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Abstract

Parabolic initial boundary-value problems coupled (via the boundary condition)
with ordinary differential equations whose right-hand side contains the Preisach
hysteresis operator are considered. In particular, these problems model thermocon-
trol processes in chemical reactors, climate-control systems, biological cells, etc.
For the Preisach operator with and without time delay, solvability, periodicity of
solutions, and global B-attractors are studied.
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1 Introduction

We consider a parabolic initial boundary-value problem coupled with an ordi-
nary differential equation whose right-hand side contains the so-called Preisach
hysteresis operator. In particular, this problem models thermocontrol pro-
cesses in chemical reactors, climate-control systems, biological cells, etc. In
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these processes, the temperature inside a domain at a moment ¢ is controlled
by a “thermostat” acting on the boundary. The feedback is based on temper-
ature measurements performed by thermal sensors inside the domain at the
moment ¢t — 7 (7 > 0). The presence of the Preisach operator corresponds to
the fact that the power of the thermostat changes continuously, while the ordi-
nary differential equation means that the temperature of the thermostat also
changes continuously. We investigate existence, uniqueness, and periodicity of
solutions as well as their large-time behavior.

A thermocontrol model similar to ours (with 7 = 0 and somewhat different
switching law) was originally proposed in [7,8]. By reducing the problem to an
equivalent set-valued integro-differential equation, the existence of a solution
was proved. Some questions related to optimal control for heat conduction
problems with hysteresis were considered, e.g., in [4].

The question whether periodic solutions exist turns out to be much more dif-
ficult. In [6], a one-dimensional thermocontrol problem with the hysteresis
operator on the boundary described by the rectangular hysteresis loop is con-
sidered under the assumption that the temperature of the thermostat changes
by jump. Thus, there is no coupling with an ordinary differential equation in
that case. The existence of a periodic solution is proved. Its uniqueness in a
class of the so-called “two-phase” periodic solutions is established.

Periodicity of solutions of a one-dimensional? problem, with the same hys-
teresis functional as in the previous references, in the case where a thermo-
stat changes its temperature continuously, was considered in [19]. The ex-
istence of a periodic solution was proved. The periodicity of solutions for a
one-dimensional Stefan problem with hysteresis-type boundary conditions was
investigated in [9].

Switching systems described by ordinary differential equations with hysteresis
were considered by many authors (see e.g., [1,3,14,17,20]).

In the multidimensional case, the periodicity of solutions for parabolic equa-
tions involving continuous hysteresis operators was studied in [12,25] (see
also [24] and references therein).

The first investigation of periodicity of solutions for a multidimensional initial
boundary-value problem involving a hysteresis-type control on the boundary
and coupled with an ordinary differential equation was carried out in [10].

In the present work, we prove the existence of periodic solutions, provided that
the hysteresis phenomenon is modelled by the continuous Preisach operator.

2 When saying “one-” or “multidimensional” we mean that the space variable in
the parabolic equation is one- or multidimensional, respectively.



The time delay 7 between the temperature measurement moment and the
thermostat reaction is either positive (7 > 0) or absent (7 = 0). It is proved
that the solution for 7 = 0 can be approximated by the solutions for 7 > 0 as
7 — 0. In particular, this allows one to show that there is a periodic solution
in the case 7 = 0 which is a limit of periodic solutions for 7 > 0 as 7 — 0.

Another important question concerns the behavior of solutions as t — +oc.
Until now, this question was studied in the case where the hysteresis operator
enters a parabolic equation itself [4, 11,12, 24]. In our work, we prove the
existence of the so-called minimal global B-attractor, i.e., a minimal closed set
which attracts any bounded set of initial data (see Definition 8.3). We show
that this attractor is a compact connected set.

The paper is organized as follows. In Sec. 2, we formulate auxiliary results
concerning initial boundary-value problems for parabolic equations. In Sec. 3,
we define the Preisach operator, which is a continuous model of the hysteresis
phenomenon (see [13,23]). The setting of the thermocontrol problem with
time delay 7 > 0 is given in Sec. 4. In the same section, we prove the existence
and uniqueness of the solution. In Sec. 5, using properties of the Preisach
operator and the Schauder fixed-point theorem, we show that there exists a
T-periodic solution of the thermocontrol problem, provided that 7" > 7 and
the right-hand side of the parabolic equation is T-periodic in time. In Sec. 6,
we prove the existence and uniqueness of the solution of the thermocontrol
problem without time delay (7 = 0). In Sec. 7, we obtain a periodic solution
in the case 7 = 0 as a limit of periodic solutions for 7 > 0 as 7 — 0. In
the case where the right-hand side does not explicitly depend on ¢, we prove
the existence of a stationary solution. Sufficient conditions under which the
stationary solution is unique are given. In Sec. 8, using the technique developed
in [15] (see also [22]), we study the large-time behavior of solutions for the
problem in question. Namely, we prove the existence of a compact connected
minimal global B-attractor. Some open questions are formulated in Sec. 9.

2 Strong and Mild Solutions of Parabolic Problems

In this section, we recall some facts about solvability of linear parabolic prob-
lems and regularity of their solutions.

2.1 Setting of the problem

Let @ C R" (n > 1) be a bounded domain with boundary I" of class C*°.



We introduce the differential expression
Pu(z) = Ay(z) — p(x)p(z) (v €Q),
where p € C*(R"), p(x) > 0.

Let T'>0,Qr = Q x (0,T), and I'r =I" x (0, 7). In this section, we consider
the following parabolic initial boundary-value problem:

vi(z,t) = Po(x,t) + f(x,t) ((x,t) € Qr), (2.1)
v(z,0) =(x) (v eq), (2.2)
g +o(z)v(z,t) =0 ((z,t) € I'r), (2.3)

where f € Ly(Qr), v is the outward normal to I'y at the point (z,t), v > 0,
o € C*(R") is a real-valued function, o(z) > 0. We also assume that o(x) >
oo > 01if vy =0 and p(z) Z 0 if o(z) = 0.

Denote by Wx(Q) (k € N) the Sobolev space with the norm
1/2
Wl (EZ/WD%b ij .
la| <k

By Wk(Q) we denote the closure in WX(Q) of the set C°(Q) consisting of
infinitely differentiable functions supported in Q.

We will throughout use the following equivalent norm in W3(Q) (which we

denote by the same symbol || - [|y1(g) as the standard norm):
2 | 2 1/2 :
(Jlo(IVeP + ()|l dz) if y =0,
||¢||W§(Q) = 9 | = 9 4 9 1/2 .
(Jo(IVO P +5(@)[02) de + oy~ o ()| dT) ™ if 4 >0,

(2.4)
where p(z) = p(z) —;gcgp(y)—i—l > 1in @ and 7 is the same as in the boundary

condition (2.3)

Denote by W5 (Q x (a,b)) (a < b) the anisotropic Sobolev space with the
norm

1/2
oz e = (1o DMz e+ [ el )

and, for any Banach space B, by C([a,b], B) (a < b) the space of B-valued
functions continuous on the segment [a, b] with the norm

a - ot :
V]l e(a),B) gg[gfg]ﬂv( P



If B=C or R, we will write C|[a, b].

Definition 2.1 A function v € Wy (Qr)NC([0,T], W(Q)) is called a strong
solution of problem (2.1)—(2.3) in Q7 if v satisfies Fq. (2.1) a.e. in Qr and
conditions (2.2), (2.3) in the sense of traces.

In what follows, we omit the term “strong” whenever it leads to no confusion.

2.2 Solvability and a priori estimates

We introduce the unbounded linear operator P : D(P) C Ly(Q) — L2(Q)
given by

O (x)

Po=rPo. DP)={uem3Q: %

+o(x)Y(r) =0 (z € F)} :

It is well known that the operator P is a generator of an analytic semigroup of
contractions S; : Lo(Q) — L2(Q), t > 0. The following lemma yields the rep-
resentation of a solution of problem (2.1)—(2.3) by means of the semigroup S;.

Lemma 2.1 For any

Wi(Q) ify=0,

f € La(Qr), b e {WQ(Q) if v > 0,

there exists a unique solution v of problem (2.1)~(2.3) in Qr. This solution is
represented as

o(ot) = stw<->+/0t S, o f(s)ds (te[0,T)), (2.5)

where the integral converges in the Ly(Q) norm, and the following estimate

holds:

[ollwz1gp + Ivlleqomwi@) < allfliuen + 1¥lwie),  (26)

where ¢; = ¢1(T) > 0 does not depend on f and ¢ and is bounded on any
segment [T1, T3] (0 < Ty < T3).

PROOF. The assertion of the lemma follows from Theorem 3.7 in [2, Chap.
1], inequality (3.9) in [2, Chap. 1], Theorem 1.14.5 in [21], and Theorem 4.3.3
in [21].



Lemma 2.2 For f =0 and any
b e W@ #r=0.
Wy(@Q) ify>0,

there exists a unique solution v of problem (2.1)—~(2.3) in Qr and

(- Dllza@) < e Mella@:  WEDlwie) < e tlnge), (27

where the norm || - \|W21(Q) is given by (2.4) and w > 0 does not depend on
and T'.

PROOF. The existence and uniqueness of the solution v follows from Lem-
ma 2.1. It remains to prove the inequalities in (2.7).

Let {A\p}32, and {ex}72, denote the sequence of eigenvalues and the corre-
sponding system of real-valued eigenfunctions (orthonormal in Ls((Q))) of the
operator P.

It is well known that 0 < Ay < Ay < -+ < A\p < ... and the system of
eigenfunctions {ey}7°; forms an orthonormal basis for Ly(Q).

Furthermore, the functions ex/\/Ar — po + 1, where py = inf,cq p(z), form an
orthonormal basis for W3 (Q) if v = 0 and for W3 (Q) if v > 0 with respect to
the norm || - [[y3(g) given by (2.4).

The function ¢ can be expanded into the Fourier series

= ,§¢k€k($)

where 9, = [, ¥(x)ex(z) dz, which converges in Wy (Q).

Further, the function v(x,T) is of the form

[e.e]

Z )\kT@/Jka (28)

where the series in (2.8) converges in W3 (Q). Using (2.8), we obtain
[o(, T)7,q) < 7?17 Z e | 1
(- Dy < e Z (A = po + it = e [0l )

Setting w = A\, we complete the proof.



Remark 2.1 The solution v(z,t) from Lemma 2.2 is given by v(-,t) = Syt (+)
(cf. (2.5)). On the other hand, the spaces W3 (Q) and W3 (Q) are both dense
in Ly(Q). Therefore, due to the first inequality in (2.7), we have

ISllai@) < € N¢llai@ VE20, ¢ € La(Q). (2.9)

Lemmas 2.1 and 2.2 imply the following result.

Corollary 2.1 For any

W3(Q) ifv=0,

fel@Qr), ve {WQI(Q) if v >0,

there ezists a unique solution v of problem (2.1)~(2.3) in Qr and

(-, Dllwi@) < allfllzae@n + e ¥lwie (2.10)

where ¢; > 0 s the same as in Lemma 2.1 and w > 0 is the same as in
Lemma 2.2.

The next lemma allows one to estimate the norm [[v(-, T') [lyz(q) of the solution
of problem (2.1)—(2.3) in Qr, provided that the right-hand side f is Holder
continuous in ¢ in a neighborhood of t =T

Lemma 2.3 Let

W3 Q) ifv=0,

[ € La(Qr), (UNS {W;(Q) if 7 > 0.

Suppose there are numbers Ty € [0,T), L > 0, and o € (0,1] such that

||f(at)HL2(Q) < L7 YVt € [To,TL
||f(7t2> - f(?tl)HLg(Q) < L|t2 - tl‘o \V/tl,tg S [T(),T]

Then the solution v of problem (2.1)=(2.3) in Qr satisfies the inequality

||U('>T)||W22(Q) < CQ(HfHLQ(QTO) + ||1/}||L2(Q) + L)v

where co = co(T,Ty) > 0 does not depend on f, 1, and L and is bounded on
the set {T € [T1,Ts], Ty € [0,T — €|} for any 0 < e < Ty < Ts.

