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In this paper we are interested in the microscopic modelling of a two-dimensional
two-well problem that arises from the square-to-rectangular transformation in
(two-dimensional) shape-memory materials. In this discrete set-up, we focus on the
surface energy scaling regime and further analyse the Hamiltonian that was
introduced by Kitavtsev et al. in 2015. It turns out that this class of Hamiltonians
allows for a direct control of the discrete second-order gradients and for a one-sided
comparison with a two-dimensional spin system. Using this and relying on the ideas
of Conti and Schweizer, which were developed for a continuous analogue of the model
under consideration, we derive a (first-order) continuum limit. This shows the
emergence of surface energy in the form of a sharp-interface limiting model as well
the explicit structure of the minimizers to the latter.
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1. Introduction

In this paper we are concerned with the modelling of a discrete, two-dimensional
square-to-rectangular martensitic phase transition in the regime of surface energy
scaling. Due to their interesting thermodynamical and mathematical behaviour,
martensitic phase transitions, being examples of diffusionless, solid—solid phase
transitions, have attracted a large amount of attention (see [6,26] for overviews).
Hence, a number of models for these phase transitions, describing them from both
microscopic and macroscopic points of view, exist in the literature. In the present
paper we continue to analyse the microscopic discrete model for the square-to-
rectangular martensitic transition that was introduced in [20]. In particular, we
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compare it with its continuous analogues, which have been considered previously
in the literature.

1.1. Macroscopic continuum models

Before describing our microscopic discrete model, we recall the most commonly
used features of macroscopic continuum models for martensitic phase transitions
(see, for example, [4,12,15,21,22] and references therein). In this context, a classical
modelling approach is the analysis of purely elastic multi-well energies of the form

W (Vu) dz. (1.1)
2

Here W: R?*2 — [0,00) is an SO(2) invariant, in general non-quasiconvex (bulk)
enerqgy density that describes the energy cost of deforming a reference configuration
2 into its image configuration u({2) by the deformation u: £2 — R?, which is con-
sidered under appropriate boundary conditions. It is assumed that the deformation
u and the associated deformation gradient Vu are in appropriate Sobolev spaces,
which are determined by the growth conditions imposed on the energy density W.
In modelling our phase transitions, we focus on the regime in which the marten-

sitic phase is favoured and W has multiple energy wells, i.e. there exist Uy, ..., U,, C
R2%2 such that W (M) = 0 if and only if M € |J,—; SO(2)Uy. Deformations u that

(almost everywhere) satisfy Vu € (J;—, SO(2)Uy are known as ezactly stress-free
states. If there are rank-one connections between the energy wells, i.e. if for Uy,
Uy, with k # k', there exist a rotation @ € SO(2) and vectors a € R?\ {0}, n € S!
such that

U — QU = a®n,

then examples of stress-free states are provided by so-called simple laminates. These
are Lipschitz continuous deformations u that only depend on the variable n - x and
whose gradient alternates between the two values Uy, QUj, for example,

s
Vu(z) € U ?fm n >0,
QU ifx-n<DO.

However, under general boundary conditions, due to the non-quasiconvex nature
of the energy density W, exact minimizers of (1.1) do not exist. Instead, in many
cases infimizing sequences display highly oscillatory behaviour.

In order to remedy this non-existence issue and the ‘unphysical’ infinitely fine
oscillations, higher-order reqularizations are added [12,15,21,22] leading to energies
like, for instance,

/ W(Vu)dz + a/ |V2u|?dz  with e > 0. (1.2)
I7) 1)

These additional higher-order contributions are interpreted as surface energies since
they penalize oscillations and transitions between different energy wells. Due to

compactness, in general in the associated spaces minimizers to (1.2) exist and dis-
play characteristic length scales (see [12,21,22]).
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While the basic intention of higher-order regularizations always consists of penal-
izing too high oscillations, their precise functional form for macroscopic models is
in general not known (from experiments, for instance). Hence, a number of dif-
ferent possible regularizations exist, which range from various kinds of diffuse to
sharp interface models. Strikingly, experiments show the presence of both diffuse
and sharp interfaces around twin planes for different materials [3,5]. Hence, in order
to answer the question as to which of these energies is appropriate in which situ-
ation, a first principles approach coming from microscopic considerations seems to
be desirable.

1.2. The microscopic two-well problem

While the previously described models have had enormous success in predict-
ing material patterns and microstructure, they are all continuum models. As such
they are macroscopic and ‘phenomenological’. In order to develop a more rigor-
ous foundation for these and other macroscopic models in mathematical physics,
there has been a great effort to introduce microscopic discrete models describing
different phenomena in mathematical physics and relating them to their contin-
uum analogues; see, for example, [8] and references therein. In these microscopic
models it is assumed that the elastic sample is given as a deformation of a ground
state (atomic) lattice, for example, (n=!Z)? or subsets thereof. This deformation
is energetically described by a Hamiltonian, i.e. a sum of local energies originating
from interaction of the ‘atoms’ involved in the microscopic sample. The described
discrete models have been thoroughly analysed in one dimension (for example, for
elastic chains) [9]. As in the continuous analogue, vectorial problems are less well
understood and various approaches have been pursued [1,7,11,18,25,27]. Moreover,
a direct comparison of the scaling behaviour of a discrete and a continuous model
of a two-dimensional two-well problem is given in [23,24]. In the context of the
vectorial set-up in martensitic phase transitions, a key (mathematical) difficulty
that distinguishes it from the one-dimensional case is the presence of a continuum
of energy wells, i.e. U§:1 SO(2)U;.

In what follows, we address a specific two-dimensional martensitic phase transi-
tion, the square-to-rectangular phase transition, from a microscopic point of view.
In the following sections, we introduce our precise set-up based on the discrete
two-well Hamiltonian (with SO(2) symmetry) and present our main results.

1.2.1. Setting

In this section we describe the basic set-up of our discrete two-well problem.
We define the underlying domains and function spaces and explain our explicit
model Hamiltonian. In what follows, we seek to model the two-dimensional square-
to-rectangular phase transition in the martensitic phase in which the variants of
martensite constitute the energy wells. For this purpose we introduce the following
energy wells:

K = SO(2)Uy USO(2)U;, where Uy = (8 2) Uy = (g 2) L a#b (1.3)

Although for the mathematical treatment of our problem this is not necessary,
we restrict ourselves to the most relevant physical situation of volume-preserving
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Figure 1. The set-up of our problem. (a) The reference domain §2,. The solid triangles
correspond to two of the grid triangles A:.;’i. (b) £2,, is mapped into an image configuration.
In the image configuration, admissibility as formulated in (1.10) has to be preserved.
This includes the non-interpenetration condition but also the attainment of the correct
boundary data along the dashed lines.

transformations. This corresponds to the assumption ab = 1. In this study, for
convenience of notation, we denote by ¢ any positive constant depending only (if
not stated explicitly otherwise) on the lattice parameters a and b. Moreover, we
often use the special constant

& = dist(SO(2)Us, SO(2)Uy). (1.4)

We recall that for every deformation U € SO(2)Uy there are exactly two rank-one
connected matrices in SO(2)U7, i.e. there exist (exactly) two rotations @, @ such

that ) )
a® —b a 1 /1
0 Q 1 \[a2+b2 (-b) ® \/i (1)7

(1.5)
~ a’>-b (a 1 1
-0 = Vi (3) @ 75 <_1>'

Macroscopically, we expect that a shape memory alloy with these wells can form
two variants of simple laminates (without bulk energy cost), where the normals to
the jump planes are either given by (}) or (711) Our first compactness result (see
proposition 2.3) shows that indeed this macroscopic expectation can be justified
by starting from a microscopic point of view and passing to the corresponding
continuum limit. Moreover, we note that, due to the rank-one connections between
the wells, Uy and QU are both rank-one connected with their convex combinations:

Fy:= MU+ (1 - NQUy, (1.6)

where @ is the rotation from (1.5) and X € (0, 1).

In order to prepare the definition of our model Hamiltonian, which is formed by
a sum of local energies h having the set K as the set of their local minimizers, we
first define the precise set-up regarding the underlying domains and function spaces
(see figure 1).

DEFINITION 1.1 (domains, deformations, admissibility). In what follows, we con-
sider the following domains.

e For x € R?, d,l € R, we define the translated parallelograms

Qil(sc) = conv{(—d—1,1),(d—=1,1),(d+1,-1),(l—d,—1)} + =z, L
2,(x) = conv{(l — d,1), (I + d,1), (=l —d,=1),(d = |, =)} + = (L.7)
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If x = (0,0), we also omit the point in the notation and simply write Q;l,

e Using the previous notation, we set £2 := 2/, and 2, := 2N (n"'Z)%
e In what follows, we work on the triangles

Al = conv{(i/n, j/n), (i/n, (j + 1) /n), (i + 1)/n,j/n)},
Ay = conv{(i/n, j/n), ((i = 1)/n, j/n), (i/n, (§ = 1)/n)}.

e G™(£2,) denotes the set of all edges involved in the triangles A"]i C £2,.
With slight abuse of notation, we also refer to ‘the grid (2,,” in what follows,
by which we mean the pair (Qn, Afji) for (4,7) € ne2y,.

Moreover, for any given set M C R? and any n € N we define

nM = {(i,5): (i/n,j/n) € M}.

In particular, this defines the sets n{2 and nA?j’i.
On the respective domains, we consider associated deformations u € C'(£2,R?) N
H(£2,R?) and denote their values on lattice points by

=u(i/n,j/n) for (i,j) € nf2. (1.8)

Additionally, we restrict ourselves to admissible lattice deformations u satisfying a
non-interpenetration condition, i.e. on any domain A € {le, 2} under consid-
eration, u € A, 4, where

Ana = {v e C(A,R*)NH(A,R?): for all nA?j’i € A, det(v¥ — ok v — k) >0,

where (k,1), (r,s) € Z* are adjacent grid vertices in nAZFi}.
(1.9)

Finally, we impose boundary conditions prescribed by the matrices from (1.6) on
admissible deformations considered on the whole domain §2, i.e. for any admissible
deformation defined on the whole domain (2, we demand that u € Af*| where

AP = {y € A, q: for all |j| < n, v = F\(i/n,j/n) if i + j < —4n,
v = F\(i/n,j/n) + c for some ¢ € R? if i 4 j > 4n}. (1.10)

Let us comment on these notions. We remark that we can easily switch from
functions u: 2 — R? to grid functions u*: nf2 — R? using the definition given in
(1.8). Conversely, starting from a discrete lattice function u*: nf2 — R?, we can
pass to a function u € C(§2,R?) by piecewise affine interpolation on the triangles

A" + . Hence, most of the functions u € AE> in our applications will be piecewise
aﬁinely interpolated lattice functions satisfying (1.10). Thus, with slight abuse of
notation, in what follows we will use the phrase ‘let {u, }nen C AL be a sequence
of piecewise affine functions on (2,,’ to denote a sequence of admissible functions
that is affine on all of the grid triangles A = c 0.
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In the context of our admissible lattice functions, the non-interpenetration con-
dition contained in (1.9) corresponds to requiring that the labelling of the lattice
triangles nAZ’ji is not reversed or interchanged under the deformation u. Hence, it
can be interpreted as a local invertibility constraint for piecewise affine deforma-
tions u on each of the lattice triangles A" iy tcn (see the recent article of Braides
and Gelli [10] for a criticism of this in the context of discrete-to-continuum fracture
mechanics).

REMARK 1.2. By applying the conventions from definition 1.1 and, in particular,
by interpreting u: 2 — R? as the above described piecewise affine interpolation
of the lattice deformation u*7, the usual spatial gradient Vu of the deformation is
well defined and satisfies Vu € PC(£2,R?*?). Here PC(£2, R?*2) denotes the space
of piecewise constant matrix-valued functions. In addition, we further agree on
working with the following Lebesgue representative for the equivalence class of our
deformation gradient Vu: on the edges of the lattice triangles 8(AZ’]-i) we define the
gradient of u to be equal to its value in the interior of the corresponding triangle
AZZ'F that contains the considered edge. Also, at the lattice point (i/n,j/n) €
(2, the gradient is identified with the one on A ’+ Using this convention, the
abbreviations

Vu = Vu(i/n,j/n), Osu = du(i/n,j/n) fors=1,2,

which are used in what follows, are properly defined.

Propositions 2.4 and 3.7 will deal with functions ¢% of Vu € PC(£2, R?*?), which
are compositions of Lipschitz functions ¢ and Vu. Consequently, these are piecewise
constant themselves. In this context, we will work with discrete gradients, which
we denote by V,,¢%. Here, for any lattice function f¥: 2, — R we set

Vaf = (n(f+09 — f3) n( i+t — poa))T, (1.11)

REMARK 1.3. Note that in order to avoid additional technicalities connected with
boundary effects and in order to keep the leading order of the bulk elastic energy
zero in all considerations below, we define our reference domain {2 as the paral-
lelogram from definition 1.1 (with sides orthogonal to one of the normals of the
rank-one connections from (1.5)).

Keeping these conventions in mind, we proceed with the definition of our model
Hamiltonian, which was previously introduced in [20].

DEFINITION 1.4 (model Hamiltonian, I). Let u € C(2,R?)N H*(£2,R?). Then the
model Hamiltonian on the lattice n{?2 is defined as

> i

(,7)EN

2 1] _ ul:tlj uij _ uij:tl
= 2 Ak —t
n

1,jEN n
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RIN(C R

(i,5)€Eng? Le{j+1,j—-1}
2
L))
k:E{z-‘rlz 1}
u' —u” ukd — 4%
PGt
ZG{JHJ 1},
ke{i+1,i—1}
[z ()7
Ce{j+1,j-1}
kj _ o, id 2
LI () f)
ke{z+lz 1}
il zg i
n <“ ut : —u >] (1.12)
fE{H—LJ 1}, "
ke{i+1,i—1}

where )\, :=n~! and (-,-) denotes the scalar product in R2.

