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Abstract

In this paper we deal with a class of parabolic partial differential equations
containing a continuous hysteresis operator. We get an existence result by means
of a technique based on an implicit time discretization scheme and we also analyse
the dependence of the solution on the data. This model equation appears in the
context of magnetohydrodynamics.

Classification: 35K55, 47J40, 7T6WO05.

Key words: partial differential equations, hysteresis, Preisach operator, magnetohydro-
dynamics.

1 Introduction

In this paper a class of parabolic P.D.E.s containing a continuous hysteresis operator
F is studied; the model equation which is taken into consideration is the following

0

a(u—l—]—"(u))+v~V(u+]—"(u))—Au:f in Qx(0,7) (1.1)
where € is an open bounded set of RY, N > 1, A is the Laplace operator, v :
Q% (0,7) — RY is known and f is a given function.

This model equation arises in the context of magnetohydrodynamics; more details can
be found in Section 3 where we also present the complete derivation of the model
equation (1.1).

First we introduce a weak formulation in Sobolev spaces for a Cauchy problem associ-
ated with (1.1) with Dirichlet boundary conditions; under suitable assumptions on the
hysteresis operator JF, we obtain an existence result. The technique which is used is
based on approximation by implicit time discretization, a priori estimates and passage
to the limit by compactness. This approximation procedure is quite convenient in the
analysis of equations that include a hysteresis operator, as in any time-step we have to
solve a stationary problem in which the hysteresis operator is reduced to the superpo-
sition with a nonlinear function. The question of uniqueness will be treated in [12]; see
also [10] Chapter 3 where a uniqueness result is achieved for some particular choices of
the operator F.

In the last part of the paper we analyse the dependence of the solution on the data:
the theorem which we prove differs from the more standard ones (see for example [25],
Section IX.1) for the weaker assumptions which provide a slightly weaker thesis, enough
however to pass to the limit. The idea contained in the proof uses the order preserving
property of the hysteresis operators involved and the uniform convergence in time of
the sequence of our approximate solutions (pointwise convergence would not be enough
for our purposes).



2 Hysteresis operators

2.1 Hysteresis

Hysteresis is a phenomenon that appears in several and quite different situations; for
example we can encounter it in physics, in engineering, in biology and in many other
settings. According to [25], we can refer to hysteresis as a rate independent memory
effect. More in details, let us consider a system which is described by the couple
input-output (u,w). The memory effect means that at any instant ¢ the value of the
output is not simply determined by the value wu(t) of the input at the same instant
but it depends also on the previous evolution of the input u. The rate independence
instead means that the path of the couple (u(t),w(t)) is invariant with respect to any
increasing time homeomorphism and so it is independent of its velocity.

Even if hysteresis has been known and studied since the end of the eighteenth century,
it was only more or less thirty-five years ago that, dealing with plasticity, a small
group of Russian mathematicians introduced the concept of hysteresis operator and
started a systematic investigation of its properties. The pioneers in this new field were
Krasnosel’skii and Pokrovskii, with their important monograph [15], which constitutes,
up to now, the main source of reference on hysteresis. From that moment onward many
scientists coming also from different areas have contributed to the mathematical study
of hysteresis. We quote the recent monographes (together with the references therein)
devoted to this topic [5], [17], [25] from the mathematical point of view and [1], [9],
[18] for a more physical approach. We also point out the recent approach developed
for example in [19], [20], [21]; this formulation does not involve explicit hysteresis
operators, but hysteresis arises implicitly as a result of coupling the energy balance
with a stability condition.

2.2 The Preisach operator: definition and main properties

In |22], Preisach proposed a model of ferromagnetism based on a clear geometric inter-
pretation. A mathematical analysis has been first carried on in [15] and then developed
in the monographs [1], [5], [9], [17], [18] [25] to which we refer for a detailed list of ref-
erences. In particular we point out the contributions [2], [3], [4], [6], [16], [24], [26],
[27].

Let BVg(0,T) be the space of right-continuous functions [0,7] — R of bounded total
variation.

