arXiv:2009.01226v1 [math.NA] 2 Sep 2020

A HIGH-ORDER APPROACH TO ELLIPTIC MULTISCALE
PROBLEMS WITH GENERAL UNSTRUCTURED COEFFICIENTS

ROLAND MAIER'

ABSTRACT. We propose a multiscale approach for an elliptic multiscale setting with
general unstructured diffusion coefficients that is able to achieve high-order convergence
rates with respect to the mesh parameter and the polynomial degree. The method allows
for suitable localization and does not rely on additional regularity assumptions on the
domain, the diffusion coefficient, or the exact (weak) solution as typically required for
high-order approaches. Rigorous a priori error estimates are presented with respect to
the involved discretization parameters, and the interplay between these parameters as
well as the performance of the method are studied numerically.
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1. INTRODUCTION

Computational multiscale methods are popular tools to deal with microscopic features
of partial differential equations (PDEs) that are typically encoded in an underlying ma-
terial coefficient. It is well-known that standard finite element methods only achieve ac-
ceptable results if varying micro-features are resolved by the corresponding finite element
mesh. Multiscale methods aim to overcome this problem and achieve good approximation
properties already for coarse-level simulations at the cost of a moderate computational
overhead. Prominent first-order approaches in the context of elliptic PDEs are the hetero-
geneous multiscale method [EE03, EE05, AEEV12], (generalized) multiscale finite element
methods [BO83, BCO94, HW97, BL11, EGH13], adaptive local bases [GGS12, Wey16],
and rough polyharmonic splines [0OZB14]. Under appropriate smoothness assumptions on
the material coefficient or the exact solution, higher-order multiscale methods have been
considered for instance in [LMT12, AB12] in connection with the heterogeneous multi-
scale method or in [HPV13, AHPV13], known as multiscale hybrid-mixed methods. Other
high-order approaches are the method presented in [AB05, HZZ14] related to the multi-
scale finite element method or the multiscale hybrid high-order method [CEL19] that is
designed to work in the context of general polytopal meshes. These methods, however,
only yield high-order estimates if suitable smoothness assumptions hold. In the context
of very general L*>°-coefficients that do not allow one to exploit higher-order regularity of
the exact solution, all the above-mentioned multiscale methods at most provide first-order
convergence results in H'.

In this paper, we analyze a higher-order multiscale method for an elliptic model prob-
lem which is able to achieve high-order convergence rates for general unstructured L°-
coefficients only from additional (piecewise) smoothness assumptions on the force term.
The construction is motivated by the localized orthogonal decomposition (LOD) method
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[MP14, HP13], and in particular its discontinuous version [EGMP13, EGM13], as well as
the multi-level construction in [Owh17] known as gamblets.

The classical LOD method introduced in [MP14] is a multiscale technique based on
a first-order conforming finite element space and a corresponding local quasi-interpolation
operator that fulfills certain interpolation properties. This operator and its properties
are key to deriving the first-order error estimates of the method. In general, one could
generalize the idea and consider higher-order conforming discrete spaces as used in the
context of higher-order finite element methods (see, e.g., [BG96, Sch98]). There even
exist local quasi-interpolation operators for such spaces without restrictive smoothness
assumptions [Mel05] that fulfill properties similar to the ones required for the LOD method.
For general non-smooth coefficients, however, high-order rates with respect to the mesh
size can only be obtained if the quasi-interpolation operator fulfills additional orthogonality
properties with respect to the L2-scalar product. To the best of our knowledge, such a local
quasi-interpolation operator is not known to date, and its construction might be a delicate
task. To overcome this difficulty, discontinuous discrete spaces are a suitable choice. The
idea to use discontinuous functions traces back to [EGMP13, EGM13], where the authors
proposed a first-order discontinuous Galerkin multiscale method in the spirit of the LOD.
In [Owh17], gamblets were introduced that provide an abstract setting that generalizes the
LOD formulation. Their construction is based on constraint energy minimization problems
with an arbitrarily chosen discrete space for the constraint conditions. In particular, one
may employ discontinuous high-order finite element spaces. The potential of such spaces
to enable higher-order convergence rates has not yet been exploited, but the approach has
already been addressed in connection with higher-order differential operators in [OS19].

In the present work, we rely on a two-scale gamblet-construction in the spirit of [Owh17]
combined with piecewise polynomials for the constraints. This results in a conforming dis-
crete multiscale space despite the discontinuous constraint conditions. Our main focus lies
on a thorough analysis of the corresponding Galerkin method in terms of the convergence
behavior with respect to both the mesh size H and the polynomial degree p. We are able
to prove that our (ideal) multiscale approximation wuy,s and the exact solution u fulfill an
error estimate of the form

H S+1
|u—ums||H1<D>sc<s>(p> Sl s <p+1.

with the sole requirement of a piecewise regular right-hand side f with respect to the
mesh Tz; cf. Theorem 3.1. In particular, the error estimate holds under minimal regular-
ity assumptions on the domain (Lipschitz), the diffusion coefficient (L°°), and the exact
solution u (H'). We also show that a similar result can be retained for a fully discrete
and localized variant of the method; cf. Theorem 4.8.

The remaining parts of the paper are organized as follows. In Section 3, we introduce
the elliptic model problem and discontinuous coarse finite element spaces. Based on these
spaces, we then construct a high-order multiscale space in Section 3 and analyze the
corresponding ideal high-order multiscale method. In Section 4, we present a practical
version of the method for which we finally provide numerical examples in Section 5.

Notation. Throughout this work, we use the following notation. We write C' for any
positive constant that is independent of the mesh sizes H, h as well as the polynomial
degree p, the localization parameter ¢, and the microscopic scale €. To indicate an explicit
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dependence on a parameter £, we may write Ce. We further abbreviate a < Cb by a $b
and use a ~ bifa <band a 2 b.

