arXiv:1107.3462v1 [math.NA] 18 Jul 2011

Numerical Methods for Multilattices

Assyr Abdulle* Ping Lin' Alexander V. Shapeev*

July 19, 2011

Abstract

Among the efficient numerical methods based on atomistic models, the quasicontinuum (QC)
method has attracted growing interest in recent years. The QC method was first developed for
crystalline materials with Bravais lattice and was later extended to multilattices (Tadmor et
al, 1999). Another existing numerical approach to modeling multilattices is homogenization.
In the present paper we review the existing numerical methods for multilattices and propose
another concurrent macro-to-micro method in the homogenization framework. We give a unified
mathematical formulation of the new and the existing methods and show their equivalence. We
then consider extensions of the proposed method to time-dependent problems and to random
materials.

Keywords: atomistic model, quasicontinuum method, multilattice, homogenization, multiscale method,
AMS subject classification: 65N30, 70C20, 74G15, 74G65

1 Introduction

In some applications of solid mechanics, such as modeling cracks, structural defects, or nanoelec-
tromechanical systems, the classical continuum description is not suitable, and it is required to
utilize an atomistic description of materials. However, full atomistic simulations are prohibitively
expensive, hence one needs to coarse-grain the problem. The quasicontinuum (QC) method [39] is
one of the most efficient methods of coarse-graining the atomistic statics. The idea behind QC is to
introduce a piecewise affine constraints for the atoms in regions with smooth deformation and use
the Cauchy-Born rule to define the energy of the corresponding groups of constrained atoms. To
formulate the QC method for multilattice crystals one must account for relative shifts of Bravais
lattices which the multilattice is comprised of [40)].

The QC method is a multiscale method capable of coupling atomistic and continuum description
of materials. It is intended to model an atomistic material in a continuum manner in the regions
where the deformation is smooth and use the fully atomistic model only in the small neighborhood of
defects, thus effectively reducing the degrees of freedom of the system. Originally, the QC method
was developed for crystalline materials with a (single) Bravais lattice [39] and the convergence
of a few variants of the method has been analyzed under some practical assumptions (see, e.g.,
[16l 17, 19, 29, B30, BT, B34, 35]). The QC method is based on the so-called Cauchy-Born rule
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(see, e.g., [9, 20, 23] 25]) which states that the energy of a certain volume of a material can be
approximated through the deformation energy density, which is computed for a representative atom
assuming that the neighboring atoms follow a uniform deformation. Later, QC was extended to
multilattices [40] (a multilattice is a union of a number of Bravais lattices) based on the improved
Cauchy-Born rule [38] which accounts for relative shifts between the Bravais lattices. Examples of
such materials include diamond cubic Si, HCP metals (stacking two simple hexagonal lattices with a
shift vector) like Zr, ferroelectric materials, salts like Sodium Chloride, and intermetallics like NiAl.
More recent developments of QC for multilattices also include adaptive choice of representative cell
of multilattices [15]. It appears that no rigorous analysis is available so far for the multilattice QC.

In the present work we propose a treatment of multilattices within the framework of numerical
homogenization. Homogenization techniques for partial differential equations (PDEs) with mul-
tiscale coefficients are known to be successful for obtaining effective equations with coefficients
properly averaged out [§]. Finite element methods based on homogenization theory have been pio-
neered by Babiuiska [5] and have attracted growing attention these past few years (see [II 18| 21, [26]
for textbooks or review papers). Following the ideas of [8], we use homogenization techniques to
describe the coarse-graining of multilattices and based on that, propose a macro-to-micro numeri-
cal algorithm which we call the homogenized QC (HQC) method. We give a unified mathematical
description and establish equivalence between the homogenized QC, the multilattice QC of [40],
and the finite element method applied to the continuously homogenized equations (see [4, 24] and
references therein for homogenization of atomistic media).

Despite the formal equivalence of these numerical methods for the multilattices, we find sev-
eral benefits of the homogenization framework. First, in this framework the connection to the
well-developed theory of continuum homogenization and related numerical methods becomes more
apparent. This allows us to apply the numerical analysis techniques developed for continuum ho-
mogenization [1, 18] to the multilattice QC method (see the preprint [4] for an example of such
application). Second, homogenization theory can be used to upscale the atomistic model in both,
time and space, which makes it promising for modeling and especially analyzing zero temperature
and finite temperature motion of atomistic materials [18] 24 [33]. In this work we demonstrate such
an application of HQC to zero-temperature dynamics (Section . Also, homogenization can be
applied to “stochastic” materials, atomistic counterparts of which include polymers [7] and glasses
(we give an example of such application in Section . Last, for the finite temperature simulations,
when materials are modeled with static atoms interacting with effective temperature-dependent
potentials, the discrete homogenization (Section may serve as a rigorous instrument to derive
such potentials. We note that the idea of applying homogenization to atomistic media has appeared
in the literature before [7], 111, 13| 14 24].

The paper is organized as follows. We present the atomistic model in Section and the
quasicontinuum method in Section In Section [4] we present the technique of homogenization
applied to the atomistic equations. In Section [5| we present the HQC method—a concurrent macro-
to-micro algorithm based on the discrete homogenization. The method is formulated in such a
way that it allows for a straightforward extension to non-crystalline materials if the microstructure
is known; an example of such extension is given in Section [7] Section [f] is devoted to showing
the equivalence of the following four methods: the HQC method, the multilattice QC, the finite
element method applied to continuously homogenized equations, and the QC method applied to
the discretely homogenized equations. In Section [8 we apply the proposed macro-to-micro method
to a long-wave unsteady evolution of a 1D multilattice crystal. Concluding remarks are given in



Section [9] The commonly used notations are collected in the appendix.

2 Problem Formulation

The focus of the present study is on correct treatment of atomistic materials with spatially oscil-
lating or inhomogeneous local properties.

2.1 Equations of Equilibrium

We describe the formulation of the problem of finding an equilibrium of an atomistic material in
the periodic setting. We consider the periodic boundary conditions for simplicity, in order to avoid
difficulties arising from presence of the boundary of the atomistic material. Nevertheless, it should
be noted that the numerical method and the algorithm proposed in the present work can be applied
to Dirichlet, Neumann, or other boundary conditions.

2.1.1 Deformation

Consider an atomistic material occupying a region Q = (0,1]? in its reference (i.e., undeformed)
configuration and extended periodically outside of €2. The set of positions of atoms in the reference
configurations are

m—1
M=Qn U (EZd—f—Epa),

a=0

where p,, € [0,1)? is a shift vector of a-th species of atoms in the reference configuration; in total
we have m species of atoms. We assume that p, # pg for a # 8 and, for convenience, py = 0.
We collect these shift vectors into the set P := {py : @ =0,...,m — 1}. Thus, if we denote a
Bravais lattice in 2 as
L=0Qnez?,

then we can write M = L + ¢P. We will call M a multilattice.

When the material experiences a deformation the atom positions become x + u(x), where u(x)
is the displacement. We assume that u(z) is periodic, i.e., u(x4a) = u(x) for all @ € Z?. The space
of all periodic displacements is denoted as Uper(M). Since we only consider the systems invariant

w.r.t. translation in space, we will also need the space of displacements with zero average, Uy (M)
(see Appendix for the precise definitions).

2.1.2 Interaction

We assume the most general form of interaction (finite-range, multi-body) between atoms. For
each atom x € M we introduce its “interaction neighborhood” — a set of vectors R(z) such
that {z + er : r € Re(x)} are the atoms that z interacts with. The energy of an atom z € M
is denoted as Ve(Dg, (zyu(z);z), where Dr u = (Dyu)rer, (see Appendix is a collection of
discrete directional derivatives of u corresponding to the set of neighbors R, (these notations were

first introduced in [28]). The discrete derivative in direction r of u evaluated at x € M is defined
u(zter)—u(z)

. . The needed properties and definitions of discrete directional derivatives

as Dyu(x) ==



can be found in Appendix [A.2] and more details on discrete directional derivatives — in Appendix
A3l

Thus, the interaction energy of the displacement u is given by the interaction potential V, as

where (g)g denotes the average value of a function g defined on a discrete set S.

