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1 Introduction

The article gives an approach to the exponential stability of equations of the form
oV + AU = F, (1)

where we denote the derivative with respect to the temporal variable by dy. The (unbounded)
linear operator A, acting on some Hilbert space, is assumed to be maximal monotone and
we refer to the monographs [4, [I5] for the topic of monotone operators on Hilbert spaces.
Equation (1) is completed by a constitutive relation of the form

V = MU,

where M is a bounded linear operator acting in time and space. Thus, we end up with an
equation of the form

(oM +A)U = F,

which we refer to as an evolutionary equation. This class of problems was introduced by
Picard in [16], where A was assumed to be skew-selfadjoint, and it was illustrated that many
equations of classical mathematical physics are covered by this abstract class. The well-
posedness for such problems is proved, by showing that the operator dgpM + A is boundedly
invertible in a suitable Hilbert space. More precisely, the derivative Jy is established as a
normal, continuously invertible operator in an exponentially weighted Lo-space and M is
defined as a function of 95 (see Section 2) and the well-posedness is shown under a positive
definiteness constraint on the operator M (see [16, Solution Theory| and Theorem 2.4 of this
article). Moreover, the question of causality, which can be seen as a characterizing property for
evolutionary processes, was addressed which leads to additional constraints on the operator M,
namely that M is defined via the Fourier-Laplace transformation of an analytic and bounded
function M : Be(r,r) — L(H) (for more details see Section 2). Especially the analyticity
of M is crucial for the causality, due to the correlation of supports of Lo-functions and the
analyticity of their Laplace transforms by the Paley-Wiener Theorem (see [21], Theorem 19.2]).
Later on these results were generalized to the case of A being a maximal monotone relation
in [22] 24].

In this work we give sufficient criteria for the exponential stability of the evolutionary problem
in terms of the function M. The study of stability issues for differential equations, which goes
back to Lyapunov (see [14] for a survey), has become a very active field of research for many
decades and there exist numerous works dealing with this topic. We just like to mention some
standard approaches to exponential stability. The first strategy goes back to Lyapunov. The
aim is to find a suitable function (a so-called Lyapunov function) yielding a certain differential
inequality which allows to derive statements about the asymptotic behavior of solutions of the
differential equation. A second approach, which applies to linear differential equations, is based
on the theory of semigroups. In this framework different criteria for exponential stability were
derived in terms of the semigroup or its generator, e.g. Datko’s Lemma ([8] or [9, p. 300]),
Gearharts Theorem ([11] or [9, p. 302|) or the Spectral Mapping Theorem (see [9, p. 302,
Theorem 1.10]). A third approach uses the Fourier or the Laplace transform of a solution to
derive statements of their asymptotics. These methods are sometimes referred to as Frequency
Domain Methods. In our framework it seems to be appropriate to employ the last approach,



2 The framework of evolutionary equations

since, by the definition of M, methods of vector-valued complex analysis are at hand through
the Fourier-Laplace transformation. Note that, due to the general structure of evolutionary
equations, the results apply to a broad class of differential equations, such as differential-
algebraic equations, equations with memory effects or integro-differential equations, where
semigroup methods may be difficult to apply.

The article is structured as follows. In Section 2 we recall the framework of evolutionary
equations and its solution theory (Theorem [24]). Section 3 provides an abstract condition
for exponential stability for evolutionary equations in terms of the function M and the proof
of the main stability result (Theorem B.7)). To illustrate the versatility of the previous re-
sults, we discuss several examples in Section 4. We begin with studying differential-algebraic
equations of mixed type and derive a condition for their exponential stability. Moreover,
we give a concrete example for such an equation, which seems hard to be tackled by other
approaches, since the type of the differential equation switches on different parts of the un-
derlying domain. Furthermore, we give a possible approach of how to deal with initial value
problems. In Subsection 4.2 we consider an example of a partial differential equation with
memory effect. A similar problem was also treated by Batkai and Piazerra in [2], using a
semigroup approach. In contrast to their result our approach directly extends to the case of
differential-algebraic equations with delay. We conclude the article by discussing a parabolic
integro-differential equation with an operator-valued kernel, where we adopt the ideas of [23]
to derive the exponential stability.

Throughout let H be a complex Hilbert space. We denote its inner product by (-|-) which is
assumed to be linear in the second and conjugate linear in the first argument. We denote its
induced norm by |- |.

2 The framework of evolutionary equations

We recall some basic notions and results on linear evolutionary equations, i.e. equations of
the form

(00 (@50) +A) u =1, (2)

where A : D(A) € H — H is a linear, maximal monotone operator, dy , denotes the time-
derivative, established in a suitable Hilbert space and M (8&7 ;) is a bounded linear operator
in time and space, a so-called linear material law. We refer to [16] [17, 13 22, 24] for more
details and proofs of the following statements. First we begin by introducing the Hilbert space
setting, where we want to consider equation (2)).

For o € R we define the space H,o(R; H) as the space of (equivalence classes of) measurable
function f : R — H which are square-integrable with respect to the exponentially weighted

Lebesgue measure e~ 2¢* dt, equipped with the inner product

(F19) o511 = / (f(t)|g(t))e " dt.

