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Chapter 1
Introduction

This thesis concerns the algorithms and mathematics that underlie the computer-aided simulation of
complex processes in engineering and the sciences. Such processes are characterized by a large range
of non-separable scales and we will refer to them as multiscale problems. Among the target appli-
cations are the mechanical analysis of multiphase materials such as composite and multifunctional
materials, transport processes in porous media, high-frequency acoustic scattering as well as the sim-
ulation of Bose-Einstein condensates. Although mathematical physics provides sound models of par-
tial differential equations that implicitly describe these processes, the complex interplay of effects
between the scales is intractable for an analytical solution such that their understanding and control
relies on numerical simulation. In many interesting applications, computers are not able to resolve all
details on all relevant scales. The observation and prediction of physical phenomena from multiscale
models, hence, requires insightful numerical techniques that efficiently represent unresolved scales in
a numerical simulation, i.e., computational multiscale methods.

The design and analysis of these methods requires novel mathematical tools. In the past decades,
the numerical analysis of partial differential equations (PDEs) was merely focused on the numeri-
cal approximation of sufficiently smooth solutions in the asymptotic regime of convergence. In the
context of multiscale problems (and beyond), such results have only limited impact because the nu-
merical approximation will hardly ever reach the asymptotic idealized regime under realistic condi-
tions. Although a method performs well for sufficiently fine meshes it may fail completely on coarser
(and feasible) scales of discretization. This can be seen for instance in the numerical homogenization
of elliptic boundary value problems with highly varying non-smooth diffusion coefficient or high-
frequency time-harmonic acoustic wave propagation, where the corresponding PDEs exhibits rough
and highly oscillatory solutions.

The difficulties for the numerical approximation of such oscillatory problems by finite element
methods (FEMs) or related schemes are two-fold. The pure approximation (e.g. interpolation) of the
unknown solutions by finite elements already requires high spatial resolution to capture fast oscil-
lations and heterogeneities on microscopic scales. When the function is described only implicitly
as the solution of some partial differential equation, its approximation faces further scale-dependent
pre-asymptotic effects caused by the under-resolution of relevant microscopic data. Examples are the
poor L? approximation in homogenization problems (see Fig. 1.1) and the pollution effect [10] for
Helmholtz problems with large wave numbers (see Fig. 1.2). We shall emphasize that, in the lat-
ter case, the existence and uniqueness of numerical approximations may not even be guaranteed in
pre-asymptotic regimes.

Such situations require the stabilization of standard methods so that eventually a meaningful ap-
proximation on reasonably coarse scales of discretization becomes feasible. This introductory part
of this thesis presents a general multiscale framework for the stabilization of FEMs for multiscale
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Fig. 1.1 Failure of FEM in homogenization problems: Consider the periodic problem —%Ag (x)%us (x) =11in

the unit interval with homogeneous Dirichlet boundary condition, where Ag(x) := (2 4 cos(27x/€))~! for some

small parameter € > 0. The solution ue = 4(x — x?) — 4¢ (# sin(27%) — s-xsin(272) — 1z cos(2my) + ﬁ) is

depicted in blue for € = 27>. The P1-FE approximation (o) on a uniform mesh of width & interpolates the curve
x — 2+/3(x — x?) whenever £ is some multiple of the characteristic length scale £ and, hence, fails to approximate
ug in any reasonable norm in the regime 7 > €.

problems with the aim to significantly reduce or even eliminate pre-asymptotic effects due to under-
resolution. Our starting point will be the Variational Multiscale Method (VMS) originally introduced
in [38, 39]. The method provides an abstract framework how to incorporate missing fine-scale ef-
fects into numerical problems governing coarse-scale behavior [40]. One may interpret the VMS as
a Petrov-Galerkin method using standard FE trial spaces and an operator-dependent test space that
needs to be precomputed in general.

The construction of this operator-dependent test space is based on some stable projection onto the
standard finite element (FE) trial space and a corresponding scale decomposition of a function into
its FE part given by the projection (the macroscopic/coarse-scale part) and a remainder that lies in the
kernel of the projection operator (the microscopic/fine-scale part). The test functions are computed via
a problem-dependent projection of the trial space into the space of fine-scale functions. This requires
the solution of variational problems in the kernel of the projection — the fine-scale corrector problems.
It has been observed empirically in certain applications that the Green’s function associated with these
fine-scale corrector problems — the so-called fine-scale Green’s function [39] — may exhibit favorable
exponential decay properties [44, 39] even though the decay of the classical full scale Green’s function
is only algebraic. It is this exponential decay property that allows one to turn the VMS into a feasible
numerical method [44, 42].

The exponential decay was rigorously proved for the first time in [Al] in the context of multi-
dimensional numerical homogenization. A key ingredient of the proof of [A1] is the use of a (local)
quasi-interpolation operator for the scale decomposition. Although the method of [A1] still fits into
the general framework of the VMS, it uses a different point of view on the method based on the or-
thogonalisation of coarse and fine scales with respect to the inner product associated with a symmet-
ric and coercive model problem. This is why the method of [A1] is now referred to as the Localized
Orthogonal Decomposition (LOD) method. Subsequent work showed that the ideas of [Al] can be
generalized to other discretization techniques such as discontinuous Galerkin [22, 23, 26], Petrov-
Galerkin formulations [21], mixed methods [34] and mesh-free methods [37]. Moreover, the method
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Fig. 1.2 Numerical dispersion in Helmholtz problems: Consider —%ue (x) — K%u(x) = 0 in the unit interval with
u(0) =1 and £u(1) = —iku(1) for some large parameter k > 0. The solution u, = exp(—ikx) is depicted in blue for

k = 27. The P1-FE approximation (o) on a uniform mesh of width h =277 > 6- (wave length) fails to approximate
uy due to the accumulation of phase errors.

can also be reinterpreted in terms of the multiscale finite element method with special oversampling
[A2]. The class of problems that have been analyzed by now includes semi-linear problems [A3],
high-contrast problems [57, 9], rough boundary conditions [35], problems on complicated geome-
tries [27], linear and non-linear eigenvalue problems [C1, C2, 49], parabolic problems [48], wave
propagation [3, B1, B2] and parametric problems [4].

Chapter 2 of this thesis aims to reinterpret all those results, in particular [A1]-[B2], in the ab-
stract stabilization framework of the original VMS (see Section 2.1.1) and aims to illustrate how the
exponential decay of the fine-scale Green’s function can be quantified (see Section 2.2). Chapter 3
then shows how these abstract results lead to super-localized numerical homogenization [Al, A2]
(see Section 3.1) and pollution-free time-harmonic acoustic scattering (see Section 3.2) [B1, B2].
Chapter 4 closes the introductory part of this thesis with a brief description of further applications
including (non-linear) eigenvalue problems as they are treated in [C1, C2] as well as the challenge of
high contrast (e.g. in underlying material coefficients) which is the topic of [D1, D2, D3].






Chapter 2
An abstract multiscale method

This chapter is concerned with an abstract variational problem in a complex Hilbert space V as it
appears for the weak formulation of second order PDEs. In this context, V is typically some closed
subspace of the Sobolev space H' (2;C™) for some bounded Lipschitz domain Q C R?. Let a denote
a bounded sesquilinear form on V x V and let F € V' denote a bounded linear functional on V. We
wish to find u € V satistying the linear variational problem

YweV: a(u,v)=Fv). (2.1)
We assume that the sesquilinear form a satisfies the inf-sup condition

o:= inf sup M: inf  sup M>0. (2.2)
0AveV ozwey [VlIvIwlly — owev ey [VIlvwllv

Under this condition, the abstract problem (2.1) is well-posed, i.e., for all F € V’ there exists a unique
solution # € V and the a priori bound

lully < e HIF v

holds true; see, e.g., [5].

2.1 Finite element projections

We wish to approximate the unknown solution u of (2.1) by some computable function. The stan-
dard procedure for approximation is the Galerkin method which simply chooses a finite-dimensional
subspace Vi C V (that contains simple functions such as piecewise polynomials) and restricts the vari-
ational problem (2.1) to this subspace. Usually, Vy belongs to some family of spaces parametrized
by some abstract discretization parameter H, for instance the mesh size. This parameter (or set of
parameters) provides some control on the approximation properties of Vi as H — 0 at the price of
an increasing computational cost in the sense of dim Vg — oo. The Galerkin method seeks a function
Gpu € Vg satisfying

Vi € Vi a(Gyu,ve) =F (vi) (=a(u,vy)). (2.3)

Recall that the well-posedness of the original problem (2.1) does not imply the well-posedness of
the discrete variational problem (2.3) but needs to be checked for the particular application via dis-
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crete versions of the inf-sup condition (2.2). In many cases, such conditions are only satisfied for H
sufficiently small. This means that there is some threshold complexity for computing any Galerkin
approximation and this threshold can be out of reach. Even if a Galerkin solution Gyu exists and is
computable, it might not provide the desired accuracy or does not reflect the relevant characteristic
features of the solution, as we have seen in the introduction.

Therefore, we are interested in computing projections onto the discrete space Vg other than the
Galerkin projection. Let Iz : V — Vg denote such a linear surjective projection operator and let us
assume that it is bounded in the sense of the space .Z (V) of linear operators from V to V with finite
operator norm

I
il = sup ol < o

ozvev [IVIlv
Implicitly, we also assume that this operator norm does not depend on the discretization parameter H
in a critical way. Possible choices of Iy include the orthogonal projection onto Vg with respect to the
inner product of V or any Hilbert spaces L D V containing V' and mainly (local) quasi-interpolation
operators of Clément or Scott-Zhang type as they are well-established in the finite element community
in the context of a posteriori error estimation [15, 59, 11, 17].

2.1.1 Petrov-Galerkin characterization of finite element projections

The Galerkin projection Gp is designed in such a way that its computation requires only the known
data F associated with the unknown solution u of the abstract variation problem (2.1). This section
mimics this property for a general projection Iy € .Z (V) by characterizing it as a Petrov-Galerkin
discretization using Vp as the trial space and a non-standard test space Wy C V that depends on the
problem and the projection. The definition of Wy rests on the trivial observation that, for any v € V,

a(lgu,v) = F(v) —a(u—Igu,v). (2.4)
The choice of a test function v in the subspace
Wy :={weV |VzeKerly: a(z,w) =0} (2.5)

annihilates the second term on the right-hand side of (2.4) and, hence,

a(lgu,wy) = F(wy)

holds for all wyg € Wg. This shows that Iy u is a solution of the Petrov-Galerkin method: Find ug € Vg
such that
VYwy € Wy - a(uH,wH) = F(WH). (2.6)

This characterization of Iy is known from the variational multiscale method as it is presented in [40]
and it is the basis of the results in Appendices A and B of this thesis, especially [Al].

The question whether or not (2.6) has a unique solution can not be answered under the general
assumptions made so far. We need to assume the missing uniqueness to be able to proceed and one
way of doing this is to assume that the dimensions of trial and test space are equal,

dimWy = dimVy. 2.7
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In the present setting with a bounded operator Iy, this condition is equivalent to the well-posedness
of the discrete variational problem (2.6), i.e., it admits a unique solution uy = Iyu € Vg and

|l 2v)

Flly.
LYy

lunllv < a2 w)llully <
The a priori estimate in turn implies a lower bound of the discrete inf-sup constant of the Petrov-
Galerkin method by the quotient of the continuous inf-sup constant & and the continuity constant of

Iy,

a
inf sup a(ve, wn) > < inf sup alvi, wi)

02V 0 pwyewy [VEIIVIWEIYV — Tl 2v) ~ 0#wneWn oz, evy, Ivallvliwally

The test space Wy is the ideal test space for our purposes in the following sense. Assuming that we
have access to it, the method (2.6) would enable us to compute /yu without the explicit knowledge of
u. Although this will rarely be the case, we will see later that Wy can be approximated very efficiently
in relevant cases. The discrete inf-sup conditions then indicate that the sufficiently accurate approxi-
mation of Wx will not harm the method, its stability properties or its subsequent error minimization
properties.

The continuity of the projection operator Iy readily implies the quasi-optimality of the Petrov-
Galerkin method (2.6),

lu—ugllv = |(1 = Im)ullv < In] 2v) [ —=vallv. (2.8)

min

v EVH
Here, we have used that ||l || vy = [|[1 — Iu || #(v); see e.g. [60]. More importantly, the same argu-
ments show that the Petrov-Galerkin method is quasi-optimal with respect to any other Hilbert space
L DV with norm || - ||, whenever Iy € £ (L),

— < || min ||u— .
| “HHL_HHHD%(L)VHE‘/HH” vi ||z

This quasi-optimality makes the ansatz very appealing and justifies its further investigation. Hence,
in the remaining part of the chapter, it is our aim to turn the method into a feasible numerical scheme
while preserving these properties to a large extent. Although the discrete stability of the method
depends on the stability properties of the original problem and, hence, on parameters such as the
frequency in scattering problems, the quasi-optimality depends only on /5 and not necessarily on the
problem.

2.1.2 Characterization of the ideal test space

A practical realization of the Petrov-Galerkin method (2.6) requires a choice of bases in the discrete
trial Vi and test space Wy . As usual, these choices have big impact on the computational complexity.
The underlying principle of finite elements is the locality of the bases which yields sparse linear
systems and offers the possibility of linear computational complexity with respect to the number of
degrees of freedom Ny = dim V. Let

(Ailj=1.2,....Ny}
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be such a local basis of V.

We shall derive a basis of the test space Wy defined in (2.5) by mapping the trial basis onto a test
basis via some bijective operator .7, a so-called trial-to-test operator. Due to Assumption (2.7) such
an operator exists, but there are many choices and we have to make a design decision. Our choice is
that

Iyo T =id (2.9)

which is consistent with almost all existing practical realizations of the method but one might as well
consider distance minimization

1= Z)vylly = mi v,
¢ wllv ngelglvH|!VH wa v

The condition (2.9) fixes the (macroscopic) finite element part Iy 7 vy = vy of J vy while the
fine scale remainder (1 — Iy).7 vy is determined by the variational condition in the definition of Wy.
Given vy € Vg, (1 —1Iy) T vy € Kerly satisfies

VzeKerly :a(z,(1—1g)Tvy) = —a(z,vy). (2.10)

This variational problem is referred to as the fine scale corrector problem for vy € V. Note that vy can
be replaced with any v € V so that (1 — )7 can be understood as an operator from V into Ker /.
We usually denote this operator the fine scale correction operator and write ¢ := (1 — Iy).Z . This
operator is the Galerkin projection from Vg (or V) into Ker Iy related to the adjoint of the sesquilinear
form a. It depends on the underlying variational problem and equips test functions with problem
related features that are not present in Vj. In the context of elliptic PDEs, % is called the fine-scale
Green’s operator [38, 40].

For this construction to work we need to assume the well-posedness of the corrector problem (2.10),
i.e., there is some constant 8 > 0 such that

it osup UM S e g AW 2.11)
0AveKerly 0 4wekerty VIV W]V 0AweKerly 0£yeKerty VIV W]V

As for the Galerkin projection Gy onto Vg, these inf-sup conditions do not follow from their con-
tinuous counterparts (2.2) (unless a is coercive) and they might hold for sufficiently small H only.
However, we were able to show in the context of the Helmholtz model problem of Section 3.2 that
(2.11) holds in a much larger regime of the discretization parameter H than the corresponding con-
ditions for the standard FEM do. In any case, condition (2.11) implies that the trial-to-test operator
7 =1+ % is a bounded linear projection operator from V to Wy with operator norm

Ca
|7 2wvy= 1= Tllzw)=Clzw) < B

where C, denotes the continuity constant of the sesquilinear form a. Moreover, 7 |y, : Vg — Wy is
invertible with (7 |y, )~! = Iy and

{ZA;|j=1,2,...,Nu}

defines a basis of Wy with
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1

T4l < 1T Allv < FlIAllv, 1<) <Na.
1| v

In general, it cannot be expected (apart from one-dimensional exceptions where Ker/y is a broken
Sobolev space [40]) that the .7 A; have local support. On the contrary, their support will usually be
global. However, we will show in the next chapter that they decay very fast in relevant applications;
for illustrations see Figures 3.1 and 3.6.

An important special case of the model problem (2.1) is the hermitian case. Note that hermiticity
is preserved by the Petrov-Galerkin method in the following sense. For any uy, vy € Vg, it holds that

a(uH, gVH) = a(yuH, ,7\)[1) = a(va,ﬂuH) = a(vH, gu[-])

However, this hermiticity is typically lost once .7 is replaced with some approximation .7;. In order
to avoid a lack of hermiticity, the papers [A1]-[C2] use a variant of the method with Wy as the test and
trial space. If hermiticity is important, one should follow this line. In this thesis, we trade hermiticity
for a cheaper method that avoids any costly communication between the fine-scale correctors that is
necessary in the hermitian version.

If the problem is non-hermitian, one might still consider a modified trial space based on the adjoint
of 7 to improve approximation properties; see [43, 45, B1] for details. In a setting with a modified
trial space, further generalizations are possible. Since Vg does not appear any more in the method,
its conformity can be relaxed as it was recently proposed in [53] in the context of a multilevel solver
for Poisson-type problems with L™ coefficients. This approach enables one to compute very general
quantities of the solution such as piecewise mean values or higher moments related to elements or
edges and can be linked to discontinuous Galerkin or Crouzeix-Raviart type approximations instead
of conforming finite elements.

2.2 Exponential decay of fine-scale correctors

In many cases, the fine-scale correctors (i.e. the solutions of the fine-scale corrector problems (2.10))
have decay properties better than those of the Green’s function associated with the underlying full-
scale partial differential operator. To elaborate on this, we shall now assume that the space V is a
closed subspace of H! () with a local norm (the notation || - ||y, means that the V-norm is restricted
to some subdomain @ C £2). Moreover, the sesquilinear form a is assumed to be local. This is the
natural setting for scalar second order PDEs. The subsequent arguments can be easily generalized to
vector-valued problems.

To be more precise regarding the locality of the basis mentioned above, we shall associate the
basis functions of Vg with a set of geometric entities .4y called nodes (e.g. the vertices of a tri-
angulation) and assume that these nodes are well distributed in the domain €2 in the sense of local
quasi-uniformity. In this context, H refers to the maximal distance between nearest neighbors (the
mesh size). Given some node z € 4 and the corresponding basis function A, € Vg, set the corrector
¢, = € A, and recall from (2.10) that

a(w, ¢;) = —a(w, 1)

for all w € Kerly.
We aim to show that there are constants ¢ > 0 and C > 0 independent of H and R such that
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H%)LZHV,Q\BR(Z) = l¢: V.Q\Bg(z) = Cexp (_Cg) 1€ 2||v, (2.12)
where Bg(z) denotes the ball of radius R > 0 centered at z. The proof of (2.12) is perhaps the most
important contribution of this thesis and was first given in [A1].

We shall demonstrate how this result can be established and what kind of assumptions have to be
made. Let R > 2H and r := R— H > H and let 1 € W(;]0,1]) be some cut-off function with
1N =0in Q\Bg(z), n = 1 in B,(z), and

VN ||y < CpH ™! (2.13)

for some generic constant Cyy. In general, the fine-scale space Ker I is not closed under multiplication
by a cut-off function and we will need to project the truncated function 1@, back into Ker/y by the
operator 1 — I;. We assume that the concatenation of multiplication by 1 and (1 — Iy) is stable and
quasi-local in the sense that

Yw e Kerly : [|(1 =) (MW)llv,sr2)\8,(2) < CrtulWlv,p )\B,,, (2.14)

holds with #' := r —mH and R" := R+ mH and generic constants Cy, ,, > 0 and m € N independent
of H and z. Although the multiplication by 1 is not a stable operation in the full space V (think of
a constant function), this result is possible in the space of fine scales for example if Iy enjoys quasi-
local stability and approximation properties; see Section 3.1 below for an example. The quasi-locality
of Iy is also used in the next argument.

Assuming that the inf-sup condition (2.11) holds, the corrector ¢, satisfies

19:llv.0\8r(z) = (1 = 1) Ozlv.2\Bx (2)
< =Ig) (1 =m)¢)llv
< B~ la(w,(1—1In)((1—n)¢:))
=B~ (a(w, ¢;) —a(w,(1—1u)(n9:)))

for some w € Kerly with ||w||y = 1. Since supp ((1 —Ig)((1—n)¢,)) C Q \ B,(z) there is a good
chance to actually find a function w with

suppw C supp ((1 —1m)((1 —=n)¢,)) C 2\ B,(2).

Of course, this is an assumption that needs to be verified in the particular application. Under this
condition, the term a(w, ¢;) = a(w, A;) vanishes because the supports of w and A, have no overlap.
This and (2.14) imply

10:1lv,0\Be(z) < B~ CaCrg 1 9:llv,5 (2)\5,(2)

_ /2
=B CaCon (19:13, 008, 0~ 10:0 @30 -

where C, denotes the continuity constant of the sesquilinear form a. Hence, the contraction

/

C
2 2
H (PZHVvQ\BR/ (2) = m H (PZHV,.Q\BR’*(ZmﬁLl)H(Z)
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holds with C" := (B7'C,Cy 1,,)*. The iterative application of this estimate with R+ R’ — (2m+1)H

;g 1
plus relabeling R’ — R leads to the conjectured decay result (2.12) with constants C := ( lfc,) 2(2m+1)

/ 1
and ¢ := ‘log(%)’ % > 0.

The exponential decay of the ideal correctors motivates and justifies the localization of the fine-
scale corrector problems to local subdomains of diameter /H where ¢ € N is a new discretization
parameter, the so-called oversampling parameter. It controls the perturbation with respect to the ideal
global correctors. We will explain this localization procedure on the basis of an example in Section 3.1
below. As a rule of thumb, the localization to subdomains of diameter /H will introduce an error of
order &'(exp(—/)). As long as this error is small when compared with the inf-sup constant ¢ || 7y ||¢_$1(V)

of the ideal method, the stability and approximation properties of the method will be largely preserved.






Chapter 3
Applications

This chapter illustrates how the abstract theory of Chapter 2 can be applied to interesting model prob-
lems such as diffusion in heterogeneous materials and time-harmonic high-frequency scattering where
standard methods suffer from severe scale-dependent pre-asymptotic effects illustrated in Chapter 1.

3.1 Numerical homogenization beyond scale separation

The first prototypical model problem concerns the diffusion problem
—divAVu = f

in some bounded domain 2 C R? with homogeneous Dirichlet boundary condition. The difficulty
is the strongly heterogeneous and highly varying (non-periodic) diffusion coefficient A. The hetero-
geneities and oscillations of the coefficient may appear on several non-separable scales. We assume
that the diffusion matrix A € L™ (Q ) RdXd) is symmetric and uniformly elliptic with

sym
A .
0 < o =essinf inf m
X€Q veRI\{0} V'V

Given f € V' := H }(Q), we wish to find the unique weak solution u € V := H}(£) such that

a(u,v) ::/Q(AVM)-V\/:/va =:F(v) forallveV. 3.1

It is well known that classical polynomial based FEMs can perform arbitrarily badly for such prob-
lems, see e.g. [8]. This is due to the fact that finite elements tend to average unresolved scales of the
coefficient and the theory of homogenization shows that this way of averaging does not lead to mean-
ingful macroscopic approximations. This was illustrated in the introduction. In the simple periodic
example of Fig. 1.1, the averaging of the inverse of the diffusion coefficient A (harmonic averaging)
would have led to the correct macroscopic representation.

In computational homogenization, the impact of unresolved micro-structures encoded in the rough
coefficient A on the overall process is taken into account by the solution of local microscopic cell
problems. While many approaches are empirically successful and robust for certain multiscale prob-
lems [24, 2], the question whether there are stable and accurate methods beyond the strong strong
structural assumptions of analytical homogenization regarding scale separation or even periodicity

13
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remained open for a long time. Only recently, the existence of an optimal approximation of the low-
regularity solution space by some arbitrarily coarse generalized finite element space (that represents
the homogenized problem) was shown in [7] and [32]. However, the constructions therein include
prohibitively expensive global solutions of the full fine scale problem or the solution of more in-
volved eigenvalue problems. The first efficient and feasible construction, solely based on the solution
of localized microscopic cell problems, was given and rigorously justified in [A1] and later optimized
[A2] and generalized in [A3, 37]. Since then, several new approaches have been developed. One
approach with presumably similar properties was suggested in [54] along with the notion of sparse
super-localization that reflects the locality of the discrete homogenized operator (similar to the spar-
sity of standard finite element matrices). Another new approach is based on the theory of iterative
solvers is [41].

We shall now explain how the abstract theory of the previous sections is related to the method of
[A1] and its variants. Let ¥y denote some regular (in the sense of Ciarlet) finite element mesh into
closed simplices and let Vi := P;(¢y) NV denote the space of continuous functions that are affine
when restricted to any element 7 € ¥p. Let Iy : V — Vy be a quasi-interpolation operator that acts
as a stable quasi-local projection in the sense that Iy o [y = Iy and that for any 7 € ¥ and all v € V
there holds

H v Igvll 2oy + I Eavllvir < oy [9]lv.ar (3.2)
where Q7 refers to some neighborhood of T (typically the union of 7 and the adjacent elements) and
[ llv := V- ll12(@)- One possible choice (among many others) is to define Iy := Ey o ITy, where ITy

is the piecewise L? projection onto P! (%) and Ej is the averaging operator that maps P; (%) to Vy
by assigning to each interior vertex the arithmetic mean of the corresponding function values of the
adjacent elements, that is, for any v € P;(¥y) and any free vertex z € Ay,

1

- card{K € 9y : z€ K} Teg,,zfzeT

(En(v))(2) vz (2)-

For this choice, the proof of (3.2) follows from combining the well-established approximation and
stability properties of Il and Ep, see for example [18]. The choice of /g in [Al, A2] was slightly
different. Therein, the L?(£)-orthogonal projection onto Vi played the role of Iy. Since this a non-
local operator, the analysis was based on the fact that the local quasi-interpolation operator of [17,
Section 6] has the same kernel and, hence, induces the same method.

Following the recipe of Section 2.1.1 and taking into account the present setting with an inner
product a, the ideal test space Wy := (KerIy )" is simply the orthogonal complement (w.r.t. a) of the
fine scale functions Ker/y.

Given the nodal basis of Vg, a basis of Wy is computed by means of the trial-to-test operator
T =1+%, where

VYw e Kerly : a(€A;,w) = —a(A,w). (3.3)

It is easily checked that the assumptions made in Section 2.2 are satisfied in the present setting.
In particular, formula (2.14) holds with Cy, 1, = Cp,,(Cp,,Cyy + 1) and m = 2. This follows from the
product rule, (2.13), and the local approximation and stability properties (3.2) of Iy. This implies the
exponential decay as it is stated in (2.12) with constants C and ¢ independent of variations of the
diffusion coefficient A. An example of a corrector and a test basis function are depicted in Fig. 3.1 to
demonstrate the exponential decay.
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Fig. 3.1 Standard nodal basis function A4, with respect to the coarse mesh &y (top left), corresponding ideal corrector
¢, = €A, (top right), and corresponding test basis function 7 A, = (1 + €)A; (bottom left). The bottom right figure
shows a top view on the modulus of test basis function .7 A, = (1 + %) A, with logarithmic color scale to illustrate
the exponential decay property. The underlying rough diffusion coefficient A is depicted in Fig. 3.4.

We truncate the computational domain of the corrector problems to local subdomains of diameter
¢H roughly. We have not yet described how to do this in practice. The obvious way would be to
simply replace €2 in (3.3) with suitable neighborhoods of the nodes z. This procedure was used in
[A1]. However, it turned out that it is advantageous to consider the following slightly more involved
technique based on element correctors [A2, 37].



16 3 Applications

Fig. 3.2 Element
patches Qr, for
¢ =1,2,3 (from left

to right) as they are used
in the localized correc- .
tor problem (3.4).

We assign to any T’ € ¥y its {-th order element patch Q7 , for a positive integer £; see Fig. 3.2 for
an illustration. Moreover, we define for all v,w € V and @ C £ the localized bilinear forms

ap(v,w) = /w(AVv)-Vw.

Given any nodal basis function A, € Vy, let ¢, o 7 € Kerly N H(l)(.QT,g) solve the subscale corrector
problem
aq, (9.01,w) = —ar(A;,w) forallw € Kerly ﬂH(l)(.QT’g). (3.4)

Let ¢, := Yrew,zeT ¢-¢,7 and define the test function
Az,é =A A+ ¢z,€-

The localized test basis function A;; and the underlying correctors ¢, 7 can be seen in Fig. 3.3.
Note that we impose homogeneous Dirichlet boundary condition on the artificial boundary of the
patch which is well justified by the fast decay.

More generally, we may define the localized correction operator % by

Cvy = Z VH(Z)q)z,E
€N

as well as the localized trial-to-test operator

Ty =1 +Cpvy = Z VH(Z)AZ,g.
€N

The space of test functions then reads
Wh := TV = span{A_; : z € N}
and the (localized) multiscale Petrov-Galerkin FEM seeks ug ¢ € Vg such that

alup e, whe) = (f,whe)2@) forall wy e € Wy . (3.5)

In previous papers [Al, A2, 37] we have considered the symmetric version with Wy , as trial and
test space and also the reverse version with Wy , as the trial space and Vg as test space [21]. All
these methods are essentially equal in the ideal case and there are no major changes in the output
after localization (when only the Vg part of the discrete solution is considered). When it comes to
implementation and computational complexity, the present Petrov-Galerkin version has the advantage
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Fig. 3.3 Localized element correctors ¢, 7 for £ =2 and all four elements T adjacent to the vertex z = [0.5,0.5]
(top), localized nodal corrector ¢, = €A, = Y75, ¢.¢7 (bottom left) and corresponding test basis function
Ay = A, = (14 €)A; (bottom right). The underlying rough diffusion coefficient is depicted in Fig. 3.4. The
computations have been performed by standard linear finite elements on local fine meshes of with 7 = 273, See
Fig. 3.1 for a comparison with the ideal global corrector and basis.

that there is no communication between the correctors. This means that the fine-scale solutions of the
corrector problems need not to be stored but only their interaction with the &(¢¢) standard nodal basis
functions in their patches; see also [21] for further discussions regarding those technical details.

The error analysis of the localized method follows similar arguments. Let uy € Vg be the ideal
Petrov-Galerkin approximation and let ey := ugy —ug ¢ € Vy denote the error with respect to the ideal
method. Then there exists some zy € Wy with ||zg||y = 1 such that

o

lerl|lv < alew,zn) = alup o —u,zm —zm.0),
1T || 2 (v

where zp ¢ € Wy . The exponential decay property allows one to choose zz ¢ in such a way that

2zt =z ellv < Cexp(—cl); see for instance [A2, 37]. This shows that
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Fig. 3.4 Diffusion co- 10
efficient in the numeri-
cal experiment of Sec- 2
tion 3.1 and coarsest
mesh. = 7

o
o

e a g H :I 5

I8 |
)
|
N

lu—umellv < |lu—ugl|lv+lug —umellv

1k 2(v)Ca
o

< lu—uplv + Cexp(—cl)||u—uplv.

We shall emphasize that, in the present context, the constants C and ¢ are independent of variations of
the rough diffusion tensor but they may depend on the contrast (the ratio between the global upper and
lower bound of A). Using (2.8), this shows that the moderate choice £ > | log(a/(2||IH||$(V)CaC~‘)) |/c=
0 (1) implies the quasi-optimality (and also the well-posedness) of the Petrov-Galerkin method with
respect to the V-norm

_ <21 in {lu—vylly.
[ —upollv < ”HH.,S,”(V)Vgg‘I}H“u vir|lv

With regard to the fact that the V-best approximation may be poor and standard FE Galerkin would
have provided us with an even better estimate at lower cost, this result is maybe not very impressive.
Let us see if we can do something similar for the L?-norm which appears to be the relevant measure
in the context of homogenization problems. A standard duality argument shows that

||€H||i2(g) =alen,zn) = a(up ¢ —u,2H — 2 1)

for some zy € Wy with HZHHV < C3OC_1 HIHH.Z(V)HeH”LZ(Q) and TH = Tilyzy € Wh . Similar ar-
guments as before yield

=1l 22y < o i [l vill(2) + Coexp(—ct) min |lu—varlv,

where C := [|In[| ¢(12(q)) and C; := CaC’Cga’lHIHHg(V). This shows that the method is accurate

also in the L?-norm regardless of the regularity of u. If the oversampling parameter is chosen such
that £ > log H, then the method is ¢(H) accurate in L>() with no pre-asymptotic phenomena. This
is the best worst-case rate one can expect for general f € V' and A € L.

Note that the previous results hold true for general L™-coefficients and all constants are indepen-
dent of the variations of the diffusion tensor as far as the contrast remains moderately bounded. In
particular, the approach is by no means restricted to periodic coefficients or scale separation. For a
more detailed discussion of high-contrast problems in this context we refer to [57].

The final step towards a fully practical method is the discretization of the fine-scale corrector prob-
lems. With regard to the possible low regularity of the solution, P| finite elements on a refined mesh
¢, appears reasonable, but any other type of discretization is possible. Obviously, the fine-scale dis-
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Fig. 3.5 Numerical experiment of Section 3.1. Relative L*-errors of multiscale Petrov-Galerkin FEM (3.5) versus
the number of degrees of freedom Ny ~ H2, where H = 27! ... 27> is the uniform coarse mesh size. The local-
ization parameter varies between £ = 1,...,3. The P,-FE solution and the best-approximation in the P;-FE space on
the same coarse meshes are depicted for comparison.

cretization parameter 4 has to be chosen fine enough to resolve all relevant features of the diffusion
coefficient. The previous theory can be transferred to this case in a straight-forward way and we refer
to [A1l, A2, 35] for the technical details.

To illustrate the previous estimates, we close this section with a numerical experiment. Let €2 be the
unit square and the outer force f = 1 in . Consider the coefficient A that is piecewise constant with
respect to a uniform Cartesian grid of width 27°. Its values are randomly chosen between 1 and 10;
see Fig. 3.4. Consider uniform coarse meshes ¥y of size H =2"",272,...,27 of Q that certainly do
not resolve the rough coefficient A appropriately. The reference mesh &, has width 2 =2~°. Since no
analytical solutions are available, the standard finite element approximation u;, € V), on the reference
mesh ¥, serves as the reference solution. Doing this, we assume that u;, is sufficiently accurate and,
necessarily, that ¢, resolves the discontinuities of A. The corrector problems are also solved on this
scale of numerical resolution.

The numerical results, i.e. errors with respect to the reference solution uy, are depicted in Fig. 3.5.
The results are in agreement with the theoretical results. They are even better in the sense that £ = 1
seems to be sufficient for quasi-optimality (with respect to uy,) in the present setup and parameter
regime. We expect that the true errors with respect to u would behave similar in the beginning but level
off at some point when the reference error starts to dominate the upscaling error. Still, the experiment
clearly indicates that numerical homogenization is possible for very general L™-coefficients.
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We refer to [Al, A2, 37, A3, 21, 3,9, 23, 35, C1, C2, 49] for many more numerical experiments
for several model problems including nonlinear stationary and non-stationary problems as well as
eigenvalue problems.

3.2 Pollution-free high-frequency acoustic scattering

This section will show that the abstract framework of Chapter 2 is indeed applicable beyond the
coercive and symmetric model problem of the previous section. We consider the scattering of acoustic
waves at a sound-soft scatterer modeled by the Helmholtz equation over a bounded Lipschitz domain
QCcRY(d=1,2,3),

—Au—x*u=f inQ, (3.6.2)

along with mixed boundary conditions of Dirichlet and Robin type

u=0 onlp, (3.6.b)
Vu-v—iku—=0 onlg. (3.6.c)

Here, the wave number k >> 1 is real and positive, i denotes the imaginary unit and f € L?(2,C). We
assume that the boundary I" := dQ consists of two components

0Q =IpUIg, I:DQFR:@

where Ip encloses the scatterer and I is an artificial truncation of the whole unbounded space. The
vector v denotes the unit normal vector that is outgoing from 2.
Given f € L*(Q,C), we wish to findu € V := {v € H'(2,C) | v=0 on Ip} such that, forall v € V,

a(u,v) ::/QVu-V\?—Kz/QW—iK/F qu/gfﬁz:W. (3.7)

The space V is equipped with the usual x-weighted norm
VI3 = K22 + V7122 -

The presence of the Robin boundary condition (3.6.c) ensures that this variational problem is well-
posed in the sense of (2.2) with a@ = 1/Cy (k) for some x-dependent stability constant Cg(K); see e.g.
[28]. The dependence on the wave number k is not known in general. An exponential growth with
respect to the wave number is possible [6] in non-generic domains. In most cases, the growth seems to
be only polynomially, although this is an empirical rather than a theoretical statement, and sufficient
geometric conditions for this to hold are rare [28, 46, 14, 47]. For the above scattering problem, we
know that Cy(x) < O(x) if Q is convex and if the scatterer is star-shaped [33].

It is this k-dependence in the stability of the problem that makes the numerical approximation by
FEM or related schemes extremely difficult in the regime of large wave numbers. Any perturbation of
the problem, e.g. by some discretization, can be amplified by Cy (k). We have seen in the introduction
that this is indeed observed in practice and causes a pre-asymptotic effect known as the pollution effect
or numerical dispersion [10]. This effect puts very restrictive assumptions on the smallness of the
underlying mesh that is much stronger than the minimal requirement for a meaningful representation
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of highly oscillatory functions from approximation theory, that is, to have at least 5 — 10 degrees of
freedom per wave length and coordinate direction.

It is the aim of many newly developed methods to overcome or at least to reduce the pollution effect;
see [61, 30, 31, 36, 63, 19] among many others. However, the only theoretical results regard high-
order FEMs with the polynomial degree p coupled to the wave number K via the relation p ~ log K
[51, 52, 50, 28]. Under this moderate assumption, those methods are stable and quasi-optimal in the
regime Hx /p < 1 for certain sufficiently regular model Helmholtz problems.

The multiscale method of [B1] then showed that pollution in the numerical approximation of the
Helmholtz problem can also be cured for a fairly large class of Helmholtz problems, including the
acoustic scattering from convex non-smooth objects, by stabilization in the present framework. If the
data of the problem (domain, boundary condition, force term) allows for polynomial-in-x bounds
of Cy(x) and if the resolution condition Hx < 1 and the oversampling condition log(x)/¢ < 1 are
satisfied, then the method is stable and quasi-optimal in the V-norm.

The recent paper [B2] interprets the method of [B1] in the present framework and we recall it
here very briefly. Given the same discrete setup as in the previous section with some simplicial mesh
4y, corresponding P, FE space Vi := P;(¥y) NV, and quasi-interpolation operator Iy : V — Vg, the
multiscale Petrov-Galerkin method is formally defined in the same way. We simply replace the inner
product of Section 3.1 with the sesquilinear form a of this section.

Given any nodal basis function A, € Vi, we construct a corresponding test basis function A; ¢ by
the same procedure as in the previous section, A,y := A, + ¢, ¢, where ¢, ¢ := Y. rcq, ,er O 7 and ¢, 7
solves the cell problem

ag,,(w,¢,7) = —ar(w,A;) forall w € Kerly with suppw C Qr.

Here,

ag(u,v) = Vu-Vv— Kz/ uﬁ—il{/ uv
QNw QN IrNdw

for w € {Qr,,T}. Note that the corrector problem inherits the boundary condition from the origi-
nal problem when the patch boundary coincides with the boundary of £. On the part of the patch
boundary that falls in the interior of €2, we simply put the homogeneous Dirichlet condition. A major
observation is that this corrector problem is well-posed and, in particular, coercive with § = 1/3 under
the condition Hk < cpes for some given constant 0 < cres = @(1) that only depends on the constant
in (3.2) but not on H or k. This is because a satisfies a Garding inequality and fine-scale functions
satisfy
Wiy < CyH[[VWl2q)-

The coercivity of the sesquilinear form a on Ker Iy also implies the desired exponential decay of the
ideal correctors so that the choice Q7 ¢ is well justified. This can also be observed in Fig. 3.6.

The space of localized test functions then reads Wy ¢ := span{A,, : z € A} and the multiscale
Petrov-Galerkin FEM seeks ug ¢ € Vg such that

a(upg ,wr ) = F(wyy) forallwyp € Wy . (3.8)

The quasi-optimality result of the previous section is easily transferred to the present setting. The
resolution condition Hk < ¢ and the oversampling condition

0> |log(a/ (2||n]| 2 (v)Ca€))l/c = O(logCu(x))
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Fig. 3.6 Real and imaginary part of the ideal corrector €A, (top left and middle). The top right figure shows a top
view on the modulus of test basis function .7 A, = (1+ %) A, with logarithmic color scale to illustrate the exponential
decay property. The underlying computational domain is the unit square with a Robin boundary condition every-
where. The wave number k = 2% is chosen such that the resolution condition on the coarse mesh is just satisfied.
The localized nodal corrector ¢, ¢ = €;A; (bottom left) and corresponding test basis function A,y = .7 A, (bottom
right) are real-valued because the patch boundary doesn’t touch the domain boundary. The local fine meshes used in
the computation have width h =278,

imply the quasi-optimality (and stability) of the multiscale Petrov-Galerkin method with respect to
the V-norm
- <2||I i — .
| —up ollv <2/ Inll 2 v) Inip | —vallv
Here, the constants ¢ and C are related to the exponential decay of the test basis (cf. (2.12)) and
they are independent of x under the resolution condition. We shall emphasize that such a best-
approximation property does not hold for standard FEMs which require e.g. k¥2H < 1 for quasi-
optimality [46] in the case of pure Robin boundary conditions on a convex planar domain. The FEM
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Fig. 3.7 Computational =~ oo e e
domain of the model
problem of Section 3.2
and coarsest mesh.

Q:=10,1Q,

approximation is not even known to exist unless K3/2H < 1 in the simplest model problem without a
scatterer [62].

For the multiscale Petrov-Galerkin method, the result means that pollution effects do not occur.
Note that the resolution condition Hk < cres 1S somewhat minimal, because any meaningful approxi-
mation of the highly oscillatory solution of (3.6) requires at least 5 — 10 degrees of freedom per wave
length and coordinate direction. Saying this, we assume that the fine scale corrector problems are
solved sufficiently accurate; see [B2, B1] for details.

We shall present a numerical experiment taken from [B1] where this version of the method was
already considered experimentally. Consider the scattering from sound-soft scatterer occupying the
triangle £2p. The Sommerfeld radiation condition of the scattered wave is approximated by the Robin
boundary condition on the boundary I := d Qg of the unit square so that Q := (0,1)?\ Qp is the
computational domain; see Fig. 3.7. Given the wave number k = 27, the incident wave Uine(x) 1=
exp(ix x - [cos(0.5),sin(0.5)]") is prescribed via an inhomogeneous Dirichlet boundary condition on
Ip := dQp and the scattered wave satisfies (3.6.a) with f = 0 and the boundary conditions

U= —Upc onlp,
Vu-v—iku=0 onlg.

The error analysis extends to this setting in a straight-forward way.

We choose uniform coarse meshes of widths H =273, ...,277 as depicted in Fig. 3.7. The reference
mesh ¥, is derived by uniform mesh refinement of the coarse meshes and has mesh width 7 = 27°.
The corresponding P; conforming finite element approximation on the reference mesh %, is denoted
by Vj. As in the previous section, we compare the coarse scale approximations up ¢, € Vg with some
reference solution u;, € V.

Fig. 3.8 depicts the results for the multiscale Petrov-Galerkin method and shows that the pollution
effect that is present in the P FEM is eliminated when £ is moderately increased. For the present wave
number ¢ = 2 is sufficient.

Further numerical experiments are reported in [B1] and [B2]. It is worth noting that the latter work
also exploits the homogeneous structure of the PDE coefficients in the sense that only very few of
the fine-scale corrector problems are actually solved due to translation invariance and symmetry. This
makes the approach competitive.

A very natural and straight forward generalization of the method would be the case of heteroge-
neous media. The previous section plus the analysis of this section strongly indicate the potential of
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Fig. 3.8 Numerical experiment of Section 3.2: Relative V-norm errors of multiscale Petrov-Galerkin method (3.8)
with wave number k = 27 depending on the number of degrees of freedom Ny ~ H 2, where H =275,...,27 7 is
the uniform coarse mesh size. The reference mesh size » = 2~ remains fixed. The oversampling parameter ¢ varies
between 1 and 3. The P;-FE solution and the best-approximation in the P;-FE space on the same coarse meshes are
depicted for comparison.

the method to treat high oscillations or jumps in the PDE coefficients and the pollution effect in one
stroke.

We may close this section with some rather philosophical remark regarding the stabilization of
FEMSs and their inter-element continuity properties. Presently, it is believed, e.g. in the context of time-
harmonic wave propagation, that stability can be increased by relaxing inter-element continuity within
a discontinuous Galerkin (DG) framework. The large number of variants includes the ultra weak
variational formulation [12], Trefftz methods [36], DPG [63, 19], or the continuous interior penalty
method [62]. There may be some truth in this but the general impression that relaxing continuity is the
only way is certainly false as one can observe from the method presented in this thesis. The multiscale
Petrov-Galerkin does quite the opposite. The regularity of the test functions is increased compared to
standard continuous finite elements, because they are solutions of second-order elliptic problems (at
least in the ideal case). In general, test functions wy € Wy have the property that

divAVwy € L*(Q).

In the context of the Helmholtz model problem of this section where A = 1 this means that AWy C
L?*(). If Q is convex and boundary conditions are appropriate, then

Wy C H2(Q).
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This high regularity can be observed for one basis function in Fig. 3.6. In this respect, our method-
ology clearly indicates that increased differentiability might as well lead to increased stability and
accuracy. Similar effects have been observed for eigenvalue computations in IGA [16] and also LOD
[C1]. This shows that breaking the inter-element continuity is not at all necessary for stability.






Chapter 4
Summary and further results

In the preceding chapters, we have presented an abstract framework for the stabilization of numerical
methods for multiscale partial differential equations with some focus on highly oscillatory problems.
The methodology is based on the variational multiscale method and the more recent development of
localized orthogonal decompositions. We have provided an abstract numerical analysis of the method
which is applied to two representative model problems, a homogenization problem and a scattering
problem. We have shown that the methodology can indeed eliminate critical scale-dependent pre-
asymptotic effects in these cases. We expect that the framework will also be useful for convection-
dominated flow, the problem that the variational method was initially designed for.

The framework leads to multiscale methods that are provably stable and accurate under moderate
assumptions on the discretization parameters relative to characteristic parameters and length scales
of the problem. These valuable properties require the pre-computation of the test basis on sub-grids.
These pre-computations are both local and independent, but the worst-case (serial) complexity of the
method can exceed the cost of a direct numerical simulation on a global sufficiently fine mesh. If
the inherent parallelism of the local cell problems cannot be exploited during the computation, we
still expect a significant gain with respect to computational complexity if the pre-computation can be
reused several times in the context of time-dependent problems, parameter studies, coupled problems,
optimal control problems or inverse problems. In many cases, there is also a lot of redundancy in the
local problems which allows one to reduce the number of local problems drastically as it is shown
in [B2] in the context of acoustic scattering. We expect that this technique can be generalized to far
more general situations using modern techniques of model order reduction [58, 1].

In addition to the results of Appendices A-B, Appendix C shows that the multiscale framework
applies to another important class of problems, i.e., eigenvalue problems. The major achievement
of [C1] is that the variational multiscale method as it is interpreted in Appendix A preserves the
spectrum of the linear partial differential operator in a stable and super-convergent way even in the
case of rough coefficients. This observation has surprising applications, e.g., the efficient computation
of ground states of Bose-Einstein condensates in quantum chemistry [C2] and also for the efficient
solution of quadratic eigenvalue problems [49].

While the new multiscale methods can deal with arbitrarily fast and non-smooth oscillations in rep-
resentative linear and non-linear problems [A1]-[C2] without any pre-asymptotic effects, the theory
breaks down immediately for high-contrast coefficients (and also perforated domains) because the
exponential decay rate of certain correctors that justify the localization degenerates with increasing
contrast (cf. (2.12)). Numerical experiments in [Al, 23, 9] and also ongoing research in this direc-
tion [57] are less pessimistic but not sufficiently clear and systematic to draw any conjecture for very
general classes of coefficients in the regime of high contrast.
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28 4 Summary and further results

The papers of Appendix D approach the high-contrast problem from a different direction and with
a different motivation. In the case of heterogeneous materials, propagating interface cracks are among
the predominant phenomena that cause degradation of the mechanical properties and — in combination
with other mechanisms — eventually lead to material failure. The modeling of such effects and further
interface phenomena require the resolution of the highly complex material interfaces by computa-
tional meshes aligned with interfaces. In this context, we are not heading for arbitrary coarse scales
of discretization but we want to keep the resolution minimal in terms of computational complexity
while still capturing the relevant properties. However, the computation of standard polygonal meshes
that fulfill such a conformity constraint (at least approximately) is a major difficulty (see e.g. [20,
Section 2] on constraint triangulations and references therein) that becomes even more pronounced
due to the high-quality demands from finite element design (e.g. local quasi-uniformity or other an-
gle conditions). Recent textbooks still constitute mesh generation as the bottleneck of computational
partial differential equations [29, 13]. The papers [D1, D2] of Appendix D and further work [25] are
devoted to this issue in the model situation of densely packed particle-reinforced composites. They
establish a new structural discretization approach to the PDE models of particle composites, i.e., a
new methodology which connects the finite element method with techniques from discrete network
analysis. This allows one to predict macroscopic material properties very efficiently and to trace its
dependence on the microscopic phase geometries, even in the regime of high contrast. Efficiency,
here, refers to the fact that the finite element network model of conductivity has only &(1) degrees
of freedom per particle independent of the actual phase geometries. This is quasi minimal. Still, the
new approach allows to reliably predict the characteristic percolation of thermal conductivity as the
volume fraction of particles approaches its maximum [D2, 25]. The numerical analysis of the new
approach requires very precise scale-dependent stability and regularity results that are explicit with
respect to the contrast and other geometric parameters such as inter-particle distances [D2]. Further
results in this direction for different classes of coefficients are provided in [56] and [D3]. The latter
paper also shows how to relax the requirement of exact geometric resolution of material interfaces
by shifting it to the ansatz functions in a controllable way using sub-grid techniques. The methods of
Appendix D are also relevant in the previous multiscale framework of Appendices A—C because, in
the end, its feasibility and efficiency rests on the ability to solve local problems on the microscopic
scale with minimal complexity.

Altogether, this thesis interprets computational multiscale methods as a systematic approach to the
modeling and simulation of multiscale problems which includes both the derivation of detailed mod-
els adapted to all relevant scales in an efficient way [D1]-[D3] as well as the significant reduction of
computational complexity by, e.g., the compression/filtering to a coarse scale of interest while still
maintaining its essential features (upscaling/homogenization) [A1]—[C1], the reconstruction of infor-
mation on fine scales from coarse scale computations (down-scaling) [C1], and the fast simulation
of the (non-linear) fine scale problem by iterative up- and down-scaling (two- or multi-level method)
[C2].
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LOCALIZATION OF ELLIPTIC MULTISCALE PROBLEMS

AXEL MALQVIST AND DANIEL PETERSEIM

ABSTRACT. This paper constructs a local generalized finite element basis for
elliptic problems with heterogeneous and highly varying coefficients. The basis
functions are solutions of local problems on vertex patches. The error of the
corresponding generalized finite element method decays exponentially with
respect to the number of layers of elements in the patches. Hence, on a uniform
mesh of size H, patches of diameter H log(1/H) are sufficient to preserve a
linear rate of convergence in H without pre-asymptotic or resonance effects.
The analysis does not rely on regularity of the solution or scale separation in
the coefficient. This result motivates new and justifies old classes of variational
multiscale methods.

1. INTRODUCTION

This paper considers the numerical solution of second order elliptic problems with
strongly heterogeneous and highly varying (non-periodic) coefficients. The hetero-
geneities and oscillations of the coefficient may appear on several non-separated
scales. It is well known that classical polynomial based finite element methods
perform arbitrarily badly for such problems; see e.g. [4]. To overcome this lack
of performance, many methods that are based on general (non-polynomial) ansatz
functions have been developed. Early works [1,2], that essentially apply to one-
dimensional problems, have been generalized to the multi-dimensional case in sev-
eral ways during the last fifteen years; see e.g. [7,13,14]. In these methods the
problem is split into coarse and (possibly several) fine scales. The fine scale ef-
fect on the coarse scale is either computed numerically or modeled analytically.
The resulting modified coarse problem can then be solved numerically and its so-
lution contains crucial information from the fine scales. Although many of these
approaches show promising results in practice, their convergence analysis usually
assumes certain periodicity and scale separation.

For problems with general L™ coefficient, the paper [3] gives error bounds for
a generalized finite element method that involves the solutions of local eigenvalue
problems. The construction in [6,19] depends only on the solution of the original
problem on certain subdomains. However, the size of these subdomains strongly
depends on the mesh size. This dependence is suboptimal with respect to the
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theoretical statement given in [12], that is, for any shape regular mesh of size H
there exist O ((log(l /H ))d+1> local (non-polynomial) basis functions per nodal

point such that the error of the corresponding Galerkin solution uy satisfies the
estimate |[u — up | g1 (q) < CgH with a constant Cy that depends on the right-hand
side g and the global bounds of the diffusion coefficient but not on its variations.
The derivation in [12] is not constructive in the sense that it involves the solution
of the (global) original problem with specific right-hand sides.

In this paper, we show that such a (quasi-)optimal basis can indeed be con-
structed by solving only local problems on element patches. We use a modified
nodal basis similar to the one presented in [16] and prove that these basis functions
decay exponentially away from the node they are associated with. This exponential
decay justifies an approximation using localized patches.

The precise setting of the paper is as follows. Let Q C R¢ be a bounded Lipschitz
domain with polygonal boundary and let the diffusion matrix A € L™ (Q,R%%Y)
be uniformly elliptic:

A .
0<a(A,Q) :=essinf inf (Az)v) -v
2€Q veRI\{0} V-V

(1.1)

A )
oo > (A, ) :=esssup sup M
z€Q  veRI\{0} v-v

Given g € L%(2), we seek u € V := Hi(Q) such that

(1.2) a(u,v) = /Q(AVU) -V = /ngu = G(v) forallveV.

The bilinear form a is symmetric, coercive, bounded, and hence, (1.2) has a unique
solution.

The main result of this paper (cf. Theorem 3.6) shows that the error u — u,
of the generalized finite element method, which is based on our new (local) basis
functions mentioned above, is bounded as follows

IAY2V (u — wi) | 22(0) < CoH;

H being the mesh size of the underlying coarse finite element mesh and k& =~
log(1/H) referring to the number of layers of coarse elements that form the support
of the localized basis functions. This estimate shows that our new numerical up-
scaling procedure is reliable beyond strong assumptions like periodicity and scale
separation. Moreover, the error bound is stable with respect to perturbations aris-
ing from the discretization of the local problems. These results give a theoretical
foundation for numerous previous experiments where exponential decay of a similar
modified basis have been noticed; see e.g. [18].

The outline of the paper is as follows. In Section 2, we derive a set of local basis
functions and define the corresponding multiscale finite element method. The error
analysis is done in Section 3. Section 4 is devoted to the discretization of the local
problems. Section 5 presents numerical experiments, and Section 6 discusses the
application of this theory to state-of-the-art multiscale methods.
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2. LOCAL BASIS

In this section, we design a set of local basis functions for the multiscale problem
under consideration. The construction is based on a regular (in the sense of [10])
finite element mesh 7x of Q into closed triangles (d = 2) or tetrahedra (d = 3).
Subsection 2.1 recalls the classical nodal basis with respect to 7y and demonstrates
its lack of approximation properties. Subsection 2.2 introduces a quasi-interpolation
operator used in the construction of the new basis. Subsection 2.3 defines a modified
(coefficient dependent) nodal basis and analyzes its approximation properties. This
basis is then localized in Subsection 2.4.

2.1. Classical nodal basis. Let H : Q — R+ denote the Tx-piecewise constant
mesh size function with H|p = diam(7") =: Hy for all T' € Ty. The mesh size may
vary in space. In practical applications, the mesh 7Ty (resp., its size H) shall be
determined by the accuracy which is desired or the computational capacity that is
available but not by the scales of the coefficient.

The classical (conforming) P; finite element space is given by

(2.1) Sy :={veC’Q)|VT € Tg,v|r is a polynomial of total degree < 1}.

Let Vg := Sy NV denote the space of finite element functions that match the ho-
mogeneous Dirichlet boundary conditions. Let A/ denote the set of interior vertices
of Ty. For every vertex x € N, let A\, € Sy denote the corresponding nodal basis
function (tent function), i.e.,

Az(z) =1 and A (y) =0 forally#zeN.

These nodal basis functions form a basis of V. The availability of such a local
basis is a key property of any finite element method and ensures that the resulting
system of linear algebraic equations is sparse.

The (unique) Galerkin approximation uy € Vi satisfies

(2.2) a(ug,v) =G(v) for all v € V.

The above method (2.2) is optimal with respect to the energy norm |[||-||| :=
]l = | A2V - |£2(0) on V' which is induced by a,

2. - = mi - .
(23) llu = il = min Il = ol

Assuming that the solution u is smooth, the combination of (2.3) and standard
interpolation error estimates yields the standard a priori error estimate

u—ugll] < C||H| Lo |Vl L2(0)-

This estimate states linear convergence of the classical finite element method (2.2)
as the maximal mesh width tends to zero. However, the regularity assumption is not
realistic for the problem class under consideration. Moreover, even if the coefficient
is smooth, it may oscillate rapidly, say at frequency e ! for some small parameter ¢.
In this case, the asymptotic result is useless because V2u may oscillate at the same
scale, a fact that is hidden in the constant ||V2u|r2(q) ~ e~!. Unless H < ¢, the
above finite element space is unable to capture the behavior of the solution neither
on the microscopic nor on the macroscopic level. In what follows, we present a new
method that resolves this issue.
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2.2. Quasi-interpolation. The key tool in our construction will be some bounded
linear surjective (quasi-) interpolation operator Jg : V' — Vg. The choice of this
operator is not unique and a different choice might lead to a different multiscale
method. We have in mind the following modification of Clément’s interpolation
[11] which is presented and analyzed in [9, Section 6]. Given v € V, Jyv :=
Y ren(TErV)(2) A, defines a (weighted) Clément interpolant with nodal values

(2.4) (Tuv)(z) == (fQ U)‘I) /(fQ As)

for x € N. The nodal values are weighted averages of the function over nodal
patches w, := supp A;. Since the summation is taken only with respect to interior
vertices A/, this operator matches homogeneous Dirichlet boundary conditions.

Recall the (local) approximation and stability properties of the interpolation
operator Jg [9, Section 6]: There exists a generic constant C5,, such that for all
v €V and for all T' € Ty it holds that

(2.5.&) H7:1||’U - jHUHL2(T) + HV(U - ij)HL?(T) < CjH ||V’U||L2(WT),

where wyp := |J{K € Ty | TN K # 0}. The constant C5,, depends on the shape
regularity parameter p of the finite element mesh 7z (see (3.1) below) but not on
Hr.

Note that the above interpolation operator is not a projection, i.e., vy € Vg
does not equal its interpolation Jgzvy in general. However, the particular choice
gives rise to the following lemma.

Lemma 2.1. There exists a generic constant C%  which only depends on p but not
on the local mesh size H, such that for all vy € Vg there exists v € V with the
properties

(2.5.b) Ju(v) = vg, Vol < C5, |Vvgl|, and suppv C suppvg.

Proof. For every nodal basis function \., z € A/, there is some b, € H}(w,) such
that T (b:) = Ay and [[Vb,|| < CF [[VA,]| with some constant C, that does not
depend on x and H. For example, b, may be chosen as a standard cubic element
bubble on an arbitrary element 7" C w, or a quadratic edge/face bubble related
to an arbitrary edge/face of Ty interior to w,. One might as well choose b, to be
nodal interpolation of those bubbles in a finite element space that correponds to
some uniform refinement of Tz .

Givenvyg = cnva (@) A € Vi, v i=va+) o (W (2) — (Tpvm)(z)) by €V
has the desired properties (for suitably chosen b,). The interpolation and support
properties are obvious. The stability follows from

Vol < C HWHH2+Z|UH($)—(JHUH)(CC)IQIIWIIIQ)
zEN

IN
Q

IVor |+ C52 Y g (@) — Trow)(2)? \|V>\a:||2)
zeEN

< C|IVugl?+C'C5? Z ||UH—3HUHH2L2(T)H:F2>
TeET
< ofIvonl+ ez, Y anniZ(wﬂ)
TeETy
12 2
< C5, IVvr]*,
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where we use ||V, ||? = | supp A, |(?=2), the inverse inequality ||vgy _jH/UHH%OO(T) S

Hy oy — Invr|z(r), and (2.5.a). 0

In the forthcoming derivation of our method, the interpolation operator (2.4)
may be replaced by any linear bounded surjective operator that satisfies (2.5.a)—
(2.5.b). Hereby, (2.5.b) may be relaxed in the sense that supp v is not necessarily a
subset of supp vy but that suppv \ supp vy covers at most a fixed (small) number
of element layers about supp vy .

2.3. Multiscale splitting and modified nodal basis. Let Jy : V — Vg be a
quasi-interpolation operator according to the previous subsection. Then the kernel
of Jy,

Vi={veV|JIgv=0},

represents the microscopic features of V', i.e., all features that are not captured by
V. Given v € Vi, define v € VI by

a(Fv,w) = a(v,w) for all w € V1.

The finescale projection operator § : Vi — VI leads to an orthogonal splitting with
respect to the scalar product a:

V=VEaVl where VI :=(Vyg—FVa).

Hence, any function v € V can be decomposed into up® € Vi*° and ut e vV,
u = ul + o, with a(up®,uf) = 0. Since dim V2 = dim Vp, the space V2
can be regarded as a modified coarse space. The superscript “ms” abbreviates
“multiscale” and indicates that V**, in addition, contains fine scale information.
The corresponding Galerkin approximation u}y® € V*° satisfies

(2.6) a(u®,v) = G(v) for all v e Vg*.

The error (u — w}j®) of the above method (2.6) is analyzed in Section 3.1.

Finally, we shall introduce a basis of V;'*. The image of the nodal basis function
A; under the fine scale projection § is denoted by ¢, = §A; € Vi ie., ¢, satisfies
the corrector problem

(2.7) a(¢z, w) = a(Ag,w) for all w e VI

We emphasize that the corrector problem is posed in the fine scale space V¥, i.e.,
test and trial functions satisfy the constraint that their interpolation with respect
to the coarse mesh vanishes.

A basis of V;*® is then given by the modified nodal basis

(2.8) {Ae — ¢ |2 €N}

In general, the corrections ¢, of nodal basis functions A\, * € N, have global
support, a fact which limits the practical use of the modified basis (2.8) and the
corresponding method (2.6).
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2.4. Localization. In Section 3.2, we will show that the correction ¢, decays ex-
ponentially fast away from z. Hence, simple truncation of the corrector problems
to local patches of coarse elements yields localized basis functions with good ap-
proximation properties.

Let k € N. Define nodal patches of k-th order w, ; about x € N by

Wy 1 i= SUpp A, = int <U {T'eTy|xe€ T}) ,

(2.9)
Wap = int (U{T € T | TN Byt # @})  k=234...

Define localized finescale spaces V(wz k) = {v € VI | v|q\w,, = 0}, z € N
by intersecting V! with those functions that vanish outside the patch w, . The
solutions ¢, € Vi(w, x) of

(2.10) a(bp, w) = a(Ag,w) for all w € Vi(w, 1),

are approximations of ¢, from (2.7) with local support.
We define localized multiscale finite element spaces

(2.11.a) Vire =span{d; — ¢ |z €N} CV.

The corresponding multiscale approximation of (1.2) reads: find w}®, € Vi such
that

(2.11.b) a(ufry,v) = G(v) for all v € VE5.

Note that dim V7, = |[N| = dim Vg, i.e., the number of degrees of freedom of the
proposed method (2.11) is the same as for the classical method (2.2). The basis
functions of the multiscale method have local support. The overlap is proportional
to the parameter k. The error analysis of Section 3.2 suggests to choose k = log %

Remark 2.2. The localized modified basis functions could be localized further to
vertex patches w,, * € A, by simply multiplying them with the classical nodal
basis functions; for any z € N and any y € N Nwyk, define ¢¥ := A\y¢, . The

generalized finite element space which is spanned by those O ((log(l /H ))d) local

basis functions per vertex has similar approximation properties as V' (see [5]).

3. ERROR ANALYSIS

This section analyzes the proposed multiscale method in two steps. First, Sub-
section 3.1 presents an error bound for the idealized method (2.6). Then, Subsection
3.2 bounds the error of truncation to local patches and proves the main result, that
is, an error bound for the multiscale method (2.11).

As usual, the error analysis depends on the constant p > 0 which represents
shape regularity of the finite element mesh 7y;

diam B
(3.1) p:= max pr with pp:= ST for T € Tw,

TETH diam T

where Br denotes the largest ball contained in T
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3.1. Discretization error.
Lemma 3.1. Let u € V solve (1.2) and u%® € Vi7*® solve (2.6). Then it holds that

1/2 _
llu = willl < Cof *Caya™ | Hyll 2
with constants Co1 and C5,, that only depend on p.

Proof. Recall the (local) approximation and stability properties (2.5.a) of the in-
terpolation operator Jgy. Due to the splitting from Section 2.3, it holds that
u — ul = ul. Since Jgu' = 0, the application of (2.5.a) and Young’s inequal-

ity yield

e [])7 = Gty < 3 Nglla e lluf = T |2
TeT

||H9HL2 @3 Z 1AY2V 0|22
TGTH

2

for any € > 0. Note that there exists a constant C, > 0 that only depends on p
such that the number of elements covered by wr is uniformly (w.r.t. 7') bounded
by Cq1. The choice e = C; 1 concludes the proof. O

Remark 3.2. Substituting Jg by the modified Clément interpolation operator pre-
sented in [8] allows one to improve the error estimate in Lemma (3.1). The term
|Hgl|£2(q) can be replaced by data oscillations (3, o [[H (g — gm)HL2(w )12 with
some weighted averages g, of g on w,, x € N; we refer to [8, Section 2] for details.
Additional smoothness of the right-hand side g € H'(Q) then leads to quadratic
convergence of the idealized method without localization.

3.2. Error of localized multiscale FEM. First, we estimate the error due to
truncation to local patches. We will frequently make use of cut-off functions on
element patches.

Definition 3.3. For z € N and m < M € N, let 7> : Q — [0, 1] be a continuous
and weakly differentiable function such that

(3.2.b) 05"\, e = 1. and
(3.2.c) VT € T, |VnIM| poo(ry < Coo(M —m) ' Hy?

with some constant C., that only depends on p. For example, one may choose
nmM ¢ Sy with nodal values

nmM(z) =0 forall z € N Nwp,
(3.3) n™M(z)=1 forallz € NN (Q\ wear), and
M (z) = j(M —m)~! forallz € N NOwpmsjy j=0,1,2,...,M —m,

We prove the essential decay property of the corrector functions by some iterative
Caccioppoli-type argument. Recall the notation |||-||,, := [|AY2V - ||12(w)

Lemma 3.4. For allx € N, k, £ > 2 € N, the estimate

C
162 = aaelll < Co (7) il

holds with constants Cy,Cy that only depend on p and 3/« but not on z, k, ¢, or H.
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Proof. Let x € N and £,k > 2 € N. Observe that
2 2 2
(3.4) ¢ — Goexlll® < 160 — vll|* = |||¢0 — O, o T 82lllonw, o -

holds for all v € Vi(w, ) using Galerkin orthogonality.

