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THE CONTINUUM LIMIT AND QM-CONTINUUM
APPROXIMATION OF QUANTUM MECHANICAL MODELS OF
SOLIDS*

WEINAN Ef AND JIANFENG LU#

Abstract. We consider the continuum limit for models of solids that arise in density func-
tional theory and the QM-continuum approximation of such models. Two different versions of QM-
continuum approximation are proposed, depending on the level at which the Cauchy-Born rule is
used, one at the level of electron density and one at the level of energy. Consistency at the interface
between the smooth and the non-smooth regions is analyzed. We show that if the Cauchy-Born
rule is used at the level of electron density, then the resulting QM-continuum model is free of the
so-called “ghost force” at the interface. We also present dynamic models that bridge naturally the
Car-Parrinello method and the QM-continuum approximation.
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1. Introduction

The present paper discusses two related topics: The continuum limit of the quan-
tum mechanical models of solids and the QM-continuum approximation of such mod-
els. We will discuss models that arise from density functional theory (DFT), namely
the Kohn-Sham DFT models and the Thomas-Fermi-von Weiszacker model [20]. Our
derivation of the continuum limit in this paper is formal, and we will leave rigorous
treatment to future papers. However, we think this formal treatment is important
since it reveals some crucial insights of this limiting process. For example, it gives
a procedure for finding high order approximations to the solutions of these models
in the continuum limit. These approximations are useful in other contexts such as
numerical computations. Indeed, our work here is partly motivated by the desire for
developing efficient numerical algorithms for these models.

Our other main objective is to formulate coupled continuum-quantum mechanical
models that use continuum models in part of the domain and the original quantum
mechanical models in the rest of the domain. Such an approach is analogous in
spirit to the quasi-continuum approximation or coupled atomistic-continuum methods
[2, 9, 22]. Our main interest is to see whether additional errors arise at the interface
between the continuum and QM regions. More specifically, we will study the size of
the “ghost force”, the force exerted on the atoms when they are in the equilibrium
configuration, as a result of the coupling. In particular, we will formulate two different
levels of QM-continuum approximation, one at the level of the electron density only,
and the other at the level of both the electron density and the energy. We will show
that there are no “ghost forces” in the first formulation.

These models form the basis on which we will develop efficient numerical algo-
rithms that couple continuum and quantum models, as part of a joint project with
Carlos Garcia-Cervera and Jingfang Huang.
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680 QM-CONTINUUM MODELS AND CONTINUUM LIMITS

The thermodynamic limit of the Thomas-Fermi type of model was considered
before in [17], as well as [4]. The continuum limit of the Thomas-Fermi type of
models was considered in [1]. The continuum limit of tight-binding models was con-
sidered in [10]. The quasi-continuum approximation of solids in the classical setting
was proposed in [22], and has been extended by many people since then. Coupled
continuum-atomistic approaches for the modeling of solids have also been discussed
by many authors [2, 9]. For a review, see [8]. The problem of “ghost force” for the
quasi-continuum approximation in the classical setting was studied in [12, 21]. Great
effort has gone into developing numerical algorithms for Kohn-Sham density functional
theory. For a review, see [18]. Accurate numerical methods for orbital-free density
functional theory were developed in [14]. Alternative methods for the Thomas-Fermi-
von Weiszacker model were presented in [16]. Attempts to construct algorithms in
the spirit of the quasi-continuum approximation have been made in [15, 19]. Related
algorithms that combine quantum mechanical and classical models were presented
in [7].

2. Setup for the continuum limit of atomistic models

Given a fixed domain € in R3 and a fixed lattice L with unit cell ', we consider
a system of crystalline solids whose atoms are located at ;€L NQ,i=1,...,N in
equilibrium. Here ¢ is the lattice constant. Hence, the unit cells in the reference state
are chosen to be e['+z;. It is easy to see that the total number of atoms in the system
is N=|eLN$|, where |-| denotes the cardinal number of a set. We assume that each
atom in the system has n valence electrons. Therefore, the total number of valence
electrons in the system is n|leLNEY|.

In continuum theory, the deformation of a solid is described as a displacement
field u:Q— R? defined on the reference (undeformed) configuration. The position of
a material point or an atom after deformation is located at y =y(x) = (I +u)(z) where
x is the position in the reference configuration. x is normally called the Lagrangian
coordinate and y is called the Eulerian coordinate. One of the problems we face
when considering the continuum limit of electronic structure models of solids is the
conflict between these coordinates: Continuum theory of solids such as elasticity
theory naturally uses Lagrangian coordinates and electronic structure theory naturally
uses Eulerian coordinates. As a result, we will have to specify carefully the variable
with respect to which we carry out differentiation. This inevitably complicates the
notation a bit.

In elasticity theory, we model the deformation of solids through a stored energy
functional of the type

/QW(Vu(sc))dx, (2.1)

where W is the stored energy density. A key question is to find the function W. We
will discuss how to find W using electronic structure models. For notational ease, we
denote by A(z)=Vu(z) the Jacobian of u at z.

