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Abstract

We combine the total variation flow suitable for crystal modeling and image analysis
with the dynamic boundary conditions. We analyze the behavior of facets at the parts of the
boundary where these conditions are imposed. We devote particular attention to the radially
symmetric data. We observe that the boundary layer detachment actually can happen at
concave parts of the boundary.
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1 Introduction

We consider the total variation flow with the dynamic boundary condition, possibly mixed with
the Neumann boundary condition, which can be formally written as follows,

uy = div ( vu > for (z,t) € Q x (0,T) =: Qr;

[Vl
To =~y v for(y,t) €T x (0,T) =: S
’ 1.1
) for (y,1) € (9Q\T) x (0,7); (1.1

u(z,0) = ug(x)  forx €
v(y,0) =w(y)  foryel.

Here Q C RY is a bounded spatial domain of dimension N € N, and when N > 1, the
boundary 0f2 is supposed to be sufficiently smooth. Moreover, I' C 0f2, possibly I' = 0 is a
part of the boundary with positive %" ~!-measure. The outer normal to OS2 at x is denoted by
v(x).

It is well-known that the total variation flow leads to the creation of facets, i.e. persistent flat
parts of solutions. Here, we study the interactions of facets at their junction with the boundary
at I', where the dynamic boundary conditions are specified.

Even though the total variation flow with the Dirichlet boundary conditions was studied by a
number of authors, see [4,13,41,42], the details of the boundary behavior were not extensively
discussed. In particular this applies to the evolution of facets touching the boundary. It is worth
emphasizing that the authors of [4, 13] invested a lot of effort into finding the correct notion
of the solution. This is particularly true for [13], where quite general time-dependent Dirichlet
boundary data are considered.

It is worth noticing that it is known, see [5,41,42], that in general, the Dirichlet boundary
data may not be attained in the sense of trace.

We are interested in a phenomenon, which was studied in [43] for the Dirichlet problem of
graphs evolving by the mean curvature. The authors showed there that a boundary layer may
detach from the solution in the bulk. This phenomenon is attributed to the lack of uniform
parabolicity of the mean curvature flow for graphs. Obviously, this lack of uniform parabolicity
occurs here too.

It is worth mentioning that the problem of the loss of the boundary conditions was studied
by a number of authors in the context of viscosity solutions to parabolic equations with non-
linearities involving gradient of solution. A good example of such research is [45], where also
a historical account is presented. However, the nature of the phenomenon studied in [45] is
different from what we study here. In case of first order Hamilton-Jacobi equations we refer the
reader to [21] for earlier study on unattainability of the boundary condition.

The non-attainment of boundary condition is a common problem for the steady states of the
total variation flow. They are better known as solutions to the least gradient problem. Special
geometric restrictions must be imposed on the domain 2 as well as on the boundary datum f to
ensure attainment, see [35,40,50].

Here, we are observing a similar phenomenon of the boundary layer detachment. We intro-
duce a family of evolution problems with dynamic boundary condition indexed by parameter
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7 € (0,00). By formally taking the limit as 7 — 0 we recover the Neumann data, while the
limit 7 — oo yields the Dirichlet boundary conditions. However, a rigorous statement is outside
the scope of this paper.

The study of the dynamic boundary conditions has a long history. In the early days, solv-
ability of uniformly parabolic equations with dynamic boundary conditions was discussed by
Escher, [23]. For fully nonlinear (possibly degenerate) parabolic equations, Barles established
a quite general comparison result in [10, Sect. II] and [11, Sect. 3] for a general nonlin-
ear dynamic boundary condition. The mean curvature flow for a level set, under a dynamic
boundary condition is discussed in Giga-Hamamuki [31], which is not included in papers of
Barles, [10, 11].

For further development in case of uniformly parabolic problems we refer to [20, 26, 51].
More recently this topic was studied in [16-18,27]. It is worth emphasizing that the dynamic
boundary conditions were studied in relation to Stefan problem, cf. [1], Allen—Cahn type equa-
tions [16, 18,26,49] or Cahn—Hilliard equations, [17,25,27].

Finally, we comment on the physical background of our system (1.1). The dynamic bound-
ary conditions kindred to this study are found in the previous works of Stefan problems, e.g.
[1,47], and in particular, our dynamic boundary condition can be characterized as a singu-
lar limit of transmitted parabolic problems studied in [47]. Meanwhile, the singular diffusion
as in (1.1) is associated with a phase transition model of mesoscale, which was proposed by
Visintin [52, Chapter 6, page 176]. In view of these, our system (1.1) can be regarded as a
basic problem for a mesoscale phase transition model, that takes into account interactive phase-
exchanges reproduced by the dynamic boundary condition.

Our goal in this paper is to study instances of occurrence of the “boundary layer detachment
phenomenon” in the case of the total variation flow under the dynamic boundary condition on
a part of the boundary called I'. More precisely, we investigate the evolution of the persistent
facets touching I', such facets are called calibrable.

Moreover, if the solution is continuous at points of I', i.e. the facet moves with the same
velocity as the boundary value, then we call such a calibrable facet coherent.

If a facet does not touch the boundary, its calibrability is well studied, especially when the
facet is convex as well as the solution. In fact, the calibrability of a facet F' is equivalent to
saying that F' is a Cheeger set, i.e. F' minimizes the Cheeger quotient, A = |0F|/|F|, among all
subsets. Moreover, it is the same as saying that the inward mean curvature of F', x, is dominated
by the Cheeger quotient \, see [2, 12].

Under some technical conditions we show that facet /' is calibrable and coherent if the sum
of inward principal curvature of 0f) near the intersection of F and I is greater than —1/7. In
one dimensional case N = 1, we show all facets are calibrable and coherent. However, in
N = 2, if one considers annuli, the facet touching the inner circle may not be coherent and
boundary detachment phenomenon actually occurs. In order to derive these results, we first
clarify the definition of a solution by taking a correct energy and show the well-posedness of
the problem. We next calculate canonical restriction of subdifferential of the energy. Although
the general strategy is similar to those in [4, 5], it is nontrivial to implement the strategy.

Let us describe the content of this paper. We present here a general existence result for
(1.1). For this purpose we use the nonlinear semigroup theory developed by Komura [39] and
Brézis [15]. The main step in this direction is the identification of (1.1) as a gradient flow of an
energy functional E. It turns out that the natural definition of E : L?(Q) x L*(T') — RU{+o0}



is as follows,

/ | Dul| + / lyu — v dHN ' if (u,v) € BV(Q) x L*(I),
E(u,v) = Q r

+00 otherwise.

In Section 3, we study the lower semi-continuity of £ and related problems, because this is the
precondition of the nonlinear semigroup theory. In Section 4, we state and prove the existence
of solutions to (1.1). Here, our point of departure is the observation that (1.1) is a gradient flow
of . In fact, if 7 = 1, then (1.1) is the gradient flow of F with respect to the standard inner
product in H = L?*(Q2) x L*(I"). We notice that (1.1) may be viewed as a gradient flow of
E with respect to a non-standard inner product in H, given by formula ((u1,v1), (uz, v2)), =
Jo wius dz + 7 [ v1v2 dHN 1. We comment on this in Section 4.

We also take advantage of the structure of £ to notice the order preserving property of the
flow and the comparison principle. This is also done in Section 4 and the analysis is based on
the work by Brézis [14] and Kenmochi [37].

A very important part of the analysis, which on the one hand is technical, on the other hand
is necessary for the study of facet evolution is the identification of the subdifferential, 0F, and
its canonical selection. This is performed in Section 5. This section closes with the remark on
the relationship between the subdifferentials with respect to (-, - ) for different values of 7.

Section 6 prepares the tools for the analysis of facets. In particular, we adjust the notion of
calibrability to the present setting, when we pay particular attention to the behavior of facets,
touching the boundary of 02 along I, where the dynamic boundary condition is set.

We also introduce the notion of coherency, which is useful, when we wish to address the
phenomenon of the boundary layer detachment. We also state there sufficient and necessary
condition for calibrability or coherency.

We study a number of explicit examples, which show different types of behavior. Section 7
offers an analysis of a one dimensional problem as a warm-up. In this case no boundary layer
detachment occurs. The radially symmetric two-dimensional problems are treated in Section 8.
We notice that a general Theorem 6.10 and its Corollary 6.1 imply that if I' = OS2, where (2 is
a ball, then radially symmetric facets touching I" will be coherent, i.e. no boundary detachment
occurs. The situation is different, when we consider an annulus with inner radius ro and I' =
0B(0, o). In this case we pinpoint the situation of the boundary layer detachment.

2 Preliminaries

In this section, we begin with the basic notation used throughout this paper.

For an abstract Banach space X, we denote by |- || x the norm of X, and when X is a Hilbert
space, we denote by (-, - )x the inner product of X. In particular, in cases of Euclidean spaces,
we uniformly denote by | - | the Euclidean norm, and we use “-” to denote the standard scalar
product of two vectors. Additionally, for fixed dimensions d, / € N and a bounded open set U C
RY, we denote by || - ||« the supremum-norm in L>°(U,RY), i.e. ||w]|o 1= esssup,cy |w(z)],
for w € L>®(U,RY).

For any proper functional ¥ : X — (—o00, 00| on a Hilbert space X, we denote by D(¥)

the effective domain of ¥, i.e. D(¥) := { we X | ¥(w)<oo }
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For any proper lower semi-continuous (l.s.c., in short) and convex function ® defined on a
Hilbert space X, we denote the subdifferential of ® by 0®. The subdifferential 0P corresponds
to a weak differential of ®, and in fact it is a maximal monotone graph in the product space
X x X. More precisely, for each wg € X, the value 0®(wy) of the subdifferential at wy is
defined as a set of all elements 79 € X which satisfy the following variational inequality:

(Mo, w — wp) x < ®(w) — P(wp) forany w € D(P).

The set D(0®) = { we X |0P(w)#0 } is called the domain of 0®. We often use the

notation “(wp, 179) € 0P in X x X ”, to mean that “ny € 0P (wp) in X with wy € D(0P)”, by
identifying the operator 0® with its graph in X x X.

Remark 2.1. An example of a subdifferential is the following set-valued sign function Sgn® :
R? — 2% given as:
i w £ 0,
w € R Sgn’(w) := ]
{weR!||&] <1}, ifw=0.

It is easy to check that the set-valued function Sgn? coincides with the subdifferential of the
Euclidean norm | - | : w € R? = |w| = y/w - w € [0, 00).

Notations in BV -theory. (cf. [3,8,24,34]) For any d € N, we denote the d-dimensional
Lebesgue measure by £?. The measure theoretical phrases, such as “a.e”, “dt”, “dz”, etc
are with respect to the Lebesgue measure in the corresponding dimension, unless specified
otherwise.

Let d € N be a fixed dimension and let U C R? be a bounded open set. We denote by M (U)
(resp. M, (U)) the space of all finite Radon measures (resp. the space of all Radon measures)
on U. In general, the space M(U) (resp. M..(U)) is known as the dual of the Banach space
Co(U) (resp. dual of the locally convex space C.(U)).

