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1. Introduction

In this paper we deal with a homogeneous, thermally and elastically isotropic
Mindlin-Timoshenko plate subject to thermal deformations and hereditary heat
conduction law. We assume that the plate is of uniform thickness d > 0, and, in
equilibrium, it occupies a fixed bounded domain D C R? placed in a reference
frame @ = (x1,x2,23). The plate has a middle surface midway between its
faces in a region Q C R? of the plane x3 = 0, with boundary I' = 992. Denote
by w(x1,x9;t) the bending component of the displacement vector of the point
which, when the plate is in equilibrium, has coordinates (z1,z2,0) at time
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t > 0. (1, z2;t) and ¢(x1,x9;t) represent the angles of rotation of the cross
section x1 = const., xo = const. containing the filament which, when the plate
is equilibrium, is perpendicular to the middle surface at the point (z1, z2,0) at
time ¢t > 0. Also, indicate by 6(x1,2z2;t) the normal thermal gradient at the
point (z1,x9,0) at time ¢t > 0 at equilibrium. Set Q@ = 2 x Rt and ¥ =T x R*,
(G
¢

and put v = — [ ] Then, the evolution of (v, u,f) can be written as (see

[12])
Ouv(t) — N(0)Av(t) + H(0) [Vu(t) ()]
/N’ )Av(t — s)ds

/H’ [Vu(t — s) +v(t — s)] ds + VO(t) = [ fi(?) }

fa(t)
Ou(t) — H(O)V - (v(t) + Vu(t)) (1.1)
/H [Vu(t —s) +v(t — s)|ds = f3(t),
00(t) — /Ok:( s)AG(t — s)ds + /OOgO'(S)H(t — s)ds

+9(0)0(t) + V- o(t) = fa(t),

in Q, where N(0) > 0, H(0) > 0 and ¢g(0) > 0 are the shear modulus of
elasticity, the bending moment distribution and the coefficient depending on
thermal conductivity, respectively. N’ and H' are the memory kernels related
to viscoelastic effets, while k& and ¢’ are the memory kernels accounting for
thermal effects. Functions f;(t), i = 1,2, 3,4, denote forces acting on the plate.
The spacial operator A is denoted by

8_2 + 1-— IZ0) 8_2 1 + IZ40) 82
14y 22 1-w &* & |’ '
2 0x10x9 2 Om% Om%

where the wiscoelastic Poisson’s ratio vy is assumed to be constant. Further-
more, we denote by V = (9/9x1,0/0x2) and 9, = 0/0t.
Boundary conditions we consider here are given by

v(t) =0, u(t)=0, O(t)=0, onX, (1.3)
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whereas initial condition are

v(—t) =wvo(t), u(—t) =wup(t), 0(—t) =06p(t), in Q x [0,00), (1.4)

v¢(0) = vy, ut(0) = uq, in Q, ’
for some given functions vg(t) : Q x [0,00) — R2, ug(t) : Q x [0,00) — R,
Oo(t) : 2 x [0,00) = R, v1: Q —R% up: Q— R

Our main interest concerns the longtime behavior of the energy of the sys-
tem above, and in particular, whether the dissipation given by the memory effect
in system (1.1) is strong enough to stabilize the whole system. As recalled in
other papers [1, 7] the introduction of the dissipative terms into memory ker-
nels do not produce any rate of decay if the relaxation functions do not decay
uniformly. Then, we assume that the memory kernels exponentially decay in
time. By uniform energy estimates, when external sources act on the plate, we
show the existence of an absorbing set [2, 18, 19, 25] for the solutions to model
(1.1)-(1.17); whereas without external sources, the energy decays exponentially,
provided the memory kernels go to zero exponentially.

We also remark that the longtime behavior of the plate model is investigated
by a direct approach of energy methods, using suitably sophisticated estimates
for multipliers.

In order to carry out this program, it is convenient to translate (1.1)-(1.4)
into a (linear) differential system on a suitable phase-space. Recalling the ap-
proach of Dafermos [3], we consider the past histories n = n'(s) : @ x RT x
[0,00) = R, w=w!(s) : AxRT x[0,00) = R, ¢ = ¢(s) : XxRT x[0,00) — R2,
defined as

wi(s) = u(t) —u(t — s), (1.6)
¢'(s) = v(t) —w(t — s). (L.7)
For every s € Rt, we set
—N'(s)=v(s),  —H'(s)=pu(s),
— K (s) = K(s), = 4" (s) = t0(s),

according to the following choices of g:

