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Abstract

In this thesis a new multiscale method, the discontinuous Galerkin multi-
scale method, is proposed. The method uses localized fine scale computa-
tions to correct a global coarse scale equation and thereby takes the fine
scale features into account. We show a priori error bounds for convection
dominated convection-diffusion-reaction problems with variable coefficients.
We present an posteriori error bound in the case of no convection or reaction
and an adaptive algorithm which tunes the method parameters automati-
cally. We also present extensive numerical experiments which verify our
analytical findings.
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Chapter 1

Introduction

Computer simulations of problems which involve features on multiple scales,
normally referred to as multiscale problems, is one of the greatest challenges
in scientific computing today. Examples include the simulation of flow in
a porous medium and composite materials. To obtain a numerical solution
within an acceptable tolerance, the data in the problem needs to be resolved.
Resolving the data using standard numerical methods can be very compu-
tationally demanding or even impossible for many multiscale problem.

To be able to cope with the computational issues in multiscale problems,
many different methods have been developed during the last twenty years,
often referred to as multiscale methods (Chapter 3). A common feature for
these methods is that the problem is split into a coarse and fine scale, where
fine scale sub-problems are solved (in parallel) on localized patches of the
computational domain. The solutions to the sub-problems are then used to
modify the coarse scale equation such that the fine scale behavior is taken
into account.

Main contributions
The main contributions of this thesis are the following:

e The development of a new multiscale method, the “Discontinuous
Galerkin multiscale method”, using the framework for the variational
multiscale method and the discontinuous Galerkin method for Pois-
son’s equation with variable coefficients. See Paper I, II, and III.

e A priori error bounds with respect to the coarse mesh size, indepen-
dent of the variation in data and without any assumption on scale
separation or periodicity. See Paper III.



e Development of an adaptive algorithm, using a posteriori error bounds,
to tune the method parameters in order to get efficient and reliable
approximations. See Paper II.

e The development of a multiscale method for convection dominated
problems together with a proof of convergence under mild assumptions
on the magnitude of the convection term. See Paper IV.

Future work

There are many aspects in multiscale methods which still are relatively new
and open for research. A few examples which would be interesting to inves-
tigate further are:

e Construction of an adaptive algorithm which balances the error caused
by the uncertainty in the data and the discretization error, which are
two important error sources for multiscale problems.

e Implement the methods on parallel machines to allow 3D simulations.

e Consider non-linear convection dominated problems with applications
in two-phase flow, where systems of a coupled convection dominated
transport equations and elliptic pressure equations arise.



Chapter 2

Setting end discretization

In this chapter the model problem and discrete setting, which the multiscale
method is based on, are discussed. For simplicity we only consider the
Poisson’s equation with variable coefficients. For a discussion on convection-
diffusion-reaction problems, we refer to Paper IV.

2.1 Model problem
We seek a (weak) solution u to,

-V -AVu=f inQ,

(2.1)
u=0 on 09,

where A is given data describing the properties of the medium, f is an
external forcing, and  is a domain with boundary 99Q. For (2.1) to be
characterised as a multiscale problem A varies on several different scales.
This equation models diffusion processes and appears frequently in many
different areas of science.

2.2 The finite element method

The finite element method, see e.g. [4] for an overview, approximates the
weak (or variational) form of (2.1). The finite element method has a strong
mathematical foundation which gives efficient tools for showing both a priori
and a posteriori error bounds. Let V be an infinite dimensional space of suf-
ficiently smooth functions, e.g., the Sobolev space V = {v € HY(Q) | v|sq =
0}). The variational formulation is obtained by multiplying (2.1) with a test



function v and integrating over the domain 2. The weak formulation reads:
find u € V such that,

a(u,v) = / AVu - Vode = / fvdx =: F(v) forallveV. (2.2)
Q Q

Since there typically is no analytical solution to (2.2), we seek a solution
in a finite dimensional subset V§; C V, which can be the space of contin-
uous piecewise polynomials on a given the mesh 7. The finite element
approximation reads: find uy € V§; such that

a(ug,v) = F(v), forallve V. (2.3)

For the solution ug to give a good approximation, the mesh 7z needs to
resolve the variation in A. For many real life problems this assumption is
very computational demanding to fulfill.

2.3 Discontinuous Galerkin methods

An interesting alternative to standard (conforming) finite element methods
is the discontinuous Galerkin (dG) method. In dG methods there is no
continuity constraint imposed on the approximation spaces. Instead the
continuity is imposed weakly, i.e., the dG method allows for jumps in the
numerical solution between different elements in the mesh. However, these
jumps tends to zero as the mesh size decreases.

The first dG method was introduced in [26] for numerical approximations
of first order hyperbolic problems. Error bounds are shown, in e.g. [21] and
[19]. DG methods for elliptic problems, so called interior penalty methods,
arise from an observation in [24], that essential boundary condition can be
imposed weakly. In interior penalty methods the inter element continuity is
imposed weakly. Some early work are [28, 6, 2]. See also [13, 5, 27] for a
literature review for dG methods.

The approximation space for the dG method, Vp, is the space of piece-
wise discontinuous polynomials, i.e, dG methods uses a non-conforming
ansatz Vg ¢ V. The dG method has a higher number of degrees of freedom
than standard continuous Galerkin methods, but has the advantages that
non-conforming meshes can be used and that it does not suffer from stability
issues for first order or convection dominated PDEs. Also, the dG method
is perfectly suited for hp-adaptivity, where both the mesh size and the order
of the polynomials can vary over the domain, see e.g. [16]. Since the dG
method seek the solution in a space which consists of piecewise polynomials
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without any continuity constraints, a modified bilinear form has to be used.
In the bilinear form the continuity is imposed weakly, i.e., there is a penalty
which forces the jump in the approximate solution to decrease when the
mesh-size decreases. Let Tr be a given mesh and £ be the set of edges of
the elements in 7. For two elements T+ and T~ sharing a common edge,
e: =TT NT~, the jump and averages on e are defined as

1
{v} = 5@l +olp-) and  [v] = vlp+ —vlp- (2.4)
in the interior and as {v} = [v] = vy on the boundary. Defining v, to be

the unit normal pointing from TF to T, H : Q — R to be the mesh-size
defined element-wise as H|r = diam(7"), and o, to be a edge-wise constant
depending on A. The bilinear form for the dG method is defined as

ap(u,v) = Z /AVu~Vvd$
T

TeTy

- Z / (Ve A{AVu}[v] + ve - {AV}u] — %[u] [1}]) ds.

ec€y €

(2.5)

where o, is chosen large enough to makes the bilinear form coercive in the
standard dG energy norm, which is defined as

1/2
O¢
ol = > 14Y2Volfay + > g\l[v]\liz(e) - (26)
TeTy Eely
The dG method reads: find ug € Vg such that
ap(umg,v) = F(v), forall v e Vy. (2.7)

Discontinuous Galerkin methods as well as conforming finite element
methods perform badly when the smallest length scale of the medium is not
resolved. However, dG methods has the advantage in treating discontinuous
coefficients, convection dominated problems, mass conservation, and flexi-
bility of the underling mesh, all which are crucial issues in many multiscale
problems including e.g. porous media flow.
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Chapter 3

Multiscale method

In the last two decades there have been a lot of research on multiscale
methods. Some important contributions are the Multiscale Finite Element
Method (MsFEM) introduced in [15, 14] (see also [11, 10]), the heteroge-
neous multiscale method (HMM), introduced in [7] (see also [8, 9]), and
the variational multiscale method (VMS) introduced in [17, 18] (see also
[20, 22, 23]). Common for all these approaches is that local sub-problem are
solved on fine scale patches which locally resolve the variations in the data,
and that the solutions to the sub-problems are used to modify a coarse scale
space or equation.

It is known that standard (one mesh) finite element methods perform
badly when the mesh does not resolve the variations in the coefficients de-
scribing the medium, see e.g. [3]. In this thesis we propose a multiscale
method, using the framework from dG and VMS, which converges to a fine
scale reference solution, independent of the variations in A or regularity of
the underlying solution.

3.1 Multiscale decomposition

To make a multiscale decomposition, we need a coarse mesh 7z, and a fine
mesh 7, constructed by (possible adaptive) refinements of 7. We let Vi
and Vy, be the discontinuous Galerkin approximation spaces on Tz and Tp,
respectively. We assume that the fine mesh 7}, resolves the smallest length
scale of the data, A. The reference dG solution is given by: find u, € V
such that

ap(up,v) = F(v) for all v € V. (3.1)

13



We assume uj, to be a sufficiently good approximation to u. The space
V, is split into a coarse and a fine scale contribution. To this end, let
Uy : L2(Q) — Vy be the element-wise L2-projection onto the coarse space
Vr and note the we can express the coarse space as Vg = Il Vy. The fine
space is defined by

yl = (1 -TIg)Vp ={v eV, | yv=0}. (3.2)

Any function vy, € Vp, can be decomposed into a coarse contribution, vy €
Vi, and fine scale remainder, v/ € VI, i.e., vy = vy + v/, Choosing Vi as
the coarse space the fine scale remainder v/ is large and oscillatory and does
not decay until T resolves the variations in the data. In the next section
we construct a (corrected) coarse space which takes the fine scale features
into account.

3.2 Discontinuous Galerkin multiscale method

The aim of our proposed discontinuous Galerkin multiscale method is to
construct a corrected basis which takes the fine scale features of the data
into account, i.e., the corrected basis has both a coarse and fine scale con-
tribution. The coarse contribution comes from the coarse discontinuous
Galerkin approximation space spanned by the element-wise Lagrange ba-

sis, i.e., Vg = span{Ar;|T € Ty, j = 1,...,r} where r is the number
of basis functions on each element 7T. For each of the basis functions,
{M; | T €T, j=1,...,r}, we will compute a corrector as follows: find

or; € VI such that
ap(orj,v) = ap(Ary,v) forallv e 1z (3.3)

It is not feasible in real computations to solve (3.3) for each coarse basis
function since it evolves a variational problem on the entire domain. Instead,
since the correctors, ¢r ;, decay exponentially away from the support of Az ;
the computations of the corrector function will be done on small patches of
the domain. To this end, let wy C €2 be a patch centered at element 7" and
define V/(wr) = {v € VI | vlg\wy = 0}. The localized corrector functions
are calculated as follows: for all T' € Ty, j = 1,...,r, find ¢7; € Y/ (wr)
such that

an(prj,v) = an(Arj,v)  for all v € YV (wr). (34)

The corrected coarse space is defined V* := {Ar; — o1 | T € Th, j =
1,...,7}, and the discontinuous Galerkin multiscale method reads: find

14



u'y® € Vii° such that
ap(uf’,v) = F(v) for all v e Vi°. (3.5)
We have the following a priori error bound
lw = (|| < [[lu —unl|| + CH, (3.6)

choosing the patch size to O(H log(H 1)), where H is the mesh size. For a
more elaborate discussion, see Paper 111 for Poisson’s equation with variable
coefficients, and Paper IV for convection dominated problems.

3.3 Adaptive discontinuous Galerkin
multiscale method

For porous media flow problems the permeability in the ground can vary
with several orders of magnitudes over the entire domain. Which motivates
the use of an adaptive multiscale method to tune the method parameters
in order to obtain an efficient and reliable solution. For adaptive multi-
scale methods, see e.g [20, 25, 12, 1]. In Paper II an adaptive discontinuous
Galerkin multiscale method is presented. It is a slight variation to the discon-
tinuous Galerkin multiscale method presented in Section 3.2 (Paper III) in
the sense that a fine scale corrector for the right hand side is present. Given
a uniform or possibly an adaptive coarse mesh Ty, the adaptive discontin-
uous Galerkin multiscale method balances the error caused by truncation
of the patches and the fine scale discretization error. The a posteriori error
bound takes the form

1/2 1/2

o—wgli<o | S gepy] vl S 2] . 6o
SeTh TeTy

where p%. is an error indicator which measure the effect of the local fine scale
mesh size, and pZT is an error indicator measuring the effect of the truncated
patches. Because of the general nonconforming meshes allowed using dG,
it is easy to construct a global reference grid for the localized fine scale
computations. This takes advantage of the cancellation of error between
different fine scale patches and also formulates the dG multiscale method
into the convergence framework presented in Paper III. A more elaborate
discussion can be found in Paper II.

15



16



Chapter 4

Summary of papers

4.1 Paperl

D. Elfverson and A. Malqvist. Finite Element Multiscale Methods for Pos-
sion’s Equation with Rapidly Varying Heterogeneous Coefficients. In Proc.
10th World Congress on Computational Mechanics, p 10, International As-
sociation for Computational Mechanics, Barcelona, Spain, 2012.

An abstract framework for constructing finite element multiscale methods
based on the VMS is presented. Using this framework we propose and com-
pare two different multiscale methods, one based on the continuous Galerkin
finite element method and one on the discontinuous Galerkin finite element
method. The continuous Galerkin multiscale method uses local Dirichlet
problems and the discontinuous Galerkin multiscale method uses local Neu-
mann problems, for the localized fine scale problems.

4.2 Paper II

D. Elfverson, G. H. Georgoulis and A. Malqvist. An Adaptive Discontinuous
Galerkin Multiscale Method for Elliptic Problems. To appear in Multiscale
Modeling and Simulation (MMS).

We present an adaptive discontinuous Galerkin multiscale method driven by
an energy norm a posteriori error bound. The a posteriori error bound is
used within an adaptive algorithm to tune the critical parameters, i.e., the
refinement level and the size of the different patches on which the fine scale
constituent problems are solved. We solve local Dirichlet problem instead
for Neumann problem (Paper I) for the localized fine scale problems.
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4.3 Paper III

D. Elfverson, G. H. Georgoulis, A. Malqvist, and D. Peterseim. Convergence
of a Discontinuous Galerkin Multiscale Method. In review in STAM Jour-
nal on Numerical Analysis (SINUM), available as preprint arXiv:1211.5524,
2012.

A convergence result for a discontinuous Galerkin multiscale method for a
second order elliptic problem is presented. The method differs from the one
proposed in Paper II in the sense that right hand side correction term is not
present. We prove that the error, due to truncation of corrected basis, de-
creases exponentially with the size of the patches. The same corrected basis
as in Paper II is used. We also discuss a way to further localize the corrected
basis to element-wise support leading to a slight increase of the dimension
of the space. Improved convergence rate can be achieved depending on the
piecewise regularity of the forcing function. Linear convergence in energy
norm and quadratic convergence in L?-norm is obtained independently of
the forcing function.

4.4 Paper IV

D. Elfverson and A. Malqvist. Discontinuous Galerkin Multiscale Methods
for Convection Dominated Problems. Technical Report 2013-011, Depart-
ment of Information Technology, Uppsala University, 2013.

In this paper we extend the discontinuous Galerkin multiscale method in
Paper III to convection dominated problems. The advantages of the mul-
tiscale method and the discontinuous Galerkin method allows us to better
cope with multiscale features and boundary layers in the solution. We prove
decay of the corrected basis functions as well as an a priori error bound for
the multiscale method.
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FINITE ELEMENT MULTISCALE METHODS FOR POISSON’S EQUATION
WITH RAPIDLY VARYING HETEROGENEOUS COEFFICIENTS

D. Elfverson!, A. Malqvist!

! Department of Scientific Computing, Uppsala University (daniel.elfverson @it.uu.se)

Abstract. An abstract framework for constructing finite element multiscale methods is pre-
sented. Using this framework we propose and compare two different multiscale methods,
one based on the continuous Galerkin finite element method and one on the discontinuous
Galerkin finite element method. In these multiscale methods the solution is split into coarse
and fine scale contributions. The fine scale contribution is obtained by solving localized con-
stituent problems on patches and is used to obtain a modified coarse scale equation. The
localized constituent problems are completely parallelizable i.e, no communication between
the different problems are needed. The modified coarse scale equation has considerably less
degrees of freedom than the original problem. Numerical experiments are presented where
the effect of the patch size of the local constituent problems as well as the convergence of the
multiscale methods are investigated and compared for the proposed multiscale methods. We
conclude that for a given accuracy and a fixed number of patches, smaller patches can be
used for the discontinuous Galerkin multiscale method compared to the continuous Galerkin
multiscale method.

Keywords: finite element methods, discontinuous Galerkin, multiscale methods

1. INTRODUCTION

There are numerous applications which involves solutions that varies over several dif-
ferent scales, for example flow in porous media such as oil reservoir simulations and C'O,
storage. These, so called multiscale problems, are often impossible to solve with standard
single mesh methods since the finest scale needs to be resolved to get a reliable result, see e.g.
[S].

To resolve this problem several multiscale methods have been developed during the
last two decades e.g., the Multiscale Finite Element Method (MsFEM) by Hou and Wu [9] and
the Variational Multiscale Method (VMS) by Hughes [10]. See also [8,7,12] and references
therein for recent development and exposition. Using the framework of the Variational Mul-
tiscale Methods Larson and Malqvist introduced the Adaptive Variational Multiscale method
[11]. This method has further been developed in [12], where the framework for constructing
multiscale methods used in this paper is presented and further discussed.



Lately, there have been a lot of interest in discontinuous Galerkin multiscale methods.
Discontinuous Galerkin (DG) methods appeared in the 1970s; see [3,6] for some early work
for elliptic problem and [4,14,15] for a literature review. A desired property with DG methods
is that they admits good conservation properties of the state variable and are ideally suited for
application to complex and irregular meshes. Conservation is a crucial property for multiscale
problems. Recently proposed multiscale discontinuous Galerkin methods include e.g., [1]
based on the MSFEM, and [2] based on the Heterogeneous Multiscale Method.

In this paper a continuous Galerkin multiscale method and a discontinuous Galerkin
multiscale method for solving Poisson’s equation with rapidly variable heterogeneous coef-
ficients are studied. The continuous Galerkin version was first presented in [11], while the
DG version is new. In the proposed multiscale method the solution is split into coarse and
fine scale contributions. The fine scale contribution is obtained by solving localized con-
stituent problems on patches and is used to obtain a modified coarse scale equation. Both a
symmetric and a non-symmetric version of the modified coarse scale equation are presented.
Numerical experiments are presented, where the size needed for the constituent problems to
get a sufficient approximation as well as the convergence of the different multiscale meth-
ods, are investigated. We conclude that for a given accuracy and a fixed number of patches,
smaller patches can be used for the discontinuous Galerkin multiscale compared to the contin-
uous Galerkin multiscale method. On the coarse scale the discontinuous Galerkin multiscale
method is approximating the L2-projection, rather than the nodal values, which is the case for
continuous Galerkin multiscale method. The property of approximating the L>-projection is
preferable in a multiscale setting. Also, DG has better conservation properties than CG.

