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ABSTRACT. We consider the gradient flow evolution of a phase-field model for crystal dislo-
cations in a single slip system in the presence of forest dislocations. The model is based on a
Peierls-Nabarro type energy penalizing non-integer slip and elastic stress. Forest dislocations
are introduced as a perforation of the domain by small disks where slip is prohibited. The
I'-limit of this energy was deduced by Garroni and Miiller (2005 and 2006). Our main result
shows that the gradient flows of these I'-convergent energy functionals do not approach the
gradient flow of the limiting energy. Indeed, the gradient flow dynamics remains a physically
reasonable model in the case of non-monotone loading. Our proofs rely on the construction of
explicit sub- and super-solutions to a fractional Allen-Cahn equation on a flat torus or in the
plane, with Dirichlet data on a union of small discs. The presence of these obstacles leads to
an additional friction in the viscous evolution which appears as a stored energy in the I'-limit,
but it does not act as a driving force. Extensions to related models with soft pinning and
non-viscous evolutions are also discussed. In terms of physics, our results explain how in this
phase field model the presence of forest dislocations still allows for plastic as opposed to only
elastic deformation.
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It is well-known that I'-convergence of functionals is a CO-type convergence that does not

imply convergence of the related dynamics. For example, the ‘wiggly’ potentials

fe:[-1,1] = R, fe(x) = 2% 4 2¢ sin(x? /¢)
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converge uniformly, hence also in the sense of I'-convergence, to the limit f(z) = 2% as e — 0
while solutions to the gradient flows of f. never travel farther than ++/7e from their initial datum
into a local minimum and thus do not resemble the gradient flow of the I'-limit at all.

On the other hand, there are well known conditions under which the gradient flows of IT'-
convergent functionals on Hilbert spaces [SS04] and metric spaces [Ser11] approach the gradient
flow of a the limiting energy in a suitable sense. In applications, it is not always obvious whether
functionals belong to the ‘wiggly’ or the convergent ‘Sandier-Serfaty’-class.

Here, we consider the effect of forest dislocations on the propagation of slip in Peierls-Nabarro-
type models following [KCO02]. In [GMO05, GMO06] it was shown that the corresponding non-local
Modica-Mortola type energy functional augmented with the condition that the phase field wu.
vanishes at certain small obstacles I'-converges to a functional given by the sum of a perimeter
and a bulk energy. Essentially, the articles above show (in higher generality) that the energies

1 1
(1) 6.0) = oy (el + [ TW ) )
converge to a functional
(1.2) E(u) =Per({u =1}) + AaH*({u = 1}), u € BV (T?,{0,1})

in the sense of I'-convergence with respect to the strong L2-topology when restricted to the
spaces

(1.3) E X, - R, X :={uc € H1/2(']I‘2) |ue =0 on Be(x;e) for 1 <i < N.}.

The obstacles z; . have to satisfy certain distribution assumptions and rr=— Zivjl bp. — AH?,

where H* denotes the k-dimensional Hausdorff measure (so #? = £2 is the Lebesgue measure)
and W is a non-negative smooth multi-well potential vanishing quadratically at the integers.
The constant « is determined through the solution of a cell-problem. Dislocations in this model
are given heuristically by Z + 1/2-level sets of the slip u (see Figure 1).

The focus of this article is the evolution that arises as the limit of the L?-gradient flows of the
energies &. In technical terms, we are interested in the behaviour of solutions to the evolution
equation

ety = e (Au—W(w) ¢>0, x€ T\ U, B(wi.)
(1.4) u = t>0,x¢€ U1N=€1 B (zi¢)
u =u’ t=20
as € — 0, where A := —(—A)'/2 is the fractional Laplacian or order s = 1/2 and the pinning

condition is interpreted as wuc(t,-) € X¢ for all ¢ > 0 for weak solutions while the differential
equation is only tested with functions supported in T? \ Uivjl B.(zic). The case ¢ = 1 cor-
responds to the time-normalised gradient flow dynamics of (1.1) under the pinning constraint
(1.3). Depending on the exact problem, we identify the scaling regime ¢, in which the evolution
approaches non-trivial limiting dynamics and give results on the limits of solutions of (1.4) for
suitable initial conditions.

We show that this problem belongs to the ‘wiggly’ world, i.e., that the gradient flows of & do
not approach the dynamics of the limiting problem. The idea behind this is that the non-locality
in the energy is too weak to summon a driving force on an otherwise unloaded flat dislocation
from the pinning constraint on a relevant time scale. On the other hand, if an external force (or
a curvature term) acts to expand the {u. =~ 1}-phase, we do see a resistance from the energy
barrier. Thus the perforation of the domain induces a friction which only resists other forces but
does not initiate movement.
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Three different terms appear in the dynamics on different time-scales: The curvature driven
evolution stemming from the diffuse line-energy which acts on the gradient flow scale, a non-local
interaction between interfaces (kink/kink repulsion and kink/anti-kink attraction) stemming
from the next order I'-limit which is |loge|~!-small with respect to the curvature flow, and
the diffuse bulk term, which acts as a driving force, but only on a time-scale which is roughly
e'/2_slow with respect to the other terms, although it can act against other forces on the fast
scale.

In this article, we mostly focus on the situation of infinite parallel straight interfaces to be able
to neglect the curvature-driven evolution. We construct explicit sub- and super-solutions to esti-
mate the speed of motion of an interface. At some non-straight interfaces, we can obtain bounds
by using sub-solutions as barriers to show non-expansive behaviour (i.e., © non-decreasing) and
energy methods to show non-shrinking of an initial condition (i.e., u non-increasing).

Physically, our results provide a justification why the phase-field model is valid beyond the
applicability of the I'-limit, where the bulk term stemming from the forest dislocations induces
a dislocation evolution to return to the undeformed state u = 0 at macroscopic velocities.

The article is structured as follows. In Section 2, we explain the mathematical setting and
the heuristic reasoning behind our results as well as a brief statement of our main theorems.
In Section 3 we construct sub-solutions and apply them to a one-dimensional analogue of our
problem in order to obtain results in this simpler setting. In Section 4, we state the main results
in more precise and general terms and show how the one-dimensional proofs can be adapted
to yield the full results. Section 5 is devoted to the discussion of different related models, in
particular non-viscous evolution. We conclude the article with a brief summary and some open
problems. In an appendix, we briefly discuss parabolic equations with fractional differential
operators on bounded domains.

2. BACKGROUND AND HEURISTICS

2.1. The Energy Limit. The energies £ are obtained as a model for crystal dislocations in
[KCOO02] and motivated in their current form in [GM05, GMO06]. As the characteristic length
scale € of crystal grids is typically very small compared to the behaviour of a crystal on the length
scale we are interested in, it is desirable to have a simpler continuum limit € — 0 available. This
has been formalised by Garroni and Miiller as follows.

Theorem 2.1. [GMO6] Let x; . € T? be points such that 1 < i < N, with H:TdNE — A satisfying
the following assumptions:
(1) (equi-distributed) For re ~ N2 there exist constants ¢,C > 0 such that
cr?N. < N.(Q.) < Cr2 N.

where Ne(Qg) is the number of obstacles in Q. and Q. is a square of side length r..
(2) (well-separated) There exists 3 < 1 independent of € > 0 such that d(w; e, xjc) > 6P
forall1 <i##j <N,
(3) (finite capacity density) The obstacles approach a multiple of the Lebesque measure
through roe— Zszl 8z, = A L2 for A € (0,00).
Take the space
X. = {u. € HY*(T?) |u. = 0 on B.(x;.) for 1 <i < N.}

and the energy functional

1 1
& Xe = R, E(ue) = Toge] <[u5]f/2 + /]1‘2 EW(UE) dx)
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€

FIGURE 1. The phase-field u. counts the number of half-planes wedged into a
crystal grid. Dislocations are the level sets of Z+1/2, i.e, the interfaces between
the phases. The dislocations we consider all lie in the same plane X of the crystal
grid and their Burgers vectors b are integer multiples of a single vector bo.

where W is a periodic multi well potential satisfying W > cdistz(-, Z) for some ¢ > 0. Then
[0@?) -~ tme] () = / o(u) dz + 4/ ] dH! = / o(u) dz + 4| Du|(T?)
e—0 T2 Ju T2

where u € BV (T2, Z), [u] = ut — u~ denotes the jump of u on the jump set J, and o(z) is
determined as the solution of the cell problem

(2.1) a(z) = inf {; [w]%/Q,Rz + - W(w) dx

w—ze H/2(R?), w=0 on Bl(())}.

In [GMO05, GMO6] the precise statement is given also for anisotropic kernels, different scalings
of the number of obstacles, different obstacle sizes proportional to e, and finite strength pinning.
Furthermore, pre-compactness of finite energy sequences is established.

Let us briefly comment on this result. The I'-limit is essentially the sum of two terms, the
perimeter functional which occurs as the limit of the unconstrained non-local Modica-Mortola
functional (see [ABS98, SV12| for double-well potentials and [GMO06, Kur06, Kur07] for periodic
potentials), and the bulk term which stems from the pinning constraint (see [MK64, MK74,
CM97, ABO02| for the local case). In the critical scaling N, ~ % both terms appear on the
same order.

Remark 2.2. In one dimension, the critical scaling is N ~ |loge|. The difference arises due to
the different scaling of the H'/2-semi-norm in different dimensions.

2.2. Viscous Evolution. In this article, we compare the gradient-flow dynamics associated to
the functionals &, with those of the continuum limit. If we assume that both halves of the crystal
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relax on a timescale much faster than the motion of dislocations, we can describe the dynamics
by a quasi-static evolution, i.e. only the jump condition between the traces in upper and lower
half-space along the slip plane needs to be evolved according to the gradient flow of the energy &,
and the distortion field in upper and lower half space approaches the associated energy minimum
instantaneously.

According to [IS09], solutions to the associated evolution equation of & without the pinning

constraint
1 1
=—— |[Au—-W'
"= gy (A= 2 W)

converge to level set mean curvature flow.

Remark 2.3. The ¢ in front of the time derivative is the correct time scaling for a phase field
gradient flow since the interface moves with speed O(1) if the time derivative is O(1/¢).

In one dimension, the perimeter functional has no interesting dynamics, so the behaviour of
the evolution equation (without obstacles) should be governed by the next order I'-limit. At a
simple step function xj, ,,) on the real line we can modify arguments from [Kur06, Kur07] for
closely related energies to see that

1 1
(2.2) F(LQ) — lim | loge] - (88 — ) = —logl|ra — 1|+ co
e—0 T ™

where & is given by the same formula as above, but in dimension one and on a space without
pinning constraint. Here cy > 0 is a constant depending on the potential W. In particular, the
next order term in the I'-expansion vanishes only logarithmically in e rather than exponentially
fast as in the classical local functional. Using non-variational techniques, Gonzalez and Monneau
showed in [GM12] that in one dimension (or at straight parallel interfaces), we still expect to see
attraction of interfaces on the slower timescale

ey =L (Au— 1W’(u)> .

|log e |loge| €

This motion contrasts with the (local) Allen-Cahn equation in one dimension
1 /
cur = e Au— — W'(u),
€

which becomes exponentially slow in € [CP89]. The stronger attraction here stems from the non-
locality of the half Laplacian as compared to the full Laplace operator, occurring analogously
in the next order I'-limit (2.2) at a simple step function. The heavy tails of the singular kernel
force slower decay of optimal interfaces for the fractional Allen-Cahn equation, which translates
into stronger attraction (see Section 3.2).

Now consider the effect of pinning, just in one dimension. Heuristically, we simply take a
function u with one or two interfaces and pinned obstacles on points d.Z such that the interfaces
are O(d.) away from the nearest obstacle, 0 outside and 1 in between the obstacles. The obstacle
at md. contributes an amount roughly proportional to

md.+e e
|10g‘5|/d75 Ix\2 ~ Toge[m? &2
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to the attractive force in the 1/2-Laplacian on an interface at x = 0, using the representation of
the half-Laplacian as a singular integral operator

A Pute) u(y) — u(z)
() uta) = Py, | SO

_ u(y) — u(z) — (Vu(z),y — ) u(y) — u(x)
(2:3) B /Bp(x) ly — x|t d+ /]R"\Bp(m) |z — y[n+l a.

The expression P.V. [ denotes that the integral needs to be understood in the principal value
sense P.V. fR" = lim._g fR"\BE(O)' This interpretation will be implied in the following. The
integrals in the second expression exist and use the symmetry of the integral kernel and the
antisymmetry of the linear term for cancellation effects and p € (0,00) can be chosen freely.
This form will be frequently used for estimates in the following. Note that our normalisation
of the fractional Laplacian (and the H'/2-semi-norm) differ from the usual one by a dimension-
dependent constant.