REMARK 1.5 (boundary conditions). We stress that in our model we impose ‘hard’
boundary conditions in the form of (1.10). Already at this stage we emphasize that
they are ‘seen’ by our Hamiltonian, as for points (¢, j) on the layers with i+j = —4n,
t + 7 = 4n the Hamiltonian still takes the left and right neighbours of these into
account. On these the boundary conditions have already been prescribed. This will
give rise to boundary layer energies (see theorem 1.11).

The Hamiltonian in definition 1.4 is constructed in such a way that the matrices
from (1.3) indeed form its energy wells, i.e. H,(u) > 0 for all admissible u and
H,(u) = 0 if and only if Vu € SO(2)Uy or Vu € SO(2)U; on the whole of 2.
On the level of the local energies h%J the deviation from the wells is measured by
penalizing deformations that do not map horizontal and vertical unit line segments
onto line segments of either the lengths a or b. Physically, this corresponds to two-
body interactions between the five neighbouring atoms (i/n, j/n), (i+1/n,j/n) and
(i/n,j+1/n). Moreover, the local energy h’J favours deformations that enforce that
orthogonal line segments are mapped to orthogonal line segments, i.e. deviations
from orthogonality of the pairs (¢ & 1/n,j/n) and (i/n,j £ 1/n) are penalized.
The latter is physically achieved by three-body interactions measuring the angles
between the vectors w'='7 and u*/*!. We emphasize that the condition on the
angles is necessary in modelling the deformation of an elastic body, as otherwise no
shear resistance would be present.

REMARK 1.6. Using the notation from definition 1.1, we can rewrite the brackets
in the definition of the Hamiltonian (1.12) in terms of lengths and angles of the hor-
izontal and vertical derivatives of the deformations. For instance, the first bracket
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in (1.12) turns into
huy (O1u™ Oyut ™19 Oau™  DoutI 1) 1= (|01 u |2 — a?)? + (|01’ 2 — a?)?
+ (|82ui,j|2 _ b2)2 4 (|82ui,j—1|2 _ b2)2
+ > [(awwk o). (113)

ke{i+1,i—1},
Le{j+1,j—-1}

Hence, the local energy density h: R? x RZ x R? x R2 = R,
(81ui’j, 81ui71’j, 82ui’j, 32ui’j71) — h(@lui’j, 81ui*1’j, 82Ui’j, 82u"’j71)
= EUO (81ui’j, 81ui71’j, 32ui’j, 82ui’j*1)
X l_'I,U1 (81ui’j, 81ui71’j, 82ui’j, agui’jil),

can also be regarded as a function of the lengths and angles formed by the corre-
sponding partial derivatives of the deformation. Here

hu, (O1u™ Oyut =19 Baut™ | outI 1Y) 1= hyy, (Ou™, Opu™I T Oyutd | Oy uiT ).

This also serves as a guiding intuition in defining a more general class of Hamilto-
nians for which our results are valid (see definition 1.10).

In this sense the density h in the Hamiltonian from definition 1.4 (and later also
the ones from definitions 1.8 and 1.10) can be viewed as a Lipschitz continuous
function. The Hamiltonian can be considered as a function of u* or V.

For the individual brackets of the Hamiltonian from definition 1.4 we introduce
the notation

BiiUo = BUO (81ui’j, 81ui_1’j, 82ui’j, 82ui’j_1),
i_LZJ;Ul = hy, (O1u®, 010" =1 9o DputI L),
This notation is used in step 2 of the proof of the I'-convergence result in §3.3.

_ As well as this geometric interpretation of the energy density, the definition of
h also implies the following pointwise control on the distance of Vu to the energy
wells K.

LEMMA 1.7 (lower bound). Let u € AEx. Then for each (i,j) € n{2 the following
bound holds: 3
hid > cdist(Vu™?, K)?2.

In particular,

H,(u) > c/ dist(Vu, K)* dz.
Q
Proof. The proof follows immediately from noticing that, for Vu*/ € GL(2,R),

min{||0;u®’ — 0|, [|1u™| — b| + ||Oeu™ | — a|}? + |(O1u™?, Dgu™T)|

> cdist(Vu™ K)?. O

~ al+ [|9pu
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We further remark that the Hamiltonian defined in definition 1.4 is of mixed
L2~ L3 growth: if on A?j’i the gradient Vu is close to the wells, the local energy h
is comparable to dist*(Vu,, SO(2)Uy USO(2)U;), while if Vu is at a finite distance
from the wells, the energy controls the L®-norm of Vu. Hence, in total

Hy(uyn) > c/ max{dist®(Vu, K), dist*(Vu, K)}.
I7;

In order to avoid technical difficulties with the mixed growth behaviour at infinity,
we truncate the energy density for large gradient values.

DEFINITION 1.8 (model Hamiltonian, IT). Let u € A, Let k: (R?)* — R be a
Lipschitz continuous function satisfying the bound

c1|FI? < k(F) < | F]?

for any F € (R?)* and for some universal constants ¢y, co > 0. Using this function,
we define a modified energy density as

Wit = (U DR + (1= ) (U (), (1.14)

with Ub := (9yu®7, 01ut =19 GauI | GouI 1) and a cut-off function v € C=(R,R)
that is chosen such that y(F) = 1 for all |F| < 10(¢ + 1) and ~(F) = 0 for
|F'| > 20(¢+1). Here the constant ¢ is the one from (1.4). Using this, we define the
(final) model Hamiltonian as

Hy(u):= > A2hi/.
(i,j)ENS

REMARK 1.9. We remark that the energy density from definition 1.8 in particular
satisfies L2-bounds at infinity, and for each (i, j) € nf2 the global estimate

dist*(Vu™7,SO0(2)Uy USO(2)U;) < héd < dist*(Vu™?,SO(2)Uy USO(2)U;) (1.15)
holds.
In concluding this section we stress that the following results are not only valid

for our model Hamiltonian from definition 1.8, but hold for the following more
general class of discrete Hamiltonians.

DEFINITION 1.10 (general class of Hamiltonians). For u € AEx let hiJ be the den-
sity from definition 1.8 and let h. € C%((R?)*,R) be such that (1.15) is satisfied
and the lower bound

hid > ¢y bl (1.16)
holds for each (4,j) € n{2 and some positive constant ¢;. Here the abbreviation

hii is used as above to denote the pointwise evaluation hy(i/n,j/n) at (i,j) € nf2
(analogously to the evaluations defined in remark 1.6). We set

H,(u):= Z n=2hi,

(i.d)ens2
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We emphasize two important properties of this class of Hamiltonians: these are
the lower bound from lemma 1.7 (which follows from that for h/) and the lower
bound (1.16), which allows us to invoke the comparison arguments from appendix A.
The lower bound (1.16) contains the origin of the surface energies, which are more
closely analysed in § 3.

As there are only small modifications in the proofs of the following results, we
always carry them out for our model Hamiltonian H,, from definition 1.8 and leave
the corresponding modifications for the general class to the reader.

1.2.2. Main results

Our main objective in this paper is an analysis of the discrete square-to-rect-
angular phase transition in the regime of surface energy scaling. In this context
we will analyse the microscopic Hamiltonians from definitions 1.8 and 1.10 on ‘low
energy deformations’. More precisely, as in [20], in what follows we study sequences
of admissible deformations {u, }nen for which

Hp(un) < % (1.17)

for some uniform (in n) constant 0 < C' < co. As an immediate property of this
scaling, we observe that, since the Hamiltonian controls the distance of Vu to the
wells, we in particular obtain that dist(Vu,SO(2)Uy U SO(2)U;) — 0 in measure
for deformations satisfying (1.17).

As in the case of atomic chains, which were investigated in [20], we expect that
this scaling in n (in combination with the boundary conditions given by (1.6))
yields deformations that are locally simple laminates in the limit n — oo (see
proposition 2.3).

In this context our main interest is driven by the modelling side of the problem
and by the question of whether the discrete problem can be regarded as an ‘equiv-
alent” of the continuous regularization. Mathematically, our analysis is strongly
based on the fundamental ideas introduced in the treatment of the continuum ver-
sion of the two-well problem by Conti and Schweizer [13-15]. Let us also mention
that these methods differ substantially from the ones introduced in our preceding
paper [20], where, after a special reduction of the Hamiltonian from definition 1.4
onto one-dimensional chains, low energy deformations were treated both analyti-
cally and numerically. Due to the presence of ‘atomic chains’, additional structural
conditions had been exploited in that context.

As the main result of this paper, we prove that in the surface energy scaling
regime and in the continuum limit, i.e. as n — oo, there exists a limiting surface
energy that resembles the analogous limiting energy from the continuous set-up [15].
This result is formulated precisely in the following theorem.

THEOREM 1.11. Let H,(u) be as in definition 1.8. Then, in the sense of I'-limits
with respect to the L' topology on AL>,

nH, — Equrt,
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where

C(Vug(z—,0), Vug(x+,0)) dH!
IV ug
if ug is a piecewise affine deformation

satisfying the boundary condition

Vug(x) = Fy for x1 + xo < —4, |z2| < 1,
Eguri(uo) := Vug(z) = Fy for x1 + 30 > 4, |z2| < 1,

and Vug € BV pe(R x [=1,1]) such that

Vug € SO(2)Uy USO(2)U; almost everywhere
in §2,

00 otherwise.
Here Jy., denotes the jump set of Vugy and

u(z—) := lim u(y).
y=(y1,y2)2a=(z1,22),
y1<T1

The function C(-,-): (SO(2)Up U SO(2)U1)? — R is the limiting energy density
obtained indirectly by minimizing among all deformations with the correct boundary
conditions (see definition 3.3).

Let us comment on the result of theorem 1.11 and its relation to [24]. Similarly
to [24], our analysis is motivated by understanding the relation between the discrete
and continuous regularizations of the square-to-rectangular phase transition. In this
context we are particularly interested in studying the origins of surface energies.
The article [24] compared the scaling of infimizers of a functional of type (1.2) with
a discretization of (1.1) and showed that the corresponding scaling behaviours coin-
cide. In particular, (for infimizers) this allows one to switch between the discrete
and continuum functional (up to giving up constants) and to transfer bounds from
the discrete to the analogous continuum model. In principle, this would permit
us to establish compactness properties for sequences for the discrete (minimizing)
sequences from the compactness properties of their continuous analogues. How-
ever, due to the loss of the constants, [24] does not imply our I'-convergence result.
Instead of exploiting the result of [24], we give an independent proof of the compact-
ness properties, since in our discrete setting this step is simplified by a comparison
with a spin system (due to the presence of next-to-nearest neighbour interactions).
Having established compactness, our proof then follows the ideas outlined by Conti
and Schweizer [13-15] adapted to our discrete set-up.

Let us further note that while theorem 1.11 does not explain the different diffuse
and sharp interface features observed in experiments, it does show that, as in the
one-dimensional case and as in [23,24], discrete two-well energies such as in def-
initions 1.8 and 1.10 naturally lead to higher-order regularizations. If understood
on the level of finite but large sample sizes, they might even give indications for
the experimentally observed behaviour. The analogy between the discrete and the
continuous setting is highlighted in table 1. It provides a natural correspondence
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Table 1. Comparison of the relevant continuous and discrete quantities.

continuum, macroscopic discrete, microscopic
1 N 1, _C
energies / —W(Vu) + €| VZu|* dz < C, Z Z —hi, < —,
@ ¢ i=—nj=-n n n
e—0 n — 00
regularity of u € W22(02,R?) u € C%1(2,R?) is piecewise
the deformation affine on the underlying
lattice (after interpolation)
n n 1
surface energies / e|ViulP de < C Z Z —2|Viu|2 < Cn
2 i=—nj=—n n 1
scaling parameter € -
n

between continuum objects considered by Conti and Schweizer [13-15] and our
discrete setting introduced in the previous paragraph.

1.3. Organization of the paper

The remainder of the paper is organized as follows. In § 2 we derive compactness
(proposition 2.2) and rigidity (propositions 2.3 and 2.4) properties of the sequences
of deformations w,, obeying the surface energy scaling (1.17). In §3 we describe
the limiting surface energies and prove theorem 1.11. Important auxiliary results
are proved in the appendices. In appendix A we provide a mapping of our discrete
two-well problem to a spin system. This yields a one-sided estimate of the origi-
nal Hamiltonian from below. These results are crucially used in our proof of the
compactness results of propositions 2.2 and 2.3. In appendix B we show that our
discrete Hamiltonian H,, provides upper bounds of the discrete second derivatives
of admissible deformations w. While the latter bounds are not actually necessary for
our argument, they are included as an illustration of the comparability of our dis-
crete model and the continuous model from [15]. Last but not least, in appendix C
and appendix D we give sketches of the proofs of the discrete coarea formula and
the well-definedness of the algorithm yielding the perturbed grid in the proof of
proposition 3.7, step 4(a).

2. Rigidity

In this section we prove various rigidity estimates. On the one hand they yield com-
pactness properties (see propositions 2.2 and 2.3) for admissible sequences {uy, }nen
that obey the energy bound (1.17). On the other hand, adapting to our discrete
setting the ideas of Conti and Schweizer [13-15], we show finer rigidity estimates
for sequences, which, in addition to (1.17), also satisfy the smallness condition (2.4)
for a local one-well energy (see proposition 2.4). The latter estimate plays a crucial
role for the cutting mechanism that is used for the construction of the recovery
sequence in the I'-lim sup inequality (see §3.3).
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2.1. Compactness

In this section we exploit the information from appendix A in order to prove
rigidity of the limiting deformation fields (see propositions 2.2 and 2.3). We begin
with the following auxiliary result.

