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ABSTRACT. We apply recently obtained results on the hyperbolic-
ity of semigroups to delay equations. The main tool is the theory
of operator valued Fourier multipliers.

Dedicated to Rainer Nagel on the occasion of his 60th birthday

1. INTRODUCTION

Partial differential equations with delay have been studied for many
years and by many different methods. In an abstract way and using
the standard notation (see [20]), they can be written as

W' (t) = Bu(t) + duy, t >0,
(DE) u(0) = z,

in a Banach space X, where (B, D(B)) is a (unbounded) linear operator
on X, w(-) = u(t+-) on [—1,0], and the delay operator ® is supposed
to belong to, e.g., L(W'?([-1,0], X), X) for some 1 < p < oo.

J. Hale [7] and G. Webb [19] were among the first to apply semi-
group theory to delay equations, and we refer to [20] for more recent
references on partial differential equations with delay. There are deep
results on stability and hyperbolicity using compactness properties of
the semigroup by J. Milota [14] (see also in [20]), or the positivity [16].

As a first step one has to choose an appropriate state space. One of
the possibilities is to work in the space of continuous X-valued func-
tions. In this case, the relationship between solutions of (DE) and a
corresponding semigroup has been studied intensively (see for example
8], [20] or [6, Section VI.6]) and is well understood. On the other hand,
the state space € := X x LP([—1,0], X) turns out to be a better choice
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with regards to certain applications (e.g., to control theory, see [17], to
numerical methods, see [15]) and will be used in this paper.

The aim of this work is to give robust hyperbolicity and stability
results for linear partial differential equations with delay, especially for
the cases where no spectral mapping theorems are available and we
cannot use the powerful technics of characteristic equations. Our ap-
proach is based on a recently obtained characterization of hyperbolicity
resp. stability in terms of the resolvent being a Fourier multiplier (see
[12] resp. [10]).

In the next section we collect some results on the semigroup approach
for delay equations in the L history space, mainly from [2, 3]. A similar
method have been used by H. Petzeltova [18] with different spaces; they
allow less space regularity of the delay operator, but require analyticity
of the semigroup generated by B, and also more time regularity in the
delay term. Our approach is especially useful in the Hilbert space case
and allows stability results in the case where the semigroup generated
by (B, D(B)) is not compact, see [4] for applications.

In Section 3 we collect the results on the hyperbolicity and uniform
exponential stability of semigroups which we will apply to the delay
semigroup in Section 4.

The main problem is that in applications we have quite often a good
characterization of the generator but no explicit knowledge on the semi-
group itself, i.e., the solutions of the differential equation. Thus, it
would be useful if we could find conditions on the generator or its re-
solvent implying the hyperbolicity or uniform exponential stability of
the semigroup. In Hilbert spaces the celebrated theorem of Gearhart
allows us to make the connection. Recently, a generalization of this
stability theorem has been formulated in Banach spaces using the no-
tion of Fourier multipliers [5, 10], and hyperbolicity of a semigroup has
been also characterized in this way [12, 11].

The contributions of this paper are formulated and proved in Section
4. We present robust hyperbolicity results of the following kind: assume
that (B, D(B)) generates a hyperbolic semigroup and that the delay
operator @ is "small” in some sense, then the delay semigroup remains
hyperbolic. As a special case we consider uniform exponential stability.

We make a small remark about another approach to the problem
(DE). Formally, taking the Laplace transform of the solution u (re-
spectively Fourier transform when considered on R extended by zero
to the negative axis) we get

