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Abstract

This work summarizes some of the theoretical results of the author in last ten
years, where the main area of the research was the numerical analysis for the stable
higher order time discretization methods applied on parabolic problems. The main
discretization scheme is the time discontinuous Galerkin method in combination
with the conforming finite element method or the discontinuous Galerkin method
in space. The thesis presents a priori error estimates for nonstationary singularly
perturbed convection-diffusion problems, stability results for the problems with the
domain evolving in time and a posteriori error estimates based on the equilibrated
flux reconstructions. The technique presented for a posteriori analysis in time is
applied to purely spatial problem and the quality of the recontruction is investigated
with respect to the degree of polynomial approximation.
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Chapter 1

Introduction

There is number of areas for application of parabolic problems (mathematics, engi-
neering, physics, biology, chemistry, economy, sociology, etc.). These problems are
often discretized in space variables and the resulting large system of stiff ordinary
differential equations (ODEs) needs to be solved by a suitable method. Backward
differentiation formulaec (BDF) were often considered as the method of the first
choice for stiff problems, see e.g. [26], since they are robust and quite cheap. Nev-
ertheless, BDF methods suffer from number of disadvantages. Namely, the order
of convergence is limited by order 6, BDF are A-stable only to the order 2 and the
robustness (area of stability) of the method decreases with the increasing order.
Moreover, these methods are multi-step methods and suffers from usual disadvan-
tages of multi-step methods in general, e.g. the necessity to define artificial starting
values and stability issues connected with the step-size adaptation.

On the other hand, certain implicit Runge-Kutta methods and Galerkin time
discretizations do not suffer these disadvantages. These methods are A-stable one-
step methods of arbitrary order, for the overview about these methods see e.g. [29]
and [30] and the citations therein. The main disadvantage of these methods that
prevented the use of them in past years was their expensiveness, where the compu-
tational costs significantly increase with the order of the method. In comparison,
BDF methods remain at the same cost independently of the order. Fortunately, the
increase in computational power and advancements in numerical linear algebra in
last two decades enabled practical applications of implicit RK or Galerkin methods.
This makes implicit Runge-Kutta and Galerkin methods competitive with more
traditional approaches like BDF.

This thesis presents some results achieved by the author and his coworkers in last
10 years about theoretical (numerical) analysis of Galerkin time discretizations for
unsteady convection-diffusion problems. The main part of the thesis consists from
5 papers [6], [17], [34], [47] and [48] published in impact journals and presented
here as Chapters 3-7. Each of these papers is presented in the same form as it
is published. Therefore, all of these papers have their own individual style, page
numbering, notation and references.

Chapter 3 and Chapter 4 study unsteady singularly perturbed convection-diffu-
sion problems. The convection-diffusion problems appear in many practical appli-
cations, especially as a simplified model to Navier-Stokes equations. This problem
represents a serious challenge to discretize, whenever the diffusion term is small
in comparison to the other terms or data. Such a situation represents the transi-
tion state between parabolic and hyperbolic problems, where sharp boundary layers
often appear. Usual finite element or finite difference discretizations fail in this sit-
uation, since they lead to the solution with highly oscillatory behavior around these
layers that pollutes the solution not only in the vicinity of the layer, but at the all
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computational domain. The overview of discretization techniques and their analysis
for linear singularly perturbed problems can be found in [41]. The analysis of un-
steady linear singularly perturbed problems can be found in e.g. [1] and [16]. The
application to unsteady nonlinear problems can be found in [22]. For the analysis
of Runge-Kutta methods applied to hyperbolic problems see [51].

Chapter 5 is devoted to the higher order analysis of unsteady convection-diffusion
problems in time dependent domains, where the domain change is driven by a
given smooth mapping. There are number of approaches dealing with time depen-
dent domain problems, e.g. the fictitious domain method or the immersed bound-
ary method. Another popular approach is Arbitrary Lagrangian-Eulerian (ALE)
method based on one-to-one ALE mapping between the current evolving domain
and the fixed reference domain. ALE method was analyzed mainly for the lower
(first or second) order time discretization methods in combination with the classical
conforming finite element method, see e.g. [23] and [25]. Analysis of higher order
discretizations based on the discontinuous Galerkin method can be found in [8], [9]
and [44].

Chapter 6 studies a posteriori error estimates for nonlinear parabolic problems.
The aim of this chapter is to derive a posteriori error estimates that are cheap
in comparison with the original discrete problem, fully computable, reliable and
locally efficient. There are number of results devoted to a posteriori error estimates
for parabolic problems. Most of these results assume lower (first or second) order
time discretizations, see e.g. [27] or [40]. The aposteriori analysis of linear parabolic
problems discretized by higher order methods in time based on the discontinuous
Galerkin method can be found in [3], [20] and [42]. Nonlinear parabolic problems
and higher order time discretizations are addressed in [36], where the upper bound
consists from a dual norm and therefore it is not directly computable. For a general
overview on a posteriori error concepts see e.g. [45].

Chapter 7 apply the reconstruction principle developed for the time discretiza-
tion in [17] to the space discretization. Moreover, the efficiency of the derived a
posteriori error estimate is studied with respect to the polynomial degree in one
dimension. The topic of polynomial robustness (or polynomial dependence of the
estimates) is important for the save application of a posteriori error bounds in hp-
adaptive strategies with high polynomial degrees and it started to be very popular
in the community of a posteriori error analysis in recent years. The first results
for residual based estimates can be found in [37]. Very important results showing
complete polynomial independence of equilibrated reconstructions are in [10]. The
results from [10] are applied to large number of numerical methods in [21]. Pa-
per [20] shows a complete polynomial independence of efficiency estimates for the
discontinuous Galerkin time discretization for parabolic problems.

A general overview chapter precedes these main chapters. This overview contains
a brief description of Chapters 3-7. Moreover, it contains a general description of
several concepts for discretizations as well as the corresponding numerical analysis.
The notation in this chapter is unified for convenience of the reader and is chosen
as close as possible to the notation used in following chapters. The full explanation
of the ideas and the full description of the concepts from the original papers can
be rather long and technical in many situations. Therefore, the precision of the
formulations is not always perfect in this overview, e.g. mean values, penalization
parameters, reconstructions, etc., are defined only inside of the computational do-
main. The complete precise formulations can be found in the original papers or in
Chapters 3-7.



Chapter 2

Overview

2.1 Notation

Here, we summarize a basic notation for the upcoming discretizations.

2.1.1 Space discretization notation

Let us assume a bounded polygonal domain Q C R? with Lipschitz continuous
boundary. We assume a partition of this domain into closed subsets K with mutually
disjoint interiors and covering Q, often called elements. For simplicity, we assume
that elements K are simplices and that the partition is conforming, i.e. that the
neighouring elements share the entire edge or face depending on the dimension d.
To simplify further notation, we call these boundary objects of co-dimension 1 edges
regardless of the dimension d and denote them e.

We assume patches of elements w, denoting the patch consisting of the ele-
ments containing the common vertex a and wg denoting the patch consisting of the
elements surrounding K and K itself.

We assume that the elements are shaped regular, i.e. the ratio of the diameters
of the inscribed and circumscribed ball is bounded. We denote the local mesh-size
hx = diam(K) and the global mesh-size h = max hy. Finally, we assume that the
mesh is locally quasi-uniform, i.e. the ratio hx/hg is bounded for neighnouring
elements K and K'.

Moreover, we denote unit normals on edge e as n. The direction of the normals
is arbitrary but fixed for the inner edges and outward for the boundary edges.

For piece-wise discontinuous function v, we need to define one-sided values on
the edges

vp(z) = 61_1>r51_~_v(x —en), vr(z) = egrgl+v(x +en) (2.1)

depending on the orientation of n, jumps and mean values

V1, + VR

. (2.2)

[v] = vr — VR, (v) =

We denote by (.,.)ar and |.||ar L?(M)-scalar product and norm, respectively.

Typically, we apply this notation with M = K or M = e. The global L?(Q)-scalar

product and norm are denoted by (.,.) and |.||, respectively. We denote the sum
over all elements K or over all edges e of the mesh by >, or }__, respectively.
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2.1.2 Time discretization notation

Let us assume time interval I = (0,7), where T' > 0. We assume time partition of I
by partition nodes 0 = tg < t; < ... <t, =T. Although the papers discussed often
assume a general time partition, we assume here for simplicity that the partition
is equidistant, i.e. t,, = m7, where 7 is a global step-size. We denote local time
subintervals I, = (tm—1,tm)-

Combining the space and time discretization, we denote by (., .)as,m and ||.||az,m
L?(M x I,,)-scalar product and norm, respectively. We denote the sum over all
elements of the mesh and all the time subintervals by > Kom:

For any function f(t) defined in I we denote one sided nodal values f(t,,+) =
fi, where the subscript &+ can be omitted for continuous functions, and we denote
the corresponding jump in time as {v},, = v' —v™. The time derivative of function
f(¢t) is denoted as f'(t).

2.2  One-step higher order time discretizations

Here, we present some classical one-step discretization techniques. For the overview
see e.g. [29] and [30].

2.2.1 One-step discretizations

Let us consider ordinary differential equation (ODE)

y,(t) = f(tv y(t))v te (07T)’ (23)
y(0) = a.

Let us denote the approximate solution {Y™}" _, such that y(t,,) = Y™. We can
define three classes of one-step methods.

Runge-Kutta methods: Let a;;, b;, ¢;, i, = 1,...,¢+ 1 be suitable coeffi-
cients. Then we call the sequence Y™ satisfying Y° = «

q+1
gr =YY"t 4 TZai,jf(tm,l +7¢j,97"), Vi=1,...,q+1, (2.4)
j=1
q+1
Y™ =Y 7Y bif (tne + T 6])
i=1
the Runge-Kutta (RK) solution of (2.3). The auxiliary values g/"* called inner stages
represent the approximation of the exact solution in t,,_1 + 7¢;.
Collocation methods: Let ¢;, ¢ = 1,...,q + 1 be suitable coefficients. Let
Y0 = o. In every step we construct polynomial p of degree at most g + 1 such that

p(t'rn—l) = Ym_la (25)
p/(tmfl + Tci) = f(tmfl + TCi,p(tm,1 + TCi)), VZ = 17 - q + 1
Then we put Y™ = p(t,,). We call the resulting sequence the collocation solution
of (2.3). The points ¢,,_1 + T¢; are called collocation points. The method produces
a piecewise polynomial function that satisfies the original equation (2.3) in these
collocation points only.

Continuous and discontinuous Galerkin method: Let us define function
spaces

XT={ve L*0,T):v|;, € PU(I,)}, (2.6)
Y™ ={veC(0,T): v, € P (I,),v0) =a},
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where P9 and P9t! are spaces of polynomials of degree g and ¢ + 1, respectively.
It should be pointed out that both these spaces have the same dimension. We call
u € Y7 the continuous Galerkin solution of (2.3) if

/ o (o(t)dt = / Fltu®)o()dt, Yo e X7 (2.8)
I, Im
We call u € X7 the discontinuous Galerkin solution of (2.3) if u® = « and

/ u' (t)o(t)dt + {ulpm_1v T = / ftu(@)v(®)dt, Yve XT. (2.9)
L, Im

For comparison with previous methods we focus mainly on endpoints of intervals:
u™ =YY" = y(tm).

The integrals in the definition of continuous and discontinuous Galerkin method
are often approximated by quadratures. Suitable quadratures are Gauss or right
Radau quadratures on ¢+ 1 quadrature nodes, respectively, since they approximate
all linear terms involved in the integrals exactly. We refer to these Galerkin methods
approximated by Gauss or Radau quadrature as to quadrature variants.

2.2.2 Mutual connection between Runge-Kutta methods and
Galerkin methods

It is very useful in the numerical analysis to understand the mutual connections
among Runge-Kutta methods, collocation methods and Galerkin methods. This
connection can be described by following lemmae.

Lemma 2.2.1 Let the RK coefficients be chosen in the following way
ai,j :/ éj(t)dt7 ’L,] = 1,...7q+1, (210)
0
1
b; = / L)dt, i=1,...,q+1, (2.11)
0

where {; is the Lagrange interpolation basis function

G =T = (2.12)

G T

Then the values g*, i = 1,...,q+ 1 and Y™ produced by such a RK method are
equal to the values p(ty,—1+7¢;), i =1,...,q+1 and Y™ produced by the collocation
method with the same coefficients c;.

The proof can be found in [28] or [50].

Lemma 2.2.2 Let p € P91 be the collocation polynomial on I, associated to the
collocation method with coefficients ¢; chosen as Gauss quadrature nodes on (0,1),
u € P91 be the quadrature variant of continuous Galerkin solution on I,,. Then

p(t) = u(t). (2.13)

Lemma 2.2.3 Let p € P9t be the collocation polynomial on I,, associated to
the collocation method with coefficients ¢; chosen as right Radau quadrature nodes,
u € P? be the quadrature variant of discontinuous Galerkin solution on I, and
rm € PITY satisfy v (tm—1) = 1, 7 (tm) =0 and v, L P9=1 on I,,,. Then

p(t) = u(t) — {utm—_17m(t). (2.14)
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The proof for continuous Galerkin version can be found directly in [31]. The proof
for discontinuous Galerkin version can be made similarly, see e.g. [49].
Summarizing these results, it is possible to realize that both Galerkin methods
(up to corresponding quadrature and mild reconstruction (2.14) in case of discon-
tinuous version) are special variants of the collocation methods and the collocation
methods are special variants of the implicit Runge-Kutta methods. This can be
exploited in the numerical analysis by application of the knowledge from one area
to another area, especially by using the results about very well understood Runge-
Kutta methods for the analysis of the Galerkin methods. The variants of Runge-
Kutta methods corresponding to continuous and discontinuous Galerkin method are
well known Kuntzmann-Butcher method (also known as Gauss-Legendre method)
and Radau ITA method, respectively. For more details see [35] and [18], respectively.

2.3 Discontinuous Galerkin space discretization

Although most of the papers in this thesis are devoted to the time discretization
techniques and their analysis, the space discretization is often made with the aid
of the discontinuous Galerkin method. We shall briefly describe the discontinuous
Galerkin method on simplified example of the Poisson equation

—Au=f, inQ. (2.15)

We assume for simplicity the homogeneous Dirichlet boundary conditions. The
other possibilities can be found in [15].

We apply the notation from Section 2.1.1. The difference between the classical
finite element method and the discontinuous Galerkin method is in application of
the discontinuous finite element space

X, ={ve L*Q):v|g € PP(K)}. (2.16)

Since X;, ¢ HE(Q), we could not apply the week formulation of problem (2.15)
directly. In fact, we enhance the classical week formulation with additional terms.
Among many variants of the discontinuous Galerkin method, one of the most pop-
ular approaches is the interior penalty method

(—Au,v) & Ap(u,v) = (Vu, Vo)x — Y (Vu) - n, [0])e (2.17)
—0> (Vo) - n, [ul)e + Y _(aful, [v])e,

where the choice of the parameter § = 1,0, —1 corresponds to the symmetric (SIPG),
incomplete (ITPG) and nonsymmetric (NIPG) variant. The parameter « is usually
chosen as

Cw
he ’

(2.18)

where h. is some intermediate value between hx and hg- for neigbouring elements
K and K’ sharing the edge e. The constant Cy > 0 needs to be chosen large enough
to guarantee the positivity of Ap(.,.) on Xj,. The detailed information about the
suitable choice of the constant Cy can be found in [15].

The resulting discrete formulation of problem (2.15) is: find wy, € X} such that

Ap(un,vn) = (fivn),  Yop € X (2.19)

The corresponding error analysis can be found in [15].
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2.4 Analysis of discontinuous Galerkin time dis-
cretization

In this section is described the most common approach to the derivation of a pri-
ori error estimates for the discontinuous Galerkin time discretization of parabolic
problems. For simplicity, let us assume the heat equation

o —Au=f, inQx(0,7T) (2.20)
u(0) =u°, inQ

with homogeneous Dirichlet boundary condition.
We apply the notation from Section 2.1.1 and Section 2.1.2. We discretize this
problem in space by the classical finite element method with the finite element space

Xy ={ve H}(Q) :v|g € PP(K)}. (2.21)

The resulting semidiscrete problem assumes the solution u;, € C1(0,T, X}) such
that

(upy,v) + (Vup, Vo) = (f,v), Yve Xy (2.22)
(un(0),v) = (u’,v), Yv & Xp.

The semidiscrete problem (2.22) represents the system of ODEs that can be
solved by the discontinuous Galerkin method. Similarly as in Section 2.2.1, we
define the fully discrete space

X7 ={ve L*0,T,Xy) :v|r, € P (I, Xp)}. (2.23)

Then the fully discrete solution U € X satisfies

/(U’,v)+(VU,Vv)dt+({U}m_l,vff‘l):/ (fo)dt, VoeXT, (2.24)

I m

(U°,v) = (u’,v), WYve Xy,

We may apply the technique of the error analysis described in [43]. Typically,
we are interested in upper bounds of the error e = U — u and most often in the
nodes of the time partition t,,, i.e. €™ = U™ — u(t,,). The error analysis most
often consists from construction of suitable projection m on X; and dividing the
error into projection part of the error n = wu — u, i.e. the error of the projection of
the exact solution, and the rest of the error { = U — mu € Xj. We gain the error
equation by integrating relation (2.20) in weak form over I, and subtracting this
relation from (2.24). After dividing the error into { and n we gain for any v € X}

/1 (€, v) + (V€ Vo)t + ({Efm-1, 0] h) = _/1 (Vn, Vu)dt (2.25)
- (oot oz )

The most usual projection m : L?(0, T, L*(Q)) — X7 is defined as
/[ (mu —u,vt/)dt =0, Yve X, j<q-—1, (2.26)

((ru)™,v) = (u(ty,),v), Yve Xp.
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Advantage of this projection is that the terms on the second row of (2.25) vanish
for any v € X7 . Setting v = 2§ we gain

2 / (€60t + 2({Emro €770 = €712 — €™ + e mon?, (220)

m

cf [19]. Using (2.27) together with Cauchy inequality gives the error estimate for
€™ in terms of n

1™ 2~ 1€ + {2 + / Vet < / IValPae (2.28)

m m

The estimate

/1 IVl < Cr(h? + 720%2), (2.29)

where the constant C' depends on the corresponding derivatives of the exact solution
u, are most often derived by the standard scaling argument using Bramble-Hilbert
trick applied for Bochner spaces, see e.g. [46]. Since n™ is the error of L?-orthogonal
projection of u™ that satisfies ||[n™| < ChP*!, we gain from (2.28) and (2.29) the
final desired estimate

le™ || = U7 —u™|| < €7 + ™| < C(h” + 7771). (2.30)

This estimate is usually considered optimal with respect to the polynomial de-
gree in time, but suboptimal with respect to the polynomial degree in space, since
hP*1 is usually expected for the finite element error in L2-norm. The improvement
to kP! can be found in [46]. Moreover, the basic theory of Runge-Kutta methods
suggests that the nodal errors should converge with the rate 729*1 instead of 7971,
This faster convergence in a finite element setting is usually described as nodal
superconvergence. Unfortunately, these faster rates appear only exceptionally for
parabolic problems when certain compatibility conditions are met, cf. [3]. This or-
der reduction phenomenon is analyzed in [11]. See also [24], where the investigation
of convergence rate 7912 for ¢ > 1 is presented.

2.5 A posteriori error estimates
Let us consider the Poisson problem

—Au=f, inQ, (2.31)

where we assume for simplicity the homogeneous boundary condition. The resulting
weak solution of problem (2.31) satisfies u € H}(Q2). Moreover, it is possible to find
out that

Vu € H(div,Q) = {w € L*(Q)?: V- -w € L*(Q)} (2.32)

whenever the right-hand side f € L?(1).
Denoting

X, ={ve H}Q) :v|x € PP(K)} (2.33)
the finite element space, we can define the finite element solution u;, € X, satisfying

(Vup, Vo) = (f,v), Yve Xj. (2.34)
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In comparison with a priori analysis, where the convergence of the error with
respect to the discretization data is studied and the error bound typically depends
on the high derivatives of the unknown exact solution, a posteriori error analysis
provides the error bounds depending on the discrete solution itself. There are many
techniques for a posteriori error estimates, for overview see e.g. [45].

The goal of this section is to briefly describe the upper bound construction to
the error u, — u by the so called equilibrated flux reconstruction technique. The
resulting a posteriori error estimate can be viewed as a generalization of the hyper-
circle theorem, cf. [39].

Theorem 2.5.1 (Hyper-circle) Let u € H}(Q) be the exact solution of problem
(2.81), o € H(div,Q) satisfies f +V -0 =0 and v € H}(Q) be arbitrary. Then

|Vu — Vo|? + |lo = Vu|]? = | Vv — o2 (2.35)

When such a o is available, then the estimate can be achieved be setting v = uy,
and omitting the term ||o — Vul?, i.e. |[Vu — Vuy|| < |[|[Vuy — ol

Unfortunately, it is not easy to find a suitable o € H (div, ) satisfying f+V-0 =
0 globally. Here, we describe the construction of ¢ ~ oj, € H(div,(?) that satisfies
the relation f+V-0;, = 0 in a weaker sense. Let us denote the local Raviart-Thomas
space on element K as RT(K) = xPP(K)+ (PP(K))%. This space is the usual finite
element approximation space to H(div, ) in the mixed finite element method. For
the overview on the mixed finite element method and corresponding polynomial
approximations see e.g. [7]. We construct the extension of Raviart-Thomas space
to patches w, for given vertex a

W(we) = {w € H(div,w,) : w|x € RT(K), w|g,, -n = 0}. (2.36)

Denoting the space P (w,) as the space of piece-wise polynomial functions with zero
mean value, we can formulate the local patch-wise mixed finite element problem:
find 0, € W(w,) and r, € P’(w,) such that
(Ua’ U)wa - (raa \E v)Wa, = (anUh, v)wa,a Vo € W(Wa)v (2'37)
(V'Uaﬂp)wa = (V% 'vuh_¢afa§0)waa V<P€Pf(wa),

where 1), is the hat function associated with the vertex a and serves as the discrete
decomposition of the unity. The final reconstruction oy, is the sum of all the local
contributions o,, i.e. o, = Za 04. Since each of the local contributions o, €
H(div, Q) if prolongated by zero outside of the patch w, then also the complete
reconstruction satisfies o, € H(div, ). Moreover, it is possible to show that

(f+V-on 1)k =0. (2.38)

The property (2.38) is usually called the flux equilibration property.
We can derive the error bound using the reconstruction o;,. Let us assume
v € H}(Q). Then

(f,v) = (Vup, Vo) = (f + V- op,v) + (03, — Vup, Vo). (2.39)

Estimating these terms individually and using the flux equilibration property (2.38)
we get

(f,0) = (Vun, Vo) <> (Cphi|lf+V - onllk + lon — Vunl[ )| Vo], (2.40)
K

where Cp is the known constant form the Poincare inequality, cf. [38]. Since

Vi Vup| = sup U=V VV) (f,v) = (Vun, Vo)
vEH(Q) Vo] veHL(Q) |V

o (241)
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we can conclude that

IVu = Vun|®> <> (Crhillf + V- onlk + llon — Vunllx)*. (2.42)
K

The estimate (2.42) is a guaranteed upper bound and the right-hand side contains
only the terms that are fully computable from the discrete solution uy. Since the
construction of oy, is based on the local problems only, cf. (2.37), the evaluation of
this reconstruction o as well as the evaluation of the estimator itself is essentially
computationally cheaper than the original problem (2.34).

It is possible to provide the efficiency estimates, i.e. the opposite bounds, for
the individual local estimators. These estimates are traditionally done under the
assumption that the right-hand side f is a piece-wise polynomial, otherwise the
additional oscillation term appears in the estimates. Denoting by < the inequality
up to some fixed constant that does not depend on the exact solution u nor the
discrete solution up nor the mesh-size h, it is possible to derive following local
efficiency estimates

h|lf +V-onllk S|V — Vug|lwg (2.43)
lon = Vunl|x S VU = Vup|lwg

see e.g. [21]. The proofs are quite technical and therefore they are skipped in this
overview. These estimates (2.43) show that large local estimators correspond to
large local contributions to the complete error. This property is important for the
identifications of the source of the error in possible adaptive strategies. Unfortu-
nately, the locality grows from elements K to patches wg.

2.6 Overview of Chapter 3: Linear unsteady sin-
gularly perturbed convection-diffusion prob-
lems

Chapter 3 is based on the paper An optimal uniform a priori error estimate for
an unsteady singularly perturbed problem published in International Journal of
Numerical Analysis and Modeling in 2014, [48].

The paper deals with the numerical analysis of unsteady singularly perturbed
convection-diffusion problems on a square 2 = (0,1)2

u —eAu+b-Vut+cu=f inQx(0,7T) (2.44)

with homogeneous Dirichlet boundary condition and corresponding initial condition.
The paper presents an optimal a priori error estimate for any general mesh-adapted
space discretization and discontinuous Galerkin time discretization.

The paper [48] assumes a singularly perturbed case, where the diffusion coeffi-
cient € is small in comparison to the rest of the data. The goal of the paper is to
derive error estimates for mesh-adapted spatial methods in combination with the
discontinuous Galerkin method in time that are independent of €.

2.6.1 Discretization

A possible remedy comes from two different sources: high adaptation of the meshes
around the layers (Shishkin meshes, Bakhvalov meshes, etc.) and stabilizations
of the method (SUPG, local projection stabilization, etc.), see e.g. [41]. Both
approaches are very often used together. The paper assumes the layer-adaptated
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S-type meshes in combination with any consistent discretization method either sta-
bilized or not.

The construction of the mesh in each direction is similar. Therefore we describe
them in z direction only. Let us assume increasing and differentiable generating
function ¢ satisfying ¢(0) = 0 and ¢(1/2) = In(N), where N + 1 is number of
discretization nodes in x direction including boundaries. Then the partition nodes
x; can be defined by

29 oe 1 .
oe , (N —i .

where b = (1, 82) and ¢ > 5/2. For instance, classical Shishkin mesh coresponds to
the choice ¢(s) = 2In(N)s and the choice ¢(s) = —In(1 —2s(1 — N~1)) coresponds
to Bakhvalov-type mesh. Such an approach leads to the e-uniform spatial error
estimates even with respect to resulting norms of the exact solution. For the detail
see e.g. [41].

The discretization in space is made with the aid of conforming bilinear space
Vi, bilinear form ag(.,.) representing the discretization of the spatial terms from
(2.44) and corresponding right-hand side fg;

(', v) + asi(u,v) = (fsr,v), Vv e Vy. (2.47)

The time discretization is made using the discontinuous Galerkin discretization
described in Section 2.2.1, i.e. discrete solution U € V}; satisfies

/ (U',0) + asi (U, 0)dt + ({U}tm-1,07" ") = / (fst,v)dt Yv e Vg,  (2.48)

I, m

where
Vi ={ve L*0,T,Vy) :v|5, € P! (I, VNn)}. (2.49)

Let us denote right Radau quadrature on g + 1 quadrature nodes
/I F(E)dt ~ Q™). (2.50)

Assuming for simplicity that f or fs, respectively, is a polynomial in time of the
same degree as the discrete solution we can replace all the integrals in (2.48) by the
right Radau quadratures, since all the terms in (2.48) are linear, i.e.

QU v)] + Q" ast (U, 0)] + ({Um-1,07 ") = Q"[(for,v)], Vv € VF. (251)

2.6.2 Error analysis

We may apply a similar technique of the proof as in Section 2.4. We design a
suitable projection m and divide the error into projection part n = wu — u and
& =U — mu € V. Then the error equation is as follows

Q™€ )] + Q™ ast(&,v)] + ({Em—1, v} ™1) = Q™ [ase(n, v)] (2.52)
= Q™' v)] = ((ym-1,0F )

There are two sources of difficulties in the error analysis comparing with the
analysis presented in Section 2.4. The first difficulty is that it is not possible to
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provide ellipticity and continuity estimates of aq(.,.) in any norm in such a way
that the constants in these estimates would be independent of £ and N. The second
difficulty is that L2-orthogonal projection on Vj that is essentially involved in the
definition of space-time projection m in Section 2.4 is very unsuitable for deriving
accurate error estimates with respect to space variables for this specific problem,
see e.g. [32], where suboptimal error analysis is presented due to this fact.

To overcome these difficulties, the projection 7 is designed differently to respect
the Runge-Kutta nature of the discontinuous Galerkin method in time, cf. Section
2.2.2, and with the aid of classical Ritz projection in space, namely # = P" Ry,
where P7 is the Lagrange interpolation operator on right Radau quadrature nodes
and Ry : H}(Q) — Vy is the Ritz projection satisfying

ast(Ryu —u,v) =0, Yove V. (2.53)
Then it is possible to show that

sup ||mu — ul| < C(Tq+1 + g(N)), (2.54)

m

where the constant C' is completely independent of € even with respect to the
derivatives of the exact solution w and the term g(/N) depends on the choice of the
mesh adaptation and the stabilization, e.g. g(N) = N~2In*(N) for the Shishkin
mesh or g(N) = N~2 for the Bakhvalov mesh when the classical bilinear finite
element method without any stabilization is used.

The advantage of this projection 7 described above is that the energy term
Q™ [ast(n,v)] vanishes in (2.52) and it is only necessary to deal with the terms on
the second row of the right hand side of (2.52). Following estimate is derived for
these terms in the paper [48] or in Chapter 3

Q" (0, v)] + ({Mym—1, 07 ™) S TC(T + g(N)) sup [Jo]. (2.55)

m

2.6.3 Estimates inside of intervals I,

Since the estimate (2.55) contains the supremum over I, we need to handle this
supremum term which represents a significant difficulty in comparison with the
basic approach described in Section 2.4, where only the nodal values need to be
handled. Following paper [2], it can be shown that

2Q™ (€', 6] + 2({&m-1,€571) = I€711° + %Q’”[Hfllz], (2.56)
where
E=P7 (ﬂ) evy. (2.57)
Moreover, it is possible to show that
0 < Q"[ax (&, 6] < Q™ [as(€,€)]. (2.58)
Since the norms
%Q’”[IISIIQL Sup i, Sup I€]1? (2.59)

are equivalent, we can apply these relations to derive the error estimate. The details
are shown in the paper [48] or in Chapter 3.
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The interesting question arise: Why the choice of the test function ¢ defined in
(2.57) gives such a nice result (2.56)? The answer can be found in the connection
between Runge-Kutta methods and discontinuous Galerkin methods described in
Section 2.2.2 and in the classical analysis for the error estimates of the inner stages
of RK. For the overview see e.g. [30], where the results from the original paper [13]
are presented.

2.7 Overview of Chapter 4: Semilinear unsteady
singularly perturbed convection-diffusion prob-
lems

Chapter 4 is based on the paper A priori diffusion-uniform error estimates for non-
linear singularly perturbed problems: BDF2, midpoint and time DG published in
Mathematical Modelling and Numerical Analysis in 2017, [34].

The paper deals with the numerical analysis of unsteady singularly perturbed
semilinear convection-diffusion problems

u—eAu+V-flu)y=g inQx(0,7T) (2.60)

with homogeneous Dirichlet boundary condition and corresponding initial condi-
tion. The paper presents a priori error estimates for discontinuous Galerkin space
discretization in combination with either the second order backward differentiation
formula (BDF2) or the midpoint rule or the discontinuous Galerkin method in time.

Once again, we are mostly interested in the singularly perturbed situation, where
the parameter ¢ is small. Since the problem (2.60) is nonlinear, it represents even
more difficult challenge then the linear problem from Section 2.6 respectively from
[48].

2.7.1 Discretization

We can apply the same notation as in Section 2.1.1 and Section 2.1.2. The space
discretization is made with the aid of the discontinuous Galerkin method. The
diffusion term —Auw is discretized by SIPG formulation described in Section 2.3.
The discretization of the convective term V - f(u) is made similarly as in the finite
volume method

(V- f(u),v) ~ bp(u,v) = =Y (f(u), Vo) + > _(H(ur,ur,n), [])e,  (2.61)

K

where the flux f(u) - n is approximated on the edge e by the value H(up,ug,n)
called numerical flux. We assume that the numerical flux can be arbitrary function
satisfying following assumptions

e H(u,v,n) is Lipschitz continuous, i.e.
|H(u,v,n) — H(a,v,n)| < C(lu—al+ |v—71]|), (2.62)
e H(u,v,n) is consistent, i.e.

H(u,u,n) = f(u) - n, (2.63)

e H(u,v,n) is conservative, i.e.

H(u,v,n) = —H(v,u,—n), (2.64)
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e H(u,v,n)is E-flux, i.e.

H(u,v,n) — f(q) -n >0, Vq between u,uv. (2.65)

We shall point out that every monotone numerical flux is E-flux.
The semidiscrete formulation of problem (2.60) is

(up,, v) + eAp(un, v) + bp(up, v) = (g,v), Vv e Xp. (2.66)

This problem is discretized in time by either BDF2

3 1
(2Um —2u™m ¢ §Um‘2, v) + 7eAR(U™,v) + by (U™, v) (2.67)
=171(g,v) Vv € Xy,

where the starting value U! is obtained by the backward Euler method, or by the
midpoint rule

(2.68)

um™ Umfl
(Um - Umil,vh) + %6Ah(Um + Umil,vh) + by, (+>

2
= T(g(tm—l + 7—/2)7vh), Yo, € Xp

or by the quadrature version of the discontinuous Galerkin method

/1 (U, 0) + eAn(U, v)dt + Q™ [bn (U, v)] + ({Um-1, 07 7)) = Q"[(g:v)], (2.69)

Yo, € X[,
where
X7 ={ve L*0,T,Xp) : v, € P (I, X1)} (2.70)

and the right Radau quadrature Q™][.] is defined in Section 2.6.1.

2.7.2 Error analysis

The error analysis follows the idea from the paper [33] following the results from the
paper [51]. The complete description of the idea is quite long and very technical.
Here, we summarize the most important steps.

The resulting nonlinear form by (.,.) with Lipschitz continuous, consistent and
conservative numerical fluxes with the E-flux property satisfies following important
estimate

v, _“HQLoo(Q)

br(vp, vp, — u) — by (u, vy, — Hu) < C (1 + 2

) (2P J|op, — THu)?),
(2.71)

where II is L?-orthogonal projection on X, u is any sufficiently regular function
and vy, € X}, cf. [33]. Difficulties come from the term ||vj, — u||2Lm(Q)/h27 where vy,
is typically chosen as the discrete solution U or some term directly derived from U .
If it is possible to estimate a priori the error as ||U —u|| (o) = O(h), then standard
application of the technique will give the desired error estimate that is usually much
smaller then the considered bound O(h), typically it is ||U —ul|? < C(h?P*14724+2)
where ¢ = 1 for BDF2 and the midpoint rule and ¢ is the degree of the polynomial
approximation in time for the discontinuous Galerkin method. Unfortunately, it is
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not easy to prove the error bound O(h) a priori, since the error is the object of
investigation and is unknown.

This problem is solved by the continuous mathematical induction, cf [33]. Let
us assume that the discretization parameters h, p, 7 and s are chosen in such a way
that

U = ul2 < C(h2H 4 72042)  —  |[U = ul| po(a < = (2.72)

|

If the error is represented by a continuous function and if the error is at some
point ¢ = t, sufficiently small, e.g. [|[U — ul|z~(q) = h/2, then it takes some time
0 > 0 to grow the error over the bound h. Then it is possible to avoid the term
\U - u||%oo(ﬂ)/h2 on interval [t.,t. + 0] in the estimate (2.71) and it is possible to
derive the desired error estimate ||U — u|? < C(h?PT! 4 729%2) on [t,,t. + §] by
rather standard technique, where the constant is independent of €. Moreover, it is
possible to see that (2.72) implies ||U —ul| <o) < % at a new time ¢t = ¢, +6. Since
the continuity of the error holds on the bounded interval [0,T], i.e. on a compact
set, there exists a minimal finite § necessary for such a grow and we can deplete
the set [0, 7] in a finite number of steps. It should be pointed out that the starting
error in the initial condition is inherently small.

Alternatively, the concept of the continuous mathematical induction can be
replaced by the argument that the error under the assumption (2.72) cannot hit
the value ||U — ul|p~(q) = h and assuming the error evolves continuously and is
started from the small initial condition error it is not possible to grow over h and
therefore the square of the error behaves as O(h?PT1 4 729+2),

2.7.3 Discrete solution continuation

Since we assume that the exact solution u is continuous in time, the aim of this
section is to describe how to reconstruct the discrete solution that is defined nodal-
wise as U™ in the case of BDF2 and the midpoint rule and interval-wise (element-
wise) as U|z,, in the case of the time discontinuous Galerkin, as a continuous function
U(t) that corresponds to the error in the nodal point, i.e. U(t,,) = U™ or Ul(t,,) =
ur.

The idea of the construction of the nodal-wise defined solution as a continuous
function can be found in [33], where the backward Euler method is discussed. Let
us assume that the continuation is well defined on the interval [0, ¢,,,—1] and the goal
is to define the continuation on the next time interval (¢;,—_1,t,]. Then the value
of U(tm—1 + s), where s € (0,7], is defined as the discrete solution for the given
method by replacing the step-size 7 by the new step-size s. Still, it remains to prove
a number of technical results that imply that the resulting continuation U (¢,,—1+s)
exists uniquely for arbitrary s € (,,—1,tm,] and that the resulting function U(¢) is
really continuous. These results are described in detail in the paper [34] or Chapter
4. Tt should be pointed out that the BDF2 analysis also applies the stability theory
for the multistep methods with non-equidistant time steps, see e.g. [30].

The time discontinuous Galerkin discretization is more complicated, since the
solution at the final time of each interval depends on the corresponding inner stages,
see Section 2.2.2, and the continuation should respect this fact. Let us assume that
the continuation is constructed to the time level y = ¢,,_;. The approach from [34]
defines the continuation on (t,,—1,t,] as a set of functions on I,

{Uy}ye(tmfl,tm} C X;; (273)

Denoting s € (0, 7] such that y = t,;,_1 + s and denoting Radau quadrature rescaled
from interval I,,, to the new interval (¢,,—1,y) as Q3'[.], then each function U, of
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the continuation is defined on I, as
y
/ Uy v) + eAn(Uy, 0)dt + Q' [br(Uy, v)] + ({Um—1, 05 ™) (2.74)

tm—1
:Q;n[(f,’l))], VU}LEX;;.

