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Abstract

We give a complete and rigorous derivation of the mechanical energy for twisted
2D bilayer heterostructures without any approximation beyond the existence of
an empirical many-body site energy. Our results apply to both the continuous and
discontinuous continuum limit. Approximating the intralayer Cauchy—Born energy
by linear elasticity theory and assuming an interlayer coupling via pair potentials,
our model reduces to a modified Allen—Cahn functional. We rigorously control the
error, and, in the case of sufficiently smooth lattice displacements, provide a rate

of convergence for twist angles satisfying a Diophantine condition.
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List of Symbols

A Matrix of primitive translation vectors in layer j (2.1)

R; Lattice of layer j (2.2)

Dj_.3_; Disregistry matrix of layer j with respect to layer 3 — j (1.1)

"' A4 Moiré unit cell (2.12)

I'; Unit cell of layer j (2.3)

R ;j(N) Square truncated lattice in layer j, of side-length 2N + 1 (2.4)

B; Matrix of reciprocal primitive translation vectors in layer j (2.5)

R’]" Reciprocal lattice of layer j (2.6)

A; Sublattice degrees associated with layer j (2.7)

t(.aj ) Shift vector in layer j corresponding to the subllatice degree ; € A; (2.7)

B a4 Matrix of moiré reciprocal primitive translation vectors (2.8)

Rj\/( Reciprocal moiré lattice (2.9)

A pq Matrix of moiré primitive translation vectors (2.10)

R Moiré lattice (2.11)

oM Moiré length scale ratio, see (2.14)

{x}rq Moiré disregistry (2.15)

|x] ¢ Projection onto moiré lattice (2.16)

Lx]; Projection onto R ; (2.17)

{x}; Disregistry with respect to layer j (2.17)

Y;(x,a;) Total (generalized) lattice position in layer j, associated with position
x and sublattice degree «; € A; (2.20), (2.21)

u Vector u = (uq, un) consisting of the (moiré-periodic) displacement functions
uj of layer j, j = 1,2 (2.22)

y Vector y = (y1, y2) consisting of the origins y; of layer j, j = 1,2 (2.22)

o Vector @ = (a1, ar2) consisting of the sublattice degrees «; € A; of layer j,
j=1,2(222)

Vj(’rgj_’no) Monolayer manybody potential in layer j, acting on an atom of sublattice
degree aj € A;, Sect.2.1.2

CD;mono) Sublattice-averaged monolayer site-potential in layer j (2.24)

Vﬁ;;er) Interlayer manybody potential in layer j, acting on an atom of sublattice
degree aj € A;, Sect.2.1.2

vy Interlayer pair potential between atoms of types «; € A inlayer 1 and ap € Ay
in layer 2, & = (a1, @2) (2.26)

\I/j(.mter) Sublattice-averaged interlayer site-potential in layer j dependent on oppo-
site layer and moiré disregistry (2.28)
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CI>(”;,ter) Diagonal of \ll(lmer) (2.30)
Fr Fourier transform over thedomain I" o ¢, see (2.35); similarly defines Fr, ; x r;
as Fourier transform over the domain I' o4 x I, see (3.1)

]1( ) Rescaled Dirichlet kernel associated with the truncated lattice R j(N) (3.2)
/

1. Introduction

Setting a two-dimensional lattice on another with a small rotation creates quasi-
periodic moiré patterns on a superlattice scale given by the period of oscillation
of the interlayer disregistry, see Fig. 1. This moiré effect can be understood as
being analoguous to the beating phenomenon in acoustics. At small twist angles,
the moiré scale acts as a slow variable, whereas the individual layer constants act
as fast variables. Consequently, moiré heterostructures are a suitable playground
for multiscale analysis.

In recent years, moiré materials consisting of a few relatively twisted layers
of 2D-crystal structures have attracted great attention since the moiré length scale
offers the possibility of discovering previously inaccessible electronic phases and
other phenomena [38].

The seminal paper in 2011 by Bistritzer and MacDonald [15] predicted that
twisted bilayer graphene (TBG), at an angle of 6 ~ 1.1°—referred to as the magic
angle—exhibits almost flat electronic bands near the charge neutrality point. As a
consequence of the flat bands, there is a high density of states, which has been known
to provide a platform for emergent electronic phases involving strong electron
interactions. This has been experimentally verified, e.g., in [22,23], where both a
superconducting and a correlated insulating phase have been established. A class of
other 2D materials is given by transition metal dichalcogenides (TMDs). Popular
choices for transition metals include Mo and W and for chalcogens include Se, S,
and Te. In particular, moiré materials have become quantum simulators, i.e., highly
tunable experimental realizations for effective theories predicted by theorists. For
overviews on moiré materials, we refer to, e.g., [26,55,71].

Structural relaxation, the process by which atoms deviate from their monolayer
equilibrium positions in order to minimize the total mechanical energy of the twisted
bilayer, can significantly modify the electronic properties of moiré materials. For
example, relaxation enhances the band gap between the flat electronic bands and
other bands in twisted bilayer graphene [87]. In a simplified model of twisted
bilayer graphene with strong relaxation, the chiral model, the almost flat bands
become exactly flat [5,6,83,86]. It is thus critical to develop systematic methods
for modeling structural relaxation and its effects on electronic properties of moiré
materials.

Modeling structural relaxation is complicated by the fact that the atomic struc-
ture of twisted bilayer 2D materials is generally aperiodic (incommensurate) ex-
cept at special commensurate angles [85]. Phenomenological continuum mod-
els for structural relaxation at commensurate twist angles have been proposed in
[72,77,88,90].
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Fig. 1. Twisted bilayer, with moiré vectors; pictures on top show local environment in
symmetry-related AB and BA (Bernal) stacked regions, pictures below zoom in on two AA
stacked regions separated by a moiré superlattice vector. See Sect. 2.3.3 for a description and
discussion of the energetics of AA, AB, and BA stacking
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Fig. 2. Modulated disregistry D j—3—j(R;) chosen in [28]. In comparison, the sequence

>

Aj 53— j(R;) of all modulated disregistries chosen in the present work

A systematic approach not restricted to commensurate twist angles or bilayer
structures was proposed in [28]. In this approach, the displacements u ; of atoms
in layer j of an incommensurate twisted 2D bilayer structure are assumed to be
continuous functions of the local configuration, or disregistry, which can be iden-
tified with a two-dimensional torus. This is based on the more general concept of a
hull, a compact parametrization of all possible local environments, which has been
introduced in the context of electronic properties of general aperiodic structures,
see, e.g., [7-9] and references therein.

For more general multilayer structures with p > 2 layers [89,91], the hull can
be identified with a 2p — 2 dimensional torus and hence there does not exist a
two-dimensional periodic continuum model in real space. The configuration-space
model proposed in [28] has become increasingly used to model trilayer and more
general structures [92].

Such a parametrization is known to be valid for the Frenkel-Kontorova model
in one dimension, using Aubry-Mather theory [2—4]. In addition, as a function of
the disregistry, a minimizer, if it exists, is smooth as long as the intralayer potential
dominates the interlayer coupling; see [2—4] and also [29] for a simplified model.
When this condition does not hold, the minimizer can be discontinuous at a dense set
of points [2—4,29]. This motivated us to extend the previous framework to include
non-smooth displacements. In two dimensions, we are not aware of any proof
that minimizers of the twisted bilayer energy necessarily admit such a continuous
parameterization, although the assumption is well-motivated given that intralayer
lattice bonds are known to be much stronger than interlayer couplings in TBG and
other van der Waals 2D heterostructures.

The total mechanical energy of the bilayer is, then, assumed to be decomposable
into a monolayer and an interlayer coupling contribution. For the monolayer part,
[28] starts with many-body site potentials and then passes directly to the Cauchy—
Born approximation, inspired by, e.g., [16,74]. For the interlayer coupling, they
utilize a stacking penalization, the generalized stacking fault energy (GSFE), see
also [36], dependent on a modulated disregistry, i.e., on the relaxed local environ-
ment. Their modulated disregistry is obtained by projecting an interpolated relaxed
position onto the relaxed structure of the other layer, see Fig. 2.

To define the modulated disregistry more precisely, let A; denote the matrix
whose columns are the primitive translation vectors of lattice R ; = A ;Z? describ-
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ing layer j (see the beginning of Sect. 2), and let
Djsji=1—A;;A; (1.1)

denote the disregistry matrix of layer j with respect to layer 3 — j, see Sect.2 below
for more context. We choose Lagrangian coordinates for the lattice displacements
u ;. Then the modulated disregistry chosen in [28] is given by

A

Dj.3_j(R))=Dj3-jRj +uj(R;) —u3—j(R;), Rj€Rj,

see Fig. 2. In particular, since u3_; is not evaluated at a lattice vector of layer
3 — j, the chosen modulated disregistry in [28] only approximates the difference
vectors of nearby atoms from different layers; see Sect.2.3.4 for a more thorough
discussion.

In order to pass to a thermodynamic limit, [28] employs an ergodic property
for continuous functions of the interlayer disregistry in incommensurate lattices,
derived in [21,68] in the context of 2D incommensurate systems—systems with
a relative irrational angle, see Assumption 1 below. After they approximate the
Cauchy—Born energy by linear elasticity, their resulting model is given by

1
EZ][ dx (Duj(x):Sj:Duj(x)
= e, (1.2)

i (Djos—jx +uj(x) — ug_j(x))) ,

where I" o4 denotes a moiré unit cell, see (2.12) below, and the GSFE CDS.GSFE) :

R? — Ris periodic with respect to to lattice R3_ ; of the other layer. Furthermore,
we abbreviate by

gj,abcd = Ajdabbcd + ﬂj((Sadsbc + acdpd) » (1.3)

the elasticity tensor where A;, u; > 0 are referred to as Lamé parameters. We
adjusted the sign-convention in (1.2) to that chosen in the present work.

In applications, the GSFE is obtained via a density functional theory (DFT)
approach by minimizing the energy of two untwisted parallel layers at a given
xy-shift corresponding to the disregistry, while the system is allowed to relax in
the z-direction, see [24,36]. Periodic boundary conditions can then be chosen to
account for the lattice periodicity.

The relaxation model obtained in [28] has been very successfully applied to de-
termine the relaxed structure of twisted bilayer systems at small twist angles, see,
e.g., [24]. The goal of the present work is to develop a new approach to modeling
relaxation of twisted bilayer 2D materials which builds on and refines several as-
pects of the approach of [28]. In particular, we expect our model to retain accuracy
even at relatively large twist angles, and lend itself better to the systematic study
of lattice vibrations (phonons), which are known to play a significant role in the
electronic properties of many materials.
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The first key point of our approach is that we start from an exact, i.e., not
interpolated, discrete model for the interlayer energy. More precisely, the interlayer
site potentials depend on the finite difference stencils

Ajos—j(Rj) = (Rj+uj(R)) = Rs—j —us—j(Rs- ). i, .

of displaced lattice positions, see Fig. 2. This approach allows us to pass to the
thermodynamic limit, without first requiring other approximations. Crucially, our
approach still relies on the assumption that the lattice displacements depend on
the local disregistry. Under this assumption, our model encodes all of the structure
of the underlying discrete model, and allows for further approximations at later
steps. Passing to the thermodynamic limit with such a penalization requires a more
general form of the Birkhoff theorem used in [28]. Since we do not invoke any
interpolation or small-angle approximation here, we expect this interlayer energy
to retain accuracy for arbitrary twist angles. We additionally generalize [28] in al-
lowing for finitely-many independent sublattice degrees of freedom, and relaxation
in the vertical direction, perpendicular to the layers.