R

Note that Hoo(R; H) is just the space La(R; H). We define the derivative dp , as the closure



of the operator

9 ,0lcge iy + O (R H) € Hoo(R; H) — Hoo(R; H)
¢ ¢,

where we denote by C°(R; H) the space of function ¢ : R — H which are arbitrarily often
differentiable and have compact support.

Remark 2.1.

(a) For each ¢ € R the operator dp , is normal with Re dp , = 1 (30 ot 85 ) = p. Moreover we

obtain that d5 , = =00, + 20. In particular, for ¢ = 0 the operator 0y, is skew-selfadjoint
and coincides with the usual weak derivative on Lo(R; H) with domain Hy;(R; H) =
H'(R;H) = Wi(R; H).

(b) For ¢ # 0 the operators 9y , on H, o(R; H) and 0y g+ on La(R; H) are unitarily equivalent
and 0, is boundedly invertible with H(?(I;H = ﬁ. For o = 0 the operator Jy is not
boundedly invertible, since 0 lies in its continuous spectrum.

. 1 . .
(¢) For ¢ # 0 the inverse operator (907 o 1s given by

~ It ()ds if 0> 0,
<607£1>“> (t) = { [Pu(s)ds ifo<0

foru € H QO(R H) and almost every ¢t € R. This representation yields that for ¢ > 0 the
operator 607 is forward causal whereas it is backward causa. for o < 0.

(d) Let o € R and denote by L, : Hyo(R; H) — Lo(R; H) the so-called Fourier-Laplace
transformation, defined as the unitary extension of the operator given by

1 —ixt fgt
(Lo9) (z 271'/6 o(t)

for ¢ € C°(R; H) and = € R. Then

00,0 = L,(im + 0) Ly, (3)

where by m : D(m) C Lo(R;H) — Lo(R;H) we denote the multiplication-by-the-
argument operator with maximal domain, i.e., (mf)(t) = tf(¢t) for almost every t € R
and every f € D(m) = {f € Lo(R; H) | (t — tf(t)) € L2(R; H) } . Note that in the case
0 =0, ([@) is just the usual spectral representation for the weak derivative on Lo(R; H)
via the Fourier transformation (see [I, p. 112]).

We consider (2) as an equation in the Hilbert space H,o(R; H). As a matter of physical

—1
relevance, we require that the corresponding solution operator <307QM (30_7 ;) + A> , if it

YA mapping F : D(F) C Hy0(R; H) — H,o(R; H) is called forward causal if for each f,g € D(F) with f =g
on some interval | — 0o, a[ for a € R the functions F(f) and F(g) coincide on the same interval | — oo, af.
Analogously F is called backward causal if for each f,g € D(F) with f = g on some interval ]a, co[ for
a € R the functions F'(f) and F(g) coincide on the same interval Ja, ool.
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exists, is forward causal, that means, roughly speaking, that the present state of the solution
u does not depend on the future behavior of the source term f. With Remark 2] (¢) in mind,
we therefore assume that o > 0.

We now define the operator M(@&;) for o > 0 with the help of formula (3]).

Definition 2.2. Let r > 0 and M : Be(r,r) — L(H) A. For 0> 3 we define

_ . 1
M(8;,) = LoM < ) L,,

1m + g

where M <1m+g) is defined as the multiplication operator (M (1m+g> f> (t)y=M <it<1+g) f(t)

on Lo(R; H) with domain { f € Lo(R; H) ( <t — M (m) f(t)) € Lo(R; H) } We call M(d;))

a linear material law if the function M belongs to H*(Bc(r,r); L(H)), i.e., M is bounded
and analytic.

Remark 2.3. The notion material law is motivated by several examples of mathematical
physics, since it turns out that all material parameters, such as mass density, conductivity,
permeability etc. can be incorporated into the operator M (6_1) (see [16] for several exam-
ples). Thus, it is natural that M (9, g) is forward causal. Since the operator M (0, Q) is linear
and it commutes with the translation operators 73, mapping u € H,o(R; H) to t — u(t + h)
for h € R, causality can be characterized via the requirement that spt M (0 g)u CJ0, oo] if
spt u CJ0, co[, where by spt g we denote the support of a function g € Lgjoc(R; H). This, how-
ever, can be characterized by the analyticity and boundedness of the mapping M, employing
a Paley-Wiener-type result (see e.g. [2I, Theorem 19.2]). Moreover, note that due to the

boundedness of M, the operator M (6011)) becomes a bounded operator on H,o(R; H).

We are now able to state the solution theory for evolutionary equations. For the proof we
refer to [106, 24].

Theorem 2.4 (Solution Theory). Let A : D(A) C H — H be a mazimal monotone linear
operator. Moreover, let v > 0 and M € H*(Bc(r,r); L(H)) and assume that the solvability
condition is satisfied:

Je > 0Vz € Be(r,r),z € H: Re(z 7' M(2)z|z) > clz|?. (4)

Then for each o > 2 the problem (2) is well-posed in H,o(R; H), i.e. for each o > 21 the
operator Oy, M (0, )+A 1s boundedly invertible and has a dense range. Moreover, the solution

—1
operator <80,Q ((9079) + A) is forward causal.

