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Abstract

Abstract. This paper addresses the long-time behaviour of gradient flows of non convex
functionals in Hilbert spaces. Exploiting the notion of generalized semiflows by J. M. BALL, we
provide some sufficient conditions for the existence of a global attractor. The abstract results
are applied to various classes of non convex evolution problems. In particular, we discuss the
long-time behaviour of solutions of quasi-stationary phase field models and prove the existence of
a global attractor.
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1 Introduction

The aim of this paper is to address the long-time behaviour of strong solutions of the gradient flow
equation
u + 0s¢(u) 50 a.e. in (0,+00), u(0)= ug, (GF)

associated with the (strong) limiting subdifferential 0s¢ : 7 — 27¢ of a functional
¢: H — (—o00,4+00] proper and lower semicontinuous, (1.1)

possibly non convex, defined on a separable Hilbert space ¢ with scalar product (-, -) and norm |-]|.
The strong limiting subdifferential 9s¢ of ¢ is a suitably generalized gradient notion (see below),
related to the sequential strong closure in 7 x ¢ of the graph of the Fréchet subdifferential 0¢ of
¢. The latter is defined, letting D(¢) := {u € 5 : $(u) < +o0}, as

€cop(v) it veD(), limnt 200~ Ew=v)

w—v |w — v

> 0. (1.2)

Existence and approximation results for (GF) have been obtained in [29, 30] for the non-autonomous
situation u' + 95¢(u) > f, where f € L? (0,+00;.%) and an initial datum uy € D(¢) is given. The
arguments of [30] are based on the theory of Minimizing Movements [1, 17] and of Curves of Mazimal
Slope [2, 14, 18, 24], as well as on Young measures in Hilbert spaces. A remarkable result of [30] is

that solutions of (GF) fulfil the energy identity

d(u(t)) +/ [u/ (r) |2 dr = ¢(u(s)) Y0 <s<t< 4oo. (1.3)
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The main issue of this paper is to show that, under suitable assumptions, the set of solutions
of (GF) admits a global attractor. Equation (1.3) entails that the functional ¢ decreases along
trajectories. Hence, we shall focus our attention on the metric phase space (X,dx) given by

X :=D(¢), dx(u,v):=u—v|+|p(u)— o) Vu,v e X.

Indeed, we define this phase space in terms of the functional ¢, which turns out to be a Lyapunov
function for the system (see [28, 35] for some analogous choices).

Due to the possible non convexity of the functional ¢, uniqueness for (GF) may genuinely fail.
Hence, (GF) does not generate a semigroup, and we cannot rely on the well-established theory of
[39] for the study of the long-term dynamics of the solutions. In recent years, several approaches
have been developed in order to address the asymptotic behaviour of solutions of differential problems
without uniqueness. Without any claim of completeness, we may refer the reader to, e.g., the results
by SELL [33, 34], CHEPYZHOV & VISHIK [15], MELNIK & VALERO [26], to the survey by CARABALLO,
MARIN-RUBIO & ROBINSON [13], and to the work of J. M. BALL [5, 6].

In particular, we will focus here on the theory of generalized semiflows proposed in [5]. A general-
ized semiflow is a family of functions on [0, 4+00) taking values in the phase space and complying with
suitable existence, stability for time translation, concatenation, and upper semicontinuity axioms (see
Section 2.2). Within this setting, it is possible to introduce a suitable notion of global attractor and to
characterize the existence of such an attractor in terms of boundedness and compactness properties.

The main results of this paper state that, under suitable assumptions, the solution set to (GF)
is a generalized semiflow in the space (X,dx) (Theorem 1), and that it possesses a global attractor
(Theorem 2). The key point in our proofs involves passing to the limit in the energy identity (1.3) by
means of compactness results for Young measures in Hilbert spaces.

A large part of the paper is devoted to a discussion on the applications of the aforementioned
abstract results to evolution problems with a gradient flow structure. First of all, we show the
existence of a global attractor in the case of ¢ being a suitable perturbation of a convex functional.
In fact, our results apply to C'' perturbations as well as to dominated concave perturbations of convex
functionals (see Section 4 below).

Secondly, we investigate the long-time behaviour of a class of solutions of the so-called quasi-
stationary phase field system

(1.4)

F'(x) =19,

in Q x (0,400), where Q is a bounded domain and F’ is the Gateaux derivative of a functional
F, (possibly neither smooth nor convex). The model (1.4) arises as a suitable generalization of the
(formal) quasi-stationary asymptotics of the standard parabolic phase field model [12], which describes
the phase transition in an ice-water system. In this connection, 1 is the relative temperature of the
system, while the order parameter y yields the local proportion of the liquid versus the solid phase.
The usual choice for F' is

F(x):= %/Q|Vx|2dx + i /Q(X2 —1)2%dz. (1.5)

The existence of solutions of some initial and boundary value problem for (1.4) with F as in (1.5)
was firstly proved by PLOTNIKOV & STAROVOITOV in [27]. The latter paper addresses the case of
homogeneous Dirichlet conditions on ¢ and homogeneous Neumann conditions on y, and exploits
a compactness method and a non standard unique continuation result. Let us mention that the
latter technique heavily relies on the precise form of (1.5) and cannot be easily extended to a more
general situation. A second result in the direction of the existence of a solution of (1.4)-(1.5) is due
to SCHATZLE [32]. The argument devised in [32] for proving existence for (1.4)-(1.5), supplemented
with homogeneous Neumann-Neumann boundary conditions on both ¥ and x, exploits some spectral
analysis results and the analyticity of x — (x? — 1)?/4. Once again, this technique is especially
tailored to the form of (1.5) and cannot be reproduced for general functionals F. We may observe
(see, e.g., [41]) that, indeed, (1.4) stems as the formal gradient entropy flow for the phase field system.



The latter gradient flow approach to the problem of existence of solutions of (1.4) has been fully
considered in detail by Rossi & SAVARE in [29, 30]. In particular, the existence results in [29, 30]
provide a unified frame and extend the previous aforementioned contributions on existence results for
quasi-stationary phase fields.

The gradient flow structure of (1.4) is enlightened by introducing the variable u := ¥+ y. Following
[30], one can rigorously prove that (1.4), along with the boundary conditions v —x = d,x = 0 on
99 for instance, may be interpreted as the gradient flow equation in the Hilbert space H~1(Q) of
the functional ¢ : H~(Q) — (—o0, +0oc] defined by

— L 2 72
stwyi= it (5 [P+ F). D)= Lo, (16)
Namely, in [30] it has been shown that the solutions of (GF), with the choice (1.6) for ¢, provide a
family of solutions of (1.4), supplemented with homogeneous Dirichlet-Neumann conditions.

In Section 5.2 we show that the solutions of (1.4) arising from the gradient flow of the functional
¢ (1.6) indeed form a generalized semiflow, which admits a global attractor. Let us stress that this
gradient flow approach does not provide the description of the long-term behaviour of the whole set of
solutions of (1.4), but is rather concerned with a proper subclass of solutions. Moreover, we present
some result on the long-time behaviour of solutions in the weakly coercive case of Neumann-Neumann
boundary conditions. The latter situation is more delicate, since (1.4) fails to have a gradient flow
structure. However, the existence of solutions may be deduced by suitably approximating the system
by means of more regular problems of gradient flow type. The latter approximation procedure has
been in fact detailed in [30] and is here reconsidered from the point of view of the long-time dynamics.
In particular, in the weakly coercive case, the set of solutions of (1.4) obtained as mentioned above
fails to be a generalized semiflow. Nevertheless, by slightly extending BALL’S theory (see Section 2.2),
in Section 5.2.2 we prove the existence of a suitable notion of weak global attractor for the weakly
coercive problem as well. Indeed, denoting by Ay for A € (0,1) the family of global attractors for the
approximate problems and by A the weak global attractor for the (weakly coercive) limit problem,
we also prove in Section 5.2.3 the convergence of Ay to A, as the approximation parameter A | 0,
with respect to a suitable Hausdorff semidistance.

Plan of the paper. We present some introductory material in Section 2. In particular, Section
2.1 concerns the existence of solutions of (GF) and reports a result from [30], while in Section 2.2 we
recall some results on BALL’S theory on generalized semiflows and develop additional material, in the
direction of studying a weak semiflow structure and a weak notion of attractor. Section 3 contains the
statement and the proof of our main abstract results (Theorems 1 and 2). The ensuing Sections 4-5
are devoted to applications. In particular, Section 4 deals with the long-time behaviour of solutions of
gradient flows of suitably perturbed convex functionals. We consider both the case of C' perturbations
and that of (suitably dominated) concave perturbations. Moreover, some PDE examples are provided
within these classes of problems. Section 5 is focused on the long-time behaviour of solutions of the
quasi-stationary phase field model (1.4). Since our approach to the long-time behaviour of (1.4) is
substantially based on the gradient flow strategy developed in [30], we shall briefly recall the techniques
and results of the latter paper in Section 5. Then, Theorems 1 and 2 are applied to the quasi-stationary
problem (1.4) in Section 5.2.

Acknowledgment. The authors would like to thank Prof. Giuseppe Savaré for some valuable and
inspiring conversations.

2 Preliminary results

2.1 Existence for gradient flows of non convex functionals

In this section we gain some insight into an existence result for (GF) that has been obtained in [30].
To this aim, let us start by reviewing the results on gradient flows in the convex case. Given T > 0



and f:(0,T) — 5, we consider the problem
u'(t) + dp(u(t)) > f(t) forae.te (0,T), u(0)= uo. (2.1)

When ¢ is a convex functional, the Fréchet subdifferential of ¢ coincides with the subdifferential
0¢ of ¢ in the sense of Convex Analysis (so we shall use the same notation for both subdifferential
notions). The latter is defined by

£€dp(v) iff veD(¢), ow)—o)—({,w—v)>0 Ywe A (2.2)

The literature on existence, uniqueness, regularity, and approximation of solutions of (2.1) is well-
established and dates back to the early 70s (see the seminal references [8, 9, 16, 23]). In particular,
it is well-known that, if ug € D(¢) and f € L?*(0,T; ), then the Cauchy problem (2.1) admits a
unique solution u € H*(0,T;.5#), which complies with the energy identity

t t
s(u®) + [ WP dr=o(u(s) + [ (0 s <<, (23)
Indeed, relation (2.3) follows from the chain rule property of convex subdifferentials, i.e.,

if we HY0,T;5¢), £ € L*(0,T;), £(t) € 0p(u(t)) for a.e. t € (0,T),

then ¢oue AC(0,T), ZLo(u(t)) = (£(t),u'(t)) for ae. t € (0,T). @4
In fact, the strong-weak closure of O¢ in the sense of graphs, i.e.,
Up = Uy = EIn I, & € 00(un) Yn = d(un) — ¢(u), £ € 9p(u), (2.5)
the elementary continuity property
Up — U, Sup|09°(uy)| < +oo = d(un) — o(u), (2.6)
(where we use the notation |A°| := inf,c4 |a| for all non-empty sets A C J#), and the chain rule

(2.4) play a crucial role in the proof of the existence of solutions of (2.1). Furthermore, the long-time
behaviour of (2.1) from the point of view of the theory of universal attractors, see e.g. TEMAM [39],
is quite well-understood, even in the non autonomous case (see also [37]).

Let us now turn to the case of a proper, lower semicontinuous, and non convex functional ¢,
cf. (1.1). One shall observe that, even in the non convex case, for any u € D(9¢) the Fréchet
subdifferential d¢(u) is a convex subset of 7. On the other hand, the elementary example ¢(z) :=
min{(z — 1)?,(z + 1)?} (with 9¢(x) := 2(x + 1) for = < 0, dp(z) = 2(z + 1) for = > 0, but
0¢(0) = 0) shows that, unlike the convex case (see (2.5)), the graph of the Fréchet subdifferential of
a non convex functional may not be strongly-weakly closed.

Therefore, following [30], we define the strong limiting subdifferential ds¢ of ¢ at a point v € D(¢)
as the set of the vectors £ such that there exist sequences

VUn,&n € S with &n € a¢(vn)a Uy = U, §p — &, ¢(Un) - ¢(U)7 (27)

as n — +oo. Furthermore, we define the weak limiting subdifferential Oy of ¢ at v € D(¢) as the
set of all vectors & such that there exist sequences

Un,&n € . with &, € Ip(vy), vy — v, & — &, sup d(v,) < 0. (2.8)

Of course, 9p¢ and Js¢ reduce to the subdifferential d¢ of ¢ in the sense of Convex Analysis whenever
¢ is convex, due to (2.5) and (2.6).

Note that the strong limiting subdifferential ds¢ of ¢ fulfils this closure property:

V{up}, {€} such that up — u, § — &, ¢(ug) — d(u), as k T +oo, & € dsd(uy) Vk €N,

then & € 05 (u). (29)

Instead, dp¢ is not strongly-weakly closed in the sense of graphs. Actually, 0;¢ can be characterized
as a version of the strong-weak closure of ds¢, as the following result shows.



