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Abstract. We study I'-convergence of graph-based Ginzburg-Landau
functionals, both the limit for zero diffusive interface parameter ¢ — 0
and the limit for infinite nodes in the graph m — oco. For general graphs
we prove that in the limit ¢ — 0 the graph cut objective function is
recovered. We show that the continuum limit of this objective function
on 4-regular graphs is related to the total variation seminorm and com-
pare it with the limit of the discretized Ginzburg-Landau functional.
For both functionals we also study the simultaneous limit ¢ — 0 and
m — oo, by expressing € as a power of m and taking m — oo. Finally
we investigate the continuum limit for a nonlocal means-type functional
on a completely connected graph.

1. INTRODUCTION

1.1. The continuum Ginzburg—Landau functional. In this paper we
study an adaptation of the classical real Ginzburg—Landau (also called Allen—
Cahn) functional to graphs. The Ginzburg-Landau functional is the object
to be minimized' in a well-known phase-field model for phase separation in
materials science, e.g. [47, 48], and is given by

GL = U$2$ 1 u\xr X .
FO) = [ [Vu@Pdo+ - [ Wa)ds,  e>0 (1)
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Note that to avoid trivial minimizers an additional constraint needs to be added. In
materials science it is common to add a mass constraint of the form fﬂu = M for a
fixed M > 0. In image-analysis applications one often adds a fidelity term of the form
Alu— f||2L?(Q) to the functional FS¥, where A > 0 is a parameter and f € L*(Q) is given
data, often a noisy image which needs to be cleaned up; see [54].
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1116 YVES VAN GENNIP AND ANDREA L. BERTOZZI

where u € W12(Q) is the phase field describing the different phases the
material can be in and W is a double-well potential with two minima, e.g.
W(s) = s%(s —1)%. Q is a bounded domain in RY.

Recently [14] this functional has been adapted to weighted graphs in an
application to machine learning and data clustering: An image is interpreted
as a weighted graph, with the vertices corresponding to the pixels and the
weights based on the similarities between the pixels’ neighborhoods. The
phase-separating nature of the Ginzburg—Landau functional then drives sep-
aration of the different features in the image.

The continuum functional F&* has been extensively used and studied,
but a theoretical understanding of its equivalent on graphs is lacking. In
this paper we use I'-convergence [28, 15] to study the asymptotic behavior
of minimizers of the graph-based Ginzburg—Landau functional when either
€ — 0 or the number of nodes in the graph m — oo. In Section 2.4 we
discuss I'-convergence in more detail. Its most important feature is that if
a sequence of functions {f,}22; I'-converges to a limit function fo, and in
addition satisfies a specific compactness condition, then minimizers of f,
converge to minimizers of fuo.

It has been proven [49, 47, 48]% that FSL T'-converges as ¢ — 0 to the
total variation functional

FSE (u) = U(W)/Q\VUL (1.2)

where now u is restricted to functions of bounded variation taking on two
values (corresponding to the minima of the potential W) almost everywhere
and the surface tension coefficient (W) is determined by the potential W
(see Section 5.1 for more details). Because the total variation of a binary
function is proportional to the length of the boundary between the regions
where the function takes on different values, from this limit functional the
phase-separating behavior can be seen clearly: u takes on one of two values,
corresponding to the two different phases of the material, and by minimizing
the BV seminorm of u the interface between the two phases gets minimized.

One of the results in this paper is a similar I'-convergence statement for
the graph Ginzburg-Landau functional:

o) = x 3 gl — g 4 =3 W), (13)
ij=1 i=1

2As poster child for I'-convergence the proof has been reproduced, clarified, and ex-
tended upon in various ways; see e.g. [10, 56, 33, 42, 11, 2, 3, 27, 4]
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where u; is the value of u on node 4, w;; the weight of the edge connecting
nodes i and j, m is the number of nodes in the graph, ¢ > 0, and x € (0, 0)
is a constant independent of € and m, usually chosen to be xy = % so the first
summation is the analogue of [ |Vu|? (see Section 2.2). The different terms
in this functional and its scaling will be explained below.

The Euler-Lagrange equations for this functional are a nonlinear extension
of the graph heat equation using the graph Laplacian [26]. Nonlinear elliptic
equations on graphs were investigated in [50], and recently in [46] their well-
posedness was studied.

We study not only the limit € — 0 in analogy with the classical continuum
result, but also investigate the limit m — oo. For a graph embedded in R™
this can be interpreted as the limit for finer discretization or sampling scale.
In order to make sense of this limiting process we need to assume some
additional structure on the graph that tells us how nodes are added along a
sequence of increasing m. In this paper we consider 4-regular graphs (i.e.,
each node is connected to exactly 4 edges) with uniformly weighted edges in
Sections 4 and 5, and a completely connected graph for the nonlocal means
functional is studied in Section 6, but it is an interesting question if and how
this can be extended to different types of graphs. Adaptation of our results
to a 2-regular graph is fairly direct, but it is not clear at this moment how
to extend our method to other graphs, even regular ones.

1.2. Different scalings on a 4-regular graph. The formulation of f; in
(1.3) does not require the graph to be embedded in a surrounding space,
although an embedding may exist as in the case of the 4-regular graph con-
sidered as an N x N square grid on the flat torus T?.

We study two natural scalings for the functional on this 4-regular graph.
The first is a direct reformulation of the graph functional f. from (1.3) with
X = % and weights equal to N~! on all existing edges and zero between two
vertices that are not connected by an edge:

N N
hve(u) == N7 (i g —uig) 4+ (i —uag) >+ > Wuig). (1.4)
i,j=1 i,j=1

The second we get from discretizing the functional FEGL on the square grid
using a forward finite difference scheme for the gradient and the trapezoidal
rule for the integrals:

N N
knve(u) == Y (wis1j—uig)* + (uigei—uig)*+e N2 Y7 W(ug). (1.5)
i,j=1 i,j=1
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The subscripts in u; ; denote the horizontal and vertical coordinates along
the square grid.

We will consider I'-limits of these functionals when ¢ — 0 and N — oo
sequentially. We also prove results in the case where we set e = N~ for a >
0 in a specified range and take N — oo. Based on the I'-convergence result
in the continuum case we expect hy . and ky . to converge to total variation
functionals. This intuition turns out to be correct, but with a twist: ky .
converges to the total variation functional [, |[Vu|, but hy e converges to the
anisotropic total variation [1 [ug|+|uy|. It picks up the directionality of the
grid. Precise results are stated and proved in Sections 4 and 5. These results
fit in very well with the research on I'-convergence of discrete functionals to
continuum functionals, as in e.g. [15, 17, 5, 18, 6, 7, 8, 23]. In fact, many of
the techniques used in Section 5 are inspired by [5] specifically.

We would like to point out that there is also a substantial literature on the
convergence of graph Laplacians and their eigenvalues and eigenvectors to
continuum limits. See e.g. [40, 36, 12, 41, 13, 44, 45] and references therein.
The techniques used and the kind of results obtained in those papers are
quite different from ours, but in a certain sense our results can be seen as
nonlinear extensions of the graph Laplacian case.

In all cases we have to impose extra constraints on minimizers of the
Ginzburg-Landau functional to avoid trivial minimizers. We prove results
showing that in most cases the addition of a mass constraint or the addition
of an LP fidelity term to the functional is compatible with the I'-convergence
results.

1.3. Asymptotic behavior of nonlocal means. The functionals of nonlo-
cal means type—or (anisotropic) nonlocal total variation type—we consider
are built on the square grid in which the graphs are fully connected; see
[21, 34, 35, 20]. Fix ® € C*°(T?). We study

N

gn(W) :=N"" " (WL )ik
igikl=1

Wi j — Uk, (1.6)

where wr, v 1= e~ 92.8/7" with o, L > 0 constants (possibly depending on V)
and

9 L 1—1r j—35 E—r [ —s\\2
CAVFEEDS <(p< N ' N )_(ID( N N )) (1.7)

rSs=—
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If ® is thought of as an image on T2, as in e.g. [14], then L gives the size of
the pixel neighborhoods whose pairwise comparisons form the graph weights.
As we will see in Section 3, gn arises as the I'-limit of f; in (1.3) as e — 0
on this particular fully connected graph. This is a natural class of problems
for which to study I'-convergence as N — oo.

1.4. Structure of the paper. This paper is structured as follows. Section 2
sets up notation and gives more background information about how to set
up a PDE-to-graph “dictionary” used to find the graph analogue of the
Ginzburg-Landau functional. It also gives more details about I'-convergence.
In Section 3 the I'-convergence result for f. is proved. This result holds for
general finite undirected weighted graphs. Next we turn our attention to
the square grid on the torus. In Sections 4 and 5 the I'-convergence results
for hy and kn . respectively are stated and proved. I'-convergence for the
nonlocal means-type functional gy is discussed in Section 6. We close with a
discussion of our results and open questions for future research in Section 7.

2. SETUP
We will start with introducing some general graph theoretical notation.

2.1. Graph notation. Let G = (V, E) be an undirected graph with vertex
(or node) set V, [V| = m € N, and edge set E C V2. Consider the space
V of all functions V. — R. A function u € V can be seen as a labeling
of the vertices of G. It is useful to number the vertices in V from 1 to m
(in arbitrary but fixed order). We will write I,,, for the set of integers ¢
satisfying 1 <i¢ <m. If u € V and n; € V is the i vertex we will use the
shorthand notation u; := u(n;). Let € be the space of all functions £ — R,
which are skew-symmetric with respect to edge direction; i.e., if p € £ and
eij := (ns,n;) € E is the edge between the i and j*™ vertex in V, we write
wij = ¢(e;;) and demand p;; = —goji?’. Since the graph is undirected we have
eij € F < ej; € E. When no confusion arises we will abuse notation slightly
and consider e;; = eji4. In this paper we consider weighted graphs, which
means we assume there is given a function w : F — (0, 00), called the weight
function, which assigns a positive weight to each edge. Because the graph is
undirected the weight function is symmetric: w;; := w(e;;) = wji. It is often

3We impose skew-symmetry so that £ can be viewed as the space of flows as defined in
e.g. [22, Section 2.2]. An interesting topological structure arises in this setting [22, Section
3], but for our current purposes the demand of skew-symmetry neither hinders nor helps
us.

4See note 3.
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useful to extend w to a function on V? instead of on E C V2 by identifying
the edge e;; with the pair (n;,n;) € V2 of its end vertices and setting wij =0
if and only if e;; ¢ E. In particular, if the graph has no self-loops, w;; = 0 for
all i € I,,. In the same way we can extend ¢ € £ to a function ¢ : V2 — R
by setting it to zero on node pairs that are not connected by an edge. We
can incorporate unweighted graphs in this framework by viewing them as
weighted graphs with the range of w restricted to be {0,1}. We define the
degree of vertex n; as d; := Zje 1,, Wij- If G has no isolated vertices, then
for every i € I,,,, d; > 0.

2.2. Graph Laplacians, Dirichlet energy, and total variation. Our
first goal is to define operators that serve as the graph-gradient and graph-
divergence operators. Using these operators we can then define a graph
Laplacian, a Dirichlet energy, and isotropic and anisotropic total variations
on the graph. There are many possible choices to do this. Ours follow
[41, Section 2| and [35] and are presented here. In Appendix A we give
details and background on the justification of these choices. V = R™ and®
& = R™m=1)/2 are Hilbert spaces defined via the following inner products:

1 21
<u7v>v = Z Uivid;, <907¢>5 = 5 Z SOUQZ)Z]Q),UQ )
i€l 1,7€Im
for some r € [0,1] and g € [1/2, 1]. Different choices of r and g are useful in
different contexts, as will become clear later in this section. We also define
the dot product as the operator from £ x £ to V for ¢, ¢ € £ as follows:

1 21
(p-9)i:=3 > widiwi
j€Im
With the Hilbert space structure in place, if we define a difference operator,
then all the other operators and functionals will follow naturally. We define
the difference operator or gradient V : V — £ as

(V)i = wi *(uj — y).

Notice that the choice ¢ = 1 makes the gradient operator nonlocal on the
graph, because its dependence on w;; disappears. The locality reappears in
the &£-“inner product” (or strictly speaking sesquilinear form), which is thus
turned semidefinite. The opposite is the case for ¢ = %

5The factor 1 in m(m—1)/2 comes in because the graph is undirected. Strictly speaking

£ is not isomorphic to R™(™~1/2 if we impose skew-symmetry, but this distinction is not
relevant for our purposes. The Hilbert space structure can be defined in any case.
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The other graph objects of interest for this paper now follow:
e Norms:

lully = V{w,w)y = [, uidy,
2g—1
lelle = v/ {p:p)e = \/% Zi,je[m (pzzjwijq )
2q—1
el =@ 9=/ D e, #hwi " (note that |- [le.aor € V),
- Nully,oo :=max{|u;| i€ L, } and ||¢]le 0o :=max{|p;j| : 4,5 € I}
e The Dirichlet energy does not depend on r or ¢:

1 1
§||Vu||§ =1 > wi(ui — ).
i,j€Im

e The divergence div : £ — V defined as the adjoint of the gradient®:

. 1
(div )i = 5o > wliji — @)

v jEln

e A family of graph Laplacians A, := divoV : V — V (not to be confused
with the p-Laplacians from the literature): Writing out this definition gives

e gler E:wiﬂ"_E:wiﬂ‘ ) )
(Aru)z = dZ U; — ?U] = ?(Uz — UJ).
j€l, j€ly *
If we view u as a vector in R™ we can also write

Ayu= (DY = DTTW)u,

where D" is the diagonal matrix with diagonal elements D;; = d} and W
is the weight matrix with elements W;; = w;;. We can recover two of the
most frequently used graph Laplacians from the literature (cf. [26, 43, 41])
by choosing either r = 0 or r = 1. For » = 0 we get the unnormalized
graph Laplacian, and for » = 1 we have the random-walk Laplacian, which
also goes by the name of (asymmetric) normalized Laplacian. For the latter
case, the connection with random walks comes from the fact that D~1W is
a stochastic matrix; i.e., the sum of the elements in each of its rows equals
1. Note that A, is only symmetric if » = 0. A third graph Laplacian which
is often encountered in the literature is the symmetric normalized Laplacian
- DféWDfé, where [ is the m-by-m identity matrix. However, this one
does not fit well into the current framework and we will not consider it here.

6If the graph has an isolated node 4 for which w;; = for all j and d; = 0, we interpret
this definition as (div ¢); = 0.
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e Total variations”:
- The isotropic total variation TV : ¥V — R defined by
TV(u) :=max{{divp,u)y 1 ¢ € £, max |lpf; <1}
1cdm

:\gi Z Z wij(ui — Uj)2.

i€lm \| jJEIm

- A family of anisotropic total variations TV,, : V — R defined by

1
E,00 < 1} = 5 Z ng|uz —u]'|.

1,j€Im

TVag(u) := max{(dive,u)y : ¢ € &, [o]

TV and TV,1 appear in [35] as isotropic and anisotropic total vari-
2

ation respectively. In this paper we show that TV, is the I'-limit of
a sequence of Ginzburg-Landau-type functionals (Theorem 3.1).

Because we can identify u € V with a vector 4 € R™ and all norms on
R™ are equivalent, we can express convergence in any of these norms. For
definiteness we choose a simple norm, not dependent on the degree function
d: For a sequence {u,}5°; C V and ux € V and corresponding vectors
Uy, oo € R™ we define

Up — Uoo as n — oo if and only if |G, — tele — 0 as n — oo,

where | - |,, with p € N, is defined for @ € R™ as
1
|a’P = ( Z @f)l’,
1€l
with the subscript i labeling the elements of the vector.
Where this does not lead to confusion, we will use the same notation u
for both the function u € V and the corresponding vector o € R™.

