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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.
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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, 16, 24, 17]). 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 [25, 26]. Stability and instability

*School of Electrical Engineering, Tel Aviv University, Tel Aviv, 69978 Israel,
emilia@eng.tau.ac.il

TUniversité de Valenciennes et du Hainaut Cambrésis, LAMAV, FR CNRS 2956, Tnsti-
tut des Sciences et Techniques of Valenciennes, F-59313 - Valenciennes Cedex 9 France,
Serge.Nicaise@Quniv-valenciennes.fr

fUniversité de Valenciennes et du Hainaut Cambrésis, LAMAV, FR CNRS 2956, Tnsti-
tut des Sciences et Techniques of Valenciennes, F-59313 - Valenciennes Cedex 9 France,
Julie.Valein@univ-valenciennes.fr



conditions for the wave equations with constant delay can be found in [17, 20].
The stability of linear parabolic systems with constant coefficients and internal
constant delays has been studied in [8] in the frequency domain. Moreover we
refer to [19] 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,
21, 22] via Lyapunov method. In the case of linear systems in an Hilbert space,
the conditions of [3, 6, 22] 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 [21] via Lyapunov functional.

The aim of this paper is to consider an abstract setting similar to [19] 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 [21] 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 positive operator with a compact
inverse in H. Let V := D(A'/?) be the domain of A'/2. 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 (.,.)y,, and let B; € L(U;, D(Al/Q)/).

We consider the system described by

w(t) + Aw(t) + Blul(t) + BQU,Q(t — T(t)) = 0, t> 0,
(1) w(0) = wo, w(0) = w1,
ua(t — 7(0)) = fO(t — 7(0)), 0<t<7(0),

where t € [0, co) 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 and u; €
L2([0, 00), U1), ug € L%([—7, 00), Us) are the input functions. The time-varying
delay 7(t) satisfies

(2) Jd<1,¥t>0, 7(t)<d<l,
and
(3) IM>0,Vt>0, 0<7<7(t) <M.

Moreover, we assume that
(4) VT >0, 7€ W>>(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

&) + Aw(t) + BiBio(t) + BaBia(t — (1)) =0, ¢ >0,
(5) w(0) = wg, w(0) = w1,
Biw(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 [19] 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, 18, 22].

Moreover, contrary to [17, 19], 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
[9, 10].

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 [21] 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) 0<a<VI—d YueV, |Biul}, <alBjull},

guarantees that the energy decays. Note further that if (6) is not satisfied, there
exist cases where some instabilities may appear (see [17, 20, 27| 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 [17]. Let us introduce the auxiliary variable



z(p, t) = Biw(t — 7(t)p) for p € (0,1) and ¢t > 0. Note that z satisfies the
following transport equation

)% +(1-7(t)p)FE =0, 0<p<1,t>0
2(0, t) = B3w(t)
z(p, 0) = B3 (—7(0)p) = fO(=7(0)p).
Therefore, the system (5) is equivalent to
(t)+Aw(t)+B1B1w( )—|—B2Z(1, t) ZO7 7ﬂ'>07
) )% + (1 —-7()p)FE =0, t>0,0<p<1,
w(0) = wo, w(0) = w1, z(p, 0) = f(=7(0)p), 0<p<1,
z(0,t) = Byw(t), t>0.
If we introduce
U:=(w,w 2)T,
then U satisfies

U = (W, @, Z)T = <(,;.)7 —Aw(t) — BlBTUJ( ) B22(1 t) %g;)

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

(®) { U' = AU
U(0) = (wo, w1, f*(=7(0).)),
where the time dependent operator A(t) is defined by
w u
AW | uw | = —Aw— BiBju— B2z(1)
. T()p=1 9z
T(t) 9p

with domain

(9)

D(A(t)) == {(w, u, 2) € VXV xH((0, 1), Uz); 2(0) = Biu, Aw+B1Bju+B2z(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 Hx L*(0, 1), Uy)

equipped with the usual inner product

(11)< v ,
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A general theory for equations of type (8) has been developed using semi-
group theory [9, 10, 23]. The simplest way to prove existence and uniqueness
results is to show that the triplet {A,H,Y}, with A = {A(t) : ¢t € [0, T]} for
some fixed T' > 0 and Y = D(A(0)), forms a CD-system (or constant domain
system, see [9, 10]). More precisely, the following theorem gives some existence
and uniqueness results (for proof see Theorem 1.9 of [9] and also Theorem 2.13
of [10] or [1]).

