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arbitrary domain
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differential operator

gradient

Laplacian

partial derivative of v with respect to z

generic constant, independent of ¢, of any mesh
and of the function under consideration

the constant of Lemma 28 on page 62
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k-th order derivatives
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with exponent «
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integrable functions over D
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bounded functions over D
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subspace of H!(D), vanishing boundary traces
broken Sobolev space, see (4.32) on page 92
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absolute degree p over D

perturbation parameter
lower bound for convection
lower bound for reaction

constant associated with the lower bound
for reaction, see page 71
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the constant in (2.29), page 21;
penalty parameter in (2.76), page 30

penalty parameter of the CIP method
associated with an edge e, see 92
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mesh-transition point in Shishkin meshes

a certain index set, see 74
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see Definition 6 on page 75

equivalence of two quantities, see page 8
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standard multi-index notation

set of multi-indices
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over D, see page 45
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certain Sobolev function space, see page 46

diameter of an element T

maxr hr, mesh size of the mesh;
small step size on a Shishkin mesh
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large step size on a Shishkin mesh
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radius of largest inscribed circle of the element T

triangulations of (2

decomposition of solution u, see pages 21, 23
decomposition of solution u, see page 71
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subdomains of {2, see page 24

subdomains of (2, see page 72

piecewise nodal interpolant of u

approximation operator of wu,
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Scott-Zhang operator
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see pages 74-76
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1 Introduction

In a chemical reaction several substances called reactants are transformed into one or more
products. The local nature of this process on molecular level has an important implication:
The concentration of a product in a certain point will highly depend on the concentration of
reactants at that point. Hence, the spacial distribution of the concentrations of the substances
has to be considered. Diffusion causes the substances to spread out. Without other transport
phenomena this mixing process would yield a uniform concentration distribution eventually.
However, there might also be a mass transfer induced by a flow in the chemical reactor. The
latter transport process is called convection or advection.

In this work we are mainly interested in problems in which reaction or convection are the
dominant processes. The stationary linear reaction-convection-diffusion problem

Lu = —eu? (x) + b(z)ul(x) + c(x)us(z) = f(x) in (0,1), ue(0) =u- (1) =0,  (1.1)

can be considered the simplest mathematical model for these and related problems. Note
that the second-order derivative that models the diffusion is multiplied by a small coefficient
0 < ¢ < 1. Such problems are very common in fluid-flow. Especially they can be interpreted
as linearized Navier-Stokes equation with large Reynolds number. Moreover, they appear in
mathematical models for semi-conductor devices, see [50, 64, 43] for further applications. If
b =0 then (1.1) is of reaction-diffusion type. Generalizations of this equation have widespread
applications in the modelling of many biological and chemical processes (see e.g. [36] and the
references given in the first paragraph of that paper).

In general one might consider problems involving small parameters as perturbed problems of
simpler ones also called reduced problems in which the small values of the parameters are replaced
by zero. In case of a reqular perturbation it is possible to study the reduced problem instead of
the perturbed one because their solutions are somewhat “close” to each other. However, there
are cases in which this approach fails:

For constant data (1.1) can be solved analytically. For instance, one obtains

Cexp (—15F) —exp (—3)

us(r) = = exp (1) (1.2)
forb=f=1and c=0or
we(z) =1 — -2 C7) e (o) (1.3)
© B 1+ exp (—%) ’

forc=f=1and b=0.

If we allow the parameter € to become small then problem (1.1) is singularly perturbed
(with respect to the maximum norm): In the limiting case € — 0 the order of the differential
equation is reduced. However, we still demand . to satisfy both boundary conditions of (1.1).
Consequently, the problem is somehow ill-posed. The simple examples (1.2) and (1.3) show
that, cf. [64, 43]

lim li lim li
g, By uer) # Jiy iy, ve(),

for some boundary point x;, € {0,1} (more precisely, for (1.2) we have x; = 1 while for (1.3)
one can not interchange the limiting operations at any boundary point). Hence, the function
(z,€) — us(x) has a singularity at (z,0). In [43] one finds a more formal definition:

5
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Definition 1. Let B be a function space with norm ||-||z. Let D C R be a parameter domain.
The continuous function v : D — B, € — u. is said to be regular for ¢ — ¢* € 9D if there
exists a function v* € B such that:

lim [lu: — u*] 5 =0, (L4)

otherwise u is said to be singular for e — €*.
Let (P:) be a problem with solution u. € B for all e € D. We say (P;) is singularly perturbed
for e = ¢* € D in the norm || - || 5 if u is singular for e — *.

From this formal definition it can be seen that the choice of the norm is very significant. A
fact that is also discussed in [24]. For instance, the constant coefficient problems associated
with (1.2) and (1.3) are singularly perturbed in the maximum norm because of (1.4). However,
both examples are not singularly perturbed in the Ly norm. In fact if we consider for instance
the convection-diffusion problem associated with (1.2) we find that for u* =id :  — « it holds

ue —u*]lo = O(e'/?). (1.5)

This function u* is deeply connected to the solution (1.2) of the problem itself. A comparison
shows that the solution (1.2) can be decomposed into the smooth or regular component u*
and a singular one. The regular component is associated with the solution of the reduced
problem and the other one is often called a boundary layer function. For the solution (1.2)
of the convection-diffusion problem considered the boundary layer function is of the form
exp (—(1 —z)/ 5). This function and its lower-order derivatives decay exponentially and can be
bounded by ¢ outside a neighbourhood of the point 2 = 1 with a width proportional to ¢|lng|.
Hence, for a small value of € the solution and its derivatives change rapidly near that point.
One refers to these narrow regions of rapid change as layers. More precisely, the solution (1.2)
features a boundary layer of width O(e|lnel) at z = 1.

In view of (1.5) we see that (1.4) is in fact a condition on the underlying boundary layer
function and the norm considered: The bound (1.5) shows that the Ls norm is too weak
to capture the boundary layer function. Note that this observation is non-judgmental. An
appropriate measurement of accuracy is always user-defined. For certain applications global
Lo-error control may be sufficient. Moreover, some methods introduce a natural norm by
themselves.

Another Ly-based norm is given by the so-called energy norm of problem (1.1), which is an
e-weighted H'-norm:

o2 := elvlt + lvll5. (1.6)

Generally, we write H*(D) with a positive integer k for the usual Sobolev space over the domain
D with associated semi-norm | - | p and norm || - ||z,p. We follow a widespread convention
and drop the symbol D from the notation for D = Q. Let H}(D) denote the space of Sobolev
functions in H'(D) whose traces vanish on dD. The inner product in Lz (D), denoted by (-,-)p
and the norm || - [lo,p with (v,v)p = [[v[|§ p for all v € Ly(D), are treated similarly. These
definitions are extended to vector-valued functions, naturally.

The energy norm (1.6) is a natural choice for the analysis of Galerkin methods and in
particular the Galerkin finite element method (FEM) for the approximate solution of problem
(1.1).

For the boundary layer function E(z) := exp (—(1 — z)/e) we observe ||E||2 =1/2+ O(e).
Hence, for this particular problem the energy norm captures the boundary layer function and
the problem associated with (1.2) is singularly perturbed in the energy norm. We shall soon
discuss the situation for reaction-diffusion problems in more detail.

Before that we turn our attention to the approximate solution of problem (1.1). For problems
with layer phenomena the numerical solution is much more challenging than in the standard
case. Morton says in [50] that “Accurate modelling of the interaction between convective and
diffusive processes is the most ubiquitous and challenging task in the numerical approximation
of partial differential equations”. For problems in which diffusion is the dominant process,
solutions vary gradually and a lot of numerical methods have been developed and analyzed.
However, unless the number of degrees of freedom is inversely dependent on (some positive
power of) e, which is impractical, these classical schemes are often inappropriate for ¢ — 0.



For instance, these methods fail to resolve the layers. In the case of convection-diffusion the
approximate solution is often polluted by huge oscillations due to stability issues rendering it
practically useless.

These effects are reflected in classical convergence results for these methods in the following
way: Let u? denote a family of approximate solutions computed by a classical method using
equidistant meshes with element diameters h. Then an error estimate of classical type has the
form

lue — w2l < KR*,

where K, i > 0 are positive constants. Estimates of this type are not satisfactory in a singularly
perturbed setting because the constant K depends on some norm of certain derivatives of the
solution u which in turn depends on some negative power of the perturbation parameter €.
Hence, the constant K blows up for ¢ — 0 and a fine mesh does not imply a small error. On
the contrary, in certain cases mesh refinement can increase the error, initially. This fact can be
observed numerically if we use for a fixed ¢ a standard scheme on uniform meshes and measure
the maximum of the pointwise error in the discrete mesh points. These observations led to the
concept of uniform convergence (see also [64, Subsection 1.2.1.3]).

Definition 2. A discretization method (with parameter h) yielding the family of approximations

u” is called uniformly convergent (with respect to €) of order x> 0 in the norm || - ||, if there

€
exist positive constants g, C' that are independent of € and of any mesh used, such that for all

sufficiently small h (independently of ¢), one has

sup |lue —u|| < Ch*.
0<e<eo

Remark 1. Throughout this work C' denotes a generic positive constant that is independent of
¢ and of any mesh used. Moreover, for the sake of readability we shall drop the dependence of
ue on the perturbation parameter € and write u instead of u..

Methods for which e-uniform convergence can be proved are called (parameter) robust.
These methods perform well regardless of how small the perturbation parameter ¢ is.

In this dissertation we focus on Galerkin methods. There are at least two possibilities to
adjust Galerkin methods to obtain good approximations even within the (arbitrarily sharp)
layer: one could consider adequate basis functions that reflect the behavior of the solution
within the layer or one could choose a fine mesh there. Additionally one may stabilize the
numerical method by for instance artificial diffusion (in particular streamline diffusion), local
projection or interior penalty, see [64]. Note however, that this will only improve the stability
of the method and has no effect on the approximation error which is a lower bound for the
error, naturally.

The concept of adapting the basis function is very elaborated in the one-dimensional setting.
The construction and application of exponentially fitted splines also called L-splines in a
Galerkin method is discussed at length for instance in [64, Section 1.2.2.5]. Basically, the
idea is to approximate the coefficients of the operator £ by piecewise constants over a one
dimensional mesh {z;}¥ , giving the differential operator £. Next L-splines £;,i=1,...,N —1
are constructed. The function ¢; is characterized by lying in the null space of the operator £ in
every open mesh interval and the Lagrangian relation ¢;(i;) = ¢;; with the discrete Kronecker
delta. Consequently, it has a support in [z;_1, Z;11].

In the two-dimensional setting the situation is different, see [64, Section I1.3.5]. Most research
in this direction follows the idea of forming the tensor product of one-dimensional L-splines.
Hence, these approaches are limited to rectangular tensor product meshes. Sacco, Gatti and
Gotusso [65] give a more useful generalization of the L-spline concept to two dimensions using
on each mesh triangle the local basis functions

1, eratbv)/e and g — boy.
Observe that all these functions lie in the null space of the operator £ given by

Lv = —eAv + bivg + Egvy.
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The paper [66] also examines this choice of basis functions with piecewise linear test functions
in a Petrov-Galerkin method, revealing a remarkable relation to a known but unusual upwinded
scheme.

Still, in the two dimensional case all result known so far that use this approach are of
low order. For instance, for convection-diffusion problems there seems to be no result in the
literature that proves uniform convergence of an order greater than 1/2 in a norm that is strong
enough to capture the exponential layers like the (discrete) Loo-norm or the energy norm. This
is perhaps the most substantial reason why there is a general consensus that the most promising
approach to solving any problem with layers (or singularities) is given by mesh adaptation
based on a posteriori error estimation. In these algorithms a stable numerical method is used to
compute an approximate solution on some coarse and standard grid, for instance an equidistant
one. Based on the approximate solution some error indicator is obtained revealing where the
mesh should be refined (or coarsened) in order to obtain a better-suited mesh. This process is
repeated iteratively until some stopping criterion is met. Unfortunately the research in this
direction for say convection-diffusion problems in more than one dimension is progressing very
slowly, see [64, Section I11.3.3.6], [73, Section 10.5] and [58, Section 4]. In this dissertation we
shall only consider a priori mesh design relying on knowledge of the behaviour of the exact
solution.

Let us first fix some notation and definitions. Throughout we shall only consider so-called
admissible triangulations. This means that the considered domain €2 is decomposed into non-
overlapping (triangular or rectangular) elements and that two distinct elements with non-empty
intersection have either a common vertex or an entire common edge. Let 7, denote a family of
triangulations of Q2. For any element T' € 7}, we denote by hp the diameter of T, by pr the radius
of its largest inscribed circle and by |T'| its area. Moreover, we set as usual h := maxrc7, hr.
We call Ty, shape regular if hp < Cpr for all T' € Tj,. Hence, for a shape regular mesh one has

hy < Cpr < Chy <Ch forall T € Tj, (1.7)

and a shape regular mesh features a bounded aspect ratio hr/pr. The corresponding element T
is called isotropic. For triangular elements this is equivalent to Zlamal’s minimal angle condition
[83].

In certain applications (for instance in order to use certain quasi-interpolants) it is important
to have a global lower bound in (1.7) as well. A triangulation is called quasi-uniform if

h~hp~ppr forall T e€Tp,.

Here the notation a ~ b symbolizes the equivalence of two quantities, i.e. the existence of two
positive constants Cy and C; independent of any mesh (and of the function under consideration)
such that Cyb < a < C1b. Obviously, quasi-uniformity of a family of triangulations implies its
shape regularity. However, this assumption is very restrictive. For instance, a family of locally
refined meshes generated by some adaptive algorithm might not be quasi-uniform. We call a
shape regular family of triangulations locally uniform if

he ~ hpr for all T,T" € T;, such that TNT’ # 0.

As examples for locally uniform families of triangulations used in the approximation of functions
with boundary layers let us mention the graded meshes of [27] and [22, 23] or the modifications
of standard layer-adapted meshes in [62].

In general a layer-adapted mesh is characterized by condensing grid points within the
layer. We shall now present some frequently used layer-adapted meshes and comment on
error estimates obtained on these. The interested reader is referred to [43] for details. The
presentation is borrowed from [58, 43] and [64].

The idea of adjusting the mesh to the boundary layers for a reaction-diffusion problem was
introduced by Bakhvalov [7] in 1969. However, it is easy to extend this idea to other layers of
known structure. Let us consider a layer problem over the domain (0,1). Within the layer, say
near x = 0, Bakhvalov proposed to use the function ¢t = ¢(1 — E(x)) — a mirrored and scaled
boundary layer function £ — to map an equidistant ¢-grid back to the x-axis. More precisely,
the grid points x; are defined by

Bz 7

q(l—E(xi)) ::q(l—e*?):ﬁzz t; fori=0,1,...,7N.



The parameter § is intrinsic to the layer problem. It is associated with the coefficients of the
differential operator involved. The other parameters are user chosen: ¢ € (0,1) determines the
ratio of the number of mesh points within the layer to N (which is the overall number of mesh
intervals). The other parameter o > 0 controls the grading. At a transition point 7 (in the
t-domain) the Bakhvalov mesh changes from a graded to a uniform one, i.e. z; = (¢;) for
1 =20,1,..., N with the mesh generating function

oe. q—1

x(t) = fﬁlnT for t € [0, 7],

x(7) + (1 — X(T))% for t € [,1].

p(t) =

Note that neither the Bakhvalov mesh nor the other following standard layer-adapted meshes
are locally uniform. The transition point 7 is chosen in such a way that ¢ € C[0,1] with
(1) = 1. Tt can be obtained efficiently by solving the non-linear equation

¥(r) = 20 - f(:)

with a fixed-point iteration (and a start value 7 = 0). Note that this equation is not solvable if
oe > [q. In this case it is common practice to switch to a uniform mesh with N mesh intervals.
For the transition point x(7) with respect to the original z-domain one can show that

oe 153 oe 5 1
Consequently, the explicit definition yp = %| In g|, which gives exp(—pz/e) < &7 for > xB,
can be considered a reasonable alternative. Note that for this choice of a transition point it is
also possible to bound derivatives of the boundary layer function e-uniformly in points away
from the layer. Meshes using this transition point and an adequate grading within the layer are
referred to as Bakhvalov-type meshes, i.e. the mesh generating function is given (with ¢ = 1/2
for simplicity) by
~Zm(1-201—e)t) fortel0,1/2),
p(t)=9 B

1—-2(1—xp)(1—t) forte[l/2,1].

A Shishkin-type mesh is characterized by xg := min{g, %‘5 In N}. Hence, (for xs < g which

1

is practically the only relevant case since otherwise IV is exponentially large relative to e and

uniform meshes can be used)
exp(—pz/e) < N7V for z > xg,

which is sufficient to facilitate e-uniform error estimates. Consequently, =y is typically chosen
equal to the formal order of the method (though sometimes larger values are assumed). The
probably most-studied mesh of this class is the Shishkin mesh (see e.g. [49]) which is particularly
simple because it is piecewise uniform. It is constructed by dividing the intervals [0, xs] and
[xs,1] into ¢N and (1 — ¢)N equidistant mesh intervals, respectively. Note that a Shishkin
mesh does not fully resolve the layer: the derivative of a boundary layer function is still large
on part of the first coarse mesh interval.

In two dimensions frequently-studied layer-adapted meshes are tensor products of the
one-dimensional meshes considered over rectangular domains under the assumption that only
boundary layers and so-called corner layers are present (— for more general layer-adapted
meshes see [35], [47] and [64, Remarks II1.3.121 and II1.3.123]). In these tensor products meshes
we observe elements with arbitrarily high aspect ratio hr/pp. If there is no e-uniform bound for
this ratio of an element T, it is referred to as anisotropic element. We call a mesh anisotropic if
the underlaying family of meshes contains anisotropic elements.

The performance of the linear or bilinear Galerkin FEM over two dimensional Shishkin
meshes of tensor product type (draw diagonals into each mesh rectangle to obtain a Shishkin
triangulation into triangles) is well understood for convection-diffusion problems with only
exponential layers. For the error of the Galerkin FEM in the energy norm the result

Jlu—u|. <OCN"'InN (1.8)
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was established in [74, 16]. See, [59] for similar results over the more general Shishkin-type
meshes. The Galerkin FEM over Bakhvalov-type meshes is considered in [60]. It is shown that

lu —u™]. < CNT'Q(e, N)

with some function @ that depends on € and N very mildly, i.e. Q(e, N) < vIn10 for N > 10
and € > 107190,

For convection-diffusion problems with characteristic layers Roos [57] proves the validity of
(1.8) for the error of the Galerkin FEM on appropriately constructed Shishkin meshes. The
generalization to Shishkin-type meshes can be found in [43, Theorem 9.27].

Most results are known for reaction-diffusion problems. For instance, in the energy norm it
holds

Ju—uN||. <CEY'N"'In N + N72)

on appropriately constructed Shishkin meshes, see [16, 64]. It is possible to extend this result
to higher order elements (see [2] and [39]) if the solution features sufficient regularity. In this
case results proving exponential convergence for the hp-FEM [48] over hp meshes have been
obtained, too.

All the anisotropic layer-adapted meshes mentioned feature small mesh sizes in the direction
in which the solution changes rapidly. In the perpendicular direction larger mesh sizes are used.
In order to prove that the approximation error benefits from this setting one relies on so-called
anisotropic interpolation error estimates: Let for instance T be a rectangular element with
sides aligned to the z- and y-coordinate axes and of size h, and hy, respectively. Then for
v € H%(T) the bilinear nodal interpolant v that interpolates v in the four vertices of T exists
and the error of bilinear nodal interpolation satisfies (see [3, 2]):

H(’U — UI)xHO,T S C(hx”UIIHO,T + hy””zy‘

0r). (1.9)

Note that this estimate holds true independently of the aspect ratio of the element T'. Conse-
quently, a small mesh size h, can compensate for a large second derivative of v with respect to
x. We shall prove similar but new results in Chapter 3.

In the introduction of [2, page 13] Apel states that “anisotropic mesh refinement offers a
great potential for the construction of efficient numerical procedures, more efficient than it is
possible with the restriction to a bounded aspect ratio. So one can expect a broad utilization of
such meshes”.

However, anisotropic meshes have certain drawbacks as well. For instance, the analysis
of certain quasi-interpolants is much more elaborated in the case of locally uniform meshes,
cp. [62, 2]. Moreover, there is not much known with respect to anisotropic a posteriori mesh
refinement which can be challenging even from a practical point of view (for instance for a
problem with a curved interior layer). Finally, it is well-known that the usage of anisotropic
meshes in a Galerkin FEM leads to very high condition numbers of the system matrices of the
resulting linear systems and it is challenging to realize multi-grid or multi-level methods on
these usually non-nested families of meshes, see [46].

Let us now come back to the question whether reaction-diffusion problems are singularly
perturbed in the energy norm. Let E denote one of the boundary layer functions given by
z — exp (—(1 — z)/y/2) and x > exp (—z/+/2). If we measure F in the energy norm a short
calculation gives

IE[le = O@"*). (1.10)

Hence, the energy norm fails to capture the boundary layer functions for reaction-diffusion
problems. In view of Definition 1 reaction-diffusion problems are not singularly perturbed with
respect to the energy norm. This observation raises two questions:

1. Does the Galerkin finite element method on standard meshes yield satisfactory approxi-
mations for the reaction-diffusion problem with respect to the energy norm?

2. Is it possible to strengthen the energy norm in such a way that the boundary layers are
captured and that it can be reconciled with a robust finite element method, i.e. robust
with respect to this strong norm?
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The first question is interesting not only from a mathematical point of view:

e Any adaptive method that fails to resolve the layers of a reaction-diffusion problem in
an initial phase will feature similar error reduction in the energy norm until the mesh is
sufficiently layer-adapted.

e In certain applications the energy norm might be a feasible measurement of accuracy.
Then our results show that standard methods can be applied. One may use the freedom
gained in the choice of the mesh by adapting it to other goals like in the dual weighted
residuals approach (in contrast to resolving the layers for stability reasons).

e Whenever resolving the layer in a reaction-diffusion problem is of the essence our results
demonstrate that the energy norm is not adequate. This observation questions the quality
of certain methods and the significance of the corresponding error estimates in a wide
variety of papers.

In Chapter 2 we answer the first question. We show that Galerkin finite element approxi-
mation uy, converges e-uniformly in the energy norm to the solution of the reaction-diffusion
problem on standard shape regular meshes with mesh size h. More precisely, we show in Section
2.1 that the error of the linear or bilinear Galerkin FEM satisfies

| — up||e < ChY2, (1.11)

given certain regularity conditions on the data of the problem over a polygonal and convex
domain Q. For instance, (1.11) holds true for f/c € H'() (see Theorem 5) which has been
published in [63]. Extending a technique of Wahlbin and Schatz [67] we prove in Theorem
4 that Ve € Loo(Q) and f € H'/?° (which is a certain intermediate Sobolev space) is also
sufficient for (1.11). These assumptions allow the presence of interior layers generated by jump
discontinuities of f along Lipschitz curves. Numerical experiments (presented in Subsection
2.4) indicate that these estimates are sharp.

These results are completely new in two dimensions. So far a similar estimate has only been
known for the local discontinuous Galerkin least-squares method over = (0, 1)? assuming that
u € H3(Q), see [41].

As already mentioned these results are possible because the energy norm fails to capture
the layers. Consequently, one can prove similar e-uniform error estimates for the Galerkin
FEM on standard meshes applied to problems with relatively (with respect to the norm) weak
layers. For instance, Leykekhman [37] considers a reaction-diffusion problem with homogeneous
Neumann boundary conditions (2.26) which leads to the formation of very weak layers. In that
paper he proves almost first order convergence in the global maximum norm.

In Section 2.2 we extend this idea and consider a two dimensional convection-diffusion
problem posed in the unit square with characteristic layers and a Neumann outflow condition.
Hence, the exponential boundary layer is weakened. We follow [63] and show that the error of
the linear or bilinear Galerkin FEM on a shape regular mesh with mesh size h satisfies

|w — uplle < ChY3,

under reasonable assumptions on the solution u, see Theorem 7.

Finally, Section 2.3 deals with a convection-diffusion problem in Q = (0,1)? with a strong
exponential layer and weaker characteristic layers. Assuming a solution decomposition, the
Galerkin FEM is proven to be robust on a family of meshes with N2 elements that is only adapted
with respect to the strong exponential layer and neglects the presence of the characteristic
layers. This result extends [63, Section 3.2, Theorem 1] by proving that the bilinear Galerkin
finite element approximation vV satisfies

u— V. < CNTV2, (1.12)

In particular, in contrast to the result in [63] no relation of € and N is required to conclude
e-uniform convergence of order 1/2. Inspecting the proof of (1.12) one finds that imposing the
Dirichlet boundary conditions along the characteristic boundary of €2 in a weak sense might be
beneficial. We show in Theorem 15 that this is indeed the case if € is very small in comparison
to N71.
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Chapter 3 is concerned with approximation theory. Let VY be a finite element space of
piecewise polynomials over some triangulation QY of Q and let {¢;}¥; be a basis of V. One
can obtain an approximation mv € VY of a sufficiently smooth function v over € by

N
mu(z) = Z Fi(v)pi(z),

where F;, i = 1,..., N are linear functionals. If F;(v) is simply the evaluation of (a certain
derivative of) v at some point z; (or a linear combination of such), then we call this functional
local. As an example consider nodal interpolation over Lagrange elements, where F;(v) = v(zx;)
and ;(z;) = &;; for all mesh points z; of Q. Consequently, 7v(z;) = v(z;).

In contrast, the well-known Clément operator, in which the linear functionals are given by
averaging operators, is not local. More precisely if {p;}X | is again the Lagrangian basis of V',
then F;(v) is defined by some projection of v over the patch of elements that are adjacent to
z;. The Clément operator is called a quasi-interpolation operator because in general one only
has F;(v) = v(z;).

As already mentioned the analysis of numerical methods over anisotropic meshes for layer
problems relies critically on so-called anisotropic (quasi-)interpolation error estimates, like (1.9).
In Chapter 3 we extend the theory of [2] in the following ways:

e We consider (quasi-)interpolation operators defined on macro-elements. This means
that the (quasi-)interpolant of a function v is defined by means of linear functionals
F; on a certain patch of neighbouring elements (— the macro-element). Alternatively,
we can point out the main difference by considering (quasi-)interpolation on a single
macro-element: Then the value of F;(v) is based on values of v within the considered
macro-element but piecewise polynomial basis functions ¢; have to be used.

e The results of [3] are limited to interpolation operators that are based solely on function
values of the function v to be interpolated. In [2] additionally the Scott-Zhang interpolation
operator and certain modifications of it are considered. However, there are no results for
(quasi-)interpolation operators that process derivatives of v, though the developed theory
is capable of dealing with such operators of Hermite-type. The problem appears to be
that it is hard to determine the so-called associated functionals, that are needed within
the theoretical framework. We show in Chapter 3 that for rectangular elements that are
aligned to the coordinate axes these are given by two dimensional divided differences.
This observation makes it possible to obtain anisotropic interpolation error estimates for
C" elements over tensor product meshes.

Summarizing, a general theory for obtaining anisotropic interpolation error estimates for
macro-element interpolation is developed, revealing general construction principles. We apply
this theory to interpolation operators on a macro-type of biquadratic C! finite elements on
rectangular tensor product grids. The resulting macro-element can be viewed as a rectangular
version of the C'' Powell-Sabin element.

This theory also shows how interpolation on the C' Bogner-Fox-Schmidt finite element
space (or higher order generalizations) can be analyzed in a unified framework. Moreover,
we discuss a modification of Scott-Zhang type that (processes derivatives of v and) gives
optimal error estimates under the regularity required without imposing quasi-uniformity on
the family of macro-element meshes used. Finally, we introduce and analyze an anisotropic
macro-element interpolation operator, which is the tensor product of one-dimensional C' — P,
macro-interpolation and P, Lagrange interpolation.

These results are used to approximate the solution of a singularly perturbed reaction-diffusion
problem on a Shishkin mesh that features highly anisotropic elements. Hereby we obtain an
approximation whose normal derivative is continuous along certain edges of the mesh, enabling
a more sophisticated analysis of a continuous interior penalty (CIP) method in Chapter 4.

We dedicate Chapter 4 to the task of devising finite element methods for reaction-diffusion
problems that are robust with respect to a norm that strengthens the energy norm and is able
to capture the arising boundary layers. We proceed as follows:

In Section 4.1 the ideas of [42] are sketched. This paper was the first to deal with the
particular problem of designing a finite element method for which error estimates in a better
suited so-called balanced norm could be proven. Also, it coined this expression.
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We adapt the main idea of that paper in Section 4.2 to propose and analyze a new C°
interior penalty method that features improved stability properties in comparison with the
Galerkin FEM. For the latter balanced norm results are obtained in Section 4.3. In that section
we also examine a supercloseness property of the Galerkin finite element approximation and
comment on error estimates in the Lo- and the maximum-norm.

At the end of Chapter 4 we supply numerical experiments, give a brief summary and mention
further work in this field of research.



14

CHAPTER 1. INTRODUCTION



2 Galerkin FEM error estima-
tion in weak norms

2.1 Reaction-diffusion problems

In the introduction we have seen from a 1D example that the reaction-diffusion problem is
not singularly perturbed in the energy norm in the sense of Definition 1: The energy norm
fails to capture the layers, raising the question whether or not it is possible to prove uniform
convergence for the Galerkin finite element method in this weak norm without fitting the mesh
to the boundary layers.

In the one-dimensional setting an answer to this question can be found in [6, p. 121]:

Theorem 1. Let u € H}(0,1) N H?(0,1) be the unique solution of

—eu”" +cu=f in(0,1),
u(0) = u(l) =0,

where 0 < e < 1, ¢, f € H*(0,1) and ¢ > co > 0. Let V" denote the space of piecewise linear
basis functions on a uniform mesh with mesh size h. Then the solution u® € V? of the Galerkin
finite element method satisfies the uniform estimate

u—u|. = (elu — ul? + |u — uh\g)l/Z < Ch'/2,

Proof. The proof relies on the quasi-optimality property of the Galerkin error with respect to
the energy norm:

h : h
Ju=ule <C it fu=o"]., (2.1)

which follows from the fact that the bilinear form associated with the Galerkin method is an
inner product on H{ () which induces a norm that is equivalent to the energy norm. In a
standard trick the infimum in the right hand side of (2.1) is estimated by choosing v = u!
the Lagrange interpolant of u. Consequently, the following interpolation error estimates and a
priori information of u are very helpful:

lu—ul|y < Chluly < Che™/%,  Jlu—ulo < Chlu|y < Che™'/4, (2.2)
lu—ully < Clul; < Ce™ /4, Ju—u!|lo < ChY2 |l ) < ChY2. (2.3)

For the simple proof consider the cases h < /¢ and h > /¢ separately and apply (2.2) and
(2.3), respectively. O

We see that indeed the Galerkin finite element method converges e-uniformly on a uniform
mesh.

Remark 2. The assumptions ¢, f € H2(0,1) in Theorem 1 were required in [6] to prove the
needed a priori estimates on u. Even if one assumes their validity in the two-dimensional case
the arguments of the proof do not extend to 2D because the Lagrange interpolant is not H'
stable in contrast to (2.3) in the one-dimensional case.

15
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In higher dimensions this question appears to be unanswered until recently [63]. We shall
shortly give elegant proofs for the two dimensional case that also prove the 1D case reducing
the regularity of the data required. Some of the results presented in this chapter have been
published in [63].

Let us consider the reaction-diffusion problem

—eAu+cu=f inQCR? (2.4a)
u=0 on 04, (2.4b)

where € is polygonal and convex, 0 < ¢ < 1 and f € Ly(Q2), ¢ € C(Q) with ¢ > ¢y > 0.
Under these assumptions problem (2.4) has a unique solution u € Hg(2) N H?(Q) which is
characterized by sharp boundary layers near 0f).

For the definition of trial and test space for the Galerkin finite element method we introduce
a shape-regular mesh 7;, and let i := maxpe7, diamT denote the maximal mesh size. Let
Vh c HL(Q) denote the space of linear or bilinear elements over the given mesh. The Galerkin
finite element approximation u” € V" is then determined as the solution of

e(Vu™, Vo) 4 (cu, o) = (f,0") for all " € V. (2.5)

The interesting paper [67] deals mainly with deriving local and global L..-error estimates for
the Galerkin finite element method (2.5) for problem (2.4). We shall come back to them later.
However, Schatz and Wahlbin [67] also prove an uniform error estimate in the L2(2)-norm:

Theorem 2. Assume f € H'/?°(Q) and V¢ € Loo (). Then the error of the linear or bilinear
Galerkin finite element method on a shape regular mesh satisfies

u—u|o < ChY2. (2.6)

In order to supply a deeper understanding of the first assumption and the proof we shall
shorty sketch the K-interpolation method for two admissible Banach spaces X,Y (i.e. there is a
Hausdorff topological vector space Z, such that there are continuous embeddings X,Y < 7).
Note that in this case X N'Y normed by ||v||xny = max{||v| x, ||v]ly} and X + Y normed by

llix+y = inf lzlx +[ylly
= )
zeX, yey

are Banach spaces and it is possible to define intermediate spaces V such that X NY — V —
X +Y. More precisely for t >0 and v € X +Y let

K(t,v) = inf flaflx +tyly.
v=x+y
zeX, yey

For 6 € (0,1), 1 < p < oo define the interpolation space (X,Y )y, as
(X,Y)gp ={veX+Y : |v]|xyop < oo},

where

oo 1
(/ (t*OK(t,v))p%) " for 1 <p < o0,
0

supt 9K (t,v) for p = 0.
>0

[ollxv.0.0 =

Remark that for any choice of # and p the normed space (X,Y )y, is complete. For more
information on interpolation spaces we refer the interested reader to [8] or [77].

With this definitions we can specify the space H'/2:°°(Q) := (L2(), H}(2))1 /2,00 Which is
ideally suited for the data of problem (2.4):

e It allows the data to have jump discontinuities along Lipschitz curves in €.

e In contrast to the Hilbertian interpolation space Hy)?(Q) == (L(€), H{(S2))1/2,2 or Hy
the space H'/ 2:20(Q) does not demand boundary conditions. This fact can nicely be seen
from the result H'(Q) — HY/2°°(Q), see [67].



2.1. REACTION-DIFFUSION PROBLEMS 17
The estimate (2.6) now follows by interpolating the corresponding results for f € Lo(Q2) and
f € H}(Q). We shall sketch the technique.

Proof of Theorem 2. 1t is possible to prove

lu = u"llo < CIIf]lo (2.72)
and if ¢ € W1 o (Q) and f € H(Q)
lu—u"llo < Ch|fl1, (2.7b)

see [67]. The latter first order estimate is not surprising because the last assumption precludes
u from having boundary layers due to the fact that the solution f/c of the reduced problem
to (2.4) already fulfills the homogeneous boundary conditions and no boundary layer function
correcting an incompatibility is needed.

Now let f € H'/?2°°(Q). Based on the construction of that space f = fo + fi can be
decomposed into components fo € Lo(Q) and f; € H}(Q). By linearity of the involved
differential operator this decomposition carries over to the solution of (2.4): u = ug + uq,
where u; are the solutions of the problems (2.4) in which f is replaced by f;. Similarly, such
a decomposition can be given for the Galerkin finite element approximation: u" = u}O’ + ub.
Hence, by (2.7)

lu—u"llo < lluo = ugllo + [lur = ufflo < C(Ifollo + 2l f1ll1)-
Switching to the infimum of all possible decompositions of f = fy + f1 one arrives at
lu—u"|lo < CK(h, f) = Ch**h" 2K (h, f) < Ch1/2|\f||L2(Q),H3(Q),1/2,oo~ O

It turns out that (2.6) holds also true if the Lo-norm of the error is replaced by the stronger
energy norm. We shall prove this in Theorem 4. Before that we need the following lemma.

Lemma 3. The solution u of (2.4) satisfies the following a priori estimates:
[ulle < Cl[fllo; (2.8)
if f € HJ(Q) and ¢ € W1 (), then
e luly + [lully < CIIf1, (2.9)
if f € HY(Q)N Loo(Q) and ¢ € Wi (), then
e uly + eV uly + llullo < OV A 1fllo + 1l o)) (2.10)
if ug == f/c € HY(Q), then
3/ uly 4 V4 uly + e V4w — ugllo < C(El/4|u0|1 + [luollo,00)- (2.11)

Proof. The bound (2.8) follows by multiplying (2.4a) with v and applying integration by parts.
Similarly, testing the differential equation with —Auw integrating over Q and using integration
by parts as well as u, f € H}(Q) one obtains

el Aullg + (¢Vu, Vu) + (uVe, Vu) = (Vf, Vau).

Hence,
Co 1
el Aull§ + colulf < |V f = uVelloluly < 5\UI? + T%va — uVel[3.

Since |ulz < C||Aullp for the considered domain one obtains
1

2
20 (\f|1 + ||VCHLOC(Q)||UHO) .

