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1. Introduction. In systems and control theory, the question of stability is a
fundamental issue. Let us consider the situation where the relation between the input
(function) uw and the state z is governed by the autonomous equation

(1.1) &= f(z,u), x(0)=x.

One can then distinguish between external stability, that is, stability with respect to
the input u, and internal stability, i.e., when u = 0. For the moment, f is assumed to
map from R™ x R™ to R™ and to be such that solutions x exist on [0, o) for all inputs
u in a function space Z. Already from this very general viewpoint, it seems clear that
stability notions may strongly depend on the specific choice of Z (and its norm). The
concept of input-to-state stability (ISS) combines both external and internal stability
in one notion. If Z is chosen to be L™ (0, 00; U), U = R™, a system is called ISS (with
respect to L) if there exist functions g € KL, v € K, such that

(&) < B(llzoll, 1) + v(ess sup [lu(s)]|v)
s€0,t]
for all ¢t > 0 and w € Z. Here the sets L and K refer to the classic comparison
functions from nonlinear systems theory; see section 2. Introduced by Sontag in 1989
[27], ISS has been intensively studied in past decades; see [29] for a survey.

*Received by the editors October 18, 2016; accepted for publication (in revised form) December

21, 2017; published electronically March 13, 2018. The contents of this article emerged based on
previous findings of the authors on input-to-state stability for parabolic systems that were published
in Proceedings of the 55th Conference on Decision and Control, 2016. However, this article provides
a far more general and different approach using Orlicz spaces. This new approach also allowed the
authors to extend the theory essentially.
http://www.siam.org/journals/sicon/56-2/M109946.html
Funding: The work of the second and fourth authors was supported by Deutsche Forschungs-
gemeinschaft (grants JA 735/12-1 and RE 2917/4-1, respectively).
fFunctional Analysis Group, School of Mathematics and Natural Sciences, University of Wupper-
tal, D-42119 Wuppertal, Germany (bjacobQuni-wuppertal.de, nabiullin@math.uni-wuppertal.de).
¥School of Mathematics, University of Leeds, Leeds LS2 9JT, Yorkshire, UK (j.r.partington@
leeds.ac.uk).
$Department of Mathematics, Center for Optimization and Approximation, University of Ham-
burg, D-20146 Hamburg, Germany (felix.schwenninger@uni-hamburg.de).

868

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


http://www.siam.org/journals/sicon/56-2/M109946.html
mailto:bjacob@uni-wuppertal.de
mailto:nabiullin@math.uni-wuppertal.de
mailto:j.r.partington@leeds.ac.uk
mailto:j.r.partington@leeds.ac.uk
mailto:felix.schwenninger@uni-hamburg.de

Downloaded 03/16/18 to 134.100.220.135. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

INFINITE-DIMENSIONAL ISS AND ORLICZ SPACES 869

A related stability notion is integral input-to-state stability (iISS) [28, 2], which
means that for some 5 € KL, 0 € K, and pu € K,

(1.2) @I < B(llzoll, ) + 6 </Olu(|u(8)|)u)d8)

forallt > 0and u € Z = L°°(0,00; U). This property differs from ISS in the sense that
it allows for unbounded inputs u that have “finite energy”; see [28]. Many practically
relevant systems are iISS whereas they are not ISS; see, e.g., [19] for a detailed list.
However, for linear systems, i.e., f(z,u) = Az + Bu with matrices A and B, iISS is
equivalent to ISS. To some extent, this observation marks the starting point of this
work.

In contrast to the well-established theory for finite-dimensions, a more intensive
study of (integral) input-to-state stability for infinite-dimensional systems has only
begun recently. We refer to [4, 5, 11, 12, 13, 16, 17, 18, 19, 20]. By nature, in
the infinite-dimensional setting, the stability notions from finite-dimensions are more
subtle. We refer to [21] for a listing of failures of equivalences around ISS known from
finite-dimensional systems. In most of the mentioned infinite-dimensional references,
systems of the form (1.1) with f: X x U — X and Banach spaces X and U are
considered. For linear equations, this setting corresponds to evolution equations of
the form

(1.3) (t) = Az(t) + Bu(t), x(0) = o,

where B is a bounded control operator (note that for fixed ¢, x(t) = x(t, ) is a function
and & denotes the time-derivative). Analogously to finite-dimensions, in this case, ISS
and iISS are known to be equivalent; see, e.g., [19, Cor. 2] and Proposition 2.14 below.
However, concerning applications the requirement of bounded control operators B is
rather restrictive. Typical examples for systems which only allow for a formulation
with an unbounded B are boundary control systems. It is clear that such phenomena
cannot occur for linear systems in finite-dimensions.

The main point of this paper is to relate and characterize (integral) input-to-state
stability for linear, infinite-dimensional systems with unbounded control operators,
i.e., systems of the form (1.3) with unbounded operators B. This is done by using the
notion of admissibility [25, 31], which also reveals the connection of the mentioned
stability types with the boundedness of the linear mapping

7z — X, u > x(t)

(for zp = 0). It is not surprising that the choice of topology for Z, the space of inputs
u, is crucial here. However, looking at (1.2) for xg = 0, it is not clear how the right-
hand side could define a norm for general functions p and 6. The question of the right
norm for Z motivates one to study ISS and iISS with respect to general spaces Z—not
only Z = L*>® = L*°(0,00;U). For the precise definition of these notions, we refer to
section 2. We show that Z-ISS and Z-iISS are equivalent for Z = LP = L?(0, co; U),
p € [1,00). However, it turns out that this paves the way to characterize L*-iISS
in terms of ISS. More precisely, we will show that L°°-iISS is equivalent to ISS with
respect to some Orlicz space. This is one of the main results of this work. Orlicz
spaces (or Orlicz-Birnbaum spaces) appear naturally as generalizations of LP-spaces
and ISS with respect to such spaces can thus be seen as a generalization of classical
stability notions. Other choices for general input functions have been made in the
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TABLE 1.1
The relation between ISS and iISS (with respect to L°°) in various settings.

Eq. (1.3), Eq. (1.3), Eq. (1.1),

B bounded B unbounded f nonlinear
dim X < oo ISS <= iISS ISS «= iISS | ISS T iISS
dimX = co || ISS «= iISS | ISS (:) iISS | not clear

literature—like admissibility with respect to Lorentz spaces [6, 33] or Z-ISS with Z
being a Sobolev space [9, 18].

As we will see, it is plain that Z-iISS always implies Z-ISS for linear systems.
The converse direction, for Z = L°, remains open in general. It is known that ISS is
equivalent to admissibility (together with exponential stability). We will show that
L*°ISS in fact implies zero-class admissibility [8, 34], which is slightly stronger than
admissibility; see Proposition 2.13. In Table 1.1, the relation of L>°-ISS and L*°-iISS,
in the various above-mentioned settings is depicted schematically.

In section 2, we will discuss the setting and formally introduce the stability no-
tions mentioned above. This includes a general abstract definition of ISS, iISS, and
admissibility with respect to some function space Z. Furthermore, we will give some
basic facts about their relation.