A function u € L'(U) is called a BV -function (resp. BVj,.-function) on U if and only if
its distributional gradient Du is a finite Radon measure (resp. a Radon measure) on U, namely
Du € M(U,RY) (resp. Du € Miy.(U,R?)), and we denote by BV (U) (resp. BVi,c(U))
the space of all BV -functions (resp. BVj,.-functions) on U. For any u € BV (U), the total
variation measure |Du| € M(U) of the gradient Du is called the total variation measure of u,
Then, by [3, Proposition 3.6], we have,

]Du|(U):sup{ /udivgpdx ¢ € CHU,R?) and |p| <1lonU },
U

and we also write [, | Du| for | Du|(U).

As a function space, BV (U) is a Banach space, endowed with the norm:

|u|l By @) == ||u|lerw) + [Du|(U), forany u € BV (U).



For any u € BV (U), we denote by Du® (respectively, Du®), the absolutely continuous part
(respectively, the singular part of Du) with respect to £¢. Consequently, one can observe that:

Du = Du® + Du® = Vu £ +

B[ Du’l in M(U).

, % denotes the Radon—Nikodym derivative of Du® with respect to the total variation

measure | Du®|, and Vu is the approximate differential of u € BV (U) (cf. [3, Definition 3.70]).
There exists a unique linear operator Yo : BV (U) — LY (9U), called trace operator such
that vy = ©|ay on AU for any u € CH(U).

Here

Notations for the variational analysis (cf. [6]). Throughout this paper, let N € N be a fixed
dimension, let  C RY be a bounded domain, and let ' € R" be a subset of the boundary
0%2 which possibly coincides with the whole 0¢2. Also, we assume that the boundary 02 has a
smoothness of C''-class, and we simply denote by v : 9Q — SV~ the unit outer normal on 052,
when N > 1and v : BV(Q) — L'(09Q) is the trace onto J. On this basis, we define:

L2 (Q,RN) = { we LP(Q,RY) | divw € LP(Q) }
and X,(Q) := L5 (Q,RY) N L*(Q,RY), forany 1 < p < oco.

Also, referring to the general theory for BV -functions, e.g. [6, Sections 1-2], we recall the
following facts.
There exists a bounded linear operator [( - ) - v] : X5(Q2) — L*°(0€2), such that

2.1)

| [w - u]”oo < J|w||oo for any w € X5(92),
[@-v] =& -vondQ,ifo e CY(Q,RN).

Besides, for every w € X5(Q) and u € BV(Q2) N L?(Q), there exists a finite Radon measure
(w, Du) € M(Q), such that (w, Du) is absolutely continuous for | Du/|,

w,Du .
|(|Du|)’ S ||w||00’ |Du]—a.e. m Q’ (22)

and

/(w,Du):—/dikud:c—l—/ [w- V] yudHN L. (2.3)
0 Q o9

Moreover, for the absolutely continuous part (w, Du)? of (w, Du) for £~ and the singular part
(w, Du)?, it follows that:

(w, Du) = (w, Du)" + (w, Du)* = w - Vu LN + &2 | Duf| in M(Q). (2.4)

3 Energy and its lower semi-continuity

We want to write (1.1) as a gradient flow for a suitable energy functional . We choose the
following Hilbert space H = L*(Q2) x L?(T") with the standard inner product,

((u1,v1), (uz,v2)) = (u1, u2)o + (vi, v2)r,
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where we write (u1, us)q = [, u1uz do and (vy, vo)r = [ v1vo dHN 1. We define a functional
E: H — [0, 0], by setting:

/ | Du| + / Iyu — v| dHN ™ if (u,v) € BV(Q) x L¥(T),
0 r

E(u,v) = (3.1

+00 otherwise.

Remark 3.1. We could consider a more general, one-homogeneous function & in place of | - |
above. However, this would create another layer of difficulty obscuring the main issue. On the
other hand feasibility of such approach is suggested by Moll’s paper [42].

The first step is to show that, £ defined above, is lower semi-continuous in the L? topology.

Proposition 3.1. Let us suppose that u € BV (Q), v € L*(T) and {(u,,v,)}5>, C H is any
sequence converging to (u,v) in H. Then,

lim E(uy,v,) > E(u,v).

n—oo
Proof. If I' = 011, then this fact is well-known, see [28]. However, the definition of £ includes
integration over I', which may be essentially smaller than OS2, thus we prefer to include the
proof. We use here the idea of Giaquinta-Modica-Soucek, [28], to extend the functional fQ | Dl
to a bigger domain. We proceed by taking any region Q with Lipschitz boundary and such that
the following conditions hold:
HQCc
2) 90 N O = 9N\ T
3) the region Q \ © has a Lipschitz continuous boundary.

When ¢ € L'(9Q) is given, then we may find ¢ € WH1(Q \ Q) such that y¢ = ¢ on T,

see [6, 19]. Then, we define the following space,

BVry(Q)={ueBV(Q): u=¢donQ\Q}.

It is a well-known fact that functional BV (Q) 3 u — [ |Dul is lower semi-continuous with
respect to the L?. As a result, this functional is lower semi-continuous on BVM,(Q), a closed

subspace of BV (2). Once we realize that for u € BV 4(12), we have
Du = DucQ + Ducl + VurQ )\ Q,
where Ducl' = v(¢ — yu)HY 1T, where yu is the trace of u € BV (1), then

/|Du| :/|Du|+/|qb—7u|d7-lN_l+/ V| da.
Q Q r ON\Q

As a result, the functional L*(Q) > u — E(u,v) =: E,(u) is lower semi-continuous. In order
to complete the task, we have to consider lim__,  F(u,,v,), when (u,,v,) — (u,v) in H.
Since |yu, — vn| + |v, — v| > |yu, — v|, then we see,

lim E(u,,v,) > lim Ey(u,) — lim [ |v, — o] dHY

n—00 n—o00 n—oo Jp

Finally, our claim follows. [



Remark 3.2. We noticed in the course of the proof above that for a fixed v € L*(T"), functional
E,(u) is lower semi-continuous. It is a relaxation, i.e. the lower semi-continuous envelope, of
the following functional

Du| ifu e BV(Q), U=,
LQ(Q)BUHESO(U): /g;’ ‘ ( ) 7‘F
+00 otherwise.
Then, for any a > 1 functional E? : L*(Q) — [0, oc], given by
/ | Du| + a/ Iyu — v| dHY ™ ifu € BV(Q),
u) = Q r

+00 otherwise,

Ey(

is not lower semi-continuous, because F, < E% < E on L*({2). The relaxation of E? is
E,. On the other hand, it is easy to check that for any a € (0, 1) functional E¢ is lower semi-
continuous. Indeed, in this case E¢ = aE, + (1 — a) [, |Du| and both ingredients are lower
semi-continuous.

Remark 3.3. We recall that lower semi-continuity of £ combined with its convexity implies
sequential weak lower semi-continuity.

4 The evolution problem and the Comparison Principle

We recall two basic abstract facts from the theory of maximal monotone operators.

Theorem 4.1 (Well-posedness). Let £ : X — [0, 00] be a proper, lower semi-continuous,
convex function on a Hilbert space X. Then, for any wy, € D(E) there is a unique solution
w € W,22([0,00); X), such that

loc

d
d-if(t) € —0€ (w(t)), ae te(0,00), with w(0)=uwp, inX.

Also, the function [0,00) > t — E(w(t)) € [0,00) is absolutely continuous on any compact
interval, and it satisfies that

d 2

Eg(w(zﬁ)) = — H%(t) ; ae. t>0.

In particular, if wy € D(JE), then w € W,2>([0, 00); X), w is right-differentiable over [0, oc),

loc

and at every t > 0, the right derivative d;tw (t) satisfies

dTw

W(t) = —9°€ (u(t)) inX,

where 9°£ denotes the minimal section of O€.



This type of well-posedness of the gradient flow of a convex functional goes back to Komura.
The above version can be found in Brézis, see [15] or Pazy, see [44]. Here, we note that
WL2([0, 00); X) and W,5°([0, 00); X) are contained in the class T, (0, 0o; X) of all absolute

loc
continuous functions in (8, 7") for any 7" > § > 0 with values in the Hilbert space X.

In order to proceed, we recall the notion of Banach lattice. An ordered Banach space X
with ordering > is called a vector lattice, if the linear structure is compatible with the ordering,
1.e.

f>gimplies f+h >g+h forall f,g,h € X;

f>0implies A\ >0 forall f € X, A > 0.

In addition, we require that any two elements f,g € X have a supremum, denoted by f V g
and infimum, denoted by f A g. Besides, for w € X, we denote by w, its positive part, i.e.
wy = w V0 = max(w,0). We refer the interested reader for more details on the Banach lattice
to [7].

Proposition 4.2 (Order preserving structure). Assume that a Hilbert space X is a vector lattice.
Let us suppose that

d
Sl Ol% = 2(w4(1),0/(1))  forany w € W50, 00 X).

Let £ in Theorem 4.1 fulfills
S(wl\/w2)+5(w1/\w2) §5(w1)+5(w2) for all w1, Wa € D(E)

If w; and wy are two solutions (in the sense of Theorem 4.1) of

W) e —oew(t) X, aet>0 (4.1)

and if the initial data wyo and wy satisfy
w1(0> = W1o S Woo = w2(0> in X,

then
wi(t) <wq(t) in X, forallt > 0.

This type of argument is well-known. For example it is presented in the thesis of Brézis [14]
and more generally in Kenmochi-Mizuta-Nagai, see [37]. We give here a proof since it is
elementary.

Proof. By definition, we see that for a.e. ¢ > 0
E(p) — € (wi(t)) > (wi(t),wr(t) — @), forall ¢eX,
E() — € (wa(t)) > (wy(t), wa(t) — ), forall ¢ e X.

In these inequalities, we take

~

{¢=M®+@%—WM®IOMVMW%
@ = wy(t) — (wy — wr)4(t) = (w1 A wa)(t);
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the last identities follow from the property of a vector lattice. Then one gets

£ ((wr V wa) (1)) — Ew(t)) = (wh (), —(ws — wr)4(8))

£ (w1 Awn)(1)) — E(ws()) > (wh(t), (w2 — w1)+ (1))
for a.e. t > 0. Adding these two inequalities and invoking our assumption for £ with respect to
A and V, we see that

1d

=5 | (w2 — w1)+(t)}|§< ae. t>0.

0> ((wh — wh)(t), (ws — w1)+(t))X

‘We thus conclude that 4
It [ (w2 — w1)+(t)Hi( <0 ae. t>0.

Thus, the order preserving property follows. [

Remark 4.1. From the proof above, it is easy to claim a comparison principle saying that if w,
is a subsolution and ws is a supersolution of (4.1), then w; < wy provided that w; (0) < wy(0).
Here, we say w € W,-?([0, 00); X) is a subsolution if for a.e. t > 0 the inequality

E(w(t)+h) =& (w(t) > (—w'(t),h), forallhe Xandh>0
is fulfilled. A supersolution is defined in a symmetric way.