We can sum over m € Z and obtain a term proportional to ¢/(d? |loge|), which is much
smaller than the attractive force between interfaces for d. > /¢ and small in the natural gradient
flow time scaling for d. > \/¢/|loge|. Seeing that the interesting amount of obstacles in one
dimension would be N, ~ |loge| on a periodic interval, the natural distance between obstacles
scales as d. ~ 1/|loge|. We are led to the conjecture that the obstacles’ contribution to the
the contracting force vanishes in the limit € — 0, and that the dynamics are independent of the
presence of obstacles in this scenario.

In one dimension, the pinning is expected to have an effect on the evolution if d. ~ /¢/|loge],
which is the natural length scale in two dimensions (since the natural scaling for the number of
obstacles is N, ~ %) We would still expect two-dimensional solutions to become slow in this
scaling since the one-dimensional case corresponds to solutions constant in one direction or the
effect of pinning along whole lines, not just on circles.

A two dimensional version of the argument above gives the contribution

1 Ly €2 1
—w adr = : .
[logel /B, (id. ja.) 17 [loge|d? (% +j2)3/2

for a single obstacle and thus the scaling proportional to 2/(d2 | log e|) for the contribution of the
obstacles to the driving force. Again, inserting d. = 1/v/N. = \/¢/|loge|, we see that this force

should be O('/2|log £|*/?) which is negligible compared to the attraction between interfaces, let
alone curvature.

Technically, the relevant consideration is whether this back-of-the-envelope calculation gives
the right scaling or whether the pinning induces further non-local effects. In particular, we need
to investigate how quickly minimisers of the cell-problem (2.1) approach z € Z at infinity.

Another interesting question is how pinning interacts with other terms. Namely, when external
forces, the attraction of interfaces, or curvature terms are driving an interface to expand the phase
{u = 0}, a moving interface must create new obstacles during the movement (for example by
Orowan loops). This would lead to an increase in the bulk energy term which may dominate the
potential energy gain. In this case, the presence of obstacles prevents motion.

These heuristic considerations suggest that the forest dislocations do not act as a driving force
on the relevant time-scale, but may act against other driving forces to prevent motion. In this
sense, it is more appropriate to think of the obstacles as creating a friction term in the dynamic
case rather than a stored energy as it appears in the I'-limit. Studying the gradient flow of the
present phase field model thus provides insight into the treatment of stored energy hardening
terms in macroscopic models for plastic evolution, in particular how to include a Bauschinger
effect.
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2.3. Main Results and Idea of Proof. We will always assume that W € C°°(R), that W is
1-periodic and satisfies W > cdist?(-, Z) for some ¢ > 0 and W (0) = 0. Note that the conditions
together imply that W (0) > 0. Additional conditions will be placed on W in Sections 3.2
and 3.4 to ensure the right behaviour of the second derivatives of the optimal transition profile
between two neighbouring potential wells in one dimension and of a corrector function for moving
interfaces. The prototype of an admissible potential is W(z) = sin(wz) + 1. Furthermore, we
make the following assumptions on the distribution of obstacles z; .:

(1) the assumptions of Theorem 2.1 hold and additionally

(2) the obstacles are arranged as perturbations of a square grid.

The second condition is stated in a precise fashion in Theorem 4.5. Admissible configurations
are a perfect square grid with length scale d. ~ N; 1 2, small perturbations of the grid on a small
fraction of this length scale, or a square grid on a slightly smaller length scale with vacancies and
potentially multiple points z; . close to a single node of the grid. For technical reasons a truly
random arrangement of z; . as identically and uniformly distributed points on T? is admissible
neither for our results nor in Theorem 2.1.

Heuristic Statement of the Main Results. Under the assumptions above, the following
holds:

(1) The gradient-flows of E. do not converge to the gradient flow of € in any time-scale, nor
to pure mean curvature flow.

(2) For a suitably aligned single straight interface on R?, a time-rescaling c. < | /IIOETEI 18
necessary to obtain a moving interface in the limit € — 0. In the plane or on a flat torus,
two suitably aligned and sufficiently close interfaces attract on a time-scale of c. =
This motion is independent of the presence of obstacles z; ..

(3) If we apply an external force to increase the amount of slip |u| or mean curvature flow
would act in that way, the Garroni-Miller energy barrier has to be overcome and the
presence of obstacles can prevent such motion.

1
[loge|”

Remark 2.4. Point (2) in the main results can be interpreted in the sense that in the unrescaled
time-scale, dislocations remain stationary after unloading in contrast to the evolution of the
I'-limit. This extends the validity of the phase-field model to non-monotone loading.

Remark 2.5. Informally speaking, the essence of our results can be stated as follows. In the
gradient flow time scaling and in the presence of forest dislocations, straight parallel dislocation
lines are stationary. If an exterior force is applied in the direction of increasing the amount of
slip, the dislocations remain stationary until a certain threshold is reached, while they offer nei-
ther resistance nor help to an exterior force which acts in the direction of decreasing the amount
of slip, see Figure 2. In particular, the results derived here are consistent with the mechani-
cal Bauschinger effect observed in [DR10], in the sense that reverting a plastic deformation is
associated with a dramatic yield strength drop, but the reversal does of course not take place
spontaneously.

To simplify the constructions, we have presented proofs for slip functions taking only the
values in [0, 1], but extensions to positive slip are possible. For technical reasons, we focus on
signed slip and interfaces which are aligned with the forest dislocations. By that we mean that if
the forest dislocations are located on a square grid d. - Z? and a straight interface in R? meets the
z-axis at an angle ¢ € [0,27), then we require tan(¢) € Q. We believe that also this restriction
is of a purely technical nature.

In one dimension, the second restriction does not appear and the results are sharp.

The precise statements of these results can be found in the main text, most importantly in
Theorems 4.3, 4.5 and Corollary 4.7. The exact time-scaling c. for a gradient flow u. of & for a
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no forest dislocations

gradient flow of the I'-limit
/" limit of the gradient flows

fo f

FIGURE 2. We consider the normal velocity V(f) of a single straight dislocation
in the sharp interface limit without time rescaling under an applied exterior force
f. In the figure above, both the force and the velocity of the interface are chosen
to be positive in the direction of increasing slip. The three lines illustrate the
kinetic relation derived from a viscous evolution without forest dislocations, the
gradient flow of the Garroni-Miiller I'-limit (with fy = A - (1)), and the limit
of gradient flows of the phase field model with forest dislocations, respectively.
The regime of the dotted line has not been treated here, and is to be taken as
a conjecture.

single straight and aligned interface in the plane is not known, but the bounds

5 3
L S S
\/ [loge|® — = \/ [loge]

hold. Stronger results are available in one dimension, see Theorems 3.8, 3.11, 3.12 and 3.16.

As seen in the heuristic calculations above or in other situations of ‘dynamic meta-stability’
[BK90], the pinning constraint induces no motion on the macroscopic time-scale since its en-
ergy dissipation is highly localised at the obstacles. A similar phenomenon is observed in the

aforementioned ODE model )
T = -2z (1 — sin (x))
€

which is the gradient flow of F(z) = 2% + e cos(x? /). Short bursts of very fast motion can be
observed here before getting trapped in a local energy minimum. Replacing the sin-function by
a suitable modification, we can instead observe very fast motion at steep drops alternating with
very slow motion on almost flat segments. The overall motion becomes slow as € — 0 due to the
many flat segments of the potential. An energy dissipation argument for such a system can be
found in [Miel2].

Unfortunately, directly using energy dissipation techniques appears impossible in our model.
Instead, we construct viscosity sub- and super-solutions of (1.4) which ‘trap’ a solution. If we
can establish a certain behaviour for both the sub- and super-solution, it follows that it also
holds for the solution. Using suitable estimates, the slowness of sub- and super-solutions (or
their behaviour according to kink/anti-kink attraction) can be established through a rigorous
version of the heuristic calculation given above. For a one-dimensional problem without pinning,
a similar approach has been used in [GM12].

The main difficulty in the proof therefore lies in the construction of suitable sub-solutions
for the non-local evolution equation. We first prove analogue statements in one dimension in
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Theorems 3.8, 3.11, 3.12 and 3.16 because this is technically easier and then modify the arguments
to yield the result in two dimensions.

The construction proceeds in two steps. First we construct a stationary sub-solution at a
pinning site by considering a periodic constrained minimisation cell problem and obtaining sharp
decay estimates for the solution as € — 0. Then we carefully glue the stationary sub-solution to
a modified optimal profile for the transition between the potential wells with precise estimates
in order to not destroy the sub-solution property.

3. ONE-DIMENSIONAL DYNAMICS

In this section, we construct sub- and super-solutions to the evolution equation (1.4) in
one space dimension for various initial conditions. This is significantly simpler than the two-
dimensional case even at straight parallel interfaces, so we devote an entire section to demon-
strate the techniques that will later be refined for the two-dimensional evolution. The rate we
obtain is optimal in one dimension, while there is a difference of order O(]loge|) between the
upper and the lower bound in the two-dimensional case.

3.1. Periodic Obstacles. We consider a rescaled version of the problem where a forest disloca-
tion/obstacle has length scale O(1). The same length scale occurs in the transition of an optimal
profile between two potential wells.

Lemma 3.1. Denote by S} the circle of length | > 0 and take R, M > 0 and an arbitrary point
xo € S}. Then, if I > 1 is large enough, there exists a function @ € Hl/Q(Sll) such that

M
@ =0 on Bgr(zo) and Aw — W' () = - on S} \ Bgr(zo)

in the weak sense. The function u; has the following properties:

0 <u <1 andu > 0 outside Br(xg).

[ ]

o € CO¥V2(SH) and w € C2.(S}\ Br(wo)).

o Ifz €S} and T denotes the reflection of x through xo, then u, (z) = ().

o Ifweidentify S} = [—1/2,1/2) and o = 0, then 4 is monotonically increasing on [0,1/2).

o Let § > 0. Then the set {y < 1 — B} is contained in [—cg,cg] for some cg > 0
independently of 1.

o Let —xg denote the antipodal point of xog Then

w(—) Sl*w%(o) <J‘l4+g>

e There exists a constant co > 0 such that

( ) >1 M Co

a(x - —

R T OVNEE

All constants may depend on R. M may depend on | and the constants are uniform as long as
M; < My is uniformly bounded.

Proof. Set Up. For the time being, replace W by a smooth double-well potential on R which
agrees with the original on [0, 1] which is monotone and convex outside that interval such that
W’ has linear and W has quadratic growth at co and such that W (t) > ¢ for ¢ > 2. Once we see
that all relevant functions take values only in [0, 1), we can pass back to the original multi-well
potential. Consider the Hilbert space

X = {u € HY%(S}) |u=0on BR(xo)} .
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We will show that for every [ > 1, the energy
9 M
E(u) =iy + [ Wu)dz+ — |u| dz
o s} L Js;

has a minimiser 4 = %; in the open set

U, .= {UEXl

1 1
7/ ude > = 5.
l Sl,l 2

Subsequently, we will show that u; has the properties we claim in the Lemma.
Finite Energy. First, we show that there exist functions u; € U; such that

51(111) <C

for a universal constant C' (which depends on R, M). Take a smooth function 7 : R — R such
that n(r) =0 for r < R, n(r) =1 for r > 2R and monotone in between. Then set

w(x) = n(d(z, o))

where d is the usual distance function on the circle. The function u; is smooth and has energy

Ei(w) = / K(z,y) |uw(x) — ul(y)|2 dxdy + W (u) dz + — u; dz
st Jsp

Sl
< / / K(z,y) u(z) - Uz(y)|2dxdy
Bsr(zo) Y Bar(zo)

2R
+/ / K(sc,y)|1—ul(x)|2dxdy+2/ W(n)dr + M.
S{\Bsr(zo) J Bar(w0) R

Recall that the kernel K of the H'/2 semi-norm on S’ll is

1 1 1
Ken) =2 o fyr e~ B Z @y T+ kP~ 42 2 sin® ()
when we identify S} = (—1/2,1/2]. To see this, take the periodic covering of the circle by the
real line and use that the half-Laplacian on the circle agrees with the half-Laplacian of the
periodically lifted function on R. Clearly, this gives the above kernel for the half-Laplacian and
by extension for the H'/?-semi-norm. Observe that |z —y| < |z|+ |y| < 3R+1/2 for = € B3r(0),
y e S =1[-1/2,1/2], so

1

K(%y)—m =

1
2 |z — (y + lk)|2

X
kez\{0}

1 1
=p 2 (@ —y)/l+ k2

kez\{0}

1
<2 max

- 2€B1/243r/1(0) kEZN{0} |Z - k‘2

<Cl?
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where C'is uniform for all [ > 1. Using |z — y|* > |y|?/3 for x € Bag(z¢) and y € S} \ Bsr(zo),
the remaining integral is then estimated by

/ | Kewh-u@Pdds [ Kyasay
SI\Bsr(z0) Y Bar(x0) S \Bsr(z0) Y Bar(xo)
1
< / / s tC 172 dzdy
S \Bsr(z0) Y Bar(xo) |z =yl

3
= / / =+ Cl 2 dzdy
Sll\BsR(O) B>r(0) |y|

=2R / % dy+Ci
[—1/2,1/2\[-3R,3R] |Y]

<C.

