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Abstract

We study a force-based hybrid method that couples atomistic model with Cauchy-
Born elasticity model. We show the proposed scheme converges to the solution
of the atomistic model with second order accuracy, as the ratio between lattice
parameter and the characteristic length scale of the deformation tends to zero.
Convergence is established for the three dimensional system without defects,
with general finite range atomistic potential and simple lattices structure. The
proof is based on consistency and stability analysis. General tools for stabil-
ity analysis are developed in the framework of pseudo-difference operators in
arbitrary dimension. (©) 2000 Wiley Periodicals, Inc.

1 Introduction

Multiscale methods for mechanical deformation of materials have been inten-
sively investigated in recent years. The main spirit of these methods is to use
atomistic models for regions containing defects, and continuum models in regions
where the material is smoothly deformed. We refer to the recent review [28] for
various methods and the book [20] for general discussion of multiscale modeling.

There are two different ways of coupling atomistic and continuum models. One
is based on energy, and the other is based on force. The energy-based method de-
fines an energy that is a mixture of atomistic energy and continuum elastic energy.
The energy functional is then minimized to obtain the solution. The force-based
method works instead at the level of force balance equations. The forces derived
from atomistic and continuum models are coupled together. The force balance
equations are solved to obtain the deformed state of the system.

From a numerical analysis point of view, one of the key issues for these multi-
scale methods is the consistency and stability of the coupled schemes. Taking one
of the most successful multiscale methods, the quasicontinuum (QC) method [26,
40] for example, one of the main issues is the so called ghost force problem [37],
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which are the artificial non-zero forces that the atoms experience at their equilib-
rium states. In the language of numerical analysis, it means that the scheme lacks
consistency at the interface between atomistic and continuum regions [16]. In [29],
it was shown that the ghost forces may lead to a finite size error of the gradient of
the solution.

The stability analysis for the coupling schemes is mostly limited to one di-
mensional systems, in which a direct calculation is possible thanks to the simple
one dimensional lattice structure and the pairwise interaction potential. This is no
longer the case in two and three dimensions, and the extension is by on means easy.
New tools for stability analysis are required to understand more general multiscale
hybrid methods. This is the emphasis of the current work. We also remark that
recently Ortner and Shapeev obtained a convergence result for an energy-based
method for the two-dimensional model with pairwise interaction but allows for a
point defect [32,36].

In this work, based on existing ideas in the literature, we formulate a force-
based hybrid scheme for general finite range potentials in three dimension. This
hybrid method is a representative of a general class of multiscale methods. Under
certain natural assumptions, we prove the solution of the proposed method con-
verges to the solution of the atomistic model with second order accuracy as the ra-
tio between lattice parameter and the characteristic length scale of the mechanical
deformation goes to zero. To the best of our knowledge, this is the first conver-
gence result for multiscale methods coupling atomistic and continuum models in
three dimension.

The convergence result is based on the analysis of consistency and linear sta-
bility, following the Strang’s trick [39]. To achieve this, we study the linearized
operator in the framework of pseudo-difference operators. We obtain the stability
estimate combining regularity estimate of pseudo-difference operators, consistency
of the linearized operator, and stability of the continuous problem. These tools may
help in understanding more general multiscale methods.

Before we formulate the method and state the main theorem in Section 1.3, we
introduce some preliminaries and notations.

1.1 Lattice function and norms

We will only consider Bravais lattices in this work (see [3] for a definition).
They take the form

L={xcR? |x:anaj,n€Zd},
J
where {a;}9_, C R? are the basis vectors of I, and d is the dimension. The unit
cell of L, denoted as I', is defined by

F={xeR|x=Ycja;,0<c;<1,j=1,--d}.
J
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Let {b J}?:l C IR?, be the reciprocal basis vectors, which satisfy a j bk =21y,
where & is the standard Kronecker delta. The reciprocal lattice .* takes the form

L*={xe R4 ]x:anbj,nEZd}.
J

The unit cell of L* is denoted as I'* that is defined by
I"={xeR|x=Ycbj, -1/2<c¢c;<1/2,j=1,--- ,d}.
J

For € = 1/n,n € Z, we will consider lattice system €L inside domain Q =
I C R?, denoted as Q. = QN el. Note that the lattice constant is €, so that the
number of points in Q¢ is 1/&¢. We will restrict to periodic boundary conditions
in this work, general boundary conditions will be left to future publications. For a
lattice function u defined on €L, we say it is Q¢-periodic if

u(x) = u(x'), Vx,x' € eL,x—x' =a; for some j € {1,---,d}.

In particular, an Q¢-periodic function is determined by its restriction on Q.. Func-
tions defined on Q. can be easily extended to Q.-periodic functions defined on
elL.

We also define the reciprocal lattice associated with Q. Let L =L*N ("™ /¢).
Define K, a subset of Z¢, which is given by

Ke={ueZ'|Y eub; eT*},
J
hence L} is given by

Li={xeR'|x=Y wb, u € Kc}.
7

For u € Z¢, the translation operator T is defined as
(THu)(x) = u(x+epja;) forx € RY.
We define the forward and backward discrete gradient operators as
Di,=e " (T¥-1) and D =¢'(I-T"),

where s = Y ; ll;a; and I denotes the identity operator. It is easy to see Dz_s =
—Dg .

We say « is a multi-index if & € Z¢ and o > 0. Define |a| = o + - - + 0. For
a multi-index o, the difference operator DY is given by

Dg = H(D:,aj)aj'

When no confusion occurs, we will omit the subscript € in the notations 7', D¢,
D, ; and D for simplicity.
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We will use various norms for functions defined on .. For a nonnegative
integer k, we define the difference norm

lullee= ), &' Y [(D¢u)

0<lal<k  xeQe

It is clear that ||-||¢ is a discrete analog of Sobolev norm H*(Q). We denote the
corresponding spaces of lattice functions as H*(Q) and L2(Q) when k = 0. We
also need the uniform norms on ., which is given by

el Zmaxlu(X)l,
[l gy = Z m?zx\(D“ u)(x)].
0<|a|<k™€

In the above definitions, we have identified lattice function u# with its Q¢-periodic
function defined on €L, and hence the differences are well defined. These norms
may be extended to vector-valued functions as usual.