We now consider the gradient flow of E defined in (3.1) in a Hilbert space H = L*(Q) x
L*(T") equipped with an inner product

((f17f2)7(91792))7Z/QflgladﬂﬁJrT/ngggdHN_l

for f = (f1, f2), 9 = (91,92) € H. Here, 7 > 0 is a fixed parameter. The topology defined
by the inner product (-, ), is the same but its gradient flow is different. Formally, the gradient
flow with respect to the (-, -), inner product reads as eq. (1.1). Since it is clear that F in (3.1) is
convex, lower semi-continuous with respect to the convergence in the standard inner product as
well as with respect to (-, ), and H = D(F), Proposition 3.1 enables us to apply Theorem 4.1
to get a well-posedness result.

Theorem 4.3. For any Uj := (ug,v9) € D(E) = (BV(Q) N L*(Q)) x L*(T) there is a unique
solution U := (u,v) € W\ ([0, 00); H) of the following problem

C;—Z(t) = % (u(t),v(t)) € =0, E(U(t)) = =0, E (u(t),v(t)) inH, ae t>0, (42)

U(0) = (u(0),v(0)) = (ug,vo) in H,

where 0, E denotes the subdifferential of £ with respect to the inner product (-, -),. Also, the
function t € [0,00) — E(U(t)) = E(u(t),v(t)) € [0,00) is absolutely continuous on any
compact interval, and it satisfies that

d dU dU
GEUW) - - (F0.50)
du 2 dv 2
= —||—(t —T7||=( e.t>0. 43
’dt” 12(Q) ‘dt“ 12(I) e @)
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In particular, if Uy € D(9,E), then U = (u,v) € W,2>°([0,00); H), U is right-differentiable

loc

over [0,00), and at every ¢ > 0, the right derivative d;tU(t) = %(u(t), v(t)) satisfies

d+
EU(LL) =-0?E(U(t)) inH, ae.t>0. O

We notice that H has the desired lattice structure after we define
(f17f2) < (91;92) for f= (flva)J g= (91;92) €H

if fi < fyae.inQand g; < go HV '-a.e. on I. We also check that the functional E has the
desired properties:

Proposition 4.4. If E is defined by formula (3.1), then
E(Ul A U9, U1 A ’UQ) + E(u1 V Ug, U1 V UQ) S E(U17 Ul) + E(UQ,UQ).

Proof. First, by referring to [48, Lemmas 2.2 and 3.1], we verify that

/\D(ul\/uQ)H—/|D(u1/\uQ)|§/]Du1|—|—/|Du2|.
Q Q Q Q

We also have to show that
/(|u1 V ugs — Uy \/UQ’ + ]ul N Uy — U1 /\Ug’)dHNil = /(]ul — Ul‘ + ‘Ug — UngHNil
r r

where we identified u;, ¢ = 1, 2 with their traces on I'.

Since the roles of u; and us are interchangeable, we may assume that u; V uy = u; and
up A ug = ug. If v1 > we, then there is nothing to prove, thus we may assume that v; < v,.
Finally, we have to check that

|uy — vo| + |ug — v1| = |uy — v1| + |ug — vo| forae.z €T.
However, this obviously holds for all us. L]

The result we have just proved permits us to apply Proposition 4.2 to conclude the order
preserving property.

Theorem 4.5 (Order preserving property). Let U; = (u;,v;), 7 = 1,2, be a solution in Theorem
4.3 starting from U;, = (u;,, v;,) € H. If Uyg < Usg, then Uy(t) < Us(t) forall t > 0, i.e.,
uy(t) < wua(t), v1(t) < vo(t) forall t > 0.

5 The subdifferential and its canonical section

This section is devoted to the characterizations of the subdifferential of F(u,v) given by (3.1)
and its canonical section. Even though eq. (4.2) contains a parameter 7 > 0, we shall see
that without the loss of generality, it is sufficient to calculate the subdifferential of F/(u,v) with
respect to the standard inner product of /.
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5.1 The representation of the subdifferential
The goal of this subsection is to prove the following proposition.

Theorem 5.1 (Representation of the subdifferential). Let E'(u, v) be given by (3.1), as a result
it is a proper, lower semi-continuous and convex function on H. Then, for pairs of functions
(u,v) € H and (&, () € H, the following two statements are equivalent.

(A) (&,¢) € 0E(u,v) in H when (u,v) € D(OF).
(B) (u,v) € BV(Q) x L*(T'), and there exists a vector field z € X5(2), such that:

(bl) (Tb[:ﬁ) =1, |Dul-a.e. in ©, and moreover, z € Sgn” (Vu) a.e. in Q;
(b2) —[z-v] € Sgn(yu —v) a.e.on T, and [z - ] = 0 a.e. on N \ T';
(b3) £ = —divzin L*(Q),and ¢ = [z - v] in L*(T);
where Sgn is the abbreviation of the set-valued function S gn1 : R — 2R defined in Remark 2.1,
when d = 1.

For the proof of this proposition, we first prepare some additional notations with an auxiliary
lemma.

Operator A. We define a set-valued operator A C H x H by letting:

(&, ¢) as in condition (b3), where z €
X,(Q) satisfies conditions (b1)-(b2)in p, (5.1)
Theorem 5.1

(u,v) € H— A(u,v) =< (§,{) € H

and we denote by D(.A) the domain of this operator, i.e.

D(A) ::{ (it,5) € H | A(ii, 7) # 0 }

Relaxed convex function E_ (u, v). We define a sequence { E. }.~( of lower semi-continuous,
convex functionals E. : H — [0, o], by letting for any £ > 0,

2
/\/\Vu\z—l—ezdx—i—g—/wu\zdx,
0 2 Ja

E.(u,v) = ifue H'(Q) andyu = v ae. onT, (5.2)

oo, otherwise,
\

Note that for every € > 0, E. are proper on H. Also,

D(E.) =V := { (il,5) € HY(Q) x H'(T') | vii = 5 ae.onT } fore >0,  (5.3)

namely, the effective domains D(E.), for ¢ > 0, are equal to a closed linear subspace V' in
H'(Q) x H'(T'). The equality in (5.3) is essential to guarantee the lower semi-continuity of the
convex functions F., for ¢ > 0.

12



Lemma 5.1. Let us fix any constant € > 0, and let us set:

;

Tl + Vi€ L, (URY)
De = (117 ?7) < D(Es) [(\/% -+ gQVﬂ) . V} c LQ(&Q), and
[(\/%+52V71) -v] =0ae. ondIQ\T

\ 7

Then, the subdifferential 0. C H x H coincides with a single-valued operator A. C H x H,
defined as follows:
t . Vu
—div (W + gQVU)
Vu
|:( \/m + €2vu> * Vi|

Proof. This lemma can be obtained as a straightforward consequence of standard variational
methods (cf. [9,22]). L]

(u,v) € D. C H— A.(u,v) := €H. (5.4)

Proof of Theorem 5.1. With the use of the operator A given by (5.1), the conclusion of the
proposition can be rephrased as follows:

A=0EinH x H. (5.5)

We check this equality with the help of the following two Claims §1-2.

Claimgl: AC OF in H x H. Letus assume that:
(&,¢) € A(u,v) in H with (u,v) € D(A).
Then, in the light of (2.3) and (5.1), we can see that for any (¢, 1)) € D(F) we have:

((57 C)v (3071/}) - (u,U))
:/Q—divz(go—u)d:c—i—/[zw](w—v)d’HN1

r

:/Q(z,D(sD—u))—Aﬂ[z.y]y(gp_u)dﬂw_l+/[z_y](w_v)dHN_l

T

<lelhe [ 1061 = [ 1Dul+ [ (b= o1 = pru—of) an¥
< E(p,¢) — E(u,v).

Thus, (§,¢) € 0F(u,v) in H.
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Claim §2: (A4 Zy)H = H. Since the inclusion (A + Zy)H C H is trivial, our task can be
reduced to show only the converse one.

Let us fix any (f,g) € H. Then, applying Minty’s theorem and Lemma 5.1, we can find a
sequence of functions {(u., v:)}e>o C V such that:

(f,9) — (us,ve) € OE(ue,v:) in H, for all £ > 0. (5.6)

Here, with (5.2) and Lemma 5.1 in mind, we multiply the both sides of (5.6) by (u., v.). Then,
by using Young’s inequality, one can immediately see that:

1 1
Sl e v [+ Beue,v) < S[1(£.9)[5, + E=(0,0)
< %H(f, )5 +eLN(Q), forall e > 0. (5.7)

Subsequently, invoking (3.1), (5.2), (5.7) and the compactness theorem of Rellich—Kondrashov
type, we can find an approximating limit (u,v) € D(F) together with a sequence {¢,,}5°, C
(0, 1) and a sequence of functions {(u,,v,)}5°; = {(ue,,ve, )}, C V, such that:

1>e1>e>--->¢, ] 0asn — oo, (5.8)
(U, vp) = (u,v) weakly in H,

u, — uwin LY(Q), asn — 0o, (5.9)
Enlly, — 0 weakly in H'(Q),

and for any (p,¢) € V,

Yun . .
0 VVunl* <2 Vipdr + /Q V(enun) - Vienp) dx
— /(f - un)gp dx + /(g — Un)'l/} deN—l7 neN. (5.10)
Q

T

Additionally, since

’ Vun ’§1a.e.inQ,forn:1,2,3,...,

VI Vunl?+3

we may assume existence of a vector field z € L°°(£2, R") such that

~ Vu, Kly- in L=(Q, RN s 0,
N z weakly-* in L>( )asn — 0o (5.11)

and |z| < 1lae. in(,
by taking an additional subsequence, if necessary.

Now, applying the convergences (5.8)—(5.9) and (5.11) to the variational form (5.10), we
can see that for any (p, 1) € V, we have:

/Qz-wd:p:/Q(f—u)gpdx+/(g—v)¢dHN—1. (5.12)

r
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In particular, taking any ¢, € H}(€2) and putting (i, 1) = (¢0,0) € V in (5.12), we have:

/ z-Vyodr = /(f — u)pg dx, for any ¢y € H} (),
Q Q
Le.
—divz=f—ue€ L*Q)in H Q). (5.13)

Subsequently, for any e H L(09Q), we invoke [8, Proposition 5.6.3] with the C'-smoothness
of 90 to take an extension 1) € H'(€2) of 4. Then, putting (¢, 1)) = (™, ¢) € V in (5.12),
we deduce from (5.13) that for any o) € H'(92), we have,

[ lndan = [(g-vgan = [ g olgian
o0 r o0
where [g — v]$* € L?*(99) is the zero-extension of g — v € L*(T'). This implies that,

(9 U)(?J)a ifyel,
. = for a.e. Q. 5.14
[z v]|(y) { 0. ify € 90\ T. ora.e. y € 0 ( )

Finally, we take any (¢, ) € V, and put (¢,%) = (u, — @, v, — ) € V in (5.10) to obtain
that:

E. (tn, vn) + /

Q

(un — f)(un, — @) do + /(Un — 9)(v, — J}) dHN1

r

52
< % ~ “n ~12
S | R Vet /JW' dz + E.,(0,0)

2
_ \/%.v¢dx+%/|v¢\2dx+gncn(w), forn—1,2,3.... (515

Here, having in mind (3.1), (5.2), (5.8)—(5.9), (5.11) and the weak lower semi-continuity of £
on H, let us take the limit-inf of both sides of (5.15). Then, we compute,

Bl + [ D=t + [(w= o= an™

< lim E,, (up,v,) + lim /(un — )y, — @) dr + lim [ (v, — g)(vn — @E) dHN !
Q

n—00 n—o00 n—oo J I

< lim (Egn(un,vn) - /Q(f—un)(un —P) dx_/

n—o0 r

S/Z-Vgﬁdas.
Q

Therefore, for any (¢, 1)) € V, we have,

/\Du!+/]’yu—v]dHN1
0 r

g/Qz-V@d:zH—/Q(f—u)(u—@)dxnt/(g—v)(v—@Z)d”HN_l.

