JOURNAL OF APPLIED ANALYSIS
Vol. 9, No. 1 (2003), pp. 139-147
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Abstract. We provide a generalization of a well known Krasnosel’skii
theorem on continuity of the Nemytskii operator for functions taking
values in separable Banach spaces. We follow the results obtained in [6]
for the finite dimensional case.

1. Introduction

In [8] a short and elementary proof of the following Krasnosel’skii theorem
on continuity of the Nemytskii operator is given

Theorem 1.1 ([9]). Let Q C R be a Lebesque measurable set. Let f :
Q x R" = R™ be a Caratheodory function, i.e. a function measurable with
respect to the first variable and continuous with respect to the second one.

Let p1,p2 € [1,00]. Assume there exist a constant a > 0 and a function
b e LP? [Q;R] such that for a.e. t € Q and for all x € R"™ we have

1S (t,2)llgen < allellgsd™ +b(2).
Then the Nemytskii operator F
FoIP R 52 () = f (2 () € LP? [;R™]
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s continuous.

The same result is contained in [1]. Both proofs are based on Lemma
IV.9, [4], although that in [8] is an indirect one.

The above theorem and some other results treat only the finite dimen-
sional case. While in applications to abstract Hamiltonian systems [5], con-
tinuity of the following operator F' has to be shown

F:LP0,T;X1]22()— f(-,x () € LP?[0,T; X5

Here X;, X5 are separable Hilbert spaces. The integral we understand in
the sense of Bochner [7], [14]. Since the continuity of the above operator
is not proved in [5] we provide an abstract version of Theorem 1.1. This
theorem may also be used for example when applying a dual variational
method, derived for ODE in [13], to showing the existence of solutions to a
certain type of evolution equations.

Let (M, B, m) be a measure space and let m (M) < oo. Let X; be separa-
ble Banach spaces for i = 1,2. Let p1,ps € [1,00). We consider the spaces
of B-measurable mappings = : M — X; such that

/ e (8)1% dm < oo,
M

i = 1,2 which we denote by LPi [M;X;]. It is well known that for separa-
ble spaces all the definitions of measurability are equivalent. The abstract
version of the Krasnosel’skii theorem reads:

Theorem 1.2. Let f : M x X7 — Xo be a Caratheodory function, i.e.
a function measurable with respect to the first variable for oll x € X1 and
continuous with respect to the second one for a.e. t € M. Assume there exist
a constant a > 0 and a function b € LP? [M;R] such that for a.e. t € M and
for all x € X1 we have

If (1, 2)llx, < all=l%/P +b(2), (1.1)
Then the Nemytskii operator F
F:IPP[M;X1]3z()— f(,z(:)) € LP* [M; X9]

1S continuous.

The condition given in the above theorem is only a sufficient one. In
case of finite dimensional spaces necessary conditions for continuity of the
Nemytskii operator also exist, compare [2].

The paper is organized as follows. In Section 2 we prove the Krasnosel’skii
theorem and generalize Theorem 1.2 [8], to the case which we consider. In
Section 3 we provide an application.
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2. Proof of the Krasnosel’skii theorem and some generalization

In order to prove Theorem 1.2 we shall need the following

Lemma 2.1 ([7]). Let {x,} be a sequence of elements of LP [M; X] strongly
converging to x in LP [M; X], where 1 < p < 0o, X is a Banach space. Then
there exists a subsequence {x,,} € LP[M;X] such that limy_ o p, (t) =
x (t) for a.e. t € M. Moreover there exists a function g € LP [M;R] satisfy-
ing the following condition

lzn, )|y < g(t) forae. te M. (2.1)
The above lemma as it is stated here is not to be found in [7] but it

follows directly from the proof of Theorem 3.7.7 [7].
Now we are in the position to prove the Krasnosel’skii theorem.

Proof. Suppose that x,, — x in L' [M; X;] and that f (-, 2, (-)) does not
converge in LP2 [M; Xs] to f (-,x (+)), i.e. there exists an € > 0, such that
for all N there exist an ng > N for which

/ 1 (62 (8)) — 1 (1 g (8)) 122, di > <. (2.2)

By (2.1) we may find a subsequence {zy, } of {z,, } — still denoted by {zy, }
— such that z,, (t) — x (t) a.e. on M and for which there exists a function
g € LP* [M;R] satisfying the condition

2y, (Dl x, < g(t) for a.e. t € M.

