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Abstract

In this paper we apply the theory of semigroups of operators in order to
obtain the existence and uniqueness of solutions for the mixed initial-boundary
value problems in thermoelasticity of micropolar bodies. The continuous depen-
dence of the solutions upon initial data and supply terms is also proved.
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1 Introduction

The origin og the theories of micropolar bodies goes back to E. and F. Cosserat.The
authors have introduced an aditional degree of kinematic freedom (microrotation)
to develop a new continuum theory. In the paper [7], Mindlin have proved that
the linear theory of a Cosserat continuum is a special case of the theory of media
with microstructure. The linear theory of the Cosserat elastic solid is often called
"theory of asymmetric elasticity”, [8], or "micropolar theory of elasticity”, [2]. A
Cosserat medium is a continuum, each point of which has the degrees of a rigid body.
The deformation of such medium is described by the variables u; = u;(X,t), ¢; =
vi(X,t), (X,t) € Bx[0,t9), where wu; is the displacement and ¢; is the microrota-
tion field. The theories of micropolar bodies do not represent a material length scale,
but are quit sufficient for a large number of solid mechanics applications. In this pa-
per we establish an existence and uniqueness for the solutions of the initial-boundary
value problem in the context of the thermoelasticity of micropolar bodies. The paper
also investigates the continuous dependence upon the initial data and supplies terms
of the solutions of the above problem. An inhomogeneous and anisotropic elastic
material is considered and the initial-boundary value problem is transformed in an
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abstract temporally homogeneous evolutionary equation in a Hilbert space. By using
the results of the semigroups theory of linear operators, the existence, uniqueness and
continuous dependence results are derived. The proofs are gived for the first bound-
ary value problem, but the results are same if the boundary conditions are replaced
by those from the second or the third problem.

2 Notations and basic equations

Let B be an open region of three-dimensional Euclidian space occupied by the refer-
ence configuration of a micropolar body. We assume that B is regular and we denote
the closure of B by B. The boundary B of B is closed and bounded. We use a fixed
system of rectangular Cartesian axes and adopt Cartesian tensor notation. Points in
B are denoted by z; and t€[0,00) is time. Also, the spatial argument and the
time argument of a function will be omitted when there is no likehood of confusion.
In the following we consider the theory of thermoelasticity of micropolar bodies as it
established in the paper [6]. The basic equations in that theory are as follows

tijj + oF; = otiy, myjj + eijrtjr + oM; = Lijpi; (1)
oToi = gii + or; (z,t) € B x [0,00) (2)

The equations (1) are the motion equations and (2) is the energy equations.

In the above equations we are used the following notations: u;- the components of dis-
placement, ¢;-the components of microrotatia, ;;-the components of stress, m;;-the
components of couple stress, g;-the components of the heat conduction vector, n-the
specific entropy, o-the constant reference density, Ty-the constant reference temper-
ature, Fj-the components of body force per unit mass, M;-the components of body
couple force per unit mass, r-the heat supply per unit mass and unit time, I;;-the
components of inertia and e;;;-the alternating symbol.

A superposed dot denotes the differentiation with respect to time, ¢, and a subscript
preceded by a comma denotes the diferentiation with respect to the corresponding
spatial coordinate.

When the reference solid has a centre of symmetry at each point, but is otherwise
non-isotropic, then the constitutive equations are

tij == Aijmnsmn + Bljmn’}/mn - Eijoa
mi; = anijfmn + Cijmn’)/mn - Dijea
4 = Ki;0 5,
on = ab + Ejjei; + Dijvij, (x,t) € B x [0,00) (3)

In the above equations we are used the following geometrical equations
€ij = Uji + EjikPhs Vij = Pji (4)
The tensor coefficients in the equations (3) are subject to the symmetry conditions

Aijmn = Amnij, Cijmn = Cmnij, Kij = Kj; (5)
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The entropy production inequality implies
Kij0:0; > 0. (6)

To the system of field equations (1)-(5) we adjoin the following precsribed boundary
conditions

wi(zk,t) =0, @i(xg,t) =0, 0;(zk,t) =0, (x),t) € OB x [0,00), (7)
and the initial conditions

ui (2, 0) = ai(z), wi(wr,0) = bi(zr), wi(zk,0) = ci(zx),
gbi(xk,O) = di(:vk), e(mk,O) = 90<.’L‘k), (xk) € B (8)

where a;, b;, ¢;, d; and 6° are prescribed functions. Introducing (3) and (4) in (1)
and (2), we obtine the following system

