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Abstract
We study the dynamics of pattern formation in the one-dimensional partial differential equa-
tion
et = (W (4s))s ~¥sst+u=0 (u=u(z,t),z€(0,1),1t>0)

proposed recently by Ball, Holmes, James, Pego & Swart [BHIPS] as a mathematical “cartoon”
_for the dynamic formation of microstructures observed in various crystalline solids. Here W is
a double-well potential like 4 ((us)? —1)>. What makes this equation interesting and unusual
is that it possesses as a Lyapunov function a free energy (consisting of kinetic energy plus a
nonconvex “elastic® energy, but no interfacial energy contribution) which does not attain a
minimum but favours the formation of finer and finer phase mixtures:

E[u,u,]='/°l(2 +W(us)+ )dz

Our analysis of the dynamics confirms the following surprising and striking difference between
statics and dynamics, conjectured in [BHIPS] on the basis of numerical simulations of Swart
& Holmes [SH]):

e While minimizing the above energy predicts infinitely fine patterns (mathematically:
weak but not strong convergence of all minimizing sequences (un,vn) of E[u,v] in the
Sobolev space W?(0,1) x L?(0,1)), solutions to the evolution equation of Ball et al.
typically develop patterns of small but finite length scale (mathematically: strong con-
vergence in W?(0,1) x L?(0,1) of all solutions (u(t),%(t)) with low initial energy as
time t — o0).

Moreover, in order to understand the finer details of why the dynamics fails to mimic the
behaviour of minimizing sequences and how solutions select their limiting pattern, we present
a detailed analysis of the evolution of a restricted class of initial data — those where the strain
field u; has a transition layer structure; our analysis includes proofs that

o at low energy, the number of phases is in fact exactly preserved, that is, there is no
nucleation or coarsening

o transition layers lock in and steepen exponentially fast, converging to discontinuous sta-
tionary sharp interfaces as time t — oo

o the limiting patterns — while not minimizing emergy globally — are ‘relative minimizers’
in the weak sense of the calculus of variations, that is, minimizers among all patterns
which share the same strain interface positions.

bniversiw Likraries
sl 4R :N\ [P (‘r!@q Qm; vﬁv"zt
Al SR o W I %







1 Introduction

In recent years an expanding and increasingly sophisticated literature has been devoted to the
analysis of minimizing sequences and minimizing Young measures of nonconvex variational integrals
and their role in modelling microstructures in crystals (see e.g. [BCJ], [BFIK], [Bh], [BJ1], [BJ2],
[CK], [DM], [3K], [KM], [KP), [Ma], [Sv1), [Sv2), [Zh]).

By contrast, the dynamic processes by which such microstructural patterns may be created or
evolve have received little attention, and many of the most basic associated mathematical issues
have not been addressed. The goal of this paper is to study some of these fundamental issues in the
perhaps simplest possible mathematical setting, that of a one-dimensional model equation proposed
for this purpose by Ball, Holmes, James, Pego & Swart [BHIPS). The key feature of this equation
is that it is an evolution equation with a nonconvex underlying free energy (decreasing with time
along solutions) which energetically favours the formation of finer and finer phase mixtures.

Our analysis confirms several remarkable features of the evolution equation of Ball et al.,
conjectured in [BHJPS] and observed numerically in [SH] but until now largely unexplained, which
may be not only of mathematical but also of some physical interest ([BHIPS, Sec. 7]; [BJ2,
Sec. 10]). Most prominently, while minimizing the free energy predicts infinitely fine patterns
(mathematically: weak dut not strong convergence of minimizing sequences in the appropriate
Sobolev spaces), all solutions of the evolution equation with low initial energy fail to nucleate more
and more phases (mathematically: strong convergence as time t — oo, see Thm 3.1), typically
tending instead to ‘relative minimizers’ with finitely many interfaces (see Thm 4.1).

In the remainder of this Introduction, we explore in more detail the motivation and agenda of
this work, coming from the area of

(1) nonconvex variational integrals and their role in modelling microstructures in solids,

and comment on some of the mathematical intricacies of associated dynamic models and on our
methods of analysing the mechanisms of pattern formation from the viewpoint of

(2) the geometric theory of dissipative dynamical systems as presented e.g. in [CFNT], [Ha],
[He1}, [Te].

The latter area has provided a successful framework in which to study issues like those relevant
here (nucleation, layer dynamics, approach to equilibrium) in PDE’s whose underlying equilibrium
problems are elliptic (see e.g. the articles [ABF), [BF], [BX1], [BX2], [CP], [FH] on the one-
dimensional Allen-Cahn and Cahn-Hilliard equations), but due to its focus on evolution problems
exhibiting ‘regularity’ it has until now remained more or less disjoint from (1).

1.1 Connection of our work with the study of nonconvex variational integrals and
microstructures in solids.

Phase transformations in elastic crystals, induced by imposed stresses, changes in temperature or
applied electric or magnetic fields, often lead to the formation of fine mixtures of spatial domains
with different (or differently oriented) atomic lattice structure. In recent years the presence of such
‘microstructures’ and various of its features have been successfully explained by the minimization
of free energy in continuum models (see Ball & James [BJ1] and after them e.g. [BJ2], [BCJ], [JK],
[KM], [Bh)). To summarize briefly the main line of thought underlying these studies: Elastic energy
functionals for crystals which account for crystallographic symmetry are necessarily nonelliptic!,
and, in certain cases, do not attain a minimum in the appropriate function spaces; the finer and
finer oscillations of minimizing sequences — or the associated Young measures — can be used to
model (various features of) the experimentally observed microstructures. We record here the by
now well-known mathematical structure of the relevant energy functionals:

I = /n #(Dy(z))dz (RCR", y: 0 —F) .1

Imore precisely: neither poly- nor quasi- nor rank-1-convex



where Q is an open and bounded reference configuration, the deformations y satisfy appropriate
(say linear) boundary conditions

y(z)len=Fz (FeM" "), (1.2)

and the integrand & is a nonnegative function on M™*" which is zero exactly on a set of several
potential wells

N
&-1(0) = | J so(n) A, (1.3)
=1
with the A; playing the role of ‘material parameters’ reflecting the underlying atomic lattice struc-
ture. .

In contrast with an expanding knowledge about variational integrals like (1.1) and their minimi-
zing microstructures (for a state-of-the-art and a recent literature survey see [BFJK]), the dynamic
processes leading to the formation of such fine phase mixtures have as yet largely withstood a suc-
cessful mathematical description. This paper, which continues the work begun by [BHIPS] and
[SH], presents some progress in the direction of such a mathematical description. In contrast with
much of the mathematical literature on dynamic models for nonconvex elastic materials (which
has focused on studying questions of existence, uniqueness and regularity — of course an intere-
sting area in its own right [HS], [NS], [Ry]) the present paper pursues a different agenda, aimed at
understanding the mechanisms of pattern formation in such systems and initiated by John Ball in
his survey article [Ba] (and taken up in [BHIPS], [SH], [F¥3]).

For a discussion of why an understanding of these mechanisms (in the form of answers to
questions like those below for appropriate model equations) may be of physical interest in the
study of phase transformations in crystals, we refer to [Ba], [BJ2, Sec. 10]; we will however discuss
some of these issues from a mathematical point of view (see subsection 1.2 of this Introduction).
Even though the present paper only studies these issues in a one-dimensional situation, we state
them here in the context of any evolution equation with an underlying nonelliptic variational
integral (1.1), a prototype example being equation (1.4) below.

(A) For a given initial state, does the dynamics select a unique limit state as time t — co??

(B) If I[y] does not attain its infimum, can solutions mimic the behaviour of minimizing sequences
and form finer and finer microstructure, or does dynamics act as a mechanism preventing
the nucleation of more and more phases??

(C) Can we justify a precise version of a variational principle ‘Minimize I[y)’ from dynamics?
This would involve determining (i) the exact function class in which typical limit states lie,
and (ii) the exact class of variations with respect to which such limit states are energetically
stable.3

(D) How do transition layers or interfaces between different preferred phases Dy ~ A, Dy =~ B
(A, B € ®-1(0)) deform and propagate?

(E) At what time scales do solutions relax to equilibrium — is the relaxation process fast and the
dynamics essentially ‘quasistatic’ or do solutions get stuck in metastable states with a large
lifetime before settling into their final pattern?

1Energy miniminimization typically predicts a large collection of possible minimizers or minimizing
‘microstructures’.

20r, more generally: does the dynamics favour particular geometries or length scales?

3The emphasis here is on ‘precise’. As for (i): For nonconvex variational problems the choice of function space
in which to seek minimizers is a delicate issue and may not be ‘physically obvious’. Just how dramatically the
class of minimizers may depend on this choice was demonstrated in recent work of Miiller, Sverék and Dolemann
{MS], [DM] on the two-dimensional two-well-problem (n=N=2 in (1.1), (1.3)): While in [MS] a large class of
minimizers y € W1 (£; R?) with complicated geometry is constructed (consisting of infinite rank laminates), in
{DM] it is shown gtaking up earlier ideas of Fonseca [Fo]) that under the seemingly mild additional assumption
Dy € BV(Q; M?*2) each minimizer must locally be a simple laminate. — Regarding (ii): For example, are the limit
states ‘absolute’ or ‘relative’ minimizers?




(F) Do the limiting patterns selected by the dynamics depend in a hysteretic manner on the
initial states? If so, can this be used to explain the hysteretic behaviour of macroscopic
quantities in response to changing control variables (like: stress versus strain) as universally
observed in specimen?

These are hard questions. Answering them seems to lie beyond the scope of existing mathema-
tical methods — even in the case of the mathematically simplest models like the equations of
viscoelasticity of Kelvin-Voigt type in three dimensions [Ry], [SH]

Dw(——(Dv) + ﬁDw) =0 (QCRy:0x[0,00)— R%. (1.4)

Here p, B are positive consta.ntfs (the density in the reference configuration and the viscosity).
These equations, while ignoring e.g. temperature fluctuations and the requirement of dynamic
frame indifference, are perhaps the mathematically simplest evolution equations associated with
the energy functional (1.1) which are thermodynamically and mechanically consistent, in the sense
that (i) the total free energy Ely, y:) = [ §37 +I[y) decreases along solutions and (ii) the equations
are derived from the law of balance of linear momentum py;s = Div T by a constitutive assumption
for the stress tensor T', T = g%(Dy) + BDy; (which we rewrite here for later purposes as

61y}

T—6(D)+BD‘ (1.5)
where §/6(Dy) denotes the functional derivative with respect to the L?(£2; M™*") inner product).
While the initial-value-problem for (1.4), (1.2) is well-posed under reasonable hypotheses on ¢
consistent with the potential well structure (1.3) [Ry], for these equations it is not even known
whether solutions converge in any sense to a limit state as time t — 00, not even if the minimum
of I[y] were attained. This situation led Ball et al. [BHJPS] to introduce a simplified version of
(1.4) in which the space dimension is reduced to one but the key qualitative feature of finer and
finer phase mixtures being energetically favourable is captured. We briefly recall the derivation of
this model in [BHJPS]: prescribing the boundary condition (1.2) in weakened form via an energy
penalty, the variational integral (1.1) becomes

Iy = ./n ®(Dy(z)) dz + % /b =)= P2l (> 0 mal),

and by considering boundary data F = idg=, a domain Q = [0, 1] x Q (ﬂ C IR"-!), and deforma-
tions independent of z,, ..., zn (¥(Z1, ..., Zn) = (21 + u(z1), 22, ..., 2,)) which satisfy the boundary
condition

u(0) = y(1) =0, (1.6)
one calculates

1
Iy = -/o (W(u,,(z;)) + %uz(zl)) dzy =: J[u] (1.7)

with a = 3[%{}[ and W(u,,) = || ®(Dy(z)). Correspondingly, after replacing the constitutive
assumption (1.5) by its analogon T = ;{.{13 + Bugy, (1.4) becomes

Puss — (W’(u,,) + ﬂu,,.)n +au=0. (1.8)

(1.8), (1.7), (1.6) are the evolution equation, elastic energy and boundary condition of Ball et al.
Note that the above reduction procedure has preserved thermodynamic consistency as the one-
dimensional free energy E[u,u] = fo $u? + J[u] decreases along solutions. For the details of why
the one-dimensional stored-energy function W becomes a double-well-potential like (u2, — 1)? if
z, is chosen in a particular crystallographic direction, e.g. orthogonal to a martensitic twin plane,
we refer to [BHIPS, Sec. 7). Without the boundary term $u? in (1.7), the evolution equation
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would reduce to the equation of one-dimensional viscoelasticity (studied notably in [Da), [An],
[AB], [Pe]) but the feature of finer and finer phase mixtures being energetically favourable would
be lost. However, thanks to this boundary term the minimum of J[u] is not attained, minimizing
sequences striving simultaneously to achieve u,, € {1} and u = 0 which is impossible. The
functional J[u] is perhaps the simplest example exhibiting this behaviour, and is well-known in
the mathematical literature (see Young who studies an almost identical example in his monograph
[Yo)).