N =(\— B —dy)! (a: 4+ (e)" /0 e—ASf(s)ds)) ,
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where ®)x := ®(eMz). Arranging the terms at A\ = « + ip, after a
straightforward computation, using the Neumann series representation
of the resolvent, we obtain

u(a +i0)
=(a+io— B)™* Z (@aﬂp(a +i0— B)_l)n
n=0

% [g: + FA((f(z+ )x(0(z + -)e_az)(é’)] ’

where x; is the characteristic function of the interval I. Applying the
inverse Fourier transform with respect to ¢ we get for ¢t > 0

u(t) = e [ (), F (D )(s)| (e

el [T () ey (30N () % DU (s + Dxop (s )e ™) (1),
If one could show that the middle term

o0
F! (Z (Patiola +i0 — B)‘l)”> € L'(R, L,(X)),
n=0
then for the solution one would get that e=*wu(.) is in LP resp. Cp, as
a convolution with an L!-function. Here, we denoted by L,(X) the set
of continuous linear operators on X endowed with the strong operator
topology. A weaker condition is that the expression in the brackets is a
Fourier multiplier. Such estimates can yield stability results. To make
the computations correct, and to be able to cover also hyperbolicity

results, we have chosen the semigroup approach on a product space to
the problem (DE).

2. THE SEMIGROUP APPROACH TO DELAY EQUATIONS

Let us summarize here some results from [2, 3] on the semigroup
approach to linear partial differential equations with delay.
Consider the equation

(DE) u(0) = =,

where
e v € X, X is a Banach space,
e B:D(B) C X — X is a linear, closed, and densely defined

operator,
i f € Lp([_LO]?X)) p Z ]—7
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e &: W ([-1,0],X) — X is a linear, bounded operator,
o u:[—1,00) — X and u; : [-1,0] — X is defined by u,(0) :=
u(t + o).
Definition 2.1. We say that a function u : [—1,00) — X is a (clas-
sical) solution of (DE) if
(i) u € C([~1,00), X) N C}([0, 00), X),
(i) u(t) € D(B) and u, € WHP([—1,0], X) for all t > 0, and
(1i1) u satisfies (DE) for all t > 0.
To be able to solve (DE) by semigroup methods, we introduce the
Banach space
£:= X x L”([~1,0], X)
and the operator
B &
(1) A= (0 i)
do

with domain
(2) D(A) = {(fc) € D(B) x Wl’p([—l,O],X) . f(0) = :p}

Consider now the abstract Cauchy problem

V'(t) = Av(t), t>0,
(ACP) {U(O) s

associated to the operator matrix (A4, D(A)) on the Banach space £
with initial value v := (7). There is a natural correspondence between
the solutions of the two problems (see [3, Proposition 2.3 and 2.4]).

Lemma 2.2. (i) If u is a solution of (DE), then t — (%) is a
solution of the equation (ACP).
(i1) If t — (58) is a solution of (ACP), then v(t) = u; for all t > 0

and u is a solution of (DE).
We can then give the following definition for well-posedness.

Definition 2.3. We say that (DE) is well-posed if

(i) for every (7) € D(A) there is a unique solution u(z, f,-), and

(1) the solutions depend continuously on the initial values, i.e., if a se-
quence (7)) in D(A) converges to (7) € D(A), then u(zy, fa,t)
converges to u(x, f,t) uniformly for t in compact intervals.

There is also a correspondence between the well-posedness of equa-
tion (DE) and of the abstract Cauchy problem (ACP), see also |3,
Theorem 2.8].
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Proposition 2.4. Let (A, D(A)) be the operator matriz defined by (1)
and (2). Then the following assertions are equivalent.

(i) Equation (DE) is well-posed.

(ii) (A, D(A)) is the generator of a strongly continuous semigroup on

€.

As an easy consequence of Lemma 2.2 and Proposition 2.4, we have
that if (A, D(.A)) generates a strongly continuous semigroup (7 (t)):>o
, then the solutions of equation (DE) are given by the first component
of the function ¢t — T (t)(7) for () € D(A).

