)) + Vo f(zo(t), uo(t)) (p(t) — q(t)),

condition (i) yields —p(t) = —(a0(t) ® a1 (£) io(£)) + (1) Vo (0(), uo(1),
and hence, p(t) = (ao(t) —ao(t))®(a1(t) —on(t))® (po(t) —pa(t)) with setting
9. F(@o), (1)) = ao(®) ® on(t) ® pa(t) € R & B © cal).

Define the new adjoint variable by 7(t) := e"'p(t) and denote it by
(t) = mo(t) @ mi(t) @ A(t) € RER @ ca(l). The transversality condition
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at infinity can be written as limy_,o, e "*7(t) = 0. It follows from condition
(iii) that

fo(t) = rmo(t) — / aW(wO(t’gf(’(t"))’(’)de—e”ao(t) (5.1)
a1 (t) = rmy(t // oW ( x”‘” xO(t 1) dodh — ton(t)  (5.2)
. 8Wacgtw xo(tw) w)

A()(A) = / / / dudods
—e" ,Ul

a.e. t € Ry for every A € L. Hence, any stationary point (zZ,7) € C?(I) x

C?(I)* of the dynamical system corresponding to do(t) = 0 and 7(t) =
with the adjoint equations (B)—(B33) is determined by the following condi-
tions:

F(i‘(),ﬂ(), ) =0,
Fo =71 < / OWL0).0.0) a0(0)> ,

Fppe </ /1 ded@ —1—041(0)> )
_ 1 (/ / / IW(E(@),0.:9) it + iy (0 )(A)>

for every A € L

along with (ag(t), a1(), w1 (£)) = (o(0), a1(0),  (0))e™.

A Appendix I

A.1 Proof of Proposition 21

Since Te(z) C Ke(2), if v € To(Z), then there exists a sequence {6, }nen of
positive real numbers with 6,, | 0 and a sequence {v, }nen in E with v, — v such
that Z 4 60,,v,, € C for each n € N. Thus, ¢;(Z + 6,v,) < 0 for each ¢ € I(Z). Since
; is strictly differentiable (and hence Gateaux differentiable) at T, we have

A 00) 0 E) ¢y (BT o, ) <o

On

for each i € I(Z), where «; is a Lipschitz modulus of ¢;. Hence, Tc(Z) C {v € E |
(Vpi(Z),v) < 0VielI(x)} Since 0 & co{Vyi(Z) | i € I(Z)}, by the separation
theorem, there exists v € E such that sup;c ;) (Vpi(7),0) =1 —¢ < 0. Let {z }nen
be a sequence in C with z,, — Z and {6, } n,en be a sequence of positive real numbers
with 6, | 0. Then @;(z,) <0 and

lim sup @iy +0,0) < lim sup @i(Tn + 0,0) — pi(Tn)

n— oo Qn n—o0 Qn

= (Vg (7),7) < 0.
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Thus, for every n sufficiently large, we have @;(x, + 0,0) < 0 for each i € I(Z).
Consequently, =, + 6,0 € C for every n sufficiently large, and hence, v € T (Z).
Let v € E be such that (Vy;(Z),v) < 0 for each ¢ € I(Z). For o € (0,1) define
Vo = a¥ + (1 — a)v. Then (Vp;(Z),vs) < 0 for each ¢ € I(Z). Similar to the
case for v, we have v, € Tc(Z). Since v, — v as @ — 07, taking the limit yields
v € Te(Z). Therefore, To(Z) = {v € E | (Vi(Z),v) <0Vie I(z)}.

Set A = > icrm RiVei(2). Clearly, (z*,0) < 0 for every z* € A and
v € Te(Z), and hence, A C N¢(Z). We claim that A = N¢(Z). Toward this end,
we first show that A is weakly* closed. Let {z%*} be a net in A converging weakly*
to o with @}, = 7,75 AYVi(2) for each v. Then (z},v) — (z,v). Since
Yicia M (Vei(Z),0) < =37 A < 0 for each v, the net {(A7,..., A} )}
is bounded in RY, where I(z) = {i1,...ir} with & < m. Thus it has a sub-
net converging to some (A;,...,A; ) in Rk Hence, x converges weakly™ to
T =Y ier@ ANiVei(Z) € A Assume for a moment that there exists p € N¢(Z)
such that p ¢ A. By the separation theorem, there exists y € FE such that
0 <sup,.c4(y* y) < (p,y). Since A is a cone, we must have sup,.c 4 (y*, y) = 0 im-
plying that (V;(Z),y) <0 for each ¢ € I(Z). Therefore, y € Tc(Z) and (p,y) < 0.
The obtained contradiction yields A = N (Z). O

