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Stabilization of second order evolution equations
with unbounded feedback with time-dependent
delay

Emilia Fridman* Serge Nicaise! Julie Valeint

January 20, 2010

Abstract

We consider abstract second order evolution equations with unbounded
feedback with time-varying delay. Existence results are obtained under
some realistic assumptions. We prove the exponential decay under some
conditions by introducing an abstract Lyapunov functional. Our abstract
framework is applied to the wave, to the beam and to the plate equations
with boundary delays.

Keywords second order evolution equations, wave equations, time-varying
delay, stabilization, Lyapunov functional.
AMS (MOS) subject classification 93D15, 93D05.

1 Introduction

Time-delay often appears in many biological, electrical engineering systems and
mechanical applications, and in many cases, delay is a source of instability [7].
In the case of distributed parameter systems, even arbitrarily small delays in
the feedback may destabilize the system (see e.g. [5, 17, 25, 18]). The stability
issue of systems with delay is, therefore, of theoretical and practical importance.

There are only a few works on Lyapunov-based technique for Partial Dif-
ferential Equations (PDEs) with delay. Most of these works analyze the case
of constant delays. Thus, stability conditions and exponential bounds were de-
rived for some scalar heat and wave equations with constant delays and with
Dirichlet boundary conditions without delay in [27, 28]. Stability and instability
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conditions for the wave equations with constant delay can be found in [18, 21].
The stability of linear parabolic systems with constant coefficients and internal
constant delays has been studied in [9] in the frequency domain. Moreover we
refer to [20] for the stability of second order evolution equation with constant
delay in unbounded feedbacks.

Recently the stability of PDEs with time-varying delays was analyzed in |3,
6, 22, 23] via Lyapunov method. In the case of linear systems in a Hilbert space,
the conditions of [3, 6, 23] assume that the operator acting on the delayed state is
bounded (which means that this condition can not be applied to boundary delays
for example). The stability of the 1-d heat and wave equations with boundary
time-varying delays have been studied in [22] via Lyapunov functional.

The aim of this paper is to consider an abstract setting similar to [20] and as
large as possible in order to contain a quite large class of problems with time-
varying delay feedbacks (which contains in particular the results of [22] for the
wave equation).

Before going on, let us present our abstract framework. Let H be a real
Hilbert space with norm and inner product denoted respectively by ||.||,; and
(., )m- Let A : D(A) — H be a self-adjoint operator with a compact inverse in
H, which is positive (in the sense that is (Az,z) > 0 for all z € D(A), = # 0).
Let V := D(A'/?) be the domain of A'/2. We further assume that D(A) is dense
in V. Denote by D(A'/2)’ the dual space of D(A'/?) obtained by means of the
inner product in H.

Further, for i = 1, 2, let U; be a real Hilbert space (which will be identified
to its dual space) with norm and inner product denoted respectively by ||.||;,
and (.,.)u,, and let B; € L(U;, D(AY/?)").

We consider the system described by

O(t) + Aw(t) + Biui(t) + Bouos(t — 7(t)) =0, t>0,
(1) W(O) = Wo, w(()) = Wi,
us(t — 7(0)) = fO(t — 7(0)), 0<t<7(0),

where ¢ € [0, 00) represents the time, 7(¢) > 0 is the time-varying delay, w :
[0, c0) — H is the state of the system, w is the time derivative of w, u; €
L?([0, o), Uy), ug € L2*([-7(0), ), Uy) are the input functions and finally
(wo, w1, f°(- — 7(0))) are the initial data chosen in a suitable space (see below).
The time-varying delay 7(t) satisfies

(2) dd<1,vt>0, 7(t)<d<l,
and
(3) dM>0,Vt>0, 0<7<7(t) <M.

Moreover, we assume that

(4) YT >0, 7€ W2>(0, T)]).



Most of the linear equations modeling the vibrations of elastic structures with
distributed control with delay can be written in the form (1), where w stands
for the displacement field.

In many problems, coming in particular from elasticity, the inputs u; are
given in the feedback form w,(t) = B}w(t), which corresponds to collocated
actuators and sensors. We obtain in this way the closed loop system

W(t) + Aw(t) + B1Biw(t) + BeBsw(t —7(t)) =0 in V', t>0,
(5) w(0) = wp, w(0) = wy,
Biaw(t —7(0)) = fO>(t — 7(0)), 0<t<7(0).

The abstract second order evolution equations without delay or with con-
stant delay of type (5) have been studied in [2] and [20] respectively. In these
two papers, the exponential stability (or polynomial stability) is shown, under
some conditions, via an observability inequality for solution of corresponding
conservative system. In our case, for time-varying delay, this method can not
be applied due to the loss of the time translation invariance. Hence we introduce
new abstract Lyapunov functionals with exponential terms and an additional
term, which take into account the dependence of the delay with respect to time.
For the treatment of other problems with Lyapunov technique see [6, 19, 23].

Recall that, without delay, according to the Russell’s principle (]|26]), if the
decay of the energy is uniformly exponential, then the system is exactly con-
trollable (with controls supported in the set where the feedback mechanism is
active). Note also the result of [8] for abstract second order evolution equations
with bounded feedbacks without delay.

Moreover, contrary to [18, 20], the existence results do not follow from stan-
dard semi-group theory because the spatial operator depends on time due to
the time-varying delay. Therefore we use the variable norm technique of Kato
[10, 11].

Hence the first natural question is the well-posedness of this system. In
section 2 we will give a sufficient condition that guarantees that this system (5)
is well-posed, where we closely follow the approach developed in [22] for the 1-d
heat and wave equations. Secondly, we may ask if this system is dissipative. We
show in section 3 that the condition

(6) 30<a<VI—d YueV, |Bjul}, <alBjull},

guarantees that the energy decays. Note further that if (6) is not satisfied, there
exist cases where some instabilities may appear (see [18, 21, 29| for the wave
equation with constant delay). Hence this assumption seems realistic.