Although we emphasize the generality of our approach, it is illuminating to
present our configuration-space model under simplifying assumptions. In particular,
this allows for comparison between our model and (1.2). Let us assume the interlayer
many-body potential is given by an even pair potential v. We ignore sublattice
degrees of freedom and lattice shifts, and restrict u ; to take values in R2,ie., we
ignore out-of-plane relaxation, and assume smooth u; so that the Cauchy—Born
approximation applies. After further approximation by linear elasticity, our model
is given by

2
%Z][ dx Duj(x): & : Duj(x)
= I, (14)

1
+ —/ dé v(A1€ + ui(A1§) — A2g —uz(A28)).
Tl Jr2

For the most general case of monolayer and interlayer coupling energy, we refer to
Egs. (2.25), and (2.29), respectively. We show the difference between the models
for a specific choice of GSFE depending on v in Sect.2.3.4. A crucial benefit of our
approach is that it is formulated for the more general case of many-body potentials;
another advantage is that our result holds for arbitrary angles, while the resultin [28]
was derived only in the small-angle limit. We believe that our analysis is extendable
to multiple layers as in [28]. In Sect.2.3.2, we provide some more details on the
Cauchy—Born and linear elasticity approximation. We would like to point out that
the interlayer term in (1.4) takes into account that all distances between points of
different layers are attained.

The next main result is, under additional regularity assumptions on the dis-
placements u;, an estimate on the convergence rate for passage to the thermo-
dynamic limit. For this, we introduce the notion of Diophantine 2D rotations, a
two-dimensional analogue of Diophantine numbers, to quantify the incommensu-
rability of twisted 2D bilayer lattices. We show that an ergodic average can be
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rewritten in Fourier representation as a weighted sum involving an appropriately
rescaled Dirichlet kernel. The leading order term in orders of the truncation corre-
sponds to the limit of the ergodic average. The lower order terms can be bounded by
the tail-behavior of the Dirichlet kernel, if we assume an appropriate Diophantine
angle condition, defining Diophantine 2D rotations. Our concept of Diophantine
2D rotations extends the ideas developed in [30] in the context of coupled one-
dimensional chains. Metric Diophantine approximation theory is a vibrant research
area in analytic number theory. We refer to [10,12,59] and references therein for
historic reviews, and, e.g., to [13,14,32,50,73] and references therein for more
recent results.

The final contribution of the present work is that we prove the existence of
a thermodynamic limit for the energy density under least restrictive assumptions.
These assumptions ensure integrability in the limit energy density functional. The
starting point of our approach is a weaker, namely L', parametrization of the atomic
displacement functions u ; as functions of their relative position with respect to the
moiré unit cell I" o4, modulo a moiré lattice shift. To be more precise, we pass to
the thermodynamic limit for any (1, u) such that the limiting site energy is in
Ll(l" M), Where I\ is the moiré cell; see Proposition 2.14, and Theorem 2.17.
We show that u; € L>(T'pq) C L (I" aq) s sufficient for this in Lemma 4.5.

This parametrization is given meaning by embedding the twisted bilayer model
within the family of models defined by all possible layer shifts (modulo shifts
which leave the bilayer invariant) and applying Birkhoff-type ergodic theorems
which hold up to a measure zero set of shifts, see Sect.2.4 for more details. In
particular, this perspective allows us to pass to an almost sure thermodynamic limit
without assuming a continuous parametrization of the atomic displacements as in
[28].

One of the promising properties of the models presented here and in [28] are
that they lend themselves to methods from calculus of variations for continuous
systems, even though the underlying system is discrete. As we will discuss below in
Sect.2.3.3, the resulting model is connected to the Allen—Cahn or Ginzburg—Landau
energy functional [44,45]. For references on the study of the Allen—Cahn equation,
we refer to, e.g., [20,35,46,65,82] and references therein, for the Ginzburg—Landau
equations, e.g., to [49,52,78,80] and references therein, and for results on more
general semilinear elliptic equations, e.g., to [1,31,39,41,42,53], and references
therein.

An interesting question is whether an existence and regularity theory can be
developed for the thermodynamic limit energy involving many-body monolayer po-
tentials, before passing to the Cauchy—Born approximation. We do not address this
question in the present work, instead developing the existence and regularity theory
only for displacements for which the intralayer energy can be simplified using the
Cauchy—Born approximation, such as C2-displacements. After this simplification,
the existence and regularity theory are standard, since the Euler—Lagrange equation
is, then, elliptic; see, e.g., [28].

We comment on the practical application of our results, especially to the study
of lattice vibrations (phonons) in twisted bilayer materials. First, we note that pass-
ing to the thermodynamic limit without restricting to smooth or even continuous



Arch. Rational Mech. Anal. (2024) 248:103 Page 9 of 57 103

displacements u; should allow us to model more subtle relaxation patterns and
vibrations than those which can be described using the Cauchy—Born or linear elas-
ticity approximation. The use of the GSFE in [58] is limited to nearest neighbor
interactions and does not include out-of-plane displacement. The phonon disper-
sion method given in [64] includes longer-ranged interactions in the GSFE and
out-of-plane displacements. Our interlayer energy is exact, but it needs approxi-
mation since it includes infinite range interactions. A systematic approximation of
our interlayer energy can give a method to compute the phonon dispersion with
controlled accuracy. Finally, we note that our new interlayer misfit energy has the
potential to be highly accurate if implemented with the new generation of machine
learned empirical potentials [70,81]. These issues will be the subjects of forthcom-
ing works.

2. Model Description

In order to state our model, we start by introducing standard notation to describe
general Bravais lattices, see, e.g., [69]. A 2D Bravais lattice consists of 2 primitive
translation vectors, as well as a basis with associated translation vectors, see Fig. 3.
We associate the basis with sublattice degrees of freedom.

In the case of hexagonal lattices, the sublattice degrees of freedom refer to an
additional atom position given a fixed unit cell. In the case of TMDs, it allows to
distinguish between various species of atoms, the metals and chalcogens. Atomic
orbitals present another choice of sublattice degrees of freedom. To understand the
main ideas, the reader may want to ignore the sublattice degrees of freedom on first
reading.

2.1. Notation

2.1.1. Lattices Let6 € R,qg > 0,and A € GL,(R). Define

=12 12 . [cos¢ —sing
Al =¢q R_gpA, Ay :=q '"RgpA, Ry := <sin¢ cosep ) 2.1)

Let
R; = A;Z*, je(l,2}, (2.2)

denote two crystal layers at a relative twist angle 6 and with a relative lattice
mismatch ¢, and abbreviate the respective unit cells

[ = A;[0, D)%, je{l1,2}. (2.3)

In addition, denoting [n1, na] := [n1, n2] N Z whenever ny, ny € Z, ny < na, we
introduce the truncated lattices

R;(N) := A;[-N,NJ*, je{l,2}, NeN. (2.4)
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Fig. 3. Hexagonal graphene lattice. a; refers to the primitive translation vectors, while B
is the translation vector for an additional position within a given unit cell. Blue dots refer to
the A lattice, while red dots refer to the B lattice

Furthermore, let

Bj = 2nAJTT, jefl,2} (2.5)
denote the matrix of reciprocal vectors, and define the reciprocal lattices

R = BjZ*, je{l1,2}. (2.6)

Throughout this work, we let j € {1, 2}.

In addition to the lattices R ;, we also introduce the sublattice degrees of freedom
Aj, j e {l,2}. A; is assumed to be a finite set, and to each ; € A;, we assign
a unique shift vector r}aj ) € R?, see Fig. 3. Moreover, as an additional degree of
freedom, we allow layer j to be shifted by y; € I';. Consequently, the unrelaxed
positions of layer j are given by

i)

yi+ R+ aj e A @.7)

As explained above, the moiré lattice is another important lattice in incommen-
surate bilayer heterostructures. We will first define this lattice and then explain its
importance. The primitive translation vectors for the moiré frequency lattice then
are given by

Bap = Bl — B>, (2.8)
generating the moiré frequency lattice

Ry == BMmZ*. (2.9)
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Fig. 4. Twisted bilayer with its moiré lattice highlighted in yellow

The corresponding moiré direct lattice vectors are given by

Am =27By = (A7 —A3H7 (2.10)
Then we define the moiré lattice
R = AmZ2, (2.11)
together with its unit cell
Taq i= Apmq[0, 12 (2.12)

We now explain the importance of the moiré lattice. As can be seen in Fig. 4, the
moiré lattice is the lattice with respect to which the union of the lattices R U R»
appears almost periodic. This phenomenon can be explained from two different
perspectives.

First, the moiré lattice is the lattice of periodicity for the beating pattern created
by superposing plane waves with the periodicity of each layer.

Observe that we have that

ol (Biej)x _ ,i(Baej)x forj=1,2 <= xe2n(B — Bz)_TZZ i

and hence constructive interference at the points of the moiré lattice.

Second, we would like to formalize the idea that the local environment is moiré
(quasi-)periodic, as can be seen in Fig. 1.

For that, observe that, for a lattice vector Ry € R inlayer 1, its position relative
to the lattice of layer 2 is

R mod R,.

Equivalently, we can consider the position of Rj relative to its projection into layer
2

(I — A2ATHR; mod R, .

This motivates the definition of the disregistry matrices D;_.3—; introduced in
(1.1), given by

Diy =1 —AAT' = —MAyy, Dasy =1—A1A = AjA(2.13)
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With these, we define the local configuration functions
x> (I —AATHx mod Ry, x> (I —AjA;Hx mod Ry .

Due to (2.13), both of these local configuration functions are periodic with respect
to the moiré lattice R p4. This establishes the moiré periodicity for a notion of the
local environment.

Notice that there are other descriptions of the local environment which are
not moiré-periodic, such as the disregistries defined below in (2.15) and (2.17),
although these notions are related to moiré-periodic quantities through (2.18).

Lemma 2.1. (Moiré length scale) For any x € R?, we have that
[Apex] = [(q"2 — g7/ + 4sin2(0/2)] 2 | Ax]|.
Similarly, we have for any k € R? that
Bkl = [(g"/? = g7 + 4sin?(0/2)12 2w A k).

For a proof, we refer to Appendix A. Motivated by this lemma, we define the
characteristic moiré length scale ratio given by

pat =g —q )2 +4sin2(0/2)]77 . 2.14)
In order to specify almost periodicity, we impose the following restrictions:
Assumption 1. (R, R») is incommensurate, i.e.,
Gi + G2 = 0forGj eR? iff Gi=G2=0.

Assumption 1 has been introduced in [21,68]. In addition, we impose the fol-
lowing condition:

Assumption 2. (R}, R}) is incommensurate.

Remark 2.2. Under Assumption 1, it can be readily verified that also R ; and R p
are incommensurate. In fact, let Goy = Bpym € R, m € 72, and Gy =Bine
Ri.ne 72. Then we have that

Gm + Gy = Bi(m+n) — Bon =0

iff m = n = 0, see (2.8). Analogously, (R}, R}) being incommensurate implies
that (R?, Rj‘w), j =1, 2 is incommensurate.

A straight-forward calculation yields the following result:

Lemma 2.3. We have that (R, R) is incommensurate iff (g, 0) € RT x [0, 27)
satisfy

gATRyATZ2 N 7* = {0}.
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As a consequence of Assumption 2, the relative positions of R ; with respect to
the moiré lattice never repeat. We want to use this assumption to define a continuous
extension of the displacement functions, defined on the (discrete) lattice y; + R,
and corresponding energies. In particular, we use Assumption 2 to relabel lattice
positions by their relative position within a translate of a moiré unit cell.

To this end, we define for x € R?

v = Y. (r=Ra)lry(x— Ry (= x mod Rpy), (2.15)
RMER M

and
xXIpm = x — {xIa - (2.16)
Observe that
Ir,,&—Ry) =0 & xelpm+Ru.
Analogously, we define the decomposition with respect to the lattices R ;
X = |_ij + {x}j (2.17)

with | x| j € Rj, {x} j €Ty An analogous notation has already been used in
[21]. We call {-} o1 the (local) disregistry with respect to R o¢ and {-}; the (local)
disregistry with respect to R ;.

The quasi-moiré-periodicity of the local disregistry can also be understood by
virtue of Lemma 4.2, for we have that

(Ri)y = Dioa (Rl pg + As (}) LR = DasiRalpg . (218)

Exact periodicity would mean that similar formulas relating the moiré disregistry
and the individual layer disregistry would hold for general x € R? instead of
lattice points R;. However, in Remark 4.3, we prove that there exists no such
affine transformation. In the incommensurate case, there is only quasi-periodicity.
However, in case of commensurate layers, the local disregistry is periodic with
respect to a lattice which is a subset of the moiré lattice R o. Note that in the
commensurate case, methods for periodic systems, such as Bloch-Floquet theory,
become available. For this reason, and since the commensurate case is in any case
not generic, see Proposition 2.5, we ignore this case in the present work.