Section 3 deals with the characterization of ISS and iISS in terms of Orlicz space
admissibility. As a main result, we show that L>°-iISS is equivalent to ISS with respect
to some Orlicz space Fg, where ® denotes a Young function, Theorem 3.1. Moreover,
we show that ISS with respect to an Orlicz space is a natural generalization of classic
LP-1SS that “interpolates” the notions of L'- and L>-ISS, Theorems 3.2 and 3.4.

In section 4, we consider parabolic diagonal systems with scalar input. More
precisely, we assume that A possesses a Riesz basis of eigenvectors with eigenvalues
lying in a sector in the open left half-plane. For this class of systems we show that
L*>-1ISS implies ISS with respect to some Orlicz space and thus, by the results of
section 3, the equivalence between iISS and ISS, known in finite-dimensions, holds for
this class of systems. Moreover, it turns out that any linear, bounded operator from
U to the extrapolation space X_; is L°°-admissible, which yields a characterization of
ISS. The results of this section partially generalize results that were already indicated
in [7].

We illustrate the obtained results by examples in section 5. In particular, we
present a parabolic diagonal system which is L°°-ISS but not LP-ISS for any p € [1, 00).
Finally, we conclude by drawing a connection between the question of whether L>°-ISS
implies L°°-iISS and a problem due to Weiss.

2. Stability notions for infinite-dimensional systems.

2.1. The setting and definitions. In this article we study systems X(A, B) of
the form

(2.1) &(t) = Ax(t) + Bu(t), z(0) =mz9, t>0,

where A generates a Cop-semigroup (7'(¢)):>0 on a Banach space X and B is a linear
and bounded operator from a Banach space U to the extrapolation space X_1. Note
that B is possibly unbounded from U to X. Here X_; is the completion of X with
respect to the norm

lollx_, = I(8 = A) "'zl x
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for some 8 € p(A), the resolvent set of A. It can be shown that the semigroup
(T'(t))t>0 possesses a unique extension to a Cp-semigroup (T_1(t))s>0 on X_; with
generator A_1, which is an extension of A. Thus we may consider (2.1) on the Banach
space X_; and therefore for v € L} (0,00;U), the (mild) solution of (2.1) is given
by the variation of parameters formula

(2.2) x(t) =T (t)xo + /Ot T_1(t — s)Bu(s) ds, t>0.

In this paper, we will consider the following types of function spaces.

Assumption 2.1. For a Banach space U, let Z C L} (0,00;U) be such that for
allt >0
(a) Z(0,t;U) :={f € Z | flit,o0) = 0} becomes a Banach space of functions on
the interval (0,¢) with values in U (in the sense of equivalence classes w.r.t.
equality almost everywhere),
(b) Z(0,t;U) is continuously embedded in L*(0,¢; U), that is, there exists x(t) > 0
such that for all f € Z(0,t;U) it holds that f € L'(0,¢;U) and

[fllzr 0,600 < KONl 20,60,
(c) for u € Z(0,t;U) and s > t we have |lu| z(0,t:0) = ||ull z(0,550)

(d) Z(0,t;U) is invariant under the left-shift and reflection, i.e., S, Z(0,t;U) C
Z(0,t;U) and R:Z(0,t;U) C Z(0,t;U), where

Sru=u(-+71), Ru=u(t—-:),

and 7 > 0, and furthermore, ||S-||z(z(svy) < 1 and R; is isometric,
(e) for allw € Z and 0 < t < s it holds that u| € Z(0,t;U) and

||u|(0,t) ”Z(O,t;U) < ||u|(0,s) ||Z(O,S;U)-
If additionally we have in (b) that
(B) k(t) =0, ast\,0,

then we say that Z satisfies condition (B).

For example, Z = LP refers to the spaces LP(0,¢;U), t > 0, for fixed 1 < p <
oo and U. Other examples can be given by Sobolev spaces and the Orlicz spaces
Ls(0,t;U) and FEg(0,t;U); see the appendix. If p > 1 (including p = oo) and ®
is a Young function, then LP, Eg, and Lg satisfy condition (B), thanks to Holder’s
inequality. Clearly, L' does not satisfy condition (B).

In general, the state z(t) given by (2.2) lies in X_; for u € L}, and ¢t > 0. The
notion of admissibility ensures that indeed z(t) € X.

DEFINITION 2.2. We call the system (A, B) admissible with respect to Z (or
Z-admissible) if

(2.3) /0 T_1(s)Bu(s)ds € X

for allt >0 and uw € Z(0,t;U). If 3(A, B) is admissible with respect to Z, then all
mild solutions (2.2) are in X and by the closed graph theorem there exists a constant
c(t) (take the infimum over all possible constants) such that
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(2.4) ‘ < e(®)llullz0.00-

/Ot T_1(s)Bu(s)ds

Moreover, it is easy to see that X(A, B) is admissible if (2.3) holds for one t > 0.

DEFINITION 2.3. We call the system ¥(A, B) infinite-time admissible with respect
to Z (or Z-infinite-time admissible) if the system is admissible with respect to Z and
Coo = SUPyqc(t) is finite. We call the system X(A, B) zero-class admissible with
respect to Z (or Z-zero-class admissible) if it is admissible with respect to Z and
lim; 0 ¢(t) = 0.

Remark 2.4. Clearly, zero-class admissibility and infinite-time admissibility imply
admissibility, respectively.

Since Z C L}, .(0,00;U), for any u € Z and any initial value xo, the mild solution

x of (2.1) is continuous as a function from [0, c0) to X_;. Next we show that zero-class
admissibility guarantees that = even lies in C'(0, co0; X).

PROPOSITION 2.5. If (A, B) is Z-zero-class admissible, then for every xo € X
and every u € Z the mild solution of (2.1), given by (2.2), satisfies x € C([0,00); X).

Proof. Since z is given by (2.2), it suffices to consider the case zg = 0. Let u € Z.
We have to show that t — ®iu = fg T_1(s)Bu(s)ds is continuous. The proof is
divided into two steps.

First, note that ¢t — ®;u is right-continuous on [0, c0). In fact, by

h
Byt — By = T(2) / T 1(s)Bu(s + 1) ds,
0

h > 0, and Z-zero-class admissibility, it follows that
[@enu — eul| < c(R)|T@)lu(- + 8l z0n0) = 0

for h N\, 0 (where we used properties (d), (e) of Z).
Second, we show that t — ®; is left-continuous on (0,00). Since (®; — ®_p)u =
(@t — @4 _p)ul(o,4), we can assume that u € Z(0,t;U). Clearly,

h
(@) — By )u=T(t — h)/o T \(s)Bu(s + 1 — h) ds.

