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Abstract

We introduce the notions of viscosity super- and subsolutions suitable for sin-
gular diffusion equations of non-divergence type with a general spatially inhomo-
geneous driving term. In particular, the viscosity super- and subsolutions support
facets and allow a possible facet bending. We prove a comparison principle by a
modified doubling variables technique. Finally, we present examples of viscosity
solutions. Our results apply to a general crystalline curvature flow with a spatially
inhomogeneous driving term for a graph-like curve.

1. Introduction

As a continuation of [17,21] this paper studies a degenerate nonlinear parabolic
equation (in one space dimension) whose diffusion effect is very strong at particular
slopes of unknown functions. We are particularly interested in an equation, where
the driving force term is spatially inhomogeneous. A typical example, which we
have in mind, is a quasilinear equation

ur = a(u)[W(uy)x +o(t, x)], (1.1

where W is a given convex function on R but W may not be of class C' so that
its derivative W’ may have jump discontinuities. Here a is a given non-negative
continuous function and o is a given smooth function depending on x and also on
t, where u; and u, denote the time and the space derivative of u = u(¢, x).

As explained in detail in [17] the equation is viewed as an evolution law of the
graph of # moved by an anisotropic mean curvature flow V = M (n) (k) + o) with
a singular interfacial energy density y, where «,, is a weighted curvature and M is
mobility; V denotes the normal velocity of the evolving curve in the direction of n
(the quantity «,, formally equals (y” + y )« with curvature x and y = y(f) is an
interfacial density as a function of the argument 6 of n = (cos 9, sin6)).
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Our eventual goal is to establish a kind of the theory of viscosity solutions for
a class of equations including (1.1) as a particular example so that we are able
to construct a global-in-time solution, for instance for periodic initial data. In this
paper we give a new notion of viscosity solutions for (1.1) and we establish a
comparison principle.

If o in (1.1) is independent of x, the theory of viscosity solutions has been
already established in [17,21]. Even in this simpler case the quality (W’(u X))x turns
to be nonlocal so the conventional viscosity theory does not work. For example if
W(p) = |p|, then W”(p) is two times the delta function so that (1.1) becomes

ur = a(ux)[28(u)uyy + o (1)) (1.2)

which is, of course, not a classical partial differential equation. If u = u(z, x)
has a flat part (called a facet) with a zero slope, then it is expected to move with
speed u; = a(0)[2x /L + o] provided that a facet persists and it does not break.
Here L is the length of a facet (which is a nonlocal quantity) and x = £1,01s a
transition number of the facet depending upon local behavior of u near the facet. For
example, if u is ‘concave’ near the facet, then x should be —1. When o is spatially
homogeneous, the hypothesis that a facet does not break is justified either by the
viscosity theory developed by [17,20] or by the subdifferential theory [14] (in the
case o0 = 0), in the sense that such a solution is an appropriate limit of solutions to
strictly parabolic problems. When W is piecewise linear and o is independent of
x, then (1.1) is analyzed in [1,38] for a very restrictive class of unknown functions,
which are piecewise linear, with slopes belonging to jump discontinuities of W.
Their ‘admissible’ solution is actually a solution in a viscosity sense [17] and also
in a variational sense [12,14].

If o depends on the space variable, the hypothesis that all facets do not
break is no longer true. For example, if we postulate this hypothesis, then the
speed, u,, of a facet with the slope equal to zero when u is a solution of (1.2) is
a(O)[2x/L + f o dx], where f denotes the average over the facet. As noticed in
[19], if we assigned the speed in this way the solution may not in general enjoy the
comparison principle. This shows that such a ‘solution’ is not obtained as a limit
of approximate problems satisfying the comparison principle. On the other hand
if |oy| is sufficiently small compared with the length of facets, such a solution is
known to enjoy a comparison principle [3].

If a is a constant, say a = 1, and o is independent of ¢, (1.1) can be viewed as
a subdifferential formulation

ur € =d¢(u), (1.3)
where ¢ is an energy which formally equals
pu) = /[W(ux) —o(x)uldx;
T
for simplicity, we assume here a periodic boundary condition so that T = R/wZ.

As observed in [18] for (1.3), a general theory of subdifferential equations in the
Hilbert space L2(T) provides not only the unique existence of the solution but also
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the value of right derivative du™ /dt (of u as a function with value in H). A general
theory further yields

dtu/dr = —Bow(u),
where 3%¢ is the canonical restriction of a closed convex set d¢ (u(t)), that is

0°p(u) = arg min{|| fllx|f € dp(u) C H}.

In [18], it is observed that 3% can be calculated by solving an obstacle problem.
Let us review those observations. Since the condition

fe—d¢u)
is equivalent to
f(x) =ne(x)+0(x),n(x) € dW(uy(x)), almost every where x € T,

the quantity

ng(x) +o(x) if u,eP, 14

~ ) = [(W/(“"(x”)x Fow) i g P
where P is the jump discontinuity of W’ and u is assumed to be of class C? and
P-faceted [17]. Here, no minimizes

[/ Iy +o?dx; ne aW(uxu))] (1.5)
F

under a suitable boundary condition at the end of facet F' depending on whether u
is ‘convex’ or ‘concave’ near F. This is a convex minimizing problem so a unique
minimizer always exists. Moreover, if ¢ is independent of x, 7, must be constant
and 7)2 +0 = x/L+o.1f o depends on x, 712 + o0 may not be a constant over F and
this is one reason why the speed may not be a constant on F' when o depends on
x. The subdifferential equation (1.3) can be approximated by a smooth parabolic
problem, so we expect the comparison principle to hold. Thus, it is natural to guess
that n + o gives a candidate for the value of

Ay ) () = (W' uy)), +o(x) (1.6)

when W’ has jump discontinuities. Note that this quantity agrees with the minimal
velocity profile proposed by [36], as observed in [18].

Unfortunately, a general equation (1.1) cannot be viewed as a subdifferential
equation (1.3). However, we still use (1.4) to define (1.6). We establish a notion
of viscosity solutions by assigning the value A7, by (1.4) for test functions which
we call admissible. The class of test functions is the same as [17] so a facet of
a test function never vanishes or breaks. The idea of the proof of the comparison
principle is similar to that of [17] except for a simplified handling of end points of
facets observed by [21] and the use of continuity of Af, («) under the translation
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of a faceted region which is obvious when o is constant. So we have to study an
obstacle problem in this paper carefully. Let A(F)(x) be a quantity defined by

AF)x) =n}(0) +o(x), x€F,
where 1 is the minimizer of (1.5). In particular, we prove that
A(F") (x = ) = A(F) (x)

as 4 — 0, where F* = F — u = {x|x + n € F} provided that o, is bounded.
Moreover, the convergence is uniform with respect to F' provided that F is bounded.
This problem can be viewed as a stability problem for (1.5) with respect to pertur-
bations of ¢. Since our obstacle problem is convex, it is not difficult to prove these
facts. We also need comparison results (maximum principle) for A}, to see that this
quantity behaves like curvature or usual second derivatives. It is often convenient
to consider § =n+ | * o as a variable, instead of 7 itself, so we shall use variable
&. We warn the reader that in Section 5 we will use differently defined &.

To establish the comparison principle we argue by contradiction using the dou-
bling variables technique. Let u# be a subsolution and v be a supersolution. We are
interested in the maximizers of

u(t, x) —v(s,y) — Be(x —y) — (t =)?/8 —y /(T —1) — y /(T — )

for small ,8,y > 0. Here B, = ¢B(x/e) , B(x) «~ x?2 for large x and B is
a (non-negative) faceted C 2 convex function with B(0) = 0. This choice of a
test function B is different from [17] and this choice simplifies the argument. We
use sup-convolutions with a faceted function to regularize the problem as in [17].
Quantity A, behaves like a usual second derivative in the sense that it satisfies
the maximum principle. At the final stage we have to compare A(F*) and A(F)
which is trivial when o is constant, because it is independent of (.

Although this paper focuses on the comparison principle for (1.1), as observed
in [21], the method developed here is fundamental to establish a level set method
for V.= M) (x, + o) when o depends on x. For a standard level set method
for smooth y see [10,13,16]. Also a stability result is expected [20] but we do
not intend to include any progress in this direction in the present paper. A general
existence result through Perron’s method is almost the same as the one in [17],
though we do not state it explicitly. Instead, we give a couple of examples of
solutions. An existence result based on Perron’s method and using the comparison
principle established in the present paper was established in [25].

Recently, besides examples in [18], several semi-explicit variational solutions
are constructed for (1.1) for special choices of M, ¢ and y by solving a free
boundary problem [27,29,30]. Their variational solutions are expected to be our
viscosity solutions. In this paper we shall confirm this consistency at least for some
typical examples.

We do not know much about surface evolutions. In surface evolving problems
a facet may not stay as a facet even if o = 0 see for example [5-8].

After this paper was submitted, we were informed of a very recent work [9] by
CHAMBOLLE and NOVAGA, where they established a local-in-time unique solution
for a closed curve with spatially inhomogeneous o .



A Comparison Principle for Singular Diffusion Equations 423

A notion of a generalized solution is established and a comparison principle
is proved in [4], see also [3]. However, the existence of a solution is known only
when the initial surface is convex, see [2]; note that their problem is formulated as
V = yk, where the mobility parallels the interfacial energy.