Lemma 2.1. Let ¢ : H# — (—o0, +00] comply with (1.1). Then, for any u € H#
§€0p(u) <= F{up}, {&} C A up —u, § =&, Sl;pfﬁ(uk) < 400, & € Os¢(ux) Vk €N (2.10)

i.e., Opo coincides with the (sequential) strong-weak closure of Os¢ along sequences with bounded en-
ergy.

Proof. The left-to-right implication in (2.10) follows immediately from the definition of 9y¢, noting
that d¢(u) C 9s¢(u) for any v € H. In order to prove the converse implication, we recall that in
separable Hilbert spaces (more in general, in reflexive spaces and dual of separable spaces, cf. [10,
Chap. 3]), it is possible to introduce a norm ||| - ||, and thus a metric, inducing weak convergence on
every bounded set. Thus, let us fix a sequence {(ux, &)} as in (2.10): necessarily, there exists M > 0
such that |&;| < M, and & — & may be rephrased as |||x — £||| — 0. In order to prove that the limit
pair (u,&) fulfils £ € Jppp(u), we are going to construct by a diagonalization procedure a sequence
{(vk,wg)} C H x H such that

v = u, wg = &as kT +oo, supd(vg) < 400, wi € Ip(vg) Vk € N, (2.11)
k

Note that the relation & € ds¢(uy) for all k& € N can be rephrased in the following way: for any k € N
there exist sequences {uk}, {¢¥}, C # with

up — g, &y — &k, d(uy) — ¢(ug) asnl+oo, and & € d(uy) Vn € N.

In particular, for any k& € N we may find n(k) € N such that

x| =

|U§(1g) — ug| + |§§(k) — &l + W)(Ufb(k)) —¢(ur)| <

Then, let us set v, := u’;(k) and wy = 52(,6). Obviously, wy € dé(vi), vg — w as k T +oo, and
supy, ®(v) < +00. On the other hand, we remark that the sequence {wy} lies in a bounded set of 57,
since for all k € N |wg| < |wi — &k| + |§k| < 14+ M. Therefore, (2.11) follows by noting that

oo = &Nl < Mwr = &l + [11€x = &Il < V2lwr — &l + 1€ — €[l =0 as k T +oc. O

Under the assumption that dy¢ satisfies a chain rule property analogous to the chain rule (2.4) of
the subdifferential of Convex Analysis, in [30] existence and approximation results have been obtained
for (GF), supplemented with some initial datum ug € D(¢) and source term f. Let us now recall one
of the existence results proved in [30].

Theorem 2.2. Suppose that ¢ : £ — (—o0,+00| complies with (1.1), with the coercivity assumption
Jk>0: v ¢(v)+klv*  has compact sublevels, (comp)

and with the chain rule condition

if ve H(a,b; ), € € L*(a,b; ), € € Oyp(v) a.e. in (a,b),
and ¢ ov is bounded, then ¢ ov € AC(a,b) and

(CHAIN)
%qﬁ(v(t)) = (£(t),0'(t))  for a.e. t€ (ab).
Then, for any ug € D(¢), T >0 and f € L*(0,T; #) the Cauchy problem
u'(t) + 0sp(u(t)) > f(t) ace. in (0,T), u(0) = ug,
admits a solution v € H*(0,T; ). Moreover, one has the energy identity
/ (@) do + $lu(t)) = Blu(s)) + / oo Ss<i<T. (212)



The chain rule (CHAIN), which is indeed classical in the convex case (2.4), holds true in a variety
of non convex situations as well. First of all, (CHAIN) is fulfilled by C' perturbations of convex
functionals. In particular, letting ¢ = ¢, + ¢, where ¢, is convex and ¢y is C', and exploiting
Lemma 4.2, one readily checks that dy¢ = 9¢1 + D¢o and (CHAIN) follows. A second class of
functionals complying with the chain rule (CHAIN) is provided by dominated concave perturbations
of (convex) functionals. In particular, in [30, Thm. 4] it is proved that (CHAIN) holds for all proper,
lower semicontinuous functionals ¢ admitting the decomposition

¢ =11 — g in D(p), with ;1 : D(¢) — R ls.c. and satisfying (CHAIN),

_ (2.13)
Y3 : co (D¢) — R convex and Ls.c. in D(¢), D(dpp1) C D(9v2),

(where co (D¢) denotes the convex hull of D(¢)), and fulfilling

VM >0 3p<1l,v>0 such that sup  [&] < pl(Beth1(w)°| + v
€2€0n (u) (2.14)

for every u € D(0p1)1) with max(p(u), lul) < M.

Namely, if v is itself convex, we are requiring the domain of 9¢¥; to be included in D(9%3). This
in fact implies that 0v; somehow dominates OJs.

2.2 Generalized semiflows

For the reader’s convenience, we recall here the main definitions and results on the theory of attractors
for generalized semiflows, closely following [5]. Our final aim is to apply Ball’s theory to the Cauchy
problem (GF), and slightly extend it in view of applications.

Notation. Let (X,dx) be a (not necessarily complete) metric space. We recall that the Hausdorff
semidistance or excess e(A,B) of two non-empty subsets A, B C X is given by
e(A, B) := sup,c4infrepdx(a,b). For all ¢ > 0, we also denote by B(0,e) the ball B(0,¢) :=
{r e X : dx(z,0) < e}, and by N.(A) := A+ B(0,¢) the e-neighborhood of a subset A.

Definition 2.3 (Generalized semiflow). A generalized semiflow G on X is a family of maps g :
[0,400) = X (referred to as “solutions”), satisfying:

(H1) (Existence) for any go € X there exists at least one g € G with ¢(0) = go,

(H2) (Translates of solutions are solutions) for any g € G and T > 0, the map g7 (t) := g(t+7),
t € [0,+00), belongs to G,

(H3) (Concatenation) for any g, h € G and t > 0 with h(0) = g(t), then z € G, z being the
map defined by z(1) :==g(7) if 0 <7 <t, and h(t—1t) if t <T.

(H4) (Upper-semicontinuity w.r.t. initial data) If {g,} C G and g,(0) — go, then there exists
a subsequence {gn,} of {gn} and g € G such that g(0) = go and gn,(t) — g(t) for all t > 0.

The application of the theory of generalized semiflows to suitable classes of differential problems
is often delicate. Indeed, one usually needs to choose carefully the correct notion of solution of
the problem in order to check the validity of the properties (H1)-(H4). This process may not be
straightforward whenever one considers some suitably weak notion of solvability. On the one hand,
solutions have indeed to be weak enough to comply with (H1) (assumption (H2) is generally easy to
meet in actual situations). On the other hand, the notion of solution has to be robust enough in order
to fulfil (H4). This robustness may turn out to be in conflict with (H3). For instance, this may occur
when the existence of weak solutions of a differential problem is proved by approximation (like e.g. for
the solutions of the quasi-stationary phase field Problem 5.1 in the weakly coercive case, cf. Theorem
5.5). Then, one is naturally led to define the candidate semiflow as the set of all solutions which are
limits in a suitable topology of sequences of approximate solutions. Axioms (H1) and (H2) will be
trivially checked, and, if the aforementioned topology is strong enough, one can hopefully verify (H4)



as well. However, due to this approximation procedure, the concatenation in (H3) may not hold (the
approximating sequences may not have the same indices). This is particularly the case of the set of
limiting energy solutions of Problem 5.1 in the weakly coercive case (cf. Definition 5.10).

Therefore, in the setting of the phase space (X,dx) we aim at partially extending the standard
theory of generalized semiflows to the case of a non-empty set G of functions g : [0,4+00) — X,
complying with (H1), (H2), (H4), but not necessarily with (H3). In this framework, we shall introduce
a weakened notion of attractor, for objects which are slightly more general than semiflows. Before
moving on, let us explicitly stress that we do not claim originality for the notion of weak generalized
semiflow we present below. Indeed, the possibility of studying the long-time dynamics of differential
systems by considering (multivalued) solution operators fulfilling (2.16) has been recently considered
in [25, 26]. In particular, this multivalued approach has also been applied to the standard phase field
system by KAPUSTYAN, MELNIK & VALERO [22].

Definition 2.4 (Weak generalized semiflow). We say that a non-empty family G of maps g : [0, +00) —
X is a weak generalized semiflow on X if G complies with the properties (H1), (H2), and (H4).

Continuity property (C4). We say that a (weak) generalized semiflow fulfills (C4) if for any
{gn} C G with g,(0) — go, there exists a subsequence {g,,} of {g,} and g € G such that g(0) = go
and g,, — ¢ uniformly on the compact subsets of [0, +00),

Orbits, w-limits, and attractors. Given a weak generalized semiflow G on X , we may introduce
for every t > 0 the operator T'(t): 2% — 2% defined by

THE :={g(t) : g€ G with ¢g(0) e E}, FECX. (2.15)
The family of operators {T'(¢) };>¢ fulfils the following property
Tt+s)BCTt)T(s)B Vs,t>0 VBCX, (2.16)

and in general does not define a semigroup on the power set 2X. Note that (2.16) improves to a
semigroup relation when G is a generalized semiflow. Given a solution g € G, we introduce the
positive orbit of g as the set v (g) := {g(t) : t > 0}, while its w-limit w(g) is defined by

w(g):={zxe X : IH{t,}, tn — +o0, such that ¢g(t,) — z}.

We say that w: R — X is a complete orbit if, for any s € R, the translate map w® € G (cf. (H2)).
Moreover, we may consider the positive orbit of a subset E C X, i.e. the set 7 (E) := U>oT(t)E =
U{y*(g) : g €3, g(0) € E}, and, for every 7 > 0, we define 7" (E) := Uy>,T(t)E = v (T(7)E).
Finally, the w-limit of E is defined as

w(E):={z e X : 3{gn} C G such that {g,(0)} C E,
{9n(0)} is bounded, and 3t,, — +oo with g,(t,) — J;}

Given subsets U, E C X, we say that U attracts E if e(T(t)E,U) — 0 as t — +oo. Further, we
say that U is positively invariant if T(t)U C U for every ¢ > 0, that U is quasi-invariant if for any
v € U there exists a complete orbit w with w(0) = v and w(t) € U for all ¢ € R, and finally that U
is dnvariant if T(t)U = U for every t > 0 (equivalently, if it is both positively and quasi-invariant).

Definition 2.5 (Weak Global Attractor and Global Attractor.). Let G be a weak generalized semiflow.
We say that a non-empty set A is a weak global attractor for G if it is compact, quasi-invariant, and
attracts all the bounded sets of X. We say that a set A C X is a global attractor for a generalized
semiflow G if A is compact, invariant, and attracts all the bounded sets of X.

The price of dropping the semigroup property for T consists in the fact that the notion of weak
attractor introduced above will be quasi-invariant but will fail to be invariant. Moreover, we may
observe that a weak global attractor (if existing), is minimal in the set of the closed subsets of X
attracting all bounded sets, hence it is unique, cf. [25].

Compactness and dissipativity properties. Let G be a weak generalized semiflow. We say that

Ggis



eventually bounded if for every bounded B C X there exists 7 > 0 such that 77 (B) is bounded,

point dissipative if there exists a bounded set By C X such that for any g € G there exists 7 > 0
such that g(t) € By for all t > T,

compact if for any sequence {g,} C G with {g,(0)} bounded, there exists a subsequence {g,, }
such that {gn, ()} is convergent for any ¢ > 0.

The notions we have just introduced are not independent one from each other cf. [5, Prop. 3.1 & 3.2].
Lyapunov function. The notion of Lyapunov function can be introduced starting from the following
definitions: we say that a complete orbit g € G is stationary if there exists € X such that g(t) =«
for all t € R - such z is then called a rest point. Note that the set of rest points of G, denoted by
Z(G), is closed in view of (H4). A function V : X — R is said to be a Lyapunov function for G if:
V' is continuous, V(g(t)) < V(g(s)) forall g€ G and 0 <s <t (i.e.,, V decreases along solutions),
and, whenever the map ¢ — V(g(t)) is constant for some complete orbit ¢, then ¢ is a stationary
orbit.

Finally, we say that a global attractor A for G is Lyapunov stable if for any € > 0 there exists
d > 0 such that for any F C X with e(FE,A) <4, then e(T(t)E, A) <e for all t > 0.
Existence of the global attractor. We recall the main results from BALL [5] (c¢f. Thms. 3.3, 5.1,
and 6.1 therein), which provide criteria for the existence of a global attractor A for a generalized
semiflow G. More precisely, Theorem 2.6 gives a characterization of A, whereas Theorem 2.7 states
a sufficient condition for the existence of A in the case in which G also admits a Lyapunov function.

Theorem 2.6. An eventually bounded, point dissipative, and compact generalized semiflow G has a
global attractor. Moreover, the attractor A is unique, it is the mazximal compact invariant subset of
X, and it can be characterized as

A=U{w(B) : BCX, bounded} = w(X). (2.17)

Besides, if all elements of G are continuous functions in (0,+00) and (C4) is fulfilled, then A is
Lyapunov stable.

Theorem 2.7. Assume that G is eventually bounded and compact, admits a Lyapunov function V,
and that the sets of its rest points Z(G) is bounded. Then, G s also point dissipative, and thus
admits a global attractor A. Moreover, w(u) C Z(G) for all trajectories u € G.

Existence of the weak global attractor.

