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SLOW MOTION FOR ONE-DIMENSIONAL NONLINEAR
DAMPED HYPERBOLIC ALLEN-CAHN SYSTEMS

RAFFAELE FOLINO

ABSTRACT. We consider a nonlinear damped hyperbolic reaction-diffusion sys-
tem in a bounded interval of the real line with homogeneous Neumann bound-
ary conditions and we study the metastable dynamics of the solutions. Using
an “energy approach” introduced by Bronsard and Kohn [I1] to study slow
motion for Allen-Cahn equation and improved by Grant [25] in the study of
Cahn-Morral systems, we improve and extend to the case of systems the results
valid for the hyperbolic Allen-Cahn equation (see [18]).In particular, we study
the limiting behavior of the solutions as e — 01, where €2 is the diffusion
coefficient, and we prove existence and persistence of metastable states for a
time T; > exp(A/e). Such metastable states have a transition layer structure
and the transition layers move with exponentially small velocity.

1. INTRODUCTION

The goal of this article is to study the metastable dynamics of the solutions to
the nonlinear damped hyperbolic Allen-Cahn system

Ty + Gu)uy = 2uy, + f(u), z € [a,b], t >0, (1.1)

where u(z,t) € R™ is a vector-valued function, G : R™ — R™*™ is a matrix valued
function of several variables, f : R™ — R™ is a vector field and e, 7 are positive
parameters. Precisely, we are interested in the limiting behavior of the solutions as
e — 0T, and we study existence and persistence of metastable states for .
System is complemented with homogeneous Neumann boundary conditions

u;(a,t) =u,(b,t) =0, Vt>0, (1.2)
and initial data
u(z,0) = up(x), w(z,0)=ui(z), =z € la,bd. (1.3)

We assume that f, G are smooth functions with G a positive-definite matrix for all
u € R™, that is there exists a constant a > 0 such that

Gu)v-v>alv]? YuveR™ (1.4)

Regarding f, we suppose that it is a gradient field and f(u) = —VF(u) where
F € C3(R™,R) is a nonnegative function with a finite number (K > 2) of zeros,

2010 Mathematics Subject Classification. 35153, 35B25, 35K57.

Key words and phrases. Hyperbolic reaction-diffusion systems; Allen-Cahn equation;
metastability; energy estimates.

(©2019 Texas State University.

Submitted March 30, 2019. Published October 2, 2019.

1



2 R. FOLINO EJDE-2019/113

namely
F(u) >0VueR™, and F(u)=0<=uc{zy,...,2x}. (1.5)
Moreover, we assume that the Hessian V2F is positive definite at each zero of F:
V2F(z;)v-v>0 forj=1,...,K and v € R™\{0}. (1.6)

Therefore, z1,...,2zx are global minimum points of F' and stable stationary points

for system (L.1)).
In the scalar case m = 1, system (|1.1)) becomes

TUtt + g(u)ut = 52uaz;v + f(u)v (17)

/

with ¢ a strictly positive smooth function and f = —F’, where the potential F’
is a nonnegative function with K zeros at z1,...,zx: F(z;) = F'(2;) = 0 and
F"(z;) > 0 for any j =1,..., K. In the case K = 2, F' is a double-well potential
with non-degenerate minima of same depth, and f is a bistable reaction term. The
simplest example is F(u) = (u? — 1)2, which has two minima in —1 and +1.
Equation is a hyperbolic variation of the classic Allen-Cahn equation

U = Uy + f(u), (1.8)

that is a reaction-diffusion equation (of parabolic type), proposed in [3] to describe
the motion of antiphase boundaries in iron alloys. Reaction-diffusion equations
(of parabolic type) undergo the same criticisms of the linear diffusion equation,
mainly concerning lack of inertia and infinite speed of propagation of disturbances.
To avoid these unphysical properties, many authors proposed hyperbolic variations
of the classic reaction-diffusion equation, that enter in the framework of for
different choices of g; for instance, for g(u) = 1, we have a damped nonlinear
wave equation, that is the simplest hyperbolic modification of . A different
hyperbolic modification is obtained by substituting the classic Fick’s diffusion law
(or Fourier law) with a relaxation relation of Cattaneo-Maxwell type (see [14] [32]
33]); in this case, the damping coefficient is g(u) = 1 — 7f/(u) and if f = —F’ with
I a double-well potential with non-degenerate minima of same depth, we have
the Allen-Cahn equation with relaxation (see [I8] [19]). Equation has also
a probabilistic interpretation: in the case without reaction (f = 0), it describes
a correlated random walk (see Goldstein [24], Kac [34], Taylor [48] and Zauderer
9]).

A complete list of papers devoted to equation would be prohibitive; far from
being exhaustive, here we recall some works where the derivation of equation
was studied in different contexts: Dunbar and Othmer [I7], Hadeler [26], Holmes
[30], and Mendez et al. [40]. We also recall that existence and stability of traveling
fronts for equation in the case of bistable reaction term is provided in [23] for
g =1, and in [38] for the Allen-Cahn equation with relaxation, i.e. g =1 —7f".

In analogy to the relaxation case of , let us consider the particular case of
(1.1) corresponding to the choice G(u) = I, — 7f’(u), where f’(u) is the Jacobian
of f evaluated at u. We call it the “one-field” equation of system

u; + v, = f(u),
) (1.9)
TVy + U, = —V,



EJDE-2019/113 NONLINEAR DAMPED HYPERBOLIC ALLEN-CAHN SYSTEMS 3

obtained after eliminating the v variable. Note that, for 7 = 0, we formally obtain
the reaction-diffusion system

u; = e2u,, + f(u). (1.10)

Some properties (long time behavior, invariance principles, Turing instabilities) of
systems of the form with general reaction term f have been studied by Hillen
in [27, 28, 29].