The resulting continuity is described by the relations

sup —|[|Uy = Uy[| =0, as |y —gy| = 0, (2.75)
(tm—1,min(y,7))
sup ||U, — U™ | =0, as y — t_1+ . (2.76)

(tm—1,Y)

The proof of this continuity with respect to y is very technical and the details are
presented in the paper [34] or Chapter 4.

2.8 Overview of Chapter 5: Nonlinear unsteady
convection-diffusion problems in time-dependent
domains

Chapter 5 is based on the paper Stability of the ALE space-time discontinuous
Galerkin method for nonlinear convection-diffusion problems in time-dependent do-
mains published in Mathematical Modelling and Numerical Analysis in 2018, [6].

The paper deals with the numerical analysis of unsteady nonlinear convection-
diffusion problems

u —=V-(Bu)Vu)+V-flu)=g (2.77)

with Dirichlet boundary conditions and corresponding initial condition. The non-
linearity in the diffusion term described by the function 8(u) is considered bounded
and Lipschitz continuous, i.e.

B:R = [Bo,B1), 0<Bo<Pr< oo, (2.78)
|B(u) — B(v)| < Clu—wvl. (2.79)

The paper [6] does not assume the singularly perturbed case, where 8y — 0, but
the dependence of the derived results on fj is tracked for further investigations.

In comparison with previous sections, the problem (2.77) is not considered
in a fixed space-time cylinder  x (0,7"), but in an evolving space-time cylinder
Q; x (0,T), where the space domain §2; depends smoothly on time ¢. The goal of
the paper [6] is to present a stability bound for discontinuous Galerkin space-time
discretization.

2.8.1 Arbitrary Lagrangian-Eulerian description

The evolution of the domain €2, is described by a one-to-one mapping Ay : Qrer —
which maps the point X € Qe onto the point x € Q, ie. x = A(X) € Q.
Collecting these mappings for ¢ € [0,7] we get the so called ALE mapping A.
Although such a mapping is assumed individually for each time interval I,,, in the
paper [6], we consider here only a single ALE mapping over all time interval (0,T).
We also assume that the evolution of the domain as well as the ALE mapping A is
independent of the solution w of problem (2.77). We assume that the evolution of
the domain is smooth and that the ALE mapping A and its inverse A~ !satisfies

A€ Whe(0, T, W (Qpef)), (2.80)
A7t e Whe(0, T, W (Q,)).
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The important concept in the ALE description is the ALE derivative. The ALE
derivative D; of function f(z,t) is defined as the time derivative of the reference
function f(X,t) = f(A(X),t), where z = A;(X). By the chain rule we gain

Defat) = S F(X,0) = S FACX)) 1) = V1) o A(X) + (1), (281)

Denoting the mesh velocity z(z,t) = Z(X,t), where 2(X,t) = %At(X), we can
rewrite (2.81) as

Dif=2z-Vf+f. (2.82)

The interpretation of the ALE derivative is the derivative along the ALE curve,
where the ALE curve is defined as the evolution of the single point X € Q.

Using the ALE derivative, we can reformulate the original problem (2.77) into
equivalent problem

Dy —V - (B(u)Vu) +V - f(u) —z-Vu=g. (2.83)

2.8.2 Discretization

The aim of this section is to discretize the problem (2.83) by the space-time discon-
tinuous Galerkin method. We apply the notation from Section 2.3 and Section 2.4
on fixed space-time cylinder. Let us assume the discontinuous finite element space

Xp, = {0 € L*(et) : 0]z € PP(K)} (2.84)
on (er. We can define fully discrete space
X7 ={0e L*0,T,X}) : v|5,, € P(In, Xn)} (2.85)

on the fixed (reference) space-time cylinder. Finally, the fully discrete space X7 on
the evolving space-time cylinder is defined as

X7 ={v:voAde X]}. (2.86)

Applying the space and time discontinuous Galerkin technique described in Section
2.3 and Section 2.2.1, we arrive to the discrete formulation of problem (2.77)

/ (DU, ) + Ap(U,v,t) + by (U, v,t) — (2 - VU, v),dt (2.87)
I,

+{Uym-1,07 s = / (v, t)dt, Vv e X,
I’VTL
where (.,.); denotes the L2-scalar product on §;. The detailed description of the
forms Ap(.,.,t), bn(.,.,t) and £(.,t) can be found in the paper [6] or in Chapter 5.

2.8.3 Stability analysis

The goal of this section is to derive the stability estimate, i.e. the estimate that
bounds the discrete solution U € X} in L°(L?)-norm by the data of the problem
in suitable norms, i.e. by the initial and boundary conditions and by the right-hand
side g. Setting v = U in (2.87) gives after some manipulations

\om

e

?m71 + ||{U}m71

tm—1

- / An(U, U, t)dt (2.88)

m

< Rt+c/ |U|2dt,
le
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where ||.||; denotes the L2-norm on §; and the term R; consists of the norms of the
boundary condition and the right-hand side. The main difficulty lies in the estimate
of the L?(L?)-norm of the discrete solution U on the right-hand side of (2.88). Since
the discrete solution is from the finite dimensional space, it is possible to show that
the norms

/ ||U||fdt and Tsup||U||f (2.89)

I, m

are equivalent. For piece-wise constant or piece-wise linear time approximations, i.e.
q = 0,1, it is possible to deal with the supremum term directly, since the supremum
over I, is gained only at the endpoints of the interval I,,,, see [5]. The polynomial
approximations of higher degree need to be treated more carefully.

2.8.4 Discrete characteristic function

Denoting y € [tm—1,tm] such that
1Ty = sup U117, (2.90)
the ideal choice of the test function in (2.87) is v = Ux(o,y), Where x(o,) is the

characteristic function of interval (0,y). The applications of this test function in
(2.87) leads after some manipulations to

?,m,1 + ||{U}m71

Y
[T - 1o ot [ awuna oy

tm—1

Yy
<R+ c/ U124t
tm—1

Then the proof of the stability can be finished by Gronwall lemma.

Unfortunately, this choice of the test function is not possible, since Uxq,,) ¢ X},
and it is necessary to construct a discrete approximation of Ux g, in the space Xy .
In the paper [6], the approximation Uy q,,) ~ U, € X is made with the aid of the
discrete characteristic function described in [12] for fixed domains. Denoting the
corresponding function U € )N(,: to the original function U € X, we can define the
discrete characteristic function ﬁy eX 1 on the fixed space-time cylinder by

- Y - -
/(Uy,v)refdt:/ (U, 0)ret, Yo € P Y1, X1), (2.92)

IWL tm—1

Oy~ = O
Then the final discrete characteristic function U, is defined as the transformation
of U, back to the evolving domain, i.e. U,(z,t) = U,(A; *(x),t) € X].
The main properties of this discrete characteristic function U, € X is that it
behaves similarly as the true characteristic function Uy, when applied on the
term that corresponds to the discrete time derivative, i.e.

2/1 (DU, Uy)edt + 2({U Y1, (Uy) T e 2 U@ = 107, -, (2:93)

—c/ U124
I,

The application of U, on all of the other terms in (2.87) is treated with the aid of
the following continuity property of U — U, proved in the paper [6] or in Chapter
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| wlae<c [ ok, (291

m

/Ah(Uy,Uy,t)dtgc/ A (U, U, t)dt.
I Im

2.9 Overview of Chapter 6: A posteriori error es-
timates for nonlinear parabolic problems

Chapter 6 is based on the paper A posteriori error estimates for higher order space-
time Galerkin discretizations of nonlinear parabolic problems published in STAM
Journal on Numerical Analysis in 2021, [17].

The paper deals with the numerical analysis of unsteady singularly perturbed
nonlinear convection-diffusion problems

W —V-o(u,Vu)+c(u) =0 inQx (0,7T) (2.95)

with homogeneous Dirichlet boundary condition and corresponding initial condition
u%. The nonlinearity is supposed to be monotone and continuous.

The paper [17] assumes either conforming or nonconforming Galerkin discretiza-
tions in space or time resulting in four different types of discretizations. The goal
of the paper [17] is to present a unified a posteriori error analysis based on the
equilibrated flux reconstructions for all these Galerkin discretizations.

To simplify forthcoming explanations, we only consider the heat equation instead
of (2.95), i.e. o(u, Vu) = Vu and c¢(u) = —f, and the discontiunous Galerkin time
discretization in combination with the classical finite element method.

2.9.1 Continuous problem and its discretization

Let us denote spaces

X = L*(0,T,H3 (Q)), (2.96)
Y ={veX:veL?0,T,L*(Q))} c C([0,T], L*(R)),
Y9={veY:v0)=u}

Then the weak solution satisfies u € Y9 and

T T
/ (', v) + (Vu, Vo)dt = / (f,v)dt, YveX. (2.97)
0 0

We define X in the same way as in Section 2.4. It shall be pointed out that
X is a very natural approximation space to the space X, but not to the spaces Y’
or YO, since XJ ¢ Y. The fully discrete solution U € X] satisfies

/ (U, 0) + (YU, Vo)dt + ({U} s, oY) = / (f0)dt, Woe XD, (2.98)

I m

where U9 = 0.

2.9.2 Discrete solution reconstruction

Similarly in Section 2.5, we need to reconstruct the discrete solution. The spatial
reconstruction o} € L2(0,T, H(div,Q)) can be obtained in a similar way as de-
scribed in Section 2.5 and the precise description can be found in the paper [17] or
in Chapter 6.
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It remains to reconstruct the discrete solution in time. The exact solution u
belongs to Y. Tt is possible to see that any function v € X] belongs to the space
Y? if and only if v is continuous in time and satisfies the initial condition, i.e.
v(0) = u®. Then the reconstruction R} € Y can be obtained directly from the
discrete solution U

R} (z,t) =U(z,t) — {Ulm-1(x)rm(t), te€l,, zel, (2.99)

where r,, are Radau polynomials defined in Lemma 2.2.3, i.e. r, € PIt(1,,),
Tm(tm) = 0, P (tm—1) = 1 and r,,, L P?7Y(L,,). In fact, the reconstruction (2.99)
is identical to the reconstruction (2.14).

The resulting reconstruction Rj satisfies R}, € Y? and together with the spatial
reconstruction oj also satisfies the space-time version of the equilibration property
(2.38), i.e.

(f = (RR) +V 05, 1)gm =0 (2.100)

The details of the proof are presented in the paper [17].

2.9.3 Error measure

Inspired by the work [14], we design the error measure Res(U) as the dual norm
of residual. Since the method (2.98) is nonconforming and the formulations for the
exact and the discrete solutions differ, we design a common formulation for both
these solutions.

Since the space X7 ¢ Y, we design a new space

YT ={ve X |, € L*I, L*(Q)} (2.101)

The space Y7 can be considered as the broken Sobolev space with respect to time.
Then this space satisfies Y C Y C Y™ C X and also X, c Y7. We can exploit
these properties to define the extended formulation that covers the formulation for
the exact solution (2.95) as well as the formulation for the discrete solution (2.98):
find v € Y7 such that

/ (W', v) + (Vu, Vo)dt + ({u}m—1,07 ") = /I (fyv)dt, YoeY™. (2.102)

I,

m

It shall be pointed out that the formulation (2.102) has a unique solution in Y™ and
this solution is the exact solution u of the original problem (2.97).

Then the error measure is defined as a dual norm of residual with respect to the
extended formulation (2.102)

Res(U) = sup 1o >~ (F = U's0)ieam = (VU Vo)t = ({Ubmo1, 02D,

wev- Tolv- &
(2.103)

where the norm ||.||y- is designed locally and similarly as in [14]

1
Wl = > 10l sms  where [0+ g m = PRIVl + 71
K,m K,m

(2.104)

The norm ||.||y- in [17] contains a user dependent local parameter d ,,,. To simplify
the forthcoming exposition, we assume here dg ,, = 1.
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2.9.4 Error estimate

The upper bound can be derived similarly as in Section 2.5. Let us assume v € Y.
Then

S =U 0)km = (VU V) km — (U1, 07 Nk (2.105)
K,m
=> (f= (R + V05, 0)km+ »_(0F, = VU, V0)km

K,m K,m

SR = U ) ko = (Um0
K,m

Estimation of these terms individually with the aid of (2.100) leads to
(f = (BR) + V-0, 0)km < Cp|lf = (B) + V- of |k mllvlyr sem,  (2.106)
(U;z— - VU, VU)KJH < ”0';; - VU”K,MHVUHK,Mv

(BR) = U\ v)km = ({Um-1,07 )k < IR = Ullse.m 10'l| 5.,

where Cp is again the constant from Poincare inequality, cf. [38]. Application of
these estimates together and denoting the individual local estimators from (2.106)
as

nrkm = Cp|f = (R}) +V - 0f |l k,m; (2.107)
1
Mscm = 707 = VU | 1cm
K
1 T
. Km = 1By = Ullgm
gives a posteriori error estimate
2
RGS(U)2 S 7’2 = Z (nR,K,m + (n%,K,m + n%,K,m)l/z) .
K,m

(2.108)

2.9.5 Efficiency estimates

Similarly as in Section 2.5, we can derive local efficiency estimates for the individual
error estimators ng x,m, Ns,k,m and Nr k. We assume traditionally that f is a
piece-wise polynomial function. Again, we denote by < the inequality up to constant
independent of the exact solution u, the discrete solution U, mesh-size h and step-
size T.

To be able to provide the efficiency estimates locally, we need to define a local
version of the error norm Res(U). Since the error norm is dual norm of residual of
the extended formulation, i.e. certain supremum term over all functions v € Y7,
see (2.103), we define local versions of the error norm as

Resarm(U) = sup ——— > (f = U 0)m (2.109)
' veYy . ||U||Yd Z ’

— (VU, V) ,m — ({Ulm—1,v7 ik,

where Yy, C Y7 is a space consisting from functions supported by M x I, where
M is some collection of elements K.

The efficiency estimates for ng k. » and sk, can be derived by generalizing
the stationary technique, see [21] and [45]. The proof of the efficiency estimate for
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N7, K,m is made more directly with the aid of a suitable test function, for the details
see [17]. The resulting efficiency estimates are following

NR,K,m = Crelf - (RiTz)/ +V-opllkm S ReSWK’m(U)7 (2.110)

1
NS, K,m = T”O—; - vUV”I{,m ,S ReSwK,m(U)7
K

1
Nnr,K,m = ;”R; - UHKmL /S ReSKﬁn(U)'
Since

> Resgm(U) < > Resuem(U) S Res(U), (2.111)
K,m K,m

we can derive from (2.110) the global efficiency estimate

1= (s + (B + ) ?) SRes@). (2112)
K,m

2.10 Overview of Chapter 7: Polynomial robust-
ness of efficiency estimates

Chapter 7 is based on the paper On polynomial robustness of flux reconstructions
published in Appl. Math. in 2020, [47].

The paper deals with the numerical analysis of convection-diffusion-reaction
problems

—Au+b-Vu+cu=f inQ (2.113)

with homogeneous Dirichlet boundary condition. The problem is discretized by
the standard finite element method. A posteriori error estimate, where the flux
reconstructions are designed element-wise, is derived. The main result of the paper
show that the efficiency constant of the flux reconstruction in 1D (d = 1) depends
on the discretization polynomial degree as p'/? at most. The main contribution
behind this paper lies in the application of the reconstruction developed for the
time discretization in [17] for the space discretization as well.

To simplify forthcoming explanations, we only consider the Poisson equation
instead of (2.113), i.e. b=0 and ¢ = 0.

2.10.1 Discretization and upper bound

We descretize the problem (2.113) by the standard finite element method. We can
apply the notation from Section 2.1.1. The finite element space is defined as

X, ={ve H}Q):v|x € PP(K)} (2.114)
and we can formulate the discrete problem: find u, € X}, such that
(Vup, Vo) = (f,v), Yo, € Xp. (2.115)

In contrary to Section 2.5, we compose the reconstruction o, € H(div, ) from
the local element-wise information, i.e. we define op|x € RT(K) such that

onle - n = (Vup)le - n, (2.116)
(O’h,w)K = (VU}“’U})K, Yw € PP_I(K)d.
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The resulting global function oy, is in H (div, ), since the normal component of oy,
is continuous across the edges. Moreover, gj, is equilibrated in generalized sense

(f+V-on,v)=0, VYveXp. (2.117)

The advantage of the reconstruction defined by (2.116) in comparison with the
reconstruction defined in Section 2.5 is its simplicity that enables to evaluate the
reconstruction directly without solving an artificial mixed finite element problem
on patches w,. It shall be pointed out that the relations from (2.116) correspond
to the classical (natural) degrees of freedom for RT(K), see e.g. [7].

Instead of Poincare inequality applied in Section 2.5, we need a more accurate
estimate

hx
inf |lv—w < Cp;—||Vv 2.118
oinf [ rlx < Cri ) Vol ( )

that holds for any function v € Hg(K), see e.g. [4]. The constant Cr; is unknown
in general, but it can be determined in some special cases. E.g., it is possible to
take

Cpy = P (2.119)

(2p+3)(2p—1)

in 1D (d = 1), see [47] or Chapter 7.
Denoting local estimators

h
NRK = CFI?K”]C + V- onllk, (2.120)
ek = |lon — Vun| x

and applying (2.117) together with (2.118) imply a posteriori error estimate

[Vu — Vug||? = Res(up)? < n? = Z(%K +nrx)?. (2.121)
K

The idea of the proof is similar as in Section 2.5.

2.10.2 Efficiency

We derive local efficiency estimates for the individual error estimators ng x and
Nr i in 1D (d = 1). We traditionally assume that f € X}, similarly as in Section
2.5. Again, we denote by < the inequality up to constant independent of the exact
solution u, the discrete solution u; and mesh-size h. Since we are also interested in
the polynomial dependence of this constant, we assume that this constant is also
independent of the discretization polynomial degree p and denote this polynomial
dependence separately.
Similarly as in [17], we define local errors

Ress(up) = sup (f,v) = (Vup, Vv)

, (2.122)
vEHX(Q),supp(v)cM Vol

where M is some collection of elements K. Similarly as in [17], it is possible to
show that

ZRQSK(Uh) < ZResz (un) < Res(up). (2.123)
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Moreover, it is possible to see that the reconstruction defined by (2.116) in 1D
can be equivalently rewritten on element K = [a, b]

orlk = Vup + ((Vup)(a) — Vup(a))re + ((Vup)(b) — Vup(b))re, (2.124)

where the values of Vuy,(a) and Vuy, (b) are taken from inside of K and r,,r, € PP+
are Radau orthogonal polynomials on K oriented either to the left endpoint a or
the right endpoint b. Comparing with the reconstruction (2.14), we can see that
the reconstruction of oy is defined according to the similar principle, but assumes
the jump term on both sides of the interval K.

The efficiency of np x can be proved by similar argument as in the proof of
efficiency of nr k m in [17]. The advantage of the directness of the proof enables to
track the dependence on the polynomial degree

nex = lon — Vun|x < p'/? Resyp (un). (2.125)

The proof is rather technical and therefore it is skipped here. The details can be
found in [47] or in Chapter 7. This estimate can be applied for the proof of the
efficiency of ng x, where it is possible to show that the polynomial dependence is
the same as in 7r

h
e = Cro= I 4V - onllic S p'* Resu (un) (2.126)

Again, the proof is quite technical and the details can be found in [47] or in Chapter
7.

The estimate of g g is quite interesting, since usually the authors in the lit-
erature are focused in the efliciency of npx only. The problem with traditional
concept of the term np g is that only standard Poincare inequality (or a similar
inequality like Friedrichs inequality etc.) is applied. This enables to determine the
constant C'r; as Poincare constant C'p that is known in standard situations, e.g. on
convex domains. On the other hand, classical Poincare inequality only contains the
term Cphy instead of Cpy R, Avoiding the 1/p term seems to lead to suboptimal
efficiency analysis with respect to the polynomial degree p.
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AN OPTIMAL UNIFORM A PRIORI ERROR ESTIMATE FOR
AN UNSTEADY SINGULARLY PERTURBED PROBLEM

MILOSLAV VLASAK AND HANS-GORG ROOS

Abstract. A time-dependent convection—diffusion problem is discretized by the Galerkin finite
element method in space with bilinear elements on a general layer adapted mesh and in time by
discontinuous Galerkin method. We present optimal error estimates. The estimates hold true for
consistent stabilization too.

Key words. discontinuous Galerkin, convection—diffusion, layer adapted mesh, error estimate

1. Introduction

We focus ourselves on the analysis of the solution of unsteady linear 2D singularly
perturbed convection—diffusion equation. This type of equation can be considered
as simplified model problem to many important problems, especially to Navier—
Stokes equations.

The space discretization of such a problem is a difficult task and it stimulated de-
velopment of many stabilization methods (e.g. streamline upwind Petrov—Galerkin
(SUPG) method, local projection stabilization methods) and layer-adapting tech-
niques (e.g. Shishkin meshes, Bakhvalov meshes). For the overview see [9] or [8].

In order to achieve optimal diffusion—uniform error estimates we employ lay-
er adapted meshes. On these general layer adapted meshes we assume a general
space discretization covering standard conforming finite element method (FEM)
or consistent stabilization methods. The resulting system of ordinary differential
equations is solved by discontinuous Galerkin (DG) method.

Considering the space discretization on Shishkin meshes, we will follow the theory
for stationary singularly perturbed problems based on the solution decomposition,
which enables us to derive a priori error estimates independent of the diffusion
parameter even with respect to the norms (seminorms) of the exact solution, which
can be also highly dependent on the diffusion parameter. For the details see [9].

The discontinuous Galerkin (DG) method is a very popular approach for solv-
ing ordinary differential equations arising from space discretization of parabolic
problems, which is based on piecewise polynomial approximation in time. Among
important advantages we should mention unconditional stability for arbitrary or-
der, which allows us to solve stiff problems efficiently, and good smoothing property,
which enables us to work with inexact or rough data. For introduction to DG time
discretization see e.g. [11].

In [6] and [1] the authors study DG in time and DG and local projection stabi-
lization method, respectively, in space on standard meshes for singularly perturbed
problems. The error estimates in these papers contain norms of the exact solutions
which go to infinity if diffusion parameter goes to zero.

There are only few papers dealing with finite elements in space on the special
meshes combined with any discretization in time. While in [7] the #-scheme as
discretization in time is used, in [5] the authors study BDF time discretization.

Received by the editors November 23, 2012 and, in revised form, March 3, 2013.
2000 Mathematics Subject Classification. 65M15, 65N30, 65M50.
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In [7] the authors also study DG time discretization and derive suboptimal error
estimates.

Our aim is improving some results from [7] and proving optimal a priori diffusion—
uniform error estimates for DG time discretization in L>(L?) norm.

The main difficulty in proving optimal diffusion—uniform error estimates for DG
time discretization is the fact that we cannot employ standard technique of the
proof, which is based on the construction of a suitable projection, which enables
us to eliminate discrete time derivative in the error equation, see e.g. [10]. This
technique enforces us to do some upper bound of the projection error contained in
stationary terms, which depends on a higher time derivative of the exact solution
in H! seminorm, which depends on the diffusion parameter.

2. Continuous problem

Let Q = (0,1)2 be a computational domain and T > 0. Then let us consider
parabolic singularly perturbed problem

) %—5Au+b~Vu+cu = f. VeeQte(0,T),
u = 0, Vexed)te(0,T),
u(z,0) = u’(x), Ve,

where function u® € L%(Q), 0 < ¢ << 1 and functions f(z,t), b(x) and c(z) are
sufficiently smooth with by(xz) > $1 > 0 and ba(x) > B2 > 0. By substitution in
time variable we can achieve

1
(2) ¢=5V-b2c>0.

To simplify the text we will use the following notation. (.,.) and ||.|| are L2(£2)
scalar product and norm, |.|; and |.]]; are H'(Q2) seminorm and norm. Let us
define bilinear form

(3) a(u,v) =e(Vu, Vo) + (b- Vu + cu, v).

Definition 1. We say that the function u € L?(0,T, H}(S)) with the time deriva-
tive %—;‘ € L%(0,T, H-Y(Q)) is the weak solution of (1), if the following conditions
are satisfied

(4) (ag—it),v)—ka(u(t),v) = (f(t),v) Vte(0,T),Vve Hy(),
u(0) = uP.

It is possible to show that the solution has in general boundary layer around the
border of 2 at x = 1 and y = 1. Assuming sufficiently compatible data we can avoid
the existence of interior layers, which enables us to concentrate on the boundary
layers only, see [9] or [4]. Moreover, it is possible to guarantee the S—decomposition
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of the solution: u =5 + Vi + V5 + Vi, where

) OIS (200 0) |
Ot Ol Otk -
i+j+k
(6) o ,‘/1(?171.2’15) < Cg—ie—ﬁl(l—ﬂfl)/g7
Ozt xd Otk
it itk
o Qit Vz(fl,l'%t) < CedePali-m)/e
0z Ox} Otk
i+jtk s
(8) 19} axy;zaffall;:’%t) < Cs—zfjmin{efﬁl(lfxl)/e’6752(1*1’2)/5}7
1073

where i, j, k are nonnegative integers such that i + j < 3 and k < ¢ + 2, where ¢
denotes the degree of the intended polynomial approximation in time. S represents
the smooth part of the solution, V4 and V5 represent boundary layers and Vis
represents the corner layer. This result shows dependence of space derivatives on
e, which complicates deriving standard a priori error estimates.

2.1. Discretization. We want to discretize the problem (1) by either standard
finite element method or some consistent stabilization method on general layer
adapted meshes in space. This technique allows us to derive a priori error estimates
that are independent of e.

We will start with the construction of the general layer adapted mesh. To do
this we will follow the approach described in [8] or [9]. Let us denote N, space mesh
parameter, as an even number. Then let us set

(9) O=xp<x1<...<zy=1, O=y<y1<...<yn=1.

The final mesh arises as tensor product mesh with mesh points (x;,y;). Since
the idea of distribution of mesh points is the same in both direction (using either
parameter 31 or f2), we describe the idea only in z; direction. Let us introduce
the mesh generating function ¢ satisfying ¢(0) = 0 and ¢(1/2) = In(N), moreover
we assume ¢ be continuous, increasing and differentiable. Let the mesh points are
equally distributed in [0, 2, /5] and graded according to the function ¢ in [z /2, 1]:

23 oe 1 .

(11) xi:1f"—g¢<N_Z>, Vi=N/2,...,N.

1 N
The parameter o is chosen to satisfy o > 5/2. These meshes can be called S—
type meshes. For instance, the special choice of the function ¢(s) = 21In(N)s leads
to classical Shishikin mesh and the choice ¢(s) = —In(1 — 2s(1 — N~1)) leads to
Bakhvalov—type meshes.

Let us define the conforming bilinear finite element space Vy on our mesh. We
denote ag(.,.) the space discretization bilinear form and fs; the corresponding
right—hand side. In the case of classical finite element method the form ag(.,.) and
the right—hand side f,; are identical to former bilinear form a(.,.) and former right—
hand side f, but they can differ in the case of stabilization methods. Moreover, we
assume that the new bilinear form is consistent, i.e., the exact solution u satisfies

(12) (‘9“ ) + ag(u,0) = (far,0), VYo € V.

— v
ot
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The semi—discrete problem reads: find uy € C1(0,T, Vy) satisfying

(13) (aug;(t),v) +ast(un(t),v) = (fs(t),v), YveVn,Vte(0,T),

(un(0),v) = (uv). YveVn
To discretize this problem in time we assume time partition 0 =t < t; < ... <
t, = T with time intervals I,, = (t;—1, tm), time steps 7, = || =ty — tm—1 and
T = MaXmm=1,...r Tm- We denote the function values at the nodes as v™ = v(t,,). To
be able to use the Galerkin type of discretization we denote the space of piecewise
polynomial functions

q
(14) Vi ={ve L*0,T,Vy) : 0|5, = Zvj7mtj7 Vjm € VN }.
j=0

For the functions from such a space we need to define the values at the nodes of
time partition

(15) v =o(tmt) = tilggiv(t)

and the jumps
(16) {v}m =0 — 0™

Definition 2. We say that the function U € V3 is the approzimate solution to the
problem (1) if

(17) /(U’,u)+ast(U,v>dt+({U}m,l,vf—l) - /I(fst,v)dt,

Im

m

YoeVy, Vm=1,...,r

U%v) = (uv) VoeVy.
3. Error analysis
We define energy norm
(18) Ioll? = agi(v,0), Vo€ HY(Q).

3.1. Stationary problem. In this part we want to go through some well known
results for the singularly perturbed problems (for the details see [9]). Let us assume
related stationary problem

(19) a‘st(u7 U) = (fs*mv)v Vv € H&(Q)v

with some f7, € L2(f2), and corresponding discrete finite element problem on layer—
adapted mesh. Let us define the Ritz projection R : Hg(£2) — Vi satisfying

(20) (lst(u — Ru7 v) = O, Vv e V.
We assume that on layer—adapted mesh following error estimates hold true:
(21) lu—Rul] < Cgi(N),
(22) u—Rul| < Cga(N),
(23) [u' = R[] < Cga(N),

with C' independent of €. In the case of classical finite element method on Shishkin
mesh we obtain these results with g;(N) = N~1In(N) and go(N) = (N~ 1In(NV))2.
The same situation with Bakhvalov mesh leads to the estimates g;(N) = N~! and
g2(N) = N~2. Remark that the estimates in L2-norm are based on supercloseness
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results, because it is not possible to use the Nitsche-duality trick. See [9] for more
detailed informations. From this follows easily

Lemma 1. Let u be the exact solution of (1). Then

(24) [Ru(s1) = u(s1) = Ru(s2) +uls2)| < Clsi = sa|g2(N).

Proof.

(25) |Ru(s1) — u(s1) — Ru(sa) + u(s2)]] I /81 Ru'(t) — /' (t)dt]]

|s1 — sa|sup ||Ru’ — ||
I

m

IN

IN

Cls1 — s2|g2(N)
O

3.2. Radau quadrature. Let us define Radau quadrature on each interval I,

(26) | ra= Q=3 wis ).
m 1=0

where t,,, ; are Radau quadrature nodes in I,,, with ¢,, 0 = t;. Such a quadrature
has algebraic order 2¢ and the coefficients of the quadrature satisfy 0 < w; < 7,
and

q
(27) Zwi = T
i=0

Let us assume for simplicity that right-hand side f (and therefore fs) of our
continuous problem (1) is polynomial up to the degree q. Otherwise, we will need
to use additionally error estimate of following type

(28) / (f,v)dt — Q[(f,v)] < T CT " sup ||v]|, Vv € VR,

Im m

which holds true for f sufficiently smooth in time. Then it is possible to express
our method (17) by

(29) QUU",v)] + Qlast (U, 0)] + ({Ubm—1,07 ™) = Q[(far, )], Vv € VE.

Since the equation for continuous solution (1) is defined at every point ¢ € I,,,, we
can see that the exact solution satisfy (29) too.

3.3. Projections. Let us set the space
(30) V7T ={veL*0,T,H}(Q)):v|1, = ivj,mtj, vim € HY ()}
§=0
We define time projection P : C([0,T], Hi(Q)) — V7, such that
(31) Pu(t) = Zq:&-(t)u(tm,i),
i=0
where £; is Lagrange interpolation b::sis function for the quadrature node ¢,, ;. Since
(32) RPu(t) = Ri&(t)u(tmj) = Zq:&-(t)Ru(tm,i) = PRu(t),
i=0 i=0

we can see that projections P and R commute. We define the space—time projection
7 =PR:C(0,T,H}(Q)) = V.
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Now, we present some basic approximation properties of our projections P and
.

Lemma 2. Let u be the exact solution of (1). Then
(33) sup |Pu—ul < Cr9F1,

m

(34) sup [|Pu — '] < O,

m

where the constant C' does not depend on T.

Proof. The proof can be made by standard arguments. It is an analogy to e.g. [3,
Theorem 3.1.4] in Bochner spaces. O

Lemma 3. Let u be the exact solution of (1). Then
(35) sup [ru—uf < C(r* 4+ ga2(N),

m

where the constant C does not depend on T or N.

Proof. Since |¢;(t)| < C, where the constant C' depends only on ¢, we obtain
(36) sup ||[mu —wu|| < sup | Pu— ul| + sup ||PRu — Pul|
I I Im

m

q
Cratt 4 |l Z Ru(tm,i) — w(tm,s)l

<
=0
< 0T 4 0(g+ 1) max |[Rultm) = ultm)]
1=0,...,q
< C(17 4 go(N)).

O

3.4. Auxiliary result. We subtract the equation for exact solution from (29) and
divide the error into projection part n = mu — u and { = U — mu € V. We obtain

(37) / (€,0) + ase(€, 0)dt + ({E} 1,07 )
=-Q[(n,v)] — ({(Nym-1,07"") — Qlast(n,v)].

Since

(38) Qlasi(n,v)] = Z Witst (Ru(tm,i) — w(tm.i),v) =0

we need to estimate the rest of the right—hand side only.

Lemma 4. Let u be an exact solution of (1). Then

39) QI v)]+ {n}m-1,0T ") <1 C (77 + ga(N)) sup [|o]l,

m

Vv e Vy.
Proof.
(40) QI v)] + ({}m—1,0L ™)
= /Im((wu)’, v)dt — Q[(u', v)] + ({n}tm—1,v7 ")

:/ (n’7v)dt+({n}m_1,vi"*1)+/ (', v)dt — Q[(u',v)]

Im m
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We estimate first two terms and last two terms (quadrature error) individually.

(41) / (o 0)dt + (D)1, )

m

. / (') + (™, 0™) — (=t )

We can see that v™ = v:_”*l + [; @'dt. Using this fact we obtain

(42) - / (") + (7™, 0™) — (=1, w0

m

-1 m—1
= [ o —nyat+ =gt
We estimate these terms individually. The first term we can rewrite in the following
way

(43) / (n™ —mn,v")dt = / (Ru™ — u™ — RPu + u,v")dt
Im I,

= / (Ru™ — u™ — RPu + Pu,v')dt + / (u — Pu,v’)dt
I Im

Since all the terms in the first integral on the right—hand side are polynomials we can

apply Radau quadrature exactly and using (27), Lemma 1 and inverse inequality

we get

(44) / (Ru™ — u™ — RPu + Pu,v')dt

I
= Q[(Ru™ — u™ — RPu + Pu,v')]
< Tmsup ||Ru™ — u™ — Ru(tp, i) + u(tm,:)| sup ||v']|
i I

m

< 7 Cg2(N) sup [|v]]
We need to estimate [, (u— Pu,v)dt. To do this we define interpolation operator

P such that Pu is a polynomial of degree ¢ + 1 in time which interpolates u in
Radau quadrature nodes t,, ; and (in addition) ¢,,—1. Then we get

(45) / (Pu,v")dt = / (Pu,v')dt.

I Im
It is possible to show that sup; [u — Pu|| < C7%F2 by the same arguments as

for interpolation operator P. Then we get with the inverse inequality on the test
function v

(46) / (u— Pu,v/)dt / (u — Pu,v')dt

Im Im
< T,RCTg;"Z sup ||v']| < T CTIH sup lv]].
I

m m

The estimate for the second term follows directly from Lemma 1

(47) (n™ — nm_l,vf_l) = (Ru™ —u™ — Ru™ " +u™ vf_l)

< T sup || R’ — /|| sup [|v]| < 77, Cg2(N) sup [Jo]].

m m m
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Finally, we need to estimate quadrature error.

(48) /1 (', v)dt — QI v)] = / (W — Pu,v)dt

Im

m

IA

T CTIT sup ||v]|

m

O

Remark 1. Lemma 4 can be easily generalized to any time projection that inter-
polates the end points of the intervals and to any space projection that commutes
with the time projection. Then the result will take the following form

(49) QU )] + ({n}m—1,0 ")
< 1, C (time error’+ ‘space error’)sup ||v||, Vv € Vy.
I

m

For the estimates of supremum term we will need the following lemma.

Lemma 5. Let { € V and

(50) E=pP (M> vy
t_tmfl
Then
! o m—1 cm—1y m||2 L cl12
I A Gt san R Ly I

Proof. The proof can be made as a simple extension of [2, Lemma 2.1], which
describes the same result for scalar polynomials and on unit time interval. (|

3.5. Main result. We are ready to present the main result.

Theorem 1. Let u be an exact solution of (1) and U € VJ; be its discrete approz-
imation given by (17). Then

(52) max - sup U —-u||<C (gg(N) + Tqul) .
m= T I

yeeey

Proof. We can estimate right-hand side of (37) by Lemma 4. Then we obtain

(53) / (€,0) + @€, 0)dt + ({E} 1,07

< TG (777 + g2(N)) sup [v]].

m

Setting v = 2€ we get

(54) ™ 1% = em 1% + {€ m—alI® + 2/ i€l dt
Im

<7 C (777 + g2(N)) sup €]

Tm
<l (7—2q+2 + gQ(N)Q) + 7 sup Hf”2

m

We need to deal with the last term at the right—hand side.
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It is simple to see that for £ defined by (50) we get

(55)

J

= Qlast( )] = Y wiast(E(tm,i)s E(tm.s))
=0

lel?de = / 0w (€, €)dt

Im

q
< Z U)i#ast(g(tm,ix g(tmvi))

tm,i —tm—1

= Qlaw(&.6) = / 0w (€. E)dt,

Im

since T,/ (tm,i — tm—1) > 1.

S

1

Tm

ince the terms supy €02,

flm l|€]|2dt and supy [|€]|? are equivalent, we get

by setting v = 2€ in (53) with the aid of Lemma 5

(56)

1 -
suplelP < oL / €)%t
I ™ JI,,

1 .
< c(nwuua JNGREEY) |||sm2dt)

m m

< ¢ ((fi”—%@—l) £ O (4 ga(N)) sup ||s|\)

m

_ 1
< (e 1||2+T2q+2+92(N)2)+§S}1PH§H2

We can substitute this result into our error inequality (54) and we obtain

€712 = 1€27H? < 7€ (72772 + g2(N)?) + 7 OlJ€7 2.

