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Abstract We consider the system of equations determining the linear thermoelastic
deformations of dielectrics within the recently called Moore-Gibson-Thompson (MGT)
theory. First, we obtain the system of equations for such a case. Second, we consider
the case of a rigid solid and show the existence and the exponential decay of solutions.
Third, we consider the thermoelastic case and obtain the existence and the stability of
the solutions. Exponential decay of solutions in the one-dimensional case is also recalled.
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1 Introduction

The interaction of electromagnetic fields with thermoelastic dielectrics has been investigated
for a long time. Several works have been devoted to this theory. During the recent years, major
interest has arisen to understand the so-called Moore-Gibson-Thompson (MGT) thermoelastic-
ity, and several contributions have been proposed for this recent theory. Our work is concerned
with the linear theory of thermoelastic dielectrics based on the MGT theory. The equations for
the heat conduction and electric field are based on the MGT theory. To this end, our initial
point is the work of Ciarletta and Iesan!! concerning thermoviscoelastic dielectrics which is
also based on the idea of the invariance of the entropy under time reversall?,

The invariance of the infinitesimal entropy production under time reversal was studied by
Borghesani and Morro® 4, but we here start with the equations proposed by Ciarletta and
TIesan!!l, also including the elastic deformations. Taking them as the initial point, we obtain
the system of equations for the thermoelastic dielectrics of the MGT type. It is worth saying
that recently significant interest has been developed to understand the MGT thermoelastic
theoriesl® 1. However, we focus our attention on the material with a center of symmetry.
Therefore, the tensors of odd order are not considered. It is clear that the general case could be
also obtained; however, in this note, we want to emphasize the new consequences proposed by
the MGT-structure in the case of dielectrics which is different from the usual one. In our case,
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we obtain that the electric intensity is present in the equations of heat and electric fields, but
not of the displacement. Nevertheless, the thermo-electric coupling leads to a nice problem. It is
the coupling of a hyperbolic partial differential equation with an ordinary differential equation.
The contribution of this paper is double. On one side, we extend the dielectric materials to the
problems of the MGT typel'3l. On the other side, we propose, from the mathematical point of
view, an energy for the coupling in such a way that it defines a norm which is equivalent to the
classical one in the Sobolev space W2

The remainder of this paper is organized as follows. Section 2 is devoted to obtaining the
system of equations. The rigid solid case is considered in Section 3. Existence and exponential
decay of solutions are obtained. The general system of the MGT thermoelasticity of dielectric
materials is studied in Section 4. Existence of solutions and stability are also shown.

2 Basic equations

The system of equations for the thermoviscoelastic dielectrics for materials with a center of
symmetry is determined by the following evolution equationsl:

Pl = tij
Ton = iy,
diﬂ‘ =0.

We recall that, in general, the tensor multiplying the history of the electric displacement in the
heat flux vector and the tensor multiplying the history of the gradient of temperature in the last
constitutive equation are equal except for a constant tensor. However, as a first approximation
to this problem, we assume that they agree. Then, the constitutive equations are

by = / t (Gugmn(t = () — Byy (¢ — )d(s)) ds,

o0

0= /t (Bt — s)iv s(5) + Alt — 5)d(s)) ds,

o0

4= /t (Qﬁ(t — ) Ej(s) + Ki(t — 8)9,3'(5))(18,

oo

di = /t (%‘i(f — ) E;(s) + Qij(t — 8)94‘(8))0187

oo

where p is the mass density, u; is the displacement vector, ¢;; is the stress tensor, Tj is the refer-
ence temperature which is assumed to be equal to one to simplify the calculations, 7 is the en-
tropy, ¢; is the heat flux vector, d; is the electric displacement, E; = —¢ ; is the electric intensity,
¢ is the electric potential, 8 is the temperature shift, and Gijmn (x, ), Bij(x, s), A(x, 5), Qi;(x, s),
K;;(x,s), and 7;;(x, s) are the constitutive functions. It is known that

Gijmn = Gmnij, Kij = Kji,  vij = Vji-

We consider the following constitutive functions:

Gijmn(x,8) = Gjjon(®),  Bij(x,s) = Bjj(x), Azm,s) = A" (x),
Kij(z,s) = Kjj(x) + (171 Ky (@) — Kjj(2)) exp(—77's),

g (®, 8) = 755 (@) + (77 i (@) — 75 (2)) exp(—7 1),

Qij(x,s) = Q@) + (771 Qij (=) — Q()) exp(—7's),
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where 7 is a positive and constant parameter.