A.2 Gelfand Integrals of Multifunctions

Let I be a nonempty closed subset of the real line R with the Lebesgue measure
and the Lebesgue o-algebra £. Denote by Borel(E*, w*) the Borel o-algebra of the
dual space E* generated by the weak* topology. A function f : I — E* is said
to be weakly* scalarly measurable if the scalar function (f(-),z) is measurable for
every ¢ € E. If F is a separable Banach space, then E* is a locally convex Suslin
space under the weak™ topology. In this case, a function f : I — E* is weakly™
scalarly measurable if and only if it is measurable with respect to Borel(E*, w*);
see Castaing and Valadier [[9, Theorem III.36]. A weakly™* scalarly measurable
function f is said to be weakly* scalarly integrable if (f(-),z) is integrable for every
x € E. Further, a weakly* scalarly measurable function f is said to be Gelfand
integrable (or weakly integmble) over a given set A € L if there exists =% € E*
such that (z%,z) = [,(f A z)dt for every x € E. The element x% is called the
Gelfand (or weak*) zntegml of f over A and is denoted by [, fdt. Note that
every weakly™ scalarly integrable function is Gelfand integrable over I as shown in
Aliprantis and Border [1, Theorem 11.52].
A multifunction ® : T ~» E* is said to be upper measurable if the set {t €
I| ®(t) C O} belongs to L for every weakly* open subset O of E*; ® is said to
be graph measurable if the set gph® := {(t,z*) € I x E* | z* € ®(t)} belongs
to £ ® Borel(E*, w*); ® is said to be weakly* scalarly measurable if the scalar
function s(x, ®(-)) : I — R U {£oo} is measurable for every x € E, where we set
s(z,0) := —oco. When ® has empty values on a null set N, we can extend it to I
with nonempty values at every point by setting ®(¢) := {O} for t € N, preserving
its upper, graph, and weak* scalar measurability. A functlon f:I— E*iscalled a
selector of @ if f(t) € ®(t) a.e. t € I. If F is separable, then an a.e. nonempty-valued
multifunction ® : I ~» E* with measurable graph in £ ® Borel(E*, w*) admits a
Borel(E*, w*)-measurable selector; see Castaing and Valadier [I9, Theorem II1.22).
If F is separable and ® has a.e. nonempty, weakly* compact, convex values, then @ is
weakly* scalarly measurable if and only if it is upper measurable (see Aliprantis and
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Border [0, Theorem 18.31]), and in this case, ® admits a Borel(E*, w*)-measurable
(or equivalently, weakly* scalarly measurable) selector; see Aliprantis and Border
[0, Theorem 18.33] or Cascales et al. [IR, Corollary 3.1].

A multifunction @ : I ~ E* with a.e. nonempty values is integrably bounded if
there exists an integrable function v : I — R such that sup,.cq@) [|2*]] < 7(t) a.e.
t € I. If @ is integrably bounded with measurable graph, then it admits a Gelfand
integrable selector whenever E is separable. Denote by S the set of Gelfand in-
tegrable selectors of ®. The Gelfand integral of ® is conventionally defined as
[ ®dt :={[ fdt| f € S4}. If ® is an integrably bounded, weakly* closed, convex-
valued multifunction with measurable graph, then | ®d¢ is nonempty, weakly* com-
pact, and convex with s(z, [ ®dt) = [ s(z, ®(t))dt for every x € E whenever E is
separable; see Cascales et al. [I8, Proposition 2.3 and Theorem 4.5].

A.3 Gelfand Integrals of Clarke and Dini-Hadamard Subd-
ifferential Mappings

An £ ® Borel(E, || - ||)-measurable function L : I x E — R U {400} is called a
normal integrand if L(t,-) is lower semicontinuous on E for every t € I. For a
given measurable function z(-) : I — E, let L : I x E — R be a function such that
(i) L(-,z) is measurable for every x € E; (ii) there exist € > 0 and an integrable
function k : I — R such that |L(¢,2)—L(t,y)| < k(t)||x—y|| for every z,y € x(t)+cB
and t € I. The Clarke subdifferential mapping ¢ ~» 95L(¢,z(t)) is an integrably
bounded multifunction from I to E* with weakly* compact, convex values. In view
of the fact that L2 (¢, z(t);v) = s(v,05L(t,x(t))) for every t € I and v € E, the
Clarke subdifferential mapping 05 L(-, z(+)) : I ~> E* is weakly* scalarly measurable
if and only if the Clarke directional derivative function L (-, z(-);v) : I — R is
measurable for every v € E. This holds in particular when FE is separable (see
Clarke [20, Lemma, p. 78 and the proof of Theorem 2.7.8]), and hence, in this case,
OSL(-,z(-)) admits a Gelfand integrable selector.

We summarize the above result on the Gelfand integrability of the Clarke sub-
differential mapping together with the results in Subsection B=1 as follows.

Proposition A.1 (Cascales et al. [[8], Clarke [20]). Let E be a separable Banach
space and I be a nonempty closed subset of R. If, for a given measurable function
x: I — E, the function L : I x E — R satisfies the following conditions:

(i) L(-,z) is measurable for every x € E;

(ii) There exist € > 0 and an integrable function k : I — R such that |L(t,z) —
L(t,y)| < k(t)||lz — y|| for every z,y € x(t) +eB and t € I;

then the Clarke subdifferential mapping OSL(-,x(-)) : I ~ E* has a Gelfand in-
tegrable selector and the Gelfand integral [ O3L(t,z(t))dt is weakly* compact and
convex with

s(v,/ldzL(t,x(t))dt) :/Is(u,a;L(t,x(t)))dt:/IL;(t,x(t);v)dt

for every v € E.