Theorem 2.8. Let G be a weak generalized semiflow. Moreover, assume that G is eventually bounded,
point dissipative and compact. Then, G possesses a unique weak global attractor A. Moreover, A can
be characterized as

A={£ € X : there exists a bounded complete orbit w: w(0) =¢&}. (2.18)

Clearly, one can replace 0 in formula (2.18) with any s € R.

Concerning the first part of the statement, it is sufficient to check that the argument developed
in [5] for the proof of Theorem 2.6 goes through without the concatenation condition (H3). As for
(2.18), the fact that the global attractor is generated by all complete bounded trajectories is well-
known for semigroups and semiflows (cf. [39]), and, up to our knowledge, it has been observed in some
generalized framework in [15, 19]. Note that this characterization also holds for the global attractors
of the standard generalized semiflow constructed in Theorems 2.6 and 2.7. As already mentioned,
we shall apply the weak global attractor machinery to a class of differential problems for which the
existence of solutions is proved by means of an approximation argument. In this framework, in
Section 5.2.3 the structure formula (2.18) will play a basic role in the proof that the sequence of global
attractors of the approximate problems converges in a suitable sense to the weak global attractor of
the limit problem (see also [36] for an analogous approximation result).

Proof. Arguing as in [5, Thm. 3.3|, one has to preliminarily show the following two facts: their
proof simply consists in repeating the arguments of [5, Lemmas 3.4, 3.5], which are valid independently
of (H3).



Claim 1. If G fulfills (H1), (H2), (H4) and is asymptotically compact, then for any non-empty and
bounded set B C X, w(B) is non-empty, compact, quasi-invariant, and attracts B.

Claim 2. If G fulfills (H1), (H2), (H4), it is asymptotically compact and point dissipative, then there
exists a bounded set B such that for any compact set K C X there exist 7 = 7(K) > 0 and
e=¢(K) >0 with T(t)(N:(K)) C B for all t > 7(K).

Hence, let us define A := w(B) where B is exactly the bounded set of Claim 2. Owing to Claim
1, A is non-empty, compact, quasi-invariant, and attracts B. Let us now fix any bounded set B and
consider its compact w-limit K := w(B), which attracts B by Claim 1. Using Claim 2, one readily
exploits (2.16) and adapts the proof of [5, Thm. 3.3] in order to infer that B attracts B as well. Thus,
also A attracts B and, being B arbitrary among bounded sets, we have checked that A is the weak
global attractor.

Let us now prove (2.18). To this aim, we fix £ € A. Then, the quasi-invariance of A entails
that there exists a complete orbit w such that w(0) = £ and w(t) € A for any ¢. In particular, w is
also bounded since A is bounded and we shave shown one inclusion in (2.18). To prove the converse
inclusion, consider any bounded and complete orbit w in G and set O := {w(t), t € R}. The set O is
clearly bounded in the phase space and quasi-invariant, and the following chain of inclusions holds

OCT(t)O Ccw(O)C A (2.19)

In fact, the first inclusion is due to the quasi-invariance of O, while the second one holds since the
w-limit set of any bounded set attracts the set itself, Finally, the last inclusion follows from (2.17).
Thus, we conclude that, for any bounded and complete orbit w of G, w(0) € A. which clearly implies
(2.18). 0

Finally, by adapting the proof of [5, Thm. 5.1], one may obtain the analogue of Theorem 2.7 for
weak global attractors, namely

Theorem 2.9. Let G be an eventually bounded and compact weak generalized semiflow. Moreover,
suppose that G admits a Lyapunov function, and that there exists a non-empty subset D of X such
that

THDCD Vt>0, (2.20)
the set Z(G) N'D is bounded in X. (2.21)

Then, G possesses a unique weak global attractor A in D. Furthermore, for any trajectory u € v+ (D)
we have w(u) C Z(G) and the weak global attractor A complies with (2.18).

Indeed, Theorem 2.9 directly corresponds to Theorem 2.7 with the choice D = X. On the other
hand, the need for restricting the natural phase space X to a proper subset D is well motivated by
applications and the reader is referred to Section 5.2 for some example in this direction.

3 Main results

In view of the assumption ug € D(¢) in the existence Theorem 2.2, we are naturally led to work in
the phase space

X :=D(¢), with dx(u,v):=|u—v|+|d(u) — o) Yu,ve X. (3.1)

Note that (X, dx) is not, in general, a complete metric space.

For the sake of simplicity, we will assume that 0 € D(¢) and ¢(0) = 0, but it is clear that this
assumption is not at all restrictive, since with a proper translation we can deal with the general case
in which 0 ¢ D(¢). Hence, a subset B C X is dx-bounded iff it is contained in a dx-ball B(0, R) for
some R > 0, i.e.

lu| + [¢p(u)] < R Yu € B. (3.2)



Definition 3.1. We denote by S the set of all functions u : [0, +00) — H# such that u € H(0,T; 7)
for all T >0 and
' (t) + 0sp(u(t)) 20 for a.e. t € (0,+00). (3.3)

Remark 3.2. We could include a constant source term f € S in (3.3) by replacing ¢ with the
functional ¢ defined by ¢;(v) := ¢(v) — (f,v) for all v e .

Theorem 1 (Generalized semiflow). Let ¢ comply with the assumptions (1.1), (comP), and (CHAIN)
of Theorem 2.2. In addition, assume that

K1, K2 >0:  ¢(u) > —Ki|lu| — Ko Yu € . (3.4)

Then, S is a generalized semiflow on X, whose elements are continuous functions on [0,+00) and
comply with (C4).

In order to study the long-time behaviour of our gradient flow equation, we assume an additional
continuity property of the potential ¢, that is

vn =, 5up (|9 (vn))°l, $(vn)) < Fo0 = G(vn) — 6(v). (conT)

Note that (CONT) is readily fulfilled by lower semicontinuous convex functionals (cf. (2.6)). Let
{T'(t)}1>0 be the family of operators (2.15) associated with the generalized semiflow S. We have

Theorem 2 (Global attractor). Let ¢ fulfil (1.1), (COMP), (CHAIN), (CONT), and

liminf ¢(u) = +oo. (3.5)

|u|—+o0
Further, let D be a non-empty subset of X satisfying

Tt)DCD Vt>0, (3.6)
the set Z(S)ND :={u € D(0s¢) : 0 € 0s¢(u)} ND is bounded in X. (3.7

Then, there exists a unique attractor A for S in D, given by
A :=U{w(D) : D C D bounded} .
Moreover, A is Lyapunov stable.

With respect to applications, let us stress that assumptions (3.6)-(3.7) are of course to be checked
for all current choices of the functional ¢. In order to fix ideas, let us remark that, in the convex case,
(3.7) follows for instance from (3.5).

The fundamental theorem of Young measures for weak topologies. Before developing the
proof of Theorems 1, 2, we report a compactness result for Young measures in the framework of the
weak topology, which shall play a crucial role in the sequel. Hence, for the reader’s convenience let
us recall the definition of (time-dependent) parametrized (or Young) measures. Denoting by L the
o-algebra of the Lebesgue measurable subsets of (0,T) and by Z(5) the Borel g-algebra of 5, we
define a parametrized (Young) measure in J to be a family v := {v;}4c(0,r) of Borel probability
measures on 5 such that for all B € #(5#) the map t € (0,T) — v4(B) is L-measurable. We denote
by Y(0,T; 5¢) the set of all parametrized measures. The following result has been proved in [30] (cf.
Thm. 3.2 therein), as a consequence of the so-called fundamental compactness theorem for Young
measures, [3, Thm. 1] (see also [4]).

Theorem 3.3. Let {v, }nen be a bounded sequence in LP(I; 5), for some p > 1. Then, there exists
a subsequence k — vy, and a parametrized measure v = {v }rer € Y(I; ) such that for a.e. t € 1

vt is concentrated on the set L(t) of the weak limit points of {v,, (t)}, (3.8)
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/(/ §|”dut(§)> dt < liminf/|vnk(t)|pdt< +oo. (3.9)
1 \Jow k—oo J

Moreover, setting v(t) := [, &dv(§), we have
Un, — v in LP(1;5€) ifp < oo and vy, —"v in L*°(1; 7€) if p = oc. (3.10)

Henceforth, we will denote by C any positive constant coming into play throughout the following
proofs, pointing out the occurring exceptions.

3.1 Proof of Theorem 1

It follows from Theorem 2.2 that for any ug € X there exists u : (0, +00) — S fulfilling u(0) = wug
and (3.3). Moreover, the energy identity

/0 (o) do+ dlu(t)) = d(up) ¥t € [0, +00)

yields that v’ € L%(0,T;.5¢) for all T > 0, whence u € H*(0,T;5#) for all T > 0: therefore, S
complies with (H1). It is easy to check that S satisfies (H2) and (H3) as well. Besides, the elements
of 8§ are continuous functions on [0,00): in fact, u € C°([0,T];5) for all T > 0 and, in view of
(CHAIN), pou € AC(0,T) for any T > 0.
Proof of (H4). Let us fix a sequence {uf } C D(¢) converging to ug € D(¢) w.r.t. the metric of X,
ie.

|ug — w0l + [d(ug) — ¢(uo)| — 0 as n T +oo, (3.11)
and let u, € HY(0,T;2¢) for all T > 0 be the corresponding sequence of solutions in S. We split
the proof of (H4) into steps.
A priori estimates on {u,}. For any T > 0 there exists a positive constant Cr, only depending on
ug and T, such that

[unllzoe 0,7:0) + llunllz20,7;00) < Crr, (3.12)
sup |¢(un(t))| < Cr. (3.13)
[0.7]

Indeed, it follows from the energy identity and from (3.11) that

t
/ Wl ()2 dor + $lun(t)) = d(ul}) < C (3.14)
0
for any n € N and t € (0,+00). On the other hand, for any fixed T'> 0 and ¢ € (0,77,
1/t (@) 2 - un(t) = u? > = ()] — el > K un (8)] — T — o [uf?
2/, " =t ob = 4™ gr'Tol = e Loaptols

Therefore, (3.14) yields
Lt e Lo 2
3 | @ + Kl (0] + 60, () < €+ gl P+ THE,

for any ¢ € (0,7, whence (3.12) (in view of (3.4)), as well as (3.13).

Convergence results for {u,}. There exist a subsequence {u,, }, a function

u € HY0,T;5) for all T > 0, and a limit Young measure v = {Vthteo,400) € V(0,+00;.5)
associated with {uy, }, such that

Up, —u in HY(0,T; ) VT >0, (3.15)
Up, — u in CU([0,T); ) YT >0, (3.16)
v is concentrated on —9y¢p(u(t)), for a.e. t € (0,+0c0), and (3.17)
T T
/ (/ 1€)? dyt(§)> dt <liminf [ |ul, (t)]?dt <+oco VT > 0. (3.18)
0 w k—oo  Jo ’
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The estimates (3.12), (3.13), and the assumption (comP) yield that for any fixed T' > 0 there exists
a compact set J# (T') C 5 such that Upen{un(t) : t € [0,T]} C £ (T). Hence, taking into account
the estimate (3.12) and applying the generalized Ascoli theorem [38, Lemma 1], we conclude that
there exist a subsequence wu,, (which we do not relabel) and a limit v € H'(0,T; ) fulfilling (3.15)
and (3.16) on (0,7"). On the other hand, using the compactness result for Young measures Theorem
3.3, up to a further extraction we also find a limit Young measure v € )(0,T;5¢) such that the
lower-semicontinuity relation (3.9) with p = 2, and the concentration property (3.8) hold for v and
{u,,}. Note that (3.8) yields relation (3.17) on (0,7T) for all T > 0. Indeed, the set L(t) of the weak
limit points of u},(¢) fulfils
L(t) C —0¢p(u(t)) for ae. te (0,T)

in view of the convergence (3.16) for {u,(¢)}, of the a priori estimate (3.13) for {¢(u,(t))}, and of
Lemma 2.1. Then, by a diagonal argument, we extend the maps ¢ — u(t) and ¢t — vy to (0, +00),
finding that v € HY(0,T;5¢) for all T > 0, v € Y(0,+o00; #) and fulfils (3.17), and we extract a
subsequence u,, for which (3.15), (3.16), and (3.18) hold.

Passage to the limit. The limit function u belongs to S, fulfils u(0) = ug, and

dx (un, (t),u(t)) -0 ask]+oo Vt>0. (3.19)

Let us now fix an arbitrary ¢ > 0: taking the liminf of both sides of (3.14) in view of (3.11), (3.15)-
(3.18), and of the lower semicontinuity of ¢, we find

5 [ weras 3 [ ([ 16 ante)) s+ o) < otuo) (3.20)

On the other hand, (3.17) and (3.18) ensure that

/ |(Oedp(u |2 ds < +o00.