T

(9= 00, — ) 1)

(5.16)
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Additionally, by applying (2.3)—(2.4), (5.13)—(5.14) and (5.16), we can deduce that:

/|Du|+/|vu—v|d7{N—1:/|Vu|d:p+/|Dus|+/|7u—v|d7{N—1
Q r Q Q r

g—/divngd:v—l—/ [z - v]y@dHN 1
Q

o0

+/Q(—divz)(U—cﬁ)der/F[z.y](v_@d,HN_l
:_/Qdivzudx+/[z.y]vdeN_1

r

= /(z,Du) —/ [z - v]yudHN +/[2‘y]vd7-[N1
Q o9 r

= / C2 | Dul + / ~[z - v)(yu — v) dHN L
Q r

:/z-Vuda:+/(z,Du)s+/—[z-u](’yu—v)d’}-lN_l. (5.17)
Q 0 r

In the meantime, from (2.1)—(2.2), (2.4) and (5.11), we can easily check that:

|G| < 2]l < 1, |Dul-ac. in €,
and '/(Z,Du)s S/ (Tv[i)}l‘)‘ ‘DUS| < / |l)us’7
\ Q Q Q
and
| — [z V]| <||z|lc <1, a.e. on OS2 (5.19)

As a consequence from (5.17)—(5.19), it is inferred that:

( (z,Du)

ha = 1, |Dul-a.e. in 2, and in particular,

z-Vu = |Vu|, and z € Sgn™ (Vu), a.e. in §,
(5.20)
—lz-v(yu —v) = [yu—vl,
ie. —[z-v] € Sgn(yu —v), a.e.onT.

\

Taking into account (5.1), (5.13)—(5.14) and (5.20), we infer that:

(f —u,g—v) € A(u,v), in H,
ie. (A+Zy)(u,v) > (f,9) in H, with (u,v) € D(A).

Indeed, Claim #2 follows.

Now, the rephrased conclusion (5.5) will be obtained by applying Minty’s theorem to .4,
and by using the maximality of the monotone graph A C OF in H x H. ]
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We have just characterized OF, the subdifferential of £ with respect to the standard inner
product of H. This corresponds to eq. (4.2) with 7 = 1. We would like to establish the
relationship between OF and O, E, i.e. the subdifferential of £ with respect to the inner product
(+,), in H. Thus, we could study (4.2) for any positive 7. Here is our observation.

Corollary 5.1. Let 7 > 0, and U = (u,v) € H. Then, the domain D(OF) = D(.A) coincides
with the domain D(0,FE) of the subdifferential 0. F of E with respect to the scalar product
(+,-)rin H, and (§,() € 0,E(U) ifand only if (¢,7¢) € OE(U) in H.

Proof. We easily verify this lemma by using the following relationship

((€,€), (h1, ha)) = ((&,7C), (h1, hg)) forall (€,C), (h1,he) € H. O

5.2 The canonical section

Once we described the subdifferential, we may set up the minimization necessary to select the
canonical section of OE(U). Here, we assume 7 = 1, but we shall see later that this does not
lead to any loss of generality, see Lemma 6.1.

Proposition 5.2. If (£, () is the canonical selection of OE(U) with U = (u,v) € D(OFE), then:
(@) (&,¢) = (—div z, [z - v]), where z is a minimizer of

€ X5(Q), z € Sgn™ (Vu), ae.,
=D — 1, |Dul-ae., and : (5.21)
[z

~

min ¢ €(2) | 75 |

-v] € Sgn(yu —v), HN t-ae.

where X5((?) is defined in (2.1) and

S(z):/\divz|2dx+/|[z'u]|2d’HN1.
Q r

Moreover, div z and [z - v] are determined uniquely.
(b) We assume that z is a minimizer of (5.21), Fy := {x € Q : |z(z)| < 1} is open, we set

F := F,. If the boundaries of F; and F are equal and they are Lipschitz continuous, then
divz = A = conston F'.

(c) If in addition to (b), we know that |[z - V]| < lon ['p := FNI, thendivz = —[z-v] (= )
onl'p.

Remark 5.1. In particular part (c) does not apply if |[z-v]| = 1 on I'g. Parts (b) and (c) provide
a set of necessary conditions for z to be a minimizer. Later, in Section 6, we will study this in
greater detail as well as we will address the sufficient conditions, see Proposition 6.5.

Proof. Part (a) follows from Theorem 5.1 and the definition of the canonical section. Unique-
ness of div z follows from strict convexity of the integrand.

In order to establish (b) and (c), we take any smooth vector field wo, having a support in
the open set [}, such that z + tww € Sgn™ (Vu), ie. |z + tw| < 1,0n €, forall t € R with
sufficiently small |¢|. Since —[(z +tw) - v] = —[z-v| on O) for any ¢ € R and z is a minimizer
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of the above problem, the function ¢t € R — E(z + tw) € [0, 00) has a critical point at ¢t = 0.

On the other hand it is easy to compute %E (z 4+ tw) ‘ Ay Thus, we obtain,

/ div z div w dz + / [z-V][w-v]dH ! = 0. (5.22)
Q o9

Now, we will complete (b). We notice that (5.22) simplifies if vector field v has a compact
support contained in the interior of F'. In this case, the boundary term drops out, so (5.22) takes
the form,

/ divzdiveww dr = 0.
Fy

The integration by parts yields Vdivz = 0 in Fj. Additionally, since the boundary of Fj is
Lipschitz, we can say that div z = const =: A on F (= F).

In order to deduce (c), we take a vector field @ having the support in Fy U {x € 0 :
[z - v]| < 1}, which is contained in Fy U I'r. Then, (5.22) takes the form,

0 = /divz~divwd:z:+/ [z V][w - v] dHN !
0 o0

_ /FAdivwdH/FF[z-y][w-y]cmN—l:/ Ot [z 1)) - o] MV,

T'r
Since [w - v] is arbitrary, we deduce that A + [z - ] = 0 on I'.. Our claims follow. O

Proposition 5.3. Let us suppose {2 C R? and 2, I" have radial symmetry, 1 and vy depend only
on the radius . Then, for all ¢ > 0, if (—div z, [z - v]) is the canonical section of OE(U (t)),
then we can choose z of the form z(x,t) = o(r,t)%, where r = |z|.

Proof. First, we notice that we can choose z depending only on r. The argument is based on
the averaging with respect to the Haar measure on S'. The details are explained in [33].

Thus, z(z) = o(r)e, + ¥ (r)e,, where e, = £ and e, = (—w2,7)/r. We notice that
1> |2]? = 0* + ¢? > 0*. Moreover,

(o)1)

divz =divo(r)e, =
r

In other words, the part of z, tangential to circles 0B(0, r), is divergence-free.
Thus, we may drop the tangential part of z, because it neither contributes to div z, nor to the
boundary trace. [

Remark 5.2. Proposition 5.3 extends to radially symmetric domains in R" and the data with
the same symmetry. Here div z = (o(r)r™¥ 1) /r¥ =" for general N.

Finally, we can decide the form of the subdifferential in the one-dimensional case, but we
restrict our attention to monotone initial condition uy. We set xy = 1, if ug is increasing and
x = —1, if ug is decreasing. We notice that the outer normals v to I' are in fact numbers,
v(0)=—landv(L) = 1.
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Proposition 5.4. Let us suppose that U = (u,v) € L*(0,T; H) is a solution to (4.2), where
Q= (0,L), I' = 09, up is monotone. We denote by (&, () the canonical selection of the
subdifferential of £ at U(t), t > 0,1i.e. { = —z,, (i) = 2(4) - v(i), where i € I" = {0, L}. Let
us consider [a,b] C (0,L). We assume that u,(a™), u,(b~) exist and they are different from
zero. Then,

(@) Sgn(u,(at)) = Sgn(u, (b)) = Sgn(u,(x*)) = x for all x € [a, b];
(b)ifyu =vatx € T, then z(i)v(i) € [-1,1],i € T
(c)if yu #vatz € I',then |2(i)| = 1,i € I.

Proof. Part (a) follows from the fact that at any point x, where u is differentiable and different
from zero, we have z(x) = x. The set of such points in [a, ] has a full measure. Since
z(z) = x = Sgn(ug(z)) and = must be continuous, we deduce that z = x on [a, b].

The proofs of the remaining parts is done by inspection of the conditions on the canonical
section. ]

We know that the canonical selection is uniquely defined as the element of the subdifferential
with the least norm. The structure of this minimization problem (5.21) is such that z has to be
decided only where Du = 0. We would like to take advantage of this fact for the purpose of the
localization of the problem. We explain it below.

Corollary 5.2. Let us suppose that (—div z, [z - v]) is a canonical selection of JF, and Fj :=
{z e | |z(x)| < 1} C is open with Lipschitz continuous boundary and 9 Fy = 9 Fp. We recall
that Fj is contained in the complement of the support of measure |Du|. Let F' be the closure
of a connected component of Fj and let v be the outer unit normal of OF. Additionally, let us
suppose that |[z - vr|| = 1 for HY"l-a.e. 2 € OF N . Let F be a connected component of [,
and let v be the outer unit normal of OF'. Additionally, let us suppose that |[z - vp]| = 1 for
HNae. x € OFNQ.
Then, (div z|F, [z - v||r,,) minimizes the following functional

:i/wmﬁm+/waWﬁﬂ*
F T'p

I<|loe < 1, [2-vp] = [¢-vr] on OF N, }
[C-v]=00n00Q\T'p

in the set
{ceyﬂﬂRm

Proof. Indeed, if there is zg, such that I(zy) < I(z), then due to [z - vp] = [2 - vr| On OF N,
we see that for 2 = zoxr + 2Xxq\r, We have that

divz = div 2oxF + div 2x0\F-

Hence, £(Z) < £(z), contrary to the fact that (—div z, [z-v]) is a canonical selection of OE. [

In next section, we will have a closer look at 1.
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5.3 Scaling out parameter 7

When we were calculating the subdifferential we used the standard inner product of /. This
corresponds to parameter 7 = 1 in (4.2). We shall see here that in fact the parameter 7 may be
set to one by a proper dilating of the domain €2 x (0,7"). Indeed, we can show the following
statement.
Let us suppose U = (u,v) € W,o>([0, 00); H) is a solution to (4.2), with initial condition
Uy = (ug,v9) € D(OF). In other words, there is z € L*>(0, 00; X3) and [z - v] € L*((0, 00) X
I') such that
up = div z (xz,t) € Q x (0,7),
v =—[z- V] (x,t) e I' x (0,7),

u(z,0) =ug(x) x € Q, (5.23)
v(z,0) =vy(z) zel.
Here, (—div 2, [z - v]) is the minimal section of E(U), i.e. it is a minimizer of (5.21).
Forany k € N, any A C R* and any 7 > 0, we set,
A, ={rz:z € A} (5.24)
Besides, we define U™ = (u”,v")(y, s), 27 (y, s) and v"(y, s) by the formulas
Uy, s) =Ulx,t),  2"(y,s) = 2(,1), and v7(y,s) = v(z,1), (5.25)

where y = 7 € Q,, s = 7t € (0, 77T). We immediately notice that
U =71U], div, z = 7div, 2".