A similar result holds for Dini-Hadamard subdifferential mappings, but the
proof is rather different from the one for Clarke subdifferential mappings since it
involves a geometric aspect using the contingent cone and its polar.
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Theorem A.1. Under the hypothesis of Proposition A, if L is a normal integrand
with Oy L(t,z(t)) # 0 a.e. t € I, then the Dini—-Hadamard subdifferential mapping
Oy L(-,x(:)) : I ~ E* has a Gelfand integrable selector and the Gelfand integral
J Oy L(t, (t))dt is weakly* compact and convex with

I

s (v,/IaTL(t,x(t))dt> = /s (v, 0, L(t,x(t))) dt

for every v € E.

Recall that a multifunction I' : I ~» E is said to be measurable if the set
{t eI |T(#)NO # 0} belongs to L for every open subset O of E. Denote by
I'Y: I ~~ E* the polar mapping of I' defined by T'°(¢) := T'(t)°.

Lemma A.1. Let E be a separable Banach space. If T' : I ~ E is a measurable
multifunction with nonempty closed values, then its polar mapping IT° : I ~» E*
has the graph in £ ® Borel(E*, w*) and T° admits a weakly* scalarly measurable
selector.

Proof. Let {gn}nen be a Castaing representation of T', that is, each g, : I — E
is a measurable selector of I' such that cl{g,(t) | n € N} = I'(¢) for every ¢t € I.
Since (t,z*) — (x*,gn(t)) is L @ Borel(E*, w*)-measurable for each n € N (see
Castaing and Valadier [9, Theorem II1.36]) and s(x*,T'(t)) = sup,,(z*, gn(t)) for
every ¥ € E* and t € I, gphI'¥ is £ ® Borel(E*, w*)-measurable. Therefore,
I'Y admits a Borel(E*, w*)-measurable, and hence, weakly* scalarly measurable
selector. O

Proof of Theorem [A. Define the multifunction I" : I ~» E x R by

L(t) = Kepi 11, (2 (), L(t, 2(1)))-

Since L is a normal integrand, the epigraph mapping ¢t ~ epi L(t, -) is a nonempty,
closed-valued multifunction with its graph in L&Borel(E xR, ||-||); see Castaing and
Valadier [M9, Lemma VII.1]. It follows from Aubin and Frankowska [H, Theorem
8.5.1] that I' is a measurable multifunction with nonempty closed values. Then
by Lemma B, the polar mapping I'° : I ~» E* x R of I has the graph in £ ®
Borel(E* x R, w*). Define the multifunction ® : I ~» E* x R by

O(t) :=T(t) N (B* x {~1}) = { (2", ~1) € Kepir(e,(z(t), L(t,z(t)))°} -

Then ®(t) # 0 a.e. t € I and gph ® belongs to £ ® Borel(E* x R, w*). Therefore,
® admits a weakly* scalarly measurable selector, and hence, there exists a weakly™
scalarly measurable function f : I — E* such that (f(¢), —1) € ®(¢) a.e. t € I. Since
f(t) € 07 L(t,z(t)) and the Dini-Hadamard subdifferential mapping 9, L(-,z(-)) is
integrably bounded, f is Gelfand integrable. Under the assumptions of the theorem,
0, L(t,x(t)) is nonempty, weakly* compact, and convex a.e. t € I. Therefore, the
Gelfand integral of 9 L(-, z(-)) is nonempty, weakly* compact and convex, and the
desired equality holds as noted in Subsection A= O

Remark A.1. Note that unlike Clarke directional derivatives, the lack of convexity
of the function v — L (¢, z(t); v) leads to the failure of the equality L, (¢,z(t);v) =
s(v,0; L(t,x(t))) even if 9, L(t,z(t)) is nonempty. This is a disadvantage of the
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use of Dini-Hadamard subdifferentials because 9, L(t, z(t)) may be empty even if
L(t,) is Lipschitz on x(t) +eB. On the other hand, if L(t, -) is strictly differentiable
at x(t), then its Dini-Hadamard subdifferential is the singleton {V,L(t, x(¢))}. See
also Remark A2 for a further discussion.

B Appendix II
B.1 Lipschitz Continuity of the Value Function

The following result is a special case of Frankowska [83, Theorem 1.2], which is an
infinite-dimensional analogue of the celebrated Filippov theorem; see Filippov [30].
Note that the solution concept adopted in Frankowska [33] is a mild solution to an
evolution differential inclusion involving semigroups of unbounded linear operators.
As in our case the semigroup is given by the identity operator, it follows from the
Lebesgue differentiation theorem that the mild solution has a strong derivative that
is Bochner integrable whenever E is separable.

