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Abstract

Deriving macroscopic properties from atomistic systems is a challenging yet rewarding
task. In this thesis, we are concerned with three instances in this direction. First, we
characterize three-dimensional ground states of a two dimensional mass-spring model
featuring a three body potential preferring angles of 7. The competition between closest
nearest-neighbor interaction and the three-body potential causes flat squares to become
kinked into the third dimension. This gives rise to the question of characterizing tilings
with nonflat squares. We show that such arrangements admit ripples, bending and even
roll-up, but essentially only in one dimension.

It has been shown that mass-spring models converge to classical linear elasticity in
the simultaneous atomistic-to-continuum and linearization limit. In the second contri-
bution, we extend this result to the dynamic setting. More precisely, we prove that
solutions to the atomistic equation of motion featuring also viscosity effects converge to
the momentum equation for the linear elastic energy.

Whereas in classical continuum mechanics stresses are described solely via contact
forces, the atomistic approach has the advantage of featuring also long-range interac-
tions. These two paradigms have been combined into a nonlocal continuum model, called
Peridynamics. In some cases, it is possible to recover classical continuum-mechanics
formulations in the nonlocal-to-local limit, i.e., when the horizon of the nonlocal interac-
tions tends to 0. We present a dynamic nonlocal-to-local convergence result, considering
the quasi static evolution of a viscoelastic peridynamic model with nonlocal viscosity
potential. This can be interpreted as a nonlocal version of a Kelvin-Voigt rheological
model. We prove that solutions of the nonlocal model converge to the solution of the
local equation in the nonlocal-to-local convergence.
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1 Introduction

The ability to describe and predict a material’s mechanical response to forces and stresses
is crucial for applications in engineering, geology, physics, chemistry, but also in biology
and medicine. Not only effective mathematical models and numerical simulations are
needed, but also their rigorous justification is required. Classically, materials are consid-
ered as a continuum and stresses are described via internal contact forces transmitted
from point to point in the continuum. The classical theory of continuum mechanics is
already well-developed [83, 87|, although essential questions still ask for consideration
[12, 13].

In this thesis, however, we take on a different viewpoint, namely, we consider materi-
als as a collection of mutually interacting atoms [6, 92]. To put it crudely, we think of
real world objects as an assemblage of tiny spheres, connected via (elastic) springs corre-
sponding to the interatomic bonds. Those so-called atomistic models allow for long-range
interactions and are well-suited for a wide range of applications, ranging from modeling
material failure [40], to understanding crystallization [89], to essential tasks in material
science [90] and chemistry [41].

An important question is the compatibility between discrete (atomistic) and contin-
uum models [15, 23]. In particular, one hopes to obtain macroscopic properties of a
specimen from microscopic models when letting the number of atoms tend to infinity
(or equivalently, letting the interatomic distance tend to 0).

In order to give a mathematical description of the structure of a crystal, one needs
to keep track of the positions of the individual atoms. An elegant way to do so, is to
consider maps capturing the deformation of a chosen reference lattice £ C R? due to the
atomic interactions, body forces, and contact forces at the boundary. Naturally, such
maps y : £ — R? are called deformations and y(L) corresponds to the positions of the
atoms of the deformed configuration. To capture the effects of the interatomic forces, we
associate to each deformation a configurational energy depending on the positions of the
atoms in the deformed configuration. For example, we could sum up the potential energy
of the stretched or compressed springs that make up the atomic bonds. We expect those
configurations that (locally or globally) minimize the configurational energy to model
actual, observable deformations. Apart from modeling aspects, this approach leads to
many questions. Do minimizers of the energy actually exist? Are they unique? Can
we characterize the minimizers and if so, what are their properties? Are the atomistic
and the continuum approach compatible, i.e., can we recover classical continuum models
from the atomistic description?

In this thesis, we address some of those questions. In fact, we

(i) characterize minimizers of an energy (featuring two- and three-body potentials)
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of three-dimensional deformations of the square lattice (thus providing a simple
model for Tellurene or Selenene, already capturing some of their essential traits)
(Chapter 2),

(ii) investigate the convergence of a specific elastic atomistic model to a linearized con-
tinuum one, aiming at recovering the classical equations of linear elastodynamics
(Chapter 3), and

(iii) study the convergence of a nonlocal Peridynamic continuum model, where the
governing energy comes from atomistic-inspired point interactions, when the in-
teraction radius tends to 0 (Chapter 4).

The Chapters 2, 3, 4 are based on the papers [73], [71], and [72], respectively.
We give a summary of the main results of the thesis in Section 1.1 and collect some
preliminaries in Section 1.2.

1.1 Outline and main results

Let us now describe the organization of the thesis and give an overview of the results.
We defer the reader to the corresponding introductory sections of each chapter for all
the necessary detail and a discussion of the relevant literature.

In Chapter 2, we characterize arrangements of identical nonflat squares in 3D. The
nonflatness of the tiles gives rise to nontrivial geometries with configurations bending,
wrinkling, or even rolling up in one direction. We prove that the fine geometry of such
arrangements is completely characterized in terms of patterns of mutual orientations of
the squares and that these patterns are periodic and one-dimensional. This chapter is
based on the paper [73] in collaboration with Manuel Friedrich and Ulisse Stefanelli.

Chapter 3 is devoted to an atomistic-to-continuum linearization result in atomistic
dynamics. Moving within the framework of [123], we prove that solutions of the equation
of motion driven by atomistic deformation energies converge to the solutions of the
momentum equation for the corresponding continuum energy of linearized elasticity. By
recasting the evolution problems in their equivalent energy-dissipation-inertia-principle
form, we directly argue at the variational level of evolutionary I'-convergence [110, 119].
This chapter is based on the paper [71] in collaboration with Manuel Friedrich and Ulisse
Stefanelli.

In the final Chapter 4, we study the quasistatic evolution of a linear peridynamic
Kelvin-Voigt viscoelastic material. More specifically, we consider the gradient flow of
a nonlocal elastic energy with respect to a nonlocal viscous dissipation. Following an
evolutionary I'-convergence approach, we prove that the solutions of the nonlocal prob-
lem converge to the solution of the local problem when the peridynamic horizon tends
to 0, that is, in the nonlocal-to-local limit. This chapter is based on the paper [72] in
collaboration with Manuel Friedrich and Ulisse Stefanelli.



1.1 Outline and main results

In the remainder of this section, we summarize the main results and the proof ideas,
referring to the individual chapters for the details.

1.1.1 Chapter 2 — Tilings with nonflat squares

In [73], we characterize all minimizers of a configurational energy featuring nearest and
closest next-to-nearest neighbor interactions and three-body potentials preferring specific
the bond angles.

The model and the main result. Let y : Z2 — R3 be a three-dimensional deformation
of the reference lattice Z2. The configurational energy under investigation is given by (a
suitably normalized variant of)

By =y X wly@ @) 4y X @ - @)

(z,2')EN; (z,x')EN2

by (@) ) ya), (1)

(z,2’ 2T

where Nj is the set of nearest-neighbors, Ny the set of closest next-to-nearest-neighbors,
and T the set of triplets, i.e., triples (z, 2, 2") with (x,2’), (2’,2") € Ny. Here, vy is a
Lennard-Jones-type two-body potential and v3 a smooth and strictly convex three-body
potential with minimum v3(7) = 0. Note that each bond gets counted twice, calling for
the normalization factor of 1/2.

Minimizers of the energy can be shown to have equal bond length. i.e., |y(x)—y(z')| =
¢ for all (z,2") € Ny for some £ > 0, and map orthogonal bonds to bonds with optimal
angle 0* < 7/2. The latter is essentially due to the competition between closest next-to-
nearest-neighbor interaction and the three-body-potential. The angle deficiency causes
flat squares in Z? to get mapped to regular nonflat squares. From this perspective,
ground states can be interpreted as tilings with nonflat tiles. Additionally, bonds forming
a straight line in the reference lattice, ie., 2’ — 2z = 2’ — 2/ = +e; with ¢ = 1,2
(e; denoting unit vectors in Z2) are getting mapped to form a specific optimal angle
6* = Ly(z)y(x')y(z") < m. In particular, these three optimality conditions imply that
the four neighbors of each atom are coplanar in a ground state.

The main result is the characterization of all admissible tilings of identical regular
nonflat squares in 3D under the condition that the four neighbors of each atom are
coplanar. We show that they can bend, wrinkle, and roll in one direction and that such
flexural behavior is completely characterized by specifying a suitably defined section of
the configuration in the bending direction.

Proof idea. The core idea of the proof is to consider collections of four nonflat squares
sharing one common atom, so-called 4-tiles, and their categorization into six classes.
The boundary of such a 4-tile consists of two bonds joining in a specific angle, which
constitutes the boundary type of the 4-tile. This observation paves the way to applying
combinatorial arguments, as only 4-tiles with the same boundary type can be attached.
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Figure 1.1: The deformation energy (1.1) encompasses nearest neighbor interaction (pur-
ple), the closest next-to-nearest neighbor interaction (green), and a three-
body potential depending on the indicated angles (orange and blue). On the
right, two attached 4-tiles are depicted. Their mutual boundary (red) is the
“backbone” of the 4-tile with red corners. The structure is periodic along
the dashed line and therefore roll-up occurs only orthogonal to the dashed
diagonal.

Since the mutual boundary, at which two 4-tiles are attached, is again the “backbone”
of another 4-tile (by simply shifting the reference lattice by either (1,0) or (0, 1)), it has
to be of the optimal angle §* as well, as otherwise the deformation under consideration
cannot be a ground state, see Figure 1.1. Carrying out this argument carefully, one
proves that only three of the six classes are admissible, giving rise to essentially one-
dimensional configurations, that can only roll-up/roll-down along either diagonal (1,1)
or (—1,1).

1.1.2 Chapter 3 — Atomistic-to-continuum linearization in atomistic
dynamics

In the paper [71], we show that solutions of the equation of motion driven by atom-
istic deformation energies converge to the solution of the momentum equation for the
corresponding continuum energy of linearized elasticity.

The model and the main result. In [35, 123], the authors recovered linear elasticity
models as I'-limits of atomistic energies in the simultaneous atomistic-to-continuum and
linearization limit. We indicate by Q C R? the macroscopic reference configuration of the
specimen and consider all points of the scaled d-dimensional Bravais lattice e£ := e A-Z¢
in Q. Here, ¢ > 0 models the interatomic distance and A € R**? is an invertible matrix.
In the small-deformation setting of linear elasticity, the parameter § > 0 is involved,
quantifying the distance of deformations y : e£ N Q — R¢ from the identity. For a
scaled lattice displacement u = (y —id)/d : e£ N Q — RY, the atomistic energy in the
small-strain regime is then given by

ddet A -
Is(u) = % Z W(Z + 6Vu) + surface terms,

cells

where Vy is the discrete deformation gradient, describing the relative displacement of
the atoms of a single cell. The scaling e? det A corresponds to the volume of a single cell,



1.1 Outline and main results

whereas the factor 62 is instrumental for obtaining the correct limit in the small-strain
regime [48]. The function W models the elastic cell energy and is assumed to be suitably
smooth. In particular, it can be chosen to correspond to mass-spring models.

The main result of [123] is the I-convergence of I.5 as €, 6 — 0 to the classical linear
elastic energy

I(w) = ;/QVS’LU:C:VSwdx,

where w: Q@ — R? is now the macroscopic displacement of the body,
Viw := (Vw + Vw')/2 is its symmetrized gradient, and C the fourth-order elasticity
tensor, which can be directly computed from the Hessian of the cell energy.

In [71], we extend this theory to the dynamic setting by including inertial and viscous
effects. Given initial a scaled lattice displacement ug and a velocity ul, we consider the
atomistic equation of motion given by

pﬂaé(t) + Z/I'ng(t) + alaé(uaé(t)) =0 Vte (Ov T)? (1.2&)
es(0) = u, (1.2b)
t1e5(0) = ul (1.2¢)

The gradient 01, su. s is computed with respect to an atomistic L?-like topology. We
show that (specific interpolations of) solutions to the atomistic equation of motion above
converge strongly in L? to the solution to the momentum equation for the limiting linear
elastic energy in the simultaneous limit €, — 0, which is given by

pOpw + voyw — div(C : Viw) =0 in (0,7) x €, (1.3a)
w=0 on (0,7) x 09, (1.3b)
w(0,-) = w’ in 0, (1.3c)
ow(0,) = w' in Q. (1.3d)

Here w” and w! are suitable limits of u? and !, respectively.

Proof sketch. We prove convergence of solutions to the atomistic equation by directly
passing to the limit in equation (1.2a). To this end, we reformulate (1.2a) as energy-
dissipation-inertia equality, which reads as

. IV A v [t
Sles DI + Ls(u) + 55 [ lpics + OLues) 2ds + 5 [ sl s
= Lllies (0) |2 + Les (ues(0) vt €[0T, (1.4)

This allows for establishing a priori estimates and hence also compactness by identifying
the atomistic deformations with specific interpolations (based on the idea of Schmidt
[123]). Identifying the weak limits eventually proves that solutions to (1.2) converge to
solutions to (1.3). This approach however only entails weak convergence of gradients.
Therefore, we improve this result in a second step, by showing energy convergence along
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the sequence of solutions. This allows us to obtain the strong convergence of the gradients
which prevents oscillations in the sequence of atomistic solutions and can therefore be
interpreted a justification of the classical Cauchy-Born hypothesis [45, 78].

To this end, we follow an evolutionary I'-convergence result [110, 119], based on passing
to the liminf in (1.4) by means of a suite of liminf inequalities.

Note that arguing directly by employing the evolutionary I'-convergence approach is
not possible, as for reformulating the continuum equation of motion (1.3a) as energy-
dissipation-inertia inequality, the chain rule is needed.

1.1.3 Chapter 4 — Nonlocal-to-local limit in linearized viscoelasticity

In [72], we are interested in the quasistatic evolution of linear peridynamic Kelvin—Voigt
viscoelastic materials.

The model and the main result. Let Q C R? (d > 2) be a bounded reference domain
and indicate by u: [0,T] x Q — R? the time dependent displacement. Following [101]
and moving within the framework of (state-based) peridynamics, we define the nonlocal
elastic energy of a homogeneous, isotropic material as

By(w) =5 [ (D,u)(a)? da

Q

5 [ [ ot =2 (%xxcm) - jZ@p(u)(:c))zdx’ de. (L)

Here, p: RY — [0, 00) is a radially symmetric kernel, weighting the strength of nonlocal
interactions. We assume that p(§) = 0 for || > h, where h is the so-called peridynamic
horizon. We denote by

)l o (1) () (0! =)

N o — a?

the nonlocal strain in the direction (2’ —z)/|z’ — z|. The weighted nonlocal strain, given
by

0, (u)(@) = e[ pla’ ~ )2 () 2) do'

is called nonlocal divergence. Here 'pv’ indicates the Cauchy principle value. The con-
stants «, 8 > 0 are material parameters related to the shear and bulk modulus, respec-
tively.

Mengesha and Du [101] showed that F, admits a unique minimizer and proved that
E, I'-converges with respect to the strong L?-topology to the local elastic energy

A

E(u) = 2/Qdivu(a:)2dx+g/ﬁ|vsu(x)|2dx

when passing from the nonlocal to the local problem, that is, when p — Jg suitably.
Here, V3u = (Vu + (Vu)")/2 denotes the symmetric gradient of u.
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We extend this result to the dynamic setting. To capture viscous effects, we introduce
the monlocal potential of viscous forces as

2 [ o - 2@ @, o) a de,
2o,

where u denotes the time-derivative of w.

Let us denote by S,(Q2;R?) the Hilbert space of L2-deformations of finite nonlocal
energy.

Given some initial displacement u,o € S,(2;RY), we look for a solution u, €
HY(0,T;8,(€;R?)) to the nonlocal viscoelastic problem given by

d,D,(i,) +d,Ey(uy) =0 in S,(Q;RY)* for t € 0,77, (1.6a)
up(0,) =u,0 in Q, (1.6b)
u(t,)=0  inRY\ Q. (1.6¢c)

Here, d,D,, d,E,: S,(Q;RY) — S,(Q;R%)* (dual space) are the Fréchet differentials of
the quadratic functionals D, and E,. A specific integration by parts argument requires
us to prescribe homogeneous Dirichlet boundary conditions, see Remark 4.5.7.

We show that the solutions to the nonlocal viscoelastic problems converge to a solution
to the local viscoelastic problem in the nonlocal-to-local limit, that is, when the kernel

p converge to dg in a suitable sense. The local viscoelastic problem is that of finding a
weak solution u € H(0,T; H} (;R?)) of

-V .- (DV*u+ CViu) =0 in (0,7) x €, (1.7a)
u(0,-) = up in Q, (1.7b)

where ug € HE(€;R?) is a suitable nonlocal-to-local limit of w, 0.

Proof sketch. Existence and uniqueness of the nonlocal problem follows by the classical
Picard Theorem in Banach spaces. In order to prove convergence of solutions, we again
adopt the evolutionary I'-convergence approach [110, 119]. To this end, we reformulate
(1.6a) as energy dissipation equality and then pass to the limit by means of three liminf-
inequalities. As the I'-liminf inequality has already been established in [101], the key
ingredients are the two liminf inequalities

liminf/ D,(t,(s ds>/ D(u (1.8)

p—do
lipni}iérgf ; Dp( dpEy(up(s))) dsZ/O D*(—dE(u(s))) ds. (1.9)

Showing (1.8) and (1.9) relies on checking the convergence of d,E,(u,) and d,D,(u,),
for which one is required to study the convergence of

//p(x' —2)P(up) (2, 2) 2 (v) (2, z) da’ dz,
QJQ
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along solutions to the nonlocal problem. Here, v € C“(Q;Rd) is a smooth test func-
tion. The problem in our setting, as compared to many nonlocal-to-local convergence
results from the literature, is that u, also depends on the kernel p. Indeed, as only
L?-compactness is available, one relies on an integration by parts formula to obtain

/ﬂ/ﬂp(w’ —2)PD(up) (2, 2)2(v) (2, z) dz’ dz = /Qup(m)@;(@(v))(a:) dz

and is thus left with proving a uniform bound on Z;(%(v)).

1.2 Preliminaries

Let us now collect some preliminaries.

1.2.1 Molecular Mechanics

In this section, we comment on why the picture of mass-spring-models is a useful ap-
proximation and briefly discuss some of the problems, that occur when dealing with
atomistic-to-continuum convergence. In particular, we want to answer the following
questions in an overview fashion. Why it is actually a good idea to minimize a config-
urational energy to describe the behavior of atomistic structures? Or in other words,
why is thinking of atoms as spheres connected via springs a good approximation of real
world molecules? Indeed, to fully characterize molecules and therefore derive micro- and
macroscopic properties from first principles, one would actually have to start from the
Schrodinger equation see, e.g., [91, 92, 129, 142]. As this is unfeasible, even for most
simple molecules, we introduce the Born-Oppenheimer approrimation and then discuss
further coarse-graining methods.

For illustration purposes, let us assume the nuclei and electrons are point masses
and neglect spin and relativistic interactions. Let (X1,..., Xa) € R*M be the nuclear
positions with atomic numbers Z; and mass m; for i = 1,..., M and (z1,...,2zy) € R3Y
be the electronic positions with mass m, and electric charge e. Then the wave function
is given by ¥ : R x R3M x R3N — C, satisfying specific symmetry, regularity and
normalization properties, see, e.g., [91, 92].

If we assume that the external potential is time-independent, a separation-of-variables
approach U(t, z) = f(t)u(x) allows to split the Schrédinger equation into two differential
equations [91]. As the time ODE can be readily solved, we are only concerned with
time-independent case, that is the time-independent Schridinger equation given by the
following eigenvalue problem

Hi = Ev.

Here, H is the molecular Hamiltonian consisting of

H=-T,—Ts+ Vi + Vie + Ve, (1.10)

where



1.2 Preliminaries

Bk 1
2 . . . .
T, = 5] Z EV X, is the kinetic energy of nuclei,
i=1
h2
T, = o Z Vii is the kinetic energy of electrons,
M ZZ‘ZJ‘62 . . .
Voan = Z Z ﬁ is the pot. energy of repulsions between nuclei,
i=1 j>1% ¢ J
M XN Zi€2
Vie = ———— is the pot. energy of attraction of electrons and nuclei,
e ZZ’Xi—$j| p gy
i=1 j=1
N 02
Vee = Z Z ——— is the pot. energy of repulsion of electrons.
=1 7> ’ Z_:Cj|

The Born-Oppenheimer approximation rests on the observation that the nuclei of
atoms are much heavier compared to the electrons and thus the position of the nuclei
changes substantially more slowly. This motivates a multiplicative splitting of the wave
function into an electronic and a nuclear part, ¢ = ¥.¢,. Moreover, one can neglect the
kinetic energy of the nuclei and the position of the atomic nuclei now enter as parameter.
More precisely, we are now considering the electronic Schrodinger equation given by

(ﬁe + Vnn)we = ewea (111)

where the electronic Hamiltonian H, is given by

:——Z x1+ZZ|X —x|+zzlwz—%\ e

i=1 j=1 =1 j>1
) s
X — X.|°
113>z l ]|

The eigenvalue Ug(Xq,...,Xp) of (1.11) is the energy of the system depending on the
position of the nuclei and is called potential energy surface (PES). Since we are interested
in the ground state of the system, that is, the stationary state of lowest energy, we can
find the so-called Born-Oppenheimer potential energy surface via

Epo(X) = min U.(X, ),
BO(X) [nin, (X, 1e)

where

Ue(X, 1) = /R WA
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and A is the set of admissible electronic wave functions encoding the physical symmetry
and normalization assumptions [77].

The so derived PES is now a function depending on 3M variables and assigning to
a possible configuration of the molecule its configurational energy. This approxima-
tion is called Born-Oppenheimer approximation, originally introduced by Born and Op-
penheimer in 1927 [20]. Note however that numerically computing the PES is highly
nontrivial, even for small systems, and becomes unfeasible for larger systems.

Therefore, several coarse-graining methods were developed to reduce the number of
degrees of freedom. Some examples include the Hartree-Fock method, the Cauchy-Born
rule, and density-functional-theory methods. Another common approach, which we also
adopt in this thesis, is to resort to so-called classical potentials, in which the energy of
the atomic arrangement is given explicitly depending on the position of the nuclei. Such
explicit formulas are obtained either by experimental data and/or quantum mechanical
simulations. For example, one can set

Eclassical(X) = Z UZ(|Xi - Xj|)7
1<i<j<M

where vy is a two-body potential only depending on the distance between the nuclei.
A typical example chosen for ve is the (6,12)-Lennard-Jones potential, introduced by
Lennard-Jones in a series of articles in the 1920s and ’30s [66] and given by

vy (r) = ar 12 —br ",

where a,b > 0 are empirical parameters. It consists of the long-range attraction r—%

due to the London dispersion force and the short-range repulsion 7~12 corresponding
to the Pauli exclusion principle. Additionally, also three body-potentials or even higher
interactions can be included, such that the energy now reads as

Eclassical(X) = Z UQ(‘Xi_XjD‘i‘ Z Ug(Xi,Xj,Xk)—F....
1<i<j<M 1<i<yj<k<M

Common examples for three-body potentials are the Tersoff [132], the Brenner [38] (both
developed for carbon bonds) and the Stillinger-Weber [131] (introduced to model silicon)
potential.

This approach is based on the classical Newtonian mechanics and is therefore also
termed Molecular Mechanics or forcefield methods, see, e.g., [92, Chapter 3], [6]. Pre-
dicting the three-dimensional arrangement of the molecule via minimizing the energy
is called geometry optimization [77]. This paves the way for applying techniques from
Calculus of Variations [81, 117]. In particular, the Direct Method of the Calculus of
Variations [46] gives a criterion for existence of minimizers.

However, providing an explicit characterization is in general a very difficult task, which
very often can only be achieved under strong assumptions on the energy. In particular,
the numerically observed fact that optimizers of classical energies arrange themselves
into periodic configuration, that is, a crystal, still lacks a full rigorous mathematical
justification and can only be checked for simplified models [17, 57, 84, 133].

10



1.2 Preliminaries

In the second chapter of this thesis, we tackle such a characterization problem. In
fact, we prove a characterization result for an energy depending on deformations of
the square lattice, penalizing the distance of neighbors and next-neighbors and angles
between bonds. The competition between the energy contribution of minimizing the
distance of next-neighbors and the angles causes the flat squares to be bent into the
third dimension. This phenomenon of two dimensional (multi-)lattices wrinkling up and
appearing as three-dimensional structures can indeed be observed in nature, for example
in graphene [96, 109] or selenene. It is conjectured that this contributes to its energetic
stability, as the existence of two dimensional periodic structures are prevented from the
so called Mermin-Wagner Theorem [106, 107].

To close this section, we mention another commonly used way to obtain a PES, the
Cauchy-Born rule (CB-rule). It asserts that the microscopic deformation follows the
macroscopic one. More precisely, let y : QN £ — R? be a deformation of a bounded
portion of a d-dimensional Bravais lattice £ and consider an elastic energy Eq(y). We
say that the Cauchy-Born rule holds for a matrix F, if the minimizer of Eq(y) subject
to the affine boundary condition y(xz) = Fz for x € 9 is exactly given by the affine
deformation y(z) = Fz for x € QN L. In this case, the elastic energy can be easily
calculated by

However, the validity of the CR-rule cannot be guaranteed in every setting. In fact, in
the seminal paper [78], Friesecke and Theil proved the validity of the CR-Rule for a spe-
cific two-dimensional mass spring model, but also gave explicit examples for its failure.
We do not present all details, but refer to [26, 45, 58, 59, 63] and the references therein.
Instead we comment on the Cauchy-Born rule as it naturally appears in the setting of
Chapter 3, that we sketched in Section 1.1.2 above. There, energy convergence implies
strong convergence of the atomistic gradients, i.e., the atomistic deformation gradient
follows the macroscopic (continuum) deformation gradient. Moreover, the strong con-
vergence prevents the presence of oscillations in the sequence of atomistic solutions, and
hence the emergence of microstructures. This can be interpreted as evidence for the
validity of the classical Cauchy-Born hypothesis.

1.2.2 Bridging the scales — ['-convergence

In Chapter 3, we are concerned with the question whether we are able to recover equa-
tions from classical continuum mechanics, when starting out from an atomistic model
and letting the interatomic distance tend to 0.

As a first step towards this goal, one requires minimizers of the atomistic model to
converge to minimizers of the continuum model in the atomistic-to-continuum limit. This
calls for a notion of convergence of functionals respecting the variational nature of the
problem, that is, we wish for convergence of minimizers and minima, when the functionals
converge. Often the considered energy is depending on an additional parameter, e.g.,
in problems of homogenization, phase-transition, dimension-reduction, etc. One then is

11
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asked to find an effective energy, that governs the behavior in the limiting case, e.g., when
the given parameter tends to zero. De Giorgi’s I'-convergence is exactly the right tool,
as, assuming equicoercivity, it guarantees the convergence of minima and minimizers.
For the sake of completeness, we will recall I'-convergence also here, but we refer to the
by now standard monographs [22, 24, 47].

Definition 1.2.1. Let F,,, F : X — RU {400} be functionals defined on a separable

metric space X. We say that F,, ['-converges to F', written as F, EN F.ifforall z € X,
we have

(i) a liminf inequality: for every sequence x,, — x we have F(z) < liminf, o Fy,(zy),
and

(ii) a recovery sequence: Vx € X there exists a sequence z, — z, such that F(z) =

limy, 500 B (h).

Condition (ii) can be replaced by the following limsup-inequality: For every x there
is a sequence x,, — x such that F'(z) > limsup,,_,.; Fn(xn).

As already mentioned, I'-convergence respects convergence of minimizers and minimal
values, provided F;, satisfies some mild uniform compactness property.

Theorem 1.2.1 (Fundamental Theorem of I'-convergence, [24, Theorem 2.1]). Let X

be a metric space and F,,, F : X — RU {400} be such that F, Lr If F,, additionally
satisfies that

3K C X compact for which igl(fF = i?(f F, for alln € N, (1.12)

we have
(i) Convergence of minimal values: infx F' = minx F' = lim,_,o (infx F},), and

(ii) Convergence of minimizers: If x,, is a minimizing sequence for some subsequence
(Fry), t-e., Fy, (zy,) = infx Fy, 4+ o(1), which converges to some T, then its limit
18 a minimizer of F.

Condition (1.12) in the above theorem is sometimes called equi-mildly coercivity of F,,.
Note that Theorem 1.2.1 does not imply that all minimizers of F' can be approximated
by minimizers of F;,. From this perspective, I'-convergence acts as selection criterion,
a viewpoint that has been adapted by Ortner in [115] to the gradient flow setting of
atomistic-to-continuum convergence.

Besides implying convergence of minima and minimizers, I'-convergence enjoys another
very useful property: It is stable under continuous perturbations. Let G : X — RU{+o0}

be continuous with respect to the metric on X. Then, from Fj, LF , one automatically

obtains F,, + G L F 4 G. This follows readily from the definition, as for any x and x,
with z,, — =, we have

F(x)+G(x) < hnniio%f Fo(zpn) + lim G(zy) < Uminf(F,(z,) + G(zp)).

n—o0 n—oo

12



1.2 Preliminaries

Furthermore, for a recovery sequence x,, — x of F', it holds that

F(z)+G(z) = nh_}n(lo Fo(zy) + lim G(zp) = nh_)Igo(Fn(azn) + G(zy)).

n—oo

This feature is remarkable, as I'-convergence is not linear. Consider for example X = R

and F,, := sin(nz) and G,(z) := —sin(nz). Then, F,, and G,, both I'-converge to —1
(the liminf inequality is clear, for a recovery sequence for F), take x,, = 3”%29” ). However,

F,+G,=0foralln eN.

This stability under continuous perturbations is particularly useful, because it allows
us to directly add body forces, such as gravity, to our model. For example the model of
Chapter 4, outlined in Section 1.1.3 above, could be augmented to feature loading terms
of the form

=

for a 1 € L?(;R?%). Then, by the arguments above the nonlocal energy (1.5) satisfies
E,+ L5 E+L.

1.2.3 Evolutionary I'-convergence

From Definition 1.2.1, we see that I'-convergence is a purely static notion. In Chapters 3—
4, we are however considering dynamic problems in the structure of the parameter-
dependent gradient flow, as

Ty = —VFy (), (1.13a)
2, (0) = 9. (1.13b)

n

For illustrational purpose, we consider here a family of maps F, : X — RU {400} on a
Hilbert space X and a map = : [0,7] x X — X.

To extend the variational convergence to the dynamic setting, there are two related
ways. The approach in [24] essentially adapts the minimizing movement scheme [7] to
also allow for parametrized energies. As taking limits of the time scale parameter of the
minimizing movement scheme 7 — 0 and the I'-limit may not commute [24, Chapter 8],
one has to couple 7 and n in a specific way, giving rise to the notion of a minimizing
movement along a sequence of functionals at the scale 7. This calls for criteria, when
the limit of minimizing movements along a sequence is a minimizing movement for the
limit [24, 27].

One criterion guaranteeing that solutions of (1.13) converge to a solution of the cor-
responding limiting gradient flow problem is the by now well-established evolutionary
[-convergence approach, inspired by Sandier and Serfaty [119], see also [110]. Here, one
reformulates the evolution equation in terms of an energy dissipation inequality, see,
e.g., [120], and then passes to the limit by means of specific liminf-inequalities. In ad-
dition, the limit must fulfill a chain rule to ensure equivalence of the energy dissipation
inequality in the limit and the corresponding gradient flow problem.

13
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Although this is a standard method by now, let us sketch the idea for the simple case
of a gradient flow in R? driven by the potential F': R¢ — R

{mm

Here, 4 denotes the time derivative of z : [0,T] x R? — R? and x¢ € R? is some initial
condition. We then assume that F), from (1.13) I'-converges to F' and ask ourselves the
question, when solutions xz,, to (1.13) converge to solutions to (1.14).

We first sketch how to obtain the aforementioned energy-dissipation-inequality for
(1.14), although it works analogously for (1.13). For the sake of simplicity, let us assume
smoothness. Testing (1.14a) against &, integrating in time, and using the chain rule, we
arrive at

—VF(z) (1.14a)
0. (1.14b)

T
F(a;(O))—F(x(T))—/O @ (t)2 dt. (1.15)

Relation (1.15) entails |#|> = —VF(z) - &, but not that z is a solution to (1.14a). To
resolve this issue, we invoke the Cauchy-Schwarz and the Young Inequality, giving us
[ 12 2
VF
|i]? = ~VF(z)-& < |VF(x)||2] < |“2| + |2(x)’
Equality in (1.16) holds if and only if we have equality for the Cauchy-Schwarz and
Young’s Inequality, which again occurs if and only if £ = —VF(z), that is, if = solves
(1.14a). Putting this together, we get that x solves (1.14a) if and only if x fulfills

T T
F(z(0)) — F(z(T)) > /O ]j;(t)|2dt+;/0 IVF(z(t)? dt. (1.17)

Inequality (1.17) is called Energy Dissipation Inequality. This reformulation allows to
generalize gradient flows to the setting of metric spaces, such as the space of probability
measures. In particular, this formulation allows us to extend the notion of I'-convergence
to the dynamical setting. To this end, assume that we can find a solution x, to the

(1.16)

parameter-dependent gradient flow (1.13) and that F), LF Additionally, we suppose

that the initial conditions are well-prepared, that is, 20 — 2% and F,(2%) — F(2°).

Then, we get from the well-preparedness, the I'-convergence and the Energy Dissipation
Inequality for z,, that

F(2(0)) — F(x(T)) > liminf(F, (2,(0)) — Fy(2,(T))

1T e
> liminf/ |2, ()2 dt + liminf/ |V Fy (2, (1)) % dt. (1.18)
2 0 n—oo 2 0

n—oo

If we now assume that the following liminf-inequalities hold

T T
liminf/ |;'vn(t)|2dt2/ ()2 dt (1.19)
0 0

n—oo

T T
.. 2 2
lim inf /O IV B (£)2 dt > /0 IV E(2() 2 dt, (1.20)

n—oo
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we can pass to the limit in (1.18) and eventually get that

T T
P(a(0) ~ Fa(T)) > /O (1)t + /0 IV (a(t)? dt.

Thus, we have shown that x is actually a solution to the limiting gradient flow, as it
satisfies (1.17). This method has been coined Evolutionary I'-convergence [110].

Summarizing this section, we see that it is therefore instrumental to show compact-
ness, I'-convergence and the liminf-inequalities (1.19)—(1.20) to prove the convergence of
solutions to the parameterized gradient flow. This sets up the roadmap for the results
in Chapter 3 and 4.

1.2.4 Peridynamics

One drawback of the continuum setting, compared to the atomistic one is, that it is
poorly suited to model discontinuities, such as cracks, dislocations, etc. This is the rea-
son, why Silling introduced a nonlocal continuum model in [127], called Peridynamics.
Here, one considers the reference domain as continuum, but still models the governing
potential energy as it would come from interaction between atoms. This way, discontinu-
ities, e.g., cracks, can be described easily. We model the force density due to interaction
with other particles by

Lyfe) = [ pla! =) f(0(a!) = yla).’ — ) da', (1.21)

where f is the pairwise force function, i.e., force that z’ exerts on x weighted by the
kernel p, which is assumed to satisfy p(a’ —x) = 0 if |2’ — 2| > 6. The parameter § is
called (peridynamic) horizon. Introducing this additional length scale in the form of the
horizon paves the way to multiscale models, see, e.g., [9, 18]. Moreover, by choosing the
kernel p suitably, one can model anisotropies, voids, or different material phases. In this
thesis, we assume that p is radially symmetric, corresponding to an isotropic material,
and normalized such that ||p[|z1(q) = d.