In a third step, again under the condition (6), we prove the exponential
decay of the system (5) by introducing an appropriate Lyapunov functional.
Moreover we give the dependence of the decay rate with respect to the delay, in
particular we show that if the delay increases the decay rate decreases. This is
the content of section 4.

Finally we finish this paper by considering in section 5 different examples
where our abstract framework can be applied. To our knowledge, all the exam-
ples, with the exception of the first one, are new.



2 Well-posedness of the system

We aim to show that system (5) is well-posed. For that purpose, we use semi-
group theory and an idea from [18]. Let us introduce the auxiliary variable
z(p, t) = Biw(t — 7(t)p) for p € (0,1) and ¢ > 0. Note that z satisfies the
following transport equation

ﬂt)%ﬂl—m)p)g 0, O<p<l,t>0
)

= Biw(t)
z(p, 0) = Bzw( ()) fo(=7(0)p).

Therefore, the system (5) is equivalent to
wt) + Aw( )+ B1Bjw(t) + Baz(1,t) =0, t>0,
1-—- t

t
()% + 1 -7(t)p)FE =0, t>0,0<p<1,

w(0) = wo, w(0) = w1, 2(p, 0) = fO(=7(0)p), 0<p<L,
2(0, t) = Bio(t), t> 0.

(7)

If we introduce
U:=(w,,2)7,

then U satisfies

U' = (@, 2)" = (“" —Aw(t) — B1Bio(t) — Baz(1, 1), (T)(t)_lgj)

Consequently the system (5) may be rewritten as the first order evolution equa-
tion

(8) { U =AU
U(0) = (wo, w1, f°(=7(0).)),
where the time dependent operator A(t) is defined by
w u
At | u | = | —Aw—BiBju— Baz(1) |,
. 7(t)p—1 9z
T(t) 9Op

with domain

(9)

D(A()) := {(w, u, 2) € VXV xH'((0, 1), Us); 2(0) = Biu, Aw+ByBju+Byz(1) € H}.
We note that the domain of the operator A(t) is independent of the time ¢, i.e.

(10) D(A(t)) = D(A(0)), Vt > 0.

Now, we introduce the Hilbert space

H =V x HxL*(0, 1), Uy)



equipped with the usual inner product

w {(3)

A general theory for equations of type (8) has been developed using semi-
group theory [10, 11, 24]. The simplest way to prove existence and uniqueness
results is to show that the triplet {4, H,Y}, with A = {A(¢) : t € [0, T} for
some fixed 7' > 0 and Y = D(A(0)), forms a CD-system (or constant domain
system, see [10, 11]). More precisely, the following theorem gives some existence
and uniqueness results (for proof see Theorem 1.9 of [10] and also Theorem 2.13
of [11] or [1]).

w2 €

> = (A%w, A%JJ)HHU) ﬂ)H+/01 (2(p); Z(p))y, dp-

Theorem 2.1 [10] Assume that

(1) Y = D(A(0)) is a dense subset of H,

(i) (10) holds,

(#3) for all t € [0, T], A(t) generates a strongly continuous semigroup on H
and the family A = {A(t) : t € [0, T|} is stable with stability constants C' and
m independent of t (i.e. the semigroup (Si(s))s>0 generated by A(t) satisfies,
for allt € [0, T, ||St(s)ulln < Ce™||ulln, for allu € H and s > 0),

(iv) OrA belongs to L ([0, T), B(Y, H)), the space of equivalent classes of es-
sentially bounded, strongly measurable functions from [0, T| into the set B(Y, H)
of bounded operators from'Y into H.

Then, problem (8) has a unique solution U € C([0, T],Y)NC([0, T],H) for
any wmitial data in'Y .

Our goal is then to check the above assumptions for system (8).
Let us suppose that

(12) J0<a<VI—d YueV,|Bul}, <alBiuly,,

where d is given by (2). Note that the choice of « is possible since d < 1 by (2).
The following lemma gives a sufficient condition to obtain (i):

Lemma 2.2 Assume that X = {u € V : ByBju+ ByBju € H} is dense in H.
Then

(13) D(A(0)) is dense in H.
Proof. Let (f, g, h)T € H be orthogonal to all elements of D(A(0)), namely
w f 1
0= < u ) g > = ((.d, f)v + (u7 g)H +/0 (Z(p)> h(p))U2 dpa
z h

for all (w, u, 2)T € D(A(0)).



We first take w = 0 and v = 0 and 2z € D((0, 1),U2). As (0,0, 2)" €
D(A(0)), we get

1
/0 (2(p). h(p))uradp = 0.

Since D((0, 1), Us) is dense in L?((0, 1), Us), we deduce that h = 0.

In a second step, by taking w = 0, z = Bju and v € X, we see that
(0, u, B3u)T € D(A(0)) and therefore (u, g)y = 0, for all u € X. As X is
dense in H by hypothesis, we deduce that g = 0.

The above orthogonality condition is then reduced to

0=(w, fy, Y(w, u, )" € D(A(0)).
By restricting ourselves to u = 0 and z = 0, we obtain
(w7 f)V = 07 V(w, 07 O)T € D(A(O))

But we easily check that (w, 0, 0)T € D(A(0)) if and only if w € D(A). Since
D(A) is dense in V (equipped with the inner product < ., . >y ), we conclude
that f=0. =

Remark 2.3 As, by (12), the kernel ker(B7) of B7 is included in X, if ker(B7)
is dense in H, then D(A(0)) is dense in H.H

Now, we will show that the operator A(t) generates a Cp-semigroup in H
and, by using the variable norm technique of Kato from [10], we will prove that
system (8) (and then (5)) has a unique solution.

For that purpose, we introduce the following time-dependent inner product
on H

w
U )
z

where ¢ is a positive constant chosen such that

w2 &2

> = (b, 435) 4 )y 070 | (2(0), 20, dp.