Lemma B.1 (Frankowska [ 3]). Let E be a separable Banach space and [to,t1] be
any closed interval in Ry. If (Hy), (Hs), and (Hg) hold, and y(-) € Wt ([to, t1], E)
is such that t = dp ) (Y(t)) is integrable with y(to) = & € E, then for every
¢ € E and € > 0 there exists x(-) € WHi([to,t1], E) such that:

(i) #(t) € T(t,z(t)) a.e. t € [to, t1] with z(tg) = &';

@) ()~ (0] < oo | :ws)ds)
<(le= €+ [ drcptitonds +<— )

for every t € [to, t1];

t
i) [166) = 000 < ex ([ 3(6)ds) 2O €11+ 0~ 10) + e (30 +
t
a.e. t € [to,t1]. ’
Proof of Theorem B. Take any (t,£) € Ry x E. Since, by (Hg), every admissible

trajectory x(-) € A satisfies the inequality [|Z(s)| < v(s) + v(s)[|z(s)|| a.e.
s € [t,0) by (Hg), the Gronwall’s inequality yields

fee < esp ([ amiar) (el + [ ariar ) = mants) < o0

for every s € [t,00). It follows from (Hg) and (H7) that

|L(s,2(s), 2(s))| < 11(s) + li(s)vye) (5) + L2(8)(v(8) +v(8)7)e) (5) = Ky (s)

and ke (-) is integrable over [t,00). Therefore, V is bounded. Furthermore, it
follows from | [ L(s, (s ) i(s))ds| < [ kye(s)ds that for every e > 0 there exists
to € Ry such that | [ L(s, x(s), @(s))ds| < e for every T > to and z(-) € Apg).
This implies that sup,yca, ., [V(T,2(T))| = 0as T — oo for every (t,£) € Ry x E.

Next, we demonstrate the Lipschitz continuity of V(¢,-). Let £, & € E be arbi-
trary. Take any ¢ > 0 and T € [t,00). Then by (H;) and the Bellman principle of
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optimality, there exists z(-) € A(,¢) such that ftT ,x(s), &(s))ds+V (T, z(T)) <
V(t,§) + €. It follows from Lemma B that there ex1sts zT() € Whi([t,T), E)
such that:

(i) 7(s) € I'(s,2T(s)) ae. s € [t,T] with 27 (t) = ¢/;

om|@T@>—x@ﬂ|<em>([svvyh)umﬂ—a«+ds—t»ﬂnewwyse[aTk

mﬂIWT@)—¢@W<&mp(lﬁvvﬁh>v@ﬂﬂﬁ—fﬁ+ds—ﬂ)+s&&se[uTL

Take any x7(-) € A7 (ry) and define yr(-) € Ayey by yr(-) = 7 (-) on [t,T]
and yr(-) = z7(:) on (T,00). As observed in the above, we obtain

lim |[V(T,2"(T))| = lim |V(T,yr(T))| < lim sup |V(T,z(T))| =0.
T—o0 T—o0 T OOZ(')EA(t’g/>

Similarly, limp_, o V(T,2(T")) = 0. By the Bellman principle of optimality, we have
T
V(LE) - V() < [ Lo (60,87 ())ds + V(T (D)
t
T
- [ Lsalo)ils)ds - V(Ta(D)) +
t

T

S/t [11(9) ]|z (s) — z(s)]| + L2(s)[|£7 (s) — @(s)][] ds
+V(T,25(T)) = V(T,2(T)) + ¢

<ki@)IE" =€l +e(T = 1) + k() (€ = &l +e(T — 1))
+ V(T, xT(T)) —V(T,z(T)) + ¢,

where we set in the last inequality k1 (¢ ft exp f . (T)dr)li(s)ds and ko(t) ==
[ exp([; v(7)dr)la(s)v(s)ds. Since € is arbltrary, we obtaln

V(t.€) = V(t,) < k)IE — &l + V(T,2™(T)) = V(T,z(T))

for every T € [t,00) with k(t) := k1(t) + k2(t). Then k: Ry — R is a continuous
decreasing function with k(t) — 0 as t — oco. Letting T — oo in this inequality
yields V(¢,£) =V (t,€) < k(¥)||€' —&||. Since the role of £ and &’ is interchangeable
in the above argument, we have demonstrated that V (¢, ) is Lipschitz of rank k()
on E for every t € Ry.

Finally, we show the lower semicontinuity of V. Toward this end, fix t € Ry. It
suffices to show that V (-, £) is lower semicontinuous on R for every £ € E. Indeed,
since we have

V(t, &) — k@) &l < V(. &)
for every (t',¢') € Ry x E, taking the limit inferior in the both sides of the above
inequality yields

liminf V(¢ liminf V(¢
PRVO S i, VO,

Take any t' € Ry. If t/ € [t,00), then
vwa§1'<sﬂ><»w+vux<» (B.1)
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for every x(-) € A¢). Since V(#',-) is Lipschitz of rank k(t') < k(t), we obtain
[V, z®t) = V(&) < k(t)]|z(') —&|| — 0 as t' | t. Taking the limit inferior in
the both sides of (B) yields

V(t,§) < liminf V(#',£).

Similarly, if ¢ € [0,¢) with ¢ > 0, then for every € > 0 there exists y(-) € A(t,€)
such that

¢
[ L) i) + Vy(0) < V(EL) + 2 (5.2
t/

Since V'(t,-) is Lipschitz of rank k(t), we have

V() = V(£
/t' y(s)ds

< K(B)ly(t) - €]) = k(1)
guwlf%@+w@MM@Mdssuw/’h@»+wﬂwwwﬂd&%o

’ +

as t' Tt and
t t
/uw@amws/wmm&w
t’ t/

as t' 1 t. Hence, taking the limit inferior in (B32) yields

V(t,¢) < liItIllTitan(t',E) + €.
Since ¢ is arbitrary, we obtain
V(t, &) < liminf V(¥ €).
t'—t

Therefore, V (-, &) is lower semicontinuous at every ¢t € R... O

B.2 Subdifferentiability of the Value Function
Denote by o(h) > 0 the Landau symbol with limy o h~to(h) = 0.