The precise setting of the paper is the following. We consider the following model
problem:

—V-aVu=f wuel,

1
n-Vu=0 ué€ o, M

where Q0 C R? for d = 1,2, 3, is a polygonal domain and o € L>({), such that & > 3 >
0, 8 € R has multiscale structure. Equation (1) has a unique solution v € H'(2) up to a
constant for each f € L*(2) provided that [, f dz = 0 is satisfied. Defining the L*-scalar
product as (-, -)sz on a domain w C (2, the weak formulation of (1) reads: findu € V = H'
such that

(aVu, Vo) o) = (f,0)120), Vv € V. )

The rest of the paper is organized as follows. In Section 2, we present the different
finite element methods needed to construct the multiscale methods. In Section 3 an abstract
framework for constructing multiscale methods as well as the specific multiscale methods
used in the numerical examples are proposed. Section 4, is devoted to some implementation
details. Finally, in Section 5 numerical experiment are presented.

2. FINITE ELEMENT METHODS

Let L = {K'} be a shape-regular mesh and let I" denote the set of all edges (or faces
in 3D) of the mesh K. The set I' is the union of two disjoint subsets I' = I'/ N ', where I'/
is the union of the interior edges and I'Z the union of the boundary edges. Given an interior



edgee = 0Kt NOK~ C I'! for KT, K~ € K, denote K the element with the higher index
and n as the outward unit normal of K on e. Defining v+ := v|gx+ and v~ := v]yx-, we set
the average and jump operator as,

1
{0} =50 +07), [l =0t =0, 3
for e € I'! and
{v}=v", []=0", C
for e € I'B. Also, for a non negative integer p, we denote by P,(K), the set of all polynomials
on K of total degree at most p.
2.1. Continuous Galerkin method

In the continuous Galerkin (CG) finite element discretization we are using a conform-
ing approximation of the test space i.e., V, = {v € V : v|x € P,(K),VK € K} C V.
Given a bilinear form B, : V x V — R and a linear functional F, : VV — R, the continuous
Galerkin method reads: find u;, € V), such that

Beg(un,v) = (aVun, Vo) r2iq) = (f,v)20) =1 Feg(v), Vv € V. 5)

2.2. Discontinuous Galerkin method

In the discontinuous Galerkin method discretization we use a non-conforming approx-
imation i.e., S, = {v € L*(Q) : v|x € P,(K),K € K} ¢ V. The discontinuous Galerkin
method reads: find u;, € S}, such that

Bag(tn,v) = Fag(v), Vv € Sh, (6)

where the bilinear form By, : Sy, X S, — R and the linear functional 7, : S, — R are given
by

Bag(v, 2) := Z(QVU, V)2 k) — Z ((n AaVul, [2]) 2 )
Kek eel!
+(n-{aVz}, [v])pae) — %:([UL [Z])we)),
Fag(v) :=(f,v) 20, (8)

respectively; here h, := diam(e), and o, € R is a positive constant, depending on the variable
«a, large enough to make the bilinear form (7) coercive with respect to the natural energy norm.
We refer, e.g., to [14,4] and references therein for details on the analysis of DG methods for
elliptic problems.

3. ABSTRACT MULTISCALE METHOD

In the VMS framework, the fine scale finite element space, W}, is decoupled into
coarse and fine scale contributions W, = W, @ W, where W, is associated with a coarse



mesh K.. The split between the coarse and the fine scales is determined by an inclusion
operator Z,. : W), — W.. The coarse and fine scale contributions are defined as, W, := Z. W}
and Wy := (I —Z,)W = {v € W : Z.v = 0}. There are several different chooses of Z, e.g.
the L2-projection onto W, or the nodal interpolant onto the coarse mesh. Let B : WWx W — R
be a bilinear form, we can then define a multiscale map 7 : W, — W; from the coarse to the
fine scale as

B(Tve,vp) = —=B(ve,vy) Vv, € W, and Yvy € W 9)
The reference solution and the test function can be decomposed into a coarse and fine-scale
contribution; uy, = u, + Tu, + ug, v = v, + vy where u., v, € W, and (Tu. + ug), vy € Wy.
The multiscale problem reads: find u. € W, and vy € Wy such that

B(uec+ Tue +ugp, v +v5) = Flve+vyp), Yv. €W, and Yoy € Wy. (10)

The fine scale component u; can be computed by letting v. = 0 in (10) and using the multi-
scale map (9). We arrive to the problem: find u; € W, such that

B(uf,vf) :]:(Uf), V’Uf EWf. (11)
The coarse scale solution is obtained by letting vy = 0 in (10): find u. € W, such that
B(ue + Tue,ve) = F(v.) — Bluyg,ve), Yo, € We. (12)

In (12), Tu. and uy are unknown and obtained by solving (9) and (11). Note that B(u. +
T e, Tve) = 0and B(uy, Tv.) = F(Tv.). Then a symmetric formulation of the coarse scale
problem is obtained by considering

B(te + T, ve + Tve) = F(ve + Tve) — Blug,ve + Tve), Yv. €W, (13)

The linear systems (12) and (13) has dim()V.) unknowns, but (9) and (11) are equally hard to
solve as the original problem and need to be approximated.

3.1. Localization of the multiscale method

Let AV be the index set of all nodes, {z;}, in the mesh K.. Further, given that the
coarse space is spanned by basis functions W, = span{¢;}, let M, be the index set of all ¢;
such that ¢;(x;) = 1, in the continuous setting M, = {7} and in the discontinuous case M,
have several entries. For each basis function ¢; we solve: find 7T ¢; € Wy such that

B(TQSj,Uf) = —B(gbj,vf), VI}C S Wf, (14)

where ¢; + T ¢; can be viewed as a modified basis function. Because the fast decay of
¢; + T ¢; away from supp(¢;), see [13] for the conforming case, we can solve (9) on small
overlapping patches w; C €2 for each basis function ¢; where j € M;. Defining Wy (w;) to
be Wy restricted to the patch w;, (9) is transformed to: for each ¢ € N and j € M, find
T ¢; € Wy(w;) such that

B('f’(;ﬁ]-,vf) = —B(¢j,vs), Yvr € We(w;) (15)

The term (11) can be handled in i similar fashion by splitting the right hand into local contri-
butions using a partition of unity. The size of the patches is determined by adding a superscript
L, wF, as in Definition 1.



Definition 1 Let {¢; : j = 1,...,dim(W.)} be the Lagrange basis (continuous or discontin-
uous) of W. The sum ®; := Y JeM, @; constructs a standard continuous Lagrangian basis
function. We say that w} is an 1-layer patch, if w} = supp(®;). Further, we say that wF is an
L-layer patch if

wiL - U{i:.yuﬂﬁ(@i)ﬁw57]}#@Supp(q)i)a L= 2,3,.... (16)

Finally, the set w{‘\wiLfl will be referred to as an L-ring. This is illustrated in Figure 2.

Figure 1. Example of a 1 layer patch w} and 2 layer patch w? around node i.

3.2. Continuous Galerkin multiscale method

The split between the coarse and fine scale spaces, V), = V. @ Vy, is realized by
choosing the inclusion operator to be the nodal interpolant; Z. = II.. To keep the conformity
of the method the fine scale problem is solved on patches using Dirichlet boundary condition.
The multiscale problem reads: for all i € A find T¢;, Uy, € Vy(wk) such that

Bcg(’fﬁbj:v) - _Bcg(¢j7 U), v'Uf S Vf(wiL):

A (17
Beg(Uyi,v) = Fog(div), Vo € Vp(wy).
The modified coarse scale equations is then formulated as: find U, € V. such that
ch(Uc + 72U67 vc} = ]:cg(vc) - Bcg(Uf7UC)7 Y. € Ve, (18)

for the non-symmetric formulation and as
B, (U. + TU,, v + '7~'v¢) = Feglve + '7~'vc) — By (Up, v, + '7~'vc)7 Yo, € V., (19)

for the symmetric formulation. The solution to the multiscale problem is U = U, + T U, + U [
where Uy = >, Uy,



3.3. Discontinuous Galerkin multiscale method

Exploiting the discontinuous nature of .S}, the split between the coarse and fine spaces,
Sy = S. @ Sy, is realized by choosing the inclusion operator to be the element wise L?-
projection onto S.; Z. = P.. This is more natural in a multiscale setting since the coarse scale
solution approximate the average on each coarse element rather than the nodal values. The
discontinuous nature of Sj, also allows for using Neumann boundary conditions on the fine
scale problems. With V, = span{¢; }, we need to solve the fine scale problem: for all i € N/
and j € M; where ®; = >, ¢, find T¢;,Ul € Sp(wkF) such that

Bdg(i—(ijv) = _Bd9(¢jtv)7 vUf € Sf(wiL)v

y B (20)
Bag (Ul v) = Fag(Piv), Yoy € Sp(wy).
The modified coarse scale equations are formulated as: find U, € S, such that
Bag(Ue + TU.,ve) = Fug(ve) — Bag(Uy,ve), Vo, € Se, 1)

for the non-symmetric formulation or
Big(Ue + TUe, ve + Toe) = Fag(ve + Tve) = Bag(Up,ve + Twe), Yoe €S, (22)

for the symmetric formulation. The solution to the multiscale problem is U = U, + T U, + U ¥
where Uy = >, Uy,

4. IMPLEMENTATION

In the proposed multiscale method, the fine scale problem is perfectly parallelizable
i.e., no communication between different fine scale problems are required. Algorithm 1 shows
how the multiscale methods can be implemented. Note that the outer for-loop is perfectly
parallel. An schematic overview is given in Figure 2 where the lines between the boxes
represent communication. Also, note that the assembly of the coarse stiffness matrix and load
vector is also done in parallel, in the fine scale problems. The extra constraints on the fine
scale problems are realized using Lagrange multipliers

Algorithm 1 Multiscale Method

1: Initialize the coarse mesh with mesh size H.
2: Let the fine mesh size be h = H/2" and the size of the patches L.
3: fori € N do
4 Determine the patch w?.
5: for j € M; do
6
7
8
9

Compute the fine scale contribution for the modified basis functions 7~—¢]~.
end for
Compute the right hand side correction Uif .
: end for
0: Solve the modified coarse scale problem to obtain U..

—_




Split into local problems, transfer data

a,f,§2

Solve independent local fine scale equations

ToiVjeMy | | T8 VieMy || Tj VjeMy

U U Us To
K(:.,), b1 K(5-1)7b2 K(:./),b 3

Generate and solve coarse scale equation

KU=3b,

Generate the solution of the multiscale equation U
or intereslting parts of U

U=SU (6 T6,)+U;

Figure 2. Implementation scheme of the discontinuous Galerkin multiscale method.

5. NUMERICAL EXPERIMENTS

5.1. Decay of modified basis functions

Consider the domain w?, for L = 1,...,N. On wY for N = 8, let K. be a coarse
mesh consisting of 16 x 16 elements and K be a fine mesh consisting of 128 x 128 elements.
Let TE¢; € Wy(wF) be the solution of

B(T ¢;,v) = =B(g;,v), Vv & Wiwh), (23)

computed on w’ and extended by 0 in 2 \ wF, where ¢; € M, is a basis function on the
coarse scale. Three types of permeabilities, called Ones, Period, and SPE, are used. For One,
a = 1, for Period, « = 1 or & = 0.1 with a period of 1/64 in x-direction, and SPE, data is
taken from the 31st layer permeability data in the tenth SPE comparative solution project' and
illustrated in Figure 3. The aspect ration is paz /@min = 5.9823 - 10°. The decay of the coarse
modified basis function ¢; + 7~'qu]~ is illustrated by computing 7~'Lq§]~ forL=1...,N—-1
using TN ¢; as a reference solution. The space Wy and the bilinear form 5(-, -), are defined
as V¢ and B,,(+, -) for the continuous Galerkin multiscale method, and as Sy and B,(-, -) for
the discontinuous Galerkin multiscale method. Exponential decay, in the broken energy norm

P =D IVavel iz, (24)

Keky

for L =1,..., N when N = 4, is observed in Figure 4. The fast decay motivates us to solve
the constituent problems on patches wl C €2 using a small number of L-rings. This, in turn,
means less computational work and a smaller overlap between the localized problems. The
DG method converges faster than CG to to the reference solution in the relative broken energy

!Tenth SPE comparative solution project http: //www.spe.org/web/csp/
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Figure 4. Convergence in the relative energy norm (24) when L = 1,2, 3 in equation (23)
for different permeability using continuous Galerkin (solid line) and discontinuous Galerkin
(dashed line).

norm (24). Hence, smaller patches are needed for solving the local problems using DG than
CG to achieve the same accuracy.

5.2. Comparison of the continuous and discontinuous Galerkin multiscale methods

Consider the model problem (1) on the unit square = (0,1) x (0,1). Let K be a
reference mesh with M N x M N elements, and K. a coarse mesh of N x N elements i.e.,
each coarse elements is further subdivided into M x M elements. In the numerical experiment
N =16and M = 8. Let, f(z,y) = —1for {0 < z,y < 1/128}, f(x,y) = 1 for {127/128 <
x,y < 1},and f = 0 otherwise, be the forcing function. The same permeabilities, Ones, Rand
and SPE, as in Section 5.1 are used. In the numerical experiments all patches, wiL , are of the
same size, L, and for each iteration L is increased by one. The continuous Galerkin multiscale
method and the discontinuous Galerkin multiscale method are compared, see Figure 5. We
conclude:
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Figure 5. Convergence in the broken relative energy norm (24) when L = 1,2,...,8 for

different permeability using continuous Galerkin multiscale method (solid line) and discon-
tinuous Galerkin multiscale method (dashed line).

e To obtain a given accuracy, in the relative broken energy norm (24), the discontinuous
Galerkin multiscale method requires approximately one layer less than the continuous
Galerkin multiscale method. For a comparison of the degrees of freedom required for
the fine scale problems, see Table 1.

e This is a bit unfair comparison since the reference solution is the DG respectively CG
solution computed on the fine scale. DG has a more enriched test and trial space and
may give a better approximation than CG because of the discontinuous permeability
coefficients.

e On the coarse scale the discontinuous Galerkin multiscale method is approximating the
L?-projection rather than the nodal values, which is the case for continuous Galerkin
multiscale method. This is preferable in a multiscale setting.

e The DG method has better conservation properties which is an important property in
many multiscale applications.

Table 1. Degree of freedom for the fine scale problems
layers CGMM DGMM
1 (2n+ 1%  (4n)?
2 (4n+1)%  (8n)?
3 (6n+ 1T (12n)d
4 (8n+ 1) (16n)?
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AN ADAPTIVE DISCONTINUOUS GALERKIN
MULTISCALE METHOD FOR ELLIPTIC PROBLEMS

DANIEL ELFVERSON'$, EMMANUIL H. GEORGOULIS!, AND AXEL MALQVIST!Y

Abstract. An adaptive discontinuous Galerkin multiscale method driven by an energy norm
a posteriori error bound is proposed. The method is based on splitting the problem into a coarse
and a fine scale. Localized fine scale constituent problems are solved on patches of the domain and
are used to obtain a modified coarse scale equation. The coarse scale equation has considerably
less degrees of freedom than the original problem. The a posteriori error bound is used within
an adaptive algorithm to tune the critical parameters, i.e., the refinement level and the size of the
different patches on which the fine scale constituent problems are solved. The fine scale computations
are completely parallelizable, since no communication between different processors is required for
solving the constituent fine scale problems. The convergence of the method, the performance of the
adaptive strategy and the computational effort involved are investigated through a series of numerical
experiments.

Key words. multiscale, discontinuous Galerkin, a posteriori error bound

AMS subject classifications. 65N30, 65N15

1. Introduction. Problems involving features on several different scales, usu-
ally termed multiscale problems, can be found in many branches of the engineering
sciences. Examples include the modelling of flow in a porous medium and of compos-
ite materials. Multiscale problems involving partial differential equations are often
impossible to simulate with an acceptable accuracy using standard (single mesh) nu-
merical methods. A different approach, usually coming under the general term of
multiscale methods, consists of considering coarse and fine scale contributions to the
solution, with the fine scale contributions approximated on localized patches. The
fine scale contributions are then used to upscale the problem in order to obtain an
approximation to the global multiscale solution.

1.1. Previous work. Numerous multiscale methods have been developed dur-
ing the last three decades, see e.g. [8, 7] for early works, or [16, 29, 15] and references
therein for exposition and recent developments. An important development is the
Multiscale Finite Element Method (MsFEM) by Hou and Wu [21], which was fur-
ther developed in [12], with the introduction of oversampling to reduce resonance
effects. Another approach is the, so-called, Variational Multiscale method (VMS)
of Hughes and co-workers [22, 23]. The idea in VMS is to decompose the solution
space into coarse and fine scale contributions. A modified coarse scale problem is then
solved (using a finite element approach), so that the fine scale contribution is taken
into account. To maintain the conformity of the resulting modified finite element
space, homogeneous Dirichlet boundary conditions are imposed on each fine-problem
patch boundary. The Adaptive variational multiscale method (AVMS) using the VMS
framework, introduced by Larson and Malqvist [27], makes use of multiscale-type a
posteriori error bound to adapt the coarse and fine scale mesh sizes as well as the
fine-problem patch-sizes automatically. A priori error analysis can be found in [30].

TInformation Technology, Uppsala University, SE-751 05, Uppsala, Sweden.
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2 D. ELFVERSON, E. H. GEORGOULIS, AND A. MALQVIST

An interesting alternative to conforming finite element methods is the class of dis-
continuous Galerkin (DG) methods, whereby the approximation spaces are element-
wise discontinuous; the continuity of the underlying exact solutions is imposed weakly.
DG methods appeared in the 1970s and in the early 1980s [32, 28, 9, 5, 24] and have
recently received renewed interest; we refer to the volumes [13, 14, 20, 33] and the ref-
erences therein for a literature review. DG methods admit good conservation proper-
ties of the state variable and, due to the lack of inter-element continuity requirements
are ideally suited for application to complex and/or irregular meshes. Also, there
has been work to better cope with the case of high contrast diffusion; see e.g. [19]
where a DG method based on weighted average is proposed and analysed. Discontin-
uous Galerkin methods for solving multiscale problems have been discussed using the
framework of the MSFEM [1] and of the Heterogeneous Multiscale Method (HMM)
[2]; see also [37, 36, 35, 34]. An a priori error analysis for the class of discontinuous
Galerkin multiscale method studied in this paper can be found in [17].

