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THERMOELASTICITY WITH TEMPERATURE AND
MICROTEMPERATURES WITH FADING MEMORY

LORENZO LIVERANI, RAMON QUINTANILLA

ABSTRACT. In this paper, we investigate a model of poro-thermoelasticity with mi-
crotemperatures where the behavior of the body is influenced by the history of both
temperature and microtemperatures. Mathematically, this translates into a system of
partial integro-differential equations. Under suitable condition on the tensors appearing
in the model, we prove that the resulting system is well posed. In the one-dimensional
case, the exponential decay of the energy is proved.

1. INTRODUCTION

1.1. Thermoelasticity of porous materials. The classical theory of thermoelasticity
is especially well-suited for the description of macroscopic phenomena related to elastic
deformations. Notwithstanding, there are many physical situations in which microscopic
phenomena play a big role and, therefore, cannot be ignored. From a modeling per-
spective, this requires to take into account the microstructure of the material. Perhaps
the first to allow for such effects were the Cosserat brothers, who proposed micropolar
theories at the beginning of the 20th century [6]. However, it was not until the Sixties
that materials with microstructure started to be investigated in a significant way. For a
thorough description of these models we refer to [11, 21].

Among the several theories that appeared during this period, we want to focus on
the theory of materials with voids (also known as porous materials), first introduced by
Cowin and Nunziato in [7, 8, 33]. The fundamental concept underlying this model is the
decomposition of the bulk density as the product of two fields, namely, the density field
of the matrix material and the volume fraction field. The latter expresses the idea that
the material point might have some small voids, and ultimately introduces an additional
degree of freedom in the model. Let aside its undisputed mathematical interest, porous
materials have soon found application in many fields of technology, ranging from the
building industry, where they are used for their appealing properties of lightness and
resistance, to medicine, to repair injuries in bones. For some extensive comments regarding
the applicability of this theory, we suggest to look at [40, p.307-308]. Nowadays, porous
materials have been considered and studied in such a large number of situations that it
would not be possible to mention all of the contributions in the field. For an introduction
to the subject and its applications, we direct the interested reader to [2, 14, 15, 41], and
references therein, while for some works concerning the dynamical aspect of the theory
we refer to [4, 12, 13, 29, 31, 36, 39], but the list is far from being exhaustive.
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Between all the aspects which have been considered when studying deformations at the mi-
crostructural level (micropolar, microstretch, etc.), we are mostly interested in the concept
of microtemperatures, which is related to the temperature distribution in porous materi-
als. Materials with a microstructure are usually thought as composed of microelements.
In turn, each of these microelements is modeled itself as a material with deformations
and temperature. If we denote by x the center of mass of a microelement and denote by
0 the absolute temperature, we can consider the approximation

0(x',t) = 0(x,t) + Ty(z) — ;) + O(d?),

where O(d?) is a second order term in the diameter d of the microelement. The terms 7T}
determine the temperature variation in the microelement and is what we call microtem-
peratures. Historically, this notion was proposed for the first time in the works of Grot,
Riha and Verma [19, 37, 38, 42], even though it did not receive much attention until the
article [25] was published in 2000. The latter represented a turning point in the study of
materials with microtemperatures and sparked a lot of interest in the subject. Today we
can say that there is an important amount of scientific work related to this phenomenon,
see, e.g., [22, 23, 24, 26, 27, 30].

1.2. A causality issue. Most of the studies carried out on the topic of thermoelastic-
ity with microtemperatures over the last decade assume both the temperature and the
microtemperatures to follow the parabolic structure related to the Fourier law of heat
conduction. It has been verified that, similarly to how the usual thermal dissipation acts
as a damping mechanism on the deformations, the microthermal dissipation has the same
effect on the microstructure. Although this behavior is certainly significant from a phys-
ical standpoint, from a mathematical perspective this is somewhat expected. Indeed, the
regularizing nature of the Fourier law is well known, and usually endows a physical system
of good dissipative properties. Nevertheless, the Fourier law has a strong disadvantage,
since it predicts an instantaneous propagation of thermal waves. This fact is incompati-
ble with the causality principle, and has prompted physicists and mathematicians alike to
propose alternative laws for the description of heat conduction in the theory of thermoe-
lasticity. For these reasons, the notion of microtemperatures has been recently extended
to the case in which the Fourier law is replaced, first, by the (hyperbolic) Cattaneo law
[3], and then by Tzou’s theory [28]. In both situations, the authors have observed similar
behaviors and dissipative properties to the Fourier case.