As a consequence of incommensurability of (R}, R}) and (ij, Rj‘w), respec-
tively, both

Ory ; : Rj+yj— Tioj, Rj+vyj+ {R, +Vj}3_,,~ ;
Ory : Rj+vi = Tm, Ri+vi={Ri+vilpy

are one-to-one, j = 1, 2. For a discussion of this bijection, we refer, e.g., to [67].
We call both, l'[r3__,. and Ilr ,,, configuration space projections, see also Fig. 4.

Before continuing, we briefly want to comment why we can simultaneously
choose (R1, R2) and (R}, R3) to be incommensurate. For that, we introduce the
notion of Diophantine 2 D-rotations, that corresponds to a quantified version of
incommensurability.
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Definition 2.4. Given g > 0, we call @ € R a (g, K, o)-Diophantine 2D rotation
iff K > 0,0 > 0, and, forall n € Z* \ {0},

K
dist (¢F'ATRyg AT, 72) > )
(C] +6 ) - |I’l|2”

(2.19)

This notion of Diophantine 2D rotations is exactly the condition that allows us
to quantify the error in the ergodic approximation, see Proposition 3.5 below. As
in the case of Diophantine numbers, we have that Diophantine 2D rotations are
generic.

Proposition 2.5. Forall g > 0, 0 > % ~ 1.1482 and for Lebesgue-almost all

0 € R there exists K > 0 s.t. 0 is a (q, K, 0)-Diophantine 2D rotation.

Since almost every angle 6 is a Diophantine 2D rotation, the corresponding
lattice (R, R2) is incommensurate. By applying the same argument to the recip-
rocal lattices, we also have that for almost every 6, (R’f, R;) is incommensurate.
In particular, for (Lebesgue-)almost every 6, both, (R, R») and (R, R;), are
Incommensurate.

As the classical results for the one-dimensional case, our proof of Proposi-
tion 2.5, see Appendix B, relies on the Borel-Cantelli Lemma.

Asusual, the absolute value function |- | will have a context-dependent meaning.
For finite sets M, |M| denotes the cardinality of M, for bounded measurable sets
Q C R", |2| denotes the respective Lebesgue measure, and for x € R”, |x| denotes
the Euclidean norm.

Remark 2.6. Bourgain-Watt [18] proposed the bound
1B, N72 = 772 + Oroo (rfa%“)
for any ¢ > 0, where % ~ (0.6274, compared to % ~ 0.6298 in B in the proof
of Proposition 2.5. In particular, this would allow us to lower the lower bound of o
to ig% ~ 1.1471 compared to % ~ 1.1482 above.
The general lattice problem is a very active research area. For related works,
we refer to [17,19,43,48] and references therein.

2.1.2. Energies As described in the introduction, we assume that the lattice dis-
placements u ; are periodic functions of their respective disregistry. Since we assume
that (R1, R2) is incommensurate, this is equivalent to parametrizing u ; as moiré-
periodic functions instead. For simplicity, we assume thatu j € Cper(I' 45 (R3)A)),
s.t. the total lattice positions are given by

7)

(
Yiyj+ Rpep) =y + R + 7,7 +u; ({vj + Rj} oo 0) - (2:20)

Here, we identified the R2-valued points R;, y;, t;aj ) with their respective R3-

embeddings (R}, 0) resp. (y;, 0) resp. (rj(.aj ), 0). We allow the lattice displacement

u; to take values in R3, in order to account for relaxation in z-direction.
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By identifying u ; with its periodic extension to RR?, we also define the general-
ized total lattice positions

Yi(x,of) := x + t;aj) +ujx,aj), (x,oj)€ R? x A;. 2.21)
Throughout this work, we abbreviate
u=(u,u), y=WLr)elixI', a=(,m)eA xA. (222)

As stated above, we assume that the total energy of the coupled bilayer system
can be decomposed into a monolayer and interlayer contribution. For each, we
assume that they can be expressed via sums over site-energies over the individual
layers. We assume that these site-energies depend on the finite difference stencils
originating at the respective site, as well as the sublattice degree type.

We will now present the monolayer and interlayer energy densities, and explain
how their thermodynamic limits can be obtained via ergodic theorems. Here, we
state our results in a general context that only requires the existence of the limiting
energy functional, in order to state results that hold both, in the cases of smooth
and non-smooth displacements. In the case of smooth displacements and for lattice
shifts ; = 0, we even establish a rate of convergence, see Sect.2.2. We postpone
a discussion of the non-smooth case to Sect.2.4.

We present our results in terms of many-body potentials dependent on finite
difference stencils, which yield a more accurate description of materials than just
interatomic pair potentials, such as Kolmogorov-Crespi [57]. However, to better
illustrate our ideas, we decided to also include the case of interlayer pair potentials.
Monolayer potential Let

ymono) . RIYRixA; R
1o

witha; € A; be given. We assume that

(mono) . .
Vj’a " only depends on the finite (relative)

difference stencils
(uj(Rj +vj+ Ry &) —uj(Rj +7j, @)) g cr; area; -

The reason, for which we may consider dependence only on relative difference
stencils for the monolayer potential, is that the index R’. encodes a distance between
the evaluation points in the finite differences; this distance is independent of the
reference point R; + y;.

Example 2.7. (Monolayer pair potentials) In order to illustrate the needed decay
assumptions, we may consider pair potentials w ;. For simplicity, let us reduce to
a single sublattice degree of freedom and ignore lattice shifts. Then the model
many-body site potential takes the form

Ri> > (R} +uj(R; + R)) —uj(R))) —w;(R})).
RieR\(0)
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For this reason, one needs to assume a decay assumption in R} in the case of
monolayer potentials. Below, we will state assumptions on the site potentials

(mono)
Ry > Vi () Ry + vy + Ry a) =) (Ry +vj. @) e e )

that allow us to pass to a thermodynamic limit. For clarity, we omit sufficient

assumptions on Vj(,rz(?no) and u; individually which would imply our assumptions

on the site potentials; these could be obtained by adapting the ideas of, e.g., [16,74].
For y; € I'j, we introduce the monolayer energy density

(mono)
€j.N.y; (uj) = T 1ON + 1)2 Z Z
! |F |(2N+ D ajeA; RieR;(N)

(mono)
VIR (s (R + 75 + R} o)) = uj(R; + 7, a./))(R},a;)enij) :
(2.23)

where
|Aj[=N —1/2, N + 1/21*| = |T;|2N + 1)°

is the area of the corresponding truncated region covered by the nuclei in layer j.
Observe that, since we defined u ; as R p¢-periodic extensions,

cI>5.mono) [uj](x)
1 , (2.24)
=T Vj(z;mo) (uj(x—l—Rj,ot}) - uj(x,ozj))R;_ERj,
J C{jE.Aj (M}E.Aj

is R pq-periodic. IfRj € Rj,yj € T, CID;mono) [uj1(R+y;) denotes the sublattice-
averaged site-potential experienced at R; + y;. In particular, (2.23) becomes

1

(mono) (mono)

vy ) = Gyre 2 T IR F -
RjeR;(N)

Then, the ergodic theorem Proposition 2.14 implies, after substituting x — Ajx,
that the thermodynamic limit of the monolayer energy is given by

eﬁmono)(uj)
( ) ’
1 E Frog,, VI | (st + K = 458,29 e,
ajeA; ajeA;
- ][ dx @ 1(x) (2.25)
M

where f, = %I o, denotes the averaging integral over €. This result is given in
Theorem 2.10.
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Interlayer coupling
Definition 2.8. A function
Vi ®RHRixA L R

is translation-invariant iff for any (aR;,a;)(Rj.0j)eR;xA; € (R3)RJXAJ' and any
R’ € R, we have that

V((aR_,-+R},aj)(Rj,otj)eij.Aj) = V((@R;.a;)(Rj.a))eR; x A;) -
In addition, V is even iff V(x) = V(—x).
Let
ijf;‘/_ef) D (RIHRs-ix A LR,

with a; € A; be even and translation-invariant. As a special instance, let vy :
R3 — R, with ay € A, k = 1,2, = (a1, a2), denote an even pair potential, and
consider

. 1
(inter)
Vie; <(aR3j»Ol3j)R3j€R3j’) ) Z Va @Ry ja3-) - (2.26)
0537j€A3—j R3_jeR3—;
0{371'6./437/'

Such interatomic pair potentials v, have been constructed using DFT, e.g., in [62,
66,79].

The fact that we are using the ordered index & = (a1, a2) to label pair potentials,
as opposed to, e.g., (@, a3_;), is to indicate that pair interactions only depend on
the pair of involved atoms, as opposed to the order of the pair. Whenever there is a
aj or a3_; on the LHS of an equation, and a1 or a; on the RHS, the corresponding
equation is to be read individually for j = 1 or j = 2, to avoid confusion.

We assume that Vj(’lgt_er) depends on the finite (total) difference stencils

(Yi(Rj +vj ) = V3 j(Raj + V3o @3 ) g, ey anjeds -

In the case of the interlayer potential, the distance between the evaluation points
does depend on the reference point R; + y;, or its disregistry, respectively.

Example 2.9. (Interlayer pair potentials) For simplicity we can again consider the
special case of pair potentials. Let us again restrict to a single sublattice degree of
freedom, and assume y; = 0. Then the interlayer site-potential is given by

Rj— Z U(R3_.,' +us—j(R3—j) — R; — ”./(R/))
R3—j€R3-;

= Y u(Rej = {Rj}y_; Fus—j(Rj + Raoj — {Rj}s_ ) —uj(R)),
R3,j€7?,3,j
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where we recall (2.17). In contrast to monolayer potentials, we now have to correct
the positions by their local disregistry. For a generalization of this idea to many-body
potentials, we refer to Lemma4.4. Here one could also, analogously to Example 2.7,
subtract the constant contribution ) Ry jeRs_ v(R3—; — Rj). Since it does not
affect our results, we chose not to include it.

Consequently, we need to impose a decay assumption which is based on the
magnitude of the total distance Y;(x) — Y3_;(y) in the argument. We prove the
existence of a thermodynamic limit based on regularity of the site potentials

(inter)
Rj Vg, ((Yj(Rj +yj. ) = Ysj(Raj +y3-j. 0‘3—/'))R3,je7z3,,-,a3,jeA3,,-) ~

Again, we expect that this regularity would follow from appropriate assumptions
V(mter) and u; along the lines of [16,74].
Recalhng (2.21), define the interlayer coupling energy density of the j-th layer

1
(1mer) (mter)
SR e et DI DRl (LIRS
ITjIEN + 1D R;€R;(N)ajeA;
(2.27)
— V3 j(R3—j + y3—j, a3_j)) Rs_; € Ra_;. ) .
o3_j € A3_j

We would like to study the thermodynamic limit of the energy density (2.27)
by employing an appropriate ergodic theorem. Such an ergodic theorem lets us
map a functional defined on the discrete systems R ; to a functional defined on
the continuous system I' o4, via the configuration space isomorphism Ir,,. As a
useful tool to map in between unit cells of the involved lattices, we recall from
(1.1), see also (2.13), the disregistry matrices:

Dy, =1 — AzAl_l = —AQA_1 , Dy =1 — AlAz_l = A]A/_\/ll.
In particular, we have that
Dj3-iTm = (=1)/Ts-;.

The disregistry matrices D;_,3_; have the crucial property that they map between
the different notions of configurations if restricted to the individual non-shifted
lattices, see Lemma 4.2.