[BHIPS] showed that the initial-value-problem for (1.8), (1.6) is well-posed in the natural phase
space (u,u;) € Wy (0,1) x L?(0,1), and proved the interesting result that no solution minimizes
the total free energy Ef[u,u,] globally as time t — co. However, the issues listed above remained
largely open. In particular, while the above result suggested that solutions may fail to form finer
and finer microstructure and while the article [BHIPS] has since its appearance inspired several
related investigations!, the central issue (B) remained unanswered.

Our analysis is limited to the dynamics at low energy and in particular excludes the interesting
issue of nucleation of phases from the unstable equilibrium state u; = 0; however, at low energy
(i.e. uz == +1 in most of the interval (0, 1)) we obtain a fairly complete picture including nucleation
(or rather: the failure thereof) and an answer to (B), layer dynamics, and the important question
of variational stability of limit states. In detail: regarding questions (A) and (B) see Thm 3.1, and
for contributions to (C)-(F) see Thm 4.1.

1.2 Mathematical peculiarities of the evolution equation of Ball et al. and related
models, and some comments on our methods of analysis.

For evolution equations with nonelliptic free energy like the model problem (1.8), standard tech-
niques for analyzing the dynamics seem difficult to apply. Here we comment on two aspects, the
behaviour as time ¢ — 0o and the evolution of transition layers.

1.2.1 Behaviour as t — co. From the viewpoint of the geometric theory of dynamical systems
prominent in this journal, (1.8) is a dynamical system with a Lyapunov function and so it is na-
tural to conjecture that solutions should in some sense settle to equilibrium as time ¢t — oo. More
precisely, understanding the large time dynamics should reduce to understanding the underlying

o equilibrium states
and their
e linear stability properties

(and perhaps their connecting orbits for a complete picture).? But here we have already arrived
exactly at what is the crux for models like (1.8). In the absence of regularizing contributions to
the free energy from interfacial energy, on top of the issue of possible microstructure formation the
set of equilibria of nonconvex variational integrals is typically geometrically very complicated (and
form a noncompact, infinite-dimensional, non-smooth, multiply connected set), and associated
evolution equations are not C! with respect to the natural topologies (in fact the dynamics of the
linearized and the nonlinear equation are typically topologically different).

For the evolution equation (1.8), (1.6) studied here, let us state these peculiarities precisely.
For simplicity we take W = %(uﬁ —1)? and @ = 0, and drop the subscript of z;.

Remark 1. (See [AB]) The set of ‘stable’ equilibria, {u € Wy'®(0,1) : W'(u.(z)) = const,
W"(ug(z)) > 0 a.e.}, and the set of ‘unstable’ equilibria, {u € Wy'=(0,1) : W'(u.(z)) = const,

1Swart & Holmes [SH] present careful numerical studies of (1.8) suggesting convergence to ‘relative minimivers’
with finitely many interfaces; Lin & Pence [LP] study the issue of dynamic energy minimization for a simpler,
Riemann type problem involving energy dissipation through phase boundary propagation; Kalies & Holmes [KH]
analyse (1.8) with a strain gradient term ;“31 s, 8dded to the free energy density and show — following earlier work
of [HM] — how the global attractor becomes increasingly complicated as ¥ — 0; Brandon, Fonseca & Swart [BFS]
investigate the evolution of Young measures under (1.8).

3A well-known example where this can be made rigorous are one-dimensional parabalic equations u; — €uss +

1(u) = 0 [He2), [BF1], [BF2].




W"(u (z)) # 0 a.e.}, are noncompact in W,*(0,1) (l < p < ). Even worse, the weak* closure
in Wy'*(0,1) of either set contains the unit ball in Wo'°°(0 1).

To see this, note that the set of stable (and resp. unstable) equilibria contains — among other
elements — all states with strain u.(z) € {1} a.e. (resp. uc(z) € {£1,0} ae. with |[{z :
uz(z) = 0}| > 0), arranged in arbitrary spatial patterns with arbitrarily many jumps in u., only
subject to the minimal constraint that the proportion of the phases £1 must be equal, to ensure
u(0) = u(1) = 0. (In the case o ;é 0, the set of equilibria behaves qualitatively the same, the only
difference being that inbetween jumps the strain u. of equilibria is no longer constant but satisfies
the ODE (W'(u;)): = au, see [BHIPS, Sec. 2.2]).

In the language of dynamical systems, this lack of compactness and regularity of the equilibrium
problem prevents the equation from being ‘asymptotically smooth’ in the sense of Hale [Ha] or
from possessing finite-dimensional attracting sets or inertial manifolds. In the language of partial
differential equations, Remark 1 implies that one cannot pass to the limit ¢ — oo in (1.8) via a
‘soft’ argument: to pass to the limit would require precompactness of orbits u(t) in a topology with

respect to which the nonlinearity W’(u,) is continuous (like the strong topology of W), but the
available a-priori estimates [BHJPS] only give precompactness in the weak* topolgy of W1,

A further difficulty arises from the fact that the equilibrium states are not isolated but form
a multiply connected set in W!: even if precompactness of an orbit u(t) in W'* were known,
it is not clear whether it stabilizes to a unique limiting pattern. More technically speaking, it
would not be clear whether its w-limit-set {u € Wj*?(0,1) : 3 t; — oo such that u(t;) — u}
must consist of a single equilibrium. As a well-known example loosely akin to equation (1.8)
where such connected continua naturally arise, even when the equilibrium problem is elliptic,
we mentlon the one-dimensional continuum of travelling waves for nonlinear diffusion equations
u; —€2uzz + f(u) = 0 on the whole real line, arising from the translation invariance of the equation.
As shown in [FM1], [FM2], [FM3], typical solutions nevertheless converge exponentially fast to a
unique travelling wave (or standing wave in the Allen-Cahn case f(u) = u® — u). More generally
[HaM], [HaR), [Pe2], convergence to a unique equilibrium remains true in dynamical sysems whose
set of equilibria forms a smooth hyperbolic manifold; however, problems like (1.8) lie beyond the
scope of these results, due to Remark 1 and due to the lack of differentiability of the dynamics to
which we turn now.

While the evolution via (1.8) is C? with respect to the W*® norm (allowing dynamic stability
analyses via linearization in small W* neighbourhoods of equilibria [Pel), [BHIPS]), such infor-
mation is of limited interest: most solutions do not converge in W* (i.e. the strain u.(t) does
not converge uniformly) as time t — oo. This is a consequence exactly of one of the oustanding
‘physical’ aspects of (1.8), its modelling of the formation of discontinuous patterns of the strain u,
from smooth initial data. On the other hand, in weaker norms like W' (1 < p < o©) in which
typical solutions converge as t — 00, the evolution is no longer C! (the mapping u; ~— W'(u;) or
more generally mappings w — o(w) from LP — LP are nowhere Fréchet-differentiable, for every
o : IR — R which is not affine). And more:

Remark 2. Let up be an equxlxbnum state with (uo)s € {£1} a.e. Then under the dynamics of
the linearized evolution equation in W;*(0,1) (1 < p < o), up is globally asymptotically stable
(Lemma 4.1 below). However, every W (0 l)-nelghbourhood of up contains other equilibria of
the nonlinear equation (1.8). In particular, in every neighbourhood of ug the dynamics of (1.8) is
not topologically equivalent to the linearized dynamics.

To summarize, when wanting to prove results like Thm 3.1 (strong convergence in W1+ to a unique
limit state as ¢ — co) and Thm 4.1(P6) (exponentially fast convergence in W+P), even for a sin-
gle initial configuration with a ‘nice’ transition layer structure, one has to overcome the following
obstacles:

e to prove that u(t) stays in a compact set of W as t — oo (which is, as already emphasized
several times, energetically unfavourable)

e to prove that the w-limit-set of u(t), {u € Wg*(0,1) : 3 ¢; — ocosuch that u(tj) — u},
consists only of a single equilibrium, without being able to appeal to geometric results like
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those of [HM], [HR], [Pe2]
e to prove that the convergence is exponential without being able to ‘linearize’ the dynamics.

The first two difficulties are overcome here largely by patience and attention to detail, and our
arguments appear to be of limited use in a more-dimensional situation. The proofs build upon
the techniques developed in [AB], [Pel], [BHIPS] and involve in addition: (i) sharpened versions
of various a-priori estimates of [BHJPS) (Thm 2.1); (ii) an appropriate parametrization of the
set of equilibrium patterns via a ‘phase function’ and a first integral of the equilibrium equation;
(iii) a comparison principle for solutions of the nonelliptic equilibrium equation (W'(u;)): = au;
(iv) an argument related to the lock-in of transition layers discussed below which gives orbit
precompactness for all initial data with low energy (Lemmas 3.2, 3.3).

Regarding the third difficulty we present a more general tool, which may perhaps also be of
use in different situations like the full 3D equation (1.4) or the viscous Cahn-Hilliard equation
studied in [NP]: a new lemma on the abstract parabolic equation z;+ Az = f(t,z) which extends a
conclusion of Henry [Hel] to nonlinearities which are not Fréchet-differentiable (Lemma A2 in the
Appendix), thus allowing to analyse the speed of convergence of smooth functions to discontinuous
patterns (Remark 5 in Section 4).

1.2.2 Layer dynamics. In contrast with the above complications, the behaviour of transition
layers under (1.8) turns out to be ‘simpler’ than in problems with a regularizing interfacial energy
contribution to the free energy. In problems like the one-dimensional Allen-Cahn or Cahn-Hilliard

- equation with small O(¢) interfacial energy, the energetic favourability of ‘coarser’ equilibria mani-
fests itself as a tiny O(e~9/¢) driving traction on transition layers exerted by neighbouring layers
with distance O(d) (for careful studies of the resulting dynamics see [CP], [BX2]). By contrast, in
equation (1.8) the energetic favourability of ‘finer’ eqilibria does not lead to any traction on layers.
Instead, the behaviour of neighbouring layers decouples as time ¢t — oo and each of the layers
simply ‘locks in’ and steepens up exponentially fast, converging to a stationary sharp interface
close to its initial position.

Regarding the proof: While tracking layer positions via constructing approximate invariant
manifolds and estimating the error appears to be forbidden by Remarks 1 and 2, it is possible to
conclude here via the construction of a dynamically invariant region in which transition layers are
trapped (Claim 1 in Section 4).

For a more detailed discussion including connections with earlier work of Pego [Pel] on one-
dimensional viscoelasticity and the work of Abeyaratne & Knowles [AK] in the mechanics literature,
we refer to Section 4.

2 Existence and a-priori estimates

We study the initial-value problem

Ust — O(Ug)s — Puget +au=0 (z €(0,1), t € (0,00)) (2.1a)
ul::o = "I:zl =0 (t € [0: °°)) (2'1b)
ﬂlg:o = up, uglg:o =9 (t € [0, l]) (2.1(!)

where 8> 0 and a > 0 are constants, o = W’, and W (the stored-energy function) is throughout
this paper required to satisfy the following hypotheses:

(H1) W € C*(R)
(H2) W'(z) — oo as z — +00 (superlinear growth).
Throughout Sections 3 and 4 we will also assume

(H3) W is a double-well potential, that is, there exist z_ < z; < 0 < 22 < z4 such that
W(z+) = 0, W > 0 elsewhere, W/(0) = 0, W"|(,, s,) <0, W"|R\[s,,15) > 0.



We remark that any nonmonotonic, cubic-like stress-strain function o = W' satisfies (H3) if the
co-ordinate system is chosen so that the Maxwell stress and the unstable strain state corresponding
to the Maxwell stress are gero. Prototypical is the choice o(z) = z3 — z studied in [BHJPS].

As pointed out in the Introduction, in the special case a = 0 (2.1a) becomes the equation of 1D
nonlinear viscoelasticity, and u(z,t) can be interpreted physically as the displacement at time t of
a reference point z on a bar with reference configuration [0, 1] of unit mass density. In this case,
the result of Section 3 (strong convergence for low-energy initial data), though nowhere stated in
the literature, is a more or less obvious consequence of the work of Andrews & Ball [AB] combined
with the work of Pego [Pel] (see [Fr1] for details). However, the results presented in Section 4 of
this paper (transition layer dynamics, variational stability of limit states, exponential convergence)
are new and interesting even if a = 0.