—1
Remark 2.5. Note that the solution operator (OO,QM((?(I;) + A) commutes with the time-

derivative Jp ,. This yields, that for right hand sides f € D((?é“’ o) for k € Nin () the cor-
responding solution u also lies in D(@O g), i.e. the solution operator preserves “temporal”

regularltyﬁ
2We denote by Bc(x,s) the open ball in C with center 2 € C and radius s > 0

S———
3Indeed, one can show that the solution operator (80,9M(8(;;) + A) extends to the whole Sobolev-chain

(H1(00,0)) sz associated with the derivative do,, see [I7] which yields a solution theory for distributional
right-hand sides.



3 An abstract condition for exponential stability

In this section we show that under certain constraints on the function M, the corresponding
evolutionary problem is exponentially stable. Although in the literature, exponential stability
usually means that the solution of an initial value problem decays with an exponential rate
as time tends to infinity, we like to introduce a slightly weaker notion within our framework
which, however, yields the desired decay if the source term f is regular enough (see Remark
32 (a)). Moreover, since the framework of evolutionary equations covers different types of
equations, where initial values do not make sense, such as differential-algebraic or even pure
algebraic equations or equations with memory effect, where a given pre-history would be
more appropriate then an initial value, we cannot treat initial value problems within this
general approach. However, in concrete examples we can reformulate initial value problems
as evolutionary equations with a modified right hand side (see Subsection 4.1) such that the
following results still apply.

Definition 3.1. Let A : D(A) C H — H be a maximal monotone linear operator and

M € H>*(Bc(r,r); L(H)) for some r > 0 which satisfies the solvability condition ({@). Let
~1

o > % We call the solution operator (3079M (p, ;) + A> of @) exponentially stable with

stability rate vy > 0 if for each 0 < v < vg and f € H_, o(R; H) N H,o(R; H) the solution u
of [2)) satisfies

u= (M@0 +4) fe () Huol®:H),

—v<p<o

which especially implies [, e*|u(t)[* dt < oo for all 0 < p < v.
Remark 3.2.

(a) We show that our notion of exponential stability indeed yields an exponential decay of
the solution if the given right hand side is regular enough. For doing so, let o > % and

-1
<60,QM ((90_7 é) + A) exponentially stable with stability rate vy > 0. Moreover, assume
that f € H_,o(R;H) N Hyo(R; H) and f € D(0p,,) such that dy,f € H_,o(R;H) N

-1
H,o(R; H) for some 0 < v < vy. Then u = <3079M(30_7;) + A> f also lies in D (0, ,) and

~1
Do,pt = (3079M (9, ;) + A) Oo,of (compare Remark 235]). By the assumed exponential
stability, we get that e/ u € Lyo(R; H) and e 0y yu € Lo(R; H) for each 0 < p < v. The
latter yields e#™u € W} (R; H). Indeed, for ¢ € C°(R; H) we compute

(pet™u + " 0, oul) 1, (r; 1)

= /(u(t)|ueﬂt¢(t)> dt + / <((90,9u) )| e(29+u)t¢(t)e—29t> dt

R R

- / (u(t) e & (1)) dt + (Do,gule® ™ S) o oy

(t) e p(t)) dt + <u ‘—3079 (e(2g+“)mq§> >

%L%

Hoo(R;H)
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# (uf2e (470) ),

— /<u(7f)|,ue“t¢(t)> dt — /(29 + M)(u(t)|e(29+“)t¢(1§)>6*29t q

R R
_ /<u(t)‘6(2Q+M)t¢/(t)>e_29t dt+/2Q<u(t)’e(2g+u)t¢(t)>e—2gt dt
R R
=~ [tutoleerrg e2e
R

= —(e""u|d’) Ly (mym)-

Thus, we obtain e#*|u(t)] — 0 as t tends to infinity for each 0 < p < v due to Sobolev’s
embedding theorem (see e.g. [9, p. 408]), i.e. u decays exponentially with a decay rate less
than v.

(b) If fe H,o(R; H) N Hyp(R; H) for some p, 0 € R with o > o, then f € H,o(R; H) for all
v € [o, ). Indeed, we estimate

0 o)

|f(t)|2672yt dt = |f(t)|26*2’/t dt + |f(t)|2672”t di
! / /

0 %)
< [ IFOPe ™ dt+ | [f(2)Pe dt
/ /

<\ F i oy + |1, oo

We now give conditions for the function M and show that they yield the well-posedness and
exponential stability for the corresponding evolutionary problem.

Hypotheses. Let vy > 0. We assume that

(a) M :C\ Bc [ L1 ] — L(H) is analytic@,

T 2u7 219

(b) for each 7 > 0 and 0 < v < vy the function]
Be(ryr)\{v '} 32— (1—v2) M (2(1 —vz)™1)

has a bounded and analytic extension to Be(r,7),

(c) for every 0 < v < vy there exists ¢ > 0 such that for all z € C\ B¢ [—4, 5]
Rez 1M(2) > e

Remark 3.3. Let M satisfy the assumptions above and let » > 0. Then the restriction of M
to Be(r,r) is an element of H*(Bc(r,r); L(H)). Indeed, the analyticity is clear from (a) and

“We denote by Bc[z, s] the closed ball in C with center 2 € C and radius s > 0.
®Here and further on we set Be(r,7) \ {07!} == Be(r, 7).



the boundedness follows from (b). Hence, together with (c), it follows that the problem (2 is
well-posed for every ¢ > 0 according to Theorem 2.4]

We now state some auxiliary results which in particular imply that the solution operator
-1

(80,QM (367 ;) + A) for an evolutionary problem does not depend on the particular choice

of p. These results can also be found in [I7, p. 429 f.]. However, for sake of completeness we
present them again with a slightly modified proof.