1.2. New contributions. In this work, we propose an Adaptive Discontinuous
Galerkin MultiScale method (ADG-MS) using the framework of VMS. The underling
DG method is based on weighted averages across the element interfaces. The adap-
tivity is driven by energy norm a posteriori error bounds. The multiscale method is
based on solving localized problems on patches, which are then upscaled to solve a
coarse scale equation. The lack of any inter-element continuity requirements of the
approximate solution, allows for very general meshes which is very common in multi-
scale applications, i.e., meshes that contains several types of elements and/or hanging
nodes. The split between the coarse and fine sale is realized using the elemetwise
L2-projection onto the coarse mesh. This is more natural in a multiscale setting
than, e.g., using the nodal interpolant as in [27]. It is also much easier and efficient
to construct an L? orthogonal split using DG as opposed to conforming multiscale
methods. The ADG-MS inherits a local conservation property from DG on the coarse
scale, which is crucial in many applications such as porous media flow. The fine scale
problems can be solved independently with localized right hand sides, and it is known
that the solutions decay exponentially [17], which allows for small patches. In this
case the ADG-MS converges to the reference solution, thereby taking full advantage
of cancellation between patches; this is not the case for the original AVMS [27] since
hanging nodes are not allowed. In the a posteriori error bound, the error is bounded
in terms of the size of the different fine-scale patches and on both the fine-scale and
the coarse-scale mesh sizes. An adaptive algorithm to tune all these parameters au-
tomatically is proposed. The numerical experiments show good performance of the
algorithm for a number of benchmark problems.

1.3. Outline. The rest of this work is structured as follows. Section 2 is devoted
to setting up the model problem, the basic DG discretization and some notation. A
general framework for multiscale problems along with the discontinuous Galerkin
multiscale method is derived in Section 3, and the a posteriori error bound is derived
in Section 4. The implementation of the method and the adaptive algorithm are
discussed in Section 5. In Section 6, a number of numerical experiments are presented,
and finally some conclusions are drawn in Section 7.

2. Preliminaries. In this section we define some notations and the underling
DG method is presented.

2.1. Notation. Let w C R?, d = 2,3 be an open polygonal domain. Denote the
L?(w)-inner product by (-,+)12(.) , and the corresponding norm by || || 2. Also, let
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H'(w) be the Sobolev space with norm || - || g1y == (|| - H%?(w) + V- H%Q<w))1/2 and
H?(w) the standard Hilbertian Sobolev space of index s € R. We shall also make use
of the space L (w) consisting of almost everywhere bounded functions, with norm
|- || oo (w) := ess sup,,|- |; see, e.g., [3] for details. Finally, the d-dimensional Lebesgue

measure will be denoted by r4(+).

2.2. The Model problem. Let Q C R? be an open polygonal domain with
Lipschitz boundary 02, d = 2,3, and consider the elliptic boundary value problem
find u € {v € H(Q) : v|pq = 0} fulfilling

-V -AVu=f u € €, (2.1)
u=0 u € 08,
with f € L*(Q) and A € L>*(Q,R%%,) such that A has uniform spectral bounds,
bounded below by a > 0 € R almost everywhere.

2.3. Discretization and subdivision. The domain €2 is subdivided into a par-
tition K = {K} of shape-regular and closed elements K with boundaries 0K, i.e.
Q = UgexK. On the partition K, let b : Ugex K — R be a mesh-function defined
element-wise by h|x := diam(K), K € K. The partition is allowed to be irregular
(i.e,. hanging nodes are allowed) and it is locally quasi-uniform in the sense that
the ratio of the mesh function h for neighboring elements is uniformly bounded from
above and below. Let I'Z be the set of all boundary edges and T/ be the set of all
interior edges (or faces when d = 3) such that I' = TP NI' is the set of all edges in the
partition K. Associated with the diffusion tensor, we consider the element-wise con-
stant functions A%, Ag : Ugex K — R defined by the biggest and smallest eigenvalue
of A, respectively, on each element K. For K;, K; € K, with p1q—1(0K;N0K;) > 0, let
K;, K; be denoted by K+ and K, where K is the element with the higher index.
On interior element interfaces e € I'! we shall make use of the shorthand notation
vT = v|g+, v7 = v|g-; on boundary edges we set v := v|x. We also define the
weighted mean value by

{v}w = wK+(e)v+ + Wk+()V (2.3)
where
AO'K* AO|K+
e = Y Y E—TeE— —(e = T YT Y] 24
PO Q0 AT R Py @4
for each e € T and
Wi+(e) = 1, wi+(e) =0, (2.5)

for e € T'B. Further, the jump across element interfaces is defined by
[v] ;= vt —v foree T, and [v] :=vT for e € B, (2.6)
and the harmonic mean value v, by

2A°% g+ - A g
Ye =

_—_—— 2.7
A g+ + AC - @7

Also, n will denote the outward unit normal to 9K when pg_1(OKT NOK™) > 0.
When pg—1 (0K NOQ) > 0, n will be the outward unit normal to 9€2.
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2.4. The Discontinuous Galerkin method. For a nonnegative integer 7, we
denote by P,(K), the set of all polynomials on K of total degree at most r, if K if
the reference d-simplex or, of degree at most r in each variable, if K the reference
d-hypercube.

Consider the space V 1=V}, + H'*¢(Q) with € > 0 but arbitrary small, and let
the discontinuous finite element space be given by

Vi ={v e L*Q):vo Fxklx € P.(K), K € K}, (2.8)

where Fic : K — K is the respective elemental map for K € /C, which is allowed to be
non-affine, provided its Jacobian remains non-singular and uniformly bounded from
above and below with respect to all meshes.

The discontinuous Galerkin method then reads: find u;, € V), such that

a(up,v) =L(v), Yv eV, (2.9)

where the bilinear form a(-,-) : V x V — R and the linear form £(-) : V — R are given
by

av,2) == 3 (AV0,V2) 2y — Y ((n AATY 0}, [2]) 120) (2.10)

Kek eel
+ (0 (AT, ()20 = T (0] D o).
£v) :=(f,v)12(0)> (2.11)

respectively. Here IT : (L2(Q))? — (V},)? denotes the orthogonal L?-projection oper-
ator onto (V3,)¢, h. := diam(e), and 0. € R is a positive constant. The bilinear form
(2.11) is coercive with respect to the natural energy norm,

1/2
Oee
ol = (Z |42V 0|72y +Z |[U]L2(e)) (212)

Kek ecl’

if o, is chosen to be large enough. We refer, e.g., to [14, 6] and references therein for
details on the analysis of DG methods for elliptic problems. Discontinuous Galerkin
methods with weighted averages were introduced in [10, 19].

REMARK 2.1. For all v € Vp,, we have [IVv = Vv, therefore the bilinear form
(2.10) with v,z € Vy, is reduced to the more familiar form

a(v,z) = Z (AV,V2)2k) — Z ((n AAV}w, [2]) L2 (e

KeKk el
+ (0 {4V, ()20 — T (0] D o)) (2.13)

3. The Multiscale method. In the VMS framework, the finite element solution
space V}, is decoupled into coarse and fine scale contributions, viz., V, = Vg @ Vy,
with Vg C V. To this end, let g : L?(92) — Vg be the (ortogonal) L2-projection
onto the coarse mesh. The split between the coarse and fine scales is then determined
by, Vi =gV, and Vi := (I —IIg)V, = {v € V}, : Igv = 0} where [ is the identity
operator.
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The multiscale map 7 : Vg — V¢ from the coarse to the fine scale is defined as
a(Tvm,vf) = —alvyg,vy) VYog € Vg and Yoy € Vy. (3.1)

The next step is to decompose uy, and v in (2.9) into coarse and fine scale components.
In particular, we have

Up, :uH—‘,-TuH +uf, (32)

and v = vy + vy, with ug,vy € Vg and Tug,vy € Vy, for some uy € Vy. Equation
(2.9) is equivalent to the problem: find uy € Vg and vy € Vy such that

a(upg + Tug +up,vg +vp) =L vy +v5), You € Vg and Yoy € Vy. (3.3)

The fine scale component u; can be computed by letting vy = 0 in (3.3) and using
the multiscale map (3.1). We obtain the fine scale problem driven by the right hand
side data f: find uy € Vy such that

a(ug,vf) = £(vy), Vug € Vy. (3.4)

The coarse scale solution is obtained by letting vy = 0 in (3.3): find uy € Vg such
that

a(ug + Tum,vyg) = lvg) — a(ug,ve), Yog € Vu. (3.5)

In (3.5), Tvy and uy are unknown and obtained by solving (3.1) and (3.4). Note that
the linear system (3.5) has dim(Vy) unknowns.

3.1. Localization and Discretization. The bilinear form is characterized by
more local behavior in Vy than in Vj, [30, 17]. This motivates us to solve the fine scale
equations on (localized) overlapping patches, instead of the whole domain Q. The
patches are chosen large enough to ensure sufficiently accurate computations of Ty
and uy. The computations of the fine scale components of the solution can be done
in parallel with localized right hand sides. To define the coarse space Vg, we begin
by fixing a coarse mesh . Then, Vy is defined as,

Vy = {UELQ(Q):UOFK|K€PT(R),REKH}. (3.6)
DEFINITION 3.1. For all K € Ky, define element patches of size L patch as
wr = int(K)

3.7
Wk = mi(U{K' e Ky | K'n@k}), L=23,.... S

The patch w1L< will be refered to as a L-layer patch. This is illustrated in Figure 3.1.

On each L-layer patch, we let K(wZ) be a restiction of K to wk, such that
Ukek(wL) = k. Also let T (wk) and I'B(wL) be the interior respectively boundary
edges on K(wk). Moreover, we assume that Kl and K(wk) are nested, that is,
every coarse element Ky € Ky wt coincides with a union of fine elements K € K (wk).

Also, the fine test spaces V¢(wk), are defined by
Vi(wk) = {vevy: v\g\w}% =0}. (3.8)

Finally, let the indicator function be yx = 1 on element K and 0 otherwise and
M be the index set of all basis functions ¢; € Vg that have support on K i.e.,

XK = E.jEMK ¢j'
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™

FIGURE 3.1. Example of a one w}(, two w%(, and three w‘};( layer patches around element T in
a quadrilateral mesh.

3.2. The Discontinuous Galerkin 1\/Iultiscale~ method. For each K € Ky
the following local problems need to be solved: find T¢; € Vy(wk), Vi € Mg and
Urk € Vf(LUIL() such that

a(Téj,v) = —a($;,vf), Vo € Vi(wi), (3.9)
a(Uyx,vp) = Uxrvs),  Yog € Ve(wg). (3.10)

The modified coarse scale problem is formulated as: find Uy € Vg such that
a(Ug + TUg,vg) = Lvg) — a(Us,vg), Yoy € Vg, (3.11)

where Uy := ) Kxexy Ur k- The approximate solution to the multiscale problem is
given by

U=Uy+TUx+Uy. (3.12)

The above procedure will be referred to as the discontinuous Galerkin multiscale
method.

We note that the approximation U is not equal to uj in general, since the domains
of the fine scale problems are truncated. However, as discussed above, it is expected
that U is a good approximation to u,, due to the decaying nature of the fine scale
solutions away from the respective patch. For the approximation U to converge to
the exact solution w of (2.1) in the limit, both the support of the local problems
should be gradually extended to the whole computational domain and the fine scale
meshsize h should converge to 0. The multiscale method proposed here differs from
the one proposed in [17], in that a right hand side correction is present. Using the
formulation without the presence a right hand side correction, the multiscale solution
converges to a some H-perturbation of the exact solution w, uniformly with respect
to the diffusion coefficient structure.

REMARK 3.2. Note that for a non-uniform mesh K (and/or Ky ), the conver-
gence results presented in [17] still hold if the corrected basis functions are computed
on patches of a common reference mesh K. On the other hand if the adaptive al-
gorithm is used so that the overlap between different corrected basis functions are
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computed on different meshes (cf., e.g., [27]), less cancellation of the error will occur
and convergence can no longer be guaranteed by the argument in [17].

3.3. Local conservation property. The DG methods are known to have good
local conservation properties in that the normal fluxes are conservative. The ADG-
MS inherits this property on the coarse scale. To see this, we introduce the normal
fluxes on element Ky € Ky as

G(U) := ({n- AVU}y — 0eveh MU [XKy), € € 0K, (3.13)

where U = Uy +TUw + Uy, Xk, = 1 on element Ky and xg,, = 0 otherwice ([xx,]
is either 1 or —1), and each interface e is a face of a fine scale element K € K, i.e.,
the number of edges can exceed the number of faces for each element Ky . By setting
w € Vg to be w = xgk, in (2.10), (2.11), and by using the discrete normal fluxes
defined in (3.13), we arrive to the discrete element-wise conservation law

(Fs D2y + (6(U), Vizok ) =0, (3.14)

for all Ky € Kg.

4. A Posteriori Error Bound in Energy Norm. Let the constant 0 < C' <
o0 be any generic constant neither depending on H, h, L, nor A; let a < b abbreviates
the inequality a < Cb. The following approximation results will be used frequently
throughout this section. Let 7 be the orthogonal L?-projection operator onto element-
wise constant functions. Then 7 satisfies the following approximation properties: for
an element K, we have

h

llo = mollL2) S ﬁ“fllmv”“mu{y Vv e H'(K), (4.1)
h

o — 70| 2ok S 1)~ ||AY2V0| |2y Yo € HY(K). (4.2)

Ay
LEMMA 4.1. Let Iy : V, — Vi, N HY(Q) be a averging interpolation operator
defined pointwise as

Tivn() = ﬁ S @l (4.3)
Tl Keks
where Kz is the set of elements in K for which & belong, with the cardinal |[Kz|. Then,
llon = Zionl 720y S 1V PelonlllF20m), (4.4)
1429 (0 = Tion) ey S A%l =l gore (145)

holds for all vy, € Vy, and K € K.

The proof, omitted here, follows closely that of [25]. Lemma 4.1 can also be
extended to irregular meshes. There a hierarchical refinement of the mesh is performed
to eliminate the hanging nodes; we refer to [26] for details. For irregular meshes the
constant in the bounds of Lemma 4.1 also depends on the number of hanging nodes
on each face.

REMARK 4.2. The result in Lemma 4.1 can be sharpened if the diffusion tensor
is isotropic and a locally quasi-monotone [31] distribution is assumed to hold. Then
Ak can be replaced by the harmonic mean value 7. on face e; see [11].
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First we derive a posteriori error bound for the underling (one scale) DG method.

THEOREM 4.3. Let u, up, be given by (2.1)-(2.2) and (2.9), respectively. Let also
Tgup, € Vi NHY(Q) be given by (4.3). Moreover, let £ := E.+Eq where E. = u—T{uy,
and Eq = Ijuyp — up. Then

NENS (D a2+ (D G2, (4.6)
Kek Kek
where
hk
ok = ——=|l1 =I)(f + V- AVup)||r2(x), (4.7)

VAo
,/h Tee
+ Ti(||(1 —wi(e))n - [AVup]||20r\r5) + HTC[U’JHLQ(HM)’

0'6’76
2 funl 3oy (43)

Cie = 1AV (un — Zun)|Ze i) + |l

REMARK 4.4. Using Zjuy as the conforming part of uy, we arrive to an a pos-
teriori bound whereby Zjuy can either be evaluated directly, or bounded using Lemma
4.1. Another possible choice is a weighted averging interpolation operator with the
weights depending on the diffusion tensor [4].

REMARK 4.5. Concerning the lower efficiency bounds, the term (4.7) is robust
with respect to the diffusion tensor; see [18]. But to prove that (4.8) is robust with
respect to the diffusion tensor, to the authors’ knowledge, the diffusion tensor has to
be isotropic and satisfy a locally quasi-monotone property [31, 11].

Proof. Note that

EN < MEIT + HEalll, (4.9)
where the first part can be bounded by
NEMP S al€e. &) = al€,E) — al€a. &) S al€,E) + |l|EalllIIIEN- (4.10)

Let 7, be the L2-orthogonal projection onto the element-wise constant functions and
define n := &. — €. We then have

a(€, &) = a(u, &) — alun, &) = L&) — alun, &) = L(n) — alun,n), (4.11)
which implies
EN? = al€c, &) = (£(n) — alun,m)) — a(Ea, Ee)- (4.12)

Upon integration by parts and using the identity [vw] = {v},[w] + {w}e[v] where @
is the skew-weighted average given by

{v}o = wr— (V" + Wiy, (4.13)
the first term on the right-hand side of (4.12) yields

£(n) — a(un,n)

=Y (f+V-AVun,n)rar) + Y < = (- [AVup], {n}w)r2e\rey  (4.14)
KeK eel’

(0 LATIV D}, [un]) 20y = 0 ([und ) 22e) ).
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The first term on the right-hand side of (4.14) can be bounded as follows,
S (F+V-AVun a0 S D WH (A=T)(f+V-AVur) |20 || A2V E | L2 (x0)
Kek fex VAo

using (4.1). The second term on the right-hand side of (4.14) gives

> (- [AVur] {n}a) 2 (4.15)

eeF\FB

\/ ||(1 wic(e))n - [AVun]||2ar\re) [ A2 VE L2 (),
KelC

using (4.2). For the third term on the right-hand side of (4.14), noting that Vn = V&,
we deduces

Z(n ) {AHVSC}U)’ [gd])LQ(c) 5 Z m”’ye[&i}HLz(aK)HAl/2V5 ||L2

eel’ Kek

using an inverse estimate and the L2-stability of II. For the last term on the right-hand
side of (4.14), we have

OeYe hK 0876
> Tl ez 3\ oI5 lunlllzzoreves) (14T 2 VEN -
ecl € Kek

The last term on the right-hand side of (4.12) is bounded using the continuity if the
bilinear form. Combining all the above bounds and using Lemma 4.1 to bound the
nonconforming part, the result follows. O

A posteriori error estimate for the ADG-MS is given below.

THEOREM 4.6. Let u, U be defined in (2.1)-(2.2) and (3.12), respectively and set
IeU € HY Q). Set & = &, + & where &, == u—IU and & = I;U — U. Define
Uky = ZjeMKH Uj(¢j + T ;) + Uy iy, where U; are the nodal values calculated by
(3.11) for all K. Then, & satisfies the estimate

611 (X 28>+ (3 G+ (3 p2p )M (4.16)

KeK KeK Kpeky

where

H? 2
5 . K9 ) : ) Oee AT
o= Y )(,W A0|Kg><”” {AVUullizeo + 5 0 lzace) ) (417)

H T'B(wk
e€ (wKH

measures the effect of the truncated patches, K K9 are from outside of wf(H, and

h
QK:ﬁ”(l_H)(f‘i‘v'AVU)HH(K)» (4.18)

hK Tee
+\/Ai()(H(1 - U)K(e))n [AVU]||L2(8K) + H ]’Le [U]HLQ(BK)>7
Oe e
Gk = IVAV(U = ZU)I[7: () + |l 7 [U]HLz(aK) (4.19)
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messuring the refinement level of the fine scale.

REMARK 4.7. One possible adaptive strategy would be to refine the coarse mesh as
much one can afford, using a standard a posteriori error bound (e.g., using Theorem
4.3), and then further improve the approzimation using Theorem 4.6. Note that fine
scale problems do not have to be solved everywhere.