As above, we define the sublattice-averaged generalized interlayer site poten-
tials

WD ] (x, y)
1 : ( )
(inter) (aj) (@3—j)
= — VIO (y—Rs—j+7, " =1 Hujx, )
il iz, ™ O T e

—u3—j(x —y+ Rs_j, Otz—j))R3,-eR3,-,>

a3 jeAsj
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for all x, y € R2. Employing Lemma 4.4, we obtain that

(inter) (ll)

€j.N.y

1 .
= oy 2. <{Rj + i AR v V3—j}3—j) :
2N +1)
R;eR;(N)

Observe that, due to the R o¢-periodic extension of u ; and due to the dependence
on the collection of all lattice shifts withrespectto R3_;, \Ifj(mter) [u]lis R xR3—j-
periodic.

Here, we prove a mean ergodic theorem, Proposition 3.3: Let h € L llo . (R*) be
R x R3—j-periodic.

Recalling (2.18), we then show that

1
o > (IR ol u R+l )
2N +1) J
Rj€Rjw)
Noeo dxh(x,Dj%3,jx+A3,jA;]wM—w3,j>
'

= ][71 dé h(AjS—I—wM,(Aj—A37j)§+w3,j)
AjTm

converges for almost all (waq, @3- ;) € I'pq X I'3_; and also in LY(I" pq % I'3-j).
Both, this result and also the previously mentioned ergodic theorem Prop. 2.14, are
special instances of a more general ergodic theorem for group actions, as can be
found, e.g., in [37,54,56], see also Proposition 3.1. These ideas have been previ-
ously applied to incommensurate multilayer structures, see [69, Theorem 2.1], [21,
Proposition 3.5].

We then obtain in Theorem 2.17 that, in the thermodynamic limit N — oo, the
interlayer coupling potential converges to

. 1 .
gt =it f s (e
|Fj|a,—eA,- s /

—Y3_j(A3—j§ + y3—j + R3—j, a3j))R3jeR3j,> (2.29)

(){3,]'6./437]'
- 7[ dx &9 [y (x),
D4
Cm

where
q>§if;f”)[u](x) = \p]‘?“‘“)[u](x, Dj3 jx+ A3 jAT 'y =y j). (230)
Lemma 4.6 yields in the special case of even pair potentials v, that

1
(1)
TP /zdé Vo (A1 +y1 + 1"+ (AiE + 71, @)
M akeAk R

k=12

— A -y — T2(a2) —u2(A2k + 2, 02)) .

(inter) _
€y (n) =



103 Page 20 of 57 Arch. Rational Mech. Anal. (2024) 248:103

2.2. Results for Smooth Displacements

We now present our main result for the case of smooth displacements under
some simplifying assumptions. Under these assumptions, our notion of Diophantine
2D rotations, recall Definition 2.4, allows us to establish a rate of convergence to
the thermodynamic limit of the atomistic energy density. We emphasize that, even
in this setting, our limiting energy functional appears to be novel.

We start by assuming that y; = y» = 0, and we abbreviate

(inter) ,__  (inter) (inter) ,__(inter)
) j =0 0 e e

o €N TEiIND
(inter) ,__(inter) (mono) ,__(mono)
j '_ej,O s ej,N '_ej,N,O .
‘We denote that
da, A, = max |7/ — o\, (2.31)
(xgE.Az
=1,2
and for u = (uy,uy) € LOO(RZ;RG), with components ujy, j = 1,2, k €
{x,y, 2},
Ly = da; A, + llurzlleo + Uz zlloo - (2.32)

Moreover, let
1
(x) = (1+|x[»)2

forany x € R",n € N. For k,n € Nand s > 0 and a Lipschitz domain 2 C R",
let

k
1 gk gy 7= D IC DY fllee (233)
j=0

denote the weighted Sobolev norm, and let
WES(Q) = (f € WER(Q) | IIfll g < o) (234)
denote the associated weighted Sobolev space. In addition, let
LE(Q) = {f e L) | () fllL=@ < oo}

denote the weighted Lebesgue space.
For f € L'(Tpq) and G\ € R’\» we define the Fourier transform

FGpm) = Fry (H(Gr) = ][F dx e 1OMX £ (x)., (2.35)
M

The next result is our main result in the case of smooth displacements.



Arch. Rational Mech. Anal. (2024) 248:103 Page 21 of 57 103

Theorem 2.10. Lets > 1, 0 > %, and 0 € [0, 2m) be a (q, K, 0)-Diophantine
2D rotation for some K > 0. Let £ € {mono, inter} and j € {1, 2}. Assume that

¢ ¢
q>§. lujle L' (Tpp), er(|V|2<"+S>q>§.>[uj]) € (R
In particular, if we assume pair interlayer potentials, assume that for k = 1,2,
ar € A, ug (-, ax) € WO (R?), and that, see (2.34),
Vg € WS (R? x [—L5, LE]).
Then there exists a constant C > 0 such that
o _ O ¢
eiy—e | < ——.
NI 2N +1
In the case of many-body potentials, this theorem is a consequence of the

quantitative ergodic theorem, Proposition 3.5. The proof that the conditions in the
case of interlayer pair potentials are sufficient, is contained in Sect.4.3.

Remark 2.11. We provide bounds on the constants C > 0 that are explicit, except
for the implicit dependence of the Diophantine constant K > 0 on the chosen angle
0 and the decay o. In the case of many-body potentials, we obtain

2v2 ppallAlla 2+ I
T (o) cenrae)

sup |G P Fr (@71 DG ]
GMERj\A

(2.36)

where ¢ (o) denotes the Riemann zeta function, and we recall ppq from (2.14).
Now abbreviate

. K
PN o) = sup< U N {K >0 | dist (AT RegA 0, Z%) > i })

NeN ,e72:
In|>>N

and define

M (Pair) 0) = inf _
@ ae(llrfl‘ﬁ 2) K(palr)(Q’ U)(

1248

£(6—20)+2°7¢(3 - 0)?). (2.37)

Then an upper bound on the constant C > 0 in the case of interlayer pair potentials
is given by
203+/2 <PM||A||2
T2\ 27

6+2r
(1+ dayty + Nl oo + luezllwooe) ™™ D7 vallyooo @ r, 15

areAg
k=1,2

57 1g

r—1

6 .
) MO @) +q70 + 1)

Remark 2.12. One could reduce the regularity assumption
Frpa(IVPOTI@ 1) € (R

in Theorem 2.10 to assumptions on V,'(,Qj and u j individually, in analogy to the case

of pair potentials. However, in order to maintain a clear presentation, we decided
to omit such a result, and leave the details to the interested reader.
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2.3. Discussion of Results

2.3.1. Regularity Assumptions We now want to comment on the imposed reg-
ularity on u; and vg. Our results require smoothness of u, i.e., u; € WG'OO(RZ),
in order to show convergence with a rate. For an almost sure ergodic theorem to
hold, see Proposition 3.3, we only require u; € L*®(R?). We address this case in
Sect. 2.4 below.

We do not expect general displacements u ; to be smooth. As explained above,
if we consider a model consisting of a monolayer contribution and an interlayer
coupling as constructed above, this has been analyzed for the Frenkel-Kontorova
model [4] and a simplified coupled linear chain [29] in the one dimensional case.
Their result is that the energy minimizer is a continuous function of the disregistry
whenever the monolayer energy dominates the interlayer coupling. However, we do
not address the question of smoothness of minimizers in our work. In the Cauchy—
Born approximation, see Sect.2.3.2 below, we believe that standard ideas in the
theory of semi-linear elliptic equations, as applied in [28], can be utilized to show
that, in case of C°°-smooth and polynomially decaying pair potentials v, critical
points u = (u1, up) inherit C°°-smoothness.

In order to obtain a rate of convergence, we require that the weighted Sobolev
norm of vg

6
DI DI val e gaxi—r5,05) < 0
j=0

for some r > 1 is finite, where (-) = (1 4 |x|2)% and
lel ~ T+ fuizlloo + lluzzlloo s

where the involved constant depends on the lattice, see (2.32) below. In particular,
vq obeys the tail-behavior

1
[ve (X, 2)| S |X|_2+ as |x| - oo (2.38)

forx e R?, z € [—L3, L3]. As a special case, this includes the Yukawa potential
e—/(lxl

= which accounts for screening effects. Observe that we need to regularize the
potential near the origin.

Notice that in the perpendicular z-direction, we have no tail constraints, but
again we need to regularize the potential near the origin. In particular, we are free
to choose the potential to behave like a Lennard—Jones type potential in z-direction,
away from the origin, which accounts for the van der Waals interaction between
the layers.

In the case that no rate of convergence is obtained, we impose that

2
)™ Vall poom2x 13,257 < ©©

for some r > 1, amounting to the same decay rate (2.38).



Arch. Rational Mech. Anal. (2024) 248:103 Page 23 of 57 103

2.3.2. Cauchy-Born Approximation We want to further approximate the mono-
layer contribution ¢™°") by taking a continuum limit. This leads to the Cauchy—
Born approximation, which is a popular approximation in elasticity theory. For that,
we introduce a length-scale ag < 1 and rescale

A =: avo,

where Ay is independent of ag. Consequently, R;O) := Rj/ag is ap-independent.
For simplicity, we assume only a single sublattice degree of freedom, |.4;]| = 1.
In addition, we restrict u ; to take values in the xy-plane.
Recalling (2.24), and assuming that u is sufficiently regular, say u €
cx(T M R*), we then obtain for ay < 1 that

1

p(mono) [uj1(x) ~ y (mono) (aoDuj(x) . R(Q))

J |Fl| J J
= Wj (Du]('x)) s

where W; denotes the Cauchy—Born energy density function. In the linear elasticity
approximation for | Du ;| small enough, and assuming isotropy, one has

1
Wj(M) ~ M : & : M, forall M € R>2,

with the elasticity tensor £; given in (1.3). In particular, the monolayer energy
density (2.25) satisfies, for ap < 1,

1
e ) ~ —][ dx Duj(x): & : Duj(x). (2.39)
; 2 I'v

Example 2.13. Let us, for instance, consider twisted bilayer graphene.
Let 6 € [0, 2] be an incommensurate angle and let

ap := ~/3-1.42nm ~ 2.46 nm.

A:=a0<

Ay = RgpA, Ay = RypA.

Define

SR
I —N|§
~—

and recall from (2.1) that

Graphene has two sublattice degrees of freedom, denoted by A and B, with asso-
ciated shift vectors

(A) a0 A (B) ap N
T = 5 Renieper, T = S Renigper
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For simplicity, we can ignore the sublattice degree of freedom in order to compute
the lattice displacements at the center of mass. Then we can set the relaxed lattice
positions to

Yi(Rj +yj,a) == Rj +v +r;“) +uj(R; +vy))

forj=1,2, 0 = A, B.
The Lamé parameters for a single sheet of graphene are given by

A = 37,950 meV/unit area, pu = 47,352 meV/unit area,

see, e.g., [24]. In order to allow for out-of-plane relaxation, we need to extend the
monolayer energy model, e.g., to

2 2
1
Foang (A e 42 Y e 4 el Dua007 |
v 2\ S k,t=1

where g ¢;; = %(8kuj,g + O¢uj i + Okuj300u;3) is the strain tensor, A, p are
the Lamé parameters as before, and « is the bending rigidity, see, e.g., [76]. As an
interatomic pair potential, we may choose potentials that are radial in the horizontal
direction. E.g., we may choose a Morse potential for the monolayer pair potentials,
and a Lennard—Jones potential accounting for the van der Waals coupling between
the layers, i.e.,

Ve (X, 2) = v(X,2) := UMorse(IXDvLs(I2])
with

Vtore(r) = Eo (70070 — 2 — 1],

wior =al(2)° ()]

Here E( denotes the dissociation energy, k¢ relates to the stiffness, rq refers to the
equilibrium position, see [79], g9, 0 > 0 are van der Waals parameters. Strictly
speaking, we need to regularize v, to remove the singularity at the origin for our
methods to apply.

More specialized interlayers potentials have been developed for graphene [57]
and hBN [66], for example.