The subscript € in V. and R, indicates that these objects depend non-smoothly on z: indeed,
the interaction energy and the interaction neighborhood may depend on the species of atoms «
for x € L + ep,. For instance, we can consider a Lennard-Jones potentials with atom-dependent
parameters:

V D’R u; .’B Z S a:—l—e?"( -2 (‘TJFDTM) + (\T+Dru\)*12>’ (21)

x x+er ex,ac+er
TERE

where s 4y and £ ;1 are, respectively, the strength and the equilibrium distance of interaction
of atoms x and = + er.

We assume that the interaction neighborhood R.(x+e€p, ), and the interaction potential V. (e, z+
€Pa), for x € L depends only on «, the particular species of atoms, but does not depend on z; we
therefore write Re(x + €pa) =: Re,o and Vi (e, x +€py) =: Ve . Then, we can use the following form
of the energy:

m—1
1
E(u) = <E Z Ve(DR. (a+epo)u(® + €pa); z + Gpa)>

a=0

- <;m2_11/67a(DRwu(a:+6pa))> : (2:2)
a=0

zel

zeLl

where we used a more verbose notation for averaging of a function g defined on a discrete set S,
(9)s =: (g(x))zes- This expression for the energy will be used to write down the energy of the
multilattice QC method in a familiar way (see (3.5])).

The latter form of the energy will be used whenever we need periodicity of interaction (for
the Cauchy-Born rule and for the homogenization). However we stress that the formulation of
the proposed numerical method (Section requires neither periodicity of M nor periodicity of
interaction.

2.1.3 External Force

The potential energy of the external force f = f(z) is

—F(’LL) = _<f7 ’LL>M,

where by (w,v)pm = (w - v)p we denote a scalar product of w,v € Uper(M). (To be precise, it
is an inner product on Uy (M) and a semi-inner product on Uper(M).) The forces f = f(z) are
applied as “dead loads”, i.e., they are independent of actual atom positions x + u. For the problem
to be well-posed, the sum of all forces per period is assumed to be zero, i.e., (f)s = 0.



2.1.4 Equation of Equilibrium

We denote the total potential energy of the atomistic system as

A displacement v € Uy (M) is a stable equilibrium if it is a local minimizer of II, which implies
that w is a critical point of II:

(OIL(u), v) pq = %H(u + tv) }tzo =0 YvelUyp(M). (2.3)

We assume that the function II(u) is smooth enough and hence (8II(u),v)rq is a linear functional
w.r.t. v € Uy (M), which justifies identification of 6II(u) with an element of Uy. Alternatively, the
problem of finding the equilibrium configuration of atoms can formally be written as

ol
Ou(x)

=0 VreM,

if we consider II as a function of finite number of variables u(x), z € M.
For the equations ({2.3)) to have a unique solution, we must additionally require that the average
of u is zero:

(uypm = 0. (2.4)
The equilibrium equations (2.3)) together with the additional condition (2.4) can be written in
variational form: find u € Uper (M) such that

(OE(w),v)m = Fv) Yo € Uper(M) (2.5a)
(Wpm = 0, (2.5b)

where the functional derivative 0E : Uper(M) — Uper(M) is computed as

(6B (u) <Z (Dr.u) DT’U>M, (2.6)

T‘ER&

and V/,.(Dg,u) denotes, effectively, the gradient of a scalar function Vi w.r.t. its vector-valued
variable D,u (note the difference with V, g introduced in ) Here and in what follows, with a
slight abuse of notations, we keep the sign of summation over r € R, inside the triangular brackets
of the scalar product.

2.2 Example: a Simplified Model

The following simplified model will be useful in illustrating the numerical methods presented in
this paper.
Assume one space dimension, d = 1; the domain 2 = (0, 1], the shift vectors in fixed configura-

tion

P=1{0,2L,. .. Uy (2.7)
the multilattice

m—1

M= J(zZ+e2)nQ=52nQ,
a=0
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Figure 1: Illustration of a simplified atomistic model

and the basic lattice £ = eZ N 2. We further assume R = {%} (nearest neighbor interaction only)
and consider the “linear spring model” with the atomistic potential

D,u)?

Ve(Dyu; ) = () ( ; ) , (2.8)
with r = % Such system can be interpreted as a system of masses located at positions x + u and
connected with ideal springs with spring constants k = 1.(z)/¢, as illustrated in Figure

The equilibrium equation then becomes
<¢€D’V‘u7 DT‘U>M = <f7 ’U)M (29)

3 Quasicontinuum (QC) Method

Traditionally, numerical methods such as the finite element method (FEM) are applied to continuum
equations which can then be solved on a computer. The characteristic feature of atomistic models
we are discussing in the paper is their discreteness, with a number of degrees of freedom often too
large to keep track of each individual atom. Therefore, similarly to FEM, the ideas of reducing
the number of degrees of freedom are used for atomistic models as well. The difference is now that
the reduction is done from a large but finite number of degrees of freedom to a smaller number
of degrees of freedom. The QC method is a representative of such methods. We first present its
simple-lattice version. The QC method consists in reducing the number of degrees of freedom of
the atomistic system by choosing a coarse mesh of nodal atoms and assuming that the positions of
the other atoms can be reconstructed by a linear interpolation.

It should be noted that we discuss here only the local version of QC which is equivalent to
applying FEM to the Cauchy-Born continuum model of elasticity. We are not considering coupling
the continuum and discrete models in this paper.

3.1 Notations

Assume a partition T, of the domain 2 into simplicial elements T, which we will conveniently refer

to as the mesh. Normally, #(7r) < #(L) (recall that by #(e) we denote the number of elements

in a set). By |T| we denote the Lebesgue measure of 7. The QC solution will be denoted as u”.
The space of piecewise linear discrete vector-functions is denoted as

d
Ul = {u" e (W) : u|r € P(T) VT € T}, (3.1)
and the space of piecewise constant vector-functions as

ot = {d" € (L) : ¢"|r € R(T) VT € Ts}.



3.2 QC for simple lattice

In this (and only this) subsection we make the simple lattice assumption. That is, we assume that
m = 1 and hence M = L. In particular, in this subsection we write V,(Dgru;x) = V(Dgru) and
Re(x) = R as they no longer depend on x.

The QC method [39] aims at finding a minimizer of

I(u") = (V(Dru")), — F(u")

in Z/l{}er. Minimizing IT(u") in Z/l{}er indeed reduces the number of degrees of freedom of the sys-
tem from O(#(M)) to O(#(Tp)) (recall that #(7n) < #(M)). However, one must still spend
O(#(M)) operations to compute the effective forces on the reduced degrees of freedom. In order
to have an efficient numerical method (i.e., a method with O(#(7},)) operations) one introduces an
approximation to IT(u") which is called the local QC method [39] (hereinafter referred to as the QC
method).

The local QC method first approximates D,u” with V,u" within each T (hence the name of the
method: the nonlocal finite difference D,u" is approximated with the “local” directional derivative
V,u"). Then for each 2 € T one has

V(Dru") = V(Vgu") = W(Vul|r),

where W(F) := V(FR) is the Cauchy-Born energy density associated with a displacement gradient
F (see (A.4)) to obtain the precise definition of FR). Second, the local QC method changes the sum
over x € L effectively to integration over €2, i.e.,

E(uh) ::/QW(Vuh)dJ:: > T W (Va"|T).
TeTh

The variational formulation of the QC method is thus

/ Z W(Vruh) V,olde = FMMo™) Yo e Z/Iger, (3.2)
Qrer

where 6W denotes the derivative of W and the semicolon denotes the inner product of matrices.
For uniqueness of solution we should restrict ourselves to u” € U ?’;

3.3 Multilattice QC

Approximating the exact minimizer of II(u) with a piecewise linear u” € U, may be accurate
enough for the case when the interatomic interaction V. (e, z) varies smoothly with = (more pre-
cisely, if the mesh 7} resolves well the variations in V (e, z)). However, for materials with multi-
lattice structure (examples of such materials were given in the introduction) the piecewise linear
approximation of the displacement u cannot be accurate.

In this subsection we present the Multilattice QC (MQC) method first introduced in [40] which
is designed to handle the multilattice microstructure.