This approach gives rise to a nonlocal model. The natural question is, can we also
recover the classical continuum equations, when we let the range of interactions vanish,
that is, let the horizon tend to 07 In the static setting, this question had been answered
affirmatively by Mengesha and Du in [101] for a model in linear elasticity. The dynamic
case has also attracted some attention, however, only inertia effects have been studied,
see, e.g., [60, 61] and the references therein. Rigorous results concerning viscous effects
are still lacking, although viscous peridynamic rheological models are commonly used
by the engineering community, see the discussion in Section 4.1.

Already in [127], it has been noticed that the so-called bond-based model outlined
above only applies to isotropic materials with Poisson ratio 1/4. Consequently, the more
elaborate state-based peridynamic model has been introduced in 2007 [128] to resolve
this problem. There, the interaction between atoms is governed by a so called force
state that is similar to the classical stress tensor. In fact, this allows for describing the
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Figure 1.2: Idea of (bond-based) Peridynamics. The total force an atom at y(x) is ex-
erted to is the contribution of all the forces of the elastic springs, which get
stretched or compressed due to the deformation.

collective response of all bonds in a neighborhood, whereas for the bond-based model
each bonds’ response is independent of all other bonds.

Let us now sketch the derivation of the energy (1.5). As starting from state-based
peridynamics would require the more technical notion of a state, we resort to the simpler
setting of bond-based peridynamics [127] instead. The derivation of the energy from
state-based constitutive modeling runs along the same lines.

Following [127], a bond-based peridynamic material is called microelastic, if the pair-
wise force function f from (1.21) is conservative, that is, if there is a pairwise potential
function w such that,

Ow(n,§)
€)= Z (122
Here, we abbreviated the bond in the reference configuration by & = 2/ — x and the
deformed bond by n = y(z') — y(x). Definition (1.22) resembles the classical notion
of hyperelasticity, where the Cauchy-stress is determined as the derivative of a stored
energy function depending on the deformation gradient, see, e.g., [87, Chapter 2.3]. This
allows us to define the macroelastic energy density Wy as

and consequently the total macroelastic energy or total strain energy E as

B(y) = [ Wfa)da,

Note that in stated-based peridynamics, the macroelastic energy density is a function
of vector states. Its (suitably defined) derivative would then correspond to generalized
force due to atomic interaction.

The aim is to derive the nonlocal strain energy corresponding to an isotropic elastic
material. We therefore start from the classical decomposition of strains in a spherical
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(also called hydrostatic) and deviatoric (also called shear) part, that is, for A € R?*4,
we set A = sph A + dev A with

sph A := %H, devA::A—sphA:A—%]I.

Here, I € R%*? denotes the unit matrix. Then, a Lamé material with coefficients A and
w1 at small strains has the quadratic stored energy

1 d
W(Viu) = §A(tr Viu)? + p|Véul|? = §k| sph V¥u|? + p| dev Véul?, (1.23)

where k is the bulk modulus and p the second Lamé coefficient also corresponding to
the shear modulus. For the derivation, see [87, Formula (6.7.9)]. Recall that VSu =
(Vu + Vu')/2 denotes the symmetric gradient.

Following [128] and drawing inspiration from classical materials, we aim at rewriting
the energy of an elastic material in the small strain regime as

E(u) = /Q Wy(z)dz = /Q Wai(z) do + /Q Wiey () dzz.

Here, Wg; () is the strain energy density associated with dilations and Wyey () denotes
the strain energy density associated with deviatoric portion of deformation. Moreover,
analogously to (1.23), we write

Wail = gk(sdila Sdil) ps Waev = 1(Sdevs Sdev) ps
where sq; is the dilatational nonlocal strain, sqey is the deviatoric nonlocal strain and
(-, ), is the weighted L?-inner product.
In order to transfer this idea to the nonlocal case, we investigate how a bond 7’ — z
with 2/, 2z € QN Bs(z), gets stretched or compressed due to the deformation. Thus, we
define (bond) elongation e and the nonlocal strain s as

e(@’,z) =y(@') —y(@)| - 2" —a|,  s(@’,2) =e(@’,2)/]2" —al.
In the classical setting, the dilatational part of the strain would be given by sph Vy =
1/d Zle 0y, i.e., as the sum over all normal strains in direction e¢;, 1 = 1, ..., d. Follow-

ing this idea, and additionally including the weight p, we define the nonlocal dilatation,
that is, the surrogate of tr V*u, as

0(z) = /Qp(:v' —x)s(2’,z) da’. (1.24)

This corresponds to the trace of the strain tensor for small homogeneous deformations.
Indeed, let us consider a deformation y(x) = (1 +&)x. The deformation gradient is then
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Vy = (1 + ¢)I and hence sphVy = %H = (1 + ¢)I. Considering the trace of the

linearized strain given by Vu = (Vu! 4+ Vu)/2 and y = u + id, we get

d d
trVou =Y Ou;=Y Oiyi—d=d+ed—d=de.

i=1 i=1
Next, we consider the nonlocal case. We have e(z/,2) = |2’ — z| and thus, s(z/,x) =
e. This gives 0 = [, p(a’ — z)s(a,z)da’ = ¢ [, p(a’ — z)da’ = ed, which is also in

correspondence to sph Véu = ¢ = %.

This motivates the definitions
0

1
Sdil = 7 Sqev(7', 1) = s(a', ) — sqn = s(2’, z) — =0.

d

In the current linearized elasticity setting, we consider (uniformly) small displacements,
Le., SUP|y/_g|<5 lu(z’) — u(x)| < 1 and assume for the moment that y is smooth. Then,
a Taylor-expansion yields

e(z',z) =ly(z") — y(2)| — |2’ — x|
=l2' — 2 +u(2') —u(z)| — |2’ — 2|

=(u(2’) - U(w))TH +O(Ju(2) — u(z)))-
So we can set
e(x’, x) ~ (u(z') — u(x))" \i’ : ; =: P(u)(2',z)|z" — x|,

32’ 2) = 2(u)(2', ).
Substituting these into (1.24), the linearized version of nonlocal dilation 6 reads as
ba) = [ pla’ ~ 2)2(0)(a' ) da’ = D,(u) (o)
Q
and therefore the linearized dilatational strain is given by

S4il =

QI ™

Note that the above linearization procedure is only formal. However, rigorous math-
ematical justification as in the classical setting [48] are available for the bond-based
peridynamic material [103]. A linearized model for state-based peridynamics has been
introduced in [126], again derived as a first order approximation.

Analogously to (1.23), the strain energy density associated with the dilatational part
in the small strain regime is given by

Wai(z) = dg(gdila Sain)p = d /Q p(a’ — x)(3q1)” da’
;2
_ d’;fp/gp(x' _2)da’ = K@, () (@)
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where we used the normalization of p, namely, [|p|[11q) = d.

The deviatoric part of the nonlocal strain s(z’,z) is then given by s(z’,z) — 20(z).
Therefore, we obtain for the energy density corresponding of the linearized deviatoric
nonlocal strain

(07

2
o, - 1
Waev(2) = = (3dev, Sdev)p = / p(a' —x) s(2/,2) — =0(x) | da’,
2 2 Jo d
where « is scalar proportional to shear modulus.
Collecting the linearized strain energies, we arrive at the potential energy of the linear
problem (1.5) that was given by

Ep(u) = /Q Wail(z) + Wyey (z) dx

:I;/Q(CD,;(U)(J:))Z dx+§/ﬂ/ﬂpn(x’—x) (9(u)(a:’,a:) — Cll@p(u)(a:)>2dx’da:.

Isotropy of the material is simply modeled by assuming that the kernel p is radially
symmetric. We thus have derived the potential energy for a linear isotropic homogeneous
elastic material. This corresponds to a nonlocal version of the classical Navier-Lamé
potential energy, which can be recovered in the nonlocal-to-local limit, see [101].
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2 Tilings with nonflat squares: a
characterization

This chapter consists of the paper [73] in collaboration with Manuel Friedrich and Ulisse
Stefanelli.

Abstract

Inspired by the modelization of 2D materials systems, we characterize arrangements of
identical nonflat squares in 3D. We prove that the fine geometry of such arrangements is
completely characterized in terms of patterns of mutual orientations of the squares and
that these patterns are periodic and one-dimensional. In contrast to the flat case, the
nonflatness of the tiles gives rise to nontrivial geometries, with configurations bending,
wrinkling, or even rolling up in one direction.

2.1 Introduction

The serendipitous isolation of graphene in 2004 [113] attracted enormous interest on the
physics of 2D materials systems. Driven by their fascinating electronic and mechanical
properties [144], research on 2D systems is currently witnessing an exponential growth.
Beyond graphene [5, 80], 2D material systems are continuously syntetized and investi-
gated [42, 49, 94, 145] and findings are emerging at an always increasing pace, ranging
from fundamental understanding to applications [2].

Free standing 2D material samples are often not flat, but rather present rippling pat-
terns at specific length scales [93]. The origin of such nonflatness is currently debated,
one possible explanation being the instability of perfectly flat arrangements at finite
temperatures, as predicted by the classical Mermin-Wagner theory [106, 107]. In the
case of graphene, ripples have been experimentally observed [96, 109], computationally
investigated [65], and analytically assessed [74, 75]. The phenomenon is however not re-
stricted to graphene, and surface rippling has been detected in other 2D systems as well
[21, 136]. Understanding the global geometry of 2D materials is of the greatest impor-
tance, as flatness is known to influence crucially the electronic, thermal, and mechanical
behavior of these systems [43, 52, 139, 143].

In this chapter, we tackle the question of flatness of 2D systems with square symmetry.
Our interest is theoretical and our arguments are not tailored to a specific material
system. Still, we remark that square-like 2D crystals have been predicted in selenene
and tellurene [138]. We formulate the problem in the setting of molecular mechanics [6,
92, 116] by associating to each point configuration a scalar configurational energy and
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focusing on its ground states in the quest for optimal geometries [17, 77]. In the square-
symmetric case, each atom has four first neighbors and the topology of the configuration
is that of the square lattice Z? [98]. The configurational energy is assumed to feature
both two- and three-body effects [38, 131, 132], depending on bond lengths (distances
between atoms) and angles between bonds, respectively. We present conditions ensuring
that global minimizers of the configurational energy have all bonds of equal length,
all angles formed by bonds to first neighbors of equal amplitude 6*, and the four first
neighbors of each atom are coplanar. As a result, minimal cycles of four atoms form
regular squares featuring equal sides and equal angles 6%, see Figure 2.1. Such identical
squares arrange then in an infinite 3D configuration, which under the above provisions
we call admissible and which we interpret as the actual geometry of the crystal.

The goal of this chapter is to classify all admissible configurations, namely all possible
3D arrangements of identical regular squares. In case the squares are flat, namely if
0* = m/2, the result is straightforward: the only configuration of flat squares where
all first neighbors of each atom are coplanar is the plane. In order to tackle genuinely
3D geometries, we hence need to focus on the case 8* < 7/2 instead, which induces
nonflatness, as per Figure 2.1.

Figure 2.1: The regular nonflat square

Our main result is a complete characterization of admissible arrangements of identical
regular nonflat squares in 3D, see Theorem 2.2.8. We prove in particular that admissible
configurations can bend, wrinkle, and roll in one direction and that such flexural behavior
is completely characterized by specifying a suitably defined section of the configuration
in the bending direction, see Figure 2.4 below. More precisely, one classifies patches of
four squares sharing an atom (4-tiles) in six different classes, in terms of their mutual
orientation, see Figure 2.6. We prove that just three of these classes actually give rise to
admissible configurations, that the whole geometry is specified by knowing the pattern
of such classes, and that such pattern is periodic.

One can visualize the square in Figure 2.1 as (the boundary of) a nonflat tile. Our
result can hence be interpreted as a classification of all possible tilings with such nonflat
tiles under the condition that the four neighbors of each atom are coplanar. The relevance
of this coplanarity condition is revealed by considering the limiting flat case. In case
tiles are flat and the four neighbors of each atom are coplanar, the only possible tiling
is the plane. By dropping the coplanarity requirement, we however allow for tilings
ensuing from foldings of the reference square lattice Z? along a set of parallel coordinate
directions. Thus, the coplanarity requirement serves the purpose of excluding the effect
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2.2 The setting and main results

of the symmetry of the reference lattice on the onset of nontrivial geometries.

In the case of hexagonal symmetry, the characterization of global arrangements of
regular nonflat hexagons has been obtained in [74, 75]. To some extent, the results in
this chapter for squares are akin to the hexagonal case, for in both cases the arrangement
shows some distinguished one-dimensional patterning. Compared with the hexagonal
setting, the present square-symmetric case is however much more involved. This is
an effect of the different symmetry of the underlying reference lattices. In the square
case, arguments require to consider the detailed geometry of patches of up to sixteen
neighboring squares, which makes the combinatorial picture much richer.

The chapter is organized as follows. Section 2.2 is devoted to the statement of our main
results. The molecular-mechanical model is discussed first and the detailed geometry of
ground states is assessed. A first description of admissible configurations is presented
in Theorem 2.2.2. We then introduce the concept of 4-tile and of its type, collect all
possible types and classes, and discuss the possibility of attaching two 4-tiles by analyzing
the corresponding boundary, see Lemma 2.2.6. This eventually paves the way to the
statement of our main result, namely the characterization of Theorem 2.2.8. Section 2.3
is entirely devoted to the proof of the main result, hinging both on combinatorial and
geometrical arguments. Some proofs are postponed to Section 2.4 in order to enhance
the readability of the arguments.

2.2 The setting and main results

2.2.1 Ground states of configurational energies

We focus on three-dimensional deformations 3 : Z? — R3, defined on the two-dimensional
reference lattice Z?. For any open subset Q C R? we define the configurational energy
of a deformation on 2 by

Bpo)=5 Y el -yt Y w6

(z,2)EN1(Q) (z,2')EN2(Q)
1
Y wll@uE)ue). (2.1)
(z,z’,x")eT ()
where
Ni(Q) = {(z,2'): z,2 € 2, xeQ, 2 €Q, |z —a|= 1} (2.2)

denotes the set of nearest-neighbors and
No(Q) = {(z,2'): z,2’ € ZNQ, |z — 2'| = V2; (2.3)
(x—2')-e1 >0if z € 0N or 2’ € 90} '

is the set of closest next-to-nearest-neighbors. Moreover, by £Ly(z) y(z') y(z") we denote
the bond angle in [0, 7] at y(2’) formed by the the vectors y(x) —y(z’) and y(a”) —y(z'),
where the set of triplets T'(2) is defined by

T(Q) :={(x,2",2"): (2/,2) € N1(Q), (z/,2") € N1 (Q),z # 2"}. (2.4)
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2 Tilings with nonflat squares: a characterization

The factor 1/2 reflects the fact that bonds {y(x),y(z’)}, (z,2") € N1(Q2) U N2(©2), and
bond angles £y(z) y(z') y(z") appear twice in the corresponding sums. Let us point out
that in order to take surface effects at 9§ properly into account, bonds {y(z),y(z’)} are
only counted once if {x,2'} € N1(Q2) and either x € 9Q or 2’ € 99, or if {z,2'} € No(Q)
and z € 9Q or 2/ € 9Q. Bonds where {z,2'} € N1(Q) with x € 9Q and 2’ € 9 are not
counted at all. This asymmetry of counting bonds is motivated by the specific choice of
the cell energy, see Section 2.4.5.

We assume the two-body interaction potential vy: RT — [—1,00) to be of short-range
repulsive and long-range attractive type. In particular, we assume that vy is continuous
and attains its minimum value only at 1 with v9(1) = —1. Moreover, we suppose that
vg is decreasing on (0, 1), increasing on [1, 00), and that vy is continuously differentiable
on (1,2] with v5 > 0 on (1,2]. The three-body interaction density vs: [0, 7] — [0, 00) is
assumed to be strictly convex and smooth, with vs(r) = 0.

In the following, we will be interested in minimizing the energy of a configuration on
the whole reference lattice. To this end, we define the normalized energy of y: Z? — R3
by

E(y) = ZE%WE(%QM’ (2.5)

where Q,, C R? is the open square centered at 0 with sidelength 2m. A deformation is
called a ground state if it minimizes the energy FE.

For a fine characterization of the minimizers, some additional qualification on vy and
vg will be needed. More precisely, we suppose that there exist small parameters n,& > 0
such that

va(1 — 1) > 34 4v2(V2) + 8usz(n/2), (2.6)
va(14+1) > =1+ 402(V2) = dva(V2(1 = 1)*) + 8us(m/2), (2.7)
v3(0) > 2+ 2up(V/2) + dus(m/2) if < /2 — ), (2.8)
(61, 02,0) s ivg(el) + ivg(fg) + v ((zf 2 — 20105 cos 9)1/2) +u3(0)

strictly convex on [1 — 7,1+ n]? x [1/2 —n, 7] and

strongly convex for 6 € [7/2 —n,7/2 + 3n), (2.9)
|vs, [v5] < e in a neighborhood of , (2.10)
0 < —2v2v/1 — cos Ov}(0) < £sin 6 vh(vV20V/1 — cos )

for € [1—mn,1] and 0 € [7/2 — n,x]. (2.11)

Properties (2.6)—(2.7) entail that first-neighbor bond lengths range between 1 — 7 and
1+ n, whereas (2.8) ensures that bond angles are not significantly smaller than /2.
Eventually, assumptions (2.9)—(2.11) yield that the contributions of first and second
neighbors are strong enough to induce local geometric symmetry of ground states, i.e.,
bonds and bond angles will be constant, see (2.12)—(2.14) below.
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2.2 The setting and main results

Note that the assumptions (2.6)—(2.11) are compatible with a choice of a density v
growing sufficiently fast out of its minimum. In particular, the quantitative Lennard-
Jones-like case of Theil [133] (see also [57, 64]) can be reconciled with assumptions
(2.6)—(2.7), upon suitably choosing densities and parameters. Let us however remark
that the specific form of (2.6)—(2.11) is here chosen for the sake of definiteness and
simplicity. Indeed, these assumptions could be weakened, at the expense of additional
notational intricacies. Under the above assumptions we have the following result, where
we set N1 := N1(R?), Ny := No(R?), and T := T(R?) (see (2.2)-(2.4)).

Proposition 2.2.1 (Ground states). Let vo and vs be the above-introduced two- and
three-body-potentials satisfying assumptions (2.6)—(2.11). For n small enough and ¢ =
e(n) small enough there exist £ < 1, § < w/2, and d9 < 7 only depending on vy and vs
such that a deformation y: Z? — R3 is a ground state of the energy E if and only if y
satisfies

ly(z) — y(z')| = £ for all (z,2") € Ny, (2.12)
and
Ly(x)y(@ ) y(x") =0 for all (z,2",2") € T with (z,2") € Na, (2.13)
as well as
Ly(x)y(x") y(x") = 6 for all (z,2',2") € T with (z,2") ¢ Ns. (2.14)

Here, the conditions (z,2”) € Ny and (z,2”) ¢ Ny correspond to the case that the
vectors  — 2’ and 2’ — 2’ form an angle 7/2 or 7, respectively, in the reference lattice.
We will see later that Jg is uniquely determined by 6 due to a geometric compatibility
condition, see Lemma 2.2.4 below.

The proof of Proposition 2.2.1 is similar to the one in [74, Proposition 3.1] and is
postponed to Section 2.4.5. At this stage, let us just comment on the effect of condition
vh > 0 in a neighborhood of v/2, see (2.11), which guarantees that  is strictly smaller
than 7/2. Indeed if v5 = 0 in a neighborhood of /2, we would obtain £ = 1 and 6 = /2,
i.e., y(Z?) would coincide with Z?2 up to isometries. For § < 7/2 instead, ground states
exhibit interesting nontrivial geometries. The aim of this chapter is precisely that of
characterizing these nontrivial geometries.

2.2.2 Necessary conditions for admissibility

Deformations y: Z? — R? satisfying the conditions (2.12)—(2.14) are called admissible.
Without restriction, we suppose for notational convenience that ¢ = 1. Indeed, this
can be achieved by replacing y by %y without effecting the geometry of admissible
configurations.

Obviously, conditions (2.12)—(2.13) constrain the local geometry of configurations: let
{21, 72, 23,24} be a simple cycle in Z2, called a reference cell, where here and in the
following the labeling is counterclockwise and counted modulo 4. The image via y is the
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2 Tilings with nonflat squares: a characterization

simple cycle {y1,y2,ys, ys}, where y; = y(z;), called an optimal cell. Since § < 7/2 from
(2.13), optimal cells are not flat. Indeed, the sum of interior angles is strictly less then
2w, i.e., Z?Zl LYi—1Y; Yir1 = 460 < 27, see also Figure 2.2.

The kink of an optimal cell can equivalently be visualized as occurring along the
diagonal x3 — 1 or along the diagonal x4 — x5 of the corresponding reference cell. We
set my := (y1 + y3)/2 and mg := (y2 + y4)/2 and define p := my — my. Let n be the
normal vector of the triangle formed by yi, y2, and y4, in direction (y2 —y1) X (y4 — y2).
Then, we say that the optimal cell is of form \_if p-n > 0 and of form /ifp-n <0,
see Figure 2.2. An optimal cell of any form can be transformed into a cell of the other
form simply via a rotation by 7 /2 along the vector p or via a reflection with respect to
the plane with normal p.

(A) Optimal cell of form \ (B) Optimal cell of form

Figure 2.2: The two optimal cells, defined via the vector p and the normal vector of one
face. For the sake of illustration, they are positioned in such a way that p
is parallel to e3, which is why here y1 - e3 = y3 - ez and yo - e3 = y4 - e3. In
symbols, we indicate optimal cells with  or \, according to the direction
of the lower diagonal.

Our goal is to provide a complete characterization of admissible configurations. In a
first step, we will present necessary conditions for admissibility in terms of optimal cells.
To obtain a complete characterization, we will subsequently present a refined formulation
in terms of so-called 4-tiles, namely, 2 x 2 groups of optimal cells, see Subsection 2.2.5.
To state our first main result, we need to introduce some further notation.

Form function. Given a reference cell {x1,x2,x3, x4} labeled in such a way that for
the lower-left corner x; we have z1 = (s,t), we define the barycenter z of the reference
cell via z(s,t) := (1/2 4+ s,1/2 +t). Thus, 2(Z?) = Z*", where Z*" denotes the dual
lattice of Z2. For an admissible configuration y, we define the form function on the dual
lattice 7, : 7% = {\,/} as the map assigning to each reference cell the form of the
optimal cell in the deformed configuration. In other words, the deformation y maps a
reference cell with barycenter z(s,t) to an optimal cell of form 7,(z(s,t)). In the sequel,
we simply write 7 for notational convenience.

Incidence angles. We define the diagonals d; = (1,1) and da = (—1,1). Fori = 1,2, we
indicate signed incidence angles along the diagonal d; for each bond of the configuration
via the mappings v;: ((Z 4+ 1/2) x Z) U (Z x (Z + 1/2)) — [—m, 7] defined as follows:
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2.2 The setting and main results

first, for s,t € Z, (s + 1/2,t) parametrizes the horizontal bond in the reference lattice
connecting (s,t) and (s + 1,t), and (s,t + 1/2) parametrizes the vertical bond in the
reference lattice connecting (s,t) and (s,t 4 1), see Figure 2.3 A. In the following, we
explicitly give the definition of the incidence angle ~;(s + 1/2,t), i = 1,2, for horizontal
bonds. The definition associated to vertical bonds follows analogously, up to a rotation
of the reference lattice by /2.

Consider a horizontal bond parametrized by (s + 1/2,t), which is shared by the two
cells with barycenters z(s,t—1) = (s+1/2,t—1/2) and 2(s,t) = (s+1/2,t+1/2). By ni,,
we denote the unit normal vector to the plane spanned by the points y(s,t), y(s + 1,1),
and y{,, :=y((s,t) +v;), with direction (y(s+1,t) —y(s,1)) X (ylop — y(s,t)), where for
convenience we set v; := d; = (1,1) and vy := (0,1). Analogously, we let n;_, be the
unit normal vector to the plane spanned by y(s,t), y(s+1,t), and g , = y((s+1,¢)—v;)
with direction (y(s,t) — y(s + 1,t)) x (yi . — y(s + 1,t)), see Figure 2.3 B.

Then, for all s,t € Z, the signed incidence angles along the diagonal d; of horizontal
bonds are given by

arccos(niy, -ni ) if (Y, —yi ) (i, —nt ) >0
'71'(5 + 1/2"5) = { B arccos(n‘l@Op ' nll;)ot) i ( EOP B E)ot) . ( 1l;Op B E)ot) ~0 (215)
top bot ytop ybot ntop nbot .

1
(s,t+1)| (s+1/2,t+1) | (s +1,t+1) Ytop
P~
L y(sit
2(s,1) (Ysop—¥(s:t))
(s,t+1/2) ) (s+1,t+1/2) ~—n
@,Ot—y(s-ﬂﬂf))
(s,t)| (+1/20) [(s+1,1) Ybot
(A) Parametrization in the reference lattice. (B) Definition of the incidence angle along

dy for a horizontal bond. The shaded
areas correspond to the bond planes.

Figure 2.3: Notions for Theorem 2.2.2.

Making use of the introduced notation, we are now in the position of formulating our
first result. This is a simplified version of the later Theorem 2.2.8 and provides necessary
conditions on the existence of admissible configurations.

Theorem 2.2.2 (Basic structure of admissible configurations). There exists v* € (0, ),
depending only on 0, such that for every admissible configuration y: 72 — R3, possibly
up to reorientation of the reference lattice, the following holds true:

o (Constant form function along d1) We have 7(s,t) = 7(s+1,t+1) for all s,t € Z.

o (Vanishing incidence angle along d1) We have vyi1(s +1/2,t) = 0 = ~1(s,t + 1/2)
for all s,t € Z.
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2 Tilings with nonflat squares: a characterization

e (Incidence angle along da) It holds that vya(s,t) = va(s + 1/2,t +1/2) € {£~*,0}
for all s,t € %Z with s+t € Z+1/2.

This theorem implies that ground states are essentially one-dimensional, in the sense
that they can be characterized as two-dimensional deformations of one-dimensional
chains, see Figure 2.4. Indeed, due to 7 being constant along dj, any cross section
along ds contains the same information. In particular, admissible configurations can be
any combination of flat, rolled-up/down areas in relation to the fact that the incidence
angle along ds can be 0 (flat areas), —y* (rolled-up areas) or ++* (rolled-down areas).

Figure 2.4: An admissible configuration (left). Since the form function is constant along
the diagonal d;, as indicated by the orange area, the same pattern repeats
periodically and all necessary information is contained in one cross section
as shown on the right. The angle £* is defined in (2.17). The defining bond
planes for vertical (on the right) and horizontal (on the left) bonds of the
incidence angles «; (orange) and 2 (yellow) are marked, indicating that

11 =0 # 2.

In the next subsections, we will present a refined version of Theorem 2.2.2, namely
Theorem 2.2.8. We will show that Theorem 2.2.8 below implies Theorem 2.2.2. In
Section 2.3 we then prove Theorem 2.2.8, which then also implies Theorem 2.2.2.

2.2.3 Geometry of optimal cells and construction of 4-tiles

We aim at obtaining a complete characterization of admissible configurations, by re-
sorting to so-called 4-tiles. To introduce this concept, we first need to investigate the
geometry of optimal cells in more detail. First, we consider an admissible deformation y
and an optimal cell of the configuration, consisting of the points 41, ...,y4 and the cor-
responding midpoints my = (y1 +y3)/2 and mae = (y2+v4)/2, as indicated in Figure 2.2.
We denote the length of the diagonal by 2v := |y; — y3| = |y2 — y4|. By the cosine rule
we have

v=1/(1—cosh)/2. (2.16)
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2.2 The setting and main results

Setting d := |y1 — ma| = |ys — ma| = |y2 — m1| = |ys — m1|, we obtain by Pythagoras’
theorem d = v1 — v2 = /(1 + cos 0)/2. This allows us to calculate the kink angle * of
an optimal cell by

K* =7 — 2k, where k := arccos(v/d) = arctan(h/v), (2.17)

with h = v/1 — 202, see also Lemma 2.2.5. We refer to Figure 2.5 with the optimal cell
formed by {C, Ma, E2, M3} for an illustration. For § = 7/2 we have v/d = 1, and thus
k* = 7. In this case, as expected, optimal cells are flat. Let us firstly observe that an
optimal cell is uniquely determined by the coordinates of three points and the choice of

the cell form.

Lemma 2.2.3 (Optimal cell). Given any three points y1,y2,ys € R of an optimal cell,
i.e., points satisfying |y1 — ya| = |y1 — yo| = 1 and Lysy1y2 = 6, there exists a unique
fourth point y;\ and y3/, respectively, such that {y1,y2, yg\, ya} is optimal of form \_ and

{yl,yg,yg/,y4} is optimal of form /.

For the proof, we refer to Subsection 2.4.1. A priori, by prescribing only the common
angle 6, many configurations are conceivable as each optimal cell can be of form
or form /, and neighboring cells can in principle be attached to each other with an
arbitrary incidence angle. Condition (2.14) is therefore essential to reduce the number of
admissible deformations. To take (2.14) into account, we now consider sub-configurations
consisting of four optimal cells which are arranged in a square sharing one common point.
Such structures are called 4-tiles, and we refer to Figure 2.5 for an illustration.

Ey

Figure 2.5: Example of a 4-tile with center C, middle points Mi,..., My and corner
points FE1q,..., E4. We have also indicated v, d, and x* of the optimal cell
{Ca M27 E27 M3}

The point shared by all four optimal cells is called center and is denoted by C. The
additional four points shared by two optimal cells are called middle points (as they are
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2 Tilings with nonflat squares: a characterization

in the middle of the boundary of the 4-tile), are denoted by M; for i =1,...,4, and are
labeled counter-clockwise such that

y (M) =y~ (M) = 2e1 and y~H (M) =y~ (M) = 2es.

By construction, we have A M; C' M;+1 = 6 < 7/2 which implies that the five points C
and (Mi)?zl cannot be coplanar. We introduce the nonplanarity angles 613 and d24 by

(513 = KMl CMg and 524 = KMQ CM4. (2.18)

Note that |§13 — 7| and |624 — 7| indicate how far the five points C and (M;)4_, are from
being coplanar, and again refer to Figure 2.5 for an illustration. The nonplanarity angles
613 and do4 are related by the following lemma.

Lemma 2.2.4 (Nonplanarity angles). The nonplanarity angles 613 and 24 satisfy
cos (13/2) cos (d24/2) = cos . (2.19)
In particular, 413 and do4 coincide if and only if
013 =094 = 0p = 2arccos(\/m).

Indeed, by (2.14) we always have §13 = dogq for every 4-tile of an admissible configu-
rations since My, C, M3 and Ms, C, M, fulfill the condition in (2.14). This yields that
0p = 2arccos(v/cosf) is solely determined by 6. The proof relies on the geometry of op-
timal cells, i.e., on assumptions (2.12) and (2.13), and will be given in Subsection 2.4.1.

We denote the four corner points of the 4-tile by FE;, ¢ = 1,...,4, as indicated in
Figure 2.5. For the classification of all different 4-tiles, it is convenient to frame 4-tiles
in a reference position, as given in the following proposition.

Lemma 2.2.5 (Reference position). (i) By applying a suitable isometry, every 4-tile can
be positioned in such a way that the center C' coincides with the origin, and we have

M; = (s,0,¢h), My =(0,s,¢h), Msz=(—s,0,¢h), My=(0,-s,ch),

where s = \/2v (see (2.16)), h = /1 — 202, and ¢ € {—1,1}.
(ii) Fizing s € {—1,1}, and the form of each of the four optimal cells, the positions of
(M), and (E;)%, are uniquely determined, up to isometry.

For the proof, we again refer to Subsection 2.4.1. Lemma 2.2.5 entails that the middle
points (M;)}_, are coplanar. For this reason, we call 4-tiles coplanar in the following.
By (2.14) coplanarity is a necessary condition for the admissibility of 4-tiles.

In view of Lemma 2.2.5(ii), there are 32 different types of 4-tiles. Indeed, there are
24 = 16 possibilities to distribute either a form \_or a form / optimal cell to the four
positions of a 4-tile. Additionally, one can do this construction for¢ = 1or¢ = —1. Aswe
show next, the different types can be classified into six classes which are invariant under
rotation by 7/2 and reflection along the ej-es-plane, see Table 2.1. A representative of
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2.2 The setting and main results

each class is shown in Figure 2.6. The names of the classes are inspired by their geometry:
the I-tile is intermediate between the zigzag-shaped Z-tile and the diagonally rolled-up
D-tile (cf. the example in (2.22)). Similarly, the J-tile joins the arrowhead-shaped A-tile
with the E-tile, whose periodic pattern resembles to egg cartons.

To denote a 4-tile we use a matrix-like notation, where the form of the optimal cell in
the square is represented by \_or / in the respective position in the matrix. The case
of ¢ = —1 is indicated with a +-symbol in the center of the matrix, and ¢ = 1 is denoted
with a —-symbol. We use this notation since, given a 4-tile in reference position, we have
that for ¢ = 1,...,4 the center satisfies (C' — M;) -e3 > 0 if ¢ = —1 (e.g. in Figure 2.6 D)
and (C — M;)-e3 <0if ¢ =1 (e.g. in Figure 2.5), see Lemma 2.2.5(i).

Reflection of a 4-tile in reference position with respect to the ej-es-plane interchanges
the index + with —. Moreover, / and \_ are exchanged, as observed in Subsection 2.2.2.
Also a rotation by 7/2 interchanges the forms of the optimal cells, i.e., swaps \ and /,
see again Subsection 2.2.2. In addition, note that, by applying a /2 rotation, one needs
to permute the entries of the matrix accordingly, e.g.,

(0 1
A»—>A(10>

for a clockwise rotation of the entries.

0 S N 7] N SN 7N 7271 ] Sionee 9 6
Atile | P | R KK [NE ) D2 [~ KRS [N| Figure 2.64
2 NN A7 N N N N2 7 SN s :
File | QDL 1K KK 1) 2 N (2K o] Figure 2.68
o NN N N1 771 7271 7N 771 N e 6 oo
Jtile | ROL | ) WK K IS ) K K0 ) [»] Figure 2.6¢
Z-tile <—|—> , >—< Figure 2.6 D
E-tile >—|—< , <—> Figure 2.6 &
: | 7 N [ : :
D-tile SR LA N Figure 2.6 ¥

Table 2.1: Full classification of all possible 4-tiles.

As an example, rotation leaves the 4-tile invariant, as interchanging / and \

yields and the rotation of the entries then leads to . However, rotating
clockwise, i.e., first swapping \_and / to obtain and then rotating the entries to

, yields an 4-tile of the same class, but with different type, see Table 2.1.

2.2.4 Boundary orientation and boundary angles

In this subsection, we further refine the characterization of 4-tiles by introducing a
notion of boundary orientation. To this end, consider a 4-tile with notation as indicated
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2 Tilings with nonflat squares: a characterization

(D) Z-tile, i (F) D-tile,

Figure 2.6: Representative 4-tiles of each class.

in Figure 2.5, placed in reference position. We call three points F;_1, M;, and F;, and
the two bonds in between a boundary of the 4-tile, where the indices have again to be
understood modulo 4. We define the boundary orientation of E; 1 M; E; by

A if (El + Eifl) . 63/2 < M; - es,

O(Ei—1 M; E;) == { VOt (Bt Ei)-es/2> M; -y, (2.20)
and the corresponding boundary angle by

Intuitively, the orientation describes the fact that the boundary points upwards (orien-
tation A) or downwards (orientation V), see Figure 2.6 for an illustration. Boundary
orientation and boundary angle are crucial for classifying admissible configurations as
they provide compatibility conditions for neighboring 4-tiles. To formalize this, we now
introduce the notion of attached 4-tiles.