LEMMA 2.1. Let {ty fnen C ALY be a sequence of piecewise affine functions on the
grid 2, satisfying (1.17). Then there exist (up to zero sets) disjoint Caccioppoli
sets {29 and 21 such that

QU0 =0,
dist(Vu,, SO(2)Us) — 0 in L*(£2), (2.1)
dist(Vu,, SO(2)U1) — 0 in L*(£2).

Proof. The proof is based on a comparison argument with a spin-Hamiltonian and
is given in propositions A.4 and A.5. O

In general the L?-convergence (2.1) can be arbitrarily slow; see remark A.6.

PROPOSITION 2.2. Let {up }neny C ALY be a sequence of piecewise affine functions
on the grid §2,, satisfying the energy bound (1.17). Then there exist a subsequence
{n;}ien C N and a limiting deformation u € W1>°(£2,R?) such that

(a) Vuy, — Vu in L*(£),
An analogous statement holds in 27.

In order to show this, we follow an argument of Kinderlehrer (see also [26, the-
orem 2.4]) in which the function dist(-,SO(2)Up) is replaced by a lower semi-
continuous analogue.

Proof.

STEP 1 (set-up). We set f(F) := |FU; *|? —2det(FU; ') and remark that f(F) >
0and f(F)=0 < F = AQU, with A > 0 and @ € SO(2). Moreover, we recall
the truncation argument from [19], which allows us to replace u,, by a sequence
v, € WH(2) with the following properties:

[VUn| Lo () < e,

[V, — V| p2(0) < / |Vun|2 dz
{|Vun\202}
c

n.

N

Here ¢1,¢a > 0 are universal constants (independent of n). The last estimate follows
from the energy bounds (1.17) and (1.15). As a consequence of the comparability
of Vu, and Vuv,, the two functions have the same weak limit Vu. Therefore, it
suffices to prove the strong convergence of Vuv,, to Vu.
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STEP 2 (convergence of f(Vu,)). We claim that

lim f(Vu,)dz = 0. (2.2)

n—oo QO

Indeed, this is a direct consequence of the second estimate in (2.1) in lemma 2.1: as
L2-convergence implies convergence in measure, for any given ,§ > 0 there exists
No = Ny(g,d) such that for 25 := {z € £ |dist(Vv,,SO(2)Up) < §} it holds that

[25| = (1 —&)|2] for all n > No.

Thus,

/QO f(Vvp)da = /Qoﬁmf(an)dx+/ F(Von) da

20N
120 N Q8] f(c1) + C| 2|5

<
< C|0|(e + 62).

STEP 3. Using the convergence from step 2 leads to

0 = liminf f(Vu,) dx

n—oo 'QO

zliminf</ |wnU51\2dx—2/ det(anUol)dx>
20 0

n—oo

>/ |qu(;1|2dx—2/ det(VuUy ') da
20 20

= f(Vu) dz

0
> 0. (2.3)

Here the first equality follows from step 2. The fourth estimate is a consequence
of the lower semi-continuity of the norm together with the weak continuity of the
determinant (see [26, theorem 2.3(ii)] and references therein) and the fact that
Vo, — Vu in L?(£2) as n — oo. Hence, we have equalities everywhere in (2.3), and
therefore

f(Vu) =0 and |[Vuallz2(00) — VullL2(2)

along a subsequence. As a consequence, along a subsequence, Vu,, — Vu in L?(§2;)
and Vu(z) € SO(2)Uy (we remark that A\ = 1 due to the closeness of Vv, to
SO(2)Uy, which follows from lemma A.5). O

With these results in hand, we can now invoke the two-well rigidity result of
Dolzmann and Miiller [16]. This yields a structure result for the sets 2y, 2. More
precisely, the associated liming deformation u has to be a simple laminate, which
(by virtue of the energy bound (1.17)) implies that 2y ; consists of a union of
finitely many stripes (and triangles); see figure 2.
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Figure 2. A simple laminate depicted in the reference configuration. The figure shows
the reference configuration and the domains, in which Vu € SO(2)Us (open circles) and
Vu € SO(2)U: (filled circles). In particular, the configuration need only locally be a
simple laminate. It is also possible that there are intersections of the twinning planes at
the boundary.

PROPOSITION 2.3 (rigidity). Let {u,}nen C ALY be a sequence of piecewise affine
functions on the grid (2, satisfying the energy bound (1.17). Then there exist a
subsequence {n;}jen C N and a limiting deformation u € W1>°(£2,R?) such that
the following hold.

(a) Vu,, — Vu in L*(£2), where Vu € K almost everywhere is a piecewise
constant BV (2, R?*2) function.

(b) The associated domains 2y and 21 that were defined in lemma 2.1 consist of
a union of finitely many polygonal domains that extend up to the boundary of
2. The interfaces of the polygonal domains are either given by lines with the
normals (—1,1) or (1,1) (which are determined by the rank-one connections
from (1.5)) or by the boundary of £2.

(c) There exists a constant c € R? with

uw(z1, x2) = Fi(z1,22), @1 + 29 < —4,
P>

w(zy, x2) = Fa(r1,22) +¢, 21+ 22
for all |zo| < 1.

Proof. By proposition 2.2 there exists a subsequence n; € N such that Vu,;, — Vu
and Vu € SO(2)Uy (respectively, Vu € SO(2)U7) in 2y (respectively, £21). As 2
and (2, have finite perimeter, Vu satisfies the conditions of [16, theorem 5.3] and
the limiting deformation Vu locally is a laminate. As Per(2;) < C' < oo, there can
only be a finite number of phase transitions between SO(2)U, and SO(2)U;. The
remaining parts of statements (a) and (b) follow from [16, theorem 5.3].

The boundary conditions that are stated in (c) are a consequence of the H(£2)-
convergence of u and the prescribed boundary data (1.10). The finiteness of ¢ € R?
follows from the energy bound (1.17). O

The compactness result of proposition 2.3 is a first important step for the for-
mulation and derivation of the limiting surface energy (see definition 3.3, (3.2) and
theorem 3.4) and the proof of theorem 1.11.

2.2. Two-well rigidity

In this section we derive an analogue of the two-well rigidity result of Conti and
Schweizer [13-15] in our discrete framework.
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PROPOSITION 2.4 (two-well rigidity). Let a € (0,1/8), zo,yo € 2 with |xg — yo| =
r > 0 and Baar(20) U Baar(yo) C 2. Define M := conv(Bar (o) U Baar(yo)) and
suppose that u € A,, is piecewise affine on the grid §2, and satisfies

1 )
> el 4 Vagi]) <o, (2.4)
(i,j)EnM
where ¢ € COL((R%)R), ¢(-) = 0;
(O1u™, 01u' =1 Dpu™7 g ) o @(O1ut Oyut T DgutT Dt ) = )

denotes a one-well energy density with energy well SO(2)Uy and two-growth behav-
tour, i.e. there exist positive constants c1,ce > 0 such that

c1 dist?(Vu,SO(2)Uy) < ¢ < ¢y dist®(Vu', SO(2)Up). (2.5)

Let 0 € (0,1). If n = n(0,) > 0 is chosen sufficiently small, then there exist a
constant ¢ = c(o,0) and a subset U C Boy(2o) X Bar(yo) with measure |U| >
(1 —6)|Bar(xo) X Bar(yo)| such that, for all (xz,y) € U,

|- e < [nle) — (o)

< <1 +cp, 2.6
Tolz =) (26)
where
1 1 g
pi=g Z ﬁdlst(VuJ,K).
(i,j)enM

REMARK 2.5. We recall that the symbol V,, in (2.4) denotes the discrete gradient
as defined in (1.11).

REMARK 2.6. In what follows we call a line segment [z, y] with endpoints z,y € 2
that satisfies (2.6) rigid. This convention will, for instance, be used in step 4(a) in
the proof of proposition 3.7.

REMARK 2.7. In the proof of proposition 2.4 we closely follow the ideas of Conti
and Schweizer [14], though taking into account our discrete set-up. In particular,
a priori we do not have enough regularity to apply C' degree theory. However, as
our maps are piecewise affine, the weaker almost everywhere results, which follow
from degree theory, can be upgraded to hold everywhere.

REMARK 2.8 (scaling). We remark that for » ~ 1/n the smallness condition (2.4)
turns into a pointwise condition. In what follows, by scaling we will assume that
r=1.

Proof.

STEP 1 (preliminaries: definition and estimates for the bad set). We note that by
(2.4), Uy is the majority phase in M. For

0 < & = + min{c, &%},
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with ¢ as in (1.4), we consider sets of the form

le ::{xEQﬂM:¢fZ>El}.

Here - denotes the closure of a set. Since u is a piecewise affine function, it is
immediate that (2" consists of a finite union of grid triangles A}, C £2,:

o =JAay and 00 =|JoAy,. (2.7)
ij ij
By the discrete coarea formula (see appendix C, in particular (C 1))
- N 1 ij
/ Peryr({(i.9): 6 > 1h < C Y |Vl (2.8)
0 .
(i,j)eEnM

we infer that for each ¢; > 0 there exists ¢; € (¢1,2¢;1) such that, for 2y, := 2", it
holds that

Perps(£25) < CQ.
C1

Hence, by the isoperimetric inequality and by the assumption that Uy is the majority
phase in our sample M, we infer that

2] < c%. (2.9)

By definition of the ‘bad set’ {2y, on its complement, i.e. on M \ {2, Vu,, is ¢1-close
to SO(2)Up. On the boundary, however, this is not necessarily true. Setting

1
(MNoy)e :={xe M\ 2: dist(z,2,) =¢} foranyee (O, 10”),

and recalling the continuity of w and the structure of 92, we obtain
H (u(M NO)) = lim H (u(M N O).),
e—
HY (M N O, = lim HE (M N Oy).).
E—r
Using these observations and the fact that w(M N 982) and u((M N §2).) are

rectifiable (as the images of Lipschitz sets under a Lipschitz function), we therefore
obtain

H (w(M N O)) < 2H (u(M N O0y).)

2 / |Vu| dH!
(MNO§2y )<

(14 c)H (M N O).)
(14 c))HH (M N Oy,)

N

NN N
I )
Q
3

(2.10)
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for all sufficiently small €. Here we invoked the area formula and used that Vu is
c1-close to SO(2)Uy in (M N Of2).. Moreover,

lu(£2)| g/ |det(Vu)| dz < C’/ (1 + dist?(Vu, SO(2)Up)) dz
.Qb -Qb

1 ..
<Ol +C > — 0
(i,j)eEnM
< Oy, (2.11)

where we exploited the two-growth (2.5) and estimated

1 if [Vu| < 20¢; /¢4,
det(Vu)| <
[det(Vu)l {C’dist(Vu,SO(?)Uo)2 if [Vu| > 206, /).

Thus, this argument yields control on the size of the measure of the bad points in
the reference configuration. As in [14], this results in a one-sided control of type
(2.6), which for completeness is presented in step 2.

STEP 2 (the upper bound). In this step we consider integrals on segments [z, y] C
M of certain functions f of Vu € PC(£2,R?). We will use that for any direction
(x —y)/|z — y| that is not parallel to the grid edges and for almost any point z, the
restrictions Vuly, , and f(Vu)|(,, are well-defined L'([z,y]) functions. However,
the grid edges constitute a zero set in B, (2g) X Ba(yo), and thus we will exclude
this set from our consideration. Additionally, we use the convention of saying that
certain statements are valid for most pairs (z,y) belonging to a certain set. This
will mean that the Lebesgue measure of such pairs (z, y) constitutes at least (1 —0)
total measure of the latter set. Obtaining such a statement will in particular lead
to a 6 dependence in the relevant constants. Often, several properties have to be
satisfied on a set of size (1 —6) of the total measure, which leads to additional losses
in the constants.
With these preliminaries and as in [14] we claim that the following hold.

(i) For most pairs (z,y) € (Ba(zo) \ 25) X (Ba(yo) \ £2b) it holds that
[z, y] N 2 = 0.

(ii) For most pairs (z,y) € (Ba(wo) \ £25) X (Ba(yo) \ £2) the restriction Vul[, 4
is a well-defined L'([z,y]) function. Moreover, there exists a constant ¢ =
c(0, @) > 0 such that, for most pairs (x,y) € (Ba(zo) \ 25) X (Ba(¥0) \ ),

/ dist(Vu, SO(2)Up) dH* < cp, (2.12)
[,y]

where [z,y] denotes the line segment connecting = and y.

(iii) There exists a constant ¢ = ¢(6, «) > 0 such that following estimate is true:

u(z) = u(y)| < [Uo(x —y)| + cp. (2.13)
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We begin by discussing properties (i) and (ii). To this end we first observe that, by
virtue of (2.9),

| Ba(20) \ 2] = ca®,  |Ba(yo) \ 2] > ca®

for all sufficiently small 7 (chosen sufficiently small in dependence of 6 in order to
guarantee that a sufficiently large volume of ‘good points’ is left). As in [14] we now
consider the function f(x) := dist(Vu(z),SO(2)UyUSO(2)U1)x am- By averaging we
show that for almost all (z,y) € Ba(xo) X Ba(yo),

[ ]fd’H,l < o0, (2.14)
l‘,y

ie. flay € L'([z,y]). Considering v € S*, the line t — x + tv, the vector v :=
(Yo — x0)/|yo — xo| and noting that only those lines with |v — vy| < 3« intersect
Bar(yo) \ 2, yields

/ / fd#t
(Ba(20)\26) X (Ba (y0)\2b)  [x,y]

<ca/ / /f(x—i—tu)dtdxdu
lv—vo|<3a / Bo (20)\ 2, /R

<Ca2/ fdz
M
< Calp. (2.15)

This shows (2.14). Keeping this in mind, we now prove (i). As in [14] the result
follows from a projection argument. In fact we claim that for any v € S! the set

A, :={x € By \ 2: t — x + tv intersects I, }

satisfies
|A,| < 20H(06) < can.