By means of the perturbation theorem of Miyadera-Voigt (see [6,
Corollary II1.3.16]) one can formulate the following sufficient condition
on the well-posedness, see [3, Theorem 3.2 . Here (B, D(B)) is assumed
to be the generator of a strongly continuous semigroup (S(¢)):>o on X,
(To(t))e>0 is the nilpotent left shift semigroup on LP([—1,0], X) and
Sy X — LP([—1,0], X) is defined by

(Sp)(7) := {

Sit+r1)r, —t<T7<O0,
0, —1<7r< -t
Theorem 2.5. Let (B, D(B)) be the generator of a strongly continuous

semigroup on X and assume that there exist to > 0 and 0 < ¢ < 1 such
that

) / (S, a+ To(r) )l dr < q [|(5)]

for all () € D(A). Then the operator (A, D(A)) is the generator of
a strongly continuous semigroup on . Thus, (DE) is well-posed.

One can formulate the following special case of the above result, see
[3, Theorem 3.3, Examples 3.4], [13].

Corollary 2.6. Assume that (B, D(B)) generates a strongly contin-
uous semigroup (S(t))>0 on X, oo > p > 1, and that there ex-
ists a function n : [—=1,0] — L(X) of bounded variation such that
¢ : C([-1,0],X) — X is given by the Riemann-Stieltjes integral

(3) B(f) = / ot

Then (A, D(A)) is a generator on £.

Important special cases are operators ® defined by

O(f) == Bif(hi), feW"(-1,0],X),
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where By, € £(X) and hy € [-1,0] for k =0,...,n.

We now characterize the resolvent set and the resolvent operator
of A (see [3, Lemma 4.1]). Here €\(t) = e and &, € L(X) is
defined by @)z = ®(ey @ Id)x = ®(e*x) for x € X. The opera-
tor (Ap, D(Ap)) is the generator of the nilpotent left shift semigroup
(To(t))tZO in Lp([_170]7X)'

Lemma 2.7. Let X be a Banach space, (B, D(B)) be linear, closed
and densely defined, and ® : W'P([-1,0],X) — X be linear and
bounded. Let (A, D(A)) be the operator matriz defined in (1) and (2).
Then X\ € p(A) if and only if A € p(B + ®,). Moreover, for XA € p(A)
the resolvent R(\,.A) is given by
(1) ( R(\, B+ ®)) R(\, B + ®5)PR(\, Ay) )

ex® RO\ B+®,) [ex® R\, B+ ®)® + IdR(\, Ay) )

3. FOURIER MULTIPLIER THEOREMS AND STABILITY

It was shown recently by Clark, Latushkin, Montgomery-Smith, Ran-
dolph [5] and Hieber [10] that Fourier multipliers also play an important
role in the stability theory of semigroups. Hyperbolicity is character-
ized in [12, 11]. For the theory of operator valued Fourier multipliers
and their applications in semigroup theory see also [1, 9].

Definition 3.1. We say that the function m € L*(R, L(X,Y)) is an
LP Fourier multiplier from LP(R, X) to LP(R,Y") if

freFHmFf)=F mxf,

f € SR, X) extends to an element of L(LP(R, X), LP(R,Y)). The set
of LP Fourier multipliers from LP(R, X) into itself will be denoted by

,f(X) and normed with
L 1
||m||M§(x) = ||f m.7:||£(Lp(R7X)).
The following results play an important role in our investigations.

Theorem 3.2. [12] Let (G, D(QG)) be the generator of a strongly contin-
uous semigroup (T(t))i>o in the Banach space X. Then the semigroup
is hyperbolic if and only if

R(i-,G) € MEX.
Theorem 3.3. [10] Assume that (G, D(G)) is the generator of a strongly

continuous semigroup (T'(t))i>o . Then

wo(G) = inf {,u > s(G) : sup||[R(a+ i+, G)|| o0 < oo} :
azu

P
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Here wy(G) is the growth bound and s(G) is the spectral bound of
the generator G, see [6] for the notations. We make the remark that
the infimum in the previous theorem in never attained.

4. HYPERBOLICITY AND STABILITY OF DELAY EQUATIONS

Definition 4.1. We call the delay operator ® € LI(WP([-1,0], X), X)
Fourier-admissible if

(a) the operator (A, D(A)) is a generator for each generator (B, D(B))
and

(b) the function ®R(a + i+, Ag) is an LP Fourier multiplier from
LP(R, LP([-1,0], X)) to LP(R, X) for all « € R.