The bibliographies of review papers [15,22-24] include several articles deal-
ing with anisotropic curvature flow equations with singular interfacial energy or
singular diffusion equations. Here, we only mention a few recent works related to
this topic but not included in the papers mentioned above. In particular, we have in
mind the approach developed by MucHA and RYBKA, which is based on an orig-
inal definition of a composition of multivalued operators, see [32,34]. So far, it is
restricted to one dimension but allows one to study facet evolution for quite general
data as well as the regularity of solutions.

This paper is organized as follows. We first study an obstacle problem in Sec-
tion 2. In Section 3, we establish a notion of viscosity solutions. In Section 4, we
prove our main comparison theorem. In Section 5 we shall prove that the semi-
explicit solutions in [29] are indeed solutions in our viscosity sense.

2. Variational Properties of Nonlocal Curvature with a Nonuniform Driving
Force Term

We shall give a variational characterization of the quantity A¢,, which is for-
mally defined by

Ay () (x) = (W (uy))y + 0 (x), (2.1)

by means of solving an obstacle problem. This characterization enables us to derive
various important properties to establish the theory of viscosity solutions for sin-
gular diffusion equations.

2.1. An Obstacle Problem

Let Z be a real-valued C2 (or C!1) function, defined in a bounded interval 7,
where I = (a, b). Foragiven A > Olet KZ bethesetofallé € H'(I) satisfying

XiXr
Z(x) — AJ2 S &(x) < Z(x) + A/2 for x € I (obstacle condition)  (2.2)
and

Z(x)—A/2 < &(x) £ Z(x) + AJ2for x € I (obstacle condition). (2.3)

Here, x; and x, take values £1. Let J Z  be the functional on L2(I ) defined by

X Xr
b
J7 (&) = S E@Pdx,  EeKZ
Xixr 00, otherwise.

In this subsection, we suppress the dependence with respect to Z since we fix Z.
By the definition of Jy,,,, it is easy to see that inf J,,,, is the H'-homogeneous
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distance from zero to the convex closed set Ky, , in H'. Thus, J, , admits a unique
absolute minimizer denoted by &,,,,. Evidently, &,,, € H'(I) C C'/(T) by the
Sobolev embedding. In fact, itis C L1 ag proved in [33, Chap II, Theorem 7.1] (in
[33], the regularity of the multidimensional obstacle problem is also discussed). In
our one-dimensional case, as discussed below, it is easy to prove that &,,,, is C 1,1
since the obstacle is C!*! and the coincidence set is closed.

For & € H'(I) let D4 () be the coincidence set defined by

Dy =Dx(§) ={x el |&(x) =Zx) +A/2).
We say that D is the upper coincidence set while D_ is the lower coincidence set.

Definition 1. We say that § € K,,,, satisfies the concave—convex condition if § is
concave on each connected component of the complement of the upper coincidence
set D4 and convex on each connected component of the complement of the lower
coincidence set D_, that is, £&” < 0 outside Dy and §&” = 0 outside D_. In
particular, £ is C'"! in I and £” = 0 outside D_ U Dj.

Proposition 1 (A characterization of the minimizer). The function § € Ky,
is the minimizer of Jy,y, if and only if & fulfills the concave—convex condition. In
particular, &y, 5, is cUVin I and

sup (£ (x)] < sup |Z"(x)]. 2.4)
xel xel

Proof. By the convexity of Jy,,, and the uniqueness of the minimizer, § € Ky,

is the absolute minimizer if and only if £ is a local minimizer of J,,,, that is,

£ dx 20, / £y dr 0
Dt e

for all ¢ € H'(I) satisfying ¢(a) = ¢(b) = O and ¢ = 0in D§ = I\D; and
for all v € H'(I) satisfying ¥(a) = ¥(b) = O and ¢ = 0in D¢ = I\D_
by the obstacle condition (2.2) and the boundary condition (2.3). These conditions
are equivalent to the concave—convex condition. We refer to SCHWARTZ [37] or
HORMANDER [31] for the equivalence of convexity in the distribution sense and the
strong convexity.

The remaining statement is a simple consequence of the concave—convexity
condition. 0O

As a trivial application we give two cases, where the minimizer is explicitly
written.

Corollary 1. (i) If the concave hull Z.aye of Z in I is smaller than Z + A, that is,
Zewve SZ+Ainl, thenéy_ = Zegye — A/2.

(ii) If the straight line function E(x) = &(a) + (Z(b) — Z(a)+ A) (x —a) /(b —a)
fulfills the obstacle condition (2.2), then it is the minimizer of J4+ provided
that §(a) = Z(a) — A/2 and §(b) = Z(b) + A/2. Here, J4 = Jy,,, when
xi=xr=1L
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2.2. Comparison Principle

So far, we have fixed interval I to define &,,,,. We shall study the dependence

ofé)’(lxr upon /. To clarify this, we write Jy, . ; instead of ngr and &,,,, ;instead
of ngr. We set
' d&y, . 1(x)
Z . Xl Xrs
AX[Xr(x’ 1) = — (2.5)

It is easy to observe that this quantity agrees with ng + o when Z equals a primitive
of o. It is sufficient to take & = n + Z. The reason we write Z’ instead of Z is that
the derivative of & 5 5, depends on Z only through its derivative. We suppress Z "in
(2.5) when we fix Z. We shall write A__ etc. instead of writing A(_1},{4+1}-

Theorem 1. (Comparison principle) Assume that I and 1> are bounded open inter-
vals.

() If I, C I, then
A__(x, )= Azs(x, ) £ Ay (x, D) forx € .
(i) Ifa<c<bZ<dforl =(a,b), L = (cd), thenforx € (c, b)
A (x, 1) S Aps(x, h), A_£(x, ) S Axy(x, ).

This can be proved by a comparison principle for parabolic equations by an
approximation, as is done in Giga—Gurtin—Matias [28]. However, since the problem
is one dimensional, we give instead an elementary proof, which is based on the
following simple observation.

Lemma 1. (Elementary Lemma) Let us suppose that ¢, ¥ € Cl([a, b)) are such
that < . Functions &, { € H'(a, b) are minimizers of

b
/
satisfying the following constraints v < u < @ and the boundary conditions,

E(@=A=¢@, &b =B>B =¢b).

Then &' (x) = ¢'(x) almost everywhere in (a, b).

du|?

—| dx
dx

Proof. It is very easy to see that £(x) 2 ¢(x) for x € [a, b]. We have to show
that function & — ¢ is increasing. For this purpose we will see that £ — ¢ may
attain neither local maximum nor minimum in (a, b). In fact, the lack of local
maxima implies impossibility of local minima. Thus it is sufficient to see that no
local maximum of & — ¢ is possible.

Let us suppose the contrary, that is, there exists a point xg € (a, b) where § — ¢
attains a local maximum, that is there is a positive §, such that (xg — §, xo + §) C
[a, b] and

(E—0x0) 2 E—-0x) for x e (xg—38,x0+3),
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where the inequality is strict for x = x¢ &= §. We will consider a number of cases
upon the lower coincidence set

D_(§) ={x €[a,D]| {(x) = ¥ (x)}.
They are:

i) (xo—238,x04+8) C (D_(¢))¢, thatis ¢ is aline segment over (xg — &, x9+6);
(i) (xo —8,x0+3) C D_(§);
(ii))  xo € D_(&) N (D-(£))°.

We begin with the first case, which is illustrated in Fig. 1.

Let us denote the slope of ¢ by «. Since we assumed that £ is a minimizer, then
we deduce from Proposition 1 that§ € C L1([a, b]). Fora sufficiently small n > 0,
the line

€(x) = alx —xo) +§(x0) — 1 (2.6)
intersects &€ in (xo — 8, xo + §). Thus, function 2 (x) := min{€(x), &£(x)} satisfies
¢(x) S h(x) =&(x),  h(xo£8) =&(xo£9).

We will see that

x0+34 x0+34
/ W' (x0))? dx < / &' (x)]* dx Q2.7)

0—3 x0—38

which contradicts the minimality of £.
Indeed,

x0+8
/ W' (0))? dx = / Ih' () dx + / I ()] dx
x0—4 {h=E&} {h<&}

= 1€ (x)|* dx + /a2dx,
/{h=s} ; J

-
\

Fig. 1. The slope of ¢; and ¢ is the same
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where J’s are the connected components of the set {h < &£}. We notice that h = &
on d.7. Since the linear function minimizes the functional

/ |u' (x)|* dx
J

among H !-functions with given Dirichlet data, we conclude that

/azdx</ I€'(x)]? dx.
J J

Hence, 2.7 follows, and as a result the Lemma holds in case (i).

Let us consider case (ii). If it occurs, then ¢ (x) = ¥ (x) forx € (xo—§, xo+ ).
But first of all, &'(xg) = ¢'(xg) =: « and we define ¢ in a similar way as in 2.6.
Since xq is a local maximum, then &’(x) = ¢’(x) forx € (xg—36, x0), &' (x) < ¢'(x)
for x € (xg, xo + 8). Thus, for a sufficiently small n > 0 the line ¢ intersects &.
From now on, we proceed as in the case (i) to show the impossibility of the local
maximum.

The last case, (iii), uses the same kind of argument, as soon as we realize
that the solution to the minimization problem with an obstacle meets the obstacle
tangentially. This follows from the convexity-concavity condition in Proposition 1.
The details are left to the interested Reader. This finishes the proof of the Lemma.