REMARK 4.8. For the estimator Puk to retain its optimality with respect to the

mesh-sizes, one should assume that H?(H < hi. We note that this is not an unrea-
sonable requirement, for, otherwise, each fine scale problem would be more expensive
to solve than the coarse scale problem.

Proof. Using the same idea as in Theorem 4.3. We first, note that

|||éac|||2 = a(éam éar) = a(ga éar’) - a(éad, éac) (420)

Then, using (2.9) and the fine scale equations (3.9)—(3.10), we have

a(&,8) = U(&E) — aU, &), (4.21)
=& —vg) —a(U, 8, —vy), (4.22)
=U(& —vg —vf) —a(U, & —vg —vyp) +L(vy) — a(U,vy), (4.23)

for any vy € Vi and vy € Vy. Note that,

lvp) —a(U,vg) = > Uxxyvs) — a(Uky, v5) (4.24)
KueKu
=y ¥ ((n-{AVUi}w,[ggyvf])p(e) (4.25)

Knekn (—:EFB(WIL(H)

+(n - {AVER, vr o, [Ui]) L2e) —

(i [k oiD i )

U&'Y&
e

h

where @L(” =0 on waf,, and fIL(” = 1 otherwise, that is, vy = @L(”vf +(1- fIL(")vf
where (1 — ffﬁ;)”f S Vf(wll“{H). Then, applying (4.25), we deduce

a(&,8.) = (Z(éac—vH —vy) —a(U, & — vy —vf)) (4.26)
+ Y Y (0 AAVUw ke e

KueKy CGFB<“’1L<H)
+(n - {AVER  vr}u, [Ui)12(e) —
=:1+1I

([Uz]v K}%va})L?(e)>

OeVe
le

I

Term I can be estimated as in the proof of Theorem 4.3, upon selecting vy := myée.
and vy = (6, — T &) = mpée, where my and 7y are the element-wise constant L2
orthogonal projections onto the coarse space Vg on the fine space Vy, respectively.
We note that, by construction, 7ymgv = 0, for all v € V.

Since vy is chosen to be piecewise constant the second term in I7 is equal to zero.
For each K € K, and for each e € FB(wf{H)\FB, we have

OeVe

R (AN 5 | o

TeY
| Gl ) 16 vl 2o
e

(4.27)

S (Iln - {AVU Yol 2 +
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using (4.28) and the Cauchy-Schwarz inequality, for e € I'B| the first term in (4.27)
disappears. Note that, [[[€&, v/]llza(e) is either [[[v7]]lz2(0 or [[[o7]llz2(e) depending
on f}gH. To bound the term involving vy, for simplicity let vy be either vj{ or vy, we
note that:

1 1
opllzze) S ——=lvsllzexy S —=lvelleo ()
Vhi Vhi

1 H
s \/TfKH(g}c_”HéaCHL?(KH) s ;L(ZHV(%HL?(KH)
Hy
< H_||WVAVE| L2k 4.28

using a trace inequality, and the L2-stability of my, viz., [|msv||r2(x ) < [|v]|L2(rp)-
Combining the above and summing over all patches, using the discrete version of
the Cauchy-Schwarz inequality, the proof is concluded. O

5. Implementation and Adaptivity. The system of equations arising from
the discretization of the modified coarse multiscale problem (3.11) is given by

KU =b—d, (5.1)

where K; ; = a(¢; + T¢;, i), bi = £(¢i), and d; = a(Uy, ¢;). To assemble the right
and left hand sides of (5.1), T¢; and Uy, need to be computed for all i € N. This
can be done in parallel since no communication is required between the different fine
scale problems. For each fine scale problem it is also possible to assemble K;; =
a(¢; + Toj,¢1), bi = L(¢s), and d; = Y,y a(Uy, ;) for a fixed i and for all j
such that pq(supp(¢;) N@r) > 0. The constraints needed on the fine scale test
spaces to solve T¢; and Uy are Vi = {v € V' . Tgv = 0}, which are implemented
using Lagrange multipliers. The spaces V and Vg are orthogonal with respect to the
L?-inner product.

Let Vy = span{¢;} and V; = span{y;}. Then, the system of equations to be
solved on the fine scale is given by

(D))

where
(b1, 1) (P1,02) - (P1,9N)
(¢27@1) (¢27§02) (¢25@N)
- : : - : ' (5:3)
(¢M.7 ©1) (Pm,02) oo (om,9N)

with Ky, = a;(¢k, ¢1) and b either b, = I;(¢x) for (3.10) or by, = —a;(¢i, ¢x) for (3.9).

Using the a posteriori error estimate above, it is possible to design an adaptive
algorithm that automatically tunes the fine mesh size and the size of the patches. In
the numerical experiments below, we have implemented Algorithm 1, which extends
the patches in all directions and uses a uniform mesh refinement of the fine scale on
each coarse element. A more elaborate algorithm which only extends in the direc-
tion where the error is large and uses adaptive mesh refinement would be a possible
extension, since the a posteriori indicators above contain local contributions of each
individual patch-boundary face and of each fine scale element residual.
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Algorithm 1 Adaptive Discontinuous Galerkin Multiscale Method
1: Initialize the coarse mesh, Ky with mesh function H, and a fine mesh, K;, with
meshfunction h, by using to uniform refinements of Ky i.e., h = H/4.
2: For all g let the size of the patches be w%y.
3: Set the mesh refinment level to X%.
4: while (e 07 )2+ (X e Gr)? + Crpercn pi}L(H )12 > TOL do

5 for K e K g do

6 Solve the fine scale problems (3.1) and (3.10).

7: Compute the matrix and vector entries on the coarse scale (5.1).
8

9

end for
: Solve the modified coarse scale problem (3.11).
10 Mark the indicator with X% largest error in {0? . + (ﬁ,K, 02 wi )
11:  for Ky € Ky do ' ’

12: if p%ywi is marked then

13: wk = wih!

14: end if

15: if pj, jc + Cf ) is marked then
16: h|KH = h|KH/2

17: end if

18: end for

19: end while

6. Numerical examples. We present some numerical experiments where the
converge of the method as well as the performance of the adaptive algorithm is inves-
tigated.

6.1. Convergence. We consider the model problem (2.1)—(2.2) on the L-shaped
domain constructed by removing the lower right quadrant in the unit square, with
forcing function f = 1. We consider a coarse quadrilateral mesh of size H = 2%
Furthermore, each coarse element K € Ky is further subdivided using two uniform
refinements to construct the fine mesh. The error is measured in the relative energy
norm, (2.12), where uj is the DG solution on the fine mesh i.e., there is only a
truncation error (due to the fine scale patch size) between the multiscale solution and
the DG solution. The permeabilities One and SPE!, illustrated in Figure 6.1, are
used. In One, we have A = 1, and in SPE the data is taken from the tenth SPE
comparative solution project and is projected into the fine mesh. Exponential decay
is observed with respect to the number of layers for the different permeabilities One
and SPE, until the patches covers the whole domain when L = 8; this is illustrated
in Figure 6.2. As expected, when L = 8, only round off error between the multiscale
solution and the reference solution is observed. Note that, by including the right-hand
side fine scale correction, convergence of U to wuy, itself is observed.

6.2. Adaptivity for a problem with analytic solution. Let us consider the
model problem (2.1)—(2.2) on a unit square, using the permeability A = 1 and the
forcing function f = 4a?(1 — (ZT2)€7ET27 for some a > 0. Using a = 400, the analytic

solution can be approximated sufficiently well by the Gaussian pulse u = ae=”
centred in the middle of the domain. We consider a coarse quadrilateral mesh of size

!Data is taken from the tenth SPE comparative solution project http://www.spe.org/web/csp/
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FIGURE 6.1. Permeability structure of One and SPE in log scale on a L-shaped domain.

107 i i i i i
2 3 4 5 6 7 8

Layers

FIGURE 6.2. Convergence in relative energy norm (2.12), on a L-shaped domain when the
number of layers are increased using the different permeabilities One and SPE.

H =27* and a fine mesh of size h = 275. The adaptive algorithm (Algorithm 1) with
10% refinement level is used. The starting values for L and h used are L = 3 layers,
and the fine scale mesh is uniformly refined two times. Figure 6.3 show the error and
the error indicators decay after each iteration of the adaptive algorithm, while Figure
6.4 shows the locations where the adaptive algorithm has chosen to concentrate the
computational effort, which indeed coincides with the position of the pulse.

6.3. Adaptivity on an L-shaped domain. Consider the model problem and
the same data as in Section 6.1. The solution produced by the adaptive algorithm is
compared to a reference solution computed with the standard (one scale) DG method
on a uniform quadrilateral mesh with mesh-size h = 279, see Figure 6.3. Consider a
coarse mesh consisting of a uniform quadrilateral mesh of size H = 274, The starting
values in the adaptive algorithm (Algorithm 1) are L = 3 and the fine scale mesh is
derived by two uniform refinements of the coarse mesh. In each iteration, a refinement
level of 30% is used. Figure 6.3 shows the error decays after each iteration of the adap-
tive algorithm. Also, the adaptive algorithm chooses to increase the patches in the
beginning since the error from the truncation is initially larger than the discretization
error and after a few iterations it is starting to refine the fine scale mesh more and
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—*— Truth—mesh error p
ot e e g2

Iterations

FIGURE 6.3. Convergence in relative energy norm (2.12), using the adaptive algorithm on the
unit square with Gaussian pulse in the middle.

FIGURE 6.4. The level of refinement and the size of the patches L illustrated in the left, resp.
right plots, using the adaptive algorithm on a unit square with Gaussian pulse in the middle. White
is where most refinements, resp. bigger L, are used and black is where least refinements, resp.
smallest patches, are used.

more. When the patch sizes are increased the error, due to truncation, decays expo-
nentially independent of the regularity of the solution as shown theoretically in [17].
This is not true for the discretization error. This motivates the use of an adaptive
algorithm which tune the error between the truncation and discretization. Figure 6.7
shows where the adaptive algorithm put most computational effort.

6.4. Adaptivity for a porous media flow problem. We consider the problem
(2.1)-(2.2) on the unit square Q = [0, 1]?, with forcing function f = —1 in the lower
left corner {0 < z,y < 1/128}, f =1 in the upper right corner {127/128 < z,y < 1},
and f = 0 otherwise. The following permeabilities SPE11 and SPE21 are used
and projected into a mesh with 64 x 64 elements; see Figure 6.8. The computational
domain {2 is split into 32 x 32 coarse square elements Ky € Kg. The error is measured
in the relative energy norm, with the reference solution u; being the DG solution
computed on a 512 x 512-element mesh. The adaptive algorithm (Algorithm 1) with
refinment level 30% is used. In Iteration 1 the multiscale problem is solved using two
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FIGURE 6.5. Reference solution for the different permeabilities computed onto a mesh with size
h =279 and projected onto a mesh with size h = 276,

T
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+(Zpy)

Iterations
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- (ZPL)

2,1/2 2 1/2
G
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FIGURE 6.6. The relative energy norm error for the multiscale solution using the adaptive algo-
rithm; pr, denotes the truncation error indicator, o and (i are the discretization error indicators.
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FIGURE 6.7. The level of refinement and size of the patches illustrated in the upper resp. lower
plots for the different permeability One (left) and SPE (right). White is where most refinements
resp. larger patch are used and black is where least refinements resp. smallest patches are used.

(a) SPE11, amaa/@min = 6.1765e¢ — 5. (b) SPE21, amaz/qmin = 5.0193e — 5

FIGURE 6.8. Permeabilities projection in log scale.

refinements on each coarse element and each fine scale problem is solved with L = 3,
and so on. Even though complicated permeabilities with amaz/min ~ 10° are used,
the proposed adaptive algorithm is able to reduce relative error considerably; this is
shown in Figure 6.9.

7. Concluding remarks. An adaptive multiscale method based on discontin-
uous Galerkin discretization has been proposed and assessed in practice. There are
several different advantages for using the proposed multiscale method. The possibility
to allow a global underling reference grid (using the DG framework including hanging
nodes) is crucial. This does not only account for cancellation of the error between
different fine scale problems in the a posteriori error bound, it also fits the method
into the convergence framework presented in [17]. It admits a local conservation of the
state variable, which is crucial in many applications e.g. porous media flow. The mul-
tiscale method and the adaptive algorithm admit naturally parallel implementation,
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10 T

—*— SPE11
—&— SPE21

Iterations

FIGURE 6.9. Relative in error broken energy norm against the number of iterations using the
adaptive algorithm for flow in porous media.

which results in further savings in computational time.

An adaptive algorithm for which the coarse scale, the fine scale, and the size of
the different patches are taken into account, based on an energy norm a posteriori
bound has been proposed. Using the proposed multiscale method, together with the
adaptive algorithm, leads to substantial computational savings, while maintaining a
good performance when applied to challenging benchmark problems.
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CONVERGENCE OF A
DISCONTINUOUS GALERKIN MULTISCALE METHOD

DANIEL ELFVERSON'Y EMMANUIL H. GEORGOULIS!, AXEL MALQVISTTY, AND
DANIEL PETERSEIMS

Abstract. A convergence result for a discontinuous Galerkin multiscale method for a second or-
der elliptic problem is presented. We consider a heterogeneous and highly varying diffusion coefficient
in L>°(9, Rg;fi) with uniform spectral bounds and without any assumption on scale separation or
periodicity. The multiscale method uses a corrected basis that is computed on patches/subdomains.
The error, due to truncation of corrected basis, decreases exponentially with the size of the patches.
Hence, to achieve an algebraic convergence rate of the multiscale solution on a uniform mesh with
mesh size H to a reference solution, it is sufficient to choose the patch sizes as O(H| log(Hfl)D. We
also discuss a way to further localize the corrected basis to element-wise support leading to a slight
increase of the dimension of the space. Improved convergence rate can be achieved depending on
the piecewise regularity of the forcing function. Linear convergence in energy norm and quadratic
convergence in L?-norm is obtained independently of the forcing function. A series of numerical
experiments confirms the theoretical rates of convergence.

Key words. multiscale method, discontinuous Galerkin, a priori error estimate, convergence

AMS subject classifications. 65N12, 65N30

1. Introduction. This work considers the numerical solution of second order
elliptic problems with heterogeneous and highly varying (non-periodic) diffusion co-
efficient. The heterogeneities and oscillations of the coefficient may appear on several
non-separated scales. More specifically, let © C R¢ be a bounded Lipschitz domain
with polygonal boundary I'. The boundary I' may be partitioned into some non-
empty closed subset I'p (the Dirichlet boundary) and its complement I'y :=T'\ I'p
(the, possibly empty, Neumann boundary). We assume that the diffusion matrix
Ae L™ (97 Rdx‘i) has uniform spectral bounds 0 < «, § < oo, defined by

(A(z)v)

Sym
- v A(x)v) v
0 < a:=essinf inf < esssup sup &

z€Q veRI\{0} V-V z€Q veRd\{0} UV

Given f € L%(Q), we seek the weak solution of the boundary-value problem

—V-AVu=f inQ,
u=0 onlp,
v-AVu=0 on 'y,

i.e., we seek u € Hh(2) := {v € HY(Q) | v|r, = 0 in the sense of traces}, such that
a(u,v) == / AVu-Voder = / fvdz =: F(v) forall v € HL(Q). (1.2)
Q Q

Many methods have been developed in recent years to overcome the lack of per-
formance of classical finite element methods in cases where A is rough, meaning that
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A has discontinuities and/or high variation; we refer to [4, 2, 11, 9, 6] amongst oth-
ers. Common to all the aforementioned approaches is the idea to solve the problems
on small subdomains and to use the results to construct a better basis for some
Galerkin method or to modify the coarse scale operator. However, apart from the
one-dimensional setting, the performance of those methods correlates strongly with
periodicity and scale separation of the diffusion coefficient.

Other approaches [5, 16, 3] perform well without any assumptions of periodicity
or scale separation in the diffusion coefficient at the price of a high computational
cost: in [5, 16] the support of the modified basis functions is large and in [3] the
computation of the basis functions involves the solutions of local eigenvalue problems.

Only recently in [14], a variational multiscale method has been developed that
allows for textbook convergence with respect to the mesh size H, |lu — up|| 1) <
Cyp/oH with a constant Cj g/, that depends on f and the global bounds of the
diffusion coefficient but not its variations. This result is achieved by an operator-
dependent modification of the classical nodal basis based on the solution of local
problems on vertex patches of diameter O(H|log(H1)|). The method in [14] is an
extension of the method presented in [13, 15].

In this work, we present a discontinuous Galerkin (dG) multiscale method with
similar performance. The method is a slight variation of the method [8], in the sense
that the boundary conditions for the local problems are now of Dirichlet type. The
dG finite element method admits good conservation properties of the state variable,
and also offers the use of very general meshes due to the lack of inter-element continu-
ity requirements, e.g., meshes that contain several different types of elements and/or
hanging nodes. Both those features are crucial in many applications. In the context
of multiscale methods the discontinuous formulation allows for more flexibility in the
construction of the basis function e.g., allowing more general boundary conditions [8].
Although the error analysis presented in this work is restricted to regular simplicial
or quadrilateral/hexahedral meshes, we stress that all the results appear to be ex-
tendable for the case of irregular meshes (i.e., meshes containing hanging nodes). We
refrained from presenting these extensions here for simplicity of the current presenta-
tion. Under these assumptions, we provide a complete a priori error analysis of this
method including errors caused by the approximation of basis functions.

In this dG multiscale method and in previous related methods [14, 8], the accuracy
is ensured by enlarging the support of basis functions appropriately. Hence, supports
of basis functions overlap and the communication is no longer restricted to neighboring
elements but is present also between elements at a certain distance. We will prove
that resulting overhead is acceptable in the sense that it scales only logarithmically
in the mesh size.

In order to retain the dG-typical structure of the stiffness matrix, we discuss the
possibility of localizing the multiscale basis functions to single elements. Instead of
having O(1) basis functions per element with O(H |log(H ~1)|) support, we would then
have O(|log(H~1)|) basis functions per element with element support. The element-
wise application of a singular value decomposition easily prevents ill-conditioning of
the element stiffness matrices, while simultaneously achieving further compression of
the multiscale basis.

The outline of the paper is as follows. In Section 2, we recall the dG finite element
method. Section 3 defines our multiscale method, which is then analyzed in Section 4.
Section 5 presents numerical experiments confirming the theoretical developments.

Throughout this paper, standard notation on Lebesgue and Sobolev spaces is
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employed. Let 0 < C' < oo be any generic constant that neither depends on the mesh
size nor the diffusion matrix A; a < b abbreviates an inequality a < C'b and a = b
abbreviates a < b < a. Also, let the constant Cg/, depend on the minimum and
maximum bound bound (« and ) of the diffusion matrix A in (1.1).

