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Atomistic-to-continuum (a/c) coupling methods are a class of computational
multiscale schemes that combine the accuracy of atomistic models with the
efficiency of continuum elasticity. They are increasingly being utilized in ma-
terials science to study the fundamental mechanisms of material failure such
as crack propagation and plasticity, which are governed by the interaction
between crystal defects and long-range elastic fields.

In the construction of a/c coupling methods, various approximation errors
are committed. A rigorous numerical analysis approach that classifies and
quantifies these errors can give confidence in the simulation results, as well as
enable optimization of the numerical methods for accuracy and computational
cost. In this article, we present such a numerical analysis framework, which
is inspired by recent research activity.
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1. Introduction

Crystal defects such as grain boundaries, cracks, or dislocations play a cen-
tral role in determining material behaviour, and their study represents a
substantial component of materials science research. Molecular simulation
provides a unique way to study complex material behaviour at the nanoscale,
in particular how defects affect macroscopic processes such as elasticity,
plasticity, and fracture.

The key difficulty in atomistic simulation is that crystal defects affect
elastic fields far beyond their immediate atomic neighbourhood; that is, they
give rise to strongly coupled multiscale problems. Computational materials
scientists therefore face a compromise between inaccurate atomistic models
and inaccurate representations of the crystal environment.

Since defects occupy only a small proportion of bulk crystals, one may
attempt to model the elastic fields using more efficient models of continuum
elasticity. This idea naturally leads to the construction of concurrent cou-
plings between atomistic descriptions of defect cores and continuum elastic-
ity descriptions of the elastic fields. We henceforth refer to techniques of this
kind as atomistic-to-continuum coupling methods, or simply a/c methods.
By employing coarse discretizations (e.g., finite elements) of the continuum
elasticity model they achieve a considerable reduction in computational cost
compared to full atomistic descriptions, and potentially circumvent the com-
promise between model accuracy and system size.

The present review article develops a numerical analysis framework within
which to assess and control the approximation errors committed when re-
placing the fully atomistic model of a crystal (the ‘exact’ model) with an
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a/c coupling scheme, and to evaluate the relative accuracy and efficiency
of different types of a/c coupling. Our aim is to provide a reference that
will motivate further work by applied mathematicians in general and nu-
merical analysts in particular, and a transfer of modern numerical analysis
methodologies.

During the past century, physicists and engineers have developed the sub-
ject of micromechanics to give a fundamental understanding to the mech-
anism of material failure. The building blocks of micromechanics are the
nucleation and movement of point, line, and surface defects and their long-
range elastic interactions. These mechanisms were first verified against
macroscopic experiments and then more recently against experiments at
the nanoscale. Computational micromechanics has begun to extend the
predictive scope of theoretical micromechanics, but mathematical theory
able to assess the accuracy and efficiency of multiscale methods is needed
for computational micromechanics to reach its full potential. We hope that
this article will help to nucleate a much wider research effort to establish
rigorous mathematical underpinnings for (computational) micromechanics.

1.1. Brief history

Remarkably, the history of atomistic-to-continuum multiscale methods be-
gins at a time when the existence of atoms had not even been confirmed:
Cauchy (1882), in a search for simplified stress—strain relations for contin-
uum elasticity, postulated a pair interaction law between atoms arranged
in a crystalline structure and derived symmetry relations for the elastic
constants known as Cauchy relations. Various similar connections between
atomistic and continuum descriptions of matter were used in solid state
physics throughout the twentieth century: see Born and Huang (1954) for
a standard reference.

As the critical role of crystal defects became more widely understood, the
first ideas of a/c coupling emerged. Numerous authors in the 1950s and
1960s employed continuum linear elasticity to obtain boundary conditions
for an atomistic simulation of a defect core; see Kanzaki (1957) for an early
example. Eventually, it was recognized that, conversely, the defect core
also provides boundary conditions for the elastic field and hence the two
descriptions were coupled to interact concurrently. The first instance of
such a method that we are aware of was developed by Sinclair (1971), and
we may consider this as the first a/c coupling scheme.

The first occurrences of a/c couplings employing finite element methodol-
ogy to discretize the continuum model can be found in the works of Baskes,
Melius and Wilson (1981), Mullins and Dokainish (1982), Fischmeister et al.
(1989) and Kohlhoff, Gumbsch and Fischmeister (1991). Another critical
step was the introduction of the variational framework and the introduction
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of the Cauchy—Born model by Tadmor, Ortiz and Phillips (1996). The latter
reference coined the popular term ‘quasicontinuum method’.

By this point, it had became widely understood that the interface (or
handshake region) treatment was critical in the construction of accurate
and reliable a/c couplings. Various new ideas were put forward, most
prominently, the iterative ghost force correction method (Shenoy et al.
1999), force-based a/c coupling (Curtin and Miller 2003), blending schemes
(Xiao and Belytschko 2004), and the quasi-nonlocal coupling (Shimokawa,
Mortensen, Schigtz and Jacobsen 2004).

The first numerical analysis contributions to the field of a/c coupling
are the works of Lin (2003) and Blanc, Le Bris and Legoll (2005). The
first analyses that focused on the effect of different a/c interface treatments
on the global error can be found in Dobson and Luskin (20094, 2009b) and
Ming and Yang (2009). The nonlinear analysis framework that we use in this
article was introduced in Ortner and Siili (2008) and Ortner (2011). From
here on, the numerical analysis of a/c coupling has turned into a rapidly
developing field. We will introduce some of the key ideas and survey the
various contributions throughout the remainder of this paper.

1.2. OQutline and reading guide

This article is essentially divided into two parts, which can be read indepen-
dently. The first part, which comprises only Section 2, gives a rapid formal
introduction to the main ideas in the simplest possible non-trivial setting
of second neighbour Lennard-Jones interaction in one dimension. Already
in this simple setting, many interesting aspect of a/c coupling can be dis-
cussed. Section 2 is intended to provide a first glimpse of the subject, or
as the basis of a short series of lectures, or simply for readers who prefer
explicit computations in a relatively simple setting over general mathemat-
ical structure and rigorous proofs. We summarize the main conclusions of
Section 2 in Table 2.1.

In the remainder of the article we develop a complete theory of a/c cou-
pling for static defect computations in 1D. Although a theory of a/c coupling
in 2D/3D is now beginning to emerge, there are too many gaps and open
questions to present a unified picture. Instead, we have chosen to present
the 1D theory in a way that allows us to discuss existing generalizations
to 2D/3D, as well as point out gaps. Moreover, with the exception of the
reflection method introduced in Section 4.5, we only analyse a/c couplings
whose formulations translate verbatim to 2D/3D.

We begin by presenting a rigorous formulation of an atomistic model
problem for an infinite chain. This infinite-dimensional problem allows
us to discuss the rates of convergence of various approximation schemes.
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Atomistic-to-continuum couplings can simply be considered as an approxi-
mation scheme for this atomistic model. To analyse the errors committed,
we employ the two fundamental concepts of numerical analysis: consistency
and stability (see Section 4.7 for a formal outline of the approximation error
analysis). The two central sections in this article are Section 6, where we
establish the consistency of a/c couplings, and Section 7, where we estab-
lish their stability. These results are then combined and further refined in
Section 8 into a priori error estimates in terms of computational cost.

The consistency error estimates and the a priori error estimates are sum-
marized, respectively, in Tables 6.1 and 8.1.

Throughout the article, we discuss relevant background literature, ex-
isting extensions of our presentation to 2D/3D, and open problems. In
addition, in Section 9 we give brief summaries of various extensions of the
presentation in this article and a discussion of pressing open problems.

1.3. Omissions

No review article on a field of research as rich as a/c coupling can be com-
plete. Our choice of topics reflects our personal view on the most important
generic ideas in a/c coupling: the Cauchy—Born approximation, ghost forces
at local/nonlocal model interfaces, ghost force reduction via blending, ghost
force removal by conservative interface corrections, and force-based (non-
conservative) a/c coupling.

We exclude many variants of how to combine these ingredients into practi-
cal a/c coupling schemes, as well as other classes of a/c multiscale methods.
The analytical tools developed in this article for a/c coupling can poten-
tially provide a framework for analysing these omitted methods, and we
would consider the writing of this article a success if it motivates new re-
search in this direction. The reader should refer to Section 9 for further
discussions.

1.4. Notation

Notation is introduced throughout the manuscript where it is natural to do
so. We have included a table of symbols in Appendix C.

Here, we merely mention that our notation for /# and LP norms is stan-
dard. For a function v with discrete domain X and A C X, we define

] Ceealv@©P)r, 1< p < oo,
[0ller(a) = -
supge 4 [0(§)], p = <.

If we omit the domain in ||[v||s, then the norm is computed on the entire
domain of definition X
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Analogously, for a Lebesgue-measurable function v : X — R, where X C
R is measurable, and for A C X, we define

) Sy ()P de) WP 1< p< oo,
vl Le(ay == -
esssup,ealv(z)], p=o0.

If we omit the domain in |[v||z», then the norm is computed on the entire
domain of definition X.

When we write f < g, we mean that there exists a constant C' > 0, inde-
pendent of the solution and approximation parameters, such that f < Cg.

2. Atomistic-to-continuum Lennard-Jones next-nearest
neighbour models

In this section, we offer a brief introduction in the simplest non-trivial set-
ting, the Lennard-Jones next-nearest neighbour model. For the sake of
simplicity of presentation, we keep this section entirely formal. Except
where stated otherwise, all statements can be made rigorous. In fact, we
present rigorous proofs for most of the statements in greater generality in
subsequent sections.

We emphasize from the outset that the 1D Lennard-Jones model hides
many fundamental issues one has to face when dealing with general many-
body and 2D/3D situations, which are not merely of a technical nature. We
will occasionally comment on such discrepancies.

2.1. The atomistic Lennard-Jones next-nearest neighbour model

We consider an infinite atomistic chain, indexed by Z. A displacement of the
chain is a map u : Z — R, where we will assume that u(§) — 0 as || — oo.
The reference lattice is AZ, where A > 0 is a macroscopic stretch, so the
corresponding deformation of the atomistic chain is given by the mapping
&€ Ztoy(§) := Al +u(€). We normally assume that y is strictly increasing,
that is, y(§) —y(§ — 1) > 0, and hence u(§) —u(§ — 1) > —1 for all &.

We assume in this introductory section that first and second neighbours
interact via the Lennard-Jones potential ¢(r) = 7=2 — 2r=6 (or a similar
pair potential): see Figure 2.1. The energy of a displacement u can then be
written as

= {ow© -y - D)+ oy +1) -y — 1))}

ez

- §{¢(A+u’§) + G(2A + uf +ugy )} (2.1)

= > {o1(up) + douf + )},

€L
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Figure 2.1. The Lennard-Jones potential.
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Figure 2.2. Interactions in a 1D second-neighbour model.

where
Gis) = O(iA +5) and = (&) — ul€ ~ 1)

(and hence ug +ug, ;= u(§+1) —u(f —1)).

More realistic molecular interactions are usually modelled via many-body
potentials (see Section 3.2). Hence, to appreciate certain design decisions
in coarse-graining schemes, it is important that we sometimes write £% in a
form that can be generalized:

E*u) = Z ®g(u), where the atomistic site energy is (2.2)
14/

OF (u) := §{ 1 (ug) + P (ugy 1) + da(ug_y + ug) + dalug g + ugyo) }-

See Figure 2.2 for an illustration.

We will see in Section 3.2 that if we assume without loss of generality
that ¢1(0) + ¢2(0) = 0, then £? is well-defined on a suitable function space
of displacements. We will assume in this section that all displacement trial
and test functions belong to this space, which we will later denote by U.

For simplicity, we consider only dead load external forces throughout this
article. Let f : Z — R with f(§) — 0 as |{| — co. Then we seek a solution of

u* € argmin {E*(u) — (f,u)z}, (2.3)

where (f,u)z 1= > ¢y f(§)u(§). Solutions of (2.3) solve the Euler-Lagrange
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equation
(0E*(u®),v) = (f,v)z for all v, where (2.4)

(6% u),v) = 37 {6 ()0l + Gl + ey (0 + vfy) )
EEZ

= Z {01 (ug) + dyug_y +ug) + do(ug +ugy ) fvp  (2.5)
¢ez

=2 St

ez

for an atomistic stress S¢(u) defined by

Se(u) := ¢ (ug) + P (ug g + ug) + dh(ug + ugyy). (2.6)

Remark 2.1. We think of (2.3) as the ‘thermodynamic limit’ (at zero
temperature) of a chain of N atoms as N — oco. The advantage over the
‘scaling limit’, in which one would let the atomic spacing tend to zero, is
that the thermodynamic limit keeps the atomistic detail we are interested
in, but removes the dependence on boundary conditions. Intuitively, we
can simply think of (2.3) as an infinite chain approximation of a large but
finite chain.

2.2. The Cauchy—-Born approzimation

To approximate the atomistic description, we wish to model the infinite
chain Z using a continuum elasticity model with an energy functional of the
form

= / W(Vu)de, (2.7)
R

where W : (=1, co) — R is a suitable strain energy function and u is now
defined for = € R. Interpreting Vu as a homogeneous strain applied to the
infinite crystal Z, and hence W (Vu) as the resulting energy per unit volume
corresponding to the atomistic model (2.1), we obtain the Cauchy—Born
strain energy density function

W (F) := ¢1(F) + ¢2(2F). (2.8)

We note that W (0) = 0 since ¢1(0)+¢2(0) = 0, and (2.7) is thus well-defined
on a suitable function space of displacements that decay at infinity.

In the remainder of Section 2, we consider a finite element Cauchy—Born
model, taking the atomistic chain as the set of nodes; that is, for discrete
displacements u : Z — R, we (re-)define

- S W

ez
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which is in fact equivalent to (2.7) when u(z) : R — R is the continuous
piecewise linear interpolant of u : Z — R.
For this discretized Cauchy—-Born model, we seek

u® € argmin {E°(u) — (f,u)z}. (2.9)
Solutions of (2.9) solve the Euler-Lagrange equation
(0E°(u®), ) = (f,v)z for all v, where (2.10)
(6 (u), v) =Y O (ug vy, (2.11)
4

where C'?FW(u’g) is the 1D variant of the first Piola—Kirchhoff stress tensor.

Suppose that £° is uniformly stable on {su®+ (1 —s)u®|0 < s < 1} in the
sense that there exists v > 0 such that

y[W'|1Z < (62 (su® + (1 — s)u)v, v) forallv, 0 <s <1 (2.12)

(see (2.16) for an analysis of stability of the reference state and Section 7
for a rigorous general analysis). We then obtain

1
V(= )| < </ S2E°(su™ + (1 — s)u®) ds (u® — u®), u® — uc>
0

! d C C a C
—</0 dS(SS (su®+ (1 —s)u®)ds,u —u>
= (8E°(u*) — 6E°(u®), u® — u®)
= (6E°(u?) — 6E*(u ),u —u>,

where, in the last equality, we have employed (2.4) and (2.10) (Galerkin
orthogonality). Dividing through by ~|[(u®* — u®)’||s2, we arrive at

[(u® —u) |2 <yt sup  (6E°(u?) — 6E*(u?), v), (2.13)

v/l 2=1

which is reminiscent of the ‘variational crimes’ (or, simply, consistency er-
ror) studied in the finite element literature. We call the right-hand side
of (2.13) the modelling error of the Cauchy-Born model.

Applying (2.5) and (2.11), we obtain

(0E°(u) — 6% (u),v) = Z {0 (ug) — SE(u) Jug
£eZ

= > {205(2ug) — S (ug + ugy) — Bh(ug_y +ug) b,
14/

A Taylor expansion of the stress error OpW (ug) — Sg(u) to second order and
an application of the Cauchy—-Schwarz inequality yield the modelling error
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estimate
(6°(u) — 6 (), v) S (1w llez + lu[[7) 1V |2, (2.14)

where ug 1= uj, | —u; and uf’ := uf —uy_,. Inserting this result into (2.13),
we obtain the second-order error estimate

(™ =Y llez < W) ez + 11 ()17 (2.15)

This error estimate states that, if (ua)’é varies slowly relative to the atomic
spacing, then the Cauchy-Born solution is a good approximation to the
atomistic solution. A fully analogous result, valid in 2D /3D and for general
many-body interactions, is given by Ortner and Theil (2013); see also E
and Ming (2007) and Makridakis and Sili (2013) for related results in this
direction.

Remark 2.2 (scaling). All of the formulations and results in this paper
can be given from the point of view of the scaling limit rather than the
thermodynamic limit as described in Remark 2.1. For example, rescaling
space through & ~» €€ and u(§) ~» eu(§), where € is the atomic spacing,
gives the second-order estimate

(™ = uY'llez S M) ez + €1l ()" I,

o 1
where [[v]l == (Yeeez elvel”) /7.
We prefer to use atomic units since they enable us to focus on the atom-
istic details, as in applications the geometry of the defect core is a quantity
of interest.

Stability of atomistic and Cauchy—Born models
In the formal error analysis above, we have seen how the stability, that is,
positive-definiteness of the Hessian of the approximate model, comes into
play. To indicate why we would expect (2.12) to hold, we briefly analyse
the atomistic and Cauchy—Born Hessians at the reference state.

The Cauchy—Born and atomistic Hessians are, respectively, given by

(82£°(0)v,0) = W"(0) Y " vg|?, (2.16)
EEL
(6%62(0)v,v) = ¢7(0) S [k l* + 65(0) 3 |t + v |
ez 13/

Noting that W”(0) = ¢/ (0)+4¢4(0) and applying the parallelogram identity
2
‘vé—i—véﬂ} = 2\1}2]2—1—2]1)%“\2 — ‘Ué”Q (2.17)
(vecall that v = v, | — vg), we observe that

(82€2(0),v) = (5°E°(0)v,v) — ¢5(0) D _ [vf|?.

ez

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

ATOMISTIC-TO-CONTINUUM COUPLING 407
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Figure 2.3. 1D analogy of a crystal defect: the deformation field
varies rapidly in the defect core but is ‘smooth’ in the elastic bulk.

For Lennard-Jones type potentials we expect that ¢45(0) < 0, and therefore
<625a(0)v,v> > <52€C(0)v,v>. Vice versa, one can give general arguments
that
inf <6250(0)U,v> > inf <62Ea(0)v,v> (2.18)
l[v[l2=1 [lv/ll2=1
(see Section 7.1; in the present case this can also be checked by a direct
calculation (Dobson, Luskin and Ortner 2010a)). We can summarize these
results (for ¢45(0) < 0) as
inf  (62€*(0)v,v) = inf (6%E°(0)v,v). (2.19)
v/l 2=1 v/l 2=1
Thus, we have proved that the reference state u = 0 is stable in the atom-
istic model if and only if it is stable in the Cauchy—Born model. We stress
that, while (2.18) is a generic result, the equivalence (2.19) is specific to 1D

Lennard-Jones-type interactions (Hudson and Ortner 2012, Li and Luskin
2013).

2.8. The need for atomistic-to-continuum coupling

In 2D /3D settings, crystalline solids exhibit many types of defects including,
for example, impurities (an atom is replaced with an atom of a different
species), vacancies (an atom is missing from a lattice site), dislocations
(topological defects with high mobility that are the mechanism for crystal
plasticity), or cracks. Defects themselves cannot normally be described with
a continuum model. In addition, they generate elastic fields, which can be
thought of as being singular at the defect core.

Due to the discrete setting, there are of course no singularities. However,
in the notation of our 1D model, (u*){ will be of order O(1) in a neighbour-
hood of the defect (see Figure 2.3), and the Cauchy—Born model therefore
commits an O(1) error. To obtain an accurate solution for problems with
defects, a/c coupling methods decompose the reference lattice Z into an
atomistic region A that contains the neighbourhood of defects where the
exact atomistic model is used and a continuum region C where (ua‘)'5 varies
slowly. See Figure 2.4 for an illustration of this decomposition.
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Ue
¢
defect core elastic bulk g
) o ®© ¢ € O O O O OO OO OO O O O
0 A K c

Figure 2.4. Decomposition of the atomistic chain into an atomistic region
A and a continuum region C, as employed in the QCE and QCF methods.

The solution of an a/c method can be expected to satisfy the error esti-
mate

I = w2 S (™) ey + | (@) |2y + coupling error,  (2.20)

where u*° is a minimizer of some a/c coupling functional £2°—(f, -)z. In this
estimate, the error depends only on the ‘smoothness’ of ©® in the continuum
region C. If there is a defect in the atomistic region, that is, (ug)” = O(1)
for some £ < K, then this does not affect the error in an a/c coupling.

2.4. QCE coupling

The hybrid energy used in the energy-based quasicontinuum (QCE) coupling
(Tadmor et al. 1996) is given by

E9°u) =Y Bf(u) + > D(u), (2.21)

feA cec
where ®¢(u) is the atomistic site energy given in (2.2) and
OF (u) == FW (ug) + W (ugy,)

is the Cauchy—Born site energy: see Figure 2.4. In the QCE method, we
seek

w9 € argmin {£9°°(u) — (f,u)z}. (2.22)

For simplicity and clarity of analysis, we will consider problems with anti-
symmetric forces and corresponding antisymmetric displacements

fe=—f-¢ and wug=—u_g,

and a single symmetric atomistic region A := {—K < ¢ < K}. We will then
define atomistic and QCE energies for u : Zy := {0,...,00} — R to be half
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of their value when defined on Z:

£3(u) = L) + Y BE(u),
¢=1
1 p N (2.23)
L (u) = 5 Of(u) + ) PF(w) + D PE(u)
e=1 E=K+1

(see Figure 2.4). We then have the identity £*(u) = 2€% (u) and £9¢(u) =
28{°(u) for antisymmetric u : Z — R. We note that we evaluate ®f(u),
P%(u), and P§(u) in our definition of £%(u) and £1°(u) by extending u :
Z+ — R to antisymmetric u : Z — R, so uy = —u_1 = u; = v}, and so
forth. Since, from now on, we will analyse only the antisymmetric problem,
we will drop the subscript from &% (u) and 1% (u).

The rationale behind QCE is that ®¢ is exact under homogeneous defor-
mation, that is, @g(uF) = @g(uF) for all F € R where ug := F£. Hence, one
may expect that £9°(u) ~ £*(u) if the displacement u is ‘smooth’ in the
continuum region C. Indeed, if we compute the energy error, we obtain

gqce( ga Z {CI)C a )}

¢=K+1
=1
= Z 5{@(2“2) + ¢2(2ugyq) — P2(ug_1 + ug) — palug,y + u’5+2)},
E=K+1

from which it is easy to obtain, by Taylor expansion of ¢, that the energy
error can be bounded by

[£%(u) = £9(u)| < [l [l gy + 0" 1)

where C := {K < £ < o0}.

On the other hand, following the arguments in Section 2.2 we may esti-
mate the error between the atomistic and QCE solutions in terms of the
error in the first variation. Computing the error in the first variation of

QCE gives
(8E% (u) — 6E°(u), v)
= —§¢2(UK + U )UK + %¢,2<UIK+1 + U4 2) V42 (2.24)
+ %{2¢/2(2U}(+1) — Ph(u + Ul ) — Py yy + U in) Jo
o0
+ ) {266(2up) — dh(ug +ugyy) — $hlup g +ug) bug,
E=K+2

from which we can obtain by Taylor’s theorem and the Cauchy—Schwarz
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inequality that
(069 (u) = 6(w), v) < (cq + 1u" 2@y + 1" Fpa o)) 10/ llezs (225
where we (crudely) estimated the coupling error by

—%¢IQ(U,K =+ U/K+1)U/K + %¢/2(UIK+1 + U/K+2)U,K+2 S CgHU/HZQ-

Here, ¢, is some constant that is an estimate for the force acting on second-
neighbour bonds.

To see that this upper bound is in fact attained, we consider for simplicity
the case f = 0. Then it is easy to check that u* = u® = 0 are solutions of,
respectively, (2.4) and (2.10) (in this case the Cauchy-Born model is exact).
However, it follows from (2.24) and 6£2(0) = 0 that

(e9(0),0) = 2 Zng, (2.26)

where
¢5(0)
2

is called the ‘ghost force’ (J; ; is the Kronecker delta). Ghost forces are spu-
rious forces observed in most energy-based a/c methods, which are entirely
due to the coupling mechanism rather than a mismatch between the atom-
istic and continuum descriptions. They are one of the most widely discussed
issues both in the engineering and mathematical a/c literature. Often, the
notion of the ghost force as conjugate to displacement rather than conjugate
to strain, ffghOSt force , —(G?+1 - G?), is used.

Upon testing with a compactly supported virtual displacement © satisfy-
ing 09 = 0 and ||?'||,2 = 1 defined by

/ ign(¢5(0
@é — Slgn(j;( )) (5K+2,§ . 5K7§)7

GE = (026 — Ore) (2.27)

we obtain for ¢4(0) # 0 that

o 9500)] o
e 6£9(0) — 0€*(0 V) = 0ELC(0) — 6E2(0), D = Cg.
kuzfﬂ( (0) = 8€%(0),v) > (£°(0) — 9€°(0),8) = =27

We now return to the case of nonlinear deformation, f # 0. If we assume,
as in fact it is easy to prove, that §£9°° is Lipschitz-continuous, then we
obtain that

Cg 5 <(55q0e(ua) 55a a > <55q06 a 68qce(uqce)’ f]>
S N = utY|| |0 ||gz = [[(u® = u%®Y|| 2.