If we set £-(¢) by formula

&(C):/Q |divyg“]2dy+% [C- VTP dHN T,

|
r-
for ( € X, satisfying the conditions presented in (5.21), then we may check (this is the content
of Lemma 6.1) that £,(27) = 7V72£(2). Thus, 27 is the minimal section of 9, E. Thus, we
conclude that U™ and 27 form a solution to

u] =divz" (y,s) € Q, x (0,77,
To] = —=[27- V7] (y,s) € I, x (0,77),

5.26
u”(y,0) = uj(y) y € Q, (5:26)
v (y,0) =v5(y) yeT;.

In other words, we have shown:

Corollary 5.3. If U is a solution to (4.2) in H = L*(Q) x L*(T) with 7 = 1, then U7 is a
solution to (4.2) in L*(92,) x L*(T',) with 7 > 0. O

Of course, the converse statement is true. If U is a solution to (5.2§), then U7 is a splution

to (5.23). In order to see this, we apply the results we have shown to U'/™ and we scale U'/" by
-1
TN
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6 Calibrability and coherence

We shall introduce the notions of calibrability and coherency, when a facet touches the boundary
of a given domain. In the following considerations, we assume that 2 C R¥ is an open bounded
domain with Lipschitz boundary. Let I' be a relatively closed set in ) of positive HV 1
measure.

A compact set F' in €2 together with direction x € C° (Q\F; {#1}) is called a facet in Q.

Remark 6.1. The definition above is as in [32], however, we can also define a facet as a flat
part of the graph a solution u, see [30, §2.4]. In the present context, such a distinction does not
matter, because we are talking about sets, where Vu = 0.

Let us consider a facet (£ x) whose boundary OF' is Lipschitz. Let vz be the outer unit
normal field of OF. Let z be a vector field in F' belonging to X5(F'). We say that z is a
Cahn—Hoffman vector field in F' with (2, T") if

12]l0 <1 [z-vp]=7x on OFNQ, [z-vp]=0 on (FNIQ)\T (6.1)

is fulfilled, where yx is the trace of x taken from £, the complement of F'. The totality of
Cahn-Hoffman vector fields is denoted by CH(F, ), T), i.e.,

CH(F,Q,T) = { 2 € X,o(F) | = fulfills (6.1) }

We say that a facet (F, x) with Lipschitz boundary is admissible if C H(F, 2, T") is non empty.

We are interested in those Cahn—Hoffman vector fields, which minimize the localized prob-
lem of the canonical selection of JE. We argued in Corollary 5.2 that for 7 = 1 in eq. (4.2),
the functional to minimize was I, defined there. We claim that for a given facet (F, x) and a
parameter 7 > 0 in eq. (4.2), we must consider the following functional in order to determine
the minimal section of F,

1
IT(z):/\divz|2dx+—/ [z - V]|PdHN z€ CH(F,Q,T),
F T Jre

where I'r := OF N T. We notice that / = ;. Lemma 6.1 shows the relationship between [,
and [, proving that I is indeed the localized problem of the canonical selection of OF.

In principle, we should check if I, attains its minimum. Functional /. is convex on a closed,
convex set CH(F,Q,T'). We claim that it is lower semi-continuous with respect to L*-weak
convergence of div z. For this purpose, we have to check that the boundary integral is lower
semi-continuous. We notice that if a test function ¢ € W?(Q2) and div z,, — div z in L?, then
we may assume that z, — z in L?, because ||2,]|o < 1. As a result,

lim / (20 - VYo dHYN ™t = lim / div (z,p) dz = / div (z¢) dx = / [z v]yodHN
n—oo Jp n—oo [ @ F I'p
(6.2)
In order to claim that [z, - v] — [z - v] in L}(T'p, HNV 1), we need to show

lim / [2n - V| dHN T = / [z -V dHN™' forally € L*(Tr).
I'r

n—oo FF
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However, identity (6.2) combined with the standard mollification argument, yields the desired
result. Hence, the boundary term is weakly lower semi-continuous, as we claimed.

Thus, there always exists a minimizer z, € CH(F,(,T") of I.(z). Moreover, by strict
convexity of I, with respect to div zy and [z - v| on ' the values of div zy and [z, - v| are
uniquely determined although there are many minimizers z of I,(z), besides z.

After these preparations, the following definition is justified.

Definition 6.1. An admissible facet (F, x) is calibrable if there is a Cahn—Hoffman vector field
z minimizing I, such that div z is constant in F’ and that [z - v/| is constant on T

Remark 6.2. The above notion of calibrability agrees with the conventional one when Q) = R¥,
Prompted by Definition 6.1, we introduce the notation.
SCH(F,Q,1') :={2€ CH(F,Q,T"): divz =conston F, [z-v]| = constonI'}.
Elements of SCH (F,2,I") will be called special Cahn—Hoffman vector fields.

We would like to establish the relationship between minimizers of /. and /;.

Lemma 6.1. A vector field z € CH(F,,,,,,1';,) is a minimizer of I, if and only if 2™ €
CH(F,,Q.,T,), where z"(z) = z (™) minimizes I,. Moreover, I.(z") = 7V 72](z).

Proof. We may assume 79 = 1. Obviously, z € CH(F, 2, T") ifand only if 2™ € CH(F,,Q.,T,).
Then, we perform a change of variables in I-(z7). Namely, after setting y = x/7, we obtain,

1
L(27) = \div, 27|* d + —/ [z - V)P dHN T = V2 (2).
F; T J(Tp)s
This multiplicative relationship I, (27) = 7V=2](z) implies validity of our claim. O

The relationship between values of z € CH(F,Q,I") on F' and ' is important for our
considerations. Here is our basic observation.

Lemma 6.2. For z in CH (F, ), T"), we denote the average of div z and [z, v] by

_ 1 . N-1
A ‘Fl/dlvzdx MZ_HN*(FF) /FF[Z v dHY .

AP =HYH0LF) = HYHO-F) + pHY T (Tp),
where |F| denotes the Lebesgue measure of F'. Here,

aiF:{:BeﬁFﬂQ|'yX::|:1}.

Then,

Proof. Integration by parts yields

/\Z|F|:/divzdx:/ [z-up]dHN_l—i—/ [z-up]d’HN_l—i—/ [z - v] dHN
F o1 F o-F T
=HN O, F) — HYNTHOF) + pHY T (Tp). O

The above Lemma helps us to introduce a notion important in our analysis. Calibrability of
a facet means that it moves as an entity. However, the bulk may move at a different velocity
than the boundary layer. That is why we introduce the notion of coherency.
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Definition 6.3. We shall say that facet (F, ) is (7, ")-coherent if there is a Cahn—Hoffman
vector field z, minimizing 7, such that

TN, + u, =0,
where )\, and i, defined in Lemma 6.2.

Now, we are going to establish the relationship between these notions and establish the
sufficient conditions for facet calibrability or (7, ')-coherency. But first we state a simple fact
about quadratic polynomials. Let a and b be positive constants. We consider,

FOLp) = aX® + b /T (6.3)

under constraint
Aa=c+bu, (ceR). (6.4)

Proposition 6.4. Let (\, 1) € R x R be the (unique) minimizer of (6.3) subject to (6.4), if and
only if 7TA 4+ p = 0.

Proof. This is elementary. We set
g(p) = f ((c +bu)/a, n)
and differentiate to get

g (1) = 2b(c + bu)/a + 2bu/ 7.

Here, we know that the minimum point 1 coincides with the unique solution of ¢'(19) = 0.
Additionally, due to the constraint A = (¢ + bu)/a, the equation ¢'(1g) = 0 is equivalent to
Ao + po/T = 0, with A\g = (¢ + bup)/a. The proof of Proposition is now complete. O

We will use this observation in the next Proposition, providing sufficient conditions for a
minimizer.

Proposition 6.5. If z, € CH(F,,T") is such that 7\, + pu. = 0, where A, = A\,, = divz, on
F, p. = p,, = [24 - v] on I'p, then z, is a minimizer of /.

Proof. By the Schwarz inequality, for any vector field z, we have

’—;‘ (/Fdivzdx)2 < /F(divz)2 dr, m (/FF[z-u] deN—1>2 < /FF[Z-I/]Zd”HN_l.

Thus, we see that the definition of I yields,

N-1 r 1
|F|A\2 + H—(F)uz < /(div 2)*dr + —/ [z - V]2 dHN ! = 1(2). (6.5)
T F T Jre
We know by Lemma 6.2 that
|F|\. = c+ . HYHTr), (6.6)

where c is a constant. By Proposition 6.4, the left-hand-side of (6.5) is minimized under the
constraint (6.6) if and only if 7\, + p., = 0. Furthermore, our assumption on z, yields us

fHN—l(FF)
T

I(z) = |[FIX2 + pi < I(2).

Thus, the proof is complete. U
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In other words, a special Cahn—Hoffman vector field z minimizes /. if we can ensure 7\, +
. = 0. Now, we may prove the converse statement.

Proposition 6.6. Let us suppose that facet (F’, x) is calibrable and (7, I')-coherent. Then, there
is z, € SCH(F,Q,T') such that 7div z, + [z, - ] = 0.

Proof. Since (F, x) is calibrable, we can find z, € SCH(F,(2,I") minimizing /.. In addition,
we must have 7div z, + [z, - v| = 0, due to the (7, [')-coherency of (F x) and the uniqueness
of minimizing div z, and [z, - v/]. O

However, we must be prepared for the existence of calibrable facets, which are not (7, ')-
coherent.

Lemma 6.7. If for a facet (F) x) there is z, in SCH(F,Q,I'), with A := divz, € R and
p = [z, - V] € R, such that || = 1 and (A + u/7)Sgnu < 0. Then, this facet is calibrable.

Proof. Let us suppose that z, € SCH(F,Q,T") and divz, = A, [z, - v] = u. We take a test
vector field ¢ such that z, + ( € CH(F,Q,T"). Thus, in particular, [ - vr] = 0on OF \ T, but
[ -v|Sgnu < 0onTp.

After having performed simple computations and the integration by parts, we arrive at

Lz +0) = L(z) — L(¢) = 2)\/ divede + 2 [ [covlan

F T Jrg
—9 ()\ + ﬁ) / € v] dHN 6.7)
T T'r
Thus, combining this information with (A + p/7)Sgnp < 0 and [¢ - v]Sgnp < 0 on I'x yields
that the right-hand-side in (6.7) is positive. Hence, our claim follows. 0

Theorem 6.8. Let (F, x) be calibrable. Assume that (6.3) is minimized under (6.4) at some
(Ao, o) with 10| < 1. Assume that there is z, € SCH (F, 2, T") with [z, - v] = po. Then (F), x)
is (7, I')-coherent.