0il; = [Aijmn(Un,m + Enmr k) + Bijmn©nm — Eij0] j + oF;,

Iijp; = [Bmm'j (Un,m + Enmikr) + Cijmn$Pn,m — Dije] gt

+eijk[Ajemn (Un,m + EnmsPs) + Bijkmn®n,m — Ejx0] + oM;,
aTol = —To[Eij(vj.i + €jinthn) + Dijtpg, i) + (Kii0.5) i + or, 9)

where v; = 1;, 1¥; = ¢;. By a solution of the mixed initial boundary value problem of
the micropolar thermoelasticity in the cylinder Q¢ = B x [0, 00) we mean an ordered
array (u;, p;, 0) which satisfies the system (9) for all (z,t) € Qo, the boundary condi-
tions (7) and the intial conditions (8).

Throughout this section we shall use the following assumptions on the material prop-
erties

i)Q>0, Ty > 0, Iij>0, a > 0;

i1) Kij&&5 > ko&ii, ko > 0, V&;

> ao(&i&is + Nignis)s ao > 0, V&, M.
The above assumptions are in agreement with the usual restrictions imposed in the
Mechanics of continua in order to obtain the existence and uniqueness of solution. For
instance, the condition i) represents a considerable strengthening of the consequence

(6) of the entropy production inequality. We shall use the vectorial notations u =
(ui)7 vV = (U’i)a Y= ((pz)a 1/’ = (wz)a 1= 17273' Let us define

X ={W = (u,v,9,%,0) :u € H}(B), v € H’(B),
o e HY(B), v € H(B), 6 € H°(B)} (10)

where H*(B) and H™(B) are the familiar Sobolev spaces, [10], and we used
the notations H™(B) = [H™(B)]?, Hy*(B) = [H™(B)]3. We wish to transform our
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initial-boudary value problem, defined by (9), (7) and (8) into a temporally homoge-
neous abstract equation in the Hilbert space X. Thus, we define the operators

1
AW = v, BiW = E[Aijmn(un,m + Enmk@k) + Bijmn@n,m - Eije],ja

1
I;
_Dije],j + +€ijk(Ajkmn(un,m + 5nms‘Ps) + Bjkmn‘ﬁn,m - Ejke];

1 1
EW = ——[Eij(vyi + egnthn) + Dijp, i + aTb(Kij@,j),i- (11)

CiW =1, DiW = [Bijmn(un,m + 5nmk§0k) + Cijmn@n,m -

Let L be the operator
L=(AW, BW, CW, DW, EW) (12)

where A = (A1)7 B= (BZ), C= (CZ), D= (Dl), ¢ = 1,2,3,
with the domain

D=DL)={WeX:LWecX,v=0, v =00n0B}. (13)

The closure of D(L) is obviously the space X and hence D(L) is dense in
X. D(L) is not empty, it contains at least [C§°(B)]'3. Thus, we reduce the initial-
boundary value problem (9), (7), (8) to the abstract initial value problem on the
Hilbert space X

dW

= LW F(1), W(0) = Wy, 0<t <1, (14)

where

)
—~
~
=
Il

(0, F, 0, M,7), Wy = (a, b, c, d, 6"),
F = (F;), M = (M;), a= (a;), b= (b;), c = (¢;), d = (d;).

3 Basic results
Let X, be the Hilbert space X equipped with the norm induced by the inner product
<W,W >,= /B[gvﬂ)i + Lijihi + ab0 + Ajijmn€ijEmn +
+2Bijmn (€ijVmn + €ijYmn) + CijmnYijYmn]dv (15)
By taking into account the hypothesis ¢), i), 7i7) we obtain
(W2 =<W,W >,= / [ovivi + Lijhithi + ab? + Ajjmn€ije€mn +
l +2B;jmn€ijYmn + CijmnYij Ymnldv >
> /B[Qvivi + Lijhih; + ab® + (16)

ao(€ij€mn + Yijymn)|dv > 1| W%
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On the other hand, by using the first Korn inequality, [3], and (15) we can prove that
W2 < o WX
such that, in view of (16) we have
alWk < [W[2 < Wk,
hence the norm [.|, is a norm equivalent to the original norm in X .
Lemma 1. The operator L is dissipative, that is
< LW, W >,<0, forall W e D(L).