Now, it is sufficient to employ the forward difference form of the discrete Gronwall
lemma to obtain nodal error estimates. Estimates inside of intervals I,, follows
from nodal estimates and from (56). g
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Abstract. This work deals with a nonlinear nonstationary semilinear singularly perturbed convection-
diffusion problem. We discretize this problem by the discontinuous Galerkin method in space and by
the midpoint rule, BDF2 and quadrature variant of discontinuous Galerkin in time. We present a priori
error estimates for these three schemes that are uniform with respect to the diffusion coefficient going
to zero and valid even in the purely convective case.
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1. INTRODUCTION

The discontinuous Galerkin (DG) finite element method developed by Reed and Hill in [19] is a popular
numerical method for the solution of advective and convective problems. The method uses high order piecewise
polynomial approximations on a triangulation which are generally discontinuous between elements, unlike the
standard conforming finite element method. The discontinuous nature of the approximation is natural for
problems where discontinuities or sharp gradients and boundary layers occur in the solution, e.g. nonlinear
convective problems or singular perturbations thereof.

Among the basic goals of numerical analysis is to prove a priori error estimates for the given problem
and numerical method. For partial differential equations such techniques are usually based on some form of
ellipticity /monotonicity in some part of the equation considered. The other terms are then dominated by this
‘nice’ part. In our case, for convection-diffusion problems, the convective terms are dominated by the elliptic
diffusion terms, which, after the application of Gronwall’s inequality leads to error estimates that blow up
exponentially with respect to the diffusion parameter ¢ — 0. Moreover this technique cannot be applied for
purely convective problems, where the elliptic/monotone term is missing.

The fact that the DG scheme performs well for small or vanishing diffusion € and even for the purely convective
case is well known. When applied to smooth solutions, we know from practice that the error does not blow up
exponentially, but rather stays bounded with respect to ¢ — 0. Many numerical experiments confirming this

Keywords and phrases. Discontinuous Galerkin method, a priori error estimates, nonlinear convection-diffusion equation,
diffusion-uniform error estimates.

* The research is supported by the Grant No. P201/13/00522S of the Czech Science Foundation. The authors are junior
researchers of the University centre for mathematical modelling, applied analysis and computational mathematics (Math MAC).
V. Kucera is currently a Fulbright visiting scholar at Brown University, Providence, RI, USA, supported by the J. William
Fulbright Commission in the Czech Republic.

L Charles University in Prague, Faculty of Mathematics and Physics, Department of Numerical Mathematics, Sokolovské 83,
18675 Prague 8, Czech Republic. kucera@karlin.mff.cuni.cz; vlasak@karlin.mff.cuni.cz

Article published by EDP Sciences © EDP Sciences, SMAI 2017



538 V. KUCERA AND M. VLASAK

can be found throughout the literature for various discretizations in time and varying ¢, very small € and € = 0.
For example, for the implicit-explicit (IMEX) variants of the backward difference formulas applied to the DG
scheme, such results are contained in the papers [7,9]. In [9], the experiments are especially interesting as they
are performed on general, very unusual grids, e.g. based on nonconvex quadrilaterals. For a combination of
IMEX and time-DG, results are presented in the paper [22]. For explicit schemes and small €, such results can
be found in [8]. A comparison of small ¢ and ¢ = 0 and other similar numerical experiments, we refer to the
recent book [6]. For purely convective problems, i.e. ¢ = 0, namely for the Euler equations, such results are
obtained e.g. in [3,11]. Other works include for example [5,13]. In the presented paper we prove these observed
results theoretically.

We will follow the ideas of Zhang and Shu [24], who developed a technique for a priori analysis of explicit time
stepping DG schemes for convective problems. The technique is based on a specific estimate of the convective
form which leads to the following: If the error is of the order O(h1t9/2) where d is the spatial dimension of
the computational domain, then we can prove the error estimate of the order O(h?*1/ 2), where p is the spatial
approximation order. A bootstrapping argument using mathematical induction is then applied to remove the a
priori O(h(1+9/2) assumption. The argument works for explicit schemes under the assumption p > (1 + d)/2.

In [16], the technique of Zhang and Shu was extended to the space semidiscretized DG and to the implicit
Fuler scheme. There it is proved that for implicit schemes, more information about the discrete solution is
necessary to perform the bootstrapping argument. In [16], this difficulty is overcome by constructing a suitable
continuation of the discrete solution with respect to time. The error analysis is then performed for the continued
discrete solution, which implies error estimates for the original discrete solution. In the presented paper, we
generalize these ideas to the BDF2, midpoint and quadrature version of time DG schemes. Specifically, we
construct suitable continuations for these three schemes and then apply the induction argument presented
in [16]. The quadrature time-DG scheme is especially interesting, since the continuation then depends on two
variables, one of which is used for the induction argument, while the other represents the time variable of the
original problem. In this case, the construction of the continuation is not complicated, however proving its
necessary properties needed in the analysis is rather technical. Moreover, we were able to carry out the analysis
only for the scheme where a quadrature formula in time is applied to the nonlinear terms. We do not view
this as a limitation, since for practical computations, one must apply some form of quadrature to these terms
anyway in order to evaluate them.

The structure of the paper is as follows. In Sections 2 and 3, we introduce the continuous problem, its spatial
discretization by the DG method and the three considered time discretizations. In Section 4 we review the
basic tools for our analysis, such as the basic estimate of the convective terms. Sections 5 and 6 deal with the
analysis of the BDF2 and midpoint rules. We prove O(h?T1/2 4 ehP 4 72) error estimates in the L>(L?)-norm
with the constant in the estimate independent of €, h and 7. The estimates are derived under the 7 = O(h) and
p > 1+ d/2 conditions. For ¢ = 0, we obtain the weaker condition p > (1 + d)/2 and the estimate of order
O(hP+1/2 4 72).

Finally, Section 7 deals with the quadrature variant of the time-DG scheme. Under the same assumptions as
for the BDF2 and midpoint schemes, we prove estimates of the order O(hP*1/2 4 eh? 4 19+1) where ¢ is the
approximation order in time.

2. CONTINUOUS PROBLEM

Let 2 € R? be a bounded polyhedral domain and 7" > 0. We set Qr = 2 x (0,7). Let us consider the
following problem: Find v : Q7 — R such that

0
a—?JrV-f(u)feAu:g in Qr, (2.1)
u|oox o) =0,

u(z,0) = u’(x), =z €.
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Here f = (f1,..., fa), fs € C*(R) N W?2>°(2), fs(0) =0, s =1,...,d represents convective terms, ¢ > 0,
g € C([0,T); L?(2)) and u® € L*({2) is an initial condition. We assume that the weak solution of (2.1) is
sufficiently regular and we will specify the exact assumptions on the smoothness of the weak solution for each
time discretization method individually.

We note that in [16], mixed Dirichlet—-Neumann boundary conditions are treated along with only locally
Lipschitz nonlinearities fs € C?(R). This is also possible in our context, however we stay in the simpler setting
to avoid too many technicalities.

To simplify the notation, we use (-, -) to denote the L? scalar product and | - || for the L? norm. To further
simplify notation, we shall drop the argument (2 in Sobolev norms, e.g. || - || g»+1 denotes the HP+1(§2)-norm.

We will also denote the Bochner norms over the whole interval (0,7’) in concise form, e.g. ||[u|| o (gr+1) denotes
the L°°(0,T; HP*1(£2))-norm.

3. DISCRETE PROBLEM

3.1. Space discretization

Let {Th}rhe(0,no) be a system of partitions of 2 into a finite number of closed d-dimensional simplices K with
mutually disjoint interiors. Let F, the system of all faces (edges in 2D) of 7j, and let F/ be the set of interior
edges and .7-",’? the set of boundary edges. For each I' € Fj, we fix a unit normal np, which for I" € .7-7? has

the same orientation as the outer normal to 2. For each I' € F} there exist two neighbours K}L), K}R) €Th
such that np is the outer normal to K}L). For v piecewise defined on T;, and I' € F/ we introduce v|%L) as
the trace of U|K<FL> on I, v|{" as the trace of U|K(FR> on I', (v)p = %(v|(FL) + v|}R)) and [v]p = o)\ — o|(®).

On 012, we define v\}L) as the trace of v[, (), i.e. on the element adjacent to I" and v|}R) = 0 corresponds to
I

the homogeneous Dirichlet boundary conditions. If [ ], (- ) r, v\gﬂL), U|}R) appear in an integral over I € Fj,, we
omit the subscript I'. Let
Sy = {w; w|kg € Pp(K), VK € Ty}

denote the space of discontinuous piecewise polynomial functions of degree p on each K € T,. We say that the
function uy, € C*(0,T;S},) is the semi-discrete approximate solution of (2.1) if it satisfies the equation

(%(t)aW> + EAh(Uh(t),w) + bh(uh(t),w) = Eh(w) (t) Ywe Sy, Vte [O,T],

and (up(0),w) = (u°,w) Yw € Sj,. Here the following forms are used: The convective form

o)== Y [ 0)-Vedot [ HEO, 0O n)ias + [ HED, 00, 0)p0ds,
KeT, VK Fi Fp

the diffusion terms are defined as
An(v, ) = an(v, ) + Jn(v, ),

where the bilinear diffusion form corresponding to the symmetric interior penalty Galerkin (SIPG) is

ap(v, @) = Z / vapdxf/ (Vv)-nlp]dS — (Vo) -nfv]dS — Vv-npdS — V- nodS

F F FB Fp

and the interior and boundary penalty jump terms are defined by

Jn(v,0) = /F J[U][<p]d5+/f3 ovpdS.
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Here the parameter o is constant on every edge and defined by o|p = Cy /|I'| for all I' € F},, where Cyy > 0 is
a constant, which must be chosen large enough to ensure coercivity of the form Ay (cf. e.g. [10]).
Finally, we have the right-hand side form:

In()(t) = /Q o(t)pdr.

As stated earlier, this is the case of homogeneous Dirichlet boundary conditions, for general mixed Dirichlet—
Neumann conditions Aj;, has a more complicated form (cf. [16]), which we do not consider for simplicity.

We assume the numerical fluxes H in the convective form by to be Lipschitz continuous, conservative and
consistent. Moreover, we assume that the numerical fluxes are E-fluxes:

(H(v,w,n) — f(q) -n)(v—w) >0, Vv,weR, Vqbetween v and w,

where n € R? is an unit vector, cf. e.g. [2,18] for details.
We find that a sufficiently regular weak solution of (2.1) satisfies the identity

<%(t), w> +eAp(u(t), w) + bp(u(t),w) = ln(w) (t) (3.1)

for all w € Sy, and all t € (0,T).
Throughout this paper, we assume the mesh system {75 }rc(0,ny) to be shape regular, satisfying the inverse
assumption [4].

3.2. Time discretization

For simplicity we assume a uniform time partition ¢,, = m7, m = 0,...,r with time intervals I,, = (t;—1,tm)
and with the time step 7 = T'/r = |I,,,|. To simplify the notation, we set v = v(t,,).
3.2.1. BDF2

Definition 3.1. The set of functions U™ € S, m = 0,...,r is an approximate solution of problem (2.1)
obtained by the BDF2-DG scheme if for all w € Sj,

1
(;Um —2Uu™ 4 §Um_2,w> + 7 AR (U™, w) + 7bp (U™, w) = 74y (W) (tm) (3.2)

for m > 2. For m = 1 we define U' by
(U —U° w) + 7eAp (U, w) + 70, (U, w) = 74, (w)(tm), Yw € Sp. (3.3)
The initial condition UY € S}, is the L?(£2)-projection of u" onto Sy, i.e.
(U° w) = (u°,w), VYw € Sh. (3.4)

Remark 3.2. Since the BDF2 is a 2-step method, we need to specify two initial values U and U! to start the
method. The value U° can be obtained by L? projection of initial condition u° and U' can be obtained by one
step of the implicit Euler method. In this case the resulting scheme does not lose its second order of accuracy
in time.

3.2.2. Midpoint rule

Definition 3.3. The set of functions U™ € S, m = 0,...,r is an approximate solution of problem (2.1)
obtained by the midpoint-DG scheme if

U™ + Umfl

U™ U™ w) + T—;Ah(Um+U’”1,w)+Tbh< 5

,w> = 7lp(w)(tm—1 +7/2), VYw € Sy,
(3.5)

where U? is the initial condition obtained by (3.4).
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3.2.3. Discontinuous Galerkin method in time

We define the space
q .
ST ={v e L*0,T;S) :v|5, = Zvj(m)tj, v;m) €S, m=1,...,r},
§=0

which represents the space of piecewise polynomials up to degree p in space and up to degree ¢ in time. For the
functions from such a space we need to define one-sided values at nodes of the time partition:

v =v(tmt) = tiiggi v(t)

and the jumps

{vlm =0 =™
Definition 3.4. The function U € S] is an approximate solution of problem (2.1) obtained by the space-time
discontinuous Galerkin scheme if for all w € S},

/(U',w)+sAh(U,w)+bh(U,w)dt+({U}m,l,wz—l):/ O (w)()dt,

I I,
for all m = 1,...,7. Here UY := UY is the initial condition obtained by (3.4).

Let us define the Radau quadrature on each interval I,,,:

q

/ Bt)dt ~ QU] =7 Wit 1+ T,

I’"‘L 1=0

where 1; are Radau quadrature nodes in [0, 1] with ¢, = 1. Such a quadrature has algebraic order 2¢ and the
quadrature weights are positive and satisfy
q
Z w; = 1.
i=0

When we apply Radau quadrature to the integrals in Definition 3.4 we obtain the quadrature version of the
time-DG scheme.

Definition 3.5. The function U € S} is an approximate solution of problem (2.1) obtained by the quadrature
time discontinuous Galerkin (QT-DG) scheme if for all w € S}

/I (U ) + eAn(U, w)dt + QP oy (U, w)] + ({U oy, 0~ 1) = Q{6 (w) (1)) (3.6)

for all m = 1,...,r. Here U% := UY, the initial condition obtained by (3.4).

Remark 3.6. We note that the first integral in (3.6) does not need to be approximated by quadrature. Due
to the linearity of the terms (U’,w) and Ap(U,w) w.r.t. both arguments, these terms are a polynomial of
degree at most 2¢ on each I,,, and can therefore be integrated exactly by Radau quadrature. However, due to
the nonlinearity of the convective fluxes fs, the term b, (U, w) cannot be, in general, integrated analytically
w.r.t. time and quadrature must be applied in practice. The same holds for the right-hand side form 1, (w)(¥)
containing the general function g.

Remark 3.7. The numerical solution U from Definition 3.4 or 3.5 is constructed on each I, independently,
inductively for m = 1,...,7, with only U™ ! coming from the previous time interval I,,_; or the initial
condition U°.
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4. AUXILIARY RESULTS

We denote the energy norm ||w|* := Aj(w,w) for all w € S;,. Note that the inverse inequality takes the
following form [Jw|| < Ch=!||lwl|| for w € Sy,. Let IT be the L?({2)-orthogonal projection on Sj,.
Throughout this work we denote by C' a generic constant independent of h, 7,¢ and the diffusion coefficient ¢.

Lemma 4.1. Let u € Wh°(HP*!). Then

| Tu(t) = u(®)| < CHP* fu(t) s, (4.1)
|/ (1) = o (1) < CHPH 1 (1) o (42)
((FTu—w)(s1) = (T~ u)(s2),w) < Clsy — salh?ullwr s ] (43)

for all w € Sy, and s1,s2,t € [0,T].

Proof. Estimates (4.1) and (4.2) are a standard estimate for the L?(£2)-projection approximation. Estimate (4.3)
can be found e.g. in [9]. O

We summarize the properties of the forms Ay and by,.

Lemma 4.2. Let u € HPT1(02). Then

Ap(v,w) < Clof fwll, Vv, w € S, (4.4)
Ap(Hu — u,w) < ChP||w|l, Yw € S},. (4.5)
Proof. The proof of (4.4) and (4.5) can be done in a similar way as in ([8], Lem. 9). O

Lemma 4.3. Let u € HPT(2) N Wh*(Q2). Then
br(v,w) — by (v, w) < Cllv — | |Jw|l, Yv,v,w € S, (4.6)

a2
bp(v,v — ITu) — by (u,v — ITu) < C (1 + %) (R*PT |l — Tu||?), Yo € Sh. (4.7)

Proof. The proof of (4.6) can be found in [8]. The proof of (4.7) is essentially the same as that of ([16], Lem. 5.1),
however there the statement and proof are written for the specific choice v := uy, £ := up — Hu. O

In the following analyses, it will be important to eliminate the unpleasant term |[e(t)||2,/h? in (4.7), where
e = up, —u. This is possible if we know a priori that ||e(t)|| = O(h). Since we are concerned in L?({2)-estimates,
we want to reformulate this in terms of the L?(§2)-norm. The following result is proven in [16], we include the
proof here for convenience:

Lemma 4.4. Let p > d/2 and u satisfy the reqularity assumptions (5.1). Then
le@®)] <h*2 = le(t)]loo < Ch,
where C' is independent of h, e, t.

Proof. We write the error as e(t) = n(t) + £(t), where n = ITu — u and & = uy, — Hu € Sj. Due to standard
approximation properties of IT and the inverse inequality between the L™ and L?-norms, we have

le(®)lloo < 1n()los + 1E@) oo < Chlu(t)|wre + Ch™¥2|j(#))]
< Ch+ Ch= 2 le(t)]| + Ch=|ln(t)]| < Ch+ CRP =2 |u(t)|goss < Ch. O
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5. ERROR ESTIMATES FOR BDF?2

We want to estimate the error e}’ = U™ —u™, where the values of U™ are obtained by the BDF2-DG method.
To do so, we construct a suitable continuation U(¢) (i.e. continuous function with respect to time) such that
U(ty) = U™. Then we can also generalize the error as e, = U — u. Our aim is to investigate the generalized
error at arbitrary time ¢ € (0,7) and prove a suitable a priori error bound. Then the error bound for the
BDF2-DG method is a trivial consequence of the more general error estimate. For the purpose of analysis of
the BDF2-DG scheme we assume following regularity

u € WhHe(HPT) N Lo (Whee) n W= (L), (5.1)

Definition 5.1. We define the continued approximate solution U : [0,7] — S}, of problem (2.1) obtained by
the BDF2-DG scheme in the following way: Let m > 2 and s € [0, 7], we seek U (t,,—1 + s) € Sp, such that

T+ 2s TH+S .1 52 S
( P U(tm—1+s) — TU t 3 " 7_SU ,w) + se Ap(U(tm—1 + ), w) + sbp(U(tm—1+ s), w)
= sﬁh(w)(tm_l + S), Yw € Sy,. (52)
This defines U on I, for m > 2. For m = 1 we define U on I; by seeking U(s) € Sp, such that
(U(s) — U, w) + seAp(U(s), w) + sby(U(s),w) = st(w)(s), Yw € S. (5.3)

Remark 5.2. Equation (5.3) was already used for general m in [16] to define the continuation of the implicit
Fuler scheme. It represents the implicit Euler method with a variable time step s. By taking s = 0, we get
U(0) = U°, while setting s = 7, we get U(7) = U(t1) = U! and it can be proven that between these two values,
U(-) changes continuously.

The motivation for (5.2) is similar. This equation is in fact the backward difference formula with variable time
step, cf. [14]. Setting s = 0, we get U(t,,—1) = U™™!, while setting s = 7, we recover the original BDF2-DG
scheme (3.2), hence U(t,,) = U™. Similarly as in [16], we shall prove that between the s = 0 and s = 7, U(")
changes continuously.

Lemma 5.3. There exist constants C1,Cs > 0 independent of h,T,t,e, such that the following holds. Let
h € (0,ho) and 7 € [0,79), where 19 = max{Cie,Coh}. Then U, the continued solution from Definition 5.1
exists, is uniquely determined, ||U(t)|| is uniformly bounded with respect to t € [0,T), Ul(ty,) = U™ for all
m=0,...,7 and ||U(t)|| depends continuously on t.

Proof. For m = 1, it is already proven in [16] that the resulting solution U is continuous on I; and U(0) =
U°, U(ty) = U(r) = UL. Therefore it is sufficient to consider the case m > 2.

(i) Existence: Let m > 2 and s € [0,7], we consider U on I,,. We denote the left- and right-hand sides
from (5.2):

2
Bs(v,w) = T S(U,U)) + seAp(v,w) + sbp (v, w),
T+ s
2
L™(w) = (T—”Um—l - Um_Q,w> + 80 (W) (tm1 + 3).
T T+ TS

We will show that By is strictly monotone and Lipschitz continuous on Sj, equipped with the L?(£2)-scalar
product. Existence and uniqueness then follows from the nonlinear Lax-Milgram lemma, cf. [23].

Monotonicity: using the ellipticity of Ay, the boundedness of b, and the inverse inequality, we get

7+ 258
Bs(v,v —w) — Bs(w,v —w) > . v —wl|® + seflv — w[|* = Cs|lv — wl||lv —w]|
C
> (1 - 78) o —w|> = M|lv—w|?, Yo,w € Sh,

for s, T sufficiently small with respect to h.
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On the other hand, we may estimate using Young’s inequality:

T+ 28
Bs(v,v —w) = By(w,v —w) 2 — T o —wl]|? + seflo — w]* — Csllv — w|lflo — w]|
2 2 s C%s 2
> [lv —w||* + seflo — w[® = seflv —w|” - i —— v —w]|
C?s 5 5
> 1——46 lv—w||* = M|v—w|* Yv,wé& Sh, (5.4)

in this case we get the condition s, 7 sufficiently small with respect to €.

Lipschitz continuity: We shall show that By is Lipschitz continuous:

_ 3 _ _ _
By(v,w) — Bu(B,w) < 5w~ ] ] + Csello — ol ool + sl — o] o]
3 (Cse C(Cs
< (= - — — _
< G+ SF+ 2ol ol = Lllo ] ol

Since the right-hand side L7* is a linear functional on the finite-dimensional space S}, it is also bounded
and by the nonlinear Lax—Milgram lemma we obtain the existence and uniqueness of the continued discrete
solution and classical discrete solution, respectively. Finally, we obtain the uniform boundedness of |U(¢)|| w.r.t.
t € I, since the nonlinear Lax-Milgram lemma gives us [|U(t)|| < C[| L[| £(z2(02),r), Which can be bounded
independent of s similarly as in [16].

Since we have existence and uniqueness, we see that U(t,,) = U™ by setting s = 7 in (5.2).

(ii) Continuity: Now we show that the continued discrete solution is continuous with respect to time. Let
m>1and t,t € (ty—1,tm) and s =t — t,,—1, § =t — t;p—1. Then by monotonicity,
MU -U®)|* < Bt(U( ), U(t) = U(#)) = B(U(1),U(t) = U(1))
= L (U(t) —U®) = L (U{) = U#) + Be(U (), U(t) = U(#) = B(U(1),U(X) = U(#). (55

We estimate the B and L terms individually.

[Be(U(8),U(t) = U(#) = B(U(#), U (t) = U())l

<= THSIHU@HIIU() U D)1+ 15 sleAn(U 0, U(t) = U(®) + 15— slbu (U0, U () ~ U(F)
5|§_5|(T+%++ U@ - U, 5.

Similarly we get

1L (U) - U®) - U)l
+|8€h(U(t)—U(f))()—8€h( (t) - (f))(ﬂl
<[5 = s[(r7HUmTH + 3T 2NNU ) = U@ + [ser (U () = U@)(8) = 36 (U(t) = UE) (@) (5.7)

Assuming |5 — s| = |t — t| = 0, we get the limit for the terms on the last row

[sh(U(t) = U@)(¢) — 8 (U(t) = U@®) ()] < |s — 5] [Lu(U () — U @) (#)] +5](9(t) — 9(t), U(t) — U(#))| = 0,
—0 bounded =0 bounded

since ||U(t)|],||U(t)|| are uniformly bounded with respect to t,t € (t;—1, tm].
From now it is possible to see that the terms in (5.6) and (5.7) tend to zero as |t — ¢| tends to zero. Together
with (5.5) we get

THE TS, me 52 52 .
<(| —THIU i+ |||U M) —u@l

2 4+75 T2+

IU®E) — U@ — 0as|s—s|=|f—t| - 0.
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Now, we prove the continuity at t,,_1, i.e. U(t,,_1+5) — U™ ! as s tends to 0+. Since Tf—fj — 1, TTH — 1,

ﬁis — 0 and the terms Ay, (U(tm—1 + ), w), bp(U(tm—1 + s),w) and ¢, (w) are bounded, we get from (5.2)

T+ 2s T+ s 1 52 5
U(tm— ,W) — um—, m
T—I—S( ( 1) w) T ( w>+7'2+7'3(
—(U(tm-1+s),w) — (U™, w) —0
+ 5e Ap(U(tm—1 + 5),w) + sbp(U(tm—-1 + ), w) = sl (w)(tm-1 +5),

—0 —0

;W)

i.e. continuity at £,,_1.
It remains to prove continuity of U(-) on I;. In the case of computing initial condition by (3.3), we can
continuate the solution on I; = [0, 7] by

(U(s) — U w) 4+ seAp(U(s), w) + sby(U(s), w) = st(w)(s).
It is already proved in [16] that such a continuation is continuous on [0, 7]. O

Due to the regularity assumptions (5.1) the exact solution u € C([0,T]; L?(£2)) and therefore uniformly
continuous on the closed interval [0, 7. Therefore, by Lemma 5.3, the error e, = U(t) — u(t) is also uniformly
continuous. We divide the error e, = £ + 1, where £ =U — I[Tu and n = ITu — u.

Lemma 5.4. Let u satisfy reqularity assumptions (5.1). Let s € (0,7]. Then

2 2
(b +9) = T2um e a2 — st 4 9),w) < Csr?ullws e a) ] (5.8)
(u(s) —u® — su'(s),w) < Cstllul|wacer2 v, (5.9)
T+ 2s T+Ss . _ 52 _
< ppas n(tm—l + S) — - m—1 R Tsnm Z,w) < C’shp+1||u|\wl,oo(Hp+1)||w||. (5.10)
Proof. Let us denote y = t,,_1 + s. Since
T+s s T+2s TS+$2_7'$2+83_8 7'82+S3_$2(7'+S)2
T 24+7s T+45s’ T 24+7rs 27 272 + 275
we can formally rewrite
T2y = TSt mer ) = T () i) + S () — e
T+s 4 T T2 475 y T y y 2 y
2 2
() - ) + T - )
(5.11)
and
T+ 28 T+s .1 52 m_o T+s m_1 52 "2
~ Lt = - - - 5.12
prarpal/( ) el e —(y) =™ TQ+TS(n(y) n") (5.12)

Then it is simple to see

2 y v oy
z j__ > (u(y) —su'(y) + %u”(y) — ™ w) I j__ i / / / (u""(23), w)dzzdzadzy
tm—1

T+3 T+ss3
<S ||u||Wsoo L2)||w||/ / / 1d23d22d21 —||U||Ws 100 (L,2) HwH < CST2||UHW3,oc(L2)||wH
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and

52

T2+ 718

(u(y) — (T +s)u'(y) + Mu“(y) B umg’w) _ ﬁ:_s /y

2 t'm.72
* wi [
< W||Ww3,e0 (12) || W / / / 1dz3dzodzy
7—2+TS ) tim—2 Jz1 J22
2

s2 (t+s)?
= 7—(7- + s) 6 ||u||W3,oo(Lz)HwH S CST2||UHW3,oc(L2)||w||,

Yy
/ / (u""(23), w)dzzdzadz

which proves (5.8). The proof of (5.9) follows from

S S 1
(u(s) — ud — su'(s),w) = —/ / (u"(22), w)dzadz; < 582Hu\|wz,m@z)||w||.
0 z1

The proof of (5.10) follows directly from (5.12) and Lemma 4.1. O

In the proof of the error estimate of Lemma 5.7, we will need to estimate the BDF coefficients at U (t,—1+$),
U™=1, U2 in (5.2). For this purpose we define the sequence {v;}52, by

o T+s
o= T+ 2s’
3 T+ s
oM~ Y =0,
T
3 2
e — 2 _
272 ’71+T2+T570 5
3 1 .
5’Yj+2 - 2’7j+1 + 57] = 07 VJ = 13 2737 e (513)

Lemma 5.5. Let the sequence {fyj};-";o be defined by (5.13). Then such a sequence is positive and bounded, i.e.
0 <79 <7 forall 7 =0,1,... for some 75 € R. Moreover,

82

v — 2 Yo >0 (5.14)

T2+ 75

and for j > 1 the sequence vy; is increasing.

Proof. Let us calculate the initial values for 7;. 7o is defined already by (5.13).

2 (1 +s)?
M= 5o
37(T + 2s)
_8 (1 + 5)? 2 52
2Ty T(T+2s)  37(1+2s)

From this (5.14) immediately follows. For j = 1,2,..., 7; are defined by a difference equation with the initial
condition v and 2 and with the solution

%= (i(iii) - T(Ti 25)) * (%T(Ti 25) %f@fﬁ;) G)H'
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Since
2 2
(t+s)° s -0,
T(r+2s)  7(T+2s)
1 2 1 2
1 s 1 (r+5s) <0,
37(t+2s) 97(7+2s)
we can see that the sequence ; is increasing, positive and bounded. O

Let us start with the result on the initial condition defined by (3.3).
Lemma 5.6. Let p > d/2. Let s € (0,7]. If |le(t)|| < h'/2 for t €0, s], then

sup [le(t)[|* < CF(R*PH! +eh® + 74),
te(0,s]

where the constant Cr is independent of h, T, ¢c.

Proof. Since U° = ITu® we can see that ||e°|| < ChPTL. Multiplying (3.1) for t = s by s, subtracting from (5.3)
and adding several terms we get

((s) = €% w) + seAn(€(s), w) = (su'(s) — uls) + v’ w) = (n(s) = 1°,w)
+ s(bn (u(s),w) — by, (U(s),w) ) — seAp(n(s), w).

Setting w = 2£(s) and using Lemmas 4.1, 4.2, 4.3 and 5.4, we get

lle(s)ll2

(I = N1E1* + 1€(s) — €°11* + sellé()]* < O <1 + =

) B2 1 es)]?)
1
+ C1* + Ch*P2  Ceh® + §||£(3)||2.

Using the assumptions and Lemma 4.4, we can get rid of the unpleasant term ||e(s)||2,/h? and we get
lE()1* < CUIECN + A+ eh® 4 7%,
The proof is completed by taking similar estimates for n and the triangle inequality to estimate e(s). |
Now, we extend Lemma 5.6 to the rest of [0,T] by analyzing the BDF scheme (5.2).
Lemma 5.7. Let p > d/2. Let n > 0 and s € (0,7]. If ||e(t)|| < h'TY2 fort € [0,t,—1 + 5], then

sup [le(t)||? < CR(W*PH! +eh® + %),
te[0,tn —1+5]

where the constant Cp is independent of h,T,¢.

Proof. To simplify the relations we set y = t,,—1 + s. Multiplying (3.1) for ¢t = y by s, subtracting from (5.2)
and adding several terms we get

82

) - T ) el )

_ iy Tt2s T+S 1 52 9 (Tt 2s THs 2 "2
—(SU(y) T+SU(@/)+ —u p el T+Sn(y) Nt

+ 5 (bn (u(y), w) — b (U(y), w)) — seAn(n(y)), w)-

<7‘—|—2s T+s
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For lower time levels m < n — 1 we obtain analogically

1 1
<g§m —2emTl 4 §§m_27w> +1eAp(EM w) = (Tu’(tm) — gum +2um T — §um_2,w>

3 1
— <§nm — oyt §nm_2,w> + 7 (bp (W w) — by (U™, w)) — e Ap(n™, w).

Setting w = 2£(y) we obtain on the left-hand side using the fact s € (0, 7]

) <T+zs ey - TSty g g(y)> T 252 An(€(y), €)

T+s y T 72+Ts

82

TS ey - g (y)) - 2 (€(y) — €2, s<y>> + 2se €)1

:2 _
T T2+ 78

= T2l - €12 + i) - 5"-1”2) 2o I~ 16721 + I€) — € 2IP) + 25ele I

T+ s

2
2115”5@“2 T2 et e+ T ey — e
-2 et - f”‘l”z‘ = s“f“ f"‘2\|2+2sem£<y>u|2
2
Ziif”ﬂ = 22 ol + S ety) — €
~2 et e +2ss|||s<y>m2.

Setting s = 7 (i.e. with w = 2£™), the relations simplify to the usual

2(Zem - 26mt 4 Jen2em) + 2reu(em )

3 m m— 1 m— m m— m— m— m
> SlEmIP = 2™ + Sl T2+ Nlem = & — [lem T = €7 + 2refle

Using Lemmas 4.1, 4.2, 4.3 and 5.4 to estimate the right—hand side terms, we get

T+ 2s T+, o n— _ e
2 e = T e et i
2
< Cs <1 T et (hl”oo> (sth TRy ||£(y)||2)

and

3 _ I _ _ _
€I = 202 4+ Slem 2 + lle™ — €™ HE = e - g

m||2
<Cr (1 + —”ehg”m) (% + B 4 o4 €m2).

Using the assumptions and Lemma 4.4, we can eliminate the terms ||e(y )Hgo/h2 and |le™||%, /h%:

Tl gn?)2

T+2s 2 T+8n12 n—212
2 ey = T et e

< Cs(eh2p+h2p“+f + €W,
3 m m— 1 m— m m— m— m—
§|I€ 17 —2||¢ 1||2+§||€ P+ E™ —gm PP =gt =g

< Or(eh® + hPPH 4 7% 4 [|€7)%).

(5.15)

(5.16)
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Multiplying (5.15) by 7o and (5.16) by vu—m for m = 2,...,n — 1, where the sequence {v;}72, is defined
by (5.13), and by summing all these inequalities together, we get by Lemma 5.5

n—1
1E@)I* < Cs20llEW)I17 + Croo(IE P + I1E°1%) + CTro0 D €117 + Crooy(eh®™ + A¥PH 4 74).
j=2
Analogically we can obtain a similar result for ||| for m = 2,...,n — 1. Only this time the sequence for

{7j}320 used for multiplying the equations is modified by taking (5.13) with s = 7:

m—1
1€™ 1% < Copll€™ 1* + Croo (IEM 1P + 1€°11%) + Cvo0 Y 1€7]I* + Crootm (eh® + h?PFH 4 74).
j=2

Since ||€1]]? and [|£Y||* are bounded according to Lemma 5.6, we obtain the result using the discrete Gronwall
lemma. ]

Now we get rid of the a priori assumption |e(t)|| < h'*%/? from Lemmas 5.6 and 5.7.

Theorem 5.8. Let p > 1+4d/2. Let 7y be defined as in Lemma 5.3. Let h € (0,hg) and 71 € (0,70) be such that
1
C2(h?PHE 4 eh? + 1) < Zh2+d, (5.17)

where Cp is the constant from Lemma 5.7 independent of h,T,e. Then the error of the BDF2-DG scheme
satisfies

sup |le(t)]|? < CE(h*PT! 4 eh® + 14). (5.18)
t€[0,T

Proof. We will follow the idea of continuous mathematical induction from [16]. Since the proof essentially follows
the same pattern therein, we only give a brief description without details.

For time t = 0 it is easy to see that the error estimate holds, because the error is in fact the error of L2
projection in initial data, which is sufficiently small under the assumptions of the theorem. Let us assume that
the error estimate (5.18) holds on the interval [0, s] for some s € [0, T]. According to the assumption (5.17) we
can see that the error can be estimated by [le(t)|| < 2r!T4/2, t € [0, s]. Since the error e(-) is continuous (even
uniformly continuous) with respect to time, we know that there exists some & > 0 such that ||e(t)|| < h'T%/2,
t € [0, s+ 6] and we can see that it is possible to use Lemma 5.7 on the larger interval [0, s+ 4], which guarantees
the error estimate (5.18) on [0, s + d]. Since the error is uniformly continuous in time, we have a fixed 6 > 0
independent of s during the induction process and using the argument repeatedly we obtain the result up to
s="1T. O

Remark 5.9. The condition (5.17) can be essentially split into two parts, e.g. CZ(h?PH1 + eh?P) < %hQ“‘d
and 0%74 < %hz"'d. The first condition can be satisfied for sufficiently small A only if p > 1 4 d/2. The second
condition is satisfied only if the CFL-like condition 7 = O(h'/?t4/%) holds. Of course, we still need the continued
error e(-) to exist uniquely and be continuous in time, for which we need 7 = O(max{e, h}) by Lemma 5.3.

Remark 5.10. We note that if ¢ = 0, we obtain the improved estimate O(h?*'/? 4+ 72) under the weaker
condition p > (1 + d)/2. This is also the case for Theorems 6.6 and 7.15 for the midpoint rule and QT-DG
scheme.

The reader might ask why such an elaborate construction of the continuation as (5.2) is used, why not use
e.g. some simple interpolation in time. In the proof of the estimates we proceed by induction from one time
node to the next. Starting from the error of the initial condition, we want to prove that if the error e™—!
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at t,,_1 is of the desired order, e.g. O(hP*1/2), then so is e™. The estimates of the convective terms allow us
to do this if we know a priori that ||e™| = O(h'*%/2). But in [16] it is proven, given the presented estimates,
that the implication [e™ | = O(hP*1/2) = ||e™|| = O(h'*%/?) does not hold for implicit schemes (the proof
is for the backward Euler scheme, however exactly the same reasoning holds e.g. for the BDF2 scheme). The
proposed solution is to work with a continuous in time variant of the error, not discrete, and the continuity
will help us go from t,, 1 to t,, via suitably small intermediate steps while satisfying the necessary assumption
le|]| = O(h'*%/2) along the way simply by continuity. Therefore the three requirements on the continuation
are that e(t) is continuous w.r.t. ¢, that it coincides with e™~1 and e™ at t,,_1,t,, and that it has the same
order of approximation in time as the analyzed scheme for all ¢. If we used e.g. a simple Lagrange interpolation
of e™ em=t ... or U™, U™ ... in order to prove anything about this interpolation between t,,_1,t,, we
would first need to know the behavior of the interpolated function at the interpolation nodes, including the
last one: t,,. In other words, we would need to have estimates for ¢™ in advance, which we do not, we only
have estimates for e™~! and earlier. In our approach, for ¢t € (tm—1,tm) the continuation is constructed only
from U™ 1, U™ 2 without any knowledge of U™ or ™. We start from t,,_; and by varying the time step in a
variable time step BDF2 scheme, we go continuously from ¢,,_1 to t,, and obtain U™ at t,, in a natural way.
The estimates for the continuation are therefore obtained only from estimates of e™~1, e™~2 (which we have
from the induction assumption) while having the advantage of continuity in time to help control the a priori
assumption |le|| = O(h'*%/2). To work with the Lagrange interpolation of the error in time, we would need to
know not only the behavior at e™~!, but also at ™ as stated earlier. Another possibility, to use some form
of extrapolation from ¢,,_1,%;,_2,... would also not work, since at t,, we would not obtain U™ and therefore
would not be estimating the BDF2 scheme but some different extrapolated solution.