O

We may now turn our attention to the proof of Theorem 1

Proof. It suffices to prove
@ Ay, ) S A, ), A_(x, ) S A__(x, ) forx e L C I,
® A+, 1) S Apr(r, 1), A—(x, 1) S A_y(x, I}) and
Apm (6, 1) S Ay (e, 1), A—— (e, 1) € As—(x, ) for x € 1.
We begin with the proof of (a). Since the argument is symmetric, it is sufficient to

prove the first inequality. We may assume that one of the end points of /1 and /5 is
the same. By symmetry, it suffices to prove that

Apr(x, 1) S Apy(x, ), xeb (2.8)

with I} = (a, ¢), I, = (a, D) for ¢ (2 b). Let us set § := &4 1,, where Sjr+ L=
Apy(x,b)and ¢ ==& 4 j, where E'/"‘h]l = A4+ (x, I1). Due to the definition of

Z z
J 1.1 and K5 we conclude that

E@)=2¢@), &b = d).

However, when £(b) = ¢(b), then there is nothing to prove, so we assume that
&(b) > ¢(b). Thus, we may apply the Elementary Lemma, to deduce that &’ > ¢’
in I, that is, 2.8 holds.

We next prove (b). By symmetry it suffices to show one of four inequalities.
We shall prove that

A_(x, 1) = Ay (x, I). (2.9)
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Let¢ = &__ j, be the minimizer suchthat¢’ = A__(x, I}) andleté = &_4 1))
be the minimizer such that &’ = A_, (x, I5). By the structure of minimization
problems, we see that &(a) = ¢(a) and £(b) = ¢(b). We may directly apply the
Elementary Lemma, to deduce that 2.9 holds. O

2.3. Stability of Curvature like Quantity

Our goal in this section is to show that the curvature like quantity Ay, (x, I)
defined by (2.5) is ‘continuous’ with respect to the change of the interval 7. The
stability result for A of the convex obstacle problem with respect to Z is essentially
known in the literature for example [35, p.156, Chapter 5, Theorem 4.5 and Remark
4.6]. However, we give a proof for the reader’s convenience since the situation is
slightly different.

We recall several stability properties of J,,,,. Let {Zk},fi | be a sequence of
real-valued C2 (or C!'!) functions in 7, where I = (a, b). In this subsection we fix
X1 Xr» as a result we often suppress its dependence and simply write JZ  for J and

X1 Xr
zk
J* instead of szx

Proposition 2 (Lower semicontinuity). Assume that Z k uniformly convergesto Z
as k — oo, that is, Z¥ — Z in C(I). Assume that & weakly converges to & in
L2(I) as k — oo. Then J (&) < liminfi_ o0 JX(&).

Proof. We may assume that & € K Z* Since gk — 7k converges to &£ — Z weakly
in L>(1) and the sign is conserved through the weak limit, then we observe that
£ € K?. The desired conclusion now follows from the lower semicontinuity of
H'-norm with respect to L>-weak convergence. O

Proposition 3 (Approximability). Assume that zk converges to Z, with its first
derivative, uniformly in T as k — oo, that is, Z¥ — Z in C'(I). Then for each
& e LZ(I), there is a sequence & — & in L2(1) such that J(§) = limy_ o Jk (&)

Proof. We may assume that& € K since otherwise £ ¢ K Z* for sufficiently large
k. We set & = & — Z + ZF and observe that & is in K by (2.3) and (2.4). Since
7k — 7, (Z¥Y — Z' uniformly in T as k — oo, the convergence J (§) — J (£)
and & — & (as k — o0o) in L2(1) is easily verified. O

These two above Propositions say that J* converges to J in the sense of Mosco,
that is, both strong and weak I"~ limits of J* equal J. Thus we easily obtain the
convergence of minimizers.

Proposition 4 (Convergence of minimizers). Assume that ZK — Z with its first
derivative uniformly on I, that is Z*¥ — Z in C'(I). Let £X  be the minimizer of

k
Vi Then g*

Xi Xr

iy, converges 1o &,y in L2(I) which is the minimizer of N

Proof. We deduce from [33, Theorem 7.1]

Li < max | Z¥(x)| < max || Z* < 0.
P(Ey,) < max |Z, ()| < max | 2%y
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This implies that {min J k},‘joz | is bounded. Since H 1(I) is compactly embedded in
L2(I), then upon extracting a subsequence é)lgl 5, (not relabeled) converges to an
element ¢ € L%(I) as k — o0o. By Proposition 2, we observe that

J(¢) < liminf min J*.
k—00

For any & € L?(I), due to Proposition 3, there is always a sequence & — £ in
L2(I) such that J*(&) — J (&) as k — oo. Thus

J(€) = liminf min J*.
k—o00

Therefore, J(£) < J(§) so ¢ must be the unique minimizer of J. Thus s)'(‘l %
converges &,,,. without taking a subsequence. O

We define AI)C(/Xr (x, I) by (2.5) where Z is replaced by Z¥. We simply write

A’)‘(m in place of A’)‘(m (x, I)and Ay, instead of A;l/Xr (x, I) in the next Theorem.

Theorem 2 (Continuity with respect to Z'). Assume that

sup sup |(d/dx)?Z*(x)| < co and (Z¥) — Z"in C(]).
kZl xel

Then Al)‘(m — Ayyy, in C(I) as k — oo.

Proof. We may assume that Z¥ — Z in C'(T) by adding a constant to fix a value at
some point of 1, for example Z* ((a+b)/2) = 0, Z((a+b)/2) = 0. By Proposition

4 we observe that &5~ — &, in L*(I). By Proposition 1, our assumption on

the bound of the second derivative of Z¥ implies that |(d/ dx)2$ ’;1 % | is bounded by

(2.4). Thus £ . — &, in C'(T)so A ~— Ay, inC(). O

We are now in position to state the continuity of A,,,, with respect to /. This
notion will be explained below.

Theorem 3. (i) Let Z be a C? (or locally Cl’l)function on R. Then A?[’Xr (x,1)
is continuous with respect to I.
(i1) Assume furthermore that |Z" (x)| is bounded in R. Then for each r > 0

lim sup  sup A% (x.(a,b) — AL (x — . (@ — . b — )| =0.
u=>0 0<p—a<r a<x<b
(The convergence is uniform in Z' for Z such that |Z"| < My for a given
constant My > 0).

We have to clarify the continuity with respect to /. For two bounded intervals
I = (a,b) and J = (c,d) there is a unique affine map A: x —> y = ax + f
(dilation and translation) with ¢ > 0 such that A(/) = J. Assume that an open
interval I* converges to [ as k — 00, that is, the end points a, by of Iy = (ax, by)
tend to a and b, respectively. Let F be a mapping: I+ F (I) € C(I). We say that F
is continuous with respect to [ if F'(I;) o A converges to F(I)in C(I),ask — oo
for any I* — I, where A is the affine map which maps I to I
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Proof. These assertions easily follow from Theorem 2, once we compare

Af[’Xr (x, I) with Afl,Xr (A (x), It), both defined on I, here A is the affine trans-

formation mapping I to I¥, when I¥ — I (in the assertion (ii) this affine map is
just a translation). O

2.4. Nonlocal Curvature with a Nonuniform Driving Force Term

In order to define the nonlocal curvature Af, (), formally given by (2.1), we
recall basic assumptions on W as in [17] and a class of function u, so that Af, (u)
is well-defined.

(W) Let W be a convex function on R with values in R. Assume that W is
of class C? outside a closed discrete set P and that W” is bounded in any
compact set except all points in P.

We shall always assume (W) in this paper. By definition, the set P is either a
finite set or a countable set having no accumulation points in R. If P is nonempty,
P is of form {pj};f’zl, {pj}i‘;_oo, {rj};:l_Oo or {pj}j:1 with lim; . p; =
00, limj_, o rj = —00, where the p;’s and r;’s are arranged in strictly increasing
sequences p; < pjy1,7; < rjy1 and m is a positive integer.

We recall a notion of a faceted function. Let £2 be an open interval. A function
fin C(£2) is called faceted at xo with slope p on 2 (or p-faceted at xg) if there is
a closed nontrivial finite interval / (C §2) containing x¢ such that f agrees with an
affine function

lp(x) = p(x —x0) + f(xo) in [

and f(x) # £,(x) for all x € J\I with some neighborhood J(C £2) of I. The
interval [ is called a faceted region of f containing xo and is denoted by R(f, x¢).
A function f is called P-faceted at x if it is p-faceted at xo for some p € P.

We introduce the left transition number x; = x;(f, xo) and the right transition
number x, = x,(f, xo) by

_HLif f =2, in {x € J|x = xo}
=11t f<e, in (redix <o)

| HLif f 2, in {x e J|x 2 xo}
T o1 f<e, i (xe JxZx)

if fis p;-faceted at xo. The quantity x = (x; + x,)/2 is called the transition
number describing the sign of A}, when o = 0.

Definition 2. We assume that o is a real-valued Lipschitz function on an open inter-
val £2 and Z is its primitive, moreover, (W) holds. We assume that f € C(£2) p;-
faceted at xg € §2 with p; € P. Then we define the nonlocal curvature A%, by

A (f) (x0) = AL (x, 1)
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the right hand side is defined by (2.5) with A = W/(p; +0) — W/(p; —0) and I is
the faceted region R(f, xo). If f is twice differentiable at xo and f’(xg) ¢ P, we
set, as expected,

AY () (x0) = W' (f(x0)) £ (x0) + o (x0).