Lemma B.2. Suppose that (Hy), (Hf), and (Hg) hold. Let t € Ry be such that
the strong derivative o(t) exists and v € T'(t,x0(t)) be arbitrarily fixzed. Then for
every h > 0 there exists x(-) € WH([t,t + h], E) such that:

(i) Zn(s) € I'(s,zn(s)) a.e. s € [t,t+ h| with xp(t+ h) = zo(t + h);
(i) [Jen(t) = zo(t) — h(Zo(t) — v)|| = o(h);
(i) [l () = vllLr qeen1) = o(h)-

Proof. Define yp(s) := zo(t + h) — sv for s € [0,h] and the multifunction T, :
R x E ~ E by

Tn(s,z) = {_F(t+h_ s,x) if s € [0, A,

—T'(t, ) if s € (h,00).
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By (Hg), we have Iy (s, yn(s)) C T'n(s, zo(t))+(t4h—s)(l|lzo(t+h)—zo(t) || +Rl|v])) B
for every s € [0, h], which yields the inequality

dr, (s,yn () (Fn(5)) < dr, (s,20(0) (=) + 7+ h = s)([z0(t + h) — o ()] + hl[v]]).

Since the multifunction (s,h) ~» T'h(s,zo(t)) is lower semicontinuous, the dis-
tance function (s,h) = dr, (s,z0(+))(—v) is upper semicontinuous; see Aubin and
Frankowska [8, Corollary 1.4.17]. Let o(s,h) = dp, (s,0o0))(—v) and @(h) =
SUpyeqo,n P8, h). Then for every ¢ > 0 and h > 0 there exists s, € [0,h] such
that ¢(h) < p(sp,h) + €. Since s, — 0 as h | 0 and ¢ is upper semicontinu-
ous at the origin with (0,0) = dp(t,(+))(v) = 0, taking the limit superior of the
above inequality yields limsupy, o @(h) < limsupy, o @(sn,h) +¢ < e. Since ¢ is
arbitrary, we have limp o ¢(h) = 0. Consequently, it follows from the inequality
lzo(t + h) — zo(t)[] < hllZo(t)]| + o(h) that

dr, (s.yn(s)) (Un(8)) < @(h) +(t +h = s) (A2 (B)[] + [[v]]) + o(R)).

By Lemma B applied with € = h, there exists z(-) € W11([0, k], ) such that
2(s) € Tx(s,2(s)) a.e. s € [0, h] with 2(0) = yn(0) = zo(t + h) satisfying

h h
I=(s) = yn(s)| < exp ( JRG —r)dT) ( / dw,yhmyh(r))dr+h2>
t+h
< exp (/t 7(7’)d7’>

t+h
X <h¢(h)+(h(|:ﬁo(t)|| + ||v\|)+0(h))/t V(T)dTJth) = o(h)

and

h
12(s) — gn(s)| < h* exp (/0 Y(t+h— T)dT> Y(E+h =)+ dr, (s,y.(5)) (Un () + 1

t+h
< B2 exp (/ v(f)d7> Yt +h—s)+ 3(h)
t
+(t+h = s)(h(|zo (@) + [[v]]) + o(R)) + h
for a.e. s € [0, h]. Integrating the both sides of the above inequality over [0, h] yields

12(-) = gn ()l fo,n))

t+h t+h
= /t V(T)dr <h2 exp (/t v(T)dT> + h(l[Eo ()] + [lvll) + O(h)>

+ h@(h) + h* = o(h).

Set x4(7) := z(t + h — 1) for 7 € [t,t + h]. Then z,(t + h) = 2(0) = zo(t + h)
and Zp(7) = —2(t+h—71) € —Th(t+h—71,25(7)) = T(7,24(7)) a.e. 7 € [t,t + h).
Thus, condition (i) is verified. Since ||z (t) — yn(h)|| = ||z(h) — yn(h)|| = o(h), we
have ||z (t) — xo(t + k) + hv|] = o(h). Hence, ||zn(t) — zo(t) — h(Zo(t) — v)| <
llzn(t) — xo(t + h) + ho|| + ||lzo(t + h) — mo(t) — hio(t)|| = o(h) and we obtain
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condition (ii). In view of @p(7) = —2(t + h —7) and gp(t + h — 7) = —v, we
obtain |45 (-) — vl L1 () = 19n(-) = 2(-)|lL1([0,n)) = o(h), which implies condition
(i) O
Proof of Theorem B3. (i): Let t > 0, v € T'(t,z0(t)), and z,(-) € WHI([t, ¢t +h], E)
be as in the claim of Lemma B™. By condition (ii) of Lemma B, for every
s € [t,t + h] we have