The construction of the Preisach operator is based on the concept of delayed relay,
which is the simplest example of discontinuous hysteresis nonlinearity. It is character-
ized by two parameters, say pi, p2 and two output values which we assume to be equal
to —1 and +1. For any couple p = (p1,p2) € R?* with p; < po, the delayed relay
operator

h,:C°([0,T]) x {—1,1} — BVx(0,T) (2.1)

can be defined in the following way: for any u € C°([0,7]) and any & € {—1,+1}, the



function w = h,(u,&) is given by
—1 if u(0) < py,
w(0) =< & if p1 <u(0) < pa,
and, for any ¢ € (0,7, setting W; := {7 € (0,¢] : u(7) = p1 or pso}, by
w(t):=< —1 W, #0 and u(maxW,;) = py,
1 if W, #0 and u(maxW;) = p,.
Thus w is uniquely defined in [0,7] and has the regularity outlined in (2.1). It turns

out that the operator h, is causal and rate independent, so it is a hysteresis operator;
moreover it is also order preserving and piecewise monotone in the following sense

{ V (u1,€9), (uz,&9) € Dom(h,), Vi€ (0,T],if uy < uyin [0,] and &) < &3, 2.2)
then [hy(ur, §)](t) < [hy(ua, §3)](t) '
V (u,£°%) € Dom(hy), V[t t2] C [0, 77, 23)
if u is either nondecreasing or nonincreasing in [t1, t2], then so is h,(u, ). '

We now consider the whole family of delayed relays with all admissible values of the
parameter p. We introduce the Preisach plane as follows

Pi={p=(p1,p2) €R®: p1 < pa}.

In the following we will often use a different system of coordinates, in order to describe

P. For example we can consider the half-width oy = P2 ; Pl and the mean value
+ . . . .
Oy = l 5 P2 ; in this case the Preisach plane can be rewritten as

P = {(0'1,0'2) c RQ 101 > O}
Now the Preisach operator can be defined as follows
H, - CO([0,T]) x R — L=(0,T) N C([0,7)),

(0, ))(t) = / o, £))(8) dup) Vit € [0,

P

(2.4)

where R is the family of Borel measurable functions P — {—1,1}, &, is the image
of p € P by the function £ € R, p is any finite (signed) Borel measure over P and
P is the Preisach plane; moreover CY([0,7")) is the linear space of functions which are
continuous on the right in [0,77). The Preisach model can be therefore interpreted as
the superposition of a family of delayed relays distributed with a given density.



It can be proved (see |25], Section IV.1, Theorem 1.2. and Corollary 1.3) that for any
finite Borel measure ;1 over P, the operator H, is causal and rate independent, so it
is a hysteresis operator; moreover if ;1 > 0, then H,, is order preserving and piecewise
monotone in the sense of (2.2) and (2.3) respectively.

Moreover, let us denote with S the family of relay configurations which can be attained
by applying a continuous input to a system initially in the so-called virgin state

1 it p1 4+ p2 <0,
—1 ifp1+p2>0.

Then H,(-,€) : C°([0,T]) — C°([0,T]) is strongly continuous, for any ¢ € S, if and
only if

(R {r}) = [p[({r} xR) =0  VreR (2.5)
and H,, : C°([0,T]) x S — C°([0,T)) is Lipschitz continuous with Lipschitz constant L

if and only if

sup |u|(N(B,¢e)) < Le Ve > 0; (2.6)
BeB

here

N(B,¢e) :={(s1,52 +a) e R" x R: (s1,59) € B, |a| < e},
for any B € B and any ¢ > 0, where B := {B¢ : € € S} are the graphs of the
corresponding elements in 5.

As it is often the case when dealing with partial differential equations, we may indeed
consider both the input w and the function £ € R in (2.4) that additionally depend
on a parameter x, (the space variable, say). For instance, take any & € L'(Q; L'(P))
and choose p > 0 such that (2.5) and (2.6) hold. Now set

F(u)(z,t) = [Hu(u(zx, ), &(z,-))](2) Vte[0,T], ae. in Q, (2.7)

where H,, has been introduced in (2.4). It turns out that F is Lipschitz continuous
in the sense that for all uy,uy € M(Q;C°([0,TY)),