Theorem 2.1 [9] Assume that

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

(ii) (10) holds,

(iii) 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 (S:(s))s>0 generated by A(t) satisfies
1S:(s)ulln < Ce™||u||x, for all w € 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 initial 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}, <alBiully,,

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 : BiBju+ BaBju € H} is dense in H.
Then

(13) D(A(0)) is dense in H.
Proof. Let (f, g, h) " € H be orthogonal to all elements of D(.A(0)), namely
w f 1
0= < u || g >= (w, Py + (u, g)H+/ (2(p), h(p))y, dp,
z h 0
for all (w, u, 2)T € D(A(0)).
We first take w = 0 and v = 0 and z € D((0, 1),Uz). As (0,0, 2)" €
D(A(0)), we get
1
| o) oo =0

Since D((0, 1), Us) is dense in L2((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, Bju)T € D(A(0)) and therefore (u, g)g = 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 = (w7 f)V I \V/(W, U, Z)T € D('A(O))
By restricting ourselves to u = 0 and z = 0, we obtain
(w, )y =0, ¥(w, 0,0)" € D(A(0)).

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 B} is included in X, if ker(Bj)
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 [9], 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
Uu Y
z

where ¢ is a positive constant chosen such that

w2 &

> = (A, 432)  + g +ar®) [ 10, 20D, do

1 2 1

(14) il =q<

a 1—d

U

with associated norm denoted by |||, . This choice of ¢ is possible since 0 < o <
V1 —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())) N C([0, +00),H)
to system (8).

Proof. We first notice that

(15) ”jﬁ# <e "l v, s e o, T),



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

we have

ol = ol = (1= =) (Jlade]] + puy)
+q (r(t) — 7(s)e7 ) / oI, do

We note that 1 — e =%l < 0. Moreover () — 7(s)e70 =%l < 0 for some ¢ > 0.

Indeed,
7(t) =7(s) + 7(a)(t — s), where a € (s, t),
and thus,
o)y el
m(s) 7(s)
By (4), 7 is bounded and therefore, there exists ¢ > 0 such that
t p
ﬂ < 1+£|t—8| §670|t 5\’
7(s) To

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, z) " € D(A(t)). Then
U w
(AU, U), = < —Aw - B1Bfu—B2z(1) | | u >
7(t)p—1 oz 2

T(t) Op
= (A%u, A%w) — (Aw + B1Bfu+ Baz(1), u) 5

1
0z .
o [ (G0 =0) =i
0 P Us
Since Aw + B1Bju + Byz(1) € H, we obtain

T

(AU, U), = (A%u, A%w)H—<Aw, Wyr v — (BiBiu, u)y, y — (Baz(1), u)y
Loz .
o[ (F0w) a-iwnd
0 dp Us )
= (Aw, @qu — (Aw, u)y v — [[Biully, — (2(1), B3u)u,
0z .
o [ (Fwa0) =i,
0 P Us
by duality. By integrating by parts in p, we obtain
L 79z . 10 .
[ (G =) a-rwo = / 35 (IE13,) 0= #0p)dp
. X |
O L kel o+ 31201, (0 - #40)
1 *
5 I1B3ullz,



Therefore
. % 112 * q 2 . q 112
ARU, U), = —lIBrully, - (:(1), Byw)u, = 5 Iz, 1 = 7(8) + 5 1 Baullg,

qr(t) !
-0 el o
0

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

0, v, < (5 + 5 1) Il (V5 - D) )l e (0.0),

where

()2 1/2
(16) wte) = O

Observe that 2\/‘1‘_7 + 4 —1<0and —”;d - M < 0 since ¢ satisfies (14).
This shows that

(17) (AU, U), = (1) (U, U), <0,
which means that the operator A(t) = A(t) — x(t)I is dissipative.
s g 1
Moreover £(t) = 2r(t)T((:th)(2tJ)rl)% — T(t)(;(’ajjlp is bounded on [0, T for all

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

0
d
—_— = 0
o AU

FOT@)p=7()(F(H)p—1)
7(1)?

