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\S 1. Introduction

Recently, we have shown that there exists a time-periodic global attractor for time-
periodic dynamical systems governed by subdifferentials in Hilbert spaces (cf. [3]). But
we do not know the large-time behaviour of each solution. In general, the solution does
not converge to any periodic solution, although the system is time-periodic (cf. [6, 7]).

In this paper we consider time-periodic double obstacle problems in order to show that
solutions are asymptotically periodic, if given obstacle functions are periodic in time.

At first, we consider a scalar $T_{0}$-periodic double obstacle problem of the form:

$u’(t)+\partial I_{K(t)(u(t}))+g(u(t))\ni 0$ , $t\geq 0$ , (1.1)

where for each $t\geq 0$ and given $T_{0}$-periodic obstacle functions $\sigma_{0},$ $\sigma_{1}$ on $R_{+}:=[0, +\infty)$

$K(\mathrm{t}):=\{Z\in R;\sigma \mathrm{o}(t)\leq z\leq\sigma 1(t)\}$ ,

$\partial I_{K(t)}$ is a subdifferential of the indicator function $I_{K(t)}(\cdot)$ on $R$ and $g$ is a smooth function
on $R$ which is in general non-monotone on $R$ such as $g(u)=u^{3}-u$ .

In this case, we shall show that any solution of (1.1) is asymptotically $T_{0}$-periodic.
Namely, for any solution $u$ of (1.1) there is a $T_{0}$-periodic solution $u_{p}$ of (1.1) such that

$u(t)-u_{p}(t)arrow 0$ as $tarrow+\infty$ .

Next, we give two applications of our result on scalar $T_{0}$-periodic obstacle problems.
In the first application we discuss the asymptotically $T_{0}$-periodicity of the solution of a
Stefan problem with hysteresis in the higher dimensional case which is left unsolved in
[8].

In the second application we consider a partial differential equation with $T_{0}$-periodic
double obstacles of the form:

$u’-\kappa\Delta u+g(u)+\partial I_{K(t)(u(t}))\ni 0$ in $Q:=R_{+}\cross\Omega$ , (1.2)
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$\frac{\partial u}{\partial n}=0$ on $\Sigma:=R_{+}\cross\Gamma$ , (1.3)

where $\Omega$ is a bounded domain in $R^{N}(1\leq N<+\infty)$ , with smooth boundary $\Gamma:=\partial\Omega$,
for each $t\in R_{+}:=[0, +\infty)$ and given obstacle functions $\sigma_{0},$ $\sigma_{1},$ $K(t)$ is the set

$\{z\in L^{2}(\Omega);\sigma_{0}(t, \cdot)\leq z\leq\sigma_{1}(t, \cdot)$ $\mathrm{a}.\mathrm{e}$ . on $\Omega\}$ ,

$\partial I_{K(t)}$ is the subdifferential of the indicator function $I_{K(t)}$ on $L^{2}(\Omega)$ and $g$ is a non-
monotone smooth function on $R$. Under some assumptions, we shffi show that solutions
of $(1.2)-(1.3)$ are asymptotically $T_{0}$-periodic.

\S 2. Scalar double obstacle problems

Let $0<T_{0}<+\infty$ be fixed and we assume that given obstacle functions $\sigma_{0},$ $\sigma_{1}\in$

$W^{1,2}(R_{+})_{\mathrm{S}}\mathrm{a}\mathrm{t}\mathrm{i}\mathrm{s}\mathrm{p}$ the following conditions:

$\sigma_{0}\leq\sigma_{1}$ on $R_{+}$ , (2.1)

$\sigma_{0}(t)=\sigma \mathrm{o}(t+T_{0})$ and $\sigma_{1}(t)=\sigma_{1}(t+T_{0})$ for any $t\geq 0$ . (2.2)

For each time $t\geq 0$ , we define the closed set $K(\mathrm{t})$ and proper l.s.c. convex function $I_{K(t)}$

on $R$ , respectively, by
$K(t):=\{Z\in R;\sigma \mathrm{o}(t)\leq z\leq\sigma_{1}(t)\}$ (2.3)

and

$I_{K(t)}(z):=\{$

$0$ if $z\in K(t)$ ,

$+\infty$ otherwise.
(2.4)

Now let us consider an ordinary differential equation with $T_{0}$-periodic double obstacle
of the form

$u’(t)+\partial I_{K(t)(u(\mathrm{t}}))+g(u(t))\ni 0$ , $t\geq 0$ , (2.5)

where $\partial I_{K(t)}$ is the subdifferential of $I_{K(t)}(\cdot)$ and $g$ is a non-monotone smooth function on
$R$ , in general.