1 2 1
= <q<

(14)

a 1—

SH
S

with associated norm denoted by ||.||, . This choice of ¢ is possible since 0 < o <
v/1 —d by (12). This new inner product is clearly equivalent to the usual inner
product (11) on H.

Theorem 2.4 Under the assumptions (2), (3), (4), (12) and (13), for an initial
datum Uy € D(A(t)), there exists a unique solution

U € C([0, +00), D(A(t))) N CH([0, +00), H)

to system (8).



Proof. We first notice that

ol
Il

where ¢ = (w, u, z) T and c is a positive constant. Indeed, for all s, t € [0, T,
we have

ol =gl e = (1= 1) (HA%wH; + ||u||z)
tq (r(t) = 7(s)e? ) / 2, do
\

We note that 1 —e70 "%l < 0. Moreover () — 7(s)e7a "~

(15) ez =5 vt s €0, T,

sl < 0 for some ¢ > 0.

Indeed,
T7(t) =7(s) + 7(a)(t — s), where a € (s,t),
and thus,
)y el
7(s) 7(s)
By (4), 7 is bounded and therefore, there exists ¢ > 0 such that

t <
Q§1+£|t75|§efo
7(8) To

[t—s]|
)

by (3), which proves (15).

We now prove that A(t) is dissipative up to a translation for a fixed ¢ > 0.

Take U = (w, u, 2)| € D(A(t)). Then
U w
(AU, U), = — BiBju—B2(1) | | w
7(t)p—1 9z 5
7(t) Op
_ (Aéu, Aéw)H — (Aw + By Bu + Boz(1), u)
L 70z )
—q —(p), z 1—7(t)p)dp.
[ (G =0) 1=
Since Aw + B1Biu + Baz(1) € H, we obtain
(AU, U), = (AFu, ABw) (4w, w)y, = (BiBju, u)y, y = (Baz(1), wy
oy .
o [ (G0 =0) a0
0 p Us

= (A0 )y, — (A, sy~ B, — GO, Biulu,
~ [ (gf)m), z<p>)U (1 +(t)p)dp,



by duality. By integrating by parts in p, we obtain

1 oz . 1 10 .
[ (G =0), a=somae / 59 (I=12,) (L~ #(t)p)dp
= T2 el ot 5 I, - 70

2
— IBsull,

Therefore

(AWMU, U), = —|Bjulg, - (2(1), Bsu)u, —

qT
/ 12112, dp.

By Young’s inequality and (12), we find

N

2 . q * 2
Iz, (1= 7)) + 5 1 Baully,

QOé . 12 1—d q(1-d 2
o, v, < (57 + 5 1) Bl (Y5 - D) i, +n(0 0.0,.
where
(F(t)* +1)'?
1 =T
(16) ) = T
Observe that \/7 +4L—1<0and —VIQ_d - @ < 0 since ¢ satisfies (14).
This shows that
(17) (AU, U), = x(t) (U, U), <0,
which means that the operator A(t) = A(t) — s(t)I is dissipative.
. . 1
Moreover (t) = —TW T(t)(;(t) ;2 is bounded on [0, T for all
27 (£)(#(£)241) 2 7(t)

T > 0 (by (3) and (4)) and we have

0

d

— AU = 0

dt W77 ()p=1)
()2 P

with %(t)T(t)p_Tﬁgg(T.(t)p_l) bounded on [0, 7] by (3) and (4). Thus

(18) LA € L2(0, T), BID(A®), W),

the space of equivalence classes of essentially bounded, strongly measurable
functions from [0, T into B(D(.A(0)), H).

Let us now prove that \I — A(t) is surjective for a fixed ¢ > 0 and any A\ > 0.



Let (f, g, h)T € H. We look for U = (w, u, 2)T € D(A(t)) solution of

w f
A =A@ [ v | =| 9
z h
or equivalently
w—u=f
(19) M+ Aw+ B1Bfu+ Boz(1) =g
1-7()p 0z _
Az + T op = h.

Suppose that we have found w with the appropriate regularity. Then, we
have
u=—f+wel.

We can then determine z. Indeed z satisfies the differential equation

1-7(t)p0z _
)\Z+7’7’(t) B =h

and the boundary condition z(0) = Bju = —Bj f + ABjw. Therefore z is ex-
plicitely given by

p
z(p) = /\BSwe_M(t)p - B;fe_h(t)p + T(t)e_AT(t)p/ e)‘T(t)”h(a)da,
0

if 7(¢) = 0, and

z(p) = ABjwe F m(=#(0)p) _ g feArQ%) In(1—-#(t)p)
+7(t)e 7O e m(=#(6)p) /p ﬂe_{(ﬁ? In(1-#(t)a) g,
0 1- T(t)o )

otherwise. This means that once w is found with the appropriate properties, we
can find z and u. In particular, we have, if 7(¢) = 0,

(20) 2(1) = ABjwe M0 4 20,
where 20 = —Bj fe M0 4 7 (t)e A fol A7 (0)do is a fixed element of U
depending only on f and h, and, otherwise
AT(t) .
(21) 2(1) = ABjwe 7o =70 4 0,
() : () () ,
where 20 — 7B§f6*+(7;>1n(177(t))+7( te M m(1—#(t) fo . hf(ft))ae Y m(1=7(1) g0

is a fixed element of Uy depending only on f and h.
It remains to find w. By (19), w must satisfy

Nw+ Aw + AB1Bjw + Boz(1) = g + B1 B} f + \f,



and thus by (20),
Ao+ Aw + AB1Bjw + )\ef)‘T(t)BQBSw =g+ B1Bif+\f— By =: ¢,

where ¢ € V', if 7(¢t) = 0, and by (21)

AT(t) n(l—7+ * *
Nw+ Aw + AB1Biw + Ae 7® (1 (t))BgBQw =g+ B1Bif+\f— By’ =: ¢,
where ¢ € V' otherwise. Assume 7(t) = 0. We take then the duality brackets
(o )y vy withp e Ve