Zp

with Ht)T(t)p_ngg(T'(t)p_l) bounded on [0, T] by (3) and (4). Thus

d : )
(18) A®) € LE([0, T], BID(A(D)), H)),
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 A\l — 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
Ar—Aw) [ uw | = 9
z h

or equivalently



w—u=f

(19) M+ Aw + B1Bju+ Bsz(1) =g
1-7(t)p 0z
Az + R = h.

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

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

1—7(t)p 0z

0 o "

Az +

and the boundary condition z(0) = Biu = —Bj3 f + ABjw. Therefore z is ex-
plicitely given by

P
Z( )_ )\B*wef)\-r(t B fef)\‘r t)p-l-T() 7>\T(t)p/ e)\‘r(t)ah(o,)da’
0

it 7(t) =0, and

Ap) = )\nge*;(—g";) In(1—#(t)p) — Bife 228 In(1—7(t)p)
T(t . P h (t .
—I—T(t)et(i(t)) In(1—7(t)p) / - (7._0(35)06 A n(1- -r(t)zr)dg7
o 1—

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

(20) 2(1) = ABjwe 71 4 20,

where 20 = —Bj fe >0 4 7(t)e= A1) fl AT h(g)do is a fixed element of Us
depending only on f and &, and otherwise

(21) z(1) = ABjwe S In(1=7(1) + 2°

where 20 = —Bgfek;(—g) ln(l_T'(t))—FT(t)eY((tt)) In(1=7(8)) fo %6_ oy n(1=71) g,

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),
ANw+ Aw + AB1Bjw + )\e_”\T(t)Bngw =g+ B1Bif+Af — By’ =: ¢,

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

2 * L(t)ln(lf"r(t)) * * 0
Mw+ Aw+ AB1Biw+ e 7® ByBiw =g+ B1Bjf+\f — Ba22" =: g,



where ¢ € V'’ otherwise. Assume 7(¢) = 0. We take then the duality brackets
(o )y y With g€ V'

<>\2w + Aw + ABy Bjw + Ae B,y Biw, ¢> =g, D)y v -

2%
Moreover:
</\2w + Aw + AB1Bjw + )\e’AT(t)BQB;w, ¢>V,7 v
=AW, @)y y + (Aw, )y v + A(BIBiw, @)y v + e D (BaBsw, )y )
=X (w, @)y + (43w, A36) +A(Biw, Bio)y, + e (Bjw, B3o)y,)

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

(22) N (w, ¢)y + (Abw, A0) +M(Biw, Bio)y, +e ") (Bjw, Bio)y,)
= <q7 ¢>V’7V ) V¢ € V

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

A2 (@, 0)y + (4w, 410) +A(Biw, Big)y, + e (Byw, Bid)y,)
1 1 * *
<N ol ol +||A42e]| A%o| +MUBiwly, 1Bi¢ly,
+e 70 By, 1B39l,)
1
< O wly 9lly + |[A3]|” Il gl

* 12 —\T * (12
AMNBi z(v, 00y 1@lly 11l + e D NBs Iz v 1y Iwlly 91l
< Clwlly li¢lly

and forp =w eV

N llwlly + (Ao, Adw) 4 A(IBLwlF, + 70 | BywlF,)
2

> ||A% H > Clwl .

> |[a%e| = Clwl}

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(t) # 0.
Moreover Aw + B1Bju + Baz(1) = g + A\f — M*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 + &(t))I — A(t) is surjective
for some A > 0 and ¢ > 0.