2.3.3. Relationship with Allen—Cahn Energy Functional As in the previous
section, let us restrict to a single sublattice degree of freedom, |4;| = 1, and
assume that t;aj ) — 0. Assume that v is an interlayer pair potential that is radially
decaying in xy-direction, and set y; = 0. In addition, we restrict u; to take values
in the xy-plane.
We claim that, in the Cauchy—Born approximation, ey (11, 0), resp., ey (0, u2),
are modified Allen—Cahn functionals. For that, define a stacking fault potential
isfi 1
QMM (x5 = i > (s — Rs_j) (2.40)
7 Ry_jeRs-;
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forall x3_; € I's_;, j = 1, 2. We note that the generalized stacking fault energy
(GSFE) more commonly used in numerical computations of relaxation [24,27,28]
approximates the misfit energy by a DFT computation on a periodic cell at zero
twist angle. By construction, CDE.mlSﬁt) is periodic with respect to R3_;, j = 1,2.

@;mism) (x3—;) is maximal on the lattice points R3_; € R3_;, which we will refer

to as AA stacking, and minimal at

R3_; 1A (1
3—j+§ 3—/ 1 9

which we will refer to as AB stacking, and at

R 2A !
37‘]+§ 3—j 1 s

which we will refer to as BA stacking, see Figs. 1 and 5. In the AA stacking, nuclei
from different layers are stacked on top of each other, while in the AB/BA stacking,
they sit in between three nuclei.

Recalling (2.28) and (1.1), observe that we have the identities

WOy, 01(x, Disox) = ™M (D1Lox +ui(x),
w010, uy](x, Dasix) = OI™MV(Dy L x 4+ ua(x)) . (2.41)

Moreover, Lemma 4.6 implies that

][ dx @15 [ul(x) = ][ dx @55 [u](x) .
I'm I'm

In the Cauchy—Born approximation a¢ < 1, see (2.39), the total energy functional
becomes

(1) ~ —Z][ dx (Duj(x) : & : Duj(x) + cb““‘e”[ 1x)) .

In particular, employing (2.41), we have for ap < 1 that

1 .
et (g, 0) ~ ][ dx <§Du1(x) &1 Duj(x) + CbﬁmlSﬁt)(Dl_gx + ul(x))> .
L m
In order to recognize the scaling- behavior with & — 0, let us rescale y :=

D1 s2x, and define Ui(y) := ui (D} 2y) For simplicity, we assume that the
layers are purely twisted, i.e., ¢ = 1. Then (A.1) and (A.3) below imply that

Ap = 2sin(0/2)TA, T = <(1) _01) )

Due to Dy, = —AZAR/II = 25sin(0/2)A2A" 17, see Lemma 4.1, we obtain,
defining ¢ := 2sin(#/2), for some &

2 3 .
][F dy <%DU1(y) : & DUI(y) + @™ (y + Ul()’)))-
2
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Rescaling this energy by %, we thus obtain

€ s L (mi
f<w<EDUmw:a:Dumw-F;®§ﬁ%y+umw0,
I

the algebraic form of the expression obtained in [28]. The obtained energy resembles
the Allen—Cahn energy functional, except for the additional explicit dependence
on x. Without setting u» = 0, one can show that for U,(y) := uz(—Dz__l)ly) the
resulting rescaled energy takes the form

2
& ~
3 ; ][FH dy DU;(y) : &; : DU;(y)
1
+—/ dy V(y + Ui(y) — Ua2(y)), (2.42)
& JR2

where & and V = m are chosen appropriately.

2.3.4. Comparison with Previous Result We now give a more detailed compar-
ison of the previous model (1.2) and our new model (1.4) in the simplest possible
setting. Again, we restrict to a single sublattice degree of freedom in each layer, as-
sume that the layers are centered at the origin, y; = 0, and not mismatched, g = 1.

We will argue that the stacking fault energy @;mism), see (2.40), obtained in this
work provides a microscopic model for the GSFE <I>5.GSFE) studied in [24,25,27,28],

see Fig. 5. However, the resulting model even under this modelling assumption is
different from ours obtained in this work.

Setting P OSFE) CDE.miSﬁt), we obtain, starting from the interlayer energy in
(1.2),
1 GSFE
|F_,/\/l| dx <I>5. )(Dj_>3_jx +uj(x) —us_j (x))
' m
1
= — dx v(Djs3—jix — Rs_j4+ui(x) —uz—;(x)).
|FM||F]| y Z ( J=5=J J J J )

R3_; ER3,J‘

Asabove, werescale y :== D;_,3_;x,anddefine U;(y) := uj((—l)j‘|r1 Dj__l)3_jy).
Then a straight-forward calculation using Lemma 4.1 yields

1 _
——— | dy Y w(y— R +Uj(») —Us_j(A;A7y).
[Tl Jrsy ™ ,

3-j€R3-j

Putting technicalities aside, we interchange orders of integration and summation
and substitute x — R3_; — x and use R3_ j-periodicity of U; to obtain

1 / .
— | dyv(y+U;(y) = Us_;(A;AT" y)).
T Jpe & 00+ U0 iAAZ)
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Including the monolayer contribution and rescaling the total energy by é, we thus
obtain

2
%Z ][ dy DU;(y) : £ : DU;(y)

]:] F3_./

+£ /R2 dy V(y + Ui(y) — U2(R_gy)) . (2.43)
Comparing (2.43) and (2.42), we notice that U3 in the argument of V is evaluated
at different positions. The difference of arguments is of size [x — R_gpx| =~ &|x]|
as ¢ — 0. It was shown in [27] that for a minimizer (U7, U5?), ||DU;‘1 I < L.
In particular, numerical computations show that domain walls of thickness & form,
where U has a transition of order O (1) from AB to BA stacking. This phenomenon
has been explained more rigorously in the context of the Allen—Cahn energy, see,
e.g., [34] for a nice introduction. Consequently, we expect our derived energy to
vary significantly, of order O(1) at the domain walls, from that obtained in [28].
We plan to address this issue in future works.

2.3.5. Outlook In the Cauchy—Born and linear elasticity approximation, we can
employ ideas from elliptic theory to establish existence, uniqueness, and regularity
of energy minimizers. This remains true as long as the interlayer potential is a
compact perturbation to the intralayer Cauchy—Born energy. In particular, one can
use a contraction map argument as in [28]. We do not elaborate on further details
here, and defer to future works instead.

Furthermore, one can extend the intralayer model that we use beyond linear
elasticity, as was studied, e.g., in [44,45]. In order to include out-of-plane relaxation,
we need to include an out-of-plane penalization for the monolayer contribution, see,
e.g., [76] and example 2.13 above.

While we develop a model for bilayer systems only, we can extend the model
to systems with an arbitrary finite number of layers, by summing over the pair-wise
coupling of layers. For the case of many-body site potentials, we believe that the
ideas presented in [28] lend themselves to extending our results to the multi-layer
case.

2.4. Results for Rough Displacements

As stated above, it can be useful to access an energy functional when the dis-
placement functions are not necessarily smooth. Due to the use of ergodicity, these
results will only hold almost surely, up to some relative lattice shifts. We will
see that to even formulate the problem for rougher conditions on the displace-
ment functions, we need to introduce a weak notion of lattice dependence for the
displacement functions. In contrast, above the existence of (moiré-)periodic contin-
uous functions attaining assigned values on the lattices yields a strong constraint on
the attainable values. We now introduce a weak lattice dependence, that we refer to
as reconstructability, which will allow us to relax this constraint. Reconstructability
in layer j means that there exists a single function u ; such that, for almost all lattice
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origins y;, the values of u ; assigned to the corresponding shifted lattice y; + R ;,
allow us to recover all Fourier coefficients of u j. Consequently, our statements will
only hold up to a nullset of lattice shifts y1, y».

We start by stating an almost sure and mean ergodic theorem that will allow us
to rigorously analyze thermodynamic limits of elastic energies that are functions
of non-smooth displacements u; € L' (T g5 (R3)A7).

Proposition 2.14. (Ergodic Theorem) For all f € L'(T"xq)

. 1
N GON T 12 Yo FUR+vilN) = ][Fde fx).

R;eR;(N)
converges almost everywhere in I'j and also in the L' (T'j)-sense.

Proposition 2.14 follows from a more general ergodic theorem stated here as Propo-
sition 3.1. Our first use of Proposition 2.14 will be to prove in Proposition 2.16 that
the Fourier transform of u; € LY(T M (R3 )A,-) can be reconstructed as a thermo-
dynamic limit from uj({yj +Rjtm , A;j) for almost every y; € T';.

We now define lattice deformations based on u; € L (1" M (R3)A/ )

Assumption 3. There exist displacements u; € LI(F M; (R3)Af') such that the
total positions on the reference collection of lattices

(v +Rj) x Aj) Jell.2,

Vi€’
are given by the deformation (2.20).

Assumption 3 implies that whenever {y; + R;},, = {yj’ + R, }M’ we have
that the associated displacements

wi (i + Ridao i) =us (1 + &) a))

coincide. Since (R}, R;) is incommensurate, this can only happen for y; # y]’.,
ensuring that we do not impose a moiré-periodicity constraint.

Observe that the total lattice positions are well-defined only up to a nullset of
lattice shifts y; € I'j. Next we will discuss in which sense the data of u ; on a single
lattice suffices to reconstruct u ;.

Definition 2.15. We say thatu; € L' (T vq; (R®)?) is reconstructable along y; +
Rjiffforall Gy € Rj\/l’ a; € A;j, we have that

. I Gk, .
dm o 2 Oy + Ry @) = @G ap).

RjGRj(N)
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In particular, if u; € LP (I pq; (R3)AJ’), p > 1, is reconstructable along y; + R j,
the Carleson-Hunt Theorem, see, e.g., [40, Chapter 1], implies that for almost all
xelpandallaj € A;

1
iG
wjleap = ), ST lim oy
GMmEeERS,
Yo Oy Ry ).
RjERj(N)

Ifuj,v; e LI(F M (R3)Af), we have the uniqueness property that
ﬁj(GM,Olj) = f)j(GM,O{j)
forall (Gaq, ) € Rj\/t x Aj; implies that u ; = v, see [40, Corollary 1.11].

As a consequence of Proposition 2.14, we find the following result.

Proposition 2.16. (Almost sure reconstructability) Every u; € L! (F M (R3)A )
is reconstructable along y; + R for almost every y; € T';.

For a proof, we refer to Appendix A.
We are now ready to formulate the main result for rough displacements.
Theorem 2.17. Assume that ®"*"[u;] € L'(I' ), and that xp““‘e”[ ]elL!

(Tam x Ts_j) and for any y = (1, y2) € Ty x T3 that q>(‘“““'f>[u] e LY(T ),
respectively.

In the case of interlayer pair potentials, let r > 1 and assume that, fork = 1, 2,
ox € Ag, ur(-, ax) € L®(R2), and that

Ve € LR x [—LE, L))
We then have for almost all y € 'y x I'; that

(inter)
J:N.y

(mono)

hm eJNy (wj) = e(mono)(u])

(inter)
j ().

hm e, iy

(w) = e

In the case of many-body potentials, this result is a direct consequence of the ergodic
theorem Proposition 2.14. The proof that the conditions in the case of interlayer
pair potentials are sufficient, are contained in Sect.4.3.

2.5. Sketch of the Proof

The technical tools used for the thermodynamic limit stem from ergodic theory.
We prove an almost sure and mean ergodic theorem, see Proposition 3.3, and a
quantitative ergodic theorem, see Proposition 3.5. The latter is inspired by [30]
which shows uniform convergence with respect to shifts of the lattice origin, for
the one-dimensional case. In contrast to [30], our approach is two-dimensional and
based on studying the convergence properties of the approximate Dirichlet kernel



Arch. Rational Mech. Anal. (2024) 248:103 Page 31 of 57 103

associated with the ergodic average over the truncated lattice. We directly compute
an L'-limit for smooth functions, which, by density, yields a general L'-limit.
In order to obtain convergence almost everywhere, we invoke a general ergodic
theorem 3.5 as stated, e.g., in [56]. For a more detailed description of our approach,
see Sect. 3.

3. Ergodic Theorems

We start by stating ergodic theorems in a sufficiently general setting, as devel-
oped, e.g., in [54,56], see also [37]. Then we explain how these general ideas can
be applied in the present setting.