The aim of this paper is twofold: first, we will extend to the case of systems the
slow motion results valid for the hyperbolic Allen-Cahn equation (see [18]);
second, we will improve the energy approach used in [18] to obtain an exponentially
large lifetime of the metastable states.

Metastable dynamics is characterized by evolution so slow that (non-stationary)
solutions appear to be stable; metastability is a broad term describing the persis-
tence of unsteady structures for a very long time. For the Allen-Cahn model ,
this phenomenon was firstly observed in [I1}, 12| 13} 22]. In particular, Bronsard
and Kohn [II] introduced an “energy approach”, based on the underlying varia-
tional structure of the equation, to study the metastable dynamics of the solutions.
We also recall the study of generation, persistence and annihilation of metastable
patterns performed in [I6]. In this work, the author studied the persistence of the
metastable states by using a different approach, known as “dynamical approach”,
proposed by Carr-Pego [12] and Fusco-Hale [22]. In [6], the authors provide a vari-
ational counterpart of the dynamical results of [I2] 22]. They justify and confirm,
from a variational point of view, the results of [12] 22] on the exponentially slow
motion of the metastable states.

The dynamical approach and the energy one can be adapted and extended to the
hyperbolic variation (1.7). In [19], by using the dynamical approach, the authors
show the existence of an “approximately invariant” IN-dimensional manifold M, for
the hyperbolic Allen-Cahn equation: if the initial datum is in a tubular neighbor-
hood of M, the solution remains in such neighborhood for an exponentially long
time. Moreover, for an exponentially long time, the solution is a function with NV
transitions between —1 and +1 (the minima of F') and the transition points move
with exponentially small velocity. On the other hand, in [I8], by using the energy
approach, it is proved that if the initial datum wug has a transition layer structure
and the L?-norm of the initial velocity u; is bounded by Cs%, then in a time
scale of order 7% nothing happens, and the solution maintains the same number
of transitions of its initial datum.

The phenomenon of metastability is present in a very large class of different
evolution PDEs. It is impossible to quote all the contributes, here we recall that
using a similar approach to [12] 22], slow motion results have been proved for the
Cahn-Hilliard equation in [T}, 4} [5]. The energy approach is performed in [10] for
the classical Cahn-Hilliard equation and in [20] for its hyperbolic variation. We
also recall the study of metastability for scalar conservation laws [21], [36] 37, B39
43| [45], convection-reaction-diffusion equation [46], general gradient systems [41],
high-order systems [35].

The aforementioned bibliography is confined to one-dimensional scalar models;
the papers [8, [0 [47] deal with the extension to the case of systems of the results
valid for the scalar reaction-diffusion equations. In particular, in [8] a system of
reaction-diffusion equations is considered in the whole real line, with the reaction
term f = —VF and F satisfying —; in [9] is considered the degenerate
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case, that is when F satisfies (L.5), but not the condition (L.6]). Strani [47] studied
systems of the form in a bounded interval, where f = —VF and F satisfying
(L5)-(T.6) with two distinct minima. On the other hand, Grant [25] extended to
Cahn-Morral systems the slow motion results of the Cahn-Hilliard equation, by
improving the energy approach of Bronsard and Kohn [I1]. The improvement from
superpolynomial to exponential speed is made possible by incorporating some ideas
of Alikakos and McKinney [2] and some techniques of Sternberg [44]. In this paper
we use these ideas to improve and extend to the system the results of [I§].
The key point to apply the energy approach of Bronsard and Kohn in system
is the presence of the modified energy functional

Eclu, w(t) := QLEHUt(',t)Hiz + Pe[u](t), (1.11)

where
b
s )12, o= [ |wi(z, t)]de,

P.ul(t) == /ab [§|ux(x,t)|2 + M}dx

The modified energy functional defined in (1.11]) is a nonincreasing function of

time ¢ along the solutions of (1.1))—(1.2). Indeed, if u is a solution of (|1.1)) with
homogeneous Neumann boundary conditions (|1.2)), then

T b
-1 wadr dt = BEolu,u, — Be|u,uy . .
€ /O / G(u)u, - ug dz dt = E.[u,u](0) — E.[u, u,)(T) (1.12)

The proof of (1.12) is in Appendix [5| (see Proposition [5.2)). It follows that the
assumption on G implies the dissipative character of system (1.1)). In particular,

using (|1.4) and (1.12)), we obtain

T b
5_1a/ / lu;|? dz dt < E.[u,u;](0) — E.[u, u](T). (1.13)
0 a

Note that the functional P- is the modified energy functional for the parabolic case
and we have a new term concerning the L?-norm of u; in the hyperbolic
case. As we will see in Section inequality is crucial in the use of the energy
approach, because it allows us to obtain an estimate on the time derivate of the
solution, by taking advantage of some properties of the energy functional E.[u, u].

Remark 1.1. Let us remark that G is a positive-definite matrix for all u € R™,
and the function F' vanishes only on a finite number of points. As we already
mentioned, the assumption is crucial in our proofs, because it implies the
dissipative character of the system and we can obtain the estimate on
the time derivative of the solution. In the case G = 0 we have a nonlinear wave
equation of the form
Ty = e2u,, + f(u),

which exhibits different dynamics (see [T, [3I] and references therein, where the
authors studied the case when f = —VF and the potential F' vanishes on the unit
circle). We also underline that, in this paper, we consider the case of a bounded
interval of the real line, and we use the boundedness of the domain in an essential
way in some key estimates.
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The main result of this article can be sketched as follows. First, we remark that
every piecewise constant function v assuming values in {z1,...,zx} is a stationary
solution of with ¢ = 0. When ¢ > 0 the function v is not a stationary solution
of (L.1)); we consider an initial datum ug € H'([a,b])™ that is close to v in L' for &
small (the precise assumptions on the initial data ug, u; are , )7 and we
prove that the solution maintains the same transition layer structure of its initial
datum for an exponentially large time, i.e. a time T. = O (exp(4/e)), as ¢ — 0T.