Proof. According to the relations (11) we have

< ‘CWaW >y= / {Ui [Aijmn(un,m + Enmk()pk) + Bijmn‘pn,m - Eije],j +
B

+1/)1 [Bijmn(un,m + 5nmk§0k) + Cijmn@n,m - Dije],j +
+wi5ijk(Ajkmn(un,m + 5nms<ps) + Bjknm(;pn,m - Ejk0]+;

1 . .
+9[TO[(Kij9’j)’i — (Eij(vj,i + Ejik:'(/}k> + Dij"/}]vz] +
+Aijmn(un,m + Enmksak)(vjﬂ + Ejisws) + Cijmndjn’msoj’i ™
+Bijmnl (i + Ejis @) nm + (Unm + Enmsths)ps3] }dv

We make now use of the Green-Gauss formula and the boundary condtions (7) such
that it results

1
< LW, W >,= _7/ KijO 0 de. (17)
TO B ) )
On the basis of the inequality i), from (17) we obtain
ko
< ,CW,W > < —— 0 19 jd’l}, (18)
TO B k) 3.

such that the proof of Lemma 1 is complete.

Lemma 2. The operator L satisfies the range condition, that is

RN —L)=X, A>0. (19)

Proof. Assume that W
W € X the equation

(ﬁ,{r,g&,vfj,é) € X. Then we must show that for all

AW — LW =W (20)
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has at least a solution W in D(L). By eliminating the functions v; and ; in
(20), we obtain the following system of equations in the variables w;, v; and 6

1

Liw = )\211,1' - E[Aijmn(un,m + snmkwk) + Bijmnsﬁn,m - Eijg]yj = Gi,
1
£i+3w = >\2901 - T[Bljmn(un,m + 5nmk§0k) + Cijmnsﬁn,m - Dijo],j +
+5ijk[Ajkmn (Un,m + 5nms<ps) + Bjkmn‘ﬁn,m - Ejke] = Gi+3,
1 1 ..
Low = N0 — ﬁ(Kije,j)@ + E[Eij<vj,i + €jiktr) + Dijrbg, il = gr, (21)
0

where
w=(u,¢,0), g; = M + 0, givs =i + Ui,
~ 1 . - a
gr =10+ E[Eij (04, + €jirr) + Dijpg, i]. (22)

Let < .,.> denote the conveniently weighted [La(B)]7 inner product and consider
the bilinear form

Qlw,w] =< Lw,w >=< (Liw, Litsw, Lrw), (Ui, @;,0) >=

= / [Qﬂlﬁzw + Iijz/;jﬁi+3w + %éﬁm}]dv (23)
B
Using the Green-Gauss formula and the boundary conditions (7), it results

Qw,w] = / [ouiu; + Lijpip; + ab? +
B

Aijmn(un,m + 5nmk(pk:)(vj,i + Ejisws) +
2Bijmn (uj,i + ejis@s)son,m + Cijmn@n,m@j,i]dv + (24)

1
— | Ki;6.6 ;dv,
/\TO/B VARSI AEV] v

for any w = (u,p,0) €Y, Y = H}(B) x H}(B) x H}(B).
Due to the hypothesis ), i), #ii) and the first Korn inequality it follows that

Ql,w] = Crlwl?, for all w = (u,¢,0) €, (25)

where C is a positive, conveniently choosen, constant and the norm |w|y is defined
by

lwly = [(u,0,0)|]y = |U|H1(B) + |<P|H1(B) + |9|H1(B)-
In the usual way, we can prove that

Q[waw] < Cl‘w@/a
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hence the bilinear form Q[w,®] determines a norm equivalent to the orininal norm
in Y. Since the bilinear form Q[w,&] is continuous in Y x Y we deduce that there
exist a linear bounded transformation 7' from Y into itself such that we have

Qw,o] =< w,Tw >y, forany (w,0) €Y xY. (26)
Since
<w,Tw >y= Qw,w] > C1|w|¥, (27)
we deduce
|[Twly > Cilw|y, w €Y. (28)

Let R(T') be the range of T. The linear transformation 7' is one to one. We need to
prove that Tw = 0 implies that w = 0. Indeed, if there is wy € Y such Twy =0,
then (26) implies Q[wo,wo] = 0 and then the inequality (25) proves that wy = 0.
Therefore, there exists T~ : R(T) — Y. Now we prove that R(T) is dense
in Y. We assume to the contrary that there is wy € Y \ R(T'), wg # 0 such that
<wp,Tw >y=0 for any @ €Y. But from (26) we deduce that Q[wp,wp] =0 such
that with aid if (25) we deduce that wp = 0. This contradicts the initial assumptions
and therefore we obtain that R(T) is dense in Y. So we can continue T-! to Y,
such that