PROOF. It follows from the uniqueness of the solution (see Lemma 2.1) that
the function v(z,t + Tp) is a solution of problem (2.1)—(2.3) in Qr_7, with
f(z,t) and ¥ (z) replaced by f(x,t+ Ty) and v(z, Tp), respectively. Therefore,



using Theorem 3.2 in [18, Chap. 4], we obtain

[P, Tl La@) < ka(L+ ol To)ll o)
where ki, ks,... > 0 do not depend on f, 9, v.
On the other hand, it is well known that the operator P has a bounded inverse

P~!, which is also bounded as the operator acting from L,(Q) into W2(Q).
Hence,

[oC T)llwz@) < F2lPo( Tl o) < Fs(L+ ([l To)l La@)- (2.11)

Finally, using representation (2.5) and estimate (2.9), we have

[v(s To)llzo@) < kalll¥lla@) + 1 flEa(@ny))- (2.12)

Combining (2.11) and (2.12), we complete the proof.

For any functions ¢(z) and v(x,t), we denote
Y = / m(@)(x) dz,  vm(t) = / m(x)o(e,t)de (t>0),
Q Q
where m € L,(Q) is a given function.

Lemma 2.4 Let

W3 (Q) ify=0,
WHQ) ifv>0,

Let v be a solution of problem (2.1)~(2.3) in Qr. Then

€ Ly(Qr), (NS {

[o(-st2) = v, t)lla@) < 11 f 1oty + 1 llwi @) (b2 — 8%, (2.13)
[om(t2) = v (t1)] < 31|l Lai@r) + 10 llwa ) (t2 — 1) (2.14)

for all 0 < t; < to < T, where ¢c; = ¢1(T) > 0 is the constant occurring in
Lemma 2.1 and c¢3 = c3(T) > 0 does not depend on f,1,t1,ty and is bounded
on any segment [T1,Ts] (0 < Ty < T).

PROOF. Using the Schwartz inequality and Lemma 2.1, we obtain (2.13):

t2
/ vy, t) dt
¢

2
o) = o t)lEyq) = [ do < il om (b2 — t1)
1

< iz o (2 — 1) < G fllra@e + 1¥llwig)* (2 — t).
2 (QT)




Inequality (2.14) follows by applying the Schwartz inequality.

3 The Preisach Hysteresis Operator
3.1 Preisach operator for continuous functions

In this section, we introduce the Preisach hysteresis operator having been thor-
oughly investigated by Preisach, Brokate, Krasnoselskii, Pokrovskii, Visintin,
and others (see, e.g., [13,23] and references therein).

We denote by BV (tg,t1), to < t1, the Banach space of real-valued functions
having finite total variation on the segment [to,t1] and by C.[to,t1) the linear
space of functions which are continuous on the right in [¢y,¢;). For any couple
p = (p1, p2) € R? such that p; < ps, we introduce the delayed relay operator

hp . O[to,tl] X {O, ]_} — BV(to,tl) n Cr[to,tl)

by the following rule. For any r € Cfto,t;] and x = 0 or 1, the function
2z = h,(r,x,to) : [to,t1] — {0,1} is defined as follows. Let X; = {t’' € (to,1] :
r(t') = p1 or pa}. Then we set

1 if T(to) S P1,
2(to) = ¢ x if p1 < 7r(ty) < p2,
0 if T(t()) Z P2

and for ¢ € (g, 4]

Z(to) if Xt = @,
if X; # @ and r(max X;) = py,

z(t) =41
0 if X; # @ and r(max X;) = ps.

We will say that x is the initial configuration of the delayed relay operator h,.

Thus, the function h,(r, x,to)(t) equals 1 if 7(t) < py, equals 0 if 7(t) > po,
and equals either 1 or 0 if 7(¢) € (p1, p2), depending on the value of r at the
“previous” moment (Fig. 3.1).

The following properties of the delayed relay operator are stated in Proposition
1.1 in [23, Chap. 4].

Lemma 3.1 For any couple p = (py, p2) € R? such that p; < ps, the following
assertions hold:



y r
0 P1 P2 :

Fig. 3.1. The delayed relay operator h,, p = (p1, p2)

(1) Semigroup property: if to < 70 < 11 < t1, then

[ho(rs X, to)|(11) = [hy (1, 2(70), 70)] (1),

where z(19) = [h,(r, X, t0)](70)-
(2) Monotonicity with respect to r: if r1(t) > ro(t) fort € [to,t1], then

[p (1, X, 0) (1) < Ry (72, X L) (2).
(3) The function [h,(r,x,t0)|(t) is Borel measurable with respect to p.

Set
P={p=(p1,p2) €R*: p1 < po}.

Denote by R the set of Borel measurable functions P — {0, 1} and by &, (or
simply &) a generic element of R, which is called a relay configuration. Let p
be a fixed finite nonnegative Borel measure over P. Without loss of generality,
we assume that

u(P) = 1.

We will consider R as a metric space with the distance

d(&1,&2) = /P €1p — &l dplp) V1, & ER.

We introduce the Preisach operator

H : O[to,tl] X R — Loo(t(),tl) N Or[tg,tl),
MO t))0) = [ [l &t Odlp), ¢ € lto,t)

In this context, we will say that & is the initial configuration of the Preisach
operator H.

If the measure p is supported at finitely many points p® = (pgi), pg)), then
the operator H(r, &, tp) is a linear combination of finitely many discontinuous
delayed relay operators h ) (7, &, to).-

10



For the operator 'H to be continuous, we have to take a “linear combination”
of infinitely many delayed relay operators (see Condition 3.1 and Lemma 3.3

below).

The physical interpretation of the continuous Preisach operator in terms of
thermocontrol processes is as follows. The value of H(r, &, t)(t) corresponds
to the power of the heating (cooling) elements on the boundary of a domain,
depending on some averaged temperature r(t) of the domain. The value 1
corresponds to the most powerful heating regime and the value 0 to the most
powerful cooling regime.

Fix some numbers pj < p3 and 6 > 0 such that
pi+d < py—4.
Let the support of the measure p be a subset of the set
P*=PnN[p1 —6,p1+ ] x [p3 — 6,05+ d].

If the value of 7 is less than pj — J, then the value of H equals 1 (maximum
heating), if the value of r is greater than pj + J, then the value of H equals
0 (maximum cooling). If r is between p; — ¢ and pi 4+ 0 and decreases then
H increases (gradual increase of heater’s power). If r is between pj — ¢ and
p; + 0 and increases then H does not change. Similarly for » between p5 — ¢
and p} + 0 (one should swap “increase” and “decrease”). The dependence of
‘H on r is schematically depicted in Fig. 3.2.

AH

| I

r

»
>

0 =

pi—06 pi+d py—0  pr+0

Fig. 3.2. The continuous Preisach operator H

The following properties of the Preisach operator result from the analogous
properties of the delayed relay operator h, (see Lemma 3.1).

Lemma 3.2 (1) Semigroup property: if to < 70 < 7 < t1, then
[H(r, & to)](11) = [H(r, 2(70), 70)](71),

where 2,(10) = [h,(r,&p,t0)](T0)-

11



(2) Monotonicity with respect to r: if r1(t) > ra(t) fort € [to, t1], then

[H(T1a§7t0)](t) < [H(T2a57t0)](t)'

In what follows, we need continuity properties of the Preisach operator. To
ensure their validity, we impose a restriction on the measure p. Denote by
U the class of functions ¥ (o) (¢ > 0) that are Lipschitz continuous with
Lipschitz constant 1.

Condition 3.1 For any ¢ € U, the u-measure of the curve py + pa = ¥(py —
p1), p € P, equals zero.

Lemma 3.3 (see Sec. 38.6 in [13]) Condition 3.1 holds if and only if the
operator H : Clto,t1] x R — Clto,t1] is uniformly continuous, i.e., there is
a nonnegative function c(e) (which does not depend on ty and t,) such that
c(e) =0 ase — 0 and

| H (1, &sto) — H(ra, &osto)| oot < ()

whenever

Iy = ralloteos + 1615 = €l dia(p) < e

Denote

Ri(M, ) ={peP: i <pi <A}, M <A, =12,

k(A) = sup  2u(Ri(M1, ), A>0.
0SAg—A1 <A,
i=1,2

Condition 3.2 There is a constant C > 0 such that k(\) < CX for A > 0.

Lemma 3.4 (see Theorem 3.9 in Chap. 3 in [23]) Let Conditions 3.1 and 3.2
hold. Suppose that £ € R, r € Clto, t1], and

|r(s1) — r(s0)]
r = sup — <X
H ||1/2 sos1Eltnta], sostsn |31 — 30|1/2

Then
IH(r, &) (s1) — H(r, & to)(s0)| < Cllr[l1ja(s1 — s0)"2,

where C' is the same as in Condition 3.2 and ty < so < 51 < 3.

12



3.2 Preisach operator for piecewise continuous functions

Now we define the Preisach operator for piecewise continuous functions. Fix
some points
tg <t < to.

Denote by Clto, t,] the Banach space of functions 7(t) continuous on the right
and such that their restrictions on the intervals (t;_1,;), j = 1,2 (which we
denote by 7;(t)), belong to Ct;_1,t;]. The norm in Cf[ty, 5] is given by

||r||C~'[t0,t2] - ‘gr:léll}é ||rj||c[tj71,tj]'

We define the operators
hp : C’[to,tg] X {O, 1} — BV(to, tg) N Cr[to,tz),

H : é[to,tg] X R — Loo(toatl) M Cr[to, t2>
by using the semigroup property:

where z,(t1) = [h,(11,&,, t0)](t1).
Lemma 3.5 Let Condition 3.1 hold. Then the operator H maps Clto, to] X R

to Clto, ta]. Moreover, for any fired ¢ € R, the operator H : Clto, to] — Clto, 2]
is continuous (uniformly with respect to to, t1, and ts).

PROOF. We fix { € R. Due to Lemma 3.3, H(r,§,to) € C[t;_1,t;], j = 1,2.
This implies that H(r, &, to) € C|to, ta].
Suppose that 7, q € C[to, to] and ||r — qll Gy, < € Where € > 0.

By Lemma 3.3, we have

[H(r, €, 10)(t) = H(g, &, to)(1)] < c(e), T € [to, tr). (3.1)

Denote

zp(t1) = [hp(r1, & t0)](t),  23(t1) = [hp(ar, &, to)] (t).

13



Using the monotonicity property of the operator h, (see Lemma 3.1) and
Lemma 3.3, we obtain

Jo e

<

— z3(t1) ] dp(p)

hp(rs ==, &o )0 dilp) = [ Thylrs .6, 1) (0) dia(p) (52
(rn =&, & t0)(t) — H(r1 + ¢, 1) (1) < ¢(2).

S

m

It follows from inequalities (3.2) and Lemma 3.3 that

[H(r, &, t0) () — H(q, &, t0)(1)]
= [H(ra, z(t), £1) (1) — Mgz, z5(t1), 01) ()] < ce +¢(2¢2)), te€ [tla(ézg)
Combining (3.1) and (3.3), we complete the proof. |

4 Thermocontrol Problems with Time Delay: Existence and Unique-
ness of Solutions

4.1 Setting of the problem

Let w(z,t) be the temperature at the point x € @ at the moment ¢ > 0
satisfying the heat equation

wy(x,t) = Pw(x,t) + F(x, t,w(z,t),u(t)) ((z,t) € Qr), (4.1)
where F'(z,t,w,u) and the control function u(t) are specified below.

The initial condition is given by

w(z,0) = p(z) (z€Q). (4.2)

The boundary condition also contains the control function u(t) which regulates
the temperature on the boundary, the heat flux through the boundary, or the
ambient temperature:

—7?5 = o(x)w(z,t) + ko(z)u(t) + k1 (z) ((x,t) € T'p), (4.3)

where v and o are the same as above, and kg, k1 € C°(R") are real-valued
functions.

14



where m € Lo (Q) is a given function, m(z) # 0.

To define the control function u(t), we fix an arbitrary £ € R and introduce
the Preisach operator H : C[0, 7] — L«(0,7) N C,[0,T) given by

H(r)(t) = H(r,&,0)(¢), re C[0,T], te€[0,T].

We assume that the control function u(t) satisfies the following Cauchy prob-
lem:

au'(t) + u(t) = H(wn(- —7))(t) (¢t € (0,T)), (4.4)
u(0) = o, (4.5)
wn(t) =g(t) (t€[-T,0)), (4.6)

where a > 0, ug € R, g € C[—7,0], and w is the function satisfying rela-
tions (4.1)-(4.3).