3. Quantum mechanical models of solids

Under the Born-Oppenheimer approximation, the potential energy of a system
is given entirely by the positions of the atoms, since the electronic structure is de-
termined by the positions of the atoms. In principle, one can solve the many-body
Schrédinger equation to find the electronic structure of the system from first prin-
ciples. In practice, this is quite unfeasible. Therefore various approximate models



WEINAN E AND JIANFENG LU 681

involving fewer degrees of freedom are proposed. Among these models, three classes
are most popular: the tight-binding (TB) models, orbital-free density functional the-
ory (OFDFT) and Kohn-Sham (orbital-based) density functional theory (KSDFT).
In this paper, we will focus on the KSDFT model and the Thomas-Fermi-von Weisza-
cker (TFW) model which belongs to the OFDFT class. At zero temperature, these
models are formulated as variational problems.

Given the positions of the atoms, the charge distribution contributed by the ions
of the system is given by

my)= > mey—y(z:)). (3.1)

x,€EcLNQ

Here m¢ is the rescaled charge distribution of one ion m2(y)=ma(y/e)/e3, given
either by a Dirac distribution or a smooth pseudo-potential [18].

In KSDFT models, the energy functional of the system is a sum of the contribu-
tions from the kinetic energy of the electrons, the exchange-correlation energy, and
the Coulomb interaction:

L=< [ Vol ayt [ oo dy

£ (p—m)(y)(p—m)(y") /
+§//R3><]R3 ly—v/| ddy. (32

The energy per atom of the system is then determined by the variational problem
1
E.=——— inf [ . 3.3
‘= Tezng iy (33
Here {1x(y)} is a collection of orthonormal wave functions

[ vyt dy=s (34

The total number of these wave functions is equal to the number of occupied states
(half the number of valence electrons due to Pauli exclusion principle), i.e., n|leLNQ|/2
(for simplicity, assume n is an even number). p is the electron density corresponding
to the wave functions given by

py) =2 |vx(y)I* (3:5)
k
Since {1y} are orthonormal wave functions with total number n|eLNQ|/2, we have

/Rsp(y) dy=nleLNQ|. (3.6)

In (3.2), €xc is the exchange-correlation potential for which we have adopted the local
density approximation. We assume

L oy
excl)=eeo(50(2)): (3.7)
so that the exchange-correlation energy scales properly when the lattice constant e
changes.
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The Thomas-Fermi-von Weiszacker (TFW) model can be regarded as a simplifi-
cation of the KSDFT models. While the Coulomb interaction part is retained, the
kinetic part is approximated by functionals that depend only on the density (but not
the orbitals):

@ [ o ay+et [ 19t (39

To simplify the notation, we take v(y)=+/p(y) as the variable for the TFW model.
Therefore the energy functional becomes

IE(V):€2/ V10/3dy+52/ |Vv|? dy
RS RS

€ (V2 —m)(y)(v* —m)(y') ,
+§//]R3><R3 ly—y/| dydy. (3.9

The TFW functional is minimized under the normalization constraint:
/ v(y)? dy=n|eLNQ.
RS

In order to prepare for the study of the continuum limit of these models, we have
expressed them in a form that is properly scaled with .

4. Asymptotic analysis of the continuum limit

4.1. Thomas-Fermi-von Weiszacker model. We start the analysis with the
TEFW model. Consider the rescaled TEFW energy functional:

IE(I/):éZQ/ 1/10/3dy+52/ V|2 dy
RS RS

: (2 —m)) (2 —m)) .
/. =7 dydy’. 1)

The associated Euler-Lagrange equations are
5
—2Av+ 552V7/3—¢V+)\V:0; (4.2)
—A¢p=dre(m—1v?), (4.3)

where A is a Lagrange multiplier for the normalization constraint and ¢ is the Coulom-
bic potential generated by the electrons and the ions.

There are two scales in this problem: The scale of the displacement field, which
is O(1), and the scale of the electron density, which is O(e). To represent these two
scales, we take the ansatz

v=v (y7§) = 63%”0 (y7§) +61%V1 <y7§) +€1/2V2 (:‘bg) +--- (44)
¢:¢ <y7§) :QSO (ya§> +E¢1 (yag) +€2¢2 (yyg) +ee (45)
and also

A=Xo+ed+e* o+, (4.6)
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where z=x(y)=(I+u)"'(y) is the Euler-Lagrange map: It gives the Lagrangian
coordinate corresponding to y. v(y,2) and ¢(y,z) are functions defined on R? x I and
periodic in the second variable on I". Note that we use the Eulerian coordinate for the
first variable and the Lagrangian coordinate for the second variable. This is because
we will impose periodicity in the second variable with a fized period which is going
to be the unit cell I' in the equilibrium configuration. Similarly, we have:

x 1 T 1 T 1 T
m=m (y77) = 73m0 (y77> + 72m1 (y77> + —ma <y77) +ee (47)
€ € € € € € €

For example, we calculate

mo(y.2) =Y mg((I+A)(x)(z—z)), (4.8)

z; €L

where A=Vu is evaluated at z=xz(y).
We now have

() - aur (u2) - Lo ) e () - B (o)

Here operators like V' take the derivative with respect to the first variable and V4 the
second. We define V% = (I +Vu(z))" TV, and A% =V%.VZ% to simplify the notation.
The factors (I+Vu(z))~T arise as a result of transformation between the Eulerian
and Lagrangian coordinates.