Definition 2.1. (1) A function $u:R_{+}arrow R$ is called a solution of (2.5), if it satisfies the
following conditions $(\mathrm{C}1)-(\mathrm{c}3)$ :

(C1) $u\in W_{l_{\mathit{0}}}^{1}’ c2(R_{+})$ .

(C2) $u(t)\in K(t)$ for any $t\in R_{+}$ .

(C3) There exists a function $\xi\in L_{loc}^{2}(R_{+})$ such that

$\xi(t)\in\partial I_{K(t)(u(t}))$ for $\mathrm{a}.\mathrm{e}$. $t\in R_{+}$

and
$u’(t)+\xi(t)+g(u(t))=0$ for $\mathrm{a}.\mathrm{e}$ . $t\in R_{+}$ .
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(2) A function $u:R_{+}arrow R$ is called a solution of the Cauchy problem for (2.5), if $u$ is a
solution of (2.5) and satisfies the initial condition:

$u(0)=u_{0}$ .

(3) A function $u:R_{+}arrow R$ is called a $T_{0}$-periodic solution of (2.5), if $u$ is a solution of
(2.5) and satisfies the $T_{0}$-periodic condition:

$u(t+T_{0})=u(t)$ for any $t\geq 0$ .

We can easily see that (2.5) is reformulated as an evolution equation governed by
time-dependent subdifferentials of the form

(E) $u’(t)+\partial\varphi(t(ut))+g(u(t))\ni 0$ in $H$, $t>0$ ,

where $H$ is a real Hilbert space, $\partial\varphi^{t}$ is the subdifferentials of time-dependent convex
function $\varphi^{t}(\cdot)$ on $H$ and $g(\cdot)$ is a Lipschitz operator on $H$. In fact, we take $R$ as the Hilbert
space $H$ and $I_{K(t)}(\cdot)$ as $\varphi^{t}(\cdot)$ . By (2.2), we easily see that the class $\{\varphi^{t}\}:=\{\varphi^{t};t\in R_{+}\}$

of proper l.s.c. convex functions $\varphi^{t}$ on $H$ satisfies $T_{0}$-periodicity condition

$\varphi^{t+\tau_{0}}(\cdot)=\varphi(t.)$ on $H$, $\forall t\in R_{+}$ .
Hence, by applying the abstract results in [3] we get the existence-uniqueness and global
boundedness results of the solution of the Cauchy problem for (2.5).

As a main result on the asymptotic behaviour of solution $u$ of (2.5), we have the
following theorem.
Theorem 2.1. Assume that $g(\xi)=0$ has a finite number of roots. Then any solution $u$

of (2.5) is asymptotically $T_{0}$ -periodic, more precisely, one of the following four cases (1),
(2), (3) and (4) occurs:
(1) $u(t)-u^{*}(t)arrow \mathrm{O}$ as $tarrow+\infty$ , where $u^{*}$ is the maximal $T_{0}- pe\dot{n}odic$ solution of (2.5).
(2) $u(t)-u_{*}(t)arrow \mathrm{O}$ as $tarrow+\infty$ , where $u_{*}$ is the minimal $T_{0}$ -periodic solution of (2.5).
(3) There is a root $\xi_{0}$ of $g(\xi)=0$ such that $u(t)arrow\xi_{0}$ as $tarrow+\infty$ .
(4) $u(t)-u_{p}(t)arrow 0$ as $tarrow+\infty$ , where $u_{p}$ is the unique $T_{0}$-periodic solution of (2.5).

By using some numerical experiences, we $\mathrm{s}\dot{\mathrm{h}}\mathrm{a}\mathrm{l}\mathrm{l}$ explain Theorem 2.1.
For simplicity, we assume $\mathrm{t}\mathrm{h}\backslash$at $g(u)=u^{3}-u$ , namely, there are three roots of $g(\xi)=0$ .
Now, we consider the following six obstacle cases.

Case 1. We assume that

$\sigma_{0}(t)\leq-1$ and $1\leq\sigma_{1}(t)$ , $\forall t\in R_{+}$ .

