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Abstract This paper is concerned with the design, analysis and implementation of preconditioning con-
cepts for spectral DG discretizations of elliptic boundary value problems. The far term goal is to obtain
robust solvers for the “fully flexible” case. By this we mean Discontinuous Galerkin schemes on locally re-
fined quadrilateral or hexahedral partitions with hanging nodes and variable polynomial degrees that could,
in principle, be arbitrarily large only subject to some weak grading constraints. In this paper, as a first
step, we focus on varying arbitrarily large degrees while keeping the mesh geometrically conforming since
this will be seen to exhibit already some essential obstructions. The conceptual foundation of the envisaged
preconditioners is the auxiliary space method, or in fact, an iterated variant of it. The main conceptual
pillars that will be shown in this framework to yield “optimal” preconditioners are Legendre-Gauf3-Lobatto
grids in connection with certain associated anisotropic nested dyadic grids. Here “optimal” means that
the preconditioned systems exhibit uniformly bounded condition numbers. Moreover, the preconditioners
have a modular form that facilitates somewhat simplified partial realizations at the expense of a moderate
loss of efficiency. Our analysis is complemented by careful quantitative experimental studies of the main
components.

AMS subject classification 65N35, 65N55, 65N30, 65N22, 65F10, 65F08

Keywords Discontinuous Galerkin discretization for elliptic problems, interior penalty method, locally
refined meshes, variable polynomial degrees, auxiliary space method, Gauf}-Lobatto grids, dyadic grids.

1 Introduction

Attractive features of discontinuous Galerkin (DG) discretizations are on one hand their versatility
regarding a variety of different problem types as well as on the other hand their flexibility regarding
local mesh refinement and even locally varying the order of the discretization. While initially the
main focus has been on transport problems like hyperbolic conservation laws an increased attention
has recently been paid to diffusion problems which naturally enter the picture in more complex
applications like the compressible or incompressible Navier-Stokes equations. Well-posedness and
stability issues are by now fairly well understood [4, [3] although these studies refer primarily to
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uniform fixed degrees and conforming domain partitions, see, e.g., [11} [12] for locally refined meshes
and variable degrees.

Of course, the option of choosing very high polynomial degrees is of particular interest for diffusion
problems since under certain circumstances highly regular, even analytic solutions occur that are
best treated by spectral discretizations [15]. The fact that in most practical situations a very high
regularity is encountered only in part of the domain has led to the concept of hp-discretizations which
typically come about as conforming methods. However, the DG framework seems to be particularly
well suited for accommodating strongly varying polynomial degrees (see, e.g., [24}[26]) in combination
with local mesh refinements admitting hanging nodes.

While stability of such discretizations can be ensured, as will be seen below, essentially follow-
ing standard lines, the issue of efficiently solving the resulting linear systems of equations seems to
be much less clear. For quasi-uniform meshes and uniform (low) polynomial degrees a multigrid
scheme, proposed in [18], (covering actually convection-diffusion problems as well) does give rise
to uniformly bounded condition numbers for diffusive problems provided that (i) the underlying
hierarchy of meshes is quasi-uniform and (ii) the solution exhibits a certain (weak) regularity. This
scheme has been extended in [19] to locally refined meshes showing a similar performance without a
theoretical underpinning though. Domain decomposition preconditioners investigated in [1}[2], give
rise to only moderately growing condition numbers. A two-level scheme in the sense of the auziliary
space method (see, e.g., [7,[22][28]) has been proposed in [17] and shown to exhibit mesh-independent
convergence again on quasi-uniform conforming meshes with a fixed uniform polynomial degree. In
the framework of the auxiliary space method preconditioners providing uniformly bounded condi-
tion numbers for locally refined meshes under weak grading constraints and variable but uniformly
bounded polynomial degrees have been developed in [11][12], but again the results are valid only for
a fixed bound on the polynomial degrees with constants depending on that bound.

The state of the art concerning preconditioners that are robust with respect to the polynomial
degrees is somewhat heterogeneous. Meanwhile a fairly good understanding has been developed for
pure spectral discretizations, i.e. for a single polynomial patch [15][14] 23] [6]. In the DG context the
current results seem to draw primarily from domain decomposition concepts, see, e.g., [25]. To our
knowledge they are subject to two type of constraints, namely to geometrically conforming meshes
and to uniform poynomial degrees p. The best known results seem to offer bounds on condition
numbers of only logarithmic growth in p.

The objective of this paper is therefore to develop and analyze preconditioners for what we call
Spectral-Element-DG discretizations, eventually exploiting the full flexibility potential of the DG
concept, meaning arbitrarily large varying polynomial degrees and local refinements with hanging
nodes, both only subject to mild grading constraints. The central theoretical challenge hings on
the question how to design preconditioners that give rise to uniformly bounded condition numbers
in the most flexible setting described above. We shall address this challenge in the context of the
auxiliary space method [22] [27, 28]. However, to keep the paper at an acceptable length, as a
first step we confine the discussion here on geometrically conforming meshes, i.e., hanging nodes
are avoided but varying polynomial degrees of arbitrary size are permitted. In fact, some essential
obstructions are already encountered in this case for the following reason. First, on the basis of the
experience in the context of spectral methods, in our opinion the most promising avenue towards
fully robust preconditioners with respect to polynomial degrees is to employ concepts centering
around Legendre-Gauf-Lobatto grids (LGL-grids). As soon as the degrees on adjacent polynomial
patches differ the corresponding LGL-grids do not match at the patch interfaces (the more so when
dealing with hanging nodes) since LGL-grids are not nested. This turns out to have far reaching
consequences in several respects, namely properly dealing with jump terms on the patch interfaces
but also regarding the efficient solution of the patchwise problems in case of very large degrees. One
of the remedies we propose is to employ auxiliary spaces based on certain anisotropic dyadic grids
which are associated with the LGL-grids but which in addition are nested. Therefore, the concepts
developed for the geometrically conforming case will be similarly relevant in the general case as well.
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Aside from these principal theoretical issues the second main theme of the present studies is to
explore the quantitative performance of the main building blocks entering such preconditioners.

The layout of the paper is as follows. After formulating in Sect. [2| our model problem and the
basic ingredients concerning Legendre-Gauf3-Lobatto (LGL)-grids, we recall in Sect. |3| the relevant
conditions of the auxiliary space method. Sect.|4|offers a brief orientation concerning the subsequent
development of a two-stage preconditioner. The first stage, using high-order conforming polynomials
as auxiliary space is treated in Sect. [5| As a preparation of the subsequent second stage we discuss
in Sect. [6] a major ingredient of our approach, namely certain hierarchies of nested dyadic grids
associated with LGL-grids in a way that mutual interpolation between low order finite elements on
these grids is stable in Ly and H'. Based on these findings we develop and analyze in Sect.|7|stage
IT of our preconditioner where the new auxiliary spaces are built by low-order finite elements on
dyadic grids. We conclude in Sect. [8| with detailed numerical studies of the various ingredients of
the preconditioner to assess its quantitative performance in dependence of the various parameters
entering the scheme. In particular, in Sect.[8.3.1]we discuss efficient ways of applying the “relaxation”
operator defined by the auxiliary space method.

Throughout the paper we shall employ the following notational convention. By a < b we mean
that the quantity a can be bounded by fixed constant multiple of b, independent on the parameters
a and b may depend on. Likewise a ~ b means a < b and b < a.

2 Formulation of SE-DG schemes

In this section, we introduce the basic high-order DG discretization of a second-order model problem,
as well as several variants of it. We start by recalling some essential concepts about Legendre methods
and Legendre Gauf-Lobatto grids on a single Cartesian element.

2.1 (Hyper-)rectangles, polynomial spaces and LGL grids

Let I = [a,b] be any bounded interval, of size H = b — a. For any fixed integer p > 1, let P,(I) be
the space of the restrictions to I of the algebraic polynomials of degree < p on the real line. Let
a=2¢§ <--- <1 <& <o <& = b be the Legendre-Gaufl-Lobatto (LGL) quadrature nodes of
order p in I, for which there exist weights wg < --- < wj_; < w; < --- < w, such that

Zv(fj)wj = /Iv(a:) dz Yo € Pop_1(I) . (2.1)

j=0

We will denote by G,(I) the set of such nodes, which will be referred to as the LGL grid in I.
Obviously, any v € P,(I) is uniquely determined by its values on G,(I). We recall that nodes
and weights are classically defined on the reference interval I= [—1,1], as fj, w;, resp.. By affine
transformation, one has &; = a 4+ H(&; +1)/2 and w; = (H/2)w;. We also recall that weights with
index j close to 0 or p satisfy w; ~ Hp~? (in particular, wo = w, = H(p(p+1))~!), whereas weights
with index j close to p/2 satisfy w; ~ Hp~'. Yet, the variation in the order of magnitude is smooth,
as made precise by the estimates

. Wi—1 w51
1< min 24— < max 2— <1, (2.2)
1<j<p w; 1<j<p wj

which hold uniformly in j, p and H (see, e.g., [13,23]). A fundamental property for the sequel (see,
e.g., [15]) is that the bilinear form

(u,0)o.rp = Y u(&)0(E5) w; (23)
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is an inner product in P,(I), which induces therein a norm uniformly equivalent to the L?-norm:

015 < V3lvlos Vo eBy(I). (2.4)

[vllo,r < [lv

Furthermore, we shall make frequent use of the following “trace” inequality: for any v € P,(I), one

has
p+

g
— ||v
vVH
where e € {a,b} denotes any endpoint of I. This follows, by a scaling argument, from the expansion
v(z) = Y ¥_o0kLir(z) in Legendre orthogonal polynomials on the reference interval I, using the
Cauchy-Schwarz inequality together with the properties |Ly(£1)| =1 and ||Lk||3 ;=2/2k+1).

Another useful property will be a refined version of the classical inverse inequality ||v'|jo,r <

~

[o(e)] <

0,7 > (2.5)

2
% llvllo,r which holds for all v € P,(I), and reads as follows:

1/2

p
' lor S [ D v (&)w; Vo € Pp(I) . (2.6)
=0

A proof will be given in Sect. [6]

Next, let d > 1 denote the space dimension of interest. Given d bounded intervals Iy, 1 < k < d, of
size Hy, and carrying polynomials of degree py, we form the corresponding d-tuples p = (p1,...,p4)
and H = (Hy,...,Hgy), we define the tensor-product space of polynomials of degree up to py in the

k-th coordinate on the (hyper-)rectangle R = XZ:1 1) as

d
Qu(R) = QP (I1) - (2.7)
k=1
Occasionally, we write p = p(R) and H = H(R).

Given any integer 0 < [ < d, let F;(R) denote the set of all [-dimensional facets of R, i.e., the
subsets of R obtained by freezing d—I coordinates to one of the endpoint values of the corresponding
intervals. Thus, Fo(R) is the set of the 2¢ vertices of R, F,_1(R) is the set of all faces of R, whereas
Fa(R) = {R}. Obviously, if v € Q,(R) and F' € Fi(R) for some 1 <1 < d, then v|p € Q,, (F), where
P« = p«(F') is obtained from p by dropping the components corresponding to the frozen coordinates.

Polynomials in Q,(R) are uniquely determined through their values at the tensorial LGL-grid in
R

d
gp(R) = >< gpk(lk) = {§ = (£I,j17£2,j27' .. 7€d7jd) for 0 S jk? S Pk, 1 S k S d} ) (28)
k=1

where the & j, are the nodes of the LGL quadrature formula of order pj in Ij. Introducing the
product weight we = w1 j, wa j, - - - wq,j, associated to each node { € G,(R), we obtain the quadrature
formula

Z v(§) we = /Rv(ac) dx Vv € Qu(R) . (2.9)

£€Gp(R)
Then, the discrete inner product in Q,(R)

(wv)orp = ul@)v(§) we (2.10)

£eGp(R)

defines a norm which, thanks to (2.4), is uniformly equivalent to the L?-norm, i.e.,

ollo.r < [Iollo,rp < (V3) lvllor Yo e Qu(R). (2.11)
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LGL-grids as well as discrete inner products and norms restrict to any facet of R in the obvious way,
yielding objects with analogous properties (see Sect. for more details).

Finally, applying the bound and tensorizing in the remaining directions, we easily get the
following “trace inequality”, which will be crucial in the analysis of the DG discretization.