Let (, :=1— nf;(k_l)ﬂ’gk_l with a cutoff function ni(k_l)ﬂ’gk_l as in Defini-
tion 3.3. According to (2.5.b), there exists b, € V such that Ty (by) = T ((ata),
Hbzlll < CF,, 1131 (CG¢a)ll, and supp(bs) C wy k. Hence, v = (udy — by €
VE(wg ) and

oz = vlll, , < Wb = Caballlu, yvwn siemrrn T M2l cvwn ey
< s (18l o ey n F VBNV o) 2 i\ ry) ) -
Since Jy ¢, = 0, the upper bound of the interpolation error (2.5.a) and (3.2.c) yield
Hv(Cx(b:r)”%2(wx7gk\w$’e(k,1))
<cy > (BRIVG ) + I ) 9 0lle )

TETH: TCWs 0k \Wa, £ (k—1)+1

< Cya ||l

We, ek \Wa, £(k—1)+1
with CY := 1+ CoCZ,C3, . This leads to
(3.5) llée = vllla, o < ColllDalllu, \ws v

where C) depends only on p and \/f/a. The combination of (3.4), with v =
Cx@Pr — by, and (3.5) yields

Further estimation of the right-hand side in (3.6) is possible using cut-off func-
tions n; := nﬁ(J_l)H’ZJ (cf. Definition 3.3), j = 2,3,...,k — 1. Observe that

HAl/QV%H%2(Q\wz,z(k71>) < HAl/an—lv%H%Q(Q)

3.7
37 = [(496)- Vot 16.) = 2 [ mo6,(AV6,) - Vi,

Let, according to Lemma 2.1, b, (_1) be chosen such that Jpb, (r—1) =Tu(ni_,bz).
Then 0} _1 ¢z —by (k1) € V. Since | supp(VA;)Nsupp(ng—1)| = 0 and supp(V—1)
= Wy, (k—1)¢ \ Wz, (k—2)¢+1, the first term on the right-hand side of (3.7) can be
rewritten as

(3.8)
/Q (AV,) - V(7 162)

- / (AV,) - V(P 160 — bagoos) + / (AV62) - Vbs o)
Q Q

= /Q(AngSx) Vb (k1)

S CSH \/E‘H¢I‘sz,(kfl)ﬁ\wz,(k72)é+l ‘|VJH<UI€—1¢1)HL2(wm,(szl)f\wz,(k72)i+l)'
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With 72 = |T|~! Jrmi_1 we have
HV/JH(nifld)x)HLQ(T) = HVJH((T]I%—l - %)be)HLQ(T)
< Coy V(M= = 13) b2l 2
< Csyy (Inoy = ooy IV ey + IV @)l (1 6l o))
< 203, IV (1)< ry (02 diam(T) |||l + 60 = Tnr(62)llz2cry) -

Thus, the property (3.2.c) of the cutoff function and the upper bound of the inter-
polation error (2.5.a) yield

(39) ’HjH(n]%—quZHl wx,(kfl)e\wz,(k*Q)eJrl

where C] only depends on C5,,, Ceo, Col, and 1/3/a. The same arguments allow
one to bound the second term on the right-hand side in (3.7),
(3.10)

2 / Mh160(AVS,) - Vs
Q

< CHHAY 2V Byl L2\,

(k—2)¢)?

<2 Z ||V77k—1||Loo(T)||A1/2V¢x||L2(T)||A1/2¢z||L2(T)

TETH: TCW,, (k—1)¢ \Wa, (k—2)£+1

< CYEMAYPV e 320,

(k—2)e)’
where C' only depends on C5,,, Ceo, and /8/a. The combination of (3.7)—(3.10)
yields
2 - 2
(3.11) el sy < CLE el o

where Cy := C] 4+ CY. For j = k—2,...,2, asimilar argument (with 7;_; replaced
by n;) yields

2 — 2
(312) H|¢1|HQ\LUT7J/ S Clg ! H‘QsI’HQ\wL(]»,IM :

Starting from (3.11), the successive application of (3.12) for j =k —2,k—3,...,2
proves

2 C1\k— 2
(3.13) oallBn, o 1 < €20,
Combining (3.6) and (3.13), we finally obtain the assertion. O

Lemma 3.5. There is a constant Cs that depends only on p and B/, but not on
N, k, or € such that

2

< Cs(tk)" Y~ v (@) [[]6s — Guenl -

zeN

> (@) (de — buir)

zeN

Proof. For x € N, let ¢, = 1 —n*+1.tk+2 (cf. Definition 3.3). By Lemma 2.1 there
exists a function b, € V such that for any w € V¥ it holds that

ija: — jH((l - Cz)w)a Supp(bw> C Supp(jH((l - Ca:)w)) C We tk+3 \wx,€k7

and

oalllo, v < G 132 (L= €l oo e -
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We note that w — (uw — b, € V! with support outside Wy ok, 1€, a(pz,w —

W=7 cn V(@) (Pr — Pur) € VT we have

[wl[[* =D v(@) alde — duons Gow + b)

zeN
<VB Y 10@)] éw — Suerlll - 1V (Cow)l 2o
zeN
+V/B > 0@ [[16r — darlll - CH IV TE (L = C)w)) L2 (wn o)
zeN
< 2y/BC5, Cay > [0(@)] 6 — danlll - IV (Cow) ] L2y
zeN
+2/BC5,Ca, > (@) lde — bkl - IVl L2 (s p0r)
zeN
< 2/BC5, Cay D 0(@)] 6w — daerll] - 11(VC) (1 = Tr)w)l| 20 109
zeN
+2,/2¢4, 00 S @) l6s — bmarll] - ol .,
zeN
< 4\/§03H0§Hcco > @) 62 = danlll - wlll, ...
zeN

1/2
< 4y/£C3,,C3, CooCon E1) (Z 0@ [z gbwknﬁ) el

zeN

where Coy (¢k)? represents an upper bound on the number of patches w, ¢ that
overlap a single element in the mesh. The result follows by dividing by |||w]||| on
both sides. O

Theorem 3.6. Let u € V solve (1.2) and, given £,k > 2 € N, let up’,;, € Vii'y
solve (2.11). Then

ms - d L
|| — ||| SCal HF | poo ) (¢k)Y2 (C1/0) T gl -
+CY2Cy a7 2 Hyl| 12 o

holds with Cy from Lemma 3.4 and a constant Cy that depends on o, 8 and p but
not on H, k, £, g, or u.

Proof. Let @5y, := > cn Wi (%) (A\a — buer), where uj(z), © € N, are the coef-
ficients in the basis representation of u%°. Due to Galerkin orthogonality, Lemma
3.1, Lemma 3.5, and the triangle inequality,

e = il || < W = @5l = [[Ju =i + i — a5l

(3.14) * )
< O3 *Caya | Hll ooy + || |ufi® — @ |-
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The application of Lemma 3.4 yields

[uss — @ ]||* < Cs(ek)? > i (@)1 ds — bunenl |
zeN

< Cy(th)IC3(Ch/0R2 Y uli(2)? ||| a2, -
zeEN
Furthermore, we have

ms 2 - ms
> upr@)? [lloallls, , < BCwme Y H? Y ul(@)?( Al Z2er

zeN TeT x€TNN

< BCHL DY HP| DD u (@)
TeT zeTNN
H™? Z u () Ay
rzeN
< 0 (1205 Py + |72 3 w6~ Tns)
zeN
< B0y (Cr|Hp? || L) + Cop) 1131112

2
L?(Q))
where Ci,y and Cf, depend on p and Cr = Cp(€2) is the constant from Friedrichs’

inequality. This yields
|[|ul® = @5 ||| < CLIHE || oo ) (k)2 (Cr/0) B =22 |luig?]|

< Cul|Hp || oo (o) (CR) 2 (CL/O T2 gl -1 )
where Cy only depends on Cs, C3, C!

! vs Or, C3,,, and \/B/a. The assertion follows
readily by combining (3.14) and (3.15). O

2

L2(T)
2
= BCy

L2(Q)

(3.15)

Remark 3.7. The error estimate in Theorem 3.6 contains a factor |[H ™| 1 (q).
However, its influence on the total error can be controlled by choosing the localiza-
tion parameter k proportional to log(1/||H ||« (). For non-uniform meshes, it
is recommended to vary the choice of the localization parameter in space according
to k ~ log % We neglect this opportunity to avoid overloading the paper.

4. DISCRETIZATION OF THE FINE SCALE COMPUTATIONS

In this section, we focus on how to compute numerical approximations to the
local basis functions A, — ¢, ¢, and thereby to the multiscale solution ur}r}fgk. In
order to do this, we need to extend the error analysis of Section 3 to a fully discrete
setting. There is a lot of freedom in choosing different finite elements and different
refinement strategies; see e.g. [16,17]. We will focus on a very simple and natural
approach. We assume that the local basis functions are computed using subgrids of
a fine scale reference mesh, which is a (possibly space adaptive) refinement of the
coarse grid Tg.

More precisely, let T, be the result of one uniform refinement and several con-
forming but possibly non-uniform refinements of the coarse mesh 7y. We in-
troduce h : @ — Rs( as the Tj-piecewise constant mesh width function with
hy := h|y = diam(t) for all ¢t € T,. We construct the finite element space

Sy, == {v e C%Q) | Vt € Tn(Q),v]; is a polynomial of total degree < 1}.
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We let up € Vi, := S, N H&(Q) be the reference solution that satisfies
(4.1) a(up,v) = G(v) for all v € V},.
Locally on each patch we let
(4.2) Vi (wak) ==V (we ) NV = {v € Vi, | Tgv = 0 and v|on, , = 0}

The numerical approximation qﬁ’;k € V,f (wg k) of the corrector d)ﬁ, i 1s determined
by
a( Z,k,w) = a(\y,w) for all w € Vii(wyp).

We denote the discrete multiscale finite element space
ms,h
VH;’ = span{\, — qﬁ’ék |z e N}
The corresponding discrete multiscale approximation urgsjch eVy Z’h fulfills
(4.3) a(ugf;ﬁh,v) =G() forallve V;’?h.

Theorem 4.1. Let u € V solve (1.2) and let ugséz € V;i’h solve (4.3). Then

ms,h A — d/2 ;A k=2
10 = whie ||| < CallEZ e @ (08)7% (€170 Nigl -1 0
+ Cof *Caya™ || Hyll 20 + [llu = wall]
where Cy only depends on p, a and (3.

Remark 4.2 (Multiscale splitting by nodal interpolation). Having discretized the
fine scale computation, i.e., having replaced the infinite dimensional space V' by
some finite element space V;, C C%(Q) we are allowed to replace the Clément-type
interpolation by classical nodal interpolation. This leads to the variational multi-
scale method in [18], which is a modification of the method first presented in [17].
Because nodal interpolation satisfies the conditions (2.5.a)—(2.5.b), Theorem 4.1
establishes an a priori error bound for the multiscale method [18]. However, the
constant C5,, in (2.5.a) depends on the ratio H/h of the discretization scales if
d>1(Cy, ~log(H/h) in 2d and C5,, ~ (H/h)~! in 3d, cf. [21]). Hence, for nodal
interpolation, the constants C~'1, C4 in Theorem 4.1 depend on H/h in a similar
fashion. In 2d this can still be acceptable because the dependence on H/h is only
logarithmic.

Remark 4.3 (Estimates for the fine scale error). The finite element space V}, may be
replaced by any finite element space that contains Vj, e.g., by piecewise polynomials
of higher order. The third part in the error bound in Theorem 4.1 can be bounded
in terms of data, mesh parameter h, and polynomial degree using standard a pri-
ori error estimates. For example, if A € W1°(Q) (bounded with bounded weak
derivative) and ¢ is the smallest present scale, i.e., |[VA| p(q) < e, the third
term in the error bound in Theorem 4.1 may be replaced by the worst case bound
Che™1 for a first-order ansatz space V}, (see [20]). It is shown in [20] that for highly
varying but smooth coefficient A, higher order ansatz spaces are superior.

Remark 4.4 (Periodic coefficient). Let 2 be some square or cube, g € L?(Q2), let A
be smooth and periodic, A(x) = A(x/e), with some small scale parameter ¢ > 0,
and let u. denote the corresponding solution of (1.2). Choose uniform meshes Ty
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and T;, with H > ¢ > h and k ~ log(H ~!). With regard to the previous comment,
Theorem 4.1 yields the error bound

With h ~ eH the error in the approximation becomes independent of the fine
scale oscillations without any so-called resonance effects as they are observed, e.g.,
in [13]. We emphasize that periodicity can be exploited to reduce the number
corrector problems to be solved significantly.

ms,h
Ue — Uy gg,

|=cytm+n).

Remark 4.5 (Solution of the local problems). The local problems need to be solved
in the spaces Vif(w, x). This is a standard finite element space with the additional
constraint that the trial and test functions should have no component in Vy. In
practice this constraint is realized using Lagrange multipliers.

The resulting coarse scale system of equations is of the same size as the original
problem, dim(V; Zh) = dimVpy and it is still sparse. The number of non-zero entries
will be larger and depend on k. Note, however, that the non-zero entries in the
stiffness matrix decay exponentially away from the diagonal.

Proof of Theorem 4.1. We use the triangle inequality

ms,h ms,h

ms,h
U — Ug gk

o= w1 < = [ =} +

—Ug ok

and follow the arguments from the proof of Theorem 3.6 simply replacing V by V},
and using Lemmas 4.6, 4.8, and 4.9 below (discrete versions of Lemmas 3.1, 3.4,
and 3.5) to bound the last two terms. ]

Lemma 4.6 (Discrete version of Lemma 3.1). Let uy, € Vi, solve (4.1) and u'y>" €

VISl solve (4.3) with k large enough so that w, , = Q for all x € N'. Then

ms,h
o =i

H < Cgl/QCjHa_l/2||Hg”L2(Q)
holds with constants Co1 and C5,, that only depend on p.

Proof. Note that ufb = up — ugs’h is the unique element of Vf := VfNV}, such that
a(ul,v) = G(v) for all v € V}f. The lemma follows from the same arguments in the
proof of Lemma 3.1. O

In the remaining part of this Section, A < B abbreviates an inequality A < C'B
with some generic constant 0 < C' < oo that does not depend on the mesh sizes H,
h and the localization parameters. The constant may depend on the contrast 8/«
but not on the geometrical or topological structure of the coefficient A.

To establish discrete versions of Lemmas 3.4 and 3.5 we are facing the technical
difficulty that the product of v € V}, and some cut-off function 7 from Definition 3.3
is not necessarily an element of V},. However, the subsequent lemma shows that the
product nv can be approximated sufficiently well by elements from V},.

Lemma 4.7. For all x € N, M > m € N, and corresponding cut-off function
M defined in (3.3) there exists some v € Vi (wy pr41) such that

m,M  h 1 h
et = ofll € —— 6k

Furthermore, the statement also holds if ™™ s replaced by 1 —n
Vhf(Q \ wm’m_1>.

wm,M-ﬁ-l\”z,m—l ’

m M and v €
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Proof. Let x € N, M > m € N be fixed and define  := n™M. Let J, : V N
C(f2) — V" be the nodal interpolant with respect to the mesh 7. Recall its (local)
approximation and stability properties

IV (v =T3n0) |l L2c) S Ml V20l 2ry  and (| Tpvll 2y S (vl 22

for all polynomials v. According to Lemma 2.1, there exists some b, € V" such

that Jp(be) = Tu(In(nel)), [1balll S ||| Tu (Tn(nelk)) (bz) C wa,m1\
Wz m—1. Hence, v := jh(nég) — b, € Vhf(wm,MH). Since jHjhﬁTqbZ = ﬁTﬁHqﬁg =0
for p =T [ n, we get

[Hnol = olll” = Il —3n(ma) + oI
S Y IV = 3@ 7 + (136 3n((n — Ar)eb)] ||

ten:tcwx,M\wx,Tn

S D, WIV@eim+ D Hz?[|3n((n = 7)) 22 ()

ten:tcwz,M\wz,m TETH:TCQQ:,M+1\Wz,m71

SN (\’Vzﬁ’\%w(t)’\¢gf\%2(t) + anH%m(t)HVQbZH%%t))

tETh tCog, M \Wax,m

+ > Hz2 0 = 7zl 3 e o 10213 )

TGTHTC(-DLE M+1\wz m—1

< 1 —m) 7 [[6k]]

using the property (3.2.c) of n and Poincaré’s inequality. This proves the first part
of the lemma.

The second part concerning 1 — n follows using the same argument but with
v € VHQ\ wem—1). O

Wy, M+1\W:c m—1

Lemma 4.8 (Discrete version of Lemma 3.4). For all z € N, k, ¢ > 2 € N the

estimate
k—2

Ci

ot ekl < () e

holds with constants él,ég that only depend on p and B/a but not on x, k, £, h,
or H.

W, e

Proof. Let (, == 1 — nf;(kfl)ﬂ’ék*l with nf;(kfl)ﬂ’ék*l as in equation (3.3) in
Definition 3.3. Then there exists a v € V,f (wg,e) such that

llée = olll., . <lléz = Gdilll,, . + 16z = oll
< Ml +{ll¢az |

Furthermore, using the same argument as in Lemma 3.4,

[{rezal SliEAll

We Lk Wz, Lk Wz, Lk

Wa 0k \Wa £ (k—1)+1 W k—1\Wa, £(k—1)+1

Wz,lk—l\wx,e(k-—l)-f-l Wz,ek\wx,e(k—1)+1

which yields
(168 = ob el < |||F — ]|

2
woe TNl o S M2 e, s




Al 49
LOCALIZATION OF ELLIPTIC MULTISCALE PROBLEMS 2597

Now let n; := ni(j_l)ﬂ’ej (cf. Definition 3.3), 7 = 2,3,...,k — 1 and note that

||A1/2V¢Z||%2(Q\wz,e(k,1)) < a(¢f, me_190) — 2/§2nk_1¢Z(AV¢Z) V1.

The second term can be treated exactly as in Lemma 3.4 and, hence, bounded by
=2 ||l ’;\w sz’ We make use of Lemma 4.7 to bound the first term. There

exists v € VH(Q\ Wy o(k—1)+1) such that

a(@h, 2t < ][0t st = olll 5 2 04 o, -

Wl(kfl)\wé(k72)+1

The final assertion follows by similar arguments as in the proof of Lemma 3.4. [

Lemma 4.9 (Discrete version of Lemma 3.5). There is a constant Cs depending
only on p and B/a, but not on |N|, k, or £ such that

2
< Cy(tk) " (@) || [0l — ok ]|
zeN

Z U(x)@]; - ¢Z,ek)

zeN

Proof. For z € N, let (, = 1 — n#+L%+2 (cf. Definition 3.3) and let 2z =
Zme/\/v(x) (g — Pu.er;). We have,

2

- Z v(z) (gl — Z,Ek»Cﬂ:Z +(1=C(p)2)=1+1L

zeEN

S (@) (6s — docr)

xeN

The first term I:= Y\ v(2) a(¢? — @7 ., (12) can be treated in exactly the same
way as in the proof of Lemma 3.5. We focus on the second term. Due to Lemma 4.7
there exists a w € V;f(Q \ wex) such that

II:= Z v(x) a(¢ly - Z,ék? (1-C)z—w)

zeEN
1/2 1/2
< (z\vw 116 - ';,ekuf) (z ma—cz)z—ww?)
zeN zeN
1/2 1/2
< (z @) |6~ ;agkuf) (z mzmiw\w)
zeN zeN

1/2
< (tk)? (Z o(x)* |||} — Z,&Hf) =1l -

zeN

The result follows immediately. O
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10000
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100

0.5 0.6

FIGURE 1. Scalar coefficient used in the numerical experiment: A;

(left), Ay (middle), As (right).

FIGURE 2. Uniform triangulations of the unit square.

5. NUMERICAL EXPERIMENTS

Numerical experiments shall validate our theoretical results from the previous
sections.

5.1. Experimental setup. Let 2 be the unit square and the outer force g = 1
in . Consider three different choices for the scalar coefficient Aq, Ao, A3 with
increasing difficulty as depicted in Figure 1. The coefficient A; = 1 is constant.
The coefficient A, is piecewise constant with respect to a uniform Cartesian grid
of width 276. The values in each grid cell are chosen in the range [1/20,2]; the
contrast S(Az)/a(A2) < 40 is moderate. The coefficient Ag is piecewise constant
with respect to the same uniform Cartesian grid of width 276, Its values are taken
from the data of the SPE10 benchmark; see http://www.spe.org/web/csp/. The
contrast for Az is large, 8(A43)/a(A3) ~ 4-10%. Consider uniform coarse meshes of
size H = 271,272 ...,276 of Q as depicted in Figure 2. Note that none of these
meshes resolves the rough coefficients Ay and Az appropriately.

The reference mesh 7;, has width A~ = 272, Since no analytical solutions are
available, the standard finite element approximation u; € V};, on the reference mesh
Trn serves as the reference solution. All fine scale computations are performed on
subsets of 7},.

The approximations are compared with this reference solution only. Doing this,
we assume that uy, is sufficiently accurate. True errors would behave similar in the
beginning but level off at some point when the reference error |||u — uy||| dominates
the upscaling error.

5.2. Results for the energy error. Figure 3 depicts the energy errors of the
new multiscale method and the classical PIFEM (see (2.2)) with respect to the
same coarse mesh. Depending on the coarse discretization scale H, the localization
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10°
107"}
1072 s 1072 .
10° 10’ 10° 10° 10" 10° 10' 10° 10° 10"

-2

10

10° 0 i > ¥
FIGURE 3. Relative energy errors H]uh—urgf,;h/muhm (O solid) with
localization parameter k = [2log(1/H)| and |||up, — ugl|] / |||unl||
(O dotted) vs. number of degrees of freedom Ngor ~ H~2 for
different coefficients: A; (top left), As (top right), As (bottom).
The dashed black line is N, ;)1f/ 2.

parameter k is chosen to be [2log(1/H)]. The logarithmic dependence on 1/H
is motivated by our a priori analysis. The choice of the constant 2 is based on
numerical tests. It turns out that, in all experiments, this choice leads to the
desired linear textbook convergence (rate —1/2) of the energy error (w.r.t. to the
number of degrees of freedom Ngor = |N| ~ H~2) related to the sequence of
multiscale approximations. Pre-asymptotic effects are not observed. In particular,
the performance of our method does not seem to be affected by the high contrast
present in A3. Whether our estimates on the decay of the corrector functions are
sub-optimal or have worst-case character with respect to contrast is an issue of
present research.

Observe that the classical PIFEM suffers from the lacks of approximability and
regularity and converges only poorly for the rough coefficients As and As.

5.3. Results for the L? error. Figure 4 shows L? errors of the new multiscale
method and the classical PIFEM. Again, the choice of the localization parameter
k = [2log(1/H)] yields the optimal convergence rate —1 for our method in all
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0

10

FIGURE 4. Relative L? errors |ju, — umShH/HuhH (O solid),

lup — JHUESth/HuhH (x solid) with localization parameter k =

[2log(1/H)| and ||Jup — ugl|/||unl|| (O dotted) vs. number of de-
grees of freedom Ngof ~ H~? for different coefficients: A; (top
left), Ay (top right), A3 (bottom). The dashed black line is N .

experiments (w.r.t. to the number of degrees of freedom Ngor = |N| ~ H~?)
without any pre-asymptotic behavior. This observation is justified by a standard
Aubin-Nitsche duality argument. Define e := uy — urﬁskh S LQ(Q) and let z;, € V},
solve

a(zp,vp) = / evy, for all v, €V},
Q

Galerkin orthogonality leads to

h h
lun — UEZ HL2(Q) = a(ze — ngk ye) < ’

b

ms,h ms,h
Zh_ZHk uh—qu

h

where 237" € Vi " is the Galerkin projection of z; onto the discrete multiscale

finite element space Vg Z’h. The estimates for the energy error (see Section 4) and
the present choice of k yield the L? estimate

|up — Ur;r}k Iz2) S H?[l9]lp2()-
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More importantly, we observe that the L? error between uj, and J Hugsl’ch con-

verges nicely at a rate close to —3/4 without pre-asymptotic effects. This is re-
~ ms,h . . . ~ ms,h -

markable because Jguy ;. is a truly coarse approximation. Jpu,, ;. is an element

of the coarse P1 finite element space. Hence, it cannot capture microscopic features

of the solution. The rate of convergence (with respect to the number of degrees

of freedom) is limited by 1;“9 for some s € [0, 1] which is related to the regularity

of the solution (u € H'** for some s € [0,1]). However, Jguly:" approximates
the macroscopic behavior of the solution accurately with only \’/ery few degrees
of freedom. Note that the storage complexity of the modified basis is of order
O(h~2log 1/H) whereas its interpolation can be stored in O(H2log1/H). Once
the coarse system matrix of the multiscale method is assembled, J Hugfl;h can be
computed without using any fine scale information from the modified basis whereas

. . . . . h
this would be required to represent the full multiscale approximation urﬁsk )

6. APPLICATION TO MULTISCALE METHODS

In this section we discuss three multiscale methods and how the presented anal-
ysis relates to each of them.

6.1. The variational multiscale method. The variational multiscale method
was first introduced in [14]. The function space V' is here split into a coarse part
(standard finite element space on a coarse mesh), in our case Vy, and a fine part,
in our case V. The weak form is also decoupled into a coarse and a fine part. The
method reads: find @ € Vi and v’ € VI such that

a(t,v) + a(u',v) = G(v) for all v € Vg,
a(u/,v') = G(') —a(@,v') for all v’ € VI

The fine scale solution is further decoupled over the coarse elements T' € Ty and
approximated using analytical techniques. Note that the fine scale solution v’ is an
affine map of the coarse scale solution u. If we let v’ &~ Mu + m and plug this in
to the first equation we get a coarse stiffness matrix of the form a(v + Mo, w), i.e.,
a non-symmetric bilinear form for a symmetric problem.

6.2. The multiscale finite element method. In [13] the multiscale finite ele-
ment method was first introduced. Here modified multiscale basis functions are
computed numerically on sub-grids on each coarse element individually. The cor-
rector functions fulfill: find ¢, € HJ(T),

a(Ay — ¢ur,v) =0 for all v € HY(T) and for all T € Tg.

Here homogeneous Dirichlet boundary conditions are used on the boundary of each
element T, i.e., the local problems are totally decoupled. To get a more accurate
method one can improve the boundary conditions using information from the data
A. A larger domain can also be considered (this procedure is referred to as over-
sampling); see [13]. Note that since the coarse scale basis functions are modified
(both trial and test space) the resulting method is symmetric.
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6.3. The adaptive variational multiscale method. The modified basis func-
tion construction given by equation (2.7) and (2.8) was first introduced in a vari-
ational multiscale framework in [15,16]. In these papers the Scott-Zhang inter-
polation was used in the analysis and nodal interpolation in the discrete setting
for the numerical examples. The modified basis functions where only used for the
trial functions but not for the test functions. A fine scale correction based on the
right-hand side data was also included. In [18] the modified basis functions were
used for both trial and test functions. The exponential decay of the modified basis
functions, with respect to the number of coarse layers of elements in the vertex
patches, has been demonstrated numerically in all these works; see [17,18].

The adaptive variational multiscale method has been extended to convection
dominated problems and problems in mixed form [18]. A posteriori error bounds
have been derived and adaptive algorithms designed where the local mesh and patch
size are chosen automatically in order to reduce the error.

6.4. Application of the presented analysis. The convergence proof in this pa-
per gives a valid bound also as h — 0 independent of the patch size and coarse
mesh size. The proof does not rely on regularity of the solution and gives a very
explicit expression for the rate of convergence. The present analysis confirms the
numerical results in [17,18] and gives the symmetric version of the method, where
both trial and test space are modified, the solid theoretical foundation it has previ-
ously been missing. The analysis also justifies the use of a posteriori error bounds
for adaptivity [16, 18] because we can now prove that the quantities measured on
the patch boundary decays exponentially in the number of coarse layers.

For the variational multiscale method this result says that it is important to al-
low larger subgrid patches than just one coarse element. This will result in overlap
but the local problems are totally decoupled and we have in previous works demon-
strated how adaptivity can be used to only solve local problems where it is needed,
see for instance [16, 18]. For the multiscale finite element method the analysis is
not directly applicable since the fine scale space VI is not used. It is the decay
in this space which we have proven to be exponential (in number of coarse layers
of elements in the subgrid). If this decay is not present, inhomogeneous boundary
conditions are instead needed for the subgrid problems. To the best of our knowl-
edge, such constructions have only been proved to be accurate in special settings,
e.g., periodic coefficients.
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OVERSAMPLING FOR THE MULTISCALE FINITE ELEMENT
METHOD*

PATRICK HENNINGT AND DANIEL PETERSEIM?

Abstract. This paper reviews standard oversampling strategies as performed in the multiscale
finite element method (MsFEM). Common to those approaches is that the oversampling is performed
in the full space restricted to a patch including coarse finite element functions. We suggest, by
contrast, performing local computations with the additional constraint that trial and test functions
be linear independent from coarse finite element functions. This approach reinterprets the variational
multiscale method in the context of computational homogenization. This connection gives rise to a
general fully discrete error analysis for the proposed multiscale method with constrained oversampling
without any resonance effects. In particular, we are able to give the first rigorous proof of convergence
for an MsFEM with oversampling.

Key words. a priori error estimate, finite element method, multiscale method, MsFEM, over-
sampling

AMS subject classifications. 35J15, 65N12, 65N30

DOI. 10.1137/120900332

1. Introduction. The numerical treatment of partial differential equations with
rapidly varying and strongly heterogeneous coefficient functions is still a challenging
area of present research, especially with regard to applications such as porous media
flow or the transport of solutes in groundwater. In such problems, the occurring
permeabilities and hydraulic conductivities have rapidly changing features due to
different types of soil, microscopic inclusions in the bottom, or porous subsurface rock
formations. Any meaningful numerical simulation of relevant physical effects has to
account for these highly heterogeneous fine scale structures in the whole computational
domain. This means that the underlying computational mesh has to be sufficiently
fine to resolve microscopic details. If pore scale effects become relevant or if domains
spread over kilometers, then the computational load becomes extremely large and in
several applications even too large to treat the problem with standard finite element
or finite volume methods. This is just one instance of a so-called multiscale problem
as it arises in hydrology, physics, or industrial engineering.

In recent years, many numerical methods have been designed to deal with these
computational issues that come along with multiscale problems. Most of them aim
to decouple the global fine scale problem into localized subproblems which can be
treated independently from each other plus some global coarse problem. The list of
proposed multiscale methods, meanwhile, is long. Amongst the most popular methods
are the finite element heterogeneous multiscale method (HMM), initially introduced
by E and Engquist [9] (see also [10, 11, 1]), the variational multiscale method (VMM)
by Hughes [29] and Hughes et al. [30] (see also [32, 33, 34]), the approaches by Owhadi
and Zhang [35, 36], or that of Babuska and Lipton [2].
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In this paper, we deal with another popular method: the multiscale finite element
method (MsFEM) proposed by Hou and Wu [26] and further investigated in several
contributions [27, 16, 15, 28]. There is an ongoing development of the method to apply
it to various fields and equations. For instance, an MsFEM for nonlinear elliptic
problems is proposed in [13], a formulation for two phase flow problems in porous
media is presented in [12], advection diffusion problems are treated in [8], and an
application to elliptic interface problems with high contrast coefficients is presented
in [7]. A survey on the method is given in the book by Efendiev and Hou [14].
There is a vast literature devoted to the method, but there are still open questions of
strong interest. The most relevant issue is a rigorous error analysis of the method, in
particular in the case of nonperiodic microstructures.

The MsFEM is related to some common finite element space with an underlying
coarse grid. The essential idea is to modify the corresponding basis functions in
such a way that fine scale variations on finer scales are sufficiently well captured.
More specifically, local fine scale computations are performed to determine so-called
corrector functions. These corrector functions can be added as local perturbations to
the original set of basis functions of the coarse finite element space.

However, it is well known that the classical MSFEM suffers from so-called reso-
nance errors, which are typically of order O(f ), where € denotes a characteristic size
of the small scale and where H denotes the mesh size of the coarse grid (cf. [27, 28]).
This implies that the numerical error becomes large in regions where the coarse grid
size is close to the characteristic length scale of the microscopic oscillations. There
are two different explanations for this error. The first one is a mismatch between
the boundary conditions imposed for the local fine scale problems and global behav-
ior of the oscillatory exact solution (cf. [16]). The second explanation is due to the
size and geometry of the sampling patch (cf. [28]). The averaged behavior in such a
patch should be “representative” so that we can speak about a perfect sample size.
If this is not the case, the final approximation might be distorted. In the periodic
setting, for instance, the sampling domain should be some multiple of the periodic
cell. On triangular patches with cathetuses of the length of a period, this patch is
only half a periodic cell (i.e., the patch has bad size and geometry) and lacks essential
information. This yields a completely wrong approximation (cf. [21]). In the periodic
setting considerable improvements were obtained by Gloria [19, 20], who proposed a
regularization of the local (patch) problems by adding a zero-order term. With this
strategy, both sources of the oversampling error could be significantly reduced (cf.
[19, Theorem 3.1] and [20, sections 5.3 and 5.4]).

In a lot of applications, such as oil reservoir simulations or the transport of solutes
in groundwater, a characteristic microscopic length scale € is unknown, cannot be
identified, or does not exist at all. In scenarios without a clear scale separation it is
often impossible to predict whether or not we are in the regime of resonance errors.
It is very likely to actually hit the problematic regime. Hence, the quality of the
final approximation cannot be determined unless resonance errors are eliminated. For
this purpose, different oversampling strategies have been proposed. The fundamental
idea of each of these techniques is to extend the local problems to larger patches
and perform the computation on these oversampling domains but feed the coarse
scale equation only with the information obtained within the original smaller patches.
This reduces the effect of wrong boundary conditions and bad sampling sizes. In
this paper, we present the two major strategies for oversampling and discuss their
advantages and disadvantages. On the basis of these considerations we propose a new
strategy that overcomes the issues of the existing strategies. The new approach is
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closely related to the VMM-type method presented in [34]. We prove quantitative
error estimates for the corresponding multiscale approximations under very general
assumptions on the diffusion coefficient.

This contribution is structured as follows: In section 2 we recall the classical
formulation of the MsFEM without oversampling. The most popular approaches for
oversampling are discussed in section 3. In section 4 we propose a new strategy for
which we present a quantitative error analysis. Numerical experiments are presented
in section 5. The paper closes with a short conclusion.

2. The multiscale finite element method. In this section, we state the set-
ting of this paper and we establish the required notation. We recall the classical
multiscale finite element method (MsFEM) as initially proposed by Hou and Wu [26].

2.1. Setting and notation. Consider a bounded Lipschitz domain © c R?
with a piecewise flat boundary and some matrix-valued coefficient A € L>°(£2, Rfyx,fl)
with uniform spectral bounds Ypin > 0 and Ymax > Ymin,

(2.1) 0(A(x)) C [Ymin, Ymax] for almost all z € Q.
Given f € L2(f2), we seek the weak solution of

-V -AVu=f inQ,
u=0 on 0f;

i.e., we seek u € H}(Q) := {v € HY(Q) | v|]gg = 0 in the sense of traces} that satisfies
(2.2) a(u,v) = / AVu - Vv = / fo=:F(v) forallve H}).
Q Q

We consider two discretization scales H > h > 0. The coarse scale H is arbitrary,
whereas the small scale parameter h may be constrained by the problem. Typically,
it is assumed to be smaller than the characteristic length scales of the variations of
the diffusion coefficient A.

Let Tg, Tp denote corresponding subdivisions of € into (closed) triangles (for
d = 2) and tetrahedra (for d = 3), ie., Q = Uier, t = Urer, T- We assume that
Tw, Tn are regular in the sense that any two elements are either disjoint or share
exactly one face or share exactly one edge or share exactly one vertex. For simplicity
we assume that 7, is derived from 7Tz by some regular, possibly nonuniform, mesh
refinement.

For T =T, Ts, let
Pi(T) ={veC%Q) | VT € T,v|r is a polynomial of total degree < 1}

denote the set of continuous and piecewise affine functions.

Accordingly, Vj, := P1(T5) N H}(Q) denotes the “high resolution” finite element
space and the “coarse space” is given by Vi := P (Ty) N H(2) C V. For any given
subset w C 2 we define the restriction of V}, to w with a zero boundary condition by
Vi(w) :=VaN H} (w). The nonconforming fine space Vj, 75, is defined by

Vi1 == {vh ’ VT € Ty, (Uh)‘T eV, n H1<T)}.

A general function in v € Vj, 75, may jump across edges of the coarse mesh 7y and,
hence, does not belong to H}(2). However, the Ty-piecewise gradient Vv, with
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(Vuv)|r = V(v|p) forall T € Ty, exists. Typically, MsFEM approximations obtained
with oversampling are nonconforming approximations of the exact solution in the
sense that they do not belong to Hg (£2).

In the following 7 € T denotes an arbitrary point, for instance the barycenter
of T. For &y € Vi and T € Ty, the affine extension operator Ep : Vg — Py(Q) is
given by

ET((I)H)(.’L‘) = (LU — .’L‘T) . V‘1>H(.TT) + (I)H(.TT).

Finally, by x7 we denote the characteristic (or indicator) function with yr(z) = 1 for
x € T and xr(z) = 0 elsewhere.

For the sake of simplicity, all fine scale computations are performed in subspaces
of the fine scale finite element space V. The Galerkin solution u, € V}, which satisfies

(2.3) ap(up,v) = F(v) forallveV,

may, hence, be considered as a reference approximation. Note that we never solve
this large scale equation. The function uj serves as a reference solution to compare
our multiscale approximations with. The underlying assumption is that the mesh 7},
is chosen sufficiently fine so that wuy, is sufficiently accurate.

Throughout this paper, standard notation on Lebesgue and Sobolev spaces is
employed and a < b abbreviates an inequality a < C'b with some generic constant
0 < C < oo that may depend on the shape regularity of finite element meshes and the
contrast Ymax/Ymin but not on the mesh sizes H, h and the regularity or the variations
of the diffusion matrix A; a ~ b abbreviates a < b < a.

2.2. The classical MsFEM and reformulation. We first present the classical
MsFEM without oversampling as originally stated by Hou and Wu [26], and similarly
by Brezzi et al. [3]. They proposed the strategy to enrich the set of standard finite
element basis functions by fine scale information. The information is determined by
solving local problems on the fine scale. We briefly recall the method and reformulate
it in terms of a correction operator (), and a corresponding corrector basis.

Let N denote the dimension of the coarse space Vi, and let {®; | 1 <i < N}
denote the usual nodal basis of Vy. Given some basis function ®;, the corresponding
MsFEM basis function ®}*"*™ & V}, is uniquely determined by the condition that for

all T € Ty and for all ¢, € V,(T) it holds that
2.4 A(x)VOY ™M (x) . Vopn(r)dr =0 and & = &, on I7T.
(2.4) i i

T

The span of these MsFEM functions is called the MsFEM solution space
VoM = span{ @™ | 1 <i < N}.

This space is conforming in the sense of VY™™ C V), C H{(f2), because the set
{@MFEM |1 < ¢ < N} defines a conforming set of basis functions. The classical
MSFEM in the Petrov—-Galerkin (PG) formulation due to [28] reads as follows.

DEFINITION 2.1 (MSFEM without oversampling). The MsFEM approximation
u™M € V™M is defined as the solution of

(2.5) LA(x)Vu”ﬁFEM(m) VO (x)dr = /Q f(@)®u(z)dr for all @y € Vi
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In [26], the MSFEM was originally proposed in the Galerkin formulation; i.e., the
test functions &y € Vy in (2.5) are replaced by test functions O™ e V=M,
Observe that due to the orthogonality property (2.4) both formulations are almost
identical (in the absence of oversampling). For structural reasons we used the PG
version to introduce the MsFEM.

With regard to the general framework for oversampling that we present in the
subsequent sections, we note that the MsFEM can be rewritten in the following way.

Remark 2.2. If uip™™ € V"™ denotes the MsFEM approximation stated in

Definition 2.1, then we have v} = ug + Qn(un), where ug € Vi solves
(2.6.&) / A(VUH + VQh(uH)) Vo = / f@H for all gy € Vi,
Q Q

with

d
(2.6.b) Qn(@m)(x) = Y Y 0u,Pu(zr)wr(z),

TeTy i=1

and wr; € Vi (T') is the unique solution of

(26C) / Avaﬂ‘ . ngh = —/ Aei . ngh for all th S ‘O/h(T)
T T

The set of all functions wr; is what we are going to call a local corrector basis. From
the computational point of view, it seems at first glance to be cheaper to compute
the corrector basis given by (2.6.c) instead of directly computing the set of multiscale
basis functions given by (2.4). The latter formally involves more problems to solve.
For instance, if d = 2, the assembling of the corrector basis {wr; | T € Tw,i = 1,2}
requires the solution of 2 - | Ty | local problems, whereas the solutions of 3 - |Tx| local
problems are required to assemble {®}"*™™ | 1 <4 < N} by using the gradients of
coarse basis functions (for which we have 3 per coarse element). Still, it is possible to
use the partition of unity property of the basis functions to equally decrease the costs
of the original version of the MSFEM from d - |Tg| to (d — 1) - [Tg|. In particular,
restricted to T, the gradients of (d — 1) basis functions associated with (d — 1) corners
of the element 7" span the gradient of the missing dth basis function on 7'.

The equivalence between the formulations (2.5) and (2.6) can be easily verified
by the relation ®Y<F*™ = &, + Q(®P;). Observe that for every i, for every T € Ty,
and for every ¢, € Vi (T),

/TA(x) (VO;(x) + VQr(P;)(x)) - Vo(x) dx

d
= Z Oz, P (x7) /T A(z) (e; + Vwh(x)) - Vo(z) dz = 0

and ®; + Qn(®;) = ®; on 9T, which is the definition of ®}F*M,
A symmetric formulation of (2.6.a) is given by the following: find uy € Vi with

(2.7) / A(VUH + VQh(uH)) . (V‘I’H + VQh((I)H)) = / f(I)H for all @y € Vj.
Q Q
Note that (2.6.a) and (2.7) are identical, because

/ A(VUH + VQh(UH)) -Vorp =0 for all on € f/h(T).
T
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3. Oversampling strategies. As already discussed in the introduction, the
classical MsFEM in Definition 2.1 can be strongly affected or even dominated by
resonance errors (cf. [14]). In the absence of scale separation or any knowledge about a
suitable sample size for the local problems, the classical MsFEM needs a modification.
QOversampling is considered to be a remedy to this issue. Oversampling means that the
local problems (2.6.a) are solved on larger domains, but only the interior information
(i.e., we restrict the gained fine scale information to 7") is communicated to the coarse
scale equation (2.6.a).

There is no unique way of extending the local problems (2.6.a) to larger patches.
Different extensions lead to different oversampling strategies. In this section, we
present the two common approaches for oversampling. We rephrase both approaches
so that they fit into a common framework. We discuss the advantages and disadvan-
tages of the methods, and then we propose our new oversampling strategy. Note that
each of the subsequent strategies is a generalization of the case without oversampling.

We shall introduce some additional notation.

DEFINITION 3.1 (admissible patch). For T € Ty, we call U(T') an admissible
patch of T if it is nonempty, open, and connected, if T C U(T) C 2, and if it is the
union of elements of Tr, i.e.,

U(T) = int U T, where T, C Th.
TET)
A given set of admissible patches is given by U, i.e.,
U:={U(T)| T €Ty and U(T) is an admissible patch},

where U contains one and only one patch U(T') for each T' € Ty. The set U(T)\ T is
called an oversampling layer. The thickness of the oversampling layer is denoted by
dy = dist(T,0U(T)). Furthermore, we define

d" = min dyr and &7 := max dy.r
u TeTy u TET

as the minimum and maximum thickness.

In the spirit of (2.6.a) and (2.7), we now define the coarse scale equation for an
arbitrary MsFEM with a chosen oversampling strategy. As we will see later on, all
MSsFEM realizations differ only in the correction operator () that determines the
oversampling strategy.

DEFINITION 3.2 (framework for oversampling strategies). Let o = 1,2,3 denote
the index of the oversampling strateqy to be specified later on, and let

{wiff | 1<i<d TeTu}

denote a given local corrector basis that depends on the chosen strategy a (see (2.6.a)—
(2.6.c) for the trivial case of such a basis). Then, a (not necessarily conforming)
correction operator QZ;:O‘ Ve = Vi 1y is defined by

d
(3.1) Lo @y)(x) = Z x7(x) Z@xﬂ)H(mT) wsziffz(x) for &g € Vy.

TeTH i=1

The MsFEM approximation ug; + Qz;:a(u?‘{) obtained with strategy o in the PG for-
mulation reads as follows: find u$; € Vg such that

(3.2) Z /TA <Vu% + VQ%Q(U%)) -Voy = /Qf<I>H for all &gy € V.

TeETH
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The MsFEM approzimation u3™" + Q “(uy™™) obtained with strategy o and a
(not necessarily equivalent) symmetric formulation is given by the following: find
a Sym

€ Vg with

(3.3) 3 / Vuo‘ v (u ‘“ym)) - (vq>H + VQZ”“@H))

TeETH
- / f(@ + QL ()

for all @y € V. Observe that strategies can differ only in the choice of the corrector
basis. The remaining structure of the methods is always the same.

In the subsequent sections, we demonstrate how existing oversampling strategies
fit into the framework presented in Definition 3.2.

3.1. Classical strategy initially introduced by Hou and Wu. The classi-
cal oversampling strategy was proposed by Hou and Wu [26] and further used and
investigated in several works (cf. [13, 6, 14]).

Let T € Ty be fixed, and let {®1,®F,..., @ |} C Vi denote the basis functions
that belong to the d + 1 nodal points in 7. Hou and Wu [26] proposed the following
oversampling strategy: solve for @f € Vi (U(T)) with

(3.4) / AVET -V, =0 for all ¢ € Vi (U(T))
U(T)

and the boundary condition (ij = ET((I);‘F) on QU (T), where ET(CI);‘F) denotes the

affine extension of ((I)f)]T Then, for a given coarse function @ € Vi, O M is

defined by

d+1

MsFEM __ &7
Oy = E c;®;
Jj=1

where the ¢; are such that ®Y"™™(z;) = ®y(x;) for all d + 1 coarse nodes x; of
T. The final coarse scale equation in the PG formulation reads as follows: find
1,MsFEM

Uy € Vi, 1 with

(3.5) /AvHu};MSFEM.Vch :/fch
Q Q

for all @5 € Vg. Observe that u}™™ is a nonconforming approximation of u. In
[28, 16], a slightly different condition is used to define the coefficients ¢;. However, it
turns out that this modified condition leads to nothing but Oversampling Strategy 2
below.

We shall rephrase this multiscale method with oversampling strategy in the frame-
work of Definition 3.2. Let Qr(®p) := @Y™ — Ep(®g) define the local corrector,
i.e., an operator that communicates fine scale information to the coarse scale equation.
The corresponding reduced fine scale space V,{ (U(T)) is given by

(3.6) Vi (U(T)) = Vi(U(T)) \ span{®7, @3 ,..., B, }
with nodal basis functions {®7,®7,...,®1, } C Vu. Since

Qr(Pp)(z;) = @Y™ (z;) — Pu(z;) =0 for all nodes z; in T,
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Qr(®y) € V;'(U(T)). Moreover, by the definition of ®YF™™ Qr(®y) € Vi (U(T))
satisfies

o A(VOy(zr) +VQr(®H)) - Vén
T

— /U(T) A(VEr(®r) +VQr(®u)) - Vor

S

d
— Zci/ AVOT .V, =0
i=1 u(T)

for all ¢, € V[(U(T)) Since V& (z7) is a constant in U(T"), we may rewrite Qr(®x)
in terms of a corrector basis. This gives us the first definition of oversampling within
our framework.

OVERSAMPLING STRATEGY 1. Let Vh’“(U(T)) denote the reduced fine scale space
given by (3.6), and let wi’:%z € V,{(U(T)) (for i € {1,2,...,d}) denote the solution
of

(3.7) / AVw%L}’Z. -Vop = —/ Ae; - Vo for all ¢y € V,f(U(T))
Uu(T) u(T)

For @y € Vg we define the corrector Qz,f’l(@H) € Vi, 1y by

d
QM (@n) =Y xr(@)Y 0nCu(ar) wily (2.

TeTy =1

Let u}, € Vg be the solution of (3.2), i.e.,

Z / A <VU}{ + VQZ;:’O‘(U}{)) -Vog =/ f®y  for all oy € Vy.
T Q

TET

Then, up ™™ = ul, + Q¥  (ul}) defines the MsFEM approxzimation obtained with
Oversampling Strategy 1. Obviously, u}{MFEM solves (3.5).

Remark 3.3. The explicit boundary condition for the local problems (3.4) is often
missing in the literature (cf. [26, 14]). However, it seems that these computations
were performed for the case described above; i.e., the solution é? of (3.4) takes the
values of an affine function on OU(T") (cf. [16, 28], which also refer to the numerical
experiments in [26]). In some works (cf. [13]) the local problems (3.4) are formulated
with the boundary condition i)ZT = &7 on QU (T). This seems to be a mistake, because
the new basis functions will be equal to zero whenever U (T) is larger than the support
of the original basis functions.

3.2. Oversampling motivated from homogenization theory. The second
type of oversampling is motivated from numerical homogenization theory. Assume
that we regard

find u® € Hy(Q) with / A*Vu® - Vo = / f® forall ® € Hj(Q),
Q Q
and assume that A¢ is uniformly bounded and coercive in ¢, that A® is H-convergent

to some matrix A% and that u® — «® in H'(Q), where u® € H}(Q) is called the
homogenized solution.
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Then, a numerical approximation of the homogenized solution u° can be obtained

by discretizing a more convenient equation (see (3.8) below). For this purpose, let
B(x,n) denote an open ball centered at = € Q with radius n > 0, and let N(z,n)
denote an open neighborhood of x € €2 with a Lipschitz boundary. It is assumed that
there exist 0 < ¢ < C so that for all n > 0 and all € Q there holds ¢|B(z,7n)| <
|N(z,7n)| < C|B(x,1)|. We seek us™¢ € H}(Q) that solves

(3.8) / N ()| / A5 (y) (Vue " (2) + V, Qe ) (2, y)) - VB (z) dy da
Q N(z,n)

/f

for ® € Hi (), where for given ¥ € HJ (Q) the corrector Q(¥)(z,-) € H(N(x,1n+¢))
is determined by

/N( " A% (y) (V(z) + V,Q(¥)(z,y)) - Vé(y) dy = 0 for all % € HE (N (z,7+C)).

If ¢ = ¢(n) and lim, o <% = 0, then it holds that

lim 1 —usme =
nggmlg%llu w1y = 0.

As a consequence thereof, we get that

lim lim ||u® —

7,6—0£—0 r2(0) = 0.

This result was shown by Gloria [17, 18] in a general nonlinear setting. Since u®"¢
yields a good approximation of u®, the result suggests looking at discretizations of
(3.8). This was exploited, for instance, in [23]. A general numerical framework that
can be seen as a discretization of (3.8) was proposed in [24]. Particularly, the HMM
and the MSFEM are recovered from the framework, which leads to a straightforward
oversampling strategy. This strategy can be formulated as follows (cf. [18, 24, 25]).

OVERSAMPLING STRATEGY 2. Fori € {1,2,...,d}, let wh TZ e Vi (U(T)) solve
(3.9) AVW2 Ve, = —/ Ae; -Vop,  for all ¢y € Vi(U(T)),
U(T) o U(T)

and for @y € Vi, let QZ;L[’2(<I>H) € Vi, 74 denote the corrector given by (3.1). If u% €
Vi is the solution of (3.2), then u? + QZ2(U?{) defines the MsFEM approzimation
obtained with Oversampling Strategy 2. We therefore denote

up " =+ QR ().

We immediately see that Oversampling Strategies 1 and 2 differ only in the fine
scale trial space for the local problems and that they are identical for U(T) = T,
even though Oversampling Strategy 2 was formulated independently of Oversampling
Strategy 1. In [28, 16], Oversampling Strategy 2 is written in terms of an asymp-
totic expansion in the periodic case. Also note that this second approach is closely
related to the finite element HMM, where the same type of oversampling is used (cf.
[9, 10, 11, 22]). Notably, the HMM and the MSFEM can be reinterpreted in a com-
mon homogenization framework (cf. [17, 18]) and in a common numerical framework

(ct. [24]).
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3.3. Discussion of the strategies. As we just discussed, there are two widely
used strategies for oversampling for the MsFEM. However, the difference between
both approaches is only minor and the behavior of the resulting approximations ap-
pears to be qualitatively the same. The small difference in the local trial spaces
does not seem to have a significant impact. At least, the error estimates available
for Oversampling Strategies 1 and 2 are very similar. The literature does not even
distinguish between these strategies. For instance, [6] (using Oversampling Strategy
1) claims to generalize the results of [16] (using Oversampling Strategy 2). Such a
mixture of strategies can be observed in several works on this topic. To the best of our
knowledge, even though both approaches seem to behave identically, a rigorous proof
of this conjecture is still missing. Oversampling Strategy 1 suggests fixing the correc-
tor Q% (®) in the corners of the coarse grid element 7 (forcing it to zero), whereas
the corrector proposed by Oversampling Strategy 2 does not have such a restriction
leaving it completely free in these corners.

Remark 3.4. As already mentioned, the MsFEM might also be considered in a
symmetric formulation (cf. [16]); i.e., the coarse scale equation reads as follows: find
ug € Vi with

2 /T A(Vugy + VO (i) - (Vou + VO (@)

TETH

— /ﬂ f(@r + Q1" (D))

for all &y € Vg and where QZ:’O“ is defined either with Oversampling Strategy 1 or
2. However, the theoretical and numerical results in [28] show that this version of the
method still suffers from resonance errors. One explanation was suggested by Gloria
[18], who proposed a simple computation:

/ A (vu;; + VQ%’%U%)) . (WH + VQ%“@H))
T
_ / A (Vugy + V@ () -V
T
+ /T A (Vg + QL)) - VR (@)
_ /T A (Vufy + QL () -V

+/ A (Vu‘}‘{ + VQ%’%U?})) : VQ%’“((I)H).
U(TN\T

This means that the effective MsFEM bilinear forms in the PG and non-PG formu-
lations differ in the term

Z /U(T)\T 4 (VU?{ + VQZ;:’O[(U’H)> ' VQZ;L’7Q((I)H)7

TeETH

which still seems to contain the problematic boundary layers that we tried to get rid
of. Observe that we integrate over the layer U(T")\T. This is exactly the region where
we encounter unpleasant boundary effects of the correctors QZ{’O‘(U #) and QZ;:’Q(@ H).
This might imply that preference should be given to the PG formulation. Note,
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however, that uniqueness and existence of discrete solutions have not been proved for
general oversampling so far.

Let us review the two essential results concerning the convergence of MsFEM
approximations with oversampling. The first result is due to Gloria and is the most
general result currently available for Oversampling Strategy 2.

THEOREM 3.5. Let f € L?(Q) and A° € L=(Q,R¥*9) be a sequence of (possibly
nonsymmetric) matrices with uniform spectral bounds Ymin > 0 and Ymax > Ymin,

(3.10) 0(A%(x)) C [Ymins Ymax] for almost all x € Q and for all € > 0,

and assume that A® is H-convergent. Furthermore, let u3; € Vi denote the corre-
sponding MsFEM approximation obtained with Oversampling Strategy 2, and let
diam(U(T")) — diam(T")
diam(7")

—0 for H—O.

Then we have

At e = il =0

The proof for general nonsymmetric coefficients is given in [20, Theorem 5|, and
the case of nonlinear problems is presented in [18, Theorem 6 and Remark 7].
first glance the result appears counterintuitive in the sense that it suggests letting
the oversampling converge to zero. However, the first limit is in €, which makes the
relative thickness W of the oversampling layer grow to infinity. Hence, the correct

interpretation is that for fixed € the computational domains should blow up to infinity.
In this case, the optimal corrector problem is an equation formulated on the whole
R?. These corrector problems are exactly the cell problems known from periodic and
stochastic homogenization theory. In the periodic setting the classical cell problems
can be extended to the R¢ by periodicity, and in the stochastic setting they are directly
formulated in R? to obtain the correct stochastic average (cf. [31]).

Theorem 3.5 gives a clear message in the case of extremely small microscopic
variations. If £ (the characteristic length scale of the fine scale oscillations) is (glob-
ally) sufficiently small, then the resulting MsFEM approximation yields very good
approximations. This is a very important result, but it is purely qualitative. For
example, it does not answer the question of how (thick) to choose an oversampling
patch. We cannot predict how the method behaves if there is a large spectrum of
oscillations without a scale separation. For instance, we might encounter variations,
where it is hard to tell which of them are macroscopic and which are microscopic (i.e.,
“e-dependent”). In practice, we do not construct an artificial sequence in €; we have
only a given scenario and a given set of data.

The next theorem due to Hou, Wu, and Zhang is much more restrictive, but it
gives a more quantitative answer than Theorem 3.5.

THEOREM 3.6. Assume that d = 2, f € L*(Q), and A is a bounded, elliptic,
symmetric, and e-periodic C*-matriz, i.e., A(z) = Ap(%), with A, € C3([0,1] Rg;ﬂ)
being periodic. Let uy € Vi 713 denote the MsFEM approximation obtained with
Oversampling Strategy 2. Then

[SE

|uf — |2 < C (d (log H)
"

( > IVui - ku%m)) =C (d tHte )

TETH

M
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A proof of this theorem is given in [28]. The assumption d = 2 seems to be
essential for their strategy. Note that in [28] the theorem is formulated without the
contribution. Instead, the authors make the assumption that the oversampling

dmin
layer is sufficiently large. Following their proofs one can easily see that the generalized
estimate reads as above (cf. [14] for the case df;™ = C'H). In particular, the —=-term

describes the decay of the error between the exact corrector and the correc%c{or with
wrong boundary conditions in a coarse element T'. The decay turns out to be inversely
proportional to the thickness of the layer. Because of the € scaling of the solution,
the effective term becomes —Z. This seems to be a sharp estimate for the decay due

to the findings in [16, 5]. Auproof of Theorem 3.6 for Oversampling Strategy 1 can
be achieved in the same fashion as in [28]. Theorem 3.6 predicts the following: if
locally O(H)=0(¢), the patch size of the local problems must not be of order O(H)
to preserve convergence. Still, the theorem gives only an answer of how to choose the
oversampling patches U if € is a known parameter.

If the thickness of the oversampling layer is of order O(h), both estimates in Theo-
rem 3.6 receive an order O(7) term and the right-hand sides remain large. In general,
the thickness d;}'™ must be large in comparison to €. Analytically, this implies that
O(H )-oversampling might be not enough in regions where we deal with resonance
errors due to O(H)=0(e). This seems to show up in the numerical experiments in
[28], where the authors observe a stagnation in the convergence of the H'-error for
H entering the region with O(H)=0(e). The effect on the L?-error is less strong.
However, the value of djj is missing in the experiments in [28], so we can assume
only that d;7™ is of order H. Otherwise the computation of the MsFEM basis func-
tions becomes quite expensive. However, we note that there also exists a modification
of Oversampling Strategy 2 proposed by Gloria (cf. [19, Theorem 3.1] and [20, para-
graphs 5.3 and 5.4]) where the local problems are regularized by adding the term
/@fl(wz{’% o On)r2wry) (for large x > 0) to the left-hand side of problem (3.9). Using
this modified strategy, the Theorem 3.6—type estimates can be improved enormously,
even without restrictions on space dimensions and much weaker assumptions on the
regularity of A°.

Remark 3.7. In [16], the symmetric version (3.3) of the MSFEM is considered.
Here, the derived L?-estimate reads as

2
g — ey < © (= + 1+ ctog 1) + 75+ (7)),
u
where uj; denotes the MsFEM approximation of the symmetric problem (3.3) de-
termined with Oversampling Strategy 1. Due to the numerical experiments in [16],
C,- seems to have a considerable size so that this term is dominating the estimate
if locally O(e)=0O(H). We notice that the estimate is worse than the LZ-estimate
for the PG version of the method, because the last term cannot be reduced even for
large d;j™. These observations are consistent with Remark 3.4. However, this leads
to an additional problem of the MsFEM with Oversampling Strategy 1 or 2. On
the one hand, the PG version should be preferred over the symmetric version (see
the estimates). On the other hand, the existence and uniqueness of the corresponding
MsFEM approximations have not been established so far, not to mention the stability.
For the symmetric version, we can simply exploit the ellipticity of A to conclude that
the method is well posed and stable. For the PG version there is no such argument.
The only result is a perturbation result due to Gloria [18], saying that if the over-
sampling size is small enough (i.e., if the difference between the PG formulation and
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symmetric formulation is small enough), then we still have existence and uniqueness.
The lack of knowledge regarding the general well-posedness of the PG MsFEM with
Oversampling Strategies 1 and 2 is a big issue of these approaches.

The e-terms in the estimates that cannot be reduced with H 2 e should be
seen as fixed modeling errors. They describe the error between exact solution and
homogenized solution. In a general nonperiodic nonstochastic scenario they cannot
be quantified.

In conclusion we have two findings. First, in general, both approaches do not
show clear asymptotics for a convergence to the exact solution (for H 2 ¢). There
is always a remainder of order ¢, even if U(T') = Q. In particular, this is a problem
if € is unknown or if the microstructure is heterogeneous. Second, if the modeling
error of order ¢ is negligible, Theorem 3.6 still suggests that linear convergence (with
respect to H) can be achieved only if the oversampling thickness scales with O(1),
which makes the local problems prohibitively expensive. Since the estimate for the
decay rate d‘&% of the corrector error is sharp (in the periodic setting), we cannot

hope for much improvement of the final error estimates stated in Theorem 3.6.
We may summarize the following issues, which we address to solve with our new
oversampling strategy to be proposed in the next section:
(a) elimination of resonance errors of any kind,
(b) clear prediction for the size of oversampling patches without explicit knowl-
edge about the microstructure or scale separation,
(c) construction of a conforming approximation in H} (),
(d) a quantitative error analysis in H without restrictive regularity assumptions
on the coefficients and for all space dimensions,
(e) a priori error estimation in the fully discrete setting (previous results were
obtained under the assumption that the local problems are solved exactly),
(f) formulation of a stable approach for which we can guarantee existence and
uniqueness of the resulting MsFEM approximation, and
(g) prevention of unstable splittings due to point evaluations as, e.g., required
to implement the constraint in Oversampling Strategy 1 (cf. the definition of
VI(U(T)) in (3.6)).
Note that points (d) and (e) could be done in the periodic setting for Oversampling
Strategies 1 and 2 by using, e.g., the techniques presented in [19, 20].

4. Constrained oversampling. In this section we introduce a third oversam-
pling strategy for which we derive a quantitative a priori error estimate. The results
are presented in subsection 4.1, and a corresponding proof is given in subsection 4.2.
All the results require solely the assumptions stated in section 2.1 to be satisfied, i.e.,
A € L*®°(REX4) uniformly positive definite and f € L?(Q).

Sym
4.1. New strategy and quantitative error estimates. In the following, let
Ny denote the set of interior vertices of the coarse grid Tz . For a given node z € Ny,
®, € Vi denotes the corresponding nodal basis function as before.
Our new approach is based on some multiscale decomposition of the space Vj,

(4.1) Vi=Vyg & Wy,

where the space W) contains the “fine scale” functions of V},, i.e., functions that
are not captured by Vy. More precisely, we choose W} to be the kernel of some
Clément-type quasi-interpolation operator Iy : H}(Q) — Vi,

(4.2) Wh = {’U eV ’ IH(U) = 0}.
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Several choices for I are possible. We refer the reader to [34] for an axiomatic charac-
terization. In this paper, for the sake of simplicity, we choose the particular operator
introduced in [4]. Given v € H}(Q), Igv := > eeny (Iav)(2)®@, is determined by the
nodal values

for z € Ny.

o,

(4.3) (Igv)(z) : fg o,

The nodal values are weighted averages of the function over nodal patches w, :=

supp ®,. The operator is linear, surjective, bounded, and invertible on the finite

element space Vy. Hence, the decomposition (4.1) exists and is stable; it is even
orthogonal in L?(12).

Recall the (local) approximation and stability properties of the interpolation op-

erators Iy [4]: There exists a generic constant C such that for all v € H}(Q) and for
all K € Ty it holds that

(4.4) Hy'llo = Inoll 2y + IV (0 = Trv) || 221 < ClIVOl L2 (o)

where wg := U{K’' € Ty | K'N K # (}}. The constant C' depends on the shape
regularity of the finite element mesh T but not on the local mesh size Hp := diam(7T").

Remark 4.1 (nodal interpolation). Since we consider a fully discrete setting,
where corrector problems are solved in the fine scale finite element space V},, we
could have chosen nodal interpolation instead of Clément-type interpolation. The
subsequent definitions and results will be almost verbatim the same. However, nodal
interpolation does not satisfy the estimate (4.4) with an h-independent constant if
d > 1. The best constant C' = Cy(h) reads as C2(h) = log(H/h) and C3(h) = (H/h)™!
depending on the spatial dimension d (cf. [38]). Since this constant enters basically all
error estimates below, we would end up with an h-dependence of the multiplicative
constants in the final error estimates. In two dimensions this can still be acceptable,
because the dependence on h is only logarithmic.

With the decomposition (4.1) we do not search the local correctors in the full fine
scale space V}, but only in the constrained space W},. The advantage is the following:
as stated in the previous section for Oversampling Strategies 1 and 2, the standard
decay for the difference between the local correctors and the global “exact” corrector
is of order dg;% (see Theorem 3.6), but in the constrained space W}, we can achieve

an exponential-type decay (cf. Lemma 4.9 below).

We now propose our new oversampling strategy.

OVERSAMPLING STRATEGY 3 (constrained oversampling). Let W}, denote the
space given by (4.2), and define

(4.5) Wh(U(T)) = {’Uh e Wy ‘ Uh|Q\U(T) = 0}.

The local correctors wzt;iz € Wi(U(T)) (for i € {1,2,...,d}) are defined as the
(unique) solutions of

(4.6) / AVwZ;L{”;,i -Vopn = —/ Ae; -V  for all ¢y, € Wh(U(T)).
U(T) T

For general @y € Vg we define the correction operator QZ,’:’S Vg = Vi by

d
(@) () = Z Zaxl(I)H<xT)wz;;{r?Z<l’)

TeTH i=1
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The global coarse scale approzimation u?;, € Vi is the solution of (3.3); i.e., it solves

AP, Byy) = /

[ 4 (Vul + Q2 wd)) - (Vou + Vi3 @n))

(4.7) = /Qf(CI)H + QY2 (®p))  for all Dy € Vy.

The corresponding MsFEM approrimation is given by
u?;I,MsFEM — ul}’,{ + sz/:’:g(u:]}'—[)

Using the above definition of the localized space W;, (U(T')) does not assure that
our new method boils down to the classical MsFEM in the case without oversampling.
Nevertheless, this can be achieved by introducing a localized interpolation operator.
Given some element 7' € Ty and an admissible patch U(T'), we can define IZ(T) to
be the Clément-type quasi-interpolation operator with respect to the domain U(T)
(with extension by zero in Q\ U(T)). Then, the localized space W;,(U(T)) can be

defined in analogy to W}, with IZ(T) replacing Iy. With this modification we obtain
the classical MSFEM for U(T') = T. This is only a subtle detail, and all results still
remain valid for these modified local spaces; however, this version would generate
some technicalities in the proofs later on, which is why we decided to work with the
definition (4.5).

Remark 4.2. The crucial differences between the classical Oversampling Strate-

gies 1 and 2 and Oversampling Strategy 3 are the following:

(a) The variational problem for the local corrector in Oversampling Strategy 3
is posed in the constrained space Wj,(U(T)), whereas the classical corrector
problem seeks the local corrector in the full space V;, (U (T)) restricted to the
patch.