Expanding the Euler-Lagrange equations, we get the leading order equations:

5 .
_A§V0+§ 5/3—¢0V0+A0V0:O; (49)

— AL po=4n(mo—13). (4.10)
The next order equations are
—ASv1 —V1-Viyy—V3-Viy
+%V§/3V1—¢1V0—¢0V1 + Ao+ Aors =0; (4.11)

—A§¢1—Vl-V§¢0—V§-V1¢0:4W(m1—21/01/1). (4.12)

The leading order equations (4.9)—(4.10) are a set of equations for functions de-
fined on the unit cell T', with A=Vu(x) as parameters.
Define the periodic Thomas-Fermi-von Weiszacker functional

IA(Z/):/UIO/3(Z;A) dz+/|(I+A)_TVV(Z,A)‘2dz
r r
1 2 . /. 2 . ,
+§//PXF(V —mep)(2,4)G(z =2 A)(V? —mep) (2/;A) dzdz’,  (4.13)

where mcp(z;A(x)) =mo(y,2) =>_, m§((I+A)(x)(2—2;)) and G(z;4) is the peri-
odic Coulombic kernel [17] which is the solution of

—(I+A)""V)-(I+4)""V)G(z;A) =4 (5(2) - |r1|> in T (4.14)
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with periodic boundary condition and liH(l) (G(z;4)—1/|(I+A)z|) =0.

It is easy to see that the Euler-Lagrange equation of I4(v) are the same as (4.9)—
(4.10) with A=Vu(z). The second order equations (4.11)—(4.12) give the next order
approximation which we omit here. Define the stored energy density W(A,v) as

_ det(I+A)

WA ) === L) (4.15)

Therefore the minimizer vcg(2;A) of the variational problem
Wep(A)=inf W(A,v(-;A)) (4.16)

with normalization constraint

n

/FVQ(Z;A) dz:m. (4.17)

gives the leading order approximation of v(y,z) =vep(z; Vu(x)), where y= (I +u)(x).
We call vop the Cauchy-Born (square root of) electron density and Wep the Cauchy-
Born stored energy density.

We conclude that the continuum limit of energy in the TFW model is given by

Ez/QWCB(Vu(x)) dz. (4.18)

Rigorous analysis for the TFW model can be found in [1, 4, 17].

4.2. Kohn-Sham density functional theory. Next, we consider the con-
tinuum limit for models from Kohn-Sham density functional theory. As discussed in
Section 3, the major difference between the KSDFT models and the TFW model is
in the kinetic energy part as well as the exchange-correlation energy. As we will see
below, the analysis of the KSDFT models, while similar to the TFW model, contains
some new insights.

The rescaled energy functional for the Kohn-Sham density functional theory
model is

L =S [ Vol ayt [ oo dy

: (r-m)@)o-m)E) . .,
o L T v (@19

The associated Euler-Lagrange equations are

— 2 Api 4 Vie () — dr+ Y Ak tonr =0; (4.20)
k./
—Ap=4re(m—p). (4.21)

Here the \’s are the Lagrange multipliers for the orthonormality constraints, ¢ is the
Coulombic potential generated by the electrons and the ions, and Vi.(p) =exc(p)+
€xe(P)p-

The orbitals {14} are far from unique. We will assume that the collection {v}
can be chosen as {¢q (y;, (x—x;)/€)}, where a ranging from 1 to n/2 is the index for
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the occupied states. 1, (y,-) is localized at 0, i.e., it decays away from the origin. Thus
Yo (yi,(x—1x;)/€) is localized at the atom position ;. If the system is in equilibrium or
under homogeneous deformation, {1 (y;,(x —x;)/e)} can be chosen as the well-known
Wannier function [23] of the a-th energy band centered at ;.

Similar to the case of the TFW model, we take the following ansatz:

Yal0:2) = 7 ta0(8:2)+ e (9:7) < Py 2) 4o (4.22)
p=p(y,g) = épo (yf) +€i2p1 (yg) + ;192 (yg) +- (4.23)
=09 (97 g) =¢o (y, g) +edr (y, g) +&2s (y, g) +--- (4.24)

As discussed above, ¥, (y,z) decays when z becomes large, and p(y,z) and ¢(y,z) are
periodic in z as in the TFW model. Recall that

o 5 o)

a z;€eLNQ
In the limit as e — 0, by the decay property, we obtain at leading order

=23 3" Waolyrz— )P (4.25)

a zjeL

2

Note that 14,0(y, — 2;) is a translation of ¢ o(y, — 2 ) with translation vector z; — 2.
Similarly, for the orthonormality constraint, we have in the limit

/]RS Vi o,z — 2i)ar 0(Y,2 — 2j) dz =0qar0i5/ det (I + Vu)(z)). (4.26)

Taking these into consideration and expanding the Euler-Lagrange equations, we
get the leading order equations:

— A5Ya,0(Y,2) + Vae,0(p0)Va,0(y, 2) — d0 (Y, 2)Va,0(y, 2)