We assume that the consistency condition

9(0) = ¢m (4.7)

holds for the initial data g(t) and ¢(x) (which will ensure the continuity of
the “mean” temperature at t = 0).

Further, we assume that

F(,t,9(),u) € Ly(Q) YVt e [0,T], ¥ € Ly(Q), u € R,
[ (s ta, o (0), u, ) — F (-t 91(4), wa) | Lo

4.8

< L (It = 672 + 19 — L acey + 2 — ) 48)
Vt € [O,T], wj € LQ(Q), Uj € ]R, ] = 1,2,

||F('7t7¢<')7u)||L2(Q) S F(u) (49)

vt € [0,T], ¢ € Ly(Q), u €R,

where L > 0 does not depend on the arguments of F and F (u) is bounded on
bounded intervals.

Definition 4.1 A pair of functions (w,u) is called a (strong) solution of
problem (4.1)—(4.6) (in Qr with the initial configuration & € R) if w €
Wy (Qr)NC([0, T], WH(Q)) satisfies Eq. (4.1) a.e. in Qr and conditions (4.2),
(4.3) in the sense of traces and u € C[0,T) satisfies Eq. (4.4) in (0,T) and
condition (4.5), whereas the function w,,(t) fort € [—7,0) is given by (4.6).
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4.2 Solvability and a priori estimates

In this subsection, we prove the existence and uniqueness of the solution for
problem (4.1)—(4.6).

First, we reduce the problem to that with the homogeneous boundary condi-

tion and prove the existence and uniqueness of the so-called mild solution (see
Definition 4.2 below).

Consider a function U € W}(Q) such that

—’ygg =o(z)U(x)+1 (xel). (4.10)
We assume that
Ulx)=0 (zel) if v > 0. (4.11)

The existence of such a function U follows from Lemma 2.2 in [16, Chap. 2].

Set

vo(z,t) = [ko(x)u(t) + ki (2)|U(z). (4.12)
It follows from (4.1)—(4.3), (4.10), and (4.11) that the function v = w — vy
satisfies the relations

vi(x,t) = Po(z,t) + f(z,t,v) ((z,t) € Qr), (4.13)
v(z,0) = p(z) + po(z) (z€Q), (4.14)
vgz +o(x)v(z,t) =0 ((z,t) € I'p), (4.15)

where

f(x,t,v) = Plko(x)U(x)]u(t) + Plki(2)U(z)] — ko(2)U(2)u'(t) + F(z,t,v + vo(z, t), u(t)),

wo(x) = —(ko(w)uo + k1 (z))U ().
(4.16)

We introduce the analytic semigroup of contraction Ty : Ly(Q)) xR — Lo(Q) X
R, t > 0, defined as follows: for any (g, up) € L2(Q) x R

T4 (1o, uo) = (Setbo, €~/ “up). (4.17)

Definition 4.2 A pair of functions w € C([0,T], L2(Q)), v € C'0,T] is
called a mild solution of problem (4.1)—(4.6) (in Qr with the initial configu-
ration & € R) if w = vy + v, where vy is given by (4.12),

(00, 1),0(0)) = Tugto, w0 [ s (£ 5,008, 0 (- = 7))(5)) ds,

(4.18)
and wp,(t) = g(t) fort € [=7,0); here f and o are given by (4.16).
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Theorem 4.1 Let Condition 3.1 hold. Suppose that F' satisfies conditions (4.8).
Then, for any initial data (@, ug, g) € La(Q) x R x C[—7,0] such that the con-

sistency condition (4.7) holds, there exists a unique mild solution (w,u) of

problem (4.1)—(4.6) in Qr.

PROOF. I. Let t € [0,7]. Then u(t) is given by

u(t) = uge ™+ [ e tap(g(-— D) (s)ds (¢>0) (419
Since g(- — 7) € C[0,7], we have H(g(- — 7)) € C]0,7]. Thus, it follows
from (4.19) that u € C'[0,7]. Hence, using (4.8), we see that f(-,¢,1(-)) as
a function from [0, 7] x Lo(Q) into Ly(Q), is continuous in ¢ and uniformly
Lipschitz in 1. Therefore, applying Theorem 1.2 in [18, Chap. 6], we obtain
that there exists a unique mild solution of problem (4.1)—(4.6) in Q.

II. Let ¢t € [0, 27]. Then we can represent u(t) as follows:
¢
u(t) = upe™* + a_l/ e K (w (- — 7)) (s)ds  (t € [0,27]),
0

where w,,(t) = g(t) for t € [—7,0) and w,,(t) is uniquely defined for ¢ € [0, 7]
in part I of the proof. It follows from the consistency condition (4.7) that
Wy, (- —7) € C0, 27]. Therefore, H(w,,(- —7)) € C[0,27], and, similarly to the
above, we see that there exists a unique mild solution of problem (4.1)-(4.6)

in Q27'~

Repeating the above procedure finitely many times, we prove that there exists
a unique mild solution of problem (4.1)—(4.6) in Q7.

Now we introduce the set of initial data for which strong solutions of prob-
lem (4.1)—(4.6) exist. Let

V, = {((p, up, g) € Wy (Q) x R x C[—7,0] : consistency condition (4.7) holds}

if v > 0 and
Vr = {(¢,u0,9) € W3(Q) x R x C[-7,0] :
o(z)p(z) + ko(x)ug + ki(z) =0 (z €T)
and consistency condition (4.7) holds}
if v =0.

Thus, if (¢, u, g) € V: and v = 0, then ¢ + @y € Wi (Q) (cf. (4.14)).
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Theorem 4.2 (1) Let Condition 3.1 hold. Suppose that F satisfies condi-
tions (4.8) and (4.9) and (¢,uo,g) € V.. Then there exists a unique
solution (w,u) of problem (4.1)~(4.6) in Qr and

lw(-, T)waq) < caAluo) + e " lollwz ), (4.20)
lwllwz1 o + llwllcqomwi@) < esBle,uo), (4.21)

[ullcpor < max(1, uol), (4.22)

|wm(t2) — wm(t1)| S CﬁB(QD,Uo)|t2 — t1|1/2 \V/tl,tg € [O,T], (423)

where

|u1|<max(1,|ug|)

A(ug) = [max (1, 2a7, lug|,a (1 + |u0])) + max  EF(u)]|,

(4.24)
B(p,uo) = A(uo) + [[ellwi(q)- (4.25)
(2) If we additionally assume that Condition 3.2 holds and T > T, then
[w( T)lwzq) < erB(p; uo). (4.26)
Here cy,...,c; > 0 depend on T', do not depend on v, ug, g,&, and are bounded

on any segment [T1,Ts] (0 < Ty < T3).

PROOF. I. Due to Theorem 4.1, there exists a unique mild solution (w, u) of
problem (4.1)—(4.6) in Q7. Since u € C*[0,T], the function vy given by (4.12)
belongs to W3 (Qr) N C([0,T], W(Q)).

Using (4.8), we see that the function f(x,t,v(x,t)) given by (4.16) belongs
to Lao(Qr). Therefore, due to Lemma 2.1, problem (4.13)—(4.15) has a unique
solution v € W3 (Qr) N C([0,T), W}(Q)) and the pair (v, u) satisfies (4.18).
Thus, the mild solution (w, ) is also a (strong) solution of problem (4.1)—(4.6).

II. Since
0<H(r)<1 VrecC|0,T] (4.27)

due to the assumption u(P) = 1, it follows from (4.27) and from the repre-
sentation

ult) =woe ™+ a [ eI, (-~ ))()ds (120)  (428)

0
that
lu(t)| < max(1, |ug|), |v/(t)] <a '(A+|u®)]) < a ' max(2, 1+|ug|) Vt >0,

(4.29)
which, in particular, yields (4.22).
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It follows from relations (4.12) and (4.16), Corollary 2.1, and inequalities (4.29)
that

||w('vT)||W21(Q) < ||U0('aT)||W21(Q) + ||U('aT)||W21(Q)
< kymax(L, [uo|) + 1| fllza@r + llvollwg @) + e el
< esAuo) + einHQDHWQ(Q)J

where A(ug) is given by (4.24) and ky, ks, ... > 0 do not depend on ¢, ug, g, &.
Inequality (4.20) is proved.

Inequality (4.21) can be proved analogously by using Lemma 2.1.
III. To prove inequality (4.23), we note that, due to (4.29),

It follows from (4.12) and (4.30) that

[vo(-s t2) = vo(-, t1) || La(@) + [Vom (t2) — vom(t1)| < kaA(uo)[ta — ta]/*  (4.31)
for all ¢y, € [0, 7.
By Lemma 2.4 and inequalities (4.29), we have

[v(-,t2) = v(-st1) | Lo(@) + [vm(t2) — vim(t1)]
< k(1 f | a(or) + llellwa@) + lleollwa @)tz — ]2 (4.32)
S k4B(§0,U0)|t2 — t1|1/2 th,tQ S [O,T],

where B(¢, ug) is given by (4.25).
Combining (4.31) and (4.32), we obtain (4.23):
|wm(t2) - wm(t1)| S ]{Z5B(()0, UO>|t2 — t1|1/2 th, t2 c [O, T] (433)

IV. It remains to prove inequality (4.26). Let T" = k7 + 71, where £ C N and
O0<mn <.
Let t1,to € [T —7,T]. Then t; —7 € [T —7—n,T — 7] C [0,T], j =
1,2. Therefore, using the continuity of the function w,,(t — 7) on [T — 7, T1,
Lemma 3.4, and estimate (4.33), we have

[H(wn(- = 7))(t2) = H(wa(- — 7)) ()] < ChsBlp,uo)lta — 12|12 (4.34)

for all t1,ty € [T — 7, T).
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By virtue of (4.4), (4.30), and (4.34), we have
|u'(t2) — U,(t1)| S k’GB<g07 U0)|t2 — t1|1/2 th, tg - [T — Tl,T].
Therefore, taking also (4.8), (4.9) (4.29)—(4.33) into account, we see that

Hf('vtav('at))Hla(Q) < k7B(§07u0>7
1 (ot 0(, 1)) = (ot v(- 00)) | ooy < keB(o,u0)lta — 1]

for all ¢t,t1,ty € [T — 1, T).

(4.35)

Due to (4.35), we can apply Lemma 2.3; then, using relations (4.12), (4.16),
and (4.29), we obtain

lw(, T)lwzq) < llvo(s Dllwzg) + v Dllwz)
< ks(A(uo) + || fllra@r—ry) + ol ra@) + 6l La@) + Bluo, ¢))
S kQB(UOaSO)v

which completes the proof of (4.26).

5 Periodic Solutions of Thermocontrol Problems with Time Delay

In this section, we assume that the right-hand side F'(z,t,,u) is T-periodic
in ¢ and prove the existence of a T-periodic solution (w,wu) of problem (4.1),
(4.3), (4.4).

Definition 5.1 A pair (w,u) is called a T-periodic solution of problem (4.1),
(4.3), (4.4) (with an initial configuration & € R) if there is a triple (v, ug, g) €
V., such that the following holds:

(1) (w,u) is a solution of problem (4.1)—(4.6) in Qr with the initial data
(p, ug, g) and the initial configuration &,
(2) uw(T) =u(0), w(z,T) = @(x), wy(t) =wy,(t—=T) fort € [T —7,T), and

hp(Wi (- = 7),£,,0)(T) =&, VpeP.

The last equality in Definition 5.1 means that, along with the control function
u and the temperature w, the configuration of the Preisach operator at the
moment t = T is the same as at the moment ¢ = 0. Only in this case, the
solution will be T-periodic for all ¢ > 0.