The rest of this article is organized as follows. Section[2] the main section of the
paper, is devoted to the analysis of metastability, and it contains the main result,
Theorem In Section [3]| we construct an example of family of functions that has
a transition layer structure. These functions are metastable states for —.
Section [4] contains the study of the motion of the transition layers; in particular, we
prove that they move with exponentially small velocity (see Theorem [4.1)). Finally,
in Appendix [5| we study the well-posedness of the initial boundary value problem

(T1)-(T.2)-(T.3) in the energy space H'([a,b])”™ x L?(a,b)™.

2. METASTABILITY

In this section we study metastability of solutions to the nonlinear damped hy-
perbolic Allen-Cahn system , where u € R™, with homogeneous Neumann
boundary conditions (1.2)). Fix v : [a,b] = {z1,...,2k} having exactly N jumps
located at a < 11 < 72 < -+ < yn < b, and fix r so small that B(vy;,r) C [a,b] for
any ¢ and

B(vi,r) N B(~,,r) =0, fori#j.

Here and below B(+,r) is the open ball of center v and of radius r in the relevant
space. For j = 1,..., K, denote by \; (respectively, A;) the minimum (resp.
maximum) of the eigenvalues of V2F(z;). If A\ = min; A\; and A = max; A;, we
have for any j =1,..., K,

0< Nyl <V?F(z))y -y <Aly]?, VyeR™ (2.1)
Let us consider the modified energy . In the scalar case m = 1, the minimum
energy to have a transition between the two equilibrium points —1 and +1 is the
positive constant ¢y := f_+11 /2F(s)ds. In general, for m > 1, from Young’s
inequality and the positivity of the term - ||ut||i ,» it follows that

b
E.[ww](t) > P.[ul(t) > V2 / V@) [us (2, )| dz. (2.2)
a
This justifies the use of the modified energy ; indeed, the right hand side of

inequality (2.2)) is strictly positive and does not depend on e. For (2.2), we assign
to the discontinuous function v the asymptotic energy

N
PO[V] = Z¢(V(71 - r)vv(%’ + T))’
=1

where

d(&1,&) = inf {J[z] :z € A(([a,b],R™),z(a) = &1,2(b) = 52},

b
Jz] == \/5/ VF(z(s))|2' (s)|ds.
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It is easy to check that ¢ is a metric on R™. Moreover, Young’s inequality and a
change of variable imply that
Pe[z;c,d] = §(z(c), z(d)),

for all @ < ¢ < d < b, where we use the notation P.[z;c,d], when the integral
in is over the interval [c,d] instead of [a,b]. From (2.2)), it follows that
Py[v] is the minimum energy to have N transitions between the equilibrium points
z1,...,2Zk. Precisely, we can prove a lower bound on the energy, which allows us to
proof our main result. Such a result is purely variational in character and concerns
only the functional P;; system plays no role. The idea of the proof is the same
of [25] Lemma 2.1], we repeat it here for the convenience of the reader.

Proposition 2.1. Assume that F : R™ — R satisfies (1.5)-(1.6). Let v : [a,b] —
{21,...,2K} be a function having exactly N jumps located at a < v < 2 < -+ <
YN < b and let A be a positive constant less than rv/2\. Then, there exist constants
C,5 > 0 (depending only on F,v and A) such that, for € sufficiently small, if
lu = V|1 <4, then
P.lu] > Py[v] — Cexp(—A/e). (2.3)

Proof. Let Q be a compact set of R™ containing F~1({0}) in its interior and v :=
sup {|[V3F(¢)|| : ¢ € Q}. Choose # > 0 and p; so small that A < (r—7)/2X — mvp,
and that B(z;, p1) is contained in Q for each z; € F~'({0}). Choose ps so small
that

inf{p(&1,&2) : & & B(zj,p1), &2 € B(zj, p2),2; € F~H({0})}

> sup{¢(zj7§2) 1z, € F71({0}),6 € B(zj,p2)},
and |z; — z;| > 2p, if z; and z; are different zeros of F.

Now, let us focus our attention on B(v;,r), a neighborhood of one of the tran-
sition points of v. For convenience, let v;" := v(v; +7) and v; := v(y; —r). We
claim that there is some 7} € (0,#) such that

(s +74) — v < pa.
Indeed, if jlu — v| > py throughout (v;,7; + #), then

vi+7
Hu—v||L12/ |lu—v|>7ps >0,
¥

if § < 7pg, contrary to assumption on u. Similarly, there is some r_ € (0,#) such
that

u(y —r-) = vy [ < pe.
Next, following [25], consider the unique minimizer z : [y; +r4,v; +r] = R™ of the
functional P.[z;~; 4+ r4,~; + r] subject to the boundary condition
z(yi +ry) = u(y +74).
If the range of z is not contained in B(v;, p1), then
PS[Z;’W + Ty Vi + 7"] > mf{aﬁ(z(% + T‘+),§) : g ¢ B(vjvpl)}
> ¢(z(vi +r4),v7),
by the choice of ry and ps. Suppose, on the other hand, that the range of z is

contained in B (vj7 p1). Then, the Euler-Lagrange equation for z is

7' (x) = e 2VF(z(z)), x€ (vi+ry,vi+r),

(2.4)
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z(vi+ry) =u(yi+ry), 2 (yn+r)=0
Denoting by 9(z) := |z(z) — v; |2, we have ¢/(z) = 2(z — v]") - 2’ and
V(@) = 2a =) A 20l 2 5= V) V()
Since |z(x) — v; | < p; for any = € [y; + r4,; + 7], using Taylor’s expansion
VF(z(z)) = VF(v]) + V2F(v{)(z(z) - v{) + R = V*F(v)(a(z) - v{) + R,

where |R| < mv|z — v |?/2, we obtain

V(@) 2 SVIEN) ) i) - (ala) = v) = Ty lala) — TP
> Dla(a) v~ " ae) - vi P
2
> o),

where p = A/(r — #). Thus, 1 satisfies

2
(@)= @) 20, ze(itrinitr),
POy +ry) = [ulyi+re) =i 3 @(+r)=0.