Thus, the interfacial ‘ghost forces’ are responsible for the fact that the QCE
method creates an O(1) error in the strains. A more detailed analysis of the
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decay of the displacement and strain error away from the QCE interface is
given by Dobson and Luskin (2009a) and by Ming and Yang (2009).

Stability of QCE
As in the case of the Cauchy—Born method, we briefly discuss the stability of
the QCE method by focusing on homogeneous deformation. We can obtain

o0 o0
(82€9°(0)v, v) = ¢ (0) > [vg]> + ¢5(0) > 2(120] + 2054, )
=1 E=K+1
K
(0) 3" B(10h_y + VL + [vhsy + vhsal?) + G5(0) [0+ vh)?
£=1
= <526’C( )v,v>

=

Z% ve_1 + Ué|2 + |Ué+1 + Ué+2|2 - |2Ué|2 - |2Ué+1l2)
e=1
(0)3 (v} +v5f* —[2v1[).
Applying the parallelogram identity (2.17), we deduce that
2 2 2 2
%(l”éq +g|* + Jvggg + vgpol® — 20g 7 — [20¢44] ) (2.28)
= lvéql2 - |Ué|2 - lvé+1|2 + |Ué+2|2 - %lUéLllQ
and inserting this formula above, we arrive at

(6269 (0)0, v) = (62€°(0) >— 5(0) (Jvi|* = [vsol)
( Z l” + 5 lvk] 2|UK+1|2>~

Thus, assuming that ¢4(0) < 0, we obtain the lower bound

(62£9°(0)v, v) > (6%E°(0)v,v) + ¢4 (0)[|v/||%.

To obtain an upper bound for (§2£9°¢(0)v, v)/|[v'||2,, we test with the virtual
displacement o satisfying 09 = 0 and 9 := (¢5(0))dx12,¢, and compute that

(0%£92(0)0, B) < (6°€°(0)0,9) — 5|65(0)] [[0][5- (2.29)

Noting from (2.19) that §2£°(0) exactly reproduces the stability of §2£2(0),
we obtain (for ¢4(0) < 0) the result

| i”nf 1<525‘1€°(0)v,v> < | i”nf 1<5253(0)v,v>—%l¢g(0)l, (2.30)
V2= V2=

2|U£+1|27

that is, the coercivity constant of the QCE Hessian is strictly smaller than
that of the atomistic model. In particular, it may happen that the QCE
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method is unstable even when both the atomistic and Cauchy—Born models
are stable. We expand on this observation in the following remark.

Remark 2.3 ((in-)accuracy of the critical strain). Recalling from

(2.1) that ¢;(s) := ¢(iA+ s), we see that ¢;(0) = ¢"(iA). Reverting to this

notation, and also recalling that ¢”(2A) is always assumed to be negative,

we have shown in (2.19) and (2.30) that
inf <52<5'a

Hv’sz 1

) +4¢"(2A)  and

)+ 4¢"(2A), but (2.31)

||’U’Hez 1

v,v) =
<62EC U,U>
)<

inf <(52€qce Yu, v
v/l 2=1

¢"(A) + 4.5¢" (2A).

Consider now a quasi-static loading scenario where we increase the macro-
scopic strain A until the chain becomes unstable, that is, when the Hessian
of the lattice energy functional becomes indefinite and the system reaches
a bifurcation point. For the atomistic and Cauchy—Born models, it fol-
lows from (2.31) that this critical strain Aeig is given by the condition
@ (Acrit) +40" (2Acrit) = 0. This instability can be considered to be a simple
model for fracture.

We see from (2.31) that the loss of positive-definiteness of §2£9°°(0) occurs
at a critical strain A% < B, where ¢”(B) + 4.5¢”(2B) = 0, and it therefore

crit

follows that Agrcli < Agrit - That is, the QCE method incorrectly predicts the
load at which fracture occurs.

This effect is further exacerbated by the fact that the reference state
is not an equilibrium of the QCE energy, and hence its stability is not
characterized simply by the positive-definiteness of §2£9°°(0), but that of
§2€9¢(yd®), An analysis that also takes this effect into account is given in
Dobson et al. (2010a). This analysis provides a theoretical basis to explain
the numerical experiments reported by Miller and Tadmor (2009) and Van
Koten, Li, Luskin and Ortner (2012), who observed that the QCE method

incorrectly predicts lattice instability at a significantly reduced applied load.

2.5. Energy blending (B-QCE)

To overcome the significant interfacial error committed in the QCE method,
Xiao and Belytschko (2004) proposed replacing the sharp transition from
the atomistic to the continuum model with a smooth blending. We should
not expect to remove the ghost forces entirely in this way, but we can hope
that ‘spreading’ them will reduce the error.

Here, we present a variant of the blending approach that fits more closely
into our general framework (Van Koten and Luskin 2011). We choose a
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»

defect core blending region elastic bulk
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B-QCE @  (1- B)d" 4+ SO° o°
B-QCF F*  (1—B)F*+ BF° Fe

Figure 2.5. Illustration of the B-QCE and B-QCF methods.

blending function § : Z; — [0,1] and define
vt (u) := 3 {(1 = BE)Pe(u) + BE)PE(w)}. (2332)
£=0

For the purpose of implementation, we choose K < L and assume that
B(€)=0in{0,..., K} and f(§) =11in {L,L +1,...}: that is, the smooth
transition takes place between ¢ = K and L. We call L — K the blending
width. See Figure 2.5 for an illustration of this construction.

It is easy to rewrite (2.32) in the form

L 0
() = (1= HO ) + [ 18- W(Vwyds, (23
£=0 K
where I3(x) is the continuous piecewise affine interpolant of 5(§). The QCE
energy is a special case of the B-QCE energy with S being given by the
indicator function 5(§) =0in {0,...,K} and f({) =1in {K +1,...}. In
the B-QCE method, we seek

w9 € argmin {79 (u) — (f,u)z, }. (2.34)

Reduction of ghost forces

We wish to explore, briefly, whether B-QCE indeed reduces the ghost forces,
that is, the coupling error. To that end, it is convenient to use the fact that
the B-QCE energy is an average of QCE energies with different interface
positions (Van Koten and Luskin 2011). To see this, let &£°°(u) denote the
QCE energy with a/c interface at K = 7. Then one readily checks that

L-1

% (u) = 37 (B + 1) — Bn)EX“(w).

n=K
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We can then calculate that

L-1
(6P9°(0),v) = > ((B(n+1) = B(1))6E(0), v)
n=K
L—1 oo
=Y > (Bn+1) - B(n) Gl (2.35)
n=K &£&=1
. bqce s
£=1
It follows from (2.27) that the B-QCE ghost force is given by
L-1
G = (Bn+1) — B(m)GE = —565(0)(Be_y + BY).-
n=K
We have thus shown that
(86°9°(0), v) = —565(0) Y (Bé_y + BE) vk, (2.36)
£=1
from which we deduce that the B-QCE modelling error at u®* = 0 is bounded
by
sup  (6£79°(0) — 6E*(0),v) < [@5(0)[[18” ez (2.37)

[[0]] 2=1

If we choose a piecewise linear blending function,

0, § <K,
B =4 &8, K<e<lI,
1, §> L,

then we obtain an (L — K)~! rate of modelling error reduction,

sup  (6£P9¢(0) — 5€%(0),v) S (L —K)™' sup (6E9°(0),v).
vl 2=1 vl 2=1
(Note that ¢ = 0, except at { € {K, L} where 8 = (L — K)~!) That is,
the blending approach does not remove but reduces the consistency error
due to the ghost forces.

To improve the rate of error reduction, it follows from (2.37) that we
should choose 8 to minimize ||3”]/,2 subject to the boundary conditions
B(€) =0 for £ < K and () = 1 for & > L, which is achieved for a cubic
blending function with zero derivative at £ = K and & = L (Van Koten
and Luskin 2011, Luskin, Ortner and Van Koten 2013). The improved

optimal rate of error reduction can be directly calculated by scaling to be
(L — K)~3/2,
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Finally, we remark that a complete consistency and stability error analysis
(see Van Koten and Luskin (2011), and Sections 6.2 and 7.2) reveals that

1(u® =uPY |2 S 118" ez + 118" (@) llez+ 18- ()" 2+ 118 ()" 17 (2:38)

Stability of B-QCE

To understand why we should expect the B-QCE scheme to be stable, we
present a brief analysis of the B-QCE Hessian at the reference state. More
details are given in Van Koten and Luskin (2011). By a careful calculation,
we can write it in the form

(82> (0)w Z!vgl2+¢> )>BE) S (1206 + 20644
e=1

+ ¢5(0 )Z( - B¢ ))%(\’Ug 1+U5\ + |V 41 + Vg ol %)

[o.¢]
= (PO, 0) + O dl 4o+ 31 - 5(0)
£=1
X 5 (lg—1 + Ve + [l + vepal? — 1206 — 20,4 ).
Applying the identity (2.28), we arrive at

(82EPw(0)v, v) = (6%E°(0)v (0) ) (8L + Bl
¢=1
oo
50) > (138 = 1) — 38E+ )
¢=1
Thus, assuming again that ¢45(0) < 0 and 3 € [0, 1], we obtain that
(62659(0)0, 0} > (82600, v) — 25O I8 el (239)

Using the equivalence of the stability of §2£2(0) and 62£¢(0) from (2.19),
we can summarize these results as

» 1an 1<52€che 0)v,v) > v 1||nf 1<525a v,v) — 2|¢5 (0)[| 8[| (2.40)
V|2 V|2

By choosing 8 quasi-optimally as discussed above, we obtain that ||3”|[se <
(L — K)~2, and hence we conclude that up to an error controllable by the
blending width, we can guarantee stability of §2£P9°¢(0).

2.6. Quasi-nonlocal (QNL) coupling

To conclude our discussion of ghost forces we show how, in the second-
neighbour chain model, they can be removed altogether. The first method
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§
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Figure 2.6. Hlustration of the construction of the QNL method.

of this kind was formulated by Shimokawa et al. (2004). Here, we present
a construction valid only for 1D pair interactions (Ortner 2011), employing
an approximation of bonds rather than site energies:

pa(uf +ugyq) %¢2(2UI§) + %@(2“/&1)-

Taking the first variation on both sides above, at u = 0, we see that they
are in fact equal:

65(0) (Vg + ver1) = 3{05(0)20¢ + ¢5(0)2vg, }-

This immediately implies that the following construction exhibits no ghost
forces: 6£9°(0) = 0, where

oo
EM(u) = E%u) + Y [3{62(2up) + ¢2(2ugy )} — do(uf + ugyy)].
E=K+1
(2.41)
Upon rearranging the sums, one may rewrite the QNL energy in the form
K-1 K+1 00
1
EM(u) = > Ou) + Y () + D P(w), (2.42)
§=0 E=K E=K+2

where

OW (u) = ${d1 (u) + o (uf_y + ul) + W(tyr)}, and

@}‘é‘il(u) = 5 {o1(uk 1) + da(u + vl yy) + WUl yo)}

(see Figures 2.6 and 2.7). Equation (2.42) is the form of the QNL scheme
as originally proposed by Shimokawa et al. (2004).

Thus, the QNL method has a highly localized interface correction, and in
particular we observe that the QNL energy indeed reduces to the atomistic
model in the atomistic region and to the Cauchy—Born model in the contin-
uum region. The interface atoms {K, K + 1} are labelled ‘quasi-nonlocal’
(Shimokawa et al. 2004) since their interaction with the atomistic region is
nonlocal but their interaction with the continuum region is local. We will
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K-1
K-1K K+2

® € € OO O O O
» I

Figure 2.7. Modified interaction stencil used to construct the
QNL method. Compare with the atomistic stencil of Figure 2.2.

consider couplings of the form (2.42) for more general interatomic potentials
in Section 4.5.

To obtain an error estimate for the QNL method, we again compute the
error in the first variation,

<55qnl(u) — 0&*(u),v)

oo
= > {200(2uf) — $(ul + ufy) — Sh(ue_y +ug) Juk
E=K+2
+{05(2uk 1) — Ph(uk 41 + Uk 9) fUkc i1,
and following the arguments leading to (2.15), we now obtain the first-order
error estimate

(™ = w2 S 1@ ey + 1) se) + 1)kl (2.43)

where now C = {K +1,...}. This is a clear potential improvement over the
error in the B-QCE method, where there is an additional ||3”]|,2 term in
the error estimate. We will more carefully distinguish the relative accuracy

of B-QCE and QNL in Section 8.

Stability of QNL

As in the case of the Cauchy—Born and B-QCE models, we need to guarantee
stability of the QNL method in order to make the error estimates discussed
above rigorous. For the purpose of illustration, we again investigate stability
of the QNL Hessian in the reference state,

o0 K
(824 (0)v,v, ) = ¢(0) D [vgl® + 65(0) 20 + ¢5(0) D [vf + v |
£=1 £=1
oo
+ ¢5(0) Z (%’UéF + %”Ué+1‘2)'
E=K+1

Applying the parallelogram identity (2.17) yields

K
(S2EPH0)v,v) = (6°E°(0)v,v) — ¢5(0) D [vf|>.
=1
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For Lennard-Jones type interactions, we assume that ¢4(0) < 0, and hence
it is easy to show (as in the Cauchy-Born case) that
inf  (02EM(0)v,v) = inf (32°E°(0)v,v) = inf (32°E*(0)v,v).
v/l 2 =1 llv/ll 2 =1 v/l 2 =1
That is, the QNL Hessian §2£9%(0) is stable if and only if the atomistic and
Cauchy—Born Hessians are stable.

2.7. Force-based coupling (QCF)

An a/c hybrid energy without ghost forces for general 2D /3D interface ge-
ometries has yet to be constructed and implemented. A popular alternative
has been to construct a/c approximations based on coupling forces. In the
most basic variant of this approach, one computes the (negative of the) force
of each atom from either the atomistic or the continuum model:

0E?(u a a
. aui’ =S¢, (u) + S(u), for ¢ =1,..., K,
Fe W) =9 e / / (2.44)
e = —O0W (ug, ) + OFW (ug), for £ > K +1.
One then solves the nonlinear system
f?of(u) =fe forall{=1,...,00. (2.45)

It can be checked that .ng(u) is not a conservative force (Dobson and
Luskin 2008a), so it is not given by the Euler-Lagrange equation for an
energy. Nonetheless, we can formulate (2.45) in ‘variational form’ as

(FUM(u), v)z, = (f,v)z, forall v, v(0) = 0.

We estimate the modelling error following Makridakis, Ortner and Siili
(2011). We obtain from summation by parts that

(F (), v)z, (2.46)
K 0o
= = > {Staa(w) =St }ve — - {0 (ufyy) — O (up) v
§=1 E=K+1
K+1 fe'e)
= Z Sg(u)vg + Z W (ug)vg + (OFW (e y1) — Shepr (W) vkt
£=1 £=K+2

We thus obtain the second-order modelling error bound

(Fat (), v)z, — (6E%(u),v) (2.47)

= Y {0 (ug) — SE(u) }og + (OFW (e y1) — Sepa (w)) vk
E=K+2
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o0

= > {205(2uf) — dh(uey + up) — dh(ug + i) ot
E=K+2

+ {2¢,2(2UIK+1) — ¢h(uf + “,K-s-l) - ¢/2(“,K+1 + u,K+2)}UK+1
S (" ey + 1 e

where C = {K, ...}, since we can use vy = 0 to bound

K+1
ora] < D el < V]l
£=1
We note that the above estimate does not give a second-order modelling
bound uniform in K in a discrete W ~12-seminorm since |vx 1| cannot be
bounded by |[|v/||2.

Even if we could prove a second-order modelling error bound in a discrete
W~12_seminorm that is uniform in K, this would not lead to the analogous
error estimate. Indeed, it was shown in Dobson, Luskin and Ortner (20105)
that 679 () is not stable in the discrete W'P-seminorm for any p < oo.
It is somewhat technical to prove this, so instead we establish the slightly
weaker result that 659 (v) is nearly always indefinite.

To see this, we take again u = 0, to obtain after some careful algebra that

K
(SFL(0)0, )z, = (52E°(0)v,v) — 4¢5(0) D [v" (&) (2.48)
¢=1

T (0) (Whsn — e + Vi )oRsr. (249)
Under the usual assumption that ¢4(0) < 0, the right-hand side of (2.48) is
positive definite if and only if ¢/ (0) + 4¢5(0) > 0, but this is not sufficient
to prove that (§F9(0)v,v) is positive since (2.49) cannot be bounded by
[v']|2,. Precisely, using the fact that

sup |/UK+1’ ~ K1/2)
llv']l 42 sv0=0
one can show that there exist positive constants C,Csy such that

inf  (OFUH(0)v,v)z, <Oy — CoKY2

[v"[| 2=1,00=0

That is, for K sufficiently large (i.e., for a sufficiently large atomistic region),
§F4°f(0) cannot be positive definite.

However, using more general stability arguments, it can be shown that
§Ff(y) is in fact stable in the discrete W1*°-seminorm (Dobson et al.
2010b) and hence it follows from (2.47) that

(™ =) flgoe < 1) e ey + 11 (u®)" 1o c)- (2.50)
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Remark 2.4. The non-symmetric and indefinite structure of the QCF
method also presented a challenge to the efficient and reliable iterative so-
lution of the QCF equations. Preconditioned linear stationary and GMRES
methods have been studied in Luskin and Ortner (2012), Dobson, Luskin
and Ortner (2011) and Dobson, Ortner and Shapeev (2012).

Ghost force correction (GFC)
At the time this article was written, the most popular publicly available a/c
coupling software is the Quasicontinuum Code, which can be obtained from
http://qcmethod.org/. At the core of this code lies the ghost force correction
(GFC) iteration, which we briefly put into our context.

The GFC scheme is normally applied for computing quasi-static evolu-
tions. In our context, we are given a family of external forces {f()}:c(0,1),
say, and aim to compute a continuous path

u*(t) € argmin {E*(v) — (f(t),v)} for ¢ € [0,1].

To compute this, Shenoy et al. (1999) propose the following iteration. Given
an initial condition u&'(0) and a time step k, let

u%fc(jk:) € arg min {che(v) —{(f(5k),v) — <gj_1,v>} forj=1,...,1/k.

where g;_1 is a dead-load correction that is intended to remove the ghost
forces. Since the QCF operator has no ghost forces, a natural choice is

g(tj—1) = GEI (¥ (tj-1)) — FI' (uB(t5-1)),

which in particular ensures that g;_q is concentrated in a small neighbour-
hood of the a/c interface.

Formally, it is straightforward to see that, if we interpolate u%fc in time
and if u%fc(t) — u(t) as k — 0, then this limit solves the quasi-static QCF
evolution,

(FI(u(t)),v) = (f(t),0) fort e [0,1].

We therefore consider the GFC method as an iterative scheme to solve the
QCF equation, and our analyses in the remainder of the paper will only
focus on the latter.

This observation was first made by Dobson and Luskin (2008b) and Dob-
son et al. (2011), where further rigorous results on the GFC iteration and
further discussions of the interesting challenges associated with solving the
QCF equations can be found.

2.8. Force-based blending (B-QCF)

We can construct a blended version of QCF (B-QCF) that is positive definite
with respect to the discrete W2-seminorm (Li, Luskin and Ortner 2012)
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(see Lu and Ming (2013) for a stability result in other topologies) by
bqcf a C
Fe4 (u) = BEFE(w) + (1 — B(€))Fe (u).

The consistency of the B-QCF method is intuitively clear since there is no
interface coupling error. However we shall see in Section 6.4 that there are
non-trivial technical issues to overcome, hence we postpone this discussion.
Here, we focus instead on the stability of the B-QCF method. With some
work, following in part the discussions of stability of the Cauchy—Born,
B-QCE and QCF methods, we can derive the identity (the details of this
computation are also given in Section 7.3 and Li et al. (2012))

(6FPAT(0)u, u) = (52EPI(0)u, u) + ¢5(0) (R+8), (2.51)
where |R| < ||8”||¢ [[v/[|% and the (crucial) error term S is given by
S:=> (B¢h1)uctgys, (2.52)
£=1
which can be bounded by
IS < 118" lee llulle2pze, 122 (2.53)

We can construct blending functions by the scaling 8(§) = B (%), where
B € C3, that satisfy
18 e S (L =K)™> and 8"l S (L - K)~°. (2.54)

At this stage, we require a Poincaré-type inequality for u to bound [|uf|,2(x 1
in (2.53). Recalling that up = 0 from antisymmetry, we obtain

lullge 1y < (L — K)V2 = ol 1) S (E — K)V2LY2ol .
We thus obtain that, for some non-negative constants C'r and Clg,
(6 FPIE(0)u, u) > (52EP9(0)u, u) (2.55)
~ 050 (CR(L — K)~* + Cs(L — K)">2LY2) ||| .
Utilizing the estimate (2.40) for the stability of 62£29°¢(0), we finally obtain
inf  (6FP9L(0)u, u) > inf <5253(0)v, v) (2.56)

o]l 2=1 vl 2=1
~C{(L - K)?+ (L - K)™®?L'?}.
We can conclude that, by choosing a sufficiently large blending region and
imposing the mild requirement (L — K) > L'/5, then, up to a controllable
error, 6 F9°f(0) is positive-definite if and only if §2£2(0) is positive-definite.
Detailed numerical tests for 1D and 2D problems exploring the depen-
dence of stability of the B-QCF method on the blending width are reported
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Table 2.1. Summary of stability results and error estimates formally derived

: ; — b._ ) 2
in Section 2. Here, e := u® — v, and n;” == [|(u®)" | s &) + ||(ua)”||égp(c~).
Method Stability Error estimate
QCE (Section 2.4) reduced stability cog S el Seg +nsP
in energy norm (zeroth-order at interface)

B-QCE (Section 2.5) controllable stability  ||e’||pz < [|8” ||z + nSP
error in energy norm  (blending dictates error)

QNL (Section 2.6) sharp stability le'llez < [(u?)] + nsP
in energy norm (first-order at interface)

QCF (Section 2.7) unstable in discrete  [|€[|¢ < <2
WhPnorms, p< oo (no interface error)

B-QCF (Section 2.8) controllable stability  ||€/||z < ns”
error in energy norm  (no interface error;
this is not proved in Section 2)

in Li, Luskin, Ortner and Shapeev (2013). Sharp stability results for the
B-QCF method in a discrete H?-type norm are established by Lu and Ming
(2013).

2.9. Summary of results

We briefly summarize the main results that we derived in this section in
Table 2.1. To simplify the presentation, we introduce notation for the
error e = u® — u®®, and for the Cauchy—Born consistency error, ngb =
||(ua)”’||€p(c~) + ||(ua)”||§2p(c~), for a suitably defined (method-dependent) con-

tinuum region C.

3. Atomistic simulation

In this section, we introduce an atomistic model for an infinite crystal.
Some care must be taken with the formulation of the appropriate func-
tion space setting, but it is well suited to discussion of rates of convergence
for defect simulations. We will then approximate the full atomistic prob-
lem by a reduced atomistic problem in a finite domain, which can be
solved numerically, and estimate the resulting error in terms of the com-
putational cost.
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As in Section 2, we shall again consider only antisymmetric displacements.
In the set-up of the model, this will require some additional notation. How-
ever, this initial investment will pay off in our subsequent discussion and
analysis of a/c couplings.

The proofs of the results presented in this chapter are not of immediate
interest to a/c coupling. Hence we have postponed some of the proofs to
the Appendix.

3.1. Lattice functions

We identify a lattice function v : Z — R with its continuous piecewise affine
interpolant, with weak derivative Vv, which is also the pointwise derivative
in each interval (£ — 1,&).

In order to measure smoothness of discrete functions, we introduce a sec-
ond interpolant o € C%1(R) as follows: © is the unique continuous function
such that, for all £ € Z,

[ (¢—1,¢) is a polynomial of degree 5, (3.1)
0(§) = v( ); (3.2)
V(€)= 3(v(E+1)—v(€—1)), and (3.3)

V25(€) = v(€ +1) = 20(€) +v(€ - 1). (3-4)

There exists a unique interpolant satisfying these conditions. It is easy to
see that ¥ is quasi-optimal among all possible C*!-interpolants of v, in the
following sense.

Proposition 3.1. Let v:Z — R, and let © € C%! satisfy 9(¢) = v(€) for
all £ € Z. Then

iji}HLP(ﬁ—l,g) S ij@HLP(f—Q,&—i—l) for all pE [17 OO], 5 € Z7 ] = 17273'
Moreover,
IVullLoe—16) S IVOllLee-1.6) S [IVVllLre—2641) forall p € [1,00], £ € Z.
Proof. See Appendix A. O

Remark 3.2. Our definition of ¥ is natural, but also arbitrary in that
many alternative interpolants could be employed that yield qualitatively
the same results. Our choice was made only for its simplicity.

