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Abstract. We present a model reduction approach to construct problem dependent ba-
sis functions and compute eigenvalues and eigenfunctions of stationary Schrodinger
equations. The basis functions are defined on coarse meshes and obtained through
solving an optimization problem. We shall show that the basis functions span a low-
dimensional generalized finite element space that accurately preserves the lowermost
eigenvalues and eigenfunctions of the stationary Schrodinger equations. Therefore,
our method avoids the application of eigenvalue solver on fine-scale discretization and
offers considerable savings in solving eigenvalues and eigenfunctions of Schrddinger
equations. The construction the basis functions are independent of each other; thus
our method is perfectly parallel. We also provide error estimates for the eigenvalues
obtained by our new method. Numerical results are presented to demonstrate the ac-
curacy and efficiency of the proposed method, especially Schrodinger equations with
double well potentials are tested.
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1 Introduction

In this paper, we construct a set of problem dependent basis functions to compute eigen-
values and eigenfunctions of Schrodinger equations. To be more specific, we consider the
eigenvalue problem of the stationary Schrodinger equation with a potential V(x) of the
following form

Hu(x):=—Au(x)+V(x)u(x)=Au(x), xcQCRY (1.1)
u(x)=0, x€9QC RY, (1.2)
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where Q) is a bounded domain in R¢ and V(x):R% — R is a real-valued function. A and
u(x) are the corresponding eigenvalues and eigenfunctions of the Hamiltonian operator
H =—A+V(x). We should emphasize that the spectrum of the Hamiltonian operator
can have negative values and physically the negative part of the spectrum corresponding
to bound states and they have many important applications in computational chemistry
[6,17,18,29].

The eigenvalue problem of (1.1) in variational form reads: find an eigenvalue A and
its associated eigenfunction u(x) € W:= H}(Q) such that

a(u,v)::/Q(Vu(x)~Vv(x)+V(x)u(x)v(x))dx:)\/Qu(x)v(x)dx:}\(u,v), (1.3)

for all v € W. By using the finite element method (FEM), we obtained the discretized
problem of the eigenvalue problem (1.3): find Aj, and associated eigenfunctions uy,(x) €
Vi, CW such that

a(uh,vh):/\h(uh,vh), forall v,€V, (1.4)

where V}, is a conforming finite element space spanned by N, nodal basis functions on
some regular finite element mesh 7, with mesh size h. After the FEM discretization,
one could apply eigenvalue algorithms, including QR-algorithm, Lanczos algorithm, and
Arnoldi iteration, directly to the Nj-dimensional finite element matrices to obtain the
eigen-pairs {A;,u;}, see [10] and references therein. We remark that it is extremely ex-
pensive to compute eigenvalues and eigenfunctions of (1.4) when Nj, becomes big. For
example, finding all eigenvalues and eigenvectors of the matrix corresponding to the
FEM discretization of (1.4) using QR-algorithm costs 6N? +O(N?) flops.

In practice, however, we are mainly interested in the first few lowermost eigenvalues
and eigenfunctions as they have important meanings in computational chemistry [19].
In addition, when we use the FEM to approximate eigenvalues of (1.4), the number of
reliable numerical eigenvalues takes up only a tiny portion of the total degrees of freedom
N}, in the resulting discrete system. See [2,30-32, 35] for the discussion of second-order
elliptic eigenvalue problems.

This motivates us to avoid the application of eigenvalue algorithms for the fine-scale
FEM discretization (1.4) and build a low-dimensional generalized finite element space
so that we can accurately and efficiently compute the lowermost eigenvalues and eigen-
functions. Specifically, we introduce a coarse discretization of the physical space () into
mesh Ty with mesh size H > h. On the coarse mesh Ty, we build a set of basis functions
{¥:(x)} lli !l that generate a low-dimensional generalized finite element space V.. The di-
mension of V; is Ny and it is much smaller than Nj. In the low-dimensional space V,,
we compute the discretized form of the eigenvalue problem (1.3): find Ay and associated
eigenfunctions uy(x) € V. CW such that

a(ug,og)=Ag(ug,vy) forall ovyeV, (1.5)



The basis functions {‘I’Z}Z]\i "I have already captured the information of the Schrédinger
equation, which enables us to accurately compute the first few important eigen-pairs
of (1.1), {Ag,uy}. The construction of the basis functions {Tz}f\g involves solving of
Ny optimization problems [4]. These optimization problems are independent of each
other and thus can be computed in parallel. Recall that the size of the matrix obtained
by the discretization of (1.5) is Ny. This significantly reduces the computational cost in
computing the eigenvalues and eigenfunctions of Schrédinger equation (1.1).

We should point out that the idea of using two-level technique or multi-level tech-
nique for designing algorithms for eigenvalue problem and other problems is not new.
In [33], a two-grid discretization scheme was proposed to solve eigenvalue problems,
including both partial differential equations and integral equations. In [13], Hackbusch
proposed a multi-grid method to compute eigenvalues and eigenfunctions of the elliptic
problem obtained by the finite element discretization. In [21], Peterseim used the numer-
ical upscaling techniques to compute eigenvalues for a class of linear second-order self-
adjoint elliptic partial differential operators. Using similar methodology to construct low-
dimensional generalized finite element spaces is pioneered by the generalized finite ele-
ment method (GFEM) [1] and the multiscale finite element method (MsFEM) [11, 14,15],
and is pervasive in the recent developments in the numerical methods for multiscale
problems and elliptic PDEs with random coefficients, see [8,34] and references therein.

We would like to point out some similarities and differences between our approach
and other existing methods. Our construction of basis functions is inspired by the re-
cently development in building localized basis function for multiscale elliptic PDEs and
Schrodinger equations, see [16,20,21,23] and reference therein. Previous researchers have
utilized the Clément-type quasi-interpolation approach or optimization approach to con-
struct localized basis functions that give optimal approximation property of the elliptic
operator. In the Schrodinger equation (1.1), however, the potential V(x) is a real-valued
function. Therefore, the Hamiltonian operator —A+ V (x) is not necessarily positive def-
inite, which is quite common in Schrédinger equation models, see [12,28]. We shall con-
struct basis functions that can be used to compress or upscale the Hamiltonian operator
in Schrodinger equation (1.1) so that we can compute the corresponding eigen-pairs in
the reduced space. In addition, we shall estimate the error of the eigenvalues |A;, —Ay]
obtained by the FEM and our new method. We comment that similar ideas of computing
eigenvalue problems using adaptive basis functions are considered in [24,25], though the
main point of these papers are different and they mainly focus on numerical investiga-
tion. Their goals are to obtain compressed modes that are sparse and spatially localized
so they can be used to span the low-energy eigenspace of differential operators.