Indeed, writing © = zo + sv + rv- for each € A,, we have that zo + rv' is
contained in the orthogonal projection of 92, onto the line through x( parallel to
vt. This yields the claim of (i). Choosing ¢ = ¢(f,a) > Ca?/6, where C denotes
the constant from (2.15), then also yields (ii). Here we exploited that by (i), f =
dist(Vu, SO(2)Up) along most of the line segments [z,y] and that by our choice
of ¢ = ¢(0, ), (2.15) implies that (2.12) holds on a set of measure of size at least
(1= 6)[Ba(20) X Balyo)!
Finally, we present the argument for (iii). By (ii) we have

lu(z) — u(y)] < / Vo] a3

[=,y]

< |Uo(z —y)| + c/ dist(Vu, SO(2)Uy) dH!
[=,y]
< |Uo(x — y)| + cp,

where V., u denotes the tangential derivative.
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STEP 3 (the lower bound). As in [14], the lower bound is the most delicate part of
the proof, since our (piecewise affine) deformation is not necessarily invertible. In
addition to this key difficulty, which was overcome by Conti and Schweizer [14] by
showing that the deformation is invertible on ‘a sufficiently large set’, we have to
deal with the fact that our deformation is not a priori regular. Since we are working
with a piecewise affine interpolation of our discrete data, we cannot immediately
invoke the degree theory arguments of Conti and Schweizer (which a priori only
apply to C! functions). Instead we use an integrated formula for the degree.
Again we argue in five steps.

(i) Approzimate injectivity. Let
" =3a/2 and M" :=intconv(Ba(79) U Bar(yo))-

Then there exists o’ € (7a/4,2a) and an affine deformation A: M — R? with
gradient in SO(2)Uy such that for all z € A(M")\ u(f2,) there exists a unique
preimage x € M’ Nu~1(z). Here M’ := int conv (B (70) U Ba (y0))-

(ii) Let A be the mapping from (i). Then for the set
Qyi i ={x € M': u(x) € u(2p) NAM")}
we have |{2;| < en.
(iii) We claim that, for most choices of (z,y) € (Ba(20) \ 2b) X (Bar (y0) \ 2b),

(a) [u(x), u(y)] Nu(d2) =0,

(b) [u(@),u(y)] € u(M"\ £2),

(c) there exists a piecewise affine curve 7., (¢): [0, 1] — [u(x), u(y)] such that
U © Yzy Is & monotonic parametrization of the segment [u(x), u(y)].

(iv) Let 7,y be a piecewise affine curve such that w o+, is a monotonic paramet-
rization of the segment [u(x), u(y)]. Then for most pairs (x,y) € (Bar (o) \
24) % (Bar (yo) \ £2v) we have that dist(Vu, SO(2)Up)|,, is an L*(y4y) func-
tion. Furthermore, there exists a constant ¢ = ¢(6, «) > 0 such that, for most
pairs (z,y),
/ dist(Vu, SO(2)Up) dH' < cpu.
.

(v) There exists a constant ¢ = ¢(f,«) > 0 such that, for most pairs (z,y) €
(Barr(20) \ £25) X (Bar(y0) \ £2b),
u(e) —u(y)] = [Uo(x — y)| — cp.
The crucial point in the argument is the derivation of (i). As soon as this step is
established, the remaining argument follows along the lines of [14].

In order to deduce (i), we argue in various steps. Firstly, following [14] and using
(2.5), we observe that

o 1 ..
< — oY < .

(i,5)enM
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Hence, the Friesecke-James—Miiller rigidity theorem [19] implies that there exists
Q@ € SO(2) such that

/ |Vu — QUy|? dz < Cy.
M

Combined with Poincaré’s inequality and setting A = QUyx + b, this leads to
/ |Vu — VA2 + ju— Al dz < Cn.
M

Thus, there exists a radius o’ € (Ta/4,2«) such that for M’ := int conv(B, (z¢) U
B, (y0)) we have

|Vu — VA|? + |u — A*dz < On.
M/
By the embedding of W12(9M’) — L>°(OM’"), we hence infer that
Hu — A||L°°(8M’) < C?’]l/Q.

As in [14], this allows us to conclude that for o’ := 3a/2, M" := int conv(By (29)U
B, (yo)) and a sufficiently small choice of 7 > 0, the degree of

ve(x) = tu(z) + (1 — t)A(x)
is well defined in A(M") (as v;(OM’) N A(M") = 0). By homotopy invariance,
deg(u,M',z) =1 forall z € A(M"). (2.16)

We note that M" is open and, as A is affine, this is also true for A(M"). Moreover,
Ba(x0) U By (yo) is contained in M. Hence, by the change of variables formula in
terms of the degree and the multiplicity function, we have

/ v(2)d(u, M',2)dz = / vou(zx)det(Vu(z)) dz,
R ' (2.17)

/v(z)N(u,M’,z)dz:/ v o u(z)|det(Vu(z))| dz
R2 ’

for all v € L>°(R?). Thus, recalling that (by the non-interpenetration condition
u € A,) det(Vu) > 0 almost everywhere in M and choosing functions v € L>(R?)
with supp(v) C A(M") \ u(§2), we obtain

/Rg v(z)dz = /R2 v(2)d(u, M', 2) dz = / wo u(x) det(Vu(z)) dx

_ /R o(z)N(u, M, 2)dz. (2.18)

Therefore,
N(u,M’',z) =1 for almost all z € A(M")\ u(2,).

This is the desired uniqueness of the preimage of z under u for almost all z €
A(M")\ u(f2,). We now argue that this uniqueness statement can be extended to
all z € A(M'")\u(f2,). Indeed, this is a consequence of the definition of {2, (which is
a closed set), the fact that our function w is piecewise affine with a locally invertible
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gradient, and the implicit function theorem. We argue by contradiction. Assume
that there existed z € A(M") \ u({2,) such that it had two preimages y1,y2 € M.
By definition, y1,y2 ¢ (2,. We argue that this already implies the existence of a
set of positive measure in A(M") \ u({2,) on which the injectivity of u is violated,
which cannot be the case by our almost everywhere invertibility result from above.
To this end, we distinguish three different cases.

(a) We first assume that there exist grid triangles (which without loss of generality
we take as ‘+’ triangles) AZ’+,AZZ’+ C M’ such that y; € int(AZ?"’), Y2 €
int(A% ). By the definition of 2, as the closure of the ‘bad set’ and by the
piecewise affine definition of u, this yields that also A?j’+, ALt C M\ .
Since Vu is an affine function on each of the triangles, and as det(Vu) # 0
on these, the implicit function theorem immediately yields that there exist
whole neighbourhoods Uy, Us of y1, ya such that w(U;) = u(Us). In particular,
using the openness of A(M"), we would obtain a set V. .C A(M") \ u({2,) of
non-zero measure such that for all z € V' the preimage under u is not unique.
This yields a contradiction.

(b) We now suppose that y; € A%’+ NM', yo € A" N M’ are such that at least
one of the points y; or y, lies on 6AZF+ or 8AZZ’+, but neither of them is a
vertex of the underlying grid. In this case we cannot directly argue via the
implicit function theorem as our function is only Lipschitz regular. However,
assuming that, for instance, the point y; lies at the interface between two grid
triangles A™* and A?j’i (the superscript + that is used here indicates that
we do not make an assumption in which of the two grid triangles this may be
the case), we can invoke the implicit function theorem in each of the triangles
(using the invertibility of the gradient on each of the triangles) to obtain two
neighbourhoods

UpcArEnM, Usc Ay nM

(for which we use the openness of M’) whose closures intersect along a line
containing ;. In order to avoid a contradiction to the almost everywhere
invertibility already at this point, u has to be one to one on U; := U,UU,. In
particular, u maps U; onto a full neighbourhood of z := u(y;). But arguing
similarly for yo and using the openness of A(M") we again obtain a set V' C
A(M") \ u($2,) of non-zero measure such that u does not have a unique
preimage.

(c) Finally, we have to cover the case in which at least one of the points y; or y»
is a vertex of (at least) one of the triangles A?j"" or AZZ+- However, similarly
to above we can again construct full neighbourhoods of y; and y, on which
injectivity is violated, which yields a contradiction.

Hence, we indeed conclude that for all z € A(M")\u(§2,) there is a unique preimage
xeM.

We now proceed with the remaining points (ii)—(v). Thanks to (i), this follows
along the lines of the argument of Conti and Schweizer [14].
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Recalling the definition of 2,; from (ii), we estimate

|.sz| < |M’ﬂ9b|—|—/ X 2s dx
M,

<+ 2/ B (=) N 2\ ) dz
w(2u)NA(M)

<Cn+ 2/ B (=) N2\ 2,) de.
w(2,)NA(M")

Here we used the closeness of Vu to SO(2)Uy away from §2,. Due to (2.17), for

almost every z € 2, N A(M"),

#Huw )N M\ Q) <1+ #u 1 z)n M 0 y).

Moreover, the coarea formula, (2.11) and the estimate for the determinant in terms
of ¢}/ give
#uH2) N 2p)da = / |det(Vu)|dz < Cn.

u(.Qb) -Qb

This yields the claim.

By (ii), for most choices of (z,y) € M’ x M’ we have that u(z),u(y) € u(§2,). By
a similar projection argument to that of step 2, we hence obtain that [u(x), u(y)] N
u(902) = (0 for most pairs (z,y). Indeed, to this end, for z € {zg,yo} we consider
the sets

B, (z) :== {x € By (2) \ (25U ;) |u(z) — A(z)| < j}
Then, by the size estimates for (2, and 2; (i.e. by (2.9) and claim (ii) in step 3),
this still covers nearly the original volume of B,/ (z), i € {1,2}, z € {zo,y0}, if n
(as a function of 6) is chosen sufficiently small. Reasoning by a projection argument
once more, we consider the lines ¢ — & + tv for v such that |v — (VA)ry| < 3a.
Considering the set

A, = {€ € u(Bu (20)): = + tv intersects u(d12,)},

and using estimate (2.10), we obtain claim (iii)(a). Part (b) now immediately follows
from part (a): to this end, we note that for all z € B,(2), z € {z0, o}, by definition
u(z) € u(Ba (z0) \ (2, U 2;)). This then allows us to invoke part (a). Moreover,
the claim of (c) follows directly from (b) and the invertibility of w for all z €
A(M")\ u($2y).

The argument for (iv) follows along the lines of [14] and is very similar to step 2(i).
We have to, however, establish that for most pairs (z,y) the restrictions of Vu
onto the line segments v, are well defined as L'(v,,) functions. Indeed, the well-
definedness of the restriction follows from the claim that for most pairs (z,y) the
piecewise affine curve v, does not contain line segments of G™(£2). To this end, we

observe that u(G") := UL, .,jeqn (o) [U(21), u(z2)] forms a zero set in w(Ba (20)) %
(B (yo)). Furthermore, 75, can only contain a line segment in G™ if there exists
a line segment [u(z1), u(z2)] C [u(x), u(y)] with [u(z1), u(z2)] C u(G™). But u(G™)

is a zero set, and thus for almost all pairs (z,y) this does not happen.
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Last but not least, we observe that, by the monotonicity of v along the curve
Yoy and the fact that for most curves v,, the restriction Vul,  is a well-defined
L*(v4y) function, we have

lu(z) — u(y)| :/ \VouldH' = H (Upvey) f/ dist(Vu, SO(2)Up) dH*
ot Yy

Ty

> [Uo(z —y)| = cp.

As before, the requirement that this holds for most pairs (z,y) € Ba(z0) X Ba(y0)
leads to a @ dependence of the constant ¢ = ¢(a, 6) > 0. This concludes the proof
of proposition 2.4. O

3. Surface energies

In this section we investigate the emergence and form of surface energies. After
introducing the limiting surface energies in § 3.1 we deduce some fundamental prop-
erties of these in §3.2 and finally prove the desired I'-limit in §3.3.

3.1. Setting
In the context of deformations on {2 that are in the surface energy scaling regime
(1.17), we define
H}(u,) == nH,(uy,).

Due to its scaling, we interpret it as a surface energy. Before formulating our main
result on the limiting structure of H!(u,) as n — oo, we introduce the central
objects of this section. We start by defining the limiting profiles.

DEFINITION 3.1 (limiting profiles). Let V' € {Uy, QU1} and Vi,V € SO(2)Up U
SO(2)U; be two rank-one connected matrices. Let Fy := AU + (1 — \)QU; be as
in (1.6). Then we define the limiting profiles as

; (2) = Fyz for z-(1,1) <0,
BV A\ve fora (1,1) > 0,
oy (2) = Fyxz  forz-(1,1) >0,
VEAYT Y e forae (1,1) <0,
£ () Viz  for x-(£1,1) <0,
v x) =
Viove Vox  for z - (£1,1) > 0.

With this to hand, we introduce the following boundary and internal layer ener-
gies.

DEFINITION 3.2 (boundary and internal layer energies). Let V € {Up, QU1} and
Vi,Vo € K be two rank-one connected matrices. Let F) be as in (1.6). Then
we define the left boundary layer energy By (F\, V), the internal layer energies
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C4(V1, V), and the right boundary layer energy B_(Fy,V) as

. . 1 .. .
By (F),V) :=inf { hnn_1>1orgf( ; ﬁhv’j: vy € App, Up = Up, v in L1(9)7
i,j)ENS?

i1 ) = F/neif) for i+ 5 < ~an .
B_(V,F,) ;= inf < liminf Z lhi’j' Un € Ang, Un — vy, in L'(92)
— 9 N 00 ()EQn Up " n nizsy n IV abY )
(2%] n

vn(ifn, j/n) = Fx(ifn, j/n) for i+ > 4n}7

. . I
Cy(V4,V3) := inf { limn inf > ~hylivn € Agr
(i,5)ens2f,

+ : 1/t
Up = Uy, y, 0L ((2411)},

(3.1)
where the domains 2, Qﬁd and the sets Anﬂfl are as in definition 1.1.