Proposition 4.2. Assume that ® is given by (3) as in Corollary 2.6.
Then ® is Fourier-admissible.

Proof. Condition (a) of Definition 4.1 is satisfied by Corollary 2.6. So

we only have to prove that condition (b) is satisfied. Let us fix an arbi-
trary o € R. Denote by M the operator acting from LP(R, LP([—1,0], X)) =:
Z into LP(R, X) by the rule

(Mf)(t) := /R@R(oa +is, Ag) f(s)e*ds.

We need to prove that for all f from a dense subspace D C Z and
for some constant c,, > 0, the following inequality holds:

(5) / NP DI dt < canll FIL-

We take D to be the space of all Schwartz functions from R to LP([—1, 0], X)
whose Fourier transform has compact support. This will be enough to
justify the use of the theorem of Fubini in our further computations.
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Before we prove (5), let us simplify the expression for (M f)(t) using
(3) and the definition of A,.

= /R /_ i[R(aJrz’s,Ao) F()(7)dn(T)e*tds

— /R / 01 / " latn F(s)(r)drdn(r)e'™ds

- / / 0 / TN f (5) (r)dsdrdn(r)

- / / et / B f(s) () dsdrdn(7)
= [ [ st — s parante)

Now observe that e*"=") is bounded by some constant C for all 7 and
r from the domain of integration. Therefore, using this and the Holder
inequality, we obtain the following estimates:

[iomnencars [ [ [ s =+ o0
o [ [ [ 15t = 0 atardp o
—c [ [ [ 1o iaanio
<C/1/1/||f )|l dtdrln(+)

= Cln!([—lao])/R » 1F@)(r) Ik drdt = Coyll f1i7;

which is the desired result. Here |n] is the positive valued Borel measure
defined from 7 by its total variation. 0

Theorem 4.3. Assume that ® is admissible, (B, D(B)) generates a
hyperbolic semigroup and let

(6) Ay = H((I%R@, B))n”/\/lﬁ(x) < Q0.
If

(7) a:= ian < 00,
n=0

then (A, D(A)) generates a hyperbolic semigroup.
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Proof. By Theorem 3.2, we have to show that the resolvent operator
given by (4) is a Fourier multiplier on the line {\ € ‘{R}. Since ®
is admissible, this follows if the function R(i-, B + ®;.) is bounded as
a Fourier multiplier on the line :R. We make here the remark that
if m is a Fourier-multiplier, then €,.; ® m(-) is a Fourier multiplier
between the Banach spaces LP(R, LP([—1,0]), X)) and LP(R, X), and
that R(i., Ap) is an LP Fourier multiplier from LP(R, LP([-1,0]), X))
into itself.

Defining

= IR(i, B)l| et

which is finite by Theorem 3.2, we obtain that

Z (P, R(iw, B))" € L(X)
n=0
for all w € R and that

R(i-, B) ) (®i.R(i:, B))" <MY (@R (i B)" || yyeco

< Mian:Ma
n=0

Easy calculations show that this operator defines an inverse for (iw —

B — ®,). O

MEE)

Theorem 4.4. Assume that ® is admissible, wo(B) < 0 and let o €
(wo(B), 0] such that

(8) Ao 1= Zup |(®sii. R(G + i, B))" ||M£(X) < 00.
>a
If
9) Ao 1= Zaa,n < 00,
n=0

then wo(A) < a < 0.

Proof. By our assumptions and using Theorem 4.3, we have that (A—[3)
generates a hyperbolic semigroup for all # > «. Thus, wy(A) < a <
0. O

We now formulate an immediate consequence of the theorem.
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Corollary 4.5. Assume that ® is admissible, wo(B) < 0 and let o €
(wo(B),0]. If

(10) ;up | P s R(B + i, B)HMax) <1,
>«

then wo(A) < a <0.