1.3. Main results. Another classical way to get rid of the paradox of infinite speed of
propagation is to relax the constitutive law for the thermal flux by means of a convolution
integral. This makes the dynamics nonlocal in time, meaning that the evolution of the heat
flux at time t depends also on its history up time ¢. This idea was originally introduced by
Gurtin and Pipkin in [20]. An interesting study about materials with memory (also on the
thermal variables) can be found at [1]. Today, the literature on the subject is quite rich
and active, and we refer the interested reader to the works of [5, 16, 32], just to name a
few. The present work fits into the above setting. Indeed, our goal is threefold. First and
foremost, we want to define a theory for poro-thermoelasticity with microtemperatures
that considers the history of both the temperature and that of the microtemperatures. To
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be more specific, we will start from the model of poro-thermoelasticity with microtemper-
atures proposed in [3], and show how this can be interpreted (and generalized) by means
of the theory of materials with memory. This extension makes it possible to consider a
wider range of problems, depending on the choice of the different memory kernels. Sec-
ondly, we want to propose some adequate conditions that will allow us to say that the
problem is well posed in the Hadamard sense (that is, existence, uniqueness and contin-
uous dependence of solutions). Finally we will restrict ourselves to the one-dimensional
case and demonstrate (under suitable conditions) the exponential decay of solutions.

The mathematical tool best suited to treat partial differential equations with mem-
ory terms is the well known past history framework, first introduced by Dafermos in the
seminal work [9]. This setting will allow us to exploit results from the theory of linear
semigroups. More in detail, we will prove the well-posedness of our system by means of the
Lumer-Phillips corollary to the Hille-Yosida theorem, and use the classical characteriza-
tion of exponentially stable semigroups due to Gearhart, Greiner, Huang and Priiss (see,
e.g, [10]) to demonstrate the exponential decay of the solutions in the one-dimensional
case. The main mathematical difficulty of the problem at hand resides in the fact that
we have to handle more than one memory term. As we will see, this requires some form
of uniform control over the memory kernels, along the lines of the work [32].

1.4. Plan of the paper. In the next section we propose the new model that we are going
to work with as well as the general assumptions on the constitutive fields. In Section 3 we
propose the abstract setting for our problem and in Section 4 we rephrase the equations in
the past history framework. The existence and uniqueness theorem is stated and proved
in Section 5. In the last section we restrict our attention to the one dimensional case and
obtain the exponential stability of the solutions.

2. THE MODEL SYSTEM

We consider a nonhomogeneous porous material occupying a smooth, bounded domain
Q) C R3. First, let us state the evolution equations for the theory of poro-thermoelasticity
with microtemperatures for a centrosymmetric material. These equations are:

(2.1) pii; = tij 5,
(2.2) Jo=h;;+g,
(2.3) P = djjs

(2.4) P€i = Qjij + i — Q.

The first two equations represent, respectively, the balances of the linear momentum and
of the first stress moment. Here p is the mass density, u; is the displacement vector,
ti; is the stress tensor, J is the equlibrated inertia, ¢ is the volume fraction, h; is the
equilibrated stress and ¢ is the equilibrated body force. Next, we have the balances of
the energy and of its first moment, where 7 is the entropy, ¢; is the heat flux vector, ¢; is
the first moment of the energy vector, g;; is the first heat flux moment tensor and @); is
the microheat flux average vector.
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In order to obtain the final model, we complement the above relations with the consti-

tutive equtions in the case of the Lord-Shulman theory. These are given by (see [3]):

Z_] - AZ]TSuTS + DZ]¢ a’l]

hi = Ai;j¢; —

9= —Djju;; — §¢ + F'0,

pn = aijuij + Fo + ab,

peE; = —Njigbﬂ‘ — B;;T.

T¢; + ¢ = kijb ; + Hi;Tj,

TQij + qij = _-P’ZjTSTT,Sa

TQi + Qi = (kij — Ki)0; + (Hy — Ay) T},
where we recall that 6 is the temperature and 7; are the microtemperatures. It is under-
stood that all the tensors appearing in the above equations might depend on the space
variable & and on time. However, to simplify the notation we will omit this dependence

for the forthcoming computations. We can now formally solve the constitutive equations
for ¢;, ¢;; and @;. Multiplying by et/ the constitutive equation for ¢; we get

d
dt

Integrating and making the reasonable assumption that

1
—(qie"™) = ;et/T(kijQ,j + HiTj).