Similarly, the local integral is uniformly bounded for large [ where the kernel approaches the
kernel of the half-Laplacian on the real line.
Minimisers. The direct method of the calculus of variations establishes that £ has a min-
imiser #; in the closure U; of U;. We will show that for large enough I, %; must lie inside U;.
Assume that 1/2 < % /. 51 dz < 4/7. Then there are two possibilities:

e There exists a set A; C S} such that [4;] — co as | — co and 1/3 < u; <2/3 on 4, or
e there exists no such set.
In the first case, we observe that
gl(ﬂl) > W(’L_Ll)dl’ > ‘Al| min W(t)
51 te[1/3,2/3]

which goes to infinity when [ becomes large. Hence this is not possible for minimisers for large
enough [. In the second case, we know that the sets
B, .= {1_1,122/3}, D, = {ﬂl§1/3}

satisfy |B;|+|D;| > I —c for some constant ¢ > 0. Observe that @; > 0, since this cut-off decreases
the energy and cannot violate the integral condition. So we deduce that

(3.1) 4)7-1 >/ @ dz > 2/3|By|
s

Conversely, we know that
/ uydx < W(m)dx <C
{ﬁ122} S;

since W (t) > ¢ for ¢t > 2. Therefore

l 2 1
*</ ﬁldxS2‘B1|+C+7‘Sl1\(BlUDl)‘+*|Dl|.
2 Sl 3 3

l

We renormalise b; := |B;|/l and d; := |D,|/l and since in this case also |S} \ (B; U D;)| < C for
some constant, the inequalities read

6/7>bl, 1/2<2bl+0/l+dl/3.
For the same reason, we have 1 —b; > d; > 1 —b; — %, whence
C 1-1i 1 1 C 5 1 C

|
g <t T+ - 373°7°%3 0 1
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In total, we find that
1/11 < b < 6/7

for all large enough [. Consequently, we obtain that 6 < b;,d; < 1—4 for some § > 0 and all large
enough . We can roll up the circle to an interval I; = [0,!] and use K (z,y) > |z — y|~2. Then
the re-arrangement result [ABS98, Proposition 6.1] states that B; and D; are ideally distributed
as two sub-intervals at opposite ends of I;. We compute

&(w) > [wlf ), s}

0w
B, J D,
| B
> — / / T drdy
B]‘Jrc ‘x_y|

| Bi|
= - d
9/0 IBz|+c—y l—y Y

[log(leI +¢) —log(c) — log(l) + log(l — [B])]
log ((IBzI +o)(l — IBzI)>

v

O = O =

cl

~ log Bl [D]
[Bi +[Di

If both |B;| and |D;| go to infinity as | — oo (as above), then & (@) — oo as well, which leads to
a contradiction. This key estimate is used in [ABS98, Lemma 4.5] to establish T'-convergence to
the perimeter functional for the fractional Modica-Mortola energy with a double well potential
and no pinning. Thus indeed |D;| < C so that |Bi| > 1 — C — ¢ and

1
7/ a dz > 4/7,
I s

so u; € U;. We finally come to establishing the properties we claimed for ;.

Symmetry and Monotonicity. Due to [BI94, Theorem 3] @ agrees with its monotonically
decreasing rearrangement around —xg since rearranging decreases the non-local term in the en-
ergy (strictly, if the function was not symmetric decreasing from a point before) while leaving the
local ones invariant and preserving the integral constraint. So, when we identify S} = (—1/2,1/2]
and g = 0 by the usual covering map, we see that @;(z) = @;(—2) and 4; is monotonically
increasing on [0,1/2).

Growth. When showing that @; € U;, we showed that one of the sequences of sets

B :={reS|w>2/3}, D:={xecS|u<1/3}
must have uniformly bounded measures. Since % /. s2 4y dx > 1/2, this can only be D;. Since D

has uniformly bounded measure and for 5 < 1/2 also the measure of the set {1/2 < @; <1 — 5}
is bounded from the double-well part of the energy, it follows that the sequence of sets

Dfi={zeS|u<1-p}

must have uniformly bounded measures depending on 8 € (0,1). Since %; is monotone growing
away from zg = 0, the sets DlB are intervals and there exists a constant cg > 0 such that

D} C (~cp,cp) C (<1/2.1/2] =
for all sufficiently large [.
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Boundedness. We have seen that w; > 0 and that
1 4 1 C
- uyder > =, - uyde < —.
l Sll 7 l {ﬁ122} l
So clearly, min{@;, 2} satisfies the integral constraint for large enough I, vanishes on Bj(zg) and
has strictly lower energy than @; unless 4; < 2 since we modified W (¢) to be monotonically
increasing for t > 1. Thus u; < 2 for all sufficiently large [.
Regularity. Since 4; lies in the interior of U;, we can calculate the change of energy in &
under small variations of ;. & is smooth when we vary only where u; > 0. Thus, @ satisfies the
Euler-Lagrange equation

=0 on [—ay, aj]
Aq, = W’(’U,D#’M/l in Sll \[7&[,&[]
in a weak sense. The right hand side of the equation lies in L>°(S}') since 4, is bounded. Due to
[SV14], @; is a viscosity solution of the same equation and thus continuous. In fact,

w € COY2(SHNC™ (SP\ [~ar, i)

due to [ROS14, Propositions 1.1 and 1.4, Theorem 1.2]. The proofs in the literature are usually
presented for bounded domains on Euclidean space, but also work in the periodic case.

Determining the Vanishing Set. It remains to show that a; = R. Assume that ¢; > R
and take ¢ € C°(R, a;) with ¢ > 0. Then we know that

< gl(ﬂl -+ tgf;) - gl(ﬂl)

:<m,¢>H1/2+ B2 + /Wtqﬁ da:+T ¢da:

M
_<Aﬂl,¢>L2 +T/Sl¢da?

as t — 0 since W vanishes quadratically at zero and W (@, + t¢) = W (@) where 4; # 0. We can
replace the H'/2-inner product with an L?-inner product since @; = 0 is smooth on the support
of ¢. It follows that Awu; < % on (R,a;), but this can easily be seen to be false for all large [
since

vy n
Aﬂl(x)z/ dy>c———7L>O
c n

.y —af?
for all n € (0,1). Thus a; = R for [ > 1.
Improved Boundedness. By boundedness, symmetry and monotonicity, u4; is maximal at
the antipodal point —zg of xg. Due to smoothness, we can easily argue that A u; is defined
pointwise around —xq, and thus

Ady(—x9) = . K(z,y) [w(x) — ()] dz

V2 u(e) — ()
< /l/z win{lz — /2], |z + /22

R —ﬂl(—ﬁ()) " ) -1
</_Rmin{|x—w2|,|x+l/z}2d < (GR) 77y

since u; is maximal at —zq, hence

—8R/1? > Aty(—x0) = W' (wy(—x0)) + M/I
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holds pointwise. Since W’ > 0 outside [0, 1], this directly shows that

_ _ 1 M R
ulgul(—xo)gl—w/,(l) 7—!-72 <1

for large enough . From now on, we can use the original potential W.

Improved Growth I. Take 0 < § < 1/8 such that —W’(1—t) > w for t € [0, 5] and that
W' is monotonically increasing on [1— 8, 1]. Assume that S} = JUJ¢ and w; € CO(S})NHY2(S})
such that @, > w; on J and

Awl - W’(wl) Z ¥

aswellas 4, >1— [ on JC.

Then by a simple application of the maximum principle we have @ > w; on S}. Assume the
contrary. Then w; — u4; has a positive maximum somewhere in J°. We find that

0> A(’U}l — 'I._LZ) > W’(wl) + M/l — W/('L_Ll) — M/l = W’(wl) — W/(’L_Ll) >0

at this point since 1 > w; > @; > 1— 3 are both in the area where W' is monotonically increasing
and obtain a contradiction. We will now construct comparison functions wy.

By monotonicity and growth beyond 1— 3 on uniformly finite intervals, there exists an interval
Jg around g such that 4; > 1 — 3 outside of Jg independently of I. Take [ > 1 and define

wlISllz(_l/2al/2]—>R’ ’UJ[(«T): <1_VA;W_|;,2> .
+

We easily calculate

¢ / c -
’U}[(.’IJ)ZO ~ \x|§ ?2]\4,”, w[(.’Ii)Zl—ﬁ <~ |£L‘|Z ﬁzjw,/lZQ\/zcg,

so in particular w; vanishes on an interval

Ve Ve € J € [-\/26, /2.

In particular we can choose é; so large that 4;(x) < 1 — 3 implies w;(x) = 0. So we observe that

A’LU[(I) — W’(wl(;p)) — A’LU[(:Z?) —wW (1 . % B |§T2>
W//(l) M W”(l)é
> S (o + B

whenever w; > 1 — 5. Therefore we can choose v > 2/W" (1) and only need to show that the
second term is non-negative for |z| > 2/2¢;. Without loss of generality, take z > 0. Now we

observe that w;(x) =0 = |z| < 4/2 ¢ and recall that e < Ki(x) < & where K is the kernel

of the half-Laplacian on S} = (—1/2,1/2] and the constants ¢, C' are uniform in [ > 1.

First, let us assume that 0 < z < [/2 — 1. We do not use the integrals in our estimates which
have the correct sign (i.e. over the domain x < y < /2 and its mirror image) except for the one
over [z,x + 1) and we replace the ones with a negative sign which are on the far half (—/2,0) of
the circle by their counterpart on the near side (0,1/2). Since the kernel K; is monotone, this is
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admissible. Pick 2/3 < a < 1 and compute

1/2

Awy(z) = PV. / ) = i) Kite —y) dy

V2cs z®
> —/ K@-ydy+2 | Kz —y)[wy) - wz)dy
V2es V2es

r—1 Yy z+1 Y
+2/ Klo:—y)/ w;<t>dtdy+/ Km—y)/ (y — t)wl!(t) dt dy
friled x rx—1 xT

V2c 1 /””a Co 2 /””_1 1 Co
> _C + —dy + dy + —
<x_m2 |z — a2 Jo, v? lz23 Jea |y — = ||*

In the first term, we used that the jump is at most 1, in the second we pulled out the integral
kernel and used only the negative part of the difference. If & < 1/2¢,, the second term simply
disappears. In the third term, we kept the integral kernel and used the largest possible value
of the derivative, and the fourth term is estimated solely by the second derivative of |z|~2.
Constants were absorbed into C. Thus

V2¢o 1 co log(x) cy
A > -C - —
o) > =0 (X s+ 0
When we choose ¢; large enough, we can see that

W”/(l) Gy
>0\
Aw(z) > 1T

for all |x| > /2 é;. Finally, we observe that the argument can also applied for |z| > /2 — 1 when
we replace 1/2? by a function f, € C?(S}) satisfying
c C C
— < < — [(2)] € —= (z)] <
|l’|2 = fl(x) = |.1'|2’ |fl (‘T)| = |£L'|37 |fl (1’)| —

Improved Growth II. Finally, we use the comparison function

with the sharper growth rate v = W+(1)
expansion of W at the well, we observe that

in the leading order term. Using a more precise Taylor

Aw(z) — W (w(z)) = Awy(z) — W’ (1 _M 02>

I |zf?
M cy M ca 2
> A my (2224 2 o, (22 4 22
= “"(”C”W”(l +xl2> Cw (z *mz)
M w1 M 2

whenever w; > 1 — 3 for a constant Cy» which depends only on the third derivatives of W.

Choosing cs large enough, we see that w;(z) <1 — W - % < gy(z) for all z < V1, and by

the same argument as above, we see that wj is a sub-solution on S} \ [~v/1, V1], such that we find
also in this ansatz that w;(z) < @(z) for all # € S} and [ > 1. The important argument in this
second improved growth estimate is that |z|~2 is small (in fact, comparable to [~!) outside of the
relevant interval, so that the third derivative correction term can be estimated to be small. [
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Remark 3.2. The same method can be applied on tori T}¢ = (Sll)d in any dimension d > 1, but
only yields solutions to

M
Au—W'(u) = i

with faster decaying constant on the right hand side. That decay rate is not sufficient for later
applications, since an interface along a straight line is essentially one-dimensional and exerts a
force of order 1/1.