=1 if g is bounded, nondecreasing and concave, (1.8)
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tp=—1 if g is summable, non increasing and convex. (1.9)

Both hypothesis are thermodynamically consistent (see [10] and references therein).
Set Noo = lim N(s), Hx = lim H(s), and assuming lim k(s) = 0,
s§—+00 s§—+00 s——+00

liI_’I_l g'(s) = 0, a formal integration by parts in integral terms of (1.1) leads to
S—100

/Ok(s)AH(t —s)ds = /Ok:(s)Aﬁsnt(s)ds =— /k'(s)Ant(s)ds,

0

oot = s)as = = [ sy (s)as.
/0 N'($)Av(t — $)ds = [Now — N(0)] Av(t) — /O N (5)ACt (5)ds,
/0 H(3) [Vt — 5) + v(t — 5)|ds

= o =~ HOUVa) +v(0)] = [ H6)(Tt(6) + ¢ o))

Without loss of generality, we set Ny, = H,, = 1. Introducing Q@ = Q x RT,
we end up with the following system

Ouv(t) — Av(t) + Vu(t) + v(t) + VO(?)

— /OOVO(S).ACt(S)dS
+ /Ozo(s)[th(s) + ¢l(s))ds = [ }28 } in Q, (1.10)
~ [ 17 [91(5)+ € sds = fat) nQ, (111

240(t) — /O () A ()ds + 10 /0 S (s)ds

L0t + V- (t) = fult) in Q, (1.12)
B¢ (s) + 0,C1(s) = Bpo(t) mo,  (L13)
0w’ (8) 4 05w (s) = Oyu(t) in Q, (1.14)
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o' (s) + 0sn'(s) = (1) in Q. (1.15)

Initial and boundary conditions become

v(0) = vy, v¢(0) = vy, in Q,
u(0) = wo, ut(0) = uq, in Q,

(1.16)
6(0) = 6o, in Q,

¢°(s) = Cols), wO(s) =wols), n°(s) =mo(s), in QxR

having set v = v0(0). 1o = 10(0), Co(s) = v0(0) ~ w0 (s). w(s) = uo(0) — u(s).
no(s) :/0 0o(7) dr, and

v(t) =0, u(t) =0, 6(t) =0, onT, t>0,

C'(s) =0, w(s) =0, n'(s) =0, onI, s>0,t>0,

¢t(0) = lim ¢t(s) =0, in Q, t>0, (1.17)
wH(0) = iig(l)wt(s) =0, inQ, t>0,

nt(0) = yi%nt(s) =0, inQ, t>0.

We briefly sketch the plan of the paper. In Section 2 we recall the con-
stitutive equations considered for our model and resume some previous results
presented in literature and related to our problem. Section 3 contains conditions
on memory kernelys and external sources of the plate, functional setting and
notation used in the paper. In Section 4 well-posedness of the Cauchy-Dirichlet
problem is recalled. The main results are stated in Section 5 and proved in
latter sections via uniform energy estimates.

2. Thermo-Visco-Elastic Mindlin-Timoshenko Plate Model
and Literature

The material composing the plate is homogeneous and (elastically and ther-
mally) isotropic, so that its stress-strain law is given by

T(x,t)=L(0)e(x,t) —I—/O?Ii'(T)s(m, t — 7)dr—L(0)agV(x, t)I, (2.1)
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where the elastic strain €, the stress T are second-order tensors, I is the second-
order identity tensor. Furthermore, at any fixed 7 € R, IL(7) is an isotropic
fourth-order tensor which vanishes for 7 < 0 and involves two independent
relaxations functions | and m, such that

L(r)=l(1)I®I+2m(r)I, fort > 0. (2.2)

The last term in (2.1) represents the thermal strain and the positive constant
«y is called the coefficient of thermal expansion. Moreover, 1 := © —©q denotes
the wvariation of the absolute temperature © with respect to a reference value
Op. In order to account for small temperature variations inside the plate, we
assume that 9 obeys the approximate relation

Iz, t) = O, 2, x33t) = O(31, 223 8) + 3 0(21, W25 1), (2.3)

where 6 and 6 denote respectively the temperature of the middle surface and
the normal thermal gradient.

Let g: QxR — R3 be the mean heat flux vector in the plate. Gurtin-Pipkin
heat flux for a thermally isotropic body is

(@) = — /0 Y K(r) Vi@t — 1) dr, (2.4)

where K: RT™ — R is the heat fluz memory kernel.
The usual energy balance equation is replaced by

PO h($7t) =-V- Q(:th) + po T(m7t) ) (25)

where h is the thermal power, which denotes the rate of heat absorption per
unit of volume, pg > 0 is the mass density in the reference initial configuration,
and r is the external heat supply per unit of mass.