(b) The support of the integrals on the right-hand sides in (3.7) and (3.9) is U(T).
In our new version we use only the element 7. This allows us to exploit
nice summation properties of the local projectors, without using indicator
functions y7 that lead to discontinuities.

(¢) In the classical setting, the local correctors are restricted to the corresponding
elements to derive the global corrector. For Oversampling Strategy 3, we
simply sum up (weighted by the coefficients of the finite element function)
the local contributions to get the global corrector. Note that our global
corrector is conforming in the sense that its image is a subset of V}, C Hg (),
whereas the classical setup leads to a nonconforming corrector.

(d) In Oversampling Strategy 3, we do not use a PG formulation for the global
problem (4.7). Since A is assumed symmetric, a symmetric discretization
appears more natural. Furthermore, we immediately inherit coercivity for the
global bilinear form A3. This gives us the existence and uniqueness of u,
and the arising MsFEM approximation is well posed and the method stable.
The typical disadvantage of the symmetric version, which still suffers from
resonance errors (which is why the PG formulation is typically preferred),
does not remain for our strategy.

(e) In contrast to Oversampling Strategies 1 and 2, the corrector QZ;L[’?’(CI) m) does
not preserve the support of ®z. In other words, the set of multiscale basis
functions @, + QZ,;”?’((I)Z) with z € My has an extended support. This results
in a loss of sparsity in the stiffness matrix that corresponds with the global
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problem (4.7). In order to still assemble the stiffness matrix in an efficient
way, one might store the intersection domain for each two given oversampling
patches (in storage types with low memory requirements). This can be easily
done at the same time the grids for the local patches are being generated.
Once all intersection domains are available, the matrix can be assembled
efficiently. A quadrature rule that resolves the microstructure is needed for
each of the strategies.

Remark 4.3 (perturbation of the right-hand side). We might also replace the
right-hand side of (4.7) by the term [, f®x. This introduces only a perturbation of
order ||H f| 12(q) in the H'-error.

Remark 4.4 (nonsymmetric formulation). As for the classical strategies, one
might also consider the nonsymmetric PG formulations: find u%, € Vi such that

/ A (V(u?_, + Q%?’(u?{))) Vb = / f®y forall®y € Vy
Q Q

or
/ A (VU?{) . V((pH + QZ,;[’:}((I)H)) = / f(I)H for all @y € Vy.
Q Q

In the spirit of homogenization theory, one might pose the question of whether
Theorem 3.5 still holds for MSFEM approximations obtained with Oversampling
Strategy 3. At least, this seems to be likely. The reason is that Theorem 3.5 in
particular covers the case without oversampling (see also [17]), and the proof given
in [18] goes back to the arguments used for the case without oversampling. But for
U = Ty (no oversampling), Oversampling Strategies 1 and 2 are identical, and Over-
sampling Strategy 3 is at least close to the classical approach. Especially concerning
Oversampling Strategy 3, if the thickness of the oversampling layer decreases faster
than the coarse mesh size, we are almost in the case of Oversampling Strategy 1, up
% and that
converges to zero under the assumptions of Theorem 3.5. However, such arguments
still need a detailed investigation. In this sense, one might carefully study whether
Oversampling Strategy 3 also covers the homogenization setting established by Glo-
ria, with 3, converging to the homogenized solution as in Theorem 3.5. This might
be an interesting result to ensure that Oversampling Strategy 3 is not worse than the
classical strategies with respect to a homogenization setting.

Besides the advantages of our new strategy mentioned previously, e.g., its confor-
mity, stability, and unique solvability, we formulate the main error estimate, which is
proved in subsection 4.2.

THEOREM 4.5 (quantitative a priori error estimates). Assume that we have
A€ LOO(Q,Rgl;ﬂﬁf) and f € L*(Q) as in the general assumptions in section 2.1. Let
Tu be a given coarse triangulation, and let U denote a corresponding set of admissible
patches, with the property diy™ 2 Hlog(H™Y). By T;, we denote a sufficiently accurate
fine triangulation of Q0 and by wuy the associated finite element solution of (2.3). If
uijMSFEM is the MsFEM approximation determined with Oversampling Strategy 3 and
if u?; denotes the corresponding coarse part, then the following a priori error estimates
holds true for arbitrary mesh sizes H > h:

[Vun — VU%MSFEMHH(Q) <CH,
Huh - u?{,MsFEMHLQ(Q) < CHQ,

l|lun — U?{HLZ(Q) < CH.

to a small perturbation of the source term that is of order maxyer,



A2

OVERSAMPLING FOR THE MsFEM 1165

Here, C denotes generic constants that depend on f, Ymin, and Ymax but not on H, h,
the reqularity of the exact solution, or the variations of A. Details on the constants
are given in Theorems 4.13 and 4.15.

4.2. Proof of the main result. Before we prove the error estimates for the
MsFEM with the correctors presented in Oversampling Strategy 3, we introduce some
simplifying notation for this subsection.

DEFINITION 4.6 (notation for Oversampling Strategy 3). Let w%%z e Wi (U(T))
denote the local corrector basis given by (4.6), let Qz{,s denote the corresponding cor-
rector operator from Oversampling Strategy 3, and let u3; denote the arising (coarse)
MsFEM approzimation. In the following, we skip the redundant indices and use the
following notation:

; U3 U3
wp =wy'ry, Qri=QpT,  up = u¥,  and MM = uyg + Qn(up).

The first lemma treats the (unpractical) case of maximal oversampling.

LEMMA 4.7 (error estimate for maximal oversampling). Let U(T) = Q for all
T € Tu. Then the multiscale approximation uy that solves (4.7) satisfies the error
estimate

IVun — V(ug + Qn(ur))lr2@) S Vo lH fll 220

where uyp, solves the reference problem (2.3).
If, moreover, (f,wn)r2(q) = 0 for all fine scale functions wy, € Wh, then ug +

Qn(um) = up.
Proof. For U(T) = Q, Qp, maps onto the fine scale space W},. Given &y € Vy, it

is easily checked that Qn(®n) = > rcr., Zle Op, @ (z7 )Wk satisfies

d
a(Qn(®r), dn) = /QAV ( > Zawi(I)H(iﬁT)wgr(l’)> -V,

TeTy =1

d
— /QA ( Z Zagciq)H(:cT)Vw%(a;)) -Vop

TETH =1

d
= > 0. buler) [ AVui()- Vo,

TEeTy i=1 2

d
= — Z Za:czq)H(xT)/ Aei'V(éh

TETy i=1 T

=— > /TAV<I>H-V¢h

TeTa
= —G(Q)H, ¢h)

for all ¢, € Wp. This means that @)y, is the orthogonal projection of @ onto the fine
scale space W}, with respect to the scalar product a(-,-). This yields the orthogonal
decomposition

(4.8) Vi =V &1, Wy, where Vi := {®y + Qu(®y) | Py € Vi }.
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Moreover, Galerkin orthogonality holds; i.e., for e, := up — (ug + Qn(ug)) and for
arbitrary @y + Qn(®y) € Vi,

alen, P + Qn(®u)) = alun, Py + Qn(®w)) — alug + Qn(un), ®u + Qn(Pw))
(4.9) w0y,
The combination of (4.8) and (4.9) shows that e, € W}, and therefore Iy (ep) = 0.
We obtain

Ymin[|[VenllZ2) < alen, en) = alun, en) = /Q fen = /Qf(eh — I (en))

The application of the Cauchy—Schwarz inequality on the element level and the esti-
mate (4.4) for the interpolation error yield the assertion. ]

COROLLARY 4.8. The new MsFEM is exact (up to the discretization error on the
fine scale and oscillations || H f||2(q) of the right-hand side f) in the limit of maximal
oversampling. This results holds true independent of the upper spectral bound ~Ymax
and the variations of A. This is the next difference from the previous Oversampling
Strategies 1 and 2.

Although the error estimate in Lemma 4.7 is encouraging, maximal oversampling
is not feasible. We shall study the decay of the correctors away from element they are
associated with. For all T' € Ty, define element patches in the coarse mesh Tz by

Uo(T) =T,

(4.10) Up(T) :=U{T' € Tu | T'NU,1(T) #0} k=1,2,....

LEMMA 4.9 (decay of the ideal correctors). Let U(T) =  for all T € Ty in
Oversampling Strategy 3, and let w. denote the corresponding local correctors defined
in Definition 4.6 (and (4.6)). Then, for all T € Ty and all k € N,

A2V W | 2@\ve(ry) S € FIIAY 2Vl || 12 (a).

where r is a positive constant that depends on the square root of the contrast but not
on the mesh size or the variations of A.

The proof of Lemma 4.9 requires the definition of cutoff functions and an addi-
tional lemma. For T' € Ty and ¢,k € N with k > ¢, define nr ¢ € P1(Tu) with nodal
values

0 for allZENHﬂUk,g(T),
(4.11) T]T,k,g(z) =1 forallze Nygn (Q\ Ug(T)), and
m

77T7k7e(z) = 7 for all z € Ng N aUk_g+m(T), m=0,1,2,..., 4.

For a sketch in one dimension, see Figure 4.1.

Given some w € W}, the product nr  ew is not in Wy, in general. However, the
distance of 17w and W}, is small in the following sense.

LEMMA 4.10. Given w € W}, and some cutoff function nrie € Pi(Tu) as in

(4.11), there exists some b € Wi,(Q\ Up_¢_1(T)) C Wi, such that

IV (7 k0w — )| 20) S IV L2002 (T)\Us o 2(T))-

Proof. Fix some T' € Tu and k € N, and let n, := nre. The operator Ij :
HYQ) N C(Q) — V" denotes the nodal interpolant with respect to the mesh 7y,.
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-2/3

-1/3

F1G. 4.1. Sketch of nr k¢ (red curve) in one dimension for k=5 and £ = 3. nr i ¢ is equal to
zero on T and also on the first 2 (= k — £) coarse grid layers around T'. Then it grows linearly on
the layers £ = 3 until k = 5. On the remaining layers nr 1 ¢ 15 constantly equal to 1.

Recall that for all quadratic polynomials p and all ¢t € Tj, I, fulfills the (local)
approximation and stability estimates

(4.12) IV(p = Inp) |2ty S hell VPpll2y and [V (Inp)ll L2y S I1VDI L2

We will use this estimate for the 7j-piecewise quadratic function p = nmyw. Since
V2n, = V2w = 0 in every t € Ty, we have that Vinw = Vi, - Vw in t.

According to [34, Lemma 1], there exists some v € V" such that
(4.13)

Igv = Iglh(new), [VollLz) S IVIaIn(new)| L2(e), and supp(v) C Q\ Ug—e—1(T).

Hence, w := I (now) — v € Wh(Q \ Uk—¢—1(T)). Since Iyl (cw) = cIgw = 0 for any
c € R, we set c% = |wg |71 fwK ne for K € Ty and get

(4.14)
IV I I (new)]| 72 g
ey > 192220 (e = i) ) [y
KeTy:
KCUp+1(T)\Ug—e—1(T)
(4.12),(4.4) ' 9
S > [V (1 = i) w) [ 2 )
KeTy:
KCUp+1(T)\Ug—¢—1(T)
(4.2) 9 ’ 2
SJ Z H(v,'M)(w_IHw)HLQ(wK) + H(nﬁ_CK) vaL2(wK)
KeTu:
KCUp+1(T)\Ug—e—1(T)
(4.11) 9 p 2
S Do V) —Trw)iage, + D (e ci) Vooll g,

KeTq: KeTq:
KCU}C(T)\Uk_g(T) KCU}H_l(T)\Uk_g_l(T)
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2
S HVl o IVl 20y (r)\0s g2 (7)) + Z | (ne — k) VUJHLQ(WK)
KeTy:
KCUk+1(T)\Uk_g_1(T)

S HY e VO T2, oo o)

In the last step, we used the Lipschitz bound

0
110 = il oo ey S H IV o0 (00
In summary we get with the previous computations

(4.13)
IV(new — )20 S IV new = In(new)l|Z2q) + 1V L In(new) |72 (0
(4.12),(4.14) ) , ,

S BV Vllrzg) + 1HVel| e o) VO T2 (0 0 )\ v e a1

(4.11)
S <||hvnf||%°°(9) + ||an€||%°0(ﬂ)> VW2, o (IO oo ()
(4.11) o )
5 g va’|L2(Uk+2(T)\Uk,g72(T))
This proves the assertion. ad

Proof of Lemma 4.9. The proof exploits some recursive Caccioppoli argument as
in [34]. We fix some T' € Ty and k € N. Given ¢ € N with £ < k — 1, let 7y :=
Nr.k—2.6—4 € Vi be some cutoff function as in (4.11). Lemma 4.10 shows that there
exists some W € W), such that ||V (newl — 0% || L2(0) S HIVWh || L2 (r)\vs_o (1)) -
Since W} € Wih(Q\ Ug—p41(T)) and, hence, wh|r = 0, it holds that

(4.15) / AV - Vil = / AVwh - Vil = —/ Ae; - Vbl = 0.
Q\Us—e(T) 0 T

The definition of 7y, the product rule, (4.6), and (4.2) yield

/ AV - Y, < / e AV wih - Yk,
O\U (T) Q\Ug—¢(T)

= / AVw% . (V(mwiT) — wérVW)
\Up—¢(T)

4.15 : . ~d i i
[ AV | Vi - o) - (wh - Tu(wp) Y
\Uk—¢(T) T
Observe that, by (4.11), ||Vl zex) = |Vne(zk)| S €71 Hy' for all K € Ty. This
and the estimate (4.4) for the interpolation error show that
1(wr = T (W) Vel Earey S IVl ) 0T = T (W) 2 )
S Hi Vel oo i) | V0 12

SV T2 )

WK)

for any K € Ty. The combination of the previous estimates and Cauchy—Schwarz
inequalities proves that there is some constant C7 > 0 independent of T, ¢, k, and the
oscillations of A such that

(4.16) HAl/va%HLQ(Q\Uk(T)) < Cl£71/2||A1/2vw§1HLQ(Q\Uk-—E—l(T))'
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The choice ¢ := [C} e] and the recursive application of (4.16) readily yield the asser-
tion. a

This exponential decay justifies the approximation of the correctors on local
patches Uy (T) as proposed in (4.10). We denote by Qf the corrector that corre-
sponds to the choice U(T) = Ui (T) in Oversampling Strategy 3 and by Q$! the one
for U(T) = Q.

COROLLARY 4.11 (truncation/localization error). Let U(T) = Q for all T € Ty
i Oversampling Strategy 3. Then, for all T € Ty and all k € N,

1AY2V (wh — w52 @vaery) S € FIAY el ey,

where r > 0 is as in Lemma 4.9 (independent of the variations of A or the mesh size).
Proof. Galerkin orthogonality yields

i ik i~ i
HAl/zV(wT — Wp )H%Q(Q) < HA1/2V(7~UT —w)H%%Uk,l(T)) + HAl/szTH%2(Q\Uk,1(T))a

where w € W), is the fine scale function that corresponds to (1—7r, k_Ll)wﬁf and which
is constructed in the same way as w in the proof of Lemma 4.10. Here, n7y—11 is
some cutoff function as in (4.11). Since supp(w) C supp((1 =17 x—1,1)w) C Ur—1(T),
we have that @ € Wy (Ux(T)) and the use of Galerkin orthogonality is justified.
Proceeding as in Lemma 4.10 shows that

i i,k :
|AY2V (wh, — Wy )||2L2(Q) S ||A1/2VwT||%2(Q\Uk—2(T))’

and the application of Lemma 4.9 yields the assertion. a
The proof of the main theorem requires one technical result.
LEMMA 4.12. Let k € Nsg, and let &g € Vi, then

(4.17)

|a2vi@s - Qhen 2

d
KD S (0w @nlor)? A2V (wh — wit)|

TeTH =1

2
L2(Q) L2(Q)

Proof. Let nr i1 be as in (4.11), and define z := (Q% - Qi)q)H e W;. We
decompose the error as follows:

|a2v@ - ahen|.

@) alz:2)

d
= Z Zaxiq)H(-TT)a(w%“ - wZT’ka 2(1—=n7k1))

TeTH i=1
=1
d .
+ 30 0w, ®u(rr)a(wh — wi, znrka).
TeTH =1
1

For the first term we get

d
1 i ik
S Y D 100 @u(er) |42V (wh — w20 |V (2(1 = n70) 220 (1)
TeTy i=1
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where with Iy (z) =0
IV (1 =n1k,1) 220 1)) S V2 L2 ) + 12V (L= 070,1) 22040 (0\UL (7))
1
SJ HVZHLQ(Uk+1(T)) + EHZ - IH<Z)HL2(U1€+1(T)\U1¢(T))
SVl
and therefore

d
i i i,
1S D0 D 10w ®u ()| A7V (wh — wi) | 2@ IV 2l L2, 0r))
TETH 1=1

d 2
g 1 i i,
S ke < Z Z ‘afriq)H(*TT)\QHAQV(wT - wTk)Hsz(Q)> IVz|m1(q)-

TeTH i=1

To estimate the second term, we use Lemma 4.10, which gives us the existence of
some Z € Wi,(Q\ Up_2(T)) with a(wh, — wh¥ 2) = 0 (as in (4.15)) and the property
IV(Gnrea = 2)lzz2) S IV2I L2 (ry)- This yields

d
> 0w @u(ar)a(wh — wiF, enr kg — 2)

TeETH =1

1} =

d
i i,
< Z Z|8$iq)H(‘/ET)|||A2V(wT _wTk)HL?(Q)||VZ||L2(Uk+2(T))
T€TH =1

d 2
5 3 i i,
o ( Z Z |00 @11 (a7) || A2V (w — wTk)H%%Q)) V2| (-

TeTH i=1

Combining the estimates for I and II and dividing by ||Vz||z1(q) S a(z, z)2 yields the
assertion. O

THEOREM 4.13 (H'-error estimate). Given k € N, let U(T) = Ui (T) for all
T € Ty in Oversampling Strategy 3. Then the multiscale approximation ul}g that
solves (4.7) satisfies the error estimate

_ a
IVun =V (ufy + Qi )l S vt 1 E fll 200y + ke || fll 10

where uy, is the reference solution from (2.3) and r > 0 as in Lemma 4.9.

Remark 4.14 (relation to the results in [34]). In the case of maximal oversam-
pling, the new MsFEM with constrained oversampling coincides with the ideal version
(without localization) of the VMM presented in [34]. The localized versions are differ-
ent and allow similar, but not identical, error estimates. The upper bound obtained
in [34] reads (up to some multiplicative constant) as

1H fll 20y + H e || fll 102

Our new localization strategy allows for an improved estimate in the sense that the
unpleasant factor H~! does not appear. Note that the proof of the error estimate in
Theorem 4.13 does not generalize to the localization strategy used in [34] and must
therefore be seen independently. The reason is that the structure of the local problems
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(4.6) gives us a nice summation property which we were able to exploit but which is
not available in [34]. This observation indicates that better numerical approximations
for equal sizes of oversampling patches are possible with our new approach. This will
be investigated in future works.

Proof of Theorem 4.13. Using the fact that Galerkin approximation minimizes
the error in the energy norm, we obtain with the definitions of u’fq and uy, that for all
by eVy
(4.18)

JAY2(Tus, — V(s + Qb)) 120y < I1AY2(Vun — V(@1 + Q@) | 12(0-

Let uy be the solution of (4.7) with the ideal corrector Q5 = Q5. Then

1AY2(Vun = V(ufy + Qp (uf)))l| 220

(4.18)
< JAYA(Vup = V(ug + Qh(wm))) L2 ()

< [AYA(Vup — V(ug + Q3 (um)))ll L2 ()
+ A2 (V (ug + Q3 (um)) — V(un + QF (ur))) |22 (o)
S Vi NH fllz2oy + A2V (QF - QF) (wr)) || 20y -

By Corollary 4.11, we get

1AY2V (@5 — @) (um)) 122

. 2
= Z ZamiUH(ﬂﬁT)A%V(w%r —wi")
TeTy i=1 L2(Q)
(4.17) d 2 , TN
S Y e
TETy i=1
d
< ke 2k Z Z\&giUH(xT)!zHAl/%iH%%T)
TeTy i=1
d
5 kd€—2r-k Z ZHAl/zquH%?(T)
TETy i=1

S KM f I -

In the last step we have used that uy = Iy (ug + Q3 (un)), the stability of I, and
the energy estimate | A2V (ug + QP (ur)|L2ry S Yot N lr-1 (). O

THEOREM 4.15 (L?-estimates). Given k € N, let U(T) = Ux(T) for all T € Ty
i Quersampling Strategy 3. Then the multiscale approximation u’}i_[ that solves (4.7)
satisfies the error estimates

Jun — (ufy + QF (W) lz20) £ iminl H Iz () + 5272 fll L2y

and
Jun — il 20y S Jmin lun —vallrae) + (Vemin 1 H | 2o () + %€ ™)?(| £l L2

where uyp, is the reference solution from (2.3) and r is a positive constant.
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Proof. A standard Aubin—Nitsche duality argument yields the first estimate. The
second estimate follows from the first one and the quasi optimality and stability of
the interpolation Iy in L*(Q). O

Remark 4.16 (smooth coefficient with known smallest scale €). Let € be convex,
and let f € L*(Q) with [[f||l2) S 1, 4 € WHe(Q) with |[VA|| =) S e with
some small scale parameter € > 0. Choose uniform meshes 7z and 7;, with H 2 ¢ 2 h.
Under these assumptions, the error of the reference solution u; € Vj, is bounded as
follows:

IV (u — wn) | S he.

We refer the reader to [37] for details. If k > log(H '), Theorems 4.13 and 4.15 yield
the error bounds

IV (u— uly — QF (k) L2y S H + L,
2
lu — uly — QF(u¥) |2y S H? + (&),

2

[ — gl 2) S H + (2)

5. Numerical experiments. In this section we present numerical experiments
to confirm the derived error estimates and to compare the numerical accuracies of
Oversampling Strategies 1, 2, and 3. Here we use Oversampling Strategies 1 and 2 in
the PG formulation (due to the findings in [28]) and Oversampling Strategy 3 in the
symmetric formulation. We consider the following model problem.

Model problem. Let Q:=]0,1[*> and ¢ = 5-1072. We define

u(zy, x2) = sin(2mxy )sin(2wxy) + %cos(27ra:1)sin(27m:2)sin (QWE) ,
€

which is the exact solution of the problem

-V - (AVu) = f in Q,
u=0 on 0f,

where A is given by

1 (224 cos(2mz))~? 0
Az, 22) = o= < 0 1+ fcos(2mZL)

and f by
f(z) == =V - (A(x)Vu(z)) ~ sin(27z1 )sin(2mxs).

In Table 5.1 we depict the results for A = 276 and various combinations of H with
different numbers of oversampling layers. For a better illustration we state the number
of fine grid layers and the number of coarse grid layers (k) that corresponds with
that. The results in Table 5.1 match nicely with the analytically predicted behavior.
In Table 5.2 we state a comparison between the L?- and H'-errors for the three
oversampling strategies obtained for identical values of H, h, and &. We observe that
our oversampling strategy, in contrast to the classical ones, does not suffer from a loss
in accuracy when H is close to the microscopic parameter €. Moreover, the accuracy
obtained for Oversampling Strategy 3 is very promising in general.
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TABLE 5.1
Computations made for h = 276, k denotes the number of coarse layers. wuj denotes the
fine scale reference given by (2.3), and u?_jMSFEM denotes the MsFEM approximation obtained with
Owversampling Strategy 3. The table depicts various errors between up and u?{’MSFEM.
H | Fine layers | k | [jup — u;;’_I’MSFEMHLz(Q) lun — u?{’MSFEMHHHQ)
21 16 0.5 0.490063 4.49575
22 8 0.5 0.09491 1.66315
272 24 1.5 0.06376 1.08960
2-3 4 0.5 0.033691 1.017150
23 8 1 0.007125 0.406317
273 12 1.5 0.007115 0.331458
273 16 2 0.003241 0.165703
274 2 0.5 0.012808 0.655269
274 4 1 0.004164 0.348814
2—4 6 1.5 0.004029 0.329306
2-4 8 2 0.001451 0.162747
24 12 2.5 0.000850 0.114040
2-4 16 3 0.000696 0.096378
TABLE 5.2
Computations made for h = 276, .k: denotes the number of coarse layers. wujp denotes the
fine scale reference given by (2.3), and u}’IMSFEM denotes the MsFEM approrimation obtained with
Owversampling Strategy 1. The error is denoted by e; := uj, — uilgIMSFEM. The second column depicts

the number of fine grid layers.

Oversampling Strategy 1 | Oversampling Strategy 2 | Oversampling Strategy 3
H | k]| lleillzz | el leallp2 | lleallp leallz | llesllzn
2721 | o01399 | 19812 | 01399 | 19812 | 00638 | 1.0896 |
273 |1 0.0594 1.6250 0.0594 1.6250 0.0071 0.4063
273 | 2 0.0593 1.6250 0.0593 1.6250 0.0032 0.1657
2-4 | 1 0.0166 0.8067 0.0172 0.8048 0.0042 0.3488
2=4 | 2 0.0160 0.8057 0.0168 0.7955 0.0015 0.1628
27413 0.0153 0.8016 0.0152 0.7937 0.0007 0.0964

6. Conclusion. In this work, we proposed a new oversampling strategy for the
MsFEM, which generalizes the original method without oversampling. The new strat-
egy is based on an additional constraint for the solution spaces of the local problems.
The error analysis shows that oversampling layers of thickness H log(H ~!) suffice to
preserve the common convergence rates with respect to H without any preasymp-
totic effects. Moreover, this choice prevents resonance errors even for general L°°
coefficients without any assumptions on the geometry of the microstructure or the
regularity of A. In this respect, the method is reliable. The method is also efficient in
the sense that structural knowledge about the coefficient, e.g., (local) periodicity or
scale separation, may be exploited to reduce the number of corrector problems con-
siderably. Whether the oversampling can be reduced to very small layers in the case
of, e.g., periodicity should be investigated numerically and/or analytically in future
works.
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A LOCALIZED ORTHOGONAL DECOMPOSITION METHOD
FOR SEMI-LINEAR ELLIPTIC PROBLEMS *»**
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Abstract. In this paper we propose and analyze a localized orthogonal decomposition (LOD) method
for solving semi-linear elliptic problems with heterogeneous and highly variable coefficient functions.
This Galerkin-type method is based on a generalized finite element basis that spans a low dimensional
multiscale space. The basis is assembled by performing localized linear fine-scale computations on
small patches that have a diameter of order H|log(H)| where H is the coarse mesh size. Without any
assumptions on the type of the oscillations in the coefficients, we give a rigorous proof for a linear
convergence of the H'-error with respect to the coarse mesh size even for rough coefficients. To solve
the corresponding system of algebraic equations, we propose an algorithm that is based on a damped
Newton scheme in the multiscale space.
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1. INTRODUCTION

This paper is devoted to the numerical approximation of solutions of semi-linear elliptic problems with rapidly
oscillating and highly varying coefficient functions. We are concerned with second-order partial differential
equations of the type

-V - (AVu) + F(u,Vu) =g

with prescribed (zero-) Dirichlet boundary condition for the unknown function . Here, g is a given source term,
A is a given highly variable diffusion matrix and F' is a given highly variable nonlinear term that represents
advective and reactive processes. In particular, we have a linear term of second order and nonlinear terms of
order 1 and 0. A typical application is the stationary (Kirchhoff transformed) Richards equation that describes
the groundwater flow in unsaturated soils (¢f. [1,4,5]). The corresponding equation for the unknown generalized
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pressure u reads
V- (KVu) = V- (K kr(M(u))é) = g,

where K is the hydraulic conductivity in the soil, kr the relative permeability depending on the saturation, M
is some nonlinearity arising from the Kirchhoff transformation and € denotes the gravity vector. If we add an
infiltration process, the equation receives an additional nonlinear reaction term.

The numerical treatment of such equations is often complicated and expensive. Due to the high variability
of the coefficient functions, one requires extremely fine computational grids that are able to capture all the fine
scale oscillations. Using standard methods such as Finite Element or Finite Volume schemes, this results in
systems of equations of enormous size and therefore in a tremendous computational demand that can not be
handled in a lot of scenarios.

Multiscale methods aim to overcome this difficulty by decoupling the fine scale computations into local
parts. Prominent examples of multiscale methods are the Heterogeneous Multiscale Method (HMM) by E and
Engquist [13] and the Multiscale Finite Element Method (MsFEM) proposed by Hou and Wu [20]. Both methods
fit into a common framework and are strongly related to numerical homogenization (cf. [14,15,18]). HMM and
MsFEM are typically not constructed for a direct approximation of exact solutions but for homogenized solutions
and corresponding correctors instead. This implies that they are only able to approximate the exact solution
up to a modeling error that depends crucially on the homogenization setting (cf. [14]). In the absence of strong
assumptions like periodicity and scale separation, accurate approximations are therefore hard to achieve.

We are concerned with a multiscale method that is based on the concept of the Variational Multiscale
Method (VMM) proposed by Hughes et al. [21]. In comparison to HMM and MsFEM, the VMM aims to a
direct approximation of the exact solution without suffering from a modeling error remainder arising from
homogenization theory. The key idea of the Variational Multiscale Method is to construct a splitting of the
original solution space V' into the direct sum of a low dimensional space for coarse grid approximations and
high dimensional space for fine scale reconstructions. In this work, we consider a modification and extension of
this idea that was developed in [27,30] and that was explicitly proposed in [31]. Here, the splitting is such that
we obtain an accurate but low dimensional space V™ (where we are looking for our fine scale approximation
instead of an approximation of a coarse part) and a high dimensional residual space V. The construction of
V™ involves the computation of one fine scale problem in a small patch per degree of freedom. Mesh-adaptive
versions of the VMM with patch size control are discussed in [27-29,33]. The first rigorous proof of convergence
was recently obtained in [31] for linear diffusion problems under minimal regularity assumptions.

In this contribution, we present an efficient way of handling semi-linear elliptic multiscale problems in the
modified VMM framework, including a proof of convergence based on the techniques established in [31]. Even
though the original problem is nonlinear, the local fine scale problems are purely linear that can be solved in
parallel. The main result of this article is the optimal convergence of the H'-error between exact solution u
and its multiscale approximation w};®. We show that, if the patch size is of order H|log(H)|, the following error
bound

lu— sy < CH

holds with a generic constant C' independent of the mesh size of the computational grid and the oscillations of
Aand F.

The paper is structured as follows. In Section 2 we introduce the setting of this paper, including the as-
sumptions on the considered semi-linear problem. In Section 3 we present and motivate our method and we
state the corresponding optimal convergence result. This result is then proved in Section 4. In Section 5, we
propose an algorithm for the solution of the arising nonlinear algebraic equations. This algorithm is based
on a damped Newton scheme in the multiscale space. Finally, Section 6 supports the theoretical results by a
numerical experiment.
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2. SETTING

Let 2 C R? be a bounded Lipschitz domain with polyhedral boundary, let V := H}(§2) and let A €
L>=(12, ngxrg) denote a matrix valued function with uniformly strictly positive eigenvalues. We assume that the
space Hj(12) is endowed with the H'-semi norm given by [v|g1 (o) = ||[Vv||L2(0) (which is equivalent to the
common H'-normin H}(£2)). By (-,-) := (-,*) 2() we denote the inner product in L?(£2) and F : 2xRxR? — R
is a nonlinear measurable function.

Given some source term g € L?(£2) C H~1(£2) we are concerned to find u € H}(£2) (i.e. with a homogeneous

Dirichlet boundary condition) with
(AVu, V) + (F(-,u, Vu),v) = (g,v) (2.1)
for all test functions v € H}(£2). To simplify the notation, we define the operator B : H} () — H~1(£2) by
(B(v),w)g-1,m1 = (AVv, Vw) + (F(-,v,Vv),w) for v,w € H} (),

where (-, -) y—1 g1 denote the dual pairing in Hg(£2).

Here, the diffusion diffusion matrix A may be strongly heterogeneous and highly variable. The non-linearity
F(-,&, ¢) may as well oscillate rapidly without any assumptions on the type of the oscillations. One application
can be the Richards equation, which we will discuss more in Section 6.

However, we assume implicitly that the lower-order term F' does not dominate the equation. In this regime,
it is sufficient to construct a multiscale space independent of the non-linearity by solving local linear problems
on the fine scale. If the lower-order term is dominant, some constants in our error analysis will be large and
the proposed method needs modifications with respect to the construction of the multiscale basis. A typical
example where the lower-order term is dominant is the modeling of transport of solutes in groundwater where
one has to deal with extremely large Péclet numbers and a corresponding scaling of the advective terms. In
this case, the resolution of oscillations of F' is necessary for accurate upscaled and homogenized approximation
(cf. [16,17]).

For the subsequent analytical considerations and in order to guarantee a unique solution of (2.1), we make
the following assumptions.

Assumption 1.

(A1) A € L™ (2,REX4) with

Sym

A(x)( -
00 > f:= [|A| () = esssup  sup ng
ve ceri\foy €]

and there exists o such that

0 < a:=essinf inf ME.C,
€02 ¢eri\{0} |(]

(A2) There exist Ly, Ly € Ry such that uniformly for almost every x in §2:

‘F(Cmélvc) - F($7£27C)| < L1|£1 _§2‘7 for all C S Rd: 51752 € R7

|F(x7§7<.1) - F(Ia§7c2)| < L2|<1 - C2‘7 for all <17C2 S Rdv é S Ra
F(x,0,0) = 0.

(A3) B is strongly monotone, i.e. there exist co > 0 so that for all u,v € H}(£2):

(B(u) = B(v),u = v) g1 gz > colu — vl ). (22)
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Under assumptions (Al)—(A3), the Browder—Minty theorem (¢f. [36], Sect. 3, Thm. 1.5 therewithin) yields a
unique solution of problem (2.1).

Typically, the validity of Assumption (A3) can be checked by looking at the properties of the nonlinear
function F. For instance, if there exists a constant ag > 0, such that d¢F(x,&,{) > ap for all ¢ and almost
every z (i.e. F(z,-,() is monotonically increasing) and if oy and Lo are such that Ly < 2ag and Ly < 2« then
(A3) is fulfilled. This can be checked by a simple calculation:

(B(u) = B(v),u — U>H*1,H(} > of[Vu — VU||2L2(Q) + ao|u - U||2L2(Q) = Lo(Ju — ], |[Vu = Vo) 12 ()

L2 L2
> (a= 52 ) 190 = Vil + (a0 = 52 ) lu = ol

Remark 2.1. Let C; < diam £2 denote the optimal constant in the Friedrichs inequality for HJ (£2) functions.
Observe that (A1)—(A3) imply that the solution u € H}(£2) of (2.1) fulfills

1F (u, V)| 2y < [ (u, Vi) — F(O, V)| 22 + | F(0, V) — F(0,0)]| 122

L1Cq + Lo
€o

< (L1Cq + La)|ulm (o) < Co l9llz2(02)- (2.3)

Note that problem (2.1) also covers equations such as
-V - (k(u)AVu) + F(u, Vu) = g,

for a strictly positive and sufficiently regular function x (independent of z). In this case, the equation can be
rewritten as
—V - AVu + F(u,Vu) = §.

In the remainder of this paper, we use the notation ¢; < ¢ if ¢1 < Cgo where C' > 0 is a constant that only
depends on the shape regularity of the mesh, but not on the mesh size. Dependencies such as (L + Lg)a~! are
always explicitly stated whereas dependencies on the contrast g are allowed to be contained in the notation
< for the sake of simplicity.

3. MULTISCALE METHOD

In this section we propose a local orthogonal decomposition (LOD) method that is based on the concept
introduced by Hughes et al. [21,22] and the specific constructions proposed in [27,30] for linear problems. The
required multiscale (MS) basis functions are obtained with the strategy established in [31].

The main idea of the Variational Multiscale Method is to start from a finite element space V), with a highly
resolved computational grid and to construct a splitting of this space into the direct sum V, = V' @ VFf of
a low dimensional space V' and a “detail space” V' containing all the missing oscillations. Then, a basis of
V! is assembled and we can compute a Galerkin approximation u; of w in V'. However, the success of this
approach strongly depends on the choice of V'. On the one hand, the costs for assembling a basis of V! must
be kept low. On the other hand, the basis functions somehow need to contain information about fine scale
features. For instance, a standard coarse finite element space is cheap to assemble but will fail to yield reliable
approximations. On the contrary, the space spanned by high resolution finite element approximations yields
perfect approximations, but is as costly as the original problem that we tried to avoid. Therefore, the key is
to find an optimal balance between costs and accuracy. In previous works (cf. [21,27,28]) the multiscale basis
(MS-basis) of V' was constructed involving the full multiscale operator B that corresponds with the left hand
side of the original problem. In a fully linear setting, this can be a reasonable choice. However, it gets extremely
expensive if B is a nonlinear operator, since it leads to numerous nonlinear equations to solve. Furthermore it
is not clear if the constructed set of basis functions leads to good approximations. One novelty of this work is
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that we do not involve the full operator B in the construction of the MS-basis, but only the linear diffusive part
(AV-,V-). Even though the oscillations of F' are not captured by the MS-basis, we can show that we are still
able to obtain accurate approximations and to preserve the optimal convergence rates.

3.1. Notation and discretization

Let Tz denote a regular triangulation of {2 and let H : 2 — R denote the Tz-piecewise constant mesh size
function with H|p = Hyp := diam(T) for all T' € Ty . Additionally, let 7;, be a regular triangulation of {2 that is
supposed to be a refinement of 7. We assume that 7, is sufficiently small so that all fine scale features of B are
captured by the mesh. The mesh size h denotes the maximum diameter of an element of 7,. The corresponding
classical (conforming) finite element spaces of continuous piecewise polynomials of degree 1 are given by

Vi = {vg € Hy(2) |[VT € Ty : (vu)|r is affine} ,
Vv, = {vh € H&(Q) |[VK € Tn: (vn)|k is afﬁne}.

By J, we denote the dimension of Vi and by Ny = {z;| 1 < j < J} the set of interior vertices of Ty. For every
vertex z; € Nu, let Aj € Vi denote the associated nodal basis function (tent function), i.e. \; € Vi with the
property \;j(z;) = d;; for all 1 <4,5 < J.

From now on, we denote by uj; € Vj, the classical finite element approximation of u in the discrete (highly
resolved) space Vi, i.e. up € Vj, solves

/ AVup - Vop + F (-, up, Vup)vp, = / gup (3.1)
I} 7}

for all vy, € V. We assume that V}, resolves the micro structure such that the error [|u —up|| g1 () falls below a
given tolerance. For standard finite element methods the error typically scales like C-h® for some s > % However,
for regular coeflicients, C' depends on the derivative of A with respect to the spatial variable. If A oscillates
rapidly, the derivatives become very large and h must be very small to compensate the dominance of C'. This
is only fulfilled, when h resolves the micro structure (we refer to [34,35] for some quantitative characterization
of this so-called resolution condition). We are therefore dealing with pre-asymptotic effects for the standard
methods. The multiscale method that we propose in the subsequent sections is designed to approximate wup,
with an error proportional to the coarse mesh size H independent of fine scale oscillations of the data or the
regularity of the solution, i.e., we do not have such pre-asymptotic effects.

3.2. Quasi interpolation

The key tool in our construction is a linear (quasi-)interpolation operator Jg : Vj, — Vg that is continuous
and surjective. The kernel of this operator is going to be our fine space (or remainder space) Vhf. In [31] a
weighted Clément interpolation operator was used. In this work, we do not specify the choice. Instead, we state
a set of assumptions that must be fulfilled in order to derive an optimal approximation result for the constructed
multiscale method.

Assumption 2. (Assumptions on the quasi-interpolation operator).

(A4) Ty € L(V, Vi), i.e. Ty is linear,

(A5) the restriction of Jgy to Vg is an isomorphism with L?stable inverse (Jg|v,)~t, e
1Talve)  (vr)lL2(2) < Cj;Il”'UH”LQ(_Q) for all vy € Vg and with a generic constant Cj; only de-
pending on the shape regularity of Ty and Ty,.

(A6) there exists a generic constant Cy,,, only depending on the shape regularity of 7z and 7Ty, such that for
all v, € Vj, and for all T € Ty there holds

Hion = Iun)ll 2y + IV (0r = Ta ()l 22r) < Cag VORI L2 (00)
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with
wp = U{K € Tul KNT #0}.

(AT) there exists a generic constant C7_, only depending on the shape regularity of 7y and 7y, such that for
all vy € Vi there exists vy, € V}, with

Jua(vn) =va, |vnlmo) < C5, lvalpio and  suppu, Csuppvg.

Observe that (A6) limits the growth of the support of an vy € Vi when Jy is applied to it, i.e. supp(Ig(vy)) =
U{K € Tu| K Nsupp(vy) # 0}. We also note that the classical nodal interpolation operator does not fulfill
assumption (AG6) for d > 1 because the constant C,, blows up for h — 0. Numerical experiments confirm that
such a choice leads in fact to instabilities in the later method. One possibility is to choose Jgy as a weighted
Clément interpolation operator. This construction was proposed in [31]. Given v € H}(£2), Tgv := ijl VA
defines a (weighted) Clément interpolant with nodal values

vj == ([ovA;dz) [([, A da) (3.2)

for 1 < j < J (¢f [11]) and zero in the boundary nodes. Furthermore, there exists the desired generic constant
C5, (only depending on the mesh regularity parameter and in particular independent of Hr) such that for all
v € HY(2) and for all T € Ty there holds

Hito = Tgvllpzery + IV = Ta0) | 2¢r) < Cay IVl 22 (wr)-

We refer to [11] for a proof of this estimate. This gives us (A6). Assumption (A4) is obvious. The validity of (A5)
and (A7) was proved in [31].

Note that in certain applications, additional features (e.g., orthogonality properties) of the chosen interpola-
tion operator may be exploited for improved error estimates (see, e.g., [31] Rem. 3.2 and [10]).

3.3. Multiscale splitting and modified nodal basis

In this section, we construct a splitting of the high resolution finite element space V}, into a low dimension
multiscale space V™ and some high dimensional remainder space V}f . From now on, we let Jg7 : Vj, — Vi denote
an interpolation operator fulfilling the properties (A4)—(A7). Recall that Vi C Vj,. We start with defining V;f
as the kernel of Jg in Vj:

V;f = {vp, €V}, | Tgv, =0}.

Vhf represents the features in V}, not captured by Vp. Using assumption (A5) we get

Vi=Vg ® Vhf, where v, = (jH|VH)_1(jH('Uh)) + vp — (jH|VH)_1(jH(Uh))- (3.3)
eVy eVy evhf
Here, the property (Jg o (Julvy) Y))(vg) = vy for all vy € Vg implies the equation Jg(vy, —

Talvy) Y Ta () = Iuvn) — (g o Trlvy) V(T (vy)) = 0. We still need to modify the splitting of V4,
because Vp is an inappropriate space for a multiscale approximation. We therefore look for the orthogonal
complement of V}f in Vj, with respect to the inner product (AV:,V-)r2(g). For this purpose, we define the
orthogonal projection P! : Vj, — V) as follows. For a given v, € Vj,, P!(v),) € V! solves

<AVPf(vh), Vuw') = (AVuy, wa> for all w' € V.
Defining the multiscale space Vi by Vi, := (1— Pf)(V), this directly leads to the orthogonal decomposition

Vi = Vi @ Vi, (3.4)
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because
Vi = kemn(P) o Vi = (1-PY(V) @ Vi 2 (1P (Vi) @ V= Vs @ Vi
Hence, any function v, € Vj can be decomposed into vy, = v + o' with v = (Ty|v,) 1 (Tu(vn)) —

PY(Tulvy) (T (vp))) and vf = vy, — Tulve) " (Tu(vn) + PE((Tulvy) " (3w (vs))). Furthermore it holds
(AVoR®, Vuf) = 0 for all w! € V,f - The space Vi1, is a multiscale space of the same dimension as the coarse
space V. However, note that it is only constructed on the basis of the oscillations of A. The oscillations of F’
are not taken into account. We will show that V' still yields the desired approximation properties.

We now introduce a basis of Vj'j. The image of the nodal basis function A; € Vy under the fine scale

projection P! is denoted by ¢;‘ = Pf()\j) S V,f, i.e., (b;‘ satisfies the corrector problem
(AVQl, Vw) = (AVA;, Vw) for all w € V. (3.5)
A basis of Vi, is then given by the modified nodal basis
{Npsi= N =gl 1< < T} (3.6)

As we can see, solving (3.5) involves a fine scale computation on the whole domain {2. However, since the right
hand side has small support, we are able to localize the computations. As we will see in the next section, the
correctors show an exponential decay outside of the support of the coarse shape function \;.

First, we define a multiscale approximation that is based on the above orthogonal decomposition of V}, but
without localization.

Definition 3.1 (Multiscale approximation without localization). The Galerkin approximation uy, € V75, of
the exact solution u of problem (2.1) is defined as the solution of

(AVU3,, Vo) + (F (ul,, Vui,) ,v) = (g,v)  for all v e Vg5, (3.7)

3.4. Localization

So far, in order to construct a suitable multiscale space, we derived a set of linear fine scale problems (3.5)
that can be solved in parallel. Still, as already mentioned in the previous section, these corrector problems are
fine scale equations formulated on the whole domain {2 which makes them almost as expensive as the original
problem. However, in [31] it was shown that the correction qb? decays exponentially outside of the support of
the coarse basis function A;. We specify this feature as follows. Let & € N5 o. We define nodal patches w; of k
coarse grid layers centered around the node z; € Ny by

wjyi=suppA; =U{T €Ty |z €T},

M (3.8)
wjp = U {T €ETu | TNWj -1 # @} for k> 2.

These are the truncated computational domains for the corrector problems (3.5). The fast decay is summarized
by the following lemma.

Lemma 3.2 (Decay of the local correctors [31]). Let assumptions (A1) and (Ad)—(AT) be fulfilled. Then, for
all nodes zj € N and for all k € Nxq, the correctors d)? satisfy the estimates
‘|A1/2v¢§b||[z2(ﬂ\w]')k) S e_rkHAl/QV(??HL?(Q)

with a generic rate r that is proportional to (a/B)'/?

of 'S’ at the end of Section 2.

but independent of variations of A. Recall the definition
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This fast decay motivates an approximation of ng;’ on the truncated nodal patches wj . We therefore define
localized fine scale spaces by intersecting V,f with those functions that vanish outside the patch w; x, i.e.

Vi (wik) = {v € Vi [ vja\e,, = 0}
for a given node z; € Ny. The solutions gb;‘,k € Vii(w; k) of
(AV@) 1, Vw) = (AVA;, V) for all w € V) (wj r), (3.9)

are approximations of ng;L from (3.5) with local support and therefore cheap to solve. We define localized multi-
scale finite element spaces by

Vsl =span (AT =X — gl [ 1< < T} C Vi (3.10)

We can now define a LOD approximation by localizing the corrector problems for the basis functions.

Definition 3.3 (LOD approximation). The Galerkin approximation u?ﬁ;ﬁ €Vy Zk of the exact solution u of
problem (2.1) is defined as the solution of

(Avugst vy + (F (uik, Vi) o) = (g,0) - for all v e VESE, (3.11)

Note, that changing the data functions F' and g does not change the multiscale basis { E |1 <j<J}. Once

Vi Z’k is computed, it can be reused for various combinations of F' and g. This makes the new problems cheap
to solve.

Remark 3.4. Observe that we never need to solve a problem on the scale of the oscillations of F(-,£,() in
the case that they are faster than the oscillations of A(-). However, we implicitly assume that the arising
integrals can be computed exactly (or with high accuracy). Practically this implies that a sufficiently high
quadrature rule must be used. So even if the fine grid is not fine enough to resolve the variations of F', at
least the quadrature rule must be fine enough to capture the correct averaged values. From Theorem 3.5 below
we deduce that the influence of the oscillations of F'(-,£,() remains small, as long as we have an accurate
approximation of the averages on each coarse grid element. A similar observation holds for standard finite
elements, where classical convergence rates can be expected as soon as the oscillations of A are resolved by the
fine grid (independent of the oscillations of F').

3.5. A priori error estimate

We are now prepared to state the main result of this article, namely the optimal convergence of the method
for the case that the local patches w; , have a diameter of order H|log(H)|.

Theorem 3.5. Let u € H(£2) denote the exact solution given by problem (2.1), let up, € Vi denote the
corresponding finite element approzimation in the Lagrange space with a highly resolved computational grid (i.e.
the solution of (3.1)) and let ur;{lshk € V;Z’k be the solution of our proposed multiscale method with localization
(i.e. the solution of (3.11)). If assumptions (A1)—(AT) are satisfied and if k > [log(||H ||z ()|, then the
a priori error estimate

o= it

u— Uy < O (L1, Ly, o, B, co) ([ HI Lo () + llu — unll g (e)) -

o
holds with a generic constant C' that does not depend on mesh sizes and oscillations of A and F. A suitable

choice of the localization parameter k depends on the square root of the contrast, i.e. the multiplicative constant
B

o’

hidden in k ~ [log(||H| o (0))| is proportional to
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A proof of Theorem 3.5 is presented in the subsequent section. In particular, the result is a conclusion from
Theorem 4.3 which is stated in Section 4 below. In Theorem 4.3 we also give details on the generic constant C.
We will see that it essentially depends on % Recall that Ly and Lo denote the Lipschitz constants of F'
(¢f. (A2)) and that « is the smallest eigenvalue of A. This shows the significance of assuming that the problem
is not dominated by the lower order term. For instance, consider the scenario of a pollutant being transported
by groundwater flow. In this case, A describes the hydraulic conductivity which changes its properties on a
scale of size €. On the other hand, F' describes the gravity driven flow that is scaled with the so called Péclet
number. However, in the described scenario the Péclet number is of order ¢! (¢f. Bourlioux and Majda [7])
implying that O(L;) = e~ 1. So the generic constant C' is of order e~ 1. This means that we need H < e, i.e.
we still need to resolve the micro structure with the coarse grid 7x producing the same costs as the original
problem. If H > € the estimate stated in Theorem 3.5 is of no value, because the right hand side remains large.

4. ERROR ANALYSIS

This section is devoted to the proof of Theorem 3.5. In particular, we state a detailed version of the result
(see Thm. 4.3 below), where we specify the occurring constants. The proof is splitted into several lemmata. We
start with an a priori error estimate for the multiscale approximation without localization.

Lemma 4.1. Let up, € Vi, denote the highly resolved finite element approximation defined via equation (3.1)
ms

and let uyry, € Vi, denote the LOD approzimation given by equation (3.7). Under assumptions (A1l)—(AT),
the a priori error estimate

L1Cq + Lo
C

o~ i oy 5 Co (sl + 1~ ol )

holds with

Cr o — B+ [H || oo (2)(L1Co+L2) '
o Co -«

Proof. Due to (3.4), we know that there exist a5, € V37, and a5 € Vif, such that
up = UWg' + ﬁﬁl
We use the Galerkin orthogonality obtained from the equations (3.1) and (3.7) to conclude for all v € Hho
(AV (un — ), Vo) + (F(un, Vup),v) — (F (urﬁ?h, Vurﬁfh) ,u) = 0. (4.1)

In particular v = w}, — @}, € Vi is an admissible test function in (4.1). Together with Jz(@},) = 0, this
yields

colun — Uﬁ,shﬁ{l(n)

AV — ), Vi — )
+(F(un, Vup) — F(uyy, VUEY), un — wpy)
AV (n - i), Y — @)
H(F(un, Vup) — F(ulry, VUg,), un — Ugy)
= (AV(up — wip,), Vag) + (F(un, Vup) — F (uf,, V) @), — I (i},))
+(F (Wi, Vup) — F (W5, VUis,) i, — ()
< Blun — i (@)@l ()
I H || oo () (Lallun — Wil 20y + Lalun — uliy | o) | (o)
S B+ H (o) (L1Ca + La)) - Jun — uihl (o) - |4l (0)-
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With (AVays,, Vid) = 0 and with Jg (ve) = 0 for all vy € VF we get

a|uh|H1(Q) <Avuhv VUh>
(AVuy, Vay) = (g, a,) — (F(up, Vuy), )
= (g, ap — Tp(a})) — (F(un, Vup), @), — T (a,))

(2:3) LiCo+ Ly
c

<|Hg||p<m T H g Ce |g||L2(9)> .

The theorem follows by combing the results. O

The subsequent lemma, is a consequence of the previous one.

Lemma 4.2. Let up, € V3 denote the fine scale approximation obtained from equation (3.1) and let ugshk €

V;Z’k denote the solution of problem (3.11) (fully discrete LOD approxzimation). If the assumptions (A1l)—(AT)
hold true we obtain the estimate

A2V (UH h Ugshk) ‘

fun = il | (@) < Callgllza o) 1 Hl|L~(2) + G5 min

HhEV

)

L2(9)

ms, k

where

2

= (B+ (L1Cq + Ly)Coq) - (5 + H||Lw(9)(LlCQ+L2)> 7

cg - o
~ - ~ e L
Cy = Cl+Cl'CQL—’—2,
co
~ Bz +a"z(L, Co+ L2)Co

Cs =

Co
Proof. Let vﬁshk €Vy Zk denote an arbitrary element. Using the Galerkin orthogonality obtained from (3.1)
and (3.11), we start in the same way as in the proof of Lemma 4.1 to get

colun — ulli}shk|H1(Q)

(2:2) ms,k ms,k
< (AV(un —up ), Viun —upgy')
ms, k>

+(F(un, Vup) — F(“Eh vqu h ) Up — U p,
(4'1) ms, ms ms,
= AV (up = w5, V(un — ul) + Vs, — viih)
H(F (un, Vun) — FufsF, Vst (un — ul,) + (s, — vish)
< (B4 (LiCq + La)Co)lun — uliF i o) lun — uli|m o)

+(B% + a2 (L1Cq + L2)Co)|up, — Urﬁ?ﬁkml(n) 1AV (us, — Vi ML2(e)-
Dividing by |up — ujr), \Hl(m and estimating |up, — uf%, |1 (@) with Lemma 4.1 yields the result. O

The combination of Lemmas 3.2 and 4.2 yields the main result of this paper.

Theorem 4.3. Let uy, € Vj, be solution of (3.1) and let ur;}shk €Vyn ¥ be the solution of (3.11). If the assump-
tions (A1)—(AT7) hold true and if the number of layers k fulfills k > |10g(HH||Loo(m)\ then it holds

ms,k
‘“h —Ugn ‘Hl((z) ||HHL°°((Z)||9||L2(Q)7
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where
C = CQ + CQ—C3
€o
and with Cy and C3 as in Lemma 4.2.

Proof. We define w7, ke Vs by

k. h
wy ZuHh Zj)A ZuHh zj) ‘*ﬁb',k)
where u}®,(2;), j = 1,2,...,J, are the coefficients in the basis representation of W from Definition 3.1. Hence,

min
ms, k ms, k
Yen Vi

<HA%v<ums mk)f
S Hh —~ WHp L2(02)

Alv< msk)‘2
2 u — v
Hh = VHh L22)

(4.2)

J
Z kg, (z)? 1 AV2V (¢ — 01) 1320

For details on the last step, we refer to Lemma 4.9 in [31]. Due to the Galerkin orthogonality for the corrector
problems it is possible to show

1AMV (8 = 82 )72y S 1A VEH 122 (\w, 0 10 (4.3)

where the idea behind the proof of (4.3) is to use the best approximation property of (b?’ . in Vii(w; ) to replace
it by an arbitrary other function from V)f(wj ;). The best choice would be ]levkgb?, where 1, , is the indicator
function of w; . (this choice would directly give the result). However, 1, , ¢! is not in Vjf(w; ), which is why
additional interpolation and projection operators are required. The rather technical details for the proof of (4.3)
are therefore given in the first part of the proof of Lemma 4.8 in [31].

The application of Lemma 3.2, (3.5), (4.3) and some inverse inequality yield

|AY2V (8 — ¢ )72 S € 2 FIAY2V S 1720
< _2rk|\A1/2V)\'||i2(n)
< Be I H (2N 172 (0);

/\

with a generic rate r that is proportional to (8/a)/?. By choosing k = m|log(||H|| ()| with m € N, we can
achieve an arbitrary fast polynomial convergence of this term in H (this will also cancel the k% term). However,
we bound this by a linear convergence since this is fastest rate that we can obtain for the whole error. Finally,
the combination of this estimate and (4.2) plus

ZuHh zj) H)\ HL?(Q)N Zuﬁh i)\

2

L2(92)
2
J
> ul () ((Falve) ™ o Tu) (N — @)
= 12(0)
~ —1 ms ||2 (AS)£(A6) ms ||2 2 —2 2
= [|(Tulvy) OjH)UH§h|\L2(:2) S ||VUH,h||L2(Q) < Ui ||9||L2(Q)

yields the assertion. O
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5. THE MULTISCALE NEWTON SCHEME

In this section we discuss a solution algorithm for handling the nonlinear multiscale problem (3.11). For this
purpose, we consider a damped Newton’s method in the multiscale space V' ;Lk Recall that we are looking for
u € H () with

(B(u),v)g-1 g = (g,v) forallve Hy(9),
where we introduced the notation
(B(v),w) -1, 1 = (AVv, V) + (F(-, v, Vv), w).

Here, B : Hj(£2) — H~'(£2) is a hemicontinuous and strongly monotone operator due to assumption (A3).
As already mentioned, under these assumptions, the Browder—Minty theorem yields a unique solution of the
above problem. However, we will need an additional assumption on F' to guarantee that the Newton scheme
converges.

Assumption 3. Let DF(z,,-) denote the Jacobian matrix of F(z,,-).

(A8) We assume that there exists some constant Lp > 0 so that for almost every x in {2 and for all (§1,¢1) €
R x R? and (&,(2) € R x R?

|DF (x,&1,C1) — DF(x,&,G)| < Lp|(&1,¢1) — (2, ¢2)],
ie. F(x,-,-) € W22(R x RY).

For clarity of the presentation we will leave out several indices within this section. In particular, we make use
of the following notation.

Definition 5.1. For simplicity, we define
Vs = V;Zk with basis NS := N8 = \; — ¢l for 1< j < J.

Furthermore, we denote u™* := uEshk Additionally, let

nF(2,§,C) == 0:F(2,£,¢) and 02F(x,&,() = O F(w,§, ().
We now describe the Newton strategy in detail. The fully discrete multiscale problem is to
find w™ € V™ (AVU™, VAT®) + (F(,u™, Vu™), A7) — (g, A\]*) =0

for all 1 < j < J. Again, using Browder—Minty, u™ exists and is unique. Accordingly, we get the following well
posed algebraic version of the problem:

find ac R’ : G(a)=0
and where G : R7 — R is given by
J J J
(G(0); 2= Do (AVAF® UN™) o+ (F (4D o=,y g VAP® | AR) — (g A™). (5.1)
j=1 j=1 j=1

We have the relation u™® = Z}I=1 a; . Before we can apply the Newton method to (5.1), we need to ensure
that the iterations of the scheme are well defined.
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Lemma 5.2. Let (X, | - ||x) denote a Hilbert space with dual space X'. Let furthermore B : X — X' be a
hemicontinuous, Fréchet differentiable and strongly monotone operator on X, i.e. there exists co > 0 so that

(B(v) — B(w),v —w)x > collv —w|% for all vyw € X and
s+ (B(u+ sv),w)x
is a continuous function on [0,1] for all u,v,w € X. Let Xn denote a finite dimensional subspace with basis
{ah1,...,n} and let b: RN — Vi define the linear bijection with b(a) := Zf\il a ;. If G(a) == b~ 1(B(b(a))),

then the Jacobi matriz DG(a) € R™*™ has only positive eigenvalues.

Proof. Let B’ denote the Fréchet derivative of B, given by

B/ (u)(v) = lim B(u+ sv) — B(u)

for u,v € X.
s—0 S

This and the strong monotonicity yield

(B(u + sv) — B(u))(v)

(B (u)(v),v) s g3 = lim

5—0 S
:;%S%(B(qusv) — B(u))(u + sv — u) (5.2)

1
> lim — 2= 2.
2 lim SQCoHSUII collv]|

Next, observe that b induces an inner product on RY by (a1, as)y := (b(ay),b(az)) x. Let a := b~ (u) then we
get

B(u+ sy;) — B(u)

B (u)(:) = lim

iy (bob~1) (B (Zj-v:l (o + 86i) w;) —(bo b*l) (B (Zj-vzl ajwj))
=b (hm Glatse) - G(a)>
=b(D,G(a)e;).

Using this, we get for arbitrary ¢ € RY and ve := b(¢),
N
(DaG ()6, = > &&(DaGla)es, €5)
'L]:Z
= Z §i&i (b(DaGla)ei), be;)) x
],\i
= €& (B (u) (i), 45)x
i
, (5.2) 5 5
= (B'(u)(ve),ve)x = collvellx = colléll-

Since all norms in RV are equivalent we have the desired result. U
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Now, we can apply the Newton method for solving the nonlinear algebraic equation G(&) = 0. If DG denotes
the Jacobian matrix of G, we get the following iteration scheme:

o) .— () 4 Aa("),
where Aa™ solves
D.G (a(")) Na™ = —@ (a(")) . (5.3)

Here, D,G is given by

ms

J J
aj>\j y

J

1 J

Dq, (G(w)), == (AVN"™, V™) + <81F y
1

a; VAP | A, )\?‘S>

J J
+<82F DY Ay e VAR .VA;.“S,A;“S>.
Jj=1 Jj=1

Lemma 5.2 ensures that equation (5.3) has a unique solution Aa™ j.e. that the Newton iteration is well posed.
Since G € C'(RY) has a nonsingular Jacobian matrix D,G (due to Lem. 5.2) and since we have Lipschitz-
continuity of D,G (due to Assumption 3), we have that the Newton scheme converges quadratically as long as
the starting value is close enough to the exact solution (¢f. [12]). However, this means that we can only guarantee
local convergence of the method. In order to ensure global convergence, we can use a simple damping strategy
due to Armijo [2]. Here we are looking for a damping parameter ¢ € (0,1] so that a**1) := a(™) 4+ ¢Aa(™ with
the property |G(a™1)| < (1 — %)|G(o¢(”))\. In our case, the convergence of the damped Newton scheme can
be guaranteed by the following lemma which is based on the results by Kelley [26].

Lemma 5.3. Let assumptions (Al)—(A3) and (A8) be fulfilled, then the damped Newton scheme converges, i.e.
there exists a nonempty (damping) interval [Co, (1] C (0,1), so that

’G (a<"+1>)] < (1 - g) ‘G (a("))’ for all ¢ € [Co, ).

Here, ¢y > 0 is independent of o™ and Na'™ | which prevents ¢, — 0.

Proof. The existence of a damping parameter so that |G(a("*1))| < |G(a(™)| is an easy observation if we look
at the function h(¢) := |G(a™ + ¢(Aal™)|? which fulfills A(0) > 0 and h'(0) = —2G(a(™) - G(a™) < 0. The
existence of a uniform lower bound ¢y > 0 was proved by Kelley ([26], Lem. 8.2.1 and Thm. 8.2.1 therewithin).
The results by Kelley require Lipschitz continuity of D,G (guaranteed by Assump. (A8)) and uniform bounded-
ness of |(D,G(a))~t|. The latter one is fulfilled since the proof of Lemma 5.2 shows that the smallest eigenvalue
of (DyG(a)) is equal or larger than cy. This implies that the largest eigenvalue of (D,G(a))~! is bounded
by ¢!, hence |(DoG(a))™!| is uniformly bounded. O

In summary, Lemma 5.3 guarantees globally linear convergence of the method (using damping) and locally
(i.e. in an environment of the solution) even quadratic convergence using the classical Newton scheme without
damping. With these considerations, we can state the full algorithm below. Recall that Ny denotes the set of
interior vertices of Ty and for z; € N, Aj € Vg denotes the corresponding nodal basis function.

Note that in the presented algorithm, each iteration starts with the damping parameter (,, = 1 and we do
not use damping parameters from previous iterations. The advantage is that we automatically get quadratic
convergence of the Newton scheme as soon as we leave the region where damping is required. Therefore, damping
is only used when really necessary.
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Algorithm: dampedNewtonLOD (abstol, reltol, o, k)

In parallel foreach z; € Ny do
compute QS?JC € Vi (wjx) with

(AVQ! ., Vw) = (AVA;, Vw)  for all w € Vi (w) k).

end
ms,k n)s h
Set V75" := span{}; — ¢l | 1<j < J}. Set =X — &}

Set o™ = o Set U k() ZQI 1 a“"AmZ Set

J J
(G(a)); Za]mw]k,vmw F(> a5 > " a VAT — g, AR,
: r

j=1

Set tol := |G(a'?)]2 - reltol + abstol.

while |G(a!™)|2 > tol do

Set ums k() Zj:l agn))\;{',i.

Define the entries of the stiffness matrix M™ by
M(n) <Av>\lk7 >+<81F( umsk(n) YVu msk(n)))\llw b )
HOF (g™ V) AT ).
Define the entries of the right hand side by
Fz(n) — <g7>\;r’1;> _ <Avuxlr;?hk,(n)7v>\ﬁxz> _ <F( ugshk (n) V ms, k, (n)) )\[Ub>
Find (Aa)" ™) € R/, with
M (Aa)("+1) — g
Set ¢n = 1. Set "tV = o™ 4+ ¢, Aa™.

while [G(a™D)] > (1 - 2)|G(a™)| do
Set (= %Qn. Set a1 .= o™ 4 ¢, Aat™.

end

Set o™ := a1V Set tol := |G(a™)]y - reltol 4 abstol.
end
Set ums ky(n) Z}le a;m)\;‘fz.

Proposition 5.4. We use the notation stated in Definition 5.1. Let u € HJ(£2) denote the solution of (2.1),
let up, € Vi, denote the solution of (3.1) and let u™ € V™ denote the solution of (3.11). Furthermore, we let

u™s(n) = u?}s,’f’(") define the n’th iterate from the damped Newton LOD Method stated in the algorithm. Under
assumptions (A1)—(A8), the Newton step (5.3) is well posed, yields an unique solution and u™>™ converges at

least linearly to u™. If furthermore k 2 |log(||H|| L~ ())|, the a priori error estimate
lu—u™ g0 £ C ([[H oo 2y + | — unll ()
holds with a generic constant C =O(1) (see Thms. 3.5 and 4.3 for details) and

s — ums,(n)

<L, (H) H ms _ums,(nfl)H

H () HY(Q)

Here, we have L, (H) < 1.
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If u™> (=1 s sufficiently close to u™®, we even get quadratic convergence of the Newton scheme, i.c.,

3 3 2
Hums _ ums,(n)

< Ln(H) Hums o ums,(n—l)H

HI(Q) HI(Q)

with

Lo(H) < H(DGG)_lnLW(RN)’

L
where L denotes the Lipschitz-constant of DoG. As indicated, L,(H) typically depends on the mesh size. How-
ever, in some cases of semi-linear problems, it is possible to bound L,(H) independent of the triangulation
(cf. [25]). In particular, if F(z,u,Vu) = F(x,u) (i.e. no dependency on Vu) we get that L,(H) = L,, indepen-
dent of the underlying mesh. The proof can be obtained analogously to the proof of Proposition 4.1 in [25]. The
proof fails for general F(z,u, Vu).

Remark 5.5. Note that the proposed method only requires the computation of the multiscale basis {)\;»ns\ 1<
j < J} once at the beginning. For each iteration step of the damped Newton scheme, (5.3) is a low dimensional
linear problem that can reuse the initially computed multiscale basis. If the multiscale basis was computed using
the nonlinear term F, local corrector problems would have to be solved for each Newton step newly, making
the whole procedure significantly more expensive. We also note that assemblation of the tangent matrix M (™)
and the residual F'(™ still requires a quadrature rule that captures the fine scale features. Depending on the
type of the nonlinearity this might have to be done newly for each iteration step, making the quadrature rule
a significant part of each Newton step.