2. PROBLEM FORMULATION AND DISCRETE SPACES

2.1. Elliptic Model Problem. We consider the prototypical second-order diffusion prob-
lem

—div(AVu) = f in D,
u=0 ondD,

where D C RY, d € {1,2,3}, is a bounded and polytopal Lipschitz domain and f € L?(D).
We assume the coefficient A to encode microscopic features of the medium on some scale €
and to be admissible, i.e., it belongs to the set

(2.1)

(2.2) oo JAELTDRGY 130 <a<f<oo:
| - \VEeR, an s eD ol < AW < pleP

with minimal assumptions. For a given coefficient A € 2, we write « for the largest possible
choice of « in the definition (2.2) and g for the L>-norm of A, i.e., § = HAHLOO(D;R%XJ),
although this choice of 8 might not be the minimal constant with respect to the estimate
n (2.2). We emphasize that also positive and bounded scalar coefficients are admissible,
since these coeflicients may simply be multiplied by the identity matrix.

The variational formulation of (2.1) seeks a solution u € Hg (D) that solves

(23) CL(U, U) = (f7 U)L2(D)
for all v € HY(D), where

a(w,v) = / AVw - Vudz, w,v € H)(D).
D

Note that the solution u of (2.3) is unique by the Lax-Milgram Theorem and it holds that
(2.4) IVullz2py < a ' | fllz2(m)-

The aim of the multiscale construction in Section 3 below is to provide a suitable approx-
imation of the solution u in (2.3). For the construction, we particularly require discontin-
uous high-order finite element spaces.

2.2. Discontinuous discrete spaces. Let {7Tx}g>o be a family of regular decompo-
sitions of the domain D into quasi-uniform d-rectangles on the scale H as described in
[Cia78, Ch. 2 & 3]. Further, denote with V}} the space of piecewise polynomial functions
with prescribed maximal coordinate degree p, i.e.,

VP v € L*(D): VK € Ty : v|xk is a polynomial
L of coordinate degree < p [
For any S C D, we write V};(.S) for the restriction of V}; to the subdomain S. In particular,
for any K € Ty, the restricted space V};(K) is exactly the space of polynomials up to

degree p in each coordinate direction on the element K. For later use, we also define for
k € N the broken Sobolev space H*(Ty) by

H*(Ty) :=={ve L*D): VK € Ty : v|g € H*(K)}
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with the seminorm
e = D | ey
KeThy
where | - [gr(g) = | VF . | z2(s) denotes the HF-seminorm on S C D.

The next step towards our multiscale construction consists in defining a projection
operator onto the space Vf} that fulfills appropriate local stability and approximation
properties. Here, we use the L-projection II¥;: L?(D) — V} defined for any v € L*(D)
by

(2.5) (H%U’wH)B(D) = (U’wH)LQ(D)

for all wy € V};. The operator II¥, is local due to the element-wise definition of the
space Vfl and the possible discontinuities across element boundaries. That is, the definition
of I, in (2.5) is equivalent to the element-wise characterization

(2.6) () @) 2y = (20 2y
for all ¢ € V};(K) and K € Ty. For the sake of readability, we abbreviate II := II¥, if p
and H are explicitly given and there is no possibility of confusion.

For any K € Ty, the L?-stability of II follows directly from equation (2.6) with the
choice ¢ = (Iv)|; and reads
(2.7) 1T || z2(xy < vl 2y
for all v € L?(K). Further, it holds that

H
(2.8) I(3d = ollr2) < Cn > [Vell

for all v € H'(K); see, e.g., [Sch98, HSS02, Geo03]. If v € H¥(K) for k € Nand k < p+1,
we even have
(2.9) I(1d — D)ol r2(x) < Cri @(p, k) HY 0] g gy

with a constant Cp that does not depend on H or p and

[+ 1R\
2, k) = ((p—l—1+k)!>

We emphasize that due to the true locality of the inequalities (2.7) and (2.8), the results
immediately generalize to unions of elements and, in particular, to a global result on the
domain D in the sense of an element-wise gradient on the right-hand side. At this point,
we also introduce the inverse inequality for polynomials which states that

(2.10) IVallL2 iy < CinyH'p? lall 2

for K € Ty and for all ¢ € V};(K); see, e.g., [Sch98, GHS05, Geo08]. As above, this result
also holds globally, i.e.,

ol 7y < Ciw H'9? |lvnl| 22

for all vy € Vf}. We emphasize that I1: L?(D) — Vg is obviously surjective as an operator
from L?(D) to the non-conforming space Vg. For the following construction, however, we
explicitly require that II is also surjective as an operator from H& (D) to V}. This very
important condition is only mentioned here and rigorously proved in Section 3.3 in order
to improve the clarity of presentation.



A HIGH-ORDER MULTISCALE METHOD 5

3. HIGH-ORDER MULTISCALE APPROXIMATION

In this section, we state and analyze an ideal multiscale approach to discretize prob-
lem (2.3). Therefore, we introduce a high-order multiscale space which is then used as
discretization space for a Galerkin method.

3.1. Ideal trial and test space. In the spirit of the LOD method and gamblets, we
construct an operator R: V; — H{ (D) that assigns to each vy € V}; a function in H (D)
whose L2-projection is exactly vg. Such functions exist by the surjectivity of II] mi(p) (see
Theorem 3.5 and Corollary 3.6 below) but we particularly want the space RV}, to have
improved approximation properties compared to a classical finite element space for which
error estimates typically depend on the scale of microscopic oscillations.