The rest of the paper is organized as follows. In Section 2, we give a brief introduction
of the eigenvalue problems of the Schrodinger equation and its finite element method
discretization. In section 3, we present the derivation of basis functions based on the
two-scale decompositions and the approximation of eigenvalues and eigenfunctions in
the reduced space. Issues regarding the practical implementation of our method will also



be discussed. Error estimate of the eigenvalues and computational complexity analysis
will be discussed in Section 4. In Section 5, we present numerical results to demonstrate
the accuracy and efficiency of our method. Concluding remarks are made in Section 6.
To simplify the notation, we will write 2 Sb for two positive quantities a and b, if a<Cb
with some constant C >0 that depends only on the size of the domain (), parameters in
Schrodinger equation, and parameters that measures the quality of the underlying finite
element mesh. We emphasize that C does not depend on the mesh size i and H.

2 Model problem and its finite element discretization

We compute the eigenpairs {A,u(x)} of the following Schrodinger equation on the bounded
domain ),

—Au(x)+V(x)u(x)=Au(x), xeQCRY, (2.1)
u(x)=0, x€aQCR" 2.2)

The eigenvalue problem of (2.1) in variational form reads: find an eigenvalue A and its
associated eigenfunction u(x) € W:= H}(Q) such that

a(u,v)::/ (Vu-Vv+Vuv)dx:A/ uvdx=A(u,v), forallve W, (2.3)
0 0

In the finite element method, we first partition the physical domain () into a set of regular
fine elements with mesh size h. For example, we divide () into a set of non-overlapping
triangles 7, = {Te}y:" 1 such that no vertex of one triangle lies in the interior of the edge
of another triangle, where N, is the number of finite elements. Let N 7 denote the set of
interior vertices of 7,. Let N}, denote the number of the interior vertices, which is also
equal to the dimension of the finite element space. For every vertex x; € N 7, let @i(x)
denote the corresponding nodal basis function, i.e., ¢;(x;) =d;;, x; € Ny. In this paper, we
assume that all the nodal basis functions ¢;(x) are linear functions and continuous across
the boundaries of the elements, so we obtain the first-order conforming finite element
space corresponding to 7,

Vii={9(x)| V7. €T, ¢(x)|, is a polynomial of total degree <1} C H}(Q). (2.4)

Then, we apply the Galerkin method to solve (2.3). Specifically, we find A, and associated
eigenfunctions uy(x) = Zfihl u;@;(x) €V}, such that

a(uh,vh):/\h(uh,vh) forall v,€eV. (2.5)

Finally, we solve a generalized eigenvalue problem obtained from the discretization of
(2.5) to obtain A, and u(x). The Hamiltonian operator —A+V (x) is self-adjoint so the
eigenvalues are real. They can be sorted in ascending order,



If the potential V(x) is bounded from below, we have the estimate for the lowermost

(1)

eigenvalue A, .
Lemma 2.1. We assume the potential V (x) > Vi, Vx € Q), then the lowermost eigenvalue A,sl)
is bounded from below.

Proof. We introduce the Rayleigh quotient [30] within the finite dimension subspace V},,
which is defined by

a(vy,op)
R =—"--, forall Vi, 2.7

(vn) (o) orall eV (2.7)
Then, A}(ll) =minR(vy), v, € V},. Obviously, /\g) is bounded from below if V(x) > Vi,
Vx € Q). In addition, its corresponding eigenfunctions uél) (x) is the critical point of R(vy,)
over the finite element space V,. O

Remark 2.1. The Rayleigh quotient provides an alternative way to compute eigenvalues
and eigenfunctions of the Schrodinger equation (1.1) and its discretized form (2.5) [30].
The I-th eigenvalue is /\}(Zl) =miny, g, ,0,ecv, R(vy), where E;_ is the eigen-space spanned
by eigenfunctions u} - - ,ué’l associated with eigenvalues A,(Zl),- - ,A;(llfl).

In the finite element method framework, the dimension of the discretized problem is
proportional to the number of interior vertices in the fine mesh 7. Therefore, the finite
element method becomes expensive for 2D and 3D Schrédinger equations. It is desir-
able to develop model reduction methods that can efficiently and accurately solve the

eigenvalue problem of Schrédinger equation with relatively small computational cost.

3 Construction of basis functions and their corresponding low-
dimensional space

In this section, we shall apply the two-level techniques and decompose the finite element
space Vj, into coarse and fine parts. The coarse part is a low-dimensional generalized
finite element space that enables us to efficiently compute the lowermost eigenvalues
and eigenfunctions of Schrédinger equations. To achieve this goal, we need to build a set
of basis functions {¥;(x)} that capture the information of the Hamiltonian operator.

To construct the basis functions {¥;(x)}, we first partition the physical domain
into a set of regular coarse elements with mesh size H > h. Again, we divide () into a
set of non-overlapping triangles 7y = { T, } such that no vertex of one triangle lies in the
interior of the edge of another triangle. To facilitate the implementation, the fine mesh
T, and coarse mesh Ty are nested. Let N, denote the set of interior vertices of coarse
mesh 7y and Ny be the number of interior vertices. For every vertex x; € N, let ®;(x)
denote the corresponding FEM nodal basis functions, i.e., d>i(xj) =0ij, Xj € N;. We also



assume that all the nodal basis functions ®;(x) are continuous across the boundaries of
the elements, so we obtain the first-order conforming finite element space corresponding
to the coarse mesh 7,

Vg ={®(x)| VT. € Ty, ®(x)|r, is a polynomial of total degree<1} C H}(Q)).  (3.1)

The dimension of the coarse finite element space Vg (3.1) is Ny, which is far less than
that of fine-scale FEM space Vj,. However, one cannot use the coarse finite element
basis functions ®;, i =1,...,Ny to directly compute the eigenvalues and eigenfunctions
of Schrodinger equation because they do not capture the fine-scale information of the
Hamiltonian operator in (1.1). Therefore, we need to construct some problem-dependent
basis functions that incorporate the fine-scale information into the coarse finite element
space.

In this paper, we construct such basis functions {¥;(x)}"" through an optimiza-
tion approach [4]. More specifically, we compute the following constrained optimization
problem to obtain ¥;(x),

¥,(x) = argmin / (V¥ (x) 2+ V (x)[¥(x)[2) dx (3.2)
YeHl(0)7
s.t. /‘I’ —5;j, V1<j<Np, (33)

where ®;(x) are the nodal basis functions on the coarse FEM space Vy. The objective
function (3.2) contains both the kinetic energy and the potential energy of the Schrodinger
equation system. It is important to note that the boundary condition of the Schrodinger
equation has already been incorporated in the above optimization problem through the
definition of the solution space Hj(Q). In general, the optimization problem cannot be
solved analytically as it is an optimization problem in an infinite dimensional space. We
have to solve the optimization problem (3.2)-(3.3) using numerical methods.

In this paper, we apply the finite element method to discretize the basis functions

Yi(x). Specifically, we represent ¥;(x) = Z,Ij”l . (pk( ), where ¢i(x) are the finite ele-

ment basis functions defined on the fine mesh 7, and b,gl)’s are the coefficients. In this

discrete level, the optimization problem (3.2)-(3.3) is reduced to a constrained quadratic

optimization problem, which can be efficiently solved using Lagrange multiplier meth-

ods. Since the basis functions are independent of each other, they can be constructed

independently and the optimization problem (3.2)-(3.3) can be done perfectly in parallel.
Let V, denote the conforming generalized finite element space spanned by ¥;(x),

Ve={¥;(x)| i=1,..,Ny} C H}(QQ). (3.4)

Note that the dimension of V. is equal to the coarse finite element space Vy. However,
the basis functions ¥;(x) contain fine-scale information of the Hamiltonian operator in
(1.1), which enable us to compute the eigenvalue problem (1.3) on the coarse mesh 7.