3.1. Review of General Ergodic Theorems

Given a probability space (€2, X, IP) and a group G, recall that a group action
G ~ Q2 is measure-preserving iff

¢.P(B) := P(g"'.B) = P(B)

for all B € ¥ and g € G. Moreover, we call a measurable map f : Q@ — R
G-invariant iff g.f := f og~! = f for any g € G P—almost surely. Similarly,
we call measurable set B G-invariant iff 1 3 is G-invariant. Let £ denote the sub
o-algebra of ¥ of all G-invariant sets in X.

Given a measurable function f : Q — R and a finite subset H C G, we define
the ergodic average

_ L -1
Au(f) = |H|2g S

geH

A sequence (Hy)nen of non-empty finite subsets of G is called a Fglner
sequence iff

lsHNAHN|
N—oo  |Hy] N

forall g € G, where AA B denotes the symmetric difference of sets A, B. (Hy)nNeN
is tempered iff there is C > 0 s.t.

N—-1

\J B 'Hy

k=1

= ClHy]|

forall N e N, N > 2.
We finish this general introduction with the following pointwise ergodic theo-
rem as stated, e.g., in [56, Theorem 4.28]:



103 Page 32 of 57 Arch. Rational Mech. Anal. (2024) 248:103

Proposition 3.1. (Pointwise Ergodic Theorem) Let (2, X, IP) be a probability space
and G ~ Q be a measure-preserving group action. Let (Hy)neN be a tempered
Fglner sequence. Then we have that for all f € L'(Q) and

lim A, (f) = ELf|Z6]

P—almost surely and in the L!-sense, where E[-|2g] denotes the conditional ex-
pectation given the o-algebra ¥ of G-invariant events.

Remark 3.2. Recall that the conditional expectation E[ f| X ]is the unique (2, X5 )-
measurable function such that

/CdP(w) E[f1Zc]l(w) = /CdIP’(w) f(w)

for all (G-invariant) sets C € Xg.

3.2. Ergodicity in Incommensurate Bilayer Systems

We now turn to the system at hand and explore how ergodicity arises as a
consequence of the underlying incommensurate geometry. To apply the general
ergodic setting above, we set G = R and Hy := R ;(N), see (2.4). It is straight-
forward to verify that (R;(N))nen is both Fglner and tempered. We leave the
details to the interested reader.

Let T? = R?/Z? denote the standard 2-torus, and

(per) ._ 2 e 2
rv = AmT?, TP = A3 T

denote the tori associated with the moiré unit cell I' o4 and with the unit cell I';_;
of layer 3 — j, respectively. Let B denote the respective Borel o -algebra over €2.
Then we choose 2 = [P x F;pfr.) and study the Lebesgue-measure preserving
group action of R; on 2 given by translations, i.e., Rj.0 := o + (Rj, Rj). As a
consequence of Proposition 3.1, we prove the following statement:

Proposition 3.3. (Pointwise and Mean Ergodic Theorem) Ler h € LI]OC (R*) be
R x Ra—j-periodic. Then

lim Ag, v () (@, @3_;) = ][ dE h(AGE +wpt, (Aj — As_E + a3 )
N—o00 K AJTIFM

][ dx h(x, Djo3_j(x —wpm) + w3—)
I'm

ﬁ dyh(Df_lg_j(y—wyj)-kwM,Y)
3

converges for almost all (wpq, w3—j) € I'pq x I's—j and also in L'(Tpq %
I'3-)).
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Remark 3.4. Let h € L, (%" x T,

In addition, let BRj denote the o-algebra of R ;-invariant Borel subsets of
Fﬁ\rjr) X Fépf;), where the R j-action is given as above by R;.w = o + (R}, R}).
Then one can prove directly that

ElhI SR, @, 03 )) = ]ﬁ_lr a8 h(AsE + o, (Aj — As— ) +w3_).
j M

Lebesgue-almost everywhere, where the conditional expectation on the Lh.s. is
taken with respect to the uniform distribution on F;f’;’r) X Fép_e ;).

We find the argument presented in the proof of Proposition 3.3 appealing be-
cause it provides a means to calculate the conditional expectation.

Using the notion of Diophantine 2D rotations, see Definition 2.4, we obtain the
following quantitative ergodic theorem:

Proposition 3.5. (Quantitative Ergodic Theorem) Let g > 0, o > %ﬁg, s > 1,and

let 6 be a (q, K, o)-Diophantine 2D rotation for some K > 0. Let f € L'(I'pq)
be such that Fr,, (|V|2("+‘Y)f) € L*(R’). Then we have for all N € N large
enough that

1
’— ) f({Rj}M>—][Fdef(x>

2
(2N + 1) RjE-ARj(N)

- 2ﬁ(pM||A||z)2<o+s>
- K 27

sup |G PP F(G I
G meRA, 2N +1

(¢@2s) +27%¢(5)?)

For proofs of these ergodic theorems, we refer to Appendix C.

Remark 3.6. Our methods would allow us to adapt Proposition 3.5 to the more
general setting in Proposition 3.3. However, for presentational purposes, we chose
to omit such a result and leave the details to the interested reader.

We now want to motivate how to prove Propositions 3.3 and 3.5.

3.3. Dirichlet Kernel as a Discrepancy Function

Our idea is based on using periodicity of the functions which we are averaging
over the individual lattices by representing them via their Fourier expansion. Aver-
aging the corresponding Fourier basis (exp(iG - (-))) over a discrete set leads to
the emergence of the Dirichlet kernel, normalized by the number of lattice points.
This is a common idea in Fourier analysis, see, e.g., [40], and has been applied,
e.g., in [33,84] to derive a discretization error in Riemann sums.
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Leth € LP(I'pq x I'3—;), p > 1. In addition to the Fourier transform defined
in (2.35), for h € L' (I pq x I';)and (Gp, G)) € (Rj\/l, R}k.), define

h(Gpm. G)) = Frxr;(1)(G )
z][ dy][ dx e 1Oty O
r; I'm

Here, we abuse notation and interpret h in the local context.

Using this Fourier transform, we obtain that for almost all (waq, w3—j) €
(per) (per)
r M X F3—. j

1
RjGRj(N)
= > 3 o/ Cre{Rpordnit Gy (Riteils Dj G Gs ).
RieRi(N) G3j € R,
Gz € Rj\/t

Realizing that Rj\/t - xJpm S 2nZ forany x € R2, we have that
eiGM'{x}M — giGM'x

for any x € R?. A straight-forward calculation analogous to the computation of the
Dirichlet kernel yields

1 .
(N) iG-R;
1. (G S j
( ) (ZN + 1)2 Z ¢

Rj€R;(N)

(3.2)
13[ sin (2N + 1)(ATG)g/2)
.1 @N + D)sin ((ATG)/g/Z)
where y; denotes the £ Euclidean coordinate of y. Using this notation, we obtain
that
1
R;j ERJ'(N)
= ) 1R)Ga i+ G (G, Gy el GMemt G,
Gs_j € R;_/,
Gpm € Rj\/l

(3.3)

If f € LP(T" o), analogous steps yield
—1 (N)
QN +1)2 Y MR = ) 1R JGm) [ B

R;€R;(N) GMERY,
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Next, we will study the convergence properties of ]l%) .
J
Properties of the Dirichlet kernel For all G; Rj, we have that
(N)
]le (G)) = 1.
Moreover, for all G € R? \ Rj, it holds that

1 1

(N) i

1My < min :
| Rj( )= 2N 41 ¢=12 | sin ((A;G)£/2)|

In particular, we obtain that for all G € R2

(N

lim 13/(G) = 1x;(G).

N—o00

In particular, if we can interchange the order of taking the limit N — oo and
summing over G3_; and G A4, (3.3) implies that

1
QN +1)2 > R+ oMb (R + o3t ;)

RjERj(N)

N Y IR (GG A0 h(G g, Gyl Grromits s,
G3_j € jo’
G € RM

Again, assuming interchangeability of involved sums and integrals, we arrive, after
a straight-forward calculation, at

][ dx h(Ajx + op, (Aj — A3 j)x + w3 j),
A]T]I‘M

as stated in Proposition 3.3. In order to interchange limits, sums, and integrals, we
use the fact that we study the convergence in L' (F;E?r) X ng_e ;)), in order to restrict
to C°°-smooth functions.

In order to extract a rate of convergence in (3.3), we need to analyze the tail-

behavior of ]l%). For general irrational angles, the rate of convergence can be

arbitrarily slow. jHowever, we show in the proof of Proposition 3.5, in Appendix C,

that for Diophantine 2D rotations 6, see Definition 2.4, and all G4 € Rj\/( \ {0},

we have that

C(T,q,A,H |G./\/l |2(7
2N +1

1433

for any o > {535, where Cy 4 4.0 depends only on o, g, A, and 6. In particular,
employing (3.5), (3.4) implies that

e SIS e

RjeRjw)

N)

|]15R,; (GMm)| < (3.5)

< Cogav Y. IGMPIFGMI

2N +1°
GMERA,\0) +
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Lemma A.1 then implies for any s > 1 that

1
’m 2 f({Rj}M)—][Fdef(x)

R;eR;(N)
PMIIA]2
2

sup |GM|2<“+S>|f(GM>|2 1
GMeER, N +

< Coq.4.6 4( )zx(g(zs) +275¢(5)?) (3.6)

)

where the constant Cy 4, 4,9 is the same as in (3.5).

4. Proofs of Results

We now want to show how the ergodic theorems obtained in the previous section
can be used to show the existence of the thermodynamic limits of the mechanical
energy densities presented above. To that end, we show that the energy densities
for lattice truncations can be represented as averages over appropriate periodic
functions. In the case of interlayer pair potentials, we show how to represent the
resulting limit energy density in a more convenient way.

4.1. Equivalence of Disregistries
Recall the disregistry matrices
—1.
Dj~>37j =1- A37]Aj )
see (2.13) and (2.1) above.

Lemma 4.1. The disregistry matrices have the following properties:

() Djsj = (=DIAs_jA Ly,

—1 —1 -1
@) =D3-jsjDj 5 j=—Dj 5 ;D3jsj=AjA; ;=1— D3,
_ _1yj+l _
3 ID; L, jxl =g 20 lx],
@ (D75 — Dxl =g V"1 2p ],

Proof. We show the computations for j = 1; j = 2 can be computed analogously.
We have proved (1) already above in (2.13). For (2), we employ (1) and obtain

—Dri DL, = AlAAMA, = A1Ay = 1Dy,
where, in the last step, we employ (2.13). Similarly, using (1) again, we have that

—Di1,Dat = AMA ALA L = Ap(AS AL = DAY + 1
= —AMAGAIA Y + T = AlAS.
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1
Observe that, due to (2.1), |Ayx| = ¢2|Ax|. By (1), we thus have that

_ _ _ 1o
Dol = |A2A ] = ' IAA x| = a2 pjylxl
where, in the last step, we employed Lemma 2.1. By (2), we have that

D~ 1 = Di ~ Dy =~
which is why (4) follows from (3). This concludes the proof. |

Lemma 4.1 establishes a relation between the different disregistry notions. Next,
we will specify this relation. Define

Lemma 4.2. Let R; € R}, j € {1,2}). Then we have that

{R1}, = Dis2{Ri}pm + vry,
{R2}; = Dass1{R2I -

Proof. Observe that AzAk_le € R, for R, € Ry, k € {1, M}. Hence we find
that

{R1},

{Di52R1}, = {—AzA]/llRl}z

{—AzAj\,lt {RI}M]2 = Dis2{Ri}p +vr, €2,

where, in the last step, we used the fact that v, € R,. The second identity follows
analogously. This concludes the proof. O

Remark 4.3. Lemma 4.2 is sensitive to the lattice origin. More precisely, there is
no affine map between {x}3_; and {x} \ for general x € R2. In fact, assume that
there is a matrix M such that for all x € R2,

X = MGx+Rp) + Raej .
In particular, this requires MR o4 € R3—j, which implies

M e Ay As_ 722

However, e.g., (I — M)«/Evm_j & R ;. Thus, no such M exists.
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4.2. Lattice Reduction Formulae
Recall definitions (2.28) of W™ [u] and (2.30) of " [u].