Then, (15), (17) and (23) imply that the family A = {A(¢) : t € [0, T} is
a stable family of generators in H with stability constants independent of ¢, by
Proposition 1.1 from [9]. Therefore, the assumptions (i)-(iv) of Theorem 2.1 are
verified by (10), (13), (15), (17), (18) and (23), and thus, the problem

{ 0" = At)0
U(0) = Uy

10



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

U(t) = ePDU(1)
with 3(t) = fg k(s)ds, because

U'‘t) = rk)ePOUr) 4+ ePOU(t)

k(1) ePDT(t) + PO AU (1)
PO (k)T () + A)U(t)
PO AT (t) = A(t)eP®
= A@®U(t),

).
U(t)

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}, <alBiully,,

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

(4)  E()= (HA%wHZ +ll +artt) [ B3t — I, dp) |

where ¢ is a positive constant satisfying
1 cq< 2 1
Vi—d 1S a  ica

that exists by (6). Note that this energy corresponds to the time-dependent
inner product on H defined before.

(25)

Proposition 3.1 If (2) and (6) hold, then for all (wo, w1, fO(—7.))T € D(A()),
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 (IBLo®)lF, + |1Bsa(t - 7e)I3, ) -

Proof. Deriving (24), we obtain

2

B = (4, Aiw)HHw, )+ ‘ﬁ(t)/o |Bseo(t — r(t)p) 12, dp
+q7(t)/0 (Baw(t = 7(t)p), Baw(t —7(t)p))y, (1 —7(t)p)dp-

11



Since & = —(Aw + B1Bjw + BaBia(t — 7(t))) € H,
E(t) = (Aw, W)y y — (W, Aw + B1B{w + BaB3w(t — 7(t)))y. v
ar(t) 1 .
+O [ Bzae - 003, do
0
1

+q7(t)/0 (Baw(t —7p), Bai(t —7(t)p))y, (1 —7(t)p)dp.

Then
E'(t) = (Aw, &)y — (@, Aw)y, 0 — (@, BiBi@)y, v — (@, BaB3a(t — (1) y. v
+5 | IBsat =, o

+QT(t)/O (Byw(t = 7(t)p), Byw(t —7(t)p))y, (1 —7(t)p)dp

= Bl — (B3, Bt - ) + T2 [ 1B - rnIE, do

+QT(t)/O (Baw(t = 7(t)p), Bow(t —7(t)p))y, (1 —7(t)p)dp.

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

| (Baw(t = 7(t)p), Baw(t —7(t)p))y, (1 —7(t)p)dp

_ _% /0 1 <z(p, 0, g_;@, t)>U2 (1 — #(t)p)dp

1
=555 J, a5 (10 >||U2)< ~ #0)0)dp
_ (@) 7(t) 1 . )
o 27-(75 / ” z(p; t ||U2 7.() ! ( t)”?b—’_ 27'(t) ” (07 t)”UQ 1
= 2O [ B30t~ @0, dp — S5 U5~ O, + g 1B,
Consequently,
E'(t) = — | Bid| g, —(Bsw, By(t - T<t>>>U2—q“‘7;“” B3t — ()3, + 2 1B,

Young’s inequality, (2) and (6) yield

+ B ) istatd+ (Y5 - L) st - ),

r0 < (5=t

Therefore, this estimate leads to
.- 2 X - 2
EB'(t) < —C (I Bio@)}, + B3t - )7,

12



with

o (5 i) (M)

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

Remark 3.2 The choice to apply Young’s inequality with a factor /1 —d in
the proof of the above proposition is made in order to give the stability result
under the best assumption between o and d.H

Remark 3.3 In the case where the delay is constant in time (and thus d = 0),
we recover some results from [19]. W

Remark 3.4 If (6) is not satisfied, there exist cases where instabilities may
appear, see [17, 20, 27| 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) = B(t) + 7 (&(t) + (Muw(t),w(t)) )

where ~ 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) Ex(t) = qr(t) /0 2700 | Bt — (p)l7, dp,

where § is a fixed positive real number. Moreover, the operator M : V — H
satisfies the following assumptions
(29)

d . . .-
3Cy, C1, Cy > 0, pr (Mw(t),w(t)) y < —CoEy(t)+C ||Blw(t)||?]1+cz | Bsw(t — T(t))||?]2 ,

where Ej is the natural energy for the problem without delay

alt) = 5 ([Jateto], + 1oty
2 H
and
(30) 3AC >0,Vt >0, |(Mw(t),w(t))yl < CEy(t).
First we note that the energies E and £ are equivalent, under (30).