Remark 1. If o is a constant, so that Z is an affine function, the minimizer &, ,, of
JXZ] 5, 18 always a straight line function (cf. Corollary 1 for the case x = 1 or —1).
Thus, it is easy to observe that

Ay (f) (x0) = xA/L(f, x0) + o (x0)

when f is p;-faceted at xo, where L(f, xo) is the length of the faceted region
R(f, x0). In particular, our new quantity agrees with the weighted curvature
Aw (f, x0), defined in [17] when o = 0. Like Aw (f, xo), the quantity A}, depends
on W only through its second distributional derivative.

We conclude this section by rewriting the Comparison Principle and Continuity
with respect to translation in terms of Af,. Let C %, (£2) be the set of f € C*(£2)
such that f is P-faceted at xo whenever f’(xg) € P. For such a class of function
the nonlocal curvature Ay, (f) (x) is well-defined for all x € §2 provided that o is
locally Lipschitz. The next two results are immediate consequences of Theorem 1
and Theorem 3, respectively.

Theorem 4 (Comparison). Assume condition (W) and that o is locally Lipschitz
and in addition f, g € CIZD(.Q) and xg € 2. Ifmaxp(f —g) = (f — g) (xg), then
Ay (f) (xo) = A, () (x0).

Theorem 5 (Continuity). Let us suppose that the hypotheses of Theorem 4 con-
cerning W and o hold. We assume that f € C(82) is p;j-faceted at xo — n and g be
pi-faceted at xo — n and p; € P. Assume moreover, R(f, xo) —n = R(g, xo — n).
Then

Ay (8) (xo —n) = A (f) (x0) as [n| — 0.

3. Definitions of Generalized Solutions

The goal of this section is to define generalized solutions (in the viscosity sense)
for evolution equations of the form

u + F (t, Uy, A?,V(u)) =0 (3.1)
when W is a singular interfacial energy. Such a notion is given when o = 0in [17].

Our definition will be a natural extension to the case when o # 0. In this section,
we shall also give several equivalent definitions for later use.
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3.1. Admissible Functions and Definitions

We first recall a natural class of test function. Letus set Q = (0, T') x §2, where
£2 is an open interval and 7 > 0. Let A p(Q) be the set of all admissible functions
Y on Q in the sense of [17] that is, ¥ is of the form

Y(x. 1) = f(x)+g@). feCp(2), geC0.T).
For our equation, we often assume that

(F1) F is continuous in [0, ] x R x R with values in R,
(F2) (Monotonicity) F(t, p, X) S F(t, p,Y)for X 2 Y, 1 €[0,T], p €R,
(FL) (Lipschitz continuity.) There is a constant C = Cr, r such that

|[F(t,p. X) = F(t,p.Y)=C(A+|pD|X —Y|forallt € [0,T], p,X,Y €R.

(FT) (Uniform continuity in curvature and time.) For each K the function
F(t, p, X) is uniformly continuous in [0, T] x [ K, K] x R.

The third assumption is rather standard when W = 0 and o is Lipschitz so that
Afy, () = o. A typical example of (3.1) satisfying (F1), (F2), (FL) and (FT) is of
the form

u; —a(uy) A(v,v(”) —C(t)=0 3.2)
where

here, a € C(R) satisfies 0 < a(p) < C(|p| + 1) forall p € R, C € C[0, T]. If
a(p) = (1 + p»/2 and € = 0, then (3.2) says that the normal velocity V of the
graph of u equals the nonlocal curvatures, that is, V = Af,. The condition (FT) is
redundant if F is independent of ¢ since (FL) implies (FT).

The driving force term o may depend on 7. Here is an assumption we often use.
(S) The function o € C ([0, T] x 5) is Lipschitz in space uniformly in time, that
is there is a constant L7 such that

lo(t,x) —o(, y)| = Lrlx -yl

forallt € [0,T], x,y € 2.
We are now in the position to give a notion of a generalized solution in the
viscosity sense.

Definition 3. Assume (W), (S), (F1), (F2). A real-valued function u on Q is a
(viscosity) subsolution of (3.1) in Q if the upper-semicontinuous envelope u* < oo
in[0,T) x £2 and

Vi@ D+ F (9@, 457 wd) @) 20 (3.3)
whenever (v, (, X)) € Ap(Q) x Q fulfills
man(u* —Y) =W =) (@ %). (3.4)
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Here, ¥ (f) is a function on £2 defined by ¥ (f) = (7, -) and u* is defined by

u(t, x) = Eﬁ} supfu(s, y)| Is —t] <&, [x —y| <&, (s,y) € 0}

for (t, x) € Q and u, = (—u*). A (viscosity) supersolution is defined by replacing
u* (< 00) by the lower-semicontinuous envelope u, (> —o0), max by min in (3.4)
and the inequality (3.3) by the opposite one. If « is both a sub- and supersolution,
it is called a viscosity solution or a generalized solution. Hereafter, we avoid using
the word viscosity. Function v satisfying (3.4) is called a test function of u at , %).

The monotonicity, that is (F2), and the convexity, that is (W), conditions show
that the equation is at least degenerate parabolic. Thus, by comparison (Theorem
4), itis easy to see that ¥ € Ap(Q) is a subsolution in Q if (and only if) i satisfies

Yot + F (100, A4S @) @) £0
for all (¢, x) € Q.

3.2. An Equivalent Definition

To show the comparison principle for sub- and supersolutions, it is convenient
to recall equivalent definitions. One of them is regarded as an infinitesimal version.
Such a definition is given in [17] when o = 0. It is simplified by [21]. We give a
definition which is a natural extension of the one in [21, Theorem 4.3].

We first recall upper time derivations on a faceted region. Let ¢ be a function
on Q and (7, %) € Q. Assume that ¢(f, ) € C(£2) is p-faceted at ¥ € £2 with
p € P. We define

’T;(p(f, Xx) = {r € R | there are a modulus
 and three positive numbers §, 5, §_ such that
@, x) — @, %) St —1) + px — ) + (|t —1]) [t — 1|
for (t,x) e (f =68, t +68) x N‘l(w(f, D), 15 84,8},
where N~! denotes a semineighborhood of R(¢(f,-), X), defined in [17]; by a
modulus @ we mean that o : [0, 00) — [0, c0) is nondecreasing, continuous
with @ (0) = 0. For the reader’s convenience, we recall the definition of N~ !. Let
f € C(£2) be p-faceted at xo € £2 with p € P. We set

Ny, (f, %05 84)
_ {{x € 2Isup R(f,x0) < x = sup R(f.x0) +84}  if 1 (f.x0) = —1,

v it x(fixo) =1
Ny (f, x0; 8-)
_ | {x e 2inf R(f,x0) —6_ S x <inf R(f,x0)} if xi/(f, x0) = —1,
—[@ if xi(fx0) =1

and the set N~ is defined by (Fig. 2)

N7YE %05 8-, 84) = R(f, x0) U Ny, (f, 05 84) U Ny, (f, x03 8-).
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L=1=x,

N _’(ﬁxo,'a_,8+)= R(fx,)

o S

X0

Fig. 2. Various possibilities of N~1(f, xo; 6—, 84)

The set N*! is defined by
NTUf x0: 8-, 84) = NN (= f, x03 6, 84).

An element of 7, ¢(f, %) is an upper time derivative at (7, £). The set of lower
time derivatives is defined by

Tp (. %) = =T p(—9) (i, %).

We next recall a class of functions (not necessarily admissible) for which the upper
time derivative is well-defined on a faceted region. The following definition is an
improved one in [21], not the original one in [17]. In [21] Q may not be noncylin-
drical but here, we consider a simple case O = (0, T') x 2.

Definition 4. Let ¢ : £2 — R be an upper-semicontinuous function. For (7, X) € Q
assume that ¢(¢,-) € C(£2) for t near . We say that ¢ is an (infinitesimally)
admissible superfunction at (f, %) in Q if one of the following three conditions
holds.

(A) The function ¢(7, ) is P-faceted (in £2) at £ € int R(p(f, -), X). The set
Ty ¢(f, %) is nonempty.

(B) Thereis (t, p, X) € Pto(, %) with p ¢ P, where P+ denotes the set of
parabolic semijets in Q [11,17].

(C) The function ¢(f, -) is P-faceted at X but £ € dR(¢(7,-), ). There is an
element (7, p, 0) € (PTo(%, X)) for some T € R.

We say that ¢ is an admissible subfunction at (,X) in Q if ¢ is an admissible
superfunction with P replaced by —P. We implicitly assume that R (¢(7, -), £)
does not touch the boundary of £2. We are now in the position to give a definition
of a subsolution in the infinitesimal sense.

Definition 5. Assume (W), (S), (F1), (F2). A real-valued function u on Q is a
subsolution in the infinitesimal sense of (3.1) (in Q) if u* < oo in [0, T) x §2 and
the following conditions are fulfilled. For ,%),let ¢ be an admissible superfunction
at (f, £) in Q such that ¢ is a test function of u at (7, &), that is, (3.4) holds. Then
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() t4+F (f, o (5, %), A5 (0 (d) .))()2)) < Oforall T € T p(f, %) if (A) in
Definition 4 holds;
Gi) 74 FG p, W(p)X+0(, %) <0forall (z, p, X) € Pto(, £)if (B) in
Definition 4 holds;
(iii) T+ F(, p,o(t, %)) £0forall (t, p,0) € PTo(f, %) if (C) in Definition 4
holds and

W* — @) (7,x) < mSX(u* —9)

forall x € R (¢(f, -), £) \{%} near £.