We remark that G, is usually called the elasticity tensor, B; is related to the thermo-
mechanical expansion, A* is the thermal capacity, K;; is the thermal conductivity, K +; 1s usually
called the rate conductivity, 7;; and ~;; are related to the electric permittivity, Q}; and Q;;
determine the thermo-electric coupling, and 7 is a relaxation parameter.

From the previous assumptions, we obtain

0+ 7il = Bjj (ti,j + Tili ;) + A*(0 + 76),
@ +7Gi = QB + Qi Ej + Ko j + K505,

where

a(x,t) = ap(x) +/0 0(x, s)ds

is the thermal displacement.
In a similar way, we find

d; + Tdi = ’Y;iEj + 'inEj + ija,j + Qij0.:

Substituting these expressions into the evolution equations yields the following system of
field equations:

pl; = (G;jmnumfﬂ - B;}@)’j,
A0 +76) = =B (i + i g) + (Q5: By + Quilsy + Koy + Kig ) .

(v By + 75 By + Qi + Qigb,5) ; = 0.

In the case that the electric potential vanishes on the boundary, the system is written as
follows:
pit; = (Gjmntmn — Bj;(0 + 7))

iymn N

A*(0 4 10) = —Bjjui; + (Ko + K0 j — Q0,5 — jSq’b’j)vﬁ
(Z.S _ q)*l(( ;‘ja,j —+ Q’ijgyj),i - V;iqu)’i)’

where @ is the isomorphism between W,* N W22 and L? determined by ®(f) = (vi; f ;).
The existence of this isomorphism is guaranteed whenever ;; is positive definite and suitable
boundary conditions are assumed.

Working on this general case is a little bit cumbersome. Therefore, in order to make the
analysis clear and transparent, we focus on the isotropic and homogeneous case, but we want
to emphasize that the analysis could be done in a similar way. In this situation, our system of
equations can be written as

pil; = p*u j; + (N + p*ug i — B (0, +76.,), (1)
A (O +70) = =B + k*Aa + kAO — Q* A — QAF (v, 6, ¢), (2)
¢ =F(a,0,9), (3)

where
F(O{7 97 ¢) = ’}/_1(Q*OZ + QG - ’Y*¢)

It is worth noting that the energy equation in this case is

E(t) + /O D(s)ds = E(0),
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where

1 .. * * *
E(t) =, /B (pivithi + p*wi jui j + (N + p*)uq g ) dv

1 . _
+, / (A*(0 + 70)* + k*|V(a + 70)|* + 7k|VO|]> +v*|V (¢ + 7F)|* + 79|V F|?)dv
B

— /B (Q*V(a+70)V (¢ +7F) + TQVOVF)dv,
and
D(t) = /B (k|VO]? +4|VE]? — 2QVOVEF)dw.
Here, we have used the notations
k=k—71k*>0, vy=7—-7y*>0, Q=Q—1Q".

From now on, we assume

p>0, >0 XN+p >0 k*>0, >0 k>0, ~>0,

Ky > Q) kv > (Q)
3 Rigid solid

In this section, we study the problem determined on a rigid solid. Our system of equations
is
A0+ 70) = (K —77'QQ")Aa + (k—77'Q%)A) — (@7 — 7' Q1) A,
$=7"1Q" a+ QI —~"9).