Lemma 5.1 Let Condition 3.1 hold, F satisfy condition (4.8), (v, ug,g) €
V., and the corresponding solution (w,w) of problem (4.1)—(4.6) be T-periodic
(T > 0). Then the function wy,(t) is Holder-continuous (with exponent 1/2)
on the segment [—1,T].
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PROOF. Consider anumber [ € Nsuch that [T > 7. Let (0, @) € W(Qu+1)r)
be a solution of problem (4.1)-(4.6) in Qq41)r with the same initial data
(o, ug, g). It follows from Theorem 4.2 and Definition 5.1 that (w,u1) = (w, u)
in Qr and W,,(t) = W, (t + IT) for t € [—7,T]. Since w,,(t + (T is Holder-
continuous for t € [—7,7] (due to Theorem 4.2 and the fact that ¢t + T €
IT —7,(1+1)T] C [0,(I 4+ 1)T)), it follows that w,,(t) = Wy, (t) = W, (t +1T)
is also Holder-continuous on the segment [—7, 7.

Theorem 5.1 Let Conditions 3.1 and 3.2 hold. Suppose that the function
F(x,t,¢,u) is T-periodic in t with some T > T and satisfies conditions (4.8)
and (4.9). Then the following assertions are true.

(1) There is an initial configuration & € R such that there exists a T-periodic
solution (w,u) of problem (4.1), (4.3), (4.4) with the initial configuration
¢

(2) For any T-periodic solution (w,u) of problem (4.1), (4.3), (4.4), we have
u(t) € [0,1] (t >0).

The proof will be based on the Schauder fixed-point theorem. One of the
main difficulties here is that the configuration of the Preisach operator at
the moment T" may differ from its initial configuration even if the value of
the control function v and the temperature w at the moment 7" coincide with
their values at the initial moment. To overcome this difficulty, we will introduce
another hysteresis operator with a longer “pre-history,” prove the existence of
a periodic solution in this case, and show that it coincides with a periodic
solution of the problem with the original Preisach operator.

From now on, we assume that 7' > 7. Introduce the space (cf. Sec. 3.2)

CT[—T, T] = C[to,tg], where to = —T, tl =-T+ T, tQ =1T.

Fix an arbitrary ¢ € R and consider the Preisach operator H : C‘T[—T, T| —

C;[-T,T) given by

Hr)(t) = H(r, ¢, ~T)(t), reC[-T,T).

To prove Theorem 5.1, we consider an auxiliary problem, namely, we replace
relations (4.4)—(4.6) by the following ones:

au'(t) + u(t) = H(wn(-—7))(t) (t € (0,T)), (5.1)
u(0) = up, (5.2)
wm(t) = g(t) (te[-T—m0); (5.3)

here

g S é[—T - T, 0] = é[to,tg], Where to =T — T, tl = —T, tg = 0.
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In other words, we consider the “pre-history” functions g(¢) on the larger
interval [T — 7,0] and allow them to be discontinuous at ¢t = —7".

As before (cf. (4.7)), we assume that

9(0) = ¢m. (5.4)
Similarly to Definition 4.1, one can define a (strong) solution (w,u) of prob-
lem (4.1)-(4.3), (5.1)—(5.3).

Remark 5.1 If (w,u) is a solution of problem (4.1)=(4.3), (5.1)~(5.3) and
consistency condition (5.4) holds, then the function w,,(t) is continuous at the
point t = 0 due to condition (5.4). This ensures that wp,(- — 1) € Co[=T,T]
and the Preisach operator H is well defined.

Set

V. = {(% ug, g) € Wy (Q) x R x C’[—T —7,0] : condition (5.4) holds}

it v > 0 and

Ve ={ (0. 10.9) € WHQ) x Rx C[-T = 7,0]
o(z)p(z) + ko(x)up + ki1(z) =0 (z € I') and condition (5.4) holds}
it y=0.

Definition 5.2 A pair (w,w) is called a T-periodic solution of problem (4.1),
(4.3), (5.1) (with the initial configuration ¢ € R ) if there is a triple (o, ug, g) €

V,; such that the following holds:

(1) (w,u) is a solution of problem (4.1)~(4.3), (5.1)~(5.3) in Qr with the
initial data (@, ug,g) and the initial configuration (,

(2) w(T) = u(0), w(z,T) = ¢(x), wn(t) = wn(t =T) fort € [-7,T).

Remark 5.2 Unlike Definition 5.1, we do not require in Definition 5.2 that
ho(wim (- = 7),Co, =T)(T) = hp(wp (- — 7),(p, —=T)(0) VpeP (5.5)

because this relation is automatically fulfilled for w,,(-—T) that is T-periodic on
[~—T, T|. This is basically the main reason why we have introduced the operator

H.

Remark 5.3 It follows from the definition of the operator H that

hp(wm(' - T)vgpa =T)(t) = hp(wm(' - T),fp,())(t), t >0,
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H(wm( - T)7 Ca _T)<t> = H(wm< - T)7 57 0)<t>7 t Z 07
where &, = h,(wn(- —7),(,, —=T)(0).
Therefore, the solution of problem (4.1)—(4.3), (5.1)—(5.3) with the initial data
(p,u0,9) and the initial configuration ¢ coincides with the solution of prob-

lem (4.1)~(4.6) with the initial data (@, uo, g||-r0)) and the initial configura-
tion &.

Similarly, taking into account Remark 5.2, we see that a T-periodic solution
of problem (4.1), (4.3), (5.1) with the initial configuration ¢ is a T-periodic
solution of problem (4.1), (4.3), (4.4) with the initial configuration .

Thus, assertion 1 of Theorem 5.1 is a consequence of the following result,
which will be proved in this section.

Theorem 5.2 Let the hypothesis of Theorem 5.1 hold. Then, for any ( € R,
there is a T-periodic solution (w,u) of problem (4.1), (4.3), (5.1).

We introduce the operator G : V, — V, given by
G(QD,’LLD,Q) = ('LU(',T),U(T),’I"), (56)
where (w, u) is the solution of problem (4.1)—(4.3), (5.1)—(5.3) with the initial

data (o, ug, g) € V- and the initial configuration ¢ and (see Fig. 5.1)

,t) = {wm(t+2T), te[-T—r-T) 57)

wn(t+T), te[-T,0].

It follows from Theorem 4.2 that w(-,T) € Wi(Q), r € C[-T — 7,0], and

/Qm(x)w(x, T)dx = w,(T) = r(0).

Therefore, the image of the operator G indeed lies in V;; thus, G is well defined.

Remark 5.4 If (p,ug,g) € V- is a fized point of the operator G, then the
function wy,(-—T) is continuous and T -periodic on [=T,T| (Fig. 5.1.b). Hence,
the corresponding solution (w,u) of problem (4.1)—(4.3), (5.1)<(5.3) is a T'-
periodic solution of problem (4.1), (4.3), (5.1). By Remark 5.3, it is a T-
periodic solution of problem (4.1), (4.3), (4.4).

Lemma 5.2 Let the hypothesis of Theorem 5.1 hold. Then the operator G :
V. — V, is continuous.
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v

-T—-7 =T -7 0 T—-7 T -T—-7 =T -7 0 T—-1

\

\ 4

-T—-7 =T -7 0 -T—-7 =T -7 0

(@) g#r (0)g=r

Fig. 5.1. The map C[-T — 7,0 > g — r € C[-T — 7,0].

PROOF. I. We fix an arbitrary 0 < ¢ < 1 and consider two initial-data
triples (o, ug, g) and (@, g, g) from V), such that

17— ellwig) + |t —uol + |§ = gllerr—ro) < & (5.8)
Let (w,u) and (w,a) be the corresponding solutions of problem (4.1)—(4.3),
(5.1)—(5.3) in Qp,, where Ty = N7 > T, N € N.
We represent the functions w and w as follows:
w = v + vy, W = U + Up;

here v is a solution of problem (4.13)—(4.15) in Qr,, vp is given by (4.12), ¥ is
a solution of the problem

Oy(x,t) = Po(x,t) + f(x,t,@) ((z,t) € Qn,), (5.9)
0(z,0) = §(2) + go(z) (2 €Q), (5.10)
’yg:j +o(z)o(x,t) =0 ((z,t) € I'y), (5.11)

where

f(a,t,8) = Plko(2)U(x)]a(t) + Plki(2)U(x)] — ko(x)U ()@ (1)
+ F(z,t,0+ 0o(z, ), u(t)), (5.12)
Po(z) = —(ko(2)u(0) + k1 (2))U(z),
and



II. Let t € [0, 7]. Using (4.4), (5.8), and Lemma 3.5, we obtain
ja(t) = u(®)|

= [t = wo)e e+ [ IR~ )(s) — Filg(- — ) (9)] ds

0
< k1Ch(e),

5 . (5.13)
|@/(t) — u'(t)] < ala(t) —u(t)] + [H(G( — 7)) — H(g(- = 7)) ()] < k2C1(e),
where ki, ks, ... > 0 and C}(g) > 0 do not depend on (¢, ug, g), (@, to, §), and

t and Cy(e) — 0 as € — 0. Therefore, taking (4.8) into account, we have

1T0(,t) — vo (-, ) lwrq) < ksCile), (5.14)
1f = fllza@n) + 10 = @ollwiq) < ka (Cl(g) + o - UHC([O,T],LQ(Q))) . (5.15)

Using the representation

t N
ﬂ(',t)—v(«,t) = St(@+<ﬁo—90—900)+/0 St*S (f(7 Svﬂ('v S)) - f(~,5,1)(',8))) dS,
the estimates
1€ = @llzo@) + [1Po — ol o) < ksCi(e),

1FCos) = fCos)llna) < Ko (Cale) + 150 8) = v(8) o))
and the Gronwall inequality, one obtains (cf. the proof of Theorem 1.2 in [18,
Chap. 6])
10 = vlleqor, @) < krCi(e).
Combining this inequality with (5.15), we have

1 = fllzag@n + 1B0 = wollwi(o) < ksCi(e). (5.16)

Further, due to Lemma 2.1 and inequalities (5.14), (5.15), and (5.8), we obtain

[, 8) = wl Dllwsar < o 1) = w0 Dllwgay + 190, 1) = v Dllwsc
< ksCi(e) + ko (IF = Fllzacen + 180 = wollwia + 18 — ellwia))

< k1oCi(e).
(5.17)

The latter estimate implies that

@, — Wi co,7 < k11C1(€). (5.18)

III. Now assume that ¢ € |7, 27]|. Replacing the triples

(907u0ag)a (9572207.&)
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by

(w('v 7-)7 U(T)7 wm(' + T))? (U~)(, 7-)7 fL(T), @m( + T))?
respectively, and using inequalities (5.13), (5.17) for t = 7, and (5.18) instead
of (5.8), we obtain similarly to the above that

[@(-,t) —w(, )llwp @) + [@t) = u@)] + [Wm — wmllcpren < Cale),
where Cy(e) — 0 as ¢ — 0.
Continuing this procedure, we see that if t € [(k—1)7, k7], k= 1,..., N, then
1550 2) = 0, )llwg @+ 1) = u(t)| + 5 — ety < Cole), (5.19)

where Cj(¢) — 0 as ¢ — 0. This proves the continuity of the operator G :
V, — V.

Lemma 5.3 Let the hypothesis of Theorem 5.1 hold. Then the operator G :
V., — V; is compact.
PROOF. Let B denote a bounded set in V,. Due to (4.26), we have
[w(, T)lwz@) <k Y(p,u0.9) €B, (5.20)

where k1 = k1(B) > 0 does not depend on (¢, ug, g) € B.
It follows from (4.23) that

Wi (t2) — Wi (t1)] < kalty — t1|Y2 Y(p,ug,9) € B, t1,t2 € [0,T], (5.21)
where ko = ko(B) > 0 does not depend on (¢, ug, g) € B.

Using inequalities (5.20) and (5.21), the uniform boundedness of the functions
Wy, (t) on [0, 7] (cf. (4.21)), the Ascoli-Arzela theorem, and the compactness
of the embedding W (Q) C W, (Q), we see that the operator G : V, — V, is

compact.

Now we will find a bounded closed convex set in V. which is mapped by the
operator GG into itself. Consider the set

Vo = {(¢, u0,9) € Vv, ||SOHW21(Q) < My, o € [0,1], ||g||é[—T—T,0] < M},
where M; = M;(T) > 0 and My = My(T') > 0 are specified below.

Lemma 5.4 Let the hypothesis of Theorem 5.1 hold. Then there exist positive
numbers My = My(T) and My = My(T') such that the operator G maps Vyr
into itself.