By continuity of f with respect to the second variable we obtain that
[t an, (t) — f(t,x(t)) for K — oo for a.e. t € M. Using several times
inequality |a + b]” < 2P~ (|a|’ + |bF), p > 1, we obtain for a.e. t € M by
(1.1) that

1 (ko (6) = (& m O)I, < 2270 (1F (2 O, + 11 (1, 0)I,)
<27 ((allz IR +6®)" + (allon, QI +00)")
<2222 (o (Jlz (IR, + lvn, (IR, ) + 26 (1))
< 22272 (a2 (Jlz ()], + g™ (1)) + 26 (1))
Of course the function

M >t 22272 (am <||x (B + g (t)) + 2pp2 (t)) €R
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belongs to L' [M;R]. Now by Lebesgue dominated convergence theorem we
obtain

i [ 17 (6 () = J (b, ()], dmn = 0
M

k—o0

which contradicts (2.2). O

The above theorem may be generalized as in [8]. Let S; for i = 1,2,...,n
denote the spaces of measurable functions on M taking values in X;, where
X, is a separable Banach space . Let L;, fori = 1,2, ..., n, be such a subspace
of S; that every sequence in L; contains a subsequence converging a.e. (cf.
Lemma 2.1). Moreover assume that f : M x X; x ... x X, is a Caratheodory
function. Define L to be a subspace of the product L1 X ... X L.

Theorem 2.2. If for any sequence {(x,lg,xi,,flg)}zozl i L there exist

a subsequence {(:cllgl,xiz, ,xﬁz)}zl and a function h € LP [M; X]|, where
1 < p < oo, such that

Hf (t’xi’i’x%i"”’xzi)
than the Nemytskii operator
F:L> (xl,wz, @) f (-,xl (), 2% (), ...,a" (1)) € LP [M; X],

‘X <||h(t)|x, fori e N and a.e. t € M,

is well defined and continuous on L.

Proof. The indirect proof repeats that of the Krasnosel’skii Theorem 1.2
using the assumed existence of an almost everywhere convergent subse-
quence. ]

3. Application

In variational and optimal control problems an essential role is played
by the theorem on the existence and continuity of the Fréchet derivative
of integral functional, see [11], [12] and references therein. Since the case
of functionals appearing in abstract O.D.E is considered in [5], we provide
an example of such a functional which is of use when variational methods
are applied in investigating evolution equations. As an easy corollary of
Theorem 1.2 the continuity of the Fréchet derivative of the action functional
form [5] may be proved.

Let Q C R* be an open set with a smooth boundary 9. Let k; be a
nonnegative integer and consider for ¢ = 1,2, ..., n the following spaces

WhE(0,7) = {o e o [0, 1 HE 2 ()], @ e 27 o, Ty ()]},
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where the derivative we understand in the weak of the space H* () and
HF*(Q) is the standard Sobolev space, [3], [6]. The norm on W1Pi (0,T)

reads
T N
Jall = 4 / o (0o 5 [ )

Here p; > 2 for i = 1,2, ...,n. The function z € Whki (0,T) is continuous
as a function x : [0,7] — H%*1(Q) and its maximum norm satisfies the
following estimation with the constant C; = C (T, k;, Q2)

T T
2 : 2
On<ata<xT||:17( W ieit1 () < Ci </0 [z (&)l zxi+2( dt+/0 Hx(t)HHki(Q) dt)

Put W = WPt x WhP2 x . x WPr, Let ¢; and p; be conjugate expo-
nents for i = 1,...,n. Put X = II7_, H**2 (Q) x TI"_, H* (Q) and denote its
elements by (x, x)

In what follows we denote

=1[0,+00), Ry =(0,+00).

dt.