We define R: V5 — HJ (D) for any vy € V} as the solution of the saddle point problem

a(Ruvg,v) + (>\’UH7/U)L2(D) = 0,

3.1
(3.1) (Rvm, im) 2 (D) = (vH, pH)2(D)

for all v € H}(D) and all g € Vi, where A, € V} is the associated Lagrange multiplier.
The solution (Rug, Ay, ) € HE (D) x VE of (3.1) exists and is unique due to the equivalent
definition

Rupg = argmin a(v,v) subject to IIv = wvp,
vEH (D)
which is well-posed by the surjectivity of II|p). We now set Vf} = RVE C H}(D) and
observe that dim fff] = dim V}} because R: V}; — f/}'} is a bijection with inverse II|p,.

3.2. The ideal method. Using f/f} as test and trial space for a continuous Galerkin ap-
proach, we obtain a multiscale method which computes a finite-dimensional approximation
of (2.3). This so-called ideal method reads: find ay € V}; such that

(3.2) a(ig, om) = (f,01)r2(D)

for all vy € f/}} As for the variational problem (2.3), we directly get the well-posedness
of (3.2) from the Lax-Milgram Theorem due to the conformity of f/f}

In the following theorem, we quantify the error between the solutions of (2.3) and (3.2)
under additional (piecewise) regularity assumptions on the right-hand side f and indepen-
dently of possible oscillations of the coefficient A.

Theorem 3.1 (Error of the ideal method). Assume that f € H*(Tx), k € No, and define
s := min{k,p + 1}. Further, let u € Hj(D) and ay € V} be the solutions of (2.3) and
(3.2), respectively. Then

(33 VG =l § T2 |l
and

(3.4 e
with the notation HO(Tyr) := L*(D) and | - |go(zsy = || - l2(p)-

In order to prove Theorem 3.1, we need the following useful result.
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Lemma 3.2 (Equal projections). Let u € H}(D) be the solution of (2.3) and iy € VF,
the solution of (3.2). Then, we have that

Iuyg = Iu.
Proof. We show that 4y = RIlu or, equivalently, that @y solves
a(tp,v) + (Awv)2py = 0,
(3.5) _
(Mg, porr) 22Dy = (Hu, pu)r2(p)

for all v € H}(D) and py € V}, where A\, € VJ is the associated Lagrange multiplier.
The assertion then follows by the second line of (3.5).
For oy = Rvy € V}, we compute

a(Ru,vy) = a(u,vy) — a((id — RID)u, 0y )
= (f,0m)r2(p) — a((id — RIu, 0p).
Since II(id — RII)u = 0, we get with (3.1) that
a((id — RIl)u, vg) = 0.
Therefore, RITu is the unique solution of problem (3.2). O

Proof of Theorem 3.1. Using the Galerkin orthogonality, (2.8), and (2.9), we obtain for
k>1

alV(u— ﬂH)H%Q(D) <a(u—1ug,u—1ug)=a(u,uw — Ug)
= (fyu—am)r2py = (f = 1f,u — 42 (p)

H N
<|If = Ufllz2(py Cnn " IV(u =) 2 (p)

H .
<Cn®(p,s) H®|f|ms (1) Cn o V(v —tm)ll 2Dy,
where we employ that II(u — @gy) = 0 by Lemma 3.2. Thus,
. “12 P(ps
IV i)l < 07 G T2 ey,
With the same arguments but without inserting IIf, we get in the case kK = 0 that

- _ H
IV(u—tp)lr2py < o 'Cn " | fll2(py-

This proves (3.3). To show the L?-error estimate, we use once again that II(u — @) = 0.
Therefore, we get with (2.8) that

. H .
|u —tg|lL2py < Cn > IV(u —am)ll2(py-

Combining the last estimate with (3.3), we deduce (3.4). O

Remark 3.3. If £ =0 and p = 1, the error estimate in Theorem 3.1 is comparable to the
error estimates of the conforming (ideal) LOD method; see, e.g., [MP14].
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3.3. Surjectivity of II. This subsection is devoted to showing that the projection oper-
ator II is surjective when restricted to functions in H{ (D). This property is an important
requirement in the above construction and is proved for completeness. First, we show the
following auxiliary lemma.

Lemma 3.4 (Local inf-sup condition). Let K € Tg. Then the inf-sup condition

(3.6) inf sup (@.v) 20

> ~(H,p) >0
gevi () verd (i) 14l 20y IVl L2k

holds with v(H,p) ~ Hp~2.

Proof. Let k C K be such that the edges and faces of x are parallel to the ones of K. Ac-
cording to [Geo08, Lem. 3.7], there exists a choice of x such that dist(x, 0K) = Cqiss Hp~?
and
(37) lal32(ey > 3 ol
. q LQ(R) =49 q LQ(K)
for all ¢ € V};(K), where dist(-,-) denotes the Hausdorff distance. As a next step, let
p € Whe(K) N H}(K) be a bubble function with
0<p<1,
p =1 in &k,
IVpllze(xy < Cp H™'p?,
where C), depends on Cyis. Using (3.7) and
V(D)2 () < IVollne i) 2l 2y + ol oo () IV all L2k
< H7'p*(Cp + Cuav) llall 22k,

we get for any ¢ € V}(K) that

(3.8)

(Qav)LQ(K) (QapQ)Lz(K)
sup >
verd (&) Nl L2y IVl 2y — llallzza) V(00| L2 (x)

1 HQH%2(K)
4l 2y IVl L2k
H

— = H, > 0 D
4p2 (Cp + Cvinv) PY( p)

Theorem 3.5 (Surjectivity). The restricted operator Il|y ) is surjective, i.e., for any

>

wy € Vi, there exists a function w € HE(D) such that Hw = wy. Further, among all
possible candidates exists a choice of w such that
p?
[Vwlr2py S T lwa | z2(p)-

Proof. Let wy € VE. We define w € H}(D) as the solution of

(3 9) a(w,v) + ()\wHav)LQ(D) = 0,
' (w, ) L2(D) = (wu,pH)12(D)
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for all v € H}(D) and all puy € VE. From classical saddle point theory (see, e.g., [BBF13,
Cor. 4.2.1]), we know that (3.9) has a unique solution if the inf-sup condition