Given two 4-tiles T and T with centers C' and C, we say that the 4-tiles are attached to
each other if y~1(C)—y~1(C) € {21, —2e1,2e9, —2e5}. Note that T and T share exactly
one of the middle points (M;)~, and (M;)%_; (and the adjacent two corner points). This
shared middle point is the center of the so-called middle 4-tile which is formed by two
optimal cells of T and two optimal cells of T'.

The following result will be a key tool for the classification of admissible configurations.
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Lemma 2.2.6 (Attachment of two 4-tiles). If two 4-tiles are attached to each other,
the boundary angles and the boundary orientation at the shared boundary coincide. If
the boundary orientation is A, the corresponding middle 4-tile satisfies ¢ = —1 (see
Lemma 2.2.5(i)), otherwise we have ¢ = 1.

Lemma 2.2.6 will be proved in Subsection 2.4.2. The statement delivers necessary
conditions for attaching two 4-tiles. In fact, a crucial idea for proving the main the-
orem, Theorem 2.2.8, is excluding many situations by checking that boundary angles
or boundary orientations do not match. In particular, this reasoning will allow us to
prove that admissible configurations exclusively contain Z-, D-, and I-tiles. To ease the
readability, from now on we include the boundary orientation in the notation, at least
for the relevant tiles, i.e., the Z-, D-, and I-tiles. This allows for an easy check whether
the boundary orientations match or not.

On lateral boundaries, we denote boundaries with orientation A by <. Likewise, lateral
boundaries with boundary orientation V are indicated by >. Table 2.2 gives an overview
of admissible 4-tiles with the new notation.

Z-tile

E ‘ﬁ
QE

D-tile

I-tile , ,

Table 2.2: A table of all admissible Z-, D-, and I-tiles with corresponding boundary
orientations.

Ea
O O

In the notation, we also denote corner points pointing downwards with o and corner
points pointing upwards with e (of course, always assuming that the 4-tile is in reference
position). As an example, we refer to (B) and (F) in Figure 2.6 for and ,
respectively. Note that this notation is not part of the characterization of types, but
is included only to visualize the directions along which the boundary rolls up or down,
respectively. (In fact, a + in the center along with  pointing towards + yields o in the
corresponding corner. In a similar fashion, a — in the center along with  not pointing
towards — yields e.) This notation facilitates to determine the class of the 4-tile as
Z-tiles have no e/o, D-tiles have two, and I-tiles have exactly one.

Lemma 2.2.7 (Boundary orientations). The boundary orientations of the different
boundaries of the Z-, D-, and I-tiles are given as indicated in Table 2.2.

Lemma 2.2.7 will be proved in Subsection 2.4.2. We close this subsection with an

example illustrating Lemma 2.2.6. Let us attach the Z-tile and the D-tile .
From the notation we can directly see that by attaching via

, (2.22)
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2 Tilings with nonflat squares: a characterization

the boundary orientation match at the shared boundary, i.e., the 4-tiles can be attached
to each other provided that also the boundary angles coincide. (This indeed holds true,
as we will see later in Lemma 2.3.1.) The type of the middle 4-tile can be determined
directly by considering the forms of the four optimal cells in the middle, i.e., . As
the shared boundary has orientation >, which corresponds to V, Lemma 2.2.6 implies
that the middle 4-tile satisfies ¢ = 1. The latter implies a —symbol in the middle of the
matrix, see the discussion below Lemma 2.2.5. Therefore, the middle 4-tile is the I-tile
. Clearly, the procedure applies to all combinations of 4-tiles.

2.2.5 Main result: Characterization in terms of 4-tiles

After having introduced the necessary notation and concepts in the previous subsec-
tions, we are ready to formulate our main result on the characterization of admissible
configurations in terms of 4-tiles. To this end, we need a variant of the form func-
tion, the so-called type functions: consider an admissible deformation y and let S; = 0,
Sy = (1,0), S3 = (0,1), and Sy = (1,1). For i = 1,...,4, we let o; be the function
defined on 272 such that o;(k,l) for (k,I) € 2Z* indicates the type of the 4-cell with
center y(S; + (k,1)). The four different functions account for the fact that a translation
of Z2 by (0,0), (1,0), (0,1), or (1,1) leaves the deformed configuration invariant, but
groups together different optimal cells to form 4-tiles. With this definition at hand, we
now state the main result of this chapter.

Theorem 2.2.8 (Characterization of all admissible configurations). A deformation y is
admissible if and only if, possibly up to rotation of the lattice Z? by /2, the following
holds true:

Only particular types of Z-, D-, and I-tiles are admissible, namely, fori=1,...,4 we
have

o AR DR AR oo

Moreover, the type function is constant along dy, i.e., oi(s,t) = oi(s + 2,t + 2) for all
s,t € 27 and the following matching conditions are satisfied:

(M1) for all s,t € 2Z we have

e {5 20 4}
o= (V2 ELAT)

(M2) for all s,t € 27 we have
S (EURNIEN IZ—Q}
-2 DA}
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2.3 The proof of the main theorem

The theorem gives a complete characterization of all admissible configurations. First,
it shows that only Z-, D-, and I-tiles are admissible. More precisely, we see that only
such D-; and I-tiles from Table 2.2 are admissible, which roll-up/down along the same
diagonal, and that the type function is constant along the other diagonal. In particular,
no change between the direction of rolling-up/down is admissible. This observation
allows for a clear geometric interpretation: Z-tiles correspond to flat areas and D-tiles
induce rolled-up/down areas. In order to match such 4-tiles, the I-tile arises naturally as
a combination of the Z-tile and D-tile. (See, e.g., Figure 2.6 B, which is a D-tile left and a
Z-tile right. See also the example in (2.22).) Clearly, rolling-up/down exclusively along
the other diagonal is admissible as well, corresponding exactly to the other collection
of D-, and I-tiles from Table 2.2. However, after a rotation of the lattice Z? by m/2,
one can always reduce to (2.23). Eventually, the matching conditions (M1) and (M2)
further restrict the admissible combination of 4-tiles, and account for the fact that the
boundary orientations at shared boundaries of two attached 4-tiles need to match, see
Lemma 2.2.6. We close this discussion by noting that the characterization cannot be
simplified further, i.e., there are indeed admissible configurations y which contain all
eight types given in (2.23).

Let us now stress that Theorem 2.2.8 implies Theorem 2.2.2. To see this, we observe
that the type functions o;, i = 1,...,4, are constant along the diagonal d;. This along
with the fact that all types in (2.23) have the same form of optimal cell (\\ or /) along
the diagonal d; (i.e., in the lower left and upper right entry) shows that the form function
7 introduced in Subsection 2.2.2 satisfies 7(s,t) = 7(s + 1,¢t + 1) for all s,t € Z.

The fact that all incidence angles along d; vanish and that all incidence angles along
dy lie in {0,~*, —y*} (with the property that the value is constant along d;) follows by
an elementary computation. We defer the exact calculation to Section 2.4.4. At this
stage, we only mention that inside Z-tiles, all incidence angles along both diagonals are
equal to zero. On the other hand, for the D-tile the incidence angle along do is v*

and for it is —v*. I-tiles have incidence angles 0 and +~*, where the sign depends

on e or o in the notation.

2.3 The proof of the main theorem

This section is devoted to the proof of Theorem 2.2.8. This hinges on two facts, namely,
that (1) attaching two 4-tiles is only possible if the boundary orientation at shared
boundaries match and (2) that such attachment needs to lead to an admissible, i.e.,
coplanar middle 4-tile. Firstly, we use these ideas to show that actually only Z-, D-,
and I-tiles are admissible, see Proposition 2.3.2. In a second step, we further restrict the
set of admissible types by showing that D- and I-tiles necessarily need to roll-up/down
along the same diagonal, see Proposition 2.3.3. This is achieved by considering four
4-tiles arranged in a square and exploiting the aforementioned compatibility conditions.
With similar techniques, we subsequently show that along one diagonal the type has
to be constant, see Proposition 2.3.4. Eventually, we provide another auxiliary result

35



2 Tilings with nonflat squares: a characterization

(Proposition 2.3.5) stating that four 4-tiles arranged in a square can be indeed realized
by an admissible configuration y if all compatibility conditions, including the matching
conditions stated in Theorem 2.2.8, are satisfied. With these results at hand, we are
then able to prove Theorem 2.2.8.

2.3.1 Admissible classes of 4-tiles

In this subsection, we show that admissible configurations contain only Z-, D-, and I-tiles
and that pairs of such tiles can be attached. This is achieved in two steps. We start by
calculating the different boundary angles introduced in (2.21). Then, by discussing the
possibility of attaching two 4-tiles along a boundary with the same boundary angle and
the same boundary orientation, see (2.20), we are able to show that Z-, D-, and I-tiles
are admissible, while E-, A-, and J-tiles are not.

We start by observing that there are exactly three different boundary types. In view
of Lemma 2.2.5, we see that the three points forming a boundary (e.g., E;—1, M;, and
E;, see Figure 2.5) are completely characterized by ¢ € {—1,1} and the form, i.e., form
N\ or form /, of the two optimal cells adjacent to the boundary. (Strictly speaking, in
Lemma 2.2.5(ii), this was only shown once the forms of all four optimal cells are fixed,
but the argument clearly localizes at each boundary.)

This leads to at most 23 = 8 different boundary types, as indicated in Table 2.3. Given
a 4-tile in reference position, the boundary type remains invariant under reflection of
the 4-tile along the ej-es-plane and the es-es-plane. This shows that the number of
different boundary types reduces to three. We indicate the corresponding boundaries
as Z-, D-, and E-boundaries, respectively, as the corresponding 4-tiles have exclusively
such boundaries, compare also Table 2.3 with Table 2.1. We also mention that I-tiles
have both Z- and D-boundaries, but no E-boundaries, and that J- and A-tiles contain
E-boundaries.

Z-boundary D-boundary E-boundary
~ s SNEENS

Table 2.3: Classification of the three types of boundaries.

Y ) Y Y I

e

’ N

Lemma 2.3.1 (Boundary angles). The Z-boundary angle and D-boundary angle of copla-
nar 4-tiles are given by §g = 2 arccos (\/ cos 9). The E-boundary angle of coplanar 4-tiles

1s strictly smaller than dg.

Proof. We start by considering the Z-boundary angle. Without restriction we consider
a Z-tile in reference position with notation as indicated in Figure 2.5, satisfying My =
(0,s,h) for s,h > 0, where s and h are given in Lemma 2.2.5. We observe that the
isometry z = (x1,x9,23) — (z1, 22, —23) + (0,5, h) maps M; to E1, C to My, and M3
to Es. This yields that the Z-boundary angle coincides with dg, see (2.14) and (2.18).
The fact that the D-boundary angle coincides with the Z-boundary angle is postponed
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2.3 The proof of the main theorem

to Corollary 2.4.3, and relies on the fact that two 4-tiles with the respective boundaries
can be attached to each other, cf. Lemma 2.4.2.

Eventually, we show that the E-boundary angle is strictly smaller. To this end, we let
Ey = (s,8,0), My = (0,s,h), B2 = (—s,s,0) be again the points of the Z-tile considered
above. The corresponding points of an E-tile in reference position are denoted by E,
My, and Es. (They are obtained by changing the form of the optimal cells containing
E; and E», respectively.) By simple geometric considerations we find

El = El + (_p7 —-D, Q)a MZ = M27 EQ = E2 + (p7 —-D, Q) (224>

for some p,g > 0. One can check that ¢ = Ey -e3 = Ey - e3 > 2h, see Lemma 2.4.1(iv)
below. Given that |Ey — M| = |Ey — Ms| = 1, the E-boundary angle is calculated by
arccos((E1 — Ma) - (E2 — Ms)). We now compute by using (2.24) and ¢ > 2h that

—p i
(B — M) - (By — Ms) = (By — My) - (By — My) + —p -1 0
—h

1o

_h q
— My) - (B3 — My) + 2ps — 2qh+q
> (B — Ma) - ( )-

As g = arccos((Ey — Ma) - (E2 — Ms)) and arccos is strictly decreasing on [—1,1] we
find that the E-boundary angle is smaller than dg. This concludes the proof. O

Ey — Mo

Proposition 2.3.2 (Nonadmissible classes of 4-tiles). An admissible configuration does
not contain E-, A-, and J-tiles.

Proof. Suppose by contradiction that the configuration contains a 4-tile of class E, A, or
J. As each E-, A-, or J-tile contains at least one E-boundary, see Table 2.3 and Table 2.1,
by Lemma 2.2.6 and Lemma 2.3.1 we deduce that the configuration contains at least two
adjacent 4-tiles in these three classes such that the shared boundary has an E-boundary
angle. For the corresponding middle 4-tile between the two 4-tiles we thus get that
the corresponding d13 or o4 as defined in (2.18) coincides with the E-boundary angle
which is strictly smaller than dy by Lemma 2.3.1. On the other hand, by (2.14) we have
013 = 094 = gy for the nonplanarity angles of the middle tile, a contradiction. O

2.3.2 Proof of the main result

In this subsection we give the proof of Theorem 2.2.8. The argument rests upon two
propositions, showing that only certain arrangements of Z-, D-, and I-tiles are admissible.
A third auxiliary result verifies that such arrangements are indeed admissible. We start
by stating these results, whose proofs are postponed to the next subsections. Recall the
notation of the 4-tiles in Table 2.2.
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2 Tilings with nonflat squares: a characterization

Proposition 2.3.3 (Roll-up/down along one diagonal). Consider any four adjacent 4-
tiles of class Z, D, or I of an admissible configuration arranged in a square. Then all D-
and I-tiles locally roll-up/down along the same diagonal, i.e., the type of the four 4-tiles
18 either exclusively contained in A or exclusively contained in B, where

-EHEREDEGE. o
d

Note that B can be obtained from A through a rotation of the reference lattice by
7/2, and vice versa. The proposition shows that locally only 4-tiles which roll along the
same diagonal can be attached to each other. The following result states that locally
admissible configurations have the same type along one of the diagonals.

an

Proposition 2.3.4 (Arrangements along diagonals). Consider four adjacent 4-tiles of
an admissible configuration with types either in A or in B, see (2.25)—(2.26), arranged

i a square and denoted by
<}

If the types are in A, we have B =D, and if the types are in B, we have A = €.

The previous two results yield restrictions for the arrangement of 4-tiles in admissible
configurations. The next result shows that such arrangements are indeed admissible.

Proposition 2.3.5 (Admissible arrangements of 4-tiles). (i) If two coplanar 4-tiles in A
are attached along a boundary with matching boundary orientation, the resulting middle
4-tile is a coplanar 4-tile in A.

(i) If four adjacent coplanar 4-tiles with types in A are arranged as

such that B = © and such that the four 4-tiles satisfy the matching conditions (M1)-
(M2) stated in Theorem 2.2.8, there exists an admissible deformation y: {0,1,2,3,4}? —
R3 such that the 4-tiles of y({0,1,2,3,4}%) have the types indicated in (2.27).

(2.27)

A similar statement holds for 4-tiles with types in I by rotation of the reference lattice
by m/2. We are now in a position to prove our main result.

Proof of Theorem 2.2.8. Step 1: =. We recall the definition of oy, ¢ = 1,...,4, before
the statement of Theorem 2.2.8. Without restriction we only consider ¢ in the following
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2.3 The proof of the main theorem

proof. By Proposition 2.3.2 we have that the configuration only contains Z-, D-, and
I-tiles.

We next show that all types are either in A or in B, see (2.25)—(2.26), i.e., rolling
up/down occurs at most along one diagonal. Assume by contradiction that there were
two 4-tiles rolling along different diagonals, i.e., Ty € A\ B and Ty € B\ A. Choose
Siyt; € 27,1 = 1,2, such that o1 (s1,t1) = 11 and o1 (s2, t2) = T». By Proposition 2.3.3 we
can apply Proposition 2.3.4 and thus find o1 (s1+7, t1+7) = Th and o1 (se+71', to—r") = Th
for all r,7' € 27Z. For a particular choice of r and r’ this entails 77 = T3 or that T} is
adjacent to T». In both cases, we obtain a contradiction to Proposition 2.3.3.

This shows that all types of 4-tiles are either in A or B. Up to a rotation of the reference
lattice by 7/2, we may suppose that all types of 4-tiles lie in A, which corresponds to
the notation of Theorem 2.2.8. By Proposition 2.3.4 we get that the type function is
constant along dy, i.e., o;(s,t) = oi(s +2,t + 2) for all s,t € 2Z and all i =1,... 4.

It remains to show that the matching conditions (M1) and (M2) hold true as indicated
in the statement. These properties rely on the fact that the boundary orientations of
each two attaching 4-tiles need to match, cf. Lemma 2.2.6.

We only prove matching condition (M1) as the proof for (M2) follows along similar
lines. Since the type function is constant along di, i.e., o1(s,t) = o1(s + 2,t + 2)

(s,t € 2Z), for any s,t € 2Z such that o1 (s, 1) {- . - -} we have one

of the two possibilities
L) I

where the boundaries of the 4-tiles with type o1(s,t) = o1(s + 2,t + 2) are depicted
with solid lines. The given boundary orientations and Lemma 2.2.6 imply that only a

4-tile from (compare Table 2.2) {- . - -} can be attached in the

blank position top left indicated by the dotted 4-tile (where its straight boundaries repre-
sent arbitrary boundary orientations). Within the class of admissible 4-tiles A in (2.25),

exactly the four choices {- . -} match this boundary orientation. Con-
versely, for s,t € 2Z such that o1(s,t) {- . } an arrangement as
above yields one of the two possibilities

However, due to the given boundary orientations, the 4-tiles in

{} are the only 4-tiles from A which can be attached in the blank

position bottom-right, again indicated with the dotted 4-tile. This concludes the check
of the matching conditions (M1).

Step 2: <. The existence of an admissible configuration y: Z> — R3 follows directly
from Proposition 2.3.5 (ii) and an induction argument. Indeed, (2.12) and (2.13) are
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2 Tilings with nonflat squares: a characterization

satisfied since each cell is optimal. To see (2.14), it suffices to check that all 4-tiles
are coplanar. In fact, then (2.14) follows from Lemma 2.2.4. First, by construction in
Proposition 2.3.5(ii) we get that all 4-tiles related to the type function o; are coplanar.
By using Proposition 2.3.5(i) we find that also the 4-tiles related to the other type
functions o;, i = 2,3,4, are in A and are coplanar. This shows that all 4-tiles are
coplanar, as desired. O

2.3.3 Rolling along one diagonal

This subsection is devoted to the proof of Proposition 2.3.3. The proof fundamentally
relies on Lemma 2.2.6, i.e., the fact that the boundary orientations of attached 4-tiles
match. To this end, we will make extensive use of the matrix diagrams introduced in
Table 2.2 in order to exclude certain arrangements of 4-tiles. Unfortunately, not all
nonadmissible cases can be ruled out by such compatibility analysis and we also need to
consider some more refined tools, based on the real three-dimensional geometry of the
4-tiles. For this reason, we will use the following lemma concerning the attachment of
four coplanar 4-tiles. Recall the types of 4-tiles A and B introduced in (2.25)—(2.26), as
well as the different types of boundaries in Table 2.3.

Lemma 2.3.6 (Arrangements of four 4-tiles). Consider four adjacent 4-tiles of an ad-
missible configuration with types either in A or in B, see (2.25)—(2.26), arranged in a

square and denoted by
e}

Then: (i) If three tiles are Z-tiles and one tile is an D-tile, then the D-tile is in {2, €}
(case A) orin {B,D} (case B).

(ii) If two tiles are Z-tiles and two tiles are D-tiles, then the Z-tiles are arranged along
one diagonal and the D-tiles along the other diagonal.

(iii) If three tiles are D-tiles and one tile is a Z-tile, then the Z-tile is in {2, €} (case A)
orin {B,D} (case B).

(iv) The arrangement

(2.28)

o) 220
(2}

15 not admissible.

We postpone the proof of this lemma to Section 2.4.3 and proceed with the proof of
Proposition 2.3.3.

Proof of Proposition 2.3.3. We proceed in two steps: in Step 1 we show that two at-
tached 4-tiles cannot roll-up/down along different diagonals. In Step 2 we show that
in four adjacent 4-tiles arranged in a square, the two pairs of diagonal 4-tiles cannot
roll-up/down along different diagonals. These two steps imply the statement.
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2.3 The proof of the main theorem

Step 1: Attached 4-tiles. Up to interchanging the roles of e and o, and up to reflection
along the e1- or the es-axis, there are six different cases to address:

nOY, 2900 380, 4980,
B)DD or (T4, G)DQ or (101,

Here, the symbol 1] is a placeholder both for the corresponding I-tile and the
D-tile m . The meaning of the other symbols is analogous. For the proof, we refer

the reader to Table 2.2 which collects all possible 4-tiles.

Case 1: [V, This case leads to a contradiction to Proposition 2.3.2 as necessarily the
middle 4-tile is the A-tile . As an example, among the four possibilities, we consider

the case where both 4-tiles are I-tiles. In this case, we have .

Case 2: [JT0. This case ensues if two 4-tiles with different boundary orientations are
attached, which contradicts Lemma 2.2.6. As an example, among the four possibilities,

we consider the case where both 4-tiles are D-tiles. In this case, we have 4

Case 3: Y1, First, if both 4-tiles are D-tiles, then up to a reflection along the es-axis,
we are in Case 1 and obtain a contradiction as explained before. In the case that one
is a D-tile and the other is an I-tile, we obtain a contradiction to Lemma 2.2.6 as then

the boundary orientations do not match. In fact, these two last cases are and

EYSY,
We can therefore assume that both 4-tiles are I-tiles, i.e., take the form . We

will now consider which 4-tiles are admissible on top of the given 4-tiles. Since we have
already ruled out Case 1 and the boundary orientations need to match by Lemma 2.2.6,

we see that on top of the left I-tile we can only have , , , , or ,
and on top of the right I-tile we can only have , , , , or . In any

case, the 4-tile in the middle of the four considered 4-tiles, will be an A-tile of the form
or . This contradicts Proposition 2.3.2 and concludes the proof of Case 3.

Case 4: VTJ[J. If both 4-tiles are D-tiles, then up to a reflection along the es-axis,
we are in Case 2 and obtain a contradiction as explained before. If both 4-tiles are
I-tiles, we have m’m. i.e., the boundary orientations are different and we obtain

a contradiction to Lemma 2.2.6. The two remaining possibilities are mm' and

mm' We prove the contradiction only for the first configuration as the second

configuration can be treated along similar lines. In order to do so, we proceed as in
Case 3 and attach 4-tiles at the top, yielding

X3P

¥ &

(2.30)
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Middle 4-tile Middle 4-tile Middle 4-tile

At 2A-B left right

Z
&

E ioi ioi ioi io
mﬁmﬁ ‘o)
o] o]

Table 2.4: The eight different cases considered in Case 4.

In (2.30), the straight dotted lines encompass all possible boundary orientations. We

start by noting that the I-tile in the middle of is of the form .

Since we have already ruled out Case 1 and the boundary orientations need to match

by Lemma 2.2.6, only the 4-tiles , , , , can be attached on top of

the D-tile (left), i.e., at position . Similarly, on top of the I-tile (right) at position B we
can only attach the 4-tiles , , , , , see Table 2.2. As the boundary
orientations between 2 and B have to match as well, there are only eight possibilities
of the upper two 4-tiles which are indicated in the first two columns of Table 2.4. The
two upper 4-tiles A and B form middle 4-tiles which are indicated in the third column
of Table 2.4. Note that the 4-tile attached on the bottom of this 4-tile is exactly the
middle 4-tile between the original two 4-tiles, i.e., . Therefore, in the first four cases
we obtain a contradiction to Lemma 2.2.6 since the boundary orientations of the shared
boundary of the two middle 4-tiles do not match.

For the second four cases we need a different argument instead. To this end, we
consider also the middle 4-tile between the D-tile and 2 (left middle 4-tile) and the
middle 4-tile between the I-tile and B (right middle 4-tile), see the last two columns in
Table 2.4. We observe that in none of the cases the boundary orientations of the shared
boundary of the left and right middle 4-tiles match. This is again a contradiction to
Lemma 2.2.6, concluding the check of Case 4.

Case 5: 1] or ! [1: Without restriction we address only the first case as the second
can be treated analogously (and, in fact, obtained by a rotation). We have to distinguish
two cases. Firstly, the 4-tile on the left is a D-tile, i.e., 1 3{J. Then up to a reflection
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2.3 The proof of the main theorem

along the es-axis, we are in Case 1 and obtain a contradiction as explained before.
Secondly, if the left 4-tile is not a D-tile, it has to be an I-tile. We obtain the two

possible configurations and which both contradict Lemma 2.2.6 as

the boundary orientations do not match.
Case 6: 1] lor 7 [ 1. Without restriction we address only the first case as the second
can be treated analogously. If the 4-tile on the left is a D-tile, then we have the two

possibilities and . Thus, the boundary orientations do not match

which contradicts Lemma 2.2.6. If the right 4-tile is a D-tile, we are in Case 4 and obtain
a contradiction as explained before.
Therefore, both 4-tiles have to be I-tiles, i.e., we have

E{(. (2.31)

As in Case 4, we consider two 4-tiles attached on the top. By using arguments similar
to the ones above, we will show that the only possible choice how to assemble the four

4-tiles would be given by )
2
2 )

This, however, is excluded by Lemma 2.3.6(iv). To see (2.32), in view of the fact that
we have already ruled out Cases 1-5 and the boundary orientations need to match by
Lemma 2.2.6, only the 4-tiles

NN (2:33)

can be attached on top of the left I-tile in (2.31). Analogously, on top of the right I-tile
in (2.31) we can only attach the 4-tiles

) SFA 230

see Table 2.2. As in Case 4 we consider the middle 4-tile between the left I-tile in (2.31)
and the 4-tile on top of it (left middle 4-tile) and the middle 4-tile between the right
I-tile in (2.31) and the 4-tile on top of it (right middle 4-tile). In view of (2.33)—(2.34),
there are only the cases indicated in Table 2.5. From Table 2.5 we see that the boundary
orientations of the shared boundary of the two middle 4-tiles can only match if the right

middle 4-tile is of type . By (2.34) this shows that only can be attached on
top of the right I-tile . Then, in view of (2.33), only can be attached on
top of the left I-tile as the other four 4-tiles in (2.33) do not math the boundary
orientation of . This shows that (2.32) holds, and concludes the proof of Case 6.

Step 2: 4-tiles on the diagonal. We now show that in four adjacent 4-tiles arranged in a
square, the two pairs of diagonal 4-tiles cannot roll-up/down along different diagonals.

(2.32)
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Middle 4-tile Middle 4-tile
left right

7]

K

Table 2.5: The different possible middle 4-tiles in Case 6.

Up to interchanging the roles of e and o, and up to reflection along the e;- or the es-axis,
there are two cases to consider, where Case 1 represents one of the eight situations

o o o go o oo oo 0o
O OO 00’ 0o’ od’ o0’ oo’ oy
and Case 2 represents one of the eight situations

|mn L] |m]m L] jum O jun O

OO0 OO 0o’ 00 00’ oo’ Og o’ oo
Here, as in Step 1, the symbols e and o indicate both the corresponding I-tile and D-tile.
Without restriction we address only the first configuration in both cases as all other

situations can be treated along similar lines.
Case 1. We start by introducing the labeling

[][¢]

We preliminarily note that, in view of Step 1, for B and © only 4-tiles in A N B are

admissible, see (2.25)—(2.26), i.e., the two Z-tiles and . We distinguish three
different subcases:

Case 1.1. If 2 is the unique I-tile, then Lemma 2.2.6 for the boundary between 2l and
® as well as the boundary between © and € implies that the 4-tile ® cannot be a Z-tile.
In fact, the boundary orientation of 2 on the right is A (indicated by < in the notation)
and the boundary orientation of € on top is V.

Case 1.2. By a similar reasoning, if 2 is the unique D-tile and € is the unique I-tile,
Lemma 2.2.6 implies that the 4-tile B cannot be a Z-tile.

Case 1.3. If both 2 and € are D-tiles, we again use Lemma 2.2.6 and see that the 4-tiles
B and © can only be of type . Therefore, we need to consider the configuration
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2.3 The proof of the main theorem

The middle 4-tile between 2 and ‘B is given by and the middle 4-tile between € and
® is given by . Their shared boundary have mismatching boundary orientations,

contradicting Lemma 2.2.6.
Case 2. We start by introducing the labeling

[8][¢]

As in Case 1, due to Step 1, for B and © only the two Z-tiles and are

admissible. We distinguish four different subcases:

Case 2.1. If both 2 and € are I-tiles, Lemma 2.2.6 implies that the 4-tile 8 cannot be
a Z-tile.

Case 2.2. If both 2 and € are D-tiles, then Lemma, 2.2.6 implies that the 4-tile 26 cannot
be a Z-tile.

Case 2.5. If 2 is the unique D-tile and € is the unique I-tile, then Lemma 2.2.6 implies
that the 4-tile ® cannot be a Z-tile.

Case 2.4. Now suppose that 2 is the unique I-tile and € is the unique D-tile. Then B
and ® need to be of type . Therefore, we need to consider the configuration

o}
s
o

and show that it is also not admissible. The I-tile rolls up in direction top left, which has
no influence in this (sub-)configuration. In other words, by replacing in (2.35) the tile 2
with the Z-tile and showing that this modified configuration is not admissible, we
also find that (2.35) is not admissible. In fact, in view of Lemma 2.3.6(i) and the fact
that the D-tile lies in B (see (2.26)), we see that the modified version of (2.35) is

not admissible. This concludes this step of the proof. O

(2.35)

2.3.4 Constant type along the diagonal

This subsection is devoted to the proof of Proposition 2.3.4.

Proof of Proposition 2.5./. We assume without restriction that all four 4-tiles lie in A,
see (2.25), as the other case is completely analogous. We consider

5]le]

and note that we need to show that 8 and © are of the same type. We proceed in two
steps: first, we show that 8 and © are of the same class, i.e., both have to be either
Z-, I-, or D-tiles. In the second step, we then conclude that they even have to be of
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2 Tilings with nonflat squares: a characterization

the same type. In the proof, we will use the following observation which directly follows
from the definition of A:

e Z- and D-tiles: All four boundary orientations are identical,
o I-tiles: Left and upper boundary orientations are identical, (2.36)

right and lower boundary orientations are identical.

Step 1. In this step, we show that B and © are necessarily of the same class.

Case 1.1. If exactly one of the two tiles B and D is an I-tile, in view of (2.36), we obtain
a contradiction to Lemma 2.2.6 as not all boundary orientations of the four shared
boundaries can match.

Thus, we can now assume that none of the tiles B, is an I-tile. Actually, it is also
not restrictive to assume that the tiles 2l and € are not of class I. Indeed, the upper
left optimal cell of 2 and the lower right optimal € have no influence on the subsequent
arguments in Cases 1.2-1.4 and can readily be replaced by the other type. This allows
to replace tiles of class I by types of class Z or D in A, without affecting the following
arguments. Summarizing, it suffices to consider the case that all four 4-tiles are Z- or
D-tiles.

Case 1.2. If three 4-tiles are D-tiles and one tile is a Z-tile, we only have that 26 and ©
are not of the same class if the Z-tile lies in {8,®}. This contradicts Lemma 2.3.6(iii).
Case 1.3. If three 4-tiles are Z-tiles and one tile is a D-tile, we only have that 26 and ©
are not of the same class if the D-tile lies in {8, ©}. This contradicts Lemma 2.3.6(i).
Case 1.4. If two 4-tiles are of class Z and two of class D, the claim follows directly from
Lemma 2.3.6(ii).

Step 2. In this second step we show that not only the class but also the type has to
be constant along the diagonal. First, if we had different Z-tiles or D-tiles along the
diagonal, in view of (2.25), these two 4-tiles would have different boundary orientations.
Again by using (2.36), we obtain a contradiction to Lemma 2.2.6 as not all boundary
orientations of the four shared boundaries can match.

We now address the case that B and © are I-tiles. Again in view of (2.36) and the
definition of A, we find

either a) B, € {- } orb) B,De€ {’}

since otherwise the boundary orientations do not match, contradicting Lemma 2.2.6.
Whenever the type is not constant along the diagonal, the 4-tile in the middle of the
four 4-tiles is an A-tile which contradicts Proposition 2.3.2. For simplicity, we show this
only in case a) as case b) follows along similar lines. In fact, by Lemma 2.2.6 we find

that 2 can only be of type - - - or - and € can only be of type
-, -, or - Consequently, if B is of type , in the middle we find the A-tile
or , and if 2B is of type , we find the A-tile or , see Table 2.1. [
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2.3 The proof of the main theorem

2.3.5 Admissible arrangement of 4-tiles

This subsection is devoted to the proof of Proposition 2.3.5.

Proof of Proposition 2.5.5. Without restriction we perform the proof only for the types
A defined in (2.25).

(i) We start by observing that each pair of 4-tiles in .A with matching boundary orienta-
tions can be attached since all boundary angles are either Z- or D-boundary angles, see
Table 2.3 and Table 2.1, and both angles coincide with dg, see Lemma 2.3.1. We first
show that the 4-tile in the middle is again in A. In a second step, we check that the
middle 4-tile is also coplanar.

We recall that the type of the middle 4-tile can by determined by considering the
matrix notation, as exemplified in (2.22). In view of (2.25), we obtain the following six
cases:

Case 1. Attaching two Z-tiles, we find that the two tiles are of same type and the middle
tile is the Z-tile of the other type.

Case 2. Attaching two D-tiles, we find that the two tiles are of same type and the middle
tile is again of this type.

Case 3. Attaching two I-tiles, we can obtain all possible 4-tiles in A.

Case 4. Attaching a Z- and a D-tile, we obtain an I-tile in A.

Case 5. Attaching a Z- and an I-tile, we obtain any Z- and I-tile in A.

Case 6. Attaching a D- and an I-tile, we obtain any D- and I-tile in A.

Note that in all cases above exactly 4-tiles from A can occur, and no more than those.

It remains to show that the resulting middle 4-tile is also coplanar. As attaching
two 4-tiles does not change the optimal angle 6, also the middle 4-tile consists of four
optimal cells with angle §. Therefore, relation (2.19) holds for the middle 4-tile as well.
To conclude the proof, it suffices to show that one of the nonplanarity angles §13 and doy4
of the middle 4-tile is equal to dy. To this end, note that one of these angles coincides
with the boundary angle of the shared boundary of the two 4-tiles. By Lemma 2.3.1 this
angle is equal to dy.

(ii) We proceed constructively to show that every configuration consisting of four 4-tiles
from A arranged in a square satisfying the matching conditions (M1)—(M2) is admissible,
i.e., can be realized by an admissible deformation y. By assumption, B8 and © are of the
same type. Then, one can check that, for any choice of 2, € € A satisfying the matching
conditions (M1)—(M2), the boundary orientations of 2, € match with those of B and
®. In view of Lemma 2.4.1(i), fixing B in reference configuration and translating ©
from its reference position by the vector (2s,2s,0), we see that these two 4-tiles share
exactly one corner point, and we have |P — P| = |Q — Q| = 1/(25)2 + (25)2 = 4v,
where P,Q) € B and 15,(2 € © are the corner vertices indicated in Figure 2.7. By
Lemma 2.4.1(i) the opposite corner points along the diagonal d; have distance 4w, i.e.,
|E} — E3| = |E¥ — E| = 4v. Therefore, we can translate 21 and € from their reference
positions such that their opposite corner points coincide with P and P and Q and Q,
respectively. Since, for every 4-tile the distance between its center and a corner point
equals vs? + s2 = 2v, see (2.16) and Lemma 2.2.5(i), after rotating 2 and € about
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2 Tilings with nonflat squares: a characterization

(0,2s,0) + R(1,1,0) and (2s,0,0) + R(1,1,0), respectively, as indicated in Figure 2.7,
the corner points of 2, B, € and ® in the interior of the configuration coincide. As
the boundary orientations match by (M1)—-(M2) and the boundary angles coincide by
Lemma 2.3.1, also the respective middle points coincide after rotation of 2 and €. This
along with part (i) of the statement shows that the configuration is indeed realizable by

an admissible configuration y: {0,1,2,3,4}% — R3. This concludes the proof. O
EX* P
Yy
Ql @,/'/ ~
E3 Q
2l h
C) P )/[I',"//‘/ E]Q; x 3
/ % g Q: yl R
Q 4
ma
E@
/Cj 3 U3
Figure 2.7: The points and rotations indi- Figure 2.8: Cross section along the plane
cated in the proof of Proposi- spanned by a and n, as defined
tion 2.3.5. in the proof of Lemma 2.2.3.