Now we use the Galerkin method to solve the eigenvalue problem (1.3) in the gen-
eralized finite element space V,: find /\I(L]I) and its associated eigenfunctions e (x) eV,
j=1,...,Ng, such that

a(ugj) U):Ag)(ugj) v), forall veV,. (3.5

In general, the stiffness matrices and mass matrices corresponding to the discretization
of (3.5) are not sparse. However, the dimension of the coarse generalized finite element
space V. is Ny < N, so the lack of sparsity is not an issue.

The discrete eigenvalues are ordered in ascending order,

AN <A <A AW <y N (3.6)
Let ugj), j=1,2,....,Ng be normalized to one in L2(Q)), i.e., (ugj),u(j))
eigenfunctions satisfy the orthogonal constraints

12(q) = 1. The discrete

a(ud uy=u,u®) =0, j£k. (3.7)

4 Errors analysis

In this section, we present the error estimate of the approximate eigenvalues |1, —Ag]|
obtained by the finite element method (FEM) and our method. The computational com-
plexity analysis of the FEM and our method can be obtained easily.

4.1 Orthogonal decomposition of the solution space in L?(()) sense

We first introduce some notations that will be used in the error estimate. Let Vj:=
[V ()| 1) < +00 and W := H{j(€2). We define a norm |[|-]|| to be

()] := \/VOHuH%Z(Q)+HVuH%Z(Q), for any ue W. (4.1)

Recall that the bilinear form a(u,v) used in the variational form corresponding to the
eigenvalue problem of (1.1) is defined by

a(u,v):=(Vu,Vo)+(Vu,v), forany u,ve W, 4.2)

where V =V (x) is the potential function and (-,-) stands for the standard inner product
on Q). Under mild conditions, the second part (Vi,v) in (4.2) can be viewed as a pertur-
bation. Our method requires the following assumption on the resolution of the coarse
mesh Ty.

Assumption 4.1. We assume that the potential V(x) is bounded, i.e., Vo:=||V (x)|| =) <
+00, and the mesh size H of Ty satisfies Hy/ Vo < 1.



Under this assumption, many typical bounded potentials from Schrodinger equation
(1.1) can be treated as a perturbation to the kinetic operator. Thus, they can be com-
puted using our method. We also point out that this assumption restrains our ability to
handle Schrodinger equation (1.1) with unbounded potential, such as Coulomb potential.
We shall consider this issue in our future work.

Before we proceed the error estimate, we first study the orthogonal decomposition of
the solution space W. Write V; as the subset of W defined by

vf:{v(x)ew\/Qv(x)cpi(x)zo,vl':l,...,NH}. (4.3)

From the definition of Vf, one can find that Vy contains functions with fine-scale infor-
mation that cannot be captured by the coarse-scale finite element basis functions ®;(x)
defined in (3.1). This property is closely related to the Clément-type interpolation opera-
tor [5,9,27]

Ino(x):= ), a;i(v)®;(x), (4.4)
x; €N

where N, contains all the interior nodes of coarse mesh, ®;(x) are the nodal basis func-
tions corresponding to x;, and the quasi-interpolation coefficient w;(v) is defined by

oy ®ix)o()d
Jo @i(x)dx

In order to define interpolators for rough functions and to preserve piecewise polynomial
boundary conditions, the approximated functions are averaged appropriately using (4.5)
in order to generate nodal values for the interpolation operator.

Compare the dimension of the fine-scale space, we obtain that space V; and the kernel
space of the Clément-type interpolation operator Zy are equal. In addition, the solution
space W has the orthogonal decomposition W=kernel (Zy;)®Vy=V;®Vy in L*(Q)) sense.
Namely, Vu €W, we have the decomposition u=ug+u fr where ugeVy, u f€ Vf, and they
satisfy (uH,uf)LZ(Q) =0.

The Clément-type interpolation operators possess the local approximation and stabil-
ity properties that are crucial in our error estimate. There exists a generic constant Cgz,,
such that for all v € W and for all coarse element T, € Ty, we have

a;(v) x, Vx; €N, (4.5)

[[0(x) =Zro(x) [ 12(1,) < Czy HI [ VO (2) |25, (4.6)

where S,:=U{K € Ty|KNT, #@} [7]. We also assume that there exists a constant C,; >0
such that the number of elements covered by S, is uniformly bounded by C,; . Both Cz,,
and C,; may depend on the shape regularity of the finite element mesh but not on the
coarse mesh size H.



4.2 Quasi-orthogonal decomposition of the solution space

With these preparations, we are ready to study the structure of the generalized finite
element space V. (spanned by ¥;(x)) and the corresponding orthogonal decomposition
of the solution space W::Hé (Q)). First, we explore the connections between the standard
H! norm ||V- I12(), norm [|[-[|[, and the bilinear form a(u,v). We get the following
lemmas.

Lemma 4.1. For any u,v in W, we have
|a(u,0) | Sl 1]ol]]-
Proof. Using the Cauchy-Schwarz inequality, we can obtain that
ja(w,0)] < (I Vel 200y [ VOl 200y + Vol 20 2l 12(0r)
< (IVullZ2 )+ Vollullz ) (IVolI22 () + Voll2l 2

<[ lul[? |||v|||2-

Lemma4.2. ||V-||2(q) and |||- ||| are equivalent in Vy, given Hy/Vp S1.
Proof. For any w in Vy, || Vw|| 12y <|[|[w][| is obvious. For the other direction,
| w]||>= (w—Zyw,w—Tyw)Vo+(Vw, V)
< V0Hw—IHwH +(Vw,Vw)

=Vo( ), JJw— IHwH )+ (Vo,Vw)
TeTy

<V, Co| Vo0 Ry + V0 g
= (H*VCZ,,Ca+1) [V 2 ) S Vol 2

Lemma 4.3. The bilinear form a(-,-) is Vy-elliptic, given Hy/Vp < - F

Proof. For any w in V¢, we have
a(w,w) > =Vol[wl||72 ) + V|2
:—Von—IHwH%Z(Q)JFHVWH%Z(Q)
> (1-H*VoC7, Col) IV 72
1- H2VoC2, Cy ,
> s el

where the last inequality directly follows from the previous lemma 4.3. O
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In the Section 3, our new basis functions {¥;(x)} are constructed through an opti-
mization problem. For any i, let ¥;(x) be the unique minimizer of the following problem

¥;(x)=argmin a(¥,¥) 4.7)
¥(x)ew

st / ¥ (x)@;(x)dx =4 4.8)