The definition of the supersolution in the infinitesimal sense is given by replac-
ing u*(< 00) by u,(> —o00), max by min in (3.4), superfunction by subfunction,
le' by 7, ., PT by P~ and the inequalities in (i), (ii), (iii) by the opposite ones. It
turns out that Definitions 3 and 5 are equivalent.

Theorem 6 (Equivalence). Assume (W), (S), (F1), (F2). A real-valued function
u on Q is a subsolution (resp. supersolution) of (3.1) in Q if and only if u is a
subsolution (resp. supersolution) of (3.1) in Q in the infinitesimal sense.

The proof essentially parallels that of [17, Theorem 6.9] and [21, Theorem 4.3].
In the proof of the ‘only part’, (iii) follows from the zero-curvature lemma [21,
Lemma 4.2], with a trivial modification. We give a modified version of this lemma
for reader’s convenience. We do not repeat the tedious details of the proof of the
‘only if” part. The proof of the ‘if” partis easier and written in the proof of [21, Theo-
rem 4.3]; of course we need trivial modifications, for example Ay (w(f , ), )2) <0
should be replaced by x (¥(f, ), %) < 0.

Lemma 2 (Zero curvature). Let u be a subsolution of (3.1) in Q. Assume that
¢ € Ap(Q) and that

mgx(u* —@) =W — @) (1)

for (t,X) € Q.If% is an end point of a faceted region R (go(f, 9, )?) with ¢, (t, X) €
P and (u* — ¢) (f,x) < (u* — @) (f,X) forall x € R ((p(f, 9, )?) near X, then

@i, ) + F (1, ¢x (1, %), 0 (i, %)) = 0.

4. Comparison Principle

We state our main comparison result for equation (3.1).

Theorem 7. (Comparison) Assume that condition (W), (S), (F1), (F2), (FL)
and (FT) hold. Assume that P is a finite set. Let u and v be respectively sub- and
supersolutions of (3.1)in Q = (0, T) x §2, where §2 is a bounded open interval.
If u* < vy on the parabolic boundary 3, Q(= [0, T) x 982 U {0} x Q) of Q, then
u* < v, in Q.
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The proof will be given in the remaining part of this section. The basic strategy is
in finding suitable test functions of # and v to obtain a contradiction after having
assumed that the conclusion u* < v, had been false. This basic strategy is the
same as in [17]. However, the nonlocal curvature may depend on x even if x is in a
faceted region. So one should be careful on this issue. This is a new aspect of the
problem. On the other hand since the infinitesimal version of definitions of sub- and
supersolutions are simplified in comparison with [17], we need not avoid handling
the case where functions take a maximum value at the end points of faceted regions.
In fact, it is mentioned in [21] that the proof of [17] is simplified.

4.1. Doubling Variables
As usual, we double the variables. For z = (¢, x), 7/ = (s, y) € O, we set
w(z,7) =u(z) — v(@).

We take a barrier function which is different from the one in [17]. Let B € C 12,, (R)
be a function such that B is convex, x B’(x) = 0 for all x € R with B(0) = 0 and

0 < lim, |, ., B'(x)/x, lim || 00 B'(x)/x < 00.

Moreover, the length of all faceted regions is the same. It is easy to find the derivative
B’ of such a function by modifying y = x, so that B is obtained as its primitive. We
consider its rescaled version: B;(x) = ¢B(x/¢) for ¢ > 0. Clearly, B, € C%, (R)
and satisfies the same properties as B’s. We consider ‘barrier functions’ of the
diagonal z = 7:

U(z,756,8,7,7)=Be(x —y)+ S(t,5:8, 7, ¥
S(t, 5,8, y,7) = —9)2/8+y/(T —t)+y' /(T —s)

for positive parameters ¢, 8, y, ' (in [17] we use |x — y — |? /&2 instead of B, (x —
v), where ¢ is an extra shift parameter used to avoid the situation when a point that
we are dealing with is an end point of faceted regions). We often write W(z, z’) and
S(t, s) instead of showing the dependence on all positive parameters. As usual, we
shall analyze the maximizers of

D(z,7)=w(z,7) — V(7).

4.2. Choice of Parameters

We shall choose ¢, 8, v, y’ sufficiently small, as usual. The next statement for
the behavior of the maximizer of @ is rather standard in the process of doubling
variables; see for example, [16], [17, Proposition 7.1], [26].

Proposition 5. Assume that u and —v are upper-semicontinuous in [0, T) x Q2
with values in R U {—o00} and u = u™*, v = vy including {T'} x $2, where $2 is an
open set in R. Assume that mo = SUP,¢ g w(z,z) > 0.
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() For each mg, (0 < m(, < my), there are yy, y; > 0 such that SUppxo P > my,
foralle >0, 8>0, yg>y >0, yy>y >0.
(ii) (Behavior of a maximizer) Let (2,2') = (t, X, §, §) be a maximizer of ® over

0 x Q. Then
i —§1 < M8'Y% B.G—9) <M

with M = supaxgwforalls >0,8>0 y>y>0andy;>y >0
Moreover; |t —§|%/8 — 0, Bo(X —9) — Osince M - mase — 0, § — 0.
(iii) (Effect of boundary condition) Assume that u < v on 5,, o(= a,,_Q) and that §2
is a bounded open interval. Then, there are &g, 8¢ such that (Z, ') is an (interior)
point of Q x Q forall0 <& <ep, 0 <8 <8, 0<y <y, 0<y' <y

Remark 2. Since w is upper-semicontinuous, we may assume in (iii) that for each
E>0

w(z,7) SEfor(z,7) €3,0x QUQ x 3,0
satisfying Bs(x —y) < M, |t — s12/8 < M withz = (¢,5), 2 = (s, y).

In the sequel, we assume that mo > 0 with & = ;llmo, m6 =mo — &/2 and we
fix &9, 60, Y0, yé so that all properties (i)-(iii) and those in Remark 2 hold.

4.3. Maximizers in a Faceted Region of Test Functions

We shall consider three cases depending on the location of maximizers z,7) =
(f,%,5,9) of @ over O x Q.
Case A: p=B/(X —y)€ PandX —y € int R(Bg, X — J).
Case B: p=B/(x —)) ¢ P.
CaseC: p=B/(x —y)€ Pandx —y € IR(Bs, X — )).

Proposition 6. Assume the conditions of Case A for (2,2) = (f,%,5, $)€Q x Q.
Let ug and vq denote

Mo(tv-x) = M(tv-x) _ﬁx’ UO(S» )’) = U(S, y) _ﬁy

with p = B'(X — 9). Then uo(f, -), —vo(8, -) take their local maxima at X and %
respectively. Moreover,

uo(t, x) — vo(s, ¥) — S(t, 8) < up(f, £) — vo(S, $) — S, §)
forall (x,y) € Xy, t,s, € [0, T] for sufficiently small k > 0 where
Ze={x,)eRxQ||x—y—-EF - <«

This follows from the definition since B, is a P-faceted function (we do not
even invoke Proposition 5).
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Proposition 7 (No touching of faceted region on the boundary). Assume the
conditions of Case A for (2, 2') and choose parameters g, 8o, Yo, ¥, as in Remark 2.
Assume that 0 < ¢ < gy, 0 <8 <80, 0 <y <y, 0 <y’ < yé. Let §2 denote
2 = (a, b). Then there is x| € (X, by) or y| € (¥, by) such that

uo(t, x1) < uo(t, £) or vo(8, y1) > vo(s, 9)

withn = X — 9, by = min(b, b + n), b, = min(b, b — n). The same assertion
is valid if (x, by) and (3, by) are replaced by (a, X) and (az, y) respectively, with
a; = max(a,a +n), ap = max(a,a — n).

For the proof, we invoke Remark 2. The proof depends on the boundary condi-
tion (Proposition 5 (iii)) and it parallels that of [17, Proposition 7.10].

4.4. Existence of Admissible Superfunctions

Unfortunately, functions ug and vyg may not be faceted at x and y. We have to
regularize them by taking sup-convolution with faceted functions. For p > 0 let
¥ (x, p) denote

(x—p)*/p, x>p,
?(x,0) =10 x| < p.

(x+p?/p x<-—p.

We consider sup-convolutions of #o and —vg by #. For a > 0 let ug be the sup-
convolution of ug in the x-direction, that is,

ug (1, x) = (uo(r, ))* = supfuo(t, §) — (¢ — x,@): § € R}

where we use the convention that ug = —oo if £ ¢ £2. The inf-convolution of vy is
defined by vo, = —(—vg)” for B > 0. Functions ug, vog are defined in [0, T'] x R.
Based on these regularizations and the maximum principle for faceted sub- and
supersolutions, the desired admissible super- and subfunctions are constructed.
The proof is essentially the same as in [17, Proposition 7.12-7.15]. Although it is
highly nontrivial, we do not repeat the proof.