Lemma 4.1 Assume (30). For~ small enough, there exists a positive constant

Cs(7y) such that
(31) (1-=Cv)E(t) <E(t) < C5(y)E(t), where 1 —Cvy > 0.

13



Proof. It is easy to see that
E(t) < Cs(v)E(1),

with C3(v) = max(1 + yC, 1+ 27) by (30), since e =207 < 1.
For the second inequality of (31), we note that, since v&2(t) > 0 and by (30)

E(t)

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

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). Then

d .
(32) 7E2(t) < —2082(t) + q || B ()7, -
Proof. Direct calculations show that
i _ ﬂ ! —957 —287(t)p Bia o 2 d J
G0 = e +ar(t) | (2570)0)e O Bt — (o), dp+

where J is equal to

J = 2q7(t) / 0 (B3as(t — 7(t)p), B3t — 7(t)p))ys, (L — #(D)p)dp.

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

! 0z .
J=—2 / e=207(t)p (z<p,t>,a—<p,t>) (1= #)p)dp.
0 p Us

By integrating by parts in p, we obtain

J = —J+2q/ e TP I2(p, 1)y, (—267(0)(1 = #(t)p) — #(1))dp

0
~2qe™ T |[2(L,)lIg, (1 —7() +2412(0,8)II7, ,

which yields

T o= q | e Biot - (), (—267(8)(1 — #(t)p) — 7(t))dp

0
—ge 2T | Bsar(t — (1)), (1= 7(8) + a1 B3a(@)lI7, -
Consequently
d . Y . - ¥ -
SEx(t) = ~2062(t) — (1~ +e)e O | Byote — r()IF, + a1 B3O,

We thus get (32) by (2). m
Now, we are able to state the main result of this paper:

14



Theorem 4.3 Assume that (2), (3), (6), (29) and (30) hold. Then there exist

positive constants v and K such that
E(t) < Ke "'E(0), Vt>0.
Proof. We have, by the definition (27) of &,

LE(1) = S0 415 Ea(0) T (Mu(0), 60

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

d a qa .2 V1i—d q¢(1-d) ‘. 2
_ < T _ _
260 = (s + B 1) ImrelE, + (5 ~ DY B3t - I,
—287E2(t) + g ||B;w<§>||?]2 —~CoEo(t) +~C1 || Biw(®)|l3,
7 Cy | Byar(t — r()]I2,.

Using (6), we obtain

G0 < (gt 5 - 1eata ) B0,
" ( vi—d_dl-d), 702) IB3at — 7(1)) 12, — 209€x(t) — ACoFo(t)

2 2

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

- _o _ 9o ¢1-d) id
v < min 2V/1-d 2 2 2 .
- qo+ Cy ’ Csy

Note that (1 — AT~ )/ (g + C1) and (@ — ¥1=4)/C; are positive by
the choice (25) of q. Then

%g@) < —(20&(t) + CoFo(t)).

As 7(t) < M (by (3)), we have

d ! .
L)< (coEo<t> 20 Mar(o) [ Bgat - 0l dp) ,

and then, in view of definition of F, there exists a constant 4’ > 0 (depending
on v and §: 7/ < ymin(Cy,46e~2°M)) such that

Dey < ).

By applying Lemma 4.1, we arrive at

d ~'
Eg(t) < —03(7)5(1%).

15



Therefore

Et) < E(0)e” B, V>0,
and Lemma 4.1 allows to conclude the proof:

1
< t) <
*1—075()*1—07

’
~

E(0)e” @@’ < %B(O)e%mt.