In this case, any solution $u$ of (2.5) converges to one of stationary solutions-l, $0,1$ of
(2.5) as $tarrow+\infty$ . The behaviour of solution $u$ of (2.5) is illustrated in the Fig.2.1.
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$\mathrm{t}$

Fig.2.1

$\underline{\mathrm{C}\mathrm{a}\mathrm{s}\mathrm{e}2.}$ Assume that $\sigma_{1}(t)\geq 0$ for any $t\in R_{+}$ ,

$\sigma_{0}(t)\leq-1$ , $\forall t\in R_{+}$ and $\sigma_{1}(t_{0)}<1$ f.or some $t_{0}\in R_{+}$ .

In this case, any solution $u$ with initial data $u_{0}>0$ converges to the maximal $T_{0}$-periodic
solution of (2.5). In fact, the solution $u$ coincide with the maximal $T_{0}$-periodic solution
of (2.5) after a certain finite time $t_{1}\in R_{+}$ . For the other data, the solution $u$ converges
to $0$ or-.l fl.q $f$. $arrow\neq(\mathrm{x}7_{-}\mathrm{T}\mathrm{h}\mathrm{p}$. $\mathrm{b}\rho.\mathrm{h}\mathrm{f}\mathrm{l}.\mathrm{v}\mathrm{i}\circ 11T\mathrm{n}\mathrm{f}\backslash \mathrm{q}\circ 1\rceil \mathrm{l}\mathrm{f}\mathrm{l}\mathrm{i}$($1\mathfrak{n}\mathrm{n}/$. nf 19-.5) i.g iltll.q$\mathrm{f}\mathrm{t}\Gamma \mathrm{f}\mathrm{l}.\mathrm{f}_{\mathfrak{l}\rho \mathrm{d}}$ in the Fig.2.2.

$\mathrm{R}$

1

$0$ $\mathrm{t}$

$-]$

Fig.2.2

Case 3. Assume that $\sigma_{0}(t)<0\leq\sigma_{1}(t)$ for any $t\in R_{+}$ ,

$-1<\sigma_{0}(t_{0})$ for some $t_{0}\in R_{+}$ and $\sigma_{1}(\mathrm{t}_{1})<1$ for some $t_{1}\in R_{+}$ .

In this case, for any solution $u$ of (2.5) with initial data $u_{0}>0$ (resp. $u_{0}<0$) there is a
finite time $t_{2}\in R_{+}$ such that

$u(t_{2})=\sigma_{1}(t_{2})$ (resp. $\sigma_{0}(t_{2})$).
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Fig.2.3

Case 4. Assume that

$\sigma_{0}(t_{0})\leq-1$ , $\forall t\in R_{+}$ and $\sigma_{1}(t_{0})<0$ for some $t_{0}\in R_{+}$ .

Fig.2.4

Case 5. Assume that $\sigma_{0}(t)<0$ for any $t\in R_{+}$ ,

$-1<\sigma_{0}(t_{0)}$ for some $t_{0}\in R_{+}$ and $\sigma_{1}(t_{1})<0$ for some $t_{1}\in R_{+}$ .
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Fig.2.5

Case 6. Assume that

$0\leq\sigma_{0}(t_{0})$ for some $t_{0}\in R_{+}$ and $\sigma_{1}(t_{1})\leq 0$ for some $t_{1}\in R_{+}$ .

In this case, it follows $\mathrm{h}\mathrm{o}\mathrm{m}$ the facts of Case 2-4 that there exists a unique $T_{0}$-periodic
solution $u_{p}$ of (2.5) and any solution $u$ of (2.5) coincide with the unique $T_{0}$-periodic
solution $u_{p}$ of (2.5) after some finite time.