(3.10) inf  sup Wi, V)iz(p)

>4(H,p) >0
vy eV veH (D) ”UHHL?(D) ||VU||L2(D)

holds and a is coercive. To show the inf-sup condition (3.10), let vy € V}. From the
construction in the proof of Lemma 3.4, we get for any K € Tp the existence of a function
vg € H}(K) which fulfills
(3.11) (vms vK) 2x) 2 10m 122
and similarly to (3.8) also
(3.12) IVokllreae) S H ' vl 2 x)-
Using these local contributions, the inclusion
U Ho(K) € Hy(D),
KeTy

and the estimates (3.11) and (3.12), we compute

sup (vH, v)L2(D) > ket (VH VK) L2 (1)

verg() lvllezo) IVUllizzm) ™ oyl 20y (X kers, ||WK||%2(K))1/2

> CHp_2 ZKETH ”UH||%2(K) _ CHp_2
= 1/2 :
lorll 200y (S ieers, Iomll2 )
That is, the inf-sup condition (3.10) holds with ¥(H,p) ~ Hp~2 > 0. Thus, (3.9) is well-
posed and the stability estimates

p
[AwillL2(py < 5(H,p)? w2y

and

- - 251/2

| wHL2(D) > W ”wHHL2(D)
hold (cf. [BBF13, Cor. 4.2.1]). Finally, we remark that the equality IIw = wp follows by
construction. g

The construction in the proof of Theorem 3.5 is based on local subspaces of H}(D)
and, thus, allows us to even find a conforming preimage w € H&(D) under II of a function
wy € V}; which is supported only in the elements where wy is non-zero. This straightfor-
ward consequence is given in the following corollary.

Corollary 3.6 (Local bubble function). Let {K;}7") C Ty be a set of elements and
wy € V] such that

ng
wi|p\p =0, where R= UK]-.
j=1
Then there exists a function w € Hg(R) with w|p\g = 0 such that lw = wy and

2
p
IVwllr2ry S T lwellL2(r)-
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4. DERIVATION OF A PRACTICAL METHOD

In this section, we derive a fully practical version of the ideal method given in (3.2)
following the ideas of the classical LOD. The requirement of a practical version of the
above method is related to the fact that the construction of the finite-dimensional approx-
imation space f/}'} involves the solution of infinite-dimensional problems. Therefore, we
first investigate the decay properties of functions in Vg which then allows us to suitable
localize and discretize the construction of the space f/g

4.1. Decay of the basis functions. As a first step, we identify a suitable choice of a
basis of V} which is constructed from a basis of V}. For any K € Ty, let

B = {Ax;}2y  with mg=(p+ 1)4
be a basis of V};(K) and

B = U B
KeTy

the corresponding (local) basis of Vf}. In our numerical computations, we choose shifted
Legendre polynomials on each element K, which are orthogonal with respect to the L?-
scalar product (-, ") r2(x)-

Using the isomorphism R between Vg and f/}'}, we directly get that B := RB is a basis
of Vg. In the following, we show that for any basis function A € 93, the corresponding
basis function RA € B decays exponentially fast away from the support of the function A,
which is exactly one element of Ty. To this end, we define for £ € N the element patch of
order £ around S C D by

NE(S) == NY(NH(S)), =1, N'(S):=(J{KeTu:SnK#0}

Theorem 4.1 (D(icay of the basis functions). Let £ € N, K € Ty, and A € B. Further,
define A = RA € B. Then it holds that

(4.1) IVAI L2 (p\wery) S exp(—Caec £/p) VAl 12(p)
with a constant Cyec that depends on Cr, «, and .

Proof. We choose a cutoff function n € W1 (D) with the following properties,
0<n<l,

n =0 in NY(K),

n =1 inD\N*T(K),

IVallzepy < Cy H'

(4.2)

Define R := N“*1(K) \ N¢(K). Since R is a union of elements of Tz and H(An)|D\R =0,
we know from Corollary 3.6 that there exists a bubble function b € H{(R) which fulfills
I1b = II(An) and

2
p ~
(4.3) Vbl 2Ry S EHAWHH(R)'
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We compute
@ VA2 p\nevi (i) < ‘ / AVA - V(A7) da:’ + )/ AVA - Vn[&dx‘
D D
< ‘/ AV[\-V([\n—b)dx’
D
+ ‘/ AVJ\-Vbdx‘ n ‘/ Av[\-vn[\dx(
D D
- ’ / AVA - Vbdx’ + (/ AVA - vn[\dx),
R R
where we use the fact that by (3.1), we have a(A,v) = 0 for any v € H}(D) with ITv = 0.
Therefore, we get with (2.8), ITIA|; = 0, (4.2), and (4.3) that
HVAH%Q(D\NZ-H(K)) <Cp HV[\H%Q(R)'
Employing the identity
R =N (K)\N(K) = (D\N(K)) \ (D\N“!(K)),
we obtain
‘|V/~\H%2(D\Ne+1(1{)) <Cp HVAH%2(D\NZ(K)) - Cp HVAH%Q(D\NE-H(K))

and thus

X112 Cp Cp o A2
VAL (p\wer i)y < Crt1 IVANZ oy < Cp+1 VA7 py

with an iteration of the above arguments. We further get

Cp \*¢
<C'p+ 1) = exp ( — |log (Cp+1)|€) <exp(— 5= /p).

