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Abstract

We prove the existence of a pullback attractor for a non—-autonomous fourth
order evolution equation arising in the field of phase transitions and elasticity
theory. The existence of several families of bounded absorbing sets is first
proved in several spaces, and owing to the compactness of some inclusions
between Sobolev spaces, we can then ensure the existence of a family of
compact absorbing sets in the pullback sense and, as a consequence, the
existence of a pullback attractor.
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1. Introduction

In [10], [11] and [12] it has been studied the asymptotic behavior of the
following evolution equation:

Uy = _52ux:cmz + %Wﬂ(ux)urz’
U=1Uy, =0, ondl, (1.1)
u(0,t) = uo,
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where u: I - R, 0 < e << 1,1 = (0,1) and W(p) = (p* — 1)? is the so
called double well potential. The equation (1.1) represents the L2-gradient
dynamics of the non convex energy:

L,

Fi(u) = 3¢ /u dx + - /W Up)d (1.2)

The equation arises in the field of elasticity theory, phase transition and im-
age processing.

The functional (1.2) with € = 0 is a simple model describing microstructures
that arise from solid-solid phase transitions in certain elastic crystals (see
[18] and [19]) such as In-Th Cu-Al-Ni Ni-Ti. These materials present a va-
riety of microstructures which are important for technological application in
the context of material theory (shape memory effects, pseudoelasticity, etc).
From a physical point of view, the functional (1.2)(with e = 0) describes
the elastic energy required for deformation of the crystal, while the function
W (-) is the stored energy density functions describing the properties of the
material. The add of the regularizing term, depending on the second deriva-
tive of u and on the small parameter ¢, solve the problem of non—uniqueness
of minimizers (and of the ill-posedness of the equation of the associated L?
gradient dynamics) without changing the relevant macroscopic features of
the model. It is natural to consider the associated dynamical problem (see
[1] and [2]), that is, the study of the gradient flow of the energy (1.2) which
can be written in the form of system (1.1).

In [3] they studied the global dynamics of (1.1). By numerical experiments
they show the existence of three well separated time scales with peculiar dy-
namical behavior. In a first time scale of order ¢t > T. = O(e?) the energy of
the initial data is drastically reduced and microstructures (see [18]) appears
in the regions where u, falls in the non convex region of W. In a second
time scale of order ¢ > T" = O(1) the equation exhibits a heath equation-like
behavior in the regions without microstructures, while the dynamic is slow
in the regions with microstructures. In the third time scale ¢t > 7% =0(e7?%)
the equation shows a finite dimensional character, i.e. the solutions are ap-
proximately the union of consecutive segments. In particular the existence
of an inertial manifold has been conjectured in [3]. In the papers [10], [11]
the finite dimensional reduction of the system has been proved. In particular
the authors prove the existence, giving an estimate of the dimension, of the
global attractor, exponential attractor and inertial manifold.



Nonlinear dynamical systems are subjected to aleatoric influences, that is
the reason why in the present paper we consider a small non-autonomous
perturbation of equation (1.1) and consider the effects on the dynamics and
in particular on the third time scale.

The theory of global attractors has been generalized in the case of non—
autonomous systems by introducing the concept of uniform attractor (see,
for instance Chepyzhov and Vishik [9]). However this concept of uniform
attractor lacks of the property of invariance which may be a serious inconve-
nience in the analysis of the long time behavior of the system. For this reason,
an alternate possibility has been developed within the framework of pullback
attractors theory (see Kloeden and Rassmussen [17], Carvalho et al. [8] and
some other papers included in their bibliography sections). One advantage of
the latter is that it is not necessary to impose very restrictive assumptions on
the time dependent terms in the equation. Another advantage of this theory
comes from the fact that, originally, the concept of pullback attractor was
introduced in the field of random dynamical systems (see Schmalfuss [22],
Crauel and Flandoli [14]), and for this reason it is a suitable concept to treat
random and non-autonomous features in the models.

The study of non—autonomous or stochastic perturbation for fourth order
evolution equation is quite recent. An important fourth order PDE is the
Cahn-Hilliard equation that describes phase transitions in a binary metal
alloy. In [21] the author studied the existence of an exponential attractor for
the viscous Cahn-Hilliard equation:

0 2 —
50 Te(=Lv)]+ A% — AW (v) = m(1),

where the non—autonomous perturbation satisfies

/Im(t)dx = 0.