[ ()], ) =[F (u2)] (@, leoqory < L [[un(, ) —ua(z, )lleoom ae. in 2, (2.8)

with Lz = L, L being introduced in (2.6). Here we denoted by M (Q;C%([0,T7])) the
Fréchet space of (strongly) measurable functions 2 — C°([0,T]) endowed with the
quasi-metric
||U||M(Q~C0([0T})) ::/ ||U($)||CO([O,TD
o o L+ [Jv(@)lleogo,r)

Moreover F turns to be order preserving and piecewise monotone in the sense of
Vuy,ug € M(Q;C°([0,T])), Vte[0,T], if uy < wug in [0,¢], a.e. in Q, then
{ [F(up)](x,t) < [Flug)|(x,t) a.e. in Q
and
{ Vo e M(Q;C0([0,T))), V[ti,ta] C[0,T], if v(z,-) is affine in [t1, 5] a.e. in €,

dx.

(2.9)

then {[F(v)](x,t2) — [F(v)|(z,t1)} - [v(x,t2) — v(x,t1)] > 0 a.e. in
(2.10)
respectively.



3 Physical interpretation of the model problem

3.1 Motivation of the problem: magnetohydrodynamics

Magnetohydrodynamics (MHD) deals with the behaviour of the combined system of
electromagnetic fields and a conducting liquid or gas. Conduction occurs when there
are free or quasi-free electrons which can move under the action of applied fields. The
fluid is therefore electrically conducting. It is not magnetic: it affects a magnetic field
only by virtue of electric currents flowing in it. The Lorentz force j x B determines
the interaction of the electric current j with the vector field of magnetic induction B.
More details can be found in an introductory textbook of MHD, for example [8], [23].

Several branches of engineering affect MHD and many applications can be quoted.
For example we can quote the MHD flow of a conducting fluid through a circular pipe.
Flows in circular pipes have been the subject of a number of studies since the early 60th
of the last century. Most of the results assume that the walls confining the electrically
conducting fluid are made of non-ferromagnetic material. In this respect the magnetic
field H and the magnetic induction B are linked by a linear relation.

Different is the case of flow structure in pipes made of ferromagnetic material. This is
the case considered for example in the recent paper 7], where, however, the magnetic
hysteresis effects are neglected and the typical hysteresis magnetization curve is ap-
proximated by two linear parts. Nevertheless for this kinds of applications hysteretic
effects usually dominate over the magnetic field affected by the fluid and should in
principle be considered.

Our paper represents an attempt to take into account the hysteretic effects in MHD,
having in mind the previous example (i.e. flow of a conducting fluid through a circular
pipe made of ferromagnetic material) as a possible application of our results. Also in our
case some simplifications occur: for example we take some restrictions on the geometry
of the fields which leads to the scalar character of (1.1); the complete vectorial setting
is for the moment an open problem. Moreover the velocity v of the fluid is for the
moment assumed to be known; in a subsequent paper [11] we will couple (1.1) with the
momentum equation for v and find a solution in this more general setting where also
fluid-mechanical aspects are considered. Finally we assume the so called low frequency
approximation, usually considered in MHD; as a consequence of this assumption we
neglect the Maxwell term (i.e. the displacement currents) in the Ampére law and the
contribution to j of the convection current and the polarization current. Therefore at
the end the Ampére law and the Ohm law have the form (3.2) and (3.4) respectively.

3.2 Derivation of (1.1)

Let us consider an electrically neutral conducting fluid moving in an electromagnetic
field with given velocity v = (v, ve,v3) such that

divv = 0. (3.1)



We recall the Ampére law (due to the low frequency approximation the Maxwell term
is neglected)

cVxH=4r7j, (3.2)
the Faraday law
0B
E=— 3.3
cV x e (3.3)

and the Ohm law (where the Hall effect is neglected)
. v
J:a<E+—><B>; (3.4)
c

here H is the magnetic field, j is the electric current, E is the electric field, B is
the magnetic induction, o is the electric conductivity and ¢ is the speed of light in
vacuum.

We further simplify our setting by considering planar waves. More precisely, let ) be
a domain of R?, we set Q7 := Q x (0,T) and assume that (using orthogonal Cartesian
coordinates z,y,z) both B and H are parallel to the z-axis and only depend on the
coordinates x,y, i.e.

