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We present a mathematical model for linear magneto-electro-thermo-elastic continua, as
sensors and actuators can be thought of, and prove the well-posedness of the dynamic and
quasi-static problems. The two proofs are accomplished, respectively, by means of the
Hille-Yosida theory and of the Faedo-Galerkin method. A validation of the quasi-static
hypothesis is provided by a nondimensionalization of the dynamic problem equations. We
also hint at the study of the convergence of the solution to the dynamic problem to that
to the quasi-static problem as a small parameter — the ratio of the largest propagation
speed for an elastic wave in the body to the speed of light — tends to zero.

Keywords: piezoelectricity; magnetostriction; pyroelectricity; pyromagnetism; smart
structures; sensors; actuators; nondimensionalization; multiscale problems; semigroups.

Introduction

When an elastic structure is subjected to a system of external loads, it undergoes a
passive deformation. In the case of the so-called smart structures, the strain state is
constantly under control by means of sensors and actuators, usually made of piezo-
electric and/or magnetostrictive materials and integrated within the structure. In
this paper, we consider magneto-electro-thermo-elastic materials as smart mate-
rials. The mechanical coupling of piezoelectric and magnetostrictive components
in such structures gives rise to the so-called magnetoelectric effect, which is not
present in the individual components. Typical geometries where such an effect may
take place are given, for instance, by multilayer composites [20,21], by structures
made up of a homogeneous matrix within which particles of various form (mostly
ellipsoidal) are dispersed [12,13], or even fibrous materials, where parallel cylinders
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are inserted into the homogeneous matrix [1]. For a detailed description of the cou-
plings and the multiphysical phenomenologies occurring in such structures, as well
as of their applications, see, e.g., references [2], [9], [16], [17], [23] and [26]. In most
literature, the coupling between mechanical and magnetic effects is expressed by
a linear constitutive equation, and thus the word ‘magnetostrictive’ is replaced by
piezomagnetic; we will adopt the same point of view and convention in the sequel.
The goal of this work is to enrich the classic models of piezoelectric and piezo-
magnetic sensors, by taking account of the temperature influence, which in some
cases cannot be neglected; for instance, the effects of pyroelectricity and pyromag-
netism may be relevant for what concerns energy harvesting performances [20]. To
this purpose, it is necessary to add one further equation to the model, i.e., the en-
ergy balance. A distinctive feature of the problems encountered in applications is the
presence of several parameters, which show the coexistence of different scales: for
instance, the thickness of the piezoelectric/piezomagnetic layer may be small with
respect to the other dimensions of the structure, the temperature influence may
be relevant only on certain unknowns or on certain parts of the multi-structure,
etc. In most situations, the superimposition of two wave propagation phenomena
characterized by completely different velocities, as is the case with elastic and elec-
tromagnetic waves, entails an unworkable numerical treatment of the problem. This
issue can be addressed by resorting to a quasi-static model, where the expression
‘quasi-static’ refers to the assumption that the electric and magnetic fields can be
expressed as gradients of the corresponding potentials. This assumption is justified
by means of a nondimensionalization procedure, carried out on the equations of the
problem, which points out the influence of a small parameter § — namely, the ratio
between the largest propagation speed for an elastic wave in the body and the speed
of light. Such a procedure was performed in [18] for a piezoelectric material without
considering the temperature effects; an a priori quasi-static assumption was made,
e.g., in [4] and [25] in the case of a thermo-piezoelectric material, whereas the same
hypothesis for a magneto-electro-thermo-elastic material was made in [1] and [3].
In this paper, after discussing modeling aspects, attention is focused on the
well-posedness of the problem in its most general setting — referred to as dynamic
problem in the sequel — whose proof is accomplished by virtue of the Hille-Yosida
theory (Section 1). In Section 2, a formal nondimensionalization of the equations is
performed, so as (i) to extend the results by [18] and (i7) to justify the quasi-static
assumption of [1], [3], [4] and [25]; then, the well-posedness of the quasi-static prob-
lem is obtained by virtue of the Faedo-Galerkin method, along the lines of Lions
and Miara [24,25]. Finally, we provide another justification of the convergence of the
solution to the dynamic problem to that of the quasi-static problem as § — 0. We
conclude with a discussion about the rigorous mathematical justification of this con-
vergence and an overview about addressed and unaddressed problems related to the
mathematical modeling of smart materials. Typical numerical values of the material
parameters involved in the problem are listed in Table 1 of the Appendix. These
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values have been obtained from [22] taking into account the corrections pointed out
by [14], [20] and [32] and adding an estimation of the calorific capacity from [21]
and of the thermal conductivity from [27].

Notation

In what follows, we always assume a cartesian frame to have been fixed once and
for all in the usual three-dimensional euclidean point space. Thus, we identify with
(and denote by) R3 both this space and its associated translation vector space.
Throughout the paper, @ C R? denotes an open, bounded, connected region, with
Lipschitz-continuous boundary 02, occupied by a continuum made of magneto-
electro-thermo-elastic material in its reference configuration. The typical point of
Q is denoted by x and time by ¢. A function and its typical value are denoted by
the same letter. Time derivative of (scalar, vector or tensor) field ® is denoted by
either ® or §,® 2. Scalars are denoted by light-face letters, vector and tensor fields
of any order by bold-face letters. The word ‘tensor’ is used as a synonym of ‘linear
transformation between vector spaces’; as is customary in continuum mechanics.
Unless noted otherwise, the matrix representation of tensor A (with respect to the
fixed cartesian base) is denoted by [A]. The scalar product of tensors A and B
is denoted® by A : B, of vectors a and b by a - b, the cross product by a x b,
and the euclidean norm of a by |a|. The symmetric part of second-order tensor
A is denoted by sym A, the linear space of symmetric second-order tensors by
Sym. At times, we also make use of Einstein’s summation convention, whereby
the summation symbol is suppressed and summation over all possible values of an
index is signaled implicitly by the fact that it occurs twice in a monomial term. The
following notations are also used:

L2(Q) := [L2(Q)]F for k=3,6, HY(Q) := [H}(Q)]?,
L%(D) := [L2(I)]? for T C 99, H(curl,Q):={veL?(Q):VxveL*Q)},

where H'(Q) is the usual Hilbert-Sobolev space®.

1. Dynamic Problem

The system of field equations we resort to consists of the point-wise momentum bal-
ance equation for three-dimensional continua, Maxwell’s equations and the energy
balance equation, in its version adapted to deformable electromagnetic materials

2All three denote a partial derivative, as all formulations hold in a fixed reference domain.
bBy definition, A : B := tr(ABT) = ?,j:l A;;Bij for A and B arbitrary second-order tensors.
¢See [6] and, in particular, [7] and [15] for a detailed description of H(curl, 2).
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(see, e.g., [10] for the case of a thermo-piezoelectric material):

pu—dive =f e, t>0,
divD = p, e, t>0,
divB =0 reQ, t>0,
; (1.1)
D-VxH=-J e, t>0,
B+VxE=0 zeQ, t>0,
é+divq—o:é—-D-E—B-H=h zeQ, t>0,

where p is the mass density, p. the free electric charge volume density, o the Cauchy
stress tensor, D the electric displacement, B the magnetic induction, € the internal
energy per unit volume, q the heat influx, f the body force, J an external cur-
rent density, h an external heat supply, e = e(u) = sym Vu the strain tensor, u
the displacement field, E the electric field and H the magnetic field. Equations
(1.1), to (1.1), are usually referred to as, respectively, Gauss’s law, Gauss’s law for
magnetism, Ampére’s circuital law and Faraday’s law of induction. We explicitly re-
mark that p. and J obey the following continuity equation (conservation of electric
charge):

Pe+divl =0, z€Q, t>0. (1.2)

Boundary and initial conditions will be detailed later.

1.1. Constitutive Assumptions

The model presented here is formulated in terms of four unknowns: the displacement
field u, the electric field E, the magnetic field H and the absolute temperature 7'
However, in most situations, it is more convenient to replace T' by the temperature
variation 6 with respect to a reference value Ty. In this section we introduce the
linear coupled constitutive equations relating the set of state quantities (e, E,H, ),
with e = sym Vu, to the corresponding set of dual quantities (o,D, B, s) where s
is the entropy per unit volume, and show that these equations are consistent with
continuum thermodynamics (see, e.g., [8] or [10]).