Following [BHJPS], we study (2.1) in the phase space Wg'*(0,1) x L2(0,1) 3 (u, u); note that
this rather “weak” space allows to admit equilibria with discontinuous strain as data.

Definition 2.1 Given initial data (ug,vo) € Wg'™ x L2, by a weak solution of (2.1) on [0,T) we
mean a pair of functions .

(v,v) € C([0,T); Wy x L?)
n CY(0,T);Wy'™ x L?))

which satisfies (2.1c) and for which the equation

(5),= (owret freci—au ) 22)

holds for all t € (0,T) as an identity in L2 x W=1% (note that for (u,v) in the above space and
everyt € (0,T), each of the three terms vy, 0(us)s, Pucet is well-defined as an element of W1,

One of the important features of (2.1) is the fact that solutions dissipate energy: due to the viscous
damping term Pu.:¢, the total (kinetic + elastic) energy

E(u,v):= /ol (%v2 + W(u:)+ %u’)

(which is conserved along smooth solutions of the undamped, purely mechanical equation of motion
associated with the above energy) decreases along solutions,

E(u(t), v(t)) = E(u(te), v(to0)) - ﬂ_/“ [luszell?a forallt > 5 > 0. (2.3)

This will be the starting point for our discussion of the large time behaviour of solutions in Sections
3 and 4.

The aim of the present, “preparatory” section is to summarize and slightly extend the existence
results and a-priori estimates of [BHJPS, Theorem 3.1]. The sharper a-priori estimates derived
here, in particular estimate (c), will be needed for our study of transition layer dynamics in Section
4.

Notation. Here and below, by C?% C? and C? we do not mean the sets of k times continuously
differentiable functions f : (0,1) — IR, but the Banach spaces of k times continuously differentiable
functions with finite norm ||f||c» = 2‘;0 8UP,¢(0,1) £ £(2)l.

Theorem 2.1 (Eristence and a-priori estimates)

Assume W satisfies (H1) and (H2).

(2) Given any initial dste (ug,vg) € Wol'°° x L? there ezists a wnigue weak solution (u, v) of (2.1)
on (0, 00).



(b) Given M, 7 > 0 there ezist constants K(M), K(M, ) > 0 such that whenever ||(up, vo)||w1.eoxL2
< M, then

sup [[(u(t), v(t)llws.= L2 < K (M), (24)
sup [|(us(t), v(t)llwr.e x22 < K(M,1). (2.5)

(c) If in addition vo € W2, then v € C([0,00); C°), and moreover given M > 0 there ezists
K(M) > 0 such that if ||(uo, vo)||wreexwra < M, then

sup |[v(t)||ce < K(M).
>0

(d) If in eddition ¢ € C*(RR) and (uo,v) € C? x W32, then (u,v) € C([0,00);C? x C°) N
C*((0,00); C? x C°), and eguation (2.1a) holds classically for alit > 0.

The proof is a straightforward adaptation of the work of [BHIPS] (who prove (a) and (d) and derive
the first estimate of (b) for the standard nonlinearity o(z) = z° — z), combined with an estimate
on the abstract parabolic equation z; + Az = f(z,t) (Lemma Al in the Appendix). Following
[BHIPS], we work with a transformed equation: for every (u,v) € Wy'*(0,1) x L1(0, 1) one defines
P(u,v) = (p,q) € WH1(0,1) x L1(0,1) by

p(z) /o ’ v(z')dz' - /o 1 /o j v(z')dz'dz

g = Pu,—p

(where here and below ( ), denotes the subspace of functions with zero average). Then (u,v) can
be recovered from (p, ¢) via

o) = [HLAE,

v = p..

Since a change of variables of this kind was to the best of our knowledge first introduced by R.
Pego [Pel], we take the liberty of heretoafter referring to P as the Pego transform. The following
fact will be used frequently below:

Lemma 2.1 The Pego transform (u,v) — P(u,v) is @ conlinuous isomorphism of Banach spaces
WP x L2 =2 W22 x I8 (1<p< o)

The proof of the lemma is elementary.

An elementary formal calculation, made rigorous below, suggests that through the above change
of variables, the linear part of (2.2) diagonalizes and (2.1) becomes

(p)t= (ﬂf}; 0) (p) +"( ,(%!)-af:f:"t}’ ) (z € (0,1), t € (0,00))(2.6a)

g 0 0/\¢ -o(3t)+eaf5 [7 Bt
Psle=0 = Pzle=1=0 (t € (0,00)) (2.6b)
© ph=o=po, gh=o=¢0 (z€(0,1)) (2.6¢)

where x,f = f — j: f, that is, x, denotes the orthogonal projection in L2(0,1) onto the subspace
of functions with zero average.

Proof of (a) and (b). For convenience of the reader, we include the relevant details from [BHJPS]
who treat (2.6) as an abstract parabolic equation z; + Az = f(z) on a Banach space X and appeal
to results of Henry [Hel). Let

=(2), A=(-ﬁoa"5= 2). 1) =r (o -afr i) (] ).
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X =IL2x L, D(A) = {pe W2? : pl(o1} = 0} x LY. Clearly A is a sectorial operator, the
fractional power space X1/2 is simply W22 x L%, and the nonlinear term f(z) is locally lipschitz
as a mapping X!/2 — X. Now given initial data (po, go) € X*/2, by [Hel, Theorem 3.3.3] there
exists a unique solution (p, g) of (2.6) on some time interval [0,1;) — provided, of course, we adopt
Henry’s definition of “solution”:

Definition 2.2 (See [Hel, Chapter 3.8]) Given (po, q0) € X/2, a solution (p,q) of (2.6) on [0,T)
is a pair of funciions

(r.9) € C([0,T);X/?)
n CY(0,7); X)
n C((0,7);D(4) =Y

which satisfies (2.6c) and for which equation (£.6a) holds for every t € (0,T) as an identitiy in X
(note that for (p,q) in the above space and every t € (0,T), each of the three terms in (2.6a) is
well-defined as an element of X).

Before proceeding with the proof of global existence, let us point out

Lemma 2.2 With the notions of solution as specified in Definitions 2.1 and 2.8, (u,v) is a solution
of (2.1) with initial data (uo,vo) if and only if its Pego transform (p,q) = P(u,v) is a solution of
(2.6) with initial data (po, go) = P(uo,v0).

Proof of Lemma 2.2. The “only if” direction is immediate via Lemma 2.1. The “if” direction
is less immediate since (p,q) € Y only gives (u,v) € C([0,T); Wa'™ x L2)) n C}((0,T); Wp"* x
W-12)NC((0,T); We*™ x Wa?). However, by [Hel, Theorem 3.5.2), if (p, ¢) is a solution of (2.6)
it must have the additional regularity (p,q) € C*((0,T); X7) for all ¥ € [0,1), in particular (by
taking 9 = 1/2 and using Lemma 2.1) (u,v) € C}((0, T); Wg"™ x L?).

Proof of {a) and (b), ctd. Let 2 = (p,q) be the local solution constructed above, and let
T € (0, 0] be the maximal time of existence. By a continuation theorem of Henry [Hel, Corollary
3.3.5), in order to establish T = oo it is enough to show that

)
—_— L gtavs bounded as t — T, 2.7
T+ 1Oy Y 27)
where || - || and || - ||1/2 denote, respectively, the norm in X and in X!/2. We shall prove more,

namely

Claim 1: Given M > 0 there exists K(M) > 0 such that if ||(po, go)l]1/2 < M, then the solution of
(2.6) satisfies ||(p(t), g(t)|l1/2 < K(M) for all t € [0, T).

To prove Claim 1, we first of all note that by Lemma 2.2 the inverse Pego transform P~1(p,q) is
smooth enough to be a solution of (2.1) in the sense of Definition 2.1, and hence smooth enough
to satisfy the dissipation identity (2.3). This together with the continuity of EoP-! : X1/2 o R
implies

llp=()IIZ> < 2(E°P~")(po, 90) < K1(M) for all 2 € (0,7),
giving in particular ||p(t)||z= < K1(M)!/?, and

lle g Ji 224890 < (20(EP~")(po.00)) " < Ka(M).

Now we show ||g(t)||ze < K3(M), as follows. (This is the only part in the proof of (a) and (b) where
the arguments of [BHIPS] do not straightforwardly generalize to the more general nonlinearities
admitted here.) Arguing as in [Pel, Corollary 3.4], there exists a subset £ C (0, 1) of full measure
(independent of t) and a pointwise representative § of ¢ € C([0,T); L2)NC?((0, T); L) such that
for all z € 2, §(z,-) is continuous on [0, T) and continuously differentiable on (0, T), (§):(-,2) is a
pointwise representative of ¢;(:,t) for all ¢ € (0,T), §(z,-) is a classical solution of the ODE given
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by the second component of (2.6a) on (0,T), and |¢(z,t)| < |lg(t)]|L= for all t € [0,T). Now by
(H2) there exists R(M) > 0 such that o( ) - c(u}u) > 2K3(M) for all py, p; € [-K), K]

and all ¢;, g, with either g2 <0, ¢; > Ror g2 < =R, ¢1 > 0. Thus since for z,, z; €

(§e2) = (e = = (o(eplen) —gqetegten)) 4o [ [Tyt o [7 [ et

we have
(@(21) = §(22)): (@(21) = @(22)) <O (21,22 € D)

whenever either §(z3) < 0, §(z1) > R or §(z2) < —R, §(z;) > 0. Since fol g = 0, this implies
8up,; en 4(21,t) —inf, ¢ §(22,t) < 2max{|lgo||=, R} and hence (because the sup is > 0 and the
inf < 0) |lg(t)|lz= < 2max{]||go||L=, R}. This proves Claim 1.

Now Claim 1 has three corollaries: First, (2.7) holds, i.e. T = co. Second, thanks to Lemma
2.2 we obtain global existence for problem (2.1): given (uq,vo) € Wy'™ x L? and letting (p, g) be
the solution of (2.6) with initial data P(ug,vo), its inverse Pego transform (u,v) = P~!(p,q) is a
solution of (2.1). Third, Claim 1 combined with Lemma 2.1 and with the fact that T = oo implies
the first estimate of (b). Finally, the second estimate of (b) is via Lemma 2.1 equivalent to

Claim 2: Given M, 7 > 0 there exists K(M, 7) > 0 such that if ||(po, go)|l1/2 < M then the solution
of (2.6) satisfies ||p.(t), g:(t)|l1/2 < K(M, ) for all t > 7.

This follows from Claim 1 and a Harnack type inequality of Pego [Pel, Lemma A3] for the abstract
parabolic equation 2; + Az = f(z) which implies that for r > 0

IE®,9:0lhzz < K (lpte=r),ae=rDllya+ s 156(e), )

t—7,

* This completes the proof of (a) and (b).
Next, as an intermediate step towards proving (c) we show

Claim 3: Given ¥ € [3, 1) there exists K(M, v) such that if (po, go) € X7 and [|(po, go)|ly < M, then
the solution (p, g) of (2.6) satisfies (p, g) € C([0, 00); X7) and sup,> [[(p(t), 9())lly < K(M, 7).

Here the fact that (p, ¢) € C([0, 00); X7) follows from [Hel, Theorem 3.3.3]. To deduce the a-priori
estimate, write (p, ¢) = z and use the fact that by Claim 1, sup,> ||2(t)|| < C(M), sup,>¢ || f(2)]| £
K(M). Hence by Lemma Al in the Appendix sup,5, l|lA7z(t)[] < K(M,7), proving Claim 3.

Proof of (c). If vp € W2, then (po, go) = P(uo,v0) € D(A), thus € X7 for all ¥ < 1. Hence
(p,q) = P(u,v) € C([0,00); X7) for all ¥ < 1. Moreover if ||lvo||wia < M then ||A(po, o)l <
K (M), hence by Claim 3 ||A7(p(t), ¢(t))|| € K(M,v) for all t > 0. Now choose 7 > 2 and use the
fact that X7 «— C' for y > % + 3, giving p € C([0, 00); C*) and supy>o |lp(t)llcr < K(M), hence
u; € C([0,0); C) and supy¢ [[uillc < K(M).