Hence, by [30, Thm. 3.3, Prop. 3.4], there exists a selection £(-) € dpgp(u(-)) in L%(0,t;5¢). Also,
(3.20) yields that ¢ow is bounded on (0,7T"). Thus, we may apply the chain rule (CHAIN) and conclude
that ¢ ou € AC(0,T). Owing to [30, Thm. 3.3], the limit Young measure v, fulfilling (3.17), also
complies with a chain rule formula, yielding that (here we set n(s) := [ e §dvs(§)):

dlun) — dlu(t)) = / (' (5),1(s))ds. (3.21)

Note that, owing to Theorem 3.3 and, in particular, (3.10), we have that v’ = n almost everywhere.
Combining (3.20) and (3.21), we deduce

s [ [ te-werae =3 [weray [ | letane) - [ (o) [ cami@) as <o,

whence v = d,(5) for a.e. s € (0,t). Therefore, (3.17) yields
u'(s) € —0up(u(s)) for a.e. s € (0,t).
Being t arbitrary, we infer that u solves
u'(t) + Opdp(u(t)) 20 for a.e. t € (0,400). (3.22)

The initial condition u(0) = ug of course ensues from (3.11) and (3.16). Finally, let us take the
lim supy; o, of (3.14). By (3.11),

lim sup ( [ ) o+ 6, <t>>) <l sup o(u*) = 6(u(0) = 6(u(0) + [ /(o) o

k1400 kT+o0
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where we have used that u fulfils (3.22) and applied the chain rule (CHAIN) to the selection —u/'(t) €
Orp(u(t)). Therefore, we deduce that for every ¢ > 0

/ |u/ (o |2d0<hm1nf/ |y, da<hmsup/ lup,, (o) da</ |u'(0)|? do,

(u(t)) < hm+1nf O(un, (1)) < limsup ¢(un, () < d(u(t)).
k7400

Finally,

—u  strongly in H(0,T; ) for any T > 0,
Un,, () — u(t) in X for any t > 0, (3.23)

Unp,,

whence it is easy to infer that « in fact solves (3.3). We can conclude that S fulfils (H4).
Conclusion of the proof. Note that we can in fact improve (3.23). By subtracting the energy
identity for u from the energy identity for u,, , we get that

|9(uny, (1)) = P(u(t))] < [d(ug™) — d(uo)l +/O [y, ()1 = [’ ()] ds
< |¢(ug*) = d(uo)| +/0 (lun ()] + [ (9)]) [, (5)) — ' (s)|ds

< |o(ug®) — d(uo)| + Cllug, — u'llz2(0,60¢), (3.24)

and the above right-hand side goes to zero, as k T 400, uniformly in ¢ on the compact subsets of
[0,400), so that we may conclude that ¢ ow,, — ¢owu uniformly on the compact subsets of [0, 400).
We have thus also proved the continuity property (C4). |

3.2 Proof of Theorem 2

Note that any of the trajectories u € & complies with the energy identity (2.12) (with f = 0). In
particular, ¢(u(t)) < ¢(u(s)) for all 0 < s <t < +00. Let us check that ¢ is a Lyapunov function for
S. In fact, ¢ is trivially continuous w.r.t. the topology of X. Let now w : R — X be a complete orbit
for S. Note that, by Definition 3.1, w € H} (R; ), and that it fulfils the energy identity (2.12) on
R. Suppose that the function t € R — ¢(w(t)) is constant: hence,

/ 0 (0)2dor = d(w(s)) — d(w(t) =0 Vst €R, s <t.

Thus, w'(t) = 0 for a.e. t € R; as w is absolutely continuous, we deduce that w is a stationary orbit.
Therefore, in view of Theorem 2.7 and of the assumptions (3.6)-(3.7), it is sufficient to show that

S is eventually bounded and compact.

Eventually boundedness. In order to check that S is eventually bounded, we fix a ball B(0, R)

centered at 0 of radius R in X: we will show that there exists R’ > 0 such that the evolution of the

ball B(0, R) is contained in the ball B(0, R'). Indeed, let u € S be a trajectory starting from some

ug € B(0, R), cf. (3.2). By the energy identity,

) < / [ (s)2ds + $(u(t)) < $(ug) < R Vit > 0. (3.25)

Therefore, taking into account our coercivity assumption (3.5), we deduce that
lu(t)] < R" vt >0, (3.26)

for some R” > 0 and the eventual boundedness follows with R’ := R + R".
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Compactness. In order to verify that S is compact, we consider a sequence u,, € S such that u,(0)
is bounded in X: we will show that

there exists a subsequence u,, such that u,, is convergent in X for all ¢ > 0. (3.27)

In fact, since u,,(0) is bounded in X, we may argue as in the proof of (H4) in Theorem 1, and obtain
that there exists a subsequence uy,, and a limit function u € H'(0,T;5¢) for all T > 0 such that the
a priori bounds (3.12)-(3.13) and the convergences (3.15)-(3.18) hold. However, unlike in the proof
of Theorem 1, we cannot directly conclude (3.20) anymore, since now we only have u,(0) — wug in
. Actually, we will prove (3.27) by combining the assumed (cf. (CONT)) continuity of ¢ along the
sequences with equibounded slope with Helly’s compactness principle for monotone functions with
respect to the pointwise convergence (for the proof of this result, the reader is referred to, e.g., [2,
Chap. 4]. Indeed, thanks to the energy identity

/ i ()2 do + (un(£)) = dlun(s)) V.t € [0,T], (3.28)

the function ¢ — ¢(uy,(t)) is non-increasing. Thus, Helly’s Theorem applies, and we obtain that there
exists a function ¢ : [0, +00) — (—00, +00], which is non-increasing, such that

o(t) == lUm ¢y, (u(t)) Vvt >0, (3.29)

for a proper subsequence ny of n. Now, by (3.3) and (3.12), we have
' 2
SUP/ |(Dep(um, (t)))°|” dt < +oo.
keN JO

Hence, by Fatou’s Lemma,

l;lchn+inf (806, (1))°)* < +00  for ace. t € (0,7). (3.30)

Therefore, for almost any ¢ we can select a proper subsequence ng, of nj (note that, at this stage,
the latter extraction depends on t) such that (O¢¢(un,, (¢)))° is bounded as A T +oo. Also in view of
(3.13) and (3.16), we can now exploit (CONT) and conclude that

m (un,, (1) = o(ult)). (3.31)

AT4+o0

Actually, the extraction of the subsequence in (3.31) does not in fact depend on ¢, since, by the lower
semicontinuity of ¢, we have for a.e. t € (0,T)

im0, (1)) < Haninf 6, (1) = 9(u(1) < limint 6, (1)), (3:32)
yielding
o(u(t)) = klfifloo O(un, (t)) = @(t) for a.e. t € (0,T). (3.33)

In the next lines, we will actually show that (3.33) holds for all t > 0, thus concluding (3.27) thanks
to (3.29). To this aim, we will use the same technique devised for proving the upper semicontinuity
property (H4). First, we take the liminf as k T 400 of both sides of (3.28). In view of the convergences
(3.15)-(3.18), (3.29), and of the fact that ¢(t) = ¢(u(t)) for almost every t > 0, we obtain

5/ (ods + / t ([ 1P an(©) ds+ ou(v) < otuts) (3.34)

for all t € (0,7] and for a.e. 0 < s <t. Now, by arguing exactly as in the proof of (H4) (with the
sole difference that all the time integrals are now considered between s and ¢, with s > 0, since we do
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not have the convergence in X for the sequence of the initial values u,(0)), we deduce that the limit
function u solves

uw'(t) + Opep(u(t)) 0 for ae. t € (0,+00). (3.35)

Thus, in view of (CHAIN), the function w also verifies the energy identity on the interval (s,t), with
0<s<t<T (see[30, Theorem 3]). In particular, this means that the map ¢t — ¢(u(t)) is continuous
and non-increasing, and thus ¢(t) = ¢(u(t)) for any t > 0, as desired. O

4 Applications: perturbations of convex functionals

In this section, we apply our abstract theory to some concrete examples of parabolic partial differential
equations. More precisely, we will deal with the long-time dynamics of gradient flows of various non
convex perturbations of convex functionals. First, we shall consider the case of C! perturbations.
Secondly, we apply our abstract results to gradient flows of functionals ¢ given by the difference of
two convex and lower semicontinuous functionals.

4.1 (" perturbations of convex functions

We consider functionals ¢ : S — (—o0, +00] of the type
¢ = ¢1 + ¢z, with ¢ proper, Ls.c., and convex on D(¢1) C H#, ¢y € CH(H). (4.1)

The problem of the existence of solutions of gradient flow equations for functionals ¢ of this form has
been addressed in [24] (see also the lectures notes [1] and [2]). The uniqueness of solutions is an open
problem owing to the possible non convexity of the perturbation ¢,. Here, we prove that the set of
all solutions of

u'(t) + 0d1(u(t)) + Dpa(u(t)) =0 for ae. t € (0,+00) (4.2)

is a generalized semiflow in the phase space X = D(¢1), endowed with the metric
dx (u,v) = |u—v|+|d1(u) — ¢1(v)| Yu,v € . (4.3)

Moreover, we show that this generalized semiflow has a unique global attractor in the phase space
D(¢1). The following proposition is a consequence of Theorems 1 and 2, with the choice D = 5.

Proposition 4.1 (Global attractor for C''-perturbations of convex functions). Let ¢ : S — (—00, +<]
be as in (4.1). Suppose that ¢ complies with the assumptions (COMP) and (3.5). Moreover, we assume
that

VT >0 ve HY0,T; #) = Dpo(v) € L*(0,T; ), (4.4)
the set {v € H : 0¢p1(v) + Dga(v) 3 0} is bounded in D(¢p1). (4.5)

Then, the set of all solutions in H(0,T;3#), YT > 0, of (4.2) is a generalized semiflow on
(D(¢1),dx) (see (4.3)) and possesses a unique global attractor. Moreover, the attractor is Lyapunov
stable.

Preliminarily, we need the following

Lemma 4.2. Let ¢y : S — (—00,+00] be a proper, lower semicontinuous functional, and let ¢y :
H — (—o0,+00] be continuous and Gateau differentiable, with Do : S — H demicontinuous. Set
@ o1+ ¢2. Then,

Opp(u) = Opp1(u) + Dpa(u) Vu e . (4.6)

The same conclusion holds for Os¢.



For the proof of this lemma, we refer the interested reader to [31].

Proof of Proposition 4.1. First of all we note that, since 9s¢(v) = d¢1(v) + Do (v) for all v €
thanks to Lemma 4.2, the set of all solutions of (4.2) coincides with set of all solutions of (3.3), with
¢ = ¢1 + ¢o. In order to apply our Theorems 1 and 2, we only need to verify the validity of the
chain rule (CHAIN), of the continuity condition (CONT), and of (3.7). For any given functions v, £ like
in the hypothesis of (CHAIN), condition (4.4) and the fact that ¢o € C1(J#) entail the validity of
the chain rule for ¢». Moreover, since Deo(v) € L?(0,T;.5), by (4.4) we also have by comparison
that d¢1(v) > € — Déa(v) € L2(0,T;5). Since the chain rule (CHAIN) holds for ¢ by convexity, we
conclude that it holds as well for ¢. The continuity property (CONT) easily follows from the continuity
of ¢ and from the convexity of ¢; (see (2.6)). Finally, the condition (4.5) on the solutions of the
stationary equation ensures the validity of (3.7). Indeed, again thanks to Lemma 4.2, we have

Z(8)={veH:0s¢(v) 20} ={veH:0¢p(v)+ Dpa(v) >0}, (4.7)

and the latter set is bounded by assumption. Thus, the assertion follows. O

4.2 Dominated concave perturbations of convex functions
In this section, we apply our results to gradient flows of functionals ¢ given by
¢ = 1 — 9, with 11, ¥9 proper, ls.c., and convex on D(¢;) C J,i=1,2. (4.8)

Of course, D(¢) = D(11) N D(1p2). The starting point of our analysis is the following Lemma, which
sheds light on the structure of the limiting subdifferential for a functional ¢ as in (4.8), and states a

sufficient condition for the validity of the chain rule (CHAIN) (its proof is to be found in [30, Lemma
4.8 and Lemma 4.9]).

Lemma 4.3 (Subdifferential decomposition and chain rule). Let ¢ : S — (—oo,+o0| fulfil (4.8),
(comP), and

VM >0, 3p <1,y >0 suchthat sup |¢] < p|(d¢1(u))°|+~
£€02(u)

for every uw € D(9vy1) with max(¢(u), |u|) < M. (4.9)
Then, every g € 0¢(u) with max(p(u), |u]) < M can be decomposed as
g=A =% X\ € Oy(u), (4.10)
where p,7y are given in terms of M by (4.9); moreover, ¢ satisfies the chain rule (CHAIN).

As a consequence of this lemma, we have that the solutions of the gradient flow equation (3.3)
with ¢ = 11 — 1y (whenever they exist) indeed solve the equation

o' (t) + 01 (u(t)) — O (u(t)) 2 0 for a.e. t € (0,+00). (4.11)

We note that the existence of a global attractor for the solutions of equations of the form (4.11) has
been addressed by VALERO [40]. The approach in [40] is different from the present one since it is
based on the abstract theory, developed by MELNIK & VALERO in [25], of attractors for multivalued
semiflows. Our result is however sharper although less general. On the one hand, we do not focus
on the whole class of solutions of equation (4.11), but rather on the set of solutions which can be
obtained from the gradient flow approach. Secondly, VALERO [40] tackles the problem in the phase
space D(v1), endowed with the metric of 5. On the other hand, our analysis is performed in the
phase space given by the domain of the potential ¢, that is D(¢), endowed with metric dx (see (3.1)),
which is stronger than that of 2. In the following concrete examples of PDEs, taken from [40], the
difference between Valero’s results and the present ones will be clarified.