Define the discrete Fourier transform for lattice function f as

(1.1) fE) =el@n) 2 Y e f(x) E€Ly,
x€Q,
and its inversion is
(1.2) fa) =) Y et F(E) xe Qe
gellg

We will use a symbol introduced by Nirenberg in [31], which plays the same
role for the difference operators as A2(€) = 1+A3(&) = 1+ |&|? for the differential
operators. For € >0, § € L%, let

Aj,e(‘S):E|el£§j—l|, j=1,-.d,
and
AZ(E) = 1+A3(8) _1+):A - i;sinz<8€j>_
It is not hard to check for any & € IL,* it holds :

(1.3) cA*(E) < AZ(E) < AP(E),

where the positive constant ¢ depends on {b;}.
The L2 norm of lattice function can be rewritten as
(1.4) 17120 =(2m)" ¥ 178
Eell;

Moreover, notice that for & € LY, we have

—

DEa (&) = LU~ 1F(E)
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Therefore, the discrete Sobolev norms have equivalent representations using dis-
crete Fourier transform:

clfllfe< Y, AFEIFEP <Clflz

Selg
with the positive constants ¢ and C depending on k and {a;}.
For k > d /2, we have the following discrete Sobolev imbedding inequality [24,
Proposition 6]:
1 fllzz < Cllflles
where C depends on k and Q.

1.2 Atomistic model and Cauchy-Born rule

In this work, we will restrict to the classical empirical potentials. For atoms
located at {y;,---,yn}, the interaction potential energy is given by V (y1, - ,yn),
where V often takes the form:

Vi, on) = ) Va(i/€,3i/€) + Y, Va(vi/€.j/€3/€) + -+,
iJ i,jk
where we have omitted interactions of more than three atoms.
Different potentials are chosen for different materials. In this paper, we will
work with general atomistic models, and we will make the following assumptions
on the potential function V as in [19]:

(1) V is translation invariant.

(2) V is invariant with respect to rigid body motion.

(3) V is smooth in a neighborhood of the equilibrium state.

(4) V has finite range and consequently we will consider only interactions that
involve a finite number of atoms.

The first two assumptions are general [8], while the latter two are specific technical
assumptions.

For simplicity of notation and clarity of presentation, our presentation will be
limited to potentials that contain only two-body and three-body potentials. Ac-
tually, we will only make explicit the three-body term in the expressions for the
potential, as it includes the two-body term as a special case. It is straightforward
to extend our results to potentials with interactions of more atoms that satisfy the
above conditions, following the discussion on the three-body term. By [25], the
potential function V is a function of atom distances and angles by invariance with
respect to rigid body motion. Therefore, we may write

Va(inyjsvk) = Vs ([vi = vj1% i = w2 i = yj0yi = i) ) »
where <-, > denotes the inner product over R?. We write the two-body and three-
body potentials in this way to make the formula in our calculations easier to read.

We assume that the atoms located at . are in equilibrium, with x € Q. the
equilibrium position. Positions of the atoms under deformation will be viewed as
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a function defined over Q, denote as y(x) = x + u(x). Hence, u : Q¢ — R? is the
displacement of the atoms. We extend u as an Q-periodic function defined on €L.
Define the space of atom positions y as

Xe ={y:eL — R |y =x+u, u Q-periodic, Z u(x) =0}.

xEQ,

Any y € X, satisfies
y(x)—y()=x—x, Vxx €el,x—x =aj;forsome j€ {1, --,d}.

The atomistic problem is formulated as follows. Given f; : Q¢ — R4, find
y € X¢ such that

1.5 — inl
(1.5) y = argmin at(2),

where
d Z Z vsl 52 d Z fe
xX€Q¢ (s51,52)€S XEQ,
and
Vs [l =V (ID32(0) %, ID52(0) 2, (DS 2(x), DY 2(x)) ) -

Here S is the set of all possible (s;,s2) within the range of the potential. By our
assumptions, S is a finite set. We only make explicit the three-body terms in the
potential as addressed before. In I, e? is a normalization factor, so that I, is
actually the energy of the system per atom.

The Euler-Lagrange equation for the atomistic problem is

(1.6) Faly)(x) = fe(x) X € Qq,
where
Zubie)= ¥ (D5 (201, ) DIODEY) + 93V, ) DI DEY())
S1,82)ES

D5, (202V (50 DIODEY () + 33Vis, sy BI(0)DIY () ) ),

where for i = 1,2, 3, we denote

IVisy s D1(x) = 0V (1D y(0) %, IDLy ()17, (DYy(x), DSy () )

the partial derivative with respect to the i-th argument of V.
To guarantee the uniqueness of the solution of (1.6), we assume that f; takes
the following special form: for x € Q,,
fe(x)=¢e f(z)dz,
x+el
where f(x) is a function defined on Q with zero mean. This makes sure that fz(x)

satisfies
Y few=e [ flodr=0.

x€Qe
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To introduce the Cauchy-Born elasticity problem [8,21,22], we fix more no-
tations. For any positive integer k, we denote by W*?(Q;R¢) the Sobolev space
of mappings y: Q — R? such that ||y||y«, is finite. In particular, we denote by
W,f 7(Q;R?) the Sobolev space of periodic functions whose distributional deriva-
tives of order less than k are in the space L”(Q). For any p > d and m > 0, we
define X as

X={y:Q—-R/ |y:x+v,veWm+2’p(Q;Rd)ﬂW#l7p(Q;Rd),/v:O}.
Q

As in [19], the Cauchy-Born elasticity problem can be formulated as follows:
find y € X such that

1.7 — in/
(1.7 y = argmin (2),

where the total energy functional [ is given by

1) = [ (Wen(V9(x) = £(0:(0x)) d,

where v(x) = z(x) —x and the Cauchy-Born stored energy density Wcp is given by
1
Wen(A) =37 X Wi (4);
: (S1752)€S
where for A € R4*4,
Wisys)(A) =V (Is1 + 9147, 52+ 924, (s1 + 514,50+ 524) ) .