i (et/T =
Jim (067 =0

we have
t ef(tfs)/
lt) = [ kst + Hy Ty ()
toemlt=s)/r .
— [ b o) + H (e

= T(k’lj()éJ(t — S) + Hl]R](t — s))ds,

where we denote by (see [17, 18])

t
/e Ri(t) :Ri(0)+/ Ty(s)ds
0
respectively the thermal displacement and the microthermal displacement. Assuming now

t/t 7 ) t/T _
lim «,(t)e —tkznooRz(t)e 0,

t——o00

we can integrate by parts to obtain

1 L[>
¢i(t) = ;(’fz'ja,j(t) + HijR;(t)) — ;/0 e/ (ko ;(t — s) + HyR;(t — s))ds.
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Calling

and substituting into the above equation, we finally arrive to

qi(t) = k;;(0)a;(t) + H5(0) R;(t) + /000 <%k;}(s)ad(t —s)+ %HQ}(S)Rj(t — 3)) ds.

Now we can follow the same procedure for the constitutive equations of ¢;; and ;. This
yields

* > a *
05(8) = PO Res(0) = [ SR st = 5)ds,
and

Q1) = (k3 (0) — K5 (0))ar, (1) + (HE0) — A3 (0)) By 1)
| (G0 = Kyleaste =)+ (0 - Ay DRyt o)) .

We note that ¢;, ¢;; and @); are given in terms of the history of the thermal displacement
and the microthermal displacement. This represents an advantage with respect to consider
the history of the temperature and the microtemperatures since we can define a larger
class of materials (see Remark 2.1). In fact we can recover the materials proposed at [5]
as a sub-class when the microtemperatures are not present.

Plugging the newly derived constitutive equations for ¢;, ¢;; and (); into those of poro-
thermoelasticity, we have the system of field equations:

(25) ,OUz - (Aijrsur,s + Dz]¢ - aijg),j7

(2.6) J6 = (A5 — NyT))i — Dijuiy — 6 + F,
ai = —aijt;; — Fo+ (ky(0)a,; + Hi;j(0)R;),

(2.7) 4 /Ooo(krgj(s)a,j(t —8) + ng(s)Rj(t —5)).ds,

Bty = = Ny + (P O+ [ (Phs(9)Realt = 9) s
— K 0)a0) = OB, — [ U (s)alt =)+ K ()5 (s))ds,

where we have omitted the star to simplify the notation and used the standard writing
f'(s) to indicate the derivative % Our goal will be to study the well-posedness and
asymptotic dynamics of system (2.5)-(2.8), supplemented with the Dirichlet boundary

conditions

Ui (2, ) |zcon = (2, 1) jzcon = (X, 1) |zcon = Ri(T,1)|zcon = 0.
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2.1. General assumptions. In greater generality, we will consider the system of equa-
tions (2.5)-(2.8) with general memory kernels

kij = kij(s), K= Kij(s), Hij = Hy(s), Nij =Nij(s), Pijrs = Pijrs(5),

which we will assume independent of & € (2. This assumption, albeit non necessary,
greatly simplifies the exposition. Furthermore, we require that

(i) There exist positive contants pg, Jo, g, By such that
px) = po, J(x) = Jo, alx) = ao, Bij(x)TiT; = ByIiT;.
(ii) There exists a positive constant Ay such that
Aijrstigles + 2Digni ¢ + £6° > Ao(mijij + ¢°).

for every m = (n;;), and ¢ € R.
(iii) The functions k;;, A;j, Pijrs are symmetric in the sense that

kij = kji, Nij =N, Pijrs = Prsij-
Furthermore, we assume that
(2.9) Ky = Hj.
(iv) There exists a positive constant gy such that for every & = (&), ¢ = ({;) and
n = (),
Kij(00)&i&s + (Kij(00) + H;ji(00))Gi€j + Aij(00)Gij + Pijrs(00)nigm1s
> go(&i + GG + mimij),
where

5—00

and similarly for the other kernels.
(v) There exists a positive decreasing continuous and integrable scalar function #(s)
and a constant x > 1 such that

£(8)(&:&i + GiGi 4 m45mij)
(2.10) < —ki;(8)&&5 — (KG;(s) + Hji(5)) &5 — N (8)CiC — Py (8) 157
< Kl(8)(&& + GG+ Minis)

for every £ = (&), ¢ = (¢;) and m = (n;;). We denote by
the resultant of /.

%:/ 0(s)ds,
0
(vi) It holds

kiz(8)&:&5 + (Kj5(s) + Hji(5)) G5 + Af5(8)GG + Prpg(8)ni510s > 0,
for every £ = (&)a ¢= (Cz) and n = (77ij)-
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Assumptions (i)-(iii) are natural in the context of thermoelasticity. Indeed, the meaning
of (i) is clear, while (ii) is saying that the mechanical energy of the system is positive
definite. This hypothesis plays a critical role in the context of elastic stability. On the
other hand, assumptions (iv)-(vi) arise naturally in the study of equations with memory
terms (see e.g. [35]).