We show that in the sense of I'-limits we can identify the energy H! with an
energy that is concentrated on the jump surfaces of a limiting configuration ug. We
recall that the limiting deformations that arise from passing to the limit n — oo
of discrete deformations in the surface energy scaling regime (1.17) are rigid (see
remark 2.6). More precisely, they satisfy the structure result of proposition 2.3 and
are hence locally simple laminates. Using this, we give the following definitions.

DEFINITION 3.3 (limiting energy). Let uy be a piecewise affine function with gra-
dient Vug € SO(2)Up USO(2)U;. Suppose that it satisfies the boundary conditions
(1.10) and that it has finitely many jump interfaces that pass through the points
(21,0), with I € {0,...,L — 1} for L € N. Let the boundary and internal layers be
as in definition 3.2. Then we set
B L—1
Bt (uo) := By (Fx, Vug(0—,0)) + Y C(Vug(2i—,0), Vug(wi11—,0))
i=1
+ B—(VUO(«T(L—l)_7 0), F)\)
=: C(Vug(r—,0), Vug(z+,0)) dH, (3.2)
JVug

where Jv,, denotes the jump set of Vuy,

ug(z—) := lim uo(y),
y=(y1,y2)—z=(z1,22),
Y1<T1

and, depending on the position and orientation of the jump plane and the values of
Vug at & € Jyy,, the density C(-,-) satisfies v2C(-) € {B4(-,-), B_(-,-),C+(-,)}.

With these notions to hand, we can finally formulate our main result regarding
surface energies.

https://doi.org/10.1017/50308210516000433 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210516000433

1066 G. Kitavtsev, S. Luckhaus and A. Riland
THEOREM 3.4 (surface energies). With respect to the L' (£2) topology we have that

r

H?i — Esurf7
where
Equt(u) if Vu(z) = F for o1 +x2 < —4, |2 < 1,
Vu(z) = Fy for x1 + 32 > 4, |za| <1,
Egur(u) := with Vu € {Uy, QU1 } and Vu € BV (R x [—1,1]);

00 otherwise.

Here Egyf(u) is as in definition 3.3.

Similarly to in [9, 15, 20], the proof of theorem 3.4 is based on a combination
of the rigidity result of proposition 2.4 together with a special cutting procedure.
Heading for this, we begin by recalling some properties of the energy in §3.2 and
then carry out the proof of the I'-limit in §3.3.

3.2. Properties of the energy and auxiliary results

Before addressing the proof of theorem 3.4, we discuss central properties of the
energy and derive auxiliary results. We begin by considering the energy densities
from (3.1). For notational convenience we limit ourselves to the case of interior layer
energies; the situation for boundary energies is analogous. We start by introducing
restricted versions of the internal layer energies from definition 3.2.

DEFINITION 3.5. Let my,ms € R\ {0} and let V4,V5 € K be two rank-one con-
nected matrices. Then we set

1. ..

L . . 2,7 .
C(V1, Vo, my,my) := mf{hnrglogf > St € Ags s
n 1:mMm2
(i,5)Eng2Z;

mq,mo

+ +
Uy = Uy, v, D Ll(le)mz)}. (3.3)
Analogous definitions hold for the boundary layer energies. We claim that the
energies Cy(V7, Vo, m1,ms) do not depend on the dimension m; and are linear in
the mo dimension.

LEMMA 3.6. Let mi,ms € R\ {0} and let either Vi = Uy, Vo = QU or V; =
QUy, Vo = Uy, with the matriz @ from (1.5). Let Cy(V1,Va,mq, ma) be as in
definition 3.2. Then there exist constants Cy depending only on the normals (£1,1)
such that

Ci(Vl, Vg,ml,mg) = Ci(Vl, VQ, 1, 1)m2 = Cimg. (3.4)

Proof. The proof follows from averaging and scaling as in [15, lemma 3.2] (due to
our discrete set-up, however, we make small errors for each fixed n € N, which vanish
in the limit n — 00). We only present the argument for C_(Vq, Vo, m1, ms) (the
one for C (V1, V5, my,ms) is analogous) and only argue that C_(Vy, Vo, mq,ms) is
independent of mq, the other dependencies being more direct. We begin by noticing
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that, by definition, C_(Vq, Vs, mq, ms) is an increasing function in m;. We claim
that, moreover,

C_(V1,Va,amy, amy) = aC_(Vy, Vo, my,ma).

Indeed, assuming that n is sufficiently large and setting 7 := [an], we have
1, 1 .
Zpi — i
Z nh”" -« Z an hs.,
(i»j)enngnzl,a'mz (i»j)ennfnl(x,'rrzza

1 1

(4,9) €EN2my ymy

where uz (4, ) := (1/a)vn (i, af). Fixing « and taking the liminf as n — oo yields
the claim.
Next, we show that

1
C<V17‘/'27m1777l2) gic*(‘/h‘/éamlamQ)'
m m

This follows from averaging and translating. More precisely, we have

i 1, 1 m
S (X ) X smero(%),
n n n U n
k=0 (6:9)EN20 s ym (63 EN20 iy
where

(¥ = v, (i/n+ km/n, j/n + km/n).
Therefore, there exists kg € {0,...,m — 1} such that
S en X gmevo()
(4,5)eng2 (i,j)ENn,,

my,mg/m mi,mo

Again the claim follows by taking the liminf as n — oo. Hence, for all m € R\ {0},
we deduce that

1
C—(Vh‘/?aml)mQ):C—(Vlv‘/Q7Tn15m> <C—<‘/17‘/2am17m)
m m m m

< C—(‘/17‘/2am17m2)' (35)

g~

Here the first inequality follows from monotonicity in m; and the second one from
averaging. Thus, equality holds in all estimates in (3.5). In particular, for all m €

R\ {0},
m
C_ (vl,vz, mﬁm) = C_(V,Va,m1,ma),

which yields the independence of C_(V7, Vo, mq,ma) of my. O
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As a consequence, the limiting energies only depend on the corresponding normal
direction to the interface by means of the constants C, but do not depend on the
extension m; of the domain in the direction (41, 1). Similar to proposition 2.3, this
already partially confirms the expectation that the continuum energy will be a ‘line
energy’. Hence, after a normalization step, it is always possible to assume that the
given layer energy is defined in a unit parallelogram. Relying on proposition 2.4
from the previous section, we also obtain the following wvertical cutting mechanism.

PROPOSITION 3.7 (vertical cutting). Letd,l > 0 and let u, € AnQ;d N be piecewise
affine on the grid §2,,. Suppose that ’

1 - .
S S +IVasl) <n <o, (3.6)

(i,7) €N, o
where ¢ € CO1((R?)4,R) and
Zjn = @(O1u, Dou  Oyul I Dgul 1)
denotes a one-well energy function with well given by one of the sets SO(2)U;,
i = 1,2, and with quadratic growth, i.e.

e dist®(Vu?, SO(2)U;) < ¢ < ep dist®(Vui,SO(2)U;). (3.7)

u

Then there exist a constant C > 0 and a modified deformation 4, € AnQ_dl such
2d,l/2
that along a subsequence /

(a) Hn(a%j) < CHn(Ufij) for (17]) € nQQ_d,l/y

(b) forx € £2;,, 5 it holds that

Vi, (z) = Uy for x - (_1> > 3nd
and

Up(z) = un(x) forx- (_11> < ind.

REMARK 3.8. The previous ‘cutting result’ will play a major role in our I'-conver-
gence proof (in the construction of the recovery sequence). We emphasize that for
our proof it is necessary to pass from the larger domain (254 9; to the smaller set
£234,1/2 in the formulation of proposition 3.7. However, this does not pose difficulties
in the proof of the I'-convergence result, as we can exploit the scaling behaviour of
the boundary and layer energies, which was formulated in lemma 3.6.

Proof. The proof of the cutting lemma follows along the lines of [15, proposition 5.2]
and [13]. During the procedure in which we modify w,, to @,, however, we have
to ensure admissibility. This corresponds to two requirements: firstly, we have to
preserve impenetrability; secondly we also have to make sure that the final function
1y, is still defined on the original lattice ({2, Afji)
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STEP 1 (energy estimates). There exist many values of ¢ € [+n, 3n]NZ such that,
for all 6 € (0,1),

1 1 - .

5 Z ﬁ( wl + [ Vady?]) < en.
(4,J)ENN5y o)
co—[on]<i—j<co

This follows by a covering argument as in [15].

STEP 2 (construction of the reference grid G;). The construction of the grid G
is similar to in [15] but with respect to the direction (1, —1). It refines dyadically
with vertical distances that we denote by hi. However, instead of refining up to
infinite order, we limit ourselves to finite scales such that hy is larger than or equal
to 1/n. We denote the finest scale by hj and assume that A}, € [1/n,100/n].

More precisely, we define I; := 2v/2[l] and h; := [2d]. Furthermore, we then set
I, := 2%, and hy := 27%h, as long as hy > h;‘o and stop the refining procedure
after that. Then we divide the line segment in .Q;dm with coordinates iy — ji :=
¢o — [hxn] into intervals of equal size that are arranged symmetrically with respect
to the line j = 0. The boundaries of the intervals constitute the vertices of the grid
G%. The grid is formed by connecting the vertices along neighbouring lines. We
remark that the degeneracy of the triangles depends on the ratio /d.

STEP 3 (energy scaling). In this step we prove the optimal scaling of the energy in
the respective triangles. This follows from the discrete analogue of the arguments
n [15]. We apply step 1 with § = hy:
L i i.j
Yo o+ IVedidl) < enhu (38)
(4,5)€EN254 oy
co—[hrn]<i—j<co

Therefore, there exists a parameter cx € [co — [hrn], co] N Z such that

1 . .
ST Vasi) < e
(’i,j?E’flLQZ_dYZl,
1—j=ck
From the previous two estimates we infer that the following hold.

(a) We have
1 -
> veidi<en

(1,5) €5, o5
i—j=cCk

Spelling this out and considering the diagonal derivatives, we in particular
obtain
> el ol

(1,3)ENS25 o
i—j=cp

< on.
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(b) There exists jx € [—n,n] NZ such that for the point (iy, jr) € nf2y, , with
ix — Jx = ¢k it holds that o
Lk’r:]k < C’I].
Thus, combining these two points by writing out a telescope sum, we observe that,
oni—j=cg,

o — o< Y ol — ol <en

(i,§)EN25, o1,
1—j=ck

Due to the bound on ¢%7 from (b), this implies an L™ estimate along the whole
strip ¢ — j = cg, |4] < n:

657] < en. (3.9)
Defining S, := {(i,7) | co — [hen] < i —j < co, [d] < i+ j < [d] + [hxn]} for any
d € {-n,...,n — [hxn]} and invoking Poincaré’s inequality in combination with

(3.8) and (3.9) then yields

1 i,j 1 i,j
§ —oul <2(hi  max [¢;7] + by § —IVaoy?| ) < enhi. (3.10)
S n (i,7)ENS2 L n

(i,4)€Se e 2 (i,7)€Se

STEP 4 (construction of ).

(a) Construction of the perturbed grid G%. This follows in the same way as in [15].
As in the construction of the reference grid, however, we only refine up to hy ~ n=1!,
and recall that this finest scale is denoted by hy, .

We recall the precise construction from [15]. Here the perturbed grid G} is
obtained from the grid G} by perturbations along rigid directions. We seek to apply
proposition 2.4 so that all the resulting new grid edges are rigid (see remark 2.6). In
order to remain within §2,, 5, in this procedure we restrict our construction to the
subgrid that is fully contained in Q;d,l. We begin by defining o = 1—100(d, 1), where
¢(d, 1) > 0 should be thought of as a small constant dealing with the degeneracy of
the grid. Then we enumerate the grid vertices of G} and denote them by v,,. We
apply proposition 2.4 in a ball By, := Bap, (), where v, is a vertex on the layer
ix — jk = co — [nhg]. Then for two neighbouring balls B,,,, B, there are many rigid
points (wy,, Wy, ) according to proposition 2.4. Following [15], we now describe our
choice of the new grid vertices by iteratively defining possible choices at step m.

e Possible choices at step 0. These are all w,,, € B,.

e Possible choices at step m. These are all points w,,, € B,, such that w,, forms
a rigid pair with many points of all neighbouring balls.

e Possible choices at step m + 1. These are all possible choices from step m
without those points w € By, with m’ > m such that v,  is a neighbour of
the v, but (w, w,,) is not rigid.

As in [15], we claim that this algorithm works (i.e. the set of possible choices in
step m always forms a set of positive measure) and yields a new set of vertices that
defines our new grid GE. We give a proof for this in appendix D (see lemma D.1).
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As in [15], interpolation on the resulting triangles leads to a new piecewise affine
grid function v on the new grid G. Furthermore, as in [14], proposition 2.4 and
the bound (3.10) further yield estimates of type

1, ..
VolT) = Qulo] < Coldist(Vu, )21, .
[Vo(T) — QumUs| < Cvn

for some rotation @, associated with each triangle T,, of the grid G} (which is
spanned by neighbouring vertices). Here we used (3.10) and (3.7) to obtain the
second estimate in (3.11) from the first one. The notation Vu(T,) refers to the
gradient of v in the interior of the triangle T,,, (we recall that v is a piecewise affine
function on the perturbed grid G%). Furthermore, the facts that two neighbouring
triangles Ty, T7, of G} share a common edge and that on both triangles Vv has a
controlled distance to the wells in K (see (3.11)) imply that

(3.11)

1, ..
IVo(Tm) = Vo(Ty,)| < Crlldist(Vu, K)|r2(z,.),
v (3.12)
Q1 Uo — QumUo| < Ch—k”dist(Vu, K)2(r,,)-

We now modify v into a function ©,, on the original discrete grid §2,,. To this end,
we define 0,, as the interpolation of v with respect to the grid {2, (for most of
the triangles, the interpolated gradient Vv,, will equal the original gradient Vv as
the triangles in G are in general much larger than those in (2, due to the choice
hi, ~ n~! and as v is affine on these). This yields a function that is defined on

2aa,1/2 N convi{(i/n, j/n): i —j < co — [nh,]}.