The case d = 1 is special in the proof above since S¢ = Tld. On tori in higher dimensions,
the re-arrangement is significantly more involved, since for example the monotonically increasing
and monotonically decreasing rearrangements do not agree.

Remark 3.3. Assume that we are instead constructing an obstacle with boundary conditions at

a € Z, say a > 2. Then we modify W outside [0, a] instead and obtain the same results as before

under the integral side condition % Jg1 wdz > a —1/2. The proof is only slightly more involved.
L

For technical purposes, it will be helpful to continue the solutions onto a larger set.

Lemma 3.4. Let m € Nym > 2 and uw € C*(S}). Identify S} = (—r/2,7/2] and define

u(z) z€S}

m ISl —>R7 m = .
Ulmi > Sy i () {u(l/Q) z €S\ 8

If w is mazimal at 1/2, then
ASmi wpmi(x) > AS! u(x)
for z € S} and
ASnt () > A5 u(1/2)
for x € SL,\ S}. The same holds true for m = oo (i.e. SL, =R).
Proof. A function on S} or S}, can be interpreted as a function on R with period ! or mi

respectively. In this way, every function on S} can also be interpreted as a function on S}, since
the periods are compatible. Now let z € S}, then

1 w1 (Y) — wp i (z * u(y) —u(x 1
ASmi ul,ml(x):[m ! Z(I:c)—ylg i )dyz/ (|x>_y|g )dy:ASl u(z)

— 00

since uymi(z) = u(x) and g i (y) > u(y) for all y € R. If on the other hand z € S}, \ S}, then
we may assume up to translation that % <z< %l, thus

o
Asvlnl Up,mi (.13) _ / Ur,mi (|y$)_ ::iléml (.73) dy

— 00

Ul m —u(l/2
:/ L) —u(lf2)
R\[l/2,ml/2] |z — vy

u(y) — u(l/2
- [ ) —ul/2)
R\[l/2,ml/2] |z -y

/ uly) —u(l/2) ,

~ Jr\iyzmyz 11/2-yl?
u(y) — u(l/2)

> [

= ASy(1/2)

\%

\%
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since again u; i (y) > u(y) and since the missing part of the integral over the real line which we
include in the last step is non-positive. The fact that choosing x = /2 minimises the function

— 2
s uly) —ull/2)
R\[1/2,ml/2] |z -y

can be seen easily since the function is by design symmetric under reflection around the midpoint
between [/2 and ml/2 and concave as

d u(y) —u(l/2 1
: M gy o [ fuly) /D)
dz Je\pj2,miy2) 12—yl R\[1/2,ml/2] (r—y)

. wy) —ull/2) oy wl) — w1/ — L
dx? /R\[I/Z,ml/2] |z —y[? dy = (=2)(=3) /]R\[l/2,ml/2][ @) (/2] (x—y)? %

dy

which is clearly negative since u is maximal at /2. ]

We formulated the Lemma in the setting of smooth functions to compute the singular integral
directly, but by density it also holds in the distributional sense for u € H'/ 2(8 ll), thus in
particular

1 M
A5t Gy g — W (g nt) >

on {ﬂl,ml > 0} = S71nl \BR(:L'(])
The same methods as in Lemma 3.1 can be used to establish the following result for a global
minimiser without the negative forcing term M.

Lemma 3.5. Let u € 1+ H'/2(R) be a minimiser of

ewzmm+éwwd

under the constraint u =0 on [—R, R]. Then u satisfies 1 — oE < u(z) for all x € R and some
c>1.

3.2. The Interface. We recall the following results for transitions between potential wells.

Lemma 3.6. [CSMO05] There exists a function ¢ € C**(R) such that ¢ is monotonically in-
creasing,

lim ¢(z) =1, lim ¢(z) =0, Ap—W'(¢)=0.

T—>00 T—r—00

The function satisfies
c , C
— < <
1+ 22 ¢(x)_1+x2

for some C > ¢ > 0.

The estimate on the derivative further implies that

s =1~ [Tdwasi- [T ac-C

X

(&)

for any C' > C and sufficiently large x, as well as ¢(x) > 1 — £ for all sufficiently large x. This
has been sharpened to the estimate
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in [GM12, Theorem 3.1]. The same decay holds for large negative :

1 2
) — ———| = O(|z|7%).
8(@) ~ frra| = O™
Note that the constant in [GM12] is slightly different since the operator used there is the half-
Laplacian in its usual normalisation, while we neglected a dimensional constant for easier nota-
tion. Under additional conditions, we can also control the second derivative of ¢. Note that for
the popular choice

W(u) = % fcos(ru) + 1]

(with wells on Z + 1/2) we have the transition function
2 2/ Az
p(x) = p arctan(z),  ¢'(z) = T2 ¢ (z) = (14222

so that also

(3.2) 6" ()| < /(1 + )2,

In the following, we assume that W is chosen such that the optimal transition function ¢ = ¢y
satisfies (3.2).

Lemma 3.7. Let L > 1, B as in Lemma 3.1. Then there exists function 5 = $L € C**(R)
such that

(1) (;NS 18 monotone increasing,
(2) $=0 on (—o0,—L/W"(0) +C),
(8) ¢=1—1 on [L/W"(0) + C, 0),

(4) whenever 0 < ¢p(z) < B or 1 —f < ¢(x) <1 we have
(A6-W'() (@) =

(5) whenever B < ¢(z) < 1— 3, we have

¢
2

~ ~ C
AG-W(d)| @) < 75
The constants ¢, C,C depend on W, but not on L.

Proof. Take fr, : R = R to be a smooth function such that

0 z S% o
foz)=Xz-% 2<:<1-2, fz(Z)_Z—L% VZZL—;
- % z>1-— %
and 0 < f7 <3, |f]| < % and define
¢ = frLoo.
We see that
¢’ =(fro9)d' 20,
SO qz~5 is monotone increasing. Furthermore, we obtain that
1 C 1
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and thus ¢(z) = 1—+ forallz > L/W"(0)+C. Analogously, d(z) =0 for all z < —(L/W"(0)+
C'). Now compute

(6—¢) =[(fro0) —1]¢
(6—9)" = [(fr,09) = 1]¢" + (f1 0 9) (¢/)*.
Thus it is easy to see that
~ 2 C
o-¢l<3 =

When we abbreviate w = 5 — ¢, we can therefore use a representation of A like (2.3) to compute

5// . ¢//

- Ty — " () dt w(y) — w(z
AG-o|=| [ RO, [ s,

z—L ly — x| R\[z—L,z+L] ly — x|
x+L %)

< [l ayez [T
z—L L Yy
C

s

Flnally, take x such that ¢
ng = 0 to estimate

/\

x)>1—pFor0<or(zx) <pB. Thenwecanusethat¢<qb—ﬁor

W' (d(x)) = —W'(d(x) — d(z) + ¢(x))

2 W//
> W(o(@) - 2D Gy o)
, w"(1) ¢4
> () - D L
Thus in total o
A(b - (Qj)) > f
if ¢(z) ¢ [3,1—B)U{0} and C} is chosen large enough (since the constants involving derivatives

do not depend on Cy) and
~ ~ C
AG-W)| < 7.
|

3.3. Dynamics on the Real Line I. We can apply the sub-solutions constructed above to the
one-dimensional problem by glueing a sub-solution for periodic obstacles to that for an interface.
First we describe our results on the real line for a single step and then for a kink/anti-kink pair.
The first case cannot be achieved with finite energy, but it helps us identify the time scale on
which the pinning constraint induces motion. Here, we need to use solutions to (1.4) in the
viscosity sense since a single transition layer does not have finite energy.

Theorem 3.8 (A single step). Let x; . = id. for d. > ¢. Then there exist u, < u. which are a
viscosity sub- and super-solution of

(3.3) cceur = e (Au=EW/(w)) in R\ Uiep Be(id:)

v =0 on U'LGZ ( dE)
respectively with the following property: When we choose c. =
¢, C > 0 such that

W’ there are constants
2 [loge]

lim w () = Xet,00) lim . (, ) = X[ot,00)

e—=0"" e—0
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in LE (R) for all t > 0.

In one dimension, the natural obstacle scale is d. ~ 1/|loge]|, so the gradient flow equation is
slow on a scale of O(e|loge|). The interface moves with speed O(1) if d. ~ \/¢/|loge|, which
is the natural distance between obstacles in two space dimensions; it is slow for larger distances
and fast for smaller ones. It moves on the same time-scale as an interface would due to the
kink/anti-kink attraction for d. ~ /. The proof also goes through for d. = Ne for large enough
N.

The assumption that the obstacles are distributed on a lattice can of course be weakened
significantly, and we believe that solutions u. should in fact converge to a characteristic function
with a linearly propagating front X(,¢,«0) for periodic obstacles. We do not pursue these questions
further.

Proof of Theorem 3.8. Construction of a sub-solution. For convenience, we build the sub-
solution in the blow-up scale. Choose [ = 1. = d./(¢N) for some sufficiently large N € N (to be
specified later), R =1 and M = 1. We can extend the sub-solution for an obstacle @; on the
circle S} from Lemma 3.1 to the circle of length NI as in Lemma 3.4.

Define L by 1 — % = u;(—zp) and take 5 associated to L. By growth estimates for the optimal
profile and the obstacle cell solution, L = [ + O(1). Furthermore, by this we know that q~5 is
constant on intervals (—oo,l/W”(0) + C] and [I/W"(0) + C,00) for potentially larger constants
C. While [ and L depend on N, the constants are uniform (at least for [ > 1 bounded from
below), and we can take N such that N > 4C. We will place an additional condition on N later.

Our sub-solutions are given by a modified transition 5 which moves with speed « in the space
between two obstacles. Once we get too close to an obstacle, we jump over it instantaneously.
In formulas

i, z) gg(:v—%l—at) xﬁ%l
u(t,z) =19 _
’U,l’Nl(LL') x > %

for t € [0, 2] and

NI

alt,) = i ( ¢ N NI NI
u(t,x) =u m4a

,a:—le) forte(mm,(m—i-l)m , meN.

By construction, w is continuous in space for all times ¢, jointly upper semi-continuous and non-
increasing in time for a fixed point = € R. Since for fixed z we only jump down as time increases,
u is clearly a sub-solution at the points of discontinuity in time. It remains to find « such that
u is a sub-solution also where it evolves smoothly.

At smooth points of @& away from the pinning set J,.,, B1(i N1), it is sufficient to verify the
inequality u; < Au — W/ (u) pointwise to obtain that @ is a viscosity sub-solution.

At points where & = ¢ = 0, @ is clearly a sub-solution as d;@ = 0, W'(i@) =0and Aa >0
since 0 is an absolute minimum of @. At points where @& = u; i, @ is a sub-solution since

- - - . - 1 c
Ad(r) = Wa(e)) = Aty () = Wt ni(2) + Al = ) (@) 2 7 = Nt~
-y
as the left half-space where 4 < 4; n; exerts a force proportional to the inverse distance of the
interface to the point x. As this is larger than NI, the first term dominates and the sub-solution
property is established for large enough N.
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Finally, take (t,2) such that (¢, z) = ¢(¢, 2) and compute

Aty x) — W@t 7)) = A — §)(t,2) + A(E,2)) — W (3t 2))
Al = )(t,2) + O(7?)
< (i-9)y)

vex ly—al?

o0 i NI+1 iNl—1 CAT7|—2
1 — NI

> —Z/ ﬁdw/ ely ZiNIT g
i1 JiNI-1 ly — | (i—1) N1 ly — |

(1N cly—iNI|~2
+ — 5
i NI+1 ly — 2|

dy+0(17?)

dy+0(17?)

= 2 2 b1
= 7; NI N4 - 1- 1/ NI /1 g o)
=ON27%) +0(1?)
=0(7?).
Now we can finally use that the second O(I=2) term is positive where 5 € (0,p] or [1 —3,1], and
it compensates the first term for large enough N (which can be chosen independently of 7). At

the interface we have

¢:= max ¢ (z)>0,
26[571—5]¢( )

so we can choose o = O(I~2) such that @ is a sub-solution.
Rescaling. Let us pass back to the original length scale:

() = (.
u(t,r)=u———= ).
e c.e?lloge|’ €

By construction, u, is a sub-solution of (3.3) since (at smooth points)
Ce € _

—— (0

cce?|loge] (9:)

1 N o~
= m (Aa) —W'(a))

1 1
— (Au—-W'(w)).
|1oge|( e sw(uf))

We know that the interface in the blow up scale moves by exactly Nl. in time NI /(4a) ~ N I2,
so the rescaled interface moves by d. = Nel. at the time ¢. such that

ot (%N Lt _ Nd2|loge|
c. €2 |loge| 5 Ce € '

cee Opu, =

To obtain a speed of O(1), we need t. ~ d., so we choose the acceleration factor
B €
T &lloge|

Limiting behaviour. In the limit € — 0, the jumps over shorter and shorter spatial intervals
disappear and u_(t,-) converges locally in L! to the characteristic function of an interval I(t)
moving with uniform speed. If ¢, is chosen too small, then I(¢) = () for all positive times, whereas
too large c. implies I(t) = [0,00). In the scaling regime identified above, we have I(t) = [ct, 00)
for some ¢ > 0.