Antisymmetric lattice displacements are functions u : Z; — R, where
Zy :=4{0,1,2,...}. Throughout, we identify them with lattice functions on
Z through the convention that u(—¢) = —u(§) for £ € Z. We define the
spaces of antisymmetric displacements by

L{o':{U'Z+%R‘supp u) is bounded and u(0 —0} and
U:={u:Z; - R|Vue L?* and u(0) = 0}.

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

424 M. LUSKIN AND C. ORTNER

We equip the space U with the H'-seminorm |u|z1 = ||Vu||2, which makes
it a Hilbert space. After defining the energy functional in the next section,
we will motivate why an H'-type function space is natural.

Proposition 3.3. U is dense in U.
Proof.  See Appendix A. J

We conclude this section on lattice functions with definitions of the finite
difference operators. We fix an interaction range R = {£1,..., +rcy} C Z,
where reyt € N is fixed throughout. (We typically think of 2 < rqy < 4.)
For each u € U and £ € Z,, we define the interaction stencil

Du(€) = (Dyul€)) s where  Dyu(€) = u(€ + p) — u(€),

and where we employ the antisymmetric convention u(—¢§) = —u(§); for
example, D_,u(0) = —D,u(0) and D_su(1l) = —2u(1).

Remark 3.4. We can relate the finite difference operators u’5 used in
Section 2 for nearest neighbour and next-nearest neighbour interactions
(rewt = 2) to the finite difference operators D,u(§) = u(& + p) — u(&)
for more general interaction ranges p € R by

ulé =u(§) —u( —1) = Diu( — 1) = —D_qu(f),

ug +up_y = Dou(§ —2) = =D _pu(§). (3.5)

3.2. Atomistic energy

Let V € C¥(R%), k > 2, be the interatomic many-body site potential. For
compact displacements u € Uy, we can then define

ay) = = aly, where a(4) = V(Du(f)) _V(0)7 SZ 1,
s égo(pg( e S {é(V(DU(f))—V(O))’ £=0.

Remark 3.5. For the next-nearest neighbour Lennard-Jones model stud-
ied in Section 2, we have from (2.2) and (3.5) that

2
Vg2, 91, 91, 92) = 5 > _[8(pA +p) + d(pA — g_p)]

p=1 (3.6)
= 5{01(=9-1) + 01(g1) + P2(—9-2) + ¢2(92) },

where ¢;(s) := ¢(iA + s) and A > 0 is the macroscopic stretch described in
Section 2.1.

DO |
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For the embedded atom model (Daw and Baskes 1984), we have

V(g—rcut7 s 7grcut) = % i [¢(pA + gp) + (Z5(,0A - g—p)}
p=1
(3.7)
+1 <Z [1(pA + g,) + n(pA — g—p)]> ,
p=1

where 1) is the embedding energy function and n is the electron density
function.

Remark 3.6. The definition of £2 employs the convention that w is ex-
tended to an antisymmetric displacement. Hence, we should confirm that
this coincides with the natural definition

£2(u) = 5 3 {V(Du(e) - V(0)}. (3.8)

EEL

One can readily check that

Dyu(€) = ~D_u(~€). (3.9)

Hence, to obtain identity (3.8), we require that V({g,}) = V({—g-,}).
Indeed, this is a natural condition, originating from lattice symmetries, that
we will state as a standing assumption in (3.15).

Since ®f is an energy difference from the reference state, the lattice sum
is finite for compact displacements, and hence £% : Uy — R is well-defined.
E*(u) should be understood as the energy difference between the deformed
state y = y” + u and the reference state y* = AZ (or y*(¢) = A¢; similarly
we will use uf(¢) = F¢). The macroscopic stretch A is encoded in the
definition of the potential V' (see (2.1)).

We impose the far-field boundary condition y(&) ~ y”(€) as &€ — oo,
which, in terms of u, corresponds to u(§) ~ 0 as £ — oco. Hence, Uy should
be contained in any admissible displacement space. We now briefly explain
why it is natural to take its closure with respect to the H'-seminorm. From
the proofs that we present in Appendix A, one can readily deduce that
&2(u)| < ||Vul3, for all u € Uy. Moreover, for the choice V(Du(§)) =
|D1u(€)|? + | Dau(€)|? this estimate is sharp (in general, it is sharp for all
‘small” displacements). Consequently, U is the largest space to which £% can
be extended continuously.

Proposition 3.7. £2:Uy — R is continuous. In particular, there exists a
unique continuous extension of £% to U, which we still denote by £2.
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Proof. See Appendix A. O

From now on, we understand £* to be defined on . Next, we establish
the differentiability of £*. To that end, we introduce some notation for
partial derivatives of V' and ®¢. For p = (p1,-..,pj) € RI, 1 < j <k, for

g € R® and for ¢ € Z, we define
__0'V(g)
99p, ---09p;

v (o VoDUO), €T (0}
ST L, (Du(0), €=0.

Vo(g) : , and analogously

Note that for § > reut, ®F ,(u) = 0 (u)/0u({ + p), and so forth, but for
& < reyt this is false.
We define bounds on partial derivatives

j
m(p) =[] Ipil sup [V,(g)ll for pe R/, and

i=1  9geR®
M) =% " m(p)|pl
PERI
where || - || denotes the ¢2-operator norm of a multilinear form and |p|s :=

maxi=1,...j |pi-

We shall assume throughout that the constants M%) for j = 1,..., k and
s > 0 are finite. This assumption is in stark contrast to realistic interatomic
potentials, which become singular as the distance between any two nuclei
tends to zero. We make this assumption purely for the sake of convenience;
removing it is not analytically challenging (see, e.g., Ortner (2011) and
Ortner and Theil (2013)) but complicates both the formulations and proofs
of our results without introducing interesting conceptual ideas. To weaken
the assumption, one may simply take the supremum of g over a regime of
interest.

Remark 3.8. For most of our error analysis we will show how the con-
stants in the estimates depend on the interaction potential by explicitly
including prefactors of the form M%), These prefactors in the estimates
can be obtained by carefully tracing the dependence on the interaction po-
tential in the proofs. Because this is tedious, we will in fact never carry out
these details. However, it is important to be aware of this dependence, since
the constants in the error estimates can be large (or even infinite) when the
interaction decays slowly.
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Lemma 3.9. &2 is k times continuously Fréchet-differentiable, with vari-
ations

J
(6782 (u Z Z Pg ,(u) HDpivi(f) for all v € Z/{g, (3.10)
i=1

§EL4 peRI
for j =1,...,k. Moreover, if Z L =1, then 7€ satisfies the bound
. . J .
(672 (u)yv) < MUO T IVvill s for all v € U3 (3.11)
i=1
Proof. See Appendix A. O

Remark 3.10. For test functions v € U, second and higher variations are
well-defined via (3.10). First variations can be written as

(6 (u),v) = Y (D, (u) — B ,(0)) Dy (€). (3.12)
E€Zy pER
Note that } ¢c7 Dpu(§) = 0 for u € Up, hence the constant ®f (0) need
not be subtracted. For v € U, (3.10) with j = 1 may be ill-defined.

Remark 3.11 (far-field boundary condition). For u € U, the Cauchy—
Schwarz inequality immediately implies that

[u(€)] < €2V ull 2. (3.13)

Moreover, by checking that the displacement u(€) := |¢]'/2~¢ belongs to U
for 0 < € < 1/2, we see that this bound is essentially sharp. This raises
the question in which sense the far-field boundary condition v ~ 0 is still
observed in the space U. We interpret this as follows.

Let y(&) := A& 4+ u(§) be the atomistic deformation, where A > 0 is a
prescribed macroscopic stretch. Then (3.13) implies that

y(§) = AL+ u() ~ AS as [¢] — oo, (3.14)

which formally translates to u(&) ~ 0.

We remark that, in 2D, elements in the closure of Uy may still exhibit
logarithmic growth, while in 3D they decay to zero uniformly due to the
Gagliardo—Nirenberg—Sobolev embedding.

Symmetries of V

Since we are considering a single species of atoms it follows that permuting
the atom positions should not change the total energy. Moreover, inversion
of the atom positions about any point should also leave the energy invariant.
It is therefore natural to assume that the site potential satisfies

V({=9-p}per) =V ({gp}per) for all g € R®. (3.15)
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See, for example, the Lennard-Jones (3.6) and EAM (3.7) models. As a
matter of fact, if only the global energy satisfies such a symmetry, but not
the site potential, then one can construct a modified site potential that does
satisfy (3.15): see Van Koten and Ortner (2012).

From (3.15), and the fact that —F(—p) = Fp, it is easy to deduce that

Voo ({Fp}oer) = (=1YV,({Fp}er) forall pe RI, FER.  (3.16)

This will be a useful property to exploit later on.

3.8. The variational problem

For the sake of simplicity, we consider only (antisymmetric) dead load exter-
nal forces. This allows us to focus on the properties of the internal energies.
We say that a lattice function f : Z, — R belongs to U* if there exists a
constant || ||+ such that

<f7U>Z+ < Hf’

In this case, the linear form (f,-)z, can be extended to a bounded linear
functional on U. It is easy to see that f € U™ if and only if there exists
g € (*(Zy) such that D_1g(¢) = f(&) for € > 1.

Given f € U*, we seek

u* € argmin {E*(u) — (f,u)z, |u U} (3.17)

u||Vul|r2  for all v € Up.

We understand (3.17) as a local minimization problem that may have several
or no solutions. If u* solves (3.17), then it satisfies the Euler-Lagrange
equation

(0&%u),v) = (f,v)z, forallveld. (3.18)

Vice versa, if u* € U satisfies (3.18) and in addition the second-order suffi-
cient optimality condition

(82E*(u™)v,v) > co|| V|3, for all v € U, (3.19)

for some ¢y > 0, then u? is a solution to (3.17). We call such a solution a
strong local minimizer. (Note that (3.19) is not a strong requirement: if u®
solves (3.17) then it automatically satisfies (3.19) with ¢ = 0.)

We shall not be concerned with a general existence theory of solutions to
(3.17). However, we state the following trivial result.

Proposition 3.12. Suppose that & > 3 and that the reference state is
strongly stable; that is, there exists ¢y > 0 such that

(52E*(0)v,v) > co|| V|32 for all v € U.

Then there exists € > 0 such that, for all f € U* with ||f|z+ <€, (3.17) has
a strong local minimizer.
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Proof. 'This result is an immediate consequence of the inverse function
theorem. 0

In order to analyse approximations to (3.17), we will need to exploit
regularity properties of the solution u®. To that end, we shall make the
following assumption.

(DH) Decay hypothesis. There exists a strong local minimizer u* € U
of (3.17) and a > 1/2, such that

|V/@®(z)| < Cpma ™7, foraz >rg, j=0,1,2,3.  (3.20)

Moreover, we assume that |V7 f(z)| < Cppgz~® '~ for j = 0,1,2.

Remark 3.13. (1) The requirement that o > 1/2 is due to the fact that,
if |Vu(z)| ~ 27 as x — oo, for « < 1/2, then u ¢ U. Thus, (DH) does
not represent a significant restriction of generality.

(2) Formally, we expect that (3.20) holds provided that |V7 f(z)| < a—1-
for 5 = 0,1. A rigorous proof of this result is tedious, but not difficult.
Vice wversa, it is easy to see that (3.20) implies the stated decay for f,
4 =0,1. The natural additional assumption that |V2f(z)| < z~*~% will be
required in the external consistency estimate derived in Section 5.3.

3.4. Approximation from a finite domain

Since U is infinite-dimensional, (3.17) cannot be solved directly, hence we
reduce the problem to a finite domain and estimate the resulting error. We
fix N € N and define the finite-dimensional displacement space

Uy = {u € Uy|u(€) =0for £ > N}.
We approximate the exact variational problem (2.3) with
u € argmin {&%(w) — (f,wz, ’u EUN}. (3.21)

This formulation effectively reduces the infinite domain Z to the finite do-
main {0,...,N}.

Since (3.21) is a pure Galerkin approximation, we expect that the error
is equivalent to the best approximation error. We define an approximation
operator Iy : U — Uy as follows:

_ & _
Myu(§) = { g(@ wu(N), §> (])v ..,N,

It is straightforward to see that, if u satisfies (DH), then
|Vu — VIyul| 2 < CNY2e, (3.22)

where C' depends on « and on Cpy. This motivates the following result.
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Theorem 3.14. Let u* be a strong local minimizer of (3.17) satisfying
(DH) and (3.19). Then there exists Ny € N such that, for all N > Ny,
there exists a strong local minimizer u” of (3.21) satisfying

C
[Vu? — Vul ||z < = N2
co

where C depends on M9 o, and Cpg; and ¢ is the coercivity constant
from (3.19).

Proof. The result is an easy consequence of the quantitative inverse func-
tion theorem stated in Appendix B.
The Euler-Lagrange equation for (3.21) is

(6&*(u™),v) = (f,v)z, forall v € Uy,
which can be written equivalently as
(Gn(e),v) == (0€* (I nu® + ) — 0E*(u®),v) =0 for all v € Uy, (3.23)

where e := v — IIyu®. We aim to solve (3.23) in Uy. Since §Gy =
§2E2(TIyu? + ) is Lipschitz (according to Lemma 3.9) we only need to show
that [|Gn(0)llzsz, can be made arbitrarily small and that Gy (0) is positive
definite.

Using (3.11) and (3.22), we bound the residual by

1GN (0)lfarz, = [[0€*(Tnvu®) — 0E% (u™)[fasy,

< MO || VIIyu? — Vu?| 2 < CMEO N2,

In particular, [|[Gn(0)|lez, — 0 as N — oo.
Using again (3.11) and (3.22), and also the fact that |Vw||r~ < ||[Vw]|| 2
for all w € U, we can also bound the coercivity constant of 6Gx(0):

(0GN(0)v,v) = <5253(HNua)v,v>
> (5282 (u?)w, v) — MO |VIIyu® — Vu?| || Vo)) 2
> (co — OCMBON2=2) || 7y,

In particular, if IV is sufficiently large, then
(5Gn (0)v, v) > %Hwnig for all v € Uy.

Combining these estimates and applying the inverse function theorem,
Lemma B.1, we obtain the stated result. U]

Remark 3.15. (1) Theorem 3.14 is an error estimate in terms of the
computational cost required to solve (3.21). This motivates us to analyse
a/c methods in terms of their computational cost as well.
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(2) Theorem 3.14 can also be understood to establish that (3.17) is the
thermodynamic limit of (3.21) as N — oo and generalizations are there-
fore interesting. (i) If u® does not satisfy the decay hypothesis (DH), then
Theorem 3.14 is still true, but without an explicit convergence rate. (ii) If
we were to apply periodic boundary conditions to (3.21), then the approx-
imation operator Iy would still be admissible and hence, with only minor
modifications, the result can be extended to this case. (iii) Moreover, the
result can be readily extended to 2D/3D.

defect core elastic bul far field
ATM o 0o ® 6 6 6 0 ¢ o < X X X x X X X X X X X
0 N
QCE ©¢ @o®@ @€ @€ O © O o o O o o o O o o o O x x x
0 K N
B-QCE blending region
B-QCF} ® 060 ® ¢ O O O OO o O o o O o o o O x x x
0 K L N
interface correction
QNL @¢ @e®@ @ O OOO o O o O o o O o o o O x x x
0 K L N

Figure 3.1. Tllustration of the a/c coupling methods introduced in Section 4,
and of the decay hypothesis (DH). Black discs () indicate atoms described
by the atomistic model; white discs (o) indicate atoms modelled by the
Cauchy—Born model; grey discs indicate the blending region used in the
B-QCE and B-QCF methods; squares O indicate atoms receiving special
interface corrections as in QNL-type constructions. Finally, small white
discs are atoms that are ‘slaved’ to the rep-atoms (large white discs) via P1
interpolation, and small crosses X are atoms removed via the far-field
boundary condition.

4. Many-body finite-range atomistic-to-continuum coupling

In this section, we introduce the a/c couplings that we will analyse in the
context of the atomistic model introduced in the previous section. We will
point out the main approximations being made in the various a/c couplings
and give an outline of our analytical approach, to motivate the subsequent
analysis.

An illustration and summary of all a/c coupling methods, including the
purely atomistic model (ATM), is given in Figure 3.1.

4.1. The quasicontinuum idea: Galerkin projection

In Section 2 we introduced a/c methods via the idea of coupling an atomistic
to a continuum model. Here, we take an alternative point of view: we first
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project £2 onto a coarse subspace, and then apply further approximations
to render the coarse optimization problem computable. Ultimately, the two
philosophies lead to the same a/c coupling formulations.

We restrict displacements again to a computational domain [0, N], N € N:
see Section 3.4. Let 7, = {T'} be a regular partition of [0, N] into closed
intervals T', with vertices N}, C Zy (or, rep-atoms in the language of the
quasicontinuum method). We define the coarse displacement space by

Uy = {uh €Uy { up, is piecewise affine with respect to 7}L} (4.1)

Elements of U), are defined pointwise, but give rise to lattice functions
through point evaluation. Since finite element nodes lie on lattice sites,
this is compatible with our interpolation of lattice functions.

The philosophy of the quasicontinuum (QC) method is to retain the atom-
istic description, but restrict the admissible set to the coarse space Up:

uyl® € argmin {E*(up) — (f,un)z, |un € Un} (4.2)

Typically, one would let all atoms in the neighbourhood of a defect (in our
case the origin) be finite element vertices (atomistic region), and rapidly
coarsen the mesh in the surrounding bulk (continuum region). Thus, one
would fully resolve the defect, but transition seamlessly to a coarse ‘con-
tinuum-like’ description of the far field.

The method (4.2) is formulated in the spirit of Galerkin approximations
for nonlinear variational problems. Applying the standard arguments for
approximations of this type, one can see that, if a solution u® of (3.17)
exists, and its best approximation from U} lies ‘sufficiently close’, then a
solution uy® of (4.2) exists, satisfying Céa’s lemma.

In 1D, the implementation of (4.2) can be achieved with O(#AM\},) com-
plexity since the element interfaces are particularly simple. However, in
2D/3D the evaluation of £*(up) and 6E*(up) for up € U, still requires
summation over a number of lattice points proportional to the area of the
element faces, which is much larger than #\},. To make this precise: while
displacement gradients Vuy are homogeneous inside elements 1" € Ty, the
interaction stencils Duy(€) are only homogeneous (Dup(§) = Vuy|p - R) in
subsets of the elements T'. Near element interfaces, one must resort to exact
summation over all lattice sites. Thus, the cost of evaluating £*(uj) and
0E*(uy) scales with the surface area of the mesh, which in 1D is O(#N}),
but is significantly higher in 2D/3D.

In conclusion, while (4.2) is attractive from a theoretical perspective, it
is not a practical scheme.

4.2. Finite element notation

Before we introduce the various many-body a/c couplings in the following
subsections, we summarize a unified notation for finite element meshes.

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

ATOMISTIC-TO-CONTINUUM COUPLING 433

We fix three mesh parameters K, L, N € N, K < L < N/2, where the
computational domain is [0, N]. We choose a set of finite element nodes
Ni = {vo,...,vny, }, for some N7, € N, such that {0,...,L, N} C N} C
{0,...,N}. The set of interior nodes is N := N, \ {0, N}. The finite
elements are given by 7, = {[vj—1,v;]|j =1,...,J}. For each T € Tp, let
hp = diamT. For each z € [0, N], z € int T, let h(z) := hp. For x > N,
let h(zx) := 1.

The space of all continuous piecewise affine functions on [0, N] is given by
P1(7p), and the space of piecewise constant functions by P0(7,). The ad-
missible finite element space U}, is defined by (4.1), and imposes the bound-
ary condition up(0) = up(N) = 0.

Finally, for any function v : M}, = R, let Iv : [0, N] = R, Iv € P1(Ty),
denote its continuous piecewise affine interpolant,

Ihw(¢) :==v(¢) for all ¢ € Nj,.

Coarse-graining the external forces
For f,g: Nj, — R, we define

N J
(fr9)n = /0 L(f-g)de = shr{f(vj-1) - g(vj-1) + Fv;) - 9(v)) }.
j=1

In all our a/c couplings, we shall approximate the potential of the external
forces, (f,un)z,, by its (coarse-grained) trapezoidal rule approximation,

(fsun)n-

4.8. Cauchy—Born approzimation and QCE method

In Section 4.1 we constructed a coarse-graining scheme that reduces the
number of degrees of freedom, but still has a high computational cost for
evaluating the energy and forces (at least its 2D /3D variants do). An anal-
ogy in continuum mechanics is that integrals occurring in Galerkin projec-
tions of nonlinear equations cannot be evaluated explicitly. In continuum
mechanics, the solution to this issue is to employ quadrature rules to ap-
proximate the variational forms.

In the present case, since we are using P1 finite elements, the midpoint
rule is a natural choice. For each ‘large’ element T' € T, we choose an atomic
site & near the centre of T and formally approximate

Z@?(uh) ~ #(TﬂZ)@Z‘T(uh) ~ \T|¢§T(uh),
EeT

where the issue of multiple counting of atoms at element boundaries is
resolved at the second approximation step. If T is sufficiently large that
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Er + R C T, then we obtain

3" ®2(up) ~ [TIW (Vupy,),  where W(F) := V(DuF(0) - V(0), (4.3)
EerT

(recall that uF(¢) := F¢), which is called the Cauchy-Born strain energy
density function, generalizing the definition (2.8) for the NNN Lennard-
Jones model. This approximation is also suitable for smaller elements pro-
vided that uy is approximately affine in a neighbourhood of each element T’
(i.e., up is ‘smooth’). This motivates the following construction.

In the energy-based quasicontinuum method (QCE method) of Tadmor
et al. (1996), previously introduced in Section 2.4, we fix reyy < K = L < N.
For each site £ = K + 1, K 4+ 2, ..., we define the Cauchy—Born site energy

£+1/2
¢ (up) = /£ W (Vuy) dz.

—-1/2
Then the energy functional of the QCE method is defined by £9°° : U, — R,
where
K N
£9¢(uy,) Z (up) + Y BE(up). (4.4)
=0 E=K+1

Since the QCE energy is given as a finite sum of C* potentials, it follows
that £ € Ck(Uy,).

The energy (4.4) can be rewritten in a format more natural for its imple-
mentation:

N

£9%€(yy,) Z<I>£ up) /K+1/2 W (Vuy,) dz. (4.5)

In the QCE method, we approximate the atomistic problem (3.17) by
u € arg min {gqce n) — (fyun)n ‘ up, € Z/lh}. (4.6)

The patch test and the ghost force problem
A key motivation for the QCE method is that

O¢(uf) = @2(u”) forallFER, £ > K +1. (4.7)

That is, the QCE site energies are exact under (locally) homogeneous de-
formations. We call (4.7) local energy consistency. As demonstrated in
Section 2.4, it implies that £9°(up) ~ £*(u) if u is ‘smooth’ in the contin-
uum region and uy, is a ‘good approximation’ to u.

However, in order to ensure that minimizers of (4.6) approximate mini-
mizers of (3.17), we require more stringent conditions (consistency and sta-
bility, which we touched upon in Section 2 and will discuss in more detail
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in Section 4.7). Indeed, as shown in Section 2.4, the QCE method generally
fails the force patch test, §£9°¢(0) # 0, that is, up = 0 is not a critical point
of (4.6). In other words, even if u* is ‘smooth’, a solution u{“ to (4.6)
develops an oscillation at the a/c interface that lowers the energy further.
This effect always creates an O(1) error in the QCE methods (Dobson and
Luskin 2009a, Ming and Yang 2009).

Further remarks

(1) Whereas earlier literature on a/c coupling exists, the introduction of
the QCE method by Tadmor et al. (1996) spawned a surge of activity in the
field. In particular, the Cauchy—Born approximation appears to have been
used for the first time in this context. An iterative correction of the interface
inconsistency (‘ghost forces’) was suggested by the same group (Shenoy et al.
1999), which leads naturally into force-based coupling schemes, discussed in
Sections 2.7, 2.8 and 4.6.

(2) We may also consider the ‘pure Cauchy—Born’ approximation,
u® € argmin {E°(u) — (f, u)r, ‘ueHl}, (4.8)

where

E(u) = /OOO W(Vu)dz,

(fyur, = fooo fudz provided that f - u is integrable, and H' is a homo-
geneous Sobolev space (u € H' if and only if u € Hﬁjc and Vu € L?).
This model goes back to the work of Cauchy (1882), who used it to derive
symmetries of the tensor of linearized elasticity (the Cauchy relations). In
the modern calculus of variations and PDE literature, the Cauchy—Born
model has been analysed and discussed, for instance by Blanc, Le Bris and
Lions (2002), Friesecke and Theil (2002), E and Ming (2007), and Makri-
dakis and Siili (2013). Recently, Ortner and Theil (2013) have proved for
both static and dynamic problems and general many-body interactions that
the Cauchy—Born approximation is second-order accurate in a natural scal-
ing limit.
(3) In this subsection we have only discussed the consequences of choos-
ing a midpoint-type summation rule. However, we have approximated this
further by the Cauchy—Born stored energy density. Lin (2007) shows that
taking a cluster of atoms near the centre of each element leads to a first-
order accurate method. Similarly, Gunzburger and Zhang (2010) consider
discrete variants of higher-order quadrature rules. In both cases the transi-
tion to a fully refined mesh, which introduces substantial new algorithmic
and analytical challenges, is not taken into account.