It follows that

where the last two inequalities hold by properties (e) and (d) of Z. Since (T'(t)):i>0
is uniformly bounded on compact intervals, we conclude that ||®;pu — pul| — 0 as
h —0. 0

Remark 2.6. If (A, B) is admissible with respect to LP, 1 < p < oo, then,
by Holder’s inequality, (A, B) is L%-zero-class admissible for any ¢ > p. Thus,
Proposition 2.5 implies that the mild solution of (2.1) lies in C'(0, c0; X)) for all u € L9.

h
| T Buls + - hyds)| < ch)lut + = Dl zon0
0

< c(h)[lu(- +t = h)|lz0,60)

h\,0
< e(W)[|ull 2.0y =50,
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Moreover, this continuity even holds for v € LP, which was already shown by Weiss
in his seminal paper [31, Prop. 2.3] on admissible control operators. However, there,
a direct but similar proof is used without using the notion of zero-class admissibility.
As stated in [31, Prob. 2.4], it is an interesting open problem whether the continuity
of x is implied by L°°-admissibility. By Proposition 2.5, the answer is “yes” in the
case of L*°-zero-class admissibility. See also section 6.

To introduce ISS, we will need the following well-known function classes from
Lyapunov theory. Here, Rg denotes the set of nonnegative real numbers.

K={u:RE — Ry | 1(0) =0, u continuous, strictly increasing},
Koo =1{0€ K] ILm 0(z) = oo},

L= {y: Ry — R} | v continuous, strictly decreasing, tlim ~(t) = 0},
KL={8: (RI? = RS |B(-,t) € LVt >0and B(s,-) € L Vs > 0}.

DEFINITION 2.7. The system 3(A, B) is called input-to-state stable with respect
to Z (or Z-1SS) if there exist functions 8 € KL and p € Ko such that for everyt > 0,
x0 € X, andu € Z(0,t;U)

(i) «(t) lies in X and

(i) =)l < B(llzoll, 1) + plllwll zo,e0))-

The system X(A, B) is called integral input-to-state stable with respect to Z (or
Z-ISS ) if there exist functions B € KL, 0 € Ko, and p € K such that for everyt > 0,
x0€ X, andu e Z(0,t;U)

(i) «(¢) lies in X and

(i) [lz(®)]| < B(llzoll, t) +6(Jy nllu(s)]v) ds).

The system X(A, B) is called a uniformly bounded energy bounded state with
respect to Z (or Z-UBEBS) if there exist functions 7,0 € Ko, p € K and a constant
¢ > 0 such that for everyt >0, zg € X, and u € Z(0,t;U)

(i) «(t) lies in X and

(i) [lz(®)] < y(loll) + 6( [y p(llu(s)llw) ds) + e

Remark 2.8.

1. By the inclusion of LP spaces on bounded intervals we obtain that LP-ISS
(LP-iISS, LP-UBEBS) implies L2-ISS (L%-iISS, L?-UBEBS) for all 1 < p <
g < co. Further the inclusions L® C Eg C Ly C L' and Z C Llloc yield a
corresponding chain of 1mphcat10ns of ISS, iISS, and UBEBS.

2. Note that in general the integral fo (Jlu(s)]]v) ds in the inequalities defining
Z-iISS and Z-UBEBS may be infinite. In that case, the inequalities hold
trivially. This indicates that the major interest in iISS and UBEBS lies in
the case Z = L°°, in which the integral is always finite.

2.2. Relations between the stability notions. Recall that the semigroup
(T'(t))e>0 is called exponentially stable if there exist constants M, w > 0 such that

(2.5) IT@#)|| < Me™“", t>0.

LEMMA 2.9. Let (T'(t))i>0 be exponentially stable and (A, B) be Z-admissible.
Then the following holds:
(i) X(A, B) is infinite-time Z-admissible.
(ii) X(A, B) is Z-iISS if and only if there exist 0 € Ko and p € K such that for
every u € Z(0,1;U),
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(26) I Bt as] <o ([ ulluts)loras).

Moreover, if (2.6) holds, then ¥(A, B) is Z-ilSS with the same choice of .

Proof. By the representation of the solution (2.2) for zg = 0, it follows that the
condition in (ii) is necessary for Z-iISS. For the sufficiency it is enough to consider
2o = 0 by exponential stability. Therefore, both (i) and (ii) hold if we can show
that there exists C' > 0 such that for any ¢ > 0 and v € Z(0,¢;U), there exists
4 € Z(0,1;U) such that the following three inequalities hold:

)

t 1
/ T_ () Bu(s) ds / () Bii(s) ds
0 0
Il z (0,107 < llull (0,650

1 t
| utlisords < [ utluts)iyds i k.
0 0

Without loss of generality, we assume that ¢ € N and otherwise extend u suitably by
the zero-function. By splitting the integral, substitution, and the fact that (A, B)
is Z-admissible, we get for u € Z(0,t;U),

<c

k41
Z/k T_1(s)Bu(s)ds

k=0

/0 T (s) Buls) ds

/ (s)Bu(s + k) ds

Z (1T (k) pmax

/1 T_1(s)Bu(s+k)ds
0

| N

/01 T_1(s)Bu(s+ k) ds

<C- max
k=0,..,t—1

where C' < oo only depends on the exponentially stable semigroup (7'(t)):>0. Choose
@ = u(- + ko)lo, 1), where ko is the argument such that the above maximum is at-

tained. Clearly, fo (Jla(s)||v) ds < fo (Jlu(s)||v) ds. We now use the properties of
Z described in Assumption 2.1. By (d), u(-+ko) € Z(0,t;U) and |[u(-+ko)|| z(0,10) <
llull z(0,4;07. Therefore, property (e) implies that @ € Z(0,1;U) with ||@ 701,07 <
lu(- + ko)l z(o.60) < Nlull (0,650

Note that (i) in Lemma 2.9 for the case Z = LP is well-known and can, e.g., be
found in [30] for p = 2.

PROPOSITION 2.10. Let Z C L},
follows:

(i) The following statements are equivalent:

(a) X(4,B) is Z-IS8S,

(b) X(A, B) is Z-admissible and (T'(t))i>0 is exponentially stable,

(¢) X(A, B) is Z-infinite-time admissible and (T'(t))¢>0 is exponentially stable.

(i) If X(A, B) is Z-iISS, then the system is Z-admissible and (T'(t))i>0 s expo-

nentially stable.
(i) If 3(A, B) is Z-UBEBS, then the system is Z-admissible and (T(t))i>o is

bounded, that is, (2.5) holds for w = 0.

(0,00;U) be a function space. Then we have as
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Proof. Clearly, Z-1SS, Z-iISS, and Z-UBEBS imply Z-admissibility (consider
zo = 0 in (2.2) and observe that z(t) € X for all ¢ > 0). Further, Z-admissi-
bility and exponential stability of (T'(¢)):>o show Z-ISS; see Remark 2.4. If 3(A, B)
is Z-ISS or Z-iISS, by setting u = 0, it follows that ||T'(¢)|| < 1 for sufficiently large ¢,
which shows that (T'(t));>0 is exponentially stable. It is easy to see that Z-UBEBS
implies boundedness of (T'(t)):>o. Finally, by Remark 2.4 items (b) and (c) in (i) are
equivalent. 0

PropoSITION 2.11. If 1 < p < oo, then the following are equivalent:
(i) X(A, B) is LP-ISS,

(ii) X(A, B) is LP-iISS,

(ili) X(A, B) is LP-UBEBS and (T'(t))1>0 is exponentially stable.