22 PATRICK W. DONDL, MATTHIAS W. KURZKE, AND STEPHAN WOJTOWYTSCH

Construction of super-solutions. Here we work directly on the macroscopic scale. Let us

make the ansatz
—at
ug(t,x):min{d) (1‘ @ ),ulE (m)}
€ €

In the stationary case a = 0 this minimum of two solutions is clearly a super-solution. Still
for small positive «, it suffices to consider (¢,x) such that u.(t,z) = ¢ (£=2t) since at other
points (including the non-smooth points where ¢ and ;. meet) the super-solution property is
still easily established. The function is continuous by construction and satisfies the pinning
constraint. Finally, compute

€ T — ot
e aistu = - !
ettt 0) = o i ()

€
—cae 1

~ B lloge] (e0) 1

L (Aus _ 1W’(u5)) — b A —w(e) + — (Aus = E(A ¢>))

|log g| € e |loge| |log g|

= o (%= (<)
|log | €

y—at
P Z/ 0057 4,
- |10g€| icZ lide —e,id-~¢] |y7$‘2
22 (=212
~ [loge| a2

by just considering the index i € Z such that  — d. < id. < z. Since ¢(z) > ¢ min{l,—1/z}
vanishes more slowly than ¢’, this shows that

1 i 1 _
Toge] (A T2 W/(“”)

for suitably small o which is independent of € > 0. g

cee O (t, x) >

Remark 3.9. Tt is possible to prove a comparison principle for the evolution equation (1.4) in the
viscosity sense. This has been done for equations on the whole space and operators of the type
(—A)® for s > 1/2 in [Imb05], but the methods go through for s < 1/2 and equations on domains
with only minor modifications. Thus, the existence of a viscosity solution u. with u, < u. <%,
follows directly by Perron’s method. For a viscosity solution with given initial data, additional
barriers have to be constructed. It is well known that u solves

_ 1 W'(u)
CcE Ut —m(AU*T) t>0,$€QE
u =0 t>0,2€Q°
u =u’ t=0

in the viscosity sense if and only if v = e~*u solves an equation of the same form with the

non-linearity
fiat,v) = —M — .

in place of W’ (u)/e. When we choose \ large enough (depending on W and ¢), the function f

is monotone in u uniformly in ¢. For an initial condition u® smooth enough to establish

W'(w?)

Aul - € L™ (Q.)
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pointwise, we can then construct sub- and supersolutions by
o(t, z) = ug(x) + Ct - xa., o(t, z) = up(z) — Ct - xa.

for some large constant C' > 0. This includes all initial conditions in CZ(R) and all initial
conditions that we are interested in. Since v attains the initial condition, also w does. The
domain €. can be chosen to be periodic or the perforated real line R\ B.(d; - Z).

3.4. The Corrector. We have seen that the pinning constraint induces motion on a time-scale
which is strictly slower than the log e-timescale on which the next-order term in a I'-expansion
(2.2) acts as a kink/anti-kink attraction. We want to show that the pinning does not affect the
attraction and annihilation of a single kink/anti-kink pair. For this purpose, we need a more
refined construction to obtain the exact speed of an interface rather than just the order in e.
Therefore, we need to know the behaviour of a moving interface to the next order.

Set
e [ @)
= Z.
TTW0) )
Lemma 3.10. There exists a function ¢ € HY/?(R) N CH*(R) N L>=(R) for some a > 0 which
solves

AU W60 =+ (W(6) ~ W"(0)).
The solution ¥ satisfies the estimate
C
!/
<
Y@ S
and if W € C*L(R) then also 1 € C**(R) for some a > 0 and
C
1
< .
V@) < ey

The Lemma is proved in [GM12, Theorem 3.2] without the decay estimate, see also [PV17,
Lemma 2.2]. A simple proof can be obtained in a similar way as the one of the decay estimate
on ¢'.

Idea of Proof: We only sketch the proof of the decay estimates. Consider the case W, (z) =

%rﬁ”) for & > 0 which has the explicit solution ¢4 (t) = T arctan(L) (with potential wells at

+1 instead of 0 and 1). We note that the derivative of any optimal transition ¢, satisfies
Ady —W"(¢a)dy =0
so in particular
AW@L) +~ 6, 20

for all large (positive and negative) x. Given another potential W, we split W (¢) = fi(x) +
f—(x) with inf fy > 0 and f_ compactly supported. This splitting allows us to use a comparison
with the solutions ¢, for a suitable «, taking the compactly supported ‘bad’ term to the other
side. We calculate formally

Ay =W (9 =o' +n (W(9) - W(0))
Ay = W@y = WE(9)g'Y + ¢ + n W (g)¢f
Ay =W (@) = W (0) {260 + ¢y + 0"} + WO (9) {(¢)*0 +n(¢/)?}

If W € C*(R), then the last equation makes sense with a right hand side in L>(R) N L}(R)
and the regularity of 1 can be improved to C%%(R). The decay now follows as in the proof of
[CSMO05, Theorem 1.6]. O
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Note that due to the decay estimate on the derivative, ¢ £ 1) is still monotone increasing for
all small enough € > 0. As before, this is needed when a moving interface comes close to an
obstacle and jumps instantaneously to ensure that the jump is pointwise down in time and thus
to preserve the sub-solution property at jump points.

3.5. Dynamics on the Real Line II. We can now use the slowness of the obstacle-driven
evolution in comparison to the kink/anti-kink attraction to show that the pinning constraint has
no influence on the motion of a single kink/anti-kink pair.

Theorem 3.11 (Asymptotically flat crystal). Let z; . = id. for de > \/e. Then there exist
u,. <. which are a viscosity sub- and super-solution of

“Ogeleut |log5| (Au— W’(u)) in R\ U,z Be(id:)
u =0 on J;ey Be(ide)

respectively such that
lim u_(t,-) = lim @ (¢,-) = X[=r(t),r(t)]

e0"° e—0

in L*(R) for all t > 0 with
t
(i) = \/r<o>2 FE

Proof. Choose § > 0. Following [PV17] we know that for all small enough € > 0

() e (PR () e ()|

is a sub-solution of the unpinned equation

1
cus = Au— EW’(u)

when we choose T as the solution of the ordinary differential equation

. 1 -1
Joo (@) do 275 0=
We just sketch the modifications which we need to make in the previous proof to apply it in this
situation. Again, we can modify the interface choosing

/2 o112 L. < \d..

This time, we need to modify the function ¢. = ¢ — eb. Abbreviate again w. = (f, 0 ¢c) — ¢«
and compute

= [(ff 062) — e + (1 0 62) (6)? <C(L13+§z)

SO

2 1 5
Ae) 2N oy + 5 0l <€ (45

The contribution of the “bending modification” to the attraction thus is O(L™2 + e L™!) =
O(LZ?), which was seen to be slow compared to the kink/anti-kink attraction in the previous
proof where we also saw that the insertion of obstacles contributes to the force on the same order.
When constructing sub-solutions in this setting, we only have to jump over obstacles when we

come L.-close (as before), but the obstacles are d./e-far apart, which is significantly further by
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our choice of L.. Thus both the additional attraction and the fast motion close to obstacles
disappear in the limit € — 0. Thus the sub-solution converges to

X[—%5,%s]
strongly in L'(R). Now it suffices to take § — 0. Super-solutions are obtained similarly. |

It is expected that the Theorem results can be extended to the case where several up and
down steps occur by combining our methods with those of [PV15, PV17].

We see that motion becomes slow also in this time scale as the compact step becomes wider
and wider. If we take a limit such that one transition remains fixed at the origin and let the other
one go to oo, we partially recover the statement of the previous Theorem as we see that in this
time-scaling, the evolution of a single step is stationary. To recover the optimal time-scale, we
could couple the initial width 7(0) = r.(0) of the step to e.

3.6. Periodic dynamics. On a circle of finite radius, there is no analogue of a single step.
Instead, we can consider the situation in which {u. = 1} is the majority phase. Without
pinning, the majority phase takes over the minority phase in logarithmic time in a gradient flow.
This happens precisely as it would if {u. ~ 1} is the minority phase and the pinning has no
effect, just as on the real line. If {u. = 1} however is the majority phase, this would increase the
energy, and the evolution becomes stationary on all timescales.

The use of energy methods relies on an analogue of Theorem 2.1 being valid in one dimension.
We formulate it at the end of this section in Proposition 3.15 and assume its validity throughout.

Theorem 3.12. Denote by Sk = [-R/2, R/2] the circle of radius R and x; . be points on Sk
such that

min |z, — x| > d. > /e
i#]

The number of points is denoted by N..
(1) Let r < R/2. There exists a weak solution u. of

(3.4) “0—;‘5 up = \lolTEI (Au—L1W'(u) inSk\ Uf\[:el Be ()
u =0 on Uf\ﬁl B.(x;.)
such that us(0,-) — X[—r/2,r/2] Which satisfies

us(tv ) — X[—r(t),?"(t)]
for all t > 0 independently of the distribution of points z; .. Here r(t) solves

1 > 2
L D . 0) = r/2.
" 2r + ; (nR)2 — 4r2’ r(0)=r/

If the points x;. satisfy the conditions of Theorem 2.1/Proposition 3.15, then also

E(ue(0,4)) = EX[=r/2.0/2])-
(2) Let r > R/2 and assume that the points ;. satisfy the conditions of Proposition 3.15.
Then there exists a weak solution u. of

ceety = ez (Au—2W'(w) in SEA\UY, Bo(wi.)
u=20 on Uf\ﬁl B (i)
such that uc(0,-) = X[—r/2,r/2] and E(uc(0,-)) = E(X[—r/2,r/2)) which satisfies
ue(t, ) = X[—r/2.r/2)
for all t > 0, independently of c. — 0.
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Proof. Proof of (1). Note that the results of [PV15] also hold in this setting and that an
unpinned solution to the time-rescaled gradient flow is governed by this ODE. In the proof, the
discussion showing that the constants in front of e-powers are finite is slightly more involved
than in the case of finitely many layers. One has to use periodicity in an essential way always
combining the force exerted by a kink/anti-kink pair to obtain cancellations between otherwise
infinite forces.

We construct sub- and super-solutions periodically on R and then take them as functions on
the circle. Note that the series

SR Y Y R ST BPY S ERIOTEAY

3 3
kEZ

converges absolutely and uniformly for all x € R by comparison with 2211 k=2 since for kR >
x + r/2 we have

d)(w)_d)(%kzw) :1_W~(o>xl—’“§—"/2+0(<:v—ldia’2—r/2)2)

1 g2
_G_wwm“ﬁﬁm+0<@—Mhm®»)

1 € 15 _
~ W(0) (a: —kR-1/2 z-— kR+r/2> +0(* (RR) ™)

€ r 9 _9

S W) kP G2 TOE T
A similar estimate holds for kR < x — r/2 and for 1. Hence, the partial sums of the series
converge and a continuous limit exists. Since super-solutions for a finite number of kink/anti-
kink pairs have precisely this form (with a function r which starts out slightly wider than the
width of the limiting step and moves slightly slower than by the limiting ODE, compare the role
Ts plays in the proof of Theorem 3.11), we can construct a limiting (viscosity) super-solution to
the unpinned problem using this series. Now, it is easy to see that again

u(t,x) = min{U (¢, x),w(z)}

is a super-solution to the pinned equation where u; is constructed as in Lemma 3.1 for M = 0.

For weak sub-solutions, both the optimal transitions after the bending modification and the
extended obstacle sub-solutions are constant for large arguments, so they can be glued together
rather than added up. The proof proceeds like that of Theorem 3.11 with an additional term in
the calculations from periodicity. The resulting ODE is computed by periodicity:

1 1 1

=1 > - e
ety " (r+nR) r—(—r+nR) 2r

1 - 2r
SR D Y . —
T ; (nR)? — 4r2

The initial condition with converging energies which lies above the sub-solution is given by

uO:min{z [¢ (x—kl—gr/Z—éE) _¢(x—kl+€r/2+65) +1} u(if)}

kEZ

where % is the periodic solution of Lemma 3.1 with M = 0. Furthermore, . is a small parameter
which ensures that the initial condition lies above the sub-solution.
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Proof of (2). Fix ¢ > 0. For any sequence ¢, > 0 and solutions . to the evolution equation,
we observe that uc(t,-) — X g up to a subsequence since the initial energies are bounded, and
the energy decreases along the gradient flow.