26



PROOF. It follows from (4.22) that

uw(T) € [0,1] V(p,ug, g) € Vrr. (5.22)
Denote
Ay = [max (1, 2a’1> + max ﬁ(ul)] . (5.23)
Clearly, A(ug) = Ap for uy € [0, 1], where A(ug) is given by (4.24). Set
csAo
M, — 470
R P

where ¢4 = ¢4(T') is the constant occurring in (4.20). Then, using (4.20), we
obtain

lw(-, T)llwig) < cado + e T M, = M, Y(p,ug, g) € Vor. (5.24)

It remains to choose My > 0 such that
||r||é[—T—T,O} < M, \V/((,O,Umg) € f}TTa (525)

where 7(t) is given by (5.7). Using the Schwartz inequality and estimate (4.21),
we have

Irller—ro) = lwmllepr < eslimllra@llwllcqom @)
< Kes|ml L@ llwlleqomwr@) < Kesllmllraq) (Ao + M),

where ¢ is the constant occurring in (4.21) and K is the norm of the embed-
ding operator W3(Q) — Ly(Q) (the norm in W3 (Q) is given by (2.4)). By
setting

My = Kes||m|| L, (Ao + M),

we obtain (5.25).

PROOF. [Proof of Theorems 5.1 and 5.2] I. It follows from Lemmas 5.2—
5.4 that the operator G maps a bounded closed convex set V,p into itself
and is compact. By the Schauder fixed-point theorem, the operator GG has a
fixed point (¢, g, g) € V,r. Therefore, due to Remark 5.4, the corresponding
solution (w,u) of problem (4.1)—(4.3), (5.1)—(5.3) is a T-periodic solution of
problem (4.1), (4.3), (5.1). Theorem 5.2 and assertion 1 of Theorem 5.1 are
proved.

II. Let (w, u) be an arbitrary T-periodic solution of problem (4.1), (4.3), (4.4).
It follows from (4.27) and from the representation (4.28) that

upe ' < u(t) < (up — 1)e 41 vt >0,
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Since upe /¢ — 0 and (up — 1)e™/* +1 — 1 as t — +oo, it follows that the
image of the periodic function u(t) lies in the segment [0, 1].

Remark 5.5 Let F' not depend on w(x,t). Then any periodic solution (w,u)
of problem (4.1), (4.3), (4.4) is uniquely determined by the initial configuration
€ €R, the “mean” temperature w,,(t), and the control function u(t). Namely,
using the Banach fized-point theorem, similarly to [10, Sec. 4], one can show
the following. Let (w,u) be a T-periodic solution of problem (4.1), (4.3), (4.4)
and (W, u) be a solution of problem (4.1)~(4.6) in Qr for all T > 0 such that
Wi (t) = wp(t) for allt > 0. Then either W = w or w is not periodic in t and

[ (-, 1) — w(~,t)HW21(Q) —0 as t— oo.

6 Thermocontrol Problems Without Time Delay: Existence and
Uniqueness of Solutions

6.1 Setting of the problem

Now we consider a thermocontrol problem without time delay. Let w(x,t) be
the temperature at the point x € ) at the moment ¢ > 0 obeying the heat
equation

wy(z,t) = Pw(z,t) + F(x, t,w(z, t),u(t)) ((z,t) € Qr), (6.1)

where F'(z,t,w, u) satisfies (4.8) and the control function u(t) is to be defined
below.

The initial condition has the form

w(e,0) = p) (z€Q). 62)
The boundary condition is given by:
_W’gzj = o(z)w(x,t) + ko(z)u(t) + ki1 (x) ((x,t) € I'r), (6.3)

where v, o, kg, k1 are the same as above.

Fix an arbitrary £ € R and consider the Preisach operator H : C[0,7] —
L (0,7)NC,.[0,T) given by

H(r)(t) = H(r,&,0)(t), re C[0,T), t €0,T).
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We assume that the control function u(t) satisfies the following Cauchy prob-
lem:

au'(t) + u(t) = H(wm)(t) (t € (0,7)), (6.4)
u(0) = o, (6.5)

where a > 0, ug € R, and w is the function satisfying relations (6.1)—(6.3).

Definition 6.1 A pair of functions (w, u) is called a solution of problem (6.1)—
(6.5) (in Qp with the initial configuration & € R) if

w e W22’1(QT> N C([O’ T]? WZI(Q))

satisfies Eq. (6.1) a.e. in Qr and conditions (6.2), (6.3) in the sense of traces
and u € C'0, T satisfies Eq. (6.4) in (0,T) and condition (6.5).

6.2  Solvability and a priori estimates

In this subsection, we prove the existence and uniqueness of the solution for
problem (4.1)—(4.6). As before, we reduce the problem to that with the homo-
geneous boundary condition. Consider a function U € W$(Q) satisfying (4.10)
and (4.11). Set

vo(z,t) = [ko(x)u(t) + ki (2)|U (z). (6.6)
Similarly to (4.13)—(4.15), we obtain that the function v = w — vy satisfies the
relations

vi(z,t) = Pv(z,t) + f(x,t,v) ((z,t) € Qr), (6.7)
v(x,0) = p(z) +po(z) (7 €Q), 6
’ygz +o(z)v(z,t) =0 ((x,t) € T'7), (6.9)

where

fa,t,0) = Plho(2)U(x)]u(t) + Plki(2)U(x)] — ko(2)U (x)us (¢)
+ F(z,t,v+ vo(z,t), u(t)),
ur(t) = a” (H(wn)(t) — u(t)),

o (6.10)
wo(x) = —(ko(w)uo + k1(z))U(2).

Remark 6.1 We shall now define a mild solution (w,u), where u is a priori
not supposed to be differentiable. That is why we have introduced u (t) in (6.10)
instead of writing u'(t). Then we shall prove that u is differentiable and u'(t) =

uy (t).

Consider the analytic semigroup of contraction Ty : Ly(Q) X R — Lo(Q) X R,
t >0, given by (4.17).
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Definition 6.2 A pair of functions (w,u) € C (]0,T], L2(Q) x R) is called
a mild solution of problem (6.1)—(6.5) (in Qr with the initial configuration
£ E€R)if w=n1vy+ v, where vy is given by (6.6) and

(v(-,t),u(t)) = Ti(e + o, up) + /Ot T, (f(7 S,U<-7S>>,a_1H(wm)<S)) ds;
(6.11)
here f and @o are given by (6.10).

First, we prove the existence and uniqueness of a mild solution. We replace
Condition 3.1 by a stronger one which ensures the Lipschitz continuity of the
Preisach operator.

For any function ¢ € U (the class ¥ is described in Sec. 3) and any ¢ > 0, we
define the set

G, e) =A{(p1,p2) : b(p2 — p1) —€ < pr + p2 < P(p2 — p1)}-
Condition 6.1 There is a constant Ly > 0 such that

sup u(G(v,¢€)) < Lye Ve > 0.
bew

Lemma 6.1 (see Sec. 38.6 in [13]) Condition 6.1 holds if and only if the
operator H : Clto, t1] — Clto, t1] is uniformly Lipschitz continuous, i.e., there
is a constant Ly > 0 (which does not depend on ty, t1, and & € R, r; €
Clto, t1]) such that

M1, 61, t0) =Mz, s o)t < La (llrs = et + [, l1n = ol dip))
Theorem 6.1 Let Condition 6.1 hold. Suppose that F' satisfies condition (4.8).

Then, for any initial data (¢, ug) € La(Q) x R there exists a unique mild so-
lution (w,u) of problem (6.1)—(6.5) in Qr.

PROOF. For a given pair (¢, ug) € L2(Q) x R, we define the mapping
F:C([0,T], L2(Q) x R) — C([0,T], L2(Q) x R)
by the formula
(Fx)(t) = Ti( + o, uo) + /Ot Ty s (f(', s,v(, S))a*IH(wm)(s)) ds, (6.12)

for all x = (v,u) € C([0,7T], L2(Q) x R) such that x(0) = (¢ + o, ug), f and
©o are given by (6.10), w = v + vy, and vy is defined in (6.6).

Denote by ||x]|j0,s] the norm of x in C([0, s}, Lo(Q) x R), 0 < s < T
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Let x = (v,1) € C([0,T], L2(Q) x R), x(0) = (¢ + o, uo).

We set @ = 0 + Uy, 09 = (ko(x)u(t) + k1 (z))U(z) (cf. (6.6)),

By using (4.8) and Lemma 6.1, we obtain

H(f(? 87U<'7S)>’G_IH(wm)(S)) - (f(u 376('7 S))7G_IH(wm)(s))

LQ(Q)XR
< kallx — %[0,
(6.13)
where k; > 0 does not depend on s, x, X.
It follows from (6.12) and (6.13) that
[(Fx)(t) = (FX) ()] 2@ xr < i Mt|x = X]|j0,, (6.14)

where M is a bound of | T;|| on [0,7] and ki, ks,... > 0 do not depend on
t € [0,7T]. Using (6.12)—(6.14), we obtain by induction

(kyMT)! .
7,||X — X[|o.17-

I0F') = (F'5) o) < <

For a sufficiently large I, we have (k; MT)! /1! < 1. Therefore, by the generalized
contraction principle, F has a unique fixed point x = (v,u). Clearly, the
function (w,u) = (v + vg,u), where vy is given by (6.6), is a mild solution of
problem (6.1)—(6.5).

Remark 6.2 For any mild solution (w,u) of problem (6.1)—(6.5), we have

¢
u(t) = uge 1 + a_l/ e~ /9 (w,,)(s) ds,
0

which implies that w € C[0,T] and satisfies the Cauchy problem (6.4), (6.5).

Let
Vo =Wy (Q) xR
if v > 0 and

Vo = {(p,u0) € WJ(Q) x R : o()p(x) + ko()ug + ka(2) = 0 (w € T)}

if v=0.
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Theorem 6.2 (1) Let Condition 6.1 hold. Suppose that F satisfies condi-
tions (4.8) and (4.9) and (v, up) € Vy. Then there exists a unique solution
(w,u) of problem (6.1)—(6.5) in Qr and

lw (- T)llwpg) < cad(uo) + e~ lollwyq): (6.15)
lwlleqo,mwiq) < esBlp; uo), (6.16)
[ullerory < max(1, [uo]), (6.17)
|U}m(t2) — wm(t1)| S C6B(Q0, U0)|t2 — t1|1/2 th, t2 € [0, T], (618)
where A(ug) is given by (4.24) and B(p,ug) by (4.25).

(2) If we additionally assume that Condition 3.2 holds, then
[w(- T lwzq) < erB(p; uo)- (6.19)
Here cy,...,c; > 0 depend on T, do not depend on ¢, ug, g,&, and are bounded

on any segment [T1,Ts] (0 < Ty < T3).

PROOF. I. Due to Theorem 6.1, there is a unique mild solution (w,u) €
C([0,T], L»(Q) x R) of problem (6.1)-(6.5) in Q7. Since

t
u(t) = uge M + a’l/ eV (w,,) (s)ds  (t>0),
0

it follows that v € C*[0,T] and satisfies (6.4), (6.5). Moreover, v, € Wy (Qr)
and f(z,t,v(x,t)) belongs to Ly(Qr). Therefore, due to Lemma 2.1, prob-
lem (6.7)-(6.9) has a unique solution v € W5 (Qr) N C([0,T], W3 (Q)) and
the pair (v, u) satisfies (6.11). Thus, the mild solution (w,u) is also a (strong)
solution of problem (6.1)-(6.5).

The proof of inequalities (6.15)—(6.19) is similar to the proof of inequali-
ties (4.20)—(4.23) and (4.26) in Theorem 4.2.

Remark 6.3 If the numbers 19 < T are fized, then, for any T € (0,7),
one can take the constants cy,...,c; in Theorem 4.2 equal to the respective
constants in Theorem 6.2.

6.3 Continuous dependence of solutions upon the initial data and the delay T

Now we investigate the dependence of solutions of problem (4.1)—(4.6) (with
7 > 0) and problem (6.1)-(6.5) (with 7 = 0) upon the initial data and the
delay 7. In what follows, the phrase “(w,u) is a (mild) solution of the thermo-
control problem” means that (w, u) is a (mild) solution for problem (4.1)—(4.6)
if 7 > 0 and problem (6.1)—(6.5) if 7 = 0.
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Theorem 6.3 Let Condition 6.1 hold. Suppose that F' satisfies condition (4.8).
Let (wj,u;), j = 1,2, be a mild solution of the thermocontrol problem with ini-
tial configurations §; € R, delay 7; > 0, and initial data

N (SpjaujOagj) € LZ(Q) X R % C[_Tj70] iij > Oa
’ (SpjvujO) S L2(Q) x R Zf T = 0.

