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ON THE BANG-BANG PRINCIPLE FOR DIFFERENTIAL INCLUSIONS
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ABSTRACT. In this paper, we consider the relation existing between the solutions of the
following differential inclusions: (I) & € I'(¢,z),z(0) =0 and (II) & € extI'(¢,x),z(0) =0
defined on a reflexive separable Banach space. In particular, we establish the sufficient
conditions which guarantee the set of solutions of (II) is dense in the set of solutions of
(I) with respect to the (weak) uniformly continuous topology.

Let (X, ||) be a real reflexive separable Banach space and T be a positive real number.
Let I' : [0,7] x X — X be a correspondence (=multi-valued function). We consider a
relation existing between the sets of solutions of the following differential inclusions:

(I) ¢ € T'(t,x),xz(0) = 0, and

(Il) & € ext'(¢,x),2(0) =0,
where ext A stands for the weak-closure of the extreme points of A. By a solution of (I) and
(IT), we mean an absolutely continuous function x : [0, 7] — X that satisfies & € I'(¢, z(t))
a.e. int € [0,7] and x(0) = 0 in the case of (I) and & € extI'(¢,z(t)) a.e. int € [0,T]
and z(0) = 0 in the case of (II). We denote by R and R. the set solutions of (I) and
(IT) respectively. Tateishi [5, 6] established the existence of solutions of the differential
inclusions (I) under the following assumptions:

(i) T is nonempty and weakly compact-valued, i.e., I'(¢, z) is nonempty and weakly com-
pact for each (¢t,z) € [0,T] x X,
(ii) for each fixed t € [0,T7], the correspondence t — I'(¢, ) is continuous with respect to
the weak topology for X,
(iii) for each fixed x € X, the correspondence t — I'(t, x) is measurable, and
(iv) there exists M > 0 such that sup{||ly|| | y € T'(¢t,x),t € [0,T],x € X} < M.

Furthermore, Tateishi [6, 7] examined the relations existing between the solutions set of
(I) and (III): ¢ € coI'(¢t,x),z(0) = 0. The aim of this paper is to establish the relation
between the sets of solutions (I) and (II). Bressan [1, 2] established the existence of solutions
of both of the problems and obtained the closure result R = R, in the case that X is a
finite dimensional space. In this paper, we generalize his theorem to infinite dimensional
spaces.
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1. PRELIMINARIES

In this section, we offer some notations and lemmata used in this paper.

Let (X, ||-||) be a reflexive separable Banach space with X* its dual. We denote by X" the
space X endowed with the weak topology. Let & = {z € X | ||z|| < max(MT, M)} where
M and T are constants which appear in the Introduction section. The set & endowed with
the relative topology of X" is denoted by &". The following proposition is from Larman
and Rogers [4, Theorem 2].

Proposition 1. Let E be a Hausdorff locally convex topological vector space. Let X be a
metrizable compact subset of E. Let V be the linear subspace generated by the set co X.
Then it is possible to introduce a norm on V so that the relative topologies of o X, as a
subset of E, and as a subset of the normed space V , coincide.

XY is a Hausdorff locally convex topological vector space and &% is a metrizable and
compact subset of X¥. Furthermore, the linear subspace generated by &% is the whole

space X. Hence, we can, by the above proposition, introduce a norm | - || on X% so
that the topology on G and the relative topology as a subset of the normed vector space
(X, - |') coincide.

We denote by h the Hausdorff distance on &" induced by || - ||, that is, h(A, A") =
max{sup,c 4 d(z, A),sup,c 5 d(z, A’)} for any closed subsets A, A" of &, where d(z, A) =
inf{||z —y||" | y € A}. For A C & and a > 0, we set B[A, o] = {z € & | d(z, A) < a}. We
denote by u, the Lebesgue measure defined on the interval [0, T].

Lemma 1. Let (X, ||-||) be a normed linear space andI' : X — X be convez, compact-valued
and continuous. Then the map extl : X — X is lower hemi-continuous.

Proof. Let x,yo € X with yo € extI'(x¢) and {x,,} be a sequence which converges to zo. We
must show that for some subsequence x,, of x,, and some y,; € extI'(x,), we have y,» — yo.
Since I' is continuous, there exists a sequence y, € I'(x,) such that y, — yo. Since I is
compact and convex-valued, the Krein-Milman theorem implies that I'(z,) = coextI'(zy,).
Hence, for each n € N, there exists o, > 0,>".a!, = 1(i € N), where only finitely many o,
are not equal to zero, and 2z}, € ext I'(z,,) such that [y, — >, a4 2%|| < 1/n. Let yi, € I'(xo)
be such that ||z8 — 4% | < h(T(z,),T(20)), where h is the Hausdorff metric defined by
| - |l. Since I'(zg) is compact, there exist, for each fixed i, converging subsequences y’,
to y§ and of, to af). Then Y, adyl = yo and since yo is an extreme point of I'(xg), we
have each yf) is equal to yo for all ¢ with af) > 0. Let ¢* be such that af)* > 0. Then

limsup,, |22, — yol| < limsup,, |25, — y%|| + limsup,, ||y%, — yol| = 0. Hence y, also
converges to yg and this completes the proof. O