The $\mathrm{b}\rho.\mathrm{h}\mathrm{f}\mathrm{l}1’.\mathrm{i}\cap 11\Gamma \mathrm{n}\mathrm{f}.\mathrm{Q}\cap$] $\iota \mathrm{l}\mathrm{f}.\mathrm{i}\cap Y\iota\eta/$. $\mathrm{n}\mathrm{f}(\eta-.\mathrm{s})\mathrm{i}.\mathrm{Q}\mathrm{i}\mathrm{l}\iota\iota \mathrm{l}.\mathrm{q}+_{\iota \mathrm{r}}\mathrm{f}\mathrm{l}.\mathrm{f}.P.\mathrm{d}\mathrm{i}\eta \mathrm{t}.\mathrm{h}P$ . Fi $\sigma_{-}2_{-}6-$

$\mathrm{R}$

1

$0$
$\mathrm{t}$

$-]$

Fig.2.6

Remark. All the cases of relationships between $\sigma_{0}$ and $\sigma_{1}$ are covered by Cases 1-6,
except their symmetric case.
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\S 3. Application to a Stefan Problem with hysteresis

In this section, we consider a Stefan problem with hysteresis, which is a model for
solid-liquid phase transition with superheating and undercooling effect.

In [8], the following system was treated:

$[\theta+w]_{i}-\Delta\theta=f(\mathrm{t},X)$ $Q:=(0, +\infty)\cross\Omega$ , (3.1)

$w_{t}(t,X)+\partial I_{\theta()(w(t,)}t,xX)\ni 0$, $(t, x)\in Q$ , (3.2)
$\theta=g(x)$ on $\Sigma:=(0, +\infty)\cross \mathrm{r}$, (3.3)

$\theta(0, \cdot)=\theta_{0(x})$ , $w(0, \cdot)=w_{\mathrm{o}(X})$ in $\Omega$ . (3.4)
where $\Omega$ is a bounded domain in $R^{N}(N\geq 1)$ , with smooth boundary $\Gamma=\partial\Omega,$ $\partial I_{\theta(x)}t$, is
the subdifferential of the indicator function $I_{\theta(t,x)}(\cdot)$ on the interval $[f_{a}(\theta(t, x)), fd(\theta(t, X))]$ ,
$f_{a}$ and $f_{d}$ are given continuous and nondecreasing functions on $R$ such that $f_{a}\leq f_{d}$ on $R$

and $f(t,x),$ $g(x),$ $\theta_{0}(x),$ $w_{0}(x)$ are prescribed as data.
As well known $[5, 11]$ , (3.2) is equivalent to the hysteresis operator $F(\cdot;w_{0})$ :

$w(t,x)=[F(\theta(\cdot, x);w0(X))](t)$ , $(t,x)\in Q$ ,

Fig.3.1

For simplicity, system $(3.1)-(3.4)$ is denoted by $(\mathrm{S}\mathrm{P})$ .

Definition 3.1. A couple of functions $\{\theta, w\}$ is called a (weak) solution of $(\mathrm{S}\mathrm{P})$ on $R_{+}$ ,
if the following conditions $(\mathrm{S}1)-(\mathrm{S}3)$ are satisfied:
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(S1) $\theta\in W_{lo}^{1,2}c(R+;L^{2}(\Omega))\mathrm{n}L_{lc}\infty_{o}(R+;H^{1}(\Omega))$ ,
$w\in W_{lc}^{1,2}(\mathit{0}+;RL^{2}(\Omega))$ .

(S2) $[\theta+w]_{t}-\Delta\theta=f(t,x)$ in $H^{-1}(\Omega)$ for $\mathrm{a}.\mathrm{e}$. $t\geq 0$ and

$\theta(t)|_{\mathrm{r}}=g$ on $\Gamma$ (in the sense of traces) for all $t\in R_{+}$ .

(S3) There exists a function $\xi\in L_{loc}^{2}((\mathrm{o}, +\infty);L^{2}(\Omega))$ such that

$\xi(t, x)\in\partial I_{\theta(t,x})(w(t, X))$ for $\mathrm{a}.\mathrm{e}$ . $t\geq 0$

and
$w_{t}(t,x)+\xi(t,x)=0$ for $\mathrm{a}.\mathrm{e}$ . $(t,x)\in R_{+}\cross\Omega$ .

By [$8|$ Theorems 2.1, 5.1], an existence-uniqueness result was obtained for the Cauchy
problem of $(\mathrm{S}\mathrm{P})$ as well as the existence of a periodic solution for $(\mathrm{S}\mathrm{P})$ . Also the equi-
librium stability and periodic stability of the solution $\{\theta,w. \}$ of $(\mathrm{S}\mathrm{P})$ were discussed. In
particular, in case $f(t, \cdot)$ is periodic in time, it was proved that the function $\theta$ is asymptot-
ically periodic, but the asymptotically periodicity of the function $w$ has not been proved
yet, in the higher dimensional case.