Henceforth, we fix the Hilbert space . to be  := L?(2), Q being a bounded domain of R?
with smooth boundary 9€2; we shall denote by |-| the norm in L?(Q). In particular, all subdifferentials
are computed with respect to the metric in L?(Q2). Let = = (x1,...,x4) represent the variable in .
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Example 1. We shall consider gradient flow solutions of the equation

u'(t) — Apu(t) — |u(®)|®u(t) =0 for a.e. t € (0,+0c0),

d —2
9 (| 0ul"" ou (4.12)
where Apu := Z 5. (‘83@ 8x~>’
i=1 K3 1 K3
and p > 2 and a > 0 fulfil
24 a<p,
{ 2l+0a)< 2. ifd>p. (4.13)

Then, let us consider the following functionals defined in L?():

d P
Y1(v) o= %Z/ g);) de ifve WyP(Q), ¢1(v):=4occ otherwise, (4.14)
=1 /17
Yo(v) = -11-2 / |v|*T2dx  if v € L*T2(Q), ba(v) := +oo  otherwise. (4.15)
« Q

It is clear that, with these choices of ¥ and s, equation (4.12) can be rewritten in the form of
(4.11). Consequently, we let ¢ = 1); — )2, and we study the long-time behaviour of the solutions of
the gradient flow for ¢ in the framework of the phase space

X := D(¢) = Wy P(Q) = D (see (4.13)), with

dX§u,v) = ||u — UHLz(Q) . (4.16)
2 p_ ) _ 2ta 24 WP Q).
+ p(IIVuIIp IVoll) = 5o (lell23s = I0l1535) | w0 € Wo(9)

Thanks to (4.13), it is not difficult to prove that ¢ is lower semicontinuous, has compact sublevels
in L?(2), and satisfies the coercivity condition (3.5) (which clearly entails (3.4)). Concerning the
lower semicontinuity, we have to prove that given a sequence {un}:iﬁ - WO1 P(Q) such that u, — u
in L%(Q), one has liminf, . ¢(u,) > ¢(u). Without loss of generality, we may suppose that
sup,, ¢(u,) < +o0o. Hence, the first relation in (4.13) gives the following chain of inequalities for a
positive constant C' independent of n

C = d(un) = unllfyspq) = Cllunll = Cllunlly -G, (4.17)

(@ WP (Q) Wi (Q)

where we have also used the Young inequality. Thus, by standard weak compactness results and pos-
sibly extracting some not relabeled subsequence, u,, — u in VVO1 () and, by the compact embedding
WyP(Q) C L*T*(Q) (see (4.13)), we have u,, — u strongly in L2+%(Q). The lower semicontinuity of
¢ is now an easy consequence of this strong convergence and of the lower semicontinuity of the norms
w.r.t. the weak convergence. The estimate (4.17) also shows that the sublevels of ¢, being bounded
in W, P(£2), are compact in L2(€2). The coercivity condition (3.5) easily follows from (4.17) by noting
that, since p > 2 by assumption, we have

() 2 Cllun|fy1.0 ) = C = Clul = C Vv e Wg(Q).

p
Wy P (Q
In order to apply Theorems 1 and 2 and find that the set of all the solutions of

' (t) + 0s (1 — ¥2)(u(t)) 20 in #  for a.e. t € (0,+00) (4.18)

generates a generalized semiflow on (X, dx) (see (4.16)), possessing a unique global attractor, we still
need to check that ¢ = i1 — 12 complies with the chain rule (CHAIN) and with (3.7) (in fact, (3.6)
is valid since we have chosen D = X). As for proving the validity of the chain rule for ¢, we have to
check that the subdifferentials of 11 and 15 comply with condition (4.9). To this aim, we note that
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for any uw € D(d1) with max(¢(u), |u]) < M, we have that ||uHW01,p(Q) < v, where « is a positive
constant depending on M and on 2. Thus, (4.9) follows with any choice of p € (0, 1) by simply noting

that |Oys(u)| = ||u||g‘+al+1), and recalling that WP(Q) C L@+ (Q) with continuous injection (see

(4.13)). In order to prove (3.7) for ¢, we have to check (see (4.16)) that the set
{v € A : Ds(1h1 — 1p2)(v) 3 0} is bounded in (WyP(Q),dx). (4.19)

Note that Lemma 4.3 and the definition of ¢; and o entail that
(v € A : 8y(thy — n)(v) 50} C {v € WHP(Q) 1 Ay — [u]*v =0 ae. in Q} . (4.20)

Then, we only need to prove that the latter set is bounded in (WO1 "P(Q),dx). This follows by simply
testing in L?() the equation A,v — |v|*v = 0 with v and performing the same computations as for
proving (4.17). This produces a bound in W, *(§2) for the solutions of the aforementioned statlonary
equation, which entails the bound in the phase space (4.16) by using the embedding Wo Q) C
L°T2(Q) again. We have thus proved the following.

Proposition 4.4. Let a and p satisfy (4.13) and ¢ = 11 — 9 with Y1 and ¥y as in (4.14)-(4.15).
Then, the solutions of the gradient flow equation

W (t) + s (1 — ¥a)(u(t)) 20  for a.e. t in (0,+00) (4.21)

generate a generalized semiflow in (Wol’p(Q),dX) which possesses a unique global attractor. This
attractor is also Lyapunov stable.

Example 2. In this example, still taken from [40], we consider gradient flow solutions of
u'(t) — Au(t) — f(u(t)) € AH(u(t) — 1) for a.e. t € (0,+00), (4.22)
where H is the Heaviside graph, i.e. the maximal multivalued monotone graph in R x R given by
Hw):=1ifv>0, H():=[0,1ifv=0, and H(v)=0ifv <0, (4.23)

and )\ is a non-negative constant. Finally, f : R — R is a non-decreasing continuous function such
that
|f(8)| <ky+ ]C2|S|, with k&1 > 0 and 0 < ko < Aq, (424)

with A1 the first eigenvalue of the Laplace operator with Dirichlet boundary conditions. We introduce
the following functionals, defined in L?(£2),

P(v) = %/ |Vol|2de  if v € HE (), 1(v):= +oo otherwise, (4.25)
Q
Pa(v) = /QF(u)dx + )\/Q(u — 1)*da, (4.26)

where F/ = f. Asin Example 1, we aim to consider the dynamics of the gradient flow for the functional
¢ = 11 — 1) in the phase space

X := D(¢) = H}(Q) = D, with

i (1, 0) = u = v 20
1
5( Vull3 = [[Voll3) — </ (F(u) — F(v))dz + )\/ (u—1)"dx — )\/ (v— 1)+dx> )
Q Q Q
;v € HYH D).
The functional ¢ is lower semicontinuous in L?(2). In fact, if we are given a sequence {u, +°°1 C

H{(Q) with u, — u in L?(2) and sup ¢(u,,) < 400, then the growth condition on f entails that

F(u,) < C+Clu,* ae. in Q. (4.27)
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Thus, by a variant of the Dominated Convergence Theorem (see, e.g., [20, Theorem 4]), there holds
F(u,) — F(u) in L'(Q2). The lower semicontinuity of ¢ now descends from the lower semicontinuity
of norms w.r.t. the weak convergence. Moreover, ¢ has compact sublevels in L?(2). In fact, by the
Poincaré inequality, combined with the growth condition on f (recall that ko < A1), we have that

o(u) > SVl - / F(v)dz - )\/(v C1)tde
2 Q Q
> C||Vo||2 —C  for a given C > 0 and Vv € H} (). (4.28)

Thus, the sublevels of ¢ are bounded in HE (), which is clearly compact in L?(€2). Note that (4.28)
entails the coercivity assumption (3.5) (and thus (3.4)). Again, in order to apply our Theorems 1 and
2, we need to check (CHAIN) and (3.7) ((3.6) is again trivial since we take D = X). The chain rule
(CHAIN) easily follows from Lemma 4.3. In fact, the subdifferential 9y of 15 is simply

() = f(v) + \H(—1) Vv € D(@uin) = L*(%),

thanks to the growth condition (4.24), while the subdifferential of ; is clearly —A, with domain
H?(Q) N H (). Thus, condition (4.9) easily follows with v = M and with any choice of p € (0,1).
Finally, the condition on the rest points follows from the same argument used in (4.19)-(4.20). In this
case, the analogue of the stationary equation in (4.20) is the following

—Av—f(v) e AH(v—1) ae inQ, v=0 ae. on . (4.29)
We thus have

Proposition 4.5. Let us consider the functional ¢ = 1p1 — 2, with 11 and Y2 as in (4.25)-(4.26).
Then, the solutions of the gradient flow equation

' (t) + s (1 — 2)(u(t)) 20  for a.e. t in (0,+00) (4.30)

generate a generalized semiflow in (Hj (), dx) which possesses a unique global attractor. The attrac-
tor is also Lyapunov stable.

Example 3. We are interested in the study of the long-time behaviour for the gradient flow solutions
of the following equation

o' (t) — Au(t) + 0Tk (u(t)) + fi(u(t)) — f2(u(t)) 20 for a.e. t in (0, +00). (4.31)

In the latter equation, the symbol 0l represents the subdifferential of the indicator function of the
closed and convex set K (see definition (4.35) below), while f; : R — R (i=1, 2) are two non-decreasing
continuous functions which satisfy the following growth and compatibility conditions

there exist 0 < ki, ko, k3 < Ay, k4 >0, € >0 such that
1f1(8)| < k1 (Js|¥@=2 +1) VseR ifd>3
|f2(8)] < ko + kss],
(fi(s) = fa(s))s > (=M1 — €)s® — ka,

where \; is the first eigenvalue of the Laplace operator with Dirichlet boundary conditions. We
then denote by F; and Fb the primitives of fi; and fy respectively. Consequently, F} and Fy are
differentiable convex functions in R such that F} = f;, i = 1,2. Without loss of generality, we assume
that F(0) = 0. We will only consider the case in which € is a bounded domain of R? with d > 3,
the one-dimensional and the two-dimensional cases being easier. The only difference is in the growth
condition imposed on fi, which may be weakened. More precisely, in two dimensions we can deal with
a function f; growing at most like a polynomial with order v, v being any real number 1 < v < +00.
In one dimension, we do not need any additional growth condition.

(4.32)
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Now, let us consider the following functionals on L?(€2)

Pi(v) = %/ |Vv|2dm—|—/ Fi(v)de ifve K, ¢i(v):=4oco otherwise, (4.33)
Q Q
Ya(v) = /Q Fy(v)dz, (4.34)

where K is the following closed and convex subset
K :={ve H)(Q) :v(z) >0, ae. inQ}. (4.35)

It is not difficult to show (see [9, Prop. 2.17]) that the subdifferential of ¢ in L*(Q) has the following
expression
w € M1(u) & w e —Au+ 0k (u) + fi1(u),
with  D(0y1) = H*(Q) N K.
Thus, it is clear that (4.31) could be rewritten in the form of (4.11), with ¢); and s as in (4.33)-(4.34).

Again, we are interested in the long-time dynamics of the gradient flow for the functional ¢ =
11 — g, in the framework of the phase space

(4.36)

X := D(¢) = K = D with
dx (u,v) == [[u — v||L2(q)

09z = 19018) + ([ i) - oo~ [

Q Q

(Fy(u) — Fg(U))dJ:) ’

Thus, we have to check the validity of the hypotheses of Theorems 1 and 2. The proof of the lower
semicontinuity follows exactly the same lines of Example 2, with some minor modifications due to
presence of the two extra terms I (v) and [, F1(v)dz in the definition of (4.33). However, these two
terms, being positive, could be easily handled by lower semicontinuity. Moreover, arguing as in (4.28)
we find that ¢ complies with (CoMP) and (3.5) with respect to the norm of L?(€2). The chain rule
property (CHAIN) is an easy consequence of Lemma 4.3, of the structure of the subdifferential of 11
(see (4.36)), and of the growth condition on the perturbation f2, which entails that the subdifferential
Oho of 1y is simply given by 9ve(v) = fo(v) for all v € L?(Q). Thus, in order to check the validity of
(4.9) and of (3.7), we proceed as in the former examples. In this case, the analogue of the stationary
equation in (4.20) reads

—Av+0Ik () + f1(v) — f2(v) 20 ae. in Q. (4.37)

Hence, by simply testing (4.37) with v (which belongs to K, being a solution of (4.37)) and using the
last condition in (4.32), we get a bound for v in H{(£2). Thus, by the growth condition (4.32) on f;
we have a similar bound for the growth of F;. More precisely, there holds

|Fy(v)] < O] + v|=2/=2)) for some C > 0. (4.38)

Thus, since H} () is continuously embedded in L(24=2)/(4=2)(Q) by (4.38) F; maps bounded sets in
H{(£2) to bounded sets of L'(£2). To conclude that the set of the rest points is bounded, it remains
to show the boundedness of the solutions of the stationary inclusion (4.37), also with respect to the
Fy-part of the metric dx (see (4.37)). But this is simpler, thanks to the linear growth of f5, which
entails a quadratic growth for its primitive F5.