Then, the generalized finite element space V. is spanned by {‘I’l(x)}fiHl We shall show
that for each i, the optimization problem (4.7)(4.8) gives rise to a minimizer ¥;(x) given
certain conditions. In addition, we shall show that the above optimization problem
yields an orthogonal decomposition of the solution space W into the generalized finite
element space V; and its quasi-orthogonal complement V. Quasi-orthogonal decomposi-
tion means Vu €W, we have the decomposition u=u.+uys, where u. €V, us€Vy, and they
satisfy the condition a(uc,u)=0. We notice that relation (f,g)=(HH ' f,g)=a(H'f,g),
Vf,§ €W and the bilinear form a(-,-) is symmetric. Therefore, the constrains [, ¥®;=4;;
in the optimization problem is equivalent to a(‘i’,?—[*lcbj) =J;,;. For each i, we define

Wi:{‘I’(x)GW|/Q‘*I’( ®;(x)dx=0;j, j=1,.., Ny}

to be the feasible set of the optimization problem (4.7). Then, we have that

Lemma 4.4. Under the resolution condition Hy/ V< =——— & F’

is a strictly convex optimization problem over W;, for each i.

the optimization problem (4.7)(4.8)

Proof. Let us choose any two different ¥,,'¥;, € W;. We write for 7 € [0,1],
f)=a(¥atn(¥p—Ya), Yatn(¥o—¥a))
=a(¥o,¥a) +27a(¥0, ¥p—Ya) +172a(¥o— Vo, ¥ — ¥a).

Use the fact that ¥, —; € Vy defined in (4.3) and a(-,-) is V-elliptic by the Lemma 4.3,
we get that f” (1) >0. Thus, we finish the proof. O

Lemma 4.5. For any 1 <i < Ny, the optimization problem (4.7)(4.8) has a minimizer ¥;(x) if
and only if {H1®;} fi " are linearly independent.

Proof. We define an Np-by-Ny matrix © with ©; ;:= (H*1¢i,¢j). It is clear that © is
invertible if and only if {#'®;}" are linearly independent. Let us define ¥;(x) =

2 ©; H ' (x), where ©;}! is the (i,k)-th entry of ®~ . It is easy to find that

Z@ H' Dy, D Z@) O =0,
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N,
which means that ZH @;kl?-[*(bk satisfies the constrains (4.8). Thus linear independency
k=1 "~

of {H‘qui}fiﬂ will imply existence of the minimizer. As for the other direction, assume

that there exists a ¥; such that a(‘I’i,’H”CIJ]') =¢;j, for all j=1,2,...,Ny. Suppose we have
N, N, N,
fog?—l_lq)j =0. Then for each i, we will have that 0 = focja(‘Fi,H_lq)]-) = i{zxjéi,j = ;.
j=1 j=1 j=1

Thus {H'®;} ]I\L " are linearly independent. O

Lemma 4.6. The optimization problem (4.7)(4.8) yields an orthogonal decomposition of the so-
lution space W into the generalized finite element space V. and its quasi-orthogonal complement
V. Namely, a(uc,uf) =0, for any u. € V, and us€Vy.

Proof. Let ¥; be a minimizer. Then for any w € V¢, we consider the objective function
a(¥i+c-w,¥+c-w), ceR. As ¥; satisfies the constrains, i.e. fQ‘I’iCDj =0;;, we also have
Jo(¥i+c-w)®; =4, since w is orthogonal to every ®; according to (4.3). We define
m(c):=a(¥i+c-w,¥i+c-w)=c?a(w,w)+2c-a(¥;,w)+a(¥;,¥;). Since a(-,-) is Vy-elliptic
by the Lemma 4.3, we have that a(w,w) >0 for nontrivial w. Recall that '¥; is a minimizer,
we obtain that m'(c)|.=o =2a(¥;,w) =0, and this should holds for every w € V. From the
definition of V. in (3.4), we get the conclusion that a (., u f) =0, forany uc€ V. and uge€Vy.

To see that W = V. +Vy, we firstly note that V. is an Np-dimensional subspace of
W and that V.NV; =0 by definition. For any i in {1,2,---,Ny}, write ¥; as Of,it+ 01,
where vs; € Vy and vy, € V. Then, we can show that {vy i} are linearly independent,
because otherwise, there exists non-trivial ¢;’s such that ) c;oy; =0, which implies that

1
Y.ci'¥; € V¢, a contradiction. Now, as {vy,;} are linearly independent, any element in Vi
i
can be written as linear combination of ¥;’s and an element in Vf. Thus, further, we can
have W= Ve+ V5. O
Remark 4.1. From Lemma 4.5 and Lemma 4.6, we can actually show that when a(-,-) is
Np
a positive definite bilinear form, the minimizer has a simple form ¥;= }_ @;k1H*1®k(x).
k=1 ~

See [16] for more details.

We also comment that V. contains some fine-scale information of V; which is very
important in our computation of the eigenvalue problem. We shall show this in our error
estimates and numerical experiments. The quasi-orthogonal decomposition with respect

to a(+,+) does not exactly preserve the L2-orthogonality. However, we find that the error
can be controlled.

Theorem 4.1. For any v. € V. and vy € V, we have

(0e,05) 1200 SH| [V oe [ [[ | [Vog] ] 4.9)
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Proof. For any v, €V, and v € Vi, we have

(ve,08)12(00) = (Ve = Trve,0f — Tvg) 1200y S H VOl 12(0) [ VO 12
SH?|[[oe|[[[] o]l

where we have used the fact (Zpv.,vf)12(q) =0, Znvy =0, and the stable estimate of the
Clément-type interpolation (4.6). O

Remark 4.2. In previous works [16, 20, 23], the authors utilized the Clément-type inter-
polation or optimization approach to upscale elliptic operators. The corresponding op-
timization problem is strictly convex over the solution space W. In our case, the Hamil-
tonian operator —A+V(x) may not be positive definite. Hence, the corresponding opti-
mization problem is not strictly convex over the solution space W. Based on our numer-
ical experiments and analysis, we found that under the assumption 4.1, we can prove
that our optimization problem is strictly convex over W;, which enables us to obtain the
quasi-orthogonal decomposition of W and construct the basis functions ¥; for model re-
duction.

4.3 Exponential decay of the basis function ¥

We shall show that the basis function ¥; decay exponentially fast away from its asso-
ciated vertex x; € A, namely the basis functions have exponential decay property. In
practice, when we solve the optimization problem (4.7)(4.8) to construct the basis func-
tion ¥;, we choose a localized domain S; C (2 associated with x; and impose the condition
that supp{¥;} CS;. Therefore, the exponential decay property significantly reduces our
computational cost in constructing basis functions.

We first define a series of nodal patches (); associated with x; € A by

Qo :=supp{®;} =U{KeTy|x,€K}, (4.10)
QIZ:U{KGTH|KQQI_1 7&@}, 1=1,2,3,4,---. (411)

Then, we state the main theorem as follows and put the detailed proof in the A.

Theorem 4.2. Under the resolution condition H+/ V< ﬁ, there exist some constants C>0
H (]
and 0 < B <1 independent of H, such that

IV¥illava, <CB'IV¥illa (4.12)
foranyi=1,2,..,Ng.