B = (0,0, B(x,v)) and H = (0,0, H(z,y)).
We assume that H and B are linked by a constitutive relation with hysteresis, i.e.
B=(+F)H), (3.5)

where F is the scalar Preisach operator introduced in (2.7) and I is the identity
operator. As we are considering planar waves, the electric field has the following form

E = (Ei(z,y), E2(x,y),0).

This implies that

VxE= (0,0, OF) aEl),

0H OH
%—a—y VXH—(———,O)

oy’ Ox
On the other hand
v X B = (vy B, —v; B,0)

and therefore the Ohm law gives

jz(a (E1+%UQB),0(E2—%1}13),0). (3.6)

Combining (3.2) with (3.6) and neglecting from now on for simplicity the constants c,
47 and o, we obtain

oH
a—y — E1 + V2 B (37)

and SH
—% :EQ—/Ul B. (38)



The Faraday law instead has the following form after our simplifications

OB OB, OB,
sy (3.9)

Differentiating (3.7) in the y variable and (3.8) in the x variable yields

PH OB, 0 PH 0B, 0

oF oy oy B 0 = o on

Now using (3.9) and (3.10) we deduce

(v B). (3.10)

0B 0*’H 0 O*H 0
E'}‘ _(%2 +%(U13)— ay2 —f-a—y(UgB) =0

which is equivalent to

%—Zerdiv(vB) — AH =0, (3.11)

where we take v = v(z,y,t). Now equation (3.11) coupled with the constitutive
relation (3.5) and with (3.1) gives nothing but (1.1).

4 An existence result

Let us consider an open bounded set of Lipschitz class € € RY, N > 1 and set
Qp :=Q x (0,7). Consider the operator F introduced in (2.7).

The causality property entails that [F(v)](-,0)(€ M(Q)) depends just on F and
v(+,0); so we can set

Hr(v(-,0)) = [F©)](-,0)(e M(Q)) Vv € M(Q:C([0,T])). (4.1)

We set V := H}(Q), H := L*(Q) and V' := H Q) and we consider V endowed
with the norm [|ully := ||Vu||12(q). We then identify the space L*(Q) to its topological
dual (L*(2))’; as the injection of V into L?*(Q) is continuous and dense, (L*(2))" can
be identified to a subspace of V. This yields the Hilbert triplet

VcH=H cV'

with dense and continuous injections.
Now we denote by v/(-, )y the duality pairing between V' and V' and we then define
the linear and continuous operator A : V' — V' as follows

v (Au,v)y = / Vu-Vvdr  VYu,velV. (4.2)
Q

We assume that v’ w® = Hx(u’) € L*(Q) are given initial conditions; moreover, let
us consider a known function

v:Qp — RY v(z,t) = (vi(x,t),va(z, 1), ..., on(2,1))

7



satisfying the following assumptions

ov

v, 5 € L>(Qr)™, divv = 0 in the sense of distributions. (4.3)

We want to solve the following problem.

Problem 4.1. Let us consider a given function v, satisfying (4.3), and given f,
u®, w°; we search for a function u € M(Q;C°([0,T])) N L*(0,T;V) such that F(u) €
M(Q;C([0, T)))NLA () and for any v € HY(0,T; L*(Q))NL*(0,T; V) with (-, T) =
0 a.e. in Q)

/T/ —(u+ F(u) —d dt—/ /V V] (u+ F(u)) dz dt

/ /Vu Vi da di — / ol f )y dt+/[ 2(2) + w’(z)] (z, 0) da.

0 Q

(4.4)

Interpretation. If the functions w, F(u), v are smooth enough, we may use the
standard Green formulae, the definition of derivatives in the sense of distributions and
(4.3) to interpret the variational equation (4.4) as follows

ow
- \V4 Ny =
gt TV Vw—bu=]f in V', ae. in (0,7),
w= (I +F)(u),
with
You =0 on 092 x (0,7T)
and

[u+ F(u)],_, = u’+w’ in V', in the sense of traces.

4.1 Existence

Theorem 4.2. (Ezistence)
Consider the operator F : M(£;C°([0,T])) — M(2;C°([0,T))) introduced in (2.7).