We compare 1) with the solution 1[) of

A~ 2 A
’l/)//(x) - /;71/1(15) = Oa S (71 + T+, +T),

D rs) =l +r2) = VI 3 r) =0,
which can be explicitly calculated to be
vi |

cosh [g(m — (v + T))} .

cosh [£(r —ry)]
By the maximum principle, ¢(z) < ¥ () so, in particular,
. _vT2
00 1) Z Vi D g (- Aot + 7y) — v P
cosh [£(r —r)]

Y(yi+r) <

Then, we have
2y +7) = vi| < VEexp(—A/22)ps. (2.5)
Now, by using Taylor’s expansion for F'(z(z)) and (2.1)), we obtain
F(z(z)) = F(v{") + VF(v{") - (2(z) - v")

4L (VPO ale) 1) - (ala) ) + oflala) v )

o(|z(z) — vi|?
<o) =P (7 )

Similarly, one has

o(|z(x) — vi|?
Pt =)~ (3 + O
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Therefore, since the range of z is contained in B(v]", p1), if p1 is sufficiently small,
then

i)dz(:r) v [? < F(a(z)) < Ala(z) - vi|2. (2.6)
Let us introduce the line segment
i(y)::Vj+%(Z(7i+7‘)*Vj), a<y<b.
We have z(a) = v, 2(b) = z(y; + 1),
3 (y) = s (el + )~ V), [aly) — v < Jali + 1) — 7,

for any y € [a,b]. Using and (2.6)), we obtain
b
o7 a4 1)) < VE [ VEGW)IE)ldy

b
< ;/_27;2(%+7‘)V?)I/a |2(y) — v |dy (2.7)

< V2Rla(yi + 1) — v
< 2V2A pj exp(—A/e).
From it follows that, for some constant C' > 0,
Pelzsy +ry, v+ 1] = d(z(vi +r4),2(v + 1))

> Glal + ) vi) — 60T A+ ) (g
> 9lalon +r4), V) — o xp(—A/).

Combining (2.4]) and (2.8)), we get that the constrained minimizer z of the proposed
variational problem satisfies

c
Pelziyi + v 1] 2> 0(2(i +74), V) — ﬁexp(—A/*f)-
The restriction of u to [y + r4,v + r] is an admissible function, so it must satisfy
the same estimate

Py + 71,y + 7] > Polzsyi + 74, v + 7]

> ol +72),v7) — o exp(~A/e).

Considering the interval [y; — r,y; — r_], we obtain a similar estimate. Hence,
Py —rvi + 1] = Py — vy — ]+ Pe[wgyi — v,y + 1y
+ Pe[w;yi 4+ g,y + 7]

> o(v; (i — 7)) — o exp(—A/2)

+o(u(yi —r-),u(vi +ry))

Folulyi ), vE) — o exp(~A/e)

> o(vl 7). vl + 1) — < exp(~A/2).
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These estimates hold for any ¢ = 1,..., N. Assembling all of these estimates, we
have

N
P.[u] > ZPE[U;%‘ =17+ 1] =2 Rlv] = Cexp(—A/e),
i=1
and the proof is complete. (Il

Let us stress that Proposition extends and improves [I8, Proposition 2.1].
The sharp estimate is crucial in the proof of our main result. Thanks to
the equality for the modified energy and the lower bound , we can use
the energy approach in the study of the nonlinear damped hyperbolic Allen-Cahn

system (|1.1) with homogeneous Neumann boundary conditions (1.2) and initial
data (|1.3). Let us proceed as in the scalar case m = 1.

Regarding the initial data (|1.3]), we assume that up, u; depend on ¢ and
tim g~ v]l,, = 0. (2.9)
In addition, we suppose that there exist constants A € (0,rv2X) and € > 0 such
that, for all € € (0,£), at the time ¢t = 0, the modified energy (1.11]) satisfies
E.[ug,uf] < Py[v] + Cexp(—A/e), (2.10)

for some constant C' > 0. The condition fixes the number of transitions and
their relative positions as € — 0. The condition requires that the energy at
the time t = 0 exceeds at most C exp(—A/e) the minimum possible to have these
N transitions. Using and Proposition we can prove the following result.

Proposition 2.2. Assume that G satisfies (L.4)) and that f = —VF with F sat-

isfying (1.5))-(1.6). Let u® be solution of (1.1)-(1.2)-(1.3) with initial data uf, ug
satisfying (2.9) and (2.10). Then, there exist positive constants eg,C1,Co2 > 0
(independent on €) such that

Cie” " exp(A/e)
/ ug|12, dt < Cae exp(—A/e), (2.11)
0

for all e € (0,e9).
Proof. Let €9 > 0 so small that for all € € (0,¢g), (2.10) holds and

[ug —vll,, < %6, (2.12)
where ¢ is the constant of Proposition Let T, > 0. We claim that if
T. 1
/0 gl dt < 56, (2.13)
then there exists C'> > 0 such that
E [u®,uf](T:) > Pylv] — Caexp(—A/e). (2.14)

Indeed, E.[u®,u$](T.) > P.[u®](T.) and inequality (2.14) follows from Proposition
if lu®(-,T:) — v|,, < 0. By using triangle inequality, (2.12)) and (2.13), we

obtain

T,
‘ 1
u® (- T2) = v, < e Te) = wgll,, + llug = v, S/O lagll,, + 50 <4
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Substituting (2.14)) and (2.10) in (1.13), one has

Te
/ g1, dt < Cozexp(—A/e), (2.15)
0

It remains to prove that inequality (2.13)) holds for T. > C1e~texp(A/e). If

+o0 1
[ e < 5o
0

there is nothing to prove. Otherwise, choose T such that

TE 1
| e = 3o

Using Holder’s inequality and (2.15]), we infer

Te 1/2
%5§ [Ts(b—a)]l/z(/o Hug\\;dt) - [TL(b — a)Cae exp(—A/e)] 2.