Remark 2.1. The observant reader will have noticed that assumption (iv) is in contrast
with the exponential memory kernels that we have found integrating the constitutive
equations, where, for instance, kZ*J(oo) = 0. However, in order to consider the general
problem we must allow for the case k;;j(c0) # 0 (and the same for the other kernels). In
this way, for example, we recover the model analyzed in [5]. The case of kernels vanishing
at infinity will be the object of future works.

Assumption (2.9) is related with Onsager’s postulate in the case of the classical theory.
From now on we will always write Kj;; instead of Hj;. We note that K;; + H;; = 2K;;.
We conclude this section with a technical lemma, which will be useful in the sequel.

Lemma 2.2. Let assumptions (iii) and (v) hold. Then for everyi,j =1,2,3 we have
+
—kij(s) < Kl(s) Vs e RT,
—Kj; and —P]

iJrs”

and the same holds for —A;,

Proof. Setting in (2.10)
Si=land =8 =¢G=n;=0 fori,j=1,2,3,
we see at once that
—k1(s) < KL(s).

In a similar fashion, we can show that the same holds for —£&f,, —k%; and —Al,,
every i, j. Now consider the matrix

(_kél(s) _k§2<5)) .
—ki(s) —kiy(s)
By assumption (iii) we have —k|,(s) = —kb (s). Moreover, it is easy to see that, by

assumption (v), this matrix is actually positive definite. Therefore

12(8)kYy (5) = (Kia(s))* = (k5 (s))* < K1y (5)kia(s),

_p

i for

from which we infer

—kis(s) < Kl(s).
By the same token, one can show that all the off-diagonal entries of —ki;, —Aj; and — P,
are also bounded by #/(s). Finally, let us turn to —K7;. Observe first that it is not difficult
to prove that —kj;, —Aj; and —P,; are positive functions, by choosing £, ¢ and n in a

%) 7

suitable way in (2.10). Now let us take
51:§1:1and&:ﬁg:gg:ggzmj:o fOTi,jzl,Q,g.
Then, in view of (2.9), we have

Ky (s) — 2K, (s) — Ay (s) < 264(s).
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By the positivity of —k7; and —A’; we finally get
—Ki,(s) < kl(s).
With the same reasoning we can show that the same holds for —Kj; for every 4,j, and

this concludes the proof. 0

3. FUNCTIONAL SETTING AND NOTATION

We indicate by (H,{-,-), || -||) the usual Hilbert space L?(Q2) and by (V, (-, -)1,]| - ||1) the
standard Sobolev space H} () of functions in H' vanishing on 92. We denote by

H=[L*Q)P, V=[H\(Q)P

the corresponding vectorial versions, keeping the same scalar notation for their norms.
We would like to rephrase equations (2.5)-(2.8) in the so-called past history framework.
To this end, let us preliminarily introduce the Hilbert spaces

M =L}R", V), M=L{R"V),

of square summable functions with respect to the measure £(s)ds, endowed with the scalar

products
M:/ /E(s)w,i(az,s)wfi(:c,s)dwds,

(i 1) At _// ) (e, st (@, 8) + 1oy (@, ) (2, 9)) dds,

Jold= [ [ o)) Pads
Il = [ €t ) + o)) s

Next, we define the Hilbert space

and norms

N =Mx M.

endowed with the standard product norm. Observe that, omitting for simplicity the
explicit dependence of the involved functions on s and «, in view of assumption (v),

| (w,m:) | = / /k;’ W +2K]nzw —|—Awm77] —i—P]rSn”de;vds

is an equivalent norm on A, with corresponding scalar product

((Wﬂ?i) ( 7771 / / lw + KI (nlw + 771“]) + A/ﬂh??j + Pjrsnljnrsdwds'

Finally, we introduce the phase space associated to our problem

H=VxHXxVxHXxVxHxV xHxN,
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endowed with the norm

[ul3, = /Q(Aijrsuz‘,jur,s +2Dijui j¢ + €| + Aijdid i + pluil* + J|9* + alb]? + By TT;)da
+ /Q(k:ij(oo)oz’ia,j + QKij(OO)RiOé’j + AU(OO)RlR] + H-jm(oo)Ri,ij)dm

o0
- /0 /Q (kijwiw,; + 2K miw  + Aggming + Pijrgnijnr,s)dads,
where
u = (uia Ui, ¢7 ¢7 «, 07 Riv ,IZLH W, 7]2)