Proof of (d). As carried out in [BHIPS] for o(z) = 23—z, (d) can be proved by simply replacing
the function spaces used in the proof of (a). One works with the space X = L2 x CJ, lets
D(A) = {p € W22 : prl|s=0,1 = 0} x C}, and takes initial data (po,q0) € X* (6 € (%,1)), noting
that thanks to the imbedding X* « C! x C! and the assumption ¢ € C?, f is locally lipschitz
from X* to X. The proof of Theorem 2.1 is complete.

3 Strong convergence for low-energy initial data

The static problem underlying equation (2.1), that of minimizing E(u,v), does not attain its
infimum: every minimizing sequence (#/,v') C W3'™ x L? of E converges weakly (in W' x L2)
but not strongly (in W;*! x L?) to the nonminimizing state (u, v) = (0, 0), while the strain u. forms
finer and finer microstructure (uf — v in the sense of Young measures, where v = {v;}:¢(0,1) i8
the homogeneous Young measure vy = A§;_ + (1 — A)8;, with A = z, /(24 = 2.)).
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Remarkably, solutions (u(t), v(t)) to the evolution equation (2.1), despite the energy E(u(t), v(t))
decreasing strictly with time unless (uo, vo) is an equilibrium, do NOT mimick this behaviour as
time ¢ — co. Instead, dynamics acts as a mechanism preventing the formation of finer and finer
microstructure in u. and all solutions with low initial energy get stuck in equilibrium states which
are not absolute minimizers of E but at best ‘relative minimizers’.

To state this precisely, we recall that the equilibrium states are the time-independent solutions
of (2.1) (that is, the functions (u,v) € Wp'™ x L? such that o(u.(z)) — a f; u = const, v = 0),
and we assume throughout this section that the stored-energy function W satisfies (H1), (H2) and
(H3).

Theorem 3.1 There ezists € > 0 such that given any initial data (uo,vo) € Wa™ x L? with low
energy :

E(up,v0) < ¢,
the corresponding solution (u(t), v(t)) of (2.1) converges strongly in WP x L? (1 < p < 00) to some
limit state (uxo,0) as t — co. Moreover this limit state lies in Wo1 '® x L2 and is an equilibrium
state of (2.1).

Remarks. 1) We will in fact show convergence in a slightly stronger topology: the strain u.(t)
converges not only in LP, but boundedly-almost-everywhere as t — oco. However, in general
u,(t) does not converge in L™: initial data with smooth strain typically approach limits with
discontinuous strain. See Section 4 below.

2) In contrast to this delicate behaviour of the strain u.(t), nothing interesting happens to the
velocity v(t), and the above statement that v(t) — 0 in L? is in fact an elementary consequence
of the energy dissipation identity (2.3) and the a-priori estimates in the previous section: From
Poincaré’s inequality and (2.3) we see

o0 (- <}
[ olizeat < [l Badt < o,
0 0

thus f:_l llus]|Z> — 0 as t — oo, thus (since sup,y, 4 |lue(t)|22 < 0o by Theorem 2.1(b))

Hus(@))|?22 — 0 ast — oo.

3) In particular, from Theorem 3.1 we recover the interesting result of Ball, Holmes, James, Pego
and Swart [BHJPS, Theorem 4.1, proved there by contradiction) that no solution of (2.1) minimizes
energy globally as time ¢ — oco: since E > 0 on Wy*™ x L? and since the mapping (u,v) — E(u,v)
is continuous with respect to L2-convergence of v and convergence boundedly-almost-everywhere
of u;, we have (assuming without loss E(uo, vg) < €)

‘l_i.rg,E'(u(t),v(t)) = E(¥e,0) > 0 = inf E.

Wy xL?

4) The result of Theorem 3.1 was conjectured in [BHJPS], even without any restriction on the
initial energy, on the basis of the above nonminimization result and numerical simulations by
Swart and Holmes [SH]. We do not know whether the restriction on the initial energy is necessary.

The three subsections below are devoted to proving Theorem 3.1.

3.1 Parametrizing the set of equilibria

As pointed out in the Introduction, (2.1) possesses an infinite-dimensional continuum of different
equilibria. As a first step towards proving that each low-energy solution selects exactly one of these
equilibria as its final state (as claimed in Theorem 3.1 above), we present a “parametrization” of
the set of equilibria and show its “stability” under an appropriate notion of convergence.
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Notation. Throughout the rest of this paper, we fix r > 0 such that for A € [-r, r] the equation
0(z) — A = 0 has exactly three roots z;(A) < z2(A) < z3(A). Moreover, we let

° o= 3 ’
S . le’(2)I,

lo’(2)I.

160"({ -rr])

Definition 3.1 We introduce the function

— Jj z€l —rr] %5 (»)
¥(e) = iy

We will refer to ¢ as the “phase function”, since given a sirain stale z, y(z) indicates its “phase”

(1,2 or 3).

Besides the phase function, the second quantity needed to characterize equilibrium states will be

the function
o(uc(z)) — af: u

Since equation (2.1a) can be rewritten as
Uy — ((a(u,) —af;u)+ ﬂu,,)’ =0

and corresponds to balance of linear momentum, it is natural to refer to o(uz) — f: u as the
“elastic stress”. (The “viscous stress” Bu.; does not play a role below as it decays to zero as time
t — o0).

For reasons that will become clear at the beginning of Section 3.2, in the lemma below we can
not afford to be cavalier about the distinction between elements of L*°(0,1) and their pointwise
representatives. This makes the statement of the lemma a little technical.

Lemma 3.1 (Convergence of elastic stress and of the phase function implies convergence of strain)
Let {ut} Cc W °°, and assume there ezists a subset Q C (0,1) of full measure and pointwise
reprcscntattvcs @t of ut such that

(3) sup|lufllie < K

(b) o(wt(z)) - af: ut =: A(z) = A (k = o0) for some A € (—r,r) and allz € (9]

()  limg—co ¥(10*(2)) ezists and is finite for all z € Q.

Then limg oo W*(z) =: W(z) ezists for all z €  (note in particular that we neither have to pass
1o a subsequence, nor to ezclude a subset of Q of measure zcro) Moreover, its equivalence class
w satisfies ||w||r= < K, and u(z) := [ w satisfies: u € W™ (i.e. in particular u(1) = 0),
o(u:(z)) —a f; u= X a.e. (i.c. in particular (u,0) is an equilibrium state of (2.1)), ¥(u:(z)) =
limg oo Y(uk(2)) a.c., and

ut = u, boundedly-a.c., in particular
wtou WP (1<p<w)

Remark. In particular, by taking u* = u for some equilibrium state (u,0) of (2.1), we obtain
the following corollary: each equxhbnum state with o(u:(z)) - o fo u € (—r,r) can be uniquely
recovered from

(a) the phase function ¥(u;) € L*(0,1)

(b)  the elastic stress o(u:) — o f; u = const € R.

Proof. First we show that {f; u*} is convergent in C([0, 1]), as follows. Define

xt(z) = {l’ z € and Y(@*(z)) =i €{1,2,3)

0, else
O P it
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Then in
3 z 2 .
‘7’"'7"=Z[Xf~2.'(a/ “"+'\k)"x5'2-'(a_/o v+ )]+ x50 - xp- @ (3.1)
i=1 0

Thus letting £(z) := [y |u* — u'| and using the fact that z}(}) = i;3rryy and hence
|zj(a) = z; (b)| < Xla -] (@, b€ [-n1)),
we can estimate:

0 < £&(2) = |u*(x) - v'(2)l

= lfoz(u: - u',)l (sincc u'(O) = u’(O) - 0)
z [ 3 , '
- ./o .z.; X(@ ) zi(afy vt + ) - zi(a [y vl + X))

i=1

3
+3° () — () b + xbulk x:,u',] &z

IA

JELlafS vt + 2 = (aff o' + M)+ 2K|{z € (0,1) : $(*(2)) # ¥(&' (2)}]
1-d - (L=l +afft - u’l) +2K|{z € (0,1) : y(*(2)) # ¢(@'(z))}|
e = Nllzs + 2K 1{z € (0,1) : $(5*(2)) # (5'(2))}| +2€(2)

=€x,1

IA

and thus
E(z)Serp-2-(e®*~1) for all z € [0,1].

Now Ay — A boundedly-a.e. (and hence in L!) as k — oo and |[{z € (0,1) : y(w*(z)) #
¥(@'(z))}| — 0 as min{k,l} — oo by hypothesis, and hence ¢;; — 0 as min{k,1} — co. Conse-
quently

s u* = f5v'llcqoay — 0 (min{k,1} — oo).

Hence by combining this with (b) and (c), we deduce that the right hand side of (3.1) converges
to zero for all z € (2, thus

-5 =0 forallzeQ (min{k, 1} — o).

Consequently
lim; oo [y u*

v U  exists for all z € [0,1],

w exists for all z € ).

Combining this with (a) and the fact that convergence boundedly-a.e. implies convergence in L!,

we have in particular

ut —w in L?,

where w is the equivalence class of w. Thus (letting u(z) := f: w)

1 1
= = L E_ o k(1) —
u(l).-/0 u,—kl_l.rgh/o "'-,,ll.'&" 1)=0
(i.e. the boundary condition is preserved as £ — o0), and

== [o=u o),

hence U = fo’ u. To verify the remaining claimed properties of u is now trivial.
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3.2 Reduction to convergence of mean elastic stress

According to our parametrization of equilibria introduced in Lemma 3.1, in order to prove Theorem
3.1 we have to show that along low-energy solutions of (2.1)
(a) o(u:(z,t))—a ffu(t) > A€ (-r,r)ae ast— o0
(b) lim_.o ¥(u-(z,t)) exists and is finite a.e.
In this subsection we reduce the problem of proving convergence of the above infinite-dimensional
set of parameters to the problem of proving convergence of a single one-dimensional parameter,
namely the mean elastic stress [; (o(uc(z,?)) — @ Jo u(z',t))dz.

Before proceeding with this reduction, we have to address a minor technical issue regarding the
meaning of convergence a.e. of a noncountable family {w(t)}¢(0,c0) of L functions:

Definition 3.2 Let {w(t)}g(0,00) C L1(0,1), and let ¢ : R — R U {%o0} be any function. We
say that ¢(w(t)) converges a.c. ast — oo if there ezist pointwise representatives w(t) of w(t) such
that limy_, o ¢(w(z,1)) exists for a.e. z € (0,1).

It is obvious that unlike for countable families of L! functions, one can always violate the conclusion
“limy .o ¢(W(z,t)) exists a.e.” by a bad choice of representatives w(t), for any family {w(t)}
and any nonconstant function ¢. Thus when wanting to deduce pointwise information like (a)
or (b) above for a solution of (2.1), some care has to be taken as to picking “good” pointwise
representatives of the strain u. at each ¢.

Lemma 3.2 (Convergence of mean elastic siress implies convergence of elastic stress)
Let (u,v) be a solution of (2.1), and assume

1
Jlim [ (o(us(z,1) - a f;u(t))dz =: A ezists.
b, J,

Then
o(uz(z,t)) —afyu(t) = A a.e. ast— oo.

Lemma 3.3 (Convergence of the phase function)
Let (u,v) be a solution of (2.1), and assume

‘/: (o'(u,(z, 1)) - aj:u(t)) dz
VEaE) < 5

<X
3)

lim sup
teco

Then (b) holds true.

Lemma 3.4 (Small initial energy implies small mean elastic stress)

Given 6y > 0 there erisis €o(6p) (independently of a) such that every solution (u,v) of (2.1) with
E(uo,v0) < €o satisfies

< &o.

/o 1 (ouste. 1) - afu(t))dz

Combining these three lemmas while taking 6 = 35" in Lemma 3.4 gives the following
Proposition 3.1 Let (x,v) be @ solution of (2.1) and assume that

lim sup
=00

E(up, %) < min{co(%),w'z—a} (€0 as in Lemma $3.4),
1
'l_l.xg -/o (c(u,(z,t)) -af; u(t)) dz ezists.
Then (a) and (b) hold true. In particular (by Lemma 3.1), (u(t), v(t)) converges strongly in W' x

L? (1 < p < ) to some equilibrivm state (uoo,0) as t — 00, U € Wy'™, and ug(t) — (Uoo):
boundedly-a.c.
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Proof of Lemma 3.2. We will prove that for any solution (u, v) of (2.1)

(o(u,(z,t)) -afy u(t)) - ‘/l (c(u,(z,t)) - afo'u(t)) dz — 0 ae. ast— co. (3.2)

We write (p,q) = P(u,v). Arguing as in [Pel, Corollary 3.4] we see that there exists a subset
2 C (0,1) of full measure (xndependent of t) and a pointwise representative § of ¢ € C([0,0); L3°)
such that for all z € Q, §(z, ') is continuous on [0, 0), continuously differentiable on (0,0), a

classical solution of the ODE
&= -7 (o(50) - o f5u), (3.3)

ld(z,t)] < llg(t)]lL= for all (z,t) € © x (0,00), and (g): is a pointwise representative of ¢: €
C((0,00); L). By (3.3) and the fact that %1 =: ¥ is a pointwise representative of u,, it is enough
to show that

g —0 ast— oo forae. z€(0,1). (3.4)

Consider the following modification of the Lyapunov function E:

E(t) = /o l (W(u,(t)) +8ul+ %m,).
Compute . .
%E(t): —%-/0 q?'l-%./o Pque.