The exponential decay of the basis functions ¥; allows us to localize the computa-
tional domain of the basis functions and to reduce the computational cost. In practice,
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we modify the constrained optimization problem (3.2)(3.3) as follows,

‘I’i(x):argmin/ (|VE(x) 2+ V (x)[¥ (x)]?)dx (4.13)
¥eHl ()7

.. /Q ¥ (2)®;(x) =6y, V1< < N, (4.14)

¥(x)=0, x€ Q\ . (4.15)

where ();- is the support set of the basis function ¥;(x) and I* depends on the decay speed
of ¥;(x). In numerical experiments, we find that a small integer I* ~log(L/H) will gen-
erate accurate results, where L is the diameter of domain (). Moreover, the optimization
problem (4.13)-(4.15) can be done in parallel.

4.4 Error estimate for the eigenvalues

In this subsection, we shall provide the error estimate of the eigenvalues |A;, —Ag| ob-
tained by the FEM and our new method. Before we proceed, we add an assumption that
describes the well-posedness condition of the bilinear form a(-,-).

Assumption 4.2. We assume that the bilinear form a(-,-) satisfies

inf sup MZC>O,
(M0} ooy Tl

where the positive constant C may depend on V) and the domain ().

Let E; denote the eigen-space spanned by the first [ eigenfunctions obtained by the

finite element method. E;:= span{u,(ql),- . ,ugll) }, where u}(li)’s are normalized to be one in

L2(Q) norm. Recall that we have /\gzl) < A,(lz) < )\,(13) < /\,(Zl). Let A; =maxj<j</{ MS) |}. Then,
we can estimate A, —Ay| working in the eigen-space E;.

Lemma 4.7. Assume the assumption (4.2) is satisfied. For u € Ej with |u[2(q) =1 and let
u=uc+1uy be the quasi-orthogonal decomposition, where u. € V;(\E; and uy € V¢(\E;. Then, we
have the following three estimates:

[[[ucl|[ STAG, (4.16)
gl S (IA;)*H?, (4.17)
| (ue,up) | S (IAG) HY (4.18)

1 .
Proof. Letu=1Y cjuﬁl] ), where ¢;’s are the projection coefficients of u on the eigenfunctions

j=1
ug ) and lcj| <1. According to the assumption (4.2), there exists u € W\ {0}, such that
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a(u,uz) 2 |||ull||]|uz2]||- Then we have

[l [ w2l ] S a(u,uz) Zc]uh ) =Y cia(uy) ur)
=1

_ZC] () 2) <IN ) | <10z 1] ]

Thus, we have
e[| < [l || SIAR

We also have
|Huf|||2<a(uf,uf =a(u,uy) Zc] uh ,uf Zc] uh ,uf

SIAGH||uy) IIHIIMfIHS(l?\h)szHlule-

The last inequality directly follows from (4.9) of Theorem 4.1 and the above two inequal-
ities. O

Finally, we estimate the error for the eigenvalues |A;, —Ap| obtained by the FEM and our
new method.

Theorem 4.3. When the coarse mesh H is chosen small enough such that H <27 (IA}) ~3. Then,
we can get the following estimate

A 70

= '
h

| <(IA;)*H, 1=1,2,...

Proof. Define (Tg) 1= maXy ek (uu)=1 | (Uf,Up) 12(0) +2(e,tif) 12()|- Then, we have the fol-

(D)

lowing estimate for o}/,
(upup)+2(uc,up) = (u,up)+(uc,ug)
=(u—Tyuur—Tyug)+ (ue,uy)
SH|Vu]l 2oy I Vgl 2oy + (145)° H
< H?[[[ulllallluf|lla+(A;)°H
<(A)3H?, (4.19)
where we have used the fact that |||uy||| < (IA;;)?H?. Therefore, we obtain that (TI({I) <
(l)\fl)?’H‘*. If H is chosen small enough so that ag) <1/2,ie., H< 2_%(1/\2)_%. Then,

Lemma 6.1 in [30] implies

A< (1= 1A < (1420)A1
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After some simple calculations, one can easily obtain the final result based on the estimate
for o\l in (4.19). O

5 Numerical Experiments

In this section, we conduct numerical experiments to illustrate our analytical results.
More specifically, we will consider several different models of Schrodinger equations
and test the performances of our method. Examples include Schrédinger equations of
free electrons and those with double-well potentials. We are able to demonstrate that the
relative error of eigenvalues converges of order at least O(H*). Aside from the large con-
vergence rate, using our problem dependent basis functions {¥;}, we are able to achieve
at a numerical method of better computational complexity than finite element method.
Moreover, using our basis functions, one can capture the first few eigenvalue and eigen-
functions of stationary Schrodinger Equations accurately. The potentials taken in the
examples are frequently used in chemistry models, which shows that our method is a
very efficient model reduction method.

5.1 Hamiltonian of a free electron

In this example, we consider the Hamiltonian of a free electron in a bounded domain
() with Dirichlet boundary condition. In our numerical experiments, H = —0dyy and the
bounded domain () is taken to be [0,1] for one dimensional problems. H = —A and the
bounded domain Q is [0,1]? for two dimensional problems.

v v
200 . ,

150 h

100+ |
g
=
50+ ‘
0 Al ‘!}\ i
[
| L
.50 . . . . 0.5 N —~ -~ 05
0 0.2 0.4 06 08 1 -
X y 0o X
(a) 1D basis functions (b) 2D basis function

Figure 1: Profiles of the basis functions ¥ in 1D and 2D.

In 1D case, we uniformly partition our interval into Ny =128 patches, and for each patch,
we further uniformly partition it into N, =8 parts for numerical computation. We use the
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Lagrange multiplier method to solve the optimization problem. Then, with the computed
problem dependent basis functions, we discretize the Hamiltonian operator H onto the
Np—dimensional space spanned by ¥y,---,¥n,, and approximate the smallest Ny eigen-
values of H. In 2D case, we set the coarse mesh H = % and partition our unit square into
256 squares (512 triangle elements). For each element, we further uniformly partition it
into fine triangle element with mesh = ﬁ. The computation method is similar.

In Figure 1, we plot the profiles of the basis functions obtained from our method. One
can see that the basis functions decay exponentially fast, which numerically verify our
proof on the exponential decay of the basis functions ¥;. Therefore, we can localize the
computational domain of the basis functions and reduce the computational cost. Due to
the exponential decay of the basis functions, we can maintain a certain level of accuracy
using the localized basis functions.