Lemma 3.4. Let g, € R with p > ¢ and set U = {z € C| Rez € [o,u]}. Moreover, let
f:U — H be continuous on U and analytic in the interior of U, such that f@“ fliR+s)ds =0
as R — +oo. Then

R R

lim sup /f(it—l—,u)dt—/f(it—i—g)dt =0.

R—o00
-R -R

Proof. According to Cauchy’s integral theorem we have

R H R H
i flit+o)dt+ [ f(iR+s)ds— i [ f(it+p)dt+ [ f(-iR+s)ds]| =0
freeos] o]

for each R > 0. The assertion now follows by taking the limes superior as R tend to co. [

The next lemma shows that we can approximate a function which belongs to two different
exponentially weighted Lo-spaces by the same sequence of test functions with respect to both
topologies.

Lemma 3.5. Let o, p € R and f € Hyo(R; H)NHyo(R; H). Then, for each € > 0 there exists
¢ € CX(R; H) such that

max {\f - ¢’H9,O(R;H)7 ’f - ¢‘H#,0(R;H)} <ée

Proof. Let € > 0. Then we choose N € N such that fn = fx[_n N satisfies

N ™

max {|f = fnlu, o) |f = INlg,o@m) ) <

We denote by (11)ren € C°(R)Y the Friedrichs mollifier (see e.g. [10, Chapter C.4]). Then,
for each k € N we have that spt¢y * fy C [-N — 1, N + 1]. Now, we choose k¢ large enough

such that
—Qmax{lglvlul}(NH)S
2

Then the function ¥y, * fnv € CS°(R; H) has the desired property. O

(Vo * [N — IN|Lo(=N=1,N41:H) S €

Lemma 3.6. Let o, € R with p > ¢ and set U = {z € C|Rez € [o,u]}. Moreover, let
f e Hyo(RyH)NHyuoR;H) and T € H*®(U; L(H)) N Cy(U; L(H)) (ie. T is bounded and
continuous on U and analytic in the interior of U). Then

(L,T(im + 0)Lof) (t) = (LT (im + p) L f) (t)
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for almost every t € R.

Proof. According to Lemma it suffices to prove the assertion for test functions. So let
¢ € CP(R; H). We show that the function

U3z e T(2) (Lye.) (Imz)) € H

satisfies the assumptions of Lemmal[3.4l Indeed it is continuous in U and analytic in the interior
of U as a composition of analytic functions. Furthermore, we estimate for s € [g, u|,£ € R :

1 e L r)| dr
|zs¢<£>|sﬁﬂze 6(r) drgmm/w ) dr,

where C' = sup{e™"*|s € [0, u], € spt ¢}, which shows that the function
Usz— (ﬁiﬂez(b) (jmz)

is bounded. Moreover, due to the Riemann-Lebesgue lemma, we get that (Ls¢) (R) — 0 as
R — +oo for every s € R. Therefore, according to Lebesgue’s dominated convergence theorem,
we deduce that

L H
/ AFTINT(R + 5) (Ly6) (R) ds| < max{e?, "} T / (£s¢)(R)[ ds =0 (R — F00).
0 e

Thus, by Lemma [3.4], we get that
/e(ierQ)tT(is +0) (Lod) (s) ds = /e(is+“)tT(is + 1) Luo(s) ds,
R R

which yields the assertion. O

We are now able to prove our main theorem.

Theorem 3.7. Let A : D(A) C H — H be a mazimal monotone linear operator and M a
mapping satisfying the hypotheses above for some vy > 0. Then for each o > 0 the solution

-1
operator <(90,QM((9077£1)) + A) is exponentially stable with stability rate vy.

Proof. Let 0 > 0,0 <v <y and take f € H_, o(R; H) N H,o(R; H). We set

U= ((907QM((9071) + A)il b

)@

and we have to show that u € H,o(R; H) for each p €] — v, 0]. Let 0 <1 < 0+ v. We define

N(z)=(1—-vz)M <z (1— VZ)71>

10



for z € Bc <% %) \ {vr~!}. Note that according to hypotheses (b), N has an extension
N e H>™ ( (2L %) > . Moreover,

Re - LN (2) = Re 2~ N (2) = e U _ZVZ)M (1 _Zyz> > ¢ (5)

) \ {v~'} and some suitable ¢ > 0, since z (1 — vz) " ¢ Bc (55, %]

for every z € B¢ < 501 50

207 2n
Due to the continuity of N, estimate (B also holds for z = ;. Thus, according to Theorem
2.4 we obtain a solution

1
— (B0 N@5y) +A) ™[ € Hyo(R: H),

where we have used that e f € Hoo(R; H) N Hyyo(R; H) € Hyo(R; H) (see Remark
(b)). We apply Lemma B.6to T'(z) = (zN(z71) + A)~! for z € C with Re z > 1 and get that

-1
* . 1 vm
v=_L ((1m+77)N<im+77> —i—A) Lne"™f
-1

* . 1 vm
= Lo ((lm+77+V)N<7im+n+y> +A> Lyive”™ f.