Assume there is c. — 0 such that u.(t,-) = xpg() with E(t) # [-r/2,7/2]. Since the unpinned
evolution equation wants to expand the {u = 1} phase under these initial conditions, we can
easily construct a stationary sub-solution to the initial condition: the kink/anti-kink attraction
acts at the interface in the direction of expanding the {u & 1} phase and the contracting force
of the obstacles becomes negligible. Thus [—r,7] C E(t) for all ¢ > 0.

We assume that an analogue of Theorem 2.1 holds in one dimension. For a contradiction,
assume that [—r,r] C E(t) C Si. Then E(xpq)) = 2+ ALY E(t) > E(X[=r/2,r/2), Which is a
contradiction. The inequality holds since any set which is neither empty nor the whole circle has
a perimeter > 2 in one dimension and since the {u = 1} phase was assumed to be expanding,.

If E(t) = Sk, then we use the fact that u. € C°([0,T], L?) evolves continuously when con-
sidered as an L?-valued function. This allows us to choose a different sequence é. such that
the integral of u. at time ¢ is always strictly bounded away from both r and R. Thus we have
reduced this case to the previous one and obtain a contradiction like before. O

Remark 3.13. It is an open question whether the statement above is stable in the sense that all
solutions to (3.4) with initial conditions u! satisfying
Ug = X[—r,r]s Ee (ug) - S(X[—r,r])
behave in the same way.
Remark 3.14. Since we employ energy methods for the derivation of this result, it is not clear

whether also dilute obstacles whose capacity vanishes asymptotically in the energy can impede
interface motion.

Finally, let us state the result needed for the use of energy methods above.
Proposition 3.15. Let z; . € S be points such that 1 <i < N. with N./|loge| — A satisfying

the following assumptions:
(1) (well-seperated) There exists 3 < 1 independent of € > 0 such that d(x;c,zj.) > e for
all1 <i#j<N..
(2) (finite capacity density) The obstacles approach a multiple of the Lebesque measure
through m Zivzsl 8z, = A L2 for A € (0,00).
Take the space
X. = {uc € Hl/Q(Sl) |ue =0 on Be(x;c) for1 <i < N}
and the energy functional
1 1
E X, — R, gg(uE) = m <[U5ﬁ/2 + /Sl EW(UE) dﬂ?)
where W is a periodic multi-well potential and W > cdist2(~, Z) for some ¢ > 0. Then
[F(B) — lim 55} () :/ a(u) dx+4/ [u] dH!
st J

e—=0

u

where u € BV(S1,7Z), [u] = u™ — u~ denotes the jump of u on the jump set J, and o(z) is
determined as the solution of the cell problem

a(z) = inf {; [U/H/Q’Rz + /R W(w) dx

w—ze HY2(R), w=0 on Bl(O)}.
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We will not prove the proposition in this article, the sceptical reader may also take it as a
conjecture. For a useful compactness property, either a more restrictive distribution of obstacles
or a potential growing at oo should be imposed.

3.7. External Driving Forces. Let us assume that an external sheer force is applied to the
crystal. On the scale where the crystal can be assumed to be periodic, an applied force is constant
in space and thus enters the evolution equation as an additive constant.

Theorem 3.16. Denote by S}, = [—R/2, R/2] the circle of radius R and let x; . be points on S,
satisfying the conditions of Proposition 3.15. Let r < R, f € R. There exists a weak solution u.

of
3.5 =1
(3:5) u=0 on UjV;l B ()
with an initial condition satisfying
UE(O, ) — X[—r/2,r/2] mn L2(51)7 gs(us(o)) - E(X[—T/Q,T‘/Q])
such that the following hold:
1) If f <0, then uc(t,") = Xi—r/ax|flta/o—|fle 0 L2(SY) for all t > 0 (the characteristic
[=r/2+Iflt,r/2—|f]t]
function of the empty set being zero).
(2) If f = f- = flloge|™! for f <0 and c. = @, then uc(t,-) = X[—r(),rt)) for allt >0
where

{sut = o (Au—2W/ () +f in R\ U, Be(wic)

1 > 2r _
' 2r i n=1 (’I’LR)2 — 4r? * f’ T(O) r/

(3) There exists fo > 0 such that for 0 < f < fo, we have u-(t,") — X[=r/2,r/2] N L2(SY)
for allt > 0. This also holds if we accelerate the solutions to any faster time-scale.

The proof proceeds exactly as before, but the applied force now acts on the fast time-scale
when it is contracting so that the kink/anti-kink attraction disappears in the limit. In the other
direction, we note that for small forces, an energy barrier still needs to be overcome. For the case
of small negative forcing or order |loge|~! compare [GM12] where periodic forcing is considered.

4. TWO-DIMENSIONAL DYNAMICS

4.1. Technical Points. The one-dimensional evolution reaches the macroscopic time-scale at
an obstacle distance of d. ~ 1/¢/|loge| which is the natural distance of obstacles in the setting
of Theorem 2.1. In two dimensions, this is still expected to be slow.

Let us for the moment assume that the obstacles are distributed on a perfect grid d. - Z? in
the plane. Then we can use the moving interface sub-solutions constructed in one dimension
as a sub-solution by extending them as constant in the second direction. They are still pinned
sub-solutions since at {u = 0}, the sub-solution property holds trivially on the non-pinned set.
However, these extended sub-solutions can be considered as sub-solutions in the situation when
the obstacles are e-tubes around lines rather than unions of e-balls. The volume of the pinning
set is N. - €2 ~ ¢ |loge|, while the volume of the e-tubes is proportional to v/N - ¢ ~ /e |loge|,
so considerably larger. While the volume of the pinning set is a bad proxy for estimating its
influence, this simple observation suggests that using a one-dimensional construction may well
over-estimate the influence of pinning. Indeed, a back-of-the-envelope calculation like in Section
2.2 gives much slower speed for super-solutions.

The modification of the interface needs to be done more carefully in this setting, since the
flattening out of the interface to facilitate glueing induces motion on the macroscopic time-scale
in this scaling. The refined modification is presented below.
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Lemma 4.1. Let 1/2 < (<1, F >0, 1> 1. Then there exists
a e CY2(R?) N CLY? (B, \Br) n €2 (R?\ Bys)

loc
with the following properties:
(1) We have

=0 on By and Au—W'(a) on R?*\ Bi.

> 71 + —
-1 ll-‘r(
(2) The iunction u 18 constant on RQ \ Blg‘/g and

1 C
li (11— <=
2] >0 u@) ( W”(O)l>’ G

1 c
i >1—-—- -
u(z) > w0yl |z

(8) The growth estimate

holds for some ¢ > 0.
All constants are independent of [.

Proof. Take the sub-solution % constructed in Lemma 3.1 on the circle of length I¢ with
1 F
<7

and extend it to the whole real line as in Lemma 3.4. Now set

M =M =

uzp(z) = ul|z|).
Since the norm is 1-Lipschitz, the function usp is C%/2-Hélder continuous and since the norm

is C*°-smooth away from the origin, usp is exactly as smooth as @ outside B1(0).
The function is constant on R? \ B¢ /»(0) and satisfies the well-known growth estimate

=t Frt c
wr@yie o z?
Note that F vanishes in the error estimate to leading order since I'*7 >> [27. The sub-solution

property is established by comparing the rotationally symmetric extension to a non-radial ex-
tension. Assume that x = |z| - e; and observe that

Ausp () AQWd
u(y;) —u(xy)
> [ o ay
— ey, [ Uy —u(ey)
= 2,1/]R 1 — 71 dyq
= co Az,

since @ is monotone growing away from the origin and |z| = z1. The same holds after rotation
for any point z € R? \ B;(0).

We used that for a function f : R® — R, f(#,z,) = g(2) for some g : R"~! — R we have
AR f (&, 2n) = AR 9(Z) when the fractional Laplacian is computed as a singular integral.
The normalising constant cp 1 # 1 appears here because we neglected normalising the fractional
Laplacian before. Since the same re-normalisation affects the half-Laplacian acting on the in-
terface and the obstacle sub-solution in the same way, we will not make a difference here and
remark only that the Lemma holds for the properly normalised operator. (|

u(lzl) =1 -
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In two dimensions, the downward force exerted by the pinning constraint decays faster and
the optimal transition approaches 4+1 more quickly. This is connected to the fact that small
balls shrink faster in two dimensions, or equivalently, that the boundary condition at infinity
has a stronger upwards pull since large circles have increasing measure while two points in one
dimension always have the same mass.

Lemma 4.2. Let u € 1 + H'/2(R?) be a minimiser of
g =[u o+ [ Wwds
RZ

under the constraint u = 0 on Bg(0). Then u € Cl/z(Rz) 1s radially symmetric, smooth away
from the pinning set, and satisfies 1 — ﬁ <u(x) <1 for all x € R? and some ¢ > 1.

The proof is a slight variation of that of Lemma 3.1 or Lemma 3.5.

4.2. Dynamics in the Plane. We will now prove that the pinning constraint acts on a much
slower time-scale than the kink/anti-kink attraction by considering the model problem of a single
infinitely long straight interface on R? perfectly aligned with the grid.

Theorem 4.3. LetI'. = d. -Z2 for d. > ¢. Then there exists u, < . which are a viscosity sub-
and super-solution of

{ Fewy = io (Au—LW/(w) in R\ U, B-(ide)

u =0 on J;ey Be(ide)

respectively. When we choose ¢ = ﬁfﬁgsl for the time scaling of the super-solution and c; =

|loge| ct, there are constants ¢,C > 0 such that

Eh_I}(l)ﬂg(L ) = X[ct,00)xR> ;i_I}(lJﬂs(ta ) = X[Ct,00) xR

in L2 (R) for all t > 0. In particular, the gradient flow is slow of some order c. between

eY2|loge|Y? < . < Y% |logel*/?

1/2 I-1/2,

in the line-tension scaling d. ~ '/?|loge

Here, we miss the optimal order by a logarithmic term as the sub-solution moves on a faster
time-scale than the super-solution. This discrepancy is due to our use of a radially extended
function rather than a fully two-dimensional construction. The two-dimensional growth rate is
observed in Lemma 4.2, and we expect the super-solution to give the right order of movement
rather than the sub-solution — see Remark 3.2 for the difficulties related to constructing sub-
solutions directly in two dimensions.

Proof of Theorem 4.3. Like in the proof of Theorem 3.8, we begin by constructing sub-solutions
in a blow-up scale.

First modification. Like in the one-dimensional case, denote | = I. = d./(¢N) for suitably
large N € N. Take f1, like in Lemma 3.7, but this time for L = 1*/2. Choose g € C*°(R) such
that
1|t > 2

4
"
<
0 i< 19"

lg'] < S

i

2
and c1,co > 0 to be specified later. Set

3w) = fr 0 olar) — 2B gy 21080
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and compute

A(fr 06— o)) +| g Agta)

C log(l D? 2
< 72+01 02g() / I 9||dy+/ ||9H3dy
L l Bix) 1Y — 7 B2\ By (2) |T — Yl

C  cilog(l) [ 4 /l 1 /°° 1
< = = —(2 2 — (2
B + 2 ZJ (2mr)dr + - (27r)dr

< c log(l).
N NNE

IN

A — ¢)(x)

like in Lemma 3.7 because L? = I3 and again using the property that the fractional Laplacian
of a function of n variable which does not depend on the last variable reduces reduces to the
fractional Laplacian of its profile one dimension below. Thus ¢ satisfies

AG— WD) = Ad— )+ Ao —W'(0)+ [W'(6) - W)

= A=)+ [W(6) - W'(3)]
—ERs tos! ( )€ [B,1- 8]

> ¢ avegloal  g(x) € (0,5] or ¢(x) € [1— B, 1]
Cw cllzlogl |1,| 2 2l.

All constants are positive and depend only on W".

Second modification. Let y; j. = NI(i,j) be an enumeration of the pinning sites after
rescaling with 7, j € Z. For pinning sites with Nli < [3/2 41, we need an additional modification
to flatten the interface before we can insert obstacles.