Property 2.1. Let F € Fq_1(R) be a face of R, orthogonal to the k-th direction, for some 1 < k < d.
Then,
pr+ 1

[oljo.r < NG [0lo.r

Vo € Qu(R) . (2.12)

2.2 Model problem and discretizations

We formulate now various versions of what we call Spectral-Element Discontinuous-Galerkin (SE-DG)
discretizations for second order boundary value problems. In principle, the developments presented
below apply under fairly weak assumptions on the problem parameters. To keep the technical level
of the exposition as low as possible we confine the discussion to the model problem

—Au=f inQ, u=0 onJf, (2.13)

where Q C R, d > 2, is a bounded Lipschitz domain with piecewise smooth boundary and f € L2(£2).
Such domains can be partitioned into images of (hyper-)rectangles through smooth mappings (such
as iso/sub-parametric mappings, or Gordon-Hall transforms). Again, in order to keep technicalities
at a possibly low level, it suffices to treat unions of (hyper-)rectangles, i.e., we assume that the
closure of 2 can be partitioned into the union of a finite collection R of (hyper-)rectangles R, which
overlap at most through parts of their boundaries. Precisely, in this paper we will consider only
geometrically conforming partitions R, characterized by the fact that any nonempty intersection
between two elements R and R’ in R is an [-facet for both of them, for some 0 <[ < d—1. An
example of a 2D conforming patch of elements is given in Fig. |1l It will be convenient to introduce
the complex
F=J A®)

RER

of all I-dimensional faces associated with the macro-mesh consisting of the elements R € R.

Figure 1: A geometrically conforming patch of elements in R?, with the corresponding LGL-grids

Recall from Sect. that the k-th component of the vector H = H(R) € R% is the k-th side
length of R. Likewise p = p(R) € N? denotes the vector of coordinatewise polynomial degrees of
an element of Q,(R). The vector-valued, piecewise constant functions H and p are thus defined
throughout  forming the function § = (H,p) which collects the approximation parameters for the
chosen DG-SE discretization.
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We assume the aspect ratios of the elements are uniformly bounded and that the distribution of
polynomial degrees within each R as well as between adjacent elements R~ and R* is graded in the
sense that

maxyg Hk (R)

maxy, py(R)
miny H,(R)

Ri
<1, max max ZELE) <1, RER. (2.14)

<1,
~ £k pr(RT)

miny, py,(R)
In particular, this implies that our meshes are quasi-uniform.

The approximation space for the DG-SE discretization is defined as
Vs ={v e L*(Q) : VR ER, there exists vg € Q,(R) such that vjp = vp a.e.}; (2.15)

note that any v € Vs can be identified with the vector of polynomial functions (vg)rer.

To introduce the standard notation for DG approximations of Problem , assume that F' €
F4_1 is an interior face shared by two elements which we denote by R~ and R™. If v is a piecewise
polynomial function defined on both sides of F, which takes values v~ in R~ and v in R™, then
its jump [v]F across F' and its average {v}r on F are defined as

_ Ly
[U]FZHR77FU|F+IIR+7FU|§-., {’U}F=§(U‘F—‘rvr},),

respectively, where ngp- p = —np+ r denote the unit normal vectors on F' pointing to the exterior
of R™. Taking the homogeneous Dirichlet boundary condition into account, we set [v]r = ng rv|p
and {v}r = vjp when F' C 0.

Within this setting, we consider the Symmetric Interior-Penalty Discontinuous Galerkin Spectral-
Element discretization of Problem defined as (see [3,/4]): find u € Vs such that

aj(u,v) = (f,v)o0 Vv e Vs, (2.16)

where the bilinear form aj on V5 x V;s is given by

aj(u,0) = Y (Vu,Volor+ D (= {Vul, [oDor — (Yo} [u)o,r +wr((u], [v])o,r) - (2.17)

RER FeFq_

The weights wp are defined as follows. Assume that the interface F' is orthogonal to the k-th
direction. If F is shared by two elements R~ and R™, then we set

(pe(R7) +1)* (pr(RT) + 1)2)

Ho(R) ° Hu(&Y) (2.18)

wF:max(

where the particular choice of wg will be justified later. On the other hand, if F' is contained in OS2
and belongs to the element R, we set
(pe(R) +1)?

=W T D) (2.19)

wr Hy(R)

Finally, the constant v > 0 is chosen in order to guarantee the coercivity of the bilinear form as with
respect to the DG-norm, defined in Vy by

lpes =Y IVolgr+v D wrl[lllEr- (2.20)
RER FEFa

Indeed, the following proposition, which is a specialization of a well-known general result about DG
methods to the present situation (see, e.g., [11]), confirms the uniform continuity and coercivity of
the form a§, which implies well-posedness of the discretization scheme (2.16)).
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Proposition 2.2. There exists a constant vo > 0 such that for all v > vy the bilinear form aj

defined in (2.17) satisfies

a3 (v,v) ~ [v]Da.s Yv e Vs. (2.21)
The constant vy and the constants implied by the symbol ~ can be chosen independent of §.
Proof. We just highlight the crucial step in the proof, which is the bound of each quantity

22 (o]

[({Vo}, [v))o.r| < [{Vv}] o

Ig,Fa

o, | [v]

n
0r < G l{ToIp +

where 1 > 0 is a suitable weight allowing us to control these terms by the two terms appearing in
the DG-norm. Assume first that F' is an interior face, orthogonal to the k-th direction and shared
by the two elements R~ and R*. Then, denoting by 8y the partial derivative with respect to the
k-th coordinate, we obtain

1 _
I{Vo}E F = @) e+ @0 ™) pl18.r < D100 1pl5,r < wr Y 003 e
+ +

where we have used the trace inequality 1' A similar estimate holds when F' is a boundary face.
The rest of the proof is standard. O

2.3 Numerical integration

Computational efficiency is usually enhanced, within a nodal-basis approach such as the one adopted
here, by inserting high-order numerical integration (NI) into the Galerkin scheme at hand. This
is accomplished by replacing the exact L? inner products on any element R and any face F by
suitable discrete inner products based on Legendre-Gauf}-Lobatto quadrature formulas. While on
each element R it is enough to use the inner product defined in , some care is needed on a face
F, where restrictions of polynomials of different degrees may come into play. Let us detail the latter
situation.

Assume that F' € F,;_; is shared by two contiguous elements R*, and is orthogonal to the k-th
direction. Let pf be the vectors of (d—1) polynomial degrees, obtained from p* = p(R*) by deleting
the k-th entries. If v € Vs, and if v* denotes its restriction to R*, then (v*) r belongs to Q= (F).
Let us introduce the vector p, = max(p;, p}), where the maximum is taken component-wise. Then
both (v™)r and (v*)p belong to Q,, (F). Thus, it makes sense to consider the (d — 1)-dimensional
LGL-grid G,, (F) on F corresponding to the polynomial-degree vector p,, as well as the corresponding
quadrature nodes. The induced inner product in Q,, (¥') will be denoted by

(w0)o,rp. = D ul(¢)v(Q)uc. (2.22)

C€Gp. (F)

With these notation at hand, we assume that f € C°(Q) and we obtain the modified DG-NI (Dis-
continuous Galerkin with Numerical Integration) scheme: find u € Vs such that

ajni(u,v) = (fiv)on Yo € Vs, (2.23)

where

a;,NI (ua U) = Z (VU, VU)(LRJ’

ReR

+ > (= {Vuh WDorp. — [V} [u)o,rp. +rwr(ul [])o.rp.) |

FeFq_1

(2.24)
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and
(f,'U)Q,NI = Z (f, U)O,R,p . (2.25)
RER
Note that at the algebraic level, the computation of the interface terms may require suitable transfer
operators between LGL-grids.
Proposition 2.2/ admits a completely analogous statement for the form aj y;, which can be estab-
lished through repeated applications of the norm equivalence in each R and F.

2.4 The SE-DG reduced bilinear form

In view of Proposition and its NI-counterpart, both forms aj and aj y; are uniformly equivalent
to one of the reduced bilinear forms

as(u,0) = > (Vu,Volor+7 Y wr(lul,[v])or, (2.26)
RER FeFq_1

asNi(u,v) = Z (Vu, Vv)o.rp+ 7 Z wr([u], [v])o,Fp. - (2.27)
RER FeFq_1

Therefore, we will continue our discussion by investigating efficient preconditioners for these forms.
In particular, theoretical considerations will be developed for the conceptually simpler form (2.26)),
although numerical results will be obtained using the complete, yet computationally more efficient

form .

3 The auxiliary space method

A suitable conceptual framework for developing preconditioners for the linear system is offered
by the so called auxiliary space method (see, e.g., [7,[27] 28] [12]). For convenience of the reader we
briefly recall now the general setting adopting the abstract framework, see [22] 20} 21].

Let V be a finite-dimensional space contained in some functional space X, andleta : VxV — R
be a given symmetric positive-definite bilinear form. Let us introduce an auxiliary space V, still
contained in X and finite-dimensional, which carries a symmetric positive-definite bilinear form
@ : VxV —R. Let us assume that two symmetric positive-definite bilinear forms are defined on
the sum V =V + V,say d, b : VXV R, which satisfy the following conditions:

i) a is a spectrally equivalent extension of both a and a, i.e.,

a(v,v) ~ a(v,v) Yv eV, (3.1)

a(v,7) ~ a(v,0) YoeV. (3.2)
ii) b dominates a on V| i.e.,

a(v,v) < b(v,v) YveV; (3.3)

iii) there exist linear operators @ : V = Vand Q:V — V such that

and
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Remark 3.1. If condition ii) above is replaced with the stronger condition:

ii’) b dominates a on 'V, i.e.,
a(0,9) < b(6,0) VoeV, (3.8)

then one can skip checking inequalities 1' and 1' in ).
Proposition 3.2. Under the assumptions 1)1 , the following norm equivalence in V holds:

ca(v,v) < inf _ {b(w,w)+a(@,9)} < Calv,v) YoeV, (3.9)
weV, veV
v=w+ Qv

where the constants ¢ and C only depend on the constants implied by the assumptions (see [9] for
their expression).

Remark 3.3. It is worth mentioning the special case when V can be chosen as a proper subspace
of V. Then V =V and natural choices for a and a are the form a itself, whereas an obvious choice
for @Q is the canonical injection. In such a situation, the only assumptions that need be checked for

Proposition[3.2 to hold are:
a(v,v) Sblv,v) YveV (3.10)

and the existence of a linear operator Q:V =V such that
b(v — Qu,v — Quv) < a(v,v) YoeV. (3.11)

At the algebraic level, Proposition has the following main consequence. Let A, A and B
denote the Gramian matrices for the bilinear forms a, @ and b (restricted to V' x V) with respect
to suitable bases of the spaces V and V. Let S be the matrix representing the action of @) in these
bases.

Corollary 3.4. Under the assumptions (3.1)~(3.7), let Cg and Cx be symmetric preconditioners
for B and A, respectively, satisfying the following spectral bounds:

)\max(CBB)y )\max(CAA) S AmaX7 AInin((jBB)7 A1'1'11n((jA1&) 2 Amin .

Then, Ca = Cp + SC4 ST is a symmetric preconditioner for A, and the spectral condition number
of CAA satisfies

=

max

H(CAA) é Amin

Q)‘ Q>

4 Orientation

We shall employ the auxiliary space method for preconditioning the linear system arising from the
SE-DG - Spectral-Element Discontinuous-Galerkin discretization introduced in Sect.

Perhaps a few comments on the possible choices of auxiliary spaces are in order. It has been seen
in [11},[12] that for bounded polynomial degrees a low order conforming finite element subspace works
well. Rougly speaking, it then sufficies to apply simple relaxation to the “nonconforming” part of
the DG finite elements space and to employ multilevel preconditioning techniques to the conforming
low order subspace. Since constants arising in this analysis depend on the polynomial degree in
the DG-space this strategy cannot be expected to work in its original form in the present context.
Instead one learns from experiences in the spectral element method (see e.g. [6] (15 [14] 23]) that
suitable auxiliary spaces should be based on low order finite elements on LGL-grids, introduced in

Sect.
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However, then several serious difficulties arise. The first one is rather obvious, namely how to
precondition in the case of very large degrees corresponding low order finite element discretizations
since the particular associated grids are not nested and typical multilevel techniques cannot be
applied directly? Moreover, multilevel techniques work well, as mentioned above, when dealing with
(globally) conforming discretizations. This latter issue is more subtle but turns out to pose serious
obstructions as soon as one uses different polynomial degrees on different patches. Specifically, LGL-
grids on adjacent patches with different polynomial degrees do not match and globally conforming
subspaces are too thin for preconditioning. Therefore, it seems that an additional “second stage”
auxiliary subspace is needed. For this purpose we shall construct suitable low order conforming
finite element subspaces on certain dyadically refined (but anisotropic) grids associated with the
LGL-grids, see Sect. [6] giving rise to the DFE-CG - Dyadic-Finite-Element Continuous-Galerkin
schemes. These grids can be nested and thus used to form sufficiently “rich” globally conforming
subspaces to which multilevel preconditioners apply.

Now the question arises “why not using the latter spaces directly as auxiliary spaces for the SE-
DG discretizations?” Again, a second look at this option reveals that the jump terms in the DG
bilinear form cause serious problems when trying to fulfill the above requirements in the auxiliary
space framework. In fact, although the degrees of two adjacent polynomial patches may differ the
jump across the interface could vanish since one of the traces may happen to degenerate to the
common lower degree. However, since the corresponding LGL-grids do not match the respective
associated dyadic grids differ as well and will therefore give rise in general to nontrivial jumps of
the corresponding piecewise linears. This incompatibility of the jump terms seems to hinder the
verification of the ASM conditions.