It follows that there exists C; > 0 such that
T. > Cie texp(A/e),

and the proof is complete. O

Now, we can prove our main result.

Theorem 2.3. Assume that G satisfies (1.4) and that f = —VF with F satisfying
(1.5)-(1.6). Let u® be solution of (1.1)-(1.2))-(1.3) with initial data uf, uj satisfying
(2.9) and (2.10). Then, for any s >0

sup [lu®(-,¢) = v] , —= 0. (2.16)
0<t<sexp(A/e) Lt e=0

Proof. Fix s > 0. The triangle inequality gives

[u® (o t) = i, < Hu(o8) =gl + flug = v (2.17)

L1’

for all ¢t € [0, sexp(A/e)]. The last term of inequality (2.17)) tends to 0 by assump-
tion (2.9)), for the first one we have

sexp(A/e)
swp () - il < [ ull,
0<t<sexp(A/e) 0

Taking ¢ so small that s < Cye~!, we can apply Proposition and deduce that

sexp(A/e) 1/2 sexp(A/e) 5 1/2
[ il < sexpaso - a2 ([ P, de)
0 0
< [sexp(A/e)(b — a)]*/? [Cocexp(—A/e)] 12
< V/Cs(b—a)se.

Combining (2.9), (2.17), (2.18) and by passing to the limit as ¢ — 0, we obtain
(2-16). O

(2.18)
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3. EXAMPLE OF TRANSITION LAYER STRUCTURE

In this section we construct an example of functions satisfying assumptions (2.9))
and (2.10). Fix v : [a,b] = {z1,...,2x} having exactly N jumps located at a <
Y1 <y < oo <Ny < b, we say that a family of functions u® has a transition layer
structure if

liII(l) [ug —v|,, =0 and P.u®] < Py[v]+ Cexp(—A/e). (3.1)
e—

Then, in other words, the assumption (2.9) and (2.10) are equivalent to uf has a
transition layer structure and the L2-norm of uj is exponentially small. Indeed,
applying Proposition [2.1] on uf, one obtains for ¢ sufficiently small

b
T/ [u§ (z)]?dr < Ceexp(—Ae). (3.2)

Theorem @, roughly speaking, says that if ug has a transition layer structure
and uj satisfies , then u®(-,¢) maintains the transition layer structure for an
exponentially large time. Moreover, the time derivative u, satisfies for an
exponentially large time.

Let us construct a family of functions having a transition layer structure. In the
scalar case m = 1, we can use the unique solution to the boundary value problem

20" + f(®) =0, ®0)=0, &(z)—+1 asz— +oo,
and define the family ug as

ug(x) == @((x —3)(=1)"*") for x € [yic1/2,Yigr2ls i =1,..., N,
where
Yt Y _ _
Yi+1/2 ‘= Ta Z_la"'aN_lv T1/2 = @, 7N+1/2_b'
Note that u§ is a H' function with a piecewise continuous first derivative that
jumps at vy, for i = 1..., N — 1, that uf has a transition layer structure and
that ®(z) = w(z/e), where w solves the Cauchy problem

w' = /2F (w)
w(0) = 0.
In the simplest example F(w) = 2(w? —1)2, we have w(z) = tanh(z/v/2).
For m > 1, we focus the attention on a fixed transition point 7; and we use again
the notation v := v(v; +r) and v; := v(v; —r). To construct a family u§ having
a transition layer structure, we use the following result by Grant [25].

Lemma 3.1. Let F : R™ — R be a function satisfying —. Then, for
any two zeros z;, z; of I, there is a Lipschitz continuous path 1);; from z; to z;,
parametrized by a multiple of Euclidean arclength, such that ¢(z;,z;) = J[i;].
Moreover, there exists a constant ¢ > 0 such that

[ti;(w) — 24| > c(w —a) forw=a,
[¢i(w) — z;] > e(b—w) forw=b.

For the proof of the above result see [25, Lemma 3.2]. Denote by %, : [a,b] — R™
the optimal path from v, to v as described in Lemma and let o; be the

g

Euclidean arclength of 1p,, that is |¢(x)| = o; for all = € [a,b]. Assume, without
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loss of generality, that the path do not pass through any zero of F' (except at the
endpoints of the path) and consider the solution of the Cauchy problem

W' = 07 ' 2F (3, (w))

—a (3.3)
w(0) = b 5

There exists a unique C* solution w : R — (a,b) of (3.3), because v'F and 1, are
Lipschitz continuous, and F' satisfies ([2.6)). Indeed,

F(4;(w)) < oivVAlw —a| for w =~ a,
F(1;(w)) < o;V/Aw —b|  for w~ b.

Then, we deduce that

$Br_noow(gc) =a and zll)r—ﬁr-loo w(x) = b.

Now, we define u§ := v outside of UY_; B(y;,7) and in B(v;,7) we use the solution
of (3.3). To construct a continuous function, let us define

ug(z) =, (w((z —v)/e)) forze|yi—r+eyi+r—el, (3.4)

and use a line segment to connect v, (w(1—r/¢)) with v;” and 4, (w(r/e —1)) with
vj . Hence, we have

5( V:—F%ﬁr(wl(w(l—r/a))—v;), xe(%‘—ﬂ%—T—i—E),
unlxr) :=
T\t (/e - D) —v) . w e (b — e,

By joining (3.4) and (3.5)), we conclude the definition of uf in B(y;,r). Note that
ug is a piecewise continuously differentiable function and, for (3.4)) one has

(3.5)

o
()" (@) = Z|w'((w =) /e)] for [y —r+e7 +r—el.