Moreover consider the following assumptions on the data

feLl*(Qp), v eV, w’e L*Q). (4.5)
Then Problem 4.1 admits at least one solution

w € H'(0,T; L*(Q)) N L>®(0,T;V)

such that
F(u) € HY(0,T; L*(Q)).



Proof.

o First step: approximation.

Let us fix m € N and set k& :=T/m. Now for n = 1,...,m let us consider f(x):=
f(x,nk), v =u® and w? := w’. We approximate our problem by an implicit time
discretization scheme. We want to solve the following problem.

Problem 4.3. To find ul', € V' for n = 1,...m, such that, if u,(z,-) is the linear
time interpolate of up(x,nk) = ul (), for n = 1,...,m, a.e. in Q and w! =
(F(up)|(z,nk) for n=1,...,m, a.e. in Q, then, for any v € V

l n _ ,n—1 l n . n—1 o n n n
P vdee g [ - vde = [ Vel o) da B

+/vug-v¢dx:/fmdx,
Q Q

where we used the following notation v,"(z) := v(x, nk).

1

For any n € {1,...,m}, we suppose to know u! ... ,u™"1 € V; the problem is now
to determine u;).

For almost any = € Q, wu,,(x,-) is the linear time interpolate of ! (z), so it is affine
in [(n — 1)k, nk]; this implies that [F(uy,)](z,nk) depends only on wm(x, ), 1
which is known and on u” (x), which must be determined. Hence, there exists a

function F} : R x © — R such that

wy () = [F(um)|(z,nk) := Fr(ul (x), x) a.e. in €.

This allows us to introduce an operator ﬁ;; acting between spaces of measurable func-
tions M(2) in the following way F"(v) := F"(v(-),-). We establish some properties
of the operator F .
First of all it is quite easy to show that
" LX(Q) — L*(Q) is a strongly continuous operator. (4.7)
Moreover (2.8) entails that F is bounded in the following sense
{ d7 e L*(Q) : Vv € M(Q;C°([0,T))), (48)
HF @)@, lleoqoryy < L v, )leoo,r + 7(2) ae. in €.

Using (4.8) we get that there exist two constants C{,CY (actually CY = Lg) such
that R
1En )l < CF [0l + €5 Vo € LA(Q); (4.9)

now (4.9) and (2.10) yield a coercivity property for the operator ﬁ{,;, that is there exist
two constants C7,CJ € RT, depending on m,n such that

/ﬁg(v)vdx > |l — CF Vo € L(Q). (4.10)
Q

9



We introduce the operator C': V — V' acting in the following way
vi(C(P), )y = — / v, (O + F\T’}l(@)) -V dz Vip, o eV, ¥ne{l,...,m}.
Q

Thus (4.6) can be rewritten in the following way

n _ ,n—1 n _wn—l

o v 4+ = . 4+ Cup) + Alup) = frn in V' (4.11)

which in turn yields

ul 4 FP(ul) + k Cul) + kAu?, = g7 in V'

where ¢" :=kf" +w™ ! + 4" so it is a known function. For the sake of simplicity,

we omit the fixed indexes m and n; thus we get
u+ Fu)+kC)+kAu=g in V' (4.12)

We claim that (4.12) admits at least one solution uw € V. Let {V;},;en be a sequence
of finite dimensional subspaces invading V; for any j € N let us consider the problem
of finding u; € V; such that

Z(u;) == u; + F(u)) + kAu; + kC(u;) =g in V', (4.13)

Using (4.7) and (4.10), it is not difficult to show that the operator Z : V' — V’ defined
as
Z(w) == w+ F(w) + k Aw + k C(w)

is strongly continuous and coercive. Hence an easy application of the Brouwer fixed
point theorem yields the existence of at least a solution w; of (4.13). If we multiply
(4.13) by u; and use the coercivity of the operator Z we get that the sequence {u;};en
is uniformly bounded in V. Thus there exists u such that, possibly extracting a sub-
sequence, u; — u in V. By the compactness of the inclusion V' C L*(Q2) and by the
continuity of the operator Z we may pass to the limit taking j — oo in (4.13), getting
(4.12). This allows us to conclude that Problem 4.3 has at least a solution.