Therefore, it seems that one has to resort to an iterated application of the auxiliary space method.
The preceeding remarks concerning the compatibility of jump terms in different discretizations sug-
gest to reduce the problem as quickly as possible to a conforming one for which one can employ
standard energy inner products. Therefore, as a first-stage auxiliary space we choose the largest
conforming subspace of Vj, referred to as SE-CG - Spectral-Element Continuous-Galerkin space.
This is already interesting in its own right since it can be combined with (nearly optimal) domain
decomposition preconditioners, see [16].

Since local FE spaces on contiguous elements with LGL-grids can be glued together to produce
non-trivial globally conforming spaces only when the polynomial degrees are all equal, we shall use
this concept only implicitly and propose to pass from SE-CG directly to DFE-CG. Once we have
arrived at that stage, one can proceed to preconditioning this latter problem by suitable multilevel
techniques. Due to the anisotropies of the involved dyadic grids this is, however, not quite straight
forward. We develop therefore a multi-wavelet based preconditioner whose detailed elaboration is,
however, deferred to the forthcoming part II of this work.

In conclusion, we propose the following route to an iterated auziliary space preconditioner:
e TAS-PATH: SE-DG — SE-CG — DFE-CG.

The first stage will be discussed in Sect. 5| whereas the second one will be detailed in Sect.

We proceed collecting the necessary technical prerequisites for the LGL-grids in Sect. and for
the associated dyadic grids in Sect. [6]

5 Stage SE-DG — SE-CG

In this section, we investigate the use of conforming spectral elements as auxiliary spaces. Before
defining the constitutive ingredients and checking the ASM assumptions, we introduce some addi-
tional notation and we add a few remarks, which will be helpful here and throughout the remainder
of the paper.
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5.1 Auxiliary material

Given two integers 0 < I, m < d and a facet F' € F;, we set
Fn(F)={GeF, : GCFifm<l,G=Fifm=1, GDFifm>1}. (5.1)

In particular, F;(R) has been already defined as the set of all I-facets of an element R € R, whereas
R(F) = Fa(F) is the set of all elements R containing the facet F.

Given any R € R and the corresponding LGL-grid G,(R), if F' € F;(R) for some 1 <1 <d—1,
then G,(R) N F is the LGL-grid of the induced quadrature formula on F', which will be denoted
by G,(F,R). The order of the formula, denoted by p. = p(F,R) € N!, is obtained from the vector
p = p(R) by deleting the d—1 components corresponding to the frozen coordinates of F'. The weights
of the formula, denoted by w?’R, are connected to the weights wg of the original formula on R by
the relation

Weg =Wf - wfd—lw§7R V¢ € Gp(FLR), (5.2)

where each wy, is a boundary weight of the univariate LGL formula along one of the frozen coordi-
nates of F. This implies that if the facet F’ belongs to F;_1(F) C F;_1(R), then

wl P =wpwl™ VE€G,(F R), (5.3)
for some boundary weight wy.

Next, let us draw some consequences from the assumptions 1} of quasi-uniformity of the mesh
and polynomial degree grading. Under these assumptions, it is easily seen that given any R € R,
there exists a real H = Hr > 0 and an integer p = pg > 0, such that for all R’ € R satisfying
R'N R # 0, it holds

Hi(R')~Hr,  pe(R)~pr, 1<k<d, (5.4)

i.e., lengths and degrees are locally comparable. More generally, for any face F' € F;, | < d, one
can define analogous “representative parameters” Hp, pg, for instance, by averaging corresponding
parameters from intersecting faces. This implies, on the one hand, that each boundary weight w;,
J € {0,px(R’)} of any univariate LGL formula used in the definition of the tensorial LGL formula
on R’ satisfies

H
and, on the other hand, that each face F' € Fy_1(R’) carries a DG weight wp satisfying
2
wp ~ % . (5.6)

In particular, all the faces F' € F;_1 having a nonempty intersection with an element R carry weights
wp of comparable size.

5.2 Definition of the ASM ingredients

Referring to the notation of Sect. |3} let us choose as V' the space Vs introduced in (2.15), whereas
as V we choose the space Vs = V5 N H(2). Since V C V, Remark applies, and we are only
required to define two bilinear forms a,b : V x V — R and a linear operator ¢ : V — V for which

conditions (3.10) and (3.11)) are fulfilled.

The bilinear form a will be the reduced form as defined in 1D Note that on Vj it reduces to
the standard inner product in H} (), since

as(u,v) = > (Vu,Vo)or = (Vu, Vo)oo  Yu,v € V.
ReER
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The definition of the form b is inspired by the inverse inequality and requires the following
notation. Let R € R be any element, and ¢ € G,(R) be any LGL quadrature node in R, with
associated weight we = wj, wj, ---w;,; we denote by we the factor w;, coming from the k-th
direction. Then, we introduce the weights

d d
We = (ngz> We :Zw;i<Hw§’j) . (5.7)
k=1 k=1 j#k
We also introduce strictly positive coefficients c¢, satisfying the requirement cg ~ 1 (precisely, they
should be bounded from above and from below independently of £, p and H under the assumptions
(2.14)). They will be chosen with the aim of enhancing the effects of the ASM preconditioner; we

refer to Sect. [8] for the details.

Definition 5.1. The bilinear form bs : Vs x Vs — R is defined as follows:

bs(u,v) = Z br(u,v) , with  br(u,v) = Z u(&) v(&) ceWe .

RER £€GL(R)

Note that the bilinear form b; is defined strictly elementwise, i.e. it does not involve any coupling
between different elements R, which is essential for the efficient applicability of the preconditioner

B in Corollary

Before giving the definition of the operator Q5 : V5 — V5, we introduce a new assumption on the
local distribution of the polynomial degrees, which indeed poses a restriction only for d > 3.

Assumption 5.2. For 2 <1 <d—1 and for each F € Fi, there exists R € R(F) such that
p(F,R) <p(F,R') VR € R(F)
(the inequality being taken componentwise).

Note that the property is trivially true for I = 1 since p(F, R) € N, and for [ = d since R(F) = {F'}.
Thus, for each F' € F; with 1 <1 < d, we are entitled to select, once and for all, an element R*(F)
such that

RY(F) := argming e p(F, R'), P (F) := p(F, R*(F)). (5.8)

The LGL-grid G,(F, R*(F)) will be denoted by G,:(F). Finally, for each vertex z € Fy of the
decomposition we select an element Ri(z).
The definition of the operator Qs will be accomplished through a recursive procedure, as follows.

E:UF.

FeF

Definition 5.3. For 0 <[ <d, set

Given any v € Vs, let us define the sequence of piecewise polynomial functions G, : F; — R by the
following recursion:

i) For any x € Fo, set Go(x) =0 if z € 0 and Go(r) = vpi(y)(z) if T € Q.
i) Forl=1,...,d, define g on Fy as follows: for any F' € F, set g = 0 if F C 082, otherwise
define G r by the conditions
Qr € Qui(F) such that
@ (§) = vri(r) (§) VEEGu(F)\OF, (5.9)
qur(&) = q-1(8) VE € Gu(F)NOF,

where O F denotes the boundary of F' as an l-dimensional manifold.
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Finally, we set
Qsv = qa - (5.10)

Remark 5.4. The above recursion defines a linear operator Qs from Vs into V.

In fact, the linearity of Qs is obvious. Moreover, note that Qsv € Vs since pf(R) = p(R) for all
R € R. Furthermore, one has the property

QF,_, = Q-1 1<i<d. (5.11)

Indeed if Fe ]:l and FI S ]:l 1( ) then qz'pl S QP(F/ Rﬁ(F))(F ) whereas (jl 1|F’ c QP(F/ Ru F’))(F )
The minimality property (5.8) applied to F’, together with the last set of conditions in , imply
that G pr = Gi—1)7, Whence - ) follows. Thls property implies that Qsv is continuous throughout

Q, and vanishes on 9Q. We conclude that ng belongs to Vs.

5.3 Check of the ASM assumptions

We shall now first verify 1) in Remark To this end, the following immediate consequences
of (5.5) and (5.6) concerning the weights W introduced in (5.7) will be useful.

Lemma 5.5. Let R € R be arbitrary. For any face F € Fq_1 and any & € G,(F, R), one has
We ~ wpw?’R
Proposition 5.6. For bs given in Definition[5.1) one has
as(v,v) < bs(v,v) Yo e Vs.
Proof. For any R € R, using (2.3)), (2.4) and (2.6) together with tensorization, one obtains
|Vv||orz||aw||m52 > w@wgt([wes) = D v(©)?We.
k=1¢€G,(R) J#k §€Gp(R)

whence

Y IVollf g S bs(v,0)

RER

On the other hand, let F € F;_; be a face shared by two elements, say R*. Then, recalling the
definition of pF given in Sect. we have

DI PED I I TS DD DN CIEE o

* ¢eG,(F,R*)

Multiplying by wp and using Lemma for both R = R*, we obtain

wrl [l BrSY. D WEEPWE<Y Y (0T (@)W

T ¢€G,(F,RT) T ¢eg,(RY)

A similar result holds for the faces F' € F;_1 sitting on the boundary of 2. Hence,

> wrl 3 r S bs(v,v)

FeF

and the result is proven. O



14 K. Brix. M. Campos PiNTO, C. CANUTO AND W. DAHMEN

We now focus on verifying assumption (3.11). This will be accomplished through a sequence of
intermediate results.

Lemma 5.7. For any v € V;, let its restriction to R € R be denoted by vg. The following bound
holds

(U—QJU U—Qév Z WF Z lvr — Ga— 1||0F7 ve Vs,

FeFa—1 ReR(F)
where Gq_1 s constructed in Deﬁm’tion in order to define Qsv.
Proof. By definition of bs, one has
bs(v = Qsv,v = Qsv) = Y > |(vr — Qsv)(€)* ceWe .

RER £eGp(R)

In view of (5.10), (Q“’)IR = (ajr and {q coincides with vg on G,(R)\OR and with Gz on G,(R)NIR.
Thus, since ¢g ~ 1

bi(v—Qsv,v—Qsv) = > Y |(vr—da-1)E)] We

RER £€G,(R)NIR

> X S k- Ga-) P We

RER FeFa_1(R) £€G,(F,R)

SO wr >, > wr—da-)@P e,

FE€Fs-1  RER(F) £€0G,(F,R)

IN

where we have used Lemma [5.5] in the last inequality. Finally, we observe that vgr € Qurg)(F),
whereas Gq_1p € Qpi(r)(F) C Qppp)(F). Thus, (2.11) yields

~ F.R ~
Z l(vr — da—1) (&) We = lor — (Jd—1||g,F

£€Gy(F,R)
proving the assertion. O
Lemma 5.8. Let v € Vs be arbitrary, and let §;, 0 <1 < d, be the sequence built in Definition[5.3

in order to define Qsv. For1 <1< d—1, given any F € F; and any R € R(F), the following bound
holds

_ H -
lor—aldr s D IllclBr+—= D, lvrer — @-1lls e (5.12)
GEFy4_1(F) F'eF_1(F)

where [v]g denotes the jump of v across the internal face G, or v|g when G C Q. Here, H=Hp
and p = pg are representative values of the local meshsizes and polynomial degrees, introduced in
1} On the other hand, for any vertex x € Foy and any R € R(x), one has

(wr—@)@)* S > el (5.13)
GeFq_1(x)
Proof. Assume first [ > 0. If FF C 9R N 02, then
lor = @lls,r = lorldr S Y, Il lEr
GeFa_1(F)

which is a particular instance of (5.12). Let us then assume F ¢ 9 and, for simplicity, let us set
R* = R¥(F). Observe that the definition of g on G (F) N 9, F given in (5.9) can be rephrased as

Qr(€) = vge (€) + (@-1(€) — vp:(€)), or equivalently,

qur = vpsr + Z (@-1(8) — vpe (5))¢5F ;

56917,1 (F)NO F
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where ’(/Jg € Qp: (F') denotes the Lagrangean function associated with the node £ of the LGL-grid on
F of order p*. Thus, using once more (2.11), we obtain

- . F,R*
lvr = @llsr S lve —vrellg e+ D l@-1(€) — vgs(OPw™ = A%+ B

€6 (F)NOF

As for the first quantity, there exists a sequence R € R(F), i =0,...,m < d — [ such that R® = R,
R™=Rfand R'NR € Fy_1(F) fori=1,...,m. Thus,

m
A Y g —oralirs D Ile e

i=1 GEFq_1(F)

On the other hand, using (5.3) and (5.5), we have

B2 < Z Z |q1—1(§) — vpe (£)|2w§’m

F'eFi_1(F) £€G,(F',RF)

H B /R H ~
o) Z Z |Gi—1(€) *’URﬁ(ﬁ)FU’? o~ 3 Z [vRs *%—1”3,1«“/ )

p? P
F'eFi_1(F) €€G,(F',RY) F'eFi_1(F)

A

where the last equivalence follows, as in the proof of the previous lemma, by observing that vg: g €
b’) 13)

Qp(rr, gty (F') whereas G—1jp € Qpi(pr)(F') € Qp(pr,gr)(F’). Thus, (5.12) is proven. Finally,
is trivial. O

Lemma 5.9. Let F € F; for some 0 <1< d—2, and let G € F4_1(F). Define p* = max p(R)

RER(Q)
(componentwise). Then,
H o\ 4t
(%) WBrshlie  weo @
Proof. Using several times 1) and 1 , as well as li we have
e ~ > WEPwf > > @Pwd
£€G,+(Q) £€G,= (G)NF
TR H o\ 4t
= (5) X word = (%) Il
EEGy= (F)

We are now ready to prove condition (3.11)).
Proposition 5.10. For bs given in Deﬁnition and for Qs given in Definition one has
bs(v — Qsv,v — Qsv) < as(v,v) Vo eVs.