E(t)
| ]

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 ,
C3(v) ( )
with C3(v) = max(1 +~C,1 + 2v),
1 1— ﬁ _ % q(1-d)  /i-d
<=, 7< _ evl=a < dr< —2 2
TSC ST e, M= Cs

(by Lemma 4.1 and Theorem 4.3), where C, Cy, C, Cs 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 T 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
§ — 46e=2M admits a maximum at § = ﬁ and that this maximum is %
Thus the larger decay rate of the energy is given by

_ T 2
Vinaz = G0 min <Co, 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).

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:

Zi(x, t) —alt(z, ) =0, 0<z<mt>0,
U(O, t) =0, t>0,
(33) Gu(r, t) = —ar B (m, t) — e (m, t —7(t), t>0,
u(z, 0) = u’(x), %(x, 0) = ul(x), 0<z<m,
Gu(m, t —7(0)) = fO(t — 7(0)), 0 <t < 7(0),



where aq, g > 0, a > 0. This system have been studied in [21], we also refer to
[27] for a constant delay. First, we rewrite this system in the form (5). For that
purpose, we introduce H = L?(0, 7) and the operator A : D(A) — H defined
by

d2
Ap=—a—
P adeSD
where D(A) = {p € H?*(0, 71); p(0) = %‘f(ﬂ') = 0}. The operator A is self-

adjoint and positive with a compact inverse in H. We now define U = U; =
1
Us = R and the operators B; : U — D(Az)’ given by

Bik = Jai kop,i=1,2.

It is easy to verify that B;(y) = /a;¢(r) for ¢ € D(AY?) and thus
BB (p) = a;o(m)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) 0<a<Vvl—-d, a<aaq.
Taking o = i /cv1, (34) is equivalent to
(35) a3 < (1—d)ag,

which is the condition (10) from [21].

In Lemma 3.1 from [21], 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 a2 < (1 — d)a?.

To prove the exponential stability of (33), we introduce the Lyapunov func-

tional (27) with the operator M : V' — H defined by

ou
36 =2z —.
(36) Mu =2z pe
Then (29) holds with Cy = 2, C; = 7(1 +2aa?) and Cy = 2amc? (see (48) from
[21]) 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 [21].

5.1.2 The multidimensional wave equation

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

%4 criy =Iy.

17



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

%(x,t — Au(z,t) =0 in Qx(0,+00)
u(z,t) =0 on I'p x (0,+00)
St (z,t) = —ar G4 (x, t)xpr, — oGy (z,t —7(t))xrs, on Ty x (0,+00)
%(xv O) = 'Ll,()(if), %(xv O) = ul(x) ?n Q2

ot (z,t = 7(0)) = fo(z,t —7(0)) in Ty x (0,7(0)),

where v(x) denotes the outer unit normal vector to the point x € I and du/0v
is the normal derivative. Note that system (37) have been studied for instance
in [4, 11, 12, 13, 14, 15] without delay and in [17] 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 ¢y € R™ such that denoting by m the
standard multiplier
m(x) :=x — xo,

we have

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

(39) m(z)-v(x) >d>0 on I'n.

In the particular case where = O7\ O3, O1 and O3 being convex sets such that
O C 01, the above assumptions (38), (39) hold with T'y = 907 and I'p = 004
for any zg € 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 : 2% =0 on I'y}, where, as usual,

V=H () ={ueH' () :u=00onTp }.

The operator A is self-adjoint and positive with a compact inverse in H. We
now define U; = L*(T'y), U2 = L*(I'%) and the operators B : V — U; as

(40) B:((P: \/a1<)0|1"‘§vvz:1725

where @i, 18 the trace operator for . The operator B; : U; — V' is then
defined by duality:

(41) < Biu, v >V’,V: / uvdl.

Iy

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).