We thus have the following.

Proposition 4.6. Let K be as in (4.35) and the functional ¢ be given by ¢ = Y1 — by with 11 and
o as in (4.33)-(4.34). Then, the solutions of the gradient flow equation

' (t) + 05 (1 — o) (u(t)) 20  for a.e. t in (0,+00) (4.39)

generate a generalized semiflow in K which possesses a unique global attractor. The attractor is also
Lyapunov stable.
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Note that, as we have already mentioned, our choice of the phase space brings to a more regular
attractor, attracting with respect to the W'P-norm (Example 1) and to the H}-norm (Examples 2-3),
whereas in [40] the attraction holds with respect to the L?-metric. Furthermore, our phase space
keeps track of the constraint imposed on the unknowns.

5 Applications: long-time behaviour of quasi-stationary evo-
lution systems

General Setup. The functional setting we deal with features a standard Hilbert triplet
V CH=H cV’, withdense and compact inclusions. (5.1)

We denote by (-, ), the duality pairing between V' and V and by (-, - )z the scalar product
in H, recalling that |, (u,v),, = (u,v)g Yu € H,v € V. Furthermore, let a : V. x V — R be a
non-negative, symmetric, and continuous bilinear form, and let A : V' — V' be the continuous linear
operator associated with a, i.e.

vi(Au,v)y, = a(u,v) Vu,v,€V. (5.2)
We also consider a proper functional F : H — [0, +o0c] whose sublevels
{x € H:F(x) <s} are strongly compact in H, (5.3)

and we denote by by 0F : H — 2H the Fréchet subdifferential of F' in H, namely

0cdF(x) & x€DF)CH, liminf F@n) = FO) = (0,1 = n

> 0.
ln=xIlzr—0 m—xlla

We aim to investigate the long-time behaviour of (a class of solutions of) the following evolution
system, coupling a diffusion equation with a quasi-stationary condition, for which an existence result
was obtained in [30, Sect. 5].

Problem 5.1. Given T > 0 and ug € H, find a pair u,x : (0,T) — H, with u(t) — x(t) € V
for a.e. t € (0,T), which satisfies at a.e. t € (0,T) the system

u'(t) + A(u(t) — x(t)) =0 in V',
x(t) + OF (x(t)) > u(t) in H, (5.4)
u(0) = up.

In Section 5.1, we briefly summarize for the reader’s convenience the techniques developed in [30,
Sec. 5] for Problem 5.1. Hence, we distinguish the two following cases:

1. the form a is coercive, i.e., there exists a constant o > 0 such that

a(u,u) > allul|} YuecV, (5.5)

2. a is weakly coercive, namely, there exist A, a) > 0 s.t.

a(u,w) + Nu||% > 04>\||u||‘2/ YuelV. (5.6)

In fact, whenever a is weakly coercive, for all A > 0 it is possible to find a constant ay > 0 fulfilling
(5.6).
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5.1 Existence results for Problem 5.1
5.1.1 The coercive case: existence by a gradient flow approach

Assume that (5.5) holds. Then, we endow V with the norm |[v[|} := a(v,v) for all v € V and A turns
out to be an isometry between the spaces V and V'. Let us introduce the functional ¢ : V! — RU{+oc0}
defined by

Hu=x1%+F(x) ifuxeH,

. (5.7)
400 otherwise.

$(u) 1= inf F(u,), 9@m%={

Clearly, D(¢) = H; further, for u € D(¢) we denote by M (u) the set of the elements y € H attaining
the minimum in (5.7), i.e.

M(u):={xe€H:F(u,x)=o¢u)}. (5.8)

Note that M (u) # 0 for all u € H, since F is l.s.c. and has compact sublevels. Further, the following
formula

mw;wﬁ»ig(me(jm@+FWD) (5.9)

shows that ¢ is in fact a concave perturbation of a quadratic functional (cf. with (2.13)).
Proposition 5.2 and Corollary 5.3 below (which we recall from [30, Sec.5]) ensure that Problem 5.1
may be interpreted as the Cauchy problem

' (t) + 0sp(u(t)) 20 a.e. in (0,7), u(0)= up, (5.10)
for the functional ¢ in the Hilbert space

s =V’ endowed with the scalar product

5.11
(u,v) = a(A  u, A7) = L (u, A7) = (o, AT )y Va0 € VY (5.11)

Note that, in this framework, the Fréchet and the (strong and weak) limiting subdifferentials of ¢
have to be considered with respect to the scalar product (5.11).

Proposition 5.2. The functional ¢ :  — [0,+00] defined by (5.7) has D(¢) = H, is lower semi-
continuous on the Hilbert space S (5.11), and complies with (COMP) and (CONT). Moreover, for

every u € H,
XE€Mu) = x+0IF(x)>du, (5.12)

while for every u € D(0,9)
cedou) = IxeM): u—xeV, &=Au—y), (5.13)
and the same result holds for Os¢.

Corollary 5.3 (Gradient flows solve the system). Suppose that ug € H. Then, any solution u €
HY(0,T; ) of the Cauchy problem (5.10) in the Hilbert space (5.11) fulfils
u € L(0,T; H) and there exists x € L*>(0,T; H) with
u—x € L*0,T;V), x(t) € M(u(t)) for ae. te(0,T), (5.14)
and the pair (u,x) solves the system (5.4).
In view of the above results, in [30] the existence of solutions of Problem 5.1 is deduced from

the general Theorem 2.2, applied to the Cauchy problem (5.10) (with the choice (5.7) for ¢). As a
consequence, the following result has been obtained (see [30, Thm. 5.8])

22



Theorem 5.4. In the setting of (5.1), (5.2), (5.5), suppose that F complies with (5.3) and either
with
VM >03p<1,v>0 such that this a priori estimate holds:

me(”Z’,Hf‘FE(XAf)(?’M} ~ xeV, Il < plduly: +. (.15
or with
there exists a Banach space W such that V. C W C H with continuous inclusions, (5.16)
H satisfies the interpolation property (W, V’)1/272 C H,
and for every M > 0 there exists C > 0 such that this a priori estimate holds:
fn;xzc||i||2,p>(<;>ﬂ§$} = lixlw < €+ [[AG = x)lv)- (5.17)

Then, for every ug € H and T > 0, Problem 5.1 admits a solution (u,x), with w € H*(0,T;V’) N
L>(0,T;H), x € L=(0,T; H), u — x € L?>(0,T; V), fulfilling u(0) = ug, the system

w(t)+ A(u(t) — x(t) =0 V' forae te(0,T), (5.18)
x(t) € M(u(t)) i H Vte (0,T), '
and the energy identity
[ atutr) = XD dr + F ). x(0) = Fuls)x(s) VOS5 <i<T. (5.19)

Let us stress that Theorem 5.4 yields the existence of a special class of solutions of Problem 5.1,
satisfying in particular the energy identity (5.19).

5.1.2 The weakly coercive case: existence by an approximation argument

In [30, Sec. 5], it has been shown that, in the setting of (5.1)-(5.3) and (5.6), the same conclusions
of Theorem 5.4 hold. The proof of this result is performed by an approximation technique which we
briefly recall. In fact, this procedure has inspired our approach to the study of the long-time behaviour
of the solutions of Problem 5.1 in the weakly coercive case (cf. Section 5.2.2 later on).

For any A > 0 we consider the coercive bilinear forms a(u,v) := a(u,v) + Mu,v)g Vu,v € V
and the related operators Ay : V — V’. Theorem 5.4 yields the existence of a solution pair (uy, xx)
to the Cauchy problem

uh (t) + Ax(ux(t) — xa(t)) =0 in V' forae. te (0,7),
xa(t) € M(ux(t)) in H Vte(0,T), (5.20)
ux(0) = uo,

fulfilling for any 7" > 0 the energy identity

/ ax(ur(r) = xa(r)) dr + F (un(t), xa(t) = F(ur(s), xals) VO< s <t<T. (5.21)

Then, it is possible to show that the sequences {uy} C H(0,7;V') N L>(0,T;H) and {x»} C
L>(0,T;H) in fact approximate a solution of Problem 5.1. We have the following existence and
approximation result (cf. [30, Thm. 5.9]).

Theorem 5.5. Assume (5.1)-(5.3) and (5.6), and let F fulfil either (5.15) or (5.16)-(5.17). Let
{(ux, xx)}r be the sequence of solution pairs to (5.20). Then, there exists a subsequence A\, | 0 as k 1
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+00 and a pair (u,x) such thatuw € HY(0,T;V')NL>(0,T; H), x € L*°(0,T; H), u—x € L?>(0,T;V),
and the following convergences hold:

—u  strongly in C°([0,T); V'),

pouy, — ¢ou uniformly on [0,T).

UN,

(5.22)

Moreover, the pair (u,x) fulfils uw(0) = ug, the system (5.18), and the energy identity (5.19).

5.2 Long-time behaviour for general quasi-stationary evolution systems

This section is devoted to the investigation of the long-time behaviour of the solutions of the evolution
problem
{u'(t) +A(t) —x(t) =0 in V' forae.te(0,+00), (523)

x(t) + OF (x(t)) 3 u(t) in H for a.e.t € (0,+00).

In doing so, we maintain the distinction between the two cases: 1. the form a is coercive and 2. the
form a is weakly coercive.

In the coercive case, we shall keep to the abstract gradient flow approach of [30] (cf. Section 5.1.1),
and analyze the long-term behaviour of the solutions of (5.23) derived from the related gradient flow
equation (5.10). We shall refer to such solutions as energy solutions (cf. Definition 5.6 below). More
precisely, by using the abstract results presented in the former Section 3, we will show that the set
of the energy solutions of (5.23) is a generalized semiflow, which possesses a Lyapunov stable global
attractor. On the other hand, in the weakly coercive case we shall follow the approximation approach
outlined in Section 5.1.2. Specifically, we will only consider the solutions of (5.23) which are limits of
energy solutions of the approximate coercive problem (5.35) below. These limiting energy solutions
form a weak generalized semiflow (in the sense of Section 2.2), which possesses a weak global attractor.

5.2.1 The coercive case

Definition 5.6 (Energy solutions). We say that a function v € HY(0,T;V') N L*>®(0,T; H) VT > 0
is an energy solution of (5.23) in the coercive case if u solves the gradient flow equation

u'(t) + 0s¢(u(t)) 20  for a.e. t € (0,400),
in the Hilbert space 3¢ := V', for the functional

5.24
o) = {meeH (3l —x|% + F(x)) weH, (5.24)

+o0 ueV'\ H.

We denote by £ the set of all energy solutions.

Note that this definition focuses on the role of the solution component u, rather than on x. In
order to study the long-time behaviour of the energy solutions of (5.23), we shall apply our abstract
results Theorem 1 and Theorem 2 in the framework of the phase space (cf. with (3.1))

X :=D(¢)=H, with dx(u,v):=+/a(A " u—v))+ |p(u) — ¢(v)| Vu,v € H, (5.25)

where as usual we have used the notation a(w) := a(w,w) for w € V.

As we have recalled in Section 5.1.1 (cf. Proposition 5.2), under the assumption (5.3) the potential
¢ in (5.24) is lower semicontinuous on ¢ and complies with (COMP) and with the coercivity condition
(3.4) (since it takes positive values). On the other hand, the chain rule (CHAIN) holds true for ¢ once
we assume (5.15) or (5.16)-(5.17). Hence, Theorem 1 guarantees that & is a generalized semiflow.

In order to apply Theorem 2, we shall check that ¢ complies with (3.5) and with (3.7), with the
choice D = X = H, cf. (5.25). Preliminarily, we need the following lemma (in fact, a direct corollary
of Proposition 5.2), which sheds light on the set Z(€) of the rest points of the semiflow £.
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Lemma 5.7. Assume (5.1)-(5.3) and (5.5). Then,
VaeZ(E)={ueH: d;p(u)30} IxeM(@: ua—xeV, Ala-yx) =0. (5.26)

Proposition 5.8. Under the assumptions of Lemma 5.7, suppose further that the functional F : H —
[0, 4+00] fulfils:

1. there exist constants k1, ke > 0 such that for all x € D(F)

F(x) = sallxllzr — re, (5.27)
2. and either one of the following
(a) the proper domain of F
D(F) is bounded in the metric space (X,dx), (5.28)

(b) there exist two constants L1, Ly > 0 such that for all x € D(OF)
(& X)a = Lallxllg — L2 V€ € OF (x). (5.29)

Then, the potential ¢ in (5.24) satisfies the coercivity condition (3.5). Furthermore, the set Z(E) of
the rest points for € fulfils

Z(€) is bounded in (X,dx). (5.30)

Proof. Preliminarily, let us recall the representation formula (5.9) for ¢, and let us fix an element

X € D(F). Noting that

sup ((w0m = (3l + #0) ) = = bl = Sl ~ P, (5.31)

we deduce from (5.9) that there exists a constant J3 > 0, only depending on the chosen Y, such that
3
$(u) < ZHUH%I +J3 VueH, (5.32)

i.e.,, ¢ has at most a quadratic growth. In order to show (3.5), let us note that, by elementary
computations and (5.27), there holds

1 1 1
gl =Xl + FO0) = Sllellf + 5 lIxllE = (wx)m + F(x)

K1
>
— 142k

(5.33)

K
el = mallxl + FOO = g5 lulliy = k2 Vx € L3(Q).
Hence, by taking the infimum with respect to x and recalling the definition (5.7) of ¢, we deduce that
¢ controls the H-norm and (3.5) ensues.