The point-wise version of the Second Principle of Thermodynamics (entropy
imbalance) reads

§> —div(T 'q)+ T 'h, 2€Q, t>0, (1.3)

with T" > 0 the absolute temperature. Upon introducing the electromagnetic en-
thalpy

G=e—-Ts—-D-E—-B-H (1.4)

it is easy to arrive at the following version of the entropy imbalance, which does
not involve the heat supply h:

G+s—oc:e+D-E+B-H+T 'q VI <0; (1.5)
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for this reason, (1.5) is often referred to as reduced dissipation inequality. The in-
equality suggests that the quantities in the need of constitutive specifications are
electromagnetic enthalpy, entropy, stress, electric displacement, magnetic induction
and heat influx. We make the following constitutive assumptions:

G=G(e,E,H T,VT), s=s(e,E,H,T,VT), q=q(e,E,H,T,VT),
o=o(e,E,H,T,VT), D=D(e,E HT,VT), B=B(e,EHTVT),
with which (1.5) takes the form
OvrG - VT 4 (0.G — o) : é+ (907G + s)T + (0gG + D) - E+
+(aG+B) - H+T 'q- VT <0

and require, as in [11], that (1.6) be satisfied whatever the local continuation of
any conceivable process; that is, on defining the state © := (e, E,H,T,VT) €
Sym x R? x R? x R x R3, (1.6) must hold whatever © at whatever state ©. It follows
that:

(1.6)

OovrG =0 G =G(e,E,H,T),
s(e, E;H, T) = —0rG(e,E,H,T), o(e,E.H,T) = 0.G(e, E,H,T),
D(e,E,H,T) = —0gG(e,E,H,T), B(e,E,H,T) = —0uG(e,E,H,T),
q(e, E,H,T,VT)-VT <0.
We have now to assign the expression of G in terms of the state quantities. With
a view toward getting linear constitutive equations, we introduce the temperature
variation 6, by writing
T(x,t) =To+6(z,t), z€Q, t>0,

sup O(x,t)/Ty <1 Vt>0,
zeQ

(1.7)

with Tp > 0 the (constant) reference temperature of the body; we replace T' by 6 in
the list of state quantities and choosed

G:G(e,E,H,G):(;Ce—PTE—RTH—[w) :e—%XE-E—%MH-H+

—aE-H—(p-E—|—m-H)0—%cU02.
(1.8)
Let © := (e, E, H, 0) € Sym x R? x R3 x R. It follows from (1.7) that (see, e.g., [3],
[20], [33]):
= 0(0) = Ce—P"E—-R"H — 30,

D(©) = Pe+ XE + aH + pb,

~ (1.9)
B(0) = Re + aE + MH + m/,
)

W O 9
[

s=s0)=F:e+p-E+m-H+ 6.

dPhysical meaning and hypotheses on the constitutive parameters are set forth hereinafter.
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In constitutive equations (1.9), C = (Cyjie), P = (Pijx), R = (Rijr), X = (Xij),
M = (My5), B = (Bij), o« = (a45), p = (pi), m = (m;) and ¢, represent, respectively,
the elasticity tensor, the piezoelectric tensor, the piezomagnetic tensor, the dielectric
permittivity tensor, the magnetic permeability tensor, the thermal stress tensor, the
magneto-electric tensor, the pyroelectric vector, the pyromagnetic vector, and the
calorific capacity, defined such that c,T be the specific heat per unit volume of
the material. Moreover, it can be shown that, whatever the values of the other
state variables, the heat influx is null as long as the temperature gradient is; thus,
mimicking the constitutive assumption of classic heat conduction, we can generally
represent q as

a=q(0,V) = —K(0,V)V,

with K = K(©, V) a sccond-order tensor. In order to satisfy (1.7)4, K must obey
the following general condition, for any fixed O:

KVH-V0 >0, VYVOecR3.

In the sequel, we shall consider K independent of the state variables. Hence, in
addition to constitutive relationships (1.9), we have Fourier’s law:

q=q(Ve) =-KV6. (1.10)
In (1.10), K = (K;;) is the thermal conductivity tensor.

1.2. Assumptions on the Material Parameters

The symmetry and positivity conditions we require to be satisfied by density and
constitutive parameters are listed below.

e The density p is positive:
p>0, peL>(Q). (1.11)
e The fourth-order elasticity tensor C = (Cjjke) is symmetric and positive
definite:
Cijke = Cjire = Craij = Cijur,  Cijie € L>(Q),
Cijkgbk[bij > CZi,j |bij|27 for all b” = bji eR, C>0.

e The third-order piezoelectric tensor® P = (P;;1) is symmetric with respect
to the two last indices:

Piji, = Piyj, Pijr € L™(Q).

¢By ‘third-order tensor’ we mean a linear transformation of the vector space of all second-order
tensors into R3. For P a third-order tensor, its transpose P7 maps R onto the space of second-
order tensors. In cartesian components, the following identity holds:

T _ p..
P = Prij-
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o The third-order piezomagnetic tensor R = (R;;1) is symmetric with respect
to the two last indices:

Riji = Rikj, Rijr € L=(Q).
o The second-order dielectric permittivity tensor X = (X;;) is symmetric and
positive definite:
Xij = in, Xij S LOO(Q),
Xijaja; > XY, la;|?, forala; eR, X >0.

e The second-order magnetic permeability tensor M = (M;;) is symmetric

and positive definite:
Mij = Mji, Mij S LOO(Q), (1 12)
Miaja; > p>-,la;|?, for all a; € R, > 0. '

e The second-order thermal stress tensor 3 = (8;;) is symmetric:
Bij = Bji, Bij € L>(9Q). (1.13)
o The second-order magneto-electric tensor ov = (a;;) is symmetric:
Qij = i, oy € L2(Q).
e The pyroelectric vector p = (p;) is such that
pi € L=(Q). (1.14)
e The pyromagnetic vector m = (m;) is such that
m; € L(Q). (1.15)
e The calorific capacity c, is positive:
¢ >0, ¢, € L®(Q). (1.16)

o The second-order thermal conductivity tensor K = (Kj;) is symmetric and
positive definite:
Kij = th Kij S LOO(Q),
Kijaja; > K>, |a;]?, foralla; € R, K > 0.

e The following symmetric matrix, referred to in the sequel as coupling matrix

(see [25])
(X] la] [p]
[M]:= | [a] [M] [m]
[p]" (m]" ¢,

is positive definite, i.e., there exists a constant .# > 0 such that
Mx-x > . #|x)?, ¥x € R"=R3xR* xR,
or, more explicitly,

Xijaja; + M;jbib; + 2ai;a5b; + 2(prak)d + 2(myag)d + c,d* >

1.1
> C(aia; + bib; + d?), for all a;,b;,d € R. (1.17)
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1.3. Field and Boundary Equations

Before making explicit the complete system of governing equations, we make some
remarks on the energy balance equation. From (1.4) and (1.7), it follows that

é=oc:e+Ti+D-E+B-H;
with which the energy balance (1.1), takes the form
T + divg = h;
by (1.9), and (1.10), the last equation reads
T(cv9+ﬁ:é+p~E+m~H) — divKVé = h,

where T' = Ty + 0. The left-hand side of this equation contains nonlinear terms
(products of # and time derivatives of the unknowns); upon neglecting them and
setting r := h/Tp, we obtain the following linearized version of the energy balance:

. . . 1
cv9+,8:é+p~E+mon?divKVHZT. (1.18)
0

All'in all, by virtue of (1.9) and (1.10), the system of field equations (1.1) in the

list of unknowns U := (u, E, H, §) becomes!:

pii — divCe(u) + divPTE + divRTH + div 30 = f z€eN, t>0,

div (Pe(u) + XE + aH + pf) = p. zeQ, t>0,
div(Re(u) + aE + MH + mf) =0 xeN, t>0,
XE + Pe(it) + aH + pf — V x H= —J veq, t>o0, (19
MH + Re(i) + aE+mf + VX E =0 z e, t>0,
cﬁ—ﬁ-ﬁ:e(ﬁ)—i—p-E—i—m-H—TiodiVKVGZT xreQ, t>0.

Remark 1.1. Note that (1.19) contains twelve scalar equations in ten scalar un-
knowns. Nevertheless, as we shall show in subsection 1.4, equations (1.19), and
(1.19), actually just play the role of compatibility conditions on initial and bound-
ary data, as well as on the free electric charge density p..