The range S is the same as that in the atomistic potential function. We have used
the deformed position y instead of the more standard displacement field u as the
unknown variables in (1.7) in order to be parallel with the atomistic problem.

The Euler-Lagrange equation for the Cauchy-Born elasticity model is
(1.8) Fep[y(x) = f (),
where
Fepy|(x) == V- (DaWep(Vv(x))) and v(x) =y(x)—x.

Here D4Wcg(A) denotes differentiation of Wcg(A) with respect to A.

Since we are primarily interested in the coupling between the atomistic and
continuum models, we will take the finite element mesh .7 as a triangulation of
Q. with each atom site as an element vertex. The triangulation is translational
invariant. The approximation space X is defined as

Xe = {ve W;’p(Q;Rd) |ylr € A(T), VT € F},

where P;(T) is the space of linear functions on the element 7.
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1.3 Force-based hybrid method

We are ready to formulate the force-based hybrid method. We take p : Q —
[0,1] as a smooth cutoff function. The atomistic region corresponds to the zero
level set of p: Q, = {x| p(x) = 0}, and the continuum region corresponds to the
region that p equals to 1: Q. = {x | p(x) = 1}. The region in between is a buffer
between the atomistic and the continuum regions.

The force-based hybrid method is given as follows. For y(x) € X,, we define
the force on x € Q; as

(1.9)  Fy(x) = (1 =p () FuV](¥) + () FeHl(x)  xE€Qe,

where %, is the force from finite element approximation of the Cauchy-Born elas-
ticity problem (1.7). Due to the choice of p, in the atomistic region €, the force
acting on the atom is just that of atomistic model, while in the continuum region
Q., the force is calculated from finite element approximation of the Cauchy-Born
elasticity.

For given loading f¢, we solve y € X, such that

(1.10) (HeFay Y (x) = fe(x)  x€Qe,
where for Q. —periodic function g, Il projects g to the function with zero mean:
(1.11) (Meg)(x) = g(x) — e Z g(x).

X’EQ;;

As noted in [11], the projection I, is necessary here, as the force .7y [y| might not
be zero mean, which is however required by the periodic boundary condition.

The proposed scheme works in dimension d < 3 for general finite range in-
teraction potentials. The main result of this work is the following second order
convergence rate for the force-based hybrid method.

Theorem 1.1 (Convergence). Under Assumption A, there exist positive constants
8 and M, so that for any p > d and f € WP (Q) ﬂW#I’p(Q) with || w1, <8,
we have

(1.12) [ Vhy = Yatlle,2 < Me?.

Remark 1.2. While we do not attempt in this work to optimize the regularity as-
sumption on f, we note that it is easy to relax the assumption to f € W>(Q) with
p > d following the remarks in the proof.

Remark 1.3. The sharp stability Assumption A for the atomistic model will be
given in Section 3. This assumption is quite natural and physical. We refer to
Section 3 and also [19] for more discussions on the stability conditions and its link
to physics literature.

The proof of Theorem 1.1, which will be viewed as a convergence result for
nonlinear finite difference schemes, follows the spirit of Strang’s work [39]. In
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short, consistency and linear stability imply convergence. The heart of the matter
lies in the analysis of consistency and stability, which will be the focus of the proof.
The rest of the paper is organized as follows. In the next subsection, we re-
view some related works. Section 2 discusses the consistency of the scheme. The
linear stability is proved in Section 4. The stability estimate is based on the reg-
ularity estimate of finite difference schemes in Section 3, which is established in
the framework of pseudo-difference operators [9,27,42]. With the preparation of
consistency and linear stability analysis, the proof is concluded in Section 5.

1.4 Related works

Recently there are a lot of papers discussing various atomistic/continuum cou-
pling strategies as summarized in the reviews [10, 15,28,34], we will only mention
the work that are closely related to ours and refer the readers to these reviews and
the references therein.

The hybrid method resembles several methods in the literature. The most
closely related method is the quasicontinuum method [26, 40], which is among
the most popular methods for modeling the mechanical deformation of crystalline
solids. The QC method contains the following ingredients: decomposition of the
whole domain into atomistic and continuum regions, with the defects covered by
the atomistic region; degree of freedom reduction by adaptive selection of rep-
resentative atoms, with fewer atoms selected in regions with smooth deformation;
and the application of the Cauchy-Born elasticity in the continuum region to reduce
the complexity involved in computing the total energy of the system.

Both the proposed method and QC method couple the atomistic model with the
Cauchy-Born elasticity model. In some sense, the proposed method can be viewed
as a smoothened modification of the force-based QC method. Indeed, the original
force-based QC method amounts to take p as a characteristic function so that there
is no buffer region. The force-based QC is free of ghost force, and it was proven
in [12, 30] that, for one-dimensional problem, the force-based method converges.
However, its convergence behavior remains open for high dimensional problem.
As will be proved later in the paper, the proposed method is stable and also con-
verges in three dimension. The framework developed here also provides tools to
understand the original force-based QC, which will be investigated in future works.

The Arlequin method [5,7] and the bridging domain method [6] also adopt a
smooth transition between atomistic and continuum regions. These methods are
energy-based, so that the coupling is done at the energy level, while the current
method is force-based. Moreover, these two methods enforce consistency between
the atomistic and the continuum regions by imposing certain constraints, while
there is no such constraints in our method. These methods suffer from ghost force
problems as shown in [28], while the proposed method is consistent at the interface.