Lemma 2. Let F' : [0,T] x X¥ — X" be lower hemi-continuous and V- C X be open.
Then the correspondence H : [0,T] x X — X% defined by H(t,x) = F(t,z) NV is lower
hemi-continuous, where A stands for the closure with respect to the weak topology of X.

Proof. Let K be a weakly closed subset of X. Then we have the following implications:
H(t,z)C K< F(t,x)NV C K< F(t,x) C KUV*.



ON THE BANG-BANG PRINCIPLE FOR DIFFERENTIAL INCLUSIONS 3

Since K UV is weakly closed and F' is lower hemi-continuous, the set {(¢,z) | H(t,z) C
K} = {(t,x) | F(t,z) C K UV®} is closed in [0,7] x X™. It follows that H is lower

hemi-continuous. g

Lemma 3. Let Iy C [0,T] be a measurable set with p(Ip) = o and let M and € be given
positive real numbers. Then the solution ¥ : [0,T] — R of the differential equation

(1) (1) = () + 2Mxz, (t) + 4e,9(0) = 0
s positive, monotonically increasing and satisfies the following inequality:
Y(T) < 2Moe’ + de(e? —1).

Proof. 1t is easy to verify that the solution 1 is positive and monotonically increasing. By
calculating the solution ¢ of (1) directly, we obtain

T T
Y(T) =2M - / X1, (s)eT =) ds + 46/ eT=)ds < 2Moe” + de(e” —1).
0 0

2. MAIN THEOREM

Theorem 1. Let I' : [0,T] x X — X be a correspondence which satisfies the conditions:

(i) T is convex and weakly compact-valued, that is T'(t,x) is convex and weakly compact
for each (t,x) € [0,T] x X,
(ii)) T' is continuous, where X is endowed with the weak topology.
(i) A(C(t,2), (¢, 9)) < |1z — ]|*, and
(iv) there exists M > 0 such that sup{||y| | y € ['(¢,z),t € [0,T],z € X} < M.
Then R = R., that is the set of solutions of (I1) is dense in the set of solutions of (1) with
respect to the (weak) uniform convergence topology.

Proof. Step 1. Let v be a solution of (I) and let € be a positive real number. Then there
exists, an open subset I of [0,7] with u(Ip) < € such that, for all t € I} = [0,T] N I§, 0(t)
exists and lies in I'(¢,v(t)), and the restriction ¥ |7, of ¥ to I is continuous. We may also
assume that [0, 79] C I for some 79 > 0.

Step 2. Let 9 be the set of {u,7} of an absolutely continuous mapping u and a
positive constant 0 < 7 < T such that u is defined on the closed interval [0, 7] and satisfies
U € ext I'(t,u(t)) a.e. int € [0,7],u(0) =0,

(2) [u(7) = v(T)[*" < 4(7), and
(3) lu(t) —v(t)]|” < (t) +2Me for all t € [0, 7],

where 1) is a solution of (1).

Step 3. Since [0, 9] C Iy, the pair {u, 7} for every solution u of (II) satisfies the above
properties, thus the set 9t is nonempty. Let us define a partial ordering =gy on 9 by
(u1,71) Zom (u2,72) & 71 < 75 and ug is an extension of ;. Then Zorn’s lemma implies
that there exists a maximal element (u*,7*) of 9.
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Step 4. Since € > 0 is arbitrary, the equations (2) and (3) imply that the solution u* of
(IT) can be arbitrarily near to the solution v with respect to the (weak) uniform convergence
topology on [0,7*]. In the following two steps, we show that 7% obtained in Step 3 equals
T. In this step, we consider the case 7* € Iy. Then, since Ij is open, there exists a positive
number § such that [7*,7* 4+ §] C Ip. Then, we have an absolutely continuous function
w: [T%, 7+ 0] — X satisfying w(t) € extI'(¢,w(t)) for t € [7*, 7" 4+ 6], w(r*) = w*(7*). Let
us define w* : [0, 7" + 0] — X by

. u*(t) fort e [0,7*]
w(t) = { w(t) forte[r*, 7+ 4]

Then, for t € [7*, 7" + 0], we obtain the estimation:

[ () = v(B)[|*
< Jlw™ (7)) = v + / [07(s) = 0(s)[|"ds

< lw™ () = o))" + / 2Mx14(s)ds

<)+ [ ds)ds = w()

where the first inequality is an immediate consequence of the fundamental theorem of
calculus, and the second follows from assumption (iv) and the third from (2) and the
definition of ¥. Thus w* belongs to 91, which contradicts the maximality of u*.