Proof. Clearly, by the definition of iISS and UBEBS, (ii) = (iii). By Proposition
2.10, (iii) = (i). Thus in view of Proposition 2.10 it remains to show that LP-infinite-
time admissibility and exponential stability imply LP-iISS. Indeed, LP-infinite-time
admissibility and exponential stability show for o € X and u € LP(0,¢;U) that

le(®)] < Me™*{zoll + coe 4]0 0 00
t 1/p
— M lao| + cx ( / |u<s>|%ds) 7
0

which shows LP-iISS. a

Remark 2.12. Let 1 < p < oo. If the system X(A, B) is LP-admissible and
(T'(t))e>0 is exponentially stable, then the system X(A, B) is LP-ISS with the fol-
lowing choices for the functions 5 and pu:

B(s,t) ;== Me “'s and pu(s) := Coos.

Here the constants M and w are given by (2.5) and coo = sup,;q c(t).

PROPOSITION 2.13. If3(A, B) is L*°-iISS, then ¥(A, B) is L>°-zero-class admis-
sible.

Proof. If 3(A, B) is L*°-iISS, then there exist § € K, and pu € K such that for

all t >0, u e L*(0,tU), u##0,
L sl
u(s)|lu
30(/0 (et )d5>~

Since the function u is monotonically increasing and ||u(s)||v < ||ul| a.e., the right-
hand side of (2.7) is bounded above by 6(tu(1)) which converges to zero as ¢t \, 0. O

(2.7) ! ‘

[l

/ T_1(s)Bu(s) ds
0

We illustrate the relations of the different stability notions with respect to L™
discussed above in the diagram depicted in Figure 2.1.

PROPOSITION 2.14. Suppose that B is a bounded operator from U to X and Z C
L}OC(O, oo; U) is a function space as in section 2.1. Then the following statements are
equivalent:

(i) (T'(t))i>0 s exponentially stable,
(ii) 3(A, B) is Z-admissible and (T'(t))i>0 is exponentially stable,
(iii) (A, B) is Z-infinite-time admissible and (T'(t))i>0 is exponentially stable,
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Lr-i1sS € » Lr-admissible &= LP-ISS

l

[oo-i1ss ———% L7 reroclass 8§ o missible €=——3 LIS

admissible

Fi1c. 2.1. Relations between the different stability notions with respect to LP, p < oo, and L™
for a system X(A, B), where it is assumed that the semigroup is exponentially stable.

(iv) X(A, B) is Z-1S8S,

(v) S(A, B) is Z-ilS8,

(vi) ¥(A, B) is Z-UBEBS and (T(t))i>0 is exponentially stable,
(vii) $(A, B) is L}, .-admissible and (T'(t));>o is exponentially stable.

If Z satisfies assumption (B), then the above assertions are equivalent to
(vill) X(A, B) is Z-zero-class admissible and (T(t))¢>o is exponentially stable.

Proof. By Proposition 2.10 we have (v) = (vi) = (ii) = (iii) = (iv) = (i), and
Proposition 2.11 and Remark 2.8 prove (vii) = (v). The implication (i) = (vii)
follows from the fact that by the boundedness of B we have z(t) € X for all t > 0 and
all u € L'(0,t;U). Clearly, (viii) = (ii). Thus it remains to show that if Z satisfies
assumption (B), then (i) = (viii). Let (T'(¢)):>0 be exponentially stable, that is, there
exist constants M,w > 0 such that (2.5) holds. Therefore, for any u € L1(0,t;U),

t
le(®)]| < Me"|jzol| + M| B| / e~ u(s) s ds
t
(2.8) < Me~*!|lzo]| + M|B| / lu(s)lo ds.

Using that Z(0,t;U) is continuously embedded in L(0,t; U), we conclude that
(2.9) lz(®)[l < Me™"|lzoll + M| Blls(t)llull z (0,0

for all ¢ > 0. If assumption (B) holds, then the embedding constants x(t) tend to 0
as t \( 0. Hence, (2.9) shows that (i) implies (viii). |

For the special case Z = LP(0,00;U), parts of the equivalences in Proposition
2.14 can already be found in [19].

Remark 2.15. Note that in Proposition 2.14, the assertions are independent of
7 as the assertions only rest on exponential stability. In particular, if one of the
equivalent conditions holds, then the system (A, B) is LP-ISS with the choices for
the functions 8 and g

M
B(s,t) := Me 's and u(s):= —| B|s,
wq
where ¢ is the Holder conjugate of p, and LP-iISS with
B(s,t) == Me™“'s, u(s):=s, and 6(s):=sM|B].

Here the constants M and w are given by (2.5). Although in this case a system is
LP-ISS or LP-iISS for all p if this holds for some p, the choices for the functions g,
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however, do depend on p. Note that if B is unbounded, then the question whether a
system is LP-ISS or LP-iISS crucially depends on p.

Furthermore, note that in the trivial case X = U = C and A = -1, B =1, we
have that the system Y (A, B) is not L!-zero-class admissible.

3. iISS from the viewpoint of Orlicz spaces. In this section we relate L°°-
ISS and L'-ISS to ISS with respect to Orlicz spaces Eg corresponding to a Young
function ®. The use of Orlicz spaces is motivated by the idea of understanding the
integral appearing in the definition of iISS, (1.2), as some type of norm. For the
definition and fundamental properties of Orlicz spaces and Young functions, we refer
to the appendix. The main results of this section are summarized in the following
three theorems.

THEOREM 3.1. The following statements are equivalent:
(i) There is a Young function ® such that the system %(A, B) is Eg-1SS.
(il) 2(A, B) is L®-ISS.
(iil) (T(t))e>0 is exponentially stable and there is a Young function ® such that
the system (A, B) is Fe-UBEBS.

If @ satisfies the Ag-condition (see Definition A.12) more can be said.

THEOREM 3.2. If ® is a Young function that satisfies the Ay-condition, then the
following are equivalent:
(i) (A, B) is Eg-ISS.
(ii) 3(A, B) is E¢-iISS.
(iif) X(A, B) is Ex-UBEBS and (T'(t))i>0 is exponentially stable.

Remark 3.3. Since LP-spaces are examples of Orlicz spaces where the As-condition
is satisfied, Theorem 3.2 can be seen as a generalization of Proposition 2.11.

THEOREM 3.4. The following statements are equivalent:
(i) X(A, B) is L'-ISS.

(ii) (A, B) is L'-iISS.

(iii) X(A, B) is E¢-ISS for every Young function ®.

The proofs of Theorems 3.1, 3.2, and 3.4 are given at the end of this section.

LEMMA 3.5. Let X(A, B) be L°-iISS. Then there exist 0,® € Koo such that ® is
a Young function which is continuously differentiable on (0,00) and

<o ([ etusas)

(3.1) ’ /Ot T\ (s)Bu(s) ds

forallt >0 and u € L>®(0,t;U).