C
eluf} + DJult <

By (2.8) the stability estimate (2.9) follows.
The result (2.10) is taken from [42, Section 2] where it is proven rigorously.
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For (2.11) we follow [63] and rewrite the differential equation (2.4a) to
—eAu+ c(u —ug) =0. (2.12)
This implies
[ul> < Ce™"lu — uollo- (2.13)

Multiplying (2.12) with u — ug integrating over {2 and applying integration by parts yields
e(Vu, V(u —up)) + (c(u —up),u —ug) = 75(%, uo)
on iy’
Hence,
elul? + collu — ug |2 < —5<a—u, uo) + e(Vu, Vug). (2.14)
- on 19)

The fist term on the right hand side is estimated using Young’s inequality and a trace inequality:
ou an/e
= < V=

5(871’”0)69 -2

ay/e

2
ay/e
2

C€3/2
2

|ul1|ul2

Cc (B 1
[uo 13,00 + o (25|u§ + 2552|u|§) (2.15)
Cp

da

HU0||3,39 +

IN

IN

Hu0||8,89+ 5|“|§+m||U—U0H2~

The last inequality is due to (2.13). Clearly, one can choose @ > 0 and 8 > 0 independently of
¢ in such a way that the sum of the last two terms can be bounded by e|u|3/4 + colu — ugl|3/2.
For the last term of (2.14) we proceed likewise:

e(Vu, V)| < efulifuoh < ZW\? +eluol7. (2.16)

Collecting (2.14), (2.15) and (2.16) we obtain
elulf + lu — uollg < C(eluoli + Velluollg o0) (2.17)
Combining (2.13) and (2.17) completes the proof. O

Remark 3. As already mentioned in the proof of Theorem 2 the assumption f € Hg(Q) precludes
u from having boundary layers. This is why (2.9) is possible.

Theorem 4. Assume f € H'/?>°°(Q) and V¢ € Loo(Q). Then the error of the linear or bilinear
Galerkin finite element method on a shape reqular mesh satisfies

|u—u"|. < Ch/2, (2.18)

Proof. For the error of the Galerkin finite element method for problem (2.4) with f € L2(Q)
one can improve (2.7a) to

lu "l < ClIfo- (2.19)

Let us prove this. We consider the case h < /e first. Let wu € Vh ¢ H& denote the Lo
projection which is H'-stable on the given shape regular triangulation.

lu =l < Cllu - 7ull. = C(velu - wuly + |lu - 7ullo) < C(vElully + Allulh)
< CVellully < Cllull < Il

where we also used (2.8).
It remains to study the case \/¢ < h. With the help of the H!-stability of 7 and an inverse
estimate we obtain

|u—uh\1 < |u—mul; + |7ru—uh|1 < C(\u|1 +h_1||7ru—uh|\0).
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Hence, using (2.7a), v/ < h and the stability estimate ||ullc < C||f]lo
lu—u"|le < C(Velu —ui +lu—u"lo) < C(Veluli + (1 + Veh™)[lu—u"{|o) < C|fo-
Next we consider problem (2.4) with f € H}(9): Using the quasi-optimality property and
the a priori estimate (2.9) one obtains
lu—u"le < Cllu —u'|le < C("?|u =l |y + [lu = u'lo) (2.20)
< Ch(e'Plulz + [ulr) < Ch| |1

The estimate (2.18) now follows by interpolating (2.19) and (2.20) in complete analogy to
the proof of Theorem 2. O

As already mentioned Theorem 4 allows the right hand side f to be discontinuous along
Lipschitz curves which will cause the presence of interior layers, see Subsection 2.4.2 for a
numerical experiment with an example problem. Also the demanded regularity of f € H'/%:°°(Q)
fits nicely with the half convergence order obtained. In fact

ull Loy, 22 (@),1/2,00 < CNFl o), mE (2),1/2,00 < Cs

for ¢ € W1 o0(€2) and choosing 6 > 1/2 breaks |ul|,(q),m71(Q)0,00 < C due to the boundary
layers regardless of the regularity of f, see [67].

Nevertheless the assumption ¢ € Wi o (€2) of Theorem 4 is unsatisfactory. We shall now
present a result from [63] that side-steps this assumption allowing a rougher coefficient c.

Theorem 5. Let the solution ug = f/c of the reduced problem to (2.4) satisfy the estimate
luol1 + |luollo,00 < C. Then for the Galerkin finite element method on a shape-regular mesh of
linear or bilinear elements with mesh size h the e-uniform error estimate (2.18) holds true.

Proof. Based on (2.1) it remains to estimate the approximation error. We bound the latter by
a projection error. To this end, let 7u € V" denote an approximation of u governed by an Lo-
and H'!-stable operator 7. On a shape regular mesh one might choose the Lo projection or the
Clément quasi-interpolant.

We start off with the error in the Lo-norm:

lu = mull§ < C (o — wuollf + llu = wo — m(u — uo)|3) (2.21)

In contrast to |u|; the solution ug of the reduced problem is bounded uniformly: |ugl; < C.
Hence, the first summand on the right hand side of (2.21) can be estimated in a classical
manner. For the other summand we use once the same well-known estimate and once the Lo
stability.

lu — mul|§ < Ch*fug|} + Chlu — ugly|lu — uo|lo- (2.22)
By (2.11) one has [[u — ug|lo < C(/2|ug|y + &/*|lug|lo,00) < Ce'/* and
u—uoly < |uly + |uoly < 2Juoly + & *|lugllo.on < Ce™ 4.
Hence, we can conclude from (2.22) that
|u—7ul|2 < Ch? + Che™ Y44 < Ch. (2.23)
Similarly, using (2.11) again

elu — mul? = elu — muli|u — Tul;

2.24
< Cehlula|u|y < Cehe™3/*e=1/4 < Ch. (2.24)

Collect (2.23) and (2.24) to complete the proof. O
Remark 4. By an inverse estimate and (2.11) one can conclude that
Velu—uly < Cet/t + eluh|y < Cet/t + C%.

Hence, for h > /¢ the error in the energy norm is dominated by the Lo(2) error. This fact is
nicely reflected in Figure 2.2 depicting the results of numerical experiments.
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The estimate of Remark 4 as well as others in this section use that the boundary layer is not
captured by the energy norm as already mentioned in the introduction, see (1.10). Consequently,
the situation is entirely different if stronger norms are considered. In [67], Schatz and Wahlbin
consider the maximum norm and prove the quasi-optimality result

Ju— "1 < In(C +e/h) lu— 0" 10 (2.25)

min
vheVh
for the linear Galerkin finite element method on a quasi-uniform family of triangulations and
state that for certain “higher order” element spaces, the logarithmic factor can be replaced
with a constant C, [67, page 48]. Moreover, they derive a localized version of (2.25) from
which uniform almost second order convergence in the maximum norm over certain interior
subdomains can be concluded.

However, the Galerkin finite element method on a quasi-uniform mesh cannot converge
uniformly with respect to ¢ in the Lo () norm, because even the best approximation with
respect to this norm fails to approximate an arbitrarily sharp layer on these kind of meshes.
This conjecture can also be found in [67, page 51].

Remark 5. It is unlikely that the situation improves if the class of triangulations is enlarged by
allowing locally uniform triangulations. For instance, simple upwinding on a locally uniform
family of meshes can not yield uniform convergence in the discrete maximum norm for the
convection-diffusion problem, see [64, Remark 1.2.85, page 121]. See also [62] for the difficulties
of obtaining uniform error estimates of the Galerkin finite element method on locally uniform
meshes for convection-diffusion problems in the energy norm.

Leykekhman [37] considers the case of homogeneous Neumann boundary conditions, more
precisely

—eAu+u=f inQCR? (2.26a)
% =0 on 01, (2.26b)

where ) is a domain in R, n > 2, with smooth boundary, 0 < e <1 and f € Ly(Q2). In this
problem the boundary layers are of a weaker nature, less pronounced, see [67, Page 49]. Using
the techniques of [67] he obtains for the linear Galerkin finite element error on quasi-uniform
meshes an estimate similarly to (2.25) but in which the best approximation is measured in
some weighted Lo (€2) norm. Like in [67] this result is then localized yielding almost optimal
order interior convergence. Moreover, assuming f € Wi (€2) he shows in Corollary 2.3 that

Ju =1 () < Cn k) mingh? /o 1Y llw, - (2.27)

We see that the Galerkin finite element method for problem (2.26) on a quasi-uniform mesh
is almost first order e-uniformly convergent in the global maximum norm. Hence, we may
conclude from this result that the maximum norm is too weak to capture the boundary layers
arising in problem (2.26). This is of course due to the very weak nature of the layers. In fact,
in one space dimension the solution structure is again well-understood. For Q = (0,1) the
boundary layer functions behave like \/z exp(—c*z/\/c) and /eexp(—c*(1 — x)/\/e). For a
simple and elegant proof of this fact, see [51, page 178]. We see that even first-order derivatives
remain bounded in the maximum norm for € — 0. Consequently, regarding Definition 1 this
Neumann problem is not singularly perturbed with respect to the maximum norm.

Note that this observation is in stark contrast to the general statement in [24, Page 7] that
the need for a priori information of the solution can be avoided if the maximum norm is used.

2.2 A convection-diffusion problem with weak character-
istic layers and a Neumann outflow condition

We have seen at the end of the previous section that Neumann boundary conditions lead to the
formation of weaker layers in comparison to Dirichlet boundary conditions. This is theoretically
clear based on the theory of matched asymptotic expansion, see e.g. [64, Page 16] concerning a
one-dimensional convection-diffusion problem.
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In two space dimensions the situation is similar. The paper [52] considers a convection-
diffusion problem on the unit square with constant coefficients. The convection is aligned to
two edges of the domain leading to the formation of two characteristic layers along these edges.
The problem is posed with a Neumann boundary condition along the outflow boundary and
Dirichlet conditions on the remaining three sides, where the data is allowed to be incompatible
to a certain degree. The paper sheds light on the regularity of the solution. Moreover, a solution
decomposition is obtained yielding pointwise bounds on derivatives of the solution and revealing
the dependence of the solution on the small diffusion coefficient e.

In this section we shall consider a similar problem, following [63]:

—eAu—bu, +cu=f inQ:=(0,1)% (2.28a)
ou

% . = 0, U|m:1 = 0 and ’U,‘y:O = u|y:1 — 0’ (228b)

where 0 < e < 1, b€ WH*(Q), b > 8 > 0 with some constant 3, ¢ € Lo (), f is sufficiently
smooth and

1
c+ 51)1 >y >0. (2.29)

Let us introduce a notation for the sides of :

Iy ={(z,0) : 0 <z <1}, Iy ={(0,y) : 0 <y <1},

2.30
s ={(x,1) : 0 <z <1}, r,={(1,y) : 0<y<1}. ( )

Under the assumptions made one can easily show that the bilinear form
a(w,v) = e(Vw, Vo) + (=bw, + cw,v) (2.31)

is coercive in V = {v € H'(Q) : v, =0, i =1,3,4 in the sense of traces} with respect to the
energy norm. Hence, by continuity of a(,-) and the well-known Lax-Milgram Lemma, problem
(2.28) is uniquely solvable in V. The solution u possesses characteristic boundary layers of
width O(y/1n(1/¢)) along the characteristic boundary 'y U T3 that is parallel to the direction
of convection. Additionally, the solution possesses a weak exponential layer at the outflow
boundary I'y where u is required to satisfy homogeneous Neumann boundary conditions.

In the corners of the domain 2 derivatives of u are unbounded, in general. One refers to
the solution components that cause this phenomenon as corner singularities. We shall neglect
these, assuming that the right hand side f allows for the following solution decomposition to
hold true:

u = S —+ E1 —+ E2 —+ E3 —+ E12 —+ E23, (232&)

where for all (x,y) € Q and 0 < i+ j < 2 we have the pointwise estimates

gtIs O E _
7(1‘73/) S 07 - 1(,12’y) S 057J/2efy/\/g’
dxidyi dxidyi o)
8i+jE2 . i 8i+jE12 o .

; (3373/)’ < Ce' e Fr/e ‘(967?/)‘ < Qe Hi2=-1)g=br/eg—y/VE
0x' Oy Dy

and bounds for E3 and FEsg similarly to Ey and Fis, respectively. In (2.32a) the term S
corresponds to the well-behaved regular solution component of u. The components E; and Fs
contain the characteristic layers along I'y and I's. Similarly, Fy covers the weak exponential
layer near I's. Finally, £;; contains the corner layer that arises at the intersection of I'; and I';,
(ir4) € {(1,2), (2,3)}.

Remark 6. In the case of constant coefficients we could use [52] to specify local compatibility
conditions on f at the vertices of 2 such that the bounds (2.32b) can be proven to hold true.
Remark that the pointwise bounds assumed here are stronger than needed for the presented
error analysis. In fact we only need the estimates (2.33) which bound certain Lo (£2)-based
norms.

The solution decomposition (2.32) implies the following a priori estimates.
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Corollary 6. Assume (2.32) and set E :=u— S. Then u and the layer components E satisfy:

1S, < C, |E|, < Ce™Y4, luy < Ce™3/4,

2.33
|Elo< G, ||Befly < 04, ||, < CenV2 (2.33)

As in the previous Section, let V" denote the space of linear or bilinear finite elements on
a shape-regular mesh. Then the Galerkin approximation u" € V" is governed by solving the
linear system

a(u”, o) = (f,v")  for all v" € V.
Remark that by coercivity of a(-,-) the approximate solution u” is well defined.

Theorem 7. Let (2.33) hold true. Then the error of the finite element method with linear or
bilinear finite elements on a shape-regular mesh satisfies the e-uniform estimate

llu —uplle < Ch/3.

Proof. Like in the proof of Theorem 5 let 7 denote an Lo- and H'-stable operator giving the
approximation 7u € V" of u, for instance the Lo projection. We can estimate the approximation
error as in the proof of Theorem 5:

lu—mull§ < C(IS = 7SI + |1E = 7E|5) < C(h?[S + hlEL[IE]o).-

Hence, by (2.33) the bound (2.23) follows. Similarly, (2.33) yields the estimate (2.24). Conse-
quently, one obtains

|u — 7ull. < Ch/2. (2.34)

It remains to estimate the discrete error component 7u — u” € V. A standard argument using
coercivity and Galerkin orthogonality yields

|mu — u"||? < Calmu — u", 7u — u") = Ca(ru — u, 7u — u™).
By the definition of a(-,-) and the Cauchy-Schwarz inequality

I — w2 < € (Jlru — wlellmu — u e + ] (b(ru = w)a, 7w — )]

(2.35)
< C(llmu = ulle + | (mu — w)allo) ru — |-
Hence, we need to estimate ||(mu — u).||o-
(= mu)ollg < C(I(S = 78)allg + (B = 7E)oll5) < Ch* + | EL[G]|(E — 7E)a ||, (2.36)
< Ch® 4+ Ce'/?h|E,|, < Ch® + Ch. '
Collect (2.34), (2.35) and (2.36) to complete the proof. O

Remark 7. Numerically we observe e-uniform convergence of order 0.5. Clearly, Theorem 7
could be improved if one could devise a Lo- and H'-stable projection 7u of u with better
approximation properties with respect to ||(u — 7u).||o.

Remark 8. Note that we only dealt with homogeneous boundary data. The inhomogeneous
case is more difficult, in particular Shishkin’s obstacle theorem applies (see [72] for a similar
result and note that this phenomenon is not caused by the parabolic nature of the problem
considered therein). This negative result should be kept in mind whenever a problem whose
solution exhibits characteristic boundary layers is discretized on an equidistant mesh. It states
that it is impossible to devise a difference scheme (with coefficients drawn from a fixed class of
functions) on an equidistant mesh that features uniform convergence in the discrete Loo-norm
inside the characteristic boundary layers without excluding certain classes of (smooth and
compatible) boundary data. Remember that (besides the homogeneous boundary data) our
result for the Galerkin FEM relies on the weakness of the energy norm; it fails to capture the
characteristic layers.
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2.3 A mesh that resolves only part of the exponential
layer and neglects the weaker characteristic layers

We have seen in Sections 2.1 and 2.2 that the Galerkin finite element solution on standard
meshes converges e-uniformly to the solution u of certain problems in norms that fail to capture
the layers of u.

However, in other problems the solution w might contain several kinds of layers and the
norm considered may fail to capture only some of them. With respect to the other results of
this chapter it is interesting to know if in such a scenario the Galerkin finite element method is
robust on a mesh fitted to the stronger layers only. Besides this theoretical point of view this
question is interesting:

e An adaptive algorithm for these singularly perturbed problems based on the Galerkin
FEM and a posteriori error estimation may fail to refine the characteristic layers initially
due to their weaker nature. Can one still expect a meaningful approximation?

e Problems and costs concerning remeshing of the domain may be avoided. For instance,
imagine a weak interior layer moving through the domain in a singularly perturbed
parabolic problem.

As a model problem we consider

—eAu—buy +cu=f inQ=(0,1)3

(2.37)
ulyq =0,

assuming 0 < ¢ < 1, b € Wh(Q), b > B > 0 with some constant 3, ¢ € Lo (f2), f is sufficiently
smooth and

1
c+ gbx >~ >0. (2.38)

As in the previous section defined in (2.30), let I'; denote the sides of . Problem (2.37) has a
unique solution w that is characterized by an exponential boundary layer near I's. Moreover, u
possesses two characteristic layers near I'y and I's. We shall shortly see that the energy norm
captures the exponential layer but fails to do so for the characteristic layers which must be
therefore of a weaker nature.

Again we assume a solution decomposition:

u=8+FE+ Ey+ Es+ Eis + E23, (239&)

where for all (z,y) € Q and 0 < i+ j < 2 we have the pointwise estimates

i+j i+i B .
](,fas(xy)\ <c, ]g - }(az,y)‘ < eI IIVE,
T T
Y oy (2.39D)
8’+3E12

‘ ot Es

510y (x,y)‘ < Celem P/ ‘ (x,y)‘ < O (i+3/2)g=Br/cq~y/VE

Ozt OyJ
and bounds for F3 and Fs3 similarly to Fy and Ei4, respectively.

Remark 9. From [32, 33] one can deduce compatibility and smoothness conditions on f such
that (2.39) holds true in the constant coefficient case.

Measuring the boundary layer component E in the energy norm, we see | E||. = O(1). Hence,
problem (2.39) is singularly perturbed in the energy norm in view of Definition 1. However, for
the weaker characteristic layer components E; and F3 a short calculation gives ||E || + || E3lle =
(9(51/ 4). Consequently, the energy norm is too weak to capture the characteristic layers.

On a mesh sequence that is fitted to all layers one can achieve uniform first order convergence
for the bilinear Galerkin finite element method in the energy norm. For instance, on appropriately
constructed Shishkin meshes with N2 elements the error satisfies

|u—u|. <CN"'InN.
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Figure 2.1: Domain decomposition, N = 6.

However, the scope of this chapter is different. As motivated in the beginning of this
section we introduce a mesh that is fitted to the stronger exponential layer but we ignore the
characteristic layers. More precisely, we use a Shishkin mesh. Let N be an even positive integer
which will be used to denote the number of mesh intervals in each coordinate direction. Define
the transition point

12
T = min{f7 —ElnN}.
2 p
A one-dimensional Shishkin mesh is piecewise equidistant, i.e. over (0, 1) it subdivides each of
the intervals (0,7) and (7,1) into N/2 intervals giving N + 1 grid points, i.e. for 7 < 1/2:

N 4
ih for i=0.1....5  with h:%N‘llnN,
(2.40)

xT; =

. N . N . 2
T+<Z—2)H for 2—5+1,...,N with H—(].—T)N.

The mesh is fine near z = 0: In (0,7) the mesh size is h = O(eN~!In N). To the right of 7 the
size H of the mesh intervals is equivalent to N 1.

We introduce a rectangular mesh QY over Q by forming the tensor product of the described
Shishkin mesh in the z-direction with a uniform mesh (giving the grid points y; = jN~! for
j=0,...,N) in the y-direction.

For our subsequent error analysis we partition {2 as follows, see Figure 2.1:

O — 7 b 7
Q_ququQCqu,
where
Q= (0,7) x (0,1), Q= (0,7) x (y1,yn—1), Q4= (0,7) x ((0,51) U (yn—1,1)),
Qe = (1,1) x (0,1), Q= (1,1) x (y1, yn—1), Q2= (7,1) x ((0,y1) U (yn—1,1)).

Note that €2y contains all the anisotropic elements, which means that the aspect ratio of
these mesh rectangles is unbounded for € — 0. In contrast to this the mesh is quasi-uniform
in .. The subscripts f and c refer to the mesh sizes in z-direction which are fine in Q2 and
coarse elsewhere. QZ; denotes the first and last ply of elements along I'; and I's, i.e. close to the
characteristic boundary. Q} =y \QIJ’C is the remainder of ;. The symbols 2% and Q¢ have a
similar meaning. These subdomains will be useful in the estimation of the characteristic layer
component, later on. See Figure 2.1 for some illustration of these definitions and the mesh Q6.

In order to define the numerical method let VY C H{(€2) denote the space of piecewise
bilinears over the mesh Qp. The bilinear Galerkin finite element method now reads: Find
u™Y € VIV such that the linear system

a(u™ o) = (f,oV) for all v € V¥ (2.41)
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with a(-,-) from (2.31) is satisfied. Note that " is well defined due to the coercivity of the
bilinear form in the energy norm with respect to V.

If the mesh evolves into a very fine (or even uniform) one, i.e. N=! < Ce, then we could
analyze the Galerkin finite element method in a conventional manner. Note that in this case all
the layers — in particular the characteristic layers of width O(y/2In(1/e)) — are resolved by
the mesh. It remains to study € < CN—L

Next, let us consider an intermediate case in which the mesh is layer-adapted, more precisely

Nt<e<CONY2 (2.42)

Consequently, we also have
/2 < C(InN)~2 (2.43)

Lemma 8. Assuming (2.42) the Lagrange interpolation error on a Shishkin mesh with bilinear
elements and N intervals in each coordinate direction that is only fitted to the exponential
boundary layer satisfies

|u—ul||. < CN~/2, (2.44)
Proof. We use the solution decomposition (2.39) to estimate the the interpolation error by
splitting u into components and applying a triangle inequality. The interpolation error of the
regular solution component is easily bounded

|S—STlo<CH*S|, <CN™2? and |S— ST, <CH|S|; <CNL. (2.45)

Since the mesh is fitted to the exponential boundary layer component F5 one can use
standard arguments [64, See e.g. 111.3.5.2] and (2.43) to obtain

Ey—Ello<CN~2,  &'?E,—Ely <CN'InN,
2 2
yet,
|E2 — B3 ||r.. ) < CN?In N2 (2.46)

For the characteristic layer components, for instance for Fy, we use (2.39b) and (2.42) to
obtain

|E, — Ef|jo < CH|E,|; < Ce VANt <CON~V2, (2.47)
Similarly,

I(Ex = Ef)allo < CH(I(Ev)aallo + I(EVayllo) < Ce™VANTH < ONTV2, (2.48)
2B = El)yllo < Ce2H(I[(EV)ayllo + [[(E)yyllo) < Ce7ANTH < ONTV2L - (2.49)
Finally, we consider a corner layer, for instance Ei5. In the subdomain Q; the mesh

rectangles T of size h := (hy, hy) are anisotropic. We use the well-known bilinear anisotropic
interpolation error estimates [3, 2]

lo—v'lor<C Y R¥D¥lor form=1,2,

lee|=m
ID7 (v — o) ozr <C Y RID Vol for |y] = 1.
|| =1

Hence, by (2.43),

1B — Efsllo.e, < C(hll(Er2)allo, + HII(Er2)yllo.o,) < C(he™/* + He'/*) < Ce'/AN1.

(2.50)
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Similarly, and by (2.42)

eV2|[(Erz — Ef)zllo0, < CY2(h)|(Er2)aallo.e, + HI(Er2)syllo,)
< Ce?(eN"'InNe /4 4 N~1e™3/4) < Ce7VANTL < ONTY/2,

(2.51)

e 2|(Brz — Efy)yllo., < CeY2(hll(Er2)ayllo.e, + HI(Ei2)yyllo.e;)

< Csl/z(eN_l In Ne—3/4 4+ N_15_1/4) < Ce'/ANTT.

(2.52)

In the remainder of the domain we have z > 7 = 2¢/8In N. Consequently, (2.39b) yields
pointwise smallness of the corner layer, |[E12| 1 (o.) < CN~2. By maximum-norm stability of
Lagrange interpolation one obtains

1E12 — Efsllo0. < 1E12 — Bl 0. < CllEw2llL 0. < CN 2 (2.53)

Eventually, we use an inverse estimate in ). where the mesh is quasi-uniform with mesh size
H~ N
2By — Eyl10, <'?(|Bulig, + |Elhie,) < CeV2(7VINT2 + H Y Efyos.)
<C(EVANT2 4 N[ ElyllLoo,) < CNTY (2.54)

Summarizing (2.45)(2.54) we get ||u —u!|. < C(N"V/2 4+ N"'InN) < CN~1/2, O

Theorem 9. Let (2.42) be satisfied. Using the described Shishkin mesh that is only fitted to
the exponential boundary layer with N intervals in each coordinate direction the error of the
Galerkin finite element method with bilinear elements satisfies

|lw — uN||5 < CON1/2

Proof. Based on Lemma 8 and a triangle inequality it remains to estimate the discrete error
component & == u! —u" € VN, Coercivity of the bilinear form with respect to the energy norm
and Galerkin orthogonality yield

CH&”? < a(f,ﬁ) < a(uI - u?&) = e(V(uI - u)’ Vg) - (b(uI - U)Iaf) + (c(uI - u),f)

Let E := E; + E3 denote the sum of the characteristic layer components of u. We introduce
the following splitting u! —u = EY — E + (u — E)! — (u — E) and use integration by parts for
all terms except for E — E to obtain

ClENZ < e(Vu" —u),VE) — (b(E" — E),,&) + (c(E" — E),¢)

(2.55)
+ (b((w=B) = (u=E)).&) + (b + ) ((u = B) = (u— E)),€).
Note that ¢ € VY implies ¢ = 0 on 2 = 0 and = = 1. Hence, we may choose to apply integration
by parts to any component of u separately without introducing terms on the boundary.
All summands but the fourth one of the right hand side in (2.55) are easily estimated using
the Cauchy-Schwarz inequality. Collecting (2.44), (2.48) and (2.47) gives

€12 < C(lw = uh)l + (B = ENallo + 1B = E' o) €]l + €| (b((w — B)! = (u = B)), &)

< ONT2ell. + | (b((u - B) — (u - E)).& ) | (2.56)

The last term is split into components and is sometimes estimated in €2y and Q. separately.
For the regular solution component S we use the Cauchy-Schwarz inequality, (2.45) and
(2.42):

[(6(S" = 5),&)| < CIIS = S'[loll€allo < CN?[|Eallo < CNTH[€]e (2.57)
For the exponential boundary layer component the Holder inequality and (2.46) yield in Qf

|(b(E§ - E2)7£x)9f| < CmeaS(Qf)l/2||E2 - EZIHLW(Qf)ng |o,Qf
<ePNT2(IN) 2|0 < CNT2|E]..

(2.58)
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In Q¢ we estimate the corner layer components using the Cauchy-Schwarz inequality with
(2.50) and (2.42). For instance, for Eq5 we have

|(b(E112 - E12)7§x)9f| < C|Er2 — E{2||0,Qf||§a:||0,szf

. o (2.59)
< CeYINTY|gullo < CNTV2g) ..

Obviously, a similar estimate holds true for Eos.

Finally, we consider FE = Ey+ Eis + Eo3 in Q. where the mesh is quasi-uniform and of mesh
size H ~ N~!. Based on x > 7 = 2¢/31In N for all points (x,y) € Q. and (2.39b) we observe
that E is pointwise small, i.e. ||EHLOC(QC) < CN~2. Consequently, an inverse estimate gives

|(b(ET - E)vgﬂ)QJ < C|E - E"jo,0. | l0.0.
< C|E - E"|1 0N |&lo0. (2.60)
< C|E|ro @) Nélle < CNTHIE] ..

Collecting (2.56), (2.57), (2.58), (2.59) and (2.60) completes the proof. O
Finally, we consider the most interesting case in which ¢ is small in comparison to N1, i.e.
Ve< N7 (2.61)

Some techniques used for this case have been published in [63]. Note that the argument
presented can be carried out without assuming the solution decomposition (2.39). Instead one
may use an asymptotic approximation of Schieweck [68] — as was done in [63].

In view of (2.61) the fact that the characteristic layer terms and the corner layer components
are of order O(¢'/*) in the energy norm gives

lu— (S + E)|le = | By + Eo + Era + Easl. < Cet/* <CN—'/2, (2.62)
This observation motivates the following splitting:
lu—uMe < flu—(S+ Ea)lls + IS + B2 = 7(S + o)l + ||m(S + E2) —u™|le  (2.63)

with some projection m(S + E) € VN of S+ E5. By (2.62) we have already an estimate for
the first term in (2.63). In order to study the second one we need to specify the projector 7.
Note that for the sum of regular solution component and exponential boundary layer one has

(S+ E3)|z=0 = (S+ E3)|z=1 =0 but in general S+ Ey;#0onTy and T'y.

Hence, we cannot use a standard projector because this would break 7(S + Fy) € V. Instead
we modify bilinear interpolation for grid points on I's U T'y:

v(z,y;) for0<i<N,1<j<N-1
(mo) (24, ;) =

0 otherwise.

Before we turn our attention to the second term in (2.63) we show a useful stability result
for the projector 7.

Lemma 10. Consider the mesh rectangle T = [x;, 2;41] X [ynv—1,1] fori € {0,..., N —1} with
an edge length of H in y-direction. Let v € C(T) N W1,00(T). Then

I(7v)ellor < OVH oa(,yn—1)]

0,(zi,@iq1)"
Proof. One easily checks that for (x,y) € T and with h; == z;411 — z;

(x —x;)(1 —y)
h;H '

(Tit1 —z)(1 —y)
h,H

mv(x,y) = v(Ti, yn—1) +v(Tiy1,YnN—1)

Hence,

1
H

(V) ay(z,y) = . (v(zs, yn—1) — v(Tip1,yn—1)) = — /m+1 vz (s, yn—1) ds.
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Using this identity and (7v);(z,1) = 0 gives

(70)a (2, y) = —/1(771})1?,(9;,75) dt = th /yl /m+ va(5, Y1) dsdt.

Y

Squaring, using 0 < 1 — y < H and applying the Cauchy-Schwarz inequality yields

2 < 1 9 Tit1 2 < i . Tit+1 2
((m))z(x,y)) < thzH lvg(s,ynv—1)|ds) < h?hl (vm(s7yN,1)) ds.

Ti

Integrating this estimate over T' and taking the square root the proof is complete. O
Lemma 11. Assuming (2.61) the projection error of S + Ey satisfies
|S 4 By — (S + Ep)|. < CN~Y2,

Proof. Set = S+ E,. Since the projection is given by bilinear interpolation in Q% and Q, we
can use standard arguments [64, See e.g. I11.3.5.2] to obtain

i — 7. 0 < CN'InN and |[i— i, 0 <CN "

It remains to estimate the projection error in the subdomains QS’C and Q% adjacent to the
characteristic boundary. Here the projection of 4 is non-standard because the values along the
characteristic boundaries y = 0 and y = 1 are ignored and replaced by zero.

In Ql} we use that u as well as mu are bounded to get

G = millo.0p < [ — 7] (o) (meas Q2 < CePNTHR(InN)Y2 < ONTH2,

Similarly, by an inverse estimate, (2.39b) and (2.61)

2, — (rt) ooy, < /2 (1 o, + (7)o 01)

< C€1/2(||%HLOC(Q;) + H71||7Tﬁ||LOC(Q;))(meaSQl})
< CePN"V2(InN)V/2 < CONTV2,

1/2

For the derivative with respect to = we use Lemma 10 and (2.39b):

cl/2

e — (w)ellogy, < € (lasllogs + I (T@allo.0r)

< Ce'PH'Y? (571/2+ @z (- yv—1)llo,0,7) + ||ﬂd7('7y1)||07(0,7')) <CNTV?
because ||i (- yn—1)llo,0,7) + |z (- y1)llo,(0.1) < Ce™ /2.

Next we consider 2 and estimate the components S and Fy, separately. For S in Q% we
use the same arguments as for @ in Ql}: By 7S]z vy < 1SNz () < C one obtains

IS = 7Slo.r < I8 = 78| L. () (meas Q) < ON~V2,
The derivative with respect to y is bounded using an inverse estimate and (2.61)
2|18y = (mS)yllo.x < €2 ([1Sylo.x + 11(wS)yllo.0z)
< CV2(I1Sy Nl by + H 7S] 2y ) (meas Q)12
< CeV2NY2 < N2,

For the z-derivative a triangle inequality and Lemma 10 yields

51/2”5:10 - (WS)wHO,Qg < 51/2(”‘591

0,00 + (7). |0,Qg)

2.64
< 051/2((meas QY2 4 \/ﬁ) 11 ) < CY/2NT12, (2.64)

In Q2 we have z > 7. Consequently, 12l an) < CN~2 and
| B2 — wEallo.0r < CllE2l1.r) < CN 2, (2.65)

e'?|By — mEa|y qp < CeY?(|Baly g + H | Ballp_an) < CEVANTI 4 N72),

where we used an inverse estimate again. O
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Theorem 12. Assume that (2.61) holds true. The error of the bilinear Galerkin finite element
method for problem (2.37) on a Shishkin meshes with N intervals in each coordinate direction
that is only fitted to the exponential boundary layer satisfies

u— V). < ONTV2, (2.66)

Proof. Based on (2.63), (2.62) and Lemma 11 it remains to estimate the discrete error component
€ =7(S + Ey) —ul € V¥ in (2.63). Using coercivity of a(-,-) and Galerkin orthogonality

Clél? < a(€,€) = a(x(S + E2) — u,§) = a(n(S + Ez) — (S + E2),§) +a(S + By — u,(f)- |
2.67

We study the last term first. Integration by parts as in (2.55) but this time for the corner layer
terms and the Cauchy-Schwarz inequality gives

|CL(S+ Es — U,E)‘ = ‘a(*El —FEy — E13 — E23a€)|
< C||Ey + Bz + Eiz + Easl|c||€]lc+ | (b(Brz + Eas), &) | +|(b(Ey 4 E2)a, §)|
< 0(51/4 + 8_1/2HE12 + Easllo + |[(E1 + EQ)mHO)HfHa < 051/4”5”5-
Hence, by (2.61)
a(S + Ey —u, &) < CN7V2|¢|.. (2.68)

Similarly, to (2.55) we start to estimate the first summand of (2.67), splitting it into

|a(n(S + B2) = (S + E2),€)| < [|I7(S + E2) = (S + E2)|[I€]l-

|(brS = ), 6)| + | (BB — o) 6)| )

The first summand in (2.69) is easily bounded by N~1/2||¢||. based on Lemma 11.
In Q== Q} U Q¢ where v = v coincides with bilinear interpolation one can use standard
arguments for the other terms, i.e. (2.58), (2.60) and

|(6(7S = )z, €) | < CII(S" = Sallo.grlElloo < CNTHge- (2.70)
In QF we estimate
|(b(S = 8)a,€) | < Cll (TS = Shallo,nlléllogy < N2 (2.71)

using the Cauchy-Schwarz inequality and (2.64). Clearly, a similar estimate holds true in Q’}.

By (2.65) the smallness of the exponential boundary layer component Fy in Q% and an
inverse estimate give

’(b(ﬂ'Eg - E2)7£Z)Ql()| < C||7TE2 — Fy

osellézllonr < CNT2H7Hgllo < ONTHg]le.  (2.72)

It remains to estimate |(b(1Ez — E2), &), | to complete the proof. Note that applying Hélder’s
7

inequality is too crude by a logarithmic factor:
|(b(rEz = E2), &) | < CllmBs = Boli. o) (meas Q92 [€ullo < N2 N)V2l¢]..
We estimate more carefully:
(b Ez = B2), &) g | < [(b(mE2 = E2), &) g | + [ (0(E2 — ). &) g
The second summand is again bounded by (2.58) in a standard way. Let us estimate the first

summand on the lower ply of elements of Qé’c denoted by w := [0, 7] x [0,y1] as the other upper
ply can be treated similarly. By the Cauchy-Schwarz inequality

|(b(nEy — E), &) | < C|lwEy — Ef|

I

0,w- (273)

0,w
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The term wE, — EL is discrete (but not in VV) and the only non-vanishing coefficients in a
nodal basis representation of this term correspond to basis functions along the characteristic
boundaries 'y and I's. Consequently,

, N/2 , N/2 i s
|mEs — EQIHOM = Z |mEy — E21||0,[wi71,mi]><[0,y1] < C’Z/O / max }(E2(a:70))2 dzdy
i=1 i=1 Ti-1

r€{Ti_1,7;

N/2

Y1 x4
< CZ/O / 1 e 2Pri-a/e dzdy
i=1 Ti—

In order to bound this term we adapt a technique of Stynes and Tobiska, see e.g. [76, Lemma
3.2.]. In fact, e 2%i-1/e < e=20%/¢ for o € [x;_9,x;_1]. Hence,

9 N/2—1 oy pa Y1 pTL
|rE2 — B3|, , <C > / / e 200/ dady + 0/ / e~ 20e0/% dpdy
’ i=1 Y0 Jzia 0 70 (2.74)

< C’H/ e 2Pr0/e gz + ChH < CH(s 4 h) < CeH.
0

Collecting (2.73) and (2.74) gives
|(b(7 B> = B3),&),, | < CVeH|&llow < CNTH2 ¢ (2.75)

Similarly, an estimate on the upper ply of elements belonging to Ql} follows. Summarizing the
proof is complete. O

Since one can use standard arguments to obtain an error estimate superior to (2.66) in the
regime N~! < Ce combining Theorems 12 and 9 gives the main result of this section.