Step 5. In this step, we consider the case 7* € I;. By assumption (iii) and (2), we
have y* € T'(7*,u*(7*)) such that |y* — o(7%)||" < ¢(7*). Since 0* |, is continuous by
assumption and extI' : I; x X% — X" is lower hemi-continuous by Lemma 1, we have a
positive constant 0 < § < e such that [[0*(¢) — 0*(7)[| < e for t € L N [7*, 7" + ¢], and

(4)  extT'(r*,u*(7%)) C BlextI'(t,x),€] for t € [7*,7" + §] and = € Blu*(7"), MJ].

By the Krein-Milman theorem, we have: y* € I'(7*,u*(7*)) = cext (7%, u*(7%)),
where ¢o stands for the closed convex hull of A. Thus we obtain, for any € > 0, finite
points y1, Y2, - . ., Ym in ext I'(7*, u*(7*)) and nonnegative real numbers A1, Aa, ..., Ay, with
Yot A = 1 such that [|y* — >, Ny < e. Then we obtain, by Lyapunov’s convexity
theorem, a set of m measurable partition Jy, J1,...,J,, such that ¢t < s for t € J;,s € J;
with i < j,U;J; = LN [7*, 7% + 0], and p(J;) = \jp(Ly N [7%, 7% 4 §]). For t € [7%, 7% 4 4],
we set (t.2)

ext I'(t, z iftely

Htz) = { extI'(t,z) N Bly;, €] ift € J;.
Then by (4), y;i € extI'(7*,u*(7*)) C BlextI'(t,z),€] for i = 1,2,...,m,t € [7*, 7% + 0],
and x € Blu*(7*), M¢]. Tt follows that ext I'(t,2) N Bly;, €] # 0 and hence, H(t,z) # 0 for
such pair (t,z). In view of Lemma 2, the restriction of H to each of the product spaces
Iy x Blu*(1),M¢] and J; x Blu*(7), M] is lower hemi-continuous. Thus H is almost
lower hemi-continuous and we have an absolutely continuous function us : [7*, 7% + ] —
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X satisfying the following conditions: us(7*) = w*(7%), and us(t) € H(t,us(t)) a.e.
[7*, 7% + d] (see, e.g., Deimling [3,Theorem 9.3]). Let us define w* : [0,7* + §] — X by
won | ut(t) forte 0,77
w(t) = { ug(t) fort e [T* 7% 4+ 4.
Then, w* can be seen to be an element of 9 as follows. First, we verify that w* satisfies
the condition (2) for 7 = 7%+ 4. Setting I = IoN[7*, 7"+ ], If = [y N [T*, 7%+ ], we have

[w™ (7" +6) = o(r™ + 9)[|

T*4+6
< () = o+ [ fase) — solae]”
< p(r) + /I Nia(t) = a1t +1 3 /J st - /, RCEIE

< ()4 200l05)+ 3 [ islt) = Pt p(EDI S A= 7
=1 i=1
Lol — o) [P+ en(I)
< p(r*) + 2Mu(I3) + dep(I7) + 8lly” — o(r) "
T*4+5
< p(r) + / (@M sy (1) + det)dt + 8(r*) < (" + ),

7—*
where the first inequality is a consequence of the fundamental theorem of calculus. In the
second inequality, the interval [7*,7* + ¢] splits into I and I{. The third inequality uses
the relation p(J;) = \ip(I7).
Let us now turn to the condition (3): for each ¢ with 7 <t < 7* + §, we have

[[w*(t) = (@)]*

< Jw*(77) —o(T)[ + 2M (t — 7)

< (") +2Me

< (t) + 2Me.

Step 6. Since w* belongs to M, u* is not a maximal element of M, which is a contra-
diction. Thus we conclude that u* is defined on the whole interval [0, T].

Step 7. We have shown, in the above various steps, that, for each solution v of differ-
ential inclusion (IT) and each € > 0, there exists a solution u* of the differential inclusion
(I) such that ||u*(t) — v(t)||" < (t) + 2Me for all ¢ € [0,T] and hence

sup [[u(t) — ()"
t€[0,T7

<(t) + 2Me
< e(2MeT +4(e” — 1)+ 2M).

Since € > 0 is arbitrary, this completes the proof of Theorem 1.
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