Integrate over t € (0, T) and observe that the left hand side E(T) - E(0) stays bounded as T — oo
by Theorem 2.1(b), and that the second term on the right hand side foT fol Pgue stays bounded

since
1
|[fopae| < Upllcallgedies
< llpesllealigallzs
lwerlles (117e (" (ueJue) o + lixa (o S5 o) lz2)

< Kllusllzs
for some positive constant K and fo lluzll2s = %(E(uo,vo) — E(u(T), v(T))) by (2.3). Conse-
quently
o
/ / ¢?dzdt < ©
o Jo
and thus

oo 1
/ / ¢?dzdt— 0 ast — oo.
t Jo
1 00
/ (/ q,’dt)dz~0 as t — oo.
0 1

Monotone convergence and the fact that §; is a pointwise representative of g; implies

Hence by Fubini’s theorem

o0
[ §dt—0 ae. ast— oo. (3.5)

In addition, by differentiating (3.3) with respect to ¢ and using Theorem 2.1(b) which implies
sup,>. |[p:(t)llw1.s < oo for 7 > 0, we have the a-priori estimate

sx;p |gee(z,t)| < o0 forz €}, v > 0. (3.6)
27
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Combining (3.5) and (3.6) proves (3.4) and (3.2) and completes the proof of Lemma 3.2.
Proof of Lemma 3.3. By hypothesis and (3.2)

li:'n sup | o((z,1)) — afyu(t)| < -231 ae., 3.7)
—00
and by (2.3) and by hypothesis

lleFu®llLe < ellu@®)llz: < V2aE(u(?), v(t)) < V2 E(uo, vo) < % (3.8)

Combining (3.7) and (3.8), we thus have

limsup |o(w(z,t))| < r a.e.
=00

Since w(z,) is continuous in ¢ for a.e. z, for a.e. z there exists T(z) such that U5 p(,) ®(2,1)
(since it is connected) must be contained in a connected component of o~!([—r,r]). Because the
connected components are the sets UAE[_,,,] zj(A) (7 = 1, 2, 3), for a.e. z there exist T'(z), j(z)
such that
d(z,)e |J %) forallt>T,
2€[-r,r]
i.e. limy_o ¥(w(z,1)) exists and is finite a.e.

Proof of Lemma 3.4. The gist of the argument lies in Maxwell’s equal area rule: the stress o(u.)
of minimizers of I[u] = fol W (uz(z))dz subject to linear boundary values u(z)|(0,1} = L-z must be
identically equal to the Maxwell stress o = (W**)'(L) (where W** is the convex envelope of W),
which in our case is o = 0. See e.g. [Fr2] for further information. To prove the “averaged” and
“perturbed” version of this statement claimed in the lemma, we argue by contradiction. Suppose
there exists §o > 0 and a sequence (u*, v*) of solutions of (2.1) such that

‘l_i.rg E(u*(0),v*(0)) =0,
/1 (a(u:(z)) -a :u") dz
0

Since by (3.3), (3.4) and Theorem 2.1(b)

> &o.

lim sup
=00

7a (o(ut (1) - I0) ”L — 0 (t — o0) for all k,

and since E(u*(t),v*(t)) decreases in t for all k, we can choose t; such that for &* := u*(t:),
o = vt ()

E(@*,t*) =0 ask— 00 (3.9)
I /o l(a(a::) —afat)|2 6 forall k (3.10)
% (a(a:(t)) -a j;‘af(t)) ||u —0 ask — co. (3.11)

But by (3.9) @ — {z3)} in measure, hence o(iif) — 0 in measure, and by (3.9) and (3.8)
lla fy @*|lL= — 0, hence
o(it) — af5i* — 0 in measure,

contradicting (3.10) and (3.11).

3.3 Convergence of mean elastic stress

Here we complete the proof of Theorem 3.1 by showing
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Lemma 3.5 (Convergence of mean elastic stress) _
Let ¢g be as in Lemma 3.4, €; as specified below in (3.24), and let (u,v) de a solution of (2.1) with

E(up,v) < min{co(%!), 57'2—°,q} =:¢.

Then .
lim ﬁ (o(ue(z,t)) — afut))de esists. (3.12)

-

=:;t)

By Proposition 3.1 in the previous section, this establishes Theorem 3.1 with the above choice of
e = min{eo(¥), 553z a1}

Proof of Lemma 3.5. This is the most delicate step in the proof of Theorem 3.1, and can be
proved as follows. Suppose (3.12) fails. Then the w-limit-set of ¢, {A € IR : 3t; — oo such that
¢(tx) — A}, which is connected since c(t) is a continuous function of ¢, must contain a nonempty
interval I C (—%,%). Now given A € I choose t; — oo such that limy, o c(t:) = A. By (3.5),
this means

o(us(z,t:)) —afu(ts) = A ae. asty — .

(Note that here and from now on, we no longer have to distinguish between elements of L? and

their pointwise representatives, since we are dealing with countable sequences of functions.) Also,
by the choice of ¢, Lemma 3.3 and Lemma 3.4, the phase function converges:

'limoo Y(u-(ti)) exists and is finite a.e.
i‘

Consequently, letting t; — oo, by Lemma 3.1 we obtain the existence of a function u* € Wol’°°

such that .
o(u})-affur =12 ae,

V(1)) = limg, oo Y(uz (1)) =: Yoo a.€.

Recall that A € was arbitrary, i.e. such a u* exists for all A € I; note also that the phase function
of the u* is independent of . Now let us investigate how the family of equilibria {u*},¢; varies
with ). First, for the sake of motivation consider the case where

Yool(z) = hli_r.nm v(u:(z,t:)) € {1, 3} a.e, (3.14)

(3.13)

or equivalently o’(u}) = W”(u)) > 0 a.e., that is to say all the u) consist only of locally stable
phases. We claim that we now arrive at a contradiction, by appealing to the following

Comparison principle for weak solutions of the ODE o(u;). = au.
Assume u, & € W1 satisfy

o(uz(z))—affu= 1 ae,

o(iz(z))—affa =] ae,

A<}, u(0) = @(0) = 0, o(uc(z)) and o(Gc(z)) € [-r,7] a.c., Y(us) = ¥(iis) a.c., ¥Y(us) € {1, 3}
a.e. (“no unstable phases”). Then

u(z) < @(z) for all z € (0,1).

Proof of Lemma 3.5, ctd. Pick A\, X € I, A < ), and then the equilibria u?, u” constructed in
(3.13) satisfy the assumptions of the Comparison Principle, hence

w(1) < ux(l),
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contradicting the boundary condition u*(1) = ux(l) = 0 and completing the proof of Lemma 3.5
in the special case of when (3.14) holds.

Proof of the Comparison Principle. Under the assumption ¥(u;) = ¢(i.) € {1,3} a.e., the
ODE solved by u and @ becomes elliptic, so comparison principles do not come as a surprise even

though the one needed here is somewhat nonstandard. Let x;(z) := { (1)’ W“’f;l) =i . Then

us=x1-an(afgu+A)+xs-zs(affu+d) ae,

de=x1-n(affa+X)+xs-2s(affi+]) ae. (3.15)

Asz— 0%, [fuand [J & tend to zero, hence (since A < X) for small enough z > 0 we have
affu+d < affa+d.

Thus, since z;(}) (j = 1,3) are strictly increasing functions of X (note ﬁz,- A = m > 0 for

X €[-nr)), . _
zjlafyu+2) < zj(af;a+A) for z>0smalland j=1, 3. (3.16)

Now integrating (3.15) and using (3.16) gives
T t 4
u(z) = / u: < / iy = u(z) for z > 0 small (3.17)
0 0

Now suppose {z € (0,1] : u(z) > u(z)} =: Q4 # 0, and let z°* := infQ,. By (3.17), z* > 0.
Hence

u<té for0<z<z*

Jou< fpufor0<z<z*

affu+r<afji+d for0<z <z

zilafu+A) <zj(afja+d) for0<z<z'andj=1,3

u; < i, ae for0<z<z* (by(3.15)

u(z*) = f:.u, < f:.ﬁ, = i(z*),

contradicting the fact that u(z*) = @(z*) by the definition of z*. The proof of the Comparison
Principle is complete.

Laiy

Proof of Lemma 3.5, ctd. It remains to prove the Lemma with the assumption (3.14) replaced
by the assumption of small initial energy; this means that ¢ (z) is now allowed to take the
“unstable” value 2 on a set of small measure. This more complicated situation, in which the ODE
under study is no longer elliptic, will be handled by means of the following

Refined Comparison Principle for weak solutions of the ODE o(u;); = au.
There ezists €, > 0 with the following property: Whenever u, i € W1 satisfy

o(u(z)) —affu= A ae,
o(iz(z))—affui=1 ae,

A <2, u(0) = #(0) = 0, o(us(2)) and 0(8(2)) € [-7,7] a.c., Y(us) = ¥(i;) a.c., and

1
/ W(us) <€
()
“the proportion of unstable phases is small”, then

u(1) < a(1). (3.18)
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Remark. That is, roughly speaking: when violating the assumption “Y(u;) = ¥(i;) € {1, 3}
a.e.” in the ordinary Comparison Principle (which we had seen to imply u(z) < u(z) for all
z > 0) on a set of small measure, an averaged form of the Comparison Principle survives. This
is by no means obvious, as not only & — u may now decrease on {z : Y(u:(z)) = 2}, but also on
{z : ¥(ue(2)) € {1,3}}: I, say, ¥(u,) = 2 on some interval (0,z;), ¥(uc) = 1 on some interval
(z1,22), and A — ) is small compared to z;, then

| /o“ﬁ-/onu<-(:\-,\),

(ﬁ—u),:xp(zl(fo'ﬁ+:\)—zl(f;u+¢\)) <0 for z > z), z near z,,

and hence

that is to say u. decreases further for £ > 2,  near z;. This example suggests at first sight that
inequality (3.18) should only be expected to hold if A — A is large compared to €;. However, the
proof below shows that (3.18) in fact holds without such a restriction.

Proof of Lemma 3.5, ctd. The lemma now follows immediately from combining the Refined
Comparison Principle with the proof in the case when (3.14) holds.

Proof of the Refined Comparison Principle. Let x; (i = 1, 2, 3) be as defined in the proof
of the Comparison Principle, and define

Q,:={z€(0,1) : ¥(z) =2}
Q,:={z€(0,1) : y(z) € {1,3}}.