Neglecting any hereditary contribution to mechanical dissipation, A is de-
scribed by the following linearized constitutive equation (see [22]):

(e e}
h(zx,t) = S B Eixz,t) + poc Ve(x, t) —I—/ a(tT)9¢(x, t —7)dT| , (2.6)
Po ©9 0

where B is a symmetric second order tensor, a: Rt — R is the energy memory
kernel, ¢ > 0 is the specific heat of the body and - represents the tensorial scalar
product.

According to previous constitutive equations, in [12] a mathematical model
for a Mindlin-Timoshenko thermo-viscoelastic plate is derived, and a system of
the type (1.1) is obtained.
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Questions related to longtime behavior and stabilization of Timoshenko sys-
tems have attracted considerable attention in recent years. We start to recall
some results about the Timoshenko beam without internal damping; subse-
quently, we consider some problems concerning Timoshenko beam with internal
damping of memory type, and Timoshenko plate or with internal viscoelastic
dissipation or with viscoelastic dissipation boundary condition.

By the energy method combined with the theory of semigroups, Kim and
Renardy [20] investigate uniform stabilization of the Timoshenko beam with
boundary control. Subsequently, Feng, Shi and Zhang [8] study the stabilization
of vibrations in a Timoshenko beam by nonlinear boundary feedback. Analo-
gously to the previous work, well-posedness is proved when the feedback opera-
tors are maximal monotone. Sufficient additional conditions are then given for
energy to decay asymptotically or at a uniform algebraic or exponential rate.

Yan, Hou and Feng [26] obtain necessary and sufficient conditions for asymp-
totic stability and exponential energy decay for the Timoshenko beam equations

pOyw + 0x[K(p — 0zw)] =0, I,0up — 0x(EI0zp) + K(p — 0yw) =0,
with clamped left end.
Liu and Peng [23] study the exponential stability of a Timoshenko beam

with viscoelastic damping of memory type. The corresponding model is given
by

p@may—@{mmn@mw—¢@n

1,0u0(t) — Oua [gg(O)(b(t) + /000 gh(s)o(t — s) ds}
—{mmn@mw—mm

- /OOO g1(s) [Ozu(t — 5) — ¢(t — 5)] ds} =0,

where g; (i = 1,2) are relaxation functions which decay exponentially and
have appropriate sign properties, producing the dissipation of the system. By
contradiction arguments, involving the necessary and sufficient condition for
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a strongly continuous semigroup to be exponentially stable, the exponential
stability is found.

Ammar-Khodja et al [1] study the rates of energy decay for a Timoshenko
beam with internal damping, given by a functional in the bending history only,
described by the following system

P1 8tt90(t> - ko, [8:v90(t) + Q/)(t” =0,
t
P2 Outh(t) — b Oyprth(t) + /0 g(t — 8)0pz(s) ds
+k[0zp(t) + 9 (t)] = 0,

with homogeneous boundary conditions. The positive, decreasing memory ker-
nel g belongs to C2[0,00), and b — [, g(s) ds > 0. First, the case k/p1 = b/p2
is considered. If g decays exponentially, then energy decays at a uniform expo-
nential rate. Via energy integrals, if g decays like t77 (p > 2) (and is convex),
then E decays uniformly and at least this fast. Subsequently, by approximating
the memory kernel with exponential polynomials and analyzing the resulting
problem by semigroup methods, if k/p1 # b/p2 and g decays exponentially,
then energy does not decay at a uniform rate.

Giorgi and Vegni [14] investigate a mathematical model for viscoelastic
beams, based on the Mindlin-Timoshenko assumptions, and derived in the
framework of the well-established theory of linear viscoelasticity, according to
the approximation procedure due to Lagnese [21] for the Kirchhoff viscoelastic
beams and plates. Assuming a nonlinear body force acting on the beam, they
show that this model generates a strongly continuous semigroup which acts on
the appropriate phase space. The existence of an absorbing set for the solu-
tion of the problem is also studied. Furthermore, in [13] they investigate the
longtime behavior of the mathematical model of a homogeneous viscoelastic
plate based on the Mindlin-Timoshenko assumptions. Supposing that memory
kernels decay exponentially, the exponentially decay of the energy is found. In
this case, no thermal effects, acting on the plate, are considered.