Knap and Ortiz (2001) as well as Eidel and Stukowski (2009) consider
an entirely different class of summation rules, which are node-based rather
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than element-based. These rules are, in principle, suited to transition to
full atomistic resolution. However, Luskin and Ortner (2009) have shown
that these node-based summation rules result in prohibitively large and
uncontrollable consistency errors.

4.4. Energy blending (B-QCFE)

We now generalize the energy blending approach described in Section 2.5.
If we can ‘spread’ the QCE ghost force error over an interface region,

L—-K)! =K,...,.L-1
G(&) == ( )¢ T " then |Gl = (L — K)~Y2,
0, otherwise,

(However, ||G||p = 1 for all K, L.) In our consistency analysis in Sec-
tion 6.2, we will in fact see that exploiting symmetries of the interaction
potential reduces the coupling error by a factor of (L — K )_3/ 2 provided
that the blending function is chosen in an optimal way.

We now choose a blending function § : [0, N] — [0,1] and define for
up € Up,

N
EX9 up) =Y {(1 = B(€)®E(un) + BE)PE(un) }- (4.9)

£=0

We choose 7¢yy < K < L < N and assume that §(§) = 0 in [0, K| and
B(&) = 1in [L, NJ; that is, the transition takes place between ¢ = K and L.
It is then easy to rewrite (4.9) in the form

L N
£ (uy) i= S o(1 - OB un) + [ 1B W(Vun)do. (410
€=0 K
Again, we observe that £P4°¢ ¢ C*(U4y,).
In the B-QCE method, we seek

upi e arg min {£°9° (up,) — (f,up)n | un € Up }- (4.11)

Further remarks

B-QCE shares the idea of a blending region with the bridging domain
method (Belytschko and Xiao 2003), the AtC coupling method (Badia et al.
2008), the Arlequin method (Bauman et al. 2008, Prudhomme et al. 2008),
and overlapping domain methods (Parks, Bochev and Lehoucq 2008, Seleson
and Gunzburger 2010).

4.5. QNL-type methods

Concurrently with the introduction of blending methods, Shimokawa et al.
(2004) introduced an approach that promised not just to reduce the ghost
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forces but to remove them altogether. Their idea was to create a narrow
transition region of ‘quasi-nonlocal atoms’ with modified site energies, so
that their interaction with the atomistic region would have atomistic quali-
ties (nonlocal) and their interaction with the continuum region would have
continuum qualities (local). They proposed the ansatz

K L-1 N
ganl( (up) Z ®g (un) Z i (un) + Z P¢ (un)
£=0 E=K+1 ¢=L
K L-1 N
= 2(up)+ > Prlun)+ / W (Vuy) dz
£=0 E=K+1 L=172

where (IDi5 is a modified site potential to be defined for € = K +1,...,L—1.
In the remainder of this article, we will allow the following general form
of £9°1 which also requires the definition of a site potential DY -

L N
£ (uy,) Z‘D& up) + Y Pi(un) + /L W (Vuy,) dz. (4.12)

E=K+1

(The previous definition of £9™! fits into this general form by defining the
rightmost site potential to be @I (uy,) fL 1/2 W (Vuy) dz.)

We have already seen an explicit example in Section 2.6, which suggests
that this formulation can potentially lead to substantially improved accu-
racy. The key advantage over the B-QCE method is that we may be able
to choose the interface width L — K to be much smaller. However, this
comes at the cost of a far more complex construction. Indeed, at the time
of writing this article it is still not known whether methods of the type dis-
cussed in this section can be constructed for general many-body potentials
and general interface geometries in 2D/3D.

The key new ingredient in (4.12) is the interface site energy (I>i5. We
will later prove that it is sufficient to construct CI>ig in such a way that the
resulting energy satisfies the following force consistency condition.

(F) Force consistency. f?nl(uF) =0forall ( e N7, FeR,
where, here and throughout, we define

(%’q“l(uh)
Oun(C)
qnl

and remark that due to the finite interaction range, Fe (uF) is well-defined

FE (up) =

despite the fact that u™ ¢ U,. (It is more common to define a force as
Fe = &Zg( ok but for notational convenience we have not followed this

convention.)
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The geometry reconstruction idea

The second key idea of Shimokawa et al. (2004) was to define the interface
site energy ®! in terms of the original atomistic site energy ®*, but with
‘reconstructed’ atom positions. Rephrased in our notation, they proposed
setting

O (up) ==V (Dup(§)) = V(0) foréE=K+1,...,L—1, (4.13)

where Duy,(€) = {D,up,(€)}er is a modified finite difference stencil. (Note
the abuse of notation: Dp may in fact be {&-dependent.) The rationale is to
allow interface atoms to interact via atomistic rules (nonlocally) with their
neighbours in the atomistic region, and by continuum rules (locally) with
their neighbours in the continuum region.

For example, suppose that R = {£1,+2}. Then this intuition leads us

to define L = K + 3, and

Du(¢) = {D—ou(€), D_yu(§), Diu(§), 2D1u(€)} for § = K +1, K +2.
(4.14)
It is straightforward to check that the resulting a/c coupling satisfies the
force consistency condition (F).
Note, however, that this idea does not extend to third neighbour interac-
tions: if R = {£1,+2,£3}, L = K + 4, and

Du(€) = {D_3u(€), D_ou(€), D_y1u(€), Dyu(€),2D1u(€), 3Dyu(€)},

then there is generally a ghost force acting on the atom £ = K + 1, and
possibly others.

E, Lu and Yang (2006) proposed a more general form of the stencil Du(€)
with free parameters that are then to be fitted in order to satisfy (F). This
idea was further generalized by Ortner and Zhang (2012) to

Du(¢) = { > Og,p,ngu@)} -
PER

SER

It turns out that, with this ansatz, (F) reduces to a linear system of equa-
tions that is independent of F and V. It is unknown at present whether
this system has a solution for general a/c interfaces in 2D/3D; see E et al.
(2006) and Ortner and Zhang (2012) for more details.

The reflection method
We now present a construction proposed by Ortner, Shapeev and Zhang
(2013) (in a slightly different context this was previously proposed by Lang-
wallner, Ortner and Siili (2013)) which is valid for general many-body in-
teractions in 1D. Unfortunately there appears to be no straightforward gen-
eralization to 2D/3D.
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The idea is to apply a reflection boundary condition to the atomistic
region, thus decoupling it from the continuum region. We fix K > 0, set
L := K + rcyt, and for each v € U define its antisymmetric reflection about
the interface L,

{v*(&) =(8), 0<E<L, (415
v*(L+p):=2v(L) —v(L—p), 1<p<reu.
Then we define
E ) == & (u) + /00 W (Vu)dz, where (4.16)
L

L-1
EX(u) =) () + 3P (u¥).
£=0

It is easy to see that £ can be rewritten in the form (4.12).

We will now rewrite £* in a more convenient form, in terms of a periodic
cell energy, from which it will become immediately obvious that £ satisfies
the force-consistency condition (F). This construction follows Langwallner
et al. (2013, Section 3.3).

First, we redefine the reflection operator by

u*(§+2Ln) :=2nu(L) +u(&), forall&e{—L,...,L} and ne Z. (4.17)
One can readily check that (4.17) is an extension of the earlier definition:
uw (L +p) =u*([-L+ p] +2L) = 2u(L) + u(—L + p) = 2u(L) — u(L — p).

To understand (4.17), we rewrite u(§) = G¢ + w(§) where G = u(L)/L
and w(+£L) = 0 (recall the antisymmetric extension of u across the origin).
Then w* is simply a 2L-periodic extension of w|{_r4; . ) and

u (€4 2Ln) = G(§ + 2Ln) + w(§).
Thus, we see that Du*(&) is 2L-periodic.

Lemma 4.1. Let u* be defined by (4.17), then

L
) =3 > V(Du*(§)+C, (4.18)
E=—L+1

where C* = —2LV(0).

Proof. We have already seen in (3.9) that Dyu(§) = —D_,u(—¢) for all
¢ € Z due to the antisymmetry of the displacement. One readily checks
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that the extension u* preserves antisymmetry. It now follows immediately
from the symmetry of V' (3.15) that

£*(u) = LV(Du*(~L)) + & Z V(Du*(€)) + Lv(Du*(L)) + C*.
E=—L+1
Since Du* is 2L-periodic, it follows that V(Du*(—L)) = V(Du*(L)) and
hence the result follows. 0

We now use the representation (4.18) to prove (F). In Section 7 we will
also see that this representation leads to a straightforward proof of stability
of &,

Corollary 4.2. £&™ satisfies (F).

Proof. Fix v € Uy. Using the form of £* derived in Lemma 4.1, we obtain

(6E* (u Z >V, (FR)D,v*(8). (4.19)

§_fL+1 pER

Now let v(§) = G¢ + w(§), where G = v(L)/L. Then w* is periodic and
hence (4.19) implies that (6€*(uF),w) = 0. Hence, we obtain

<55*(uF), v) = <(55*(UF), uG> + <55*(UF),U1>

= 3(2L) ) V,Gp = LOgW (F)G = 9aW (F)v(L).
PER

Inserting this result into the definition of §E™, we obtain
(€™ (uF), v) = OV (F / Vodz = 0.

This clearly implies (F). O

Further remarks

(1) One often also demands that the QNL interface correction satisfies a
local energy consistency condition (see E et al. (2006) and Ortner and Zhang
(2012)):

E) Local energy consistency. ®.(uF) = @2 forall F € R, £ = K +
1 L-1 ¢ e

However, it is straightforward to show (Ortner 2012, §6.4.3) that (F) implies
a weaker global version of (E). It is therefore unclear whether the condition
(E) is required at all, except of course to approximate absolute energies.
Indeed, we shall not use it in our subsequent 1D analysis.
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(2) As remarked above, it is unknown whether the general geometric con-
sistency equations have a solution. It is clear from comparing the number
of parameters to the number of equations that the corresponding linear op-
erator must have a non-trivial kernel. It would therefore be interesting to
augment the consistency equations with additional constraints that induce
further desirable properties of the resulting a/c coupling.

(3) For 2D pair interactions, Shapeev (2011) has provided a remarkably
simple explicit construction of an a/c coupling satisfying (F'), which does not
use the ideas of geometric reconstruction. Unfortunately the construction
cannot be applied to general many-body interactions, but it has proved
useful for the analysis of a/c couplings of many-body interactions (Ortner
2012). We will also frequently apply 1D variants of these ideas throughout
our consistency analysis. A recent idea applicable to 3D pair interactions is
presented in Makridakis, Mitsoudis and Rosakis (2012).

4.6. Force-based a/c coupling

We have so far described two a/c couplings that reduce or remove the ghost
force. While the construction of the B-QCE method is straightforward for
general a/c interfaces in 2D /3D, the construction of energy-based a/c cou-
plings without ghost forces in 2D /3D remains a challenging open problem.
An alternative is to construct a/c couplings for the forces, and to accept
a non-conservative force field. The simplest method of this type is the
force-based quasicontinuum (QCF) method. Let K = L, and define

08 (up) ce{1 K}
8U C ) PR | )

Fe (uy) = agjzih)) O (4.20)
8”)1(()’ CeNh\{17'~-7K}'

Then we aim to solve the nonlinear system

<.7:qu(uh), Uh> = <f, Uh)h for all vy, € Uy, (4.21)

where

(FE (), on) = D FE (un)on Q).
CENY

This scheme is naturally free of ghost forces: quf( F) = 0 for all finite
element nodes ¢ € Ny.

The first analysis of the QCF method (Dobson et al. 2010b) revealed that
while the operator is naturally consistent, its stability is a subtle issue. For
example, it was shown that 5]—"qu(0) is nearly always indefinite and never
uniformly stable as an operator from U}, to U;. This not only makes the
stability analysis in 2D /3D particularly challenging, but in fact it is cur-
rently unknown whether the QCF method is stable in any suitable function
space setting.

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

442 M. LUSKIN AND C. ORTNER

To overcome this difficulty, Lu and Ming (2013) proposed applying the
blending idea behind the B-QCE method to the QCF method. For earlier
variants of force-based blending see Fischmeister et al. (1989), Kohlhoff
et al. (1991) and Badia et al. (2007). To introduce this scheme, let K < L
and 3 : R — [0,1] with 8 =01n [0, K] and =1 in [L, N], and define

8Sa(uh) GEC(uh)

fé’qd(wz) =(1- 5(C))m + ﬁ(C)m- (4.22)

In the blended QCF (B-QCF) method, we aim to solve the nonlinear system
<.ngCf(uh), Uh> = <f, Uh)h for all vy, € Up,.
Like the QCE and B-QCE methods, the QCF and the B-QCF methods are

straightforward to implement, using purely atomistic and purely continuum
finite element assembly techniques.

4.7. Formal outline of the error analysis

The fundamental theorem of numerical analysis states, loosely speaking,
that consistency and stability imply convergence. A key motivation of this
article is to flesh out this principle in the non-standard setting of a/c cou-
pling methods. In the present section, we outline a general framework, in
order to motivate the analysis of Sections 5-8.

Let F2¢ € C’k_l(uh;l/{,i:) be the force operator associated with one of the
a/c coupling methods that we constructed in the previous sections; that is,
solutions of the a/c coupling under consideration satisfy

(Fr(upf),vp) = (f,vn)p  for all vy, € Up,. (4.23)

We now turn (4.23) into an error equation. We first assume the existence
of an atomistic solution u® to (3.17). Next, we define a quasi-best ap-
proximation ITpu® € U}, (Section 5). Accepting the decay hypothesis (3.20),
assuming that K is sufficiently large and the finite element mesh sufficiently
fine, we will obtain that II,u® is ‘close’ to u®. Let ej, := u?® — IIpu®; then
(4.23) is equivalent to

(Fo (T + en) — F<(Iyu®), vn) = (562 (u®) — F* (), vy
- {(f: Uh>Z+ - <f¢ Uh>h} (424)

= <771anctﬂ vh) - <nextavh>7

where ni; is the consistency error arising from the approximation of the in-

ternal energy and 7ey the consistency error arising from the approximation
of the external forces.

If 5% = Next = 0, then a solution to (4.24) is e, = 0. Thus, if ni§ and
Next are sufficiently ‘small’; and if the linearization of the right-hand side of
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Table 4.1.
Error Origin Approximation
contribution parameter(s)
far-field error reduction to finite domain N
coarsening error finite element discretization h
Cauchy—Born replacing the atomistic model L

modelling error  with continuum model in [L, N]

coupling error interface treatment K, L, (8

(4.24) is an isomorphism (we will prove in Section 7 that (§F2¢(1I,u®)v, v) >
(Cs*P) 1| Vu|2,), then we expect from the inverse function theorem that
a locally unique solution e, to (4.24) exists, and that

IVenllrz < C* (ISl + [Imextllees ) (4.25)

where (0, vn)

s Uh
ur = sup ————.
mgeupoy IVnlze

7] (4.26)

We will analyse the consistency errors in Section 6. We will split the error
contributions as shown in Table 4.1. While the coarsening error is a standard
component of classical finite element error analysis, the combination with
the continuum modelling error and in particular the interfacial error requires
new ideas. We will obtain consistency error estimates, similar to those in
Section 2, depending on the smoothness of u?, the mesh coarsening, the
computational domain size, and possibly other approximation parameters.

Next, we will analyse the stability of a/c schemes in Section 7. We
shall prove for the B-QCE, B-QCF, and QNL methods that the approx-
imation parameters can be chosen in such a way that positivity of §2€2(u?®)
(see (3.19)) implies positivity of 6F2¢(IIu?).

Next, we will optimize all approximation parameters to obtain consistency
error estimates, purely in terms of the computational cost,

785 etz + Imex gy S NP,
for some exponent 5 > 0. We will also translate the stability results from
Section 7 to this setting, showing that if N7; is sufficiently large then
O0F2¢(Ipu®) is stable.
Finally, in Section 8 we will make the formal argument presented in this
subsection fully rigorous. We will obtain results of the form: Let u® be a
strongly stable solution of (3.17) satisfying (DH). Then for N7, sufficiently

large there exists a solution u*° of (4.23) satisfying ||[Vu®® —Vu?||;2 S Nf;h’B.
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5. Coarsening error

Our first step in the error analysis is an analysis of the finite element coars-
ening error. The results in this section are fairly standard, and hence we
only give brief summaries of certain auxiliary results that we require later
on. Proofs are given, for the sake of completeness, in the Appendix.

5.1. Best approximation operator

Recall the definition of the nodal interpolation operator I from Section 4.2.
Since I;, does not map U to Uy, and to avoid any error contributions from
the atomistic region (and possibly a neighbourhood of the interface region),
we define

Myu(z) == {

With this definition, II,u € U}, for all u : N}, — R.

In our coarsening error analysis below, it will be useful to split the inter-
polant into IIju = Ipu + (IIpu — Ipu). Hence, we separately estimate the
interpolation errors as follows.

Ihu(w)v UAS [Oa L+ rcut]a
Tyu(x) — %u(N), z € [L + reu, N].

Lemma 5.1. Let T € Tp,, T C [L,N] and w € U. Then

IV — VInullr2ry S brll V3l p2or). (5.1)
If, in addition, u satisfies (DH), L < N/2 and N > rg, then
0, T € [0, L+ Tcut};
\2} — VII < 5.2
‘ () hu(w)‘ ~ { N~z €[L+ reu, NJ. (52)

Proof. The first result follows from Poincaré’s inequality.
To prove the second estimate, we first note that VIpu = VIIu = Vu in
[0, L + reut]. In [L + reut, N| we have

|VIpu— VIIu| = (N = L) Hu(N)| S(N=L)7'N'"* <N~ O

5.2. Coarsening error of the internal forces

The first variation of the continuum energy contribution | va W(Vu)dx is
given by

N
v+—>/ W (Vu)Vu dz.
L

The following lemma estimates the error contribution from this operator
induced by finite element coarsening and reduction to a finite domain.
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Lemma 5.2. Let u € U satisfy (DH), N > rg, and 0 < L < N/2. Then

N
‘ /L (OW (VILyu) — OW (Vi) Vo, da

< MO (|nV2a|2, + N~ Vo2 for all vy, € P1(Ty).
Proof. See Appendix A.2. O

Remark 5.3. (1) We observe that we require at least « > 1/2 in order
to control the far-field error, which is precisely the assumption we made in
(3.20). Recall though that this is no severe restriction since a displacement
gradient Vu(r) with Vu(x) ~ 7% as 2 — oo belongs to L? if and only if
a>1/2.

(2) The nodal interpolation error enters the coarsening error only as a
quadratic term [|AV2@/|,. This effect is related to the well-known 1D super-
convergence property that the nodal interpolant is at the same time the Ritz
projection.

5.3. Coarsening error of external forces

We now turn towards the consistency error due to the approximation of
the external potential (f,vp)z, by the trapezoidal rule (f,vs),. The main
challenge in this analysis is to avoid the use of the Poincaré inequality
lvrllre < N||Vurl|rz at all costs (we will point out the relevant step in
the proof of Proposition 5.4 in Appendix A.2). A common approach in
unbounded domains is to employ weighted Poincaré inequalities instead.
This yields the following result.

Proposition 5.4. Let L > 1 and suppose that h(z) < kz for almost every
x € [L, N]. Then there exists a constant C,, such that

et ez = || (f, )z — (f+)n] up

. C. .
S 195 s + I 1y

where w(x) := xlogx.
Proof. See Appendix A.2. O

Remark 5.5. The proof of Proposition 5.4 reveals that for practical meshes
one should expect C, =~ k, hence it is important to control the bound
h(z) < kz. In Section 8, we shall optimize the finite element grid to bal-
ance the far-field error and interpolation error contributions with the best
approximation error. For the quasi-optimal mesh scaling that we will derive,
we will be able to make this bound explicit.
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6. Consistency

Recall from Section 4.7 that the internal consistency error, associated with
a displacement u € U, is given by a linear form

<nﬁft(u),vh> = <5Sa(u) — faC(Hhu),vh>,

where F?¢ is the force operator associated with one of the a/c coupling
methods constructed in Section 4.

In the present section, we establish consistency error bounds associated
with the model approximations (reminiscent of variational crimes in finite
element methods) in the various a/c coupling schemes. These will then
be combined with the coarsening error bounds derived in Section 5.2 to
yield qualitatively sharp bounds on 73 in the U;-norm defined in (4.26) (a
discrete H~!-type norm).

6.1. Weak form of the atomistic model and Cauchy—Born modelling error

For a sharp consistency error analysis, it is useful to develop convenient
‘weak forms’ of the first variations of the atomistic, continuum, and a/c
models. The canonical representation (3.12) of §£ is not immediately useful
since the occurrence of the test function is nonlocal. In the following, we
derive an alternative weak formulation, employing an atomistic notion of
stress.

The idea is to localize the finite differences D,v(&) by rewriting them as
bond integrals. A conceptually straightforward mechanism to achieve this is
to simply take the derivatives of £* with respect to the discrete strains u/.
However, this technique is restricted to 1D. Instead, we present a simplified
1D variant of a construction that was developed for the construction and
analysis of a/c coupling methods in 2D /3D (see Section 6.6 for more details
on this discussion).

We define the weighted characteristic function of a bond (&, £ + p) by

lpI~!, @ € int(conv{&, € + p}),
Xep() =9 3ol we{&E+p),
0, otherwise.

We then obtain for D,v(§) := v({ + p) — v(§) that
E+p p
D,yv(€) = / —Vodr = / pxﬂngv dx. (6.1)
e ol R

To express D,v(§) as an integral over R, we use that Vu(—z) = Vu(z) for
all v € U to obtain

Dpv(f):/RpXngVvdx:/ pxe,pVode, (6.2)

R4
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where
R R
Xﬁ,p('r) = Xﬁ,p(x) + Xﬁ,p(_‘r)
Inserting this representation into (3.12) yields

(0E%(u),v) / {Z Z(I)ép w)Xep(x )}Vvdm.

PER E€Zy
Thus we obtain the following result.

Proposition 6.1. Let u € U, and v € Uy. Then
(667 (u) /Saua:Vv x)dx,

where the atomistic stress function S* is defined by

SP(usz) =Y > p®E,(w)xe (). (6.3)

pER €T

Since the sum defining S*(u; x) is finite (the sum over £ only needs to be
taken over Z4 N [z — Teut, T + Teut)), S* is well-defined and k& — 1 times con-
tinuously differentiable with respect to u. It is also clear from the definition
that z — S*(u; z) is constant on each interval (n,n+ 1), n € Z,.

Moreover, if u is locally homogeneous, that is, u(§) = F¢ in [z — 2rcy,  +
27cut), then

S*(uwia) = S"(u55) = 3 3 WV (FR)xe (o)

PER E€Z4

=D pVo(FR) = 05 (F), (6.4)
PER
where we used the fact that > .c;. Xeetp() =1 (see Lemma 6.3 below).
Since S* = O under locally homogeneous deformations, it follows eas-
ily that the Cauchy—Born stress is first-order consistent with the atomistic
stress. By exploiting symmetries of the interaction potential, we can even
prove that it is second-order consistent at bond midpoints.

Theorem 6.2. Let u € VVI?C’)(?O and z € % 4+ Zy, x > 2rcyt. Then
[S%(us @) — OW (Vu(@)| £ MO V30 Lo,y + MO [V ey,
where v, 1= [z + % — 2Tcut, T — % + 2rcut].

Proof. We note that S*(u; x) is defined for € Ry from the restriction of
u € I/Vl‘zfo to the nodes £ € Z,. The result is proved by Taylor expansion of
the nonlocal terms in the definition of S*, and exploiting the symmetries of
the interaction potential.
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The sum over £ in (6.3) is only taken over £ € Ny := {x+ 5 —Tcut, ..., T —
% + reut}, but the finite differences D,u(¢), for £ € N, depend on the
neighbourhoods v, defined in the statement of the theorem. In order to
keep the notation concise, we define

€ = ||V2UHL°°(VZ) and €3 := Hvsu”Lw(V’)'

We will suppress all arguments where possible. For example, we define
®¢ , = ®¢ (u) and V), := V,(Vu(z) - R). Moreover, we often suppress de-
pendence of constants on the potential, which can be readily reconstructed.
We begin by expanding D.u(§), for £ € N, € R,
Deu(€) = Veu(z) + V3u(a)s (€ — =+ L¢) + O(es),

which, together with the fact that D.u(§) — Veu(zr) = O(ez2), allows us to

expand (I)?, :
=V, + Z Ve - (Deu(€) — Veu(z)) + O(e3)
SER
=V, +Vu Z Ve - (€ — 7+ 36) + O(63 + €3). (6.5)
SER

Inserting (6.5) into (6.3), recalling (6.4) and applying (6.6) and (6.7) with
n:=x —1/2, yields

S*(u; ) — OFW (Vu(w {va > Xewo — O ( Vu)}

pER €cz

S
#Th Y gV Eonep (-t ) 0@+

PSER 1357/
= { > eV, - 8FW(Vu)}
PER
P S
+ VZu Z ngm(:r— st 2) + O(e3 + €3)

PSER

Z psVie(s — p) + O(é3 + €3).

pceR

Applying the symmetry V, . = V_, _¢ (see (3.16)) we obtain that

DorVils=p) =D > pVills = p) + (=5 +p)] = 0.

pSER PER 4+ cER

This concludes the proof of the result. UJ
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Lemma 6.3. Let z € (n,n+ 1) for some n € Z4 and p € Z\ {0}. Then

> Xepl) = 1. (6.6)
§€L
If, moreover, © > rcut, then
L p
Z Xep(2) - €= (77 T3~ 2)- (6.7)

§E€Ly

Proof. Suppose first that © > rey. If p > 0, then

p
Z Xep(T) = ;Zl =1 and

§€Ly
p
plp+1)\ _ 1 p
g (’”7 2 ) 1Ty

> Xepl
§€Ly
For p < 0 an analogous argument applies.
If 0 < x <reys and p < 0, then the same argument gives

D xé (@) =

ez

1
Cp

Moreover, one readily checks that
R
D_Xep(®) = D Xep(@). O
§EZ E€ly

Corollary 6.4 (Cauchy—Born modelling error). If u € U« and L >
27cut, then

N
/ (S*(u) — O)W (V) Vup, dz
L
< (MODV3i| 12 — MO V20340, Vol g2z, for all vy € Uy,
where v := (L — 2reys + 1, N + 27¢yt)-
Proof. Let T :=mn—1/2, n € Z;. Then, recalling that S*(u) is piecewise
constant and that |z, = u,

/ 771 (S*(w) — O (VD)) Vo da = {[sa( T) — 0V (Vii(z))]
.