+ Z )\aa’,ija’,O(yvz_Zj):O; (427)
a’,z; €L
—AZ¢o(y,2) =4m(mo — po)(y, 7). (4.28)

Here the A’s are Lagrange multipliers.
Define the functional

L) =3 [ 10+ A7 TV (s 4)P ds+ [ ecoloziA)ote ) d

N % //rxp(P— mcp)(2;4)G (2 —2'sA)(p—mep) (2 4) dzdz’,  (4.29)

where mcg(z; A(7)) =mo(y,2) =>_, m§((I+A)(x)(2—2)) and G(z;A) is the peri-
odic Coulombic kernel as in (4.14). The stored energy density W (A,{v}) is given
by

det(I+A)

WA L) = T

— = La({¥}). (4.30)
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Similar asymptotics as in the TFW model showsthat the minimizer 1cp, of the
variational problem

Won(4) = inf W (4, {0 (+4)) (4.31)
with orthonormality constraints
/ Vi 02— 25 A)Ya0(2— 253 A) dz = a0/ det (I 4 A). (4.32)
R3

gives the leading order approximation of 1, (y,z). We call ¢¥cp,o the Cauchy-Born
wave functions and Wep the Cauchy-Born stored energy density.

Note that for KSDFT, the cell problem is not formulated as a periodic problem
over the unit cell, but rather a problem over the whole space, as shown in (4.29). The
wave function, although localized, is also defined on the whole R3.

We further remark that, although (4.29) is derived from assumptions of periodic-
ity, it takes a form that is quite different from the usual formulation of periodic models
when wave functions are included (e.g., for the Hartree and Hartree-Fock model as
in [6, 5]). Our formulation (4.29) is in real space, not in k-space where the Bloch
boundary condition is used [18]. Because of this, we have chosen a localized repre-
sentation (Wannier functions) for the electronic states since they are more naturally
associated with each individual atom or electron. For numerical computation, the
real space formulation might be more advantageous than the k-space representation.
This point will be further discussed in future publications.

The asymptotic analysis reveals something that may seem surprising at a first
sight, namely that the problem becomes effectively local: all terms in the asymptotic
expansion are determined by solving differential equations in the fast variables; the
slow variables enter only as parameters. In the language of fiber bundles [11], all
terms are determined by solving PDEs on the fibers—differentiation with respect to
the variables on the base manifold only enters in the source terms. Indeed given the
displacement field, the leading order terms become independent for different values of
the slow variable.

5. Analysis of the QM-continuum approximation

We next consider the QM-continuum approximation of the energy functional. We
will formulate a QM-continuum model based on the philosophy of domain decompo-
sition. The domain €2 is decomposed into two regions, the non-smooth region €,
and the smooth region €2, according to the smoothness of the displacement field. In
the smooth region, the deformation is locally close to being homogeneous; therefore,
we can adopt the Cauchy-Born rule. The non-smooth region might contain defects.
Thus the original model is kept.

The Cauchy-Born rule gives us information for both electron density and energy.
Accordingly, we can imagine two different strategies for using the Cauchy-Born rule.
The first is to use only the Cauchy-Born electron density. The second is to use also the
Cauchy-Born energy. We call the former Model A and the latter Model B. Their main
difference lies in the treatment of the long-range Coulomb interaction. As we have seen
above, the Kohn-Sham DFT models treat the Coulombic interaction in the same way
with the TFW model. Hence, for simplicity, we will provide the detailed analysis of
the QM-continuum approximation only for the TFW model. For the KSDFT models,
the same analysis applies with trivial modifications. We thus skip most of the details.
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5.1. QM-continuum approximation of the TFW model: Model A. Ac-
cording to the philosophy of domain decomposition, we write the electron density as
a sum of the smooth and non-smooth terms:

V(:U)Zys(y)ly(fls)+Vns<y)1y(ﬂns)- (51>

In the smooth region, we approximate the electron density by the Cauchy-Born rule:
x
ve(y)=vep (E;Vu(:v)) : (5.2)

where x=x(y) is the Euler-Lagrange map. The non-smooth electron density vy
satisfies the boundary condition

Uns (y) =Vs (y) on ay(ﬂns)7 (53)

in order to guarantee that the electron density is continuous at the interface.
Substituting (5.1) into the energy functional (4.1), we get

I?(I/ns):]ns(l/ns)-i-€2/ 1/30/3 dy—|—62/ |V1/5|2 dy

y(Qs) y(Q)
2 _ 2 /
2/ y@o)xy9.) ly—v'|

Here I,5(vns) is given by
Ins(yns):€2/ u}zg/‘"’ dy—|—€2/ |Vns)? dy
y(Qns) y(QnS)

2 JJy( @) xy ()

ly—y/|
2 _ 2 _ /
Y(2.) X () ly =yl
The energy of the system is given by
EA =inf I (v,s). (5.6)
The associated Euler-Lagrange equations of I,,; are
5

—&2Avps+ 5521/223 — (Pns + Gs)Vns + Ans =0, (5.7)
—Aps=Are(m—v2 )y @..), (5.8)

where ¢, is the Coulombic potential generated by the charges in the smooth region
(taking the Cauchy-Born approximation).