Corollary 13. Assume that the solution u of (2.37) can be decomposed according to (2.39).
Let QN denote the rectangular Shishkin mesh defined in the beginning of this section which has
N > 2 intervals in each coordinate direction and is fitted to the exponential layer only. Hence,
the mesh completely ignores the presence of the characteristic layers of u. Let VN C C(Q) be
the space of piecewise bilinears on QY. Then there is a constant C' which is independent of €
and N such that the Galerkin finite element approxvimation u” defined in (2.41) satisfies

|u—uN|. < ON"Y2,

Remark 10. In contrast to [63, Section 3.2 Theorem 1] Corollary 13 states uniform convergence
of order 1/2. Unfortunately our proof relies on assuming (2.39) paying the price. Our numerical
experiments show that this estimate is sharp.

2.3.1 Weakly imposed characteristic boundary conditions

Inspecting the proof of Theorem 12 we see that most problems are induced by the homogeneous
boundary conditions of V¥V along the characteristic boundaries I'; and I's. This observation
raises the question: What error estimates can we expect if we impose the boundary conditions
weakly? This would enable us to use standard Lagrange interpolation instead of .

Note that a characteristic boundary layer occurs in general along the characteristic boundary
I'y that is parallel to the characteristics of the convective field l_;, i.e. on I'g the outer unit normal
vector n to (Q is perpendicular to b. Hence, imposing only the boundary conditions along I'y
weakly can be contrasted from the general case, in which artificial terms involving b-n are
introduced to ensure coercivity of the modified bilinear form, see [64, Part III Section 3.3.2].
In this sense weakly imposed characteristic boundary conditions are more natural than the
complete treatment of the entire boundary with this technique.

We study this idea. In our case b= (=b,0)7 and I'y == 'y UT3. Let us introduce the
function space V := {v € H'(Q) : v|lz—o = v|,=1 = 0 in the sense of traces} and denote by
VN the space of piecewise bilinears over the mesh Q. The bilinear Galerkin finite element
method for problem (2.37) with weakly imposed characteristic boundary conditions reads: find
@™ € VN such that

an (@™, v™) = (f,oV) for each o™ € VN (2.76a)
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where
an(w,v) = e(Vw, Vv) + (=bw, + cw,v) + ar, (w, v), (2.76b)
ow v €
ar, (w,v) = —E(a—nﬂ)) + 5( 3n) + 7ﬁ(w,v)po. (2.76¢)

The positive penalty parameter v > 0 will be needed to ensure coercivity if one picks the minus
sign in (2.76¢). Note that neglecting this term completely also devises a feasible method.
It is easy to see, that these methods are consistent: For a solution u € H N H? one has

an(u, o) = (f,oV) for each vV € VN,

In order to analyze this method we rely on trace inequalities. We shall prove such a result
and state the dependencies of the element-geometry, explicitly. Hence, this result will also be
valuable on anisotropic meshes in subsequent chapters.

Lemma 14 (Anisotropic multiplicative trace inequality). Let T be a rectangle with sides parallel
to the coordinate azes and a width in y-direction of hy. Let 0T, denote the union of the two
edges parallel to the z-axis. Then for v € Wi ,(T') we have the estimate

2
00, oy < POy Mol vy + 0l ) for p € [1,00), (2.77)
Y

vl or) < vllLe(1y- (2.78)

Proof. The proof follows its isotropic version in [28, Theorem 1.5.1.10] (or [18, Lemma 3.1] in
the Lo setting): Without loss of generality we assume that the origin of the coordinate system
is given by the midpoint of the rectangle T. The divergence theorem yields for v € C(T):

P p
/ (Jv|Py) dzdy /V- (UO y) dedy = /n <|Ug y) ds
T T aT
h h
[ oPtuids = [ oPas = Sl o,
0Ty, 0Ty,

Moreover, since |y| < h,/2 on T an application of the product rule and Hélder’s inequality with
]% + % =1 imply

(2.79)

ov
[ 55 o azdy - / 55 () ydody + / oPdady = p / o205y dedy + ol

T
1/q
phy p—1 dv p v P
<230 [ 1ot 5| dedy -+ ol ) < 552 firazas) 5,
T P
v
P oz \ Iy
L) 9yl o Ly(T)
The assertion follows from a standard density argument. The case p = oo is trivial. O

The trace inequality of Lemma 14 and an inverse estimate for an edge £ C 'y of a mesh
rectangle T adjacent to I'g yield

ovN Ce
(G ™) | < o loslo™ s < fnano ooV lo.s < ZIoV - + Il
Hence, the bilinear form ay(-,-) is coercive in V'V with respect to the norm || - || given by
ve
o™ = o™ + 1™l + 2 o™ 15.r,

N

provided that v > g is sufficiently large (independently of ¢ and H). In this case 4" is well

defined.
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Remark 11. Choosing the plus sign in (2.76¢) obviously generates a method with a coercive
bilinear form without further restrictions on v > 0.

Based on (2.63) and the fact that one can use (S + E3)! instead of (S + E»), standard
arguments [64, 43] improve the error estimate to

u—aN|le <C>Y*+N""InN) + [|€]., (2.80)

where & = (S + E»)! —alV.
For the discrete error component £ we use

€1l <l (2.81)

and bound ¢ in the stronger norm || - ||. By the standard argument that led to (2.67)
ClIEN? < an ((S + E2)! = (S + E2), )| + |an(S + B2 — u,€)|.

Using again standard arguments [64, 43] for the Galerkin part a(-,-) of the bilinear form ax(,-)
we arrive at

CliEl® < C(e* + N= I N)I€]l + |ar, ((S + E2)" = (S + E2),€)| + |ar, (S + Bz — u,§)|.
(2.82)

Let us abbreviate @ :== S + E5 and estimate the two remaining terms of (2.82) by splitting
them into the components of ar,(-,-). We start off with the second summand:

He(@ - ),

lar, (i@ — @,€)| < )e(a%(af — u),g)

+|p @ @ 283)

To

We need interpolation error estimates of @ on I'g. Applying the trace inequality of Lemma 14
yields

7 - 7 - 7 - C. 1 - _
(@' = a)ylI5,r, < Cll@" —a)ylloll(@" —@)yyllo + (@' —a)y I3 < CNTH, (2.84)
H
- - 7 - C. .1 - _
[a’ —allg r, < Clla’ —alloll(a@" —a)yllo + ﬁllul —alg <ONT2 (2.85)
By the Cauchy-Schwarz inequality and (2.84)
c1/21/2 e1/2~1/2

o 5 . I - Y 1/2 p7r—1
(5@ - .€) | < @ = @yllore i l€lloro < CN Ul (2:36)

Similarly, a trace inequality and (2.85) give

A1/2

051/2

ora g 6l < CEVAN Tl (287)

. 0¢ 7 -
I~ Y < 172051
(- ) | < 0

Finally, simply use the Cauchy-Schwarz inequality and (2.85) to obtain

1/2.1/2 1/2.1/2

Y - - ey _
< @' — iillo.r, I1€llo,ro < CeY2N1|E]I. (2.88)

YE T~
‘ﬁ(u —u,8)r, =Tz THIZ

Next, we consider the last summand of (2.82):

+ ‘g(ﬁ_u’%&z)ro

The characteristic layers and corner layers @ — u are pointwise and e-uniformly bounded by
a constant, i.e. |G — ul|r_ () < C. Moreover, ||(& —u)y||r. () < Ce™'/2. Hence, by a trace
inequality

|ap0(ﬂ—u,§)‘ < ’5(%(&—"@,5)

i ‘%(u —w,)py |- (2.89)

o

lello < CEeN)Y g (2.90)

<ell(a— U)y”O,Mﬁ
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Similarly,
- 2 /2| Ce'/? 1/2
[e(a—u. 53, | <<l ulor, Tz 6sllo < CEN) gl (2.9)
and
1/2.1/2 1/2.,1/2
Ve~ e ~ v
3@ = w 8| < Tl = vlore = lelor, < CENRllEl. (292)

Collecting (2.80)—(2.83) and (2.86)—(2.92) we obtain the following result.

Theorem 15. Assume that the solution u of (2.37) can be decomposed according to (2.39).
Let QN denote the rectangular Shishkin mesh defined in the beginning of this section which has
N > 2 intervals in each coordinate direction and is fitted to the exponential layer only. Let
VN C C(Q) be the space of piecewise bilinears on QN. Then there is a constant C' which is
independent of € and N such that the Galerkin finite element approzimation @Y with weakly
imposed characteristic boundary conditions defined in (2.76) satisfies

lu—a|. < 0(51/4 +N'InN + (EN)1/2).
Remark 12. Comparing Theorem 15 with the sharp estimate of Corollary 13:
Ju—uN|. < ON7Y2

we see that it is beneficial to impose the boundary conditions along the characteristic boundary
weakly if ¢ is very small in comparison to N~!. In the extreme case ¢ < CN~4(In N)* (which
holds true for instance for the last two columns of Table 2.9) Theorem 15 states convergence of
almost first order. This is the best possible result for bilinear elements on a Shishkin mesh.

2.4 Numerical experiments

2.4.1 A reaction-diffusion problem with boundary layers

Consider the test boundary value problem

—eAu+u=f inQ=(0,1)
u=0 on 9o

where € € (0,1] and f is chosen in such a way that

o X L—e W/VEe (-
u(z,y) = w(w)(y), u(t):—m (e UVE e “Ng) +1

is the exact solution, which exhibits typical boundary layer behavior. Let Qy denote the
uniform mesh that is generated as the tensor product of two uniform 1D meshes dissecting the
interval (0,1) into N elements. Moreover, we define V¥ as the FE-space of bilinear functions
on 2. We denote by uy the solution of the Galerkin FE-method. We use some adaptive
quadrature algorithm to compute all integrals with a tolerance of 10710,

In Table 2.1 we see the performance of the method in the setting € = 1. In agreement with
classical analysis one observes convergence of second order in the Ly(£2) norm as well as in the
Lo (92) norm and its discrete version. However, the error of the method measured in the energy
norm is O(N 1) because its H'(£2) semi-norm component is only first order convergent and
dominates the Ly(€2) error (even for small N). Remark that similar results will follow if for the
element diameter A(N) it holds h(N) < /e, see Table 2.2.

If /£ is small in comparison to h(NN) — as is the case in Table 2.3 — one observes that
the rates of converges decline. Furthermore the error in the energy norm is dominated by the
L2(9) norm component for small values of N where the H!() semi-norm component attains
convergence rates smaller than 1/2.

Finally, Table 2.4 shows that if the ratio v//h(N) is further decreased one observes no error
reduction in the H'(£2) semi-norm or the L., () norm. However, the Lo(f2) error seems to be
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N

Velu —un|i

[[u — unllo

[ — unlloo

luf — un oo

error rate

error rate

error rate

error rate

16
32
64
128
256
512

3.92e-3
1.96e-3
9.78e-4
4.89e-4
2.45e-4
1.22e-4
6.11e-5

1.00
1.00
1.00
1.00
1.00
1.00

1.22¢-4
3.05e-5
7.63e-6
1.91e-6
4.77e-7
1.19e-7
2.98e-8

2.00
2.00
2.00
2.00
2.00

3.57e-3
8.41e-4
2.07e-4
5.16e-5
1.29e-5
3.22e-6
8.06e-7

2.08
2.02
2.01
2.00
2.00
2.00

1.66e-4
4.12e-5
1.03e-5
2.57e-6
6.42e-7
1.60e-7
4.01e-8

2.01
2.00
2.00
2.00
2.00

Table 2.1:

e=1

Velu —unli

lu—unllo

[ — unlloo

[uf = un oo

error rate

error rate

error rate

error rate

16
32
64
128
256
512

1.27e-1
6.65e-2
3.36e-2
1.69e-2
8.44e-3
4.22e-3
2.11e-3

0.94
0.98
1.00
1.00
1.00
1.00

4.08e-2
1.08e-2
2.73e-3
6.84e-4
1.71e-4
4.28e-5
1.07e-5

1.92
1.98
2.00
2.00
2.00
2.00

9.54e-2
3.29¢e-2
9.87e-3
2.72¢-3 1.93
7.15e-4
1.96
1.83e-4 1.08
4.64e-5 )

1.53
1.74
1.86

4.74e-2
1.00e-2
2.41e-3
5.98e-4
1.49e-4
3.73e-5
9.31e-6

2.24
2.05
2.01
2.00
2.00
2.00

Table 2.2: ¢ = 1072

Velu —un|i

lu —unllo

[ — unlloo

[uf = un oo

error rate

error rate

error rate

error rate

16
32
64
128
256
512

1.30e-1
1.18e-1
9.17e-2
5.69e-2
3.06e-2
1.56e-2
7.84e-3

0.14
0.37
0.69
0.90
0.97
0.99

2.96e-1
1.65e-1
7.11e-2
2.30e-2
6.24e-3
1.60e-3
4.01e-4

0.84
1.21
1.63
1.88
1.97
1.99

8.19%-1
6.13e-1
3.36e-1
1.32e-1
4.81e-2
1.49e-2
4.20e-3

0.42
0.87
1.35
1.46
1.69
1.83

5.65e-1
4.57e-1
2.48e-1
7.70e-2
1.53e-2
3.78e-3
9.30e-4

0.30
0.88
1.68
2.34
2.01
2.02

Table 2.3: e = 10~

Velu —un|i

lu —unllo

[ — un |l

”uI —un oo

error rate

error rate

error rate

error rate

16
32
64
128
256
512

1.41e-2
1.41e-2
1.41e-2
1.41e-2
1.40e-2
1.38e-2
1.35e-2

0.00
0.00
0.00
0.01
0.02
0.03

3.72e-1
2.65e-1
1.88e-1
1.32e-1
9.17e-2
6.27e-2
4.13e-2

0.49
0.50
0.51
0.52
0.55
0.60

9.99¢-1
9.99e-1
9.97e-1
9.94e-1
9.86e-1
9.60e-1
8.97e-1

0.00
0.00
0.00
0.01
0.04
0.10

6.08e-1
6.07e-1
6.07e-1
6.07e-1
6.07e-1
6.03e-1
5.90e-1

0.00
0.00
0.00
0.00
0.01
0.03

Table 2.4: ¢ = 10~8
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10_1; E
10_2? .
e
S 1073+ elu—unly
: v —unllo
+||U—UN|/|E
4l y:ChIQ |
10 i y=Ch
y = Ch?
-5 . M| . | . M| . M|
1010—5 10~ 10—3h 1072 10~!

Figure 2.2: 1D reaction-diffusion problem: energy norm errors for ¢ = 1078

100? T i T
107+

@

: — —_

S 1072¢ lu—unllo |
e —un e
el —unl

10—37 y:Ch _
y = Ch?
0 104 107®, 102 10

Figure 2.3: 1D reaction-diffusion problem: errors for ¢ = 108
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0.5

-1
-1 -0.5 0 0.5 1

Figure 2.4: Example grid for the reference  Figure 2.5: Reference solution for ¢ = 10~*
solution.

O(N~Y/2). In fact we have ||u —uy||o < 1.06 N~1/2. Since the Ly(f2) error dominates the error
in the H'(Q2) semi-norm the energy norm error is O(N~1/2), as well. Note that in order for the
Ly(f2) error to reach the same magnitude as the H'(Q) semi-norm, namely 1.4e — 2, we would
need N > 5000 elements reducing the critical ratio /¢/h(N) and resulting in convergence rates
similar to those of Table 2.3 (with N > 32).

The different phases described above can nicely be seen in Figure 2.2. Here a 1D reaction-
diffusion problem similar to the original test problem with ¢ = 108 is considered. Hence,
a broader interval for the parameter h = h(N) can be studied. Figure 2.3 shows that the
approximations uy do not converge uniformly in € to the solution of the problem u neither
in the Lo (£2) norm nor in its discrete counterpart. An initial phase of error stagnation (until
h(N) < /e and the layers are resolved) can also be observed in the stronger balanced norm

I+ N, i [[oll5 = vElo[§ + [v]lo-

2.4.2 A reaction-diffusion problem with an interior layer

In this subsection we want to examine the sharpness of Theorem 4 and consider a problem with
an interior layer along a Lipschitz curve:

—eAu + (1 + x2y26$y/2>u =f inQ=(-1,1)%
u=0 on 0N
with € € (0,1] and

23(1 + 5) + sin(mz?) + cos(ry/2) if 22 + 92 < 1/4,
Hey) =3, else

Consequently, v will exhibit an interior layer near the circle centered at the origin and with
radius 0.5. By the definition of f, the reduced solution f/c vanishes outside that circle. Hence,
it satisfies homogeneous boundary conditions and no boundary layers arise. This is for our
convenience: we numerically studied the performance of the Galerkin finite element method
for reaction-diffusion problems with boundary layers already and want to focus on the interior
layers.

Since we can’t supply a reasonable solution structure for this problem we use a finely resolved
numerical reference solution u* to calculate the errors of the numerical scheme. By our a
priori knowledge of the position of the layers we are able to generate a very fine and graded
layer-adapted mesh, similarly to the one presented in Figure 2.4. However, in contrast to the
coarse mesh depicted (featuring about 7560 mesh triangles) the high resolution mesh generated
accumulates about 1 million triangular elements.We use quadratic finite elements over this mesh
to compute the reference solution u*, which is depicted in Figure 2.5 for the moderate value
e = 10~%. Moreover, we approximate all integrals by a high order Gaussian quadrature rule.
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Figure 2.6: Lo-norm error (colored) and H' semi-norm error (gray) for various values of € and
N.

The results of this numerical experiment are shown in Table 2.5 and Figure 2.6. In the
former errors and convergence orders with respect to the energy norm are displayed in the lower
and upper half, respectively. Inspecting that table we find complete agreement with Theorem 4:
The Galerkin finite element approximation on uniform meshes appears to converge e-uniformly
of order 1/2 to the (reference) solution in the energy norm. As before we note that the ratio of
1/N and /e is critical. If these two quantities are comparable in size, then we observe first
order convergence of the Galerkin FEM in the energy norm. If however, /¢ < 1/N then the
convergence order breaks down and numerically computed orders around 0.5 become evident.
This also yields sharpness of Theorem 4.

Regarding the distribution of the error to the two components the situation is again similar
to the previous numerical experiment. This time we use a three dimensional plot in form of
Figure 2.6 to present these results. In that figure errors in both norm components of the energy
norm — namely the Ly-norm (colored surface) and the weighted H' semi-norm (gray surface)

— are plotted as surfaces over pairs (N, e). Hence, moving further to the front in the parameter
domain of Figure 2.6 corresponds to uniform mesh refinement, while for instance moving to the
left decreases €. Note that all three axes of that figure are logarithmic.

The two surfaces intersect along some almost straight line which is apparently of the form
ve = C/N. For \/e < 1/N the error in the energy norm is dominated by the Ly-norm error.
This is only due to the small multiplier of the H' semi-norm component. In particular the
H' semi-norm error is almost constant for ¢ = 10719 and N < 1024. Consequently, we would
observe error stagnation in the stronger norm || - ||, (as the larger multiplier would lift the gray
surface). For ¢ < 1077 the dominant error component shifts to the H!- semi-norm component
within the observed parameter interval of N. Still the both components can be bounded by
1.3N~Y/2 which is illustrated as black line in the right of Figure 2.6. This bound also holds
true for ¢ = 10710 which also realizes the maximal error.
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N e=107% =107 =10°% =107 ¢=10°% =109 =101

16 0.76 0.64 0.58 0.55 0.53 0.53 0.53
32 0.83 0.66 0.55 0.52 0.52 0.52 0.52
64 0.91 0.76 0.61 0.54 0.50 0.49 0.49
128 0.94 0.88 0.70 0.58 0.54 0.53 0.54
256 0.96 0.89 0.78 0.61 0.53 0.50 0.49
512 0.98 0.94 0.88 0.72 0.58 0.53 0.52

16 2.28e-01  2.61le-01  2.70e-01  2.71le-01  2.71le-01  2.71e-01 2.71e-01
32 1.35e-01 1.67e-01 1.80e-01  1.85e-01  1.87e-01  1.87e-01 1.87e-01
64 7.60e-02  1.06e-01  1.23e-01  1.29e-01  1.30e-01  1.31e-01 1.31e-01
128 4.05e-02  6.26e-02  8.07e-02  8.87e-02  9.19e-02  9.30e-02  9.33e-02
256 2.10e-02  3.41e-02  4.96e-02  5.93e-02  6.32e-02  6.42e-02  6.43e-02
512 1.08e-02  1.83e-02  2.89e-02  3.89¢-02  4.37e-02  4.54e-02  4.57e-02
1024  5.49e-03  9.54e-03  1.57e-02  2.36e-02  2.92e-02  3.15e-02  3.19e-02

Table 2.5: Difference to the reference solution ||u* — u™V||. of the bilinear Galerkin FEM on
equidistant meshes for a problem with an interior layer.

2.4.3 A convection-diffusion problem with characteristic layers and
a Neumann outflow condition

For the numerical verification of the results of Section 2.2 we consider the problem
—eAu—2u, +u=f in Q=(0,1)2

Ju
or

(2.93)
=0, ul,,=0 and uf,_q=ul,_, =0,
=0

with 0 < e <1 and f chosen in such a way that
u(z,y) = (cos % —2r+2— 6(672"]0/67 e*Q/E)) (1 — e*y/‘/g> (1 — e*(lfy)/‘/g>

is the exact solution of (2.93). It exhibits typical boundary layer behavior for this kind of
problem. We denote by uy the finite element solution determined by

e(Vun, Von) + (uny —2un 4, vn) = (f,on) forall vy € v,

Here V¥ is the FE-space of bilinear functions on a uniform mesh with N? elements like in the
previous subsection.

In Table 2.6 we see the error of the method measured in the \/e-weighted H!(£2) semi-norm.
For the last two columns in that table (¢ = 10~® and & = 107'2) we observe no significant error
reduction. In fact the error behaves almost like ~ 1.8¢'/# independently of N. Since u is of
the same quality (according to (2.33): |u|; < Ce™'/*) this indicates that for v/ < hy = N~}
bilinear functions are not able to yield good approximations for a sharp layer function. For a
bigger value of &, namely € = 10~* we find that the rates of convergence increase significantly
if some hundred elements are considered. Hence, the ratio \/e/hn appears to be significant.
Remark that a parabolic boundary layer has a width O(y/1n(1/¢)). If \/e/hy > 1 we observe
first order convergence.

The Ly(Q) errors and corresponding rates are depicted in Table 2.7. For v/e/hy > 1 second
order convergence can be observed. If that ratio is smaller than one the rates start to fall but
1/2 appears to be a lower bound for all Ly(Q) rates, independently of the quotient v/e/hy.
Remark also that for \/£/hy < 1 the Ly(2) error dominates the corresponding +/e-weighted
H'(Q) semi-norm error. Hence, in this case the energy norm error is essentially given by its
Ly(Q) component.
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N e=1 e=10"2 e=10"4 e=10"% e£=10"1
error rate error rate error rate error error

8 6.98e-2 2.04e-1 1.73e-1 1.86e-2 1.86e-3
16 3.49e-2 i(())g 1.06e-1 ggg 1.58e-1 8:152 1.86e-2 1.86e-3
32  1.74e-2 1'00 5.37e-2 0198 1.25e-1 0.68 1.85e-2 1.86e-3
64 8.72e-3 1'00 2.72e-2 0'99 7.78e-2 0'91 1.85e-2 1.86e-3
128 4.36e-3 1'00 1.37e-2 1'00 4.13e-2 0'98 1.84e-2 1.87e-3
256 2.18e-3 ’ 6.89e-3 ’ 2.09e-2 ’ 1.82e-2 1.87e-3

Table 2.6: \/e|lu — un|; for different values of N and e.

e=1 e=10"2 e=10"4 e=10"8 e=10"12

error rate error rate error rate error rate error rate

8 2.23e-3 5.89%e-2 4.00e-1 4.98e-1 4.99e-1
2.00 1.99 0.86 0.50 0.50

16 5.56e-4 1.49e-2 2.20e-1 3.52e-1 3.53e-1
2.00 1.99 1.24 0.51 0.50

32 1.39-4 3.74e-3 9.34e-2 2.48e-1 2.50e-1
2.00 1.98 1.71 0.51 0.50

64 3.47e-b 9.47e-4 2.85e-2 1.74e-1 1.77e-1
2.00 1.98 1.97 0.52 0.50
128  8.68e-6 2.00 2.39e-4 1.99 7.30e-3 201 1.21e-1 0.55 1.25e-1 0.50

256  2.17e-6 6.01e-5 1.82e-3 8.25e-2 8.82e-2

Table 2.7: ||u — un||o for different values of N and e.

2.4.4 A mesh that resolves only part of the exponential layer and
neglects the weaker characteristic layers

In the problem of Section 2.3 the energy norm associated with (2.37) is strong enough to capture
the exponential layer in contrast to the previous problems. The numerical results reflect this
exceptional feature. Let u’¥ denote the solution of (2.41) on the tensor product mesh composed
by a Shishkin mesh in z-direction and a uniform mesh in y-direction introduced in Section 2.3.

e=1 e=10"2 e=10"* e=10"8 e=10"12

error rate error rate error rate error rate error rate

8 2.2le-2 2.59%e-1 3.61le-1 3.90e-1 3.90e-1
1.00 0.60 0.62 0.52 0.52

16 1.10e-2 1.70e-1 2.35e-1 2.71e-1 2.72e-1
1.00 0.68 0.74 0.58 0.57

32 5.52e-3 1.06e-1 1.41e-1 1.82e-1 1.82e-1
1.00 0.74 0.80 0.60 0.59

64 2.76e-3 6.35¢e-2 8.10e-2 1.20e-1 1.21e-1
1.00 0.78 0.81 0.61 0.59

128 1.38e-3 3.70e-2 4.60e-2 7.86e-2 8.01le-2
1.00 0.81 0.83 0.61 0.58
256  6.90e-4 1.00 2.11e-2 0.83 2.59e-2 0.84 5.14e-2 0.63 5.36e-2 0.56

512 3.45e-4 1.18e-2 1.44e-2 3.31e-2 3.64e-2

Table 2.8: /z|u — u™|; for different values of N and e.

e=1 e=10"2 e=10"* e=10"% e=10"12
error rate error rate error rate error rate error rate

8 6.55e-4 2.57e-2 1.53e-1 1.91e-1 1.91e-1
2.00 2.07 0.87 0.51 0.51

16 1.63e-4 6.12e-3 8.40e-2 1.34e-1 1.34e-1
2.00 2.00 1.24 0.51 0.50

32 4.09e-5 1.53e-3 3.56e-2 9.42¢-2 9.50e-2
2.00 1.92 1.71 0.51 0.50

64 1.02e-5 4.05e-4 1.09e-2 6.60e-2 6.72e-2
2.00 1.87 1.96 0.52 0.50

128  2.55e-6 1.11e-4 2.80e-3 4.59e-2 4.75e-2
2.00 1.84 2.00 0.55 0.50
256  6.38e-7 2.00 3.11e-5 1.81 6.99e-4 2.00 3.14e-2 0.60 3.36e-2 0,50

512 1.60e-7 8.85¢e-6 1.75e-4 2.07e-2 2.37e-2

Table 2.9: |[u — u”||o for different values of N and .
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As in the previous subsection we choose b = 2 and ¢ = 1. Moreover, we determine f in such
way that

T e—2z/s —2e

u(z,y) = (COS 5 - 1_;;) (1 - e—y/ﬁ) (1 - e—(l—y)/ﬁ>

is the exact solution of (2.37).

In Table 2.8 and Table 2.9 the \/e-weighted H'(£2) semi-norm errors and the errors in Ly ()
are presented, respectively. In contrast to previous numerical results both components are
almost of the same magnitude if € is very small. For the /z-weighted H'(Q) semi-norm error
we observe first order convergence in the non-perturbed case and |u — u™| < CN~'In N if the
singular perturbation is mild (¢ > 10~%). In the case of a very small perturbation parameter
convergence with a rate slightly greater than 1/2 can be observed uniformly in e. For the Ly()
error the rates of convergence are close to two for ¢ > 10™* and N > 64. If Ve < N -1 we
observe uniform convergence of order 1/2. Hence, the method is of order 1/2 in the energy
norm and our theoretical findings are sharp.



3 Macro-element interpolation
on tensor product meshes

3.1 Introduction

There is a high interest in differentiable finite elements and their corresponding interpolation
operators as these are used for instance in the construction and analysis of methods for higher
order problems like the biharmonic equation. On a triangular mesh the fifth degree Argyris
element and its reduced version — the Bell element — are most popular. However, they are
rarely used as they introduce a large number of degrees of freedom. In fact, Zenizek [79] showed
that on a triangular element with polynomial shape functions at least 18 degrees of freedom are
needed to grant the C' property. In this respect the Bell element can be considered optimal.

The desire for reducing the number of degrees of freedom used (and therefore the polynomial
degree) lead to the construction of macro-elements in 1960s and 1970s. Let us mention the
cubic Hsieh-Clough-Tocher macro-element [12] and the quadratic Powell-Sabin macro-element
[56]. In the latter, each base triangle is split into six sub-triangles that share an inner point (for
instance the center of the inscribed circle) of the base triangle. The inner degrees of freedom
are then eliminated by the C! property.

While there is a huge amount of literature for triangular macro-elements (see for instance
the survey article [53] and the references therein), there appears to be only one publication [31]
dealing with rectangular ones. Moreover, to the knowledge of the author, there appears to be
no paper dealing with anisotropic interpolation error estimates for macro-element interpolation,
i.e. up to now macro-element interpolation has only been considered on quasi-uniform meshes.
However, one can certainly improve the approximation quality by allowing elements with an
arbitrarily high aspect ratio in certain cases. This benefit becomes obvious if the underlaying
domain or the function to be approximated has anisotropic features (like layers).

In Section 3.2 of this chapter we shall briefly introduce the concept of C* — P, macro-
interpolation in the 1D case and fix some notation.

The following Section 3.3 starts by showing how the 1D C!' — P, macro-element extends to
the 2D C' — Q5 macro-element on tensor product meshes. Then a general theory for obtaining
anisotropic interpolation error estimates for macro-element interpolation is developed and
general construction principles are revealed. This theory is then applied in order to analyze the
C' — Q5 macro-element interpolation operator II as well as some reduced counterpart.

Thereafter we discuss a modification of IT of Scott-Zhang [71] type in Subsection 3.5.3
giving optimal error estimates under the regularity required. The price to pay is that not
all linear functionals that define this modified operator are local, i.e. in order to obtain the
value of the quasi-interpolant on a base macro-element M some averaging process of the
data on a macro-element edge that does not necessarily belong to M is needed. This causes
some difficulties because quasi-interpolation operators of similar type are mostly studied on
quasi-uniform meshes.

We summarize our results concerning C'! (quasi-)interpolation in Subsection 3.5.4 and cite
some results of the literature.

In Section 3.6 we introduce and analyze an anisotropic macro-element interpolation operator.
Basically, this operator is the tensor product of one-dimensional C'! — P, macro-interpolation
and P, Lagrange interpolation.

We conclude this chapter with Section 3.7 in which we apply the results of the (Sub-)Sections
3.5.3 and 3.6 in order to approximate the solution of a singularly perturbed reaction-diffusion

41
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problem on a Shishkin mesh that features anisotropic elements, i.e. elements with an unbounded
aspect ratio for ¢ — 0. Hereby we obtain an approximation whose normal derivative is continuous
along certain edges of the mesh, enabling a more sophisticated analysis of a continuous interior
penalty method in the next chapter.

3.2 Univariate C'! — P, macro-element interpolation

Consider the 1D Hermite interpolation problem on the interval [—1, 1]: Let u be a real function
over [—1,1] such that u(£1), u/(£1) € R can be defined. Find s € C'[—1,1], such that

s(£1) = u(£1), s'(£1) = u/(£1). (3.1)

In 1983 Schumaker [69] observed that while the Hermite interpolation problem considered
is only solvable for a quadratic polynomial s € Py[—1,1] if and only if

w'(=1) + /(1) = u(l) — u(-1),

there is always a solution in the space of quadratic splines with one simple knot. We may
choose z = 0 as this knot and introduce the spline space

5?={veC'[-1,1] : v|; € P(T), T € {[-1,0],[0,—1]}}.

Of course other choices for the additional knot are possible. This parameter can be used to
grant additional properties of the underlaying interpolation operator, see [69].

A function s that is a quadratic polynomial on each of the intervals [—1,0] and [0, 1] can
be characterized by six parameters of which two are determined by the C* property at zero.
Hence, the remaining four parameters of a function s € S? may be chosen in such a way that
(3.1) is fulfilled. In fact, a simple calculation shows that

s(2) = Y (i) + (i), @€ [-1,1] (3:2)

i=%1

is the unique solution of (3.1) in S%. Here ¢4, and 1[&1 € S? denote the Lagrangian basis
functions

5 (z—1)? 2?, =z e[-1,0] . _(x—|—1) 0, zel-1 ()}
5 (x —1)2 22, xe[-1,0] . -1 o] (3.3)
Yorle) = 4 B {0, x €10,1], i) = { 2z e 0,1],

For a graphical representation of these functions, see Figure 3.1.
Based on the symmetry of the subproblem defining the basis functions we observe

por@) = pr(—x)  and  pi(z) = —di(—z) Vre[-L1)
Moreover, ¢',; are even functions, i.e.
Phi(r) =@y (—2) Vo e[-1,1].

From these properties we can deduce that @} (z) = —¢' {(—z) = ¢, (z) for all x € [-1,1].
Hence, similar to a cubic polynomial the derivative s’ of a spline s € S? is an element of a
three dimensional vector space. Since the second derivative of the spline considered is piecewise
constant, it belongs to a two dimensional space.
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1

— ¢-1(2)

0.8+ — -1 (2)
0.6+ i
0.4+ i
0.2+ i
-1 —6 5 6 0‘5 1

Figure 3.1: Lagrangian basis functions ¢_; and 1

This fact can nicely be seen if we switch from the Lagrangian representation (3.2) of the
solution of (3.1) to its Newtonian one. Based on ¢ (£1) = 91 (—1) = 0 we observe, that

s(z) = u[-1] +u[-1,-1](z + 1) + u[-1, =1, 1](z + 1)? + u[-1, —1, 1, 1]4e); (x). (3.4)
Here ulxg, . ..,z ] are the well known divided differences of order N of u with possibly coincident
knots zg < 7 < --- <z, recursively defined by
1
ﬁu(N)(l‘o), if ro=-""=IN,
] = u(z; d wulx zn] = N
u[‘rl] u(xl) an 0seeo ’U/[.Tl,...,QTN] —’LL[LL'(),...7$N,1]
, else.
N — X9

A simple calculation shows that

a1 =u(-1), w1l -1 = (=1), ul-1,-1,1] = ¢ (u(1) ~u(-1)) - g (-1),

1 (3.5)
u[-1,-1,1,1] = 1 (u(=1) —u(1) + u'(-1) + '(1)).

If we substitute the expressions from (3.5) into (3.4) and expand in terms of u(+1) and u'(£1)
we re-obtain the Lagrangian representation (3.2) of s. However, the Newtonian form (3.4) of s
will prove to be very useful in the derivation of anisotropic interpolation error estimates.

3.3 (' — (), macro-element interpolation on tensor prod-
uct meshes

One can easily solve the Hermite interpolation problem (3.1) for a cubic polynomial s. Hence,
similar to (3.3) a Lagrangian basis for a cubic C! spline can be obtained associated with
the values of the function and its first derivative in the endpoints of the interval considered.
It is well-known that the tensor product of this basis of the cubic C! splines leads to the
Bogner-Fox-Schmidt element, which is in fact a C! element. Here the 16 degrees of freedom are
associated with the values v(V}), the first derivatives v,(V;), vy (V;) and the mixed derivative
Uzy(V5) of a function v € Q3(T) at the four vertices V;, i = 1,...,4 of a rectangle T, see Figure
3.2. Note that the restriction of the generated finite element space to any element T is Q3(T),
where T is a rectangle of the underlaying triangulation with sides aligned to the coordinate
axes.

By analogy with the Bogner-Fox-Schmidt element the tensor product of the basis functions
(3.3) generates a C'! macro-element, as well. One obtains 16 basis functions that are piecewise
biquadratic:

(W), (2, y) = i()

Gij(x,y) = Pi(z) %
(), Yig(m,y) = di(@)d;(y),

i,7 € {-1,1}. 3.6
Xij(@,y) = @i(x) je{-1L1 (3.6)

§> ASY
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@ function value

Q first derivatives

// Z mixed derivative

© © ©

Figure 3.2: The Bogner-Fox-Schmidt Q3 element (left) and its Q2 analogue on a macro of four
elements (right)

Figure 3.3: The basis functions ¢_1 1, ¢—1,-1, X—1,-1, ¥—1,—1 on the reference macro-element.