Define the space of QC deformations of the multilattice

m—1

Ut = {uh + Z qPwe - ul e Z/l[)’er, ¢ e Qger, a=1,...,m—1}, (3.3)
a=1



where ¢” are the deformed shift vectors (recall that p, are the undeformed shift vectors) and

wa|£+6pﬂ =00 (o,0=0,...,m—1), (3.4)

are the associated basis functions, with d,s denoting the Kronecker delta. For a more detailed
introduction of the space of QC deformations, refer to [4]. In each element 7' € T;, we have m — 1
nonzero shift vectors ¢” and we set q(’} := 0. We denote

h h h h —
q = (QI" "an—l) € (Qper)m h

Next, form the interaction energy F(u) with u = u" + 37" ¢lw, € UM

m—1

B(u) = E(u"+ Y qhwa)
a=1
= <Ve<DR (z) ( )+ Z qua )> )>x€M
- <% ) Ve D) (v + eps) + Z (e + eps)a(e + epg) )i+ ) >mez:
6=0 ot
— <% 5 Vs (DRe,ﬁuh(m + epg) + mz_l Dr, a0z + epg)wa(6p5>> >x€£
5=0 o=t

where we used periodicity of V; (see (2.2)) and w, (which follows directly from the definitions of
wq and M). Similarly to the simple-lattice QC, we perform a local quasicontinuum approximation
which consists in: (i) assuming that the energy associated with each T depends on the displacement
gradient and shift vectors only in 7', and (ii) changing the summation over = € L to the integration
over {2:

m—1 m—1
1
E(u) =~ /Qm Z Ve s (Vneyﬁuh + Z qZDREﬁwa(ﬁpﬁ)>dx
m—1 _
= > IT|— Z Veﬁ( (VP I)Res+ (q(})lz’T)DRe,ﬁwa(ﬁpﬁ)) =: E™(ul, q),
TET, a=1

where we used the identity VREﬂuh\T = (Vuh\T)Rewg, cf. (A.4).

Remark 3.1. The expression for E™IC(y", {q"}) can be further simplified by denoting the species
of atoms e + R as Acpg (formally Ac g = (agr)rer. 5 where ag, € {0,...,m — 1} is defined so
that pa,, € pg+r+17Z). Then the sum in E™I¢ can be simplified as the difference between the shift
vectors of interacting atoms:

m—1 m—1
S (¢lr) D,y waleps) = (Z 1) D wa<em>)
TERG”(;

a=1 a=1

— ((qgﬁr! ) (wa(€epag,) — wa(epﬂ)))réneﬁ = ((%%,JT) - (QZ!T)>



This yields

m—1
- 1
R UNED =D Vos ((Tropu + i, = b)) (3.5)
Teﬁb 5:0

_In the next step, the shift vectors g, are eliminated from ({3.3) by requiring the variation of
E™mac(yh {g,}) w.r.t. gy in each triangle be zero:

m—1 m—1
1
— BZ% ;; Vel,/s,r<(VUh!T)73e,ﬁ + 221 (QZ|T)DR6,5wOé(6pﬁ)>Drwv(ﬁpﬁ) =0 56)
=0 r 8 a=

(y=1,2,....m—1).

The equations (3.6) form a system of m — 1 equations for m — 1 unknowns (qa)’;f:_f in each T, from
where under some stability assumptions (see, e.g., [20]) it is possible to determine the shift vectors

do depending (as a rule, nonlinearly) only on the displacement gradient:
d"|r = q(Vu"|7).

Note that the function q(F) does not depend on T, unless different periodic materials are considered
in different elements T'.
We now form a QC energy with ¢, eliminated:

Emac(yhy .= pmac (uh,q(Vuh)). (3.7)

The QC equation of equilibrium now reads: find u" € Ll{}er such that

(OE™(u"), 0"y = FMu") ot el
The function u” gives a macroscopic displacement of the material, and one needs to compute
uh+z7;:11 qMw,, for the microstructure. We note that since g, were found from letting the variation
of E™I€(y" q,) w.r.t. o be zero, we have

SE™EC(yh) = § B (uh,q(Vuh)). (3.8)

Remark 3.2. Instead of eliminating q" = q(Vul), one could also look for a critical point (or a
minimizer) of the energy quc(uh, qh) w.r.t. both u and q*. In [57] the latter approach is reported
to be more efficient.

3.4 Application of QC to the Simplified Model

We illustrate an application of QC to the simplified 1D model (2.8) for two species of atoms (i.e.,
m = 2)7 17[}6(0) = 1,[11, Q;Z)E(%) = ’(ZJZ'

If we approximate the exact solution with u" € Uger
Section then we will find the approximate energy

h\2 h\2 o

2 2 2
TeTh TeTh

as it is done in the simple-lattice QC (cf.
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Figure 2: Illustration of a 2D model problem with heterogeneous interaction.

Here 1;0 = % is the wrong effective spring constant, since if the two springs in series are replaced

with two identical springs with the effective spring constant vy then g = wwj_ﬁz (see, e.g., [I1]).

If instead we allow for nonzero shift vector ¢; then the corresponding MQC energy . is
(V,uh + Voul — gft)?
quc Z |T| |: ql) + g ( r 5 ql)
TeTh

with r = % The strong form of (3.6) in this case can be obtained by differentiating the above

expression w.r.t. ¢} in each T

1 (Ve + af)|r) — v (Vo — al)r) =

from where we find

e = Pt (Vrals).

Substituting this back to the MQC energy (cf. (| - yields
macy, hy _ 11 1/ 24 h 17 24y Ry )2
) = 3 11 g (G2 (Vete) ey (2 (V)]

TeTh
2¢11py (V,ul|7)?
Z g Y1+ P2 2 ’

TeT,

where the effective spring constant is now computed correctly.

4 Homogenization of Atomistic Media

We now present another coarse graining strategy based on homogenization. We derive below the
homogenized model of the atomistic material which will be the basis for formulating and analyzing a
quasicontinuum method for multilattices. We will first present the “classical” approach of upscaling
the atomistic equations to a continuum model and in Section we will outline a strategy where
the multilattice atomistic model is upscaled to the simple lattice model.
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We note that the first works concerned with upscaling atomistic equations are [I1], [12], 24]. In
the present section we derive the upscaled equations for a general model of interaction in many
dimensions as opposed to the pairwise interaction in 1D assumed in the upscaled equations [11],
12 24]. The upscaled equations are derived using a formal asymptotic expansion. Rigorous error
bounds for the homogenized equations can be found in the preprint [4] for the case of the 1D nearest
neighbor interaction and in [3] for the case of a 1D finite-range nonlinear interaction.

4.1 Asymptotic expansion

In order to take into account the local variation of the atomistic interaction we think of the dis-
placement as depending on a fast and a slow scale u(z) ~ u(x,z/€). We define 2 € R?, the macro
(“slow”) variable, and y = x/e € Z% + P, the micro (“fast”) variable, and consider a series of
functions u" : R? x (Z¢+7P) — R? indexed by n = 0,1,2... As we consider the local structure and
interaction to be periodic, we assume that the functions u™ are P-periodic in the fast variable, i.e.,
they satisfy for all (z,y) € Q x P

u'(zy +5) = u"(z,y), VjeL!

while the behavior w.r.t. x is similar as considered in the previous sections
u(z +i,y) = u(x,y), Vie 7z

We then consider the asymptotic expansion

u(z) ~ (u(x) + eut(z,y) + Eu?(2,y) + ... )| Vo e M. (4.1)

y=x/€

Notice that we directly assume that the homogenized solution, u", does not depend on v.
We now proceed as in the “classical homogenization” [0, 8, [36] and plug the ansatz (4.1]) into

23):

<( Z ‘/5/77’ (DIuREuo + EDz:RGTyvneul + Dnyeul T )
TERE

) D:r,rTy,rU + E_lDy,rv) ‘ >./\/l = (fa ’U>M,

y=zx/e

where the test functions v = v(z,y) are continuous and smooth in x € Q and discrete in y € P.
Here we used the relation to expand the full derivative D, through partial derivatives D, ,,
Dy, and the translation operator T, ,, and used the collection-of-derivatives notation Dg (see
Appendix for more details).