2.3. The functionals. A standard choice of double-well potential is W (s) =
s2(s—1)2. This is a representative example in the class of potentials for which
our results hold. We always assume that W € C?(R), W > 0, and W (s) = 0
if and only if s € {0,1}. Different lemmas and theorems in this paper require
different additional assumptions:

"An interesting question which falls outside the scope of this paper is in which respects,
if any, the curvatures derived as “derivatives” from these total variations resemble the
continuum case curvature.
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(W1) There exists two disjoint open intervals Iy and I; containing 0 and 1
respectively, constants cg, ¢c1 > 0, and a 8 > 0, such that

0 < max{W(s):s eI} <min{W(s):se I, where I := I U I, and
Vs € Iy, W(s) > cols|?, and Vs € I, W(s) > ¢1]s — 1/°. (2.1)

(W3) There exists a ¢ > 0 such that for large |s|, W(s) > c(s? — 1).
(W3) There exist ¢1,c2 > 0 and p > 0 such that for large |s|, c1|s|P
W(s) < ca|s|P.
(Wy4) There exist c¢3,¢4 > 0 and ¢ > 0 such that for large |s|, c3|s]? <
W'(s) < cy|s]d.

(W1) describes the behavior near the wells. It says that W is strictly bounded
away from zero outside of neighborhoods of its wells and inside these neigh-
borhoods W has a polynomial lower bound. We need it when we study the
simultaneous scaling I'-limit for ~A%;, and it gives us explicit estimates of how
quickly sequences of functions with bounded Ginzburg-Landau “energy” ap-
proach the wells of the potential. Assumption (W2) is a coercivity condition
that will help establish compactness in some situations (it could be replaced
by any assumption that allows the conclusion that [, W (u) is bounded from
below by a function which is coercive in [|u|z2(r2y). (W3) with p > 2 is a
condition needed to prove compactness in the classical Modica—Mortola I'-
convergence result for F7 (see e.g. [56, Proposition 3]). In addition, we
will use its lower bound to prove equi-coerciveness (Definition 2.2) of the
functional k%, which is defined below in (2.4). Finally, we will need (W4) to
control the behavior of W in between grid points, when studying the simul-
taneous scaling I'-limit for k%;. As is easily checked, the standard example
W(s) = s%(s — 1)? satisfies all the above assumptions for correctly chosen
constants.

We frequently encounter binary functions in V and write

Vo={ueV:Viel,, uc{0,1}}.

The graph Ginzburg-Landau functional f. : V — R from (1.3) can be defined
in terms of the Dirichlet energy:

IN

1 & :
fo(u) = 2x||Vul|2 + R Z W (u;), with x € (0, 00).
i=1
Let T? be the two-dimensional flat unit torus. We construct a square grid
with m = N? and nodes Gy := N~'Z2 N T2. Interpreting G as a graph
we can use the notation from Section 2.1 with subscript N, e.g. Vi are the
vertices of Gy, Vi are the real-valued functions on Vi, (V*)y the binary
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({0, 1}-valued) functions on Vi, etc. We understand the vertices Viy to be
embedded in T?. To distinguish the horizontal and vertical directions in our
graph when working on G, instead of u; we will write w; ; := u(n; ), where
nij = (i/N,j/N) € Viy C T2. We refer to a single square in the grid by

S = [i/N,(i+1)/N) x [j/N,(j + 1)/N). (2.2)

We remind the reader that we introduced three different functionals on the
square grid: the graph-theoretical Ginzburg-Landau functional hy . : VN —
R in (1.4), the discretized Ginzburg-Landau functional ky. : Vv — R in
(1.5), and the “sharp interface” (i.e., ¢ — 0) nonlocal means functional
: V% — Rin (1.6

gn V3 — Rin (1.6).

We call hy . the graph-theoretical Ginzburg-Landau functional because
it is equal to f; from (1.3) if we choose the weight w in f. as

_ [N (li—kl=1Aj=0)V(i=kAlj -1 =1),
w(nij, nk) = { 0 otherwise,

and y = % The kn. we get by using the trapezoidal rule and a standard
finite-difference scheme to discretize the Ginzburg-Landau functional F&L.
We have used the periodicity to relate the terms of the form (u; j — u;_1 ;)
and (u;; — um,l)Q to (Uiy1,j — uiJ)Q and (u;j4+1 — um)2 in the sum, respec-
tively.

To study I'-convergence for the “simultaneous” limits € — 0 and N — oo
of hy e and ky e weset e = N™%, for o > 0, and let N — oo in the functionals

N N
hSe(u) == N7 " (uigny — wig)? + (g1 —uig)® + N Y Wiuy),

i,j=1 1,j=1
(2.3)
N N
FR(u) = N7 iy — wig)” + (i —uig)” + N2 Wuiy).
ij=1 ij=1
(2.4)

We prove I'-convergence results for A%, in Section 4.2 and for k% in Sec-
tion 5.2.

Note that hg = NY1kY if v = ‘%3 This shows that we do not expect
h% and k}; to have the same limit, unless possibly if & =~ = 1. This value
falls outside the regimes for o we consider, and hence we do find different
limits.
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2.4. T'-convergence. ['-convergence was introduced by De Giorgi and Fran-
zoni in [29]. It is a type of convergence for function(al)s that is tailored to the
needs of minimization problems, as we will see below. A good introduction
to the subject is [15], the standard reference work is [28].

Definition 2.1. Let X be a metric space and let {F,}5°, be a sequence
of functionals F,, : X — R U {£oo}. We say that F, T'-converges to the

functional F : X — RU{%xo0}, denoted by Fj RN F, if for all w € X we have
that

(LB) for every sequence {un}o2 such that u, — wu it holds that F(u) <
hnniio%f F,(un) and
(UB) there ezists a sequence {un}>2 ¢ such that F(u) > limsup Fy,(uy,).
n—oo

The lower bound condition (LB) tells us that the values along the sequence
F,(uy) are bounded from below by F'(u); the upper bound (UB) shows that
the value F'(u) is actually achieved. Combined with a compactness or equi-
coerciveness condition (Definition 2.2 below), this allows for conclusions on
the minimizers of F;,, and F'.

It is useful to note that to prove (LB) for a given sequence {u,}>,
we only need to prove it for a subsequence {u, }>_; C {u,}32; such
that n}l_r)noo Fo(uy) = linni iorgf Fy(uy). If (LB) is satisfied for such a se-

quence (which always exists), then F(u) < liminf F(u,/) = lim Fy(u)) =
n’—oo n’—o0

lim inf F'(u,). Hence, when proving (LB) we will assume without loss of gen-
n—oo

erality that {u,}o, is such a sequence. The uniqueness of the limit then
implies that it suffices to prove (LB) for any subsequence. Clearly we can
also assume that liminf F),(u,) < oo, and hence it suffices to prove (LB)
for a specific subsequence {uy~}55_, for which there is a C' > 0 such that
Fo(upr) < C. In practice this means that to prove (LB) we can assume a
uniform bound on F),(u,) and freely pass to subsequences when needed.

If we are working with functionals that depend on a continuous parameter,
e.g. ¢ — 0 or N — oo, we have to prove (LB) and (UB) for an arbitrary
sequence {e,}2%, with £, — 0 as n — oo (or {N,}5°, with N,, — oo as
n — 00).

Definition 2.2. Let X be a metric space and let {F,}2° | be a sequence of
functionals F,, : X — RU{+o00}. We say the sequence is equi-coercive if for
every t € R there exists a compact set Ky C X such that for every n € N
{ue X : F,(u) <t} C K.
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In practice equi-coerciveness is proved by showing that any sequence
{un}o, for which F,(u,) is uniformly bounded has a convergent subse-
quence.

I'-convergence combined with equi-coerciveness allows us to conclude the
following result.

Theorem 2.3 (Chapter 7 in [28] and Theorem 1.21 in [15]). Let X be a
metric space, {F,}2° 1 be a sequence of equi-coercive functionals Fy, : X —
R U {£oo}, and let F be the T'-limit of F,, for n — oo. Then there exists a
minimizer of F' in X and min{F(u) : v € X} = lim inf{F,(u) : v € X}.
n—oo

Furthermore, if {un}22; C X is a precompact sequence such that

lim F,(up) = lim inf{F,(u):u € X},

n—oo n—oo
then every cluster point of this sequence is a minimizer of F.

Following [5] for our purposes it turns out it is often more useful to refor-
mulate I'-convergence in terms of the I'-lower limit

F'(u) := inf{liminf F,,(u,) : up — u}
n—oo
and the I'-upper limit
F"(u) := inf{limsup F,,(uy,) : up, — u},
n—oo
[28, Definition 4.1]. It can be shown, [28, Remark 4.2, Proposition 8.1], [16],
that our definition of I'-convergence above is equivalent to the following two
conditions. For each u € X we have that
(LB') F(u) < F'(u) and
(UB') F(u) > F"(u).
The benefit of this reformulation is that the functions F’ and F” are lower
semicontinuous [28, Proposition 6.8], which comes in handy in Section 5. In
fact, since conditions (LB) and (LB’) are equivalent, we will sometimes use

the combination (LB)+(UB’) to prove I'-convergence in this paper. Note
that (UB) implies (UB).

2.5. Constraints. It is common in semisupervised learning applications to
have a mass constraint or an additional term in the functional corresponding
to a fit to the known data. Moreover, such constraints are typically necessary
to obtain nontrivial minimizers. We need to check that these constraints are
compatible with the convergence.

First consider the case of adding a fidelity term of the form A|u — f[} to
the functional, where f € V is a given function (usually representing some
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known data to which the minimizer should be similar) defined on some or
all of the vertices in V and A > 0 is a parameter. If p agrees with the
topology of the I'-convergence we can use the property that I'-limits are
stable under addition of a continuous term or a sequence of continuously
convergent terms [28, Definition 4.7, Propositions 6.20-21] to conclude that
the Ginzburg—Landau functionals plus fidelity term again I'-converge. We
will summarize the results that are relevant for us in the following definition
and lemma, based on the cited definition and propositions in [28].

Definition 2.4. Let X be a metric space, and let {F,}22, be a sequence
of functionals F,, : X — RU {f+oco}. We say the sequence is continuously
convergent to a function F': X — R U {£oo} if for every u € X and for
every n > 0 there is an N € N and a 6 > 0 such that for alln > N and
v e X with [[u—v| <6 we have |F,(v) — F(u)| <n.

Lemma 2.5. Let X be a metric space, and let {F,}5°; be a sequence of
functionals Fy, : X — RU {£oo} which I'-converges to F : X — R U {£o0}
and {Hyp}2° , be a sequence of functionals H, : X — R U {£oo} which is
continously convergent to H : X — R U {£oo}; then F,, + H,, I'-converges
to F+H. If G: X — RU{+0c0} is a continuous functional, then F, + G
T'-converges to F' + G.

If instead a mass constraint is imposed on the minimizers we have to check
that each convergent sequence preserves the constraint (to make it compati-
ble with the lower bound and compactness conditions) and that the recovery
sequence from the upper bound condition does satisfy the constraint (or can
be adapted to satisfy it, without violating the upper bound condition). Since
we are dealing with LP convergence, the former is usually trivially satisfied,
but the latter does demand some more attention. Details for each of the
functionals are provided in the relevant sections.

For functions u € V* we carefully need to determine the form of our mass
constraint. The constraint » ;" u; = M leads to shrinking support when
m — oo, which is unwanted. An alternative condition is an average mass
constraint of the form % >, ui = M. Note that > ", u; can take on only
integer values between 0 and m, and hence mM should be of that form as
well in order for the average mass constraint not to lead to an empty set
of admissible minimizers. If we impose this for all m this is only possible
if M =0 or M = 1; however, specific subsequences of m can satisfy this
condition for different values of M (e.g. if M = % and we consider even
m). Hence the choice of M can constrain the subsequences of m which
are admissible. In order to avoid the possible difficulties with the average



1128 YVES VAN GENNIP AND ANDREA L. BERTOZZI

mass equality, one can also impose an average mass inequality. Since the
arguments for the mass equality easily generalize to an inequality, we will
not discuss this situation further.

3. I'-CONVERGENCE OF f;

3.1. I'-convergence and compactness. In this section we prove I'-conver-
gence and compactness for the functional f; : V — R from (1.3).

Theorem 3.1 (I'-convergence). f; L fo as € — 0, where

Folu) = X 2ijer,, Wijlwi —uj| ifu € Vb, _ ) 2XTVa(u) ifue %R
A +00 otherwise +00 otherwise.

Theorem 3.2 (Compactness). Let W satisfy the coercivity condition (Wa),
let {en}22, C Ry be a sequence such that €, — 0 as n — oo, and let
{un}>2; CV be a sequence such that there exists a C > 0 such that for all
n €N f. (up,) < C. Then there exists a subsequence {u, }59_; C {un}oe;
and a Uso € VP such that u, — Usy as N — 0.

Although in F&L the first term is scaled by ¢, the first term of f. contains
no e. The reason for this is that the Dirichlet energy in F& is unbounded
for the binary functions u that form the domain of the limit functional FOG L
However, the difference terms in f. are finite even for the binary functions
and thus need no rescaling. The proof of I'-convergence uses this fact to
view the difference terms as a continuous perturbation of the functional

1
we(u) 1= R Z W (u;).
i€lm
Lemma 3.3. The sequence of functionals g I'-converges: w, Lo wo, where
E—

wp : YV — {0,00} is defined via

wo(u) ::{ 0 if u e VP,

+o00  otherwise.

Proof. To prove the required lower bound (LB) let v € V and consider

sequences {e,}7°; and {u,}>>; such that ¢, — 0 and u,, — u as n — oo.

If u € V°, from g. > 0 it follows that wo(u) = 0 < liminfw,, (uy,). If on
n—oo

the other hand w € V \ V?, then for large enough n, 30 € V such that
un(0) ¢ {0,1} and hence

1
lim inf w,,, (uy,) > lim inf ;W(T)) = 00 = wo(u).
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For the upper bound (UB) we can assume without loss of generality that
u € V. Define for every n € N u, := u; then trivially u, — u if n — oo,
and furthermore lim sup we, (u,) = 0 = wo(u). O

n—oo

Proof of Theorem 3.1. Define
w(u) == x Z wij(u; — Uj)Z.
1,J€Im
w is a polynomial on R™ and hence continuous. I'-convergence is stable
under continuous perturbations (e.g. [28, Proposition 6.21]). Since f; is a

continuous perturbation of w. we have by Lemma 3.3 f. L +wp as e — 0.
We complete the proof by noting that if u € V?, then

w(u) = x Z wijlu; — . O
1,J€Im

Proof of Theorem 3.2. By the uniform bound on f. (u,) we have

> W((un)i) < Cen.

1€1m

Combined with the coercivity condition (W3) on W we conclude that for n
large enough the sequence {u,}22 is bounded, and hence by the Bolzano-
Weierstrass theorem there exists a converging subsequence with limit uq.
Since W € C?(R) and &, — 0 as n — oo, we conclude that W (uwe(v;)) = 0
for all i € I,,, and hence uq, € V°. O

Remark 3.4. Since fj is defined on binary functions u, if we write
Sp:={i€lp:u =k} forke{0,1},

we can rewrite fy as

fo(u) = Xzi6507j651 wij ifue Vb,
00 otherwise.

Minimizing fo thus corresponds to finding a minimal graph cut of G, i.e.,
dividing the graph into clusters with minimal edge weight between them.
Such a minimization requires an extra constraint to avoid trivial minimizers.
A common choice is to prescribe the number of clusters (in this case two)
one wants, or to introduce a normalization into the sum of the weights based
on the cluster sizes (e.g. normalized cut, normalized association [55], and
Cheeger cut [57])). One could also minimize fy under a fixed-mass constraint
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(see Section 3.2 below). One often relaxes the problem of normalized graph-
cut minimization by losing the binarity constraint, e.g. in spectral clustering
[51, 43].

If the weight function w is such that there is a nontrivial partition AUB =
I, such that w;; =0 for ¢ € A and j € B, then a nontrivial minimizer of fj
(without the mass constraint) is clearly given via Sp = A and S; = B. In
this case we can write

o, 2iehn Wil
i dz )

which is of a form related to the image-denoising method known as nonlocal
means; cf. [21].

Remark 3.5. In this paper we assume that W has wells at 0 and 1. The
proofs in this section make no use of this fact and can easily be extended to
potentials W with wells at values s; and ss. In this case the set VP needs
to be redefined as the set of functions taking values in {si,s2}, and the
limit functional fy from Theorem 3.1 is multiplied by a factor |s; — sa|, since
(u; — uj)? = |s1 — sal|u; — uy| for u € VP

3.2. Constraints. Next we show that the addition of a fidelity term \|u —
fIb or a mass constraint is compatible with the I'-convergence.