[2n(s) = 2ol < llzn(s) = zn(®)]| + [z (t) — zo(®)]|
< hllwh(t)ll +o(h) + hll#o(t) — ||

h(y(#) + @) lza(®)]]) + hllzo(t) — vl + o(h)
h(y(@) + (@) (lzo (D) + hlldo(t) — vl 4 o(h)) + hl|Zo(t) — v]]
+ o(h)

h(y(t) + @) [[zo (] + hll#o(t) — vl + o(h),

which yields the following estimates:

t+h t+h
/t L(s,zp(s),2n(s))ds f/t L(s,xo(t),v)ds

t+h
< / [L1(s)l[zn(s) = zo(@)]| + l2(8)[|2n(s) —v[[] ds
' t+h
< (h(y(@) + 7@ lzo ) + Rll20o(t) — vl + o(h)) /t li(s)ds

+ sup  la(s)[|[Zn(-) — i1t e4n)) = 0(h).
sE[t,t+h]

By the separability of E' and Frankowska, Plaskacz and Rzezuchowski [85, Theorem
2.5], there exists a subset I of R such that the Lebesgue measure of its complement

Ry \ I is zero with limpoh~! ftt+h L(s,z,v)ds = L(t,x,v) for every (t,z,v) €
I x B x E. We thus obtain

t+h t+h
lﬁ% N / (s,zn(s), n(s))ds = l}gré h/ (s,zo(t),v)ds = L(t,x0(t),v)

for every t € I. Let t € Ry be a Lebesgue point of L(-, zo(+), Zo(+)). By the Bellman
principle of optimality, we have

t+h
Vt,zp(t)) < / L(s,zp(s),2n(s))ds + V(t + h,zo(t + h)).

Subtracting V (¢, zo(t)) = tt+h L(s,x0(s),%0(s))ds + V(t + h,zo(t + h)) from the

both sides of the above inequality yields

t+h t+h
/t L(s, o (s), i (s))ds — /t L(s, 2o (s), d0(s))ds
> V(b an(t) — V(b w0(t)) > Vit 0(t) + hlio(t) — v)) — Vit 20()) — olh)

because of the Lipschitz continuity of V(¢,-). Dividing the both sides of the above
inequality by h > 0 and taking the limit inferior as h — 0 yield the inequality

Vr_ (t, LC()(t>; Lii'o (t) — ’U) < L(t, o (t), ’U) — L(t7 .T()(t), i‘o(t)).
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Since v € I'(t, zo(t)) is arbitrary, the above holds true for any such v.

(ii): Take any z* € OV (t,z0(t)). If u € Kp( (1)) (F0(t)), then there exist a
sequence {6, }nen of positive real numbers with 6,, — 0 and a sequence {uy }nen
in E with u,, — u such that #o(t) + O,u, € I'(t,z0(t)) for each n € N. Since it
follows from condition (i) that V7 (¢, zo(t); —Onun) < L(t,20(t), To(t) + Opuy) —
L(t,xo(t), o(t)), we have

L(t, wo(t), &0 (t) + Onun) — L(t, 20 (t), E0(t))

* = <
<‘r ) Un> — an

Letting n — oo in the both sides of the above inequality yields
(—a*,u) < Ly (t,wo(t), &o(t); u) < L(t, xo(t), do(t); u) (B.3)

for every u € Kr zo))(L0(t)). Suppose, by way of contradiction, that —z* ¢
9y L(t,20(t), 0(t)) + Nr(t,e0(t)) (Z0(t)). Since Oy L(t, xo(t), Zo(t)) is weakly* compact
and convex and Ny z,(4+)) (40 (t)) is weakly* closed and convex, 9y L(t, zo(t), Zo(t)) +
Nr(t,20(1)) (0(t)) is weakly* closed and convex. Then by the separation theorem,
there exists v € E such that

*

(at)> s o+ s (o)
y* €09 L(t,x0(t),20(t)) 2*ENT (£, (1)) (Zo(t))

Since Np(¢,z,(1)) (0(t)) is a cone in E*, we must have (z*,v) < 0 for every z* €
NF(t,xo(t))('i:O(t))' This means that v € TF(t,wo(t))(SbO(t)) (- KF(t,xo(t))('i:O(t)) by the
bipolar theorem; see Aubin and Frankowska [5, Theorem 2.4.3]. Since the support
function of the Clarke subdifferential 9 L(t, xo(t), 2o(t)) coincides with the Clarke
directional derivative Ly (¢, zo(t), Z0o(t); ) the inequality above finally implies that
(=z*,v) > Ly(t,zo(t), a:o(t) v) with v € Kr(t zo(t)) (Z0(t)), in contradiction with in-
equality (B=3). Consequently, we have —x* € 9 L(t,xo(t), 20(t))+Nr(t,20(1)) (L0 (t))-
If L(t, zo(t), ) is Gateaux differentiable at @ (t), then (B33) can be replaced by the
inequality
(—a*,u) < VyL(t,xo(t), Zo(t); uw)

for every u € Kp(s,(t))(Zo(t)). This implies that the above argument is also
valid when we replace 0y L(t,zo(t), #0(t)) and Lg(t,z0(t),%0(t);v) respectively by
V. L(t,xzo(t), 2o (t)) and (V,L(t, zo(t), To(t)), v). O