In [15], Grasselli and Pata deal with a class of infinite-dimensional dissipa-
tive dynamical systems generated by evolution equations with linear memory
terms and subject to time-dependent external forces. The longtime behavior of
these systems is studied, and viscoelasticity and heat conduction with memory
are considered as examples.

Moreover, Grasselli, Pata and Prouse [16] study the Timoshenko model of
a viscoelastic beam consisting of two coupled second order linear integrodiffer-
ential hyperbolic equations with semilinear external forces acting on the beam.
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The existence of a uniform attractor is showed, provided the semilinear external
forces satisfy appropriate conditions.

De Lima Santos [4] analyses the solutions to a Timoshenko system of the
form

Opu(t) — Au(t) — ai@xiv(t) + fu(t) =0  in Q x (0,00),
i=1

Do (t) — Av(t) +a ) dpu(t) + f (v(t) =0 in Qx (0,00),
i=1

along with Dirichlet type conditions on Iy, one part of the boundary, and
memory type boundary conditions on I'y, another part of the boundary. Under
suitable assumptions, it is shown that exponential decay leads to exponential
decay of the energy while polynomial decay of the kernels leads to polyno-
mial decay. The technique of proof is based on the construction of Lyapunov
functionals.

Munioz Rivera and Oquendo [24] consider the Mindlin-Timoshenko plate
with viscoelastic dissipation boundary conditions on part of the boundary. The
energy of the system decays exponentially (respectively polynomially) to zero as
time goes to infinity provided the relaxation functions appearing in the bound-
ary conditions decay exponentially (respectively polynomially) to zero.

3. Hypotheses, Notations and Mathematic Tools

Given a Hilbert space H, we denote by (-, -)» and || - ||» the inner product and
the norm on H, respectively. We shall often be concerned with 2-dimensional
vector functions with both components in L?(2) or in H(Q) or in another
Hilbert space H. We shall use the notation

LX(Q) = [L(Q)F, H'(Q)=[H'(QP, H=H.

The inner product and the norm on L?(Q2) or L?(Q) are denoted by (-,-) and
|| - ||, without subscript.

Furthermore, we introduce the weighted L?-spaces with respect to the mea-
sure a(s)ds, endowed with the inner product on H, as

LA(RY,H) = {¢ (RY = H (|97 @ 2 :/0 a(s)||¢l3,ds < oo}, (3.1)

where o : Rt — [0, 00) is a given measurable function.
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In order to give a precise formulation of our problem, on account of (1.2),
for any v, w € H(Q), we can set (see, e.g., [13])

o 82}1 82}2 8w1 1-— 140 02}1 02}2 8w1
< Av,w> _/Q |:<al‘1 +V08m2> 6.1‘1 + 2 <al‘2 + 8:51) al‘g

1-— 140 61}1 81}2 Owg 02}1 02}2 8w2
2 ) == —21dQ
+ 2 (83:2 + 83:1) 6.1‘1 + <V00l‘1 8:52) 6.1‘2:| d ’

and in particular we have

(—Av, ) = /Q [

v [*
8%1

v [*
8%2

81}1 87)2

2y
+ 81‘1 8%2

_l’_

v v’

1-— 140 4
8%2 8%1

2

ds.

Then, we introduce the Hilbert space

Ovy Ouvy Ovy  Ovg 9

—_— = — e L7(Q)

8%1’81‘278.%2 +8x1 ( ) ’
with the norm

lo)l3 = / ] ax.
Q

The kernel of —A is a subspace of V of the linear function of the type

V= {'v = (v, 1) € L*(Q) :

81}1
8951

81}2
81‘2

‘%+%

(%] + (%) + 81‘2 8%1

Cox2 + C1
—cox1 + C2

where cg, ¢1, co are constants. Afterwards, we denote by V4 the linear subspace
of V which is orthogonal in L?*(Q) to the kernel of —A, and is characterized by
the conditions

/(1‘21)1 - l‘ﬂ)g)dQ = O, / U1 dQ) = 0, / (%) dQ) = 0.
Q Q Q

Conditions on Memory Kernels. We assume

v, i, K, v € CHRT)NLYRT), (H.0)
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such that for any s € R

v(s) >0, p(s) >0, k(s) >

V(5)<0, W5 <0,  W5<0,  A)<0,  (H2)
hold. In view of (H.0)-(H.1), we define

mzéﬁmumzﬁﬁmum:A?wuwzﬁﬂﬁm

Besides, for every s € RT and some 4,,,d,, 9,8, > 0

1 (s) +0up(s) <0, V/(s) +d,v(s) <0,
K'(s) + 0xr(s) <0, +'(s)+ 047(s) <0,

are assumed. Let 0 = min{d,,d,,dx,d,}. There exists also s, s, > 0 such that
w € L*0,s,) and v/ € L*(0,s,)