Theorem 3.6 (Constraints). f. +A[-—f[D L fo+ Al-=fI5 as e — 0, where
p € Ry, A > 0, and a given function f € V (or possibly a given function
f U — R where U is a strict subset of the vertex set V and the sum in
| - —f|b is restricted to vertices in U). Compactness for f. + |- —f|) as in
Theorem 3.2 holds. If instead, for fired M > 0, the domain of definition of
fe is restricted to

VM —fueV: ZuizmM},
1€1m
where M is such that mM is an integer between 0 and m, then the results of
Theorems 3.1 and 3.2 remain valid, with the domain of fo restricted to VM.

Proof. The fidelity term Au — f|b is a polynomial; hence, a continuous
perturbation independent of € to f; and thus I'-convergence follows by The-
orem 3.1 and Lemma 2.5. The addition of this term does not affect the
compactness property at all.

The mass constraint is compatible with the limit functional being defined
on binary functions. The constraint is preserved under convergence in YV =
R™ so it is compatible with (LB) from Definition 2.1 and compactness.
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If u € VP satisfies the mass constraint, then trivially so does the recovery
sequence {uy }>2 ; used to prove (UB) from Definition 2.1 in Lemma 3.3. O

4. I'-LIMITS FOR THE GRAPH-BASED FUNCTIONAL hp ¢

In this section we will study the convergence properties of hy . from (1.4).
We consider two different cases. In the first we first take the limit ¢ — 0 and
then let N — oo; in the second we take both limits at once by substituting
e = N~ for well-chosen o > 0 and then considering the limit N — oo for h%;
in (2.3). These results have a similar feel as numerical convergence results;
however, the lack of regularity of the binary limit functions complicates the
results and proofs.

Remark 4.1. We note that, while we give the proofs for T? in Sections 4.1
and 4.2, they can easily be generalized to T? for any d € N, if we let the
scaling factor in the first term of hy . in (1.4) be N1~ instead of N~! and
we change h%; in (2.3) accordingly:

N N
hve(u) == N0 " (g —wig)® + (g1 —uig)” +e1 > Wuiyg),
i,j=1 t,j=1

N N
he(u) == N " (uipr g — i) + (wijer — wig)? + N Y Wug ).

i,j=1 1,j=1

For the extra fidelity term in Theorem 4.13 the scaling factor then needs to
be N~% instead of N2,

4.1. Compactness and sequential I'-limits: first ¢ — 0, then N — oco.

By Theorem 3.1 we immediately have hy . L hn,o as € — 0, where hy g is
defined for u € V as

_ N .
L N (i = wigl + Juiga —wigl) ifu € VR,
N70<u) : .

+o00 otherwise.

In this section we prove that hy L hoo,o @as N — 00, where h g is
defined for u € LY(T?) as

/ lug| + |uy| if u € BV(T?{0,1}),
TQ

400 otherwise.

hw70(u) =
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The anisotropic total variation in ho is defined as

/ [ug| + |uy| := sup {/ udive : v € CHT?%R?), Vo [0()]e < 1} ,
T2 T2
where for a vector v(x) = (vi(z),va(x)) € R?, the norm | - | is defined by

|0(2) oo 1= max{[v (2)], [v2(2)]}-

For functions u € BV (T?;{0,1}) this anisotropic total variation gives the
length of the (reduced®) boundary of the set {u = 1} projected onto the
horizontal and vertical axes (counting multiplicities).

We prove a compactness and I'-convergence result.

Theorem 4.2 (Compactness). Let {N,}>°; C N satisfy N, — oo as n —
o0, and let {u, }2, C LY(T?) be a sequence for which there is a constant C >
0 such that for all n € N, hy, o(un) < C. Then there exists a subsequence
{un }55_; C {un}, and a u € BV(T?{0,1}) such that w, — u in L*(T?)
asn' — oo.

Theorem 4.3 (I'-convergence). hn L heoo as N — oo in the L*(T?)
topology.

The convergence of hy o to an anisotropic total variation is reminiscent of
the related, but different, results in [23].

Because the limit function huoo is defined on L'(T?) functions, it will
be useful to identify the binary functions on the square graph, i.e., the
functions in V§ with a subset of L(T?), namely binary functions on T? that
are piecewise constant on the squares of the grid. Using the notation Sy/
from (2.2) we define

Ayn = {u € LY(T?) : V(4,j) € I%, u is constant a.e. on S}VJ} , (4.1)
Aby = {ue Ay s ue LY(T%{0,1})} .
We construct a bijection between the normed spaces Vy and Ay by iden-
tifying v € Vn with the unique @ € Ay which satisfies & = u;; almost
everywhere on S}/ for all (¢,7) € IJQV. It is easy to check that convergence in
VN corresponds to LP convergence in Ay (1 < p < 0o) and that the bijection

maps the subset V% to A% and vice versa (for its inverse). In what follows
we will drop the tilde if this does not lead to confusion.

8For the definition of reduced boundary see [9, Definition 3.54].
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With this identification we write for v € Ay

/2|ux\+]uy| if ue AY,
T

400 otherwise.

hno(u) = (4.2)

In fact, for our I'-convergence purposes, without loss of generality we extend
the functional to all u € L(T?) such that hyo(u) = +oo if u € L1(T?)\ AY.
First we prove the compactness result.

Proof of Theorem 4 2 By the definition of the isotropic and anisotropic
total variation and (4.2) we have for all n € N

/|Vun\</ ((tn)a + [(um)y] < C.

In addition, for each n € N, u, € AY ; hence, |[up|[11(p2) < 1. We deduce
that the sequence {u,}2%, is uniformly bounded in the BV norm, and thus
by compactness ([37, Theorem 1.19] or [32, 5.2.3 Theorem 4]) there exists a
subsequence {u,/}%_; C {u,}2, and a u € BV (T?) such that u, — u in
LY(T?) as n’ — oo. Since all u,, take the values 0 and 1 almost everywhere,
by pointwise almost-everywhere convergence (after possibly going to another
subsequence) so does u. O

In the next lemma (LB) from Definition 2.1 is proved.

Lemma 4.4 (Lower bound). Let u € L*(T?) and let {u,}°; C LY(T?) and
{N,}2, C N be such that u, — u in L*(T?) and N,, — 0o asn — oo. Then

hooo(w) < liminf hy, o(un).
n—oo
Proof. First consider the case where u € BV (T?;{0,1}); then without loss
of generality we can assume that u,, € A?Vn. Analogous to the isotropic total

variation also this anisotropic total variation is lower semicontinuous with
respect to L1 convergence [24, Lemma A.5]; hence, we find

hooo(u / |ug| + Juy| < hmmf / |(tn)z| + [(un)y| = hmmth o(un).
If w e LY(T?) \ BV(T?%{0,1}) and u, — u in L*(T?), then
hooo(u) = oo = liminf Ay, o(un),

which we prove via contradiction: Assume lim inf hn,, 0(upn) < 0o; then there

is a subsequence {u,/}>_; C {un}o2,; for which hN , o(un) is uniformly
bounded, and hence by Theorem 4.2 u,,, — 4 in L(T?) asn’ — oo, where @ €
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BV (T?;{0,1}). By the uniqueness of limit @& = u, which is a contradiction.
O

To prove the limsup inequality we use the following results from [24]
(which we give here in a form adapted to our situation, which follows easily
from the results in [24]).

Lemma 4.5 (Corollary A.4 and Theorem 4.1 from [24]). For u € BV (T?)
we have

/ ot |+ |
TQ

= sup{/ udive : v € L®(T%R?), dive € L®(T?), [v(x)]e < 1 a.e.}.
T2

Furthermore, for each u € A?\, there exists a v € L®(T?R?) such that
|v(2)]|oo < 1 almost everywhere,

—/pudivv: /11‘2 [z | + |uyl,

and || div v|| oo (p2y = 4N.

The first result in the above lemma says we can relax the condition on
the admissible vector fields in the definition of the anisotropic total variation
to L vector fields with essentially bounded divergence. The second result
shows that the supremum is achieved by a specific vector field if u € AIJ’V.

Lemma 4.6 (Upper bound). Let u € L*(T?) and {N,}°; C N be such that
N, — 00 as n — oco. Then there exists a sequence {u,}; C L' (T?) such
that u, — u in LY(T?) as n — 0o and hooo(u) > limsup hy,, o(un).

n—oo
Proof. Without loss of generality we can assume that u € BV (T?;{0,1}).
Construct u,, as follows. For x € Sj\’,]n define

it (5';\]3 )° C suppu,
un(@) = { 0 otherwise.

In words, u, takes the value one on those squares of the grid whose inte-
rior lies completely in the support of u and zero on the other squares. By
Oy supp u denote the reduced boundary of the set suppu, i.e., all points in
Odsuppu for which there is a well-defined normal vector (see [9, Definition
3.54]). Since suppuy, is the maximal set which is both a union of squares
on the grid and is contained in supp u, the difference in area between supp u
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and supp u, is bounded by the length of the reduced boundary of suppu
times the area of a square; i.e.,

/ |, — u| < HY (9% suppu)N,, 2.
T2

Because u € BV (T?;{0,1}) the set suppu has finite perimeter, and hence
Up — u in LY(T?).

For each u, let v, € L®(T? R?) be the vector field whose existence is
guaranteed by Lemma 4.5; then

/ |(un)e| + [(un)y| = —/ Up, div v, = —/ udiv oy, +/ (u — uy) div oy,
T2 T2 T2 T2

(4.3)
For the last term we have

| /Tz(u — ) divva| < [lu = tn g2 o) div vl o 2
< 4HY(0* suppu)N,; 1 — 0, as n — oo.

Hence, by the first statement of Lemma 4.5 we have

lim sup / |(un)e| + [(un)y| = limsup( —/ udivvn)
T2 T2

n—oo n—oo

gnmsup/ yu$+yuy\:/ i | + 1ty ,
n— o0 T2 T2
]

which proves the result.

Proof of Theorem 4.3. Combining Lemmas 4.4 and 4.6 proves the I'-
convergence result in Theorem 4.3. ]

Remark 4.7. Note that we could have used any LP space instead of L'
in the results above. Because T? is bounded, convergence in LP implies
convergence in L', and so the result of Lemma 4.4 is easily recovered. For
Theorem 4.2 and Lemma 4.6 we note that because w, and u are binary
functions taking values 0 and 1 almost everywhere, the bound on their LP
difference is the same as that on their L' difference, and the results follow
again.

We end this section with an illustration of the preference for squares and
rectangles of hy .

Lemma 4.8 (Minimizers of hyyg). Let M € [0,1] be such that N*M = K?
for some K € N.
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If M € |0, %), then ug is a minimizer of hy o over all u € A% that satisfy
Jp2 w= M if and only if ug is the characteristic function of a square.

If M € (i, 1), then ug is a minimizer if and only if it is the characteristic
function of a rectangle of the form R = [a,b] x [0,1] C T? or R = [0,1] x
[a,b] C T? for a and b that satisfy the mass constraint.

If M = i, ug s a minimizer if and only if it is the characteristic function
of a square or a rectangle R as above.

Proof. First consider the square grid Gy to be embedded in R? instead of in
T? so that we do not have periodic boundary conditions on [0, 1]2. Let u be
the characteristic function of a set 2. We can assume (2 is connected, because
else hy o(u) can be lowered by rearranging € to be connected without chang-
ing the mass. Let ug have the square with sides of length Lo = KN~! = VM
as support, and let {2 be contained in a rectangle with sides of lengths L and
B. Then f[071}2 u < LB, and hence

1/2
havol(ug) = 4Lo = 4(/ u) ? WIB<2AL+B)< ho(u),

T2
with equality if and only if L = B = Ly. Hence characteristic functions of
squares are the minimizers of hy ¢ if we ignore periodic boundary conditions.

However, on the periodic torus if €2 is a rectangle we can use periodicity
to eliminate two sides of the rectangle. This can be done only if the other
two sides have length 1 and hence hyo(u) = 2. This beats the square if
4Ly = 4vVM > 2. O

It is worth noting here that this asymptotic behavior of hy . is not acces-
sible via numerical simulations of a gradient flow, since it is dependent on
€ being small enough for the minimizers to be essentially binary and hence
not differentiable.

4.2. Simultaneous scaling I'-limit for A%. In Section 4.1 we first took
the limit € — 0 for hy. before letting N — oo. In this section we will
consider the limit if we let both parameters go to their limit simultaneously.
To this end we choose € = N~¢ for @ > 0 and consider the limit N — oo of
% in (2.3). We identify Vy with Ay in the sense of Section 5.1 and extend
h%; to all of LY(T?) by setting h$;(u) := 400 for u € L(T?) \ An.
We show that the I'-limit is again given by ho o if o is large enough,
depending on the growth rate 3 of W around its wells given in assumption

(W1).
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Theorem 4.9 (I'-convergence). Assume that W satisfies condition (W1) for

some 3 > 0 in (2.1), and let a > 3; then h$; RN hoop as N — oo in the
LY(T?) topology.

Theorem 4.10 (Compactness). Assume that W satisfies condition (W) for
some 3 >0 in (2.1), and let « > (. Let {N,}32; C N satisfy N, — oo as

n — oo, and let {u,}°; C LY(T?) be a sequence for which there is a constant
C > 0 such that for alln € N, hyy (un) < C. Then there exists a subsequence

{un}o5_; C{un}22, and a w € BV(T%{0,1}) such that u, — u in L'(T?)
asn' — oo.

We first prove the lower bound for the I'-limit.

Lemma 4.11 (Lower bound). Let u € LY(T?), and let {u,}°,; C L'(T?)
and {N,}>°, C N be such that u, — u in L*(T?) and N,, — o0 as n — 00.
Assume that W satisfies condition (W) for some > 0 in (2.1), and let
a > (3. Then

hooo(u) < liminf ARy (ur,).

n—oo

Proof. First consider the case where u € BV(T?;{0,1}). Without loss
of generality we may assume that A%, is uniformly bounded. Since W is
nonnegative we deduce there is a C' > 0 such that for all (7,j) € I?Vn,
W((un)s,j) < CN;;¢. Together with (2.1) in assumption (Ws) this implies
that for n large enough and all (i, j) € I3, we have (uy);; € I. In addition,
by the growth condition in (2.1) we get for n large enough and s € {0,1}

esl(un)iy — 517 < W((un)i ) < CN,®
Hence, if we deﬁne Oy, := (C'/ min({co, cl}))%Nn 7 we deduce that for n large

enough 6, € (0,3), and for all (4, j) € I3 ()i € (=0n, 0n)U(1=6y, 14-65).
Define

X o= {(4,5) € I}, : (un)iyj € (=6, 6n) A (Un)it1; € (1 = 6p, 1+ 6,))
V ((un)iﬂ,j € (—(5n, 571) VAN (un)i,j € (1 — 0, 1+ 6n))}, (4.4)
then for (z J) € Xy, we have |(un)it1,; — (un)ij| > 1 — 20,, hence

1 Z ((un)it1,5 — (un)iyj )2 (4.5)

i,7=1

>N =260) D> Nn)ivng — (un)igl + Nyt D0 ((un)ig1y — (un)iy)®
(4.5)EXn (i,4)€XE
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Nn,
:N;1 Z [(un)it1,5 — (un)iyl — 2(5,1]\77;1 Z [(un)it1,5 — (un)iyl
t,j=1 (1,)€Xn

+ N, Z ((un)it1,j — (un)zj)Q - N1 Z [(un)it1,; — (un)iyj

(i,5)€X5 (1,5)eX§

For the second summation in (4.5) we note that there are ¢ > 0 and C' > 0
such that

0 < 26,N," Z [(un)iv1,; — (un)ijl < cdn Ny N (1 + 26,,)
(1,5)€Xn
< C(N}=e/B L N1=2e/8) 0 asn — oo.
The third and fourth summation in (4.5) we combine into
NS T Num)irng — (wn)igl (I(un)irn s — (n)ig] — 1)‘
(1.5)€Xy
<SNY DT wn)isng — (un)igl | (un)igay — (un)igl — 1
(.5)eXy,
< N;7'N226,(26, —1) < C(N12e/8 _ N1=2/By .0 asn — oo,

for some C' > 0. As in Section 5.1 we now identify Vy, with Ay, to write
for the first summation in (4.5)

Np,
Nt Hunions = gl = [ Il

ij=1

hence, from (4.5) and the computations that followed we deduce

N,
NS ((un)igny — (un)ig)® > /TQ |(tn)e| + O(N; /7). (4.6)

ij=1
Analogously we have
Np,
N, Z ((un)ijr1 — (un)ij)? > /1r2 ()| + O(NL=/0),
ij=1

By the lower semicontinuity of the anisotropic total variation with respect
to L' convergence [24, Lemma A.5] we have

/MHWSMM/MmHMM
T2 n—oo T2
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hence,

/ [t] + [uy| <lim infN,- 12 )ity — (un)i)? 4+ ((Un)ijer — (un)ij)’
1,7=1

< liminf A%, (),
n—oo

which proves the lower bound for the case where u € BV (T?;{0,1}).
Now consider u € L'(T?) \ BV (T?;{0,1}). Let u,, — u in L*(T?); then
an argument by contradiction (similar to that at the end of the proof of

Lemma 4. 4) and the compactness proved below in Theorem 4.10 prove that
hoop(u) = 00 = hm mf hy, (un)- O

Next we prove the upper bound.