We then extend the equation on the entire M x P:

< Z ‘/5,77‘ (szRE uo + ED:EvRGTyaR€u1 + Dy7R€u1 + te )
rERe (42)

aDm,rTy,rU + E_lDy,rU>MXP = <fa U>M><73~

We now expand this equation in powers of €. For that, we use the approximation D, , ~ V ,
(i.e., we essentially use Taylor series to expand D, ), and the notations V.(e;z) = V(e;y) and
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Re(x) = R(y), and change a sum over M to an integral:

< Z V/(Varu’ + eV rTyru' + Dyru' +...)
reER (4.3)

Ve Ty,rv+ e_lDy,rv> = (f,v)axp,
QxP
where (o) p is a short-hand for [,(e)pdz.
We first collect the O(e~!) terms in (4.3):
(S Vi D) D), =0

reR

As usual in homogenization we write the solution of this equation (of course, equipped with the zero-
average boundary conditions) as u!(x,y) = x(V,u®(z);y) +a!(x), where x = x(F;y) : R4 xP —
R? solves

find x(F, ) € Us(P) s.t. < SOV/(FR + Dy,RX(F)),Dy,ra>P —0 Vo €Uy(P). (4.4)
reR
To obtain the equation for the homogenized solution u"(z), we collect the O(e") terms in (4.3
and use the test function v of x only:

/ 0 1 _ - _
<§m(vmﬂu + Dyru'), Vas®) = (£, D)axp.

This leads to the homogenized equation

(00°(V,u”), Vat)a = (f, D)e, (4.5)
or equivalently in the strong form —V, - 60°(V,u%) = f(x), where 6®° : R¥*? — R4* satisfies
0 _ / T
60 (F) = < e%% )VT(FRJF Dyrx(F))r >yep. (4.6)
reR(y

Thus, we obtained the equation for the homogenized displacement u? with the homogenized tensor
6®°. For the equation to have a unique solution, it has to be supplemented with boundary
conditions, for instance by requiring that u° is periodic and has zero average.

As an illustrative example, in the case of 1D with a pair interaction potential we can write
V(Dr)w ) = 2 er(y) Pr(Drusy) (cf. the Lennard-Jones potential in (2.1)), consequently,

60°(F) = (3 ®(Fr+ Dy, x(F))r)

)
epP
reR(y) Y

where the derivative of ®, is with respect to F.

Remark 4.1. In the above formal arguments we assumed, for simplicity, that the external force
f is a continuous function of x and moreover does not depend on vy, i.e., f = f(x), x € Q. We
emphasize that oscillatory external forces could also be considered. The homogenized equation would
then depend on a proper average of the external forces. The assumption that f is a function of the
continuous variable x can later be relaxed once the homogenized equations are discretized on a finite
element mesh.
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4.1.1 Underlying Homogenized Energy

It is useful to highlight one more feature of the homogenized equations.

Proposition 4.1. The function 6®°(F) defined by ([&.6) is the derivative of the following function

®°(F) := (V(FR + Dy,RX(F))>y€P (4.7)
w.r.t. F.
Proof. Compute the variation of (4.7)) w.r.t. F:
58O(F): G = < 3" V/(FR + Dyrx(F)) - (Gr + Dy rx(F) :G)> . (4.8)
reR ver
Since dx(F):G € Uy (P), the second term in (4.8)) drops due to (4.4) and we have
0 C— / . _ / T
50°(F): G = < 3" V/(FR + Dyrx(F)) Gr>yep < S VI(FR + Dyrx(F))r .G>yep,
reR reR
which is consistent with (4.6]). O
Corollary 4.2. The equations (4.5) can be written as
<5E0(u0)7 U>Q = <f7 U>Q7
where
E°u) := / ®0(Vu)dz. (4.9)
Q

The fact that the homogenized equations have an underlying energy may be important in some
applications where, for instance, one chooses to use nonlinear conjugate gradient algorithms or
needs to check for stability of numerical solutions.

4.2 Application of Homogenization to the Simplified Model
For the simplified model described in Section the cell problem (4.4) in the strong form reads
Dy _, (w (Fr+ Dy’rx(F))) =0.

where r = L and ¢(y) := tc(ey). Its solution can be written as

C
Dy, x(F) = v Fr. (4.10)
with C' = Fr (1/¢)p, and P given by ([2.7). The homogenized energy density is therefore
2 2
0_ /1 2\ _ 1 c 2\ 1 C _ _1 (Fr)
W0 = (W3(Fr+ Dyox)) = (03 (Fr + § = Fr)) = b = ()3 g, ()

which yields the homogenized energy

1 ’LLO 2
2 = [ e T d,

with the correct form of the effective spring constant 9 = (1/ Lb);l.
We emphasize that this procedure and the obtained results are well-known for PDEs [8, Chap.
1], and are in agreement with the equations obtained using the multilattice CB rule (Section .
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4.3 Discrete Homogenization

Homogenization effectively upscales the discrete problem with microstructure to a continuous prob-
lem of nonlinear elasticity. One can, however consider another approach where the upscaled model
is a discrete model with no microstructure.

For that, one assumes that = is discrete, x € £, and approximates D, , e ~ (Dye)r in ,
where Dyu(z) € R™? is the discrete gradient of u € Uper(L) at the point x € L defined as
(Dyu(z))ey = Dy e u(x), k=1,...,d. Following the above procedure of asymptotic expansion one
gets the upscaled equation

(60°(D,u®), D) = (f,v)r Vv € Uy(L), (4.12)

where 600 is defined by , the same equation as for the continuum homogenization.

Thus, we obtained the equation for the homogenized displacement u° with the homogenized
tensor 6®°. The homogenized tensor §®° no longer depends on the fast variable y and therefore we
can apply the standard QC method to the homogenized equation . Again, to ensure a unique
solution for we search for u € Uy (L) (see the preprint [4] for more details).

One of the advantages of the discrete homogenization is that it is not required to assume a
continuous force f. Another advantage is that the discrete homogenization can potentially be
helpful in deriving effective interaction potentials, for instance by averaging over the temperature-
related oscillations of atoms around their equilibrium positions.

5 Homogenized QC

We formulate a numerical macro-to-micro method for treating multilattices, which we call the
homogenized quasicontinuum method (HQC). We introduce HQC in the framework of numerical
homogenization. For the case of materials with known periodic structure (i.e., crystalline materials)
the HQC method will be shown to be equivalent to applying finite elements to the homogenized
equations (see Theorem [6.1]).

Nevertheless, we argue that HQC can be applied to non-crystalline materials and to time-
dependent zero-temperature and, possibly, finite-temperature problems. Indeed, in Section [7] we
give an application of HQC to a stochastic material and in Section [§] we present an application of
HQC to a 1D time-dependent zero-temperature evolution. In addition, the HQC serves a convenient
framework for the error analysis [3] [4].

We present the HQC algorithm assuming that the microstructure is a function of the macro-
scopic displacement. A reformulation analogous to the concurrent coupling of [37] is also possible

(cf. also Remark [3.2).

5.1 HQC Method

The method will be presented using macro-to-micro framework as used in some numerical homoge-
nization procedures [1I 18, 26, 32, [41]. We present the method for the case when the external force
f = fe may be microstructure-dependent.
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5.1.1 Macroscopic affine displacement

We again assume a partition Tr, of the domain € into simplicial elements T, recall the definition of

the space U per , and introduce its subspace of zero-mean functions U” uw C Z/{{)‘er

5.1.2 Sampling Domains

We choose a representative position :U;?p € L and a sampling domain S;e b= xrep + €P associated

with each T € T},. The sampling domain is normally chosen inside 7" (the mesh can be highly refined
in certain regions and therefore some sampling domains S7-* may be bigger than 7). However, in the
problems of coupling fully atomistic and coarse-grained equations, the mesh may be non-uniform
and some T € T, may be too small to accommodate a sampling domain fully inside T'.

The sampling domains have the associated operator of averaging over the sampling domain,
(®)zegier and the functional space Uy (SE?) = Uy (eP) (see for the precise definition).