Theorem 8. Assume the condition of Case A and choose parameters €, 80, Yo, ¥,
as in Remark 2. Let 0 < ¢ < g, 0 <8 <8, 0 <y <pand0 <y’ <y,
Then, there exists an admissible superfunction U at (f, X) in Q and an admissible
subfunction 'V at (8, y) in Q satisfying the following properties.

(i) U and V are test functions of u and v at (f, X) and (8, $) respectively. In fact,

mélx(u —U)=w-U),3%) =0, inn(v —V)y=w-V)(s,y) =0.

(i) U(t, -) is p-faceted at % € int R (U(f, D, )2) and T;U(IA, ) 2 8, 5);
V (S, ) is p-faceted at y € int R (V(@, D, ﬁ) and T, V(s,9) 3 Sy (£, §).

(iii) R (U@, ), %) = R(VS,9),9) + & — 9. In particular, L (U (7, ), X) =
L(V@,9),9).

(V) x (U@, ), %)+ x (-VGE.9).9) 0.
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The function u + pox is essentially an admissible superfunction so we are
temptedtoset U = ug+pox. However, the faceted region may contain the boundary
point of 9§2. Since

A0
)+S(l $)—S(, 5

ugy (1, %) —voa (s, y) = ufy (7, £) —voa (5, )+ (x—y—n, >

on ([0, T] x R)2 for sufficiently small « as observed in [17, Proposition 7.13], we
are able to apply the maximum principle for faceted functions [17, Corollary 4.6]
to construct U. The properties (ii)—(iv) are obtained by the comparison principle
for A§, (Theorems 1, 4).

4.5. Proof of Comparison Theorem

We are now in position to prove Theorem 7. Suppose that the conclusion were
false. We may assume that # and v satisfy the assumptions of Proposition 5, by
considering u* and vy on Q. In particular, we may assume mqo > 0. We shall fix
£0, 90, Y0, )/6, as in Remark 2, and assume that 0 < ¢ < ¢gp, 0 <8 < dp, 0 <y <
yoand 0 < ¥’ < y;. Since 0 is compact and u and —v are upper-semicontinuous,
there is always a maximizer (Z,2') = (7, %, 9,§) of ® over Q x Q and it is in
O x Q by the choice of parameters (Proposition 5 (iii) and Remark 2). We shall
fix y and y’. We divide the situations into three cases.

Case I. For sufficiently small ¢, §(> 0) say ¢ < €1(< &9), 8 < 81(< &), there is
a maximizer (Z, Z’) such that Case A occurs (for X and y).

Case II. There is a sequence ¢; — 0, §; — 0, such that there is a maximizer
(2, %), such that Case B occurs.

Case Il. Thereisasequencee; — 0, §; — Osuch that there is a maximizer (Z, [
such that Case C occurs and there is no maximizer (Z, ') such that either Case
A or Case B occurs.

In Case I, we invoke Theorem 8. Since U is an admissible superfunction at (f, %)
in Q and since u is a subsolution, by Definition 4 and Theorem 8 (i), (ii) we have

S,G.8) + F (f, p. 25 W, -))(2)) <. 4.1)
Similarly,
= S5+ F (3.5, A3 (VG @) 2 0 (42)
By Theorem 8 (iv), we have
AW EN@) = AT (1) AT ). (43)
Iy = RUU, "), X), (4.4)

where ; U and X, denote the transition numbers of U (¢, -) on Iy and X V and Xr
denote the transition numbers of V (§,-) on Iy = R(V (S, ), y). Since we have
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assumed that P is a finite set, there is K such that P C [—K, K]. Thus, by (FT)
and (F2), inequalities (4.1) and (4.3) yield

S,(£,5) + F (s P, A "(’ (x IU)) —wx(—5<0 (4.5)

with some modulus wg . By definition, inequality (4.2) can be rewritten as
— S, 8+ F (§ b, AU(Y v, Iv)) (4.6)
I

Subtracting (4.6) from (4.5) yields

Y Y ~ (T(t A A G’(S
+ — + F ) I , 1
T T ( P A (X U)) (S pALy (y v))

< wg (IT = §).

This implies

(7 +¥)/T* £ CA+ K)ATY G ) = AT G )l + ok (1 = )
4.7)

by (FL). By Theorem 8(iii), we know Iy = Iy + x — y. Sending ¢ to zero, we
observe that ¥ — y — 0 by Proposition 5 (ii). By (S), we know that o, (s, -) is
uniformly bounded. We now invoke continuity results (Theorems 2 and 3 (ii)) to
get

"“ V@ Iy) > A"(’ L D),
;“ (. Iy) — A"‘ ) V@D (4.8)

as e — 0, where X(= ), 7, 5 is a subsequent limit of X, §,7,§ as ¢ — 0 and I is
a subsequent limit of Iy which is the same as the limit of /y. Note that U and V
depend ¢, so do Iy and Iy. However, the convergence is uniform with respect to the
interval and o, so we are able to obtain (4.8). Applying Theorem 2 and Theorem
3(ii) again to (4.8), we let § — 0 and observe that the right hand sides of (4.8)
converge to the same value. We now send ¢ — 0 and then § — 0 in (4.7) to get
(y +y")/T? <0, which is a contradiction.

Case II is rather standard [11,16,17]. The assumptions (FL) and (S) are useful
in this step. Case III is essentially the same as Case I (or even easier) if one admits
the zero curvature lemma (Lemma 2). 0O

4.6. Periodic Version

As noted in [17] a similar argument yields the comparison principle under
spatially periodic boundary conditions. In fact, the argument is even simpler because
there is no lateral boundary of Q = (0, T) x T, T = R/wZ, > 0. For the reader’s
convenience, we state the comparison principle for the periodic boundary condition.
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Theorem 9 (Comparison). Let us assume that the conditions (W), (S), (F'1), (F?2),
(FL) and (FT) hold and in addition set P is finite. Let u and v be respectively
sub- and supersolutions of (3.1)in Q = (0, T) x T, T = R/wZ with period . If
u* <wvyart =0, thenu* < vy in Q.

Remark 3. As usual, Theorems 7 and 9 can be extended to the case when F =
F(u,t, p, X) depends explicitly also on u, provided that u — F(u,t, p, X) +
ku =: F is nondecreasing for some k > 0 and F is continuous as a function of
(u, t, p, X). Of course, assumptions (FL) and (FT) should be uniform for all u
with |u| £ K for a given K. If k = 0, the proof is the same except for the trivial
modification to the way of comparing (4.5) and (4.6). If k > 0, we have to introduce
a new variable i = u exp(—kt) and reduce the problem to the case k = 0. Note
that, differently from the standard case [16], when singularity set P is empty, our
singular set (jump discontinuity) for iz, depends on time, which apparently yields
an extra difficulty. However, we are able to circumvent this difficulty by using old
variables to calculate A and the slope, while using new variables & and v to find a
maximizer of @.

5. Examples of Solutions

In [27,29,30] we constructed variational solutions to
BV —k, =0, (.1

while increasing generality of the setting, where 8 = M ~! is the kinetic coefficient.
We considered graphs, possibly satisfying an additional boundary condition, and
simple closed Lipschitz curves, which we called bent rectangles. We will show that
the variational solutions to (5.1) for the evolution of graphs are viscosity solutions
in the sense of the present paper. For the sake of illustration the theory, we will
not consider the general case of [27] but only simple ones presented in [29]. To
be precise, we are going to deal here with a simplification of the case studied in
[29], where we investigated graphs of functions defined over a finite interval J.
We considered solutions having exactly three facets and two of them touched the
boundary at the right angle. Here, we study a graph over R, with some restrictions
on the data.

We expect that the results of the present paper may be applied to closed curves,
but we will not elaborate upon this.

The advantage of studying graphs in the parametric approach is that the set of
parameters is independent of time. Thus, the main difficulty is interpreting (5.1) in
a local coordinate system. We present the setting after [29].

We specify the surface energy density (or anisotropy function) by the formula

v(p1, p2) = |p1lya +1p2lyr, va,yr > 0;

we assume a simplifying form of the kinetic coefficient 8 = 1/M

1
Bny,ny) = —————, (5.2)

max(|n1l, [n2])

for n% + n% = 1. Subsequently, f is extended by 1-homogeneity to R?.
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5.1. Graphs over R

We consider the evolution of graph I'(r) = {(x, y) € R?>: y = d(t, x)}, where
d(t,-) : R — R;. For the sake of simplicity we assume that function d(z, -) is
admissible (in x) for all + = 0. We shall say that function d is admissible provided
that:

(a) d is Lipschitz continuous;

(b) diseven,

(c) itis bounded;

(d) (Ao, +00) 2 x > d(x) is strictly increasing, for a positive Aq;
(e) {dx =0} = (=20, 20).

The last condition means that we consider a simple yet nontrivial case when
d has exactly one faceted region. We stress, however, that facet (—/g, [p) may be
strictly included in (—Xq, A¢). This results from solving the minimization problem
with constraints, see Fig. 3 below.

We have to explain the definition of k) . Formally,

Ky = —divs(Vey (), (5.3)
where n is the outer normal to I" and for y, given by (5.3), we have,

Vy(p1, p2) = (yasgn(p1), yrsgn(p2)).

Fig. 3. Graph of G — £ restricted to I D (—ly, lp)
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In the present case n = (—dy, 1)/y/1 + d2. Thus, we immediately obtain

d, d d
% =0 +yag- (—|dx|) : (5.4)

dpi
This is exactly equation (1.1) with W(p1) = yalp1| and a(p1) = max{|pi], 1},
hence our theory applies.