This system is equipped with the following initial conditions, for any x € Q:
E(z,0) = Eo(z), H(z,0) = Ho(x),
u(z,0) =ug(x), a(z,0) =uy(z), 6(x,0) = Hy(x),
and with suitable boundary conditions. In particular, let ¢ > 0 and let n be the
outer unit normal vector field on 9. As in [34], we consider four time-independent

partitions of 99: (FmDaFmN)a (FeD,FeN); (FQD,FgN) and (FtDartN) with FmD,
I'ep I'yp and I';p of strictly positive surface measure. We assign boundary values

(1.20)

fHenceforth, to point out the unknowns of the problem, we replace the list of state quantities e)
by the list of unknowns U (and V@ by 0) in the constitutive relationships.
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pertaining to mechanical quantities on I';,, p and I';,, v, to electrical quantities on I'ep
and I'cy, to magnetic quantities on I'yp and I'gx and to thermal quantities on I'yp
and I'yy. Namely, we assume that the body is clamped along I',,, p and subjected to
surface traction g on I';, 5. Next, it is subjected to a vanishing temperature variation
along I';p and to heat influx g on I'yy. Furthermore, the body is in contact with a
perfect conductor on I'. p and with an infinitely permeable medium on I'yp, whereas
it carries an electric charge surface density d on I'.y and a magnetic charge surface
density b on I'jy. Hence, for any ¢t > 0, we have

cUUln=g onl,y, u=0 on T, p,
D(Z/N{on:d onl'.y, Exn=0onTl.p,
B(Zj)-n:b onTgy, Hxn=0onT,p,
—qf) n=ponTyy, 6=0 on I'ip.

(1.21)

Along with boundary conditions, we introduce the following spaces:
H! ,(Q):={veH(Q):v=00onT,p},
H!p(Q):={ve H () :v=00onTyp},
and use analogous definitions for H};,(Q) and H,;(Q2)#; finally, let
H.p(curl,Q):={veH(cur,Q): vxn=0onT.p}

and analogously for H,p(curl, Q) (see, again, [7] and [15]).

1.4. Existence and Uniqueness

In order to establish the well-posedness of the problem, we work in the context of the
semigroup theory; in particular, we resort to the Hille-Yosida theorem for abstract
linear differential equations with a source term [6], whose statement is recalled in
the appendix. The main results of this subsection are summarized in the following
statement.

Theorem 1.1. Let T > 0. Assume the initial and boundary values have the fol-
lowing regqularity properties:

(up, u1, Eg, Ho,6p) € H. /() x HY 5 (Q) x Hep(curl, Q) x Hyp(curl, Q) x HlH(£),
div(Ce(uo) -~ PTE; - R"H, — ﬁ@o) € L3(Q), divKVl, € L?(Q),
g € C3([0, T L? (D)), 0 € C%([0,T]; L* (D)),
d(-,t) € L'(Ten) and  b(-,t) € LY (Tyy) VYt € [0,7].
Also, let the source terms be such that

feC([0,T];L*(Q), pe € H'(0,T;L2(2)) N CO([0,T]; L*()),
J e CH([0,T)L2(Q), re C([0,T]; L*()),

&In particular, spaces H!,(Q) and H;D(Q) will be employed later, in the formulation of the
quasi-static problem. ‘
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and let the following compatibility conditions hold:

/ d(,O) dF+/ (Pe(uo) +XEo+aH0+p90) -ndl’ = / pe(~,0) d€,
Fen Tep Q

/ b(, O) dl’ + / (Re(uo) + aEy + MH, + m@o) -ndl’ =0.
FgN FgD

(1.22)
Finally, let the following electromagnetic duality hypothesis hold:
Igp=Ten and T'ep =Tyn. (1.23)
Then, problem (1.19)-(1.20)-(1.21) admits a unique strong solution (u, E,H, ) sat-
1sfying
u € C2([0, T|; L*(Q)) N CH([0, T]; Hy, 5 (9)),
E € CY([0,T); L2(Q)) N C°([0, T); Hep (curl, Q)),
H e C'([0,7]; L*(22)) N C°([0, T); Hyp(curl, ©2)),
0 € CH([0, T]; L*(Q)) N C([0, TT; Hyp ().

Proof. The proof is subdivided into six steps.

Step 1. With a view toward applying the Hille-Yosida theorem to our case, we
have first of all to reduce our system of field equations into a system of evolution
equations. Thus, we rewrite system (1.19) disregarding time-independent Maxwell’s
equations (1.19), and (1.19); and boundary conditions (1.21), ; and (1.21)3 ;; we
shall come back to these equations later. Therefore, we have

pii — divCe(u) + divP’E + divR"H + div 36 = f e, t>0,
XE +Pe(u) +aH+pd —VxH=-J zeQ, t>0,
MH + Re(it) + aE + mf + V x E = 0 req, t>0 (129
cvé—i-,@:e(u)+p~E+m'H—Ti0divKV9:r reQ, t>0.

with boundary conditions as in (1.21), except (1.21), ; and (1.21); ;.

Step 2. As we deal with non-homogeneous boundary conditions, we must introduce
trace liftings of the boundary values concerning the displacement field u and the
temperature variation 6. To do so, we resort to the following auxiliary problem —
actually, to a one-parameter family of static problems, where the parameter is time:

For any ¢ > 0, find G and 6 such that®
div (Ce(ti) — 8) = 0, z€Q,

. 1.25
B:e() — Tidivae =0, zeq, (1.25)
0

hfere we write @ and 0 in place of, respectively, u(-, t) and 5(, t) for the sake of notation.
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with boundary conditions:

{(Ce(ﬁ) — ,65)11 =g on 1_\va

=0 onT
p o mb; (1.26)
KVf-n=p on I'yy, 0

on I'yp.

Constitutive parameters and boundary values are the same as in (1.19). By resorting
to the Lax-Milgram theorem (see [19]) we see that, if boundary values are such that
g € C°([0, T L*(Trn)), 0 € C°([0,T]; L*(Trun)),

then problem (1.25)-(1.26) admits a unique solution (u, 5) with
R CU(0.THHL(9) .
0 € C*([0, T); Hip(Q)) n C*([0, T); Hg (2)),

with Hg () := {6 € L*(Q) : divKV0 € L?(Q)}'. On denoting v := 9,1, we have
Vlp, , = 0. We use functions u, v and 8 as trace liftings of boundary values (1.21),
and (1.21),. We shall come back to boundary conditions (1.21), ; and (1.21); , later
on.
Step 3. Let v := 0;u and

H:=H. ,(Q) x L*(Q) x L*(Q) x L*(Q) x L*(Q).

Then we can define

u
v
U=|E|, U:[0,T]—H.
H
0
We also introduce the trace-lifting vector
u u
v v
U=1]0 and U=U-U=|E|eH
0 H
o 0

We endow the Hilbert space H with the following scalar product:

(Ul,Ug)H ::/Ce(ul) :e(uy) dQ —|—/ vy - v dQ +

° o (1.28)

+/E1-E2dQ +/H1~H2dQ +/9192dﬂ,
Q Q Q

iThat 6 € C3([0, T); HR (R2)) follows from the fact that 4 € C3([0,T]; [H}, ,(22)]%) and from the
second equation of (1.25).
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for all Uy, Us € H. Also, we define the domain D(A) of the differential operator A
which is introduced hereinafter:

D(A) == {U € H: div (Ce(u) - PTE — RTH — 80) € L2(Q), e(v) € L2(1),
VxEcL?*), VxHeL*Q), divKVe € L*(Q),
(Ce(u) —P"E—-R"H - 80)n=0and KV6#-n =0 on I',
u=0andv=0onT,,p, # =0o0nIyp,
Exn=0onTl.p, Hxn:OoanD}.
(1.29)

Step 4. We are now in a position to write system (1.24) in the form of a differential
equation:

dU

ME + AU = F, (1.30)
0
= f
Fer-at- MY | g,
dt 0
with
[1] [0] [0] [o] [o] . _TV .
01 [0 [0 [0 ~div(Ce(u) - PTE - RTH - 36
M]=|1[0] [0] [X] [of [p] |, AU:= Pe(v) -V xH
(0] [0] [a] [M] [m] Re(v) +1V><E
[0] [0] [p]" [m]" ¢, B:e(v) - —divKVe

Note that, by (1.27), F € C''([0, T]; H) which is in accordance with the hypotheses
of the Hille-Yosida theorem. By the hypotheses set forth in subsection 1.2, [M] is a
symmetric and positive definite matrix, thus if M is regarded as an endomorphism of
V:=R3 x R3 x R? x R? x R, it is a symmetric and positive definite linear operator.
Therefore, M admits a unique square root M'/2, which is symmetric and positive
definite as well. We can then set

V= M1/2(7,
so as to give (1.30) the form:

%‘t/ +BV =F, B:=MV2AM V2 F = M7V2F.