Whenever definitions are tied to a reference (macro-)element we shall continue to use a hat
symbol to emphasize this fact. With the dual functionals
F2.(0) = 0(i,§),  FP.(v) = va(i,]),
ij( ) = (i, ) 5( ) = va(i, ) el L)
Fi),(j(v) = vy(iaj)v Fi,j(v) = vzy(iaj)a

the basis functions obey the Lagrange relation
F;jj (wk,f) - 5vw5ik6jé

for v,w € {gb,q?),f(,ﬁ)} and i,5,k, £ € {—1,1}. We denote by M the reference macro-element
which is given as the triangulation of the reference domain A := [~1,1]? induced by the
coordinate axes. On M the four basis functions for i = j = —1 associated with the point
(—1,—1) are depicted in Figure 3.3.
In a natural way, a biquadratic interpolant ITv € C(A) of a function v € C2(A) is defined
by
v = Z E7(0)ij + Fi({)j (v)¢ij + F(v)Xij + F;fjj(v)wi,j' (3.7)
i,j€{—1,1}
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By affine equivalence, it suffices to define the interpolation operator II on the reference macro-
element M. Given a rectangular macro-element mesh M of tensor product type, the value of
the interpolant ITv of a function v € C?(£2) in a certain point (x,y) € Q of the physical domain
can be obtained by identifying a macro-element M such that (x,y) € M and performing an
affine transformation.

After making an independent construction an excessive search of the literature available
showed that the C' — Q5 macro-element is not new. In fact, it can be traced back to the PhD
thesis [5]. In the work [30] the thesis [5] is cited and optimal interpolation error estimates

lu — Tul,,, < CR3™™|ul3

for m = 0, 1,2 are proven for u € H?(Q2) N C%(Q) and a tensor product triangulation which is
required to be quasi-uniform.

Strangely, this idea appears to be unpublished until 2011. In [31] the C! property of
the finite element space V}, introduced by the C' — @ macro-element on a tensor product
triangulation 73, of a domain €2 is shown. Moreover, it is established that V}, coincides with the
full C' — @, space, i.e.:

Vi = {vn, € CH(Q) : vplp € Q2(T) VT € Tr}. (3.8)

This appears to be of high interest in certain applications. Finally, optimal interpolation error
estimates are derived for an extension of the Girault-Scott operator into the C' — Q5 finite
element space, i.e. a modification II of the operator II (defined via an affine transformation
as IT on the reference macro-element M in (3.7)) is obtained in such a way that a function
v € H?(Q) can be interpolated and

v — IIw|jg + kv — TTv|; + A%jv — Ho|y < Ch2|v|s.

However, the analysis in [31] of the interpolation error also requires quasi-uniformity of the
triangulation 7T, i.e. it is assumed that there is a positive constant C' > 0 such that for all
axis-aligned mesh rectangles T' € T}, the edge lengths h,(T) and h,(T) in 2- and y-direction
are equivalent to a global discretization parameter h, i.e.

Ch < hy(T), hy(T) < h VT € Ty (3.9)

On the other hand there are problems that can be treated efficiently if elements with very
high aspect ratios are permitted within the triangulation or if edge lengths of neighboring
elements are allowed to vary unbounded. As examples, let us mention the approximation of a
smooth function over a long and thin domain €2 or solutions of partial differential equations
with anisotropic behavior like layers. Wherefore we ask the question: Is it possible to prove
anisotropic interpolation error estimates for the operator Il from (3.7) or a modification of it?

It turns out that the wonderful theory of [3, 2] is incapable to handle the analysis of
macro-element interpolation. In the following we shall therefore develop a slight modification of
it.

3.4 A theory on anisotropic macro-element interpolation

We first introduce some notation, partly adopted from [3].

N ) . . .
Let M = {n}i:1 be our reference macro-element, i.e. a triangulation of some reference
domain A. For a set of multi-indices P we denote by

P(A) :=span{X — X% : a € P} C C*™(A) (3.10)

the corresponding polynomial function space over A that is spanned by the monomials X%
(€ P).
Here we used standard multi-index notation:
0% 9«2
Oz Qyoz’

a:(aha?)a |a|=011—‘r042, Xa:xalya27 ha:hglhzo/Q: D* =
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The hull P of P is the set
P=PU{a+e : acP,i=12},

where {e;, es} denotes the canonical basis of R
Associated with a set of multi-indices P with 0 := (0,0) € P and 1 < p < co we introduce
a norm and a semi-norm on the reference domain A:

||U||11)3,p = Z HDQUHZEP(A)’ |U|pﬁ,p = Z ||DaU||%p(A)7
acP acP\P

with obvious modifications for p = oo. Furthermore, let Hf (A) denote the function space

HP(A)={ve L*(A) : |v]p, < oo} (3.11)

p

and let S(M) be a spline space such that for v € S(M) the restrictions v|4, are polynomials,
i=1,....0.
The following two Lemmas are taken from [3].

Lemma 16. Let P be a set of multi-indices. To eachv € HE (A) there exists a unique ¢ € P(A)
with

/D"‘(v—q)dX:O Vo € P.
A

For a short and elegant proof see [3, Lemma 1]. The argument is a slight extension from
the well-known Bramble-Hilbert theory.

Lemma 17. Let P be a set of multi-indices with 0 € P. Then there exists a constant C
independent of v such that

lollp, < Clvlp,

Jor allv € HP(A) with [y D%vdX =0 fora € P.

An indirect proof can be found in [3, Lemma 2]. It relies on the compactness of a certain
embedding, extending a similar result from Bramble and Hilbert.
The next Lemma is an adaptation of [3, Lemma 3] to our patchwise setting.

Lemma 18. Let v be a multi-index, I : C*(A) — S(M) C HEP™(A), p € N be a linear
operator and let Q be a set of multi-indices with 0 € Q and P C Q. Assume that there are

_ ’ R
linear functionals F; € (HZ?(A)) ,i=1,...,7 =dim DYS(M), with the properties

{Fi(D'YIu) =F(D"), i=1,....j, YueCHA)NHI(A), (31

(Fi(D"s)=0 fori=1,...,j) = DYs=0 Vse&SM).
Then there exists a constant C independent of u such that

[u—Tul|[piyp < C (|u|6+-y,p +llg - IqHPJr'y,p) Vu € C*(A) N HpQ—W(A)a (3.13)

where the polynomial g € (Q + ~)(A) is uniquely determined by
/ D" (u—-¢q¢)dX =0 VacQ. (3.14)
A

Proof. By Lemma 16 the polynomial ¢ € (Q + «)(A) satisfying (3.14) is indeed unique. The
triangle inequality gives

= Lull Py < 0= dligmy + 12 = Lall o + 1 1@ = Wiy (3.15)
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Based on (3.12) we observe that Zzzl |F5(-)] is a norm on DYS(M). Hence, norm equivalence
in finite dimensional spaces yields for the last term

1(g = )| P4 = ID7I(g — w)llpp < C Y |Fi(D1(q —w)]

i=1

) (3.16)
=CY |F(DY(q—w)| < Cllu—qligey.,-
i=1
With (3.14) an application of Lemma 17 gives
lu—dlg sy, =D (u—a)|5, < CIDulg, = Clulg,., - (3.17)
Collecting (3.15), (3.16) and (3.17) the result follows. O

Remark 13. The estimate (3.13) shows that a macro-element interpolation operator should
be designed in such a way that on the macro-element polynomials with a degree as high as
possible are reproduced. Ideally, ¢ = Iq for all ¢ € (Q + «)(A) which leads to the estimate
lu—Tul|p4~y < Clulg, ., forallu € C"(A)ﬂHE*“’(A). Otherwise an additional error component
arises due to the inability to reproduce certain polynomials. This is the only difference in
comparison with the theory of [3] caused by a triangle inequality with Iq in (3.15). Such an
amendment becomes necessary because in general the polynomial ¢ & .S (M ) does not lie within
the spline space.

Definition 3. Since the interpolation operator is usually defined by linear functionals we follow
the nomenclature of [3] and will call the F; from (3.12) associated functionals (with respect to
D).

3.5 C! macro-interpolation on anisotropic tensor product
meshes

Before we turn our attention to a rigorous analysis of I from (3.7) we want to consider a simpler
reduced operator. By doing so we demonstrate the developed techniques without getting bogged
down in details. Moreover, the insight gained into this reduced interpolation operator will prove
to be very useful in the analysis of a quasi-interpolation operator.

3.5.1 A reduced macro-element interpolation operator

Let us consider the reference domain A := [—1,1]? decomposed into the reference macro-element
M = {Ti}izl,mA, where T} is the intersection of A with the ith quadrant, i = 1,...,4. With
the basis functions from (3.6) we introduce the following reduced macro-element interpolation
operator TI" : CY(A) — S(M) with S(M) c {v e C*(A) : Vlp € Qay i=1,...,4},

(ﬁrv)(xvy) = Z U(Lj)(ﬁi,j(xvy) + ’Uw(ia.j)(ii,j(a% y) + Uy(iaj)f(i,j(x’y)a (.Z‘, y) € A.
i,5€{—-1,1}
(3.18)

In comparison to II from (3.7) we discard the basis functions associated with the mixed
derivative. Since II maps a sufficiently smooth function into C*(A), as was shown in [31], we
observe for v € C*(A) that

My =11 (ﬁ%) € CY(A).

Hence, indeed S(M) C {v € C*(A) : Vlp € Qo i=1,...,4} C W2 p(A). Let us fix v = (1,0).
If we seek to apply Lemma 18 to this setting we need to find eight associated functionals Fj,
1=1,...,8, since

DY S(M) = span{
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is an eight-dimensional space. Setting P = Q := {(0,0),(0,1),(1,0)} these functionals must
be members of (Wa,(A)). For i = 1,...,4 let V; denote the four vertices of A. Then for
v € Wa,(A) we find

Fi(v) =v(V;), i=1,...,4

with |F;(v)| < Cllv[lw,, (), i = 1,...,4 due to the well known Sobolev embedding W3 ,(A) —
C(A) in two dimensions. Moreover, for u € HE*"(A), i.e. uy € Wap(A) one has

Fi(Du) = ug(V;) = Fy(D'II"u), i=1,...,4.

The other four associated functionals are defined on the edges Ey = {(z,—1) : |2| < 1} and
E; :={(x,1) : |z| <1} of A which are parallel to the z-axis. In fact, they are the mean value
and the mean value of the normal derivative:

1 1
Fypi(v) = 5/}3 v(s)ds, Fopi(v) = i/E vy(s)ds, i=1,2.

By well known trace theorems |F;(v)| < C|lv|lw, ,(a), i = 5,...,8 (see e.g. [2] and the references
cited in Section 1.3) and

F5(D7u):1 Ug(s)ds = 1( (1/2)—u(v1))_1 D" (IT"u) (s)ds = F5(DII"w),
2 2 2

1 1 1 . .
Fy(DVu) = §/ tay (5)ds = 3 (1 (V2) =, (V1)) = 5/ D7 (Hu) (s)ds = Fr(D"I"w).
E1 El Y

Similarly, these identities can be shown to hold true for Fg and Fg. R
Next we show that the functionals F; define a norm in D7.S(M). For this purpose let
u € D7S(M) with F;(u) =0 for i = 1,...,8. Based on the relations

i(k)p;(0) = dikdje, i,j, k.0 € {-1,1}
and v(£1,+1) = 0 for all other basis functions v of D”S(M) in (3.19) we find that

u € span{@’_y (2)p-1(y), ¢-1(@)¢1(y), ¢y (2)d-1(y), ¢ () (y)}-

Out of these remaining four basis functions only ¢’ ;(x)¢_1(y) is non-trivial on the edge E;.
Similarly, only ¢ 4 (x)$1(y) has values different from zero on E,. Moreover, these values are
all not positive. Since the mean values F5(u) = Fg(u) = 0 of u vanishes on these edges we
conclude that

u € span{ﬁ_l(fﬂ)iﬁ—l(y)a 95/_1(55)1&1(@/)}

The remaining two basis functions are treated in the same way: while the normal derivative of
@' 1(x)Y_1(y) on the Edge F) is non-trivial and not positive we find ¢’ ; ()i} (y) = 0 on Ej.
On the edge F» the relations are exactly the other way round. Hence, u = 0.

An application of Lemma 18 yields

(= TI"w) |, ,a) < C (|Uz|w2,p(A) + (g — ﬁr(l)mHWl,p(A)) ; (3.20)

for all u € C*(A) N H?*'Y(A). The latter means that u, € Ws,(A). The polynomial g is
determined by (3.14) and we want to estimate the second error component of (3.20) containing
it. Obviously, q € (Q + 'y) (A) has a representation of the form

q(r,9) = qz + gry + gz2®  (z,y) € A.

Here the coefficients ¢; € R, ¢ = 1,2, 3 are determined by u. A direct calculation shows that
the function (z,y) — « is invariant under interpolation:

"z = (1,-1(z,y) + ¢11(2,9)) — (P-1,-1(2,9) + P-11(2,y)) + Z i j(z,y) (3.21)
i,jG{*l,l}

= (951(55) — ¢ () +_1(z) + 7/11(55)) (%571(9) + 851(21)) = . (3.22)
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Figure 3.4: macro-element mesh M (left) and element mesh 7 (right).

Similarly, the function (x,y) + 22 is preserved by the interpolation operator on the macro-
element, i.e. II"(22) = 22. From (3.14) with o = (0,1) we determine ¢, = 1\ Uy (z,y) dzdy,
hence

(g = 1"q)allw, ,a) = la2] (zy — " 2y)ollw, ) < C ’/A Ugy (2,Y) dwdy’ : (3.23)

Collecting (3.20) and (3.23) we arrive at
= ) s ) < € (mumm n \ [ ) dxdyD | (3.24)

for all Vu € C1(A) N HE*"(A).
Remark 14. For v = (1, 1) one can choose
F;(v) ::/ vds i=1,...,4 and F5(v):/vds
E A

as associated functionals. Here E; denotes the ith edge of A, i =1,...,4. In fact, it is easy to
show that 2?21 |F;(+)| is a norm on

DUYS(N) = span{ @’y (2)11 (y), ¥ (@)@ (1) 4 (@)911 (1), 91 (2)911 (), §La ()91 ()}
and that Fy(DYVIIw) = F(DYYy) for i = 1,...,5. Moreover, F; € (WLP(A))/:

IFi(v)] = ‘/Eivds

|Fy(v)| = \ / vdxdy\ < Cllollz,ay < Cllvlw ca).

< vllzzy < Clvlw ) < Cllvllw, ) i=1.054,

based on Sobolev embeddings and Holder’s inequality. Hence,

0= 0y 1,089 < € (b + | [ a0 o) (3.25)

Now, let M be a tensor product mesh of 2. We shall refer to M as the macro-element mesh
and do not require it to be quasi-uniform, i.e. there are no restrictions on the element sizes
of the underlaying 1D-triangulations M, and M, of the macro-element mesh. We obtain the
element mesh 7 as the tensor product mesh of the two 1D-triangulations that are generated
by subdividing every element of M, and M, uniformly into two elements of equal size. The
choice of the midpoint as transition point of a macro-element M is not significant. The theory
can handle any subdivision such that the elements within one macro are comparable in size.
However, it simplifies the presentation. See Figure 3.4 for a graphical representation of M and
T.

Let M € M be the macro-element M = [xg — hy, 2o + h1] X [yo — ha, yo + hz]. Note that M
consists out of the four elements of 7 that share the vertex (x¢, yo). Introducing the reference
mapping Fys from [—1,1]? to M by

x = xo + M T, Y = Yo + ha¥, (3.26)

we obtain anisotropic error estimates for the macro-interpolation operator II"u = "o F Ajfl
with @ :=wuo Fy; on M.
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Theorem 19. Associated with the shape of the macro-element M let h = (hq,hs). For
u € CY(M) with uy € Wa (M) we have the estimate

(=T, iz, a0y < C | 30 A D uall, ar) + b

le|=2

/M Uy (2, Y) dxdy‘ . (3.27)

Proof. The proof uses change of variables, the result (3.24) on the reference macro-element and
the relation D® = h~*D:
. P
" (a-1rra)
L

[D®O (4 — IT"w) hihs

.
I, o) = P »(A)

P
< Chy? ‘D +/um dadg )hh
! < iy T | o3 9) A2AG] ] bz
» P
<ch” | S Whre HD"‘D(LO)U’ + hPhE / DIV y(z, ) dady
o= Lp(M) M
al=2
Which is the desired estimate. In the case p = co some minor modifications are needed. O

Remark 15. The diagonal form of the affine reference mapping Fjs according to (3.26) is needed
for affine equivalence of the interpolation operator. Note that only in this case (Jr elements are
affine equivalent.

Remark 16. While for functions u € C*(M) with u, € Wa,(M) the reduced interpolation
operator II" is not of second order in the W; , semi-norm it is of optimal second order if
additionally the mean value of the mixed derivative u,, vanishes on M. Clearly, this reduction

in approximation ability corresponds to discarding the basis functions ¢i1¢1 in (3.18).

Remark 17. Similarly, one can can deduce from the result in Remark 14 that

)y o < € | S A D%yl ) + | | e dxdy‘

le|=1

Clearly, this result is in general unsatisfactory. The inability to yield anisotropic interpolation
error estimates for second order derivatives of the approximation error is caused by discarding
the basis functions corresponding to the mixed derivative.

3.5.2 The full C' — Q, interpolation operator

As a second example we want to consider the interpolation operator IT of (3.7). We refer to it
as full not only to contrast it from the reduced operator in the previous subsection but also
to underline the property (3.8) of its underlaying macro-element space. Since this operator is
closely related to interpolation on the bicubic C! Bogner-Fox-Schmidt element, we shall first
give a result from the literature. To the knowledge of the author there exists only one paper
dealing with anisotropic interpolation error estimates for this element. In [13] the authors
derive the result

D7

5 (-1t <

., 3.28
4—|v|,. K ( )

for |y| < 2 and & € H*(K) on the reference element K = [0,1]2. Here I}, is the analogue of
II in the space of bicubic polynomials, i.e. the Lagrangian basis functions in (3.7) have to be
replaced by bicubic polynomials satisfying the same (duality and Kronecker) relations. Using
affine transformation this result can be extended to

ID” (u—Iawllg <C Y- ™[ D*DVully i, (3.29)

le|=4—[]

for |[v] <2 and u € H*(K) on a rectangular element K with sides aligned to the coordinate
axes and h = (hq, hy) with edge lengths h;, i = 1,2.
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However, in [13] the theory of Apel [3, 2] is not used to obtain this result. Instead a
new interpolation operator ]31 is introduced such that I:l(f)’yﬁ) = f)ﬁyflgﬁ and standard
interpolation theory is applied to obtain a bound for the interpolation error of Ly. Since we are
dealing with only piecewise polynomials this path is blocked for us. A spin-off of our discussion
will be how the results (3.28) and (3.29) can be obtained using Apel’s theory. The key is to
recognize that divided differences can be used as associated functionals. Since we need certain
Sobolev embeddings, we focus on the case p = 2, which also appears to be the most important
one with respect to applications.

Inspired by [13] we generalize the Newtonian representation (3.4) to two dimensions obtaining

3 3 3
(u) (2,y) = > Fiju)(e+ 1) y+1)77"+ 4> Fyj(u)ds () (y + 177
B =t (3.30)
+4Y " Fya(u) (@ + 1) Y1 (y) + 16Fy 4 (u) by (2)d1 (y).
i=1
Here the 16 functionals F; ;, 3,7 = 1,..., 4 are two-dimensional divided differences with multiple

knots, see e.g. [55]. If we define a sorted node sequence by

-1 fori =1,
—-1,-1 for i = 2,
-1,-1,1 for i = 3,
—-1,-1,1,1 fori=4,

n; =

then F; ;(u) == u[n;;n;] is the divided difference of order i — 1 to « and order j —1 to y:

Definition 4. For a fixed y € [—1,1] let

Un, (y) = u(,y) [ni]
denote the parametrized one dimensional divided difference (with respect to = and the node
sequence n;). Then the two dimensional divided difference u[n;;n;| is defined by

ulng;ngl = up,[n;].

Remark 18. Because of u[n;;n;] = (u(z,-)[n;])[n;] one can start with the evaluation in y, as
well.
We find that
1 times J times

Fiju)=u[-1,...,—1;=1,..., =1 = DU 1" Dy(-1,-1),  i,j=1,2 (3.31)

Moreover, using (3.5) for instance

1 1 1
3, = ul-1,-1,1;-1] = Zu(l, -1)— Zu(—l, -1)— gux(—l, -1),
1 1 1 1
Fi1=ul-1,-1,1,1;—-1] = Zu(fl, -1) - ZU(L -1+ Zux(fl, -+ Zux(l, -1),

1 1 1
F30=ul-1,-1,1;—-1,-1] = Zuy(l, -1) - Zuy(fl, -1) - iumy(fl7 -1),
1 1 1 1
Fyio=ul-1,-1,1,1;-1,-1] = Zuy(fl, -1)— Zuy(l, 1)+ Zuzy(fl, -1+ Zuw(l’ —1).

Similarly, the other divided differences can be calculated, e.g.

1/1 1
F3,3 = ’LL[—]., _1a 1; _]-7 _1, 1] = Z (4“(1a 1) - 7“‘(_17 1) - iux(_lv 1))
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Obviously, all divided differences F; ;, ¢,5 = 1,...,4 can be expressed as linear combinations of
the interpolation data {u(£1, £1), uy(£1, £1), uy (£1, £1), ugy (£1, £1)}.

In contrast to Subsection 3.5.1 we want to consider an arbitrary multi-index v with |y| < 2
here. Consequently, certain sets and functionals depend on the specific choice of v and we
emphasize this by using the additional subscript or superscript «v. By applying the differential
operator D” to the representation (3.30) we observe that the space DYS(M) can be normed

by Z(i,j)eJ., |F;,;(-)|. Here
Ty ={(64) si=m+1,...,4and j =92 +1,...,4}.

Note also that by construction dim DYS(M) = |J,|. We want to apply Lemma 18 with
Q ={a : |a] < 3—|v|}. In order to establish that F;; with (¢,j) € Jy are associated
functionals according to (3.12) we have to show that the divided differences F;; can be

interpreted as the application of a linear functional Fi"'j € (H 4_"‘/|(A)), on the derivative D7u
such that

FY(D'TIu) = F;(D"w),  (i,j) € Jy,  Vue{veC*(A): DYve H"M(A)}
Following [13] we reinterpret (3.31) in the form
Fij(u) = DU 7m0 DYy (<1, —1) = FY(Dw),  (i,) € Jy, 0,5 = 1,2,
Since all these F; ; can be expressed as linear combinations of the interpolation data we have
F,(D"u) = F; j(u) = F, j(ITu) = F,(D"1u) (3.32)

for (i,7) € J~, 4,5 = 1,2. Moreover, from a standard Sobolev embedding HA1 s ¢2- 1 for
v e H1(A)

[F2(0)] < [DOT 097001, 21)| S Cllollacpys () € Ty 0] = 1,2

For the other divided differences we need some kind of Peano form which was developed in
[13]. In fact, replacing u(1) and /(1) in (3.5) by the Taylor expansions

1 1

(1—-2)u"(x)de  and /(1) =u'(-1) +/ v (z) dz

-1

w(l) = u(=1) + 2u'(-1) +/

~1
one obtains

% times

u[-1,-1,1...1] = /1 si(x)u(z)dz  with  s;(x) = { (1—=)/4, fori=1,

3.33
x/4, for i = 2. (8:33)

-1

With respect to (3.32) it is important to note that this identity does not only hold for C?([—1,1])
functions but also for the quadratic C! splines considered as can be checked by examining all
the basis functions ¢, and ¥, for instance

1 —
@,1[—1,—171]=—i:/ ( 4x)¢ﬁl(x)dx.
-1

Clearly, |s;(z)| < 3 for x € [~1,1] and i = 1,2. Hence, one can conclude that
1

F j(u) = ulng;n] =/ $i_o(z)D®I Vy(z, 1) dz
—1

1
:/ $i_o(2) D719 71772 DYy (2, —1) da =: EY, (D),

-1
for (4,5) € Jy, 1 =3,4, j = 1,2 and with

1 [t ,
()] < 5/ [DE Iy, 1) dr < Clellacpyy, () € Ty i =B,4, 5 =1,2
—1
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for v € H*~1"I(A) by a trace theorem (c.p. [13]). Note that the identities in (3.32) hold true for
(4,7) € Jy, 1 = 3,4, j = 1,2, as well.
In exactly the same manner we treat the functionals F; ; with (i,7) € Jy,i=1,2, j =3, 4

1
F; j(u) = ulng;ng) = / sj,g(y)D(l_l’Q)u(—Ly) dz

-1

1
:/ sj,g(y)D("—l—’M—’“)D"u(—l,y)dy — ng(D"u).

-1

Using the same argument as before it is easy to obtain ‘F{yj ()| < llvlla—jy| and (3.32) for
(i,§) € Jy, i = 1,2, j = 3,4.
Finally, we consider F; ; for 7,j = 3,4.

Fij(u) = ulning] = / si—a(x)s;—2(y) D®Pu(x,y) dedy
A
= / si—a(2)sj_a(y) D) DVu(z, y) dedy =: F),(D7u),  i,j=3,4.
A

Again the functionals can be shown to be bounded. Using the Cauchy Schwarz inequality

)

1
|FY(v)] < 1/ ‘D@‘“’Q‘”)v(ﬂc,y)‘ dzdy < C HD(Q‘“’Q‘”)UHO < Cllvllapy
A

for 4, j = 3,4. Additionally, (3.32) holds true for i,j = 3, 4.
Hence, for a given differential operator DY with |y| < 2 we can use F';, (i,7) € Jy as
associated functionals and Lemma 18 yields for v € C?(A) with D7u € H*~17I(A) that

HD‘Y (u B ﬂu) H2_|7| ¢ <|D7u4—‘7| + HD7 (q B ﬂq) H2—7|) ' (3.34)

Here the polynomial ¢ € (Q +7)(A) is defined by (3.14) where Q@ = {a : |a] < 3 |1},
Hence, with X = (x,v),

y) — Z qa+7Xa+"/ — Z qa+7Xa+'Y + Z qa+7Xa+’Ya

acQ acQ acQ
oty [<3 ot~y =3

with coefficients gat~ = ga+t~(u) € R for a € Q. A simple calculation shows that (2P) = 2P
on A for all 3 satisfying |3| < 3. Therefore we obtain with a triangle inequality

|p7 (a-1ia)|| > gyl DT X)) <O il
s 2 T
loety|=3 lat+y|=3

Note that the last summation is carried out over multi-indices of highest order for which we
observe by (3.14)

/ Dy (z, y) dady = d(on + 1) 0z +72)! dats
A
- / Du(z,y)dady, ae€Q,la+y|=3.
A
Hence,

L) RIWE

/DO‘D'Vu(x y) dxdy‘ (3.35)
lee|=3—|l

Collecting (3.34) and (3.35) we obtain another main result.

Theorem 20. Let~y be a multi-index with |y| < 2 and letAfI denote the full O —Q interpolation
operator defined in (3.7) on the reference macro-element M. Foru € H*(A) we have the estimate

DY (u—1u)||, < C [ 1DVuly_y + D
| =3 ||

/ D*D"u(x,y) dxdy‘
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Using an affine mapping we can define II on a macro-element M € M and extend the result
like in the proof of Theorem 19.

Corollary 21. Let M = [xg— h1, 20+ h1] X [yo — ha, Yo + ha] be the axis-aligned macro-element
that contains the four elements sharing the vertex (xzo,yo). With the reference mapping Fiy
from A == [-1,1]2 to M defined in (3 26) one can introduce the full C' — Qo interpolation
operator T on M by Tlu = Ild o FM with @ == wo Fyy. Let v be a multi-index with |y| < 2
and h = (h1,h2). Then for uw € HY(M) we have the estimate

IDY (u—1u) fopr <C [ > A ID*DVullgy + Y B

/ D*D"u(x,y) dedy
|ee|=4—|~| lee|=3—1|~]

(3.36)

Corollary 22. Let I15 be the analogue of 11 in the space of bicubic polynomials, i.e. the
Lagrangian basis functions in (3.7) are replaced by bicubic polynomials satisfying the same
duality and Kronecker relations. Let v be a multi-index with |y| < 2. Then the estimate (3.29)
holds true for all u € C?(M) with D Yu € H*=7Y(M).

Proof. Replace (3.30) by

3 3 3

(hou)(z,y) = D> Fijw)(@+ 1)y + 177+ Fuj(u)(z+1)* (@ - 1)y + 1)

i=1 j=1 j=1

+> Fiaw)(@+ 1)y + 1)y — 1) + Fra(u)(z + 1)z — )y + 1)*(y — 1).

i=1

Now all arguments carry over to I15. Observe that for this interpolation operator on the
reference element we find I;5(X?P) = XP for all 8 satisfying |8| < 3. Hence, the additional
error component containing ¢ vanishes. O

Remark 19. Tt is possible to extend this result to Hermite interpolation by polynomials of
higher degree as was done in [13]. However, in that paper a different technique is used. By
identifying possible associate functionals we enable the analysis of these operators using the
unified theory of Apel and Dobrowolski, see [3].

Remark 20. Comparing the estimates (3.29) and (3.36) we see that the macro-interpolation
attains in general a lower order than the corresponding element interpolation. This is due to
the inability of the macro-interpolation operator to reproduce cubic polynomials.

Remark 21. The reduced macro-interpolation operator I1" is of even lower order compared to
IT and it appears doubtful to obtain anisotropic estimates for second order derivatives of the
interpolation error of 1I". However, it does not rely on so much regularity of the function u
to be interpolated. Note that the only difference of II" and II is the choice of the functional
determining the coefficient of the basis functions 1/)173, 1,7 = —1,1, see also Table 3.1.

3.5.3 A C'— (@, macro-element quasi-interpolation operator of Scott-
Zhang-type on tensor product meshes

Let us start this subsection by recalling the definition of the Scott-Zhang quasi-interpolation
operator Zy. This operator was designed in order to obtain approximations to functions u that
are not sufficiently regular for nodal interpolation, see [71]. For instance, one might wish to
approximate non-smooth functions. The basic idea is to use local Ly projections on certain
element edges to specify the coefficients of the approximating finite element function Zju. In
contrast to the well-known Clément quasi-interpolant this approach can grant the projection
property and the ability to preserve homogeneous boundary conditions.

Since we only want to demonstrate the basic ideas and fix some notation here we shall
only consider the function space V} of continuous piecewise linears induced by a quasi-uniform
partition Q" of the polygonal domain 2 C R? into triangles. For a more extensive presentation
we refer the interested reader to [2, Section 3.2].
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ITu I"u u
coefficient of the basis-function a;j, see (3.44)
. . o Uy (T4, Y5) 0 o ’
corresponding to mixed derivative non-local
required regularity of u H*(Q) H3(Q) H3(Q)
formal order of the first derivative
. . . 2 1 2
of the approximation error in Lo
best possible order of the first deriva-
. . . . 3 2 2
tive of the approximation error in Lo
anisotropic estimates for the deriva-
P <2 <1 vl <1

tives D7 of the approximation error

Table 3.1: Comparison of the (quasi-)interpolation operators II" (Subsection 3.5.1), IT (Subsec-
tion 3.5.2) and II (Subsection 3.5.3) on tensor product meshes.

Let ¢;, i € I denote the nodal basis functions of V3, i.e. for any grid node X;, j € I the
piecewise linear function ¢; € V), satisfies

Lpl‘(Xj) = (5” (337)

Next, for each node X;, i € I of the mesh we pick an edge o; of a mesh triangle such that
X, € 0;. If X; € 002 belongs to the boundary then we further restrict the choice of these
edges by demanding o; C 9. This is essential if one wishes to preserve homogeneous boundary
conditions. Now the Scott-Zhang operator is defined by

Znulz,y) =Y (Lou)(Xo)pi(e,y), (3.38)
i€l

where I1,, : Lo(0;) — Pi(0;), @ € I is the local Lo-projection operator. It is easy to see that Zj,
inherits the property of being a projector; actually, Z,v, = vy, for all vy, € V},.

In order to provide an equivalent but more useful definition of the Scott-Zhang quasi-
interpolant Zju to u let us assume that o; is the straight line connecting the nodes X; and X,
for some j € I. On o; let ¢ € Pi(0;) denote a dual basis function, uniquely determined by

/ Ydpids=1  and / Ylpjds = 0. (3.39)

Obviously II,,u € P;(0;) can be represented as a linear combination of the restrictions of ¢;
and @, to o;, i.e.

Hoiu = bi(pi o + bj(pj’al

with real numbers b; and b; still to be specified. Hence, by (3.39) and the definition of II,, one
finds that

b = b; / Yl ds = / (I, u)yd ds = / uypd ds. (3.40)

Finally, by the Kronecker relation (3.37) it is clear that (II,,u)(X;) = b;. Consequently, with
(3.40) and (3.38) one obtains

e =X |

iel Y9

vm/}fl ds p;(z,y). (3.41)

From its representation (3.41) it can be seen that the coefficients of the Scott-Zhang
interpolant Z,u to u are weighted local averages of u over ;. In fact, the dual basis function
¢ can be interpreted as some weighting function since

/¢§id5=/W(%Jr@j)dsz/%i%dszla
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because of (3.39) and the fact that {¢;,¢;} is a partition of unity on o,. In this light it is clear
that stability and error estimates for Z,u over an element T will be based on the values of
derivatives of v on an entire patch wr of elements around 7. More precisely, a mesh triangle
T} is a subset of wy iff T" has a vertex X; such that X; € o; C Tj.

Moreover, (3.41) extends the domain of definition. Naturally one would demand that for
the function u to be approximated it holds u € La(0;). However, since one has ¢¢ € Lo, (0;)
for the polynomial dual basis functions ¢f, i € 1, it is possible to apply Zj to any function u
such that its trace satisfies u € Ly (o).

Under the assumption of a quasi-uniform mesh Q" and for u € W, ,(wr) the stability
estimate

¢
|Zhu|kap(T) <ChFk Zhj|u|ijp(wT), forpe[l,o0],0<k<¢<2¢>1,
§=0

can be found for instance in [17]. Next, standard arguments can be used to obtain the error
estimate

lu — Znulw, (1) < Che_k|u|W£,p(wT), forpe[l,o0], 0<k<£<2¢>1.

In [2] the Scott-Zhang operator is studied over anisotropic meshes of tensor product type.
It is shown in Theorem 3.1 of that book that for p € [1, 00] and some rectangular axis-aligned
element T this operator grants a stability estimate and an anisotropic quasi-interpolation
error estimate for || Zpul|L,(7) and |lu — Zpu| 1, (1), respectively. Moreover, in [2] one finds a
counterexample showing that in general the original Scott-Zhang operator does not provide
such an estimate for derivatives of the approximation error. Therefore the original operator is
modified in several ways in the Sections 3.3, 3.4 and 3.5 of [2] and anisotropic quasi-interpolation
error estimates for the resulting operators are obtained. However, in the entire third chapter
of that book it is assumed that there is no abrupt change in the element sizes. This means
that while elements are allowed to have an arbitrary aspect ratio hy/h, the edge length h, and
hy, have to vary gradually when moving from one element to a neighboring one, see [2, (3.4)
on page 100]. Clearly, this assumption is quite restrictive. For instance, the frequently used
Shishkin-type meshes do not meet this requirement.

The paper [4] deals with the possibility of applying the Scott-Zhang operator on Shishkin
meshes OV of tensor product type. The authors suggest to choose the element edges o; for
every mesh node X; € 0y, i =1,..., N? in a special way:

e Certain edges o; on the boundary may be chosen arbitrarily but the rest has to be parallel
to one coordinate axis, say the x-axis.

e The ratio of the size of the patch wy to the size of the element T" must have an e-uniform
upper bound in both coordinate directions. Consequently, for instance an element T’
with a small side in the x-direction must be associated with a patch wp with the same

property.

This modified Scott-Zhang operator @) can be applied on a Shishkin mesh. Unfortunately
the authors needed more regularity of the regular solution component S € W o (£2) of a
convection-diffusion problem to prove optimal quasi-interpolation error estimates. Still, this
result shows that the Scott-Zhang operator is quite flexible and that it can be tailored to suit
an application on meshes with abrupt changes in the mesh sizes.

Note that the original Scott-Zhang operator and its modifications sketched so far were
introduced for elements of Lagrange-type, i.e. the linear functionals associated with the element
are function evaluations in certain points. The C! — Q5 macro-element however features also the
point evaluation of derivatives. We want to apply the basic ideas of the Scott-Zhang operator
to the components of the C' — Q2 macro-element space that are associated with the evaluation
of the mixed second derivative. We do so with the aim of reducing the regularity required
to prove anisotropic quasi-interpolation error estimates. In view of Remark 21 we study the
question, whether it is possible to define a new C* interpolation operator II by introducing the
right functional corresponding to the mixed derivative in such a way that estimates like (3.36)
are possible assuming only some W3, regularity of wu.
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The quasi-interpolant Iu to u over some macro-element M will be governed on a macro-
element neighbourhood or macro-element patch around M. More precisely, the coefficients of
the basis functions that correspond to the mixed derivative are calculated by some weighted
averaging process of the mixed derivative of u over macro-element edges that do not necessarily
belong to M. Because of this non-local character of II we have to be very careful when
a reference mapping to some reference domain is used to prevent imposing very restrictive
conditions on the geometry of the macro-element patch. Instead we shall use some ideas of [2]
and estimate directly on the world domain.