Eg-iISS €———=p Eg-admissible &——=p E¢-ISS

l

1501188 ( ) FEy-admissible Ey-1ISS

for some ¥ for some ¥

Fic. 3.1. Relations between the different stability notions with respect to Orlicz spaces for a
system 3(A, B), where it is assumed that the semigroup is exponentially stable and that ® satisfies
the Ag-condition.
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Proof. By assumption, (T'(t));>0 is exponentially stable and there exist § € K
and p € ICsuch that (2.6) holds for Z = L>°. Without loss of generality we can assume
that p belongs to K. By Lemma 14 in [23] there exist a convex function p, € Ko and
a concave function p. € Ko, such that both are continuously differentiable on (0, 0c)
and g < pie 0 py, holds on [0, 00). Now for any Young function ¥: [0,00) — [0, 00) it
is straightforward to check that p. o ¥~ is a concave function and hence we have by
Jensen’s inequality

o ([ oy as) <o ( [ o patlatsoas)
< @onow ) ([ @or(luts)lo)as).

Using Remark 3.2.7 in [15] it is easy to see that ® := W o u, is a Young function.
Taking 6 := 6 o 1. o ¥~ we obtain the desired estimate for ¢ = 1. By Lemma 2.9, the
assertion follows. O

Proof of Theorem 3.1. (i) = (ii): Since A(s) = s? defines a Young function with
A(1) =1, it can be easily seen that

) (s), s <1,
@1(5){¢<A<s>>, >

defines another Young function such that ® < ®;. Furthermore, ®; increases essen-
tially more rapidly than ® (see Definition A.13), since the composition ® o A of two
Young functions ®, A is known to be increasing essentially more rapidly than & (see
p. 114 of [14]). We define 6: [0, 00) — [0, 00) by

o) =sun{| [ T Buts) a5 | w e 220,10, [ @u(uol)ds < o

for & > 0 and 6(0) = 0. Clearly, 0 is nondecreasing. Admissibility with respect to Fg
and Remark A.10.4 yield that for u € L*°(0,1;U),

] / 1y () Bu(s) ds|) < ez o0 < 1) (1 +f 1 <1>1<||u<s>|U>ds) .

Hence, () < oo for all o > 0.
If we can show that lims\6(t) = 0, then, by Lemma 2.5 in [3], there exists
0 € Koo such that 6 < 6 pointwise. Therefore, let (a,)nen be a sequence of positive

real numbers converging to 0. By the definition of 6, for any n € N there exists
up € L*(0,1;U) such that

1
/0 By (Jun(5) 1) ds < @,

and

1
< —.
n

(3.2) ‘G(an) - ‘ /0 1 T_1(s)Bun(s) ds

Hence the sequence (||uy,(+)||v)nen is P1-mean convergent to zero (see Definition A.11).
By Theorem A.14, the sequence even converges to zero with respect to the norm of
the space L (0,1) and thus also in Eg(0,1). Hence

T fun 010y = 100 [ Ol L5, 0,1 = 0-
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where we used Remark A.10.2. Hence, by admissibility,

as n — 0o. Altogether we obtain that

< c(Dllunllgp0,150) = 0,

/ T_1(8)Bun(s)ds
0

o(an)

IN

‘a(an) - ‘ /O1 T_1(s)Bun(s) ds /01 T_1(s)Bun(s) ds

"

1
< - + (D lunll£40,150)

and thus lim,, ., 0(ay,) = 0. ~
Therefore, there exists 6 € K, such that 6§ < § pointwise. Furthermore, @ is a
Young function, and in particular we have ®; € K,. The definition of 8 yields that

<o [ ot as) <o [ oo i)

for all u € L*>°(0,1;U). By Lemma 2.9, we conclude that X(A, B) is L>°-iISS.

(ii) = (i): Now assume that 3(A, B) is L*°-iISS. We need to show that for some
Young function ® the system (A, B) is F$-ISS. By Proposition 2.10(i) it suffices
to show that there is a Young function ® such that fot T_1(s)Bu(s)ds € X for all
u € E3(0,t). Note that since Eg(0,t;U) C L'(0,t;U) for any Young function ®,
the integral always exists in X_;. By assumption, f(f T_1(s)Bu(s) ds € X for all
u € L*(0,t). By Lemma 3.5, there exist 6 € K+ and a Young function ® such that
(3.1) holds. Let u € Eg. By definition, there is a sequence (un)nen € L(0,¢;U)
such that lim, e [|un — ullgy(0,6:0) = 0. Since (up)nen is a Cauchy sequence in
Eg(0,t;U), we can assume without loss of generality that |[w, — wm gy 0,0y < 1 for
all m,n € N. By [15, Lemma 3.8.4(i)] this implies that for all n,m € N,

/01 T_1(s)Bu(s) ds

t
/0 ([t (3) = 4 () |1) d < [[ttn — thl| (0.0

Together with (3.1) and the monotonicity of 6, this yields

Hence (fot T_1(5)Bun(s) ds)nen is a Cauchy sequence in X and thus converges. Let y
denote its limit. Since Eg(0,t;U) is continuously embedded in L!(0,; U) (see Remark
A.10.3), it follows that

<0 </th><||un<s> - um<s>||U>ds)

<0 (lun = vl 22 0.60)) -

/0 T_1(8)B(un(s) — um(s)) ds

t

lim T_1(s)Buy(s)ds = /0 T_1(s)Bu(s)ds

n—oo 0

in X_;. Since X is continuously embedded in X_;, we conclude that

y:/o T_1(s)Bu(s)ds.
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Thus, we have shown that fot T_1(s)Bu(s)ds € X for all u € Eg and hence (A, B)
is admissible with respect to Fg. R

(i) = (iii): This follows since for all uw € Eg(0,¢;U) it holds that uw € Lg(0,¢;U)
and

t
lullzs <1+ / &(|[u(s)lv) ds;

see Remark A.10.4.
(iii) = (i): This follows by 2.10 and 2.10 of Proposition 2.10. |

Proof of Theorem 3.2. The implications (ii) = (iii) = (i) follow, analogously as
for the LP-case, by Proposition 2.10.

(i) = (ii): Similarly to the proof of Theorem 3.1, we can define a nondecreasing
function 6 by

O(a) = sup{ /01 T_1(s)Bu(s)ds ’ u € Fg(0,1; U),/O1 O(|lu(s)]|v)ds < a}

for & > 0 and 6(0) := 0. By Eg-admissibility and Remark A.10.4, we have that

for u € E3(0,1;U) C Ly(0,t;U). Hence, 0 is well-defined. In analogy to the proof of
Theorem 3.1, it remains to show that 6 is right-continuous at 0. This follows because
® satisfies the As-condition. In fact, if the latter is true, it is known that a sequence
(un)nen in Eg converges to 0 if and only if the sequence is ®-mean convergent to
zero (see Definition A.11). Therefore, a,, N\, 0 implies that there exists a sequence
un € Eg(0,1;U) that converges to 0 in Fg and such that

/01 T_1(s)Bu(s)ds|| < c(1)|lull gy 0,107 < c(1) (1 + /01 ‘I)(HU(S)HU)dS)

1
1
le(an)—’/o T_1Buy(s)ds Sﬁ’ n € N.