6. NUMERICAL EXPERIMENT

As mentioned in the introduction, Richards-type equations can be an application of our LOD-Newton frame-
work. In general, the stationary Richards equation cannot necessarily be described by a monotone operator,
however depending on the chosen model and the considered hydrological effects (including hysteresis, root up-
take, friction, reaction fronts, etc.) monotone operators can arise in certain applications. One explicit example
is the (regularized) time-discretized Kirchhoff transformed Richards equation regarded in [6]. For the case that
there is no Signorini boundary condition prescribed, the problem that has to be solved for each time step cor-
responds to a nonlinear elliptic monotone problem (on the full space) that also fulfills the required assumption
of Lipschitz-continuity.

Let us now consider the stationary Kirchhoff-transformed Richards equation

V- (KVu) =V - (K kr(M(u)g) = f, (6.1)

where u denotes the generalized pressure, K the hydraulic conductivity and kr the relative permeability de-
pending on the saturation. kr is a monotone increasing function with values between 0 and 1 (typically bounded
away from 0 to avoid degeneracy). If we have already full saturation, water cannot be conducted anymore, if
the soil is completely dry (saturation is zero), water can be perfectly conducted. Formulas for kr were e.g.
provided by Burdine [9] and Mualem [32]. In applications the variations of the hydraulic conductivity K are
assumed to be constant (or at least slow) in gravity direction ¢ = (0,0, g.), where g, denotes the gravity factor
of 9.81m/s2. Soil probes are often only taken once in vertical direction, but a lot of samples are required to de-
scribe the variations of conductivity in horizontal direction. As a reduction of complexity one can often assume
that V- (Kg) = 0,(K..g.) = 0 to consider the reduced equation

V- (KVu) — (kroM) (u) (Kg) Vu=f. (6.2)

Here we have M (u) := for ™!, where 6 denotes the saturation (depending on the pressure) and x~! the inverse of
the Kirchhoff transformation x(p) := fop kr(6(q)) dg. The saturation 6 can be obtained by the capillary pressure
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TABLE 1. Results for fine grid with e > h = 276 ~ 0.016 > ¢2 which resolves the oscillations
of the linear term, but not the oscillations of the nonlinear term. The truncation parameter k
determines the patch size by (3.8). We observe an average EOC of 2.37 for the L2-error and an
average EOC of 1.33 for the H!'-error.

ms,k ms,k

A k ‘UH”L uh‘ L2(2) HUH’h uhHHl(n)
272 1 0.1455 1.6985
273 2 0.0097 0.3737
274 3 0.0023 0.1772
27% 3 0.0008 0.1067

relation (soil-water retention curves). Various explicit formulas for 6 are available, see e.g. Van Genuchten [24],
Brooks-Corey [8] or the Gardner model [23]. Depending on the chosen model (kro M)" might not be a Lipschitz
continuous function, still regularization is possible. In the following numerical experiment, we consider a test
problem that has the structure derived from a regularized Burdine-Brooks—Corey model. The corresponding
explicit formulas for (kr o M) are taken from [3]. Contrary to the model (6.2), we use a nonlinear advection
term that is faster oscillating than the diffusion term. The reason is that we want to emphasize our claim, that
the oscillations of the nonlinearity F' do in fact not influence the convergence. Before stating the test problem
related to (6.2), let us note that the method and the analytical results of this paper directly transfer to equations
in divergence form like (6.1), i.e. the gradient in the weak formulation can be on the test function, as long as
F(x,u) does not dependent on the gradient Vu.

We consider the following nonlinear advection-diffusion problem. Let 2 :=]0, 1[> and ¢ := 0.05. Find u¢ with

=V - (A% (z)Vu(z)) + %Fé(x,ue)amzue(z) = —% in £2

u(z) =0 on 942,

where A€ is given by

1 2(2+cos (271'1—1))_1 0
A (xq, = €
(21, 22) 82 ( 0 1+ fcos (2mZL)
and
u 3 5
) 1 o ety for =3<u<—3
Fe(x,u) ::w<2+cos (27‘(‘6—%)) p(u) for *%S’Uﬁfl’
0 for u>—1

where p(u) = au® 4+ bu? + cu + d is such that F(z, ) € C'(=3,00) for all z € £2. The (unknown) exact solution
of this problem takes values between 0 and —1.75.

The numerical experiments presented in this section were performed with a little different implementation of
the localization strategy than the one described in Section 3.4. We used the localized basis functions proposed
in [19], which have the completely same analytical properties than (3.9)—(3.10), with the only difference that
they are computed with respect to unit vectors instead of gradients of basis functions in order to slightly stabilize
the computations.

The tolerance tol in the Newton algorithm is set to 1071°. We keep the resolution of the (uniformly refined)
fine grid fixed with h = 279 < e. The computations were made for four different coarse grid resolutions
H=2"2 .25,
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For given H, we guess the truncation parameter k (according to (3.8)) by |log(H)|. By log we mean the
logarithm to the basis e. For H = 27!, [ =2,...,5 we obtain log(4) ~ 1.386, log(8) ~ 2.08, log(16) ~ 2.77 and
log(32) =~ 3.47. Optimistically rounding we set the truncation parameter k to 1 for H = 272, 2 for H = 273,
3 for H = 2% and 3 for H = 27°. The corresponding results are depicted in Table 1. We observe that the
proportionality coefficient in the choice of the diameter of the patches O(diam(w; x)) ~ H|log(||H ||z (s))| can
chosen to be on 1 without suffering from pre-asymptotic effects. In fact, we obtain an experimental order of
convergence (EOC) of 2.37 for the L2-error and an EOC of 1.33 for the H'-error. The patches remain small
and computational demand for solving the local problems remains very small. For further numerical studies of
the method and the choice of patch sizes in the linear case, we refer to [31].

Acknowledgements. We would like to thank the anonymous reviewers for their valuable suggestions and their constructive
criticism that helped us to improve the paper.
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Appendix B
Pollution-free high-frequency acoustic scattering

B.1 Eliminating the pollution effect in Helmholtz problems by local subscale
correction

arXiv:1411.1944 [math.NA], 2014.
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B.1

ELIMINATING THE POLLUTION EFFECT IN HELMHOLTZ
PROBLEMS BY LOCAL SUBSCALE CORRECTION

DANIEL PETERSEIM

ABSTRACT. We introduce a new Petrov-Galerkin multiscale method for the numerical ap-
proximation of the Helmholtz equation with large wave number x in bounded domains
in RY. The discrete trial and test spaces are generated from standard mesh-based finite
elements by local subscale corrections in the spirit of numerical homogenization. The pre-
computation of the corrections involves the solution of coercive cell problems on localized
subdomains of size £H; H being the mesh size and ¢ being the oversampling parameter. If
the mesh size and the oversampling parameter are such that Hx and log(x)/¢ fall below
some generic constants, the method is stable and its error is proportional to H; pollution
effects are eliminated in this regime.

1. INTRODUCTION

The numerical solution of the Helmholtz equation by the finite element method or re-
lated schemes in the regime of large wave numbers is still among the most challenging tasks
of computational partial differential equations. The highly oscillatory nature of the solu-
tion plus a wave number dependent pollution effect puts very restrictive assumptions on
the smallness of the underlying mesh. Typically, this condition is much stronger than the
minimal requirement for a meaningful representation of highly oscillatory functions from
approximation theory, that is, to have at least 5 — 10 degrees of freedom per wave length
and coordinate direction.

The wave number dependent preasymptotic effect denoted as pollution or numerical dis-
persion is well understood by now and many attempts have been made to overcome or at
least reduce it; see [TF06, FW09, FW11, HMP11, ZMD*11, DGMZ12] among many others.
However, for many standard methods, this is not possible in 2d or 3d [BS00]. A breakthrough
in this context is the work of Melenk and Sauter [MS10, MS11, MPS13|. It shows that for
certain model Helmholtz problems, the pollution effect can be suppressed by simply coupling
the polynomial degree p of the Galerkin finite element space to the wave number x via the
relation p = log k. Under this moderate assumption, the method is stable and quasi-optimal
if the mesh size H satisfies Hx < 1. It is worth noting that this result does not require the
analyticity of the solution but only W??2-regularity and, thus, partially explains the common
sense that higher-order methods are less sensitive to pollution. However, for less regular
solutions as they appear for the scattering of waves from non-smooth objects, the result is
not directly applicable and the existence of a pollution-free discretization scheme remained
open.

Scale-dependent preasymptotic effects are also observed in simpler diffusion problems with
highly oscillatory diffusion tensor and numerical homogenization provides techniques to avoid
those effects. Numerical homogenization (or upscaling) refers to a class of multiscale methods
for the efficient approximation on coarse meshes that do not resolve the coefficient oscilla-
tions. A novel method for this problem was recently introduced in [MP14b] and further
generalized in [EGMP13, HMP14b, HP13, HMP14a]. The method is based on localizable
orthogonal decompositions (LOD) into a low-dimensional coarse space (where we are look-
ing for the approximation) and a high-dimensional remainder space. Some selectable quasi-
interpolation operator serves as the basis of the decompositions. The coarse space is spanned
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by some precomputable basis functions with local support. The method provides text book
convergence independent of the variations of the coefficient and without any preasymptotic
effects under fairly general assumptions on the diffusion coefficient; periodicity or scale sep-
aration are not required.

This paper adapts the multiscale method of [MP14b] to cure pollution in the numerical
approximation of the Helmholtz problem. To deal with the lack of hermitivity we will propose
a Petrov-Galerkin version of the method (although this is not essential). We will construct
a finite-dimensional trial space and corresponding test space for the approximation of the
unknown solution u. The trial and test spaces are generated from standard mesh-based finite
elements by local subscale corrections. The precomputation of the corrections involves the
solution of H~? elliptic (cell) problems on localized subdomains of size /H; H being the
mesh size and ¢ being the adjustable oversampling parameter. If the data of the problem
(domain, boundary condition, force term) allows for polynomial-in-x bounds of the solution
operator and if the mesh size and the oversampling parameter of the method are such that
the resolution condition Hx < 1 and the oversampling condition log(k)/¢ < 1 are satisfied,
then the method is stable and satisfies the error estimate

Kllu — umsp 20y + IV (4 — tmspa) | 22(0) < C(H + B fll 20

with generic constants C' > 0 and 8 < 1 independent of k. For a fairly large class of
Helmholtz problems, including the acoustic scattering from convex non-smooth objects, this
result shows that pollution effects can be suppressed under the quasi-minimal resolution
condition Hx < O(1) at the price of a moderate increase of the inter-element communication,
i.e., logarithmic-in-x oversampling. Using a terminology from finite difference methods, this
means that the stencil is moderately enlarged. The complexity overhead due to oversampling
is comparable with that of [MS10, MS11], where instead of increasing the inter-element
communication, the number of degrees of freedom per element is increased via the polynomial
degree which is coupled to log x in a similar way.

While [BS00] shows that pollution cannot be avoided with a fixed stencil, the result shows
that already a logarithmic-in-x growths of the stencil can suffice to eliminate pollution.
Although the result is constructive, its practical relevance for actual computations is not
immediately clear in any case. The multiscale method presented in this paper requires
precomputations on subgrids. These precomputations are both local and independent, but
the worst-case (serial) complexity of the method can exceed the cost of a direct numerical
simulation on a global sufficiently fine mesh. However, we expect a significant gain with
respect to computational complexity in the following cases:

e The precomputation can be reused several times, e.g., if the problem (with the same
geometric setting and wave number) has to be solved for a large number of force terms
or incident wave directions in the context of parameter studies, coupled problems or
optimal control problems.

e The (local) periodicity of the computational mesh can be exploited so that the num-
ber of local problems can be reduced drastically.

We also expect that the redundancy of the local problems can be exploited in rather gen-
eral unstructured meshes by modern techniques of model order reduction [RHP08, AB14].
However, this possibility requires a careful algorithmic design and error analysis which are
beyond the scope of this paper and remain a future perspective of the method. A similar
statement applies to the case of heterogeneous media. This application and the general-
ization of the method are very natural and straight forward. Though this case is not yet
covered, previous work [MP14b, EGMP13, HMP14b, HP13, HMP14a] plus the analysis of
this paper strongly indicate the potential of the method to treat high oscillations or jumps
in the PDE coefficients and the pollution effect in one stroke.

The remaining part of the paper is outlined as follows. Section 2 defines the model
Helmholtz problem and recalls some of its fundamental properties. Section 3 introduces
standard finite element spaces and corresponding quasi-interpolation operators that will be
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the basis for the derivation of a prototypical multiscale method in Section 4. Sections 5 and
6 will then turn this ideal approach into a feasible method including a rigorous stability and
error analysis. Finally, Section 7 demonstrates the performance of the method and one of
its variants in numerical experiments.

2. MoDEL HELMHOLTZ PROBLEM

We consider the Helmholtz equation over a bounded Lipschitz domain Q ¢ R? (d=1,2,3),

(2.1.a) —Au—r*u=f inQ,
along with mixed boundary conditions of Dirichlet, Neumann and Robin type
(2.1.b) u=0 onIp,
(2.1.c) Vu-v=0 onlIy,
(2.1.d) Vu-v—iku=0 onlg.

Here, the wave number & is real and positive, i denotes the imaginary unit and f € L?(Q)
(the space of complex-valued square-integrable functions over ). In this paper, we assume
that the boundary I' := 02 consists of three components

oY=IpUl'yUTlg,

where I'p, 'y and ' are disjoint. We allow that I'p or I'y are empty but we assume that
I'r has a positive surface measure,

(2.2) |FR| > 0.

The vector v denotes the unit normal vector that is outgoing from 2. To avoid overloading
of the paper, we restrict ourselves to the case of homogeneous boundary conditions. Since
inhomogeneous boundary data is very relevant for scattering problems, this case will be
treated in the context of a numerical experiment in Section 7.2.

Given the Sobolev space W2(2) (the space of complex-valued square-integrable functions
over ) with square integrable weak gradient), we introduce the subspace

Vi={veW"Q)|v=0o0nTp}

along with the xk-weighted norm

lolly = y/w2lol3 + Vo[,

where || - || denotes the L2norm over €. The variational formulation of the boundary value
problem (2.1) seeks u € V such that, for all v € V,

(23) a’(ua 'U) = (f7 U)Qa
where the sesquilinear form a : V' x V — C has the form
(2.4) a(u,v) == (Vu, Vo)g — £2(u, v)q — ik(u, v)rp,.

Here, (-,")q := fQ u - vdx abbreviates the canonical inner product of scalar or vector-valued
L*(Q) functions and (-, -)r, = fFR uv ds abbreviates the canonical inner product of L(T'g)

(the space of complex-valued square-integrable functions over I'g). The sesquilinear form a
is bounded, i.e., there is a constant C, that depends only on €2 such that, for any u,v € V,

(2.5) |a(u, v)| < Callullv[|v]lv-

The presence of the impedance boundary condition (2.1.d) (cf. (2.2)) ensures the well-
posedness of problem (2.3), i.e., there exists some constant Cy(x) that may depend on
and also on 2 and the partition of the boundary into I'p, I'y and I'g such that, for any
f € L3(), the unique solution u € V of (2.3) satisfies

(2.6) [ullv < Csi(s)[[ fllo-

However, the stability constant Cg (k) and its possible dependence on the wave number x
are not known in general. Whenever we want to quantify its effect on some parts of the error
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analysis, we will assume (cf. Assumption 5.3) that there are constants Cpst > 0 and gpst > 0
and kg > 0 that may depend on 2 and the partition of the boundary into I'p, I'y and I'p
such that, for any k > ko, the stability constant Cg (k) of (2.6) satisfies

(27) Cst(/i) S Cpst/iqut.

This polynomial growth condition on the stability constant is certainly not satisfied in gen-
eral; see [BCWG™11] for the example of a so-called trapping domain that exhibits at least
an exponential growth of the norm of the solution operator with respect to the wave number.
Hence, the assumption (2.7) puts implicit conditions on the domain € and the configuration
of the boundary components. Sufficient geometric conditions that ensure (2.7) with gpst =0
are provided in [Het07, EM12, HMP14c| (see also earlier work [Mel95, CF06] that is based
on the choice of a particular test function previously used in [MIB96]). Among the known
admissible setups are the case of a Robin boundary condition (I'r = 92) on a Lipschitz
domain © [EM12]. Another example is the scattering of acoustic waves at a sound-soft scat-
terer occupying the star-shaped polygonal or polyhedral domain 2 where the Sommerfeld
radiation condition is approximated by the Robin boundary condition on the boundary of
some artificial convex polygonal or polyhedral domain Qr D Qp; see [HMP14c].

Given some linear functional g on V, the adjoint problem of (2.3) seeks z € V such that,
for any v € V,

(2.8) a(v,z) = (v, 9)q.

Note that the adjoint problem is itself a Helmholtz problem in the sense that S*(g) = S(f),
where S is the solution operator of (2.3) and S* is the solution operator of the adjoint
problem (2.8); see e.g. [MS11, Lemma 3.1]. Hence, (2.8) enjoys the same stability properties
as (2.3).

According to [EM12], the stability (2.6) for f € L?(Q) implies well-posedness for all
bounded linear functionals f on V.

Lemma 2.1 (well-posedness). The sesquilinear form a of (2.4) satisfies

. Ra(u,v) 1
2.9 inf sup > .
(29) 0} w2y Tl Tollv = 2Cm(m)n

Furthermore, for every f € V' (the space of bounded antilinear functionals on'V') the problem
(2.1) is uniquely solvable, and its solution u € V satisfies the a priori bound

(2.10) fullv < Cua ()l fllv-

Under the additional assumption 2.7 that the stability constant grows at most polynomi-
ally in , the lemma shows polynomial well-posedness in the sense of [EM12], i.e., polynomial-
in-x-bounds for the norm of the solution operator.

Proof of Lemma 2.1. The proof of (2.9) is almost verbatim the same as that of [EM12,
Theorem 2.5] which covers the particular case I'r = 02 and relies on a standard argument
for sesquilinear forms satisfying a Garding inequality. Given u € V, define z € V as the
solution of

262 (v,u)q = a(v,z), forallv e V.
The stability (2.6) implies that
(2.11) Izllv < 2Ca(k)r?(lulle < 2Cs(x)w]lullv
Set v = u + 2z and observe that
(2.12) Ra(u,v) = |lul/}.

The combination of (2.11) and (2.12) yields (2.9). Note that an analogue inf-sup condition
can be proved for the adjoint of the bilinear form a so that the Banach-Necas-Babuska
theorem yields the unique solvability of both the primal and the adjoint problem as well as
the a priori estimate (2.10). O
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3. STANDARD FINITE ELEMENT SPACES

This section recalls briefly the notions of simplicial finite element meshes and patches, stan-
dard finite element spaces and corresponding quasi-interpolation operators. In this paper,
we will focus on linear finite elements based on triangles or tetrahedrons but quadrilaterals or
even mesh-free approaches would be possible as well. The key property that we will exploit
in the later construction is the partition of unity property of the basis; see [HMP14a].

3.1. Finite element meshes. We consider two discretization scales H > h > 0. Let Ty
(resp. Tp) denote corresponding regular (in the sense of [Cia78]) finite element meshes of
into closed simplices with mesh-size functions 0 < H € L*°(Q) defined by H|r = diamT =:
Hyp for all T € Ty (resp. 0 < h € L*°(Q) defined by h|; = diamt =: hy for all t € Ty). The
mesh sizes may vary in space.

Some of the error bounds will depend on the maximal mesh size || H|| 1 (q). If no confusion
seems likely, we will use H also to denote the maximal mesh size instead of writing || H|| 1o (q)-
For the sake of simplicity we assume that 7}, is derived from 7z by some regular, possibly
non-uniform, mesh refinement. However, this condition is not essential and we refer to
[HMP14a] where possible generalizations are discussed in the context of a diffusion problem.

As usual, the error analysis depends on some constant v > 0 that represents the shape

regularity of the finite element mesh 7g;
diam T
3.1 = ith = ——— for T
(3.1) 7= maxar with a7 = g for '€ Th,

where Br denotes the largest ball inscribed in T

3.2. Nodal patches and element patches. Patches are agglomerations of elements of
Tz They will often be used in the construction of the method and its analysis. We define
patches wr ¢ of variable order £ € N about an element 7' € Ty by

wry =U{T € Tg | T' NT # 0},

wr g = U{T/ €Ty | T’ﬁw”_l #* @}, (=23,4....
In other words, wr,1 equals the union of 7" and its neighbors and wy ¢ is derived from wp 1
by adding one more layer of neighbors.

Note that, for a fixed £ € N, the element patches have finite overlap in the following sense.
There exists a constant Cy ¢ > 0 such that

(3.3) max #{K €Ty ‘ K C wa} < Col,é‘
TeTy

(3.2)

The constant Cy := Cy11 equals the maximal number of neighbors of an element plus itself
and there exists some generic constant C?; such that, for any ¢ > 1,

Core < max {# T, Col?| | poe o, ) | H oo | -

3.3. Standard finite element spaces. The first-order conforming finite element space
with respect to the mesh Ty is given by

(3.4) Vi :={v e V| VT € Ty, v|r is a polynomial of total degree < 1}.

Let Ny denote the set of all vertices of T that are not elements of the Dirichlet boundary.
Every vertex z € Ny represents a degree of freedom via the corresponding real-valued nodal
basis function ¢, € Vi determined by nodal values

¢,(z) =1 and ¢,(y) =0 forally+#2ze Ng.
The ¢, form a basis of Vi and the dimension of Vi equals the number of vertices (excluding
the Dirichlet boundary I'p),
Ny :=dim Vg = [Nyl
Let VO V3, D Vi denote some conforming finite element space that corresponds to the fine

mesh 7. It can be the space of continuous piecewise affine functions on the fine mesh or any
other (generalized) finite element space that contains Vi, e.g., the space of continuous p-th
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order piecewise polynomials as in [MS10, MS11]. By N}, := dim V}, we denote the dimension
of V},. For standard choices of V},, this dimension is proportional to the number of vertices
in the fine mesh 7; (excluding vertices on the Dirichlet boundary T'p).

3.4. Quasi-interpolation. A key tool in the design and the analysis of the method is some
bounded linear surjective Clément-type (quasi-)interpolation operator Zy : V. — Vp as it
is used in the a posteriori error analysis of finite element methods [CV99]. Given v € V,
Tyv =3 e,y @2(v)p. defines a (weighted) Clément interpolant with nodal functionals

L (Ua ¢Z)Q
(3.5) oy (v) : @600
for z € N. Recall the (local) approximation and stability properties of the interpolation
operator Zy. There exists a generic constant Cz,, such that, for all v € V and for all T € Tg
and any face F' of T,

—-1/2 _
(3.6) Hy *llv = o gop + Hi o = Zuvll 2y + 1V = Zav) | 2y < Cry | Vollr2(ur),
where wr = wr 1 from (3.2). The constant Cz,, depends on the shape regularity parameter
~ of the finite element mesh 7Tx (see (3.1) above) but not on the local mesh size Hp. The
proof for the volume errors is given in [CV99]. The bound on the face error follows from
those bounds and the trace inequality

(3.7) loliE < 2yr 21Vollr + dHz |[vllz) o]z

The trace inequality is a consequence of the trace identity of [CF00] and the Young inequality;
see [DPE12, Lemma 1.49] for a detailed proof.

Note that the space Vj is invariant under Zy but Zy is not a projection, i.e., Zgvg # vy
for vy € Vi in general. However, since Zg|y,, can be interpreted as a diagonally scaled mass
matrix, Zy is invertible on the finite element space Vi and the concatenation (Zx|v,, Y toTy :
V' — Vyp is a projection. For our particular choice of interpolation operator, one easily verifies
that (IH|VH)*1oIH equals the L2—orthogonal projection Il : V' — Vp onto the finite element
space; see also [MP14a, Remark 3.1]. Recall that Iy is also stable in V|

(3.8) [Tgv|lv < Cuyllvllv  for allv eV,
where Ch,, depends only on the parameter «y if the grading of the mesh is not too strong

[BY14].

While Zg|y,, is a local operator (a sparse matrix) its inverse (Zp|v;, )~

is not. However,

there exists some bounded right inverse I;II’IOC : Vg — V of Ty that is local. More precisely,
there exists some generic constant C”IH depending only on v such that, for all vy € Vg,

IH (I;II,IOCUH)

fr UH)
(3.9) IVZ vl < Cf, | Vvrlla,
_ 1
supp(Z;;"*vy) C supp(vp),

1 _
where the C is a short-hand notation for supp(Zy " *vy) € Wwra | T € T = TN

supp(vy) # 0}. Note that I;II’IOCUH is not a finite element function on 7y in general. An
1,loc

explicit construction of Z, and a proof of the properties (3.9) can be found in [HMP14a,
Lemma 1].

We shall emphasize that the choice of a quasi-interpolation operator is by no means
unique and a different choice might lead to a different multiscale method. A choice that
turned out to be useful in previous works [BP14, PS14] is the following one. Given v € V,

Qnv =) cp,, @2(v)¢. defines a Clément-type interpolant with nodal functionals
(3.10) a(v) == (Il v) (2)

for z € Ng. Here, Ij,,, v denotes the L?-orthogonal projection of v onto standard P; finite
elements on the patch w, and «,(v) is the evaluation of this projection at the vertex z. We
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will show in the numerical experiment of Section 7 that the choice of the interpolation can
affect the practical performance of the method significantly.

4. GLOBAL WAVE NUMBER ADAPTED APPROXIMATION

This section introduces new (non-polynomial) approximation spaces for the model Helmholtz
problem under consideration. The spaces are mesh-based in the sense that degrees of freedom
(or basis functions) are associated with vertices. The support of the basis functions is not
local in general but quasi-local in the sense of some very fast decay of their moduli. Their
replacement by localized computable basis functions in practical computations is possible;
see Sections 5 and 6.

The ideal method requires the following assumption on the numerical resolution.

Assumption 4.1 (resolution condition). Given the wave number k and the constants Cz,,
from (3.6) and Co) from (3.3), we assume that the mesh width H satisfies

1
(4.1) Hr < —.
\% 200101[.1
Note that this assumption is quasi-minimal in the sense that a certain number of degrees
of freedom per wave length is a necessary condition for the meaningful approximation of
highly oscillatory waves.

4.1. An ideal method. The derivation of the method follows general principles of varia-
tional multiscale methods; cf. [Hug95, HFMQ98, HS07] and [Malll]. Our construction of
the approximation space starts with the observation that the space V' can be decomposed
into the finite element space Vi and the remainder space

(4.2) Ry :=kernel Zp.
The particular choice of 7y implies that the decomposition
(4.3) V=Vg® Ry

is orthogonal in L?(Q) and, hence, stable. We shall say that this L?-orthogonality will not
be crucial in this paper and that any choice of Zy that allows a stable splitting of V' into its
image and its kernel is possible, for instance Qg defined in (3.10).

The subscale corrector Cy, is a linear operator that maps V onto Ry. Given v € V, define
the corrector Coov € Ry as the unique solution (cf. Lemma 4.2 below) of the variational
problem

(4.4) a(Coov,w) = a(v,w), forall w e Ry.

The subscript notation oo will be consistent with later modifications C, of the corrector,
where the computation is restricted to local subdomains of size £H.

To deal with the lack of hermitivity, we will use the adjoint corrector Ci v € Ry that
solves the adjoint variational problem

(4.5) a(w,Civ) = a(w,v), forallwe Ry.
It turns out that
(4.6) Civ = Cool

holds for the model problem under consideration. Under Assumption 4.1, the corrector
problems (4.4) and (4.5) are well-posed.

Lemma 4.2 (well-posedness of the correction operator). The resolution condition of As-

sumption 4.1 implies that |V - ||q and || - ||y are equivalent norms on Ry,
(4.7) IVwlla < llwllv < \/3IVwle, for allw e R,

the sesquilinear form a is Ry -elliptic,

(4.8) Ra(w,w) > %HwH%/, for all w € Ry,
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and the correction operators Coo, C3, are well-defined and stable,
(4.9) [Cocvllv = [IC30llv < Cellv|lv,  for allv €V,
where C¢ := 3C, with Cy from (2.5).
Proof. For any w € Ry, the property Zgw = 0, the approximation property (3.6) of the
quasi-interpolation operator, the bounded overlap of element patches Cy and (4.1) yield
K (w, w)q = k2 (w — Zygw, w — Tyw)g

< CuC, w2 H|Vulf

< 3lIVwld.
This implies (4.7) and (4.8). Since the sesquilinear form a is bounded (2.5), the well-

posedness of (4.4) and (4.5) and the stability estimate (4.9) follow from the Lax-Milgram
theorem. O

Since non-trivial projections on Hilbert spaces have the same operator norm as their com-
plementary projections (see [Szy06] for a proof), the continuity of the projection operators
Coo, C, implies the continuity of their complementary projections (1—Co), (1-C%) : V — V,
that is,

(4.10) [(1 = Coo)vlly = [[(1 = C)vllv < Cellvfly,  forallveV,

where C¢ = 3C,, is the constant from (4.9)
The image of the finite element space Vg under (1 — Co),

(4.11) VH,0o := (1 = Coo)VH,

defines a modified discrete approximation space. The space Vp o, will be the prototypical
trial space in our method. The corresponding test space is

(4.12) Vireo = (1 =C)Vu.
Note that Ry equals the kernel of both operators, (1 —Cx) and (1 —CZ,). This implies that
Vi 00 is the image of (1 —Co) and Vj;  is the image of (1 —CZ,). The key properties of the
spaces Vi o and Vﬁ,oo are given in the subsequent lemma.
Lemma 4.3 (primal and dual decomposition). If the resolution condition of Assumption 4.1
is satisfied, then the decompositions
V= VH,oo ® Ry = V;I,m ® Ry
are stable. More precisely, any function v € V' can be decomposed uniquely into
V=V +TH and V=WHe +TH
and
max{|[vaeollv, [wae v, Irallv} < Cellvllv,
where Vi o0 = (1 = Co0)V € VH 00, WH o := (1 —CX)v € VI;OO and rg :=Coov € Rpy.

The decompositions satisfy the following relations: For any vp e € VH oo and any qu €
Ry, it holds that

(4.13) a(VH, 00, q) = 0.
For any wy o € V;I,oo and any qg € Ry, it holds that
(4.14) a(qr, WHx) =0,
Proof. The results readily follow from the construction of Co, and CZ,. O

The Petrov-Galerkin method for the approximation of (2.3) based on the trial-test pairing
(VH 00, Vflm) seeks u € Vp oo such that, for all vy € Vi
<415) a(UH,ooaUH,oo) = (fa UH,OO)Q-

We shall emphasize that we do not consider the method (4.15) for actual computations
because the natural bases of the trial (resp. test) space, i.e. the image of the standard nodal
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basis of the finite element space under the operator 1 — Cx (resp. 1 — C%)) is not sparse
(or local) in the sense that the basis function (1 — C)¢p, (resp. (1 — CL)¢.) have global
support in £ in general. Moreover the corrector problems are infinite dimensional problems.
We will, hence, refer to the method (4.15) as the ideal or global method. Later on (cf.
Theorem 5.2), we will show that there are feasible nearby spaces with a sparse basis and we
will also discretize the (localized) corrector problems and analyze the error committed by
those crimes in Section 6.

4.2. Stability and accuracy of the ideal method. The ideal method admits a unique
solution and is stable and accurate independent of x as long as the resolution condition
Hr <1 is satisfied. The “orthogonality” relation (4.13) induces stability.

Theorem 4.4 (stability). Let Assumption 4.1 be satisfied. Then the trial space Vi and
test space VI;OO satisfy the discrete inf-sup condition

inf %Q(UH,Oova,OO> 1

(4.16) in sup > :
w00 €Vi,00\0} vy vy A0} 1UH 0o llVI[vr |l ™ 2CeCat(k)R

Proof. Observe that (1 —C5) : V — V}j . is a Fortin operator (as in the theory of mixed
methods [For77]), i.e., a bounded linear operator that satisfies

a(uh 00, (1 —C)v) = a(tuh,00, V) — a(UH 00, C50) = a(UH 00, V),
——— ——
=0;see (4.13)

for all up o € Voo and any v € V. Hence, the assertion follows from the inf-sup condition
(2.9) on the continuous level and the continuity of 1 — C%, (4.9),

. Ra(up,co; VH,00)
inf sup : :
w00 €Vi e\ {0} vy oevy {0} 14t collvI[vm collv
wH 00 €V 00\ {0} vev\ {0} (Um0 llVI[(1 = C*)v|lv
1
Lo sup elwv)
Ce ueV\{0} yer\{oy l[ullvllvllv
1
> -
~ 2CcCy(K)k

Vv

O

The error estimate follows from the above discrete inf-sup condition, the “orthogonality”
relation (4.14), and the Lax-Milgram theorem.

Theorem 4.5 (error of the ideal method). Let u € V' solve (2.3). If the resolution condition
of Assumption 4.1 is satisfied, then upo = (1 — Coo)u € VH oo is the unique solution of
(4.15), that is, the Petrov-Galerkin approzimation of u in the subspace Vi oo with respect to
the test space V}*I,oo‘ Moreover, it holds that

(4.17) lu = unoollv < 3V CoCry | H flo-

Proof. The Galerkin property (4.15) of upg o = (1 — Coo)u follows from (4.14). Hence, the
eITOT U — UH, 00 = Coot € Ry satisfies

a(Cott, Coott) = a(u,Coott) = (f, Coott)q-
Since the sesquilinear form a is Ry-elliptic (cf. (4.8)), this yields the error estimate
lu = w0} < 31(f, Cocual -

Since ZyCxu = 0, Cauchy inequalities and the interpolation error estimate (3.6) readily
yield the assertion. O
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Remark 4.1 (quasi-optimality). We shall say that the ideal method is also quasi-optimal in
the following sense

(4.18) lu—uboolly <3C, inf  ||lu—vHcolv.
VH,00 €VH, 00

Moreover, since IIgCou = 0, it holds that IIgu = Ilgupg,c. This means that the ideal
method provides the L2-best approximation in the standard finite element space Vi,

(4.19) |lu —pupllo = min ||lu—vy|q.
vg€EVhy

Since Ty (u — up,00) = 0, UH,oo also satisfies the L? bound

(4.20) |u —umollo < VCaCry H|u — upoollv-

Remark 4.2 (further stable variants of the method). We shall also mention at this point that
the “orthogonality” relations (4.13) and (4.14) imply that, for any ug, vy € Vg,

a((1 = Coo)um,vy) = a((1 — Coo)ug, (1 — Coo)vy)
= a((1 = Coo)um, (1 = C3)vn)
=a(umg, (1 = Cx)vy) = a((1 = C)um, (1 — Ci)vm).
This means that the Galerkin methods in Vi o or Vﬁ, « as well as Petrov-Galerkin methods
based on the pairings (Vi oo, Vi) or (Vi, V) lead to stable and accurate discretizations.
The latter Petrov-Galerkin method based on (Vi, Vil 0o) is closely related to a variational
multiscale stabilization of the standard P; finite element method and seeks uy € Vg such
that, for all vy € Vg,
(4.21) a(um, ve,eo) — alum, Coovm) = (f,vm)a — (f,Covm)a.
This stabilized method will be used in the numerical experiment of Section 7.
4.3. Exponential decay of element correctors. Given some finite element function v €

V, its correction Coovg can be composed by element correctors Cr o, I € Ty in the following
way:

(4.22) Cot = Y Croo(vlr),
TeTy
where Cr oo (v|7) € Ry solves
(4.23) a(Cr00(v|7),w) = ar(v,w) = / Vo - Vi dz — k2 /vu_) dx — m/ vw ds,
T T TN R
for all w € Ry. Dual corrections can be split into element contributions in an analogue way,

(4.24) Cro =Y Ci(vlr),
TeTy

where C7.  (v|1) := Cr,00(0|7) € Ry
The well-posedness of the element correctors is a consequence of Lemma 4.2. Moreover,
it holds that

(4.25) ICroctlly = [Choevllv < Celltllvry, for all ve V,

where V(T') denotes the restriction of the space V to the element 7', and HUH%/(T) =
R o122 0y + 170120y

The major observation is that the moduli of the element correctors Crv and Crv decay
very fast outside T

Theorem 4.6 (exponential decay of element correctors). If the resolution condition of As-
sumption 4.1 is satisfied, then there exist constants Cgec > 0 and B < 1 independent of H
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and K such that for allv € V and all T € Ty and all ¢ € N, the element corrector Cr v
satisfies

(426) ”ch,OOvHQ\wT’g < CdecﬁenvaT'

1/14
C 1
The constant B is bounded away from 1 by (C’L) <1 and Cgec < \/Cpe CICJZQ , where
173

Cy =%+ 301,07, + (C1,,Cryy + 1)Cr, v/ Cory
depends only on the shape regularity parameter v of the mesh Tg.

According to practical experience, the bound on the decay rate § seems to be rather
pessimistic. The rates observed in numerical experiments were between % and %

Proof of Theorem 4.6. Let T € Ty be arbitrary but fixed and let £ € N with ¢ > 7 and let
the element patches wry,wry—1,...,wre—7 be defined as in (3.2). Set ¥ := Cp .
We define the cut-off function 1 (depending on T and ¢) by
dist(z, wre—a)

) = e, wry—1) + dist(z, 2\ wr—s3)

for x € Q. Note that n = 0 in the patch wry—4 and n = 1 in Q \ wr—3. Moreover, 7 is
bounded between 0 and 1 and Lipschitz continuous with

(4.27) IHV 7| oo ) < -
The choice of n implies the estimates
IV Eer, s = RV V) orwr s
< R(VY,nVi)a
=RV, V () — R(Ve, Vo
< IR (VY. V (0 = 2" () ) ol

+ R (VY, VI (T (n)))al + R (V4 V)l
(428) =: My + My + Mg.

Note that the test function (mb —I;Il’IOC(IH(m/}))) € Ry with support in Q\ wre_¢. If

0> 6, then 1) — T, (Zgr (meh)) vanishes on T and az (v, g — Iy (Zr () = 0. Hence,
the definition (4.5) of Cr o, the Cauchy-Schwarz inequality, the properties (3.6) and (3.9) of
the interpolation operator Zg and the resolution condition Assumption 4.1 imply

My = R (Y, V(nyp — T (T () )
— |2 (0, — T (T (7))
< O3, Cal HRP V| o + O3y Oy Cal( HRP VG2,
(4.29) < LIV, + 30+ CryCo)IVEIR, o

Similar techniques and the Lipschitz bound (4.27) lead to upper bounds of the other terms
on the right-hand side of (4.28),

M2 S C:/Z-HCIH ||v(77d))||wT,g,1\wT,g,5||v¢||wT,g,1\wT,g,6

(4.30) < O, Cry (Cr VOl HVl oy + 1) IV, o,
and
(4.31) My < Cr V/Call H 0 e | V12,1,

The combination of (4.28)—(4.31) readily yields the estimate
3V wr, < CUIVYIL, \wpe s
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where C] := % + %C’IH C’IH + (C}H Cz,; +1)C1,/Cory depends only on the shape regularity
of the coarse mesh Tg. Since

IV, parss = V80, s = IV,

this implies the contraction

C
2 1 2
IVYllonw,, < @vanﬂ\wneﬂ'

Hence,
TS (RCT Ly SRR (IR P
and some algebraic manipulations yield the assertion. O

5. LOCALIZED APPROXIMATION

This section localizes the corrector problems from ) to subdomains of size £H; ¢ being a
novel discretization parameter - the oversampling parameter.

5.1. Localized correctors. The exponential decay of the element correctors (cf. Theo-
rem 4.6) motivates their localized approximation on element patches. Given such a patch
wr for some T' € T and ¢ € N define the localized remainder space

(5.1) RH(le) = {11) € Ry | U/|Q\WT£ = 0}
and the localized sesquilinear form

(5'2) Qur (ua U) = (VU7 VU)wT,e - HQ(U’ U)WT,Z - iFL(u’ U)FRﬂawT,e’

Then, given some finite element function vy € Vp, its localized primal correction Cpvgr is
defined via localized element correctors in the following way:

(5.3) Covm = Y Cru(valr),
TeTH

where Cr¢(vh|r) € Ru(wry) solves

(54)  awp,(Cr(valr), w) = ar(ve,w) = (Vog, Vw)r — £ (Ve w)r — ik(0E, w)rzner

for all w € Ry(wry). The localized dual correction is Cjvy := Cyoy. Note that (5.4) is
truly localized insofar as the linear constraints (w, ¢,)q = 0 (¢ € Npg) that characterize an
element w € Ry need to be checked only for z € Ny Nwyr, and are satisfied automatically
for all other nodes if w € Ry(wry) is in the localized fine space.

Though being localized, the correctors Cr, and CC?,Z are still somewhat ideal because their
evaluation requires the solution of an infinite-dimensional variational problem in the space
Ry (wry). Moreover, C; = C; whenever wr g NT'g = (). If the mesh is (locally) structured so
that two patches and are equal up to translation or rotation with the same local triangulation,
then also the correctors will coincide up to shift and rotation. This means that on a uniform
mesh only a finite number of the interior cell problems need to be solved plus a number of
cell problems that capture all possible intersections of the patches and the boundary parts.
On polyhedral domains, this number will scale like the oversampling parameter ¢ times the
number of boundary faces of the domain. To be fully practical, we will also have to discretize
the local corrector problems (5.4). This step and the analysis of corresponding errors will be
discussed Section 6.

An error bound for the localized approximation of the corrector C and its adjoint C* is
easily derived from the exponential decay property of Theorem 4.6.
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Lemma 5.1 (local approximation of element correctors). If the resolution condition of As-
sumption 4.1 is satisfied, then, for any T € Ty and any £ € N, it holds that

IV (Cr00v = Crev)la < ChecB V01,
where B < 1 is the constant from Theorem 4.6 and
1/2 B

Chec 1= (6C2(1+ C2,C2) (34 C2,Con?)) " CaecB™".
Proof. Define the cut-off function n (depending on 7" and ¢)

dist(x, Q \ CL)T7£_2)
(5.5) n(z) = — — .
dist(z, wr—3) + dist(z, Q \ wr—2)
Note that n = 1 in wry_3 and n = 0 outside wry_o. Moreover, 1 is bounded between 0
and 1 and satisfies the Lipschitz bound (4.27). Since Cr v is the Galerkin approximation

of Cr.00v and 1Cr.00v — L5 (T (nCr 0ev)) € Rir(wry), Céa’s lemma plus Lemma 4.2, the
definition of Cr o (4.23), the Cauchy-Schwarz inequality, the approximation property (3.6)
of the interpolation operator Zy, the shape regularity of the mesh (3.1) (cf. (4.27)) and the
resolution condition Assumption 4.1 imply

IV (Crocv = Crev)lfh < BC2ICT 000 = (NCr00 = Ty (Zu(nCr o))}
< 6C2 (IV((1 = mCroct)lh + £2l(1 = n)Crocvld)
+6C2C3, 2, (IV(1Cr.00v) 2 + K2 nCr, 02 )

wr, e \wr,e—5 wr,e\wr,e—5
<6C2(1+C%, CZE) (Ve :
— a( + IH IH) || T,OOU||Q\w2_5
02, Call HV )3 0 Voot B, + O3, Cal( IV Cr v i,
<6CF(1+C3,CF,) (3 + C1,Co®) IVCr.oov [,y
This and Theorem 4.6 readily imply the assertion. O

Theorem 5.2 (error of the localized corrections). If the resolution condition of Assump-
tion 4.1 is satisfied, then, for any ¢ € N, it holds that

IV (Coot — Cov) ]l < Cloc.t BV |0,
where Clocp = 3V3Co1 04502 (1 + C”IH CIH)(% + C%H Corv?) e

Proof. Set z := Coov — Cypv and, for any T' € Ty, set 27 := C1,00v — Crgv. The Rp-ellipticity
of the sesquilinear form (4.8) implies that

(5.6) $IVEE < D ater,2).
TeTu
Given some T € Ty, let 17 be the cutoff function defined by
. diSt(l‘, WT7Z+2)
n(x) = dist(x, wy py2) + dist(z, @\ wret3)’
that is 7 = 0 in wryqio and = 1 outside wr¢y3. Moreover, 1 is bounded between 0
and 1 and satisfies the Lipschitz bound (4.27). Since suppZy"'*(Zu(n2)) € Q \ wr, and
nz — Iy (Zu(nz)) € Ry, we have that

a(zp,nz — I (T (n2))) = a(Creov,nz — Ly (Zu(n2))) = 0.

Hence,

a(zr, z) = alzr, Ly (Tu(n2)) + azr, (1 = n)2).
The properties (3.6) of the interpolation operator Zy and the Lipschitz bound (4.27) lead to
upper bounds

(5.7) a(zr, 2) < Ca(l + C,, Cryy )y /1 + CF, Ca® 2l v eisllzrllv-
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The combination of (5.6) and (5.7) plus a discrete Cauchy-Schwarz inequality and the
bounded overlap (3.3) of the element patches leads to

1/2
(5.8) V2]l < 2Co1e43Ca(1 + CF, Cryp )1+ C2, Cory® | D llerll¥
TeT
This and Lemma 5.1 readily yield the assertion. O

5.2. Localized trial and test spaces. The localized trial space Vi ¢ C V is simply defined
as the image of the classical finite element space Vi under the operator 1 — Cy,

(5.9) Vie = (1—-Co)Vu
and the localized test space Vfl‘,’z C V reads
(5.10) Ve =01-C)Vu

Note that both Vi, and VF*M are finite-dimensional with a local basis,

Vi, = span{(1 — C¢)¢. |z € Ny} and Vj;, = span{(1 — C¢)¢. | 2z € Ny},

where ¢, is the (real-valued) nodal basis of Vg (cf. Section 3.3).
The Petrov-Galerkin method with respect to the trial space Vi, and the test space V;“M
seeks up ¢ € Vo such that, for all vy, € Vg}j,

(5.11) a(ume,vie) = (f,vae)o.

5.3. Stability of the localized method. The stability of the localized methods requires
the coupling of the oversampling parameter to the stability constant which we will now
assume to be polynomial with respect to the wave number.

Assumption 5.3 (polynomial-in-s-stability and logarithmic oversampling condition). there
are constants Cpst > 0 and gpst > 0 and a ko > 0 that may depend on Q and the partition of
the boundary into I'p, T'n and T'r such that, for any k > kg, the stability constant Cs (k) of
(2.6) satisfies (2.7),

Cst(li) < Cpstﬁqut.
Given the wave number r and the constants Cz,, from (3.6) and Cy from (3.3), we assume
that the oversampling parameter £ satisfies

_ (Gt 1) log o+ log (4CeCouCriy\/3C1acsCa) |
|log 5|

Since the constant Cioc¢ grows at most polynomially with £ (cf. (3.3)), condition (5.12)
is indeed satisfiable and the proper choice of ¢ will be dominated by the logarithm log x of
the wave number.

The stability of the localized method follows from the fact that the ideal pairing (Vi o, Vir o,
is stable and that (Vi g, Vfg,é) is exponentially close.

(5.12)

Theorem 5.4 (stability of the localized method). If the mesh width H is sufficiently small in
the sense of Assumption 4.1 (Hrx < 1) and if the oversampling parameter £ € N is sufficiently
large in the sense of Assumption 5.3 (¢ 2 logk), then the pairing of the localized spaces Vi g
and Vi , satisfies the discrete inf-sup condition

Ra(um, vie) |
dlvlveelly = 4CcCpstriost!

(5.13)

inf sup
ur,e€Vi,e\{0} vy seVy ,\ {0} lug,

This ensures that, for any f € V', there exists a unique solution of the discrete problem

(5.11).
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Proof. Let up e € Vg and set up o := (1 — C)lIgupe. Under the polynomial-in-x stability
of Assumption 5.3, Theorem 4.4 guarantees the existence of some v o € V]jr,oo with

1
(5.14) Ra(u,oo VH,00) > 20 Corim 1 lwm collv v, collv-
ps

Set v = (1 = C))lgvm,eo € Vj;, and observe that (4.14) yields
Ra(ume, vie) = Ra(um e, Vvie — Vi) + a(UWr e, Vioo)
= %a(tug, (C* — CZ‘)HHUH,H + %a(uH’oo, 'UH,oo)-
Hence,
Ra(um e, vie) > Ra(uh o, vi,00) — Callumellv[[(C* = €)M vmellv
> §]:Ea('U/H,oo; 'UH,oo) - CHH \/gcloc,écaﬂe”uH,A
where we have used (4.7), Theorem 5.2, and (3.8). This yields

(5.15)

viveellv,

Ra(um e, vie) ur ooV Vi collv — C' B lumellv v ellv

>
- CCCStKJqut+1 |

(5.16) 1
3 ¢
> (W - Cny \/;Cloc,lcaﬁ ) HUH,ZHVH"UH,ZHV;
and Assumption 5.3 readily implies the assertion. O

Theorem 5.5 (error of the localized method). If the mesh width H is sufficiently small in
the sense of Assumption 4.1 (Hk < 1) and if the oversampling parameter £ € N is suffi-
ciently large in the sense of Assumption 5.3 (¢ 2 logk), then the localized Petrov-Galerkin
approzimation up e € Vg satisfies the error estimate

(517) ||’LL - UH,ZHV < 6 V COICIHHHfHQ + 6CaCIOC,ZﬁZCHHCpstK/qPSt||f||Q-

Proof. The proof is inspired by standard techniques for Galerkin methods (see [Sch74], [BS08,
Thm. 5.7.6], [Sau06], [BS07]). Set € := u—upy and efp := (1—C¢)lIye € Vi . The triangle
inequality yields

(5.18) lellv < lle — el

v+ llemelv.

An Aubin-Nitsche duality argument shows that |eq ||y is controlled by some multiple
of |le — emellv. Let zuy € V}, be the unique solution of the discrete adjoint variational
problem

(Vvme, Verme) + &2 (v eme) = a(vie, 2me),
for all vy € Vig. Set 2H,00 := (1 — C*)lIgzm ¢ and observe that

lemelly = aleme, zre — 2m,00) + a(€m e, 21,00)
=aleq e, 2H0 — ZH,00) + (€, ZH,00)
=alen e, 2H 0 — ZH,00) + (€, ZH,00 — ZH )
=ale—eny, (C*—C/)zmy)

vI(C = C)uzm v

Under Assumption (2.7), Theorem 5.2, Theorem 5.4 and (3.8) readily yield

< Ca”e - eH,E|

(5.19) lerrell} < CaCloc,eB*Cry Cpsen® e — em el
This, (5.18) and Assumption 5.3 show that
(5.20) lellv < 2[le = emellv-

Since e — ey € Ry, the Ry-ellipticity (4.8) yields

(5.21) le = erelli < 3Rale - ene e — emy).
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The relation (4.13) then yields
(5.22) ale—epp,e—eny) =a(u,e —emy) +a((C—Co)llgu, e — epyp)
<|(f,e—emeal+ Cal (€ = COlnullvile — emel

This, Cauchy inequalities, interpolation error estimates (3.6), Theorem 5.2 and the stability
estimate (2.7) readily yield the bound

V.

(5.23) lle = erillv < 3v/CaCry | H flla + 3CaCloc 8 Crryy Cst k% | f .
The combination of (5.20) and (5.23) is the assertion. O

6. FULLY DISCRETE LOCALIZED APPROXIMATION

As already mentioned before, the localized corrector problems (4.23) are variational prob-
lems in infinite-dimensional spaces Ry (wr ) that require further discretization. For the ease
of presentation we restrict ourselves in this paper to the classical case of piecewise affine con-
forming elements on simplicial meshes but we emphasize that the technique easily transfers
to more general situations and can be applied to a large variety of discretization schemes.

So far, the presentation of the method was optimized with respect to theoretical aspects of
the stability and error analysis. Here, we will present the method in a slightly more practical
fashion.

6.1. The fully discrete method. For any T' € Ty, choose an oversampling parameter {1
(sufficiently large so that there is a chance that Assumption 5.3 is satisfied). Let Tj(wry)
be a regular (and possibly adaptive) mesh of width h < H and consider the standard finite
element space Vj,(wry) C Hy(wry) (cf. Section 3.3). For any vertex y of T, compute the
element correctors Crn¢. € Ru(wrye) N Vi(wrye) as the unique solution of the discrete cell
problem
a(Crendy, w) = ar(py,w), for allw € Ry(wre) N Vi(wry).
Now for every global vertex z € Ny, compute the correctors Cy ¢, by

Cong. = > Crens-

TETy:z vertex of T

This leads to modified basis functions ¢;z = ¢, — Cyp¢. that span a discrete space

(6.1) VH,Z,h = span{dgz | z E NH}

of the same dimension N as the classical finite element space V.

In this most general setting, the discretization of the cell problems is completely indepen-
dent. In the error analysis below, however, we will restrict ourselves to the case where cell
problems are synchronized in the sense that we assume there is an underlying global fine
mesh 7}, that is a regular refinement of the coarse mesh Ty and that local meshes Tp(wr)
coincide with 7, on the patches.

The fully discrete localized Petrov-Galerkin method with respect to the trial space Vi g4
and the test space Vi , ), seeks up ¢ n € Vi en such that, for all vy € Vi, ),

(6.2) a(ugen, viaen) = (f,vEen)0-

6.2. Error analysis of the fully discrete method. An abstract a priori error analysis of
the general method would follow the analysis of Section 5 and trace the error of the additional
perturbation depending on the local choice of the approximation space. However, this will
require the estimation of the error C — Cyj, or Cy — Cyj,, which appears to be non-trivial and
requires, for instance, regularity results for the ideal correctors. This line will be followed in
future research along with an a posteriori analysis of the method.

For this paper, we will restrict ourselves to the case of synchronized cell problems in the
sense that there is an underlying global fine mesh 7, that is a regular refinement of the
coarse mesh Tz. This implies that the global fine space V}, contains standard finite element
functions (cf. Section 3.3) and the spaces for the local cell problems are derived by restriction
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of V}, to the patch. In this regime, the method in fact approximates uy, where u, € Vj, is
the Galerkin approximation in the global fine scale, that is,

(6.3) a(up,vp) = (f,vn)q, for all vy € V.

In the remaining part of this paper, we will refer to up as the reference solution. It is clear
that if h is sufficiently small, then the problem (6.3) is well-posed and stable. However, h
underlies the typical resolution assumptions of finite element methods, for instance hx3/2 <1
for a pure Robin problem in a convex domain discretized by P; finite elements [Wul4].

Assumption 6.1 (well-posedness of reference problem). Assume that V3, is chosen such
that, for any f € V', the reference problem (6.3) admits a unique solution and there is a
constant C}, that may depend on the partition of the boundary into I'p, 'y and I'r such that

lunllv < Chllullv,
where u denotes the solution of (2.3).

Theorem 6.2 (stability and error of the fully discrete method). If the fine scale discretization
space Vy, is sufficiently rich so that Assumption 6.1 holds and if the coarse mesh width H is
sufficiently small in the sense of Assumption 4.1 (Hx < 1) and if the oversampling parameter
¢ € N is sufficiently large in the sense of Assumption 5.3 (¢ 2 logk), then the fully discrete
localized Petrov-Galerkin upep € Vigen approximation satisfies the error estimate

(6.4) lun, = wmenllv < C(H + Cioe 8'5%) f |,

where uy, solves the reference problem (6.3) and C is some generic constant that does not
depend on H, ¢ and k.

Proof. The proof follows closely the analysis of Section 5 and simply replaces the space
V by V}, in the construction of the method and its error analysis. Almost all arguments
remain valid. The only technical issue is that the space V}, is not closed under multiplication
by cut-off functions used in the proofs of Theorem 4.6, Lemma 5.1, and Theorem 5.2. This
requires minor modifications as they have already been applied successfully in previous papers
[MP14b, HP13, HMP14a]. To begin with, let all cut-off functions 7 be replaced by their nodal
interpolation Z%92ly on the coarse mesh 7p. This may affect the constant in (4.27) but not
the overall results. This choice shows that nv is piecewise polynomial with respect to the
fine mesh 7} and can be approximated by nodal interpolation Z,?Odal(n¢) on the same mesh
in a stable way. One example where such a modification is required is (4.28) in the proof of
Theorem 4.6. This causes an additional term that measures the distance of 71 to the finite
element space,

IV By, s = RV, V ()0 = R (Ve ¥Vn)a
< IR (Ve ¥ (T3 () = T (@ (23 (7)) )
+ R (V, VI (T (T )l + IR (Ve 0 Vn)al
IRV, V (0~ T ) )
(6.5) =: My + My + M3 + M.

The treatment of Ml,]\;_fg, Ms is very similar to the treatment of M, Ms, M3 in the proof
of Theorem 4.6 and requires only the stability of I; on the space of piecewise polynomials.
Since Ip (1) = 1 outside the support of Vn, My can easily be bounded by

My < (1+ Oz /C) [HV | Lo @) IV D12, s s

and further arguments remain valid (with a possible change of the constants involved). The
proofs of Lemma 5.1 and Theorem 5.2 can be modified in similar way. O

127
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7. NUMERICAL EXPERIMENTS

In this section we will present two numerical examples. We apply our method to model
Helmholtz problems in one and two dimensions and compare the results with standard
P, finite elements. We will demonstrate the validity of our estimates based on varying
oversampling parameter ¢, coarse mesh size H and by varying the wave number k. A
comprehensive numerical study of the algorithmic ideas proposed in this paper is topic of
current and future research.

7.1. Illustration of the theoretical results in 1d. Let  := (0,1), T'r = 9Q (solely
Robin boundary condition), and let the right-hand side f defined by

(71) fla) = {m v € [ 51U [ 3]

0, elsewhere,

represent two radiating sources. The right-hand side was normalized so that || f||z2(q) = 1.

Although this one-dimensional example does not serve as a proper benchmark for the
method, it nicely reflects our theoretical results for a wider range of wave numbers. Since
non of our arguments depends on the space dimension (though some constants do), the
1d performance truly illustrates the performance in higher dimensions. We consider the
following values for the wave number, £ = 23,24, ...,27. The numerical experiment aims
to study the dependence between these wave numbers and the accuracy of the numerical
method.

Consider the equidistant coarse meshes with mesh widths H = 271,...,2710 The refer-
ence mesh 7, is derived by uniform mesh refinement of the coarse meshes and has maximal
mesh width o = 27'4. The corresponding P; conforming finite element approximation on
the reference mesh 7y, is denoted by V3. We consider the reference solution uy, € Vj, of (6.3)
with data given in (7.1) and compare it with coarse scale approximations ug ¢ € Ve (cf.
Definition 6.2) depending on the coarse mesh size H and the oversampling parameter £.

The results are visualized in Figures 1 and 2. Figure 1(a) shows the relative energy
llun—um,enllv

errors Tanlly depending on the coarse mesh size H for several choices of the wave
number x = 23,24 ...,27. The oversampling parameter ¢ is tied to H via the relation
= {(H) = |logy H|. This choice seems to be sufficient to preserve optimal convergence as

soon as Hk < 1 holds. The experimental rate of convergence N 2% is better than predicted
by Theorem 6.2. This effect is due to some unexploited L2-orthogonality properties of the
quasi-interpolation operator Zy; see [Car99, Section 2] and [MP14b, Remark 3.2] for details.
In the regime Hx < 1, the errors coincide to with those of the best approximation (with
respect to the V-norm) of wy, in the space Vi, depicted in Figure 1(b).

We also show errors of the Petrov-Galerkin method based on the pairing (Vi, Vi, )
(the localized and fully discretized version of (4.21)) in Figure 1(c). The stabilization via
the precomputed test functions cures pollution and the errors are comparable to those of
the best possible with standard finite element test functions, whereas the pollution effect is
clearly visible for the standard conforming P;-FEM on the coarse meshes; see Figure 1(d).

Figure 2 aims to illustrate the role of the oversampling parameter. It depicts the relative

energy errors lun—wrenllv of the method (6.2) and the best-approximation in Vi ¢ ), depend-

lunllv
ing on the coarse mesh size H for fixed wave number x = 27 and several choices of the
oversampling parameter ¢ = 1,2,3,...,8. (We also show errors of the standard conforming

P1-FEM on the coarse meshes for comparison.) The exponential decay of the error with re-
spect to £ is observed once the mesh size reaches the regime of resolution Hx < 1. Moreover,
Figure 2(b) shows that, for fixed ¢, the approximation property of Vi does not improve
with decreasing H and the oversampling parameter needs to be increased with decreasing
H to get any rate. By contrast, the Petrov-Galerkin method based on the trial-test-pairing
(Vi, Vaen) (which in fact computes IIgu for £ — oo) allows to reduce the oversampling
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(c) Results for multiscale Petrov-Galerkin method (d) Results for standard Galerkin in the space V.
with trial space Vi and test space Vi 4 p,-

F1GURE 1. Numerical experiment of Section 7.1: Results for the multiscale
method (6.2), a modification based on the trial-test-pairing (Vp, Vj7, ) and
standard P;-FEM with several choices of the wave number s depending on
the uniform coarse mesh size H = N(i)lf The reference mesh size h = 2714
remains fixed. The oversampling parameter is tied to the coarse mesh size
via the relation ¢ = |logy H| in (a)-(c).

parameter with decreasing Hx until, for Hx? ~ 1, the correction can be removed because P;-
FEM becomes quasi-optimal; see Figure 2(c) which depicts relative L?-errors of the method.

Finally, we want to show that a different choice of interpolation operator in the definition
(4.2) of the remainder space can lead to very different practical performance (within the range
of the theoretical predictions though). Figure 3 shows the results for the above experiment
when the operator Qp from (3.10) is used instead of Zg. It turns out that, for this example,
the decay of the correctors is much faster so that the same accuracy is reached with more
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(c) Results for multiscale Petrov-Galerkin method
with trial space Vg and test space Vi ¢ h.

FIGURE 2. Numerical experiment of Section 7.1: Results for multiscale
method (6.2) with wave number x = 2% depending on the uniform coarse
mesh size H = N(i)lf The reference mesh size h = 27 remains fixed. The
oversampling parameter ¢ varies between 1 and 8.

local basis functions. A similar observation has been made previously in the context of high-
contrast diffusion problems [BP14, PS14]|. This promising performance might be explained
by the larger cost of the evaluation of Qp that already involves local coarse solves on nodal
patches but is not yet well understood; it cannot be explained with the existing theory and
requires further investigation.

7.2. Scattering from a triangle. The second experiment considers the scattering from
sound-soft scatterer occupying the triangle Qp. The Sommerfeld radiation condition of
the scattered wave is approximated by the Robin boundary condition on the boundary
T'g := 0Qp of the artificial domain Qg :=]0,1[? so that Q := Qg \ Qp is the computational
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FI1GURE 3. Numerical experiment of Section 7.1: Results for multiscale
method (6.2) with interpolation operator Qp for wave number x = 28 de-

pending on the uniform coarse mesh size H = d_cé The reference mesh size
h = 27 remains fixed. The oversampling parameter ¢ varies between 1 and

8.

cos(1/2)
sin(1/2)
via an inhomogeneous Dirichlet boundary condition on I'p := 0€2p and the scattered wave
satisfies the model problem (2.1.a) with the boundary conditions

domain; see Figure 4(a). The incident wave u;n.(x) := exp (m x - ( ) is prescribed

U = —Ujpe on I'p,

Vu-v—iku=0 onTpg.
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(a) Computational domain 2 with (b) Initial coarse mesh. (¢) Uniformly refined coarse mesh.
scatterer Qp.

F1GUrE 4. Computational domain of the model problem of Section 7.2 and
corresponding coarse meshes.

The error analysis of the previous sections extends to this setting in a straight-forward way.
By introducing some function ug € WH2(Q) that satisfies the above boundary conditions,
the problem can be reformulated with homogenous boundary conditions and the additional
term —a(ug, v) on the right side of (2.3). This corresponds to having the modified right hand
side f 4+ Awug + k?ug in the strong form (2.1.a) of the problem. If ug can be chosen such
that Aug € L2(Q), then all error bounds of this paper remain valid. For weaker right hand
sides the rates with respect to H are reduced accordingly. Note, however, that the L?-norm
of the modified right-hand side may depend on & as it is the case in the present experiment
where ug is related to the incident wave. The best-approximation properties of the method
(cf. Remark 4.1) are not affected by this possible x-dependence of the errors.

The numerical experiment considers the following values for the wave number, k =
2223 24 25 and aims to study the dependence between the wave numbers and the ac-
curacy of the numerical method. We choose uniform coarse meshes with mesh widths
H = 272...,275 as depicted in Figures 4(b)-4(c). The reference mesh 7j, is derived by
uniform mesh refinement of the coarse meshes and has mesh width h = 272, The corre-
sponding P; conforming finite element approximation on the reference mesh 7 is denoted
by Vi,. (We disregard the possibility of adaptivity on the fine scale.) As in the previous
experiment, we consider the reference solution u, € Vj of (6.3) with the above data and
compare it with coarse scale approximations ug ¢ € Vi p (cf. Definition 6.2) depending
on the coarse mesh size H and the oversampling parameter £. Here, we are using again the
canonical quasi-interpolation Zy.

Figures 5 and 6 show the results which conform to the theoretical predictions. If the
oversampling parameter is chosen appropriately (¢ = |logy, H|) then pollution effects are
eliminated for both the multiscale method (6.2) and for the Petrov-Galerkin method based on
the trial-test-pairing (Vir, Vi en) — the localized and fully discretized version of the stabilized
method (4.21). Moreover, the low regularity of the solution does not affect the convergence
rates of the multiscale method (6.2) when compared with the reference solution uy, whereas
slightly reduced rates are observed for the Petrov-Galerkin method based on the trial-test-
pairing (V, Vi) (due to the limited approximation properties of P; functions in the
Sobolev spaces W2(2) for s < 2). Reduced regularity does, however, affect the accuracy of
the reference solution uy and, hence, limits the overall accuracy of our approximation. The
possibility of automatic balancing the local fine scale errors of the corrector problems, the
localization error, the global coarse error, and further errors due to quadrature and inexact
algebraic solvers is a desirable feature of the method that needs to be addressed by future
research.
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F1GURE 5. Numerical experiment of Section 7.2: Results for the multiscale
method (6.2), a modification based on the trial-test-pairing (Vp, Vj7, ) and
standard P;-FEM with several choices of the wave number s depending on
the uniform coarse mesh size H = N, (;)% The reference mesh size h = 279
remains fixed. The oversampling parameter is tied to the coarse mesh size
via the relation ¢ = |logy H| in (a)-(c).

REFERENCES

A. Abdulle and Y. Bai. Reduced-order modelling numerical homogenization. Philos. Trans. R.
Soc. Lond. Ser. A Math. Phys. Eng. Sci., 372(2021):20130388, 23, 2014.

[BCWG™11] T. Betcke, S. N. Chandler-Wilde, I. G. Graham, S. Langdon, and M. Lindner. Condition number

[BP14]

estimates for combined potential integral operators in acoustics and their boundary element
discretisation. Numer. Methods Partial Differential Equations, 27(1):31-69, 2011.