In the interpolation process we obtain new error terms at the interfaces of two
triangles in G, since the grid G does not match the original grid {2,,. However, for

these new interpolations we note that Vf}(AZ-’i) € convieqa,...m} (Vu(17)), where

the index [ denotes all the involved neighbouring triangles in G} (in particular,
the maximal number of involved triangles m is independent of n). But due to
(3.12) this error is controlled. For example, in the case in which Vﬁn(AZ’+) =
AVo(T) + (1 — \)Vou(T),) we have

/ IV (AL) ~ AQul — (1~ @ Uol dr
A

< 4</T IVu(T) — AQmUo|* dz + /T Vu(T},) — Q;RUOde)
< Cllist(Va K agr + Clllist (Ve K)o
where we have used (3.11). Summing over all triangles hence yields that
H,(0n) < CHy(uy).

Moreover, due to the second estimate in (3.11), we note that v and similarly o,
satisfy the non-interpenetration condition.
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(b) Estimates on the original grid {2, close to the line i — j = co. We estimate
the contributions of Vu on the original grid (2, in the domain given by 2’ :=
{(,5): 3] < n, co — [10hy n] < i—j < co}. In contrast to the argument in the
previous steps, we do not construct a perturbed grid but seek to obtain estimates
on the closeness of Vu% to SO(2)Uy on each individual grid triangle A?j’i. For this
we use the one-well rigidity theorem of [19] together with (3.8). In particular, on
the scale hy ~ n~! these immediately yield pointwise bounds and we infer that

|

Therefore, there exist rotations Q;; with

< cn  on each triangle A?j’i c . (3.13)

[Vun (A7) — QiUol < Cy/ip for all triangles A" C 2/,
|QriUo — Qi;Uo| < Cy/n  for neighbouring triangles A?j’i, Azl’i c

Z %hfj <C [ dist(Vu, K)? dz,
(4,5)ENSY o

(3.14)
where the last line follows from the one-well rigidity result, the observation that
dist(Vu, SO(2)Up) < dist(Vu, K) on A:-Lj’i C ', and the two-growth behaviour of
hffn close to the energy wells.
(¢) Construction of the interpolation function. Using the estimate from steps (a)
and (b), we now construct an interpolation function wy,: £2,,, /2 R? between u,,
and U,

wn () =y (nx)un(x) + (1 = 7)(nx)on (),

where 7 is a smooth function with v(z) = 1 for 21 — 22 € [co/n — [2h}, n]/n,co/n],
v(2) = 0 for 21 — 22 < co/n — [9h}, n]/n. Here, for completeness, u, and o, are set
to equal zero in the domains in which they have not yet been defined. We claim
that the resulting function w, satisfies the following energy bound:

Hp(w,) < CHp(uy,). (3.15)

Indeed, for i —j > co — [2hf n] and for i — j < co — [9h}, n] this follows from
the respective bounds for @,, and u,, that were stated in steps (a) and (b). It thus
remains to argue that this is also true in the interpolation region

co — [Yhg,n] < i+ j < co— [2hyn].

To this end, we note that as hj, ~n~!, Vf)(A?j’i) € conv(Vu(AZl’i)), where Azl’i
are neighbouring triangles of A?j’i (or triangles within a certain uniformly bounded
distance from A?Fi). As a consequence, by the triangle inequality and the estimates
(3.11), (3.12), (3.14), we infer that

1
=+ ~ .
[Vun (ALF) = Vi (AF)] < 07 o dist(Vun, K)ll 2 a2)- (3.16)
(KDEN (3,)
Assuming growth of order 2 for the energy density h,, at infinity, setting

27 = {(w1,22): 11 — 33 € [co/n — [y, n]/n, co/n], |ra| <1}
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and using (3.16), we hence obtain
Hy(wy) = Hp(un + (0, — up))

1 . .
<CHp(un) + > —|Vul - V|2
(4,5)En”

. 20,15 _ ~ij|2
+c > VAPl - o
(i,j)EnQ;d,l/z,
co—[9hy n]<i—j<co—[2hy ]

1o
< CHp(up) + Z E\Vuif — Vi |?
(4,7)€ng2”

2|,,4] ~17 12
+ E —n ‘un — Up ‘
. _ n
(17J)en92d11/27
Co—[hkn]<i+j<00

1 i iy
< CH,(up) +C > —[Vu! - Vi |2
(ivj)enQ;dwl/Qv

co—[hrn]<i—j<co

< CHy(uy),

where we used (3.16) in passing from the third to the fourth line and Poincaré’s
inequality to estimate the term involving |u,, — 0,|. Moreover, due to the L esti-
mates in (3.11), (3.12) and (3.14), the admissibility of w,, is preserved. Hence,
setting u,, = w, provides the desired modification of wu,,. O

An analogous cutting result holds for the limiting profiles v‘z%.

3.3. Proof of the I'-convergence result

In this section we finally prove the I'-convergence result of theorem 1.11. Here the
I'-liminf inequality essentially follows directly from the definition of the limiting
energy and the independence result of lemma 3.6. The construction of the I'-lim sup
inequality, however, is more involved (as in [13-15]). Here we have to invoke the
cutting result of proposition 3.7.

Proof of the I'-liminf inequality. Using the definition (3.1), the I'-lim inf inequality
follows directly. Without loss of generality we may assume that

liminf H; (u,) < C < 0.

n—oo
In this setting, the compactness result of proposition 2.3 holds. Thus, along a subse-
quence, we obtain a limiting deformation ug that is a simple laminate. In particular,
its gradient attains values in K = SO(2)Uy U SO(2)U; and only has finitely many,
say L € N, jump interfaces. Furthermore, we claim that it suffices to assume that
the jump interfaces of Vug do not intersect on 92. Indeed, this follows from the
observation that if there were intersections of jump interfaces on the boundary, then
we could carry out the procedure that is described below in domains that slightly
stay away from the boundary. More precisely, for any given € > 0 we would only
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cover a (1 — ) fraction of the jump set (i.e. only the interior parts of the jump
set, which are at distance £/2 away from the boundary) by the sets 2% that are
described below. By virtue of the arbitrariness of ¢, this yields our claim.

With this discussion in mind (in particular, assuming that the interfaces are
separated from each other and do not intersect on 942), we now cover the jump
set of Vuy by subdomains {2}, of which each only contains a single jump interface
or one of the boundary layers given by the points (z1,z3) with 1 + z2 < —4 and
x1 + 29 > 4 and |73| < 2. We consider associated subenergies H!*(-) determined
by the sets 2;' and the interfaces and boundaries of the limiting configuration uo:

L-1
HY (un) = HE (unxap) + S HY (waxap) + HE (wnxay)-
k=1
By the compactness result of proposition 2.3, there exist points =} € {2 with z}} —
r € {2 such that, up to subsequences,

Un (- — T} )xop — v‘j}hvkﬂ in L'(07), (3.17)

where the functions U\i,vk“ are defined in definition 3.1. We furthermore observe
that for all k € {0,..., L} and for each ¢ > 0 there exists N, € N such that, for
all n > Ngyk,
H,i(unxgg) > lim inf H,i(unxgg) —¢&.
n—oo

Then, however, with ¢ > 0 arbitrary but fixed and N := maxyego,....} Ne g, we
immediately infer that, for n > N, (where we invoke the independence result of
lemma 3.6 and (3.17)),

L—1

HrlL(un) = H}L’O(unXQ,’;) + Z Hrll’k(unX!Z}g) + H#L(unXU’LL)
k=1

>

T

L—1
%’O(unxgg) —e+ Z (lim inf H}I’k(unxgg) — 5) + H}L’L(unxgg) —€
k=1

n—oo

T

1
> S inf { liminf H,* (vaxop), vn = vy, y,,, in Ll(ng)}

n—o00
1

>
Il

+ inf { limian,ll’O(anQg), Up = UF, 1, D LY (25,

n—so0
vp(i/n,j/n) = F\(i/n,j/n) for i + 5 < —4n}
+ inf { lzrgng}L’L(anQg), Vp — vy, Ry in LYY,
vp(i/n,j/n) = Fx(i/n,j/n) for i + j > 4n} —(L+1)e
> Esut(ug) — €.

In the second last inequality, we carried out a translation of u, in order to match
the boundary conditions for the right boundary layer. Since this estimate holds for
any € > 0, this concludes the proof of the I'-lim inf inequality. O
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We now proceed to the proof of the I'-limsup inequality. As in [13-15], this is
the harder part of the argument. In the presence of multiple interfaces we have to
cut and paste the different internal and boundary layers, which are provided by the
minimization problem that defines the densities of Fg,¢(-). This has to be achieved
in a way that leads to an overall admissible sequence. In particular, we have to
preserve the non-interpenetration condition. To ensure these issues, we rely on the
cutting procedure from proposition 3.7.

Proof of the I'-lim sup inequality. For the purpose of this proof, we introduce

1.
Hy*(v,my,mg) = Z ghff (3.18)

(4,1)END2E | my

to denote the energies that were used as a building block in definition 3.2 and
lemma 3.6.

STEP 1 (reduction to proposition 3.7).  Given ug, which is piecewise affine and
whose gradient in (2 attains values in K = SO(2)UyUSO(2)U;, we have to construct
a sequence of u, that is admissible, converges to ug in L!(§2) and satisfies
limsup H} (u,,) < Faut(ug).
n—oo
As Eguf(ug) is defined by a sum of boundary and internal layer energies, and as
each of these is determined by a minimization process (see (3.1) and (3.2)), for each
jump interface of Vug we find subsequences n; and uﬁi : QC; 4 — R? such that (with
the notation from (3.18)), for instance, '
jlggo Hy ™ (uy ,d,4) = C(Vi, Vig,d,4) = 4C_.

In what follows, we concentrate on this single jump interface; the results for the
other internal and boundary layers follow analogously. We seek to modify these
functions u¥ into new functions @* such that they are defined in (part of) our
original domain (2 and have affine boundary data. Then, if we can extend the
functions ﬂﬁj to a full sequence in n € N (not just the subsequence {n;}en C N;
this is done in step 3), then the affine boundary data would allow us to glue the
individual pieces together. This would hence yield a global recovery sequence defined
on {2.

Returning to our interface with orientation (—1,1) between the gradients Vi,
Vit1, we claim that there is a sequence ¥ (derived from the function quJ) such
that in Qd_J we have the following:

(a) @F — ug in LY(024,);

(b) @F is affine away from the interface; more precisely, there are orientation

preserving isometries I, I,

I,ouy forxz—y>4/5d
k _ n 0 Yy =z )
Un(@:y) = {I,’l oug forx—y < —4/5d,

and I,, I), — Q,Q" € SO(2);
(c) HY(ak)=HY=(ak,d,1) = C_(Vi,, Viy1,1,1) = C_.
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The claims (a)—(c) are deduced by an application of proposition 3.7. In order to
do so, we first observe the independence of C_(V, Vi1, m1, m2) on the extension
of the domain (2, . in the direction orthogonal to the interface (see lemma 3.6).
Next, by the definition of Egyf(up) and by lemma 3.6, we directly infer that for
each 1 > 0 there exists a number N, € N such that

1 ..
E fhjfk < Cn foralln> N,. (3.19)
n Yn

(i,j)ETLQ;D
[n/2]<i—jI<[n]

Let us then choose d, [ in the assumptions of proposition 3.7 so that

1825002 = 10 7) € 082515 [n/2) <i = j < [n]}

or
1824070 = (0 5) € 082y, =[n] <i—j < =[n/2]}.

Finally, in step 2 we construct the one-well energy satisfying (3.6). Combining these
observations allows us to apply proposition 3.7, and hence to replace our minimal
sequence ukJ by the corresponding modification @ . The resulting sequence uk
satisfies an analogous energy bound and consequently ylelds statements (a)—(c) from
above. In particular, its boundary data are affine and lie in the respective energy
wells. These affine boundary data then permit us (after a suitable translation) to
glue together the individual functions @ | k € {1,..., L}, that were obtained for the
individual interfaces. Hence, it remains to construct the one-well energy satisfying
(3.6). This is the content of the next step.

STEP 2 (reduction to a one-well energy). Seeking to apply the two-well rigidity re-
sult of proposition 2.4, we construct a one-well energy density that satisfies the
necessary bounds.

We begin by considering the following one-well energy density

¢ = ~(|UY ) min{h,%, ,&/10} + (1 =) (U E(U7)). (3.20)
Here BZUO denotes the one-well function from remark 1.6, ¢ is the constant from

(1.4), . o
UHI = (yu™ 00w O™ | D™~ 1),

The function v € C>®(R,R) is a cut-off function with (¢t) = 1 for all |¢] <
10 max{10¢, 100} and ~(¢) = 0 for |¢{| > 20max{10¢, 100}. Moreover, k is chosen
such that

c1 dist(Vu',S0(2)Up)? < k(UY) < cpdist(Vu™,SO(2)Up)? (3.21)

for some constants ¢y, co > 0. Similarly to in remark 1.6, we interpret ¢,, as the com-
position of a Lipschitz continuous function ¢. with the piecewise constant function

Vu.
We claim that, for any u € A,

|Vnd| < Cnhid, (3.22)
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where h% denotes our original model Hamiltonian from definition 1.8. Indeed, as
Vndid| < Cn(|0 — 037 + 6,7+ = 607 1),

(3.22) directly follows in the region where dist(Vu®,SO(2)Uy)? < /100 from
(3.20). This is due to the fact that in this region, in (3.20) we have

o = (U7 DR g, + (L= )(UYDE(UY]).