We additionally assume that the following compatibility condition holds for
T > 0:
g;(0) = @jm, Jj=12. (6.20)

Then

[ (w1, u1) — (w27u2>H[0,T]

< ca ([ 160 = €apl o) + o1 = 22l + frro = o] + C(va, v, 72) )
(6.21)
where

3 (95() = 95(0)lerry0 + Blej o)) if 71 # 72,
C(V17V27T177-2) = qJ=12
l91 = g2llot=ri0 if TL= T,
(6.22)
B(pj,uj0) is given by (4.25), and cs = cs(T') > 0 does not depend on v;,&;, 7
(if ; = 0, we formally set g; =0 in (6.22)).

PROOF. I. Denote f = 51 — 52, W = W) — W2, U = Uy — U2, Ug = U0 — U0,
@ = 1 — 9. We represent the function w as follows: w = v + vy. Here

vo(z,t) = ko(z)u(t) (6.23)

and v is the solution of the problem

v(z,t) = Pu(x,t) + f(z,t) ((z,t) € Qp), (6.24)
g(% 0) = p(x) + po(r) (v €Q), (6.25)
73% +o(z)u(z,t) =0 ((x.t) € Tp), (6.26)

where

f(z,t) = Plko(z)U (2)]u(t) — ko(x)U(x)u'(t)
+ Fi(x, t,wy(x,t),ui(t)) — Fo(z, t,wa(x, t), us(t)), (6.27)
wo(r) = —ko(x)U(x)up.

The function u belongs to C'[0,T] (by Remark 6.2) and satisfies

W (8) = a™ (H(&, wim(- = 71),0)(1) = H(&, wam(- —72),0)(1) — u(t)) (6.28)
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u(0) = wup. (6.29)

Denote x(t) = (v(-, 1), u(t)).
It follows from (6.27), (4.8), and (6.28) that

1FCo9)za@) < RilIx(9)llza@xr + [/ (s)]) < Ra(llx(5) ] 2(@) e

[P w1 = 72),0)(3) — H(Ea, (- — 7). 0)(5)]). &)

where ki, kg,... > 0 depend on T but do not depend on v;, §;, 7;.

Due to the compatibility condition (6.20), the Preisach operator H is con-
sidered for functions continuous on [0,7]. Therefore, using Lemma 6.1, we
obtain

‘H(gh wlm(' - Tl)7 0)<3) - H(g% w2m<' - 7—2)7 O)(‘g)’

< Lo ([ 16 (o) + [na ~ 1) — - = m)le)

Assume that s > 75, j = 1,2 (the case where s < 7; is analogous but simpler).

If 7 # 75, then

[wim (- = 71) = wam (- = 72)llcpo,s)

<D wim(- = 75) = wim () llero,s) + wim — wamllcpo,s
j=1,2

< 3 (lg; - = 7) = 95(0)lletom) + lwjm(-) = wim(0)l|cror,
j=1,2

+ wjm(- = 75) = Wim(llera) + [w1m — wamllop.s-

(6.32)

If 71 = 75, then

||w1m('—7'1)—w2m('—7'2)||0[0,s] < ||gl_92”0[771,0]‘I’”wlm_meHC[O,s]- (6-33)

Clearly, estimates (6.32) and (6.33) remain true for s < 7;. If 7; = 0, they are
also valid with g; = 0.

Using the Schwartz inequality and Theorems 4.2 and 6.2, we have

i () = Wjm(O)lctorm) + 1Wjm(- = 73) = Wim (Vo < kaB(@j, wo)r; ">,
(6.34)

w1m — wamllcpo,s < kalllvolleqo,s,r2@) + 1vlleqo,s.r2@)) < Fsllx|ljo,s- (6.35)

34



Combining inequalities (6.31)—(6.35), we obtain

[H(& wim (- = 71), 0)(5) = H (&2, wam (- = 72),0)(s)]

6.36
< ke </7> 1€l dis(p) + C + IIXH[o,s})a (639

where C' = C(vq, vy, 71, T2) is given by (6.22).

Now we can estimate the solution v of problem (6.24)—(6.26) and the solution
u of problem (6.28), (6.29). Using representations (2.5) and

u(t) = upe"*

+a! /Ot o (t=5)/a (H(fb wWim (- — 71),0)(8) — H(&, wom (- — 72), O)(s)) ds

and inequalities (6.30) and (6.36), we obtain

t
I%C,Ollzac@pes < ki ( [ 1ol dulp) + ilzaia) + ol + €+ [ Ixlog ds)

(6.37)
Using (6.37) and the Gronwall inequality, we obtain
Ixllon < ket ( [ 16 dip) + [9lai@) +luol +C) . (639)
In particular, it follows from (6.38) that
oot Dllracer < Kse™ ([ el di(o) + ollzae + ol + C) . (639

Combining (6.38) and (6.39), we derive the desired estimate.

Theorem 6.4 Let Condition 6.1 hold. Suppose that F' satisfies condition (4.8).
Let (wj,uj), j = 1,2, be a solution of the thermocontrol problem with initial
configurations §; € R, delay 7; > 0, and initial data

v = ) (@i ug,95) € Ve if 75> 0,
/ (QOj,UjD) € V() ?;ij =0.

Then
[wr — wallyz1 g, + lwr — walloqomwy@) + llur — uallerom

< 69</7: 1§15 = E2pl dplp) + llo1 — llwy (@) + |u10 — uzl (6.40)

+ C(V17 Vo, T1, TQ)) )
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where C(vy, Ve, T1,Te) is given by (6.22) and cog = co(T) > 0 does not depend
on Vj, gjv Tj .

PROOF. We keep the notation of the proof of Theorem 6.3. Due to this
theorem, it suffices to estimate the solution v of problem (6.24)-(6.26) and
the first derivative of the solution u of problem (6.28), (6.29).

It follows from (6.28) that

[y (t) = uay(t)] < @™ (Jua(t) — ua(t)]
+ H(Es wim(- = 11), 0)(1) = (&2, wam (- = 72),0) (1))

Using Lemma 2.1, we have
||U||W22’1(QT) + ||U||C([O,T],W21(Q)) < kl(”fHLQ(QT) + ||<P||W21(Q) + ||<Po||w21(Q))-

Combining these two inequalities with estimates (6.30), (6.36), and (6.38), we
obtain (6.40).

In particular, Theorems 6.3 and 6.4 ensure the Lipschitz dependence of the
corresponding solution of the thermocontrol problem on initial configuration
¢ € R and initial data v, provided that 7 > 0 is fixed.

Another consequence of Theorem 6.4 is the following result about the relation
between the solutions of the thermocontrol problem for 7 > 0 and 7 = 0
respectively.

Corollary 6.1 Let Condition 6.1 hold. Suppose that F' satisfies condition (4.8).
Let (wr,ur) be a solution of the thermocontrol problem with initial configura-
tion & € R, delay 7 € [0, 1], and initial data

V. — (907'>u7'0797) eV, ift >0,
i ((po,UOO) € VO ZfT =0.

Assume that
/77 |€Tp - €Up| d#(ﬂ) - 07 ||907' - SDOHV[/gl(Q) - O’

|U70 - Uoo| — 0, ||gT() - gT(O>HC[—T7O] — 0

as T — 0. Then

H’LU-,— — wUHW;’I(QT) + er — w0\|0([07T}7W21(Q)) + HUT — U0”01[07T] —0 as7—0.

36



Remark 6.4 The condition

lg-(-) = 9-(0)|lc=rg = 0 asT—0

holds if, e.g., there is a function g € C|—1,0] such that

g-(t) = g(t)  (t € [=7,0]).

Another situation in which this condition holds is described in Sec. T (see the
proof of Theorem 7.1).

7 Periodic Solutions of Thermocontrol Problems Without Time
Delay

7.1 FExistence of periodic solutions

In this section, we will prove the existence of a periodic solution of the ther-
mocontrol problem with 7 = 0. Moreover, we will show that this solution is
a limit (as 7 — 0) of periodic solutions of the thermocontrol problems with
7> 0.

We assume that the right-hand side F'(z,t,,u) is T-periodic in ¢ with some
T > 0 and prove the existence of a T-periodic solution (w, u) of problem (6.1),
(6.3), (6.4).

Definition 7.1 A pair (w,u) is called a T-periodic solution of problem (6.1),
(6.3), (6.4) (with an initial configuration & € R) if there is a couple (¢, up) €
Vo such that the following holds:

(1) (w,u) is a solution of problem (6.1)—(6.5) in Qr with the initial data
(p,up) and the initial configuration &,
(2) u(T) =g, w(z,T) = p(x), and h,(wy,, &, 0)(T) =&, for p e P.

Theorem 7.1 Let Conditions 6.1 and 3.2 hold. Suppose that the function
F(z,t,¢,u) is T-periodic in t with some T > 0 and satisfies conditions (4.8)
and (4.9). Then the following assertions are true.

(1) There exists a T-periodic solution (wq,uy) of problem (6.1), (6.3), (6.4),
which, is the limit in Wy (Qr) x C[0,T] and C ([0, T], W(Q) x R)
T — 0) of T-periodic solutions of problems (4.1), (4.3), (4.4).

(2) For any T-periodic solution (w,u) of problem (6.1), (6.3), (6.4), we have
u(t) € [0,1] (t >0).
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PROOF. I. Fix an arbitrary ¢ € R and consider the operator G : V, — V;,
7 € (0,7), given by (5.6). Due to Lemmas 5.2-5.4 and the Schauder fixed-
point theorem, for any 7 € (0,7) it has a fixed point (¢, ur0,g,) € Vir
and g¢,(t) is continuous on [—7" — 7,0]. Due to Remark 5.4, the corresponding
solution (w,,u,) of problem (4.1)—(4.3), (5.1)—(5.3) is a T-periodic solution of
problem (4.1), (4.3), (5.1).

Further, due to Remark 5.3, the pair (w,,u,) is a periodic solution of prob-
lem (4.1), (4.3), (4.4) with the initial configuration

é‘rp = hp(gT( - 7—)7 Cp7 _T)<O)

By Lemma 5.4, we have
‘|¢THW§(Q) S klv Urg € [07 1]7 HgTHC[—T—T,O] S k27 (71>
where ki, ks,... > 0 do not depend on 7.

Therefore, applying Theorem 4.2 and taking into account the uniform bound-
edness of B(p,,u.g), we obtain

lorllwz@) = llwr (- T lwzg) < ks, (7.2)

19+ (t1) = 9 (t2)] = [w0rn (2T + t1) = wrn (2T + t2)| < kalts — o] (7.3)
for all t1,t, € [T — 7,0].
It follows from estimates (7.1)—(7.3), from the compactness of the embedding
W3(Q) € W}(Q), and from the Ascoli-Arzela theorem that there exist func-
tions ¢ € W4 (Q) and g € C[—T, 0] and a number ug € [0, 1] such that

lor = wollwa) — 0, [lgr — gollo-r0) = 0, [urg —ugo| = 0 as 7 — 0.
(7.4)

We set
€op = hp(g0, Cp, —T)(0).

Let us show that
[ 160 = ol du(p) =0 as T —0. (75)
By using (7.3), we have

lg-(- = 7) = go(llet-n0 < 97(- = 7) = g Oller-r.0) + 19 = gollor-r0
< k' + g7 = gollor-r,)
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Combining this estimate with (7.4), we see that

lg:(- = 7) = g0()llcr-rop = 0 as 7 — 0.
This implies (7.5) (cf. (3.2)).
IT. Due to (7.4), we have (¢o, ugo) € Vo. Therefore, by Theorem 6.2, there is a

unique solution (wp, ug) of problem (6.1)—(6.4) with the initial configuration
& and the initial data (v, ugo)-

We claim that (wp,ug) is the desired T-periodic solution of problem (6.1),
(6.3), (6.4). Indeed, it follows from (7.3)—(7.5) and from Corollary 6.1 that

[wr = wolly21q, + [lwr = wollogorwi@) + lur — wollcrpry — 0 as T — 0,

(7.6)
which proves that (wo, ug) is the limit of T-periodic solutions of problems (4.1),
(4.3), (4.4) for 7 > 0.