Stochastic perturbation have also been studied. For instance, in [7] it is
considered a stochastic perturbation of the type:

v+ DD — W (w) = o(u) B,

proving the existence and uniqueness of solutions. B; represents a Wiener
process and o is a bounded Lipschitz function. In the article [15] they showed



the existence of a random attractor for a stochastic Cahn-Hilliard equa-
tion with dynamics and stochastic boundary conditions, while the stochas-
tic three-dimensional Lagrangian averaged Navier—Stokes equations are ana-
lyzed in [6].

These arguments suggest the importance of considering perturbation of equa-
tion (1.1), in particular there is a deep relation between Cahn Hilliard equa-
tion and equation (1.1), in fact if v is the solution of the Cahn-Hilliard
equation:

vy + Al Av — W (v)] =0,

with Neumann boundary condition

o 0
50 =5-Av=0, ze{01},

then

is the solution of equation (1.1) with boudary conditions
U=, =0, xz¢€{0,1}.

The rest of the paper is organized as follows: in section 2 we present some
useful preliminary estimates and remarks, while section 3 contains the main
results, that is, the existence of several absorbing sets and the existence of a
pullback attractor in L?(I).

2. Preliminary estimates and definitions

We consider a non—autonomous perturbation of the problem (1.1)

Up = = Upgyy + W (Up) gy + f(2,t), t>T,2 €],
U =1uz =0, ondl, (2.1)
u(r,z) = ug(x), x €1,

where f € L2 (R; L*(I)) satisfies

loc

/_ e(If(S)I* + I (s)")ds < 00, VEER, (2.2)



for some o € (0, %), ug € L*(I), and || - || is the norm of the space L*(I),
0
where by f'(t) we denote 8—{(25, x).

We will carry on our analysis in the following spaces
H = L*(I), V = H*I)N Hy(I),

and we will denote by u(-;7,uy) the solution of (2.1) corresponding to the
initial datum wy € H at time 7. Since |/| = 1 we have that for all u € V:

Jull < el < Jlue]l- (2.3)

Although, for simplicity, we will work with the interval I = [0, 1], we remark
that our analysis is also valid, with suitable modifications, for any bounded
interval I = [a, b]. For this reason, we will keep denoting by |I| the length of
this interval instead of writing 1 in what follows.

Using a slight modification of the classical results in the autonomous
framework, mainly of the Faedo-Galerkin method (see [24]), we can establish
the following result (see [23] or Theorems 3.1 and 3.3 in [24]; see also [10]):

Theorem 2.1. Suppose f € L (R; H). The problem (2.1) admits a unique

loc
solution u such that, for any T > T, it follows:

if up=u(r) € H =uc C%[r,T),H)NL*(,T;V);
if up =u(t) €V =u e C%[r,T],V) N L*(1,T; D(A));

where D(A) ={u € HYI): wu = ug, =0 indI} is the domain of the linear
operator A = 86—;.
Remark 2.2. As in the autonomous case (see [10]) it is possible to prove
that the solution is Lipschitz continuous with respect to initial data.
We anticipate here the calculations that uses the estimates of the L? norms
of u, u, and u., (see next section for details).
Indeed, let w(-) = uy(-) — uz(-) be the difference of two solutions associated
to the initial data w;(7) = ur;, i = 1,2, i.e. u;(-) = u(;7,uy,;). Consider the
equation fulfilled by w, multiply it by w, and integrate over I:

1d

1
ia 2, 2 2 1 / T _
2dt”w” + || wee || + Q/I[W (u1z) — W (ugy)wedz = 0,



from which

1d
a4 gl < 2w — 2 / w2ods
I

2 dt
2(1+ K1) [[wl[ [ wae||
(1+ K@)

N

IN

lwll* + &2lwzs |-

Then, integrating in (7,t) with respect to time, we deduce:

(1+K(s))ds

1t
uy — ug|| < =2 - tiry — tra].

where U = uyus, and we have used (see the next section for the detailed
expressions of the functions involved in the computation)

19]lo0 < luralloolltzelloo < lluallluge|[[[wrze|l[[uaes]| < ue(t)ve(t) := K ().