(H.3)

W (s)+ Myu(s) >0, V' (s)+ Myv(s) >0, (H.4)

for every s > s, and s > s,, respectively, and some M, M,, > 0. Finally, let p
be suitably dominated by v, namely, for any s € R™

p(s) < v(s). (H.5)

Remark 3.1. Assumption (H.3) implies the exponential decay of the
kernels. This hypothesis seems unavoidable in order to have exponential decay
of the associated linear problem and it is standard assumed (cf., e.g., [6, 23]).
On the other hand, it seems quite obvious that to have exponential decay of
the energy, the kernels must show the same rate of decay (see [11]).

Conditions on External Sources. Fori=1,2 34
fi € L'(RY, L*(Q)). (F.0)
Hilbert Spaces. Finally, we consider the Hilbert spaces
H = L*(Q), V = Hj(9),

H,=L*R" H), V,=L:R",V), V,u=L2R"Vy),
H,=L;(R", H), V,=L:(R"V),
H,=L2(R*, H), V,=L3R"V),
H,=L2R* H), V,=L3R"V).

Introduce also

Z=VaixHxVxHxHxV,anH,)xV,x (V,NH,).
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Remark 3.2. In account of Korn inequality (see, e.g., [5, 9]), it is possible
to prove [13] that the operator —A in V is coercive and consequently that it
defines a norm which is equivalent to the usual norm in H*($2). We shall often
exploit this fact during calculations.

Remark 3.3. Since the model we study is quite heavy, to lighten the
notation and help the reader to follow calculations, we will not stress the ex-
plicit dependance on the constants arising in inequalities due to equivalence
between norms. Indeed, we shall use different norms in Euclidean spaces, and,
on account of Remark 3.2, different norms in V.

4. Well-Posedness

Theorem 4.1. Assume conditions (H.0)-(H.2) and (F.0) hold true. Sup-
pose also
(vo, v1, g, u1, 00, Co,wo,M0) € Z.

Then, for any T > 0, system (1.10)-(1.17) has a unique solution on [0,T]
(’Ua Vt, U, Ut, 9’ Cv w, 77) € CO([07 T]a Z)

Furthermore, suppose that (v;, vy;, u;, ut;, 05, Cﬁ, w!,nt), are solutions correspond-
ing to initial data (vo;,v1;, Uo;, U1, 004, Gz Wois Mo;), and external sources f;,,
j=1,2,3,4,i=1,2. Then, there exists an increasing function ® : [0,00) —
[0,00) such that whenever

4

[ (v0i5 V14, w0is U145 004 Cog5 Woi, M0i) || 2 + Z I £5: Lz o,y < M,
=1

for some M > 0, it is verified that

[v1(t) = v2(t)llv, 4 + Vi1 (t) — vea(t) | 4 [lur (t) — ua(t)llv

+ [luer (8) = wea (B[] 4 1102(8) — O2(£)[| + 1T — Chllvia

+[1¢5 = Chllar, + llwt — whllv, + lInf — nbllvi + vt — nslle,
< ©(M) ([lvor — vozllv, 4 + [[v11 — viall + [Juor — wozllv

+ [lury — w2l + [[6o1 — Ooz2ll + [I[€o1 — Coallvia

+ 1€01 — Cozllm, [lwor — wozl|v,

+ Ino1 — no2llvi. + lImo1 — moall a,

+11f11 = frollprqo,ry ) + [1f21 = fa2ll o, 10,1
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+1f31 = faallLr oy, iy + a1 — Faall oy, m) - (4.1)

The proof of the above theorem is omitted. It can be carried out via Faedo-
Galerkin method (with due technical modifications, see for instance [14]).
Let us denote the solution

2t)=[o(t) vilt) ult) w(t) 0t) ¢ o' o],

with initial data z(0) = zg € Z by S(t)z9. Hence, on account of Theorem 4.1,
the solution is described by the continuous semigroup S(t) acting on the space
Z,i.e. S(t) enjoys the following properties:

(i) S(t) : Z — Z, continuous for every ¢t > 0,
(ii) S(0) =1 (1dent1ty on Z),

(iii) hm S(t)z = z for every z € Z,

(

iv) () (1) = S(t+ 1), for every t,7 > 0.