In [29] we interpreted (5.1) differently. Namely, we replaced gradient V¢,
which is defined only almost everywhere by the subdifferential, d; 7, which is well
defined for all p € R2, because y is convex. However, we had to consider sections
& of the subdifferential, that is §(x) € d;y (n(x)). That is here, where we change
notation as compared with the Introduction and Section 2. In the Introduction our
present & was denoted by 1. On the other hand, writing £(x) € d;y(m(x)) is
consistent with the papers that are the source of our examples.

As aresult, we end up with

pwd, %
J1+4d? a7

where 7 is a unit tangent, (see [29, eq. (2.3)]).
In order to select & we introduce a functional

) (5.5)

1
£ =+ / o — divse [ dH!
2 Jro

defined over D,
D=1{ecL®): &x) € day(n(x)), divsé € LZ(F)}.

The graph of I"(¢) has the infinite one-dimensional Hausdorff measure. But condi-
tion divgé € L2(I") does not introduce additional unexpected restrictions, because
outside of the facets we have £ = Vy(n), where n # ny,ng and ny = (1,0),
ni = (0, 1).

We call a couple (I, &) a variational solution to (5.1), provided that I" is the
graph of an admissible function d, as described above, and at each time instant 7,
the vector field £(¢, 1) : ' — R? is a minimizer of &, that is

EE) =min{E(¢): ¢ € D). (5.6)

We can show that under natural conditions on o, equation (5.1) takes a form
which is suitable for the analysis.

We notice that if £ is a solution to (5.6), then the boundary of the coincidence
set £/p need not coincide with boundary of the flat region £X¢, postulated by
the definition of the admissible function, thus /g < Aq. For the sake of notational
simplicity, we shall write

Ro :=d|(—iy,1)-

Once we settle the notation, we establish the following fact.
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Proposition 8. We assume that o, o, € C(R4 x R) and o satisfies the following
conditions:

o(t,—x)=o(t, x), xi—i(t,x) >0, for x #0. 5.7

Let us suppose that (I', &) is a variational solution to (5.1), where I' = I'(d) is

the graph of d, such that at each time instant t 2 0d(t, -) has exactly one faceted

region, (—lo, ly). Furthermore, for allt 2 0 function d(t, -) is piecewise Cl. Then,
(a) We have the following formula for &| for each time t 2 0

X It
E(t,x) = X (]ga(t,S)ds - ]gg(t,s)ds) — %y(nA) for x €[0,1);

—y(ny) for x e [ly, 00);
(5.8)

where we write £, f du = ﬁ [ f du. In addition, Ro > 0.
(b) Equation (5.1) (and hence (5.5)) takes the following form,

. IO
Ry =][G(t, s)ds + @ on (—lo, lp);
0 0
di=0 on [ly,00). 5.9)

Remark 4. The above result is based upon [29, Proposition 2.5], [30, Proposition
3.2] derived for graphs over [—L, L] having three facets, two of them touching
the boundary of [—L, L]. In the absence of the additional facets the argument gets
simpler than in [29] and [30] and it is omitted.

Let us warn the reader that we use the notion ‘faceted region’ in the sense
defined in the present paper. In [29] and [30] its meaning is different.

It turns out that /o (+) is a genuine free boundary. We obviously need information
about its behavior. Without it, the above system is not closed.

Let us suppose that ¢ = 0. The necessary and sufficient condition for continuity
of the function given below

X10,10)1 R0 (1) + X(tp(1),00)d (1, X),
is the following matching condition
Ro(2) = d(z, o). (5.10)

In addition, since we have a faceted region, the coincidence set of the obstacle
problem (5.6) may not be empty. By definition, /o forms its boundary, that is,
lop £ X, then at such a point

ﬁ(lo) =0. (5.11)
0x

We shall say that (I, ) satisfies the tangency condition at ly.

However, if d (Ip(1), 1) > 0, then we just have a boundary condition at this
point and (5.11) does not hold.

We have the following two existence results.
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Theorem 10. Let us assume (5.2) and consider system (5.9), augmented with initial
condition (I, &), where

lo=1{(x,y) eR*: x eR, y =dp(x)},

do is an admissible function, satisfying |do x(x)| < 1 for all x € R. In particular,
real, positive numbers log Roo = d|(—iy.100) ate given. We assume that o satisfies
(5.7). Moreover, we impose the following conditions:

(@) dy € CI(R \ (—loo, loo)) and for all x € R\ (—loo, loo) the derivative dy x is
different from zero;

(b) there is exactly one faceted region of dy, where I'(0) = I'(dy), namely it is
(=100, loo)s

(c) the matching condition (5.10) holds at t = 0, that is Roo = do(lpo),

(d) the tangency condition (5.11) is satisfied at t = 0, that is

I
0 (0,lyp) = ][03(0, s)ds + w,
0 loo
(e)

loo
5= ][Omo, W dy — 0,0, Ino) < 0.

Then,

(i) There exists a unique local in time solution to (5.9), Ry and d(t,-) €
Cl((—o0, —lgl U [ly, 00)) and d(t, -) is strictly increasing and its derivative
dx(t, x) never vanishes for x € R\ (—lo(t), lo(1));

(i1) The matching (5.10) and tangency (5.11) conditions hold for all times t > 0,
that is if we extend d(t, -) to R by

d(t,x) if |x| € [lo, 00);

dt, x) = [R()(l) if |x| €l0,ly),

then d(t, -) is Lipschitz continuous on R (subsequently we drop the bar over
the extension).

(i) If & (¢, x) is given by formula (5.8) for x > 0 and we set &1 (t, x) = =& (¢, —x)
for x < 0, then (I"(d(t, ), &(t, )iefo,1) is a variational solution to (5.1),
provided that §(t, ) = (§1(, ), y (nR)).

Remark 5. Let us stress again that /o is defined as the boundary of the coincidence
set

{x : [&1(x)] = yal,
where & is a solution to variational problem (5.6). We note that in general
[_l()a ZO] C {x : dx(tv-x) = O}

and the inclusion may be strict.
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Theorem 11. Let us suppose that all the assumptions of Theorem 10 hold, except
(d), that is tangency condition (5.11) and the inequality sign in (e) are reversed,
that is we have

2o > 0.

Instead of (5.11) the following inequality is satisfied

loo
(0. loo) — ][a(o, syds + Y8 _ o
0 loo

Moreover, we assume that dy € C"'([log, 00)), the right derivative dj' (0, lpo) is
positive and o € C L1 Then, there is a unique local in time solution to (5.9), such
that at no time t > 0 tangency condition (5.11) holds. Subsequently, if &(t, -) is
defined, as in Theorem 10, (iii), then (I'(d(t, -), £(¢, -)) is a variational solution to
(5.1).

Remark 6. We note that /j is a genuine free boundary; its behavior is determined
by o. For instance if o is independent of time and o = o (x), then ly(t) = lyo.
The type of behavior of the interfacial curve is determined by X, this quantity is
defined by [30, eq. (3.14)] and the properties of [y are presented in [30, Proposition
3.4].

These two Theorems are based upon [29, Theorem 2.10] and the analysis of
[30, Section 3.1]. The present statements are easier than the original ones in [29,
Theorem 2.10] and in [30, Section 3.1], because we deal with a single facet for a
graph of an admissible function, but the main difference is that here we have an
unbounded domain. For the sake of completeness, we offer a sketch of the proof in
the Appendix.

5.2. Variational Solutions are Viscosity Solutions and They are Unique

Here, we shall see that our variational solution over R can be regarded as the
viscosity solutions. Hence, they will be unique. The comparison principle has been
shown for equations on a bounded domain, but our sub- and supersolutions are
fully determined for large values of |x|, thus a comparison principle for bounded
|x| is sufficient. We will explain it in Corollary 2 following Theorem 12.

Theorem 12. Under the conditions specified above, the variational solutions, con-
structed in Theorem 10 and in Theorem 11, are viscosity solutions in the sense of
the present paper; as long as |dy| < 1.

Proof. Of course equation (5.4), augmented with the initial condition, may be
written as

di —a(dy) A% (d) =0,
d(x,0) =dp(x)

where Aj, (d) = %;XW is given by (2.5) and the signs of x,, x; depend upon the
point we are considering. We will show that if (I"(d), &) is a variational solution,
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then A, (d) = o — %, where £ is given by (5.8) in Proposition 8. The interval
(—lo, lp) is the inverse image of a faceted region of I" in the language of [29,30],
it is the faceted region in the present paper sense. If I is any interval containing
(—lo, lp), then é = &|7 is a solution to the minimization problem,

min{&;(¢) : ¢ € Dy}. (5.12)

We write, I77(t) ={(x,y) e I'(t): x € I} and

1
£1(0) = —/ o — divs¢ P dH,
2Jr

Dy ={¢ € L) : ¢(x) € dym(x)), divss € L*(I7), & = Elyr}-

Indeed, if there existed ¢;, a solution to (5.12), such that £;(¢7) < &1(&)),
then this indicates that £ is not a solution to (5.6), which is not possible. Thus,
if (—lp,lop) C I, then %Iy form the boundary of the coincidence set, where the
solution & to (5.6) attains —y 4, that is on the coincidence set {7 (x) = G(x) + ya.
Here, G (x) denotes fg o (s) ds. The situation is illustrated in Fig. 3 above.