Proof. First, we observe that the cardinality of any set JF,,(F) defined in 1} is bounded by a
quantity depending only on the dimension d. We start from the bound given by Lemma and
focus on any face F' € F4_1. Using inequality (5.12) of Lemma [5.8) with | = d — 1, we get

- H .
Yo lor—Gaalbr SINEr+— Y lvre — da—2l e -
ReR(F) P F'eFq_o(F)
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A further application of Lemma to each summand on the right hand side of the above inequality,
now with [ = d — 2, yields

i H
> e —daalgr S I 3,F+§ > Y. kel

RER(F) F'eFa_2(F) GEFa_1(F)

H\” i
+ (pg> Z Z vre(pry — Ga—sllo -

F'eF _»(F) F"e€Fq_3(F')

Lemma with | = d — 2 yields %H e 1§.p S 1] 15 e At this point, let us introduce the set
F)L(F)={G € Fq_1 : GNF # 0} of all faces intersecting the face F', and let us observe that

1S Y elBes S IWE

> 0,G -
F’E]'-dfz(F) GG]'_dfl(F) GG]'_drll(F)

On the other hand, we have

Z Z [ore(rry = Ga—sllo pr S Z Z lor — Ga—sllo Fr -

F/eFa_o(F) FreFa_s(F') Fr'eFq_3(F) RER(F")
Thus,
H 2
S er-dalBrs Y I0lRet (p) S Y lon el
RER(F) GEF[ (F) FreFa_s(F) RER(F")

We now proceed recursively, using Lemmas and with | =d —3,d —4,.... At the j-th stage
of recursion, we obtain

) H) ™ )
lor = daallsr S 156+ ( lor = da-5 15,7 -
p

RER(F) GeF) [(F) F'eFq_j(F) RER(F')
When j = d, we use (5.13)) and (5.5)) to finally get
Yoo lvr—daalgrs Y, I Ge-

RER(F) GeF [l (F)

At last, we observe that wg ~ wp for all G € F' | (F) by (5.6), so that, going back to Lemma
we conclude that 3 .
bs(v — Qsv,v — Qsv) S Z well [Vl 6. < as(v,v).
GEFq-1

5.4 Summary of Stage I

Thus, all requirements of the Auxiliary Space Method are satisfied for the quantities defined in
Sect. Note that the Gramian B of the form bs is diagonal so that Cg = B! is efficiently
applicable and trivially satisfies the respective requirements in Corollary The quantitative per-
formance of this preconditioning stage will be discussed in Sect. So it remains to construct a
suitable preconditioner Cx for the “auxiliary space problem” involving the bilinear form a. Several
possible routes to proceed from here suggest themselves. The first one is employ a domain decompo-
sition strategy in the spirit of [25]. This is carried out in [16] where a dual-primal preconditioner for
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the auxiliary problem is formulated and analyzed. Specifically, the resulting condition numbers are
shown to exhibit only a mild square logarithmic growth with respect to polynomial degrees similar
to those obtained in [25] for constant degrees.

Here we pursue a different route trying to develop a preconditioner Cx that eventually gives rise
to uniformly bounded condition numbers for the auxiliary problem and hence also for the original
problem. Recall that the main obstruction to employing the low order LGL-grid finite elements as
a next-stage auxiliary space for the conforming high order space is the non-matching of the LGL
grids of different degrees at element interfaces which, in turn, is closely related to the fact that the
LGL-grids are not nested. A key element of our approach is to construct certain low order auxiliary
spaces that are in some sense “stable companions” of the low order LGL finite elements but that are
nested. However, having overcome the principal hurdle of non-nestedness certain further difficulties
arise that will be addressed throughout the remainder of this paper.

6 Piecewise polynomial spaces over LGL and dyadic meshes

This section contains preparatory material for the realization of the subsequent stage SE-CG —
DFE-CG, see Sect. After recalling some further properties of the LGL-grids introduced in
Sect. [2] we turn to the following crucial task. We develop an algorithm to associate to any LGL-
grid a dyadic grid in such a way that nestedness is guaranteed as the polynomial degree increases.
Several approximation operators related to these grids are defined, and certain stability properties are
established. Finally, the previous univariate results are extended by tensorization to the multivariate
setting which eventually allow us to use these dyadic grids in place of LGL-grids for the construction
of low order auxiliary spaces.

Let us introduce a few notations which will be used throughout the section. Given a bounded
interval I = [a,b] C R, consider an ordered grid G = {§; : 0 < j < p} C I, with

a:£0<"‘<£j—1<§j<"'<§p:b-

The collection of intervals I; = [{;_1,&;], 1 < j < p, defines a finite partition (or mesh) of I, which
will be indicated by 7 = T(G). Conversely, any finite partition 7 of I comes from a unique ordered
grid G = G(T); for this reason, the two concepts will be often used equivalently in the sequel. We
denote by h; = §; — ;1 = |I;| the length of the interval I; € 7. Furthermore, we associate to the
partition 7 the space of continuous, piecewise-linear functions

Vi(T)={veCI) : vy, €Py, VI, €T} . (6.1)
The following definitions will be crucial in the sequel.

Definition 6.1. An ordered grid G = {&; : 0 < j < p} in I is locally Cy-quasiuniform if there exists
a constant Cy > 1 such that

|1j11]
1751

c,t < <Cy, 1<j<p-1. (6.2)

Definition 6.2. An ordered grid G in I is locally (A, B)-uniformly equivalent to another ordered
grid G if there exist constants 0 < A < B such that

~

|1

Examples are given by the LGL-grids and the associated dyadic grids, as discussed below.

VI]-ET(Q), VEET(Q), Ijﬂjl#(o = A<

<B. (6.3)

t
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6.1 LGL-grids and finite elements

Given any integer p > 0, let G,(I) be the LGL-grid of order p in I and let 7,(I) = T(G,(I)) be
the corresponding partition. We recall that the points in G,(I) are symmetrically placed around the
center of the interval, and the intervals in 7,(I) are monotone in the sense that

Ij, Ijy1 € T,(I), 1j, Ij11 Cla,(a+0)/2] = || <|Lil, (6.4)

with the analogous reverse relation for the right half [(a + b)/2,b] of I. Furthermore, the variation
of the interval lengths is uniformly smooth, in the sense that G, (1) is locally Cy4-quasiuniform for a
constant Cy > 1 independent of p. These results can be found, e.g., in [8].

Another relevant property concerns the locally uniform equivalence of LGL-grids of comparable
order; we refer to [8] for the proof.

Property 6.3. Assume that cp < q < p for some fized constant ¢ > 0. Then, G,(I) and G,(I)
are locally (A, B)-uniformly equivalent, with A and B depending on the proportionality factor ¢ but
independent of ¢ and p.

A crucial role in what follows will be played by the relation between the high-order polynomial
space V,(I) := P,(I) and its low-order companion finite element space Vi, ,(I) = Vi(T,(I)) of the
continuous, piecewise-linear functions on the partition 7,(I). Let us introduce the interpolation
operators at the nodes of G,(I)

I,:CI) = P,(I), Tnp - CO) = Vi (1),

' 0 (6.5)
(Zpv) (&) = v(&) (Zn,pv) (&) = v(&)) , 0<j<p, YweC’().

Then, v — v, = I, pv defines an isomorphism between P, (1) and V;, ,,(I), with inverse v, — v =
Zpvy. The next property provides uniform equivalences between norms of global polynomials and
their piecewise affine interpolants at the LGL-grid, and vice-versa, which are at the core of the
subsequent applications to preconditioning (see [13][23]).

Property 6.4. One has
HU”O,I ~ ||’Uh||07] Yu € ]P)p(l) s (66)

and
[o'llor = lopllor Yo e Py(I), (6.7)

where the involved constants are independent of p and H = b — a.

Note that taking as v in each Lagrange basis function at the LGL nodes and using 1'
and (6.2), it is easily seen that the size of each interval I; is comparable to that of the LGL weight
associated with any of its endpoints, in the sense that the following bounds hold, uniformly in p and
H:

h; h;
1< min 4 < max - <1, (6.8)

As a consequence, (6.7) together with and (2.2) provide a simple proof of the inverse inequality

. Indeed, one has

P N } 2 p—1
leillos =3 (ML) s < 2o + 30 (24 1 ) ) + 6
J J P

j=1
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6.2 Dyadic meshes

The subsequent stage SE-CG — DFE-CG will rely upon the use of auxiliary spaces based on
dyadic grids that are in a certain sense associated with LGL-grids, but have the additional advantage
of giving rise to mested conforming spaces. Their construction, based on recursion algorithms, is
detailed in [8] (see also [9] for an extensive quantitative investigation of their properties). Hereafter,
we summarize the main results that are needed in the subsequent analysis, referring to [8] and [9]
for their proofs.

We wish to construct for a given ordered grid G in I an “equivalent” (in the sense of the definition
above) dyadic mesh D. To this end, it will be convenient to introduce for any interval D

I(D,G) == argmax {|[;| : I; € T(G), DN I; # 0} . (6.9)

Given a real a > 0 and an initial dyadic partition Dy, a dyadic partition D can be constructed
recursively as follows:

Dyadic [G, Dy, | — D:
(i) Set D := Dy.
(i) While there exists D € D such that

|D| > a[I(D,G) (6.10)

split D by halving it and replace it by its two children D', D", D = D" U D", i.e.

(D\ {D})U{D', D"} — D.

Such a dyadic mesh generator, applied to the sequence of LGL-grids G, = G, (I), produces meshes
D;, := Dyadic [G,, {I}, a] which enjoy additional structural properties useful for our purposes. First,
as the sets G, are symmetric around the center of the interval, so will be the grids Dy, always con-
taining the center as a node. Next, a major requirement on the dyadic partitions associated with the
G,’s is that they are nested, which will later be essential in the context of the ASM. Unfortunately,
numerical evidence shows that the grids D), are not necessarily nested, although exceptions seem to
be very rare (see [9]). Thus, in order to ensure nestedness of the generated dyadic meshes, we shall
employ the following recursive definition:

Gp — Dy

(i) Given o> 0, set
D, := Dyadic[G1,{I}, a].

(i) For p > 1, given Dp_1, set
D,, := Dyadic[G,, D,_1, a]. (6.11)

Property 6.5. For all p > 1, the dyadic meshes D,, are nested and locally (A, B)-uniformly equiv-
alent to G, with constants A, B specified as follows:
|Ij| 2C,

vDeD,, VL, eT,, I,ND#) = A=al< L < "9 ____.B. 6.12
P / P / 7 “ _|D|_min{an_1,1} ( )

Furthermore,
card D), ~ card G, . (6.13)
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In order to keep the cardinality of D, as close as possible to that of G, numerical evidence suggests
to choose the parameter o > 1, to guarantee gradedness of the dyadic mesh, but close to 1, to avoid
excessively many points in the dyadic mesh, see [9] for more details.

The following useful generalization is an easy consequence of Properties and

Corollary 6.6. Assume that cp < ¢ < p for some fized constant ¢ > 0. Then, Dy is locally (A, B)-
uniformly equivalent to both G, and Dy, with A and B depending on the proportionality factor ¢ but
not on p.

6.3 Stability results for univariate interpolation operators

In the rest of the paper, we assume that we have fixed a value o > 1 close to 1 and consequently
for any interval I we have generated by the recursion the sequence D,(I) of dyadic meshes
associated with the LGL-grids G,(I). Let Gp ,(I) denote the set of dyadic nodes in I which define
the partition D,(I), i.e., such that D,(I) = T(Gp(I)). Furthermore, let us introduce the finite
element space

Vipp(I) = Vi(Dy(I)) = {v € C°(I) : vp €P1, VD € Dy(I)} (6.14)
of the continuous, piecewise linear functions on the partition D,(I), and let
Tnpp: C) = Vo), o)) =v(0) Y EGp,(I), Yve (), (6.15)

be the interpolation operator at the nodes of Gp ,(I). We also introduce the composite interpolation
operator

Knpp:C'I) = Vipp(I),  Knpp=ZTnhppoIny. (6.16)
We proceed now to establish various stability results involving these operators.