B.3 Proof of Necessary Conditions for Optimality

It should be underlined that unlike the real-valued case, locally absolutely con-
tinuous functions with values in Banach spaces fail to be strongly differentiable
almost everywhere; see Petrakis and Uhl [@5, Examples 1 and 2] or Deimling [6,
Example 4.2] for such examples. The failure of the strong differentiability of lo-
cally absolutely continuous functions disappears under the reflexivity assumption.
Specifically, every locally absolutely function p : R+ — E* has the Bochner inte-
grable strong derivative p(t) a.e. t € Ry \ {0} with p(¢ fo s)ds +p(0) for every
t € R} whenever F is reflexive; see Komura [47, Lemma p. 505]

We construct an adjoint variable p : Ry — E* as a locally absolutely con-
tinuous function to express optimality conditions. However, we dispense with the
reflexivity of E. The weak* differentiability of locally absolutely continuous func-
tions is fundamental in the sequel and is virtually contained in the argument of the
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proof of Komura [42, Lemma]. We provide a proof for the sake of completeness to
make clear why the reflexivity of F is irrelevant to weak* differentiability. See also
Ambrosio and Kirchheim [2, Theorem 3.5] for a strengthened version of the weak*

differentiability of Lipschitz functions.

Lemma B.3 (Komura [42]). Let E be a separable Banach space. Then every locally
absolutely continuous function p : Ry — E* possesses the weak® derivative p(t) a.e.
teRy.

Proof. Define the variation of p : Ry — E* over the compact interval [0, 7] by
var(p, [0,7]) = sup Y., [[p(t;) — p(7;)||, where the supremum is taken over all
finite sets of points t;,7; € [0,7] with 0 <t; <73 <ty <7 < -+ <t <7y < 7.
Since p is locally absolutely continuous, var(p, [0,7]) < oo for every 7 > 0. Define
pr(t) :== b= (p(t+h)—p(t)) for t € [0,7] and h # 0, and P () := limsupy, o [|pa ()|
and P~ (t) := limsupy,yq [|pn(t)]]. Since p is continuous, so is p,. Hence, PT and P~
are measurable on [0,7]. We claim that P*(t) and P~ (t) are finite a.e. t € [0, 7].
Suppose to the contrary that the Lebesgue measure X of the set {t € [0, 7] | PT(¢) =
oo} is positive. Let

- 1
HWH‘th,OSt<t+hST

sup {
> zVaur(p [0,7])
Z 5 10,

Ap =t €]0,7]

Then each A, is a closed set and {t € [0,7] | P(t) = oo} C U, ey An. Since
{4, }nen is an increasing sequence, |A,| > /2 for some n € N, where |A,,| denotes
the Lebesgue measure of A4,,. Let {t;}ien and {h;}ien be defined inductively by

tl := inf An,
ti+1 = mf{t € An | t 2 t; + h1}7 and

p(ti +h) — p(t:)

hl-:zsup{h>0ti+h<77 h

‘ > §Var(p, [o,T])}.

Then by construction, we have A, C (J;cylti,ti + hi], and hence, [A,| < > b
Consequently,

St i) = p(t)] 2 v, 0,7) S i 2 Svar(p, 0,7))14u] > var(p, 0, 7)),
€N i€N

a contradiction. In the same way we show that the set {¢ € [0,7] | P~ (t) = oo} is
of Lebesgue measure zero. Therefore, there exists a null set Ny C [0, 7] such that
for every ¢ € [0,7] \ No the set {py(t) | h # 0} is bounded in E*.

In view of the separability of E, there is a countable dense subset {v; };en of E.
Since each scalar function ¢;(t) := (p(t),v;) is absolutely continuous on [0, 7], its
derivative ¢;(t) exists except at a point of a null set N; C [0, 7]. This means that
¢i(t) = limpo(pn(t),v;) for every i € N and ¢ € [0,7] \ ey ;. Recalling that
{pn(t) | h # 0} is relatively weakly* compact for every ¢ € [0, 7]\ Ny, it has a subnet
(which we do not relabel) that converges weakly* to an element in E*. Therefore,
p(t) = w*-limy, 0 pp(t) exists for every t € [0,7] \ Ujey Ni because {v;}ien is a
total family of F. O

30



Proof of Theorem 1. Let t € Ry be arbitrarily given and > 0 be as in (Hg).
Take any z* € 9, V(0,20(0)) and let f: Ry — E* be a Gelfand integrable selector
of the Dini-Hadamard superdifferential mapping s~ OF L(s xo(s), Zo(s)), whose
existence is guaranteed in Theorem B. Define p(t fo s)ds — x* as a Gelfand
integral. We claim that —p(t) € 0,V (¢, zo(t)). To this end fix any v € E and
consider the local perturbation of zo(-) over [0,t] given by ;Ug(s) == x0(s) + Ov for

€ [0,¢]. By construction, #g(s) = do(s) a.e. s € [0,t] and zg(s) € zo(s) + nB
whenever 0 < § < (1+||v|)~'n, and hence, (z4(s),d¢(s)) € gphI'(s,-) a.e. s € [0,1].
By the Bellman principle of optimality, we have

V0, 20(0)) < /0 L(s, 2o (s), do(s))ds + V (£, z0(L)).