Using (it+n+v) N <m> = (it +n)M (ltJrn) for t € R, we derive

-1
—vm * . 1
e v:£n<(1m+77)M<im+n>+A> Lyf.

Again, applying Lemma B.6lto T'(z) = (zM(z_l) + A)_l for z € C with Re z > min{p,n} we
get that

—1
—vm * . 1
e v:£n<(1m+n)M<im+n>—|—A> Ly,f

—1
1
— L ((im+g)M(im+Q> +A> Lof

:u,

which gives v € H,_,(R; H). Since n €]0, o+v[ was chosen arbitrarily, we get the assertion. [

4 Examples

In this section we illustrate our results of the previous section by three different types of
differential equations which, however, are all covered by the abstract notion of evolutionary
equations. We emphasize that we do not claim that in the forthcoming examples the stability

11



4 Examples

rates are optimal under the given constraints nor that an exponential decay could not be
obtained under lesser constraints. But we emphasize that our approach provides a unified
way to study exponential stability of a broad class of differential equations.

We begin to study a class of differential-algebraic equations, where the material law is of the
simplest form. Moreover, we provide a strategy of how to deal with initial values problems for
this class. As a second example we treat a partial differential-algebraic equation with finite
delay. We conclude this section with an example of a parabolic integro-differential equation
with an operator-valued kernel.

4.1 Differential-algebraic equations of mixed type

It turns out that in applications, the material law is often of the form M (30_7 ;) = Mo+ 80_7 ;Ml
(see for instance [16, [17,22]), where My, M7 € L(H). The corresponding evolutionary equation
is then of the form

(Go,0Mo + My + A)u = f, (6)

where A : D(A) C H — H is a maximal monotone linear operator. In order to obtain the
well-posedness of this evolutionary equation we require that My is selfadjoint and strictly
positive definite on its range, while Re My = %(Ml + M) is strictly positive definite on the
kernel of My (see [16] 22 24] for the proof of well-posedness). In order to obtain exponential
stability for this problem, we require that Se M is strictly positive definite on the whole space
H.

Theorem 4.1. Let A: D(A) C H — H be a mazimal monotone linear operator and My, M, €
L(H) such that My is selfadjoint and strictly positive definite on its range, and e My > ¢ > 0.
Then for each o > 0 the solution operator (OO,QMO + My + A)il 1s exponentially stable with
stability rate

_c
Mol

Proof. We have to verify the hypotheses (a)-(c) for the function
M(z) = Mo+ zM; (2 €C).
Obviously the assumption (a) holds. Let now r > 0 and v > 0. Then we compute
(1 —v2)M (2(1 —v2) 1) = (1 —vz)My + zM;

for z € Be(r,r) \ {v~'}, which shows (b). Let now v €]0, m[ In order to show (c) we note,

that for z € C\ B¢ [ L1 ] there exists t € R and o > —v such that 2= = it + p. Thus, for

T 2u0 2w
o > 0 we can estimate

Rez ' M(z) = oMy + Re M > c,

while for p € |—v,0[ we estimate
Re 2 1 M(2) = oMy + Re My > —v|| M| + ¢ > 0.

Thus, the assertion follows by Theorem B.7] O

12



4.1 Differential-algebraic equations of mixed type

To illustrate the versatility of our approach, we discuss the following simple example of an
evolutionary equation, whose type (elliptic, parabolic or hyperbolic) changes on different parts
of the underlying domain. A similar example was also discussed in [18] [19].

Example 4.2. Let 2 C R™ and Q2,21 C Q be measurable disjoint subsets with positive
Lebesgue measure. We consider the evolutionary equation

(o (250 O () (SN () =(1) @

where ¢ > 0. The differential operator div, is defined as the closure of the operator

(D)icq,my = D Dithis
=1

where we denote by 9; the partial derivative with respect to the i-th coordinate. The operator
grad is defined as the negative adjoint of div,, i.e.

grad :== — (div,)".

This operator is just the usual weak gradient on Lo () with domain H'(£2). Note that then the
0 div.

grad 0

on H := Ly() @ Lao(Q2)™. Moreover, the operators

(X, tXxo, O _(cO
MO_( 0 sto)’ M1_<OC

satisfy the assumptions of Theorem [L.Iland hence, the solution operator is exponentially stable
with stability rate c.

Although this example seems to be quite easy, it seems hard to attack the problem of solving
(@) by using semigroup techniques. The reason for that is that (@) changes its type on different
parts of the domain 2. Indeed, on {25 we obtain a hyperbolic problem of the form

(e (a7) # (32) # (ama 7)) (2) = (2):

while on 2; the problem becomes parabolic, namely

(e (00) (62) * (ama"57)) (2) = (),

which yields, in case of g = 0 the parabolic differential equation

operator matrix ) is a skew-selfadjoint operator (and hence maximal monotone)

0o,V + cv — ¢ tdiv.gradv = f.