D. Brown and D. Peterseim. A multiscale method for porous microstructures. ArXiv e-prints,
November 2014.

133



134

24 DANIEL PETERSEIM
10’ 10’
10"} % {100} ]
S S
%0l e a0l e
- o 12 - o122
o 0 1=3 o 0 |=3
014 0 I=4
0I5 0I5
2| 016 2| 016
10 ——I=llog,, H 10 ——I=llog, H|
2N’ oN; 1o
-3/(2d) —3/(2d)
2Ndof 2Ndof
-3 3
10 : : 10 ‘ ‘
10’ 10° 10° 10’ 10° 10°
Ndof Ndof
(a) Results for multiscale method (6.2). (b) Results for V-best-approximation in Vi ¢ p.
10’
10°
S
5
< 10
[ o =1 RN
0 |=2 h
o =3
10_2, O |=4
0I5
O 1=6
—B—P1-best
o QNEP/s
of
-3
10 ‘ ‘
10’ 10° 10°
Ndof
(c) Results for multiscale Petrov-Galerkin method
with trial space Vi and test space Vi 4 p,-
FIGURE 6. Numerical experiment of Section 7.2: Results for multiscale
method (6.2) with wave number x = 2° depending on the uniform coarse
mesh size H = d_O% The reference mesh size h = 279 remains fixed. The
oversampling parameter ¢ varies between 1 and 8.
[BS00] Ivo M. Babuska and Stefan A. Sauter. Is the pollution effect of the FEM avoidable for the
Helmholtz equation considering high wave numbers? SIAM Rev., 42(3):451-484 (electronic),
2000. Reprint of STAM J. Numer. Anal. 34 (1997), no. 6, 2392-2423 [ MR1480387 (99b:65135)].
[BSO7] L. Banjai and S. Sauter. A refined Galerkin error and stability analysis for highly indefinite
variational problems. SIAM J. Numer. Anal., 45(1):37-53 (electronic), 2007.
[BSO08] S. C. Brenner and L. R. Scott. The mathematical theory of finite element methods, volume 15
of Texts in Applied Mathematics. Springer, New York, third edition, 2008.
[BY14] Randolph E. Bank and Harry Yserentant. On the H'-stability of the Lo-projection onto finite
element spaces. Numer. Math., 126(2):361-381, 2014.
[Car99] C. Carstensen. Quasi-interpolation and a posteriori error analysis in finite element methods.

M2AN Math. Model. Numer. Anal., 33(6):1187-1202, 1999.



B.1

[CFO0]

[CFO6]
[CiaT78]
[CV99]

[DGMZ12]

[DPE12]

[EGMP13]

[EM12]

[For77]
[FW09]
[FW11]
[Het07]

[HFMQ8)

[HMP11]

[HMP14a]

[HMP14b]

[HMP14c]
[HP13]

[HS07]

[Hug95]

[Mal11]
[Mel95]

[MIB96]

[MP14a]
[MP14b)

[MPS13]

ELIMINATING POLLUTION BY SUBSCALE CORRECTION 25

C. Carstensen and S. A. Funken. Constants in Clément-interpolation error and residual based a
posteriori error estimates in finite element methods. East-West J. Numer. Math., 8(3):153-175,
2000.

Peter Cummings and Xiaobing Feng. Sharp regularity coefficient estimates for complex-valued
acoustic and elastic Helmholtz equations. Math. Models Methods Appl. Sci., 16(1):139-160, 2006.
Philippe G. Ciarlet. The finite element method for elliptic problems. North-Holland Publishing
Co., Amsterdam-New York-Oxford, 1978. Studies in Mathematics and its Applications, Vol. 4.
C. Carstensen and R. Verfiirth. Edge residuals dominate a posteriori error estimates for low
order finite element methods. STAM J. Numer. Anal., 36(5):1571-1587 (electronic), 1999.

L. Demkowicz, J. Gopalakrishnan, I. Muga, and J. Zitelli. Wavenumber explicit analysis of
a DPG method for the multidimensional Helmholtz equation. Comput. Methods Appl. Mech.
Engrg., 213/216:126-138, 2012.

Daniele Antonio Di Pietro and Alexandre Ern. Mathematical aspects of discontinuous Galerkin
methods, volume 69 of Mathématiques €& Applications (Berlin) [Mathematics €& Applications].
Springer, Heidelberg, 2012.

D. Elfverson, E. H. Georgoulis, A. Malqvist, and D. Peterseim. Convergence of a discontinuous
galerkin multiscale method. STAM Journal on Numerical Analysis, 51(6):3351-3372, 2013.

S. Esterhazy and J. M. Melenk. On stability of discretizations of the Helmholtz equation. In
Numerical analysis of multiscale problems, volume 83 of Lect. Notes Comput. Sci. Eng., pages
285-324. Springer, Heidelberg, 2012.

Michel Fortin. An analysis of the convergence of mixed finite element methods. RAIRO Anal.
Numér., 11(4):341-354, iii, 1977.

Xiaobing Feng and Haijun Wu. Discontinuous Galerkin methods for the Helmholtz equation
with large wave number. SIAM J. Numer. Anal., 47(4):2872-2896, 2009.

Xiaobing Feng and Haijun Wu. hp-discontinuous Galerkin methods for the Helmholtz equation
with large wave number. Math. Comp., 80(276):1997-2024, 2011.

U. Hetmaniuk. Stability estimates for a class of Helmholtz problems. Commun. Math. Sci.,
5(3):665-678, 2007.

Thomas J. R. Hughes, Gonzalo R. Feijéo, Luca Mazzei, and Jean-Baptiste Quincy. The vari-
ational multiscale method—a paradigm for computational mechanics. Comput. Methods Appl.
Mech. Engrg., 166(1-2):3-24, 1998.

R. Hiptmair, A. Moiola, and I. Perugia. Plane wave discontinuous Galerkin methods for the 2D
Helmholtz equation: analysis of the p-version. STAM J. Numer. Anal., 49(1):264-284, 2011.

P. Henning, P. Morgenstern, and D. Peterseim. Multiscale Partition of Unity. In M. Griebel and
M. A. Schweitzer, editors, Meshfree Methods for Partial Differential Equations VII, volume 100
of Lecture Notes in Computational Science and Engineering. Springer, 2014.

Patrick Henning, Axel Malqvist, and Daniel Peterseim. A localized orthogonal decomposition
method for semi-linear elliptic problems. ESAIM: Mathematical Modelling and Numerical Anal-
ysis, 48:1331-1349, 9 2014.

Ralf Hiptmair, Andrea Moiola, and Ilaria Perugia. Trefftz discontinuous Galerkin methods for
acoustic scattering on locally refined meshes. Appl. Numer. Math., 79:79-91, 2014.

P. Henning and D. Peterseim. Oversampling for the Multiscale Finite Element Method. Multi-
scale Model. Simul., 11(4):1149-1175, 2013.

T. Hughes and G. Sangalli. Variational multiscale analysis: the fine-scale Green’s function, pro-
jection, optimization, localization, and stabilized methods. SIAM J. Numer. Anal., 45(2):539—
557, 2007.

Thomas J. R. Hughes. Multiscale phenomena: Green’s functions, the Dirichlet-to-Neumann for-
mulation, subgrid scale models, bubbles and the origins of stabilized methods. Comput. Methods
Appl. Mech. Engrg., 127(1-4):387-401, 1995.

Axel Malqvist. Multiscale methods for elliptic problems. Multiscale Model. Simul., 9(3):1064—
1086, 2011.

Jens Markus Melenk. On generalized finite-element methods. ProQuest LLC, Ann Arbor, MI,
1995. Thesis (Ph.D.)-University of Maryland, College Park.

Ch. Makridakis, F. Ihlenburg, and I. Babuska. Analysis and finite element methods for a fluid-
solid interaction problem in one dimension. Mathematical Models and Methods in Applied Sci-
ences, 06(08):1119-1141, 1996.

Axel Malgvist and Daniel Peterseim. Computation of eigenvalues by numerical upscaling. Nu-
merische Mathematik, pages 1-25, 2014.

Axel Malqvist and Daniel Peterseim. Localization of elliptic multiscale problems. Math. Comp.,
83(290):2583-2603, 2014.

J. M. Melenk, A. Parsania, and S. Sauter. General DG-methods for highly indefinite Helmholtz
problems. J. Sci. Comput., 57(3):536-581, 2013.

135



136

26

[MS10]

[MS11]
[PS14]

[RHPOS]

[Sau06]
[Sch74]
[Szy06]

[TF06]

[Wul4]

[ZMD™11]

DANIEL PETERSEIM

J. M. Melenk and S. Sauter. Convergence analysis for finite element discretizations of
the Helmholtz equation with Dirichlet-to-Neumann boundary conditions. Math. Comp.,
79(272):1871-1914, 2010.

J. M. Melenk and S. Sauter. Wavenumber explicit convergence analysis for Galerkin discretiza-
tions of the Helmholtz equation. STAM J. Numer. Anal., 49(3):1210-1243, 2011.

D. Peterseim and R. Scheichl. Rigorous numerical upscaling at high contrast. in preparation,
2014+

G. Rozza, D. B. P. Huynh, and A. T. Patera. Reduced basis approximation and a posteriori error
estimation for affinely parametrized elliptic coercive partial differential equations: application
to transport and continuum mechanics. Arch. Comput. Methods Eng., 15(3):229-275, 2008.

S. A. Sauter. A refined finite element convergence theory for highly indefinite Helmholtz prob-
lems. Computing, 78(2):101-115, 2006.

Alfred H. Schatz. An observation concerning Ritz-Galerkin methods with indefinite bilinear
forms. Math. Comp., 28:959-962, 1974.

Daniel B. Szyld. The many proofs of an identity on the norm of oblique projections. Numer.
Algorithms, 42(3-4):309-323, 2006.

Radek Tezaur and Charbel Farhat. Three-dimensional discontinuous Galerkin elements with
plane waves and Lagrange multipliers for the solution of mid-frequency Helmholtz problems.
Internat. J. Numer. Methods Engryg., 66(5):796-815, 2006.

Haijun Wu. Pre-asymptotic error analysis of cip-fem and fem for the helmholtz equation with
high wave number. part i: linear version. IMA Journal of Numerical Analysis, 34(3):1266-1288,
2014.

J. Zitelli, I. Muga, L. Demkowicz, J. Gopalakrishnan, D. Pardo, and V.M. Calo. A class of
discontinuous petrovgalerkin methods. part iv: The optimal test norm and time-harmonic wave
propagation in 1d. Journal of Computational Physics, 230(7):2406 — 2432, 2011.

(D. Peterseim) RHEINISCHE FRIEDRICH-WILHELMS-UNIVERSITAT BONN, INSTITUTE FOR NUMERICAL SIM-
ULATION, WEGELERSTR. 6, 53115 BONN, GERMANY
E-mail address: peterseim@ins.uni-bonn.de



B.2 Stable multiscale Petrov-Galerkin FEM for high frequency scattering 137

B.2 Stable multiscale Petrov-Galerkin finite element method for high
frequency acoustic scattering

Computer Methods in Applied Mechanics and Engineering 295:1-17, 2015.
Copyright (©2015, Elsevier B.V.

(with D. Gallistl)



138



B.2

@ Available online at www.sciencedirect.com
H H ter methods
ScienceDirect Computer m
CrossMark in applled
. mechanics and
engineering
ELSEVIER Comput. Methods Appl. Mech. Engrg. 295 (2015) 1-17

]
www.elsevier.com/locate/cma

Stable multiscale Petrov—Galerkin finite element method for high
frequency acoustic scattering

D. Gallistl, D. Peterseim™

Institut fiir Numerische Simulation, Universitit Bonn, Wegelerstrafie 6, D-53115 Bonn, Germany

Received 18 March 2015; received in revised form 24 June 2015; accepted 25 June 2015
Available online 4 July 2015

Abstract

We present and analyze a pollution-free Petrov—Galerkin multiscale finite element method for the Helmholtz problem with large
wave number k as a variant of Peterseim (2014). We use standard continuous Q; finite elements at a coarse discretization scale
H as trial functions, whereas the test functions are computed as the solutions of local problems at a finer scale 4. The diameter
of the support of the test functions behaves like m H for some oversampling parameter m. Provided m is of the order of log(x)
and & is sufficiently small, the resulting method is stable and quasi-optimal in the regime where H is proportional to k=1 In
homogeneous (or more general periodic) media, the fine scale test functions depend only on local mesh-configurations. Therefore,
the seemingly high cost for the computation of the test functions can be drastically reduced on structured meshes. We present
numerical experiments in two and three space dimensions.
© 2015 Elsevier B.V. All rights reserved.

MSC: 35J05; 65N12; 65N15; 65N30

Keywords: Multiscale method; Pollution effect; Wave propagation; Helmholtz problem; Finite element method

1. Introduction

Standard finite element methods (FEMs) for acoustic wave propagation are well known to exhibit the so-called
pollution effect [1], which means that the stability and convergence of the scheme require a much smaller mesh-size
than needed for a meaningful approximation of the wave by finite element functions. For a highly oscillatory wave
at wave number «, the typical requirement for a reasonable representation reads x H < 1 for the mesh-size H, that
is some fixed number of elements per wave-length. The standard Galerkin FEM typically requires at least «<*H < 1
where @ > 1 depends on the method and the stability and regularity properties of the continuous problem. There have
been various attempts to reduce or avoid the pollution effect, e.g., discontinuous Galerkin methods [2—5], high-order
finite elements [6,7], discontinuous Petrov—Galerkin methods [8,9], or the continuous interior penalty method [10]
among many others. A good historical overview is provided in [8].
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E-mail addresses: gallistl@ins.uni-bonn.de (D. Gallistl), peterseim @ins.uni-bonn.de (D. Peterseim).
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The work [11] suggested a multiscale Petrov—Galerkin method for the Helmholtz equation where standard finite
element trial and test functions are modified by a local subscale correction in the spirit of numerical homogeniza-
tion [12]. In the numerical experiments of [11], a variant of that method appeared attractive where only the test
functions are modified while standard finite element functions are used as trial functions. In this paper, we analyze
that method and reformulate it as a stabilized Q1 method in the spirit of the variational multiscale method [13—17].
The method employs standard Q finite element trial functions on a grid Gy with mesh-size H. The test functions are
the solutions of local problems with respect to a grid G;, at a finer scale 4 which is chosen fine enough to allow for
stability of the standard Galerkin FEM over G;,. The diameter of the support of the test functions is proportional to
m H for the oversampling parameter m. Under the condition that m is logarithmically coupled with the wave number
Kk through m ~ log(k), we prove that the method is pollution-free, i.e., the resolution condition k H < 1 is sufficient
for stability and quasi-optimality under fairly general assumptions on the stability of the continuous problem. The per-
formance of the method is illustrated in the convergence history of Fig. 1. More detailed descriptions on the numerical
experiments will be given in Section 5. As the test functions only depend on local mesh-configurations, on structured
meshes the number of test functions to be actually computed is much smaller than the overall number of trial and test
functions on the coarse scale. In many cases, the computational cost is then dominated by the coarse solve and the
overhead compared with a standard FEM on the same coarse mesh remains proportional to m? ~ log(x)?. Even if no
structure of the mesh can be exploited to reduce the number of patch problems, the method may still be attractive if
the problem has to be solved many times with different data (same « though) in the context of inverse problems or
parameter identification problems.

The paper is structured as follows. Section 2 states the Helmholtz problem and recalls some important results.
The definition of the new Petrov—Galerkin method follows in Section 3. Stability and error analysis are carried out in
Section 4. Section 5 is devoted to numerical experiments.

Standard notation on complex-valued Lebesgue and Sobolev spaces applies throughout this paper. The bar indicates
complex conjugation and i is the imaginary unit. The L? inner product is denoted by (v, w) L0 = / ovwdx. The
Sobolev space of complex-valued L? functions over a domain @ whose generalized derivatives up to order k belong
to L” is denoted by WX?(w; C). The notation A < B abbreviates A < C B for some constant C that is independent
of the mesh-size, the wave number «, and all further parameters in the method like the oversampling parameter m or
the fine-scale mesh-size h; A ~ B abbreviates A < B < A.

2. The Helmholtz problem

Let 2 € R?, ford € {1,2,3}, be an open bounded domain with polyhedral Lipschitz boundary which is
decomposed into disjoint parts 92 = I'p U I'g with I'p closed. The classical Helmholtz equation then reads

—Au—«*u = f inf2,
u = up OIIFD, (2-1)
iku—Vu-v=g onlp

for the outer unit normal v of {2 and the real parameter x > 0. For the sake of a simple exposition we assume
up = 0. Either of the parts I'p or I'r is allowed to be the empty set. In scattering problems, the Dirichlet boundary
I'p typically refers to the boundary of a bounded sound-soft object whereas the Robin boundary 'z arises from
artificially truncating the full space R? to the bounded domain {2 [18]. The variational formulation of (2.1) employs
the space

Vi=W5(02;C) = {v e WH(2;0) : v|p, =0}.

For any subset w C {2 we define the norm

Illv.o = k21012, + IVVI2,,, foranyveV
and denote ||v|ly = |[v|lv. g. Define on V the following sesquilinear form

a(,w) = (Vv,Vw) 2 — (v, w2y — iV, W2y
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Fig. 1. Convergence history of the multiscale FEM (msPGFEM), the standard Q| FEM (FEM) and the best-approximation (bestapprox) in the
finite element space for a two-dimensional plane wave with wave number k = 27 (see also Section 5).

Although the results of this paper hold for a rather general right-hand side in the dual of V, we focus on data
f e L%(2:C) and g € L?*(I'g; C) for the ease of presentation. The weak form of the Helmholtz problem then
seeks u € V such that

a(l/l, U) = (f, U)LZ(Q) + (g, U)LZ(FR) forallv e V. (22)

We assume that the problem is polynomially well-posed [19] in the sense that there exists some constant y (k, 2)
which depends polynomially on « such that
ye. )l < inf  sup —2w) 2.3)
veV\0} e (o lVllvIlwlly
For instance, in the particular case of pure impedance boundary conditions 92 = [, it was proved in [20,21]
by employing a technique of [22] that y (x, {2) < k. Further setups allowing for polynomially well-posedness are
described in [23,19,24]. In particular, the case of a medium described by a convex domain (with Robin boundary
conditions on the outer part of the boundary) and a star-shaped scatterer (with Dirichlet boundary conditions) allows
for polynomial well-posedness [23]. Another admissible setting is described in [19] where {2 is a bounded Lipschitz
domain with pure Robin boundary. For general configurations, however, the dependence of the stability constant
y (k, £2) from (2.3) is an open question. Throughout this paper we assume that (2.3) is satisfied. The case of a possible
exponential dependence [25] is excluded here.

3. The method

This section introduces the notation on finite element spaces and meshes and defines the multiscale Petrov—Galerkin
method (msPGFEM) for the Helmholtz problem.

3.1. Meshes and data structures

Let Gy be a regular partition of (2 into intervals, parallelograms, parallelepipeds for d = 1, 2, 3, respectively, such
that UGy = 2 and any two distinct 7, T’ € Gy are either disjoint or share exactly one lower-dimensional hyper-face
(that is a vertex or an edge for d € {2, 3} or a face for d = 3). We impose shape-regularity in the sense that the
aspect ratio of the elements in G is uniformly bounded. Since we are considering quadrilaterals (resp. hexahedra)
with parallel faces, this guarantees the non-degeneracy of the elements in Gy . We consider this type of partitions for
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the sake of a simple presentation and to exploit the structure to increase the computational efficiency. The theory of
this paper carries over to simplicial triangulations or to more general quadrilateral or hexahedral partitions satisfying
suitable non-degeneracy conditions or even to meshless methods based on proper partitions of unity [26].

Given any subdomain S C 1, define its neighborhood via

N(S) = int(U{T €Sy :TNS+ @}).
Furthermore, we introduce for any m > 2 the patches
N'(S) :=N(S) and N™(S) := N(N"~1(s)).

The shape-regularity implies that there is a uniform bound Cy) ,, = Col1,»(d) on the number of elements in the mth-
order patch,

max card{K € Gy : K S N"(T)} < Colm-

TeSn

We abbreviate Co) := C,,1. Throughout this paper, we assume that the coarse-scale mesh Gy is quasi-uniform. This
implies that Co),, depends polynomially on m. The global mesh-size reads H := max{diam(T) : T € 9g}. Let
0, (G ) denote the space of piecewise polynomials of partial degree <p. The space of globally continuous piecewise
first-order polynomials reads

8'(Sn) = C°(2) N Q1(Sm).

The standard Q; finite element space reads
Vg =8 Gy nV.

The set of free vertices (the degrees of freedom) is denoted by
Ny :={ze 2 :zisavertex of Gy and z & I'p}.

Let Iy : V — Vg be a surjective quasi-interpolation operator that acts as a stable quasi-local projection in the sense
that Iy o Iy = Iy and that forany T € Gy and all v € V there holds

Hﬁl ||U — IHU||L2(T) + ”VIHU”LZ(T) < CIH ||VU||L2(N(T)) (31)
Under the mesh condition that k H < 1 is bounded by a generic constant, this implies stability in the || - ||y norm
[1avllv < Cryvivily  forallv eV, (3.2)

with a «-independent constant Cy, v. One possible choice (which we use in our implementation of the method) is to
define Iy := Ep o Ilg, where Il is the piecewise L? projection onto Q1(Gy) and Eg is the averaging operator that
maps Q1(Gg) to Vg by assigning to each free vertex the arithmetic mean of the corresponding function values of the
neighboring cells, that is, for any v € Q1(Gg) and any free vertex z € Ny,

(Ex@)(@) = ) v|T<z)/card{l< €%n 1 z€K).

TeSy
with zeT

Note that Eg (v)|;, = 0 by construction. For this choice, the proof of (3.1) follows from combining the well-
established approximation and stability properties of Iy and Eg, see, e.g., [27].

3.2. Definition of the method

The method is determined by three parameters, namely the coarse-scale mesh-size H, and the stabilization
parameters & (the fine-scale mesh-size) and m (the oversampling parameter) which are explained in the following.
We assign to any T € Gy its mth order patch 27 := N™(T') (for a positive integer m) and define for any v, w € V
the localized sesquilinear forms

an, (v, w) = (Vu, Vw)Lz(QT) — (sz, w)LZ(QT) —i(kv, W)LZ(FRmagT)
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Fig. 2. Coarse-scale trial function A; (left), corrector A; (middle), and modified test function 71Z = A; — Az (right) in 1D with k = 25, H=2"%
h= 2710, m=2.

and
ar (v, w) == (Vu, Vw) 27y — (v, w2y — LKV, W2 remaT)-
Let Gj, be a global uniform refinement of the mesh Gy over {2 and define
Vii(2r) ={v € Q1(Gy) NV :v =0 outside £27}.
Define the null space
Wi (82r) = {vn € Va(£27) = In(vp) = 0}

of the quasi-interpolation operator /z defined in the previous section. Given any nodal basis function A, € Vg, let
Az.T € Wi(£27) solve the subscale corrector problem

ag,(w, A7) =ar(w, A;) forallw e W,({2r). 3.3)

The well-posedness of (3.3) will be proved in Section 4. Let A; := } .7g, A; 7 and define the test function

~

A=A, — g
The space of test functions then reads
\71.; = span{zz :z€ Ny}

We emphasize that the dimension dim Vg = dim VH is independent of the parameters m and h. Figs. 2-3 display
typical examples for the test functions A, and correctors. The multiscale Petrov—Galerkin FEM seeks uy € Vg such
that

a(MH,le) = (f, ﬁH)LZ(Q) +(g, ﬁH)LZ(FR) fOI'all 'DH S ‘7[-[ (34)

The error analysis and the numerical experiments will show that the choice H < «x~!, m = log(x) suffices to
guarantee stability and quasi-optimality properties, provided that k“h < 1 where o depends on the stability and
regularity of the continuous problem. The conditions on / are the same as for the standard Q1 FEM on the global
fine scale (e.g. ¥3/2h < 1 for stability [10] and x>k < 1 for quasi-optimality [20] in the case of pure Robin boundary
conditions on a convex domain).

3.3. Remarks on generalizations of the method

The present approach exploits additional structure in the mesh and thereby drastically decreases the cost for the
computation of the test functions (A, : z € Np). Indeed, (3.3) is translation-invariant and, thus, the number of
corrector problems to be solved is determined by the number of patch configurations. This number is typically much
smaller than the number of elements in Gy, see Fig. 4 for an illustration.
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Fig. 3. Coarse-scale trial function A; (left), and element corrector Az, (right) in 2D with k = 25, H = 2_4, h = 2_7, m = 2 for the patch
highlighted in Fig. 4.

Fig. 4. All possible patch configurations (up to rotations) on a structured mesh of the square domain with pure Robin boundary with m = 2. A trial
function and corresponding corrector for the highlighted patch are depicted in Fig. 3.

Some remarks on more general versions of the presented msPGFEM are in order.

Element shapes. As Fig. 4 illustrates, highly structured meshes are desirable as they lead to a moderate number
of patch problems. The method presented in Section 3.2 considers, for simplicity, a partition of the domain in
parallelepipeds. While in scattering problems the outer part of the boundary I'g results from a truncation of the
full space and, hence, the choice of a simple geometry (e.g., a cube) is justified, it is extremely important to guarantee
an accurate representation of more general scattering objects. This requires more general element shapes such as
isoparametric elements or partitions in bricks and simplices with first-order ansatz functions on the reference cell
(see [11] for simplicial meshes). The msPGFEM and its error analysis are also applicable to this situation. The
configurations at the boundary will then determine the number of corrector problems.

Fine-scale grid. The present approach is based on a global fine-scale grid G; and a particular choice of the domains
{27, which is convenient for the implementation of the method. It is, however, not necessary for the domains {27 to be
aligned with the mesh G . Also the spaces W), ({27) can be defined over independent fine-scale meshes over {2r.

Adaptive methods. For certain configurations of the domains {27, for instance in the presence of re-entrant corners,
it may be desirable to utilize an adaptive fine-scale mesh over {27 for the solution of the corrector problem (3.3). As
proven in Lemma 1, the corrector problems are coercive and mesh-adaptation may improve the efficiency of the fine-
scale corrector problem. As mentioned in the previous remark, it is indeed possible to employ independent fine-scale
meshes over different domains (27, {2x. The stability and error analysis for the adaptive case, which are expected to
be more involved, are not discussed in this paper.
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4. Error analysis

We denote the global finite element space on the fine scale by V), = V,,(£2) = 8!(G,) N V. We denote the
solution operator of the element corrector problem (3.3) by Cr . Then any z € Ny and any T € Gp satisfy
Az = Cr n(A;) and we refer to Cr , as element correction operator. The map A; +— A, described in Section 3.2
defines a linear operator C,, via Cp(A4;) = A, for any z € Ny, referred to as correction operator. For the analysis
we introduce idealized counterparts of these correction operators where the patch {27 equals (2. Define the null space
Wy :={v € Vj : Ig(v) = 0}. For any v € V, the idealized element corrector problem seeks Cr v € W}, such that

a(w, Cr 0ov) =ar(w,v) forallw e W. 4.1)

Furthermore, define

Cool = Z CT.00V. 4.2)

TeSn

It is proved in [6, Corollary 3.2] that the form a is continuous and there is a constant C, such that
a(v,w) < Cq|lv|lv|w|ly forallv,w € V.

The following result implies the well-posedness of the idealized corrector problems.

Lemma 1 (Well-posedness of the Idealized Corrector Problems). Provided

C1,v/ColH < 1/4/2, (4.3)
we have for all w € Wy, equivalence of norms
Vw20 = llwllv = v3/2IVwli 20

and ellipticity

1
SIVwliag) < Na(w, w).

Proof. For any w € W), the property (3.1) implies

llwlag) = N0 = Inwls o) < CF, Ca kP Vwl7s ). O

Lemma 1 implies that the idealized corrector problems (4.2) are well-posed and the correction operator Co, is
continuous in the sense that

ICxvullv < Cellvglly forallvy € Vy

for some constant Ce & 1. Since the inclusion Wj,(£2r) € W), holds, the well-posedness result of Lemma 1 carries
over to the corrector problems (3.3) in the subspace W), ({27) with the sesquilinear form a, .

The proof of well-posedness of the Petrov—Galerkin method (3.4) will be based on the fact that the difference
(Cx — C1)(v) decays exponentially with the distance from supp(v). In the next theorem, we quantify the difference
between the idealized and discrete correctors. The proof will be given in Appendix A of this paper and is based on
the exponential decay of the corrector Coo A itself, see Fig. 5. That figure also illustrates that the decay requires the
resolution condition (4.3), namely « H < 1.

Theorem 1. Under the resolution condition (4.3) there exist constants C1 ~ 1 =~ C, and 0 < B < 1 such that any
veVy, any T € Gy and any m € N satisfy

IV(Cr,00v — eT,mv)||L2(Q) = Cllgm||vv||L2(T)s (4.4)
IV(€oov = Emv)liL2(2) = Coy/CotmB" IV L2(). O 4.5)
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Fig. 5. Modulus of the idealized test function Zz form=o00,H=2"%h=2"in2Dina logarithmically scaled plot. The dots indicate the grid
points of the coarse mesh. Left: k = 2%; right: k& = 2°.

Provided & is chosen fine enough, the standard FEM over G, is stable in the sense that there exists a constant Crgm
such that with y («, £2) from (2.3) there holds

— m 5
(Cremy (k, ) "< inf  sup M. (4.6)
veVi\0} wev,\joy IVllv Ilwllv

This is actually a condition on the fine-scale parameter 4. In general, the requirements on & depend on the stability of
the continuous problem [20].

Theorem 2 (Well-posedness of the Discrete Problem). Under the resolution conditions (4.3) and (4.6) and the
following oversampling condition

m > 10g(v/6Cav/CotC1,, C1yy v Cav/Colm Cramy (ic, )1/ llog(B)], 4.7)
problem (3.4) is well-posed and the constant Cpg = 2Cy, v CeCrgm satisfies

_ Ra(vy, b
(Cpgy (k, ) "< inf sup M.
vreVa\0) 5, <oy IV IVIDE TV

Proof. Letuy € Vy with |lug|ly = 1. From (4.6) we infer that there exists some v € V;, with ||v]|y = 1 such that
Na(up — Cooliir), v) = (Cramy (6, ) up — Coclm v

It follows from the structure of the sesquilinear form a that Co. (i1 77) solves the following adjoint corrector problem
a(Cooliin), w) = a(up, w) forallw € Wy, (4.8)

cf. [28, Lemma 3.1]. Let vy .= (1 — C,)Igv € ‘711. We have
a(up,vg) =a(wm, (1 —Cxo)Iuv) +a(unp, (Coo — Cp)Ipv). (4.9)

Since C is a projection onto Wj,, we have (1 — Cx)(1 — Ig)v = 0 and, thus, (1 — Cxo)Igv = (1 — Cxo)v. The
solution properties (4.8) of Coo (1) and (4.1)—(4.2) of Coov prove a(u g, Coov) = a(Coo (it g ), v). Hence,

Ra(upg, (1 — Coo)Ipv) = Na(upy — Colitn), v)
-1 —
> (Cremy (i, ) llum — Coolir) v
Furthermore, the estimate (3.2) implies

1= luglly =IHu(ug — Coop))llv < Cry vllug — Coo@p)llv.
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The second term on the right-hand side of (4.9) satisfies with |jug ||y = 1 and Lemma 1 that

la(un, (Coo = Cn)Irv)| < v/3/2C4[IV(Coo — C)Iuvll2(0)-
Altogether, it follows that

- 1 3
Na(up, vy) > ( \/;Canv(eoo - em)IHU”LZ(Q)) .

CryvCremy (k, 2)
Theorem 1 and (3.1) show that
V(€ — Cu)InvliL2(2) < Co/CotmB" VInv| < Coy/CotmCryv/ CaB™.
Hence, the condition (4.7) and ||vg |ly = |[(1 — Cxo)v|ly < Ce imply the assertion. [
Remark 1 (Adjoint Problem). Under the assumptions of Theorem 2, problem (3.4) is well-posed and, thus, it follows

from a dimension argument that there is non-degeneracy of the sesquilinear form a over Vg x Vg. Thus, the adjoint
problem to (3.4) is well-posed with the same stability constant as in Theorem 2.

The quasi-optimality result requires the following additional condition on the oversampling parameter m,

m = [log(2C2y/CanC2Croy (k. 2V/372)|/llog Bl (4.10)

Theorem 3 (Quasi-optimality). The resolution conditions (4.3) and (4.6) and the oversampling conditions (4.7) and
(4.10) imply that the solution uy to (3.4) with parameters H, h, and m and the solution uj, of the standard Galerkin
FEM on the mesh Gy, satisfy

lup —umlly SN = Iguplly ® min Jlup —vally.
vgeVy

Proof. Let e := u;, — upy. The triangle inequality and Lemma | yield

lelly < I(1 = Im)uplly + [[1xellv.

It remains to bound the second term on the right-hand side. The proof employs a standard duality argument, the
stability of the idealized method and the fact that our practical method is a perturbation of that ideal method. Let
zy € Vg be the solution to the dual problem

(Vvg, Vige) + k>(vg, Ine) = a(wy, (1 — Coo)zp)
for all vy € Vg (cf. Remark 1). The choice of the test function vy = Ige implies that
Hmely = allue, (1 — Coo)zn) = allne, (Cn — Coo)zm) +a(lye, (1 = Cu)zp).
The identity 15 (C,, — Cx)zy = 0, the resolution condition (4.3), the estimate (4.5), and the stability of the adjoint
problem imply for the first term on the right-hand side that
a(lpe, Cn — Coo)zn) < Cav/3/211Hellv IV(Cn — Co)zall2()
< C2v/ComCay/3/21 Inellv 8™ V2|
< C2/ColmCiCray (. 2)/3/28" | el
The condition (4.10) implies that this is < %||1He||%,. The Galerkin orthogonality a(uy — up, (1 — C,)zy) = 0, the

solution property (4.2) of Coozp, the resolution condition (4.3) and the exponential decay (4.5) imply for the second
term

a(lge, (1 = Cp)zn) = allgup —up, (1 — Cp)zm)
= a(lgup —up, (Coo — Cp)zH)

=V 3/2C0C2\/ Col,m,Bm lTgup — ”h”V”vZHHLZ(Q)'
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The stability of the adjoint problem implies
IVzrll 20y < Ceay (k, D Callluelly.
Thus,

a(lge, (1= C)zn) < /3/2C2Co/CotmCraB™y (e, D T — unllv | Inellv.

The term || /ge|ly can be absorbed and the oversampling condition (4.7) implies that 8,/ Col.my (k, §2) is controlled
by some «-independent constant. The combination with the foregoing displayed formulae concludes the proof. [

The following consequence of Theorem 3 states an estimate for the error u — upg.

Corollary 1. Under the conditions of Theorem 3, the discrete solution uy to (3.4) satisfies with some constant C ~ 1
that

lu —uplly <llu—uplly +C min |lup —vglly.
vgeVy

In particular, provided that the solution satisfies u € WY*(02) for 0 < s < 1, the error decays as |u — uy|y <
O(H*). o

Remark 2. In the idealized case that m = oo, we have u;, — Igu, € Wy, and, thus,
a(up — Igup, (1 — Cxo)vyg) =0 forall vy € Vgy.

Therefore, problem (3.4) and the Galerkin property show that upy = Iguy,.
5. Numerical experiments

We investigate the method in three numerical experiments. The convergence history plots display the absolute error
in the norm || - ||y versus the mesh size H.

5.1. Plane wave on the square domain

On the unit square 2 = (0, 1), we consider the pure Robin problem I'z = 82 with data given by the plane wave
u(x) = exp(—ikx - (8:2)).

Fig. 6a—c displays the convergence history for x = 20,27, 28 and the fine-scale mesh parameter 4 = 27!!. The
best-approximation error of continuous Q1 functions in || - ||y and the error of the standard Galerkin FEM on the
same coarse mesh are plotted for comparison. As expected, the standard FEM clearly exhibits the pollution effect,
and larger values of « increase the discrepancy between the approximation error of the FEM and the theoretical best-
approximation by Qi functions in the regime under consideration. In contrast, the approximation by the msPGFEM
can compete with the best-approximation on meshes that allow a meaningful representation of the solution. We stress
the fact that the convergence history plots merely take into account the coarse mesh-size H, but the computational
cost in the multiscale method is moderately higher than in the standard FEM due to the increased communication
caused by the coupling m =~ log(x).

For the oversampling parameter m = 2, the number of corrector problems to be solved for the finest mesh Gy is
49 out of 1048 576 when no symmetry is exploited.

Fig. 6d displays the dependence on the fine mesh parameter 4 for k = 2% and oversampling parameter m = 6.
Since the multiscale method based on the fine grid G, computes approximations of the FEM solution on that fine grid,
e.g.ug = Iguy for m = oo as in Remark 2, it is clear that the accuracy of the msPGFEM is limited by the accuracy
of the standard FEM on the fine scale. This can be observed in Fig. 6d. It can be also seen that a finer fine-scale
mesh-size i improves the error of the msPGFEM towards the best-approximation. In this two-dimensional example,
the quasi-optimality constant appears to be close to 1.

Next, we study the dependence on the oversampling parameter m. Fig. 7 displays the convergence history for
x =27 and k = 28. The fine mesh parameter is 4 = 2~ !! and m varies from m = 1 to m = 6. It turns out that for the
present configuration, the value m = 2 is sufficient for quasi-optimality. In the range where H is significantly larger
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Fig. 6. (a)—(c) Comparison of the msPGFEM with the best approximation in || - ||y and the standard Galerkin FEM for the 2D plane wave example
for k = 20,27, 28, (d) Dependence on the fine mesh parameter / in the 2D plane wave example with k = 28,
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Fig. 7. Convergence history for the 2D plane wave example with k = 27 (left) and k = 28 (right), h = 271 and varying m.
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than «~! and the resolution condition is violated, larger oversampling parameters may lead to larger errors, which is
not surprising in view of the lack of decay, see also Fig. 5. This, however, is no more the case as soon as H is small

enough to allow for a meaningful representation of the wave.
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Fig. 8. Coarse mesh for the square domain with three scatterers from Section 5.2.

5.2. Multiple sound-soft scatterers in 2D

We consider the domain
5 (|:5 7i| |:5 7i| [10 12] [8 10] |:4 6i| |:1O 13:|)

=0,D\||—= =|*x|= —=|VU|l= =|x|—= —=|U|l= —|x|—=, —

16 16 16 16 16" 16 16 16 16 16 1616
from Fig. 8. The incident wave ui, (x) = exp(—ikx - (8:2)) is incorporated through the Robin boundary condition with
g = iKUin + 0yuUin on the outer boundary I'g := {x € {0, 1} or y € {0, 1}}. On the remaining part of the boundary
I'p := 32\ I'z we impose homogeneous Dirichlet conditions. We choose the fine mesh parameter as 4 = 2~!!. Since
the exact solution is unknown, we compute a reference solution with the standard Q; FEM on the fine mesh G, and
we compare the coarse approximation with this reference solution. Errors committed by the fine scale are not included
in the discussion. Fig. 9 displays the convergence history for k = 23 and x = 2°. The oversampling parameter m
varies from m = 1 to m = 4. As in the foregoing example, the value m = 2 for the oversampling parameter seems
to be sufficient for the quasi-optimality and even a quasi-optimality constant close to 1 in the range of wave numbers
considered here. In particular, the pollution effect that is visible for the standard Galerkin FEM is not present for the
msPGFEM. Reduced convergences rates which are expected from the presence of re-entrant corners are not visible in

this computational range. For the oversampling parameter m = 2, the number of corrector problems to be solved for
the finest mesh Gy is 210 out of 61 952 when no symmetry is exploited.

5.3. Plane wave on the cube domain

On the unit cube 2 = (0, 1), we consider the pure Robin problem with data given by the plane wave u(x) =

2
exp(—ikx - \/%;8 (z))

We choose k = 25, Fig. 10 compares the error of the msPGGEM h = 2% and m € {1, 2, 3,4} with the best-
approximation in the || - ||y norm and the error of the standard Galerkin FEM. Also in this example, the msPGFEM
is pollution-free for the oversampling parameter m > 2. The quasi-optimality constant appears slightly larger than in
2D. For the oversampling parameter m = 2, the number of corrector problems to be solved for the finest mesh Gy is
343 out of 262 144 when no symmetry is exploited.

Appendix. Proof of Theorem 1

For the sake of completeness we also present a proof of the exponential decay result Theorem 4 which is central
for the method. The idea of the proof is the same as in the previous proofs of the exponential decay [12,29,30,26,31]
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Fig. 10. Convergence history for the 3D plane wave example for k = 2andh=2".

in the context of diffusion problems. The difference especially with respect to [11] is that here the quasi-interpolation
is a projection. This simplifies the proofs and leads to slightly better rates in the exponential decay that have been
experimentally observed in [11].

Let Ij, : C°(2) — V}, denote the nodal Q; interpolation operator. Standard interpolation estimates and the inverse
inequality prove for any 7 € Gy and all g € Q»(T) the stability estimate

IVIng 20y < Cr Va2 (r)-

(A1)

In the proofs we will frequently make use of cut-off functions. We collect some properties in the following lemma.

Lemma 2. Let € 8'(Sy) be a function with values in the interval [0, 1) satisfying the bound

IVillLooc2) < CoH ™!

(A.2)
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and let R := supp(Vn). Given any subset X C Sy, any ¢ € W, satisfies for S = UK C 2 that

loll2s) S HIVOlL2nes)) (A.3)
1= I Il 25y S HIV )l L2ns)) (A.4)
||V(77¢’)||L2(S) S ||V¢||L2(sm{supp(n)}) + ||v¢||L2(N(SnfR))- (A.5)

Proof. The property (3.1) readily implies (A.3). Furthermore, (3.1) implies

(L= Te) ()l 25y = HCIH\@IIVIh(W)IILz(N(S))-
Estimate (A.1) leads to
IV P 2Ny = Cr IV L2Nesy)-
This proves (A.4). For the proof of (A.5) the product rule and (A.2) imply
IV 1205y < 1VD L2(snsuppimp + CoH 1l 2(50)-

The combination with (A.3) concludes the proof. [

Theorem 4 (Decay). Under the resolution condition (4.3), there exists 0 < B < 1 such that, for any vy € Vg and all
T € Ggandm € N,

||VGT,ooUH||L2(_Q\Nm(T)) = C,Bm”VUH”LZ(T)-

Proof. We define the cut-off function n € 8!(Sp) via
n=0 imN"3T) and n=1 in2\N"%(T).

Note that 7 is thereby also uniquely defined on the set R := supp(Vn). The shape-regularity implies that 5 satisfies
(A.2). Let vy € Vg and denote ¢ := Cr oovy € Wj,. Elementary estimates lead to

I|V¢||_2(2\Nm(T) <|(Véo, ’7v¢)L2(Q)| Vo, V(U¢))L2(Q)| +1(Vo, ¢V77)L2(Q)|
My + My + M3 + My

=
=

for

My = 1(V, V(1 = ) 1200y Ma = (Yo, V(1 = I (1)) 12|
Ms = (Y, VU Iy o)) Ma = (Yo, dVI) 20|

The property (A.1) proves

M1 < IVl 2 IVd — L) 23y S 1V 12 IV ) L2y -
Hence, it follows with (A.5) that

My SAIVEl 2w VOl 2Ny -

Since w = (1 — Ig)I(ng) € W, the identity (4.1) and the fact that the support of w lies outside 7" imply
a(w, ¢) = ar(w, vy) = 0 and therefore

My =a(w, ¢) + Kz(wy ¢) = Kz(wy ¢) < K2||w||L2(N(9z)) I|¢I|L2(N(R))~

The estimates (A.3) and (A.4) and the resolution condition k H < 1 from (4.3) imply
My SVl 2Nz IV 1) L2 N2 () -

The application of (A.5) yields

My S IVl 2@y (VO 22wy + VOl 2new)) S ”V(P”iZ(NZ(R))'
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The function Iy I, (n¢) vanishes outside N(R). Hence, the stability and approximation properties (3.1) and (A.1) lead
to

M3 < IVl 2Ny IV U E I (P [ L2 Ny

<
S ||V¢||L2(N(:R))||V(77¢)||L2(N2(R))'
With (A.5) we obtain
2
M3 S IVl 2Ny IVl 2@y + IVOlL2nwy) S TV 22 -
For the term My, the Lipschitz bound (A.2) and (A.3) prove
-1 2
My < IVl 2 1812 CoH " S IV 2y
Altogether, it follows for some constant C that
2 =~ 2
”Vd)”LZ(Q\Nm(T)) S C”Vd)”LZ(NZ(R))
Recall that N2(R) = N (T)\N"=3(T). Since
2 2 _ 2
||V¢||L2(.Q\N’"(T)) + ”V¢||L2(Nm(T)\Nm—5(T)) - ||V¢”L2(Q\Nm—5(T))v
we obtain
~—1 2 2
(1+ COIVOI22 upmry = IV 2 s
The repeated application of this argument proves for 8 := (1 + c =1 < 1 that
IV I72 oy = B IV o) S B IVORIT: 7
This is the assertion. [
We proceed with the proof of Theorem 1.
Proof of Theorem 1. We define the cut-off function n € 8'(Gy) via
n=0 in\N"5T) and n=1 inN""%(T).

This function is thereby uniquely defined and satisfies the bound (A.2). Since (1 — Ig) I, (nCr. V) € Wi({2r), we
deduce with Céa’s Lemma, the identity /7 C7 oov = 0 and the approximation and stability properties (3.1) and (A.1)
and the resolution condition (4.3) that
IV(€7,00v = Crm) 720 S N€T.000 = (1 = I (T, 000) 17

= 10 = 1) (€000 nCr.oWIY o\ 1)

< _

~ ”v(l n)ET,OOU”LZ(N(Q\{n:l}))

<

S IVET.ecvlza vy =ty

Note that N(2\{n = 1}) = 2\N”~3(T). This and Theorem 4 prove (4.4).
Define z := (Coo — €p)v and z7 = (Cr,00 — C7 m)v. The ellipticity from Lemma | proves

Y atzzr)

TeSy

1 2
E”vZ”LZ(Q) =

We define the cut-off function n € 8'(Gy) via
n=1 in\N""2(T) and n=0 inN"*(T).

This function is thereby uniquely defined and satisfies the bound (A.2). Forany T € Gy we have (1—1Ig)1I,(nz) € Wy,
with support outside {27. Hence, we obtain with z = I,z that

a(z,zr) = allp(z —nz), zr) + alply(n2), z1).
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The function z — I;(nz) vanishes on S := {n = 1}. Hence, the first term on the right-hand side satisfies

la(In(z —n2), z1)| < Callln(z —n2)llv,nslzrliv.

The Friedrichs inequality with constant Cg proves together with the stability (A.1) and the estimate (A.5) applied to
the cut-off function (1 — n) that

1h(z = 12D)llv.ons S V1 + CoeE2 IVl sy S 1V22gos)-

Furthermore, I I,(nz) vanishes on £2\ N(supp(1—17)). Hence, we infer from Friedrichs’ inequality and the resolution
condition (4.3), the stability properties (3.1) and (A.1) and (A.5) that

la(zr, InInm2)| S I1VZll 2 (N2 suppi =y 127 1 v -

The sum over all T € Gy and the Cauchy inequality yield with the finite overlap of patches

1VZl220) S D IVZl 2 vesuppi—nn 127 v

TeSn
2
E llzz Iy -

S v Col,m ||VZ||L2(.Q)
TeSu

The combination with (4.4) concludes the proof. [
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Abstract We present numerical upscaling techniques for a class of linear second-order
self-adjoint elliptic partial differential operators (or their high-resolution finite element
discretization). As prototypes for the application of our theory we consider bench-
mark multi-scale eigenvalue problems in reservoir modeling and material science.
We compute a low-dimensional generalized (possibly mesh free) finite element space
that preserves the lowermost eigenvalues in a superconvergent way. The approximate
eigenpairs are then obtained by solving the corresponding low-dimensional algebraic
eigenvalue problem. The rigorous error bounds are based on two-scale decompositions
of H})(Q) by means of a certain Clément-type quasi-interpolation operator.
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1 Introduction

This paper presents and analyzes a novel numerical upscaling technique for comput-
ing eigenpairs of self-adjoint linear elliptic second order differential operators with
arbitrary positive bounded coefficients. The precise setting of the paper is as follows.
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Let Q C R? be a bounded polyhedral Lipschitz domain and let A € L>®(2, R4x%)

sym
be a matrix-valued coefficient with uniform spectral bounds 0 < @ < 8 < oo,

o (A(x)) C [a, B] (1.1)

for almost all x € 2. We want to approximate the eigenvalues of the prototypical oper-
ator — div(AVe). The corresponding eigenproblem in variational formulation reads:
find pairs consisting of an eigenvalue A € R and associated non-trivial eigenfunction
u € V := Hj (Q) such that

a(u,v) .= / (AVu) - Vudx = A/ uvdx =: A(u, v)r2(q) (1.2)
Q Q

forall v € V. We are mainly interested in the lowermost eigenvalues of (1.2) or, more
precisely, in the lowermost eigenvalues of the discretized problem: find 1, € R and
associated non-trivial eigenfunctions u; € Vj, C V such that

a(up, v) = Ap(up, v)2(q) forallv e Vy. (1.2.h)

Here and throughout the paper, the discrete space V), C V shall be a conforming finite
element space of dimension N, based on some regular finite element mesh 7;, of width
h.

Popular approaches for the computation of these eigenvalues include Lanczos/
Arnoldi-type iterations (as implemented, e.g., in [23]) or the QR-algorithm applied
directly to the Nj-dimensional finite element matrices. If a certain structure of the
discretization can be exploited (e.g., a hierarchy of finite element meshes and/or
spaces) some preconditioned outer iteration for the eigenvalue approximation may
be performed and linear problems are solved (approximately) in every iteration step
[13,19,20]; see also [1] and [27] and references therein.

Our aim i1s to avoid the application of any eigenvalue solver to the fine scale dis-
cretization (1.2.h) directly. We introduce a second, coarser discretization scale H > h
instead. On the corresponding coarse mesh 7y, we compute a generalized finite ele-
ment space V; of dimension Ny < Np,. The solutions (Ag, uc) € R x V, of

a(uc,v) = g (uc, v)Lz(Q) forallv € V, (1.2.H)

then yield accurate approximations of the first Ny eigenpairs of (1.2.h) and, hence,
of the first Ny eigenpairs of (1.2) (provided that V), 1s properly chosen).

The computation of the coarse space V. involves the (approximate) solution of Ny
linear equations on the fine scale (one per coarse node). We emphasize that these linear
problems are completely independent of each other. They can be computed in parallel
without any communication.

The error Ay — Ap between corresponding eigenvalues of (1.2.H) and (1.2.h),
1.e., the error committed by the upscaling from the fine discretization scale % to the
coarse discretization scale H, is expressed in terms of H. Without any assumptions
on the smoothness of the eigenfunctions of (1.2) or (1.2.h), we prove that these errors
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are at least of order H*. Note that a standard first-order conforming finite element
computation on the coarse scale yields accuracy H? under full H>(Q) regularity, see
e.g. [22]. Since our estimates are both, of high order (at least H*) and independent
of the underlying regularity, the accuracy of our approximation may actually suffice
to fall below the error A, — A of the fine scale discretization which is of order Ch2
where both the constant C and the exponent s € [0, 1] depend on the regularity of the
data (convexity of €2, differentiability and variability of A) in a crucial way.

The idea of employing a two-level techniques for the acceleration of eigensolvers is
not new. The two-grid method of [37] allows certain post-processing (solution of linear
problems on the fine scale). For standard first-order conforming finite element coarse
spaces, this technique decreases the eigenvalue error from H? to H* (up to fine scale
errors as above) if the corresponding eigenfunctions are H? (€2)-regular. The regularity
assumption is essential and not justified on non-convex domains or for heterogeneous
and highly variable coefficients. However, the post-processing technique applies as
well to the generalized finite element coarse space V. and yields eigenvalue errors of
order H® without any regularity assumptions.

In cases with singular eigenfunctions (due to re-entrant corners in the domain or
isolated jumps of the coefficient), one might as well use modern mesh-adaptive algo-
rithms driven by some a posteriori error estimator as proposed and analyzed, e.g.,
in [3,5,6,10-12,22,24,26]. We are not competing with these efficient algorithms.
However, adaptive mesh refinement has its limitations. For instance, if the diffu-
sion coefficient A is highly variable on microscopic scales, the mesh width has to
be sufficiently small to resolve these variations [31]. For problems in geophysics or
material sciences with characteristic geometric features on microscopic length scales,
this so-called resolution condition is often so restrictive that the initial mesh must be
chosen very fine and further refinement exceeds computer capacity. Our method is
especially designed for such situations which require coarsening rather than refine-
ment.

A particular application of our methodology is the computation of ground states of
Bose—FEinstein condensates as solutions of the Gross—Pitaevskii equation. Here, certain
resolution (small ) is required in order to ensure unique solvability of the discrete non-
linear eigenvalue problem. It is already exposed in [16] that our upscaling approach
leads to a significant speed-up in computational time because the expensive iterative
solver for the non-linear eigenproblem needs to be applied solely on a space of very
low dimension.

The main tools in this paper are localizable orthogonal decompositions of H(l)(Q)
(or its subspace V},) into coarse and fine parts. These decompositions are presented
in Sect. 3. The two-level method for the approximation of eigenvalues is presented in
Sect. 4. Section 5 contains its error analysis. The efficient local approximation of the
coarse space, the generalization to non-nested grids, a post-processing technique, and
further complexity issues are discussed in Sect. 6. Finally, Sect. 7 demonstrates the
performance of the method in numerical experiments.

In the remaining part of this paper, we will frequently make use of the notation
by < by which abbreviates by < Cb,, with some multiplicative constant C > 0 which
only depends on the domain €2 and the parameter y (cf. (2.1) below) that measures
the quality of some underlying finite element mesh. We emphasize that the C does not
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depend on the mesh sizes H, h, the eigenvalues, or the coefficient A. Furthermore,
by =~ b, abbreviates by < by < by.

2 Finite element spaces and quasi-interpolation

This section presents some preliminaries on finite element meshes, spaces, and inter-
polation.

2.1 Finite element meshes

We consider two discretization scales H > h > 0. Let Ty (resp. 7Tj) denote corre-
sponding regular (in the sense of [8]) finite element meshes of €2 into closed simplices
with mesh-size functions 0 < H € L*°(Q2) defined by H|7 = diam T =: Hy for all
T € Ty (resp. 0 < h € L*(L2) defined by h|; = diamt =: h, for all r € Tj). The
mesh sizes may vary in space but we will not exploit the possible mesh adaptivity in
this paper.

The error bounds, typically, depend on the maximal mesh sizes ||H ||~ (). If no
confusion seems likely, we will use H also to denote the maximal mesh size instead
of writing || H || (g). For the sake of simplicity we assume that 7}, is derived from
Tu by some regular, possibly non-uniform, mesh refinement. However, this condition
1s not essential and Sect. 6.2 will discuss possible generalizations.

As usual, the error analysis depends on the constant ¥ > 0 which represents the
shape regularity of the finite element mesh 7;

) diam T
y = max yr with yr .= —— forT € Ty, 2.1
TeTy diam By

where Br denotes the largest ball contained in 7.

2.2 Finite element spaces

The first-order conforming finite element space corresponding to 7 is given by
Vg :=={v e V| VT € Ty, v|r is a polynomial of total degree < 1}. (2.2)

Let Ny denote the set of interior vertices of T . For every vertex z € Ny, let¢, € Vg
denote the corresponding nodal basis function (tent/hat function) determined by nodal
values

¢.(z) =1 and ¢,(y) =0 forall y #z € Ny.

These nodal basis functions form a basis of Vy. The dimension of Vg equals the
number of interior vertices,

Ny :=dim Vg = |Ny|.
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Let V,, D Vg denote some conforming finite element space corresponding to the
fine mesh 7. It can be the space of continuous piecewise affine functions on the fine
mesh or any other (generalized) finite element space that contains Vg, e.g., the space of
continuous p-th order piecewise polynomials as in [33]. By N}, := dim V), we denote
the dimension of Vj,. For standard choices of V},, this dimension is proportional to the
number of interior vertices in the fine mesh 7j,.

2.3 Quasi-interpolation

The key tool in our construction will be the bounded linear surjective Clément-type
(quasi-)interpolation operator Zy : H(l)(Q) — Vg presented and analyzed in [9].
Given v € H(l)(Q), Ihyv = ZZE Ny (Zyv)(z)¢, defines a (weighted) Clément inter-
polant with nodal values

(v, 92)12(Q)

(1, ¢2) 12 )

for z € Np. The nodal values are weighted averages of the function over nodal
patches w, := supp ¢,. Recall the (local) approximation and stability properties of
the interpolation operator Zy [9]: There exists a generic constant Cz,, such that for
allv € H(l)(Q) and for all T € Ty it holds

(Zuv)(z2) = (2.3)

Hi' o = Zuvlegy + IV = Zuv) 2y < Czy IVl 2wp): (24

where wr := U{K € Ty | T N K # #}. The constant Cz,, depends on the shape
regularity parameter y of the finite element mesh 7y (see (2.1) above) but not on Hr.

Note that there exists a constant C,; > 0 that only depends on y such that the
number of elements covered by wr is uniformly bounded (w.r.t. T') by C,

max {K € Ty | K C or}| < Cq. (2.5)

TeTy

Both constant, C7z,, and Co, may be hidden in the notation “<” introduced at the end
of Sect. 1.

3 Two-scale decompositions

Two-scale decompositions of functions u € Vj, into some macroscopic/coarse part
u. plus some microscopic/fine part uy with a certain orthogonality relation are at the
very heart of this paper. The macroscopic or coarse part will be an element of a low-
dimensional (classical or generalized) finite element space based on some coarse finite
element mesh. The microscopic or fine part may oscillate on fine scales that cannot
be represented on the coarse mesh.

We stress that all subsequent results are valid even if &7 = 0, i.e., if V), is replaced
withV = H(} (£2). Actually, the structure of V), being the space of continuous piecewise
polynomials is never exploited. As far as the theory is concerned, V), could be any
space (finite or infinite dimensional) that satisfies Vg C V), C HOl (2).
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The initial coarse space Vg may as well be generalized. This will be discussed in
Sect. 6.2.

3.1 L?-orthogonal two-scale decomposition

We define the fine scale space
V¢ := kernel (IH|Vh) C Vi,

which will take over the role of the microscopic/fine part in all subsequent decompo-
sitions.

Our particular choice of a quasi-interpolation operator gives rise to the follow-
ing orthogonal decomposition. Remember that (e, )2 ) = fQ e o dx abbreviates

the canonical scalar product in L2(Q) and let || o || ;= /(o, ®) 12() abbreviate the
corresponding norm of L?(£2).

Lemma 3.1 (L?-orthogonal two-scale decomposition) Any function u € Vj, can be
decomposed uniquely into the sum of uy := IH|‘_,; (Zgu) e Vgandugs == u—ugy €
Vi with

(ump,uf)2g) =0. (3.1

The orthogonality implies stability in the sense of
e 11> + luee |1 = fuell?.

Proof of Lemma 3.1 1tis easily verified that the restriction of Zg on the finite element
space Vg is invertible. This yields the decomposition.

For the proof of orthogonality, let vy = ZZE Ny VH (z)¢p; € Vg and vs € Vi be
arbitrary. Since Zy v = 0, we have that (¢, vf)12(q) = (Zrvr)(2) fQ ¢,dx = 0 for
all z € Ny. This yields

(vH, vf)L2(Q) = Z vi (2) (¢, Uf)LZ(Q) =0

zeNy
and shows that Vy and V; are orthogonal subspaces of Vj,. |
We may rewrite Lemma 3.1 as
Vi=Vy @Vt and (Vi, V)2 = 0. (3.2)

Remark 3.1 (L>*-projection onto the finite element space) Note that the operator Zy is
well-defined as a mapping from L?(2) onto V. In particular, it is stable in the sense
that for any v € L2(2), itholds that || Zg v || < |lv||. From the arguments of Lemma 3.1

one easily verifies that the L>-orthogonal projection I'I‘L,Z : L2(Q) — Vy onto the
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finite element space Vg may be characterized via the modified Clément interpolation
(2.3),

L? _ -1

Furthermore, it holds Vf = kernel(l'I‘L,Z lv,),1.e., Vy might as well be characterized via

2 . .
H%,H. This does not change the method. For theoretical purposes, we prefer to work
with Zy because it is a local operator.

3.2 a-Orthogonal two-scale decomposition

The orthogonalization of the decomposition (3.2) with respect to the scalar product
a(e,e) = fQ (AVe) - V e dx yields the definition of a generalized finite element
space V., that is the a-orthogonal complement of V¢ in Vj,. Given v € V},, define the
a-orthogonal fine scale projection operator Prv € V¢ by

a(Prv, w) = a(v, w) forall w e V.

We define the energy norm ||| e||| := +/a(e, @) (the norm induced by the scalar product
a).

Lemma 3.2 (a-orthogonal two-scale decomposition) Any function u € Vj, can be
decomposed uniquely into u = u. + ug, where

e ;=0 —=Ppue (1 —P))Vyg =V,
and
ur := Pru € V¢ = kernel(Zy|y,).

The decomposition is orthogonal

a(uc, ug) =0, (3.3)
and, hence, stable in the sense of
a1 4 Hue 112 = 1]l 1. (3.4)
In other words,
Vih=Ve® V¢t and a(V., V;) =0. (3.5)

We shall emphasize at this point that the decompositions in Lemma 3.1 and
Lemma 3.2 are different in general. In particular, the fine scale part v may not be
the same.

The orthogonalization procedure (with respect to a(e, ®)) does not preserve the
L?-orthogonality. However, the key observation of this section is that the resulting
decomposition (3.5) is almost orthogonal in L*(Q).
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Theorem 3.3 (L>-quasi-orthogonality of the a-orthogonal decomposition) The
decomposition Vi, = V. @ Vi from Lemma 3.2 is L*-quasi-orthogonal in the sense
that for all v. € V; and all v¢ € V, it holds
(Ve v1) 120 S HA Vel Vel < e H2 ] [vell]][]vg]]]- (3.6)
The decomposition is stable in the sense that
lvell® + 1 H ™ ol S e llve + vl (3.7
Proof Given any v, € V; and vy € V¢, Lemma 3.1 implies that
Zyve, vf) 2y = 0.
Since Zgvs = 0, the Cauchy—Schwarz inequality, (2.4), and (2.5) yield
(e, v) 202y = (e — Trve, vf — Zuvp) gy S HAIV Vol (3.8)

This is the quasi-orthogonality. The same arguments show that

(H 'vp, H ' vp) o) = (H_I(Uf — Tyve), H™ ' (v —Iva))

2
S D0 IVl
TeTy

—1 2
S o el

L%(Q)

This, Friedrichs’ inequality
lvell < 7" diam Q|| Ve,

and (3.4) readily prove the stability estimate. O

4 Upscaled approximation of eigenvalues and eigenfunctions
This section presents a new scheme for the approximation of eigenvalues and eigen-
functions of (1.2.h) or (1.2). Section 4.1 recalls the variational formulation and some

characteristic properties of the problem. The new upscaled approximation is then
introduced in Sect. 4.2.

4.1 Variational formulation and fine scale discretization

For problem (1.2), there exists a countable number of eigenvalues 2O (¢ € N) and
corresponding eigenfunctions u® e V. Recall their characterization as solutions of
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the variational problem
a®,v) = 1Ow?, v)2q) forallve V. 4.1)

Since A is symmetric, all eigenvalues are real and positive. They can be sorted ascend-
ing

0<1 <@ 30 <.

Depending on the actual domain €2 and the coefficient A, there may be multiple eigen-
values. A multiple eigenvalue is repeated several times according to its multiplicity
in the enumeration above. Let u© (¢ € N) be normalized to one in L%(2), i.e.,
lu‘©| = 1. It is well known that the eigenfunctions enjoy (or, in the case of multiple
eigenvalues, may be chosen such that they fulfill) the orthogonality constraints

a®, umy = u®, u(m))Lz(Q) =0 ifl#m. 4.2)

The Rayleigh—Ritz discretization of (4.1) with respect to the fine scale finite element
space V}, reads: find )\22) € R and non-trivial ugf) € V}, such that

a(uf), V) = KSZ) (u%), V)2 forallv e V. (4.3)

Since V}, is a finite-dimensional subspace of V, we can order the discrete eigenvalues
similar as the original ones

0<2D <2® <3® <. <),

Again, multiple eigenvalues are repeated according to their multiplicity. Let uf)

¢ =1,2,..., Np) be normalized to one in LZ(Q), i.e., ||u§f)|| = 1. The discrete
eigenfunctions satisfy (or, in the case of multiple eigenvalues, can be chosen such that
they satisfy) the orthogonality constraints

a (u}le), uzm)) = (ug), uﬁlm))Lz(Q) =0 ifl #m. 4.4)

We do not intend to solve the fine scale eigenproblem (4.3). We aim to approximate

its eigenpairs ()»Ef), u;f)) with the help of the coarse space V. defined in Lemma 3.2.

4.2 Coarse scale discretization

Recall the definition of the coarse space

Vei=0—=Pr)Vy
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from Lemma 3.2. This means that V, is the image of V under the projection operator
1 — P, where Pk is the a-orthogonal projection onto the space

Ve i={v e Vy|Zygv=0}.
Since the intersection of V and Vt is the trivial subspace (cf. Lemma 3.1), it holds
dim V., = dim Vg = Ny.

Moreover, the images of the nodal basis functions ¢, (z € Ngy) under (1 — P¥) yield
a basis of V,
Ve = span{(1 — Pp)¢, | z € Ny}. 4.5)

In order to actually compute those basis functions, we need to approximate Ny
solutions ¥, = Pr¢p, € Vr of

a(Y;,v) =a(p,,v) forallv e V;. (4.6)

These problems are linear. The only difference to a standard Poisson problem is that
there are some linear constraints hidden in the space V¢, that is, the quasi-interpolation
of trial and test functions vanishes. In practice, these constraints are realized using
Lagrange multipliers.

The linear problems (4.6) may be solved in parallel. Moreover, Sect. 6.1 below will
show that these linear problems may be restricted to local subdomains of diameter
~ |log(H)|H centered around the coarse vertex z, so that the complexity of solving
all corrector problems exceeds the cost of solving one linear Poisson problem on the
fine mesh only by a factor that depends algebraically on |log(H)]|.

The Rayleigh—Ritz discretization of (4.3) [and (4.1)] with respect to the generalized

finite element space V, reads: find )\g) € R and non-trivial u((f) € V. such that

a (u®,v) = 1) (u® ”)mm forall v € V. @.7)

C b

The assembly of the corresponding finite element stiffness and mass matrices requires
only the evaluation of the corrector functions ¥, = Pr¢p, € Vr computed previously.
In general, these matrices are not sparse. However, either the dimension of the coarse
problem Ny < Nj, is so small that the lack of sparsity is not an issue or the matrices
may be approximated by sparse matrices with negligible loss of accuracy (see Sect. 6.1
below).

The discrete eigenvalues are ordered (multiple eigenvalues are repeated according
to their multiplicity)

¢y (2) (3) (Nm)
0<iy <A <Ay <---<ap™.

Let also uéz) (¢ =1,2,..., Ng)be normalized to one in L2(2), i.e., (uge), u((;e))Lz(Q)
= 1. The discrete eigenfunctions satisfy (or, in the case of multiple eigenvalues, can
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be chosen such that they satisfy) the orthogonality constraints

a (uge), ug’")) = (u(g) u™

O )LZ(Q):O if £ # m. 4.8)

S Error analysis

In the subsequent paragraphs we will present error bounds for the approximate eigen-
values and eigenfunctions based on the variational techniques from [34] (which are
based on [2] on their part); see also [4].

5.1 Two-scale decomposition revisited

The eigenfunctions allow a different (with respect to Sect. 3) characterization of a
macroscopic function, that is, any function spanned by eigenfunctions related to the ¢
lowermost eigenvalues. Define

Ee = span {uf!’, ....uf}. (5.1)

We will have a closer look at the quasi-orthogonality result of Lemma 3.2 given some
macroscopic function u € E,.