<)\2w 4 Aw + AB1Biw + Ae MO By B, ¢>>V, =@ By

Moreover:

(Nw+ Aw+AB1Biw + Ae MW By Biw, ¢, |,
=X W, Oy y + (Aw, @)y + A(BLBiw, d)yr y + e 2O (ByBiw, )y )
= X (@, @)y + (Abw, AT9)  +M(Biw, Bio)y, +e ) (Bsw, B5o)y,)

because w € V' C H. Consequently, we arrive at the problem

(22) X (@, @)y + (Adw, A30) +A(Biw, Big)y, +e ") (Bjw, Bio)y,)
= <(J7 ¢>V’7V ’ ng S V

The left hand side of (22) is continuous and coercive on V. Indeed, we have

X (w, 6)y + (Akw, A26) 4 M(Biw, Bio)y, + ™" (Bjw, Bjo)y,)
1 1 * *
<X fwlly 9l + 4] |[a%0| +AUIBiwly, 1Bi6l,
+e O Biully, |B3olu,)
1
< O Jwlly ol + 4% ] Il il

* (|2 —A\T * 12
FABi 2w, o) 19llv 11l + e AN Bs |2y, 0,y I«lly 1611y)
<Clwly llelly

and forp =w eV

2 2 1 i *, 0112 —A7(t) *, 0112

Nl + (A2w, A2w)  +A(IBiwly, +e 1Bswlie,)

2

> At >l

> |[ate| = Cllwl}
Therefore, this problem (22) has a unique solution w € V by Lax-Milgram’s
lemma. We can easily prove the same results in the case where 7(¢) # 0.

Moreover Aw + B1Bju + Baz(1) = g + Af — A?w € H. In summary, we have
found (w, u, 2)T € D(A(t)) satisfying (19). Again as x(t) > 0, this proves that

(23) M — A(t) = (A + k(t))I — A(t) is surjective

10



for some A > 0 and ¢t > 0.

Then, (15), (17) and (23) imply that the family A = {A(t) : t € [0, T]} is
a stable family of generators in H with stability constants independent of ¢, by
Proposition 1.1 from [10]. Therefore, the assumptions (i)-(iv) of Theorem 2.1
are verified by (10), (13), (15), (17), (18) and (23), and thus, the problem

{ U = AU
U(0) = Uy

has a unique solution U € C([0, +00), D(A(0))) N C*([0, +o0), H) for Uy €
D(A(0)). The requested solution of (8) is then given by

U(t) = ’DU(t)
with 8(t) = fot k(s)ds, because
U'(t)

[
o
S
e G
S — =
QD
ENS)
clc
Q}Q}z

|
(9]
=y
~
=
PN
—~
~+
—— =
—~
~+
~—
Em
-
Nt
9]
Q
==
-
—~
~—

which concludes the proof. m

3 The decay of the energy

We now restrict the hypothesis (12) to obtain the decay of the energy. For that,
we suppose that (6) holds, namely
J0<a<VI—d YueV,|Bul}, <alBiul;,,

where d is the one from (2). Note that is possible since d < 1 by (2).
Let us choose the following energy

e ma)= g ([t 1ol oo [ 185 - 701, 00).

where ¢ is a positive constant satisfying
1 2 1
Vi—d T a Vs
that exists by (6). Note that this energy corresponds to the time-dependent

inner product on H defined before.

Proposition 3.1 If (2), (3), (4), (6) and (13) hold, then for all (wq, w1, fO(—7.))T €
D(A(t)), the energy of the corresponding regular solution of (5) is non-increasing
and there exists a positive constant C' depending only on «, d and q such that

(26) E'(t) < =C (I1Bio®)}, + |1Bsot - r®)F,) -

(25)

11



Proof. Deriving (24), we obtain

2 = (A 4e) 1 (@.5),+ T )02, dp
1

+qr(t) /0 (Byw(t = 7(t)p), Bow(t —7(t)p))y, (1 —7(t)p)dp.

Since @ = —(Aw + B1Bfw + BoBsw(t — 7(t))) € H,

E'(t) = (Aw, @)y y — (W, Aw + BiBiw + BaByw(t — 7(t)))y v
ar(t) 1 .
+O0 [V iBga - w1, do
1

Tar(t) / (Byiot — ), Biis(t — v()p)ys, (1 — +(t)p)dp.

Then
B0 = (Aw, by, — (o Ay, = (& BBIa)y, . — (0, BaBjilt = 1))y, v)
+0 /ntwt—T())HU dp
r(t) / (B3t — 7(t)0), Bt — 1(1)0)y, (1 — #(0)p)ip
= B, ~ (85 Bt - e + O [ a0, do
+arte) [ (B3t — (0)p), B3t — r(00))ys, (1~ 7(1)p)idp.

Moreover, recalling that z(p, t) = B3w(t—7(t)p) and thus z,(p,t) = —7(¢) B3 (t—
7(t)p), we see that

1

(e Gen) a-rnp

1 [to
=—2¢<;> / 5 (16001 >1(1_-2(t)p)dp

- / 2o, D2, do ~ ;T(Tf))n (1 1, + 555 100, )1,
=20 [ st - vl do - S B - 70D, + g B,
Consequently,
B(1) =~ |Bial, (B30, Bio(t (), ~ 20T B3t — ), + 2 1300,

Young’s inequality, (2) and (6) yield

B0 < (i + 5 - 1) Il + (S5 - D e - o,

12




Therefore, this estimate leads to

E'(t) < —C (IBio@)l}, + 1Bsat - ()7,

o1 (454 )

which is positive according to the assumption (25). =

with

Remark 3.2 The choice to apply Young’s inequality with a factor v1 —d in
the proof of the above proposition is made in order to give the stability result
under the best assumption between a and d.l

Remark 3.3 In the case where the delay is constant in time (and thus d = 0),
we recover some results from [20]. W