But then for (i,5) € nf2 with dist(Vu',SO(2)Up)? < /100 this first term in the
bracket is controlled by our original Hamiltonian k% (as also here the first bracket
is active while the second one is bounded below).

In the region where dist(Vu',SO(2)U;) < dist(Vu,SO(2)Up) and |Vu¥| <
max{100, 10¢}, the function ¢¥ is constant, and hence 0 = |V,,¢%| < h%. Thus, by
compactness (and by the Lipschitz regularity of ¢.), the bound (3.22) follows for all
values of Vu® with |Vu¥| < max{100,10¢}. Finally, for |Vu%| > max{100, 10¢},
the bound follows from the two-growth assumption (3.21), which is satisfied by
both hiJ and ¢¥.

Using (3.22), we thus infer that

> avail<e Y lhi<a
(i,§)ENS, (i,5)ENS?,
—[n/2I<li—jI<n] =[n/2<]i—jI<[n]
This then permits us to invoke proposition 2.4.
Hence, on the level of our subsequence u’;j we have obtained a recovery sequence.
In order to pass to a full sequence, we invoke a scaling argument as in [15].

STEP 3 (passage from the subsequence n; to a full sequence in n € N). The proof
of the extension of the recovery sequence from a subsequence to a full sequence
follows along the argument given by Conti and Schweizer [14]. It relies on a com-
bination of a scaling argument and the energy control from (3.19). As before we
restrict our attention to a single interface that has a normal pointing in the (—1,1)
direction. For the situation with more interfaces we argue locally around each inter-
face.

(a) Scaling. We claim that for each n € N there exists a function v,,: £2;, — R?
such that (with the abbreviation from (3.18))

limsup H}'™ (v,,00,1) < C_,

n— oo

and there exists L, > 0 such that

Uy for z1 —x9 = Ly,
<

Vo, s =
vn(@1,72) {QU1 for x1 —x9 < —L,,.

The claim follows from scaling. Indeed, by the definition of C_(Uy, QUi,d, 1)
there exist sequences n; and u,; such that

Hl’*(unj,d, 4) = 4C_ and  u,, — Vo.QUL in Ll(Qd_A).

n

https://doi.org/10.1017/50308210516000433 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210516000433

1078 G. Kitavtsev, S. Luckhaus and A. Riland

By proposition 3.7 this implies that there exists a sequence 1, ; with affine boundary
data such that

Hy (i, d,1) = C— and  iin, = vy, oy, 0 L'(£25).

Let € := |H} ™ (@y,,d, 1) — C_| denote the error at stage j and assume that n; is
a monotone increasing sequence. Then, for given n € N, let n; € N be the smallest
element in {n;},en such that n? < n; and write a := n;/n > n. Moreover, define

On(i,7) = aty(i/a, j/a).

Thus, the scaling of the energy (see the proof of lemma 3.6) yields
H’#_(ﬂn’ad’ O{) = aHrlLﬁ_(ﬂ’njada 1) < 040_ + 0&5]‘ + i
an

By translating, it is possible to find a point (i,j) € £, with distance d away

ad,a

from the boundary such that for v, (4, j) := 0, (4,7 + j) we have

HY ™ (vn,ad,1) = HY ™ (in,,d, 1) < C_ +¢j +

n

(3.23)

a?n’
As by construction Vv is in the energy wells if i —j > a or i —j < —a, this proves
the claim with L,, := .

(b) Energy bounds. We claim that there exist h > 0, L > 2h, § > 0, all independent
of n, a function w,, : QZ’ g R? such that

limsup H!™ (wn, L,1) < C_,

n—0o0

and:
(i) for half of all points (¢, j) with i — j € (Ln — hn, Ln),

ess inf dist(Vw%?,SO(2)U;) > 6;

jE€(—n,n)NZ2 "o

(ii) there exists a value j, € (—Ln, Ln —2hn) (depending on n) such that for half
of the points (4, 7) with i — j € (jn, jn + hn) it holds that

ess inf  dist(Vw’, SO(2)Up) = 4.

jE€(—n,n)NZ2?

This shows (in a weak form) that the transition from SO(2)U; to SO(2)Uy already
takes place in the smaller domain 2 ;. The proof follows from the energy control
in (3.23). More precisely, we choose § < dist(SO(2)Uy, SO(2)U;)/10 and consider

fuo(c) = #{(i,§) €En 1i—j=c, dist(Vo%7,S0(2)Up) < 6},
Joi(e) == #{(i,§) € n2, 11— j = ¢, dist(Vv}7,SO(2)U1) < 6}

In order to prove the statement, we show that fy,, fu, are essentially characteristic
functions. For this we observe the following points.
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e As H}~(v,,00,1) < ¢, we have

#{c: fu,(c) + fu,(c) < 3} < ern.

As a transition from SO(2)Up to SO(2)U; costs a finite amount of energy (see
the argument in lemma A.3),

#{Cl on(C) 7é O7fU1 (C) ?é O} < con.

It holds that

fue () 2n  for ¢ = nL,,
c) =
Yo 0 fore< —nL,.

If fu,(ca) = %n and fy, (¢p) = %n, then for o, (i, ) := v(i + i¢, j + jo), where
be — Je = (Ca + cb)/27

HY ™ (0, |ca — e, 1) > c.
Combining these we obtain that there exists sets My, My, Ms of points (4, j) such
that #M, < (c1 + co)n?,

fuo(c) = 3n,  fu,(c) =0 for (i,5) € My with i+ j = c,
on(C):O7 fUl(C)>%n) for (ihj)GMl Wlth2+]:C

In other words, My denotes the set of lines such that SO(2)Uj is the preferred value
of Vu on these lines. Ms plays the same role for lines on which Vu is mostly in
SO(2)U;. Finally, M3 denotes the ‘mixed’ lines where both SO(2)Uy and SO(2)U;
appear in a large volume fraction.

We observe that the number of interfaces between My, M; is bounded by a
constant cg (which is uniform in n). Defining

¢q = inf{c € Z: for all (i,j) withi —j € (c—j,¢), (i,7) ¢ M1}

and choosing h > 2(c1 + ¢2) yields (ii) in the interval given by (4,j) with i — j €
(cq—h,cq). Choosing a large number L with L > (c3+2)h and dividing the interval
of points in which i — j € (¢, — L, ¢, — h) into sections of size h, we note that, by
definition, all of them intersect M;. For sufficiently large L there exists one section
that does not intersect My, which follows as the number of interfaces between M;
and M is bounded by c3. This yields the existence of the desired value ¢, from
(ii). The function w, is obtained by an appropriate translation of the function v,.

(¢) Compactness and conclusion. Finally, we construct the desired full sequence w,,
in 2, ,. This sequence both satisfies the energy bound (3.19) and converges against
the desired limiting profile. To this end, we claim that there exists a rotation R, a
point a € (=L + h/2,L — h/2) and a translation vector b € R? such that

|Rwn i+ 0, + o) + b = v, qu, (/5 /) | gz ) = 0. (3:24)

Indeed, this follows from compactness. Assume that it were not the case. Then,
by the boundedness of the energy of w, we can invoke proposition 2.3 along the
‘bad sequence’ that satisfies the energy bound (3.19) but does not obey (3.24) and
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obtain a limiting deformation we, with Vws, € K. Fori—j < —Landi—j > L
it respectively attains the gradient values R;Up and RoU; with Ry, Ry € SO(2).
Moreover, by step 2, the interface must have the normal (—1,1). Hence, the limiting
deformation we, involves at least one interface between the energy wells and the
corresponding interface has the right orientation. Furthermore, it cannot involve
more interfaces, as these would cost a non-vanishing additional amount of energy
(see the proof of the I'-lim inf inequality). This yields a contradiction to our assump-
tion that w, does not converge to the desired limiting profile after translation and
rotation. Rotating and translating w,, appropriately yields the definition of u,, and
concludes the proof. O
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Appendix A. Mapping the microscopic two-well problem to
a spin system

In this section we map the two-well problem to a spin system and prove one-
sided energy bounds that are crucially used in the compactness result of §2.1. For
convenience of notation, throughout the section we assume that the constant ¢
from (1.4) is such that ¢ < ¢. In this section, the discrete nature of our problem is
strongly used. In this context, a number of arguments simplify with respect to the
analogous continuous models. It is in this part of our argument that the origins of
the surface energies in the discrete model appear for the first time. We begin by
introducing the corresponding definitions and abbreviations.

DEFINITION A.l (spin Hamiltonian). Let ¢ be as in (1.4) and u € AE*. Then we
set

Q4 = {(i/n,j/n) € 2: W5 < Leand dist(Vul?, SO(2)Up) < ¢},
and 027 := 02,\ Q8. We further define the discrete spin function o,,: (n~'Z)*N2 —
{£1} as

2% -
oyl = ;
—1 otherwise,

{1 it (i/n,j/n) € O, (A1)

and correspondingly the spin Hamiltonian as
Ho) = > > Wi~ o
(i/n,j/m)eG™NR (k1)e{(i+1,5),(4,5+1),(i—1,5),(4,j—1)}

Next, we claim the following one-sided comparability of the two-well and spin
Hamiltonians.
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PROPOSITION A.2. Let u € AEX. Then there exists a constant 0 < C = C(a,b) <
oo such that

H(un) > CH(0%7). (A2)
In order to prove this proposition, we first show the following auxiliary result.

LEMMA A.3. Let u € Ax and (i/n,j/n) € QF but assume that ((i +1)/n,j/n) ¢
Qg. Then,

¢
100°
Proof. Indeed, this follows from the two-body interactions that are involved in the
definition of A% close to the two wells SO(2)Uy U SO(2)U;. In order to see this, we
argue by contradiction and assume that the conclusion of the lemma is false. This
would entail that (in the notation of remark 1.6)

h:j‘lv.] >

c
1

However, this is not possible as the first assumption implies that

7t 7itLg
hu,UO < and hu,Ul <

=1 0l

. ¢

(|61uz,g|2 o a2)2 < 17

while the second condition ensures that

- ¢

(002 — 1?2 < <.

4
As by virtue of the choice of ¢ these are not possible simultaneously, we obtain a
contradiction. Thus, we obtain the desired result. O

Using the previous lemma, we can proceed with the proof of proposition A.2.

Proof of proposition A.2. By definition we have that (o047 —*1)2 € {0,4} for each
(i/n,j/n) € 2, and any of its neighbours (k/n,l/n) € £2,. Thus, we only have to
argue that the number of points on which A%/ is uniformly bounded from below,
for example, by ¢/100, is larger than or equal to the number of points on which

(0% — ok1)2 attains the value 4. But this is ensured by lemma A.3. O

As a direct corollary of proposition A.2 and the energy bound (1.17), we obtain
that for each n € N the set of edges in G™ that connects two vertices such that
(0% — k)2 attains the value 4 has a uniformly (in n) bounded one-dimensional
Hausdorff measure. It divides {2 into two connected components {27 and (2" such
that 0% = 1 for (i/n,j/n) € QF and %/ = —1 for (i/n,j/n) € 27. Both are
Caccioppoli sets, whose perimeter is uniformly bounded in n. Moreover, we can
interpolate the lattice function o constantly and define a function o € BV(£2)
that is equal to &1 for x € (2, respectively. Hence, by the compactness results for
sequences of Caccioppoli sets (see for instance, [2]), along subsequences we obtain
the existence of limiting Caccioppoli sets {29 and (2; of the sets 2§ and (2. This
is summarized in the next proposition.

PROPOSITION A.4. Let {u,}nen be a sequence of lattice deformations with u, €
AN satisfying the energy bound (1.17). Let Q8 be as above. Then there exists a
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subsequence {n;}jen and (up to zero sets) disjoint Caccioppoli sets 2o, (21 such
that
257 = 20 and 217 — 1 in measure,

that is,
|207 A =0 and |02{7 Ay — 0.

Moreover, {2 = 25N (2;.

Finally, in the next proposition we relate the limiting sets {2y and (2, to cor-
responding limiting sets of ‘low energy deformations’ (see 1.17) of the two-well
problem.

PROPOSITION A.5. Let {uy}nen C ALY be piecewise affine functions on the grid
2, satisfying (1.17). Then

dist(Vuy, SO(2)Up) — 0 in LQ(_QO)’} (A3)

dist(Vu,, SO(2)U;) — 0 in L*(§2).

More precisely, forl € {0,1},
/ dist?(Vu,, SO(2)U;) dz < 100(c + 1) Hy, (uy,) + (100¢)?|2,AQ7.
2

Proof. We only provide the proof for [ = 0; for [ = 1 the argument is analogous.
We have

/ dist?(Vun, SO(2)Up) dz = / dist?(Vu,, SO(2)Up) dz
20 oy

+ / dist?(Vu,,SO(2)Up) dz
20\ 028

< Hy(up) + / dist?(Vu,, SO(2)Up) dz. (A 4)
20\ 028

We continue by estimating the second term:
/ dist?(Vu,, SO(2)Up) dz
20\27
< / X{|Vun <1002} dist” (Vun, SO(2)U) da
20\ 25

+/ X{|Vun 51002} dist® (Vun, SO(2)Up) da
20\ 02y
< (1002)%[20 AL |
+ 100¢ / dist?(Vu,, SO(2)Uy U SO(2)U,) dz
20\ 2}
< (100€)?%[020 ARZ| 4 100¢H,, (uy,).