In this section we give a proof of the asymptotically periodicity of $w$ , too, by applying
Theorem 2.1, which is an improvement of [8; Theorem 6.2]. Our result is mentioned
below.

Theorem 3.1. Let $0<T_{0}<+\infty,$ $g\in H^{\frac{1}{2}}(\Gamma),$ $\theta_{0}\in H^{1}(\Omega)$ with $\theta_{0}|_{\Gamma}=g$ a. $e$ . on $\mathrm{r}_{f}w_{0}\in$

$L^{2}(\Omega)$ with $f_{a}(\theta_{0})\leq w_{0}\leq f_{d}(\theta_{0)}a.e$ . on $\Omega$ and $f=f^{1}+f^{2}$ with $f^{1}\in L_{loc}^{2}(R_{+};L^{2}(\Omega))$

and $f^{2}\in W_{l\circ c}^{1,11}(R+;H-(\Omega))$ . Suppose that

$f(t)=f(t+T_{0})$ in $L^{2}(\Omega)+H^{-1}(\Omega)$ for a. $e$ . $t\in R_{+}$ ,

and there are two functions $f_{*},$ $f^{*}\in H^{-1}(\Omega)$ such that

$f_{*}\leq f(\mathrm{t})\leq f^{*}$ in $H^{-1}(\Omega)$ for a. $e$ . $t\in R_{+}$ .

Then for any solution $\{\theta,w\}$ of $(SP)$ associated urith initial data $\{\theta_{0}, w_{0}\}$ , there exists a
$T_{0}$ -periodic $\mathit{8}olution\{\theta_{p}, w_{p}\}$ of $(SP)$ such that

$\theta(t_{X},)-\theta_{p}(t, X)arrow \mathrm{O}$ for a. $e$ . $x\in\Omega$ , (3.5)

$w(t_{X},)-w_{p}(t, X)arrow \mathrm{O}$ for a. $ex\in\Omega$ , (3.6)

$a\mathit{8}\mathrm{t}arrow+\infty$ .

By using Theorem 2.1 and the following lemma, we can prove Theorem 3.1.

Lemma 3.1. Suppose all the assumption of Theorem 3.1 hold. $Then_{f}$ for any solution
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$\{\theta,w\}$ of $(SP)$ with initial data $\{\theta_{0}, w_{0}\}_{\mathrm{z}}$ there e:nist a finite time $t_{0}\in R_{+}$ and $f^{\infty},$ $f_{\infty}\in$

$H^{-1}(\Omega)$ such that
$f_{\infty}\leq f_{*}\leq f(t_{0})\leq f^{*}\leq f^{\infty}$ in $H^{-1}(\Omega)$ ,

and
$z_{\infty}\leq\theta(t_{0})\leq z^{\infty}$ and $f_{a}(z_{\infty})\leq w(t_{0})\leq f_{d}(z^{\infty})$ $a.e$ . on $\Omega$ , (3.7)

where $z_{\infty}$ and $z^{\infty}$ are the solutions of the following $stationarl/$ problems:

$-\triangle z_{\infty}=f_{\infty}$ in $H^{-1}(\Omega)$ , $z_{\infty}|_{\Gamma}=g$ a. $e$ . on $\Gamma$ ;

$-\Delta_{Z^{\infty}}=f^{\infty}$ in $H^{-1}(\Omega)$ , $z^{\infty}|\mathrm{r}=g$ a. $e$ . on F.

4. Application to double obstacle problems for PDEs

Let us consider a double obstacle problem for a PDE of the form

$u_{t}-\kappa\Delta u+\partial I_{K(}.)(u)+g(u)\ni \mathrm{o}$ in $Q:=R_{+^{\mathrm{x}}}\Omega$ , (4.1)

$\frac{\partial u}{\partial n}=0$ on $\Sigma:=R_{+}\cross\Gamma$ , (4.2)

where $\Omega$ is a bounded domain in $R^{N}(1\leq N<+\infty)$ , with smooth boundary $\Gamma:=\partial\Omega$ , for
each $t\in R_{+}:=[0, +\infty),$ $g(u)=u^{3}-u$ and given obstacle imctions $\sigma_{0},$

$\sigma_{1}\in W_{l_{oC}}^{1,2}(R_{+})$ ,

$K(t):=\{z\in L^{2}(\Omega);\sigma_{0}(\mathrm{t})\leq Z\leq\sigma 1(t)$
$\mathrm{a}.\mathrm{e}$ . on $\Omega\}$ ,

$\partial I_{K(t)}$ is the subdifferential of the indicator function $I_{K(t)}$ on $L^{2}(\Omega)$ defined by

$I_{K(t)}(Z):=\{$

$0$ , if $z\in K(t)$ ,
$+\infty$ , otherwise.