13
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On the remaining part Q \ (¢ U Q) the problem is elliptic

(%) (o 57)) ()= (2)

Note that we can treat this problem, without requiring any explicit transmission conditions on
the interfaces 9€)y and 0§2; and without imposing regularity assumptions on these boundaries.

Initial value problems

Now, we present a possible way to tackle initial value problems for equations of the form ().
Consider the following initial value proble

(0o, oMo+ My +A)u=f on]0,00] (8)
Mou(0+) = Moug

for Mo, My, A as before, f € H_,o(R; H) N H,o(R; H) for some v, 0 > 0 with spt f C [0, co[
and ug € D(A). One way to deal with such problems is to consider the evolutionary equation

(00,0Mo + My + A)V = f — X[o,00[ (M) M1t — X[0,00[() Aug  on R,

for the new unknown v := u — X|g oo (M) uo given by v(t) = u(t) — X|o,00[(t)u0 for almost every
t € R. Then the right-hand side belongs to H,o(R; H) for positive o, but does not decay
if f decays. Hence, this approach can be used for the issue of well-posedness but it is not
appropriate for exponential stability.

Instead, we consider an alternative problem for the unknown

Vi=U— gb(m)uO,

where ¢ is given by

1 if t € [0,1],
ot) =<2—t iftel, 2,
0 otherwise.

It is clear that if u satisfies (8], then v satisfies the equation
(807QM0 + My + A) v=f+ X}LQ[(m)MO’U/O — ¢p(m)Miug — ¢(m)AuQ =g (9)

and vice versa. Since the function x); o;(m) Mouo—@(m) Miug—¢(m) Aug belongs to Hy, o(R; H)
for every p € R, we obtain g € H,o(R; H) N H_, o(R; H). Thus, Theorem A1 applies to ({9
and we get that (Q) is well-posed and v € H,, o(R; H) for each u €] — v, g]. This gives that
u € Hyo(R; H) for each p €] — v, o], since ¢(m)ug € (),ep Hy,o(R; H). It is left to show in
which sense Myu attains the initial value Myug. By (@) we get that

0o,oMov = g — Myv — Av

5Note that it only makes sense to prescribe an initial value for Mou yielding an initial value for the part of
u lying in the range of M.
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4.2 Linear partial differential equations with finite delay

and the right hand side belongs to H, o(R; H-1(A+1)), where H_1(A+1) is the extrapolation
Spaceﬁ associated with A + 1. Thus, a version of Sobolev’s embedding theorem (|17, Lemma

3.1.59], [13] Lemma 5.2]) yields that Myv is continuous as a function which attains values in

H_1(A+1). Furthermore, due to the causality of the solution operator (8o ,Mo + My + A) _1,

v is supported on [0, oo, since spt g C [0, co[. This yields Myv(04) = Mov(0—) = 0 and hence,
since ¢(0+) = 1 we get that Mou(0+) = Moug, where the equality holds in H_1(A + 1).

4.2 Linear partial differential equations with finite delay

As a second example we study a differential equation with finite delay of the form
(G0,0Mo + 7 + My + A)u = f, (10)

where My, My € L(H) such that M, is selfadjoint and non-negative, Re M7 > ¢ > 1, A :
D(A) C H — H is linear and maximal monotone and 73, is the translation operator with
respect to time, i.e. (Tpu) (t) = u(t + h) for t € R and some h < 0. We will prove that under
these assumptions, the corresponding solution operator is exponentially stable and we give
an estimate for the stability rate. A similar problem is treated in [2 Example 4.14] for a
particular operator A, where the well-posedness is shown via semigroups and a criterion for
the exponential stability is given, using the Spectral Mapping Theorem for eventually norm
continuous semigroups (cf. [9, p. 280]).

Before we state our stability result for (I0), we need to inspect the operator 7, a bit closer.

Lemma 4.3. Let o, h € R. We define the operator

Th: Hoo(R; H) — Hpo(R; H)
ur (t—u(t+h)).

Then 1, € L(H,0(R; H)) with ||| = e and 1, = EZe(imﬂ’)hﬁg.

Proof. Obviously, 73, defines a bounded linear operator on H,o(R; H). For ¢ € C°(R; H) we
compute

1
N V2T

. 1 .
_ (it+o)h / —ist fgs(ﬁ( )d
e (& e S S
V2
T R

= 49" (£,0) (1)

£, (1) (1) / et g(s + 1) ds
R

for each t € R, which gives 7, = EZe(imﬂ’)hﬁg. Moreover, by this unitary equivalence we get
that
Il = e on| = e a

"For a boundedly invertible linear operator C': D(C) C H — H the extrapolation space H_1(C) is given as
the completion of H with respect to the norm |- |g_, (o) defined as |z|p_,(cy = |C ™ '@|n for x € H (see
[T, Section 2.1]).
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Using this lemma, we are able to write (I0) as an evolutionary equation with
M(z) = My + ze* "+ My, (11)

which is clearly analytic and bounded on balls of the form Bg/(r,r) for r > 0 if we require that
h < 0. This restriction is natural, since for h < 0 the operator 73, is forward causal, while for
h > 0 it is backward causal.

Theorem 4.4. Let A: D(A) C H — H be a mazximal monotone linear operator, My, My €
L(H) such that My is selfadjoint and non-negative and Re My > ¢ > 1. Moreover let h < 0.