Further, using (7.4) and (7.6), we obtain

Uo(T) = Upo, wo(l‘,T) = $o-

Thus, to show that (wp,ug) is a T-periodic solution of problem (6.1), (6.3),
(6.4), it remains to prove that

hp(wom, &, 0)(T) = & (p € P). (7.7)

Denote

N . gO(t)a te [_T7 0)7

7 Y wom(t), te[0,T).
Due to (7.4) and (7.6), the function wy,, is continuous and 7T-periodic on
[—T,T]. By Lemma 3.1 (the semigroup property), we have

hp(w0ma £p7 0) (t) = hp(w0m7 Cpa _T) (t> Vt € [0, T] (78>
Using (7.8) and Remark 5.2, we obtain (7.7):

hp(wﬁmv épv O><T> - hp(wOmv Cp? _T)(T) - hp(wOmv Cp? _T) (0)
= hp(wOmvfm 0)(0) = €p-

Statement 2 of the theorem is proved similarly to that in Theorem 5.1.

Remark 7.1 Let F' not depend on w(x,t). Then any periodic solution (w,u)
of problem (6.1), (6.3), (6.4) is uniquely determined by the initial configura-
tion £ € R, the “mean” temperature w,,(t), and the control function u(t) (cf.
Remark 5.5).
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7.2 Fxistence of stationary solutions

In this subsection, we consider the particular case F(z,t,1,u) = f(z,u) and
prove that the thermocontrol problem has a stationary solution. The stability
of the stationary solution as well as the case where f depends on ) will not
be studied in this paper.

Fix some initial configuration £ € R of the operator H.

Definition 7.2 We say that a pair (,ug) € W(Q) x R is a stationary
solution of the thermocontrol problem with the right-hand side F(x,t, 1, u) =
f(z,u) (f € C(Q x R)) if it satisfies the relations

Py = fzu) (2€Q),
9% = o(@)(a) + kola)uo + ha(x) (x€T),
Ug = H(¢m)

Theorem 7.2 (1) Let Condition 3.1 hold, and let F(x,t,1(x),u) = f(x,u),
where f € C(Q x R). Then the thermocontrol problem has a stationary
solution (1, ug). Moreover, ug € [0, 1].

(2) If we additionally assume that m(x) > 0, ko(x) < 0, the function f(z,u)
is nondecreasing in u on the segment [0,1], and

f(uo) € CF(Q)  (up €10,1)),

then the above stationary solution is unique.

PROOF. I. We construct a function U(ug) in the following way. For any
ug € R, denote by 1 € W2(Q) the solution of the problem

—Py = f(z,u) (z€Q),

7.
2 aayit) + oo @) @er) O

(which exists and is unique due to the assumptions about the elliptic operator
P and the boundary conditions). Set

U(uo) = H(tm)-

It follows from the continuity of the function f and from the continuity of
the operator H (see Lemma 3.3) that the function U(ug) is continuous. Due
to (4.27), it maps R into [0, 1] and, therefore, has a fixed point (which belongs
to the segment [0, 1]).
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Let ug be the above fixed point and v the corresponding solution of prob-
lem (7.9). Clearly, the pair (¢, ug) is a stationary solution of the thermocontrol
problem.

II. Let us prove the uniqueness of the stationary solution under the additional
assumptions about m, kg, and f. To do so, it suffices to show that the function
U(up) is nonincreasing for ug € [0, 1].

Let 0 < ug < @iy < 1. Denote by 1 the solution of problem (7.9) and by ¢ the
solution of the problem

—Py = f(z,7) (z€Q),

2 o@)(0) + ha(wio + ) (s €T,

(Clearly, the function v = zﬁ — 1 satisfies the relations

—Pv = f(z,i) — f(z,u0) >0 (z€Q),

10 1 o(a)ula) = —ho(a) o —w0) 20 (z € T).

It follows from the theorem on the regularity of solutions of elliptic problems,
from the maximum principle, and from the Hopf lemma (if v > 0) that v(z) >
0 for z € Q. Since m(z) > 0, we have b, > 1,,. Using the monotonicity of
the operator H (see Lemma 3.2), we obtain U () < U(uy).

Consider problem (4.1)—(4.3) with F' = 0 and particular boundary conditions
(cf. [5,10]):

wy(z,t) = Pw(z,t) ((z,t) € Qr) (7.10)

w(z,0) =p(z) (xe€Q), (7.11)

Vaaqj +o(2)(w(z,t) — we(z)) = K(z)(u(t) —u.) ((z,t) €lp), (7.12)

where v and o(z) are the same as above, w, € C*(I") is the ambient temper-
ature, u. € R is a “critical” value of the control function u(t), K € C*>(I') is
an amplification coefficient.

The following corollary directly results from Theorem 7.2.

Corollary 7.1 Let Condition 3.1 hold. Then problem (7.10), (7.12), (4.4)
(with 7 > 0) has a stationary solution (,ug); moreover, uy € [0,1]. If
m(z) >0 and K(x) > 0, then the stationary solution is unique.

In conclusion of this section, we note that the thermocontrol problem may
have no periodic solutions (different from stationary ones). As an example, we
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consider the following particular case of relations (7.10), (7.12):

wy(x,t) = Aw(z,t) — pow(z,t) ((x,t) € Qr), (7.13)
00— K@)((t) —u) ((n.1) € Ty), (714

where py is a positive constant. Let m(z) =1 and [ K(z)dx > 0.

Denote
Ky = / K(z)dx.
r

By assumption, Ky > 0. First, we show that if (w,u) is a periodic solution of
problem (7.13), (7.14), (4.4) (with 7 > 0), then

Indeed, assume that (w,u) is a T-periodic solution of problem (7.13), (7.14),
(4.4). We extend the solution (w,u) for all ¢ > 0 by periodicity. It follows
from Theorems 4.2 and 6.2 (uniqueness of solutions) and from the periodicity
of (w,u) that Eq. (4.4) (with 7 > 0) holds for all ¢ > 0:

au'(t) + u(t) = H(wn,(-— 7)) (£ >0). (7.16)

Further, integrating Eq. (7.13) over ) and using the integration-by-parts for-
mula and relation (7.14), we obtain the following ordinary differential equation
for wy, (t):

w;, () + pownm (t) = Ko(u(t) —u.) (¢t >0). (7.17)
In particular, it follows from (7.17) and (7.16) that w,, is twice continuously
differentiable. A periodic solution of Eq. (7.17) has the form

Wi (t) = Ky /OOO e P (u(t — s) — u.)ds,

where u(t) is extended to R by periodicity. Combining this formula with the
relations 0 < u(t) <1 (see Theorems 5.1 and 7.1), we obtain (7.15).

Denote
a;= inf p;, as= sup po,
pESUPD p pESUPD p
= = inf )
B peihlgw p1, o O P2
We claim that if
a; > —o0  and — Kyu./po+ Ko/po < a1 (7.18)

42



or
ag < 400 and — Kou./py > as, (7.19)

or

01 < —Koue/po < —Koue/po + Ko/po < [a, (7.20)

then any periodic solution of problem (7.13), (7.14), (4.4) is a stationary so-
lution.

Indeed, in each of these cases, we have H(w,,(- — 7))(t) = const for ¢t > 7 due
to (7.15). Therefore, u(t) = uy = const for ¢ > 7 (and hence for ¢t > 0) due
to (7.16), where ug € [0, 1]. Substituting u(t) = ug into Eq. (7.17), we see that
W, (t) = —Koue/po + Koug/po for t > 0.

On the other hand, if ¥ (x) is the solution of the elliptic problem

AY(z) —poyp(z) =0 (r € Q),

0

éf:mm%—%)@em,
then (¢(x), ug) is a T-periodic solution (with any 7") of problem (7.13), (7.14),
(4.4) with the mean temperature 1, = —Kou./po + Koug/po. Due to Re-

marks 5.5 and 7.1 , we have w(z,t) = ¥ (x).

It is easy to check that if condition (7.18) holds, then uy = 1; if condition (7.19)
holds, then uy = 0; if condition (7.20) holds, then ug € [0, 1]. In all these cases,
we have H(¢n) = up.

8 Large Time Behavior of Solutions of Thermocontrol Problems
8.1 FEuxistence of a global B-attractor

As before, the term “thermocontrol problem” refers to problem (4.1)—(4.6) if
7 > 0 and problem (6.1)-(6.5) if 7 = 0.

In this section, we study the large-time behavior of solutions for the thermo-
control problem (with 7 > 0) under the following assumptions.

Condition 8.1 (1) If T > 0, then Condition 3.1 holds; if T = 0, then Con-
dition 6.1 holds.

(2) Condition 3.2 holds.

(3) The right-hand side F' satisfies (4.8) and the relation

F= sup 1E (4 (), w) | 1a@) < oo (8.1)
t>0,v€L2(Q),ueR
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We fix an initial configuration & € R of the operator H and an arbitrary
number ¢, > 7 and consider the family {Vi}i>¢, = {Vier}i>e, of nonlinear
operators Vy = V¢ p: V, — V), given by

(w(-, £), u(t), wn (- + )] rg))  for 7 >0,

Vi(v) = Vier(v) = {(w(',t), u(t))’ for 7 =0,

where (w, ) is the solution of the thermocontrol problem with the initial data
v € V., right-hand side F(x,t,w(z,t),u), and the initial configuration £ € R.

Remark 8.1 We have

Vit e (V) = Vipca(Vier(v)) Vit 2 to,
where (, = h,(Wn,,&,,0)(t1) and G(z,t,v,q) = F(x,t + t1,v,q). Thus, the
family {Vi¢ r}ist, does not form a semigroup even if F =0 (since ¢ need not

coincide with &).

Definition 8.1 The family {Vi}i>y, is said to be continuous if the mapping
[to, 00) X V, 3 (t,v) — V(v) € V. is continuous.

Lemma 8.1 Let Condition 8.1 hold. Then the following assertions are true.

(1) The operators Vy : V. — V. are continuous and compact.
(2) The family {V}i>t, i continuous.

PROOF. I. The continuity of the operators V; : V, — )V, follows from
Theorem 6.4. The compactness follows from (4.20), (4.22), (4.23), and (4.26)
if 7 > 0 and from (6.17) and (6.19) if 7 = 0; in both cases, the compactness
of the embedding W(Q) C W3 (Q) and the Ascoli-Arzela theorem should be
applied.

I1. To prove the continuity of the family {V;}i>4,, we fix (t1,v1) € [to, 00) X V;
and € > 0. Consider an arbitrary element (¢,v) € [ty,00) X V;.

We have

IVi(v) = Vi,(vi)llv, <[[Vi(va) = Vi, (Vi) lly, + [Vi(vi) = Vi(v)lly,. (8:2)

Due to Theorems 4.2 and 6.2 with T" = 2ty
[Vi(vi) = Vi, (vi)llv, < ¢/2 (8.3)

whenever |t — t1| < §y, where §; = §1(¢1, vq1) > 0 is sufficiently small.
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On the other hand, Theorem 6.4 implies that
IVi(vi) = Vi(v)llv, <¢/2 (8.4)

whenever t < 2t; and ||v — vi||y, < 09, where dy = 0(t1) > 0 is sufficiently
small.

Inequalities (8.2)—(8.4) prove assertion 2.

Definition 8.2 Let A and B be subsets of V.. We say that A attracts B if
for every € > 0 there ezists a number t, = t1(e, B) > to such that Vi(B) lies
in the e-neighborhood of A for all t > t;.

The set A is called a global B-attractor (of the family {V;};>4,) if A attracts
each bounded set B.

The family {V}i>4, is called B-dissipative if it has a bounded global B-attractor.

Lemma 8.2 Let Condition 8.1 hold. Then the family {V}i>t, is B-dissipative.