Proof. This is just an application of Proposition 6.4. The assumption |u| < 1 is a necessary
condition so that [z, - V] = g since ||z.]|e < 1. O

The property of coherency heavily depends on geometry of I'. Here is a conjecture.

Conjecture 6.9. If I is strictly mean-convex near I, then an admissible facet (F, x) is (7,1')-

coherent for all 7 > 0. Here, when we say that I is strictly mean-convex, we mean that there is

a positive constant -y, such that x > 7, on ', where « is the inward mean curvature of I" in 0f).
More generally, if inf,crnr k(2) > —1/7, then we expect that (F, x) is (7, I')-coherent.

We shall show this conjecture with extra regularity assumptions on a minimizer of I (z).

Theorem 6.10. Assume that 9€Q is at least C? in a neighborhood of I" and the mean curvature &
is estimated from below, x > 79 where 7o > 1/2 — 1/7. Let 2o € CH(F, ), T") be a minimizer
of I,. Assume that z, can be extended as a C? function in a neighborhood U of I' in RY.
Then, the following properties hold:
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() |[z0-v]| <lonTp,
(i) 7divzy + [20 - ¥] = 0 on I'p. In other words, (F) x) is (7,I")-coherent.

Proof. Let dsx, be the distance function from a closed subset > of ['r. We recall a general
formula
divz = divrz + (m - V)(z - m), (6.8)

where divr is the surface divergence on a hypersurface {dy, = ¢} and m = —Vdyx, which is
normal to {dyx, = c}. Indeed,

divrz = tr(I —m ®@m)Vz
tr(m®@m Vz) = Z mim;0;z; = (m - V)(z-m)
2]

because (m - V)m = 0. This implies the desired decomposition (6.8). The formula (6.8) holds
for a.e. ¢ and for HV '-ae. x € {ds, = ¢} if dx, is not C'!, but Lipschitz continuous.

() WesetX ={x €l'p|[z-v] =1} and set
z. = p.29 with @, =min(1,1 — e + dx),

for e > 0. We shall prove that I.(z.) < I.(z) for sufficiently small £ > 0 assuming that ¥ is
non empty. We calculate

[4%)_[4&922{/;szd%M—:ékmwzJﬂm}
T % {/FF([ZO )2 AHN T — /FF(ZE : V)QdHNl}

— 141,
where 3. = {z € F' | dx(x) < £}. To estimate I, we calculate
div z. = p.div 2o + V. - 29

and observe that

I> —2/ (pediv 20) V. - 2o dx — / (Ve - 20)? do = 1T + IV.

£

We use the decomposition formula (6.8) and the fact 2 € C''(U) to get

w2 == [ (pudiva) V.- sods = [ (oudivrzo)m - zods

+/(%WVW@mmD@mme

=c /E(diVTV)([ZO V))dHN T4+ O(?)

+(1—5)/(m-V)(M) dr +O(*) as e—0.
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Since [z0-v] =1on %, |2] < 1in F and 2y € C*(U), then
/ (m - V) (20 - m)* dz > O(c2).

Finally, since v = div rv, we observe that
m> 26/Z kdHN T+ O(?).
It is easy to see that
IV = —5/Z(z0 V)2dHN T+ O(?) = —5/2 dHN ™+ O(e?).

Thus, we observe that

I>¢ (/ 2/<edHN_1—/ dHN_l) +0(?).
> >

7 = /r ((z0 — 2) - v) ((20 + 22) - 1) dHN !

It is easy to estimate

28/2([20'1/]) (220 - ¥]) AHY T + O()

= 25/ dHN 1+ O(e?).
D

I+1>c¢ (/ 2k dHN ! + <E—1)/ d?—LN‘1> +0(e%).
by T by

As aresult, if K > v with vy > 1/2 —1/7, then I (z) — I (z.) > 0 for small . We thus prove
that 2 - v < 11if 2y is a minimizer. The inequality 2 - ¥ > —1 can be proved similarly.

Thus,

(i) If |[20 - ]| < 1 on I'p, then for any h € C*(F) such that |(zg + ¢h) - v| < 1 on I'p and
|z4+¢eh| < 1in F'. The first condition does not restrict h, = h-v. The second condition restricts
the tangential component hy = h — (h - v)v so that |z + €h, - v + ¢hy| < 1. Since 2z is the
minimizer, we obtain that

1 1
o-14 I.(20 +ch) :/divzo divhdm+—/ ([20 - V])hy dHN !
2 de e=0 r T I'r
1
:—/Vdivzo-hda;+/ div zo (h-yp)d’HN‘1+—/ ([z0 - v])hy, dHN L
F oF T Jrg

We take arbitrary C* function f near I' and pick a test function h € C*(F), satisfying h,, = f
on ['r. We require that the support of h is in an J-neighborhood of I'r, and moreover, the
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tangential component is controlled by f. The first term of above formula is O(d) as 0 — 0, as
a result

/ (rdiv 20 + [0 V1) f MY = 0.
I'r

This implies that
rdivzg+ [z0-v] =0 on Tp.

]

Actually, we could relax the assumptions of this Theorem without weakening the claim.

Corollary 6.1. The conclusion of Theorem 6.10 holds if we assume that the mean curvature s
is estimated as follows,

infr > ——.

I'r T
Proof. We fix 7 = 713, we consider ()., (see formula (5.24)), a scaled domain. We notice
that x. /-, the mean curvature of (Tr), /o> 18 equal to . Our condition infr, x > % — 7—10 is
equivalent to

o f T - 1 1
inf —k - — —.
TF)r/rg TO /™ 2 7
In other words, /-, > ;—OT — % However, we may take arbitrary small 7. This means that x

may be as close to —%, as we wish. Thus, the condition

infxk > ——
I'r T

is sufficient to guarantee existence of a Cahn—Hoffman vector field.
Suppose now that

infrk > ——,
I'r T

then there exists 79 > 0 such that infr, £ > 72 — % Now, by scaling we consider the problem
in €, /,, then the mean curvature condition is equivalent to

. T0 To 1
inf —x& > — — —
Te 7 /"7 97 T P
because Kk = 2K, /r. In other words,
T
1 1
Kv‘ro/‘r > 5 - 7__07
as desired. O]
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7 Instant facet formation in the one-dimensional problem

Before considering any two dimensional configuration, we would like to present a simple one-
dimensional warm-up problem. We assume that our data contain exactly one facet touching the
boundary, where we specify the dynamic boundary condition. Our goal is to capture the be-
havior of facets by constructing explicit solutions. This task involves monitoring the boundary
behavior of solutions.

For the sake of simplicity, we consider only monotone initial condition uy. We shall write

x =1 if wy isincreasingand x = —1 if wuy is decreasing. (7.1)

Theorem 7.1. Let us suppose that Q@ = (0, L), I' = 92 and u € Lip (€2). We assume that v
is strictly monotone on [0, by}, by € (0, L) and it has exactly one facet ([by, L], x) touching the
boundary at z = L and vy = uo|r. Then,

1) The vertical velocity of facet ([b(t), L], x) is

—X

U

Facet ([bo, L], x) calibrable and (1,I")-coherent. Moreover, if we write h,(t) = u(-,t)|pw),1),
then %= = QlLt and h,.(0) = u(L,0). In addition, b(t) is a solution to h,.(t) = ug(b(t)), i.e.
b(t) = (uo) ™" (ha(t)).

2) A new facet forms instantly at = = 0, its initial velocity is y. If we denote by a(t) the right
endpoint of the new facet at ¢ > 0, then its velocity is given by

X
1+a(t)

Uy . (7.3)
Facet ([0, a(t)], x) calibrable and (1,I")-coherent. Moreover, if we write 2;(t) = u(-,t)|{0,ac)]
then 22 = v, and hy(0) = u(0,0). In addition, a(t) = (ug) ' (f4(t)). In particular, the velocity
of facet [0, a(t)], x) is continuous at ¢ = 0.

3) The unique solution U(t) = (u(t),v(t)) is given by formula (7.10) below. In particular, for

all t > 0, yu(t) = v(t), in other words, yu; = v.

Remark 7.1. Roughly speaking, the sign of the velocity of facet ([b(t), L], x) is opposite to the
sign of the space derivative of solution u on (a(t), b(t)), while in case of facet ([0, a(t)], x) the
signs of its velocity and u, on (a(t), b(t)) agree.

We notice that a is a continuous function of time and so is the velocity of the facet at x = 0.

Proof of Theorem 7.1. We are going to construct semi-explicit solutions from the informa-
tion about the subdifferential 0E(U). We will use the fact that the solution U : [0, +00) — H
with the initial condition U(0) = Uy € D(JF) is a locally Lipschitz continuous function.
Moreover, for all t > 0, we have U(t) € D(OF) and

au+

— = —A°(U), forall t > 0, (7.4)

where A°(U) is the canonical section of 0E(U). Once we construct A°(Uy), we will argue
about the formula for the solution, which can be checked directly.
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1) We learn from Proposition 5.4 that the subdifferential of £(U,) has the form (&,() =
(=2',2(L)), where z(z) € Sgn(-Lug(x)) and z(L) € Sgn(uo(L) — vy) = SgnO0. Since ug
is a.e. differentiable on (0, by), then the continuous z must be equal to Sgn(-Lu,(z)) for a.e.
x € (0,by). Hence, z(z) = x for z € [0, by]. Moreover, by Proposition 5.2, the optimal z has to
be linear on facets. Hence, 2 takes the following form,

o) = pg b by, 7€ (b L),

where z(L) = u € [—1, 1] has to be determined.
The variational problem set in (5.21) leads to the following simple question of minimization

Lrn—x\?
dx + 11
Ao (L_b0>

with respect to ;1 € [—1, 1]. The minimum is attained if and only if

m—=X
=0 7.5
i.e. X
= - 7.6
=150 b, (7.6)

We notice that due to (7.5), after we identify v,(L) with %’U(O) , then we have,
=L

w(L)=—[z-v|(L) = —p =divz. (7.7)

In other words, facet ([by, L], x) and the boundary value move with the same velocity. Accord-
ing to the theory developed in Section 6 and formula (7.7), we conclude that facet ([by, L], x) is
calibrable and (1, I")-coherent.

Moreover, formula (7.7) shows that facet ([b(¢), L], x) will expand, because if we set h,.(t) =
u(-,t)| ),z then h,.(t) must satisfy the equation,

uo(b(t)) = hi(t), t=0

or
b(t) = ug ' (h(1))
which is well-defined for the expanding facet due to monotonicity of uy. We expect that (7.7)

will continue to hold for later times, which combined with the above formula for b yields the
following ODE for h,.(t),

d —X

iy T he(0) = ug(L). (7.8)

The right-hand-side of this equation need not be Lipschitz continuous, but it is a decreasing
function, thus there is a unique solution to (7.8).
2) Now, we turn our attention to z = 0. We note that at ¢t = 0, we have

v(0) = —[2 - ] = Sgnuy(0) = x.
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This condition means that a facet forms instantaneously and it moves with initial velocity Y.
It is easy to derive a formula for the velocity of this facet. Namely, the argument which leads
us to (7.2) yields (7.3) too. Moreover, if we set h;(t) = u(-,t)|[,q(+)]> then the expanding facet
([0, a(t)], x) must satisfy the equation ug(a(t)) = hy(t). Thus, we come to the conclusion that
h; must satisfy the following ODE

d, —X B
%hl = —1 i ual(hl)7 hl(O) = UU(O) (79)

Moreover, facet ([0, a(t)], x) is calibrable and (1,1")-coherent, (for ¢ > 0). We may use the
same argument, as in part 1), to establish this result.