Lemma 6.7. Let G be any ordered grid in I, which defines a partition T = T(G), and let Ig :
HY(I) — Vi (T) be the associated piecewise linear interpolation operator. Then,

|Zgvl1r < |v|ir Yo e HY(I) .

Proof. Let G ={¢; : 0 <j <p}, with h; =¢&; — {;_1. Then,

Z/ (5_(5)) de =37 - (016) (&)

j=1"

Writing v(§;) — v(§;-1) fgj . @» and using the Cauchy-Schwarz inequality, we obtain
& [dv\?
2 v
i) vl < [ ()

whence the result follows. O

Lemma 6.8. Let G and G be ordered grids in I, with associated partitions T = T(G) and T = T(G).
Assume that G and G are locally (A, B)-uniformly equivalent. If Ig : HY(I) — V;,(T) is the piecewise
linear interpolation operator associated with G, one has

where the constant in the inequality depends only on the parameters A and B.

H() T Yo € Vh('i—) s
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Proof. Let G={& : 0<j<pland T ={I; : 1 <j <p}, with h; = |I;| =& — §—1. Let us set

hy ifj=0,
hE) = hj+hj if1<j<p-1, (6.17)
hp ifj=p
Similarly, let G = {n: :+ 0 <i < gq}and T = {]:l 01 < i < ¢}, with h; = |]i\ M — Mi_1-
Furthermore, let h(n;) be defined in a manner similar to . Given any v € V;,(T), we have
P P P
1Zgvli8.r = 32 1Zwelly.r, = 30 (v%(&) +v*(&-1)) by = 3 0*(&)
j=1 j=1 §=0

and
q

”v”OI*ZHWHOI —Z( 2(m) + 0% (mim1)) i =Y 0% (mi)

i=1 =0

Now, for any &, there exist 7; and 6 € [0,1) such that v(¢;) = (1 — 8)v(n;) + 6v(ni+1), whence
v2(&) < v2(mi) +v2(ig1)- I 0 € (0,1), then & € (1;,mi11), hence both I; and I, intersect ;. By
the assumption of locally uniform equivalence of the two grids, we obtain |I;| < |I;| and |I;51| < |1,
whence h(¢;) < h; < min (E(m—), B(mﬂ)). On the other hand, if = 0, i.e., £ = n;, then I; intersects
I; and I, intersects I;1; (with the obvious adaptation if £; is a boundary point), thus |I;| < |I;]
and |Ij 41| < |I], which yields h(€;) < h(n;). This completes the proof.

From now on, let Z,, Zy p, Zn,p,p, and Ky, p p, resp., be the interpolation operators defined in
(65). (6.15) and (6.16), resp.

Property 6.9. For any p > 0, the operator I, satisfies
Zpvlir Slohy,  Yoe HY(I),
with a constant that does not depend on p.

Proof. The result is classical (see, e.g., [15]). It can be derived from Property and Lemma
observing that Z,v = Z,(Zj, ,v). O

Property 6.10. [5, Remark 13.5] Assume that cp < q < p for some fized constant ¢ > 0. Then

Yo e Py(I) ,

with a constant depending on the proportionality factor ¢ but not on p.

Property 6.11. Assume that cp < q < p for some fixed constant ¢ > 0. Then,
|ZhqVlm, 1 S |Vlm Yo €Py(I), m=0,1,

with a constant depending on the proportionality factor ¢ but not on p.

Proof. For m = 0, we observe that T v = Zj, (Z4v), so that || Zy 40|01 S | Zgv]lo,r S llvllo,r by
Properties [6.4] and The result for m = 1 is included in Lemma O

Property 6.12. Assume that cp < q < p for some fized constant ¢ > 0. Then, for m = 0,1 one has
|IqU|m,I = |Ih,qU|m,I N |U|m,I Yv € Vh,D,p(I) )

Zn.p.qVIms S |Vlmr Yv € Vip,p(),

Zn.D.qVIms S |Vlmr Yv e Vi) .
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Proof. The results for m = 0 follow from Lemma [6.8] applied in various combinations to the grids
Gy,(I), Gp(I), Dy(I) and D,(I), that are locally unlformly equivalent to each other by Corollary
The results for m = 1 follow again from Lemma

Combining the bounds in the two previous properties, we obtain the following result.

Property 6.13. Assume that cp < q < p for some fized constant ¢ > 0. Then one has

|ICh,D,qU|m,I S |U|m,1 Vo € PP(I) ) m=0,1.

6.4 Tensor-product interpolation operators

Tensorization of the univariate interpolation operators considered above yields multivariate inter-
polation operators on (hyper-)rectangles. Given any such element R = XZ:1 I, € R as defined in

, let

d
I, =TI : C°(R) > Qy(R), I =)L} (6.18)
k=1

be the global polynomial interpolation operator at the nodes of the tensor product LGL-grid G,(R)
introduced in (2.8). On the other hand, let 7,(R) = T(G,(R)) be the partition of R into (hyper-

Jrectangles S = Sy = XZ:l Iy, for £ € Xzzl{l, ...,Dr}, where each I, is an interval in the
partition 7,, (Ix) of I. Then, we set

Vip(R)={v € C'R) : vs € Qi VS € T,(R)} = ® Viepe (I) (6.19)
and introduce the piecewise multilinear interpolation operator on the LGL-grid G,(R)
Tnp =18, : CO(R) = Viu(R), I}, = @I{pk . (6.20)

Similarly, let D,(R) = T(Gp »(R)) be the partition of R into dyadic (hyper-)rectangles E = E,,, =
ngl Dy m,,, where each Dy p,, is a dyadic interval in the partition Dy, (I) of I. Then, we set

d
Viop(R) ={v € C'R) : vp €Q VE € Dy(R)} = Q) Vo (Ii) - (6.21)

and introduce the piecewise multilinear interpolation operator on the associated dyadic grid Gp ,(R)

d
Tnpp=Ip, : COR) = Vipp(R), Ifp,=QLip,, - (6.22)
k=1

Finally, we set
Knpp=Kip, : COLR) = Vipp(R), Kfip,=T¥p,oIs, . (6.23)

Given any [-dimensional facet F' € F;, the analogous definition of the finite dimensional spaces
Qp(F), Vi p(F) and Vi p p(F'), as well as the corresponding interpolation operators Ig, I}l;p and

If: p.p» 18 straightforward.

The analysis of our tensor-product interpolation operators relies on the following classical result.
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Proposition 6.14. For 1 < k < d, let Wy, Vi C Hl(lk) be finite dimensional subspaces. Let
Ly, : Wi — Vy, be linear operators satisfying, for m = 0,1,

ILrvllm.1, S 10llm,p, Vv € Wi . (6.24)

Then, setting W = ®Z:1 Wi and V := ®Z:1 Vi, the operator A = ®Z:1 Ar : W = V satisfies,
form=0,1,
L],k S [0llm,r Vv €W . (6.25)

In addition, if the norms in form =1 can be replaced by seminorms, i.e.,
|[Lpvhg, Slvhg YveWs, 1<k<d, (6.26)
then, the same occurs in form =1, i.e.,
Lvligp Slvlig YoeW. (6.27)

The first consequence of this result is the multidimensional version of Property It states that
the operator I,fjp induces a topological isomorphims between Q,(R) and V}, ,(R) equipped with the
L? or H' norms, whose inverse is induced by Z*.

Property 6.15. For any v € Q,(R), set vy, := Iﬁp(v). Then,

0,R ~ ||V”Uh||07R . (628)

[vllo,z = l[vnllo,g  and Vv
The constants in both relations are independent of p and H.
Using Lemmas and Proposition yields the following general result.

Property 6.16. For 1 < k < d, let Gy and Gr be ordered grids in I, with associated parti-
tions Tr and Ty, which are locally (A, B)-uniformly equivalent; let Zg, = Ié’; c HY(I) — Vi(Te)
be the piecewise linear interpolation operator associated with Ty. Consider the spaces Vi (T) =
®i:1 Vi(Tr) and Vi (T) = ®i:1 Vi(Tr) of piecewise multi-linear functions on the cartesian parti-
tions T := XZ:l T and T := Xzzl Ti of R. Then, the piecewise multilinear interpolation operator
Ig =T = ®j_, I : CO(R) — Vi(T) satisfies
1Zgvlmr S lollmr Yo eVi(T),  m=0,1,
where the constant in the inequality depends only on the parameters A and B.

In the sequel, the inequality ¢ < p between two multi-indices p, ¢ € N¢ is to be understood
componentwise, i.e., g5 < py for all k. From Property and Proposition we immediately
get the following multidimensional result.

Property 6.17. Assume that cp < q < p for some fized constant ¢ > 0. Then,
‘Iq’l}‘myR S |U|m,R Yv € Vhypyp(R) R m=20,1,

with a constant depending on the proportionality factor ¢ but not on p.

Finally, from Property and Proposition [6.14] we immediately get the following multivariate
result.

Property 6.18. Assume that cp < q < p for some fized constant ¢ > 0. Then,
‘K:h,D,;Dvlm,R S |v|m,R Vv e QP(R) ) m=0,1,

with a constant depending on the proportionality factor ¢ but not on p.
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6.5 A localized Jackson estimate for the interpolation error

For the verification of certain ASM conditions in the next section, we will need Jackson estimates
for piecewise multilinear interpolation errors, which involve the meshsize in a localized, cell-wise
manner. Since these results will be applied to both the LGL- and the dyadic tensorized grids, with
various choices of finite-dimensional function spaces (comprised of either piecewise multi-linear or
global polynomial functions), we first establish the key estimates in suitable generality in order to
specialize them later to the cases at hand.

Consider again the general piecewise multilinear interpolation operator Zg = Z : C%(R) — Vi (T)
introduced in the statement of Property above. In addition, assume that each grid Gy, is locally
quasiuniform according to Definition[6.1} For k = 1,...,d, let W}, be a finite dimensional subspace of
H(I) to be specified later. Then, the univariate piecewise linear interpolation operator Zg, = Ié’;
is well-defined on W}, and we have

1 Zg,.v|

o.n < Ckllvllo, Vv € Wi, (6.29)

for some constant ¢, > 0 independent of the size |I;| but possibly depending on the dimension of
Wi, (although this will not be the case in all our applications). Let us set W = ®Z:1 Wy.

Next, consider the cells Sy forming the partition 7 = Xizl Ty 16, T =4S, = XZ:1 Iy 0,
Ie. € T}, and let hy := maxy [y, | be the largest one-dimensional size of the cell S;. Let
h =", hexs, be the meshsize function defined in R.

The following localized Jackson estimate will be used several times in Sect. [7] for proving certain
ASM conditions.

Proposition 6.19. The following estimate holds
Ih (0 = Zgv)llor S v Yo EW, (6.30)

where the constant implied by the inequality is independent of the meshsize but depends on the
constants ¢y, introduced in (6.29).

Proof. The result will be obtained by assembling local estimates in each cell Sy, which in turn are
derived by a scaling argument from corresponding estimates on the unit box B¢ = [0,1]¢, with

B =0,1]. To this end, let Zgr := IlBk denote the multilinear interpolation operator on B*, i.e.,

Iprv = Z v(§)Pe ,

£E€Fo(B*)

where ®¢ denotes the multilinear Lagrange basis function satisfying ®¢(£') = d¢ ¢ for &, &' € Fo(BF).
We make heavy use of the fact that Zza is a tensor product operator, i.e., we have Zgs = ®%I5.
Moreover, it will be convenient to employ the following convention to write, for any k=1,...,d,

B* = AF x B*F
meaning that A* is the unit k-cube representing the first & variables and B%~* is the unit (d—k)-cube
for the coordinates d — k+1,...,d, .