Remark 3.4 If (6) is not satisfied, there exist cases where instabilities may
appear, see [18, 21, 29] for the wave equation with constant (in time) delay.
Hence this condition appears to be quite realistic. W

4 Exponential stability

In this section, we prove, under some assumptions, the exponential stability of
(5) by using an appropriate abstract Lyapunov functional, defined by

(27) E(t) = E(t) +7 (&(t) + (Mw(t),w(t))g)

where v is a positive small constant that will be chosen later on, F is the
standard energy defined by (24) with ¢ verifying (25) and & is defined by

(28) &(t) = g7 (1) /0 e 2T Bii(t — 7(8)p) 1, dp:

where § is a fixed positive real number. Moreover, the operator M : V — H
satisfies the following assumptions

d : ”
(29) 3C0,C1,C2 > 0, — (Mw(t),&(t) g < ~CoBo(t) + C1 || Bi()lly,
+ Ca||B3a(t —7(t)) g,

for all solutions w of (5) with initial data in D(.A(0)) and where Ej is the natural
energy for the problem without delay

Bult) = 5 ([Jatwo]f, + 1o )
and
(30) 30> 0,50, [(Muw(t), &(t)) ] < CEo(t).

First we note that the energies F and & are equivalent, under (30).
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Lemma 4.1 Assume (2), (3), (4), (6), (13) and (30). For v small enough,
there exists a positive constant C3(7y) such that

(31) (1-Cy)E(t) < &(t) < Cs3(7)E(t), where 1l —Cv > 0.
Proof. It is easy to see that
E(t) < C3(0)E(),

with C3(7) = max(1 +~vC, 1 + 27) by (30), since e=207(r < 1.
For the second inequality of (31), we note that, since 7€ (t) > 0 and by (30),

E(t) > E(t) - CyEo(t)

>
> (1-Cy)E(t),

and thus we obtain (31) with 1 — Cy > 0 for y small enough (y < 1/C). =
To prove the exponential decay of (5), we need the following lemma:

Lemma 4.2 Assume (2), (3), (4), (6) and (13). Then

d .
(32) TE2(t) < ~2062(t) + q | B3 (D)7,
Proof. Direct calculations show that
i — ﬂ ! —967 —207(t)p e (p 2
G0 = ZBEW +ar(t) [ (-20HOp)e O Bt~ @)o)}, do -+ .

where J is equal to

7i=2q7(t) [ e OP (Bt = 7(0)0). Byt = (0, (L= HE)o)dp,

Recalling that z(p,t) = Biw(t —7(t)p) and then z,(p,t) = —7(t)B50(t —7(t)p),
we see that

1
I==2 [ O (0.0, 55 0.0) (=00
0 P Us

By integrating by parts in p, we obtain

T o= =Tz [ IO a0, (2671 - #(0)p) ~ F(O)dp

0
—2qe 27O ||2(1,1)||7, (1= 7(t)) + 2q]|2(0,8)||7,, ,
which yields

1
J o= q OBt —T()p)llg, (—267(8)(1 — 7(t)p) — F(t))dp

0
“qe O | Byo(t — r(0)) 13, (1 - (1) + | B3 (@), -

14



Consequently
d . _o5r i .o -
(1) = —2682(t) — a(1 = 7(B)e > | Bt — 70, +a | B,
We thus get (32) by (2). m
Now, we are able to state the main result of this paper:

Theorem 4.3 Assume that (2), (3), (4), (6), (13), (29) and (30) hold. Then
there exist positive constants v and K such that

E(t) < Ke "'E(0), Vt>0,
for all solutions of (5) with initial data in D(A(0)).
Proof. We have, by the definition (27) of &,

LE() = LB + 75 2(0) 7 (Mu(0), (1)

dt
By (26), (29) and (30),

%E(t) < (2\/% + - 1) IBra®)7, + ( V 12_ _ q(12_ d)> B3t — r(0)I7,

—207&>(t) + g I\Bé‘u'f(;f)l\zy2 —CoEo(t) +1C1 | Bia (),
+7C2 || Byw(t — 7(1) g, -

Using (6), we obtain

d a qo . 2
—£&(t) < — -1 Biw(t
G0 < (G 5 - 1t o)) 1B,

N (\/m _q(1—4d n 702) IB3a(t — 7(8)|l5, — 207E2(t) — vCoEo(t).

2 2

We take now ~ small enough, more precisely we take v > 0 such that

__a  _gx g(1-d) 1-d
7<min<1 Vi—d 2 2_2>.

qo + 01 ’ Cg
Note that (1 — T ) /(g + C1) and (@ — Y24y /Cy are positive by
the choice (25) of g. Then
d

() < —7(206(1) + CoFo(1)-

As 7(t) < M (by (3)), we have
—E(t) < — (COEO(t) + 256_25Mq7(t)/0 IBswo(t — (1)), dp) ,

15



and then, in view of definition of F, there exists a constant 4’ > 0 (depending
on v and 6: 7/ < ymin(Cy,46e=29M)) such that

Tew < )

By applying Lemma 4.1, we arrive at

%E(t)g— T_g).

Therefore ,
E(t) < EO)e B, V>0,
and Lemma 4.1 allows to conclude the proof:

1

Cg(’y)
< £ <

e mm!t < 2 po)e”mm’

E() —1-Cy

Remark 4.4 In the proof of Theorem 4.3, we note that we can explicitly cal-
culate the decay rate v of the energy, given by

2 . —26M
v= min (Cy, 4de ,
Cs3(7) ( )
with C3(v) = max(1 +~C, 1+ 27),
- _—a g q(l-d)  Ji=d
2y/1—d 2 P} P}
< = < — " andy< —=—=
TS =T e, M= s

(by Lemma 4.1 and Theorem 4.3), where C, Cy, Cy, C are given by (29) and

(30), « is defined by (6), ¢ by (25) and ¢ is a positive real number. Recalling

that M is the upper bound of 7, if the delay 7 becomes larger, the decay rate is

slower. Moreover, we can choose d such that the decay of the energy is as quick

as possible for given parameters. For that purpose, we note that the function
1 2

§ — 46e 29M admits a maximum at § = 537 and that this maximum is 7.