Moreover, since our continuation is constructed using the BDF2 scheme itself (albeit with variable coeffi-
cients), the analysis of its properties is done using tools that would be used anyway. Perhaps a slightly simpler
form than (5.2) could be possible, but given the presented reasoning, in the end it must be some variation on
the BDF2 scheme itself, not simple interpolation.

6. ERROR ESTIMATES FOR THE MIDPOINT RULE

In this section, we investigate the error estimates of the approximate solution U™, m = 0,...,r obtained
by the method (3.5). As in the case of the BDF2-DG scheme, we construct a continuous extension of the
discrete solution similar to Definition 5.1. For the purpose of analysis of the midpoint-DG scheme we assume
the following regularity

u € Whe(HPT AW (H2 N W, ™) N W3(L?) (6.1)

Definition 6.1. We define the continued approximate solution U : [0,T] — S} of problem (2.1) obtained by
the midpoint-DG scheme in the following way: Let m > 0 and s € [0, 7], we seek U(t,,,—1 + s) € Sp such that

m—1
(Ultm1 +8) = U™ w0) + T A (Ut + 5) + U™ w) + sby <U(tm—1 +s)+U w)

2
= th(w)(tm71 + 5/2), Yw € Sy,. (62)

As in Definition 5.1, by setting s := 0, we obtain U (t,,—1) = U™~ . By setting s := 7, we obtain U (t,,) = U™.
Similarly as for the BDF2 scheme we can prove existence, uniqueness and time-continuity of the continued
midpoint-DG solution from Definition 6.1.

Lemma 6.2. There exist constants C1,Cs > 0 independent of h,T,t,e, such that the following holds. Let
h € (0,hg) and T € [0,79), where 19 = max{Cie, Coh}. Then U, the continued solution from Definition 6.1
exists, is uniquely determined, ||U(t)|| is uniformly bounded with respect to t € [0,T], U(ty,) = U™ for all
m=0,...,7 and ||U(¢t)|| depends continuously on t.
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Proof.
(i) Existence: We denote the left- and right-hand side from (6.2)

m—1
B w,0) = (0 — U™ ) + 5 Ao+ U7, w) o sby (Lw) ,

2
LT (w) = slp(w)(tm—1 + s/2).
Then B!" is strongly monotone on Sp:

sE
By (v,v —w) = B (w,0 —w) > [lv = wl]* + flv = w]® = Csllv — w] flo — w]

Cs
> (1= 5 o= wl? = Ml - wl?

for sufficiently small s,7 with respect to h. On the other hand, we may estimate using Young’s inequality as
in (5.4) to obtain monotonicity for s, sufficiently small with respect to e.
Now, we show that B}" is Lipschitz continuous on Sp,:

~ se _ _
B{"(v,w) = B (v, w) < [lv — wl| [Jw] + C v = ol |wll + Csllv — o]| lw]
C C
< (1+ 55+ 5 ool ull = o~ o1 ful.
The right-hand side L7 is bounded, hence continuous, on .S, the nonlinear Lax-Milgram lemma gives us existence

and uniqueness of the continued discrete solution and classical discrete solution, respectively.

(ii) Continuity: Continuity with respect to time can be proved in the same way as in the proof of Lemma 5.3.
Again, we use the monotonicity of the form B!" and write

M|U) -U@®|* < B (U(7 —U(®) - Bi"( f)U - U(®))
= LU 7 — L (U() = U@) + B (U1),U(t) —U @) = B (U (1), U(t) = U(#))-

Similarly as in BDF case we can estimate the terms on the second and third row and prove that they tend
to zero as |t — t| tends to zero, therefore |U(t) — U(t)|| tends to zero as well. Analogically we can prove the
continuity at ¢,,_1-+. Since the exact solution u is continuous and since we have continuity on the closed interval
[0,T], we can see that the error U(t) — u(t) is uniformly continuous. O

Lemma 6.3. Let u satisfy reqularity assumptions (6.1). Let s € (0,7]. Then
(W(tm—1 +8) —u" ' — st/ (tm-1 + $/2), w) < Cs72||ul|ps.cr2)||w]|
Proof. The proof is analogical to the proof of Lemma 5.4. We can formally rewrite

Wty 4 8) —u™ " — st/ (tp1 +5/2) = w(tym_14+5) —u™ ' — su/(tp_1)

82 2

= S (t1) = 5 (bt + 5/2) + 50 (1) + %u“(tm,l).

Then it is easy to see that

tm—1+s
(u(tm_1 +5) —u™ = st/ (b1 +5/2),w / / / u"(23), w)dzzdzedz;

tn171+s/2
—s/ / (u""(22), w)dzad2y
tn— tn

m—1 m—1

< (242 ol o
<3 3 W3, (L2) .
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Lemma 6.4. Let u satisfy reqularity assumptions (6.1). Let s € (0,7]. Then

w(ty—1 +8) +u™ 1L
A (ultnos +32) = T DL ) < 0 e o (63)
u(ty_1 +8) +umt
bh(u(tm_1 + s/2),w) — by, < (b1 2) ,w> < CTQHUHW2,OO(H2)||’(UH (6.4)
Proof. Let us denote uy = u(t;—1 + s/2) and ugy = M Moreover, it is possible to see that

w(ty—1 + 8) +um1
up — ug = u(tm—1 + s/2) — ( ! )

2
1 1 s, 1 1 ... s,

= §u(tm_1 +5s/2) — §u(tm_1 +s)+ U (tm—1+5/2)+ §u(tm_1 +5s/2) — U k (tm—1+5/2)

1 ftm-1+s 21 1 fim-1+8/2 ptm-1+s/2
= ——/ / u'’(z2)dzodzy — —/ / u'’(z2)dzadz. (6.5)

2 t-,,,,71+8/2 t,,L71+S/2 2 tm—1 z1

Following the proof of ([8], Lem. 9) it can be shown
Ap(ur —ug, w) < Cflur — ual| + [ur — ua|a2)wl. (6.6)

Since uy,us € H}(£2), we can simplify (6.6) to
Ap(ur — ug, w) < Cllug — ua[ g2 Jwl].
Using (6.5) we get ,
Ap(ur =z, w) < O Jullwseqan el

which implies (6.3). Since u; and uy are smooth enough, it implies

bn(u1, w) — ba(uz, w / V- (fw) = flug))wdz <[V - (f(u1) = fu2))[] [w]-

To prove (6.4) it is sufficient to estimate |V - (f(u1) — f(u2))]-

ou ou
[V - (Fun) = f(u2)) filw) g = filuz) 52
Juyp  Ous Oug
< - _
Z( ) (& axz)H i - ean5])
< dmax|| fi(ur) ||z [ur — uzlpr + dmax || fj(ur) = fi(uz)llL~ [ua] .
Then (6.4) is a consequence of (6.5) and || f/(u1) — f/(u2)||r~ < Cllur — ual|go. O

Now, we shall derive the error estimate of the continued solution at arbitrary time ¢ € [0, 7] which immediately
implies the error estimate for the original midpoint scheme (3.5).

Lemma 6.5. Let p > d/2. Let m > 0 and s € (0,7]. If |le(t)|| < h*+%/2 for t € [0,t,,_1 + 5], then

sup  [le(t)[* < CR(h*PH 4 en® + 1%,
te[oatmflJrS]

where the constant Cr is independent of h, T, ¢.
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Proof. We set y = ty,—1+s. Multiplying (3.1) for ¢ = t,,—1 +5/2 by s, subtracting from (6.2) and adding several
terms we get

(€0~ €™ ) + Fn(el) + €7 ),0) < (55 0o +5/2) = ulo) + 0 )

+s (bh(u(tm_l +5/2),w) — by, (M,w>> + (n(y) — ™", w)

2
+ s (bh(Mﬂu) — b}(M,U})) — %Ah(n(y) +77m71),w)
+ s (Ah(u(tm1 +5/2),w) — Ah(M,w)> )

Setting w = £(y) + €™~ and using Lemmas 4.1-4.3 and Lemma 6.4 to estimate the right-hand side, we get

+em 2,
h2

le)I? — ™| < Cs (1 1 ety ) (e 4 WP 4 g e + lem D).

Using the assumptions we can get rid of the unpleasant term ||e(s) + ™ ||2, /h?. Finally, by taking s := 7 and
m = 1,..., we obtain a similar estimate for |£™|? — [|¢™!||?. By the discrete Gronwall lemma we can finish
the proof. O

Theorem 6.6. Let p > 1+4d/2. Let 19 be defined as in Lemma 6.2. Let h € (0,ho) and 71 € (0,70) be such that
1
CZ(h*PH peh? +74) < Zh“d, (6.7)

where Cp is the constant from Lemma 6.5 independent of h,T,e. Then the error of the midpoint-DG scheme
satisfies

sup le(t)|| < CR(h**! + eh® + 7).
te[0,T]

Proof. The proof is essentially identical to that of Theorem 5.8. We have the desired estimate for ¢ = 0 and due
to continuity and Lemma 6.5, we can extend its validity to time 7" by induction. O

Remark 6.7. Similarly as in Remark 6.7, the condition (6.7) can be essentially split into two parts: p > 1+d/2
and 7 = O(h'/274/%). The latter condition is weaker than for the backward Euler method, where we needed
T = O(h'td4/2),

7. QUADRATURE VARIANT OF TIME-DG

In this section, we will prove error estimates for the quadrature variant of the QT-DG. As in the previous
sections, we will construct a suitable continuation of U from Definition 3.5. While for the BDF2 and midpoint
schemes, the discrete solution is defined only in the nodes of the partition t¢,, and the continuation “fills in the
gaps” between these points, the DG solution U is already inherently defined on the whole interval (0,7). It is
therefore a question how to define a continuation w.r.t. time for such an object. In our approach, we construct
the continuation U, with respect to an auxiliary parameter y. Then U, will be a piecewise polynomial function
defined on (0,y) which will depend continuously on y in the L% (L?)-norm. Again, we will use an induction
argument to pass with y from 0 to 7. For our analysis we will need the following regularity

we Wl,oo(HP-‘rl) N LOO(Wl,OO) N Wq+1,OO(H1)_ (7.1)
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7.1. Construction of the continuation

Throughout this section, let s € (0,7] and m € {1,...,7}. We denote y = t,,,—1 + s, the continuation
parameter and define I,,(s) = (¢;m—1,y). Let us generalize the quadrature Q7" to Q™

q
[ oo~ Qrie) =53 wltn + 5.
Iim (s) i=0
We define the space of piecewise polynomials up to degree p in space and up to degree ¢ in time defined

on I,,:
q

SfT = {U € L2(1m§sh) LU= Z’thj, v € Sh}

7=0
Definition 7.1. Let y € I,,, U {t,,,}. We say that the function U, € L?(0,t,,;Sy) is a continued approzimate

solution of problem (2.1) obtained by the QT-DG scheme if Uy|;, = Ul;, for I =0,...,m — 1, where U is the
space-time DG solution from Definition 3.5 and U, |7, € S} satisfies

/1 U )+ AU )+ @ Uy )+ (U1, ™) = QT n(w)] o € S (7.2)

Remark 7.2. We note that by taking s = 7, or equivalently y = t,,, we get Uy|(0.t,.) = Ul(0,t,.), i-€. we obtain
the original space-time DG solution on (0,%,,). Specifically, by taking y = T, we get Ur = U on the whole
interval (0,7"). We note also that relation (7.2) provides naturally the definition of U, on I,,(s). Since Uy|s,, is

a polynomial with respect to time, U, is uniquely defined on the remaining part of I,,, and corresponds to the
natural prolongation of Uy |7, ().

In order to prove existence, uniqueness and continuous dependence on y, we first need to establish mono-
tonicity and Lipschitz continuity of the corresponding forms in (7.2). The same results can then be derived
for (3.6) by taking s := 7. Let us denote the left- and right-hand side of (7.2) by

B (v,w) = / (V' w) + eAp (v, w)dt + QT [bp (v, w)] + (UT_l, wf_l),
I (s)

LY (w) = QP [en(w)] + (U1 w ™).

Definition 7.3. We define the projection P : C(I,,(s); L*(£2)) — Si™ by
(P"0)(tm—1 + s¥;) = v(tm-1 + sv;), Vi=0,...,q (7.3)

Furthermore, for any function v € S;* we denote
i(t) = P (;v(t)). (7.4)
t— tm—l

We point out that the relevant factors w = wL > 1. We have the following approximation

properties of P!":
Lemma 7.4. Let u € WItL*(H1). Then

sup || P"u —ull < Cs sup [[ult* V],
Im.(s) Im(s)
sup [P —ul| < CsT sup lu@ V],

m (s m (s

where the constant C' does not depend on s.
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Proof. The proof is an analogy to (e.g. [4], Thm. 3.1.5) for Bochner spaces. The result is also derived in the
Appendix of [20]. a

We shall use following technical lemmas.

Lemma 7.5. For any v € S} the following terms are equivalent with the equivalence constants depending only
on q:

- 1 -
up ol swp ol [ alPat
Inn(s) In(s) S JIm(s
Proof. The proof follows immediately from the fact that 57" has finite dimension. g

Lemma 7.6. Let v € S} and v defined by (7.4). Then
I o m—1 o~m—1 2 1 ~ 12
/ (v, 20)dt + (v}, 207 77) = [lo(y)[I” + —/ [o]]de.
Inz(s) S I (s

Proof. The proof can be made as a simple extension of ([1], Lem. 2.1), which describes the same result for scalar
polynomials and on the unit time interval. O

Lemma 7.7. Let v € S} and v be defined by (7.4), then

0< / Ap (v, v)dt < / Ap (v, 5)d.
I, (8) I, (s)

Proof.
q
0< / ( )Ah(v, v)dt = QU [An(v,v)] = 5> wiAn(v(tm—1 + 59:), v(tm—1 + 531))
I, (s =
q 1 0
<5 Wi Ap(V(tmot + s93), 0(tm1 + 590)) = QY [An(v,0)] = / Ap(v,0)dt,
i=0 i o)
since 1/4; > 1. .

Now we are ready to prove fundamental properties of the forms B!* and LI'. We note that the mapping
v — 0 is a bijection on S}, therefore we can reformulate problem (7.2), i.e. B*(Us, w) = L7*(w), for all w € S}*
to the equivalent problem B"*(Us,w) = L7*(w) for all w € S}". Hence for the purpose of proving existence and
uniqueness of U,,, we can deal either with BI*(.,.) or B"(.,7) and similarly for L.

Lemma 7.8. Let s < 1 < Cyh, where Cy is a suitable constant. Then the form BT'(.,7) is strongly monotone
and Lipschitz continuous on S} with respect to the L2(82)-norm, with the monotonicity and Lipschitz constants
independent of s. Furthermore, LT is bounded on this space, with norm uniformly bounded with respect to s but
depending on |[U™ 1.

Proof. To simplify the notation, all of the suprema in this proof are over the relevant interval I,,,(s).
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(i) Monotonicity of B!": Let v,w € S}, then

B (v,0 —w) — Bl (w,0 — w) = / (W —w' 0 —w) +eAp(v—w,0—w)dt
I (s)

+ QU [br(v, 9 — @) — bp(w,d — @)] + (v] — w5} — DY)

1 1
Slv(y) —w(y)\|2+—/ ||6—w|\2dt+s/ Ap(v — w,v — w)dt
2 28 I (s Irm(S)

— Cssup|lv — w| sup o — @

>

C -
> esup||v — w|[* = S-ssup v — w] sup o — @]

Cs 9
> C—T sup |lv — w||*,

where the constant ¢ comes from Lemma 7.5 and the generic constant C' comes from Lemmas 4.3 and 7.5.

If s <7 < Cih with a sufficiently small constant C}, we obtain strong monotonicity with the monotonicity

constant M = ¢ — CT

(ii) Lipschitz continuity of B": Let v,v,w € S}"'. We estimate individual terms in B}":
/ ( )(v' =0 w)dt + (7 = oW Th) < s sup [|vf — 0| sup w]| + sup [|v — o]| sup [|w]|
I, (s
< Csup|lv — o] sup [lw],
[ Aw-vwdr<ce [ ool fulde < Chsesup o - of sup full
Im(s) m(S

Q' [b(v, w) — b(v,w)] < CQY[|lv — o Jwl] < Csh™" sup v — o]| sup [Jw].
Hence, we have
B (v, w) = B{" (v, w) < Csup [[v — v sup [Jw]],
B (v,w) = BJ"(v,w) < Csup [lv — || sup @] < Csup [[v— 7] sup [|w].
Here the resulting constants C' depend also on €, h, s, however, for the sake of the existence and uniqueness

proof, these may be considered as fixed quantities. Elsewhere, we can bound s < 7 to obtain s-independence of
the Lipschitz constant.

(iii) Boundedness of L7

LY(v) = QP e(v)] + (U1 v ™) < ssup gl sup [lof| + U7 | sup [|v]| < C'sup o],
L'(0) < Csup [[o]] < Csup [v]].

The constant C' in the resulting estimate depends also on ||[U™ | and s, however by bounding s < 7, we obtain
s-independence of the boundedness constant. U

Existence and uniqueness of the continued solution U, follows immediately from Lemma 7.8. We will also
need uniform boundedness of ||U,|| and ||U; || with respect to ¢ € [0,y]. The resulting boundedness constants
depend on e and negative powers of h, however since the main goal is to prove continuous dependence of U,
on y, this is not a problem.

Lemma 7.9. There exist constants Cy,Coy > 0 independent of h,T,t,e, such that the following holds. Let
h € (0,ho) and T € [0,70), where 79 = max{Cie, Coh}. Then U,, the continued solution from Definition 7.1
exists, is uniquely determined and ||Uy(t)|, ||U, ()| are uniformly bounded with respect tot € [0,y]. Furthermore,
for fized |U™ ||, the norms SuPser,, (s) 1Uy (O subser,, (s) |1U, (D) are uniformly bounded with respect to y € Ip,.
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Proof. Remark 3.7 holds for U, as well, therefore, we can prove unique existence and boundedness of U, on
each interval independently. From Lemma 7.8, we obtain existence and uniqueness of U,,.

(i) Boundedness of U,: Due to Lemma 7.8,
M sup ||U,[|* = M sup |U, - 0| < BY(U,,U,) — B{*(0,U,) = B"(U,, U,) = L(U,) < C sup 1Uy]]-

I (s I (s I (s
Due to Lemma 7.8, all the constants involved are independent of s, hence .

(ii) Boundedness of U, : setting v(t) = (t — t,n—1)U, (t) € S}’
/ (t = tm-D)IUI? + (t = tm—1)eAn(Uy, Uy)dt + QT [(t — tim—1)br(Uy, Uy)] = QT((t — tm—1)En(U,)]-

From this follows

o N AR A A
IWL(S) s

m

S—/I ( )(t—tm—1)6Ah(Uy,U{/)dt— QY [(t_tm—l)bh(UwU;)—(t—tm—ﬂéh(U;)]

< 8/ Ceh™2||U U lldt + sQi* [(Ch™H Ul + )Ty ]

m

:S/ 1T II(Ch 2T || + Ch™HT || + C)dt

I’VTI,

<& U2 [12dt + C(e, h)s?
2 T ) h

m (s
where we have used Holder’s and Young’s inequality in the last step. Since
Y
sswp [UF < [ o Pt
I, (3) tm—1

we get the boundedness of ||U} . Moreover, after cancellation of the term s? from the resulting estimate, we
obtain s-independence of the upper bound. O

Before we prove the main property of U,, continuous dependence on y, we need one more technical lemma
concerning the estimation of quadratures.

Lemma 7.10. Let 5,5 € (0,7] and m € 1,...,r. Let v,w € S}*. Then |s — 5| — 0 implies
Q3" [bn (v, w)] — QF' b (v, w)] = 0,
Q7' [n(v)] — QF'[en(v)] — 0.

Proof. Let us assume |s — 5| — 0. In order to simplify the notation of quadrature points, we shall set s; :=
tm_1 + sy; and §; := t,,_1 + 5¢;. Then

-

I
<)

Q3" [bn (v, w)] = Q' [bn (v, w)] =

(swibp (v, w)|s; — Swibp (v, w)|s,)

(2

I
.E’%Q

S
Il
=

a
wi (b (v, w)[s; — —i—Z s — 8) wibp (v, w)|s,
=0
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and

QT [En(v)] = QR In(v)] = Y (swilh(v)ls, — 5wilh(v)ls,) = 8 D wi (ta(v)]s, = L (v)]s,) + D (5 = &) wiln(v)]s,.

=0 =0 =0

From continuity of by(.,.) and v, w we get

bp (v, w)|s, — bp(v,w)|s, — 0

and since ¢, (v) = (g,v), where g is continuous with respect to time, we get
Ch(v)ls; = Ch(v)]s;, = 0.

From boundedness of by(v,w)]s; and £p(v)]s;, we obtain (s — Swibp(v,w)ls;, — 0 and
(s = S)wilp(v,w)|s, — 0. O

Lemma 7.11. Let the assumptions of Lemma 7.9 hold. Then Uy, = Ulwy,,) for all m = 0,...,r and U,
depends continuously on the parameter y in the following sense:

sup  ||Uy — Uy||=0, as [y —g| — 0,
(0,min(y,y))

sup  ||U, — U™ =0, as y — ty_1+ . (7.5)
(tm—lay)

Proof. Let y = t;—1 + $,§ = tm—1 + 5 for some m. Without loss of generality, let 0 < s < § < 7. Since
Uy = Uz =U on (0,ty,—1), it is sufficient to prove the first relation only on (¢,,—1,y). Let us denote w = U, —Uy.
Due to monotonicity of B"(.,7) and Lemma 7.10, we have

M sup ||U, —Uy|]> < BI*(Uy, w) — BI*(Ug,w) = LT () — LT () + BY'(Ug, @) — B]"(Ug, 0)
(tm—1,Yy)

tm—1+8
= /t B (Ug, W) + eAp (U, @)dt + QF' (b (Uy, w)] — Q' [br(Uy, @)] — Q' [n ()] + QL [¢n()].

Since the terms in the integral are bounded, the integral tends to zero as |s — | — 0. According to Lemma 7.10
the quadrature terms tend to zero as well. From this it follows that supy, . . [|Us — Us|| — 0 for |s — 5] — 0.

It remains to prove the second formula in (7.5). Since U, is continuous on (¢m,—1,y), it is sufficient to prove
UyT_l U™ asy — tp_1+, i.e. s — 0+: Testing (7.2) with w = UyT_l — U™, we get

Y
/ (Ugl/v UyTil - UT?I) + 5Ah(va UyTil - UT?l)dt + Q;n[b(U.w Uy;nil - UT?I)] + HUyTil - UT71||2

tm—1

= QUL U T).

Except for the last left-hand side term HUZ/_:*1 — U™ 12, all remaining terms tend to zero as s — 0+, therefore
|U,7~1 = U™ |2 tends to zero as well. O

7.2. Error estimates

As the final step we shall derive the error estimate of the continued solution at arbitrary time ¢ € [0, 7] which
immediately implies the error estimate for the classical method.
As usual, we shall split the error e, (t) = U, (t) — u(t) into two parts e, (t) = &,(t) + n,(t), where we define:

miuly, — ulg,, i=0,...,m—1,
ny|li = m .
7TS U|Im 7u|1m7 v = m7
Uy|1i—7riu\1i, 1= ,...,m—l,
€y|li =

Uy|1m 77rgnu|1m’ i:m7
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where 72 = P!II. We have the following estimates for 7, and &,:
Lemma 7.12. Let u satisfy reqularity assumptions (7.1). Then for all v € S}

sup [|ny|| < C(APTH + 597, (7.6)
I (s)
QY [(mys 0)] + ({1 Fom—1, 0 7H) < SC(RPHE 4 5770) sup |o]]. (7.7)

m($s

Proof. The estimate (7.6) follows directly from Lemmas 4.1 and 7.4. The estimate (7.7) is proved in (][21],
Lem. 4). O

Lemma 7.13. Let u satisfy regularity assumptions (7.1). Then

h?

supy,, s) [1lUy = UI|2>

I (s

U, — 2
Qmmm@rwm%@nsw<ufw“@'y W>0ﬁ“+ammm>

(R + sup [|&]1%).

m(S

WMW@—M%@KC%H» L

Proof. The proof is analogical for both of these inequalities, so we will prove only the second (more difficult)
one.
q

Qb ) = Uy &) =53 ( (0:64) = Uy, E)) b=t s o0,

q

Z — (b (u, Uy — O™ u) — bp(Uy, Uy — I w)) =ty 450
i=0 Yi

1
< s— sup (bp(u, Uy — II7"u) — bp(Uy, Uy — 1I70)).
0 I, (s)

Now it is sufficient to apply Lemma 4.3. O
Now, we shall prove the analogy to Lemmas 5.7 and 6.5.
Lemma 7.14. Let p > d/2. Let s € (0,7] and y = ty—1 + 5. If |ley ()| < h'+¥2 for t € [0,y], then

sup ey ()||> < CH(R*PT 4 eh® 4 72012,
te[0,y]

where the constant Cr is independent of h, T, ¢e.

Proof. Again, it is sufficient to estimate the error only on the last time interval I,,(s), the previous ones are
treated similarly. The error equation reads

/I ()(5;7U)+€Ah(§y, 0)dt + ({&}m—1, 07 71) = QU [eAn(ny, 0)] — QT [(1y, )]

= ({1,077 + QU [br(u, ) = by (U, ).
By setting v = 2§, we get

1€, = 1€y 1% + 11{Ey b 1H2+26/ &y lI*dt

I (s

smm%H%%m/ e, 12 + sC(RP + 574 sup (16,

I (s I (s

supy, . (s) [1Uy —
h2

2
u o
+Cs(1+ | (B2 4 sup g, |2).
I (s)
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Therefore

supy,, s) lUy — u|§o>(

gy WI1* = Nl 11> + 5/ i€, N7t < C's (1 + RPPHE 4 eh® + s2772 4 sup |1, ]%).

I, (s h2 m (S
(7.8)
With the aid of Lemmas 7.5-7.7 we get
1 & m— Fm—
cowp 612 <2 [ 6P < [ (2B 28
m(s) S S (s) In(s)
</ (60260 + 22006, 60+ (657267 (7.9)
I, (s

By setting v = 2£~y in the error equation we get

/I ( )(53/47 25@;) + QEAh(gya gy>dt + (517?1? 253:’1714:1)

= QY [eAn(ny, 25@;)} - Q?[(néﬁ 25@;)] = {nytm-1, 22;:-_1) + (§;n—_17 25;;”4—_1) + QY [b(u, 251;) —b(Uy, 25@1)}

< Cse(h® +%72) 4 (71, 26071 + 6/ ll€y I dt + sC(hP* + s71) sup [|& |
Ln(s)

m(S

supy,, (o) Uy — ull2,
+ s (14— =) (2 sup g, 1)
supy, () [1Uy — ull% 20, ¢
< Os (14 — =LY (03 e 42042 4 sup lg %) + g P+ S swp I I2 (7.10)
m (s I (s

where ¢ flm(s) €, I2dt is estimated with the aid of (7.8).
Under the assumption ||e(t)|| < h'*t%/? inequality (7.8) can be simplified to

1€, ()17 = 1€ 17 < Cs(RPPF + eh® 4 5°7%2 4 sup &, ]1?) (7.11)

I (s

and inequalities (7.9) and (7.10) give

C 2C _ 1
sup &y l12 < Zs(BH 4 e 4+ 202 1 sup [l 12) + o €7 + 5 sup [l I

I (s I (s I, (s

If s < 7 < ¢/4C than the last inequality can be simplified to

4C
sup [|&y]|* < PP 4 eh?P 4 s2012 4 c_QH'f;n:lHZ

I (s

Substituting this estimate into (7.11), we get
IE@I? = 1€ 1 < Cs(h T 4+ eh® 4+ 52072 + ||[&m 1 12).

Similar estimates can be obtained on all previous time intervals. By application of the discrete Gronwall lemma
we finish the proof. O
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Theorem 7.15. Let p > 1+ d/2. Let 7y be defined as in Lemma 7.9. Let h € (0,hgy) and 71 € (0,79) be such
that

1
CZ(h?PHL f eh?P 4 72072) < Eh2+d’

where Cp is the constant from Lemma 7.14 independent of h, T,e. Then the error of the QT-DG scheme satisfies

sup le(®)]|? < CZ(h?PH! + eh? 4 720+2),
€[0,T]

Proof. Since the continuation Uy (t) now depends on two variables, y and ¢, we proceed more carefully. We define
the propositional function ¢ by

= 2< 2 (1,2p+1 2p 2q+2 )
ply) = { max fley(1)]” < G 4 eh® 4 7707) |

Due to the approximation of the initial condition, ¢(0) holds trivially. We want to prove ¢(T'). We will proceed
by continuous induction, ¢f. [17]. For this we need to prove that

(A) Yye[0,T)3o(y) >0: p(y) implies p(y + 0), V§ € [0,d(y)] : y + 6 € [0,T]

(B) VYyi,y2 € [0,T],y1 < ya : If ¢ holds on (y1,y2) then ¢(y2) holds. (7.12)
First we note, that due to the construction of U, Uy, it is sufficient to assume y,y + 0 € [tp—1,t] and then
proceed by induction with respect to m = 1,...,r. Our main tools will be the continuity of U, with respect

to y, cf. Lemma 7.11, the uniform boundedness of ||U, (t)|| with respect to ¢ and y, cf. Lemma 7.9 and uniform
continuity of u from [t,,_1,tm] to L%(£2). Specifically, if y € [t,,—1,tm) there exists 6(y) > 0 such that

1
§€[0,0(m)],t €y, y+0] = [luly) —u®)| < Zhl+d/27
1
5 €0,0(y)] = ( sup )||Uy+5 - Uyl < Zh1+d/2.
tm717y

Without loss of generality, d(y) can be taken small enough so that Cd(y) < ih“‘d/z, where C' is the uniform
bound for ||U, (t)|| from Lemma 7.9.

Induction step (A): Let us assume that ¢(y) holds. We want to prove that ¢(y 4 §) holds, where § € [0,0(y)].
In other words, we want to estimate

Ol = 13 t)||}. 1
te%z}i&] lley+s (@)l max{tren[g%] lley+s( )H,ter[gz}i&] lley+s(®)} (7.13)

We estimate the first right-hand side term in (7.13) by

1) = U t) —u(t)| < U, t) —Uy(t Uy(t) —u(t
max lleyss(®ll = max. [U,s(8) = u(E)| < max [Vyes(t) = Uy (O] + max [Uy(t) = u(t)|

1 1
= max ||Uyss(t) — Uy(t)|| + max |le,(t)] < “RMA/2 L Op /B2 4 eh2p 4 72042 < —pltd/2 (7.14)
t€[tm—1,y] t€[0,y] 4 2

by Lemma 7.11 and the induction assumption. As for the second right-hand side term in (7.13), we have
t)|| = U, t) —ul(t
s leyss(@)] = max[[Uyes(t) — u(t)]
< max |Uy4s(t) = Uy ()| + [1Uy+5(y) = Uy )]l + Uy (y) —u(@)l| + max Ju(y) —u(t)]
tely,y+9] tely,y+9]

1
<5 U (¢ Uy.s(t) —U,(t t Zpltd/?
< te[ﬁ?naf,y]n y+5()||+tr€n[gf;}\| yro(t) y()||+tr€rl[gE] ||ey()||+4

<Co+ ith/? + O/ h2P+1 4 eh2p 4 72042 4 ith/Q < B2, (7.15)
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due to Lemmas 7.9, 7.11 and the induction assumption. Collecting (7.13)—(7.15) gives us

|| < pitd/2, 1
s ley+s(®)]l < (7.16)

Lemma 7.14 then gives us ¢(y + 9).

Induction step (B): We prove (B) in (7.12) by contradiction. Fix y1,y2 € [0, T']. Assume that for all y € (y1,y2)
the statement ¢(y) holds, but ¢(y2) is false. In other words assume that

ma [l ( )2 < C2(h2+! 4+ eh® 4+ 72072)  and masx [l ( )2 > C2(h2PH 4 eh + 7242)  (7.17)
te te

Therefore, after taking the square root,

max |ley,(t)|| — max_|ley(t)]| > co >0, forallye (yi,92), (7.18)
te[0,y2] t€(0,y]

where ¢y > 0 is an appropriate constant independent of y € (y1, y2).
We can estimate by the triangle inequality

max |le,, (t)]] < e + max ||e,,(t) —e < max ||ey, (t)| + Cly2 — v,
max ey, (O] < llegn @l + 1m0 ey (8) = €4, ()] < g ey (O] + Clo ~ ]

Y2

since u is uniformly continuous and Uy (¢) is uniformly bounded with respect to y,¢. Therefore,

max |le,, (t)|| < max{ max |le max e < max |le,. ()] + Clys — 1.
e ey, (D) < {te[O,y] ey (D)1, ey, (DI} < ’y]\l v () + Cly2 — |

Hence, the left-hand side of (7.18) can be estimated as

a a < ma Il + Clys — y| — ma "
ax fley, (D — max fley ($)]] < max fley, (0] + Clyz =yl — max [le, (©)]
= Uy, (t) = Uy(t Uy(t) — u(t)]| + Clya — y| — ¢
< max I y2( ) = Uy (@)l + max, U, (t) — u(®)]| + Cly2 — y max. ley (0]
= Iax Uy, (t) = Uy(t)|| + Cly2 —y| — 0,  as y — ya, (7.19)
which is a contradiction with (7.18), i.e. (7.17). Thus (B) is proved, which completes the proof. O

8. CONCLUSIONS

We have proved a priori error estimates for the discontinuous Galerkin method applied to a nonlinear time-
dependent singularly perturbed, convection-diffusion problem. The BDF-2, midpoint and quadrature version of
the space-time DG scheme were analyzed. The main contribution of the paper is that L°°(L?)-estimates are
derived that are uniform with respect to the diffusion parameter ¢ — 0 and valid even in the purely convective
case ¢ = 0. The paper extends the work [16], where similar estimates were derived for the space-semidiscretization
and implicit Euler scheme as well as the paper [17], where similar estimates are obtained for the conforming
finite element method. The basis of the technique is the idea of [24], where the analysis is carried out for an
explicit Runge-Kutta scheme in time.

Similarly as in [16], the presented error analysis is based on construction of suitable continuations of the
discrete solution with respect to time and performing, via induction. The resulting estimates are of the order
O(hPTY/2 4 eh? + 7*) for the BDF-2 and midpoint schemes and O(h?*+/2 4 eh? + 791) for g-order quadrature
time-DG. The estimates are derived under the CFL-like 7 = O(h) condition guaranteeing the unique existence
and continuity of the continuation. Furthermore, the estimates are derived under the order condition p > 1+d/2,
or p> (1+4d)/2 for ¢ = 0, where d is the spatial dimension of the problem.

Future work includes removing of the CFL and order conditions and extension to more difficult equations,
e.g. nonlinear diffusion as in [15], derivation of optimal order L*°(L?)-error estimates and analysis of other
temporal discretizations, especially the space-time DG scheme without quadratures.
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STABILITY OF THE ALE SPACE-TIME DISCONTINUOUS GALERKIN
METHOD FOR NONLINEAR CONVECTION-DIFFUSION PROBLEMS IN
TIME-DEPENDENT DOMAINST

MONIKA BALAZSOVA!, MILOSLAV FEISTAUER!* AND MILOSLAV VLASAK!

Abstract. The paper is concerned with the analysis of the space-time discontinuous Galerkin method
(STDGM) applied to the numerical solution of nonstationary nonlinear convection-diffusion initial-
boundary value problem in a time-dependent domain. The problem is reformulated using the arbitrary
Lagrangian—Eulerian (ALE) method, which replaces the classical partial time derivative by the so-called
ALE derivative and an additional convective term. The problem is discretized with the use of the ALE-
space time discontinuous Galerkin method (ALE-STDGM). In the formulation of the numerical scheme
we use the nonsymmetric, symmetric and incomplete versions of the space discretization of diffusion
terms and interior and boundary penalty. The nonlinear convection terms are discretized with the
aid of a numerical flux. The main attention is paid to the proof of the unconditional stability of the
method. An important step is the generalization of a discrete characteristic function associated with
the approximate solution and the derivation of its properties.
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1. INTRODUCTION

Most of the results on the solvability and numerical analysis of nonstationary partial differential equations
(PDEs) are obtained under the assumption that a space domain 2 is independent of time ¢. However, problems
in time-dependent domains §2; are important in a number of areas of science and technology. We can mention,
for example, problems with moving boundaries, when the motion of the boundary 0€); is prescribed, or free
boundary problems, when the motion of the boundary 0€2; should be determined together with the solution of
the PDEs in consideration. This is particularly the case of fluid-structure interaction (FSI), when the flow is
solved in a domain deformed due to the coupling with an elastic structure.