Let us remark that V € D(B) if and only if U € D(A), since BV = M~Y2AU
for any V = M'/2U. Also, it is easy to check that, if M is symmetric and positive
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definite as an endomorphism of V with respect to the natural scalar product in V,
then M is self-adjoint and positive definite as a linear operator of H into itself with
respect to scalar product (1.28). Indeed, for any Uy, Us € H, by definition (1.28) it
results

(M0 3) =

Ce(uy) : e(uz) d2 +/ pvi - vo dQ) +/ M°x; - xo d€Q,
Q Q Q

where in the last term, x, = (E,,H,,0,)", v = 1,2. Now, the last two terms
correspond exactly to the submatrix of [M] obtained by eliminating the first row
and the first column, and this submatrix is symmetric and definite positive since
[M] is. By the hypotheses listed in subsection 1.2, C is symmetric and positive
definite as well. Hence we have

(MUlv UQ)H - (UlaMUQ)H; VUla U2 S ]HL
(MU,U),, > min{p_,.#,1}||U||3, VU € H,

where p_ :=infg p and .# denotes the coercivity constant of M€ (see (1.17)).

Step 5. In order to show that the problem

v +BV=F, t>0
dt (1.31)
V(0)=Vp

is well-posed for any ‘70 € D(B), we have to prove that B is maximal monotone.
Note that, since M : H — H is a self-adjoint positive definite operator (as well as
M~1/2) we have, for any V = M'/2U,

BV, V), = (MTV2AMTV2V V), = (AMTV2V MTY2V) = (AU, U),.

Thus, B is monotone if and only if A is monotone.

Monotonicity. The proof reduces to showing that A is monotone. For any
U € D(A), after integration by parts, we find:

(AU,U), =— / (Ce(n) - PYE —~RTH — B0)n - vdl — 1 (KV0 - n)d dT
99 Ty Joa

+/ ExH.ndF+i/Kv§.v§dQ.
20 Ty Jo

The first two integrals in the sum vanish, due to homogeneous boundary conditions;
also, 1/T; fQ KV -VOdQ > 0 since K is positive definite, thus:

(AT O), = |

ExH-ndF:/
aQ

Fep

E><H~ndF—|—/ ExH -ndl =

Pen

:/ E><H~ndF—|—/ ExH-ndl,
I'ep

FgD
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where the last equality holds by assumption (1.23). Taking into account the chain

of identities ExH-n = —E xn-H = H x n-E and boundary conditions (1.21),,

and (1.21); ,, the right-hand side of the last inequality vanishes as well, hence:
VU € D(A), (AU,U), >0,

i.e., A is monotone and so is B.

Mazximality. The operator B + Z, with Z the identity, is surjective from D(B)
into H, i.e., the problem

BV +V =F or, equivalently, AU+ MU = F (1.32)

admits a solution V € D(B) (U € D(A)) for any F € H. Using the notation
F = (F1,Fy,F3,Fy, F5), the first equation of system AU + MU = F reads

v=u-Fy, (1.33)
which can be substituted into the other equations to give
—div Ce (@) + divPTE + divRTH + div 80 + pti = F5 + pF 1,
Pe(il) - V x H+ XE + oH + pf = F5 + Pe(F;),
Re() + V x E + aE + MH + mf = F, + Re(F,),
1 ~ ~
B:e(u)— ?divKV9+p-E+m~H+cU0:F5+,8:e(F1).
0

(1.34)

Furthermore, (1.34), allows us to express E in terms of u, H, 6 and source terms F3
and F; after substituting this expression in the remaining equations, resorting to
the weak formulation of the obtained system and applying the Lax-Milgram lemma,
we obtain a solution

(W, H,0) € H., ,(Q) x Hyp(curl, Q) x H ()

for any F' € H, satisfying the homogeneous boundary conditions appearing in the
definition of D(A). Of course, by (1.33), v € H! () as well; also, one can verify
that E € H.p(curl, Q) by taking the curl of the expression giving E in terms of the
other unknowns and using equation (1.34).

Step 6. By taking the divergence of (1.24),, considering the continuity equation
(1.2) and integrating in time, we get!

divD(z,t) — divD(z,0) = pe(z,t) — pe(x,0), z€Q, t>0.
Now, the point-wise version of hypothesis (1.22), reads

divD(z,0) = pe(z,0), z€Q,

JHere we make explicit the dependence on z and t for more clarity.
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hence we recover
divD(z,t) = pe(x,t), €0, t>0,
i.e., equation (1.19),. By (1.22),, a completely analogous argument yields
divB(z,t) =divB(z,0) =0, z€Q,t>0,

i.e., equation (1.19),. Therefore, equations (1.19), and (1.19), are not actually in-
dependent of (1.19), and (1.19),, but they are a consequence of them and of (1.22).
O

Remark 1.2. The physical meaning of (1.22) is the following: the total volume
electric charge must equal the total surface electric charge at ¢ = 0, and hence at
any t > 0; analogously, the total surface magnetic charge must vanish at ¢t = 0, and
hence at any ¢ > 0.

1.5. Energy Functional

An energy evolution equation satisfied by the solution (u, E, H, ) of (1.24) can be
formally derived. Indeed, upon defining

1 1 1 1
£(t) ::f/pﬁ-udQ—f—f/Ce(u):e(u)dQ+f/XE~EdQ+f/MH~HdQ+
2 Ja 2 Ja 2 Ja 2 Ja

+1/cv92d9+/aE-HdQ+/(p-E)edQ+/(m-H)9dQ,
2 Q Q Q Q
(1.35)

and

1
L(t) ::/f~udQ—/J~EdQ+/r0dQ+/ g-adl'+ — 06 dT’, (1.36)
Q Q Q Do To Jr.x
then by taking the time derivative of £, using equations (1.24) and integrating by
parts, we get

E(t) + Ti/ KV6-V0dQ = L(t), Vt> 0. (1.37)
0JQ

The left-hand side of (1.37) can be thought of as the actual internal power, whereas
the right-hand side as the actual external power. The word ‘actual’ (in place of
virtual) is used here to stress the fact that (1.37) is not the variational formulation
of system (1.24); indeed, it has been derived considering the solution of (1.24).

Remark 1.3. Note that the free electric charge density p., as well as boundary
values b and d, do not appear in (1.36), since they just intervene in compatibility
conditions (1.22).



16 F. Bonaldi, G. Geymonat, F. Krasucki

2. Quasi-static Problem
2.1. Nondimensionalization of the Equations

With a view toward justifying the quasi-static hypothesis, i.e., the existence of two
scalar fields ¢ and ¢ — respectively, the electric and magnetic potentials — such that

E=-Vy and H=-V(, (2.1)

we nondimensionalize system (1.19) disregarding equations (1.19), and (1.19),,
which do not involve time derivatives of the unknowns; we shall come back to
these equations later on. Let V;(z, v) denote the square root of the j-th eigenvalue

of the acoustic tensor® associated with propagation direction v and evaluated at z,
and let
L
L:= sup |z—y|, Vi:= max_sup sup Vj(z,v), T :=—
z,y€Q =123 2€Q |v|=1 Vi

be, respectively, the characteristic size of €2, the maximum propagation speed for an
elastic wave in 2 and the typical time for an elastic wave to travel along distance
L. Following Imperiale and Joly [18], we introduce':

p+ :=supp(z), Py = sup IP(x)P(x)"]|2, R+ = sup [IR(z)R(z)"]l2,
e e

e
oy = sup|la(z)|[2, p+ =sup|p(z), m = sup [m(z)|,
e zEQ €N
tor = spen(z), By = swp 8@l Ky = sup|K@)]la,
zeQ € zEQ

and rewrite density and constitutive parameters as:

px) = pipr(E), C(x)=piVEC.(Z), Plax) = Py P.(Z),
R(x) =RyR, (§), X(2) =€ X, (%), M(z)=poM,.(%),

)= p+PT( )’ m
Blz) =6:6,(z), K

As for the unknowns, we write:

u(z, ) Lu(Z:7), E( t)=EEB(Z 7),
H(x,t) = H'H,(z,7), 0(z.t) =T"0:(Z. 7).

where €y and p are, respectlvely, the electric permittiv1ty and magnetic permeabil-

ity of the vacuum, and E*, H* and T* are to be properly chosen. We recall that

the speed of light is given by c¢o = (eguo) ™ 2.

KWe recall that the acoustic tensor A, associated with unit vector v (the propagation direction),
a tensor field over €2, is the second-order tensor defined by the following condition:

Aya:=p 'Cla®v]y, VacR3
where p is the density and C the elasticity tensor.