Thus the larger decay rate of the energy is given by

vy ) (C 2 )
Vmaz = min , — | .
Cs(7) O Me

5 Examples

We end up this paper by considering different examples for which our abstract
framework can be applied. To our knowledge, all the examples, with the ex-
ception of the first one, are new. In all examples, we assume that the delay
function 7 satisfies the assumptions (2) to (4).
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5.1 The wave equation
5.1.1 The one dimensional wave equation

In this subsection, we show that our abstract framework apply to the 1-d wave
equation:

%2t2(x t)_agg(xat)z(), O<ox<mt>0,
u(0, £) =0, t>0,

(33) aaz (m, t) = alg—?(w, t) — %(m t—7(t), t>0,
u(z, 0) = (),64;(37,0): x), O<z<m,
Gu(m, t—7(0) = fO(t — 7(0)), 0 <t < 7(0),

where a1, ag > 0, a > 0. This system have been studied in [22], we also refer to
[29] for a constant delay. First, we rewrite this system in the form (5). For that
purpose, we introduce H = L?(0, ) and the operator A : D(A) — H defined
by

d2
“inz?
where D(A) = {¢ € H?(0, m) NV ; g—i(ﬂ) =0} and V = {H'(0, 7); ¢(0) = 0}.
The operator A is self-adjoint and positive with a compact 1nverse in H. We
now define U = U; = U, = R and the operators B; : U — D(Az)' given by

Ap=—

Bik = \Ja; k6p,i=1,2.

It is easy to verify that Bj(p) = \/a;p(m) for ¢ € D(AY?) and thus
BiB;(p) = a; p(n)d, for ¢ € D(AY?) and i = 1, 2. Then the system (33)
can be rewritten in the form (5). We notice that (12) is equivalent to

(34) J0<a<Vl—-d, a<an.
Taking oo = aa/a, (34) is equivalent to
(35) a3 < (1-dad,

which is the condition (10) from [22].

In Lemma 3.1 from [22], it is proved that D(.A(0)) is dense in H. Conse-
quently, under the condition (35), by Theorem 2.4, this system is well-posed
and by Proposition 3.1 the energy decays for a3 < (1 — d)a3.

To prove the exponential stability of (33), we introduce the Lyapunov func-
tional (27) with the operator M : V' — H defined by

ou
36 =2r —
(36) Mu =2z B
Then (29) holds with Cy = 2, C; = 7(1 + 2aa?) and Cy = 2ara3 (see (48) from
[22]) and (30) holds with C' = 27 max(1,1/a). Therefore, our abstract frame-
work applies here and system (33) is exponentially stable under the previous
hypotheses. We then recover the results from [22].
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5.1.2 The multidimensional wave equation

In this subsection, we study the stability of the wave equation with boundary
time varying delay. Let 2 C R™ (n > 1) be an open bounded set with a
boundary I of class C?. We assume that I' is divided into two parts I'p and Ty,
ie. T=TpUTly, withTp NIy =0 and T'p # 0. Moreover we assume that

%4 Ccry=ry.

In this domain €2, we consider the initial boundary value problem
(37)

;;( ) Au(z,t) =0 in Qx(0,+00)
u(z, ) = on I'p x (0,400)
9u(x t) —ay 24 (x t)xr1 — a2 9u (3t — 7(t))xr2, on I'y x (0,+00)
u(z,0) = ug(x), (x O) = uy(x) in Q
i (@t = ( ) = fo(w t—7(0) in I} x (0,7(0)),

where v(z) denotes the outer unit normal vector to the point x € I and du/dv
is the normal derivative. Note that system (37) have been studied for instance
in [4, 12, 13, 14, 15, 16] without delay and in [18] with a constant delay.

Let us denote by v - w the Euclidean inner product between two vectors
v,w € R™. We assume that there exists xp € R™ such that denoting by m the
standard multiplier

m(x) :=x — xp,

we have

(38) m(z)-v(z) <0 on TI'p
and, for some positive constant §,

(39) m(z)-v(x)>d>0 on In.

In the particular case where 2 = O1\ O3, O and O being convex sets such that
O3 C 01, the above assumptions (38), (39) hold with I'y = 907 and I'p = 904
for any xg € Os.

First, we rewrite this system in the form (5). For this purpose, we introduce
H = L?(Q) and the operator A : D(A) — H defined by

Ap=—-Ap
where D(A) = {p € H>(Q)NV : g—f =0 on I'y}, where, as usual,
V=H (Q={eeH(Q):p=00nTp }.

The operator A is self-adjoint and positive with a compact inverse in H. We
now define U; = L?(T'Y), Uz = L?(I'%;) and the operators B} : V — U, as

(40) B:@: \/O‘l<)0|r‘§v7zzl727
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where @i, 1s the trace operator for ¢. The operator B; : U; — V' is then
defined by duality:

(41) < Biu, v >y y= \/ai/_ uv dl.
N

Thus the system (37) can be rewritten in the form (5). We notice that (12) is
equivalent to (34) and then, as previously, to (35).
Note that the domain of the operator A(¢) defined in (9) is here

D(A() = {(u,0,2)" € (B(A, LA(Q)) N V) x V x L2(T%; H'(0,1))
% = —Q1UXr1, — sz (-, 1))@?V on I'y; v=2(-,0) on F?V}7

where
B(AL*(Q) ={uc HY(Q) : Auc L*(Q)}.

The hypothesis (13) holds thanks to Lemma 2.2 and Remark 2.3 because D(Q2) C
ker(Bj) and D(Q) is dense in L?(1).