Thanks to assumptions (i), (ii), (iv) and (v), this is equivalent to the standard prod-
uct norm defined on ‘H. We will also consider the infinitesimal generator of the right-
translation semigroup on N, that is, the linear operator 7 given by

T(wvni> - _(W/ﬂlg)’
with domain
D(T) ={(w.n;) €N : (W) €N, (w,m:)(0) = 0}

In light of assumption (vi), a straightforward integration by parts yields the dissipative
estimate

1 [e.e]
(T, ety = = | Kooy + 20, + Ny + Pl s
0JQ

(3.1) 2

<0

for every (w,n;) € ©(T). We refer the interested reader to [35] for a thorough discussion
on the mathematical properties of 7 and of the semigroup of right translation on memory
spaces.

4. BASIC EQUATIONS IN LINEAR HEAT CONDUCTION WITH MEMORY
In the same spirit of [9], we introduce the variables (omitting the dependence on )
w'(s) = at) —alt —s),
mi(s) = Ry(t) — Ri(t — s),

modeling the histories of the thermal and microtermal displacements. Then, we can
rewrite equations (2.5)-(2.8) as

(41) ,OUZ = (Aijrsur,s + D1]¢ - aije)J?

(42) JQZS = (Aij¢,j — NIJCTJ)’Z — Dijui,j - 5@5 + F@,
aty = —aij’l.j,i,j — ng -+ (kij(oo)oz,j + K]Z(OO>R])’Z

4.3 o0
( ) — /0 (k;gj(s)w’j<5) + Kjl-i(8>77j<8))7id37
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Bylty =~ Ny + (Pnlo0) ) — [ (P (5)a(5)) s
(4.4) -
— Ky(00)ar; — Ayy(00) Ry + / (I (), (3) + ALy () () s,
(4.5) (@, ) = T(w,n:) + (0, T5).

Introducing the state vector

’U,(t) = (ui(t)v ui(t)v ¢(t)a é(t% O./(t), d(t)v Ri(t)a Ri(t)’ W, nz),
we view system (4.1)-(4.4) as the ODE on H

d
Eu(t) = Au(t).
Here A is the linear operator defined as
U; U;
(% ;(Amrsu’r s + Dz]¢ az] )
¢ (0
¥ 1A — NiyTy) i — Dijuiy — E¢ + FO)
a | 0
(4.6) A 0| = Y ,
R; T,
w Tw+6
i Tn +T;

where Cj; is the inverse matrix of B;; (which certainly exists in view of assumption (i))
and

M = —a;;v;; — F + (kij(00)a j + Kji(00)R;j)

(4.7) < ,
~ [ i) + Ky
while
N; = =Ny j + (Pijrs(00) Ry s) j — Kij(o0)a j — Ayj(00) R;
4.8 o0 o0
45 [P s+ [ 61 5) + ()
The operator A has dense domain ©(A) defined by
v, Y, 0, T, € V
(AZJTSU"I’S + DZ]QS Q;j ) €cH
DA)=ueH (Ao — NyTy): € H
M, N E H
(%77) € D(T)

5. EXISTENCE AND UNIQUENESS

This section is devoted to the proof of the generation of a solution semigroup for system
(4.1)-(4.5). Let us state the main result.
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Theorem 5.1. The operator A is the infinitesimal generator of a strongly continuous
linear semigroup S(t) on the phase space H. Besides, S(t) is contractive with respect to
the norm of H.

The proof of Theorem 5.1 is obtained exploiting the well known Lumer-Phillips The-
orem. In turn, this amounts in proving the following two lemmas. Before delving into
details, we remark that since we are dealing with real Banach spaces, in what follows
A will actually denote the complexification of the infinitesimal generator A, that is, the
operator acting on the complex Hilbert space H + ¢H by the rule

u + v — Au + 1Av.
Lemma 5.2. The operator A is dissipative, that is,
Re (Au,u)y <0, YuecDA).

Proof. By means of the divergence theorem and exploiting the boundary conditions, a
direct computation reveals that

(AU, U, / / (K Twaw; + Kij(Tmw; + Twgm) + Ny Tmmg + s (Tnins)ldsdv
= w 771 (w 771>>M
< 0,

where the inequality follows from (3.1). Therefore, the operator A is dissipative. OJ

Lemma 5.3. The operator 1T — A is onto from ©(A) into H.