Taking the square root, we deduce (4.1) with Cye. := %. O

Remark 4.2. Although Theorem 4.1 only quantifies the decay of basis functions A € B,
with the same arguments the result also holds for any function Rg, where ¢ € V}(K) and
K € Ty. That is, we have

(4.4) VRl L2(p\we o)) S exP(—Claec £/p) IVRallL2(p)

Remark 4.3. The p-dependence in Theorem 4.1 seems pessimistic and is possibly not
sharp, which is related to the mismatch between the interpolation estimate (2.8) and
the inverse inequality (2.10) in terms of powers of p. In fact, the numerical experiments
in Section 5 indicate a scaling in p which leads to a faster decay in (4.1) and (4.4) for
increasing values of p. More precisely, one may expect that the exponential factor in these
estimates is actually given by exp(—Cjec £p?) for some 6 > 0. That is, one could fix the
parameter £ and reduce the localization error only by an adjustment of the polynomial
degree.

The decay property of the basis functions in B that is proved in Theorem 4.1 is the key
ingredient to define a localized version of the operator R. This localization procedure is
explained and investigated in the following subsection.
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4.2. Localized computation of the approximation space. We base the definition of
a localized operator R’ on truncated versions of the basis functions in 8. Thus, for a
given localization parameter £ € N and any A € B with supp(A) = K € Ty, we define

A’ € HY(NY(K)) as the unique solution of the saddle point problem
(4.5) a(A’,v) + (AR, vV)r2ipy = O,
. (/N\E, MH)L2(D) = (A, UH)L2(D)

for all v € H}(NY(K)) and py € VH(NY(K)) with the associated Lagrange multiplier
A§ € VE(NY(K)). Then for any function vy € V}; which can be expanded as

my
Vg = E E ckj Ak j,

KeTy j=1

we define the corresponding function Rfvy € H} (D) by

myg
(4.6) Rbvy = Z ZCK’J' A%J.

KGTH ]:1

We set Vf}’é = RV} and remark that B¢ := RS is a basis of f/g’g by construction.
We use this space to compute an approximation of the ideal finite-dimensional solution
ig € VB of (3.2), i.e., we want to find @4, € VA that solves

(4.7) a(ify, o) = (f,0H) 12(p)

for all vy € Vg’g. We refer to (4.7) as the localized multiscale method. As a next step, we

show an estimate for the error u — ﬁ%.

Theorem 4.4 (Error of the localized multiscale method). Let £ € N, f € H*(Tg),
k € No, and define s := min{k,p+ 1}. Further, let u € H}(D) be the solution of (2.3)
and % € f/ﬁ’g the solution of (4.7). Then it holds that

®(p,s)

3
_ s P’ -
(4.8) IV (u—af)llz2(p) < H¥ sy + 7 09772 exp(=Cuaee €/) |1 £ 22(0)

with the constant Cyec from Theorem 4.1.

Proof. First, we observe that ﬂ% is quasi-optimal by the Galerkin orthogonality. Therefore,
we obtain

_ B - B _
IV (u — i) r2py < - inf [[V(u—0m)|r2p) <~ [[V(u— )| 2y
DgEVE «

where ﬂ% =R € Vg’z. With the triangle inequality and the solution g € f/ﬁ of (3.2),
we get that

(4.9) IV (u = @)l 2py < IV (w = an)ll 2oy + IV (@n = @)l 2o)-
The first term can be estimated with Theorem 3.1, i.e.,

_ D(p,s) . s
IV = a2y S 21 g
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For the second term, we set w := g —qu. Further, for K € Ty we define a cutoff function
NK € Wl’OO(D) with

ng = 0 in N“L(K),
nk =1 in D\ NYK),
IVl (py < CpH™Y.
We set Ri := NY(K)\ N"1(K). By (4.5) and (4.6), for each K € Ty there exists a

Lagrange multiplier A% € VI (N‘(K)) such that
(4.10) a(R([Mulge)v) — + M)z =0
(R (HU|K) MH)L2 = (HU|K,MH)L2(D)

for all v € HY(NY(K)) and pup € Vf}(Ne(K ). Noting that
(1 —ng)w e HYNY(K)) and Tw =0,
we obtain with (3.1) and (4.10)

a[|[VwlZapy < Y a(R(TTu| ) — R (Mul ), w)
KeTy

= > —a(R!(Mulye), (1= ng)w + micw)
KeTy

(4.11) = > ((V (L= 0K )W) L2 (Ry) — G(RK(HMK)’UKUJ))
KeTy

S D (Wl Il ey
KeThy

+ HVRZ(Hu\K)HLz(RK) HV(TIKU})HB(RK))‘

Next, we bound the terms on the right-hand side of (4.11). We observe that by the
approximation result (2.8), we have that

H
(4.12) 1wl r2(ry) < CH; IVl 12(ry)
and
(4.13) IV (ngw)|lz2(re) < CoCrup™ VWl z2(ry) + IVl n2(ry)-

Further, for any T' € Ty, there exists a bubble function pr € WL°(T) N H}(T) as in the
proof of Lemma 3.4 such that

Xk 172y < 4 (N, pT AR ) 2207y
(4.14) = —4a(R"(Tu| ), prAk)
S H'? VR (Tul )| 2y I\l 22y,

where we employ the estimates (3.7) and (3.8). Using (4.12)-(4.14), we deduce from (4.11)
that

(4.15) a|Vullfzpy S D P+ DIVR Tl i) |2 r) V0l 2y )-
KeTy
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We now use Theorem 4.1 and Remark 4.2, which both equivalently hold with R replaced
by RY. Therefore, we get with (4.15) and (4.4) that

IVwlZzpy S D 0+ D IVR (Ml )| 2 pvne-1 (1)) V0 L2 (50

KeTy
3
» 1/2 1/2
< 5 exp(~Caoct/p)( 3 Mulglitan) (2 IVwliaca))
KeTy KeTy
3
< %ﬁ(d_lw exp(—Caec £/p) Tl 2(py [Vwl| 2 (p)

where we also employ the discrete Cauchy-Schwarz inequality and the stability of (4.10),
ie.,
¢ »?
IVR (Wl )2y S 57 1Ml gellz2(x)

for any K € Tr. We now go back to (4.9) and finally obtain

~ ¢ < ®(p, s) s+1 P’ (d—1)/2
[V (u— UH)”L2(D) ~S T H |f|Hs(TH) + Eﬁ exp(—Caec ¢/p) HHUHL2(D)
2(p, s P -
2P o gy + B 6002 exp(=Caee ) o
where we use the stability of IT and (2.4). O

Remark 4.5. The additional H in the denominator of the estimate in Theorem 4.4 may be
explained by the fact that the localization error %z — qu is measured in the H'-norm and
is bounded by ITu, which is measured in the L?-norm. Although this seems suboptimal,
the pollution in terms of H in the second term of (4.8) is also observed in our numerical
experiments; see Section 5.