Let X;; = (z4,9;), (1,7) € I denote the nodes of a rectangular tensor product mesh My,
generated by the two arbitrary one-dimensional triangulations {x;};"; and {y;}7~,. We shall
refer to My, as macro-element mesh. We use

1 1
hi = i(xiizi—1)7 iil,...,n and kj = i(yjfyj_l), jil,...,m7

to denote the local step sizes in x- and y-direction. Each macro-element M € My, is subdivided
into four congruent elements introducing new mesh nodes with subscript %, %, g, .... The
generated element mesh is denoted by Ty, see Figure 3.4. Note that one may chose a different
refinement of the macro-element mesh such that the elements within one macro-element remain
comparable in size. We choose the presented uniform one in order to simplify the presentation.
Now each macro-element Mj; := [z;41/2 — hi, Tip1/2 + il X [Yjp1/2 — ki, yj1/2 + kj] € My is
centered around (z;41/2,¥;+1/2) and consists of four elements of size h;; == (h;, k;). Moreover,
we denote by I = Ipn,; = {(4,5), (4,5 + 1), (i + 1,7), (i + 1,5 + 1)} the set of the four node
indices that are vertices of M;;.

Let V;, denote the space of C! — @ finite element functions over the tensor product mesh
Th. Using the reference mapping Fj; : [—1,1]*> — M;; € My, with

T =Ty + il and Yy =y;1/2 + k¥

we can specify basis functions of V, in the world domain using (3.6). Consider for instance the
lower right vertex X4, ; of the macro-element M;;. Then the basis function ;1 ; associated
with the mixed derivative in X; 1 ; admits the representation

wi+1,j’]MU = hikjtpr,—1 0 Figl,
where 1/31)_1 was defined in (3.6). Similarly,
1/1i,j|Mij = hikjth_1,—1 0 Fgl, ¢i,j+1|MU = hikjth_11 0 Figl, 1/1¢+1,j+1|MU = hikji1 1 o Fi;1~
Let us now define a (quasi-)interpolation operator II by

Mul,, =10 (ul,,) + Z Ak, Vr,0s (3.42)
(k,0)eln

with the reduced interpolation operator II" from Subsection 3.5.1 and real numbers ay, , still
to be determined. Note that the choice of aj ¢ does not alter the ability of II to reproduce
inhomogeneous Dirichlet boundary conditions g (if g € V4 |,q ,i-e. g € C'(9Q) and piecewise
quadratic), because vy ¢, (k,¢) € I;; vanishes on the boundary of M;;, see Figure 3.3.

The local choices apy = 0 and ar¢ = Uqzy(Xie) correspond to =1 and II = II,
respectively. Next, we want to follow the approach of Scott and Zhang [71] and define the
coefficients ay, ¢ using certain mean values of u,, along macro-element edges o (. Hence, as
already mentioned, the interpolation operator is of non-local character and the theory developed
in Section 3.4 can not be applied to II. However, the definition of ITu on a macro-element M is

not global but shall be based on the values of u,, on the macro-element neighbourhood Sis of
M:

Sy =M : M' € Mp, M'0 M # 0}. (3.43)

More precisely, we associate every node X;; of the macro-element mesh My, with a macro-
element edge o; ; C Sir such that X;; € o; ;, see Figure 3.5 for some illustration.
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M
Swm

La o X

four possible choices
for 04,5

Figure 3.5: Definitions on the macro-element mesh.

Once the edges o; ; € Sy for (4,7) € In are chosen we can define the associated macro-
element patch wy; around M. Another patch neighbourhood of M is needed because the
value of our quasi-interpolation operator will be based on values of its interpolant on M and
0;,5. Hence, if the approximation error is estimated norms of the interpolant over a patch of
macro-elements will appear on the right hand side of the estimate. On the other hand estimates
that use the full neighbourhood Sj; might be too crude.

Definition 5. The smallest (in area) rectangular patch of macro-elements that contains the
convex hull of {am : (4,4) € Ing} is called the associated macro-element patch wps around M.

Note that M C wys C Sir. If for instance at each node X;; of the tensor product macro-
element mesh the set o0; ; is chosen to be the edge to the left of that point, then the associated
macro-element patch wjy; around M is defined as the union of M and its left macro-element
neighbour.

We plan to set

82
aij = Dy (I, ,u) (X35), (3.44)

with a suitable projector Il,, ;. Assuming that o;; is the horizontal macro-element edge
(i, zit1) x {y;} that connects the macro-element vertices X;; and X;;1,; we set

Ho, ju = b jij + bit1,j¥it1,5- (3.45)
We determine the real coefficients b; ; and b; ;1 ; by

0 0?u(z,y;)
/Ui,j 8xay (Hoi,ju) (m,y])’l](],‘) dzx = L7] Tay’l}(l‘) dx for all v S Vi+1/27 (346)

i

2
with V; 1,9 = span{y; + ¢iy1,0;41/2} and 0,41 /2(x) = (%) — &. Here ¢; and 1,41 are
the one dimensional spline basis functions from (3.3) scaled to o; j, i.e.

3(1’ *QS'Z‘_;’_I/Q)Q
- z; <o < Tipyo,

_hi = Tigy0 4h;
wz(x) = 4 2 (I . xi+1/2)2
+T’ Tiv1y2 < ¢ < Tiga,
’ 3.47
77@717“1/2)2 x, <x<ux ( )
Yiy1(x) = Chi Ty 4h; ’ P L
i+1 - 4 2 3(1: _ zi+1/2)2
+——— Tiy12 ST < T

4h,; ’
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and h; = z;41 — Tiy1/2 = Tip1/2 — Ti- Note that these functions have O(h;) scalings while
their first derivatives have O(1) scalings on (z;,x;11). Moreover, we would like to recall
ww (,y) = ¥i(x)Y;(y) and point out that the ansatz (3.45) is justified by the fact that
awy Yy ¢ vanishes on o, ; if Xy ¢ 0,5, i.e. only adjacent basis functions contribute to the
integral over o; ; on the left hand side of (3.46). The choice of V; /o will become clear in the
next Lemma. Basically, we need that this space is Lo-orthogonal to certain functions to prove
that discrete functions are left invariant, see Lemma 23.

Next, we want to find a more suitable representation of a; ; according to (3.44). For this
purpose let us define the dual basis function ¢ € V; /2 by

82/(/)k,j (2177 yj)

d — 80 s
. 910y P (r) de = 0p ;- (3.48)
This system yields with (3.45)
it
— ) 0 0" j(,y5) (, y] /
bl,] - ;bkd /01” 8xay axa ULJ )(.27 yj)w ( )d

An application of (3.46) then gives

0u(z,y;)
/ 8x8yj d(z) de.

Finally, we use the Lagrange relation %&“W = 01,i0¢,j to obtain
0? Ou(z,y;)
ii= (T, u) (X)) = by = S yd 3.49
@j,j 83:83/( ) (Xij) J /U” Dxdy Y (r) dw (3.49)

Hence, a; ; is indeed a weighted mean value of u,, on the macro-element edge o; ;. For the
weighting function we solve (3.48) to find

3(.7} — $i+1/2)2
-3 z, Sz <X 5
wd(l‘) . _h? + 12h1(sc - 13i+1/2) h? +1/2
’ 2h? 9(r — 331:+1/2)2
+T, Tiv172 ST < Tiga,
! 3.50
(& — Tiq1/2)° ( )
2 +—3+/7 T <@ < Xig1)0,
d 1( ) . hi — 12hl(l’ — Ii+1/2) h‘z
i+ Qh? 3(.17 — l’i+1/2)2 < <
- B Lit1/2 ST > Tit1-

Here wflﬂ eV /2 is the other dual basis function on o; ;, satisfying (3.48) with ¢ replaced by
i+ 1. Note that ¢¢, ¢, € C(z;,2;41) and that |[V¢] 1 _(, ) < Ch; " with a similar bound
for ||’t/);1+1 | Loo(os,)- A simple calculation shows the important property

/ Yi(x)de =1, (3.51)

which again underlines the role of ¥¢ as a weighting function.

Remark 22. In Section 4 of [31] a similar macro-element edge based approach is used to reduce
the regularity demanded of the function to be interpolated. There, the Girault-Scott operator
is extended to the C! — Q5 macro-element. In [31] integration by parts is applied to an identity
similar to (3.49) which results in a different system defining the dual basis functions. However,
this approach appears to be not suitable for anisotropic quasi-interpolation error estimates.
Another difference to that paper is that here we mix local and non-local functionals for the
definition of our quasi-interpolation operator which is reflected in the sophisticated choice of
Vit1/2.
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Lemma 23. II preserves Vi, functions, i.e.
vy, =vn,  for all vy € V. (3.52)
Proof. Since every function vy, € Vj, is uniquely determined by the nodal values

8vh (9’Uh 321}h
OR(Xij), %(Xij)v Ty(Xij)v BTGy(X”)’

in the macro-element vertices X;; with (4, j) € I, it remains to prove that these functionals are
invariant to the application of the quasi-interpolation operator II. Let us prove the identity of
the last functional involving the mixed derivative as the other ones are trivial. We observe with
(3.49) that

(921:[Uh aQUh(x Ys)

Xi)=a;;= —— () d. 3.53
agy X) = i = [ S (35%)
Since vp, € V3, it can be expanded on the macro-element M considered in terms of the basis
functions ¢; j, ¢i.j, Xi; and ¥, j, (4,5) € Iy according to (3.6). For the mixed derivative on

04,5 We find

i+1

82’1}h Ovp, o2 a2,Uh 92
0xdy|,, - ;@(Xej)awym,j + 3x8y(XZj)8xayW’j
i+1 ) )
= % N 1 0°vp, ‘ 0 .
- ; dy (Xej)<pZ(x)M+8a:8y (X£])3x6y¢z’j’

=1

since the mixed derivative of the other basis functions vanishes on o, ;. The functions ¢y,
¢ =1i,i+ 1 are continuous, piecewise linear and vanish in the endpoints of the interval (x;, z;y1).
Hence, the odd function ; + ¥;41 is La(0; ;) orthogonal to them. A direct calculation shows
the same orthogonality relation for 6;11, i.e. Vii1/5 Lr,(0, ) ¢y, £ = 1,4+ 1. Using this
orthogonality and (3.48) in (3.53) we see that

9*Tlop, B O*vn(2,y;) 4 9%
W(Xij) = - T@ywi (z)dz = %(Xij)'

From which the assertion follows. O

Remark 23. With (3.49) the quasi-interpolation operator II from (3.42) is a projector due to
(3.52).

Lemma 24. For some macro-element M € My, let v € Qa(wpr) i.e. v is biquadratic on the
associated macro-element patch wy; around the macro-element M, then

i ‘ =], 3.54
o] =l (3.54)
Proof. We use the QQo-preservation of the interpolation operator IT and Lemma 23:

olyy = ()], = ()| = ()

M ’M'

In the second identity we applied Lemma 23 and need v € (2 (war) because of the non-local
character of II. O

The following lemma is taken from [15, Theorem 1.1].

Lemma 25. Let Q C R" be convexr with diameter d and let g € W, ,(Q2), v € N, p € [1,00].
Then there exists a polynomial p% € P,_1 for which

lg — p-?,|Wk:p(Q) < C(n, V)dy_k|g|Wuyp(Q), k=0,1,...,v.
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Here the polynomial
pi(z) = Q" (9(A)) (A7 x)

is constructed using the averaged Taylor polynomial @ over the ball B(0,1) C R™ and A is
John’s optimal affine transform with respect to Q, cp. [15]. The basic idea of this paper is the
usage of ellipsoids in contrast to balls which is more suitable for anisotropic elements to which
we want to apply this result. Yet, we shall first give a small modification of it.

Lemma 26. Let Q C R™ be convex with diameter d, v be a multi-index with || =m € N, and
letveW;,(Q), m<LleN,pe[l,o00]. Then there exists a polynomial pj € Py_y for which

DY (v = p}) w0 < Cn, £ = m)d™ "Dy, ), k=0,1,....0—m.

Proof. First assume that v € C*(Q). Applying Lemma 25 with v = £ —m and g = D"v yields
the existence of a polynomial pﬁ N;}; € Py_,,—1 such that

DYy — pP V), < C(ny b —m)d ™| DY0|y_ppp, k=0,1,...,0—m.

Next one finds that for 1 <m </¢ -1
PP() = Q' ((D70)(4)) (A7) = DY (Q" (v(4) (A™'a) ) = Dy,

i.e. the averaged Taylor polynomial and differentiation commute in some sense [15, Corollary
3.4]. Now the case v € Wy ,(2) follows by standard arguments based on the density of C'°*°()
in Wp ,(£2). For m = 0 the assertion of the Lemma is given by Lemma 25 and for m = ¢ the
assertion is trivial. O

Remark 24. A slightly more general result is given in [2, Lemma 2.1]. However, there the
dependencies of the constant of geometrical properties of the domain considered is not stated
explicitly.

Assumption 1. Let for each node X;; of a macro-element M the macro-element edges o; ;
be chosen in such a way that with the associated macro-element patch wjy; around M it holds

Here and in the following hy(7T") denotes the size of an axis-aligned rectangle T' in z-direction,
k =1,2. Moreover, we set hy; = (h1 (M), ho(M)) for any macro-element M.

Lemma 27. Based on Assumption 1 for any u € Wy ,(war) there is a polynomial ¢ € Py_i(war)
with

Y b ID =y, ) SC D R IDuly

|a|<l—m |a|=f—m
forallm=0,...,¢.

Proof. Using an affine transformation we can map the macro-element M to the reference
macro-element [—1,1]2. This transformation maps wys to Wys. Based on (3.55) we see that the
diameter of the rectangle wy; can be bounded by a constant. Hence, we can apply Lemma 26

in the transformed domain. Scaling back to wys we obtain due to h§;D* = D that

Y. BUID* T (w =)l SC Y ASIDY Ul ),

| <l—m |a|=L—m

for a multi-index « with |y| = m. The assertion follows by summing up over all of these
multi-indices. O

Remark 25. A similar lemma is given in [2, Lemma 3.1]. However, there the mesh is required
to have no abrupt changes in the element sizes. Clearly, Assumption 1 can be dropped then.
Note that (3.55) can also be found in the paper [4].
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Lemma 28 (Stability of l:[) Under Assumption 1 the quasi-interpolation operator I satisfies
the stability estimate

|]-:Iu|W1,p(M) < CCM,P Z h%|Dau‘W1,p(WM)

le| <2

with

1
meas M /p
CM,p = . 7 > 1,
minas e m,,, M’ Cw, meas M

provided that u € W5 ,(war) N CH(M) with p € [1, 00].

Proof. Let M € Mp, be a macro-element and set hyr = (h1(M), ha(M)). We consider a first
derivative in a-direction. Using the definition of IT and a triangle inequality we find that

~ 6 i
80), ey < IO liyan + | 3 a2 (3.56)

(ivj)GIM Lp(M)

with coefficients a; ; depending on the direction of o; ; given by

/ 9? g(:ca yg)wd( )dz if 0, is horizontal,
Ti,j z y
, (3.57)

/U A g;(glg?;y)wd( )dy if 0;,; is vertical.

Qi =

2%

We estimate the first term on the right hand side of (3.56) using Theorem 19
1)l ary < el oy + 1w = T |, )

<O 3 BEID el o (3:3%)
le| <2
For the other term we use Ha%d’iJHL o < Cha(M) which yields
;5
Z a; Vi < C(meas M)YPhy(M) max |a;;|. (3.59)
< 7 Ox ()€l
(ZJ)EIM LP(M)

Next we use [|9f|lso,0, , < C meas(c; ;)" for k =14, j and obtain with a Holder inequality

0%u
a; | < Cmeas(o; ;)" for (i,7) € In. 3.60
a N e . ) (3.60)
Set
M’ = arg min(meas M),
I\ZIGMh
MCwm

i.e. the macro-element M’ € My, belongs to the associated macro-element patch wys around M
and realizes the smallest surface measure. Using the embeddings W1 ,(0ar) < Wi (M) —
L1(6;,;) in a transformed domain wy; and scaling back to the original one, we see that

10]] 2. (0,) < meas(oi,;) meas(M') "V " A [ DY0]l 1, ) (3.61)
lee<1
for v € Wi p(war). Here we also used Assumption 1. Collecting (3.59), (3.60) and (3.61) with
v= aajgy we obtain
O (meas M)/P at(0.1) || pa+©.1),,
Z 4" gy = C’(meaSM’)l/P Z Poar HD ‘ (war) (3.62)
(4,9)€lnm L, (M) al<1 2

Together with (3.56) and (3.58) the assertion of the lemma is proven since the first derivative
in y-direction can be estimated analogously. O
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Theorem 29. Based on Assumption 1 for the quasi-interpolation operator II the approzimation
error estimate

|u — ﬁu|W1,p(JV[) < CCM)p Z h(]?‘/[‘Dau|lep(wM) (363)

|a|=2

holds true provided that w € W3 ,(war) N CH(M) with p € [1,00]. Here Cpyrp is the constant
from Lemma 28.

Proof. Let q € Py(wys) denote the polynomial of Lemma 27 with £ = 3. A triangle inequality
gives

u—Tluly, () < lu—=qlw, ,on) + lg = Tulw, ,)- (3.64)

As a polynomial g € Py(wyr) is preserved by II on the macro-element M considered, see Lemma
24. Hence, we can use the stability of II shown in Lemma 28 to get a bound for the second
summand

g — Tulw, ) = (g = w)lw, 0 < CCrp Y BSID* (g = w)lwy (wr)- (3.65)
|x|<2
The first summand is estimated as follows:

lu—gqlw, ) <C D h3ID*(u—)lw, () (3.66)

le| <2

which can be proven to hold true by setting v :== D7 (u — ¢) with || =1 in

[Wllz, a0 < C Y A ID0llL, )

le <2

This is in turn the embedding Wy ,(M) < L,(M) on the reference macro-element and appro-
priate scaling. Collecting (3.64), (3.65) and (3.66) we arrive at

|u - ﬁu|W1,p(M) < COMJ) Z h%lDa(u— q)‘Wl.p(UJ}\l) < COMJ’ Z haM|Dau|W1,p(wM)7

lee|<2 lee|=2
due to the special choice of ¢ and Lemma 27. O

Remark 26. The absence of abrupt changes in the mesh sizes leads not only to Assumption 1
always being satisfied but also to Cyr, < C in (3.63), similar to the results in [2]. If on the
contrary there are abrupt changes in the mesh sizes of arbitrary magnitude then (3.63) can
become useless for p < oo — an observation that was made in [4], as well.

Remark 27. Inspecting the proofs of Lemma 28 and Theorem 29 one sees that under the same
assumptions the approximation error estimate

lu—Ttul| a1y < CCrp Y S I D™ul| L, wnr) (3.67)
|ae|=3
holds true for p > 1. In fact, the stability estimate

1T ul|z,(ar) < CCOMp Z h5 I D%ull L, (ar)
|x|<3

can be established based on the embedding W3 ,(A) < C*(A) (which holds true for p > 2 in
two dimensions) on the reference macro-element and a scaling argument. Moreover, one can

make use of [|v; ;|1 () < Chg\i[’l) for (4,7) € Ipr. If one only has u € W oo (war) one can still
obtain

lu—Tull o, ar) < C D RS ID*ul| Ly (wonr)

|| =2

by estimating (3.57) directly.
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Remark 28. Similarly to the situation in which the interpolation operator is defined by local
functionals it is again important that polynomials are reproduced on larger entities. While we
demanded this property for macro-elements in the local setting we need it now on patches of
macro-elements. This seems to be an underlaying principle.

We now turn our attention to second order derivatives. Inspecting the arguments in Theorem
29 for the possibility to prove L,-bounds for second order derivatives of the approximation
error, we see that stability of II is crucial.

It is possible to prove

||(ﬁu)my||Lp(]\/[) = CCM’p Z h?/[ HDaumy”Lp(wM) ’

le<1

However, it is unclear how to obtain a similar estimate for the other second order derivatives.
We therefore restrict the subsequent study to the case of an isotropic macro-element patch wyy.
These results will be useful in Section 3.7. There we want to apply II in the fine regions of a
Shishkin mesh close to the corners of the domain where the mesh is uniform.

Assumption 2. Let M € My, denote a macro-element such that the restriction of My, to the
associated macro-element patch wy; is locally uniform with mesh size hy;.

Theorem 30. Based on Assumption 2 the quasi-interpolation operator I satisfies the approxi-
mation error estimate

u—Thuly, ) < Cha ulws o, (3.68)

for u € W5 p(war) N CH(M) with p € [1,00] and k < 2.

Proof. Under Assumption 2 the estimates (3.63) and (3.67) simplify to (3.68) for £k <1 and it
remains to validate this estimate for k = 2.

Let v € CY(M) with vayls,, € Li(0i;) for all (i,5) € Iy so that Iv is well defined. By
Assumption 2 and the fact that Ilv is piecewise biquadratic an inverse estimate yields

ITT0]lw,, (ar) < Chiyf 1T, (ar)- (3.69)

We proceed as in Theorem 29. By Lemma 27 with ¢ = 3 there exits a unique polynomial
q € Pa>(wypr) such that

3
Z h]IC\/I |u - q|Wk,p(wM) < Ch?\4|u|W3,p(wM)’ (3703)
k=0
2
D il —=dlw,,, ony < OBl on)- (3.70b)
k=0

A triangle inequality implies
|Hu - U‘Wz,p(M) < |u - q‘Wz,p(M) + |H(q - u)’WZ,p(M). (371)

The first summand is easily bounded by (3.70a). For the other one we use the inverse estimate
(3.69), the stability estimates for low order derivatives of II, see Lemma 28 and Remark 27, and
(3.70):

‘ﬁ(q - u)|W27p(M) = Chfleﬁ@ - u>HW1‘p(M) < Chy (’ﬁ(q - u)|W1‘p(M) + Hﬁ(q - “)HL,,(M))

2 3
< Ch]?; < Z h’J€\4|q - u|Wk+l,p(WJW) + Z hﬁﬂq - u|Wk,p(UJ]\/I)) (372)
k=0 k=0

< Charlulws,, (wa)-

Collecting (3.71), (3.70a) and (3.72) the result follows. O
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Remark 29. For p < oo the constant Cysp in the estimates (3.63) and (3.67) renders them
useless on meshes of Shishkin type or any other mesh with abrupt changes in the mesh sizes.
In this case L, estimates are desirable. For second order derivatives we were able to prove a
result of classical type with Theorem 30. In order to prove anisotropic error estimates it might
be necessary to specify additional rules for the choice of the macro-element edges o; ; associated
with the macro-element vertices X ,;, (4, j) € Ins. Moreover, Theorem 29 shows two things:

e Firstly, it is possible to design useful quasi-interpolation operators that are defined by a
mix of local and non-local functionals. This is particularly true if the element considered
is not of Lagrange type. Extending this idea one might use different entities o; ; for every
component of a quasi-interpolation operator.

e Secondly, by using non-local functionals only for the coefficients of basis functions as-
sociated with higher order derivatives the resulting quasi-interpolation operators of
Scott-Zhang type seem to be very flexible with respect to the choice of the entities oy ;.
Note that in [2] derivatives of adaptations of the Scott-Zhang operator were only proven to
obey anisotropic interpolation error estimates if the entities o; ; were chosen all parallel.

3.5.4 Summary: anisotropic C'! (quasi-)interpolation error estimates

In this Section we want to summarize our results and those of [13]. To the knowledge of the
author these are the only sources of anisotropic (quasi-)interpolation error estimates for C!
Hermite(-type) interpolation. All estimates are valid on rectangular tensor product meshes
such that the edges of an element K are aligned with the coordinate axes. In all estimates C' is
a generic constant that does not depend on w or the mesh.

The work [13] addresses for N > 1 two CN—! Hermite interpolation operators I1o and Iao
into the piecewise Qon_1 and Qon functions, respectively. Its main results are the anisotropic
error estimates

lu — Iipuln,xk < C Z R | DPuly i,
1BI=N

lu—Ipuly g <C Y Ry | DPuly i,
BI=N+1

for u € H*N(K) and with hx = (h1 k, ha i) where h;  is the size of K in x;-direction.

Inspecting their proofs for N = 2 we see that there is a C'! Hermite interpolation operator
I15 into the piecewise bicubic functions (more precisely the Bogner-Fox-Schmidt element space)
such that

IDY (u — hau)llg e <C Y B ID*DVully 4

lo|=4—]|

for || <2 and u € H*(K). We want to emphasize that this result originally obtained by [13]
can alternatively be proven using Apel’s theory and our key observation that two dimensional
divided differences may be used as associated functionals (cf. Corollary 22).

We refer to [13] for a note on the three dimensional case.

In the case of piecewise biquadratic functions we extended the results of [31] to the anisotropic
case using new results on macro-interpolation. If the mesh can be generated as a uniform
refinement of a macro-element mesh My,, then there is a C' Hermite interpolation operator IT
into the piecewise biquadratic functions such that (cf. Corollary 21)

| DY (v —Iu) o < C Z h5 ID*DVuly o, + Z h%;
lo|=4—]|v] |o|=3—]v]

/ D*D"u(x,y) dzedy
M

on a macro-element M € My, for a multi-index v with |y| < 2 and u € C?*(M) such that
DYy € H*1(M).

In order to reduce the regularity required we use non-local information of the interpolant in
order to define the coefficient of the basis function associated with the mixed second derivative,
creating the quasi-interpolation operator II. For its analysis we need Assumption 1 to be
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satisfied. Collecting the results of Theorem 29, Remark 27 we summarize that for p € [2, oo
and m = 0, 1 the error estimate

u —Tulw,, ) < CCuMp > A ID%ulw,, (o) (3.73)

|a|=3—m

holds true, provided u € W3 ,(war). Here

1

meas M /p

CM,p = " > 1
minre m, 7w, measT

and wys is the associated macro-element patch wy; around M, cf. Definition 5.

In the case of a more regular mesh (more precisely: under Assumption 2) the operator I
satisfies error estimates of classical type even for second order derivatives, see Theorem 30.
Note that the absence of abrupt changes in the mesh sizes implies the validity of Assumption 1
and a simplification of the estimates (3.73) due to Cps,, < C, cf. Remark 26.

It would be very interesting to check numerically if there is hope for the Girault-Scott
operator of [31, Section 4] to allow anisotropic interpolation error estimates given only some
W, regularity of the function to be approximated. However, certain details in that paper are
unclear — especially the scaling of the true dual basis functions (given only as a brief note) is
questionable.

3.6 An anisotropic macro-element of tensor product type

In Section 3.2 we have seen 1D Hermite interpolation in the space of quadratic C* splines. The
tensor product of this 1D macro-element with itself created a 2D macro-element and the induced
interpolation operator II for which we were able to prove certain anisotropic interpolation error
estimates. However, the usage of this operator on for instance a Shishkin mesh (where the
direction of anisotropy and mesh sizes changes abruptly) does not lead to optimal results. The
main reason for this failure is that the C'! operators I or II do not satisfy certain Loo-stability
estimates. Based on the usage of derivatives one has for instance on some macro-element
M € My, with sizes hjs that

0]z ary < C | D A ID0] o ary + SV IDEV0ll L any |

lee]<1

holds true, i.e. Lo, norms of derivatives appear on the right hand side. Hence, if one wants to
bound the error in the interior with large elements one can no longer use that the interpolant
is small there but has to demand that also derivatives of the interpolant are small. This is
however not true on a Shishkin mesh as already mentioned in the introduction. In order to
remedy this problem we consider the following anisotropic macro-element.

We form a macro of two rectangles and use as degrees of freedom the function value and
the value of a certain first derivate in six points along the boundary of the macro (cf. Figure
3.6). Note that this macro-element can be considered as the tensor product of one dimensional
C' — P, macro-interpolation and P, Lagrange interpolation. Hence, we leave the realm of
C' macro-elements but preserve the property of a continuous normal derivative across some
macro-element edges. This will be vital in the next section.

More precisely, assuming that, as illustrated in Figure 3.6, the reference macro-element
M = {[-1,1] x [~1,0],[—1,1] x [0,1]} over the reference domain A = [—1,1]? is mapped to an
anisotropic one for which the aspect ratio h,/h, is very large we use quadratic C ! splines in y
direction (small side) and P, in z direction (large side). This space S(M) is 12 dimensional
and from (3.4) and

p(x) = p[-1] + p[~1,0](z + 1) + p[-1,0,1](z + 1)z Vp € Po([-1,1]),
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or L1 1|1t ¢

1
\/
10 N J
Y
he
® -1
v $ z ® function value
-1 0 1 T y-derivative
& [ ® ®

Figure 3.6: Degrees of freedom of the anisotropic macro-element on the reference macro-element
M (left) and on some anisotropic macro in the world domain (right).

we can obtain the representation

L

s(z,y) =Y (Fi(s)(y+ 1) "+ Foj(s) (@ + 1)(y + 17" + Fyj(s)(x + Da(y + 1))

Il
-

A(Fia(s) + Foa(s) (@ + 1) + Faa(s) (@ + D)a)ihi (y) Vs € S(M).

+ <.

(3.74)

By II* we denote the macro-element interpolation operator such that the roles of the sizes h,
and hy of a macro-element M are interchanged, i.e. hy >> h,,.
The functionals F;; are again defined as two dimensional divided differences:

-1 for j =1,
-1,-1 for j = 2,
-1,-1,1 for j = 3,
—-1,-1,1,1 for j = 4.

-1 fori=1,
Fij(s) = s[m;;n;] with m; =¢ —1,0  fori=2, and n;=
—1,0,1 for ¢ =3,

It is easy to establish the H'-conformity of this macro-element. Moreover, we find that the
y-derivative along the edge y = +1 of A can be expressed by

0s 0s 1 /0s 0s
a1 = 22(0, 1) + = [ =2(1,+1) — Z2(=1,+1
S oth) = G081 + 3 (0D - F-10) e
1 /0s 0s 0s
| 2(=1,41) - 22 1)+ =—(1,+1) ) 22
+3 (e -2 020 + P 2)) s

Hence, if two such macro-elements are combined in y-direction the normal derivative along
the common edge parallel to the x-axis A(long side) is continuous. Clearly, this macro-element
induces another interpolation operator IIY : C1(A) — S(M):

)= 3 Y (u@,j)a(x)@j(ywgly‘@,j)éi(xm(m). (3.75)
i€{-1,0,1} je{—1,1}

Here /; € P,[—1,1] denotes the quadratic Lagrange basis function that corresponds to the node
i€{-1,0,1}, i.e.

Iy =x(x—1)/2, ly=—(z+1)(x—1), Iy :=(z+1)z/2.

Let M = [xo — he /2,20 + ha /2] X [yo — hy/2, Y0 + hy /2 denote a macro-element. From the
representation (3.75) and the affine reference mapping Fas : [-1,1] — M:
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it is easy to deduce for the interpolation operator ITYu = Y4 o FJ;[l with @ := u o Fj; on the
macro-element M in the world domain the stability property

Ou . (3.77)
Wl L. (ary

Remark 30. Note that by construction h, is the length of the small side of the macro-element
M in the world domain. Hence, the first derivative in (3.77) is combined with a small multiplier.

IT¥ul| .. a1y < C (IIULOQ<M> +hy

Next we study the approximation properties of this interpolation operator.

Theorem 31. For u € H3(A) and a multi-index v with |y| < 2 we have the estimates

[DY(u—IYu)flo < C|DVul;_,, for v #(2,0) (3.78a)
[(u —Yu)zzlo < C(|uww|1 + |ux|2) (3.78Db)

Proof. We shall apply Lemma 18 in order to prove (3.78a). Thus, we set P := Q := P,_|,|. By
a direct calculation similarly to (3.21) we observe that the additional error component involving
the polynomial ¢ € Py(A) vanishes since ITYv = v holds true for any function v € Q2(A) D Pa(A).
It remains to specify the associate functionals FZZ according to (3.12) for a given differential
operator D7 with || < 2. We use the same techniques as in Theorem 20. Firstly, it can be seen
by applying the differential operator D7 to the representation (3.74) of an element s € S (M )
that DYS(M) can be normed by

SO0 with Jy={(4) ci=m+1,...,3, j=9+1...,4}
(i,5)€Jy

Clearly, F;;(u) = F;;(ITu) for all ¢ € {1,2,3} and j € {1, 2, 3,4} because the divided differences
are linear combinations of the interpolation data {u(k,£),u,(k,€)}rer—1,0,1},0e{-1,13- The
associated functionals FZ for (i,7) € Jy are listed in Table 3.2. Using Sobolev embeddings like

in the proof of Theorem 20 it is easy to check that F}} € (H3,‘7|(A))/. Moreover,
Fij(u) = FY(D"u) and Fj;(Il%) = F5 (DY)

for (i,j) € Jy. The first identity follows from the techniques in the proof of Theorem 20,

especially (3.33). A simple computation for each basis function in S(M) shows the second
identity, due to the linearity of F;; and F}}. Hence, indeed F}(DTIYu) = F}}(D"u). We shall
demonstrate this procedure for F33. A calculation gives

Fis(u) = u[—1,0,1;—1,—1,1] = %(u(—l, D1~ 1,1 = 20(0, )1, —1,1] + u(1,-)[~1, ~1,1])
= %/_1 s51(y) (uyy(—Ly) — 2uyy(0,y) + uyy(l,y)) dy, (3.79)

where we used (3.33) with s1(y) = (1 — y)/4 and from which Fég’l) and Fég’Q) can be deduced.
Moreover, we may rewrite this identity to obtain

Fa =3 [ 50 ([ vzt [ o)

A reinterpretation of this equation according to Fis(u) = F35(D7u) gives F;;’O) and F?E;’l). A
computation shows Fs3(s) = Fgi(D"s) for all s € S(M) and |y| < 2, v # (2,0). Hence, the
estimate (3.78a) is proven.

For v = (2,0) it appears impossible to provide the associated functionals by the above
technique. Consider for instance the divided difference F33. Using Taylor expansion it is possible
to rewrite the equation (3.79) to

Fya(u) = ;/1 s1(y) (/O (1 + 2)tpayy (@, ) de + /01(1 &)ty (1) dx) dy.

—1 —1
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This however comes at the price of demanding higher regularity. Clearly, we have to approach
this problem differently. Let P := {(2,0),(1,1),(1,0)} and ¢ € P(A) denote the polynomial
with
/Do‘(u—q)d:v:0 Vo € P.
A

By Lemma 16 the polynomial ¢ exits and is unique. From Lemma 17 we can deduce by setting
v = (u — q) g that

[olly = ll(e = @aally < Cl(u = @)azh = Clugsls, (3.80)

since fA vde = fA(u — )2z d = 0. Similarly, Lemma 17 implies that for v := (u — q), we find
[vlla = l(u = @)zll2 < Cl(u = @)z|2 = Clug|a, (3.81)

based on
/D"‘vdm:() Vial<1 o /Da(u—q)xdz:() Vlal < 1.
A A

Next from (3.78a) for v = (1,0) we obtain the following stability estimate

10190), Iy < el + (0 = 119%) [, < Cloall> (3.52)
A triangle inequality implies due to ¢ = I1%¢q that
= 11%) g < 100 = @l + | (T = )., (3.83)

The first summand on the right hand side of (3.83) is estimated using (3.80), while for the
other one we use the inverse estimate

||3rz||0 S CHS:EHO VS S S,

which is easily verified in the four dimensional space D% S(M) over the reference macro-
element. In fact, the optimal constant in this estimate is given by C' = v/3. Hence, by
(3.83),

[ = 100) [y < C(luwah + | (10 (a = ), l)-
We finish the proof of (3.78b) by using (3.82) for v = ¢ — v and (3.81). O

Using affine equivalence (cf. (3.76) and the proof of Theorem 19) we obtain on a macro-
element M in the world domain the following result.

Corollary 32. For u € H3*(M) and a multi-indez v with |y| < 2 we have the estimates

ID(- o <€ Y A [D,,,  fry A (20) (384
lee|=3—]v]
o hY,
=10,y < € X B0 sl + 3 S ID s ) (500)
|a|=1 la|=2 7

Remark 31. By construction h, denotes the length of the long side of M. Hence, the estimate
(3.84b) is useful even in the anisotropic case.

Before we end this section we prove a suboptimal but useful error estimate for v = (0, 0).