Proof. For every vector

f= (fi(o)’ fi(1)7f(2)7 3 f@ £6) fi(ﬁ)’ fi(7)7 F® fi(9)) cH

we look for a unique solution u € ®(A) to the resolvent equation

(I—Au=Ff.
Equivalently, we try to solve in D(A) the following system
(5.1) U — V= fi(0)7
(5.2) pv; — (A'Ljrsurs + Dyjod — aiih) ; = pf}"
(5.3) ¢—t=f?
(5.4) Jp — (Ayd; — NiyTi) j + Dyjusj + £ — FO = T,
(5.5) a—0=fW
(5.6) a =M = af®,
(5.7) -7, = 1,
(5.8) BTy —N; = By £
(5.9) w—Tw—0=f®,
(5.10) =T —Ti = £
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where M and N; were defined at (4.7) and (4.8). Integrating (5.9) and (5.10) we obtain

w(s) = /0 O (y)dy + (1 =)0 = (Ex fO)(s) + (1 — )b,

mni(s) = / e O ) dy + (1 — e )Ty = (B f7)(s) + (1 — e )T},

where E(s) = e™® and * denotes the convolution product on (0,s). Making use of the
standard properties of the convolution, we have

lwlifg < 2018+ FON + 2610017 < 20 fP N3, + 210117,

so that w € M. In a similar way, one is able to show that n = (n;) € M. Substituting
(5.1), (5.3), (5.5) and (5.7) into the main system, we arrive at

puU; — (Awrsurs + Dw¢ ;5 ) - \Ijl('l)a
Jé — (Aijo; — NijR;) j + Dijuij + ¢ — Fa = 0,
(511) ac + aijuij + ng — ( ij(OO)Oé’Z‘ + KJZ(OO)RZ)J + I/C\/Z'jaﬂ'j + f(\/jiRi,j = \11(3),
BijRj + Nij¢; — (Pijrs(00) Ry.s) 5 + Kij(00)a; + Ayj(c0) R,
+ P ijrer,sj — K ija,j — f/\\,inj == 1112(4)

Here

Ky = / K (5)(1 — e™*)ds
0

and in the same way we define K';;, P/, and A’;;. Moreover

v = pf” + ofV + a0yt
U@ = JF@ 4 g§® 4 Nijfi(,?) — Ff®
U = qf® 4 qf® 4 aijffo.) +Ff® 4 /?ijf@
—/ k’()(E* )5 ds—/ E*f(g)()ds,
0
v = By (1) + f-m) + Ny + Ky )

/ B+ £9)s(5)ds — | P () (E  fO) () — / A ()(E % 1) (s)ds.
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In order to prove the existence of u € ©(A) satisfying the resolvent equation, we make
use of the Lax-Milgram theorem. To this end, we define the following bilinear form

a((uia ¢7 «, Rz)a (7:6@, é? da Rl)) = puzaz + (Az]rsurs + Dl]¢ azg )ui,j

+ Jo¢ + (Ayd; — NijRi)o; + Dijuii + Edd — Fad

+ aacx — aijuidyj + F¢C~K + (kU(OO)Oéﬂd + K]Z<OO>RZ)64J

— K6, — K'jiRiéj + By RiRi + Nijo ; R,

+ (Pyjrs(00) Ry o) Ry + Kij(00) v ; Ry + Ay (00) Ry R,

- /P\/ijrer,sR;,j - ﬁij@,jéi - K/injRi-
In particular, a : V® x V8 — R. We need to show that a is continuous and coercive.
Moreover, we need to prove that ¥? € V! for every i = 1,...,4, where V! is the dual
space of V. Continuity is a straightforward consequence of the Cauchy-Schwarz and

Young inequalities. For what concerns coercivity, by direct computations and making use
of assumption (v), we have

a((ui7 ¢7 «, Rl)? (ui7 ¢7 Q, RZ)) 2 p”(um ¢7 «, RZ) H%/‘l‘
Finally, with the help of Lemma 2.2 we have

H _/ )(E * f®)(s)ds S /OOO —ki;()(E* [ fP]1)(s)ds
<n / U (E (1) (s)ds

<x / I E VI O (s)ds

< k5| B+ VA FO N 2y
< &V VOl 2y
= v/ fP |-

/ dsEH'1

Therefore, U3 € V1. By the same token, we have U, € V=1, An application of Lax-
Milgram theorem yields u;, ¢, , R; € V satisfying (5.11). Thanks to (5.1), (5.3), (5.5)
and (5.7) we immediately find also v;,1,0 and T;. The last step to conclude the proof
consists in showing that the solution we have found belongs to ®(A). The only thing we
need to check is that (w,n;) € ©(T). However, using the fact that w € M and n € M
we see at once that

Similarly, we can show that

(Tw, Tn) = (w.m) — (0,T) — (f®, f) e M.