There are various approaches to the solution of problems in time-dependent domains as, for example, fictitious
domain method, see [43], or immersed boundary method, see [10]. A very popular technique is the arbitrary
Lagrangian—Fulerian (ALE) method based on a suitable one-to-one ALE mapping of the reference domain Q¢
onto the current configuration ;. It is usually applied in connection with conforming finite element space

Keywords and phrases. nonlinear convection-diffusion equation, time-dependent domain, ALE method, space-time discontinuous
Galerkin method, discrete characteristic function, unconditional stability in space and time.
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discretization and combined with the time discretization by the use of a backward difference formula (BDF).
From a wide literature we mention, e.g., the works [22,39,41,42]. This method is analyzed theoretically for
linear parabolic convection-diffusion initial-boundary value problems. Paper [35] investigates the stability of the
ALE-conforming finite element method. In [4,36] error estimates for the ALE-conforming finite element method
are derived.

In the numerical solution of compressible flow, it is suitable to apply the discontinuous Galerkin method
(DGM) for the space discretization. It is based on piecewise polynomial approximations over finite element
meshes, in general discontinuous on interfaces between neighbouring elements. This method was applied to the
solution of compressible flow first in [8] and then in [9]. It enables us to get a good resolution of boundary and
internal layers (including shock waves and contact discontinuities) and has been used for the solution of various
types of flow problems, see [19,26,32]. Theory of the space discretization by the discontinuous Galerkin method
is a subject of a number of works. We cite only some of them: [2,3,13, 18,21, 34, 38,40, 46, 47,52]. It is also
possible to refer to the monograph [20] containing a number of references.

In the cited works, the time discretization is carried out with the aid of the BDF of the first or second order.
One possibility to construct a higher order method in time is the application of the DGM in time. This technique
uses a piecewise polynomial approximation in time, in general discontinuous at discrete time instants that form
a partition in a time interval. This method was used for time discretization combined with conforming finite
elements for the space discretization of linear parabolic equations in [1,17,23-25,48-50].

By the combination of the DGM in space and time we get the space-time discontinuous Galerkin method
(STDGM). This method was theoretically analyzed in [7, 14, 20, 29, 33, 53]. In [28, 44], the BDF-DGM and
STDGM is applied to linear and nonlinear dynamic elasticity problems. One of the advantages of the STDGM
is the possibility to use different meshes on different time levels.

The mentioned methods have also been extended to the numerical solution of initial-boundary value problems
in time-dependent domains using the ALE method. The ALE method combined with the space DGM and BDF
in time (ALE-DGM-BDF) was applied with success to interaction of compressible flow with elastic structures
in [15,30,37,44]. In [16], the ALE-STDGM is applied to the simulation of flow induced airfoil vibrations and
the results are compared with the ALE-DGM-BDF approach. It appears that the ALE-STDGM is more robust
and accurate. Here we can cite the important work [51] dealing with the space-time DGM to the solution of
inviscid compressible flows. The approach in this paper consideres the time variable equivalent to the space
variables and uses meshes formed by space-time four-dimensional elements. It allows to use different meshes in
different time slabs. This paper also discusses the relation of the presented technique with the ALE method. The
method analyzed in the following parts of our paper consideres time and space variables separately in contrast

o [51]. Moreover, we deal with a problem containing diffusion, which should be analogy to the compressible
Navier-Stokes equations.

The ALE-time discontinuous Galerkin semidiscretization of a linear parabolic convection-diffusion problem is
analyzed in [11,12]. Both papers assume that the transport velocity is divergence free and consider homogeneous
Dirichlet boundary condition. In [11], the stability of the ALE-time DGM is proved and [12] is devoted to
the error estimation. Papers [5,6] are concerned with the stability analysis of the ALE-STDGM applied to
a linear convection-diffusion initial-boundary value problem, and to the case with nonlinear convection and
diffusion, respectively. In both cases nonhomogeneous Dirichlet boundary conditions and piecewise linear DG
time discretization are used.

In the present paper we extend the results from [5]. We deal with the stability analysis of the ALE-STDGM
with arbitrary polynomial degree in space as well as in time, applied to a scalar nonstationary nonlinear
convection-diffusion problem equipped with initial condition and nonhomogeneous Dirichlet boundary con-
dition. This problem can be considered as a simplified prototype of the compressible Navier-Stokes system. The
ALE-STDGM analyzed here corresponds to the technique used in [16,28] for the numerical simulation of airfoil
vibrations induced by compressible flow. (The construction of the ALE mapping is described very briefly. It is
hidden in the computer program.)
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We present here a new formulation of the problem and technique of theoretical analysis in contrast to [5].
In [5] we proved the unconditional stability of the ALE-STDGM with arbitrary polynomial degree in space,
but only linear approximation in time. Moreover, in [5] the standard ALE method prescribed globally in the
whole time interval was used (see also [11,12,22,35,36,39,41]). In the present paper we apply a different ALE
technique that can use different meshes with different numbers of elements in different time levels. We assume
that the ALE mapping is prescribed for each time slab separately.

In the analysis presented in this paper it was necessary to overcome a number of various difficult obstacles.
An important tool in our theory is the concept of the discrete characteristic function introduced in [17] in
the framework of the time DGM applied to a linear parabolic problem. In [7,14] the discrete characteristic
function was generalized in connection with the STDGM for nonlinear parabolic problems in fixed domains. An
important new and original result contained in the present paper is the extension of the discrete characteristic
function and the proof of its properties in the case of the ALE-STDGM in time-dependent domains. On the
basis of a technical analysis we obtain an unconditional stability of this method represented by a bound of the
approximate solution in terms of data without any limitation of the time step in dependence on the size of the
triangulations.

In Section 2 we formulate the continuous problem. Section 3 is devoted to the ALE space-time discretization.
We describe here triangulations, ALE mappings and introduce important function spaces and concepts. Then
an approximate solution is defined. Section 4 deals with the stability analysis. First some auxiliary results are
presented. Then we introduce important estimates and the generalized concept of the discrete characteristic
function. An important part is devoted to the derivation of its properties. Finally, the last part presents the
proof of unconditional stability of the ALE-STDGM.

2. FORMULATION OF THE CONTINUOUS PROBLEM
In what follows, we shall use the standard notation L?(w) for the Lebesgue space, WP (w), H*(w) = Wk2(w)
for the Sobolev spaces over a bounded domain w C IR%, d = 2,3, and the Bochner spaces L>(0,T; X) with a
Banach space X and

W0, T; W (Qy)) = {f € L>(0, T; Wh™(Q,)); df /dt € L®(0,T; W™ ()},

where df/dt denotes here the distributional derivative.

If X is a Banach (Hilbert) space, then its norm (scalar product) will be denoted by | - ||x ((- ,') ). By |- |x
we denote a seminorm in X. For simplicity we use the notation | - |z2(w) = || - lws ()z2@w) = (- -)w and
- 20wy = Il - low-

We shall be concerned with an initial-boundary value nonlinear convection-diffusion problem in a time-
dependent bounded domain €; C IR?, where t € [0, T], T > 0: Find a function u = u(z,t) with x € Qq, t € (0,T)
such that

Z a‘gsw —div(B(u)Vu) =g in O, t € (0,7), (2.1)
u=up on I, te (0,1), (2.2)
u(z,0) = u’(z), x € Qo. (2.3)

We assume that f, € C1(IR), f,(0) =0,

If| <Ly s=1,....d (2.4)
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where the constant Ly does not depend on u. Moreover we assume that function 8 is bounded and Lipschitz-
continuous:

B:R%[507ﬂl]7 0<6O<Bl < 00, (25)
|6(U1)_/8(U2)| ng\ul—u2| Vul,uQ € R. (26)

Problem (2.1)—(2.3) can be reformulated with the aid of the so-called arbitrary Lagrangian—Eulerian (ALE)
method. A standard ALE formulation is based on an ALE mapping prescribed globally in the whole time
interval [0,T]. It is based on a regular one-to-one ALE mapping of the reference configuration Qs onto the
current configuration 2;:

At :ﬁref%ﬁtv XGﬁref—)JZ’:At(X) Gﬁt, t e [O,T] (27)

Usually it is assumed that Qef = Qo, as in ¢f., e.g., [5,11,12,22, 35,36, 39,41]. However, in this case it is
impossible to use different space partitions in different time slabs, which allows the STDGM. Therefore, we shall
proceed as is described in the next section.

The transformation of the partial differential equation (2.1) into the ALE form is based on the following
concepts. We introduce the domain velocity

2(X,t) = %At(X), 2(z,t) = 2(A; @), 1), t€[0,T], X € Quet, z € Qy, (2.8)

and define the ALE derivative D;f = Df/Dt of a function f = f(z,t) for x € ; and t € [0,T] as

D af
th(x,t) - Ef(x’t) - E(X7 t)7 (2‘9)
where f(X,t) = f(A(X),t), X € Quer, and 2 = A, (X) € Q. The use of the chain rule yields the relation
Df of
= _ZL . 2.1
o= T2V (2.10)

which allows us to reformulate problem (2.1)—(2.3) in the ALE form: Find u = u(z,t) with € Q, t € (0,7
such that

d

D 0
?QZ + ; g‘;(j) —z-Vu—div(B(u)Vu) =g in Q, t € (0,7T), (2.11)
u=up on O, te(0,T), (2.12)
u(z,0) = u’(z), x€Qo. (2.13)
3. ALE-SPACE TIME DISCRETIZATION
In the time interval [0,7] we consider a partition 0 = to < t; < --- <ty = T and set 7, = ty, —
t—1, Im = (tm—1,tm), Im = [tm—1,tm) for m =1,..., M, 7 = max,,—1,.. mTm. We assume that 7 € (0,7),

where 7 > 0. The space-time discontinuous Galerkin method (STDGM) has an advantage that on every time
interval I,,, = [t;,_1,tm] it is possible to consider a different space partition (i.e. triangulation) — see, e.g. [14,20].
Here we also use this possibility for the application of the STDGM in the framework of the ALE method. It
allows us to consider an ALE mapping separately on each time interval [t,,—1,t,,) for m = 1,..., M and the
resulting ALE mapping in [0, 7] may be discontinuous at time instants t,,, m =1,..., M — 1. This means that
one-sided limits A, ) # A,,+) in general. Similarly the same may hold for the approximate solution. This
means that we deal with a new generalized ALE technique based on the STDGM. To this end, we introduce
the following notation.
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3.1. ALE mappings and triangulations

For every m = 1,..., M we consider a standard conforming triangulation 72’%71 in Q,,_,, where h € (0,h)
and h > 0. This triangulation is formed by a finite number of closed triangles (d = 2) or tetrahedra (d = 3) with
disjoint interiors. We assume that the domain €2 _, is polygonal (polyhedral). Further, for each m=1,..., M
we introduce a one-to-one ALE mapping

1

APt Qy, TSy for € [ty t), b€ (0,R). (3.1)

continuous in

We assume that Ahm; 1'is in space a piecewise affine mapping on the triangulation T, ,,

space variable X € €, and in time ¢ € [t;,—1,¢m) and A}, = Id (identical mapping). Hence, we assume
that all domains €2; are polygonal (polyhedral). For every t € [tm,l, t,n) we define the conforming triangulation

771,t = {K - Aﬁ;l(K)’ K S ﬁlvtm—l} in Qt. (32)

This means that every domain €2, _; represents a reference configuration for the ALE mapping A?“l with
t € I,,,. It is important that this mapping is not an approximation of some regular mapping of 2y onto 2, as
is standard in other works.

At t = t,, we define the one-sided limit A;Z;ml_, introduce the triangulation

Thitm— = { AR, ' (K); K € Thy,,_,}in Oy,

and suppose that -
Ah tm ( m 1) = Qt-m,' (33)

We have Th, . = Th.i,_,, but in general, T4, — # Th,..
As we see, for every t € [0,T] we may have a family {7p:},co5) of triangulations of the domain €.

Triangulations 7A71 L and 7A'h +,, have different structure and, in general, different number of cells. Triangulations

m—1

for t € [tm—1,tm], but starting from ﬁ +  the structure of

m

Tht and Ty, _ have the same structure as ﬁ L

m m—1

Tht for t € [ty tm+1], may be different from the structure of Ty, ; for ¢ € [ty—1,tm].

In what follows, for the sake of simplicity, we use the notation A; for the ALE mapping defined in U%Zl I,
so that

A(X) = A7 N (X) for X €y, ,, t €Ty, m=1,...,M, he(0,h). (3.4)
The symbol A; ' will denote the inverse to A;. This means that A; " : Q; onte Q, fortel,, m=1,...,M.

3.2. Discrete function spaces

In what follows, for every m = 1,..., M we consider the space
syt = {p € LA, _,); ¢z € PPR) VR €Tnp,s (3.5)

where p > 1 is an integer and PP(K ) is the space of all polynomials on K of degree < p. Now for every ¢ € I,,
we define the space

Syt {s@ € L*(Q); po A, € Sﬁ’m_l} : (3.6)
It is possible to see that

St,p,’m 1 {‘P € LX(); |k € PP(K) VK € 77L,t}~ (3.7)
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Of course, Sj™P™ " £ SP™ in general.
Further, let p, ¢ > 1 be integers. By P4(I,; Sﬁ’m_l) we denote the space of mappings of the time interval I,
into the space Si’mfl which are polynomials of degree < ¢ in time. We set

SZ:Z = { <.A ) 219 ti7 Y € Sﬁmilv Xe, ,,t ETmu m = 17”‘7M}' (3-8)

An approximate solution of problem (2.11)-(2.13) and test functions will be elements of the space S}"1. By
D, we denote the ALE derivative defined by (2.9) for ¢ € U%:l I

3.3. Some notation and important concepts

Over a triangulation 7}, 4, for each positive integer k, we define the broken Sobolev space
H*(Q, Tht) = {v; v|x € H¥(K) VK € Tp4},

equipped with the seminorm

1/2

Wlre@emg = | >, ke ;
KeTht

where | - |gx () denotes the seminorm in the space H*(K).
By Fh+ we denote the system of all faces of all elements K € Tj+. It consists of the set of all inner faces
Fi . and the set of all boundary faces F,l,: Fp; = Fj , U FP, Each I’ € F, will be associated with a unit

normal vector nr. By K. ) and Ky (R) ¢ Th,t we denote the elements adjacent to the face I' € .7-"};t Moreover,
for T € .7-'h , the element adjacent to this face will be denoted by K-’. We shall use the convention, that nr is
the outer normal to 8KI£L .

If v e H (Q,Ths) and T € Fpy, then U(FL) and UIER) will denote the traces of v on I' from the side of
elements K(L and K(R), respectively. We set hx = diam K for K € Ty, h(I') = diamI for I' € F}, ; and
(V=3 ( (L) + v(R)), [v]r = vlgL) (R) ,for T € ]:h .- Moreover, by px we denote the diameter of the largest

2
ball inscribed into K € Tj +.

3.4. Discretization

First we introduce the space semidiscretization of problem (2.11)—(2.13). We assume that u is a sufficiently
smooth solution of our problem. If we choose an arbitrary but fixed ¢ € (0,7), multiply equation (2.11) by a
test function ¢ € H?(Qy, Th,t), integrate over any element K and finally sum over all elements K € 7j 4, then
for t € I,,, we get

> cpdx—i— > /Zag‘;s (3.9)

KeTh KeTh,t
Z /Zzéax pdx — Z /le u)Vu)pdr = Z /ggodx
KeTh, KeTht KE€Th,t

Applying Green’s theorem to the convection and diffusion terms, introducing the concept of a numerical flux
and suitable expressions mutually vanishing, after some manipulation we arrive at the identity

(Diu, @) + Ap(u, 0, t) + bp(u, @, t) + dp(u, o, t) = lh (e, 1), (3.10)
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where the forms appearing here are defined for u, ¢ € H?(§), Tht), 6 € IR and cy > 0 in the following way

ap(u, @, t) = Z /6( )WVu - Vedx (3.11)
K€Th,t
- ¥ [ (BT nr o]+ 6 (8T} -nr u]) dS
rerf,
Z / w)Vu-nre+058uw)Ve -nru—08(u)Ve -nrup) dS,
PeFy,
Jn(u, o, t) == cw Z (T / 1 lp] dS + ew Z h(T /ugodS, (3.12)
rerf, rerp, r
JB(u,0,t) := cw Z h(T /ugpdS (3.13)
rer?,
A (u ') ) = ah( )+60 Jh(u ¥, )a (314)
8
bu(up,t) == — > / Zfs @ ~d (3.15)
KeTh ¢
+ Z /Hu(FL),u%R),n 0] dS + Z /HuF ,uF ,np)apdS,
rer, rer?,
dp (u, : Z / Zzsa pdr =— Z / z - Vu)pdz, (3.16)
KeTh ¢ KeTh ¢
= Y / gedr+Boew Y h(T /uwds. (3.17)
KETh, reFp,
Let us note that in integrals over faces we omit the subscript I' of (-) and [-]. We consider § = 1, § = 0
and 8 = —1 and get the symmetric (SIPG), incomplete (IIPG) and nonsymmetric (NIPG) variants of the

approximation of the diffusion terms, respectively.

n (3.15), H is a numerical flux with the following properties:
(H1) H(u,v,n) is defined in R? x By, where By = {n = (ny,...,n4) € R% |n| = 1}, and is Lipschitz-
continuous with respect to u, v: there exists Ly > 0 such that

|H(u,v,n) — H(u",v*,n)| < Ly(Ju — u*| + |[v — v*|), for allu,v,u”,v* € R.

(H2) H is consistent: H(u,u,n) = Zle fs(u)ns, uweR, ne By,
(H3) H is conservative: H(u,v,n) = —H(v,u,—n), u,v € R, n€ By.

In what follows, in the stability analysis we shall use the properties (H1) and (H2). (Assumption (H3) is
important for error estimation, but here it is not necessary.)

For a function ¢ defined in U 1 Im we denote

P = PlbmE) = 1im_ 9(), {p}m = @ltm+) = ¢(tm—), (3.18)

if the one-sided limits ¢ exist.
Now we define an ALE-STDG approximate solution of problem (2.11)—(2.13).
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Definition 3.1. A function U is an approximate solution of problem (2.11)-(2.13), if U € 5" and

| (00000, + AU0.0) + lU..8) + U0 ) (3.19)
I,
F(Ubnohn, = [ o)t Voe S m=1,...0,
I
Uy €SP Uy —u ) =0 Yo, € SP°. (3.20)

(For m =1 we set {U},,—1 = {U}o := U — Uy with U; given by (3.20)).

The ALE-STDG numerical method (3.19)-(3.20) was applied in [16,44] to the numerical simulation of a
compressible flow in time-dependent domains and fluid-structure interaction.

4. ANALYSIS OF THE STABILITY

In what follows we shall be concerned with the numerical solution of the ALE problem (2.11)—(2.13) by the
space-time discontinuous Galerkin method. In the theoretical analysis a number of various constants will appear.
Some important constants in main assertions will be denoted by Cr1, C7,, C}}, etc. in Lemma 4.1, Cfo, etc.
in Lemma 4.2, etc. and C71, CFq, Cra2, Cry, etc. in Theorems 4.1, 4.2, etc. Further, we use special notation
of constants appearing in properties of various structures, e.g. Ly, Lg, Ly, cg, etc. Inside proofs, constants are
denoted locally by ¢, ¢y, ca,c* etc. The aim of this notation is to increase the readability of the paper and to
show the relations between individual theorems and lemmas.

4.1. Some auxiliary results

As was mentioned in Section 3.1, for each ¢ € [0, we consider a system of triangulations {7h,t};,co7)- We
assume that these systems are uniformly shape regular. This means that there exists a positive constant cg,
independent of K, ¢ and h such that

h _
“E<ep for all K € Ty, h € (0,h),t € [tim_1,tm), (4.1)
PK

Tm < 7€ (0,7), m=1,...,M.

_ X X _ d.Am_l d Am—l —1
By (A}";')~! we denote the inverse to the mapping A}, '. The symbols 75— and ( L )" denote
. . _ _ . . m—1 d Am—l —1
the Jacobian matrices of A}’ ! and (AL 1y=1 respectively. The entries of 75— and ( et )" are con-

stant on every element K € 7A7l7tm,1 and K € Ty, respectively. Moreover, we define the Jacobians J(X,t) =
m—1 m—1 —
detdA"C’fiX(X), X e and Jt(z,t) = detd(fth*tdim(m))l, x € . The Jacobians J and J~! are piecewise
constant over 7717%71 and 7T, ¢, respectively. The constant value of J on K e ﬁl,tmﬂ and of J~' on K € Tht
will be denoted by J; and JI_(l, respectively. Of course, these terms depend on ¢ and, hence, J; = J;(t) and
Tt =T 1),
In what follows, we assume that

m—17

At e Whe (L WH(,_,)), m=1,...,M, he (0,h) (4.2)

and
(Ap )™ e Whe (L, Whe (), m=1,...M, he (0,h). (4.3)

Obviously, we have J € W1 (I; L®(,,_,)), J1 € W2(L,; L(€)). Since Ap';! s the identical
mapping and, hence, J(X,t,,_1) = 1, we assume that there exist constants C';, C}r > 0 such that the Jacobians
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satisfy the conditions

C;<JX,t)<C}, Xe, ,,tel, m=1,....,M, he(0,h),

CH P <JNa,t)<(Cy)Y, zeQ, tel,, m=1,....,M, he(0,h).

Finally, there exist constants C;, Cf > 0 such that

MO o xen T, m— he (R
T SCA,XG tmil,telm,m—l,...,M, E(O, ),
d(AP Y _ _ _
w SCX,xEQt,tGIm,m:L...,M,hE(O,h),
x
where || - || is the matrix norm induced by the Euclidean norm |- | in IR?.

2335

(4.4)

(4.5)

(4.6)

The above assumptions imply the following properties of the domain velocity: There exists a constant ¢, > 0

such that

|z(z,t)], |divz(z,t)| <ec, forxzeQ te(0,T).

(4.7)

Under assumption (4.1), the multiplicative trace inequality and the inverse inequality hold: There exist

constants cps, cy > 0 independent of v, h,t and K such that
lol2acomy < enr (1ol ol crey + B ol ) -
ve HYK), K € Ty, h€(0,h), t €[0,T],
and
|U|H1(K) <ecy h;(IH”UHLQ(K), NS PP(K), KeTyt, he (O,E), t e [O,T].

In the space H' (2, Tr.+) we define the norm

1/2
lellpa,: = Z |<P\%11(K) + I 1)
K€Th,t
Moreover, over 0f2 we define the norm
1/2
_ 1/2
lupllone = {ew Yo A0 [jupPas | = (P upsun.)”?,
r

TeFp,

If we use ¢ := U as a test function in (3.19), we get the basic identity
/ < (DU, U)g, + An(U,U,t) + b (U, U £) + dy (U, T, t))dt
I,

+{Ubm-1. U 1o, :/ Ih(U, t) dt.

I,

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

In what follows we need to estimate each term in (4.12). These estimates are summarized in Section 4.2. The
skipped proofs can be found in [5]. They are based on the multiplicative trace inequality (4.8), inverse inequality

(4.9), Young’s inequality and assumptions (2.5) on the function .
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These estimates, apart from another, produce a problematic term f I, ||U|\?2tdt, which we need to estimate in
terms of data. To overcome this difficulty we generalize the concept of discrete characteristic function in time-
dependent domains. In Theorem 4.1 we prove the continuity of the previously defined discrete characteristic
function in || - ||, and || - ||pg,+ norms.

Then, in Theorems 4.2 and 4.3 we apply estimates from Section 4.2 to the basic identity (4.12). In Lemmas
4.6-4.10 we estimate similar terms in Section 4.2, but the test function (second variable) is replaced by the
discrete characteristic function. Using these lemmas and properties of the discrete characteristic function proved
in Theorem 4.1, we finally estimate the problematic term flm |U|3,dt in terms of data in Theorem 4.4.

Using this key result from Theorem 4.4 and the discrete Gronwall inequality from Lemma 4.11, the uncon-
ditional stability of the method is proved in Theorem 4.5.

4.2. Important estimates

Here we estimate the forms from (4.12). The proofs can be carried out in a similar way as in [5]. For a
sufficiently large constant cy, we obtain the coercivity of the diffusion and penalty terms.

Lemma 4.1. Let

2
cw > g;cM(cl +1) for 6=-1(NIPG), (4.13)
0
ki _
cw > ?CM(C] +1) for 6=0 (IIPG), (4.14)
0
1637
cw > —5—cu(cr+1) for 0 =1 (SIPG). (4.15)
0
Then
Bo 2 Bo 2
(an(U,U,1) + Bo Ju(U, U, 1)) dt 2 == | [[U[[paedt == [ llupllbes, dt- (4.16)
I, I, I,

Further, we estimate the convection terms and the right-hand side form:

Lemma 4.2. For each ki, ko, ks > 0 there exists a constant cp,cq > 0 such that we have

/ b (U U, B)dt < 20 / 1013 adt + / U3, dt, (4.17)
Im Zkl Im ’ m t
/ (U U Dt < 20 [ Ui, dir S8 [ o3, . (4.18)
I 2k2 J1,, ’ 260 J1,, !
1
| m@onae<s [ (ol +1015,) d (4.19)
Boks Bo

_|_

52 [ Molensat+ g [ 0lbe,at.

m

Finally we need to estimate the term with the ALE derivative:



STABILITY OF THE ALE SPACE-TIME DISCONTINUOUS GALERKIN METHOD 2337

Lemma 4.3. It holds that

1

[ 000000z 5 (10318, 10508, - [ 1015, a). (1.20)
1 _

(U105 1)g, =5 (105l + IOl = 10l ) (4.21)
/ (DU, U)gq, dt + ({U}m-1, U;;_I)Qt (4.22)
I m—1
1 Cz +
> Ul + 500l ~ S [ VIR (U, U
2 -1 2 I'm, tm—1
Proof. We start with the first inequality. We have
/ (DU, U)g, dt = / > (DU U)k dt. (4.23)
Im Im KeTh,

By virtue of relation (3.2), the Reynolds transport theorem (see, e.g. [27] or [1]) and relation (2.10), we get

% - U?(x,t)dz = /K (aU({;f’w z(z,t) - V(U?(z,t)) + U%:c,t)divz(x,t)) dz (4.24)

N
_ /K (QU(a:,t) (W +2(a,t) VU(x,t)) + Uz(x,t)divz(x,t)> dz
=2(D:U,U) i + (U?,div 2) g

Expressing (D:U,U) i, summing over K € T, and integrating over I,, together with assumption (4.7) yield

/(DtUU / dt/ U?dx dt—f/ (U2, div z)q, dt (4.25)
Iy
Cy 9
IIU IIQ,m—fII e, —5 [ Ul dt,
Im

which gives (4.20).
Further, by a simple manipulation we find that

20U, -U,

m— m—1>

Up—en, , = Unalls, |+ H{U malld, = 10U,

-1
which immediately implies (4.21).
Concerning inequality (4.22), from (4.25) we get

/ (DtUa U)Qtdt + ({U}m—lv U’r—;—l)Qt

Im m—1

1 . _
= 51U, ~ S0, 5 [ @ divR)adt+ 10, Una U,
1 _
zQQWM@m+Mﬁl%%4—@L|W%ﬂ§—(mpU+J%n,

which proves the lemma. O
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4.3. Discrete characteristic function

In our further considerations, the concept of a discrete characteristic function will play an important role,
which is generalized to time-dependent domains.

For m = 1,..., M we use the following notation: U = U(x,t), x € Q4, t € I,,, will denote the approximate
solution in @, and U = U(X,t) = U(A(X),t), X € Q,,_, t € I, denotes the approximate solution transformed
to the reference domain Q,,,

For s € I,,, we denote Uy = U, (X,t), X € Q,,_,, t € I, the discrete characteristic function to U at a point
s € I, It is defined as Uy € P9(I,y; Sﬁ’m_l) such that

/ (Z;ls,tp)gtmil dt = / (ﬁ,ap)thildt Yo € PTY(L,,; S, (4.26)

I tm—1

U( X, tm1T) = U (X, i t), X €y (4.27)

m—1"

The existence and uniqueness of the discrete characteristic function satisfying (4.26) and (4.27) is proved in
the monograph [20]. Further, we introduce the discrete characteristic function U; = Uy(x,t), x € Qi t € Iy, to
U e SP? at a point s € I,,:

U(z,t) = U (A7 (), t), € Qy, t € Iy, (4.28)
Hence, in view of (3.8), Us € S} and for X € @, , we have
US(X, tm,1+) = U(X, tm,1+). (429)

In what follows, we prove some important properties of the discrete characteristic function. Namely, we prove
that the discrete characteristic function mapping U — U, is continuous with respect of the norms || - [[z2(q,)
and | - |[pa,+- In the proof we use a result from [7] for the discrete characteristic function on a reference domain:

There exists a constant é(clj)q > (0 depending on ¢ only such that

[ g, de<e [ o, at (4.30)

Im

for allm =1,..., M and h € (0,h).

Lemma 4.4. There exist constants C7,, C7} > 0 such that
Ciyh(D) "t < h(I) ™t < Cpy (D)~ (4.31)

for allT € Fry T =A(D) € Foy and allt €T,y m=1,..., M, h e (0,h).

m—17

Proof. We use the relation between I' and I' and the properties (4.5) and (4.6) of the mappings A; and At
We also take into account that I' ¢ K for some K € 7Tj, 4., I C K = A(K) € Tp,, and that the Jacobian

—1
matrices d’;‘g and d; are constant on K and K , respectlvely. Then we can write

h(T) = diam(T') = max |z — z*| = max |.At( ) — A( X))
z,z*el’ X, X*€
< [0

X X |X - X*| < Cf max |X - X*|=C} w(I).
Xel

XX*EI" X,X*el

Similarly, we get h(I') < C; h(I). These inequalities immediately imply (4.31) with C;, = (C})~! and
Cry=0Cy5. O
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Theorem 4.1. There exist constants Cr, CT; > 0 such that

/I U3, dt < Oy /I U3, dt (4.32)
/ B, dt < O3 / 1030 dt (4.33)

foralls€ I,, m=1,...,M and h € (0,h).

Proof. We begin with the proof of the first inequality. We have

()3, = /\u m?dx—/ (A7 (@), ) da

_/ 0L (X, )2 (X, t)dx<c+/ 0, (X, )2 dX
Qy th—l

— LI,
Integrating over I,,, and using (4.30) and (4.4), we obtain

| ol a<c; [,

I,

< ofel) / 10, | dt

|U(X,t)|2dX> dt

=Cy C’H/ (/ |U(.At(X),t)|2dX> dt
Im th—l
= C+CCH/ < \U(z, )Tz, 1) dm) dt
Iy Q.
<Cje CH(O;)_l/ ( U(a:,t)|2dx> dt
I’Wl Qt
— cFdcy)! /, U@, dt.

Setting C}, = C’+c((};{(0 )7L, we get (4.32).
Now we pay our attention to the proof of the second inequality in the theorem. From the definition of the
DG-norm we have

/ ||Ll||Dtht—/ A dt+/ 3 hc(vlﬁ)/r[usﬁds at (4.34)

Im KeTh, Im \rert,

+/1 >

" \rezp,

Cw 2
U,|2ds | dat,
h<r>/p' |

where Ff , = { A} L1, Fe}‘ht |} and similarly F2, = {A}'] L1, Fefhtm N
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Further, we estimate each term on the right-hand side of (4.34). From [20], relation (6.161), it follows that

~(2
> / Wt <esh > / 2 e A (4.35)

K€7—ht KGTht

m—1 m—1

with a constant E(g}q > 0 depending on ¢ only. For simplicity let us denote

A4 H(X) o AARTY) (@)
T’ By~ =B, (w)—h—'

Then it follows from (4.5) and (4.6) that [|B]| < Ch and | B/ Y| < O
Now, for K € Tp, 1+, K = A;(K) with K € T using that ||By| ;| and || B;!

B, = B(X) =

m—17

2

U ()20 ) = /K VU (2, 1) d = / Vi (A (@), 0)| (4.36)

- 2
g/K‘B;HKvuS(X,t)‘ J(X.0)dX < (C3°CF h(t)

The summation over all K € Tj, ¢, integration over I,,,, the use of (4.35), (4.4), the Fubini and the substitution
theorem imply that

/ > U@l dt < (C3)*CT / D MO g dt (4.37)

’"KET Ke’]’htm 1
<@rcsely [ | X[ wU@rIERg ar | a
Im KeTht
Scl/ Z |U(t)|2H1(K)dt

. /I U s @7y s

m

where ¢; := (C)2CF(C7)~ lc(c%}{(CJr)

Now we turn our attention to the term

/1 > ;LC(‘;/)/F[US]ZdS dt.

rer/,

For simplicity we assume that d = 2. In Appendix A we briefly describe the proof for d = 3. We use estimate
(6.162) from [20], which implies that

Wi ast w2 qst
/1 Z h(f)/f[us] dS™ | dt < e /Im Z h(f)/f[U] ds* | dt. (4.38)

fer] Ler) .,

hotym—1 tm—1

(Here dST denotes the element of the arc f‘.ASimilarly we use the notation dST.) R
Now we consider the relation I' = A;(T'), T' € F[, , and introduce a parametrization of I':

D=8 _,([0,1) = {X =BL,_;(v);v € [0,1]}.
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Then an element of I' can be expressed as
ast |(B7I,‘l D ()] dv, v eo,1].
These relations imply that
L= {z=A(B, 1 (v):v e 0,1])

A B ) (B YW du, ve01)

r_
ds X

The term (BL ;) (v) is a tangent vector to I at the point B | (v). It follows from the properties of the

mapping A; that the values of
dAy p r ’
LB, ) (BE_) (0)

are identical from the sides of both elements K IEL) and KéR) adjacent to I'. Then we can use the above relations,
inequalities (4.31), (4.5), and write

L opast— [ L P
/ph(]_“) O _/0 () (U (A (B 1 ()]

< / h(lr)[dswi_l(vm dAt

+ [ CLi h
SCA/h(r)[ o[t

dAt dv (4.39)

x B (DB, ) (v)

ml H‘ml dv

<ch

From (4.38) and (4.39) we get

cw 2 r o + rkok CV[A/ ~19 i . .

I
rer}, Fe}‘,{ﬁtmil

Further, for I' = A,(T'), where I € .7-',{7%71, we consider the parametrization
I = {o=Bl(w)ve 0,1},
= {X = A;I(B{(U))Mj € [Ov 1]}7

as” = | )@ )] av
Then, by (4.6),
Jioras® = [ @ BEE [ SE ) B @) o

[U (B} (v))]?

< [ weree | e wren| ey o) a
<cy

en / 0B W)2|(BE) (v)] dv

— /F U2 dsT.
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Substituting back to (4.40) and using (4.31), we find that

/Im > ;(VF)/F[MS]stF dtgc;»,/l > ;(V;)/F[U]st dt,

rerf, ™ \leF] ,

where c3 = c2C{C34(CE) 71O
Similarly we can prove the inequality

Cw 9 r cw 2
Us|*dS dtSc/ /U ds | dt.
/fm 2 h<r>/p' | 2w Y

rerp, ™ \TeFp?,

Finally, (4.37), (4.41) and (4.42) imply (4.33) with C3% = max{c1,c3,cq}.
4.4. Proof of the unconditional stability

Theorem 4.2. There exists a constant Cro > 0 such that

_ _ Bo
U8, - ||Um71||?2tm71 + ||{U}m71|\52)tm71 t5 ’ U B dt

< Crs (/I lgli3.dt + /I lup 3. + /1 ||U||s22tdt>~

m m m

(4.41)

(4.42)

(4.43)

Proof. From (4.12), by virtue of (4.20), (4.16), (4.17), (4.18), (4.21) and (4.19), after some manipulation we get

1Tlg,, = 1Un-all2,

m—1

1 1 1
+ H{U}m_lll?zt ~+ 5 (1 —— = = ) / ||UH2DG,tdt
m—1 kl k2 kg Im,

C,
< [ ol + 5o+ ) [ lulBon e+ (cz+1+ﬁf)+2cb) JlEERT
I I I,

Hence, choosing k1 = ko = k3 = 6, we get (4.43) with Cre = max{1, 780, c, + 1+ cq/Bo + 2¢ }.

Theorem 4.3. There exist constants Chq, C7% > 0 such that for any 61 > 0 we have

_ Bo
07, 10 R, + 2 [ 0TRG

m

* sk 2 —
<Cis [ IR+ C [ (ol + leplBos. )t + 5 10m s, + 4501051,

m I,

Proof. From (3.19), by virtue of (4.22), (4.16), (4.17), (4.18), (4.21) and (4.19), we get

_ 1 1 1
WUml3, + 105 B, 460 (1- = = — 1 / U2, gt
m—1 kl kQ k’3 Im

< / lgll3,dt + Bo(1 + ks) / lup |t

m m

+(1+e+ 20+ ;—d) / U, dt +2(Usy 1 U)o,
o/ J1,, =1

U+

m—1

Using Young’s inequality for the term 2(U, .

m—1>

Chy =1+ ¢, + 2cp + ca/Bo and O3 = max{1,75,}.

(4.44)

—1

) and setting k1 = ko = k3 = 6, we get (4.44), where

O
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We introduce the following notation:

tm—l—l—l/q =tm-1+ ngv

UmflJrl/q = U(tmflJrl/q)a [=0,... »q-

Lemma 4.5. There exist constants C75,C75 > 0 such that form =1,..., M we have
q C*
2 <> Y5 2 _
lz_% ||Um71+l/qHth71+l/q - /Im U5, dt, (4.45)
C**
U5, < 2 [0l (4.46)

Proof. Using the equivalence of norms in the space of polynomials of degree < ¢, for p(t) = U(X, t), t € I,
and any fixed X € Q; _,, we have

q
S U (X tno141/q) = L U%(X,t)dt,

Tm JI,

UX(X.t) 1) < =2 | U*(X,t)dt,

™ JI,,

where the constants Lg, M, > 0 were introduced in [20], Section 6.2.3.2. Integrating over €2, and using
Fubini’s theorem, we get

q

~ I N
S [ 10 (Kotasa) Px > 22 ( / |U<X,t>|2dt) ax
—_ Q — I'Vn

Tm Qtn@fl

T l
Anal()gously we ﬁn(i I 1 ‘

|oeeg gpax< e [ (/
Q ™m J1,, Q

tm—1

|U(X,t)|2dX> dt.

tm—1

U(X, t)|2dX> dt.

tm—1

Now the substitution X = A;!(z), where X € Q, ., z € Q, relation U(A; }(x),t) = U(z,t) and (4.4)
imply that

q
Z ”Um_l"_l/q”étm,lﬂ/q
=0
2 C; Z/ |U(x’tmflJrl/q)‘QJ_l(xatm71+l/q) dz

|U(X, t)|2dX> dt

_ L ;/Im< [ 107 @), 07 dx) dt

Tm
L
—(

m

cpies [ i
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Hence, we get (4.45) with C}, = Lq(C’j)_lcj;
Further, since * = A, _,(X) = X and, thus, U(X,t} ) = U(x,t}_,), using the substitution theorem and
(4.4), we obtain

Vsl = [ 105 Pax
tm—1

M, /
Tm’ I7n th71

C**
“is / U3, dt,
T, Im

m

IN

|U(X, t)2dX> dt

IN

where Cjt = M,(C7)~L. O
In what follows, because of simplicity, we use the notation U = % and do not write the arguments X and
t in integrals.