Subtracting V (0, z(0 fo $,20(8), To(s))ds + V(t,z¢(t)) from the both sides
of the above mequahty yields

t
V(0,29(0)) — V(0,20(0)) < / [L(s,xg(s), &g (s)) — L(s,20(s), Zo(s))] ds
0
+ V(t, zo(t)) = V(t,20(t)).
Let {6, }nen be a sequence of positive real numbers with 6,, — 0 such that

V(b () 0) = lim V(t 2o(t) + Onv) = V (L, 20(t)

n— oo 0,

Dividing the both sides of the above inequality by 6,, and taking the limit as n — oo
yields

V. (0,20(0);v) < /o L (s,20(s),20(s);v)ds + V, (¢, x0(t); v)

< / (f(s), v)ds + Vi~ (£, z0(t): 0)
0
— (p(t),v) + {@*,0) + Vi (t, 2o (t); v)

for every v € E, where we employ the Lebesgue dominated convergence theorem
and Fatou’s lemma to derive that

. ¢ L(s,z0(8) + 0p,v,20(8)) — L(s, z0(8), 20(s))
lim Sup/0 2. ds

n—oo
¢
< / L (s,20(s), 20(s);v)ds.
0

On the other hand, (z*,v) < V_(0,20(0);v). Hence, (—p(t),v) < V (¢, zo(t);v)
for every v 6 E and thus our claim is true.

Since = fo y)yds — (x*,y) for every t € Ry and y € E with

h

[(F(s), )] < IIf( )||||y|| < ll( )Ilyl\, we get |(p(t + 1) —p(t),y)| < Iyl [,
and therefore, ||p(t + h) t)] < f” l1(s)ds for every h > 0. This means that

the function p : Ry — E* constructed above is locally absolutely continuous. In
view of Lemma B33, the weak* derivative p(t) = f(t) exists a.e. t € Ry. This
demonstrates that the adjoint inclusions (i) and (iii) hold. Since Theorem B2
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and condition (i) yield (p(t),Zo(t)) — L(t,zo(t),z0(t)) > (p(t),y) — L(t, x0(t),y)
for every y € I'(t,zo(t)), the maximum principle (iv) holds. Thus, for a.e. ¢t €
Ry and every v € Tr(s,z(1))(Z0(t)), we have (p(t),v) < L, (t,x0(t), Zo(t);v) <
Ly (t,20(t), %0(t); v) and condition (ii) follows from the separation argument as in
the proof of Theorem BZA(ii). To verify the transversality condition (v) at infinity,
recall that by Theorem B, V(¢, ) is Lipschitz of rank k(¢) with k(¢t) — 0 as t — oc.
Therefore, ||p(t)]] < k(t) — 0. O

Proof of Theorem 3. Let t € Ry and v € E. Consider the variational equation:
w(s) = Vi f(s,xo(s), up(s))w(s) a.e. s €10,t], w(t)=w. (B.4)

In view of the separability of E and (H,), a unique mild solution w(-) € W'1([0,], E)
to (BA) satisfies

w(s) =v— / Vo (1, 20(7), uo(7))w(r)dr for every s € [0,1]

and its strong derivative w(s) exists a.e. s € [0,t] and satisfies (B4) by the Lebesgue
differentiation theorem. It follows from Frankowska [83, Theorem 4.2] (applied to
F(s,x) = {f(s,z,uo(s))} and A = 0) that for every § > 0 there exists a mild
solution z4(+) to

z(s) = f(s,z(s),uo(s)) a.e. s €[0,t], =z(t) = zo(t) + v
such that (x¢(s) — zo(s))/0 — w(s) uniformly in s € [0,t] as § — 0.

Take any z* € 0,V (0,70(0)) and let g : Ry — E* be a locally Bochner
integrable selector from s ~ 9; L(s, xo(s), uo(s)). Consider the adjoint system:

—p(8) =V f(s,20(8),uo(s))"p(s) — g(s) a.e. s €10,t], p(0)=—-z*. (B.5)

Since the mapping (s,z,u) — V. f(s,z,u)* has separable values in E* in view of
(Hy), a unique mild solution to (BX) does exist. As in the proof of Theorem B
(via the Bellman principle of optimality), we obtain the inequality

V(07 .’L'Q(O)) - V(Oa .’Eo(O))

SAE@M%MW@M@%MMWH@M%WW%
LVt zo(t) + 60) — V(E, 20(1)).

Divide the both sides of the above inequality by 8 and let § — 0 to get

<ﬂMW§A@@w®W+W@m@W

It follows from the a.e. strong differentiability of p(-) and w(-) that
[ ot wsds = [ 06) + Vs 70(6),wals)) plo), (o) s
0 0
:/O [(B(s), w(s)) + (p(s), Vaf(s,20(s), uo(s))w(s))] ds
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:/0 [(p(s),w(s)) + (p(s),1i(s))] ds

:/ d%@(s),w(s»ds:<p(t),v>—<p(0)7w(0)>-
0

Hence, {(—p(t),v) < V. (t,zo(t);v) for every v € E. This means that —p(t) €

0,V (t,xo(t)). This being true for every t € R, we deduce the adjoint inclusions
(i) and (iii). The rest of the conditions follows as in the proof of Theorem BZ1. [J
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