Double Well Potential Function
100 T : ;

V(x)

Figure 2: Profile of the double well potential function

5.2 1D Schrédinger equations with double well potential

Another model problem we consider is Schrodinger equations with double well potential
[12,22,28], which can be used to model the proton motion restricted to the line joining the
two bridged atoms separated by a fixed distance. The stationary Schrédinger equation in
this case can be formulated as

(845 (B~ V)u(§) =0, 6)

where E=1hBE, V=1nBV', ¢ =uax, a = (uBh)z, h is the reduced Planck constant, j is
the reduced mass of the H bond A-H---B, and B is an arbitrary frequency. We suppose
also that the potential energy of the proton can be represented as a polynomial in the
proton coordinate x. On the basis of both experimental and theoretical investigations, it
is generally assumed that the potential-energy surface of many hydrogen bonds has two



I A e)(1/4) e)(1/8) e(1/16)  eM(1/32)

1 74193719518 1.3835941155 0.0038910332 0.0000818444 0.0000028630
2 74112857508 1.9049638409 0.0090247237 0.0000823858 0.0000028577
3 21299632024 1.0847454244 0.0228617229 0.0000653230 0.0000255027
4 -1.7356348046 0.0370931918  0.0000594389  0.0000437861
5 15265029050 0.0443342756  0.0000731927  0.0000671185
6  3.7596565522 0.2392715598  0.0006789233 0.0000539193
7 6.8680570735 0.0785633586  0.0021042608  0.0000391890
8  10.2397336594 0.0051750133  0.0000235955
9 13.9262761972 0.0137490946  0.0000071148
10 17.8750209804 0.0359595248  0.0000642540
11 22.0630278538 0.0550625298  0.0001634628
12 26.4710403941 00283996294  0.0003259629
13 31.0847265155 0.0520077439  0.0005803314
14 35.8938813732 0.3381533790  0.0009646512
15 40.8927032420 0.1824533435  0.0015294094

17

Table 1: Relative errors eg) =|

A A0
A0

h
various choices of the coarse mesh size H. Space means no available data.

| for I=1,---15, potential function being V(x), and

minima in the region available for protonic movement [28]. In most cases the minima
are not equivalent since the physical situation is changed when the proton is transferred
from one minimum to the other.

We consider the interval [—4,4] and partition it into Ny =4,8,16,32 patches respec-
tively and further partition them such that the partition number of the fine mesh is
Nj;, =1024. Our potential function is taken to be V(x) = —5.26x2+0.6575x* and its graph
is plotted in Figure 2 .

In the Table 1, we compare the eigenvalues )\,(11)

with the eigenvalues Ag) obtained on coarse-scale approximations using problem-dependent

basis functions with different mesh size H. The chart illustrates that the convergence rate
of relative error is at least of order O(H*), which matches our analysis.

obtained through finite element method

We have also run some tests to compare the errors of the approximated eigenfunc-
tions. In Figure 3, one can find that the eigenfunctions obtained from our method can
capture the reference eigenfunctions accurately. Especially, note that the double well po-
tentials take negative values at some x. This indicates the operator £ is no longer positive
semidefinite. Even in this case, our method can still accurately approximate the first few
eigenfunctions of the Schrodinger equation.

As in the Figure 3, qualitatively, we can see that the graph of approximated eigen-
functions computed through our method overlap with that of the fine-scale finite element
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Eigenvector No. 1 Eigenvector No. 2

0.07 T 0.1
——Finite Element Method —— Finite Element Method
0.06+ — Our Method 1 — Our Method
0.05 0.05r
,).(\0.04 r =
El s 0
0.03
0.02¢ 005+
0.01F
0 -0.1
4 2 0 2 4 4 2 0 2 4
X X
(a) First eigenfunction (b) Second eigenfunction
Eigenvector No. 3 Eigenvector No. 4
0.06 T T T 0.06 T : :

—— Finite Element Method
— Our Method

——Finite Element Method
— Our Method

0.04 0.04}
0.02} 0.02}
0.02 -0.02 |
0.04 0.04
-0.06 ] ‘ : -0.06

-4 2 0 2 4 -4 2 0 2 4

X X
(c) Third eigenfunction (d) Fourth eigenfunction

Figure 3: Selected examples of computed eigenfunctions using our method as compared
to eigenfunctions obtained through finite element method in fine scale.

m_,m
Ww, [=1,2,.... One can see
||uh HLZ(Q)
that the relative errors are very small, which indicates that our method can accurately
compute the eigenfunctions.

To demonstrate the computational savings of the our method over the finite element
method, we show in Figure 4 the computational time of compute first 15 eigenvalues and
eigenfunctions of the Schrodinger equation. Based on our previous result in Table 1, we

1 1
assume that if the coarsening ratio is 64, then the relative error |A%(_l?’(‘)| <1%. We choose
h
N, =211 212 513 214 915 'and Ny =2°,26,27,28,2°, respectively. We record the wall time of
running the eigenvalue algorithm in Matlab. From the Figure 4, one can see that our new
method offers considerable savings over the finite element method. The slope of the blue
line with stars is approximate equal to 2.56, which means the computational complexity

of eigenvalue algorithm is O(N?*°). The complexity of our method is also in the similar

method. In the Table 2, we show the relatively error
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order O(N};) with a = 2.5, but Ny is far less than Nj. Therefore, our method can bring
significant savings over the FEM. The advantage of our method will be more obvious in
two or higher dimensional problems.

We should point out that in this example we choose the coarsening ratio to be 64,
which is used to demonstrate the main idea. In general, this ratio is problem-dependent
and may be different. However, considerable savings over the finite method can al-
ways be achieved if we only compute first few eigenvalues and eigenfunctions of the
Schrodinger equation because our method can efficiently reduce the dimension of the
problem. Here we only compare the wall time of running the eigenvalue algorithm. In
the FEM, one needs extra time to form the large-scale stiffness and mass matrices. In our
method, we need extra time to compute the problem dependent basis functions, which is
not a serious issue as this can be done in parallel.

I el(1/4) e (1/8) e (1/16) e (1/32) e (1/64)

1 06965984460 0.0774389135 0.0060291238 0.0057078965 0.0057077218
2 0.6965984460 0.0774389135 0.0060291238 0.0057078965 0.0057077218
3 0.6965984460 0.0774389135 0.0060291238 0.0057078965 0.0057077218
4 0.3248398972  0.0103391321 0.0073621435 0.0073601873
5 1.4082343730 0.0189615168 0.0084268470 0.0084164228
6 1.4082343730 0.0189615168 0.0084268470 0.0084164228
7 0.2068980702 0.0189615168  0.0084268470 0.0084164228
8 0.0337396932  0.0095348370  0.0094984863
9 0.0711299849  0.0105979475  0.0104960909

I =i ]2

Table 2: Errors el!) (H) =: 2 for [ =1,---9, potential function being V(x) and

[0
112
various coarse mesh sizes H. Space means no available data.

5.3 2D Schrédinger equations with double well potential

In 2D problems, we consider the double well potential again, which can be used to mimic
the nuclear attraction potential generated by two separate nuclei. Our computational
domain is unit square Q)= [0,1]2. We partition () into 2N12{ =8,32,128,512 right triangular
elements respectively and further partition them such that the length of the fine-scale
triangular elements remains to be 1/128. In this setting, the fine-scale finite element
space contains 32768 triangular elements. The potential function is taken to be V(x) =
—e(~100((x=5)+(y=3)%) — p(~100((x=3)+(y=3)))) and its profile is plotted in the Figure 5.

In the Table 3, we compare the eigenvalues )Lg) obtained through our method on
coarse scale with mesh size H and A;ll) obtained through finite element method on fine
mesh. The chart illustrates that the convergence rate of relative error is at least of order

O(H*), which matches our analysis.
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—¥— Finite Element Method
—6— Our Method

10° 10* 10°

Figure 4: Computational time comparison. The slope of the blue line with stars is ap-
proximately equal to 2.56.