We can now use Theorem 4.4 to quantify the choice of the localization parameter ¢ with
respect to the polynomial degree p and the mesh size H dependent on the regularity of
the right-hand side f.

Corollary 4.6. Let f € H*(Ty), k € Ng, and define s := min{k,p + 1}. Further, let
u € HE(D) be the solution of (2.3), and i%; € ‘7[1}»4 the solution of (4.7). Then, for

(4.16) 02 |logH|p(s+ 1)+ (logp)p(s+1),
it holds that

IV (u = @)l 20y S

CD(pVS) s+1 H s+l
S H Sy + () Wl

Note that if £k = 0 and p = 1, Corollary 4.6 provides a similar error estimate as for
the conforming first-order LOD method with the same scaling of /; see, e.g., [HP13]. Of
course, if we increase p, the localization parameter £ in Theorem 4.4 needs to grow as
well in order to maintain the high convergence rate of Theorem 3.1 with respect to H
and p. Nevertheless, the experiments in Section 5 indicate that the p-dependence of /¢
in (4.16) might be too pessimistic and the decay property of Theorem 4.1 in fact even
slightly improves for larger values of p. Before we turn our attention to these numerical
investigations of the high-order method, we first need to discuss the last step towards a
fully practical method, i.e., the discretization at the microscopic scale.
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4.3. Microscopic discretization. The localized operator R¢ does still not provide a fully
discrete method since the localized basis functions (4.5) are obtained by solving infinite-
dimensional auxiliary problems. The easiest approach to resolve this issue is to introduce
a (conforming) fine finite element space Vj,,y C H{ (D) based on a decomposition 7;, with
mesh parameter h and polynomial degree p’ that replaces the space H&(D) in the above
construction. Ideally, the classical Galerkin solution in V},,s should fulfill an estimate
similar to the one in Theorem 3.1. Motivated by error estimates of high-order finite
element methods (see, e.g., [BG96, Sch98]), for f € H*(D), k € Ny, we assume that

P p,78/ s’
(4.17) IV(u—un)ll2p) S (p,) (Ceh)™ U flis (),

where u € H} (D) is the solution of (2.3), s’ := min{k,p’+1}, and uj, € V}, s is the solution
of

(4.18) a(un, vn) = (f,vn)L2(D)

for all v, € Vj . Note that the right-hand side of (4.17) depends on the fine-scale
parameter € through the constant C.. This is typical for classical finite element spaces
which do not take into account microscopic information. .

We emphasize that on the one hand, the ideal approximation @y € V}; characterized by
(3.2) fulfills the high-order estimate quantified in Theorem 3.1 by the (piecewise) regularity
of the right-hand side f only. On the other hand, in order to obtain a high-order estimate
of the form (4.17) for the classical finite element space V}, s, the regularity of f needs to
hold globally. Further, one requires additional smoothness assumptions on the domain D
as well as on the coefficient A (see, e.g., [Eval0, Thm. 5 in Sec. 6.3]) and, in particular, the
microscopic scale € needs to be resolved. Another problem that occurs when discretizing
the fine scales is the fact that the proof of the inf-sup condition in Lemma 3.4 is explicitly
based on the space H} (D). The result does not directly follow for subspaces of HJ (D)
and a similar inf-sup condition needs to be proved for the respective discrete space V},
at hand.

With these problems in mind, the following lemma provides a condition on the fine
mesh parameter h for which the inf-sup condition (3.6) and thus the surjectivity results in
Theorem 3.5 and Corollary 3.6 remain valid if HZ (D) is replaced by the first-order space
Vi, € HE(D), for which we omit the subscript 1. The explicit choice of the polynomial
degree p’ = 1 is motivated by the fact that high-order estimates for the classical conforming
finite element space V}, ,; would require additional smoothness assumptions as mentioned
above.

Lemma 4.7 (Discrete local inf-sup condition). Let K € Ty. Then there exists a constant
C > 0 independent of h, H, and p such that for

h<CHp?

the inf-sup condition

(4.19) inf sup (@020

>y >0
gevE () vnevinmd (i) 14l 20y IV onll L2 )

holds with ~j, ~ Hp~2.
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Proof. As in the proof of Lemma 3.4, let k C K be such that its edges and faces are
parallel to the ones of K, dist(k,0K) = Cgist Hp~2, and

1
(4.20) ||QHQL2(,~;) Z 1”(1\‘%2(1{)
for all ¢ € VE(K). Now, let p € WH(K) N H}(K) with

0<p<1,
p =1 in K,

IVl ey < Cp H'p?,

where C, depends on Cgist. Next, we define, for any ¢ € V}(K), the auxiliary function
wy € Vi, N HY(K) as the solution of

(4.21) (wg> vn) r2(x) = (€ vn)2(K)

for all v, € Vi, N H}(K). Note that w, is unique by the inverse inequality

(4.22) VRl 2y < Cinw ™ lonll r2(e)

and the Lax-Milgram Theorem. The last auxiliary ingredient is an estimate of the form
HQHLQ(K) S qu”L2(K)

which can be obtained using a projection operator I,{{ : L2(K) — Vj, N HY(K) which fulfills
the following stability and approximation properties. For all v € L?(K), it holds that