By Eg-admissibility, we conclude that 6(ay,) — 0 as n — oo. }
Hence, by Lemma 2.4 in [3], we find § € K such that § < § pointwise. By

definition of 6, this implies
_ 1
<i ([ allueas)
0

for all w € E4(0,1;U). Finally, Lemma 2.9 yields that X(A, B) is E¢-iISS. d

Proof of Theorem 3.4. By Propositions 2.10 and 2.11, we only need to show the
equivalence of (i) and (iii). That (i) implies (iii) follows immediately since Fg is
continuously embedded in L'.

Conversely, let (A, B) be Eg-admissible for every Young function ®. According
to Proposition 2.10(a), we have to show that X(A, B) is L'-admissible. Let ¢ > 0 and
uw € LY(0,t;U). Tt remains to prove that f(f T_1(s)Bu(s)ds € X. By [14, p. 61], there
exists a Young function ® satisfying the Ag-condition such that ||u(-)||y € Le.! The

/ I () Bu(s) ds

n [14, p. 61] it is actually shown that for given f € L'(0,t), there exists a Young function
Q such that f € Lgoq(0,t) and such that Q satisfies the A’-condition, i.e., Ic,ug > 0 Vu,v >
ug : Q(uv) < cQ(u)Q(v). In fact, it is easy to see that this property implies that Q o @Q satisfies
Yu > ug : (QoQ)(fu) < k(£)(QoQ)(u) for some ¢ > 1 and k(£) > 0, which is known to be equivalent
to Q o Q satisfying the Ag-condition; see [14, p. 23].
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As-condition implies that Eq> = Lo and F(0,t;U) = Lg(0,t;U); see [24, p. 303] or
[26, Thm. 5.2]. Thus fo (s)Bu(s) ds € X by assumption. O

PROPOSITION 3.6. Let E(A7B) be L>°-ISS. If there exist a nonnegative function
feL0,1),0ek,a constant c > 0, and a Young function p such that for every

u € LY0,1;U) with fo p(llu(s)||v) ds < oo one has

’/olT putsyas| < e o ([ i as).

then (A, B) is L*°-iISS.

Proof. By Theorem 3.1 and Proposition 2.10 it is sufficient to show that there
is a Young function ® such that the system 3(A, B) is Eg-admissible. Theorem A.3
implies that there exists a Young function ¥ such that f € Ly (0,1). Let ® be the
complementary Young function to ¥. We define the Young function ® by & := o .
Using Remark A.6 for u € Fg(0,1;U) we obtain

)
/ T () Bu(s) s < ¢ 9( ol >||U>ds)
( pas+ [ 1 B9 ds )

<c+¥6

This shows that for all u € Eg(0,1;U) we have

/1 T_1(s)Bu(s)ds € X,
0

that is, (A, B) is Eg-admissible. d

4. Stability of parabolic diagonal systems. In the previous section we have
proved that for infinite-dimensional systems L°°-iISS implies L°°-ISS. It is an open
question whether the converse implication holds. Here, we give a positive answer for
parabolic diagonal systems, which are a well-studied class of systems in the literature;
see, e.g., [30].

Throughout this section we assume that U = C, 1 < ¢ < 0o, and that the operator
A possesses a ¢-Riesz basis of eigenvectors (e, )nen with eigenvalues (A, )nen lying in
a sector in the open left half-plane C_. More precisely, (e, )nen is a g-Riesz basis of
X if (en)nen is a Schauder basis and for some constants ¢q, ca > 0 we have

q
a1 larl? < > arer|| <c2 > laxl®
K k K

for all sequences (ag)gen in ¢4 = ¢9(N). Thus without loss of generality we can
assume that X = ¢ and that (e, )nen is the canonical basis of £2. We further assume
that the sequence (A,)nen lies in C with sup,, Re(A,) < 0 and that there exists a
constant k > 0 such that [Im \,| < k[Re\,|, n € N, i.e., (Ay)n C C\ Sy /244 for some
0 € (0,7/2), where

Srjovo ={2€C| 2] >0, |arg 2| < 7/2 4 6}.
Then the linear operator A: D(A) C £9 — (%, given by
Ae, = Apen, n €N,
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and D(A) = {(zn) € 9| >, |tnAn|? < oo}, generates an analytic exponentially

stable Co-semigroup (T'(t))i>0 on ¢4, which is given by T'(t)e, = e'*ve,. An easy

calculation shows that the extrapolation space (£9)_; is given by

(Zq)71 = { xn neN | Z |§n|z }a

lllx_y = [ A" 2 ]les.

Thus the linear bounded operator B from C to (¢7)_; can be identified with a sequence
(bn)nen in C satisfying
> <
At

neN

Thanks to the sectoriality condition for (A,),en this is equivalent to
S e
< |Re Ay |q

The following result shows that, under the above assumptions, the system X(A, B)
is L°°-iISS. Thus for this class of systems L>°-iISS is equivalent to L°°-ISS, and both

notions are implied by B € (¢9)_4, that is, >, |‘f\” ‘IZ < 00. The following theorem

generalizes the main result in [7], where the case ¢ = 2 is studied.

THEOREM 4.1. Let U = C, and suppose that the operator A possesses a q-Riesz
basis of X that consists of eigenvectors (en)nen with eigenvalues (A )nen lying in a
sector in the open left half-plane C_ with sup,, Re(\,) < 0 and B € L(C,X_1). Then
the system 3(A, B) is L -iISS, and hence also L™ -1SS and L*-zero-class admissible.

Remark 4.2. In the situation of Theorem 4.1, ¥(A, B) is L*°-iISS if and only if
Y(A, B) is L*°-ISS.

Proof of Theorem 4.1. Without loss of generality we may assume X = {9 and
that (en)nen is the canonical basis of 9. Let f: (0,00) — [0,00) be defined by

Z |b |q Rekns.
|Re Ap a1

Then it is easy to see that f belongs to L1(0 ). Now for u € L(0,1) with
fo $)|9ds < oo we obtain (denoting by ¢’ the Holder conjugate of ¢)

]/ T 1(s)Bu =3 b |Q/ Mou(s) ds

neN

q
<3 bl (/ R“nﬂu(s)lds)
neN

‘b ‘ ! ReAns !
_ Z |Re)\ m \Re)\n|e " lu(s)| ds

b e S
P‘{e/\‘ r </ | Re A, [eeAn (s)|qu>

1 a/q
(/ | Re A, |eRerns ds)
0

q

09
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1
Z i / | Re Ay feReX*u(s)|7 ds
- |Re)\ |

|b7b| e S
/ 3 e o

- / F(8)]u(s)) ds
0
< 0

This shows that the system ¥(A, B) is L*°-ISS and the claim now follows from Propo-
sition 3.6. 1]

Remark 4.3. Theorem 4.1 states that L°°-admissibility implies Fg-admissibility
for some Young function ® in the case of parabolic diagonal systems. A natural
question is whether ® can always be chosen such that the As-condition is satisfied.
Looking at the proof and having in mind that L' equals the union of all spaces Ey
where W satisfies the As-condition, this could be expected. However, the answer
is negative, which can be seen as follows. For a Young function ® satisfying the
As-condition there exist constants xp > 0 and p € N\ {1} such that

O(z) < 2P, x> ;
see [14, p. 25]. This implies that Eg D LP; see, e.g., [15, sect. 3.17]. However,
there exist Young functions that do not satisfy the latter estimate, e.g., ®(z) =
e* ! —x —e !, In Example 5.2, ¥(A, B) is not LP-admissible for any p < oo, which,
with the above reasoning, implies that the system cannot be Eg-admissible for any ®
satisfying the As-condition.