Using this equality and (3.3)), we deduce

1

SIS 1P = F(uf) in by —r ey 47— e]. (36)

Now, let us show that the family of functions uj has a transition layer structure,
i.e. uj satisfies (3.1)). The L! requirement follows from the dominated convergence
theorem. Let us prove the energy requirement.

Proposition 3.2. Assume that F : R™ — R satisfies (1.5))-(1.6). Let v : [a,b] —
{21,...,2K} be a function having exactly N jumps located at a < v < o < -+ <
YN < b and let u§ be a function such that u§ := v outside of UN|B(vi,r) and u§

satisfies (3.4), (8.5) in B(yi,r). Forall A € (0,co™'rv/2X) (where c is the constant

introduced in Lemma and o := max; 0;), there exist constants €9, C > 0 such
that, if € € (0,e0), then
P.[uj] < Py[v] + Cexp(—A/e). (3.7
Proof. By definition,
N

P.u§] = P-[ug;yi — 7 + 7).

i=1



EJDE-2019/113 NONLINEAR DAMPED HYPERBOLIC ALLEN-CAHN SYSTEMS 13

Then, we must estimate the energy functional in B(y;, 7). For definitions (3.4) and
(13.5), we split

Plug;vi —r,vi+r] =1L+ I+ I,
where

o= [ G+ T 0,

Iy = / : [l () + T,

First, we estimate the term . By using (3.6) and changing variable y = w((x —
vi)/€), we obtain

Yitr—e us(z w(r/e—1)
k= / 2D gy — v2 / F(i()) i ()| dy.-

i—r+e € w(l—r/e)

By definition %; is an optimal path from v; to v;r and as a consequence

b
L<v3 / VEG )W) ldy = o(vi,vi). (3.8)

Next, we estimate I;. We have

L= /T+E {;*EW%(w(lfr/e))fv[|2+éF(vi_+

-r

x+r

(w,(w(1=r/2)=v]) ) |da.
To estimate the latter term, for e sufficiently small, we use (2.6 to obtain
T+ _ _
(i (w(1=r/2) = v;)) < Al (w(1 = r/e) v %
Thanks to this bound and the Lipschitz continuity of ¢;, one has
I < Clw(l —r/e) —al*. (3.9

F(v; +

Here and in what follows, C' is a positive constant (independent on &) whose value
may change from line to line. To estimate the right hand side of , let us use
Lemma and (2.6). Since w(z) — a as  — —oo and t;(a) = v; , there exists
x1 > 0 sufficiently large so that

w'(z) 2 (0:v2) VAR (w()) = vi | > e(0v2) T VA w(x) - a),

for all z < —zy, where ¢ > 0 is the constant introduced in Lemma [3.1] Using the
notation ¢; := ¢(0v/2)"'vA and multiplying by exp(—c;iz), one has

(exp(—clm)w(x))/ > —acy (exp(—c1x),
for all x < —x;. By integrating the latter inequality, we infer
w(z) —a < Cexp(cia), (3.10)

for all x < —a;. If € is so small that 1 — r/e < —zq, by substituting (3.10) into
(13.9), we obtain
I < Cexp(2¢1(1 —r/e)) < Cexp(—2cir/e) < Cexp(—A/e), (3.11)
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for all positive constant A < 2¢;r < co~'rv/2)\. In a similar way, we can obtain
the estimate for I3. For all A € (0,co™'rv/2)), we have

I3 < Clw(r/e —1) — b]* < Cexp(—A/e). (3.12)

Combining (3.8)), (3.11) and (3.12)), we deduce
P-[usyi — 7 + 1] < ¢(vi, i) + Cexp(=A/e),
and as a trivial consequence we have (3.7]). (]

Hence, we can conclude that if u§ has a transition layer structure and the L2-

norm of u§ is exponentially small (see (3.2))), then the solution of (1.1])-(1.2))-(1.3)

evolves very slowly in time and maintains the same transition layer structure of the
initial datum u§ for an exponentially long time.

4. LAYER DYNAMICS

In this section we study the motion of the transition layers and we show that
Theorem implies that the movement of the layers is extremely slow. To do this,
we adapt the strategy already used in |25, [I8]. Before stating the main result of the
section, we need some definitions. If v : [a,b] — R™ is a step function with jumps
at y1,72, .. .,YN, then its interface I[v] is defined by

Iv] = {v1,72,...,w}
For an arbitrary function u : [a,b] — R™ and an arbitrary closed subset D C
R™\F~1({0}), the interface Ip[u] is defined by
Ip[u] :=u (D).
Finally, for any A, B C R the Hausdorff distance d(A, B) between A and B is

defined by

d(A, B) := max{ sup d(«, B), sup d(f3, A)},
acA peB

where d(8, A) := inf{|f —a| : a € A}.
Now we can state the main result of this section.

Theorem 4.1. Assume that G satisfies (1.4) and that f = —VF with F satisfying

(1.5)-(1.6). Let u® be solution of (1.1)-(1.2)-(L.3) with initial data uf, u§ satisfying
(2.9) and ([2.10). Given 61 € (0,7) and a closed subset D C R™\F~1({0}), set

TE((Sl) = inf{t . d(ID[us(~,t)],ID[u8]) > (51}
There exists g > 0 such that if € € (0,e9) then
T:(61) > exp(A/e). (4.1)

To prove Theorem we use the following result, that is, as Proposition
purely variational in character and concerns only the functional P..