Consequently, under the condition (35), this system is well-posed by Theo-

rem 2.4 and the energy decays by Proposition 3.1 for a3 < (1 — d)a3.

To prove the exponential stability of (37), we introduce the Lyapunov func-
tional (27) with the operator M : V' — H defined by

(42) Mu=2m-Vu+ (n—1)u.

Then we can easily prove that (30) holds by Poincaré’s inequality. Moreover:
Lemma 5.1 Condition (29) holds.

Proof. Let u € H?(Q2). Then the standard multiplier identity gives

% {/9[2m -Vu+ (n— 1)U}utd$} =- /Q{u% + |Vul?}d

7 —|Vul? m-Vu+ (n— u@
) —|—/FN(m-V)(ut |V|)dF+/FN[2 Vu+ (n — 1)u] 5 dl

+/FD(m'V) oul?

—| dI.
Ov

From (43) and Young’s inequality, recalling (38) and that by (39) m-v > § on

I'n, we have

% {/9[2771 -Vu+ (n— 1)U]utd$} < - /Q{U? + [Vul|*}dz

c ou\?
+/ m - v)u2dl — § querrf/ () dr
(44 ) SR St

+€/ (|Vul? + u?)dT,
I'n
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for some positive constants ¢, c. Using the trace inequality and then Poincaré’s
b)
Theorem, we have, for some ¢, ¢’ > 0,

/ u?dl < ¢ ||uH12ql(Q) < c”/ |Vu|*dz.
Iy )

This estimate in (44) yields, for € small enough (¢ < min(d, 1/(2¢"))),

% {/Q[gm Vu+ (n— 1)u]utdx} < —CoEo(t)

(45) 2
+C/ ufdr+c/ (a“) dr,
I'n I'n (91/

for suitable positive constants Cy, C. Therefore, using the boundary condition
(37) and Cauchy Schwarz’s inequality in (45), we obtain (29). m

Therefore, our abstract framework still applies and system (37) is exponen-
tially stable under the above assumptions.

5.2 The beam equation

In this subsection, we show that our abstract framework can be applied to the
1-d beam equation:

98w, )+ 3% (x, 1) =0, 0<z<1,t>0,
w(0, t) = %2(0, t) =0, t>0,
2
(46) g?g(lv t) =0, ) ) t>0,
S (L t) =1 Go(1, 1) +anG7 (1, t = 7(t), t>0,
w(z, 0) = w’(2), L(z, 0) = w'(2), O<z<l,
G2 (1, t = 7(0)) = fO(t — 7(0)), 0<t<7(0),

where ay, as > 0. First, we rewrite this system in the form (5). For that
purpose, we introduce H = L?(0, 1) and the operator A : D(A) — H defined
by

d4
A _
¥ da:4(’0
where D(A) = {p € HY0,1)NV; 22(1) = 22(1) = 0} and V = {p €

H?(0,1); ¢(0) = g—‘;(()) = 0}, which is a self-adjoint and positive operator with
a compact inverse in H. We now define U = U; = Uy = R and the operators
B, :U— D(A%)’ given by

Bik = Jaikdy, i=1,2.

It is easy to verify that Bj(p) = /aip(1) for ¢ € D(AY?) and thus
BiBf(p) = a;p(1)d; for ¢ € D(AY?) and i = 1,2. Then the system (46)
can be rewritten in the form (5). We notice that (12) is equivalent to (34) and
by taking o = ag/aq, (34) is equivalent to (35).
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By Lemma 2.2 and Remark 2.3, (13) holds, because D(0,1) C ker(B7) and
D(0,1) is dense in H. Hence, under the condition (35), this system is well-posed
by Theorem 2.4 and the energy decays by Proposition 3.1 for a3 < (1 — d)a?

To prove the exponential stability of (46), we introduce the Lyapunov func-
tional (27) with the operator M : V' — H defined by (36).

The following lemma shows that (29) and (30) hold.

Lemma 5.2 The conditions (29) and (30) hold.

Proof. Condition (30) follows directly from Young’s inequality:

|(Mw,w)y| = '2/0 xg—;(x,t)a—w(x7t)dx

/01 ((g“;(x,t)>2 + (%;(x,t))2> da.

For the other assertion, we note that

d ! Ow Ow Ow 0w
& (Mw, &)y _/0 (23; o (1) S (st) — 20 52 1) 5 5 o t)) da.

But, by integrating by parts, we obtain

1 82 aw 1 8(4) 2 aw 2

Moreover, again integrating by parts yields

U ow 0w b w 0w Loo2w Pw
Ow 0w
+%(17t)?(1at)7
with

L 92w PBw 1 (' /02w 2 1 (0%*w 2
/Ox@(x,t)%(m,t)dx——a/o (W(m,t)) d$+2(x2(1,t)) ;

and

L ow PPw L o%w Ow D*w dw D*w
A RCF t)dm——/o (W(x,t)> dx+am(l 050 21,t)— 0055 2(0,8).
Consequently
[ o2 a2 [ (Z20n) - 22002200
Oxamx’ 9z " x_20 P T 0 02
w, 0w 02w P w, Pw
+2ongE0n -5 (F00) +Fand
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Therefore, the boundary conditions satisfied by w lead to

%(Mw,a’u)H _ —/01 (?,;:(x t)>2dx+(%t {1, t)>2—3/01 (322@ t))zdx

ow ABw
—2—(1,t)—=(1.,¢).
22005 (11

By Young’s inequality, we have

’2‘3“’(1 t)(233(1 t)‘ (?;(1715))2—&— (‘233(1 t))Q, Ve > 0.

Moreover by trace inequality and Poincaré’s inequality, there exists a constant

C' > 0 such that
ow
<
(a (1t)) c/ (829075)) da.

Thus, by the dissipation condition at 1 of (46),

Ow Pw L 0%w ? 202 [ Ow ?
- - < =
’ 2—(1, t)9 3(1,t)‘ Ce/o (9 2(33 t)> dz + c (915(1 t))

+2¥:§ (%:(1,15—7@)))2.