I Al (1) (1) (1) (L)
1 19.6091772610 0.0219784613 9.8340489578 0.0000692656 0.0000177255
2 49.1412025030 1.9911925433 0.0004530679 0.0000540041
3 49.3430613108 1.7657226037 0.0003209520 0.0000490705
4 78.8921013458 0.2945283689 0.0010193662 0.0000952112
5  98.6998638157 0.0301345748 0.0015716893 0.0001298963
6  98.7015416394 0.1830111746 0.0015720886 0.0001298952
7 128.3476681238 0.6136893299  0.0022049449 0.0001681032
8 128.4018950402 0.6152620757 0.0034741934 0.0002184742
9 167.7715860381 0.8830349576  0.0047696354 0.0002968372
10 167.9116924534 0.0047105112  0.0002936821
11 177.8715926909 0.0059546459 0.0003294618
12 197.5146060216 0.0072691230 0.0003944581
13 197.6078861306 0.0073017043 0.0003936524
14 247.0403560121 0.0099947299  0.0004769060
15 247.2626621136 0.0157984022 0.0007181437
. . AD A0 . .
Table 3: Relative errors of eigenvalues ell) (H)=: % for I=1,---15, potential function

h
being V(x) and various choices of the coarse mesh size H. Space means no available

data.

We have also run some tests on approximated eigenfunctions. In Figure 6, we see that
our method can approximate the first few eigenfunctions of the Schréodinger equation
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2D Double Well Potential Function

Figure 5: Profile of the 2D double well potential function

accurately. Especially, note that the double well potentials take negative values at some
x. This indicates the operator L is no longer positive semidefinite. Even in this case, our
method can still approximate the first few eigenfunctions of the Schrodinger equation
accurately.

As shown in the figure 6, qualitatively, we can see that the graph of approximated
eigenfunctions computed through our method overlap with that of the fine-scale finite
element method. Here, the domain is taken to be [0,1]? and we partition the unit square
into 2m? = 512 right triangular patches respectively and further partition them into 16

0_,0
Uy —U
parts. Quantitatively, the relatively errors W, 1=1,2,..., are kept at a very low
Wy 120
level, indicating the accuracy of our method in capturing the first few eigenfunctions,

where ug) stand for eigenfunctions computed through our method and ulsl) stand for

eigenfunctions computed through finite element method.

e(M @ e?)
0.000253557665 0.000964396658  0.000154570260

0 _,m

Uy —U

Table 4: Relative errors of eigenfunctions e(!) ::W for [=1,4,7 potential function
Uy 2 )

being V (x), the coarse mesh size H is 1/16, and the fine mesh size h=1/128.
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54 A simple study of choosing coarse mesh size H

We shall investigate how the course mesh size H is scaled with the fine mesh size h in

order to keep the error rate at a similar level. We consider the one dimensional free

electron model as discussed in Section 5.1. Since true eigenvalues /\(TII)QUE of this model

M _40

: : A _a

problem can be computed analytically, we compare the relative errors of \eg) |=] w |
TRUE

M _
A
and ]el(j)‘ = | RUE |, where )\g_ll)
AT

are computed using finite element basis function with mesh size indicated in the bracket.

(1)

are computed using our new basis functions and /\h

In table 5, we compared the differences between two types of relative errors obtained
through our method and finite element method respectively. For each pair of relative er-
rors, we fix the mesh size to be H=h!/2 and consider the errors incurred when computing
the first few eigenvalues. We can see from the table that relatively errors are at the same
level. This provides us with an empirical guidance on how to choosing coarse mesh size
H. More theoretical and numerical investigations of our method will be considered in

our subsequent research.

Table 5: Relative errors of ]eg)\ =

TRUE

1
Mrue

L] le(/16) e’ (1/163)] [ (el (1/32)] e (1/32%)] | lef (1/64) |e)) (1/64)]
1 0.0000125478 0.0000125499 | 0.0000007843 0.0000007844 | 0.0000000490 0.0000000490
2 | 0.0000500623 0.0000502004 | 0.0000031355 0.0000031375 | 0.0000001961  0.0000001961
3| 0.0001112512 0.0001129538 | 0.0000070365 0.0000070593 | 0.0000004409 ~0.0000004412
4| 0.0001900937 0.0002008137 | 0.0000124177 ~0.0000125499 | 0.0000007824 0.0000007844
5 | 0.0002667773 0.0003137856 | 0.0000190841 0.0000196093 | 0.0000012181 ~ 0.0000012256
6 | 0.0002873505 0.0004518762 | 0.0000265911 0.0000282375 | 0.0000017422 0.0000017648
7 | 0.0001217994  0.0006150938 | 0.0000340436 0.0000384345 | 0.0000023443 0.0000024021
L] eDa/128)) el (1/1282)] | el (1/256)] el (1/2562)]
1 [ 0.0000000031  0.0000000030 | 0.0000000002 0.0000000006
2 | 0.0000000123 0.0000000122 | 0.0000000008 ~0.0000000008
3 | 0.0000000276 0.0000000276 | 0.0000000017 0.0000000017
4| 0.0000000490 0.0000000490 | 0.0000000031 0.0000000031
5 | 0.0000000765 0.0000000766 | 0.0000000048 0.0000000048
6 | 0.0000001100 0.0000001103 | 0.0000000069 0.0000000069
7 | 0.0000001493 0.0000001501 | 0.0000000094 0.0000000094

Ay ?I;\'(FZI)QUE | and ‘e}(ll)‘ _ ‘)‘;(11>—/\(T’r)<u5

|, 1=1,---7 for the free

electron model with various choices of the coarse mesh size H and fine mesh size h. Space
means no available data.
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6 Conclusions

In this paper, we propose a model reduction method to construct problem dependent
basis functions and compute eigenvalues and eigenfunctions of stationary Schrodinger
equations. The basis function are obtained through solving an optimization problem.
Under mild conditions, we prove that the generalized finite element space spanned by
our basis functions can accurately compute the first few eigenvalues and eigenfunctions
of the stationary Schrodinger equations. In addition, our new method can significantly
reduce the computational cost in eigenvalue decomposition problems compared with the
standard finite element method on fine mesh. We demonstrate through numerical exper-
iments to show that our method works well for Schrodinger equations with double well
potentials, in which case the differential operators are no longer positive semidefinite.

There are several directions we want to explore in our future work. Firstly, we would
like to construct problem dependent basis functions to compute eigenvalues and eigen-
functions of Schrodinger equations with unbounded potential, such as Coulomb poten-
tial. Then, we would like to employ our new basis functions to compute time-evolutionary
Schrodinger equations. In addition, we shall construct problem dependent basis func-
tions using optimization approach to solve problems arising from uncertainty quantifi-
cation, such as multiscale elliptic PDEs with random coefficients.
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A Exponential decay of the basis function Y

In this appendix, we provide a detailed derivation of the Theorem 4.2. For the ease of
reading, we state the theorem again as follows,

Theorem A.1. Under the resolution condition H+/Vp< ﬁ, there exist some constant C>0
H 0
and 0 < B <1 independent of H, such that

[ V¥illaya, <CB'[IV¥illa (A.1)
foranyi=1,2,..,Ng.