Lemma 4.12 (Upper bound). Let u € L'(T?) and {N,}>°; C N be such
that N,, — oo as n — oo. Then there exists a sequence {un}jf’:l C LY(T?)
such that u, — u in L'(T?) as n — oo and

hooo(u) > limsup Ay (un).

n—oo

Proof. Without loss of generality we can assume that u € BV (T?%{0,1}).
Construct u, € Ay, as follows. For z € Sj\’,]n define, as in the proof of
Lemma 4.6,

it (S}VJ )° C suppu,
un(@) = { 0 otherwise.

Then ((un)it1,j — (un)”)2 = |(un)it+1,; — (un)i |, and hence, identifying Vn,,
with Ay, ,

w Z Un)it+1,j — (Un)ig)” = Nyt Z [(un)it1, = (un)ijl = / | (tn )

1,j=1 i,j=1

Similarly

1
Z Un i,5+1 — / ‘ un

i,j=1
Since every u, takes values in {0,1} we can repeat the argument from the
proof of Lemma 4.6 in and following (4.3) to prove that

limsup/ |(un)az| + |(un)yl S/ |tz | + [y
T2 T2

n—oo
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Since for every n € N and (7,7) € Iz2vn we have W ((up)i ;) = 0, we get the
desired result. O

Proof of Theorem 4.9. Combining Lemmas 4.11 and 4.12 we get the
I"-convergence result in Theorem 4.9. [l
Next we prove compactness.

Proof of Theorem 4.10. By the first part of the proof of Lemma 4.11
we have, after possibly going to a subsequence, that for all n € N and all
(i,5) € I3, (un)ij € I; hence, |tn|lg1(r2) is uniformly bounded. By the
same proof, in particular (4.6) and the uniform bound on A% (uy), we have
for all n € N that [1 |(un)z|+](tn)y| is uniformly bounded. We deduce as in
the proof of Theorem 4.2 a uniform bound on the BV norms of u,,, from which
it follows by the compactness theorem in BV ([37, Theorem 1.19] or [32,
5.2.3 Theorem 4]) that there exists a subsequence {u,/}°9_; C {u,}32; and
au € BV(T?) such that u,, — u in L*(T?) as n’ — oo. By the arguments in
the proof of Lemma 4.11, each w,, takes values in (=9, 6,7 )U(1 =07, 146,1),
where §,, — 0 as n’ — oo. After possibly going to another subsequence, ,,
converges pointwise almost everywhere to u; hence, u takes values in {0,1}
almost everywhere. O

4.3. Constraints. In this section we show that addition of a fidelity term to
the functional or imposing a mass constraint are compatible with the three
I'-limits we discussed; i.e., ¢ — 0 for hnye, N — oo for hy, and N — oo
for h%;.

Theorem 4.13 (Constraints). (1) hye+AN"2[-—f[2 5 hyo+AN"2|-— f[2
for e — 0, where p € N, A > 0, and a given function f € Vy (or possibly a
given function f: U — R, where U is a strict subset of the vertex set V and
the sum in |- —f[b is restricted to vertices in U). A compactness result for
hye+ ANT2|- —f[b as in Theorem 3.2 holds.

If instead, for fixred M > 0, the domain of definition of hy ¢ is restricted to
V¥ (i.e., VM from Theorem 3.6 on the grid Gy ), where M is such that N> M
is an integer between 0 and N2, then the I'-convergence and compactness
results for e — 0 remain valid, with the domain of hn o restricted to VM qs
well.

(2) Let p € N, A\ > 0, f € CY(T?), and fx € An the sampling of f on
the grid Gy (f and fx and their norms can also be defined on subsets of T?

and Gy as in part 4.13); then hyn o +)\N72\ . —fN\g L hooo + Al - —inp(qrz)
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as N — oo in the LP(T?) topology. A compactness result as in Theorem 4.2
and Remark 4.7 holds for hy o + ANT2| - —fnlh.

If instead the domain of hy o is restricted to V]]\‘f for a fixred M such that
NZ2M is an integer between 0 and N?, then the compactness and lower bound
results from Lemma 4.4, Theorem 4.2, and Remark 4.7 remain valid, with
the domain of hoo o restricted to

BV (T?:{0,1}) := {u € BV (T?:{0,1}) : /TQ

With the same restriction, the upper-bound result from Lemma 4.6 is still
valid if we restrict it to sequences { N, }32; C N such that N2M is an integer
for each n € N.

(3) If \, f, and fn are as in part 4.13 and o > (3 as in Theorem 4.9, then

YHANT2 —fyr L W+ Al = fll L1 (r2) as N — oo in the L'(T?) topology.
A compactness result as in Theorem 4.10 holds for h% + AN 2| - —fn/1.
If instead the domain of hy is restricted to V% for a fized M € [0,1],

then the I'-convergence and compactness results from Theorems 4.9 and 4.10
remain valid, with the domain of hooo restricted to BV (T?;{0,1}).

u:M}.

We give a sketch of the proofs.
(1) This follows directly from Theorem 3.6.
(2) For the fidelity term first we note that for v, fy € An,

N_2”U — fN‘g = /’]I‘2 |’U — fN‘p

Hence, for v € Ay, u € LP(T?), f € C(T?), and fx € Ax the discretization
of f on Gy, we have

L=t = [ u=gp|< [ o= fal = =1l

<v—fn—u+ f||1£p(qr2) <|lv— u”ip(qrz) +If = fNH}]ip(W)'

Since (by a Taylor-series argument) fy — f in LP(T?) as N — oo, the
sequence of fidelity terms is continuously convergent, and thus by Lemma 2.5
the I'-limit follows. Clearly the compactness isn’t harmed (even helped) by
adding an extra term to the functional.

For the mass constraint, since u € AI]’V the conditions on M are necessary
as explained in Section 2.5. LP(T?) convergence preserves average mass, and
hence the constraint is compatible with (LB) and compactness. For (UB)
the recovery sequence {u,}5° ; used in the proof of Lemma 4.6 has support
contained in the support of u, and hence if fTQ u = M, then ng U, < M. We
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can construct a similar recovery sequence {u,}>>,, where 4, has support
on all grid squares which intersect suppu. This sequence satisfies all the
required properties of a recovery sequence and has fTQ u, > M. Hence,
under the assumption on {N,}>°,, which assures that the mass condition
can be satisfied for each N,,, there exists a recovery sequence {u, }>2 ;, where
u, takes the value 1 on suppu, as well as on a select chosen number of
squares which lie in supp @y, \ supp u,. For these combinations of {N,}7,
and M, (UB) is compatible with the mass constraint as well.

(3) For the fidelity term we can use the same arguments as above.

For the mass constraint we note that now u,, € Ay, and the limit function
u € BV(T?;{0,1}). This means each choice M € [0, 1] is allowed in the mass
constraint. As above, because of the L' convergence this mass constraint is
compatible with (LB) and compactness. For (UB) we note that the proof of
Lemma 4.12 followed Lemma 4.6, so our argument here is very similar to that
for h o above, with the added bonus that we do not need to restrict ourselves
to specific combinations of {N,}>°, and M. Let the recovery sequences
{un 352, and {4, }5° | be as above. Now construct another recovery sequence
{w,}5°, by setting @, = wu,, on supp u, and U, = cpUy on (supp u,)¢, where
¢n € [0,1] is chosen such that for each n the average mass constraint is
satisfied.

5. I'-LIMITS FOR THE DISCRETIZED
GINZBURG-LANDAU FUNCTIONAL Ky ¢

In this section we will study the convergence properties of ky . from (1.5).
We first take the limit N — oo and then € — 0. The resulting I'-limits
are given in Section 5.1. The simultaneous limit, obtained by substituting
e = N~ for well-chosen v > 0 and then considering the limit N — oo for
kS in (2.3), is studied in Section 5.2.

There has been a series of (recent) papers dealing with convergence of
discrete energies to integral energies among which are [17, 5, 18, 6, 7, 8],
all expanding on the ideas in [15, Chapter 4]. For many of the proofs we
will use ideas from [5], in which the authors prove a I'-limit of integral form
exists for a general class of grid-based functionals. Here we study a specific
functional and hence can prove more explicit results.

Remark 5.1. In Sections 5.1 and 5.2 we prove the results for T2, but they
can easily be generalized to T¢ for any d € N, if we let the scaling factor
in the first term of kx. in (1.5) be eN2~¢ instead of eN° and the factor
in the second term e~!N~? instead of e ' N~2 and we change k% in (5.2)
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accordingly:

N N
kv e(u) :=eN>"" (i1 — wig)?+ (uigp —wig)*+e "N Y T Wuiy),

i,j=1 i,j=1
(5.1)
N N
R () := N2 (g — wig)® + (wigpn — wig)® + N W ().
i,j=1 i,j=1
(5.2)

The admissible range of o in Theorems 5.6 and 5.7 is dependent on the
dimension d in a way which will be made precise in Remark 5.10. For the
extra fidelity term in Theorem 5.12 the scaling factor then needs to be N~¢
instead of N2,

5.1. Sequential I'-convergence and compactness: first N — oo, then
e — 0. We will prove ky . =N kse as N — oo, where kq . is defined for
u € LY(T?) as
oo o(1) 1= € fpo |Vul? + e [1o W(u) if u € WH(T?),
00e +0o0 otherwise.
We see that ko ¢ is the Ginzburg-Landau functional from (1.1). As explained
in Section 1.1, it is known that this functional I'-converges in either the

LY(T?) or L?(T?) topology® as ¢ — 0 to the total variation (1.2). To be
precise, its I'-limit is

a(W) TQ\W] if u € BV(T?;{0,1}),

400 otherwise,

k‘oq()(u) =

where o(W) := 2 fol VW (s)ds > 0 is a constant depending on the specific
form of W, in particular on the transition between its wells; see [47]. The
sequence of functionals is equi-coercive as well.

For fixed u € C3(T?) we have pointwise convergence (in C3(T?)) ky - (u) —
kooe(u) as N — oo (more details below), but the dependence of the dis-
cretization errors on derivatives of u prevents us from concluding uniform
convergence. I'-convergence offers a useful middle ground between pointwise

IResults are usually stated in the L! topology, but for example [63, 15, 25] note that
the results can be stated in the L? topology as well.
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and uniform convergence and can thus be seen as an extension of classical nu-
merical analysis results. The pointwise convergence follows from combining
the boundedness of T? with the trapezoidal rule (for fixed 7)
_ n-1 7f 2 (2
/f:vydy me/N GV, for f e CA(T),

for some f-dependent & € (0, 1), and the finite difference approximation of
the derivative

—Z(i/N,j/N) = N[u((i +1)/N, j/N) — u(i/N,j/N)] (5.3)
(i +7:)/N,j/N)

for some 7; € [0,1]. We see the dependence of the errors on derivatives of
the functions f and wu.
We prove the following I'-convergence and compactness results.

Theorem 5.2 (I'-convergence). ky . RN kooe as N — 0o in the LY(T?) or
L?(T?) topology.

Theorem 5.3 (Compactness). Assume W satisfies (W3). Let {N,}5°; C N
satisfy N, — oo as n — oo, and let {up}>, C LY(T?) be a sequence for
which there is a constant C' > 0 such that for all n € N, kn,, -(u,) < C.
Then there exists a subsequence {u }%5_, C {un}>, and a u € WH2(T?)
such that u, — u in L*(T?) as n' — .

The proof of I'-convergence adapts the ideas that are developed in an
abstract general framework in [5] to our situation. In Section 4.1 we con-
structed a bijection between Vy and Ay from (4.1). In what follows we
will identify u € Vy with its counterpart @ € Ay and drop the tilde if no
confusion arises.

For v € Ay C L'(T?) we define pointwise evaluation by identifying each
u with its representative, which is piecewise constant on the squares S}(,]
and for which pointwise evaluation is well-defined. For z € T? we define the
difference quotients as

Dhu(z) == Nu(z + ex/N) —u(z)], ke {1,2}, (5.4)

where e, denotes the k*" standard basis vector of R2.
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With the identification between Vy and Ay we extend the functional to
all u € L(T?) as follows:

o (1) = 5/T2 [(Dyu)® + (Diju)*] +&7* N W(u) ifue Ay, (55)
+o0 otherwise.
In the proof of the liminf inequality we will use the slicing method (see
[15, Chapter 15] and [16]), which uses the following notation. Remembering
T? = [0,1)? we define T? := {(0,y) € T? : 3t € [0,1) : (t,y) € T?} and
T3 := {(,0) € T? : 3t € [0,1) : (x,t) € T?}, and for (0,y) € T7 and
(7,0) € T3 we define the sets T%,y ={te[0,1): (t,y) € T*} and T3, := {t €
[0,1) : (z, t) € T?} and the functions uy ,(t) := u(t,y) and ug 4 (t) := u(z,t)
on T? 1y and T3 .z Tespectively.
In what follows & > 0 is fixed.

Lemma 5.4 (Lower bound). Let u € LY(T?), and let {u,}>>, C L'(T?)
and {N,}>°, C N be such that u, — u in L*(T?) and N,, — oo as n — 0o.
Then

kooe(u) < liminf ky, -(uy).

n—oo

Proof. This proof is an application of arguments in [5, Proposition 3.4].
First consider the case where u € W12(T?); then we can assume without
loss of generality that {kn, c(un)}>2; is uniformly bounded, and thus w,, €

Ay, . For (:17 y) € SK,Jn we define
0721(-%'73/) = un(Z/Nm]/Nn) + Djzvnun(Z/Nm]/Nn) ' (y _]/Nn)

In what follows k € {1,2}. Note v¥ € BV (T?). We denote the densities of
the absolutely continuous (With respect to Lebesgue measure) part of the

2
measures V, v} and VyUQ by n and 2 " respectively. Then in the interior
of S&/, for (z,y) € (S&/)°, we have
1 2

vy, , , ov;, ‘ .
%(aj,y) = D}Vnun(z/Nn,j/Nn) and Ty(x,y) = D?Vnun(z/Nn,j/Nn).

We deduce vF — u in L'(T?) as n — oo from
o = ullpacrey < vl — wnllzrer2y + llun — wll g1 (r2).-

The latter term converges to zero by assumption. The former we bound
by [[vF — || r2(12) using Holder’s inequality. We then note that from the
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uniform bound on {kn,, -(un)}5>; we have

Nn
S [Pk i/, i) < o2

ij=1

for some C' > 0, and hence (if £ = 1; similarly for k£ = 2)

RS Z/” DY, i/ N /N (& — 5/ dy

1,j=1

—1 71 1 . . 2 (7‘+1)/Nn . 9 O
:Nn Z [DNnun(Z/Nnaj/Nn)] /Z/ (.%—Z/Nn) de g

i.j=1

N, 2.