5.1.3 Energy and Macro Nonlinear Form
Define the atomistic interaction energy of the HQC method

BMe(ul) i= 3 [TV D, Rr(u)), gen (5.1)
TeTh

where Rp(u"), defined by (5.3)), is the microfunction constrained by «” in the sampling domain
SyP.
The functional derivative of the above energy reads

OEME (), ot = ST ITI( 3 Vi (Dr.Rr(ul)), DedRr (@) (52)

xESHP
TET;, rER. T

where 0R7(u") is the functional derivative of the reconstruction Ry (u") defined below.

5.1.4 Microproblem

Given a function u” € U{}er, Rr(uh) is a function such that Ry(u") —ull € Uy (STF) and

< 3V (D, Rr(u), D,,s> =0 Vs € Uy(SEP), (5.3)
zeSyP
’I"ER&
where ul! is an affine extrapolation of u"|7 over the entire RY. If S7P C T then ul! can be

substituted with u”.

Remark 5.1. When modeling essentially nonlinear phenomena (e.g., martensite-austenite phase
transformation), one should require that the microstructure corresponds to a stable equilibrium.
That is, one should require, in addition to (5.3), that w = Rp(u") — ull, € Uy(STT) is a local
minimum of (V.(Dr. (uft, + w)))zesier [40, p- 258)].

Remark 5.2. In the case of linear interaction, the reconstruction Ry is a linear function and hence
SRy (uM)vP = Ry (vP), which makes the derivative of the HQC energy (5.2) take the form

OB () 0o = 3 1T 3 Vi (Dr Br(a). DR

TeT reRe T
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Remark 5.3. The functional derivative of the HQC energy (5.2) can equivalently be written as

OB ("), vy = 3 T Y Vi, (Dr, Rr(u"), (9,0" 7))

T€7’h T€R6

zeSiP’ (54)
T

by noting that D,0Ry(u)v" = Drvﬁn + (DréRT(uh)vh) — Drvﬁn), that
> (VL (Dr Rr(u")), (DrRy(u")o" — Dyofty)) egier =0,
TGRE

in view of (5.3)), and that Drvﬁn = V,v" on each T. Here we used the fact that OR7(u )vh — vfi”n €
Uy (SEP) which follows from taking the functional derivative of Ry(ul) —ult € Uy (SyT).

5.1.5 Reconstruction

The functions Rp(u™) describe the microstructure of the solution inside each S;*P. One can re-

construct the solution describing the microstructure, u™¢, from the homogemzed solution u” by
combining Ry (u”) into a single function defined on entire atomistic lattice M:

u"(z) = Rp(u)(z) (z €T NM). (5.5)

That is, we effectively extend Ry (ul) periodically on each T. It should be noted that (5.5) does
not uniquely determine u(z) if z € 9T for some T € Tj,.

5.1.6 Variational Problem

We define the homogenized quasicontinuum approximation as the solution u” € Ugﬁ of

(OB (ul), oMy = Fhe(0") ot e Ul (5.6)
where
Fre@l) = 3 T |(fe ") gesier- (5.7)
TeTh

If the external force is smooth, it could instead be evaluated for a single representative atom.

In the case of linear nearest-neighbor 1D interaction it can be shown that (5.7) is well-posed
and that the homogenized quasicontinuum solution u” approximates the solution u of the original
equations only in the Lo-norm. To get a good approximation in the H'-norm, the reconstructed
solution u¢ should instead be considered. We will report the analysis for the nonlinear case in a
separate paper (see the preprint [4, Theorems 4 and 5] for the analysis of a linear model).

5.2 HQC Algorithm

The problem (5.6) is nonlinear and its practical implementation is usually done by the Newton’s
method. We briefly sketch below an algorithm for solving (5.6)).
For the Newton’s method we need to compute the second derivative of the energy (|5.1)):

(52thc( Jw, v g = Z |T\< Z VE"Tp(DneRT(uh))DpéRT(uh)wh, DréRT(uh)vh> .
TeT, T,pER e xesrep
(5.8)
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5.2.1 Newton’s Iterations for the Macroproblem

The algorithm based on the Newton’s method consists in choosing an initial guess u(©) e UZ 4 and
performing iterations
<52thc (uh,(n)) (uh,(n+1) . uh,(n))’vh>g — thC(Uh) vvh c ug#’ (59)
until w1 becomes close to /(™ in a chosen norm.
To solve the linear system ((5.9)) for uh (1) g h(n) ¢ U;}E, we choose a nodal basis wZ (1<Ek<

K) of U"

per*
with one basis function eliminated (e.g., to consider wZ for 2 < k < K), and post-process the final
solution as u — (u")q.

The stiffness matrix of the system (5.9) will thus be

One way to satisfy the condition (u")q = 0 would be to perform all the computations

A = (2B (u ™)l wl )

and the load vector will be

by = FYC(u)
As given by the formula ([5.8) we need to compute the solution of microproblem Rp (uhv(")) on each
sampling domain S7* as well as its derivative 6Rp (uh’("))wlh.

5.2.2 Solution of the Microproblem

The microproblem (/5.3 can also be solved with Newton’s method. For that, in each T' one needs
to choose an initial guess u(™% to Ry(u™), for instance u(™) (z) := u (")( ) and solve

< Z DR w ny)) + Z ‘/E//Tp(DReu(n,V))Dp(u(n,V-i—l) - u(n,y))’ D,«S> -0

rep
reRe r,pER. €Sy
Vs € U#(S;?p),

with respect to u(™**+1) constrained by u(™*+1) — ( Veu 4 (S7P), until the difference between
w1 and w(™¥) is small in a chosen norm.
After that, we can compute 5RTwlh = )Ry (uh’(”))wlh by solving

< v/ (Dr,u™))D,(6Rrwl), Ds> —0 Vs € Uy(SP) (5.10)

€, p rep
S
r,pER T

constrained by SRrw! — (wh), € Uy (S7P). Notice that the gradient of all but d+ 1 basis functions
D, (wlh)hn inside 7" are zero, which implies that we essentially need to solve the problem d+1
times.

Also observe that when computing dR (uh’("))wlh, we need to invert the same linear operator
as in the final Newton’s iteration, which allows for some additional optimization.
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5.2.3 Possible Modifications of the Algorithm

First, notice that when solving for u (1) we could linearize the problem on the previous iteration

u(™)_ In that case we would have linear cell problems and thus we would need only outer Newton’s
iteration, but it would be required to keep the values of the micro-solution RT(uh’(”)) from the
previous iteration. We notice however that for a practical implementation of the above algorithm
it may also be required to keep the values of the micro-solution: one needs these values to initialize
the inner Newton iterations; depending on the initial guess for the microproblem the iterations may
converge to a wrong microstructure.

Another modification could be to compute the contribution of the external force f. in for
a single atom in the case of no oscillations in f.

In the case of linear interaction, the algorithm becomes simpler: one does not need to do Newton
iterations. Nevertheless, the algorithm in Section is applicable to the linear problem where it
converges in just one iteration.

6 Equivalence of Numerical Methods for Multilattices

In this section we show the equivalence of three different methods for computing equilibrium of
multilattice crystals, namely (1) the proposed HQC method, (2) finite element discretization of
continuum homogenization, and (3) multilattice QC. We assume that in all four methods the
external force f is approximated by the same function f".

Below we specify the four methods that we compare. It should be noted that given the macro-
scopic displacement v we cannot guarantee uniqueness of the energy as there may be several
solutions to the micro-problems corresponding to different phases of a multilattice crystal. To ad-
dress such non-uniqueness, we treat the energy and all the respective microfunctions as multi-valued
(i.e., set-valued) functions of u" € L{;‘# and prove that these multi-valued functions coincide on each
ul € Z/{I’}er.
Method 1. (HQC) We define the energy of the HQC method, EM¢(uh), by (5.1)), where Ry (u”)

is the set of all solutions of (5.3).

Method 2. (FEM for homogenized equations) The energy of FEM discretization of the ho-
mogenized energy is E°(u") given by (£.9), and (4.7)), and x = x(F;y) is a set of all solutions

of (4.4).