From this perspective the
points y2, ms, and y4 coincide.

2.4 Remaining proofs

2.4.1 Geometry of optimal cells and 4-tiles

This subsection is devoted to the proofs of the lemmas stated in Subsection 2.2.3.

Proof of Lemma 2.2.3. Recall that mg := (y2+y4)/2 is the middle point between y2 and
y4, cf. Figure 2.2. We define a = mg — y1, with |a| = d. Let n be a normal vector to the
plane spanned by y1, y2, and yq4, in direction (y2 — y1) X (y4 — y1).

Observe that by assumption the fourth point y3 has to satisfy |ys —ys3| = |ya —y3| =1
and thus has to lie on the plane spanned by a and n. Therefore, we can make the ansatz

Y3 =y1 +v3a=x hgn,

where v3 and hs are to be determined, see Figure 2.8. Note that in + we choose + for
form \_and — for form / . To conclude, we are left to prove that vs and hs can be
determined uniquely. Since the cell is optimal, we have Lysmoy1 = k* (see (2.17)) as
well as |a| = |mg — y1| = |me — y3| = d. Consequently, the triangle with vertices y;, ma,
and y3 and thus also the values of v3 and hs are uniquely determined. ]
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2.4 Remaining proofs

For convenience, we proceed with the proof of Lemma 2.2.5 and show Lemma 2.2.4
afterwards.

Proof of Lemma 2.2.5. In the proof, we again use the notation indicated in Figure 2.5.
We recall the definition in (2.18) and drop for the moment the condition d;3 = d24 induced
by (2.14). To verify that every 4-tile can be placed in reference position, we first rotate
and translate the 4-tile such that C' = 0 and M; = (s1,0,hy), and M3 = (—s1,0, hy),
where a simple trigonometric relation yields

$1 = cos (W _2513) =sin(d13/2), hy =sin (W _2513> = cos(013/2). (2.37)

Here, we note that s; > 0, while h; is negative whenever 13 > w. We now show that
the coordinates of My and M, are given by

M2 = (O, 59, hg), M4 = (0, —S92, hz), (2.38)

where so = sin(d24/2) and hy = cos(d24/2). We focus on My since the argument for
M, is analogous. For convenience, we write My = (p1,p2,ps3) and use the definition of
optimal cells, i.e., LM C My = 0 = LM C My and |M;| = |Ma| = |M3| = 1, to find

cos = My - My = p1s1 + p3hq, cost) = Mz - My = —p151 + p3hi.
By combining the two equalities we get p; = 0. In view of (2.37), ps is then given by

cosf)  cost
hl B COS(513/2)7

p3 = (2.39)

and, since |Ms| = 1, we find p, = /1 —p3. Thus, we have My = (0,p2,p3). By a
similar argument we find My = (0, —p2,ps3). To conclude for (2.38), we need to find
the relation between py and p3. To this end, we use the fact that £ Ms C My = do4 to
calculate cos(d24) = My- My = p3—p3. This, together with p3+p3 = 1, verifies that p3 =
/(14 cos(824))/2 = cos(024/2) by using the double-angle formula. Correspondingly, we
find po = sin(d24/2). This proves (2.38). Let us remark for later purposes that (2.39)
implies

cos(013/2) cos(d24/2) = cosb. (2.40)

From the condition d13 = d94 we get that s = s1 = s9 and h = |hy| = |ha| = V1 — s
We also let ¢ = sgn(h;) = sgn(ha). To conclude the proof of (i), it remains to check
that s = v/2v, where v is defined in (2.16), i.e., is chosen in such a way that 2v indicates
the length of a diagonal in an optimal cell. This length can indeed be expressed as
|M; — M; 1| = v/2s for i = 1,...,4, which yields the desired relation.

We proceed with the proof of (ii). By fixing 6, the angle dy is also determined and,
by (i), also fixing sgn(h;) determines completely the positions of the points (M;)} ;. In
view of Lemma 2.2.3, the positions of (E;):; are determined as well, as soon as the
forms of the four optimal cells are given. O
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2 Tilings with nonflat squares: a characterization

Proof of Lemma 2.2.J. In the proof of Lemma 2.2.5 we have already verified (2.19), see
(2.40). Consider fy: [0,7] — R defined by

fo(0) = 2arccos(cos 8/ cos(/2)).

As cosf > 0, fy is decreasing and thus has at most one fixed point. Hence, fy has exactly
one fixed point given by dg = 2arccos(v/cos ). This eventually shows that d;3 and doq
coincide if and only if §13 = doq = dp. O

We close this subsection with an elementary observation. We again refer to the nota-
tion in Figure 2.5.

Lemma 2.4.1. (i) For any coplanar 4-tile in A (cf. (2.25)) in reference position, see
Lemma 2.2.5 (i), we have Eq = (s,,0) and E3 = (—s,—s,0).

(ii) For any Z-tile in A in reference position, we have B3 = (—s,s,0) and Eq = (s, —s,0).
(iii) For any D-tile in A in reference position, we have |Ey — E4| < 4v, where v is given
n (2.16).

(iv) Assume that an optimal cell {y1,...,ya} is positioned in such a way that eg-y1 =0
and e3-yo = e3-ys = h. Then, depending on its form, we have es-ys =0 or es-ys > 2h.

Similar statements as (ii)—(iv) hold for B in place of A by changing the roles of the
diagonals.

« EP , EP

Tl — R

K

Ef v B
|E2 — E4| < 4v
4u

Figure 2.9: Cross section of a D-tile (bold, black and purple) and of a Z-tile (thin lines
in light orange), positioned as in Lemma 2.4.1. The distance between the
diagonals is 4v for the Z-tile and smaller for the D-tile.

Proof. Without restriction, we consider a 4-tile in A in reference position such that
¢ = 1, cf. Lemma 2.2.5, as the other case only amounts to reflection along the ej-es-
plane. By Lemma 2.2.5(i) we have that M; = (s,0,h), Ms = (0,s,h), M3 = (—s,0,h),
and My = (0,—s,h). The optimal cells {C, Ml,El,Mg} and {C, Ms, E3, My} are of
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form , see Figure 2.2 and (2.25). Thus, by Lemma 2.2.3 we get E; = (s,s,0) and
Es3 = (—s,—s,0). This shows (i). We now suppose that the 4-tile is either of class Z or
of class D, i.e., is of type or . Therefore, the two optimal cells {C, My, Ea, M3}

and {C, My, By, M;} are of form / (D-tile) and of form \ (Z-tile), which yields to a
cross section along the direction (—1,1) as indicated in Figure 2.9. We now obtain

EP .e3=EP .e5>2h for the D-tile and
EZ.e3=E? e3=0 for the Z-tile. (2.41)

Indeed, for the Z-tile this follows from Lemma 2.2.3. For the D-tile we use Thales’
intercept theorem instead, with reference to Figure 2.9. In particular, this implies (ii).
Then, as in the Z-cell the distance of the diagonals is 4v = 2/2s, (2.41) and Figure 2.9
show that in the D-cell we have |EY — EP| < 4v. This implies (iii). Eventually, property
(iv) follows from (2.41). O

2.4.2 Boundary orientations and attachment of two 4-tiles

This subsection is devoted to the proofs of Lemma 2.2.6 and Lemma 2.2.7.

Proof of Lemma 2.2.6. The statement for the boundary orientation and the boundary
angle, defined in (2.20)—(2.21), respectively, follows from the fact that the notions are
determined uniquely by the three points which are shared by the two 4-tiles. More pre-
cisely, given any 4-tile in reference position, by applying a rotation about the e3 axis
composed with a further small rotation (depending on 6), and a translation one can
ensure that a boundary of the 4-tile is contained in the es-e3-plane and is symmetric
with respect to the ej-ez-plane. Provided that 6 is small, one can check that this trans-
formation does not change the inequality in (2.20). Clearly, each two 4-tiles with the
same boundary angles can be transformed in this fashion in order to be matched along
the shared boundary.

Consider now two attached 4-tiles positioned such that the middle 4-tile is in reference
position, in particular, the shared middle point of the boundary is the origin. If the
boundary orientation of the shared boundary is A, then both shared corner vertices
satisfy F;_1 - e3, E; - e3 < 0, see (2.20), and thus for the middle 4-tile we have ¢ = —1.
An analogous argument applies if the boundary is V. O

Proof of Lemma 2.2.7. First, we note that, for any 4-tile in reference position, reflection
about the ej-es-plane interchanges all boundary orientations since the reflection changes
the sign of any eg-component. Moreover, rotation around es by /2 leaves the boundary
orientation invariant. A rotation in the matrix notation therefore simply rotates the
corresponding sides and interchanges V with > and A with <. For example, rotating

by /2 counterclockwise, yields . This entails that it is enough to check the

boundary orientations for one representative of any class in Table 2.2.
First, by Lemma 2.2.5 and Lemma 2.4.1 we get that the orientation of all boundaries
of the coplanar D-tile is V. Indeed, assume that the 4-tile is in reference position
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2 Tilings with nonflat squares: a characterization

and use the notation of Figure 2.5. Then the corner vertices Fy -e3 = E3-e3 = 0
and M; -es = h for i = 1,...,4. Moreover, the optimal cells {C, Ms, F5, M3} and
{C, My, E4, M, } are positioned as in Lemma 2.4.1(iv). Thus, we can conclude that the
corner vertices Fy and Fy have es-coordinate strictly larger than 2h and hence, in view
of (2.20), we find that the boundary orientation is V.

Consider the Z-tile in reference position. In this case, the middle points satisfy
M;-es=h,i=1,...,4 and, in view of the forms of the four optimal cells, the corner
points satisfy E; -e3 =0,¢=1,...,4. Thus, all four boundaries have orientation A.

We observe that the above arguments actually only take into account the relative
position of the two optimal cells adjacent to a boundary. Thus, one can repeat the
arguments above for the I-tiles. For instance, has two V boundaries top and left,
i.e., adjacent to e as in a D-tile, and two A boundaries right and bottom, as in a Z-tile. [

2.4.3 Arrangements of four 4-tiles

In this subsection we prove Lemma 2.3.6. We start by a result about the mutual position
of two attached 4-tiles. To this end, recall the types of 4-tiles A and B introduced in
(2.25)—(2.26), as well as the definition of s and h in Lemma 2.2.5(i).

Lemma 2.4.2. Let T and T be two attached Z-, I-, or D-tiles of an admissible config-
uration. Without restriction, up to applying an isometry, suppose that T is in reference
position, and that the shared boundary consists of the three points Ey, My, Ey and Es,
My, Es, respectively, referring to the notation in Figure 2.5. We denote the reference po-
sition corresponding to T by T'. We denote by RA the counterclockwise rotation around
the azis (1,1,0) by the angle a, and R5 denotes the counterclockwise rotation around
the axis (—1,1,0) by the angle a.

(1) If the shared boundary is a Z-boundary of T, and a Z-boundary of T, then we have
T = (25,0,0) 4+ T".

(2) If the shared boundary is a D-boundary of T and a Z-boundary of T, we have

7 R ,((25,0,0)+T") ifT € A,
RE ,((25,0,0)+7T") ifT €B,

where k is defined in (2.17), and sr corresponding to T' is given in Lemma 2.2.5.
(3) If the shared boundary is a Z-boundary of T and a D-boundary of T', we have

P (25,0,0) + Rt T" if T € A,
(25,0,0) + RS, T" if T € B,

where G5, corresponds to T

The case of two shared D-boundaries is not addressed here as we will not need it in the
sequel. We warn the reader that, in the applications below without further mentioning,
we will apply isometries to the tiles in order to reduce the positions to the ones indicated
in the lemma. We postpone the proof of Lemma 2.4.2 to the end of this subsection, and
proceed with the proof of Lemma 2.3.6.
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z pd z b o g

(A) Case (i): Three Z- and (B) Case (ii): Two Z- and (¢) Case (iii): Three D- and
one D-tile. two D-tiles. one Z-tile.

Figure 2.10: Different cases in the proof of Lemma 2.3.6.

Proof of Lemma 2.3.0. (i) Without restriction we suppose that the tiles lie in A and we
suppose by contradiction that the D-tile is given by ©. We assume that 98 is given in
reference position. Then, by Lemma 2.4.2(1) we see that € is in reference position shifted
by (2s,0,0), and 2 is in reference position shifted by (0,2s,0). By Lemma 2.2.5 this
implies that the coordinates of the points () and P, indicated with [J and respectively *
in Figure 2.10 A, are given by @ = (s, 3s,0) and P = (3s, s,0), respectively. In particular,
we have that |P — Q| = 2v/2s = 4v, cf. (2.16) and Lemma 2.2.5(i), which corresponds
to the length of the diagonal in ®. For the D-tile © in A, however, having the rolling
direction as given in Figure 2.10 A, cf. (2.25), the corresponding diagonal has length
smaller than 4v by Lemma 2.4.1(iii), a contradiction.

(ii) Without restriction we suppose that the tiles belong to A and we suppose by
contradiction that the Z-tiles are in 2, B, and that the D-tiles are in €, ©, as in
Figure 2.10 B. We also assume that B is given in reference position. By Lemma 2.4.2(1)
we see that 2l is in reference position shifted by (0, 2s,0), and thus the point @, indicated
by O, has coordinates @ = (s,3s,0). By Lemma 2.4.2(3) the position of the tile € is
obtained by taking the tile in reference configuration, rotating around the axis (1, 1,0) by
the angle £2k, and then by a shifting by (2s,0,0). As the corners where no roll-up occurs
are left invariant under the rotation, we find by Lemma 2.4.1(i) that the point P, denoted
by a % in Figure 2.10 B, has coordinates (3s,s,0). This implies |P — Q| = 2v/2s = 4.
As in (i), this contradicts Lemma 2.4.1(iii) since the length of the diagonal in the D-tile
© where the tile rolls-up is less than 4wv.

(ili) Again without restriction we assume that the tiles belong to A and we suppose by
contradiction that the Z-tile is in 93, as in Figure 2.10 ¢. We assume that 5 is given in
reference position. By Lemma 2.4.2(3) the position of € is obtained by taking the tile in
reference configuration, rotation around the axis (1,1,0) by the angle +2x, and then by
a shifting by (2s,0,0) (exactly in this order). As the corners where no roll-up occurs are
left invariant under the rotation, we find by Lemma 2.4.1(i) that the point P, marked
with * in Figure 2.10 ¢, has coordinates P = (3s,,0). In a similar fashion, the position
of 2 is obtained by taking the tile in reference configuration, rotating around the axis
(1,1,0) by the angle +2x, and then by a shifting by (0,2s,0). Lemma 2.4.1(i) yields
that the point @, indicated with [J in Figure 2.10 ¢, has coordinates @ = (s,3s,0). This
implies |P — Q| = 2v/2s = 4v, which as in (i) and (ii) contradicts Lemma 2.4.1(iii) since
the length of the diagonal in the D-tile © where the tile roll-up is less than 4v.
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2 Tilings with nonflat squares: a characterization

(iv) We finally show that (2.29) is not admissible. As before, we denote the 4-tiles by
2A,...,D, as indicated in (2.28). Our strategy hinges on (i)-(iii): we denote by Q the
right middle point of 2 and by P the upper middle point of €. In view of Lemma 2.2.5 (i)
applied on D, their distance necessarily needs to be v/2s = 2v. We will show, however,
that this is impossible.

We first assume that 9B is in reference position. In view of Lemma 2.4.2 (3), the
position of the tile € is obtained by taking the tile in reference configuration, rotating it
around the axis (—1, 1, 0) by the angle —2k, and then by a shifting by (2s,0,0) (exactly in
this order). In a similar fashion, by Lemma 2.4.2 (2) the position of the tile 2 is obtained
by taking the tile in reference configuration, followed by a translation by (0,2s,0), and
then by rotation around the axis (1,1,0) by the angle —2x (exactly in this order).

We will now change the coordinate system to simplify the notational realization of
the procedure: we suppose that the common vertex of all three 4-tiles lies in the origin
and we reorient the coordinate system such that the rotation axis (1,1,0) coincides
with e; and the rotation axis (—1,1,0) with eg, see Figure 2.11. Then, the points Q
and P are given by Q = R5.Q and P = R;P = R, P, where Q = (v,v, —h) and
P = (v, —v, —h) are calculated by using Lemma 2.2.5, and the rotations are given by

1 0 0 cos(2k) 0 sin(2k)
RoL=| 0 cos(2k) —sin(2k) |, R%, = 0 1 0
0 sin(2k)  cos(2k) —sin(2k) 0 cos(2k)

An elementary calculation yields

B v B 0 v 0 v
Q = v s P = —v + R?Qli 0 - —v + Riz4ﬁ 0 )
h 0 —h 0 h
where we used the definition of K = arctan(h/v), see (2.17), and the trigonometric

identities cos(2arctan(z)) = (1 — 2?)/(1 + 2?) and sin(2arctan(x)) = 2z/(1 + 2?), as
well as (v,0,—h) = R, (v,0,h). Consequently, we obtain

@ — PP? = (20)? + | (R — R, (v,0,h)|?

which is strictly larger than (2v)? since x € (0,7/2), see (2.17). This establishes a
contradiction since, as stated above, the distance should be 2v. ]

Proof of Lemma 2./.2. (1) Since the shared boundary is a Z-boundary of T" and a Z-
boundary of T, and the boundary orientations of 7' and T match at the shared boundary
(see Lemma 2.2.6), Table 2.2 and Table 2.3 show that ¢z = ¢; and that the middle 4-tile
between T and T, denoted by Ty, is a Z-tile. By Lemma 2.2.6 we also find ST, = —¢r.-
Then by Lemma 2.4.1(ii) it is elementary to check that C;z — Cr = (25,0, 0), where C5,
and C7 denote the centers of the 4-tiles, respectively.

(2) We prove the result only for the particular case of the two 4-tiles and ,

as depicted in Figure 2.12. In fact, the general case can be reduced to this situation by
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2.4 Remaining proofs

€9

0

€1

Figure 2.11: The points P and @ are rotated by 2x around the axis in the respective
directions. Note that P rotates clockwise.

(a) replacing the optimal cells which are not adjacent to the shared boundary, as they
do not affect the argument; and by (b) applying a suitable rotation or reflection.

Suppose that T is in reference position and denote the reference position of 7' by 1”.
We define T := T" + (25,0,0). In view of Lemma 2.4.1(i),(ii), we see that T and T"
share exactly one corner point F, = (s,s,0) as depicted in Figure 2.12. Clearly, the
rotation around the axis (1,1,0) by 2k leaves F, invariant. We need to show that under
this rotation the points P;, i = 1,2, are mapped to ]51, as depicted in Figure 2.12. We
denote by Cj, i = 1,2, the two points on (1, 1,0) which intersect the plane with normal
vector (1,1,0) containing P; and P;. By Lemma 2.2.5 we find that C; = (5/2,5/2,0)
and C9 = 0. We need to check that

|C;— Pi|=|C;— P| and 4{PC;Pi=2x fori=1,2. (2.42)

We first address i = 1. By Lemma 2.2.5, we have P| = (5,0, —h) and P, = (5,0, h).
We also note that s = v/2v. This along with C; = (5/2,5/2,0), k = arctan(h/v) (see
(2.17)), and the trigonometric identity cos(2 arctan(z)) = (1 —z2)/(1 + 22) yields (2.42)
by an elementary computation.

We now address i = 2. As C and P, form a diagonal of an optimal cell, see Figure 2.12,
by the definition before (2.16) we get |Cy — Po| = 2v = 1/2s. On the other hand, by
Lemma 2.2.5, we find Py = (s, —s,0) and therefore | P, — C3| = v/2s. This shows the first
part of (2.42). To calculate the angle, we refer to the cross section in Figure 2.13. Since
this cross section is the one of an optimal cell in a rotated position, we can calculate the
angle £ P, Cy P, using the definition of £* in (2.17) and thus derive that v =  + (7 —
k*)/2 =K+ 7/2 — (m —2k)/2 = 2k. This concludes the proof.

The proof of (3) is similar to (2) by interchanging the roles of the 4-tiles. We omit
the details. O

We proceed with a simple consequence for boundary angles defined in (2.21).
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2 Tilings with nonflat squares: a characterization

Figure 2.12: Rotation of a Z-tile around the diagonal of a D-tile in order to match the
boundaries.

CQ P 2

Figure 2.13: Cross section along the plane with normal (1,1,0).

Corollary 2.4.3. The boundary angle of a D-boundary coincides the the boundary angle
of a Z-boundary.

This immediately follows from Lemma 2.4.2(ii). Indeed, if the statement was not true,
one could not attach the two 4-tiles, as described in the previous proof.

2.4.4 Incidence angles in coplanar 4-tiles: Theorem 2.2.8 implies
Theorem 2.2.2

In this short subsection, we explain that Theorem 2.2.8 implies Theorem 2.2.2. In
Subsection 2.2.5, we already addressed the type function. Therefore, it remains to
consider the last two items in Theorem 2.2.2, i.e., the incidence angles defined in (2.15)
between optimal cells.

Z-tiles. We start by showing that the incidence angles between optimal cells in a Z-tile
along both diagonals are given by zero. Observe that reflection about the e1-es-plane only
interchanges the sign of the incidence angle. Thus, we assume without restriction that
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2.4 Remaining proofs

¢ =1 (cf. Lemma 2.2.5). Due to symmetry, it suffices to consider one of the four bonds
contained in the 4-tile, e.g., the bond connecting C' and M, referring to the notation
in Figure 2.5. Without restriction we only calculate the incidence angle along d; as the
other one can be calculated in a similar fashion, again exploiting symmetry. If the 4-tile
is in reference position, Lemma 2.2.5(i) implies that yi,, = E1 = (s,5,0), ypo, = My =
(0,—s,h), C =0, and M; = (s,0,h). Therefore, since n%op is in direction M; x E; and
i, is in direction —M; x (My — M), we find ni,, = np,, = W( h,h,s). Thus,
in view of (2.15), we get that the incidence angle is arccos(1) = 0.

D-tiles. We now address a D-tile in (2.23), given in reference configuration. Due to
symmetry, it is again not restrictive to consider only the bond connecting C' and M;
and to suppose that ¢ = 1. Note that, due to Lemma 2.2.5 and Lemma 2.4.1(i), we have
E; = (s,5,0) and Ey satisfies Ey-e3 = qand 0 < Ey-e; = —FEj-ea = p:= /82— ¢2/2 < s
for some ¢ > 0. Since E7, Mj, and My have the same position as in a Z-tile, repeating
the above calculation we find that the incidence angle along d; is zero. We now consider
the angle along da. To this end, we first find that yi ) = My = (0,s,h) and g2, = B4 =

(p,—p,q), see Lemma 2.2.5. Therefore, since ntQOp is in direction M; x My and n%ot is

in direction —M; x (Ey — M), we get ng,, = W( h,—h,s), and an elementary
computation yields ny, = v/[v| for v = (=h,—h, s) +(0,¢s/p,0). This implies n?,, and

n? . are not parallel and therefore by (2.15) the incidence angle, denoted by +*, is not
Z€ero.

To determine the sign of the non-zero incidence angle, we need to determine the sign
of (ytzop - yﬁot) : (n%op — n2bot) = (ygop — yﬁot) . nfop — (y?op — ygot) nbot First note that
(Yiop = Yior) = Mo — Ex = (=p,s +p,h — q) which yields (yiop — Yior) - Miop = — G5,
with A = 1/v/s? + 2h? and (ytop Yio.) - i = pgs®/p, with p = 1/|v|. Therefore, we
obtain (ytop Y2 (n%op n2..) = —Ags — ugs?/p < 0. Hence, the incidence angle has
a negative sign, see (2.15). Summarizing, we have shown that in D-tiles the angles are

also zero along d; and lie in {—~*,v*} along d».

I-tiles. It is obvious that for I-tiles, being combinations of Z- and D-tiles, we find that
the incidence angles along d; are also 0 and along dy they lie in {—~*,0,~v*}.

We close the proof by the observation that, due to the symmetries in Z-, D-, and I-tiles
contained in A, see (2.25), it is indeed elementary to check that va(s,t) = va(s+1/2,t+
1/2) for all s,t € 3Z with s+t € Z + 1/2.

2.4.5 Admissible configurations and ground states of the energy

This subsection is devoted to the proof of Proposition 2.2.1.

Proof. Step 1. We start by introducing a specific unit cell: fix xo € Z? and denote the
four neighbors of zg by 1 = zg + €1, x2 = xg + €2, x3 = g — €1, and x4 = xTg — eo.
Given a deformation y: {zo,..., 74} — R3, we define y; = y(z;) for i =0,...,4, and we
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2 Tilings with nonflat squares: a characterization

let y5 = y1. We introduce the cell energy by

Ecen(y sz lvi — yol) + 202 Y — Yivl)

+ Z U3 + V3 513) + 2)3((524) (2.43)

where 0; = Ly; yoy;r1 for i = 1,...,4, as well as 613 = Ly1 yoys and dog = Lyo Yo Ya.
The cell (y;)i, is called optimal if it minimizes (2.43).

Let us start by relating the cell energy to the configurational energy in (2.1). To
this end, let y: Z?> — R3 be a deformation, and for m € N let @Q,, be the open square
centered at 0 with sidelength 2m. For j € Z2 N Q@ we denote by 3/ = {yo, ..., y5} the
cell considered above for o = j. Then, in view of (2.1), owing to the fact that bonds
related to nearest-neighbors and next-to-nearest-neighbors are contained in two cells
(apart from bonds intersecting 0@, ), whereas each bond angle is contained in exactly
one cell, we find for every m € N that

E(?/» Qm) = Z Ecell(yj) = (2m - 1)2# Z2 A Qm Z Ecell

JEZ2NQm FEZ2NQm

Then, recalling the definition in (2.5) and by arguing as in [74, Proposition 2.1] we have
that y: Z? — R3 is a ground state if and only if for each zq € Z? the corresponding
cell {yo,...,ys} is optimal. Note that there exist admissible configurations consisting of
optimal cells by Theorem 2.2.8, e.g., a tiling with only Z-tiles. Therefore, in the following
it suffices to minimize the cell energy and to show that the unique minimizer is identified
by having specific bond lengths and bond angles.

Step 2. Let {yo,y1,Y2,y3,ya} be an optimal cell. We show that |y; —yo| € (1—n,1+n) as
well as §; > w/2—n for j =1,...,4. Assume first by contradiction that |y; —yo| <1—17
for some j = 1,...,4. Then by using vo > —1, v > 0, the fact that v is decreasing on
(0,1), and (2.6) we get

4 4

1 1
Been(y) = 5 > va (lyi — wol) + 5 > va (lyisr — wil)
i=1 i=1
1 1 1o
2 5ol =n)+3 > s (|yi — vol) + B > s ([yir — wil)
i#j i=1
1 3 1 7
> p(l—n)— 2 —2=-u(l—1n)— -
2 v2(l=1n) -5 5v2(l=n) = 3
(2 6)
—2 + 205(V2) + 4v3(7/2) = Ecen(o, 21, 22, 23, 74).
In the last equation, we have also used that va(1) = —1 and wv3(w) = 0. This estimate

contradicts the optimality of the cell.
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2.4 Remaining proofs

In a similar fashion, we assume by contradiction that there exists some bond angle 0,
j= ,4, such that §; < /2 —n. Then, by v > —1, v3 > 0, and (2.8) we have

Ecen(y ZUQ lvi — yol) + 27)2 Y — yi+1l)

+ Z v3(6;) + v3(613) + v3(d24)

> dtus(0) S 24 20(V2) + dus(/2)

= Ce]]($0,l‘1,$2,$3,3§4),

which is again in contradiction with the optimality of y.

We eventually show that for an optimal cell the bond lengths have to be less then
1 + 7. Basic trigonometry together with the least size of the bond lengths and bond
angles ensures that second-neighbor bonds have at least length

2(1 = n)sin(r/4 = 1/2) = 20~ )% (costa2) — Jsinu/2))
>V2(1—n)? > 1, (2.44)

where the last two inequalities hold for n sufficiently small. Assume now that |y; —yo| >
1+ for some j = 1,...,4. Then, we get by vo > —1, vg > 0, the fact that vs increasing
n [1,00), and (2.7) that

4
1
Ecen(y 2202 lvi — yol) + 202 Vi — Yiv1l)

4
+ Z U3 -I- U3 (513) + 7)3(524)

z—§+§mu+m»+%x¢ﬂ1—m%

2.7)
>" =2+ 202(V2) + 4v3(7/2) = Ecen(wo, ¥1, 2, 73, 4).

The latter inequality once again contradicts optimality and we conclude that all first-
neighbor bond lengths are at most 1+ 7.

Step 3. To simplify notation, we denote the collection of angles by 6 = (0;)i, =
(01,...,604). We observe that do4 can be written as a function of 6 and 013, i.e., doq =
£(80,613), where the function f is explicitly given in Step 8, see (2.57). We will not need
the exact form of this function, but only use that it is smooth for 8; in a left neighborhood
of 7/2 and 413 in a small interval left of 7, see Step 8 below. Using Lemma 2.2.4 we
find that in a cell with §; = --- = 64 = 0 it holds that do4 = f(0,...,0,13) = fo(d13),
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2 Tilings with nonflat squares: a characterization

where fy(d) := 2arccos (cosf/ cos(d/2)). Note that fp has a unique fixed point dg :=
2 arccos(vcos ). We decompose the cell energy Ecq defined in (2.43) as

1
Eeen(y) =Y F(li, liy1,6:) + v3(d13) + vs(f(0,013)), (2.45)
i=1
where ¢; := |y; — yo| for i =1,...,4 and
1

1
F(l;, liy1,0;) 12102(51) + ZUZ(fiJrl)

1
+ 5@2((@? 02— 20305 cos 0;)2) + v3(6)).
We have proved that, if {yo,...,ys} is optimal, first-neighbor bond lengths ¢; lie in

(1 —n,1+4+n) and bond angles 0; lie in (7/2 — n, 7]. Therefore, by using the convexity
assumption (2.9) on F' we find

4
> F(li,li1,0;) > AF(L,2,6), (2.46)
i=1
where
_ 1 _ 1
£21(£1+"'+€4), 921(914—---4—94). (2.47)

Note that the inequality in (2.46) is strict whenever ¢; # £ or 6; # 0 for some i = 1,.. ., 4.

Step 4. We check that the map (¢, 60) — F (¢, ¢, ) is minimized on (1—n, 14n)x (7 /2—n, 7]
at some £* < 1 and 0* < w/2. If we had £* > 1, one could reduce F' by reducing ¢, noting
that vg is increasing in (1,00) and recalling (2.44). This, however, would contradict
optimality. We now exclude 6* > 7/2. Indeed, in this case we could decrease 8* by
0<6<1and by a Taylor expansion we would get that F' changes to first order by

4 sin 0* 0
22 /1 = cos 0

By ¢ € (1 —n,1] and (2.11) we get that the above term is negative, which contradicts
minimality.

—v4(6%)0 — U/Q(\/iﬂv 1 — cos 6*)

Step 5. Next, we show that for § defined in (2.47) it holds that § < 7/4 +6*/2. We also
establish a bound from below on §13 and do4. The argument is based on the observation
that by (2.45), (2.46), and the definition of dy we find that 4F(¢,¢,0) + 2v3(dy) is an
upper bound for the minimal cell energy for (¢,6) € (1 —n,1+n) x (7/2 —n,n|. By
definition we have 09 — 7 as § — /2. Thus, in view of (2.10), the monotonicity of vs,
and 6* > 7/2 — 1, we can choose 7 sufficiently small depending on v3 and find A > 0
small such that |vg| < e on [ — A\, 7], |v4] < e on [r — 2A, 7], and

v3(9) > 2 > 2v3(dg») for 6 < m— A\ (2.48)
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2.4 Remaining proofs

We also suppose that € is chosen small enough depending on vo, vs, and 6* such that

*

F(0,6,0) > F(*,0*,0%) + 2 for 0 > % + % and £ € (1—n,1+n). (2.49)
Now, we can suppose 013, d24 > ™ — A (recall that dog = f(0,013)) since otherwise we get
Eean(y) > 4F(0,0,0) + 2v3(0g<) > 4F (£*,0*,0%) + 2v3(0g+)

by using (2.45), (2.46), and (2.48), which contradicts minimality. In a similar fashion, we
can suppose that f in (2.47) satisfies § < T + &~ as otherwise Eee(y) > 4F (£*, €%, 0*) +
2v3(0p+) follows using (2.45), (2.46), (2.48), and (2.49).

Step 6. We are left with the case 613 > 7 —Xand 61 +...+ 60, =40 < 7+ 26* < 27. In
this step, we show that

Eeen(y) > 4F (0, 2,0) + v3(613) + v3(f5(613)) (2.50)

with equality only if ; = ¢ and §; =@ fori =1,...,4.

We start by noticing that 61 + ...+ 64 < 27 and 6; > 7/2 —n for i = 1,...,4 imply
0; < w/2 4 3n for i = 1,...,4. Therefore, the convexity estimate in (2.46) can be
improved by using the strong convexity assumption (2.9) on F', and we find

4 4
> F(lilig1,0;) = AF(0,0,0) + > [6; — 0] (2.51)
=1

i=1

for some o > 0. Moreover, a simple geometric argument shows that d13 = 7 implies
01+...+04 = 2w, see Figure 2.14. Therefore, by a continuity argument and 6;+...4+604 <
T+ 260" we get that d13 < §* for some 6* < 7w only depending on 6*. Consequently, we
need to consider the case that é13 € [r — A, 6*] and 6; € (5 —n, 5 + 3n).

If a3t 16; — 6> > 2e, by (2.45), (2.48), and (2.51) we obtain a contradiction to
minimality as v3(d13) + v3(f(0,013)) + ozz;l:l 0; — 0]? > 22 > 2v3(5p+).

If 0‘2?:1 |0; — 0] < 2e, we now show that fz(d13) cannot be too far away from
£(6,613). Eventually, this will allow us to deduce (2.50). By choosing & small enough
and recalling that § < 7/2, we get that §; < 7/2 for i = 1,...,4. By Taylor’s Theorem
there exists z € {t@ + (1 —t)0 : t € [0,1]}, where 8 = (0,...,0), such that

f(0,613) — f5(813) = f(0,813) — f(0,613)
= Vo (8.513)(0 — 8) + 5(0 ~ )V3/(2.613)(0 — 0)

1 2 2) >\max 2)
= (0 -0V /(2 013)(6 — 0) < ==[0 — O

IN

Amax _
— “;"Zyei—ay?, (2.52)
=1
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2 Tilings with nonflat squares: a characterization

where we used that a%if(é, 013) = a%jf(o_, d13) and thus

Vof(6,013)- (60 —6) = aiglf(éﬁw) (Zﬁz - ZQ_) = 0.