Lemma 4.6. There exists a constant Crg > 0 such that

(4.47)

m—1

/ (DU Us)e,dt + ({U 1 Uu (1)

Im

m—1"

1 _
> 5 (0GB, + 10 DI, )~ Cus [ VIR~ T 1, e,

I’IYL
forany s € I,,, m=1,....,M and h € (0,h).

Proof. By virtue of the definition of the ALE derivative (2.9), the definitions of U, Us,Us, the fact that U’ is a
polynomial of degree < ¢ — 1 in time and the substitution theorem we can write

/ (DU, U)o, dt = / (U’,z)sj) dt (4.48)
Im Im th,fl

’,us)ﬂtmﬂ dt+/lm (U’,E{S(J— 1))& dt

m—1

0
(ﬁgﬁ)%m /, (00 -n)
(

_ / 0.0.7)
t Qq

dt+/: (U’,ﬁ(lfJ))Qt
:/S (DtU,U)Qtdt+/s (07,00 -1) dt+/} (6/75’8(‘]_1»@ dt.

tm—1 tm—1 tim—1 m m—1

1dt+/l (U’,LNIS(Jfl)>Qt at

m— m m—1

Now we estimate the second and third term on the right-hand side. We begin with the third term. The fact
that J is constant on each K € Tj ¢, , and the substitution theorem imply that

/Im (U’,LYS(J—l))thldt‘ = > /Im(JK—l) (/K U’L?st> dt

f(ej—h,t

m—1

3 max|JK—1|/ </ |U’L?S|dX> dt.
teIm. Im f(

Kejrh,t.m_l

IN
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Using the relation Jg (t,,—1) = 1, we have

tm
max Ty 1 < / Tt < g,

tm—1

where ¢y > 0 is a constant independent of h, 7,,,, m. Then we find that

> max |/ —1\/ /|Uu|dth

KETh,tm
) 1/2 ) 1/2
<crm 3 / ((/ |U’|2dt> (/ |Z/ls|2dt> >dX.
I,

€Thtr,

Now we apply the inverse inequality in time: There exists a constant ¢; such that

(/J |U'(X,t)|2dt)1/2 < :—; (/I U(X,t)|2dt>1/2 (4.49)

m

holds for every X € Q;, ., 7m € (0,7) and m =1,..., M.
This inequality, Young’s inequality, Fubini’s theorem, (4.30), substitution theorem and (4.4) imply that

TmK TZ / ((/ |U’|2dt)1/2 </Im 5[8|2dt>1/2> dx
<é Y / </ U|2dt>1/2</lm5{8|2dt>1/2dX

m—1

K7—ht7n1
¢r 2, 1712
<5 D / (/ (0] +|u5|)dt)dX
KGTht,nl
_éf 2
_5 > /(/ (IUP + |Us)?) d )dt
KeThys,,

<Za+ed)) / 1013, dt

m

< / 1013, dt,
I

m

where ¢* = (C7)~te (14 E(C%}{)/2 Summarizing the obtained results, we see that we have proved the inequality

/I (U’,ZZS(J—D)Q dt

m ‘m—1

< ey / U113, dt. (4.50)

m



2346 M. BALAZSOVA ET AL.

Similarly as above we can estimate the second term on the right-hand side of (4.48):

/S (U’,U(l—J))Q dt

m—1 m—1

</1 ‘(U’ O —J)a,. ‘dt

m

< ) ?Elafuf K|//|UU|dth

[A(Ejyh,t

m—1

<Cﬂm > / ((/ |U’|2dt>1/2 (/Im|(72dt>1/2> dX.

ETh ity 1

Now the inverse inequality in time, Young’s inequality, Fubini’s theorem, (4.30) and (4.4) yield the inequality

/S (U’,U(l—J))Q dt

m—1 m—1

Scl/ U8, dt. (4.51)
I

m

with ¢; = CJ(C;>_161/2.
Finally, from (4.48), (4.50), (4.51) and analogy to (4.22), (4.29) putting ¢z = c*c; + ¢; we find that

| (D00t + (Ut Ut

Im fmt
> [ Ut UL, - U Ul e, — e [ U]
tm—1 m
B 1 s d 9 1 s 9 1.
— Q/tm_1 <dt /mU (ac,t)dx) dt 2/tm_1 (U dlv,z)Qtdt
TN 1 wmpmam%l—@[|m&m

m

Cz

1 S

=5 (WG, + 105, ) =5 [ 101
2 et 2 t'mfl
—er [ U= (U Uk e,

which implies (4.47) with Crg = ¢, /2 + cs. O

In the following lemmas, for simplicity we use the notation ;" and Uy for the discrete characteristic functions
to U and U, respectively at the time instant ¢,,_14/4-

Lemma 4.7. There exists a constant Cr7; > 0 such that
|an(U, U 8) + BoJn(U U, )] < Crr (1UlIDa,e + 14 I, + lunlbas.e) (4.52)

forallt,l € I,,,m=1,...,M, h€(0,h).
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Proof. Using the definition of the form ay, the property of the function 3, the Cauchy inequality and Young’s
inequality, we get

lan(U,U7 1) < B Y (VU + VU ?) d (4.53)
KeTh,+
(L)2 ‘w *12
+ﬁ1F€ZF /( (VUi + [vUfP) + i > ds

i (M (v + v OF) + s ) as

Feff

DN ARG
>dS

rerB

h,t

e Y /( D

rerp,

B S [ VUl luplas.

FG]-'B

The last term can be estimated using Young’s inequality and the relation A(T") < h (), for each € > 0 the
r
last term can be estimated in the following way:

1w |uD|d5<@Jh (up, up) + 2L o [VU; | as.
2¢e <L>

Fe}‘f‘ PeFp,

Now we express the first term on the right-hand side of this inequality with the aid of the definition of
the || - |[pgB,s-norm and to the second term we apply the multiplicative trace inequality (4.8) and the inverse
inequality (4.9). We get

66 B
b X [ 19U il a5 < 2 fuplen, + 2

s car(er + DI B (4.54)
FE]—'B

Setting ¢ : ﬁ m(cr +1) in (4.54) and substituting back to (4.53) we get

(UL )] < B Z/ (U + [Ve4;?) da

KeTh,t
v X [0 (wup s wur)as+n ¥ [ wupas
rerf, rerp,
so Y [ (9B + ven) R as
PeFi , r
Z/ \Vl/{l dsS + ﬁﬂl en(er + Duplbep.
PeF?, w

004 B+ By U7 1)+ By (.U )
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Using the inequality h(I') < hg for T' C 0K, we have

U015 D / (VUF + Vi) d”* > / hic (VU + VU ) dS - (4.5)
KeTh.e KeT
it Bo .
+ sgeeem(er + Db + 10 .

+ Bl Jh(ul*uul*vt) —+ Bl Jh(U7 th)‘

Now, applying the multiplicative inequality and the inverse inequality, we can obtain the estimate

3 / hic (VU + VU ?) dS < earler +1) Y (\U@F(Q)Huﬁﬁp(m). (4.56)

KeTh, KeTh,t
From (4.55) and (4.56), the definition of the | - ||pg -norm, using the inequality
In, (U U t) < Jp(U, U t) + (U, U t)

and putting Cr7 = max{By + B1 + Bicm(cr + 1) /ew, Biea(er +1)/(2Bocw )}, we finally get

|ah(Ua ul*vt) + BO Jh(Ua ul*7t)| < <51 + %CM(CI + 1)) |U|%-11(Q¢7T;L,t)

T (Bo+ B1)In(U, U 1) + (5 + e Do+ 1>) U7 B o7

2
T+ (Bo + BU)In (U U 1) + Q;?ch

< Cry (||UH2DG,t + ||ul*||2DG,t + HUD||12)GB¢) .

m(er + 1)||UDH2DGB,t

O

Lemma 4.8. For each k1 > 0 there exists a constant ¢, > 0 such that for the approximate solution U and the
discrete characteristic function U we have the inequality

| i< g [ et [ 0] (4.57)

m

Proof. It can be proved in a similar way as in the proof of inequality (5.18) from [7]. O

Lemma 4.9. For each ko > 0 there exists a constant cq > 0 such that the approzimate solution U and the
discrete characteristic function U satisfy the inequality

J v iar< g [ wibeane g, ar (4.59
Proof. By (3.16), (4.7) and the Cauchy and Young’s inequalities,
Bo ks «
J v otar< g [ Wi G2 [, ar

which is (4.58) with cq = c2ks. O



STABILITY OF THE ALE SPACE-TIME DISCONTINUOUS GALERKIN METHOD 2349

Lemma 4.10. For the approzimate solution U, the discrete characteristic function U] and any ks > 0 we have

* 1 *
| olae< g [ (lald,+ e, a (159)
Boks Bo .
T / lup B, dt + 20 / U B, .
2/ 2

Proof. From (3.17), using the Cauchy and Young’s inequality with ks > 0, we find that

(9, U") + Bo cw Z h(F)_l/uDMl*dS\
r

rerp,

1 Bok?,

< 5all, + 10 15) + 52 av 3 a0 [ uplas
FeJ-‘ft

:HUDH%)GBJ
+@ cw /|M*|2dS
2ks
l“e]-‘,?f

S J}L (Z/{l* ,Z/{l* 7t)§ Hul* H2DG,t

from which we get (4.59) by integrating both sides over the interval I,,. ([
Now we prove an important estimate regarding the problematic term [, ||U ||?ltdt.
Theorem 4.4. There exist constants Cry,Cty > 0 such that

[ Wttt < Crrn (10508, + [ (lolB, + luplen.)at) (4.60)

I,

provided 0 < T, < C7y.

Proof. For q = 1, the proof can be carried out similarly as in [5]. Let us assume that ¢ > 2,1 € {1,...,¢—1}.
From the definition of the approximate solution (3.19) and (3.20) for ¢ := U} we get

/ (DU U o, dt + ({U 1, {U ;_1)% (4.61)

I m—1
m

= / (_ah(Uvul*a t) - ﬁOJh(Ua ul*vt) - bh(U7 ul*vt)) dt

I,

+ / (—dn (U, U ) + LU, 1)) dt.
I

m

This relation and Lemma 4.6 imply that

1 2
z(HUm—Hl/q t

+ IIUZS_lll?ztml) (4.62)
n—1+1/

g/ |ah(U,L{l*,t)+50Jh(U,Ul*,t)\dt+/ b (U, 147, 1)) dt

ITVL I‘m

tm—1

+/ |dh<U,ul*,t>\dt+/ @ D dE+ (U U ),
I’IYL Im

+CL6/ |U||§, dt = RHS.

I
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Now we need to estimate the right-hand side of (4.62) from above. Using (4.52), (4.57), (4.58),(4.59) with
k1 =ko = ks =1, (4.47) and Young’s inequality with any d, > 0, we get

RHS < Cl/ 0N, + 167 1B e + 14718, + U1, + g1l + luplbes..) dt

m
1Unilld,
s Bl R,
2

—1
where ¢; = max{Cprg + 8o + cq/(260) + 1/2,c, + Crg}. Now we apply Theorem 4.1 on the continuity of the
discrete characteristic function:

/ U 13, dt < Coy / U, dt, /
I I I

m m m

U Bt < O /I 10|13 pdt.

Hence,

RIS < / (1013 + 1013, + 913, + luplBes.) d

I’VTL

Vsl
R U,

with ¢o = ¢; max{1 + C7%,,1+ C}4 }. Then it follows from (4.62) that

(H 1+l/q||Qt e T (o 1||Qt 1) (4.63)
) ) ) ) IUzillg, .
<er | (10 + 101, + ol + luplben, )dt + ——F=== + 5Vl

Further, multiplying (4.63) by Il q T (=) summing over [ = 1,...,q — 1 and adding to (4.44), we find that

q—1
T +L U3 (L) o, +/3°/ U3t
m tm 802 q— ]_) ~ tm—1+41/q 8 m= tm 2 I ’

=

<o / ||U|Dctdt+<50+cm) [ Wik

B
+< Bo | o / (lgll2, + llup|Bas.,) dt

Bo 2 ,802
b (g 2 Wl (22060 ) 107

%, éBC o 4 1} and rearranging, we get

Setting c3 := min {

Bo
es (1052 llz, +Z|| el W, )+ T U e

— 2
*Z?:[) ”U'm—l-H/qHQf —141/q

Bo . 5
< (Bvon) [ wa (2rcn) [ o, +lulpos) a

m

Po 2 - 2 Bod2 o2
* <402(52 * 51 ||Um_1||th71 + 4 + 61 HUm—lHth71
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It follows from inequalities (4.45) and (4.46) that

c3ly Bo
o [ i B 01

m I
foda My ABMG By )
< Cy Ullg, dt
- < dcoTm + T 4 +Crs /I I Hﬂt
BO / 2 2 BO 2 — 2
Crs dt — ) IT, :
+( +0i3) [ (ol + lunlfbo) at+ (55 + 5 ) 10,
. cgco LY
Setting §; = 16M*, 09 = ,830;/1* , Cq 4652052 + %, cs % + C75 we get
csly  Bo Bo
B op) [0 2 [ ol (164)
27—m 4 I'In m
<cs [ (ol +lulbon,) dt+ callU
If the condition 0 < 7,,, < C}, = 4(5%%*) is satisfied, then 2o 1+t 015 > ZSTL and from (4.64) we obtain the
2 thrs m
estimate

csly Bo _
o [ Wl 0iBe.dt < [ (ol + lenlBas.) dt+clUn il

which implies (4.60). O
The stability analysis will be finished by the application of the following auxiliary lemma.

Lemma 4.11. (Discrete Gronwall inequality) Let Ty, G, by and Y, where
m=1,2,..., be non-negative sequences and let the sequence a,, be nondecreasing. Then, if

xo + Yo < ao,
m—1
xm—i_ymgam“‘ijfL'j fO?" le,
§=0

we have

m—1
T+ Ym < am [[ (L+b;) for m>0.
7=0

The proof can be carried out by induction, see [20].

Now, if (4.60) is substituted into (4.43), an inequality is obtained, which is a basis of the proof of our main
result about the stability:

- B
UGy, = 1Umallé,,  + KU m-alld,, |+ 50 10N m dt (4.65)

m

s<c&2+churm>/‘<mmgt+HanDGBad¢+<EQC%4nﬂ| e

I -t
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Theorem 4.5. Let 0 < 7, < Cpy form=1,..., M. Then there exists a constant Crs > 0 such that

B m /80 m
U, +> KU;-1} 5, + 5 S UG, dt
° - I
J:l j:l J
< Crs | U713 +Z/ Roydt|, m=1,...,M he (0,
to I >
=171

where Ry j = (Cra + Cray) (ll9]3, + llunllbes,:) for t € 1.

Proof. Writing j instead of m in (4.65),we obtain
_ _ Bo
105 1, =107l + 01l + 5 [ UGt
J

g/ Rt7jdt+CT20T4TJ-IIU]Z1II?2% -
I;

1

Let m > 1. The summation over all j = 1,...,m yields the inequality

m m
_ Bo
||Um||?2tm +Z H{U}jle?ztj_l + 32 . U3, dt
j=1 j=1"1j

m m
< Uy 13, + CT2CT4ZTj+1||UJ-_||?~ltj + Z/I Ry ;dt.
=0 =171

The use of the discrete Gronwall inequality with setting

zo = ag = |Ug [[&,,, ¢ =0,

om = Unll3,,,

v = 2 MU, + 5D [ IRt
j=1 J=1"7%

m
an = U5 1B, + - [ Rug
j=1"1;

bj:CT20T4Tj+1, j:O,l,...,m,

yield
- m ﬁo m
1Ol + DIV, + 5> [ Ul dt

; ; I;

j=1 j=1 J
m m—1

< (105 &, +> [ Rejdt | TT (1+ CraCramisa).

j=1vJ 7=0

(4.66)

(4.67)

Finally (4.67) and the inequality 1 + 0 < exp(c) valid for any o > 0 immediately yield (4.66) with the

constant CT5 = eXp(CTQCT4T).

O
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5. CONCLUSION

This paper is devoted to the stability analysis of the space-time discontinuous Galerkin method applied to
the numerical solution of an initial-boundary value problem for a nonlinear convection-diffusion equation in a
time-dependent domain. The problem is formulated with the aid of a new version of the arbitrary Lagrangian—
Eulerian (ALE) method allowing to use different meshes in different time slabs. In the numerical scheme we
use the nonsymmetric, symmetric and incomplete versions of the space discretization of diffusion terms and
interior and boundary penalty. The nonlinear convection terms are discretized with the aid of a numerical flux.
The space discretization uses piecewise polynomial approximations of degree < p with an integer p > 1. For
the discontinuous Galerkin discretization in time we use polynomials of degree < ¢ with ¢ > 1. (We are not
concerned with the case ¢ = 0, which yields the simple backward Euler time discretization.) Main attention
is paid here to the situation when ¢ > 2, which is much more complicated and a special technique based on
the ALE-generalization of the concept of the discrete characteristic function has been applied. This approach
combined with a number of various estimates results in the proof of unconditional stability of the method. The
obtained results represent a theoretical support of the ALE-STDGM developed in [16] for the numerical solution
of compressible Navier-Stokes equations in time-dependent domains and interaction of compressible flow with
elastic structures.

Further step will be the application of derived results to the analysis of error estimates of the ALE-STDGM
in time-dependent domains. Interesting, but very difficult would be the analysis of the ALE-STDGM applied
to singularly perturbed nonlinear problems, generalizing results of papers [45, 54].

APPENDIX A. PROOF OF ESTIMATES (4.41) AND (4.42) FROM THE PROOF OF THEOREM
4.1 IN THE 3D CASE (BY Z. VLASAKOVA)

We introduce a parametrization of I'. Let A2 be a reference simplex in R2 (with one vertex being the origin
and all of the other vertices have only one non-zero coordinate equal to 1). Now

I'=A(I), TeF, .,

[=B, (A% = {X =B}, 1(v): v e A%},

- o8k oBL

T m—1 m—1 1 2 2

= A

ds Dol (v) x 97 (v)||dz dz®, ve A%,

L= {z=AB], 1 (v)): v € A7),

dA, ¢ oBL _ dA, ¢ oBL _
ast = d—);(l’ﬁ‘fn_l(v)) s L(v) x df);(l?&_l(vw o Lw)| detda?, v e A%
ol ~
By the symbol x we denote the vector product. The terms dl?;;; L(v) are tangent vectors to I' at the point

r
0 m—1

B}:ﬁl (v). It follows from the properties of the mapping A, that the values of C(ii’;‘g (B}:Hl (v)) lzxi (v) are identical

from the sides of both elements KE and RE adjacent to I'.
In what follows, for the sake of simplicity, by ¢ we denote a generic positive constant independent of h, with
different values at different places. Then we can write

L 2 T _ L i v 9
/ph(F) [Us)"ds _/AZ h(T) [Us(Ae(By,—1(v)))]
dA; oBL % N 98"

dztda?

R BE () 2 () x ST (B () = (o)
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I = ap 5|l dA:, 5 2 88,12_1 88&_1 L
<[ = dA,
~ /A2 h(F) [Us(Bm—l( ))} dX (Bm_l(ﬂ)) 81‘1 (’U) X 8332 (’U) dfl? dl‘
< / € _10,)2as"
t ()
Hence,
/ Yy /[U 12dS" | dt < c/ y o /[U]stf dt.
Im \rert, h(T) Jr Im ferr, h(T) Jr
Further for I' = A,(T"), T' € ]:i{,tm_l’ we consider the parametrization
I = {z=B;(v);ve A’}
P = (X = A Y(BF(v)); v € A,
oB;, oBL
r _ m—1 m—1 2
= H dat (V)X Tz )| dv, veEA
A dA;! oBY dA;t OB~
r_ t r t ¢ r b 5
ast = H A 5 0) 285 (o) x A (B ) 2B )|, e a2
Then
/[U]stf‘ — / [ﬁ(A*l(BF(,U)))]Q d.A;l (Bp@))aB{ <U> % d.A;l (BF(U))%(U) d.’L’ld.CCQ
P A2 toATt du t Ozl A t 972
dA, ' ’ 0B, 0B,

dz'da?

< [ WwEkw)

< c/ [U]2dS".
A2

"L (B (1) () x —2L(0)

ozl

Together we get

/Im ) ,f(V;) /F [Us)2ds" | dt < e /I > hc(VIZ) /F [U)2ds" | at,

rerf , ™ \leFj ,

which is the 3D version of (4.41). Similarly we prove (4.42) in the 3D case.
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Abstract. We deal with the numerical solution of nonlinear time-dependent convection-diffusion-
reaction equations with the aid of continuous and discontinuous Galerkin discretization of an arbitrary
polynomial approximation degree. We derive a posteriori error estimates in the space-time mesh-
dependent dual norm. The estimates are based on the equilibrated flux reconstruction techniques
which are locally computable. We prove the upper and lower bounds and present several numerical
experiments justifying the theoretical results.

Key words. a posteriori error estimates, equilibrated flux reconstruction, nonlinear convection-
diffusion, reliability, efficiency
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1. Introduction. We deal with an a posteriori error analysis of a scalar non-
linear time-dependent convection-diffusion-reaction problem which is discretized by
continuous and/or discontinuous Galerkin approximation of an arbitrary polynomial
degree with respect to the space and time. The aim is to derive error estimates
which are reliable (the upper bounds do not depend on unknown constants), locally
computable and locally efficient (local lower bounds are valid).

There are a number of results devoted to a posteriori error estimates of parabolic
problems. For an introduction to the topic with an overview of the concepts, we refer
to [46]. The upper bound for the heat equation problem is derived in, e.g., [20], [32],
[36], or [38] and the applications to adaptivity can be found in, e.g., [8], [29]. The
upper and lower bounds for linear parabolic problems are derived in, e.g., [5], [17], or
[44]. For an extension to nonlinear problems, see, e.g., [19], [28], [43], and [45].

A posteriori error analysis for nonlinear parabolic problems is addressed in [11],
where a special dual norm of the residual is constructed. This norm enables one to
derive a reliable upper bound that is efficient locally in time and globally in space.
However, all the papers mentioned above are devoted to a low (first or second) order
time discretizations only. The analysis of linear problems discretized by the higher
order methods in time can be found, e.g., in [2], [14], [15], [41]. The analysis of the
higher order time discretizations for nonlinear problems can be found, e.g., in [33],
where the upper bound consists of dual norms and it is not directly computable.

The aim of this paper is to generalize the results from [11] to higher order time
discretizations, namely to continuous Galerkin (¢G) and discontinuous Galerkin (dG)
time discretization methods in the combination with the classical conforming finite
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element method (FEM) and discontinuous Galerkin finite element method (DGFEM)
in space. Since Galerkin time discretizations use the same principles in time as FEM
or DGFEM do in space, it is possible to develop a posteriori error analysis of the time
discretization in a similar way as for the space discretizations. Then the reconstruction
with respect to time can be made with the aid of interpolation on right Gauss—
Radau quadrature nodes. This type of reconstruction is well known from the analysis
connecting dG, Radau collocation method, and Radau ITA Runge-Kutta method; see,
e.g., [2], [22], [25], and namely the seminal paper [13].

Throughout this paper we deal with four methods for which we use the following
abbreviations denoting the combination of time-space discretization:

o ¢cG-FEM: the continuous Galerkin method in time and the conforming finite
element method in space,

e dG-FEM: the discontinuous Galerkin method in time and the conforming
finite element method in space,

e ¢cG-DGFEM: the continuous Galerkin method in time and the discontinuous
Galerkin method in space,

o dG-DGFEM: the discontinuous Galerkin method in time as well as in space.

An important contribution of this paper lies in theoretical justifications of unified
analysis of ¢G (conforming) and dG (nonconforming) time discretizations. This is
possible due to the reformulation of the original parabolic problem in such a way
that the exact solution of the original problem is also the solution of the new one
and that both discretization methods behave as conforming with respect to the new
reformulated problem. These properties enable us to derive a posteriori upper bound,
where the penalization of nonconformity is naturally included into the estimator and
no additional artificial penalization term is needed. We employ the equilibrated fluzx
reconstruction technique, which is close to the hypercircle method; see [37]. For an
overview of the equilibrated flux reconstruction technique applied to the stationary
problems, see, e.g., [1], [6], [18], [16], [31] and references cited therein.

The theoretical analysis in [6] and [18] also shows the independence of the con-
stants arising in the efficiency estimates on the polynomial degree for certain types of
flux reconstructions. See also [34] and [47], where the analysis of polynomial depen-
dence of efficiency estimates is presented too. Nevertheless, this topic is beyond the
scope of this paper and will be possibly addressed in future works of the authors.

For time-dependent problems, it is natural to consider discretization on changing
(space) meshes in time. In order to simplify the exposition, we start with the cG-FEM
and dG-FEM approach on fixed meshes. Then we proceed with the cG-DGFEM and
dG-DGFEM techniques on meshes changing in time. An extension of cG-FEM and
dG-FEM on varying meshes is straightforward.

The contents of the rest of this paper is the following. In section 2, we introduce
the continuous problem, whose (space-continuous) Galerkin discretization is treated
in section 3. In section 4, we describe the error measure as dual norm of residual
with respect to the reformulated problem for the cG-FEM and dG-FEM techniques,
reconstruct the solution with respect to time and space, and derive an a posteriori
upper bound. The corresponding local lower bounds are presented in section 5. In
section 6, we briefly extend the results to discontinuous space discretization (cG-
DGFEM and dG-DGFEM) including the generalization for meshes changing in time.
Finally, section 7 contains several numerical experiments.

2. Continuous problem. Let @ C R? (d = 1,2,3) be a bounded polyhedral
domain with Lipschitz continuous boundary 02 and T' > 0. We use standard notation

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/04/22 to 195.113.31.54 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1488 VIT DOLEJSI, FILIP ROSKOVEC, AND MILOSLAV VLASAK

for Lebesgue, Sobolev, and Bochner spaces. Let (.,.) and |.|| be the L?(Q) scalar
product and norm, respectively. Let us consider the following initial-boundary value
problem: find u : Q x (0,7) — R such that

(1) %—V-U(U,VU)+C(U):O in Qx (0,7),

u=0 indQx (0,T),
u(0) =u" in Q,

where the initial condition u® € H}(Q), the reaction term ¢ : L?(0,T,L*(Q?)) —
L%(0,T,L?(f2)), and the flux term o : L2(0,T, L(Q))™' — L2(0,T,L*(Q)?%). We
assume that o(u, Vu) € L2(0,T, H(div,Q)) for the sufficiently regular exact solution
u (cf. Definition 1), where H(div,Q) = {v € L2(Q)¢ : dive € L?(Q)}. Moreover, we
assume that the complete spatial operator is monotone, i.e.,

(2)  (o(u, Vu) —o(v, Vo), Vu — Vv) + (c(u) — c(v),u —v) >0 VYu,v € Hi(Q).

Let us note that (1) also covers the case when a source term g(x,t) appears on the
right-hand side of (1). Then the source term can be absorbed by the nonlinear terms,
e.g., by setting é(u) := c(u) — g(x,t). The assumption (2) remains preserved. For
simplicity, we consider the homogeneous Dirichlet boundary condition which can be
relaxed.

Let us denote the weak time derivative v’ = % and define spaces

(3) X = L2(0’T7 H(%(Q))a
Y ={veX:v eL?0,T,L*N)} c C([0,T], L*(Q)),
YO={veY:v0)=1u"}.

DEFINITION 1. We say that the function u € YV is the weak solution of (1) if
T
(4) / (', v) + (o(u, Vu), Vv) + (c(u),v)dt =0 Vv € X.
0

In this paper we assume that there exists a solution of problem (4). The possible
proof of the existence of the solution can be carried out under the assumption of the
Lipschitz continuity and coercivity of data; see, e.g., [30, Part II, section 2]. The
uniqueness of the solution of problem (4) follows from (2). Assumption (2) can be
relaxed, e.g., by Garding-like inequality.

3. cG-FEM, dG-FEM discretizations. We consider a space partition 7Tj
consisting of a finite number of closed, d-dimensional simplices with mutually disjoint
interiors and covering Q, i.e., Q@ = Uxe7, K. We assume conforming properties of the
mesh, i.e., neighboring elements share an entire edge or face. In the rest of this paper
we speak only about edges, but we mean edges or faces depending on the dimension
d. We denote the vertices of the mesh by a and edges by e. We set h. = diam(e),
hx = diam(K) and h = maxghy. We assume shape regularity of elements, i.e.,
hik/px < C for all K € Ty, where pg is the radius of the largest d-dimensional ball
inscribed into K and constant C' does not depend on 7, for h € (0, hg). Moreover,
we assume the local quasi-uniformity of the mesh, i.e., hxy < Chg/ for neighboring
elements K and K’, where constant C' does not depend on 7y, for h € (0, ho) again.
For each edge e, let n = n. denote an unit normal vector to e with arbitrary but
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fixed direction for the inner edges and with outer direction on 9€2. Moreover, for each
K € Ty, nk is the unit outer normal vector to K.
For the purpose of the classical FEM, we define the space

(5) Vi ={ve H}(Q) :v|lkg € PP(K),K € T)},

where the space PP(K) denotes the space of polynomials on K up to the degree p > 1
(fixed for all K € Tj,). We denote by II the L?-orthogonal projection on V,.

In order to discretize problem (4) in time, we consider a time partition 0 = tg <
t1 < -+ < t, = T with time intervals I,, = (t;—1,tm), time steps 7, = |Ln| =
tm — tm—1 and 7 = max,,—1,.. . Tm. In the following, we consider two variants of the
time discretization, conforming continuous Galerkin (¢G) method and nonconforming
discontinuous Galerkin (dG) method. For the conforming case, we seek the discrete
solution in the affine subspace of Y, i.e., in

(6) Yo ={veY:u, € P (T, V1), v(0) = Huo},

where Pi(I,,, B) is the space of polynomial functions in time of degree less than or
equal to ¢ > 0 with values in the Hilbert space B. It is important to notice that Y, is
a subspace of Y and not a subspace of Y? in general, because Y," violates the initial
condition. Since Y C C([0,T], L*(Q)), this space consists of piecewise polynomials
that are continuous in space and time and satisfy the approximation of the initial
condition ITu® and homogeneous boundary conditions.

For the nonconforming case, we define the space of piecewise polynomial functions

(7) Xip={ve L*0,T,V4) : vl1,, € PU(In, Vi)}-

Let us note that the dimension of Y;7 and X7 is the same (= r(¢+ 1) dim(V},)) since
in X we consider polynomials of degree ¢ only, but the discontinuities at ¢,,, m =
1,...,7—1, give the additional degrees of freedom. The spaces Y, and X represent
natural discrete variants of spaces Y° and X, respectively.

Since space X consists of functions that can be discontinuous in time, we need
to define the one-sided limits and jumps

mo o __ : _ _ m _ . _
(8) o= t_l)ltIE+v(t)7 m=20,...,r—1, " tilgg_ o(t), m=1,...,r
{U}m:’UT—UT7 m:17...77"_1, ’UO_:’U/O’ {’U}O:UE);’__'U/O,

where 1 is the initial condition. We omit the subscript + for continuous functions.
In order to simplify the notation, we set the local L?-scalar products

9) (u,v)pr = / uvdz, (U, V) M = / wodedt Ym=1,...,r,
M MxI,,
where M C  is some collection of elements K from 7y,, and the corresponding norms
II.llazs |1l a2,m - Similarly, for K € Tp, m =1,...,r, we define
(10) ag.m(u,v) = (o(u, V), Vo) g m + (c(v), V) km, u,v€ X

to describe localized version of the spatial operator on K X I,,. By > Kom We will
denote a sum over all space-time elements K x I,,, where K € T, and m =1,...,r.
Now we are able to define the cG-FEM and dG-FEM discretizations. The c¢G—
FEM discretization is based on the original weak formulation (4), where the original
spaces Y9 and X are naturally approximated by spaces Y,” and X}, respectively.
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DEFINITION 2. We say that the function uj € Y, is the approzimate solution of
(4) obtained by the time continuous Galerkin-FEM (¢cG-FEM) if

(11) ST (] ) am + arem(uf,v)) =0 Yo € X7,
K,m

On the other hand, the dG-FEM discretization approximates the solution space
YO by X . This violation of the nature of space Y0 is compensated by the additional
jump terms.

DEFINITION 3. We say that the function uj, € X is the approzimate solution of
(4) obtained by the time discontinuous Galerkin-FEM (dG-FEM) if

(12) Z (((wh),v) km + arcm(uf, v) + (Ui tm-1,07 k) =0 Vo€ X].
K,m

The methods (11) and (12) can be viewed as a generalization of classical one-
step methods for parabolic problems. It is possible to show that setting ¢ = 0, i.e.,
piecewise linear continuous approximation in time for cG-FEM or piecewise constant
approximation in time for dG-FEM, are equivalent (up to a suitable quadrature of
the time integral) to the Crank—Nicolson method or backward Euler method, respec-
tively, in time combined with FEM in space. These methods for ¢ > 1 (with corre-
sponding Gauss or right Gauss—Radau quadrature) lead to certain well-known implicit
Runge-Kutta methods (Kunzmann-Butchder method (also known as Gauss-Legendre
method) or Radau ITA method). For details about relations between Runge-Kutta
methods, collocation methods, and Galerkin methods, see, e.g., [2], [22], [25], and [48]
for the details about implicit Runge-Kutta methods; see, e.g., [7], [23], and [24].

In virtue of (12), for K € Tp,, m=1,...,r, we set

(13) bK,m (’LL, U) = (ul’ U)K,'m + AGK m (ua U) + ({u}m—lv 'U:T_l)K-

The form bg ,, is not linear, but it is affine, since the first jump term includes the
initial condition; see (8). This enables us to work with b ., on the first time level
in the same way as on the other levels. This unified notation naturally covers the
nonconformity in the deviation of the initial condition in the same way as the usual
nonconformity coming from the discontinuity of the discrete solution; see section 4.2.

4. A posteriori error analysis of cG-FEM and dG-FEM discretizations.

4.1. Error measure. Inspired by [11, section 2.3.1], we define a parameter
associated to space-time element K X I, by dg . The forthcoming analysis will
be independent of the choice of this parameter. We only assume for the analysis
that di,m > 0 and that dg,, is locally quasi-uniform, i.e., dx,, < Cdg: ., for
neigboring elements K and K’ where constant C' does not depend on 7y, for h € (0, hg)
and m = 1,...,7. Expected possible choices are d%m = h% + 712 or dgm = 1 or
dg m = hi. The assumption of local quasi-uniformity of dg ,,, (as can be seen from
expected choices for dg ., ) brings most often no additional restrictions with respect to
the adaptivity of the mesh, since the local quasi-uniformity of the parameter (or space
elements, respectively) is the direct consequence of the shape regularity assumption
that is typically assumed for most discretizations already.

Let us define the space

(14) YT ={veX:V|, € L*(I,,L*Q))}
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of piecewise continuous functions with respect to time. In fact, Y7 is a broken Sobolev
space with respect to time. From the definition of the space Y7 we can see that

(15) YOCcYcCcYT CX, Y7, X; CYT.

This space is suitable for redefinition of the weak formulation (4), which is replaced
by the following one: find w € Y7 such that

(16) > brm(u,v) =0 YoeyT.

K,m

LEMMA 4. Letu € Y° be the unique solution of problem (4). Then u is the unique
solution of problem (16).

Proof. From (15) we can see that the unique exact solution of former problem
(4) is also the solution of problem (16). It is sufficient to prove the uniqueness. We
follow the idea of energy estimates from the seminal work [13, Lemma 4]. Let u € Y°
be the original solution of problem (4) that satisfies problem (16), and let u; € Y7
be another solution of (16). Then subtracting the relations (16) for w and u; with
v = 2(u — u1) and using monotonicity (2), we gain

(17) 0= Z 2((w—u1) yu —u1)km + 20K m (U, u — u1) — 20K (U1, u — uy))
K,m

+ 3 2({u = urtmor, (u—uw) T Nk

K,m

> Z (2((U — ul)/7u — Ul)K,m + 2({u — ul}m—l, (u _ ul);r_z—l)K)
K,m

= [l(w = w)Z 1P + Y I = e

K,m

Since the original solution u is continuous (u € Y°), we get that {u},,—1 = 0. Then
relation (17) implies that {u;},,—1 = 0 too. From this follows that u; € Y° and
satisfies (4). O
The reason for the redefinition of the standard formulation (4) is that (16) is closer
to the nonconforming dG-FEM discretization which can be handled as a conforming
discretization with respect to (16), i.e., discretization on subspaces; see (15).
We define a norm on Y7,

(18) (vl = D ol§r s With [[V]3+ g = i (B IV 0T + Tl ) -
K,m

The same concept of norms is used in [11, section 2.3.1]. Following formulation (16)
and using norm ||.||y-, we define the error measure £ = £(uj) as a dual norm of the
residual

bK m uTvv
(19) € =Res(up) = sup 2 it b m (4 V)
0#veEY™ [l

Let u], € X[ be an arbitrary function. Then Res(u},) represents a natural error
measure for v — uj. Moreover, an arbitrary Hilbert norm on Y7 of u — uj, can be
associated with Res(u},) by a duality argument. Furthermore, it is possible to see
that the uniqueness of problem (16) implies Res(uj) = 0 iff u}, is equal to the exact
solution u. Our aim is to estimate Res(u},) for uj being the solution of (11) or (12).
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4.2. Reconstruction of the approximate solution with respect to time.
The exact solution u of problem (4) or (16) belongs to Y. Tt is possible to see that a
function w from either the space X7 or Y;7 belongs to the space Y iff w is continuous
in time and satisfies the initial condition «°. This is, in particular, not guaranteed
for cG-FEM solution uj, € Y}, since it only satisfies the approximation of the initial
condition ITu’; see the definition of ¥;7 (6). To be able to produce a posteriori error
estimates we need to reconstruct the solution uj, from either X; or Y} in such a way
that the resulting reconstruction R, is conforming, i.e., R} € Y, and that u] ~ R].