2. Fine scale discretization.

2.1. Finite element meshes and spaces. Let 7 denote a subdivision of €2
into (closed) regular simplices or into quadrilaterals (for d = 2) or hexahedra (for
d = 3), i.e., Q = UperT. We assume that 7 is 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.

Let £ denote the set of edges (or faces for d = 3) of T; £(Q) denotes the set
of interior edges, £(I'), E(I'p) and E(I'y)) refer to the set of edges on the boundary
of Q, on the Dirichlet and on the Neumann boundary, respectively. Let T, denote
the reference simplex or (hyper)cube and let P,(7) and Q,(T') denote the spaces of
polynomials of degree less than or equal to p in all or on each variable, respectively.
Then, we define the set of piecewise polynomials

P,(T):={v:Q = R|VYT € T,v|r o Fr € Ry(T)},

with R, € {P,, Qp}, where Fr : T T, TeTisa family of element maps. Let
also II,(7) : L*(Q) — P,(T) denote the L2-projection onto T-piecewise polynomial
functions of order p. In particular, we have (Ilo(7)f)|r = |T|™* [, fdz, T € T for
all f € L*(Q). Note that v € P,(T) does not necessarily belong to H'(2). The
T-piecewise gradient Vv, with (V7ov)|r = V(v|r) for all T € T, is well-defined and
Vv e (Ppo1(T))™

For any interior edge/face e € £(2) there are two adjacent elements 7~ and T
with e = 9T~ NOT+. We define v to be the normal vector of e that points from 7'~
to TT. For boundary edges/faces e € £(T') let v be the outward unit normal vector
of Q.

Define the jump of v € Py(T) across e € £(Q) by [v] := v|p- — v|p+ and define
[v] == v|, for e € E(I'). The average of v € P,(T) across e € £(Q) is defined by
{v} := (v|p- + v|p+)/2 and for boundary edges e € (') by {v} := v|e.

In the remaining part of this work, we consider two different meshes: a coarse mesh
Tu and a fine mesh 7}, with respective definitions for the edges/faces £y and &,. We
denote the Ty-piecewise gradient by Vv := V7, v and, respectively, Vyv := Vv
for the Tp-piecewise gradient . We assume that the fine mesh 7} is the result of
one or more refinements of the coarse mesh 7g. The subscripts h, H refer to the
corresponding mesh sizes; in particular, we have H € Py(Ty) with H|p = diam(7T') =:
HypforallT € Ty, H, = diame, foralle € £y, h € Py(Tp), with h|p = diam(T') =: hy
for all T € Ty, and h. = diame for all e € &,. Obviously, h < H.

2.2. Discretization by the symmetric interior penalty method. We con-
sider the symmetric interior penalty method (SIP) discontinuous Galerkin method
[7, 1, 10]. We seek an approximation in the space Vj, := P; (7). Given some positive
penalty parameter o > 0, we define the symmetric bilinear form ay : Vj, x V), — R by

an(u,0) =(AVRU, Vio) 2y = D (({y AV, [0]) o)
eth(Q)Ug;L(FD) (21)

+ (- Ao )1 = () [Deeco))-
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The jump-seminorm associated with the space Vj, is defined by

o= X e, (2:2)

e€ERL(QUEL(Tp) ¢
while the energy norm in Vj, is then given by
1@ llln == (AY2Vh @720 + ] @ [2)!/%. (2.3)

If the penalty parameter is chosen sufficiently large, the dG bilinear form (2.1) is
coercive and bounded with respect to the energy norm (2.3). Hence, there exists a
(unique) dG approximation uy € Vp, satisfying

ap(up,v) = F(v) forallv e V. (2.4)

We assume that (2.4) is computationally intractable for practical problems, so we
shall never seek to solve for wuy directly. Instead, uj will serve as a reference solu-
tion to compare our coarse grid multiscale dG approximation with. The underlying
assumption is that the mesh 7 is chosen sufficiently fine so that uy is sufficiently
accurate. The aim of this work is to devise and analyse a multiscale dG discretization
with coarse scale H, in such a way that the accuracy of uy, is preserved up to an O(H)
perturbation independent of the variation of the coefficient A.

3. Discontinuous Galerkin multiscale method. As mentioned above, the
choice of the reference mesh 7j, is not directly related to the desired accuracy, but
is instead strongly affected by the roughness and variation of the coefficient A. The
corresponding coarse mesh 7z, with mesh width function H > h, is assume to be
completely independent of A. To encapsulate the fine scale information in the coarse
mesh, we shall design coarse generalized finite element spaces based on Tp.

3.1. Multiscale decompositions. We introduce a scale splitting for the space
Vy,. To this end, let Iy := 111 (Ty) and define Vg := Iy V, = Pi(Ty) and
V= (1 -1Ig)V, = {v € V), | TIgv = 0}.
LEMMA 1 (L2-orthogonal multiscale decomposition). The decomposition
Vi =Vg &V,

is orthogonal in L?(£2).

Proof. The proof is immediate, as any v € V}, can be decomposed uniquely into
a coarse finite element function vy := IIgv € Vg and a (possibly highly oscillatory)
remainder v! := (1 — lg)v € VI, with 01720y = lvallZz) + vaH%z(Q). 0

We now orthogonalize the above splitting with respect to the dG scalar product
an; we keep the space of fine scale oscillations V! and simply replace Vg with the
orthogonal complement of V! in V. We define the fine scale projection § : V; — Vf
by

an(Fv,w) = ap(v,w) for all w e VE. (3.1)
Using the fine scale projection, we can define the coarse scale approximation space by

Vi = (1-3)Va.
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LEMMA 2 (ap-orthogonal multiscale decomposition). The decomposition
Vi = Vi @V

1s orthogonal with respect to ay, i.e., any function v in Vy can be decomposed uniquely
into some function vi® € Vi° plus ot € VP with |||v]||2 ~ [|[vg]||2 + |||v!]]|2. The
functions v € VI and vf € V! are the Galerkin projections of v € V,, onto the

subspaces Vi° and Vi e,

ap(vy’,w) = ap(v,w) = F(w)  for allw € V§°,
an(vf,w) = ap(v,w) = F(w) for all w e VE.

The unique Galerkin approximation u%® € Vi}® of u € V solves

ap(uj®,v) = F(v) for all v € Vi*. (3.2)

We shall see in the error analysis (cf. Theorem 8) that the orthogonality yields error
estimates for the Galerkin approximation uf}®* € Vi* of (3.2) that are independent of
the regularity of the solution and of the diffusion coefficient A. However, the space
Vi}® is not suitable for practical computations as a local basis for this space is not
easily available. Indeed, given a basis of Vp, e.g., the element-wise Lagrange basis
functions {Ar; | T € Ty, j = 1,...,r} where r = (1 + d) for regular simplices or
r = 2% for quadrilaterals/hexahedra. The space Vi}® may be spanned by the corrected
basis functions (1 — §)Ar;, T € Tu, j = 1,...,r. Although Ap; has local support
supp Ar; = T, its corrected version (1 — §)Ar; may have global support in Q, as
(3.1) is a variational problem on the whole domain Q. Fortunately, as we shall prove
later, the corrector functions ¢ ; decay quickly away from 7' (cf. previous numerical
results in [8] and a similar observation for the corresponding conforming version of the
method [14]). This decay motivates the local approximation of the corrector functions,
at the expense of introducing small perturbations in the method’s accuracy.

3.2. Discontinuous Galerkin multiscale method. The localized approxima-
tions of the corrector functions are supported on element patches in the coarse mesh
Ta.

DEFINITION 3. For all T € Ty, define element patches with size L as

wh = int(T),
wh = int(U{T € Ty | T' N@E"L £0}), k=1,2,....

We refer to Figure 3.2 for an illustration. We introduce a new discretization param-
eter L > 0 € N and define localized corrector functions 43%’]- € VEwk) == {v e V|

vlo\wr = 0} by
ah(d)%mw) = ap(Apj,w) for all w € Vi(wh). (3.3)
Further, we define the multiscale approximation space
Vit =span{dr; — ¢, | T €T, j=1,...,7}
The dG multiscale method seeks /™" € Vi** such that

an(up®t v) = F(v) for all v e Vjy»F. (3.4)
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FIGURE 1. Ezample of a one layer patch w;, two layer patch w%, and a three layer patch w%,
on a quadrilateral mesh.

Since Vj#*" < V), this method is a Galerkin method in the Hilbert space Vj, (with
scalar product ay) and, hence, inherits well-posedness from the reference discretization
(2.4).

Moreover, the proposed basis {Ar ; — ¢%J | T € Ty, j=1,...,r} is stable with
respect to the fine scale parameter h, as we shall see in Lemma 7 below.

3.3. Compressed discontinuous Galerkin multiscale method. The basis
functions in the above multiscale method have enlarged supports (element patches)
when compared with standard dG methods (elements). We can decompose the cor-
rector functions into its element contributions

¢’§“,j = Z ¢§“] XT">

T'€Tu:T' Cwk

where y7 is the indicator function of the element 7" € Tz.
This motivates the coarse approximation space
Wit =span({\r; [T € T, j=1,...,7}
U{og xr |T. T € T, T' Cwyp, j=1,...,1},
This space offers the advantage of a known basis with element-wise support which

leads to improved (localized) connectivity in the corresponding stiffness matrix. This
is at the expense of a slight increase in the dimension of the space

dim(Wjp»") ~ L dim(V};*").

The corresponding localized dG multiscale method secks wzs’L S WES’L such
that

ms,L

an(Wi>t v) = F(v) for all v e Wi>". (3.5)

Since Vgs’L C WES’L C Vy, Galerkin orthogonality yields

ms,L

,L
[un = wi™ " [[ln < un = u™lln, (3.6)

i.e., the new localized version (3.5) is never worse than the previous multiscale approx-
imation in terms of accuracy. However, it may lead to very ill-conditioned element
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stiffness matrices (cf. Lemma 10 which shows that (;5%7 ;6 may be very small if the
distance between T" and T relative to their sizes is large).

To circumvent ill-conditioning, one may choose a reduced local approximation
space on the basis of a singular value decomposition. Since the dimension of the local
approximation space is small (at most proportional to L), the cost for this additional
preprocessing step is comparable with the cost for the solution of the local problems
for the corrector functions.

To determine an acceptable level of truncation of the localized basis functions, we
can use the the a posteriori error estimator contribution of the local problem from [§],
which is an estimation of the local fine scale error. This procedure may additionally
lead to large reduction of the dimension of the local approximation spaces.

4. Error analysis. We present an a priori error analysis for the proposed multi-
scale method (3.4). In view of (3.6), this analysis applies immediately to the modified
versions presented in Section 3.3. The error analysis will be split into a number of
steps. First, in Section 4.1, we present some properties of the coarse scale projec-
tion operator IIg. In Section 4.2, an error bound for dG multiscale method wu';®
from (3.2) (Theorem 8) is shown, whereby the corrected basis functions are solved
globally. Results for the decay of the localized corrected basis function (Lemma 10
and Lemma 11) are shown, along with an error bound for the dG multiscale method
uzs’L from (3.4) (Theorem 12) ,where the corrected basis functions are solved locally
on element patches. Finally, in Section 4.3, we show an error bound given a quantity
of interest (Theorem 14), leading to an error bound in L%norm (Corollary 15).

We shall make use of the following (semi)norms. The jump-seminorm and energy
norms, associated with the coarse space Vy, are defined by

g
| ff = > gll[-]lliz@,
e€E(QUER(Tp) ¢
o lllm = (IAY*Vg o F2q) + o 7))/,

respectively, along with a localized version of the local jump and energy norms (2.2)
and (2.3) on a patch w C Q, where w is aligned with the mesh 7}, given by

g
| |i,w = Z F”[‘]”%%e)v
ecE(QUETp): ¢
eNw#0
1@ [[[n0 = (1AY2V5 @ [T + 1o [7.)">

The shape-regularity assumptions hp = h, for all e € 9T : T € T;, and Hy =~ H, for
all T € 9T : T € Ty will also be used.

4.1. Properties of the coarse scale projection operator I1y. The following
lemma gives stability and approximation properties of the operator Il .
LEMMA 4. For any v € Vy, the estimate

H™ o = Mgl g2y S o 2lJoll|nr,
is satisfied for all T € Ty . Moreover, it holds

B2 Mgl +I1H (v = Tao) [ z2) S a2 llofl]n-
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Proof. Theorem 2.2 in [12], implies that for each v € V), there exists a bounded
linear operator Z§ : V, — V, N H'(Q) such that

BRIAYEY (v = Tio) |2 + 107w = Ti0) 2y S @ V2ol (4.1)

Split v = v°+v? € V), into a conforming, v° = Z;v, and non-conforming, vd = v—=1;v,
part. We obtain
H™ o =gl 2ery < H (08 = Wgo®|| g2y + ([0 = v g2 o))
SVl + IV = o) 2y + H o2 y)  (4:2)
Sa ||

h,T

using the triangle inequality, stability of the L2-projection, and (4.1). Also,

g
ol = D IVAV(Igo = Ho(Ta)o) [y + e = TTavl[Za )

TeTH eecl
1 1
$ 3 8 (gl ~ MoTioliscry + ggslee — aolfcr) )
T€Tn

SChalllvlINE,

using the triangle inequality, (4.1), and (4.2) which concludes the proof. O

The operator Il is surjective. The next lemma shows that, given some vy € Vi
in the image of Iy there exists a H!'-conforming pre-image v € H;UH C Vp, with
comparable support.

LEMMA 5. For each vy € Vg, there evists av € V,NH'(Q) such that Ugv = vy,
ol S Cyalllvnlli, and supp(v)  supp(o).

Proof. Using (4.1) but on space Vg gives, for each v € Vg, there exists a bounded
linear operator Z¢ : Vg — Vg N HY(Q) such that
BRAYAY g (v — Tiv) | L2 + [1H (0 = i)l 2) S @ V2 |ula. (4.3)
We define

V= I;{UH + Z ('I)H(l’j) —I%UH(xj))HTyj,
TETwH, j=1,...,7

where 07 ; € Vi, N HZ(T) are bubble functions, supported on each element 7', with
U7, = Ar; and |||0r;]]]? < BH?2. Observe that supp(v) C supp(vg). The
interpolation property follows from

HHU:I;I”H"'HH Z (UH(.’BJ')*Z;I’UH(.’E]')) 9]‘
TeTwu, j=1,...,r

= I}:JUH +vg _I}:{UH =vg.

To prove stability, we estimate |||v]||, as follows:

2
olllh < A2V TivmlTa + Y loa(as) = Zom () 105117
TETH, j=1,...,r

S HAl/ZVHI;IUH”%z(Q) +BIH (vm *IEIUH)HQN(Q)

< Chjalllonllli
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using the inverse estimate ||v[| 1y < H=%2||v||r2(r) for allv € Vg, and the estimate
(4.3).0

REMARK 6. Note that 07 ; € Vi, NHY(T) for all T € Ty (fulfilling the conditions
in Lemma 5) can be constructed using two (or more) refinements of the coarse scale
parameter H. We can let 01 ; € Vi N HS(T) where Vi C Vy, and h < b/ < 272H.
This does not put a big restriction on h since the mesh Ty, is assumed to be sufficiently
fine to resolve the variation in the coefficient A, while the parameter H does not need
to resolve A.

The following lemma says that the corrected basis is stable with respect to the
fine scale parameter h in the energy norm (2.3), this is not a trivial result since the
basis function {Ar;|T € Ty, j =1,...,r} are discontinuous.

LEMMA 7 (Stability of the corrected basis functions). For all, T € Ty, j =
1,...,7 and L > 0 € N, the estimate

A7 — 0% ;

is satisfied, independently of the fine scale parameter h.
Proof. For any T € Ty, j = 1,...,r, by Lemma 5 there exists a b such that
v =g —be Vi (wh), and [[llln S CayallAzglllsr. We have

lln < Cs/alllAz;llla,

WAz; — 07,7 S an(Arj — 6F 5, Arj — 6F ;) = an(Ar; — 6% 4, Ay — v),

San(Ary — 07.5,0) < CoyalllAry — 7 nll Azl
which concludes the proof. O

4.2. A priori estimates. The following theorem gives an error bound for the
idealized dG multiscale method, whereby the correctors for the basis are solved glob-
ally.

THEOREM 8. Let up, € Vj, solve (2.4) and uf}* € VI*® solve (3.4), then the
estimate

lun = ugi®[[ln < Cra™ V2| H(f =g f)l| 20,

is satisfied, where Cy neither depends on the mesh (h or H) size nor the diffusion
matriz A.
Proof. Let e := uy — u® = uy € V¥, then
elllh < anle,e) = (f,€)r2) = (f — uf,e — Ilge) 12 (q)
< (= T )l @l 1 e = )

1
S = IH = La llczenlllellln,

using Lemma 2, Lemma 1, Cauchy-Schwarz inequality, and Lemma 4, respectively. O
DEFINITION 9. The cut off functions C%D € Py(Tn) are defined by the conditions

d,D
CT |w% = 17
d,D _
CT ‘Q\w%’ =0,

hr
CEP N poo oy S

m fOT’ allTGTH,
- T

and that C%’D is constant on the boundary O(wk \ ws).
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The next lemma shows the exponential decay in the corrected basis, which is a
key result in the analysis.
LEMMA 10. For allT € T, j=1,...,r, the estimate

N = d7.5) = 5 = 87 )lIn = oz — 67 5lln < Csv"llér,; = Allln,

is satisfied, with Csy = CCE/Q, 0<~vy<1 given by v := (%)%, Cy = C’Cg/a, and
L=kl k >2¢eN, noting that C and C' are positive constants that are independent
of the mesh (h or H), of the patch size L, and of the diffusion matriz A.