We now examine the accuracy of this QM-continuum model. For this purpose,
we consider the situation when the crystal is under homogeneous deformation. In
this case, the Cauchy-Born rule is exact. We assume that Q=R? and y(z)= (I + A)z
with A fixed. In this case, the minimizer for the whole system is 1°(y) =vcg(x/e; A),
from the definition of vcg. Note that if v, is an arbitrary electron density function
satisfying the boundary condition (5.3), v=vs1yq,)+Vnsly,,) is then a possible
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electron density function for the whole system. If we take 19 (y)=vcp(z/e;A) in
y(Qns), which certainly satisfies (5.3), we have

IEA(Vgs) :IE(VO) <I.(v) :I?(Vm)-

Hence v2, is the minimizer of (5.6). This means that model A yields the correct
minimizer in the homogeneous case.
To calculate the force, it is more convenient to use the Lagrangian coordinates.

The energy functional (5.4) rewritten in Lagrangian coordinates is

I?:52/ €2V10/3(y)det(I+A)dw+52/ (Vs (y)|? det(I+ A) dz
Q QS

s

€ (v2—m)(y) (s —m)(y') / /
4—5//Q " =] det(I+ A)det(I+A") dadx

+52/ y;2/3(y)det(1+A)dm+62/ (Ve (1) 2 det (I + A) da
¢ ¢

ns ns

. (2 =m)OA=mW) L o A
+ //XQ e det(I + A)det(I + A') dzd

(2 —m) () (vn, —m)(¥) / /
4—5//Q o =y det(I+A)det(I+A") dada’,

where for notational ease, we have used y, y’, A, and A" as shorthand for y(x), y(z'),
A(x) and A(z') respectively. The variational derivative (in the Gateaux sense) is:

5
—EAR
5 2 [h]

10 2 7/3 5Vs ahl
== I+A)d
3 c /Qs Vs 614” aa:j ¢ ( + ) .

6VV5 8hl
Q. 5141] 81‘]'

Qv 2 Ohiy (1)) (12 — ) (y/
e f] GBI ey
Q.xQ [y =/l

+2¢2 -Vvgdet(I+A)dx

(V27m)(y/) / /
—5//Q><Q \y " det(I+ A)det(I+ A’) dedx

ddet(I+A) Oh; ddet(I+A) Oh;

10/3 da 2

e / 8A” oz, 4 tE / ey e

+€// (2 —m)(y)(v? —m)(y") ddet(I+ A) Oh;
axQ Iy Y| 0Ai;  Ox;

v?—m)(y)(v? —m)(y") , ) ,
_5//Q><Q Iy P (y—y')-h(x)det(I+ A)det(I+A") dzda’. (5.9)

et(I+A") drdz’

The first three terms on the right hand side are contributions from the dependence
of vop on the deformation; the next one represents the dependence of the ion charge
distribution on the deformation; the last four terms are from the coordinate change.

One of the most important issues for this type of multi-scale model is the existence
of the “ghost force”: When the system is in equilibrium, the force is not equal to
zero due to the coupling. The existence of the “ghost force” characterizes the loss of
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accuracy at the interface between smooth and non-smooth regions [12]. To see whether
“ghost force” exists for the QM-continuum model under discussion, let us consider
the equilibrium state: y(x)=2x and take Q=R3 (Q,=R3\Q,,) to avoid effects at
the boundary of the whole system, since we care only about the behavior at the
interface between smooth and non-smooth regions caused by the coupling. Under
these assumptions, (5.9) becomes

) 10 ovs Oh; 0V, Oh;
7EA hl=— 2 7/3 S dz+2¢ / TVPZs .,
L /Q s SA, 0w, T ) SAy o

(2vs 75 G2t) (@) (V2 —m) (&)
+5// 3Ai; O, dada’
Qs ><Q

|z —a]

. 2) (@2 —m)(@)
//stz |$ /|

+/ 2 10/3w6h |V1/|2w Ohi
814” a.’E] Q 6A” 8xj
v, (v2 —m)(@)(v? = m)(a") ddet(I + 4) Oh;
QxQ |3j l'll 8Aij a.’L‘j
_ v -m)(2)(?-m)(z') ,
6//Qx9 |33 '3 (z=a")-hiz) dzdz” (5.10)

Here 0det(I+ A)/0A;; is evaluated at A=0; hence it can be taken out of the integral.
Moreover, v and m are periodic with respect to the unit cell I', since the system is in
equilibrium.

Without loss of generality, we assume that h corresponds to a trial displacement
of the atom located at 0, i.e., h is supported in the cube [—¢,e]3, tri-linear (linear in
each dimension) and symmetric with respect to each coordinate plane. The sum of
the first three terms in (5.10),

10 , 773 OVs Oh; 0V, Oh;
- da+2¢2 d
3 © /Qs Vs 5AZ] axg + Q, (SA” al‘j Vs dw

(2vs 5= Got) (@) (v* —m) (2) ,
+6//Q . dzdx ,

|z — |

vanishes since vcp is the minimizer of the periodic problem. The remaining terms
vanish due to symmetry. For example, let us consider the term

oh;
/Qum/?’(x)axj(x) dz. (5.11)
Due to symmetry, we have
oh; oh;
%j(xl,xams) =— o2, (=t 2%, 2%),
10/3(95 22,2%) =V10/3<—l‘1,$2,.’1¢3).