The proposed method also shares certain common traits with the concurrent
AtC coupling method (AtC) in [4]. The AtC method also uses a smooth transition
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between atomistic and continuum regions and is force-based. However, the pro-
posed method differs from AtC in the following aspects: (1) our method employs
Cauchy-Born elasticity while AtC uses linear elasticity; and (2) our method is free
of ghost force while AtC is plagued by ghost force as demonstrated in [28].

Most of the analysis of these multiscale methods limits to QC. In [19], the
Cauchy-Born rule for crystalline solids is verified under sharp stability conditions.
In the language of QC, the authors in [19] actually proved the convergence of
the local QC in the sense that the whole computational domain is treated as local
region. Explicit convergence rate for the local QC can be found in [17, 18].

For the QC method that couples the atomistic and the continuum models (non-
local QC method in short), the error estimate can be found in [13,29] and the
references therein. Most of the previous attentions are however restricted to one-
dimensional problem, except some recent efforts devoted to the two-dimensional
problem with pairwise interactions [32, 36] and consistency of 2D energy-based
method [33].

To the best of the authors’ knowledge, there is no convergence analysis for the
nonlocal QC method or other coupling schemes for high-dimensional problems
with general potential (usually, many-body potential function). The main diffi-
culties lie in the analysis of the consistency and stability. For one-dimensional
problem, the lattice structure is very simple and the pairwise potential function can
be handled by a direct calculation. However, such an approach cannot be easily
extended to high-dimensional problem with general potential function because the
lattice structure and the potential function for high-dimensional problem are much
more involved. One of the main contributions of the current paper is the develop-
ment of general tools for the analysis of consistency and stability.

Finally, we remark that in this work the analysis of the proposed method, espe-
cially the stability analysis, is based on analysis of finite difference schemes. The
readers might wonder why the analysis is not done in the framework of finite el-
ement method, as after all, we are dealing with static problems, the systems to be
solved are “elliptic”’; and moreover, the continuum region is discretized by finite el-
ement method. The reason actually lies in the atomistic part, since the equilibrium
equations derived from energy of discrete lattice systems are intrinsically of finite
difference type. To the best of our knowledge, there has not been yet a successful
way to put the atomistic equations into the framework of finite element analysis.
Therefore, we also view the finite element approximation in the continuum region
as a finite difference approximation for consistency. The proof hence relies on the
analysis of finite difference schemes. This may give a reminiscence of the early
history about finite element analysis. At that time the finite element method was
also analyzed in the framework of finite difference schemes [38]. Since the theory
of adaptive mesh is well-established for finite element method, it is an interest-
ing question whether one can adopt the finite element framework to analyze these
multiscale coupling methods.
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2 Consistency

We study the consistency of the force-based hybrid method in this section. The
key is the following lemma, which is a refined version of [19, Lemma 5.1].

Lemma 2.1 (Consistency of Cauchy-Born rule). For any y = x+ u(x), we have
2.1) 1 Zuly] = Fe iz < CE2|lully1s-,
where the constant C depends on'V and ||u||=, but is independent of .

Remark 2.2. The consistency estimate (2.1) is crucial for Proposition 3.4. A bound
involves less order of derivatives of u is possible. In fact, it is not hard to show

(2.2) | Zuly] — P Dz < CE?,

where C depends on V and ||u||ys-. The price is however the dependence of C on
||u|lws- is nonlinear.

Proof. For any x € Q, and for i = 1,2, Taylor expansion at x gives

Dy (x) = Vi l(x) + &V V] (x) + €°Ra,s V] (),

where we have introduced the shorthand for the Taylor series and its remainder:

Ru bl = [ G+ 10 =08 plrers)ar, ke,

provided that the terms on the right hand side are well defined. We may write
(2.3) D} =V, +€eV; +€Ry, D; =V, —¢eVi—€Ry_,,.
Fori=1,2,3andr € [0,1], let

Fi(t) = aVis, o (I1D559(6) 4+ (1= )51 - Dy () P,
D3y (x) + (1 =1)(s2- V)y(x),
(tDgy(x) + (1 =1)(s1- V)y(x),
(DY) + (1=1)(s2- V)y(x) ).
Using Taylor expansion, we get
(2.4) F(1) = F(0) + F{(0) + R1[F](0).

Here for F; : [0,1] — R, we have used a similar shorthand for the remainder

RE)0) = [ U gty
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By definition we have

= 0V(s,.52) (ID5y(0) 2, IDEY ()%, (D y(x), DYy (x)))
9Vs. o) V] (%),
F(0) = 0Vs, 50 ([G51- V()% [(52- VI () 2, ( (51 V)y(0), (52 V)y (%))
Wisis2) (Vit(x))-

Therefore, we can rewrite (2.4) as

aiV(Sl-,Sz)[ J(x) = aWSl 52) (Vu( ))+8ajaijW(517S2)(Vu(x))

2.5) + (€%b0; W5, ) (Vu(x)) +Ri[F](0))
= D (5,5 V] ().

Here, for j =1,2,

2<( V) ,V%j[y]>, bj:2<(sj'v)yaR2,sJ~[y]>
((s1- V)3, VL) + (52 V), V3, D),
< S1- yaRZ Yz >+< 52+ V)y7R2 s1 [)’D

Substituting (2.3) and (2.5) into .Zy[y](x), we obtain

Faly](x) =
Z (V;I - 8V?1 - 82R2,—51){221,(s1,sz)[vu](vsl| +8V§1 +£2R2731)[y]

(s1,82)€S

25 (5,0 VU]V, + V2, + £2Ro,0,) D]}
+ (V;Z - SVSZ - 82R27*SZ ) {292,(51 752) [VM] (V;2 + SVEZ + 82R27s2) [y]

25 (5,0 [VU)(V3, +€V2, +€2Ra, )]}
Collecting the terms of the same order, we get
(2.6) Fu](x) = Lo[u)(x) + €2 [u] (x) + £ L5 [u] (x) + O(€%).