PROOF. I. First, we note that any solution u(t) of Eq. (4.4) satisfies the
inequalities
uge ' < u(t) < (up — 1)6‘”“ +1 Vt>0,

which follows from (4.27) and from the representation (4.28). Therefore, for
any € > 0, there is t'(¢) > 0 such that

—e<u(t)<l+e Vt>t(e). (8.5)

Now we fix an arbitrary ¢ € (0,1) and an arbitrary M; > 0 and consider a
bounded set B. = B.(M;) C V, consisting of the elements

(p,ug,g) for >0,
VvV =
(¢, up) fort=0
such that ||ollwi ) < M1, —e <ug < 1+¢, and ||glciro < My if 7> 0.
We will find a set A, C V, which attracts the sets B.(M;) for all M; > 0.

Denote
A= {max (1 +e,a M2+ 8)) + F} :

where F is given by (8.1). Clearly, A(ug) < A. for —& < ug < 1+ &, where
A(ug) is given by (4.24).
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Set ¢ = sup ¢4(T), where ¢4(T') > 0 is the constant occurring in (4.20)
Te[1,2]

and (6.15). It follows from Theorems 4.2 and 6.2 that ¢ < oc.

Set
cA,

M, = )
1l—ew

Let (w,u) be the solution of the thermocontrol problem with an initial data
v € B. and the initial configuration £ € R.

Let t € [1,2]. Then, due to (4.20) and (6.15), we have
Jw(- t)|lwy ) < cActe ™My = Mo+e™*(My—M.) = My vVt €[1,2]. (8.6)

Let t € [2,3]. Then (w(-,t),u(t)) coincides with the solution of the thermo-
control problem, at the moment ¢t — 1 € [1, 2], with the initial data

(w(-,1),u(1)) for 7 =0,

the right-hand side G(z,t,v(x),q) = F(z,t + 1,7(x), q), and the initial con-
figuration ¢, = h,(wy,, &y, 0)(1).

Note that the constant ¢ does not depend on the initial configuration of the
operator H and does not increase under the change of F' for G. Hence, us-
ing (8.5), (8.6), (4.20), and (6.15), we obtain

HU}(,Z%)HW21(Q) S CAE + eing = ME + €7W(MQ — ME) = M3 YVt € [2,3]

Continuing this process, we see that
Jw( Ollwag) < M VEE [k k+1], k=1,2,3,..., (8.7)
where My = M. + e “(M;, — M.).
Further, using the Schwartz inequality, we have
wn(®)] < il oD@ < Klml@lot Olwie ¥ =0, (838)

where K is the norm of the embedding operator W3 (Q) — Lo(Q) (recall that
the norm in W3 (Q) is given by (2.4)).
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Since My, — M. as k — oo, it follows from (8.5), (8.7), and (8.8) that the set

{(@,Uo,g) S VT : ||S0||W21(Q) < Maa —e<wug<1 +e,
A = I9llor—ro < KMc|mllzo)} for 7> 0,
{(p,u0) € Vo : lellwig) € Mey —e <ug <14} for 7 =0,

attracts the set B..

II. Now we consider an arbitrary bounded set B C V,. Let (w,u) be the
solution of the thermocontrol problem with the initial data v; € B and the
initial configuration £ € R. It follows from (8.5) that, for any & > 0, there is
a number T'=T(B,¢) >ty such that —e < u(T) < 1+e¢, ie.,

VvV = VT<V1) € BE,
where B. is the set considered in step I of the proof.

Since
Vi(vi) =Virca(v) VE>T +t,

where ¢, = h,(wn,&,,0)(T) and G(z,t,9(x),q) = F(x,t + T,¢(x),q), it fol-
lows that the set A. attracts the set B.

Since € > 0 is arbitrary, we see that the set A equal to
{(p,u0,9) € V5 HSDHW21(Q) <M, 0<uy <1, ||gllci=ro < KM|m| 1)}
if 7> 0 and to
{(p,u0) € Vo : H§0||W21(Q) <M, 0<uy <1}

if 7 =0, where

M = 1_6’;1_“;, A= [max (1,2a7") + F|,

attracts the set B.
8.2 Fuxistence of a compact connected minimal global B-attractor

In this subsection, we prove the existence of a minimal global B-attractor.

Definition 8.3 A set A C V, is called the minimal global B-attractor (of the
family {Vi}ise,) if A is closed, is a global B-attractor, and any other closed
global B-attractor contains A.

Let us introduce the notion of w-limit sets.
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Definition 8.4 The w-limit set w(A) for a set A C V; is the set of the limits
of all converging sequences of the form Vi, (vy), where v, € A and the sequence
{tx} is increasing and converging to +oc.

Denote
nw(V) ={V,(v): 7> 1}, t>to, veEVy
(A = U nlv), ACV.

veA

One can easily verify that

where T > tg is an arbitrary fixed number.

Theorem 8.1 Let Condition 8.1 hold. Then the family {V,}i>y, has a mini-
mal global B-attractor, which is compact and connected.

PROOF. 1. The proof of this theorem is based on Lemmas 8.1 and 8.2 and
exploits the ideas of [15, Part I|, where attractors of semigroups are studied.

It follows from Lemma 8.2 that there exists a bounded set By C V;, such that
for any bounded set B C V;

Vi(B)cBy, Vt>T, (8.10)
where T'= T'(B) > ty is sufficiently large.

We claim that w(Bp) is the minimal global B-attractor, which is compact and
connected.

II. First, we note that, due to (8.10), we have V(By) C By for all ¢t > Ty,
where Ty > T is sufficiently large.

Suppose that the set By lies in the ball of radius R centered at the origin.

Fix a number ¢; > ty. Let us show that the set v, 1, (By) is precompact.
Indeed,

Yotn(Bo) = U Vicoa.(Vs(Bo)),

s>Ty
where s, = h,(wnm, §,,0)(s) and Gs(z,t, ¥ (x),u) = F(z,t+s,v¢(x), u). There-

fore, for any element

(Y, uy,r) for T >0,
W =
(1, uy) for =0
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from 4, 17, (By), there is an element v € V(By) C By such that
w = VthC,G(V)v

where ( € R and the function G possesses the same properties as F' does.
Applying Theorems 4.2 and 6.2, we obtain

[¥llwzg) < ki, lur| < max(1, R),

I7llcf=r0 < ko, [7(s2) — 7(s1)] < k3lsa — S1|1/2 Vs1, 89 € [—7,0]

(the latter two inequalities are absent if 7 = 0), where ki, ko, k3 > 0 depend
on t; and R but do not depend on w € v, 47, (Bp). Using the compactness of
the embedding W (Q) C W3 (Q) and the Ascoli-Arzela theorem, we see that
the set vy, +1,(Bo) is precompact.

On the other hand, v, 1, (Bo) C Ye,+1,(Bo) for all to > t; > to. Therefore, the
set

w(Bo) = ) (Bo)

t>to+To
is the intersection of the ordered family of compact sets. Hence, w(By) is
nonempty, compact, and attracts By. Due to (8.10), w(By) attracts any bounded
set B C V,, i.e., it is a global B-attractor.

The minimality of the global B-attractor w(By) and its connectedness are
proved in the same way as in the proof of Theorem 2.1 in [15, Part IJ.

8.3 Physical interpretation
Fix some numbers p; < p5 and d > 0. Let the support supp p of the measure
1 be a subset of the set

The goal of this subsection is to formulate sufficient conditions under which
the minimal global B-attractor has a nonempty intersection with the set

{(V,ug,7) €Vr 2y € (p] — 0, p5+0)}, 7>0
({(¥,u0) € Vo : ¢ € (] — 6,5+ 6)}, 7=0)

and to provide the physical interpretation.
We assume that F(x,t,¢,q) = f(z,t,q),

f(x,t,q) is uniformly continuous in Q7 x R (8.11)
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and there exist functions Fi, Fy € Ly(Q) such that

tli)roﬂonf(',t,l) _F1||L2(Q) =0, }H&Hf('atao) _F2||L2(Q) = 0. (8'12)

We consider the following two auxiliary elliptic boundary-value problems:

Owy (8.13)
15, = o(z)wi(x) + ko(z) + ki (z) (xeTl)
and
—Puws(z) = Fy(z) (z €Q),
Ows (8.14)

15, = o(x)wi(z) + ki(x) (xel).
Due to the assumptions about the elliptic operator P and about the coefficients
in the boundary conditions, each of these problems has a unique solution from

W3 (Q).

Assume that
Wi > Py — 0, Waom < P+ 0. (8.15)

Theorem 8.2 Let supppu C P*, F(x,t,1,q) = f(x,t
isfy conditions (8.11) and (8.12), and inequalities (8.
T, > 0, there is a number T > Ty such that w,,(T')

(w,u) is a solution of the thermocontrol problem.

,q), the function f sat-
15) hold. Then, for any
(b7 —

€ — 9, p5 +9), where

PROOF. Suppose that w,,(t) < pi — ¢ for all sufficiently large ¢ (the case
wm(t) > ps + 0 is treated analogously). Then w,,(t) < p; for any p € P*.
Therefore

H(wn(- = 7)(0) = [ hylwm(- = 7),6,0)(t) du(p) = p(P7) =1

*

for all sufficiently large ¢. Hence, u(t) — 1 as t — 4o00. Reducing prob-
lem (4.1)—(4.3) to that with the homogeneous boundary conditions, taking
into account that

Y £t u(t)) = F()llzaey = 0.

and applying Theorem 4.4 in [18, Chap. 4] (about the asymptotic behavior of
solutions of abstract Cauchy problems), we obtain

||w('7t> - leLQ(Q) —0 as t— oo.
Therefore, using the Schwartz inequality, we have

| W (t) — wim| — 0 as ¢t — oo.
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Combining this relation with (8.15), we see that w,,(t) > pi — 0 for all suffi-
ciently large ¢, and we have obtained the contradiction.

As an example, let us consider the thermocontrol problem with F' = 0 and
the particular boundary condition

vgqj + o(2)(w(z,t) — we(x)) = K()(u(t) —u.) ((x,t) €Tr),  (8.16)

where v and o(z) are the same as above, w, € C*(I") is the ambient temper-
ature, u. € (0,1) is a “critical” value of the control function u(t), K € C=(T")
is a nonnegative amplification coefficient (cf. problem (7.10)—(7.12) and the
papers [5,10]). We also assume that m(x) > 0 and m # 0 (as an element of

Leo(Q)).

Corollary 8.1 There is a number Ky > 0 such that if K(x) > Ky (z € T),
then for any Ty > 0 there is a number T" > Ty such that w,,(T) € (p} —

J, p5+0), where (w, u) is a solution of the thermocontrol problem with boundary
condition (8.16).

PROQOF. In the particular case under consideration, auxiliary elliptic prob-
lems (8.13) and (8.14) reduce to the following problems:

—Pw;(z) =0 (x € Q),
thrw +o(z)w = o(x)w. + K(z) (1 —u.) (xel)
and
—Puwy(z) =0 (z €Q),
"5, + o(x)wy = o(x)w, — K(x)u. (ze€Tl).

Clearly, one can choose K > 0 in such a way that if K(z) > K, (x € I'), then
o(z)we(z) — K(z)u. < 0 < o(z)we(x) + K(z) (1 —u.) (zel). (8.19)

In this case, the maximum principle and the Hopf lemma (if v > 0) imply
that wy(z) < 0 < wi(z) for z € Q, where w; and wy are the solutions of
problems (8.17) and (8.18), respectively. Therefore, if Kj is sufficiently large
and K(z) > Ky (x € T'), then inequalities (8.15) hold. Now it remains to
apply Theorem 8.2.

Remark 8.2 It follows from Corollary 7.1 that the thermocontrol problem
with boundary condition (8.16) has a unique stationary solution (¢, ug) and
ug € [0,1]. Corollary 8.1 shows that if the amplification coefficient K(x) is
sufficiently large, then 1, € (pt — 9, p5+9).
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9 Open questions

As a conclusion, we formulate some open questions which we did not address
in the present work.

(1) We have shown the existence of stationary solutions of the thermocontrol
problems, provided that the right-hand side of the parabolic equation
does not depend on ¢. Find out if there are periodic solutions different
from stationary solutions in this case.

(2) Study the stability of the above stationary solutions.

(3) Study the stability of periodic solutions.

(4) Investigate the structure of the global attractor in more detail.

The authors are grateful to B. Fiedler and A. L. Skubachevskii for their interest
in this work.
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