In the subsequent definitions, we use the notation ||A||2 := v/A : A for the norm of any second-
order tensor A.
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All in all, equations (1.19), and (1.19), to (1.19)4 become (we still denote by x
and t the scaled space and time variables):

prity — div Cre(uy) + {P } divPTE, + {RIH ] divRIH, + {MT*} div 8,6, = .,

P+ V2

X, B, + [ E] Pre(it,) + [€+§* ]arHr+ [ BT ] iy — [%})2{] [Vfi] VX H, = 3.,

M’!'HT‘ + [H?H*} Rre(ur) + [%} arEr + [%} mT'é’I' + [\/EE ] [%} V X Er =0,

VioTT*
corbrt+ [ 25=] By s elir) + [ 227 ] (pr - B) + [ 207 | (o - F) = [yt | div G, VO, =
(22)

All equations hold for z € Q and ¢ > 0, with Q := {z/£ : = € Q}, and all
coeflicients between square parentheses are dimensionless. We now choose the units
of measurement E*, H* and T™* in order that the following equalities hold:

. P E* Py p+E*  pTT
JOE" = JigH* - - :
© HOE D VE T @B e TF ek

—v = mr=v )= =y [P (2.3)
€0 Ho Cot

Note that this choice of E*, H* and T™ ensures symmetry of all other coupling

This yields

coefficients as well, namely,
B+T* - ,6+ RJ’_H* - R+ O[+H* o Oé+E* m+T* - m+H*
prVE e T piVE poH* eBE*  poH* poH* e T

Upon setting
s Ve
=
we can rewrite equations (2.2), and (2.2), respectively as follows:

VXxE,=-§ (M,.HT + kRre(0,) + g co o By + v mrér> ,

VxH,=¢ (XrEr + XPre(ur) + aqco oH, + gprer + Jr) 5

with
I F S S
Vi/iopy VI0Coy Vi/eopt NG

Considering the numerical values of density and elastic moduli for the most classic
example of magneto-electro-thermo-elastic composite, i.e., BaTiO3—CoFe;04 with

a volume fraction of BaTiO3 equal to 0.6 (see Table 1 in the Appendix), it results
Vi ~5980m/s, pi =5600kg/m’,
which give, along with the values of the other constitutive parameters,

§~2-107° a4 ~0.75, k~0.78, ©v~03, x~9, ¢~23.
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Therefore, if the right-hand sides of equations (2.4) remain bounded for any ¢ > 0,
then, in the limit § — 0, we obtain

VxE,.=0 and V xH, =0,

which means that there exist an electric potential ¢, and a magnetic potential (,
such that

E, = _V(pr and H, = _VC’I“ﬂ

i.e., the quasi-static hypothesis (2.1).

2.2. Quast-static Problem

As a result, we can remove equations (1.19), and (1.19), from system (1.19), intro-
duce the new list of unknowns U := (u, ¢, (,0) and rewrite (1.9)-(1.10) as

o(U) = Ce(u) + PTVyp + RTV( — B9,
DU) = Pe(u) — XVyp — aV({+ pb,
B(U) = Re(u) — aVyp — MV( + mé, (2.5)
sUU)=PB:e(u) —p- Vo —m-V(+cb,
q(f) = —KVo.
Also, (1.19) becomes
pu—dive(Ud) =f xe, t>0,
divD(U) = pe x e, t>0,
divB(U) = 0 2eQ, t>0, (2.6)

1
é(U)—l—?divq(H):r r€N, t>0,
0

with initial conditions

ocUm=g onl,,ny, u=0onTl,p,
DU) n=d onT.n, ¢=0o0nT.p, (2.8)
BU) n=b onTyn, (=0 onTlyp, .

—qf) n=ponTiy, 6=0 onTyp.

Let us remark (see [25]) that there is no need for imposing initial conditions on ¢
and ¢, since they are formally given by the unique solution (g, (p) of the following
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system, for given (ug, )™
divD(U(0)) = div (Pe(ug) — XVg — aV{y + phy) = pe(0) in Q,
divB(U(0)) = div (Re(ug) — aVyy — MV (s + mby) =0 in ,
D(U(0)) -n=4d(0) on T'en, po =0o0n I'ep,
B(U(O)) -n = b(O) on Fg]\“ C() =0on FgD-

2.3. Energy Functional

As in the case of problem (1.24), we can define a quasi-static energy
1 1
Eqgs(t) == 7/ pu-udQ + f/ Ce(u) : e(u)dQ +
2 Ja 2 Ja
1 1 1 )
+ - | XVp -Ved +- [ MV(-VCdQ+ = [ ¢,0°dQ+  (2.9)
2 Ja 2 Ja 2 Ja

+/9an0-VCdQ—/Q(p~Vgo)9de/Q(m~VC)0dQ

and a quasi-static external power

Lys(t) ::/Qf-udﬂ +/Qpeg0d(2 +/Qr9dQ+

. . ' (2.10)
+/ g udl + — gadr—/ d@dF—/ b¢ AT
N To T Fen Fgn
to get the evolution equation (see [25])
; 1
ROR 7/ KV0-V0dQ = Lys(t), Vit > 0. (2.11)
0Ja

Remark 2.1. Note that £(t) = &;(t) for any t > 0, and that, unlike in the case
of (1.37), here the time derivatives of p., d and b are present in the expression of
the actual external power on the right-hand side of (2.11).

2.4. Ezistence and Uniqueness

Set Ty = 1 for simplicity and denote by (-, -) the scalar product™ in L?(Q2) or L?(12).
For any otherfixed t € (0,T'), a weak version of (2.6)-(2.8) takes the following form:

AU(t),V) = L(V), (2.12)
for all V = (v,9,&,n) € H), 5 (Q) x Hl5(Q) x H)p(9) x H/p(), with
Ut) € H,p(Q) x Hp(Q) x H;D(Q) x Hip(€),
™This statement will be detailed in Remark 2.3 and proven in Lemma 2.1.

"We shall denote by || - || the corresponding norm, unless noted otherwise. The scalar product in
L%(T) or L2(T"), for T' C 99, will be denoted analogously, with a proper subscript.
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where
AU(E),V) = (pia(t), v) + c(a(t), n) + (e,0(t),n) — d(&(t),n) — e({(1),
+au(u(t),v) +b(p(t), v) — b(v, u(t) + £(C(1), v) — (& ult)+
—c(v, 0(1)) + ap(p(t), ¥) + ac(C(t), §) + (¢
—d(¥,0(t)) — e(&,0(t)) + ao(0(t), n),
L(V) = (£(@),v) + (r(),n) + (pe(t), ¥) + (&(1), V)L2(r,.0) +
+(e(t); m)L2(ron) = (d(8), ) L2(r.) = (b(); §) L2(0y0)-

=
=
+
=N
S

=
o
+

where the bilinear forms au('7 ')7 a%’('v ')a GC(~, ')7 a@('7 ')a b(7 ')a C('v ')7 d(7 ')a 6(', ')7
(), g(-,-) are defined as follows:

a,(u.v) = [ Ce(w):e(v) 40, a(e.0) = [ XVe-Vpaa

ac(C,€) :z/ﬂMVQVfdQ, ag(0,n) ;:/QKva.vndQ,

) = [ PTG e)dn () = [ 0B efu)ds (2.14)
dlp,n) = /Q np - Vs, e(C,) = /Q —_——

flew) = [ RTVE: ewd2  g(0.0):= [ avi-vean.

Remark 2.2. Note that time derivatives of the unknowns are present in some terms
in the definition of A(U(t),V). We shall give a precise meaning to such terms, as
well as to initial conditions (2.7), in the statement of the existence and uniqueness
theorem; furthermore we point out that all the terms containing first-order time
derivatives are integrated against n € H},(9).

Remark 2.3. As noted previously, initial conditions on ¢ and ¢ are given by equa-
tions (2.6), and (2.6),, along with the corresponding boundary conditions. Hence,
(0, C0) € Hlp(Q) x H)p(§) is the unique solution to the following boundary value
problem:
alﬂ(gooa w) + aC(COa 5) + g(<07 ¢) + 9(%007 g) = (pe(O), ¢) - (d(o)v w)L2(FeN)+
=(b(0), ) 2(r, ) + b(¥,10) + f(§,10) + d(¢,00) + e(€,60),
Y(y,€) € HIp(Q) x H;D(Q)'
(2.15)

Lemma 2.1. Problem (2.15) is well-posed.

Proof. Hypothesis (1.17) implies that the submatrix
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of [M*] is symmetric and positive definite. Let W := H}1,(Q) x H;5(Q). Then, by
definitions (2.14), the left-hand side of (2.15) is a continuous and coercive bilin-
ear form (yet symmetric) over W x W, and by the continuity of the trace opera-
tor, Poincaré’s and Cauchy-Schwarz inequalities, the right-hand side of (2.15) is a
bounded linear functional over W. The result follows by the Lax-Milgram theorem.