Corollary 4.6. Consider the case ® = Cé_., where C € L(X) and
T € [0,1]. Assume that (B,D(B)) generates an exponentially stable
semigroup (S(t))i>o0 , let a € (wo(B),0] and take w € [wo(B), ) and
M > 1 such that ||S(t)|| < Me*". If

MefaT

a—

—lel <1,

then wo(A) < a <0.

Proof. 1t follows from the elementary properties of the Fourier trans-
form and from the connection of the semigroup and its resolvent that
fort e R, 3>« and forz € X

(11)
F N ®pyi.R(B+ i, B)x)(t) = Ce P F Y (e ™ R(i-, B — B)x)(t)

Ce Pre BT S(r + t)a, if t +7 > 0,

=Ce PS4t + 1)z =
e Sp(t+ )z {O,ift+7<0.

Here we have used the notations of [10] and denoted with Ss(t) :=
e PtS(t) the rescaled, exponentially stable semigroup and with

. Sa(t), if £ >0,
Ss(t) =
s(t) {0, if £ < 0.

It follows that Sg € LY(R, £,(X)). Taking w € [wo(B),a), M := M,, >
1 such that ||S(¢)| < Me“*, we obtain from (11) using the Hausdorff-
Young inequality

‘|(I)g+i.R(ﬁ+i',B)||ML(X) < ||f (I)gﬂ (ﬁ—l—i',B))HLl :/ HCG S+T)S H ds

< ||0||/ B+ ewsds = M||Clle~ /67/ e@=P)3 s
0

Me* T Me o7
—lel <
- B

We can finish the proof using Corollary 4.5. 0

—lcl.
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Corollary 4.7. Consider the case ® = Co_,, where C' € L(X) com-
muting with (B, D(B)) and 7 € [0,1]. Assume that (B, D(B)) gen-
erates an exponentially stable semigroup, let o € (wo(B),0] and take
w € [wo(B), ) and M > 1 such that ||S(t)|| < Me“t. If

then wo(A) < a <0.

Proof. Taking #¢—"r(C) < ¢ < 1 there exists N € N such that for all
n>N

Me=™\" " n
( )||ou<q.

o —w
Then it follows for n > N that

on = SUD (@5 R(B + i, B)) g = (|95 R0+, B))" [z

< |[(e7 )" le™ R(B + i, B))"|| yyecor < IC[[ e |e™ T R(B + v, B)) || jyec0
Me—aT n
<o (5o ) <

a — w

and the statement follows applying Theorem 4.4. O

Corollary 4.8. Assume that ® is of the form (3), that (B, D(B)) gen-
erates an exponentially stable semigroup (S(t))i>o , let o € (wo(B), 0]
and take w € [wo(B),a) and M > 1 such that |S(t)]] < Me“t. If

al(-1,0) 2 <1,

then wo(A) < a <0.
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Proof. Analogously to the proof of Corollary 4.6, we have for ¢ € R
and 0 > «

(12)
FH@psiR(B+ i, B)x)(t) = F~! ( /

-1

’ e dn(s)R(B + i-, B)x) (t)

0
:// ePriwseivt gn(YR(B 4 iw, B)x
RJ-1

0
:/ eﬁsdn(s)/ememsR(ﬁjLiw,B)xdw
- R

1

B / ePdn(s)F (¥ R(B + i, B)z) (1)

-1
0

= / e?dn(s)Ss(t — s)x = ® (Sz.z) .

-1

Here Sg4 is defined from the semigroup Sz analogously to the expression

S¢. Taking now w and M as in the text of the Corollary, we obtain

@540 R(B + iv, B)ll yyeor < [|[F~H(@pai R(B + i, B))| —/0 1 (Sp) | dt

-/ nl)Sils)

at < / ) / 18320l dinl )

0 oo (s M
= [ [ et ~ s)atalal(s) < ful(1-1,0)
-1J0 p—w
M
< —-1,0 .
< Inl([-1,0)——
The proof can be finished by using Corollary 4.5. 0
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