Method 3. (Multilattice QC) E™I(u") is defined by (3.7) and " = q(Vu") by (3.6).
Theorem 6.1. E"°(y) = EO(uh) = E™9°(uP) for any u € U"

per-

Proof. Part 1, EM°(u") = E°(u"). First, we show that the micro-functions of Methods 1 and 2,
R7 and Y, are related through

(Rr(u™))(z) = ufly () + ex(Vul|r; Z). (6.1)
Indeed, denote F = Vu"|r and compute D, Ry (u"):

DTRT(uh) = Druﬁn + eDrx(F; f) =Fr+ Dymx(F; %) (6.2)
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The following calculation shows that the left-hand sides of (5.3)) and (4.4)) coincide up to a factor
e L

(X Vi Drooy Re()), Des() = (3 Vi(Drey Rr(u);9), ' Dyslen))
reR r reR
= e‘1< > VI(FR+ Dy x(F;y);v), Dy,m(y)>yep
rER

where we do the change of the independent variable y = %, and of the test function o(y) = s(ey).
Hence (6.1]) indeed relates the set of solutions of (5.3) and (#.4) with F = Vu"|7.
The following straightforward calculation concludes the proof of EPC(u") = EO(u"):

EMe(uf) = " |T|(Ve(Dr Rr(u ))>x€SrTep
TETh

= 3 ITVe((Va i) Re + Dy X (T 13 2)) ) gron
TETh

= YTV (V)R + Dyrx(Vu"r:9)) ), cp
TeT,

= Y ITIe°(Vu|r) = E°(u"),

TeT,

where we used ll in the first step of this calculation.
Part 2, thc( hy = quc( ). The main component of the proof consists in fixing T € T, and
showing that ¢ |7 and Rr(u") are related through

"7 = Ulepa) — U(0), a=0,...,m—1, (6.3)

where U := Ryp(ul) —ult € Uy (STP).
First, we define ¢ |7 := U(epa) — U(0). Notice that due to eP-periodicity of U, we can write

m—1

Ua) = 3 Ulepa) wala),

a=0

subtracting the constant U(0) and applying D, yields

DU(z) = DT< —U0) + mz U(epa) wa(x))

where we used the identity 3.7 w,(z) = 1 for all z € M.
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Figure 3: Equivalence of different methods

We then substitute ¢”|7 = ¢ |7 into (3.6). The argument of V, in (3.6) can be written as

m—1 m—1
(Vi lr)Res + 3 (@h1r) Dr. ywaleps) = Dr,, (ulis+ 3 (@ lr)walers)) o
a=1 a=1 .

— Dr., (uhy + Uleps) ) = Dr.n Br(")(@)] .,
and therefore, upon noticing that summations over z = epg and over = € 5’;? P coincide for the
eP-periodic functions, we conclude that the left-hand sides of and coincide when s(z) is
chosen as s(z) = wy(x) — (wy(7))zeep, ¥ =1...,m —1 (then D,s = D,w.,). This proves that §" |
satisfies (3.6), i.e., ¢”|7 D ¢"|r = U(epa) — U(0) (in the sense of the sets of solutions).

To show the converse we notice that holds with the function s(z) = wy(z),y=1...,m—1
and, obviously, with the function s(z) = 1. These functions form a basis of Uper(P) = Uper (STT),
therefore holds with any s € Uy (SyP) C Uper(S3P). Hence, ¢l C U(eps) — U(0), which
concludes the proof of .

The stated identity E™¢(u") = EP(u") follows directly from (6.4). O

Remark 6.1. One can consider yet another approach to coarse-graining multilattices, namely
consider the discretely homogenized method and apply the standard QC method (see Section
to it. As a result we will obtain energy of (®°(Vu'))q which obviously coincides with the
energy of FEM applied to the continuously homogenized equations.

As a corollary of Theorem [6.1] and Remark the solutions corresponding to the different
methods considered, being critical points of the energy, also coincide (of course, provided that the
external force is treated in the same way for these methods). The Theorem is graphically
summarized in Fig.
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Figure 4: Stochastic atomistic model: An illustration of the model (left) and an exact solution for
32 x 32 atoms (right).

7 Application of HQC to Stochastic Materials

The HQC method can readily be generalized for non-crystalline materials such as glasses or complex
metallic alloys. For that, lacking the period of the microstructure P, one only needs to take S{,? P
large enough to accurately represent the material’s microstructure. In this section we present an
example of such computation.

Additionally to taking S} large enough, one could also average over an ensemble of samples
of different microstructures for a given macroscopic displacement gradient Vu"|r in each element
T'; however, we do not pursue this in the present work. We refer to [10, 27] and references therein
for theoretical studies of stochastic homogenization of lattice energies.

We take an atomistic system of 2048 x 2048 atoms. The atomistic bonds are chosen to have
quadratic interaction energy,

E(w) = { 3" Yo, (@)(Dru)?)

R zeM

with R = {(1,0),(0,1),(1,1),(—1,1)}, as illustrated on Fig. The bonds’ strengths 1, are
randomly generated with a uniform distribution between 0.5 and 10 for » = (1,0) and r = (0,1)
(i.e., vertical and horizontal bonds) and between 0.1 and 5 for r = (1,1) and r = (—1,1) (i.e,
diagonal bonds). The external force is chosen as

_ — cos(mx1)? —cos(mza)? Sin(27"x1) 7
f(@r,w2) = 10e ( sin(27mx2) g

where f is determined so that the average of f is zero. The equilibrium configuration for a system
with 32 x 32 atoms is illustrated on Fig.

We then apply the HQC algorithm to that system. For the microproblem we choose a subsystem
of Niep X Niep atoms and precompute the effective elasticity tensor. We then compute the HQC
solution and compare it to the exact solution of the problem. A structured triangular uniform mesh
with right-angled triangular elements with the leg size h = %, %, ... is used.
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Figure 5: Dependence of relative error of computing the energy with HQC and a straightforward
application of the Cauchy-Born rule. The squares and diamonds correspond to Nyep = 2048 (i.e.,
when the microproblem coincides with the entire system). A second-order convergence of HQC is
observed whereas the Cauchy-Born rule solution does not converge. The dot-dashed and dotted
curves are |EPC — E| for Nrep = 128 and Nyep = 16 respectively.

For comparison, we also produce the results of calculation with (a straightforward application
of) the Cauchy-Born rule for computing the effective elasticity tensor; i.e., when atoms are not
allowed to relax to equilibrium when an external displacement gradient F is applied.

The relative errors of the interaction energy of HQC and CB solutions (EPC° and E°P, respec-
tively) as compared to the energy of the exact solution E, are plotted in Fig. [5| for different mesh
size h and different sampling domain size Nycp. A second-order convergence of HQC and absence of
convergence of the solution computed according to the Cauchy-Born rule can be observed. One can
also see that with Ny, = 128 (and even with Ny, = 16) one can get a rather accurate numerical
solution.

8 Application of HQC to Time-dependent Problems

We apply the proposed HQC method to the 1D zero-temperature evolution of a multilattice, de-
scribed by the following equations

(M, v)p = (OE(u),v)pm Vv € Uper(M) (8.1a)
uli—g = u’ (8.1b)
o = 0. (8.1c)

where u = u(t,z) € C?*([0,T);Uper(M)) is the time-dependent displacement of atom z, u® =
u’(x) € Uper(M) is the initial displacement, M¢(z) = M (%) is the mass of atom z, @ = %u,
U= (‘ji—;u. We assume no external forces.

One can, assuming no fast oscillations in time of the microstructure, perform the two-scale
expansion procedure for the time-depend case (which closely follows the continuum case [§])

(M, v) 0 = (OE°(u),v)pm Yo € Uper(M),
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where E°(u) is given by (£.9), and M° = (M)p and likewise formulate the macro-to-micro dis-
cretization [2], 22]
<M0ahvvh>./\/l = <5thc(uh)7vh>./\/l Vo € uger‘

For the numerical test we take the same lattices as for the simplified model with m = 2 (see
Section . The atoms interact with the Lennard-Jones potential (2.1)) with

0.4
Sy xter = 16

and the cut-off distance R = 3. The masses of atoms are

is half-integer
0.99

a8 o8

is half-integer {1.01
gm,x—l—er =

AR a8

is integer, is integer,

is half-integer

S

8

~—

I
—
—
a8 a8

is integer.

The atomistic system contains # (M) = 2! atoms.