Inserting this back into (A 4) yields the desired bound. O
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REMARK A.6. We observe that the convergence [£20Af2}| — 0 (which follows as
a consequence of the discussion of the spin system given in appendix A) can be
arbitrarily slow. Indeed, as an example, one could consider a finite number of stripes,
in which Vu,, € SO(2)Us, with size n® for any arbitrary o € (0, 1).

Appendix B. Second derivative control

In this section we derive an important property of the Hamiltonian H,,. Although
this is not directly used in the argument that leads to the I'-limit of theorem 1.11,
this property in part explains the comparability of the continuous model from [15]
and our discrete model. In fact the Hamiltonian from definition 1.8 not only controls
the deviation of the gradients of u from the energy wells, but also the discrete second
derivatives of u.

In what follows we use C' to denote a universal constant that only depends only
on a and b and may change from line to line.

LEMMA B.1 (second derivative control). Letu € AE>. Then there exists a constant
C =C(a,b) > 0 such that

CnVh:,
n2[uI T T 20| < O/
n2|ui+17j+1 _ uiJ-‘rl _ ui—i—l,j _|_ui,j| < Cn( /h’L,j + \/hz—i-l,] + \/hl 1,])

More concisely, we will also abbreviate this as |Viu| < Cny/ R IEL where \%
denotes the tensor of second finite differences of u.

n2|ul+1’3 4 wi—hi — 2u”| <
<

Proof. We recall that the density of the Hamiltonian can be rewritten in terms of the
lengths and angles of the deformation (see (1.13)). In what follows, for notational
convenience we will use the abbreviations v*7 := Vyjub?, wh7 := Vyu®7.

STEP 1 (horizontal difference quotients). We begin by estimating the horizontal
second-order difference quotient. Here we distinguish two cases, the first concerning
the smallness of h.

(a) The case in which h%J < c. In the first case we assume that h’J < ¢, where
¢ = c(a,b) > 0 is a constant that is much smaller than the distance between the
wells (and much smaller than 1). In particular, we may assume that one of the
brackets in the definition of A% is much smaller than 1 while the other is of the
order C(a,b), which is a universal constant that only depends on a, b. Without loss
of generality, we assume that the first bracket in the definition of h%, i.e. (1.13), is
the small one. Thus, we obtain that, for some constant C' = C(a, b),

(10" = 112 < 4((0] = a)? + (0"~ - @)®) < i
Moreover, we infer that
(0", W)+ [(0" ", whT)| < Chyd.
However, by linear algebra and the non-interpenetration condition, this implies that
nA i 4 il — 2yt |2 = 2|l — i 1|2 < Cn2hid,

which yields the desired estimate.
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(b) The case in which hiJ > c. In the case in which h% > ¢ > 0 for some fixed
constant ¢ = ¢(a,b), we directly use the triangle inequality:

nHu 4T = 2uBT )2 < An? (ot |2 + [P 12) < CnPhET 4+ n?C(a,b) < Cn?hid.

Here the last estimate follows from the lower bound assumption on h. Combining
the results of (a) and (b) thus yields the full control on the horizontal second
difference quotient. A similar estimate holds true for the vertical second difference
quotient.

STEP 2 (mixed second-order differences). Again we consider two cases, which de-
pend on the local energy density of two neighbouring points.

(a) Small local energy density. We assume that for a sufficiently small constant
¢ = c(a,b) > 0 we have h*J + hit1J < ¢(a,b). In this case we may assume that
VuJ and Vu'T!J are sufficiently close to a common energy well, i.e. we may, for
instance, assume that the first bracket in the definition of h, is controlled in terms
of h,, for both points (4, ) and (i + 1, j) (this follows directly from the definition of
h,, but can also be inferred from lemma 1.7). Then

(lw™] =a)® <hy? and  (lw™™7]—a)* <A,

which implies that

(™| = [w™ )2 < hy? + R (B1)

Moreover,
(10%9] = b)? < B + BP9,
(w7, 0 7)] < Ry (B2)
(W19, < B i

Arguing as above, by linear algebra and the non-interpenetration condition (which
can also be interpreted as a condition on the orientation of the image triangles),

the combination of (B1) and (B 2) implies that
n2|wi — i+l 2

n2(hi + hiF9),

n4‘ul+1,j+1 _ uz,]+1 _ uz+1,] + u’L,j|2 <
<
which is the desired result.

(b) Large local energy density. We assume that h*J + h(Vu'*17) > ¢(a,b) > 0. As
in step 1(a), we directly conclude by using the triangle inequality:

it LIt i a2
< 4n4(‘ui+1,j+1 _ ui+1,j|2 + ‘ui,jJrl . uij|2)
n?(4(Jw| — a)? + 8(a® + b?) + 4(|Jw' | — a)?)
4n2(h53 + BiFLTY 4 n2C (a4 b)

C(a,b)n? (k%I 4 pit1d),

INCINCIN

This concludes the proof. O

https://doi.org/10.1017/50308210516000433 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210516000433

Surface energies in a microscopic two-well problem 1085

Appendix C. Sketch of proof of the discrete coarea formula

In this section we give a (very rough) sketch of the proof of the discrete coarea
formula. More precisely, we show that for any grid function f¥: 2, — R the
following holds:

/OOOPerM({( Jifzthdt<c Y 2|an”| (C1)

(i,5)EnM

Similarly to the continuous case (see [17]), this is a consequence of an integration
by parts argument in combination with the bathtub principle. We consider the
super-level sets F; := {(i,7): f¥ > t} associated with the function f¥. Let ¢*/ =
(o7 ,0%): 2, — R? be any test function with |¢%/| < 1. Then we have

2 %[n(fiﬂ’j — oy +n(fHT = oy

(i,5)enM
/ > l(aw‘ o) dt. (C2)
n

(i,4)€0(nEt)

Here v(z): 0(nE;) — R? denotes ‘the outer unit normal field’ to d(nE;). As d(nE)
is only piecewise affine, we define it as the classical outer unit normal field at all
points at which the boundary is C'. Due to the choice of our interpolation, the only
possibility of violating the C! condition for the boundary is by forming corners
of 45°, 90°, 180°, 225°, 270°. These corners are given as the intersection of two
C' curves that are tangential to two grid edges. Hence, at these corner points
(i,7) we define v = limy, _,(; ;) v(21) + lim,, (; ;) v(22), where x1, 22 are points
approaching the corner along the two intersecting grid edges.
We note that the left-hand side of (C2) is clearly bounded from above by

S Sl - e e )

(i,5)enM
Hence,
e 1 o o -
% Lo X Ladrno - popsalpn - o)
0 (i,5)€0(nEy) " (4, j)EnJVI

Choosing 0% such that (¢%7,v%7) = 1 on d(nE;) proves (C1).

Appendix D. Proof of the well-definedness of the algorithm for
the perturbed grid construction

In this section we present a proof of the well-definedness of the algorithm that yields
the new grid in step 4(a) of the proof of proposition 3.7.
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E ] > [ 1 > [ 1 > [ 1 >
C J C J C 1

I L I I

Figure 3. The one-dimensional chain of intervals described in step 1. Without loss of
generality we may assume that the intervals are given as I, = [n — 1,n] with n € N. The
arrow between the intervals indicates the neighbouring relation. In a chain of intervals
each of the intervals only has one neighbour.

LEMMA D.1. The algorithm in step 4(a) of the proof of proposition 3.7 is well-
defined, i.e. it is possible to choose the parameter 8 > 0 such that there exists a
number cg > 0 with the property that the volume fraction of possible choices in each
step is non-empty and bounded from below:

|[{possible choices in step m}| > cg| B (D1)

The main difficulty here is to ensure that in the selection of the possible choices
i step m~+ 1 not too many points are deleted. In particular, we have to ensure that
although for each pair B,,,, By,+1 there always is a volume fraction of (1 —8)|B,,, x
B,,,+1] rigid pairs, these pairs do not involve too many points that had to be deleted
during one of the previous m steps. If this were the case, it could in principle occur
that the algorithm terminates without having constructed a new grid.

Proof. We divide the proof into two steps and first show the analogous result in
the setting of one-dimensional intervals of equal length that form a one-dimensional
chain (see figure 3). In the second step we then show that our algorithm essentially
reduces to the previous setting.

STEP 1. We argue in the context of one-dimensional intervals of equal size, which
form a one-dimensional chain (see figure 3). More precisely, we imagine that we
have a partition of the real half-line into intervals I, := [n,n + 1] for n € NU {0}.
The end-points are the vertices of our one-dimensional grid. We assume that we
have an analogue of proposition 2.4, asserting that for each neighbouring pair I,,,
I,,41 of intervals, the volume of rigid pairs (z,y) of points in I,, X I,,+1 has volume
at least (1 — 0)|I,, X I,+1|. We apply the algorithm described in step 4(a) of the
proof of proposition 3.7 to this one-dimensional ‘chain of intervals’ (where B,, is
replaced by I,,,). We claim that this algorithm is well-defined in the sense of (D 1),
and hence does not terminate before having constructed a new perturbed grid.

To this end, we prove that at any stage of the algorithm the points that are rigid
in I, and are possible choices in step m + 1 never become the empty set. On the
contrary, we show that they satisfy the bound (D 1). We claim that this is true,
since 6 (which is fixed throughout the algorithm and in particular does not depend
on the step m) can be chosen sufficiently small. Indeed, for each pair I,,, I,,+1 the
volume of rigid pairs (z,y) € Iy X Iny1 is (1 —0) |1y, X Iyy1|. However, this might
be diminished by the points that have been removed in the previous steps of the
algorithm (as it could be the case that all of these deleted points were rigid points
for the next step; see figure 4). Hence, the effective volume of rigid pairs could be
smaller than (1 — 0)|I,,, X I,,+1]- In this context the worst case scenario is given
by the following setting: all points of I,,,; form rigid pairs with the ‘bad set’ 1224
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(b)

N 2N

X
1 [3

Figure 4. The worst case scenario described in step 1 in the proof of lemma D.1. Although
the overall volume fraction of rigid points between two intervals I, Iy,11 is always given
by (1 —0)|Im X I;m+1], it is in principle possible that the effectively useful volume fraction
in step m of rigid pairs in the algorithm is smaller than that. This is due to the possibility
that a lot of rigid points are given by pairs (z,y) with & € Im, y € Int1 such that o € 1524,
i.e. that many points x lie in the set that had to be deleted from being a possible choice in
a previous step of the algorithm. Here this is illustrated for (a) § = 0.1 and (b) § = 0.25.
Here the rigid points are given by the union of the dashed and the dark grey rectangles.
The white rectangle is the set of non-rigid points between the intervals. In the first step
the intervals Iy and I; have a volume fraction of (1 — 6)|lo x I1| rigid pairs. Hence, after
deleting the non-rigid pairs a volume fraction of at least 6 points of I; is rigid. However,
a volume fraction of up to 6 of I; consists of bad points, which had to be deleted. In
the next step, which is depicted as the first schematic illustration in (a), the intervals I,
I, still have a volume fraction of (1 — 0)|I, x I2| rigid points. These are schematically
depicted as the union of the dashed and the dark grey rectangles. However, it is possible
that a large amount of rigid pairs involve points in P24, These are indicated as the points
in the dashed rectangle. (The light grey interval on the vertical axis corresponds to the
bad points IP*? of I;. Thus, in order to construct the new perturbed grid, only the grey
pairs are of use. However, this implies that in I» the light grey interval of length z{ is
deleted by the algorithm, yielding a bad set I5*? of length z{ := /(1 — 6).) In the next
step, which is depicted in the second illustration in (a), this could happen again: a large
fraction of rigid points is given by pairs in which the first component lies in 7224, Thus,
again, only the dark grey square can be used as rigid points in order to construct the
new grid. Thus, [I3*!| =: 2§ = 0/(1 — zf). As (a) indicates, for § = 0.1 the sequence
%! converges quite fast to the value z°! ~ 0.112702. The figure (b) on the right depicts
the same scenario for the § = 0.25. This is the largest value of 8 for which convergence
still holds with z%2% = 0.5. For larger values of § the algorithm terminates before having

created a new grid.

of I,,,, i.e. with those points that were removed from being possible choices in the
previous steps of the algorithm, and the volume of the points in I,,,41 that form
rigid pairs with points in I,,, \ 7?24 is minimized (see figure 4). In the first step of
the algorithm the ‘bad set’ I’®d can be of measure at most 6. However, in principle
this could increase in the next steps. We have to show that the ‘bad set’ remains
small (depending on 6). Indeed, following the description of the previous worst case
scenario, we estimate the ‘bad set’ I?*d. Computing the volume of the bad set in
step m (see figure 4), we infer that the bad set I°d is bounded by the solution of
the recursion relation
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However, if 6 < %, this recursion relation converges to the limit z := %(1 —
1 —40), due to monotonicity. Hence, the bad set remains bounded. This yields
our claim (D1).

STEP 2. We claim that the previous step implies that the grid construction algo-
rithm in the proof of proposition 3.7 works for our two-dimensional set-up. First we
note that the fact that the balls become smaller does not matter, as the result only
depends on the respective volume fractions involved. Secondly, we note that also in
the two-dimensional case, we have to rule out the worst case scenario of an accu-
mulating ‘bad set’ and that the recursion relation from above would still give the
desired bound if there was only a single neighbour to each vertex. Finally, we notice
that the presence of finitely many neighbouring vertices (instead of having a single
vertex only) does not change the convergence of the algorithm (if 6 is decreased
according to the number of possible neighbouring vertices). This is a consequence
of the fact that in comparison to the setting in step 1, additional points are deleted
in the presence of several neighbours only finitely many times. O
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