The main idea in the proof is a blow-up argument with respect to A. Namely, we consider the

difference quotient
wi= u-u
A=

This difference quotient satisfies a “nice” linear nonautonomous ODE, namely

t:(z) — u-(2)
A=A
3 L 3 z
EX-’(")' z.-(afou+¢\3::‘(afou+'\)
(afgi+X)=(af;u+d)
A=A

wy(z) =

i=1

s
= ) xi(2) (=)

=1

3
= (z .,_1__ zw
- gx'() 7((2)) (1+0fw) (3.19)

for some ((z) between o(uc(z)) and o(i:(z)). (In particular, {(z) € [-r,r] a.c.) We would like to
prove w(1) > 0, and do this in three steps:

a/ wf<eR*—1<er —1=:C forallz €[0,1) (3.20)
0
Rl < — 2 = /' >-1 trallzeo
< T 0) a A w2 -3 for z€[o0,1) (3.21)
. 2M(1 -1
lﬂ.,l<nun{2a(1"_lc),(l+ (m"’c)) } = w(l)>0. (3.22)
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To prove (3.20), note that £(z) := [; |w| satisfies

0

IA

6@ = W@l < [ o

< %(li-a/otlwl) = %(l-{-af(z))

and so (3.20) follows from Gronwall’s inequality and the fact that £(0) = 0.
To show (3.21), note first that the conclusion is clear for z near zero. Suppose for contradiction
that {z € (0,1) : a fy w< -3} # 0, and let z* := inf{z € (0,1) : a [y w< —4}). Then z* >0,

/ w__-

a/ w>-- for all z € [0, 2°].
o 2

Hence by (3.20)

o z€[0,z°]1nQ,

1 z
= — > .
(%) (1+af ‘”)-{ ~HC s e[0,2]NA. (3.23)
Thus
1 z° . z
- = a/ w2 az' w(z)=az" inf /w,
2 0 ze[o:‘] =€[0,2°] Jo
e 1+4C a(14+C)
> az (2M|[0,:]nﬂ.|-———|[0 ) 2 ===,
and consequently m
ul 2 5=
12 2 2a(1+C)

contradicting the hypothesis of (3.21). This proves (3.21).
Finally, to deduce (3.22) we use (3.21) and (3.23) to estimate

1 Q
W:Z{ M z€ ‘

-%9 zE€ Quy
consequently
,
1 1+C 1
uw(l) = /o s |Qc|— IQul Oy (-—m— + m) 1Qul,

and the quantity on the right hand side is positive by the hypothesis of (3.22). This establishes
(3.22). Finally, letting
Wo := mm W(z,()\))

A€[~-r,
(note Wy > 0) we have I
W(u;)
1]
Il < e
Hence if . X
: m 2M(1+0)\7] _,
./o W(u:) < Wo -mln{20(1+0), (1 + p— ) } =€, (3.24)

then the hypothesis of (3.22) holds. Thus the Refined Comparison Principle holds true with the
above choice of ¢;. The proof of Theorem 3.1 is finally complete.
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4 Layer dynamics

In the previous section we proved that each solution (u(t),v(t)) of (2.1) with low initial energy
approaches some equilibrium state in the limit ¢ — oo.

We now focus on a restricted class of initial data — those with a transition layer structure —
and investigate more closely how the evolution towards equilibrium occurs, and in particular why
solutions fail to form microstructure and how the limit state “selected” by the evolution law (2.1)
depends on the initial state.

Throughout this Section, the stored-energy function W is assumed to satisfy (H1), (H2) and
(H3), and the initial data (ug, vo) € Wy'™ x L? will be required to satisfy

(Al) (smoothness and a-priori bounds)
uo € C?, vo € Wy'?, ||(uo)z ||z + [lvollwrs < M

(A2) (low initial energy)
E(up,v0) < €

(A3) (no transition layers at the boundary of (0,1))
£,(0) :={z €[0,1] : |(wo)e()| < p} C (0,1)

(A4) (steepness of transition layers)
I(uo)z=(2)] 2 K in £,(0)

for suitable constants M, ¢, p, K > 0. Here the crucial conditions are (A4) and (A2).

(A4) means that |(ug)z-| must be large (i.e. the graph of (uo): steep) whenever (up). is near
the unstable state 0. Note that by (A4), (A3) and (A1) (which in particular requires ||uo)|c2 < o0),
L,(0) consists of a finite number of connected components or “transition layers” [a?,3?] (0 < a? <
b < ... < @} < b} < 1), in each of which (up); is strictly monotone and has exactly one zero z.

Since the constant ¢ will be required to be small, (A2) means that the strain (up); must be
close to z_ or z; inbetween layers. See Figure 1.

Theorem 4.1 Given an arbitrary constant M > 0 and given any interval [—p, p] in which o’ < 0,
there ezist e(M,p), K(M,p) > 0 such that all solutions (u,v) of (2.1) whose initial data satisfy
(A1)-(A4) have the following properties:

(P1) (preservation of the number of phases / no nucleation or coarsening)
The number of zeroes of uz(-,t) is finite, positive, and independent of t. Moreover,
denoting the zeroes by 0 < z,(t) < ... < zn(t) < 1, each zi(t) depends continwously on
t € [0,00).

(P2) (preservation of transition layer structure)
The number of connected components of L,/5(t) := {z € (0,1) : |us(z,t)| < p/2} is fi-
nile, positive, and independent of t, and in each connected component, uz(-,t) is strictly
monotone and has ezactly one zero. Moreover, denoting the connected components by
[ai(1),5:(t)] (0 < a1(t) < bi(t) < ... < an(t) < bn(t) < 1), the a;i(t), bi(t) depend
continuously on t € [0, o).

(P3) (lock-in and steepening of iransition layers)
For allt >0,
[ai(t), bi(t)] C [a?,07] Vi, in particular zi(t) € [a?,?)
luee(z,2)] 2 §e* vz € UiL,[ai(t), 8:(0)] = Lppa(t)
[6:(t) = ai(t)| < Fe~* Vi,
where v = g5 min_, ) '] > 0.
(P4) (ezponential convergence of transition layer positions)

limy_ oo 2i(t) =: 2] ezists for all i, z € [a),b]] (thus in particular 0 < 2z} < ... <z} <
1), and |z(t) - z}| < min{|89 — aP], Fe~77).
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(P5) (dependence of the limit state on the initial state)

limg— o u:(t) =: (u*)s (which ezists as an LP-limit by Theorem $.1) is continuous on

(0, )\{z},...,z}} but discontinuous at every z;, and (letting z§ = z = 0, z},; =
zypa=1)

L, (uo)eleo,ee,,) <0

‘/’(u;)l(sz,?:+‘) = { 3, (oelres > O, (i=0,..,N)

b1
where y(2) is the phase function introduced in Definition 3.1.

(P6) (ezponential convergence of the solution)
There exist C, 4 > 0 independently of p such that forp € [2, 00),
2

(u(®), v()) — (u*,0)|lwrrxrs < Ce™ 7' Vi >0.
However,

(u(), v(t)) = (u*, 0)llws.eoxza 7 0 (t — o).

(P7) (variational properties of the limit state)
(u*,0) ¢s a local minimizer of E(u,v) in Wg'” x L2. However, if the coefficient o
in equation (2.1a) is nonzero then (u*,0) is neither a global minimizer of E(u,v) in
W3 x L2, nor a local minimizer of E(u,v) in WoP? x L? (1< p < 00).

Figure 1. A typical initial state and its large time
limit as described by Theorem 4.1.

(uo)s

Remarks. 1) The lock-in and sharpening of strain interfaces as captured by (P3) was observed
numerically by Swart and Holmes [SH), whose numerics in fact motivated us to investigate this
issue analytically. For similar numerical observations in a related model (whose underlying free
energy does not contain a displacement penalty term au? but a strain gradient term (u.c)?) see
[BG]), [GB]. The proof of (P1), (P2), (P3) proceeds by explicit construction of an invariant region
(see Claim 1 below) in which transition layers are trapped; some of the underlying ideas are adopted
from the work of Pego [Pel, Proposition 6.2] on one-dimensional nonlinear viscoelasticity.

An inkling of why an equation like (2.1) may exhibit a lock-in effect like (P3) can be had from
the behaviour of a special class of solutions to (2.1a) in the special case a = 0: Pego [Pel] shows
that two strain phases w_ and wy can be connected by a travelling wave us(z,t) = w(z - ¢t)
(w(z') = wy as ' — =o0) if and only if either ¢ = 0 (that is, (u,0) is an equilibrium) or the
“chord criterion” is satisfied:

The chord connecting the points (w_,o(w_)) and
(w4,0(w4)) does not intersect the graph of 0.

We emphasize that the chord criterion forbids the existence of travelling waves whose phases w_,
w, are close to the minimizing phases z_, 24, unless the wave speed c is exactly zero. Note
also that this lock-in-effect for travelling waves underlies (and is reflected by) the ‘kinetic relation’
obtained in the limit of vanishing viscosity by Abeyaratne & Knowles [AK] for the motion of a
single interface shock in the system of conservation laws a = § = 0: For a special piecewise linear
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choice of o, these authors show [AK, Figure 13] that the resulting kinetic relation represents a
stick-slip-system, that is, the interface is locked in until the ‘driving traction’ W(w,) - W(w-) -
3(o(ws4) + o(w-))(wy — w_) (which is zero at (wy,w-) = (z4,2-) by Maxwell’s equal area rule)
exceeds a critical level. (For a general discussion of ‘kinetic relations’ and forces on interfaces in
two-phase materials, the reader may also consult [Gu, Sec. 5).)

2) Even though initial data satisfying (A1)-(A4) can have only a finite number of transition layers,
provided M > max{|z_|, |z4|} the class A, x of such data contains elements with an arbitrarily
large number of transition layers, since no bound from above is imposed on the steepness of the
layers and since the condition E(up,vp) < € can be met by letting (uo)s & 24 or z_ inbetween
layers. The fact that patterns with an arbitrarily large number of phases are stable under the
dynamics underlines the genuinely infinite-dimensional nature of the system (2.1).

3) The behaviour of transition layers as captured by (P1)-(P5) is “local”, in the following sense:
provided assumption (A3) and its definition of £,(0) are changed to

(A3) L,0):={z €A : |(wo)e(z)| S P} CA

where A is the closure of some open subset A of (0, 1), conclusions (P1)-(P5) remain true for the
solution restricted to A, as is clear from the proof below. Note, however, that in the interesting
situation of initial data (ug): & 0 outside A, the nonlocal hypothesis (A2) imposes the constraint
that the measure of (0,1)\A must be small.

4) The nonconvergence result in (P6) is clear from (P5): since uc(-,t) is continuous for all ¢ and
its limit is discontinuous, the convergence cannot be uniform.

5) By contrast, the first part of (P6), exponential convergence of u.(-,t) in L?, is rather less obvious.
It clarifies how the competition between the exponentially stabilizing behaviour of equation (2.1a)
away from the transition layers (see the stability result in [BHIPS) for small W1*®-perturbations
of weak relative minimizers u* of J[u]) and the exponentially destabilizing behaviour in the lay-
ers themselves (see (P3)) is decided: the interaction between these two effects results in overall
exponential stability.

Both this result — and the proof — is in these authors’ opinion more interesting than the
usual “exponential stability by linearization” results in the PDE or dynamical systems literature.
Namely, in the LP-norm, in which the strain field u.(t) approaches its limit state, the nonlinear term
#a(0(u-(t))) in equation (2.6a) is not locally dominated by the linear terms, or more technically
speaking: the mapping f — o(f) from LP — L? (1 < p < o) is nowhere Fréchet-differentiable,
for every o : IR — IR which is not affine. However, in the L*-norm (or any stronger norms like
W'P-norms), in which the mapping is Fréchet-differentiable so that the nonlinear terms are locally
dominated by the linear terms, we know that u.(t) does not converge as t — oo.

This situation will be handled by combining the lock-in result (P3) with a new lemma for the
abstract parabolic equation 2, + Az = f(z) (Lemma A2 in the Appendix), which extends the
work of Henry [Hel] from Fréchet-differentiable situations to a more general scenario that allows
to analyse the speed of convergence of smooth functions to discontinuous patterns.

6) The variational stability result in (P7) can be viewed as a contribution towards the fundamental
issue (C) from the Introduction, raised in a much more general context in [Ba). For the specific
model studied here, the conclusion of (P7) was conjectured in [BHJPS], for “generic” initial data.
Regarding the involved Sobolev norms, let us remark that (u*, 0) is a local minimizer in Wol " x L?
of E(u,v) if and only if u* is a local minimizer in W)™ of J[u] (J as defined in (1.7)), which is in
turn equivalent to u* being a ‘weak relative minimizer’ of J[u] in the language of the calculus of
variations [Ce).

Also, this result parallels in an interesting manner the behaviour of a numerical minimization
algorithm for the functional J[u] proposed recently by Ma & Walkington [MW), where the authors
observe convergence to equilibria of the discretized functional which are not global minimizers
but discrete analoga of the local minimizers described in (P7). Note that their algorithm forbids
interfaces of the limit state to move as the computation is done on a fixed mesh and the strain of
typical limit states jumps at (almost) every grid point [MW, Figure 3].

7) We emphasize the asymmetry in the appearance of the W1:*°- and the W!*-norms in statements
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(P6) and (P7):
(u(t), v(t)) converges to (u*,0) in W3 x L?, but not in W™ x L?;
(u*,0) is a local minimizer of E(u,v) in W' x L2, but not in W2* x L2,

From the viewpoint of the geometric theory of dynamical systems, this is a genuinely infinite-
dimensional subtlety, with no analogon in finite-dimensional systems. However, on the level of layer
dynamics there is a simple interpretation: the limit states are only minimizers of the Lyapunov
function subject to an asymptotic constraint smposed by dynamics, namely the lock-in of strain

interfaces.