Theorem 3.1. Let g : [0,7] x X — R be a Lebesgue measurable function
in t for every (x,a:) € X and continuous and continuously differentiable
with respect to the last 2n variables for a.e. t € [0,T]. Assume there ex-
ist a continuous function a € C (R",Ry), a function b € L' [O,T, Rar],
functions ¢; € L% [O,T; R(ﬂ, i =1,...,n, such that the following conditions

are satisfied for a(||x1]],..,||zn]]) = a (||$1HH1€1+1(Q) yeo ‘|$nHHkn+1(Q)> Jor
i=1,2 ..n
g (t,z,2) < a(|zll, ... |zall) ( ) (3.1)
Hvxig (t’%ﬂ})HH'ﬂi(m
<atloil il {20+ 3 sl 3.2
V5,9 (6.2, 2) || e, 0
a(l1]l, - lzal) | e +Z Hx]}”f/‘h + [|:] ey | -
J# (3.3)

Then the functional

T .
F:W9$—>/ g(t,:n,:i;)thR
0
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is continuously Fréchet differentiable. Moreover the Fréchet differential
W > h— F (z)h €R is given by the formula

n T )
D=3 [ (Vaug (6.8 0) 1 () 0

=170 _

+ <V%ig (t, 2 (t),a (), by (t)> dt. (3.4)

H*(Q)

Proof. Let us first observe that by (3.1) it follows that functional F' is well
defined. We shall first show that for every direction h € W there exists a
directional derivative. Let A € R and let G () = g(t,z (t) + Ah (t), 2 (t) +

A (t) ). G:R — R is a differentiable function. For A € [—1,1] we obtain

n

d%a =3 <ing (t7 2 () + (), & (1) + A (t)) hi (t)>

i=1

HFi(Q)

+Z<v g<t:n )+ AR (t), 4 (t)+Af:L(t)),l:1¢(t)>

H*(Q)

Using (3.2), (3.3) we get

KOO < alln+ M O] o+ M ()]
(Z( +ZH:@ )+ Ny ()] m) s ()l sy
i=1
. ( OFS 3f ES VIt A zim) }<t>m(m)
i=1 i

By continuity of @ : R» — R, and continuity of =, h : [0,T] — HF1(Q)
we obtain that

e e (Hl’l () + Ay ()| grra+1() 5 -5 1@n () + b (t)HHan(Q))
= C.

Application of inequalities |a + b|” < 2P~ (Ja|? + |bF) and |\| < 1 yields
d
d)\G()\)’ {Z( +ngz (Hx Hk 16

=1
pj
k Q)) s Ol )

+ th (t)
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- - / : p;j/a
. D;/qi— b/ i ) I
153 CICES SEE (P LIU! i
i=1 j#i

We show that the right hand side of the above inequality is integrable.
Indeed, for every ¢ a function

( +ngﬂux HJ(Q 1 (D1l 5 g

+ ||

n Hh

ey Wi Ol )
is in L' [0, T; R], which follows by the estimation ||h; Ol i) < Mhilloe <
||hi||12/V1,pi = ¢; < oo. The integrability of a function

t— ¢ (Z op;/ai—1 (H i ’pj/(h HhJ ) 121;1;9))
JFi
1 Ol ) [ 0],

follows by Holder’s inequality for every 1.
In consequence Leibniz formula of differentiation under integral sign ap-
plies. By (3.2), (3.3) we obtain for i = 1,2,...,n

Ve (h2 (), 2 () € Lt [(),T; H* (Q)] :
Vig(ha(),a() €LY [O,T; o (Q)}

We also have
n T ]
; /0 <<Vzig (t2 (£) @ (8))  hi (8)) e
- <V@_g (t,z(t) ,i(t)) i (t)>Hk,(Q)>dt
< Zcz 1724 |

< Z (ci + di) | hill 1o [0,7H% ()] -
=1

LPi[0,T;H"i (Q)]

Hence a directional derivative in the direction h is given by the formula
(3.4).
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It remains to show that the mapping F W > (W)* is continuous. It
suffice to demonstrate that mappings

W3Sae Vg (na(),2()) € Lt [o,T; H* (Q)] : (3.5)
Wsa—Vg(a(),s() el [o,T; H* (Q)} (3.6)

are continuous for ¢ = 1,2,...,n. We use Theorem 2.2. Let us observe
that strong convergence of z,, in Wk means strong convergence in C10, T’
H**+1(Q)] and that sequences &, are strongly convergent in L [0, T; H*i ()]
fori=1,2,...,n. Put

L, = L™ [O,T; H* (Q)} Ly=C [O,T; Hki+1 (Q)} o
Loy 1 = LPn [O,T; Hn 1 (Q)} Lop=C [O,T; HPn (Q)}

and L = Ly x ... X Lay,. By (3.2), (3.3), Lemma 2.1 we obtain by Theorem
2.2 that mappings (3.5) and (3.6) are continuous. O
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