Lemma 6.20. Let W = ®Z:1 Wy, where Wy, are finite-dimensional subspaces of H'(B). Then,
one has

d
lo=Tool e £33 1000(€ )R pase, VoW, (6:31)
k=1 £€G(AF-1)

(with the first summand on the right-hand side to be understood as ||0,v||2 za ). where the constant
depends only on d.
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Proof. Notice first that for e := v — Zgv one has (Zpv)' = v(1) — v(0) = fol v'(s)ds so that e(x) =
Jy v (s)ds —x fo s)ds from which one easily derives that

|v—Zpvllo.s <2|v|1,5, veHYDB). (6.32)
Next, denoting by id the identity operator on B, and writing

d
v-Tpw =3 ((IBk L ®1d Yy — (T ® idd_k)v)
k=1

d
= ([d"' ® (id -Zp) @1d" ") (Zpr-1 @id* o,
k=1

we note that, when abbreviating wy := (Zgr-1 ® idd_k+1v), for ) = (x1,,...,Tk—1, Thy1,-- ., Ta)
one has

(1d* ' @ (id —Zp) @ id M wg (1, ..., Th1, by Thg1, o xa) =0, & =0,1, 1z} € AF71 x Bk,
Hence, we can apply (6.32) to conclude that

|(id" " ® (id-Zp) ® idd_k)wkHO,Bd < 2|0, willo,pa-

For k > 2, notice that wy(&,-) = v(&, ), € € Fo(AF~1) and that wy, is affine in the first £ —1 variables.
Hence, we conclude that

10swilgpa S D 100 0(& )G pa-rsas
§EFo(AFTY)

from which the assertion of Lemma easily follows. O

To complete the proof of Proposition consider now a generic cell Sy € T, which we can write
as

k d
Se = ( X Iz,el) X ( X Il,fz) = Aéf % Bg*"{
=1 I=k+1

Given any v € W and considering its restriction to Sy, we write ©(2) = v(x) with & € B%, so that
(Zs,v)(x) = (Zpat)(%); setting hy e = |1 4|, a standard affine change of variables yields in view

of (6.31).

d
v —Zs, 0[5 s, = 1Sell16 = Tpad g pa S15e1 > Y 108,8(& )G pa—ssn
k=1geFo(Ak—1)

d
SISy D BT 100,006 G i (6.33)
k=leeFo(af™) '

d
Sh Z > AT 1000 o -

=leeFo(Ab)

Dividing both sides by h? and summing over ¢ provides

d
[ R F S0 N DD S Ve 10, 0 (&, MG s

k=1 S[ET&e}‘O(Az’*l)
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Now, [AS™!| = f;ll hig, ~ H;:ll wy ¢, for each € € Fo(AS™1), where the weights w; ¢, are defined
by the conditions

> (@ = Zgolg, Yo e ).
&i€q

Then, the assertion follows from (6.29). O

7 Stage SE-CG — DFE-CG

We turn now to the second stage of our iterated auxiliary space preconditioner, namely the construc-
tion of a preconditioner for the conforming spectral-element problem introduced in Sect. 5| The new
preconditioner will be based on an additional auxiliary space, comprised of globally continuous
piecewise affine elements on conformingly matched dyadic meshes. The latter are associated with
the LGL-grids used in the spectral-element discretization according to the construction mentioned
in the previous section.

7.1 Definition of the ASM ingredients

The roles of the spaces V and V appearing in the ASM (see Sect. |3) are now as follows. Let us set
V := V5N H(Q), where Vs is defined in (2.15), while V := V}, p N H}(£2), where

Vh,D = {1} S Co(ﬁ) : VR € R, VIR ‘= VR S V}L,D,p(R)} . (7.1)

Note that since the dyadic grids are by construction nested, the trace spaces obtained by restricting
Vi.p to any interface of two adjacent elements are non-trivial. Also note that now V ¢ V so that
the full ASM assumptions have to be checked.

Since all our finite dimensional spaces are contained in H}(Q) we set

a(u,v) = a(u,v) = a(u,v) = (Vu, Vou)o o = Z (Vu, Vo) r =: Z ar(u,v) .
RER RER

We next have to specify the auxiliary form b. A central point of this section is the fact that we
can no longer choose the form b as in Definition In this original form it was designed to absorb
the jump terms which are now missing. In the current situation it would therefore certainly ensure
but would actually be too strong an overestimation of the bilinear form a caused by using
an inverse estimate on strongly anisotropic hyper-rectangles. As a consequence, one now runs into
difficulties verifying the conditions and . Our modifications are guided by the following
closer look at the form a. The restriction ag(u,v) of a(u,v) to any element R = X 2:1 Ij; is the sum
of d bilinear forms, i.e., ag(u,v) = 2221 ar,k(u,v), where each form ap y is the tensor product of

univariate forms
apk(u,v) = / Orulyv de = / ( O Uy da:k) dx’,
R R;. Iy,
with R;c = Xf;ﬁk Ig.

The idea is to “weaken” the bilinear form b by avoiding the inverse estimates in regions where the
LGL-grid is too anisotropic while preserving the validity of (3.3). Our ansatz for the form b(u,v)
follows the above structure of a, i.e., we set

d
b(u,v) = Z br(u,v) , br(u,v) = ZbR,k(U, v). (7.2)
RER k=1

Moreover, recall that for v € Q,(R) and vy, := I,If,p(v) our norm equivalences imply ag (v, v) >~
ar,k(vn,vy). Hence, it suffices to arrange that ag x(vh,vn) S bri(v,v). We proceed now defining
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brk(u,v) in a cell-wise manner for any u,v € V + V. To that end, we first decompose R into the
d-dimensional LGL-subcells S; = Sy(R) = Xizl Iy, for £ € X zzl{l, ...y Pk}, where p = p(R) and
each partition Ti(Ix) = T(Gp, (Ix)) = {Ixi : 1 < i < pi} is generated by the LGL-grid G,, (Ix).
Next, for each 1 < k < d, we decompose the partition T(R) = {S¢(R)} of R into two parts E(O)(R),
E(l)(R) defined as follows. Setting hy g, := |I;¢,| and fixing a constant Caspect > 0, we let

max;., hi g,

S e TOR) if > Cospects S0 € TV (R) otherwise. (7.3)

hi.e,,
Thus 7;(0)(}2) and ﬁ(l)(R) are comprised of “strongly anisotropic” and “sufficiently isotropic" cells,
respectively. In analogy to ag k(un,vn) = ZSgeT(R) ar,k,s, (un, vp) we make an ansatz for bg ,(u, v)
as

0 1 0 1
brr(uv) = > bhs o)+ Y b () = b (uv) + b (uv) , (7.4)
5:eTO(R) S.eTV(R)
so that we still have agr ks, (un,vn) S b%?kﬁz(u,v) for all S, € E(i)(R), it = 0,1, as follows. In
analogy to the factorization R = I, x R}, we define for every Sy € T(R) the (d — 1)-dimensional
hyper-rectangle Sy ; := )  (R) := Xfl:l’l#k I; ¢, The idea is to bound the terms

/&Ckuhamkvhdx:/ / O p (Tg, ') Oy vp (T, ') dy | da’
Sy Sé,k Ik,ék

by using quadrature in all but the k-th variable while keeping the integral with respect to the k-th
variable for Sy € 7;(0) (R), and applying an inverse estimate for Sy € ﬁ(l)(R). Specifically, using the
tensorized trapezoidal rule for integration over 527 > Which is the finite-element lumped mass matrix

approximation [15] (4.4.44) on p. 220], we define for Sy € 7;€(0)(R)

bg)k,sz(u,v) = Z wgk/ O tup (T, €O, vn (T, €) dy, (7.5)
€eFo(S),) Tty
where the weight
d
wpp =[] hue =vola1(S;y) (7.6)
I=1,l£k

is equal to the (d —1)-dimensional volume of Sy, , and as before, Fo (S} ;) is the set of all its vertices.
Note that this set is isomorphic to G,g)(R) N (S;,, x {£}), where § denotes any endpoint of the
interval Iy, = [gk,gk,fk,gk_i_l].

On the other hand, for each Sy € 7;(1)(R) we apply to each summand of the inverse estimate

ot [U’QL (gkaék ) x/) + ui(fk,ék—&-l; Z‘/)] )
L

2
/ [ un (1, ') day, <
Iy, e, h

which leads us to define for Sy € 7;(1)(1%)

Vi
Wy

bg’)k,sz (U" U) = Z Z Ce e h f uh(gafl) Uh(ﬁ)fl) s (77)

§'€F0(S) ) E€Fo(Ir,ey,)

k

where as before the c¢ ¢ are tuning constants of order one which have to be chosen judiceously in
practical applications. To simplify the exposition we shall suppress them in what follows.
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In summary, we have

d
=33 (Y Mhswo+ X W), (758)

ReR k=1 SI’.eTk(O)(R) S/{G'Tk(l)(R)

where bg%)k s,(u,v), i = 0,1, are deﬁned by ., ., respectively. By construction this bilinear
form satlsﬁes the ASM condition

Property 7.1. One has
a(v,v) < b(v,v) YveV. (7.9)

Note that the relation (7.9) can be viewed as an inverse estimate.

Let us define next the operators Q and Q, starting with the former one. Obviously, this can be done
element-wise, so let us fix again an element R € R. Givenany ¢ € V, let us set O := 0|z € Vi, p p(R).
Let us denote for any vertex z € Fy(R) of R by

{El,EQ, .. .7Ed} = ]‘—1(2) n .Fl(R)

the set of edges of R containing z, with Fj parallel to the k-th coordinate direction. Let us also
introduce the vector of polynomial degrees

Pz = (pﬁ(E1)7pﬁ(E2)a cee 7pﬂ(Ed)) € Nd
and note that, by definition of p*(Ey) (recall (5.8)), we have p; < p(R) componentwise. Finally,
let us introduce the localizing function <I> € Q1(R), defined by the conditions ®.(y) = J,, . for all
y € Fo(R). Then, we set
0 =T p e (Po0R) € Vapp:(R)  and ol =I5} € Qp:(R) (7.10)

Summing-up over the vertices of R, we define

Tp= Y 0 €Vhipp(R) and  Qrip:=vh:= Y vi€cQyR). (7.11)

z€Fo(R) z€Fo(R)
The following properties will be useful in the sequel.
Property 7.2. For any edge E € Fi(R), one has
(Or)iE = (Ur)|E -

Proof. If E has vertices z; and zy, then

(f’:l + 17:2)\3 = I}II,E:D,pﬁ(E) (P2, + (I)Zz)f)R)|E = II?,D,;D”(E) (17R)|E = (UR)|E

since by continuity (0r)|g € Vi, p pt () (E); on the other hand, (v )z = 0 for all y € Fo(R)\ {21, 22}

Property 7.3. For any interface F € F4_1, with R(F) = {R',R"}, one has

(Ur)F = (Vi) |F and (Vr)iFp = (VR P
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Proof. Let Fo(F) = Fo(R') N Fo(R") be the set of vertices of F. Since, by continuity of 9, o :=
(0r')|F = (Og~)|F, one has (@zﬁR,)lp =®'p = ((I)ZﬁRu)‘F, z € Fo(F), where ®F € Q(F) satisfies
®L'(y) = 8, for all y € Fo(F). Hence, denoting by ¢ = (p%)’ € N?~1 the reduced degree vector
obtained from p?} by dropping the component in the direction orthogonal to £, one concludes that

UR/ |F = Z Ih D,q: ZUR/)IF = Z Iff:D,q: (@51’}}7‘)

2€Fo(F) 2€Fo(F)
F ~ ~ %
Y Tipe: (-0r") p = (VR )|F
ZG.FU(F)

where we have used that ¢} is the same for both R’ and R”. This confirms the first part of the
assertion. Abbreviating o :=Z}" |, . (®£0p), the second one follows from

E F
UR/ |F = I ’UR”)‘F s
ZG]'—()

which completes the proof. O

The previous property guarantees interelement continuity of the functions 93 and vy, justifying
the following definition of the operator Q.

Definition 7.4. Let Q : V — V be given by
(Q0)|r = QrUR = Vg VRER Vo eV,

where v}, is defined in (7.11).

The definition of the operator @ follows the same lines as above. Given any v € V and any R € R,
we set vr = v|g € Q,(R). Then, the chain (7.10)-(7.11) is replaced by the following one:

vy = III)E (®.vr) € Qp:(R) and lCh D2 Uz € Vipp: (R) . (7.12)

Summing over the vertices of R, we define

Vg = Z v € Qp(R) and QRrvg =0 = Z 0, € Viupp(R) . (7.13)

2EFo(R) z€Fo(R)
As above, one easily confirms interelement continuity, which suggests the following definition.
Definition 7.5. The operator Q : V — V is given by

(Qv)m = Qprvp = U} VReER YoeV,

where U}, is defined in (7.13).