Besides, it is straightforward to check that w(s),n;(s) — 0in V as s — 0. Hence (w,n;) €
D(T) and the proof is finished. O
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6. EXPONENTIAL STABILITY: THE ONE-DIMENSIONAL SYSTEM

In this section we focus on the exponential stability of (4.1)-(4.5) in one space dimension.
In particular, the system becomes

(6.1) pusy = Aty + Doy — 0" vy,

(62) J(btt = A*¢1x — NRt:r — Dum — €¢ + FOét,
(6.3) ot = kooOlyy — 0" Uty — Fy + Ko R, — / (K'(8)wzz(s) + K'(s)n:(s))ds
0

BRtt = pooR:m: - N¢tx - Kooam - AooR

(6.4) +4ﬂK%MA$+N@M$—P%Mm@W&

(6.5) (we,ne) = T (w,m) + (ar, Ry).

To obtain the exponential stability, we need an additional hypothesis. Namely, we assume
there exists 0 > 0, such that

(K"(s) + 0K'(s))€” + 2(K"(s) + 6 K'(s))¢€
+ (A(s) + 6N (5))C* + (P"(s) + 0P (s))* 2 0,
for every s > 0 and &,(,n € R.

(6.6)

Remark 6.1. Assumption (6.6) plays the same role of the well known Dafermos inequal-
ity, which is usually stated for a generic memory kernel p(s) as

(6.7) w(s)+ou(s) <0, Vs>0.

For many equations with memory (6.7) is sufficient to obtain the exponential stability. In
our case, upon choosing &, ¢ and 7 in a suitable way, it is not difficult to show that the
kernels —&/(s), —A/(s) and —P'(s) satisfy (6.7).

The following theorem holds
Theorem 6.2. Under assumption (6.6), the semigroup S(t) is exponentially stable.

The proof of Theorem 6.2 relies on the following abstract result, which is a simplified
version of the famous characterization of Gearhart, Greiner, Huang and Priiss. We refer
the interested reader to [16] for the proof.

Proposition 6.3. Let A be the infinitesimal generator of a linear contraction semigroup
S(t) = e* on a Banach space X. Then, S(t) is exponentially stable if and only if there
exists o > 0 such that

inf ||\ — A)zllx > ollall, Vo€ DA).
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We are now in position to prove the main result of this section. We proceed by con-
tradiction and assume that S(¢) does not decay exponentially. On account of Proposition
6.3, this means that there exist sequences )\, € R and

uTL - (UTH UTL? ¢TL7 Q/’m an; enu RTL7 TTL? w?% nTL> e ©<A)

such that

(6.5) fuallf, = 1,

and

(6.9) lidpu, — Aw, |z — 0.

Without loss of generality, we set all coefficients to be equal to 1. In components, (6.9)
reads

) My — vy — 0 in 'V,

) IAUp — Opglly — Opp + 0p0, — 0 in H,

) INgOp — Uy, — 0 in V|

) iMtn — Opan + 0T, + Optty + ¢ — 0, — 0 in H,
6.14) iAy — 0, =0 inV,

) iAbp, — M, =0 in H,

) iRy — Ty —0 iV,

) iNT, — N, -0 in H,

) iApwn — Twp, — 6, -0 in M,
6.19) Xy — Ty —T,, -0 in M,

where we recall that
M, = —0,v, — ¥, + Opzty, + O, R,, — / (K'(8)Opzwn(8) + H'(8)0xmn(s))ds,
0
and
N, = =00 + O Ry — Optyy — Ry, — / (P'(8)0penin(s) — H'(8)0pwn(s) — N (s)na(s))ds.
0
The contradiction will be obtained by showing that ||u,||> — 0. First of all, we observe
that, by the dissipativity of A
<Aun’ un>7'l = <T(wn’ 77n), (wm 7771)>N < _5H (wm 7771)”/2\/7
where the inequality follows from assumption (6.6). Then, since
Re (1N u, — Auy, w,)y = —Re (Au,, u,)y — 0,

we have
5||(wn,77n)||j2\/ < —Re (Au,, u,)y — 0.

In the same spirit as [34], we now distinguish two cases.
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Case 1: \,, /A& 0. Up to a subsequence, we can assume that
(6.20) inf |\,| > 0.
The proof will be carried out with the help of some technical lemmas.
Lemma 6.4. Up to a subsequence, we have that
n—oo
and
lim ||T, ||z = 0.
n—oo

Proof. We will prove the lemma only for 6,,. The proof for T, is identical and therefore
omitted. We preliminary show that

sup |)‘n| “9n”V*1 < 00,
neN

where V™! is the dual space of V. Henceforth, we will denote by | - ||_; the norm in V1,
coherently with the notation used for V. We can write

IO, = M0, + M, — M,,.