For simplicity, we denote $(4.1)-(4.2)$ by (P) and $(4.1)-(4.2)$ with $T_{0}$-periodic condition
$u(t)=u(t+T_{0})$ by $(\mathrm{P}\mathrm{P})$ .

We assume further that the obstacle functions $\sigma_{i},$ $i=1,2$ , satisfy

$\sigma_{0}(t)\leq\sigma_{1}(t),$ $\sigma_{0}(t)=\sigma \mathrm{o}(t+T_{0})$ and $\sigma_{1}(t)=\sigma_{1}(t+T_{0})$ , $\forall t\in R_{+}$ .

Definition 4.1. (1) A function $u:R_{+}arrow L^{2}(\Omega)$ is called a solution of (P), if it satisfies
the following conditions $(\mathrm{P}1)_{-}(\mathrm{p}3)$ :

(P1) $u\in C(R_{+};L^{2}(\Omega))\cap L_{\iota_{oC}}^{2}((0, +\infty);H^{1}(\Omega))\cap W_{l_{o\mathrm{C}}}^{1,2}((\mathrm{o}, +\infty);L^{2}(\Omega))$.

(P2) $u(t)\in K(t)$ for all $t\in R_{+}$ .
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(P3) There is a function $\xi\in L_{lo}^{2}(CR+;L^{2}(\Omega))$ , with $\xi(t)\in\partial I_{K(t)(u(t}))$ for $\mathrm{a}.\mathrm{e}$ . $t\in R_{+}$ ,
such that

$(u’(t)+ \xi(t)+g(u(t)), Z)+\int_{\Omega}\nabla u(t)\cdot\nabla Zdx=0$

for all $z\in H^{1}(\Omega)$ and $\mathrm{a}.\mathrm{e}$ . $t\in R_{+}$ .

(2) A solution $u$ of (P) is called that of $(\mathrm{P}\mathrm{P})$ if $u(t)=u(t+T_{0})$ for all $t\in R_{+}$ .

As is easily checked, (P) is written in the form:

(E) $u’(t)+\partial\varphi^{t}(u(t))+g(u(t))\ni 0$ , $t>0$ ,

in Hilbert space $H:=L^{2}(\Omega)$ , where $\partial\varphi^{t}$ is the subdifferential of time-dependent proper
l.s.c. convex function $\varphi^{t}(\cdot)$ on $H$ defined by

$\varphi^{t}(z):=\{$

$\frac{1}{2}\int_{\Omega}|\nabla z|^{2}dX$ if $z\in K(\mathrm{t})\cap H^{1}(\Omega)$ ,

$+\infty$ otherwise.

According to [3, 10, 13], the Cauchy problem for (P) has one and only one solution,
provided that the initial value is prescribed in $K(\mathrm{O})$ , and the $T_{0}$-periodic problem $(\mathrm{P}\mathrm{P})$

has at least one solution.
Here noted that if the initial value $u_{0}$ is constant on $\Omega$ , then the solution of (P) with

$u(0, \cdot)=u_{0}$ is that of the scalar double obstacle problem (2.5) treated in section 2.
Now, let us consider the large time behaviour of solutions of (P). Our main theorem

is stated as follows:

Theorem 4.1. (1) Suppose that obstacle functions satisfy

$\sigma_{0}(t)\leq 0\leq\sigma 1(t)$ , $\forall t\in R_{+}$ .