It is easy to see that the integral (5.11) is equal to zero. It follows from a similar
analysis that the other remaining terms also vanish.

We conclude that for model A, no “ghost force” appears. Hence, model A is first
order uniform accurate as discussed in [12]. This is natural since we include explicitly
the long range interaction in the approximated energy functional (5.6).
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5.2. QM-continuum approximation of the TFW model: Model B. For
model B, we further simplify (5.6) by using the Cauchy-Born energy for the smooth
region:

IEB(I/nS):InS(VnS)+/ Wep(Vu(z)) de, (5.12)
Qs

with I,s given by

Vns

Iis(Vps) = infe? / v19/3 qy 42 / |Vuns|? dy
y(Q

ns

V2 2 ’
y(%)xymm) ly—y/|

Vs =) (y) (V2 —m) (') /
—i—z?//y(Q =] dydy’. (5.13)

The energy of the system is given by

EB =infIB(v,,). (5.14)

We see that in contrast to (5.4), in (5.12), Wep is explicitly used. While for the short
range interaction, (5.4) and (5.12) are equivalent, they treat long range interaction
differently.

The associated Euler-Lagrange equations are

5
_52AVn€+ 352 7/5 (¢ns+¢s)yns+)‘l/ns:0; (515)

~A¢ps=4me(m—v2)1 Y(Qns)> (5.16)

where ¢, is the Coulombic potential generated by charges in the smooth region (taking
the Cauchy-Born approximation).
Again, to calculate the force, we rewrite (5.12) in Lagrangian coordinates:

IEB:/Q Wep (Vu(z)) de

—|—€2/ v10/3 det (14 A) dx+52/ | V|2 det(I + A) da
Q Qns

ns

: (vas =m) () (v —m) () y
+//Q ly—v'| det(1+ A)det(I+A') deda

V 7m)(y)(1/2 m)(y/) I /
+€//Q . = det(I+ A)det(I+ A') dzda’,

where y, 3y, A, and A" are understood as y(z), y(z'), A(z), and A(x’) respectively.
We compute the derivative (in the Gateaux sense) as:

5 pon [ OWes oh,
BRI = [ A S ar




WEINAN E AND JIANFENG LU 691

(2vs 5= G (W) (v, —m) (y))
—l—e// 04i; 9 det(I+ A)det(I +A") dzda’
Qs X Qs

ly—y']
om 2 _ !
—5// (5 [h})(y)(unj m)(y) det(I+ A)det(I+ A")dzda’
Qo X Qs ly =9/

(v —m)(y)(vas —m)(y') ddet(I +A) Oh; / '
+5// s ns et(/+A")dzdx
Qo X Qs ly—v/| 0Aij Ox; ( )

2 _ 2 /
Qo X Qs ly—y/]
Odet(I+ A) Oh; Odet(I+ A) Oh;
2 10/3 2
te /Qns ﬁA” 8£EJ /Qng|vyns| 8A” 8117]‘
om h 2 _ /
—e// (G D(w(”, M) Get(1 4 A)det(I + A) dds’
Qs XQ ly—v/|
(Vs —m)(y) (v* —m)(y') ddet(I + A) Oh; ,
+e 13 I+ A dxdx
//mefz ly—v/| 0A;; Ox; ot )
2 2 /
75// (s m)(y)(’f3 MW () h() det(T+ A) det (I + A') dwda.
Qs XQ ly—v/|

(5.17)

Comparing (5.17) with (5.9), we see that the interactions within the smooth regions
are substituted by the derivative of the Cauchy-Born energy density. In some sense,
model B fails to capture the long range interaction in the smooth region: since the
Cauchy-Born approximation is used at the energy level, the energy functional only
sees local terms in the smooth region.

For this reason, we expect that the model will generate “ghost force”. To see this,
we assume that the system is at equilibrium and Q=R3. By similar arguments as
those for Model A, we get:

(2u, 2 V2, —m)(a
—EB —E// 5A;; az )( ) ) )dxdas/
QX Qs

'

dmcp Oh; 2 _ ’
_5// ( 8Ai;3 Bwj)(x)(yns m)(x ) dxdxl
Q XQns

|z —a|
(2 —m)(z)(v2,—m)(z') Odet(I + A) Oh;
+€//Q X Qs \x—x’| aAw ax]-
(V2 —m)(z)(vh, —m)(2") : /
—5//Q o e (x—2")-h(z)ded’. (5.18)

However, now the integrands in (5.18) do not possess the symmetry property anymore.
Hence in general they do not vanish, resulting in the generation of “ghost force” and
the loss of uniform accuracy.