Assume
alz,t) = ¢(x,t) =0, x€dB, t>0, (4)
a(x,0) = ag(x), O(x,0)=0i(x), =€ B, (5)
é(:l:, 0) = fO(w)a d)(wa 0) = d)O(w)a x € B. (6)

We consider our problem on a suitable Hilbert space
H =Wy ?(B) x Wy*(B) x L*(B) x Wy*(B),

and for every («, 0,&, ¢), (a*,0%,£*, ¢*) € H, we define the inner product

((0,0,€,0), (a", 0%, €, ")) :i /B (A*(6 + 7€)(6* + 76%) + K"V (o + 76)V(a* + 76%)

+ TkVOVO* +v*V (¢ + TG)V(¢* + 7G*) + TYVGVG*
- Q" (V(a+ 10V (¢* + 7G*) + V(a* + 70*)V(¢* + 7G™))
— rQ(VOVG + VO*VG))dv,

where the overline over the elements of the Hilbert space means the conjugated complex, and

G(a,0,0) =7 (Q*a+ QI —v*9¢).
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Under the assumptions proposed at the end of the previous section, the norm induced by the
above inner product is equivalent to the classical one defined on the Hilbert space H. We can
write our problem as

dU

dt
where U = (o, 0,&, ¢), Uy = (ap, 00, &0, o), and the matrix operator is

0 I 0 0
e 0 0 I 0
| AT R -ATIRQM)A  (TA) T Hk—yTIQPHA -t (1A T (v QM)A
ylQ* 7'Q 0 —y Ly

We note that the domain of the operator is

{(,0,6,0) € H,€ € Wy, (K" —77'QQ")Aa + (k —77'Q%)A0 — (Q" —77'Qv")A¢ € L)

Obviously, this is a dense subspace. On the other hand, for every U = (o, 6, &, ¢) in the domain
of the operator, we have

Re(AU,U) = —; /B (K|VO]? +4|VG]> — Q(VIVG + VOVG))do. (8)

In view of the assumptions, we see that this is equal to or less than zero.

Our next step is to prove that zero belongs to the resolvent of the operator. To this end,
let us consider L = (ly,12,13,1l4) € H. We will prove that there exists U = («,6,&,¢) in the
domain of the operator such that AU = L. Writing this equation in coordinates, we obtain

92[17 é':l% Q*OZ+Q9—’Y*¢:7147

and
(k* — 7_1QQ*)Aa + (k- 'y_lQQ)AH — AT —(QF — 7_1Q7*)Aq§ =T1A%l3.

We obtain the expressions for # and £. We also have

¢=(")"Q a+ Qly — ylu).

It then follows that we obtain an equation for the variable o which can be easily solved because
k*y* > (Q*)2. Moreover, we can obtain the regularity conditions, and the following result is
found.

Theorem 1 The operator A produces a contractive semigroup.

We note that, using the above result, we conclude the existence, uniqueness, and continuous
dependence of the solutions to our problem.

In the rest of the section, we will prove the exponential decay of the energy under some
additional conditions. In order to show it, we recall the following characterization('®),

Theorem 2 Let S(t) = {e**};>0 be a Co-semigroup of contractions defined in a Hilbert
space. Therefore, S(t) is exponentially stable if and only if the imaginary azis is contained in
the resolvent of A and

lim [|(GAZ — A) ™| £() < o0 (9)

[A]|— o0

Now, we follow the arguments already used in the book of Liu and Zheng'®!. First, we

assume that the imaginary axis and the spectrum have a non-empty intersection. We conclude
that there exist a sequence of real numbers (of course converging to a real number) A, with
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An — w and |A,| < |w| and a sequence of corresponding vectors U,, = (@, 0n,&n, dn) in the
domain of A and with unit norm, such that

lGAZ — A)U, || — 0.

It then follows

iNpan, =60, =0 in WhHZ (10)
Xy — & — 0 in W2 (11)
ITA* A — (K —771QQ")Aay, — (k— 7 'Q*)A + 4%¢,

- (AT Iy - Q) AY, — 0 in L2 (12)
iV \bn — Q*an — QO + 7", — 0 in WH2, (13)

In view of the dissipation, we see 6,,, ¢, — 0 in W2, Therefore, we also have a,, — 0 in W12,
If we now consider the convergence (12) multiplied by A, '&,, after the use of the integration
by parts, we obtain that &, — 0 in L2. This contradicts the condition that the elements of the
sequence have unit norm. Therefore, we can conclude that iR C p(A).