Hence,
The first term of the sum is clearly bounded, being infinitesimal. On the other hand,

Mol < enll sl Rl [ =R mantslas]| ] [~ - o s)as]|
0 - 0 -

We can bound the last two terms on the right hand side in the following way
H / H(5)uaton(s)ds| < / () wn(s) ] ds
0 -1 0
<w [ U n()uds
0

=HAWVEQ¢HMWA$M%
< ky/slunllan

By the same token, one can show that the other integral term is also bounded. We
rephrase (6.18) as

i/\nwn - Twn - en = &n,
with €, — 0 in M. Since w, € D(T), we can solve the above equation to obtain the
explicit representation
1

(6.21) wn(s) = W

(1-— e_M"s)Qn + / e_i’\"(s_y)sn(y)dy.
0
Now observe that

(A {wn, A7 0n) | < IAnHIGnII—l/ ((s)|lwnllrds — 0,
0
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since w, — 0 in M and ||0,||-1 was bounded. Hence, we have
(6.22) i\ (wny A0, | = an||0,]|* + bn — 0,

having set

an —/ 0(s)(1 — e %) ds,
0
by, :i)\n/ f(s)(/ e_i’\"(s_y)(sn(y),A_19n>vdy>ds
0

0
Following exactly the same reasoning of [34, Lemma 5.5] we see that b, — 0. For what
concerns a,,, we consider two separate cases. Let A\, be a limit point of the sequence \,,.
From (6.20) we have

Ay € [—00,00] \ {0}.
If A\, € {—00, 00}, then by the Riemann-Lebesgue lemma we have the convergence (up to
a subsequence)

ap — / l(s)ds > 0.
0
On the other hand, if A\, € R\ {0},

an — / 0(s)(1 — e ™% ds,
0
and - -
Re / ((s)(1 — e ™) ds = / 0(s)(1 — cos A\ys)ds > 0.
0 0

In both cases, in order for (6.22) to hold, it must be ||6,|| — 0. O
Lemma 6.5. Up to a subsequence,

lim ||R,|1 = lim [|a,|l1 — 0.

n—oo n—oo
Proof. Define

1 .
pn(8) = — (1 — e %) (0, — iXpauy).

i\
In view of (6.14), it is clear that p, — 0 in M. We can then rewrite (6.21) as

als) = (1= et [y o)
0
which, on account of Step 1, entails

<wna an)M = anHanH% +cn + <Pm an>/\/l — 07

with a,, as above and

Cp = /000 E(s)(/os eV (e (1)), an>1dy> ds.

Clearly,

{pn, an) g — 0.
Besides, with the same reasoning of Lemma 6.4, ¢,, — 0. Hence, we obtain that ||c,||; — O.
This proof can then be repeated to show that ||R,|; — 0. O
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Conclusion of the proof. At this point we proceed as in [3]. We multiply equation
(6.17) by A 10,¢,. In view of (6.12), and exploiting the convergences obtained above, we

get
lonll + (0, R, P20

Thanks to equation (6.13) we see that 0,,¢,/\, is bounded. In turn, this yields that
pnlli — 0.

In a similar fashion, using equations (6.15) and (6.11) it is possible to show that ||u,|; — 0
too, as n — oo. Finally, a straightforward application of equations (6.10) and (6.12) yields
the convergence of v,,, 1, — 0in H.

) — 0.

Case 2: A, — 0. In this case, in light of (6.8), (6.10), (6.14) and (6.16) we have

v, >0 inV,

0, —0 inV,
T, —0 inV.
In turn, due to (6.11) and (6.13), this entails
(6.23) — gy — Oy — 0 in H,
(6.24) — 0P + Optlyy + ¢, — 0 in H.
Multiplying (6.23) by w,, (6.24) by ¢, and summing up the two, we get
(6.25) 1052nll* + {bn, Outin) + (Oxtin, Su) + |Sull* + |0s¢nll* — 0.

Since

”a:cunHQ + (Dn, Optin) + (Oxtin, ¢pn) + H¢nH2 = |0y + ¢n”2 >0,
by (6.25) we have ||¢,| — 0 in V. In turn, this gives us the convergence of u,, — 0 in V.
An almost identical reasoning yields the convergence of R,, and «,, to 0 in the space V.

Remark 6.6. If we do not assume all the constants to be equal to 1, we do not obtain a
perfect square in (6.25). However, the thesis follow in the same way thanks to assumption

(ii).
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