+ / : [OFW (Vi(z)) — OFW (Vii(2))] dx}Vvh. (6.8)

Applying Theorem 6.2, the local norm-equivalence for polynomials of de-
gree 5,

IV e < IV7all 2

(7771’77) (77_1777)’
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and the embedding ¢ C ¢*°, we obtain
|S*(@; ) — W (Vu(2))| S IV oo ) + 1V 0llT 0,1
S IVl 2w,y + V20l a0

Moreover, using the fact that the midpoint rule is second-order accurate,

‘/nl (0 (Vi(z)) — OW (Vii(x))) da| S |V2OW (Vii(2)) | 1(y-1.0)
o

SIV2all g1, + IV2l17 2

n—1,1)
N HVSQHH(W—M) + HV%H%“(W—LW)'

Inserting these estimates into (6.8) yields

‘ /77 : (S*(w) — BFW (V@) Vo de

S (V% 220y + 192300 V0] 210

where we recall that vz = (7 — 2reut, n — 1 4+ 27cut)-

Summing over alln = L+1,..., N, applying Holder’s inequality, and not-
ing that any interval (£ — 1, &) intersects with at most 47¢,; neighbourhoods
vz, we obtain

N
/L (S*(u) — W (VD)) Vo da S (193] 120y + (9200200 ) IV 08 1200,

where v 1= Ua?e[ 1N Vz- This definition of v is equivalent to the one given
in the statement of the result. 0

Further remarks

(1) The consistency proof in this section mimics an analogous proof valid
in general dimensions by Ortner and Theil (2013), which builds on ideas of
Shapeev (2011) and Ortner (2012). The atomistic stress function S* and its
2D /3D generalizations are closely connected to a notion of stress defined by
Hardy (1982). A recent general account of stress in molecular mechanics
simulations is given by Admal and Tadmor (2010).

(2) The prefactors M U»3) cannot be immediately derived from Theorem 6.2,
but can only be obtained if the dependence of the interaction neighbour-
hoods of tuples of pairs and triples of bonds occurring in the proof of Theo-
rem 6.2 are carefully traced. We refer to Ortner and Theil (2013) for further
details.
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6.2. Consistency of the B-QCE method

Recall from the definition of the B-QCE method in Section 4.4 that we
assumed 0 < K < L < N/2 and that V8 = 0 in [0, K]U[L, N]. In addition,
we will assume that K > rg + 2rey + 1.

Motivated by the derivation of the atomistic stress in Section 6.1, we
derive a similar notion of stress for the BQCE method. The natural form
of the first variation of £ ig

L
(6€°9 (up),on) = > (1= B(€)) D B¢ ,(un) Dpvn(é)
£=0 PER

N
+/ 11,8 - OW (Vuy) - Vop dz - for all up, vy € Up,.
K

Following closely the calculations in Section 6.1 yields the following re-
sult. Note that, since we assumed that {0,...,L} C Nj, the apparent
h-dependence in the definition of SP9°® through Ij,3 is not an actual depen-
dence.

Proposition 6.5. Let uy, v, € U),. Then

(6EP9 (up,), vp) / SP9(up,)Vop da,  where (6.9)
quce (up; @ Z Z (1= B()xe,p(x)PF ,(un)p
PEREEL

+ Ihﬁ(a:) : 6FW(Vuh(x))

We immediately obtain a result stating that the consistency error vanishes
in a core atomistic region.

Lemma 6.6. Let v € . Then
S (u;x) = SPAC(Myu; ) for € (0, K — Teus + 1).

Proof. This result follows immediately from (6.9) and the fact that v =
IIpw in [0, L. O

We begin by analysing the error in a simplified version of the B-QCE
stress, where Iy, (3 is replaced with .

Lemma 6.7 (stress consistency). For u € VVIECOo and z € R, let

SPae (i m) =D Y (1= B(E))xXe ()DL (i) p + B(x) W (Vii(x)).

PER E€74
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IfaeW>™andz el +7Z o> K —rey + 1, then
S (s 2) — $P (15 )| S MOD V28] e ) + MED|VA(@) Vi)
+ MOV, + MOV )
where we recall that v, = [z + 5 — eut, T — 5 + 2rent)-
Proof. We begin by writing out
St —Shae =% " p> BE)BE ,xe,p — BIW, (6.10)

pER €€

and observe the similarity to the Cauchy—Born stress error $* — 9¢giV. In
the present case, we need to expand both <I>§ o using (6.5), and

BE) =B+ V- (§—x)+0(d),
where 8y := [[V28]| 50 (,,,), which yields

quce _ Z Z 8+ Vﬁ $)]¢'g,pX£,p — ﬁaFW + 0(52)

pER E€Z4

=B[S* = W]+ VB p Y (£— )0 e, + O(62).

PER EE€EZ4

Inserting the expansion (6.5) for ®¢ , recalling that V,, = V(Du(€)), and
applying Theorem 6.2 to estimate S* — W gives

S —SPC=VEY pV, D Xep- (€ 12)

PER EEly

FVBVRY D psVie > Xep- (=)~ +5)

PSER E€l 4
+ O(82 + €3 + €3).

Performing similar computations as in the proof of Theorem 6.2, in particu-
lar taking into account the symmetry V_, = —V,,, we observe that the first
group on the right-hand side vanishes. Thus, we obtain

|52 — SPace| < 5y + [VBV?y| + € + e,
which is the required result. U]

We can now easily derive the global consistency error estimate for the
B-QCE method.
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Theorem 6.8. Let u € U satisfy (DH). Then
[ () oy € MOV V2Bl 2 + MO VT 12
+ MV 20y + MDAV 4 ) + MBI N2,
where Q¢ := (K — 2rcyt, 00). (Recall that h(zx) =1 for x > N.)

Proof. Let K' := K — reyy + 1 and assume that [|[Vop||2 = 1. Using
Proposition 6.5 and Lemma 6.6, we split the consistency error into

N
(66 (u) — SEPIe (T u), vp) = / (S*(u) — quce(Hhu))Vvh dz

Kl

N ~
_ / (8bace (@) — SPI (1T u)) Vo, da

’

N
+ / (S*(u) — SPI°(@0)) Vy, da

=:m + n2. (611)

Estimating 1. Since the nodal values of 3 and I are the same, the
discrete components of SP9° and SP9° are identical, and only the continuous
components remain. Hence, and also using IIpu = u = Ia in [0, L 4 2rey),
we can split the group n; further into

N
m = /K (5 8|:W(Vﬂ,) — Ihﬁ 8FW(VHhu))Vvh dx

L
= /K (8 — InB)OW (Vu) Vo, dz

L
+ / B(OW (Vi) — OW (VI,a)) Vuy, d
K

N
+ / (OW (Vi) — O (VIIu)) Vo, d
L

=M1+ N2 + 3.
Using an interpolation error estimate for 3, the term 7, ; can be bounded by
ma S IV28] e

The term 73 is analysed in Lemma 5.2. The term 72 can be estimated
similarly as the coarsening error in Lemma 5.2, but now the first term in
the expansion must be taken into account, resulting in

me S IVBV2al 2k 0y + IVl Fa g 1y
Combining these estimates yields

m SIV2BlL2 +IVBV2al L2 + [|hV2a Fa e ny -
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Estimating n2. Applying Lemma 6.7 and then arguing analogously as in the
proof of Theorem 6.4, we obtain the bound

2 S V2Bll2 + IVBVZa| 2 + (V2] 2 (e + V2474 -

We obtain the stated result by combining the estimates for n; and for 7,.
O

Optimizing the blending function
Under the decay hypothesis (DH), one can readily check that the domi-
nant consistency error contribution in the B-QCE method is the interface
coupling error term ||V23||z2. This term originates from the smeared-out
ghost forces. A natural question at this point is how one should choose
to minimize this consistency error contribution.

Recall that we have assumed that 5 = 0 in [0, K] and = 1 in [L, N].
Thus, we must solve the variational problem

min |V?8| 12k, subject to B(K) = p'(K)=p'(L) =0, and B(L) = 1.

The solution to this problem is the cubic polynomial

0, z €0, K],
B (x) = B(E:ﬁ({), v €[K,L], where B(s)=3s>—2s>  (6.12)
1, x> L,

One may now readily check that
V2572 = (L = K) 7221V Bl| 20y = V2L = K)™2 (6.13)

In particular, we see again that the consistency error can be controlled by
increasing the blending width.

We summarize further properties of 8 that will be useful throughout the
remainder of the paper.

Lemma 6.9. Let 5* be given by (6.12) and p € [1,00]. Then
IVB*ller S (L — K)™7, IV2B7[|r S (L — K)™ 17, (6.14)

IVVB = S (L= K)7' VYT =B = S (L - K)~". (6.15)

Proof. The two estimates in (6.14) can be shown with the same scaling
argument as (6.13).
To establish (6.15), we first note that, for s € [0, 1],

\/B(s):sx/3—2s and 1—B(s) = (1 —s)V1+ 2s,

that is, \/E and /1 — 3 are both Lipschitz. Hence, (6.15) follows from an
analogous scaling argument. O
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Setting 5 = * in Theorem 6.8, and inserting (6.14) into the consistency
estimate (dropping the constants for simplicity), we obtain

H che} (L K) 3/2 + (L — K)71HV2’L~LHL2(K,L)

int

U ™ (6.16)

+ V%l 2(qe) + 1RVZ]34ge) + N2

Further remarks

(1) The first analysis of the B-QCE method (for 1D pair interactions) was
given by Van Koten and Luskin (2011). In that paper, the consistency
estimates follow the lines of the analysis in Ortner (2011) and Section 2.
Our approach in the present section is a simplified 1D variant of the 2D /3D
analysis in Li et al. (2013).

(2) Since we only attempted to obtain qualitative estimates, our Theo-
rem 6.8 hides the fact that nearest-neighbour interactions do not generate a
ghost force in 1D and hence do not contribute to the modelling error. Thus,
the prefactor for the dominant error term, |[V28|| 12, can be considered small
(Van Koten and Luskin 2011). However, in 2D/3D, this observation is no
longer valid (Ortner and Zhang 2012).

(3) To obtain (6.14) it is not necessary to use the ‘optimal’ blending function
(6.12). Through a straightforward scaling argument one can see that B
may be replaced by any function that is twice continuously differentiable
and satisfies the same boundary conditions. However, the bounds (6.15)
crucially enter the stability analysis.

6.3. Consistency of QNL-type methods

In Section 4.5 we introduced a general setting for the construction of force-
consistent methods and have presented some explicit constructions as well,
in particular the second-neighbour QNL method (4.14) and the reflection
method (4.16). Rather than focusing on any particular variant, we shall
show that all methods of the form (4.12), satisfying force-consistency (F)
and the following additional technical assumptions, are first-order consistent
at the interface.

We shall require two additional restrictions on the interface site energies,
which we call the locality and scaling conditions.

(L) Locality. <I>i§ (up) is a k times continuously differentiable function of the

interaction stencil Dup(§) = (Dyun(§)),er. Moreover, <I>i€7p = 0 for
§+p>L.
(S) Scaling. |<I>i LW S clp ) for p € R/, j = 2,3, where

Z‘PPH\,OZ <M”) for 0 < s < 3.
pER] =1
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Both the locality and scaling conditions ensure that the qualitative an-
alytical properties of the interface potentials are similar to those of the
atomistic potential. Both conditions can be weakened, but they are, at
least in some form, necessary to obtain the following results (Ortner 2012).
Both conditions are satisfied for the reflection method (4.16) and for the
geometric reconstruction scheme discussed in Section 4.5, provided that the
reconstruction coefficients C¢ ,¢ satisfy a uniform bound.

We begin, once again, by deriving a weak form of the first variation.

Proposition 6.10. For u; € Uy, we have that
N
<55qn1(uh),vh> = / Sl (yy,; )V, dz - for all vy, € Uy, (6.17)
0

where, for u € I/Vli’coo, we define

Dper Zé{zo Xe.p(2)p® , (1)
n L i
sanl(y; 1) = + 3 per 2oerct1 Xep(2)pPg (), forae. x <L, (6.18)
OW (Vu(z)), for a.e. > L.
Proof. The proof of this result is analogous to the derivation of the atom-

istic stress, using the form (4.12) of the QNL energy, and the locality as-
sumption (L). O

The next lemma establishes the key properties of S required to derive
the modelling error estimate.

Lemma 6.11. Let u € VVI})COO Then

Sal(y; ) = S (uyx),  for ae. x € [0, K — reu, (6.19)
Sal(y; ) = W (Vu), for a.e. = € [L, NJ, (6.20)
Sal(Fz) = 0gW (F),  for ae. x € R,. (6.21)

Proof. Throughout, we assume that = ¢ Z. To prove (6.19), we note that,
for # < K — reut, Xep(2) # 0 only when £ < K. Hence, (6.3) and (6.18)
imply (6.19).
The property (6.20) follows immediately from the definition (6.18) of S9!,
To prove property (6.21), we observe that the force consistency condition
(F) on page 437 can be restated as

N
(6P (uF), vy) = / Sl (P YV, dz =0 for all v, € Uy, F € R.
0

Since S9! is a piecewise constant function, this is only possible if S (u; z)
is constant. Since S9! (uF;2) = OV (F) in the continuum region, (6.21)
follows. O
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Next, we show that (6.21) implies a first-order error estimate on the a/c
stress function. Note, however, that the stress error is second-order in the
continuum region and vanishes in the atomistic region.

Lemma 6.12. Let u € Wlicoo Then for almost every x € [K — reyt, L],
1S9 (s @) — S*(u; )| S MP [V oo (0, [0, K —ren ) (6.22)
Proof. The result is a consequence of the Lipschitz estimate
|59 (u; ) — S™(v; )| S [V = Vol e o)

However, to remove the dependence on the atomistic region, we proceed

more carefully. Since the bounds on derivatives of ®' are now part of the

approximation, we have to trace this dependence carefully. We assume,

without loss of generality, that |p||s|c(p,<s) = m(p,s) (see condition (S)).
Let x € [K — reut, L] \ Z. Then

R(u; z) == S (u; x) — S*(u; x)

L
=30 D Xeol@) (B () — B, (u)).
pER E{=K+1

From (6.21), we know that R(uf;2) = 0 for all F € R, and hence we can
instead estimate
R(u; )] = |R(u; ) = R(u"; 2)]
L

<D oIl D xepd] @ p(w) = @k ()| 4 |02, (u) — B, (uF)[}-

PER  E=K+1
With the choice F := Vu(z), and for £ € v, \ [0, K], we can further bound

|@¢ (1) = @ ,(u")] < Y elp, <) Deul€) — Vu(z)d]
SER

S =2 [sleo, ) Vull Lo (1, [0,k —rews)) -
SER

An analogous bound is satisfied by [®f (u) — @gp(uF)\.
Combining these estimates, and applying (S), we obtain

o0

R(ws )| < IV2ull e 0. —re) D IPllsle(pi€) D Xeplé — 2l
PSsER E=K+1
S M(Q’l)||V2U\|Loo(uz\[o,l<—rm])-
This concludes the proof of the result. Ul
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Theorem 6.13. Let u € U satisfy (DH) and let K > rcy, N > rg. Then

[ !

L[;_L* 5 M(272) “VQﬁ”L2(K—Tcut:L)

+ MNP0l 2 peps,0) + M2 [V (1 a1 00
4 MO NL/2-a

Proof. The result can be proved along similar lines to Theorem 6.8. We
simply remark that the term M(2’2)HV271”L2([K—7~M,L]) is due to the first-
order consistency in the a/c interface established in Lemma 6.12, while
the remaining terms are due to the Cauchy—Born modelling and coarsening
€rrors. UJ

Further remarks

The key result in this section is (6.21). Although it is straightforward to
prove in 1D, it is in fact non-trivial. In particular, this property of the
a/c stress is in general false in 2D /3D, due to the fact that S9! may con-
tain divergence-free components (Ortner and Zhang 2012). A divergence-
free ‘corrector’ must therefore be added to the the a/c stress S, which
leads to a modified stress function S (u). In 2D, one can exploit the
characterization of discrete divergence-free tensor fields due to Arnold and
Falk (1989) to characterize the difference S9! (uf) — S®(uF) and construct
such a corrector. This was carried out explicitly for a model problem by
Ortner and Zhang (2012). A general result was established by Ortner
(2012), which established first-order consistency for a general class of a/c
couplings satisfying the force consistency (F'), locality (L), and scaling con-
ditions (S).

It is, at present, an open question whether a similar result holds in 3D
too. Moreover, even the 2D result (Ortner 2012) is not completely general.
For example, it requires that the atomistic region is connected. (Although
our framework includes this assumption as well, it is in fact not required
in 1D.)

6.4. Consistency of the B-QCF method

We now turn to the consistency analysis of the B-QCF method, the only
non-conservative scheme that we consider. We can again employ many of
the ideas we developed in the previous sections. However, some interesting
new effects appear. These can already be seen in the weak form of the
B-QCF force operator in the following lemma.

We remark that we can replace I, with I; (the nodal interpolant with
respect to the atomistic grid Z;) in the following lemma.
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Lemma 6.14. Let up, vy € Up. Then
(FP9 (up), vp) = (5 (un), In((1 = B)vn) ) + (5E(up), In(Bun) ) (6.23)

N
= /0 {S*(up) VI ((1 = B)vn) + OW (Vup) VI (Bup) } da.

Proof. From (4.22) and the definition of the weak form below (4.21), we

obtain
bacf () o) = _ aga(uh) 850(“71) v
(P ) ) CEZNh{u BNt 1 50 5 (o
_ 9™ (up) _ B 9E(un) v
_46% oy (1=5) h)<<>+CEZNh ) B

= <58a(uh), Ih((l — 5)Uh)> + <55'3(uh), Ih(ﬁvh)>.

The representation of €2 given in terms of the stress S* in Proposition 6.1
and the standard weak form of §€¢ yield the stated result. O

As a consequence, we obtain the following form of the internal B-QCF
consistency error.

Lemma 6.15. Let u € U and suppose that {0,..., L+ ey} C Np. Then
N
<77£1C§Cf(u),vh> = / (Sa(u) — 8FW(VHhu))VIh(th) dr for all v, € U,,.
K

Proof. Under the assumption that {0,..., L + reut} € N, we have that
IIpu = win [0, L + reyt], which implies that S*(ITpu;x) = S*(u; x) for = €
[0, L]. Hence, Lemma 6.14 yields

(53 (w), o) = (FP () — 66 (u), vn)

N
_ /0 (52 (w) VI, (1 — B)on) + O (VILyu)V I, (Bvp) — S*(w) Vo, } da

N
_ /0 (O (VILyu) — S*(w)) VI, (Bup) da

Since =0 in [0, K], the result follows. O

We see from Lemma 6.15 that we can use our techniques from previous
sections to bound the residual in terms of |V(Bvy)||z2. However, we need
a bound in terms of ||Vup||r2. This is provided by the next lemma.

Lemma 6.16. Suppose that 8 is defined globally with 8 € W1 and
suppose that |V3| < 1. Then

IV I (Bun) e < {1+ |22V B|| 2} | Vonll 2 for all v, € Up.
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Proof. 1In order to evaluate the gradient of the product, we add and sub-
tract V(vpIp5):

IVIh(Bon)llrz < IV (vrdnB)l2 + IV (0nInfB) — VIR(vnf)|l 2. (6.24)

The error term can be controlled in terms of V?(vy,I,3) (understood in the
piecewise sense),

IV (0ndnB) = VIR(0B)|lz2 S IV (0rdnB) |2 = 2| Vor VIR B 12
S IVILBl L [[Vonll 2 < [[VB Lo VU]l 12
< ||[Vonll 2,

where in the last line we used the assumption that |V3| < 1.
The first term on the right-hand side of (6.24) can be bounded by

IVnInB)L2 < IVB - vnllL2,ny + Vonl L2
Using the fact that vy, (0) = 0, Holder’s inequality implies
[on(2)] < "2 Vonl L2(0.0)-
Hence we estimate
IVB-vrllr2k,n) < ”371/2V5HL2(K,L)||VUhHL2-
Combining the computations above, we obtain the stated result. O
We are now ready to prove the consistency result for the B-QCF method.

Theorem 6.17. Let u € U satisfy the decay hypothesis (DH), let |[V3] <
1 and let L > K > 2r.,. Then

it (@)l < (L4 1229812 ) {M DNV 122 000

+ M3 Hhv2ﬂ||%4(1<—2rcut,oo) + MEON2ey,

Proof.  Applying Corollary 6.4 and Lemma 5.2 to the representation of
nﬁgd derived in Lemma 6.15, we obtain

bact _ _
(Mt (W), v8) S LNV 12K —2rene, Nt 2rens) T HhvzuH%4(K—2rcut,N+2rcut)

+ N2V (Bun) | 2.
Employing Lemma 6.16 yields the stated consistency error estimate. U

Suppose now that we use the blending function § = §* defined in (6.12).
Then we have

VB2 S (L — K)~'/?
and hence
|22V 8|2 S LV(L — K)7Y2,

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

ATOMISTIC-TO-CONTINUUM COUPLING 461

and this cannot be improved upon. Thus, using the optimal blending func-
tion, the estimate (6.14) becomes

< (14 LY2(L — K) Y2 {1V 1o (56 200 00)

qcf‘
Uy ~

Hnil;m

B i (6.25)
+ H u||L2p(K72rcut,oo) + }

In order to remove the prefactor dependence on the blending width, we must
choose L > cK, ¢ > 1. We will return to this point when we optimize all
the approximation parameters in Section 8.

Further remarks

(1) The consistency analysis of the B-QCF method follows the more gen-
eral multi-dimensional analysis in Li et al. (2013). Previous results in this
direction can be found in Dobson et al. (2010b), Makridakis et al. (2011)
and Lu and Ming (2013).

(2) Since H'-stability for the QCF method (without blending) is false
(Dobson et al. 2010b), the first error estimates for the QCF method were
given in the W1 *_-seminorm and hence the consistency error was estimated
in W~1°°, Similarly, the consistency analysis of Lu and Ming (2013) is
performed in the L?-norm, which (in our scaling) is even weaker than the
W1 norm.

The main difficulty in these analytical settings is to extend the analyses
to realistic 2D/3D situations with defects, where W1*°-regularity or H>2-
regularity is likely to be false. Conversely, in the convenient (and natural)
energy norm, the original QCF method is unstable. However, Li et al.
(2012) showed that B-QCF is stable in the energy norm, which motivates
our choice of analysing B-QCF in the framework of the present paper.

(3) If we had not imposed antisymmetry of the displacements, then we
would not have the boundary condition v,(0) = 0 available, but only
vp(N) = 0, and hence Lemma 6.16 would become

IVIL(Bun)llzz S (1+ NYA(L = K)7V/2)(|Vop| 2

This is clearly a problem, since it would require an O(N) blending region
to control this prefactor. However, it is purely a 1D artefact. Indeed,
analogous estimates in 2D and 3D (Li et al. 2013) show that the prefactor
can be efficiently controlled.

6.5. Summary of consistency estimates

For the reader’s convenience, we summarize all consistency estimates in
Table 6.1. For each entry, we write the coupling error in the first line, the
coarsening and Cauchy-Born modelling errors in the second line, and the
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Table 6.1. Summary of consistency error estimates. For each entry, we
write the coupling error in the first line, the coarsening and Cauchy-Born
modelling errors in the second line, and the far-field error in the third line.

a/c method 755 (e < Reference

B-QCE (Section 4.4) ||V28||L2 + ||[VBV2al| 12 Theorem 6.8
HIVEa r2 a0y + 1AV 22 (e
+N1/27O¢

QNL (Section 4.5)  [|V2@|| p2(k —rens,1) Theorem 6.13

HIV3a r2ae) + 1AV 72 (e
+N1/27a

B-QCF (Section 4.6) 0 Theorem 6.17
HIV3a 20y + AVl 72 ey and (6.25)
+N1/2—o¢

far-field error in the third line. For the B-QCF method, we assume that
a blending function and choice of K, L was used for which the prefactor
becomes O(1).