The initial displacement is chosen in the following way: First, we compute an equilibrium
displacement wu, i.e., such that (0E(u), v)pm = 0 Vv € Uper(M). Second, we compute an eigenvector
of 62E(u), u1, corresponding to the mode oscillating most slowly. Then, the initial displacement is
taken to be u = u+0.01 m. With such an initial displacement, the solution remains smooth
(i.e., most of energy of the solution is contained in long wavelength modes) for times comparable
to the oscillation period, and one can compare a QC approximation of the solution with the exact
solution.

We compare the reconstructed solution obtained by the HQC discretization in space with the
reference solution obtained in the full atomistic computation. The reconstruction of the HQC
solution is performed similarly as described in Section The HQC discretization is performed
on a sequence of meshes with h = i, %, .... For the time integration, we use the Verlet method with
the timestep 7 = 2—10h for the HQC solution and 7 = 2—106 for the reference atomistic solution. We
run the computation until 7" = 2%, which corresponds to about a quarter of a period of oscillation
of the solution.

The errors in (the discrete analogs of) L>([0,T]; L%(Q2)) and L?([0,T]; H'(Q)) are presented in
Fig. @ One can clearly observe for relatively large h a second order convergence in the L?(£2)-norm
and a first order convergence in the H!(2)-norm, and the convergence seems to stagnate as h is
further reduced.

9 Summary and Concluding Remarks

We have considered the problem of equilibrium of multilattice crystalline materials and discussed
the application of the (local) QC method [40] for such materials. We then have proposed a homog-
enization framework and based on it proposed a numerical macro-to-micro method which we called
HQC. We have shown that the four methods, namely the HQC method, the QC method applied to
the discretely homogenized equations, the multilattice QC, and the finite element method applied
to continuously homogenized equations, are equivalent.

Despite equivalence of the methods for statics of multilattice, we argue that the homogeniza-
tion framework developed in this paper has several advantages. First, it contributes to a better
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Figure 6: Error of time-dependent solution in (the discrete analogs of ) the norms L*°([0, T; L?(2))
(left) and L2([0,T]; HY(Q2)) (right).

understanding of the multilattice QC method and provides a link to the existing theory of homog-
enization of PDEs. In particular, we have generalized and applied the HQC method to the case
of random materials and to the unsteady case, numerically demonstrating convergence of the pro-
posed numerical method. Second, the developed homogenization framework allows for application
of analytical techniques available in the homogenization theory and thus seems most promising for
convergence analysis of numerical methods for multilattices. We refer to our preprint [4] and an
ongoing work [3] for an example of such analysis. We also note that the extension of the homog-
enization technique proposed in this paper to atomistic materials at finite temperature is of high
interest.

A Notations

In this appendix we gather the frequently used notations.

A.1 Function spaces

For any finite set S C R%, we define the discrete averaging (integration) operator (e)g by

and sometimes, more verbosely, as (u(z))zes. Here #(S) is the number of elements in the set S.

We consider discrete periodic functions (e.g., displacements or external forces) with the periodic
cell Q = (0,1]¢ (d € N), and the lattice (being, actually, the discrete periodic cell) S C Q (S = £, M)
containing a finite number of points: #(S) < oo. The periodic extension of the lattice is denoted
as Sper = S + Z%. Such space of periodic functions is denoted as

Uper(S) = {u: Sper > Rt u(z +a) = u(z) Yz € S, Va € Z4}, (A.1)
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and the space of periodic functions with zero average:
Uy (S) = {1 € Uper(S) : (u)s =0}

We do not have separate notations for scalar and vector-valued functions and explicitly state
whether the function is scalar or vector-valued when it may cause ambiguity.

Similarly to the discrete averaging, we also use continuum averaging notation (u)q := [, u(z)dz,
and for functions of two variables we write (v)g, x5, == ({v)g;)q , where each S; (i = 1,2) can be
either continuous or discrete.

Sy’

For vector-valued u = u(z) and v = v(z) we denote the pointwise scalar product as u - v (i.e.,
(u-v)(z) = u(x) - v(z)) and the semi-inner product in Upe: (L) as

1
(v = {u-v)z = #(Qr;u@) v(a).

(It is a proper inner product only in Uy (L).) We similarly define the pointwise scalar product and
the (semi-)inner product for functions of continuum variable and for functions of several continuum
or discrete variables.

A.2 Operators
For u : S — R? (S = £, M) we introduce the finite difference D, ,u

u(z + er) — u(z)

Dy yu(x) == .

(for z € S, r € R such that x + er € S).

In addition to differentiation operators, we define for u € Uper(L1), the translation operator Thu €
Uper(L£1)
Ty ru(x) == u(x + er) (for z € S, r € R such that z +er € S).

The definitions of the discrete derivative and translation generalize to functions of two variables
by considering the partial discrete derivative and translation operators, i.e., D, ,, T, applied to
u(e,y) and D, ,, T, , applied to u(z,e).

In homogenization we consider “traces on diagonal” of function of two variables, v = v(z, £).
For such functions we introduce full translation and full derivative operators 1. := T}, Ty ,, D, :=
%(T,q —I) so that

(Tou)|, _z = Tm<u\ _g), and  (Dyu)| _z = Dm,<u\ _g). (A.2)
y=" ’ y=" y=" ’ y="
The following relates the partial and the full translations and derivatives:
T, =Ty, Ty, and Dy =Dy, Ty, + 1Dy, (A.3)

Notice that the variables z and y are not symmetric in the definition of full derivative. If a
function does not depend on y then the full derivative coincides with the derivative in x (likewise for
the translation). Hence, for functions of = only, we sometimes omit the subscript x in the operators
Dy, and T ..

For continuous functions we denote Vu a gradient of u and V,u = (Vu) - r a directional
derivative. For a vector-valued function u, the directional derivative, V,u is defined componentwise
and the gradient Vu is a matrix such that V,u = (Vu)r.
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A.3 Functions of Vector-indexed Variables

We consider a general form of interaction, where an energy of each atom depends arbitrarily on
relative displacements of all the nearby atoms. Namely, for the “interaction neighborhood” R =
{r1,...,7m} we consider functions

V(Dy,u, Dryu, . .., Dy, u).

Since the interaction neighborhood may be different for different atoms (recall that we consider
multilattices) and contain different number of neighbors &, we index derivatives directly with r € R.
That is, we use the following notation for tuples « indexed with r € R:

()rer == (Qpys ..., ) for R={ry,...,rx}

and define
Dru := (Dyu)rer, Vru := (Vi) rer.

Thus, for the functions of R-indexed tuples we write
V(Dru) :== V(D u, Dpyu, ..., Dy u).
The common algebraic operations on R-indexed tuples are taken componentwise, e.g.:
Dru+ Drv = (Dyu+ Dyv)rer, FR = (Fr)rer etc, (A.4)

which is fully analogous to the algebraic operations on k-dimensional vectors.
A partial derivative of V(Dgru) w.r.t. Dyu (r € R) is denoted as V,/(Dgru).

References

[1] A. ABDULLE, The finite element heterogeneous multiscale method: a computational strategy
for multiscale PDEs, GAKUTO Internat. Ser. Math. Sci. Appl., 31 (2009), pp. 135-184.

[2] A. ABDULLE AND M. J. GROTE, Finite element heterogeneous multiscale method for the wave
equation, Multiscale Modeling & Simulation, 9 (2011), pp. 766-792.

(3] A. ABDULLE, P. LIN, AND A. SHAPEEV, A one-dimensional nonlinear analysis of the multi-
lattice quasicontinuum method, in preparation.

[4] A. ABDULLE, P. LIN, AND A. V. SHAPEEV, Homogenization-based analysis of quasicontinuum
method for complex crystals, 2010. arXiv:1006.0378v1.

[5] I. BABUSKA, Homogenization and its application. Mathematical and computational problems,
Numerical solution of partial differential equations, (1976), pp. 89-115.

[6] N. S. BAKHVALOV, Averaged characteristics of bodies with a periodic structure, Dokl. Akad.
Nauk SSSR, 218 (1974), pp. 1046-1048. English translation: Phys. Dokl. 19, 1974-1975.