3) In the above considerations, facets attached to I' always move with the same velocity
as the boundary layer. Moreover, we see that on [a(t), b(t)], we have u; = 0. Hence, we can
summarize our computations in the following formula for ,

hi(t) € [0,a(t)],
u(z,t) = ¢ up(x) x € (a(t),bt)), (7.10)
he(t) x € [b(t), L],

where t < T, and a(T,,) = b(T.,).
We can check by inspection that U (-, ¢) = (u(-,t), yu(-, t)) belongs to D(OF) and it satisfies
(7.4). Our claim follows. ]

8 A boundary layer behavior in the radial case in two dimen-
sions

We would like to study properties of solution while taking advantage of the radial symmetry.
We expect that the examples, we are going to present, look the same in all dimensions bigger
than one. However, for the sake of definiteness, we restrict our attention to the planar case.

If € is a ball centered at the origin and I' = 0f2, then we will see that Corollary 6.1 im-
plies that any radially symmetric facet (F, x) touching I" will be calibrable and (1, I')-coherent.
Nonetheless, we find it instructive to present the construction of minimizers of /., (here 7 = 1),
based on Proposition 6.5 and Lemma 6.7.

We also consider the case when (2 is an annulus and I" is the boundary of the inner ball, then
Theorem 6.8 in general is not applicable. Thus, we may expect to see the boundary layer de-
tachment. In other words, we will see calibrable facets, which are not coherent. We will present
detailed calculations in Subsection 8.2. Our argument depends on the form of the canonical
selection of the subdifferential presented in Proposition 5.3.

We state our results for 7 = 1, which has the obvious advantage of notation simplicity.
However, Corollary 5.3 and Lemma 6.1 tell us that once we have a result for 7 = 1, then we
have the same result for any 7 > 0 on a scaled domain. We leave the details for the interested
reader.
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8.1 A ball

We want to take advantage of a possible simplification of the argument, when we consider a
ball B(0, R). We assume the radial symmetry of initial datum wug(z) = wuo(|z|). We restrict
our attention to Lipschitz continuous u, and monotone r — uo(r) data. We use x as defined in
(7.1).

We assume that I' = 9B(0, R) and we set F' := B(0, R) \ B(0, p) with p € (0, R). We will
consider facet (£, x), where both F' and x are defined above, which is attached to the boundary.

It is clear that a facet at the center of the ball must appear, see [29], however, in order
to simplify the discussion, we assume that a facet B(0,a0), ap > 0 is already present, i.e.
Uy € D(OF). We will denote its evolving radius by a = a(t). We are not interested in any
other interior facets.

We want to discover only short time dynamics before any possible facet collision occurs at
t = t... We argue, as in the proof of Theorem 7.1, that for this purpose, it is sufficient to study
A°(Up), the canonical section of dE(Uy), because U € C([0,+00); H), U(t) € D(OF) for all
t > 0 and

aru o
74—.4 (U)=0 forall ¢ > 0. (8.1)

The explicit form of the minimal section of OF at Uj is such that the formulas for the position
of the facet depend continuously upon parameters, thus we can directly check that (8.1) holds
until a facet collision occurs.

Now, we begin our analysis of the subdifferential. In fact, it is sufficient to consider the
localized functional /., in this case 7 = 1.

In principle, we have the following cases singled out in Proposition 5.2. If z is a minimizer

of (5.21), i.e. I;, then we have either:

(1) Facet (F, x) is calibrable and (1,I")-coherent, i.e. there z € SCH (F,{2,I') minimizing [,
and such that divz = A, [z - v] = pand g = —A\. This in turn implies that |A\| = || < 1. This
happens when yu = v on I';

or

(2) Facet (F, x) is calibrable but not coherent, i.e. there is z € SCH(F,2,T") minimizing [
and such that divz = A, [z - v] = pand |u| = 1, but |A\| # 1. We shall see that this cannot
happen when yu = v onl'.

Our task is to construct z € SCH(F,Q,I") for a given geometric configuration. We will
prove that z minimizes /; by invoking Proposition 6.5 or Lemma 6.7.

We will first look for configurations corresponding to case (1), i.e. the (1, T")-calibrability,
the t-dependence is suppressed. Due to Proposition 5.3 the Cahn—Hoffman vector field z has
the form z(z) = w(|z|)e,, where e, = x/|z|, for x # 0.

The monotonicity assumption on ug gives, Vug # 0 for |z| € (a, p), hence |z| = |Vu/ \Vul!
1. As aresult, z - e, = w(r) = x for |z| € (a, p). In addition, continuity of z yields,

(z-vp)(p) = —x and  [z-V[(R) = p,

where v is the outer normal to the facet (F, x) of the annulus A(p, R) := B(0, R) \ B(0, p).
Indeed, the value of z is well-defined on A(a, p), so the first equality holds. On the other hand,
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since yu—v = Oon I and —[z-v](R) € Sgn(yu—wv) = [—1, 1], we conclude that [z-V](R) = pu,
where 1 has to be determined. Summing up these conditions yields,

wip)=x,  w(R)=p. (8.2)

We seek w such that the divergence of z is constant on the facet and |w(r)| < 1, for all r €
(p, R). Since div z = w’ + w/r, then we want that w satisfy

(rw)’

r

div 2 = =\ (8.3)

as well as boundary conditions (8.2), because due to Proposition 5.2, we need a minimal section
of the subdifferential. Since we are considering case (1),

divz=—[z-v] forr=R. (8.4)

Combining these conditions gives us A = —pu.
After simple calculations, we reach,

2px

B\ S— 8.5
R? — > + 2R 8-3)

Iu:

We can also see that w has the form

px(r? — R? — 2R)
w(r) = 55— :
(p> — R?> —2R)r

and |z(r)| = |w(r)| < 1forr € [p, R]. The calculations above show that z € SCH(F,Q,T),
see (8.3) and (8.4). Moreover, we invoke Proposition 6.5 to deduce that z is a minimizer of 7,
with 7 = 1. Thus, we conclude that (F, y) is calibrable and (1, I")-coherent.

The bulk at » = p moves with velocity

uy = div (xe,) = % (8.6)

At the same time the sign of facet velocity is —y, so we conclude that they are going in the
opposite directions. As a result, the facet expands.
We also have to follow the boundary behavior of the solution. Since

vy=—lz-v=—pu=A (8.7)

we see that the velocities of the facet and the boundary value are equal. This implies that yu = v
on! fort e [0, %]

The missing piece of information is p(t), the inner radius of facet (B(0, R) \ B(0, p(t)), x).
Since the solution U = (u, v) cannot have jumps, we deduce that

olt) = ulp(t), ).

Taking into account the equations for u(p, t), (8.6), and v(t), (8.7), as well as (8.5), we deduce

that . (s)
2xp(s Xt
— ds = =. 8.8
0o | T TR e &9
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Now, we consider the case p = R, i.e. a possibility of a facet formation at the boundary
with the dynamic condition. Because for a given £ > 0 the selection z is continuous, we notice
that (while identifying v; with %v)

v =—[z-v]=—xe, -v=—x fort =0,

where v is the outer normal to 0f2. If we compare v, above with u, from eq. (8.6), then
we see that the boundary value and the bulk move in the opposite directions. We notice that
vy = —[z - v] € Sgn(yu — v) required by (b2) of Theorem 5.1 (B) is possible if and only if
~yu = v, thus a facet must be formed to preserving the continuity of solutions at I'. At¢ > 0, we
are back in the situation we have already studied.

We might say that we have a collision of the bulk and the boundary, which leads to the
creation of a calibrable and (1, I")-coherent facet at p = R.

We analyzed all possible inner radii p of the facet F' = A(p, R), noticing that only case (1)
occurred as long as yu = v. Thus by the uniqueness of solution, we conclude that case (2)
never happens.

The analysis of the ball is complete. We may collect our observations in a single statement.

Theorem 8.1. Let us assume that € is the ball B(0, R) and the initial condition u is radially
symmetric, i.e. ug(z) = uo(|z|), the function r — ug(r) is monotone, belongs to C?([0, R])
and ug(R) # 0. Moreover, I' = 02 and v, is radially symmetric, i.e., vy is a constant and
Vo9 = Yugp and Y is defined in (7.1). Then,

(1) If a facet (F, x), where F' = A(p, R), is present, then it is calibrable and (1, I')-coherent.
Moreover, it evolves with a velocity given by

2p

R 1 2R (59

w=dive =\ =

where x = 1 for ug decreasing and y = —1 for v increasing. Moreover, |u;| < 1, as long as
p < Randv(t) = yu(t) forall t > 0.

(2) If p = R, then a facet touching the boundary is created, which moves according to (1) for
t > 0. (3) The inner radius of the facet, p(t), satisfies the following ODE,

dp [, xt b% 2px
_XEY X 2 0) = po. 8.10
dt (“0('0) p2) g M= (810

Proof. Actually, we constructed explicitly u(r,t), v(t) = u(R,t) and z € SCH(F,{,T), as a
section of the subdifferential 0. The computations we presented above indeed show that,
dtu
g = AW), U0) = (uo, vo).
The position of the facet follows from the continuity of solutions. The differentiation of (8.8)
with respect to time yields part (3). Here it is important that ug(R) # 0, otherwise the derivative
of p at t = 0 may be infinite. We note that formulas (8.8) and (8.10) are meaningful also in the
case p = R. [
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8.2 An annulus case

In order to set the notation, we recall that we write A(7;,, Rout) = B(0, Rows) \ B(0, 7,) for
an open annulus with inner radius 7, and outer radius R,,;. We set 2 = A(ro, R). We notice
that the case of a facet touching 9B(0, R) is not different from the case of ball and it has been
solved in the previous subsection. As previously, for the sake of definiteness, we assume that
uo Lipschitz continuous, radially symmetric and monotone as a function of |z

8.2.1 Facet evolution

We assume that I' = 0B(0,ry). Moreover, we also assume the existence of the inner facet is
(F,x), where F = B(0, p) \ B(0,70), p > ro and Y, defined in (7.1), indicates monotonicity
of vy in case the initial condition depends only on the distance from the origin. With the help
of Proposition 5.3, we deduce that the Cahn—Hoffman vector has the form of z(z) = w(|z|)e,.
However, in order to proceed, we will assume that initially vy on I equals to the trace of uy on
I". Contrary to the case of the ball, determining the behavior of p(t) is more difficult and we
will not do this since this is not the main point here.

Now, we begin our analysis of the subdifferential. We know that this is reduced to the study
of minimizers of /., here 7 = 1. In principle, as for the ball in Subsection 8.1, we have the
following cases singled out in Proposition 5.2:

(1) Facet (F, x) is calibrable and coherent, provided that yu = v on I'. In other words, there
is z € SCH(F,,T") minimizing I, such thatdivz = Aon F, [z-v] = ponT p = —\ and
Al=lul < L.