For H!-a.e. y € T?, the slice (v})1, € WLQ(T%y). By Fubini’s theorem and
Fatou’s lemma

o c%
e [ () = it / / Wiyl dtdy

2/ liminf/ |(vn)/1y]2dtdy.
T% n—oo T%,y ’

Because

v}
o n)? o .
lim inf /11‘2 (7353 ) liminf kp, - (un,) < oo, (5.6)

n—oo n—oo
we have that, after possibly going to a subsequence, for H!-a.e. y € T3
the sequence {|| (U}L)’lyH LQ(Tiy)}Zo:l is bounded and hence weakly convergent
in LQ(']I'iy). Since for H'-a.e. y € T7 we have (vl)1, — w1y in Ll(’]I‘iy),
we identify the limit as (U}L)’ly — uy, in L2(’]I‘iy), for H'-a.e. y € T? (see
Lemma B.1 in Appendix B for details). Hence, by the weak lower semiconti-
nuity of the L? norm, Fatou’s lemma, and the completely analogous results

Ov?
for ug , and By We get

Auin2  9u2y2
liminf/ [(ﬂ) +(ﬂ) } >/ / I, |2dtdy+/ / ) |2 dt dy.
n—oo Jyz L\ Oz Ay T3 JT7, Y T3JT3,

Putting the slices back together using [32, 4.9.2 Theorem 2]), we deduce that

it [L[(52) + (5) ]2 [lvwe 6o
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For the other term in the functional we use Fatou’s lemma, the continuity
of W, and the almost-everywhere pointwise convergence of u, to u to find
liminf [ W(u,) > / liminf W(u,) = [ W(u).

n—00 T2 T2 M—00 T2

This proves the result for u € W5H2(T?).
Now consider the case where u € L*(T?)\ W12(T?). Assume that

liminf &k, - (un) < o0;
n—oo

then after possibly going to a subsequence for each n € N, u,, € Ay, and
the sequences { [ (fovnun)Q}Zozl are bounded. We can follow the same slic-
ing method as applied above up to equation (5.6). Again we find that for
H'-a.e. y € T? the sequence {||(v,1L)’1y LQ(Tiy)}%(;l is bounded, and com-
bined with (v})1, — w1y in Ll(’]I‘iy) for H'-a.e. y € T? we deduce that
Uy € W1’2(T%,y) for H'-a.e. y € T? (see Lemma B.1 in Appendix B for
details). We then continue as above to arrive at (5.7) and conclude that
u € W1H2(T?), which contradicts the assumption that u ¢ W12(T?). Hence
hnnl ioréf kn,, e(upn) = 0o, which concludes the proof. O

Next we prove (UB’) (see Section 2.4).

Lemma 5.5 (Upper bound). Let u € L'(T?) and {N,}>°; C N be such that
N, — 00 asn — oo, and let kZ be the T'-upper limit of ky,, . as n — oo with
respect to the L2(T?) topology; then k! (u) < koo ().
Proof. This proof is an adaptation of the ideas in [5, Proposition 3.5].
The case where u € L1(T?)\ WH2(T?) is trivial. For the case where
u € WH2(T?) we first assume that u € C*°(T?). Define a sequence {uy}°
such that for each n € N, u,, € Ay, in the following way. If (z,y) € S}VJn
then wuy,(z) := u(i/Ny, j/Ny). Then (by a Taylor series argument) u,, — u
in L?(T?) as n — oo. Let l/j\’[i := (i/Nn, j/Nyn) € Gn,; then

1
ij ou, i
D]l\,nun(yNi) :/ a—u(VN]n + se1/Ny,) ds.
0 €T

Jensen’s inequality then gives
hy Lou s 2 Loouw 2
(D un(Vil)? = (/ —u(z/;vj —i—sel/Nn)ds) S/ (—U(V}f +se1/Nn)> ds.
" n 0 ox n 0 ox n
Because u is smooth the Taylor series with remainder gives for z € T?
ou, ou ou

%(V;’\’]ZZ + Sel/Nn) = %(z—f— Sel/Nn) + V£((1 — C)$ + CV;'\}Z;) . (I/;\?Z’L — Z)y
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for some ¢ € [0,1]. Using the fact that u and all its derivatives are bounded,
we find for some constants C', > 0 and C,, > 0 depending only on u that

1 : 2
N,ﬁ/ (8 J 4+ se1/Ny) ds_/ / Vi +361/Nn)> ds d
ox SlJ Nn
/ / < (2 4 se1/Ny )) —l—Cu]VN —z]—i—Cu\l/;\’,j —zﬂ dsdz
’L] n n

w2 -3, A —4
<[ [ 7) () dzds + Cu (Na) > + Gy (N) 4
0 SJZ\}Jn—l—sel/Nn Ox

Analogous estimates hold for Djzvnun(l/jvi)

Note that the sets S}LVJ" + sey/Np, k € {1,2}, are just the squares Sﬁ\ﬂn
shifted a distance s/N,, over the coordinate axes. Because we are working
on the torus we get for some C', > 0 depending only on u

N2 S| (D) W) + (DR, un)” (7))

1,5€IN,
9 )
/ :JGZIN /S” +se1/Nn <£)2(Z) o /Sji\’fiLJrsez/Nn <3Z)2(Z) dz] s

+Cu((Ny) T+ (N) %) = / IVal> + Cu (No) ™+ (Ny)72).
TQ
We deduce that

limsup/ (D}Vnun)2+(D]2Vnun)2</ |Vul?.
T2 2

n—oo

Because u € C*(T?), u is bounded on T? and hence {|u,|}oo; is uniformly
bounded on T2. Therefore there exists C' > 0 such that for all n € N,
W(u,) < C. Because the constant C' is integrable on T? we can use the
dominated convergence theorem (or the reverse Fatou’s lemma) and the
continuity of W to deduce

lim sup W (uy) < / limsup W (uy,,) = W (u)
T2 T

n—oo 2 n—oo T2

(or use [ro (W(up) — W(u))dz = [r f W'(s)dsdx < C [12 |up — ul da).
Combining the two inequalities above leads to

lim sup kn,, «(up,)

n—oo
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< elimsup / (D]lvnun)2 + (D?Vnun)Z + e limsup W (uy)
T2

n—oo n—oo T2
<o f |Vup+e? / W (u) = ko (1). (5.8)
T2 T2

In the terminology of I'-upper limit of Section 2.4 we have proven that
k(1) < koo c(u) for u € C(T?). Since C*°(T?) is dense in WH2(T?) (us-
ing W12(T?) convergence) we use the lower semicontinuity of the I-upper
limit to conclude (UB’) for all u € WH2(T?) as follows. Let {u,}3%, C
C>(T?) be a sequence such that u,, — u in W5H2(T?) as n — oo; then it also
converges in L?(T?); hence,

K (u) < linni)ioréf k! (uy) < linnlgf oo e (tn).

Up to taking a subsequence, u,, — u pointwise almost everywhere; hence,
W (uy) — W (u) pointwise almost everywhere. Thus, by possibly redefining u
on a set of measure zero for n large enough, we have that W (u,) < W (u)+C
for some C' > 0. We can assume ko o(u) < 0o; hence, W (u) is integrable
on T2. Now we can again use the dominated convergence theorem or the
reverse Fatou’s lemma and the continuity of W to find
lim sup W(uy,) < / limsup W(u,) = [ W(u).
n— 00 T2 T2 n—oo T2

Since u,, — u in WH2(T?) we have
. 2 _ 2.
imsup [ [Vunf = [ (TP
n—oo T2 T2

K2 (u) < liminf koo e (ty) < Hmsup koo e (un) < koo e(u). O

n—oo

hence,

Proof of Theorem 5.2. Combining Lemmas 5.4 and 5.5 proves the I'-
convergence result. Note in particular that we have proven the lower bound
for sequences converging in L!(T?), and the recovery sequence for the upper
bound converges in L?(T?); hence, we can conclude I'-convergence in both
topologies. O
Using a technique from [31, 5.8.2 Theorem 3] we also get compactness for
kne.
Proof of Theorem 5.3. In what follows, k € {1,2}. By (5.5) we have for
all n € N, u, € Ay, and

ff/ (DY, un)? + (D3 un)?] +e 1 | W(u,) <C.
T2 T2
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By assumption (W2) on W we find that {||u,|[z2(r2)}52; is uniformly boun-
ded; hence, there is a subsequence of {u,}°°; (again labelled by n) and
a u € L*(T?) such that u, — u in L?(T?) as n — oo. Moreover, we
sec that {[|D§ un|| £2(1?) by is uniformly bounded, and hence there is a
further subsequence {u,}%_; C {u,}2, and a w € L?(T%* R?) such that
Df\,n/un — wy, in L?(T?) as n’ — co. Let ¢ € C°(T?); then

/ un’DécVn,d) = Nn’ / un’(l‘)[(ﬁ(x + ek/Nn/) - ¢($)] dx
T2 T2

= Ny [un’(«r - ek‘/Nn’) - un/(a:)]qﬁ(a;)dx = - ¢D§€\7 , Un/-
T2 T2 "

By (5.3) we have fTQ (Df\, 90—V e;c)2 = KN;Q, for some K > 0; hence,
Df\, 0 — V¢-epin L?(T?) as n’ — oo. Combining this strong convergence
for the difference quotient of ¢ with the weak convergence for u,s and its
difference quotient, we deduce that

/ uVe - e, = lim Uy DY ¢ = — lim ¢ DXy = —/ b wy.
T2 n’/—oo J12 " n’—oo Jr2 " T2
Hence |Vu| = |w| € L?(T?). We conclude that u € W12(T?).

Finally, the strong convergence u,, — u in L?(T?) follows from the bound
on Df\, ,up by a discrete version of the Rellich-Kondrachov compactness

theorem (see Lemma B.2 in Appendix B for details). U

5.2. Simultaneous scaling I'-limit for k%;. In Section 5.1 we studied the
I'-limits of k. by first taking N — oo and then ¢ — 0. We will now show
we can take both limits at once if we scale € correctly in terms of N. This is
particularly relevant for numerical applications. We set ¢ = N~¢ for some
a € (0, q_?_—g), where ¢ is the degree of polynomial growth of W’ in condition
(W), and take the limit N — oo of k% in (5.2).

Note that in contrast to the case for h$; the order of the limits e — 0 and
N — oo are reversed, and thus we have an upper bound on « instead of a
lower bound.

We prove a compactness and I'-convergence result.

Theorem 5.6 (Compactness). Assume W satisfies (Ws3) and (Wy) for given
p>2andq >0, and o € (0, q%) Let {N,,}5°, C N satisfy N, — oo as
n — oo, and let {u, }5°; C LY(T?) be a sequence for which there is a constant
C > 0 such that for alln € N, k§; (un) < C. Then there exists a subsequence
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{un }55_, C {un}, and a u € BV(T?,{0,1}) such that w, — u in L*(T?)
as n' — oo.

Theorem 5.7 (I'-convergence). Let W satisfy (W3) and (Wy) for given
p,q > 0, and assume o € (0, qi—?)
the L'(T?) or L?(T?) topology.

Using the difference quotient notation from (5.4) we can mimic (5.5) and
write

). Then kY L ks as N — oo in either

N / [(Dyw)? + (D3w)?] + N | W(u) ifue Ay,
T2 T2
400 otherwise.

kR, (u) =

The proofs of this section make repeated use of the Modica—Mortola re-
sults [49, 47, 48, 56], which show (L' and L?) compactness and convergence'’

for FGE, L F§P as N — oo. Note that condition (W3) with p > 2 on the
double-well potential W is needed for the compactness result to hold (see
e.g. [56, Proposition 3]).

Proof of Theorem 5.6. Let {u,}5°, C L'(T?) be a sequence such that
kR (un) < C. Below we will prove the claim that there is a sequence

{on}p2; € WH2(T?) such that ||v, — un|z2(r2) — 0 as n — oo and
kS, (un) > Fta (vn) + R, lim Ry, =0. (5.9)

Given the veracity of this claim, it follows by the Modica—Mortola compact-
ness result for F' gfa [49, 47, 48, 56] that there is a subsequence of {v,}5

(again labeled by n) such that v, — w in L?(T?) for a u € BV (T?,{0,1})
(here we need condition (W3) on W with p > 2). Using the triangle inequal-
ity and the fact that v, — un||p2(12) — 0 as n — oo, we then conclude that

there is a subsequence of {u,, }°2; converging in L?(T?) to u.

To prove the claim, first we show that |[up o2y = O(Ny / 2). Assume
not, and let v > §; then there is a subsequence (labeled again by n) such that

10Ag remarked in an earlier footnote, results are usually stated in the L' topology, but
for example [53, 15, 25] note that the I'-convergence can be stated in the L? topology
as well. Compactness in L? follows from compactness in L' combined with the binary
nature of the limit function. Finally, note that the original results on bounded domains
are easily adapted for the torus. Compactness is not hindered by the periodicity because
no regularity beyond BV (T?;{0,1}) is needed for the limit. The lower bound generalizes
immediately by restriction to sequences of periodic functions. The important properties
of the recovery sequence for the upper bound are local properties near the boundary of
supp u and so are also satisfied on a periodic domain.
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for each n there is a square S’}V]n on which |(uy); ;| > Ny. For definiteness
assume (up);j = Ny. By the uniform bound on k; (u,), we have
- 2
Ny (N = (un)it1,5)” < C; (5.10)

hence, w;y1; = O(Ny). By induction over all the squares Sf\’[]n we find
that u, = ©(N;). Therefore HunHip(TQ) = O(NE), but by the coercivity
condition (W3) on W (for any p > 0) the uniform bound on k%; (u,) demands

ClHUnHIEp(Tz) < / W(uy,) < CN, “,
T2

which is a contradiction. N
Now for any u,, let v, be its bilinear interpolation: For (z,y) € S}(,Jn define

on(z,y) = N, [(un)m’ (Z;nl - l‘) (j;nl B y)
+ (un)it1,j <33 - J\an) (j;nl - y)

() o ) (o) (- )]

where for notational convenience we have identified u,, € Ay, with its coun-
terpart in Vy,,. Thus defined, vy, is continuous and [|vp || oo 12y = [t || oo (2).-
A straightforward computation shows

s 1 5 Jn 07 2
/T2 (Un = un)”™ = 72Ny > [5((%%4 — (un)i+1,5)

ij=1

= ()i — (wn)ijin)” +4((wn)ig — (un)isrj1)’

2

N~ N~

((un)i—i-l,j - (un)i,j+1)2 - ((un)i+1,j - (Un)z'+1,j+1)
— ((un)ige1 — (Un)i+1,j+1)2]'
First we note that there is a C' > 0 such that
((un)ij = (un)is1ji)”
< C{((un)m‘ - (un)i+1,j)2 + ((un)ig1j — (un>i+17j+1)2:|’
((Un)z‘+1,j - (un)i,j+1)2

< C[((un)m,j — (un)ig)” + ((un)ig = (un)i,j+1)2]-
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Next we use periodicity to deduce

Np, ) Nn, )
D (n)ivrg = Wa)ivrgen)” = Y ((un)ig — (wn)igr) s
i,j=1 i,j=1

and analogously for similar terms. Using the uniform bound on k% (u,) we
find

/JP(U - Un) <CN, 2 Z [ Up) i+1,j — (u n)i,j)z + ((un)i,jJrl - (un)i,j)Q]

4,j=1
S CNn—Q-‘ra.

Thus, [|vn — unl[z2(r2) — 0 as n — oo. Another computation gives

L) = %Z[ (s = (un)ig)” + ()i o = (n)isin)

+ ((wn)it1,j — (un)ig) ((un)ig1j1 — (Un)i,j+1)]
Using periodicity as above in combination with the inequality

(un)it1 — (wn)ij) ((wn)ig1 41 — (Un)ijt1)

< ; (((un)l+1,] (Un)i,j)2 + ((Un)i+1,j+1 — (u”)i’jJ’»l)z)’

we deduce

/TQ <881;1>2 : % (i1 = (wn)ig)”

l’.?

and the analogous result for sz (%%)2.
Finally we note that
Ny | W(up) =Ny [ W(v,) + Ry,

T2 " T2

where
Ry = Ng/ (W () — W(on)) < NEMY |t — vl pigezy  (5.11)
T2

< NEMY un = vall 2y < MY NZ*
Here

MY :=max = max |[W'(s)].
z€T? s€(vn (z),un ()]
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By construction, since |[up || (12) = O(NS/Q), we have
||Un||Loo(1r2) = O(NS/Q)-

Hence, the maximum over s is achieved for some s = O(Nf:/ 2). By the
regularity of W’ and its polynomial growth condition (Wy), we then have

MWV = (’)(N,?Qﬂ); hence, R, — 0 as n — oo by the choice of a.