Let 7, € P! be the right Radau polynomial on I, i.e., 7p(tm_1) = 1,
Tm(tm) = 0, and 7y, is orthogonal to P?1(I,,) with respect to the L?(I,,)-inner
product. Alternative equivalent definition for r,,, € P?*! is that the zeros of 7, lie in
the right Gauss—Radau quadrature nodes on I, and the polynomial is scaled such that
Tm(tm—1) = 1. Then the polynomial reconstruction Rj, for both time discretizations
can be determined on each interval I,,, by

(20) Ry (x,t) = up(z,t) — {up tm—1(2)rm(t), x€Q, tel,.
The resulting function Rj is continuous in time and satisfies the initial condition
(21)  Rj(w,0) = uj(2,0) = {uf}o(x)r1(0) = uj(2,0) = (uf (z,0) — u’(2)) = u’(w);

cf. (8). Moreover, using the integration by parts and the properties of the Radau
polynomial r,,, we get

(22) (RR) s 0)m, i =((u})s 0)m i = (T {uh b1, 0)m, i
:((u;;)/?v)m,K + (Tm{u;—l}mflav,)m,l(
- rm(tm)({u;—z}m—lv 'UT)K + Tm(tm—l)({u;g}m—la U.T_l)K

:((UIL)/7U)m,K + ({u;}m—lvvil_l)l( Vo € Pq(Ima Lz(K))

Since the reconstruction Rj is locally defined and explicit, its computation is very
cheap and easy to implement. This reconstruction is also used to show equivalence
among Radau ITA Runge—Kutta method, Radau collocation method, and discontinu-
ous Galerkin method; see [2], [14], [21], [33], [41].

4.3. Reconstruction of the approximate solution with respect to space.
Since o(uj, Vu}) ¢ L*(0,T, H(div,2)) in general, we also reconstruct for similar rea-
sons as above the spatial fluxes of the solution in such a way that o} € L2(0,T, H(div,
Q)) and o(uj, Vu}) ~ 0. Following reconstruction is a generalization of the recon-
struction from [18, Construction 3.4]. Let RTN,(K) be the Raviart—-Thomas—Nedelec
space of order p for element K € Ty, i.e., RTN,(K) = P,(K)? + 2P,(K). Let us
denote the patch 7, = (J,cx K associated with a vertex a of a mesh 7;,. Moreover,
we define RTN spaces on 7T, with zero Neumann boundary condition:

WrrNp(Ta) = {v € H(div,T,) : v|x € RIN,(K), v-n=0Ve € 07,}, a ¢ 09,
Wrrnp(Ta) = {v € H(div,T,) : v|xk € RIN,(K), v-n=0Ve € 97, \ 002}, a € 0N2.

Let us denote PF(7,) elementwise polynomial functions (possibly discontinuous) of
order < p and with zero mean value for a ¢ 9Q. We denote as 1), the piecewise linear
“hat” function associated to vertex a with ¢,(a) = 1 and v, (@) = 0 for other vertices

a. Obviously, Y, x Yalk = 1|k
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Moreover, we put

(23) &a = tao(uf, Vuj),
fg = 'l/’a(R;)/ +Yac(uy,) + Vb - o(up,, Vuy).

Then we seek o] € PY(I,, Wrrn (7o) and 7] € PI(1,,, P£(T,)) as solutions of the
following local mixed finite element problem:

(24) (0-31—7 U)Tmm - (TZL—7V ’ U)Taﬂﬂ :(fclu U)Ta,m Vv € Pq(Im7 WRTN,p(E))y
(V00 0)T0m =€, 0)Taim Vo € PU(Inm, PP(Ta)).

It is possible to observe that the second relation in (24) is satisfied for test function
© constant in space, since then both sides of the relation are equal to zero due to the
special choice of the right-hand side. Therefore, the second relation in (24) holds
elementwise for arbitrary test function ¢ € P%(1,,, PP(K)). Problem (24) represents
a local Neumann mixed finite element problem and the existence and uniqueness of
problem (24) follows from [39, Theorem 10.1 and section 14]. Finally, we define o}
separately for each I, by

(25) ohlkxr, = Y oalk.
aceK

Summing the second relation from (24) over all vertices a € K, we get
(26) (Vo 0)km = (RL) + c(up), ©)km Vo € PU(Im, PP(K)).

This relation is known as local flux equilibration and represents an important tool for
deriving a posteriori error upper bound.

4.4. Upper bound. In this section we prove an a posteriori upper bound for
Res(uj,); cf. (19). We estimate Res(uj) in terms of data o and ¢, discrete solution
u], and functions R} and o} that are cheaply (locally) computable from the discrete
solution u}. Let us assume v € Y. We divide the numerator of Res(u}) as

(27) Z (((f) + c(uh), v) m + (o (uf, Vuf), Vo) + ({u] m-1,07 " k)
K,m

=Y ((B}) +cuh) =V - 05, 0) km — Y (0F = o(uh, VUi), VU)o
K,m Km

X1 X2

= > (B, = up) v km — {uhme1, 0T k) -

K,m

X3

We estimate individual terms )i, x2 and x3. Let vk, be the L?-orthogonal
projection of v € Y™ on P°(K x I,,,). Using (26) and the space-time scaled Poincaré
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inequality from [11, Lemma 2.2], we obtain

(28)  x1= ) ((B) +clup) =V 05, 0)km

=
E

((R;)/ + C(u;—z) -V U;,’U - UK,m)K,m

K,m

<> Cpl(BR) +c(up) = V- of | km (W5 [Vl + T2 10 15 )2
K,m

= CPdK,mH(R;rL)/ +c(up,) = V- opllgmllvllys g ms
Km

where Cp is the constant from the Poincaré inequality. In our case, where the space

mesh consists of simplices, which are convex, we can bound Cp < 1/7; see, e.g., [35].

For more detailed discussion on the estimates for the Poincaré constant, see, e.g., [42].
For the second term we get

(29) xe =3 (0] = o(uf, Vi), Vo) icom
K,m
d m T T T h
<3 Tk = o, Vel g Z

For the last term we apply the integration by parts and (20) to get

(30) xs = (R}, —up) ,v)km — {Uh m—1, 07 )K)

K,m
d T,
== D (B =) < 30 IRE = whllcm 2 [ e
K,m K,m Tm K,m

Combining the partial results (28), (29), and (30) we estimate the numerator of
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Res(u,) by the Cauchy inequalities

(31) Z (((u;—L)lav)K,m + aK,m(u;;a'U)K,m + ({Uﬁ}mflwln 1)K)

K,m
< Z <CPdK7m||(R;—L)/ + c(up) = Vol mllvlly g m
K,m
dg hi
v h*’”na;fa(uz,w;)HK,md—kuK,m
K K,m

de

Tm ’
—Up || K m——— dx v ||Km
m

<> (cpdmn R +e(uf) ~ V- oF | m

K,
dic
,m
|U}L (uh’vuh)H 72 7uhHKm ”v”YT,K,m
m
<> <CPde|| (BR)" + c(up) = V- ohll xm
K,m
241/2
d3. d3.
+ \/ 17— ok, Vo) + 5 1 — il | | il
m
Let us denote partial estimators
(32) nrKm =dxm||(R}) + c(u,) = V- oh | km,

dx
18,K,m :T:HUZ — o(up, Vug) || 5 m,

dK m |

nr,K,m = |R7};_U/ZHK,7)’L5 Kenamzla"'vr'

m
The forthcoming theorem describing the upper bound to £ = Res(u}) is a direct
consequence of (31).

THEOREM 5. Let u € Y be the solution of (4), and let uj, be either the cG-FEM
solution defined by (11) or the dG-FEM solution defined by (12). Let R}, and of be
reconstructions obtained from uj, by (20), respectively, (24) and (25). Then

33 £2 <2 .= C 2 2 172\ 2
(33) =n: Z PNRKm + (N5, Km + 17 Km)
K,m

where the constant Cp < 1/m.

5. Local efficiency. The goal of this section is to show that local individual
terms Ng K,m, 18,K,m, and N7k m from a posteriori estimate (33) are locally efficient.
It means that they provide local lower bounds to the error measure up to some
generic constant C' > 0 that may depend on constants coming from the original
continuous problem (the size of the domain €2, etc.) or on the constants coming from
the discretization (mesh shape regularity constant, polynomial degrees p and ¢, etc.).
However, this constant is independent of the exact solution u, discrete solution uj,
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and space-time mesh sizes hx and 7,,. We will denote dependence of the estimate up
to this generic constant by <.

To be able to apply the result in a local way, we need the following notation. Let
Te be a patch of elements sharing common face e. Let Tx be a patch consisting of
elements sharing at least a vertex with K and T2 be a union of patches Tk, where
K' C Tk, ie.,

.= U K, Tx= |J K, Ti= U Tw.

eNK'#0D KNK'#) K'CTk
Let M C Q, e.g., M = K or M = Tx. We define a local version of the space Y™ by
(34) Yirm =1{v €Y7 tsupp(v) C M x I},

and a local version of Res(w),

(35) Respyrm(w) = sup b m(w,v)
0FvEYY, . ||U||Yf Z

Typically, we use Resk ., (u},) or Resy, m(uf). Using the shape regularity of the mesh
it is possible to see that

(36) Z Resg m (ur,) Z Resty ,m (u7,) Z Res72 ,, (up,) < Res(up,).
Km

For the purpose of the effectivity analysis we approximate o(u], Vu],) and c(u}),
since these terms are not polynomials in general even if u} is. We define ¢ = ¢(u}) €
Pi(I,,, PP(K)) on K x I, by

(37) €V)km = (c(u},), V) km Yv e PYI,, PP(K)).
For vertex a € K we define 5, = 74(uj, Vu}) € P!(I,,,RTN,(K)) by

(38) (Ga - My V)esm = (WYalo(up, Vup)) -n,v)em Yo € PI(L,, PP(e)), e C K,
(Gas V) k,m = (Yoo (uf, VUp,), V) km Yv € Pq(Im,Pp_l(K)d)

where (o(uj, Vu})) denotes the arithmetic mean value of o(uj, Vuj) on the edge,
and finally 7|k x1,, = Y 4ck Ta-

We often encounter 6 —o(u},, Vu}) or é—c(u],) in the forthcoming analysis. These
terms are a generalization to the classical oscillation term that is usually considered as
negligible. For simplicity, we will cover these terms into the efficiency analysis under
following assumption for &,:

dx,m
(39) dK,mHV 0a — V- (Yao(uj, VU}TL))”KM + <.

< ||5a - ¢a0(u;» VUZ)HK,m
SRGSTKJ’H(U;—L)? KeTy,m=1,...,r,
and for ¢

(40) dr mlc — c(up)||lkm S Resgm(uy,), KeTp,m=1...r
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A direct consequence of (39) and triangle inequality is

~ T T de _ T T
(41) AV -0 =V - o(up, Vi)l em + == = o (u, Vi)l cm
SRestem(uy), KeTy,m=1,...,r

These assumptions can be justified in a similar way as in [11, Assumption 4.1].
We will divide the proof of the local efficiency of the individual partial estimators
NR,K,m» 18,K,m, and 17 i - into the next auxiliary lemmas.

LEMMA 6. Let R} be defined by (20). Let & be defined by (38) and ¢ by (37)
satisfying (39) and (40), respectively. Then

(42) nr.km S Restem(up), KeT,m=1,...,r

Proof. Let us construct a suitable test function w € Y7 associated with K X I,,.
Due to the piecewise continuous nature in time of the space Y7 (see (14)), it is
sufficient to define the function w on time layer Q x I,,, only

2
dK,m

(43) w(z,t) = {u, tm—1(@)xx ()P (t), z€Q,t€ Iy,

m
where x i is a polynomial bubble function on the element K such that ||x || ) = 1
and ®,, is a Legendre polynomial of degree g+ 1 orthogonal to polynomials of degree
q on I, such that ®,,(t,,—1) = 1. We shall point out that the resulting function w
(after the extension by zero to the other time layers) satisfies supp(w) = K X I,.
Then

(44)
Resx., > > ke (U + e(uf), w) g m + (0 (uf, Vg ), Vo) gm + ({0f -1, w ™) i
’ [wllyr, 5,m
S (W) +ewkm + (@, V) km + {uhfm-1, Wi K
- wlly r,m
+ (c(uﬁ) — G, w)K,m + (U(u27 vu;) — 0, Vw>K,m.

[wlly=,m

We can estimate these terms individually. At first let us estimate ||w||y+ x m. Using
inverse inequality and (43) we get

Wi IVolliem + Tl lim o wlikm

45) |l gm = <
e B¢ m i
< d%(ym T 2 @2 dt < d%(,m T 2
< S bl [ @200 S B2 uf ol
m m m

The term containing c¢(u},) — ¢ can be estimated by the Poincaré inequality and (40),

ey () i (elR) — Ew )
el cm [l i

VIVl + 72w 1,

S dxmlle(uh) — el xm S Resgem (ur,),

dgmllwlly xm
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where wg ,, is projection of w on constants PO(K X I,). The term containing
o(u},, Vu],) — & can be estimated with the aid of (41),

(47) (o(up,Vuj) — &, Vw)gm
lwlly= & m
hic|[Vwl k m

di _
< h[,{m lo(up, Vug,) — &l k,m S Restiem(up)-

d,mllwlly+ xm

Using orthogonality of w to polynomials of degree g, equivalence of norms on finite-
dimensional spaces, and (45), we get

((u;—z)/ + va)Km’L + (67 v'LU)K,'m + ({u;}m—ly T 1)K

48
48) Tellv e
_ ({u;}mfla T 1)K _ d%{,m ({u;—l}m—laXK{u;;}m—l)K
[wlly~ xm Tim |wlly+ xm

2
> Yo [Qhbmllic 5 dem e ey 0
Tm ||’LU||YT7K7m \/ﬁ

Finally, (20), (44), (46), (47), and (48) give

dK,m dK m

(49)

h_u;—L”K,m = }m 1T77L||Km

m m

de 2 de
) T <
n ey [ 7 S S gl

(= c(uf), wkm) (@ = o(uf, Vup), Vw)x
[wlly = rm [wlly = m
S ReSTK,m(U}TL)- o

< Resgm(uf) +

LEMMA 7. Let o] be defined by (24) and (25), R}, be defined by (20). Let & be
defined by (38) and ¢ by (37) satisfying (39) and (40), respectively. Then for K € Ty,
m=1,...,nr,

NrKm S Axml|(BL) +¢ =V 0l m + ns,km + Resiem (uf,).
Proof. We apply triangle inequality, inverse inequality, (41) and (40) and we get

(50)
dicml|(BRY + e(uf) = V- 07|l 1¢.m
< drmll(R) +¢ =V 5l xm + drmlle — c(uj) | km + dremllV -0 =V -5l xm
_ _ . d
S dmll(BRY +2 =V llieom + dicmlle = (i) licm + 52 10F = i
= = d m T T T T
S dicml|(RR)' +¢ =V - Ollicn + =2 o = o (uf, V) lm + ResTie m(u7). O

We recall that the estimates in two previous lemmas depend on the polynomial
approximation degree due to the use of the inverse inequality.

LEMMA 8. Let R} be defined by (20). Let & be defined by (38) and ¢ by (37)
satisfying (39) and (40), respectively. Then

(51) Al (R +¢— V- 0licm S Resrm(ui), K €Toym=1,....r.
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Proof. The proof is essentially similar to the proof in [46, Theorem 4.10] for
stationary problems, where the resulting oscillation terms need to be estimated by
(41) and (40). |

For the choice of o], defined by (24) and (25) it is possible to show the following
lemma.

LEMMA 9. Let o] is defined by (24) and (25). Let ¢ be defined by (38) and ¢ by
(37) satisfying (39) and (40), respectively. Then

(52) ns’K’ngesT}%’m(uﬁL KeTy,m=1,...,r

Proof. The proof mimics the stationary version proved in [18, Theorem 3.12]. It
is possible to divide the estimate by triangle inequality
(53) lof, = o(uf, Vup)lgm < o, = llkm + |6 — o (uh, Vui) | x.m-

According to the assumptions on & we can estimate the last term on the right-hand
side by (41). Since

(54) o, = llcm < > 07 = Fallkm < D 07 = Fall7um:
acK aeK

it remains to estimate |6} — 4|7, m- Let us denote &, = o] — G,that satisfies

(55)  (6a,0)Tam — (Tar V- 0) 0 m =(E) — 6o V) Taom Y0 € PU(Ly, Wrrn p(Ta)),

(V . 6-(13 @)Ta,m :(52 -V 6(17 @)Tmm VSO S Pq(Imvpf(,]?l))'
It is possible to see that the right-hand side terms can be replaced by II; (&} — 5,)
and Il (&2 — V - 5,), where projections IT; and Il are L? orthogonal projections on
P(I,,, Wrrn,p(7a)) and P(L,,, PY(T,)), respectively. According to [39, section 2] it
is possible to show
(56) 16all7em < 0l 70m Vo € PY(Inm, Wrtn p(Ta)), Vv = HQ(ES =V 35,).

Let us define space H!(7,) as

(57) HYT,) ={ve HYT,) : (v,1)7, =0} a interior vertex,
HNT) ={ve HY(T;) :v=00n 0T, N 9N} a boundary vertex.

Then we define rYY € P4(I,,, H:(T,)) by

(58)  (Vrg,VU)Tum = (026 = V- 0a),0)70m + (T1(& = 7a), V)7, -
According to [6, Theorem 7], there exists v] € P9(I,,, Wrrn,p(7a)) such that
(59) lwall7em S IVra I7m, — V-vg =Ta(€2 = V- 0a);

see also the proof of [18, Corollary 3.16]. From this follows

(60) 16all7m < 102l 72m S V7 172 m-
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It remains to estimate | V7Y | 7. ,n. We employ either Poincaré or Friedrichs inequality
depending on whether a is an interior or boundary vertex. Then

IVra 17 SIVYa - o (uf, Vuf) + (R +vac(uf) =V - all7emllra |7.m
+[vao (uh, Vup) = Gall7,m V7S 17, m
S (R |V - (Yoo (up, Vug)) = V- Gall7,m + Yo (ug, Vug) — 6all7,m
+ hicl[a (B + c(uf) = V - o (uf,, Vup)) 7, ) IV 73 |7 -

Applying (39) and (40) and Lemma 8, we get

||VT£LV||7—a7m S hK”(R;)/ +c+ V- 5||Ta,m +hi|V - a(u;, Vu;) -V 5||Ta,m
+ hi ||V - (Va0 (up, Vug)) = V- Gall7,m + [[Yao (up, Vug) = Gall 7, m
hg -
5 EResTﬁ’m(uh). D

The direct application of Lemmas 6-9 gives us local efficiency estimates of indi-
vidual terms from a posteriori error estimate (33).

THEOREM 10. Let o be defined by (24) and (25) and R}, be defined by (20). Let
& be defined by (38) and ¢ by (37) satisfying (39) and (40), respectively. Then
(61) "R,K,m = dK,mH(R;L)/ + C(u;—b) -V UZHK,W 5 ResT},m(u;)’

dx
NS, K,m = h: loh, — o(uh, Vup)llkm S Resrz pn (ug),

d
Nrrem = | R) — uf | km S Restiem(uf), K €Thym=1,...,r

m
Combining Theorem 10 with (36) implies global efficiency of a posteriori error
estimate (33).
Let us note that for linear problems, where no approximation by & and ¢ is
necessary, the localness can be improved and efficiency estimates from Theorem 10
depend only on elements K or patches Tx (basically they are one layer better).

6. A posteriori error analysis of cG-DGFEM and dG-DGFEM dis-
cretizations. We extend the previous results to discontinuous Galerkin space dis-
cretization and generalize the discretization to the situation of varying meshes for
each time interval I,,.

6.1. DGFEM space discretization. For the purpose of the space discontinu-
ous Galerkin discretization we assume similarly as in [11]

(62) o(u, Vu) = K(u)Vu — F(u),

i.e., the complete flux o contains a diffusive flux K(u)Vu, where K € L>(R)?*4, and
a convective flux F(u), where F' € C1(R)?. We restrict ourselves here to form (62)
since it allows for a simple derivation of the primal DGFEM formulation from the
mixed formulation based on the numerical fluxes; see [4].

We use the same notation for the triangulation 7, elements K, edges e, local
mesh size hg, normals with fixed orientation n, normals ng oriented outward with
respect to element K as in the conforming space discretization; see section 3.

Moreover, we assume that the mesh 7, may differ for different time intervals I,,.
We denote the dependence of the mesh on the time interval by the superscript, i.e., we
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use 7, for the mesh in interval I,,. Similarly as for FEM, we define the discontinuous
Galerkin version of V,

(63) Virdise = {v € L*() 10|k € PP(K), K € T;"},
and the corresponding version of X7,
(64> Xl:,disc = {’U : U|Im € Pq(Im’ Vf:,ndisc)}'

Since the space V... is generally different for each time slab, it is not possible to
assume continuity in time for the generalization of space Y,”. We use the same idea
for each transition between time slabs as in the definition of the original space Y} for
the transition at the initial time %,

(65) Y}Zdisc = {U : U|I7n € Pq+1(lm7 Vf%ise)’ UT_l = HmUT_l}7

where II"™ is the L2-orthogonal projection on Vi dise-
We define one-sided values, jumps, and mean values for v € Viaise on the inner
edges with the unit normal n,

(66) vp(z) = Slirgl+v(x —ns), vr(z) = Slirgl+v(x +ns),
[v] = (vr —wvr)n,  (v) = (v +vR)/2.

The value [v] is independent on the orientation of n. For the boundary edges we define
vg =0, (v) = vy, and [v] =vrn, where n is the unit outer normal to €.

We define the discontinuous Galerkin version of ag ,, for K € T,", m =1,...,r
by

(67) AK,m(ua U) = aK,m(ua ’U) - (6' *NK, v)@K,m + ((IC - ’C(U)U)TLK, VU)GK,mv

where the numerical fluxes 6 = ¢ (u, Vu) and K = m approximate o(u, Vu) and
K(u)u on 0K, respectively, and ng is the unit outer normal to K € 7,. We shall
point out that the volume terms containing o(u, Vu) and c(u) are included in ag m,
form; cf. (10). We assume that both of these fluxes are consistent and that the
numerical flux & is conservative; see, e.g., [4, section 3.1]. A possible definition of
these numerical fluxes on 0K is the following:

(68) K = (K(u)u

(69) 5=

where a > 0 is a penalization parameter large enough to ensure the ellipticity of the
discretization of the elliptic term IC(w)Vu. This choice of numerical fluxes corresponds
to the interior penalty discretization (SIPG with 6 = 0, IIPG with § = 1/2 and NIPG
with 6 = 1) of the diffusion term and upwind numerical discretization of the convective
term; see, e.g., [12, Chapter 2]. We note that (68) and (69) are independent of the
orientation of the unit normals n to interior edges.
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DEFINITION 11. We say that the function uj, € Y, gisc i the approzimate solution
of (4) obtained by the time continuous Galerkin-DGFEM (¢cG-DGFEM) if

(70) Z (((u;)/7v)K7m + AK’m(’U,;-”’U)) =0 Ve X}Zdisc?
K,m

and we say that the function uj, € X} 4. is the approzimate solution of (4) obtained
by the time discontinuous Galerkin-DGFEM (dG-DGFEM) if

(71) Z (((u;)lﬂ))[{’m + AK,m(u}va) + ({ug}m*bvril)K) =0 VYve X;Y:,diSC’
K,m

where Ak m s given by (67).

6.2. Error measure. Again, we use the notation dg ,, for the local parameter;
see section 4.1. Unfortunately, it is no longer possible to take only Res(u}) as the
error measure (see (19)) since this error measure is suited for functions from Y7 and
uy is no longer in Y7 in general. We overcome this problem by enhancing the error
measure with an additional term

d% .
(72) JW) =D Tiem(®), Tiem(®) = 5 Cre i polllel3a,me
K,m K

where
(73)  Ckira=0a’hi + ||’C(u2)||%ao(1<x1m)h;<1 + |1F' (up) || oo (ke s 1) P -

This choice of constant C'k i r,o improves the robustness of the a posteriori error es-
timate with respect to scaling of K and F’, when the problem is singularly perturbed;
see [11]. For details about singularly perturbed problems, see [40]. For nonhomoge-
neous Dirichlet boundary condition the form J(v) has to be modified. The purpose of
J(u]) is to measure the distance of function u}, from Y7. The resulting error measure
& = E(u]) is defined by

(74) £2 = Res(uf,)? + J(uf),

where Res(u],) is given by (19) and J(u}) by (72). Since J(u}) = 0 for uj € X], we
can see that this choice of additional error measure term is consistent with the error
measure designed for FEM based discretizations.

6.3. Reconstruction of the solution. Since the time reconstruction from sec-
tion 4.2 is independent of space discretization, we employ reconstruction R} (cf. (20))
in the DGFEM setting as well. For cG-DGFEM solution u},, we have ({u} };m—1,v)x =
0 for all v € PP(K), K € T,™; cf. (65). Then relation (22) implies that u} (either
c¢G-DGFEM solution defined by (70) or dG-DGFEM solution defined by (71)) satis-
fies

(75) (RR) s v)km = (7)) km + ({f, -1, 07 ke
= —Agm(up,v) Yve Pi(l,, PP(K)).

Moreover, although it is possible to use the space reconstruction for o(uj, Vuj)

from section 4.3 also for dG space discretization, we employ another one which is com-
putationally cheaper and less sensitive to rounding errors; see [16]. The reconstruction
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is defined elementwise: o} |k x1,, € P?(I, RTN,(K)) such that
(76) (0h -1, V)em = (- 1n,V)em  Yv € PYI,,PP(e)), e C K,

(07 0) i = (o (ufy, Vup), v) ke + (K = K(up)uf) - nic, v)orm,
Vv € PY(I,,, PP~H(K)%).

Here, the conservativity of the numerical flux & implies that the resulting reconstruc-
tion o] € L2(0,T, H(div,Q)) globally. From the definition of Ak, (67), the local
definition (76), and from (75) it is possible to see that such a reconstruction exists
and satisfies (26), since

(77)
(V05,0 km = —(05, V) km + (07, - i, V) 0 m

= —(o(up, Vuy), Vo) g m — ((IC K(up)up,) - ng,v)or,m + (6 - Nk, V)ak,m
(c

= —(o(uh, Vu}), VV) km — (c(uh), V) kom — (K — K(@})u},) - e, v)ak,m
+ (61K, v)or,m + (c(up), V) K,
= —Ag m(up,v) + (c(up), V) km (( B ), v)km Yo € PI(Ly,, PP(K)).

6.4. Upper bound. The aim of this section is to show the upper bound to the
complete error measure (74). Obviously, J(u},) is fully computable from the discrete
solution, and it is necessary to estimate Res(u}) only. Since reconstructions R} and
o} defined by (20) and (76), respectively, satisfy (26), we can provide the bound to
Res(u}) in the same way as for conforming space discretization in section 4.4.

THEOREM 12. Let uw € Y be the solution of (4), where the flux o satisfies (62),
and let uj, be either the cG-DGFEM solution defined by (70) or the dG-DGFEM
solution defined by (71). Let o] be defined by (76), Rj, be defined by (20), and n be
defined in (33). Then

(78) &<\ [n? + J(up),

where the constant Cp < 1/7w. Let us note that n depends on Cp; see (33).

6.5. Local efficiency. Here we briefly show similar local efficiency results for
(78) as in section 5. We use the same notation for Respsm(u},), ¢, and & as in
section 5 (see (35), (37), and (38)), and we assume that estimates (39) and (40) hold.
Since Lemmas 6-8 are independent of the choice of o}, they are valid for DGFEM
discretization as well. For the specific choice of physical flux o(.,.) defined by (62)
and for o], defined by (76), we get following lemma.

LEMMA 13. Let the numerical fluzes & and K be defined by (69) and (68), re-
spectively. Let o], be defined by (76). Let ¢ be defined by (38) and ¢ by (37) satisfying
(39) and (40), respectively. Then for K € T, m=1,...,r,

dK,m T T T T T
(79) NS, K,m = P loh, — o(up, Vup)llgm < ReSTf(,m(uh) + JK,m(Uh)1/2-

Proof. The proof follows the ideas from the seminal work [26, Theorem 3.2]. The
triangle inequality gives

dK,m _

dx
o B 5 g, Fup)
K

hi

dK,m
hk

lor, = o (uh, Vui)llgm < lof, = allx.m +
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where the second term on the right-hand side can be estimated by (41). The estimate
of o] — & can be done in the same way as in [11, Lemma 7.5], where the final relation
must be integrated over I,,. ]

The direct application of Lemmas 6-8 and 13 gives local efficiency estimates of
individual terms from a posteriori error estimate (78).

THEOREM 14. Let u € Y be the solution of (4), where the flur o satisfies (62),
and let u, be either the solution of (70) or (71), where the numerical flures & and K
are defined by (69) and (68), respectively. Let of be defined by (76) and R], be defined
by (20). Let & be defined by (38) and ¢ by (37) satisfying (39) and (40), respectively.
Then

80)  mrkm =drml(RE) + c(up) = V- ofllxm S Resrz 1 (uj),

di
108,K,m ZT:HGE — o (ufy, Vup) | k.m S Resz o (uh) + Jrem (uf) /2,
dx
nr,K,m = 7.7m ||R;—L - u;”K,m 5 ReSTK:m(u;—L)’ K e 7;lm7m =1,...,m
m

Combining Theorem 14 with (36) implies global efficiency of a posteriori error
estimate (33).

7. Numerical experiments. In this section, we present two numerical exper-
iments for dG-DGFEM, which illustrate the presented error estimates. The compu-
tations are made with the aid of our in-house code ADGFEM [10]. We focus on the
verification of the upper bound (78) and local efficiency (80).

Unfortunately, the residual part Res of the error measure £ is not practically
computable even for problems with known exact solution wu, since the supremum in
(19) is taken over the infinite dimensional space Y. Its computation can be rewritten
as the following dual problem: Find ¢ € Y7 such that

(81) @)y =D brm(uf, ) VpeYT.
K,m

Then it holds that ¢y~ = Res(uj,). Unlike the approach in [11, section 8.1],
there is no requirement on continuity of ) € Y7 in time, and hence (81) can be solved
independently in each interval I,,,, m =1,...,r, i.e., find ¢, € Y, such that

(82) (Y, @)yr = Z br,m(up, ) Vo € Ys{,ma
K,m

and then Res(uf)? = 327, [¢m]3---

We approximate 1, by linear FEM using the FEniCS software [3] on three-
dimensional simplicial meshes. These meshes are obtained by global refinement of
the space-time mesh which was proportional to the polynomial degrees p and q. For
similar approach, see, e.g., [9]. This FEM approximation of Res is denoted by Res
and we put £2 = Res. + J(uj); cf. (74).

Unfortunately, this procedure is very time consuming and its reliability decreases
with increasing p and ¢, see last row in Table 3.

7.1. Setting. For DGFEM the error measure £ is enhanced by J(uj) in (74).
Since this term is contained in the error estimate, it improves the effectivity indices.
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TABLE 1
Linear diffusion problem, comparison of the approzimate error measure & with the residual
estimator 1, and the penalization term J(u;;)l/?

h T £ n EOC, J@ul)Y? EOC, | idex it
0.354 0.100 |8.49 x 1072 1.16 x 10~} - 5.82 x 10~2 - 1.368 1.218
p=1 [0.177 0.050|5.67 x 1072 7.45x 1072 (0.64) 3.12x 1072 (0.90)]1.314 1.202
¢=20 10.088 0.025|3.55 x 1072 4.51 x 1072 (0.72) 1.72x 1072 (0.86)|1.271 1.183
0.044 0.013]1.99 x 1072 2.27 x 1072 (0.99) 5.96 x 1073 ( 1.53 )| 1.143 1.110
0.354 0.100 | 1.75 x 1072 3.44 x 102 - 7.30 x 102 - 1.960 1.186
p=2 |0.177 0.050[9.14 x 1072 1.83 x 1072 (0.91) 2.72x 1072 ( 1.42)|2.002 1.252
g=1 10088 0.025|3.41 x 1073 7.51 x 1073 (1.28) 9.18 x 1073 ( 1.57)|2.203 1.326
0.044 0.013(6.15 x 107% 1.17 x 1073 (2.68) 1.47 x 1073 ( 2.64)|1.909 1.268
0.354 0.100|1.48 x 102 3.16 x 10~2 - 5.12 x 1072 - 2.135 1.254
p=3 [0.177 0.035[4.16 x 103 9.33 x 103 (1.76 ) 1.11 x 1072 (2.21 )|2.244 1.340
g=1]0.088 0.013|7.96 x 107% 1.91 x 1073 (2.29) 2.04 x 1073 ( 2.44)|2.397 1.393
0.044 0.004|7.83 x 107® 1.87 x 10™% (3.35) 7.93x 1075 (4.68)|2.391 1.691
0.354 0.100|1.13 x 1072 1.92 x 102 - 5.41 x 10~2 - 1.698 1.121
p=3 [0.177 0.050|4.62 x 1073 854 x 1073 (1.17) 1.51 x 1072 ( 1.84 )| 1.850 1.199
¢=2 ]0.088 0.025|1.24 x 1073 2.57 x 1072 (1.73) 3.78 x 1073 (2.00) |2.079 1.266
0.044 0.013]3.90 x 107% 1.95x 1074 (3.72) 2.08 x 10~% (4.18)[4.996 1.631

Hence in Tables 1 and 3 we present two effectivity indices,

it0t2 _ 772 +~J(u;—1) i n

83 e - =
(83) i &2 Res(u})

) €

We employ the dG time discretization with the NIPG method (6 = 1) and the
upwind numerical fluxes; cf (69) and (68). For linearization of the discrete problem
we use the damped Newton-like method.

We consider square domains  and a family of uniformly refined space-time
meshes. We choose initial parameters (hg,79) such that the spatial and temporal
parts of the error are of comparable size. Then, motivated by the theoretical assump-
tion that the error asymptotically behaves like O(h? +7%1) (cf. [12, section 6.2]), we
set h,, := ho2™" and 7, := 7-02;%5 for n € N and we chose dg ,, = \/h%( + 72,

We evaluate the experimental order of convergence

log(E,/En-1)
log(hp/hn—1)’

where E,, may be either an error estimator 7 or the penalization term J (u;)l/ 2,

(84) EOC = n=2...,

7.2. Linear diffusion. First, we consider a convection-diffusion problem from
[11, § 8.2]. We set Q = (=1,1)?2 and T = 1 with o(u, Vu) = eVu — “72(1,1)T and
¢(u) = 0. The initial and boundary conditions are chosen such that

z+yt+5>*

(85) u= (1 + exp( 5

which forms an inner layer moving in the diagonal direction. The steepness of this
layer is increasing as ¢ decreases to zero. We set ¢ = 1072,

We consider space polynomial degrees p € {1,2,3} and ¢ € {0,1,2} with respect
to time. In Table 1 error estimates n and J(uj) are compared to the numerical

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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TABLE 2
Linear diffusion problem with p = 2 and ¢ = 1 and comparison of the individual components of
the estimator 7).

h T MR ns nr J(u})t/?
0.354 0.100[2.37 x 1076 2.31 x 10~2 1.15x 10~2 7.30 x 10~2
0.177 0.050]1.23 x 1075 1.31 x 1072 5.37 x 1073 2.72 x 10~2
0.088 0.025(3.22 x 10~° 553 x 1073 2.04 x 1073 9.18 x 103
0.044 0.013|7.11 x 107% 5.45 x 10~% 6.35 x 10~% 1.47 x 103

TABLE 3
Forchheimer flow problem, comparison of the approzimate error measure & with the residual
estimator 1, and the penalization term J(u;;)l/Q.

h T £ n EOC, Ju})¥? EOC, | idex iy
0.177 0.100|3.12 x 1073 6.92 x 1073 - 851x1073 - 2.221 1.327
p=1[0.088 0.050|1.18 x 1073 2.62x 1073 (1.40) 3.16 x 1073 ( 1.43)|2.211 1.330
¢=100.044 0.025|4.37 x 107% 9.63x 107% (1.44) 1.15x 1073 (1.46)|2.204 1.333
0.022 0.013]1.09 x 1074 3.49 x 10™% (1.47) 4.11 x 107 ( 1.48 )|3.210 1.462
0.177 0.200 | 3.28 x 1073 6.93 x 1073 - 9.69x 1073 - 2.116 1.282
p=1[0.088 0.141[1.19 x 1073 2.53 x 1073 (1.45) 3.43x 1073 ( 1.50 )|2.120 1.289
¢=1{0.044 0.100|4.27 x 10~* 9.04 x 1074 (1.48) 1.20 x 1073 ( 1.52)|2.119 1.294
0.022 0.071|1.78 x 10™* 3.29 x 10™* (1.46) 4.22 x 10~* ( 1.51 )| 1.852 1.252
0.177 0.100|1.92 x 1074 4.49 x 10~ - 8.29 x 104 - 2.335 1.252
Zif 0.088 0.050(3.86 x 107> 8.86 x 1075 (2.34) 1.64 x 10™% (2.34)|2.291 1.246

0.044 0.025|5.00 x 107® 1.94 x 1075 (2.19) 3.09 x 10~ ( 2.41)|0.388 0.622

approximation of the dual error &. In Table 2 the individual components Ng, 1s, and
nr are presented, where n% = > Kom N i.m and the other components are defined
analogously.