LEMMA 4.4. Let i be a positive reqular Borel measure supported on a sector Sy
with ¢ € (0, %), and let 1 < q < co. Then the following are equivalent:

(i) The Laplace transform L: L*(0,00) — LY(C4, u) is bounded.

(ii) The function s+ 1/s lies in LI(Cp, ).

Proof. (i) = (ii): Taking f(t) = 1 for ¢ > 0 we have that Lf(s) = 1/s and the

result follows.
(ii) = (i): For f € L>(0,00) and s € C4 we have

‘/ f(t)e™ dt’ < IIf\Ioo/ le™* | dt < [ flloc/(Re s) < M| flloo/ls],
0 0

where M is a constant depending only on ¢. Now condition (ii) implies that £ is
bounded. O

THEOREM 4.5. Suppose that A possesses a q-Riesz basis of X consisting of eigen-
vectors (en)nen with eigenvalues (\p)nen lying in a sector in the open left half-plane
C_ and B € X_1. Then the following assertions are equivalent:

(i) X(A, B) is infinite-time L™ -admissible.

(i) supsec, I~ 4)~'B| < o,

(iii) The function s — 1/s lies in LY(C, ), where p is the measure D [bk|10_», -

Proof. By [9, Thm. 2.1], admissibility is equivalent to the boundedness of the
Laplace transform £: L*°(0,00) — L9(C4, i), and hence (i) and (iii) are equivalent
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[oo-iIsS &9 L7 zeroclass @ g oo dmissible €=——9 L<-ISS

admissible

BeX

Fi1G. 4.1. Relations between the different stability notions for parabolic diagonal system (as-
suming that the semigroup is exponentially stable).

by Lemma 4.4. Note that
_ br|?
Ao A)yippe = ST
0= a7 Bl =3 525

Now if (ii) holds, then (iii) also holds, letting A — 0. Conversely, if (iii) holds, then
by sectoriality we have that
Z [bx.|
| Re Ak |q

and hence Y, [bg|?/|X — Ag|? is bounded independently of A € Cg, that is, (ii)
holds. a

Remark 4.6. Let b,(X) denote the set of LP-admissible control operators from C
to X_; for a given A. By Theorem 4.1, we have that b (X) = X_; for exponentially
stable, parabolic diagonal systems. Using [32, Thm. 6.9] and the inclusion of the
LP-spaces, we obtain the following chain of inclusions for X = ¢¢ with ¢ > 12:

(4.1) X =b1(X) Cby(X) Cbo(X)=X_,.

It is not so hard to show that the equality b (X) = X_; does not hold in general if
the exponential stability is dropped. In fact, a counterexample on X = ¢2 with the
standard basis is given by A, = 2", n € Z, b, = 2"/n for n > 0, and b, = 2" for
n < 0.

The relations of the different stability notions with respect to L for parabolic
diagonal systems are summarized in the diagram shown in Figure 4.1.

5. Some examples.

Ezxample 5.1. Let us consider the following boundary control system given by the
one-dimensional heat equation on the spatial domain [0,1] with Dirichlet boundary
control at the point 1,

xt(fat) = ax&f(faﬂ? §€ (07 1)7 t>0,
2(0,t) =0, xz(1,t) =wu(t), t>0,
.’L‘(f,O) =$0(§)7

where @ > 0. It can be shown that this system can be written in the form (A, B) in
(2.1). Here X = L?(0,1) and

Af=f", feD(A),
D(A) = {f € H*0,1) | f(0) = f(1) = 0} .

2Here, ¢ = 1 is also allowed if (T*(t))¢>0 is strongly continuous.
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Moreover, with A\, = —am?n?,

Ae, = Apen, neEN,
where the functions e, = V2 sin(nw-), n > 1, form an orthonormal basis of X.

With respect to this basis, the operator B = ad] can be identified with (b,)nen
for b, = (—1)*\v/2anm, n € N. Therefore,

which shows that B € X_;. By Theorem 4.1, we conclude that the system is L>°-iISS.
Moreover, we obtain the following L°°-ISS and L°°-iISS estimates:

—an? 1
()]l 220,1) < e “llwollL2(0,1) + %”uHLx(O,t),

X t 1/p
()l L2(0,1) < e HlzollL2(0,1) + € (/ IU(S)I”d«S)
0

for p > 2 and some constant ¢ = ¢(p) > 0. For the second inequality, we used the fact
that (A, B) is even LP-admissible for p > 2, as can be shown by applying Theorem
3.5 in [9]. We note that a slightly weaker L>°-ISS estimate for this system can also
be found in [12].

Ezample 5.2. As remarked, Example 5.1 provides a system X(A, B) which is even
LP-admissible for p > 2. In the following we present a system which is L>°-admissible
but not LP-admissible for any p < co. In order to find such an example, we use the
characterization of LP-admissibility from [9, Thm. 3.5].

Let X = ¢% and let (A )nen, (bn)nen define a parabolic diagonal system X( A, B) as
in section 4. Furthermore, let p € (2,00). Then X(A, B) is infinite-time LP-admissible
if and only if

_2n(p—1) p_
(2 uQw) e @),
nez
where =3 . |bn|?6-x, and Q, = {z € C|Rez € (2" 1,2"]}, n € Z.

We choose \,, = —2" and b,, = % for n € N. Clearly, B = (b,) € X_1. Then we

have that ,

_ 2n(p—1) _ 2n(p—1) 22'IL 27v
7 —

2 (Qu) =2

)

n2  n2
and thus for p > 2,

2n
_ 2n(p—1) === 2p—2
((2 P .U(Qn))p > = ( 2p > ¢ .
nez ne-2 nez

Hence, (A, B) is not LP-admissible for any p > 2 and therefore also not for any
p > 1. However, since >, [bn]?/|Re Ap|? = 3,y 1/n? < 00, Theorem 4.1 shows
that (A, B) is L*-iISS and in particular infinite-time L*°-admissible.

We observe that by Theorem 3.1, there exists a Young function ® such that
(A, B) is Eg-admissible. However, as the system is not LP-admissible, such ® cannot
satisfy the As-condition; see Remark 4.3.
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6. Conclusions and outlook. In this paper, we have studied the relation be-
tween ISS and iISS for linear infinite-dimensional systems with a (possibly) unbounded
control operator and inputs in general function spaces. In this situation, ISS is equiv-
alent to admissibility together with exponential stability of the semigroup. We have
related the notions of iISS with respect to L' and L™ to ISS with respect to Orlicz
spaces. The known result that ISS and iISS are equivalent for LP-inputs with p < oo
was generalized to Orlicz spaces that satisfy the As-condition. Moreover, we have
shown that for parabolic diagonal systems and scalar input, the notions of L>°-ilSS
and L>°-ISS coincide.