Lemma 33. Let u € H*(M) then

lu —Mullonr < C Y (RS ID*ullo,nr + hSrhy[|D%uyllo,ar).

lee|=2
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% dim DYS(M) associate functionals

(0,0) 12 FOY = Fy; ie{1,2,3) and j € {1,2,3,4}
0 —1
o0t
F2(5}70)(U) = W(fﬂ, _1) dx, g S {1,2}
-1 0Y
1.0) 1 40
B0 = [ sawn o) dedy, ke (3,)
(1?0) 8 - 1_1€ 1 0 {—1
10y, » . 1 [Fo 1 =1y
F == =z, —Ddz—=- [ Z—(z,-1)d
34 (U) 9 0 6y4*1(x’ ) €L 2 = 8y@,1(xa ) €z
(1,0) 1 1 1 0
F3 (v) ::5/ Sp—2(y) </ Vyy (2, ) dxf/ Vyy (2, ) dx) dy
—1 0 —1
FigP (v) = v(~1,-1)
1
FQPw) = [ si_a(y)v,(~1,y)dy, ke {3,4}
-1
Fi9Y (v) = 0(0,-1) — v(—1,-1)
0,1 9 Lo
©.1) F @ [ sswen (@) dedy. ke (3.0
1J-1
1
Fi9Y (v) = 5@(—17 —1) = 20(0, 1) 4+ v(1, —1))
FOD L[
s (V) =5 1skfz(y)(vy(—l,y)—2%(0,@/)Jrvy(l,y)) dy
0
Fé;’l)(v) ::/ v(z,—1)dx
-1
11 1 0
F2(k )(v) ::/ Sk_g(y)/ vy(x,y)dady, ke {3,4}
-1 -1
(1,1) 6 ) L L0
F357 (v) ::f/ U(x,—l)dl?—*/ v(z,—1)dx
2 Jo 2/,
(1.1) 1 1 1 0
F3 (v) ::5/ Sp—2(y) </ vy(2,y) dx—/ vy(x,y)dx> dy
-1 0 —1
0,2 !
PO (0) = / ska(y)u(—1,y)dy, k€ {3,4}
1
0.2 1 0
0,2) 6 FP 0 = [ sia) [ wegdedy, ke f3.9)
-1 -1

Table 3.2: Associated functionals F;YJ for the operator IIY over M with respect to D7 and
s1(y) = (1 —y)/4, s2(y) = y/4.
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Proof. Let g € P1(A) denote the linear polynomial such that
/ Du—g)dz =0 Ve e Py = {(0,0),(1,0), (0,1)}.
A

Then from Lemma 17 it follows that [|u — g2 < Clu — q|2 = Cl|ufz. Using this and I1Yq = q we
see that

= ullo < llu— allo + 117 (q — w)llo

SURYTERTID SN O (0 —u)(i,j>|+\W<i,j>])

i€{—-1,0,1} je{-1,1}

sibre Y Y (la-weai+ | 2600

1€{—-1,0,1} je{-1,1}
)

8 _
< luls +c(uq||2+ HM
(g —wyll2 < llg —ull2 + (g — w)ylz < Clula + |uyla,

dy

From

the estimate follows on the reference macro M. The assertion of the lemma is again easily
obtained by affine transformation. O

3.7 Application of macro-element interpolation on a ten-
sor product Shishkin mesh
As an application of the anisotropic quasi-interpolation error estimates obtained we want to

examine the approximation error of the solution of a reaction-diffusion problem on an anisotropic
mesh. Let u denote the solution of the singularly perturbed linear reaction-diffusion problem

—cAu+cu=f inQ, u=0 on 0L, (3.85)

where 0 < ¢ < 1, 0 < 2(¢*)2 < ¢ and ¢ and f are smooth functions on some bounded two
dimensional domain €2 with Lipschitz-continuous boundary 0€2. We consider the unit square
Q= (0,1)? with the four edges

Iy ={(z,0) : 0 <z <1}, Iy ={(0,y) : 0<
s ={(z,1) : 0 <z <1}, Iy,={(1,y) : 0<

In the corners of the domain €2 derivatives of w are unbounded, in general. One refers to the
solution components that cause this phenomenon as corner singularities. If we however assume
the corner compatibility conditions

then third derivatives of u are smooth up to the boundary, u € C3(Q), see, e.g. [29].
The following solution decomposition is taken from [45, Lemma 1.1 and Lemma 1.2]

Lemma 34. The solution u € C3(2) of (3.85) can be decomposed as

4
u=.5+ Z E; + Eip + Eo3 + E3q + Ey. (3.87a)

i=1

Here E; is a boundary layer associated with the edge I';. Similarly, E;; is a corner layer
associated with the corner that is formed by the edges I'; and I';. Moreover, there are positive
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Figure 3.7: Domain decomposition (left) and anisotropic mesh Q¥ (right) for N = 16, corre-
sponding macro-element triangulation M6 of Q\ € as checkerboard and possible choice for
0;,; symbolized by black arrows pointing to the corresponding mesh node Xj;.

constants C > 0 such that for all (x,y) € Q and 0 < i+ j < 3 we have

az‘+j5(m y) 1—(i+j
— 2P < o1 (+3)/2 87b
‘ T <C(l+e ) (3.87b)
aiHEl(l’ay) 1—i/2\ .—j/2 —c*y/\/E
7{9#]512 (x, v) < Qe (i) 2g=c"(z4y)/VE (3.87d)
oz 0yl -

and analogous bounds for the other boundary and corner layers.

Next we introduce a standard domain decomposition. Let N denote a multiple of eight —
N will later denote the number of mesh intervals in each coordinate direction — and define the
transition point

)

1A
A = min {4 Ol/glnN} with Ao > 3. (3.88)
C

For our subsequent error analysis we shall make the practical and standard assumption
Ve<CN™1,

from which A < 1/4 follows.
For our approximation error analysis we use a standard approach and split the domain into

several subdomains

Qo= (\, 1= N)?, Q12 = (0,))?,

Q= (A 1=X) x(0,N), Qo3 = (0,A) x (1 =\, 1),

Qo = (0,2) x (A, 1—=X\), Q3q = (1 =\, N2,

Q3= (N1 =N x(1=X\1), Q= (1-X2\) x(0,)),
Qsi=(1-X1)x (\1=X), Q== Q12 U Q3 U Q34 UQy,

as shown in the left of Figure 3.7.

We use A to construct a 1D Shishkin mesh as follows: subdivide each of the intervals [0, A],
[1— A, 1] into N/4 subintervals, equidistantly. Giving the small grid size h = A\/(N/4—2). Next,
divide the third subinterval [A,1 — A] into N/2 subintervals of same size H. Hence, the mesh is
uniform in each of the subintervals [0, ], [A,1 — A] and [1 — A, 1] but it changes from fine to
coarse at the transition points A and 1 — A. Remark that since N is a multiple of eight the
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number of subintervals within [0, A], [1 — A, 1] and [A,1 — )] is even. Finally, form the tensor
product of this one-dimensional mesh with itself to obtain our anisotropic Shishkin mesh QY
with the mesh nodes {(x;,y;)}i j=o,..N-

Note that by the definition of A in the inner subdomain g all the layers have declined
such that they can be bounded pointwise by a constant times N . This is however not true
for their derivatives. Consequently, it is very challenging to define a C! (quasi-)interpolant of
u € C3(Q) in the function space of piecewise biquadratics over Q2 featuring anisotropic error
estimates. We relax this too ambitious objective by defining a quasi-interpolant u* of u, such
that the normal derivative of u* is continuous only across certain edges of Q. For this purpose
we shall use the results of the previous sections on macro-element quasi-interpolation.

In €y, i.e. close to corners of the domain, we combine four neighbouring elements of equal
shape to form a macro-element M = [z;_1,Zi+1] X [yj—1,¥y;+1] and in Q; U Q3 we combine two
neighbouring elements to get M = [z;,2;41] X [yj—1,Y;+1] as shown in the right of Figure 3.7.
In Q5 U €y we proceed likewise. We denote the obtained macro-element triangulation by M™Y.
Note that the mesh Q% can also be understood as the result of a refinement routine of the
macro-element mesh M.

The elements of our Shishkin mesh Q¥ are axis-parallel rectangles with side lengths

4N

B B _2(1—2)\)
=5 = AL A

h: O(eN"'InN) or H:= ~ ~N7L (3.89)

The sizes of a macro-element are equivalent to the sizes of the containing mesh elements.

Close to the corners of the domain, i.e. in {2y we want to approximate u by the quasi-
interpolant ITu, see Subsection 3.5.3. Hence, we have to specify how the macro-element edges
0;,; associated with the macro-element vertices X;; € Q; are chosen. If we want to satisfy
Assumption 1 on our anisotropic mesh we have to choose carefully whenever X;; lies on one of
the lines v = x4 = A\, x =x3n4 =1 —Aor y =yn/s = A, ¥ = ysn/a = 1 — A where the mesh
sizes change abruptly. Restricted to €2y our Shishkin mesh QV is (quasi-)uniform, hence any
choice that satisfies

0i,5 - Qif (390)
is possible. One may fulfill (3.90) as demonstrated in the right of Figure 3.7. In that Figure a

macro-element edge o5 ; is symbolized by an arrow pointing to X;;.
Let us recall the functions ¢;,; € C1[0,1], supported within [z1_2, ;1 2], defined by

1 o—wzi1  (x—xi21)* .
9 + hifl + 2h22_1 m [.131_271'1_1],
1 r—T;—1 (Z‘ — l‘i_1)2 . z (Pz(x) <p;(x)
2t T me, el T2 00
L,OZ(.’I?) = 1 R (x_x )2 Ti—1 0.5 >0
5 A= - 21+1 in [‘riaxi-‘rl]v Ti 1 0
2 hi+1 2h’i+1 xi-‘,—l 05 < O
1 z—m1 (v —xi01)? . Z; 0 0
2 hi+1 2h?+1 m [sz-‘rla mz—&-?}v
hi—1 T — Ti—1 (LE — 1‘7;_1)2 . [ ] T wl(:r) L/};(m)
— — — m |r;—2,%;—1/, .
4 2 4h; 1 2 il Ti—2 OO 8 5
hici  x—xi1  3(x—x4-1)% . Timro < e
-~ TSt in (21, 2], T 0 1
¢z($) — i—1 ) Tit1 >0 —0.5
hi—i—l _ T — Ti4+1 _ 3(l‘ — xi+1) in [.’17 s ] Z; 0 0
4 9 4hi+1 iy Li+1],
h; T —x; T — xig1)? .
4+1 B 2 = + ( 4hz+-;1) - [xi+17 xi+2]’

with hi—l = Ti-1 — Tij—2 = T — Tj—1 and hi—i—l = T4l — Ty = T2 — Tit1, ie. hl = h for
i < N/4ori>3N/4and h; = H else. Based on these one-dimensional functions one can define
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the global basis functions in the world domain
i,j (T, =i T j ) i,7 (T, = YT j ) ..
Pis(@y) = @il@)eiv), P y) =vil@ei®), (3.91)
Xij (2,y) = 0i(2);(y),  ij(x,y) = Pi(x)P;(y),
Now we are able to define our quasi-interpolation operator into the finite element space
VN = {ve HY Q) :v|; € Qo(T) VT € QV}. (3.92)
As already mentioned, for M = [z;_1,2;41] X [yj—1,Y;+1] C STﬁ M € MY close to the
corners of the domain we use the quasi-interpolation operator IT from Subsection 3.5.3, i.e.
Ny =)l = D w(@e Yo)re + e (@r, Ye) bre + ty (Ths o) Xkt + Ok 0Pk -

k=i—1,i+1
0=j—1,j+1

u

The coefficients ay ¢ depend on the direction of o ¢ given by (3.57):

2
/Uk [ wwg(:c) dz  if oy ¢ is horizontal,
a =
o Puler,y)

90y ¢Zi(y) dy if oy ¢ is vertical,

Okt

with the dual basis functions ¢ obtained in (3.50):

3z —xp_1)?
e Trp—2 ST < Tpq
hi_y 4+ 12hg 1 (@ — zp1) hi oy ’
2h3 9(z — zp_1)?
k-1 k-1
+h37’ Tr—1 < v < oy,
d( ) _ k—1
kL) = B 2
+9($ xk—H) <<z
— ES TS Tpy
Wiy — 12hgq1 (2 — Tpq1) hig ’
2h3 3(x — xpi1)?
k1 k+1
* I Tyl ST < Xgao.
k+1

In Qg we use on the element level the standard biquadratic nodal interpolant u! of u. Set
T ={& % +1 N, % + %7 R %N}. Let ¢; denote the 1D quadratic Lagrange basis functions,

4 204
i € T with

2

ﬁ(OE —xi1)(x — 2i_1/2), i1 <x < wy

li(z) = 12 fori e ZNN,

th(xz'-H — ) (7172 — T), Ti ST < Tip
it

4 . .

livrya(z) = hT(iEz'H —z)(z —;), fori€INN,i#N,
i1

where ;412 = (z; + ®i11)/2, i € TN N with ¢ # N, denotes the midpoint of the interval
[#4, 2i41]. Now for T C Qq we set

wlr(e,y) = ullr(e,y) = ) uleny)l(@)ly), (@) €T
i,jET

Finally, we need some modified anisotropic macro-interpolation operator in U?:1 Q; to glue
these interpolants together. Let us consider a macro-element M = [z;, z;11] X [y;—-1,Y;j+1] C 1.
The two elements contained in this macro-element have a long side of length H in z-direction
and a short one in y-direction (with length ). On all of these macro-elements M C €, that are
not adjacent to 9y we use the anisotropic macro-interpolation II¥ as introduced and analyzed
in Section 3.6, c.p. (3.75):

N d
whulea) =Wuteg) = Y (ulbm)aeon ) + G m @)
ke{i,i+1/2,i+1} Y
me{j—1,j+1}
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We use the same interpolation operator for M C Q3. In Q5 U Q4 we use II? instead. Hence, the
roles of x and y are interchanged, there.

On macro-elements that are adjacent to 02y we modify the anisotropic macro-interpolation
operator in order to archive continuity of the normal derivative 0,u* across 0€)y. Let for
instance M = [z, %i11] X [Yn/a—2,Yn/a] C Q1 denote such a macro-element. Then on M the
interpolant u* is of the form:

Py = Y ( S ) (@)es )

ke{i,i+1/2,i+1} “je{N/4—2,N/4}

0 o(u!
+ 2 oy ti@hongaca) + 21 (0 )0 <m>wN/4<y>).
Y Y
d(ullay)

and

\M)‘ are

In the other subdomains we proceed likewise. Since 5
Y MnNQo MnNQo

quadratic polynomials they are indeed uniquely determined by the values in three distinct
points along the edge where they coincide. Note further that %(ask, Ynya) is simply a

linear combination of the nodal values u(xk, yn/4), u(2r, Yn/at1/2) and w(xk, yn/a41). Hence,
this coefficient is well defined along element interfaces due to the continuity of u?.

Summarizing,
(ITw) [ as (z,9) € M C 9,
3N/2 ol — u) -
(I¥u) | ar + Z au (wi/2,y5) Lij2(2)0;(y) (r,y) € M C Q1 UQs,
i=N/2 y Q0
(o, y) = jE{N/4,3N/4}
uz,y) = 3N/2 Dl — )
(I u)|ar + _ZN:Z e le'iyyj/2)1/’i(x)€j/2(y) (z,y) € M C QaUQy,
zE{N/4 3N/4}
U‘I|T (‘:U»y)gTCQiO

By construction the normal derivative of u* is only discontinuous along short edges of
anisotropic elements (type-III edges) and interior edges of Qo (type I edges). For some
illustration see Figure 3.8.

Before we analyze u* on the Shishkin mesh w? let us assign a type to each element edge as
shown in the left of Figure 3.8:

Definition 6. A type-I edge e C ) is a long edge given as the intersection of two isotropic
elements. An edge that belongs to at least one anisotropic element is of type II if it is a long
one. Otherwise it is short and of type III. A remaining type-IV edge e C Q belongs to two
small and square shaped elements and is close to a corner of Q. Let £(I) be the set of interior
edges of type I and introduce similar symbols for £(I11), E(III) and E(IV).

First we show that the modification is small in various Ls-based norms. By the solution
decomposition (3.87), standard interpolation error estimates and the choice of A wee find that
Ju = lw, (@0) <18 = 8w, i00) + (= 8) = (u =) w, ()
< C(HZ‘S|W3,OO + |’LL - S|W1,oo(Qo) + |(u - S)I|W1,m(90))
< C(H? V2 47PN 4 HTINTY) < CemV/2NT2

Here we also used an inverse estimate. Let w; denote the strip of macro-elements in £2; that
are adjacent to Qg then for |a| < 2 it holds

3N/2 ol — ) 3N/2
HD"‘ Z o (%32, Ynya) Lij2¥N/a < |U—UI|W1,OO(Q0 Z fll/xgl) N/4
i=N/2 Y Qo 0,w1 2N 01
3N/2
_ a1) )
< Ce 1/2N meab(Ql 1/2 Z 61/21 HwN2 ||L (lyn/a—2,yn/4l) (393)
i=N/2 Loo([zn/asw3n5/4])

S 06—1/4]\/‘—5/2(11,1 N)l/QH—Otlhl—az g 061/4—052/2]\]'—7/2-‘1-0[1-‘(-052 (ln N)1/2—Ot2.
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type-111 type-1 _
g ] o> o> @ B o
type-I1 o> o> ° ° °
0 T T
<
<~— type-1IIl —
=
Q type-1V
® function value () values of first derivatives > x-derivative
* y-derivative —>» weighted average of xy-derivative on macro edge

Figure 3.8: The normal derivative of u* is discontinuous along the edges of type I and III
highlighted in green (left) and linear functionals of u that enter in the definition of v* in the
various subdomains (right).

For || = 2 the Ly norms have to be read as norms in the broken Sobolev space over M¥.
Bounds for the other three strips w; in ; for ¢ = 2, 3,4 that are adjacent to €y follow similarly.

Since the Shishkin mesh is (quasi-)uniform in Q and by the choice of the macro-element
edges according to (3.90) the interpolation error estimates for I simplify to (c.p. Theorem 30)

lv— f[v’k S Ch3 |3, forve H(wy) and k < 2. (3.94)
Next we estimate the approximation error of u — u*:

Lemma 35. There exists a constant C > 0 such that

Ju—u*lo < C(N"2 4+ VIN"2(In N)?), (3.95a)
V4 —u*|; < 0(81/4N_1 + N7?(InN)?), (3.95b)
1/2
53/4< > u- u*|§’M) <C(eN"'(InN)>+ N~'InN). (3.95c¢)
MeMN
If'/* < (InN)~2, then
|u—u*llo < CN™2 (3.95d)
1/2
53/4< Z |u — u*|§’M> <CN 'InN. (3.95€)
MeMN
If|S|3 < Ce= '/, then
ey —u*|; < CN~2(InN)2, (3.95f)
Suppose e'/* < (InN)~3 and |S]s + Ziel,S ||D(3’O)Ei||079i + Zj€2,4 ||D(0’3)Ej||07gj < C, then
|u —u*]lo < CN"3(In N)3. (3.95g)

Proof. We use the solution decomposition (3.87) several times without mentioning it explicitly
and different techniques in each subdomain.
In Qf the approximation error is small because the mesh is very fine. We use (3.94):

lu—u|po, =|u-— ﬁu|k,ﬂf < Ch3*k|u\379f < Ch* %32 meas(Q) /2

3.96
= Ce=R2NF=3(1n N)2F, (399
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In Qg the Shishkin mesh is coarse but all layer components have declined sufficiently. With
the L.o- stability of the nodal interpolant we get

1w = 8) N Low(00) < Cllu = SllLoiy) S CNT* <CN72
Hence, we obtain for the layer components of v and k£ < 2 with an inverse estimate

[(w—8) = (u—=8) ko, <I(u—25)~ (u—=28) ko, <I(u—9)ka, + |(u—95) kg,

< C(AHENT L H (= §) [loq,) < C(eV4H2N 4 NE-3), (3.97)
For the smooth solution component S we estimate
1S — S*|k.ay = |S — S |k.a, < CH?**|S|20, <CNF72 for k=0,1 (3.98a)
and
1S — S*|2.00 = |8 — 8T |a.0, < CH|S|3.0, < Ce™V/2N71 (3.98b)

Obviously these bounds can be improved to |S — S*|x.q, < ON*=3if |S|3 < C.
In the remainder of the domain the elements of the Shishkin mesh are anisotropic. For the
smooth part S we use Lemma 33, for instance in :

IS — 1S [o0, <C 3 (W ID*Sloq, +hs VDS, lo.0,)
|oe|=2 (3.99)
< C(H? +e Y2H?h) <CN~2.

If |S|3.0, < C we could improve the estimate to ||S — I1¥S||o.o, < CN~3 using (3.84a). In the
other subdomains 2; for ¢ = 2, 3,4 the smooth part is estimated similarly. For the layer term
FE, Lemma 33 yields

|By =TV B flo,0, < C Y (h§7ID*Exllo, + k3 |D*T OV E,
|| =2
< H*|D®OE|oq, + Hh| D"V Ey o0, + h*[| DO Eq o0,
+ H?h||[DPVE|o.o, + H|IDY Ey[|o o, + 1P||DO Eyllog,
<C(N72MA L 2N2In Ne V4 4 eN72(In N)2e—3/4
+ 2N InNe V4 4 eN“3(In N)2e=3/4 4 32N 3 (In N)3e5/4
< Ce'/AN"2(InN)2. (3.100)

O,Ql)

If [D®Y By ||o.0, < C this bound can be improved to ||E; — 1Y E1 .0, < CN~3(In N)? with
(3.84a). With the same technique one can estimate the layer component E; on €2;, i = 2,3, 4.
The other layer components are small on 4, for instance for the corner layer E15 it holds
|E1s = TIY Exallo,o, < [[Eizllo., + (meas 1)"Y2(T1Y Exs|| . (q,)
< C(meas 0)"* (|| Eral| 1w (20) + R DV Ero|| 1))
< Ce'/*(InN)VE(N™r + /2N~ In NemV/2N~20)
< Cet/AN"r(In N2,

(3.101)

Here we used the stability estimate (3.77). Proceed similarly for all layer components E; on
with j € {1,...,4,12,23,34,41} and i = 1,...,4 with ¢ # j. Now collect (3.93) for & = (0, 0),
(3.96), (3.97), (3.98) with k£ =0, (3.99), (3.100) and (3.101) to obtain (3.95a).

Next if we want to estimate '/4|u — u*|; it remains to estimate the error on the anisotropic
elements, for instance on €2;. There the smooth solution component can be bounded with
(3.84a). Let |y| =1, then

IDY(S =T1%S)[lo.0, <C Y A ID*7S]o,0, < CN7?|[S|lw, . (0)(meas 21)"/
loe|=2 (3.102)
< ON7 27124 N)V2 < Ce VAN2(In N) /2,
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The other domains €;, i = 2,3, 4 are treated similarly. From (3.84a) we deduce for the boundary
layer component F; that

IDOY(Ey —TIYEy) o0, <C > b | DOV E|

|| =2
< C(H?|D®VEr|oq, + Hh DY Ey|lo o, + 12D Eylloq,)
<SO(N2e V4 2N 2In Ne /4 4 eN72(In N)2e=%/* < Ce VAN "2(In N)2.

0,04

(3.103)

The derivative with respect to = is better behaved and the same bound holds true:

IDYY(Ey VB )lloe, < C ) kS| DX OBy

|| =2
< C(H*|D®VE\l|oq, + HR|D®VE; o0, + h*|DYP Eroq,)
<SCO(N 27V 4 PN2InNe™ V4 4 eN“2(In N)2%e /4 < Ce VAN "2(In N).

0,92

(3.104)

Obviously this bound holds also on 23 where the anisotropy of the elements is in the same
direction compared to Q1. In Q9 (or 04) we use inverse estimates and the stability of TI*:
|By — 1" By |1,0, < |Er|0, + Ch™ I Er 0,0,
< C(meas Q2) "2 (|Erlwy o 02) + B (1B Lo 0a) + BIDT O Brln02)) (3.105)
< CeMIn N2 (e AN 4 eV EN(In N)TIN TR - N720) < Ce /AN T2 (In N)~1/2
Clearly, this technique can also be applied to estimate E;, i = 2,3,4. The corner layer
components are bounded in exactly the same way. Consider for instance E15 on §21:
|E12 — TIYEa)1 0, < |Ei2li.0, + Ch™ TV Ea|o.,
< Cmeas )2 (|Erzlw, . 00) + b7 (| Brall i @) + RID Y Bisllr . (0,))  (3.106)
< CeMIn N2 (e AN 4 e EN(In N)TIN ) < Cem VAN (In N) T2,
Collecting (3.93) for || = 1, (3.96), (3.97), (3.98) with k£ =1, (3.102), (3.103), (3.104), (3.105)
and (3.106) yields (3.95Db).

Finally, we consider second order derivatives. Unfortunately u* ¢ H?(2). However,
u* € H*(T) for all T € QV and even u* € H?(M) for all M € M¥. Hence, we introduce

the abbreviation [|vllo mv) = (X arerrarcy 01522 Now let [y| = 2, then by (3.84a) and
(3.84b) we find for instance in €y that
[
ID7(5 = 1) losany) < O X W3ID Sl + 3 TEIDTDOOS o, )
|la|=1 |la|=2

< CON7YS|lw,. .. () (meas Q)12 (3.107)
< ON7 e V24 N2 < Ce VAN~ (In N)Y/2,

Similar bounds hold on §2; for i = 2,3,4. In oder to obtain bounds for the layer components F;
on Q; (i=1,...,4) we use (3.84a) and (3.84b) more careful.

|IDO? (B — TIYEy) oman) < C Y A5 DT OPE|oq,

|a|=1
< C(H|D"PEi|jo0, + 1| DY Eilo0,) (3.108)
<O(NT'e 3/t 4 AN In Ne™®/*) <e™/AN"'In N,
1D (B~ T Ellomeen) < C ) h§ID* Y Erlog,

|ae|=1
< C(H|D®YE1 o0, + h| DM Eyoq,) (3.109)
<O(Ne V4 PN I Ne™#/4) < e7V/ANT' I N,
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o hy,
HD(Q»O)(El —IIYE1)[lo,mea) < C( Z hM||Da+(2’O)E1||O,Ql + Z IyHDO‘D(l’O)ElHO,Ql)

|a|=1 || =2
< C(H|ID®VEyllo.q, + h|D*VEy|loq, + 2 H DM Eylo0,)
<SC(NT1eVA 4 2N"Tin Nem V4 4 eN“H(In N)2e3/4) (3.110)
<O VAN 4 /AN (In N)?).

The same technique can be used to bound the error of F; on the anisotropic part of the Shishkin
mesh along the opposite edge. In Qs (or 4) inverse estimates and the stability of II* yield
again:

|By =TI Erlo mea) < |Bil2.0, + Ch72 I Exlo,0,
< C(meas )" *(|Er|w, . (20) + B 21 B1l| o 00) + I DY) Brll Ly 020)))
< Ce/M I N2 (eTINT2 4 e INFH(In N) 2N~ eV 2N(In N)TEN )
< Ce 3/AN"YInN)~3/2,

(3.111)

The corner layers are handled similarly, for instance E15 on ;:
|E12 — 1Y E1alo pm(0,) < |Ei2]2,0, + Ch72||HyE12H0,Ql
< C(meas 1) (|Buzlw, . a1) + b2 (1 Brallo ) + hI DOV Bialln (1))
<O/ In N2 (e !N 4 e INF(InN) 2N 2 4 eV 2N(In N) ~tem /2N )
< Ce¥/AN"2(InN)~/2, (3.112)

Collect (3.93) for |a| = 2, (3.96), (3.97), (3.98) with k = 2, (3.107), (3.108), (3.109), (3.110),
(3.111) and (3.112) to obtain (3.95¢). The other assertions of the Lemma follow easily. O

After quantifying the approximation properties of u* we want to study certain traces of
u — u* along interior edges.

Since Q% is an admissible triangulation two elements 17,75 € QY define traces of a function
v € HY Ty UTy) N H?(T1) N H?(Ty) along an interior edge e. We associate a unit normal vector
n with each edge. If e C 91 is an edge along the boundary we define n as the unit outer normal
to 0N2. In a similar manner there are two traces of the normal derivative g—;’l € Lay(e). Assuming
n is oriented from 73 to 75 we obtain jumps [% of these traces as follows:

[5:)= .~ &
onl = on

— —| € Ly(e).
Lemma 36. Suppose e'/* < (In N)=2. Then there is a positive constant C such that

T

on

T

u—u*§, <CN® on a long edge e, i.e. of type I or II, (3.113)

Z lu—u*]|f, < Ce '2N~=°(InN)?, (3.114)
ecE(III)

> flu—wf, < Ce/ANTP(InN)®. (3.115)
ecE(IV)

Proof. Let e C Q\ Q2 ¢ denote a long type-I or type-1I edge of a possibly anisotropic element.
For instance, on a long edge e C ; the interpolant IT¥v of v is a quadratic polynomial which is
uniquely described by its values in the endpoints and the midpoint of e. Hence, on long edges
IT¥ coincides with the 1D Lagrange interpolation and we find that

(S + 1) —T%(S + E1)|[§,. < meas(e)][(S + Er) —I(S + BT o) (3.116)
< CHH™|(S+ )yl 0y < ON. |

oo(e) -

Any other layer component F := u — S — F; is estimated using a stability argument of the
interpolation operator involved on a macro-element M that is adjacent to e C M:

1B —E|ff . < meas(e)||E —TIE|]_ o) < CH(|EI ) + TV Bl (ar))

L B (3.117)
< CH(|E|] . oary + I Byl ) S CN7H<ONTT
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Similarly to (3.116), we estimate the smooth part S on any edge e C € in the interior
subdomain:

15 = S5, <meas(e)||S— 57y <CHHS[Ry, o) <CN°. (3.118)

Next we use that all the layer components E := u — S have declined sufficiently. Let T' C Qq
denote an element that has the edge e, then
|E = B3, < meas(e)|E— B _ ) < CH(IEIL ) + 1B 1))

3.119
< CH|E|[} )y <CN ' <CONTT. ( )

Collecting (3.116), (3.117), (3.118) and (3.119) gives (3.113).
Now we consider the short type-IIT edge e of an anisotropic element T for instance in 2.
We use the trace Lemma 37 and (3.84a):

1
IS = TS5, < CILS =TS llor (S =T S)allor + IS = VS5 < CH|S[3 oy

< Cmeas(M)H®|S|}, () S Ce'’N2InNN 21 <Ce™/2N""InN
(3.120)

Here M denotes the macro-element such that 7' C M. Similarly, we obtain for the layer F;

1
|Ey —IVEL |5 . < ClEy — Y Er o, |(Br — VB g llor + EHEl —YEr |5 7

Hence, a summation over all type-III edges gives with Young’s inequality

Y B -TVE[f, < Ce7/2N"*(InN)?, (3.121)
ecE(IIT)

due to (3.104) and a similar estimate with (3.84a) and £'/* < (In N)~2 for ||E; — IYEyo.q,,
namely

By — Y Erflo,0, < C Z RS | D*E: o, < C(H?|D®YE, o0,
| |=3
+ H2h| D@V Ey o, + HR2| DY E|lo.q, + k3| DY B
< C(e"VAINTE 4 /AN (In N)?).
The other layer components can be estimated like in (3.117). With (3.120) and (3.121) we
arrive at (3.114).

For the short type-IV edges of €2f close to the corners of the domain we again use the a
trace Lemma and (3.96) to obtain

> flu—Tuf, < CeY2N"5(InN)?,
ecE(IV)

which is (3.115). O

|0,Ql)

Lemma 37. Let T be a rectangle with sides parallel to the coordinate axes and a width in
z-direction of hy. Let 0T, denote the union of the two edges parallel to the y-axis having length
hy. Denote by v’ € Q2(T) the nodal interpolant of v € C(T). Then for v € H3(T) it holds

h2
1= ") oo, < COL? wsaallor + Viachylloamllor + = loanllor). (3122

Proof. Lemma 14 and Young’s inequality yield

2 1 2 2
6= ), < OO o= ), 2+ 0 57 )

With the well known anisotropic nodal interpolation error estimates for v € H3(T)):
|| (U - vl)cho,T < C(hi”vxm,’HO,T + hxhy”'vfmcyHO,T + thnyyHO,T)a

|| (’U — vl)a:x”O,T S C(hz”vzazxno,T + hy”vﬂfy

0,T)7

we complete the proof. O
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Lemma 38. Assume |S|3 < C and e'/? < (In N)~2 then there is a positive constant C' such
that

2

[{Mﬂ < CON73, (3.123)
on 0e
ec&(I) »
3 Ou—u )ﬂ < CeV2N3(In N)A. (3.124)
on 0e
e€E(III) ,

Proof. Recall that by construction the normal derivative of u* is continuous across type-II and
type-IV edges, i.e. across long edges of anisotropic elements and within the subdomains close to
the four corners of Q. Let e C Qg be a type-I edge. Since u* is defined by nodal interpolation
on the the two elements 77 and 75 that share the edge e we find with Lemma 37 that

a(S - 8") H o(S - 5") H o(s —5") s
ge o) o Ae=2) [y < CH*(|Sls.m, +1Sls.73)-
H ﬂ 0, on gy lloe on r, lloe ( )
Hence,
3 “[Mﬂ < CH®S2, <CN~3 (3.125)
on 0.e o
e€€l, () ’

Next we abbreviate £ = u — S. In €y the layer components E are pointwise small and smooth,
hence on a type-I edge e € £(I) we use inverse estimates to obtain

E Ef o(ET) d(E")
i S — +
0,e on T: 110,e on T5 110,e
_ Ef a(BET) _
<on2 (Ha |%22| ) < (15 om + 157
oy "o,z

A summation over all type-I edges then yields

>

’ A(E — EI)]] 2
eecE(I)

on

< CH|E'§ 0, <CH?||E|% g, < CHPN™? <CON%.
0,e

(3.126)

Combining (3.125) and (3.126) we arrive at (3.123).

It remains to estimate the jump of the normal derivative across short edges of anisotropic
elements which are of type III. Let e =T1 NT5 C Q; denote such an edge. We shall first deal
with the case that T} and T3 are anisotropic elements. Again, we split « into smooth and layer
components and estimate

HﬂD(l’O)(S—HyS)]HO < | DTS —1¥89)|r, ||, + [[DHO(S - T¥S) 7,

HOe H()e

Lemma 14 gives for the smooth part
D0 =), < (DS = 18)], | DE(S ~ 105,
1 2
AR
< C(H?H + H 'H")|S|3 < CN7?S|3 .

A summation of all type-III edges then yields

> H[[ai(s SM SCNT?IS[3 s o, SCNT2 (3.127)

ecE(IIT)
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With the layer component E; we proceed in a similar manner

IO, B2, < 0(1D0E B, [DO -1
1
¢ IpeE B, ).
A summation gives with (3.104) and (3.110)

> e -=]l;

0,
ecE(IIT

< Ce V2NT3(In N)*. (3.128)

Any other layer component E # F; can handled similarly as in the interior subdomain €q:

IDENE -1 E)|||,, < CH** (T Ello, + TV E|loz,).

Hence,

0 2 _ _
S | E-m]|. < cr P (mER g0, + MBI g,00,) < C=/2N I,
ec&(I1T) “
(3.129)

as shown in (3.101). In order to estimate the jump of the normal derivative of u — u* across
short interior edges of for instance 2; it remains to estimate the jump of the z-derivative of the
term

3N/2 I

b _
Z y (%/279]‘)@/2(39)%(9)
i=N/2 y Q0

j€{N/4,3N/4}

across these edges. With Lemma 14 and (3.93) one easily sees that this term is better behaved
than [D®0 (4 — I1¥w)).

Finally, we consider type-III edges that are shared by an anisotropic element and a small
square shaped one in the subdomains close to the corners of 2. The common edge is then a
subset of 0y \ 0. Let for instance T} € Q; and T, € Q5 denote such elements. Then the
normal derivative of u* jumps across the common edge at = A. Since

O(u — qu)
on

b

0,e

on

= 5

_ H O(u — u*)

0,e T7 110,e H

T
we can estimate the first summand like before and it remains to estimate the second one. We

start off with a trace inequality

_ 1 ~ 5
D%~ Tholz, e < O(fhu—Tufl 7, + hlu — Thulf 7).

Hence, with (3.94):

- 1 ~ ¥
HD(LO) (U - Hu)|912 (2),932)\ < C(E|u - Hul%,ﬂlz + hlu - Hu‘g’gm)

< CRPul3 o,, < Ch® meas(Qs)lully, _a,y) (3.130)
< 083/2N_3(1n N)35 InNe 3 = 05—1/2N—3(ln N)4.

Collecting (3.123), (3.127), (3.128), (3.129) and (3.130) we arrive at (3.124) and finish the
proof. O

Remark 32. Under additional compatibility conditions on the right hand side f it should be
possible to remove the dependency of the third-order derivatives of the smooth part S on € in
(3.87b), giving ||S||s < C. However, assuming |S|3 < C is of course weaker than requiring that
all third-order derivatives of u are pointwise bounded uniformly with respect to e.
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Remark 33. Let e denote a horizontal long edge of an anisotropic macro-element. The interpo-
lation operator II¥ features a stability of the form

[(0)y[loc,e < Cllvylloc,e-

However, this seems to lead only to the estimate ||(IIYE}),[|§ . = O(e~!) which is not good
enough for our purposes. That is why we use a modification of II in the definition of u* in
order to match the normal derivatives on both sides of 9.
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4 Balanced norm results for 2D
reaction-diffusion problems

In the present chapter we seek to obtain numerical approximations to the solution of the
singularly perturbed linear elliptic boundary value problem

—cAu+cu=f in €, (4.1a)
u=0 on 012, (4.1b)

where € is a bounded two dimensional domain with Lipschitz-continuous boundary 92, 0 <
£ < 1 is a small positive parameter and c is a smooth function that satisfies 0 < 2(c¢*)? < c.
A standard weak formulation associated with problem (4.1) reads: find u € V, such that

a(u,v) = e(Vu, Vv) + (cu,v) = (f,v) YveV. (4.2)

If f € Ly(9), then problem (4.2) has a unique solution u € V := HE(Q) which is characterized by
the presence of exponential boundary layers of width O(/21n(1/¢)) along the entire boundary
0f). Additionally, internal layers and corner singularities may be present.