Then, any solution $u$ of $(P)$ with initial value $u_{0}\geq 0$ for a. $e$ . on $\Omega$ or $u_{0}\leq 0$ for a. $e$ . on
$\Omega$ is asymptotically $T_{0}$ -periodic. More precisely, one of the following three cases (i), (ii)
and (iii) occurs:
(i) $u(t)-u^{*}(\mathrm{t})arrow \mathrm{O}$ in $L^{\infty}(\Omega)$ as $tarrow+\infty$ , where $u^{*}$ is the maximal $T_{0^{-}}pe$riodic soluhon

of the scalar double obstacle problem (2.5).
(ii) $u(t)-u_{*}(t)arrow \mathrm{O}$ in $L^{\infty}(\Omega)$ as $\mathrm{t}arrow+\infty$ , where $u_{*}$ is the minimal $T_{0}$ -periodic solution

of the scalar double obstacle problem (2.5).
(iii) $u(t)arrow-1$ or $0$ or 1 in $L^{\infty}(\Omega)$ as $tarrow+\infty$ .

(2) Suppose that there exists $t_{0}\in[0, T_{0}]$ such that

$\sigma_{0}(t_{0})>0$ or $0>\sigma_{1}(t\mathrm{o})$ .

Then, any solution of $(P)$ is asymptotically $T_{0^{-pe7}}\dot{\mathrm{B}}odicJ$ namely, the following (iv) occurs:
(iv) $u(t)-u_{p}(t)arrow 0$ in $L^{\infty}(\Omega)$ as $tarrow+\infty$ , where $u_{\mathrm{p}}$ is the unique $T_{0}$ -periodic solution

of (2.5).
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Now, we give numerical experiences for (P) in one dimensional case,

$u_{t}-\kappa u_{xx}+g(u)+\partial I_{K()(u}t(t))\ni 0$ in $Q:=R_{+}\mathrm{X}(0,1))$ (4.3)

$u_{x}(t, \mathrm{o})=u_{x}(t, 1)=0$ for $t>0$ . (4.4)
Here we consider the following cases.

$\underline{\mathrm{C}\mathrm{a}\mathrm{s}\mathrm{e}\mathrm{l}.}$ We assume that

$\sigma_{0}(t)\leq-1$ and $1\leq\sigma_{1}(t)$ , $\forall t\in R_{+}$ .

In this case, (iii) of Theorem 4.1 holds. If $u_{0}\equiv 0$ on $\Omega$ , then the solution $u\equiv 0$ for all
$(t, x)\in Q$ . In the initial data $u_{0}\leq 0\mathrm{a}.\mathrm{e}$. on $\Omega$ with $\int_{\Omega}u_{0}(X)dx<0$ , the solution $u$ of
$(4.3)-(4.4)$ with initial value $u_{0}$ converges to-l in $L^{\infty}(\Omega)$ as $tarrow+\infty$ .

In the initial data $u_{0}\geq 0\mathrm{a}.\mathrm{e}$ . on $\Omega$ with $\int_{\Omega}u_{0}(X)dx>0$ , the solution $u$ of $(4.3)-(4.4)$

with initial value $u_{0}$ converges to 1 in $L^{\infty}(\Omega)$ as $\mathrm{t}arrow+\infty$ . In this case, the behaviour of
solution $u$ of $(4.3)-(4.4)$ is illustrated in Fig.4.1

Fig.4.1

Case 2. Assume that $\sigma_{0}(t)<0\leq\sigma_{1}(t)$ for any $t\in R_{+}$ ,

$-1<\sigma_{0}(t_{0})$ for some $t_{0}\in R_{+}$ and $\sigma_{1}(t_{1})<1$ for some $\mathrm{t}_{1}\in R_{+}$ .

If $u_{0}\equiv 0$ on $\Omega$ , then the solution $u\equiv 0$ for all $(t,x)\in Q$ .
In case $u_{0}\geq 0\mathrm{a}.\mathrm{e}$ . on $\Omega$ with $\int_{\Omega}u_{0}(x)dx>0$ , the solution $u$ of $(4.3)-(4.4)$ with initial

value $u_{0}$ converges to $u^{*}(t)$ in $L^{\infty}(\Omega)$ as $tarrow+\infty$ , where $u^{*}$ is the maximal $T_{0}$-periodic
solution of the scalar double obstacle problem (2.5).
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In case $v_{O}\leq 0\mathrm{a}.\mathrm{e}$ . on $\Omega$ and $\int_{\Omega}u_{0}dx<0$ , the solution $u$ of $(4.3)-(4.4)$ with initial
value $v_{\mathfrak{v}}$ converges to $u_{*}(t)$ in $L^{\infty}(\Omega)$ as $tarrow+\infty$ , where $u_{*}$ is the minimal $T_{0}$-periodic
solution of the scalar double obstacle problem (2.5).