[7] P. T. BAumAN, J. T. ODEN, AND S. PRUDHOMME, Adaptive multiscale modeling of polymeric
materials with Arlequin coupling and Goals algorithms, Comput. Methods Appl. Mech. Engrg.,
198 (2009), pp. 799-818.



8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

27

A. BENSOUSSAN, J.-L.. LIONS, AND G. PAPANICOLAOU, Asymptotic Analysis for Periodic
Sturcture, North Holland, Amersterdam, 1978.

X. Branc, C. LE Bris, AND P. L. LioNS, Atomistic to continuum limits for computa-
tional materials science, Esaim-mathematical Modelling and Numerical Analysis-modelisation
Mathematique Et Analyse Numerique, 41 (2007), pp. 391-426.

— The energy of some microscopic stochastic lattices, Archive For Rational Mechanics and
Analysis, 184 (2007), pp. 303-339.

W. CHEN AND J. FisH, A generalized space-time mathematical homogenization theory for
bridging atomistic and continuum scales, Internat. J. Numer. Methods Engrg., 67 (2006),
pp- 253-271.

— A mathematical homogenization perspective of virial stress, Internat. J. Numer. Methods
Engrg., 67 (2006), pp. 189-207.

P. CuHuNG, Computational method for atomistic homogenization of nanopatterned point defect
structures, Int. J. Numer. Meth. Engng., 60 (2004), pp. 833-859.

P. CHUuNG AND R. NAMBURU, On a formulation for a multiscale atomistic-continuum homog-
enization method, Internat. J. Solids Structures, 40 (2003), pp. 2563-2588.

M. DoBsoON, R. S. ELLioTT, M. LUSKIN, AND E. B. TADMOR, A multilattice quasicontinuum

for phase transforming materials: Cascading Cauchy Born kinematics, Journal of Computer-
Aided Materials Design, 14 (2007), pp. 219-237.

M. DoBSON AND M. LUSKIN, Analysis of a force based quasicontinuum approximation, Math.
Model Numer. Anal., 42 (2008), pp. 113-139.

M. DoBsON, C. ORTNER, AND A. V. SHAPEEV, The spectrum of the force-based quasicon-
tinuum method. preprint.

W. E, B. EngquisT, X. L1, W. REN, AND E. VANDEN-EIINDEN, Heterogeneous multiscale
methods: a review, Commun. Comput. Phys., 2 (2007), pp. 367-450.

W. E, J. Lu, AND J. Z. YANG, Uniform accuracy of the quasicontinuum method, Physical
Review B, 74 (2006), pp. 214115(1-12).

W. E AND P. MING, Cauchy-Born rule and the stability of crystalline solids: Static problems,
Arch. Ration. Mech. Anal., 183 (2007), pp. 241-297.

Y. EFENDIEV AND T. Y. Hou, Multiscale finite element methods, vol. 4 of Surveys and Tutori-
als in the Applied Mathematical Sciences, Springer, New York, 2009. Theory and applications.

B. EncquisT, H. HoLsT, AND O. RUNBORG, Multi-scale methods for wave propagation in
heterogeneous media, Commun. Math. Sci., 9 (2011), pp. 33-56.

J. L. ERICKSEN, On the Cauchy-Born rule, Math. Mech. Solids, 13 (2008), pp. 199-220.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

28

J. Fis"H, W. CHEN, AND R. L1, Generalized mathematical homogenization of atomistic media
at finite temperatures in three dimensions, Comput. Methods Appl. Mech. Engrg., 196 (2007),
pp. 908-922.

G. FRIESECKE AND F. THEIL, Validity and failure of the Cauchy-Born hypothesis in a two-
dimensional mass-spring lattice, J. Nonlinear Sci., 12 (2002), pp. 445-478.

M. GEERS, V. KOUZNETSOVA, AND W. BREKELMANS, Multi-scale computational homoge-
nization: Trends and challenges, J. Comput. Appl. Math., (2010). In press.

A. GLORIA AND F. OTTO, An optimal variance estimate in stochastic homogenization of
discrete elliptic equations, Annals of Probability, 39 (2011), pp. 779-856.

T. HupsoN AND C. ORTNER, Linear stability of atomistic energies and their Cauchy—Born
approximations. OxMOS Preprint No. 31/2010.

B. V. Koten, X. H. L1, M. LuskIN, AND C. ORTNER, A computational and theoretical
investigation of the accuracy of quasicontinuum methods, in Numerical Analysis of Multiscale
Problems, O. L. Ivan Graham, Tom Hou and R. Scheichl, eds., Springer, To appear.

P. LiN, The theoretical and numerical analysis of the quasicontinuum approzimation of a
material particle model, Math. of Comp., 72 (2003), pp. 657-675.

[31] ——, Convergence analysis of a quasi-continuum approzimation for a two-dimensional mate-

32]

rial without defects, SITAM J. Numer. Anal., 45 (2007), pp. 313-332.

C. MiE”HE AND C. G. BAYREUTHER, On multiscale FE analyses of heterogeneous structures:
From homogenization to multigrid solvers, Internat. J. Numer. Methods Engrg., 71 (2007),
pp- 1135-1180.

R. E. MiLLER AND E. B. TADMOR, The quasicontinuum method: Ouverview, applications and
current directions, Journal of Computer-Aided Materials Design, 9 (2002), pp. 203-239.

P. B. MING AND J. Z. YANG, Analysis of a one-dimensional nonlocal quasi-continuum method,
Multiscale Model. Simul., 7 (2009), pp. 1838-1875.

C. ORTNER AND E. SULI, Analysis of a quasicontinuum method in one dimension, M2AN
Math. Model. Numer. Anal., 42 (2008), pp. 57-91.

E. SANCHEZ-PALENCIA, Non-homogeneous media and vibration theory, Springer-Verlag, 1980.

V. SORKIN, R. S. ELLIOTT, AND E. B. TADMOR, A local quasicontinuum for 3D multilattice
crystalline materials: Application to shape-memory alloys. manuscript.

I. STAKGOLD, The Cauchy relations in a molecular theory of elasticity, Quarterly of Applied
Mechanics, 8 (1950), pp. 169-186.

E. TADMOR, R. PHILLIPS, AND M. ORTIZ, Quasicontinuum analysis of defects in solids,
Philos. Mag. A, 73 (1996), pp. 1529-1563.



29

[40] E. TADMOR, G. SMITH, N. BERNSTEIN, AND E. KAXIRAS, Mized finite element and atomistic
formulation for complex crystals, Phys. Rev. B, 59 (1999), pp. 235-245.

[41] K. TERADA AND N. KikucHI, A class of general algorithms for multi-scale analyses of het-
erogeneous media, Comput. Methods Appl. Mech. Engrg., 190 (2001), pp. 5427-5464.



	1 Introduction
	2 Problem Formulation
	2.1 Equations of Equilibrium
	2.1.1 Deformation
	2.1.2 Interaction
	2.1.3 External Force
	2.1.4 Equation of Equilibrium

	2.2 Example: a Simplified Model

	3 Quasicontinuum (QC) Method
	3.1 Notations
	3.2 QC for simple lattice
	3.3 Multilattice QC
	3.4 Application of QC to the Simplified Model

	4 Homogenization of Atomistic Media
	4.1 Asymptotic expansion
	4.1.1 Underlying Homogenized Energy

	4.2 Application of Homogenization to the Simplified Model
	4.3 Discrete Homogenization

	5 Homogenized QC
	5.1 HQC Method
	5.1.1 Macroscopic affine displacement
	5.1.2 Sampling Domains
	5.1.3 Energy and Macro Nonlinear Form
	5.1.4 Microproblem
	5.1.5 Reconstruction
	5.1.6 Variational Problem

	5.2 HQC Algorithm
	5.2.1 Newton's Iterations for the Macroproblem
	5.2.2 Solution of the Microproblem
	5.2.3 Possible Modifications of the Algorithm


	6 Equivalence of Numerical Methods for Multilattices
	7 Application of HQC to Stochastic Materials
	8 Application of HQC to Time-dependent Problems
	9 Summary and Concluding Remarks
	A Notations
	A.1 Function spaces
	A.2 Operators
	A.3 Functions of Vector-indexed Variables