O

Before giving the statement of well-posedness for the quasi-static problem, we in-
troduce the spaces HY, , () and H;,(€2) as the dual spaces of, respectively, H! ()
and H},(f2), ie., the spaces of continuous linear functionals over H} () and
H}H (). As HY () and H}(Q) are dense and continuously embedded in L?(2)
and L?(Q) respectively, then we have [6, 28]

H),5(Q) C L*(Q) ~ [L*(Q)]" C H}, (),
Hip(Q) € L*(Q) ~ [LQ(Q)]* C H/p(92),

where we have used an analogous notation for the dual spaces of L*(Q) and L?(12),
and the identification is realized by means of the Riesz-Fréchet representation theo-
rem, being L2(Q) and L?(Q) the pivot spaces. In the sequel, we adopt an analogous
notation: the linear actions of £ € H () or £ € H;,(2) on the corresponding
elements v € H! ,(Q) and n € H},(Q) are denoted by (¢,v) and (¢,n), without
including subscripts, as meaning will be clear from the context®.

The results about existence and uniqueness for the quasi-static problem are
summarized in the following statement.

Theorem 2.1. Let T > 0. Assume the following regularity properties on the initial
data:

(ug,u1,6) € Hy, () x L*(Q) x H/5(Q),
the following regularity properties on source and boundary values:

f e L2(0,T; L2(Q)),

pe € H'(0,T; L*(Q)) N CO([0, T; L*(Q2)),

re L2(0,T; L3()),

g e H*(0,T;L*(Tyn)) N CH[0, T); L (Dpn ),
d € H'(0,T; L*(T.)) N CO((0, T} L*(Ten)):
be HY0,T; L3(Tyy)) N CO([0,T]; L3(Tyn)),
o€ L*0,T; L*(Tyn)),

°Clearly, if £ € L2(Q2) then (¢,v) = (£,v), Vv € H] ,(Q) and analogously for £ € L?(£2) and
v € HlL(Q).
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and the following compatibility conditions:

(0) U(u07 $0> CO) 90)1’1 on Fm,Nv

(0) D(u SD()ngaGO) on FeNa
b(0) = B(uo, ¥0,¢0,00) -n on Lyy,
0(0) = —q(fp) -n on I'in.

Then, problem (2.12) admits a unique solution U = (u, ¢, (,0) such that:

u € L*(0,T; HY, 5 (€2)) N C°([0, T]; L3(%2)),

u e L?(0,T;L3(Q)),

pu € L?(0,T; sHY (),

p € L*(0,T; H!p(1),

¢ € L2(0,T; Hp(Q),

6 € L*0,T; HtlD( ),

c,f+ B :e() —p- Ve —m- Vi e L2(0,T; Hip ().

Remark 2.4. Based on the solution regularity, the left-hand side terms (pu(t),v)
and (¢, 0(t),n)+c(a(t),n)—d(o(t),n)—e(((t),n) in (2.12) are actually to be thought

of as duality pairings.

Proof. We split the proof into six steps.

Step 1. First we consider, as in Step 2 of the proof of Theorem 1.1, the following

auxiliary problem for any ¢ > 0:

divCe(u) =0, z€Q,
Ce( ) =8 on 1—"n’LZ\fa

Analogously to (1.25)-(1.26), provided
g € H*(0, T;L2(Tpy)) N CH([0, T L2 (Tin)),
this problem admits a unique solution

U € H*(0,T;H,,p(Q) N CH([0, T]: Hy, p ().

Let @ := u — U; we rewrite (2.12) in terms of the list of unknowns U :=

Then, by (2.13), we have
AWU(),V) =L(V),

withP

PNote that, by (2.17), pdxu € L2(0, T;L2()).

(2.16)

(2.17)

(ﬁ7 w? §7 9)'

(2.18)
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LV) :=LV) — (8(t), V)L2(1,) — (pIu(t), v)+
— (B:e(u(t)),n) + (Pe(u(t), Vi) + (Re(u(t)), V)
= (£(t),v) = (pOuti(t), v) + (pe(t), ¥) + (r(t),n) — (B : e(u(t)),n)+
+ (Pe(u(t)), Vo) + (Re(u(?)), V§)+
+ (o(t); M 2wy — (d(t), V) 2o y) — (b(1), &) L2(r,n)-

Step 2. Let {v;}3°, and {n;}72, be orthonormal bases for spaces H. () and
H}(Q), respectively. Fix p € N and define V,(Q,T,,p) = span{vy,...,v,},
Vp(,Typ) :=span{n, ..., n,}. These spaces are such that their union for all p € N
is mutually dense in H! ,(Q) and H}, (), respectively. Define

P p
W(t) == Y up(t)vi, Op(t) =Y )k (2.19)
k=1 k=1
Furthermore, let (¢,(t),(y(t)) be the unique solution to the following problem:

Given (,(1),0,(1)) € HL, (©) x Hlp(9),
find (¢p(1), () € HIH () x Hng(Q) such that

ap(pp(t), V) + ac((p(t),€) + 9((p(t), ¥) + g(wp(t), &) =
= (pe(t),¥) = (d(t),¥)r2(r.n) — (0(), ) r2(r, ) + 0(¥, WL (1)) + f(E,0p(2))+
+d(1, 0p(t)) + e(€, 0,(1)) + (Pe(u(t)), Vi) + (Re(u(t)), VE),
V(1,€) € Hp(Q) x H;D(Q)~
(2.20)

By (2.18), the sets of coefficients {u(t)},_; and {9 (t)},_; are determined by the
solution of the following system of ordinary differential equations:

(P 0, (1), Vi) + au(Wp(t), vie) + b(p(t), Vi) + F(Gp(1), Vi) — (v, 0, (1)) =
= (£@®),vi) = (pOut(t),vk), VEke{l,....p},

{cubp(t), 77k>+c(8tu (t), ) = d(pp(t), 1) — e(Gp(t), me) + ao (B (t), 1) =

= (r(t),m) — (B:e(@(t),ne) + (o) me)r2(r,n),  Vh€{1,...,p},
(2.21)

with initial conditions such that the following strong convergences hold:

u,(0) =u,p —up inH! ,(Q),
oyu,(0) =1, — u; in L2(Q), (2.22)
GP(O) = 9p70 — b in HtlD(Q),

where Ty := u(0) = u(0) — u(0) = up — u(0), w; := Gu(0) = u(0) — 9;u(0) =

— 34u(0). The linear ordinary differential equations theory guarantees (see [31])
that there exists ¢, > 0 such that system (2.21)-(2.22) admits a local solution in
time interval [0, ).
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Step 3. We rewrite the energy functional associated with the problem in terms
of the bilinear forms introduced above:

28(t) = (p0T(t), du(t)) + au(A(t), T(t)) + Quie ((t), C(1), (1)),
where
Que : HIp(Q) x Hyp(Q) x L*(Q) — R,
Quie (¥, &§,m) = ap(¥,¥) + ac(&€) + (com,n) + 29(4, §) — 2d(¥h, n) — 2e(&,n)
(2.23)

is the quadratic form associated with the coupling matrix. Note that by hypothesis
(1.17), there exist a coercivity constant .# > 0 and a continuity constant 9t > 0
(depending on the lowest and greatest eigenvalues of M€, respectively) such that

A (VI + [IVEIP + 1nlP) < Que (v, &m) <M (VPP + [[VEIP + [1nl1?) ,
(2.24)
for all (,€,1) € Hlp(Q) x Hlp(Q) x LA(Q),
One can prove that an evolution equation analogous to (2.11) is satisfied by the
energy &, associated with (U, ¢, (p,0,), namely,

NE, (1) + as(6,(1), 0,(1)) = L, 0). (2.25)

Indeed, first multiply (2.21), by u}(t), (2.21), by 9} (t), then make the sum on k
ranging from 1 to p; finally, take the time derivative of (2.20) and replace ¢ by
©p(t). By adding the three equations thus obtained, we get (2.25) with

2Ep(t) = (p Oruy(t), 040,(¢)) + au(Tp(t), Wy(t)) + Qume (©p(t), Gp(t), Op(t)),

Lp(t) := (£(t), 000, (t)) — (p OnTi(t), O (1) + (Pe(t), (1)) + (7 (1), 0p(£)) +
—(B: e(u(t)), 0,(1)) + (Pe(u(t)), Viop (1)) + (Re(u(t)), V(p (1)) +
_(d(t) ( )) (Ten) — ( (t)7CP( ))L2(Fg1\7 (Q(t)v P( ))Lz(FmN)'
Step 4. We shall prove now that the solution £, of (2.25) is bounded for any
t € [0,t,] by a constant depending on 7', which allows us to extend the time interval
to [0, T'. First, we look for a bound on the external power L,(¢) depending on &, (¢).