In Case 2, the behaviour of solution $u$ of (P) is illustrated in Fig.4.2-4.3.

Fig.4.2

Fig.4.3

Case 3. Assume that

$\sigma_{0}(t_{0})\geq 0$ for some $t_{0}\in R_{+}$ and $\sigma_{1}(t_{1})\leq 0$ for some $t_{1}\in R_{+}$ .

50



Fig.4.4

Remark. (1) In Case 1, N. Chafee and E. F. Infante [1] showed that any solution $u$ of
$(4.3)-(4.4)$ converges to some stationary solution of $(4.3)-(4.4)$ in one dimensional case.
But in higher dimensional case, the asymptotic behaviour of any solution $u$ is still open.

(2) In Case 2, if the initial function $u_{0}$ changes the sign, we do not know if the
solution $u$ is asymptotically $T_{0}$-periodic or not. The behaviour of solution $u$ of $(4.3)-$
(4.4) is illustrated in Fig.4.5. Our numerical experiences suggest the $T_{0}$-periodicity of any
solution.

Fig.4.5

51



References

1. N. Chafee and E. F. Infante, A bifurcation problem for a nonlinear partial differential
equation of parabolic type, Appl. Anal., 4 (1974), 17-37.

2. X. Chen and C. M. Elliott, Asymptotics for a parabolic double obstacle problem,
Proc. R. Soc. London. A, 444(1994), 429-445.

3. A. Ito, N. Kenmochi and N. Yamazaki, Attractors of periodic systems generated by
time-dependent subdifferentials, Nonlinear Anal. TMA., 37(1999), 97-124.

4. N. Kenmochi, Solvability of nonlinear evolution equations with time-dependent con-
straints and applications, Bull. Fac. Education, Chiba Univ., 39(1981), 1-87.

5. N. Kenmochi, T. Koyama and G. H. Meyer, Parabolic PDEs with hysteresis and
quasivariational inequalities, Nonlinear Analysis, 34(1998), 665-686.

6. N. Kenmochi and M. Otani, Instability of periodic solutions of some evolution equa-
tions governed by time-dependent subdifferential operators, Proc. Japan Acad., 61
Ser. A (1985), 4-7

7. N. Kenmochi and M. Otani, Asymptotic behavior of periodic systems generated by
time-dependent subdifferential operators, Funk. Ekvac., 29(1986), 219-236.

8. N. Kenmochi and A. Visintin, Asymptotic stability for nonlinear PDEs with hys-
teresis, Euro. J. Appl. Math., 5 (1994), 39-56.

9. F. Mignot and J. P. Puel, In\’equations $\mathrm{d}’\acute{\mathrm{e}}\mathrm{v}\mathrm{o}\mathrm{l}\mathrm{u}\mathrm{t}\mathrm{i}_{\mathrm{o}\mathrm{n}}$ paraboliques avec convexes d\’epen-
dant du temps. Applications aux in\’equations quasi-variationnelles d’\’evolution,
Arch. Rational Mech. Anal., 64(1977), 59-91.

10. K. Shirakawa, A. Ito, N. Kenmochi and N. Yamazaki, Asymptotic Stability for
Evolution Systems Associated with Phase Ransitions, pp. 104-115 in Progress in
partial differential equations, Pont-\’a-Mousson 1997 Volume 2, Pitman Research
Notes in Mathematics Series. 384, Longman, Harlow, 1998.

11. A. Visintin, Differential Models of Hysteresis, Appl. Math. Sci., vol. 111, Springer,
Berlin, 19933

12. A. Visintin, Models of Phase Tmnsitions, Progress in Nonlinear Differential Equa-
tions and their Applications 28, Bikh\"auser, Boston-Basel-Berlin, 1996.

13. N. Yamazaki, A. Ito and N. Kenmochi, Global Attractor of time-dependent double
obstacle problems, pp. 288-301, in Functional Analy8is and Global Analysis, ed. T.
Sunada and P. W. Sy, Springer-Verlag, Singapore, 1997.

14. N. Yamazaki, Periodic behaviour of solutions of time-dependent double obstacle
problems, Advances in Mathematical Sciences and Applications, 1999 (to appear)

52