We recall now some definitions and theoretical results that will be useful
in the following analysis.

Definition 2.3. A two-parameter semigroup or process S(-,+) on a metric
space X is a family of maps S(t,7) : X — X, with —oo < 7 <t < 00 such
that:

(a) S(r,7) =1d, VT € R,

(b) S(t,7) = S(t,s)S(s,7) VT < s <.
Definition 2.4. The family of subsets of X, { B(t) hier, is said to be pullback

absorbing with respect to the process S if for allt € R and any bounded subset
D C X, there exists T(D,t) <t such that

S(t,7)D C B(t) for all T < T(D,t).

Definition 2.5. A family of compact sets A = {A(t)}1er is said to be a
pullback attractor for the process S if it satisfies

(a) S(t,7)A(T) = A(t), Vt > T (invariance property),
(b) lim,_,_ dist(S(t,7)D, A(t)) = 0 for all bounded sets D C X (pullback
attracting property).

We establish the following theorem (see [5]):

6



Theorem 2.6. Let S(t,T) be a two-parameter semigroup on a complete met-
ric space X, and suppose S(t,7) : X — X is continuous for all t > 7. If
there exists a family of compact (pullback) absorbing sets {B(t)}icr, then
there exists a pullback attractor {A(l)}er, and A(t) C B(t) for all t € R.
Furthermore,

Aty = Ap(t),

DCcX
bounded

where

Ap(t) = () | St -s)D,

neN s>n
denotes the omega limit set associated to D.
Remark 2.7. It is worth emphasizing that it is also possible to choose a
more general framework for our analysis in which the attracted sets are time
dependent families of sets belonging to certain universe of sets (see, for in-

stance Caraballo et al. [4] for a detailed analysis of this situation). However,
for our interest in the present paper, the situation described above is enough.

We conclude this section by recalling an important lemma that will be
useful later (see [24] pag. 91).

Lemma 2.8. (The Uniform Gronwall Lemma). Let y, g, h three positive
locally integrable functions on (to, +00) such that y' is locally integrable on
(to, +00) which satisfy

d
Sy<gy+h, Yt>t,
Y < 9y >

t+r t+r t+r
/ g(s)ds < ay, / h(s)ds < as, / y(s)ds < ag, fort > to,
t t t

where 1, ay, as, az are positive constants. Then

yt+r) < <a2 + %> e, VYt >t.
r



3. Existence of Pullback Attractor

Thanks to Theorem 2.1 we easily deduce that our problem (2.1) generates
a process S in H which is given by

S(t, T)ug = u(t; 7,up), forallt > 71, ug€ H.

Moreover, the discussion in Remark 2.2 ensures that S(t,7) : H — H is
a continuous mapping for any ¢ > 7. Consequently, to prove the existence
of a pullback attractor for our model, we need to prove that there exists a
compact (pullback) absorbing family {B(t)}ier C H. We will first prove the
existence of an absorbing family of bounded sets in H. Afterwards, we will
construct another family of bounded absorbing sets in V' and D(A) which,
jointly with the compact injections of these two spaces in H, will ensure the
existence of the compact absorbing family in H.

Proposition 3.1. Suppose f satisfies (2.2). Then, for any bounded subset
D C H and for any t € R, there exists Tg(D,t) <t such that

t
Il < 14267 [ (eI + 1) ds =

for any T < (D, t) and ug € D.

Proof. Let us fix t € R and D C H bounded. Denote u(-) = u(-;7,up), the
solution of our equation (2.1) which takes the initial value ug € D at time
T7(< t), ie. u(r) = S(r, 7)ug for all r € [1,1].
Throughout this proof and the rest of the paper, we will omit the time
variables for simplicity in the calculations when no confusion is possible.
Multiplying equation (2.1) by u we obtain

1d

s’ + & luel® < [+ 55 ||fH2 HUH2

< Ui+ 55 HfH2 —HumH2 (3.1)

from which, using (2.3), we have

1d

2
1
2y 2 < — £l )
Sl + Sl < 111+ 1] (32)



Since o € (0,&?),
1d

1 1 ,,.d
- or 2 . 0T 2 —or 2
S (Te)?) = SoeulP + s u()|

2 2

2
1
f;(%—%)wwmm%wﬂﬂ+grﬂumw,

and, integrating the previous inequality over (7,t),

A
ol < ol 2 [ (Gl e ) ds

whence

- o [P 1
I8 rual? < el + 2 [ (e I + el ) ds

As D C H is bounded, there exists d > 1 such that |Jug|| < d for all uy € D.