Since each atom site in the lattice LL is a center of inversion symmetry, i.e., if s € L,
then —s € L, and thus .4} = 0. Therefore, we have

FuD(x) = Lolu](x) + e2.25[u) (x) + O (€*).
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The explicit form of %) can be written as

2
Al == {2007 V)57 (57 V)W (V)]

(s1,82)€S

+ (51 V) [(s2+ (52 V)u) 5 Wy, ) (V)]

+ (52 V) [(51+ (51 V) BsW(, ) (Vae(@))] |-

We see that 2 [u](x) = Fcaly] with y = x+ u(x).

To prove (2.1), it remains to estimate terms of ¢'(£2), which is a combination
of the form: for a, = 1,2,

(0= V)" (AW ) (Vi) (5 - V) ), 14k =4, LKEN,
(sa- V)" (@9 Wis, o (V)55 V) ), 14k =3, Lk €N,
(Sa . V) (bjaijW(shsz)(VM) (Sﬁ . V)u—|—R1 [F,] (0) (Sﬁ . V)M) .

We only estimate the first term, and the other two terms can be bounded similarly.
Due to the chain rule and to Leibniz’s rule, (sq - V)* (W, 1) (Vu)(sg - V)'u) is a
linear combination of terms 7 of the form

V] Y2

T =V (9W, 5 (V1) ) (s -V)4—Wluf[(sa-vaj,
j=1
where ¥ is a multi-index with || < 3, and
Pr=si+(s1-V)ul>, Po=|sa+(s2-V)ul*, Py=(s1+(s1-V)u,52+(s2-V)ur).
Using the chain rule once again, we get, for k, j =1,2,3and o = 1,2,
(e V)*Pyl = < C(s0) ((1 + | Val| =) [V ] =+ IIV"MHLwHVzMIILw) :
Using Gagliardo-Nirenberg inequality [31],
[Vl < CUVPull 2l =7, 0 < j <m,

we have, fork, j=1,2,3and a = 1,2,

(s V)*Pill= < Clsae) (allm V20l =+ V- ).
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Using the above inequality, we conclude
4—
I7 - < € ymax 13,Wi, (Vi) 1| 7 -

3 3
x {(1 +lullZ) TTIV2ul= + TV ]2

i=1 i=1

2 3

+ Y (U)X (V7 2l [V [V ]|
m=1 i k=1

Invoking Gagliardo-Nirenberg inequality again, we obtain

6

ITz= < € Y llully[lel o
i=3

Proceeding along the same line, we can obtain the similar bounds for the other
terms, while ||u||y 15 arises from the estimate of

Ro s, (R1[F] (0)(Vu)Ras; ), a,f=1,2.

Summing up all terms of €'(£?), we get (2.1).
Il

Corollary 2.3 (Consistency of finite element discretization). For any y = x+ u(x)
with u smooth, we have

176 = Fen e < C&2|lullyrs-,

where the constant C depends on'V and ||u||=, but is independent of .

Proof. The corollary follows from Lemma 2.1 and the following observation: We
can view the energy functional of the finite element discretization as a particular
form of the atomistic energy.

Let us consider the case d = 2, and the same argument applies to d = 3 with
certain complication of notations.

Let ye € X; be the approximation of y so that ye (x) = y(x) for any x € Q. Let
ug = ye —x. Obviously, we have ug(x) = u(x) for any x € Q..

Now, for each T € J;, Vug|r is a linear function of y. on the vertices of 7.
Denote the three vertices of T as xg,x1,xp, and 51 = (x; —x0)/€, 52 = (x2 —x0) /€,
then Vug|r is the solution of the linear system

s1+51A = D, ye(xo),
52+ $A = D:;Szyg(xo).

Therefore, let us denote

Vite|r = Ag,.5,) (Ve (x0)/€: ye (x1) /€, ye (x2) [ €)
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as the solution of the above system. Due to linearity, the map Ay, s,) is independent
of €. Hence, for x € T, we can write

Wep (Ve (x)) = Wep (A, o) (Ve (x0) /€, e (x1) /€, ¢ (x2) /€))
= WFE,(sl,sz)(yi-?(xo)/evyﬁ(xl)/SayS(XZ)/8)¢
where Weg (5, 5,) = WeB 0 Ay, 5,)- Denote Sk as the set of all pairs (s1,s2) such that

{x0,x0 + €s1,x0 + €52 } forms the vertices of an element 7 € .7, containing x (it is
easy to see that Sgg is independent of €). Using (2.7), we have

/'wc3<w8<x>>dx: Y |T|Wes(Viee|r)
Q TeT,

1 Ve(x) Ye(x+E€51) ye(x+Es2
-y vy gdmm)‘WFE?(m)( e )’ e ), el )>

|
3! XEQe (51,52)ESFE € € €

1 ye(x) ye(x+es1) ye(x+€sr)
= 78‘1 Z Z VFE.,(S],Q)( 2 ) 2 5 < )

x€Q, (S],Sz)GSFE € € €

2.7)

where Vig (s, 5,) = |T(s1,5,) IWEE, (51,5,) @nd T, ) is the triangle formed by vectors
s1 and s,. This indicates that we can view the energy functional in the finite ele-
ment discretization as a particular atomistic potential model, given by three-body
interactions Vgg (4, 5,), by identifying the value of y on nodes as the deformed atom
positions.

It is clear that the Cauchy-Born energy density corresponding to the atomic
potential constructed above is just Wep. Indeed, for a homogenously deformed
system with deformation gradient A, by definition, the energy of the system is just
Weg(A)|Q[, and hence the Cauchy-Born energy density is given again by Weg(A).