We shall consider finite element methods for the approximation of u. It is thus natural to
use Lo based norms to measure their performances. For instance, the Galerkin finite element
method in which V in (4.2) is replaced with a finite dimensional subspace V" C V is easily
analyzed in the energy norm

lvlle = 51/2|v|1 +|lv|lo forall v e H&(Q) (4.3)

In fact, the bilinear form in (4.2) has some nice properties. In particular a(-,-) is coercive in

V (and V") with respect to the energy norm. Hence, the Galerkin approximation u” is easily
shown to be quasi-optimal in this norm:
|u—ul|. <C inf |lu—o".. (4.4)
vheVh

Finally, if u has sufficient regularity, the approximation error in (4.4) can be bounded uniformly
with respect to ¢ by replacing v" with some projection of u onto a spline space on a layer
adapted mesh.

However, we have seen in Chapter 2 that if one aims for information of the solution within
the layer not every norm yields a meaningful result in the case of singular perturbation. In fact,
in the following paragraph we will explain that the energy norm is too weak to capture the
boundary layers.

The behaviour of the solution u of (4.1) is well understood if f is smooth and nicely reflected
in solution decompositions splitting u into a sum of several components. In this introduction
we shall focus on only two of these. While for the smooth solution component S, lower order
derivatives can be bounded pointwise uniformly with respect to ¢, a typical boundary layer
component E; behaves like the function exp(—édist(z,9Q)/+/€). Here ¢ is a constant and
dist(z, 09) is the distance of the point # € R? to the boundary of . Consequently, measuring
the sum of these components in the energy norm gives

IS + Erll < (ISl + |E1hh) + IS + Ello = OE*) + IS,

because the boundary layer function is of order O(¢'/4) in || - ||.. Hence, the predominant
feature of u — the boundary layer — is neglected for ¢ — 0, making the energy norm essentially
no stronger than the Ly norm. This failure of the energy norm has been known for some time
but an appropriate treatment for this problem was unknown until recently.

85
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Remark 34. For the convection-diffusion equation there is no such problem if only exponential
boundary layers are present which are of the form exp(—édist(z,9Q)/e). If however, the
convection is aligned to certain edges of the domain and characteristic layers arise, then the
corresponding solution components are again suppressed by a too small multiplier. Consequently,
characteristic layers are not well represented in the energy norm. The interested reader is
referred to [25]. There, the authors propose a differently weighted and better suited norm
in which the error of the bilinear streamline diffusion finite element method is analyzed on a
Shishkin mesh.

For instance, if the Galerkin finite element method is applied to (4.1) the situation is delicate:
reducing the multiplier £!/2 of the H' semi-norm component of | - || to '/* yields the so-called
balanced norm || - ||, with

[ollp = e fvls + [jv]lo  for all v € H'(), (4.5)

whose components are correctly scaled by powers of . However, the standard error analysis of
the Galerkin finite element method can no longer be applied due to the lack of coercivity with
respect to this norm. We will see how to circumvent this problem in Section 4.3.

In Section 4.1 we want to sketch the ideas of [42]. This paper was the first to deal with the
particular problem of designing a finite element method for which error estimates in a better
suited norm could be proven. Also, it coined the expression balanced norm. We adapt the
main idea in Section 4.2 to propose a new C? interior penalty method that features improved
stability properties in comparison with the Galerkin Finite Element Method. At the end of this
chapter we supply numerical experiments, give a brief summary and mention further work in
this field of research.

4.1 The balanced finite element method of Lin and Stynes

It is very easy to show that the solution u of (4.1) satisfies the stability estimate
lulle = &2 July + [lullo < Cl fllo (4.6)

in the energy norm. In [42] the authors present a nice example which shows that such an
estimate can not hold if the energy norm is replaced by || - ||5. In fact if one only has f € La(Q)
then the exponent of € can not be reduced without breaking the stability property.

However, if f € C(Q) N H'(2) and ) is convex then it is possible to obtain a stability
estimate for the solution u € H?(2) of (4.1) in a balanced norm (see [42]): By testing the
differential equation (4.1a) with —Aw, integration by parts and using (4.1b), (4.6), Young’s
inequality as well as a maximum principle one gets

4 Aullo + llully < CUIFN + 1f 1L e))- (4.7)

Observe that for a typical boundary layer component E; it holds ||AFE;|jo = O(¢~3/*). Hence,
this norm is in fact balanced and stronger than the energy norm.

Following the derivation of (4.7) it is possible to provide a new variational formulation
of problem (4.1). The idea of testing the differential equation (4.1a) with the Laplacian of a
test function can be traced back to H'-Galerkin methods [21] and has, according to Douglas,
significant practical advantages over other standard approaches, particularly for non-linear
problems [20, 19]. Yet this concept appears to be new in the singularly perturbed case. However,
a direct multiplication of (4.1a) by —eAv with v € H?(Q2) being a test function would require
C'-finite elements after a conforming discretization.

In [42] the authors circumvent this difficulty by a mixed finite element framework and we

follow their argumentation: Rewriting (4.1a) as a first-order system yields
—Vu =0,
P (4.8)
—eV-p+cu=f.

The first equation of (4.8) is rescaled by a multiplication with £'/# resulting in the first-order
system Au = f in Q with

w= (Z)  Au= (5_1 g’_’pf{g) and f = (?) , (4.9)
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which is equivalent to (4.1a). In order to supply a weak formulation the space H(S) is
introduced by

H(Q) := H(div; Q) x Hj(Q),

where H(div; Q) denotes the standard space of vector-valued functions which are in Ly (2) in
both components and whose weak divergence is in Ly(2), as well. A weak formulation then
reads: find u = (p u)” € H(Q), such that

B(u,v) := (Au,Av) = (f,Av) for all v € H(Q), (4.10)

where

- <Q> and  Av = <i (iﬁg"v_.fi)wﬂ . (4.11)

Similarly to (4.9) one may think of ¢ as corresponding to the gradient of v.
Lin and Stynes then introduce a balanced norm || - || 2 for v € H() of the form

1/2

1vlls2 = (£*21V - qll + > (llall§ + 1V 0113) + 0]13) (4.12)

Note that if u = (Vu u)? is measured each component of this norm has indeed the same order
of magnitude and that this norm can be viewed as a translation of the weighted norm on the
left-hand side of (4.7) into the system context. With this norm at hand the analysis of a finite
element method based on (4.10) follows the standard pattern sketched in the introduction.

Theorem 39. The bilinear form B(-,-) is coercive and bounded with respect to the balanced
norm || - |[p,2, i.e.

Clvlz2 < B(v,v) for allv € H(R), (4.13)
B(o,w)| < Cllolsallwlls for all v,w e H(Q). (4.14)

The elegant proof in [42] uses only simple ingredients. Let v, w € H () be arbitrary with
v = (qv)T and w = (r w)”. In order to prove (4.14) apply integration by parts to all the
L2(€2) inner products of a divergence of g or r with v or w. To derive (4.13) additionally the
binomial identities

g+ Volls = llqll§ = 2(g, Vo) + [[Vo3

are used.
Next (4.10) is discretized by replacing H (€)) by some finite element subspace V. The
solution uy, = (p, un)T € Vi, of the discrete problem

B(up,vp) = (f,Avy,) for all v, € V7, (4.15)
is unique due to the well-known lemma of Lax-Milgram. Moreover, it is quasi-optimal.

Theorem 40. Let u and uy be the solutions of (4.1) and (4.15), respectively and set u =
(Vuu)T. Then there is a constant C, which is independent of €, such that

— <C wf |u- .
[l uh\\b,z_cvhlgvhﬂu Vnllb.2

Proof. Let vy, € V), be arbitrary. By Au = f, the conformity of the discretization (i.e. V), C
H(Q)) and the definitions of B(-,-) and wy, it is easy to establish the Galerkin orthogonality

property
B(u —up,vp) =0 for all v, € V.
This and Theorem 39 are used in a standard argument to get
l|lu — 'u,h||§72 < CB(u —up,u—up) =CB(u—up,u—v) < Cllu—uppellt—vnls2,

from which the result follows. O
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By this Theorem error estimates can be obtained by studying the approximation error of a
conforming finite element space Vi, C H(Q). Let {7} denote a family of regular triangulations
of €1 into triangles or rectangles with a maximal element diameter h.

A sufficient condition for H(div;{2)-conformity is given by continuity of the normal derivative
across inter-element boundaries, which can easily be seen using integration by parts. In fact, let
q;, denote a vector-valued function such that each component is polynomial on every element
of 7;,. Then

(@0,,V9) = Y (@,,V9)r == Y (divay, 9) + Y (n- gy, 9)or
TETh TETh T€eTh
= - Z (divg,, ) + Z (Ine - @p), ) for all p € CF°(Q).
TETh e€lh

Here &}, is the set of inner edges of {7}, n is the unit outer normal to 9T and [n. - q,|, denotes
the jump of n. - g, across e =11 N1 € &, i.e.

[U]e = ’U|T1ﬂ€ - ’U|T2ﬂe

with n. being the normal vector associated with the edge e pointing from 77 to T5.
For instance, the Raviart-Thomas elements (see e.g. [10]) of index &k > 0 fulfill this condition
and their corresponding finite element space RT}, j, is therefore a subspace of H(div; ).

Remark 35. The continuity of the normal components is not necessary to yield H(div;Q)-
conformity. For instance, in [9] a technique based on Lagrange multipliers is used to enforce
the continuity weakly, relaxing this condition. Since the vector-valued finite element space is
needed to approximate the gradient of the solution u this remark points into the direction that
any method that follows the approach of Lin and Stynes will have to feature some control over
the jumps of the normal derivative along inter-element edges, cf. the continuous interior penalty
method of Section 4.2.

Let V}f denote the H'(Q)-conforming finite element space generated by @ elements if the
mesh cells of {7} are rectangles. Otherwise use Py elements. Set th,o = VN H}(Q). In [42]
the authors use well-known approximation error estimates [10] for w in the finite element space

Vi = RTk-JL X V}ﬁO C I‘I(Q)7
to obtain the result
[ — wnllo2 < C (R M ulgrr + 0 |uliir + ¥/ 4h¥ Auly), (4.16)

provided w has the regularity required. Moreover, they use a duality argument of Aubin-
Nitsche type to derive a higher-order bound for the Ls(Q) error ||u — up||p under the additional
assumption that the differential operator of (4.1) enjoys full elliptic regularity:

lu — upllo < Che ™4 (RFH ulyiq + e/ 0¥l + ¥/ hF| Auly). (4.17)

The estimates (4.16) and (4.17) are of classical type and not satisfactory in the case of singular
perturbation because the right hand side blows up for € — 0. In fact, typically derivatives of
the solution of (4.1) are bounded sharply by |u|s = O(e=%/2T1/4) for s > 1. Nevertheless these
estimates show that the method performs well in the regime h < £'/2, i.e. when the mesh is
very fine globally and there are mesh points inside the layer region. In this case (4.17) proves a
higher rate of convergence in the Ly(§))-norm.

In order to provide meaningful bounds for the error of the finite element method in the
interesting regime £'/2 < h Theorem 40 shows that the approximation error is the key. If the
approximation error is small by using a layer-adapted mesh so will be the error of the finite
element method. This will enable one to include coarse elements into the mesh in parts of the
domain avoiding the unrealistic assumption h < g'/2 (which would in general imply a gigantic
number of degrees of freedom).

In Section 5 of [42] the authors analyze their finite element method on a Shishkin mesh of the
unit square = (0,1)? in the regime e < CN~!. They assume that the data c and f of (4.1) lie
in the Hélder space C*(Q) for some a € (0,1] and the corner compatibility conditions (3.86)
which guarantee that third derivatives of u are bounded even in the corners of €. In this respect
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the authors remark the possibility to extend their analysis to higher order elements by assuming
additional corner compatibility conditions. Without these the authors prove convergence for
lowest-order Raviart-Thomas and bilinear finite elements, i.e. V', := RTj ; X Vh1,0~

Next, Lin and Stynes describe the solution decomposition and a priori estimates of [45,
Lemma 1.1 and Lemma 1.2] as stated in Lemma 34. Moreover, they construct a Shishkin mesh
similar to the one introduced in Section 3.7 with A\g := 2 and estimate the approximation error.

Lemma 41. Let u! denote the piecewise bilinear nodal interpolant of u on a Shishkin mesh
with N intervals in each coordinate direction described in Section 3.7. Then there is a constant
C' such that

lu—ullly <CN'InN

Proof. Again, the argument follows [42]. An estimate for the Ly(€2) error can be found in [45,
Lemma 2.3]:

lu—ulllp < CN2

In order to estimate e'/4|u—u!|; the solution is split into u = S—I—Zle E;+FE19+FEs3+F3,+Ey
according to Lemma 34. For the smooth component S one obtains by a well-known interpolation
error estimate and (3.87b) that

e/ — STy < CeVANTY S|y < CeV/ANTE (4.18)
Next the authors use the well-known anisotropic interpolation error estimate [2]

ID7 (v = v)llor < C Y AFID* o]0,z (4.19)

le|=1

82
Oxdy

cl/4

(Ey — EY) Ey

for a rectangular axis-parallel element T' € Tj,, a multi-index v with |y| = 1 and v € H*(T).
K < oM Nt
Jy -

Consider for instance the boundary layer Fy, by (4.19) and (3.87c),
0,Q:UQ3 0,Q1UQ§,)

< Cet/t (N‘15‘1/4 +e/2N"tin N5_3/4) <CN'InN. (4.20)

82
+ /2N 1nNH2E1
0,2:UQ3 ay

Proceed similarly in €);, where the mesh is very fine. In the remainder of the domain, Qo UQ5Uy
the mesh is coarse in y-direction and the layer F; is pointwise small, i.e. |F;| < CN~2. An
inverse estimate yields for instance in €

0790>

S 51/4 HaEl
0,9 oy

< CeV/H (AN 4 NI|E] o)

0
1/4 I I
€ FEi—F + || =F
( 1 1) 0. Hay 1

9

dy

(4.21)
<C(N724e/ANT1),

A derivative with respect to z is easier to handle. The estimate (4.19) and (3.87¢) yield

82
0x0dy
< 051/4N_1(1 + 5_1/4) <CN™L.

0
%(El - EY)

c1/4

62

< 051/4N_1<

0 i H 0) (4.22)

0

For the corner layer components we use the same ideas. Consider for instance Ei5. In Qp
one obtains

e/ By — Byl g, < Cel/4h|Eralaq, < Cet/*et/2N~1Iin Ne=3/4

(4.23)
<CN~ 'InN.
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In the remainder of the domain this layer component is small again. In Qg we proceed similar
to the estimation of E7 in 2y, while in 27 U Qs U Q3 U 4 we additionally use the smallness of
the domain, for instance in 1:

e/4|B1y — Efyl1, <e'/* (|E12|1,91 + |Ef2’1,91)

< Cel/t (5‘1/4N‘2 + 5—1/2N(1nN)‘1HE{||0,91>

(4.24)
< C(N72+e V"N N) ™ meas(Q) || E1| 1))
< CN~}(InN)~Y/2,
Collecting (4.18), (4.20), (4.21), (4.22), (4.23) and (4.24) we finish the proof. O

It remains to establish approximation error estimates for the vector-valued component in V',
for the gradient of the solution. The lowest-order Raviart-Thomas element induces a projection

Iy,nq of q € (HI(Q))2 into the finite element space
RTyp ={r € H(div;Q) : (r|r); € span{l,z;} fori=1,2and T € Tp}.

More precisely the projection operator Il 5, is constructed locally on each rectangular element
T €Ty by

/ (Io,ng|T — q) - neds =0

for every side e of T.

Lemma 42. Let Ily ,Vu denote the projection of Vu into the finite element space R1yp on a
Shishkin mesh with N intervals in each coordinate direction as described in Section 3.7. Then
there is a constant C such that

¥4V - (Vu — Ty 4 Vu)l|o + e¥/4||Vu — TTo , Vaullo < CN~1In N.

Proof. We follow [42]. Based on the projection error estimates [1, Remark 4.1]

(g = Tonq)ilor <C > hFD%qllor for i=1,2,

lal=1

for g = (q1,95) € (H ! (T))27 inverse inequalities in RTp ; and stability estimates for each
component of Iy the bound of /4| Vu — Ty, Vullp is obtained similarly to the proof of
Lemma 41.

To bound the other term the “commuting diagram” property [10] is used, i.e.

V- (Tonq) = Pu(V-q) forallge (H'(Q))? (4.25)
where Pp, : Lo(K) — Py(K) is the local Lo-projection onto a constant for which
HU — PhUHO,T S C Z h%HDaUHQT (426)
|a|=1

for v € H'(T) holds [40, Lemma 2.1 (i)]. Setting ¢ = Vu in (4.25) one sees that
4|V - (Vu — T n V) o = e%/*|| Au — Py (Au)fo. (4.27)

The right hand side of (4.27) is bounded using the solution decomposition of Lemma 34 and
(4.26). First, by (3.87b),

For the boundary layer component F; the estimate (4.26) and (3.87¢) yield

34| AS — Pu(AS)|o < C3/ANTYHAS|, < Ce/ANTL (4.28)
O(AE) I(AE;)

ax O,Ql ay Ogﬂl>
<CN 'InN. (4.29)

4 AE, — Py(AE)) oo, < Ce®/4 <N—1

+51/2N_11nNH
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Proceed similarly in 3 and €2;, where the mesh is very fine. In the remainder of the domain
the layer component E; is small:

63/4||AE1Ho,Q\(Qlumth) <CN72,

due to (3.87c) and A9 = 2. Next, let T C Q\ (1 UQ3U Q) denote a mesh rectangle with sides
of length h, and h, = CN~! then

1 C B B
| Pu(AE))|r| = meas(T)’/TAEl dzdy‘ < mhﬁ 1/2N-2

where we used (3.87c) and the choice of A again. Consequently,

| Pr(AE, = |Ph(AEy)|7| meas(T)Y/? < Ce /N2

Moz
Squaring and summing up over all remaining O(N?) rectangles a triangle inequality yields
e/ AEL — Po(AE) [lo.0\(01u0500,) < C(N 72 +e/ANT1). (4.30)
Collecting (4.28), (4.29) and (4.30) gives
3/ AE, — Py(AE))|o < CN~'InN.
For the corner layer F15 similar arguments give
e3/Y|AEyy — Py(AE)|lo <e/*N"'InN. (4.31)

In Qp, the mesh is uniform and very fine. Hence, obtaining (4.31) is easy there. For Q\ €y, it is
useful to apply the argument that led to (4.30) only on the O(N) elements that are adjacent to
Qp while on the remainder of the domain the layer is very small. O

Lemma 43. Let u! = (Hothu,uI) € Vi, = RTp X Vhl)0 denote the interpolant based on the
projection into the lowest-order Raviart Thomas space and bilinear elements on a Shishkin mesh
with N intervals in each coordinate direction. Then there is a constant C such that

|u —ul|pos <CN“'InN.
Proof. Combine Lemmas 41 and 42. O

Based on this result and the quasi-optimality of the method convergence follows.

Theorem 44. Consider the solution u of (4.1) with Q = (0,1)? and smooth data, satisfying
the corner compatibility conditions (3.86) and set u = (Vu,u). Let Vi, = R, ¥ Vhl,O denote
the product of the H(div;Q)-conforming lowest-order Raviart-Thomas space and the space of
piecewise bilinears on a rectangular Shishkin mesh with N intervals in each coordinate direction.
Then the finite element solution wy, from (4.15) satisfies

||u - ’u,th’g < CN~'InN.

Proof. This main result of [42] follows from Theorem 40 and Lemma 43. O

4.2 A C" interior penalty method

Despite the beauty of the theory of the mixed method of [42] shown in the previous section, it
has some minor drawbacks: It involves the usage of conforming Raviart-Thomas elements and
introduces additional unknowns that bind a great number of degrees of freedom. Moreover,
as a consequence of the correct weighing in (4.10) the symmetry of the problem is sacrificed.
The method presented in this Section allows to use standard finite elements. Additionally, the
method can be modified to conserve the symmetry of the problem (in the constant coefficient
case no modification is needed to achieve this). Still the method yields robust error estimates
in a balanced norm which is quite similar to || - ||p2 in (4.12).
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The basic idea is to imitate the technique of Lin and Stynes in a broken Sobolev space and
to supply sufficient control over the jumps of the normal derivative of the approximate solution
along inter-element edges, cf. Remark 35. The presentation follows [61].

Let QO denote an admissible triangulation of Q into rectangles associated with some
discretization parameter N and define the broken Sobolev space

HY2(ON) = {v e HY(Q) : v|p € HX(T) VT € QY, v =0 on 09}. (4.32)

Let £V be the set of interior edges. Since Q% is an admissible triangulation two elements
Ty, Ty € QV define traces of a function v € HY2(QY) along an interior edge e € £V. We
associate a unit normal vector n with each edge. If e C 012 is an edge along the boundary we
define n as the unit outer normal to 9€2. In a similar manner there are two traces of the normal
derivative g—z € Ly(e). Assuming n is oriented from T3 to 75 we obtain jumps %]] of these

traces as follows:
(2] 20
onl ™ on

Testing the partial differential equation (4.1a) with —el/2 A, integrating over each element
T of the triangulation and summing up over all T € QV we obtain for v € H"2(QV) the
variational equation

323" (Au, Av)p — €2 Y (cu, Av)p = =2 N (f, Av)r. (4.33)

TeQN TeQN TeQN

ov

— L N,
" an S 2(6)7 ecé

T>

Next an application of Green’s theorem to the reaction part gives

£3/2 Z (Au, Av)r + 51/2(Cvu + Veu, Vo) — c1/2 Z (C [?ﬂm)
TeQN ecEN n e (434)

=2 3" (f, Ao)r.

TeQN

Adding (4.2) and (4.34) we arrive at a new weak formulation for problem (4.1). It can be
viewed as the scalar version of (4.10) without imposing continuity of the normal derivatives
along inter-element edges. Find u € HY2(Q), such that

B*(u,v) = L(v) Yve HY(QV), (4.35)

where the bilinear forms B* : H2(QV) x H'2(QV) — R and the linear functional L :
HY2(QN) — R are defined as

B*(w,v) = &3/? Z (Aw, Av)p + &(Vw, Vo) +e/?(c Vw + Vew, Vo) + (cw,v)
TeQN

o 3 (e (e [2]), w2 (e [22] ). + (o[22 [2]).).

ecEN
L(v) = (f,v) =2 >~ (f, Av)r, (4.37)

TeQN

(4.36)

for v,w € HY2(QN) and o, > 0 for all e € EN. Note that for w € H?(2) the last two terms
of the right hand side of (4.36) vanish since [0w/dn] = 0 on e € £V by a well-known Sobolev
embedding. The introduction of these artificial terms is motivated by symmetrization and
coercivity of the bilinear form. After the discretization the last term penalizes jumps of the
normal derivative across interior edges. It plays an important role with respect to the stability
of the method and renders it a continuous interior penalty method.

Remark 36. In the case of a constant coefficient ¢ the bilinear form B~ is symmetric whereas
BT is asymmetric. If the conservation of the symmetry of the problem is desired in the variable
coefficient case, it might be advantageous to use a piecewise constant approximation ¢y instead
of ¢. By doing so the term (Vcw, V) in (4.36) vanishes and ¢y moves inside the jump brackets.
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In order to carry out the error analysis of the method (4.35) we will introduce the following
adequate norm:

oll? = 22 32 ol + 2ol + ol + Y (o[ o] [o2]) - (4.38)
TeQN ecEN

Note that this norm corresponds to the left hand side of (4.7) in the context of our broken
Sobolev space. Consequently, similarly to the norm (4.12) the norm ||| - ||| is balanced and
stronger than the energy norm or || - ||, from (4.5).

For our discretization we introduce the FE space

VN .— {’U c H1’2(QN) . U|T c Q2(T) VT e QN} (439)

The use of bilinear elements would result in AvYY = 0 and (4.33) would not evolve the method.
It should be possible to extend the results to Q) elements with k > 2. However, this requires
even more compatibility conditions of the data.

Lemma 45 (Coercivity). Assume that the following mild condition holds:
£1/2
c— TAC >co > 0. (4.40)

Then there exists a positive constant C' such that
BT (v,v) > C|v||* Yo e HY?(QN). (4.41)

Additionally, let the penalty parameter satisfy

Oc > C*h% for alle € EN, (4.42)

where C, is a constant and h- denotes the minimal length of all edges orthogonal to e. Then
the symmetric bilinear form B~ is coercive in the discrete space V'V, i.e.

B~ (N, o) > O™ |* Vol e VN, (4.43)

Proof. A straight-forward calculation yields the validity of (4.41) with C'= min{1, ¢o}. Here
we used the identity (Vev, Vo) = (Ac, v?)/2 which follows from integration by parts.
To prove (4.43) we start off with vV € V¥ and the identity

B~ (N, o) = BT (v, o) — 2¢1/2 Z (C’UN7 [[%ﬂ)e (4.44)

€EN

We estimate the modulus of the last summand of (4.44). The triangle and the Cauchy-Schwarz

. qua] g
UN |:|:8UN :|:| ‘
an 0

22 3 (e [55]) | <22 el 3 1V lon

ecEN ecEN

,€

Next the Young inequality yields
oV 1 rovN
1/2 N 1/2 N2 _
222 3 (oo™ [T ))<= el 32 (el + [ ]
ecEN ecEN

where . > 0 are positive constants on each edge e € £V that will be specified soon. The local
inverse estimate

2

) (4.45)

0,

, _T5

WM I5e < 57
e = pl

HUNHg,T(e) (4.46)

is well-known. It holds for biquadratic elements on rectangles T'(e) with edge e, see e.g. [11].
We want to estimate the first summand of the right hand side of (4.45) against < |lv™V][3.
If we substitute (4.46) into (4.45) we achieve this by determining f. in such a way that the
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coefficient of [|oV||2 T(e) is bounded by co/8. Note that each element can only be referred to by

at most four edges. Consequently, we set

L 1 Co hi
e = 600 ||C||L(X,(Q) 81/2'

With this choice the coefficient of the last summand of the right hand side of (4.45) amounts to

@) _ 600 el =

He Co he

c 2
Hence, if we set o, according to (4.42) with C, := 1200““?2% we obtain

porr 5 (e [ ]) = 35 X ([ ) [e]).

ecEN ecEN

From this together with (4.44) the assertion (4.43) follows. O

The asymmetric continuous interior penalty method proposed now reads: find u™:t € V¥
such that

BTN F, oMy =L0N) v eV, (4.47)

If the bilinear form in (4.15) is replaced with B~ (-,-) we denote the obtained approximate
solution by «”™>~. Similarly, one might obtain an approximate solution u™:* by using the
bilinear form that is created by discarding the first artificial term in (4.36). We shall refer to
this method as incomplete continuous interior penalty method. By the coercivity property of
Lemma 45 the function u™>* is well defined. Similarly, «™'~ and «™° are well defined if o,
is chosen appropriately. Subsequently, we shall focus on the asymmetric method (4.47) and
specify variations of the analysis or in the results of the other methods. Note that u™'1 is well
defined due to the coercivity property (4.41).

Since our method (4.15) is consistent and VY C HY2(QY) the following identity known as
Galerkin orthogonality holds:

Bt(u—u,oN)y=0 v eV, (4.48)
In every finite element analysis the approximation error comes into play, eventually. In
Section 3.7 we considered this problem for a Shishkin mesh of the unit square Q = (0,1)2.
Under the assumptions that the smooth part S of the solution decomposition (3.87) satisfies
|S|s < C, (4.49)
cf. Remark 32, that the corner compatibility conditions (3.86) as well as the mild condition

et/? < (InN)~2 (4.50)

hold true we proved the following:
There is a projection u* € V¥ of u by a quasi-interpolation operator such that

lu —u*|lo < CN~2, (3.95d) Z Ju—u*|§ . < CN72, (3.113)
ecE(IUE(IT)
e/Yu— [y <CN2(InN)?, (3.950) D |lu—uv*[§, < Ce/PN"P(InN)?, (3.114)
ecE(III)

23" -3, <CN2(InN)?, (395¢) > |lu—uv*[f,<Ce?N°(InN)?,  (3.115)
TeQN ecE(IV)
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O(u—u)7|” s
3 [{Tﬂ =oN, (3.123)
ec&(I) €
o2
3 [{Mﬂ < CemV2N73(In V). (3.124)
on 0e
ecE(ITT) ,

Here we summarized the results of the Lemmas 35, 36 and 38 from Chapter 3. For the
definition of the type of an edge and u* we refer to Definition 6 and the beginning of Section
3.7, respectively.

Remark 37. The need to introduce a new projection arises since for our reformulation of the
problem the standard nodal interpolant ! € V'~ to u appears to be incapable to yield balanced
error estimates that are uniform with respect to . The problem is caused by the jump of the
normal derivative of u — u! on long edges of anisotropic elements of Q.

Lemma 46. Suppose that (3.86), (4.49) and (4.50) holds true. Then ||u —u*|| < CN~'In N,
if the parameter o, > 0 satisfies

2 . .
6. < C N(ln N) | z.fe z.s of type 1, (4.51)
e!/2N(In N) if e is of type III.
Proof. Combine (3.95d), (3.95f) and (3.95¢) with (3.123) and (3.124). O

Note that the approximation error is not adversely affected regardless of the choice of o, on
type-1I or type-IV edges.

Theorem 47. Consider (4.1) and assume that the corner compatibility conditions (3.86) as
well as the Assumptions (4.49), (4.50) and (4.40) hold true. Moreover, let the penalty parameter
oe be chosen by

€ if e is of type I or type II,
oo =004 2 ifeis of type III,
32 ife is of type IV,

with a sufficiently large constant oo > 0. Then the CIP-method approzimation u®, i.e. the
piecewise biquadratic FE-function on the rectangular Shishkin mesh defined in Section 3.7 with
N intervals in each coordinate direction satisfies the robust error estimate

lu —uN|| < CN~(In N)?/2 (4.52)
in the balanced norm || - ||.

Proof. Splitting the error into an approximation error 1 := v — u* and a discrete component
¢ :=u* —u" € VY we obtain by Lemma 46:

llu— w1 < lnll + € < ON =4 N + el

It remains to establish a bound for [||£]].
A standard argument using coercivity of Bt and (4.48) gives:

llEl® < ~CB*(n,€) < C1B*(n,6)].

After a triangle inequality we apply the Cauchy-Schwarz inequality to all symmetric terms of

B*(n,¢) and obtain with Lemma 46:
(o [gD).+|C[519.])

(4.53)

B*(1,6)] < ON~"In Nl + |eV/2(Ven, Vo) + /2 3 (

eeEN

An inverse estimate and (3.95d) give
1/2

9
[€1/2(Ten. VO)| < Vel 2InlolVelo < O lnbll (5

< CN~HIn N) ]l
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The last term is estimated against ||€|lo < [[|€]]| as follows:
an on
1/2 v 1/2 1
2 2[5l | =it 3 [
ecEN ecEN

Since every inner edge e € £V belongs to two rectangular elements T} (e), Th(e) € QY with sides
perpendicular to e of length h; |, he | an inverse estimate yields

1€llo.e-
e

0

l€]l0,e < C'min{hy o, hz,J_}_l/Q||§||0,T1(e)uT2(e)-

Across type-II and type-IV edges the jump of the normal derivative of 1 vanishes. Thus, the
Cauchy-Schwarz inequality gives with (3.123) and (3.124):

on an
DY ’(c I[Fﬂ’g ‘ <Pl Y. Fﬂ 1€llo.
n © n 0,e
ecEN e€E(I)VE(IIT) )
an 2 1/2
1/23—-1/2
< celpY ( 3 %]] ) > €10 (4.55)

e€€(IUE(IIT) e

< Ce'2emANY2(In N) =V 2e=YANT3/2(In N)2||¢]fo
< ON"Y (I N)*2||¢].

Finally, we consider

) )
o 5 [(en [Z])) < o 3 | (2],
) 1/2 9e7 12 1/2
< e (Z Unnnae) (Z o| 15211, ) (456)
ecEN ¢ ecEN “
1/2
<c ( > ) lell < e >2[e].
eceN ¢

Here the last inequality is due to our choice for o, (3.113), (3.114) and (3.115). The result
follows from (4.53) with (4.54), (4.55) and (4.56). O

Remark 38. Inspecting the proof of Theorem 47 one sees that a similar estimate holds for the
CIP-method based on the bilinear form B~ (cf. Lemma 45) if the penalty parameter is chosen
according to

eN if e is of type I,
Oc'=0
0 e'2N(InN)~t  else.

With the same choice for the parameter o, the incomplete CIP-method (in which the non-
symmetric artificial term of (4.36) is removed) gives an optimal approximation, i.e. Ju—u®™| <
CN~'InN.

Remark 39. The estimate (4.55) is crude on most edges: The edge perpendicular to a type-I
edge is always long. Hence, one might use H~'/2 instead of h~'/? in this case. In fact, only
a type-III edge e € (Tf is estimated sharply. This observation fits perfectly to our numerical
experiments in which we observed oscillations in the fine mesh part over £2;. These are damped
efficiently if we simplify our choice for the penalty parameter to

€ if e is a long (type-I or type-II) edge,
Oe =0
°1e1/2 ifeis a short (type-IIT or type-1V) edge.

Note that even without this adjustment we numerically observe first order convergence for the
CIP-method in agreement with Theorem 47. However, the initial rates are slightly smaller then
which accounts for a larger error.
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4.3 Galerkin finite element method

In this section we shall examine the performance of the Galerkin finite element method
e(Vu , Vo) + (cu®, o) = (f,oV) v e VN

for problem (4.1) on the unit square Q = (0,1)2. Here VY C H{(f2) denotes the space of
bilinear finite elements on the Shishkin mesh Q% described in Section 3.7 with A\g = 2 in (3.88).
Alternatively we may consider linear finite elements over a triangulation OV obtained form QY
by drawing diagonals in each mesh rectangle. The presentation follows [61].

As already mentioned in the introduction the analysis of the Galerkin FEM is fairly easy
in the energy norm || - || defined in (4.3). Assuming that f satisfies the corner compatibility
conditions (3.86) then for the Lagrange interpolant u! € V' of u on Shishkin meshes it holds

u—ul|. <C(EVANT In N + N72). (4.57)
Actually (4.57) is a mere consequence of Lemma 41 which proved for bilinears that
eV/Yu —ul|; <CN'In N and lu—ulllo < CN2 (4.58)

Similarly, one may obtain this estimate for linear elements and for the pointwise interpolation
error (see e.g. [64, 43]):

lu—w'l@ <CNT? and  flu—u'llL_(9\0,) < C(N"'InN)% (4.59)
Based on the quasi-optimality (4.4) the bound (4.57) implies the error estimate
Ju—uN || < Cllu—u'l|lc <CEY*N"'In N + N72). (4.60)

However, we are interested in more meaningful results as the energy norm is too weak. Un-
fortunately it is not clear how to obtain a quasi-optimality result for the balanced norm || - ||,
defined in (4.38) because in the latter the multiplier of the H' semi-norm component is reduced
to e1/4. This implies that the bilinear form a(-,-) form is not coercive in V (or even V) with
respect to || - ||p-

The key idea to sidestep the coercivity loss is to stick with the energy norm but to use instead
of the Lagrange interpolant a projection that enables one to separate the two components of
the bilinear form. We shall shorty see that the weighted global Lo projection mu € V¥ of u
defined by

(e(mu—u),oN) =0 forall v e V¥ (4.61)
does this trick. Therefore we first discuss the approximation properties of this projection.

Lemma 48. Let (4.58) and (4.59) be satisfied. Then for the weighted global Lo projection on
a Shishkin mesh it holds

u—7ullp ) <Clu—u'llp @  and  e/Yu—muly <ON"'(InN)*2  (4.62)

Proof. For the maximum-norm bound we use the L,-stability of the global Lo projection which
holds true on standard layer adapted meshes [54]:

lu = mull o) < llu—u! @) + 7w =)o@ < Cllu—u' |- (4.63)
Consequently, by (4.59),
lu — muflo,0, < Cllu—mullr (90 < Cllu—u' |1 (0, < CN2 (4.64)
For the other estimate we start off in y. Another triangle inequality yields:
lu—mul1,0, < |u—u'l10, + |u’ — Tul10,. (4.65)

In Qg the mesh is (quasi-)uniform with a mesh size H = O(N~1). Applying an inverse estimate
to the discrete component gives with (4.64) and (4.58) that

[l — 7ul10, < ONu = wullog, < ON(lu — ulloa, + llu — 7ulo0,) < CN.
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Collecting (4.58), (4.65) and (4.3) we arrive at
lu — muli,0, < Ce VAN"'InN.
In 2\ Qp a similar argument gives
lu — muli o\, < |u— UI|1,Q\QU + [u’ — U100

C
< fu—ully + 5 Jul = 7

0,200
meas(Q\ Q)'/?
el/2ZN-1InN

Note that meas(Q \ Q9)*/? = £/4(In N)/2 and furthermore from (4.63) and (4.59) it follows
that

< C<5_1/4N_1 InN + [|ul — 7TU||LOO(Q\QO))-

||uI — 7Tu||LOO(Q\QO) < CN_Z(ID N)Q.
Hence, the proof of Lemma 48 is complete. O

Remark 40. In [54] it is established that the Lo-orthogonal projection onto linear spline spaces
is bounded as an operator in L., provided two geometric conditions on the underlaying family
of triangulations are met: The valence of any node and the so called depth of local area growth
with ratio r are bounded uniformly. These conditions are fulfilled on a Shishkin-mesh because
the maximal valence is eight due to the construction of the mesh. Moreover, it can be broken
down into nine uniform sub-triangulations (c.f. the domain decomposition in the left of Figure
3.7) and consequently in each sub-triangulation two triangles have an area ratio of one. This
result holds also for other two-dimensional meshes of Shishkin- or Bakhvalov-type. For the
proof the scaled mass matrix is studied which has some nice properties if linear elements in 2D
are considered. Therefore the proof in [54] is limited to this setting.