We use the continuity of the trace operator, Poincaré’s and Young’s inequalities to
infer the existence of constants ¢, 1, ¢, 2 and ¢, 3 such that:

Ly(t) <Colt) + % (10, (D1 + (¢34 + DIVep(B)]*+
+Heta + DIVEGO| + 16,(0)]7) + 7Cr3||ve I,

2Co(t) =) + [l 0uB(B)I* + [1pe()]]* + 18 : e(@(H))I1* + |Pe(@(t))][*+

- . . 1
+|[Re@®)|* + [l (W + O (r, ) + 1B 2, ) + %HQ@)H%NBM'
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Let K > 0 denote the coercivity constant of ag(-,-). We select &y such that
K:=K- %6273 > 0. By (2.24) we can determine a constant C' > 0 such that

(1t DIV (O (e o+ DIV P+ (B < C Quae (0(8), G (8), 0p(1)) < 20 E,(1).
Hence, there exist Cy(t) and C; such that
0Ep(t) + K[|VO,(1)]]* < Ly (t) < Co(t) + C1E, (1), Vt € (0,1,

which gives, upon integrating in time,
t t
Ep(t) + K | ||VO,(s)|?ds < E,(0) + / (Co(s) + C1Ep(s))ds,
0 0

for any ¢t € [0,t,]. Now, note that &£,(0) contains the terms (pd;u(0),d,u(0)),
a,(p(0),°,(0)), (cu8p(0),6,(0)), which are bounded by (2.22). To bound the re-
maining terms, we have to find bounds on ||V, (0)|| and ||[V(,(0)||. This can be
accomplished by taking ¢ = 0 in (2.20), replacing ¢ and ¢ by, respectively, ¢, (0) and
¢p(0), and then using hypothesis (1.17), Cauchy-Schwarz and Young’s inequality,
together with the continuity of the trace operator; all in all (we omit details), one
finds that there exist a constant ¢ > 0 depending on the material parameters such
that

IV ep (O + [IVG(0)* <c (Ilpe(O)ll2 +dO)IZ2(r, ) + PONZ2r, )+
+[[Pe(T(0)||* + | Re(@(0))[1* + 2(|16,(0)|* + HVﬁp(O)IIZ)),

and since the right-hand side is bounded by (2.22), ||V, (0)|| and [|V{,(0)|| are
bounded. Hence, £,(0) is bounded. Moreover, as Cy(t) depends only on the data,
we can integrate up to 7' > 0 and get

t T
/ Co(s)ds < / Co(s)ds = Co,
0 0

2Co = IfllZ20.mn2 () + Pelliz0.m 22y + P20 02(0)) + |10 Ol 220 7.2 (02 +

+118: e(ﬁ)|\%2(o,T;L2(Q)) + ||Pe(ﬁ)||2L2(O,T;L2(Q)) + ||Re(ﬁ)”%2(0,T;L2(Q))+
. . 1
+1dlZ20 702 ny) + 122007020, n)) + %HQH%%O,T;L?(I}N))‘

All in all, we finally obtain the existence of positive constants K , k1 and kg such
that

t t
Ep(t)JrK/ [[VO,(s)||*ds < k1+k2/ Ep(s)ds, Vit e [0,t,],
0 0

whence, by Gronwall’s lemma, for any ¢ € [0,¢,] it results

Ep(t) < kref?t < kef?T < 400, VT € [ty, +00). (2.26)
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Hence, as the solution of (2.25) is uniformly bounded in [0, ¢,], we can extend the
maximal existence interval to [0,T]. As a consequence, we also get

T
K [ ||V0,(s)|]2ds < k2T, (2.27)
0
Step 5. From the last two bounds, we infer the weak convergence of subsequences
still denoted (,, ¢p, (p, Op) as follows:

u,—u in L2(0, 75 HL, 1 (2)),
oya, — dya in L2(0,T; L2( )
©p — @ in L*(0,T; H!H(Q
(
(

), (2.28)
¢ —C in L*(0, T; H (1)),
0, — 0 in L2(0,T: Hip ().

Moreover, to get an estimate on pdyu,, we select v € H! () such that
[[Vl[f: () < 1; the projection theorem for separable Hilbert spaces allows us to
write v = v + v?, with v! € span{v,}/_, and (v?, Vi)ut (o) =0fork=1,....p.
Then, (2.21), implies that

(p 0T, (1), v) = (p0uT, (£), V') = — au(TWy(t), v') = by (1), v') = F(Gp(8), V1) +
+e(vh,0p(1) + (£(1),v1) = (pdrti(t), v1),

whence, by using Cauchy-Schwarz and Young’s inequalities, integrating in time and
taking into account the boundedness of the energy &,(t), we infer the existence of
positive constants k3 and k4 depending on the material parameters such that

10 Outpl|L2(0, 7|7 () < kiksTeR> T +k,y (Hf||%2(0,T;L2(Q)) + o 5ttﬁ||%2(o,T;L2(sz))) 5

therefore p 9,1, is bounded in L?(0, T; H?, ,(©2)) and hence it admits a subsequence
still denoted p 01, such that

pO0ut, — pOyu in  L*0,T;H: H(Q)). (2.29)

Now, let Z,(t) := c,0,(t) + B : dre(T(t)) — p- Vp(t) — m- V((t); with an analogous
procedure, if we take n € H},(Q) with Il a1, @) < 1 and write n = n' + n?,

nt € span{ny,...,n;} and (nQ,nk)HtlD(Q) =0for k=1,...,p, then (2.21), reads

(Ep(t)m) = (Ep(t), ') = —ag(0p(t), 0" )+(r(t),n")+(B : e(@(t)),n")+(e(t),n ) 2(r o)

whence, by using Cauchy-Schwarz and Young’s inequalities, together with the con-
tinuity of the trace operator, integrating in time and taking into account (2.27), we
can determine two positive constants k5 and kg depending on the material param-
eters such that

Epllz20,7507, (92) < ks|[VOy||L2(0,712(02)) + ke <||r||%2(O,T;L2(Q))+

+ 118 e(ﬁ)||i2(o,T;L2(Q)) + HQHQB(O,T;L?(FM,))) ;
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=, is thus bounded and admits a subsequence still denoted =, such that
=, = E in L*0,T;Hp(Q)). (2.30)

Now, spaces V,(€,T,,p) and V,(Q,Typ) are dense, respectively, in H! ,(Q) and
H},(Q). By multiplying (2.20) and the equations of system (2.21) by a test function
A € D(0,T), integrating in time, passing to the limit, taking into account (2.28)-
(2.29)-(2.30) and exploiting the arbitrariness of A, we obtain

AWU(),V) = L(V),
YV € H), 5(Q) x Hp(Q) x Hjp(Q2) x H{p(Q), t € (0,T).
Again, from (2.28)-(2.29)-(2.30), we infer the regularity properties of the solution:

uc L*(0,T;H,,5(2) N C([0,T; L*(2)),

du e L2(0,T; L2(Q)),

p Oy € L2(0,T; HY, ()

¢ € L*(0,T; Hlp (),

¢ € L*(0,T; Hyp(9)),

0 € L*(0,T; H'p(Q)),

el + B : de(@) —p- Vo —m- Ve L2(0,T; Hp(Q))

It remains to show that the weak limits u, d;u and 6 satisfy the imposed initial
conditions w(0) = Wy, 0;u(0) = u; and #(0) = Hy. As in [25], to prove that w(0) =
Uy, we choose A € C1([0,7]) such that A(0) = 1 and A\(T') = 0; an application of
(2.28) yields

T T
/ (DT, (1), VIA(L) dt — / Oa(t), v)AH)dt, Vv e HL (Q);
0 0

upon integrating by parts, we get
T T
(@,(0),v) - / (8,(1), )N () dt — —(1(0),v) — / (@(t), V)N (8) dt.

Now, since fOT(ﬁp(t),v)X(t) dt — fOT(ﬁ(t),v)X(t) dt by (2.28), we have
(T,(0),v) = (W(0),v), Vv eH, (),

ie., w,(0) — u(0) in L?(€2). By (2.22), and the uniqueness of limit we get w(0) = Uj.
Analogously we show that 9;u(0) = @; and 0(0) = 6.