With this viewpoint of the finite element discretization as an atomic potential,
the conclusion follows from Lemma 2.1. O

Corollary 2.4 (Local truncation error). For any y = x + u(x), we have

(2.8) | Ze ) — FarV] ||z < CE||ul|prs,

(2.9) | Py ] — Fal |z < CE|lul|yprs,
and

(2.10) | Py Y] — FenDllzz < Celuflyis-,

where the constant C depends on'V and ||ul|r=, but is independent of €.
Proof. The inequality (2.8) is a combination of Lemma 2.1, Corollary 2.3, and the
triangle inequality. As p(x) € [0, 1], we have

[P ny ] = FaV |z = (| Py Y] — T Far Y]]

<2|lp () (Fe](x) = Fa](x) |1z
<2[| Fely] = Fallee,
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where the first equality follows from that .%,y] is zero mean. This gives (2.9).
Finally, the inequality (2.10) follows from Lemma 2.1 and (2.9). O

3 Regularity estimate

To analyze the stability of the proposed method, we use the framework of
pseudo-difference operators [27,42]. In this section, we will establish the regu-
larity estimate Theorem 3.9 for the force-based hybrid method. This will be one of
the key ingredients used to prove the stability estimate in the next section.

Let us denote .74,y [u] the linearization of .%}y at state u:

8Ty
oy

which is a linear operator, and for any lattice function w,

Hhy [u] =

Y
y=x+u

o

0.7
Sy lulw *}E)% ah [x+u+tw].

It is convenient to write .74y in the form of a pseudo-difference operator as

Hiy|u] Z iy [ud] (e, ) TH,
ued

where, for each x and u, the coefficient hny[u](x, ) is a d by d (probably asym-
metric) matrix, which is given by

O (Fnyy])a(x)
G.D (Fny[u]) o (x, 1) = . ,
el AT () |y
where o7 is the range of the pseudo-difference operator stencil (note that 0 € &),

which is finite by the assumptions on the potential function. By the definition of
Fny, we have

(3.2) Py (] (x, 1) = (1 = p(x)) hae[ue] (o, o) + p (x) Pre [ue] (x, ),
where /iy [u] and he[u] are given by similar equations as (3.1) with .%;, replaced by
Fo and F¢, respectively.

a7ﬁ:17'”7d7

Define Zhy [u]( §g’) as the symbol of the pseudo-difference operator 74y [u]:

hhy Z ]’lhy x u)exp(zeZujaj-é) fOI‘é EL:,
-4 J

and similar expressions are valid for hg[u] and /iy [u]. By definition, we have, for
any x € Qg,

(Hhylulexe™ ) () = (ng[u]) j(x, )€™, jik=1,--- .d.

Similar expressions are valid for hg[u] and hy[u]. Here {ex}d_, is the canonical
basis of R?. It is clear that (3.2) implies

(3.3) iy ] (x,€) = (1= P (x) ] (%, ) + P () e [u] (,& ).
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When the linearization is performed around the equilibrium state u = 0, we get
a simplified expression as

%y = %y [0], hhy = hhy [0], Zhy = Ehy [0]7

and similarly for those defined for the atomistic model and the finite element dis-
cretization. We observe that by the translation invariance of the total energy I at
the state u = 0, the coefficients are independent of position x, i.e.,

hac(x, ) = hat(f),  he(x, 1) = he(1).

Similarly, f(x, ) = hac(1t) and re (x, 1) = e (1.

We also denote .77¢g as the linearized operator of .%cp at the equilibrium state
u =0, and define ZCB = ECB (x,&) as its symbol. Due to the periodic boundary con-
dition imposed on Q, & here only takes value in L*. Again, due to the translation
invariance of the total energy, iZCB is independent of x.

Let us start the analysis with the operator 7%y. We observe that the matrix Zhy
is Hermitian. We omit the elementary proof of the following lemma.

Lemma 3.1. The matrices hy(E), he(E) and Zhy (x,&) are Hermitian for any € > 0,
x€Qsand & €L}

We make the following stability assumption about the atomistic potential.

Assumption A. The matrix /1, (€) is positive definite and there exists a positive
constant a, such that for any € > 0 and any & € L},

dethy (€) > anA3L(E).
Assumption A will be assumed in the sequel without further indication.

Remark 3.2. This assumption is quite natural and physical. In fact, for Bravais
lattice, Assumption A is just the phonon stability conditions identified in [19], here
we rephrase it by the notion of symbol of difference operator. From a mathematical
point of view, Assumption A can be seen as the uniform ellipticity of the difference
operator.

As a consequence of Assumption A, for sufficiently small &, the finite element
approximation is also linearly stable.

Lemma 3.3. There exist constants a, €y > 0 that for any € € (0,€y), he (&) is posi-
tive definite and for any & € 1LY,

det%s(g) > aA(z)f{s(é)-
Lemma 3.3 is a direct consequence of the following proposition.

Proposition 3.4. There exists & > 0 and s > 0 such that for any € < gy and & € L},
we have

e (&) — ha(E)| < CEX(JE|+1)".
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Proof. By definition, for 1 < j k <d,
(he) ju(€) = Halerfz);(0) and  (ha) (&) = Hlerfz);(0),

where fg(x) = ¢ for x € Q and we have used the translational symmetry. Hence,
taking difference, we obtain

e (&) = ha(§)] < C sup ||z (exfs) — Halerfs)llis -
1<k<d
By the definitions of the linearized operators .77z and %, we have

H(enfe) — Hulenfe) = tli%q%(% e+ t(enfe)] — Fulx+t(enfe)]).

Hence,
|
|7 (exfe) — Halenfe) ||z = Jlim ;|’y8[x+t(ekf§)] — Fulx+t(enfe)lllrz

< C£2H€kf§ lex,m
< C&lexf lu- < C(1+1E])",
where s is chosen so that the Sobolev inequality

[ fllwis=@) < Cllflas@)

holds for any f € H*(Q) (s depends on the dimension). Here we have used Corol-
lary 2.4 and the fact that || fz |1~ is uniformly bounded for & as  — 0*. This
concludes the proof. g

As a consequence of the stability assumption, the continuous Cauchy-Born
elasticity problem is also elliptic. We omit the proof, which is analogous to that of
Lemma 3.3.

Corollary 3.5. The matrix ZCB(S) is positive definite and there exists a positive
constant acg such that for any & € ¥,

dethcp(€) > acs A3 (&).