7.2 Check of the ASM assumptions for Q and Q

Hereafter we deal with the ASM conditions ) and (3.7)) involving the operator @, as well as (3.4)
and (3.6) involving the operator Q

Proposition 7.6. The operator Q is linear and satisfies the continuity assumption (3.5).
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Proof. We have to prove that |Qo]1.o < |#]1.o for all & € V. This follows if, for any R € R, we prove
that

|'UE|1,R ,S |1~1R‘1,R ViR € Vh,D,p(R) . (7.14)

A classical mapping-and-scaling argument in Finite Element analysis tells us that this result holds

provided it holds when R is the reference element R = Xzzl I, with I = [~1,1]. For this element,
it is enough to prove that )

WS ol g V0 € Vipp(R) . (7.15)

Indeed, changing ¢ into ¢ + ¢, by any ¢ € R, does not change the left-hand side, whence
I, 5 S inf |0 p S0 p -
0", S Inf 5+ clly g S 101,
In order to establish (7.15), let us first consider a univariate function o € V;, D,p(IA ) and let ® denote

the affine function taking the value 1 at one endpoint of the interval and 0 at the other one. Let us
prove that if ¢p < ¢ < p for some fixed constant ¢ > 0, one has

Zh,0.q(®0)],, 7 S 1Ol 7,  m=0,1, (7.16)
where, of course, the involved constant depends on the proportionality factor c¢. For m = 0, we have
1Zn0q@0); S Y (OB hog(Q) S D, 50 hopm) S 815 ;

CegD,q(f) WGQD,p(f)
since ®2 < 1and hp 4(¢) < hpp(C) forall ¢ € Gp 4(I) € Gp ,(I). For m = 1, we have by Lemma
Zh,D,q(®7)], I~ |‘I)U|1 i S ||UH1,fv

where the last inequality holds since we are working on the reference element. Hence, (7.16) is
proven. Using this result and Proposition we obtain the bound

olly 1

for each function o} defined as in (7.10) on R Then, Property yvields [vI]; 5 < [19]]; g, and
(7.15) follows by the triangle inequality, since |Fo(R)| ~ 1. O

Proposition 7.7. The operator Q satisfies the Jackson condition (3.7), i.e., one has
where the multiplicative constant in the above estimate depends on the constant Caspect tn 1)

Proof. For each R € R and each k = 1,...,d, let us recall the definitions (7.4), (7.5) and (7.7) of the
form bg x(u,v) and its portions bgg’)k (u,v) and bg’)k (u,v). Concerning the former portion, observe
that

bgg,)k(vﬂv): Z Z UJZk/ ‘811«,[}}7,%17 f (ﬁk ’ dxy,

S.eT O (R) €'€G(5, 1)

2
~ Z lazkIﬁpv(x)‘ dx < / |5kuhp ’ dx < |I,}fpv|1 Iy
SzG'Tk(O)(R) Se SeeT(R)

(7.17)

where we have used the uniform equivalence of the weights wik (see (7.6)) with the integration
weights for multi-linear functions on the cell Sj ;. Thus, for all 9 € Vj, p p(R), we have
b(o) (TR — QrUR, Tk — QrUR) S TN, (R — QrUR)|T R

L (7.18)
Sy @) R + I3 (QrTR)E R < |ORE R
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where the last bound follows immediately from Lemma Properties and and Proposi-
tion

Consider now the portion bg,)k(u, v). Arguing as above, one has

o= XY e 3w o= X [ nd iz ew)Pds.

SeeTM(R)§'€9(S;,) €€k e,) SeeT V()"

Now observe that, by definition of ’7;(1)(R) (see (7.3)), one has hyy, > max(1,C,

aspect) hf’ Wlth
he = max; h; ¢,. Hence,

b)Y / h 2 IR ()P de <Y ;ﬂzﬁpv(x)\?dx
SceT, M (R) Se S.€T(R)

= Ih T ols r S I (v = Zi0) I8 5 + 1R 0llG g

where h = 3", hyxs, is the LGL meshsize function in R. If 0r € Vj, p ,(R), this yields

b (R — QriR, Tr — QrIR) S W10k — I, 0R)I13 & + |1h " (QrOR — IF,(QriR))I3 &

(7.19)
+ || (Br — QrIR)|§ & -

Now we invoke Proposition with different choices of the grid G and the space W, to bound
each of the three summands on the right-hand side. For the first summand, we have G = G,(R) (the
LGL-grid of order p in R) and W =V}, p ,(R). We note that, due to Lemma[6.8] the bounds
are satisfied with ¢, < 1. Thus we get

b~ (r — T, 0R) 5 & < 10RIT R - (7.20)

For the second summand, we recall that Qror € Q,(R), so that we have again G = G,(R), whereas
now W = Q,(R). The bounds (6.29) are now satisfied with ¢ < 1 because of Property Thus,
recalling (7.14), we obtain

I~ (QroR — If ,(QrTr)IS £ S |1QrORIE £ S |TRIT R - (7.21)

At last, we bound the third summand on the right-hand side of (7.19). To this end, recalling the
definition (7.11) of Qg¥, noting that op = > e ro(r) ®2UR, and defining v, := @.0g, z € Fo(R), it
suffices to bound the quantity ||~ (3, — If: (T8 . p:02)) 15 R for each z € Fo(R). Writing

Uy — I;?; (Iffp,p;f)z) = (02 — IﬁD,pgﬁz) + (IlﬁD,p;f)z - Ig% (I}IjD,p;f’Z))a

and setting for simplicity @, = Z)f, .. € Vi p p(R), we have

1= (82 = L (Ziip e 05 £ S AT (02 = Tilp e 05 £ + W71 (02 — i) 5 p - (7-22)

We now proceed as in the proof of Proposition i.e., we work on the reference element R viewed
as an affine image of R. This simplifies handling the factor ®, when eventually bounding the H*-
seminorm of ¥, = ®,9 by that of ¥ on the element R.

We want to apply Proposition “ to the first summand on the right-hand side of -, with
G = D,-(R) (the dyadic grid of order p* in R) and W = ®,Vj, p,-(R). To this end, we observe
that the meshsize function h associated with the grid G,(R )7 as a consequence of Corollary is
uniformly comparable to the meshsize function hp p« associated with the grid D, (]%), ie, h~hpp
pointwise in R. On the other hand, the bounds are satisfied with ¢, < 1; this easily follows
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from the fact that the restriction of ¥, to any cell of the grid D,- (R) is a piecewise multi-quadratic
function belonging to a finite dimensional space whose dimension is bounded independently of p.
Thus, we obtain

1h™ (82 = Zitp e 05 5 S10:03 5 S 1T 5 - (7.23)

The second summand on the right-hand side of (7.22) can be bounded with the aid of Proposition
as well. Indeed, using the property that Z, ((Z,v) = Zj, qu if Zj, qu and Z,v are the low- and high-order
interpolants of a continuous function on the same grid, one has

v—Zgv =0 — Ly (Zgv) + Th,q(Zgv) — Zgv = (v — L qu) — (Zgv — L q(Zyv)) .
In our situation, this yields with @, = Ig W, € Qp~ (I%)

=1 (s = TR S I (@ = T )2 + 1h 71 (@ — T2 4

5.2 S 15,2
so that we can apply Proposition with G = G, (R) and either W = Vj, p ,(R) or W = Q,- (R).
Again, the function h is uniformly comparable to the function h,- associated with the grid G- (R),
and one easily checks that the bounds (6.29) are satisfied with ¢ < 1 with both choices of W. Thus,

1= (B, — Tf ) (7.24)

HOR ~ ‘w2|1 R~ ‘,UZ|1 R ~ ||UR||1 R

where the second inequality follows from Lemma and Property Going back to the element
R, the bounds (7.22)), (7.23) and (7.24) imply

1= (02 = L (Zip e 03 £ S 10RI R

which, together with (7.20) and (7.21), allows us to obtain from (7.19)

bS%)k(vR — QrUR, Ur — QrOR) S |URIT & -
This completes the proof of Proposition O

In a similar manner as above, one can check the ASM assumptions for Q, where essentially the
order of the operators Z,,,Z; p,p is interchanged. However, Lemma allows us to argue as before.

Proposition 7.8. The operator Q satisfies the continuity assumption (3.4) and the Jackson as-

sumption .

So far we have shown that the above choice of auxiliary spaces complies with the ASM require-
ments so that, in principle, the stage IT preconditioner is again optimal. However, again it remains
to precondition the new auxiliary problem, i.e., to identify Cg. As the auxiliary space V now
corresponds to a hierarchy of nested low order finite element spaces, this task looks more feasible.
Nevertheless, the strong anisotropy appearing in the underlying dyadic meshes poses a further ob-
struction. In fact, an asymptotically optimal treatment that works for arbitrary degrees seems to
preclude the application of standard tools. Therefore, we postpone this issue to the forthcoming
part II of this work where a multi-wavelet preconditioner will be proposed and analyzed. Here we
address in the following section a second obstruction, namely the fact that the Gramian B associated
with the auxiliary form b, defined by (7.8)), is no longer diagonal, due to the coupling across element
interfaces and the remaining integrals of derivatives in strongly anisotropic grid areas.
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8 Numerical results

In this section we quantify the performance of the multi-stage preconditioner, examining first the
influence of the various ingredients in each of the two stages discussed in this paper. This includes the
resulting condition numbers and their dependence on the parameters, in particular on the polynomial
degrees. In the experiments the condition numbers are obtained as quotient of the largest and
smallest eigenvalue of the preconditioned linear systems of equations. Since the matrices involved
are large and sparse, we apply a Jacobi-Davidson type method for the eigenvalue computation that
is tailored to the specific needs in this application, see [9] for details.

8.1 Test cases

We now consider two test scenarios that represent typical situations involving varying polynomial
degrees when solving a Poisson problem on the domain Q = [0, 3]? C R? that is divided into
nine square patches of equal size as depicted in Fig. This grid of 3 x 3 patches contains the
central patch that is not in contact with the domain boundary. Inside each patch we use at this point
just constant degree vectors, i.e., the polynomial degrees are the same in z- and y-direction inside
each patch. However, the polynomial degree may vary from patch to patch and we are interested
in quantifying the influence of patchwise varying polynomial degrees on the performance of our
preconditioning technique.

In this first test scenario we arrange the polynomial degrees in the nine patches to be either p or
q in a checkerboard-style pattern. Concerning the values of p,q € N, we consider the following five
cases: (i) we either use constant polynomial degree ¢ = p, (ii) simulate a small variation of the degree
by choosing ¢ = p + 2, or a large variation of the degree represented by multiplicative relations (iii)
q = 3/2p for even p, (iv) ¢ = 7/4p for p chosen as a multiple of 4 or (v) ¢ = 2p.

v v A
3 3
(p+2) | (p+3) | (+
pXp qxq pXp X X X
(P+2) | (p+3) | (p+49)
2 2
p+1) | +2) | (P+3)
qxq pXp qxq X X X
P+1) | +2) | (2+3)
1 1
+1) | (p+2)
pXxXp qgxq pXxXp pXxXp X X
(p+1) | (p+2)
0 1 2 3 'z 0 1 2 3 'z
(a) First test scenario: checkerboard-style grid. (b) Second test scenario.

Figure 2: Grid and distribution of polynomial degrees for the test scenarios. Darker shading indicates
higher polynomial degree in the patch.

In the second scenario we simulate a situation that typically arises in p-adaptation towards a
singularity, namely we solve Poisson’s equation on ) again split into 3 x 3 square patches.
Assuming a singularity located at the origin, the polynomial degree increases in directions away from
the singularity as illustrated in Fig.
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8.2 Stage SE-DG — SE-CG

In the first stage, we apply the auxiliary space method to precondition the DG-spectral element
problem by an auxiliary problem given by a conforming Galerkin formulation. We first investigate
the resulting condition numbers and their dependence on the polynomial degrees for that stage only,
i.e., the auxiliary problem is solved exactly.

8.2.1 Choice of the bilinear form b(-,-)

In Subsect. [5.2] the auxiliary bilinear form b in the first ASM stage is defined up to “tuning” constants
ce ~ 1 that still need to be specified for £ € G,(R), R € R. In view of the inverse estimate used in
the proof of Proposition we define bs : V5 x V5 — R as

bo(u,v) =Br | d > Y w@v@)We+apr Y, wry. Y. wpaeuT(€vE() |,

RER ¢€G,(R) FeFi-1 + €€G,(F,RE)

where wp p+ is the LGL quadrature weight on F' seen as face of R*. Consequently, a reasonable
ansatz for the constants c¢ in (5.7) is

. — Br(c? +yprwrpwr r/We), for € G,(F,R), F € Fq_1(R), ReR,
< 310%, else.

Preliminary experiments concerning the constant arising in the inverse estimate reveal that ¢? = 10
is a good choice which we fix in our subsequent tests.

We emphasize that with this choice of b the corresponding matrix B is diagonal for any choice of
B1 > 0 and p; > 0, i.e., the complexity of solving a linear system with the matrix B is proportional
to the number of unknowns.

8.2.2 Optimal choice of the parameters 5; and p;

We next address the question of suitably specifying the parameters $; and p; in the bilinear form
b. In particular, is there a good choice for these parameters that works by and large independently
of other parameters, such as the polynomial degree? We investigate this problem for the first test
scenario and and the (extreme) case (v) ¢ = 2p. The condition numbers xkagy = K(CaA) of the
linear system of equations preconditioned by the auxiliary space method, where the auxiliary problem
is solved exactly are depicted for p = 8 and for p = 16 in Fig. |3|as functions of 8; € [0.05,1.1] and
p1 € [0,2]; contour plots, i.e. the lines of constant condition number, are displayed.