Among possible directions for future research are the investigation of the non-
analytic diagonal case, general analytic systems, and the relation of zero-class ad-
missibility and ISS. Recently, the results on parabolic diagonal systems have been
adapted to more general situations of analytic semigroups—the crucial tool being
the holomorphic functional calculus for such semigroups [10]. Furthermore, versions
ISS and iISS for strongly stable semigroups rather than exponentially stable can be
studied; see [22].

Finally, we mention that the existence of a counterexample for one of the unknown
(converse) implications in Figure 2.1 can be related to the following open question
posed by Weiss in [31, Prob. 2.4].

QUESTION A. Does the mild solution x belong to C([0,00),X) for any zg € X
and u € Z = L*°(0,00;U) provided that X(A, B) is L*>°-admissible?

Although we do not provide an answer to this question, we relate it to the fol-
lowing.

PROPOSITION 6.1. At least one of the following assertions is true:

1. The answer to Question A is positive for every system %(A, B).

2. There exists a system (Ao, Bo) with Ay generating an exponentially stable
semigroup and X(Ao, By) is L -admissible but not L -zero-class admissible.

Proof. This follows directly from Proposition 2.5. O

Appendix A. Orlicz spaces. In this section we recall some basic definitions
and facts about Orlicz spaces. More details can be found in [14, 15, 1, 35]. For
the generalization to vector-valued functions see [24, Chap. VII, sect. 7.5]. In the
following I C R is an open bounded interval, U is a Banach space, and ®: ]R(T — Rg
is a function.

DEFINITION A.1. The Orlicz class Lo (I;U) is the set of all equivalence classes
(w.r.t. equality almost everywhere) of Bochner-measurable functions w: I — U such
that

plu; @) = / &(Ju(a)lly) dz < .

In general, Lo (I;U) is not a vector space. Of particular interest are Orlicz classes
generated by Young functions.

DEFINITION A.2. A function ® : [0,00) — R is called a Young function (or Young
function generated by ¢) if

q)(t):/otgo(s)ds, £>0,

where the function ¢: [0,00) — R has the following properties: ¢ is right-continuous
and nondecreasing, ¢(0) =0, ¢©(s) > 0 for s >0, and lim,_, ©(s) = 0.
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THEOREM A.3 (see [15, Thm. 3.2.3 and Thm. 3.2.5]). Let ® be a Young function.
Then Lg(I;U) is a convex set and Lo (I;U) C LY(I;U). Conversely, foru € L*(I;U)
there is a Young function ® such that u € Lg(I;U).

DEFINITION A.4. Let ® be the Young function generated by p. Then ¥ defined by

\I/(t):/otw(s)ds with (t) = sup s, t>0,

w(s)<t

is called the complementary function to ®.

The complementary function of a Young function is again a Young function. If
© is continuous and strictly increasing in [0, 00), i.e., belongs to Koo, then ¢ is the
inverse function ¢! and vice versa. We call ® and ¥ a pair of complementary Young
functions.

THEOREM A.5 (Young’s inequality [35, Thm. I, p. 77]). Let ®, U be a pair of
complementary Young functions and @, ¥ their generating functions. Then

uv < O(u) + ¥(v) Yu,v € [0, 00).

Equality holds if and only if v = p(u) or u =¥ (v).

Remark A.6. Let ®, ¥ be a pair of complementary Young functions, u € E¢,(I)
and v € Ly(I). By integrating Young’s inequality we get

[ @@l do < pwi®)+ plos ).

We are now in position to define the Orlicz spaces for which several equivalent defi-
nitions exist. Here we use the so-called Luxemburg norm.

DEFINITION A.7. For a Young function ®, the set Lo (I;U) of all equivalence
classes (w.r.t. equality almost everywhere) of Bochner-measurable functions w: I — U
for which there is a k > 0 such that

/Ifb(k_lHu(x)HU) dr < oo

is called the Orlicz space. The Luxemburg norm of u € Le(I;U) is defined as

Julle = el acrar = int {1 > 0] [ @G Juto)l) o < 1.
I

For the choice ®(t) := ¢, 1 < p < oo, the Orlicz space Lg(I;U) equals the
vector-valued LP-spaces with equivalent norms.

THEOREM A.8 (see [15, Thm. 3.9.1)). (Ls(I;U),| - |la) is a Banach space.
Clearly, L>°(I,U) is a linear subspace of L (I,U).
DEFINITION A.9. The space Eg(I,U) is defined as

Eq:.([’ U) _ m“'”Lé(I;U)'

The norm || - || gy (10 refers to || - || Ly (r;0)-

If U = K with K € {R,C}, then we write Lg(I) := Le(I;K) and Eg(I) :=
Eq4(I;K) for short.
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Remark A.10. The Banach spaces Eg(I;U) and Lg(I;U) have the following
properties:

1. Eg(I;U) is separable; see, e.g., 26, Thm. 6.3].

2. For ameasurable u: I — U, u € Le(I;U) if and only if f = ||u(-)||v € Lo ().
This follows from the fact that [|ulle = ||f]le. Thus, (un)nen C La(I;U)
converges to 0 if and only if (||u,(-)||v)nen converges to 0 in Le(1).

3. Let &, ¥ be a pair of complementary Young functions. The extension of
Hélder’s inequality to Orlicz spaces reads as follows: for any u € Lg () and
v € Ly(I), it holds that uwv € L*(I) and

/IIU(S)U(S)I ds < 2fJul|Lanllvlle ;s

see [15, Thm. 3.7.5 and Rem. 3.8.6]. This implies that for u € Le(I;U),

t
lull 21 (0,60) = /0 lu(s)llods < 2[|x0,llwllulle,

Le., Ly (I;U) is continuously embedded in L' (I;U). Moreover, |[x(o,4)llw — 0

as t \, 0, where x(o,¢) denotes the characteristic function of the interval (0,).

4. BEo(I;U) C La(I3U) C La(I;U); see, e.g., [26, Thm. 5.1]. For u € Ls(I;U),
[ulle < p(llu(-)llu; @) +1 < oo.

DEFINITION A.11 (see ®-mean convergence). A sequence (un)nen n Lo(I) is
said to converge in ®-mean to u € Lo (1) if

nlgl;o p(uy, —u; @) = nlgl;o ’ O (|up(z) — u(x)|) de = 0.
DEFINITION A.12. We say that a Young function ® satisfies the As-condition if
Jk>0,up >0 Vu>ug: PQ2u) < kP(u).
It holds that Eg(I;U) = Lo(I;U) = Lg(I; U) if ® satisfies the Ay-condition.
DEFINITION A.13. Let ® and ®1 be two Young functions. We say that the func-
tion ®; increases essentially more rapidly than the function ® if, for arbitrary s > 0,

o

lim (st)
t—o0 @1(15)

THEOREM A.14 (sce [14, Thm. 13.4]). Let ®, &1 be Young functions such that

@, increases essentially more rapidly than ®. If (un)nen C Lo, (I) converges to 0 in
®q-mean, then it also converges in the norm || - ||o.

=0.
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