e Second step: a priori estimates.
First of all (2.8) and the rate independence of the operator F entail
m () = wp " (x) m () = up ()

w u

< Lr

a.e. in Q, Vne{l,...,m}. (4.14)

k - k
Now we multiply (4.11) by (u?, — u™1) in the duality (-, )y (i.e. we consider (4.6)
with the choice ¢ := u” —u” ') and sum for n = 1,...,7, for j € {1,...,m}. It is

clear that the difficulties come from the term
J
S [ vt ) V- ) do,
Q

n=1

10



as the term V(u”, —u”"1) cannot be controlled; we thus need to integrate in the time
variable. More precisely (we recall that we set for simplicity L*(Q)) =: H)

ni,n n n n—1 1 n |2 n—1|2
=3 [ R ) V(e ek 537 [ (9 Ve e

>k Y| | s g g Vagddes [ (4 ) v Vil da
p— k H Q Q
+kzj:/(u%—%l+w% w;lﬂ)[ vVl d
v, - Vur | dx
n=1 Q k K

u,, —U
m m nf n n—1
E V’< L ’ m_ m V+ E V’ T s Uy T Uy >V

j
+ > v Clup),umy —up Yy + > v Au un, —up )y
n=1

n n—111|2
Uy — Uy
k

—k'Z/f”( e dm<k2||f”||H 55

n=1

H

From the previous two chains of 1nequaht1es, we deduce

3 v

TR / (I, + [, ) Ve, | d + |[¥]] ey / () + [ul,)) [V | de

J
n Uu
IVl #3190 (
n=1

1 2

1
< Il

n—1

11



ov

+‘8t

kZ/ (] + || |W|dx+k2|\f”|\ﬂ

1 1 . , ,
<G+ [ Ve ot 2By [ (el + o) da

Loo(Qr)N

o o IVll=@ns oy ke || = ||
+ 1l e 19013 + S (a3, + [l ) + 53 ||
2 4 — k H
B w —wn 1‘3V 4
+ 55 | T35 kY (luml I+ [lwn )
4L2f ; k g 2|0t Loo ()N ;
ov 9 N
T War + HVHLOO(QT)N Ly+1)| k Z [V |5 + & Z [ fo |-
LOO QT)
J n __1Un71 2
As this point the term Z ’ o can be controlled by (4.14), while
n=1 H
712 i 1 ov ! n |2 n||2
2 V[ (arpyn (|u P+l de + 5 |15 k> (lamll + [lwml5)
Loo(Qr)N n=1
(48) ov ?
<2 max <2uvrrLoomTN, [ ) [Lf/ | a0 dwﬂmrz] .
Lo (Qp)N QL
Therefore we have, forany 7 =1,....m
J un __un—l 2
vl Pde + = ———
FACICES NS

2 J
gcl/ lmlax lup (x )@ dx—l—cngHVu"mH?q + ¢,
o =1, —

where ¢; and ¢y depend on v and Lz, while ¢3 depends also on the data. Now

b (@) 2 = Jup, (@) + D (un (@) — wi ! (2)) (up, (@) + w7 (2)

n=1 n=1
k| (o) —u (@) ) z .
< Jug, (2)]* + 8 Z k, +2ka Z(% ()] + 2|up (2)]?)
=1 n=1

12



J J
k
<t (W0 + £ S ) + 3
n=1 n=

which yields

1 . koG u — a2 !
FCIREEE D s N T FATR S S [T
4 Q 4 n—=1 k H n=1
kg |u —ur | J
3 R R S A
n=1 H n=1

As we are dealing with Dirichlet boundary conditions, we can use Poincaré inequality
and obtain in particular that

J J
/Q|Vu£n|2dx < ek Y |IVublly + es < co <1 + k vaumﬁ,) : (4.15)
n=1 n=1
where the constants ¢y, cs, cg are independent of m. We can conclude at this point
using a discrete version of Gronwall’s inequality; therefore, for any j € {1,...,m}, we

have the following a priori estimate

n n—111]2
Upy — Uy

2 < constant (independent of m). (4.16)

L2(9)

L i kO
1 [[Vud|T2) + 3 Z

n=1

e Third step: limit procedure

At this point we introduce some further notation. A.e. in Q, let w,,(z,-) be the linear

time interpolate of wy,(x,nk) := wy, (z) for n = 0,...,m; moreover set w,(z,t) :=
ul (z) if (n—1)k <t <nk for n=1,...,m and define w,, and f,, in a similar way.