Lemma 4.2. Assume that F : R™ — R satisfies (L5)-(L6). Let v : [a,b] —
{21,...,2K} be a function having exactly N jumps located at a < v < 3 < -+ <
YN < b. Given §; € (0,7) and a closed subset D C R™\F~1({0}), there exist
€0, p > 0 such that for all functions u® : [a,b] — R™ satisfying

u il < 5061, (1.2)
Ps[us] < PO[V} + 2NSUp{¢(Z]‘,f) 1Zj € Fﬁl({o})vg € B(Zjvp)}v (43)



EJDE-2019/113 NONLINEAR DAMPED HYPERBOLIC ALLEN-CAHN SYSTEMS 15

for all e € (0,e0), we have
1
d(ID [us], I[V]) < 551 (44)

Proof. Choose p > 0 small enough that
inf{¢(§1a§2) tZj € Fﬁl({o})agl € Kv 62 S B(Zj7p)}
> 4N sup{o(z;,&2) : z; € F~H({0}),& € B(zj,p)}-
By reasoning as in Proposition [2.1) we obtain that for each ¢ there exist
a; € (vi—61/2,7) and  zf € (i, 7 +61/2)
such that
[u(z;) = v(z;)| <p and [u(z]) —v(z])] <p.
Suppose that (4.4)) is violated. Then, we deduce
N
P.[uf] > P ua;x._,x',"'
] 2 3Pt s
+inf{¢(¢1,&) 1z, € F7H({0}),& € K, & € B(zj,p)}.
On the other hand, the triangle inequality gives
o(v(z), v(z;)) < o(v(zl), us(z)) + ¢(u(z]),u(z7)) + d(u(z7), v(z;))
and as a consequence
o(u(z;), w (@) = ¢(v(z) v(a))
— 2sup{¢(z;,&) 125 € F~1({0}), & € Bz, p)}.
Substituting the latter bound in (4.5)) and recalling that
P.fuf; a7, 2] > ¢(u(z;), u(z)),

we infer that
P.[u®] > Po[v] — 2N sup{¢(z;, &) : 25 € F7'({0}), & € B(z;,p)}
+inf{(61,&) s z; € F1({0}),&1 € K, & € B(zj,p)}.
For the choice of p and assumption , we obtain
P.[uf] > Po[v] + 2N sup{¢(z;, &) : z; € F1({0}). & € B(z;,p)} = Po[ul],
which is a contradiction. Hence, the bound is true. [l
The previous result and Theorem [2.3] permits us to prove Theorem [4.1]

Proof of Theorem[{.1. Let ey > 0 so small that the assumptions on the initial data

(2.9), (2.10) imply that u§ satisfy (4.2)) and (4.3)) for all € € (0,20). From Lemma
[4.2]it follows that

A(Tpfug], 1)) < 561 (4.6)

Now, we apply the same reasoning to u®(-,t) for all ¢ < exp(A/e). Assumption
(4.2) is satisfied for Theorem while (4.3) holds because E.[u®, uf](t) is a non-
increasing function of ¢. Then,

Aol (1), 1)) < 361 (4.7)



16 R. FOLINO EJDE-2019/113

for all ¢ € (0,exp(A/¢)). Combining and ([4.7), we obtain
d(Ip[u® ()], In[ug)) < o1
for all t € (0,exp(A/e)) and the proof is complete. O
Then, the velocity of the transition layers is exponentially small. Thanks to
Theorem [2.3|and Theorem[4.1] we obtain exponentially slow motion. In [I9], similar

results have been obtained in the scalar case, by using a different method, the
dynamical approach of Carr and Pego [12].

5. APPENDIX: EXISTENCE AND UNIQUENESS

In this appendix we study the well-posedness of the following initial boundary
problem
Ty + G(u)w = ®uy, +f(u) = € [a,b], t >0,
u(z,0) =ug(z) =€ [a,b,
w(z,0) =uy(z) z € [a,b],
u(a,t) =u,(bt)=0 t>0,
where u(z,t) € R™, G : R™ — R™*™ f:R™ — R™ and ¢,7 > 0. The strategy
that we will use is standard and is based on the semigroup theory for solutions
of differential equations on Hilbert spaces (see Cazenave and Haraux [I5], and
Pazy [42]). Following the ideas of the scalar case m = 1 (cfr. [I8]) and setting

y = (u,v) = (u,u;), we rewrite the first equation of (5.1) as a first order evolution
equation

(5.1)

yi = Any + ®n(y), (5.2)
where

0 I
Amy = (827%2]17,1 O:Z) y-Y (53)

2,5)=5 4+ (1) o) (5.4)

G(
The unknown y is considered as a function of a real (positive) variable ¢ with values
on the function space X™ = H'([a,b])"™ x L?(a,b)" with scalar product

b
((a,v),(w,2z)x := / (€2uz ‘W, +TU- W+ TV - 2)dz,

that is equivalent to the usual scalar product in H'([a,b]))™ x L?(a,b)™
Proposition 5.1. The linear operator A,, : D(A,;,) C X™ — X™ defined by
with

D(A,,) = {(u, v) € H*([a,b)" x H([a,b]))" : uz(a) = uy(b) = O}, (5.5)
is m-dissipative with dense domain.

The proof is just a vector notation of the scalar case m = 1 (see [I8, Proposition
A3)).

Given a matrix B € R™*™ we denote by | - || the matrix norm induced by
the vector norm |u|s = max |u;| on R™

m

|Blloc == max > |by]-
1<i<m 4 1
i=



EJDE-2019/113 NONLINEAR DAMPED HYPERBOLIC ALLEN-CAHN SYSTEMS 17

We suppose that f € C(R™,R™) and
|f(X1) — f(X2)| < Ll(K)|X1 — X2|, Vxl,xQ € Bgk. (56)

Here and below By is the open ball of center 0 and of radius K in the relevant
space. Regarding G, we suppose that G € C(R™,R™*™) and

HG(Xl) — G(XQ)HOO < LQ(K)‘X:{ — X2|, VX1,X2 € By. (57)

Then, f and G are locally Lipschitz continuous functions. If f satisfies (5.6) and if
F is the operator defined by (F(u))(x) := f(u(z)), then F maps H'([a,b])" into
L?(a,b)™ and there exists C'(K) > 0 such that

| F(ur) = F(ug)|,, < Ci(K)|lwy —uzf,,, Yui,uz € Bk, (5.8)

2 b
where [ul|”, = [, lul*dx.