Lemma 5.1 (L?-quasi-orthogonality of the a-orthogonal decomposition of macro-
scopic functions) Let £ € N and let u = uc + ug € Eg with ||u|| = 1, where u; € V;
(resp. ug € V) denotes the coarse scale part (resp. fine scale part) of u according to
the a-orthogonal decomposition in Lemma 3.2. Then it holds

el < A5, (5.2)
( ;lz))3/2
ugll] S € ~—— H*, and (5.3)
o
A0V
(e, un 2l S € == | H*. (5.4)
Proof Let §; < 1, j = 1,2,..., £, be the coefficients in the representation of u

by eigenfunctions, that is, u = Zle ) juéj ). Then (5.2) follows from the fact that

(1 — Pr) is a projection and the obvious bound u]|]? < )\SZ).
For the proof of (5.3), we employ some algebraic manipulations and Eq. (4.3),

£ L
uell> = a@u,up) = D 8y up) => 80"y up) 2y (5.5)
j=1 j=1
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Lemma 3.1, the Cauchy—Schwarz inequality, (2.4), and (2.5) yield

(i 15) . g = 2 EP I M 50

(cf. (3.8)). The combination of (5.5)~(5.6), [[|u”[||> = 1\ < (" and §; < 1 yields
the upper bound of |||us]||.

The inequality (5.4) follows readily from Theorem 3.3 and the bounds (5.2)—(5.3).

O

Remark 5.1 (Improved L2-quasi-orthogonality under regularity) Consider the full
space Vj, = V. Then, in certain cases, e.g., if €2 is convex and the coefficient
A 1is constant, we have that any macroscopic function u € E, is in H2(2) and
1V2u|| < 2O /allu||. Such an instance of regularity gives rise to an additional power
of HA(® /o in the estimates (5.3) and (5.4) in Lemma 5.1. This is due to the approxi-
mation property

lv = Znvll S H?vlhpg) (5.7)

for v € V N H?(K), and the possible modification

H3,W)

(Mm, uf) _ (um — TyuD g _zHuf) < a1

L2Q) 2@~

of (5.6).

5.2 Estimates for approximate eigenvalues

We first introduce the Rayleigh quotient, which is defined for non-trivial v € V, by

a(v, v)

R(v) := 0

Recall that the £th eigenvalue of (4.3) is characterized via the minmax-principle (which
goes back to Poincaré [30])

(£ :
A, = min max R(v), 5.8
h SeS; (V) veS\{0} () ( )

where S; (V') denotes the set of £-dimensional subspaces of V},. This principle applies
equally well to the coarse problem (4.7), i.e.,

) .
Ay = min max R(v 5.9
H ™ 6eS,(v) ves\ [0} ) (5:9)

characterizes the £th discrete eigenvalue (¢ < Npg). The conformity V. C V,(C V)
yields monotonicity

O <) <20 foranne=1,2,..., Ny. (5.10)
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The following theorem gives an estimate in the opposite direction.

Theorem 5.2 (Bound for the eigenvalue error) Let H be sufficiently small so that
H < ¢4 /ﬁ. Then it holds that
h

NOBENO O\ 2
<o Z ) HY foralle=1.2,.... Ny. (5.11)
0 o

Proof Recall the definition of E; in (5.1) and define

0
oy = max |(ug, ug) 2oy + 2(Ue, us) 12(0n s
H O bt = L2(®) o Uf) [2(Q)

where u; € V, (resp. us € V) denotes the coarse scale part (resp. fine scale part) of
u € Ey according to the a-orthogonal decomposition in Lemma 3.2. The L?-norm of
ur satisfies the estimate

lugl® = (u, ug) 120y — (e, ug) 2(q)
= (u—Zgu,ur — IHMf)L2(Q) — (uc, Mf)LZ(Q)

0 \?2
Ay 4
S/ z 7 H + |(uCa uf)Lz(Q)|’

which follows from Lemma 3.1, (2.4), and (2.5). Hence, Lemma 5.1 shows that

) i) ’ 4
O’H SE 7 H .

If H is chosen small enough so that al(f) < % (e, H S ¢—1/4 /%), then Lemma 6.1
in [34] shows that

-1
W0 < (1-0) 40 < (1+20) 0.

()
H

Inserting our estimate for o;;” readily yields the assertion. O

The triangle inequality allows to control the approximation error with respect to the
continuous eigenvalues (4.1) by

()\’(’Z)) 3
) ©) ) ©) 4

The first term A;f) — 1(® depends on the choice of the space V}, and the regularity of
corresponding eigenfunctions in the usual way.
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Remark 5.2 (Improved eigenvalue error bound for smooth eigenfunction) With regard
to Remark 5.1, the error bound in Theorem 5.2 may be improved in the ideal case
V = V), provided that the first £ eigenfunctions are regular in the sense of || VZud|| <
1) /a. The improved bound reads

© _ 4@ o\’
A A A
H T <e(—) H> forall¢ =1,2,...,Ny. (5.12)
A0 ~ o

This improved bound applies also to the case where V}, is a finite element space if &
is sufficiently small.

The improved bound might still be pessimistic in the sense that the error in the
¢th eigenvalue/vector depends on the regularity of all previous eigenfunctions. The
recent theory [21] shows that this is not necessarily true. Moreover, there might be
smoothness also in the single summands of the two-scale decomposition which is not
exploited.

5.3 Estimates for approximate eigenfunctions

We turn to the error in the approximate eigenfunctions. Again, we follow the receipt
provided in [34].

Theorem 5.3 (Bound for the eigenfunction error) Let )»,(f) be an eigenvalue of mul-

tiplicity r, i.e., k(e) = . AZEH_I) with corresponding eigenspace spanned by
the orthonormal basis {u(zﬂ)} :l.Let the pairs (A(E), u(z)) (ka_l) ué“r_l))
be the Rayleigh—Ritz approximations solving Eq. (4.7) with ||u(€+] )|| = 1 for
j=01,....r—LIft+r—1<Ngandif HS 7130 + p)~13 Ja/rl?
is sufficiently small, then there exist an orthonormal basis of span({u(gﬂ )} ;é), let us
denote the basis functions u( +J) , such that forall j =0,1,...,r — 1,
e 0 <e>)3/2 (02
i, " —ul D) S Ve H? (1 + p) N H?, (5.13)
. Al /
ity "7 - 9ﬂn5a1+m({3) H?, (5.14)

0
A
where pi= max;gie,e+1,... 41 S o

Proof The analysis presented in [34, Lemma 6.4 and Theorem 6.2] shows that, for

any j =0,1,.. — 1, there is a function u(eﬂ) € span({u(H’)} ) such that

) _ = o+
H% D= < (1 )P
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According to the a-orthogonal decomposition in Lemma 3.2, Pfugfﬂ ) is the fine scale

part of u;leﬂ ), Hence, the interpolation error estimate (2.4) and Lemma 5.1 yield

r—1 " S 5O 3
3 e G

j=1

If the right-hand side is small enough, i.e., if the multiplicative constant hidden in

HS B+ p)7 1B ay )\g) is sufficiently small, the linear transformation of the

orthonormal basis {uéﬁﬂ )};;5 which defines the set of functions {ﬁg”j ) };;(1) may be

replaced with an orthogonal transformation, without any harm to the estimate. In this
regime, the application of the inverse orthogonal transformation to the errors proves
the L* bound (5.14). .

For the proof of (5.13), observe that for any v € span({ugﬂ)}f;é) with v =1
it holds

@2 1O @) 0) )

_ 1 ® . ) © _ 5©
=X, (2 2(1),uC )Lz(Q))_'_}\H A,

2
=1 o= w0 - 2. (5.15)

C

The assertion then follows by combining Eq. (5.15) with v = ﬁgfﬂ ), (5.14), and
Theorem 5.2. o

6 Practical aspects

This section discusses the efficient approximation of the corrector functions Pr¢, from
(4.6) by localization, the generalization to non-nested meshes, some post-processing
technique, and the overall complexity of our method.

6.1 Localization of fine scale computations

The construction of the coarse space V. is based on the fine scale equations (4.6) which
are formulated on the whole domain €2. This makes them expensive to compute.
However, in [25] it was shown that Pr¢p, decays exponentially fast outside of the
support of the coarse basis function ¢,. We specify this feature as follows. Let k € N.
We define nodal patches w, x of k coarse grid layers centered around the node z € Ny

by

wy 1 :=suppp, =U{T € Ty |z €T},
U{T € T | T Nwgjot # B} for k > 2. ©.1)

Wz k :
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The result in the decay of Pr¢, in [25] can be expressed as follows. For all vertices
z € Ny and for all k € N, it holds

_ 12
1A 2V Prdell 200, 0 S €@ H1IPr I (6.2)

For moderate contrast 8/«, this motivates the truncation of the computations of the
basis functions to local patches w; . We approximate vy, = Pr¢p, € V¢ from (4.6)
with ¥, x € Vi(wy k) = {v € V¢ | v|Q\w,, = 0} such that

a(Y;k,v) =a(e;,v) forallv e Vi(w, ). (6.3)
We emphasize that
Vi(wz k) ={v € Vi | vlg\w,, =0, Vy € NuNwg: (v, by) 2@ = 01,

i.e., in a practical computation with lagrangian multipliers only one linear constraint
per coarse vertex in the patch w, x needs to be considered.
The localized computations yield a modified coarse space Vck with a local basis

V& = span{; — Yok | z € Ny} (6.4)

The number of non-zero entries of the corresponding finite element stiffness and mass
matrix is proportional to kY Ny (note that we expect NIZJ non-zero entries without
the truncation). Due to the exponential decay, the very weak condition k ~ |log H |
implies that the perturbation of the ideal method due to this truncation is of higher order
and the estimates in Theorems 5.2 and 5.3 remain valid. We refer to [25] for details
and proofs. The modified localization procedures from [15] and [18] with improved
accuracy and stability properties might as well be applied.

6.2 Non-nested meshes and general coarsening

In Sect. 2.1, we have assumed that 7}, is derived from 7y by some regular refinement,
i.e., that the finite element meshes 7, and 7y are nested. This condition may be
impracticable in relevant applications, e.g., in cases where the coefficient encodes
microscopic geometric features such as jumps that require accurate resolution and the
reasonable resolution can only be achieved by highly unstructured meshes (cf. Fig. 3
in Sect. 7.3 below).

A closer look to the previous error analysis shows that the nestedness of the under-
lying meshes is never used explicitly but enters only implicitly via the nestedness of
corresponding spaces Vg C Vj,. It turns out that all results generalize to the case where
the standard finite element space Vy on the coarse level is replaced with some general
(possibly mesh free) coarse space VH C Vj, with a local basis {(ﬁ i}jess J being some
finite index set. Precise necessary conditions for the theory read:
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(a) Local support and finite overlap. For all j € J, diam(supp ¢ i) S H and there
is a finite number C,) independent of H such that no point x € €2 belongs to the
support of more than C,) basis functions.

(b) Non-negativity, continuity and boundedness. For all j € J, ¢ j 2 — [0,1]1is
continuous and ||V<,z~5j | ooy < H™L

(¢) Fartition of unity up to a boundary strip. For all x € €2, itholds thatdist(x, 9€2) <
H or Zje] $j(x) =1

(v,dzj)Lz(Q) 7
J€) (1,6) 20
for v € V, satisfies the required stability and approximation properties. Their proofs
may easily be extracted from [9], where a slightly modified operator is considered.
For details regarding the generalization of the decompositions and error bounds of this
paper to some general coarse space characterized by (a)—(c), we refer to [15], where
everything (including the exponential decay of the coarse basis and its localization)
has been worked out for a linear boundary value problem.

The conditions (a)—(c) are natural conditions for general coarse spaces used in
domain decomposition methods and algebraic multigrid methods; see [36, Ch. 3.10]
for an overview and [32] for a particular construction without any coarse mesh. A
very simple mesh-based construction which remains very close to the standard finite
element space Vg can be found in [35, Section 2.2] and works as follows. Given some
regular fine mesh 7j, consider an arbitrary regular quasi-uniform coarse mesh 7y with
H > h. Let V), (resp. Vg) be the corresponding finite element space of continuous
Tn-piecewise (resp. Tr-piecewise) affine functions and let / ;l"’dal : Vg C CUQ) —
V), denote the nodal interpolation operator with respect to the fine mesh. The nodal
interpolation of standard nodal basis functions of the coarse mesh defines a nested
initial coarse space

Under the conditions (a)—(c), the operator Zy, defined by Zyv := >

Vi := span {I}l‘(’dalq&z Iz e NH} C Vi 6.5)

and V; :== (1 —Pr) ‘N/Lq is the corresponding coarse space of our method. The desired
properties (a)—(c) of Vg are proven in [35, Lemma 2.1]. Section 7.3 shows numerical
results based on this construction.

6.3 Postprocessing

As already mentioned in the introduction, the two-grid method of [37] allows a certain
post-processing (solution of linear problems on the fine scale) of coarse eigenpairs. So
far, this method was mainly used to post-process approximate eigenpairs of standard
finite element approximations on a coarse mesh, i.e., approximations with respect
to the space V. However, the framework presented in [37] is more general and
readily applies to the modified coarse space V.. Given some approximate eigenpair

(Xg), u((f)) € Rx V, with ||u§z) || = 1thatsolves (4.7), the post-processed approximate
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©)

eigenfunction u

¢ € Vj is characterized uniquely by

¢ ¢
a (uhos v) = 1 @ )20 (6.6)
for all v € V},. The corresponding post-processed eigenvalue is

(9] ©

a(uc,post’ uc,post

) N
)‘H,post T

. (6.7)
(9] ©)
(uc,post ) uc,post)Lz(Q)

The error analysis of [37] relies solely on the nestedness V. C Vj, and, in essence,
yields the error estimates

NG

H,post c,post

2 2
S (M7 =AY (M) g = w02,

0 4 ¢
=] = M = i

The first estimate follows from (5.15) which remains valid for ué‘v’) and Ag) replaced

. 0 0 . .
with Ue post and A H.post* The second estimate follows from the construction and stan-

dard inequalities (cf. [37, Eq. (4.3)]). Hence, with uﬁlg) suitably chosen, Theorems 5.2
and 5.3 imply that the error of the post-processed eigenvalues (resp. post-processed
eigenfunctions) is at least of order H® (resp. H*). As for all our previous results, the
rates do not depend on any regularity of the eigenfunctions. In the third numerical
experiment of Sect. 7 we will also show results for this post-processing technique.

6.4 Complexity

Finally, we shall comment on the overall complexity of our approach. Consider quasi-
uniform meshes of size H and & and corresponding conforming first-order finite
element spaces Vg and V). We want to approximate the eigenvalues related to Vj,.

In order to set up the coarse space V., we need to solve Ny linear problems with
approximately k¢ Nj, /Ny degrees of freedom each; the parameter k being the trun-
cation parameter as above. Since almost linear complexity is possible (using, e.g.,
multilevel preconditioning techniques), the cost for solving one of these problems up
to a given accuracy is proportional to the number of degrees of freedom N, /Ny up
to possible logarithmic factors. This yields an overall complexity of k¢ Ny, log(Ny,)
(resp. Ny Ny, log(Np) if k? > Ng) for setting up the coarse problem. Note that this
effort can be reduced drastically either by considering the independence of the linear
problems in terms of parallelism or by exploiting a possible periodicity in the problem
and the mesh. In the latter case, only very few of the problems have to be computed
because all the other ones are equivalent up to translation or rotation of coordinates.

On top of the assembling, an Ny -dimensional eigenvalue problem is to be solved.
The complexity of this depends only on Ny, the number of eigenvalues of interest,
and the truncation parameter k but not on the critically large parameter Ny,.
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Fig. 1 Initial uniform
triangulation of the L-shape
domain (5 degrees of freedom)

The cost of the post-processing presented in Sect. 6.3 is proportional to one fine
solve for each eigenpair of interest, i.e., proportional to N, up to some logarithmic
factor.

7 Numerical experiments

Three numerical experiments shall illustrate our theoretical results. While the first
two experiments consider nested coarse and fine meshes, the third experiments uses
the generalized coarsening strategy of Sect. 6.2. In all experiments, we focus on the
case without localization. The localization (as discussed in Sect. 6.1) has been studied
extensively for the linear problem in [14,15,25] and for semi-linear problems in [17].
In the present context of eigenvalue approximation, we are interested in observing
the enormous convergence rate which is 4 or higher for the eigenvalues. In order to
achieve this rate also with truncation, patches have to be large (at least 4 layers of
elements) which pays off only asymptotically when H is small enough.

7.1 Constant coefficient on L-shaped domain

LetQ = (—1, 1)? \ [0, 112 be the L-shaped domain. Consider the constant scalar coef-
ficient A; = 1 and uniform coarse meshes with mesh widths V2H = -1 .., 2
of Q2 as depicted in Fig. 1.

The reference mesh 7;, has maximal mesh width 7 = 27 /4/2. We consider some
P1 conforming finite element approximation of the eigenvalues on the reference mesh
T and compare these discrete eigenvalues )\;f) with coarse scale approximations
depending on the coarse mesh size H.

Table 1 shows results for the case without truncation, i.e., all linear problems have

been solved on the whole of 2.
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ROBNO

Table 1 Errors e(Z)(H ) =: HA(Z)}‘ for ¢ =1, ..., 20, constant coefficient A, and various choices of
the coarse mesh size H !

¢ 0 O 1/24/2) ¢ (1/44/2) O (1/82) O (1/16+/2)
1 9.6436568 0.004161918 0.000041786 0.000000696 0.000000014
2 15.1989733 0.009683715 0.000083718 0.000000888 0.000000011
3 19.7421815 0.024238729 0.000199984 0.000001930 0.000000022
4 29.5280022 0.084950011 0.000679046 0.000006309 0.000000074
5 31.9266947 0.120246865 0.001032557 0.000011298 0.000000169
6 41.4911125 - 0.002220585 0.000019622 0.000000264
7 449620831 - 0.002837949 0.000022540 0.000000257
8 49.3631818 - 0.003535358 0.000027368 0.000000295
9 49.3655616 - 0.004143842 0.000031434 0.000000343
10 56.7367306 - 0.006494922 0.000052862 0.000000606
11 65.4137240 - 0.013504833 0.000094150 0.000000995
12 71.0950435 - 0.013314963 0.000095197 0.000001077
13 71.6015951 - 0.011792861 0.000084001 0.000000851
14 79.0044010 - 0.021302527 0.000155038 0.000001526
15 89.3721008 - 0.038951872 0.000233603 0.000002613
16 92.3686575 - 0.042125029 0.000253278 0.000002442
17 97.4392146 - 0.033015921 0.000254700 0.000002435
18 98.7544790 - 0.039634464 0.000264156 0.000002482
19 98.7545515 - 0.046865242 0.000268012 0.000002500
20 101.6764284 - 0.045797998 0.000311683 0.000003071

10000

100

Fig. 2 Scalar coefficient A, used in the second numerical experiment and initial uniform triangulation of
the unit square (1 degree of freedom)

For fixed ¢, the rate of convergence of the eigenvalue error )\%) — )Lgf) in terms
of H observed in Table 1 is between 6 and 7 which is even better than predicted in
Theorem 5.2 and in Remark 5.1.
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ROBNO
Table 2 Errors e(® (H) =: HA(Z) hfore=1,...,20, rough coefficient Ay, and various choices of the
coarse mesh size H !
¢ 0 O 1/24/2) ¢ (1/44/2) O (1/8v2) ¢ (1/16v/2)
1 21.4144522 5.472755371 0.237181706 0.010328293 0.000781683
2 40.9134676 - 0.649080539 0.032761482 0.002447049
3 44.1561133 - 1.687388874 0.097540102 0.004131422
4 60.8278691 - 1.648439518 0.028076168 0.002079812
5 65.6962136 - 2.071005692 0.247424446 0.006569640
6 70.1273082 - 4.265936007 0.232458016 0.016551520
7 82.2960238 - 3.632888104 0.355050163 0.013987920
8 92.8677605 - 6.850048057 0.377881216 0.049841235
9 99.6061234 - 10.305084010 0.469770376 0.026027378
10 109.1543283 - - 0.476741452 0.005606426
11 129.3741945 - - 0.505888044 0.062382302
12 138.2164330 - - 0.554736550 0.039487317
13 141.5464639 - - 0.540480876 0.043935515
14 145.7469718 - - 0.765411709 0.034249528
15 152.6283573 - - 0.712383825 0.024716759
16 155.2965039 - - 0.761104705 0.026228034
17 158.2610708 - - 0.749058367 0.091826207
18 164.1452194 - - 0.840736127 0.118353184
19 171.1756923 - - 0.946719951 0.111314058
20 179.3917590 - - 0.928617606 0.119627862
7.2 Rough coefficient with multiscale features
Let © := (0,1)? be the unit square. The scalar coefficient A, (see Fig. 2) is

piecewise constant with respect to the uniform Cartesian grid of width 276, Its
values are taken from the data of the SPE10 benchmark, see http://www.spe.org/
web/csp/. The coefficient is highly varying and strongly heterogeneous. The contrast
for A, is large, f(A2)/a(Ay) =~ 4 - 10°. Consider uniform coarse meshes of size
V2H =2"1272 274 ofQ (cf. Fig. 2). Note that none of these meshes resolves
the rough coefficient A, appropriately. Hence, (local) regularity cannot be exploited
on coarse meshes.

Again, the reference mesh 7;, has width 2 = 27 /+/2 and we compare the discrete
eigenvalues )Lgf) (with respect to some P 1 conforming finite element approximation of
the eigenvalues on the reference mesh 7;) with coarse scale approximations depend-
ing on the coarse mesh size H. Table 2 shows the errors and allows us to estimate the
average rate around 4 which matches our expectation from the theory. We emphasize
that the large contrast does not seem to affect the accuracy of our method in approx-
imating the eigenvalues )Lgf). However, the accuracy of )\ﬁf) may be affected by the
high contrast and the lack of regularity caused by the coefficient.
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Fig. 3 Left Scalar coefficient A3 used in the third numerical experiment. A3 takes the value 100 in the
gray shaded inclusions and the value 1 elsewhere. Right Un structured fine mesh 7}, aligned with jumps of
the coefficient A3

Table 3 Errors () (H) =: W for¢ =1, ..., 20, coefficient A3, and various choices of the coarse
mesh size H !

¢ 0 e©(1/24/2) ¢ (1/44/2) ¢ (1/842) O (1/16/2)
1 25.6109462 0.025518831 0.000572341 0.000017083 0.000000700
2 58.9623566 - 0.005235813 0.000090490 0.000002710
3 67.5344854 - 0.006997582 0.000154850 0.000006488
4 98.2808694 - 0.023497502 0.000358178 0.000011675
5 121.2290664 - 0.052366141 0.000563438 0.000016994
6 125.2014779 - 0.066627585 0.000747688 0.000019934
7 156.0597873 - 0.145676350 0.001579177 0.000034329
8 168.2376096 - 0.095360287 0.001320185 0.000043781
9 197.4467434 - 0.343991317 0.002888471 0.000049479
10 209.4657306 - - 0.003223901 0.000056318
11 222.4472476 - - 0.003431462 0.000080284
12 245.5656759 - - 0.005906282 0.000102243
13 253.7074603 - - 0.006215809 0.000121646
14 288.0756442 - - 0.013859535 0.000180899
15 298.8903269 - - 0.010587124 0.000138404
16 311.4410556 - - 0.012159268 0.000161510
17 324.6865434 - - 0.012143676 0.000176624
18 336.7931865 - - 0.016554437 0.000233067
19 379.5697606 - - 0.023254268 0.000325324
20 386.9938901 - - 0.028772395 0.000383532
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o
Table 4 Errors e(z)(H ) =: H’p;?i;)h after post-processing for £ = 1, ..., 20, coefficient A3, and
various choices of the coarse mesh shize H
¢ a0 e©1/242) ¢ (1/44/2) ¢ (1/8v2) ¢©(1/16v/2)
1 25.6109462 0.001559704 0.000003765 0.000000008 3.5e—10
2 58.9623566 - 0.000191532 0.000000213 1.9e—08
3 67.5344854 - 0.000284980 0.000000474 0.000000001
4 98.2808694 - 0.002239689 0.000002253 0.000000004
5 121.2290664 - 0.007461217 0.000005065 0.000000008
6 125.2014779 - 0.011284614 0.000006826 0.000000008
7 156.0597873 - 0.042466017 0.000023867 0.000000024
8 168.2376096 - 0.025093182 0.000027547 0.000000042
9 197.4467434 - 0.186960343 0.000072471 0.000000051
10 209.4657306 - - 0.000105777 0.000000079
11 222.4472476 - - 0.000131569 0.000000129
12 245.5656759 - - 0.000286351 0.000000213
13 253.7074603 - - 0.000268463 0.000000255
14 288.0756442 - - 0.000915102 0.000000473
15 298.8903269 - - 0.000762135 0.000000403
16 311.4410556 - - 0.000873769 0.000000504
17 324.6865434 - - 0.000955392 0.000000642
18 336.7931865 - - 0.001335246 0.000000977
19 379.5697606 - - 0.002896202 0.000001886
20 386.9938901 - - 0.007202657 0.000001908

7.3 Particle composite modeled by an unstructured mesh

Let 2 := (0, 1)2 be the unit square. In this experiment, the scalar coefficient A3 models
heat conductivity in some model composite material with randomly dispersed circular
inclusions as depicted in Fig. 3. The coefficient A3 takes the value 100 in the gray
shaded inclusions and the value 1 elsewhere. In order to resolve the discontinuities, we
simply align the fine mesh 7;, with the boundaries of the inclusions (see Fig. 3). The
mesh size of 7}, satisfies 272 < h < 277, Note that this fine mesh 7}, is solely based on
geometric resolution and shape regularity. The grading towards the inclusions is not
adapted to the characteristic behavior of the eigenfunctions. However, this mesh might
be the actual output of some commercial mesh generator or modeling tool. Sufficient
resolution could be achieved with fewer degrees of freedom, however, this would
require more sophisticated discretization spaces; we refer to [7,28,29] for possible
choices and further references.

As in the previous experiment, we consider uniform coarse meshes of size ﬁH =
27122 274 of Q(cf. Fig. 2). Note that these meshes neither resolves the coef-
ficient A3 appropriately nor can be refined to 7j, in a nested way. For the construction
of the upscaling approximation we employ the generalized coarse space defined in
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(6.5) in Sect. 6.2. We compare the discrete eigenvalues )»SZ) (with respect to some P 1
conforming finite element approximation of the eigenvalues on the reference mesh 7j)
with coarse scale approximations depending on the coarse discretization parameter H.
Table 3 shows the results which clearly support our claim that the nestedness of coarse
and fine meshes is not essential and that upscaling far beyond the characteristic length
scales of the problem (i.e., the radii of the inclusions and their distances) is possible.

For this problem, we have also computed the post-processed approximations
according to Sect. 6.3. Table 4 shows the error for the eigenvalues which are more
accurate by several orders of magnitude. The experimental rates are roughly between
5 and 6 in Table 3 without post-processing and around 9 to 10 after post-processing
in Table 4.

References

1. Banjai, L., Borm, S., Sauter, S.: FEM for elliptic eigenvalue problems: how coarse can the coarsest
mesh be chosen? An experimental study. Comput. Vis. Sci. 11(4-6), 363-372 (2008)

2. Birkhoff, G., de Boor, C., Swartz, B., Wendroff, B.: Rayleigh—Ritz approximation by piecewise cubic
polynomials. STAM J. Numer. Anal. 3, 188-203 (1966)

3. Bank, R.E., Grubisi¢, L., Ovall, J.S.: A framework for robust eigenvalue and eigenvector error estima-
tion and Ritz value convergence enhancement. Appl. Numer. Math. 66, 1-29 (2013)

4. Boffi, D.: Finite element approximation of eigenvalue problems. Acta Numer. 19, 1-120 (2010)

5. Carstensen, C., Gedicke, J.: An oscillation-free adaptive FEM for symmetric eigenvalue problems.
Numer. Math. 118(3), 401427 (2011)

6. Carstensen, C., Gedicke, J.: An adaptive finite element eigenvalue solver of asymptotic quasi-optimal
computational complexity. SIAM J. Numer. Anal. 50(3), 1029-1057 (2012)

7. Chu, C.-C., Graham, I.G., Hou, T.-Y.: A new multiscale finite element method for high-contrast elliptic
interface problems. Math. Comput. 79(272), 1915-1955 (2010)

8. Ciarlet, P.G.: The Finite Element Method for Elliptic Problems. North-Holland, Amsterdam (1987)

9. Carstensen, C., Verfiirth, R.: Edge residuals dominate a posteriori error estimates for low order finite
element methods. STAM J. Numer. Anal. 36(5), 1571-1587 (1999). (electronic)

10. Durén, R.G., Padra, C., Rodriguez, R.: A posteriori error estimates for the finite element approximation
of eigenvalue problems. Math. Models Methods Appl. Sci. 13(8), 1219-1229 (2003)

11. Giani, S., Graham, [.G.: A convergent adaptive method for elliptic eigenvalue problems. SIAM 1J.
Numer. Anal. 47(2), 1067-1091 (2009)

12. Garau, E.M., Morin, P., Zuppa, C.: Convergence of adaptive finite element methods for eigenvalue
problems. Math. Models Methods Appl. Sci. 19(5), 721-747 (2009)

13. Hackbusch, W.: On the computation of approximate eigenvalues and eigenfunctions of elliptic operators
by means of a multi-grid method. SIAM J. Numer. Anal. 16(2), 201-215 (1979)

14. Henning, P., Malqvist, A.: Localized orthogonal decomposition techniques for boundary value prob-
lems. SIAM J. Sci. Comput. 36(4), A1609-A1634 (2014)

15. Henning, P., Morgenstern, P., Peterseim, D.: Multiscale partition of unity. In: Griebel, M., Schweitzer,
M.A. (eds.) Meshfree Methods for Partial Differential Equations VII, Lecture Notes in Computational
Science and Engineering, vol. 100. Springer, New York (2014)

16. Henning, P., Malqvist, A., Peterseim, D.: Two-level discretization techniques for ground state compu-
tations of Bose—Einstein condensates. SIAM J. Numer. Anal. 52(4), 1525-1550 (2014)

17. Henning, P., Mélqvist, A., Peterseim, D.: A localized orthogonal decomposition method for semi-linear
elliptic problems. ESAIM. Math. Model. Numer. Anal. 48, 1331-1349 (2014). 9

18. Henning, P., Peterseim, D.: Oversampling for the multiscale finite element method. Multiscale Model.
Simul. 11(4), 1149-1175 (2013)

19. Knyazev, A.V., Neymeyr, K.: Efficient solution of symmetric eigenvalue problems using multigrid
preconditioners in the locally optimal block conjugate gradient method. Tenth Copper Mountain Con-
ference on Multigrid Methods (Copper Mountain, CO, 2001). Electron. Trans. Numer. Anal. 15, 38-55
(2003). (electronic)

@ Springer



C.1

Computation of eigenvalues by numerical upscaling 361

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Knyazev, A.V., Neymeyr, K.: A geometric theory for preconditioned inverse iteration. III. A short and
sharp convergence estimate for generalized eigenvalue problems. Special issue on accurate solution of
eigenvalue problems (Hagen, 2000). Linear Algebra Appl. 358, 95-114 (2003)

Knyazev, A.V., Osborn, J.E.: New a priori FEM error estimates for eigenvalues. STAM J. Numer. Anal.
43(6), 2647-2667 (2006). (electronic)

Larson, M.G.: A posteriori and a priori error analysis for finite element approximations of self-adjoint
elliptic eigenvalue problems. STAM J. Numer. Anal. 38(2), 608—625 (2000). (electronic)

Lehoucq, R.B., Sorensen, D.C., Yang, C.: ARPACK users’ guide, volume 6 of Software, Environments,
and Tools. Solution of Large-Scale Eigenvalue Problems with Implicitly Restarted Arnoldi Methods.
Society for Industrial and Applied Mathematics (STAM), Philadelphia (1998)

Mehrmann, V., Miedlar, A.: Adaptive computation of smallest eigenvalues of self-adjoint elliptic partial
differential equations. Numer. Linear Algebra Appl. 18(3), 387-409 (2011)

Malqvist, A., Peterseim, D.: Localization of elliptic multiscale problems. Math. Comput. 83(290),
2583-2603 (2014)

Neymeyr, K.: A posteriori error estimation for elliptic eigenproblems. Numer. Linear Algebra Appl.
9(4), 263-279 (2002)

Neymeyr, K.: Solving mesh eigenproblems with multigrid efficiency. In: Numerical Methods for Sci-
entific Computing. Variational Problems and Applications. Internat. Center Numer. Methods Eng.
(CIMNE), Barcelona, pp. 176—184 (2003)

Peterseim, D., Carstensen, C.: Finite element network approximation of conductivity in particle com-
posites. Numer. Math. 124(1), 73-97 (2013)

Peterseim, D.: Composite finite elements for elliptic interface problems. Math. Comput. 83(290),
2657-2674 (2014)

Poincaré, H.: Sur les Equations aux Derivees Partielles de la Physique Mathematique. Am. J. Math.
12(3), 211-294 (1890)

Peterseim, D., Sauter, S.: Finite elements for elliptic problems with highly varying, nonperiodic diffu-
sion matrix. Multiscale Model. Simul. 10(3), 665-695 (2012)

Sarkis, M.: Partition of unity coarse spaces and Schwarz methods with harmonic overlap. In Recent
developments in domain decomposition methods (Ziirich, 2001), Lect. Notes Comput. Sci. Eng., vol.
23. Springer, Berlin, pp. pages 77-94 (2002)

Sauter, S.: hp-finite elements for elliptic eigenvalue problems: error estimates which are explicit with
respect to A, A, and p. STAM J. Numer. Anal. 48(1), 95-108 (2010)

Strang, G., Fix, G. J.: An Analysis of the Finite Element Method, Prentice-Hall Series in Automatic
Computation. Prentice-Hall Inc., Englewood Cliffs (1973)

Scheichl, R., Vassilevski, P.S., Zikatanov, L.T.: Weak approximation properties of elliptic projections
with functional constraints. Multiscale Model. Simul. 9(4), 1677-1699 (2011)

Toselli, A., Widlund, O.: Domain Decomposition Methods—Algorithms and Theory, Springer Series
in Computational Mathematics, vol. 34. Springer, Berlin (2005)

Xu, J., Zhou, A.: A two-grid discretization scheme for eigenvalue problems. Math. Comput. 70(233),
17-25 (2001)

@ Springer

183



184



C.2 Two-level discretization of Bose-Einstein condensates 185

C.2 Two-level discretization techniques for ground state computations of
Bose-Einstein condensates
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TWO-LEVEL DISCRETIZATION TECHNIQUES FOR GROUND
STATE COMPUTATIONS OF BOSE-EINSTEIN CONDENSATES*

PATRICK HENNINGT, AXEL MALQVIST!, AND DANIEL PETERSEIMS

Abstract. This work presents a new methodology for computing ground states of Bose—Einstein
condensates based on finite element discretizations on two different scales of numerical resolution. In
a preprocessing step, a low-dimensional (coarse) generalized finite element space is constructed. It
is based on a local orthogonal decomposition of the solution space and exhibits high approximation
properties. The nonlinear eigenvalue problem that characterizes the ground state is solved by some
suitable iterative solver exclusively in this low-dimensional space, without significant loss of accuracy
when compared with the solution of the full fine scale problem. The preprocessing step is independent
of the types and numbers of bosons. A postprocessing step further improves the accuracy of the
method. We present rigorous a priori error estimates that predict convergence rates H3 for the
ground state eigenfunction and H* for the corresponding eigenvalue without pre-asymptotic effects;
H being the coarse scale discretization parameter. Numerical experiments indicate that these high
rates may still be pessimistic.

Key words. eigenvalue, finite element, Gross—Pitaevskii equation, numerical upscaling, two-grid
method, multiscale method

AMS subject classifications. 35Q55, 656N15, 656N25, 65N30, 81Q05
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1. Introduction. Bose—Einstein condensates (BEC) are formed when a dilute
gas of trapped bosons (of the same species) is cooled down to ultra-low temperatures
close to absolute zero [10, 19, 22, 38]. In this case, nearly all bosons are in the same
quantum mechanical state, which means that they loose their identity and become
indistinguishable from each other. The BEC therefore behaves like one “super par-
ticle” where the quantum state can be described by a single collective wave function
V. The dynamics of a BEC can be modeled by the time-dependent Gross—Pitaevskii
equation (GPE) [26, 31, 37], which is a nonlinear Schrédinger equation given by

2 Ah?aN
(1.1) ih o, = —Q—A\I/+X/;\I/+l|\lf|2\ll.
m m

Here, m denotes the atomic mass of a single boson, N is the number of bosons
(typically in the span between 103 and 107), & is the reduced Plank’s constant, and
V. is an external trapping potential that confines the system. The nonlinear term
in the equation describes the effective two-body interaction between the particles. If
the scattering length a is positive, the interaction is repulsive; if it is negative the
interaction is attractive. For a = 0 there is no interaction and (1.1) becomes the
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Schrodinger equation. The parameter a changes according to the considered species
of bosons. We only consider the case a > 0 in this paper. We are mainly interested
in the ground state solution of the problem. This stationary state of the BEC is of
practical relevance, e.g., in the context of atom lasers [35, 30, 41]. The ansatz ¥(x,t) =
ée""fu(of:)7 with the unknown chemical potential of the condensate A and a proper
nondimensionalization (x,t) + (#,1), reduces (1.1) to the time-independent GPE

1 draN
—§Au—|—Vu+/B|u]2u:)\u with = e ,
Ty

where x5 denotes the dimensionless length unit and where V' denotes the accordingly
rescaled potential. (See, e.g., [8] for a derivation of the time-independent GPE.) The
ground state of the BEC is the lowest energy state of the system and is therefore
stable. It minimizes the corresponding energy

1
E(v) = / —\Vv\z + V\U\Q + é\v]4 dz
a2 2

among all L?-normalized H! functions. For any L?-normalized minimizer u, A =
E(u)+ §|\u]]4i4(Rd) is the smallest eigenvalue of the GPE. In this paper, we shall focus
on the computation of this ground state eigenvalue. Eigenfunctions whose energies are
larger than the minimum energy are called excited states of the BEC and are not sta-
ble in general but may satisfy relaxed concepts of stability such as metastability (see
[36]). Numerical approaches for the computation of ground states of a BEC typically
involve an iterative algorithm that starts with a given initial value and diminishes the
energy of the density functional F in each iteration step. Different methodologies are
possible: methods related to normalized gradient flows [5, 3, 1, 2, 5, 7, 24, 6, 9, 20],
methods based on a direct minimization of the energy functional [8, 11], explicit
imaginary-time marching [32], the DIIS method (direct inversion in the iterated sub-
space) [40, 16], or the optimal damping algorithm [14, 12]. We emphasize that, in any
case, the dimensionality of the underlying space discretization is the crucial factor for
computational complexity because it determines the cost per iteration step. The aim
of this paper is to present a low-dimensional space discretization that reduces the cost
per step and, hence, speeds up the iterative solution procedure considerably. In the
literature, there are only a few contributions on rigorous numerical analysis of space
discretizations of the GPE. In particular, explicit orders of convergence are widely
missing. In [44, 17], Zhou and coworkers proved the convergence of general finite
dimensional approximations that were obtained by minimizing the energy density F
in a finite dimensional subspace of Hj(£2). This justifies, e.g., the direct minimization
approach proposed in [8]. The iteration scheme is not specified and not part of the
analysis. The results of Zhou were generalized by Cances, Chakir, and Maday [13]
allowing explicit convergence rates for finite element approximations and Fourier ex-
pansions. A priori error estimates for a conservative Crank—Nicolson finite difference
method and a semi-implicit finite difference method were derived by Bao and Cai [4].

In this work, we propose a new space discretization strategy that involves a
pre-processing step and a postprocessing step in standard P1 finite element spaces.
The preprocessing step is based on the numerical upscaling procedure suggested by
Malqvist and Peterseim [33] for linear eigenvalue problems. In this step, a low-
dimensional approximation space is assembled. The assembling is based on some
local orthogonal decomposition that incorporates problem-specific information. The
constructed space exhibits high approximation properties. The nonlinear problem is
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then solved in this low-dimensional space by some standard iterative scheme (e.g., the
ODA [14]) with very low cost per iteration step. The postprocessing step is based
on the two-grid method suggest by Xu and Zhou [42]. We emphasize that both pre-
and postprocessing involve only the solution of linear elliptic Poisson-type problems
using standard finite elements. We give a rigorous error analysis for our strategy
to show that we can achieve convergence orders of H* for the computed eigenvalue
approximations without any preasymptotic effects. We do not focus on the itera-
tive scheme that is used for solving the discrete minimization problem. The various
choices previously mentioned, e.g., the ODA [14], are possible. Our new strategy is
particularly beneficial in experimental setups with different types of bosons, because
the results of the preprocessing step can be reused over and over again independently
of 8. Similarly, the data gained by preprocessing can be recycled for the computation
of excited states. Other applications include setups with potentials that oscillate at
a very high frequency (e.g., to investigate Josephson effects [41, 43]). Here, normally
very fine grids are required to resolve the oscillations, whereas our strategy still yields
good approximations in low-dimensional spaces and, hence, reduces the costs within
the iteration procedure tremendously.

2. Model problem. Consider the dimensionless GPE in some bounded Lip-
schitz domain Q C R? where d = 1,2,3. Since ground state solutions show an
extremely fast decay (typically exponential), the restriction to bounded domains and
homogeneous Dirichlet condition are physically justified. We seek (in the sense of dis-
tributions) the minimal eigenvalue A and corresponding L?-normalized eigenfunction

u € H}(Q) with

—div AVu + bu + Blul?u = M in Q,
u=0 on 0.

The underlying data satisfies the following assumptions:
(a) If d = 1, the domain Q is an interval. If d = 2 (resp., d = 3), Q has a
polygonal (resp., polyhedral) boundary.
(b) The diffusion coefficient A € L>°(€, ngxncfb) is a symmetric matrix-valued func-
tion with uniform spectral bounds Ymax = Ymin > 0,

(2.1) 0(A(2)) C [Ymin, Ymax] for almost all z € Q.

(c) b€ L?(Q) is nonnegative (almost everywhere).
(d) B € R is nonnegative.
The weak solution of the GPE minmizes the energy functional E: H} (Q)—R given by

1

E(¢) := 5/9/1V¢-V¢dx+%/ﬂb¢2daz+i/ﬂﬂw‘lda: for ¢ € Hy(9).

Problem 2.1 (weak formulation of the GPE). Find u € Hg(f2) such that u > 0
a.e. in Q, |lul|z2(q) = 1, and
E(u)= inf E(v).
() et (v)

||UHL2(Q):1

It is well known (see, e.g., [31] and [13]) that there exists a unique solution u €
H}(Q) of Problem 2.1. This solution u is continuous in Q and positive in Q. The
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corresponding eigenvalue A := 2FE(u) +2_1B||u||‘i4(m of the GPE is real, positive, and
simple. Observe that the eigenpair (u, \) satisfies

/QAVu-v¢dx+/gbu¢dx+/gﬁ|u12u¢dx:A/dex

for all ¢ € H}(Q). Moreover, A is the smallest among all possible eigenvalues and
satisfies the a priori bound A < 4E(u).

3. Discretization. This section recalls classical finite element discretizations
and presents novel two-grid approaches for the numerical solution of Problem 2.1.
The existence of a minimizer of the functional E in discrete spaces is easily seen.
However, uniqueness does not hold in general. We note that unlike as claimed in [44]
the uniqueness proof given in [31] does not generalize to arbitrary subspaces of the
original solution space.

Remark 3.1 (existence of discrete solutions [13]). Let W denote a finite dimen-
sional, nonempty subspace of H}(Q); then there exists a minimizer uy € W with
HUWHL2(Q) = 1, (UW, 1)L2(Q) > 0, and

E(uw) = wlggv E(w).

Hw”L?(Q):l

If (W;)ien represents a dense family of such subspaces, then any sequence of corre-
sponding minimizers (u;);eny With (u;, 1)12(q) > 0 converges to the unique solution w
of Problem 2.1.

3.1. Standard finite elements. We consider two regular simplicial meshes Tz
and 7Tp of . The finer mesh 7 is obtained from the coarse mesh Ty by regular
mesh refinement. The discretization parameters h < H represent the mesh size, i.e.,
hy = diam(T") (resp., Hy := diam(T")) for T' € T}, (resp., Tr) and h := maxper, {hr}
(resp., H := maxyer, {Hr}). For T = Ty, Th, let

Pi(T)={ve L*(Q)| for all T € T,v|r is a polynomial of total degree < 1}

denote the set of T-piecewise affine functions. Classical Hg(£2)-conforming finite
element spaces are then given by

Vi = Pi(Th) N HE(Q) and Vi == Py(Ti) N HE(Q) C V.

Note that on the fine discretization scale, a different choice of polynomial degree, e.g.,
piecewise quadratic functions, is possible. This would be a better choice for smooth
data that allows for a regular ground state. Our method and its analysis essentially
require the inclusion H}(Q) D Vi, D V. The discrete problem on the fine grid 7y,
reads as follows.

Problem 3.2 (reference finite element discretization on the fine mesh). Find
up € Vi, with (up, 1)L2(Q) >0, ||Uh||L2(Q) =1 and
(3.1) E(up) = inf  E(vp).

v EVY
thHLZ(Q):l

The corresponding eigenvalue is given by Ay := 2E(up) + 27" Bllun|| 71 (o
According to Remark 3.1, uy is not determined uniquely in general. Moreover,
Ap is not necessarily the smallest eigenvalue of the corresponding discrete eigenvalue
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problem. In what follows, uj refers to an arbitrary solution of Problem 3.2. Tt will
serve as a reference to compare further (cheaper) numerical approximations with. The
accuracy of up has been studied in [13]. Under the assumption of sufficient regularity,
optimal orders of convergence are obtained (cf. (4.5)).

3.2. Preprocessing motivated by numerical homogenization. The aim
of this paper is to accurately approximate the fine scale reference solution uj of
Problem 3.2 within some low-dimensional subspace of V},. For this purpose, we in-
troduce a two-grid upscaling discretization that was initially proposed in [34] for
the treatment of multiscale problems. The framework has been applied to nonlinear
problems in [27], to linear eigenvalue problems in [33], and in the context of the dis-
continuous Galerkin [23] and partition of unity methods [28]. This contribution aims
to generalize and analyze the methodology to the case of an eigenvalue problem with
an additional nonlinearity in the eigenfunction. We emphasize that the coexistence of
two difficulties, the nonlinear nature of the eigenproblem itself and the additional non-
linearity in the eigenfunction, requires new essential ideas far beyond simply plugging
together existing theories for the isolated difficulties.

Let Ny denote the set of interior vertices in Tg. For 2 € Ny we let &, € Vg
denote the corresponding nodal basis function with ®,(z) = 1 and ®,(y) = 0 for all
y € Nu\{z}. We define a weighted Clément-type interpolation operator (cf. [15])

, D,
(3.2) Iy : Hg(Q) =V, ve=Ig):= Z v, ®, with v, ;= m
vl (1,®.) 20

It is easily shown by Friedrichs’ inequality and the Sobolev embedding H} () <
L8(Q) (for d < 3) that

a(v, P) := /QAVU -Vodx+ /Q bvo dx for v, ¢ € Hy(Q)

defines a scalar product in Hj () and induces a norm || - || 1) := v/a(:,-) on Hj()
which is equivalent to the standard H'-norm. By means of the interpolation operator
Iy defined in (3.2), we construct an a-orthogonal decomposition of the space V}, into
a low-dimensional coarse space Vj (with favorable approximation properties) and

a high-dimensional residual space Vlfi - The residual or “fine” space is the kernel of
the interpolation operator restricted to Vj,

(3.3.a) Vlfl’h := kernel(I|v;, )-

The coarse space is simply defined as the orthogonal complement of VIf{, p in Vi, with

respect to a(-,-). It is characterized via the a-orthogonal projection Pf : H}(Q) —
VI; ;, onto the fine space given by

a(P'v, ¢) = a(v,¢) forall ¢ € Vlfl,h.
By defining P° := 1 — P!, the coarse space is given by
(3.3.b) Vi = PVy.

A basis of Vg ;, is given by (P°®.)_c, with dim Vg, = dim V. With this definition
we obtain the splitting

(3.3.c) Vie=Vg,® Vlfl,h'
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Some favorable properties of the decomposition, in particular its L?-quasi-orthogonality
are discussed in section 6.2. The minimization problem in the low-dimensional space
Vi, reads as follows.

Problem 3.3 (preprocessed approximation). Find uf € Vi, with (ug,1) > 0,
|u$|lz20) = 1, and

E(ufy) = inf  E(v°).

C C
v EVH?,L

||'UC||L2(Q):1

The corresponding eigenvalue in Vjj ), is given by Af; := 2E(uf;) + 27 Blluf[| 710 -

Remark 3.4 (practical aspects of the decomposition).

(a) The assembly of the corresponding finite element matrices requires only the
evaluation of Pf®,, i.e., the solution to one linear Poisson-type problem per
coarse vertex. This can be done in parallel. Section 3.3 below will show that
these linear problems may be restricted to local subdomains centered around
the coarse vertices without loss of accuracy. Hence, even in a serial computing
setup, the complexity of solving all corrector problems is equivalent (up to
factor |log(H)|) to the cost of solving one linear Poisson problem on the
fine mesh.

(b) The preprocessing step is independent of the parameter § which characterizes
the species of the bosons. Hence, the method becomes considerably cheaper
when experiments need to be carried out for different types and numbers of
bosons. A similar argument applies to variations on the trapping potential
b. Provided that this trapping potential is an element of H!(€) (in practical
applications it is usually even harmonic and admits the desired regularity)
the bilinear form a(-,-) (and the associated constructions of Véjh and Vg 1,)
can be restricted to the second order term fQ AVv - V¢ without a loss in
the expected convergence rates stated in Theorems 4.1 and 4.2 below. The
trapping potential may then be varied without affecting the pre-processed
space Vi ;.

(¢) Once the coarse space has been assembled it can also be reused in computa-
tions of larger eigenvalues (i.e., not only in the ground state solution).

3.3. Sparse approximations of Vi n The construction of the coarse space
Vi, 1s based on fine scale equations formulated on the whole domain €2, which makes
them expensive to compute. However, [34] shows that Pf®, decays exponentially fast
away from z. We specify this feature as follows. Let k € N denote the localization
parameter, i.e., a new discretization parameter. We define nodal patches w, j of k
coarse grid layers centered around the node z € Ny by

(3.4) Wy i=supp P, =U{T €Ty |z€T},

wep  =U{T €T | TNwy -1 #0}  for k> 2.
There exists 0 < § < 1 depending on the contrast Vin/Ymax but not on mesh sizes
h, H and fast oscillations of A such that for all vertices z € Ny and for all k € N, it
holds that

(3.5) 1P' @l 0w ) S OF PP 11 0.
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This result motivates the truncation of the computations of the basis functions to
local patches w, . We approximate ¥, = Pto, ¢ Vlg’h from (3.3.a)—(3.3.c) with

U,k € Vlth(wz,k) ={ve Vi, |vlow,, =0} such that

(3.6) a(V. 5, v) = a(®.,v) forall v e Vi, (ws ).
This yields a modified coarse space Vi ;, , with a local basis
(3.7) Vi g =span{®, —V_, |z € Ny}

The number of nonzero entries of the corresponding finite element matrices is propor-
tional to kYNg. (Note that we expect N nonzero entries without the truncation.)
Due to the exponential decay, the very weak condition k ~ |log H| implies that
the perturbation of the ideal method due to this truncation is of higher order and
forthcoming error estimates in Theorems 4.1 and 4.2 remain valid. We refer to [34]
for details and proofs. The modified localization procedure from [29] with improved
accuracy and stability properties may also be applied.

3.4. Postprocessing. Although u$; and Aj, will turn out to be highly accu-
rate approximations of the unknown solution (u, A), the orders of convergence can be
improved even further by a simple postprocessing step on the fine grid. The post-
processing applies the two-grid method originally introduced by Xu and Zhou [42]
for linear elliptic eigenvalue problems to the present equation by using our upscaled
coarse space on the coarse level.

Problem 3.5 (postprocessed approximation). Find u§ € Vj, with

/ AV -V, da:—i—/ buj ¢, d = qu/ ufypn d — / Blufy [*ufyon dz
Q Q Q Q

for all ¢, € Vj,. Define A§ := (2E(u$) —|—2*15Hu};]|‘i4(9))Hu%HZf(Q). Let us emphasize
that this approach is different from [18], where the postprecessing problem has a
different structure and where classical finite element spaces are used on both scales.

4. A-priori error estimates. This section presents the a priori error estimates
for the preprocessed/upscaled approximation with and without the postprocessing
step. Throughout this section, u € H}(Q) denotes the solution of Problem 2.1,
up, € Vi, the solution of reference Problem 3.2, uf; € Vg, the solution of Problem 3.3,
and u§ the postprocessed solution of Problem 3.5. The notation f < g abbreviates
f < Cg with some constant C' that may depend on the space dimension d, €2, Ymin,
Ymaxs ||bllL2(), B, A and interior angles of the triangulations, but not on the mesh
sizes H and h. In particular it is robust against fast oscillations of A and b.

THEOREM 4.1 (error estimates for the preprocessed approximation). Assume
that |[u — up|| g (o) S 1. For u and u$; as above, it holds that

(4.1) lu — uGll o) S H? + [l — unl| g (o)-

For sufficiently small h (in the sense of Cances, Chakir, and Maday et al. [13]), we
also have

(4.2) A= Xl + llu = w2 o) S H? + H llu = unl o).

Proof. The proof is postponed to section 6.3. d
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The additional postprocessing improves, roughly speaking, the order of accuracy
by one.

THEOREM 4.2 (error estimates for the postprocessed approximation). Assume
that h is sufficiently small. The postprocessed approximation uj and the postprocessed
eigenvalue Ay satisfy

(4.3) lu—uf || gy S H? + |lu—unll i @),
(4.4) A= X5+ lu—uf 2 S H* + Crz(h, H).

The constant Cpz2(h, H) behaves roughly like H?||u — up|| g1 (q) and can be extracted
from the proofs in section 6.4.2.

Proof. The proof is postponed to section 6.4. a

Let us emphasize that both theorems remain valid for Vj, replaced with its
sparse approximation Vg , » (cf. section 3.3) for moderate localization parameter k >
|log H]|.

We shall discuss the behavior of the fine scale errors v — uj and A — Aj,. Recall
from [13] that for a bounded domain ) with polygonal Lipschitz boundary, A €
[Whee()]4%4, and sufficiently small h, the fine scale error ||u —up| ;1 (q) satisfies the
optimal estimate

(45) ||U — uhHHl(Q) + hilH’U/ — uh||L2(Q) + h71|)\ — >\h| 5 ]’L

The proof in [13] is for constant A = 1 and hyperrectangle €2 but it is easily checked
that the estimates remain valid for any bounded domain 2 with polygonal Lips-
chitz boundary and A € [W1>°(Q)]4%4. Under these assumptions our a priori esti-
mates for the postprocessed approximation of the ground state eigenvalue summarize
as follows:

A= X5| < H* + H?h.

Hence, in this regular setting, the choice H = h'/? ensures that the loss of accuracy
is negligible when compared to the accuracy of the expensive full fine scale approxi-
mation \,. However, with regard to the numerical experiment in section 5.1 below,
this choice might be pessimistic.

Moreover, note that the fine scale error depends crucially on higher Sobolev reg-
ularity of the solution, whereas our estimates for the coarse scale error require only
minimal regularity that holds under assumptions (a)—(d) in section 2. Thus, we be-
lieve that in a less regular setting, even coarser choices of H relative to h will balance
the discretization errors on the coarse and the fine scale.

5. Numerical experiments. Any numerical approach for the computation of
ground states of a BEC involves an iterative algorithm that starts with a given initial
value and diminishes the energy of the density functional E in each iteration step. In
this contribution, we use the optimal damping algorithm (ODA) originally developed
by Cances and Le Bris [14, 12] for the Hartree-Fock equations, since it suits our
preprocessing framework. The ODA involves solving a linear eigenvalue problem in
each iteration step. However, after preprocessing, these linear eigenvalue problems
are very low dimensional and the precomputed basis of Vj; ;, can be reused for each of
these problems, making the iterations extremely cheap. The approximations produced
by the ODA are known to rapidly converge to a solution of the discrete minimization
problem. (See [21] and [12] for a proof in the setting of the Hartree-Fock equations.)
All subsequent numerical experiments have been performed using MATLAB.
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5.1. Numerical results for harmonic potential. In this section, we choose
the smooth experimental setup of [13, section 4, p. 109; Figure 2], i.e., Q := (0, )2,
b(z1,22) = 23 + 23, A =1, 8 = 1 and with homogeneous Dirichlet boundary con-
dition. Our method depends basically on three parameters: the coarse mesh size
H, the fine mesh size h, and the localization parameter k (cf. section 3.3 and [29]).
In all computations of this section we couple k to the coarse mesh size by choosing
k = 2log, H. This choice is made such that the error of localization is negligible
when compared with the errors committed by the fine scale discretization and the
upscaling. All approximations are computed with the ODA method as presented in
[21, section 2] with accuracy parameter eopa = 10714,

5.1.1. Comparison with full fine scale approximation. In the first exper-
iment, we consider uniform coarse meshes 7y with mesh width parameters H =
27 r 2721, ..., 2741 of Q. The fine mesh 7, for the pre- and postprocessing has
width A = 2777 and remains fixed. We study the error committed by coarsening
from a fine scale h to several coarse scales H, i.e., we study the distance between
the ground state (up, Ap) of Problem 3.2 and either the coarse scale approximation
(u$y, Agy) of Problem 3.3 (with underlying fine scale h) or its postprocessed version
(us,, A,) of Problem 3.5. Our theoretical results do not allow predictions about the
coarsening error. Most likely, this is an artifact of our theory and we conjecture that
(un, An) and its coarse approximations (u$;, A%;) and (uf,, Af,) are in fact super-close
in the sense of

(5.1) H Yun = ull o) + lun — wllr2) + [An — A4 | S H?,

H un — u || 51y + lun — uf |2 + [An — M| S H.

This assertion is true in the limit h — 0. Section 5.1.2 supports numerically the
assertion for positive h. Figure 1 reports the numerical results. Observe that the

10 10
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0.0061H* "’ 0.0010H%%8
107 [~ - ~0.0016H%* ~* 1 402} - -0.0002H%
—10™ < ~107
()] . ()]
o - o
5 x * 5
o 1 0*6 - g 5 10—6
- 7 H
* .
-8 -8 pad
10 10 o
-10 -10
10 : 10 ‘
107" 10° 107" 10°
H (log) H (log)
Fic. 1. Results for harmonic potential. Left: Errors of preprocessed approzimation |up —

ull gy (), llun — ufyllpz) (X), and [Ap — Ag| (%) versus coarse mesh size H. Right: Er-
rors of postprocessed approzimation |up —uf|lg1(q) (+), llun —ufllL2q) (%), and [Ap — AT | (*)
versus coarse mesh size H.
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experimental rates with respect to H displayed in the figures are in fact better than
the rates indicated by Theorems 4.1-4.2 and conjectured in (5.1). The reason could
be the high regularity of the underlying (exact) solution v € H?(). We do not ex-
ploit additional regularity in our error analysis. Similar observations have been made
for the linear eigenvalue problem; see [33, Remark 3.3] for details and some justifi-
cation of higher rates under additional regularity assumptions. Our implementation
is not yet adequate for a fair comparison with regard to computational complexity
and computing times between standard fine scale finite elements and our two-level
techniques. However, to convince the reader of the potential savings in our new ap-
proach, let us mention that the number of iterations of the ODA was basically the
same for both approaches in all numerical experiments. This statement applies as
well to more challenging setups with larger values of 8 (see, e.g., section 5.2 be-
low), where ODA needs many iterations to fall below some prescribed tolerance.
We thus conclude that the actual speed-up of our approach is truly reflected by
the dimension reduction from h~¢ to H~? up to the overhead O(k) = O(log|H|)
induced by slightly denser (but still sparse) finite element matrices on the coarse
level.

5.1.2. Comparison with high-resolution numerical approximation. In
the second experiment we investigate the role of the fine scale parameter h. We con-
sider uniform coarse meshes 7z with mesh width parameters H = 27 1x, ..., 2737
and uniform fine meshes 7, for h = H/4,...,27 "1 for pre- and postprocessing com-
putations. The error between the exact eigenvalue A and coarse approximations Ay,
and A is estimated via a high-resolution numerical solution on a mesh of width 2~ 7.
The results are reported in Figure 2. For clarity, we show eigenvalue errors only. We
conclude that it would have been sufficient to choose H ~ h'/3 to achieve the accuracy
of A, by our coarse approximation scheme with postprocessing.

10 : 10
——0.3828n%"" + ——0.3828n%"
107 107
S S
o o
S S
) 5
10° 10°%
4 4
10 : 10 s
107 107 10° 107 10™ 10°
h (log) h (log)

F1G. 2. Results for harmonic potential. Left: (estimated) errors of preprocessed approzimation
IN= XY | for fized values H =27 rr (+), H =227 (x), and H = 2737 (o) versus fine mesh size h.
Right: (estimated) errors of postprocessed approzimation |A — A5 | for fized values H = 274w (+),
H =221 (x), and H = 2737 (o) wersus fine mesh size h. In both plots, the (estimated) error of
the standard FEM on the fine mesh |A — Ap| (o) is depicted for reference.
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Fic. 3. Results for periodic potential. Left: Errors of preprocessed approzimation |up —
Gl gy (4)s llun — w2y (x), and [An — Ay | (x) versus coarse mesh size H. Right: Errors

of postprocessed approzimation ||up, —uj |l g1 () (+), llun —ujllL2(q) (%), and [Ap —AG| (x) versus
coarse mesh size H.

5.2. Numerical results for discontinuous periodic potential. This section
addresses the case of a BEC that is trapped in a periodic potential. Periodic potentials
are of special interest since they can be used to explore physical phenomena such as
Josephson oscillations and macroscopic quantum self-trapping of the condensate (cf.
[41, 43]). Here we use a potential b that describes a periodic array of quantum wells
that can be experimentally generated by the interference of overlapping laser beams
(cf. [39]).

Let Q = (0,7)%, A=1, and B8 = 4. Given b; = 100 and L = 4, define

0 for xe]i,%[z,
bo(xy,x2) 1=
by else

and the potential b(x) = bo(L(x/m — %))

Consider the same numerical setup as in section 5.1.1 (i.e., we draw our attention
again to the coarsening error u;, —u$;) with the exception that we were able to reduce
the localization parameter k = log, H without affecting the best convergence rates
possible. Figure 3 reports the errors between the fine scale reference discretization
and our coarse approximations. For the discontinuous potential, the experimental
rates (with respect to H) are slightly worse than those ones observed in section 5.1.1.
However, they are still better than the rates indicated by Theorems 4.1-4.2 and
conjectured in (5.1).

6. Proofs of the main results. In this section we are concerned with proving
the main theorems.

6.1. Auxiliary results. An application of [13, Theorem 1] shows that u; and
u$; both converge to u in H*(£2), which guarantees stability.
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Remark 6.1 (stability of discrete approximations). For sufficiently small h we
have

(6.1) HuhHHl(Q) < \/ < \/X and

(6.2) lunllpacay < (Aﬁh) < (%)

The same results hold for u replaced by u$, and Aj, replaced by A}, for h and H
sufficiently small.

The bound (6.1) is obvious using ||un||z2(q) = 1 and the H'-convergence uj — u
which guarantees A\, — A. Estimate (6.2) directly follows from the definitions of A,
and Ej, which gives us A, > 2F(up) = a(up, up) + §||uh|\L4(Q) > 5HuhHL4(Q)

Remark 6.2 (L°°-bound). The solution u of Problem 2.1 is in L*>°(Q2). This
follows from the uniqueness of u € H}(Q), which shows that it is also the unique
solution of the linear elliptic problem

/Avu-v¢+bu¢dx:/f¢dx for all ¢ € H(Q),
Q Q

where f := (Au—fJul?) € L?(Q). Standard theory for linear elliptic problems (cf. [25,
Theorem 8.15, pp. 189-193]) then yields the existence of a constant ¢ only depending
on ©Q, d and [|v,,{,b||2(q) such that

(6:3)  ullzeeey < clllullz(@) + vmiall fllzzi) S 1+ lullfoq) £ 1+ lullfpq).

6.2. Properties of the coarse space V;I’h. Recall the local approximation
properties of the weighted Clément-type interpolation operator I defined in (3.2),

(6.4) Hy'o = In()lczer) + 1V(0 = In ()2 r) < Cru Vol z2or)

for allv € H}(Q). Here, Cp,, is a generic constant that depends only on interior angles
of Ty but not on the local mesh size and wr = |J{S € Tu| SNT # 0}. Furthermore,
for all v € H(Q2) and for all z € Ny it holds that

(6.5) / (v —v:)? dz < Cr, H?(| V|72,

where w, := supp(®,) and v, is given by (3.2).
LEMMA 6.3 (properties of the decomposition). The decomposition of Vi, into Vi
and Vi, (stated in section 3.2) is L?-orthogonal, i.e.,

(6.6) Vi =Vu & Vlfiﬁh and  (vy,v')p20) =0 for all vy € Vi, v' € VIth.
The decomposition of Vi in Vi, and VIf{’h is a-orthogonal

(6.7) Vie=Vg,® Vlf,’h and a(v®,v') =0 for all v° € Vi b ol € Véyh
and L?-quasi-orthogonal in the sense that

(6.8) (v°,0) 22() S H?[Vo°|lL2(0) V|| 220

Proof. The proof is verbatim the same as in [33]. a
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The following lemma estimates the error of the best approximation in the modified
coarse space Vy . The lemma is also implicitly required each time that we use the
abstract error estimates stated in [13, Theorem 1]. These estimates require a family
of finite dimensional spaces that is dense in H} (). This density property is implied
by the following lemma.

LEMMA 6.4 (approximation property of Vi, ). For any given v € HY(Q) with
div AVv € L?(Q) it holds that

inf H’U—’U}:{HHl(Q) SHHleAV’U-f-b’UH[;(Q) +

inf — .
v EVE vhl,relvh v —vnllE1 ()

Proof. Given v, define f, := div AVv + bv € L*(Q) (since v € L*>(2)) and let
v, € V3, denote the corresponding finite element approximation, i.e.,

a(vn, ¢n) = (fo, ¢n)r2)  for all ¢p € Vi,

With v := Py, € Vjg;,, Galerkin orthogonality leads to

(

)
IAY2% (vn, — v 720 a(vn, P'vn) = (fu, P'on)L2(q)

6.7
<
(6.4)
—-1/2
< e NH Foll 2 |42V (o = v51) | 20y
This, the triangle inequality, and norm equivalences readily yield the assertion. 0
Next, we show that there exists an element u® = Py, in the space Vi, that
approximates uy in the energy norm with an accuracy of order O(H?).

LEMMA 6.5 (stability and approximability of the reference solution). Let (up, An) €
Vi, x R solve Problem 3.2. Then it holds that

| P un|lmr ) < VA,
[1Peun, — unll ) = | Prunlla@) S H? + Hllu = unl| i (),

(Pcuh, PfUh)LQ(Q) S (H2 + HHU — Uh“Hl(Q)) HQ.
Proof. Recall || - || g1 (q) := v/a(-,-). Since P¢ is a projection, we have

||Pcuh’|%rl(9) < HUhH%rl(Q) = )\hHUhH%%Q) - 5||Uh\|%4(ﬂ) < An-
The a-orthogonality of (3.3.c) further yields
(6.9) P un| 3 0y = a(P un, Plup) = a(un, P'uy)
= )\h(uh, (1 — IH)Pfuh)Lz(Q) — B(UB, Pfuh)L2(Q)
- B(uz — US, Pfuh)LZ(Q).