6.6. Remarks on extensions to 2D/3D

The key concept in our consistency analyses is the representations of first
variations of the atomistic and coupling energies in terms of stress functions
(‘weak forms’). To derive these, we employed a splitting of long-range finite
differences in terms of local gradients (see (6.1)),

Dpv(é):/R pXe,pVo(x)de. (6.26)

As a matter of fact, this technicality is not entirely necessary (though still
convenient) in 1D since the stress in 1D can be simply defined as the deriva-
tive with respect to the gradient, for example,
0E?(u)
S*u;n+ 1) = =~
(uin+3) 0D1u(n)
due to the fact that there is a one-to-one mapping between u and Diu.
This was employed, for example, by Makridakis et al. (2011) for the analysis
of the QCF method and the construction of a non-conservative scheme in
divergence form. Our main reason for employing (6.26) in the present work
is to mimic the extension of our results to 2D/3D.
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The main difficulty in extending (6.26) to 2D/3D is that line integrals
and volume integrals are no longer identical. A striking result of Shapeev
(2011) showed that this need not be a problem: if T is a triangle with
vertices belonging to Z2, p € Z?, and x7(x) = 1 if x € intT, xr(z) = 1/2 if

x € OT, then
1
> [ xrertoae=)
geze /=0

This bond-density formula enables the generalization of various 1D results
to 2D, including the construction and rigorous analysis of the bond-splitting
scheme (2.41); see Shapeev (2011) and Ortner and Shapeev (2013).

Unfortunately, the result is false in 3D, and moreover, there appears to be
no analogue of (6.7) even in 2D, which makes it more difficult to exploit the
symmetries of the interaction potential. An attempt to generalize it through
the use of mollification operators (Ortner and Shapeev 2012) proved highly
useful for the analysis of the Cauchy—Born approximation (Ortner and Theil
2013) as well as the B-QCE and B-QCF methods (Li et al. 2013), but has
not led to a practical a/c coupling even for pair potentials. A promising
approach based on yet another variant of writing finite differences as volume
integrals and employing a family of interpolants of discrete functions (rather
than a single interpolant) was proposed by Makridakis et al (2012). The
techniques introduced therein may also provide an alternative avenue for
the analysis of a/c coupling in 2D/3D.

7. Stability

The previous section was devoted to consistency estimates for the three main
a/c methods. This section is devoted to the second fundamental ingredient
for the error analysis: the stability of the linearized a/c operators 0F¢ €
{52gbace s2ganl s Fbacty - Assuming that w € U is a strongly stable state
satisfying (3.19), that is,

(822 (u™)v,v) > || Vo3, for all v € U,
we will show that
(6F(u)v,v) = (co — €)||V[72,
where € is a stability error that is controllable in terms of the approximation
parameters.
7.1. Stability of the continuum model

In this preparatory section, we review the classical observation that stability
of the atomistic model implies stability of the Cauchy—Born model. To state
the result, we extend the definition of Hessians to general homogeneous
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displacements u = uF and v € U, by the same formula (3.10). This is well-
defined since we have assumed that the second partial derivatives of V' are
bounded. We then define

*(F):= inf 2ga(uf .
FF = im0
||V'UHL2:1
Lemma 7.1. ~(F) < 92W (F) for all F € R.

Proof. Recall from (4.8) that £°(u) = [;° W(Vu)dz. Then
(62 (uF v, v) / W (F)|Vou|?da for v € Wb, Vo € L2,

The proof uses the fact that £° is the scaling limit of £€* and the scale
invariance of the continuum model.

We fix an antisymmetric function v € C§°(R),v # 0, compactly sup-
ported, and define

vgr(x) := Ru(z/R).

Then Vog(z) = (Vv)(z/R) and VZvg(x) = R~} (V?v)(x/R). Using these
properties, it is easy to show (see Hudson and Ortner (2012) for details)

that
(022w )og, vp) (€W ogvr)| o
IVurl2, IVorlZ, |
(0°€°(uF)or, vr) _ (0°E(uF)v,v) _ oo
1 _ — O2W(F).
o VRl IVollZ, o

Hence, we obtain

’)’a(F) < lim <525a(UF)’UR,’UR>

= 92W (F). O
R—o0 ”VURH%Q F ( )

Corollary 7.2. Suppose there exists any u € U satisfying the strong sta-
bility condition (3.19). Then 92W (0) > cq.

Proof. Let v € Uy with v(§) =0 for 0 < & < reyt, and let

0" 0<¢<R,
T we-R), exrR.

Then it is easy to see that

(6%6%(u)vg, vR) — (6262(0)v,v) as R — oco.
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Hence, we deduce that for any v such that v(€) = 0 for 0 < & < reyy,
(62£2(0)v,v) > co|| V3.

Slightly modifying the proof of Lemma 7.1, we obtain that 92W (0) > co.
O

Further remarks

As mentioned above, the result v*(F) < 92W (F) is classical and can be found
in standard textbooks, for example Wallace (1998). The proof reducing the
argument to only two ingredients (the fact that the Cauchy—Born model
is the scaling limit of the atomistic model, and the scale-invariance of the
continuum model) was given by Hudson and Ortner (2012). An interesting
question that seems to have gone largely unnoticed is under which conditions
the atomistic and continuum stability regions coincide. That is, when does
OFW (F) > 0 imply v*(F) > 0?7 For materials where this condition holds,
the Cauchy—Born model can be expected to correctly predict the onset of
defect nucleation or other types of singularities.

7.2. Stability of B-QCE
The second variation of £P4° is given by

(%P9 (u)v,0) = Y (1= B(€) Y Pepc(u)Dpv(§)Dev(§)  (7.1)

E€ly PSER

+ / 1B - OFW (Vu)|Vol|* d.
0

If we assume that 62£2(u) > 0, then this suggests that the atomistic compo-
nent of §2£P9°(v) might be positive as well. Moreover, Lemma 7.1 suggests
that 92W (Vu) > 0, in which case the continuum component of §2£P9°(u)
would also be positive. To make this intuition precise, we will ‘split’ the test
function v into an atomistic and continuum component, using the following
lemma.

Lemma 7.3. Let 3 € C%'(0,00), with 0 < 3 < 1. For each v € U, there
exists v?, v¢ € U such that

V1= B(E)Dpw(&) = D™ (§)] < C1l|[VV1 =8| Vol 2w, (7:2)

IVInB(@)Vo(z) — Voo (@) < Co| VB | Vo(e)|, and  (7.3)
Vo2 + Vot = |Vl (7.4)

where C] may depend on rqy, but Cs is a generic constant. In particular,
Vov*(z) =0 for z > L and Vv(z) =0 for v < K.
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Proof. Let ¢(x):= /1 — B(z) and assume, without loss of generality, that
p > 0. Then,
E+p—1
T BEDw(E) = (&) S Div(n)
=
§+p—1 E+p—1

Z YD) + Y (&) —¢(n)Div(n).
n=¢

If we define v® by v*(0) = 0 and D1v*(n) = ¥ (n)D1v(n), then we obtain

E+p—1

Y $(m)Div(n) = Dy*(§),

n=¢€
and hence
V1= BDyo(€) — Dpv™(€)| < P2Vl 1 [V 0ll 12(e £1.p)-
This estabhshes (7.2). The proof of (7.3) is analogous, with v¢ defined by

Dl’U \/ Dlv

Wlth these deﬁmtlons (7.4) is an immediate consequence. O

It is of course possible that |[Vy/1 — B||z= or |[V/B]||L~ are unbounded.
However, if we choose 8 = * defined in (6.12), then, employing (6.15), the
estimates (7.2) and (7.3) become

V1= B(E)Dyw() - D va<£>\ S (L= EK) [ Vollz2w,, and
|V InB(2)Vo(z (2)| S (L - K)"YVo(z)|.

Thus, the following result shows that the coercivity constant of the B-QCE
Hessian can be controlled in terms of the atomistic region size and the
blending width.

Theorem 7.4. Let u € U satisfy (DH) as well as the stability condi-
tion (3.19) and let K > 9. Then

<525che(u)v,v> > [eo — Ceche] V|2, for all v € Uy,
where

9 := max (| Vy/1 = Bllp=, [V v/Bl =, K%,

and C < M22 4 CpgM©®9 is independent of all approximation parame-
ters.
If 8 = B*, then P9 < max((L — K)™', K~2).
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Proof. Let €1 := max(||Vy/1 = B/, ||VVB||L=). Applying the estimates
(7.2) and (7.3) to (7.1), we obtain

(B> (wo,v) > 3 3 {Bepe (W) D0 (€)Dev*(€) — O et Vol 22, )

E€Zy psER
+ / {OFW (V) — Cher }|Vo© | da, (7.5)
0
where C{, pg,C'é are independent of any approximation parameters. Since
Vo® =0 1in (0, K), and using also Lemma 7.1,
ORW (Vu) > W (0) — CLK ™ > ¢g — C4K 2,

where C% depends only on M 39 and on Cpx.
Estimating the overlaps from the terms ||Vo®||12(
that |Vo¢| < |Vu|, gives

(§2E°9 (v, v) = (32 (w)v?, v*) + ol [Vo°|[ 72 — Ce|| V|72,

ve)» and using the fact

where € := max(e;, K~%). Now we use the stability of the atomistic model
and property (7.4), to conclude that

(82679 (u)v, v) = eol| V0?72 + col| Ve©| 72 — Cel| Vol 72
= [CO_CE]HV’UH%Q. O

7.8. Stability of B-QCF

The stability analysis of the B-QCF method uses similar ideas to that of the
B-QCE method. The key difference is where the blending function occurs
in the Jacobian. From (6.23) we immediately obtain, for up, v, € Uy,

(SFP9 (up ) vn, vn) = (52E*(un)vn, (1 = B)on) + (5*E (un)vn, In(Bun))
=3 Y e () Dyon(§)De[(1 = B)un] (€)

E€Z4 pSER
- / RW (Vu) Vo, VI [Boy] .
R+

Next, we note that I[fuv] = I1[Svy] for all vy, € Uy, where I denotes the
piecewise affine interpolant with respect to the atomistic mesh Z. There-
fore, we can extend the definition of §FP9°f naturally to u,v € U, by

<5,7:quf(u)v,v> = <525a(u)1’7 (1- /6)U> + <5256(u)v, Il(ﬁv» (7.6)
- Z Z D¢ pc(u) Dp(§) D [(1 = B)v] (€)

§€Zy pcER

+ [ OFW(Vu)VoVIi|[pv]de.
R+
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This will simplify the subsequent stability analysis.
We will now rewrite 6F°9° in terms of 62£P9° and a controllable error.
The intuition behind the first intermediate step is the simple observation

that Dc[(1 — B)v(€)] = —sVB(E)v(E) + (1 — B(€))Dev(€).

Lemma 7.5. Let u € U satisty (DH) with K —7r¢y > 79, and let ||V 3| <
1. Then, for v € Uy,

(6FPIH (u)v, v) > (5279 (u)v,v) + (Sv,v) — Crer|| Vol 72,

where € 1= max(||V 3| K=, [|V?8]| 1) LV2(L — K)'/2, C1  M®2) +
MG and

(Sv,v) = > VBE(E) D Vpe(0){pD1v(§) — Dyv(€)}. (7.7)

E€Zy pSER
Proof. Let §; := ||V?f]|| 1. Using the Taylor expansion
BE+75) = B(€) +VB(E) + O(82),
we can compute
Dg[(1=B)l(€) = (1= B(£)Dev(€) —sVB(E)v(E)
— <VB(€)Dsv(€) — O(8) - (v(€) + Dsv(§)).

Inserting this estimate into (7.6), it is easy to get

(82 (u)v, (1= By = > (1 =B(&) D Peps(u)Dyv(€)Dev(€)  (78)

13sy/m pSER

- Z VB(¢ Z <P e (u) Dyv(§)

EELy P,SER
= C1(01 + &)|Volg2 = Cro2llvll 2,y V0l 2,

where C} < M22),
Applying (DH) to estimate the coefficients ®¢ ,.(u), and the fact that

0l L2x.ny) < LY2(L — K)Y2|| V|2 for all v € U, (7.9)

we obtain

= D VBOU(E) Y Pep(u)Dpr(€)

¢z psER
> = ) VBEOUE) Y Vis(0)Dyu(€)
EELy PSER

— CoK VB Lo vl 2k, ) IV V| 2
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> 3" VBEWE) S Vl0)Dw(€)

EELy P,SER
— o0 K LY2(L — )2 Vo2,

where ¢ < MG, Combining the last estimate with (7.8), and again
applying (7.9) to the term [|v[|z2(x 1) in (7.8), we obtain

(02 (uw)v, (1= B)v) = Y (1= B(€) Y D¢ pe(u)Dyv(€) Dev(§) (7.10)

€€ly psER
= > VBEOW(E) Y sVul(0)Dyu(€)
€€y pSER
— G5t Vo[22,
where C5 < C1 + € and
¢} = max(6; K ~“LY?(L — K)Y2,8, + 65,6, L'*(L — K)/?)
< max(0; K™%, 8) LV (L — K)Y/? = €.
Similarly, we observe that, if x € (£, + 1), then VI [5v](z) = D1[5v](§),
and hence
VI$i[pv](z) = BVo(z) + VB(E)v(§) + VB(E) D1v(§)
+ 0(02) - (v(§) + D1v(€))-

We continue to argue similarly as in the proof of (7.10), and also use the
fact that OFW (F) = > pc PSVos(F - R), to obtain

(626 (u)v, I (Bv)) > /R 03 - OFW (V)| V| d (7.11)

+ > VBEU(E) D spVps(0)Dyv(§)

ISy 12
— Caet|VollZ:.
Combining (7.10) and (7.11) yields the stated result. O

The stability of §2£P9°(v), in terms of the approximation parameters,
is established in Theorem 7.4. We will see in Section 8 that the second
error term, €1, can be made arbitrarily small by choosing 8 appropriately
and increasing K and L — K. It remains to investigate the first error term,
(Sv,v), occurring in Lemma 7.5.

To motivate the next result it is instructive to think of (Sv,v) as being
formally of the same structure as

(Sv,v) = /Vﬁ‘v-v%dx.

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

470 M. LUSKIN AND C. ORTNER
Integrating by parts gives

(Sv,v) = —/VZB'U -Vodx — /Vﬂ | Vo|* da
2 —IV2BllrLV(L = K)V2|[Vol72 = IV <] Voll72,

which is of a similar form to €; and is also controllable. We now extend this
argument to (Sv,v).

Lemma 7.6. Let S be defined by (7.7). Then, for all v € U,
[(Sv,0)] S MEO (V28] LA (L = K)VV2 + ||V | o) [ V0|7 -
Proof.  We write S =3 0V,(0)S,, where
(Spv,v) = > VBEW(E)[pD1v(€) — Dpv(£)].
E>K

Now suppose, without loss of generality, that p > 0. Then

-1

[pD1v(€) = Dyv(€)] = ) [Drv(€) — Diw(€ + )],
1

R}

[
Il

and hence S, = Z _ Sp], where

D, jv,v) Z ViB(& Dlv(f) — Dyv(& +j)]-

K

Summation by parts gives

(Spjv,0) = > [VB(E)v(€) — VB(E = j)v(€ — 5)] Drv(€)

E>K
= [VB(E) - VB = 5)]v(&)D1v(§)
E>K
+ ) VBE = 5)[v() — v — 5)] Div(é).
E>K

Using the same arguments as in the proof of Lemma 7.5, it is now easy to
show that

[(Spg0.0)| S 1pI(IV?Bl Lo L2 (L — K)'2 4 [V B]| 1) | V0 7.

Inserting this result into the definition of S, and then S concludes the proof.
O

Combining Lemma 7.5 and Lemma 7.6 yields the following stability result.
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Theorem 7.7. Let u € U satisfy (DH) and the stability condition (3.19),
K —reyt > r9. Then

<(5.7-'bq0f(u)v,v> > (co — CquCf>HVUH%Q,

where
ehact — max (€1, ||V r),

€1 is defined in Lemma 7.5, and C < max(M(Q’Q), M(?”l)). If 8 = 5%, then
Pt < max {(L — K)~Y, (L — K)"V2LYV2 K= (L — K)~3/2L1/2}.

Further remarks

(1) By exploiting symmetries one can improve the estimate of Lemma 7.6,
but not the prefactor in the consistency estimate. For stability, and with
a smoother blending function, we only need L — K > K'/5: see Li et al.
(2012) for more details.

(2) The first proof of stability of the original QCF method, restricted to
1D, was in a discrete W1 >°-type norm (Dobson et al. 2010b). However, the
proof suggested a smaller stability region than the numerical experiments.
In the same work, the authors proved that QCF is never uniformly stable
in WP for any p < oo. Dobson et al. (2012) proved a sharp stability result
for the QCF method in a discrete H2-norm, still restricted to 1D, exploiting
an interesting spectral equivalence with a QNL-type operator. To date, it
is unknown whether the original QCF method is stable in 2D/3D; however,
we note that some recent progress for a planar interface has been made by
Lu and Ming (2012).

(3) A first proof of stability of the B-QCF method, valid in up to three
dimensions, was given in an H2-type norm by Lu and Ming (2013). This
proof uses the machinery of pseudo-difference operators and requires that
[ is smooth at a macroscopic scale. In our framework, this would require a
blending width of order O(/V) and thus no improvement in the order of the
computational cost as compared to a purely atomistic computation. Li et al.
(2012) showed that, in fact, the B-QCF method is positive definite in 2D
provided that the blending width is much larger than (log N )1/ SK1/5 and an
associated B-QCE operator is stable. (We expect that in the corresponding
3D result the log-factor is dropped.)

Finally, we remark that it still has to be demonstrated that an error
analysis of the B-QCF (or any other a/c coupling) method in an H?2-like
setting can incorporate crystal defects. Since the associated elastic fields
have singularities in the continuum limit, which appears to prevent H?2-
regularity, we see no path towards achieving this. (The QCF analysis of
Lu and Ming (2012) and the BQCF analysis of Lu and Ming (2013) only
admits smooth elastic solutions.)
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7.4. Stability of QNL-type methods

Let €9 be of the form (4.12) and assume that it satisfies the three key
technical conditions (F), (L), and (S).

Our strategy in the proof of stability of the B-QCE method was to split
the test function into two components, and hence the Hessian into a purely
atomistic and a purely continuum contribution. Although QNL-type meth-
ods do not have a ‘built-in’ blending, we can nevertheless apply the splitting
technique to separate out the interface and continuum from the stability of
the atomistic region (i.e., the defect core). We call the following result the
conditional QNL stability theorem.

Theorem 7.8. Let u € U satisfy the strong stability condition (3.19) and
suppose that there exists 9" € R such that
<525qn1(0)v,v> > 4| Vo2, for all v € Up. (7.12)
Then
<525qnl(u)v,v> > (min(co,’yqnl) —CK~ mm(l’o‘)) V|2, for all v € U,
where C' < M0 4 Cpg MG,

Proof.  The idea behind the result is to artificially insert the blending func-
tion B* into the QNL method in the fully atomistic region, with blending
width O(K). Then the result follows by closely mimicking the proof of
Theorem 7.4. The details of the argument are given in Appendix A.3. [

As a matter of fact, Theorem 7.8 applies to any a/c coupling, including
the B-QCE and B-QCF method. However, the natural occurrence of the
blending function in those methods allowed for a more natural decomposi-
tion of the atomistic and continuum contributions.

Theorem 7.8 reduces the question of stability of a QNL-type method
to stability at homogeneous deformations. We will consider two explicit
examples.

The reflection method

The reflection method was proposed by Ortner et al. (2013) as a ‘universally
stable’ method. Indeed, for this method we are able to provide a simple and
general stability result.

Proposition 7.9. Let £ be the energy defined in (4.16). Then
(326" (0)v,v) > 4*(0)|| V|22 for all v € U.
Proof. From the definition of €™, we obtain

(028(0)v, v) = (%" (0)v, v) + OFW (0)[ VU122 00
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Since £* depends only on v(§), £ < L, and since we know from Lemma 4.1
that £* can be understood as a periodic version of £2, it is reasonable to
conjecture that

(62 (0)v, v) = *(0)[[ Vol 20 1)- (7.13)

If we can prove this, then we obtain the stated result.
To prove (7.13), we first write out <528*(0)v, v), using Lemma 4.1,

(6%€*(0 Z Ve Z Dpv*(€)Dev™ (€).

p SER E=—L+1

Using 2L-periodicity of v*, we can equivalently write this as

mL
(82€* (0w o Z Ve D D" (§)Dev*(€) =: (Hpv",v%),

p SER E=—mL+1

for any m € N.
Extending the definition ‘symbolically’ to all displacements w € Uy with
w(&) =0 for || > mL — reyt, we obtain

1 a
(Himw, w) > —*(0)|[ V|7
Now define v, by

Um(g) — { U*(g)a ‘£| < mL — Tcut,

0, ‘f‘ ZmL—rcut.
Then
(Hpv*,0*) = (Hp O, ) + O(mil)
1, B
= " (O)l|Voml72 +O(m™)
1

= E’Ya(o) HVU* H%?(—mL,mL) + O(m_l)'
Since ||V/U*||%2(—mL,mL) = QmHVUH%Q(O’L), we obtain
(Hynv*,v*) = 4 (0)[[VollE20 ) + O(m™),
and letting m — oo yields (7.13). U

Stability of the ‘classical’ QNL method
In Section 7.9 we have seen that the reflection method is ‘universally stable’.
That is, up to controllable errors, 626 is positive if and only if §2£2 is
positive. For other QNL-type methods, this is not the case but depends
crucially on the set-up of the problem.
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First, we consider the original second-neighbour QNL method defined
by (4.14), which reduces to (2.41) in the case of second-neighbour pair
interactions.

Proposition 7.10. In the case of second-neighbour two-body interactions,
we have that

<525qn1(0)v,v> > 2(0)| Vo3, for all v € Uy, (7.14)
where £9% is the energy functional defined in (2.41).

Proof. To discuss this case, we again adopt the notation introduced in
Section 2 and also define ¢} = ¢7(0) and OEW = 0EW (0). In Section 2.6
we have already shown that if ¢ <0, then

(€9 (0)0,0) = RW /|72 = 4 (0)[[V/|| -

Using a completely analogous calculation, we can show that if ¢} > 0, then
the QNL Hessian can be written in the form

(FET0)0,0) = (PE*(O)v0) + 05 3 kP

E=K+1
> (5262(0)v, v) > +2(0)[|']|%,

and we again obtain the stated result. U]

Stabilizing QNL-type methods

We have seen in Proposition 7.10 that, for second-neighbour pair interac-
tions, the original QNL method is stable provided that the atomistic model
is stable. Unfortunately, for many-body interactions, this cannot be guar-
anteed. An explicit example can be constructed of an interaction potential
for which 42(0) > 0, but §2£9%(0) is indefinite (Ortner et al., 2013). (Since
the construction of this example is not very instructive, we do not give the
details here.)

It turns out, however, that, at least in 1D, all QNL-type coupling schemes
can be stabilized. We only give a brief outline of the argument and refer
to Ortner et al. (2013) for further details. It is relatively straightforward
to see that, for any QNL-type a/c coupling, the Hessian can be written in
the form

<525qn1 ZCO ]Dlv ’
£=0

2rcut—1 oo
+ 20 D@D+ ) - D@
j=1 ¢&=0

For the reflection scheme £ = €™ we denote the coefficients by cj = c;ﬂ,

whereas for a general QNL scheme we just denote them by c¢;, as above.
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Next, one observes that, if force-consistency (F) is satisfied, then cy(§) =
OEW (0) for all £&. Thus, we obtain that

<525qnl(0)v,v> - <525rﬁ(0)v,v>
2rcut—1 o0
= > 3 (69 - @) Drv(e +5) - Diw(©) .

j=1 ¢=1
Since both the QNL energy and the reflection energy reduce to the atom-

istic model in the atomistic region and to the Cauchy—Born model in the
continuum region, it follows that ¢;(&) = c;ﬁ(g) except possibly in a small

region surrounding the interface £ € {K,...,L}. To be precise, it is fairly
straightforward to deduce that there exists a constant C'y > 0 that depends

only on the coefficients ¢;(§) — cgﬂ (£), such that

L1
(82 (0)v,v) — (8°E (0w, 0y = =C1 Y )
E=K—rcut+1
where we recall that v = D1v(§) — Div(§ — 1).
Let us now define
L1
£8P (y) = gl(y) + Oy Z \vé’|2.
§=K—Tcut+1

Then we obtain that £5%2 obviously satisfies the force-consistency (F) and
locality (L) conditions. The scaling condition (S) follows from the fact that
Cy is essentially a sum over the coefficients ¢;(¢) — ¢1(¢). In addition to

J
these conditions, we now also obtain that
<5255tab(0)v,v> > <525rﬁ(0)v, v) for all v € Up.

Since £ is ‘universally stable’, it follows that £5%2P is stable as well. That
is, £51%P satisfies all the conditions of the conditional stability Theorem 7.8.