For bilinear finite elements the L.-stability of the global Lo projection follows immediately
from the univariate case [14] without any restrictions on the family of underlaying tensor
product partitions. Moreover, the stability constant C' = 9 can sharply be specified [54].

Since the integral kernel ¢ of (4.61) is bounded by 0 < 2(c¢*)? < ¢ < ||¢]|1_ (o) these results
carry over to the weighted Lo projection.

Now we are able to prove the main result of this section: uniform convergence of the Galerkin
finite element solution in the balanced norm || - ||p.

Theorem 49. Assume that the Lagrange interpolation error estimates (4.58) and (4.59) are
satisfied. Then there exists a constant C such that

|u— N, < CN~(In N)3/2 (4.66)

where u¥ is the Galerkin finite element solution obtained on a Shishkin mesh with O(N?) linear
or bilinear elements.

Proof. A triangle inequality and Lemma 48 yield
lu—u™ |y < |u—7uly + 7w — o)y <eTVANTHIn N2 4 |ru — V. (4.67)

For the discrete component ¢ := mu — u®

and Galerkin orthogonality
elelf < Jlélle < C(elél + (c€,€)) = Ce(V(mu —u), VE) + (c(mu — u),€). (4.68)
Based on (4.61) this yields

we use coercivity with respect to the energy norm

€)1 = |mu —uN |y < Clru — uly. (4.69)
Collecting (4.62), (4.69) and (4.67) we arrive at
eV/u —uN|y < N"(In N)3/2,

For the La-norm error we use ||u — u™|jp < |lu — u™V||. and (4.60) which proves first order
convergence uniformly in €. Hence, the proof is complete. O
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Remark 41. Given certain additional compatibility conditions one may prove
u— ™|, < CN~F(In N)F+1/2

for the Galerkin finite element solution u” on a Shishkin mesh formed by Qj elements with

A =k +1and k > 1. Note that for a tensor product mesh the L. -stability of the weighted

L> projection again follows from the corresponding one-dimensional result, c.f. Remark 40.

Moreover, one may use cut-off functions to conclude such a result in certain regions of the

domain even if the compatibility conditions are violated.

4.3.1 Lo-norm error bounds and supercloseness

There are in principle several ways to derive an estimate for ||u — u™||o. We may use the

estimate for the energy norm. In the interesting regime /¢ < CN~! the bound (4.60) gives
u—u™|o < CN~32InN. (4.70)

In order to derive a better estimate one can try to apply some duality argument, also known as
Aubin-Nitsche trick. This was done in [42] for the method of Section 4.1. However, it is unclear
how to bound the energy norm of the solution w of a(w,v) = (v — u",v) against ||u —u||o in
such a way that robust second order convergence can be concluded in the singularly perturbed
case.

An approach similar to the derivation of (4.69) involves the H}-projection 7*v € V¥ of

v € H*(Q) defined by
(V(v—7*0), Vo) =0 for all V™ € VV.
For 7*u — u we obtain similarly to (4.68) that
|[7*u — uN|jo < C||7*u — ulo.
Hence,
lu = u™lo < 7w = ullo + [l7*u — u™ |l < Cllm*u — ullo.

Unfortunately it is unclear how to estimate the last term. Let us assume that the HZ-projection
onto the space of linear or bilinear elements over a family of Shishkin meshes is (LOO(Q>,L2 (Q))-
stable, i.e.

[7*v]lo < Clv[|oo- (4.71)
Then we could prove that
7w —ullo < [|7*(u =)o +[lu—u'llo < Cllu —u|[1 ) < N7} (InN)2.

Note that in 1D (4.71) holds true for linear elements, because the H}-projection 7*v of v
coincides with the nodal interpolant v’ of v. This fact can easily be checked using integration
by parts:

o= (u—d, Y)Y =0.

(=) )y, = =L

With respect to the two-dimensional case the situation is unclear. The work [26] may be
considered a starting point in which bounds for the inverse of the stiffness matrix (the flexibility
matrix) over non-uniform meshes are obtained.

Finally, one may use a supercloseness result to deduce a bound for the Lo-error. Super-
closeness is the terminology for the phenomenon that the difference between the approximate
solution u"V and the nodal interpolant u’ of the exact solution u is of higher order than the
error itself. Supercloseness results for the reaction-diffusion problem have been obtained in
[38, 82, 81, 23]. However, in [38] the transition point A of the piecewise uniform anisotropic mesh
is chosen proportional to €| lne| and the other papers consider graded meshes. A supercloseness
result can easily be obtained by applying the techniques of [44, 80]. These papers deal with
convection-diffusion problems.
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Theorem 50. Let the corner compatibility conditions (3.86) be satisfied so that Lemma 34
holds true. Assume €'/2 < (In N)~2 and that for the constant in (3.88) it holds Ao > 2. Then
the bilinear Galerkin FEM approximation uN on the Shishkin mesh of Section 3.7 has the
supercloseness property

ul —u™||. <ON72

Proof. Using the coercivity of the bilinear form a(,-) with respect to the energy norm and

Galerkin orthogonality one obtains for ¢ := u! — u™:

€12 < la(€, &) = la(u —u, &) < [ (V(u—ul), VE) | + ] (c(u —u),E)|. (4.72)
While the reaction term can be bounded by means of the Cauchy-Schwarz inequality and (4.58):
[(c(u—u"),&)| < llelpqollu—u'llollglo < CN2¢]c, (4.73)

the diffusion term needs a more sophisticated approach. From the so-called Lin identities (see
e.g. [44, 80, 43, 64]) one can deduce for bilinear elements that

[((v = v")e, &) 1| < OB yl1€allorllvzyyllors
where v € H3(T), T is an axis-parallel rectangular element and hr, denotes its size in
y-direction. We use this estimate for v in 2y U Q; U Qs, i.e. whenever hy, = h is small:

el ((u—ul)a, €2) o, 00,00, < CE' N2 (10 N)? [ ]l0.0,00100; | tayyllo.0, 00,00

(4.74)
< Ce'2N~2(In N)?|&,

E,quﬂluﬂg'

Here we also used (3.87). In the remainder of the domain Q¢ U Qs Uy the involved grid size is
large. We estimate the components of (3.87a) separately. Yet we obtain for S based on (3.87b)

that
(5= 8D &)ayu0,00,| < CNlaloamnnSemlonunn, 0
< CN72||51||5,Q]¢UQ1UQ3'

_1 4 .
0.20U2u0, < Ce™M/4 in

Hence, E,,, is better behaved than S, in this

Proceed in a similar manner with E = E5 + E4. Note that ||E,,,|
contrast to ||Suyyllo.coun.un, < Ce™ V2.
subregion.

Finally, set E := E1 + E3 + F15 + Eo3 + F34 + E41. It remains to obtain an estimate for E
in Q¢ U Ny UNy. We use the smallness of the domain meas(Qs U Qy) = e/4In N and obtain
with (3.87) that

((F ~ B )| < SN0E — Bl ) meas(22 U902 26, o0,
< 081/4N_)\0 (ln N)1/2||§£v||8792UQ47

(4.76)

because of a stability result for bilinear nodal interpolation:

I(E = ENallno @000 < 1Eelli @eu0n + 1Bl Lo @au0a)
§C||VE||LOO(QQUQ4) e 1/2No,

In € the mesh is uniform with mesh size H = O(N~!). Hence, by the Cauchy-Schwarz
inequality and an inverse estimate

€| ((E - El)wvgi)g(]’ < €||(E - EI)1||O7QD||§$||O,QO
< Ce[|(E = E)zllo00 N €0, (4.77)
< PNTRYE e 0

In the last inequality we used the sharp interpolation error estimate (4.19) and (3.87):
I(E = Eallo00 < H(|Essllo.ay + [ Eayllo.cs)
S CN—I (5_1/4N_)\0 + E—I/ZN—Q)\O)

Collect (4.72), (4.73), (4.74), (4.75), (4.76) and (4.77) to obtain the estimate for the z-derivative.
The other derivative with respect to y is bounded similarly. O
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Remark 42. Inspecting the proof of Theorem 50 we see that given [|V.Syy[lo.0\0, < Ce=/* one
can prove for a bilinear function vV that

e (V(u—u"), vol)| < Ce'/AN"%(In N2 (V20N |1 + 4 [u" o). (4.78)

Here we sharpened (4.75) and also used the extra multiplier £'/4 in (4.77). Note that this is
the only term estimated against an Lo-Norm of €. The additional positive powers in € in the
right hand side of (4.78) are again evidence, that the energy norm is not correctly scaled for
this problem. In fact (4.78) shows that

61/2’ (V(u —ul), VUN)| < CN72In N)2||o™||p. (4.79)

The estimate (4.79) raises hope that the Galerkin finite element solution provides some kind
of supercloseness result even in the balanced norm. However, it is not clear how to proceed.
From Theorem 50 we deduce an optimal Lo-error estimate.

Lemma 51. Let the assumptions of Theorem 50 be satisfied. Then for the bilinear Galerkin
FEM approzimation u™N on the Shishkin mesh of Section 3.7 it holds

lu—u™lo < CN2.
Proof. Combine Theorem 50 and (4.58). Note that if the energy norm was adequate for this
problem we would have obtained a result with the additional factor (In N)2. Hence, we used
the weakness of the energy norm to our advantage. O
4.3.2 Maximum-norm error bounds

In contrast to the energy norm the right balancing of the norm makes it possible to obtain
Lo-error bounds in subregions of the boundary. We study this question in this section.

Firstly, we want to derive a bound for the interior subdomain 3. We start off with a
triangle inequality and (4.59):

lu = uN L (@0) < =Ly @) + 0" = uN Do) S N2+ [lu! = a0

In the interior subdomain 2y the mesh is (quasi-)uniform with the large mesh size H = O(N1).
Consequently, an inverse estimate gives

lu’ — a1 @0y < ONllu’ —u™|o,gq- (4.80)
For bilinear elements we obtain from Theorem 50:
Ju—uN |09 < CN'
If linear elements are considered we use (4.70). This yields for v/6 < CN~1! that
w—u™ 10 < CN~Y2InN.

Next we turn our attention to the boundary region ;. We use a technique presented in [43,
page 279]. There the author refers to [75, pp. 11, 12].
Let (2,y;) be any mesh point in ;. Using (mu — u™)(z;,0) = 0 one finds that

Yi
’(ﬂu — uN)(gci,yj)| = ‘ / (ru — uN)y(scj,t) dt|.
0
Next, applying an inverse estimate for the modulus of the integrand with respect to = yields

Y [
‘(wu—uN)(xi,yj)’ < C’N/0 / ’(WU—UN)y(S,t)’det.

If 2; = X\ we integrate over (z;,x;41) instead of (x;_1,2;). Since y; < A < Ce'/2InN a
Cauchy-Schwarz inequality gives

A Zq
|(7ru—uN)(xi,yj)| SCN/O / ’(wu—uN)y(s,t)|dsdt

< CNeVAN~Y2(In N)Y2 7w — u|,.

(4.81)
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Collecting (4.69), (4.62) and (4.81) one arrives at
|(ru — uN)(sci,yj)| < CeYANY2(In N)Y2|mu — u|; < CN~Y2(In N)2. (4.82)
Hence, by (4.82), (4.62) and (4.59)
lu—uMN Loy < llu—mullL @) + Iru —uN L @) < ON"V?(InN)?. (4.83)

Clearly, an analogous result holds true in §;, ¢ € {2,3,4}.

It might be possible to obtain a similar result in €2 using certain finite difference arguments
similarly to [74, 75].

Finally, we want to mention that for linear elements Kopteva [34] provided numerical
evidence and a theoretical justification that for the Galerkin finite element method applied to
reaction-diffusion problems one can not expect an error bound better than

llu — UN”LOO(Q) <CON'InN

uniformly in e without imposing restrictions on the bisection pattern that generated QV from the
anisotropic mesh Q. Note that in her example u € C>(Q) and |lu—u||;__ (o) < CN?(InN)2.
More precisely, if the directions of the diagonals of O change in certain regions close to the
boundary a considerable reduction in convergence speed can be observed. Hence, the use
of anisotropic triangulations in general breaks the quasi-optimality property (2.25) in the
maximum norm.

4.4 Numerical verification

In this Section we want to verify our theoretical findings. Consider the test problem

Example 1.

—eAu+ (1+ a:2y2exy/2)u =f in Q= (0,1)2, (4.84a)
U= Uqg on 01, (4.84b)

where the data ug and f are chosen in such a way that the exact solution of (4.84) is given by

uw(z,y) = 23(1 4 3?) + sin(nz?) + cos(my/2)
+ (.’13 +) (6—2313/\/g + e 2(1-a)/Ve + e 3u/VE + 6—3(1—9)/\/5) .

This problem was also studied in [45] and [42] numerically. It fulfills the estimates of Lemma
34. Consequently, (4.58) and (4.59) hold true as well.

In order to permit a comparison with the numerical experiments of [42] we use the same
Shishkin mesh, i.e. we set the constants of (3.88) in Section 3.7 to ¢* = \/1/2 and \g = 2. In
fact, this gives slightly better results than the choice Ay = 3 which is required by our theory for
the CIP-method. A similar behaviour is observed for the biquadratic Galerkin FEM and other
test problems considered. We use a standard sixteen-point Gauss-Legendre quadrature rule in
the assembly routines of the stiffness matrix and the load vector and in order to calculate the
Ly based errors on each mesh rectangle. Similarly, we use the corresponding four-point rule
on edges of the triangulation. We adopt the table layout of [42] and present in each table the
errors (lower half) and rates (upper half) for a range of values of ¢ and N.

First, we examine the accuracy of the Galerkin FEM according to (4.2) and bilinear elements.
In agreement with (4.66) of Theorem 49 Table 4.1 shows uniform and balanced convergence
with respect to the perturbation parameter €. For very small ¢, i.e. ¢ < 1078, the error
en = lu—ul|y = (2 u—ulN |2+ |lu— uNHg)l/2 attains same values rounded to two decimal
places. With respect to the discretization parameter N linear convergence up to a logarithmic
factor is observed. The rate of convergence p is calculated using two consecutive discretization
levels (N1, en, ) and (Na, en,):

Iney, —Inen,
In(N; ' In Np) — In(Ny ' In Ny)'

p:
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max

N e=1 =102 =104 =108 e=10"12 ¢=10"16 e=107°"

0<m<38
16 1.47 1.27 0.39 0.39 0.39 0.39 0.39
32 1.35 1.30 0.61 0.61 0.61 0.61 0.61
64 129 1.27 0.81 0.81 0.81 0.81 0.81
128 1.24 1.24 0.92 0.92 0.92 0.92 0.92
256 1.20 1.20 0.97 0.97 0.97 0.97 0.97
512 1.18 1.18 0.99 0.99 0.99 0.99 0.99

16  2.02e-1  1.10e-0 2.01e-0 2.01e-0 2.01e-0 2.01e-0 2.01e-0
32 1.0le-1  6.06e-1 1.68e-0 1.67e-0 1.67e-0 1.67e-0 1.68e-0
64 5.07e-2  3.1le-1 1.23e-0 1.22e-0 1.22e-0 1.22e-0 1.23e-0
128  2.53e-2  1.57e-1 7.93e-1 7.92e-1 7.92e-1 7.92e-1 7.93e-1
256 1.27e-2  7.85e-2 4.73e-1 4.72e-1 4.72e-1 4.72e-1 4.73e-1
512 6.33e-3  3.93e-2 2.70e-1 2.70e-1 2.70e-1 2.70e-1 2.70e-1
1024  3.17e-3  1.96e-2 1.51e-1 1.51e-1 1.51e-1 1.51e-1 1.51e-1

Table 4.1: Error ||u — u® ||, of the bilinear Galerkin FEM on a sequence of Shishkin-meshes.

max

N e=1 =102 e=10"% =108 £=10"12 ¢=10"16 e=107%"
0<m<8
16 293 2.67 1.07 1.07 1.07 1.07 1.07
32 271 2.64 1.44 1.44 1.44 1.44 1.44
64  2.57 2.55 1.73 1.73 1.73 1.73 1.73
128 248 2.47 1.89 1.89 1.89 1.89 1.89
256 2.41 2.41 1.96 1.96 1.96 1.96 1.96

16 1.17e-2  2.42e-1 1.05e-0 1.05e-0 1.05e-0 1.05e-0 1.05e-0
32 2.95e-3  6.89e-2 6.37e-1 6.35e-1 6.35e-1 6.35e-1 6.37e-1
64 7.39e-4  1.79e-2 3.06e-1 3.05e-1 3.05e-1 3.05e-1 3.06e-1
128 1.85e-4  4.51e-3 1.20e-1 1.20e-1 1.20e-1 1.20e-1 1.20e-1
256 4.62e-5  1.13e-3 4.17e-2 4.16e-2 4.16e-2 4.16e-2 4.17e-2
512 1.15e-5  2.83e-4 1.35e-2 1.34e-2 1.34e-2 1.34e-2 1.35e-2

Table 4.2: Error |lu — u®V||, of the biquadratic Galerkin FEM on a sequence of Shishkin meshes.

Next, we study the performance of the Galerkin FEM with @2 elements. Again the error is
balanced in the norm || - ||, and robust convergence of order two can be observed, cf. Table 4.2:
For all test problems the error behaves like

|u—uN |y < CN"2(In N)?

which corresponds to the results of §2 up to a root of a logarithmic factor.

Now we turn our attention to the accuracy of the results of the CIP-method introduced
in Section 4.2. Here we shall consider @)> elements only. Note that inhomogeneous Dirichlet
boundary conditions alter the CIP-method slightly. More precisely, they give rise to the
additional term \/E(c%, uq)oq on the right hand side of (4.37).

According to Remark 39 we set

€ if e is a long (type-I or type-II) edge,
Oc =
e'/2 if e is a short (type-III or type-IV) edge.

In case that the parameters € and N are such that the mesh used is not of Shishkin type but a
uniform one we use o, = € on all edges.

One more slight modification is needed in order to facilitate a comparison with the results
of [42]: Lin and Stynes scale the dominant error component that corresponds to the La norm
of the Laplacian of the error by the additional constant ¢; := 1 + e which is the maximum of ¢,
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max

N e=1 =102 e=10"% =108 £=10"12 z=10"16 e=1072"
0<m<38
16 1.30 1.27 0.47 0.47 0.47 0.47 0.47
32 1.28 1.29 0.68 0.68 0.68 0.68 0.68
64  1.26 1.26 0.84 0.84 0.84 0.84 0.84
128 1.23 1.22 0.94 0.94 0.94 0.94 0.94
256 1.21 1.20 0.98 0.98 0.98 0.98 0.98

16 1.31e-0  1.86e-0 3.24e-0 3.24e-0 3.24e-0 3.24e-0 3.24e-0
32 7.08e-1  1.02e-0 2.60e-0 2.60e-0 2.60e-0 2.60e-0 2.60e-0
64 3.68e-1  5.30e-1 1.84e-0 1.84e-0 1.84e-0 1.84e-0 1.84e-0
128  1.87e-1  2.69e-1 1.17e-0 1.17e-0 1.17e-0 1.17e-0 1.17e-0
256  9.39e-2  1.36e-1 6.93e-1 6.89e-1 6.89e-1 6.89e-1 6.93e-1
512 4.69e-2  6.81e-2 3.95e-1 3.93e-1 3.93e-1 3.93e-1 3.95e-1

Table 4.3: Error ||u — u!V|| of the CIP-method on a sequence of Shishkin meshes with Qs
elements.

max

N e=1 =102 e=10"% =108 £=10"12 ¢£=10"16 e=107°"
0<m<8
16 1.46 1.33 0.27 0.27 0.27 0.27 0.27
32 1.35 1.32 0.78 0.78 0.78 0.78 0.78
64  1.29 1.28 1.20 1.20 1.20 1.20 1.20
128  1.24 1.24 1.31 1.32 1.32 1.32 1.32
256 1.20 1.20 1.18 1.19 1.19 1.19 1.19

16  7.54e-1  1.70e-0 5.53e-0 5.60e-0 5.61e-0 5.61e-0 5.61e-0
32 3.79-1  9.07e-1 4.86e-0 4.93e-0 4.94e-0 4.94e-0 4.94e-0
64 1.90e-1  4.62e-1 3.26e-0 3.31e-0 3.31e-0 3.31e-0 3.31e-0
128 9.50e-2  2.32e-1 1.71e-0 1.73e-0 1.73e-0 1.73e-0 1.73e-0
256 4.75e-2  1.16e-1 8.20e-1 8.25e-1 8.25e-1 8.25e-1 8.25e-1
512 2.38e-2  5.82e-2 4.15e-1 4.15e-1 4.15e-1 4.15e-1 4.15e-1

Table 4.4: Error ||u — u”|| of the Galerkin FEM on a sequence of Shishkin meshes with Q-
elements.

see [42, (3.5)]. Consequently, we modify the norm (4.38) to

3/2 0 0
Ioll? = == 3" acldz+ 2l + ol + Y (oc]5:] [52]),  (489)

TeQN ecEN

The CIP-method presented appears to be robust in the balanced norm ||- || as shown
by Table 4.3: A uniform first order of convergence can be observed. We also measured the
performance of the biquadratic Galerkin FEM in the norm || - ||. These results are shown in
Table 4.4. Rates and errors of both methods are quite similar. The error in the norm || - |
appears to be proportional to N~!In N uniformly with respect to €. However, it is not clear
how to explain this for the Galerkin FEM, theoretically. If € is very small (i.e. ¢ < 1078) the
errors of the CIP-method are slightly smaller. In this regime the error component introduced
by the jump of the normal derivatives along inter-element edges is significantly smaller for the
CIP-method, in fact for N = 256 this error component is 23 times larger for the Galerkin FEM.
For N = 512 this quotient rises over 33.

The mixed method of [42] yields an approximate solution of similar quality which can be
seen by comparing the Tables 4.3 and 4.4 with Table 6.1 of that paper. If \/¢ is small compared
to 1/N the CIP-method performs slightly better for this test problem. In the other case the
mixed method yields slightly smaller errors which are in turn improved by the Galerkin FEM.

Numerically we observe second order convergence for the lower order components of || - |||:
If we measure the error of the CIP-method in the norm | - ||, we obtain results similar to Table
4.2. However, the errors are slightly smaller for the Galerkin FEM: In the interesting regime
€ < 10~ the quotient of both errors is bounded by 1.7 for the model problem considered.
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Q1 elements Q2 elements
N
e=10"% e=10"6 e=10"%*% kc{4,...,8} e=10"2¢ ke {2,...,8}
error rate error rate error rate error rate
12 4.57e-1 0.92 4.60e-1 0.92 4.60e-1 0.92 1.51e-1 1.76
24 3.04e-1 3.05e-1 3.06e-1 6.88e-2
0.97 0.97 0.97 1.90
48 1.88e-1 1.89e-1 1.89e-1 2.68e-2
0.99 0.99 0.99 1.96
96 1.12e-1 1.00 1.12e-1 1.00 1.12e-1 1.00 9.52e-3 1.99
192 6.45e-2 1'00 6.48e-2 1'00 6.49e-2 1'00 3.18e-3 '
384  3.65e-2 ’ 3.67e-2 ’ 3.67e-2 ’

Table 4.5: Approximate error ||@*"Y — u"||, of the Galerkin FEM on a sequence of Shishkin
meshes with @ elements for problem (4.86).

Il 1l -

e=10"2¢ ke {2,...,8} e=10"* e=10"°6 e=10"%¢ ke {4,...,8}
error rate error rate error rate error rate
12 1.76e-1 1.78 5.85e-1 0.84 5.83e-1 0.84 5.83e-1 0.85
24 7.91e-2 4.02e-1 4.00e-1 4.00e-1
1.91 0.93 0.93 0.93
48  3.07e-2 2.54e-1 2.52e-1 2.51e-1
1.97 0.97 0.97 0.98
96  1.09e-2 1.99 1.52e-1 0.99 1.50e-1 0.99 1.50e-1 0.99
192 3.62e-3 ' 8.83e-2 ’ 8.71e-2 ’ 8.69e-2 ’

Table 4.6: Approximate errors ||a*Y — u® ||, and ||a* — u”|| of the CIP-method on a sequence
of Shishkin meshes with Q2 elements for problem (4.86).

Similar convergence behavior was observed in numerical experiments for problems with
unknown solutions even if the compatibility conditions (3.86) were violated. In these experiments
the error was approximated following a double mesh principle: For the approximate solution
obtained on a grid associated with the parameter N a reference solution #*" is computed
using a refined mesh by performing two uniform refinements of the original grid. Hence, both
grids have the same transition points (namely A from (3.88)) but while the original grid has
N? elements the grid for the reference solution consists of 16 times that number (this choice
of refinement lead to a reliable approximation of the error in those cases in which the exact
solution was known).

Moreover, for constant coefficient problems we also used an adaptive quadrature algorithm
to compute all integrals up to a tolerance of 1071°. A comparison of the results showed that the
initial low convergence orders (see e.g. Table 4.1) — a phenomenon that is encountered in most
numerical experiments for layer problems — are due to inexact assembly of the linear system.
This problem gains significance if in the computation of the approximate solution meshes are
used that are not sufficiently layer-adapted.

Example 2.

—eAut+u=1 inQ=(0,1)2 (4.86a)
u=0 on Of. (4.86b)

The solution of this problem will contain corner singularities that reduce its regularity.
However, we still observe the same convergence behaviour for both methods. Table 4.5 shows
that the error is balanced in the norm || - ||. Linear and quadratic rates of convergence are
observed for @)1 and Q)2 elements, respectively.

Table (4.6) shows the quality of the approximate solutions of the CIP-method for test
problem (4.86). Again, the error is balanced in both norms: | - ||, as well as || - ||. Second
order convergence is observed if the error is measured in the balanced version of the H' ()
norm || - ||p uniformly with respect to the perturbation parameter e. Comparing the last error
column of Table 4.5 with the first one of Table (4.6) we see that if Q2 elements are used for the
Galerkin FEM as well as for the CIP-method then the errors are of comparable magnitude. In
the stronger norm || - ||| the CIP-method appears to be first order convergent uniformly with
respect to e.
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Figure 4.1: Error u" — u of the CIP-method on a uniform mesh with N = 16, ¢ = 0.05, 0. =0
(left) and o, =1 (right)

Finally, we want to address the question how the enhanced stability of the CIP-method
manifests itself in the obtained approximate solution. Therefore we consider the model problem
(4.84) on a uniform mesh.

In Figure 4.1 we see that the approximate solution of the CIP-method without penalty can
tend to large oscillations (left) and is unstable while for o, = 1 one finds a considerable damping
and smoothing of the error. Numerically we observe that the distance of the approximate
solutions of the Galerkin FEM and the CIP-method without penalty tends to zero for ¢ — 0:
For N = 16 and ¢ = 107! one has ||uX,, —uN;p|lc <2-107°. Hence, in the interesting regime
e — 0 the fate of the Galerkin FEM appears to be bound to the one of an unstabilized CIP
method.

Studying the stability on a Shishkin mesh we change to a different and simpler test problem.

Example 3.

—cAu+u=f in Q= (0,1) x (0,1), (4.87a)
U= ug on 09, (4.87b)

where the Dirichlet boundary conditions ug and f are chosen in such a way that the exact
solution is given by

o~ /VE _ o= 1/VE e—V/VE _ —1/VE
u(z,y) == | cos(mz) — o i/ve B v

Thus, u is characterized by typical exponential boundary layers along the edges x =0, y =0
and a corner layer near the origin.

The need to introduce another test problem is caused by the fact that we do not observe
strong oscillations of the errors of both methods close to the layers for Example 1. Note that
the boundary conditions of Example 1 can not be satisfied by piecewise polynomials. The
approximation of the boundary conditions gives rise to an additional error component that
seems to cover the smaller oscillations of the Galerkin FEM along the boundary. Hence, one can
expect the oscillations to emerge once the boundary condition is approximated sufficiently well.

Figure 4.2 shows the error function u” —u for £ = 1078 using Q)5 elements on a Shishkin mesh
with N = 32 intervals in each coordinate direction. The error is characterized by oscillations
within the first rows of anisotropic elements along the critical boundary indicating a stability
problem.

The error v’ — u of the CIP-method with @, elements, N = 32, ¢ = 10~% is shown in
Figure 4.3. In comparison to the corresponding Galerkin error (Figure 4.2) the oscillations in
the layer lose their high-frequency character — the error is smoother but a dominant pointwise
error is dragged from the boundary further into the domain. All these effects can be explained
by the fact that the jump of the normal derivative along inter-element edges is being penalized:
The ability of the approximate solution to fold over these edges is reduced. This also explains
why the pointwise error is increased.
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Figure 4.2: Error u" — u of the Qo-Galerkin FEM, N = 32 and € = 10~%. The layer region is
plotted with exaggerated width.
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Figure 4.3: Error u™ — u of the Qo-CIP-method, N = 32, ¢ = 10~8. The layer region is plotted
with exaggerated width.
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In this respect we remark that it is well known that any stabilized method on a layer-
adapted mesh cannot have better convergence properties than the underlaying Galerkin method.
Nevertheless practically one prefers stabilized versions: the discrete problems are easier to solve
and oscillations on the discrete solution are damped.

4.5 Further developments and summary

In this chapter we have seen that the energy norm is to weak to yield meaningful results for
singularly perturbed reaction-diffusion problems whenever the behavior of the solution within
the layer is of critical interest. The energy norm is unable to capture the boundary layers which
are the predominant feature of the solutions to these problems. With the balanced method of
Lin and Stynes [42] (see also Section 4.1) and the CIP method of Section 4.2 two methods have
been developed for which error estimates in a suitable balanced norm can be proven. Note that
the bilinear forms of both methods are coercive with respect to the balanced norm in which
even second order derivatives are measured — weighted by appropriate powers of €.

In contrast to this the bilinear form associated with the Galerkin finite element method
is coercive with respect to the energy norm and it is unclear how to prove coercivity with
respect to a balanced norm (and a subspace of HJ(f2)). Nevertheless it is possible to prove a
convergence result in the balanced norm || - ||5, see Section 4.3 and [61]. The key idea is the
usage of a projection associated with the reduced problem. This way the components of the
bilinear form decouple and one can use standard energy arguments to estimate the resulting
error terms separately.

This trick in its general form has also been used in the analysis of a bilinear streamline-
diffusion stabilized FEM for a convection-diffusion problem with characteristic layers in a
balanced norm [25]. As mentioned in Remark 34 the characteristic layers are not well represented
in the energy norm. The argument is essentially the same. However, the analysis is more
difficult due to the complicate structure of the projection needed for the trick to work.

Melenk and Xenophontos try to generalize this trick into a different direction. We follow
[78] and study the one-dimensional case. Set {2 := (0,1). For the construction of a rp-version of
the Galerkin FEM for problem (4.1) a so-called spectral boundary layer mesh is introduced:

Qs - {{071} for \/ekp > 1/2,

- {0,vekp, 1 — \/fekp,1} for \Jerp < 1/2.

Note that for all values of the parameters k > 0, p € N and 0 < € < 1 the triangulation is
composed of at most three elements. For instance, an increase in p — which will later denote
the polynomial degree over all elements — leads to the two inner mesh points being moved
but no further mesh point is inserted. In contrast to the parameter A of a Shishkin mesh the
parameter x has to be sufficiently small, i.e. k € (0, ko), where o depends only on the data of
problem (4.1).

Next introduce the finite element space V? := {v € HE(Q) : v|r € P,(T) for all T € Q°}
and the Galerkin approximation uP € VP determined by

a(uP,vP) = (f,vP) for all vP € VP,
Moreover, let 7 : Ly(€2) — VP denote the projector
(c(u—7u),v?) =0 for each v” € VP.
Similarly to the proof of Theorem 49 one shows that
lu —uP|; < Clu — 7uly. (4.88)
With the application of inverse estimates in mind the Space V? = VP + V? is decomposed. In
the interesting case in which there are small O(,/z) elements in the underlaying mesh Q° one

sets

VP = {v? € VP : suppv, C Q.},
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with Q. = (0, kpy/e) U (1 — kpy/2, 1) denoting the boundary region formed by the two small
mesh cells. Note that in this case the decomposition V? = V{ + V? is a direct sum (in the
other case simply set V" := VP?). Hence, one can decompose mv € V? into components:

mv = (mv); + (7v)e, with unique (7v); € V¥ and (7wv). € V2.
On the other hand one may introduce the operator m. : H*(2) — V? by
(c(u — 7eu),v?) =0 for each v¥ € V2.
Now the inverse estimates improve to

[vP|1 < Cp?||vP||lo  for each vP € VP, (4.89a)
2
p

Kpy/E

Wh <C

[lvP]l0,. for each v € V2. (4.89b)

Assuming

pet/t rp < C (4.90)

Melenk and Xenophontos prove the following stability results:

I(xo)illo < Cllollo, — ll(xv):llo < C(llmvllo + (pe'/*V/wP)[[v]lo), (4.91a)
Imevlo < C|lv|lo, [mev]l0.0. < CkpVe|v|ia. for each v € H}(RQ). (4.91b)

Remark 43. If the Assumption (4.90) is violated one can use energy norm results [70, 48] to
conclude

eV u —wuP|y < e VHu — P, < OVrp®/2e PP,

where C, 8 > 0 are constants independent of £ and p.

Using the inverse estimates (4.89) and the stability results (4.91) it is possible to estimate
the projection error |u — wul;.

Lemma 52. Let assumption (4.90) be satisfied. Then there are constants C, 8 > 0 independent
of € and p such that

ey — uly < Ce™ PP,

Proof. Similarly to the proof of Lemma 48 the basic idea is to use the stability of the operator
7 and a function with known approximation properties. In contrast to nodal interpolation
Melenk and Xenophontos propose to use an approximation u, € V? of u defined in [70, Section
5] which achieves robust exponential convergence, i.e. (see [70, Theorem 5.1]):

lu— uy|y < Cet/4e=PP and lu—upllo < Cet/te™PP. (4.92)
Next a triangle inequality yields
lu —7uli < |Ju—upl + Jup — Tuls. (4.93)
The first summand of the right hand side of (4.93) is bounded using (4.92) and it remains to
estimate the second one. By the projection property mu, = u, € V? we have based on the
decomposition of VP that
up — = m(up —u) = (7(up —u)), + (7(u, —u))_. (4.94)
These terms are estimated separately. For the first one (4.89a) and (4.91a) yield

‘(W(up - u))l‘ < C’pQH(w(up - u))luo < CpQHup - uHO < Ce e hp, (4.95)
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In the last step we used (4.92) and (4.90). For the other term in (4.94) one proceeds in a similar
manner. The inverse estimate (4.89b) and the stability estimates (4.91a), (4.91b) give

=l s =),

2
p . 1/4 3 _ (496)
< Cnpﬁ (||7r5(up u)llo,0. + (pe/"/Ep)” [lup ullo)

< € (PPlup — ulvo, + "5 VBl — ull) < O,

‘ (W(up — u))E

0

The last inequality is due to |u, — ul1,0, < Ce™PP (cf. [70, (5.8)]), (4.92) and (4.90). Collect
(4.93), (4.92), (4.94), (4.95) and (4.96) to complete the proof. O

Theorem 53. Let k be sufficiently small (independent of € and p) and assume that (4.90)
holds true. Then the error of the rp Galerkin FEM on a spectral boundary layer mesh satisfies

lu — uP], < Ce™PP
where the constants $,C > 0 are independent of € and p.
Proof. For the Ly-norm error the result is known, see [70]:
lu —wPllo < flu —uP|l < Ce™?P.
For the term £'/4|u — uP|; combine (4.88) and Lemma 52. O

Corollary 54. Under the assumptions of Theorem 53 the error of the rp Galerkin FEM on a
spectral boundary layer mesh satisfies

lu = uP|| Loy @) < Cy/rpe™ P

Proof. The proof is similar to the arguments of Subsection 4.3.2. From (4.92) one obtains (see
[70])

1/2 1/2 _
lu = upll () < 2l —upllg/*Ju — uy|y/* < CePP.

Hence, the result follows in the interior by an inverse estimate for |lu, — u?||1__ (\q.). Finally,
let « € Q., for instance x € (0, y/ekp). Then

|(u —uP)(z)| = ‘/0 (u—uP)(t) dt‘ < eV frplu — uP|; < CeV/*\Jrpe 1/ 4e=PP < C\/rpePP.

Obviously, the same argument works if z € (1 — /exp, 1). O
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