Now, we have to prove the boundedness of the set Z(€) under either the assumption (5.28) or
(5.29). We start by showing that Z(£) C D(F). Indeed, let 4 be an arbitrary element of Z(&). It
follows from Lemma 5.7 and from the coercivity of A that there exists x € M (@) such that x = @. In
particular, 4 € M(u) C D(F). Thus, if (5.28) holds, (5.30) is trivially proved. Let us alternatively
assume (5.29). From @ € M(u) we infer 0 € F(u). Then, (5.29) yields |@|lg < L2/L;, whence we
deduce (5.30) owing to (5.32). O

In view of Proposition 5.8, Lemma 5.7, and Theorem 2.7, we have the following

Theorem 5.9. Let (5.1)-(5.3), (5.5), (5.27), and either (5.28) or (5.29) hold. Further, assume that
F complies either with (5.15), or with (5.16)-(5.17). Then, the set € of the energy solutions of the
evolution problem (5.23) is a generalized semiflow in the phase space X = D(¢) = H, endowed with
the metric (5.25), and & satisfy the continuity property (C4). Moreover, £ possesses a unique global
attractor Ag, which is Lyapunov stable. Finally, for any trajectory v € £ and all us € w(u), there
holds 0 € OF (uso).



5.2.2 The weakly coercive case

In the setting of (5.1)-(5.2) and (5.6), we shall work in the phase space
X =D(¢)=H, dx(u,v):=[lu=vlv +|¢(u) = d(v)] Vu,veH, (5.34)

where ¢ is defined by (5.24). Along the lines of the approximation procedure outlined in Section 5.2.2,

for any A > 0 we consider the set £\ of the energy solutions (cf. Definition 5.6) of the approximate

problems (cf. with (5.20))

ul (1) + Ax(ux(t) = xa(t)) =0 in V' for ae. t € (0,+00), (5.35)
Xa(t) € M(ux(t)) in H Vte (0,+00). '

Now, we may introduce the class of solutions of (5.23) to which we shall restrict our investigation.

Definition 5.10 (Limiting energy solutions.). We say that a function v € H(0,T;V')NL>(0,T; H)
for all T > 0 is a limiting energy solution to the evolution problem (5.23) in the weakly coercive case,
if u fulfils the system (5.18) a.e. on (0,+00), the energy identity (5.19) for all 0 < s <t < 400, and
there exists a sequence {\r}, A\ 1 0 as k 1 +00, and a sequence uy, € &, for all k, such that

uy, — u i X locally uniformly on [0, +00). (5.36)

We denote by & the set of all limiting energy solutions.

Once again, in this definition we only focus on the role of the variable u. In fact, as it will be clear
from the sequel, for any u € £ there exists a function x € L>(0,T; H) for all T > 0 such that
u—x € L%0,T;V) for all T > 0 and (5.18), (5.19) hold on [0, +00), cf. the proof of Proposition 5.11.
Of course, Definition 5.10 has been inspired by the existence Theorem 5.5, ensuring that the set & is
non-empty and indeed complies with the axiom (H1) of the definition of a generalized semiflow. In
the forthcoming Propositions 5.11, 5.12 we shall get further insight into the semiflow properties of €.

Proposition 5.11. Assume (5.1)-(5.3) and (5.6), and let F' fulfil either (5.15) or (5.16)- (5.17).
Then, € is a weak generalized semiflow complying with (C4), and its elements are continuous functions
on [0, 400).

Proof. Axiom (H2) can be trivially checked. The elements of £ are continuous on [0, +00) since
u € C°([0,T]; V') for all T > 0 and the energy identity (5.19) ensures that ¢ owu is locally absolutely
continuous on [0, +00).

In order to verify (C4) (which obviously yields (H4)), let us fix a sequence {u,} C & such that
U (0) — up in X, ie. uny(0) — ug in V' and ¢(u,(0)) — ¢(ug). We aim to show that there exists
u € & such that, up to a subsequence,

Uy, converges to u in X locally uniformly on [0, +00). (5.37)

To this purpose, we note that, by definition of £, for all n there exists a sequence {u*};, C €y, such
that u) — u, as k T 400 locally uniformly on [0, +00). In particular, we can choose some increasing
sequence {Ag, } (in short: {\,}) in such a way that

. (5.38)

S|

sup dy (un (1), u)" (1)) <
tel0,n]

Whence, in particular, u»(0) — ug in X. Thus we have that ¢(u"(0)) < C for a constant indepen-
dent of n € N. The energy identity (5.21) for the pair (u)", x\») reads on the interval [0,n]:

/ ax, (up™ (r) = xo7 (r) dr + F (up (1), xp™ (1) = F (uy (s), X" (5)) (5.39)
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for all 0 <s <t < n. Using that .Z (u)", x)") > 1|lup" — xa~ ||%;, that the sublevels of F are bounded
in H and the first of (5.35), we deduce the a priori estimates

[

An An An
w1 0,m:v) Fllun™ = Xn" 1 L20,mv)nLee 0,m:m) + X" | Loe (0,m5) < C
for a constant independent of n € N. Thus, suitable compactness results and a diagonal argument yield

that there exist subsequences {u;\L:” } and {X:\L:J } (we will use the short-hand notation {\;}, {u;}, and
{x;}), and a pair of functions (u,x.), with u € H*(0,T;V’) N L>(0,T; H), x« € L*>(0,T; H) and
u— x« € L2(0,T;V) for all T > 0, for which the following convergences hold as j T oo:
uj—*u in H'0,T;V')NL>®(0,T;H), wu;—u in C°[0,T);V"), YT >0,
u;(t) = u(t) in H for any ¢ € (0, +00), (5.40)
X=X« in L®(0,T;H) and uj —x; — u— X« in L*(0,T;V) VYT > 0.

Note that the pointwise weak convergence of u; follows from the generalized Ascoli theorem [38, Cor.
4]. In particular, u(0) = ug. Hence, (u, x,) fulfils

u'(t) + A(u(t) — x«(t)) =0 and  x.(t) € co(M(u(t))) for a.e. t € (0,+00).

Moreover, taking the limsup as j 1 +oo of the energy identity (5.39) with s = 0, we get for all T > 0

/0 a(u(r) — x«(r)) dr + ¢(u(t)) < lim sup/0 ax,; (u;(r) — x;(r)) dr 4+ ¢(u;(t)) < ¢(uo)

JjT+oo

=dwm+ﬁmwgé@MMH—%&DW=¢W®%ﬂAMMﬂ—M@DW

JjT+o0

(5.41)

Vt € [0,7]. Indeed, in (5.41) we have used that, thanks to either (5.15) or to (5.16)-(5.17), for any
T > 0 the map ¢ ou € AC(0,T), and that, for any fixed j € N, the following chain rule holds:

d .

%(d) © U) = <’LL/,U - X*> = <A>\j (U - X*),U - X*> = ay; (u - X*) a.c. 1 (OvT)7

see also the proof of [30, Thm. 5.9]. Finally, the last passage in (5.41) follows from the trivial
convergence \j(u; — x;) — 0 in L*(0,T; H) as j 1 oo. Thanks to the lower semicontinuity argument
also exploited in the final part of the proof of Theorem 1, we easily infer from (5.41) that for all T' > 0

A(u; — x;) — A(u — x«) strongly in L*(0,T; V'), o(uj(t)) — o(u(t)) Vt € [0,T]. (5.42)

By a careful measurable selection argument, detailed in the proof of [30, Thm.5.9], it is possible
to show that there exists a function x € L*°(0,T; H) fulfilling

x(t) € M(u(t)) Vte (0,7), u—x € L*0,T;V), (5.43)
A(u(t) — x« (1)) = A(u(t) — x(t)) for ae. t € (0,T). (5.44)

Being T arbitrary, we conclude that the pair (u, x) fulfils (5.18) a.e. on (0, +00). Furthermore, from
the energy identities (5.39) and (5.41) we infer for all ¢ > 0

ds

WWND—MMWHQM%@D—MWM+AHMWAﬁ—m@M@~WMM$—x®M$
< 16(u; (0)) = ¢(uo)] + (1A = x)llz2(0.)
1A = )l zv) ) 14w = X5) = Alu = ) 207

Hence, in view of (5.38) and of (5.42), we easily conclude (cf. (3.24)), that ¢(u;) — ¢(u) locally
uniformly on [0, +00). Combining the latter convergence with the first of (5.40), we find that

u; — u in X locally uniformly on [0, +00). (5.45)
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Finally, owing to (5.42)-(5.45), we pass to the limit in the energy identity (5.39), and we deduce that
the pair (u, x) fulfils the energy identity (5.19) for all 0 < s <t < 4+o00. By the previous construction,
u is approximated in the sense of (5.36), whence u € &.

In the end, one directly checks that, for all T' < 400 and n; > T,

sup d¥ (u(t), un, (1)) < sup d¥(u(t),u;(t)) + sup dy (u;(t), un,(t))

te[0,T] te[0,T] te[0,T]
1
< sup dy (u(t),u;(t) + —,
t€[0,T) U
also in view of (5.38). Owing to (5.45), we conclude the convergence (5.37), and (C4) ensues. O

Proposition 5.12. Under the same hypotheses of Proposition 5.11, assume further that F' complies
with (5.27). Then, & is compact and eventually bounded.

Proof. Let us point out that, by Definition 5.10, the limiting energy solutions of Problem 5.1 comply
with the energy identity (5.19) just like the energy solutions deriving from the gradient flow equation
(5.24). Thus, the eventually boundedness of £ follows exactly by the same argument developed in the
proof of our abstract Theorem 2 (cf. (3.25)-(3.26)), since assumption (5.27) provides the sufficient
coercivity (cf. the proof of Proposition 5.8).

In order to prove that & is compact, we fix a sequence u,, € € such that wu,(0) is bounded in
X. The same computations as in the proof of Proposition 5.11 yield that there exists an increasing
sequence {\,} and uy, € &, for which (5.38) holds. In particular, note that {u"(0)} is bounded
in X. Hence, again exploiting the energy identity (5.39) for the pair (u)»,xA"), we infer that there
exists a subsequence (which we do not relabel) and a limit pair (u, %) for which the convergences
(5.40) hold true on (0, +00). However, since in this case we cannot conclude anymore that {u)»(0)}
converges, we cannot exploit the proof of Proposition 5.11 in order to conclude that u)" converges
to u locally uniformly on [0,400). Instead, we will argue in the same way as in the proof of the
compactness property in Theorem 2. Let us sketch this procedure. First, the energy identity (5.21)
yields that the map t — ¢(u)"(¢)) is non-increasing. By Helly’s Theorem, for all ¢ > 0 the function
o(t) := limp 40 d(up (1)) is well-defined. Moreover, (5.21) and Fatou’s Lemma entail that

lim inf [|A(u" (¢) = xa" (DI + sup (;IIUQ” (t) = xa O + F (i (t))> < +o0
(where y)» € M(u)")) for almost every ¢ > 0. Also using the compactness of the sublevels of
F (5.3), one easily infers that for almost any ¢ > 0 there exist a subsequence j — nj, possibly
depending on t, and a pair (a(t),x(t)) for which (using short-hand notation) x;(t) — x(t) and
u;j(t) — x;(t) — a(t) — x(t) strongly in H. Thus, u;(t) — a(t) in H, whence necessarily 4(t) = u(t)
for a.e. t € (0,T) thanks to (5.40). Finally, it is not difficult to check that x(¢) € M (u(t)), and that

]Hrcl)o d(uj(t)) = o(u(t)) forae.t e (0,7T),

cf. with (3.31). Arguing as in (3.32), we finally deduce that ¢(t) = ¢(u(t)) for a.e. t € (0,+00).
Thus, exactly as in the proof of Theorem 2 we may pass to the limit in (5.21) for all ¢ > 0 and for
a.e. s € (0,t) for which p(s) = ¢(u(s)). We can now develop the same energy identity argument
of (5.41)-(5.42) (of course replacing uo with u(s)), and we deduce ¢(u;(t)) — ¢(u(t)) V¢ > 0. Then,
exploiting (5.38), we complete the proof of the compactness property. |

Long-time behaviour of the limiting energy solutions. We shall prove that the weak generalized
semiflow & of the limiting energy solutions of (5.23) possesses a weak global attractor in the particular
case (which is however meaningful in view of the applications):

V=H'(Q), H=L*Q), puqylAu,v)mq = / AVuVo Yu,v € HY(Q). (5.46)
Q
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Here, A; : Q@ — M"™*™ ig a field of symmetric matrices, with bounded and measurable coefficients,
satisfying the usual uniform ellipticity condition

Ai(@)n-n>p>0 YVeeQ, neR™, |n =1 (5.47)

Let us point out that, according to Definition 5.10 and to (5.46), any limiting energy solution u of
(5.23) fulfils the system

W' (t) —divA;V(u(t) — x(t)) =0 in Q x (0, +00),
x(t) € M(u(t)) in Q x (0, +00), (5.48)
AiV(u—x) -n=0 in 992 x (0, +00).