T7':Y — Y and [T} <O L

Let z bein R(T) and w the only function in Y such that z = Tw. We define
the functional K by K(z) =< g,w >. Obviously, we have

‘K(Z)l < |g|H51(B)‘w|Y < C;1|g|Hgl(B)|Z|Y7

and then we deduce that K is a linear bounded functional defined over R(T) such
that

K| < C’1_1|g|H51(B)'

We can continue K in the whole space Y | in such a way that the continued
functional K shall have the same norm. On the other hand, since Y is a Hilbert
space, the Riesz-Frechet theorem, [10], prove that there exists an unique w € Y such
that

K@) =<w,0 >y, foranyw €Y, |wly =|K| < Cl_1|g|Ha1(B). (29)

If we choose @ = Tw , then from (26) and (29), it follows that the unique w €Y
satisfies the equation

Qlw, 0] =<g,w>, for dlweY. (30)
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From the relations Au; — 4; = v;, Ap; — @; = ¥; and A\ -0 = T, it follows
that v € H{(B), ¢ € H{(B) and 71 € H}(B). Therefore we deduce that
W = (u,v,p,%,0) isin D(L) and the proof of the Lemma 2 is complete.

Theorem 1. The operator L defined by the relations (12) generates a  Cy -
semigroup of contractions on X.

Proof. This result follows immediatelly from the Lummer-Phillips theorem, [9].

In order to study the existence and uniqueness of the solution for the inhomoge-
neous equation (14), we use the following result:

Theorem 2. Let L be the infinitesimal generator of a Cy -contractive semi-
group T(t) on X. If F(s) is continuously differentiable on [0,to] , then the initial
value problem (14) has, for every Wy € D(L), the unique solution

W(t) = T(t)Wo + /0 1T(t — §)F(s)ds, t € [0, o], (31)

such that

W(t) € C*([0, to]; X) [ C°([0, t0]; D(L)).

On the basis of the above theorem, we deduce:

Theorem 3. Let us assume that the thermoelastic coefficients, which are contin-
uously differentiable, satisfy the conditions 1), i), iii). Moreover, we assume
that F € Ol([o,to],LQ(B)), M € Cl([o,to],Lg(B))7 r e Ol([o,to],LQ(B)) and
W, = (a,b,c,d,0°) € D(L). Then there exists an unique solution of the initial-
boundary value problem (9), (7), (8) such that

(u’u’wasbvg) 0 tO ﬂCO 0 tO ))}

The following theorem establish the continuous dependence of the solution of our
problem upon the initial data and supply terms. Let (u;,;,0) be the difference of
two solutions of the problem defined by (9), (7), (8) but corresponding to the differ-
ences of the intial data and to the differences of body forces, body couples and heat
supplies, Wy = (a,b,c,d,0%), (F,M,r), respectively.

Theorem 4. Let us assume that the thermoelastic coefficients, which are contin-

uously differentiable, satisfy the conditions i), ii), iii).

Moreover, we assume that F € C([0,to];L2(B)), M € C([0,t0]; L2(B)),

T E CL([0,t0]); La(B)) and a € HY(B), b€ H(B), c€ H'(B),d € H*(B) and 0 €
HY(B). If (u,,0) is the difference of two solutions of the problem (9), (7), (8) ,
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then there exists a positive constant M such that

[ulgr By + [Uluo(s) + |@la1(B) + [@lH(B) + 0] HOo(B) <
< M{|alg1 () + |blaos) + |clur () + |[d|mos) + |9O\H0(B) +

¢
+ [ P o + Ml + r(6) o) (32)
Proof. On the basis of the equations (9), (7), (8) we can deduce the folowing identity

/ [00it; + Lijip; + a2 + Aijmn (Unm + Enmipr) (Ui + €jiss) +
B
+2Bijmn(uj,i + 5jis¢s)§0n,m

t
—i—Cijmn(pn’m(pj,i]dv + 2/ / Kije,ieyjd’l}ds =
0 JB

= / [0d:a; + L;jcic; + a(0°)? + Aijmn (@n,m + Enmicr) (g + €jiscs) +
B
+2B ijmn a] i T €jisCs )CTI m + ngmncn mCyj, z]dv +

—|—2/ / Fiu; + M;p; + G]dvds s € [0,¢to]. (33)

By using the Schwarz’s inequality, the hypothesis ), i), ii) and the first Korn’s
inequality, from the identity (33) we deduce a Gronwall inequality that demonstrates
the estimate (32).

Remark. A similar procedure can be used in the case when the boundary con-
ditions (7) are replaced by the other boundary conditions and the above results are
still valid.
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