We also set v, (z,t) := v, (z) if (n— 1)k <t <nk for n =1,...,m. Thus (4.11)
yields

65—;” + %U—tm + C(ty) + Atlyy, = fru  in V) ace. in (0,7) (4.17)

while (4.16) becomes
|t || mr10,7;22(0)) L 0.7;v) < constant (independent of m);

(4.18)
|| T || oo (0,77, < constant (independent of m).

The a priori estimates we found allow us to conclude that there exists u such that,
possibly taking m — 400 along a subsequence,

Uy — w  weakly star in - H'(0,7; L*(Q)) N L>(0,T;V)
Uy — u  weakly star in  L>(0,7; V).
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Moreover H'(0,T;L*(Q)) = L*(; HY(0,T)) C L*(Q;C°([0,T])) with continuous in-
jection, so by (4.8) and (4.18) we get

| Win| 200y < \/TmeHLQ(Q;CO([O,T})) < ﬁL}'H“mHLQ(Q;CO([O,T])) + \/T||T||L2(Q) <c

with ¢ constant independent of m; this entails that there exists w such that, possibly
taking m — 400 along a subsequence

Wy, — w  weakly in L*(Qr). (4.19)
On the other hand, using again (4.8) it is also clear that
|| T + Wip||12(07) < constant (independent of m).
Thus C(u,,) € L*(0,T; V') and this in turn gives

0
H—(um + wy,) < constant (independent of m).

ot

L2(0,T;V")

At this point, possibly taking m — 400 along a subsequence, we get

g(um + W) — g(u +w) weakly star in  L*(0,T; V")

ot ot (4.20)
Cl(iy,) — C(u) weakly star in  L?(0,T; V).
Hence, taking m — 400 in (4.17), we obtain
ou  Ow
E‘FE‘FO(U)—F‘AU—][. (4.21)

Now we have only to show that w = F(u). We already remarked that the a priori
estimates we found yield

Uy, — U weakly star in H'(0,T; L*(Q)) N L>(0,T; V).

On the other hand, by interpolation and after a suitable choice of representatives in
equivalence classes, we deduce, for any s € (0,1/2)

HY0,T; L2(Q) N L>(0,T; V) € H'(Qp) € H(Q; H'5(0,T)) C L*(9;¢°([0,T)))
where the last inclusion is also compact; so possibly extracting a subsequence, we have
U, — u strongly in L*(€;C°([0,T)))

and using the continuity of the operator F, we deduce
F(ty) — F(u) strongly in L*(€;C°([0,7))).

As wy,(z,-) is the linear time interpolate of wy,(x,nk) = [F(uy)](z,nk) for n =
1,...,m, a.e. in {2, we have

Wy, — F(u) uniformly in [0,77], a.e. in .

Therefore, by (4.19) we get w = F(u) a.e. in Qp. This finishes the proof. [
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4.2 Stable dependence on the data

We conclude the paper with a result of stable dependence on the data for solutions of
Problem 4.1. We state this result under quite general assumptions for the hysteresis
operators involved. We consider indeed a sequence of Lipschitz continuous hysteresis
operators JF,, : M(Q;C°([0,T])) — M(Q;C°([0,T])) being in addition order preserving
and piecewise monotone; we require moreover a pointwise convergence in time, a.e. in
space, of these operators to some operator F fulfilling the same assumptions. The
result of stable dependence is obtained exploiting, in a suitable way, the order preserv-
ing property and the uniform convergence in time of the sequence of corresponding
solutions u,, of Theorem 4.1. This last property comes from the good regularity of w,,
given by (4.18); in this respect, the pointwise convergence in time of these solutions
would be not enough for our purposes.

The result we are able to state and prove is the following.