Note that u is a conserved parameter. Indeed, taking the integral in space of the first equation in
(5.48), one finds that the map ¢+ [, u(t) is constant along the evolution. This in particular implies
that the semiflow corresponding to the limiting energy solutions of (5.48) is not point dissipative. In
other words, the set of stationary solutions of (5.48) is unbounded in H!(Q)’. Eventually, no global
attractor in the phase space X = H1(Q)’ is to be expected (this kind of difficulty is well-known and
is, for instance, discussed in [39, Chapter 3] in connection with the long-time analysis of the Cahn-
Hilliard equation). Hence, we shall consider some modification of the phase space by fixing explicit
bounds on the conserved quantity fﬂ u. To this aim, we use the notation

m(u) = ﬁ oy (6 Vg, DOm) = {ue HYQ)  m(u) <}, (5.49)

for given u € H1(Q)" and m > 0 (here |Q| stands for the volume of ).
Note that the energy identity (5.19) suggests that another choice for the invariant region D could
be, for a given positive Cy > 0,
Dy={veX:¢(v)<Cy}. (5.50)

In the next Theorem, we apply the abstract results of Theorem 2.9 to the set £ of the limiting energy
solutions of (5.48). Although we give the proof in the case in which D is as in (5.49), the same results
hold also when we choose D in (5.50).

Theorem 5.13. In the setting of (5.46), let F' comply with (5.3) and either with (5.15) or with (5.16)-
(5.17). Further, suppose that
D(OF) is bounded in L*(Q). (5.51)

Then, for any m > 0 the set € of the limiting energy solutions of (5.48) admits the weak global
attractor Ag in the set D(m). Moreover, for any trajectory u € v (D(m)) and for any us € w(u)
there exists Yoo € M(uco) such that

—divA1V(Uos — Xoo) =0 in Q,
Xoo € M(uso) in 2 (5.52)
A1V (U — Xoo) - =0 in 09.

Note that the assumptions (5.27) and (5.28)-(5.29) of Theorem 5.9 have been replaced by the stronger
coercivity condition (5.51).

Proof.  Preliminarily, it is easy to see that assumption (5.27) in Proposition 5.12 may be replaced
by (5.51). Then, relying on Propositions 5.11, 5.12 we conclude that the weak generalized semiflow &
is eventually bounded and compact. Furthermore, since any u € £ complies with the energy identity
(5.19) and with (5.18), we have that ¢ is a Lyapunov function for &, in fact arguing as in the proof
of Theorem 2. Then, in view of Theorem 2.9 it is sufficient to see that for any m > 0 the set D(m)
complies with conditions (2.20)-(2.21).

As already observed, for any trajectory u starting from the set D(m) we have m(u/(t)) = 0 for
a.e. t € (0,400). Thus, the invariance condition (2.20) ensues. In order to check (2.21), let us fix
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u € Z(€) ND(m). Recalling (5.48), we easily see that there exists ¥ € M (@) such that the pair
(@, ) fulfils the system (5.52). In particular, ¥ € D(9F), so by (5.51) there exists a constant 7 > 0
such that |m(x)| < 7. Thus, |m(z — ¥)| < m + 7. Combining this with the first of (5.52) and with
Poincaré’s inequality, we infer that there exists a positive constant C' independent of @ and Y such
that ||z — X|[g1 (o) < C. Since X is bounded in L?*(€2) by (5.51), we conclude that @ is bounded in
L?(Q). Thus, the set Z(€) N D(m) is bounded in the phase space (5.34), as ¢ is controlled by the
norm on L2(f2), cf. the growth estimate (5.32).

Therefore, the existence of a weak attractor Ag in the set Z(€) N D(m) is established, and (5.52)
follows from the last part of the statement of Theorem 2.9. O

5.2.3 Approximation of the weak global attractor

In this section we discuss the approximation of the weak global attractor of the limiting energy
solutions with the global attractor of the weal generalized semiflow £, generated by the solutions
of the approximating scheme (5.35). We shall denote by X4 the subset X N Dy of the phase space
X = D(¢), endowed with the distance dx (5.25). For any A > 0, let A\ be the global attractor of
the generalized semiflow &£ in the phase space (X4, dx ), whose existence is ensured by Theorem 5.9.
Further, let Az be the weak global attractor of the set & of the limiting energy solutions of (5.48)
in the phase space (Xg,d%) (5.34). Finally, we denote by e, the Hausdorff semidistance (or excess)
associated with the distance d%. We have the following

Theorem 5.14. In the setting of (5.46), let F comply with (5.3) and either with (5.15), or with
(5.16)-(5.17). Further, assume (5.51). Then,

1/\1{1& ep(Ax, Ag) = 0. (5.53)

Proof. In order to prove (5.53) we argue by contradiction along the lines of HALE & RAUGEL, cf.
[21]. Assume that (5.53) does not hold: then, we can find ro > 0 and sequences {\,}, oy and {&,}
such that A\, | 0 and for all n € N

En € Ay, Eigrjgdﬁ(ﬁn,é) > 7o. (5.54)

neN

Now, the invariance of Ay, (but actually the sole quasi-invariance would be sufficient, see the proof
of Theorem 2.8) entails that there exists a complete orbit u, with u,(0) = &, and u,(t) € Ay, for all
t € R. It is not difficult to see that this orbit is bounded independently of A, with respect to d%. In
fact, the energy identity (recall that w,, is in particular an energy solution), (5.50) and the translation
invariance of the complete orbit u,, entail that

/T i (s)P ds + $(un(T)) < Cs ¥T > 0, (5.55)
-r

The proof of Theorem 5.5 in [30] (see also Propositions 5.11 and 5.12) shows that this estimate is
sufficient to pass to the limit as A,, | 0, obtaining in the limit a complete and bounded orbit u of the
set £ of the limiting energy solutions to (5.23). In particular, there holds &, = u,(0) — u(0) in X.
Now, since by (2.18) the weak global attractor is generated by the complete and bounded orbits of &,
we conclude that u(0) € Ag. This leads to contradiction with (5.54). O

5.2.4 Applications to quasi-stationary phase field models

Let us consider the following quasi-stationary system, which generalizes the quasi-stationary phase
field model (cf. system (1.4)-(1.5)):

{atu —AVAV =) =000 4oo). (5.56)

—divAsVx + 0W(x) 3 u,
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Here, Ay : Q — M"™*™ ig a field of symmetric matrices, with bounded and measurable coefficients,
satisfying the uniform ellipticity condition (5.47). On the other hand, W is either an arbitrary C! real
function with superlinear growth (in this case F reduces to W), or a semi-convex function valued
in RU {+00}. Meaningful examples of W are:

W(x) = @, (5.57)
W(x) == I—1(x) + (1 = x)% (5.58)
W(x) == c1 (1 +x)In(1+x) + (1 —x)In(1 = x)) — cax® + c3x + cu, (5.59)

with ¢1,¢0 > 0 and ¢3,¢4 € R (see e.g. [11, 4.4, p.170] for (5.59), [7], [41] for (5.58)). The symbol
I;_1,1) denotes the indicator function of [~1, 1], which forces the constraint —1 < x < 1. In the sequel,
we shall employ the notation D(W) := {x € L*(Q) : W(x) € L*(Q)} .

In [30, Sec. 5], existence results have been obtained for some initial boundary-value problems for
(5.56) on a finite time interval. Specifically, (5.56) has been supplemented with the natural homo-
geneous Neumann boundary condition on y, and with homogeneous, either Dirichlet or Neumann,
boundary conditions on u — x, and the existence results of [27] and of [32] have been respectively
recovered. Here, we shall focus on the long-time behaviour of (5.56), supplemented with both kinds
of boundary conditions. In fact, we shall apply the abstract results of Sections 5.2.1, 5.2.2 to suitable
families of solutions of the related boundary value problems.

Attractor for the quasi-stationary phase field model with Dirichlet-Neumann boundary
conditions. We supplement (5.56) with the boundary conditions

u—x=0, AVx-m=0 in9Q x (0,+00). (5.60)

Note that the system (5.56), (5.60) may be reformulated as the abstract evolution system (5.23) with
the choices V = H}(Q), H := L*(Q), V' := H Y(Q), A := —div(A;V-), and with F : L?(Q) —
[0, 4+00] given by

Fx) {fg (3A2(2)Vx(2) - VX(z) + W(x(2))) dz  x € H'(Q) nDW),

: ) (5.61)
+00 otherwise.

As A is coercive on V, we will focus on the energy solutions of (5.56)-(5.60). They stem from the
gradient flow equation (5.24), in the space 5 = H~1(Q), for the functional ¢ : H~(Q) — (—o0, +o<]

infye iy { o Slu(e) = X + L As(@)Vx(e) - Vx(a) + Wix(@)da )}, ue 12(),
+00 otherwise,

(5.62)
with W as in (5.57)-(5.59), for instance. Hence, let us check that the assumptions of Theorem 5.9 are
fulfilled within this framework. Since the matrix field A, is uniformly elliptic, F' has strongly compact
sublevels in L?(€2) for all the examples (5.57)-(5.59). Concerning condition (5.27), it is sufficient to
show that there exist constants r1, k2 > 0 such that [, (W(x(z)) — k1|x(2)|?)dz > —ka, which
is satisfied in all cases (5.57)-(5.59). Also note that F' complies with (5.16)-(5.17) (with the choice
W = HY(Q)). Instead, the validity of (5.28) (or (5.29)) depends on the particular choice of the
potential W. More precisely, if we choose the singular potentials (5.58) or (5.59), then (5.28) is easily
satisfied, since the domain of F' fulfils

Pu) =

D(F) C HY(Q)n {U cL*(Q): —1<w(z) <1, foraexc Q} (5.63)

(the two sets coincide if we choose the potential W in (5.58)). Thus, D(F') is clearly bounded in
L?(Q). On the other hand, it is not difficult to control that the usual double well potential (5.57)
complies with (5.29). Eventually, we conclude that the set of the energy solutions of (5.56), (5.60)
is a generalized semiflow. Such a semiflow possesses a Lyapunov stable global attractor in the phase
space D(¢) = L?(€2), endowed with the distance defined by the functional ¢ (5.62).
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Attractor for the quasi-stationary phase field model with Robin-Neumann boundary
conditions. We supplement (5.56) with the conditions

AiViu—x) n+wlu—x)=0, AVxy-n=0 indQ x (0,+00), (5.64)

where w > 0. This problem may be recast in the form (5.23) by setting V := H'(Q), H := L*(Q),
v (Au,v),, = / A1(z)V(u(z)) - Vo(z)dx + w/ u(s)v(s)ds,
Q o9

and choosing F as in (5.61). Since A is coercive on H*(£2), we may again consider the energy solutions
of (5.56), (5.64) in the sense of Definition 5.6. In this setting, the ambient space # is (H({2))’, with
¢ defined by (5.62). Hence, we may argue exactly in the same way as for the Dirichlet-Neumann
problem, with the sole difference that now F' complies with (5.15). Therefore, Theorem 5.9 applies
and we conclude the existence of a global attractor for the semiflow of the energy solutions of (5.56),
(5.64). This gradient flow approach could also be extended to tackle more general boundary conditions
on u—Y, such as homogeneous Dirichlet (or Robin) on a portion of 92, and non-homogeneous Neumann
on the remaining part.

Attractor for the quasi-stationary phase field model with Neumann-Neumann boundary
conditions. We supplement the system (5.56) with the boundary conditions

AlV(u—x)-n=0, AVx-n=0 in 0 x (0,+0c0). (5.65)

Problem (5.56), (5.65) can be rephrased in the form of Problem 5.23 by setting
Vim H(Q), H:=LXQ), o, (Au,0)y = /QAl(x)V(u(x)) Vo(x)dr, (5.66)

and F as in (5.61). Note that A is only weakly coercive on H!(2). Following the outline of Section
5.2.2, we shall focus on the long-time behaviour of the set £,cy of the limiting energy solutions of
(5.56), (5.65). Let us check the conditions of Theorem 5.13. First, note that F' satisfies (5.16)-(5.17),
with W = H(Q), for the potential W as in (5.57)-(5.59). On the other hand, in view of (5.63),
condition (5.51) holds true only in the cases of (5.58)-(5.59). Arguing as for the Dirichlet-Neumann
and Robin-Neumann cases, it is not difficult to see that F' complies with the remaining assumptions
of Theorem 5.13. Thus, we conclude that for all m > 0 £,y admits a unique weak global attractor
Az in the set D(m), and that (5.52) holds for w—limit points of the trajectories. Finally, referring
to the notation of Section 5.2.3 (with ¢ defined by (5.62)), we have that the sequence {A)} of the
global attractors of the solutions of the approximate problems (5.35) converges to the weak global
attractor Az in the sense that limyjo e4(Ax, Ag ) = 0.

neu
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