Moreover, we have

b
IG(w)v|?, S/ IGW|2 [vIde < max |G (u(@)]|? |Iv] (5.9)

L2’

for all (u,v) € X™. Using (5.7) and (5.9)), we obtain
I(Gw) = Glu)v[?, < Co(K)|[wr — w2 [Iv]%,, (5.10)

for all uy,us € Bg. It follows that the function ®,,, defined by (5.4) is a Lipschitz
continuous function on bounded subsets of X™. Indeed, for all y; = (uy,vy),
y2 = (ug,va) € X™ we have

[®m(y1) = Bm(y2)ll xm
< ly1 = yallxm + C (|1 F (1) = Flus)

Let K := max{[|y1[/xm, [|y2|

. + 1G(u1)vi — G(uz)va ) -
«m }- We have that

1G(a)vy — G(az)va|,, < [[Glur)(vi = Vo)l + [[(G(ur) — G(ug))vall
< C(E)([[vi = vall o + [wr —uzll,,,),

where we used that G is locally Lipschitz continuous and H([a,b]) C L*°([a,b])
with continuous inclusion. From this inequality and (5.8)), it follows that there
exists a constant L(K) (depending on K) such that

1@ (Y1) = P (y2)llxm < LIy1 = yallm-

Therefore, we can proceed in the same way of the scalar case m = 1. Forallx € X™

the Cauchy problem (5.2), with A,, and ®,,, defined by (5.3)-(5.5) and (5.4)), f,G

locally Lipschitz continuous and initial data y(0) = x has a unique mild solution
on [0,T(x)), that is a function y € C([0,T(x), X™) solving the problem

y(t) = Sp(t)x +/O Sm(t — 8)®,,(y(s))ds, Vte[0,T(x)),

where (S,,(t))¢>0 is the contraction semigroup in X™, generated by A,,. In par-
ticular, if x = (ug,u;) € D(A,,), then y = (u,u) is a classical solution, that is a
solution of (5.1) for ¢ € [0,T'(x)) satisfying

(u,uy) € C([0, T(x)), D(An)) N CH([0, T(x)), X™).
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To show the existence of a global solution, we define the energy

b T 52
Elu, w](t) ;:/ [§|ut(x,t)|2+5|uz(x,t)|2+F(u(x7t))}dac, (5.11)

where f(u) = —VF(u). Observe that the energy (5.11)) is well-defined for mild
solutions (u,u) € C([0,T], X™). Using the same procedure of [I§], we can prove
the following result.

Proposition 5.2. Assume that £ and G are locally Lipschitz continuous. If (u,uy)
is in C([0,T], X™) and is a mild solution, then

T b
/0 / G(u)u; - up de dt = Efu, us](0) — Efu, us](T). (5.12)

Proof. Let T'> 0 and u be a classical solution of problem (5.1). Taking the scalar
product with ug and integrating on [a,b] x (0,7T), we have

T b T b
/ / (Tug - uy + G(w)ug - wy) dadt = / / (52ut Uy + f(u) - ut) dz dt.
0 a 0 a

Using integration by parts and the homogeneous Neumann boundary conditions,
we obtain

b
d /T
/ TUy - Uy dJ? = T(ut,utt>L2 = % (§||ut||i2) y

b ) 9 b d 52 2
[ et vnde = = [ wde = =4 (Sl

Therefore,
T b b
/ / Gu)uy -updedt = / [z|ut(l‘,0)|2 - Z|ut(va)|2] dr
0 a a 2 2

b e 2 e 2
+/ [2ux(sc,0)| —?\ux(sc,Tﬂ }da:

b
+ / [F(u(z,0)) — F(u(z,T))] dx.

Using the definition of energy , we have (5.12)) for classical solutions.

If x € D(A,,) the solution is classical and (5.12) holds. For x € X™\D(A4,,),
we use the continuous dependence on the initial data of the solution (cfr. [I5]
Proposition 4.3.7]). Let us consider x,, € D(A,,) such that x,, — x in X™. For the

corresponding solution y,, = (u,, (u,)¢), (5.12)) is satisfied; by passing to the limit
and using [15], Proposition 4.3.7], we obtain (5.12)) for y = (u, u;). |

If we assume that G(u) is positive semi-definite for all u € R™, then the energy
is a nonincreasing function of ¢ along the solutions of (5.1). Furthermore, if G(u)
is positive definite for all u € R™, then there exists a constant a > 0 such that

T b
a/o / lu;|? dz dt < E[u,u;](0) — E[u, us](T).

Therefore, the initial boundary value problem (5.1)) is globally well-posed in the
energy space H'([a,b])"™ x L?(a,b)™.
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Theorem 5.3. Assume that £, G are locally Lipschitz continuous,

Gx)y-y >0, vx,yeR™ (5.13)

and that there is L > 0 such that for any |x| > L,
F(x) > C|x|?, for some C € R, (5.14)
where f(x) := —VF(x). Then, for any (ug,u;) € H'([a,b])" x L%(a,b)" there

exists a unique mild solution of (5.1))
(u,u;) € c([om),Hl([a,b])m X L2(a,b)m).

Thanks to Proposition[5.1]and Proposition[5.2] the proof is just a vector notation
of the scalar case (see [I8, Theorem A.7]).
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