The inequalities above prove the claim and hence finish the proof. ]
Remark 5.8. Clearly, the L?(T?) convergence in Theorem 5.6 can be re-
placed by L!(T?) convergence if desired.

Lemma 5.9 (Lower bound). Assume W satisfies (Ws3) and (Wy) for given
p>0andqg >0, and o € (0,;—3). Let u € LYT?), and let {u,}°,; C
LY(T?) and {N,,}>°, C N be such that u, — u in L*(T?) and N,, — oo as
n — oo; then
koop(u) < liminf kY (uy).
n—oo

Proof. Without loss of generality we can assume that k%, (uy) is uniformly
bounded. In the proof of Theorem 5.6 we established that then estimate
(5.9) follows, where the v, are the bilinear interpolations of u,, that converge
to u in LY(T?). Using the I-convergence result of Modica and Mortola
[49, 47, 48, 56], specifically their lower bound, we find

liminf kY (u,) > liminf (Fﬁfa (vn) + Rn) > kooo(u). O

n—oo n—oo

Remark 5.10. As noted earlier in Remark 5.1 our results (and proofs)
generalize to T? if the terms in k% are rescaled properly depending on the
dimension d. In this case we carefully need to reexamine the admissible range
for a in Theorem 5.6 and Lemma 5.9 (and hence by extension Theorem 5.7).
In particular, (5.10) becomes

NE TN = (un)itry)? < C,

and hence we need to choose v > %‘H

and deduce that ||un| feo(r2) =

at
O(Ny, ? ). Generalizing (5.11) and the discussion that follows then leads
2q72(d72)) In
a(q+3)
particular, ¢ in condition (W) should be chosen larger than d — 2.

to the conclusion that the admissible range of o is a € (O,

Lemma 5.11 (Upper bound). Leta € (0,1), u € L(T?), and {N,,}5,; C N
be such that N,, — oo as n — oo, and let k" be the I'-upper limit of ky, as
n — oo with respect to the L?(T?) topology; then k" (u) < koo o(u).
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Proof. The case where v € L'(T?)\ BV(T?;{0,1}) is trivial, so assume
u € BV(T?;{0,1}). First assume that supp u has smooth boundary 9 supp u.

By the classical Modica-Mortola results used before, ko . I'-converges in
both the L!(T?) and L?(T?) topology to kaoo. Let {v,}5 be the recovery
sequence for this convergence with ¢ = N (see e.g. [47, Proposition 2],
[16, §7.2.1]); then each v, € W2(T?) is a Lipschitz continuous function,
vp — w in L?(T?) as n — oo, and hm supk —a(vp) < Koo,0(u). We denote

the Lipschitz constant of v, by K, and note that K, = O(Ng) as n — oo.
We now follow a similar line of reasoning as in the proof of Lemma 5.5,
but need to be more careful to deal with the lesser regularity of v, (only

Lipschitz continuous instead of C'*°). For each i,j € Iy and each n € N,
define

vy, = argmin| (D, va(2)* + (D}, va(2))%).

]
ZESNn

where we used the difference-quotient notation from (5.4). Note that since

vy, is continuous and SE\’,JH is compact, the minimum is attained. Note that

it may be that v Jn € S}‘\,Jn \ S}VJH Now define a sequence {uy}2° such
that for each n € N, u,, € Ap, in the following way. If = € Sﬁ(,’n, then
Up(z) 1= Un(VN ). Note that by construction

(D n(2))? + (D, un(2))? < (D, 0n(2))? + (D3, 00 (2))2
First we check that u, — u in L%(T?). We estimate |ju, — ul|p2(r2) <

[tn = vnllr2(r2) + lUn — ul| [2(72). We know that v, — u in L*(T?); for the
first term on the right we use the Lipschitz continuity of v, to compute

i =l = [ Junle) = (@ = 3 [ fonkl) ~ va(o)?da
jEIN Nn

<K2 Y vyl — 2P dx < V2K2ZN2IN,’N, 2.

n n n
JEIN Nn

Here we have used that there are Nj 2 nodes in the grid, the area of each
square S, jn is N2, and for z € S}/ we have vy, — x| < V2N, 1. Since
K, =0O(Ng)asn —ooand a <1, we have || un —vnH%Q(Tz) — 0 asn — oo,
and hence u,, — u in L?(T?).

Since vy, : T? — R is Lipschitz continuous, if we fix either y € T or z € T
so are vy, (-, y) : T — R and vy, (z,-) : T — R. Therefore by Rademacher’s
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theorem the partial derivatives of vy, exist almost everywhere on horizontal
and vertical lines; hence, we have, for almost every = € T2,

1 ! 8Un 2 1 81/”
Dy vp(z) = —(z+se1/Ny)ds, Dy vp(z)= | ———(x+sez/N,)ds
" o Oz " o Oy
By Jensen’s inequality,

(Dj, vn(2))? = ( i a;n (x + se1/Ny)d )2 < /01 (%($+561/Nn)>2ds,

and similarly for D?ann(x). For the finite-difference terms in k% (un) we
now find, by construction of u,,,

= > |, [(DNun(@)? + (DR, un(2))?] do
i,JEIN, ;\}i
< > [, [(Dnoa(@)? + (DX, vn(2))?] da
i,J€IN, S;\}i
! vy 2 Ovy, 2
< Z /S” /0 [(E(m’—i— sel/Nn)> + (8—y(:1:+ seg/Nn)> } ds dx
1,5€IN,, Np,
/ Z / <8Un dm +/ avn (SC))2 dx} ds
i.j€ln, i +S€1/Nn iJ +862/Nn

where we have used Fubini’s theorem and the fact that we are working on a
torus, so the union of all sets of the form S”n + sex /Ny, (for either k =1 or
k = 2) is the same as the union of all SZ 5 e, T?.

To deal with the double-well potentlal “term in k% , we first note that for
each z € T? and each n € N, v, () € [0, 1]; hence, W’ is bounded on intervals
of the form [v, (), Un(VN )] by some C > 0. Therefore, for = € S%/ =z

Un(’/]l\}]n)
W (un () = W (vn(2)) = W (vn (V) = W (vn(x)) = / o) W'(s)ds

< C’|vn(y§\’ﬂ;) —vp(2)] < oKn|VM — .
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We thus find
W(un)(@)de = | W(vu(2))da +CK, Y / i — ol da
T2 SEJ n
n

2
T i,jGINn

< [ W(va(z))dx + CK,N>N, >N, *.
T2
Hence [ W(un)(z)dz < [1o W(vn(z))dx + Ry, where R, = O(NS1).
Since a < 1, R, — 0 as n — oo.
Combining both terms in k%, we find & (un) < Kk y-a(vn) + Rn. We

already know that limsup k_ y—a(vn) < kso,0(u), so we have proved that for
n—oo k) n

u € BV(T?;{0,1}) with smooth 0 supp u we have lim sup kR, (un) < koo o(u),

n—o0
or in terms of the I'-upper limit, & (u) < koo o(u).

Now let u € BV(T?{0,1}), not necessarily with the smoothness con-
dition on the boundary. Then by [9, Theorem 3.42] there is a sequence
{0,352, € BV(T?;{0,1}) such that each supp u,, has smooth boundary and

lim koo 0(tn) = Kkooo(u). Hence by lower semicontinuity of the I'-upper

n—oo

limit k&"” we conclude
K" (u) < liminf k" (t,) < liminf ke 0(tn) = koo,o(u). O

n—oo n—oo
Proof of Theorem 5.7. Since we have used L!(T?) convergence in (LB)
in Lemma 5.9 and L?(T?) convergence in Lemma 5.11 for (UB’), we can now
conclude I'-convergence in either of these two topologies. O

5.3. Discussion of the range of a. The range of admissible o in the
results in the previous section is not only of theoretical interest, but is also
important for computations. In simulations, choosing € of the right order is
a hard problem. If ¢ is too small in gradient flow simulation, this leads to
the phenomenon of “pinning,” where the initial condition gets pinned down
into the wells of W without changing its geometry. On the other hand,
an € which is too large leads to immediate diffusion of the initial condition
and loss of some relevant features. Our results do not directly address the
gradient flow, but are in the same spirit.

In the proof of compactness and the lower bound above we have assumed
a € (0, qT23)7 where ¢ is the degree of polynomial growth of W’. There
are some reasons to believe this restriction could possibly be relaxed to
a € (0, q_%), but we have not found a proof for this statement.

First note that the dependence on ¢ in the range of a comes from the
discrete nature of the problem. Fundamentally it can be traced back to the
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lack of a chain rule for discrete differentiation. Trying to copy the classical
Modica—Mortola result, we can define w,, := Ou” /W (s)ds and estimate

/ Vwa| = N 12|wnz+u (wn)ig] + [(wn)ijar — (wn)iy|

i,5=1
< 2N ! Z ( Wn)it1,j — (Wn)i)? + (Wn)ij1 — (wn)z’,j)g])Z
t,j=1
(un)it1,j 2 Un)i,j+1 3
— N7 ;1<</un) ) \/st> + (/(un) ) \/7ds) >
o Y ([(Ctndisns = Cwndis P01
i,j=1

N

+ ((un)ij+1 — (un)z‘,j)QW((uZ)i,jﬁLl)D :

where (uy)iv1,5 € [(Un)iy, (Un)i+1,5] and (u)ij41 € [(Un)iy, (un)ij+1] come
from the mean-value theorem. If we had control over the behavior of W
in between grid points, we could use Cauchy’s inequality to bound the ex-
pression above by k%, (u,). Without condition (Wy) this control is lacking.
We could do without this condition if we would somehow have an a priori
L*> bound for the sequence {u,}>2 ;. This reflects a similar situation in the
continuum case [56, Remark 1.35], where condition (W3) with p > 2 can be
dropped from the assumptions needed for compactness if an a priori L™
bound is available. By construction, a uniform bound on [|uy|| e (r2) gives a
similar bound on [|vy || ;e (12); hence, under such an a priori bound we could
drop conditions (W3) and (W4) from our assumptions and eleminate g (i.e.,
g = 0) from the restriction on a. The difference with the continuum case is
that in our case (in the absence of an L> bound) we need control over W
and its derivative W’. The scale of the discretization, N~!, should be fine
enough to resolve the variations in W’.

Next note that in the proof of the upper bound we only use o € (0,1).
This restriction has a natural interpretation: If we interpret N—' as the
discretization spacing, then e = N~¢ for 0 < « < 1 tells us that the dis-
cretization should be fine enough to “resolve the diffuse interface,” which, in
the continuum case, has width of order . The following example shows that
for a > 1 the lower bound fails. Let u € BV (T?,{0,1}) be equal to zero on
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half the torus (say on [0,1/2] x [0,1)) and equal to one on the other half,
and let {u, }°2; be a sequence converging to u in L!(T?) obtained by simply
discretizing u on the grid Gy, for a sequence {N,}7°,, N, — 0o as n — 0.
Then W(uy,) = 0 for all n. The finite difference term in k%, (u,) only has
nonzero contributions along the boundary between the parts of the torus
where v = 0 and v = 1. Thus there are 2N jumps of order 1, and hence
kR (un) = 2N~ If o > 1 this converges to zero, but the limit functional
Eoo,0(w) > 0, which contradicts (LB).

Finally, note that in (5.11) our estimate is not sharp since we use Hélder’s
inequality to go from |[un — vn| 11(12) tO ||t — vallL2(12). If instead a bound
[ttn—=vn || L1 (12) = O(N;; 1) could be proved, possibly using the uniform bound
on kY (uy), then in (5.11) the condition on « relaxes to a € (0, q%), which
in the absence of ¢ would reduce to a € (0,1). We therefore conjecture that
a € (0, q_%) is in fact the natural restriction for a (on T?; see Remark 5.10 for
a discussion about the range of « in general dimensions), or, if an a priori
L*> bound is available, a € (0,1). However, it might be the case that a
bilinear interpolation is not the right interpolation to attain this bound.

5.4. Constraints. In this section we show that addition of a fidelity term
or imposing a mass constraint are compatible with the three I'-limits we
established, i.e., N — oo for k., ¢ — 0 for ky -, and N — oo for k.

The Modica-Mortola limit ko ¢ EN koo0 as N — oo in the LP(T?) topol-
ogy, p € {1,2}, is known to be compatible with a mass constraint, e.g. [47,
Proposition 2], [56, Theorem 1], and [15, Proposition 6.6]. Furthermore,
since an LP(T?) fidelity term, p € {1,2}, is clearly continuous with respect
to LP(T?) convergence, it is also compatible with the I-limit. The theorem
below addresses the other two I'-limits for ky . and k%;.

Theorem 5.12 (Constraints). (1) kyc+AN"2|-—fx b LN koot [ |-—flb
for N — oo in the LP(T?) topology, where p € {1,2}, A > 0, f € C}(T?),
and fn € An is the sampling of f on the grid Gn (f, fn, and their norms
can also be defined on subsets of T and G as in Theorem 4.13, part 4.13).
A compactness result for kn . + AN=2|. —f|} as in Theorem 5.3 holds.

If instead, for fired M € [0,1], the domain of definition of kn ¢ is restricted
to V]Z\\,/[ (i.e., VM from Theorem 3.6 on the grid Gy), then the T'-convergence
and compactness results for N — 0 remain valid, with the domain of ko
restricted to VM.

(2) kS +AN"2 - =B D koo + A fya |- —f[B for N — oo in the LP(T?)

topology, where p € {1,2}; A, f, and fn are as in part 5.12; and o € (0, (1_273)
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is as in Theorem 5.7. A compactness result for kY + ANT2 . —fb as in
Theorem 5.6 and Remark 5.8 holds.

If instead, for fized M € [0, 1], the domain of definition of k% is restricted
to V]]\\f, then the I'-convergence and compactness results for N — 0 remain

valid, with the domain of ks o Testricted to yM,

We give a sketch of the proofs.

(1) The compatibility of the fidelity term with the I'-convergence and
compactness follows as in the proof of Theorem 4.13, part 4.13. As in that
theorem, the mass constraint is preserved under LP(T?) convergence and so
is compatible with both (LB) and compactness'!. To show that the mass
constraint is compatible with (UB’) as well, we need to check two condi-
tions. First, the recovery sequence which was constructed (in the proof of
Lemma 5.5) for u € C°°(T?) should either satisfy or be able to be adapted
to satisfy the mass constraint. Second, for each u € W12(T?) there should
be an approximating sequence {u,}5°; C C°°(T?) which has constant mass.
The latter follows directly by the use of normalized mollifiers to construct
the approximating sequence. For the former condition we follow an argu-
ment reminiscent of the proof that a mass constraint is compatible with the
Modica—Mortola I'-convergence result for the continuum Ginzburg-Landau
functional; see e.g. [47, 56, 15]. Assume that [r,u = M for some M > 0.
Because u is smooth it has bounded derivatives on T?; hence (using the
notation Sy’ from (2.2)),

Nn
Up — U = E
T2

[ /N0 /N = u(e)] da
ij=17 5N,
Ny, ~
<Cu > [ NN /N~ alade < G
s

ij=1

for some constants C,, and C,,, depending only on u. Hence for each n € N
there is a 6, = O(N,; !) such that @, := u, + &, satisfies fw Uy, = M. For
this new proposed recovery sequence we compute

kn, e (iin) = kn, (up) +&7 /T2 W (i) — W (un)] .

HUBoth the fidelity term and the mass constraint are not only compatible with the
compactness result, but even help with concluding uniform boundedness of either Ll(']I‘z)
or L?(T?) norm and hence can replace assumption (W) in Theorem 5.3 when compactness
with respect to the correct topology is considered.
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By Taylor’s theorem, for x € T2, W(tu,(z)) — W (un(x)) = W (cn())dn,
where ¢, () € [up,un, + 5. Since u is continuous and hence bounded on
T2, the sequence {u,}°°; is equibounded, and hence, because W € C?%(R),
W'(¢ey) is equibounded. Therefore, the sequence {1, }5° ; is indeed a recovery
sequence for (UB) with u € C*°(T?) and satisfies the mass constraint.