Proof. To facilitate the proof, we make use of a few properties of the Clément-type inter-
polation operator Zy. For more detailed arguments, we refer the interested readers to
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Section 6 of [7]. Note that there exists a constant Cz,, such that, for allv €V and x; eN,
H™Ho—Zyol|12(0) + |V (0= Z10) | 12(00) < Czs VOl 12(0y)- (A2)

The constant Cz,, depends on the shape regularity parameter o but does not depend on
the local mesh size H.

Notice that Zy |y, is a local operator, by which we mean it gives rise to a sparse matrix,
but its inverse (Zy|y, ) ! is not. Nevertheless, there exists some bounded right inverse
Iﬁl’loc : Vg — V of Ty that is local. That is, there exists a constant C;. depending only on
7, such that for all vy € Vy,

IH(II_—ILIOCUH) — UH/
IVZ; " vhlla < CL |IVonlla, (A3)
Supp(I;IUOCvH) C W{T.|T.€Ty: T.NSupp(vy) #D}.

The third condition simply means that Supp(Z;""*v) is included Supp(vg) union an-
other layer of coarse elements. More detailed results can be found in [21,26].

Now we are in the position to prove the decay property of the basis function ¥;. The
main idea of the proof is based on some iterative Caccioppoli-type argument that has
been used in [16,21,26]. We define a projection operator P: W — V; such that a(Po,w) =
a(v,w) for any ve€W and we V. More superficially, Pv=Y 1.7, Pr(v|r) and Pr(v|r) solves
the equation a(Pr(v|r),w) =ar(v,w) for all w € Vs, where ar(-,-) means the restriction of
the weak form a(-,-) on the element T.

Now for any x; € N, we define P;:=Y rcq,, Pr(®Pi|r) where Qo =Supp(®;). And
we shall prove the P; has exponential decay property. To simplify notation, we omit

the dependence on i and use () to denote );5. We choose an integer | with [ >7 and
= dist(x,Qlcif)tEfé(i)sltE;,)Q\Ql,3) , x€Q). Itis easy to check that the
cutoff function 7(x) has the following properties: (1) 7=01in ()4, (2) =11in Q\(Y;_3,
(3) 0<# <1, and 7 is Lipschitz continuous with |[|V7]||;~q) < H™'7, where  depends
on shape regularity parameter 7 of the finite element triangles 7. Then we have the
estimate

VP, ,=(VP,VP)aq, ,
<(VP,nVP)a=(VP,V(nP))a—(VPE,(Vn)P)a
<|(VP, N (P =" (Zu(nP))))al+ (VP V(I (Zu(nP))))al
+[(VP,(V1)P)al (A.4)

define a cutoff function as 77 (x)

To simplify notations, we define

M;:=|(VP,V (1Pi— I " (Zu(nP))))al,
My:=|(VP, V(5" (Zu(nP))))al,
M3 = ‘(VPZ,(VTI)PZ)Q’
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From the definition of Zy in (4.4), we know that Zy (7P —Z;; " (Zr(y1P;)) ) =0. This im-
plies that y P,—Z 5" (I (nP;)) € Vr with support in Q\();_¢. Thus, nPi—Z; " (T (D))

vanishes on () as long as I >6 and we have (v, P, —Z5; " (Zr (1P;)))q, =0 for any v in
W. Then, we have

My =|(VP,V (1P~ T (Tu(nP))))al
= (VP Pi=T " (Zu(P))al
<Vol(PPi= T (Zu(nP)))al.
Note that 7P, —Z;""°(Zy(yP,)) is supported in O\Q;_g, so when [ > 6, it vanishes on

9. Using the properties of (A.2)(A.3), arguments used in Lemma 4.2, and the resolution
condition , we have

My < Vol (P Pi— Ty (Zu (7 P)) ol
< C1,CaH Vo[ VPil[En g, ,+C3,,CL, Ca H Vol VP&,
<3 VP&, +3(1+Cr,, C)IVP B0, - (A.5)

Similar techniques and the Lipschitz bound lead to upper bounds of M, and M3,

My <C7, Cr, [IV(1P) o, \au oIV Pillo, 1\

<Cz,Cz, <CIH VCall[HV 7 || 1= (q) +1> IVEiEa,, (A.6)
and
M3 < Cr,,v/CalHV ||~ IVPiS, 10, o (A7)

The combination of estimates (A.5)-(A.7) yields
3IVPIGa, SCIIVEGq,

where C; := %—i— %CIH C’IH + (C’IH Cz,+1)Cz,/Coy depends only on the shape regularity

7 of the finite element triangles 7. Since vai|‘%21\01—7 = HVPiH?)\QH - ||VP1-H?)\QI, we

have the contraction c

1 2
eI VPlo.

Finally, some algebraic calculations yield the exponential decay of the P;’s,

)

c 7
IVPi[E 0, < (Chil) IV B[, (A.8)
2

IVP &0, <

After proving that P;’s decay exponentially, we shall show that ¥;’s have the some prop-
erty. Notice that by definition, P;—®; € V; and moreover, they span the space V.. Thus
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each ¥; can be written as a linear combination of P;,—®;’s, namely, ¥;= Za](i) (Pj — <1>j), for
j
some coefficients a]@. And from the condition that (¥;, @) =0; x, we have that (Za](.l) (P] —
j

®;),®i) =dix. Thus §a§i) (®;,Px) = —0;. Let M be an Ny x Ny mass matrix with entry

(®;,Py) and write al) = (a%l),- . ,a%)H)T. Then Ma')) = —e;, where ¢; is a column vector with
i-th entry equals to one and other entries equal 0, and thus a() = —Me;.

If we number the finite element basis functions ®; in a proper way, so that the mass
M is a banded matrix with bandwidth at most p. Then we know that the entries of M~!
has the decay property

(M) <202 M7, (A9)
where p = (y/condy(M)—1)/(y/condz(M)+1). See Theorem 4.8 in [3] for more details.

Thus, a](i) decays exponentially away from agl). Now as each P;—®; decays exponentially,
their exponentially-decay linear combination also decays exponentially. Recall that ¥; =

, 7
Za]@(Pj—QDj), now take B =max{p*?, <Ccll> }, then we get the exponential decay
j 1132
property for ¥;, namely,

IV¥illB0, < CB I VEill-

O]

We remark that when ®;’s are taken to be piecewise constant basis functions as pro-

posed in [16], their correspond mass matrix M reduces to a diagonal matrix and thus
(i) '

a; =Jjj. In this case, ¥; :al@ (P;—®;) and its exponential decay property follows trivially

from the decay property of P;.
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Eigenfunction No. 1, Our Method Eigenfunction No. 1, Finite Element Method
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Figure 6: Selected examples of computed eigenfunctions as compared to eigenfunctions
obtained through finite element method in fine scale.