Proof. Define e := ¢r ; — ¢%J =¢r; — qﬁ%j. We have

ellls < anle, ¢y — 67;) = anle, o —v) S ellln - llér.; —llln, (4.4)

for v € Vf{ (wiF). Let ¢ = erk*l’ek; then by Lemma 5 there exists a b such that v

Corg — b € V](@l), Tyb = WuCory, I6llIn S CojallTuCor,;
supp(IlgCer ;). Then, we have

T — vllln = g5 — (Cor5 — D)l|n
< |ll¢r; = Chrjllln + 11[0l]]n

||z, and supp(b) C

4.5
< llérs — orslib + Copallla(Cor, — o llla P
S Chralllor,; — Corllla-
Furthermore, using the properties of ( we have
IVAVL(L = Qdrjllrzi) < IVAVROT | 120t (4.6)
and
ag
(1= Q)¢r i = Z = = OorslllZ(e
e€E(QUE(Tp) ¢
a
< Y T (= el + IHor = i)
c€E(QUE(T D) ©
o 9 ah% 9
< Z <E||[¢T,j]||L2(e) + m”{@T,j}HLZ(e)) (4.7)
ecE(QUE(TD):

eﬂQ\w§k7 120

> il
he

ecE(QUE(TD):

eﬂQ\wé’c*l;ﬁO

IN

g
[¢T,j]||%2(e) + H7%||¢Taj - HH(;STJ‘“iz(Q\w’%’C*l)

< Calllr il i

using a trace inequality and Lemma 4, respectively. Combining (4.4), (4.5), (4.6), and
(4.7) yields

llér.s = Corllln < C5alllor il o1 (4.8)
To simplify notation, let m :=¢(k—1)—1 and M := ¢k —1. For np :==1— ;"’M7 we
obtain

Norillli ovorr < llinrér il < an(nrér.;,nrér.), (4.9)
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where

an(nror,j,mrér;) = (AVnrdr i, Vinrdr )z )

g
+ > (—2({1/ “AVnror it Inrér,;l) + h*([ﬁﬂﬁT,j], [UTd’T,j])) .
c€E(QUE(Tp) ‘
(4.10)
For the first term on the right-hand side of (4.10), we have
(AVinrér;, Vinrdr,;)r2) = (AVrorj, Vanior;) 2, (4.11)

since nr is constant on each element 7' € Tp; for the other terms we use (A.3) and
(A4) (with v =np, w=v-AVér; and u = ¢7 ;). We can, thus, arrive to

Nlorilllh overr < anlirér; nrdr,) = an(éry,nrér.;)

+ Y (12({v- AV} e ) 12 — 1/4(v - AVor), nr* {1 o)
ee€(Q)
= g e 63 ey + 4 (P, {65120,
(4.12)
using (4.9), (4.10), and (4.11). Note that,

> (12({v- AVér}, e ] 2 — VA - AVer,], ) {ér,; ) 2(e)
ec&(Q)

_ i([w]a (67,51 L2(c) + he([nT}27 {6r53)r20))

h2

Y £2§2 (H{V‘AV¢T,;'}HL2(5)||[¢>TAHL?(e)+||[V'AV¢T,J‘}\|L2<e)||{¢T,j}HL2<e)
ecE(Q): r

eNwi\wi #0

g 2 2
o (Iorlize +I{or i) )
hT g
DY (g 1AVl 2eur 97l 2 ersor-) + gz 6]
e€E(Q): T T

eNwi \wi #0

SBEPHL (61,5 — Tadr )72 anwm) < CFral 210751117 oty
( T\ T> T\ T

2
L2(T+uT*))

(4.13)
Now we bound the term

an($r.j, m7d1,5) = an(drj, nrdr.; — b) + an(ér;,b) = an(ér,;,b)
017 coar\ o (4.14)

S érjlllh winwm
< Cpralllér,ll

hwd\wm LT 5 ||| op o -
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Furthermore, we have that

67,51y e = 1ML o = (T )
= H\/ZVHHH(W% - HO(THM%)ﬁbT,j”?ﬁ(u)gf\w;ﬂ)

g
+ > A (ML (7 — To(Ta)mz) b1 51172 )
ec€E(QUETp): €
eNw \wir#0 (4.15)

S BIH Ty (nF — o (Ta)nz)ér 4 iz(w%d\w;n)
S BIH (7 = Wo(Te) )l o= () 1975117 2 ar\ o
S BOPH (br — M dr )T oanwm

S C[%/ozg72 | ‘ |¢T»j ‘ | ‘ivw%’[ \w$ )

2
(17 o
H,wi\wi

using a trace inequality, inverse inequality, and Lemma 4, respectively. Combining
the inequalities (4.12), (4.13), (4.14), and (4.15) yields

2 Cy

Co
< 26r 1B o < Flllbr

2
llézslllionwy < =5 ozl

2
h,Q\wi

where Cy = C”’ Cg o+ Substituting back to £ and k and using a cut off function with
a slightly different argument, yields

Cy

HWT,J'H@Q\Q,ZTk—l < 7|H¢T,j
Cy k—1 2

<-- < (7) H‘qﬁT,j'Hh,wz\w;*lv

2 212 112
Hhﬂ\w;(k—l)—l < (7) H|¢T¢J\Hh79\w§<k—2>—1

which concludes the proof together with (4.8). O
LEMMA 11. For all, T € Ty, j=1,...,r, the estimate

N> wiler; — o)l <CLh > JuPlller, — o147

TeTw, j=1,....,1 TETH, j=1,...,1

is satisfied, with Cy = C’Cg/a and C' positive constant independent of the mesh (h or
H), of the patch size L, and of the diffusion matriz A.

Proof. Let w =3 rer, iy, vi(oT; — QSJL-J-), and note that

an(é7,; — Arj,w — Crw + by) =0,

! (4.16)
an(¢r; — Arj,w — Crw + br) =0,

L+1,L+2
= CT

where (7 : , using Lemma 5 and the property of the cut-off function. We
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obtain

N> vilbr;—ot)ln S D vian(ér, — of 5, w)

TeTH, j=1,..., r TeTH, j=1,...,1

- Z vjan(pr; — OF 5, Crw — br)

TeTu, j=1,...,r

< vl - [l — o,
TETi, j=l,r

SO vl lligrs — o7,

T€Ty, j=1,...,r
< Z vl - llor; — o7,
TE€Ty, j=1,...,r

From (4.6) and (4.7), we have

[l ([1Crwlln + [1[oz[]n) (4.17)

Il (HSzwl|[n + CppallMaCrwl||m)

1nC3 o l1Crwl[]n-

czwllln = [lI¢rwlll, z+2 S Caralllwllly, gz (4.18)

Then, further estimation of (4.17) can be achieved using (4.18) and the discrete
Cauchy-Schwarz inequality:

I > wilérg — o)l

TETH, j=1,...,r

1/2 1/2
< Ci/a 3 JosPlller; — ok I2 3 Hhﬂth
TETH, j=1,...,7 TeTH, j=1,...,
1/2
< CFp L ST wiPlllery — o5 | - HHwllla

Dividing by w on both sides concludes the proof. O
The following theorem gives an error bound for the dG multiscale method.

THEOREM 12. Let u € H)(2) solve (1.2) and u§i*" € Viy*" solve (3.4). Then,
the estimate

=g Wn <l —wnllln + Cra™ Y2 H(f = Ty )l 120
+ C5|H Y| oo () LY 275\ fll 22 ()

is satisfied, with 0 < v < 1, L from Lemma 10, Cy from Theorem 8, Cs5 = CCg/aC’i/ch
where Cs is from Lemma 10 and Cy is from Lemma 11. C a positive constant in-
dependent of the mesh (h or H), of the patch size L, and of the diffusion matriz
A.

REMARK 13. To counteract the factor ||[H ™| 1~ (q) in the error bound in Theo-
rem 12, we can choose the localization parameter as L = [C'log(||H ||~ (q))]. On
adaptively refined meshes it is recommended to choose L = [C'log(H~1)].

Proof. We define @™ := = Yorety. jo1...r Wi (2)0F ;. Then, we obtain

H"U‘*UmSL mSL|||h

~ L
< Wl — wnlll -+l — o s — 35l o)
< = unllln A+ un =g llla+ 11 Y wfr (@) (@rs — o7,)|n-

T€TH, j=1,...,r
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Now, estimating the terms in (4.19), we have
lfun = ug*llln < Cra™V2IH(f — Mg )l 2o,

using Theorem 8, and

I Y. ulr(e)(6r; — o8,
TETu, j=1,...,r

< CyL? Z e () Pl ér, — o7 51117 (4.20)
TETw, j=1,mmyr

< OCCELYE Y (@) Pllldr, — Al
TETu, j=1,...,r

using Lemma 11 and Lemma 10, respectively. Further estimation, using Lemma 7,
yields

S @) Plllers — Arslll7
TETH, j=1,...,7

SCe D0 (@) Pl
TETH, j=1,...,r

SChaB D () PHE g ey (4.21)
TETu, j=1,...,r

=CiaB Y IHD wEr () sl e er)
TeTu, j=1,....,r

SCHBl Y. Hp'ulr(@)Arlliz -

T€Tu, j=1,....,r

Furthermore, using a Poincare-Friedrich inequality for piecewise H' functions, we
deduce

I > Hp'ufr(e)r,l
TETH, j=1,...,1

S Hi'ur@)a(Ary — 61720 (4.22)
TeETH, j=1,...,1 '

Sa H[H IR
Sa Y H @122 (-

Combining (4.20), (4.21) and (4.22), we arrive to

2
L2 ()

ms ms,L 1/2 _
i —wf lln < O30 Ca 2Ol H Y oo o) LY 24| £l 2052 -

~

4.3. Error in a quantity of interest. In engineering applications, we are often
interested in a quantity of interest, usually a functional g € L?(Q) of the solution. To
this end, consider the dual reference solution (2.4): find ¢, € V), such that

ap(v, ¢p) = g(v) for all v € V), (4.23)
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and the dual multiscale solution (3.4): find qﬁfih € V}:I, 5 such that
ap (v, d)ZShL) =g(v) forallveVj,. (4.24)

THEOREM 14. Let u € HL(Q) solve (1.2), ul*" € VIt solve (3.4), and let
g € L2(Q) be the quantity of interest. Then, the estzmate

,L L
l9(u) = g(ugy )| < lg(w) = g(un)| + [llun = ugg™ " [Ialllén — 5™ [lln,

is satisfied.
Proof. From (4.23) and (4.24), we obtain the Galerkin orthogonality

an(v,pn — o) =0 for all v e VoL, (4.25)
Using the triangle inequality, we have

l9(w) — g(uf™")| < lg(u) — g(un)| + |g(un) — guf™")|.

Finally, observing that

\9(un — uy )| = lan(un —uf; g, n))|
= lan(un = uy g, én — 05 1))
S Mlun = ui gllnlllon = &5 ullln,
using (4.25), concludes the proof. O

COROLLARY 15. For g(v) = (up, — U%,}”U)[ﬂ(g), the following L?-norm error
estimates hold:

msL|H1/2|||¢h_ ms,L 1/2

lu — ufpll2c) S lu—unll2) + |lun —u

and

ms,L

(4.26)

lu—uhpllrz@) S lu—unllr2) + Hl|lun — uf

for L = [Clog(H™)] with C sufficiently large positive constant independent of the
mesh parameters.

REMARK 16. As ezpected, if we are interested in a smoother functional, a higher
convergence rate is obtained for |g(uy, —u'y™ L)| For example, given the forcing func-
tion for the primal problem f € H™(Ty), a quantity of interest g € H™(Ty) (with
HO(Ty) denoting the standard L*(Q) space), and choosing L = [Clog(H™1)] with

large enough C, gives

ms,L m+n
gl — M) S o) — gCun)] + B0 flgmer)( Y Iglaecr).
TETH TeET

5. Numerical Experiments. Let 2 where be an L-shaped domain (constructed
by removing the lower right quadrant in the unit square) and let the forcing function
be f = 1+ cos(2mx) cos(2my) for (x,y) € Q. The boundary I' is divided into the
Neumann boundary I'y :=T'N ({(z,y) : y = 0} U{(x,y) : « = 1}) and the Dirichlet
boundary I'p = I' \ I'y. We shall consider three different permeabilities: constant
A; =1, Ay = As(x), which is piecewise constant with periodic values of 1 and 0.01
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=

M
H
T
H

(a) B/a =107 (b) B/a~ 4-10°

FIGURE 2. The permeability structure of Az (a) and As (b) in log scale.

with respect to a Cartesian grid of width 276 in the z-direction, and Az = Az(z,y)
which piecewise constant with respect to a Cartesian grid of width 276 both in the a-
and y-directions and has a maximum ratio 3/a = 4 - 105. The data for A3 are taken
from layer 64 in the SPFE benchmark problem, see http://www.spe.org/web/csp/.
The permeabilities As and Az are illustrated in Figure 2. For the periodic problem
many of the corrected basis functions will be identical. For instance, all the local
corrected basis in the interior are solved on identical patches, thereby reducing the
computational effort considerably. In the extreme case of a problem with periodic
coefficients on a unit hypercube, with period boundary conditions, the correctors
o1, 5 =1,...,r, will be identical for all T' € Tg.

Consider the uniform (coarse) quadrilateral mesh Tz with size H = 27% i =
1,...,6. The convergence rate —p/2 corresponds to O(H?) since the number degrees
of freedom ~ H~2. The corrector functions (3.3) are solved on a subgrid of a (fine)
quadrilateral mesh 7, with mesh size 278. The mesh 7;, will also act as a reference
grid for which we shall compute a reference solution u;, € Vj, (2.4) on. Note that the
mesh 7, is chosen so that it resolves the fine scale features for A;, i = 1,2, 3, hence
we assume that the solution uy, is sufficiently accurate.

5.1. Localization parameter. If f € H"(7y) we have the bound

IH(f = Ta )@ S Y. H N lar ), (5.1)
TETH

where Kk = 0 for m =0, k =1 for m = 1, and £k = 2 for m > 1. Hence, to balance
the error in between the terms on the right-hand side of the estimate in Theorem 12,
different constant C' has to be used for the localization parameter, L = [C'log(H )],
depending on the element-wise regularity of the forcing function f on 7g. Figure 3

shows the relative error in the energy norm |||uj — u’Hns’L|Hh/|Huh|Hh and Figure 4

the relative error in the L2norm |lup — uj;*" || r2(0y /||un || 12() between wy, and ufy*"

against the number of degrees of freedom Ngor ~ O(H~?), using different constants
C =1,3/2,2,5/2. With the chose C' = 5/2, the errors due to the localization can be
neglected compared to the errors from the forcing function, both for the energy- and
for the L?-norm. For f ¢ H'(T},), C = 3/2 is sufficient since (5.1) gives linear con-
vergence. In the following numerical experiments we shall use C' = 2, since this value
seems to balance the error sufficiently. Note that the numerical overhead increases
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T

Relative error in energy norm

10 i i i
10' 10° 10° 10* 10°
N ot (#Degrees of freedom)

FIGURE 3. Diffusion coefficient A1 = 1. Relative energy-norm error against Ngof, for different
values of C for the localisation parameter L.

Relative error in L?~norm

Ndo' (#Degrees of freedom)

FIGURE 4. Diffusion coefficient Ay = 1. Relative L?>-norm error against Naop, for different
values of C for the localisation parameter L.

with C as the sizes of the patches wk T € Ty, increases with L = [C'log(H~1)]. This
results in both increased computational effort to compute the corrector functions and
reduced sparseness in the coarse scale stiffness matrix.

5.2. Energy-norm convergence. Let the localization parameter be
L = [2log(H~1)]. Figure 5 shows the relative error in the energy norm plotted against
the number of degrees of freedom. The different permeabilities A;, i = 1,2,3, and
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the singularity arising from the L-shaped domain do not appear to have a substantial
impact on the convergence rate, which is about 3/2, as expected. We note in passing
that using standard dG on the coarse mesh only admits poor convergence behaviour
for A5 and for Agz. This is to be expected, since standard dG on the coarse mesh does
not resolve the fine scale features.

Relative error in energy norm

10 i i i

10' 10° ? 10* °

Ndol (#Degrees of freedom)

FIGURE 5. Relative energy-norm error against Ngof, for C = 2 in the localisation parameter L
for the the diffusion coefficients A1, Az, and As.

5.3. L?-norm convergence. Again, set L = [2log(H~')]. Figure 6 and Fig-

ure 7, shows the relative L?-norm error again the number of degrees of freedom be-
ms

tween, uy and uf; , and between uy and Mg uf; ,, viz., |lun—Truf; ’L\|L2<Q>/|\uh\|Lz(Q),

respectively. In Figure 6 we see that the L?-norm error between u; and u}'}s’L con-

verges at a faster rate than in the energy norm (convergence rate —2 compared to
ms,L

—3/2, respectively,) as expected from (4.26). In Figure 7 only the coarse part of u';

ms,

is used (i.e. Ilguy, L); nevertheless it appears to have a faster convergence rate than
—1/2, except for the case of the permeability As.

REFERENCES

[1] D. N. Arnold, An interior penalty finite element method with discontinuous elements, SIAM
J. Numer. Anal. 19 (1982), no. 4, 742-760.

[2] 1. Babuska, G. Caloz, and J. E. Osborn, Special finite element methods for a class of second
order elliptic problems with rough coefficients, SIAM J. Numer. Anal. 31 (1994), no. 4,
945-981.

[3] I. Babuska and R. Lipton, The penetration function and its application to microscale problems,
Multiscale Model. Simul. 9 (2011), no. 1, 373-406.

[4] 1. Babuska and J. E. Osborn, Generalized finite element methods: their performance and their
relation to mized methods, SITAM J. Numer. Anal. 20 (1983), no. 3, 510-536.

[5] L. Berlyand and H. Owhadi, Fluz norm approach to finite dimensional homogenization ap-
prozimations with non-separated scales and high contrast, Arch. Ration. Mech. Anal. 198
(2010), no. 2, 677-721.

[6] F. Brezzi, L.P. Franca, T.J.R. Hughes, and A. Russo, b = [ g, Comput. Methods Appl. Mech.
Engrg. 145 (1997), 329-339.



CONVERGENCE OF A DISCONTINUOUS GALERKIN MULTISCALE METHOD 19

10 - -
+A1
——A |
A
)
- - -Ndoi 8
E
o
c -
N‘
-
£
§ |
@
[
=
2 ]
[o}
o
10’E i i i
10' 10° 10° 10* 10°

N ot (#Degrees of freedom)

FIGURE 6. Relative L?-norm error against Nofp, for C'= 2 in the localisation parameter L for
the the diffusion coefficients A1, A2, and As.

10
— A1
—o—h,
— A3
-1/2 4
- - - Ndol
N—1
€ — — = dof
o
f=
o i
£
]
5
[}
= %!
5
[0}
o
10'4 i i i
10' 10° 10° 10* 10°

Ndo’ (#Degrees of freedom)

FIGURE 7. Relative L?-norm error against Ngof, for C = 2 in the localisation parameter L for
the the diffusion coefficients Ay, Az, and As.

[7] J. Douglas and T. Dupont, Interior penalty procedures for elliptic and parabolic Galerkin meth-
ods, Computing methods in applied sciences (Second Internat. Sympos., Versailles, 1975),
Springer, Berlin, 1976, pp. 207-216. Lecture Notes in Phys., Vol. 58. MR 0440955 (55
#13823)

[8] D. Elfverson, E. Georgoulis, and A. Malqgvist, An adaptive discontinuous galerkin multiscale
method for elliptic problems, Submitted for publication (2012).

[9] T.Y. Hou and X.-H. Wu, A multiscale finite element method for elliptic problems in composite
materials and porous media, J. Comput. Phys. 134 (1997), no. 1, 169-189.