Choose 1/2 < v < 1 and a bump-function 7 such that

1 |zl <7 2 9 4
0<n<l1 = Vnl < — D < —
=>4 U(x) {0 |$‘ > 217 ’ | 77| = l,ya | 77| - [2v
and set
Uy (x Z Z (T = Yije) Ha1 + Al) + Z Uien(z = ¥ije)
li ‘S# JEL li|<2VI/N, jEZ
with

Uie = 6((Ni— \I) +0("7?)

for a small term O(I7~2) to be chosen later. This is a function which mostly looks like (a
translated version of) ¢, but is flattened at the pinning sites. The parameter A will later be used
for the time-evolution. Note that

1

~ 1 1
|¢(£C) - Ui,€| = W”(O)

r  Nil —\

’ +o(I"H+o( ) <on?
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where n(z — y; ;) # 0, so when we set
15,5 (@) = 1@ = Yije),

wi=uy — ¢
—Z( - x1—|—)\l)) i

we observe that

Vuw(z) = Z (Uzya - QZ) Vi — &' mijer,

,J
D*w(z) = Z (Ui7e - <l~5) D?n; j — ¢ (e1® Vi + Vni; ®e1) — ¢ Nije1 Qe
0,J
=0 (17,
Therefore, the usual argument shows that
1A w(z) S/ [ D?w]| Lo dy+/ ||wl] L~ dy = 0(1-2)
Bi(z) T =Y R2\ By (2) [T — Y3

on R? where the matrix norm for D?w is the pointwise norm for symmetric bilinear forms

|| D?wl|| = max [ |vT D2w |
ve

as needed for radial integration. This estimate can be improved if we are far from the next
pinning site. Namely, assume that min; ; |z — y; ;.| > 2[, then the first term vanishes and the

sharper estimate
e [ 2l
|z — i, a| B

17 (Vi g,e)
Z Cl2 -2
N T = Yijel?

= O(lg'y 5)

holds. From now on, take v = 2/3, so that Aw = O(I~3). Note that this holds true for all =
with |z| < 2.

Inserting Obstacles: Right Half-Space. We now insert the obstacle sub-solutions from
Lemma 4.1 into the flattened out sites and on the half-spaces that are flattened out by fr,. First
we deal with the right hand side of the interface where ¢ is close to 1.

We concentrate on the obstacles in the flattened discs since the flattened half-plane can be
treated similarly. The height of the obstacle at y; ;. is 1 — — O((Nil)7=2) for

j < 21Y2/N which is
1 1 F n
Ww"(0)1 W(0) (Nil)  (Nil)4/3
for some bounded sequence F' = F; € R, so we choose ( = 1/3 in Lemma 4.1. A lower order
perturbation in either term gives a matching height between the interface and the inserted
obstacle so that we can glue the obstacle into the modified domain. The sub-solution for an
obstacle on R? is constant for arguments || > ¢ = ['/3 and the flattened out disc in the obstacle

has a radius of {?/3, so the glueing does not cause more problems. The resulting function is
denoted by u.

1
W7 (0) (Nil—N)

o3 = o(l™4/%)
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Let us check that the sub-solution condition is still satisfied at the obstacles we just inserted.
An ideal interface would exert a non-local force of

A p(Nil) = W' (p(Nil))
=W"(0) (1 — ¢(Nil)) + O((1 — ¢(Nil))~?)
1

(

=w" 0) ’ W//(o) Nil + O((NZZ)72)
1 N9
= =+ O((NiD) )

at ¥ j,. which is compensated by the obstacle by construction. The same is true up to order
O(1"=2177) = O(172) for the modified interface @y, which is also compensated. The obstacle
Yy jr. has a distance of NI /(i — )2 + (j — j7)2 t0 y; j.c, S0 their contribution to the non-local
force is negligible. Namely, the force created by the obstacles at a point z is

u(y) — ix(y) 1 T3P
DS R Er D PR y—op
i Y Bl W) y—z Bi(yij.e 1Y~ 7T Buys(ige)\B 1Y~ 7T

4,J
-0 _ L +log(l)
~ 7 \dist(z, NIZ)3

B {0(12 log(1))  if dist(z, N1Z) > 12/3

O(I73log(l)) if dist(z, NIZ) > 1

which is compensated either by a sufficiently large constant c¢; close to the obstacles or by co
away from the obstacles. At the interface, it can be compensated by a speed O(I73log(1)).

Inserting Obstacles: Left Half-Space. Since the interface could only be modified for
|z| > L > 13/ 2, we also need to insert obstacles into the flattened out discs in the left half space
in two dimensions.

Being close to phase {u = 0}, the construction of a stationary obstacle sub-solution does not
go through. Instead we can take a sub-solution of the periodic obstacle problem at phase {u =~ 1}
for F =0, an auxiliary double-well potential W and multiply it by a factor

hy~o — L
W(0)1
which allows for continuous glueing. Here, the interface pulls upwards with force ~ %7 while the
self-interaction force of the obstacle is

A(hgu) — W (hyu) = by Au— W' (hyu)
= W' (u) — W (hu)
<Gw

-

When we choose W suitably, Cf; can be made as small as we need by choosing any initial

W and then multiplying by a suitably small constant. Thus the upwards pull of the interface
compensates the self-interaction.

Conclusion and Rescaling. Overall, the calculations show that a function as constructed
above is a sub-solution if the interface moves with a speed A = O(log(l) I=3). Again, the suitable
monotonicity of q~5 and the precise construction ensure the sub-solution property at non-smooth
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times. When passing to the macroscopic scale as

(t,) t T
u(t,z)=u|——-F—,=
A e2|logelc.’ e

we observe that the interface moves a distance d. ~ €l. in a time t. proportional to the product
of the re-scaling factor with the quotient of the travelled distance I. in the blow-up scale and the
speed I3 log(l.) in the blow-up scale, i.e.

d. (€|loge| od
2 £ _ e He
te ~e‘lloge| e - ~ (dg =3

To obtain a uniform speed on the order O(1) we choose t. ~ d. or equivalently
_ ¢
. = —.
€ dg
Super-solutions. Super-solutions are constructed in analogy to the one-dimensional case.
The growth rate 1 — ‘x% from Lemma 4.2 leads to the fact that the logarithmic term in the
integral is not present in the super-solution. A simple calculation shows that super-solutions
move on the slower time-scale
+ e?
CE = 37
d3 |loge|
O

Remark 4.4. A similar argument can be made when the interface is not perfectly aligned with
the grid. Take the grid I'c = S(¢) - (dz - Z*) where S(¢) is the rotation matrix

[ cos¢ sing
()= (— sin¢g cos (b) '

If we take ¢ such that tan(¢) € Q, then the first component z; of z € T'; is
z1 = de (ncos ¢ + msin @) = d. cos ¢ (n + mtan @)

for some n,m € Z. Since we assumed tan ¢ to be rational, this is a discrete periodic subset of
the real line and the distance between any two points is proportional to d.. Also the fractional
Laplacian can be estimated as before, so Theorem 4.3 also holds for rotated square grids.

Equally well, we could rotate the interface instead of the grid. This resembles the settings
of [DY06, DKYO08] where a straight front in a periodic medium is considered for sharp interface
mean curvature flow and for a local Allen-Cahn equation. Our setting differs in the use of a non-
local differential operator and in that the obstacles are comparable to the size of the interface,
but the distances between them lie on a much larger scale.

4.3. Dynamics on a Torus. Finally we state the main result as applied to the case of [GMO6].
Note that the inclusion of a constant force f in the energy is a compact perturbation, so

E(u) == E-(u) — fudx LLQ)> Ew)— | fudx

T2 T2
for any constant f € R.

Theorem 4.5. Denote by T2 = R?/ (a . Zz) the flat square torus with volume A = a®. Consider
the evolution equation

Ce EUg

= g (Au— LW/ (W) + £ in [0,00) x [Tg \UYe, Bg(xm)]
U 0 on (0,00) X UkN; Be(x;.)

U u? att=0
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where the pinning sites x; . satisfy the assumptions of Theorem 2.1 and additionally

(1) the distribution assumption

[Tiog <]
{100 an.} € | Bro(de- (k).
k=1
orre L de = /== (i-e. the pinning sites lie in small discs around grid points) an
f d “025‘ h l ld d grid d
(2) the number of obstacles per disk is uniformly bounded:
# ({xl,s, ey st,s} N BTg (ds : (.73 k))) S M
for some M € N independently of €, j, k
Then we find u? — X[=r/2,r/2]x[0,a] =: U 10 L2(T2) (a strip of width v around the torus) such
that E(u?) — E(u) and the following hold:
(i) If f =0 and r > a/2, then u.(t,-) — u in L*(T?2) independently of c. — 0.
(i) If f =0 and r < a/2, then uc(t,-) = X[—r@)r(t))x[0,a] 1 L*(T2) for c. = |loge|~' where

+ZnR o O =r/2

(i) If 0 < f < fo for some fo depending only on the capacity o of dislocations (i.e. the
potential W) and the limiting density A = lim._,o ri=— Ve € (0, 00), then uc(t,-) — u in
L?(T?2) independently of c. — 0. (This is valid also for f- >0 if f- > |loge|™!.)

(iv) If f <0, then uc(t,-) = X[—r/24|f|tr/2—|f|t]x[0,a] JOT Cc = 1.

() If f=fc = ?|logs|*1 for f <0, then us(t ) = X[=r(t),r(t)] x[0,a) for allt >0 where

+2Z nR —s . =12

Zf Ce = \logs|
If W € CYR) and WB(0) = 0 (e.g. if W' = sin), then we can generalise the distribution
assumptions as follows.
(1°) There exist d. > £2/3|loge|'/? and r. < d. such that
1/d.
{w1e vy | B (d- (k)

jrk=1
(2°) the number of obstacles per disk is uniformly bounded:
#{z1e, s oN N B (dL- (4, ) <M
for some M € N independently of €, j, k

The proof is a combination of the analogous statement in one dimension and the more subtle
modification of the interface in two dimensions described above with a few additional facets:

(1) Note that

c c
"(2)] € ——— <
Y@< Ve < T
so at the nearest obstacle where we need to modify we use l. ~ d. /e ~ (¢|loge|)~/? to

calculate
ey (Ie) = O(e 3/2\log6|1/2) < (<€|10g5|)3/2 =13
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This allows us to carry out the same modifications as before without paying much at-
tention to the corrector, which is a lower order perturbation only at the closest pinning
site. We have enough ‘wiggle room’ to come closer to the pinning sites and jump shorter
by a logarithmic term, so again we can argue that neither the contracting force nor the
jumps matter in the limit.

If w® (0) = 0, then we can show that 1 decays as =2 at +00, not just as =1, thus
we can come closer to the corrected interface with the obstacles without having to take
care of bigger complications in the modification process.

If we could improve the order at which the sub-solution moves to the order of the
super-solution, it would suffice to require d. > £2/3, which is the order at which the bulk
term induces logarithmically fast motion.

(2) When we denote by u the solution to the cell-problem from Lemma 4.2 and by z; . the
pinning sites, we see that the initial condition

- (1) o (228 o (2)}

is trapped between the sub- and super-solution constructed before. Since all three com-
ponents have converging energies, also & (u?) — &(u?).

The first statement covers the case of obstacles located on a square grid, the second case allows
for relatively general arrangements in a denser grid with many vacancies.

In particular, we see that in none of the four cases above we obtain the gradient flow of the
the limiting energy as limit of the evolutions, which behaves as follows:

(1) If f = 0, the {u = 1}-phase contracts with constant velocity stemming from the bulk
energy term.

(2) If f < 0, the {u = 1}-phase contracts with constant velocity stemming from both the
bulk-energy term and the external force. Here, the behaviour is correct, but the velocity
is governed only by the external force.

(3) If 0 < f < fo, the {u = 1}-phase contracts with constant velocity stemming from the
bulk-energy which dominates the small external force in the opposite direction. Here, in
fact a small force f. already suffices to cause qualitatively wrong behaviour.

Remark 4.6. Similarly as for the propagation of a front on the whole space, we can also have
tilted grids. On a torus, we obtain a tilted grid by labelling equidistant points on the edges
of a square and then connecting id. on the bottom with (¢ + k)d. on the top (and periodically
extended). The same result holds then, up to slight technical complications.

Finally, we apply Theorem 4.5 to show that the limit of the pure gradient flows without
external force in the usual fast time scale is not mean curvature flow.

Corollary 4.7. Under the same assumptions as Theorem 4.5 and the assumption that A > Ay >
0 for a suitable Ao, there exists a sequence of initial conditions u? — u = 1 — XB..(0) for some
small > 0 such that E:(ue) — E(u) and of solutions us of

€dpue = rphay (Aue — LW/(u)) i [0,00) [T2 \UNe, Bo(zie)

u=0 on (0,00) x Ups, Be(wic)

u=u? att =20
such that uc(t,-) = 1 — x g for some set E(t) for all times t, but the boundaries OE(t) are not
moving by either mean curvature flow or the gradient flow of €.