Theorem 4.4. (Stable dependence on the data)

Consider a sequence of hysteresis operators F, : M(Q;C°([0,T])) — M(£;C°([0,T]))
fulfilling (2.8) (with the same constant Lz for all n € N), (2.9) and (2.10). Suppose
moreover that, for all v e M(;C°([0,T]))

Fo(v) — F(v)  pointwise in C°([0,T]), a.e. in €, (4.22)

for some operator F : M(Q;C°([0,T])) — M(;C°([0,T))) fulfilling the same assump-
tions as F,. Finally assume that (4.5) holds for a sequence of data {(ul,w?, f,)}nen
and suppose that

w - w? — W’ strongly in L?(Q)
fo— f weakly in L?(Qr).

For any n € N, let u, be a solution of Problem 4.1, (which is Problem 4.1 corre-
sponding to u®, wl, f,., F.); then

u, € H(0,T; L*(Q)) N L*(0,T;V)
and there exists u such that, possibly taking n — oo along a subsequence,

Up — U weakly star in H'(0,T; L*(Q)) N L*(0,T; V)
strongly in L?(Q;C°([0,T]))

and
Fo(un) — F(u) strongly in L*(Qr).

Finally w 1s a solution of Problem 4.1.

Proof. First we define the operators (=), FH) : M(Q;C°([0,T])) — M(;C°([0,T)))
as follows

FO(u)(x,-) == sup{Fv)(x,-) : v € M(Q;C([0,T))),v(x,-) < ulx,-)} a.e. in €
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FH(u)(z,-) = inf{F(v)(z,-) : v € M(Q:C°([0,T)),v(z, ) > u(z,-)} a.e. in €.
It is not difficult to see that
Yu € M(9;C°([0,T])), FO ) (x,-) < Flu)(z,) < FO(u)(z,-), a.e in €,

and in particular ) (u)(z,-) = F(u)(z,-) = FH(u)(x,-), a.ein 2, as F is Lipschitz
continuous.

Now, using our assumptions it is clear that Problem 4.1, admits at least one solution
u,, such that

||| e 0.7 020)nL (0,13v) < constant (independent of n). (4.23)

This entails that there exists u such that, possibly taking the limit for n — oo along
a subsequence

u, —u  weakly star in H'(0,T; L*(2)) N L>*(0,T;V).

On the other hand, by interpolation and after a suitable choice of representatives, we
deduce
H'(0,T; L*(Q)) N L*(0,T; V) € L*(2;,¢°([0,T1))

with continuous and compact injection and this assures us that
Up — U strongly in L*(Q;C°([0,T7))
from what we immediately get
Up — U uniformly in [0,77], a.e. in Q. (4.24)

At this point, as F,, are order preserving, from (4.22) and (4.24), we get that, for all
e >0, 37 such that Vn >n and for all ¢ € [0, T

Folup)(z,t) < Fp(u+e)(x,t) — Flu+e)(x,t) a.e. in Q.

Now we first take the superior limit as n — oo and then the infimum with respect to
e. We deduce

lim sup[F, (un)](z, 1) < inf[F(u+ €)](z,t) = FE(u)(z, 1) a.e. in Q.

o0 e>0
Arguing in a similar way we get
Folup)(x,t) > Fp(u—e)(x,t) — F(u—e)(x,t) a.e. in Qrp,
from what we deduce
ligiorolffn(un)(x,t) > FO(u)(z,t) a.e. in Qp.

As F is assumed to be Lipschitz continuous, we have

711220 Folup)(x,t) = F(u)(z,t) a.e. in Q.
At this point the Lebesgue dominated convergence theorem yields

Fo(un) — F(u) strongly in L*(Qr).

This is enough in order to pass to the limit in Problem 4.1,, and get that u is a solution

of Problem 4.1. O
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Remark 4.5. Assume that the measure p in (2.4) is absolutely continuous with respect
to the two-dimensional Lebesgue measure. This means that there exists a density
function ¢ € Ll _(P) such that

loc

o8] +o0
H,(u, €)(t) ::/O / ) (U &) (1, 0) dv dr.

This one-parametric representation of the Preisach operator goes back to [16], see also
[17]. In this case (4.22) can be expressed by means of a suitable convergence condition
for the density functions, see Theorem 6 in [13]. The result obtained is connected with
homogenization problems, see [14].
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