20

(10]

(1]

(12]

(13]

(14]
(15]

[16]

D. ELFVERSON, E. H. GEORGOULIS, A. MALQVIST AND D. PETERSEIM

P. Houston, D. Schétzau, and T. P. Wihler, Energy norm a posteriori error estimation of
hp-adaptive discontinuous Galerkin methods for elliptic problems, Math. Models Methods
Appl. Sci. 17 (2007), no. 1, 33-62. MR 2290408 (2008a:65216)

T. J. R. Hughes, G. R. Feijéo, L. Mazzei, and J.-B. Quincy, The variational multiscale method—
a paradigm for computational mechanics, Comput. Methods Appl. Mech. Engrg. 166
(1998), no. 1-2, 3-24.

O. Karakashian and F. Pascal, A posteriori error estimates for a discontinuous Galerkin ap-
prozimation of second-order elliptic problems, STAM J. Numer. Anal. 41 (2003), 2374-2399.

M. G. Larson and A. Malqvist, Adaptive variational multiscale methods based on a posteriori
error estimation: Energy norm estimates for elliptic problems, Computer Methods in
Applied Mechanics and Engineering 196 (2007), no. 21-24, 2313-2324.

A. Malqvist and D. Peterseim, Localization of elliptic multiscale problems, Submitted for pub-
lication in Math. Comp., in revision, available as preprint arXiv:1110.0692 (2011).

A. Malqvist, Multiscale methods for elliptic problems, Multiscale Modeling & Simulation 9
(2011), no. 3, 1064-1086.

H. Owhadi and L. Zhang, Localized bases for finite-dimensional homogenization approzimations
with nonseparated scales and high contrast, Multiscale Modeling & Simulation 9 (2011),
no. 4, 1373-1398.

Appendix A. Equalities for averages and jump operators. We derive

equalities for averages and jump operators across interfaces where the functions v and
w have discontinuities. Using [vw] = {v}{w]+ [v[{w} and {v}{w} = {vw} —1/4[v][w],
we have

and

{vw}fvu] ={wHv}{vu] +1/4[v][w]vu]
={w}v?u] — {w}pl{vu} + 1/4[v][w][vu]
={w}v?u] - [ol{wH{v}{u} - 1/4[]* {w}u]
+ /AP [wi{u} + 1/4[]{v} [w][u]

{vw}vu] ={vH{vw}u] + {vw}v]{u}
={v*w}[u] — 1/4][vw][u] + {vw}v]{u}
={v*w}[u] — 1/ {w}lu] — 1/4[v]{v}w][u]
+ w{oHwHu} + 1/4[0]* [w]{u}

(A.2)

Combining (A.1) and (A.2) we obtain

2{vw}vu] = {w}v*u] + {v*w}u] + 1/20* [wl{u} — 1/2[v]*{w}{u] (A.3)

Also,

[vu][vu] =[ul{v}[vu] + [v}{u}[vy]
=[ul[v*u] — [v][ul{vu} + [v]{u}[vy]
=[ul[v*ul) — [l[ul{v}{u} — 1/4[][ul[v][u] (A.4)
+ [{u}o{u} + [v{u}{v}[u]
=[ul[v*u] — 1/4[o]*[u]* + [v]* {u}
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Abstract

We propose an extension of the discontinuous Galerkin multiscale
method, presented in [11], to convection dominated problems with rough,
heterogeneous, and highly varying coefficients. The properties of the mul-
tiscale method and the discontinuous Galerkin method allows us to better
cope with multiscale features as well as boundary layers in the solution.
In the proposed method the trail and test spaces are spanned by a cor-
rected basis calculated on localized patches of size O(H log(H™')), where
H is the mesh size. We prove convergence rates independent of the vari-
ation in the coefficients and present numerical experiments which verify
the analytical findings.

1 Introduction

In this paper we consider numerical approximation of convection dominated
problems with rough, heterogeneous, and highly varying coefficients, without
assumption on scale separation or periodicity. This class of problems, normally
refereed to as multiscale problem, are know to be very computational demanding
and arise in many different areas of the engineering sciences, e.g., porous media
flow and in composite materials. More precisely, we consider the following
convection-diffusion-reaction equation: find the weak solution u € H} such that

-V -AVu+b-Vu+cu=f in Q,

u=0 onl,

(1.1)

with multiscale coefficients A, b, ¢, which will be specified later.
There are two key issues which make classical conforming finite element
methods perform badly for these kind of problems.

e First, the multiscale features of the coefficient need to be resolved by the
finite element mesh.
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e Second, strong convection leads to boundary layers in the solution which
also need to be resolved.

To overcome the lack of performance using classical finite element meth-
ods many different so called multiscale methods have been proposed. Some
important contributions are: the multiscale finite element method (MsFEM)
[14, 4, 10, 9]), the heterogeneous multiscale method (HMM) [7, 8]), and the
variational multiscale method (VMS) [16, 17, 22, 25, 26, 23]). Common to all
mentioned approaches is that fine scale problems are solved on localized patches
and the result is used to construct a different basis or a modified coarse scale op-
erator. The analysis for most of these methods rely strongly on scale separation
or periodicity. Recently there was a leap forward in the analysis of multiscale
methods. In [26] a new technique for proving convergence for a class of multi-
scale methods without any assumptions on scale separation or periodicity, was
proposed. The method proposed in [26] uses a trail and test space spanned by
a corrected basis function computed on patches of size O(H log(H1)). Text-
book convergence with respect the mesh size H was proven. This technique was
furthered generalized to a class of non-conforming multiscale methods based on
the discontinuous Galerkin multiscale method in [11].

There is a vast literature on numerical methods for convection dominated
problems. Two such examples are, the streamline diffusion/Petrov Galerkin
(SUPG) method [19, 15] and Galerkin least square method (GLS) [18]. There
has also been a lot of work on discontinuous Galerkin (dG) methods, we refer
to [27, 24, 2, 20] for some early work and to [5, 13, 28, 6] and references therein
for recent development and a literature review. DG methods exhibit attractive
properties for convection dominated problems, e.g., they have enhanced stability
properties, good conservation property of the state variable, and the use of
complex and/or irregular meshes are admissible. DG multiscale methods has
also been considered, see e.g. [1, 29].

To better coop with convection dominated multiscale problems we extend
the discontinuous Galerkin multiscale method in [11] to convection dominated
problems, in the sense that the convective term is included when calculating
the corrected basis. For problems with weak convection it is not necessary to
include the convective part, see e.g. [12].

The outline of this paper is as follows. In section 2 the discrete setting and
underlying dG method is presented. In section 3 the multiscale decomposition
and the dG multiscale method and the corresponding convergence result are
stated. The proofs for the theoretical results are given in Section 4. Finally, in
Section 5 numerical experiments are presented.

2 Preliminaries

In this section we present some notations and properties frequently used in
the paper. Throughout this paper standard notations of Lebesgue and Sobolev
spaces are used.



2.1 Setting

Let © C R? be a polygonal domain with Lipschitz boundary I'. We assume
that: the diffusion coefficients, A € L>(Q, Rg;,i), has uniform spectral bounds
0 < a, 8 < 00, defined by

(A(x)v)

0 < o:=essinf inf v < esssup sup (A(z)v) -v
z€Q veRI\{0} V-V zEQ yeRd\{0} V-V

= <o, (2.1)
the convective, b € [WL (Q)]%, and reactive, ¢ € L®(Q), coefficient fulfill the
condition

(co(x))? = c(x) — %V “b(z) > po ae. x €9, (2.2)

where 1o € R > 0 is constant. Finally we assume f € L2(Q).

In the rest of the paper we will consider two different meshes, one coarse
and one fine with mesh function h and H, respectively. Let Ty, for k = {h, H},
denote a shape-regular subdivision of 2 into (closed) regular simplexes or into
quadrilaterals/hexahedra (d = 2/d = 3), given a mesh function k£ : 7, — R
defined as k := diam(7T") € Py(Tx) for all T € Ti. Also, let Vv denote the
Tr-broken gradient defined as (Vv)|r = Vu|r for all T € Tj. For simplicity
we will also assume that 7, is conforming in the sense that no hanging nodes
are allowed, but the analysis can easily be extend to non-conforming meshes
with a finite number of hanging nodes on each edge. Let & denote the set
of edges in Ty, where & () is the set of interior edges and & (T") is the set of
boundary edges, such that &, = & (Q)UEL(T). Let T’ be the reference simplex or
(hyper)cube. We define PP(T ) to be the space of polynomials of degree less than
or equal to p if Tis a simplex, or the space of polynomials of degree less than or
equal to p, in each variable, if Tisa (hyper)cube. The space of discontinuous
piecewise polynomial function is defined by

Py(Ti) == {v: Q=R |VT € Ty, v|r o Fr € Py(T)}, (2.3)

where Fr : T — T, T € Ty is a family of element maps. Also, let IL,(T) -
L*(Q) — P,(Ty) denote the L-projection onto Py(T;). Let T and T~ be two
adjacent elements in 7Ty sharing an edge e = Tt NT~ € E(Q), and let v, be
the outer normal pointing from T~ to T, and for e € &,(T') let v, be outward
unit normal of Q. For any v € P,(7;) we denote the value on edge e € £() as
vE = v|qp+. The jump and average of v € Py(Ty) is defined as, [v] = v~ —v*
and {v} = (v~ + v")/2 respectively for e € &£,(Q), and [v] = {v} = vl for
ec Ek(F)

Let 0 < C < oo denote any generic constant that neither depends on the
mesh size or the variables A, b, and ¢; then a < b abbreviates the inequality
a < Cb.



2.2 Discontinuous Galerkin discretization

For simplicity let the bilinear form a(-,-) : Vi x Vi — R, given any mesh
function k : Q — Py(Tg), be split into two parts

ap(u,v) == al (u,v) + a$" (u,v), (2.4)

where a{(-, -) represents the diffusion part and a§*(-, -) represents the convection-
reaction part. The diffusion part is approximated using a symmetric interior
penalty method, i.e.,

aji(u, v) = (AVju, Viv)r2(o) + Z ( ul, [v]) £2(e)
e€&, (2.5)

- ({Ve . AVU}, [U])L2(c) - ({Ve : AVU}? [U}Lz(e)))7

where o, is a constant, depending on the diffusion, large enough to make ag(~7 )
coercive. The convection-reaction part is approximated by

af" (u,v) == (b-Viu+ cu U)Lz(Q) + Z ])Lz(e)
e€ly,
1 (2.6)
— > (we-bful, W) — > 5((ye.b)u,v)L2(e),
e€&L(Q) ec&r ()
or equivalently
ay" (u,v) = ((c =V -b)u,v)r2q) — (U, b - Viv) 201
+ 3 (belul, WD) o)+ D (e - blul, [v]) 12
ecly ecr(Q) (27)
+ Z . u U)L2(e)7
eEEk(F)

where upwind is imposed choosing the stabilization term as b. = |b - v.|/2, see
e.g. [3]. The energy norm on Vy is given by

Oe
ol 0 = 1429 x0l3 + 37 Il ),
e€ly,

= ||cov\|%2(9) + Z Hbi/Q[U]Hiney (2:8)

e€ly
lollf

From Theorem 2.2 in [21] we have that for each v € Vy, there exist an averaging
operator Z¢ : Vi — Vi, N H1(£2) with the following property

BAYE (0 = Tgo) 2o + K7 (0 = L)l 2oy S o 2 ol (2.9)



3 Multiscale method

In this section we present the multiscale decomposition, the multiscale methods,
and the main convergence results.

3.1 Multiscale decomposition

In order to do the multiscale decomposition the problem is divided into a coarse
and a fine scale. To this end, let Ty and 7}, with the respective mesh function
H and h, denote the two different subdivisions, where T}, is constructed using
one or more (possible adaptive) refinements of Ty .

The aim of this section is to construct a coarse generalized finite element
space based on Ty, which takes the fine scale behavior of the data into account.
That is, we assume that the solution given by: find u, € Vj := Py(T,) such
that

ap(up,v) = F(v) for all v € Vy, (3.1)

gives a sufficiently good approximation of the weak solution u to (1.1). However,
up, never has to be computed in practice, it only acts as a reference solution.
We introduce a coarse projection operator Iz := II; (Ty) and let the fine scale
space be defined by the kernel of Iy, i.e.,

Vi={veV, |Illgv=0} C V. (3.2)

The next step is to split any v € V}, into some coarse part based on Tz, such
that the fine scale reminder in the space V' is sufficiently small. The naive
way to this splitting is to use a L?-orthogonal split. Then the coarse space
is defined by Vg = IV, = Pi(Ty) and is the standard dG space on the
coarse scale. A given basis of Vg is the element-wise Lagrange basis functions
{Ar; | T € Tu,j =1,...,r} where r = (1 + d) for simplexes or r = 2% for
quadrilaterals/hexahedra. The space Vg is known to give poor approximation
properties if Ty does not resolve the variable coefficients in (1.1). We will use
another choice, see [26, 11], based on a(+,-), to construct a space of corrected
basis functions. To this end, we define a fine scale projection operator § : V), —
Vi by

an(Fv,w) = ap(v,w) for all v € VE, (3.3)
and let the corrected coarse space be defined as
Vit =01-3%)Vu. (3.4)

The correctors for the coarse basis are computed as follows: find ¢7; € VI such
that
an(¢r.;,v) = an(Ar;,v) for all v € VI, (3.5)

That is, the space of corrected basis functions is defined by Vi7* := {Ar; —¢r; |

T € Tu,j=1,...,r}. Note that, dim(V}*) = dim(Vy). From (3.4) we have
that any v, € V) can be decomposed into a coarse, vj}® € V§°, and a fine,
vl e Vf, scale contribution, i.e., v, = v’ + ol



3.2 Methods and convergence results

In this section the main results in [11] is extended to convection dominated prob-
lem. For the convenience of the reader a short recap of the different constants
used in the error estimate are stated below:

o Cg/q = f/a, where a and 3 is the lower respectively upper spectral bound
of the diffusion matrix A defined in (2.1),

1/2 )
o C, = (CZ/Q + HCOH%DQ(Q)/LEQ + ||Hb||Loo(Q)a71) , appear in Lemma 7

which proves stability estimate in energy norm for Iy and ¢y, po are
defined in (2.2),

e Cy=Cpo+|lcoll L=ty ' appear in Lemma 8,
o C. = (1+ ||[Hb||p=(a "), appears in Lemma 9 which shows continuity

of the bilinear form on V! x Vy,

1/2
o Cc = (0[23/04 + thHLoo(Q)ofl) , appears in Lemma 11 using the stabil-
ity property of the cut off function from Definition 10.

o Cy= (1+|Hb| pe(ya™ 2 +|He| 1)1 '), appears in Lemma 13 using
stability of the corrected basis functions.
3.2.1 Ideal discontinuous Galerkin multiscale method
An ideal multiscale method seeks u%;® € Vi}*® such that
ap(uf®,v) = F(v) for all v € Viy°. (3.6)

Note that, to seek a solution in the space V}}®, a variational problem has to
be solved on the whole domain, €2, for each local basis function, which is not
feasible for real computations. The following theorem shows the convergence of

the ideal multiscale method.

Theorem 1. Let up € V;, be the to solution to (3.1), and uy* € Vi*® be the to
solution (3.6), then

un —wg® |l S CLlH(f = i f)] 2@ 3.7)

holds, where Cy = CCoa Y2 and C is generic constant which do not depend on
the mesh size or the problem data.

Proof. The proof is found in Section 4. O



Figure 1: Example of a patch with size 1, wk, size 2 w2, and size w3, centered
around element T.

3.2.2 Discontinuous Galerkin multiscale method

The fast decay of the corrected basis functions (Lemma 3), motivates us to
solve the corrector functions on localized patches. This introduces a localization
error, but choosing the patch size as O(H log(H~!)) (as seen in Theorem 4) the
localization error has the same convergence rate as the ideal multiscale method
in Theorem 1. The corrector functions are solved on element patches, defined
as follows.

Definition 2. For all T € Ty, let wk be a patch centered around element T
and of size L, defined as,

wi = int(T),
wh = it(U{T" € Ty | TNkt #0}), L=1,2,.... (38)
See Figure 1 for an illustration.
The localized corrector functions are calculated as follows: for all {T" €
Ta,j=1,...,r} find d)f},’j eV (wk) ={ve V| v|g\wz = 0} such that
ah(¢éj,v) =ap(Ar,j,v), forallve Vf(w%). (3.9)
The decay of the corrected basis function is given in the following lemma.

Lemma 3. For allT € Ty, j =1,...,r where ¢7; is the solution to (3.5) and
q&%’j is the solution to (3.9), the following estimate

675 = 075[I,, < Cov"llIATy — 67 5llIn (3.10)

holds, where L = lk is the size of the patch, 0 < v = (E_lcg)% <1, Cy =
CC.C(1+ CyCy), C3 = C'(CF ), + [|HD|| L )" + CeCy|b|| =g "), and
C, C" are generic constants neither depending on the mesh size, the size of the
patches, or the problem data.



Proof. The proof is found in Section 4. O

The space of localized corrected basis function is defined by V;Ins’L = {qﬁ% i~
Ay | T € Tg,r = 1,...,r}. The dG multiscale method now reads: find
upt e Vo such that

ms,L

an(uh>t v) = F(v) for all v € V&t (3.11)

An error bound for the dG multiscale method using a localized corrected basis
is given in Theorem 4. Also, note that it is only the first term |||u — up|||n in
Theorem 4 that depends on the regularity of u.

Theorem 4. Let up € V,, be to solution to (3.1), and UZS’L € V}?S’L be to
solution (3.11), then

ms,L
= up™ " Mn <[[lu = uallln + CLH(f = Taf)llL2 e

i (3.12)
+ Cs||H™ | oo ) LY 27| fll 22 ()

holds, where L is the size of the patches, Cy is a constant defined in Theorem 1,
0<vy<1andCs= C’i/2CQC¢,of1/2, where Cy is defined in Lemma 12, and
Cy and v are defined in Lemma 3.

Proof. The proof is found in Section 4. O
Remark 5. Theorem 4 is simplified to,

= ufy* [l < [[lw = wnllln + C1l H| L= o- (3.13)
given that the patch size is chosen as L = [C'log(H ~1)] with an appropriate C

and || f||z2 = 1.
ms,L

Remark 6. For |||up, —uy”"|||n to decay as O(H), it is sufficient that size of
A and b fulfill the following relation, O(8) = O(|[Hb||,(qy). If the convective
part was omitted in the calculation of the corrected basis functions, using the
same relation between the size of A and b, the decay of ||[u, — u™"|||;, would
be O(1), see [12].

4 Proofs from Section 3
Before proving the the main results, Theorem 1, Lemma 3, and Theorem 4, we

state a some definitions and technical lemmas which will be necessary in the
proofs.