Proof. At small circles, the line energy dominates the bulk term in both the energy & and its

gradient flow, while circles of radius r > ﬁ are expanding. Assume that Ag is so large that
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OBs/(ra)(0) is a round circle on the torus. Then choose r € ((Aa)™*,2(Aa)~!). Both the
gradient flow of £ and mean curvature flow of 9B, (0) exist smoothly up to some small positive
time.

For energetic reasons, the initial set cannot shrink, so B,.(0) C E(t) and E does not evolve by
mean curvature flow. Using straight interfaces as barriers, we use Theorem 4.5 to show that E
cannot leave [—r, 7] x [0,1] nor [0,1] x [-r,7]. Thus E is trapped in [—r,7]? and does not evolve
by the gradient flow of £ which is given by circles of increasing radius from E(0). ]

On the whole space, we could use the previous results to show that the circle is in fact non-
expanding since the angles ¢ with tan ¢ € Q are dense in (—7/2,7/2).
5. RELATED MODELS

Let us briefly discuss the validity of our results for similar models concerning the same phe-
nomenon. The first two extensions we discuss concern the dissipation mechanism, while the third
one discusses a modification of the energy functional.

5.1. Non-viscous Evolution. It can be argued that the use of a quadratic dissipation is un-
physical for the dynamics of dislocations and a rate independent evolution

(5.1) — 6&:(ue) € c.sign(te), ce >0

associated to a linear dissipation would be physically more sensible. Here

{1} z>0
sign(z) =< [-1,1] 2=0
{-1} z2<0

is the usual set-valued sign function. We believe that the emergence of an asymmetric, stick-slip
type motion law from a viscous dissipation is the more interesting observation, in particular as
rate-independent dynamics of this problem appear to be stationary in many cases. Namely, the
sub-solutions constructed above satisfy

1 1
—Ce S T Aus - Wl(ua) S Ce
|log e| €

for c. > C m for suitable C' > 0 in the case of Theorem 3.8 and ¢, > C/|loge| in the case
of Theorems 3.11 and 3.12. The same is true for many similar initial conditions even without
the sign condition. Thus for such a choice of c., the rate-independent evolution can be taken as
stationary. The same holds for an evolution law associated to a mixed dissipation

—0&-(ue) € cesign(te) + e e

if ¢. is chosen in the corresponding parameter regime as above, since the last term vanishes
identically for stationary solutions of the differential inclusion (5.1).

5.2. Finite Relaxation Speed. We considered the L2-gradient flow of the energy

) = e (318 + 2 [ wiwae)

which arose from as an equilibrium localisation on a plane of the crystal grid of the energy

1 1 1
Folu) = 7/ VuPde+ 2 [ Wwdz .
‘10g5| 2 T2 xR, g Jr2
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The modelling assumption behind this mechanism is that for given dislocations in a plane, the
rest of the crystal has relaxed to the minimal Dirichlet energy, which is not quite true in the
dynamic case. When we consider the first variation

1 1 ,
OF.(u; ¢) = Toge| (/TZX]R+ (Vu, Vo) dz + e w (U)¢d$>

1 1 ,
~ Jloge| </T2XR+ (V- (¢ Vu) - (Au)pdz + . W (u)qsdx)

_ 1
~ Tloge]

(/ —(Aw)pdz + [ Ou+ W' (u)g dx)
T2 xR T2
and the inner product

1 1
e R )

we obtain an evolution equation

Me Uy = mAu in T2 x Ry
N. 57—~
(5.2) Euy = m (Au—LW'(ue)) onT? \Ulf\/:l Bo(z;.)
u =0 on T? \Uipsq Be(wie)-

The case we considered above corresponds to an infinitely fast relaxation speed in the half-space,
i.e. the formal limit m. = 0. In that case we could forget about the analytic continuation and
only had to track the evolution of the boundary values. We can connect this to the case of
positive m. > 0 as follows:

All the sub-solutions, super-solutions and solutions constructed above for the gradient flow
equation on Q = R? or Q = T? were pointwise non-increasing, so their harmonic extensions to
Q x Ry have this property as well. Thus the analytic continuation 4. satisfies

msﬁtﬁg <0=

— A in QxR
S |10g5‘ Ue m XNy

both in the viscosity or the distributional sense, which means that the analytic solution . is a
sub-solution for (5.2). In this sense, we can at least say that an evolution with a finite relaxation
speed can in no case be faster than the limiting case we considered.

5.3. Finite-Strength Pinning. The hard constraint « = 0 on U,ICV; B.(z;¢) can be see as the
limiting case of the following soft obstacle problems. We consider a version of £ on the whole
space with an additional term in the energy

N,
1 9 1 T— Tie q
P = ([uh/2+ /TQW<u>dx)+;EQ / E(%)g< : )|u| .

Here 1 < ¢ < oo is a parameter we could choose freely and g € C.(B1(0)) is a non-negative
function. The hard obstacle arises as the formal limit g — 400 - XE,(0) for any ¢g. Physically, the
case ¢ = 1 seems the most relevant. This extension has been discussed in [GMO05, GMO06], and
the same I'-limit statement still holds with a different capacity function « : Z — [0, 00).

Our results apply also here by the following considerations. Observe that
u, =0, Wi(u) =0, Au>0
at xz € U}I;[; Be(w;,.), so u is a sub-solution also to u; = Au — 1W'(u) — ¢ g() |u|?7"?u which

is the gradient flow equation of F.. Thus we can use the same sub-solutions to obtain upper
bounds on the velocity of interfaces, even in the case ¢ = 1 since the sub-solutions u. do not
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change sign. For super-solutions, we have to solve a minimisation problem with the soft pinning
instead of the hard one instead:

1 1
Minimise — [u]%/2 + / W (u)dx 4+ /
2 st B

g |ul? dx subject to 1/ udz > —.
1 (o) L s 2
When we establish that the solution to this problem satisfies u % 1, 0 < u < 1, we obtain
matching bounds on the scaling of the velocity of interfaces at a single step on the real line and
up to a logarithmic factor in the plane. We observe that also here, the contracting effect of the
obstacles vanishes compared to the kink/anti-kink attraction.

6. CONCLUSION

We have identified the time-scale on which a pinning constraint would naturally act by con-
sidering a whole space problem (up to a factor of O(|loge|)). We have shown that the gradient
flows of the pinned problems do not converge to the gradient flow of the limiting problem under
certain assumptions on the distribution of obstacles and given estimates on the behaviour for
certain initial conditions. A number of questions remain open.

(1) Is there an explicit law that describes the limit of the evolutions of the e-problem at
curved initial conditions?

(2) How dependent is the limiting motion on the exact (well-prepared) initial condition?

(3) Do the same results hold for more general distributions of obstacles, or can other phe-
nomena occur for less regularly distributed (or moving) obstacles?

Furthermore, our methods used the rotational symmetry of the fractional Laplacian and the
fact that all functions we constructed were non-negative. We expect that these constraints could
be eliminated. We also believe that a more explicit characterisation of admissible potentials W
should be available.

APPENDIX A. FRACTIONAL EVOLUTION EQUATIONS

The gradient flow of the energy &, is given by the fractional parabolic equation

ety = e (Au—W(w) ¢>0, zeT\ U Be(wic)
(A1) u =0 t>0, ¢ Uf\fl B(z;¢)
u =ud t=20

with ¢. = 1 which formally has the structure

u =Au+ f(u) t>0,z€Q
(A.2) u =0 t>0,zeT?\Q
u =ul t=0,z€0

where A = —(—A)!/? is the fractional Laplacian of order s = 1/2 and f is a bounded Lipschitz
function. Choosing constants c. < 1 corresponds to accelerating time to rescale slow motion of
the gradient flows to the macroscopic time-scale. Since we derived the equation as the gradient
flow of the energy &, the most natural concept of a solution is that of a weak solution in a
Bochner space

W, = {u e L?([0,T], X.) % e L? ([O,T],X;)}

where again
Xe = {ue € HI/Q(TQ) | ue =0 on Be(x; ) for 1 <i < N.}.
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It is well-known that the operator A : HY?(T?) — H~'/?(T?) (and also A : X, — X) is
monotone. Furthermore, if u solves (A.2), we note that v(¢,-) = e~ solves the same equation
with f replaced by

fv)y=ef (e’\tv) + v

which can be made monotone increasing for large enough A as f is Lipschitz. The existence of
a weak solution v follows by the theory of monotone operators. Reversing the modification, we
obtain a weak solution u = e*wv in the Bochner space W..

If w is smooth, 0 < uy < 1, the comparison principle implies that v < 1 for all times and the
non-linearity f = —W’. We show that remains true for weak solutions.

Since f is bounded, we have f(u) € L>°(2) and [FRRO17] implies that « is Holder continuous
up to the boundary (note that the concept of a weak solution used in that article is weaker than
ours). Hence f(u) is also Holder continuous, which means that u is locally C1**-smooth in
and C%'/2-continuous on T?. While the results of [FRRO17] are given in domains in R”, the
proofs also apply in the periodic case.

In particular, the weak solutions are classical and thus justify the usual calculations that imply
a decrease of energy along the time evolution. The solutions are in particular viscosity solutions
and we may construct viscosity sub- and super-solutions to understand their behaviour.

Interestingly, the regularity results apply more easily if f is bounded a priori. However, if
W(z) = (22 — 1)? is the usual double-well potential and the initial condition lies between —1
and 1, we may modify W outside [—1, 1] to become bounded Lipschitz. In a second step, we
may apply the maximum principle to deduce that solutions remain between 41, which means
that the solution to the modified problem is actually also a solution to the original problem —
compare the proof of Lemma 3.1.

We have also investigated solutions of the evolution equation on the whole real line or in the
plane. By the same arguments as above, weak solutions exist if the initial condition happens to
lie in the space

o0
{u € L*(R") [u=0 on U Bg(xi,s)} .

i=1
Here we use that we could modify f to become monotone and use a monotone Nemickij oper-
ator rather than having to pass to the theory of pseudomonotone operators, where the lack of
compactness in the embedding for the whole space problem causes additional challenges.

When we consider solutions to the evolution equation (A.1) on the real line with initial condi-
tions approximating a single step function, on the other hand, we need to understand solutions
in the viscosity sense. On the whole space, the theory of viscosity solutions for fractional evolu-
tion equations is developed [Imb05, DI06, BIO8] and the pinning constraint could be included in
the proof of the maximum principle by the doubling of variables in the standard way — see e.g.
[Imb05, Theorem 2]|. Existence can then be proved using Perron’s method.

Consider the Bochner space W over 2 C T? and the particular case of a non-linearity f which
satisfies f(1) =0, f < 0 on (1,00) and f is constant close to co. Assume further that we have
an initial condition ug < 1. Now consider u; := max{u,1}. Since u € C°([0,T], L*(T?)) by
embedding theorems u (t,-) is well-defined in L?(T?) and we can calculate the integral

([ woras)

pointwise in time. Due to Bochner-space theory, smooth functions are dense in W and we can
consider a sequence of functions u,, € C°([0,T) x T2)NC?((0,T) x ) such that u,, = 0 on T2\ Q
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such that u,, — v in W. In particular this convergence implies

</T2 (un)? dm) (0) — 0.

Take (t,z) such that u,(¢,2) > 1. By continuity, u, > 1 in a neighbourhood of the point, and
the Laplacian can be calculated pointwise as a singular integral

_ un,-i-(ta y) B un,-i—(ta JJ) un(t’ y) B un(tv x) _ w z
[Aup ] (t,z) = /Q p— dy > /Q T dy = [Aun] (t,2)

since w4 (¢,y) > u(t,y) and up 4+ (¢, ) = up + (¢, ). On the other hand, if u, 4 (¢, ) = 1, then
Up,+ is minimal at (¢,z) and thus Aw, 4 > 0 at (¢,z) in the distributional sense. It follows that

(at - A) Unp, 4 Z X{un>1} : (at - A) U, -

Since u4 is smooth enough to be a Sobolev function, it also lies in W and we compute

(/ (un)2 dg;) (t) = (/ (un)? dx) (0) +2 /Ot ([0 — A+ A] ()4 (n)4) - x ds
(/n(“")2+ dx) (0) + 2/; ([0r — A} (un)+, (un)4) x- x ds

IN

IN

(/n(unf+ dx) (0) + 2/; (Pt )y (un)4) o po + (s ) x- x ds

(/n(un)‘i dx) (0) +2 /Ot@n, U)o x ds

— 0

IN

since u,, — u strongly in W, thus in particular f(u,) — f(u) strongly as well. This implies that
u < 1 for all times and thus the solutions are classical for positive times. The same argument
shows u > 0 and a slight modification implies comparison with a stationary sub- or super-solution.
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