In (2.52) we denoted the largest eigenvalue of the Hessian V?) f(z,d13) with Apax. Using
the Gershgorin circle theorem, we find [Amax| < 4cy where we use that f is smooth for
0; € I :=[5 —n, 5] and 413 € [r — X, 6*], and define

2

86,00; <o

cfi=  max sup  sup

. £(0,013)
63=1 4 g,e1 §13€[m—,0%]

The proof of the smoothness of f is deferred to the end of the proof in Step 8. Therefore,
we obtained

4
1 £(0,613) — fp(d13)| < 2¢y Z 10; — 0] (2.53)

i=1

For e small enough such that 4cre < a), due to « Z?Zl 0; — 0] < 2¢, we have
4 o
_ g2 @ 2
|£(6,0613) — fz(013)] < QCf,Z; 0; —0]° < 5 ; 0; — 6" < A

Hence f5(d13) > m—2X as f(0,d13) > m— X by Step 5. Therefore, as |v4]| < € on [1—2\, 7]
and A > 0 small, we obtain by (2.53)

lu3(f(0,013)) — v3(f5(013))| < |f(0,013) — f5(d13)] sup |vg]

[r—2A\,7]
4 a 4
<2cpe ) 6 -0 < 5 > 16— 0. (2.54)
=1 =1

Consequently, (2.50) holds by applying (2.51) and (2.54) to (2.45).
Step 7. We now conclude the proof by showing

Ea(y) >4 GUQ(E) + %UQ(\/ig(l — cos0)Y/?) + v3(§)> + 203(3), (2.55)

where 65 = 2arccos(Vcosf), and that equality holds only if ¢; = ¢ and 6; = @ for
i=1,...,4. To this end, we further estimate (2.50) by claiming

9(d13) == v3(013) + v3(fg(d13)) > 2v3(dp), (2.56)

with equality if and only if 613 = f5(d13). Computing ¢'(0) = v5(d) + v3(f5(0)) f5(9)
shows that ¢'(d5) = 0, because f;(d5) = —1 and 65 = f5(dp). Moreover, we calculate

9" (8) = v§(8) +v§(f5(0)) (f5(6)) +v5(f5(8)) f7(6) > 0, where we used the monotonicity
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2.4 Remaining proofs

and strict convexity of v3 and the concavity of fz, which follows from an elementary
computation. This indeed implies (2.56).

This, along with (2.50), implies that (2.55) holds, with equality only if all bonds of an
optimal cell have length ¢, all angles have amplitude 6, and 013 = J24 = 5. Clearly, for
an optimal cell, £ and # are given uniquely. We finally observe that £ < 1 and 6 < /2.
For £, this follows from the fact that £* < 1, as shown in Step 4, and # < 7/2 has been
checked in Step 5.

Step 8. Let us conclude by collecting some remarks on the function f(6,d13) used
throughout the proof. If §;13 = m, we have that 6y + 6, = 05 + 64 = §13 = w. Therefore,
d24 can be chosen arbitrarily in [0, 7], see Figure 2.14, and f(-,7) is hence not defined.
For 013 < m, the definition is given by

(cos B2 — cos 613 cos 61)(cos O3 — cos d13 cos O4)

f(0,813) = arccos { cos 0y cosf4 + —5
sin® 013

1~ cos? 0, — (cos Oz — .cozs 013 cos61)? |~ cos? s — (cos 3 — .cozs 013 cos 64)? }7 (2.57)
sin® 013 sin® 013

which can be derived by elementary, yet tedious, trigonometry. Let us now check that f
is smooth for all 613 € [T—\, 6*] and @ € [r/2—n, 7]* such that f(0,813) = dog € [T—N, 5*]
which we need in Step 6 of the proof. First, since doq4 € [m — A, 0*] the expression inside
of arccos is bounded away from —1 and 1. As 013 € [r — A, 0%], sindy3 is bounded
away from 0. Thus, it suffices to check that the expressions inside the square roots are
bounded away from 0. Indeed, 8 € [r/2 — n,n]* implies cos#; cosfs — 0 as n — 0
and (cos 6z — cos 813 cos 61 )(cos O3 — cos 613 cos 04)/ sin? 613 > 0. As cos(f(8,613)) lies in a
neighborhood of —1, this is indeed only possible if the value of each of the square roots
is close to 1. ]

Figure 2.14: If 613 = 7, then 6; + 05 = 03 + 04 = §13 = w and thus 61 + --- + 04 = 2.
Furthermore, the angle do4 can be chosen arbitrarily.
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3 Discrete-to-continuum linearization in
atomistic dynamics

This chapter consists of the paper [71] in collaboration with Manuel Friedrich and Ulisse
Stefanelli.

Abstract

In the stationary case, atomistic interaction energies can be proved to I'-converge to
classical elasticity models in the simultaneous atomistic-to-continuum and linearization
limit [35, 123]. The aim of this note is that of extending the convergence analysis to the
dynamic setting. Moving within the framework of [123], we prove that solutions of the
equation of motion driven by atomistic deformation energies converge to the solutions
of the momentum equation for the corresponding continuum energy of linearized elastic-
ity. By recasting the evolution problems in their equivalent energy-dissipation-inertia-
principle form, we directly argue at the variational level of evolutionary I'-convergence
[110, 119]. This in particular ensures the pointwise in time convergence of the energies.

3.1 Introduction

In recent years, the passage from atomistic models to continuum theories has attracted
remarkable attention, originating a variety of different results, see [15, 23] for an overview.
The interest in atomistic-to-continuum limits is grounded on the possibility of describing
macroscopic behaviors starting from microscopic modeling. The latter relies in specifying
interactions between displaced points, resulting from a deformation of a given reference
lattice. The atomistic-to-continuum limit then ensues by letting the reference lattice
spacing go to 0.

The elective tool to tackle these limits is I'-convergence [22, 47], see for instance [3,
32]. Alternatively, more pointwise perspectives can be followed [16], which again may
contribute to compute I'-limits in specific cases. These tools were successfully applied to
different situations, ranging from the modeling of lower-dimensional structures [28, 122,
124], to analyzing fracture and softening effects in one dimension [29, 31, 33, 121], to
deriving cleavage laws in higher dimensions [68-70], to investigating systems of charged
particles [108] and multi-body systems [10, 37]. Moreover, surface effects [33, 34, 50,
134], as well as random point clouds and stochastic lattices [4, 25, 118] were also studied
using these techniques.

The main reference for our work is the stationary analysis by Braides, Solci, & Vitali
[35] and Schmidt [123] who recover elasticity models as I'-limits of atomistic energies.
In both papers, the atomistic-to-continuum limit is combined with a small-deformation
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3 Discrete-to-continuum linearization in atomistic dynamics

limit, effectively resulting in a linear elastic limiting model. We refer to this combined
limiting procedure as atomistic-to-continuum linearization limit in the sequel.

Following the general setting of [123], the focus of this note is to extend the atomistic-
to-continuum linearization limit procedure to the evolutionary case. We first show that
solutions to the equation of motion driven by the gradient of the atomistic deforma-
tion energy converge to the solution to the momentum equation for the limiting linear
elastic energy by passing to the limit in the equations. By resorting to an equivalent
variational formulation of the evolutionary problems in terms of the Energy-Dissipation-
Inertia Principle, we present an evolutionary I'-convergence analysis [24, 110, 119], as
well. This entails in particular the pointwise in time convergence of the energies and the
strong convergence of the gradients.

Let us mention that atomistic-to-continuum linearization in the evolutionary setting
has already attracted some attention. The one-dimensional case is studied by Ort-
ner [115] who proves that the limits of H!-gradient flows of the Lennard-Jones potential
give rise to H'-gradient flows of an elastic energy.

The one-dimensional model is also considered by Braides, Defranceschi, & Vitali [30],
who check that L?-gradient flows of the Lennard-Jones potential under a different scal-
ing give rise to gradient flows of the Mumford-Shah (or Griffith fracture) functional.
Their analysis is based on an analogous limiting procedure at the level of time-discrete
minimizing-movements approximations. Compared with these contributions, the novel-
ties here are that the multidimensional case is tackled and inertial effects are taken into
account.

Some instances of discrete-to-continuum limits in dynamics have already been con-
sidered. E & Ming [58] obtain a dynamic atomistic-to-continuum convergence result, in
which they show that, as long as the deformation gradient stays inside a stability region,
solutions to the discrete dynamical problem obtained by molecular mechanics are close
to the nonlinear continuum problem obtained by the Cauchy-Born rule. A related re-
sult has been achieved by Ortner & Theil [114], who prove existence of solutions to the
discrete and the nonlinear continuum problem for more general interaction energies and
unbounded domains, and likewise quantify the difference in terms of the lattice spacing.
Due to the nonlinear nature of the limiting problems and the absence of viscous regular-
ization, in [58] and [114] existence of solutions can be guaranteed for short times only.
Existence of global solutions in the bounded-domain case, as well as their asymptotic
behavior, has been investigated by Braun [36]. In all mentioned results [36, 58, 114],
regularity or smallness assumptions have to be imposed on data. On the contrary, our
approach is nonperturbative, thus requiring less restrictions on the data.

Let us now describe our result more closely, postponing however most details to Section
3.2. We indicate by ©Q C R? the macroscopic reference configuration of the specimen.
At the atomistic level, the system consists of all points in 2 of the scaled d-dimensional
Bravais lattice e£ := ¢A-Z%, where ¢ > 0 models the interatomic distance and A € R4*4
is an invertible matrix. The atomistic energy I.(y) of a lattice deformation y: QNel —
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R? is modeled by

I(y) = edet A Z W (Vy) + surface terms.

cells

The latter features the discrete deformation gradient Vy, describing the relative displace-
ment of the atoms of a single cell, see (3.5) below. The sum ranges over all scaled cells
of the lattice portion Q NeL. The scaling ¢ det A corresponds to the volume of a single
cell and the function W models the elastic cell energy, assumed to be suitably smooth.
The treatment of surface energy terms is in general a delicate matter, see [123], and,
for the sake of conciseness, will be simplified in this chapter by choosing homogeneous
Dirichlet boundary conditions.

In the small-deformation setting, a second small parameter § > 0 is involved, quanti-
fying the distance of deformations from the identity. More precisely, the atomistic model
is rephrased in terms of the scaled lattice displacement u = 6~ (y —id) : QNel — R?
[48] and the energy is suitably rescaled as

d A B
Is(u) = % Z W (Z + 6Vu) + surface terms,

cells

where Z denotes the discrete deformation gradient of id. The main result in [123] is the
I'-convergence of I.5 as €, § — 0 to the classical linear elastic energy

1
I(w) = 2/§2sz:C:szdx,

where w: Q — R is now the macroscopic displacement of the body, Viw := (Vw +
Vw')/2 is its symmetrized gradient, and C the fourth-order elasticity tensor, which can
be directly computed from W, see (3.11) below.

Our main result concerns the limiting behavior as €, § — 0 of the solutions to the
atomistic equation of motion

pasé(t) + Vua(S(t) + 8155(“6(5(t)) =0 Vte (Ov T)7 (3.1&)
u55(0) = u! (3.1b)
ﬂez?(o) = U;, (3'10)

for some given initial scaled lattice displacement u? and velocity ul. Here, the gradient
0I5 of the smooth energy I.s is computed with respect to a suitable finite dimensional,
atomistic, L2-like topology with norm ||- ||, see (3.6) below. It corresponds to the system
of conservative forces acting on the discrete state. The constant v > 0 represents a fric-
tion coefficient, whereas p > 0 denotes the atomic mass. The case p = 0, corresponding
to the purely viscous setting, is covered by our analysis, as well. In particular, vu.gs is
a linear friction term, modeling the interaction of the discrete system with the environ-
ment. System (3.1) corresponds to the time evolution of an elastic body under viscous
damping. In one and two space dimensions, such damping may arise from some friction
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3 Discrete-to-continuum linearization in atomistic dynamics

effect, see [19, 82, 88] and the references therein. Note that (3.1) can be easily comple-
mented with forces, which we however neglect for the sake of notational simplicity. In
particular, the smooth Cauchy problem (3.1) for ODEs has a unique global solution u.s,
cf. Remark 3.2.1.

We will prove that (suitable interpolations of) the atomistic trajectories u.s converge
as €, 0 — 0 to the unique weak solution w: (0,7) x Q — R% of

pOpw + voyw — div(C : Vw) =0 in (0,7 x €, (3.2a)
w=0 on (0,7) x 01, (3.2b)
w(0,-) = w’ in Q, (3.2¢)
ow(0,-) = w' in Q, (3.2d)

where w” and w' are suitable limits of u? and !, respectively. Due to the volume scaling
in the energy, v > 0 is now interpreted as a friction coefficient, p > 0 is the mass density,
whereas the case p = 0 corresponds to a purely viscous flow.

In order to prove convergence of solutions, we pass to the limit directly in the atomistic
equation of motion (3.1a). To this end, we reformulate (3.1a) in terms of an energy-
dissipation-inertia equality [120], namely,

. Lot v [t
Sles I + Ls(us(t) + 55 [ lpics + OLtucs)Zas + 5 [ sl s
= lles ()2 + Lis(ues (0)) € [0,7]. (3.3)

From this we deduce uniform bounds, allowing to extract a weakly converging subse-
quence by compactness. The main work will then be that of identifying the limit. The
crucial point is the discussion of the convergence of the terms pii.5 and 9l 5(ues), where
the discrete structure of the atomistic problem comes into play. We will see that in the
purely viscous case the analysis is simplified in several respects.

For proving energy convergence of solutions, and thus also strong convergence of gra-
dients, we follow the classical evolutionary I'-convergence approach pioneered by Sandier
and Serfaty [119]. The energy-dissipation-inertia equation (3.3) is passed to the limit to
obtain the corresponding equality for the momentum equation at the continuum level.
This in turn hinges on the validity of some lim inf-inequalities, chain rules for the en-
ergies I.5 and I, and the so-called well-preparedness of initial data. For the validity of
the chain rule, we require slightly stronger assumptions on the initial data, compared to
the proof of convergence of solutions. Taking advantage of the I'-convergence theory in
[123], the main point will be that of checking

t
/0 1B (s, ) + 81 (w(s, ))||2(q) ds

t
<timinf [ pias,) + Oslucs(s, DEds Ve [0.7) (3.4)
0

€,0—0
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see inequality (3.16d) below.

The energy convergence entails the strong convergence of gradients and prevents os-
cillations in the sequence of atomistic solutions. This absence of oscillations can be
mechanically interpreted as evidence for the validity of the classical Cauchy-Born hy-
pothesis. In particular, microstructures are not expected to develop.

The chapter is organized as follows. In Section 3.2, we specify the lattice model
and state the main result, namely the convergence of solutions and the evolutionary
I'-convergence, see Theorem 3.2.2. Section 3.3 is then devoted to the proof of the first
part of Theorem 3.2.2, which is the convergence of solutions. We first recall some
crucial results from [123] in Section 3.3.1 and then prove the convergence of solutions in
Sections 3.3.2-3.3.6. In Section 3.4, we address the second part of Theorem 3.2.2, namely
energy convergence. In Section 3.4.1, we establish the lim inf-inequalities, including (3.4),
which are then used in Section 3.4.2 to conclude the argument.

3.2 Setting of the problem and main result

In this section, we introduce notation, present preliminaries, and state our main con-
vergence result, namely Theorem 3.2.2. At first, we introduce the atomistic energy.
We follow the setting of [123], upon restricting to the choice of homogeneous Dirichlet
boundary conditions for simplicity.

Throughout the chapter, we denote the single contraction among vectors and tensors
as a-b = aibi, (A . b)z = Aijbj, (A . B)Z] = Aiszkja ((C . A)ijkl = CijkpApla and
(A-C)yjrt := AipCpjr, where we employ Einstein’s summation convention over repeated
indices and tacitly assume that the dimension of the contracting index matches. The
double contraction is denoted by A : B := A;;B;j, (C: A);j := CyjpiAp, and (A : C);; ==
ApiChyy; instead, again under the assumption that the dimensions of the contracting
indices agree.

The transposed of the two-tensor A is classically denoted by AT, whereas we use the
notation C'! to indicate the minor transposition of the four-tensor C, in components
(Ct)ijkl = Cjipr. A four-tensor is called (left) minor symmetric if C! = C, i.e., Cijr =
Cjirt, and magjor symmetric if C;jiq = Cpyyj.

3.2.1 Lattice model

Let v1,...,vg C R d > 1, be linearly independent vectors. Define the Bravais lattice
L:=A-7%= {Mv1 4+ Agvg t A1, .., Mg € Z).

Here, the columns of the matrix A = (vy,...,vg) consist of the vectors v;, which we
assume with no loss of generality to be ordered in such a way that det A > 0. Let the
small parameter ¢ > 0 measure the interatomic distance (see Figure 3.1) and define
the scaled Bravais lattice £, := €A - Z% An e-cell of the scaled lattice is a set of the
form €A - (A + [0,1)%) for some A € Z%. We denote the set of barycenters of e-cells by

LL:=cA-((1/2,...,1/2) + Z%). Moreover, we indicate by Z = (21,...,294) € Rx2
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3 Discrete-to-continuum linearization in atomistic dynamics

a fixed labeling of the 2¢ corner points of the reference cell A - {—1/2,1/2}%, so that
=L +e{z1,...,29a}

Let © C R? be a bounded domain with C'! boundary. For every z € €, we de-
note by T(xz,e) € L. the barycenter of the e-cell containing x and correspondingly
by Q-(z) :=Z(x,e) + A-[~£/2,¢/2)? the e-cell containing z, see Figure 3.1. In par-
ticular, for z € L., we have Q.(Z) = T+ A - [~¢/2,¢/2)? and for = € L., we have
Q-(x) =z + A-[0,¢)L.

At the atomistic level, the central objects are lattice deformations y: L. N — R,
describing the response of each lattice point in 2 to mechanical actions. We impose
homogeneous Dirichlet conditions on the whole boundary in the following sense: let
Q C R? be a bounded open set with Q cC (compactly contained). Given a lattice
deformation y: £:N€Q — R?, we extend it to £.NQ by setting y(z) = = for 2 € L.N(Q\Q).
This choice of boundary conditions is meant to simplify notations. It is possible to
also consider nonhomogeneous Dirichlet conditions or even Neumann-like conditions,
see [123]. This would however require some additional modeling choice and a more
technical treatment.

We denote the set of barycenters of e-cells inside Q by L£L(Q) := {T €Ll Q:(7) C
Q} and abbreviate the union of cells which are fully contained in Q by UQ: =
Uieﬁg Q-(T). For y: L.NQ — R and z € Q.(T) with T € £(R), we collect the
deformations y; = yi(x) := y(T + €2 of corner points, and define the discrete gradient
Vy: Q — RIX27 of y as

2d
Vy(z) = y1 —F,...,Ypa —7) with 7:= 2 Zyz, (3.5)
=1
for z € |JQ: and Vy(z) = 0 for z € Q\ JQ:. As the discrete gradient is constant on
individual cells, in the following we often indicate its argument simply by Z, that is, the
barycenter of such a cell.

The energy is defined in terms of the lattice displacement, namely, u := y — id, where
id indicates the identity mapping on R?. In order to address the regime of small defor-
mations, we consider the scaled lattice displacement u = 6~ *(y — id), where § > 0 is a
small parameter, and define the set of admissible (scaled lattice) displacements as

A= {u:ﬁsﬁﬁéRd:u(l‘):Oforx¢§2}.
Then, the scaled atomistic energy I.5 : Ac — R is defined as

Ls(u) = —5 WA S W7+ 69um),

TELL(Q)
where the elastic cell energy W of the configuration only depends on the discrete gra-
dient. The factor % det A in the definition of I_5 corresponds to the volume of a single
scaled cell, whereas the scaling § 2 is instrumental for the setting of small displacements.
Let SO(d) := {Q € R™4: QT . Q = 1d, det Q = 1} be the standard special orthogonal
group.
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’Q\\,/ EZ4 € ;,3\

T
\__/
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/ . €21 €%
</ E(;,s)

\ /

3

Figure 3.1: Scaled reference configuration of the atomistic system. Here, the lattice is
L. =72, ie., Ais the identity matrix. The labeling of the corner points of
a scaled cell is indicated by the vectors ez;, i = 1,...,4.

Assumption 3.2.1. We impose the following assumptions on the cell energy W.

(i) The cell energy W: Réx2% [0, 00] is invariant under translations and rotations,
that is, given F € RI*2" e have that

W(R-F+(c,...,c)) =W(F)
———

24 _times

holds for all R € SO(d) and c € RZ.

(ii) W(F) = 0 if and only if there exists a rotation R € SO(d) and a translation c € R?
such that F; = R -z, + c.

(iii) W is C? and the Hessian H := D?*W(Z) € RIX2Uxdx2T o positive definite on
the orthogonal complement of the subspace spanned by infinitesimal translations

(T1,...,2T9a) — (c,...,c) and infinitesimal rotations (x1,...,2qa) — (S -x1,...,S"
Tqa), where c € RY and S € ngx(;viv ={F cR™: F+ FT =0}.

(iv) W grows at infinity at least quadratically on the orthogonal complement of the
subspace spanned by infinitesimal translations, i.e.,

.. JW(F)

1 f >0,
[Plsso, [F]?

Fev

with V = {F € R™2": Fy + ... + Fyy = 0}.

71



3 Discrete-to-continuum linearization in atomistic dynamics

(v) The gradient of the cell energy grows at most quadratically, i.e., |DW (F)| < ¢|F|*+
c for oll F € Rx2* for some constant ¢ > 0.

Assumptions 3.2.1 (i)—(iv) have already been considered by Schmidt [123] in the sta-
tionary setting and allow to characterize the I'-limit of I.5 as €, d — 0. In this chapter,
we strengthen the setting by additionally assuming Assumption 3.2.1 (v). This is needed
for dealing with the gradients of the energies.

3.2.2 Main result

We start by defining the atomistic~L2—mner product (-,-). on the space of scaled lattice
displacements. Given u.,v.: L. N — R?, we define

(te,v:)e == el det A Z ue () - ve () (3.6)
xeﬁgﬂﬁ
and denote the corresponding atomistic L?>-norm by ||ucllc = v/ (ue, uc)-.

We look for a solution wues: [0,T] x (Le N Q) = R? with u.s(-, ) € C2([0, T]; R for
all x € L: N Q, and u.5(t,-) € A. for all t € [0,T] to the atomistic equation of motion

piies(t, @) + Vies(t, @) + Olos(ues(t, z)) = 0 Ve e L.NQ, Vte (0,T), (3.7a)
uzs(0, ) = ul(z) Vo e L£.NQ, (3.7b)
U5 (0, ) = ul(x) Vo e LN, (3.7¢)
where u?, ul € A, are given initial scaled lattice displacement and wvelocity, respectively,

p > 0 corresponds to the atomic mass, and v > 0 is a friction coefficient. The case
p = 0 is also considered and corresponds to the purely viscous setting. Here, 0I.s(ucs)
indicates the first variation of I.5 in A, at us, that is,

Oles = (Aes |- lle) = (Ae, |- lle)*
Ugs > Olc5(Ues),

where, for each v, € A.,

<aI€6 <u€6>7 Ve Is (u€§ + hve ‘h*O

d

) =S

=edet A Z DW Z + 0Vuzs(T)) : V(). (3.8)
TeLL( )

The homogeneous Dirichlet boundary conditions entail the validity of a discrete diver-
gence theorem, see Lemma 3.5.1. Hence, we can also interpret 0l.s(ues) : Lo N Q — R4
as the unique scaled lattice strain satisfying

(0Ics(ucs), ve) = (0Ic5(tes )y Ve )e for all v, € A.. (3.9)
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As L. N Q is a finite point set, problem (3.7) is nothing but a Cauchy problem for a
smooth ODE system, see also Remark 3.2.1 below. It hence admits a unique global
solution. Indeed, local well-posedness of (3.7) follows from the classical Picard-Lindelof
theorem. From the energy-dissipation-inertia equality (3.3) corresponding to the atom-
istic problem (3.7) one can derive bounds ensuring that I.s5(u.5) remains bounded along
the trajectories. From the coercivity in Assumption 3.2.1 (iv) one obtains that trajec-
tories are bounded, see Theorem 3.3.1 below. Thus, the solution is global in time.

Remark 3.2.1. To clarify that the atomistic equation of motion (3.7) can indeed be
interpreted as an ODE system, let N, be the number of atoms in £, N2 and z1,...,2 N,
some corresponding labeling. Given a scaled lattice displacement u.5 € A, let Ugs :=
(ug,...,uyn.) € RN be the vector of the displaced atoms, where u; = u.s(z;) for
i=1,...,N.. This defines a linear isomorphism ¢: A, — 1(A.) C R¥*Ne,

The scaled atomistic energy can be equivalently rewritten as :T;(;(Ug(g) = Is(171(Uss)) =
I s(uc5). Then, problem (3.7) is equivalent to finding Ugs(t) = t(ugs(t)) satisfying

pUzs(t) + vUss(t) + VIs(Uss(t) = 0 ¥t € (0,7),
Ues(0) = U?,
U55(0) = Ul
where U? = (u?), Ul = (ul), and Vi = 1015 (ues)).

The goal of this chapter is to show that solutions u.s to the atomistic equation of
motion (3.7) converge as €, 6 — 0 to the unique weak solution of the linear continuum
momentum balance

pOpw + vopw — div(C : Vw) =0 in (0,7) x €, (3.10a)
w=0 a.e. in (0,7) x 09, (3.10b)
w(0,-) = w’ a.e. in €, (3.10c)
ow(0,-) = w' a.e. in €, (3.10d)

where w® € H} (Q;R?) and w! € L2(Q;RY) are the given initial continuum displacement
and the initial continuum velocity, respectively. The fourth-order symmetric elasticity
tensor C is defined as

C:=27 W 2" =27 -D*W(2)- 2" ¢ RIxdxdxd (3.11)

and we recall that V5w := (Vw + Vw')/2 denotes the symmetrized gradient. In par-
ticular, C is solely determined by microscopic quantities and C is minor and major
symmetric, see Assumptions 3.2.1 (iii) and Lemma 3.3.3 below.

We say that w € L2(0,T; Hi(Q;RY)) N HY(0,T; L2(;RY)) N H2(0,T; H1(Q; RY)) is
a weak solution to (3.10) if it satisfies w(0) = w’, Gyw(0) = w?, and

(pOnw, v) g1 + (vOw,v) L2 +/ Viw:C:Vévdz =0 a.e. in (0,7,
Q
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3 Discrete-to-continuum linearization in atomistic dynamics

and for all v € H}(Q;RY), where (-,-);2 denotes the L2-inner product and (-, ->H3 the
duality in H}. In system (3.10), the term —div(C : V*w) is hence interpreted in the
weak H'-sense and corresponds to the H'-gradient OI of I, i.e., the Fréchet differential
of the linearized continuum energy I: Hg(Q; R%) — R given by

I(w) ::;/Q(Vw-Z):H:(Vw-Z)dx:;/{lvsw:(@:vswdx. (3.12)

In particular, O : H} (Q;RY) — H~1(Q;R?) is given by

<8I(w),v>:ddhl(w—l—hv)‘hzoz/Q(Vw'Z):IHI:(VU'Z)dﬂc:/Qsz:(C:VSvdx.

We derive the formula above in Section 3.3.2 below, see (3.19).

In order to formulate our statement, we need to specify a notion of convergence for
a sequence of scaled lattice displacements u.: L. N — R%. Let w € L2(Q;RY) be a
continuum displacement and define its local mean on the lattice cells by

P.ow(z) = ]é ( )w(g) d¢ VzeL£.nQ, (3.13)

where w: ) — RY is the trivial extension of w to (2. We say that u. AC-converges to w
and write us =5 w (AC stands for atomistic-to-continuum convergence) as € — 0 if

|lue — Pow|ls — 0. (3.14)
The main result of this chapter is the following.

Theorem 3.2.2 (Discrete-to-continuum linearization). Suppose that Assumption 3.2.1
holds and let €, and 6y, be such that e, — 0 and &, — 0.
Convergence of solutions: Let ul,ul € A. be an initial scaled lattice displacement and

velocity, and let w® € H}(;RY), w € L2(Q;RY) be an initial continuum displacement
0

and velocity, respectively. If ugk 25w, uék S w! as k — oo and Supy, Iek(sk(ugk) < 400,
then the solutions (ue,s, ) to the atomistic equation of motion (3.7) AC-converge to w
pointwise in time, where w is the unique weak solution to the continuum momentum
equation (3.10).

Energy convergence: If, additionally, w® € H*(Q;R?Y), w' € HYQRY), and
L5, (ul ) = I(w") as k — oo, then the solutions (ue,s, )k to the atomistic equation of
motion additionally satisfy the convergences I, s, (ue, 5, (t)) — I(w(t)) for allt € [0,T]
and Vue,s,(t) — Vw(t) - Z strongly in L*(Q;RY) for all t € (0,T). Moreover, w is a
strong solution of (3.10).

In order to prove the first part of Theorem 3.2.2, i.e., the convergence of solutions,
we pass to the limit in the atomistic equation of motion (3.7). To this end, we need
to deduce uniform bounds on the individual terms of the atomistic equation of motion.
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This is achieved by the energy-dissipation-inertia equality (3.3), which in the notation
of Theorem 3.2.2 reads as

t
P v ,
s O, + o () + 5 [ e (I, s
I 2 P 12 0
+ 30 | i)+ Ol (e DB, ds = FIub 2, + Ls (02) (319

for all ¢ € [0,T1], see Section 3.3.3 for its derivation.

On the contrary, we prove the second part of Theorem 3.2.2 by following the classical
evolutive I'-convergence approach pioneered by Sandier and Serfaty [119], see also [110,
115]. This hinges on the fact that the atomistic evolution problem (3.7) is actually
equivalent to (3.15). One passes to the liminf in the latter as k¥ — oo. The right-
hand side converges by assumption to 4||w’ ||%2(Q) + I(w®). As regards the terms in the

left-hand side, we will check that, for each t € [0, T],

90 (t) By < limin e 5, (]2 (3.16a)
t t

[ o)y ds < timin [ iy, (912, s, (3.16b)
0 = Jo

I(w(t)) < h]?_l)icgf Ieys, (u€k5k (), (3.16¢)

t
/0 Hp@ttw(s) + 8[(’[0(8))”%2(9) ds

k—o00

t
<timint [ pic,5,(5) + 0Ly, (teps, (), ds. (3.164)
0

Then, taking the liminf as & — oo in equality (3.15) will entail that the following
energy-dissipation-inertia (in)equality holds

t
p v
Slosw )|z + T(w(®) + 5 [ 19w(s)]172(q) ds
2 2/,
+ € t | pOw(s) + I (w(s))|? ds < BleHQ + I(w®) Vt € [0,T]
2w J, POt 12(Q) =5 L2() s 4]

As long as the initial conditions w(0) = w® and d;w(0) = w! are satisfied, the latter is
indeed equivalent to the corresponding equality, as well as to linear continuum momen-
tum balance (3.10). We refer to Section 3.3.3 below where the precise argument is given
for the discrete problem. This additionally implies that each liminf in (3.16) is actually
a limit. In particular, the energy I, s, (ue,s,(t)) converges to I(w(t)) at all times, which
eventually implies that Vue,s, (t) — Vw(t) - Z strongly in L*(£; R%2%) | as well.

Remark 3.2.3 (Purely viscous case). Theorem 3.2.2 above directly extends to the purely
viscous setting of p = 0. In this case, the continuum problem (3.10) corresponds to
a gradient flow and, assuming the milder regularity assumptions w® € H&(Q;Rd) and
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w! € L2(Q;RY), we can show that div(C : V*w) € L%(0,T; L2(Q;R?)), see Remark 3.4.4
below. Hence, — div(C : V*w) is the L?-gradient of the elastic continuum energy I, given
in (3.12). In particular, we obtain strong solutions for the continuum problem and strong
convergence of gradients without the higher regularity assumption on the initial data.
The proof can be simplified as inequality (3.16d) directly follows from Lemma 3.3.10
below. We refer to Remarks 3.4.1 and 3.4.4 for details.

3.3 Convergence of solutions

In this section, we prove the first part of Theorem 3.2.2, namely, the convergence of
solutions. To this end, we derive uniform bounds from the energy-dissipation-inertia
equality (3.15) and use compactness to obtain converging subsequences. The main focus
is then on identifying limits.

For the reader’s convenience, the argument is divided into steps. In Section 3.3.1, we
start by recalling the compactness and I'-convergence result of [123]. In Section 3.3.2,
01l is computed and we further peruse properties of scaled lattice displacements. In
Section 3.3.3, we derive (3.15) and state the resulting a priori estimates. Sections 3.3.4
and 3.3.5 are then devoted to computing the limits of v, s, and pii., 5, + 01, 5, (Ue, s, ),
respectively. We conclude the proof in Section 3.3.6.

In the remainder of the chapter, given the sequences e, — 0 with k¥ — oo from
Theorem 3.2.2, we use the short-hand notation Iy, := I, 5, , Uk := Ue, 5,5 (, )k = (5 )eps
and || - || := || - |ls,.- Throughout this chapter, ¢ denotes a positive constant, independent
of k, but possibly varying from line to line. Moreover, we will denote the standard L?-
inner product by (+,-) and denote duality pairings between the space X and its dual X*
by (-,)x : X* x X = R. For X = H}(Q;R?), we will simply write (-, '>H5 =: ().

3.3.1 I'-convergence and compactness

In this section, we briefly summarize the I'-convergence and compactness result by
Schmidt [123], for these are crucial ingredients in the proof of Theorem 3.2.2.

Theorem 3.3.1 ([123, Theorem 2.6]). Under Assumptions 3.2.1 we have the following:
Compactness: If Ij(ux) is equibounded for some sequence (uy)y of scaled lattice dis-

placements, then there exists a (not relabeled) subsequence such that wuy, 2w for some
w E H&(Q;Rd). Moreover, Vuy, — V@ - Z weakly in LQ(Q;Rdxgd), where W: Q — RY s
the trivial extension of w to Q.

I'-convergence: The functionals Iy, T'-converge to the functional I in the sense of AC-
convergence, i.e., the following is satisfied:

(i) liminf-inequality: FEvery sequence (uk)k, ur € As,, AC-converging to some w €
H(Q;RY) satisfies the estimate

lim inf It (ug) > I(w).
k—ro0
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3.3 Convergence of solutions

(ii) Recovery sequence: For every w € Hg(Q;R?) there exists a sequence (uy)k, uy €
A.,, such that uy 25w and

lim Iy (ug) = I(w).

k—o0
Remark 3.3.2. The I'-convergence and compactness result can be extended in various
directions:

a) For recovery sequences, that are sequences uj, ~5 w € HE(Q;R?) such that Ty (ug) —
I(w), one can also obtain strong convergence of discrete gradients, see [123, Theorem 2.7].

b) AC-convergence (3.14) is equivalent to the classical L2-convergence for suitable
interpolations, see for instance Lemma 3.3.6 below. The I'-convergence result above
could be equivalently reformulated to hold with respect to the strong L?- or the weak
H'-topology for such interpolations.

c) The compactness statement in Theorem 3.3.1 hinges on the fact that Dirichlet
boundary conditions are imposed on the whole 9f). By imposing Dirichlet conditions on
a part of 00 only, one could only conclude local weak Lfoc—convergence of the discrete
gradients. As already mentioned, other boundary conditions could be considered as well,
by resorting to the theory in [123].

3.3.2 Gradients of the energy and auxiliary results

In order to prove convergence of solutions, we aim at showing the weak convergence of
the Fréchet differential OI in a suitable dual space. Due to the varying underlying spaces,
implementing this strategy requires some care. We show that, for a suitable sequence
vk 25 v, the Géteaux derivatives in direction v converge (Lemma 3.3.10 below). To this
end, we introduce an approximation of test functions by scaled lattice displacements and
study their properties.

We start by computing the Fréchet differential of I in Section 3.3.2. In Section 3.3.2,
we address the approximation by scaled lattice displacements.