5.3. QM-continuum approximation of the KSDFT models. The QM-
continuum approximation for the KSDFT models can be developed in a similar fash-
ion. Again, there are two different levels of Cauchy-Born approximation, resulting in
two different QM-continuum models: Model A and Model B. Model A is free of “ghost
forces” and in general, Model B generates “ghost forces”. We will only describe these
models, omitting other details.
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The wave functions associated with the smooth region are given by the Cauchy-

Born rule {1)cB,o(*=%; Vu(z;))}; the wave functions associated with the non-smooth

region are {1, . For the electron density, we define

ps(y) = poB(y; Vu(z:) = > Z)wCBa (f zj;Vu(:ci))‘Q, (5.19)

z;€L «

for ye (I4+u)(el +z;);

Pns (Y ZWM W+ > Z¢CBa(z & VU(ﬁ))

z,€eLNQs «

(5.20)

Note that, in the smooth region, the electron density given by the Cauchy-Born rule
is defined differently in each unit cell.
The energy functional for model A is then

14 =¢ /‘V¢0Ba(x Y V(e ))

x; EELﬂQ a

€ ps—m)(y)(ps —m)(y’
+/ exc(ps)psdy+§// ( J)( : I )dydy’
y(Q2) () xy(2,) ly=y'|

+52Z/3|V’l/1ns,k‘2dy+/ xc(Pns)Pns dy
kYR .

2
dy

Yy Qs
_ _ !
_|_E// (pns m)(y)(pr/zs m)(y ) dydy’
2 JJy(@na) <y ly—v/|
_ _ !
+a// (ps m)(y)(ﬂn/s ™) 44y, (5.21)
Y(Q0) Xy (Qns) ly—y'|

Similarly, we have for Model B:
5= / Wos(Vu(z)) de
Q.

+e20 / Vi |2 dy+ / xe(Pns) s 0y
k R3 yﬂn‘)

(Qns
€ // (pns —m)(y) (pvlLs —m)(y’) dydy’
2 )y @) xy(@ne) ly—v|

(ps —m)(y) (pns —m)(y') /
+6// Q) Xy(Qns ly—v/| dydy. (5.22)

6. Dynamic QM-continuum model

In this section, we study the dynamics of the system under QM-continuum ap-
proximation. We start with a new formulation for the smooth region in the QM-
continuum model based on the idea of fiber bundle dynamics [11]. We then consider
the dynamics of the non-smooth region, which can be regarded as a generalization of
the Car-Parrinello method [3]. We conclude with the discussion of dynamics for the
whole system.

6.1. Fiber bundle structure of the smooth region. The smooth region in
the QM-continuum model is most naturally described using a fiber bundle structure.
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Let us first recall the fiber bundle structure for such a multi-scale problem [11]: The
macro-scale problem is the elastodynamics formulated in terms of the deformation
gradient A on the domain (2; the force field in the elastodynamics is given by the
micro-structural variables that live on the fibers. Using the terminology of fiber bundle
dynamics [11], we associate each point x € Q with a parametrization fiber ~, =R3"/2,
The state base manifold is R3*3 = {4, A € R3*3}, the space of deformation gradients.
The micro-state fibers T'y ={91(;A),...,1n/2(;A)}, where {wa}n/_2 are the wave
functions.
The fiber bundle dynamics is given by

poa?Azva(A)),

)
sor VA DGEAN= D Aaws o (2 =23 4),
a’,z;€L (61)

/¢z< 243 Ao (2 — 2 A) Az = 861y / det (I 1+ A),
F(A) = VAW (A, {1}).

Here pg is the density of the solid, W(A,{v}) is given by (4.30) and the X’s are
Lagrangian multipliers for the normality constraints. The micro-structural electronic
structure problem gives the model inputs F/(A) to the macro-scale model. Notice that
the micro-dynamics on the fiber bundle is no longer the micro-scale dynamics for the
original problem, in particular, we have rescaled the lattice constant from ¢ to 1.

The set of equations (6.1) corresponds to the Born-Oppenheimer adiabatic ap-
proximation, since {¢} is taken to minimize W(A,{¢}) and so is assumed to be
the ground state given by the displacement field. In the spirit of the Car-Parrinello
method [3], we introduce a Car-Parrinello type of dynamics for the micro-structure
fibers:

P A=V (V-F(A),

)
Naflba('%A)‘H?aﬂ/fa(';A) :_5w* W(Aa{w})
+ Z Aozoz 277[111 —Zj; )7

o ,z; €L

/w;< 255 AV (2 — 25 A) 2 = G0/ det (I + A),
F(A)=0aW(A{¢}) =D AaanT+A)~"/det(I+A).

(6.2)
Here p is the artificial mass for the electrons and 7 is a relaxation parameter. The
expression for F'(A) is derived from a generalized Hellman-Feynman theorem [11], and
the second term comes from the dependence of the orthonormality constraints on the
deformation gradient A.

6.2. Dynamics in the non-smooth region. The dynamics for the non-
smooth region can be given by a Car-Parrinello type of dynamics. The QM-continuum
energy functional (5.21) or (5.22) is used to derive the dynamics for the non-smooth
region. For the non-smooth region, we keep explicitly the atomic positions y;. The
energy for the non-smooth region in the QM-continuum model, following (5.21) and
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(5.22), is given by

Ens BE nsf) = 2 \Y% ns 2d xc\Pns nsd
() ) =S [ WnsalPtyt [ celmdpus

Y(Qns)

_ _ !
_A'_E// (p"S m)(y)(pvlzs m)(y ) dydy’
2 )y xy(@ns) ly—v/|

(ps =) () (pus —m)(Y) | .,
+€//y(ﬂs)><y(ﬂns) ly — /] dydy’. (6.3)

Here p; and p,s are defined as in (5.19) and (5.20). The energy depends on the
displacement field u in the smooth region and also the wave functions in the smooth
region given by the Cauchy-Born rule.