A similarly general construction in 2D /3D is open, but it is already clear
from the initial results presented in Ortner et al. (2013) that stabilization
cannot in general be as straightforward as in the 1D case.

8. A priori error estimates and computational cost

We are now ready to put into practice the strategy outlined in Section 4.7.
Based on the stability analysis in Section 7 we now have strong reasons to
expect that

[V = Vel e S 2 (i + [7escllegg)

with suitable upper bounds on the two consistency components, derived in
Sections 5 and 6. We shall now optimize the approximation parameters in
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such a way that these upper bounds tend to zero as we increase the number
of degrees of freedom. For sufficiently small consistency errors, we can then
apply an inverse function theorem to make the error estimate fully rigorous.

8.1. Optimizing the finite element grid

The finite mesh size h is the first approximation parameter that we will
optimize. In this section, we use a classical technique to optimize the mesh
grading.

The two terms occurring in the coarsening and consistency analysis that
depend on Ty, are the best approximation and the coarsening error terms

1RV 2z ) + 1RV 3 -

It is easy to see that, for L sufficiently large, the best approximation error
|hV 24| 12(L,N) is the dominant contribution. Thus, we optimize this term
only. A discussion of optimizing a/c methods for the superconvergent error
component, ||hV2ﬂH%4(L’N), is given in Section 8.6.

Suppose that u € U satisfies (DH) and L > 9. Then

1hV2al 2 ny S 0™ L2z n)-

We wish to choose h to minimize this quantity, subject to fixing the number
of degrees of freedom, N7; — 1, which is given by

N, N,

1 '
NTh:21:Zhjhj:/0 L.
J=1 7=1

We ignore the discreteness of the mesh size function and solve

N
min Hhafa*lHQLg(L n) subject to / — dx = const.

h
L
The solution to this variational problem satisfies
h(xz) = Az for ¢ € (L,N),

for some constant A > 0. This gives us an optimal scaling of the mesh size
function.
We now impose the condition h(L) =~ 1, which yields

z %(a—i—l) N
h(z) ~ (L> =:h(x) forze (L,N). (8.1)
If o := %(a + 1), then o’ > 1, and hence this choice of h yields
N N 1-o/
1 LY(N'=e' —pl=e'y [
—dx = ~ . 2
/L h o 1—a o —1 (82)
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Thus, the choice (8.1) gives a comparable number of degrees of freedom in
the continuum region to that in the atomistic and interface regions. The
resulting best approximation error bound can be estimated by

1
Li_(a'i—l) 1
—a—1 ~ ~ T —5—Q
[ha lz2(L,n) ~ w1~ L2277 (8.3)

We can now also determine an optimal balance between the choices for
L, N and Tp. To balance the interpolation error with the far-field error, we
should choose N such that

a+1/2
L71/?2=a n NV2= thatis, N~ Lo-1/2,

We now turn this formal motivation into an explicit construction of a
finite element mesh.

Algorithm T.

(1) Set N == [L&172].
(2) Set N, := {0,...,L}.
(3) While n := max N < N
Set N, := N, U {min(N,n + |h(n)])}.

Meshes constructed via Algorithm T satisfy qualitatively the same prop-
erties as predicted by the formal computations (8.2) and (8.3).

Lemma 8.1. Let u € U satisfy (DH) and let N and 7, be constructed
by Algorithm T. Then, for L sufficiently large, N7, < C1L,

1hV2a 2 a0y + NY270 < CoNZY?70) and (8.4)
- —1/2—20
|hV2al Gz < CalNz 272, (8:5)
where C] depends on a and Cs, C3 depend on o and on Cpg.
Proof. The proof is given in Appendix A.4. L]

Cost estimate for the external potential

We now turn the external consistency error estimate into an estimate in
terms of N7, as well. Let f satisfy (DH) and suppose that 7, and N
are constructed using Algorithm T. Since h(z) < x/2 (see Lemma A.3), a
straightforward computation yields

&

2 2 o2

[Mextller S NA°V fllL2(2,00) + logLHh WV fll L2 (L,00)
log L '

5 L—a—3/2 +
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We insert N < L3(@+D) 6 obtain the following result. In particular, we
can conclude that the external consistency error is dominated by the best
approximation error.

Proposition 8.2. Let f satisfy (DH) and let 75, N be chosen by Algo-
rithm T. Then

Inesllu; < CL™*3*1og L,

where C depends on « and on Cpg.

Cost estimates for the Cauchy—Born error

Although not part of the coarsening error estimates, we still briefly derive
corresponding estimates for the Cauchy—Born modelling error, since this is
another generic component used in estimating the consistency error of all
a/c couplings.

The only approximation parameter available to control the Cauchy-Born
modelling error is the size of the atomistic region (recall that in Algorithm T
we fixed NV in terms of L). A straightforward calculation yields the following
result, which we will later use to conveniently estimate the corresponding
terms in the consistency error estimates.

Proposition 8.3. Let u € U satisfy (DH) and let L’ > ry. Then

IVl 301 00y + V20 L2100 < C(L))7O73/2, (8.6)
where C depends on « and on Cpgy.
Proof. The result follows from a straightforward computation. UJ

We notice, in particular, that if L' 2 L > N7, (in practice we will need
to choose K 2 L), then the Cauchy-Born modelling error is dominated by
the best approximation error.

8.2. Error estimate for QNL-type methods

Fix a strongly stable atomistic solution u®* € U satisfying the decay hy-
pothesis (DH). We wish to approximate this equilibrium using a QNL-type
approximation

u%nl € argmin {E™ (up) — (f, un)n | un € Uy}, (8.7)

where €9 is of the form (4.12). We now derive a quasi-optimal balance of
the approximation parameters K, N and h. In the case of the QNL method,
this will follow directly from Section 8.1.

Given an atomistic core size K, we define L as determined by the par-
ticular QNL method that we employ. (In practice, L — K < Crey < 1; we

https://doi.org/10.1017/50962492913000068 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492913000068

ATOMISTIC-TO-CONTINUUM COUPLING 479

state this in Theorem 8.4 as an assumption.) Next, we construct N and Ty,
using Algorithm T. Thus, we obtain

Ny, SLSK.

~

We can now apply Lemma 8.1, Lemma 8.3, and the decay hypothesis (DH),
to deduce that the QNL consistency error derived in Theorem 6.13 can be
bounded above by

[t

ur S IV L2 (K —rewe,)) + IRV 0 2201, 00
+ V32| (1 00) + N2
< o1 +N;hl/2_2a 432 | [-1/2-a
SNV S ge (8.8)

This means that, by choosing K sufficiently large, we can make the consis-
tency error arbitrarily small. This motivates the following theorem.

Theorem 8.4. Let u* € U be a strongly stable atomistic solution satis-
fying (DH). Consider the QNL problem (8.7) with quasi-optimal choice of
N, T, constructed by Algorithm T. Suppose, moreover, that £9%! is stable
in the reference state (7.12), and that L — K remains bounded as K — oc.
(For example, this is always satisfied for £ = £)

Then there exists Ko such that, for all K > Ky, (8.7) has a locally unique,

strongly stable solution uznl which satisfies

IVu® — V™| 2 < N2 20
Proof. We will use the quantitative inverse function theorem, Lemma B.1,
with

Gn(un) = 6™ (un) — (f, ),

with a, = Iu?.
We first remark that the scaling condition (S) implies a Lipschitz bound
for §2£an!,

H(SQSqnl(u) - 52€qnl(v)H£(u7u*) < M||Vu — V| e for all u,v €U, (8.9)

where M < MG9. The proof of (8.9) is analogous to the proof of (3.11)
and is therefore omitted. Since ||+ ||z~ < ||-||z2, we can also replace the L>°-
norm on the right-hand side with the L?-norm. This establishes condition
(B.1) in Lemma B.1.
The residual estimate (8.8) and the external residual estimate of Propo-
sition 8.2 give
1Gn (TTpu®) [l S K127,

which establishes the second condition (B.2) in Lemma B.1.
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From Theorem 7.8 we obtain that
(£ o, v4) > (min(eg, 1) — CE ™ 0) [Ty 12,

Let v := 1 min(co,v®). Applying the Lipschitz bound (8.9) and the best
approximation error estimate (8.4), we obtain

(B2ENN T u vy, vp) > (29 — CK i) — O =1/279) |7y, |12,
Hence, for K sufficiently large, we obtain that
(0GL(TTpu®)vp, vg) > 7||Vvh||%2 for all vy, € Uy,

which establishes the third condition (B.3) in Lemma B.1.
To check the final condition (B.4), we observe that
2Mn _ IMEK—1/2-e
7T
and hence, for sufficiently large K, (B 4) is satisfied as well.
Thus, we deduce the existence of u;! " satisfying Gn(u qnl) = 0. The stabil-

ity estimate (B.6) guarantees that uj} al s in fact a strongly stable solution
o (8.7). The error estimate (B.5) implies

)

1 —1/2— ~1/2—
[Vui™ — VITu?|| 2 < K27 ;\V'NT}L/ .

Applying the best approximation error estimate
—-1/2—«
VIt — Vu?| 2 S N2
which follows from (8.4), we finally obtain the stated error bound. (]

Remark 8.5. (1) Theorem 8.4 provides a rigorous convergence result for
the reflection method (4.15) and for stabilized QNL-type methods (see Sec-
tion 7.4). For more general QNL-type methods it depends on the details
of the potential and the macroscopic strain, whether the stability assump-
tion (7.12) holds. We have provided some examples and counterexamples
in Section 7.8.

(2) The convergence rate Nf;hl/ 2 is, in some sense, optimal since it is
the rate of the best approximation error. Indeed, it can be checked that
the remaining consistency error terms decay at a higher order than the
best approximation error. We comment further on the issue of optimal
convergence rates in Section 9.1.

8.3. Error estimate for B-QCE

We follow the same strategy as in Section 8.2. Let u* € U be a strongly
stable atomistic solution, which we aim to approximate using the B-QCE
method,

up9® € argmin {EP9 (up,) — (f,un)p | un € Un }- (8.10)
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Before we state the error estimate, we again turn the consistency estimate
of Theorem 6.8 into an estimate in terms of N7, . Let K < L be given and
N, Ty, constructed by Algorithm T, and let 5 = §* defined in (6.12). Then,
applying (DH), (8.5) and (8.6) to (6.16), we obtain

[

S(L=K)7P 4 (L= K) 7V 2 1) (8.11)

Uy ~
IV (o + IV ey + N2
(L= K)™2 4+ (L= K) 2Kl oy e,
It remains to determine the (quasi-)optimal ratio between L and K. We

think of L as fixed (and determining the number of degrees of freedom),
and aim to optimize the choice of K. We consider three regimes.

(1) If K < L — K < ¢K for some ¢1,c2 > 0, then we also obtain
L — K ~ K =~ L, and hence

H bqce ‘
int

” 5 L_3/2 +L—3/2—a +L—a—1/2 ~ L—min(3/2,o¢+1/2)‘
h

(2) If (L - K)/K — oo as K — o0, then the upper bound in (8.11)
is bounded below by L~™in(3/2.a+1/2) - That is, we cannot obtain an
improved convergence rate over the earlier choice, but require more
degrees of freedom.

(3) If (L—K)/K — 0 as K — oo, then we clearly obtain a reduced
convergence rate, but the number of degrees of freedom only improves
by a constant factor.

In practice, in the B-QCE method we first choose the size of the atomistic
region K and then define L = 2K. Thus, we obtain Ny, ~ L~ K ~ (L—K)

d
an H che‘ < N—min(3/2,a+1/2) ~ K~ min(3/2,a+1/2) (8 12)
int llgfp ~ T ~ . .

Again, we observe that by choosing K sufficiently large we can make the
consistency error arbitrarily small.

According to the discussion above, this choice is asymptotically quasi-
optimal, but it may be possible to improve on it quantitatively, as well as
in the pre-asymptotic regime.

Theorem 8.6. Let u* € U be a strongly stable atomistic solution satis-

fying (DH). Consider the B-QCE method (8.10) with quasi-optimal choice

of approximation parameters L, N, Ty, 8 for given K, as described above.
Then there exists Ky such that, for all K > Kj, (8.10) has a locally

bqc

unique, strongly stable solution u, ¢ which satisfies

b — min(3/2,1/24
[Vu® — Vu, ¥ 2 S NThmm( [2:1/24),
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Proof. The proof is analogous to the proof of Theorem 8.4. The Lipschitz
bound for 62£P9 is again easy to establish. The consistency estimate in
terms of K is given in (8.12). Finally, combining Theorem 7.4 with the
Lipschitz bound for §2£P9° ensures stability,

(525che(Hhua)vh,vh> 2 %CovahH%g,
provided that K is sufficiently large. (With our choice of K, L, 8 = (*, the
stability error is bounded by €% < K~ min(Le) ) ]

Remark 8.7. The B-QCE method has a reduced convergence rate N%h‘g/ 2
for a > 1 (fast decaying elastic field), but it has the optimal convergence
rate N.-

hl/Qfa for a € (1/2,1] (slowly decaying elastic field). In the latter

case it would be sufficient to choose I — K ~ K(1+2)/3 « K to obtain the
optimal rate.

8.4. Error estimate for B-QCF

In the B-QCF method, we approximate a strongly stable atomistic equilib-
rium u® by the solution to

<_7:chf(uzq0f), vp) = (f,vp)n  for all v, € Uy, (8.13)

where FP9f is given by (4.22). We will again use the blending function 3 =
B* defined in (6.12) and, given K and L, define N and 7, via Algorithm T.

In the consistency error estimate given in Theorem 6.16 the blending
function occurs again, but this time as a prefactor. We slightly rewrite
(6.25) as

||Tiilf§c£||u; < (14 LMYP(L — K)~P)
(VP 2k s 00) + V2@ T (27 00)
+ ”th{LaH%‘l(LW) i N1/2—a).

Applying Lemma 8.1 and Lemma 8.3 to (6.25), and assuming that K —
2reut 2 K, we obtain

HquCfHU,’; < (1 i Ll/p(L _ K)—l/P) . (K—a—3/2 +N77—hl/27a). (8.14)

int

We remark that choosing S = * was not necessary, but that B could have
been replaced by any Lipschitz function.
Before we state the B-QCF convergence result, we recall from Section 2.8
that we must optimize 8 not only for consistency but also for stability:
(§FPI (Yo, v) > (co — CI)|| Vo[22,

where

"1t < max {(L — K) 7 (L — K)Y2LV2K = (L — K)73/2LY2) . (8.15)
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Table 8.1. Summary of a priori error estimates in terms of
computational cost.

a/c method [Vu* — Vud®||2 < Reference
ATM (Section 3.4) N—«+1/2 Theorem 3.14

B-QCE (Section 4.4) Nimm(?’/z’wrl/z) Theorem 8.6
QNL (Section 4.5) N;hafl/Q Theorem 8.4

B-QCF (Section 4.6) N,/ Theorem 8.8

We now observe that by choosing L — K ~ K ~ L ~ N7,, (8.14) and
(8.15) become

Hnil;(%cfHu; S K—a—3/2 +N7—7L1/2—a ~ N7—711/2—a ~ K—1/2—o<’ and (8.16)
ePact S K- min(l,a)' (817)

In particular, the consistency error is of the same order of magnitude as the
best approximation error and the stability error tends to zero as K — oc.
Thus, as in the B-QCE method, we first choose K, then define L = 2K
and then construct N,7; using Algorithm T, to obtain a quasi-optimal
implementation of the B-QCF method. This yields the following result.

Theorem 8.8. Let u* € U be a strongly stable atomistic solution satis-

fying (DH). Consider the B-QCF method (8.13) with quasi-optimal choice

of approximation parameters L, N, Ty, 8 for given K, as described above.
Then there exists Ky such that, for all K > Ky, (8.13) has a locally

bqc

unique, strongly stable solution u;, f, which satisfies

bqcf —1/2—
IV — V|| < N2

Proof. The proof is analogous to the proof of Theorems 8.4 and 8.6. The
Lipschitz bound for 6 FP9°f is again easy to establish, employing Lemma 6.16.
The consistency estimate in terms of K is given in (8.16) and the stability
error in terms of K is given in (8.17). O

8.5. Summary of a priori error estimates

For the reader’s convenience we summarize all a prior: error estimates, in
terms of computational cost in Table 8.1. We see in particular from this
table that the coarsening error dominates both in the QNL and B-QCF
methods. In Section 9.1 (optimal a/c couplings) we discuss how to improve
upon these rates. Recall also from (DH) that oo > 1/2.
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8.6. Remark on superconvergence

In the analyses of the QCF and B-QCF methods by Dobson et al. (20100),
Makridakis et al. (2011) and Lu and Ming (2013), it is shown that the error
is of a higher order than for energy-based a/c couplings. The reason we
have not observed this here is because the consistency errors are dominated
by the best approximation error.

Alternatively we could consider the superconvergent error VHhua—Vuquf,
for which we might expect a better rate of convergence. Carrying out the
analysis for this error leads to the same rates of convergence as the ‘optimal
rates’ discussed in Section 9.1.

8.7. Numerical tests

We perform a selection of numerical tests to confirm the convergence rates
we predicted in the preceding sections.

The model
We choose a one-dimensional variant (3.7) of the embedded atom method
(EAM) (Daw and Baskes 1984), which is a popular atomistic model for
solids. In this model ((3.7) for macroscopic stretch A = 1), the site potential
is given by

V(g) = % > 6l +gpl) + w(Zn(!er 9p|)>,

PER PER

where ¢ is a pair potential,  an electron density function and ¢ an em-
bedding energy (typically convex). Mimicking popular variants of EAM, we
define

6(r) = 2e~2a(r1-1) _ go=alirl-1)

n(r) = e bl

U(t) = c((t —to)” + (t —to)*),

where a, b, ¢, tg are parameters of the model. Throughout our computational
experiments we choose

Teww =2, a=3, b=3, c¢=5 and ty= Z e—0-95bp|
PER

Nonlinear solver
Let F : Uy, — U, denote the force-operator associated with an a/c cou-
pling. To compute the solution of the variational problem

(F(uf®),vp) = (f,vn)n for all vy, € Up,
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we use a preconditioned steepest descent method with fixed step size s.

]

Given an iterate u;” we compute

N
/ (Vul ™ = vl -V de = —s{(F (), vn) — (f,on)n}
0

for all v, € Up. The step size s is chosen by trial end error to ensure
stability of the iteration. As a starting guess, we choose IIu?, where u? is a
prescribed exact solution (see next paragraph). The iteration is terminated
when the />°-norm of the residual falls below the tolerance 1075,

Finally, we remark that in the case of the B-QCF method the iteration is
not a steepest descent method (since there is no associated energy), but that
it is nevertheless convergent due to the fact that §FP9 is positive definite
in a neighbourhood of the B-QCF solution.

More sophisticated and more efficient nonlinear solvers should of course
be employed for 2D /3D problems.

Convergence rates
We fix an exact solution

ut(€) = (14 €%) 7%,

and compute the external forces f(€) to be equal to the internal forces under
the displacement u®. The parameter « is a prescribed decay exponent.
One may readily check that this solution and the associated external forces
satisfy the decay hypothesis (DH).

We then solve the atomistic method (ATM) with far-field boundary con-
dition (3.21), the QCE method (4.6), the B-QCE method (8.10), the B-
QCF method (8.13) and the reflection method (QNL(REFL)) (8.7) with
Eml — gl and compute the error in the energy norm.

The results for & = 1.5 (rapid decay) are shown in Figure 8.1 and the
results for a = 0.8 (slow decay) are shown in Figure 8.2. We observe
precisely the rates predicted in the preceding sections.

Moreover, we note that, in the case a = 1.5, the B-QCE scheme is in-
deed less efficient than the B-QCF and QNL schemes. However, since the
convergence of all schemes (including the naive ATM scheme) is fairly fast,
this may not be of great significance.

By contrast, in the case & = 0.8 where a/c couplings yield much more
significant computational savings, the best approximation error dominates
the coupling error in the B-QCE scheme and hence the computational cost of
B-QCE, B-QCF and QNL are essentially equivalent. For a similar reason,
the error in the QCE method is initially close to the best approximation
error and only stagnates once the elastic field is well resolved.
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Convergence rates for rapidly decaying solution

N N;El/Q

—— ATM
——QCE

107 —=B-QCE
—¥—B-QCF

—6— QNL(REFL)

-~ N;l/Zfa

1 2

10 10
N,

Figure 8.1. Convergence rates of various a/c couplings
for a rapidly decaying atomistic solution (o = 1.5).

Convergence rates for slowly decaying solution

107 ]
=
>
|
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>
—— ATM )
+QCE - N—l/quc"'.'
12| "B B-QCE T ]
—¥—B-QCF
—— QNL(REFL)
10' 107
N,

Figure 8.2. Convergence rates of various a/c couplings
for a slowly decaying atomistic solution (o = 0.8).
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9. Extensions and open problems

In this article we have presented a numerical analysis of the fundamental
a/c coupling methods. To conclude, we will briefly comment on several
further important topics that we skipped or only touched upon, as well as
open problems that motivate further research.

9.1. ‘Optimal’ a/c coupling

Suppose, for a moment, that we need not discretize the continuum region,
but can solve the Cauchy—Born model at negligible computational cost. In
this case, we may ignore both the far-field and the coarsening errors, and
would obtain, using the notation and concepts from Section 8, the following
error estimates for the B-QCE, QNL and B-QCF methods (we drop the
subscripts h since we have not discretized the continuum model):

[V = Va2 S 192612 + [ VAV2E 12 + 1,
1V = T 2 S V20 2 1,y + 1
HVua _ vuchfHL2 S an7

where 1% = || V30| L2k rony 00) + HV%]‘LH%Z;(K%CU“OO), and we assumed
that in the B-QCF method 3, K, L are chosen such that the prefactor in the
estimate is of order O(1).

In these estimates, we again clearly observe the improvements in interface
contribution to the error that the QNL and B-QCF methods represent. Ap-
plying the decay hypothesis (DH) to converting the estimates into estimates
in terms of the number of degrees of freedom in the atomistic and interface
region (which we have just assumed is now proportional to computational
cost), we obtain for a > 1/2 that

Hvua - VucheHL2 5 ‘va?)/Q7
|Vu* — Va2 S K71, (9.1)
Hvua - vuchfHL2 5 K7a73/2,

where we assumed that g = 8* and L — K =~ K in the B-QCE and B-QCF
methods, and that L — K = O(1) in the QNL method.

These estimates are natural limits that cannot be improved upon by
changing the type of continuum model discretization. Moreover, we note
that a recent result of Dobson (2011) implies that the estimate for the QNL
method is optimal, that is, there exists no QNL-type scheme, coupling an
atomistic to the Cauchy—Born model, that has an accuracy higher than
first-order in the interface region.
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We note two interesting challenges. First, it would be highly desirable to
construct practical a/c schemes that achieve the optimal rates stated above.
Second, by admitting more general (higher-order) continuum models, it may
be possible to construct a/c schemes that can in fact improve upon the rates
in (9.1).

9.2. Stability

As is the case with all approximation schemes, the two central pillars of the
a priori error analysis of a/c couplings are consistency and stability. The
stability of a/c couplings in 2D /3D is an entirely open question. We are
aware of only three results in this direction, all of which are unsatisfactory
in our view. Ortner and Shapeev (2013) obtain stability results in a 2D pair
interaction setting by assuming that nearest-neighbour interactions domi-
nate, which would break down for large deformations. Lu and Ming (2013)
prove stability for the B-QCF Jacobian operator as a map from H? to L?,
but achieve this only for an impractical O(N) blending width. Moreover, it
is not clear how to incorporate crystal defects into their analysis. Finally,
Li et al. (2012) prove positivity of the B-QCF Jacobian operator in 2D, but
only under the assumption that the B-QCE Hessian is positive definite.

The approach to split test functions, which we employed in Section 7, is
unlikely to generalize to 2D/3D. It was only possible to employ this in 1D
because we could split the displacement gradients instead of the displace-
ments themselves.

The result of Ortner and Shapeev (2013) would be generalizable to any
of the a/c couplings we considered as well as to 3D, but this would not be
satisfactory as it cannot be readily generalized to many-body interactions,
and there is even less hope of extending it in such a way that stability of
a/c couplings can be proved up to bifurcation points.

An entirely new approach may be required to obtain a satisfactory un-
derstanding of the stability of a/c couplings in 2D /3D.

9.8. Mesh and model adaptivity

We have presented an a priori error analysis approach to designing a/c cou-
plings with a balance of approximation parameters that is quasi-optimal in
the asymptotic regime. However, for many real defects, there is a significant
pre-asymptotic regime; see, for example, Luskin et al. (2013). For practical
computations, it is therefore desirable to develop quantitative a posteriori
error estimates and corresponding mesh and model adaptation schemes.
Adaptive methods to determine the region needing atomistic accuracy
and to select an efficient mesh in the continuum region have been con-
sidered (Miller and Tadmor 2003) and goal-oriented approaches have been
studied by Prudhomme, Bauman and Oden (2006) and Arndt and Luskin
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(2007, 2008a, 2008b). An adaptive algorithm that is conceptually similar
to the framework of the present article has been developed by Ortner and
Wang (2013).