Proof of (P1) and (P2). We fix a solution (u,v) and write (p, ¢) = P(u,v). First, let us collect
together the various a-priori estimates needed later. From (A1) and Theorem 2.1, there exists

K;(M) such that
sup |luz(t)l|le~ < K1(M),
120

up lg(@)llL= < K1(M),

oup 215 = sup 21 < Ko,

V'(u:(t))
B

sup [|au(t) - Ps(t)llL= < K1(M).

From (A2), the definition of E and (2.3),

limacr (f5 u(t)) 1z < 2lle (/5 u0)) 2 < 2v/ZaEuo, 30) < 2vZae
(as already used in (3.7)), and

u”("uL- SOl < 5v/ZETum,o0) < 5V

B
Furthermore, letting

lo()l o
Ko(M) = inf
M) = ko RN ) IO

we have

|Jo ou=)] < Ka(M)VEuo, ) < Ka(M)VE.
Finally, define

oo

o- = inf o'l
0"(’([-» N

oy:= sup o,
o=1(o([-0.r)))

let n € (0, p/4) (n to be specified later), and set

po:=p=1n(>3p)

(4.25)

~ (4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

After all these estimates and definitions, we now introduce the crucial technical tool for proving

(P1)-(P5), the set i
£@t) = {z €(0,1) : |452| < po).
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Claim 1. Assume K > (1+ Z)K1(M), €< min{fé‘:,m%%,zﬁgi}. Then
(i) L£@t)c L(to) ¥t 21,20 (monotonicity),

and for all z € £(t)

(i)  lgz(z,t)] 2 €™|g:-(2,0)] (exponential growth).

First, let us prove (i). By (4.30), (4.31), (4.29) and the choice of ¢

IIE(;—)HL- <n forallt20, (4.32)

1
[l / o(us ()| < oon forall 20,
0
||1.a(f°'u(t))||1,- <oon forallt>0.

Now the interval [—B8po, Bpo] is, at each point z € (0,1), a negatively invariant interval for the
nonautonomous one-dimensional ODE

1
%q(z,t) = —o(f50 4 250) 4 /0 o(us(1)) + 7o (afFu(t)) (4.33)
= f(q(z,1), 1), (4.34)
because at |g] = Bpo we have (using |u;| = |5 + §| < n+ po = p and sign(u;) = sign(q))

Llate.)l = sign(a(e, 1)) (0(0) = olue(e, ) + 0w (0) + xa (aff u()) )
2 aolus(z, )] - | o(ue(®)] - lire(ef5u®) llz= (4.35)
> oo(1952) - 1259)) - | fyo(us 1))] - l1ma (o f5 u(t)) llzm (4.36)
2> oo(po—n—n—n)=0o(p—4n) > 0. (4.37)

This proves (i). To show (ii), fix ¢ and fix z € £(t). By (i), z € £(s) for all s € [0,1], and thus in
particular |u.(z, )] < p for all s € [0,t]. Consequently from (4.28)

Floete o)l = sigalase,) (2D (2, 4 auge,0) - T (0,

2 Floslz, o) - Ka(M)
> % (Iq,(z,s)l - %K:) for all z € £(t) and all s € [0,1].

Thus because |¢:(z,5)| > B(K — K1) > 2K, at s = 0, |g:(z,5)| 2 2K, for all 5 € [0,1], and
consequently

d -
2;]1:(3,3” > %Iq,(z,a)] = 7|g<(z,8)] for all z € L(t) and all s € [0,1).

Integrating this differential inequality gives (ii), completing the proof of Claim 1.

Claim 2. Assume K > K;(M) max{1 + -,7;,4}, and let ¢ be as in Claim 1. Then £,/5(t) € £(t) C
£,(0), and |uzc(z,t)] > £e™ in £,5(t), for all t > 0.

Indeed, if z € L,/5(t), then |us(z,1)| < p/2, hence (by (4.32)) |£52| = |u, — §| < p/2+ 1 < po,
hence z € £(t), and furthermore by (4.32), (4.27), Claim 1 and the fact that K > 4K, (M )

g:(z,1) _ pe(z,1)
Iutf(zri)! 2 ' ﬁ l l p l
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™ (1uex(z,0)1 - 1225 2)) - ()

v

€ (|uee(z, 0)] - 2K1(M))

ek,

v

This establishes Claim 2.

Next, we show that the number of zeros of u.(-,t) and the number of connected components
of £,/2(t) is conserved, and that the zeros and the connected components depend continuously on
t. From Claim 2 and the fact that ||u(:,?)||c2 < oo for all ¢ > 0, it is clear that at every t € [0, 00)
L,2(t) possesses a finite number of connected components [a;(t), b:(t)] (0 < a1(t) < b1(t) < ... <
an(t) < dn(r) < 1), in each of which u(-,) is strictly monotone and has exactly one zero z;(t).
Also, N(t) > 1 because the boundary condition u(0,t) = u(1,t) = 0 implies that u.(-,t) must have
at least one zero. We would like to prove that N(t) is constant and that the a;, b;, z; depend
continuously on t € [0,00). To this end, we apply the implicit function theorem, respectively, to
the equations

. ug(z,1) - p/2
9(z,8) = { uc(z,t)—p/2 =0,
us(z,t)
noting that by Theorem 2.1(d), g, g € C((0,1) x [0,00)) and that at each zero (zo,%0) € (0,1) x
[0,00) of g, |9:| > K/2 by Claim 2. That is, for each to the set {g(zo,20) : (zo,%0) is a zero of g}
does not contain a critical value (with respect to z) of g(-,20). Hence by the implicit function
theorem, the number of zeros of g(-,t) is independent of t (i.e. N(t) = const =: N), and the zeros
a;i(t), bi(t), zi(t) depend continuously on t. This proves (P1) and (P2).

Proof of (P3). From Claim 1 and from arguing as in our above analysis of £,/2(t), we can write
L) = Uﬁ'___l[a;(t),ﬁ;(t)] for0<a(t)<pit) <...< an(t) < Bn(t) < 1, where the a;, B; depend
continuously on t. Now from £,5(t) C L(t) C £,(0) we deduce

[o:(), b:(t)] € [es(t), i) € [af, 8] for alli, (4.38)

proving the first part of (P3).
The second part of (P3) was already proved in Claim 2.
The third part of (P3) is a trivial consequence of the second part: For all i, ¢ we have

bi(t) K
p= lush()0 - we@@.01= [ hus.012 O - aOIg . (439)

Proof of (P4). The key to understanding (P4) lies in the monotonicity property stated as Claim
1(i) above, which implies [a;(t), Bi(t)] € [@i(to), Bi(to)] for all t > to > 0. That is, the [a;(t), Bi(t)]
form a nested family of intervals. Since

zi(t) € [ai(t), b:(t)) € [ai(?), Bi(t)) € [a?, 1)),

it is enough to prove 3
1Bi(t) - @i()] < Ze™ (4.40)

But this follows readily as in (4.39):

2% > 20 = Iq(ﬁig)’t)-Q(a‘g),t)l = ’i(t)lngvt)l > |,8¢(t)—a.-(t)|e7' inf I?(?o)l

ai(t) £€(0,1)

> 18 - @l (K - Kr(M)) 2 TKIBE) - es(t)le™
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Proof of (P5). We introduce the sets
Lit) :={z €(0,1) : L € zi(o([-p1,m))} (i=1,2,3),

where p; € (37, p0) = (37,0 — 1) (furtber restrictions on p; will be imposed later) Note that if
p1 = po, then L2(t) = L(t). As proved in Claim 1, £(t) € L(to) for t > to > 0, since the unstable
interval [—Bpo, Bpo] is negatively invariant for the 1D nonautonomous s ODE (4.34). Similarly:

Claim 3. Assume e < 02197 min{-,%;;, 0Ty a5 )- Then:
(i) L) 2 Li(to) forallt>t,>0andi=1,3.

Gi) = ¢ £2(t), us(z, t){ <0, se { f;g I ) where = S2200_(5 0).

The proof of (i) is very similar to that of Claim 1(i). By (4.30), (4.31), (4.29) and the choice of ¢

p(t) o-
“T“L- < Pk (4.41)
1
I / o(uz(-t)| < o-n, (4.42)
0
lma (e f5 w1 ) llz= < 0-m (4.43)

for all t > 0. We claim that if ¢(z,t) = fz;(0(xp1)), then u.(z,t) lies between z;(o(p; + n)) and
2j(o(p1 — m)) (bence in particular sign(ue(z, 1) — z(0)) = sign(4(z, 1) — Bz;(0)) and o(us(z,1)) €
o([~p,p])). Indeed, by (4.41)

p(z, i)l

lus(2,t) = 2i(e(p1))l 1222

a—+lv(px +n) =a(p1)| < lzj(o(p1 + 1)) = zj(e(p1))]

n = —((P1+'l) 1)

IA

and similarly
lus(2,1) = zi(o(p1))| < :—:n = -:-i-(p, = (p1 = ) € I2j(o(p1)) = zj(e(pr — M)!.

Consequently, the interval I; = [Bz;(0(p1)),Bzj(c(—p1))] is for j = 1,3 a positively invariant
interval for the ODE (4.34), since for ¢(z,t) € 8I;

L1z, )= 65 O] = signla(e,)Bz;(0)(~o(£52) + (o(152)o(ue 2,1))
+3o(ue (1) + malaf u(-1)))

< —o-pr+ oy 501+ | Fous(,0)] + lImale S5 u(, )l
< o(-p+n+n+n) = o-(-p1+3n) < 0.

This proves (i). Now we prove (ii). Without loss of generality, assume u,(z,t) < 0. If z € L‘(t)
then (ii) follows from (i), for any 7 > 0. So assume z ¢ £(t). Hence for all s > t with z € L‘(s)

-—Iq(z, 8) — B21(0)] £ —o-(p1 — 37),

by estimating as above. Also, dist(g(z,1), [821(0(p1)), Bz1(0(—p1))]) < K1(M) by (4.26). Hence if
z ¢ L1(s) for all s € [t,t + 7] and some 7 > 0, then

dist (q(f,t +7), [ﬂzl(“'(m)),ﬂzl(’(-m))]) < Ki(M) - 1o_(p1 — 37).
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Since the left hand side is greater or equal to zero, this implies r < ,—(;f-:gm, proving (ii).
Now assume that p,, 1 are so small that the interval [~r, r] from Definition 3.1 contains o([~p; -

9,p1 + 7)). Then since o(u,(z,t)) € o([-p1 = 0, p1 + 1)) whenever z € Li(t) j =1 ,3), we have
zelift) = Y(uc(z,1)) =3

This together with Claim 3 allows to calculate ¥(u}): Assume without loes (uo),l(,o',o“) < 0.

Then (u0):|(g.(1),ais1(1)) < O for all ¢ > 0, hence Y(uz(-,t + 8))|(8:(t),0i42(1)) = 1 for all s > 7, by
Claim 3. Consequently,

¢(“:)IU o(Bi(t),aigs(1)) =1

Since Uy»(Bi(t), @i+1(t)) = (z},2},,), this proves the last part of (P5). Now it is clear that
u; is discontinuous at the z} (since Y(ul) jumps), and continuity on (z,z},,) follows from the
equilibrum equation: a(u,(z)) =a fo u* + A for some A € IR, and hence

u; = zj(afyu* + 1) in (z],2],,) for some j € {1,3) independent of z,

consequently u € C3((z},z},,)) (€ C*® if o is C™). (P5) is proved.

Proof of (P6). We will apply Lemma A2 (or more precisely: Corollary A1) with A, f, z(¢) =
(p(t),9(t)), @ = 1/2 as in Section 2, but X = L2 x L2 and D(A4) = {p € W2? : p:|(0,1) =0} x L2
unlike in Section 2. Unless ¢ is globally lipschitz — which we have no intention to assume —, f is
now not defined on the whole of X1/2, but z is a global solution € C([0, 00); X}/2)nC*((0,T); X)N
C((O T); D(A)), as required. We set zo := (0, ¢*) := (0, fu}) so that z(t) = (p(t), ¢(t)) — (0,¢*) =
zo in W12 x L2 = X1/2 as t — o0, and let B be the Gateaux derivative of f at zo. Let us write
out what z(t) — zo, B and g(z(t)) are:

2(t) =20 = ( q(t};(t—) ¢ )
B( ) =n(ra(gh-o 5 (L)),
9(2(1)) = 7o (o (B — o(%4L) — o (up)(LLU=0EO=1))) ( 4 )

We verify hypotheses (i), (ii), (iii) of Corollary Al.