Fréchet differential of [

Recall that the Hessian of W evaluated at Z is H := D?W(Z) and therefore H is major
symmetric, namely, H;jp = Hyg;.

Given w € H}(;R?) and v € C(Q;RY), the variation of I in H'(Q;R?) at w in
direction v can be classically computed as

d
(0I(w), v) = - I(w + ho)|,_q
1 d
= Q/th(((Vw—i-th) - Z):H: (Vw+ hVo) - Z))‘ da
Due to the major symmetry of H, one readily checks that
%(((Vw + hVo) - Z): H : ((Vw + hVo) - Z)) ‘hfo =2(Vw-Z):H: (Vv- 2).
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3 Discrete-to-continuum linearization in atomistic dynamics

Therefore, we deduce that

(0I(w),v) :/Q(Vw~Z) tH: (Vo- Z)da. (3.17)

Arguing in components we get
(Vw-Z) :H: (Vv Z) = (V)ipZpHijia(Vo)kg Zg = (V) ipZpi B Zig (V) g
= (Vw)ip(Z - H) - Z)ipg(V0)hg = Vw : (Z -H' - Z7) : Vo,
as (Z-HY)! = Z -H, see Lemma 3.3.3 below. Hence, by setting
C=Zz-H.-ZT,
we write
(0I(w),v) = / Vw:C: Vude. (3.18)
Q
Note that major symmetry carries over from H to C. We also have the following.

Lemma 3.3.3 (Symmetry of C). The tensor C is minor symmetric, i.e., Ct = C, and
it holds that (Z - H')! = Z - H.

Proof. Due to major symmetry of Hl, it suffices to show that C: S = 0 for all skew
symmetric § € RYX? ‘je. ST = —S. Fix S € R Then, e € SO(d) for h € R and

skew’ skew
by Assumption 3.2.1 (i), we have that 0 = DW (e - Z). Thus,
d
0= @pme’"bs - Z)|heo = D*W ("S- Z) 1 ("5 -5 - Z)|p—o

—H:(S-Z2)=MH-Z"):8.

This shows C: § = Z-H!- ZT: S = 0. To see the second statement, we use that
0= (S-Z): H by major symmetry of H. Therefore, 0 = S : (Z-H!)! = ST : (Z-H) for
all S € R which indeed yields (Z - H')! = Z - H'. O

Relations (3.17)—(3.18) eventually show

(0I(w),v) = /(Vw -Z):H:(Vv-Z)dx = / Vw : C: Vvduz. (3.19)
Q Q
Remark 3.3.4 (L%regularity of 0I(w)). If I(w) is in L?(Q;RY), we have
(0I(w),v) = —/ div(Vw : C) - vdx = —/ div(C : Viw) - vdx, (3.20)
Q Q

that is, — div(C : V*w) = 0I(w) is the Fréchet differential of I with respect to the L2-
topology. Note that this L2-regularity is available in the purely viscous setting p = 0,
see Remark 3.4.1 below, or when assuming higher regularity on the initial data, see
Lemma 3.4.2 below.
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3.3 Convergence of solutions

Approximation by scaled lattice displacements

We start by an auxiliary result which guarantees the existence of a sequence of scaled
lattice displacements converging to a given smooth test function.

Lemma 3.3.5 (Approximation by scaled lattice displacements). For each v €
CX (S RY), there exists a sequence (v, of admissible scaled lattice displacements (vg )i,

v € Ag, , such that vy, o, vrllk < llvllp2(q), and

Sup [Vl ) < Vol < o0, (3:21)

where ¢ depends on d and A only. Moreover, it holds that Vv — Vv-Z in L*(§); RdXQd).

Proof. Extend v to an element of C2°(R% R?) and recall definition (3.13) of P.,. By
letting the sequence of scaled lattice displacements vy: L., N Q — R? be defined by

on(z) = P, v(z) for xze€Ll,NQ,
S ! for €L, N(Q\Q),

the convergence vy, =5 v follows directly by definition (3.14). Moreover, |Jvg || < vl L2
is a consequence of the definition of vy, (3.6), and Jensen’s inequality.
We now show (3.21). We fix € £, NQ and write v, = v}(Z) = (T + erz),

i =1,...,2% and v, = () = 2_‘12?;1),2. Let jo € {1,...,2%} be such that

max;_; _ oa |v},(x) — vj,(x)| = |vj,(x) — v’(x)|. To obtain an L*-bound on the discrete

gradient, we use the Mean-Value Theorem to compute
[0 — k| < [} = 0’| < el Vll ooy < corll Vol (),

where ¢ = ¢(d, A) is the diameter of 6,;114[@ — %€k, T+ %Ek]d, noting that Q. (T +exz;) C
Alz— %Ek, a’t—f—%add foralli =1,...,2% Asthe discrete gradient is constant on individual
scaled cells, we obtain

od

_ Lo, 2\Y/2 1/2
IVorlio@ = s (Zsi'”’“(x) —a(@)) T < (2% Vollfee) " < oo
ZELL, i=1

For the proof of Vo, — Vo - Z in L2(Q; R¥2") we refer to [123, Lemma 4.4]. O

Let us now introduce the piecewise constant interpolation uj on scaled cells of an
admissible scaled lattice displacement uy, € A, . To this end, recall the notation |J Q., =

Ufez:gk(ﬁ) Qe (T). For £ € JQx,, let z € L, N Q be such that ¢ € Qc, (x). Then, the

piecewise constant interpolation is defined as

~ . up(z) if Qg (z)NQ#

0 if Q.(x) (3.22)
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3 Discrete-to-continuum linearization in atomistic dynamics

Moreover, we trivially extend u; to the whole of Q without changing notation. We thus
get for g5 > 0 small enough that

el det A Z up(z) = e det A Z ][ (&) d¢

xeﬁgkﬁﬁ meﬁgkﬁﬂ st( )

_ / (€) dé = /ﬁk(o . (3.23)
UQe, Q

In particular, by a similar argument we also have that
Huka - ”’EkHLZ(ﬁ) (3.24)
The above interpolation is motivated by the following properties.

Lemma 3.3.6 (Equivalence of atomistic and L2-convergence). Letting (ug)y, ux € Ae,,
be a sequence of admissible scaled lattice displacements and u € L2(Q;Rd), then

AC ~ ~19
up —u = /~uk—u| — 0,
Q

where w is the trivial extension of u to Q. Moreover, for u,v € L2(Q;R?Y) and (up),
(Vi) with ug, v € Ag, such that uy 55w and v, 55 v, it holds that

(u, vk = (u,v).
In particular, we have that [[ug|[x — [[ul|r2q) for k — oo.

Proof. At first, note that AC-convergence implies strong L?-convergence of piecewise
constant interpolations. Indeed, let u and P., u be the piecewise constant interpolations
of u and P., u, respectively. Then, extendlng u trivially as 4 to Q we obtain

/ﬁ (€) — (&) de < 2 /Q (€) — Pryu(€) dé +2 / . a(e)2 e

—oeldetAd Y fugla) - y2+2/| A(E)2de — 0,

xeﬁsk ﬁﬁ

Here, we used that P. LU — u strongly in LQ(Q R%). Conversely, strong L?-convergence
of piecewise constant mterpolatlons implies AC-convergence as

el det A Z lup(x) — Poyu(z)|® = /(2 |ty — ]sgku

Ieﬁakﬂﬁ
< 2/~ ya,g—muz/~ i — Poul® — 0.
Q Q
Eventually, due to u; — w and vy — v in L2(§~2; R%), we get that

(ug, v )k = 5% det A Z ug(z) - vg(x)
zGEEkﬂﬁ

/uk@) T(e dw/ 0(€)d€ = (u,v). 0
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3.3 Convergence of solutions

3.3.3 A priori estimates

Let uy be the solution of the atomistic equation of motion (3.7). By using the chain
rule, for all ¢t € [0,T] we get

0= ;V/O | iig () + vitn(s) + DT (up(s))|2 ds

= [ (o) + Ontuno)in(eD) + i + g i (s) + OTiCun ()} )
0
= Pl (IR + Iuur () = Ellin O] — In(ur(0))
5 [ NI ds+ 5o [ lpin(s) + 0o ds,

where I (ug(t)) denotes the scaled lattice strain given in (3.9). In particular, given the
initial conditions uy(0) = uf := u?, and (0) = uj, := ul , system (3.7) is equivalent to
the energy-dissipation-inertia equation

. v [t 1 [t
Cin(OI + TuCun(e) + 5 [ in(s) 2 ds-+ 5 [ llin(s) + O Cun(s) [ ds
0 Vo
= Cllublf + Ze(w) vt € 0,71, (3.25)

or, equivalently, for t = T. As we are assuming that u}, Mwl e L?(Q;R?) and that

Iy, (ug) is bounded, from the energy-dissipation-inertia equation we obtain the following.

Lemma 3.3.7 (A priori estimates). Let uy be the solution of the atomistic equation of
motion (3.7). Then,

. |
fﬂtg%% [ () I < c, (3.26)
< .

e I (ur(t)) < ¢, (3.27)

T
/ (52 ds < e, (3.28)

0
T

/0 i(s) + O (ur(s))]2 ds < c, (3.20)

where ¢ > 0 depends only on psupy, ||ut|lz, supy Ix(u?)), and v.

3.3.4 Compactness and limit of vy

In this section, we show that the sequence (uy)x of solutions to the atomistic prob-
lem (3.7) admits an AC-converging subsequence uy(t) =5 w(t) € L*(;RY) for all
t € [0,T]. Moreover, as a first step towards showing that the limit w solves the contin-
uum problem, we also prove that viy, — vdyw in a weak L?(0, T; L?(2; RY))-sense made
precise below.
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3 Discrete-to-continuum linearization in atomistic dynamics

From (3.28) we obtain that 4y is uniformly bounded in L?(0,T; (A.,, | - ||x)). Let now
Opuy indicate the piecewise constant interpolants of 1y from (3.22). In view of (3.24),
we get

T T
. 2 _ ~ 2
| ints ol as = [ orinGs, 1Ry ds < c. (3.30)

This along with the compactness result in Theorem 3.3.1 yields that the solution w
to the atomistic problem (3.7) satisfies that (ug(t))s is compact in L?(;R?) for all
t € (0,T). This leads to the following.

Lemma 3.3.8 (Compactness). Let (ug)i be a sequence of solutions to the atomistic
problem (3.7). Then, there exists w € C([0,T], L*(Q;RY)) N L>(0,T; HY (;RY)) and a
(non relabeled) subsequence of (uy)y such that

i —w in C([0,T)], L*(;RY),

where uy,_is the piecewise constant interpolation of uy and w denotes the trivial extension
of w to €.

Proof. The proof relies on a variant of the Aubin-Lions Theorem. However, due to the
discrete nature of our spaces, it is more convenient to directly resort to the Arzela-Ascoli
Theorem. First, note that due to (3.27) and Theorem 3.3.1 the set {ux(t) : k € N} is
relatively compact in L?(2; R) for each ¢ € [0, T]. Equi-continuity of (u ) follows from
(3.30). Indeed, (3.30) implies that (ux), € H'(0,T;L?(;RY)) c C([0,T], L?(£;R%))
and foreach 0 < s <t < T

t
||ak(t) - ak(s)”LQ(ﬁ) S / ||6tak(7-)”[/2(ﬁ) dT S \% t - SHatak’||L2(07T;L2(5;Rd)) S CV t — S.

Thus, (i) is equi-continuous and the convergence to a limit w € C([0,T], L2(Q;R%))
follows from the Arzela-Ascoli Theorem. Since uy, is extended by 0 on L., N (€2\ ©2), the
limit w is indeed supported on Q. Eventually, applying again (3.27) and Theorem 3.3.1
we find that w(t) € H}(Q) for all ¢t € [0, T] with uniformly controlled Hg(2)-norm. [

The lemma above implies that wu,(t) 25 w(t) for all ¢ € [0,7] as L2- and AC-
convergence are equivalent due to Lemma 3.3.6.

We now prove that w is indeed a solution to the continuum problem (3.10). As a first
step, we show that the piecewise constant interpolations of vy converge weakly to dyw
in L2(0,T; L?(Q;RY)). Indeed, from (3.30) we can extract a (not relabeled) subsequence
of uy, such that 0y, — f in L?(0,T; L?(Q; R?)). From the linearity of the time derivative
we deduce that f = J,w, where w again denotes the trivial extension of w to 2. Thus,
we have shown

Aty — 0w in L2(0,T; L*(Q; RY)). (3.31)

Remark 3.3.9 (Purely viscous case p = 0). Note that the results of this section stay valid
when considering the purely viscous case of p = 0. Indeed, as also the energy-dissipation
equality (3.25) holds (along with the obvious modifications), Lemmas 3.3.7 and 3.3.8
remain true, where (3.26) becomes trivial.
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3.3 Convergence of solutions

3.3.5 Limit of piiy + OIx(us)

In this section, we prove that, given the pointwise in time AC-converging sequence
U, 2S¢ w from Lemma 3.3.8, we also have that the piecewise constant interpolants of
piig + OIx(uy,) converge weakly to pdyw + OI(w) in L2(0, T; L2(£; R%)).

Denoting by (pii + 01 (ux))™ the interpolation of piix + 01k (uy) introduced in (3.22),
(3.29) together with (3.24) implies that there exists a € L2(0, T; L(Q; R%)) such that

(piig, 4+ 0T, (ug))~ — o weakly in L2(0,T; L*(; R?)). (3.32)

We are left with showing that o = pdy@ + dI(@) in L2(0,T; L2(€;RY)), where @ is
the trivial extension of w. For the identification of the limit, we separately investigate
the limits of pdyuk(t) and (0Ik(ug(t)))™, i.e., the limits of the piecewise constant in-
terpolations of piiy and OIp(uy). This is a delicate issue, for 0l (uy) is defined on a
space which depends on k. As an important ingredient, we deduce separate uniform
bounds on pdyuy(t) and (01 (uk(t)))”, respectively, by resorting to a sufficiently weak
topology. We treat the respective limits separately in Sections 3.3.5-3.3.5, and identify
« in Section 3.3.5.

Limit of 8Ik (uk)

Here, we prove convergence of 0l (uy) to OI(w) in the sense of Gateaux derivatives. The
analysis of this section is carried out for ¢t € (0,7) arbitrary but fixed. Correspondingly,
we omit to indicate the dependence on t for brevity. We start by computing the variation
of I}, at uy, in direction vy as

1 = N S (e
(ur + h”’f)‘hzo = eldet A Z() gDW(Z + 0k Vug(T)) - V().
zerr, (@

d

—1

dn"
We have the following.

Lemma 3.3.10 (Convergence of Gateaux derivatives). Let (ug)r be a sequence of ad-
missible scaled lattice displacements, uy, € A, , with equibounded atomistic energy, i.e.,

supy, I (ug) < 0o. Suppose that w, ~5 w with w € HY(;RY). Assuming v € C°(Q;RY)
with v being the corresponding scaled lattice displacements from Lemma 3.3.5, we have

ehdet A ) ;DW(Z—F&kﬁuk(:c)):?vk(x)ﬁ/(Vw.Z) ‘H: (Vv Z)da
~ Yk Q
Tell, (Q)

as k — oo, where we recall that the right-hand side coincides with (0I(w),v), see (3.17).

Proof. We compute the Taylor expansion of DW at Z. This calls for §,Vuy to be small.
We hence define good sets Gy and bad sets By, as

G = {f c ﬁ;k(ﬁ) : ]5k?uk(f)\ < 5];1}7

By = {7 € £L,@: [6Vu (@] > 57}
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3 Discrete-to-continuum linearization in atomistic dynamics

where ) is chosen in such a way that Sy — oo, and Bgék — 0 as k — oco. Denoting
by # By, the cardinality of By, a Chebyshev argument ensures that 5,;15%#Bk — 0 for
k — oo. Indeed, by relation (3.24) we estimate

6d62 1 gdBQ _ - 62519 ~
713; > 3= SRS RIVu(@)? < [Vl ) = 0. (3.33)
k

Aty
o TR T = det A

TEDBy TEDBy
where we have used supy, [|[Vugl|, . @) < 00, which follows from the compactness result
of Theorem 3.3.1. A fortiori, we have 5%#Bk — 0 as k — .
Now, we Taylor-expand DW at Z for T € G}, obtaining
= 0, H : ?’U,]AT) + R((Sk?uk(f)),

. d d .
where the remainder term R: R3¥2% — RI%2% gatisfies

R(F
sup{’ ’;,|)‘ : |F|§p}—>0 as p — 0.

Considering only the energy of cells in Gy, due to the major symmetry of H, we arrive
at

1 _ _
ehdetA > aDW(Z—l—cskVuk(f)):Vvk(f)
zeLl, (NG

=efdetA Y (Vup(@) :H: Vor(@) + 6, ' Vop(T) : R0 Vur(@)) . (3.34)

zeLl, (NG
The next step is to control 5;1?% : R(0Vug) on Gy. Note that, as Vug(Z) is
constant on scaled cells Q¢, (Z), we have, analogously to (3.23), fQ @) Vug(z)der =
_ =k
e?det A Vug(T), and thus,

/ Vaug(z) dz = e det A Z Vug(T), (3.35)
Uy, fecgk(ﬁ)
where we recall that |JQ., = UEe £ @) Qe (T). Therefore, letting k — oo, by Holder’s
€k

inequality we get

gg det A Z (5,;1?1);{(@ : R((Sk?uk(f))

zELL, (NG

< / Vor(@)| [Vug (o)

G Qe

< s <|R(5k_?uk)
Ugy Qe N Ok Vur|

|R(6;Vug(z))]

- dz
|0k Vug(2)]

) 170k 2 ) IVl 2y = O (3.36)
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where we set Ug, Qe = Uzeq, e @) Qe (7). Convergence (3.36) follows as |6, Vug| <
€k

By ! uniformly on Gy, with B,;l — 0. Hence, the above supremum over UG Q:, converges
to 0. Recall also that ||VUk||L2(Q) and ||Vuk.||L2 are uniformly bounded by Lemma 3.3.5
and Theorem 3.3.1, respectively.

On the bad sets By, we use Assumption 3.2.1 (v) and the fact that ||?vk||Loo(§) <c
see Lemma 3.3.5, to obtain

ddet A _ _ 1 _ _
€ de DW(Z + 0Vuy) : Vo, < — DW(Z + 6,V ug)| V| dz
0 5
g zeLL, ()NB k JUg, Qe
r k
Ry = c _
< Vorll oo ) / |Z + 6, Vug|* dz + — detAe,‘fHVkaLoo@)#Bk
On Q Ok
By, %€k
<~ (122 + 82 Vuf?) d + < det A=l 4B,
Ok . Sk
<= det Aef#By|Z|” + Okl Vurll2, o + < det Ael#B;, — 0, (3.37)
Ok (R

where we set UBk Qe = UEGBWD% @) Q. (T) and used the fact that 5;;1%3%#3/% — 0
due to (3.33). Here, we again employed Theorem 3.3.1 to bound sup, H?ukH;@) <e.
By Lemma 3.3.5 we have that Vv, — Vo - Z strongly in L2(Q; Rdxzd). Indicating by
XU, -, the characteristic function of the set UGk Q:,, we observe that XUg, @ 1in
kvF L e

measure. Recall that Vu;, — V@ - Z weakly in L2((~2; ]Rdxzd) by Theorem 3.3.1. By the
linearity of F'+— H : F', we obtain

_ . N )
XUg, ey H: (Vaug) — H: (Vw - Z) weakly in L?(Q; R™*2%).
This, together with (3.35) and (3.36), implies

Eﬁ det A Z (@uk ‘H: Vo, + 5,;1@1% : R(5k?uk))

zeLL, (DNGy
—>/Vw Z):H:(Vv-Z)dx
which, along with (3.34) and (3.37), concludes the proof. O

Limit of piiy

We now show that piip converges suitably to pdyw. To this end, we uniformly bound
pii, in a weaker topology to obtain compactness and then identify the corresponding
limit.

Let £ > %l + 1, so that Hg(Q;Rd) C W (Q;RY), see, e.g., [1, Theorem 4.12]. We
define iy, € L*(0,T; H=*(; R?)) almost everywhere in time as

(iik (), 0) gy = (i (t),ve)x  for all v € H(4RY), (3.38)
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3 Discrete-to-continuum linearization in atomistic dynamics

where vy, are the scaled lattice displacements of v from Lemma 3.3.5. Note that, strictly
speaking, we define (3.38) for v € C2°(€; R?) only and argue by density, as the approxi-
mation by scaled lattice displacements from Lemma 3.3.5 has only been introduced for
smooth functions with compact support.

Analogously to i, in (3.38), we define 0l (ug) € L?(0,T; H*(;R%)) by setting,
again almost everywhere in time,

(8Ik(uk(t)),v>Hg(Q) = (01 (uk(t)), vg) for all v € HS(Q; RY), (3.39)

where the right-hand side of (3.39) is defined by (3.8). We now prove that it (t) and
011 (ug(t)) have L2-regularity in time uniformly in k.

Lemma 3.3.11 (Uniform bound). The functions pii, and 01}, (uy) are uniformly bounded
in L2(0,T; H=¢(Q;RY)), i.e.,

2 2

T
dt <e, (ii) sup/ Hpuk(t)H dt <e.
k Jo

H=4(Q)

i) s [ [oRGm)|

H=4(Q)
Proof. We start by checking (i). Let ¢ € (0,7) be fixed and recall by (3.8) that
(I (ur(t)), v) ey = (OIk(ur(t, -)), vi)

1 _ _
~ Ok
TELL(Q)

We argue as in Lemma 3.3.10. By Assumption 3.2.1 (ii) and (iii) the energy density W is
quadratic near Z, i.e., there exists n > 0 such that |[DW(Z+F)| < ¢|F|for all F € Réx2
with |F| < n. On the other hand, given F' € R2 with |F'| > n, by Assumption 3.2.1 (v)
we can bound [DW (Z + F)| < c|F|> + ¢ < ¢(1 + 1/5?)|F|?>. Combining both estimates,
we conclude the existence of a constant ¢ > 0 such that

1 = 1 - _ _

aDW(Z + 6, Vug(t, ) < a(05k|vuk(t, N+ il Vur(t, )*) < e(1+ [Vug(t, )|?)
a.e. for almost every t € (0,7). Here, the last step follows from Young’s inequality. Since

the discrete gradient is defined everywhere in €2, we can replace the sum by the integral
as in (3.23) and hence obtain

1 _ _
ehdetA Y aDW(Z+5kvu,€(t,f)) : Vo (T)

TELL(D)

< e(1+ IVur(t, ) 7a@) IVOrll e @)

Now, using (3.21), H{(;RY) ¢ W (Q;R?), supy, || Vus(t, -)HLQ(Q) < ¢ (uniformly in ¢)
by (3.27) and the compactness from Theorem 3.3.1, we arrive at

<8Ik(uk(t)),v>Hg(Q) < || Vollpee (o) < chHHg(Q) for almost every ¢t € (0,7).
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3.3 Convergence of solutions

In particular, by integrating in time we obtain (i).
We now address (ii). Due to

/OT Hpuk(t)Hj{e(Q) de < 2/0T Hﬂﬁk(t) +8Ik(uk(t)>H2 + 2/0T Halk<uk<t))Hj{7£

H=4(Q) (@)

and (i), it suffices to bound the first term on the right-hand side. To this aim, for fixed
t € (0,T), by definitions (3.38)—(3.39) and the interpretation of 0l (uy) as scaled lattice
strain (3.9), we get

(e (@) + L (@), ) moy| = 1(piin (8) + O (8)), 01 )i

< lolli ot (t) + 01k (ur()) 7

Since v |[r < [[v]|z2(q) by Lemma 3.3.5 and HE(;RY) € L2(Q;RY), we deduce

19 0) + DT Can -1 gy < cllpin(t) + DLy (D)
for a.e. t € (0,7). Then, by (3.29) we conclude. O
The lemma above implies the existence of ¢ € L2(0,T;H*(Q;R%)) such that
oI (uy) — & in L*(0,T; H¢(Q;RY)). Lemma 3.3.10 and strong convergence point-
wise in time from Lemma 3.3.8 allows us to identify & = 0I(w). Moreover, there exists
A€ L2(0,T; H*(;R?%)) such that
pir, — A in L2(0,T; H *(; RY)). (3.40)

It remains to identify A = pdyw. To this end, let ¢ € C2([0,T] x ;R?) be of the form
o(t,z) = P(t)v(x) for 1 € C([0,T]) and v € CX(Q;RY). By (3.40) we obtain

T T
| @ Oyt = [ N0 g (3.41)

On the other hand, writing ¢ (t) = 1 (t)vx for each ¢t € [0,T], where vy are the scaled
lattice displacements from Lemma 3.3.5, we have by (3.38) that

T T T .
/ (piir(t), o (1)) e () dt Z/ (Piik(t), pr(t)), dt Z/ P (t)(pur(t), vr)x dt
0 0 0
T .. T .
<%b£ ¢KUUWKﬂﬂ0dt=uA (pw(t), 3(0)) dt, (3.42)

where the convergence follows from Lemma 3.3.6 and Lemma 3.3.8. By the density of
linear combinations of test functions of the above form and (3.41)—(3.42) we get A =
pOw in L2(0,T; H~*(Q; R?%)). From (3.41) we can also deduce pointwise convergence of
Oyug(t) for all t € [0, T]. We formulate and prove this property here for later purposes.
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3 Discrete-to-continuum linearization in atomistic dynamics

Lemma 3.3.12 (Convergence of Oiui). Let (ux)r be a sequence of solutions to the
atomistic problem (3.7) and let w be its limit from Lemma 3.5.8. Then

Ayt (t) — Oyw(t) weakly in L*(C;RY) for all t € [0,T).
Proof. Similarly to (3.41)—(3.42), we consider a test function ¢ € C>([0,T] x ;R%) of
the form ¢(t, ) = 1 (t)v(x), now for v € CX(2;R?) and ¢ € C°°([0,T]) with ¥(T) = 0.

As Oyw € L2(0,T; H4(Q;RY)), we get dyw € C([0,T); H*(Q;RY)) and, for fixed t €
[0,T], we obtain by integration by parts

T T
| (Onts) o ey ds == [ @), 0rp(s)) ds = Qo). 0() (343

where we also used 8, € L2(0,T; L2(€;R?)), see (3.31). In a similar fashion, we get

T T
[ G o ey ds = = [ (6. @), ds = (@n0) (00l (44

where (9¢p)r(s) = 0rp(s)vy for each s € [0,7]. By using (3.26) and (3.24), we find a
(not relabeled) subsequence and z(t) € L2(£; R?) such that dug(t) — z(t) in L2(Q;RY).
Then, by (3.31), (3.41) (with A = pdyw), and Lemma 3.3.6, we pass to the limit in (3.44),
and we compare with (3.43) to find (Q:w(t), ¢(t)) = (2(t), ¢(t)). By the arbitrariness of
the test function, we get z(t) = dyw(t). Uniqueness of the limit eventually shows that
the whole sequence 0ty (t) converges to dyw(t). This concludes the proof. O

Joint limit

From definitions (3.38)—(3.39) and the interpretation of 0l (uy) as scaled lattice strain,
see (3.9), we get <pdk(t)+8fk(uk(t)),v>H£(Q) = (ptig(t) + 01k (ug(t)), vk )i for v € C°(0).
Moreover, for test functions ¢ € C°([0,T] x ©; R%) of the form ¢(t,z) = 1 (t)v(x), with
v € CX(QRY) and o € C([0,T)), we have

T
/o | (i + DTy (ur))™ (£), ¥ (t)v) — (pig () + ALy (ur(2)), ¥ (t)vp)x|* dt
T
< ||ox - U|li2(§)|l¢HLw(o,T) /0 | (piix + a[k(uk))N(t)HiQ(ﬁ) dt — 0

by (3.24), (3.29), Lemmas 3.3.5-3.3.6, and Holder’s inequality. Hence, recalling (3.32)
and the convergences established in Sections 3.3.5-3.3.5, by uniqueness of weak limits
we conclude that

o = pdu + OI(w) in L*(0,T; L*(Q;RY)). (3.45)
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3.4 Energy convergence

3.3.6 Proof of the first part of Theorem 3.2.2: convergence of solutions

Collecting the results from Lemma 3.3.8, (3.31), (3.32), and (3.45) we conclude the
existence of a (non relabeled) subsequence of solutions (ug)i to the atomistic equation
of motion (3.7), satisfying

U (t) — w(t) in L2(Q;R?) for all t € [0,T],  (3.46)
VO, — VW in L2(0,T; L?(€; RY)), (3.47)
POty + (OIn(up))™ — pOyw + OI(w) in L2(0,T; L*(€; RY)). (3.48)

In particular, testing (3.7) with ¢(¢)vg, where ¢p € C*°([0,T]) and vy, is the associated
scaled lattice displacements for some v € C2°(2), and passing to the limit & — oo,
we find that w is a weak solution of the continuum momentum equation. Moreover,
the initial conditions are satisfied. In fact, by Lemma 3.3.8 we have u(0) — w(0) in
L?(Q;R?), and Lemma 3.3.12 implies Ok (0) — dpw(0) in L%(Q;RY). This along with
ux(0,-) — w® and 0;ux(0,-) — w' in L?(;RY) by assumption yields the claim. By
w € L®(0,T; H}(;RY)) (see Lemma 3.3.8), (3.19), and comparison, we have Oyw €
L2(0,T; H-1(;RY)).

As the continuum problem (3.10) admits a unique weak solution w, the entire sequence
(ug)r of solutions to the atomistic problem AC-converges. O

The convergence given in (3.47) and (3.48) can be improved under the stronger as-
sumption on the initial data in the second part of Theorem 3.2.2, see Corollary 3.4.3
below for details.

3.4 Energy convergence

We devote this section to the proof the energy-convergence statement in Theorem 3.2.2.
In Section 3.4.1, we prove inequalities (3.16a)—(3.16d). The proof of Theorem 3.2.2 is
then concluded in Section 3.4.2.

3.4.1 lim inf-inequalities

Having already established the convergences (3.46)—(3.48), we now simply use the weak
lower semicontinuity of norms to establish the inequalities.

Inequality (3.16a) follows from Lemma 3.3.12, (3.24), and the weak lower semiconti-
nuity of norms. Then, (3.16b) follows by integration and Fatou’s Lemma.

For (3.16¢), we use (3.46), Lemma 3.3.6, and the I'-lim inf inequality of Theorem 3.3.1.

Eventually, inequality (3.16d) follows from (3.32), (3.45), and weak lower semiconti-
nuity of norms, again recalling relation (3.24).

Remark 3.4.1 (Purely viscous case p = 0). Let us address the analog of the inequalities
(3.16a)—(3.16d) in the purely viscous setting. First, (3.16a) is not needed and (3.16¢)
remains unchanged. Inequality (3.16b) still holds, but for its derivation we do not resort
to (3.16a), but simply use (3.31), lower semicontinuity of norms, and (3.24).
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3 Discrete-to-continuum linearization in atomistic dynamics

The only inequality which essentially changes is (3.16d): it is replaced by

| div(C = V*w(t, ) 2o < limint |05 (ue(t, )| for ae. ¢ € (0,7). (3.49)

Once (3.49) is shown, we can use the uniform bound on fOT 1011 (ug ()12 ds, see (3.25)
(for p = 0) and Fatou’s Lemma to conclude that OI(w) € L?(0,T; L?(Q;R?)), cf. (3.20).

Let us show (3.49). By summation by parts, see Lemma 3.5.1, (01 (ux(t)),vr) can be
expressed via the atomistic inner product (-, ) as

5k det A Z W(Z + 6;,Vug(t, 7)) - Vor(Z) = (fr(t), )k

xeﬁ

for any v € C°(Q;R?) and the corresponding vz from Lemma 3.3.5, where the spe-
cific form of fx(t) can be found in (3.56) below. It is not restrictive to assume that
liminfy o || fx(2)]|x < 0o as otherwise (3.49) is trivial. Then, by Lemma 3.3.5 we get

Lim inf(f5.(t), vp)x < Lmnf || fu(@)lxllorllr < clvllz2@

k—o0

As Lemma 3.3.10 implies
@1(w(®).v) = [ (Vu(t)-2): H: (Vo- 2)de = lim (fe0) vl
9] — 00
we get that OI(w(t)) is bounded in L2(£2;R?). Then, (3.20) yields
(fr(t),ve)e = (OI(w(t)),v) = —/QdiV(C :Vow(t)) -vde = (f(t),v),

where f(t) := —div(C : V°w(t)). Denoting by () the piecewise constant interpolation
of fx(t) introduced in (3.22), we claim f(t) — f(t) weakly in L?(Q;R%). This would
then show || f(#)[|z2(q) < liminfy oo I fi(t )HLQ(Q) which, along with (3.24), concludes the
proof of (3.49). N N

We are left with proving that fi(t) — f(t) weakly in L?(£;R9). Given v € C(9),

we note that |(f(t),0) — (OI(w(t),0)| < |(Fult)v) — (Fel®),oel + [(Fult) vl —
(0I(w(t)),v)| and hence by (3.23) it is enough to check that |(fix(t),v) — (fr(t), V)]
vanishes as k — oo. Indeed, by Hoélder’s inequality and (3.24) we have

Fat), 0) = () TP < o= Tl il = 10 = T2, ) IO (s () — 0,

where the convergence follows from liminfy_, || fx(¢)||x < oo and Lemma 3.3.6.

3.4.2 Conclusion of the proof of Theorem 3.2.2

In order to follow the evolutionary I'-convergence approach, the chain rule for
pOyw + OI(w) is needed. For our weak solutions, however, with regularity dyw €
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3.4 Energy convergence

L2(0,T; HY (4 RY) and dyw € L%(0,T; L2(;RY)), the required chain rule in L? is
not available. By assuming additional regularity on the initial data, we can prove the
existence of strong solutions to the continuum momentum equation (3.10), which are
sufficiently regular such that a chain rule in L? holds.

Indeed, standard arguments, see, e.g., [87, Prop. 6.3.2 on p. 204], give the following.

Lemma 3.4.2 (Strong solutions to (3.10) and the chain rule). Let w® € H?(Q;R?)
and w' € Hl(Q;Rd). Then, the unique weak solution w to the continuum momentum
equation (3.10) is a strong solution with

w e L=(0,T; H?(Q;RY)),
Byw € L>(0, T; Hy (9 RY)),
duw € L>®(0,T; L2 (Q; RY)).
In particular, 01(w) € L?(0,T; L*(Q;RY)) by comparison and the chain rule

d

= (Blaww(s. e + 1(w(s))) = (pdhew(s, ) +OL(w(s, ), (s, ) (350)

holds for almost every s € (0,T).

Proof of Theorem 3.2.2. To obtain energy convergence, our idea is to pass to the limit in
the atomistic energy-dissipation inertia equalities by arguing along the lines of Sandier
& Serfaty [119]. As wuy is a solution to the atomistic equation of motion (3.7), (3.25)
holds, i.e.,

P P
T (ur(0)) = I (uk(t)) + *Huk(O)Hi - *Huk(t)Hi

=5 [ ints s + 5 [ oieton) + Ontusts s vee 0,71 (350

By Lemma 3.3.8 we find w(t,-) € H}(Q;RY) such that wug(t,-) A w(t,-) for all t €

[0, 7). Therefore, by means of inequalities (3.16a)—(3.16d), Iy (uz) — I(w®), and 1,(0) 25
drw(0), we get

1((0)) ~ T(w(t)) + 210w(0, ) 30y — 2N0u(t, ) 2
> likn_lgf (T (ur(0)) — I (ur(t))) + liknigf (§\|Uk( )i — §Hﬂk(t)Hz)

t 1 t
> liminf V/ (s, -)||7 ds + liminf — / | piix (s, -) + 0Tk (ur(s, ))||7 ds

> % [ oo, gy s+ o [ odhwtsn) + 01w, Dl ds: (352

Using Young’s inequality we can further estimate
2 [ 100wt s+ 5 [ (o) + 1G5, ) g s

> = [ pdr(s. ) + D1w(s. ), (s, ) d, (3.53)
0
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3 Discrete-to-continuum linearization in atomistic dynamics

Hence, from the chain rule (3.50), the right-hand side of (3.53) equals

td /p
- [ 5 Glowts e + 1) as
= F(w(0)) ~ T(w(t) + 210(0, Yoy — DN00(t, Moy (3:54)

Collecting (3.52)—(3.54) we thus conclude that all inequalities above are actually equal-
ities. This is exactly the energy-dissipation-inertia equality corresponding to the con-
tinuum equation of motion (3.10), i.e., we have rederived that w is a solution to (3.10).
In contrast to the reasoning in Section 3.3.6, the present approach has the advantage of
yielding energy convergence Ij(ug(t)) — I(w(t)) for all ¢ € (0,T). Eventually, energy
convergence entails the strong convergence of gradients, namely Vuy(t) — Vuw(t) - Z
strongly in L2(Q;R%) for all ¢ € (0,T), see Remark 3.3.2. O

By inspecting the above argument, the convergence can be strengthened as follows.