We observe that the simple choice 81 = 1 and p; = 0, which is ¢¢ = 1, is not optimal. In fact, for
both p = 8 and p = 16 there is a very flat minimum of the condition number that is located near
the parameter point (81, p1) = (0.15,1.25). From now on we fix these parameter values for the rest
of the paper.

8.2.3 Dependence on the polynomial degrees

Now we are ready to investigate the key issue, namely the robustness of the preconditioner with
respect to the polynomial degrees. Fig. shows the condition numbers obtained in the first
scenario for the relations (i) - (v) between p and g. We observe that the condition numbers stay
uniformly bounded as p increases although the upper bound depends on the ratio ¢/p. In the case
of additively increasing the polynomial degree ¢ = p + 2, the quotient ¢/p decreases which is also
visible in Fig.

The analogous plot for the second test scenario, representing a typical p-adaptation, is depicted in
Fig. In the second test scenario the condition numbers are almost constant and slightly smaller
than 7.5.
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betat

(b) p=16, ¢ =32

Figure 3: Contour plots illustrating the dependence of the condition number kagy = K(CaA) on
B1 > 0and p; > 0.

8.3 Stage SE-CG — DFE-CG

Now we analyze the performance of the preconditioner in the second stage.

8.3.1 Solution of the smoothing problem

Every application of the auxiliary space preconditioner in the second stage requires solving two linear
systems of equations: the auxiliary problem involving the matrix A and the problem involving the
matrix B, which we call the smoothing problem. Unfortunately, the corresponding matrix B = By
in the second stage is in general no longer diagonal. The modifications on the strongly anisotropic
cells in E(O)(R), R € R, cause a slightly stronger coupling than for a purely diagonal structure
although Bs remains diagonal in the bulk of the element. We therefore need an efficient solution
for the smoothing problem as well. We first consider the case where the domain consists of a single
patch since this already offers valuable insight into various effects.

Single patch: sparsity pattern and reordering Regarding the possible use of both (blockwise)
direct or iterative solvers, we first study the sparsity pattern of By obtained when the polynomial
Lagrange nodal basis is ordered in a line-wise fashion. In particular, since the Lagrange nodal basis
functions with reference nodes at the boundary of the patch need a special treatment anyway, we are
interested in the sparsity pattern of the submatrix for ansatz functions in the bulk of the patch. In
Fig. this is depicted for a patch with polynomial degree p = 25 in both directions. We confine
the discussion in this paper to the bivariate case d = 2.

Since the cells of high anisotropy are selected on a per-subcell basis the inverse estimate is used
wherever possible. Therefore, Bs is still very sparse. The two bilinear forms bg’)l, s, and bg,)z’ Sp?
see (7.5)) and for their definitions, contribute only to the main diagonal of the matrix. Since
a rectangular cell in two spatial dimensions can only be anisotropic in at most one direction for
Caspect > 1 the intersection of the regions where bgg,)L S, and bg%?,)l s, are applied does not contain
a subcell. At most this intersection might be comprised of isolated nodes. Because of the quasi-
uniformity of LGL-grids the regions 7’1(0)(R) and 7;(0) (R) do not overlap if Cygpect is large enough,
see e.g. [8,19].
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(a) First test scenario. (b) Second test scenario.

Figure 4: Condition numbers kagy = £(CaA) obtained in stage SE-DG — SE-CG.
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Figure 5: Sparsity patterns for patch-inner nodal functions: (a)-(b) top left quarter of the matrix
B, of p = 25 on a single patch. (c)-(d) Matrix Bo on two patches with polynomial degrees
6 x 6 and 12 x 12.

Moreover, due to the mass lumping approximation involved in the definition of the bilinear form
b, see l} and 1 , one can check that, given two tensorized Lagrange polynomials ¢¢ and ¢£
associated to LGL nodes in G,(R), one has

br(¢e, ¢g) #0 = Tk, Se € 7;(0) such that &, & € FolIke,) and & = & for k' # k. (8.1)

In other words, there are at most three diagonals populated with nonzero entries in each of the
matrices corresponding to bgg?l and b§§7)2, but the positions of the diagonals besides the main diagonal
differ in both matrices.

In order to bring the non-trivial diagonals as closely together as possible we use a special ordering
exploiting the fact that for Cagpect large enough the sets of nodes contained in 71(0) (R) and 7'2(0)(R),
respectively, are disjoint and can each be reordered separately. More precisely, we deviate from the
default line-wise ordering in the first coordinate direction only for patch-inner nodes in 7;(0)(R),
k # 1, switching to a line-wise ordering in direction k, see Fig. [] for the details. Note that this
reordering technique can still be applied for smaller Cyspect When there are nodal basis functions

where the corresponding node is contained in 7'1(0)(R) N 7'2(0)(R) as long as these basis functions do



MULTILEVEL PRECONDITIONING OF DG-SEM, PART I: GEOMETRICALLY CONFORMING MESHES 37

not produce an off-diagonal entry with other patch-inner basis functions in 7’1(0) (R) U 7;(0) (R), see
e.g. nodes 16 and 19 in Fig. |6(b)

The resulting linear system of equations has a block-diagonal matrix of tridiagonal submatrices,
see Fig. [5(b)} and can be inverted in O(N) operations, where N is the size of Bs.
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Figure 6: Schematic illustration of the numbering of the inner degrees of freedom in a single patch R
of polynomial degrees 13 x 13 for Cyaspect = 1.6. Because of the symmetry, only the lower
half of the patch is shown. Black nodes: boundary degrees of freedom, gray nodes: inner
degrees of freedom corresponding to vertices of cells in 7'2(0) (R), white nodes: inner degrees

of freedom corresponding to vertices that are not vertices of cells in 7'2(0)(R).

Multiple patches: Gauf3-Seidel relaxation on the skeleton When R consists of several
patches, the situation is more complicated. Note that although b is defined on V, it is only evaluated
for piecewise polynomial functions from the space V. Due to the continuity of functions in V
across cell interfaces, the matrix Bo in general is no longer tridiagonal as shown by Figures m
and There the sparsity pattern of the matrix B is depicted for the situation of two patches
of polynomial degrees 6 x 6 and 12 x 12 which meet at a common interface. The top left part
of the matrix corresponds to the degrees of freedom of the patch with lower polynomial degree,
while the degrees of freedom of the patch of higher polynomial degree are represented by the lower
right part. Since the trial functions are polynomials on each element R, the coupling is based on
polynomial interpolation causing the additional non-zero entries off the central bands. When the
polynomial degrees on both sides of an interface do not agree, every basis function on the element
with lower degree corresponding to a node on the interface has to be expanded as a linear combination
of higher degree Lagrange basis functions on that interface. The continuity requirement therefore
causes that a lower-degree Lagrange polynomial is coupled with a linear combination of face-inner
Lagrange polynomials on the higher-degree side. At a common element vertex, the coupling involves
all Lagrange polynomials with reference node located on an interface containing the element vertex.

In order to solve the linear system with By, we alternate a Gaufi-Seidel relaxation over the skeleton
of R and a block elimination for each R € R in the spirit of substructuring methods. For the
patchwise block elimination process for the bulk degrees of freedom we invoke the method detailed
in the preceding paragraph.

8.3.2 Dependence on the polynomial degree

As in Sect. for the first stage, we now analyze the performance of the preconditioner for the
second stage. The dependence of the condition numbers of the preconditioned linear systems on the
polynomial degrees is depicted in Fig. [7]for the two test cases. In all cases we choose o = 1.2, which is
a reasonable choice that balances two effects: on the one hand, the auxiliary space V = V.o NHE ()
is rich enough for a good approximation of elements of V, on the other hand, the dimension of V
is not too high such that the linear systems of equations for the auxiliary problem is not infeasibly

large.
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Note that the nodes of an LGL-grid gradually move with growing polynomial degree. In contrast,
due to their more rigid structure, the associated dyadic grids evolve more abruptly with occasional
stagnation. This seems to cause some oscillations in constants related to the interplay between the
LGL- and the associated dyadic grids, see also [10].

Furthermore we have to fix the constant Caspect that limits the aspect ratios of subcells to which
an inverse estimate is applied in the formation of the auxiliary form b. In the recorded numerical
experiments we set Cyspect = 2. For larger Cyspect the condition numbers up to polynomial degree
p = 40 exhibit a more pronounced oscillatory behavior. Although they appear to lower again after
a burst of such oscillations a clear asymptotic bound cannot be observed in this range yet. As in
the first stage in Subsect. the tuning constant c¢ ¢r ~ 1 is still a free parameter. Due to the
oscillations in the condition numbers, it is less clear how to find an optimal choice because we are
lacking a clear objective functional. In preliminary studies we found that c¢ ¢ = 0.6 is a good choice
which partially compensates for the effect of the constant appearing in the inverse estimate.
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Figure 7: Condition numbers kasym = kK(CaA) obtained in stage SE-CG — DFE-CG.

Figures m and show the condition numbers obtained in the second stage by the auxiliary
space method in the first and second test scenario, respectively. The marked points indicate the
condition numbers obtained by approximately solving the smoothing problem with the aid of 7
iterations of the substructuring method. In contrast, in both plots the continuous graphs represent
the results when the smoothing problem is solved exactly using a direct method.

For the first test scenario the condition numbers are presented for p ranging from 4 to 40. In the
cases (i) ¢ = p, (ii) ¢ = p+ 2 and (iii) ¢ = 3/2p the condition numbers vary only mildly, probably
due to the discrete process of dyadic grid generation. In contrast, we observe an increase of the
condition numbers when larger jumps between the polynomial degrees on adjacent elements are
considered according to the cases (iv) ¢ = 7/4p and, in particular, to (v) ¢ = 2p. A more thorough
analysis reveals that this phenomenon is caused by the slow convergence to the asymptotic limit
of the constant in the estimate analogous to for m = 1, where the roles of the LGL- and
dyadic grids are interchanged. This estimate enters the proof of the properties of the operator @) in
Proposition and affects the dependence of the constants in the ASM conditions and on
the polynomial degree. This in turn causes some growth of the condition numbers for the moderate
polynomial degrees under investigation. For a detailed discussion of these approximation estimates
and the convergence behavior of their constants we refer to [10].

One observes enhanced oscillations when specific polynomial degrees are present in the grid, e.g.
for odd polynomial degrees close to 27 which we attribute to a resonance effect between the LGL- and
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dyadic grids. More detailed investigations reveal that similar oscillations are also observed for some
even polynomial degrees, e.g. 50. Moreover, the resonance can be shifted to nearby polynomial
degrees when the parameter «, controlling the associated dyadic grids, is varied. Therefore, our
tests should be viewed as a guide for favorable choices of the dyadic grid generation parameters «
depending on the employed polynomial degrees.

For the second test scenario, which is perhaps more relevant for practical applications than the
first one, we investigate p in the range of 4 to 60. When the smoothing problem is solved exactly, we
observe that, aside from some oscillations due to the grid resonance effect, the condition numbers
grow in essence mildly for small polynomial degrees and quickly tend to a limit below 10. When
solving the smoothing problem only approximately by a fixed number of substructuring iterations,
we observe increasing condition numbers for polynomial degrees larger than 41. This issue will be
examined more closely in forthcoming work.

For instance, using b(-, -)-orthonormal polynomials on each patch R further sparsifies By signifi-
cantly. Depending on the range of p, the cost of changing bases may well be offset by the positive
effect on the substructuring iteration. Detailed studies of this and related issues are deferred to
forthcoming work.

Of course, from a practical point of view polynomial degrees exceeding 40 significantly are rarely
encountered except in pure spectral approximations on a single element when the solution is very
regular, and in this case the auxiliary problem can be solved efficiently with the method presented
above.

8.4 Combined stages SE-DG — SE-CG and SE-CG — DFE-CG

After studying the effects of the two stages and their numerical effects in detail, we now combine the
stages SE-DG — SE-CG and SE-CG — DFE-CG by using the second stage as a preconditioner
Cj of the auxiliary problem of the first stage. The numerical results for both test scenarios showing
the condition numbers obtained when the combined preconditioner is applied are depicted in Fig.
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Figure 8: Condition numbers kagsy = k(CaA) obtained in combined stages SE-DG — SE-CG
and SE-CG — DFE-CG.

For both scenarios, the numerical effects observed for the single stages are also present when the
combined preconditioner is used. The oscillations that have been striking in the second stage for
the first scenario now only have a mild effect, but their dependence on the ratio ¢/p is still clearly
visible. In the second scenario, for p < 40 the condition numbers for the approximate and exact
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solutions of the smoothing problem almost agree. For larger p the insufficiently accurate solutions
of the smoothing problem by the substructuring method in the second stage lead to a deterioration
of the overall condition number. When the smoothing problem in the second stage is solved exactly,
the condition number is bounded by 17.
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