Another key open question in this context is a rigorous criterion for the
prediction of defect nucleation in the continuum region. For example, in
a nano-indentation experiment (Miller and Rodney 2008), an indenter is
pushed into a crystal surface in a quasi-static loading scenario. At some
critical load, a dislocation dipole forms under the indenter, but the precise
location of the nucleation is unknown, and in fact, the atomistic solution up
to that point is sufficiently regular to employ the Cauchy—Born approxima-
tion. Predicting the correct nucleation load and nucleation region requires
augmentation of the Cauchy—Born model with a suitable atomistic stability
criterion.

9.4. Electronic structure

Classical interatomic potentials of the form employed in the present article
are normally obtained by postulating a functional form, which is usually
guided by physical intuition, with free parameters that are subsequently
fitted to experimental data or simulations obtained from a more accurate
model, such as density functional theory (DFT). Consequently, these models
cannot account for all possible configurations and indeed are likely to be
inaccurate in defect cores (unless, of course, the model has been fitted to
the specific defect under consideration).

It is therefore of considerable interest to materials science research to ex-
tend the construction and analysis of a/c couplings (or possibly other kinds
of multiscale schemes) to DFT models, or other more accurate quantum
mechanics based models. Some recent work in this direction can be found
in Gavini, Bhattacharya and Ortiz (2007) and Garcia-Cervera, Lu and E
(2007). A closely related alternative approach is the DFT/linear elastic-
ity coupling developed, for example, by Woodward and Rao (2002) and
by Trinkle (2008) (see also Section 9.6 for other examples of a/c couplings
employing linear elasticity as the continuum model).

As far as we are aware, there exists no systematic error analysis of these
types of a/c couplings, with the exception of a highly simplified model by
Langwallner et al. (2013). However, see Blanc et al. (2002) or E and Lu
(2013) for analyses of the Cauchy—Born approximation of some DFT models,
which might provide a starting point for the analysis of a/c couplings.

9.5. Finite temperature equilibrium and dynamic quasicontinuum methods

The computation of finite temperature equilibrium properties is usually
done within the framework of statistical physics. The goal is then to com-
pute the canonical average of observables (such as thermal expansion) that
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only depend on the rep-atoms. To this end, it is enough to know the
free energy associated with the rep-atoms, which is obtained by integrat-
ing the canonical Gibbs measure over all of the constrained atoms (Tadmor
et al. 2013, Blanc, Le Bris, Legoll and Patz 2010). However, this free energy,
termed the coarse-grained free energy in what follows, is a high-dimensional
integral (since the number of constrained atoms is large), and it must there-
fore be approximated for computation.

To approximate the coarse-grained free energy, two asymptotic regimes
have been considered in the literature. Dupuy, Tadmor, Miller and Phillips
(2005) used a local harmonic approximation, which corresponds to a low
temperature regime, and the Cauchy—Born rule to derive an approximate
coarse-grained free energy of the form

N
E(up, 0) = /0 W (Vup, 6)dz, (9.2)

where W (F, 0) is a Cauchy—Born elastic free energy density. The hot-QC
energy of Tadmor et al. (2013) then uses a QCE coupling of the atomistic
model with this coarse-grained free energy,

K N
%y, 0) = 3 B2 (un) + / W (Vup, 0) dz, (9.3)
prd K+1/2

to compute the canonical average of observables that depend only on the
atomistic region.

Another possibility is to consider the thermodynamic limit when the num-
ber of constrained atoms goes to infinity, while the temperature remains
fixed and is not necessarily small. This regime has been investigated in
the one-dimensional case and in some two-dimensional cases in Blanc et al.
(2010) and Blanc and Legoll (2013). These studies provide insight into the
accuracy of the harmonic approximation previously mentioned.

We conclude this section by noting that many interesting phenomena
actually involve dynamical effects. This goes beyond the equilibrium setting
described above. For instance, quasi-static fracture and plastic deformation
generally evolve by a sequence of rare events in which the system oscillates
in an energy well for a long time scale before moving to a new energy well.

To handle such problems, one approach is to approximate the exact atom-
istic dynamics by a non-equilibrium dynamics using the free energy (9.3)
in order to reduce the number of degrees of freedom. One possibility is to
use a Langevin equation where the potential energy is given by (9.3). How-
ever, such direct molecular dynamics applied to a/c energies such as (9.3)
still cannot reach the time scales necessary for useful information, which
requires the system to visit many states. Thus, acceleration of the time
dynamics is needed concurrently with coarse-graining in space. An example
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of such a scheme is the hyper-QC method Kim et al. (2013), which has been
developed to utilize the hyperdynamics method of Voter (1997) to achieve
long-time dynamics with hot-QC.

9.6. Other types of a/c coupling schemes

The recent article of Miller and Tadmor (2009) reviews and benchmarks
a list of at least fourteen different a/c couplings. Most of these schemes
have at their core some aspects of the three fundamental a/c coupling con-
cepts considered in the present article: energy-based blending, force-based
coupling (and blending) and ghost force removal (QNL-type ideas). How-
ever, they are presented in a primarily algorithmic format and it would be
interesting to distinguish the various approximate models from nonlinear
solver and implementation issues to provide a classification more suitable
to a numerical analysis of these methods.

It is likely that there are other fundamentally different and competitive
approaches to a/c coupling that we have not considered in the present pa-
per. As potential competitors we mention the field-based a/c coupling de-
veloped by Iyer and Gavini (2011), the approach of Anitescu et al. (2009),
which is based on an optimization framework, the stress-based a/c coupling
of Makridakis et al. (2011) or the method of Olson, Bochev, Luskin and
Shapeev (2013), which minimizes the difference between the atomistic and
continuum solutions in an overlap region. The latter has been shown to be
stable (and positive definite), although no practical extension to 2D /3D has
yet been formulated.

We briefly describe below a small selection of alternative a/c coupling
methods. Some of these methods are formulated as finite temperature
equilibrium or dynamics methods; the static methods can potentially be
extended to finite temperature equilibrium and dynamics by the ideas de-
scribed in Section 9.5.

The coupled atomistic and discrete dislocation method (CADD) couples
an atomistic region with a region modelled by dislocations that interact
through their linear elastic fields (Shilkrot, Miller and Curtin 2004 ), thereby
allowing the simulation of atomistic systems with a large number of disloca-
tions. Recent extensions have further coupled the discrete dislocation region
with an even larger region modelled by continuum crystal plasticity (Wallin,
Curtin, Ristinmaa and Needleman 2008).

The bridging scale method (BSM) decomposes the atomistic displacement
into a coarse-grid displacement and a fine-grid displacement by projection
(Liu et al. 20065, Tang, Hou and Liu 2006). In the ‘continuum’ region,
the fine-grid displacement is modelled rather than computed, thus giving
a closed coarse-grained model, and in the ‘atomistic region’ the fine-grid
displacement is computed, giving fully atomistic resolution.
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The coarse-grained molecular dynamics (CGMD) method uses a coarse-
grained Hamiltonian (Rudd and Broughton 2005, Rudd and Broughton
2000) defined for continuous, piecewise linear displacements with respect
to a coarse mesh. The coarse-grained Hamiltonian is given by an approxi-
mation of the canonical average of the molecular Hamiltonian constrained
to the space of atomistic displacements with mean square projection onto a
given continuous, piecewise linear displacement.

If linear elasticity is used as the continuum model, then boundary integral
methods can be employed instead of finite element methods to compute the
elastic fields. The use of fast solution methods for the boundary integral and
approximations of the boundary integral can give efficient methods (Haq,
Movchan and Rodin 2007, Li 2009). These methods are in spirit close to
the predecessors of a/c coupling such as the method of Sinclair (1971).

Peridynamics seeks to model atomistic systems with defects by a nonlocal
continuum theory (Du, Gunzburger, Lehoucq and Zhou 2013, Silling and
Lehoucq 2010). As a continuum theory it must be discretized for numerical
implementation, thus leading to a nonlocal particle model in regions where
the mesh is refined to length scales less than the ‘horizon’, which plays
the role of a cut-off radius in a nonlocal atomistic model. To reach larger
length scales (Seleson, Beneddine and Prudhomme 2013), the mesh must be
coarsened beyond the length scale of the horizon, which leads to local ap-
proximations when quadrature points are added to the interior of elements
(this can be seen by adapting the derivation in Section 4.3 for a nonlocal
atomistic model to a nonlocal peridynamic continuum model). The mathe-
matical framework and results presented in this article for a/c coupling can
thus potentially be applied to the analysis of numerical approximations of
peridynamics models.

An evaluation within the framework given in this article of the cost of
each of the above methods for the computation of defects would enable
their relative merits to be assessed. Further discussion of alternative a/c
coupling methods can be found in the books by Tadmor and Miller (2011),
Liu, Karpov and Park (2006a), and E (2011), and in the review article by
Curtin and Miller (2003).

9.7. Benchmarks

The accuracy of atomistic-to-continuum coupling methods has generally
been studied by comparing to the solution of fully atomistic models (Miller
and Tadmor 2009, Van Koten et al. 2012). Since these approaches do not
always distinguish the many potential sources of error (atomistic core size,
blending function, coupling error, continuum modelling error, continuum
mesh, far-field error, iterative solution error), they do not provide a definite
test of the relative accuracy of the various atomistic-to-continuum coupling
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methods. It would be useful to develop a more comprehensive, theory-based
approach to benchmarking a/c multiscale methods that can also provide
further insight into the optimization of the atomistic core size, blending
functions, continuum meshes, and other approximation parameters. Some
initial steps in this direction have been taken in Luskin et al. (2013) and Li
et al. (2013), but a more systematic benchmark protocol on a much wider
range of model problems is required.

A. Proofs
A.1. Proofs from Section 3

Proof of Proposition 3.1. 'The proof uses standard arguments for interpo-
lation error estimates.

Let w be a quadratic polynomial on [€ — 2, & + 1] with nodal values w(¢).
Then it is straightforward to see that w(z) = w(z) on [ — 1,¢].

Using this fact and the stability of the interpolation v — o, we estimate,
for any quadratic w,

V7 (5 = )| zoe-1,6) S 1V (B — @) poe—1.6) + V7 (0 — @) | poe—1,)
S0 = @flwrwe—g,er1) + IV(O = D) zre—1.6)
S0 = @llwive-2.e41)-

One can now readily show that, for suitable choice of w,

[0 — @llwire—2er1) S NVl Lr(e—2,641)-
This establishes the first result.
The second inequality of the second result can be deduced by an analogous
argument, employing a linear w.
The first inequality of the second result follows from Hélder’s inequality
and the observation that fél Vio(x)dr = Vole_1¢). O

Proof of Proposition 3.3. Let n € Z4 and let u € U be defined by u’g =1
for £ =n and ué = 0 otherwise. Since linear combinations of such functions

are dense in U, it is sufficient to show that they belong to the closure of Uj.
To that end, let u,, € Uy be defined by

L, §=1,
u;lé:: —1/n, £=n+1,...,n+n,
0, otherwise.

Then it is straightforward to show that ||Vu, — Vul[,2 =n""2 0. O
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Lemma A.1. For any p € Z\ {0}, we have

[Dpullez < [IVpullrz = [pll[Vul| gz for allu e Y. (A.1)
Proof. For each u € U, we have
1 2
2
IDpullZe = Ju(€+p) —u(©)]" = Vou(§ +tp)dt
137/ I3/
<3 [ Wpute ot = 9l

EEZ

The last equality is due to a simple counting argument. OJ

Proof of Proposition 3.7 and Lemma 3.9. In this proof, it is convenient
to revert to displacements of Z, rather than Z,. To account for this, we
obtain a factor % in front of the energy functional. The ¢ norms are now
defined on all of Z and the LP norms on all of R.

We prove the continuity of £% together with the Fréchet differentiability.
We begin by proving that (3.12) and (3.10) are well-defined expressions, and
at the same time prove the bounds (3.11). For second and higher variations,
we apply the generalized Cauchy—Schwarz inequality and (A.1) to obtain

e <1 S O S Tin,ue

pERI ‘Pz‘ £€Zz 1

<z Z H ||Dpﬂfz”zpz

peR] =1 ‘ Z‘

1 1
- | | g Vi® | |
< 2 Z H] | ‘ ||szfU’L||Lpz 2 ||V’UZ||LPZ.
pERJ 1 Z i=1

Thus we have shown (3.11). Moreover, if we choose p; > 2, then we have
IVvillzr: < ||Vvi|| 2, and hence it follows that (3.10) is indeed well-defined
for any v € U7.

To show that (3.12) is also well-defined, we simply note that

() — @, (0) = (00, (0u), u) = 3 @, (0u) Deu(€),
SER

where 6 € (0,1), and apply the above argument (for the case j = 2) again.
To prove continuity of £2, we define the modified potential

We(u) = DF(u) — (B0, u) = BE(u) — 3 B ,(0)Dyu(€):

PER
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Since } ¢cz Dpu(§) = 0 for all u € Uy, we have
1
) = 5 > We(u) for all u € Up. (A.2)

&ezd

We will show that this definition of the energy is in fact well-formed for all
u € U, as well as continuous and k times differentiable with variations given
by (3.12) and (3.10). Since the new form agrees with the formal definition
on Uy, the result then follows.

To prove that (A.2) is well-defined, we expand

We(u) = Ve (0) + Z Pe p(0)Dpu(€) + Z We o (0u) Dyu(§) Dsu(§),
PER PSER

where 6 € (0,1). Since V¢(0) = ¢ ,(0) = 0, it is now easy to show, using
the fact that Du(§) € €2, that (V¢(u))eez € ¢* for all u € U.
To prove differentiability, we first note that, since V € C¥,

We(u+h) = We(u) + (6Te(u),h) + - + 56" Te(u)(h,. .., h))
+ O(||Vh|‘]z2(£7'rcut,£+7'cut))'

The bounds (3.11) show that the sum over { € Z is well-defined, and one
can readily deduce that £% is k times Fréchet-differentiable. Ul

A.2. Proofs from Section 5 (coarsening)
Proof of Lemma 5.2. For each T € Ty, since Vv, is constant in T', we have

/T (OW (VIpu) — O (V@) Vuy, do
= /T (8FW(VIhU) - 8FW(V11)) dz - V|7

+ / (GFW(VHhu) — 8FW(VIhu)) dx - V?)h‘T. (A3)
T
Using (5.2) we obtain

O (V) — OW (VIyu)| < MO |VILu — VIu| < N7°.

Moreover, using the fact that [, VIyudz = [, Vadz, and the interpolation
error estimate for Ipu from Lemma 5.1, we have

/T (OFW (VIyu) — OFW (V1)) da

< ‘ / W' (VInu)(VIu — Vi) dz
T

+ M20) / \VIu — Vil de
T

S IVIvu = Villza gy S 10Vl ).
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Combining these estimates with (A.3) we obtain

/T (aFW(VHhU) - 3FW(Vﬂ))Vvh dx

1/2
< (IR allZazy +hy*N =) [ Vonll 2y
Summing over T € Ty, T C [L, N] and again applying Holder’s inequality
yields the stated result. UJ
Lemma A.2. Let w(x):= a:log(:c) and L > 1. Then
llw™ U||L2 (Loo) < o HVUHLz for all v € U.
Proof. For each x > K we have

:/ Vo(s)ds < 22| Vo 12,
0

hence

lw™ 0l 2L, 00) < llw™ $1/2||L2(L,oo)||vv||L2-

Integrating the constant gives

/ wrdr = / 5—dz = . 0
K . xlog”x log L

Proof of Proposition 5.4. We begin by adding and subtracting (I, f, vp)z. :
[(fsondz, — (Fronn| < |(F = Infyon)z, | + [(Inf von)z, — (fon)n|- (A4)

Using a similar argument as in the proof of Lemma 6.16, we can estimate
the second group on the right-hand side of (A.4) by

|(Infoon)ze — (fyondn] S IIB2V fll 2| Vonll 22 (A.5)

The estimate of the first term on the right-hand side of (A.4) requires
some care. First, we reduce it to a more conventional continuum object: if

g 3:]E—Ihf and Zy, n :={L,...,N}, then

‘<g,’0h>Z+‘ = ‘<g7vh>ZL,N‘
N N
< ’<9,Uh>ZL,N —/ gup, dz +‘/ gup, dz|.
L L

To estimate the first group on the right-hand side of (A.6) we note that

(A.6)

s Unh)7 1S a Trapezoldal rule approximation to Vp AT W1 mesn Size
9. UR)z, y S At idal rul imation to [} guy dz with mesh si
h =1, which yields

N
'<gavh>ZL,N —/L gon dz| S VgVl n + 1V g0l i n-
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We write VZgv, = (wV?g)(w™lvy), and apply the Cauchy-Schwarz and
weighted Poincaré inequalities to obtain

N
‘(gavh>ZL,N - / gup dz
L

S IVl Vorllzz + lwV2gll z2cn, v lo ™ onll 2z,
S (IVgllzny + o™ V2l e n ) [V onl| e

Finally, using the fact that V?g = V2f and | Vg2 < |V fllz2 (since VI, f
is the L2-projection of V f), we obtain

N
‘(gvvth,N —/L gup dz (A7)

. 1 .
{19l + g o T e HIVonlzn

We are left to estimate the second group on the right-hand side of (A.6).
Fix an element T' C [L, N]. Then

\ [ G- s
T

< [1B2V2 £l 2 lonll 22 o)

< mj@xw*l max w lwh® V2 fl| 27y llw ™ on | L2 -

One readily checks that, due to the assumption that h(x) < kz, we have

(1+ k) log?(1 + k)

1 =: Ck.
log?(miny z) T1+w)

maxw ! maxw <
T

(Note that for practical meshes we expect that C,, ~ k.) Summing over
T € Tp, T C [L,N] and applying a Poincaré inequality followed by the
weighted Poincaré inequality (Lemma A.2), we arrive at

Cy ~
N i3 lwh?V f[| 20 x| Von | 2 (A.8)

‘/T(f_fhf)vhdx og

Inserting (A.8) and (A.7) into (A.6) and the resulting estimate as well as
(A.5) into (A.4) yields the stated result. U

A.3. Proof of conditional QNL stability

Proof of Theorem 7.8. Let K':= |K /2] < K, and let

0, 0<z <K',
Blz) =14 B(£KS), K <z<K,
1, K <z,
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where 3 is the quasi-optimal blending function defined in (6.12). Recall
from Section 8.3 that

IVVBllze + V1= Bl S K

We can now write

(%™ (wyv,v) = > D" @ (1) Dy(€) Dev (€)

E€EZy psER
=3 N @2, (u)(1 — B(€)Dyu(€) Dev(€)
§EL4 psER
+ 30> o (w)B(E)Dy(€) Dev(§),
E€Z4+ p,SER

where we also used the fact that, according to our definition of /3, the first
sum ranges only over those sites where ®%" = 7.
We now define v?, v¢ according to Lemma 7.3 to obtain

(628 (u)v, v) > (F2E(u)v®, v*) + (F2E9 (), v°) — CK 1| Vo) 2,. (A.9)

If K is sufficiently large, then §2£9"(u) can be estimated using the decay
hypothesis (DH) (see the proof of Theorem 7.4 for a similar argument) by

(62€W (w)v®, v°) > (§2EM(0)ve, v¢) — CK ||V ||2,. (A.10)
Combining (A.9) and (A.10) and the assumptions of the theorem gives the
stated result. 0

A.4. Proofs from Section 8 (mesh optimization)
To prove Lemma 8.1 we first establish a crucial auxiliary result.

Lemma A.3. Let N,7;, be constructed using Algorithm T, then, for L
sufficiently large, h(z) < x/2 for all x € [L, N].

Proof. For x € (vj,vj41), j > L, we have

where h(z) = (x/L) (1) was defined in (8.1). It is easy to see that h(z)/z
is monotonically increasing, hence it is sufficient to check that h(N)/N <
1/2.
In Algorithm T we defined N := [L(@+1/2)/(a=1/2)]  [(a+1/2)/(a=1/2)
An easy calculation shows that, in this case,
B(N) at1/2 ]%(Oc—i—l) _at1/2

—_— = L[a71/2 L a—1/2 — L*l/?)'
N
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Thus, choosing L sufficiently large, we obtain h(z) < z/2 for all x €
[L, N]. O

Proof of Lemma 8.1.  Algorithm T ensures that h(x) < h(z) for all z €
[L, N] \ M. From this, it is easy to prove the estimates (8.4) and (8.5)
provided we replace N7; with L on the right-hand sides.

If we can prove that

h(zx) > ch(z), (A.11)

then the formal estimate (8.2) becomes rigorous (i.e., we obtain N7, < C1L)
and we also obtain (8.4) and (8.5) as stated.

Let o/ = 2(a+ 1) and let 2 € (L, N) belong to an element (v;,vj41).
Then

From Lemma A.3 we know that, for L sufficiently large, iL(VjJ,_l) < %Vj+1,

and hence
R ) 11
Vj+1 Vj+1 2 2
Thus, we obtain
. 1\ ¢
h(z) > h(:c)(2> .
This concludes the proof of (A.11) and hence of the lemma. U

B. Inverse function theorem

All rigorous error estimates that we derive in the main text use the following
quantitative version of the inverse function theorem.

Lemma B.1. Let U} be a subspace of U, equipped with ||V - ||z, and let
Gn € CY(Up,U;") with Lipschitz-continuous derivative 6G:

Hégh(uh) — 6Qh(vh)H£ < M||Vuh - VUhHLz for all Up, UV, € Uh, (B.l)

where || - ||z denotes the L£(Up,, U} )-operator norm.
Let @ € Uy, satisfy

1Gn(@n) ez < 1, (B.2)
(0Gn(un)vn, vn) = | Vopll7  for all vy € Uy, (B.3)
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such that L,n,~y satisfy the relation

2Mn
<1 B4
2 (B.4)
Then there exists a (locally unique) uy, € Uy, such that Gy, (up) =0,
IV, — Va2 < 2%, and (B.5)
2M
(0Gh (up)vp, vp) > (1 — "}/277>7HVU}LH%2 for all vy, € Uy, (B.6)

Proof. The result is a simplified and specialized version of Lemma 2.2 of
Ortner (2011), but similar statements can be obtained from most proofs of
the inverse function theorem. O

C. List of symbols

(-,-)n Coarse-grained inner product, page 433
Decay /regularity parameter, page 429
Blending function, page 436
Quasi-optimal blending function, page 454

Q>®*QQ

Quasi-optimal blending function on the reference interval [0, 1],
page 454

X¢,p  Weighted characteristic function of a bond, required for
bond-density formula, page 447

E* Atomistic contribution to the reflection energy functional, page 439
Pk Atomistic energy functional, page 424

gPace Blended quasicontinuum (B-QCE) energy functional, page 436
P Cauchy—Born continuum energy functional, page 435

g4  Quasicontinuum (QCE) energy functional, page 434

gl QNL energy functional, page 437

Ef " Energy functional of the reflection method, page 439

e Atomistic site energy functional, page 424

<I>g Cauchy—Born site energy functional, page 434

<I>)‘E QNL interface site energy functional, page 437

Next  Consistency error for approximating external forces, page 442
ni:  Consistency error for approximating internal forces, page 442
FPact Blended force-based quasicontinuum (B-QCF) operator, page 442
]:gc Force operator, e.g., }?nl, page 437

~2(F) Stability constant for the homogeneous lattice AZ, page 464

4l QNL stability constant for the reference state, page 472
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11, Quasi-best approximation operator for U, page 444
Iy Best approximation operator for Uy, page 429

Iy Nodal interpolation operator, page 433

N3, Ny Finite element nodes, page 433

N, Number of degrees of freedom, page 433

vj Finite element node, page 433
P1(7n) Space of (continuous) piecewise affine functions, page 433
PO(7;) Space of piecewise constant functions, page 433

Teut Interaction cut-off in the reference configuration, page 424

R Interaction range R = {%1,..., £rcu}, page 424

S Atomistic stress function, page 447

Shace B-QCE stress function, page 451

Sanl QNL stress function, page 456

T Finite element mesh (partition), page 433

hr,h(z) Mesh size function, page 433

h(x) Quasi-optimal mesh size function, page 476

Gbace Modified B-QCE stress function, page 451

U Space of antisymmetric displacements with finite energy norm
(discrete H'), page 423

Uy Finite element displacement space, page 432

Un Displacement space for the reduced atomistic scheme, page 429

U Space of compact antisymmetric displacements, page 423

7 {0,1,2,...}, page 423

D,u(§) Directional finite difference, page 424

Du(§) Interaction stencil, page 424

K, L Atomistic-to-continuum interface parameters, page 433
m(p) Bounds on partial derivatives of V', page 426

M) Weighted bounds on partial derivatives of V', page 426
N Radius of computational domain, page 429

V Interaction potential, page 424

Vo, (I)?, p Partial derivatives of site potential and site energy, page 426
W Cauchy—Born strain energy density, page 434

yA,uF Affine maps y* (&) = AE, uF(€) = F¢, page 425

(DH) Decay hypothesis, page 429

(F) Force-consistency (patch test) condition, page 437

(L) Locality condition for QNL methods, page 455

(S) Scaling condition for QNL methods, page 455
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