5. The Main Result

Let us introduce the energy of system (1.10)-(1.17)

E(t) = [l @)IIF, + 00O + l0u®)|* + 10()]*
+[IVu(t) + o + 1C17, , + IV + ¢ 1%, + 10, - (5:1)

Theorem 5.1. Assume conditions (H.0)-(H.4) and (F.0) hold true. Then
there exist € > 0 and two positive constants C, Cy such that, for every t > 0,
the following estimate

E(t) < C1&(0)e " + {02/0 e PEDLA@+ f2m)

2
R OIRFACTIES

holds.
We can state also the following corollary.

Corollary 5.2. If, for a positive real constant K

o+1
sup/ HAEN+ L2201 + sl + 1 fa()l] dr < K

o>
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holds, then every ball By of Z centered at zero and of radius greater than
Cy = Cy(K) is an absorbing set' for the semigroup S(t) generated by the
system (1.10)-(1.17).

6. Proof of Theorem 5.1
In the sequel, we will denote by C' > 0 a generic constant, which may vary even

within the same formula.
We start from equation (1.10) and multiply it in H by d;v, to obtain

| =

(low)* + ||'v||%/A) + (Vu + v, 0v) + (V0, 0yv)

— /OOIj(S)<AC(S), Opv)ds

DN | =
U

t

+ [ () (Vo(s) + ¢(s),0mpds = (| | oro).
/0 [fz}

We consider equation (1.11) multiplied in H by d;u. Performing some integra-
tion by parts, we have

1d
EEH(?HLH? + <VU + v, 8tVu>

+ [ W(6)(Fls) + €(5):0070) = (. D0
0

We consider equation (1.12), and multiply it in H by 6. After integration by
parts, we end

e}

1617 + 11911 = (9rv, VO) + / r(s){Vn(s), Vo)ds
0

1d
2dt

Tt /0 S(s)n(s), 0)ds = (f4.0).

By adding the three previous equations we have got, we obtain
1d (
2 dt
LA set By C Z is said to be absorbing for the semigroup {S(¢)} if for any bounded set
B C Z there exists tg > 0 such that S(¢t)B C By for every t > 5.

10c0]1? + [0]IT,, + 10eull® + 101 + | Vu + v[%) + [|6]*
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_ / () (AC(s), Byv)ds + / () (Ve(s) + C(5), Byw + BV udds
0 0

+ /0 k(s)(Vn(s), VO)ds + Lo/o’y(s)<7](5),9>d5 = <[ 1, ] , 0pv)
+ (f3, Ou) + (f4,0). (6.1)

We proceed by performing some estimates on the equations governing the mem-
ory terms. We consider (1.13) and multiply it in V, 4 by ¢, obtaining

1d
§@||CH%/UA + (05€, Oviyu = (€, 010)v, 4 - (6.2)

We add equation (1.13) to the gradient of (1.14), to have
0¢(C+ Vw) + 05(¢ + Vw) = 0(v + Vu).
We multiply this equation by (¢ + Vw) in H,,, and get

1d
5 g+ Vel +(0:(¢ + Vw), ¢ + Vo),

= (0¢(v + Vu),{+ Vw)y,. (6.3)
We consider equation (1.15), and multiply it by 1 in V,, N H.; this yields to

1d

5@“””%@0% +(9sns Mvienm, = (0, 0V, - (6.4)

Observe that (H.3) gives us an estimate on the term (95¢(s), {(s))v, in equation
(6.2). Indeed by integration by parts we have

0
CAONIONIEE %

In account of (H.3), this estimate may be repeated on the similar terms ap-
pearing in equations (6.3) and (6.4). Hence, adding (6.2)-(6.4), we obtain:

1d
5= (€13, 0 + 16 + Tl + Il e,

1)
5 (IS0 + ¢ + Vel + Il o, )

< <C7 8tv>VVA + <8t(v + vu)a C + vW>Hu + <7]7 9>VNI’7H'Y' (65)
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We add equation (6.1) to (6.5), and have

1d
5= (18l + ol + 10l + 101 + 1V + ol
ISR, + 1€ + Vel + Il )

o
+ 161 + 5 (I, + 1S + Vel + ol e, )

< ([ }2 } ,0v) + (f3, Opu) + (f1,0). (6.6)
Remark 6.1. We consider here the case tp = 1. The case (o = —1 can also
be dealt with minor modifications. We just point out that to treat the term

o0

2 / v(s)(n(s),8)ds it is necessary to have the memory kernel v to be suitably
0
dominated by x: (o) < k(o) and K/(0) + dk(c) < 0 for all o € RT for some
0 < dp <0 (see [17]).
Equation (6.6) can be rewritten as

d
355 < (Il =+ 1f2ll+ sl + D fall) €12 (6.7)

and, using (F.0) and a Gronwall type Lemma (see, e.g. Lemma 2.4 in [17]), we
deduce that £ is bounded over R*.