(2) Facet (F, x) is calibrable but not coherent, but then yu ## v on I'. That is, z, any minimizer
of I, in SCH(F,Q,T") is such thatdivz = Aon F, [z - v] = pon T, but |A\| # 1 and |u| = 1.

We will first look for configurations corresponding to case (1). Arguing as in the previous
subsection, we see that z € CH(F, 2, I'), of the form z = we, satisfies the following boundary
conditions,

p=1[z-vl(rg) = —e, w(ro)e,, (z-ve)(p) =e.-w(p)e. = x. (8.11)
Moreover, we have
v = —[z-v|(ro) = —p, divz = A, A= —L.
This yields the following boundary value problem for an ODE,

rw)’
( . ) =X\ w(rg) =X\ w(p) =x (8.12)
Solving this ODE yields
(r) Ar ¢
w(r) = — + —
2
where \
PX
A=2—— = —1ro(2 — ) 8.13
p?—rd+2ry’ ¢ 27ﬁ0< o) (8.13)
Finally,
2_ 242 2 —
w(r) = px(r 7;0 + 7’0)’ c— PX7”0(2 ro) ' (8.14)
r(p? — 1§+ 2rg) p? — 1§+ 2rg
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Remark 8.1. In case (1), we can derive the following ODE for p = p(t):

dp u/(p)_X_t X 2x
dt \'"° P2 p pE—ri+2ry

just as in Theorem 8.1 (3). Hence, we can say that (u;,v;) = (A, —p) = (M) € C(F x
[0,t]) x C(T'r x [0, t]), for any time ¢ before the facet collision.

We have to check when z € SCH(F,Q,T"), i.e.,
A <1 and lw(r)| < 1forall r € (ro,p).

In particular, we identify the case when the facet and the boundary layer move with the same
velocity.

Proposition 8.2. Let us suppose that Q@ = A(rg, R), I' = 0B(0,19), ug(x) = to(r), p > ro, o
is of C*-class and 1 is monotone. We also assume that (F x) is a facet, where F' = A(rg, p)
and y is given by (7.1). Moreover, vy = y(ro) and z(z,t) = w(|z|, t)|§—|, where w is given by
(8.14), A\ is defined by (8.13).

If 7o > 2, then |A\| < 1and |w(r)| < 1forall r € (rg,p), asaresult z € SCH(F,Q,T).
Moreover, z is the minimal selection .A°(U), i.e. facet (F, x) is calibrable and (1, I')-coherent.

Proof. The formulas (8.13) and (8.14) for A and w were derived on the premise that divz =
—[z - v] and div z is a constant.

It is easy to see that |z(x)| = |w(|z|)| < 1if and only if p + rq > 2. Moreover, if A is given
by (8.13), then |A| < lisequivalentto 0 < (p—ro)(p+ro—2), and the equality holds if and only
if p + ro = 2. The last inequality is true if and only if p + ro > 2. Thus, z(z,t) = w(|z|, t)e,
isin SCH(F,Q,T'), where F = B(0, p) \ B(0,7,). We invoke Proposition 6.5 to deduce that z
minimizes I, with 7 = 1. Hence, the facet (F x) is calibrable and coherent. Moreover, we see
that v, = yu; on I

O]

This proposition states that the facet and the boundary layer move at the same velocity.

The borderline case ry = 2 behaves like the previous one with some changes. We see from
(8.13) that A = 2’—;, thus |\| < 1, because p > ry = 2. Moreover, formula (8.13) implies that
¢ = 0, hence,

w(r) =2
p Y
so |w(r)| < 1. We collect these observations below.

Proposition 8.3. Let us suppose that the hypotheses of Proposition 8.2 hold, but o = 2. Then,
A = 2x/p, facet (F,x), where F' is defined in the proposition above and is calibrable and
coherent. Moreover, x = v; = yu; on [,

Proof. Clearly, z(x,t) = w(|x|, t)%, where w is given above, belongs to SC H(F, ,I"). More-
over, |[A\| = 2/p < 1, because p > 9y = 2. Hence, Proposition 6.5 implies that z minimizes
I, with 7 = 1. As a result, we obtain the canonical section of E. Thus, facet (F, x), where
F = B(0,p) \ B(0,rg), is calibrable and coherent. We also see that the velocities v; and u; on

the facet are equal. 0
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More computations are required when ry < 2, they are presented in the course of proof of
the proposition below.

Proposition 8.4. Let us suppose that the hypotheses of Proposition 8.2 hold, but ry < 2. Then,
A is given by (8.17) below and:

1) |A| > 1is equivalent to p + 1y < 2. Then, facet (F, x) is calibrable, but not (1, I")-coherent
and |u¢| > |v¢|. Since v; and u; have the same sign, as a result for ¢ > 0 the boundary layer
detaches.

2) |\| = 1is equivalent to p + 7o = 2, and facet (F, x) is calibrable and (1, I')-coherent i.e. the
boundary layer moves at the velocity of the bulk.

3) |A| < 1isequivalent to p 4+ ro > 2. Then, facet (F, y) is calibrable and (1, I')-coherent.

Proof. We noticed in the course of proof of Proposition 8.2 that formulas (8.13) for A yielded
|A| < 1ifand only if 7o + p > 2. In other words, if 7o + p < 2, then (8.13) and (8.14) are
no longer correct, because they violate the condition |w(rg)| < 1. Thus, we consider equation
(8.12) for w, but with the boundary conditions specified below,

(rw)’

r

=\ w(ro)=x w(p) =x. (8.15)

Obviously, we need to determine A to be able to solve (8.15).
In order to justify the condition w(rq) = x, we recall that if we had |w(ry)| = |[z - V]| < 1,
then we would deduce from Proposition 5.2 that div z = —[z-v/], but this occurs when ro+p > 2.
For the purpose of determining A we use Lemma 6.2. This leads to the following condition
on A\, assuming u; is the velocity of facet F/,

/ut:/divz:/ [z - vp| dH! :X/ d%l—X/ dHt. (8.16)
F F OF 0B(0,p) 0B(0,ro)

Since we look for z satisfying div z = A, then we obtain

A (p® —13) = 2mx(p — 79)-

As aresult, 5
A=A (8.17)
p+To
and its absolute value exceeds 1 if and only if p + ry < 2.
We easily see that the solution to (8.15) is
2
w(r) = X(T——l—p?“o); (8.18)
r(p+ro)

We must make sure that |w(r)| < 1. We notice that this condition is equivalent to
(p=r)(ro—7) <0

which is always true for r € [rg, p] with equalities at r = rq or r = p.

Formula (8.15) also shows that x = —x. Thus, we may apply Lemma 6.7 to deduce that
z € SCH(F,Q,T'), we constructed, minimizes /;. Thus, facet (F)y) is calibrable, but not
coherent because A + 1 # 0.
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At the same time due to the boundary conditions (8.15), we notice that v; = . In other
words the boundary layer is slower than the bulk and it detaches, due to the lack of coherency.

If p+rg = 2, then the Cahn—Hoffman vector field, we constructed above, minimizes /; due
to Lemma 6.7. Moreover, A + 1 = 0, hence facet (F), x) is calibrable and coherent. Finally, the
velocities of the bulk at » = ry and the boundary layer are equal, so the solution is continuous.

The condition p + r9 > 2 is equivalent to |A\| = |u;| < 1. In this case we proceed as in the
proof of Proposition 8.2 and solve equation (8.12). Then A is given by (8.13) while (8.14) gives
w. In the course of proof of Proposition 8.2, we learned that |w(r)| < 1 for r € (ro, p) if and
only if 7o + p > 2. Now, Proposition 6.5 yields minimality of z(z) = w(|z|)e,, hence facet
(F, x) is calibrable. Moreover, since A + 1 = 0, the facet is (1, I')-coherent. O

Remark 8.2. We notice that in part 1) the curvature of I' may be in the interval (—o0, —1).
In case 3), we have calibrable and coherent facet A(rg, p) whose curvature is in the interval
(—1,0), which is in accordance with Conjecture 6.9.

8.2.2 Boundary phenomena when ry = p

We want to analyze the situation occurring when the initial data contains no facet and 2 =
A(rg, R) while I' = 0B(0, 1) and ug|r = vo. Exactly, as in the previous subsection, we do not
address the question of the position of the inner radius of the facet.

We keep in mind that on the one hand

v =—z- v, (8.19)

while on the other hand [z - v] € Sgn(v — ~yu). Meanwhile, since z is continuous and z = xe,
att = 0, we deduce that (we write %v = 10),

ve=x att=0.

We may calculate the bulk velocity, (here %u = Uu),

u = divz = % att =0, (8.20)

Thus, we are ready to state the final result:

Proposition 8.5. Let us suppose that Q@ = A(rg, R), I' = 0B(0,79) and uo(x) = uo(|z]),
where function r — ug(r) is strictly monotone on [rg, R), R > ro. We assume that no facet is
contained in the data, moreover, uo(ro) = vo. Then,

)Ifrg > 1,then 0 < #(% < |yus] = |ve] < 1onT, for ¢ close to zero, so that a facet
forms;

2) If ro = 1, then yu; = v, = x on I, for ¢ close to zero, and no facet is created;

3)If ro < 1, then |yu,| > |v;] = 1 on T, for ¢ close to zero, so that the boundary layer detaches.

Proof. We have already calculated the bulk velocity in (8.20). We want to examine the speed
of the bulk at r = r, |
|yu| = |divz| = — att =0.
To
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We also noticed that
ve=yx att=0.

Thus, we see that the boundary layer moves faster than the bulk if and only if ry > 1, at the
same time yu,v; > 0. This means that a facet is formed and for ¢ > 0. Furthermore, the results
obtained earlier are applicable. Therefore, with (8.13) and 1 < ry < p < R in mind, we can see

that
2R 2p

<
R2—7r2+2rg  p2—12+2rg
until the facet collision occurs.
If ry = 1, then we see that yu; = v; = x. As a result, the boundary layer moves with the
bulk, and no new facet is created.
Finally, let us consider ry < 1, then

0< = [yw| = o] <1,

1
|yue| = |divz| = — >1 att=0.
To

On the other hand
vn=—lz-v]=x att=0.

In other words, the bulk moves faster, so v — yu # 0 and Sgn(v — yu) = —x. As a result, the
boundary layer detaches and no facet forms, and |yu,| > |v;| = 1, for t > 0 close to zero. [

The observations we have made above imply the energy decay.

Proposition 8.6. Under the assumptions of Proposition 8.5, the total energy decays, i.e. t —
E(u(t),v(t)) is a decreasing function, for ¢ > 0 close to zero.

Proof. By Proposition 8.5, we can find a small positive constant ¢y such that

2R

>
‘Ut’ — R? —T8+2T0

>0 on |0, d].

Additionally, from (4.3) in Theorem 4.3, we can see that

d
%E(u(t),v(t)) = —|u(t)[720) — loe(0) 72y
87roR?
2 0
< =27rglue(t)|° < TR ) <0 ae.te(0,d).
It implies that the function ¢ — F(u(t),v(t)) is decreasing on the time-interval [0, Jo]. O
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