Thus,
1

t
T e | @g

—0o0

eﬂv@W+wm)w

for any uy € D, and we conclude the proof by setting 77 (D, t) = t—21Ind. O

(e

We now establish an inequality that will be useful later on. We write

again equation (3.1) in the following way:

1d, o, & 9 1 9
S 1r a5 [ Yzx <|I 5 9 )
Ll + e < 11+ 5151
and setting o € (0,2?) we deduce
1d or 2 52 g or 2 or 1 2 _or
o () + (5 - 5) e lund? < e+ e

If 7 <t —1, we have that for all r € [, t — 1]:

1 2 1
§eU(T+1)Hu(7’ +D|*+ <% — %) /r €7%|| Uy || *ds

1 r+1 1
e+ [ (e + gl ) ds
1 ! 1

ser bl + [ (e gl ) ds

—00

IA

IA

9

(3.3)



and then
r+1
/ 7 ||uge || *ds (3.5)
1
sA@w&wmww/ @ww%ﬂmwwﬁ@}

—0o0

t

where

Ag, o) = : (3.6)

From inequality (2.3) we obtain the same estimates for f:ﬂ e |lu(s)||*ds

and f:“ e |lug(s)||*ds.
Moreover, denoting by || - |4 the norm in the space L*(I), we can rewrite
(3.1) in a different way:

d
%IIUII2 + A ||y < 4lug| + 21 full,
from which
d or or or or or
e {7 ul?} + 46 Jug ||y < (o + e ||ull® 4+ 4e7 [Jug||” + €| 1%,

and integrating in the interval (r,r 4+ 1) with r € [7,t — 1], we obtain
r+1
O+ DF 4 [ e un()llds

62 r+1 r+1
£(5+Q/‘eWM@W%+/ e[| £ (s)]2ds.

In conclusion, we have the following estimate

r—+1 62 5 r—+1
/ eos||ux(s)||ids < (§+Z)/ GJSHux(S)HZdS (3.7)

1 r+1 )
s [P

10



and, consequently,

1 r+1 1 r+1

5/ e’® (/IW(um)dx) ds < 5/ e’ (||luzlly + |1]) ds (3.8)
52 o r os 2

(55+2) [ e lutoitas

A (e L erze)
2 ; (& 4 S & S.

Proposition 3.2. Suppose [ satisfies (2.2). Then, for any bounded subset
D C H, and for any t € R, there exist 7y(D,t) <t and a constant C. > 0,
such that

A

IN

t

ISt ol < 1+ 20 /

— 00

1 S
(117 + gl stoer ) as

¢
+626_Ut/ e”* || (s)|ds := uc(t)?,

for any T < 1y(D, t) and all uy € D.
Proof. We multiply equation (2.1) by u,, and obtain

1d 1

5%”“90“2 + 52”“&::01:”2 = _§<[W/(Ux)]$7uxx> — (f(t), Uaa)

<2 - 6ui’ uix) + <f,(t>a U’x>

< |+ L () [ 1]
< LHum|l2 + & || ttaa [|* + 6—2||f'(t)||2 + —lluall?,
— 4e? 2 2¢e2
from which we deduce
d 2 3 2 20 ¢t 2
S lluall” < 2—52Humll +e7 I @ (3.9)

Then, using the same argument of the previous proposition, we have:

3 g2

d ar ar or
Sl < (5 5) P S OP 310

11



As D C H is bounded, there exists d > 1 such that ||ug|| < d for all uy € D.
Then if 7 < ¢t — 1 for all » € [1,t — 1] we obtain the following inequality by
using the Uniform Gronwall Lemma

eU(TJrl)Hux(T—i- 1 HQ

3 52 r+l r
< [T a2 [ e lrelas

< A(e, o) <62§2+622) {e”d2 + 2/t (\]|e"t + Q%QHJL’(S)H%US) ds}
ve [ elas
from which
1S, ol