We consider the product in H of equation (1.10) by w; after performing
some integration by parts, we have

(Onv,v) + |[v][§, + (VO,0) + (Vu + v,v) + ({, v)v,,

+ (Ve + ¢, v)u, = <[ 2 ] v). (6.8)

Multiplication of equation (1.11) by u in H, and some integration by parts lead
to

(Onu,u) + (Vu+v,Vu) + (Vw + ¢, Vu)g, = (f3,u).

Adding last two equations, we have

(Onv,v) + (Onu,u) + V|5, + (VO,0) + [|[Vu + v|?

N

+ (¢ vy + (Vu+¢ Vutv)y, = <[ Iy

] ,v) + (f3,u).



ASYMPTOTIC BEHAVIOR OF... 191

Integrating by parts and using Young inequality, we have
Lo 1 2
(Orv, v) + (Onu, w) + clvllv, + 51Vu+olly
< € (IVw+CliE, + 117, . + 615 )
fi
+ < f2 >U> + <f37u>' (69)

We introduce the functionals
Ly = —<8tv,/1/(8)(:(8)d5>, (6.10)
0
Ly = —<8tu,/u(5)w(s)d5>, (6.11)
0

and study the behavior of their derivatives with respect to the time. In account
of equations (1.10) and (1.13), we have

0Ly = — (O, /O U()C(s)ds) — Oy, /0 U(5)0C (5)ds)
™ /0 US)C(s)ds) + (Vi + v, /0 U)C(5)ds)
+ (v, /0 V(s)¢(s)ds) — ( /O o(5)AC(s)ds, /0 0(3)¢(5)ds)
T /0 (5)[Veo(s) + ¢ (s))ds, /O V()¢ (5)ds) — ollaww]y
f o0 o0
— <[ f; ] 7/0 v(s)¢(s)ds) + (8,5'0,/0 v(s)0s€(s)ds). (6.12)

We notice that for every function v € H, and v € H,,, using Schwartz inequality
in L?(R*) and then in H, we have

( /O (s)u(s)ds, /O () (s)ds)

<Vvoto [/OO;(S)uQ(S)dS] 1/27 [/OO;(S)UZ(S)dS] 1/2>
<voro |[ullm, 0] - (6.13)

Now, we devote some effort to estimate the term appearing in the right hand
side of equation (6.12). After integration by parts, exploiting (6.13) and using
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Young inequality, we obtain

- v, [ U(s)C(s)ds) < ellwl, + CEICIR, L. (6.14)
uto, [ Y)C(s)ds) < eVt ol + COICIE,.  (6.15)
iy /0 () AC(s)ds, /0 Us)C()ds) < wollCl?, L, (6.16)

( /O (5)[Veo(s) + ¢(5))ds, /O (s)C(s)ds)

Ho Yo
< SIvVe+ <, + S I¢l, (6.17)

V0, /0 V(5)¢(s)ds) = — (6, /O V(3)V - C(s)ds)
<V 01V -¢llm, < ellz + Cle)l¢lf, . (6.18)

where € > 0 and C(e) > 0 appear in Young inequality, and e will be fixed small
later.
Recalling [11], in view of (H.4), we get

o0

— vol|s0||% + (Do, /O U(5)05¢ (5)ds)
< —Z ol +Clcl, . (6.19)
Collecting inequalities (6.14)-(6.19) in equation (6.12), we have
0Ly + %H@UHQ < e([[vllf, + [Vu +ol* +110]%)
+ @GN + 19w+ 6,0 — 1 ] [Hoceas. @20

Following the same path, we estimate the time derivative of L£o. Using equation
(1.11) and (1.14) together with some integration by parts, we obtain

0L = — (O, /0 “(s)w(s)ds) — (Br, /0 (3) O (5)dls)

—(v+ Vu, /O () Ve(s)ds) — |yl
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T /0 (5)(E(5) + Veo(s))ds, /O u(s)Veo(s)ds)
+ (Oru, /OO;(S)asw(s)ds> - <f3,/OO;(5)w(s)d5>. (6.21)

We estimate the right hand side terms. Recall (6.13) and (6.19), we have

(v + Vu, /o;(s)Vw(s)d@ < ellv + Vaul|® + C’(E)HVu)Hiu, (6.22)
0
~ w0l + Q. [ w(s)0.(s)ds)
0
< 20wl + Ve, (6.23)
([ 16 + Talo)ds, [ ts)Ve(s)ds)
< B¢ + Volh, + Ve, (6.24)