Now, we want to prove that the asymptotic condition (9) also holds. In the case that this
condition does not hold, there exist a sequence of real numbers \,, with |\, | — oo and another
sequence of unit norm vectors Uy, = (an, O, &n, ) in D(A) in such a way that (10)—(13) hold.
Therefore, we can proceed in an analogous way as we show that the imaginary axis is contained
in the resolvent of the operator, because the key point is to note that the sequence \,, does not
tend to zero. Thus, it leads to a contradiction, and the condition (9) is also true.

We have proved the following.

Theorem 3 Let us assume that the previous conditions hold. Then, the operator A pro-
duces an exponentially stable semigroup; that is, we can find two positive constants M and w
such that

U@ < M exp(—wt)[|U(0)]]

for every U(0) € D(A).
4 Thermoelastic case

In this section, we prove the existence of solutions to the problem determined by the general
system (1)—(3). Apart from the initial and boundary conditions (4)—(5), we also impose in this
section that

ui(wv O) = uiO(w)a ﬂi(il?, 0) = viO(w)v x € B, (14)

and
u;(x,t) =0, x€dB, t>0. (15)

In what follows, we will show an existence theorem for the solutions to the problem de-
termined by the system (1)—(3) with conditions (4)—(5) and (14)—(15). The existence will be
shown in a suitable Hilbert space. In this section, we will work with the space

H =W,?(B) x L*(B) x Wo*(B) x Wyg*(B) x L*(B) x Wy*(B),

and, for every (u,v,,0,&,¢), (u*,v*, a*, 0% &, ¢*) € H, we define the inner product

* * * * * * 1 * * * * * *
<(uavva707£7¢)a(u U, & 79 75 a¢ )> = Q/B(pvivi +,LL u’ivjui,j +()‘ +M )Ui,iuj,j

+ A0+ 7180 + 7)) + K*V(a+ 10)V(a* + 70%)
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+7kVOVO*++"V(p+7G)V(¢* + TG*)+TyVGVG*
—Q*"(V(a+710)V(¢p*+7G*)+V (a* +70*)V (9" +7G))
- 1Q(VOVG* + VO*VG))dv.

Again, our problem can be written in the form of system (7), where U = (u, v, «,0,§, ¢) and
Us = (w0, vo, o, 0o, &0, ¢0), whenever we define the operator

(173 v,
Vi pH (W i gy + (N A+ i) i — B0 + 7E4))

Al S| = 0
9 é‘ 5
£ (AN (=B v + 7 H (M1 Aa + MaAO + M3A¢)) — 77 1¢
¢ Y HQ a + QB —7"¢)

where
M=k —77'QQ, Ma=k—~7'Q% Ms=—(Q" —7'Qv").
The domain of the operator is given by the elements in the Hilbert space H such that

ue W22 weW,? €ceW,? MAa+ MAI+ MsAg e L2

Therefore, it is a dense subspace. We have that the relation (8) also holds in this case. That
is, we find

1
Re(AU,U) = -, / (kY% + VG2 — Q(VOVG + VOVG))dv.
B

Thus, to prove the existence of a semigroup of linear operators, it is sufficient to show that
zero belongs to the resolvent of the operator. We consider L = (nq1,mn9,l1,l2,13,l4) in the
Hilbert space, and we need to show the existence of an element in the domain of the operator
such that AU = L. It leads to the following system:

vV =ny, 62117 €:l2) Q*Q+Q9_'Y¢:'Yl4a
— 6*1)1"1‘ + M1 Ao + MyA6 + M3A¢ — A*f = TA*lg,
wrui g+ (N + 5 )ug i — 670, +780) = pnai.

As in the case of the rigid solid, we can also obtain ¢.
We can find the expressions of v, 0, and £, and our system reduces to

k* (Q*)Q A — * * * _
( — o ) a=F, u ui,jj—k()\ +u )UjJi—FQi.
This system admits a solution in the domain of the operator and we obtain the following.

Theorem 4 The operator A generates a contractive semigroup.

We may conclude the stability of solutions as well as the well-posedness in the three-
dimensional case.

The exponential decay of solutions in the general case cannot be expected. We should find
that the behavior is similar to the usual one for the MGT thermoelasticity; however, it is
obvious that the combination of the arguments proposed in this section, with those used in the
previous one, would allow us to prove, in the one-dimensional setting, the exponential decay of
solutions. Anyway, we do not give the details in order to shorten the length of the paper.
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