18



Note that the domain of the operator A(t) defined in (9) is here

D(A(t)) = {(u,v,2)" € (E(A, L*(Q)) N V) x V x L*(T%; H'(0,1)) :
ou
5, = "avxry — azz(, 1)xpz, on I'y; v = z(+,0) on %},
where
B(AL*(Q) ={uec HY(Q) : Au € L*(Q)}.
The hypothesis (13) holds thanks to Lemma 2.2 and Remark 2.3 because D(2) C
ker(B;) and D(Q) is dense in L?(Q).
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?(f2). Then the standard multiplier identity gives

%{/ﬂ[%n-Vu—F (n— 1)u]utda:} = —/Q{u,% + |Vul*}dz
+/ (m - v)(uf — |vu|2)dr+/ [2m - Vu+ (n — l)u]%df‘.

FN I—‘N

(43)

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

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

ou\?
- )u2dl — § 2qr + & / 2 ar
(44) +/FN (m - v)u; o [Vul*dl + = L\

+E/ (|Vul? + u?)dl,
I'n

for some positive constants e, c. Using the trace inequality and then Poincaré’s
Theorem, we have, for some ¢, ¢ > 0,

/ u?dl < ¢ ||u||§{1(9) < c”/ |Vu|?de.
Iy Q

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

% {/Q[Qm -Vu+ (n— 1)u]utdx} < —CoEp(t)

2
+c/ udl 4 C (@) dr,
I'n I'n 8V

19
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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:

3w )
W(x,t)—i—m(x,t):(), 0<x<1,t>0,
w(0, t) = 42(0, t) =0, t>0,
3w _
wo) { FEHO=0 . o
S (1, t) =152 (1, t) +an gy (1, t —7(t), t>0,
w(z, 0) =’ (x), %—“;(x, 0) = wl(x), 0<z<l,
92(1, t —7(0)) = fO(t — 7(0)), 0<t<r(0),

where aq, 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
Ap = —
¥ dm4(p
where D(A) = {p € H4(0, 1); (0) = 22(0) = Z2£(1) = 22(1) = 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 = Jaikéy, i=1,2.

It is easy to verify that B(p) = a; (1) for ¢ € D(AY?) and thus
BiB:(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 a = as/aq, (34) is equivalent to (35).

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, &)y = ‘2/01:53—‘;(95,0%—‘;(95,0(155
< [((Gewn) + (Grmn) e
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For the other assertion, we note that

jt(Mw w)H—/O (23:‘9—“’(3:,15)‘9—‘”(3:,75)—23;2—“( )gfj(x t))dx.

But, by integrating by parts, we obtain

1 82 8(4] 1 8(4] 2 8w 2

Moreover, again integrating by parts yields

Y ow, 0w Yow, OPw P Pw, P
+ w(l t)ag_w(l t)
) ’ 23 s b))y
with

L 92w OPw 1 (/0% > 1 [(0%w ?
/Ox@(x,t)%(x,t)dx——§/o <?($at)> d$+§<@(1,ﬂ) ,

and
b dw 0w L ro2w 2 ow 0%w Ow 0%w
o 1) () = —/0 (7 x,t)) drt 92 (1,03 5 (11 520,052 0.1)
Consequently
Ve, 0w 3 (' (w 2 ow, . 0w

a 9%w 1 /0%w 2w PPw
+5-(0.t) 5 2 0,8) — 5 <@(1,t)) + (L) s (1h).

0

Therefore, the boundary conditions satisfied by w lead to

4 (Mo,0), = —/01 <88—‘;j(x,t)>2dx+ (2—;’(1,75))2—3/01 (‘222(3: t))2da:
SpL t)(233(1 .

By Young’s inequality, we have

‘22 (1, t)(233(1 t)‘ (%’(1,@)1 (g;u t)>2, Ve > 0.

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

C > 0 such that,
ow
<
(a (1t)) C/ <a2xt)) da.
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Thus, by the dissipation condition at 1 of (46),

oo = o[ (Bos) a2 (o)

—i—%% (%—C;(l,t - T(t)))z.