Using the estimates (6.22)-(6.24) in equation (6.21), we have

8, Lo + %HatuH? < v+ Vu?
o0

+C(O(IVwliz, +1I¢+ Vuliz,) — <f37/0 p(s)w(s)ds), (6.25)
and recalling (H.5), we easily obtain

OuLa + B2 0ull® < ello + Vu?
oo

+C(E)ICIT, , +1I¢ + Vwl,) - <f3,/0u(8)w(8)d8>- (6.26)

Now, we add (6.20) to (6.26), with a suitable choice of the parameter €, we
obtain

Y 1%
(L1 + L2) + 5 0wl + F 0wl < e(llv]F, + llo+ Vul® + [6]F)
+ COIC + Voolld, + 1€, )

1] [roeean - g [ueeea. o2

Let @ and @ be two positive constants, which will be fixed later; we add (6.9)
multiplied by @ to (6.27) multiplied by @ to (6.6). Using the trivial identity
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(Opu,u) = 0y (Oyu, u) — ||Opul|?, we obtain
(€ + ALy +aLly + a0, v) + @(Opu, u)) + (1 — ae — al)||0||3

0 — _ 1)
+ |3 -0~ aC| (ICIR,. + e + Vel + Sl

2

+(5 - a) ol + (5 - a) fo?
# (5 -F) o+ vur+ (5 -ae) ol

<al| B | orrathn + (| ] a0+ tow + Gio)
w2 ] [rocea - T [usas), (6.28)

We observe that the constants appearing in the left hand side of equation
(6.28) are compatible; indeed, we want to guarantee that

1—ae—aC >0, (6.29)
g —FC(e) —aC > 0, (6.30)
% —a>0, (6.31)
EQ—M —a>0, (6.32)
g e >0, (6.33)
% —@e > 0, (6.34)

and it is clear that (6.33) holds when (6.34) is satisfied. We verify that (6.34)
is compatible with (6.31) and (6.32), if ¢ < v/12 and € < p/12, respectively.
Hence, for instance, we choose € = fu < min{r/12, 4/12} = p/12, with 0 <
8 < 1/12, so to fix C* = C(e). Now, (6.29)-(6.30) are satisfied when

E<min{ﬂ—1u(1—50),é <g—a(])}, (6.35)

with
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From (6.31)-(6.32) and (H.5), we find @ > (2/p)a@, and this is compatible with
(6.35) if
G o m<
286+C 2(puC +2C*)’

respectively and depending on the minimum of (6.35).
Previous inequalities on the coefficients appearing in equation (6.28) guar-
antee that there exists a small coeflicient ¢ > 0 such that

h(E+QLy +aLls + (O, v) + a(Opu,u)) + 1€
< C(IAN+ I+ sl + 1 4D €2, (6.36)

where Schwartz inequality is applied in the right-hand side of (6.28).
We observe that the energy £ and the functional

L =E+AL) + Ly + (v, v) + a(dyu, u)

are equivalent when @ and @ are chosen small enough. Indeed, using Schwartz
inequality it is immediate to see that there exists ¢; > 0 such that

Lgclg,

vice versa, when @ and @ are small, £ is a quadratic form positively defined,
hence we find cg > 0 such that

& < 02[,.
Then, we can rewrite equation (6.36) as
0L+ eL < C(Lfsll + [ foll + L fall + 1 fall) £172,

for some C, e > 0. By virtue of a generalized Gronwall Lemma (see, e.g. Lemma
2.5 in [17]), we deduce

t
L(t) < C1L(0)e™ " + {Cz/o IR A @+ ()

2
s+ 1] dT} .

We deduce that a uniform energy estimate of this kind also holds for &, regard-
less the names of the constants.
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7. Proof of Corollary 5.2

Notice that the following inequality

e€ r+1
/ m(y)e "V dy < —sup/ m(y)dy

€ r>7

holds for any non-negative locally summable function m on (7, +00). Hence,

Cz/o “PED @I+ 120+ 1@+ 14l dr
2¢¢/2

<

r+1
1/2
Slip/ LA+ 1201 + ()] + | fa(@)] dr = €5 (K).
T

This implies immediately the existence of a bounded absorbing set By in the
phase space Z for the semigroup S(t) associated to the solution of the problem:

we can chose every ball By of Z centered at zero and of radius strictly greater
than 02.
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