Step 6. The solution U(t) is unique. By contradiction, if there exist two solu-
tions (T*, ¢*, (*, 0*) and (Us, @«, (i, 0x) of (2.18), set w := TW" — U, ¢ 1= ©* — v,
&:=C"—C,n:=0"—0,, then W := (w,9,&,n), and consider the problem

pw — dive (W) = 0,
divD(W) = 0,
divB(W) = 0,
$(W) +divg(n) =0,
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with vanishing initial and boundary conditions. Denote by £(W (t)) the energy
associated with W at time ¢; then, by (2.11) we get

E(W (1)) < E(W (1)) +ag(n(t), n(t) =0,

whence, by integration, E(W(¢)) < E(W(0)) = 0. This implies in turn that
ap(n(t),n(t)) = 0 and thus W = 0. O

3. Another justification of the quasi-static assumption

In this subsection, we outline a study of the limit as § — 0 of the solution to problem

(1.19)-(1.20)-(1.21). We start by rewriting the nondimensionalized system (2.2):
prii, — divCre(u,) + xdivP!E, + kdivRI H, + vdiv 3,0, = f,,
X, E, + x Pre(,) + arco oH, +¢pb,—6 'V xH, =-7J,,
M, H, + kRre(q,) + ayco a.E +vmb,+6 'V xE, = 0,
Cop By + vB, :e(t.) +<(pr- ET) + v (m, - HT) - MdivK, Vb, =r,,

where we have set?

(3.1)

K
By ~30, \: t  ~16-107".

Vi/PrCor © ViLeyy Ty
We recall that all the equations hold for x € 0 (we use an analogous notation for

boundary partitions) and ¢ > 0, and that = and ¢ are dimensionless. The boundary
conditions are

=

u.-=0 on me,
o-r(ar)n,. =g, on me, E,xn.=0 on feD, (3.2)
7Qr(9r) ‘N = Op on i—‘\tNa Hr XNy = 0 on nga '
0,=0 on ftDv
where LN{T = (u,,E.,H,,0,), n, is the outer unit normal vector field over 8@,

o.(U,) = C,e(u,) —kRIH, — xPTE, — 78,0, and q,(6,) := —K,V0,. Again, we
omit boundary conditions on the normal components of the magnetic induction B,
and of the electric displacement D,. as they just impose compatilibility conditions
on the choice of initial values u?, E2, HY and 6% and of the initial nondimensional
electric charge density pgr.

A first hint that the limit solution of (3.1) as § — 0 is such that V x E, = 0 and
V x H, = 0 can be obtained by expressing the L?-norm of V x E? and of V x H?
in terms of the L?-norm of V x Eq and of V x Hy. Indeed, for any x € Q, we have

o(2Y_ g o L [@ 0
Er (ﬁ) = ) = Vy p+E0<x) a Vf\/uomEO(m)’

4To calculate A, we take Tp = 297 K as a reference temperature, as in [21]; for what concerns the
thermal conductivity, we take the weighted average of the values provided in [27], since numerical
values for the BaTiO3—CoFe2O4 composite with volume fraction 0.6 of BaTiO3 are not available
in literature. As for the length scale, we take £ = 3 cm.
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whence

T oL

= ——V X Eg(x).
ﬁ) VE/Bopy ol@)

VxEQ(

Upon integrating the squared euclidean norm of both members of this equality, we

fi

nd
2 ~
/’vXEQ (3)‘ dQ:LB/NxEQ(y)FdQ:
Q L Q

522
=LV x E)| 3,5, = WHV x Eollf2(q)

that is to say,

IV x L2y = %HV x EollL2(0);

TV Hop+ £
analogously, we obtain
0 0
IV % Bl = 1V  Hollg oy,

VZ/eops L
The denominators appearing on the right-hand sides of these equalities are, of
course, not dimensionless, and have the following numerical values:

V2 popt L~ 5.2 10°Vm Y2 =0 ) v Y/2,

V2\/eops £=1.38-10° Am~ /2 = O(6%/%) Am~/2,

therefore, unless ||V x Egl[L2q) = 0(2)Vm™Y2 and ||V x Holl2 ) =
O(678/5) Am™/2 which is never the case in applications, we have

. 0 . 0
}g% IV x Er”L?(ﬁ) = }L% IV x HrHLZ(ﬁ) = 0.

Conclusions

We presented a mathematical model to describe linear magneto-electro-thermo-
elastic materials, as well as the proofs of the well-posedness for the problem formu-
lated in its most general setting (dynamic) and for the quasi-static problem, based
on the assumption that the electric and magnetic fields can be expressed as gradi-
ents of the correspondent potentials. We set forth a first validation of this hypothesis
by carrying out a formal nondimensionalization procedure on the equations of the
dynamic problem. A rigorous mathematical justification analogous to that set forth
in [18] for a piezoelectric material needs further work, since the dynamic problem
has been solved in the context of the Hille-Yosida theory, obtaining a smooth solu-
tion in time, whereas the solution of the quasi-static problem has been obtained in
a weak form by the Faedo-Galerkin method.
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A problem that has already been addressed [5] is the deduction of a plate model
for a magneto-electro-thermo-elastic sensor/actuator, based on the quasi-static as-
sumption, by means of the asymptotic expansion method, taking into account an-
other small parameter € tending to zero and characterizing the ratio of the plate
thickness to the plate diameter. Another interesting extension for what concerns
applications is the study of a laminated structure (plate-like or shell-like) including
a thin magneto-electro-thermo-elastic layer; for the case of a piezoelectric layer see,
e.g., [29] and [30].

Finally, in view of applications, a natural problem to be dealt with at a later
stage is to come up with efficient numerical methods to perform simulations of the
equations involved in the problem.

Appendix
Numerical Values of the Materials Constants

The table below lists numerical values of the material properties for a
BaTiO3—CoFe;O4 composite with 0.6 volume fraction of barium titanate. We took
Table 1 in [22] as a reference. The two diagonal components M;; and Mas of the
magnetic permeability tensor assume negative values in [22]. This would contradict
our hypothesis (1.12), but it is actually a widespread error in literature, based on
the incorrect determination of the sign of these coefficients for the pure cobalt fer-
rite CoFeOq, as pointed out in [14], [21], [20] and [32]. Therefore, we corrected the
values of these two components by changing their sign.

Table 1. Material properties of a magneto-electro-thermo-elastic BaTiO3—-CoFe2 04 composite with
0.6 volume fraction of BaTiO3.

Elastic moduli Magnetic permeabilities
C1111 = Ca222 (GPa) 200 M1 = Moo (10_4 NSQ/CQ) 1.5
C1122 (GPa) 110 M3s (1074 Ns2/C?) 0.75
C1133 = Ca233 (GPa) 110 Piezomagnetic constants
Cs333 (GPa) 190 R311 = R322 (N/Am) 200
Ca323 = C3131 (GPa) 45 Rs333 (N/Am) 260
C1212 (GPa) 45 Ri13 (N/Am) 180
Piezoelectric constants Magnetoelectric constants
P311 = P332 (C/m?) -3.5 a1l = as (10712 Ns/V Q) 6
P333 (C/m?) 11 assz (10712 Ns/V C) 2500
Dielectric permittivities Pyroelectric constants
X171 = X22 (1072 C2/Nm?) | 0.9 p2 (107% C/m?K) -12.4
X33 (1079 C%2/Nm?2) 7.5 Pyromagnetic constants
Thermal stresses msa (1073 N/AmK) 5.92
B11 = B22 (108 N/Km? ) 4.86 Density
B33 (108 N/Km? ) 4.32 p (kg/m3) 5600
Thermal conductivities Calorific capacity
K33 (W/mK) 2.85 cy (J/m3 K?2) 325

In our notation, 3 denotes the thermal stress tensor, whereas in [22] it denotes the
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thermal ezpansion tensor. For v the thermal expansion tensor and C the elasticity
tensor, the thermal stress tensor 3 is given by the relation 3 = C~, which we used
to infer the values of the thermal stress components. Also, since no constitutive
assumption concerning entropy, as well as heat influx, is made in [22], numerical
values for the calorific capacity and the thermal conductivities are unavailable in
[22]. However, an estimate of these values can be retrieved, respectively, from [21]
and [27].

The Hille-Yosida Theorem

The statement of the Hille-Yosida theorem for a linear non-homogeneous differential
equation employed in the paper is the following (see [6]).

Theorem 3.1. Let H be a Hilbert space, A : D(A) C H — H a linear operator
with domain D(A), a linear subspace of H. Let A be a maximal monotone operator.

Then, for any Uy € D(A) and F € C*([0,T];H), the problem

U

e - F

o TAU=F >0,
U(0) = Uy

admits a unique strong solution

U € CH[0,T); H) N C°([0, T]; D(A)).
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