4.1 Some technical lemmas

The following inequalities will frequently be used in the error analysis.



Lemma 7. For any v €V, and T € Ty, the approximation property

Hiz o = Mg p2ery S o2 ||v (4.1)

and stability estimate
M zof[la < Cslllvfl|n, (4.2)

1s satisfied, with
1/2
leoll7eiay  IHbllL=(0

C,=|C3 4.3
s ( Brat Tt o (4.3)
Proof. Using the same procedure as Lemma 4 in [11], the lemma follows. O

Lemma 8. For each vy € Vi, there exist a v € Vi, N HY such that Il gv = vy,
vz S llvallze@), [lvllle < Colllvul|la, supp(v) C supp(vm), and Cp :=
Cara + llcoll=@ymo -

Proof. Using the same procedure as Lemma 5 in [11], the lemma follows. [

Continuity of the dG bilinear form for convection-reaction problems are usu-
ally done on a orthogonal subset of Vj,. Since the space V! is an orthogonal
subset of V}, we derive the following lemma.

Lemma 9 (Continuity in (V! x V) and (W, x V). For all, (u,v) € V! x V),
it holds
a(v,w) S Cel[[o]|[u]l[w]||n (4.4)

where
Ce =1+ || Hb||po(oya /2 (4.5)

Proof. Since af is continuous in (V;, x V}) continuity in (V' x V) follows from
VI C V). For the convective part a§*, we have

a“" (v, w) = Z (((c =V -b)v,w)r2r) — (v,b- VW) L2(1))

TETh
+ ol WD)z + D (e {bo}, [w])ra(e
ccEn cCER ()
+ Z b)v, w)r2(c) (4.6)
cegk(I‘)
< Z (lleovll 2(ry llcowll L2y + Bl Loe (7]l L2 () I Vwl| 21y
TEThH
+ 37 (bl @vllzacarh 2wl )-
ecy



Using a discrete Cauchy-Schwartz inequality and summing over the coarse ele-
ments, we have

a* (v, w) S |l[olllullfwllly + a2 Hbl| Lo o) |1 H ™ (v = o) | 22 oyl [w] 1,

S (L [ Hb] L@y )]0l lul 1wl |s,

(4.7)
which concludes the proof for (Vf x V). A similar argument gives the proof of
(Vi x V. 0

In the proof Lemma 3, which proves the decay of the corrected basis function,
the following cut off function will be used.

Definition 10. The function ¢(¢? € P,(Ty,), for D > d, is a cut off function
fulfilling the following condition

C%,D‘w‘% =1,
d,D
CT ‘Q\w? =0, (4.8)

d,D < 1P| o ()
¢ M Lo ey S D -

and H[Cd’DMLm(a(wTD\w%)) =0, forall T € Ty.

For the cut off function defined in Definition 10, we have the following sta-
bility condition.

Lemma 11. For any v € V), and C%’D from Definition 10, the estimate,
d,D
1<z vl S Celllvllln,wz (4.9)

holds, where C¢ = (C[?I/a + ||hb|| e () /2.

Proof. Let us use the following for the diffusion part in [11],

d,D
NI =z 7)vllna S Caralllolll, oywz- (4.10)

10



and focus on the convection-reaction part, where e = ST NS~ € &,

d,D
11 = ¢l cr

d,D
< HCOUHiz(Q\wéfl) + Z ”bé/2[(1 - CT )vm%?(e)
ecéy

< HCO’UHiz(Q\w;—l)

17017 <
+ 0y <|bi/2[v]|i2(e) + HI{HQ—()”b}a/Q{U}”%?(e)

ccn: Lo(S+US-) (4.11)
eﬁw;71#0
[P <
Sl s+ 32 o = Taelacr
TETy: Lo (STuS—)
eﬂwg‘q*l#O
[P~ (o
< Ml ywe- + o 1oll[} w1,
using [vw] = {v}[w] + {w}[v], the triangle inequality, and a trace inequality.
The proof is concluded using (4.10) and (4.11). O

The following lemmas will be necessary in order to prove Theorem 4.

Lemma 12. The following estimate,

Ii S vi(ery — o1 )l < CaL? > v; *lllpr; — OF,

TE€TH,j=1,....;1 Te€TH,j=1,....,r

i

(4.12)
holds, where Cy = CCEC’?(I + Csz)2 and C is a generic constant neither
depending on the mesh size, the size of the patches, or the problem data.

Proof. Defining np = C%’L“ and let w € V!. From Lemma 8 there exist a by
such that IIgbr = Il (nrw) such that ||[br|||ln < Col||Lg (nrw)|||m. We have
the following relation

ah(ng,j — ¢%«7j,w —Nrw + bT) = 0, (413)

since w — npw + by € V! with no support in w%. Let
W= rery e, Vi(01; — 0% ;), we obtain

lwllli < an(w,w)

= Z Uj(lh(be,j - (b%,j?w)

TETH,j=1,...,T

= Z vjah(¢T,j - ¢%,j’ CT’LU — bT) (414)

TE€TH,j=1,...,T

=Ce Y lullllery — o7 lln (lIGrwllls + lllbr|lls) -

TETH,j=1,...,7

11



Furthermore, using Lemma 8, Lemma 7, and Lemma 11, we have
HIBllln < Colla¢rwllla < CoClllSrénllln S CoCulclllwlll e (4.15)
and obtain,
Il S CCel+CoCs) D~ Iujllllérs — &% llInlllwlll, oz (4.16)
TETw, j=1,...,r
using (4.14), (4.15), and (4.17). Also, note that
> Ilwlll} e S Ll (4.17)
TeTu,j=1,...,r
and using a Cauchy-Schwartz inequality for the sum, concludes the proof with

Cy= CCSC?(l + CyC5)%. Where C is a generic constant hidden in "<’ O

Lemma 13 (Stability of the corrected basis function). For all T € Ty, j =
1,...,7, the following estimate

H'QST,h — G L2() (418)

holds, where Cy = C(1 + || Hb|| o (oya™ 2 + || He| (g ) and C is generic
constant neither depending on the mesh size or the problem data.

Proof. Let v = Apj — by € VI where by € H&(T) and Hgbr; = Ar; from
Lemma 8. We have

Nprn — ArjlllE S an(drn — Arj, b0 — A1 j)

= an(pr,n — A1), v — A1) = an(pT,n — A1), b1 ;)

= ajl(¢r,n — Arj,0) + ai " (¢r.n — A, b7 )

= aj(drp = Arj,0) + (b Vi(drn — Arj) + c(drn = A1), 01,5) 12

Using that the diffusion part in (4.19) of the bilinear form is continuous in
(Vr X V), Lemma 8, and a inverse inequality, we have

ag(orn = A1,j,b15) S lorn — ArjllInll[br,4]]n
S Colllérn = Az jllInl[Az |1z (4.20)
< CoBY2N¢rn — ArjllIn
For the convection-reaction part in (4.19), we have

(b-Vi(orn — Arj) + c(drn — A j) brj) L2 ()

(4.19)

(T)-

S (Ib-Vilorn = Ar)llze) + le(érn — Arg)ll2@) b7l 20 (4.21)
< (1HD| Lo () IV R (D10 — A1)l L2(00) '
+ [ Hell e @0 leo(@rn = Ar) |z 1H Al 2 (0)-
We obtain
orn = Arllln < CollH Azl 20 (4.22)
where Cy = C(1+ | Hb|| = @ya /2 +||He| L=y ') and C is generic constant
hidden in ’<’. 0
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4.2 Proof of main results
We are now ready prove, Theorem 1, Lemma 3, and Theorem 4.

Proof of Theorem 1. Let us decompose uj, into a coarse contribution, vf® €
Vi®, and a fine scale remainder of e VE e, u, = v +of. For v/ we have
y I bl ) H

(117 S an(v?, o) = an(un, o) = (f,07) 12()
= (f —Uuf,of —pv!) 20

. ; (4.23)
<H(f = a2 H (0" = av’)|[r29)
<a VP H(f =Ty )l 2@l ||l
Using continuity, we have
= uf* I} S an(un — i, un — uf®) = an(un — uff® un — o)
ms s (4.24)
S Celllun — i [[ulllun — vl In
which concludes the proof together with (4.23). O

Proof of Lemma 3. Define e := ¢p; — qﬁ%’j where ¢7 ; € Vf and qﬁ%’j € Vf (wk).
We have
lelll S anle, ¢ — 6F.5) = an(e, ér; —v)

S Celllelllnlllgz,; = vllIn-

Furthermore from Lemma 8, there exist a v = L e j — br € V/(wk) such
that Tyby = T (G5 gr.,) amd [llbrlll < Coll T (G5 r.,)ll11, we bave

(4.25)

lellln S Ce (111 = G F)om sl + el (4.26)
where

167lln S Coll[ MGy bl = ColllTa (1 = ¢~ 1F)

(4.27)
S GO = ¢ )byl S Lot
using Lemma 8, Lemma 7, and Lemma 11. We obtain,
llelll, < Calllér;lllnowe-1 (4.28)

where Cy = CC.C¢(1 4+ C,Cs) from (4.26) and (4.27). Where C is the generic
constant hidden in <.

The next step in the proof is to construct a recursive relation which will be
used to prove the decay in the correctors. To this end, let /k = L — 1, and
define another the cut off function, nf := (1 — ¢*(F=m){(k=m+1)) and the patch

o = wé(kferl)? for m=1,...,k— 1. Note that d);”'l C wi'. We have
lorilllnoer <Ilnrorlln < an(ng or.5, 07 é1,5) (4.29)

13



So shorten the proof we refer to the following inequality

02
0 6. 67.5) S 0 (6.5, O V015 = br) L2l 2 e s
(4.30)
where (n5)2¢r ; — by € V!, in the proof of Lemma 10 in [11]. We focus on the

term convection-reaction term, i.e.,

a“ (7 o755 N7 O1.5)

= > (=Y bnPorgnfer)ras) — Fér,. b VnTiér ;) Las)
SeTh:

sn(@\@p T #0
+ S (et orsl T or e
e€&y:
eﬁ((l\&)¥{+l);&0
+ S (e {bnfor it Férs)) e
e€&R(Q):
en(Q\@)#£0
1 m m
+ > 5((% D) b5 T OT ) L2 ()
ec&y(T):
en(Q\@ )0
(4.31)
Since the cut of function is piecewise constant it follows that
((v =V -b)nror ,nrér;)rs) — rér b - Vnror;)rz(s) (4.32)
= (v =V -b)or;, 7 b1 ;) L2(5) — (61,5, 0 - V(1) 61,5) 12(5)
for all S € Tp,. Using the following equalities from (Appendix A in [11])
{vw}ow] = {w}[v?*w] - [v[{w}{vH{w} + 1/4[v]{v}[w][w] (4.33)
[vw][vw] = [w][v*w] — 1/4[v]*[w]? + [v]*{w}? '
and (4.32), we obtain
a (i br g, b1 ) = A (b1 4, (0F) Pr.5)
+ > (e blEHers Y I HOD 12
e€&R (02):
em(mﬂa}gl);so (4.34)

+1/4(ve - bng {ér,; 1 {nT Hor i) 2 o)
— 1/4(be 1%, (07,50 L2(e) + (beln)?, {¢T,j}2)L2(e)>

Next we bound the terms in (4.34) in two steps, first the sum over the edges, and
then the bilinear form. The sum over the edges terms can be bounded by using

that [|[97]l|Loe(z) S Ihllzoe o)/ Hlrs {07 H @) S L [hllzey/Hlrt < 1,

14



and a trace inequality. Let e = ST NS~ € &,, we obtain

[ -
Yoo S (12 G e I {2 o)+

ccEn () (| H || oo (s+ns-)¢
eN(@r \wr")#0

182 {1 H 20 |12 167 ]| 20 + 1R 275111720

—Hmv%@wm;wﬁ

bl Loo (r+ur-) | 4
S 7(6 L H ol or) (4:35)
ecEu (Q):
en(@\G)£0

[ PEE -
S Y TEE 6y~ Madry) ey
TETu:
Tﬂ(wT\w?)¢0

| HDb| 1~ (o)
S =2 oralll, oz

For the bilinear form, using Lemma 8 there exist a by with support in wm\wm+1,
such that (n')?¢r,; —br € V' and ||lor|lls < ColllTTm (nF)?d7,)|l| 7. We have

a“ (¢r5, ()’ ér,5) = (o1, (0F ) drj — br) + a* (é1,5, br)
< a(bry, (07 ) ér,; — br)

4.36
+CC|H¢T-,j|Hath \wT+1||CObT||L2(w \wm+1) ( )
+ CC|H¢T,J'|Ha,h,@$\w$“ ”CObT”Lz(@’Tn\@?“)

which can be further estimated, using Lemma 7. For all T € Ty the operator
Il is stable in the L?(T)-norm, we have

HbT||L2(@;L\w7T"“)
< Cb”HCO”Loo(@$\@;LL+1)”H_lHH((nTTZL)quTJ)‘|L2(&;}“\d1?+1)
= Coll e (((n7)* = Mo(ng)*) H ™ 615) | 12 e\ am+1) (4.37)
< Cb||(77T ) HO('IIT) HL‘X’(w;”\merl) ||H_1¢>T,j HL2(@¥L\@$+1)
S HOWL g 16751l o gm -
using Lemma 8 and that II;¢ = 0. We obtain

o417 a\wr

S (ad(¢T,j7 (7215 — b) + a“ (¢rg, () b15 — 5))

+(C3 /o + [1HD| oo (™" + CchHCOH:u(Tl)LOO(Q)€71|H¢T,j|”i7van\w;n+1

= Gt 751117 wprw < Ol llomgl115 g
(4.38)

15



where C3 = C”(CQ/Q + [[HDb|| o ()™t + CeCyllcol| L= oypo ), using (4.30),
(4.36), and (4.37). Where C’ is the generic constant hidden in ’<’. Implying
that

m S O3l mts forany m=1,2,...,k—1. (4.39)

Using (4.39) recursively, we have

ozl aas < (Cs™H* Hllorilllh oax = (Cs7H oz, —

(4.40)
Equation (4.28) together with (4.39), gives
11675 — oK llln < Co(C5t™) = {65 = Al In- (4.41)
which concludes the proof is concluded. O
Proof of Theorem /. Using the triangle inequality, we have
1w = g™ < Nl = wnllln + [fun = g™ - (4.42)

Note that, uj, € V,, can be decomposed into a coarse, v}}® € Vi}°, and a fine,
vl € VI, scale contribution, i.e., uh = v +uf. Also, let vj™ L e VSS’L be

chosen such that Izvp™ L1 v, We have

[ = g™ < anlun —ug™" un —uf™")
= ap(up — UZS’L, up — Vg L (4.43)

S Celllun = uf™llnlllun — 5™ IIn,

and obtain

L
]

e = wg™ [0 <[l = un]|ln

(4.44)
o+ Co (Il = 3l + Mg = w51l

The first term in (4.44) implies that the reference mesh need to be sufficiently
fine to get a sufficient approximation. The second term is approximated using
using (4.23), i.e

un — vl o 2| H(1 = g) fllz2(0), (4.45)

and for the last term in we have,

,L :
o =™ IR =11 D> vir(z)(rn — of IR

T€TH,j=1,....,0

SOLt Y () Pllléra — ol

TeTu,j=1,...,r

SCCsLY S () Plllern — Al
TeTH,j=1,...,r
(4.46)
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using Lemma 12 and Lemma 3.
We obtain, using Lemma 13, that

S i @)Plllgrs — Ay

TETu,j=1,...,r

I

<c; > @) PIH Al e
TeTu,j=1,...,r

=2 N H TR @) lR
TETw,j=1,...,m

Sl > H R @)l

TeTH,j=1,...,r

=3 > H W) Ia(r, — ér,)ll72
TETu,j=1,...,r

<y > H= i () (Mg — é1.5) 720
TeETy,j=1,...,1
< CIH |72

(4.47)

_ _ 2
< Cd2> (HH 1uh||L2(Q) + HH 1uf||L2(Q))
2
< G2 (IH =@ llfunllln + a2/l ) "
Using (4.23), we have

Yo i) Pllldran — Mgl

TeTu,j=1,...,r

_ _ 2
S C2 (1 @l ) + o IH( = Ta) iz o)) (4.48)
S 3 (1 e g0y + @ IH £ = T f)2)

which concludes the proof. |

5 Numerical experiment

We consider the domain Q = [0,1] x [0,1] and the forcing function f = 1+
cos(2mx) cos(2my). The localization parameter, which determine the size of
the patches, is chosen as L = [2log(H~1)], i.e., the size of the patches are
2H log(H~"). Consider a coarse quadrilateral mesh, Tz, of size H = 27
i =2,3,4,5. The corrector functions are solved on sub-grids of the quadrilateral
mesh, 7y, where h = 277. We consider three different permeabilities: A; = 1,
As = As(y) which is piecewise constant with respect to a Cartesian grid of
width 276 in y-direction taking the values 1 or 0.01, and Az = As(x, %) which is
piecewise constant with respect to a Cartesian grid of width 276 both in the x-
and y-directions, bounded below by o = 0.05 and has a maximum ratio 8/a =
4-10°. The permeability Az is taken from the 31 layer in the SPE benchmark

17



(a) Az (b) As

Figure 2: The diffusion coefficients Ay and Aj in log scale.

problem, see http:www.spe.org/web/csp/. The diffusion coefficients A, and
As are illustrated in Figure 2. For the convection term we consider: b = [C, 0],
for different values of C.

To investigate how the error in relative energy-norm, |||uj, — uZS’L|H/| [lunlll,
depends on the magnitude of the convection we consider: A; and b = [C, 0]
with C' = {32,64,128}. Figure 3 shows the convergence in energy-norm as a
function of the coarse mesh size H for the different values of C.

—*—C=32

Relative error in energy—norm

N dms(#Degrees of freedom)

Figure 3: The number degrees of freedom (Ngoz) vs. the relative error in energy-
norm, for different sizes of the convection term, C.

Also, to see the effect of heterogeneous diffusion of the error in the relative

energy-norm, ||jun, — u7*""|||/|/|lunl||, we consider: Figure 4 which shows the

18



error in relative energy-norm using As and b = [1, 0] and Figure 5 which shows
the error in relative energy-norm using Az and b = [512,0].

Relative error in energy—norm

<
;
10°

N, (#Degrees of freedom)

dofs(

Figure 4: The number degrees of freedom (Ngos) vs. the relative error in energy-
norm, using a high contrast diffusion coefficients Ay and b = [1,0]. The dotted
line corresponds to N, (;03/ 2

We conclude that H? convergence of the dG multiscale method to a refer-
ence solution in the relative energy-norm, |||u, — u’I’}SLH\/H\uhH\, is obtained,
independent of the variation in the coefficients or regularity of the underlying

solution.
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