(2) As in part 5.12, the addition of fidelity terms is compatible with the
I'-limit and compactness and the mass constraint is compatible with both
(LB) and compactness. For compatibility with (UB’) again we check two
things: First that the recovery sequence which was constructed (in the proof
of Lemma 5.11) for u € BV (T?;{0,1}) with dsupp u smooth either satisfies
or can be adapted to satisfy the mass constraint, and second that for each
u € BV(T?{0,1}) an approximating sequence {u,}°, C BV (T?%{0,1})
can be chosen for which dsupp u, is smooth and which has constant mass.
The latter condition is satisfied if we use the approximating sequence as in
[9, Theorem 3.42] and then introduce a small dilation, diminishing along
the sequence, of the support of each w, so that the mass remains fixed (see
e.g. [52, Proposition 7.1]). The former condition follows in a way similar to
that of construction above in the case N — oo for k.

5.5. Gradient flow for ky. with constraints. To minimize ky . either
under a mass constraint or with a fidelity term we can use a gradient flow.
First consider the latter case: kyey := kne + A - —f|3. For u,v € Vx we
compute grad(kne ) (u) € Vy via

d
Shnea(u+to)| = (grad(ky.n) (u), o)y

and then set for all 7,5 € In

ou;_;
8tﬁj _ _(grad(kN,g,,\)(“))i,j'

This leads to the equation

ﬁui’j _
ot

47" |:2€ Z (ui,j—uk,l)—I—E_IN_ZW’(ui,j)—I—Z)\(u?;J—fi,j) R (5.12)
(k,DEN(4.5)

where the set of indices of neighbors of (i,7) is given by N (4,5) = {(i —
1,7),(i+1,4),(i,5—1), (4,7 +1)}. The overall prefactor 4= comes from the
factor d;jr, which is needed to cancel the factor d; ; in the Vy inner product.
Here we assume the weights in this case to be equal to 1 (on existing edges).
Equation (5.12) is the discretized analogue of the continuum Allen—Cahn



1162 YVES VAN GENNIP AND ANDREA L. BERTOZZI
equation with data fidelity

0
8? = 2eAu — e "W (u) — 2\ (u — f),
which is the L? gradient flow of FEL(u) + \||lu — f||L2 (T2)"
If instead of the fidelity term a mass constraint is imposed; the term
2X(uij — fij) gets replaced by a Lagrange multiplier

N
KR = 5_1N_4 Z W’(’LLZ'J).
t,j=1
To illustrate we show simulation results using a fidelity term with f the
characteristic function of a square. We use a one-step forward-in-time finite-
difference scheme to discretize the time derivative, i.e.,

W=, ”dt[ze S (u )+ e ENTEW () + 20l — fig) |-
(DN )

Here dt is the discrete time step and the superscript n labels the time step.
We start with a random initial condition u°. We use the inner product
structure on Vy corresponding to the unnormalized Laplacian (r = 0). Using
the structure corresponding to the random-walk Laplacian (r = 1) instead
only gives an overall multiplicative factor % in the right-hand side of the
gradient flow in (5.12), and hence is effectively just a time rescaling leading
to qualitatively the same behavior.

In Figure 1 we use the following parameter values: N = 100, ¢ = 5,
A= 0.1, and dt = 0.01. We use W (s) = s%(s — 1)? for the potential and f is
data prescribed to be 1 in a square region and 0 outside that region.

Note that W' satisfies the growth condition (Wj) with ¢ = 3; hence,
according to Theorems 5.6 and 5.7, N and e should satisfy the relation
N~ =¢ for an a € (0,1/3). The combination N = 100 and £ = 5 used in
Figure 1 falls outside this range (o &~ —0.35), but the simulations still give
a good result. Our theoretical results give a good guideline for choosing «
(especially the upper bound), but in practice different values of a, and hence
e, can produce good gradient flow simulations. We have chosen this larger
value of ¢ for our figures to show a stronger diffusion.

6. THE CONTINUUM LIMIT OF NONLOCAL MEANS

In this section we study the nonlocal means functional gy from (1.6) for a
given fixed ® € C°°(T?). Remember that the weights are wy, y = e~ TN/
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Fieure 1. (A)—(G) show snapshots of the gradient flow
(5.12) using the parameters in the text. (H) shows the corre-
sponding time evolution of ky . (u).

with o, L > 0 constants (possibly depending on N) and dy, v defined in (1.7).
We define the limit weights wy, 5, wy. € L®(T? x T?) as

2
WL,a(eT, y) =e 4;/2 ( O(x)— <I>(y)) , w‘@’c(ff, y) — 6702 fsé ((I’(I+Z)7(I>(y+2)) dz7

where £,¢ > 0 and Sy := {z € R? : |z1] + |22| < £}. The limit functionals
L. LY(T?) - R and g% : L'(T?) — R are

_ /T 2 /T wpo (@ y)|u(z) — uly) dz dy,
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o) i= [ [ wrelalute) - ulw)| dedy,
T2 JT2
We prove a I'-convergence result.

Theorem 6.1 (I'-convergence). (1) If o, L > 0 are fized, then gy RN gk as
N — oo, in the L'(T?) topology.
(2) If o = % for some ¢ >0 and L is such that L/N — £ as N — oo for

some £ € (0,1/2), then gy L gt as N — oo, in the L'(T?) topology.

As explained in Remark 6.5 we do not have compactness in this case.

Note that gy is the functional fy from Theorem 3.1, where the graph G is
the grid Gy and the choices x = N 4 and w = wr, N have been made. Two
main differences between this functional and the previous functionals on the
grid G we considered are that the graph is now completely connected and
the weights are not uniform over the edges. For the latter reason it is useful
to introduce notation for the space of graph weights on G. Given a weight
function w and nodes n; j, ng; € Vv we write w; j i := w(nij, nk,). Define

Wy = {w VN x Vy — [0, OO) : forall 7,7, k,l € In2, Wi gkl = wk,l,i,j}‘

Completely analogous to the identification between Vy and Ay that was
introduced in Section 4.1, we can identify Wy with

Oy = {w:T?x T? — [0,00) : for all 2,y € T?, w(z,y) = w(y,z)}.

Identifying wy, y € Wy with the corresponding wy v € 2y and u € V]‘(, with
the corresponding u € .A?V, we can write

[, [ ernteylut) - u) dedy it ue A,
(u) = T2 JT2

+o00 if ue LY(T?)\ AY.
We prove Theorem 6.1 in two steps. First we show that uniform conver-

gence of the weights suffices for I'-convergence of gy, and then we show that
uniform convergence holds.

gN

Lemma 6.2. Let {wn}¥_; be such that wy € Qn and wy — w uniformly
as N — oo for some w € L>®(T? x T?). For N € N define the functional
goo : LN(T?) — R by
)= [ [ wloplute) — uy)| do dy
T2 JT2

then gn L goo a8 N — oo in the L'(T?) topology.



'-CONVERGENCE OF GRAPH GINZBURG-LANDAU FUNCTIONALS 1165

Proof. Let {N,}5°,; C N be such that N,, — oo as n — o0, and let u €
LY(T?) and {u, }22,; C L*(T?) be such that u, — u in Ll(Tz) as n — 0o.
Assume that for each n € N, u,, € .Ab ~,- Then

\/T /TQWNn(:C,yﬂun(x)—un(y)|d:1:dy—/w AQw(x,yﬂu(z)—u(y)ldxdy

— ‘ /TZ /TQ(WNn(x,y) — w(,y))|un(z) — un(y)| dz dy
+ /T2 /T2 w(,y) (|un(z) — un(y)| — |u(z) —u(y)|) dzdy

<ht [ [ el — i) ~ u(e) +ul)l dedy < L+ 21

where for simplicity we have used the notation

11 (u) '—/ o, (2, y) = w(z, y)[[un (@) = un(y)| dz dy

/1r2/1rz w(#,y)|un(z) - u(z)| dz dy.

Since wy, — w uniformly as n — oo, there is a sequence of constants
Cy, > 0 such that for n large enough |wy, (z,y) —w(z,y)| < C, and Cp, — 0

as n — o0o. Hence,
L < Cn/ / |un () — up(y)| dx dy.
T2 T2

Because up, € A, , we have [u, (2)—un(y)| < 2 for almost all (z,y) € T2 xT?,

and hence Iy — 0 as n — oo. Furthermore, Iy < ||w]| oo (r2)[|un — ull L1 (T2),

and thus Iy — 0 as n — oo. We conclude that lim gy, (un) = goo(u) for
n—oo

any sequence {u, }>° ; such that u, € A% and u, — uin L'(T?) as n — oo.
In particular, (LB) is proven. To prove (UB’ ), all that remains is to show
that there exists such a sequence.

First assume u € C*(T?) and define u,(x) = u(i/Ny,5/Ny), where
i,j € Iy are such that z € S” from (2.2). This sequence satisfies the
required conditions; hence, (UB ) is proved for u € C*°(T?). We conclude
the argument by using the lower semicontinuity of the upper I'-limit and
density of C°°(T?) in L'(T?) as in the proof of Theorems 5.5 and 5.11 to
deduce (UB') for v € L'(T?). O

Remark 6.3. Note that gy does not converge uniformly to g, because if
u € LY(T?) is such that for all N € N u ¢ A%, then |gn(u) — goo(u)| = o0
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If we would restrict the domains of gy and g, to continuous u and define
gn to be

gn(u) :== /11‘2 /11‘2 wn(z,y)|lun(z) — un(y)| dz dy,

where uy(z) = u(i/N,j/N) where i and j are such that = € Si’i, then
gN — goo uniformly by the estimates in the proof of Lemma 6.2. By [28,
Proposition 5.2], gy then I'-converges to the lower-semicontinuous envelope
of goo.

Lemma 6.4. (1) If o,L > 0 are fized, then wi Ny — wr, uniformly as
N — oo.

(2) If o = & for some ¢ > 0 and L is such that L/N — { as N — oo for
some £ € (0,1/2), then wy, N — wy uniformly as N — oo.

We defer the relatively straightforward proof to Appendix B.

Proof of Theorem 6.1. Combining Lemmas 6.2 and 6.4, the result follows
directly. O
Remark 6.5. It is important to note that for gy we do not have a com-
pactness result in the L!(T?) topology. If we have sequences {N,,}°; and
{un}52; such that N,, — oo as n — oo and u, € Abn, the bound on

|tn|lpoo(T2) allows us to conclude that up X 4 for some subsequence (la-
belled again by n) and some u € L*®°(T?). In order to deduce L!(T?)
convergence we would need some information on the derivatives (or finite
differences), which we do not have when the weights w are nonsingular. A
uniform bound on gy, (uy) adds no useful information since gy, (uy) < 1 per
definition, if u,, € AI]’VTL.

A simple counterexample is the case where ® is constant, hence the graph
weight function w = 1. Let uy € AIJ’V be a checkerboard pattern on Gy (i.e.,
as a function in V]l{,, (un)o,0 =0 and (un)i; # (un)it1,; = (un)ij+1 for all
i,7); then

gn(un) = /2 /2 lun(z) —un(y)| dzdy = 2| supp un| |(suppuy )| < 2.
T T

However, no subsequence of {uy}x converges in L'(T?), as can be seen as
follows. Let M > N; then the square S}/ contains (’)((%)2) squares of size

M~! by M~'. On approximately half (at least O(1)) of these ups # un, so

/P luy — unr| = NZM—%((%)Q)OQ) = 0(1).
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7. DISCUSSION AND OPEN QUESTIONS

In this paper we have shown various I'-convergence results. The con-
vergence of f. in Section 3 shows that we can extend the classical Modica-
Mortola I'-convergence result for the Ginzburg-Landau functional to graphs,
if we are careful about the precise scaling. The discrete nature of a graph
forces us to not include an ¢ in the finite-difference term, unlike the ¢ in the
gradient term for the continuum Ginzburg-Landau functional. As has been
shown on a specific regular square grid in Section 4, this has consequences
for the limit functional, which now behaves like an anisotropic instead of
isotropic total variation. We recovered the isotropic total variation for the
regular grid case in Section 5 by taking an approach reminiscent of classical
numerical analytic results, instead of graph-based results. Specifically, to do
this we need to choose a scaling in line with standard finite-difference and
quadrature methods and make the limit N — oo dominant over the limit
€ — 0 such that, in a sense, we first get back to the continuum case, before
passing to the total variation. The lesson in here is twofold. On the one
hand it shows that one has to be careful when discretizing on a grid not to
pick up grid direction, which has been known to numerical analysts for a
long time. On the other hand, however, it entices us to look at graph-based
functionals and nonlinear partial differential equations in their own right,
because they can behave in surprising ways if the topology of the graph is
allowed to interact with the functional or PDE. This conclusion is reminis-
cent of the behavior which is found in [41]. In that paper the authors study
the limit of the graph Laplacian on a graph which is constructed by sampling
points from a manifold. They find the limit is independent of the sampling
distribution only for a specific scaling of the graph Laplacian.

In Section 6 we studied the limit of a functional of nonlinear means type
on graphs, showing that while the limit exists, the nonlocal nature of the
functional leads to loss of compactness. This is not expected to be a specific
problem of the graph-based nature of the functional, but of the nonlocality,
and as such is expected to be present for a continuum version of gy as well.

One question raised in Section 5.3 is whether the range of o under which
I'-convergence and compactness of kY can be proven, can be extended to
(0,1). This is an important question in practice when running gradient flow
simulations. A choice of € which is too small or large can lead to either
pinning or too-fast diffusion respectively.

The I'-convergence results for hy . and ky . naturally lead to the question
of the limit behavior for other graphs. In order to have a good interpretation
for that question it is in the first place necessary to have a structured way
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in which to increase m, the number of nodes for the graph. A triangulation
might be the natural next step. A random Erdés—Rényi graph [30] also
carries a natural rule on how to connect new nodes to the graph and may be
an interesting exploration into the question whether the Ginzburg-Landau
functional on a graph without explicit spatial embedding can possibly have
“continuum” limit. For arbitrary graphs it is less clear how to add new nodes
in a structured way. One option could be to construct a sequence of graphs
where in each next step each existing edge is bisected by a new node.

A question that is very relevant for the applications of the Ginzburg—
Landau functional is that of stability of minimizers with respect to per-
turbations of the graph (e.g., perturb the weights or add or delete nodes).
For example, in data analysis, if the nodes represent data points and the
edge weights measure similarity, it is quite likely that noise is present in the
weights.
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APPENDIX
A. CHOICE OF HILBERT SPACE AND DIFFERENCE STRUCTURE

In this section we will give some background information and derivations
concerning the choices made in Section 2.2 that defined our graph operators
and functionals.

We start by associating ¥V and £ with the finite-dimensional vector spaces
R™ and R™(m—1)/2 respectively. We will turn these vector spaces into Hilbert
spaces by defining inner products on them. We follow the procedure de-
scribed in [41, Section 2]'2. For u,v € V and ¢, ¢ € £ we define

1
(,v)y == > uwia(d;), (@ d)e =5 D wiiiBwiy),
i€l 1,JELm
12We slightly deviate from [41]. Instead of sums Y7 they use averages Ly,
which is a choice not unanimously adopted in the literature, but which leads to cleaner
convergence statements in [41]. We could adopt this convention in this paper, but it would

not significantly alter our results, mutatis mutandis.
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where «, 5 : [0,00) — [0,00) are functions yet to be determined. Note that

a priori we allow a and 3 to take the value zero, which means that the above

“inner products” might be positive semidefinite and not positive definite. We

will get back to this issue after we have decided on our choices of o and 3.
As in [35] we also define the dot product for ¢, ¢ € € as

1
(p-9)i:=3 > widiiBwi).
J€Im
Note that ¢ - ¢ € V. As explained in [41] we can now define the difference
operator or gradient V :V — & as
(Vu)ij = y(wij) (uj — ui),

where v : [0, 00] — [0, 00] is a third yet-to-be-determined function. With this
choice for the gradient we find that its adjoint, the divergence div : £ — V,
is given by [41, Lemma 3]:

(div p); == QaEdi) jezl Blwij)y(wij)(@ji = @iz)-

This expression follows from the defining property of the adjoint: (Vu, ¢)e =
(u,divp)y for all w € V and all p € €.