Therefore it holds

%(Mw,w)H < —/01 (%;(x t))de—(B—Ce)/Ol (‘222(3: t))zdx

+ (1+ %) (%—ju,t)f + 2% (%;(1 t— (t)))z, Ve >0

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

4 Moy < —/J((‘Z‘j@ t>)2+(%<x,t>)2>dx+cl (50, t>)2
ron (G- T<t>>)2,

with C1, Co > 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 Q@ C R™ (n > 1) be an open bounded set with a
boundary T of class C2. We assume that I is divided into two parts I'p and I'y,
ie. T =TpUTly, with TpNTx =0 and I'p # 0. Moreover we assume that

% CcTy =Ty,

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

%(m,t + A2u(x,t) =0 in Qx (0,400)
u(z,t) = 5o (v, t) =0 on I'p x (0,+00)
Au(z,t) =0 on D'y x (0,400)
8@“ (z,t) = al%(x,t)XpN + ag%(x,t — T(t))XF%V on Ty x (0,400)
u(a:,O) = ug(x), % x,0) = up(x) in Q

af Lz, t —7(0)) = fo(z,t —7(0)) in I'% x (0,7(0)).

We assume that (38) holds with the standard multiplier m(z) := z — x, for
some 2o € R™. Note that the hypothesis (39) is not necessary.
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To rewrite this system in the form (5), we introduce H = L%*(Q) and the
operator A: D(A) — H given by

Ap = A2g0

where D(A) = {p € HY(Q) : u= %% =0onTp, Au= 22 = 0on 'y}
The operator A is self-adjoint and positive with a compact inverse in H. The
operators B} and B3 are here given by (40) and Bj, Bz by (41) with U; =
LATY), Uy = L2(I2).

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(B;) and D(Q) is dense in L?(Q2). Therefore, under the hypothesis (35), this
system is well-posed by Theorem 2.4 and the energy decays by Proposition 3.1
for a2 < (1 —d)a?

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-Vututdx—|— (n— 1)/ u?dx
dt Q Q

—/ (2m - Vu) A*udz — (n — 1)/ uA*udz.
Q Q

By Green’s formula, we find

/2m~Vututdx = —n/ utzdx—i—/(m v)uZdr.
Q Q r

Moreover again two applications of Green’s formula lead to
2 0 0Au
(2m - Vu) A%udr =2 | A(m-Vu)Audz—2 | —(m-Vu)Audl'+2 | ——(m-Vu)dT,
Q Q r ov T ov
with
A(m - Vu)Au = 2(Au)? +m - V(Au)Au = 2(Au)? + %m -V((Au)?).

Then

/(2m-Vu)A2udx /(Au dm—l—/m V((Au)?) x—2/8y m - Vu)Audl
Q
+2 / OB Vu)dr

- /Q(Au) da:—n/Q(Au)zdx—i—/F(m-V)(Au)zdI‘
—2/F%(m-VU)AudF+2/F%(m~VU)dF
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by Green’s formula. For the last term of (48), we use again two times Green’s
formula,

/uAQde:/(Aufdx—/@AudP—l— @udf
Q Q T ov r ov

Consequently, (48) becomes

d

pr (2m Vu+ (n—Nu)udr = —/Q (uf + 3(Au)?) dx + /F(m v) (uf — (Au)?) dT’
+/ (Qa—(m Vu)dl' + (n — 1)2 ) Audl
T v
—/ % (2(m - Vu) + (n — 1)u)drl.
r Ov

Asu=0u/ov=0onTp, Vu=0onI'p and

0%u

5(m-Vu):m-um =(m-v)Au onTp.

Therefore the boundary conditions of (47) implies

d

(2m Vu+ (n—1u)ude = —/(ut—|—3 (Au)? / )2dT
dt Q I'p

+/ (m-v)u dI‘+2/ (m - v)(Au)?d

N

r
_/F 92U (o m - V) + (n — 1)u) dT.

N

By (38), we obtain

;lt @2m-Vu+ (n—Du)udr < —/ (uf + 3(Au)?) dm—i—/ (m - v)uidl
Q 'y

_/ % (2(m - Vu) + (n — 1)u)dl.
r v

N

From Young’s inequality, we deduce that

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

I'n
2
¢ <@) dI‘+e/ ((Vu)? +u?)dr,
FN 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). m

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

€ v
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