The first term on the right-hand side of (6.9) can be bounded using Iy (Pfu;,) = 0,
the L2-orthogonality (6.6), and the estimates for the weighted Clément interpolation
operator (6.4)

(610) )\h(uh, (1 — IH)Pf’LLh)Lz(Q) = /\h((l — IH)uh, (1 — IH)Pfuh)Lz(Q)

S MH? |un | g o) | Prun | 1 (q)-
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Since u € L>(Q) we have V(u?) = 3u?Vu € L?(Q) and, hence, the second term on
the right-hand side of (6.9) can be bounded as follows:

(6.11)

(6.5)
(6.3)
S H |l g |1 PRl s o

~

Since u; — u? = (u? + upu + u?)(up — u), the third term on the right-hand side of
(6.9) can be estimated by

(6.12) B(up — u®, Plun) 2y S lllul + lunllZeoy llun — wll Loy | (1 = Ta) Plunl| 22 ()

S Hllu— unl o o) | Prunl o))

where we used (6.1) and the embedding |||u| + |un|||ze) S |ullmrQ) + lunlla(@)-
The combination of (6.9)—(6.12) readily yields

P unll ) S H + |lu— unll7 o
The third assertion follows from the previous ones and

(Pcuh,Pfuh)Lz(Q) = ((1 — IH)PCuh, (1 - IH)Pfuh)Lz(Q)
S HQHPCuhHHl(Q)HPfuhHHl(Q)- a

6.3. Proof of Theorem 4.1. We split the proof into two parts: the estimate
for the H'-error and the estimate for the L%-error.

6.3.1. Proof of the H!-error estimate (4.1). We proceed similarly as in
[13]. The proof is divided into four steps. In the first step, we derive an identical
formulation of some energy difference. The identity is used in Step 2 to establish
the inequality |luf, — UH%”(Q) < E(uf) — E(u). Since uf, is a minimizer, we can
replace E(uf,) by E(wf) in the estimate for an arbitrary L*-normalized wj, € Vi .
Puy,

= —-—2— and show that the perturbation introduced
[P uh”LQ(Q)

In Step 3, we choose wy, :

via normalization is of high order (~ H?). In Step 4, we use Step 3 to estimate
E(wf) — E(u).
Step 1. Given some arbitrary w € Hg(Q) with [|wl|z2(q) = 1, we show that

(6.13) E(w)—E(u) = %a(w —u,w —u) + §(|u|2(w — ), W — U)2()
Dl = 2Pl + ', 1) 20y — Al — .

First, using [|ul|z2() = [|[w|/12() = 1 we get

(6.14) Mu = w,u—w)r2(0) = Mull720) — 2Mu, w)12(0) + AullZ2 (o)

= —2Mu,w — u)r2(q)

= —2a(u,w — u) — 28(|u[*u, w — u)r2(q).
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This yields

a(w, w) + B(|lul*w,w)r2(0) — al(u,u) — B(lul*u,u)r2(q)
=" a(w,w) — 2a(u,w) + a(u,u)
+ B(|ulPw, w) 2 ) — 28(Jul*u, w) 20y + Blul*u, u)L2(q)
— Mw —u, w —u)r2(q)

—  aw—u,w— ) + B(lu(w — ), w — ) 2y — Mw — ulla).

Plugging this last equality into the equation

2FE(w) — 2E(u) = a(w,w) + g(\wlzw,w)Lz(Q) —a(u,u) (Ju]?u, u)2(q)

2
leads to (6.13).

Step 2. Using (6.13) with w = uj, and the fact that there exists some ¢y (inde-
pendent of H and h) such that a(u—uf,, u—uf,) + ((Blul* = ) (u —uf), u—u§) 2(0) >
collu — uﬁ“%l(ﬂ) (cf. [13, Lemma 1]), we get

C 1 C C /B C C
E(uy,) — E(u) = §a(uh —u,up, —u) + §(|U|2(Uh —u),up, — U)r2(q)
B 1
+ Z(|U’4 — 20ul?|ug [ + |ug|*, 1) L2 (0) — 5)\HU2 — ul|Z2 (0

B

€Oy, c c
2 5”% —ullF ) + Z|HU|2 = [u * 172 (0)-
Step 3. Using the result of step two yields
luf, = ullFr oy S E(uf) — E(u) < B(wf) — E(u)

2 ~ . __P°
for any L*-normalized wj, € Vj; ;. We choose wy, := m and observe that we
get, with Lemma 6.5, that

(6.15)
[Peun — wi || 2y = |1 = [1P°unl 2| < 1P unllz2(@) = 1P un = L (Pun)|| 12(q)
S H|Plunllm) S Hllu— unllzn o) + H

and consequently

(6.16)

11— || Peun|| L2(e) |
| Peun|| 2 ()

[ Peun — w510 = 1P unll ) S Hllu—unllip o + H,

where we used [|u —un || g1 () S 1 (implying || Pup||g1o) S 1 and || Pupl[r2) 2 1).
Step 4. Using again (6.13) leads to

2B (wj,) — 2B(u) = |wf, — ull 1 () + Blul*(w), —u), wh — w)r2(e)
B
+ 5(|U!4 = 2Jul?|wf 2 + |wf %, 1) 2 (9) = Mw), = ullZ2(q)-
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The Holder inequality

(6.17) (Jul?, Ju = wi [*) 220 < llullfooy v — will 2@y lu — whllzs

yields the estimate

C I /8 c 2
B(lul?(wf, — w),wf, —u)r2@) + = [ (Ju* = |wi|*)” do
2 Jo

) ) (¢ C B C C
< BHUH%G(Q)HU — w22 lu — wh | s @) + 5((|U| + |wh\)27 u— wh|2)L2(Q)

(6.17)
< BCIullFe + 1wi s o)l — will 2o lu = wh | Lo

S llu = willzeo) + lu — i 7 @

for the terms involving 8. The combination of the previous results with Lemma 6.5
and estimates (6.15) and (6.16) gives us

luf, = ullip @) S B(uf) — B(u) < E(w}) - E(u) S |Jw, = ullfnq)
S llu = Plunll ) + 1Pun — will 1 q)
< (=l + H2)"
6.3.2. Proof of the L2-error estimate (4.2). In the following, we let the
bilinear form cy ., : H3 (Q) x HE(2) — R be given by
(v, w) = /QAVU - Vw + bow + 36|u*vw dz — )\/va dx

and we define the space

Vi 1= {v € HY(Q) (v.u) 2y = 0},
For w € H}(Q) we let v, € V.- denote the unique solution (see Lemma 6.6 below) of
(6.18) Cau(Pw,v1) = (w,v1) 200y forall vy € VUL.

The subsequent lemma applies the abstract L?-error estimate, obtained by Cances,
Chakir, and Maday [13, Lemma 1, Theorem 1, and Remark 2], to our setting. Observe
that Lemma 6.4 (i.e., Vi, represents a dense family of finite dimensional subspaces
of H') is required to apply these results.

LEMMA 6.6 (abstract approximation [13]). Let h be sufficiently small; then

(6.19) A =254 S Hlu— a7 o) + llu— w2

and

(6.20) lu — ul1720) S lu—ufllao welf‘}f %us, —u — Yl 21(02)-
H,h

Furthermore, the bilinear form cxu(-,*) is a scalar product in H}(Q) and induces a
norm that is equivalent to the standard H'-norm.
Observe the following equivalence. If 1, € V.- solves

/ AV, - Voo + bibyvy + B3lul*yv) do — )\/ Vv, dr = / wv | dx
Q Q Q
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forallv, € VUL, then it also solves

/ AV - VU + bihyv + B3[ul?1h,v do — )\/ v da
Q Q

:25(u3,ww)L2(Q)/qudx%—/g(w—(w,u)Lz(Q))vdx

for all v € H} (). This can be easily seen as follows: assume div AV, € L?(Q) (the
general result follows by density arguments) and let P+ : L?(2) — V.- denote the
L?-orthogonal projection given by P*(v) :=v — (v,u)2(q). Since

/ (= div AV, + bipy, + 3BJu*thy — Aty ) v da = / wot de,
Q Q

we get

/ P (= div AV, + by + 3Bul*thw — My ) v da = / P (w)v dx
Q Q

for all v € HZ()). By using the explicit formula for P+ and the definition of u the
reformulated equation follows. Furthermore, since v, € H}(Q) solves a standard
elliptic problem, classical theory (cf. [25]) applies and we get the L>-estimate

(6.21) [[Ywllre@) S (1 +NYwllza@) + [(1ul®, dw)l + w29 £ 1+ Nlwlrz ).

LEMMA 6.7 (L2-error estimate). Let h be sufficiently small and let u denote the
solution of Problem 2.1, uf; the solution of Problem 3.3, and ¥y —ve, € V- the solution
of (6.18) for w=u—u$;. Then

e, — " (0
lu — w2 S <mm i O H ) o —u e

PheVy, HU_U%{HL?(Q)

In Lemma 6.7, the assumption that h should be sufficiently small enters by using
the L2-estimate (6.20). Note that the coarse mesh size H remains unconstrained.

Proof. We define e, := u — u$;. Using Lemma 6.6 (and therefore implicitly
Lemma 6.4) we get

) HG%HZH(Q)

(6.22 S u—us, = Vi ll@) < Nu—us, — " @) + 1905 — " (@)

ey 1 ()

for all ¥§; € Vi), and all Y™ € Vj,. Tt remains to properly choose 9" and ;. The
proof is structured as follows. We choose ¢, € V}, to be the fine space approximation of
the solution of the adjoint problem (6.18) and v, is chosen to be the a(-, -)-orthogonal
approximation of /". This guarantees that zp%—z/)h is in the kernel of our interpolation
operator (i.e., Iy (¢$;—1") = 0) and we can estimate the occurring terms while gaining
an additional error order of H. The proof is detailed in the following.

203
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Let us choose 9" := ng% , where ¢é‘% € Vj, solves

c,\7u(zpe ,vh)—2ﬁ(|u| )L2(Q)/ s da:+/(e‘}{—(e§{,u),;z(9))vh dx
Q Q

for all vy, € Vj,. The coercivity of cy, and reinterpretation of the equation in the
sense of problem (6.18) yields that 7,[)2%{ is well defined. Next, we define

g(v,w,u) := =B3ul*v + M + 28(Jul’, v) L2y + (w — (w,u) L2(0))
H,c c .
and solve for .. € V), with
/AV¢HC Vv H—i—bwc UHdm—/ (we , €%y, u)vyy do
Q

c C : h
for all vj; € Vg ;. Since equally we% €V, fulfills

/QAV¢£L% -V, + biﬂ%{vh dr = / g(w%, ey, u)vp, dx

Q

for all v, € V},, we obtain by using the a(-, -)-orthogonality of ng% and wg:
h H,c | h H,c h H,c
awly, = wli ly, 080 = [ atul il ol do

< [ ol )1 = L), —vl) do
Q

h
S MWL @) + ez @) HIIV (9L, - lbg;c)Hm(Q)
Since
[ 1130y S exul@le sl ) = (€5, ¥l 2@
we get
[res < H(llefll L2 @) + Mk [l @) S 1+ N H|lefll L2 )-

Combining this estimate with (6.22) yields

H@ZJufUC - (Q) ngc _wfchHl(Q)
lu—ufllLe@) S = - o | — ufy || 1
HIEAS) lu —u | 220 lu —u | 220 HIHH®)
”wu—uC —%Lc ||H1(Q)
< = 1 + 1+ NH | lu— vy g
|l — u$y || L2 HIH (&)
[pu—us, — "2 ()
< =] + H | ||lu—u%|| g1
P Tl I = willin @

In the last step we used Céa’s lemma for linear elliptic problems and the fact that
the H'-best-approximation in the orthogonal space V. NV}, can be bounded by the
H'-best-approximation in the full space V}, (cf. [13] and equation (40) therein). O
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Using (4.1) and Lemma 6.7 we obtain for e}, := u — u%

[u—us, — "1 ()
€5 < | min H + H | ||e$ < (1% + H) (let| + H?
H H||L2(Q) ~ <7/Jh€Vh He?_[HL%Q) H HHHl(Q) ~ (’ h’ )(‘ h’ )7
where |e;| := miny, v, v — vp||g1(q) and |e}] = mingncy, T 1o

gether with (6.19) this yields

—AHl S lCHIH () HIIL2(Q)
A= Xl S llef 17 ) + llef |
< (lenl+ H?)? + (lep] + H) (lep| + H?) < Hley| + H.

6.4. Proof of Theorem 4.2. Again, we split the proof into two subsections,
one concerning the H!-error estimate and the other the L?-error estimate.

6.4.1. Proof of the H!-error estimate (4.3). Due to the definitions of uy
and uj, we get for v, € V},

alun — uf, vn) = Ap(wn, vn) = X (uSp, vn) — B(|un*un, vr) L2q) + B(lug [ *ul, vn) L2 ()
= An(un — ufr, vn) + (An — Af) (U, vn)
2

=B (un) > () (un = uSy), V) 12 @)

=0

The treatment of the first and the second term in this error identity is obvious. The
last term is treated with the Hélder inequality and the embedding H}(Q) — L%(Q)
(for d < 3):

D () (uhy) (un — uy), vn) L2 ()

=0
< Junl|Z o llun — will 2@ lvall s
+ |unll Loy llugr | Lo llun — ufll 2@ [lvnllLs @)
+ ||U.CH||2L6(Q)||uh —ufgllz2@) l|lvnllLe )
S unllzn o llun — ufll 2@ lonl o @)
+ lunll zr @ i 21 ) lun — ulrll 2@ lonll g1 o)

+ HU(}{H%N(Q)HW —ufyllzzllvnllar@)-

We therefore get with vy, = uj, — uj, and the Poincaré-Friedrichs inequality

lun —upllmr) S (An + M) lun — ufyll2@) + [An — A%l
This implies (4.3).

6.4.2. Proof of the L2-error estimate in (4.4). We start with a lemma that
allows us to formulate an error identity.

LEMMA 6.8. Let v € Hj() be an arbitrary function with ||v]|p2) = 1 and let
VYy_o € VI denote the corresponding solution of the adjoint problem with

exu(Vu—v,wi) = (U —v,wi)r2(q)
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for allw, € V& (cf. (6.18)). Then it holds that

1
[ — vl|7200) = exulv =, pu—v) + lu—v[|Z2(0 /Q Ju*uthy—y da + ZHU — 0l 720)-

The lemma can be extracted from the proofs given in [13, pp. 99-100].

The following lemma treats the semidiscrete case, i.e., we assume V), = H}(Q).
The reason is that the proof of the fully discrete case becomes very technical and
hard to read. We note that the proof of the semidiscrete case analogously transfers
to the fully discrete case with sufficiently small h by inserting additional continuous
approximations to overcome the problems produced by the missing uniform bounds
for ||un||L(q) and ||uf | L(q). For the reader’s convenience we therefore only prove
the case h = 0.

LEMMA 6.9 (estimate (4.4) for h = 0). Assume h = 0, i.e., V;, = H().
Accordingly we let u§ € H}(Q) denote the semidiscrete postprocessed approzimation,
i.e., the solution to the problem

/AVUS-VQde—i—/bugqbd:v:)\%/u‘}{gbdx—/B|u‘j{]2uj’q¢d1’
Q Q Q Q

for all ¢ € H} () (cf. Problem 3.5). Then it holds that
lu = ufll L2y S H*

Proof. We divide the proof into two steps. We want to make use of the error
identity in Lemma 6.8 with v = u$. However, u§ is not L?-normalized and therefore
no admissible test function in the error identity. In the first step, we therefore show
that the normalization only produces an error of order H%. In the second step it
remains to show that the L?-error between u and the L2?-normalized u§ is also of
order H*.

Step 1. We show that H|u§{||L2(Q) - ||u8||L2(Q)’ < H*, which implies 1 — H* <
lugllL2() S 14 H* (because of |[uf||r2q) =1).

First observe that u§ € H}(Q) is the solution to a classical elliptic problem, which
is why we obtain

(6.23) [ugllpe S Nar S A
Since a(uf — ufy,v§;) = 0 for all v§; € V5, we get uf — uf; € Vi (. Hence
Sy — ) =, — )
= Ny (ufp, u — ufy) — Blluy [Py, uf — ufy)
= Ny (ufp, u§ — ) — Bllug Py — Jul*u, uf — )
— B(lul*u, uf — uy).

Using u§ — u§; € Vj; o and inserting I (u§;) and Ig(u) several times, we get with
similar arguments as above and with the previous estimate for u$, — u

lu§ — w |l ) S H?
and

(6.24)

lu§ — wll Loy = 1(uf — uly) — Tr (uf — ulp)llz20) S Hllug — ull o) < H.
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Next, we show that “|U8||L2(Q) - 1‘ is of higher order. We start with

[ugl|F 0y — l[uSe i ) = aluf, uf) — a(ufy, usy)
= A (uy, u§ — ) r2e0) — Bluf*usy, (u§ — uy)) L2
= ANy (ugr — T (uyy), ug — upy)r2(o)
— B(luf Pugy — ugl?uf, (u§ — u$r)) 2 — Blugl*uf, (u§ — us)) L2
(624) ) ,
S (H+ HY = B(lug| ug, ug — ) r2()-

Using that uf is bounded uniformly in L°°(£2) we can proceed as in the proof of
Lemma 6.5 to show

Blug|*uf, u§ — u§y)r2(0) S Hlugll v ollug — ufll 20y S H*.
So in summary,
|||U8||%11(Q) - HU%IH%N(Q)‘ S H.

However, on the other hand,

N (lur 1720y — Nu§llZeiqy) = Ao (uy — uf, uf — Tr (uf)) L2 (o)
— B(luf Pusy, (u§ — uf))L2(e)

- HUBH%P(Q) + Hu(}{H%Il(Q)'
This we can treat with the previous results to get
Sl [Z 20y — NugllTz 0y S H®.
With HU‘I:{HLQ(Q) =1 we get
(6.25) [uSillr2co) = lufllrzo)| < [l llzz@) = lufllia@o)] < H

Note that in the last step we used that for any a > 0 it holds that |1 —a| < |1 — a?|.
Step 2. Step 1 justifies the definition of uf := ||u8||;21(9)u8 which fulfills

(6.26) 4§ — ufll 2y = [lu§llrz) — 1| Nlugllzz@) S H*

Next, we show [[u — 4§ r2() < H*. For this purpose define X, = Hugﬂggm))\}’{.
Then @ € H}(Q) solves

/Avag'v¢d$+/ bﬂ8¢d$=5\§1/ U%réﬁdfv—/ —CB luSs|PuSs o da.
Q Q Q a llulle)
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We want to use Lemma 6.8 and denote ¢ := by, _gc with ¢y,_gg € VL being the
solution of (6.18) for w = u — @f. Before we start to estimate cy ., (4§ — u, ) observe
that (u,v)r2(q) = 0 (by definition), which yields

(6.27)
N (Wi ) L2y — Mg, ¥)r2) = Ay — M (uy — u,¥) r2(q)
+Auf — ugs ) r2e) + ANug — 45, ¥) r2(q)-

We get
C/\,u<ﬂ’8 - u, ¢)

= a(tg — u, ) + 35/9 |ul*a§ do — 35/9 |ulPut) dz — A(af, 1) L2 () + AMu, ¥) 2(q)

— a(iig, ) + 38 / e dz — 28 / Pt diz — A, ) 2

1 —||uSl 72
~ (P 1) (g [ wswde = [ lusus do)
||u0||L2(Q) Q Q
+ 35/ |u|2128w dxr — 26/ |u|2uw dx — X(tg, V) 2()
Q Q

) 1 —||ug
627 <—” 0””““) (NS — Bl P, ) ey + N = M(w§y — %) 220

|Gl L2 o
1 =l
+ Muly —ug, ¥ = T () r2(0) + Mug — 46, ¥)12(0)
I _IV
+ 3B(|ul*(af — uf), )2 + 3B8(ul*(u§ — u5r), ¥) 2 (o)

~~

- = VI
- p / (u — uSy)* (uSy + 2u) d.
Q

_.VII

In the last step we used (u,1)r2() = 0 and
a® — 3ab® + 20* = (a — b)*(a 4 2b) for a,b € R.
With (6.25) we have

1 — [Jugll 2 ()

TSl o) A + s @) 10l 2@) S HAG 1+ M) 19l @)-
0 2

ms\

For II we use Theorem 4.1 to obtain
| < Xy — Mllug — ull 2@ 1Yl L2 S HXH?|[¥]| 20y < HO 9] g (o)-
For term IIT we can use (6.24), which gives us

I < A|(ufy — uf, v — T (0) 2| S AH? | — I (V)| p20) S H Y] r (o)-
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Using (6.26) we get

IV] < Mug — @5l 2 19l L2y S HH 1 0)-

Equally we get

VI S (P (@§ — u), ) 2| S ||UHQL6(Q)H@8 — w2 1¥ll s S AH Y| 1 (o)-

To estimate VI we need the L*>-estimate given by (6.21), which reads

(6.28) [hu—ag

For z € Ny, let the values u. and 1., denote the coefficients appearing in the weighted
Clément interpolation of u and v (cf. (3.2)). Recall that ®, denote the nodal basis
functions of Vi. Using again (6.24), (CIJZ,uf)Lz(Q) = 0 for all z € Ny, and the fact
that ug — ug; € VIELO, we obtain

VI < [(Jul? (u§ — ufr), )2 (@)

= (v — T (u))ut, u§ — u§y)poge) + 3 (wa(u — u)p®.,uf — ufy)r2(q)
ze€NgH

+ 3 (uaP — 02) ., uf — uSy) 2o
zENy
S ullzeey 2101 Loy lullar @) + ull L@yl ll @) Hllug — w2
(6.28) .
S HY|lag — ullpe(q)-

) S g — ullz2(0)-

For the last term Theorem 4.1 leads to
VI < [lu— ufy 170y (lubllze@) + 2lullza@) 19l @) S HHY @)
Combining the results for terms I-VII and using [|¢|| g1 (o) S |6§ — ullL2(Q) we get
lexu(@§ — u, )| S H[[a§ — ull 2.
Since (by using the previous estimate for |lu — 4§l g1 (q))

1 » _ e
ZHU - uOH%Q(Q) + flu— uOH%Z(Q) /Q |U|2U¢u—ﬂg de < CH?||lu— u0H2L2(Q)

we finally obtain with Lemma 6.8
[ — @§l|72 0y S lexu(@§ —u, )| S H||a§ — ul| 2o
With (6.24) we therefore proved
lu — ufll2) S H'. O

PROPOSITION 6.10. The L2-error estimate in the fully discrete case can be proved
analogously to the semidiscrete case above. We therefore get for sufficiently small h
that

lw—uf |l L2y S H* 4 Cr2(h, H)

with Cp2(h, H) behaving like the term H?||u — up| g1 (q)-
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6.4.3. Proof of the eigenvalue error estimate in (4.4). From the following
corollary we can conclude estimate (4.4).

COROLLARY 6.11. Let uj, € Vj denote the solution of the postprocessing step
defined via Problem 3.5 and let X\, := (2E(uj) + 2_1ﬁ||u§l]|§‘:4(Q))Hu2||222(9). Then
there holds

An = M| S Mlun — 7 ) + llun — ufllz20)-
Proof. We have for arbitrary v, € Vj,
a(un, — v, up — vn) + B(unl*(un — vr), un — va)r2(0) — A (Un — Vh, UL — Vi) L2(0)
= a(vn,vp) — M (vn, vp) + B(lun*vn, vi) r2(0)-

This implies with vj, = uj,

. a(uf,, uf,) + B(luf|*uf,, uf,) 2(9) — Anllug 1 72q)
(Al — An| =

||U%||2L2(Q)

lan — 5 12 g + Bl (un = )2 222y = Mallun — 2

Hu(sziz(Q)

B(Junl® — |uf[*), [uf]*) 2@

||u(}:LH%2(Q)

_|_

The remaining estimate is straightforward using (a? — %) = (a — b)(a +b). Note that
the last term is the dominating term. d

We obtain (4.4) from Corollary 6.11 and our previous estimates for |[u —uj || g1 (o)
and |lu —uf || 12(q)-
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1 Introduction

Composite materials (or composites for short) are engineered materials made from
two or more constituents with significantly different physical properties. In a typical
configuration, randomly distributed filler particles (inclusions) are surrounded by a
second material (matrix) which binds the filler particles together.

The numerical simulation of material properties aims at a better understanding
how conductivity depends on controllable variables (e.g., thermal conductivities of
the material components, relative volumes, and particles shapes) and hence provides
the opportunity to develop materials with enhanced performance for the particular
application.

The design of efficient and reliable numerical methods for such problems is chal-
lenging. The complexity of the underlying geometry makes classical approaches hardly
feasible (cf. Sect. 1.2); in the typical geometric setting, the inclusions are too big for
any perturbation analysis or homogenization method, and they are too many or they
are packed too densely to resolve them easily with standard finite element meshes.
We face this difficulty even for simple continuum models of some material property
of interest, e.g. the linear elliptic model problem of heat conduction considered in this
paper (see Sect. 1.1).

Based on an efficient treatment of the microscopic geometry, the new method
described in this paper (cf. Sect. 1.3) allows reliable numerical simulation of the
model problem with many inclusions independent of the degree of disorder in the
geometry.

1.1 Model problem

This paper considers a representative 2-dimensional model of a particle-reinforced
composite occupying the nonempty open bounded convex polyhedral domain 2 C
R?. Let By be a set of closed, pairwise disjoint disks of positive radii (inclusions)
contained in a domain 2 C R?,i.e.,

BC £ and dist(B, B) ~0 forall B, B € By with B £ B. (1.1

In the present context, the number N := #Bj, of inclusions is a very large parameter.
The two material phases are represented by the union of the inclusions £2j,., and by
the so called matrix (the perforated domain) 2,4,

BeBine

The outer boundary I' := 02 is partitioned into two parts I'p and 'y, where I'p is
closed and has a positive surface measure while its relative complement I'y := I'\I'p
is relatively open, and the number of contact points I'p N Ty is finite.

The material geometry enters the problem through a coefficient function ¢ €
L*°(£2) which jumps between the material components. For simplicity ¢ is chosen to

@ Springer
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be constant with respect to each of the two phases and normalized with respect to the
matrix material, i.e.,

1 lfx S Qmat,

c(x) = . 1.2a
x) [Ccont ifx € Qjnc. ( )
The constant ccone > 1 represents the conductivity contrast in the medium.
Consider the set of admissible temperature distributions
A:=up+VwithV :={ue H (2)|u=0o0n I'p) (1.2b)

forup € H'(£2) N C°(2). Given some force density f € V*, the effective conduc-
tivity of the composite

Ceff := min E(u) (1.2¢)
ueA
minimizes the energy functional €&,

E(v) = %/c(x)le(x)lzdx —/f(x)v(x)dx forallv e H'(£2). (1.2d)
2 2

1.2 Challenges to numerical simulations

In practical applications, the parameter ccone > 1 is very large. In addition, the coef-
ficient function, which is the output of certain (random) production processes (e.g.
mixing of the particles within a liquid matrix material followed by hardening), has to
be regarded as a statistical parameter. Corresponding to Berlyand [3], the latter two
issues, random micro-structures on multiple scales and high contrast in physical prop-
erties, are the two characteristic features of general composites. They lead to major
difficulties for a numerical approximation of problem (1.2).

Classical FEM A classical method for the approximate solution of (1.2) is the finite
element method. However, in the present context, standard finite element approaches
suffer from the fact that the material interface 02;,. needs to be resolved by the
underlying mesh in order to get satisfactory results. The required resolution of the
coefficient geometry forces even the coarsest available meshes to be very fine, i.e.,
the minimal mesh size has to be at most of order of the inclusion radii. Additionally,
finite element methods often require high quality meshes (shape regularity) which puts
even more constraints on mesh generation. Thus, the minimal number of nodes in a
reasonable mesh depends critically on the distribution of the holes and their distances;
Fig. 1 illustrates the problem in a model situation, which is eased for visualization
purposes.

Minimal complexity Since the underlying geometry is of stochastic nature problem
(1.2), typically, needs to be solved many times for different coefficient configurations
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Fig. 1 Model domain (unit square) containing 133 circular inclusions with radius r = 0.02 (left) and
“coarse” shape regular triangulation with 33903 elements (right)

within a statistical investigation of material properties (by a Monte Carlo method). For
example, the accuracy of the approximation of the expected temperature distribution
subject to a to random distribution of particles in the material, is of order M /2, where
M denotes the number of samples. Since the coefficient is different for different sam-
ples, meshes cannot be re-used but need to be re-computed for every single sample of
the particle distribution. Hence, the computation of the finite element mesh is crucial
in all complexity discussions and cannot be neglected as a precomputation (cf. Fig. 1).
With regard to the possibly huge number of instances of problem (1.2) that need to
be considered, this paper aims at a reasonable discrete model of minimal complexity.
Minimality is determined by the data of the problem and therefore mainly by its geom-
etry. The geometry representation requires storing the pairs of centers and radii of the
N inclusions (the complexity of the representation of the outer boundary is supposed
to be small compared to N). A model is considered to have minimal complexity if
it provides an approximate solution in time and space complexity O(N). The finite
element method to be presented in this paper satisfies the complexity requirement up
to logarithmic factors (cf. Section below).

1.3 The new structural finite element approach

In this paper ideas from network approximations [3-5,19] are combined with non-
standard finite element methods to derive a new structural finite element method of
almost minimal complexity. In particular, a special geometry treatment inspired by
networks is combined with the flexibility of finite element methods. As in discrete
network methods, the inclusions are modeled in a network structure. They appear
as elements of the computational mesh, supplemented by channel-like objects that
connect neighboring inclusions and, finally, triangles. The mesh generalizes stan-
dard Delaunay triangulations of points in the plane to sets of disks. It can be com-
puted and represented efficiently. A generalization of continuous first-order finite ele-

@ Springer



D.1

FE network approximation in particle composites 77

ments based on the new, problem-adapted subdivisions is introduced. Its realization is
conceivably simple and it provides accurate numerical approximations at almost mini-
mal complexity. More precisely, for the solutionu € ANH 2 (£2mat U R2ine) of (1.2) and
its structural finite element approximation ug it holds (see Theorem 3.1, Corollaries
3.1 and 3.2).

VeV —us)lr22) < Clup,B I 02),

where 4 is a local mesh size parameter. The constant does not depend on contrast. Its
dependencies on the geometry of the material (e.g., touching inclusions) are discussed
in detail.

The overall motivation for the novel network approximation is its optimal com-
plexity in the sense that the cost for a meaningful approximation remains proportional
to the number of inclusions.

1.4 Numerical upscaling

The number of degrees of freedom might be reduced further by using multiscale
methods, e.g., [7,11,16,17,20,21]. These methods are based on arbitrary coarse
meshes that, more or less, ignore the geometric scales of the coefficient. The influ-
ence of the coefficient is instead coded in the finite element basis functions or some
modified discrete operator. For this, multiscale methods require some preprocessing
that involves the solution of the original problem on subdomains. The solution of
these local problems, however, faces the same difficulties as the original problem,
i.e., it requires submeshes fine enough to capture the heterogeneities (the influence of
the microscopic geometry on macroscopic material properties can only be studied if
the microscopic geometry enters the discretization). In this regard, the method pre-
sented here might be employed as an efficient fine scale solver within some multiscale
numerical framework.

1.5 Outline

Section 2 defines a problem adapted generalization of triangular meshes modeling the
inclusions as (vertex-like) elements of a subdivision. Based on this new type of meshes
a generalized nodal basis defining a generalized conforming first-order approximation
space is introduced. Contrast-independent a priori error estimates for the proposed
new finite element method are given in Sect. 3. Section 4 discusses open problems
and future generalizations of the method.

1.6 Notation
In this paper, capital letters A, B, C, ... indicate sets. Calligraphic capital letters

B, P, ... denote sets of sets. For a given set of sets B the union of its elements is
denoted by UB := |J .z B. Basic topological notations are used: For any subset X
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of a metric space its closure is denoted by X, its interior by int(X), and its boundary by
bnd (X). In what follows, dist (-, -) denotes the Euclidean distance in R%. The measure
| - | is context-sensitive and refers to the volume of a set relative to its dimension,
i.e., | - | denotes the length of a curve, or the area of a domain. The distance between
nonempty subsets A, B C R? reads

dist(A, B) := inf dist(x,y). (1.3)

xeA,yeB

Given some bounded domain £2, standard notation for (fractional) Sobolev spaces
WI’,”(Q), m > 0,p € NU {0}, and their corresponding norms || - ||W1r)n(g) and
seminorms | - |W;;1(9) is used; H"™(§2) abbreviates W)'(£2) (m € N) and L”(£2)
abbreviates WI())(.Q). Given two disjoint bounded Lipschitz domains £2; and 25, the

space H™(§21 U £27) denotes the space of all functions u € L2(£2, U £25) with
ulp, € H"($21) and ulo, € H"(§22). The dual space of a Hilbert space V' is indi-
cated by V*. The space of R-valued continuous functions on a set §2 is denoted by
Cco).

2 A minimal conforming finite element space

This section introduces a conforming finite element space which can be regarded as
a generalization of the classical continuous piecewise affine finite element space on a
special mesh.

2.1 Geometric preliminaries

Cyclic polygons A convex polygon T is the closed convex hull of 2 or more distinct
points. The set of vertices (corners) V(T') is the minimal set of points x1, x2, ..., x; €
R2, such that T = conv({xy, x2, ..., xx}). According to the number of its vertices, a
convex polygon is denoted as a convex k-gon. The boundary of a convex k-gon can
be described by the union of at most k line segments called edges. The set of edges
of a convex polygon 7 is denoted by £(7"). A convex polygon T is called cyclic if its
vertices (corners) V (T') are located on the boundary of a (closed) disk CD = CD(T)
which is denoted as the circumdisk of T . Examples of cyclic polygons are line segment,
triangles, or rectangles.

Infinite Delaunay Triangulations A regular (possibly infinite) triangulation of a domain
2 C R? into cyclic polygons is a set of cyclic polygons T such that
UT =2

and any two distinct cyclic polygons are either

a) disjoint, 71 N T> = @, or
b) share exactly one vertex z, 71 N T, = V(T1) N V(Tp) = {z}, or
c¢) have one edge E = bnd(Ty) N bnd(T>) = E(T1) N E(T) in common.
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The set of all edges resp. vertices of a triangulation 7 is written as

E(T) = U E(T) resp. V(T) := U V(T).
TeT TeT

A regular triangulation 7 is called Delaunay [10] if every element 7' € T satisfies the
Delaunay criterion

CD(T)NV(T) =V(T), (2.1)

that is, the circumdisc of T does not contain any vertices of 7 except those of T'. Given
a set of vertices V, the Delaunay triangulation of conv())) is uniquely determined (if
cyclic polygons are considered). It can be constructed, e.g., by exploiting duality with
respect to the Voronoi diagram [27] of V. The uniqueness is due to the consideration
of cyclic polygons instead of just triangles. In the subsequent paragraph, cyclic k-gons
with k > 3 will further be decomposed into triangles.

2.2 Geometric modeling of particle composites

The geometry of model problem (1.2) is represented by a finite set 3 of closed disks.
Every B € Bisdescribed by its center cg = mid(B) and itsradius rp = diam(B) /2>
0. The elements of B are denoted as generalized vertices and partitioned into the two
subsets Biye and Byat, 1.€.,

B = Binc U Bmat and  Bine N Bar = 9.

The set B;, contains the inclusions of model problem (1.2), i.e., closed disks of positive
radius. The set Byyae contains closed disks of radius zero with

conv(UBmat) = 2 and I'p N Ty C UBmat.

Thus By contains the corners of d§2 and all points where the type of boundary
condition switches between Dirichlet and Neumann; but By, might contain additional
points (disks with vanishing radii) in the interior of the matrix £2j,., which offers
the possibility of refinement and increased local resolution within the finite element
framework.

By Tmat we denote the Delaunay triangulation of £, such that

V(Tmat) = Bmat U U 0B.
BeBine

Figure 2 displays a detail of T, for some set of disks B. Obviously, Tyt consists of
two classes of cyclic polygons (see [24]), namely,

a) (possibly infinitely many) cyclic 2-gons 7;I|1at’ i.e., line segments whose vertices
are located on the circumference of exactly two distinct disks, and
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(a) Generalized Delaunay triangulation (b) Genrealized Delaunay triangulation and
dual Voronoi tessellation

Fig. 2 Generalized Delaunay triangulation with respect to disks in the plane

b) (finitely many) cyclic k-gons 7,2, for k > 3.

at

For simplicity we assume that Tnﬁu contains exclusively triangles. This assumption

can always be fulfilled if we consider a triangula‘gion 7~'mat in which the 4, 5, ... -gons
of Tmat are further decomposed into triangles; 7y is not Delaunay in the sense of
(2.1) but fulfills the weaker Delaunay criterion

int(CD(T)) NV (Tmat) =0 forall T € Trar, (2.2)

that is, there are no vertices of 7~'mat in the interior of the circumdisk of T € ﬁnat. The
subset Tnﬁu of triangles of T, provides structural (combinatorial) information about
the set of inclusions Biyc. It induces a neighborhood relation ' C Bine x Bine defined
by the rule: (By, By) € N ifthere existsa T € 7;1Am such that V(T) C B; U B> and

V(T)N By # @ and V(T) N By # @. For every pair (By, B,) € N of neighboring
disks we define the channel-like object (a bundle of line segments)

E(Bi1, By) :=U{T € Tnat : V(T) C By U By}.

Since E (B, B>) is an object that connects exactly two generalized vertices (disks) we
denote E (B, B>) a generalized edge.

A finite subdivision G of §2, which will serve as the finite element mesh later, is
given by

g:BinCUSUT,

where B, is the given set of disks, £ := {E(By1, By) : (B1, By) € N} is the set of
generalized edges and 7 := 7,4, is the set of triangles.

Remark I a) The subdivision G can be regarded as a generalization of classical
Delaunay triangulations in the sense that disks might assume the classical role
of vertices while edges (i.e., objects that connect two neighboring vertices) might
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generalize to channels. In the special case of equally sized inclusions such subdi-
visions have been used in discrete network approximations [3]. Apart from minor
technical details regarding the treatment of element boundaries, the subdivision G
fits into the framework of generalized Delaunay partitions for multidimensional
sets of convex inclusions introduced in [23].

b) The subdivision G covers £2 while the intersection of any two of its elements is of
measure Zero.

¢) The number of elements in G is proportional to the cardinality of B and thus is
quasi minimal.

d) There is a duality concept which links generalized Delaunay triangulations to
Voronoi tessellations with respect to the set of disks (see Fig. 2(b) and the next
subsection). It generalizes straight-line duality between classical Voronoi tessel-
lation and Delaunay triangulation of point sets. We refer to [23] for more insights
about geometric duality and further references.

e) The generalized Delaunay triangulation D can be computed fast as explained
subsequently. There exist algorithms of order O (#8B xlog(#13)) for the computation
of Voronoi diagrams with respect to a set of disks B; see, e.g., [13,14,18]. These
algorithms, by duality, can also be employed for the computation of the generalized
Delaunay subdivision.

We refer to the recent preprint [12] for an algorithmic presentation of this construc-
tion.

2.3 Element parametrization and local mesh size

The generalized vertices Bj, and the triangles 7 form affine families and can easily
be represented by reference elements and affine mappings.

A parametrization of a generalized edge can be given as follows. Let E = E (B, B>)
in £ be a generalized edge that connects two generalized vertices By, B, € B and let

Spi= {y e R? - dist(y, By)=dist(y, B,) and dist(y, By) < dist(y, B\{B1, Bz})}

denote the corresponding dual Voronoi edge, the set of points with equal distance to
both B; and B. Without loss of generality we assume rg, > rp,, cg, = (0,0), cp, =
(0, 8), § > 0.Note that the Voronoi dual edge might not be connected (see Fig. 4a). The
same applies to the generalized edge as it can be seen in Fig. 4b. We denote the number
of connected components of E by K (E). The projection 7, := argmin,p, dist(-, y)
defines angles

K(E K(E T
—Z<ap<ph<op<pp<--<ap’ <p )55
such that
K(E) ,
g (YE) = U B, [sin([cx’lf;, ,BZ]), cos([a%, ﬂg])}
k=1
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In other words, the parameters o }5, e ozg(E), ,8]15, R ﬁg(E) are the angular values
of the projections of the Voronoi vertices which are connected by X'g, onto B;. Those
Voronoi vertices are simply the circumcenters of triangles adjacent to E. With the

reference element

= BBy, By) = (Jog, LU Ulef P BE 1) x10.11 23)

the mapping Jg : E™ — intE, given by

e = (zgls((?)) e ((”Bl =) (rB‘ (zgls((?) )))

(I = X)rp, + Arp,) sin(s)
— \ (1 =X)rp, — Arp,)cos(s) + 381 )’

parametrizes E. Figure 3a visualizes the mapping Jg. Note that a generalized edge
E(Bq, B») is uniquely determined by the inclusion centers and radii, and the values
of g, BE, and §.

The projection g, ,(-) := 7p, (ngll (-)) may be rewritten as

i ) i argmin dist(x, y) (2.4)
BB e max (v — )/ lly — xIl, v, (1)), 0} '

where v, denotes the outer normal of Bj.
With

(82 — 2 cos(s) 6 rBl) + r1231 — r%z
(2rp, —2rp,) + 26 cos(s)

H(s) :=

the parametrization Jg assumes the form

B rg, + H(s)\ | sin(s)
Je(s, \) = ((1 — A1 +)‘r2rB;+—H(s)) [cos(s)]

rp, 0
(15 5m) () =

We finally introduce some (7ma U B)-piecewise constant meshsize function 4 :
£2 =10, oo by

hlk = hg = diam(K) for K € Tmat U B

to be used in the forthcoming finite element analysis. Note that 4 is not constant with
respect to a generalized edge (of positive measure) but captures the distance between
neighboring inclusions (see (2.4)).
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&3

E"*'=[0,81x(0, 1]

(a) Parametrization (isolines) of a generalized edge E that connects
two generalized vertices B; = {x € R?| ||x|| < rp,lland By = {x €

R |lx = (0,0 < rp,l; 6 = 1, rg, = 0.2, rp, = 0.1, ap = -1,

Be=05K(E)=1

____L__W/

(b) A generalized nodal basis function taking value 1 on one node (C) Nodal basis function

and zero on all the others restricted to a generalized

edge

Fig. 3 Edge parametrization and nodal basis function

2.4 Finite element spaces

The degrees of freedom of the finite element spaces are assigned to the entries of B.
Every B € B defines a (local) Tpa¢-affine basis function Ap : R2 — [0, 1] with

Ap=1 inB whileAg =0 in Qinc\B.

More precisely, A g is unique continuous function with constant values on the inclusions
as above and whose restriction to each element 7' € T, is affine. This means that A
is affine on all triangles T € 7. However, A p is not affine on generalized edges. Recall
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| O @
() Part of a Voronoi tessellation with a multiply (b) Part of the generalized Delaunay triangula-
connected Voronoi edge (black) tion with a multiply connected generalized edge

(black shaded)

Fig. 4 Voronoi tessellation and Generalized Delaunay triangulation of a set of disks in the plane
emphasizing possible non-connectivity of its elements

that a generalized edge E € & is the agglomeration of line segments. The restriction
of Ap to all those line segments is supposed to be affine. On the global level of the
generalized edge E, this implies that A g|g is the image of an affine function on the
rectangular reference element E ref (¢f. (2.3)) under the coordinate transformation Jg
(cf. (2.5)). After suitable rotation of the edge as in Sect. 2.3 (with By = B), Ap|g may
be written as

ap(x) = (1 — (J;'(x))2) forallx € E,

where (Jg ! (x))2 refers to the second component of the vector J, ! (x).

Those basis functions generalize nodal basis functions on classical triangular
meshes. In the special case of equally sized inclusions, those basis function have
been used in the analysis of a network method [4]. The support of A g, denoted by wp,
is given by

wg:=B U (UEcE: ENB#B) U (UTeT: TNB ).

Figure 3b depicts a nodal basis function. Note that the set of nodal basis functions
A = {Ap : B € B} forms a partition of unity in §2. The generalized nodal basis
functions which are not related to vertices on the Dirichlet boundary I'p span the finite
element space

§% :=span(A)NV. (2.6)

Obviously $°° has dimension #3 which is minimal in comparison to data complexity
and will be the space of choice for very large contrast and the special case of perfectly
conducting inclusions ccony = 00. In the latter case the solution is necessarily constant
with respect to every single inclusion (see Sect. 3.1), which is captured by S°°.

If ccont < o0 then the solution is not constant on the inclusions. Further basis
functions (defined below) shall preserve sufficiently high accuracy in this setting, too.
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Fig. 5 Basis function A 119

Every B € Bip. defines (local) Tn,¢-affine basis functions AL A% - R2 — [0, 1] with

X — (€B)k

Ak (x) =
B(x) s

if x € B while A% = 0in2iy\B.

The subscript k refers to the kth component of a 2-dimensional vector.

This means that )Jfg is affine on all inclusions B € Bj,. and all triangles T € 7.
After suitable rotation of the edge as in Sect. 2.3 (with By = B), Ag|g may be written
as

) = (1= U )M (Je((Ig (0))1,0)) forallx € E,

where the coordinate transformation Jg is givenin (2.5). Note that Jg ((J ! (\N1,0)) €
0B and, hence, the values )L’fg (JE ((JE_1 (-))1,0)) are given by (2.4). It holds

supp ()L’;;) = wp. Figure 5 illustrates A};.
The enlarged finite element space is then given by

S = span(A UrL: BeBlUAL: Be Binc}) nv. 2.7)

Remark 2 a) If the radii of all inclusions are zero, the spaces S resp. S reduce
to the classical conforming P! finite element space with respect to the Delaunay
triangulation.

b) The number of degrees of freedom in S is 3 per inclusion B € Bjy, and 1 per any
other vertex B € By away from I'p. The overall number of degrees of freedom
is bounded by 3#Bi,c + #Bmat and, hence, proportional to data complexity.

¢) Further basis functions could easily be designed by considering any continuous
function on B and its Tmye-affine or a more general 7p,-polynomial extension
to wp.

3 Galerkin approximation and a priori error analysis

This section considers the variational formulation of (1.2) and its Galerkin approxi-
mation and presents error estimates which are independent of the contrast parameter

Ccont-
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3.1 Variational formulation and solvability

Any minimizer u* € A of (1.2) solves the variational problem

/C(Vu*, Vu)dx =/fvdx forallv € V. (3.1)

2 2

The left-hand side of (3.1) defines a symmetric bilinear form a,

a(u,v) := /C(Vu, Vu)dx.

2

The sum u™* := u + up is the solution of problem (3.1); up denotes some extension
(with finite energy) of the given inhomogeneous Dirichlet boundary data to §2. After
shifting the inhomogeneous boundary data to the right-hand side, the problem reduces
to find u € V such that

a(u,v) = / fvdx —a(up,v) =: F(v) forallveV. 3.2)
2

It is obvious that
1 2
mHUHHl(Q) <a(v,v) and a(u,v) < ceontllull gryllvliprey (3.3)

for all u, v € V with the constant from Friedrichs’ inequality Cg. Inequality (3.3)
ensures the unique solvability of the variational problem (3.2) for finite contrast
Ccont < OC.

The Galerkin approximation of the solution of (3.2) with respect to the finite element
space S, denoted by ug € S, is defined as the solution to the discrete variational system

a(usg,v) = F(v) forallv € S. (3.4)

Remark 3 a) The assembling of the corresponding linear system is fairly standard.
It might be performed in a loop over all elements of the generalized finite element
mesh (including triangles, disks, and edges), the computation of the local stiffness
matrices and load vectors, and the sum of the local contributions to the global
matrices. The computation of the entries of the local stiffness matrices might be
done by transformation to the corresponding reference element. The only diffi-
culty is that the transformation on the generalized edges is not affine. Still the
entries of the local stiffness matrices might be precomputed as functions of the
angle parameters and §. Alternatively, numerical quadrature can be used. If two
inclusions are close to each other, the basis functions are close to be singular and
the quadrature rule should take the singular behavior into account.
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b) The resulting stiffness matrix has a similar sparsity pattern as the stiffness matrix of
the classical P; finite element method for the Poisson problem with respect to some
regular triangulation. Hence, in the present 2-dimensional setting, sparse direct
solvers offer robust, fast, and parallel solution of the linear system, even though
the asymptotic complexity is not optimal (e.g. O(N>/?) for nested dissection [15]).
We refer to the textbook [9] for an overview on fast direct solvers for sparse linear
systems. For moderate contrast, [1] and [2] show that an iterative solver based
on hierarchical factorization performs almost optimal (i.e. O(N (log N )k)). In the
numerical examples in [1,2], theses methods give promising results also in the
high contrast regime.

This paper aims at a priori estimates of the error u — ug in energy norm
|l - lla := /a(-, -) and therefore estimates of the error in the effective conductivity.
Since ug is the best approximation of u# in energy norm we have

2(C(us +up) —Ew+up)) = (u+up) — (us + uD)II%l
= |lu — us||% = inf |u — v|3. (3.5)
ves

Sections 3.3 and 3.4 will present bounds of the right hand side in (3.5). A posteriori
bounds are presented in [12].

3.2 Perfectly conducting inclusions

Our analysis shall cover the case of perfectly conducting inclusions as well. The related
model is a variational problem with respect to the reduced space

VX :={veV: vlg=const forall B € Bj,.} CV.

We seek u® € V° such that

a®u>,v) = / fvdx —a® @y, v) =: F(v) forallve V™, (3.6)
I?;

where a®(u, v) = [, (Vu, Vv)dx for u,v € H'(2) and uy € H'(£2) with
M%O|FD = uD|pD and VMODO|B =0forall B € Binc-

Since a®(u, v) < [lull g1 (@) IVl 1@y and a® (v, v) = [Vv]2

122) forall u,v €

V°°, the variational problem (3.6) has a unique solution.
The Galerkin approximation ug~ € S° of the solution of (3.6), with respect to the
finite element space S°° defined in (2.6), satisfies

a®(ugo,v) = F(v) forallv e S*. (3.7)

The error estimate (3.5) remains valid with u replaced by u°° and u g replaced by u g.
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Mathematical justification of the limiting problem We shall justify the model problem
(3.6). For fixed geometry §2m4, Dirichlet data up = 0, and force term f, let u,_,
denote the solution of (3.2) associated with the contrast parameter ccon; > 1.

Define some function .., € V as follows. On every B € Binc, (ego,)|B
equals uc,, |p minus its mean value |B|~! [ g Uceodx. This defines (ieqg, )2y
Observe that Poicareé€’s inequality yields [[tc o, 1 12(2,) < Cill Vi llz2(2,0) =
Cill Ve I L2(2,,) With some constant C independent of contrast and the positions
of the inclusions. In 2, U, is chosen as some bounded extension of (i, )| 2
in the sense of [26], i.e., there is some constant C; that may depend on the geometry
but not on c¢on such that ||i,, a1 2) < Colltceon | (210)-

This construction and the classical jump relation at the interface 0£2jc,

0 ((u : d ((u
Ceont (( Ccont)|~ch) - _ (( Ccom)lgmal) in H_l/z(aginc), (38)

0 YV Q2ine d V2mat

yield

” vuCcont ” Lz(Qinc)

ou,
~ cont ~ —1 ~
= / <Vuccont’ vuccom>dx = / uccontdx + Ccont fuccontd‘x

$inc 082inc $inc

ou

—1 Ceont ~ ~

S Ccont / avgcon uccontdx + ||f||L2(Qinc) ”uCCom “Lz(Qinc)
0O mat

-1 ~ i
= Ccont (” vuCcom “Lz(Qmat) ” VI’tccont ||L2 (£2mat) + ” f ”Lz(-Qmat) ”uCCom ”Lz(‘Qmat)
+ ” f ”Lz(Qinc) ”ﬂccont ||L2(Qinc))

-1
= Cccont||f||L2(S2)”vuccont ”LZ(QinC)’

where C depends only on C| and C; but not on c¢on¢. This implies

1/2 —1/2
1 2Vt 220y < Cloom 1 12(2)-

Hence, the solution u. ., of (3.2) converges (with respect to the energy norm) to the
solution u®° of (3.6) as ccont —> 0.

3.3 Nodal interpolation and approximability
An upper bound for the right-hand side in (3.5) is derived through the design of

some finite element function based on a suitable interpolation of the solution u. The
conditions

@ Springer



D.1

FE network approximation in particle composites 89

/ (u — Iu)vdx =0 forallv € P'(R?) and forallB € Bine,  (3.92)
B
u(b) — Iu(b) =0 forall B = {b} € Buat, (3.9b)

define a generalized nodal interpolation operator I : H 2(.Qmm U 2inc) — Sp. Since,
on any inclusion B € Biy., Iu is the L?(B) projection of u onto the space of affine
functions, we have that

19" (= Tu)l 25y < Crdiam(B)* " ul gy form=0,1  (3.10)

with some universal constant C; independent of the diameter of the disk B and u €
H?(2mat U $2inc). The estimate (3.10) already provides approximation properties of
the finite element space on the inclusions. It remains to give local estimates for the
interpolation error on the triangles (see Lemma 3.1) and the generalized edges (see
Lemma 3.3).

As usual, the error on a triangle 7" depends on the aspect ratio pr, i.e., the ratio
between the diameters of the largest circle that can be inscribed in 7" and the circum-
circle of T'.

Lemma 3.1 Letu € VﬂHZ(.QmatU.QmC) andletT € T withverticeson By, By, B3 €
B. Then it holds

IV = 1052y < Crpp? AV (3.11)

ully

L2(TUB1UB,UB3)
with some universal constant C1 which depends only on Cy from (3.9).
Proof A key ingredient of the proof are standard estimates for the interpolation error

with respect to a triangle 7'. It is well known (see [8, Theorem 16.1]) that the nodal
(affine) interpolant I7u of u at the vertices of T satisfies

lu — Irulgnery < Cippy ' diam(T)> ™" ul o7y forallu € HX(T), m =0, 1.
(3.12)

The difficulty is that /u defined by (3.9) does not interpolate u at the vertices of T'
in general. Thus, the error is split into two components,

IV @ = 132y < IV @ = Iri) 1oy + IVUru = T2y (3.13)

The first term on the right-hand side of (3.13) can be estimated directly with (3.12)
while the second one requires further considerations.
Notice that V(I7u — Iu)|7 is constant on 7 and the inverse estimate

1 -1
IVgllzeocry < 2p7 diam(T) ™ llg ooz (3.14)
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holds for all ¢ € P1(T) on any triangle 7. Thus

(3.14)
< 4pp | ru — Tulljeo gy

(3.15)

IVUru = 1172y < |TIVUru = Tw) o)

The maximal absolute value of the affine function ¢ := (Iru — Iu)|7 on T is attained
in some vertex xo = V(T') N By for some By € {By, B>, B3}. If By € Bnat, i.€.,
Br = x¢, then (I7u — Tu)|r = 0. Otherwise, let T C Bt be the equilateral triangle
with vertices on d Br and one vertex at xo. For ¢ € Pi(T) and p € IP’l(T) with
|p(x0)| = |g(x0)] it holds

19137, = la@o)l? = 1po) =2 (1T17 1P, 7, + 1912 7)) (3:16)

With the special choices p = (Iru — Iu)|r and g = (I;u — Tu)|; this leads to

(3.15),(3.16) . ~
IVUru—1wl72 ., 807 (17T Mg — 1wl g + 1V U= 1) 12, )
(3.12),(3.10) _
< 16p(CT + Ciyh, IVul7a .- (3.17)
Together with (3.13) and (3.12) this implies (3.11) with C72- < 5(Cy + Cyp). O

The second step of the error analysis considers the a priori estimate of the inter-
polation error on the generalized edges. Every connectivity component Ej, k =
1,2,...,K(E) of an edge E € & is a curvilinear polygon, i.e., E} is a simply-
connected, bounded domain with the boundary 0 E; = U‘;:l T, where t; are circular

arcs. Note that all internal angles y (Ex), y2(Ex), . .., va(Ex) of Ej are bounded from
above by /2. The subsequent error analysis depends on the smallest angle which is
denoted yg,. Correspondingly, yg := ming—12 . k(E) YE,- The following lemma

shows that all these angles are bounded from below by a positive constant.
Lemma 3.2 There exist yg > 0 such that 0 < ys < yg forall E € £.

Proof Let E € £ be some generalized edge connected to the inclusion B € Biyc. Let
7 be one of the straight arcs that define the edge. By design, t is an element of the
infinite Delaunay triangulation 7. (see Sect. 2.1). Since its circumdisk C D(t) is
tangential to B (due to the Delaunay criterion (2.1)), T by itself cannot be tangential to
B and the angle between t and the circular arc E N B is necessarily larger than zero.

Lemma 3.3 Letu € V N H*(2mat U Qinc) and let E = E(By, By) € £ be a gener-
alized edge that connects two generalized vertices (inclusions) By, By € Binc. Then

IV = 113, = Ce (IV2uls ) + CElRVul sy )

holds with Cg := maxy—12 ” hp,/h+h/hp, H Lo (E) and some universal constant Cg
which depends only on yg.
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10(

B, ' : B,

Fig. 6 Subdivisions Qs5(FE) and Q1¢(FE) of some generalized edge E = E(By, By) € £ into quadrilaterals
in the proof of Lemma 3.3

Proof The proof consists of two parts. Part / proves the assertion for ccop¢ = 00 and
prepares the proof in the case c¢on¢ < 00 which is complemented in part /1.

Part 1. Without loss of generality, let E be connected, rg, > rp,, and cp, = 0,
cg, = (0,6) for some § > rp, + rp,. The restriction E N 0B = ¢([c, B]) of E
to B; shall be parametrized by some angle s € [«, B] C [—7/2, /2] with ¢ (s) :=
rp,(sin(s), cos(s)). The parameter interval [«, 8] is subdivided by equidistributed
points

Ol:S1<S2<S3<---<SL:lB,

These points are mapped by ¢ onto By and by ¢ o 7p, onto B; (recall (2.4) for the
definition of g, ). Let

Qi(E):={Q¢ :¢=1,...,L —1} with
01 1= conv(¢(s5), @), 75, (@), 7, (99)))

be a subdivision of E into quadrilaterals (see Fig. 6).

The union of quadrilaterals on level L provides a polygonal approximation EL :=
UQeQL(E) Q of E ¢ EL c conv(E) for all L with |[EF\E| — 0 as L — oo.
A (bounded) extension operator (-)g : H 2(E) —> H*R?) (see, e.g., [26]) extends
u|g to conv(E). The extended function is denoted by ug.

The nodal (bilinear) interpolation operator with respect to Q € Qj is denoted by
Jo and its Qy -piecewise version by Jg, . Theorem 3.8 from [22] implies

IV(ue — Jour)l 20y < Codiam(Q) | V2ugll 2 (o) (3.18)

@ Springer

233



234

92 D. Peterseim, C. Carstensen

forall Q € Q;, L € N. The constant C depends only on the interior angles of Q,
i.e., Cp can be bounded uniformly forall Q € Q; and all L € Nin terms of yg. Thus

IV@e = Jouue)ltap, = D, IV@r = Jour)ljs,
0eQr
(3.18) )
< 2. Cilldiam(Q)Viur|js i, (3.19)
0eQr

with some constant C; which depends only on yg. Let L tend to infinity in (3.19) to
verify

IV @ = )l72 g < CrllAVZull7, (3.20)

(E)

foru :=limy o0 JQ, uE. If ccone = 00 then &4 = I'u and the proof is finished.

Part I1. If otherwise ccont < 00 then, in general, u ¢ S and [[V(Iu —u)|l 2
needs to be estimated further. The sequence ey := Jgo, ({u)g — Jg, ug converges (in
H'Y)toe:=Iu—iias L — oo. Thus, bounds on || Ve, lz2(g,) Will lead to a bound
on [V(Iu — )|l 2. Let Q € Qp with

90 = [x', X2 TU 2, XPTU 3, x*TU x4, x 1]
1

and x!', x2 € Byand x3,x* € Byand x> = x! asin Fig. 6 (left). The vector Vey | is
written as some linear combination of the vectors (x**1 — x¥) / |xk*1 — xk| such that

4 k+1 ky |2
((Ver) |k kg, X —x%)
IVerl22p) < 101IVeLIFnig) < C21Q1 D | [l’;,;il ]—xk|2 |

k=1

with a constant C, which depends only on the maximal angle in Q and can be bounded
uniformly in terms of yE_l. Using ((Ver) [k ch+17, XKL xky = ep (XKD — ep (xF)
for k = 2 and k = 4, this yields

1Verl3200, = Ca (Il IVer sy oo

HIA @ leldaqe s iy ) - (3.21)

The summation of (3.21) over Q € O leads to

1Verl2a0s,, = Co (Il IVeL s, npio)

—1 2
+||h ”LOO(E)”eL”Lz(aELﬂ(BlUBz))) .
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In the limit L — oo it follows

2 2 —1 2
”ve”LZ(E) =< C2 (”h”LOO(Q)||Ve||L2(8Eﬂ(31UBz))+||h ”LOO(Q)”e”L2(8Eﬂ(31UBz))) .

(3.22)
Estimate (3.10) and the trace inequality
17 20m = V8 (1 2 + 1715 IV 1 s)) (3.23)
valid for any disk B and f € H 1(B) (see [6, Proposition 1.6.3]), imply
lelm@py = |u—Tulgm@op) = |lu— Tulpm@3p)
G C/gc,rz_m_%|u| w2y form =0, 1. (3.24)

With a universal constant C3 which depends only on C; and yg (through C; and C»),
this leads to

Vu— s 2 sl h(h|g)~" hV2ul;
” ( u M)HLZ(E) = 3” ( |Bk)+ ( |Bk) ”LOO(E)” MHHZ(B[UBz)'

This concludes the proof of the lemma. O

The constant Cg reflects the fact that two inclusions might touch but the corre-
sponding affine approximations of the solution on the disks might not match at the
touching point. Thus, in rare cases for ccont < 00, the discrete system might have
infinite energy whereas the continuous solution has not. Choosing sufficiently many
degrees of freedom (number of degrees of freedom per inclusion larger than or equal
to the number of neighbors per inclusion) this problem disappears.

3.4 A priori error estimates

The approximation property of the finite element space S reads as follows.

Theorem 3.1 Letu € V N HZ(.Qmat U $2inc) be the solution of (3.2) and let us € S
be its Galerkin approximation that solves (3.4). Then it holds

2 2 2. 12 212
”l/l - uS“a = CS ”hV u”Lz(Qmat) + Ccont E C'B“hV u“Lz(B)
BeBinc

with Cp := ||hg/h + h/hp||L*(wy) and some universal constant Cs which depends
only on Cy, C1, and Cg.
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Proof The proof is a straight forward consequence of (3.10), Lemma 3.1, Lemma 3.3,
and the equality

lollG = 1VVllZ2 g )+ ceontllVOlF2 o, forallve H'(82).

mat )

O

By (3.3) the estimate of Theorem 3.1 is also valid for the error measured in the
H'(£2)-norm. The regularity results from [7, Appendix B] read

Creg

IV2ull 20, < Creell fll22y VUl 2, < Ifll 2. (3:25)

Ccont

The constant Cre; depends solely on the geometry of the set inclusions and £2 but not
on ccont- This implies that the contrast is not a critical parameter.

Corollary 3.1 Letu € V N H?(2mat U Qinc) be the solution of 3.2)andug € S its
Galerkin approximation that solves (3.4). Then it holds

lu — uslla < Csllhllzoe@) (1 fllz2(@) + I Vunll2(2) (3.26)

with some universal constant C s which depends only on Cyeg and the constants Cg, Cp
from Theorem 3.1.

The constant C s in (3.26) does not depend on the contrast parameter ccone > 1.
However, through the constants Cg, it might depend on the term (cf. the Definition of
Cp in Theorem 3.1)

max{rg,, rp,}

max - . (3.27)
E(By.By)e€ dist(B1, B2) ccont

The latter constant is critical with regard to the geometry of the coefficient function.
The term may blow up, whenever the distance of two inclusions relative to their size
becomes very small. However, high contrast reduces this effect. In the case of perfectly
conducting inclusions (cqont = 00) it even disappears. The generalized interpolation
operator from (3.9) fulfills (u — Iu)|p = 0 for all B € B and the proof of Lemma 3.3
consists only of part /. Lemma 3.1 can be simplified in a similar way which leads to
the following corollary.

Corollary 3.2 Let coony = 00 and let u>™ € V° N H 2(2mat U Rinc) be the solution
of (3.6) and ug~ € S its Galerkin approximation that solves (3.7). Then it holds

2
IV (@™ — MS‘X’)”LQ(_Q) = |u™ —uge|lq < Cso||RV MOO”L?(_Qmat)
with a constant C oo independent of u®, ccont, and the location of the inclusions.

@ Springer
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In the general case ccont < 00 the critical constant shown in (3.27) can easily be
reduced with higher-order ansatz functions on the inclusions. We can therefore derive
error estimates whose constants are explicit in the underlying geometry. However, in
all cases the dependence on the H2-norm of the solution remains. This issue is briefly
discussed in the Sect. 4.3.

4 Concluding remarks

The main result of this paper is a numerical scheme to compute temperature distribu-
tions in composite materials with a large number of particles and high contrast. In the
model situation under consideration, the method is robust and does not depend on the
contrast ccone — 00. Some of the results extend to a more general geometric setting
in a straight-forward way. However, some difficulties remain open.

4.1 General inclusion geometry

For the use in practical applications it is desirable to incorporate more general inclu-
sion shapes and 3-dimensional geometries. It is shown in [23] that the generalized
partitions of Sect. 2 nicely generalize to sets of convex inclusions, e.g., ellipsoids,
convex polyhedra, and line segments. Even more, the design allows inclusions to
intersect. Thus, generalized Delaunay triangulations are also available for non-convex
inclusions which can be represented by finite unions of convex ones. The design of
according finite element methods can be done similarly as presented here. However,
the complexity of the mesh and the corresponding finite element method will grow as
the number of shape parameters that define a single inclusion grows. For smooth inclu-
sions the corresponding analysis is straight-forward; non-smooth inclusions, however,
require new arguments which are able to cope with lack of regularity.

4.2 Convergence

By straight forward arguments it is easy to show that the finite element solutions (the
solutions of (3.2) and (3.6)) converge in H I to the solution of (1.2) if the meshwidth
function A tends to 0.

In the matrix, the meshwidth function 4 can be decreased in the matrix 2y, by
simply putting additional artificial inclusions (points) in the set Byt If ccont = 00, this
suffices to be able to construct a convergent sequence of approximation because the
(energy-)error in the inclusions is always zero. The case, in which additional vertices
of radius zero are added to improve the approximability properties of the finite element
space, is already treated by the theory presented in this article. A different possibility
is to leave the initial partition as it is and increase the polynomial degree of the shape
functions. This strategy, the so-called p-refinement, is recommended for problems
where geometry and data are smooth. The definition of higher-order finite element
spaces is to some extent straight-forward, the corresponding analysis, however, appears
more involved.

If ccont < 00, in addition, the error on the inclusions has to be decreased, e.g., by
increasing the polynomial degree.

@ Springer
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4.3 Geometry-explicit estimates

The method presented is stable with respect to contrast in the medium. However, the
error bounds might depend on geometric parameters of the material, e.g., the distance
between neighboring particles. Whether or not the dependence on the local distance
is critical depends on the global distribution of particles. This can be seen already in
the simplified situation of perfectly conducting (c¢one = ©0©) inclusions.

Consider first two inclusions that touch but are isolated from further inclusions.
Since the solution is found in H' the (constant) values of the solution on the two
inclusions have to be equal. Provided the force term is sufficiently smooth (L?),
classical regularity theory ensures smoothness of the solution in some neighborhood
of the two inclusions and the constant in the regularity estimate depends only on the
distance to further inclusions or the boundary of the domain.