Given the energy, the extended Lagrangian for the non-smooth region is

Lns = ZMj |3/J |2 +Z/Ra M|¢ns,k|2 dy—EHS({ij{wns})- (6-4)
J &

Here M; are the masses for the atoms and m is the artificial mass for the electrons
as in the original Car-Parrinello method. The extended Lagrangian is the same with
the original Car-Parrinello molecular dynamics, except that E,, s is given by the QM-
continuum model. From the extended Lagrangian, it is standard to write down the
dynamics for the atomic positions and wave functions

Mjafuj R 5En5({uj}v {%s})

L 7 (6.5)
§Ens({uj}a {¢ne})
HaQQ/)ns,k = *
K 5wns,k
+ZAZ,Sk/wns.,k’ + Z z,a,xiws.,a,a:r (6'6)
K’ a,r;€Ee LN

Here the A’s are Lagrangian multipliers for the orthonormality conditions and ¥ oz,
is the a-th wave function localized at (I 4+u)(x;) in the smooth region. The derivative
of E,s with respect to 1,5 can be calculated explicitly as

_ 0Es ({uj}v {tns})
6¢;s7k

6.3. Dynamics of the whole system. For the dynamics of the whole system
with the QM-continuum model, we couple together the fiber bundle dynamics for the
smooth region and the generalized Car-Parrinello dynamics for the non-smooth region.
We make several remarks about the coupling.

Recall that for the smooth region, we use the continuum displacement field wu,
while for the non-smooth region, we keep explicitly the atomic positions y;. Therefore,
we need to determine the boundary condition of u at the interface between smooth
and non-smooth regions. The boundary condition can be given by the locations of
atoms in the non-smooth region through an operator which we denote as P:

:52Awns’k_VXC(Pns)d}ns,k+¢(y)wns,k~ (6.7)

us(z)=P{u;}), 2« on 0Qys. (6.8)

The reconstruction operator P is in general an interpolation operator.
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Another source of coupling between the smooth and non-smooth regions is that,
in the non-smooth energy (6.3), we need the wave functions {4, } from the fiber bundle
dynamics in the smooth region. Hence, we need to construct them on the physical
space through the corresponding micro-state variables on the fibers. More specifically,
what we have are ¥,(z;A(z;)) on the fiber over A(x;); however, we need on the
physical space s o4, (y), which are the a-th wave functions localized at (I4u)(z;),
with variable y on the physical space (not the fiber). One natural way to do the
reconstruction is to set

e ) =0 (L A ) (6:9)
that is, we rescale 1, and patch them together on the physical space to give the wave
functions in the smooth region. Of course, in practice, the elastic dynamics in the
smooth region is discretized. We do not have the information of v, on fiber =, for
every z € (), since the grid size is generally much larger than the lattice constant .
However, the ¢, oz, (y) can still be reconstructed using interpolation.

The dynamics in the smooth region is as described in Section 6.1. We impose the
boundary condition of u (6.8) at the interface between the smooth and non-smooth
regions. The dynamics in the non-smooth region is as described in Section 6.2 with
wave functions in the smooth region reconstructed through the information on the
micro-structure fibers. The coupled dynamics can be used to study the dynamics of
the system under the QM-continuum approximation.

7. Conclusion

We discussed the continuum limit of DFT models for crystalline solids. The
treatment here is formal. However, it provides much important information for un-
derstanding these models and for analyzing the coupling of the original models with
models coming from continuum theory. Through the analysis of two different levels
of QM-continuum approximation of these models, we conclude that Model A is more
accurate since it does not induce “ghost forces” at the interface between the smooth
and the non-smooth regions, in contrast to Model B.

We also introduced a new formulation for the dynamical QM-continuum approx-
imation based on the fiber bundle structure for the smooth region. This allows us to
extend naturally the Car-Parrinello method to the QM-continuum setting. The new
formulation also provides an alternative perspective for the QM-continuum model
which is useful in numerical computations.

Finally, since the arguments in this paper are quite formal, let us comment briefly
on their validity and more generally the usefulness of these results. Concerning the
TFW model, since there is already a well-established mathematical theory, we believe
it should be possible, although quite tedious, to establish the validity of the asymp-
totic analysis presented here. Indeed, the results of Blanc et al. [1] can already be
viewed as a partial justification of the leading order asymptotics. Higher order re-
sults are also useful, particularly for numerical purposes [14]. For KSDFT, however,
mathematical results are rather sparse. In particular, as was observed by one of the
referees, the KSDFT functional is non-convex; therefore we do not expect uniqueness
for the solutions. Nevertheless, this does not preclude the possibility of establishing
the validity of the asymptotic results using local arguments, along the lines in [13].
This is indeed one strategy that we are pursuing.
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