Lemma 4.4. For all x € R? and all y3_; € T's_;, we have that

1 .
T ijfgjer) ((Yj (x,a;) — Ya_j(R3—j + y3—j, a3—j)>R3__,-eR3_,,)
J DtjG.Aj ‘ a3_jE.A3__,‘
_ (inter) )
= U] (xbg s fx =550
In the case x = Rj € Rj and y3_j = 0, we even have
1 yinen [y (g Ya_i(R
IT | Jootj j( /’a./) - 3-]( 3—jva3—j) R3_jeR3_j,
J aj E.Aj a3—; E'A3—./
= 55 wI({Ri} o)

Proof. By translation-invariance of Vj(lgtier), we may shift the index

Ry j— Ry j+|x =l

Employing R p-periodicity of u; and definition (2.17) of [x]3_;, the first claim
then follows from definition (2.28).
In the case x = Rj € R and y3_; = 0, recall from Lemma 4.2 that
{Rj}s_; = Djss—j {Rj}y + vradj.

Then the statement follows from (2.30) after shifting R3—; — R3_; +vr,4; 1 and
using translation-invariance. This concludes the proof. O

Define for all y € R?

. (aj) (03—5) 1
8j.0, 3 (y) = Tj = T3 7+ uj(Dj_>3_A,~(y + V3—j)v O5j) @l

—us—j (D71, G+ —yoaa)).

We now establish sufficient conditions on the pair potentials v, for the ergodic
theorems above to be applicable.

Lemma 4.5. Letr > 1. Assume that, foro; € Aj, j =1,2,u;(-, ;) € L= p),
and that f € ch’f(R2 x [—L%, LE]). Then we have that

r—1

5
/]Rz dx [ f(x +gj,a,y3,j(x))| =<

T 2
— (L da 4, + oo + luzlloo) ™

2
1) Fll oo 2= L3, L2]) -
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Proof. Recalling definition 2.2 of (-), we have that

/2 dx | f(x + gj,a,y3,j(x))|
R 4.2)

< O FC+ gaas Loy /R L ()7
Observe that
AT =0+ x+ D
<(1+20x* +1yP)",

by Cauchy-Schwarz and monotonicity of ¢ — ¢". Using convexity of ¢ — ", we
thus find that

1 2 r
2r r 2 2
X+ <5 (— + = (Ix]" + )
(x+y) 5 5(I I+ 1y1%) 43)
<251+ P+ [y
Recall from (2.31) that
da, 4 = max [0 —{*].
AjEA]
j=12
The definition (4.1) of g oy thus implies
lgjays jlloo = day A, + lluilloo + lluzlleo, (4.4)

and that

||(gj,a,y3_j)z||oo =< dA],Az + ”ul,z”oo + ||u2,z||oo = lel’ (4.5)
see definition (2.32) of L%. A straight-forward computation yields

=2r __ s
/RZ dx (x) = —2(r 1 4.6)

In addition, observe that for any x € £Y(7) we have that

r—1 1

lxller < lxllgso l1xlly < llxller - “4.7)

Collecting (4.3), (4.4), (4.5), and (4.6), (4.2) implies

/ dx [ f(x + gjays; (X))
R2

r—1

T . 2r .
= (10 + 1 +gjany ) FC+ gram i)

2
gy P SO+ gam im)

57 1g
<

2
— (a4 + oo + luzlloo) ™

1Y Fll oo 223 LD »
where, in the last step, we applied (4.7). This concludes the proof. O
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Lemma 4.6. Let v > 1 and y3_; € T's_;. Assume that, for aj € Aj, j = 1,2,
uj(-,a;) € L p), and that

ve € L(R? x [—L3, L))

Then we have that CDE.inyter) [ul e L'(I M) and that

Frpg (@80 u]) (G ag)

1
Z / dx e iGm- (AJX+V/ (A1x+J/1+T(al)
T 2T
areAx
k 1,2

Fur(Ax +y1,a1) — Apx — 12 — 15 —ur(Agx + 2, ).

In particular, we have that

][F dx @1 ) (x) = ][r dx &5 [u](x) .
M M

Proof. Assume that vy and u ; are simple functions. Interchanging integration and
summation, we then have that

M(d>("“°”[ ul)(G A1)

dx e—tGM~x

Va(Dj3-jx = R3-

(ka.Ak R3_ ]E'Rz j T

k=12
- (o) (03—j)
+A3—jAj Vi—v-j 1 =l ujx )
— u3—j(R3—j + A3—jA;1Vj +y3-j + U — Dj3_jx,a3_))).

Substituting y := Dj_3_;x + A3_jA;1yj — R3_j — y3—; and interchanging
integration and summation again, we obtain

|det(D7! 5 )l

(inter) _ =3l
Fran (@5 DG = — 5 i aZf
k=1,2

Z eiiGM'D;L37j()'7A37/'A_717/j+R37j+V37j)
Ry—j€Rs-j

(aj) (a3 j)
]lD./ez—/FMHHAIIV/ Ry ) v"’(erT B3

+uiD (v = As AT Y+ R+ vas ), @)
- M37j(D;_l>3_j(y - A3—jA;1)/j +R3—j+v3—j) — Yy, 0!371')) .
(4.8)
Observe that, by (2.13), (2.13), (2.3), and (2.12),
|det(A3—j)| |3l

| det(Dj—3-))| = = :
T Jdet(An)l D

(4.9)
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In addition, by (2.13), (2.13), and (2.6), we have that
-T
D]4>3 ]R./Vl R (4.10)
Furthermore, Lemma 4.2 implies that
Djs-jTm = (=I5, (4.11)
and that

D—l

e jRaj = Rum. 4.12)

Collecting (4.9), (4.10), (4.11), (4.12), and using the facts that

U ((—1)jF3—,; —Rs_j—y3j) = R,
R3,jER3,j

and that ug (-, o) is R pq-periodic, (4.8) yields
Frp (@0 ) (G )

2[4 [T R2
OlkE.Ak

k=12
(4.13)

Vg (y + ‘L'(aj 13(%, 2
+ui (D5 (v — As_ ATy + s ). a))
— w3y (D75 ;0 = A ATy + ) = vooas)).
Using the fact that
Aj=As-j = DjosjAj = (D) A3_jAjHA;.
see Lemma 4.1, and substituting y = (A; — A3_;)§ + y; — y3—, we obtain

Fro <<I><?“t”)[ u)(G )

—iG (A jE+y)) (1)
Z/dse M (Mg (4.14)

= 12
Fur (A1 4y, 1) — AsE — o — 1) 2)—u2(A2$+V2,062)),

ZIFMI

where we also employed that vy is even. Due to Lemma 4.5, we can extend (4.13),
and thus (4.14), to all

ve € L(R? x [—L3, L))

This finishes the proof. O
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Define for almost all x, y € R?

(Ot) (a3—j)
hja(x,y) =1, —13,3j’ +uj(x, ;) —uz_j(x —y,a3_;).

For a pair-potential (2.26), (2.28) becomes

e [u](x v)

| R3_ j+hjot(x y—R3_ /))

ake.Ak R3_;
k=12 Ry,

Lemma 4.7. Letr > 1. Assume that, fora; € Aj, j = 1,2, uj(-, ;) € L®(I p),
and that

vg € L(R? x [—L3, L))
Then we have that \I/;imer) [u] € LY x [3-j).

Proof. The idea of this proof follows the steps in the proofs of the two previous
Lemmata. As above, assume that vy and u ; are simple functions.
Let

Yix,y) = Y eyt hja(x, ).

ar €Ay
k=1,2

2|1,

Then we have that

/ dxf dy W™ [u](x, )|
I m I3

- / dx/ dy [(x — Ry_j, y)l.
FM F'% J

R3_ ,ER} —j

Shifting x — R3—; — x, we obtain

[ dx / dy (W™ u](x, y)|
I'm I3

< / dx/ dy ¢ (x, y)I (4.15)
[3-j—R3—; I'm

R3_ /€R3

=/ dx/ dy 1 (x. ).
R2 I'm

where, again, we used the fact that

U [ —Ry) =R

Ry-j€Rs-j



Arch. Rational Mech. Anal. (2024) 248:103 Page 43 of 57 103

Due to

/ dx (x)™ < o
R2

for r > 1, (4.15) implies

/ dx/ dy [ ™ [u](x, y)|
I'm I3

SO Y@ Mlg, -

With analogous steps as in the proof of Lemma 4.5, we have that

1) O, Wllzgs, S+ day 4, + lutlloo + uzllo)™

2
> IO vall e @e-ri i) <
are Ay
k=1,2

by assumption on vg. This concludes the proof. O

4.3. Proofs of Main Theorems

Proof of Theorem 2.10. We are left with proving the upper bound in the case of
interlayer pair potentials. Observe that, due to o > gig and s > 1, we have that
[0+ 5] > 3. We choose s = 3 — o for some o € (}gig, 2).

Employing the first part of the theorem, we have that
ehvo @ —eo ] < (4.16)

with errf™B) given in (2.36), with the choice s = 3 — o, £ = inter, by

err™M®) — %(—W ||A||2)6(§(6 —20) +2° (3~ 0)’)

' K o 6 (inter) “.17)
sup |G ml |]:FM (q)j,O [uD (G Al
GMmeRY,
: 1433 : :
Since o € ({333 2) was arbitrary, (4.16) and (4.17) imply
le ;u;\t]ero)( u) — (1nter)( w)| <2[(I|FM|> M(pair)(e)
(4.18)

sup |G 17 (@5 D (G a0
GMmEeR,
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103 Page 44 of 57
where we recall definition (2.37) of MP"(9). (4.13) in the proof of Lemma 4.6

implies
T (@5 U] (G )

1 / DT, G-y (@
— dye j—>3—j UM YTV3i—j v y+r J
2| ||| 2 R? w4
Olke.Ak
k=1,2
U3 ](Dj_>3 Y= yias)).

( )
a3 ] + MJ(D;—>3 jy’a.])
(mer)(u) Asin (4.1), we define

In particular, we have that 7, , (CD%ter)[ 1)(0)
) G (@3—j) (D! . D~ .
8jaly) = — 0 tupDiny yiap) —us-( j—>3 jY Y =)

4.19)

1433 2

Now let 0 € ( 1718 ) be arbitrary. Using Lemma 4.1 and the definition of the
fractional derivative | V| via Fourier multiplication, we find that

G MI°Frp (@45 [u ])(GM)

1 D e
E dj7 —i /_>3 jOMY
(q( 1)1“1/2 /Rz ¢

20T
k= 12
(4.20)

1951 (va(y + 812 )
(24 ) S A a4 gl

<
- —1Jitl12
2|T[|Ta] \g(=D/*11/ e,
k=1,2
For any n € N, define
n
R(n) = {r, e N | Y jrj = n}. 4.21)
j=1

Using the Fad di Bruno formula and recalling (4.21), we have that
(=) va (- + gj.a)1
= 6! Z | (D"l vg) (- + gja) I
r6€R(6)
13[ 1 <ak L+ |1DF g,anoo)
i k! (4.22)
<6 Y [[(P"va) (- + g0

re€R(6)

6 6
Il
k
(1 + E D gj,ot”oo) | | . |(k|)"k .

k=1 k=1
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Employing definition (4.21), we obtain that

6 6
I < Irgly = Zrk < Zk"k =6
k=1 k=1

for all rg € R(6). Hence, (4.22) yields

I(=A) va( + ga)lli < Bs ZH “va) (- + 8.0 (1+Z||D‘fga||oo) :
=1
(4.23)

where
A
6 > ]_[ = af’ =1 = 203 (4.24)
r6ER(6) k= 1”"(]")” =0

denotes the 6" Bell number.
Recalling definition (4.19) of g; o and employing Lemma 4.1, we find that

1D gjalloc <UD uj(D7L5 () a))lloo
+ 1D us— (D75, = D), a3 lloo

(=D/*2
q
s(—) 1D us (-, )l
pM (4.25)
gD 12 e .
+ (=) IDtua(, el
PM
(=Dithe2 o (=1iej2
q +q
< - (I u1lloo + 1D uzllo0) -
Pm
Lemma 4.5 implies
[ (D*ve) (- + g1
i 2 4.26
= 7 (L daga + lilloo + llualloo) (4.26)