S Cg {GU(T—t)dQ + 2€_Ut/

—0o0

t

1

(1ner+ gl Pe) s
t

seteet [ e )]s

—0o0

where
62
C. = A(e,0) (ezs?)ﬁ?) :
We conclude the proof by setting 7/(D,t) =t — X In (C.d?). O

Multiplying again equation (2.1) by t,:

1d

5 gz el + &tz * < el + 1|l
and, consequently,

ld s, € 2 1 o EX 02

el ha < h .

th“uxH + 5 [Uzz || < 62”“73” + 9 171

We then have:

d 2
I (eUTHuwHQ) - UGUTHULEHQ + 52€Wl|umw”2 < ?60T||u:v||2 + 526M||f,||2'

dr
12



Integrating in (r,r + 1),

r+1
g+ DI = e )+ [ s

< 2 82 rH oS 2 2 rH oS 1112
(= + 5 i e”®||ug||*ds + € i e”’|| f']|ds.
Thus

r+1 ) 1 ) 2 52 r+1 )
[ e ttas < S{erwmP s (5+5) [ et

r+1
+¥/ fwm%§,

whence

r+1
/ 6Us||uzmj||2d8
CE 2 1 oT 2 ' ot 1 2 0s
< {6_24_8—4—1—5} {e [ uol| +2/ <|I\e +2—62Hf(3)’| e’ ) ds

t
+2/ 75| f||2ds.

—Oo
Now we can state our next result.

Proposition 3.3. Suppose f satisfies (2.2). Then for any bounded subset
D C H, and for any t € R, there exists v (D,t) <t and v.(t) such that

||S(t,T)UO||H2([) S 1}5(25),
for any T < 1 (D,t) and ug € D.

Proof. Multiplying equation by wu; and integrating over [ yield that

HutH2 +€2/ux:pxxutdx = /[W/(uz)]xutd:c—i- /futd:c
I I I
We can write the previous inequality in the following way:
d (& 1
ol + 5 { S el 45 [ Wt} = [ o

11 e
1
LA+ e,

IA

IN

13



and, thus,

d [e? , 1 L, o
— — — '/‘/ < — .

Then, using the same arguments of the previous propositions and taking into

account that o € (0, %), we can write:

di { Ur||u,w||2 —e W (uy d:v}
2

1 1
< 3T+ {%WWWW+;“[WwM@.

We can use the Uniform Gronwall Lemma in the interval (r,r + 1) with

g2 1 /[t
ay = —, a9 = Z/ 608||f(8)||2d8,

—0o0

9 5 !
w = (g 2) o [l v [ (e elrolR) o
1 [t 1
+5/wGﬂﬂ+gu@Wfﬁda

where we have used inequalities (3.5), (3.7) and (3.8).
Then we obtain:

2

1
%e”t\|um||2 + ée”t/W(uz)dx < e(ag + as).
I

Since W (u,) is non negative we get the estimate

t
e"tHumH2 < Ble, 0)6‘”d2 +2B(e, 0)/

o 1 2 os
(14 galroe ) as

2

£

€2 1
e (WW+1W@WW)%+—— ()| ds,

. 2e2

where

2 2/(9 )
B(e, o) := ;eT <E€ + 8) Ae, o).

14



Then we have

t

a7 u0) |2 < 1+2B(5,0)e“’t/

—0o0

e% —ot ! ot 1 2 _os
+ =€ e ]I\—i—l—le(s)H e’ | ds

—0o0

g 1 g8
(e 1]+ £ (6 ) s

il
e 2

t
e [ erds = ak),

for all ug € D and all 7 < 7/, where
. 1 9
Ty =t — —In(B(e,0)d*),
o
We conclude the proof by setting
v2(t) = hZ(t) +uZ(t) + 02(t),

and 7y = min {7y, 7y, 7v)}. O

From the above three propositions and from theorem (2.6) we deduce the
following result:

Theorem 3.4. Suppose f satisfies (2.2) for some o € (0,€%). Then the
system (2.1) possesses a pullback attractor in L*(I).

Proof. From the above proposition we have that the set
B(t) :={u € HNHy(DNH*(I) :  |lu|| < he(t), Juell < uc(t), [[teel| < ve(t)},

is pullback absorbing in L?*(I). The compactness of B(t) in L*(I) follows
from the compact embedding of Hg (1) in L*(I).
[l
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