(4.23) 1T 0| L2y < Crxllvll2(r)
and, for any v € H}(K), we have
(4.24) 1B~ (v = Z50) [l 2(ry + IV ]| L2y < Crx Vol L2y

For an explicit choice of I,{(, we refer to [Osw93, Bre94, EG17]. With (4.20), (4.21), (4.23),
(4.24), and (3.8), we can show that
lallZ2 ) < lallZagey < (@500 2(1) = (4T3 (@) 22x) + (4, (34 — T ) (pg)) L2 (1)
= (wq, Tf (p)) r2(0) + (0 (14 = Ty) (pg)) 12k
< llwgll L2 k) Oz llpall 2y + gl 2 Czxch IVl 2 (x)
< Oz lwgll 2k llall 2(x) + Czic (Cp + Ciny) hH'p? (lgll72 k-
Assuming that

1
Crse(Cp + Ciny) RH'p* < o,

we thus obtain

(4.25) lallc2x) < 8 Czx (lwall L2k
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Finally, with the estimates (4.25) and (4.22), it holds that

(¢, vn) L2 (k) . (wq, wq) 2 (1)

inf sup >
0V (&) wnevinad (i) 19l 20y IVl L2y — aevi ) Nlall 2y IVwgll 2 )
1 ||wq||%2(1<)

> in

gV (1) 8 Oz |[wall L2 (k) [Vwgll L2 ()
h

> ———— =17, > 0.

SCZfCinv

For h ~ Hp~2, this is the assertion. For h < Hp~2, there exists an auxiliary h' ~ Hp~2
such that Vj» C V}, and thus

. (¢, vn) L2(x0) . (4, v)2(k)
inf sup > inf sup
qEVEH(K) vp €VRNH (K) HQ||L2(K) HVUhHL2(K) qeVH(K) veVyNH (K) ||(JHL2(K) ”VUHL?(K)
>y ~ Hp~2. O

With Lemma 4.7, we can replace H}(D) (and the solution v € H(D) of (2.3)) in
the construction of Sections 3 and 4 by a conforming @); finite element space Vj, (and
the classical Galerkin approximation uj, € V}) provided that h is sufficiently small with
respect to H and p and, additionally, resolves the microscopic information on the scale e.
This is quantified with the resolution conditions

o
(4.26) C.h< OP:9) st ana < Hp2,
p

where the constant C indicates the dependence on the microscopic scale € as in (4.17).
While a resolution condition on h with respect to H and p of the form h < Hp~™® for some
s > 1 seems natural to resolve high-order functions, the left condition in (4.26) is mainly
motivated by the aim to retain the convergence properties with respect to H and p as
derived in the previous subsections. In a more practical manner, one could alternatively
prescribe some certain tolerance and balance h, p’, H, and p such that the given tolerance
is reached with the respective approximation.

Note that a discrete inf-sup condition as in Lemma 4.7 may also be obtained for a
high-order conforming finite element space and relaxes the resolution condition h < Hp~2
dependent on the choice of p/. If additional smoothness conditions hold, the use of a
high-order space can further provide a relaxation of the left resolution condition in (4.26)
on h if p’ is suitably coupled to h and € in the spirit of [PS12, Cor. 5.3].

Although high-order constructions may generally be considered for the fine discretiza-
tion, we remain with the first-order setting where p’ = 1, which only requires minimal
regularity assumptions. We introduce the additional parameter h in the above construc-
tion if Hg(D) is replaced by V;, i.e., we write

Ry, R, Vlg,h’ f/};fl instead of R, Rf, VP, Vg’z.
Further, the solution uy ) € f/};’i of the fully discrete multiscale method is determined by
(4.27) aliiy p, mn) = (f,0Hn)r2(p)

for all v € Vg’ﬁ. The error of the fully discrete approach is quantified in the next
theorem.
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0 0.2 0.4 0.6 0.8 1

FIGURE 5.1. Multiscale coefficients A; (left) and Ay (right) on the scale e = 277.

Theorem 4.8 (Error of the fully discrete multiscale method). Assume f € H*(Tg),
k € No, and let s :== min{k,p + 1}. Further, suppose that the resolution conditions (4.26)

hold and let w € H(D) be the solution of (2.3) and a?f,h € Vlz}j; the solution of (4.27).
Then, with the choice

02 |logH|p(s+ 1)+ (logp)p(s+1),

it holds that

H\ s

®(p,s) .o +1
22 141 (1l + i) + () Wl

p

IV (u — @y )l 2 (o) S

Proof. The assertion follows from a simple triangle inequality, the estimate (4.17) with
s’ = 0, the resolution conditions (4.26), and Corollary 4.6 in the case where H{(D) is
replaced by V},. To be more precise, with the solution uj, € V3 of (4.18), we obtain

IV (u — @y ) 2oy < IV (w—un)ll2(py + 1V (u — @) 220y
®(p,s) .4 H\s+1
S Conlfllzr + 2L gy + (2) ™ 1l

P(p, s Hs+1
S 2D B (1 gagy + i) + () Wiy

5. NUMERICAL EXPERIMENTS

In this section, we present some examples to investigate the results of the previous
sections. We remark that if the exact solution u € H}(D) of (2.3) is not explicitly given,
only the errors between the discrete solutions uy € Vj, of (4.18) and ﬂfﬁ],h € Vf}’fl of (4.27)
can be measured. Thus, we need to pose the assumption that the chosen mesh pﬁrameter h
is indeed small enough as quantified in Section 4.3, and use uy as the reference solution.
In general, any other fine discretization could be used to obtain a reference solution such
as, e.g., a discontinuous Galerkin approach as in [EGMP13, EGM13]. We measure all
occurring errors in the energy norm || - ||, := [|AY/?V - I z2(Dy-
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FIGURE 5.2. Errors of the high-order multiscale method for different values of ¢
and p, the LOD method, and the classical conforming ), finite element method
in the relative energy norm for the first (left) and the second model (right) with
respect to H.