1Y (D*va ) | oo 2 -5, L5 -
Collecting (4.20), (4.22),(4.23), (4.24), (4.25), and (4.26), and recalling the weighted
Sobolev norm (2.33), we obtain

sup (16 (@5 D G|

1 (=D/6 5r—1
<0314 il
21T r—1

6+2
(L+da, 4, + llutllyeoe + luallyses)

> Mvallyso o505 -

akE.Ak
k=1,2
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Together with (4.18), this concludes the proof. O

Proof of Theorem 2.17. We are left with proving that the conditions in the case of
interlayer pair potentials are sufficient.
Lemma 4.7 implies that W;mter) [ul e LY(I M x I'3_). Moreover, Lemma 4.6

(inter)

implies that @ [u] € L'(I'pq). Thus, the conditions of Proposition 3.3 are
satisfied. |
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A. Lattice Calculus

Proof of Lemma 2.1. By definitions (2.8) and (2.1), we have that
Am = AT =A™ = @' PRy —q PR )AL (A1)

Consequently, we obtain that

By = (q"*R_gpp —q V*Rop)2n AT (A2)
Observe that

q"*Ropp—q PRy = <

' — g7 %) cos(0/2) —(q'/* + ¢~ 1/*)sin(0/2)
@"? +q71?)sin0/2) (q'* —q71?*)cos8/2) ) -

(A.3)
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A straight-forward calculation yields
6" Ropp —a™ P Rogp)x > = [(¢" —¢7V/?) + 4sin®(@/D)1Ix|*.
Consequently, we have that
16" Rop — g7 PR ) "x| = [(g"/2 = g7V/2)? + 4sin(0/2)) 2 x|
Together with (A.1) resp. (A.2), this concludes the proof. |

Proof of Proposition 2.16. By Proposition 3.1, let (NG ) MERY, be a sequence
of nullsets such that for all G € ijl andall y; € I'; \ Ng ,,

1

. —iG . '+R'
N aN 412 Y. MRy + Ry )

RjGRj(N)
= ][ dx e_iGM‘xu,'(X,Olj) = uj(Gpm,@)),
I'm l . .

where we used the fact that

e*iGM-x — e*iGM'{x}M.
Then
N = U NG

GMmEeERS,

is a nullset, and for all y; € I'; \ NV, we have that

. 1 G R, A
W ON D)2 Y. oMU Ry 4 Ryay) = (G )
RjeR;(N)

This concludes the proof. O

Lemma A.1. Let s > 1. Then we have that

1 ol Al N2 o
Z; T = 4(F2) (e +27e)?).
G AMERA\ (0}

Proof. Lemma 2.1 yields

|Bpnl* = @r)*pyglAnf?
> 21)*ppqllAlL % Inf? (A.da)
> 2 21)* gl Al m - Inal (A.4b)

where, in the last step, we applied the geometric-quadratic-mean inequality. We
split the sum over R’ , \ {0} into

{Bpn | ning =0, (n1, n2) # (0, 0)}U{Ban | ny, ny # 0}.
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Applying (A.4a) on G o, in the first set and (A.4b) on the latter, we obtain

1 PMIA[2Y2s 1 s 12
2. w = () B ) ]
neN N

G MERY\O} G ne
PMIIAN2Y\2s _
= 4(PH2) e 27007,
2
where we recognize the Riemann zeta function { (o) = ), eN m]—g, o > 1. This
concludes the proof. O

B. Existence of Diophantine 2D Rotations

‘We now prove Proposition 2.5. It suffices to show that for almost every 6 € R and

allo > %, there exists K > 0 such that for all n € Z? \ {0}

K

. T 2
dist (qA R@A n, 7 ) Z e

holds.

Due to 2w -periodicity of Ry, it suffices to show that Lebesgue-almost every 6 €
[0, 27) is a Diophantine 2D rotation. We follow the classical strategy to apply the
Borel-Cantelli Lemma to the complement. In particular, let

- N U N N{oeomiuaraTn-m= 5}

> 1433 K>0, pez?: meZ?
~ 1248 NEN |n|2>N

2 consists of all & € [0, 27) such that for all 0 > }323 there exists K > 0 and

N e Ns.t. for all n € Z? with [n|> > N we have that

K

. T 2
dist (qA RgA n,7Z ) Z

(B.1)

Taking K := min {K, min,, 2y dist (qATRgA_Tn, ZZ) }, we can extend (B.1) to
hold for all n € Z2 \ {0} by lowering K to K. Our goal is to show that |2| = 27.
Let

Exe) = () U U[Qe[O2n)||qA RoA™Tn —m| < ||ZU}.

K>0 nez? mez?
In|*>=N

Since A is invertible, we have that |[A” - | and | - | are equivalent norms. More
precisely, we have that

IAT 13N AT v < o] < A7 T21AT ], (B.2)
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where | - || denotes the spectral/Hilbert-Schmidt norm. In particular, we have that

Exo)<c U U {9 €10,27) | lgReA"Tn — AT <

neZ? meZ?
In|>=N

)
|n|20 ’

In order to apply Borel-Cantelli, we need to control the asymptotic behavior of the
Lebesgue measures of the sets Ey in order to study their summability. We have
that

|En (o)
2
< Z Z [ dGEBL(Ame)(qReAan). (B.3)
nez? meZ? 0 2

=N [|A~Tm|~lg A" n)| < s

n]

Observe that for large |n|, we have that |[A~"m| &, |gA~Tn|. In particular, the
integrand vanishes unless 6 is on an arc of length ~ |n| ™27 for a circle of radius
lgA=Tn| ~ |n|, see (B.2), about the angle defined by A~Tn. In particular, we
obtain that

2
1
-T
/(; d@ ]lB 1 (Ame)(ReA }’l) qua,A m (B4)

|n\2‘7

for sufficiently large n. In addition, for » > 0, Levitan [63] obtained the bound

72

2
10 3),
|det(qA—T)| + O 00(r3)

|B, NgA~T7%| =
see also [61] for a related works, and also [47]. As a consequence, we find that

Z ]lefZJ (inTn) (AiTm)

meZ?
< ‘(Bl A-Tp|4 ] \ B‘ A*Tn\—#) N A_TZZ‘
1 we nf2 (B.5)
. 2 - L 2 2
= (IgA™nl + |n|20') — (IlgA™"n| - W) + Opnj>oo(In]3)
2
Sq,U,A |n|j ’
for 20 > 1. In addition, Huxley [51] showed that
2 2 131 18627
|B, NZ7| = r® 4+ Op_00(r28 log(r) ),
see also [11,18,60] for recent progress. Consequently, we obtain that
lin € Z* | In]* = N} < [(Byzs \ Byy_s) NZ7)|
. (B.6)

5 Nm*‘r&

for any §, & > 0.



103 Page 50 of 57 Arch. Rational Mech. Anal. (2024) 248:103

Collecting (B.4), (B.5), and (B.6), (B.3) yields
|[En(0)] So.a Nileti—1mote — N ote

for any N € N large enough. In particular, choosing any

185 1433
o> —+4+1=—
1248 1248
andany0 < e <o — %, we obtain that
> IEn(0)| < oo.
NeN

Then the Borel-Cantelli Lemma yields that

o0 o0
‘ N U EN(O')‘ —0.
No=1 N=Ny

Observe that Ey (o) is decreasing in o, i.e.,
En(c’) € En(0)
for o < ¢’. Thus, and using (B.7), we obtain that

U N U=y

1433 = =
>WNO 1 N=Ny 1 No

IA

G 1433
1248
1 N=Ny

||D8

Il
o

Using the fact that

U ﬁ G En@)',

1433 No=1 N=N,
o> 15z 0 0

we finish the proof.

C. Proofs of Ergodic Theorems

(B.7)

1

_)‘

Proof of Proposition 3.3. Proposition 3.1 implies almost sure pointwise conver-
gence. For both, almost sure and L'-convergence, imply convergence in probabil-
ity, it suffices to compute the L'-limit. Using standard approximation arguments,
we may assume that & is a C*°-smooth function. By dominated convergence, it

suffices the almost sure pointwise limit.
W.lo.g. weset j = 1.
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(3.3) implies that

ARy vy (M) (@, @2)
= Y 1RG0 h(G g, GaellOmortGren)
GQGR;
G M E'Rj\/l
Using dominated convergence, we obtain that
lim Ag, v (h) (@, ©2)
N—o0
= Y Agi(Ga+ G h(Gpy, Gy)ellOromtGrenl, (C.1)
GzGR;,
G M ER*M
Now observe that, due to (2.13), (2.13),
D{,G2 = —AmTALG2 € Riy.
(I - DI_,)G, = A;TAT G, e RY.
Thus, and using the fact that (R, R () is incommensurate, we have that
Ir:(G2+GMm) = ]lR*(Dl_)sz +GM) = bg,, DTGy (C2)
Employing (C.2), (C.1) implies
lim Ag, ) (h) (@, @2)
N—o0
Z h(-D{_,G» Go)ell= Pl Grom+Gron] (C.3)
N ; .

GzE’R;

Recalling (2.35) and (3.1), and using Fubini, we have that

~ : T
GzE'R*

Z ][ dx Fr,[h(x, ,)](Gz)eiGr[Dlez(x—wM)-sz]_
GzER*

Using Fubini again, we thus find that

~ - T
S B DI s, Gupi-PLrens6acr
GzE'R;

:][ dr Y 0Pt oMbl F NG ()
rm Grers

:][ dx h(x, Dioa(x — wrg) +02).
'm
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where, in the second-to-last step, we used the Fourier inversion formula. Substitut-
ing x = A1€ + w, and recalling (2.13), yields

][ dx h(x,D1_>2(x—a)M)+a)2)

T (C.5)

= e h(AiE + on (A - A2k +02)
AT T

Collecting (C.3), (C.4), and (C.5), we conclude the proof. |

Proof of Proposition 3.5. We start by calculating for Gy = Bpn € Rj‘w

ATGr = ATByun
= 2n(I — ATA; ) (C.6)
=271 — ATRyA yn,

where we recall (2.1), (2.5), and (2.8). Similarly, we find that
ATGag = 2n(g7"ATR yA™T — D). (C.7)

In particular, using (C.6), (C.7), and (3.2), a straight-forward calculation yields

N
]l;zj_)(BM”)

2 sin (7 dist (9" ATR g AT Z)2N + 1)) ()
| 2N + D)sin (m dist (g AT Ry j010A" )y, Z))

=

Observe that
dist(x, Z) dist(x, Z) 1 y 1
- = — ; == sup - < -.
| sin(rx)| | sin (7 dist(x, Z))| ~ 7 g<y<ns2 Sin(y) ~ 2

Letn € Z2\ {0}. Recalling (C.8), we thus obtain that

max dist (@ AT R yyiig AT n)e, Z) 1) (Bagn)
=1, J

1 y
< — su —_—
T@2N+1) 0<y<I7)r/2 Sln(y) (C9)
1

2N +1)°
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Using (C.9) and employing the fact that v/a2 + b2 < /2 max{|al|, |b|}, we find

that
N
|]1§g»;)(BM”)|

maxe_ 2 dist (¢ ATR 01 AT Yo, Z) (1502 (Bpam)|
J

dist (q(_l)j+l ATR(fl)_H-IQA_TI’l, Z2)
diSt (q(_l)j+1 ATR(fl)j-ﬁ—lgA_Tl’l, ZZ)

X -
max— 2 dist (gD AT R _yy419A"T0)g, Z)
|n|20’

(C.10)

< —.
T V2KQ2N +1)

Here, we recognize the Diophantine condition (2.19) in the second line of (C.10).
Recall from (A.4a) that

pmIIAll2

ln] <
21

[Bamnl .

In particular, we arrive at

(N) PMIA2N20 2%
15.(G < —(—) G C.11
|7zj( M)|_\/§K e |G ml N1 (C.1D)
for any Gpq € R*M \ {0}. Using (C.11) and the steps leading to (3.6), we thus
conclude the proof. O
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