As a result of Assumption A and Lemma 3.3, we establish a lower bound for
the symbol Ay, which is crucial for the regularity and stability estimates.

Lemma 3.6. For any € > 0, x € Q, and any £ € L}, we have
dethny (x,&) > min(a,aw ) AZ%(E).
Proof. For any x, p(x) € [0,1], we have
dethny (x,§) = det((1 = p () u(§) +p ()he(8))
> (dethy (&) P (dethe (& ))p(X)
> ay P UATLE)

Z min(a, aat)A(z),dS(é))
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where the first inequality follows from the log-concavity of the function A — det(A)
for positive definite matrix A [23]. [l

With these preparations, we are ready to establish the regularity estimate of
the quasi-continuum approximation. The regularity of the discrete elliptic systems
is understood by a fundamental result of finite difference approximation by Bube
and Strikwerda [9]. They extended the regularity estimate of Thomée and Wester-
gren [41] from a single elliptic equation to the elliptic system.

Following [9], we introduce the regular discrete elliptic system. The concept is
parallel to the regular continuous elliptic system [1].

Definition 3.7 (Regular discrete elliptic system). For i,j = 1,---,d, let L;; be a
difference operator with symbol /;;(x,§). The system of difference equations

d
(3.4) Y Liyi(x) = filx),  i=1,d,
s

is a regular discrete elliptic system, if there are set of integers {0;}¢_, and {’L’j}?: 1

such that each L;; is a difference operator of order at most o; + 7;, and if there are
positive constants C, &y and &) such that

|detl;;(x,&)| > CAZ (&)

for 0 < € < g, & € L}, and max;<;<4|&;| > &, where 2p = ¥;(0; + 7;). We will
call that the system (3.4) is a regular elliptic of order (o, 7).

By Lemma 3.6, we immediately have
Proposition 3.8. Under Assumption A, the finite difference system
(3.5) Sy = f
is a regular discrete elliptic system of order (0,2).

For the regular discrete elliptic system (3.5), we have the following regularity
estimate.

Theorem 3.9. Under Assumption A, for any v € HX(Q), we have
(3.6) [Vlle2 < C([Ayvlleo+Vileo)-
The constant C is independent of v and €.

Remark 3.10. Theorem 3.9 is analogous to the interior regularity estimate for el-
liptic partial differential equations in [2]. The statement of the theorem is just
rewriting Theorem 2.1 in [9] by the current notation. We note that in [9], Bube
and Strikwerda proved the interior regularity estimates, which clearly implies the
a priori estimate for the periodic case.
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4 Stability

The main theorem we will prove in this section is the following stability esti-
mate.

Theorem 4.1 (Stability). Under Assumption A, for any v € H(Q) such that

Z v(x) =0,

xEQe

we have
4.1 [Vlle2 < CllHayvlle,o-

Let us make some remarks about the stability result. In general, we do not
know whether a stability estimate like (4.1) is valid for the force-based quasicon-
tinuum method in high dimension (see [11, 14] for works in one dimension). From
a pseudo-difference operator point of view, the continuity in x variable of the sym-
bol of the linearized operator is crucial for the validity of the strong stability. This
is also the main motivation to use a smooth transition function p(x) in the current
scheme. The strong stability property of the scheme will facilitate the numerical
solution based on iterative methods.

We also note that the strong stability is also crucial for the extension of the
current scheme to the time-dependent case. It plays the role of Garding inequality.
We will leave this to future publications.

To obtain the stability estimate from the regularity estimate of Theorem 3.9, we
need to eliminate ||v||¢ o on the right hand side of (3.6). In one dimension problem,
this can be achieved by the discrete maximum principle for the finite difference
equation. This is however no longer the case for higher dimension, as then we are
dealing with an elliptic system. The argument we will use is similar in spirit to
the argument used in [1,35] for passing from regularity estimate to uniqueness re-
sults for elliptic systems. The difficulty however is that a compactness argument as
in [35] can not apply to the finite difference system, as we need a uniform estimate
for different €. Therefore, instead of using the compactness, the proof is based on
the uniqueness of the continuous elliptic system, the consistency of the finite differ-
ence schemes to the continuous system, and the regularity estimate Theorem 3.9.

To connect the finite difference system with PDE, we need to extend grid func-
tions on €, to continuous functions defined in Q. For this purpose, let us define an
interpolation operator Qg as follows.! For any lattice function u on Q¢, we define
Qeu € L2(Q) by
(4.2) (Qeu) (x) = 2m)*? Y e™fa(E) xeQ.

gelg
Comparing with (1.2), we know that Q.u agrees with u on .. We have the fol-
lowing properties of Q.

! The usual linear interpolation is not sufficient for our purpose as we need high regularity of the
interpolant.
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Lemma 4.2. For k > 0, there exists constants cy,Cy, > 0, such that for any u,
cllullex < [|Qeull o) < Crllullex-
Proof. The conclusion follows immediately from (4.2) and (1.3). ]
For simplicity of notation, we will denote

e = Qelte
for lattice function u, on Q.

To prove Theorem 4.1, we need a consistency result in the following form,
which follows easily from Lemma 2.1.

Proposition 4.3. For {ve}eo that ve € HY(Q) and ||ve||e s is uniformly bounded
for some large enough s, we have

(4.3) lim ||y Aenve — Ay Hyve |l 12(0) = O-
We are now ready to prove Theorem 4.1. The proof is a reductio ad absurdum.

Proof of Theorem 4.1. Suppose (4.1) does not hold, then there is a sequence of
functions {v;} and A, & > 0 such that

Hvk”&‘k,oz 17 for all k,
oy oy Vi = Mvi, for all k;
A — 0, as k — oo.

Using Theorem 3.9 and the fact that |||, 0 = 1, we have the estimate for any
seN

(“4.4) Velles < Cs

uniformly in k.
By the construction of {v;}, we have

(e B — M)k = (Ko Iy — M) vic + (A g A8V — Hoy Hig Vi)
= A BV — Ay Hay V.
By the regularity of v, from (4.4), we use (4.3) to obtain
| AV — Hy oy vill2@) = 0 ask — co.