Then for each o > 0 the solution operator ((907QM0 + Th + M1 + A)_l 1s exponentially stable
with stability rate vy > 0 satisfying

vol Mol + e~ = c.

Proof. We have to show that M given by (1)) satisfies the hypotheses (a)-(c) of Section 3.
Obviously M is analytic on C\ {0}, which shows (a). Let now r > 0 and v > 0. As

(1 —v2)M (2(1 —v2) 1) = (1 —vz)My + 2T Lo

for z € Be(r,r) \ {v'}, we see that z — (1 — vz)M (2(1 — vz)~!) has an analytic extension
to Be(r,r). Moreover we estimate

_17 _
sup |e(z ")h| = sup ele ”)h,
z€Bg(r,r) o>+

which is finite, since h < 0. Thus, hypothesis (b) is also satisfied. For showing (c), let v €]0, 1|
and z € C\ Bc [—%, %] . Then there exists ¢ > —v and ¢ € R such that 27! =it + 9. If 0 >0
we estimate

Re 2z LM (2) = oMy + €2 cos(th) + Re M > ¢ — 1 > 0,
and for the case p €] — v, 0[ we get
Re 2 LM (2) = oMy + 2" cos(th) + Re My > —v||Mp|| — e " + ¢ > 0,
since v < 1. This proves (c) and thus, the assertion follows by Theorem B.7 O

Remark 4.5. Note that My in ([I0) is allowed to have a non-trivial kernel which could also
depend on the spatial variable (compare Subsection 4.1). Thus, Theorem [£4] also covers a
certain class of differential-algebraic equations with delay.

4.3 Parabolic integro-differential equations

We consider the following parabolic integro-differential equation
oo+ Bu—C x Bu= f, (12)

where B : D(B) C H — H is linear such that A := B — ¢ is maximal monotone for some
¢>0,C:[0,00[— L(H) is a weakly measurable function such that ¢ — [|C(t)| is measurable

16



4.3 Parabolic integro-differential equations

and there exists vy > 0 with [ [|C(t)[|e"" dt < 1. We set U := {z € C| Jmz < 1} and
define the complex Fourier transform of C' by

~

C(z) = \/%/eitzC(t) dt (z€U),
0

where the integral is meant in the weak sense. Note that C:U— L(H) is continuous and
bounded on U and analytic in the interior of Uﬁ The well-posedness and asymptotic behavior
for equations of the form (I2)), including non-linear perturbations, were discussed in several
works (e.g. [5 25, 23] and [6l, 20, 8] [7, 23] for a hyperbolic version of the problem), imposing
additional constraints on the kernel C'.

Following [23] we are led to assume that C satisfies the following conditions:

1. C(t) is selfadjoint for almost every ¢ € R,
2. C(t) and C(s) commute for almost every t,s € R,

3. for all t € R we have R
tImC(t +ivy) <O0. (13)

Remark 4.6.

(a) Note that (I3]) is equivalent to

ImC(t+ivg) <0 (t €]0,00]).

(b) A typical example for a kernel satisfying the conditions above is a real-valued, differentiable
function k : [0,00[— [0,00[ with [°k(t)e"! dt < 1 and K'(t) < —k(t)vg for every ¢t > 0.
Similar kernels were considered by Pr'l'j)%ss [20] under a weaker constraint on k. Indeed,
the conditions 1. and 2. are trivially satisfied, since k is real-valued. For showing condition
3. we note that

ek (t) — e70%k(s) < sup e”°¢(npk(€) + K'(€)) <0,
£€lst]

for every t > s > 0. Thus, the function ¢ — e*0!k(t) is non-increasing and we estimate

TJmk(t + ivy) = e"*% sin(—ts)k(s) ds

5
—3

0
[ @DE 2(k+1)T
1
= — Z e"*% sin(—ts)k(s) ds + / e"*%sin(—ts)k(s) ds
V2
" k=0 kT (2k+1)T
(2k+1)7

sin(—ts) (e””sk(s) — 0Tk <s + %)) ds

|
-
Nk

B
Il
o

k

|3

8Here we use the fact that scalar analyticity and local boundedness on a norming set yields analyticity (see
[12] Theorem 3.10.1]).
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<0

for every t €]0, 00| (compare [23, Remark 3.6 (b)]).

(¢) In [6] the authors considered real-valued kernels k : [0, co[— R such that [ k(s)e"* ds <
1 and the integrated kernel [0,00[3 t — [ k(s)e"0® ds gives rise to a positive definite
convolution operator on Ls([0,00[). Again, the conditions 1. and 2. are satisfied, since k
is real-valued and condition 3. holds according to [6l Proposition 2.2 (a)].

Before we can state a stability result for problems of the form (I2]), we recall some properties
of the convolution operator C x .

Lemma 4.7. We denote by S(R; H) the space of simple H-valued functions. Then for o > —uy
the operator

Cx:S(R;H) C Hyo(R;H) — H,0(R; H)

ur |t [ Ct—s)u(s)ds
/

is bounded and linear with ||C || g, orsmy) < Jo~ IC(t)]|e”0" dt and can therefore be extended
to Hypo(R; H). Moreover, for u € Hyo(R; H), 0 > —vy we have

(Lo(C % w)) (1) = V2rC(t — ig) (Lyu(t)) (14)
for almost every t € R.