The critical scenario is the appearance of an almost conducting path of inclusions
which connects two parts of the outer boundary with different, prescribed temperature.
The temperature gap needs to be compensated in the small regions between the inclu-
sions of the path which might cause steep gradients in the solution. If the inclusions
of the path touch pairwise, the path is perfectly conducting and hence, the energy is
infinite. Depending on the volume fraction of particles, the material shows a phase
transition from moderate to high conductivity. Mathematically speaking, the solution
operator, which maps a pair the date up and f to the solution of (1.2), is not uniformly
bounded with respect to the geometry of the set of inclusions Z [25, Theorem 3.5]
shows that, though the energy of the solution might blow up, the error estimate in
Corollary 3.2 is bounded by some generic constant independent of the distance of
the particles. Thus, our method is robust with respect the such critical scenarios and
allows meaningful material simulation even in densely packed composites. We refer
to [12] for numerical experiments.

In the general case of high but finite contrast the situation appears more involved
and a corresponding regularity theory that is explicit (and sharp) with respect to both,
contrast and geometric parameters, is not yet available and has to be addressed in
future research.
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ABSTRACT. This paper presents some weighted H2-regularity estimates for a
model Poisson problem with discontinuous coefficient at high contrast. The
coefficient represents a random particle reinforced composite material, i.e.,
perfectly conducting circular particles are randomly distributed in some back-
ground material with low conductivity. Based on these regularity results we
study the percolation of thermal conductivity of the material as the volume
fraction of the particles is close to the jammed state. We prove that the char-
acteristic percolation behavior of the material is well captured by standard
conforming finite element models.

1. Introduction. This note studies the numerical approximability of thermal dif-
fusion in a representative class of particle composite materials (or composites). The
particles (or inclusions) are pairwise disjoint closed disks Z = {11, Io, ..., Iny} with
positive radii. They are randomly distributed in a background material (or matrix)
that occupies some open, bounded, convex, polygonal domain 2 C R2. The inclu-
sions are highly conducting compared to the matrix Q™' := Q \ UZ, a fact which
is reflected in the diffusion coefficient

: mat
c(:c):{l if x € Qmat,

Ccont if e Uzl
with some contrast parameter ceone > 1.
The thermal diffusion in the composite is modeled by the stationary heat equa-
tion,

(1)

—diveVu = fin Q, wu=up on 09, (2)
with a prescribed temperature up at the boundary of €2 and a heat source f. If the
source term f is supported in the matrix and if the inclusions are assumed to be
perfectly conducting (ccont = 00), then problem (2) reduces to an equation in the
perforated domain Q™' Consider the function spaces

V= {ve H(Q™") : v|sr = const. for all I € Z} and

Vo :={v €V : v]gpq = 0 in the sense of traces}.
2000 Mathematics Subject Classification. Primary: 35B65, 66N15; Secondary: 65N30, 74Q20.
Key words and phrases. Perforated domain, thickness of a domain, finite element method, high

contrast, percolation, phase transition.
The author is supported by the DFG Research Center Matheon Berlin through project C33.
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Then the corresponding variational problem reads: Given f € L?(Q™a%) and up €
C?(09), find u € V such that

Vu(x)Vu(zr)dr = (x)v(z)dz  for allv €V (3.a)
(Qmat (Qmat

and
u(x) =up(x) for almost all z € IN. (3.b)

Since the elements of V' have a constant trace on the boundary of a single inclu-
sion, they can trivially be extended to € in a way that the extension v € H'(Q)
satisfies Vv|(uz) = 0. Hence, the inequalities of Friedrichs and Schwarz yield

. 2
HUH%{l(Qmat) < (1 + dlam(Q) )”V’UH%Q(Qmat) and (4&)

Qrztu(x)Vv(:v) dz < |ull g1 @mar) [|[0]| 51 (Qmat) (4.b)
for all u,v € V. The inequalities (4) ensure the unique solvability of the variational
problem (3).

The major difficulty in discretizing (3) arises from the fact that the energy of
the solution u, given by ||Vu]|%2(ﬂmt), might depend crucially on the geometric
properties of the filler. Consider the appearance of an almost conducting path
of inclusions, which connects two parts of the outer boundary 02 where different
temperatures are prescribed (as in Figure 1.a). The gap in the temperature needs
to be compensated on the path, i.e., in the small regions (characterized by a small
parameter dcond in Figure 1.a) between the inclusions of the path. Hence, the
solution shows steep gradients there. If the inclusions of the path touch pairwise,
the path is perfectly conducting and hence, the energy is infinite. Depending on the
volume fraction of particles, the material shows a phase transition from moderate
to high conductivity. Mathematically speaking, the solution operator, which maps
apair (up, f) € C%(99Q) x L?(Q™a%) to the solution of (3), is not uniformly bounded
with respect to the geometry of the set of inclusions Z.

In this study, we will show that standard conforming' finite element approxima-
tions of (3) (denoted by uf*™) capture such a percolation phenomenon effectively.
More precisely,

19 (= ™) s ey < C (5)
holds with some generic constant C' independent of the distance of the particles
(see Theorem 4.1). This estimate is true although ||Vu/|| might blow up as described
before. Thus, conforming finite element methods are robust with respect to dcong —
0 and allow meaningful material simulation even in densely packed composites.

The issue of percolation and its numerical traceability in transport problems
related to high (infinite) contrast particle composites was previously addressed by
discrete network models [4, 2, 3]. A pioneering result [3, Theorem 3.3] is that
discrete network models, for equally sized inclusions in the absence of outer forces
(f = 0), mimic the blow-up of the energy as the volume fraction of the particles is
close to the jammed state.

Compared to the analysis in [2, 3], which rests mainly on duality arguments, our
analysis is built upon regularity estimates for the solution of (3) in certain weighted

LA finite element method is called conforming if the corresponding finite element space is
contained in V. In the present context, conformity shall primarily ensure that the complicated
geometry of the composite is resolved exactly — or at least sufficiently accurate compared to the
geometric scales in the problem — by the underlying finite element mesh.
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norms. In this context, the weight (denoted by §) reflects the local thickness of
the perforated domain Q™% (see Section 2.1). By choosing this specific weight, the
constant in the regularity estimates (cf. Theorems 3.3 and 3.5) turns out to be
independent of 9, i.e., they do not depend on the distances between the inclusions.
The combination of the quasi-optimality of conforming finite elements, standard
interpolation error estimates, and the new regularity estimates yield the general
statement on robustness (5) without even specifying a discrete space precisely. Our
technique generalizes in a straight forward way to problem classes beyond the model
problem under consideration, e.g., to more general inclusion geometries, to the 3-
dimensional case, and to general second order elliptic operators.

2. Geometric preliminaries. This section manifests the notion of thickness of
a perforated domain and a finite, problem-adapted subdivision of the perforated
domain under consideration.

2.1. The thickness of a domain. Our definition of thickness relies on a certain
(infinite) triangulation of Q™2 which is first introduced.

A convex polygon T is the convex hull of 2 or more distinct points. The set of
its vertices (corners) V(T') is the minimal set of points x1,xs,...,zr € R?, so that
T = conv({x1,x2,...,2r}). According to the above definition, convex polygons are
closed. A convex polygon T is called cyclic if its vertices (corners) V(T') are located
on the boundary of its (closed) circumdisk CD(T"). Examples of cyclic polygons are
line segments, triangles and rectangles.

Following [9], Q™2 can be represented by a regular, infinite subdivision Tyt into
cyclic polygons (or triangulation for short). More precisely, Tmat is a set of cyclic
polygons such that its set of vertices V(Tmat) equals 9Q™2t,

V(Tomat) = | V(T) = 00mt,
TETmat

and any two distinct cyclic polygons in 7.t are either disjoint, or share exactly one
vertex, or have exactly one edge in common. Moreover, the triangulation 7.t can
be chosen in a way that all of its elements T" € Tp,a¢ satisfy the so-called Delaunay
criterion

CD(T) N V(Tmat) = V(T). (6)
Figure 1.b depicts Tmat for some set of inclusions (the thick edges between neigh-
boring inclusions are unions of line segments to be explained in Section 2.2; see
Figure 2 for a zoom).

Remark 1. The elements of the Delaunay triangulation 7.t can be characterized
locally: Let x € 0Q™2" be any point on the boundary of Q™' and v, be the
corresponding outer normal vector, let A be some closed subset of 9Q™2t and let

) dist (z,y)
II(x, A) := argmin — # 0 7
A = e (= o) dist (,9) 72,0} g
be the set of points in A which are closest to z in normal direction. Then the cyclic
polygon T, := conv(z UTII(xz,dN™)) € That. Moreover, for all T € Tpat there is
some z € 0™t such that T = Tj,.

Since the Delaunay criterion (6) ensures that int(CD(T)) C Q™ for all T' € Tat,
the diameter of 7" may serve as a local measure of the thickness of the perforated
domain Qmat,
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FIGURE 1. Geometric aspects of problem (3).

Definition 2.1 (Thickness of a domain). The Tpat-piecewise constant function
§:Qmat 5 R, given by

8|7 := 6p := diam(CD(T)) for T € Trat,
is denoted as the thickness of Qmat,

2.2. A finite subdivision of perforated domains. Inspired by [2], a finite sub-
division of the perforated Q™' is extracted from the infinite triangulation Tpa¢
which was introduced in the previous subsection. Without loss of generality let us
make the following technical assumption.

Assumption 2.2. An element of T, shall either be a line segment or a triangle.
In addition, every pair of triangles shall be separated by at least one line segment.

Remark 2. Assumption 2.2 is not fulfilled in general. The triangulation 7y,,¢ might
contain cyclic polygons with more than three vertices. Their appearance is related
to the lack of uniqueness of the Delaunay triangulation (into triangles) if the given
points are not in general position?. However, this degeneracy can be circumvented
by subdividing every cyclic polygon with more than three vertices into triangles.
The resulting new triangles are not separated by a line segment but share a common
edge. This edge can simply be added as an element to the triangulation Tpa¢.

Let H :={H;y,Hy...,Hp} be a minimal set of shifted halfspaces that form the
outer boundary of €2, i.e.,

M
Q0°:=R*\ Q= | Hy.
k=1

2A set of points in the plane is in general position if no four points lie on a common circle.
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Since the halfspaces in the set H can be regarded as disks with infinite radius we
define an extended set of inclusions 7 := Z U H.

A cyclic polygon T' € Tpat with vertices z1, ...,z € 9Q™ (k = 2 or 3) connects
a subset of inclusions {I,..., Iy} C 7 if it satisfies xj€l;forall j=1,...,k For
any T € Troat let Z (T') denote the maximal set of inclusions that is connected by 7.
In this respect, Z (+) can be interpreted as a mapping from Tpat into the power set
of Z. The desired finite partition of Q™% is given by the quotient modulo of this
mapping Z(-). It is denoted as the generalized Delaunay partition D (see [8, 9]) and
consists of curvilinear polygons, more precisely

1. (generalized) edges, i.e., channel-like objects (unions of line segments) that

connect two neighboring inclusions, and
2. triangles.

According to the classification above, we distinguish between the set of edges £ C D
and the set of triangles 7 =D\ £.

We emphasize that the generalized Delaunay triangulation serves as a tool in
the subsequent regularity analysis. It is a natural way to represent the geometry of
particle reinforced composite materials, but it is not based on physical grounds.

3. Thickness-weighted regularity.

3.1. Preliminary remarks. Recall the classical H2-regularity result on a smooth
(C?) domain K C R? as it is stated in every textbook on partial differential equa-
tions (e.g., [6, Theorem 6.4]): Any v € H}(K) with Au € L*(K) is in H*(K) and
there is a constant C' that does not depend on u such that

IV2ul| 2y < Cll AullL2(x)- (8)

This result extends to certain domains with piecewise analytic boundary, especially
to the elements of the subdivision D from Section 2.2. In [1], K is considered to
be a curvilinear polygon, i.e., K is a simply-connected, bounded domain with the
boundary 0K = U?:l 'y, where 'y, are analytic simple arcs,

Te = {or(6) : £€[-1,1]}.
The functions ¢ are analytic on [—1, 1] with |V¢g| being bounded away from zero.
Under the assumption that all internal angles v1, 72, . . ., Ym of K satisfy 0 < vy, < m,
there is a constant Cic, such that

1%l 2ga) < Creg | Autll e )

holds for all u € H}(K) with Au € L?(K). Let us stress that the constant Ceg
does not depend on the scaling of K (see, e.g., [7, Remark 5.5.6]).

3.2. Local regularity.

3.2.1. Regularity on generalized edges. Let E € &, |E| > 0, be some generalized
edge which connects two inclusions I1, > € Z. Without loss of generality, let Iy =
B, ([0,0]7) and I, = B,,([0,d]"), where B,(y) denotes the closed disk of radius
r around y. Let ry > ro and d > ri + ro. For simplicity, F is supposed to be
connected (cf. Remark 3(d) in [8]); otherwise every connected component might be
considered on its own.

The subsequent results require a parameterization of the edge E. The restriction
of E to I, ENdIy, shall be parameterized by some angle s € [a, ] C | —7/2,7/2],
ie., ENJlL = ¢([a, B]) with ¢(s) := ri(sin(s),cos(s)). The mapping II(-,012)
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(a) Image section of Figure 1.b . (b) A generalized edge E (gray
shaded) and its neighborhood E,
(area framed by the dashed line).

FIGURE 2. Detailed views of the subdivision defined in Section 2.2.

introduced in (7) maps E N 0I; onto E N 0l;. Based on ¢ and II(-,012), the
generalized edge FE is parameterized by the diffeomorphism

T e, BIx10,d[— int (B), T(s,\) = (1— Né(s) + MI(¢(s), ). (10)

For any parameter 7, 0 < n < np®* := min{|a+ /2|, |3 — 7/2|}, a neighborhood of
E is defined by E, := J(Ja —n, 8 + n[x]0,d[) (see Figure 2.b for an illustration).

Lemma 3.1. There exists a constant Cy > 0 which only depends on the ratios
ro/71, d/n, and (M —n)~! such that for all u € H'(E,) with Au € L*(E,) and
ula(r,ury) = 0 it holds w € H*(E) and

IV2ull2py < CF ([|1Aull 2, + 07 VUl 20,0\ B)) -

Proof. We introduce a smooth cut-off function ¢z, : £, — [0, 1] with the following
properties (see also Remark 3 below):

(wEan)|E = 17
(¢E,n)’(8En\a(Ilu12)) =0, and (11)
Hvk(f/’E,n)HLOO(En) < Cconk for k € NU{0}.

By construction, the product u - ¥ g, vanishes on the boundary of £,. Hence, the
application of (9) and (11) yields

IV2ull 2y = 19V (wtb )l o) < 192 (utbin) 2,
9)
< Crog|Alws )|z (s,

(11) B B
< CeoCreg (AUl L2,y + 20 VUl 2ep 0\ By + 0 2 ull 20\ B)) - (12)

Since w vanishes on 0F, NJ([; Uly), Friedrichs’ inequality allows one to control the
L? part of the right hand side of (12),

ullL2z,\B) < dlVullp2(e,\B),
where d = dist(I1, Iz) + r1 + ro refers to the distance between the centers of I; and
I, as above. Thus the assertion is proved with Cf = 2Cc,Cleg (1 + %) O
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Remark 3. The constant C¢, in (11) reflects the size of the inclusions I; and I5 as
well as their ratio and, hence, the local uniformity of the distribution of inclusions.
It depends on the ratio r1 /ry and on (nB**—n)~! where the latter constant becomes
large either if the radius 71 tends to zero or if the ratio d7/||d|| L (z) becomes large
for some adjacent triangle T' € 7. However, the dependence on 07 /|6|| (g is only
an artifact of the way we are cutting Q™" into pieces and could by avoided (e.g.,
replace F with some suitable sub edge E C E and agglomerate the remaining part
E\ E and the adjacent triangles).

Lemma 3.1 will be applied to certain subdomains of the edge E (subedges) in
order to derive estimates in a thickness weighted norm.

Lemma 3.2. If u € HY(E,) with Au € L*(E,) and u|a(r,ur,) = 0, then it holds
() 10V2ullL2(m) < ACE([0llL(m,) | Aull2s,) + 0~ [6VUl L2(e,)) and
(b) 10V2ullz2(m) < Cp(lldAullz2(s,) + [IVullL2(s,),

where C'% depends only on the constant C'; from Lemma 3.1.

Proof. We assume o < = —a for simplicity. Let 0 = 59 < 81 < 82 < ... <
s; = [ induce a subdivision of [0,3]. According to {s;}/_, we define subsets
El,EQ,...,EJ+1 OfEby

By = J (] = s1,51[x]0,d[)),

E; =7 (] —sj,s5[x]0,d[) \ Ej—1 for j =2,3,...,J, and (13)

Ejsr = E,\ E.
To prove part (a), the {s;}7_, shall be chosen in such a way that

0p :=mind and
N : : (14)
0j = |6l poe ;) = min{|[[6]| poo (), 2051} for j=1,2,...,J.

The application of Lemma 3.1 with E replaced by Ej = U£:1 Ey,7=1,2,...,J,
yields
IV%ull ) < 1Vl gy < Ok (18l + 17 1Vl 2z, ) - (159)

The summation of (15.j) multiplied by d; over j =1 to J leads to

J J
16V ull L2y <D N0Vl L2,y <D 6511V ull 2,

j=1 j=1

(15.j

) J
< O 306 (180l g,y + 17 IVul o 7))
j=1

J 7j—1
<Cy| 264 Aullr2g,) + 0" Z [Vullz2(z,) Z 5k>

j=1 k=1

N

(14) B
< 40 (18] e ey 1 AUl L2(8,) + 07 16V Ul L2(8,)) -
To prove the estimate (b) we choose {s;} 37:1 in a different way (yielding a different
partition of E,), i.e.,

Sp:=mind and
v (16)
sj :=min{f,2s;_1} for j=1,2,...,J.
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The actual choice, with regard to the inclusion geometry (convexity of the particles),
implies that

5j > a0 = |0l peo(my forall j=1,2,..., 0 —1. (17)

The application of Lemma 3.1 with E replaced by F, and E, replaced by E; U E»
yields

IV2ull 2,y < Cp (AUl LaiuEs) + 51 [VullLae,)) - (18.1)

The above estimate easily adapts to the case where E; and Fs are replaced by some
Ej and Ej+1, j = 2,3,...,J,

HVZUHLQ(E]') < Cé? (HAUHL2(E]'71UE]'UEJ‘+1) + 8‘]‘_—11HVUHL2(EJ'71UEJ‘+1)) : (18.])

The summation of (18.j) multiplied by §; over j =1,...,J yields

J J
16V 2ull L2(my < Y I16V2ull Lo,y <D 6511Vl L2,
j=1 j=1
s I )
S CE Z(SJ (”Au|’L2(Ej71UEjUEj+1) + sj—1||vu||L2(Ej71UEj+1))
j=1

(16),(17) /
< (16+C,/2)C% (H‘SAUHLQ(EU) + HVUHLQ(ET,)) .

O

Remark 4. So far, the analysis in this subsection has not considered edges that are
related to parts of the outer boundary 0€2. However, by slightly modified arguments,
such cases can be treated as well. We have to distinguish two cases.

1. E € & is some generalized edge that connects an inclusion I € 7 and an
artificial inclusion H € H representing a part of the outer boundary 0 (see
Section 2.2): The previous results apply almost equally, because the boundary
part can be regarded as disk with infinite radius.

2. E € &£ connects two parts of the outer boundary Hi, Ho € H: It might
happen that the environment FE, is not contained in Q™ (see for instance
the generalized edges in the corners in Figure 1.b). However, this issue can
be cured by simply replacing E, with F, N} in the upper bounds. Since the
solution is given explicitly on 0F, N 0€), Lemma 3.2 can be generalized in a
straight forward way.

In general, the solution of (2) does not vanish on the boundary of the inclusions
Z. We, therefore, need to face inhomogeneous boundary data in the regularity
estimate. To this end, consider the affine function ¢(s,A) = (1 — A)us + Aug on
the reference edge Eier := [ov, 5] X [0,d] with uj being the value of u € V at the
inclusion Iy, k = 1,2. The transformation to E defines a function

U:=qoJ 1, (19)
which is not affine but has a small Hessian V2U in the following sense:
16V2U || L2y < Cr g 19V U || L2y (20)

The constant Gy 15" in (20) is related to || J | c2(E,or)- Hence, C7 depends on the

max

ratio ng/(Np™* — ng), but not on the local thickness 0.
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3.2.2. Interior regularity on triangles. For some T' € T and 6 > 0 we denote a
scaled version of T' by

Ty :={x €T : dist(x,0T) > 0}. (21)
We employ a cutoff function 17 ¢ with
(Yr0)lTy =1,
(Yr,6)lor = 0, and (22)

IV 4 g oo () < CA0% for k € NU {0},
to conclude that for all u € H*(T) with Au € L?(T), it holds that u € H?(T), and

IV2ull 2(r,) < IV (ut)| 27
©),(22) 2 1 —2
< O (|A%ull 2y + 0 VUl z2emry) + 02 ullL2(mry)) s (23.0)
where C/. = QCCAOCreg. Note that in fact
IV?ul| 21,y < O (|Aul| p2ery + 07 IV (= W)l L2y + 02w — WllLzemry))

holds with any affine function W : T — R, because VW = 0. Hence, the choice
W =|T|! fT udzx together with the Poincaré inequality yields

IV2ul| 221,y < Or ([|Aull L2y + 07V (W) || p2(my) (23.b)

with a constant Cr that depends only on C/. and the ratio %T.

3.3. Global regularity. We simply sum up the local estimates for the elements of
D = EUT to derive the global bound. For every edge E' € £ we choose a parameter
n = ng so that

0<np <ng™ and E,NQCc(Q™"). (24)
Accordingly, we choose parameters § = 67 > 0 for every triangle 7' € T so that the
union of the extended edges and the scaled triangles covers Qmat,

Qmat U En/g U U Thy. (25)
Ee€ TeT
Some D-piecewise constant function o : Q™ — R is given by
olg =ng for E €& and
olp=0r forT €T.
Remark 5. The results of the present section and beyond will depend locally on
some negative powers of the parameter function o defined in (26). Obviously, there
exists a constant cz such that for all K € D, o > cz||d]| (k). Since, in this paper,

we focus on the dependence of regularity on the thickness function § we do not put
any effort in the optimization of our subdivision with regard to the constants o.

(26)

For u € V we denote its Tya-piecewise affine interpolation by Jpu. More pre-
cisely, Jpu is defined by (19) on every edge, and Jpu is the unique affine interpolant
of u at the vertices of T' on every triangle T € T.

Theorem 3.3. Let u € V' be the solution of (3) and Up := Tpu its Tmat-piecewise
affine interpolation. Then there exists Cp > 0, which only depends on the constants
of Lemma 3.2 and (23.b), such that

H5V2’U/HL2(Qmat) § CD (||5fHL2(Qmat) + ||0'_15VUD||L2(Qmat)) .

251



252

122 DANIEL PETERSEIM

Proof. We decompose u = (u — uP) + (uhar — Uhar) 4 (Uhar — Up) + Up, where
ubar ¢ HY(Q™at) denotes the unique harmonic function with trace u|sgma:, and
Ubar the D-piecewise harmonic function which equals Up on the boundary of every
element K € D. The application of the triangle inequality yields
16V 20| L2 (mary < [[6V2(u — w2 (qmary + [0V (™™ = UM 2 (qumar)
+ ||V (UM — Up)|| p2(qmat) + [|[0V2Up|| 2 (umat) (27)
=: My + My + M3 + ’|5v2UDHL2(Qmat).

The estimate

(25)
MP < Y0V (u— )| e,y + D 10V (u = ") | a(p, o)
TeT EecE
(23.b),Lemma 3.2.

b 2 har
< Z C7 (I6f 1l L2y + IV (w = u"*) || 2¢1y)
TeT (28)

ar 2
+ ) CF (16 22m,) + IV (w0 — 0" || 12(8,))
Ee&
ar 2
< 012 (H(sfHLZ(Qmat) + HV(U — uh )HLZ(Qmat))
holds with a constant C; which depends only on the constants of Lemma 3.2.b and

(23). Since (u — uba) € HE(Q™at), we have from (3.a) and a localized version of
the Friedrichs’ inequality (see Lemma A.1),

||V('LL - uhar)HL2(Qmat) < CF||6f||L2(QInat).

2

Since u"® — UP?r ig locally harmonic, the application of Lemma 3.2.a locally on

E, /2, E € & and (23) on Ty, T € T, yields

n
My < Cl|lo~ 16V (uher — Uhar)HLz(th)’
where the constant Cy depends only on C% and Cp. From Lemma A.2, we also get
M < Callo™ 10V Up|| p2(qmat). (29)
Finally, the application of Lemma 3.2.b on every E € &, yields
M3 < op <||5AUDH%Q(W) £ o UD|\%2<E>)
Ec€

where the constant C% depends only on C/. The definition of U, (20), and
Lemma A.1 yield

M3 < 03H0'_1(5VU'D”L2(Qmat). <30)
The assertion follows readily by combining (27), (28), (29), and (30). O

Lemma 3.4. Let u € V be the solution of (3) and Up := Tpu its Tmat-piecewise
affine interpolation. Then it holds

16V Up|| L2 (@maty < C3 ([ fll2(0maty + [[up]| Lo 90mar) )
with some constant Cy that does not depend on 6.
Proof. By an inverse inequality we get

16V UD | L2(qmeey < |Up |l 12 (cumes)-
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Moreover,

HUDHLz(Qmat) S C%HUHLZ(Qmat) S CS ( \u — uharHLQ(Qmat) —l— HuharHLQ(Qmat))

< C3 (I fllpa@mery + ||| oo (agmaty )

where we have used the boundedness of the interpolation operator Jp, the maximum
principle for second order elliptic operators (see [6, Theorem 6.4.1]) and a classical
L? a priori estimate (see [6, Theorem 6.2.6]). O

Theorem 3.5. Let u € V' be the solution for (3). Then there exists Cy, t,6 > 0,
which depends only on the data f and up, on o defined in (26), and the constants
of Theorem 3.3 and Lemma 3./, such that

[0V2ul| 2 (qmaty < Cup fr0-
Proof. The proof follows readily by combining Theorem 3.3 and Lemma 3.4. ]
4. Stable approximation close to percolation. We now consider any appro-
priate conforming finite element approximation of (3). Let Vj, C V be some finite

dimensional subspace of V. The corresponding discrete variational problem reads:
Find wup € Vi, such that

Vup(x)Vop(z)de = (z)vp(z)dz  for all v, € Vi, N Hy (Q™2Y),  (31.a)
(Qmat (Qmat
up =up on Of). (31.b)

It is assumed for simplicity that the Dirichlet data up is resolved by V4, i.e., there is
some vy, € V}, such that vy |gq = up. The discrete space V}, shall consist of functions
that are piecewise smooth with respect to some mesh G of Q™. The mesh G, which
consist of possibly curved elements, is supposed be conforming in the sense that
UG = Q. Its mesh width is denoted by h : Q™2 — R, hlk = hg = diam(K)
for all K € G. Clearly, there holds h < Cgd with some constant Cg which is
related to shape regularity of the elements, i.e., the ratio between the radius of the
largest ball that can be inscribed in an element and the radius of the smallest ball
that contains the element. We assume that the space V}, satisfies approximation
properties locally, i.e., there exists some constant Cypp,r so that for all K € G and
all w € H*(K),

inf (hi' e = vall L2y + IV (@ = vp) || 2(k)) < Capprliic |[VPull L2y (32)
Vh h

Theorem 4.1. If u € V is the solution for (3), and up, € V}, its Galerkin approzi-
mation that solves (31), then
IV(u = un)|[2@@mery < Craup vi [/ 6] Loo (mar)

holds with C¢up v, = CapprCup,f,c where Cappr is the constant from (32) and
Cup.f,0 the one from Theorem 5.5.

Proof. The optimality of the Galerkin method in energy norm together with the
approximation properties of the space Vj, (cf. (32)) imply that

HV(’U, - uh>HL2(Qmat) S Cappr|‘hv2u“[/2(9mat). <33)

Using the assumption that the ratio h/¢ is bounded and applying Theorem 3.5 we
further estimate

HhVQUHLZ(Qmat) S Hh/5||Loo(Qmat)H6V2UHL2(Qmat) S C’LLD,f,O'||h’/5HL°°(Qmat)- (34)
The combination of (33) and (34) yields the assertion. O
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In practical computations, the assumption of conformity UG = Q might be re-
laxed. E.g., the inclusions might by approximated by linear, quadratic, or cubic
splines. The resulting geometries are supported by many state-of-the-art mesh gen-
erators. However, such a perturbation of the original geometry can only lead to a
meaningful approximation if it preserves the distance between neighboring inclu-
sions very precisely.

A special choice of the mesh G and the corresponding space V;, which preserves
conformity is discussed in [10] where

G=Dand Vj, = Vp := {v € CO(Q™) : v is Trat-piecewise affine}.

Corollary 4.2. If u € V is the solution for (3) and uj, € Vp its Galerkin approxi-
mation that solves (31), then

IV (u—un)||L2(maty < Cip,pClup f.0

where the constant Cip p is related to the approzimation property of Vp (see [10,
Theorem 3.1, Corollary 3.3]).

Proof. The proof follows readily by combining Theorem 4.1 and the approximation
property of the space Vp provided by [10, Theorem 3.1, Corollary 3.3]. O

5. Conclusion. In this paper, we have proved that conforming finite element meth-
ods yield approximations of the temperature distribution in particle reinforced com-
posite materials that are robust with respect to critical geometric parameters of the
packing of particles. More precisely, the absolute error of such an approximation
can be bounded by some universal constant that does not depend on the geometry
of the particle distribution. The relative error scales inversely proportional to the
energy of the material. Conforming finite element methods allow one to trace a
possible blow-up of the energy as the thickness tends to zero on a path of inclusions
that separates the domain. Hence, material simulations based on those methods
are able to capture the phase transition from low conductivity to high conductivity
(percolation) as the volume fraction of particles is increased.

Moreover, given a fixed sample of the geometry of the material, the regularity
theory presented here shows that the use of a conforming finite element mesh with
local width proportional to the local thickness of the matrix material guarantees
accurate results. Therefore, finite element methods might be used to compute
effective properties of a specific sample of the material. These effective properties
can then be used as the basis of an numerical upscaling procedure which simulates
global material behavior.

The theory presented in this paper can be extended to the case of general smooth
inclusions. The same holds true for 3-dimensional setting and for the consideration
of general second order elliptic differential operators.

Appendix A. Inequalities. We now prove a version of Friedrichs’ inequality that
is local with respect to the thickness of the domain.

Lemma A.1. There is some constant Cr which does not depend on & such that for
all v € Ha (4ma%) 4t holds that

HUHLQ(Qmat) S CFH(SVU”LQ(Qmat)
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Proof. Let EZ € £ be some generalized edge and consider subedges E;, j = 1,2,...,Jg
as in (13) and (14). The classical Friedrichs’ inequality is applicable (cf. Remark
(A.1)) on all subedges E;. More precisely, there holds

lvllz2(z,) < 110l Loz I VVllL2(E))-
Hence, by (14) we get
[v]lz2(m) < 2(16VollL2(m).- (35)
On the triangles T' € T such a result is not directly applicable, because 0Q™2* N 9T
is of measure zero. However, the L?-norm of v on T can be estimated together with
the generalized edges F1, Fs, E5 € £ adjacent to T'. Let T:=TUE;UE,U FE5 be
chosen in a way that

min 0(x) > %5T for all kK =1,2,3.

mGTﬂEk
Then -
|0T N oQmat|
[oll 27y SCFwaWva(f)- (36)
The constant Cr does not depend on 4, the ratio MTBB*;}'HM”, or on v (see [5]). The
assertion follows by simply summing up the local estimates (35) and (36) over all
edges E € £ and all triangles T' € T. O

We now present some thickness-weighted energy estimate.

Lemma A.2. Let u € V be the solution of (3) and v € V' be any function with
trace v|ggmar = u|ggmat. Then there holds

||(5V(U - U)||L2(anat) S che (H(SQfHLQ(anat) + H(sVUHLQ(Qmat))
with some constant Ceywe that does not depend on u, o, orJ.

Proof. Let D denote the subdivision of Q™2¢ which consists of the triangles T' € T
and the subedges E1,...,Ey, of E € £ as in (13) and (17). Let {¢x}cp be the

partition of unity related to D such that for all K € D, supp(¢x) is contained in
the union of K and its neighboring elements in D, and

IVl e (@mery < Cll8lTE ey = 05 (37)

where Cj is some universal constant that does not depend on ¢. Then there holds

H(SV(U—U)H%Q(Qmat) =/ 62V (u —v)V Z o (u—v) | de

mat .
Q@ KeD

3) K
< 52 — )| dz + 62 VoV (¢ - dz
; K(/mm)mu o) K/supm)r oV (b (u—v)) | )

Lemma A.1,(17),(37) 9
< C > (10% Fll L2 (suppiosn 10V (= V) L2 (suppi o))
KeD

HIOVl| L2 suppr0)) 10V (14 = V)| L2 (suporc)) -
For any € > 0, Young’s inequality yields
||5V(u - U)H%Q(Qmat) < 028_1 <||62f||L2(Qmat) + ||(5VU||L2(Qmat)>
+ 2025”5V(U — ’U)HLQ(Qmat).
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oosing € = (2C)~2 proves the assertion. O
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COMPOSITE FINITE ELEMENTS FOR
ELLIPTIC INTERFACE PROBLEMS

DANIEL PETERSEIM

ABSTRACT. A Composite Finite Element method approximates linear elliptic
boundary value problems with discontinuous diffusion coefficient at possibly
high contrast. The discontinuity appears at some interface that is not nec-
essarily resolved by the underlying finite element mesh. The method is non-
conforming in the sense that shape functions preserve continuity across the
interface in only an approximate way. However, the method allows balancing
this non-conformity error and the error of the best approximation in such a
way that the total discretization error (in energy norm) decreases linear with
regard to the mesh size and independent of contrast.

1. INTRODUCTION

This research article considers the design of a Composite Finite Element (CFE)
method for Dirichlet problems with discontinuous coefficients across an interface.
The CFE method is a classical two-scale approach: The degrees of freedom are
related to a possibly coarse mesh, whereas the shape of the ansatz functions is
defined on a finer subgrid. In other words, finite element shape functions on a
coarse scale are composite by shape functions from some finer scale.

In previous CFEs [18,19,22], for the treatment of essential boundary conditions
on unfitted meshes (with respect to the boundary of the domain), the adaptation of
shape was done in such a way that the prescribed boundary condition was fulfilled
in an approximate way. Now, in the context of interface problems, finite element
shape functions are adapted on a submesh such that the continuity across the
interface is preserved in an approximate way. The new CFE approach has three
main advantages:

(1) The definition of basis functions is explicit, i.e., no local problems have to
be solved.

(2) The coarse mesh does not need to be aligned with the interface, whereas
this is necessary for classical finite element methods (see [14]) to converge
at an optimal rate. Moreover, the definition of the CFE method does not
put any condition on the intersection of mesh cells and the interface.

(3) If the given data (domain, interface, right-hand side, etc.) allow for a
(piecewise) smooth solution, the asymptotic order of convergence of the
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underlying discretization is preserved on coarse meshes which do not resolve
the interface.

Alternative approaches in the literature can be found, for instance, in [24], where
another CFE method is introduced, in [1,9], where the interface condition is im-
posed weakly via penalization, or in [4], where special basis functions are computed
by solving local problems on submeshes.

The present CFE method may be useful for problems with evolving interfaces.
Because of evolution, the interface cannot be well represented by edges or faces of
a stationary mesh. In classical finite element methods, an adaptation of the mesh
to the interface at every time step is required. This adaptation of the mesh in time
is considered to be too costly, especially in three space dimensions. The new CFE
approach allows the computing of the evolution in time on a fixed (possibly coarse)
mesh. It is sufficient to adapt the shape of the ansatz functions (slightly, close to
the interface) in time. As we will see later, the cost for this shape adaptation is
small when compared with the overall cost of updating the solution on the fixed
coarse mesh.

Note finally that our method is designed to efficiently treat the singularity caused
by the jump of the diffusion coefficient at the interface. Since the method does
not add any degrees of freedom to the coarse finite element space to resolve the
interface, it cannot be expected to resolve any singular behavior caused, e.g., by a
kink in the interface. The treatment of such singularities has to be organized on top
by classical techniques, e.g., by enrichment of the finite element space by certain
singular functions or by mesh adaptivity. In the context of adaptivity, CFEs offer
a coarse grid approximation that may serve as the initial guess for an a—posteriori—
driven adaptive refinement process. They allow the adaptivity toward singularities
to start long before the interface is resolved by the underlying finite element mesh.

Notation. In what follows, dist(-,-) denotes the Euclidean distance in R2. We
use the same notation for the distance between non-empty subsets A, B C R2?,
dist(A, B) := inf,ec 4 yep dist(z, y).

The measure |-| is also context-sensitive and refers to the volume of a set relative
to its dimension, i.e., |-| denotes the length of a curve, or the area of a domain.

Given some bounded domain €2, standard notation for (fractional) Sobolev spaces
W (Q), m > 0,p € NU {oc}, and their corresponding norms ”'HW;n(m and semi-
norms "‘Wﬁl(Q) is used; H™(Q2) abbreviates W3*(Q2) (m € N) and LP(f2) abbrevi-
ates WS(Q)' Given two disjoint bounded Lipschitz domains 2 and {2, the space
H™(Q1UQ5) denotes the space of all functions u € L?(Q,UQs) with u|o, € H™(Q1)

and u|g, € H™(€2). The dual space of a Hilbert space V' is indicated by V*. The
space of R-valued continuous functions on a set © is denoted by C°(Q).

2. COMPOSITE FINITE ELEMENT DISCRETIZATION OF A
MODEL POISSON PROBLEM

2.1. Model problem. Consider Poisson’s equation —div(aVu) = f in an open,
bounded, polyhedral domain 2 C RY d € {2,3}, with homogeneous Dirichlet
boundary conditions on 0f). The scalar coefficient a (permeability or conductivity)
jumps across an interface I' := Q; N ) that separates two disjoint, open Lipschitz
subdomains 91,9y C Q, Q = Q; UQy. The corresponding variational problem
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reads: Find u* € H(Q) such that
(2.1) / aVu* - Vudr = / fodr for all v € H) (D).
Q Q

For simplicity, the coefficient a : 2 — R~ is chosen piecewise constant,

()_ 1 if x € Qq,
W)=Y g > 1 if 2 € Q.

The parameter acont represents the contrast which is supposed to be large in prac-
tical applications, e.g., in the modeling of heat transfer in composite materials.
The bounded bilinear form a : Hj(2) x H}(2) — R given by

a(u,v) = / aVu-Vudr = Vu-Vodr + aeont Vu - Vudx
Q Q4 Qa
for u,v € H(2) induces the norm ||| - ||| := |[/aV - [|12(q) in H{(€2), the so-called
energy norm. Hence, problem (2.1) has a unique solution for all f € H=1(Q) :=
(Hy(92))".

Usually, some finite-dimensional subspace V;, C H} () based on piecewise poly-
nomials replaces HZ(€2) in a finite element discretization of (2.1). However, if the
underlying finite element mesh is not aligned with the interface, this ansatz suffers
from the lack of regularity of the solution at the interface; the solution is continuous
across, but its gradient may jump.

In this paper, this issue shall be fixed by considering a discrete space V}, that
violates conformity, Vi, ¢ H} (). We consider shape functions that are conform-
ing with respect to each of the subdomains but possibly discontinuous across the
interface, i.e.,

Vi, C H&(Ql U Qg) = {U, < Hl(ﬂl U QQ) : U|aQ = O}

Because of the lack of Galerkin orthogonality, the discretization error of a corre-
sponding method is not necessarily proportional to the error of the best approxi-
mation of the solution. The discretization error is bounded by the sum of the best
approximation error and the error related to the violation of conformity as in (3.1).
The aim of this paper is to construct a non-conforming discrete space Vj, (based
on piecewise affine ansatz functions) such that a balance is achieved between the
errors due to non-conformity and errors due to best approximation. This balance
yields linear convergence of the corresponding method with respect to the mesh
size parameter h without resolving the interface by degrees of freedom.

2.2. Construction of the finite element space. The construction in Subsec-
tions 2.2.1-2.2.3 below follows the methodology of CFEs [8].

2.2.1. Triangulations. Let T be some regular subdivision of 2 into closed non-
empty simplices (or triangulation for short) according to Ciarlet [3,5]. Two non-
disjoint distinct simplices in 7 share either a common face (d = 3), a common
edge, or a common vertex. By V(T) we denote the set of vertices (corners) of a
simplex T" € T. The union of vertices in a (sub)triangulation 7 is denoted by
V(T) :=Urer V(T). The T-piecewise mesh width function h : Q@ — R is given
by

h(z) = pluax diam(7").
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Note that the coarse triangulation 7 does not necessarily match the interface
I', i.e., I' is not the union of element edges or faces. Later on, the degrees of
freedom of the CFE space will be exclusively assigned to the vertices of the (coarse)
triangulation 7.

We consider the two triangulations 77,72 C T,

Te ={Te€T:TcCQ}, k=1,2,

related to the subdomains. The union of these triangulations does not cover €2, in
general. Some neighborhood of the interface, the interface zone

Q' =0\ (UT) U (UT2)),

is not covered by elements of 7; or 75 unless the interface is resolved by 7. We
introduce two triangulations of the interface zone, one associated with each subdo-
main. The elements T' € T that are contained in none of the two triangulations are
collected in the set
T3 =T\ (T UTz).

A further fine triangulation 7' of Q' will be employed to adapt the shape of the
ansatz functions in Q. This fine triangulation 77" is derived by regular refinement
of T+ (e.g., by red-green-refinement or newest vertex bisection) locally near the
interface. The corresponding 7; -piecewise mesh width function A} : |J7{ — Rsg
is given by

hY(x) := max diam(t).
1( ) teTl xet ( )
The refinement shall be done such that
(2.2) hl|, = diam(t) > C; * dist(¢,T) for all t € T

holds with a universal constant C; independent of the kY. This condition prevents
over-refinement in the interface zone and enforces a certain grading of 77 toward
the interface. This grading is essential for the stability, complexity, and accuracy
of our method. The condition enters our error analysis via the external result
[18, Theorem 4.4] which plays an essential role in the proof of Lemma 3.1 and,
hence, in the proof of our main result Theorem 2.3.

Note that condition (2.2) is satisfied with a constant Cy = 2 if the fine triangula-
tion 77 is computed by successive refinement of those simplices that are intersected
by I' (cf. [22, Section 2]). This shows that arbitrary small elements in a vicinity
of the interface are possible in 77'. Still, 7' is not aligned with I" in general. The
analysis of Section 3 will show that the mesh size A" Ir at the interface suffices to
be of size h3/2. This implies that the complexity of T depends only on the mesh
size of the coarse mesh 7 and not on the location of the interface relative to the
coarse mesh.

2.2.2. Additional structure. The meshes defined in the previous section cannot see
the interface. However, precise information about the location of the interface is
crucial for any reasonable approximation scheme. The exchange of information
between the interface and the meshes shall be introduced via two mappings.

Closest inner simplex. The mapping T (1.) : V(TF) — 71 is chosen such that
T} € argmingper; dist(z,T), i.e., T(¥) assigns a closest inner simplex (fully contained
in Q) to every vertex x € V(T). Zpu € P1(R?) denotes the globally affine
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1 2

(a) The coarse triangulation 7.

3

Q

! Q

1 2

(b) The triangulation 75 of QL. (¢) The triangulation 73 related to Q.

H § 2, < 2

(d) The triangulation 77 related to 1. (e) The refined triangulation 77" of the in-
terface zone QF.

FiGURE 1. The triangulations introduced in Section 2.2.1. The
interface is not well represented in 7 shown in (a). It is better
represented by 7' in (e) but still not resolved.
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function which interpolates u in the vertices of T}!. Accordingly, T(?) V(TH — Ts
and Zrz2u are defined.

Interface projection. The projection operator (-)'' : R? — I' is chosen such that
2l e argmingcr dist(z,y). This projection encodes the geometrical information

about the interface that is required by our method.

2.2.3. The CFFE space. By Sk, k = 1,2, we denote the finite element space of
continuous Tg-piecewise affine functions

(23) Sk = {U . CO(UE> . U|T S ]P)l fOI' all T € E, U|8908(U7-k)}

with the homogeneous Dirichlet boundary condition on 92 built in. These spaces
represent the degrees of freedom of the method, in that CFE shape functions are
derived by extending elements from S; resp. S to the interface zone.

In other words, CFE shape functions are certain elements of the target space

(2.4) SV i={ue€ H}(U NQ) : ulrng, €EP forall T € TTUT,
u|lrnq, € P forall T € T,U TS }.

Definition of shape functions via extensions. The CFE space S°f is given as
the image of S; xSy under the bounded linear injective operator P : S} x Sy — ST,
i.e., S ;= Pcfe(§). The definition of P is based on two mappings that relate
the different meshes and the interface. The projection operator P¢ is defined in
the two subdomains as follows:

cfe L ,Pffe('ltl,UQ)(IL') if x € Ql,
25) P ue) = { Pl e

with P§fe and P§* given subsequently.

Definition of Pcf2, The operator Pé’fe extends functions defined in (J 73 to the
interface zone QI'. Given up € Sa, the continuous (T;UT5 )-piecewise affine function
Psfuy is uniquely defined by nodal values

us () if x € V(T3),
(2.6)  (P§*Cuy)(z) == Irau(z) if 2 € V(T])\ V(Tz) and = ¢ 00" N 09,
0 x € 00" NoQ,

with Zr2u defined in Section 2.2.2 above.

Definition of P°®;. The operator Pf extends functions defined in |J7; to the
interface zone QU in such a way that its trace on I' approximately coincides with
(PS*us)|r. Given uy € Sy, ug € Sz, P(uy, uz) is the unique continuous (7; UTT)-
piecewise affine function which takes the following values at vertices x € V(T{UT{):

(2.7) Pie(ur, uz)(z)

uy(x) ifx e V(T1)
orz € V(TH) N (UT),
= ¢ PsPug)(a") + (VIpiug,z —2) ifz e V(TH)\ (UT)
and z ¢ 90 N oQ,
0 if x € 00" N oA,
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with Zriu defined in Section 2.2.2 above. Note that the definition of Pste ensures
continuity of its images although 73 N7 is not necessarily a regular triangulation
in the sense that hanging nodes may appear (as in Figure 1(d)—(e)).

Although the one-dimensional case (2 is an interval and I' is some point in §2)
does not share the numerical difficulties of the multi-dimensional setting (because
the interface can easily be resolved by adding the vertex I' to any mesh), it clearly
illustrates the definition of P and the derivation of our shape functions (see
Figures 2-3). Note that, in one dimension, our construction ensures continuity
across the interface and the method is conforming. In general, conformity is only
achieved in the limit Al |r — 0. However, the discontinuity of shape functions across
the interface (see Figure 4) is sufficiently small to preserve stability and accuracy
of our method.

Remark 2.1. There is some algorithmic freedom in the above construction:

(1) It is not essential that the subtriangulations 77,75, 74 form a partition of
some regular triangulation 7. They could have been chosen to be non-
matching overlapping triangulations representing 21, {5, and some neigh-
borhood Q! of the interface T'.

(2) Tt is not essential that the definitions of the mappings T, (1.) and (-)!' in the
above construction are based on the minimality of certain distances; any
point or simplex sufficiently close (distance proportional to local mesh size)
would do the job as well.

2.2.4. A local basis of the CFE space. The degrees of freedom of the method are
function values at vertices

Vaot (T) := V(T1) UV(T2) € V(T).

Hence, degrees of freedom are solely assigned to vertices in the coarse (interface
independent) mesh 7 and every vertex in 7 represents at most one basis function
of Scfe.

The images of the nodal basis functions A\, € S; U Sy for 2z € V(7)) yield a
basis of S, i.e.,

Scfe — gpan ({PCfe(/\Z,O) |z € V(T)}U{P"0,)\,) | z € V(7-2)}) )

where P\, and P\, are linearly independent if z # y.

Most of the basis functions are standard nodal basis functions. More precisely,
P<fe has no effect on functions that vanish in QU plus one layer of coarse elements
T € T. Only a few basis functions are manipulated via the explicit linear operator
Pcfe. Those basis functions have slightly enlarged supports when compared with
standard nodal basis functions on 7. However, the supports remain local in the
sense that their diameters remain proportional to the local coarse mesh size h.
Thus, the supports have finite overlap independent of the mesh size h.

2.3. Discrete problem. The discrete variational formulation of (2.1) reads: Find
uc® € S such that

(2.8) / aVu . Vodz = / fodz for all v € S°.
Q Q

Note that the basis given in the previous section turns this variational problem
into a system of linear algebraic equations. Since those basis functions have local
support, sparsity of the corresponding stiffness matrix is ensured.
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| | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) Some functions u1 € S1 (left) and uz € So (right) representing the degrees of freedom.

I I I [ I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(b) Extension ngeug of us to the interface zone Q.

F1GURE 2. Illustration of the definition of the CFE space in Sec-
tion 2.2.3.
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0.4 T

| | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) Extension ’Pffeul of uj to the interface zone QL.

T
|
|
05f ! -
> |
|
|

0.4 T

0.2 ,

01 T

| | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(b) The corresponding CFE function P (uy, us) € S with degrees of freedom (o).

F1GURE 3. Illustration (continued from Figure 2) of the definition
of the CFE space in Section 2.2.3.
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a) Some function w1 € S1 defined on | J77. b) Extension Pcfe u1,0) of uj.
1

FI1GURE 4. Illustration of the approximate trace matching across
the interface: I' is the unit circle and €2 its interior, us and, hence,
PSfeusy|r are chosen zero.

Remark 2.2. The implementation of the method is similar to previous CFE methods
and we refer to [7,16,21,22] for computational insights.

One issue is that the solution of (2.8) requires the evaluation of integrals over
intersections T' N € which is beyond the scope of this note. The forthcoming
theoretical results assume that all integrals are evaluated exactly. We refer to
[7,15,22] for a practical resolution of this issue.

2.4. Error estimates. The following theorem addresses the solvability of (2.8).
Moreover, assuming H?(Q; U Qg)-regularity, an optimal a priori error bound in
energy norm is given. Besides parameters already mentioned in the construction,
the constant in the error estimate depends on pr, which is the ratio between the
diameter of the largest ball that can be inscribed in 7" € T and diam(7"). The trian-
gulations 7 and T;| are assumed to be non-degenerate, i.e., p7 := minge7 pr > 0

(resp. pyr = minperr pr > 0).

Theorem 2.3 (Linear convergence with respect to mesh size). The discrete problem
(2.8) always has a unique solution u°® € S°f,

If, in addition, the solution of (2.1), u* € HZ(Q), is piecewise smooth, u* €
Hz(Ql U 92)7 and 1f

(2.9) thf/hgﬂHLoo(U{teTf:tﬂFaé(Z)}) < Gy
for some generic constant Cs, then the following a priori error estimate holds:
(210) |||U’* - que||| < C”h”L"O(Q) H\/EVQU’HLZ(SMUQQ) :

The constant C = C(p7, P, Cy,Cs) does not depend on the mesh width functions
h,h' and the contrast parameter acons.
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Proof. The unique solvability of (2.8) follows from the fact that ||| - ||| is a norm in
Sefe. Since, in the limit AY|p — 0, S is conforming, the latter is quite obvious
if hﬂ(u (teTrnr20}) is sufficiently small. Otherwise, this property can be proven
along the lines of [18, Lemma 4.10].

The proof of the error estimate will be given in Section 3. ]

The error estimate in the above theorem rests on the regularity of the solution
u* € H?(2; UQs). In general, this regularity does not hold for solutions of problem
(2.1). Moreover, even though the constant in the error estimate does not depend
on the contrast acont, the H2(Q; U)y) seminorm of the solution on the right-hand
side of estimate (2.10) may do. In Section 4 we will prove that f € L?(Q), the
Lipschitz properties of the subdomains €, and, in addition, convexity of Q C R?
and the assumption I' € C%! imply u* € H2(2; U Q) and

* * Cre
(211) HVQU/ HLZ(Ql) S Creg ||f||L2(Q)’ HVQU HLQ(Q2) S Tmi HfHL2(Q)

with some universal constant C,., that depends only on the geometry of the sub-
domains §2; and the interface I" but not on f and acons. Hence, under those as-
sumptions on the geometry, the error of the CFE method does not depend on the
contrast parameter Gcont-

Theorem 2.4 (Contrast independence). If Q C R? is conver, I' € C*1, and if
(2.9) is satisfied, then the following a priori error estimate holds:

I[|u* — ucte]|| < Cllhl[ Lo @) [ fll 20 -

The constant C' = C(pT,pTlr, C1,C4,Creg) does not depend on f, the mesh width
functions h, hlf, and the contrast acont.-

Remark 2.5. As already mentioned in the introduction, our method is designed to
capture the kink of the solution across the interface. Further lack of regularity,
caused, e.g., by singularities at kinks of the interface, is not addressed by the
proposed method and leads to reduced convergence rates. The actual rate depends
on the strength of the singularities as usual, i.e., if u* € H'T%(£2;UQ,) for some s €
[0, 1], then standard interpolation theory of Sobolev spaces allows one to estimate

[[[u* =[] < CllAllL 0)-

Standard techniques may be applied to improve the convergence rate of the method
for singular solutions, e.g., adding certain singular functions to the approximation
space, or adaptive refinement of the coarse mesh 7 toward the singularity.

2.5. Complexity. Let us briefly discuss the complexity of our method. Consid-
ering a uniform coarse-scale grid of width A, the number of degrees of freedom in
our method is proportional to h~¢, where d € {2,3} denotes the dimension of the
physical space as before. The cost of setting up and storing the basis functions can
be estimated as follows. Because of Theorems 2.3 and 2.4, it is sufficient to adapt
the shape functions on a submesh with minimal mesh size hl|p =~ h%/2 close to the
interface. Since the dimension of the interface I' is d — 1 and owing to (2.2), the
number of elements in the submesh is proportional to h=3/2(d=1) je. h=3/2 for
d =2 and h=3 for d = 3. Hence, the cost caused by the adaptation of the shape
functions is at most proportional to the number of degrees of freedom h~¢.
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3. DETAILED ERROR ANALYSIS

This section proves the error estimate in Theorem 2.3. The error of the CFE
approximation can be estimated as in [3, Lemma 10.1.7] by

* _ ,cfe : * |a(u* — U'Cfe’ U)‘
(3.1) llu* =u™[ll < nf |lju” —ol|| + sup
vesete 0veSere HEll

The first term in the above estimate reflects the best approximation error which
is further addressed in Section 3.1. The additional second term is due to non-
conformity (see Section 3.2).

3.1. Approximation property. For G € {T, 71,72, T, T2}, let Zgu denote the
unique G-piecewise affine function that interpolates a sufficiently smooth function
u at the vertices of G. The solution u* € H?(Q; UQy) of (2.1) is well approximated
by the discontinuous function w, with up|o, = (Zr,u)|q,, K = 1,2. The error in
the energy norm is proportional to h. This approximation property is preserved if
uy, is suitably mapped onto the finite element space S as the following lemma
states.

For the ease of notation, observe that Py := P“(Zr u, Tr,u) defines Pcte
for arguments v € H}(Q) N H?(Q U Q). Accordingly, Pseu := PS*Tru (resp.
Psley := Pe(Tru, Iryu)) extends PSe (resp. P5e) to HE(Q) N H2(Q; U Q).

Lemma 3.1 (Approximation property of S°®). There is a constant C > 0 which
may depend on pr, pyr,C1, Co but not on h and hY' such that for all u € H ()N

H?(Qy U Q) it holds that

[l = Pull] < C | VahV2ull s 0, 0, -

Proof. The proof picks up some standard techniques for CFEs as they are used,
e.g., in the proof of Theorem 4.4 in [18]. In addition, we will frequently make use of
classical error estimates of nodal interpolation with respect to simplices. Following
[5, Theorem 16.1], there exists a universal constant Cj, such that

(3.2) [u = Tty < i diam(t)* ™2 75 7™ [u] oy
for all uw € H?(t), m € {0,1}, provided W' (t) C H?(t); Zyu denotes the affine
interpolant of u at the vertices of a triangle ¢.

The main tool for exploiting the piecewise regularity is a suitable extension
operator. It is known that, since €2 is assumed bounded and Lipschitz, there exists
a continuous, linear extension operator € : H2(Qy) N HL () — H2(Q) N HL(Q),
k € {1,2}, such that for all u € H?(Qy) N HE () there holds

(3.3) €rulg, =u and I < Cext HVQUHL2

Cull Lo (@)

with a constant Cey that depends only on Qj and Q [25]. Moreover, Cex is
moderately small under mild assumptions on the geometry [23]. Throughout the
rest of the paper, u, abbreviates €, u, k =1, 2.

Our proof rests upon the splitting

u=1u+ (u—ug)
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and the observation that (u —uz)|q, € H}(Q1) N H?(Q1) and (u—uz)|q, = 0. The
splitting and the linearity of P¢* lead to the upper bound

cle cre cre 2
(34) llu = Pulll* < |lluz = Punl[]® + |V (u = w2 = P (u — w2)) [ 12 g, -
The second term on the right-hand side of (3.4) can be bounded by classical tech-

niques for the analysis of CFEs. In particular, [18, Theorem 4.4] and (3.3) show
that

(3.5) IV (0= u2) = P (= 02)) |12, < C |29

UHHz(Ql)
with some constant C' that depends only on pr, PTT, C1, Oy, and Ceayy.

Thus, we are left to bound the first term on the right-hand side of (3.4). The
advantage of the splitting is that, compared to the initial assertion, we can now
make use of the fact that uy € H?(2) regardless of the interface.

Throughout the rest of the proof, a < b abbreviates a < C'b with some constant
C that depends only on the constants C1, C2, Cip, Cext, p7, and pyr.

By repeated use of the triangle inequality we separate the elements where stan-
dard estimates apply from those where more involved techniques are required:

2 2
|Jus — Pus|[]? = ||V (uz — PCfeug)HLQ(Ql) + Goont ||V (uz — PCfeuQ)HLQ(QQ)
(2.6),(2.7) ) )
< IV(uz2 = Zrug)ll12(q,) + Geont [ V(u2 = Zruz)||72(q,)
cle 2 cle 2
+ HV(ITUQ — Plf u2>HL2(QF) + Qcont HV(ITUZ - ,PQf UQ)HL2(QF)
(3.2),(3.3)
2. |12 2.2
S VP g, + acon [PV 12 g,
2 2
(36) + HV(ITUQ - Pfer2> HLQ(QF) + Qcont HV(ITUQ - P;fe’UQ) HLQ(QF) .
Let t € T{ and T € T3 such that t C T (recall that T{" was derived from
T3 C T by refinement). Then, by an inverse estimate,

(3.7) [|[V(Zruz — Pius)| . = 2 diam(t)"/? diam(T) ™" || Zrus — Pius |, . o -
We fix = € V(t) with HIT'LLQ — PffEUQHLOO(t) = }ITUQ(x) — Pffeu2(w)| and define
T} =T}, T? := T?. In addition we introduce neighborhoods

wr = {K eT: TnK #0}
containing both coarse elements 7} and T7. The definition of P in (2.7) and the

application of Lemma 4.1 from [18] lead to
(3.8)

2.7
[ Zruz — P = ’IT% (2) = Zpzuz(a") — (VIgsug, o — 33F>’

“2HLoo(t)

< ‘ZTUQ(x) - ITfug(:E)’ + ‘<V(ITtZU,2 —Irpiug),x — a:F>)‘

< diaum(T)_d/2 (HITUQ — IthugH . + diam(t) HV (ITu2 — Ithu2>’

L2(T)

-

diam(T)Q_d/2 HV2U2HL2(w

L2(T)

+ diam(t) HV <Ith uy — L U2) ‘

diam(t) <diam(7T")
<

~

T)’
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The summation over all t € 77" yields

HV(ITUQ - IPICfeuz)HiP(QF) < Z HV(ZtU’Q - ,P1Cfeu2)Hiz(t)
teTl

<> Y V@ - Piw)| [,

TeT teTlwcT

(3.7),(3.8) ' g 12
2 Z( 3 |t|)d1am(T) 19202

TeT “teTl:icT

(3.9)

(3.3)
2 2

< |[nv UHL2(QQ)'

Similar arguments as in (3.7), (3.8), and (3.9) lead to an estimate of the last term

on the right-hand side of (3.6),

(3.10) |V (Zruz — PsCus ) S |[pv?

2 2
)Hm(urg UHLZ(QQ)'

The combination of (3.4), (3.5), (3.6), (3.9), and (3.10) proves the assertion. [

3.2. Non-conformity. If the solution is sufficiently smooth, i.e., u* € H3/?(Q; U
), the second term in (3.1) can be estimated using Greens’s identity, (2.1), (2.8),
the classical jump relation, and the Cauchy-Schwarz inequality as follows:

‘a(u* _ ucfe’ ’U)|

ou*

Tl ll L2 r
dva,

(3.11) sup <C H
0veSere 1]l

p
L2(T) 0£vESce [[[]l]

Here, v, denotes the outer normal of €; and [[v]]r denotes the jump of v across I'.
By picking up ideas from [18, Lemma 4.9], one checks that the discontinuity [[v]|p
is in fact small.

Lemma 3.2 (Non-conformity). There is a constant C = C(Cy,C3) > 0 with Cs :=
maxperr.rarzg L N T/ diam(T) 4= | such that

I[llell ey < Clikll ooy 10T /B2 Lo (rerr arsop 10l
for all v € S°e.

Proof. Let v = P (Trv,Ir,v) € S, Let t € T with t N T # (). We start with
some pointwise estimate of the jump of v on ¢:

Tl oo (rey = 1vles = 2loyll oo (rrry < llv]0s = vl llpeo -

where v|q, (resp. ulg,) is identified with its unique affine extension onto t. The
definitions (2.6) and (2.7) yield

(312) NPl oo = mx (ol (v) = vles (07) = (VIryo.n = ")

< diam(t) Hh_d/2Vv‘

201 T2
L2(T}UT?)
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Hence, the L?-norm of v on 05 is estimated as follows:

2 2
ollzay < D0 > T Ol e oy

T1€T1,T2€T2 teT L #NI#0,TF=T}

(3.12) I N t| diam(t)?2 )
S Z Z : 7 IVUllL2(r,um)
diam(T")
Ti€T1,T2€T2 teT L tNT#0,TF =T

2
S Hh§/\/ﬁHim(u{teT;; tNC#£0}) HVUHL2(Q) :
O

If hT|r is chosen proportional to h(3/?), as it is assumed in (2.9), Theorem 2.3
follows from (3.1), Lemma 3.1, and Lemma 3.2.

Remark 3.3. The constant C3 introduced in Lemma 3.2 reflects the smoothness of
the interface I'. Note that C3 may be large if ' is highly oscillating. However, the
proof of Lemma 3.2 shows that a possibly large constant can be controlled by simply
choosing h'|p appropriately small. This modification concerns only the submesh
TL and does not affect the overall number of degrees of freedom.

4. REGULARITY

This section proves the regularity result (2.11) under the following assumptions
on the geometrical setting:

(R1) ©Q C R? is a convex polygon, -
(R2) Q4,9 C Q are disjoint open Lipschitz domains with € = 0y Uy, and
(R3) T := Q1 NQy is a CH1 curve that separates Q1 and 5.

The conditions (R1)-(R3) guarantee that both subdomains € have a piecewise
smooth boundary with interior angles less than . In particular, the interface is
not tangential to 02 in intersection points I' N 9€2. Two relevant cases covered by
these conditions are depicted in Figure 5.

FIGURE 5. Two geometric situations in which conditions (R1)-
(R3) are satisfied: (left) interface cuts through the boundary of
() at some positive angle, (right) smooth separated inclusions dis-
persed in some matrix.

Under the conditions (R1)—(R3) [13] shows piecewise H? regularity in the sense
that f € L?(Q) implies u* € H?(Q; UQ2) and

IV2u* |20 + V20" L2(00) < Cllf L2 ()
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The subsequent theorem clarifies the dependence of the constant in the estimate
above on the contrast parameter a.ont. In this respect, the theorem generalizes the
previous result [4, Theorem B.1], which assumes a smoother interface and, more
importantly, the inclusion ; C Q with some positive distance between ; and 0.

Theorem 4.1. Under the assumptions (R1)-(R3) the unique solution u* of (2.1)
is piecewise smooth, u* € H?(Q1 UQy). Moreover, the estimates (2.11) hold with a
generic constant Ceg that does not depend on f and acont-

Proof. Let u} := u*|q, for k = 1,2. As discussed earlier, the assumptions (R1)-
(R3) yield u} € H?*(Qg) for k = 1,2. Since Qy, k = 1,2, is piecewise smooth with
interior angles less than 7, classical a priori bounds yield

V265 2y < Cleg (Hf\lm(szl) + Nl ey

ou’
H/2(T)

V03 0y < O | il + |3
19081 < s (bl v + |
Since the above estimates are solely performed in the subdomains, the constants
Creg and Cyi, do not depend on acont- The classical jump relations at the interface

. oul
imply [|ut]| gs/2(ry = lusll a2y and ‘ B, iy | eont By 2y Hence,
(41) Vil S Cleg (Il + 163l srery )
ouy
2 - 1
(4'2) HV UEHLQ(QQ) < C;:ag cont <||f||L2(Q2) + Hayﬂl H1/2(F)> :
The combination of (4.2), the trace theorem ‘ B Ay = < Cllu| g2q,), (41),

and the trace theorem [|u3| a2y < C'[|u3| fr2(q,) leads to

|‘V2u§“L2(Qg) legg ;)nt (Hf”LQ(Q + HU*HH1 () + ”V UZHLQ(Qz))

Since C/!! does not depend on acont, coercivity of the bilinear form a and the energy
estimate H|u*||| < | fllz2(q) prove the estimate

HV2UEHL2(92) < CregaC_O:LtHfHLQ(Q)a

provided acont > Cigy/2. Since for small contrast acont < Cjge/2 nothing is to

show, one assertlon is proved. The estimate for HV2u§HL2 (Q») is analogous by
interchanging the application of (4.2) and (4.1) as well as the corresponding trace
inequalities. O

For a characterization of the singularities that may appear if the conditions (R1)—
(R3) are not satisfied, we refer the reader to [2,6,10,11] among many others. A
comprehensive regularity analysis for the three-dimensional case is more technical
and beyond the scope of this paper; we refer to [12] for necessary conditions under
which H?(Q; U Qy)-regularity is achieved. If the geometric setting allows H?(; U
y)-regularity, then the proof of (2.11) could be treated in a similar way as in
Theorem 4.1.

We shall emphasize that the above result is not explicit with respect to the
geometric setting, e.g., the constants C’., and C/., may depend on oscillations of

reg reg
the interface, minimal distances between inclusions, the distance between inclusions
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and the boundary, etc. The dependence on the geometry is involved and has been
studied only for special cases, e.g., the case of densely packed, perfectly conducting,
circular inclusions in 2d [17]. We further mention that reularity estimates for the
case of diffusive interfaces may be found in [20].

5. CONCLUSION

We have described a finite element method for the Poisson equation with discon-
tinuous diffusion coefficient across some interface. The method does not require the
underlying finite element mesh to resolve the interface exactly. Overlapping, and
possibly structured, simplicial meshes can be used instead. Moreover, the definition
of the basis functions is explicit, and no local problems have to be solved. On a
quasi-uniform coarse grid of width A, the complexity of our method is proportional
to h=?, whereas the error is proportional to k. This is optimal in comparison with
the approximation of a Poisson problem with overall constant coefficient on the
same mesh.

This paper focuses on the difficulty of treating discontinuous coefficients. To
keep notation and technicalities at a minimum, the simplest possible setting has
been chosen. Generalizations, not only to general linear elliptic problems but also
saddle point problems such as Stokes’ problem, are straightforward with regard to
the previous work [18,19].
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