(i) is clear: in fact, B is a bounded linear map from X to X.

(ii) is taken care of by (P5) (which implies infz¢(0,1) 0’(uz(z)) > 0) together with a Lemma of Ball,
Holmes, James, Pego and Swart:

Lemma 4.1 (BHJPS, Theorem 3.3) With A, B as above and X = L2 x L%, D(A) = {pe W22 :
P:l{o,1) =0} x L% (1 < p < 0), the spectrum of A — B lies in

(Ve : ReA2 min{} _inf o'(u(2)), §1}-

(In [BHJPS] the result is stated with p = oo, but their proof in fact does not require any knowledge
about p.)

It remains to verify (iii). Since ||(5, §)|]| = ||l + l|dllz2,
lHo(zI? = 4llxa(o(ue(t)) = o(uz) — o’ (ug )(ue(t) — up))lIZ-
1
< 4 /o lo(ue(®)) = o(uz) = o’ (ug)(ue (t) - ug)|*dz.

Now at each time ¢, we split the domain of integration into two parts, a “stable” and an “unstable”
region:

Q,(t) := L1(t) v £3(1)

Qu(t) := (0,1)\Q,(2).
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First, let us deal with the stable region.
Since o is continuously differentiable, there exists €A) — 0 (A — 0) such that

o(z) - c(zol-— :’(Zo)(z - 20) < &2) for all z, 2o € [-K1 (M), K1(M)] with |z — 20| < A.
= <0

Now if z € ,(t), then u.(z,t) lies between z;(c(p; + 1)) and z;(o(—p1 — n)) for some j € {1,3}.
By the monotonicity of the 2,(t) (by Claim 3, Q,(t) 2 Q,(to) for t > to > 0), so also must uz(z),
with the same j, hence

o
fue(z,) = w3 (@) € |z5(o(or + M) = 55(0 (=01 = D] < ZElpy + 0= (~p1=0)] = 22 -2(ps + ).
Now choose p; < 47, and then

/ lo(ue (1)) = o(u3) — o’ (u3)(us(t) — ul)*dz < &(Z2 - 107) |[u(t) — uZliZ (4.44)
8,.(t) T

where &(n) — 0 as n — 0.
In the unstable region, the integrand is not small, but the unstable region itself shrinks expo-
nentially: By Claim 3, Q,(t) C £(t — 7) for t > 7, hence by (4.40)

12(0)] < 2R e

and thus by (4.25)

/ lo(uz(t) — o(u) — o' (uZ)(ue (t) - ug)|dz < we-“ = K%™.  (4.45)
2.(1)

Consequently by combining (4.44) and (4.45)

-~ 1/2
ol < (482(mllua(t) - wzlids + 4K%e™™)
28('7)"“:(0 - u;”L: + 2Ke= ¥t

2125l + 155 122) + 2R3

%f’) (||:c(t) - zo|| + 2Ke %",

Now note that ||z(t) — zol| < ||z(t) — Zol|1/2, and choose n small enough so that 2—'522 < ro, where
ro is the constant supplied by Corollary A1. Then Corollary Al applies and we obtain:

lI(p(2), 9(2)) = (0, ¢"lwraxr> < Me 37"

for some constant M and all ¥/ < min{y, 26} = min{, 8, n"r““"g"(".(’»} and hence in parti-
cular for
le’l}.

IA

IA

! = min{B, & inf
7 85 o By
This establishes (P6) in the case p = 2, because
li(u(®), v(®)) = (u*, 0)llw.ax2 = 1P~ (p(t), 9(t)) — P~(0,9")llwr.axL>

and the inverse Pego transform P~! : W22 x L3 — WJ'? x L? is continuous (see Lemma 2.1).
Finally, for p € (2,00) we can estimate using (4.26) and Holder’s inequality

lle®) - ¢*ller < Ma(t) = a"I1F 7 Na(t) - ¢ 1IF=2"
< MUK, (M))1-P
< max{M,1} -max{2K,(M),1} - e,
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A straightforward calculation shows that the operator norm of P~! in L(W}2 x L8, WP x L?)
is bounded independently of p, precisely:

—1x 2 . S .
1P~} D)llwrrxzas < (3 + DG Dliwsaxrs forall (5,9) € Wa? x I,

and (P6) follows.

Proof of (P7). The local minimization property of (u*,0) is a consequence of the (non-elementary)
fact (P5), which implies o’(u2(z)) > inf {0'(2) : 2z € 21(o([-p,p))) VU 25(c([—p,£)))} > O for all
z € (0,1)\{z3, ...,z ]}, together with the following (elementary) lemma on the variational integral

: 1
J(u) = /o (W(ue(2) + 507(=)) de.

Lemma 4.2 Let up € W)'™ be a stationary point of J (that is 1o say 4 1.=0J(vo + €¢) = 0 for
all ¢ € W™ ) with o’ ((uo)z(2)) > & > 0 a.e. Then uo is a local minimizer of J in Wo"°°..

Proof of the Lemma. This is a standard fact from the calculus of variations, but for convenience
of the reader we include a proof. Let u € W)™, |Jus = (uo)s|lLe < ¢, € € (0,1). Since W is C?,
W(uz) = W((uo)s)+ o((uo)s))(uzr — (uo):) + f;gﬂ(u, — (ug)<)? for some function € (which can be
chosen to depend measurably on z) with values £(z) strictly between u.(z) and (uo):(z) . Now if
is small enough, then ¢'(§(z)) > /2 > 0. Also, since ug is a stationary point of J (or equivalently:
(u0,0) is an equilibrium of (2.1)), there exists A € IR such that o((uo)z(z)) — @ f; uo = A ae.
Hence we compute

1
[ (ouo)e) = w0+ T ((u = wo)e)? + aruo(u = o) + 3w = ue)?)
0

)«/ol(u - Ug):s +-/ol (a_’éf_)((u - u):)’ + %(“ - “0)2)
T

> 0.

J(u) = J(uo)

The last part of (P7) is taken care of by another elementary lemma:

Lemma 4.3 Let a > 0. Then J does not possess any local minimizers in Wy (1 < p < 00).

Proof. (For W(z) = -Q::—lz the argument is sketched in [BHIPS, p. 23].)
Fix p € [1,00). First, we prove that uo = 0 is not a local minimizer. Let A = T?:’ w=
{ 2., 0<z<A

24, A<z<l,’ u(z) = f: w extended periodically to the whole of IR, u"(z) = du(nz),

n
w@={ @ 137" T
1 la [!
J(@) = J(uo) = -;W(0)+;1_5§ u? < 0 for n large enough,
0

but @” — ug in Wi* as n — oo.

Now we prove that ug # 0 is not a local minimizer. To this end, let zo € (0,1) be a point where
|uo| achieves its global maximum. Since up # 0, uo(zo) # 0. Without loes of generality, assume
uo(zo) > 0. Set @ = min {uo, uop(zo) + (- + 2 — zo)}. Then for n large enough,

J(&") - J(uo) < 0,

but &" — ug in W as n — co. The proof of the lemma is complete.

This concludes the proof of Theorem 4.1 and our discussion of layer dynamics.
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Append1X° Two results on the abstract parabolic equation
z, + Az = f(t,z).

Our first result is a simple a-priori estimate which follows immediately from standard estimates
(Henry [Hel, 1.4.3)) for fractional powers of sectorial operators.

Our second result generalizes a conclusion of Henry [Hel, Theorem 5.1.1] on exponential con-

vergence to equilibrium via linearization. Namely, we extend Henry’s result to nonlinearities f(t, z)
which are not Fréchet-differentiable at the limiting equilibrium but only possess directional deri-
vatives. This more complicated situation is not an esoteric peculiarity of the partial differential
equation studied in this paper, but occurs whenever one wants to study the approach of smooth
solutions of a partial differential equation to discontinuous patterns as time t tends to infinity; see
Remark 5 in Section 4.
Notation. As in Henry [Hel, Section 5.1], A denotes a sectorial operator on a Banach space X,
D(A) denotes the domain of A, X? (0 < B < 1) are the associated fractional power spaces, || - ||
and || - ||s denote the norm in X and, respectively, in X?, V is an open subset of X (for some
fixed o € [0,1)), and f : [0, oo) x V — X is a mapping which is locally lipschitz continuous in z
and locally Holder continuous in ¢, that is, given (f;,21) € [0,00) x V there exists a neighbourhood
V of (t1,2,) in [0,00) x V and constants 6, L > 0 such that for all (t,z), (s,y) € V,

I/t 2) = £(a )l < L(It = ol + 1z = plla )
Note that by [Hel, Thm 3.3.3], for such A and f the initial value problem

t Az = ta
{ o (A1)

possesses for all z; € V a unique local solution z € C([0, T); X*)NC*((0,T); X)NC((0, T); D(A))
on some time interval [0, T'(z,)).

Lemma A1l Let vy € [0,1) and ||A720|| < M,,, let T € (0,00], and assume z(t) is a solution on
[0,T) of (A1) such that sup,¢(o 1y ||z(t)|| < M;, supepo. 1) l1£(2(2),1)l| < My. Then there erists
C(y,M;:,, M., M;) independent of T such “that

sup |[472(t)]| < C.
te[o,T)

Proof. Let T(t) denote the semigroup generated by A. Fix 7 € (0,T) and estimate differently in
the intervals [0, 7] and [r, 00):

A7zl = AT ()20 + [ A T(t—8)f(2(s), s) ds|
< C(r)||A"zol|+fJ(tC( LM, ds
Myr=7
< C(T)(Mu"’ 1!_7 ) Vte[O,-r]

and

A"zl = WA'T(r)z(t = 1)+ [y A"T(r—8)f(2(t — T+ 8),t - 7 + 8) ds||
< Zste- i+ J§ oMy
1-
< an(FE+3ES) vie ).

The proof of the Lemma is complete.
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Lemma A2 Let A, a, V, f be as above, let o € V be an equilibrium point of (A1) (i.e. zo €
D(A), and Azo = f(t,z0) V&t > 0), and let z : [0,00) — V be a solution of (A1). Suppose in
eddition that
I(taz) = f(t: 30) = B(z - 20) + 9(‘»‘)
where
(i) B : X* — X is @ bounded linear map,
(ii) the spectrum of A — B lies in {Re ) > 6} for some 6§ > 0, end

(iii) lg(t, @)1 = o(llz(t) — zolla) + O(e™™") as ||z(t) = zolla — O, for some y > 0.
Then there ezist p, M > 0 such that provided
Nzt -zollasp W20,

then )
ll2(t) = zolla < Me™™min{r.8}t vt > 0.

Proof. Clearly A — B is a sectorial operator. Pick §’ such that 0 < § < 8§’ < Re Spec(A — B), and
let T(t) be the semigroup generated by A — B . By standard estimates [Hel, Sections 1.3, 1.4],

IT®Wzlla < Ce™**|izlla Vz € X, V>0
IT@zle < Ct=%e~%Y2|| VzeEX,Vt>0
with some constant C. Let m := min{v, 6}, and choose ry > 0 so small that
o0
' 1
—a, ~(§'=-m)s —
ro/o s % ds < Yok (A2)
Choose p > 0 so small that
llg(t,2)ll < rollz — zolla + Ke™* (A3)

for ||z — zo|la < p, t 2> 0. Let z(t) = z(t) — zo. Then z solves
2+ (A-B)z=g(t,z0+2),

hence

Izl

4
IT@=(0)+ [ T(t = s)o(o, 0+ 2()dsll
V]
4
< Ce¥Y|z(0)]la+C / (t=8)2e = (rollz(s)lla+ Ke™™* ) ds.  (A4)
0
Now define u(t) := sup,¢[o ;) €™’ [12(8)llo, let T € (0,%] and compute using (A4) and (A2)
T !
llle < CllaOlla+C [ (r=2)2e @m0 (roe™ s(e)la + K) ds
(]

S CllOlle+C(rou)+ &) [ gmee-meag

A

1 K
Cliz(O)lla + 3u(t) + o
hence by taking the supremum over 7 € (0,1]
K
u(t) < 2C||1z(0)l|« + P

The proof of the Lemma is complete. In fact, since the assumptions (iii) and [|z(t) — zolla < p
were only needed to obtain (A3), the above proof yields
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Corollary A1 Assume all hypotheses of Lemma A2 ezcept (iii) hold. Then there ezist ro, M > 0
such that provided

llgt, z())|| < rollz(t) = zolla + Ke™* for allt > 0 and some K, v >0

then _
llz(t) - zolla < Me~mn(n8 vt >0.
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