Proof. A proof for the first assertion can be found in [23] Lemma 3.1]. The proof of formula
(I4) is straight forward and we omit it. O

According to Lemma 7] the operator (1 — Cx) is boundedly invertible in H, o(R; H) for each
0 > —1y. Therefore, instead of considering (I2)) we can study

(Bo,0(1 —C*)"' + B)u= (1 - Cx)"f, (15)
or equivalently
(80,01 —C*) P +e+ A u=(1-Cx)"1f.
Note, that this as an evolutionary equation of the form (2l where M is defined by

M(z) = (1 - VarC(—iz1) " + ez, <z €C\ Be <—i ! )) (16)

2V0’2—V0

where we have used Lemma [£71 The next lemma shows that (I3) already implies that the
same condition holds if one replaces —vg by g for arbitrary o > —uy.

Lemma 4.8. Assume that C satisfies the conditions 1., 2. and 3. above. Then for every
0 > —vgy we have
tImC(t —ip) <0.

Proof. The proof can be done analogously to the one of [23] Lemma 3.7]. O
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4.3 Parabolic integro-differential equations

We now state our stability result for (I5]).

Theorem 4.9. Let A : D(A) C H — H be mazimal monotone and linear and let ¢ > 0.
Moreover, let C : [0,00]— L(H) be weakly measurable, such that t — ||C(t)|| is measurable
and there exists vy > 0 such that [;°||C(t)||e"" < 1 and C satisfies the conditions 1., 2. and

-1
3. from above. Then for each o > 0 the solution operator ((9079(1 —Cx)"l4c+ A) exists

and is exponentially stable with a stability rate vy €0, 1] satisfying
-1

" 1_/\\0(3)”@”18 is| <
0

Proof. Let vy €]0,14] such that v (1 — [ [|C(s)]le* ds)_1 < c¢. We prove that M given by
(6] satisfies the hypotheses of Section 3. The assumption (a) is clear, since ||v27C(—iz )| <
1 for each z € C\ Bc {—ﬁ, ﬁ} Let now r > 0 and 0 < v < vy. Then for z € Be(r,7)\{vr~!}
we compute

-1

(1—v2)M(z(1 —v2)™') =1 —vz) <(1 —V2rC (—iz7'(1 - Vz))) +cz(1— yz)—l)
=(1-v2) (1 —\V2rC (—i(z"! - y))>_1 + cz,

which has a holomorphic extension in v~!. Noting that for each z € Bc(r,r) we have that
271 =it 4 p for some ¢ > &, ¢ € R, we estimate

2r>
IVERC(-it= — )l < [ e e e ds
0
< /e”OSHC(s)H ds < 1.
0

Hence, the extension of (1 — vz)M(z(1 — vz)~1) to Be(r,r) is indeed bounded for each r >
0,v € [0,v1]. We now show that M satisfies the assumption (¢) on C\ B¢ { 1 1 } We

T 2u0 20 |

T 2u 2w
then there exists ¢ > —v; and ¢ € R such that 27! =it + 0. We set D := |1 —+/ 2ﬂa(t —ig)|™t,
which is well-defined according to Lemma L8 Note that

follow the strategy of the proof of [23, Lemma 3.8]. Let z € C\ B¢ { L1 } Note that

(1= V2rC(t —ig))~' = D*(1 — V2rC(—t — ip)),
where we have used assumption 1. Moreover, due to assumption 2., we get that

D*(1 —V2rC(—t —ip)) = D(1 — V2rC(—t — ip))D.
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Thus, we obtain for x € H
Re(z LM (2)z|z) = Re <z*1 <(1 —V2rC(—iz")) " + cz) x‘ x>
= Re < <99‘ie (1 —V2rC(—t — ig)) + V27t Jm C(—t — ig)) Dm‘ D:c> + c|z|?
> pRe <D (1 —V2rC(—t — ig)) Dm‘ x> + c|z|?.
If ¢ is non-negative, the latter term can be estimated by c¢. For negative ¢ we observe that
~ ~ -1
HD Re (1 —\2rC(—t — ig)) DH < H (1 —\2rC(—t — ig))

1
< =
1= [[V2rC (=t —io)||

00 -1

< 1= [emicw) as
0
and hence,
00 -1
0 Re <D (1 —V2rC(—t — ig)) D:c‘ £C> ez >[ol1- /GVISHC(S)H ds +c | |zf?
0
00 -1
> | -1 1—/61/18HC(8)H ds +c| |z,
0

which shows that M satisfies hypothesis (c), according to the choice of v1. Thus, the assertion
follows by Theorem [B.7] O

Remark 4.10. Theorem gives the exponential stability for equation (IH). This also yields
the exponential stability of the original problem (IZ), since the operator (1 —Cx)~! leaves the
space H_,,o(R; H) for all v < 1 invariant. Indeed, observing that

™M1 —Cx) L= (1 - (e"™0) *)_1 e’m
we obtain for f € H_,o(R; H) N H,o(R; H)

M1 — Cx)7Hf = (1= (e"™C) %) ' '™ f € Ly(R; H).
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