7.3. Forchheimer flow. In this experiment we test our algorithm with the
Forchheimer two-term law from [27] which is a nonlinear diffusion problem with

2e
= Vu.
14+ /14 4|Vul

We set Q = (0,1)2, T = 1, and the initial condition, the boundary condition and c(u)
are chosen such that

(86) o(u, Vu)

(87) u=e 21— 2)y(l—1y).

In Table 3 we present comparison of the error estimates 7 and J(uj,) with the numer-
ically computed approximation of the dual error E.

Both experiments confirm that a posteriori error estimate (78) is a guaranteed
upper bound. Moreover, the overestimation of the error is reasonable; see effectivity
indices in Tables 1 and 3.

Although the effectivity indices sometimes worsen during refinements, experimen-
tal order of convergence of 7 remains at almost constant level. Hence we suppose the
ambiguous results, e.g., in last row of Table 3, are caused by inaccuracies in the
numerical computation of the dual norm, which is especially for higher polynomial
degrees a very delicate task, rather than by inaccuracy of the error estimates 7.
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Downloaded 05/04/22 to 195.113.31.54 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

A POSTERIORI ESTIMATES FOR PARABOLIC PROBLEMS 1507

8. Conclusion. We presented a posteriori error estimate (33) for nonlinear par-
abolic problem (4), where the discretization in time is based on continuous (conform-
ing) or discontinuous (nonconforming) Galerkin method of arbitrary order in time
and by conforming FEM in space; see (11) or (12). This estimate is a guaranteed
upper bound and locally (cheaply) computable. Moreover, we derived local efficiency
estimates (61).

The technique allowing us to produce uniform estimate for conforming discretiza-
tion either as for nonconforming one is based on the reformulation of the original
continuous problem (4) into the new artificial problem (16) with the same solution in
such a way that both discretizations are conforming with respect to the new problem.
This enables us to naturally include the penalization term into the error estimate.

These results are then briefly extended to a general DGFEM discretization in
space, where the numerical fluxes involved in the discretization are consistent and the
numerical flux for approximation of the physical flux o(.,.) is conservative.

The theoretical investigation of the constants in the efficiency estimates on the
polynomial degree is not covered in this paper. The authors expect that this depen-
dence is rather low.

Finally, we present two numerical experiments showing efficiency and reliability
of the derived estimates. The main problem with the verification of the error estimate
lies in evaluation of the error measure that is difficult to compute even if the exact
solution is known.

There are several items for future work.

e The natural inclusion of the nonconformity in space discretizations into the
error estimate similarly as it is made for time discretizations.

e Deriving a posteriori error estimates for other error measures, e.g. error in
L*°(0,T, L*(2)) norm.

e Deriving a posteriori error estimates for quadrature versions of Galerkin time
discretizations, i.e., for certain implicit Runge-Kutta methods.

e Investigating the dependence of the constants in efficiency estimates on the
polynomial degree.

e Extension of the technique to hp-methods.

Acknowledgment. The authors are very grateful to Martin Vohralik for a fruit-
ful discussion about the equilibrated flux reconstruction technique for a posteriori
error estimates.
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Abstract. We deal with the numerical solution of elliptic not necessarily self-adjoint
problems. We derive a posteriori upper bound based on the flux reconstruction that can
be directly and cheaply evaluated from the original fluxes and we show for one-dimensional
problems that local efficiency of the resulting a posteriori error estimators depends on pl/ 2
only, where p is the discretization polynomial degree. The theoretical results are verified
by numerical experiments.
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1. INTRODUCTION

A posteriori error estimates are important and practical tools in numerical math-
ematics. They serve two main purposes in numerical discretization of PDEs: to pro-
vide information about the discretization error for the current choice of discretization
parameters and to provide the localization of the sources of high errors for upcom-
ing possible adaptive procedures. For the survey of main a posteriori techniques for
PDE discretizations see e.g. [2], [4], [9], [17], [21] and references cited therein. The
applications and comparisons of a posteriori error estimates can be found in e.g. [13].

Since higher order methods and hp-adaptive techniques start to be more and more
popular, the question of robustness with respect to the discretization polynomial
degree becomes very important. On the other hand and in contrast to the number
of existing results devoted to the robustness with respect to the mesh-size, there are
not many theoretical results devoted to the robustness with respect to the polyno-
mial degree. A posteriori error techniques based on the local Neumann problem for
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for Advanced Applied Science” (No. CZ.02.1.01/0.0/0.0/16.019/0000778).
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hp-adaptive discretizations are discussed e.g. in [1] and [3]. For the analysis of the
polynomial dependence of the technique based on the local residual estimators see
e.g. [14]. It shall be pointed out that the efficiency of individual estimators proved
in [14] behaves as p!, where p is the underlying polynomial degree used in the finite
element method (FEM) discretization.

Important class of approaches for deriving guaranteed a posteriori upper bounds is
based on the hypercircle theorem, see [15], where the reconstruction of fluxes should
be fully equilibrated, i.e. they should satisfy exactly certain differential equation.
By the residual splitting using the dual variable, the restrictive condition of exact
solution of full equilibration of the fluxes can be replaced by a milder assumption
that the fluxes should be in H(div) only, see e.g. [16]. The extension of these ideas to
nonconforming discretizations can be found in e.g. [8], [20]. The quality of the result-
ing error estimate depends heavily on the choice of the flux reconstruction. Among
many approaches for flux reconstructions, the local mixed finite element technique is
very popular, since it enables to reconstruct the fluxes based on local relatively cheap
problems and since the resulting reconstruction is completely polynomially robust,
i.e. the resulting estimators are efficient independently of the polynomial degree. The
core of the proof of the polynomial robustness can be found in [7]. The extension of
these ideas to wide class of discretization methods can be found in [11].

We assume in this paper even more simple and cheaper reconstruction following the
ideas from [10] that can be easily evaluated directly, i.e. without the necessity to solve
any local problems. The main aim of this paper is to show its practical usefulness by
proving that the resulting local estimators for one-dimensional problems are efficient
up to extremely mild polynomial dependence p'/2.

This paper is organized as follows: Section 2 contains the continuous problem
setting and the corresponding FEM discretization. Auxiliary results are presented in
Section 3. A posteriori error upper bound is derived in Section 4 and corresponding
efficiency results are proved in Section 5. Finally, Section 6 contains the numerical
experiments illustrating the results derived in Section 5.

2. CONTINUOUS PROBLEM AND ITS DISCRETIZATION

2.1. Continuous problem. Let O C R¢ be a bounded polyhedral domain
with Lipschitz continuous boundary 9€). We use standard notation for Lebesgue
and Sobolev spaces. Let us consider the following boundary value problem: find
u: 2 = R such that

(2.1) —Au+b-Vu+cu=f inQ,
u=0 in 09,
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where f € L?(Q2) and b € R?, ¢ € R are constants such that ¢ > 0. Moreover, we
assume that the convective constant b is of mediocre size at most, i.e. at most |b| ~ 1,
to prevent the problem becoming convection dominated. Convection dominated
problems represent a very challenging task, see e.g. [18] and the references cited
therein, and they are beyond the scope of this paper. Let us denote weak space
derivative of u by v’ for d = 1.

Let (-, -) and ||-|| be the L?(£2) scalar product and norm, respectively. Let us denote
the function space V = H}(Q).

Definition 2.1. We say that the function v € V' is a weak solution of (2.1) if
(2.2) (Vu, Vo) + (b- Vu+ cu,v) = (f,v) YveV.

According to the Lax-Milgram lemma, there exists a unique solution of prob-
lem (2.2).

2.2. Discrete problem. We consider a space partition 7j consisting of a finite
number of closed, d-dimensional simplices K with mutually disjoint interiors and

covering Q, i.e. 2 = |J K. We denote the vertices of the mesh by a and edges
KeTy
(or faces) by e. In the rest of the paper we talk about boundary objects of co-

dimension 1 as about edges, but we mean vertices, edges or faces depending on the
dimension d. For each edge e, let n = n. denote a unit normal vector to e with
arbitrary but fixed direction for the inner edges and with outer direction on 0f).
We assume conforming properties of the mesh, i.e. neighbouring elements share an
entire edge. We set hx = diam(K) and h = maxghy. We assume shape regularity
of elements, i.e. hx/ox < C for all K € T, where g is the radius of the largest
d-dimensional ball inscribed into K and constant the C does not depend on 7 for
h € (0,hp). Moreover, we assume the local quasi-uniformity of the mesh, i.e. we
assume hx < Chg for neighbouring elements K and K’ and constant the C' does
not depend on 7j, for h € (0, hy) again.

In order to simplify the notation, we set (-,-)a; and ||-||as the local L?(M)-scalar
products and norms, respectively, where M C ) is a union of elements K € Tp,.

We define classical finite element space
(2.3) Vi ={v e Hy(Q): v|x € P(K)},

where the space P,(K') denotes the space of polynomials up to the degree p > 1.

Now we are able to define finite element solution of problem (2.2).
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Definition 2.2. We say that the function u;, € V} is a discrete solution of (2.2) if
(2.4) (Vuh, Vvh) + (b -Vup + cuh,vh) = (f, Uh) Yo, € V.

The existence and uniqueness of the discrete solution follows again from the Lax-
Milgram lemma.

Although the functions from V}, are globally continuous, we will need to work with
piece-wise continuous functions as well. We define one-sided values, jumps and mean
values on the inner edges respectively as

(2.5) v(z—) = s£%1+v(x —ns), v(x+)= 81_1}(1)14_11(50 + ns),

(@) = o(z-) —v(at), () = (@) + o).

For the boundary edges we define

(2.6) v(z—) = (v)(x) = 51_i>r51+v(x —mns), [v](z)=0.

3. AUXILIARY RESULTS

Let {¢s € Py(—1,1)}22, be Legendre orthogonal polynomials, i.e. ¢ L Ps_1(—1,1)
with respect to L?(—1,1)-scalar product, normalized by QASS(l) = 1. The lowest
degree examples are <$0(x) =1 and ¢ () = z. Let {Xs € Ps(—1,1)}22, be Radau
polynomials defined by

s+ s
(3‘1) Xs = #1

and {QZS € P;(—1,1)}22, be Lobatto polynomials defined by
(3'2) {b\s = Q/Z)\s - 55—2-

Lemma 3.1. The Legendre polynomials satisfy

2 ~ s(s+1)
2s+1’ '

(3.3) lpslFo(_11) =

The Radau polynomials defined by (3.1) satisfy

2s

(34) 558(_1) =0, 5(\5(1) =1, SC\S 1 PS—Q(_L 1)7 ||§<\s||%2(71,1) = m
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The Lobatto polynomials defined by (3.2) satisfy

8s—4
(2s+1)(2s —3)’

(3.5) s(1) =0, Pu(—1) =0, ths L Po_g(—1,1), [[thsll32_y ) =
and

(3.6) U= (25— Dgs1, U321y =45 —2.

Proof. The relation for the norm of Legendre polynomials can be found in
e.g. [19]. Moreover, the Legendre polynomials satisfy the three-term recurrence

(3.7) (5 + Dgas1 () = (25 + Dags(x) — sps1(2),

see e.g. [19]. Differentiating the three-term recurrence, inserting x = 1 and using
¢s(1) = 1, we obtain

(3.8) (54 1)@41 (1) = (25 +1) + (25 + 1) (1) — sd_, (1).

Then the relation for g/g’s(l) follows by induction. Relations (3.4) and (3.5) can
be directly verified from (3.1) and (3.2), respectively, and from the properties of
Legendre polynomials. Now, let us show that 15(5 = CQ/Z)\s—l’ where C' = C(s) is
a constant. Since TZQ € Ps_1(—1,1), it is sufficient to show that @Z; 1 Ps_o(—1,1).
Using (3.5), we get

~

1 o~ 1 —~ ~
(3.9) /1 Pwds = — /1 Do’ dz — Dy(—1)w(—1) + Du(1)w(1) = 0
Yw € PS_Q(—l, 1)

From this it follows that

~ ~ ~

(3.10) Cds-1(1) = Y, (1) = §,(1) — ¢, _5(1).

o~

Applying (3.3), we arrive at C' = 2s — 1. The relation for the norm of &; then follows
from the relation for the norm of Legendre polynomials. O

The Lobatto polynomials 15 on K = [ar,,ag] are defined by transformation of QZS
from the reference interval [—1, 1],

(3.11) bs(z) = @Z(z(xh;;m - 1), zeK.
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The Legendre polynomials ¢, and the Radau polynomials xs are defined on K € T},
analogously.

Lemma 3.2. Let v € V. Then there exists v;, € V;, and constant Cg > 0
independent of local mesh-size hx and polynomial degree p > 1 such that

h
(3.12) v — vk <CF1?KHVUHK-

Proof. The result can be found in [5]. O

For some cases, the value of the constant Cx) from Lemma 3.2 can be determined
exactly. We will show the value of Cy; for d = 1.

Lemma 3.3. Let d = 1 and v € V. Then there exists v;, € V}, such that esti-
mate (3.12) holds with

B p
(3.13) Cr) = N TR

Proof. Let us decompose v|x € H'(K) as
(3.14) vk =0+ adas,
s=2

where {as}32, C R, ¢ € Pi(K) is the linear interpolation at the end points of K
and ¢s € Ps(K) are Lobatto basis (bubble) function defined on K € T, by (3.11).
Let us construct suitable vy, element-wise as

p
(3.15) Vn|K =¢+Zas¢s-

s=2

Applying (3.2) and the orthogonality of Legendre polynomials ¢4, we get

e’} 2 [e’e) 2
(3~16) v — Uh”%( = Z Qs = Z as(ps — ps—2)
s=p+1 K s=p+1 K
oo oo
= > a2llgslli + ds2lli) =2 D asoaralldslk
s=p+1 s=p+1
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oo oo

< Y0 a2(llsl + lldezlF) + D 2lleslk

s=p+1 s=p+1
+ Z alollds|I% < Z 2 (lslli + [1ds—2ll)
s=p+1 s=p+1
o0
=2 > aZlvslk-
s=p+1

From Lemma 3.1, it follows for Lobatto polynomials scaled to [—1, 1] that

2
(2s+1)(25s — 3)

(3.17) ||¢s||%—1,1) = ngn%—m)‘

Since the ratio between the original element K and the reference domain [—1,1] is
hi /2, we get after transformation from [—1, 1] to K that

h2
3.18 sk = K 2%k
Inserting this relation into (3.16), we obtain
2 h%{ 1112
3.19 — 2 sl =2
319wl <2 3 allvli=2 3 oot il
s=p+1 s=p+1
< e S a2l
S (2p+3)(2p—-1) ot sIVsllk-

Since @; = (25 — 1)55_1, s > 2, the derivatives of Lobatto basis and constants are

mutually orthogonal. Then we get

[oo] (o ] [oe]
(320) > allvillE < el + D el = | Y+« = [lv'|I%-
s=p+1 s=2 s=2 K
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4. FLUX RECONSTRUCTION, ERROR MEASURE AND ITS UPPER BOUND

4.1. Flux reconstruction. Since the discretization by FEM is conforming, the
exact solution u as well as the discrete solution u; belong to common space V =
H}(Q). This quality, i.e. the exact and the discrete solutions belong to common
space, does not hold for the gradient of the solution, since Vu € H (div,2) and Vu,, ¢
H(div,Q) in general. Our aim is to find suitable reconstruction o, = o, (Vuy) €
H(div, Q) such that oj, =~ Vuy,.

Let RT,(K) be the local Raviart-Thomas space of order p for element K € Tp,
i.e. RT,(K) = Py(K)? + 2P,(K), where P,(K) is a subspace of P,(K) containing
only the polynomial terms of degree p. For d = 1, RT,(K) space is simplified to
P,+1(K). The details about Raviart-Thomas spaces and about FEM-like spaces for
approximation H(div, () in general can be found in [6]. We define the reconstruc-
tion oy, element-wise. We seek 0}, |k € RT,(K) such that

(4.1) onle -n = {(Vup)le-n VeCK,
(O'h,zh)K = (Vuh,zh)K Yz, € Pp_l(K)d.

The conditions in (4.1) represent the natural degrees of freedom for RT,(K), see [6],
Proposition 2.3.4. Applying basis corresponding to these degrees of freedom enables
to assemble o directly without the necessity to solve any local linear problems,
which results in extremely cheap evaluation of the reconstruction o5,. This property
will be demonstrated later in Lemma 5.1 for d = 1.

We should point out that the resulting function ¢} has continuous normal com-
ponents on inter-element edges and therefore the composition of local contributions
of oy, is in H(div,2), see e.g. [6].

Important property of o, is the orthogonality of f + diveo, — b Vuy, — cup on Vy,
that follows from the discrete problem formulation (2.4) and from (4.1)

(4.2) (f+divoy, —b-Vup — cup,vn) = (f,on) — (b- Vup, + cup,vp) — (on, Vop,)
= (f,vn) — (b Vup + cup,vn) — (Vup, Vop,) =0 Yo, € V.

Remark 4.1. Relation (4.2) represents a weaker version of the equilibrated flux
property

(4.3) (f+divah—b-Vuh—cuh,vh)K =0 VYo EPp(K),

used in e.g. [11].
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Remark 4.2. The important ingredient for relation (4.2) is that uy, is the ex-
act solution of the discrete problem (2.4). Such a solution is not available for the
reconstruction in practical computations, since many other sources of errors come
into play (algebraic errors, quadrature errors, rounding errors, etc.). Including these
sources of errors will result in the necessity to enhance relation (4.2) by correspond-
ing remainders, e.g. the algebraic error could be represented by the additional term
corresponding to the algebraic residuum. A posteriori error estimate including alge-
braic error can be found in e.g. [12]. For simplicity, we assume in this paper that the
exact solution uy, of problem (2.4) is available.

4.2. Upper bound. We define the error measure for w € V' as the dual norm of
residual

(4.4) Err(w) = sup (f,v) = (Vw, Vo) — (b- Vw + cw, v)'
0#£veV HVUH

Remark 4.3. For the most simple case b = 0, ¢ = 0, the error measure is
equivalent to H!-seminorm, i.e. Err(w) = ||Vu — Vuw|.

The aim of this section is to bound the error measure Err(uy) from above. Let
v € V be arbitrary, let uj, € V}, be the discrete solution given by (2.4) and let oy, be
the reconstruction obtained from wuy, by (4.1). Then

(4.5) (f,v) = (Vup, Vo) — (b- Vup, + cup,v)
= (f +divon, — b Vuy, — cup,v) + (o5, — Vup, Vo).

We estimate the terms on the right-hand side individually. We apply (4.2) and
Lemma 3.2 on the first term and we get

(4.6) (f+divop, —b-Vup —cup,v) = inf (f+divoy, —b- Vuy — cup,v — vp)

'Uhevvh

h .
<3 oK\ f + divoy —b- Vup — cun| k]| Vo k.
% b

The second term can be estimated by the Cauchy inequality

(4.7) (on — Vup, Vo) <> llon — V|||V x.
K

Applying these individual estimates together, we get
(4.8)  ((f —b-Vup — cup,v) — (Vun, Vv))?

h , 2
<Y <CF1?KHf diveon — b Vun — cupl|x + [|on — Vuh||K> V|2
K
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Let us denote partial estimators

h .
(4.9) NR,K :CFI?K”f‘f‘dIVO'h —b-Vup — cupl| x,
ek = |lon — Vun|| k.

From these considerations follows the upper a posteriori error estimate.

Theorem 4.1. Let uj, € Vj, be the discrete solution obtained by (2.4) and oy, be
the reconstruction obtained from uy, by (4.1). Then

(4.10) Err(un)’ <n® =Y (r.x +nrx)’.
K

Remark 4.4. The constant Cr contained in ngr x is unknown in general. This
constant can be determined in some special cases, e.g. the application of Lemma 3.3
instead of Lemma 3.2 gives the modification of the estimator ng x for d =1

= hK
K e 32 1)

where all the terms in (4.11) are known. Then both the estimators nr x and ng x

(4.11) | f 4 o}, — buj, — cunl|k,

are fully computable.

5. LOCAL ERROR MEASURES AND ITS LOWER BOUND IN ONE DIMENSION

In this section we assume d = 1. The aim of this section is to show that the local
individual estimators ngr x and np i from a posteriori estimate (4.10) are locally
efficient and how this efficiency depends on the polynomial degree p. It means that
these local estimators provide local lower bounds to the local error measure up to
some powers of p and some generic constant C' > 0 that may depend on constants
coming from the original continuous problem (the size of the domain , etc.) or
on the constants coming from the discretization (mesh shape regularity constant,
etc.). However, this constant should be independent of the exact solution u, discrete
solution wuy, local mesh sizes hyx, and polynomial degree p. Dependence of the
estimate up to this generic constant will be denoted by <.

For the purpose of the efficiency analysis we suppose a traditional assumption that
f € Vi. Otherwise, classical oscillation term

(5.1) sup (f = fn,v)
ozvev ||V
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appears additionally in the efficiency results, where f;, is L?-orthogonal projection
of f on V.

To be able to apply the result in a local way, we need the following notation.
Let w, be a patch consisting of elements sharing common vertex a and wx be a patch
consisting of elements sharing at least a vertex with K. Let M C Q, e.g. M = K or
M = wg. We define a local version of the space V by

(5.2) Vi ={veV: supp(v) C M}
and a corresponding local version of Err

_ / N /
(5.3) Erry (w) =  sup (f,v) — (W', v) , (bw' 4 cw,v)
o ]

Typically, we use Err g (up,), Erry, (up) or Erry, (up). Since the patch wg is composed
from three elements at most, it is possible to see that

(5.4) ZErrK(uh)2 < ZErer (uh)2 < Err(uh)2.
K K

We divide the proof of the local efficiency of the individual partial estimators ngr x
and 7 x into next auxiliary lemmas.

Lemma 5.1. Let d = 1. Let us denote a polynomial r;, € P,11(K) such that
rr(ar) = 1, rp(ar) = 0 and r, L P,_1(K) for the element K = [ar,ar]. The
polynomial rr € P,11(K) associated with apr instead of ay, is defined analogically,
ie.rr(ar) =1, rr(ar) =0 and rgr L P,_1(K). Then the reconstruction o, defined
by (4.1) can be expressed by

1 1
(5.5) onlk = uylk + §n[uﬁl](aL)rL — §n[u%](aR)TR.
Proof. Inserting a; and ap into (5.5), we obtain op(ar) = (uj)(ar) and

on(ar) = (u},)(ar), respectively. That corresponds to the first condition in (4.1).
Using the orthogonality of polynomials r7, and rg on P,_1(K), we gain the second
condition in (4.1). O

Remark 5.1. The polynomials r; and rp are known as Radau polynomials,
e.g. 'R = Xp+1, Where x,11 is transformation of the reference Radau polynomial X1
defined in Section 3. They can be alternatively defined as polynomials with zeros
in the Radau quadrature nodes. They represent natural basis functions associated
with edge degrees of freedom in (4.1) for d = 1.
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Lemma 5.2. Let d = 1, f € Vi, up € Vi, and let o, be the reconstruction
obtained from wj, by (4.1). Then

(5.6) npk = llon — uhllx S P2 Erre, (un).

Proof. Let us denote the end points of K as ar, and ag, i.e. K = [ar,ar]. Then
applying Lemma 5.1 and Lemma 3.1 and scaling between reference interval [—1, 1]

and K, we get

61 low bl < S(hl@)llre i+ [hl(am)llrali)
= 1 0wl + DI 10
= L uhl(an) + [ an)

< Vhi

7 (I[u)(ar)l + [[up)(ar)])-

Now, let us show the relation between |[u}](a)| for a = ar,ar and Erry, (up).
The case a = ap is very similar to the case a = ay. Therefore, we discuss only the
version with a = ar. Let ¢,, be piece-wise linear function associated with vertex
ar, such that ¢,, (ar) = 1 and ¢,, (a) = 0 for other vertices a. Let us define ¢,
a piece-wise polynomial function of degree at most p+ 2 satisfying supp(¢,, ) C wa, ,
¢a,(ar) = 1 and ¢,, be orthogonal to piece-wise polynomials up to degree p + 1.

Now, we are able to design a suitable test function w,, € Vi,

(5.8) Wa, = —sgn([up](ar))Pa, Pay -
Then
(oY ’
(5.9) Err,, (up) = sup (f,v) = (up, v') : (buj, + cup,v)
E 0£VEViy, [[v']]

> (f7 de) - (u/h?w;L) - (bu/h + Cuh?wGL)
=

et 1
Sl b~ cunwa, ) — S [uh) (@), (a)
o, |
A
fuah, |
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We shall investigate ||, [|* = ||w}, Ik + [|w), [|%, where K’ C wq is the neigh-
bouring element of K. The forthcoming analysis is very similar for both elements.
Therefore, we focus only on [|w/ ||%. From (5.8) it follows that

aRr aRr
(5.10) o, 1% = / (W), )? de = / (@l bay + Paydl )P da
;R / 2 2 ' “n 2 / 2
5/ (SDaL> ar, dx+/ QOaL((baL) d.T
ar, ar,

We estimate the final integrals individually. Since (¢}, )*|x = 1/h3, we obtain by
Lemma 3.1 and by scaling between [—1,1] and K

1

aRr 1 ar 1 ~
5.11 " )22 dx = —/ 2 de = — 2 = —
( ) /a (anL) ar, 4T h%{ or ¢aL £ 2hK H¢P+2H(—1,1) hK(Qp + 5)

L
Since 0 < ¢,, < 1, we get

aRr

(5.12) /aRsoiLw;L)?dm | eun@eh, 2 o

L L

= Pay, (aR)QbizL (aR)CbaL (CLR> — Par, (CLL)Qb;L (aL)QSaL (aL)
[ s+ ar )00, da

ar

= - gb:l[, (G’L)
We get by Lemma 3.1 and by scaling between [—1, 1] and K

(5.13) —¢,, (ar) = %@)H@) - %ﬁ(pﬁ)’)_

Putting these individual estimates together and applying the local quasi-uniformity
of the mesh, we obtain

2 2

2
/ 2 / 2 / 2 p p
(5.14) e, 17 = e, e + ol e S 3=+ 5= 3

=

Then estimates (5.7), (5.9), and (5.14) give

hk
(5.15) lon —upll% < T(IM](%)P +|[up)(ar)|?)
< h_KE 2 o2 12y < p E 2
<5 e (Un) (|l 17+ lwa g [I7) S p Erreg (ua)”.
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Lemma 5.3. Let d = 1, f € Vi, up € Vi, and let o, be the reconstruction
obtained from uy, by (4.1). Then

T o+ 3)(2p - 1)

(5.16) If + o), — bu), — cup||x < p*/? Erry, (up).

Proof. Let us denote w = f + o}, — bu}, — cuy,. Let us represent v € Vi as
o0
(517) v = Zasd)sa
s=2

where 1) are Lobatto polynomials defined by (3.2) and transformed from the refer-
ence element [—1,1] to K and {a,}32, C R are the corresponding coefficients. Let
us show that

= |lvl%-

(5.18) Yok S
s=2

o) 2
> asts
s=2

It is possible to show it equivalently on the reference element [—1,1] instead of K.
Applying Lemma 3.1, we can see that

Zasws —ZQQH%H( 1,1) — Zasas 2||¢s 2”( 1,1)

(=1,1) s=2

Za 1961711 — Z(aﬁ + a2 o)l ds—2lf1

(5.19)

8 \

= Z (Hﬁf’sH( 11)+H¢S 2H( 11)

2

w0
[|

1 & 1 &
52 (@slF_y 1) + ds—zlfy ) = Z a2 sl?y
s=2 s:2
Using density of H}(K) in L?(K) and (5.18), we get
2 2
(5.20) ool = sup L2 < gy (00
vEVK H || veEVK Z 042||¢s||%<

Since 95 L Ps_3(K) and w € P,(K) and since w L 15, s = 2,...,p according
o (4.2), we can see that it is possible to take supremum in (5.20) over v € Vi pi1
only, where

(5.21) Vi p+1 = span{tpi1,Ppi2} C Vi
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From this follows

h? (w,v)? h2
(5.22) —Ellw||k S sup : —
p? K VEVK pt1 a127+1||¢p+1H%< + a127+2H7/)p+2H%< p?
(w,v)* Wi ||
= sup — .
veViepn V112 P2 ad i lpialli + apyallvpralli

According to Lemma 5.2,

! _b !
(5.23) sup (w,/v) = sup [/ + o) I,Lh )
veEVEK pt1 HU H vEVEK pt1 H’U H

< swp (f — buy, — cup,v) — (uf,,v')
~

vEVK p+1 ||U/H

+ sup —(U/h V)

vEVEK pt1 ||U/H

< Ertu, (un) + [|uf, — onllx S "2 Errg, (un).

Then it is sufficient to prove that

(5.24) h%(HU/H% S p2(a;2a+1||¢p+1H%< + a]20+2||w17+2H%() Vv e Vikpi

to finish the proof. We can show (3.18) in the same way as in the proof of Lemma 3.3.
Since 1), are othogonal, see Lemma 3.1, we get with the aid of (3.18)

(5.25) o'l = hic(op [Vl + oppallvpal%)

22p+3)(2p—1)
= e (@ = I e

2(2p+5)(2p+1)
h2
K

S P llprillk + ap o l¥prallk)-

2
+apio

lpalk)

O

We summarize the results from Lemma 5.2 and Lemma 5.3 in the following theo-
rem.

Theorem 5.1. Let d = 1, f € Vi, up, € Vi, and let o, be the reconstruction
obtained from uy, by (4.1). Then

(5.26) "R,K S p1/2 EI‘I‘WK (uh)v
nrk S P Errg, (up).
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Global efficiency estimate is a direct consequence of Theorem 5.1 and (5.4).

Theorem 5.2. Let d = 1, f € V}, up, € Vi, and let o, be the reconstruction
obtained from uy, by (4.1). Then

(5.27) > ek +nex)* S pErr(un)?.
K

6. NUMERICAL EXPERIMENTS

The aim of this section is to show the reliability, robustness and efficiency of the
estimate from Theorem 4.1 for d = 1.

The computation of the individual a posteriori error estimators can be made di-
rectly according to (4.9) or (4.11). On the other hand, the computation of the error
measures Err(uy) or Err,,, (up) is difficult even if the exact solution is known, since
these error measures are defined as suprema over infinite dimensional spaces. We
approximate these error measures by computing these suprema over space VhJr cVv
that is richer than the original FEM space V},, but still finite dimensional. We use
four times denser mesh than V}, and polynomial degree p + 2 instead of p for the
construction of Vh+. We construct spaces VhTM C Vs as subspaces of VhJr containing
functions with supports restricted to M C . We compute the approximation of the
Riesz representative of residual z € Vh+ satisfying

(6.1) (z,vn) = (f = b~ Vup — cup,vp) — (Vup, Vop) Yo, € V,F.

Then Err(up) = Err) (up) = ||Vz||. The localized versions Errps(uy,) are approxi-
mated analogically with the aid of Vth instead of Vh+.
Let us denote approximate effectivity index

n
6.2 Eff =
(6.2) Err;f (up)
and its local counterparts for element K
R, K Nr.K
(6.3) Effp x = ———, Effpx=—7"—"—.

6.1. Problem settings. We restrict ourselves to d = 1 and 2 = (0,1). We as-
sume two problems: purely elliptical problem (PEP), where b, ¢ = 0, and convection-
diffusion-reaction problem (CDRP), where b = 2 and ¢ = 1. We set the right-hand
side f = n?sin(nz) for PEP and f = 1 for CDRP.
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6.2. Global h-performance. We test the error estimate (4.10) with respect to
the mesh refinement. The polynomial degree is set as p = 3. We assume a sequence of
successively refined equidistant meshes started with A = 1/10 and halved in each step.

We can see from Table 1 that the effectivity indices are tending to one for decreas-

ing h.
PEP CDRP
1/h  Err) (up) n Eff  Err) (up) n Eff
10 2.1672—4 2.6869 -4 1.24 1.7478 -5 2.9540—5 1.69
20 27111 -5 3.0187—-5 1.11 21903—-6 3.1610—3 1.44
40 3.3896 —7 3.5760—6 1.06 2.7397—-7 3.4520—7 1.26
80 4.2372—7 4.3520—7 1.03 3.4251 -8 39150—-8 1.14
160 5.2966 —8 5.3678 —8 1.01 4.2816—9 4.6046—9 1.08
320 6.6214 -9 6.6650—9 1.01 5.3521—-10 5.5598 —10 1.04

Table 1. Global h-performance for PEP and CDRP, p = 3.

6.3. Global p-performance. We test the error estimate (4.10) with respect to
the changing polynomial degree p. We assume equidistant mesh with A = 1/10 and
p=1,...,7.

We can observe from Table 2 that two regimes for odd and even polynomial degrees
appear. For both regimes the efficiency indices very mildly (sublinearly) increase with

increasing p.

PEP CDRP
p  Err)f(up) n Eff  Err) (up) n Eff
1 20113-1 24015—-1 1.19 3.0604—-2 49461 -2 1.62
2 81594—-3 14489-2 1.78 83845—-4 1.4924-3 1.78
3 21669—-4 26883—-4 124 17478 -5 2.9540-5 1.69
4 42891-6 9.6339—-6 225 2.6469—-7 59576—-7 2.25
5 6.7722-8 8.7754—-8 130 3.2125—-9 59543-9 1.85
6 8.8966—-10 2.3607—-9 2.65 3.2419—-11 8.6252—-11 2.66
7 99930 —-12 1.3472—-11 1.35 3.4397—13 5.6761 —13 1.65

Table 2. Global p-performance for PEP and CDRP, h = 1/10.

6.4. Local efficiency, h-performance. We test the robustness of efficiency esti-
mates (5.26) with respect to decreasing h. The polynomial degree is set as p = 3. We
assume a sequence of successively refined equidistant meshes started with A = 1/10
and halved in each step. For each mesh we take element K = [0.4,0.4 4+ h] and we
investigate local efficiency on this element.
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We can see that the efficiency indices in Table 3 and Table 4 are uniformly bounded

for decreasing h.

1/h EI’rin(uh) R,K EffRJ( nNr K EffF,K

10 1.6053 -4  6.3399 -6 0.04 9.3672 — 5 0.58
20 1.4327 -5  3.4539-7 0.02 8.2921 — 6 0.58
40 1.2611 -6  1.7357 -8 0.01 7.2852 -7 0.58
80 1.1099 -7 81726 —-10 0.01 6.4090 — 8 0.58
160  9.7842-9 3.7263 —-11  0.00 5.6491 — 9 0.58
320 8.6359—-10 1.6483—-12 0.00 4.9857—-10 0.58

Table 3. Local h-performance for PEP, p = 3, K = [0.4,0.4 + h].

1/h EI‘I‘Z’UJK (Uh) R, K EffRJ( NFrK EffRK

10 5.8645—-6  9.6390 — 7 0.16 3.3251 — 6 0.57
20 4.7421 -7  3.9647 -8 0.08 2.7252 -7 0.58
40 4.03719 -8  1.6952 -9 0.04 2.3286 — 8 0.58
80 3.5096 -9 73741 —-11  0.02 2.0257 -9 0.58
160 3.0776 —10 3.2330-12 0.01 1.7767—10 0.58
320 2.7096 — 11 1.4142-13 0.01 1.5645—-11 0.58

Table 4. Local h-performance for CDRP, p =3, K = [0.4,0.4 + h].

6.5. Local efficiency, p-performance. We test the robustness of efficiency esti-
mates (5.26) with respect to the changing polynomial degree p. We assume equidis-
tant mesh with A = 1/10 and p = 1,...,7. Similarly as in the previous tests, we
take K = [0.4,0.5] and we investigate local efficiency on this element.

We can observe again in Table 5 and Table 6 two regimes for odd and even poly-
nomial degrees, where the dominating estimator is nr k for odd degrees and nr, i for
even degrees. The efficiency indices stagnates or very mildly (sublinearly) increase

with increasing p.

p EI‘I‘Z’UJK (Uh) NR,K EffR,K nNr K EffFJ{

1 14891 —1  4.5229-3 0.03 8.7188 — 2 0.59
2 1.8492-3 1.6367—3 0.89 3.7698 — 4 0.20
3 1.6053—-4 6.3399 -6 0.04 9.3672 — 5 0.58
4 9.6990—-7 1.0032-6 1.03 2.3560 - 7 0.24
)
6
7

5.0174 -8  2.4500 —9 0.05 2.9248 — 8 0.58
2.0106 - 10 2.3903-10 1.19 5.2231-11 0.26
74029 - 12 4.2582-13 0.06 4.3191—-12 0.58

Table 5. Local p-performance for PEP, h = 1/10, K = [0.4,0.5].
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4 EI"I"ZMK (un) NR,K Effp NF,K Effr i
1 1.1293 — 2 1.6445 — 3 0.15 6.4324 — 3 0.57
2 2.7437 — 4 2.6495 — 4 0.97 1.5933 -5 0.06
3 5.8645 — 6 9.6390 — 7 0.16 3.3251 — 6 0.57
4 8.8444 — 8 1.0897 -7 1.23 5.3687 — 9 0.06
5 1.0742—-9 2.0228 — 10 0.19 6.0930 — 10 0.57
6 1.0838—-11 1.5873—11 1.46 6.8052 — 13 0.06
7 11321 —13 2.4244—14 0.21 54811 —-14 0.48

Table 6. Local p-performance for CDRP, h = 1/10, K = [0.4,0.5].

7. CONCLUSION

We derived a posteriori upper bound for not necessarily self-adjoint elliptic prob-
lems based on the cheap direct evaluation. We showed that this reconstruction is
efficient up to p'/? for one-dimensional problems, where p is the underlying polyno-
mial degree given by the finite element approximation. The robustness with respect
to the mesh-size h and to the polynomial degree p was verified by numerical experi-
ments.

Since the majority of the techniques applied in the efficiency proofs in this paper

are extendable to multi-dimensional problems, the author hopes that the proof of

1/2

the efficiency up to p*/~ of this direct reconstruction for multi-dimensional problems

will be possible in the future.
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