We consider the domain D = (0,1)? as well as the two scalar diffusion coefficients A;
and Ao as depicted in Figure 5.1. These coefficients are piecewise constant on a mesh
7. with mesh parameter ¢ = 277. The coefficients A; and As take values in [0.25,2.5]
and [1, 4], respectively. Further, we take the right-hand sides

fi(x) = sin(bm 1) cos(3m z2)

and
fo(z) = (21 + cos(3mx1)) 3.

For the first model, we choose the coefficient A = A; and the right-hand side f = f; in
(2.3) and compute the solution ﬁ%h € Vg’i of (4.27) for multiple choices of the poly-
nomial degree p and the localization parafneter £. The relative energy errors of these
approximations with respect to the reference solution on the scale h = 279 are depicted
in Figure 5.2 (left). Similarly, we present the energy errors for the second model with the
coefficient Ay and the right-hand side fo in Figure 5.2 (right), where again h = 279, The
error curves in both examples show a convergence rate between p+1 and p+2 with respect
to H for different polynomial degrees p if £ is chosen large enough. These results are in line
with the findings in Theorem 4.4 which predicts a convergence rate of up to order p + 2
in H dependent on the regularity of f and provided that the second term in the estimate
(4.8) is small enough. Apart from the observed high-order rates for appropriate parameter
regimes, the two examples also indicate that there might be a pollution in terms of some
negative power of H as obtained from the theory. That is, instead of a stagnation of the
error curve for smaller H, the overall error grows again if £ is not chosen appropriately.

For comparison, Figure 5.2 also included the error curves for the classical continuous ()
finite element method as well as the first-order conforming LOD approach as in [HP13].
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FIGURE 5.3. Errors of the high-order multiscale method in the relative energy
norm for the first (left) and second model (right) with respect to ¢ for different
values of H and p.

The finite element method does not provide reasonable approximations in the regime where
the fine oscillations of the coefficients are not resolved and leads to a stagnation relatively
quickly, whereas the LOD approach shows a convergence rate that is even slightly better
than predicted by the theory. Still, our multiscale approach with p = 1 shows a higher
convergence rate provided that £ is chosen appropriately. We emphasize that for a direct
comparison of the two methods, one has to keep in mind that for the same mesh size H,
our multiscale approach with p = 1 has roughly 2¢ times more degrees of freedom than
the corresponding LOD method.

For completeness, we present the errors of our multiscale method also with respect to
the localization parameter ¢ in Figure 5.3. The plots show the exponential convergence
rate in £ as in the theory. The curves stagnate for larger values of £ where the localization
error is small enough and the first term in the estimate (4.8) dominates the overall error.

Since the previous experiments indicate that the exponential convergence in ¢ even
slightly improves when p is increased, we further investigate the sharpness of the decay
estimate quantified in Theorem 4.1. To this end, for H = 27* we choose the element
K =[0.4375,0.5]? € Ty and compute the relative energy error between the ideal multiscale
basis functions A ; := RpAg; and its localized versions Aﬁ{,j = R{Ag; for different
values of ¢ and j € {1,...,mg}. For the first model, Figure 5.4 (left) shows the decay of
the localization error for different basis functions with respect to £. To be more precise, for
each p we show the localization error corresponding to the highest-order basis function A ;
(with maximal polynomial degree p in both components). The results seem to contradict
the scaling in p as predicted by Theorem 4.1. Instead, the rate even slightly improves
when the polynomial degree p is increased. In Figure 5.4 (right), we show the localization
error for different ¢ and p corresponding to the respective lowest-order basis function, i.e.,
the one whose L2-projection onto VE(K) is constant. Again, the curves show an error
reduction when p is increased which is slightly amplified by ¢. That is, these results also
indicate a better scaling in p than quantified in Theorem 4.1. The commencing stagnation
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FIGURE 5.4. Localization errors of the high-order multiscale basis functions on
the scale H = 27 for the first model with respect to £ (left) and p (right) in the
relative energy norm.

of the errors in Figure 5.4 (right) for larger p is probably related to the fact that h = 279 is
not fine enough to handle higher polynomial degrees. For further numerical experiments,
see also [Mai20, Sec. 3.4]

Discussion. The numerical experiments of this section overall confirm the theoretical
results for our high-order multiscale method. The only deviation is in the scaling with
respect to the polynomial degree p which seems to be better than predicted by the theory.
That is, the result presented in Theorem 4.1 is most likely not sharp with respect to p due
to the mismatch between interpolation estimates and inverse inequalities as mentioned
in Remark 4.3. An enhanced estimate would directly relax the condition on ¢ which is
quantified in (4.16).

Note that although the approach numerically and theoretically shows a pollution of the
total error for small mesh sizes H, this issue can be compensated for by a correct scaling
of £. Nevertheless, the method shows its best potential for relatively coarse mesh sizes
which, combined with higher-order polynomials, already provide very good approximation
results. Moreover, the locality of the high-order construction in principle allows us to even
choose different polynomial degrees on each of the coarse elements dependent, e.g., on the
local regularity of f.

6. CONCLUSION

Within this paper, we have considered an elliptic model problem with possibly varying
(fine-scale) diffusion coefficient. We have proposed a multiscale technique motivated by
the LOD method and gamblets that is able to achieve high-order convergence rates with
respect to the mesh size and the polynomial degree independently of oscillations of the
coefficient. The method can be applied for problems involving general unstructured co-
efficients and only requires minimal regularity assumptions on the domain, the diffusion
coeflicient, and the exact solution. We have proved decay estimates for the multiscale basis
functions and suggested an appropriate localization strategy to reduce the computational
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complexity. Numerical experiments confirm the theoretical findings and even indicate a
better behavior with respect to the polynomial degree than theoretically predicted.
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