Corollary 3.4.3 (Enhanced convergence). Let u and w solve (3.7) and (3.10) respec-
tively. Under the assumptions of the second part of Theorem 3.2.2, we have

T
(i) /0 |0su(t,-) — Bpw(t, ')H;@ dt — 0,

T
(i) /0 I Cpiie(t) + OTi(u(0)))™ — (Ot ) + DI@) (1, )][25, ) At = 0.

Proof. Observe that weak convergence has already been established in (3.47)-(3.48).
Strong convergence in L2(0,T; L?(£; R?)) then follows by checking that also the norms
convergence. The latter is a consequence of (3.24) and the evolutive I'-convergence in
proof of Theorem 3.2.2, again observing that all inequalities are actually equalities. [

Remark 3.4.4 (Purely viscous case p = 0). In the case p = 0, we first note that we
still can identify a limit w, see Remark 3.3.9. Remark 3.4.1 yields div(C : Vw) €
L%(0,T; L2(Q;RY)). This ensures the validity of the L? chain rule under no additional
regularity assumption on the initial data. Therefore, existence of solutions needs not
be proven beforehand, but follows from passing to the limit in the energy-dissipation
equation (3.51) for p = 0, by resorting to the inequalities (3.16b), (3.16¢), (3.49),
and using Fatou’s Lemma. Eventually, standard elliptic regularity also implies w €
L2(0,T; H*(Q;RY)), i.e., w is the unique strong solutions of the continuum momentum
equation.

3.5 Summation by parts

Lemma 3.5.1 (Summation by parts). Let ¢ = (g1,...,994): LL(Q) — R<2 e
gi(@) € R fori=1,...,2¢ 7 € LL(N), and let v € A. for ¢ > 0 small enough. Then,
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3.5 Summation by parts

the following summation by parts formula holds

Y 9@ V@ =— > Vigla) v(), (3.55)

zELL(Q) €L
where Vv is the discrete gradient defined in (3.5) and V* denotes the conjugate operator
to V given by

V*g(x) = EZ —gi(x —ez) + %ZQZ( — €2;) VaoeLl:NQ. (3.56)

Proof. Recall the definition of Vu(Z) = 1 (v(Z + e21) — 0(T),...,v(T + 29a) — ¥(T)),
where 9(T) = 2% Z?il v(T + ez;). We abbreviate v;(Z) := v(T + €%;) in the following.
We split the left hand side of (3.55) as

Z g@): Vu(@) =111

zELL(Q)

with

For the first term we obtain

gz x + Ezz) = 1 gz 527, )
Y Z DI Z

xEE’ (Q) =1 reL:N

which follows by the change of variables T + €z; = z and by noting that v(z) = 0 for
x ¢ Q. The second term can be handled analogously as

Qd
-y zgz @)=t Y zgl | v+ o)
j=1

" ey -1 " wecr@) i=
1
1S (S e,
TrELN
with the change of variables as above. O
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4 Nonlocal-to-local limit in linearized
viscoelasticity

This chapter consists of the paper [72] in collaboration with Manuel Friedrich and Ulisse
Stefanelli.

Abstract

We study the quasistatic evolution of a linear peridynamic Kelvin-Voigt viscoelastic
material. More specifically, we consider the gradient flow of a nonlocal elastic energy
with respect to a nonlocal viscous dissipation. Following an evolutionary I'-convergence
approach, we prove that the solutions of the nonlocal problem converge to the solution
of the local problem, when the peridynamic horizon tends to 0, that is, in the nonlocal-
to-local limit.

4.1 Introduction

The model. In this chapter, we are interested in the quasistatic evolution of linear
peridynamic Kelvin—Voigt viscoelastic materials. Let @ C R? (d > 2) be a bounded
reference domain and indicate by u: [0,7] x Q — R? the time dependent displacement.
To prescribe nonlocal homogeneous Dirichlet boundary values, we fix Q € R? such that
Q cc Q (compactly contained) and extend u by setting u(z) = 0 for z € Q\ Q.
Following [101] and moving within the framework of (state-based) peridynamics, we
define the nonlocal elastic energy of a homogeneous, isotropic material as

By(u) = [[(®,(w)(e)) ds

2 /@ /5 ol — z) (@(u)(m’,x)—:lﬁp(u)(x))zd:c’dx. (4.1)

Here, p: R? — [0,00) is a radially symmetric kernel, weighting the strength of nonlocal
interactions. We assume that p(§) = 0 for |£| > h, where h is the so-called peridynamic
horizon. Furthermore, we let

)y o () ) @ =) w2

@ — af?

indicate the nonlocal strain in the direction (' — z)/|z’ — x|. The weighted nonlocal
strain, called nonlocal divergence, is given by

,(u)(x) = pv- /ﬁ (! — 2)2(u)(, z) A, (4.3)
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4 Nonlocal-to-local limit in linearized viscoelasticity

where "pv’ indicates the Cauchy principle value. In fact, it can be shown that ®,(u) —
divu as p — 9y (Dirac delta in 0) suitably, see Lemma 4.5.1 below. The constants
«, B > 0 are material parameters related to the shear and bulk modulus, respectively.

Under suitable assumptions on the kernel p, Mengesha and Du showed that E, admits
a unique minimizer [101, Theorem 1.1]. Moreover, they proved that E, I'-converges [47]
with respect to the strong L?-topology to the local elastic energy

E(u) = ;\/Qdivu(x)zdx—kg/Q|5(u(9:))|2dx (4.4)

when passing from the nonlocal to the local problem, that is, when p — §g suitably [101,
Theorem 1.2]. Here e(u) = (Vu + Vu')/2 denotes the symmetric gradient of u. The
Lamé coefficients A and p can be expressed in terms of a, 8 and the dimension d, see
(4.8) below or [101, Appendix A]. Note that the integration domain in (4.4) is merely
Q, for admissible configurations for E will be considered as belonging to H}(Q2; RY).

In order to incorporate viscous dissipation in the model, we introduce the nonlocal
potential of viscous forces given by

D, (i) = % /f2 /f2 o2 — 2)|2(0) (', ) A d, (4.5)

where, here and in the following, the symbol % denotes the time-derivative of w.
As it turns out, the energy E, is finite if and only if

|u|l2) = / / p(z’ — x)|2(u) (2, x)* dz’ dz
QJQ
is finite. This motivates the definition of the following nonlocal energy space
S,(Q;RY) = {u e L*(RY) : |ul, < 0o and u = 0 on Q\Q} .

Due to the nonlocal boundary values, a Poincaré inequality is available, and thus
S, (2 RY) is a Hilbert space when endowed with the inner product

(u,v), ::/ﬁ/ﬁp(m’—x)@(u)(x’,x)@(v)(m’m)dx’dx.

Our result. Given some initial displacement u,o € Sp(ﬁ;Rd), we look for a solution
u, € HY(0,T;8,(8;RY)) to the nonlocal viscoelastic problem given by

d,D,(i,) + dpEy(u,) =0 in S,(RY)*  for almost every t € [0,T],  (4.6a)
up(0,-) = u,o in Q. (4.6b)

Here, d,D,, d,E,: SP(Q;Rd) — S,,(Q;Rd)* (dual space) are the Fréchet differentials of
the quadratic functionals D, and E,, see Corollary 4.3.2.
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In particular, d,D, and d,E, are linear, and existence and uniqueness of solutions to
the nonlocal viscoelastic problem follow from classical theory, see, e.g., [87, Section 6.4]
or [125, Section III. 2].

The main goal of the chapter is to show that the solutions to the nonlocal viscoelastic
problem converge to a solution of the local viscoelastic problem in the nonlocal-to-local
limit, that is, when the kernels p converge to dg in a suitable sense. The local viscoelastic
problem is that of finding a weak solution u € H*(0,T; H}(Q;RY)) of

-V - (De(d) + Ce(u)) =0 a.e. in (0,7) x Q, (4.7a)
u(0,-) = ugp in Q, (4.7b)

where ug € H&(Q;Rd) is a given initial displacement. Here, C and D are the elasticity
tensor and the viscosity tensor, respectively, given by

2c 2c
Cijrr = ——=00ix0; — ————— | 00k = W01 + A0k, 4.8
ki d+2kﬂ+<ﬁ d(d+2)> 0kl = HOik051 + AijOk (4.8)
2 1
Diit = ——— 8831 + ———01:0k1, 4.
ikt = 251k(5]l + it 2535kl (4.9)
for ¢,7,k,l = 1,...,d, where J;; is the Kronecker delta. Note that we can rewrite the
local elastic energy (4.4) as
1
Bu) = ¢ / Ce(u(z)) : e(u(x)) dz, (4.10)
Q
see Lemma 4.7.5 below. Moreover, we set
. 1 . .
D(u) = 2/ De(i(x)) : e(u(x)) dx (4.11)
Q

to be the local viscous potential, which corresponds to the nonlocal-to-local limit of
D, defined in (4.5), see Lemma 4.6.2. The local viscoelastic problem (4.7) models the
quasistatic evolution for a linear Kelvin-Voigt viscoelastic material in classical rheology.

The energy (4.1) could easily be complemented with the contribution of body forces.
As this does not add difficulties, we prefer to stay with the current, force-free situation,
for the sake of notational brevity.

Proof strategy. Problem (4.7) is a gradient flow with respect to the metric defined via
the viscous potential as

(u, @) — /QID)a(u— a):e(u—a).

We will tackle the nonlocal-to-local limit of (4.6) as p — dp by resorting to an evo-
lutionary I'-convergence approach [110, 119]. To this aim, the gradient flow (4.6) is
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4 Nonlocal-to-local limit in linearized viscoelasticity

reformulated in terms of an energy dissipation equality (also called Energy Dissipation
Principle or De Giorgi’s Principle [120]), which reads as

E, (upy(s)) );+/0 Dp(up(s))ds+/0 D (= d,Ey(iy(s)))ds =0 Vte[0,T]. (4.12)

Here, D7 denotes the convex conjugate of the nonlocal potential of viscous forces D,.
Passing to the liminf in equation (4.12) and using the inequalities

hmlnfE o(up(t)) > E(u(t)), (4.13)

hmlnf/ D,(t,(s ds>/ D(u (4.14)

p—>do

hmmf/ p( dpE,(up(s))) ds > / *(— dE(u(s))) ds (4.15)
p=d0 Jo 0

as well as assuming well-preparedness of initial data (namely, u,(0) — u(0) and
E,(u,(0)) = E(u(0))), we deduce the corresponding energy dissipation inequality for
the (local) limiting problem

E(u(t)) — / D(u(s))ds + / D*(—dE(u(s)))ds <0. (4.16)

In (4.15) and (4.16), dE(u) denotes the Fréchet derivative in H'(Q;R?) of the local
energy F (4.10) at u. From the definition of the Fenchel-Legendre transform and the
chain rule, we obtain equality in (4.16). This is eventually equivalent to u being a (weak)
solution to the local viscoelastic problem (4.7).

This chapter is devoted to make the above argument rigorous, see Theorem 4.2.1
below. In order to achieve this, we prove compactness and the above liminf-inequalities
(4.13)—(4.15). In fact, inequality (4.13) has already been established in [101] as part of
the T'-convergence result. The other two liminf-inequalities (4.14) and (4.15) are proved
in Section 4.6. Crucial for proving both inequalities is the nonlocal-to-local convergence
of d,D, and d,E,. Note that here also the arguments depend on p, which adds some
difficulties if compared to the analysis in [101].

Passing to the limit directly in the equations, namely, without reasoning to the equiv-
alent energy-dissipation-inequality formulation, would also be possible. Still, it would
require to cope with p-dependent spaces, resulting in a more involved argument. The
variational perspective has the advantage of additionally providing convergence of the
nonlocal elastic energies along the evolution, see Corollary 4.6.4.

Literature. Let us now put our result in the context of the available literature. Since
the introduction of peridynamics by Silling [127], the dynamic peridynamic model has
already attracted some attention, see [60, 61] and the references therein for an overview
on dynamic problems and [85] for a survey of the general peridynamic literature. In [62],
the authors prove well-posedness of a linear peridynamic momentum balance by using
the Duhamel principle. Moreover, in the nonlocal-to-local limit they recover the Navier
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equation of classical elasticity in a perturbative fashion, similar to that of [8, 58] in the
case of atomistic-to-continuum limits. This result has then been generalized in various
directions, e.g., allowing for less regular solutions [56], or rotational variant kernels [104].
Also the nonlinear case has been studied [44].

For the static case, in [102] it has been shown well-posedness of a bond-based peri-
dynamic boundary value problem, namely, £,u = b, where L, is a nonlocal operator
(similar to v — (u,v),) and b models body forces. Moreover, its nonlocal-to-local limit
to the classical Navier equation has been derived.

Various viscoelastic models have already been used successfully by the engineering
community to model and simulate rate-dependent phenomena involving discontinuities
[51, 79,97, 112, 135, 137]. Rigorous mathematical results involving viscosity are however
still not available.

A nonlocal parabolic equation related to peridynamics has been investigated in [141].
Existence and uniqueness of solutions to the nonlocal problem are proved by a Galerkin
method. However, nonlocal-to-local convergence has not been treated. In a recent work
Yang, Zhang, and Nie [140] considered a linearized bond-based peridynamic dynamic
problem incorporating a nonlocal damping term. They establish well-posedness of the
nonlocal problem by resorting to a Galerkin method, as well. Passing to the limit in the
equation, they show that solutions to the nonlocal problem converge to weak solutions of
the local problem, which turns out to be the elastodynamic equation of motion. In fact,
due to their choice of the nonlocal kernel in the damping operator, the viscous effects
vanish when passing to the limit and the bond-based peridynamic approach gives rise
to the Laplacian in the limit (see also [14, 127] for a discussion on the limitations of
the bond-based approach). Although their result is similar to ours, the techniques are
fundamentally different. Their result applies to a bond-based peridynamic model only
and it does not allow to recover viscous effects in the small-horizon limit.

A paper more closely to this chapter in spirit is [86]. There, the authors investigate
a peridynamic model related to elastoplasticity in the small strain regime. They prove
well-posedness of the nonlocal problem via a time discretization scheme. Then, they pass
to the limit via an evolutionary I'-convergence approach for rate-independent systems
[111]. As the viscosity potential D, (4.5) considered here is quadratic, we are not in the
setting of rate-independent systems.

Organization of the chapter. This chapter is organized as follows. We introduce
the model and state the main result on the evolutionary I'-convergence in Section 4.2.
In Section 4.3, we compute the derivatives of the energy and the viscous potential and
collect some of their properties. These will then be used in Section 4.4, where existence
of solutions to the nonlocal problem, a priori estimates, and compactness are proved.
In Section 4.5, we collect several nonlocal-to-local convergence results and in particular
establish the convergence of the derivatives of D, and E,. The last part, Section 4.6, is
then devoted to the proof of our main result.
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4 Nonlocal-to-local limit in linearized viscoelasticity

4.2 The model and main result

4.2.1 Notation

We denote the Euclidean inner product in R? by a - b := a;b; and the contraction of
two-tensors by A : B := A;;B;;.

Given a smooth function u: @ C R? — R? we abbreviate the partial deriva-
tive with respect to the j-th spatial coordinate with 9; and write Vu(z) € R4*4
with (Vu(z));; = Ojui(x) for its Jacobian. Moreover, we denote the symmet-
ric gradient of u by e(u) = (Vu + (Vu)')/2. We let fsdfl f(s)dHI(s) :=
(HA-H(Sh)) ™ fsd L f(s)dHY(s), where H?™! is the (d — 1)-dimensional Hausdorff-
measure and S%1 the (d — 1)-dimensional unit sphere.

We follow the convention to abbreviate the L2?-inner product by (u,v) :=
Jo ul r)dz for u,v € L*(Q;R?). Moreover, the LP(€;RY)-norm will be de-
noted by || H r(@)N, where we omit N if N = 1. Furthermore, ¢ denotes a generic
positive constant, only depending on data and the dimension d, and possibly varying
from line to line.

4.2.2 The model

Let Q € R? (d > 2) be a bounded domain with Lipschitz boundary representing the
reference configuration of the elastic body. The deformation of the body is described by
a time-dependent displacement w: [0, T] x Q — RY, where T > 0 is a final reference time.

To introduce nonlocal homogeneous Dirichlet boundary values (or nonlocal volumetric
constraints), see, e.g., [53, 54], we fix Q c R? open such that 2 CC Q (compactly
contained). We then extend deformations from 2 to Q by 0, that is, we set

V= {ueLQ(Q;Rd):u:OOnQ\Q}.

We recall that the nonlocal strain Z(u) and the nonlocal divergence ®,(u) are given by

_@(u)(ajl,m) (U(SIZ/) — u(a:)) ) (x, — ‘T)

B o=

9,(u)(2) = pv- /Q pla’ — ) (), ) do,

where p is a positive and integrable kernel, see Assumption 4.2.1 below. Moreover, we
recall the notation

\u|/2) = /ﬁ/ﬁp(x’ — 2)|2(u) (', x)]* da’ dx (4.17)

and the definition of the nonlocal energy space

Sp(Q;Rd) ={ueV: |u]2 < o0o}.
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4.2 The model and main result

Fixing the displacement on O \ © allows us to employ a nonlocal Korn-type inequality
on S,(€; R?) [99], see Proposition 4.4.2 below, which entails that the seminorm in (4.17)
is actually a norm. Therefore, S,(€; RY) is a Hilbert space when equipped with the inner
product

(u,v), ::/ﬁ/ﬁp(m’—x)@(u)(x',x)@(v)(a:’,m)dx'dx,

see [101, Theorem 2.1].
Recalling the definition of the nonlocal elastic energy (4.1), we have

E,(u) <00 <= |ul, < o0. (4.18)

Indeed, by Hélder’s inequality we have that ©,(u) € LQ(Q;Rd) if |ul, < ¢, and thus
E,(u) < ¢ foru € Sp(ﬁ;Rd). The converse also holds true: If E,(u) < oo, then also
|u|, < oo, see [100, Proposition 1].

We extend the energy E, from SP(Q; R9) to all of V by setting E,(u) = oo whenever
ueV\ Sp(ﬁ;Rd).

To study the passage from the nonlocal to the local model, we introduce a family of
radial kernels p, : R? — [0, 00| suitably converging to the Dirac §y. More precisely, we
require (py,)n to satisfy the following.

Assumption 4.2.1. Let p, : R? — [0,00) (n > 1) be a family of radially symmetric
kernels, i.e., pn(|€]) = pn(§) for some pp: [0,00) — [0,00). We assume that (pp)n
satisfies the following

(i) 7 7725, (r) is nonincreasing in

@ [ puleds=ad (4.19)

(iii)  lim pn(€)dE =0  ¥rg>0.

o0 J{lglzro}

These assumptions have already been considered in [101] for the proof of the TI'-
convergence of (E,, ). In the following, in order to simply notation, we set

E,:=E,,, Dp:=D,, Sn(§§Rd) =38, (@Rd)v Dni=Dp,, | lni=1"1]pn-

n

As n — oo, one expects the nonlocal energy spaces Sn(ﬁ;Rd) to approach the set
{ue HY(Q;R?Y) : uw=0on 2\ Q}, which can be identified with

HY (@ RY) = { H (% RY) : ulgo = o} ,

where u|sq has to be interpreted in the usual trace sense.
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4 Nonlocal-to-local limit in linearized viscoelasticity

4.2.3 Main result

Given some initial nonlocal displacement ul € S, (§~2, R?), we consider the solution u, to
the nonlocal viscoelastic problem given by

dp Dy (i) + dpEn(un) =0 in S, (€ RY)* for almost all ¢ € [0,T],  (4.20a)
Un(0,) =u® in Q. (4.20Db)

Here, d,F(r) denotes the Fréchet differential of F' evaluated at x in the space
Sn(Q;RY) and (én(Q;Rd))* denotes the dual space of S,(€;R?). We say that

u, € HY(0,T;S,(;R?)) is a solution to (4.20) if it satisfies the initial condition and
dn Dy () (v) + dp Ep(uy)(v) =0

for all v € S, (Q; R?) and almost every ¢ € [0, T], where d, F'(x)(v) = lim,_0 w
is the Géteaux derivative of F at z € S,,(Q;R?) in direction v € S,,(Q; RY).

The local viscoelastic problem is to find u € H'(0,T; H}(€2; R?)) solving, in the weak
sense, the system

dD(u(t)) + dE(u(t)) =0 in (H3(Q;RY)*  for almost every ¢ € [0,T], (4.21a)
u(0,-) =u® in Q. (4.21b)

Here, u® € H}(;R?) is a given initial local displacement. Moreover, dF'(x) denotes the
Fréchet differential of F' evaluated at x in the space H& (4 RY). Owing to the explicit
form of dE and dD, see (4.26) and (4.27) below, a weak solution v € H'(0,T; H} (€; R?))
to (4.21) equivalently satisfies

/QID)&‘(u(x)) te(v(z)) + Ce(u(x)) : e(v(x))de =0

for all v € H}(Q;R?) and almost every t € [0,7]. Here, recall that C is the elasticity
tensor and DD is the viscosity tensor defined in (4.8) and (4.9), respectively.
Our main result reads as follows.

Theorem 4.2.1 (EvolutionaryNF—convergence). Under Assumptions 4.2.1, let a sequence
of initial conditions u® € S,(Q;RY) and v € H}(Q;RY) be given such that ud — u’

strongly in L2(Q;RY) and E,(u®) — Eu®) as n — co. Then, for all n € N, the
nonlocal viscoelastic problem (4.20) admits a unique solution u, € HY(0,T;S,(Q;RY))
and up, — u in C([0,T]; L*(Q;RY)), where u € HY(0,T; H} (;RY)) is the unique weak

solution to the local viscoelastic problem (4.21).

The convergence of u, — u and ©2 — u° in the theorem above, has to be interpreted
as convergence of u, and u® to the extensions of u and u° to Q by 0, i.e., as convergence
on . From now on, we will understand all limits of elements of S, (2, R%) in this sense
without changing the notation, and identify v € H}(Q; R?) with its trivial extension to
§~2, whenever convenient.
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Remark 4.2.2 (Regularity). (i) As we are in the force-free setting, the solution u to (4.21)
actually satisfies u € C°(0,T; H}(;R?)). Indeed, as u € H'(0,T; H}(Q;RY)), also
dE(u) € HY(0,T; (H (92;RY))*) by (4.26) below. Comparison in equation (4.21) yields
that also dD(#) € H(0,T; (H(2;R?))*), and hence by (4.27) and Korn’s inequality
(see Lemma 4.4.4 below) we deduce u € H'(0,T; H}(2;R%)). An induction argument
yields the claim.

(ii) Analogously to (i), if u, is a solution to the nonlocal viscoelastic problem (4.20),
then u, € C(0,T; S, (2 RY)) (replacing (4.26)—(4.27) by (4.22)~(4.23) in the argument
above).

(iii) Note that in the case with body forces f € L?(0,T; L?(€;R%)), the solution to the
local viscoelastic problem (4.21) satisfies (only) u € H(0,T; H}(€2; R?)) and analogously
a solution to the nonlocal viscoelastic problem would be in H'(0, T} Sn(ﬁ; R%)).

4.3 Differentials of the potentials

4.3.1 Nonlocal potentials

In this section, we calculate the directional derivatives of the nonlocal elastic energy
(4.1) and the nonlocal viscous potential (4.5). Based on this, we also get that D,, and
FE,, are Fréchet differentiable, as the Gateaux derivatives are linear and continuous.

Lemma 4.3.1 (Gateaux derivatives). Let u, v € Sp(Q;R%). Then,
= 5/§vz(©n(u)(iﬂ))(©n(v)(iﬂ)) dz + Oé/ﬁ/ﬁpn(l" — )
x (.@(u)(x',m) - ;@n(u)@)) (@(v)(x’,x} - ;Qn(v)(;ﬂ)> da' de, (4.22)
= /ﬁ/ﬁpn(a}’ —2)9(u)(2',2)2(v) (2, z) da’ dz. (4.23)

In particular, the Gateaux derivatives are linear.

Proof. We split the energy F, into the dilatational part and the deviatoric part as
E, = Eg + E, with

ﬁ/ dz,
//pnx . < (u )(x/,x)—;@n(u)(x)>2da:'dx.

Recall the definition of the nonlocal strain from (4.2). As u + Z(u) is linear, its Gateaux
derivative in direction v € S,,(Q; R?) is

—.@(u—i— h) (', z)|,_, = 2(v) (2, z). (4.24)
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4 Nonlocal-to-local limit in linearized viscoelasticity

By (4.24), for the nonlocal divergence (4.3) we get

%@n(u + hv)(z)|p=o = pv—/f2 pn(2' — 2)2(v)(2',x) da’ = D, (v)(2),

and consequently

ddhEﬂ(u+hv N h=o = 5/ n(u~+ hv)( ‘h Odw—ﬁ/ (D (v)(z)) de.

For the deviatoric energy term, we compute

%Ea(u +ho),
dh By / / pn(z’ — @ ( (u+hv)(2', x) — ;@n(u+hv)(m)>2dx’dx{hzo
—a [ [l =) (200" 0) - u0)(@)) (20000 0) = F@u0)) ) e’

giving (4.22).
Finally, we calculate the directional derivative of D,, at u in direction v. By (4.24) we
readily get

Dp(u+hv)|,_, = /~ /~ pn(z' —2)D(u) (2, 2) P (v) (2, x) dz’ dx,
aJa
which concludes the proof. O

Recall the definition of the nonlocal seminorm (4.17).

Corollary 4.3.2. For u,v € S,(:; RY), we have

| dp En(u)(v)] < cluln|v]n,
| dp D (u) (v)| < efuln|v]n.

In particular, E, and D,, are Fréchet differentiable in Sn(ﬁ;Rd).

Proof. Linearity is clear from Lemma 4.3.1, so we focus on boundedness. Writing p,, =
v/ Pr/Pr, by Holder’s inequality we have

L@ < [ pule’ ~2) s’ [ pula’ = 0) ()’ 2)" '
Q Q
and consequently, (4.19) yields

190wl 2@y < lonll g b = @2 [ul.
() )
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4.4 Nonlocal well-posedness and energy-dissipation-equality

In a similar fashion, we also get
[ @u@) @)@ de < ol o fululol = dlulol (425)
Expanding the product in
[ Lot =0 (200)0"0) = 12u00@)) (200" - 10,00 ) o'

and noting that the mixed terms are of the form [59,(u)(2)D,(v)(x)dz, one realizes
that, due to (4.25), we just need to bound the term

/ﬁ/ﬁpn(x’ —2)2(u) (2, 2)PD(v) (2, x) dz’ dx.

Applying Hélder’s inequality, we have

/ﬁp”(x/ —2)2(u) (2, 2)2(v)(@', ) da’

< (Lrule' = 0) (20 0) ') " (Lo =) @000’ ) -
and therefore also
/ﬁ/ﬁpn(x/ —2)2(u) (2, 2)P2(v) (2, x) dz’ dx < clul,|v]n. O

4.3.2 Local potentials

Let us recall the definition of the tensors (4.8) and (4.9), as well as the local elastic
energy (4.10) and the local viscous potential (4.11). As the tensors C and D are major-
symmetric, i.e., C;jx = Cpy;; and Dz = Dyyy5, we can compute the Gateaux derivatives
of E and D in H'(Q;RY) as

dE(u)(v) = /Q(Ce(u(:v)) te(v(x)) de, (4.26)
dD(u)(v) = /Q]Da(u(a:)) ce(v(zx))de, (4.27)

for all u,v € H'(Q;RY).
4.4 Nonlocal well-posedness and
energy-dissipation-equality

In this section, we prove the well-posedness of the nonlocal viscoelastic problem (4.20),
derive the energy-dissipation equality, and prove compactness. To this end, we start
with a short preliminary section, recalling some related results from the literature.
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4 Nonlocal-to-local limit in linearized viscoelasticity

4.4.1 Preliminary results

To start with, let us recall the following useful result.

Lemma 4.4.1 ([99, Lemma 2.1]). For any v € H*(€;R?), we have
uln < elle(@ll p2(gaxas

where ¢ only depends on Q and d.

Next, we consider a nonlocal Poincaré-Korn inequality. To this end, note that |u|, = 0
if and only if « is an infinitesimal rigid displacement, i.e.,

uER::{xl—)A$+t:A€RdXd, AT = —A, tGRd},

see [100, Lemma 1]. In particular, S,(Q;RY) NR = {0}, which is necessary for the
following.

Proposition 4.4.2 (Nonlocal Poincaré-Korn inequality, [101, Proposition 2.7]). There
exists a positive constant ¢ = ¢(Q, p,) such that
2 2 . d
Hu”L?(ﬁ)d < clulz Vu € S, (9 RY). (4.28)
Note that in principle the constant may depend on n. Yet, the following compactness

result and a standard compactness-contradiction argument show that the constant in
(4.28) can in fact be chosen independently of n.

Proposition 4.4.3 (Compactness, [101, Proposition 4.2]). Assume that p, satisfy As-
sumption 4.2.1. If uy is a bounded sequence in V satisfying the uniform bound

sup |un|n < ¢,
neN

there exists u € HY(;R?) and a (not relabeled) subsequence such that u, — u strongly
in L2(; RY).

To be precise, the fact that u has zero trace is not inferred from [101, Proposition 4.2],
but comes from the almost everywhere pointwise convergence of u,, € V', which is 0 on
Q\ Q.

In particular, the estimate (4.28) entails that | - |,, is a norm on S,(Q; R%) and thus
(+,)n constitutes an inner product. Note that relation (4.23) implies that d,,D,, is the
Riesz isomorphism, as dp, Dy, (u)(v) = (u, ).

We recall the classical Korn inequality, see, e.g., [76, Proposition 1].

Lemma 4.4.4 (Korn inequality). There is a constant ¢ > 0 with

|ull iy < clle(u)llpayaxa  Yu € Hg(R?).
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Next, we recall the following I'-convergence result, which is crucial for our analysis.

Theorem 4.4.5 (I'-convergence, [101, Theorem 1.2]). The sequence E, T'-converges in
the strong L?-topology to E, defined in (4.4), which can be equivalently rewritten as

:% /Q Ce(u()) : e(u(z)) dz
_5/div2u(x) d:c+(;d/97£d_l <3-Vu(:c)s—Clldivu(x)>2d7—ld_1(s) da

/\g D de + /Q\/Q(divu(x))de, (4.29)

withu:% and A = 3 —

_2a
d(d+2) -
A proof of the claim that the different representations (4.10) and (4.29) of the energy
E are indeed equivalent can be found in the Appendix 4.7, Lemmas 4.7.4 and 4.7.5.
We close this section with a representation of the viscous potential D which follows
from Lemma 4.7.3 and a computation analogous to the one of Lemma 4.7.5 (by just

replacing A and p there by 25 +2 and 735 +2, respectively).

Lemma 4.4.6. The local viscous potential, defined in (4.11) can be equivalently written

D(w) = 5 [ De(w(e) : e(u(z) da
d+2/ le(w |2dx—|—(dl+2)/9(divw(m))2dx

/]éd - Vw(x)s)?dHT(s) da

4.4.2 Solutions to the nonlocal viscoelastic problem

for all w € HY(Q;RY).

Here, we prove the well-posedness of the nonlocal viscoelastic problem (4.20). As d,, D,
and dp,E, are linear, the nonlocal viscoelastic problem is nothing but a linear Cauchy
problem on the Hilbert space S, (€;R?). Therefore, well-posedness is classical.

Proposition 4.4.7 (Well-posedness of nonlocal viscoelastic problem). The nonlocal vis-
coelastic problem (4.20) has a unique solution u, € H*(0,T;S,(2;RY)).
Proof. As dy, Dy (1) (vy) = (Un,vn)n by Lemma 4.3.1, d, D,, is nothing but the Riesz

isomorphism. In particular, (4.20) is equivalent to

d
() + ((dnDp) "t o dnEy)(un) = 0.
Moreover, as d,D,, is the Riesz isomorphism, Corollary 4.3.2 implies that (d,D,)*

dnE, is a Lipschitz map. Therefore, the classical Picard Theorem for Banach spaces
applies, see, e.g., [95, Theorem 6]. O

107



4 Nonlocal-to-local limit in linearized viscoelasticity

4.4.3 Energy dissipation equality and a priori estimates

In this section, we derive the energy dissipation equality and, as a consequence, the a
priori estimates. As a crucial ingredient, we first check that the chain rule holds in the
nonlocal setting.

Lemma 4.4.8 (Chain rule). Let u,, be the solution to the nonlocal viscoelastic problem
(4.20). Then, the chain rule holds, i.e., we have, for almost all t € (0,T),

d

3 En(un(t, ) = dn B (un () (itn (1)).

Proof. By Proposition 4.4.7, we have that u, € L2(0,T; 8,(€;RY)). Corollary 4.3.2
implies that d,D,(1,) € L?*(0,T;(S,(2;R%))*) and hence by comparison in equa-
tion (4.20), also dnEp(u,) € L2(0,T; (Sp(Q;R%)*). The assertion now follows from
[130, Proposition 2.2], after noting that F, is quadratic and therefore also proper,
convex, and lower semicontinuous. O

Let u, be the solution to the nonlocal viscoelastic problem (4.20), see Proposi-
tion 4.4.7. Testing the nonlocal viscoelastic problem (4.20) against ,, we obtain

0 = dpEp(un)(ty) + dp Dy () ().

As equality in the Fenchel-Young inequality holds, using the chain rule Lemma 4.4.8,
integration in time yields, for all ¢ € [0, 7],

‘ t t
E,(un(s, -))‘0 + / Dy (tn(s,-))ds + / D} (= dnEn(un(s,-)))ds =0, (4.30)
0 0
where D} denotes the Fenchel-Legendre transform of D,,, namely,
D; (v*) = sup {(v*, WYn — Dp(w) : w € Sp(Q; ]Rd)} . (4.31)

Here, (-,-)n denotes the dual pairing between S, (Q;R%)* and S,(€;R?). From (4.30)
and the assumption that sup,, £, (u,(0)) < oo, see the statement of Theorem 4.2.1, we
immediately get the following lemma.

Lemma 4.4.9 (A priori estimates). Let u,, be the solution to the nonlocal viscoelastic
problem (4.20). Then, for allt € [0,T] we have

En(un(t,)) < ¢, (4.32)
/0 D (s, ) ds < c. (4.33)
/Ot D (= dpEn(un(s,-)))ds <, (4.34)

where ¢ only depends on sup,, By (uy(0,-)).
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Here, we use that D7 (v}) > 0 for all v¥ € (S,(Q2;R%))* as D, (0) = 0. Furthermore,
by the definition of D,,, (4.33) is nothing else but

t
/ i, (5, )2 ds < c. (4.35)
0

4.4.4 Compactness

Recall the static compactness result Proposition 4.4.3, which allows us to prove an
Aubin-Lions-type result.