We have to justify the possibility of taking the boundary conditions in the
definition of D;. We know that & is a solution to the obstacle problem (5.6) and
(=00, —ly) U (lp, 00) is the coincidence set. Using the argument of the proof of
[29, Proposition 2.5], [30, Proposition 3.2], one can show that & | _~,—y] = ¥4 and
&l119,00) = —¥a. Thus, & restricted to each connected component of the I\ [—lp, ly]
is constant.

Let us now calculate A‘;V. For points of the coincidence set, it is clear that
A%, = 0, as desired. Let us consider interval [y, lo]. By the definition, see (2.5),
Ay, 4 i1 Where &y, 1 is a solution to the following obstacle problem,

= dx

: V4 . VA
min {77, @.D): wekZ, |, (5.13)

where Z(x) = f(f o (t, s)ds and for [—lg, lp], we have x; = +1 = x,,

K, ={we H (<l l0): Z(x) — ya £ 0(x) £ Z(x) + ya, o(El) = Z(£lp)
+yal.

Since the boundary conditions in K f . are that of Dy, j,1, we immediately con-
clude, by previous considerations, that ¢ defined by Z — £ is the solution to (5.13).
Hence, A§, =0 — %

After these preparations, we may check that a variational solution is a viscosity
solution. First, we shall see that d is a supersolution. For this purpose, we take a
test function ¢ € Ap(Q), such that d — ¢ attains a minimum at (xg, fg), where

to € (0, T). We have to show that
o — Ay 2 0. (5.14)

Inequality (5.14) (and (5.16) below) is to be checked at each point. We have to
consider two cases for the interfacial curves: (a) the free boundary [y is a tangency
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curve; (b) the free boundary /j is a matching curve and the tangency condition is
violated.

In addition, in the course of proving (5.14), we will consider three cases sepa-
rately:
(i) [xol > lo(10), (ii) |xo| € [0, lo(20)), (iii) |xo| = lo(to)-

We begin with (i). Since we assumed that dy € C', we know (see Theorem 10
or Theorem 11) that at (xg, f9) function d is differentiable. Hence, for ¢(x, t) =
f(x) + g(¢) withd — ¢ = 0 in a neighborhood of (xg, 7o), we have

dy(x0,10) = f'(x0), di(x0,10) = g'(t0).
Due to Definition 2, we have Af, (¢) = 0 = A, (d). As aresult,
0=d —o =g —Ay(p) = ¢ — A} (9),

as desired.

Now, we look at (ii). The argument depends on the type of the interfacial curve
lp. Let us first assume that / is a tangency curve.

In the considered case, d is also differentiable at (xq, #p). If ¢ is a test function,
such that d — ¢ attains its minimum at (xo, #p), then

dy(x0,10) = 0= f'(x0),  d;(x0,10) = g'(t0).

Since f € C % (£2), we immediately see that I = R(f, x¢), the faceted region of ¢
at (xo, fo), must contain [—lo, lo]. Let us suppose that &; is the solution to

min{&;(w) : w € Dy}.

By the geometric interpretation of the obstacle problem (5.6), [29, Proposition 2.3],
the coincidence set is I \ (—lo, lp). This is the place where we use the fact that the
tangency condition holds at x.

As a result of the above observation, we have Ay, (d) = A, (¢). Moreover,

o=
Ayd) =0 o
I
= ][cor(t,s) ds + y(nA)‘
0 lo

Thus, by (5.9)

lo(t0)
0= Ro —][ o(s)ds — J;(nA) =di — AY(d) = ¢ — AT (9),
0 0(f0)

as desired.

Let us note that this argument works well for (xq, 7o) = (lo(%0), tp) if the
tangency condition holds, so (iii) holds in this case.

We continue our analysis of case (ii). We have to consider the situation when
ly is a matching curve. We will have to compare A§, (d) and Af, (). One way is
to invoke Theorem 4, but we think it is instructive to check it directly.
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Letus suppose that I = [—a, b]is the faceted region of ¢ containing (xo, #p). We
consider the minimization problem (5.13) defining ¢; on that interval. Without the
loss of generality, we may restrict our attention to a subinterval [ug, u1] C [—a, b],
such that % is constant on [uo, 1]. Let us first consider that situation when

no = —mp1. We have to compare velocities % and % on [—lg, lp]. Since the
tangency condition is violated at /o, then there is a possibility of bigger faceted

regions containing [—Io, [o]. Moreover, % is a slope of a line connecting 0 and

Z(iu1) + ya, while % is a slope of a line connecting 0 and Z(lp) + y 4. Since Z is
strictly increasing, we deduce that % < %. The same observation applies when
we want to compare slopes of minimizers to (5.13) on [—a, b] and [—u1, £1] and

a =y orb=pubut[—a,b] D[—u1, 1] Thus, we have
o — Ay (@) 2 d; — AYy(d)

/!
=&-fﬁmgm-”m> (5.15)
0 lo

=0.

(iii) In order to complete the discussion of the facet, we have to consider the
case when at the interfacial point the tangency condition is violated. Let us suppose
that this happens at xo = [ (the case xo = —Ip is analogous). At this point d (¢, x¢)
need not be differentiable with respect to x. Hence, if ¢ is a test function such that
d — g attains its minimum, then d; (ly(%o), fo) = 0 and d;‘ (lp(t0), o) = 0.

The point (Iy(#p), tp) belongs to the faceted region of d, hence it belongs to the
faceted region of the test function ¢. As aresult, the above consideration on A%, (¢)
is valid. Hence, the series of inequalities (5.15) is valid too.

We also have to check that d is a subsolution. For this purpose we take a test
function ¢ € Ap(Q), such that

max(d — ¢) = d(to, x0) — ¢(t0, X0).
‘We shall show that
@ — A = 0. (5.16)

We consider the same three cases. They are handled in an analogous way, we exploit
the fact that d(z, -) is a C! function on (—lo, ly) and on R \ [—lo, lp].

The case (i) is handled as before, because of differentiability of d and ¢ at
(x0, t0)-

(@11) If |xo| < lo(t), then the faceted region of ¢ is contained in [—/o (o), lo(f0)].
By the previous analysis, we conclude that A, (¢) = A, (d). Hence,

¢ — Ay (p) = d; — AY(d) = 0.

Case (iii) is handled in a completely analogous way, as before. We omit the
details. 0O

Corollary 2. Let us suppose that the assumptions of Theorem 12 hold. The varia-
tional solutions constructed in Theorems 10 and 11 are unique, as long as |dy| <1
and the initial condition dy is strictly increasing on [log, 00).
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Proof. Let us suppose that (I” (d"), €' are two variational solutions, with initial
data I'(dpy), where dj is admissible. We notice that it is sufficient to show that
d' =d’.

Letusset A = max,¢(o,7) lo(t) + 1. Due to (5.7), by formula (6.2), we conclude
that dj'c(t, x) # 0 for all (¢, x) € (0,T) x (A, 00). Since we solve an ODE for
|x| > A, by the inspection of equation (6.1) we immediately see that if v := d! is
a supersolution and u := d? is a subsolution to (6.1), then v > u. Subsequently,
by interchanging the roles of d' and d?, we conclude that d! = d? for (t,x) €
[0, T) xR\ (—A, A). As aresult, we can see that an application of the Comparison
Principle on (—A, A) yields that d' = 4 for all (r, x) € [0, T) x R. O
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Appendix

Here we give a sketch of proof of Theorems 10 and 11 by pointing to the main differences
with [29, Theorem 2.10] and [30, Section 3.1].

In [29], we considered equation (5.5) on a bounded interval J. The initial condition,
hence the solution, had three facets, two of them touching the endpoint of J. Here, we
consider (5.5) on R and that the data d( has a single facet, hence the same will hold for the
solution. We have to check the existence of a solution for all x € R for all 7 € [0, T']. Here,
the limitations arise from the constructions of the free boundary [ performed in [30, Section
3.1]. We have already mentioned that the construction essentially depends upon the sign of
X, but it is local in the sense that it uses the data from a neighborhood of /.

Thus, we have to make sure that we can solve (5.5),, that is,

di(t,x) =0o(t,x), d(0,x)=dyx) 6.1)

for all large x, for example x > A > [y for a constant A and all ¢ € [0, T]. This problem
can be solved for all x = Iy uniformly in ¢z > 0,

t
d(t, x) :/ o(s,x)ds +dy(x), (6.2)
0

since we assumed that o € C (R xR). Moreover, the solution will be Lipschitz continuous
if for all + = 0 we have that Lip (o (¢, -)) < L.

We notice that for all # > 0 function d(¢, -) is not only strictly increasing in x, but also
the derivative dy (¢, x) is positive for all x > [yg.

We also have to check that the Cahn-Hoffman vector &, specified in the statements of
Theorems 10 and 11, is a unique minimizer of £. This task is left to the reader. Hence,
(I'(d(t, ), &(t, )iefo,T) is a variational solutions.
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Remark 7. We notice that the same kind of the argument shows that Theorem 10 and 11
are valid also if o = o (x1, xp) satisfies an extension of condition (5.7) for functions of two
variables, that is

d
o (£x1, £x2) = 0 (x1, x2), a—;(xl,xz)x,- >0 for x; #0.
1

Moreover, by Remark 3, the Comparison Principle (Theorem 7) holds in this case, too.
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