Therefore it holds

%(MW,Q)H < —/01 (%j(x t))zdx—(S—Ce)/Ol (gzi(m t)>2dx
(HZZ”) (%‘;(1,t)>2+22‘2<%°:(1t (t))>2,Ve>O

It suffices to take € < 2/C, to obtain

d ! Ow 2 02w 2 Ow 2
— . < — - - -
o (Mw,w)y < /0 (( o (x,t)) + (89:2 (x,t)) > dz + Choy (at (1,t))
+Cha —8w(1 t—7(t)) ’
202 | el T )
with Cy, C3 > 0, which corresponds to (29). m

Therefore, by our abstract framework the system (46) is exponentially stable
under the above assumptions.

5.3 The plate equation

In this subsection, we study the stability of the plate equation with boundary
time-varying delay. Let @ C R™ (n > 1) be an open bounded set with a
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boundary I of class C*. ‘We assume that I' is divided into two parts I'p and T'y,
ie. T=TpUTlN, withTp Ny =0 and I'p # (. Moreover we assume that

I3 CTy =TIy.

In this domain €2, we consider the initial boundary value problem
(47)

94 (,1) + A%u(z,t) = 0 in Qx (0,+00)
u(z,t) = 9%(z,t) =0 on T'p x (0,+00)
Au(z,t) = on TI'y x(0,+00)
BaAyu (xat) = al%(x’t)XFN + QZ%(xvt - T(t))XF?V on I'y x (07 +OO)
u(z,0) = up(x), %(LO) = uy () in Q
%(w,t—T(O)) = fo(z,t —7(0)) in T'% x (0,7(0)).

We assume that (38) holds with the standard multiplier m(z) := x — xq, for
some xo € R™. Note that the hypothesis (39) is not necessary.

To rewrite this system in the form (5), we introduce H = L?(2) and the
operator A : D(A) — H given by

Ap = A2<p

where D(A) = {p € HY(Q) NV : Ap = aaA—f =0onTy}and V = {p €
H2(Q) : p= g—f =0 on I'p}. The operator A is self-adjoint and positive with
a compact inverse in H. The operators B and Bj are here given by (40) and
Bl, BQ by (41) with U1 = L2(F}v), U2 = LQ(F%\/)

Thus the system (47) can be rewritten in the form (5). We notice that (12)
is equivalent to (34) and then, as previously, to (35).

By Lemma 2.2 and Remark 2.3, we see that (13) holds because D(2) C
ker(Bj) and D() is dense in L?(2). Therefore, under the hypothesis (35), this
system is well-posed by Theorem 2.4 and the energy decays by Proposition 3.1
for a3 < (1 —d)a3.

To prove the exponential stability of (47), we introduce the Lyapunov func-
tional (27) with the operator M : V' — H defined by (42). Then we can easily
prove that (30) holds by Poincaré’s theorem. Moreover:

Lemma 5.3 Condition (29) holds.

Proof. Direct calculation gives

(48)
d
— [ 2m-Vu+ (n—1u)ude = / 2m - Vuguedr + (n — 1) / uidzr
dt Jo Q Q
—/ (2m - Vu) A?udx — (n — 1)/ uA*udz.
Q Q

By Green’s formula, we find
/ 2m - Vugupdr = —n/ uidz + /(m v)uidl.
Q Q r
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Moreover again two applications of Green’s formula lead to

0Au

/ (2m - Vu) A?udx = 2
Q r Ov

A(m-Vu)Audz— 2/8 (m-Vu)Audl'+2 | —— (m-Vu)dT,

Q
with

A(m - Vu)Au = 2(Au)? +m - V(Au)Au = 2(Au)? + ;m V((Au)?).
Then

/Q(zm-vu)A?udx - //( Adx+/m V((Au)?)dz — 2 /F(,i/(m~Vu)AudF
87 w)dTl
- / dac—n/(Au)QdaH—/F(m~1/)(Au)2dI‘

2/ (m-Vu AudF+2/%(m~VU)dF
v

by Green’s formula. For the last term of (48), we use again two times Green’s

formula,
/uA2ud:c*/(Au da:f/ —Au dF+/ —aAuudF
Q Q

Consequently, (48) becomes

jt 2m-Vu+ (n—Du)ude = —/ (uf + 3(Au)?) dx + /(m V) (uf — (Au)?) dT’
Q r
0 ou
— T -1 T
+/ <281/(m Vu)dl' + (n )8 )Aud
- FaaAVu( (m-Vu)+ (n—1)u)dl.
Asu=0u/Ov=00onTp, Vu=0onT'p and
7] 0?%u
a(m-Vu) =movos = (m-v)Au onT'p.
Therefore the boundary conditions of (47) implies
d
/(2m Vu+ (n—Du)wdr = —/(ut+3Au / 2dr
dt ly) I'p

+/ (m - l/)utdF—FQ/ (m - v)(Au)?d

I'n
7/ 53“ (2(m - V) + (n — 1)u) dT.
I'n
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By (38), we obtain

d 2 2 2
T Q(2m-VU+(7’L—1)u) wdr < —/Q (1;: 3(Aw) )dw—i—/FN(m-V)utdl"
—/ 3 4 (2(m-Vu)+ (n — 1)u)dr.
ry oV

From Young’s inequality, we deduce that

4 2m-Vu+ (n—1Nu)ude < —/ (uf + 3(Au)?) dz + c/ u?dl
Q

dt o,
2
+g <8Au) dF+e/ (Vu)? + u?) dT,

ry \ OV Iy

I'n

€

with C, ¢ > 0. We conclude the proof of this lemma by using a trace inequality,
Poincaré’s inequality and the boundary condition of (47). =

In conclusion, our abstract framework applies again and system (47) is ex-
ponentially stable under the previous hypotheses.
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