Now that we have inner products, a gradient operator, and a divergence
operator, we can define the following objects:

e Inner product norms |Jully := \/(u,u)y and ||¢|s = +/{@, ¢)s.
e Maximum norms'* ||u||y o := max{|u;| : i € I,,,} and
e 0o = masc{iis| 4,5 € L.
e The norm corresponding to the dot product ||¢l; := /(¢ - ¥);.
Note that || - [|¢.dot € V.
e The Dirichlet energy 3| Vul|2.

L3Note that if @ and (B are such that positive definiteness is satisfied, these inner prod-
ucts do indeed turn V and £ into Hilbert spaces, since convergence with respect to the
induced £ norm preserves skew-symmetry.

1, justify these definitions and convince ourselves that there should be no 8 or v
included in the maximum norms we define [|¢[% , := %Zi’jelm ©7;B(wij). Adapting the
proofs in the continuum case in e.g. [1, Theorems 2.3 and 2.8] to the graph situation,
we can prove a Hélder inequality [|p¢lle,1 < [[¢lle,pll@lle,q for 1 < p,g < oo such that

. 1 1_1
+ % = 1, an embedding theorem of the form ||¢lle, < (5 Z ﬂ(wij)) " lle.q for
1,5€Im
< p < g < oo, and the limit lim ||¢|le,p = ||¢]le,00. A similar result holds for the norms
p—00
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e The graph Laplacian A :=diveV :V — V. So

(Au Z Blwij)7* (wig) (ui — ;).

J€Im

e The isotropic and anisotropic total variation TV : V — R and TV, :
VY — R respectively:

TV(u) := max{(divp,u)y : ¢ € &, max llelli < 1}.
TVa(u) := max{(divp,u)y : ¢ € &, ||¢|le,00 < 1}

We note that by the property of the adjoint we can also use (Vu, )¢ in the
definitions above instead of (div ¢, u)y. In this finite-dimensional setting
these maxima over unit balls will be achieved; hence, we are justified in
using max instead of sup.

Before we start making specific choices for «, £, and ~, it is interesting to
make some general observations which do not depend on these choices.

e We can alternatively derive the Laplacian via the variational principle
from the Dirichlet energy as follows. Consider u,v € V and t € R; then

dtQHVUHUHs 5 Z Blwig)y* (wig) (wi — ug) (v — vj)
=0 4,j€Im
= ) Blwip)y* (wig) (us — uj)v;
4,J€Lm
V2
B i,j€lm ﬂ(wzcjx)(Zli)(%]) (ui — uj)via(d;) = (Au,v)y.

If we choose v = u, this also shows that an analogue of “integration by parts”

holds:
(Buuy = 5 37 Blang)roy) (s — ) = [ V.

7]€Im
e We can also give a variational TV-type formulation of the Dirichlet
energy itself via
[Vulle = max{(dive,u)y : p € €, |plle <1}.
To see why this holds we first remember that (Vu, ¢)s = (div ¢, u)y. Then
we see that by the Cauchy—Schwarz inequality,

(Vu, p)e < [[Vullellplle < [Vulle.
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Equality is achieved when

0 = ¢t (u) = { e i [IVulle #0,

0 if | Vulle = 0,

which is permissible since || (u)|e < 1.

We will now make particular choices for o, 3, and . Our choices will be
driven by the desire to satisfy the following properties.

(1) We will consider a family of graph Laplacians indexed by a parameter
r < 1 (not to be confused with the p-Laplacian from the literature). As
it turns out, only the choice of « is influenced by the choice of r. The
Laplacians we consider are

gl Wi Wi
(S i=dl = 3 S = 3 )
j€L, 1 j€L, *
As explained in Section 2.2, by choosing either r = 0 or r = 1 we recover
the unnormalized or random-walk Laplacian respectively. To construct the

symmetric normalized Laplacian as it appears in the literature requires a
gradient of the form

(Vu)ij = v(wij) (\;ZTJ N \Z/L;T)

(¢f. [41]). This falls outside our current framework, and hence we will not
consider it here.!> Some discussion of the pros and cons of different graph
Laplacians can be found in e.g. [43, 58].

(2) The Dirichlet energy is given by 3| Vul/2 = izm‘elm wij(ui — uj)?,
independently of the choice of r in the Laplacian.

(3) The isotropic total variation is

V() = Y IVuli= 5V2 S 3 il — w2

1€1m i€lm \| jJEIm

(cf. [35] where TV is called nonlocal TV because the graph is assumed to
be embedded in a Euclidean space and so what is local on the graph (neigh-
boring vertices) might not be local in the embedding space).

1575 a word of caution we note that the use of the symmetric Laplacian in Allen-Cahn
type equations in combination with a double-well potential W with wells that are not
symmetrically placed around 0 (as in the case where the wells are at 0 and 1) causes an
asymmetry between the two phases that is typically unwanted.
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(4) We will consider a family of anisotropic total variations parametrized

by the parameter g € [1/2,1]

16.

1
TVag(u) = (Vu, sgn(Vu))e = 5 > whlui — .
1,J€Im

The parameter ¢ comes in via the definitions of # and ~ and the signum
function is understood to act element-wise on the elements of Vu.

Let us consider all the points above to find out what conditions we have
to impose on «, (3, and 7 to satisfy this list of requirements.

(1)

As can be seen in the definition of the Laplacian (c¢f. also [41, Defi-
nition 7]), in order to get the desired Laplacians we have to choose
a, 3, and vy such that for each w;; and each d;,

Blwig)y*(wiy) _ wij

Specifically, 8(w;;)v?(wij) = wjj for any choice of r and a(d;) = dp.
We will see below that the choice of « is irrelevant for the points 2—4,
and hence all choices of r are compatible with what follows.

For the Dirichlet energy we compute

1 1 1

§HVU||§ =1 D (ui—uy)*Blwig)y* (wiy) = 1 D wilui —uy)*.
i,j€Im 1,5€1m

Since the graph Laplacian appears as the natural operator in the

Euler-Lagrange equation associated with the Dirichlet energy, it is

not surprising that we do not get any extra conditions on «, (3,

or v from the Dirichlet energy that we didn’t already get from the

Laplacian. It is interesting to note, though, that the Dirichlet energy

does not depend on the choice of « (and hence r in the Laplacian)

at all.

For the isotropic total variation TV we use the Cauchy—Schwarz

inequality on the dot product norm to get (Vu,¢)e = > ;c; (Vu-

)i < Zielm IVull; el < Zielm |Vull;. To achieve equality'” let
=By = { Rl 19Ul 20,

i . Again, we do not require
0 if [|[Vul; =0

16We can take q € R if we interpret wfj as zero whenever w;; = 0.

L7Note that demanding »T" to achieve equality does not determine it uniquely on the
set of vertices for which ||[Vu||; = 0.



'-CONVERGENCE OF GRAPH GINZBURG-LANDAU FUNCTIONALS 1173

extra conditions on 8 and . They will be determined by the last

requirement %,
(4) To compute TV, we use the bound on the maximum norm of ¢ to
find
1
(Vu, p)e = 5 > iy — ug) Blwij)y(wiy)
1,j€Im
1
<5 > lijllus — uglBwig)v(wiy)
1,j€Im
1
<3 D i = uglBlwig)y(wiy).
1,7€Im

To achieve equality we can choose ¢ = ¢® := sgn(Vu); i.e., ¢f; =

sgn(u; —u;) for i and j such that v(wi;) > 0 and ¢f; =0 otherwise!”.
Hence
1
TVa(u) = 5 > ui = | Bwig)y(wiy).
1,j€Im

If we now choose B(wi;) = w%q_l and v(wi;) = wilj_q, then TV, =
TV, while 3 and + satisfy the necessary condition 3 (wij)V? (wij) =
wi; from the previous points.
These choices for «, 3, and v lead to the inner products (or semidefinite
sesquilinear forms), operators, and functions presented in Section 2.2.

It is interesting to consider the conditions under which ||Vul|l¢ = 0 and
”VUHz =0:

IVulle =0 Y wij(ui — uy)® < V(i,4) € I, [wij =0V u; = uy).
4,5€Im
This means that ||Vul|/¢ = 0 if and only if u is constant on connected com-
ponents of the graph. Similarly,

||Vu||l =0 Z wl-j(ui — Uj)2 S Ve, [wij =0Vu; = Uj];
jEI"’L

181 we had defined the dot product (¢ - ¢); = %Zjelm ©ijdij6(wij) for a function
0 possibly different than (3, the requirement on TV would have led to the condition
B2 (wij)v* (wij)

0(wij)
as we have assumed all along.

Note that we can change ¢ on the set of vertices for which Vu = 0 without losing
equality. See also footnote 17.

= w;j. Together with B(wi;)y*(wij) = wi; from point 1 this gives § = 3
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hence, |Vul[; = 0 if and only if u is constant on the set {n; € V : j =
iV e;j € E} consisting of neighboring vertices of the i*! vertex plus the it!
vertex itself.

We see that these conditions do what we would hope and expect them to
do, even if the choice of ¢ has made the £-sesquilinear form semidefinite; i.e.,
|[Vulle = 0 gives global (per connected component) constants and ||[Vul; = 0
gives local constancy.

B. DEFERRED PROOFS

The next lemma was used in the proof of Lemma 5.4.

Lemma B.1. Let {u,}>°, C LY(T) be a such that u, — u in L(T) for a
u € LYT?) and ul, — v in L*(T) for a v € L*(T). Then v =’ (and thus
u € WH2(T)).

Note in the proof below that this result in fact does not depend on the
dimension and holds on T¢.

Proof of Lemma B.1. Let ¢ € C2°(T); then

0= lim o(v—ul) = lim [gov —o'u— pup, + SOIU] .

There is a C' > 0 such that

lim [ [~u—ul] = lim [ ¢ fup —u] < Tim Clluy — ull i) = 0;
n—oo Jp n—co Jp vt
hence, we conclude [ v = — [ ¢ u. 0

The next lemma is a discrete Rellich—-Kondrachov-type compactness result
used in the proof of Theorem 5.3.

Lemma B.2 (Discrete Rellich-Kondrachov compactness result). Let {u,}5%,
C L*(T?) and {N,}°, C (0,00) be sequences such that as n — oo we have
Ny, — 00, up — u in L*(T?) for some u € L*(T?), and the difference quo-
tients (see (5.4)) || Dk unllr2(r2) (k € {1,2}) are uniformly bounded. Then
Up — u in L?(T?).

Proof. For € > 0, let u, := J.u, € C°°(T?) be a mollified function on the
torus, defined to be the solution to the heat equation after time ¢ with initial
condition uy:
Jsun(x) _ Z ﬂ;(k)e_52|k|2+2”k'm,
kez?
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where Uy (k) = [12 upn(x)e™2™* dz. We proceed in two steps. First we need
to prove some properties of the mollifier, then we will prove the statement
of the lemma.

Step 1: From [38, Appendix B| and [39, Lemmal], we get that there is
a C > 0 such that [lug|[z2(r2y < Cllunl|p2(r2). Additionally, J: is a linear
operator. [38, 39] also give |[Jof — fllr2(r2) < ellfllgr(re) for f € H'(T?).
Uy, is not regular enough to use this estimate, so we need a discrete version
of this.

As in the references above, using that 1 — e~ < [6]2 for § € C, we find
that

‘(1 - 6—52’“2)2‘ 252 if k| <6,
1+ |k 672 if |k| >4
Hence,
—e2(k12\ 2|~
s, = wnllFaeey = D (1= = 50) fam (k)
kez?

<1—"“'>‘ e
= (SSZ% T ) X (L) )

keZ?

<Y (L+[EP) [ (k).

kez?

By Plancherel’s/Parseval’s identity we get immediately Y,z [un(k)[* =

|tnl £2(r2y. Furthermore,
2 2
1D, tnlBaceny = [ [(D}vnunu)) + (D% un2))? ] da

2 — 2
= N2 ([ = u)®)] + @il = w)®)] ),
kez?
where u? (z) == un(z + Npe;) for standard basis vectors ej, j € {1,2}. It’s
casily computed that ul? (k) = G, (k)e2™*i/Nn: hence,

A 2 A 2
||DNnun||%2(T2) = Z |U/\n(k’)‘2 HNn(€27”k1/N” _ 1)’ + ’Nn(QQTK"Lk‘Q/Nn — 1)‘ :|
kez?
Recognizing the difference quotient

o2mik1 /N _ o0

Nn 27rik1/Nn_1 — 2rik
(e ) = 2miky omik1 /N,

= 2miky + O(N; 1),
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we deduce
IDN, nlF2r2) = 472 > kP [@m(k)]* + Cn D (k)]
kez? kez?
where C,, = O(N,;1). On the last term we can use again Parseval’s formula.
By the uniform bounds on [|u | z2(2) and || Dy, un||2(r2) we then find that
||us, — unH%Q(TQ) < Ce?,  uniformly in n for n large enough. (B1)

Next we compute an estimate on the derivatives of u,:

0

aixlui(x) = 2m1 Z klﬁn(k)e_€2|k|2+2ﬂik'x7

and hence, since |ty (k)| < [[un| z1(12),

)(fxljeun(x)\ < 2ol S Jhale <A,
kez?
We compute
0 o)
ST <2y ek < 2/ e SR kg +1 = re + 1
ko€Z ka=0 0

and

21.2 s 21.2 o0 21.2 o0 2
Z |kyle™® ki :22 kie ¢ k2 §2/ kie ¢ k1dk1:52/ 22e ™ dp=c"2.
k1€Z k1=0 0 0

Because ||un||p1(12) < [[unllz2¢r2) is uniformly bounded, we conclude (for e
small enough) there is a C' > 0 such that ||VJou,(x) - exl|poo(rz) < Ce™?,
ke {1,2}.

Step 2: Let n > 0, and let n be large enough for the bounds proved in
Step 1 to hold. Fix € > 0 small enough such that, by (B1), for each n we
have [|un, — ug, |[2(12) < /3.

By the bounds from Step 1, both [|ug[|z2(r2) and ||V Joun () - ek p2(72) are
uniformly (in n, for fixed ) bounded, and hence by the Rellich-Kondrachov
compactness theorem [31, Section 5.7 Theorem 1], [1, Theorem 6.2] the se-
quence {us,}°° ; converges strongly in L?(T?) as n — oc. In particular, it is
a Cauchy sequence in L%(T?), so choose M. > 0 such that for all n,m > M.
we have |lu;, — ug,[|z2(r2) < 1/3. Then for such n and m,

|tun —wmll 212y < llun —up |l p2(r2) + lum — up, | 202y + |luf, —ug, |l L2(r2) < 1.
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Thus, {u,}%; is a Cauchy sequence in L?(T?) and therefore converges
strongly in L2(T?). By the uniqueness of the limit it converges to . U

Proof of Lemma 6.4. In both cases we assume without loss of generality
that N is large enough such that % < % For fixed N > 0 and 4, j, k,l € In2,
let + = (i/N,j/N) and y = (k/N,j/N). For z € T2, write f*¥(z) =
(flx=2)— fly— z))2; then from (1.7),

(A} N)igiki = Z [ (r /N, s/N).
r,s=—L
Also define Sy y := {z € T? : |21| + |22| < L/N}. By repeated use of the
trapezoidal rule for approximating integrals, we then find
) /L/N 82f:1:,y

—2( 12
d i — T,y dz — , d
( L,N) Jikl /SL,Nf (z)dz 6N3 LN 073 (21,G2) d=1

82 T,y
6N4Z Ry

=: ¥ (z)dz+ Rp N, (B2)

St.N

where ((1,(2) € Sy y. By smoothness of f and compactness of T2, we have

|Rp n| < Cf% for some constant C'y > 0 depending on f.

For the first statement in the lemma we now find
412

(d%,N)i,j,k,l =N° fPY(2)dz +N*Rp = fo¥(2)dz + N*Rp n

SL.N 1SL.Nl sy n

— AL f7Y(0) = 4L*(f(z) — f(y))2 uniformly as N — oo.

The uniformity of the convergence follows by the bound of the smooth f on
the compact domain T2. This proves the claim (since the composition of
a continuous function and a uniformly converging sequence of functions is
uniformly converging to the composition of the continuous function and the
limit of the sequence).

For the second statement the bound on f allows us to conclude that

/ Y (2)dz — f%Y(z)dz uniformly as N — co.
SL N SZ

The claim then follows by taking the limit N — oo in (B2). O
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