Proposition 4.4.10 (Aubin-Lions-type compactness). Let (up), be a sequence
of solutions to the monlocal wviscoelastic problem (4.20). Then, there exists
u € C([0,T]; L2(S;RY)) and a (non relabeled) subsequence (uy), such that

U —u in C([0,T); L2 (€ RY)).

Proof. We use the Arzela-Ascoli Theorem. First, note that (4.18) and (4.32) imply that
the set {u,(t) : n € N} is bounded in S, (€2; R%). Thus, by Proposition 4.4.3 it is relatively
compact in L?(£2;R%). Equicontinuity follows from (4.33). Indeed, from (4.35) and the

nonlocal Poincaré inequality, Proposition 4.4.2, we have that sup,, ||ty ;- (O.T:L2(BRd)) <
c. Thus,

t
l|wn (t) — un<3>HL2(§)d < / Hun(T)”Lz(ﬁ)d dr < Vi — SHunHLz(o,T;p(ﬁ;Rd)) <cvVit—s.

Therefore, the Arzela-Ascoli Theorem is applicable and yields the claim. ]

Note that u(t) € H} (92, R?) for all ¢ € [0, 7] from Proposition 4.4.3.

4.5 Nonlocal-to-local convergence of derivatives

4.5.1 General nonlocal-to-local convergence results

In this section, we collect several results, which will be used in the following.

Lemma 4.5.1 (Divergence). For u € H}(Q;RY) we have

pv—/~ pn(z' =)D (u)(2,-)dz’ — d][ s VusdHY(s) = divu
Q gd—1

strongly in L2(€; RY).

A proof of the above lemma can be found in [101, Lemma 3.1], where the second
identity follows from Lemma 4.7.2.

A similar result holds true if the function wu is replaced by a sequence of functions
(un)n, up to resorting to weak convergence.
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4 Nonlocal-to-local limit in linearized viscoelasticity

Lemma 4.5.2 ([101, Lemma 3.6]). For u € H}(;R?) and a sequence u,, € S, (Q; RY)
such that u, — u in L*(Q;R?) and sup,, [un|, < ¢ we have

pv—/ pn(x =)D (up) (2, ) da’ — d][ s VusdHY(s)
Q gd—1
weakly in L2(€;RY).
The proof in [101] is based on a nonlocal integration by parts formula. Note that
Lemmas 4.5.1 and 4.5.2 immediately imply the following result.

Corollary 4.5.3. Let u,v € HY(Q;RY) and u, € S,(4RY) with u, — u in L2(Q;RY)
and sup,, |up|n < c. Then,

/~©n(un(m))©n(v(:p))dz—>/divu(:z:) divo(z) dz.
Q Q

Next, we investigate the limit of (uy,vy)n. As (), can be interpreted as a nonlocal
H'-inner product, one can only expect convergence under strong convergence assump-
tions on u, and v,. We will therefore first prove the result in the smooth case. Based on
this, we can then compute the limit of (uy,v), for a weakly convergent sequence u,, — u
in LQ(Q; R?) and v fixed, by resorting to mollification. As the nonlocal operator consid-
ered in [102] resembles the nonlocal inner product, the following lemma is reminiscent
of the results in [102].

Lemma 4.5.4. Let uy,v, € C2(RY) and u,v € H}(Q;RY) be such that Vu, — Vu
and Vv, — Vv strongly in L?(;R¥9). Moreover, assume that sup,, Hunﬂwg,w@)d +

HURHWZoo(ﬁ)d S C. Then,

lim /ﬁ/ﬁpn(x'—x)@(un)(x',x)@(vn)(:v',x)d:):'dx

= s-Vu(z)s)(s-Vou(x)s =1(5) dz.
~d [ Val@)) (s Vo ant s a

Proof. Fix x € Q. Since the kernels localize around z, we split the integral into two
parts. To this end let R := dist(x,092) and B(x, R) be the ball with radius R centered
at . Then we have

/ﬁp"(x, = 2)D(un)(2', 2) 2 (vn)(2', ) da’

/ —l—/~ ] pn(x" — 1) D (un) (2, 2) D (vy,) (2!, z) d’. (4.36)
B(z,R) Q\B(z,R)

Note that, by Assumption 4.2.1 on the kernels, the second integral vanishes as n — oo,
because

/~ pn(2' — ) D (un) (2, 2) D (vp) (2!, x) da’
Q\B(z,R)

< () unll s aorsnallvnll s s / pn(2' —x)da’ — 0.
@l gyl [
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4.5 Nonlocal-to-local convergence of derivatives

We therefore restrict the analysis to the integral over B(x, R), where we use a Taylor
expansion for 2(u,) and 2(v,). There exist z = z(2/,z,u,) € B(z,R) and 2’ =
Z(2',x,v,) € B(z, R) such that

r_ r_ 1 r_ I
D(up) (2, x) = ror Vun(m)H + 5(9&’ —z) - Vuy,(2) : ( e ® e ) ,

- |z — x| ' |z/ — 2| |z’ — x|

-z g 1 -z -z
9 / =2 " .V S —x) - V2 "
(Un)(.’E 51:) |ZL‘I—IE| Un(l‘) |ZL‘I—IL" + 2($ ':C) ’Un(Z) |l’/—£L’| ® |1'/—£L'| ?

where VZ2u,, and V2v,, are the third order tensors of second derivatives. Using the

above expressions, by expanding the product Z(uy)(z’,z)%(v,)(2’,x) in the integral,
we obtain four summands, namely,

/ (@’ = )P (un) (2, 2) P (vn) (2, 2) da’ = T1 + Iy (un, vn) + Io(0n, un) + I,
B(z,R)

where, setting £ = 2’/ — =z,

n=/[ i (5 v s) (i vonlon ) ae (437)

To(t, vy) = /B o <|§|-Vun($)|§’) (g-v%n(z’): (é‘ ® Z)) e, (4.38)

b (5 £) (o )

To calculate the limit of 11, note that £ — (é—l : Vun(:c)é—l> (% - Vo, (x)%) is positively

homogeneous of degree 0. Hence, as the kernels are radially symmetric by Assump-
tion 4.2.1, we can write

L = / pn (&) d€ (5 - Vi (x)s)(s - Vo (z)s) dHT(s), (4.40)
B(O,R) gd-1

see, e.g., [86, Lemma A.2]. As Vu, — Vu and Vv, — Vv strongly in LQ(Q;RdXd), by
using Assumption 4.2.1 (ii), (iii), we therefore obtain

L — d]id_l (5 Vu(z)s)(s - Vo(x)s) dHI1(s),

as n — oo.
The mixed terms I(up,v,) and Iz(vy,, u,) vanish as n — co. Indeed,

Iy (up, vn) §CHVunHLOO(ﬁ)dxdHvQUnHLoo(fZ)dXdel /B( )Pn(ﬁ)’ﬂdf (4.41)

)
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4 Nonlocal-to-local limit in linearized viscoelasticity

Given 0 < € < R, we split the domain of integration and obtain

d d n d
/B O = / £)[é]de + /<§|<R” ()l¢]de

<ed+R / pull€]) dé.
e<|¢|<R

The second term vanishes by Assumption 4.2.1 and hence by (4.41) we conclude the claim

as € > 0 is arbitrary and the norms of u,, and v,, are uniformly bounded. The analogous

statement holds when exchanging the roles of u, and v,, and hence Is(v,,u,) — 0 as

n — 0o, as well. Moreover, the argument above also implies that I3 — 0 as n — oo.
We thus conclude that

/ﬁ”"@’ D P () (& 2)Pn) (o' 2) A’ > d (s Vu(@)s) (s Tu(e)s) AHT(s)

pointwise in x as n — 0o. By the Dominated Convergence Theorem this also holds in
L' (;RY). Indeed, as u, and v, are smooth and their gradients are uniformly bounded,
we can find M > 0 such that

-z -z

(un (2") = un()) - <M and |(va(2)) = vn(2))- <M,

|2/ — x|? |2/ — x|?

and thus
/~ pu(@ — 2)| D (un) (@, 2)||2(vn) (2!, )| A’ < M2 /~ pule’ — 2)da! < M2d. O
Q Q

We now formulate two consequences of the above lemma.

Lemma 4.5.5. Let wy,,w € L2(0,T; H (S RY)) be such that w,(t) € C2(QRY) for
almost all t € [0,T]. Moreover, assume that wy,|q — w|q weakly in L*(0,T; H'(;RY))

and that sup,, f(;f [l ( )||W200 (@) dt < c. Then, we have

T
lim inf/ / / pn(z’ — 2)D(w,)? (2’ ) da’ da dt

>d /0 ! /Q ][S - (s - Vw(z)s)® dH1(s) dz dt. (4.42)

Proof. The proof runs along the lines of the proof of Lemma 4.5.4 and we therefore only
highlight the adaptations. Recalling the splitting (4.36)—(4.39), the second integral in
(4.36) and Ia, I3 can be controlled uniformly in z € Q in terms of 77n||wn(t)”%4/2,oo(§)dv
where (7,,) is a sequence with 7, — 0 as n — oo. Thus, recalling the representation in
(4.40) this shows

—hmlnf/ // n (&) d€ (s - Vwp(z)s)? dH 1 (s) dz dt,
n—00 B(0,R(x)) Sd—1
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4.5 Nonlocal-to-local convergence of derivatives

where R(z) = dist(z, Q) and G denotes the left-hand side of (4.42) for brevity. In view
of Assumption 4.2.1 (ii), (iii), given any € > 0, we get

n—o0

G>hm1nf/ / (I—¢) ][ (s - Vwn(z)s)? dHY 1 (s) dz dt.
Sd—1

As v = [o feai(s - Vu(z)s)? AR (s)dz is convex, using wylo — wlq weakly in
L%(0,T; H'(Q;RY)) by assumption, we obtain

G>d(l—e) /OT /Q ]édl(s Vw(z)s)? dHI L (s) da dt.

As ¢ > 0 is arbitrary, this concludes the proof. O

Lemma 4.5.6. Let u,, € S,,(Q;RY) and u,v € HY (R be such that u, — u strongly
in L2(Q;RY) and sup,, |un|, < co. Then,

Lonla' =12 @ 9@ ) da' 5 dof (s Fus) (s Vo) a1 )
Q

Sd—1

strongly in L*(Q; RY) as n — oco.
Proof. Step 1. Assume momentarily that v € C(;R?Y). Let n € CX(R?), with
70l 21 (rey = 1 and set ny(z) = kn(kz). Moreover, set uf := ny % u, and uF := n * u,
where we implicitly extended u, and u to R? by 0. We have that u* — u* strongly
in L2(Q; R?), because mollification is a compact operator, see, e.g., [39, Corollary 4.28].
Moreover, due to the mollification, also uf — w, strongly in L?(Q;RY), and u* — u
strongly in H'(Q;R?).

Then, we have that

(@’ =)D (un) (@, )2 (v) (2, ) da’ — (5 Vu(-)s)(s - Vo(-)s) dHT ! (s)
I\ o

L1(Q)

is controlled from above by the sum of three terms Iy, Is, and I3, defined as
I = H /~pn(x/ — VD (un) (2, )2(v) (2, ) da’
Q
- [oale =2 (W) e )20 ) o
Q

L1(Q)

L= H [ a1 )P0
_ ]idl(s VR ()8) (s - V(- )s) dHE L (s)

LY(®)
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4 Nonlocal-to-local limit in linearized viscoelasticity

Now, we let first n — oo and then k — oo and show that each term converges to 0.
To check this for I, let us first note that, for all w € S,,(Q; R?), by writing

¥ - - ,
—w(x)-m:—w(m)-

z—a -z
/ —w(:z:)- ‘:L‘/—$|2’

P(w)(a', x) = w(z')

|2/ — z|? 2" — xf?

using a change of variable 2/ — x, the symmetry of p,, and Z2(v), and Fubini’s Theorem,
we get,

//,on 2 —2)2(w) (2, 2)2(v) (2, z) da’ dw

_ /5 (2) - (- /g~2 2pn(x'—x)M@(v)(x',x) dx’) de.

Setting 752 (v)(z) := — [52pn(2’ — x) If 229 (v)(2', x) da’, Holder’s inequality gives

—z|?

I = pn(x — 2)D(up — uF) (2, 2)2(v)(2, x) dz’| dx
/ (n — ) @)1 (@) (@) A2 < ltn = Wil 2yl Za 20| i
Since u, — u, u¥ — u*, and uF — w strongly in L2(€;R?) as n — oo, we are left

with checking that || 2,2 (v)]| r2(@)a is uniformly bounded in n. As v is smooth and
D) (2, x) = 2(v)(x,2'), we obtam by Taylor expansion around z and z’

g v v f Z/ 2'UZ . £ i
7 (76 V@) 56 () + 900) - (g e )

for suitable points z and 2/, where we set £ := 2/ — x for brevity. Accordingly, we split
28D (v)(x) = J1 + Jo2, with

29 (v)(2',x) =

x —z|? o — x|

o o I _ r_
Q

o =z 2 |2/ — x| |2 — x]

! ! !/
Jp = / pn(2' — ) x, :1: :):/ L (Vo(a') + Vo(z)) udas’,
a | |2 — x

To obtain an upper bound for Ja, we use Assumption 4.2.1 (ii) to get
2l < 1920l e yocans [ o) 4€ < AIVZ0l e yocana

To control Ji, we proceed analogously to [105, Formula (2.3)]. For z € Q, we set
R(z) := dist(r,0Q) and let ¢ € (0, R(x)) be arbitrary. Denoting by xs the characteristic
function of the set M, we have for any 2’ € Q

X[eoo)(|x _x|)+2XsR (|I‘ _$|) X[e,oo)(|x,_x|) _QX[R(w),oo)(‘x,_l‘Da
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4.5 Nonlocal-to-local convergence of derivatives

and therefore also

-z 2 —=x ¥ —x
~Xeoo) (|2 = z])pu(2’ — ) PR r—, (Vo(z') + Vv(x))m
/ / /
5 ;o f — -z 2 - A
+ X[E,R(Z‘))“w .%")p (.f x) ’1'/ — x‘g ’I’l — JE‘ VU(.ZL') ’x/ _ .CC‘
-z -z a' —x
=X[e,00) ([ = z[) pn (2" — 2) 2/ — 22 |2’ — 7] (= (Vo(a') = Vu(2))) 2/ — z]
-z -z ' —x
- 2X[R(:v),oo)(|$/ - l‘|)pn(l‘, — ) 2’ — z|? |2/ — z - Vu(z) |z — x‘z‘ (4.43)

Since £ — ﬁ% . V’u(x)% is odd, integrating over a symmetric domain around x will
give 0. Therefore, we have that

/ / /
, , —x -z -z
2/ﬁ><[e,R(z))(|$ —|)pn(z’ — z) P p—, Vv(:n)r, — dz’ = 0.
In particular, integrating (4.43) with respect to z’ gives
A N ¥ —x
— /ﬁ Xfe.oo)(|7" = 2])pn (2’ — ) =l —a] (Vv(ff:’)Jer(fv))m da'=H\+H,
with
A A ¥ —x
Hy = /ﬁX[e,oo)ﬂJ:I - x|)pn(x/ — ) 7' — 2|2 |2/ — ) ( - (Vv(m') - Vv(x))) |2/ — 2] a,
/ / /
B , , -z -z ' —x ,
Hy = _2/S~2X[R(r),oo)(‘x —z|)pn(z’ — ) e A P — . Vv(x)m dz’.
As Vv is smooth, we can bound
1
111 < [ xeo (o' = a)pnla’ = ) 90(a') = Vila)] o

< ||V2U||Loo(§)dxdxd/ pn(§) A€ < dHV2UHLoo(§)dxdxd~
Rd

We are left with estimating Hs from above. To this end, pick {(z) € (Q \ supp Vo) N
B(xz,R(z)). Then, Vv(£(x)) = 0 and by the choice of &(x) also |{(z) — z| < R(x).
Therefore, we get

/ / ]‘ /
< /ﬁx[m),@(\x — 2o’ — 3) ——— |Vo(€(2)) — Vo(z)| da

|2 — |

1
~H

HOREIIN

< [|V2 ~ ' — -
> Hv 'U|Loo(Q)dxdxd/ﬁX[R(x),oo)ﬂx l‘|)pn(l’ $) ’.ZL‘, —.’B‘

< dHVQUHLoo(Q)dxdxd
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4 Nonlocal-to-local limit in linearized viscoelasticity

since from the additional constraint X[r(s)ec)(|2" — #|) on the integration domain, we
have that [{(z) — x| < R(z) < |2/ — z|. Hence, as ¢ is arbitrary, we conclude that
| 1] < 3dHV2vHLw(§)dxdxd. In particular, the uniform L?-bound of 2% (v) follows.

For showing that the term I> converges to 0, we can apply Lemma 4.5.4 as ufﬁ and uF
are smooth. Indeed, by Young’s Convolution Inequality and Proposition 4.4.2, we have

k
sup [l oo @)a < sup [nll 2 @yall k| L2 ray < cr
and analogously for Vufl and Vzuf;. Moreover, this bound and Rellich’s Theorem also
imply that Vu¥ — Vu* strongly in L2(Q;R4*9).

Eventually, the third term I3 vanishes as v — w in H 1(?2; R%) by mollification.
Step 2. Let us now consider the case v € H}(Q;RY). We approximate v by a smooth
sequence vF € CX(Q;RY), i.e., we assume |lv — ’UkHHOI(Q)d — 0, and estimate

| =7 1200 Y ar' f Tt (- T o

Sgd—1 LY(S)
x’—x U 1'/1' ’U—'Uk 33'/1' 1'/ X
s/ﬁ/ﬁm )9 (un) (@, 2)| |20 — P (!, 2)| da d
- /am’ — )P (wn) (&, )P () (&, ) da!
s T )s)s Vs ars)|
st L1(@)
+ /Q ]idl s - Vu(z)s||s - (VoF(z) — Vo(z))s| dHI L (s) da. (4.44)

We let first n — oo and then k& — oco. As v € H&(Q;Rd), we can apply Lemma 4.4.1,
Holder’s inequality, and the definition (4.17) to estimate the first term on the right hand
side of (4.44) as

/~ / onla’ — 2)| P (un) (& 2)| |20 — ¥ (@ )| da’ dz < o — ¥ gty S 1t
QJo 0 neN

which tends to 0 as sup,, |un|n < ¢ by assumption. The second term on the right hand
side of (4.44) vanishes by Step 1, whereas the third term on the right hand side of (4.44)
converges to 0 as v¥ converges to v in H(Q;RY). O

Remark 4.5.7 (Homogeneous Dirichlet boundary conditions). For the proof of the the-
orem above, it is instrumental to have homogeneous Dirichtlet boundary conditions, as
otherwise one would only be able to establish an L!-bound of Z;%(v), see [67, Propo-
sition A.1] and [55, Proposition 2.12].

As already mentioned, one cannot expect Lemma 4.5.6 to hold, if we replace v by a

sequence v, — v. However, one can still prove a lower semicontinuity result, see, e.g.,
[86, Lemma A.1], [101, Proof of Theorem 1.1].
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4.6 Proof of Theorem 4.2.1

Lemma 4.5.8 ([86, Lemma A.1]). Let ny be a standard sequence of mollifiers, u €
So(4RY) and define u* :=ny, x u. Then, for any A CC Q measurable, we have

/A/Apn(a?’ —2)(2(uF) (', x))? dz’ dz < /ﬁ/ﬁpn(g;’ — 2)(2(w)(x, 2))? dz’ dz

for all k sufficiently large.

The proof directly follows from the linearity of u — Z(u), the convexity of y +— y2,
and Jensen’s inequality.

4.6 Proof of Theorem 4.2.1

The proof is based on the classical evolutive I'-convergence approach, inspired by Sandier
and Serfaty [119], see also [110]. This requires to check the lim inf-inequalities (4.13)—
(4.15), which makes for the main part of the proof.

Lemma 4.6.1 (Liminf-inequalities). Let u,, € HI(O,T;Sn(();Rd)) be a sequence of so-
lutions to the monlocal viscoelastic problem (4.20), and u € C([0,T]; L2(Q;R%)) from
the compactness result Proposition 4.4.10. Then, extracting a not relabeled subsequence
with u, — w in C([0,T]; L2(Q;R%), for almost every t € [0,T], the following liminf-
inequalities hold

hlglnfE (un(t)) > E(u( (4.45)
lirginf/ Dy, (tn(s ds>/ D(u (4.46)

liminf/o D; (= dpEp(un(s )))ds>/0 *(—dE(u(s))) ds. (4.47)

n—o0

Note that the lim inf-inequality for the energy (4.45) has already been proved in [101,
Theorem 1.2] as part of the I'-convergence result, which we recalled in Theorem 4.4.5.
We show the two remaining liminf-inequalities (4.46) and (4.47) in the subsequent Sec-
tions 4.6.1 and 4.6.2, respectively.

4.6.1 Proof of (4.46)

Let (un)n be a sequence of solutions to the nonlocal viscoelastic problem (4.20) and
be the respective limit from the compactness result Proposition 4.4.10. We resort to
mollification and use Lemma 4.5.8. As Q2 CC €, for k large enough one has

/ / ol — ) (D 5 i) (o, 2))? i da < i 2,
QJQ

and hence also

T T
lim inf/ / / pn (@' — 2)(D(0F * 0, (2, 2))? da’ dz dt < lim inf/ i, |2 dt.  (4.48)
o JaJa oo Jo

n—oo
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4 Nonlocal-to-local limit in linearized viscoelasticity

From the a priori bound (4.35) and Proposition 4.4.2 we get that

T
‘ 2 < dt<e. ,
sup [ (02, 0t < ¢ (1.49)

Therefore, one can find a (non relabeled) subsequence i, — v in L2(0, T; L%(Q; R%)). By
identifying weak limits, we see that v = 4. Moreover, (4.49) and Young’s Convolution

Inequality implies that sup,, f(;[ [t () xm ,dt < c. In particular, by a further

N2 o,
weak compactness argument this also implies that 77 *un — pFxdin L2(0,T; HY(Q;RY)).
Thus, we can apply Lemma 4.5.5 and obtain

liminf/T//pn(x/—x)(@(nk*an)(x/,x))2da:'d1:dt

n—o0

>d/ /]éd (s V0 ) (@)s)? AR (s) (4.50)

Combining (4.48) and (4.50), we get

T
/ /][ Y+ )t ,x)s)Qd”Hd_l(s)dxdtgliminf/ i ()2 dt.
§d—1 n—oo 0

Now, we take the limit as k — oo and conclude as, owing to the definition of | - |,, and
Lemma 4.4.6, the latter is exactly inequality (4.46). O

4.6.2 Proof of (4.47)
The Fenchel Inequality gives for all v € H'(£; R?)
Dy (= dnEp(un)) = — dnEn(un)(v) — Dn(v).

The next lemma shows that one can pass to the limit in the above expression, which is
the key ingredient to show (4.47).

Lemma 4.6.2 (Convergence). Let u, € HY0,T;8,(Q;R%) be a sequence of solu-
tions to the monlocal viscoelastic problem, v € H}(;RY), and u € C([0,T); L*(;R%))

Jrom Proposition 4.4.10. Then, extracting a non relabeled subsequence with u, — u in
C([0,T7; L?(; RY)) we find, as n — oo,

—dpEn(un(t))(v) = —dE(u(t))(v) for every t € [0,T], (4.51)
D, (v) — D(v), (4.52)

where — dp E(uy)(v) and —dE(u)(v) are as in (4.22) and (4.26), respectively.

Proof of Lemma /.6.2. The claim for D,, (4.52) follows from Lemma 4.5.6, when setting
uy = v and recalling the various forms of D in Lemma 4.4.6.
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4.6 Proof of Theorem 4.2.1

For the convergence of — d,, F, (un(t)), we expand the product in the integral of (4.22)
as

—dpEn(un(t))(v) = —« /ﬁ /ﬁ pn( — 2)D(un(t))(2',2) P (v)(2', 2) d2’ dx

- (3-5) | [ 2w @D d.

Then we can employ Lemma 4.5.6 and Corollary 4.5.3 to pass to the limit. Eventually,
using (4.8), Lemma 4.7.3, and a computation analogous to the one of Lemma 4.7.5 the
proof is concluded. O

We now proceed with the proof of inequality (4.47) by first showing that
liminf, o0 Df ( — dnEn(un(t))) > D*( — dE(u(t))) at almost every t € [0,T].
To this aim, let n > 0 be small but arbitrary. By definition of D* (see also (4.31)), we
can find v € H}(Q;RY) such that
D*(— dB(u(t))) < — dB(u(®))(v) — D(v) +n.

Therefore, by (4.31), Lemma 4.6.2 implies

— — dE(u(t))(v) — D(v) = D*( - dBE(u(t))) - n.

Since n is arbitrary, we conclude by integrating over ¢ € [0,7] and applying Fatou’s
Lemma. 0

lim inf D}, ( — dp Ep(u(t))) > liminf ( — A B (u(t))(v) — Dn(v))

4.6.3 Conclusion of the proof Theorem 4.2.1

Let u, € HY0,T;S,(9R?) be a sequence of solutions to the nonlocal viscoelastic
problem (4.20), and u € C([0, T]; L2(€; RY)) from Proposition 4.4.10.

From the well-preparedness assumption E,(u)) — E(u") and the energy-dissipation
equality (4.30), we obtain

E(u(0)) = lirrbn inf E, (un,(0))

> lim inf F,, (uy, +11m1nf/ Dy, (n (s ds+11m1nf/ D} (—dpEn(un(s,-))ds.
n—00 n—00 n—00
(4.53)
Now, employing Lemma 4.6.1, we can further estimate the right-hand side of (4.53) as
t
liminf E,, (u, ) + lim 1nf/ Dy, (tn(s,-))ds + lim mf/ D} (—dpEn(up(s,-))ds
n—o0 n—oo n—oo
+/ D(u(s,-))der/ D*(—dE(u(s,-))ds. (4.54)
0 0

In order to conclude the proof, we need the classical chain rule for E.
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4 Nonlocal-to-local limit in linearized viscoelasticity

Lemma 4.6.3 (Chain rule). Assume that « € L*(0,T; HL(4R?) and dE(u) €
L2(0,T; (HY (3 RY))*). Then, the chain rule holds, i.e.,
d
dt

We now check the regularity assumptions of the lemma above. As E(u(0)) < oo and
D* > 0, we obtain from (4.53)—(4.54)

/t/ De(a(t, x)) : e(u(t, z)) de dt < oo,
0 JQ

which is nothing else but ||i|| 120,73 (;rey) < 00 by Lemma 4.4.4. This, along with the
fact that u(0) € HE(;R?), also shows that u € L?(0,T; H(Q;RY)).

Next, we prove that dE(u) € L2(0,T; (H}(;R?))*). First note that from (4.26) we
have

—E(u(t)) = dE(u(t))(u(t)) for almost every t € [0,T].

[dE(u)(v)] < C/ e(u(z)) : e(v(x)) dz < cllull g yallvll o)

Q

for some constant ¢ > 0. Therefore, we arrive at

2

t
[ 1B iy 5= [ AL B

0 veH(}(Q;Rd):HvllHé(Q)dﬁl
2
t
gc/ sup ||U\|H3(Q)d||”“H3(Q)d ds
0 veHl(Q,Rd):llvllHé(Q)dﬁl

t
N ——

In particular, the assumptions of Lemma 4.6.3 are fulfilled. Now, from (4.53)—(4.54),
and the chain rule of Lemma 4.6.3, we obtain

0> E(u(t)) — / D(u d3+/ D*(—dE(u(s)))ds
_ /0 (dE(u(s))(u(s)) + D(i(s)) + D*(~ dB(u(s))) ) ds.

Since the integrand dE(u) (@) + D(4) + D*(— dE(u)) is nonnegative due to the definition
of the Fenchel-Legendre transform, we conclude that

dE(u(t))(u(t)) + D(u(t)) + D*( — dE(u(t))) =0 for almost every t € [0, T7.

Therefore, u is a (weak) solution of (4.21).

Uniqueness follows by standard arguments using the linearity of the limit problem. In
particular, all extractions of subsequences as n — oo were unnecessary and the whole
sequence u, converges to u. O

From the above proof, we readily get the following additional information.
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4.7 Calculations

Corollary 4.6.4 (Energy convergence). Let u,, be a sequence of solutions to the nonlocal
viscoelastic problem (4.20) and u be the solution to the local viscoelastic problem (4.21)
with u, — u as in the setting of Theorem 4.2.1. Then, we have

E,(un(t)) = E(u(t)) for almost all t € [0,T].

4.7 Calculations

In this section, we collect some elementary calculations.

Lemma 4.7.1 (Integrals over the unit sphere).

]ﬁd_ls?sjdﬂdl(s)—o Vi j,i,j€{l,...,d}, VneN,
][ s2dHIL(s) _1 Vie{l,...,d},

gd-1 d

][Sdl sE M (s) = d(d3+2) vie{l,...,d,

][Sdl spssdH T (s) = d(d1+2) Vi#3j,4,5€{l,...,d}.

A proof can be found in [99, Theorem A.1], see also [11].

Lemma 4.7.2. For u € H'(Q;R?) we have
d—1 Lo
][ s-Vu(z)sdH* " (s) = = divu(x) for a.e. x € Q.
gd—1 d
Proof. A simple computation shows

]idl s+ Vu(z)sdH " (s) = %: &uj(x)][ sis; AHE(s)

Sd—

= g&ul(w); = %div u(x),
where we used Lemma 4.7.1. O
We can also give an expression for the product of quadratic forms on the sphere.
Lemma 4.7.3. Let u,v € H'(;R?). Then we have for almost every x € Q

]idl(s - Vu(z)s)(s - Vo(z)s) dHT(s)

2

— m6(u(96)) se(v(z)) + d(dl—}—Q)(diV u(z))(div v(z)).
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4 Nonlocal-to-local limit in linearized viscoelasticity

Proof. As for any matrix M we have x - Mx = x - M%MTQJ“, we can replace Vu by the

symmetric gradient e(u) in the following calculations. For brevity we set A := e(u) and
B :=¢(v). Then, we obtain by Lemma 4.7.1

][ (5 Vus)(s- Vus) dHI(s) = ][ (5 As)(s- Bs)dH(s)
gd-1 gd—1

= ZA”BM][ SiS5SEkSI d/Hdil(S)

Zj]Cl

777 1 o\ AzzBu AzzB A’L Bz Az B [
d(d+2 Z +d(d %) % kk+d(d 2) Z J J+d(d+2 Z ii

Next, note that, since d;u; = e(u);;, we have
Z A;i By + Z A;iBrr = Z A;iBrr = (Z O; u,) (Z 8kvk> =divu divw.
i1#£k k

Eventually, by virtue of the symmetry of A and B, we have

QZA“B” +) AyBij+ Y AiyBji =2 Z ZAUBﬂ = 22 (AB);

i#] i#]
= 2tr(ABT) =2A: B =2¢(u) : e(v).

Putting this together yields the claim. O

Let us conclude by proving the claim on the equivalent forms of the energy in Theo-
rem 4.4.5. We present a full argument for the sake of completeness, but one could also
refer to [100, Proposition 4].

Lemma 4.7.4. Let u,v € H'(;R?). Then

(2)s — ~diva(z) ) (- Vo@)s — - divo(z) ) dH(s) dz
oo [ oo =gt va)

_/ CEDN e(u(z)) : e(v(x)) + <d(dl+2) d12> (div u(z))(div v(z)) da.

In particular, we have

/!5 \2d$+;\/div u(z)de
2 " g1
d1v u(z) de + d -Vu(zx s—gdlvu(x) dH* " (s) dz,
gd—1

where p = d2a and A\ = —

+2 d+2)
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4.7 Calculations

Proof. By Lemma 4.7.2 we have

[ £ 6 vu@) javet) ot e = L [ aivata) aivoa) i

and similarly for v and v interchanged. We can hence conclude

/Q][Sd_l (s -Vu(z)s — %div u(:c)) <3 - Vu(z)s — :ldivv(x)> dH9 () d

:/Q]édl (s - Vu(@)s) (5 - Vo(z)s) dH( /dlvu ) divo(z) da.

Employing Lemma 4.7.3, we arrive at

A (5 Tu@)s) (s Tole)s) a1 () do = [ divato) div ofe) da

= / <d(d—|— 2) e(u) re(v) + d(dl_|_2)divu(x) divo(z) — %divu(az) divv(m)) dz

concluding the first part of the claim. The representation of the energy follows by
(4.4). O

Lemma 4.7.5 (Elastic energy). With C defined as in (4.8), we have

;\/levu( 2dz 4 X /|5 D2dz = & /Cs (u(x)) da.

Proof. Set for brevity €;; := e(u);;. A direct calculation shows that

Ce:e= Zcijklgijgkl = Z (1bindjigijen + A0ijOmeijen)

ijkl ijkl
= Z pEijEij + Z Aejicrk = ple|® + A(dive)?. O
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Zusammenfassung

Makroskopische Eigenschaften aus atomistischen Systemen herzuleiten ist eine heraus-
fordernde, aber lohnende, Aufgabe, welche wir in dieser Dissertation in drei Féllen auf-
greifen wollen.

In einem ersten Beitrag charakterisieren wir dreidimensionale Grundzustinde eines
zweidimensionalen Masse-Feder-Systems, welches zusédtzlich ein Winkel-Potenzial
aufweist und Bindungswinkel von 7 bevorzugt. Die Diskrepanz zwischen der Inter-
aktion néachster Nachbarn und dem Winkel-Potenzial bewirkt, dass flache Quadrate
in die dritte Dimension geknickt werden. Dies gibt Anlass zu der Frage, wie man
Parkettierungen mit nicht-flachen Quadraten charakterisieren kann. Wir zeigen, dass
solche Anordnungen geriffelt, gewellt oder sogar aufgerollt sein kénnen, diese Wellen
aber effektiv nur in eine Richtung entstehen koénnen.

Es wurde bereits gezeigt, dass Masse-Feder-Systeme im Ubergang von einem atomistis-
chen zu einem Kontinuumsmodell bei gleichzeitiger Linearisierung zu Modelle der klassis-
chen linearen Elastizitdt konvergieren. Im zweiten Beitrag erweitern wir dieses Ergebnis
auf den dynamischen Kontext. Wir zeigen, dass Losungen der atomistischen Bewe-
gungsgleichung mit Viskositat zur klassischen Impulsgleichung fiir die lineare elastische
Energie konvergieren.

Wahrend in der klassischen Kontinuumsmechanik mechanische Spannungen auss-
chlieflich iiber Kontaktkrafte beschrieben werden, hat der atomistische Ansatz den
Vorteil, dass er auch nicht-lokale Interaktionen, also solche mit langer Reichweite,
beriicksichtigt. Diese beiden Ansétze wurden zu einem nichtlokalen Kontinuumsmod-
ell kombiniert, welches als Peridynamik bezeichnet wird. In einigen Fallen ist es
moglich, klassische Formulierungen der Kontinuumsmechanik zu erhalten, wenn man
die Reichweite der nichtlokalen Interaktionen gegen 0 gehen lisst, also im sogenannten
nichtlokal-zu-lokalen Limes. Wir préasentieren ein dynamisches nichtlokal-zu-lokal
Konvergenzergebnis, indem wir die quasistatische Entwicklung eines viskoelastischen
peridynamischen Modells mit nichtlokalem Viskositatspotenzial betrachten. Dies kann
als eine nichtlokale Version eines Kelvin-Voigt rheologischen Modells interpretiert
werden. Wir beweisen, dass Losungen des nichtlokalen Modells im nichtlokal-zu-lokalen
Limes zur Losung der lokalen Gleichung konvergieren.
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