Therefore, as A; — 0, we obtain
||%*B%ka||ﬁ(g) —0 as k — oo,

Note also that the average of vy is zero, since 7¢(0) = 0. By the invertibility of
Hpen on the subspace orthogonal to constant function, [|[|,2(q) — 0, as k —
oo, It follows from Lemma 4.2 that ||vi||¢, 0 — O as k — eco. The contradiction with
the choice of v; proves (4.1). ]
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The stability still holds when the projection Il is included in the right hand
side of (4.1).

Corollary 4.4 (Stability). Under Assumption A, for any v € HZ(Q) such that ¥, v(x) =
0, we have

4.5) [Vlle2 < C||TeHAyvlleo-
This is an easy corollary of Theorem 4.1 and the following lemma.

Lemma 4.5. Forv € Hez, we have

e ) (Hyv)(x)

x€Q,

(4.6) < CE|V|lea-

Proof. For j=1,---,d, we have
g’ Z (Hyv) j(x) = (e, HhayV) 12 (0)
o = (e, (P + (1= P) K20
= (Ha(ejp) + He(ej(1-p)),v)12q)
where we have used the fact that 777, and JZ; are symmetric. Note that
0= Hawej = Haalep) + Haulej(1 - p)).
Therefore,
e ) (Hyv);(x) = (e — Ha) (e(1-P)),V) ()
o <11 = Ha)(ej (1= )z e
<C(p)e?||Vle.2

where the last inequality follows from the consistency of 7 and %%, and the
Sobolev inequality. O

Using a perturbation argument, we may extend Theorem 4.1 and Corollary 4.4
to a deformed state u.

Theorem 4.6 (Stability). Under Assumption A, there exists & > 0, such that for
any € > 0 and u, ||ul|,2~ < 8 and any v € H7 (Q) with ¥ ,cq, v(x) = 0, we have

.7 [Vlle2 < Cl[Heay[ulv]e.o,

where the constant depends on 0, but is independent of u, v and €.
Proof. Denote by vg the solution of

We immediately have

e 5y [0] (v —vo) = (Mg [0] — Mg Ay [u] ) v.
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Using Theorem 4.1, we have
lv=volle2 < CIITTe (Hy[0] — Hhy[u] ) vlle.o < ClIVullyie[[v][e.2-
By the triangle inequality, we have

Vlle2 < lvolle2+ lv=volle.2
< C|[Me Ay [O0lvolle.o + Cl[Vullyy 1 [[vle 2

0]
< C|[Me Ay [ulv]leo +Cl[Vullyr=[vlle 2
< C|[e Ay [ulvle0+C|[v]|e 2,
which gives (4.7) by choosing § = 1/(2C). O

5 Convergence of the force-based hybrid method

With the consistency and stability results proved in the last three sections, we
are now ready to prove the main result Theorem 1.1. The proof follows the same
line of Strang’s convergence proof of nonlinear finite difference schemes [39].

As a direct consequence of Corollary 2.4, we have the following

Corollary 5.1 (Higher order expansion). Under the same assumptions of Theo-
rem 1.1, there exist positive constants 8 and M, so that for any p > d and f €
Wlr(Q) ﬂW#I’p(Q) with || f|lw17., < 8, denote y = x+u(x) with u the solution of

the Cauchy-Born elasticity problem (1.8), we then have
Mg Ty [V] = felloz < Mg

Remark 5.2. Using the remark under Lemma 2.1, the regularity assumption of f
can be relaxed to W7 (Q) with p > d.

Proof. By the construction of y, we have

Fcsl] = f-

Using the definition of f, we have for all x € Q,,

(Feal)W ~fe@l <l [ 1)~ FO)]dy] < Ce| fllyan.

x+el’
Hence, using (2.10) of Corollary 2.4 and the regularity of f, we have

Hfgzhy[ﬂ —fellrz < ce’.

The proof is concluded by noting that
e Ty V] = fellz = Te Py ] — e fellz < 2/ Fny[¥] = fell e

where the first equality is valid as f; is zero mean. O

We are now ready to prove the main result of the paper.
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Proof of Theorem 1.1. We take y be that given by Corollary 5.1. It is easy to see

/OIHe%y[ter(l —1)y](x)dt - (y = y) = HeFny[y] — e Fny [y].

Hence y is the solution of (1.10) if and only if

1
/0 e Ay lty+ (1 - 0)3)(x) dz - (v = 5) = fe — TTe.Tiny 5.
For any k € (3/2,2), we define

B={yeXe||y—Vle2 <€}

We define a map T : B — B as follows: for any y € B, let T(y) be the solution of
the linear system

60 [ ety ly+ (=051 (T0) =3) = fo - e i3
We first show that 7" is well defined. Since
[ty + (L =1)y =Flle2 < tlly—Ve2 < €5,
which gives that for sufficiently small € and d < 3, there holds
Iy + (1= 1)5 =2 < €92 <8,

where the constant d appears in Theorem 4.6. It follows from Theorem 4.6 that the
problem (5.1) is solvable and

(5:2) IT() =l < Cllfe = Te Ty bl lle0 < CE?,
where we have used Corollary 5.1. For sufficiently small €, we have
1T (y) =Jlle2 < €*.

Therefore, T(y) € B and T is well-defined, which in turn implies 7 (B) C B for
sufficiently small €. Now the existence of y follows from the Brouwer fixed point
theorem. The solution y is locally unique since the Hessian at y is nondegenerate.
Let us denote the solution as y,y, we then have from (5.2) that

(5-3) 15— yhylle.2 < Ce*.

Proceeding along the same line that leads to (5.2) and using Lemma 2.1, we get

©4) 5~ yullea < Ce?.

Finally, we conclude that ypy satisfies (1.12) by combining (5.3) and (5.4). O
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